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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ΚαĲαıțİυȫȞ µİ ΠİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Κ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ a ȈȤȠȜȒ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ a

ΕυχαȡιıĲίεȢ 

Η İțπȩȞȘıȘ țαȚ ıυȖȖȡαφȒ ĲȘȢ įȚįαțĲȠȡȚțȒȢ įȚαĲȡȚȕȒȢ įİȞ șα ȒĲαȞ įυȞαĲȒ ȤȦȡȓȢ ĲȘȞ ȕȠȒșİȚα 

țαȚ ıυȞįȡȠµȒ πȜȒșȠυȢ αĲȩµȦȞ. ȉȠυȢ İțφȡȐȗȦ ĲȚȢ İυȤαȡȚıĲȓİȢ µȠυ ȖȚα ĲȘ ȕȠȒșİȚα πȠυ µȠυ 

πȡȠıȑφİȡαȞ. ΕȚįȚțȩĲİȡα șα ȒșİȜα Ȟα İυȤαȡȚıĲȒıȦ ĲȠυȢ: 

ȉȠ įȚİυșυȞĲȒ ĲȠυ Technical and Economic Risk Management ĲȠυ Institute of Protection and 

Security of the Citizen Dr. Alfredo Lucia ĲȠυ Joint Research Centre ĲȘȢ E.C. ıĲȘȞ Ίıπȡα ĲȘȢ 

ǿĲαȜȓαȢ ȖȚα ĲȘȞ ȠȚțȠȞȠµȚțȒ ȕȠȒșİȚα πȠυ µȠυ πȡȠıȑφİȡİ țαĲȐ Ĳα 3 πȡȫĲα ȑĲȘ ĲȘȢ παȡαµȠȞȒȢ 

µȠυ ıĲȠ JRC. 

ȉȠ Senior Scientist Dr. ǿωȐννȘ ΠαπαįȩπουȜο ĲȠυ European Laboratory for Structural 

Assessment ĲȠυ Institute of Protection and Security of the Citizen ĲȠυ Joint Research Centre 

ĲȘȢ E.C. ıĲȘȞ Ίıπȡα ĲȘȢ ǿĲαȜȓαȢ ȖȚα ĲȘȞ İπȚıĲȘµȠȞȚțȒ ĲȠυ țαșȠįȒȖȘıȘ ıİ șȑµαĲα țȩπȦıȘȢ 

țαȚ µȘȤαȞȚțȒȢ. 

ȉȠ Senior Scientist Dr. ΓİȫȡȖȚο ȈοȜωµȩ ĲȠυ European Laboratory for Structural 

Assessment ĲȠυ Institute of Protection and Security of the Citizen ĲȠυ Joint Research Centre 

ĲȘȢ E.C. ıĲȘȞ Ίıπȡα ĲȘȢ ǿĲαȜȓαȢ ȖȚα ĲȘȞ İπȚıĲȘµȠȞȚțȒ ĲȠυ țαșȠįȒȖȘıȘ ıİ șȑµαĲα 

αȟȚȠπȚıĲȓαȢ țαȚ πȡȠıȠµȠȓȦıȘȢ țαșȫȢ țαȚ ȖȚα ĲȘȞ țαșȠįȒȖȘıȘ µȠυ țαĲȐ Ĳα 3 πȡȫĲα ȑĲȘ ĲȘȢ 

παȡαµȠȞȒȢ µȠυ ıĲȠ JRC. Θα ȒșİȜα αțȩµα Ȟα ĲȠȞ İυȤαȡȚıĲȒıȦ ȖȚα ĲȚȢ παȡαĲȘȡȒıİȚȢ ĲȠυ ıİ 

șȑµαĲα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȠυ ȕȠȒșȘıαȞ ȚįȚαȓĲİȡα ĲȘȞ απȠπİȡȐĲȦıȘ ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ 

∆ȚįαțĲȠȡȚțȒȢ ∆ȚαĲȡȚȕȒȢ. 

ȉȠ Scientific Adviser to the Director General Dr. ∆ȘµοıșȑνȘ ȈαȡȘȖȚȐννȘ ĲȠυ Institute of 

Protection and Security of the Citizen ĲȘȢ E.C. ȖȚα ĲȚȢ İπȠȚțȠįȠµȘĲȚțȑȢ ıυȗȘĲȒıİȚȢ ıİ șȑµαĲα 

įυȞαµȚțȒȢ ıυıĲȘµȐĲȦȞ. 

ȉȠ ∆ȚİυșυȞĲȒ ĲȠυ ΕȡȖαıĲȘȡȓȠυ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ ĲȠυ ȉȠµȑα 

∆ȠµȠıĲαĲȚțȒȢ ĲȘȢ ȈȤȠȜȒȢ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ ΚαșȘȖȘĲȒ Ε.Μ.Π. ǿωȐννȘ ΚαĲıȚțαįȑȜȘ 

ȖȚα ĲȘȞ țαșȠįȒȖȘıȘ ĲȠυ ıĲȘȞ İțπȩȞȘıȘ ĲȘȢ įȚαĲȡȚȕȒȢ. Θα ȒșİȜα αțȩµα Ȟα ĲȠȞ İυȤαȡȚıĲȒıȦ 

ȖȚα ĲȚȢ παȡαĲȘȡȒıİȚȢ ĲȠυ ıİ șȑµαĲα µȘȤαȞȚțȒȢ πȠυ ȕȠȒșȘıαȞ ȚįȚαȓĲİȡα ıĲȘȞ αȞȐπĲυȟȘ ĲȘȢ 

İπȚıĲȘµȠȞȚțȒȢ µȠυ ıțȑȥȘȢ țαȚ ĲȘȞ απȠπİȡȐĲȦıȘ ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ ∆ȚįαțĲȠȡȚțȒȢ 

∆ȚαĲȡȚȕȒȢ. 

ȉȠ ∆ȚİυșυȞĲȒ ĲȠυ ȉȠµȑα ȉİȤȞȠȜȠȖȓαȢ ΠȜȘȡȠφȠȡȚțȒȢ & ȊπȠȜȠȖȚıĲȫȞ ΚαșȘȖȘĲȒ Ε.Μ.Π. ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ΚαĲαıțİυȫȞ µİ ΠİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Κ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ b ȈȤȠȜȒ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ b

ȈȤȠȜȒȢ ΗȜİțĲȡȠȜȩȖȦȞ ΜȘȤαȞȚțȫȞ & ΜȘȤαȞȚțȫȞ ΚαșȘȖȘĲȒ Ε.Μ.Π. ǹνįȡȑα ȈĲαφυȜοπȐĲȘ 

ȖȚα ĲȘȞ țαșȠįȒȖȘıȘ ĲȠυ ıĲȘȞ İțπȩȞȘıȘ ĲȘȢ įȚαĲȡȚȕȒȢ. 

ȉȠȞ ΚαșȘȖȘĲȒ Ε.Μ.Π. ǿωȐννȘ ΕȡµȩπουȜο, ĲȠυ ΕȡȖαıĲȘȡȓȠυ ΜİĲαȜȜȚțȫȞ ΚαĲαıțİυȫȞ ĲȠυ 

ȉȠµȑα ∆ȠµȠıĲαĲȚțȒȢ ĲȘȢ ȈȤȠȜȒȢ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ, ȖȚα ĲȚȢ παȡαĲȘȡȒıİȚȢ ıİ șȑµαĲα 

ıȤİįȚαıµȠȪ ĲȦȞ țαĲαıțİυȫȞ πȠυ ȕȠȒșȘıαȞ ȚįȚαȓĲİȡα ĲȘȞ απȠπİȡȐĲȦıȘ ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ 

∆ȚįαțĲȠȡȚțȒȢ ∆ȚαĲȡȚȕȒȢ. 

ȉȠȞ ΚαșȘȖȘĲȒ Ε.Μ.Π. ΓİȫȡȖȚο ΜȚχȐȜĲıο, ĲȠυ ΕȡȖαıĲȘȡȓȠυ ΜİĲαȜȜȚțȫȞ ΚαĲαıțİυȫȞ ĲȠυ 

ȉȠµȑα ∆ȠµȠıĲαĲȚțȒȢ ĲȘȢ ȈȤȠȜȒȢ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ, ȖȚα ĲȚȢ παȡαĲȘȡȒıİȚȢ ıİ șȑµαĲα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ ıȤİįȚαıµȠȪ ĲȦȞ țαĲαıțİυȫȞ πȠυ ȕȠȒșȘıαȞ ȚįȚαȓĲİȡα ĲȘȞ απȠπİȡȐĲȦıȘ 

ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ ∆ȚįαțĲȠȡȚțȒȢ ∆ȚαĲȡȚȕȒȢ. 

ȉȠȞ ΕπȚț. ΚαșȘȖȘĲȒ Ε.Μ.Π. Κων/νο ȉȡȑȗο ĲȠυ ΕȡȖαıĲȘȡȓȠυ ΩπȜȚıµȑȞȠυ ȈțυȡȠįȑµαĲȠȢ  

ĲȠυ ȉȠµȑα ∆ȠµȠıĲαĲȚțȒȢ ĲȘȢ ȈȤȠȜȒȢ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ, ȖȚα ĲȚȢ παȡαĲȘȡȒıİȚȢ ĲȠυ ıİ 

șȑµαĲα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ țαȚ ıİ șȑµαĲα πȜαıĲȚțȒȢ αȞȐȜυıȘȢ țαĲαıțİυȫȞ πȠυ ȕȠȒșȘıαȞ 

ȚįȚαȓĲİȡα ĲȘȞ απȠπİȡȐĲȦıȘ ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ ∆ȚįαțĲȠȡȚțȒȢ ∆ȚαĲȡȚȕȒȢ. 

ȉȠȞ ΕπȚț. ΚαșȘȖȘĲȒ Ε.Μ.Π. Κων/νο ȈπȘȜȚȩπουȜο, ĲȠυ ΕȡȖαıĲȘȡȓȠυ ȈĲαĲȚțȒȢ & 

ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ ĲȠυ ȉȠµȑα ∆ȠµȠıĲαĲȚțȒȢ ĲȘȢ ȈȤȠȜȒȢ ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ, ȖȚα ĲȚȢ 

παȡαĲȘȡȒıİȚȢ ĲȠυ ıİ șȑµαĲα πȜαıĲȚțȒȢ αȞȐȜυıȘȢ țαȚ ıİ șȑµαĲα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȠυ 

ȕȠȒșȘıαȞ ȚįȚαȓĲİȡα ĲȘȞ απȠπİȡȐĲȦıȘ ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ ∆ȚįαțĲȠȡȚțȒȢ ∆ȚαĲȡȚȕȒȢ. 

Θα ȒșİȜα Ȟα İυχαȡȚıĲȒıω ȚįȚαȓĲİȡα ĲȠȞ ǹȞαπȜ. ΚαșȘȖȘĲȒ Ε.Μ.Π. ǺȜȐıȘ ΚουµοȪıȘ ĲȠυ 

ΕȡȖαıĲȘȡȓȠυ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ ĲȠυ ȉȠµȑα ∆ȠµȠıĲαĲȚțȒȢ ĲȘȢ ȈȤȠȜȒȢ 

ΠȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ, İπȚȕȜȑπȠȞĲα ĲȘȢ ∆ȚįαțĲȠȡȚțȒȢ ∆ȚαĲȡȚȕȒȢ ȖȚα ĲȘȞ țαșȠįȒȖȘıȘ ĲȠυ ıİ 

șȑµαĲα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ıĲȘȞ İțπȩȞȘıȘ ĲȘȢ įȚαĲȡȚȕȒȢ, ȖȚα ĲȚȢ ıυµȕȠυȜȑȢ ĲȠυ țαĲȐ ĲȘ 

φȐıȘ ĲȘȢ ıυȖȖȡαφȒȢ ĲȘȢ įȚαĲȡȚȕȒȢ, ȖȚα ĲȘȞ υπȠµȠȞȒ πȠυ İπȑįİȚȟİ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ, țαȚ 

ĲȘ ȕȠȒșİȚα πȠυ µȠυ πȡȠıȑφİȡİ ıĲȘȞ αȞȐπĲυȟȘ ĲȘȢ İπȚıĲȘµȠȞȚțȒȢ µȠυ ıțȑȥȘȢ. 

 

ȈĲȘ ıȪȗυȖο µου Μαȡȓα ȖȚα ĲȘν υποµονȒ ĲȘȢ țαȚ ĲȘ ȕοȒșİȚα ĲȘȢ 

ȈĲουȢ ȖονİȓȢ µου (ĲουȢ οφİȓȜω Ĳα πȐνĲα) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ΚαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Κ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ I ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ I

ȆΕȇǿΛΗΨΗ 

ȈĲȘȞ παȡȠȪıα įȚαĲȡȚȕȒ, İȟİĲȐȗİĲαȚ ĲȠ πȡȩȕȜȘµα ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ υπȩ 

ĲȘ įȡȐıȘ ıĲαĲȚțȫȞ φȠȡĲȓȦȞ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ țȩıĲȠυȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ȠȜȩțȜȘȡȠ 

ĲȠ țȪțȜȠ ĲȘȢ ȗȦȒȢ ĲȘȢ, µİ πİȡȚȠȡȚıµȠȪȢ ȦȢ πȡȠȢ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ 

ĲȠυȢ įİȓțĲİȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ ĲȘȢ. 

Η șİȦȡȓα αȟȚȠπȚıĲȓαȢ αıȤȠȜİȓĲαȚ µİ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µȓαȢ 

țαĲαıțİυȒȢ. Η αȕİȕαȚȩĲȘĲα ȦȢ πȡȠȢ ĲȘȞ απȩțȡȚıȘ ĲȘȢ țαĲαıțİυȒȢ ȠφİȓȜİĲαȚ, ıĲȚȢ 

αȕİȕαȚȩĲȘĲİȢ ĲȦȞ µİĲαȕȜȘĲȫȞ πȠυ țαșȠȡȓȗȠυȞ ĲȘȞ απȩțȡȚıȘ ĲȘȢ țαȚ ıĲȚȢ αȕİȕαȚȩĲȘĲİȢ ĲȦȞ 

İπȚȕαȜȜȠµȑȞȦȞ įȡȐıİȦȞ. Ȉİ αȞĲȓșİıȘ µİ ĲȠυȢ ȚıȤȪȠȞĲİȢ țαȞȠȞȚıµȠȪȢ πȠυ µȑıȦ ĲȘȢ 

įȚİȞȑȡȖİȚαȢ ıİȚȡȐȢ İȜȑȖȤȦȞ ȠįȘȖȠȪȞ ıĲȘȞ απȠįȠȤȒ Ȓ µȘ İȞȩȢ ıȤİįȚαıµȠȪ, Ș αȞȐȜυıȘ 

αȟȚȠπȚıĲȓαȢ υπȠȜȠȖȓȗİȚ ȖȚα țȐșİ ȜȪıȘ, ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ 

µİȜȫȞ ĲȘȢ, πȡȠıφȑȡȠȞĲαȢ ĲȘ įυȞαĲȩĲȘĲα απȠĲȓµȘıȘȢ ĲȘȢ πȡαȖµαĲȚțȒȢ αȞĲȠȤȒȢ ĲȘȢ 

țαĲαıțİυȒȢ ȚİȡαȡȤȫȞĲαȢ ĲȚȢ ȜȪıİȚȢ µİ ȕȐıȘ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυȢ. 

Η șİȦȡȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȡȠıφȑȡİȚ πȜȒșȠȢ µİșȩįȦȞ ȠȚ ȠπȠȓİȢ ȠįȘȖȠȪȞ ıĲȘȞ αȞαȗȒĲȘıȘ 

ĲȦȞ ĲȚµȫȞ ĲȦȞ µİĲαȕȜȘĲȫȞ ıȤİįȚαıµȠȪ (µ.ı) πȠυ țαșȠȡȓȗȠυȞ ĲȚȢ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ. 

ȅ ıυȞįυαıµȩȢ ĲȦȞ µİșȩįȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ ĲȚȢ µİșȩįȠυȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ȠįȘȖİȓ 

ıİ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ υπȠȜȠȖȓȗȠȞĲαȢ ĲȘ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țȐșİ υπȠȥȒφȚȠυ ıȤİįȚαıµȠȪ 

įȓįȠȞĲαȢ ĲȘ įυȞαĲȩĲȘĲα ȐµİıȘȢ ıȪȖțȡȚıȘȢ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ ȜȪıİȦȞ. Μİ ĲȠ ĲȡȩπȠ αυĲȩ 

İȟαıφαȜȓȗİĲαȚ Ș İȪȡİıȘ ȜȪıİȦȞ πȠυ İȜαȤȚıĲȠπȠȚȠȪȞ ĲȠ țȩıĲȠȢ ĲȘȢ țαĲαıțİυȒȢ µİ 

ĲαυĲȩȤȡȠȞȘ İȟαıφȐȜȚıȘ ĲȦȞ απαȚĲȒıİȦȞ αıφαȜİȓαȢ ıİ İπȓπİįȠ απȠįİțĲȫȞ πȚșαȞȠĲȒĲȦȞ 

αıĲȠȤȓαȢ. 

Η įȚįαțĲȠȡȚțȒ įȚαĲȡȚȕȒ απȠĲİȜİȓĲαȚ απȩ 5 țİφȐȜαȚα. ȉα πȡȫĲα 2 țİφαȜαȓα απȠĲİȜȠȪȞ 

İȚıαȖȦȖȒ ıĲȘȞ șİȦȡȓα αȟȚȠπȚıĲȓαȢ țαȚ ıĲȚȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ ıĲȩȤȠ ȑȤȠυȞ Ȟα 

İȟȠȚțİȚȫıȠυȞ ĲȠȞ αȞαȖȞȫıĲȘ µİ ĲȚȢ ȕαıȚțȑȢ ȑȞȞȠȚİȢ ĲȦȞ įȪȠ πİȡȚȠȤȫȞ ȖȚα ĲȘ ȕαșȪĲİȡȘ 

țαĲαȞȩȘıȘ ĲȦȞ µİșȩįȦȞ πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ 3
Ƞ
 țαȚ 4Ƞ țİφȐȜαȚȠ. 

ȈĲȠ 1
Ƞ
 țİφȐȜαȚȠ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ İπȚțȡαĲȑıĲİȡİȢ µȑșȠįȠȚ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ µİ 

ȑµφαıȘ ıĲȚȢ µİșȩįȠυȢ αȞȐȜυıȘȢ πȠȜυµȠȡφȚțȫȞ πȡȠȕȜȘµȐĲȦȞ. ΩȢ πȠȜυµȠȡφȚțȐ 

πȡȠȕȜȒµαĲα ȠȡȓȗȠȞĲαȚ Ĳα πȡȠȕȜȒµαĲα πȠυ παȡȠυıȚȐȗȠυȞ πȜȒșȠȢ πȚșαȞȫȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. ΩȢ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ Ș αȜυıȓįα ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ 

ĲȘȢ țαĲαıțİυȒȢ πȠυ ȠįȘȖȠȪȞ ĲȘȞ țαĲαıțİυȒ απȩ µȓα țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ ıİ µȓα 
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țαĲȐıĲαıȘ αıĲȠȤȓαȢ. 

ΕȚįȚțȩĲİȡα ıĲȠ 1Ƞ țİφȐȜαȚȠ παȡȠυıȚȐȗİĲαȚ Ș ȚıĲȠȡȚțȒ αȞαįȡȠµȒ ĲȘȢ İȟȑȜȚȟȘȢ ĲȘȢ șİȦȡȓαȢ 

ĲȦȞ πȚșαȞȠĲȒĲȦȞ țαȚ ĲȘȢ ıĲαĲȚıĲȚțȒȢ µȑȤȡȚ țαȚ ĲȚȢ αȡȤȑȢ ĲȠυ 20
Ƞυ

 αȚȫȞα, țαȚ ȠȡȓȗİĲαȚ Ș 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ. ȆαȡȠυıȚȐȗȠȞĲαȚ αțȩµα Ĳα αȟȚȫµαĲα țαȚ ȕαıȚțȐ 

șİȦȡȒµαĲα ĲȘȢ șİȦȡȓαȢ πȚșαȞȠĲȒĲȦȞ, ȠȚ ĲυȤαȓİȢ µİĲαȕȜȘĲȑȢ (Ĳ.µ) țαșȫȢ țαȚ ȠȚ ıĲȠȤαıĲȚțȑȢ 

αȞİȜȓȟİȚȢ. ȉȑȜȠȢ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕαıȚțȑȢ αȡȤȑȢ ĲȘȢ șİȦȡȓαȢ αȟȚȠπȚıĲȓαȢ ıİ ȤȡȠȞȚțȫȢ 

αµİĲȐȕȜȘĲα țαȚ ȤȡȠȞȚțȫȢ µİĲαȕαȜȜȩµİȞα πȡȠȕȜȒµαĲα țαȚ παȡȠυıȚȐȗȠȞĲαȚ αțȩµα ȠȚ 

πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ıυıĲȘµȐĲȦȞ İıĲȚȐȗȠȞĲαȢ ĲȘȞ 

πȡȠıȠȤȒ ıĲȚȢ µİșȩįȠυȢ 3Ƞυ İπȚπȑįȠυ πȠυ αȞĲȚµİĲȦπȓȗȠυȞ Ȑµİıα ĲȠ πȡȩȕȜȘµα αȟȚȠπȚıĲȓαȢ. 

ȈĲα παȡαȡĲȒµαĲα ĲȠυ țİφαȜαȓȠυ αυĲȠȪ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ 

ıĲαĲȚıĲȚțȑȢ țαĲαȞȠµȑȢ țαȚ ȠȚ ıυȞȑπİȚİȢ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ µȓαȢ țαĲαıțİυȒȢ ĲȘȢ İȞİȡȖȠȪ 

υπİȡıĲαĲȚțȩĲȘĲαȢ țαșȫȢ țαȚ ȠȚ παȡȐȖȠȞĲİȢ πȠυ İπȘȡİȐȗȠυȞ ĲȠ įİȓțĲȘ αυĲȩ. ȆαȡȠυıȚȐȗȠȞĲαȚ 

αțȩµα Ĳα απȠįİțĲȐ İπȓπİįα ĲȠυ ȘșİȜȘµȑȞȠυ țαȚ µȘ ȘșİȜȘµȑȞȠυ ȡȓıțȠυ ȖȚα įȚȐφȠȡİȢ 

αȞșȡȫπȚȞİȢ įȡαıĲȘȡȚȩĲȘĲİȢ țαȚ ıυȖțȡȓȞȠȞĲαȚ µİ Ĳα İπȓπİįα ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ 

ȡȓıțȠυ ȖȚα ĲȚȢ țαĲαıțİυȑȢ, ȩπȦȢ αυĲȐ πȡȠțȪπĲȠυȞ απȩ ĲȘ ıĲαĲȚıĲȚțȒ αȞȐȜυıȘ ĲȦȞ 

ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȦȞ țαĲαıțİυȫȞ. ȉȑȜȠȢ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ 

ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ țαȚ Ĳα țȡȚĲȒȡȚα πȠυ πȡȑπİȚ Ȟα πȜȘȡȠȓ µȓα ȖİȞȞȒĲȡȚα 

țαșȫȢ Ș πȠȚȩĲȘĲα ĲȠυ ıĲαĲȚıĲȚțȠȪ įİȓȖµαĲȠȢ ıȤİĲȓȗİĲαȚ Ȑµİıα µİ ĲȘȞ πȠȚȩĲȘĲα ĲȘȢ 

İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ȈĲȠ 2Ƞ țİφȐȜαȚȠ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ İφαȡµȠȖȒ ıİ πȡȠȕȜȒµαĲα 

µȘȤαȞȚțȒȢ µİ ȑµφαıȘ ıĲȚȢ İυȡİĲȚțȑȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ (ΓİȞİĲȚțȠȪȢ ǹȜȖȠȡȓșµȠυȢ 

țαȚ ΕȟİȜȚțĲȚțȠȪȢ ǹȜȖȠȡȓșµȠυȢ) πȠυ παȡȠυıȚȐȗȠυȞ ȚįȚαȓĲİȡα υȥȘȜȒ İυȡȦıĲȓα ıİ πȡȠȕȜȒµαĲα 

ıυȞįυαıĲȚțȠȪ ȤαȡαțĲȒȡα.  

ΕȚįȚțȩĲİȡα ıĲȠ 2
Ƞ
 țİφȐȜαȚȠ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țαĲȘȖȠȡȓİȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȦȢ πȡȠȢ ĲȠȞ ĲȪπȠ ĲȦȞ ıυȞαȡĲȒıİȦȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ 

ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ țαșȫȢ țαȚ ĲȠυ ĲȪπȠυ ĲȦȞ µ.ı. ȅȡȓȗİĲαȚ ĲȠ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȐµİıİȢ µȑșȠįȠȚ ȖȚα ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ πȡȠȕȜȘµȐĲȦȞ 

ıυȞİȤȫȞ µ.ı țαșȫȢ țαȚ ȠȚ įȚȐφȠȡİȢ ıĲȡαĲȘȖȚțȑȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȆαȡȠυıȚȐȗȠȞĲαȚ αțȩµα ȠȚ 

İπȚțȡαĲȑıĲİȡİȢ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ µ.ı Ȓ ıυȞįυαıµȩ 

ıυȞİȤȫȞ țαȚ įȚαțȡȚĲȫȞ µ.ı µİ ȚįȚαȓĲİȡȘ µȞİȓα ıĲȘ µȑșȠįȠ ĲȦȞ ΓİȞİĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ (Γǹ) 

țαȚ ĲȦȞ παȡαȜȜαȖȫȞ ĲȘȢ țαșȫȢ țαȚ ıĲȚȢ µİșȩįȠυȢ πȠυ İȞĲȐııȠȞĲαȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 
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ΕȟİȜȚțĲȚțȫȞ ȈĲȡαĲȘȖȚțȫȞ. 

ȈĲα παȡαȡĲȒµαĲα ĲȠυ țİφαȜαȓȠυ αυĲȠȪ µİȜİĲȐĲαȚ ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ ĲȦȞ Γǹ, Ș İπȚȡȡȠȒ 

ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ ȦȢ πȡȠȢ ĲȘȞ İυȡȦıĲȓα ĲȠυ Γǹ țαȚ Ș İπȚȡȡȠȒ ĲȠυ ĲİȜİıĲȒ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ ıĲȘȞ ȚțαȞȩĲȘĲα İȟİȡİȪȞȘıȘȢ ĲȠυ Γǹ. 

ȈĲȠ 3Ƞ țİφȐȜαȚȠ παȡȠυıȚȐȗİĲαȚ Ș µȑșȠįȠȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ țαĲαıțİυȫȞ πȠυ ȕαıȓȗİĲαȚ 

ıĲȘȞ țαĲȐĲµȘıȘ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ țαȚ ıĲȘ įİȚȖµαĲȠȜȘȥȓα ıĲȚȢ πİȡȚȠȤȑȢ ĲȦȞ 

įȚİπȚφαȞİȚȫȞ αıĲȠȤȓαȢ-αıφαȜİȓαȢ. Η αțȡȓȕİȚα țαȚ ĲȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ĲȘȢ µİșȩįȠυ 

ıυȖțȡȓȞȠȞĲαȚ µİ ȐȜȜİȢ µİșȩįȠυȢ ıİ πȜȒșȠȢ πȠȜυµȠȡφȚțȫȞ țαȚ µȠȞȠµȠȡφȚțȫȞ ıυȞαȡĲȒıİȦȞ 

ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ πȜȒșȠȢ υπİȡıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ țαȚ ȤȦȡȠįȚțĲυȦµȐĲȦȞ įȚαφȩȡȦȞ 

İπȚπȑįȦȞ πȠȜυπȜȠțȩĲȘĲαȢ. 

ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ o πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ ȤȦȡȓȗİĲαȚ ıİ 2
NRV υπİȡțȪȕȠυȢ ȓıȠυ 

µİȖȑșȠυȢ. ΩȢ υπİȡțȪȕȠȢ ıĲȠ ȤȫȡȠ ĲȦȞ πȚșαȞȠĲȒĲȦȞ ĲȦȞ ΝRV Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗİĲαȚ 

ȑȞα αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȠ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡİȢ, υπȠıȪȞȠȜȠ ĲȠυ ȤȫȡȠυ αυĲȠȪ. ΓȚα Ĳα 

µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ παȡȐȖȠȞĲαȚ ȠȚ πȡȠıİȖȖȚıĲȚțȑȢ ıυȞαȡĲȒıİȚȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ µİ ĲȘ ȕȠȒșİȚα πȠȜυȦȞȪµȦȞ 2
αȢ

 ĲȐȟİȦȢ. Μİ ĲȘ ȕȠȒșİȚα ĲȘȢ ΜİșȩįȠυ ǹȟȚȠπȚıĲȓαȢ 

ȆȡȫĲȘȢ ȉȐȟİȦȢ (FORM) υπȠȜȠȖȓȗİĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ. ΚȐșİ µȑȜȠȢ πȠυ Ƞ 

įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ İȓȞαȚ ȤαµȘȜȩĲİȡȠȢ απȩ µȓα ĲȚµȒ țαĲȦφȜȓȠυ ȠȡȓȗİĲαȚ ȦȢ țȡȓıȚµȠ 

µȑȜȠȢ ĲȘȢ țαĲαıțİυȒȢ. Η ĲȚµȒ țαĲȦφȜȓȠυ ȠȡȓȗİĲαȚ ȦȢ ĲȠ πȘȜȓțȠ ĲȠυ İȜȐȤȚıĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ πȡȠȢ µȓα µȚțȡȒ șİĲȚțȒ ĲȚµȒ ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ απȠįȩµȘıȘȢ 

țαĲȐ β. ȈĲȘȞ İπȩµİȞȘ φȐıȘ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ µȩȞȠȞ Ĳα țȡȓıȚµα µȑȜȘ πȠυ αȞαµȑȞİĲαȚ Ȟα 

ıυȞİȚıφȑȡȠυȞ ıȘµαȞĲȚțȐ ıĲȚȢ țȡȓıȚµİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. 

Μİ ĲȘ țαĲȐȜȜȘȜȘ ıȪȞșİıȘ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ παȡȐȖȠȞĲαȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ 

αıĲȠȤȓαȢ ıυȖțİțȡȚµȑȞȠυ µȒțȠυȢ. Μȓα µȘ πȜȒȡȘȢ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ απȠĲİȜİȓĲαȚ απȩ 

αıĲȠȤȓİȢ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ πȠυ įİȞ πȡȠțαȜȠȪȞ ĲȘȞ πȜȒȡȘ αıĲȠȤȓα ĲȘȢ țαĲαıțİυȒȢ αȜȜȐ 

ȠįȘȖȠȪȞ ıİ ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȘȢ αȞĲȠȤȒȢ ĲȘȢ. ȅȚ πİȡȚııȩĲİȡȠ ıȘµαȞĲȚțȑȢ µȘ πȜȒȡİȚȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ȠµαįȠπȠȚȠȪȞĲαȚ ıȪµφȦȞα µİ ĲȘ șȑıȘ ĲȠυ İțȐıĲȠĲİ ıȘµİȓȠυ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ ıĲȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ. ȉȠ ıȪȞȠȜȠ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ 

ȠȚ șȑıİȚȢ ĲȦȞ αȞĲȓıĲȠȚȤȦȞ ıȘµİȓȦȞ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ȕȡȓıțȠȞĲαȚ İȞĲȩȢ İȞȩȢ 

ıυȖțİțȡȚµȑȞȠυ υπİȡțȪȕȠυ ȠȡȓȗİȚ µȓα ȠµȐįα. Η αȟȓα țȐșİ ȠµȐįαȢ ȠȡȓȗİĲαȚ ȦȢ Ƞ įİȓțĲȘȢ 

αȟȚȠπȚıĲȓαȢ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ İµφȐȞȚıȘȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ πȠυ ĲȘȞ απαȡĲȓȗȠυȞ. 
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ȅȚ ȠµȐįİȢ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ țȐșİ Ĳ.µ. ȅȚ Ĳ.µ 

ȒııȠȞȠȢ ıȘµαıȓαȢ įȚπȜȫȞȠȞĲαȚ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȘȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

υπȩ ĲȘȞ ȑȞȞȠȚα ȩĲȚ ıİ αυĲȑȢ įİȞ πȡαȖµαĲȠπȠȚİȓĲαȚ πİȡαȚĲȑȡȦ țαĲȐĲµȘıȘ αȜȜȐ ȚıȤȪȠυȞ ȖȚα 

αυĲȑȢ ȠȚ țαȞȩȞİȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȘȢ µİșȩįȠυ Monte Carlo. O πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ 

țαĲαµİȡȓȗİĲαȚ İț ȞȑȠυ ıİ 2Nact υπİȡțȪȕȠυȢ ȩπȠυ Nact ȠȡȓȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ. Μİ 

ȕȐıȘ ĲȘ Ȟȑα țαĲȐĲµȘıȘ, ĲȘ șȑıȘ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ ȠµȐįȦȞ țαȚ ĲȠυ 

įİȓțĲȘ ıȘµαȞĲȚțȩĲȘĲαȢ țȐșİ ȠµȐįαȢ υπȠȜȠȖȓȗİĲαȚ Ș ıȤİĲȚțȒ İυȡȦıĲȓα țȐșİ υπİȡțȪȕȠυ. ȅȚ 

υπİȡțȪȕȠȚ ȒııȠȞȠȢ İυȡȦıĲȓαȢ (ȦȢ πȡȠȢ ĲȠȞ πİȡȚııȩĲİȡȠ țȡȓıȚµȠ υπİȡțȪȕȠ) απȠțȜİȓȠȞĲαȚ 

απȩ πİȡαȚĲȑȡȦ αȞȐȜυıȘ. 

ȈĲȠυȢ υπİȡțȪȕȠυȢ πȠυ πȜȘȡȠȪȞ ĲȠ țȡȚĲȒȡȚȠ İυȡȦıĲȓαȢ υπȠȜȠȖȓȗİĲαȚ ĲȠ ıȘµİȓȠ ĲȠµȒȢ ĲȘȢ 

țυȡȓαȢ įȚαȖȦȞȓȠυ µİ ĲȘ įȚİπȚφȐȞİȚα ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȘȢ țαĲαıțİυȒȢ. ΜȑıȦ 

ĲȠυ ıȘµİȓȠυ αυĲȠȪ υπȠȜȠȖȓȗİĲαȚ Ƞ ȩȖțȠȢ ĲȠυ ȤȦȡȓȠυ ıĲȠ ȠπȠȓȠ πȡαȖµαĲȠπȠȚİȓĲαȚ Ș 

įİȚȖµαĲȠȜȘȥȓα. ȅȚ υπİȡțȪȕȠȚ ȖȚα ĲȠυȢ ȠπȠȓȠυȢ Ƞ ȩȖțȠȢ αȞαφȠȡȐȢ İȓȞαȚ µȚțȡȩĲİȡȠȢ ĲȠυ 1% 

ĲȠυ ȩȖțȠυ αȞαφȠȡȐȢ ĲȠυ πİȡȚııȩĲİȡȠ țȡȓıȚµȠυ υπİȡțȪȕȠυ įİȞ İπȚȜȑȖȠȞĲαȚ ȖȚα 

įİȚȖµαĲȠȜȘȥȓα. ΓȚα ĲȠυȢ υπİȡțȪȕȠυȢ πȠυ πȡαȖµαĲȠπȠȚİȓĲαȚ įİȚȖµαĲȠȜȘȥȓα ĲȠ πȜȒșȠȢ ĲȦȞ 

įİȚȖµȐĲȦȞ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αıĲȠȤȚȫȞ ĲȘȢ țαĲαıțİυȒȢ. ȅȚ ĲİȜȚțȑȢ 

İțĲȚµȒıİȚȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ µİȜȫȞ ĲȘȢ υπȠȜȠȖȓȗȠȞĲαȚ µİ 

ĲȘȞ țαĲȐȜȜȘȜȘ ıȪȞșİıȘ ĲȦȞ İπȚµȑȡȠυȢ İțĲȚµȒıİȦȞ. 

Η πȡȦĲȠĲυπȓα ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ȑȖțİȚĲαȚ: 

• ıĲȘ ȤȡȒıȘ πȜȘȡȠφȠȡȓαȢ απȩ ĲȘ ıȪȞșİıȘ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȠ 

įİȓțĲȘ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ Ĳ.µ țαȚ ĲȠ įİȓțĲȘ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ,  

• ıĲȘ “įȓπȜȦıȘ” ĲȦȞ µȘ țȡȓıȚµȦȞ Ĳ.µ (ȕȐıİȚ ĲȘȢ șȑıȘȢ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ ĲȦȞ ȠµȐįȦȞ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ) ȖȚα ĲȘ µİȓȦıȘ ĲȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ, 

• ĲȠȞ πİȡȚȠȡȚıµȩ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘȞ πİȡȚȠȤȒ ĲȘȢ įȚİπȚφȐȞİȚαȢ ȜİȚĲȠυȡȖȓαȢ-

αıĲȠȤȓαȢ ıĲȠ ȤȫȡȠ ĲȦȞ πȚșαȞȠĲȒĲȦȞ ıİ αȞĲȓșİıȘ µİ ĲȘ ıυȞȒșȘ πȡαțĲȚțȒ πȠυ 

πİȡȚȠȡȓȗİȚ ĲȘ įİȚȖµαĲȠȜȘȥȓα ıĲȠ ȤȫȡȠ ĲȦȞ Ĳ.µ. 

Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıİ πȜȒșȠȢ ȖȡαµµȚțȫȞ țαȚ µȘ ȖȡαµµȚțȫȞ, µȠȞȠµȠȡφȚțȫȞ țαȚ 

πȠȜυµȠȡφȚțȫȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ Ș αțȡȓȕİȚα ĲȘȢ țαșȫȢ țαȚ ĲȠ υπȠȜȠȖȚıĲȚțȩ 

țȩıĲȠȢ (ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ) ıυȖțȡȓȞȠȞĲαȚ µİ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC, ĲȘȞ αțȡȚȕȒ 

ȜȪıȘ (ȩπȠυ αυĲȩ ȒĲαȞ įυȞαĲȩ) țαȚ ȐȜȜİȢ µİșȩįȠυȢ. ȈĲȘ ıυȞȑȤİȚα Ș µȑșȠįȠȢ İφαȡµȩȗİĲαȚ µİ 
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İπȚĲυȤȓα ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ υπİȡıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ țαȚ 

ȤȦȡȠįȚțĲυȦµȐĲȦȞ. Η αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ țαȚ Ș ıȪȖțȡȚıȘ ĲȠυȢ µİ Ĳα απȠĲİȜȑıµαĲα 

ĲȘȢ µİșȩįȠυ MC, țαĲαįİȚțȞȪȠυȞ ȩĲȚ Ș αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ İȓȞαȚ αȞĲȓıĲȠȚȤȘ ĲȘȢ µİșȩįȠυ 

MC. Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ αțȩµα ȖȚα ĲȘȞ İțĲȓµȘıȘ ĲȦȞ ıυȞİπİȚȫȞ 3 įȚαφȠȡİĲȚțȫȞ 

ıĲȡαĲȘȖȚțȫȞ İȞȓıȤυıȘȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ țαȚ ıĲȘȞ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ İπȓπİįȠυ 

įȚțĲυȫµαĲȠȢ πȠυ πȜȘȡȠȓ ĲȚȢ πȡȠįȚαȖȡαφȑȢ ĲȠυ ΕυȡȦțȫįȚțα 3. ȉȑȜȠȢ, Ș µȑșȠįȠȢ İφαȡµȩȗİĲαȚ 

ıĲȘȞ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ ȤȦȡȠįȚțĲυȦµȐĲȦȞ αυȟαȞȩµİȞȘȢ πȠȜυπȜȠțȩĲȘĲαȢ µİ ıĲȩȤȠ Ȟα 

İțĲȚµȘșİȓ Ș ȚțαȞȩĲȘĲα ĲȘȢ Ȟα αȞĲȚµİĲȦπȓȗİȚ µİ İπȚĲυȤȓα πȡȠȕȜȒµαĲα αυȟαȞȩµİȞȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ. 

Η αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ İȟαȡĲȐĲαȚ țυȡȓȦȢ απȩ ĲȘ ĲȚµȒ țαĲȦφȜȓȠυ ĲȠυ įİȓțĲȘ İυȡȦıĲȓαȢ ĲȦȞ 

υπİȡțȪȕȦȞ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ πȠυ țαĲαȖȡȐφȠȞĲαȚ ıİ țȐșİ υπİȡțȪȕȠ. ǹȞĲȓșİĲα, 

įİȞ İȟαȡĲȐĲαȚ απȩ ĲȠ πȜȒșȠȢ ĲȦȞ țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ, ĲȠ ĲȪπȠ ĲȦȞ Ĳ.µ țαȚ ĲȘȞ 

υπİȡıĲαĲȚțȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ. 

ȅ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ țυµαȓȞİĲαȚ απȩ 0.1% ȦȢ 2% ĲȠυ 

ȤȡȩȞȠυ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ αȞȐȜυıȘ µİ ĲȘ µȑșȠįȠ MC ȖȚα πȡȠȕȜȒµαĲα µİ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ πȠυ țυµαȓȞİĲαȚ απȩ 10
-6

 ȦȢ 10
-4

. ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ, µİȚȫȞİĲαȚ ȩıȠ 

αυȟȐȞİĲαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ υπȩ İȟȑĲαıȘ țαĲαıțİυȒȢ ȠπȩĲİ Ș µȑșȠįȠȢ țȡȓȞİĲαȚ ȦȢ 

ȚįȚαȓĲİȡα țαĲȐȜȜȘȜȘ ȖȚα ĲȘȞ αȞĲȚµİĲȫπȚıȘ πȡȠȕȜȘµȐĲȦȞ µİ υȥȘȜȩ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. ȅ 

İπȚπȜȑȠȞ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ İțĲȓµȘıȘ ĲȠυ įİȓțĲȘ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ Ĳ.µ, ĲȘȢ 

İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ țαȚ ĲȠȞ țαșȠȡȚıµȩ ĲȦȞ ȤȦȡȓȦȞ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα Ĳα υπȩ 

İȟȑĲαıȘ πȡȠȕȜȒµαĲα țȡȓȞİĲαȚ αµİȜȘĲȑȠȢ. 

ȈĲȠ 4
Ƞ
 țİφȐȜαȚȠ παȡȠυıȚȐȗİĲαȚ µȓα µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ıυȞįυȐȗİȚ ȑȞα ȈȤȒµα 

ǹȞĲαȖȦȞȚıµȠȪ (Ȉǹ) πȜȘșυıµȫȞ µİ ĲȠȞ țȜαııȚțȩ ΓİȞİĲȚțȩ ǹȜȖȩȡȚșµȠ (Γǹ). ȈĲȩȤȠȢ ĲȘȢ 

µİșȩįȠυ αυĲȒȢ İȓȞαȚ Ƞ ıυȞįυαıµȩȢ ĲȦȞ πȜİȠȞİțĲȘµȐĲȦȞ ĲȦȞ ıυȞİȟİȜȚțĲȚțȫȞ µİșȩįȦȞ țαȚ 

ĲȘȢ µİșȩįȠυ ĲȦȞ Γǹ ȖȚα υȥȘȜȒ İυȡȦıĲȓα țαȚ ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ. 

Η µȑșȠįȠȢ İπȚįȚȫțİȚ Ȟα İȜȑȖȟİȚ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ ĲȠυ Γǹ µİ ĲȘ ȕȠȒșİȚα µȓαȢ 

πȡȠıαȡµȠıĲȚțȒȢ įȚαįȚțαıȓαȢ țαșȫȢ πȜȘșυıµȠȓ µİ įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ παȡαµȑĲȡȦȞ ĲȠυ Γǹ, 

αȞĲαȖȦȞȓȗȠȞĲαȚ µİĲαȟȪ ĲȠυȢ ȖȚα ĲȠυȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ ĲȠυ ıυıĲȒµαĲȠȢ. ȅ ıυȞįυαıµȩȢ 

ĲȦȞ Γǹ µİ Ȉǹ ȕαıȓȗİĲαȚ ıĲȠȞ ȑȜİȖȤȠ ĲȘȢ İȟȑȜȚȟȘȢ İȞȩȢ µİĲαπȜȘșυıµȠȪ. ΩȢ µİĲαπȜȘșυıµȩȢ 

ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ įȚαφȠȡİĲȚțȫȞ πȜȘșυıµȫȞ ȩπȠυ Ĳα µȑȜȘ țȐșİ πȜȘșυıµȠȪ ȑȤȠυȞ țȠȚȞȐ 

ȤαȡαțĲȘȡȚıĲȚțȐ (İȓįȘ). ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ αυĲȐ İȓȞαȚ ȠȚ ĲȚµȑȢ ĲȦȞ 
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παȡαµȑĲȡȦȞ ĲȠυ Γǹ. ȅȚ πȜȘșυıµȠȓ αυĲȠȓ İȟİȜȓııȠȞĲαȚ ıĲȠ πİįȓȠ ĲȚµȫȞ, ıȪµφȦȞα µİ ĲȚȢ 

İπȚĲαȖȑȢ ĲȠυ İțȐıĲȠĲİ Γǹ. 

ȉȠ Ȉǹ µİĲαȕȐȜȜİȚ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ ıȪµφȦȞα µİ ĲȘ ıȤİĲȚțȒ απȩįȠıȘ ĲȠυ ıİ 

πİȡȚȩįȠυȢ ȩπȠυ İµφαȞȓȗİĲαȚ αȞĲαȖȦȞȚıµȩȢ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ıυȞȪπαȡȟȘȢ “ȚıȤυȡȫȞ” țαȚ 

“αįȪȞαµȦȞ” πȜȘșυıµȫȞ. ȅ αȞĲαȖȦȞȚıµȩȢ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ İµφαȞȓȗİĲαȚ ȩĲαȞ ȠȚ 

įȚαșȑıȚµȠȚ πȩȡȠȚ įİȞ İπαȡțȠȪȞ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ. Η µİĲαȕȠȜȒ 

ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ αțȠȜȠυșİȓ πȡȠțαșȠȡȚıµȑȞα πȡȠφȓȜ µİĲαȕȠȜȒȢ. Η µİĲαȕȠȜȒ ĲȘȢ 

țαĲαȞȠµȒȢ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ (αȞȐȜȠȖα µİ ĲȘȞ απȩįȠıȘ țȐșİ πȜȘșυıµȠȪ) įȓįİȚ ĲȘ 

įυȞαĲȩĲȘĲα ıĲȠ ıȪıĲȘµα Ȟα ȠȡȖαȞȫıİȚ țαȜȪĲİȡα ĲȘ ıυȞȠȜȚțȒ ıĲȡαĲȘȖȚțȒ ĲȠυ ȖȚα ĲȘȞ 

İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ.  

Η İπȓįȠıȘ țȐșİ πȜȘșυıµȠȪ ıĲȠȞ µİĲαπȜȘșυıµȩ İȟαȡĲȐĲαȚ απȩ ĲȘȞ ıυȞȠȜȚțȒ İυȡȦıĲȓα ĲȦȞ 

αĲȩµȦȞ ĲȠυ, ĲȘȞ İυȡȦıĲȓα ĲȠυ țαȜȪĲİȡȠυ ıȤİįȚαıµȠȪ (elite), ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȠυ 

πȜȘșυıµȠȪ țαȚ ĲȘȞ πȠıȩĲȘĲα ĲȦȞ πȩȡȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘ ıυȞĲȒȡȘıȘ ĲȠυ. 

ΌĲαȞ ĲȠ ıȪȞȠȜȠ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ įİȞ İπαȡțİȓ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ αĲȩµȦȞ ıĲȠ 

µİĲαπȜȘșυıµȩ İµφαȞȓȗİĲαȚ αȞĲαȖȦȞȚıµȩȢ αȞȐµİıα ıĲȠυȢ πȜȘșυıµȠȪȢ. ǹȞαȜȩȖȦȢ ĲȘȢ 

ıȤİĲȚțȒȢ įȚαφȠȡȐȢ ĲȘȢ απȩįȠıȘȢ ĲȦȞ πȜȘșυıµȫȞ İµφαȞȓȗȠȞĲαȚ ıȤȑıİȚȢ «αȞĲαȖȦȞȚıµȠȪ» Ȓ 

«ΚυȞȘȖȠȪ»-«ΘȘȡȐµαĲȠȢ». ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ «αȞĲαȖȦȞȚıµȠȪ» Ƞ ȚıȤυȡȩȢ πȜȘșυıµȩȢ 

πȡȠıπαșİȓ Ȟα İȟαıφαȜȓıİȚ ĲȠυȢ απαȚĲȠȪµİȞȠυȢ πȩȡȠυȢ ȖȚα İπȚȕȓȦıȘ ĲȠυ µȑıȦ ĲȘȢ µİȓȦıȘȢ 

ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ İȞȩȢ αıșİȞȠȪȢ πȜȘșυıµȠȪ. ȈĲȚȢ ıȤȑıİȚȢ «ΚυȞȘȖȠȪ»-«ΘȘȡȐµαĲȠȢ» Ƞ 

«ΚυȞȘȖȩȢ» πȡȠıπαșİȓ Ȟα İȟαıφαȜȓıİȚ πİȡȚııȩĲİȡȠυȢ πȩȡȠυȢ µİ ĲαυĲȩȤȡȠȞȘ αȪȟȘıȘ ĲȠυ 

πȜȘșυıµȠȪ ĲȠυ µȑıȦ ĲȘȢ įȡαıĲȚțȒȢ µİȓȦıȘȢ ĲȦȞ αĲȩµȦȞ İȞȩȢ αıșİȞȠȪȢ πȜȘșυıµȠȪ. 

Ȉİ αȞĲȓșİıȘ ȜȠȚπȩȞ µİ ĲȘȞ πȡαțĲȚțȒ ĲȘȢ ıİȚȡȚαțȒȢ İπαȞαȜȘπĲȚțȒȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Γǹ ȖȚα ȑȞα ıυȖțİțȡȚµȑȞȠ 

πȜȒșȠȢ, ĲȠ ȓįȚȠ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ (ȦȢ πȡȠȢ ĲȚȢ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Γǹ) İπȚȜȪİĲαȚ 

παȡȐȜȜȘȜα țαȚ ĲȠ Ȉǹ αȞαȜαµȕȐȞİȚ Ȟα µİĲαȕȐȜȜİȚ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ țȐșİ 

πȡȠȕȜȒµαĲȠȢ αȞȐȜȠȖα ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ ıĲȠ µİĲαπȜȘșυıµȩ. 

Η πȡȦĲȠĲυπȓα ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȑȖțİȚĲαȚ: 

• ıĲȠȞ ȠȡȚıµȩ ıυȞȐȡĲȘıȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ȖȚα ĲȠυȢ πȜȘșυıµȠȪȢ πȠυ ıυȞįυȐȗİȚ: 

o πȜȘȡȠφȠȡȓα πȠυ ıȤİĲȓȗİĲαȚ µİ ĲȘ įȚαıπȠȡȐ ĲȠυ πȜȘșυıµȠȪ ıĲȠ ȤȫȡȠ ĲȦȞ µ.ı,  
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o πȜȘȡȠφȠȡȓİȢ πȠυ ıȤİĲȓȗȠȞĲαȚ µİ ĲȘȞ İυȡȦıĲȓα ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ ȦȢ 

ıȪȞȠȜȠ țαȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ (elite),  

o ĲȘ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ πȠυ țαșȠȡȓȗİȚ țαȚ ĲȘȞ ĲαȤȪĲȘĲα παȡαȖȦȖȒȢ 

ȞȑȦȞ ȜȪıİȦȞ  

• ıĲȘ µİĲαȕαȜȜȩµİȞȘ πȓİıȘ ȖȚα πȡȠıαȡµȠȖȒ πȠυ αıțİȓĲαȚ ıĲȠȞ µİĲαπȜȘșυıµȩ µȑıȦ 

πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ țαȚ µȓαȢ αıαφȠȪȢ ıυȞȐȡĲȘıȘȢ ȖȚα ĲȘȞ 

İțĲȓµȘıȘ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ ĲȘȢ ȑȜȜİȚȥȘȢ πȩȡȦȞ, 

• ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ ĲȠ απȠĲȑȜİıµα ĲȘȢ ıȪȖțȡȠυıȘȢ µİĲαȟȪ įȪȠ πȜȘșυıµȫȞ υπȠȜȠȖȓȗİĲαȚ 

µȑıȦ µȓαȢ αıαφȠȪȢ ıĲȠȤαıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ πȡȠıįȓįȠȞĲαȢ ıĲȠȞ αȜȖȩȡȚșµȠ Ĳα 

İπȚșυµȘĲȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ ıυȞİȟİȜȚțĲȚțȫȞ µİșȩįȦȞ. 

Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıİ įȪȠ ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ µİ µİȖȐȜȠ πȜȒșȠȢ ȠȜȚțȫȞ țαȚ ĲȠπȚțȫȞ 

αțȡȩĲαĲȦȞ țαȚ ıĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȚıȠıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ µİ πİȡȚȠȡȚıµȠȪȢ 

αȟȚȠπȚıĲȓαȢ. ΓȚα ĲȚȢ παȡαµȑĲȡȠυȢ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȡαȖµαĲȠπȠȚȒșȘțİ πȜȒșȠȢ 

αȞαȜȪıİȦȞ µİ ıĲȩȤȠ ĲȘ ȕαșȪĲİȡȘ țαĲαȞȩȘıȘ ĲȦȞ αȜȜȘȜİπȚįȡȐıİȦȞ ĲȦȞ įȚαφȩȡȦȞ 

παȡαµȑĲȡȦȞ țαȚ ĲȘȢ ĲİȜȚțȒȢ İπȓįȡαıȘȢ ĲȠυȢ ıĲȘȞ İυȡȦıĲȓα țαȚ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ 

(įȘȜ. ĲȠ πȜȒșȠȢ ĲȦȞ ıȤİįȚαıµȫȞ πȠυ İȟİĲȐȗȠȞĲαȚ ȑȦȢ ĲȘ ıȪȖțȜȚıȘ ĲȠυ ıυȞȩȜȠυ ĲȦȞ 

πȜȘșυıµȫȞ). ǹπȩ Ĳα απȠĲİȜȑıµαĲα παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș µȑșȠįȠȢ παȡȠυıȚȐȗİȚ αυȟȘµȑȞȘ 

İυȡȦıĲȓα ıİ ıȤȑıȘ µİ ĲȠ ȓįȚȠ πȜȒșȠȢ ȖİȞİĲȚțȫȞ αȜȖȠȡȓșµȦȞ πȠυ įİȞ αȜȜȘȜİπȚįȡȠȪȞ µİĲαȟȪ 

ĲȠυȢ, ȖȚα țȐșİ ȑȞα απȩ Ĳα πȡȠȕȜȒµαĲα πȠυ İȟİĲȐıșȘțαȞ țαȚ ȖȚα πȜȒșȠȢ πȡȠφȓȜ µİĲαȕȠȜȒȢ 

ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ.  

ȈĲȘ ıυȞȑȤİȚα Ș µȑșȠįȠȢ ıυȞįυȐȗİĲαȚ µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ, ȖȚα ĲȠ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ υπİȡıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ țαȚ ȤȦȡȠįȚțĲυȦµȐĲȦȞ. 

Η İȞȚαȓα µȑșȠįȠȢ παȡȠυıȚȐȗİȚ αυȟȘµȑȞȘ İυȡȦıĲȓα µİ µİȚȦµȑȞȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ ıİ 

ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα πȠυ ȜαµȕȐȞȠȞĲαȚ ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ ȖİȞİĲȚțȫȞ αȜȖȠȡȓșµȦȞ πȠυ 

įİȞ αȜȜȘȜİπȚįȡȠȪȞ µİĲαȟȪ ĲȠυȢ.  

ȈĲȠ 5Ƞ țİφȐȜαȚȠ παȡȠυıȚȐȗȠȞĲαȚ ıțȑȥİȚȢ țαȚ ȚįȑİȢ ȖȚα ĲȘȞ πİȡαȚĲȑȡȦ αȞȐπĲυȟȘ ĲȦȞ µİșȩįȦȞ 

țαșȫȢ țαȚ ĲȘȞ İπȑțĲαıȘ ĲȠυȢ ıİ πȡȠȕȜȒµαĲα πȜαȚıȓȦȞ ıĲȠ ȤȫȡȠ țαȚ ıİ șȑµαĲα 

πȠȜυțȡȚĲȘȡȚαțȠȪ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ. 
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ABSTRACT 

In this thesis, the reliability based optimal design of indeterminate truss structures under static 

loading is discussed. The thesis objective is the development of new methods to obtain 

“reliable designs” that minimize the life cycle cost for a particular problem. The term “reliable 

designs” is used to define designs that comply with the safety criteria. 

Chapter 1 surveys the state of the art of reliability analysis methods for complex systems. 

Particular attention is paid on importance sampling methods. In chapter 2, the state of the art 

of optimization methods for structural systems is presented. Particular attention is paid on 

heuristic methods like Genetic Algorithms and Evolutionary Strategies. 

In chapter 3, a method for the reliability analysis of complex structures is presented. The main 

objective of the method is the reduction of the necessary computing effort for an accurate 

evaluation of the failure probabilities of the structure and its elements. This is achieved 

through partitioning of the probabilistic space and subsequent sampling in the areas close to 

the fail-safe surfaces. The method initially focuses on the estimation of the relative 

importance of the random variables of the problem dividing the original vector in two sub-

vectors containing the critical and non-critical random variables. The probabilistic space is 

divided, with regard to the median values of the critical random variables, into 2
Nact

 mutually 

exclusive hypercubes of equal size where Nact is the number of critical random variables. 

Following that, the method calculates the fitness of each hypercube. The subset of hypercubes 

that satisfy the fitness criteria are selected for further analysis. The information with regard to 

the relative importance of the random variables and the fitness of hypercubes is obtained from 

the construction of incomplete failure modes. In particular, the position in the probabilistic 

space of the maximum likelihood points of these modes, is used to determine the importance 

of the random variables and the fitness of the hypercubes. An incomplete failure mode defines 

the a sequence of failure events, that result to considerable deterioration of the resistance 

capacity of the structure. The “branch and bound” method is used for the construction of these 

modes. For the selected hypercubes a one dimensional search determines the point of 

intersection of the principal diagonal of the hypercube and the fail-safe surface in the 

hypercube under examination of the structure. From this point the sampling space is 

determined. The failure probabilities and the error estimates for the structure and its elements 

are calculated from the subsequent sampling of the hypercubes that satisfy the sampling 
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criteria. The accuracy and computational efficiency of the method is examined for numerous 

unimodal and multimodal problems and a number of indeterminate plane and space trusses. 

The results from the analyses show that the method is accurate and computationally 

inexpensive. 

In chapter 4, an optimization method that combines the standard Genetic Algorithm with a 

scheme of Competing Populations is presented. The objective of this task is the development 

of a method that combines the advantages of Genetic Algorithms and co-evolutionary 

methods for improved robustness and high computational efficiency. The scheme of 

Competing Populations is used to control the size of populations of the independently 

evolving Genetic Algorithms attributing more resources to strong populations in the expense 

of the weak ones. A population is defined as strong if its performance index is above average. 

The performance index is given as a function of the fitness of the elite individual and of the 

population, its diversity index and the amount of resources needed to sustain the population 

under examination. The re-allocation of resources takes place when the available resources 

are not sufficient to sustain the entire set of populations. Strong populations engage weaker 

ones, forming couples of engagement, to increase their probabilities of survival. The couples 

of engagement and the outcome of the various conflicts are determined via a set of 

probabilistic rules. The method is examined for a number of multimodal problems and for the 

reliability analysis of two determinate truss structures. Numerous studies are performed to 

examine the effects of the parameters of the competition scheme. The results show that the 

proposed scheme is more robust and less computationally expensive than the multi-GA of 

multiplicity n. A multi-GA of multiplicity n is defined as a set of Genetic Algorithms with n 

fixed sets of parameters that evolve in the system in complete isolation.  

The methods of chapters 3 and 4 are combined for the reliability based optimal design of 

indeterminate truss structures, subject to static loads, of medium complexity. The term 

“medium complexity” is used to define problems with 10~20 random variables and numerous 

modes of failure. The method is applied for the derivation of optimal “reliable designs” for a 

10 bar plane truss and a 25 bar space truss. The analysis of the results shows that the 

combined method manages to obtain reliable designs more frequently and in less time than 

the multi-GA of multiplicity n.  

Finally in chapter 5, thoughts and ideas for the expansion of the combined method for the 

reliability based multi-objective design of space structures are presented. 
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ΑΡȀΤǿȀȅȁΕȄΑ 

ΑρțĲȚțόȜεȟȠ Επεȟήγηıη 

COV ∆İȓțĲȘȢ ΜİĲαȕȜȘĲȩĲȘĲαȢ 

IFM Incomplete Failure Mode – ΜȘ ΠȜȒȡȘȢ ǹȜȜȘȜȠυχȓα ǹıĲȠχȓαȢ 

MC ΜȑșȠįȠȢ Monte Carlo 

SPC Single Point Crossover – ∆ȚαıĲαȪȡωıȘ ΜȠȞȠȪ ȈȘµİȓȠυ 

DPC Double Point Crossover - ∆ȚαıĲαȪȡωıȘ ∆ȚπȜȠȪ ȈȘµİȓȠυ 

MPC Multi Point Crossover - ∆ȚαıĲαȪȡωıȘ ΠȠȜȜαπȜȠȪ ȈȘµİȓȠυ 

SPVC Single Point per Variable Crossover – ∆ȚαıĲαȪȡωıȘ ΜȠȞȠȪ ȈȘµİȓȠυ αȞȐ 

µİĲαȕȜȘĲȒ 

UC Uniform Crossover - ∆ȚαıĲαȪȡωıȘȢ µİ χȡȒıȘ µȐıțαȢ 

Γǹ ΓİȞİĲȚțȠȓ ǹȜȖȩȡȚșµȠȚ 

µΓǹ µȚțȡȩ-Γǹ 

ΕȈ ΕȟİȜȚțĲȚțȑȢ ȈĲȡαĲȘȖȚțȑȢ 

µ.ı ΜİĲαȕȜȘĲȒ ȈχİįȚαıµȠȪ 

ΠΜ∆Π ΠȡȠφȓȜ ΜİĲαȕȠȜȒȢ ∆ȚαșİıȓµωȞ ΠȩȡωȞ 

Ȉǹ ȈχȒµα ǹȞĲαȖωȞȚıµȠȪ 

ȈΠΠ ȈυȞȐȡĲȘıȘ ΠυțȞȩĲȘĲαȢ ΠȚșαȞȩĲȘĲαȢ 

ǹȈΠ ǹșȡȠȚıĲȚțȒ ȈυȞȐȡĲȘıȘ ΠȚșαȞȩĲȘĲαȢ 

Ĳ.µ ȉυχαȓα ΜİĲαȕȜȘĲȒ 

ΩȈ ΩπȜȚıµȑȞȠ Ȉțυȡȩįİµα 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ I ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ I

ȆǿȃǹȀΕΣ ΣΥȂǺȅȁΩȃ 

ΠȓȞαțας ΣυµȕȩȜωȞ 1Ƞυ ΚεφαȜαȓȠυ 

ΣȪµȕȠȜȠ ΕπεȟȒȖηση 

COVx ∆İȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ µİĲαȕȜȘĲȒȢ x 

Cx ȂȘĲȡȫȠ ȈυȞįȚαıπȠȡȐȢ ĲȠυ įȚαȞȪıµαĲȠȢ x 

CXY ȈυȞįȚαıπȠȡȐ ĲȦȞ µİĲαȕȜȘĲȫȞ X țαȚ Ȋ 

Di
M

 ȊπȠȤȦȡȓȠ ĲȠυ ȆȚșαȞȠĲȚțȠȪ ΧȫȡȠυ M įȚαıĲȐıİȦȞ 

FX(x) ǹșȡȠȚıĲȚțȒ ıυȞȐȡĲȘıȘ πȚșαȞȩĲȘĲαȢ 

FX(x;t) ǹșȡȠȚıĲȚțȒ ıυȞȐȡĲȘıȘ πȚșαȞȩĲȘĲαȢ ĲȘȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ x 

g(x) ȆȡȠıİȖȖȚıĲȚțȒ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ 

G(x) ȈυȞȐȡĲȘıȘ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ 

G, Q, W ΦȠȡĲȓα (ȕαȡȪĲȘĲαȢ, ȀȚȞȘĲȐ, ȉυȤȘµαĲȚțȐ) 

L, S, R ȂȘĲȡȫα įİȚȖµαĲȠȜȘȥȓαȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ 

MTBF ȂȑıȠȢ ȤȡȩȞȠȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ ȕȜαȕȫȞ - Mean Time Between Failures 

MTTF ȂȑıȠȢ ȤȡȩȞȠȢ ȦȢ ĲȘ ȕȜȐȕȘ (Mean Time To Fail) 

P ΦȠȡĲȓȠ 

Pf ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

Pf,s ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıυıĲȒµαĲȠȢ 

PfL ȀȐĲȦ ȩȡȚȠ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

PfU ΆȞȦ ȩȡȚȠ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

Pr(A) ȆȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ 

R ǹȟȚȠπȚıĲȓα 

S ȈȪȞȠȜȠ – ȈȪıĲȘµα 

i ǹµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȠ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡİȢ ȖİȖȠȞȩȢ 

f X(x) ȈυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ 
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ΣȪµȕȠȜȠ ΕπεȟȒȖηση 

f(x) ȈυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ 

fX(x;t) ȈυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ x 

h(x;t) ȈυȞȐȡĲȘıȘ İπȚțȚȞįυȞȩĲȘĲαȢ ĲȠυ x 

k ȊπİȡıĲαĲȚțȩĲȘĲα 

mn ȇȠπȒ n-ȠıĲȒȢ ĲȐȟȘȢ 

mod ȉİȜİıĲȒȢ modulo 

n ȆȜȒșȠȢ įİȚȖµȐĲȦȞ 

nA ȆȜȒșȠȢ įİȚȖµȐĲȦȞ πȠυ İµφαȞȓȗİĲαȚ ĲȠ ȖİȖȠȞȩȢ ǹ 

ne ȆȜȒșȠȢ µİȜȫȞ ıυıĲȒµαĲȠȢ 

nR ȆȜȒșȠȢ πȡȠȖİȞȑıĲİȡȦȞ ĲȚµȫȞ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȠυ 
απαȚĲȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İπȩµİȞȘȢ ĲȚµȒȢ ĲȘȢ αțȠȜȠυșȓαȢ  

rΧȊ ȈυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ ĲȦȞ µİĲαȕȜȘĲȫȞ X țαȚ Ȋ 

texp ΧȡȩȞȠȢ ȑțșİıȘȢ ıİ țȓȞįυȞȠ 

xi ǹțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

ȕ ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ – ȁȩȖȠȢ ıȤİĲȚțȠȪ ȜȐșȠȢ İțĲȓµȘıȘȢ πȡȠȢ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ – ∆İȓțĲȘȢ ȆȠȜȚĲȚțȫȞ ǹπȠφȐıİȦȞ 

ȕHL ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ țαĲȐ Hasofer-Lind 

Ȗ ȁȠȟȩĲȘĲα - ȈυȞĲİȜİıĲȒȢ ȈȘµαȞĲȚțȩĲȘĲαȢ 

ȖG,ȖQ,ȖW,ȖS,ȖL ȂİȡȚțȠȓ ȈυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ 

İ ȈȤİĲȚțȩȢ ȜȐșȠȢ İțĲȓµȘıȘȢ 

ȗ ǹπȠĲȑȜİıµα πİȚȡȐµαĲȠȢ 

Șx ȂȑıȘ ĲȚµȒ ĲȘȢ µİĲαȕȜȘĲȒȢ x 

ıx ȉυπȚțȒ απȩțȜȚıȘ ĲȘȢ µİĲαȕȜȘĲȒȢ x 

ȥW,ȥQ ȂİȚȦĲȚțȠȓ ıυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ 

Ω ΓİȞȚțİυµȑȞȠ ıȪȞȠȜȠ 
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ΠȓȞαțας ΣυµȕȩȜωȞ 2Ƞυ ΚεφαȜαȓȠυ 

ΣȪµȕȠȜȠ ΕπεȟȒȖηση 

F G;  ȀυȡȚαȡȤȓα ĲȘȢ ȜȪıȘȢ F ıĲȘ ȜȪıȘ G 

A B
+→  

ΘİĲȚțȒ İπȓįȡαıȘ ĲȠυ ǹ ıĲȠ Ǻ 

A B
−→  

ǹȡȞȘĲȚțȒ İπȓįȡαıȘ ĲȠυ ǹ ıĲȠ Ǻ 

CF(x,t) ȀȩıĲȠȢ įȠµȚțȒȢ αıĲȠȤȓαȢ 

Cm(x,t) ȀȩıĲȠȢ ıυȞĲȒȡȘıȘȢ 

Co(x,t) ȀȩıĲȠȢ țαĲαıțİυȒȢ 

CR(x,t) ȀȩıĲȠȢ αȞĲȚțαĲȐıĲαıȘȢ 

D
n

opt ΓİȚĲȠȞȚȐ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ 

DPC ∆ȚαıĲαȪȡȦıȘ įȚπȜȠȪ ıȘµİȓȠυ – Double Point Crossover 

g(x) ǹȞȚıȠĲȚțȩȢ ȆİȡȚȠȡȚıµȩȢ 

L’ ȂȒțȠȢ αțȠȜȠυșȓαȢ įυφȓȦȞ (ıȤȒµα) 

Np ȆȜȒșȠȢ αĲȩµȦȞ ĲȠυ Γǹ 

a
*

q-1 ǺȒµα (πȡȠȕȜȒµαĲα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ) 

dj ∆ȚȐȞυıµα ıĲαșİȡȫȞ µİĲαȕȜȘĲȫȞ 

D
n
 ΧȫȡȠȢ ıȤİįȚαıµȠȪ 

f(H) ΕυȡȦıĲȓα αțȠȜȠυșȓαȢ įυφȓȦȞ 

f(x) ǹȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ 

H ǹțȠȜȠυșȓα įυφȓȦȞ (ıȤȒµα) 

h(x) ǿıȠĲȚțȩȢ πİȡȚȠȡȚıµȩȢ 

L ȂȒțȠȢ ȤȡȦµȠıȫµαĲȠȢ 

L(x,Ȝ) ȈυȞȐȡĲȘıȘ Langrange 

Lj
(q)

 ȀȐĲȦ ȩȡȚȠ İȜȑȖȤȠυ ĲȘȢ µİșȩįȠυ ĲȦȞ µİĲαȕαȜȜȩµİȞȦȞ αıȪµπĲȦĲȦȞ  

m(H) ȆȜȒșȠȢ ıυȖțİțȡȚµȑȞȘȢ αțȠȜȠυșȓαȢ įυφȓȦȞ Η 
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Po ȆȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖµȒ t=0 

Pcr ȆȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ 

Pm ȆȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ 

r ıυȞĲİȜİıĲȒȢ ıȤİĲȚțȒȢ µİȓȦıȘȢ șİȡµȠțȡαıȓαȢ 

Rsphere ǹțĲȓȞα ΕȖȖİȖȡαµµȑȞȘȢ ȊπİıφαȓȡαȢ 

Sq-1 ∆ȚȐȞυıµα țαĲİȪșυȞıȘȢ  

thalf  ȉαȤȪĲȘĲα µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ 

Uj
(q)

 ΆȞȦ ȩȡȚȠ İȜȑȖȤȠυ ĲȘȢ µİșȩįȠυ ĲȦȞ µİĲαȕαȜȜȩµİȞȦȞ αıȪµπĲȦĲȦȞ 

wi ȈȤİĲȚțȩ ȕȐȡȠȢ 

xq ȂȑȜȜȠυıα ȜȪıȘ  

xq-1 ȆαȡȠȪıα ȜȪıȘ  

zi ∆ȚȐȞυıµα įυφȓȦȞ (µİĲαȕȜȘĲȫȞ 0-1) 

Β ȆȡȠıȑȖȖȚıȘ İııȚαȞȠȪ µȘĲȡȫȠυ 

į(H) ȂȒțȠȢ αțȠȜȠυșȓαȢ įυφȓȦȞ 

∆f ∆ȚαφȠȡȐ ĲȚµȒȢ ȖİȚĲȠȞȚțȫȞ ȜȪıİȦȞ 

įx ∆ȚαφȠȡȐ įȚαįȠȤȚțȫȞ ȜȪıİȦȞ 

Η ΕııȚαȞȩ µȘĲȡȫȠ 

Η(bi,bj) ǹπȩıĲαıȘ țαĲȐ Hamming 

λ ȈυȞĲİȜİıĲȒȢ µİȓȦıȘȢ αȟȓαȢ țİφαȜαȓȠυ 

ȜG,ȜΗ ΕȞȚαȓȠȚ ıυȞĲİȜİıĲȑȢ πȠȚȞȒȢ  

ȟ ΕπȚπȡȩıșİĲȘ ĲİȤȞȘĲȒ µİĲαȕȜȘĲȒ 

Ο(H) ȉȐȟȘ αțȠȜȠυșȓαȢ įυφȓȦȞ 

ȉK ΘİȡµȠțȡαıȓα țαĲȐ ĲȘȞ k φȐıȘ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

Φ ǹșȡȠȚıĲȚțȒ ıυȞȐȡĲȘıȘ πȚșαȞȩĲȘĲαȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ - ǹυșαȓȡİĲα µİȖȐȜȘ 

ĲȚµȒ 

Φi(x) ȈυȞĲİȜİıĲȒȢ απȠµİȓȦıȘȢ İυȡȦıĲȓαȢ ȜȪıȘȢ 
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SPC ∆ȚαıĲαȪȡȦıȘ µȠȞȠȪ ıȘµİȓȠυ – Single Point Crossover 

UC ∆ȚαıĲαȪȡȦıȘ µİ ȤȡȒıȘ µȐıțαȢ – Uniform Crossover 

Τ[] ȉİȜİıĲȒȢ πȠȚȞȒȢ 

Τinit ǹȡȤȚțȒ ĲȚµȒ ĲȘȢ șİȡµȠțȡαıȓαȢ 
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ΠȓȞαțας ΣυµȕȩȜωȞ 3Ƞυ ΚεφαȜαȓȠυ 

ΣȪµȕȠȜȠ ΕπεȟȒȖηση 

( )Pr 0, , 0
mj jS S< <…  ȆȚșαȞȩĲȘĲα ĲȠυ ȖİȖȠȞȩĲȠȢ Ĳα µȑȜȘ j ȦȢ jm Ȟα ȕȡȓıțȠȞĲαȚ ıİ 

țαĲȐıĲαıȘ αıĲȠȤȓαȢ 

x
*
i ȈȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȠυ i µȑȜȠυȢ 

iz  ∆ȚȐµİıȠȢ ĲȘȢ i Ĳ.µ. 

jv  ȈȤİĲȚțȩ ȕȐȡȠȢ υπİȡțȪȕȠυ 

ˆ
jv  ȈȤİĲȚțȩ ȕȐȡȠȢ υπİȡțȪȕȠυ ĲȠυ αȞαįȚπȜȦµȑȞȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ 

jv�  ȈȤİĲȚțȩ ȕȐȡȠȢ ĲȠυ υπȩ İȟȑĲαıȘ ȤȦȡȓȠυ ıĲȠȞ υπİȡțȪȕȠ 

įk
j ȆȡȩıȘµȠ įȚαȞȪıµαĲȠȢ ĲȠυ k υπİȡțȪȕȠυ ȖȚα ĲȘ j Ĳ.µ 

įs
j ȆȡȩıȘµȠ ĲȘȢ s ȠµȐįαȢ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘ j 

Ĳ.µ 

Vf,(k,s)  ΕυȡȦıĲȓα ĲȠυ k υπİȡțȪȕȠυ ȜȩȖȦ ĲȘȢ s ȠµȐįαȢ µȘ πȜȒȡȦȞ 
αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 

Vf,k  ȈυȞȠȜȚțȒ İυȡȦıĲȓα ĲȠυ k υπİȡțȪȕȠυ  

[ ]1
.iF −  ǹȞȐıĲȡȠφȘ αșȡȠȚıĲȚțȒ ıυȞȐȡĲȘıȘ πȚșαȞȩĲȘĲαȢ ĲȘȢ i Ĳ.µ, 

λ  ǹįȚȐıĲαĲȘ ȜυȖȘȡȩĲȘĲα 

ν+
(x)  ȈυȤȞȩĲȘĲα υπȑȡȕαıȘȢ 

( ),
XX

f x x� �  ȀȠȚȞȒ ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ ( );F X t  țαȚ ĲȘȢ 

ȤȡȠȞȚțȒȢ παȡαȖȫȖȠυ ( );F X t�  

max{E[Pf,s;t]}  ȂȑȖȚıĲȘ ĲȚµȒ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ İțĲȓµȘıȘȢ πȚșαȞȩĲȘĲαȢ 
αıĲȠȤȓαȢ 

min{E[Pf,s;t]} ΕȜȐȤȚıĲȘ ĲȚµȒ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ İțĲȓµȘıȘȢ πȚșαȞȩĲȘĲαȢ 
αıĲȠȤȓαȢ 

Abs ΆșȡȠȚıµα απȠȜȪĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 
αıĲȠȤȓαȢ µİĲαȟȪ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαȚ ĲȘȢ µİșȩįȠυ MC 

E[Pf,s(t)] ȂȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

L[IFM] ȂȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ 
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ΣȪµȕȠȜȠ ΕπεȟȒȖηση 

LC ȈυȞįυαıµȩȢ φȩȡĲȚıȘȢ 

Ne,i ȂȒțȠȢ ĲȘȢ i αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ 

Ng  ȆȜȒșȠȢ ĲȦȞ ȠµȐįȦȞ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 

Nm ȆȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 

Ns ȆȜȒșȠȢ υπİȡțȪȕȦȞ πȠυ İπȚȜȑȖȠȞĲαȚ ȖȚα įİȚȖµαĲȠȜȘȥȓα 

Ns,act ĲȠ πȜȒșȠȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ ĲȘȢ s ȠµȐįαȢ 

Pf,j ȆȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȘȢ j µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ – 

ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ j υπİȡțȪȕȠυ 

Pf,j,tot ΆșȡȠȚıµα ĲȦȞ İπȚµȑȡȠυȢ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ 

Pf,s(t) ΧȡȠȞȚțȒ İȟȑȜȚȟȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

Pmax ȂȑȖȚıĲȘ ĲȚµȒ ĲȘȢ İπȚµȑȡȠυȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ υπİȡțȪȕȦȞ 
ıĲȠυȢ ȠπȠȓȠυȢ ȑȤİȚ πȡαȖµαĲȠπȠȚȘșİȓ įİȚȖµαĲȠȜȘȥȓα 

Rd ǹȞĲȠȤȒ ıȤİįȚαıµȠȪ ıȪµφȦȞα µİ ĲȠȞ ΕυȡȦțȫįȚțα 

Sd ∆ȡȫıα įȪȞαµȘ ıȤİįȚαıµȠȪ ıȪµφȦȞα µİ ĲȠȞ ΕυȡȦțȫįȚțα 

Si(x) ȆȡȠıİȖȖȚıĲȚțȒ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȠυ i µȑȜȠυȢ 

Si,s ȆİȡȚșȫȡȚȠ αıφαȜİȓαȢ ĲȘȢ i πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ 

SIs  ȈȤİĲȚțȒ ıȘµαıȓα ĲȘȢ s ȠµȐįαȢ 

Ss ȈȪȞȠȜȠ – ȈȪıĲȘµα 

SWk ΧαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ȚįȓȠυ ȕȐȡȠυȢ 

Vf,max, Vf,min ȂȑȖȚıĲȘ țαȚ İȜȐȤȚıĲȘ ĲȚµȒ İυȡȦıĲȓαȢ υπİȡțȪȕȦȞ 

VRV,i ȈȤİĲȚțȒ ıȘµαıȓα ĲȘȢ i Ĳ.µ 

xo ∆ȚȐȞυıµα ĲȦȞ įȚȐµİıȦȞ ĲȚµȫȞ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ǹ ΕµȕαįȩȞ įȚαĲȠµȒȢ 

αi,j ȈυȞĲİȜİıĲȒȢ țαĲİȪșυȞıȘȢ ĲȠυ i µȑȜȠυȢ ȖȚα ĲȘ j Ĳ.µ 

∆ ΆșȡȠȚıµα ıȤİĲȚțȫȞ įȚαφȠȡȫȞ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 
µİĲαȟȪ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαȚ ĲȘȢ µİșȩįȠυ MC 

Ε ∆İȓțĲȘȢ İȜαıĲȚțȩĲȘĲαȢ ĲȠυ υȜȚțȠȪ 
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ΣȪµȕȠȜȠ ΕπεȟȒȖηση 

b ȈȘµİȓȠ țαșȠȡȚıµȠȪ ĲȠυ υπİȡțȪȕȠυ ȜİȚĲȠυȡȖȓαȢ 

D ȆȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ 

Dk k-ȠıĲȩȢ υπİȡțȪȕȠȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ 

fcut-off ĲȚµȒ țαĲȦφȜȓȠυ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ 

Fi ȉȠ i-ȠıĲȩ ȖİȖȠȞȩȢ αıĲȠȤȓαȢ 

fRV ȉȚµȒ țαĲȦφȜȓȠυ ȖȚα ĲȠ įȚȐȞυıµα ĲȦȞ Ĳ.µ. 

fs,c ȉȚµȒ țαĲȦφȜȓȠυ ĲȘȢ İȜȐȤȚıĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα ıυȞȑȤȚıȘ 

ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠȞ j υπİȡțȪȕȠ 

fs,cp ΕȜȐȤȚıĲȠ πȠıȠıĲȩ įİȚȖµȐĲȦȞ πȡȚȞ ĲȘȞ İȞİȡȖȠπȠȓȘıȘ ĲȠυ 2
Ƞυ

 

țȡȚĲȘȡȓȠυ ĲİȡµαĲȚıµȠȪ įİȚȖµαĲȠȜȘȥȓαȢ 

fvol ȈυȞĲİȜİıĲȒȢ απȠµİȓȦıȘȢ ĲȠυ ȩȖțȠυ ĲȠυ υπİȡțȪȕȠυ ȜİȚĲȠυȡȖȓαȢ 

G, Q, W ΦȠȡĲȓα (ȕαȡȪĲȘĲαȢ, ȀȚȞȘĲȐ, ȉυȤȘµαĲȚțȐ) 

Gk, Qk, Wk ΧαȡαțĲȘȡȚıĲȚțȑȢ ĲȚµȑȢ φȠȡĲȓȦȞ (ȕαȡȪĲȘĲαȢ, ȀȚȞȘĲȐ, ȉυȤȘµαĲȚțȐ) 

k ȊπİȡıĲαĲȚțȩĲȘĲα 

k ǹπİȚțȩȞȚıȘ ĲȠυ k-ȠıĲȠȪ υπİȡțȪȕȠυ (ȦȢ įȚȐȞυıµα įυφȓȦȞ) 

Lj ΕπȚȕαȜȜȩµİȞȠ φȠȡĲȓȠ ıĲȠ j µȑȜȠȢ 

max{nf,j} ȆȜȒșȠȢ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα ĲȠȞ ĲİȡµαĲȚıµȩ ĲȘȢ įȚαįȚțαıȓαȢ 
įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠȞ j υπİȡțȪȕȠ 

max{nf} ȆȜȒșȠȢ απαȚĲȠυµȑȞȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα ĲȠ πȡȩȕȜȘµα 

mod ȉİȜİıĲȒȢ modulo 

n ȆȜȒșȠȢ įİȚȖµȐĲȦȞ – πȜȒșȠȢ įυȞαĲȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 

Nact ȆȜȒșȠȢ țȡȓıȚµȦȞ ĲυȤαȓȦȞ µİĲαȕȜȘĲȫȞ 

ne ȆȜȒșȠȢ µİȜȫȞ ıυıĲȒµαĲȠȢ 

nf ȆȜȒșȠȢ įİȚȖµȐĲȦȞ αıĲȠȤȓαȢ 

nf,j ȆȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα ĲȠȞ j υπİȡțȪȕȠ 

nf,j,i ȆȜȒșȠȢ įİȚȖµȐĲȦȞ πȠυ πȡȠțαȜȠȪȞ ĲȘȞ αıĲȠȤȓα ĲȘȢ țαĲαıțİυȒȢ 
ıĲȠȞ j υπİȡțȪȕȠ ıȪµφȦȞα µİ ĲȘȞ i πȜȒȡȘ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ 
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nj,c ΕȜȐȤȚıĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ αȞȐ υπİȡțȪȕȠ 

NRV ȆȜȒșȠȢ ĲυȤαȓȦȞ µİĲαȕȜȘĲȫȞ 

ns,j ȆȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ȜİȚĲȠυȡȖȓαȢ ȖȚα ĲȠȞ j υπİȡțȪȕȠ 

P ȈυȞȐȡĲȘıȘ φȠȡĲȓȠυ 

Pf ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

Pf,s ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıυıĲȒµαĲȠȢ 

Pf,s(rd) ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαĲαıțİυȒȢ µİĲȐ απȩ πȡȠıșȒțȘ Ȓ ȕȜȐȕȘ 

µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ 

Pf,s(ro) πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ αȡȤȚțȒȢ țαĲαıțİυȒȢ 

R ȈυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ 

Rj ȈυȞȠȜȚțȒ αȞĲȠȤȒ ĲȠυ j µȑȜȠυȢ 

S ȈυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ 

Sj ȆİȡȚșȫȡȚȠ αıφαȜİȓαȢ ĲȠυ j µȑȜȠυȢ 

t ΧȡȩȞȠȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ 

tȂC ΧȡȩȞȠȢ ȖȚα ĲȘ µȑșȠįȠ ȂC 

V ȉȡȦĲȩĲȘĲα 

xi ǹțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

α ȈȘµİȓȠ ĲȠµȒȢ ĲȘȢ țυȡȓαȢ įȚαȖȦȞȓȠυ ĲȠυ υπİȡțȪȕȠυ țαȚ ĲȘȢ 
įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ – ȈυȞĲİȜİıĲȒȢ αĲİȜȚȫȞ 

ȕ ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ 

ȕǹ ȁȩȖȠȢ İȞİȡȖȠȪ πȡȠȢ ĲȘ ıυȞȠȜȚțȒ İπȚφȐȞİȚα 

ȖG,ȖQ,ȖW,ȖS,ȖL ȂİȡȚțȠȓ ȈυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ 

İ ȂȚțȡȒ șİĲȚțȒ πȠıȩĲȘĲα – ȈȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ 

ıy ȉȐıȘ įȚαȡȡȠȒȢ ĲȠυ ȤȐȜυȕα 

ıy,k ΧαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȘȢ ĲȐıȘ įȚαȡȡȠȒȢ ĲȠυ ȤȐȜυȕα 

χ ȂİȚȦĲȚțȩȢ ıυȞĲİȜİıĲȒȢ αȞĲȠȤȒȢ ıİ șȜȓȥȘ ȜȩȖȦ ȜυȖȚıµȠȪ 
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ȥW,ȥQ ȂİȚȦĲȚțȠȓ ȈυȞĲİȜİıĲȑȢ ǹıφαȜİȓαȢ 

ǿx-x ȇȠπȒ αįȡαȞİȓαȢ ıĲȘ įȚİȪșυȞıȘ ȜυȖȚıµȠȪ 

ȃFM ȆȜȒșȠȢ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 

ȃsim ȆȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ 

ȃsim,ȂC ȆȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα ĲȘ µȑșȠįȠ ȂC 

Νss ȆȜȒșȠȢ υπİȡțȪȕȦȞ πȠυ πȜȘȡȠȪȞ ĲȠ țȡȚĲȒȡȚȠ İυȡȦıĲȓαȢ 

Φ() ȈυȖțİȞĲȡȦĲȚțȒ ȈυȞȐȡĲȘıȘ ȆȚșαȞȩĲȘĲαȢ ĲȘȢ țαĲαȞȠµȒȢ Gauss 
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( ){ }
,

min ij
i j

f x  ΕȜȐȤȚıĲȘ ĲȚµȒ ȚıȠįȪȞαµȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ 
αĲȩµȦȞ țαȚ ĲȦȞ ıυȞİȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ 

( )ˆ
ijf x  ΕυȡȦıĲȓα ȜȪıȘȢ 

( )ˆ
ijrank f  ΘȑıȘ ĲȠυ i αĲȩµȠυ ıĲȠȞ j πȜȘșυıµȩ 

iU  ǹȞȘȖµȑȞȠȢ įİȓțĲȘȢ ȠµȠȚȠµȠȡφȓαȢ ĲȘȢ i Ĳ.µ 

{ }min i
i

U  ΕȜȐȤȚıĲȘ ĲȚµȒ ȠµȠȚȠµȠȡφȓαȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ Ĳ.µ 

i
i
E U    ȂȑıȘ ĲȚµȒ ȠµȠȚȠµȠȡφȓαȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ Ĳ.µ 

[ ]T  ȉİȜİıĲȒȢ ȑȜȜİȚȥȘȢ πȩȡȦȞ 

[ ]T  ȉİȜİıĲȒȢ απȠĲİȜȑıµαĲȠȢ İµπȜȠțȒȢ 

[ ]T  
ȉİȜİıĲȒȢ İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ 

∆Ν(t)  ȆȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ įİȞ µπȠȡȠȪȞ Ȟα įȚαĲȘȡȘșȠȪȞ ıĲȠ µİĲαπȜȘșυıµȩ 

PrR(popj)  ȆȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȠυ πȜȘșυıµȠȪ j απȩ ĲȠȞ πȜȘșυıµȩ i ȖȚα İµπȜȠțȒ 

[ ]2

kV
σ  ∆ȚαıπȠȡȐ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ 

Ni
t+1

,Ni
t
 ȆȜȒșȠȢ αĲȩµȦȞ ĲȠυ i πȜȘșυıµȠȪ ĲȚȢ ȖİȞİȑȢ t+1 țαȚ t 

f  ȆαȡȐµİĲȡȠȢ αȞȠȤȒȢ ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ ĲȦȞ ĲȚµȫȞ ĲȦȞ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȦȞ ıȤİįȚαıµȫȞ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ µİ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ 

A B
−→ B A→  

ȈȤȑıȘ αȞĲαȖȦȞȚıµȠȪ 

A B
−→ B A

+→  
ȈȤȑıȘ ȀυȞȘȖȠȪ-ΘȘȡȐµαĲȠȢ 

B
L
 ΧȫȡȠȢ απİȚțȩȞȚıȘȢ ĲȦȞ ȤȡȦµȠıȦµȐĲȦȞ 

Bj ΕυȡȦıĲȓα ĲȘȢ țαȜȪĲİȡȘȢ ȜȪıȘȢ ĲȠυ j πȜȘșυıµȠȪ 

CE ȁȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȠυ ıȤȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

Cfail ȀȩıĲȠȢ αıĲȠȤȓαȢ 
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CI,* ȆαȡȐµİĲȡȠȚ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ 

Cij(x) ȉȚµȒ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȖȚα ĲȠȞ i ȐĲȠµȠ ĲȠυ j πȜȘșυıµȠȪ 

Cmat ȀȩıĲȠȢ υȜȚțȠȪ 

Cxi,xj ȈυȞįȚαıπȠȡȐ µİĲαȟȪ ĲȦȞ µİĲαȕȜȘĲȫȞ xi țαȚ xj 

D
n
 ΧȫȡȠȢ ıȤİįȚαıµȠȪ 

Dj ȆȠȚțȚȜȩĲȘĲα ĲȠυ j πȜȘșυıµȠȪ 

DPC ∆ȚαıĲαȪȡȦıȘ įȚπȜȠȪ ıȘµİȓȠυ – Double Point Crossover 

E[Vk] ȂȑıȘ ĲȚµȒ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ  

F() ȈυȞȐȡĲȘıȘ φȠȡĲȓȠυ 

fi(hi) ȈυȞĲİȜİıĲȒȢ İπȚȡȡȠȒȢ 

Fj ΕυȡȦıĲȓα ĲȦȞ αĲȩµȦȞ ĲȠυ j πȜȘșυıµȠȪ 

g ȆαȡȐµİĲȡȠȢ İȜȑȖȤȠυ ĲȘȢ ĲαȤȪĲȘĲαȢ µİĲαȕȠȜȒȢ ĲȠυ µȑȖİșȠȢ ĲȦȞ 
πȜȘșυıµȫȞ 

H() ȈυȞȐȡĲȘıȘ Heaviside 

L ȂȒțȠȢ ȤȡȦµȠıȫµαĲȠȢ 

Li ȂȒțȠȢ ĲȘȢ i µ.ı 

Ls,j ȂȒțȠȢ ĲȠυ j ıȤȒµαĲȠȢ 

M ȈυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ 

N(t) ȈȪȞȠȜȠ αĲȩµȦȞ ıĲȠ µİĲαπȜȘșυıµȩ 

Nj(t) ȆȜȒșȠȢ αĲȩµȦȞ ĲȠυ j πȜȘșυıµȠȪ ıĲȘ t ȖİȞİȐ 

Np ȆȜȒșȠȢ ĲȦȞ πȜȘșυıµȫȞ ĲȠυ µİĲαπȜȘșυıµȠȪ 

NR ȆȜȒșȠȢ ĲȦȞ ĲȚµȫȞ ıπȠȡȐȢ πȠυ İȟİĲȐȗȠȞĲαȚ 

Ns,j ȆȜȒșȠȢ İµφαȞȓıİȦȞ ıυȖțİțȡȚµȑȞȠυ ıȤȒµαĲȠȢ Sj 

Nsh,i ȆȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ ıȤȘµȐĲȦȞ 

Nsol,CP ȆȜȒșȠȢ ıȤİįȚαıµȫȞ πȠυ İȟİĲȐȗȠȞĲαȚ απȩ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ 

Nsol,PGA ȆȜȒșȠȢ ıȤİįȚαıµȫȞ πȠυ İȟİĲȐȗȠȞĲαȚ απȩ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ 
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Nt ȆȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ įȚțĲυȫµαĲȠȢ 

OE ∆İȓțĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ 

Pinit Pfinal ǹȡȤȚțȒ țαȚ ĲİȜȚțȒ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ 

Pf,j ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µȑȜȠυȢ 

Pf,s ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαĲαıțİυȒȢ 

P
L

f,s ȀȐĲȦ ȩȡȚȠ Ditlevsen 

P
U

f,s ΆȞȦ ȩȡȚȠ Ditlevsen 

PIj ȈυȞȐȡĲȘıȘ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȠυ j πȜȘșυıµȠȪ 

Pj,lim ΌȡȚȠ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µȑȜȠυȢ 

P
j
cr ȆȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ ȖȚα ĲȠȞ j πȜȘșυıµȩ 

PrR(fi)j ȆȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȠυ i αĲȩµȠυ ıĲȠȞ j πȜȘșυıµȩ 

Ps,lim ΌȡȚȠ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαĲαıțİυȒȢ 

R ǹȡȤȚțȫȢ įȚαșȑıȚµȠȚ πȩȡȠȚ 

R ȁȩȖȠȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ ıȤȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

R() ȈυȞȐȡĲȘıȘ αȞĲȠȤȒȢ 

Ravail ∆ȚαșȑıȚµȠȚ πȩȡȠȚ 

Rj ǹπαȚĲȠȪµİȞȠȢ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ ȖȚα ȑȞα ȐĲȠµȠ ĲȠυ j πȜȘșυıµȠȪ 

Rreq ǹπαȚĲȠȪµİȞȠȚ πȩȡȠȚ 

SCP ΕțșȑĲȘȢ πȠυ țαșȠȡȓȗİȚ ĲȘȞ πȓİıȘ İπȚȜȠȖȒȢ ıİ İπȓπİįȠ πȜȘșυıµȫȞ 

Sj ΕțșȑĲȘȢ πȓİıȘȢ İπȚȜȠȖȒȢ 

SPC ∆ȚαıĲαȪȡȦıȘ µȠȞȠȪ ıȘµİȓȠυ – Single Point Crossover 

SPVC ∆ȚαıĲαȪȡȦıȘ µȠȞȠȪ ıȘµİȓȠυ αȞȐ µ.ı – Single Point Crossover per Design 

Variable  

tj,conv ΓİȞİȐ ıȪȖțȜȚıȘȢ ȖȚα ĲȠȞ j πȜȘșυıµȩ 

Ui  ∆İȓțĲȘȢ ȠµȠȚȠµȠȡφȓαȢ ĲȠυ i ȞȒµαĲȠȢ (ȞȒµα = απİȚțȩȞȚıȘ µ.ı) 

Var[fjm] ∆ȚαıπȠȡȐ ĲȘȢ țαĲαȞȠµȒȢ ĲȦȞ 0-1 ıĲȘ m șȑıȘ ȖȚα ĲȠ j πȜȘșυıµȩ 
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Vi ΌȖțȠȢ ĲȠυ i µȑȜȠυȢ 

Vmin, Vmax ĲȚµȒ İυȡȦıĲȓαȢ ĲȠυ ȤİȚȡȩĲİȡȠυ țαȚ țαȜȪĲİȡȠυ αĲȩµȠυ 

Ws,j  ȈȤİĲȚțȩ ȕȐȡȠȢ ĲȠυ ıȤȒµαĲȠȢ Sj 

Α ǹυșαȓȡİĲȘ ıĲαșİȡȐ 

∆R ȆȜİȩȞαıµα Ȓ ΈȜȜİȚµµα ȆȩȡȦȞ 

∆Ri ȂİĲαȕȠȜȒ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ 

initt  ΓİȞİȐ απȩ ĲȘȞ ȠπȠȓα Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ αȡȤȓȗİȚ Ȟα µİĲαȕȐȜȜİĲαȚ 

halft  ȉαȤȪĲȘĲα µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ 

Ε[] ȂȑıȘ ĲȚµȒ 

a, b, c, w ȆαȡȐµİĲȡȠȚ πȠυ İȜȑȖȤȠυȞ ĲȘȞ ȑȞĲαıȘ ĲȦȞ ıȤİĲȚțȫȞ įȚαφȠȡȫȞ µİĲαȟȪ ĲȦȞ 
İπȚµȑȡȠυȢ παȡαȖȩȞĲȦȞ ĲȘȢ ıυȞȐȡĲȘıȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ 

ck ȈυȞĲİȜİıĲȒȢ πȠȚȞȒȢ ĲȠυ k αȞȚıȠĲȚțȠȪ Ȓ ȚıȠĲȚțȠȪ πİȡȚȠȡȚıµȠȪ 

d ȆαȡȐµİĲȡȠȢ İȜȑȖȤȠυ ĲȘȢ µİĲȐȕαıȘȢ απȩ țαĲȐıĲαıȘ ȘȡİµȓαȢ ıİ 
țαĲȐıĲαıȘ ıȪȖțȡȠυıȘȢ 

e, f  ȆαȡȐȖȠȞĲİȢ πȠυ İȜȑȖȤȠυȞ ĲȘȞ αıȐφİȚα ĲȘȢ ıȪȖțȡȠυıȘȢ 

eij ȆαȡȐµİĲȡȠȢ αıȐφİȚαȢ ĲȘȢ İµπȜȠțȒȢ ĲȦȞ πȜȘșυıµȫȞ i țαȚ j 

fij,r ȉȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ i αĲȩµȠυ ĲȠυ j πȜȘșυıµȠȪ ȖȚα ĲȘ 

r ĲȚµȒ ıπȠȡȐȢ 

fr ȉȚµȒ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ 
ıİ ȩȜȠυȢ ĲȠυȢ πȜȘșυıµȠȪȢ 

gk(x) ǹȞȚıȠĲȚțȩȢ πİȡȚȠȡȚıµȩȢ 

hk(x) ǿıȠĲȚțȩȢ πİȡȚȠȡȚıµȩȢ 

m ȆȜȒșȠȢ µİĲαȕȠȜȫȞ ĲȠυ πȡȠφȓȜ įȚαșİıȓµȦȞ πȩȡȦȞ 

p ȆȚșαȞȩĲȘĲα ĲȠυ įȚφȪȠυ Ȟα ȜαµȕȐȞİȚ ĲȚµȒ ȓıȘ µİ 1 

r ȉȚµȒ ıπȠȡȐȢ 

į ȂȚțȡȒ șİĲȚțȒ πȠıȩĲȘĲα 

İ ǹȞȠȤȒ ȦȢ πȡȠȢ ĲȘ παȡαȕȓαıȘ ĲȦȞ ȚıȠĲȚțȫȞ Ȓ αȞȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ 
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ρij ∆İȓțĲȘȢ ıĲαĲȚıĲȚțȒȢ ıυıȤȑĲȚıȘȢ 

σ[] ȉυπȚțȒ απȩțȜȚıȘ 

σy ȉȐıȘ įȚαȡȡȠȒȢ ĲȠυ ȤȐȜυȕα 

σt,y ȉȐıȘ įȚαȡȡȠȒȢ ĲȠυ ȤȐȜυȕα ıİ İφİȜțυıµȩ 

σc,y ȉȐıȘ įȚαȡȡȠȒȢ ĲȠυ ȤȐȜυȕα ıİ șȜȓȥȘ 

Τ[] ȉİȜİıĲȒȢ πȠȚȞȒȢ 

Φ2  ȀȠȚȞȒ ǹȈȆ 2 țαȞȠȞȚțȫȞ Ĳ.µ 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ΚαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Κ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ I ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ΜȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ I

ȆȇȅΛȅΓȅΣ 

Η ȞĲİĲİȡµȚȞȚıĲȚțȒ șİȫȡȘıȘ ĲȦȞ țαȞȠȞȚıµȫȞ İπȚĲȡİπȠµȑȞȦȞ ĲȐıİȦȞ ȖȚα ıȤİįȚαıµȩ țαȚ 

αȞȐȜυıȘ ĲȦȞ țαĲαıțİυȫȞ ȕαıȓȗȠȞĲαȚ ıĲȘȞ İȜαıĲȚțȒ αȞȐȜυıȘ țαȚ ıĲȘȞ İȟαıφȐȜȚıȘ µȘ 

υπȑȡȕαıȘȢ πȠıȠıĲȠȪ ĲȦȞ ĲȐıİȦȞ įȚαȡȡȠȒȢ ĲȦȞ ȤȡȘıȚµȠπȠȚȠȪµİȞȦȞ υȜȚțȫȞ (ıυȞĲİȜİıĲȒȢ 

αıφαȜİȓαȢ). ΧαȡαțĲȘȡȚıĲȚțȩ ĲȘȢ șİȫȡȘıȘȢ αυĲȒȢ İȓȞαȚ Ș απȠυıȓα πȜȘȡȠφȠȡȓαȢ ȦȢ πȡȠȢ ĲȘ 

µİĲαİȜαıĲȚțȒ ıυµπİȡȚφȠȡȐ ĲȦȞ υȜȚțȫȞ țαȚ ĲȘ φȪıȘ ĲȦȞ φȠȡĲȓȦȞ. Η αȞαșİȫȡȘıȘ ĲȘȢ 

φȚȜȠıȠφȓαȢ ĲȦȞ țαȞȠȞȚıµȫȞ µİ ĲȘȞ υȚȠșȑĲȘıȘ µİșȩįȦȞ ıυȞȠȜȚțȒȢ αȞĲȠȤȒȢ πȠυ İȚıȐȖȠυȞ ĲȘȞ 

ȑȞȞȠȚα ĲȦȞ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȫȞ αıφαȜİȓαȢ απȠĲİȜİȓ țαȚ ĲȠ πȡȫĲȠ ȕȒµα πȡȠȢ ĲȘȞ 

İȚıαȖȦȖȒ ĲȘȢ πȚșαȞȠĲȚțȒȢ șİȫȡȘıȘȢ ıĲȘȞ αȞȐȜυıȘ țαȚ ıȤİįȚαıµȩ ĲȦȞ țαĲαıțİυȫȞ. 

ȅȚ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ İπȚțİȞĲȡȫȞȠȞĲαȚ ıĲȘȞ İȟαıφȐȜȚıȘ İȞȩȢ İπȚπȑįȠυ αȞĲȠȤȒȢ ȖȚα țȐșİ 

µȑȜȠȢ ĲȘȢ țαĲαıțİυȒȢ ȠȡȓȗȠȞĲαȢ ıυȞĲȘȡȘĲȚțȑȢ ĲȚµȑȢ ȖȚα ĲȚȢ µİĲαȕȜȘĲȑȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ 

ĲȠυȢ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ. ǹȞαȜȩȖȦȢ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ ıυȞİπİȚȫȞ ĲȘȢ 

αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαșȠȡȓȗȠȞĲαȚ αȞĲȓıĲȠȚȤȠȚ ıυȞĲİȜİıĲȑȢ ıȘµαȞĲȚțȩĲȘĲαȢ ȖȚα ĲȠ 

µȑȖİșȠȢ ĲȦȞ φȠȡĲȓȦȞ ıȤİįȚαıµȠȪ ȠȡȓȗȠȞĲαȢ İµµȑıȦȢ, įȚαφȠȡİĲȚțȑȢ πȚșαȞȩĲȘĲİȢ υπȑȡȕαıȘȢ 

ȖȚα ĲȚȢ µİĲαȕȜȘĲȑȢ αυĲȑȢ. ȅȚ įȚαĲȐȟİȚȢ αυĲȑȢ, απȠțȡȪπĲȠȞĲαȢ ĲȠȞ πȚșαȞȠĲȚțȩ ȤαȡαțĲȒȡα ĲȠυ 

πȡȠȕȜȒµαĲȠȢ, ıυȞİĲȑȜİıαȞ ıĲȘȞ αȞȐπĲυȟȘ ĲȘȢ ȥİυįαȓıșȘıȘȢ ȩĲȚ İȓȞαȚ įυȞαĲȩ Ȟα İπȚĲİυȤșİȓ 

µȑıȦ πȡȠıİțĲȚțȠȪ ıȤİįȚαıµȠȪ țαȚ αȞȐȜυıȘȢ, Ș απȩȜυĲȘ αıφȐȜİȚα țȐĲȚ πȠυ ȜȩȖȦ ĲȘȢ 

φȪıİȦȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ απȠĲİȜİȓ αȞȑφȚțĲȠ ıĲȩȤȠ. ǹțȩµα țαȚ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ țȐĲȚ 

ĲȑĲȠȚȠ șα ȒĲαȞ įυȞαĲȩ Ȟα İπȚĲİυȤșİȓ, µȓα ĲȑĲȠȚα ȜȪıȘ șα İȓȤİ πȠȜȪ υȥȘȜȩ țȩıĲȠȢ țαȚ șα 

țαșȚıĲȠȪıİ ĲȘȞ υȜȠπȠȓȘıȒ ĲȘȢ ȠȚțȠȞȠµȚțȐ αıȪµφȠȡȘ. ΕπȚπȜȑȠȞ ȠȚ įȚαĲȐȟİȚȢ αυĲȑȢ 

απȠįȑȤȠȞĲαȚ ĲȘȞ αȞȐπĲυȟȘ ȕȜαȕȫȞ ıĲȚȢ țαĲαıțİυȑȢ ȩĲαȞ Ĳα İπȚȕαȜȜȩµİȞα φȠȡĲȓα İȓȞαȚ ȓıα Ȓ 

υπİȡȕαȓȞȠυȞ ĲȚȢ αȞĲȓıĲȠȚȤİȢ ĲȚµȑȢ ıȤİįȚαıµȠȪ. ǹπȠĲȑȜİıµα ĲȘȢ απȠįȠȤȒȢ αυĲȒȢ İȓȞαȚ Ș 

İȚıαȖȦȖȒ, țαĲȐ ĲȘ φȐıȘ ĲȠυ ıȤİįȚαıµȠȪ țαȚ αȞȐȜυıȘȢ, αȕİȕαȚȠĲȒĲȦȞ ȦȢ πȡȠȢ ĲȘȞ απȩțȡȚıȘ 

ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ Ș αıĲȠȤȓα µȑȜȠυȢ Ȓ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ ȠįȘȖİȓ ıİ αȞαțαĲαȞȠµȒ 

ĲȦȞ ĲȐıİȦȞ țαȚ ĲȘȢ ıĲȚȕαȡȩĲȘĲαȢ ĲȘȢ. 

Η αȞȐȜυıȘ ȕȐıİȚ ĲȦȞ țαȞȠȞȚıĲȚțȫȞ įȚαĲȐȟİȦȞ įİȞ πȡȠıφȑȡİȚ ıȘµαȞĲȚțȑȢ πȜȘȡȠφȠȡȓİȢ ȦȢ 

πȡȠȢ ĲȘȞ υπȠȜİȚπȩµİȞȘ αȞĲȠȤȒ ĲȘȢ ıĲȘȞ πİȡȓπĲȦıȘ πȡȩțȜȘıȘȢ ȕȜȐȕȘȢ. ȅȚ țαȞȠȞȚıµȠȓ ȖȚα Ȟα 

țαȜȪȥȠυȞ ĲȠ πȡȩȕȜȘµα αυĲȩ İȚıȐȖȠυȞ πȜȒșȠȢ πȡȩıșİĲȦȞ İȜȑȖȤȦȞ, ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ 

İȟαıφȐȜȚıȘ ȩĲȚ, ȠȚ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ µİ ĲȘȞ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ įİȞ șα 

İπȘȡİȐıȠυȞ ıȘµαȞĲȚțȐ ĲȘȞ υπȠȜİȚπȩµİȞȘ αȞĲȠȤȒ ĲȘȢ țαĲαıțİυȒȢ. ǹπȠĲȑȜİıµα ĲȘȢ 

πȡαțĲȚțȒȢ αυĲȒȢ İȓȞαȚ Ș αȪȟȘıȘ ĲȘȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȦȞ įȚαĲȐȟİȦȞ αυĲȫȞ µİ αȞĲȓıĲȠȚȤȘ 
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αȪȟȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ ȜȐșȠυȢ țαĲȐ ĲȘ φȐıȘ ĲȘȢ αȞȐȜυıȘȢ1
. Η ȑȞĲαȟȘ ĲȦȞ πȡȩıșİĲȦȞ 

įȚαĲȐȟİȦȞ İȜȜȠȤİȪİȚ țȚȞįȪȞȠυȢ παȡİȡµȘȞİȓαȢ ĲȦȞ țαȞȠȞȚıµȫȞ πȠυ µπȠȡİȓ Ȟα ȠįȘȖȒıȠυȞ ıİ 

İıφαȜµȑȞİȢ αȞĲȚȜȒȥİȚȢ ȖȚα ĲȠ πȠȓİȢ πȡαțĲȚțȑȢ ȠįȘȖȠȪȞ ıİ αȪȟȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ ĲαυĲȩȤȡȠȞα µİȚȫȞȠυȞ ĲȘȞ ĲȡȦĲȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ İȞįİȤȩµİȞȘ 

αıĲȠȤȓα µȑȜȠυȢ Ȓ µİȜȫȞ ĲȘȢ. 

ȅȚ ıυȞĲİȜİıĲȑȢ αıφȐȜİȚαȢ țαȚ ıȘµαȞĲȚțȩĲȘĲαȢ, İπȚȜȑȖȠȞĲαȚ țαĲȐ ĲȡȩπȠ ȫıĲİ Ș ȑțșİıȘ ıİ 

ȡȓıțȠ ĲȦȞ ȤȡȘıĲȫȞ ĲȘȢ țαĲαıțİυȒȢ Ȟα İȓȞαȚ ȤαµȘȜȩĲİȡȘ ĲȘȢ țȠȚȞȦȞȚțȐ țαȚ ȠȚțȠȞȠµȚțȐ 

απȠįİțĲȒȢ ĲȚµȒȢ ȖȚα ĲȘ ıυȖțİțȡȚµȑȞȘ įȡαıĲȘȡȚȩĲȘĲα2
. Η ȠȚțȠȞȠµȚțȐ απȠįİțĲȒ ĲȚµȒ ĲȠυ 

ȡȓıțȠυ İπȚȜȑȖİĲαȚ µİ ıĲȩȤȠ ĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ țȩıĲȠυȢ ȗȦȒȢ ĲȘȢ țαĲαıțİυȒȢ. ȉȠ 

țȩıĲȠȢ ȗȦȒȢ ĲȘȢ țαĲαıțİυȒȢ πİȡȚȜαµȕȐȞİȚ, ĲȠ țȩıĲȠȢ țαĲαıțİυȒȢ, ĲȠ țȩıĲȠȢ ıυȞĲȒȡȘıȘȢ, 

ĲȠ țȩıĲȠȢ İπȚıțİυȒȢ ıİ πİȡȓπĲȦıȘ įȠµȚțȒȢ αıĲȠȤȓαȢ țαȚ ĲȠ țȩıĲȠȢ µȓαȢ πȚșαȞȒȢ ȠȜȚțȒȢ 

αıĲȠȤȓαȢ. Η țȠȚȞȦȞȚțȐ απȠįİțĲȒ ĲȚµȒ ĲȠυ ȡȓıțȠυ įİȞ ıυȞαȡĲȐĲαȚ µȩȞȠȞ µİ πȜȒșȠȢ 

µȠȞȠıȒµαȞĲα ȠȡȚıµȑȞȦȞ ȠȚțȠȞȠµȠĲİȤȞȚțȫȞ țȡȚĲȘȡȓȦȞ αȜȜȐ ıȤİĲȓȗİĲαȚ țαȚ µİ țȠȚȞȦȞȚțȑȢ 

παȡαµȑĲȡȠυȢ2. Η απȠįİțĲȒ ĲȚµȒ ĲȠυ ȡȓıțȠυ πȡȑπİȚ Ȟα ȚțαȞȠπȠȚİȓ ĲȘȞ țȠȚȞȦȞȚțȐ απȠįİțĲȒ 

ĲȚµȒ Ș ȠπȠȓα ȖȚα ȜȩȖȠυȢ ȠȚțȠȞȠµȚțȩĲȘĲαȢ πȡȑπİȚ Ȟα µȘȞ įȚαφȠȡȠπȠȚİȓĲαȚ ıȘµαȞĲȚțȐ απȩ ĲȘȞ 

ȠȚțȠȞȠµȚțȐ απȠįİțĲȒ ĲȚµȒ. ȈȪµφȦȞα µİ ĲȘȞ απȠįİțĲȒ ĲȚµȒ ĲȠυ ȡȓıțȠυ, υπȠȜȠȖȓȗİĲαȚ ıĲȘȞ 

ıυȞȑȤİȚα Ș απȠįİțĲȒ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ Ș ȠπȠȓα απȠĲİȜİȓ țαȚ ĲȠ ȐȞȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ3
. Η İπȚȕȠȜȒ ĲȦȞ ıυȞĲİȜİıĲȫȞ αıφαȜİȓαȢ 

țαȚ ıȘµαȞĲȚțȩĲȘĲαȢ, ĲȦȞ țαȞȠȞȚıµȫȞ, αφαȚȡİȓ ĲȘ įυȞαĲȩĲȘĲα απȩ ĲȠȞ țȪȡȚȠ ĲȠυ ȑȡȖȠυ Ȟα 

ȖȞȦȡȓȗİȚ ĲȘȞ πȡαȖµαĲȚțȒ ȑțșİıȘ ıİ țȓȞįυȞȠ ĲȦȞ ȤȡȘıĲȫȞ ĲȠυ ȑȡȖȠυ ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ ĲȘȞ 

ȚțαȞȩĲȘĲα αȞαțαĲαȞȠµȒȢ ĲȦȞ İȞĲȐıİȦȞ ıİ πİȡȓπĲȦıȘ αıĲȠȤȓαȢ µȑȜȠυȢ Ȓ µİȜȫȞ ĲȠυ 

υπȠȥȒφȚȠυ ıȤİįȚαıµȠȪ, ıĲİȡȫȞĲαȢ ĲȠυ ĲȘ įυȞαĲȩĲȘĲα ȐµİıȘȢ ıȪȖțȡȚıȘȢ įȚαφȠȡİĲȚțȫȞ 

ıȤİįȚαıµȫȞ ıİ İπȓπİįȠ țαĲαıțİυȒȢ. 
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ȈĲȠ ȐµİıȠ µȑȜȜȠȞ αȞαµȑȞİĲαȚ Ȟα ĲİșȠȪȞ ıİ ȚıȤȪ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ4
 ıȪµφȦȞα µİ ĲȚȢ 

ȠπȠȓİȢ Ș υπȠȥȒφȚα ȜȪıȘ șα șİȦȡİȓĲαȚ İπαȡțȒȢ İφȩıȠȞ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

πİȡȚııȩĲİȡȠ țȡȓıȚµȠυ µȑȜȠυȢ ĲȘȢ șα İȓȞαȚ µȚțȡȩĲİȡȘ µȓαȢ țȠȚȞȦȞȚțȐ απȠįİțĲȒȢ ĲȚµȒȢ. ȅȚ 

įȚαĲȐȟİȚȢ αυĲȑȢ πȑȡα ĲȘȢ µȠȞȠıȒµαȞĲȘȢ απȐȞĲȘıȘȢ πİȡȓ ĲȘȢ απȠįȠȤȒȢ Ȓ ȩȤȚ µȓαȢ 

ıυȖțİțȡȚµȑȞȘȢ ȜȪıȘȢ șα πȡȠıφȑȡȠυȞ țαȚ µȓα πȡȫĲȘ ıυȞĲȘȡȘĲȚțȒ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. Ȉİ țȐșİ πİȡȓπĲȦıȘ ȩµȦȢ, įİȞ șα İȓȞαȚ ıİ șȑıȘ Ȟα įȫıȠυȞ 

απαȞĲȒıİȚȢ ȦȢ πȡȠȢ ĲȚȢ İυİȡȖİĲȚțȑȢ ıυȞȑπİȚİȢ ĲȘȢ ȚțαȞȩĲȘĲαȢ αȞαįȚαȞȠµȒȢ ĲȦȞ İȞĲȐıİȦȞ 

ıĲȘȞ țαĲαıțİυȒ ıİ πİȡȓπĲȦıȘ αıĲȠȤȓαȢ İȞȩȢ Ȓ πİȡȚııȠĲȑȡȦȞ µİȜȫȞ ĲȘȢ. ΜİȚȠȞȑțĲȘµα ȦȢ 

πȡȠȢ ĲȚȢ ȚıȤȪȠυıİȢ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ ĲȠυ πȚșαȞȠĲȚțȠȪ țαȞȠȞȚıµȠȪ αȞȐȜυıȘȢ İȓȞαȚ Ș 

απαȓĲȘıȘ ȖȞȫıȘȢ, ĲȦȞ ıĲαĲȚıĲȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȦȞ φȠȡĲȓȦȞ ıĲα ȠπȠȓα șα İțĲİșİȓ Ș 

țαĲαıțİυȒ, ĲȦȞ αȜȜȘȜİπȚįȡȐıİȦȞ ĲȠυȢ, ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ĲȦȞ ȚįȚȠĲȒĲȦȞ ĲȦȞ υȜȚțȫȞ țαȚ ĲȘ 

φȑȡȠυıα ȚțαȞȩĲȘĲα ĲȦȞ įȠµȚțȫȞ ıĲȠȚȤİȓȦȞ ĲȘȢ țαĲαıțİυȒȢ. 

ȅȚ µȑșȠįȠȚ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ țαĲαıțİυȫȞ įİȞ İıĲȚȐȗȠυȞ ĲȘȞ πȡȠıȠȤȒ ĲȠυȢ ıĲȠ 

İȡȫĲȘµα ĲȘȢ απȠįȠȤȒȢ Ȓ µȘ απȠįȠȤȒȢ µȓαȢ υπȠȥȒφȚαȢ ȜȪıȘȢ. ȈĲȩȤȠȢ ĲȘȢ αȞȐȜυıȘȢ 

αȟȚȠπȚıĲȓαȢ ĲȦȞ țαĲαıțİυȫȞ İȓȞαȚ Ƞ υπȠȜȠȖȚıµȩȢ ĲȦȞ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ ıȪȞȠȜȠ. ǹπȠĲȑȜİıµα ĲȘȢ 

αȞȐȜυıȘȢ İȓȞαȚ Ș αȞĲȚıĲȠȓȤȘıȘ ıİ țȐșİ ıȤİįȚαıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ µȘ İπȚșυµȘĲȒȢ 

απȩțȡȚıȘȢ Ȓ απȩțȡȚıȘȢ İțĲȩȢ ĲȦȞ πȡȠțαșȠȡȚıµȑȞȦȞ ȠȡȓȦȞ ıİ ıυȞįυαıµȩ ĲȦȞ įȡȫȞĲȦȞ 

φȠȡĲȓȦȞ. Η πȚșαȞȩĲȘĲα αυĲȒ ȠȡȓȗİĲαȚ ȦȢ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ΜȑıȦ ĲȘȢ αȞȐȜυıȘȢ ĲȦȞ απȠĲİȜİıµȐĲȦȞ υπȠȜȠȖȓȗİĲαȚ Ș ĲȡȦĲȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ įȓįȠȞĲαȢ ĲȘ įυȞαĲȩĲȘĲα αȞĲȚțİȚµİȞȚțȒȢ αȟȚȠȜȩȖȘıȘȢ ĲȘȢ απȩįȠıȘȢ 

țȐșİ ıȤİįȓαıȘȢ țαȚ ĲȘȢ αȞαȖȞȫȡȚıȘȢ ĲȦȞ αįȪȞαĲȦȞ ıȘµİȓȦȞ ĲȘȢ υπȠȥȒφȚαȢ ȜȪıȘȢ. Η 

αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ įȓįİȚ ĲȘ įυȞαĲȩĲȘĲα ıĲȠ µİȜİĲȘĲȒ Ȟα αȟȚȠȜȠȖȒıİȚ Ȑµİıα ĲȚȢ İυİȡȖİĲȚțȑȢ 

ıυȞȑπİȚİȢ ĲȘȢ İȞİȡȖȠȪ υπİȡıĲαĲȚțȩĲȘĲαȢ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. 

ȈĲȠȞ țȪȡȚȠ ĲȠυ ȑȡȖȠυ Ș ȖȞȫıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ υπȠȥȒφȚȠυ ıȤİįȚαıµȠȪ ĲȠυ 

įȓȞİȚ ĲȘ įυȞαĲȩĲȘĲα αφİȞȩȢ ĲȘȢ ȐµİıȘȢ ıȪȖțȡȚıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αυĲȒȢ µİ ĲȘȞ țȠȚȞȦȞȚțȐ 

απȠįİțĲȒ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µİ αȞĲȓıĲȠȚȤȘ απȩȡȡȚȥȘ Ȓ απȠįȠȤȒ ĲȠυ υπȠȥȒφȚȠυ 

ıȤİįȚαıµȠȪ țαȚ αφİĲȑȡȠυ ĲȘȢ ȐµİıȘȢ ıȪȖțȡȚıȘȢ µİ ĲȘȞ ȠȚțȠȞȠµȚțȐ απȠįİțĲȒ πȚșαȞȩĲȘĲα 
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αıĲȠȤȓαȢ. Η ȖȞȫıȘ αυĲȒ ĲȠυ πȡȠıφȑȡİȚ ĲȘ įυȞαĲȩĲȘĲα παȡȑµȕαıȘȢ ıĲȚȢ µİĲαȕȜȘĲȑȢ 

ıȤİįȚαıµȠȪ ȫıĲİ Ș ĲİȜȚțȒ ȜȪıȘ Ȟα πȜȘȡȠȓ αφİȞȩȢ ĲȠ αȞİȜαıĲȚțȩ țȡȚĲȒȡȚȠ ĲȘȢ țȠȚȞȦȞȚțȐ 

απȠįİțĲȒȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαȚ αφİĲȑȡȠυ Ș ȜȪıȘ αυĲȒ Ȟα πȜȘȡȠȓ țαȚ Ĳα țȡȚĲȒȡȚα 

ȠȚțȠȞȠµȚțȩĲȘĲαȢ (İȜαȤȚıĲȠπȠȚȫȞĲαȢ ĲȠ țȩıĲȠȢ ȗȦȒȢ ĲȘȢ țαĲαıțİυȒȢ). Η αȞȐȜυıȘ 

αȟȚȠπȚıĲȓαȢ İȟαıφαȜȓȗİȚ ȑȞαȞ İȞȚαȓȠ ĲȡȩπȠ αȞĲȚµİĲȫπȚıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ıȤİįȚαıµȠȪ țαȚ 

αȞȐȜυıȘȢ, ȠįȘȖȫȞĲαȢ ıĲȘȞ πȜȒȡȘ İȞȠπȠȓȘıȘ ĲȦȞ țαȞȠȞȚıµȫȞ ıȤİįȚαıµȠȪ țαȚ αȞȐȜυıȘȢ ĲȦȞ 

țαĲαıțİυȫȞ. 

ΜİȚȠȞȑțĲȘµα ĲȦȞ µİșȩįȦȞ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ İȓȞαȚ ĲȠ υȥȘȜȩ υπȠȜȠȖȚıĲȚțȩ ĲȠυȢ țȩıĲȠȢ 

ıİ ıȤȑıȘ µİ ĲȠ αȞĲȓıĲȠȚȤȠ ȞĲİĲİȡµȚȞȚıĲȚțȩ πȡȩȕȜȘµα πȠυ αȞĲȚµİĲȦπȓȗȠυȞ ȠȚ ȚıȤȪȠυıİȢ 

įȚαĲȐȟİȚȢ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ įİȞ υφȓıĲαĲαȚ αȞαȜυĲȚțȒ ȜȪıȘ ȖȚα ĲȠ πȡȩȕȜȘµα αυĲȩ. 

ΕπȚπȡȩıșİĲα ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ πȚșαȞȠĲȚțȠȪ țαȞȠȞȚıµȠȪ αȞȐȜυıȘȢ, απαȚĲİȓĲαȚ Ș 

ıİ ȕȐșȠȢ ȖȞȫıȘ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ țαĲαȞȠµȫȞ ĲȦȞ µİĲαȕȜȘĲȫȞ πȠυ υπȩțİȚȞĲαȚ ıİ 

ĲυȤαȚȩĲȘĲα țαȚ ȠȚ ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ. Η İȟȑȜȚȟȘ ĲȘȢ υπȠȜȠȖȚıĲȚțȒȢ ȚıȤȪȠȢ ĲȦȞ Η/Ȋ 

µαȢ įȓįİȚ ĲȘ įυȞαĲȩĲȘĲα Ȟα İπȚȜȪıȠυµİ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ µİ ĲȘ ȕȠȒșİȚα µİșȩįȦȞ 

αȟȚȠπȚıĲȓαȢ ıİ İȪȜȠȖȠ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ. 

ȈĲȩȤȠȢ ĲȦȞ µİșȩįȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ Ș İπȓĲİυȟȘ ĲȠυ țαȜȪĲİȡȠυ įυȞαĲȠȪ 

απȠĲİȜȑıµαĲȠȢ ȦȢ πȡȠȢ ıυȖțİțȡȚµȑȞȠ țȡȚĲȒȡȚȠ ȚțαȞȠπȠȚȫȞĲαȢ πȜȒșȠȢ πİȡȚȠȡȚıµȫȞ. ǺαıȚțȒ 

αȡȤȒ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ İȓȞαȚ, Ș țαĲαȞȠµȒ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ țαĲȐ ĲȡȩπȠ πȠυ Ȟα 

µİȖȚıĲȠπȠȚİȓĲαȚ Ș ȦφȑȜİȚα απȩ ĲȘ ȤȡȒıȘ ĲȠυ ȑȡȖȠυ. ȈĲȘȞ πİȡȓπĲȦıȘ ıυȞįυαıµȠȪ ĲȦȞ 

µİșȩįȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ ĲȚȢ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ ȦȢ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ 

ȠȡȓȗİĲαȚ ıυȞȒșȦȢ ĲȠ țȩıĲȠȢ αȞȑȖİȡıȘȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ȦȢ ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȠȪ 

ȠȡȓȗȠȞĲαȚ ȠȚ πİȡȚȠȡȚıµȠȓ αȞĲȠȤȒȢ țαȚ ȜİȚĲȠυȡȖȚțȩĲȘĲαȢ ĲȦȞ µİȜȫȞ țαȚ ȘµȚİµπİȚȡȚțȑȢ ıȤȑıİȚȢ 

ȦȢ πȡȠȢ πȜȒșȠȢ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȘȢ țαĲαıțİυȒȢ. ȅ ıυȞįυαıµȩȢ αυĲȩȢ İȓȞαȚ įυȞαĲȩȞ Ȟα 

ȠįȘȖȒıİȚ ıİ ıȤİįȚαıµȠȪȢ πȠυ πȜȘȡȠȪȞ µİȞ ĲȚȢ įȚαĲȐȟİȚȢ ĲȦȞ țαȞȠȞȚıµȫȞ αȜȜȐ įİȞ 

ıυµȕαįȓȗȠυȞ µİ ĲȘ ȖİȞȚțȩĲİȡȘ φȚȜȠıȠφȓα ĲȠυȢ, µİ απȠĲȑȜİıµα Ȟα παȡαĲȘȡȠȪȞĲαȚ µİȖȐȜİȢ 

απȠțȜȓıİȚȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ µİĲαȟȪ ĲȦȞ πȡȠĲİȚȞȩµİȞȦȞ ȦȢ «ȕȑȜĲȚıĲȦȞ» ȜȪıİȦȞ. 

ȅ ıυȞįυαıµȩȢ ĲȦȞ µİșȩįȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ µİșȩįȠυȢ πȚșαȞȠĲȚțȒȢ αȞȐȜυıȘȢ 

αȞĲȚµİĲȦπȓȗİȚ Ȑµİıα ĲȠ πȡȩȕȜȘµα αυĲȩ, țαșȫȢ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ 

İȚıȐȖİĲαȚ ȦȢ πİȡȚȠȡȚıµȩȢ ıȤİįȚαıµȠȪ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȈĲȘȞ πİȡȓπĲȦıȘ 

įİ, ĲȘȢ İȚıαȖȦȖȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıĲȘȞ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ µİ ıĲȩȤȠ ĲȘȞ 

İȜαȤȚıĲȠπȠȓȘıȘ țȩıĲȠυȢ ȗȦȒȢ, Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠįȘȖİȓ ȞȠµȠĲİȜİȚαțȐ ıİ 

ıȤİįȚαıµȠȪȢ µİ ȤαµȘȜȒ ĲȡȦĲȩĲȘĲα ȦȢ πȡȠȢ ĲȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ ĲȠυȢ. 
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ȈĲȩȤȠȢ ĲȘȢ įȚαĲȡȚȕȒȢ αυĲȒȢ İȓȞαȚ Ș αȞȐπĲυȟȘ µȓαȢ µİșȠįȠȜȠȖȓαȢ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ 

țαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ, αȞĲȚµİĲȦπȓȗȠȞĲαȢ Ȑµİıα Ĳα πȡȠȕȜȒµαĲα πȠυ 

πȡȠțȪπĲȠυȞ ıİ İπȓπİįȠ ıȤİįȚαıµȠȪ țαȚ ıȤİĲȓȗȠȞĲαȚ µİ ĲȘȞ αıφȐȜİȚα ĲȘȢ țαĲαıțİυȒȢ. 

ȈțȠπȩȢ İȓȞαȚ Ș İȪȡİıȘ ȜȪıİȦȞ πȠυ İȜαȤȚıĲȠπȠȚȠȪȞ ĲȠ αȞαµİȞȩµİȞȠ țȩıĲȠȢ İȟαıφαȜȓȗȠȞĲαȢ 

ĲȚȢ απαȚĲȒıİȚȢ αıφαȜİȓαȢ ıİ İπȓπİįȠ țȠȚȞȦȞȚțȐ απȠįİțĲȫȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ. 

Η įȚαĲȡȚȕȒ απαȡĲȓȗİĲαȚ απȩ 5 țİφȐȜαȚα. ȈĲȠ 1
Ƞ
 țİφȐȜαȚȠ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ 

įȘµȠφȚȜİȓȢ µȑșȠįȠȚ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ µİ ȑµφαıȘ ıĲȚȢ µİșȩįȠυȢ αȞȐȜυıȘȢ πȠȜȪπȜȠțȦȞ 

ıυıĲȘµȐĲȦȞ. ȈĲȠ 2Ƞ țİφȐȜαȚȠ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ İφαȡµȠȖȒ ıİ 

πȡȠȕȜȒµαĲα µȘȤαȞȚțȒȢ µİ ȑµφαıȘ ıĲȚȢ İυȡİĲȚțȑȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ (ΓİȞİĲȚțȠȪȢ 

ǹȜȖȠȡȓșµȠυȢ țαȚ ΕȟİȜȚțĲȚțȠȪȢ ǹȜȖȠȡȓșµȠυȢ) πȠυ παȡȠυıȚȐȗȠυȞ ȚįȚαȓĲİȡα υȥȘȜȒ İυȡȦıĲȓα 

ıİ πȡȠȕȜȒµαĲα ıυȞįυαıĲȚțȠȪ ȤαȡαțĲȒȡα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıυȞȒșȦȢ ıİ πȡȠȕȜȒµαĲα 

ıȤİįȓαıȘȢ țαȚ αȞȐȜυıȘȢ țαĲαıțİυȫȞ. ȈĲȠ 3
Ƞ
 țİφȐȜαȚȠ παȡȠυıȚȐȗİĲαȚ µȑșȠįȠȢ αȞȐȜυıȘȢ 

αȟȚȠπȚıĲȓαȢ πȠȜȪπȜȠțȦȞ ıυıĲȘµȐĲȦȞ πȠυ ȕαıȓȗİĲαȚ ıĲȘȞ țαĲȐĲµȘıȘ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ 

țαȚ ıĲȘ įİȚȖµαĲȠȜȘȥȓα ıĲȚȢ πİȡȚȠȤȑȢ ĲȦȞ įȚİπȚφαȞİȚȫȞ αıĲȠȤȓαȢ-αıφαȜİȓαȢ. Η αțȡȓȕİȚα țαȚ 

ĲȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ĲȘȢ µİșȩįȠυ ıυȖțȡȓȞȠȞĲαȚ µİ ȐȜȜİȢ µİșȩįȠυȢ ȖȚα πȜȒșȠȢ 

πȠȜυµȠȡφȚțȫȞ țαȚ µȠȞȠµȠȡφȚțȫȞ πȡȠȕȜȘµȐĲȦȞ αȞαφȠȡȐȢ țαȚ µİ ĲȘ µȑșȠįȠ Monte Carlo  

ȖȚα πȜȒșȠȢ υπİȡıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ țαȚ ȤȦȡȠįȚțĲυȦµȐĲȦȞ įȚαφȩȡȦȞ İπȚπȑįȦȞ 

πȠȜυπȜȠțȩĲȘĲαȢ. ȈĲȠ 4
Ƞ
 țİφȐȜαȚȠ παȡȠυıȚȐȗİĲαȚ µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ıυȞįυȐȗİȚ 

ȑȞα ıȤȒµα αȞĲαȖȦȞȚıµȠȪ πȜȘșυıµȫȞ µİ ĲȠȞ țȜαııȚțȩ ΓİȞİĲȚțȩ ǹȜȖȩȡȚșµȠ. ȈĲȩȤȠȢ ĲȘȢ 

µİșȩįȠυ İȓȞαȚ Ƞ ıυȞįυαıµȩȢ ĲȦȞ πȜİȠȞİțĲȘµȐĲȦȞ ĲȦȞ ıυȞİȟİȜȚțĲȚțȫȞ µİșȩįȦȞ țαȚ ĲȦȞ Γǹ 

ȖȚα υȥȘȜȒ İυȡȦıĲȓα țαȚ ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ. ȅ αȜȖȩȡȚșµȠȢ İȜȑȖȤİĲαȚ ıİ įȪȠ 

πȡȠȕȜȒµαĲα αȞαφȠȡȐȢ țαȚ ıĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ıȤȒµαĲȠȢ țαȚ µİȖȑșȠυȢ įȪȠ ȚıȠıĲαĲȚțȫȞ 

įȚțĲυȦµȐĲȦȞ. ȈĲȘ ıυȞȑȤİȚα παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα απȩ ĲȠ ıυȞįυαıµȩ ĲȘȢ 

µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ țİφαȜαȓȠυ 3 µİ ĲȘ µȑșȠįȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıİ 

υπİȡıĲαĲȚțȩ įȚțĲȪȦµα țαȚ υπİȡıĲαĲȚțȩ ȤȦȡȠįȚțĲȪȦµα. ȉȑȜȠȢ, ıĲȠ 5
Ƞ
 țİφȐȜαȚȠ 

παȡȠυıȚȐȗİĲαȚ Ș αȞαțİφαȜαȓȦıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ĲȠυ 3Ƞυ țαȚ 4Ƞυ țİφαȜαȓȠυ țαȚ ȚįȑİȢ ȖȚα 

ĲȘȞ İπȑțĲαıȘ ĲȦȞ µİșȩįȦȞ ıİ πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȠȪ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ țαȚ 

αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȜαȚıȓȦȞ ıĲȠ ȤȫȡȠ. 
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1 Equation Ch apter  1 Section 1Θεωȡȓα ΠȚșαȞȠĲȒĲωȞ – ǹȞάȜυıȘ ǹȟȚȠπȚıĲȓαȢ 

1.1 ǼȚıαȖȦȖȒ 

ȈĲȩȤȠȢ ĲȘȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ țαĲαıțİυȫȞ, İȓȞαȚ Ƞ υπȠȜȠȖȚıµȩȢ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ µİȜȫȞ ĲȘȢ. Ȉİ αȞĲȓșİıȘ µİ ĲȚȢ ȚıȤȪȠυıİȢ țαȞȠȞȚıĲȚțȑȢ 

įȚαĲȐȟİȚȢ πȠυ µȑıȦ ĲȘȢ įȚİȞȑȡȖİȚαȢ ıİȚȡȐȢ İȜȑȖȤȦȞ ȠįȘȖȠȪȞ ıĲȘȞ απȠįȠȤȒ Ȓ µȘ απȠįȠȤȒ 

µȓαȢ υπȠȥȒφȚαȢ ȜȪıȘȢ Ș αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ țαĲαȜȒȖİȚ ȖȚα țȐșİ υπȠȥȒφȚα ȜȪıȘ ıĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. ΩȢ αıĲȠȤȓα µȓαȢ țαĲαıțİυȒȢ ȠȡȓȗİĲαȚ Ș țαĲȐıĲαıȘ 

țαĲȐ ĲȘȞ ȠπȠȓα Ș απȩțȡȚıȘ ĲȘȢ țαĲαıțİυȒȢ ıİ ıυȞįυαıµȩ ĲȦȞ įȡȫȞĲȦȞ φȠȡĲȓȦȞ įİȞ İȓȞαȚ Ș 

İπȚșυµȘĲȒ Ȓ ȕȡȓıțİĲαȚ İțĲȩȢ πȡȠțαșȠȡȚıµȑȞȦȞ ȠȡȓȦȞ. ȈȪµφȦȞα µİ ĲȠȞ Elms [55], µȓα 

țαĲαıțİυȒ șİȦȡİȓĲαȚ αıφαȜȒȢ İφȩıȠȞ «įİȞ αȞαµȑȞİĲαȚ Ȟα αıĲȠȤȒıİȚ ıİ πİȡȓπĲȦıȘ φȠȡĲȓȦȞ 

µȚțȡȩĲİȡȦȞ Ȓ ȓıȦȞ ĲȦȞ φȠȡĲȓȦȞ ıȤİįȚαıµȠȪ ȠįȘȖȫȞĲαȢ µİ µȚα πȚșαȞȒ αıĲȠȤȓα ıİ șȐȞαĲȠ Ȓ 

ıȠȕαȡȒ ȠȚțȠȞȠµȚțȒ ȕȜȐȕȘ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȓȞαȚ αȡțȠȪȞĲȦȢ µȚțȡȒ ıİ πİȡȚπĲȫıİȚȢ 

ıπȐȞȚȦȞ φȠȡĲȓȦȞ Ȓ απαȚĲȒıİȦȞ πȠȜȪ µİȖαȜυĲȑȡȦȞ ĲȦȞ αȞαµİȞȩµİȞȦȞ ıİ țαșȘµİȡȚȞȒ ȤȡȒıȘ». 

Ǿ αıφȐȜİȚα İȓȞαȚ ıĲİȞȐ ıυȞįİįİµȑȞȘ µİ ĲȘȞ ȑȞȞȠȚα ĲȠυ ȡȓıțȠυ. Ǿ αıφȐȜİȚα țαȚ ĲȠ ȡȓıțȠ 

İȓȞαȚ įȪȠ İȞĲİȜȫȢ įȚαφȠȡİĲȚțȑȢ ȑȞȞȠȚİȢ ȦȢ πȡȠȢ ĲȘȞ υφȒ ĲȠυȢ [55] țαșȫȢ ĲȠ ȡȓıțȠ İȓȞαȚ 

įυȞαĲȩȞ Ȟα πȠıȠĲȚțȠπȠȚȘșİȓ İȞȫ Ș αıφȐȜİȚα İȓȞαȚ πȠȚȠĲȚțȩ ȤαȡαțĲȘȡȚıĲȚțȩ țαȚ įİȞ 

πİȡȚȠȡȓȗİĲαȚ µȩȞȠȞ ıĲȘȞ απİȚțȩȞȚıȘ µȓαȢ µαșȘµαĲȚțȒȢ πȠıȩĲȘĲαȢ [132]. ȈυȞȒșȦȢ µȓα 

țαĲαıțİυȒ ȤαȡαțĲȘȡȓȗİĲαȚ ȦȢ αıφαȜȒȢ İφȩıȠȞ «Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ 

İπȚȤİȚȡȘıȚαțȒȢ ĲȘȢ ȗȦȒȢ İȓȞαȚ µȚțȡȩĲİȡȘ µȚαȢ țȠȚȞȦȞȚțȐ απȠįİțĲȒȢ µȚțȡȒȢ ĲȚµȒȢ». 

ȉα µȑȜȘ µȓαȢ țαĲαıțİυȒȢ țαșȫȢ țαȚ Ș țαĲαıțİυȒ ȦȢ ıȪȞȠȜȠ, πȡȑπİȚ Ȟα ıȤİįȚȐȗȠȞĲαȚ, Ȟα 

țαĲαıțİυȐȗȠȞĲαȚ țαȚ Ȟα ıυȞĲȘȡȠȪȞĲαȚ țαĲȐ ĲȑĲȠȚȠ ĲȡȩπȠ, ȫıĲİ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ 

ȦφȑȜȚµȘȢ ȗȦȒȢ ĲȠυȢ, ȚțαȞȠπȠȚȫȞĲαȢ ĲαυĲȩȤȡȠȞα Ĳα țȡȚĲȒȡȚα ȠȚțȠȞȠµȚțȩĲȘĲαȢ, Ȟα πȜȘȡȠȪȞ 

ĲȚȢ παȡαțȐĲȦ πȡȠįȚαȖȡαφȑȢ [60], [61], [99]: 

• ȆȡȑπİȚ Ȟα µȘȞ παȡȠυıȚȐȗȠȞĲαȚ υπİȡȕȐıİȚȢ ĲȘȢ αȞĲȠȤȒȢ ȖȚα Ĳα ıυȞȒșȘ φȠȡĲȓα ȖȚα Ĳα 

ȠπȠȓα Ș țαĲαıțİυȒ ȑȤİȚ ıȤİįȚαıĲİȓ (țȡȚĲȒȡȚȠ ȜİȚĲȠυȡȖȚțȩĲȘĲαȢ). 

• ȆȡȑπİȚ Ȟα πȜȘȡȠȪȞ Ĳα țȡȚĲȒȡȚα ȑȞαȞĲȚ țαĲȐȡȡİυıȘȢ (µİȡȚțȒȢ Ȓ ȠȜȚțȒȢ) ıĲȘȞ 

πİȡȓπĲȦıȘ İπαȞαȜαµȕαȞȩµİȞȦȞ ȠȡȚαțȫȞ φȠȡĲȓıİȦȞ Ȓ ıĲȘȞ πİȡȓπĲȦıȘ ĲυȤȘµαĲȚțȫȞ 

φȠȡĲȓıİȦȞ πȠυ υπİȡȕαȓȞȠυȞ țαĲȐ πȠȜȪ ĲȚȢ İȞĲȐıİȚȢ ĲȦȞ φȠȡĲȓıİȦȞ ȜİȚĲȠυȡȖȓαȢ 

(țȡȚĲȒȡȚȠ ȠȡȚαțȒȢ αȞĲȠȤȒȢ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.4 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• ∆İȞ πȡȑπİȚ Ȟα παȡȠυıȚȐȗȠυȞ ȕȜȐȕİȢ ȜȩȖȦ ĲυȤαȓȦȞ ȖİȖȠȞȩĲȦȞ (ȩπȦȢ φȦĲȚȐ, 

İțȡȒȟİȚȢ, țȡȠȪıİȚȢ Ȓ αȞșȡȫπȚȞα ıφȐȜµαĲα) ıİ ȕαșµȩ įυıαȞȐȜȠȖȠ ȦȢ πȡȠȢ ĲȠ 

φαȚȞȩµİȞȠ πȠυ πȡȠțαȜİȓ ĲȘ ȕȜȐȕȘ (țȡȚĲȒȡȚȠ ıĲȚȕαȡȩĲȘĲαȢ). ǹυĲȩ İπȚĲυȖȤȐȞİĲαȚ 

[99] İȓĲİ µİ µȘ țαĲαıțİυαıĲȚțȐ µȑĲȡα (µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȠυ 

ıυȖțİțȡȚµȑȞȠυ ȖİȖȠȞȩĲȠȢ, µİĲȡȚαıµȩȢ ĲȦȞ ıυȞİπİȚȫȞ ıĲȘȞ țαĲαıțİυȒ) İȓĲİ µİ 

țαĲαıțİυαıĲȚțȐ µȑĲȡα (ıȤİįȚαıµȩȢ ȑȞαȞĲȚ ĲȠυ ȖİȖȠȞȩĲȠȢ Ȓ µİȓȦıȘ ĲȘȢ ĲȡȦĲȩĲȘĲαȢ 

ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȠ ıυȖțİțȡȚµȑȞȠ ĲυȤαȓȠ ȖİȖȠȞȩȢ [122]). 

Ǿ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ İȟαıφαȜȓȗİȚ ȑȞαȞ İȞȚαȓȠ ĲȡȩπȠ αȞĲȚµİĲȫπȚıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ıȤİįȚαıµȠȪ țαȚ αȞȐȜυıȘȢ, ȠįȘȖȫȞĲαȢ ıĲȘȞ πȜȒȡȘ İȞȠπȠȓȘıȘ ĲȦȞ țαȞȠȞȚıĲȚțȫȞ įȚαĲȐȟİȦȞ, 

µİ ȖȞȫµȠȞα ĲȘȞ İπȓĲİυȟȘ ıυȖțİțȡȚµȑȞȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. ȅ ıυȖțİțȡȚµȑȞȠȢ įİȓțĲȘȢ 

αȟȚȠπȚıĲȓαȢ πȡȑπİȚ Ȟα İȓȞαȚ υȥȘȜȩĲİȡȠȢ ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țαȚ 

ĲαυĲȩȤȡȠȞα Ȟα ȠįȘȖİȓ ıĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ țȩıĲȠυȢ ȗȦȒȢ ĲȘȢ țαĲαıțİυȒȢ. ȅ απȠįİțĲȩȢ 

țȠȚȞȦȞȚțȐ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ įİȞ ȠȡȓȗİĲαȚ µȠȞȠıȒµαȞĲα αȜȜȐ απȠĲİȜİȓ ıυȞȐȡĲȘıȘ πȜȒșȠυȢ 

ȠȚțȠȞȠµȚțȫȞ țαȚ țȠȚȞȦȞȚțȫȞ țȡȚĲȘȡȓȦȞ [123] πȠυ πȠȚțȓȜȠυȞ αȞȐȜȠȖα ĲȠυ ĲȪπȠυ ĲȘȢ 

țαĲαıțİυȒȢ, ĲȘȢ ȤȡȒıȘȢ ĲȘȢ țαȚ ĲȦȞ ıυȞİπİȚȫȞ µȓαȢ πȚșαȞȒȢ αıĲȠȤȓαȢ [123]. ΓȚα ĲȘȞ 

πȚșαȞȠĲȚțȒ αȞȐȜυıȘ µȓαȢ țαĲαıțİυȒȢ απαȚĲİȓĲαȚ: 

• Ǿ ȖȞȫıȘ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ µİĲαȕȜȘĲȫȞ πȠυ υπȩțİȚȞĲαȚ ıİ ĲυȤαȚȩĲȘĲα ĲȦȞ 

υȜȚțȫȞ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ (µȘĲȡȫȠ ıυıȤȑĲȚıȘȢ) [99]. 

• Ǿ ȖȞȫıȘ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ıİ ıȤȑıȘ µİ ĲȚȢ φȠȡĲȓıİȚȢ ĲȘȢ țαĲαıțİυȒȢ [99] țαȚ 

ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ (µȘĲȡȫȠ ıυıȤȑĲȚıȘȢ). 

• Ǿ ȖȞȫıȘ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ĲȦȞ ȖİȦµİĲȡȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ țαȚ ĲȦȞ αĲİȜİȚȫȞ 

[99] țαȚ ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ. 

• Ǿ ȖȞȫıȘ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ĲȦȞ πȡȠıȠµȠȚȦµȐĲȦȞ αȞȐȜυıȘȢ [99] ȦȢ πȡȠȢ ĲȘȞ 

țαĲαȞȠµȒ ĲȦȞ İȞĲȐıİȦȞ ıĲȘȞ țαĲαıțİυȒ țαȚ ĲȘȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ. 

• Ǿ πȠıȠĲȚțȠπȠȓȘıȘ ĲȦȞ ıυȞİπİȚȫȞ ĲȠυ αȞșȡȫπȚȞȠυ παȡȐȖȠȞĲα ıĲȘȞ απȩțȡȚıȘ ĲȘȢ 

țαĲαıțİυȒȢ [54]. 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ ȠȚ ȕαıȚțȑȢ ȑȞȞȠȚİȢ ĲȘȢ șİȦȡȓαȢ πȚșαȞȠĲȒĲȦȞ 

țαȚ αȟȚȠπȚıĲȓαȢ țαȚ Ș ȤȡȒıȘ ĲȠυȢ ıİ șȑµαĲα αȞȐȜυıȘȢ ĲȦȞ țαĲαıțİυȫȞ. ȈĲȘȞ παȡȐȖȡαφȠ 

1.2, παȡȠυıȚȐȗİĲαȚ Ș ȚıĲȠȡȚțȒ αȞαįȡȠµȒ ĲȘȢ İȟȑȜȚȟȘȢ ĲȘȢ İπȚıĲȒµȘȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ țαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.5 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȘȢ ıĲαĲȚıĲȚțȒȢ ȦȢ țαȚ ĲȘȞ αȡȤȒ ĲȠυ 20
Ƞυ

 αȚȫȞα ȩπȠυ țαȚ παȡȠυıȚȐȗȠȞĲαȚ țαĲȐ İȞȚαȓȠ ĲȡȩπȠ 

ȠȚ ȕαıȚțȑȢ αȡȤȑȢ țαȚ Ĳα șİȦȡȒµαĲα ĲȘȢ șİȦȡȓαȢ πȚșαȞȠĲȒĲȦȞ. ȈĲȘȞ παȡȐȖȡαφȠ 1.3, 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕαıȚțȑȢ αȡȤȑȢ ĲȘȢ șİȦȡȓαȢ ıυȞȩȜȦȞ. ȆαȡȠυıȚȐȗȠȞĲαȚ ȠȚ İȞαȜȜαțĲȚțȠȓ 

ȠȡȚıµȠȓ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ țαȚ Ș αȡȤȒ αµİȡȠȜȘȥȓαȢ. ȅȡȓȗİĲαȚ Ș 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ ȦȢ İțĲȓµȘıȘȢ țαșȫȢ țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ. 

ȅȡȓȗİĲαȚ Ș įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα țαȚ παȡȠυıȚȐȗȠȞĲαȚ Ĳα αȟȚȫµαĲα țαȚ ȕαıȚțȐ șİȦȡȒµαĲα 

ĲȘȢ șİȦȡȓαȢ πȚșαȞȠĲȒĲȦȞ țαȚ ĲȠ șİȫȡȘµα Bayes. ȈĲȘȞ παȡȐȖȡαφȠ 1.4, įȓįİĲαȚ Ƞ ȠȡȚıµȩȢ ĲȘȢ 

ĲυȤαȓαȢ µİĲαȕȜȘĲȒȢ (Ĳ.µ) Ș ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ țαȚ Ș αșȡȠȚıĲȚțȒ ıυȞȐȡĲȘıȘ 

πȚșαȞȩĲȘĲαȢ ȖȚα µȠȞȠįȚȐıĲαĲİȢ țαȚ πȠȜυįȚȐıĲαĲİȢ Ĳ.µ. ȆαȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȡȠπȑȢ ĲȦȞ 

țαĲαȞȠµȫȞ țαȚ Ș ıυıȤȑĲȚıȘ ĲȠυȢ µİ ĲȘ µȑıȘ ĲȚµȒ, ĲȘ įȚαıπȠȡȐ, ĲȘ ȜȠȟȩĲȘĲα țαȚ ĲȘȞ 

țȪȡĲȦıȘ µȓαȢ Ĳ.µ țαȚ Ș ıυȞįȚαıπȠȡȐ µİĲαȟȪ Ĳ.µ. ȈĲȘȞ παȡȐȖȡαφȠ 1.5, ȠȡȓȗȠȞĲαȚ ȠȚ 

ıĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ Ș ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ țαȚ Ș αșȡȠȚıĲȚțȒ ıυȞȐȡĲȘıȘ 

πȚșαȞȩĲȘĲαȢ ȖȚα ĲȚȢ αȞİȜȓȟİȚȢ αυĲȑȢ. ȆαȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȠȡȚıµȠȓ ĲȘȢ ıĲαıȚµȩĲȘĲαȢ țαȚ 

İȡȖȠįȚțȩĲȘĲαȢ țαĲȐ µȑıȠȞ țαȚ ĲȑȜȠȢ παȡȠυıȚȐȗȠȞĲαȚ İπȚȖȡαµµαĲȚțȐ ȠȚ ȚįȚȩĲȘĲİȢ ĲȦȞ 

αȞİȜȓȟİȦȞ țαĲȐ Markov. ȈĲȘȞ παȡȐȖȡαφȠ 1.6, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕαıȚțȑȢ αȡȤȑȢ ĲȘȢ șİȦȡȓαȢ 

αȟȚȠπȚıĲȓαȢ ıİ ȤȡȠȞȚțȫȢ αµİĲȐȕȜȘĲα țαȚ ȤȡȠȞȚțȫȢ µİĲαȕαȜȜȩµİȞα πȡȠȕȜȒµαĲα. ∆ȓįİĲαȚ Ƞ 

ȠȡȚıµȩȢ ĲȠυ ıυıĲȒµαĲȠȢ, παȡȠυıȚȐȗȠȞĲαȚ Ĳα șİµİȜȚȫįȘ ıυıĲȒµαĲα țαȚ ȠȚ µȑșȠįȠȚ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ ıυıĲȘµȐĲȦȞ αυĲȫȞ. ȈĲȘȞ παȡȐȖȡαφȠ 1.7, 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ıυıĲȘµȐĲȦȞ 

İıĲȚȐȗȠȞĲαȢ ĲȘȞ πȡȠıȠȤȒ ıĲȚȢ µİșȩįȠυȢ 3Ƞυ İπȚπȑįȠυ țαȚ ıĲȚȢ µİșȩįȠυȢ įİȚȖµαĲȠȜȘȥȓαȢ πȠυ 

αȞĲȚµİĲȦπȓȗȠυȞ Ȑµİıα ĲȠ πȡȩȕȜȘµα αȟȚȠπȚıĲȓαȢ. ȈĲȚȢ παȡαȖȡȐφȠυȢ 1.9 țαȚ 1.10, 

παȡȠυıȚȐȗȠȞĲαȚ Ș απȩįİȚȟȘ ĲȠυ șİȦȡȒµαĲȠȢ ĲȠυ Bayes, ȕαıȚțȐ șİȦȡȒµαĲα ĲȘȢ șİȦȡȓαȢ ĲȦȞ 

πȚșαȞȠĲȒĲȦȞ țαȚ ıĲαĲȚıĲȚțȒȢ țαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ ıĲαĲȚıĲȚțȑȢ țαĲαȞȠµȑȢ. ȈĲȘȞ 

παȡȐȖȡαφȠ 1.13, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ıυȞȑπİȚİȢ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ µȓαȢ țαĲαıțİυȒȢ ĲȘȢ 

İȞİȡȖȠȪ υπİȡıĲαĲȚțȩĲȘĲαȢ țαșȫȢ țαȚ ȠȚ παȡȐȖȠȞĲİȢ πȠυ İπȘȡİȐȗȠυȞ ĲȠ įİȓțĲȘ αυĲȩ. ȈĲȘȞ 

παȡȐȖȡαφȠ 1.14, παȡȠυıȚȐȗȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα παȡαįİȚȖµȐĲȦȞ Ĳα απȠįİțĲȐ İπȓπİįα ĲȠυ 

ȘșİȜȘµȑȞȠυ țαȚ µȘ ȘșİȜȘµȑȞȠυ ȡȓıțȠυ ȖȚα įȚȐφȠȡİȢ αȞșȡȫπȚȞİȢ įȡαıĲȘȡȚȩĲȘĲİȢ țαȚ 

ıυȖțȡȓȞȠȞĲαȚ µİ Ĳα İπȓπİįα ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ ȡȓıțȠυ ȖȚα ĲȚȢ țαĲαıțİυȑȢ. ȈĲȘȞ 

παȡȐȖȡαφȠ 1.15, παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ ȠȚ πİȡȚııȩĲİȡȠȚ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ ȖȚα ĲȘȞ 

παȡαȖȦȖȒ αțȠȜȠυșȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ țαșȫȢ țαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ 

ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. 

1.2 ǿıĲȠȡȚțȒ ǹȞαįȡȠµȒ ĲȦȞ ȆȚșαȞȠĲȒĲȦȞ 

ȅȚ πȡȫĲİȢ αȞαφȠȡȑȢ ıİ ĲυȤİȡȐ παȓȖȞȚα ȤȡȠȞȠȜȠȖȠȪȞĲαȚ απȩ ĲȠ 600 π.ȋ. ȉȠ παȜαȚȩĲİȡȠ ȩµȦȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.6 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıȪȖȖȡαµµα ıİ șȑµαĲα πȚșαȞȠĲȒĲȦȞ απȠįȓįİĲαȚ ıĲȠȞ ǿȞįȩ Mahaviracarya ĲȠ 900 µ.ȋ. ȈĲȘȞ 

ǼυȡȫπȘ, Ĳα πȡȫĲα ıυȖȖȡȐµµαĲα ıİ șȑµαĲα πȚșαȞȠĲȒĲȦȞ țαȚ ıĲαĲȚıĲȚțȒȢ İµφαȞȓȗȠȞĲαȚ ĲȠ 

1500 µ.ȋ. Ǿ πȡȫĲȘ İȡȖαıȓα ıİ șȑµαĲα πȚșαȞȠĲȒĲȦȞ țαȚ ıĲαĲȚıĲȚțȒȢ απȠįȓįİĲαȚ ıĲȠȞ 

Girolamo Cardano1 ĲȠ 1565. Ǿ İȡȖαıȓα αυĲȒ įȘµȠıȚİȪİĲαȚ ĲȠ 1663 ĲȘȞ ȓįȚα πİȡȓȠįȠ πȠυ Ƞ 

Blaise Pascal2 (ıİ İπȚțȠȚȞȦȞȓα µİ ĲȠȞ Pierre Fermat3 απȩ ĲȠ 1654) παȡȠυıȚȐȗİȚ µİșȩįȠυȢ ȖȚα 

ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ πȚșαȞȠĲȒĲȦȞ İµφȐȞȚıȘȢ ȖİȖȠȞȩĲȦȞ țαĲαĲȐııȠȞĲαȢ ĲȚȢ πȚșαȞȩĲȘĲİȢ ȦȢ 

țȜȐįȠ ĲȦȞ µαșȘµαĲȚțȫȞ. 

O Pascal, παȡȠυıȓαıİ ĲȘ șİȦȡȓα πȚșαȞȠĲȒĲȦȞ țαĲȐ įȚĲĲȩ ĲȡȩπȠ İȓĲİ ȦȢ ȚįȚȩĲȘĲα ĲȦȞ 

φαȚȞȠµȑȞȦȞ πȠυ țαșȠȡȓȗİĲαȚ απȩ ĲȘȞ πȡȠįȚȐșİıȘ ĲȠυȢ İȓĲİ ȦȢ απȜȑȢ İțĲȚµȒıİȚȢ ȤȦȡȓȢ ȩµȦȢ 

Ȟα πȡȠȤȦȡȒıİȚ ıİ ıαφȒ įȚαȤȦȡȚıµȩ ĲȦȞ įȪȠ αυĲȫȞ įȚαφȠȡİĲȚțȫȞ ȠȡȚıµȫȞ. ȅ țȜαııȚțȩȢ 

ȠȡȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ ȦȢ υπȠıȪȞȠȜȠ ĲȦȞ țαĲαµİĲȡȘµȑȞȦȞ ȚıȠπȚșαȞȫȞ πİȡȚπĲȫıİȦȞ 

İȚıȐȖİĲαȚ απȩ ĲȠȞ Leibniz4 αȞ țαȚ Ƞ ȠȡȚıµȩȢ αυĲȩȢ ȖȓȞİĲαȚ İυȡȑȦȢ ȖȞȦıĲȩȢ απȩ ĲȠȞ Laplace5. 

ȅ ȠȡȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ ȦȢ υπȠıȪȞȠȜȠ ĲȦȞ țαĲαµİĲȡȘµȑȞȦȞ 

ȚıȠπȚșαȞȫȞ πİȡȚπĲȫıİȦȞ απȠĲİȜİȓ µȓα µȑıȘ Ƞįȩ µİĲαȟȪ ĲȠυ ȠȡȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ ȦȢ 

ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ țαȚ ȦȢ İțĲȓµȘıȘȢ ĲȠυ πȠıȠıĲȠȪ İµφȐȞȚıȘȢ. Ǿ αµφȚıȘµȓα αυĲȒ 

İπȑĲȡİȥİ ıĲȠȞ Laplace Ȟα įȚαĲυπȫıİȚ ĲȠ șİȫȡȘµα ĲȘȢ αµİȡȠȜȘȥȓαȢ. ȅ įȚαȤȦȡȚıµȩȢ αυĲȩȢ 

παȡȠυıȚȐȗİĲαȚ ȖȚα πȡȫĲȘ φȠȡȐ απȩ ĲȠȞ James Bernoulli6. 

ȅ Pascal ȠȡȓȗİȚ țαȚ ĲȘ įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα πȠυ țαȜȪπĲİĲαȚ µİȡȚțȫȢ țαȚ απȩ ĲȠ 

ıȪȖȖȡαµµα ĲȠυ Huygens7, ĲȠ πȡȫĲȠ İȖȤİȚȡȓįȚȠ ıİ șȑµαĲα πȚșαȞȠĲȒĲȦȞ µİ ĲȓĲȜȠ “De 

Ratiociniis in Ludo Aleae” (Ǿ αȟȓα ȩȜȦȞ ĲȦȞ πȚșαȞȠĲȒĲȦȞ) [91]. ȅ Huygens ȤȡȘıȚµȠπȠȓȘıİ 

ĲȘ șİȦȡȓα πȚșαȞȠĲȒĲȦȞ ȖȚα ĲȘ µİȜȑĲȘ ĲȦȞ ȕαıȚțȫȞ ıĲαĲȚıĲȚțȫȞ ĲȦȞ αȞșȡȫπȚȞȦȞ țȠȚȞȦȞȚȫȞ 

(µȑıȠȢ ȩȡȠȢ ȘȜȚțȓαȢ, πȚșαȞȩĲȘĲα İπȚȕȓȦıȘȢ µȑȤȡȚ ĲȠ 18
Ƞ
 ȑĲȠȢ, πȡȠıįȩțȚµȠ ȗȦȒȢ ıĲȘȞ ȘȜȚțȓα 

ĲȦȞ 18 İĲȫȞ țȜπ.). ȈĲȘȞ İȡȖαıȓα αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ țαȚ Ĳα πȡȫĲα șİȦȡȒµαĲα ȖȚα ĲȚȢ 

įİıµİυµȑȞİȢ πȚșαȞȩĲȘĲİȢ. ȉȠ 18Ƞ αȚȫȞα Ƞ Thomas Bayes8 αȞαπĲȪııİȚ ĲȘ ȜȠȖȚțȒ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȦȞ įİıµİυµȑȞȦȞ πȚșαȞȠĲȒĲȦȞ. Ǿ İȡȖαıȓα ĲȠυ Bayes įȘµȠıȚİȪİĲαȚ 2 ȑĲȘ µİĲȐ 

                                                 

1 Girolamo Cardano, ΦȚȜȩıȠφȠȢ – ȂαșȘµαĲȚțȩȢ (1501-1576)  

2 Blaise Pascal, ȂαșȘµαĲȚțȩȢ – ΦυıȚțȩȢ (1623 – 1662) 

3 Pierre Fermat, ȂαșȘµαĲȚțȩȢ (1601-1665) 

4 Gottfried Wilhelm Leibniz, ȂαșȘµαĲȚțȩȢ – ΦȚȜȩıȠφȠȢ (1646 – 1716) 

5 Pierre-Simon Laplace, ȂαșȘµαĲȚțȩȢ (1749–1827) 

6 James Bernoulli , ȂαșȘµαĲȚțȩȢ – ΦυıȚțȩȢ (1654-1705) 

7 Christiaan Huygens, ȂαșȘµαĲȚțȩȢ – ȃȠµȚțȩȢ – ΦυıȚțȩȢ – ȂȘȤαȞȚțȩȢ (1629 – 1695) 

8 Thomas Bayes, ȂαșȘµαĲȚțȩȢ – ΦυıȚțȩȢ - ǿİȡȑαȢ (1702-1761) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.7 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠ șȐȞαĲȠ ĲȠυ (1763). ȅ Kolmogorov ĲȠ 1933 (ıĲα ΓİȡµαȞȚțȐ) țαȚ ĲȠ 1950 (ıĲα ǹȖȖȜȚțȐ) 

[111] παȡȠυıȚȐȗİȚ țαĲȐ İȞȚαȓȠ ĲȡȩπȠ ĲȚȢ ȕαıȚțȑȢ αȡȤȑȢ țαȚ șİȦȡȒµαĲα ĲȦȞ πȚșαȞȠĲȒĲȦȞ. 

1.3 ΘİȦȡȓα ȈυȞȩȜȦȞ - ǹȟȚȫµαĲα țαȚ ΘİȦȡȒµαĲα 
ȆȚșαȞȠĲȒĲȦȞ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ Ĳα αȟȚȫµαĲα țαȚ ȠȚ ȕαıȚțȑȢ αȡȤȑȢ ĲȘȢ șİȦȡȓαȢ 

ıυȞȩȜȦȞ țαȚ Ĳα ȕαıȚțȐ șİȦȡȒµαĲα ĲȘȢ șİȦȡȓαȢ πȚșαȞȠĲȒĲȦȞ. 

1.3.1 ΘİȦȡȓα ȈυȞȩȜȦȞ 
ΩȢ ıȪȞȠȜȠ ȠȡȓȗİĲαȚ țȐșİ ıυȜȜȠȖȒ ȠµȠİȚįȫȞ αȞĲȚțİȚµȑȞȦȞ [35], [92]. ȉα ıȪȞȠȜα ȤȦȡȓȗȠȞĲαȚ 

ıİ įȪȠ ȕαıȚțȑȢ țαĲȘȖȩȡȚİȢ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ αȞĲȚțİȚµȑȞȦȞ ĲȠυȢ, ıİ ıȪȞȠȜα ȩπȠυ ĲȠ 

πȜȒșȠȢ ĲȦȞ αȞĲȚțİȚµȑȞȦȞ İȓȞαȚ πİπİȡαıµȑȞȠ (finite sets) țαȚ ıȪȞȠȜα ȩπȠυ ĲȠ πȜȒșȠȢ ĲȦȞ 

αȞĲȚțİȚµȑȞȦȞ įİȞ İȓȞαȚ πİπİȡαıµȑȞȠ (infinite sets) [92]. ΈȞα ıĲȠȚȤİȓȠ b Ȓ υπȠıȪȞȠȜȠ 

αȞĲȚțİȚµȑȞȦȞ B ĲȠυ ıυȞȩȜȠυ (S) İȓȞαȚ ȑȞα αȞĲȚțİȓµİȞȠ ĲȠυ ıυȞȩȜȠυ Ȓ υπȠıȪȞȠȜȠ ĲȠυ 

ıυȞȩȜȠυ (S) ȩĲαȞ [57]: 

 b S B S∈ ⊆  (1.1) 

∆ȪȠ ıȪȞȠȜα ǹ țαȚ Ǻ İȓȞαȚ ȓıα ȩĲαȞ țαȚ µȩȞȠ αȞ [57]: 

 :A B A B B A= ⊆ ⊆  (1.2) 

ΩȢ țİȞȩ ıȪȞȠȜȠ ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ πȠυ įİȞ πİȡȚȑȤİȚ ıĲȠȚȤİȓα. ȉȠ țİȞȩ ıȪȞȠȜȠ ȠȡȓȗİĲαȚ țαȚ 

ȦȢ υπȠıȪȞȠȜȠ ȩȜȦȞ ĲȦȞ ıυȞȩȜȦȞ ȩπȠĲİ ȖȚα țȐșİ ıȪȞȠȜȠ ǹ ȚıȤȪİȚ ȩĲȚ [57]: 

 A∅ ⊂  (1.3) 

ΈȞα ıȪȞȠȜȠ ǹ ȠȡȓȗİĲαȚ ȦȢ ȖȞȒıȚȠ υπȠıȪȞȠȜȠ ĲȠυ ıυȞȩȜȠυ Ǻ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ [57]: 

 , ,A A B A B≠ ∅ ⊂ ≠  (1.4) 

ȀȐșİ ıȪȞȠȜȠ µπȠȡİȓ Ȟα șİȦȡȘșİȓ ȦȢ υπȠıȪȞȠȜȠ İȞȩȢ ȖİȞȚțȩĲİȡȠυ ıυȞȩȜȠυ Ω [35], [57]: 

 j

j

A
∀

= Ω∪  (1.5) 

ΓȚα ĲȠ ıȪȞȠȜȠ ǹ, ȖȞȒıȚȠ υπȠıȪȞȠȜȠ ĲȠυ ȖİȞȚțȩĲİȡȠυ ıυȞȩȜȠυ Ω ȚıȤȪİȚ ȩĲȚ țȐșİ ıĲȠȚȤİȓȠ ĲȠυ 

Ω πȠυ įİȞ αȞȒțİȚ ıĲȠ ıȪȞȠȜȠ ǹ ȠȡȓȗİȚ ȑȞα ıȪȞȠȜȠ ǹ’ ĲȠ ıυµπȜȘȡȦµαĲȚțȩ ıȪȞȠȜȠ ĲȠυ ǹ. 

ΩȢ ĲȠµȒ ĲȦȞ ıυȞȩȜȦȞ ǹ țαȚ Ǻ (ǹ∩Ǻ Ȓ ǹǺ) ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıĲȠȚȤİȓȦȞ πȠυ αȞȒțȠυȞ 

țαȚ ıĲα įȪȠ ıȪȞȠȜα. ΓȚα ĲȘȞ ĲȠµȒ ĲȦȞ ıυȞȩȜȦȞ ǹ țαȚ Ǻ ȚıȤȪİȚ Ș αȡȤȒ ĲȘȢ αȞĲȚµİĲȐșİıȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.8 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹ∩Ǻ = Ǻ∩ǹ. 

ΩȢ ȑȞȦıȘ įȪȠ ıυȞȩȜȦȞ ǹ țαȚ Ǻ (ǹUǺ) ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıĲȠȚȤİȓȦȞ πȠυ αȞȒțȠυȞ ıĲȠ 

ıȪȞȠȜȠ ǹ Ȓ ıĲȠ ıȪȞȠȜȠ Ǻ Ȓ ıĲȘȞ ĲȠµȒ ĲȦȞ įȪȠ ıυȞȩȜȦȞ. ΓȚα ĲȘȞ ȑȞȦıȘ ĲȦȞ ıυȞȩȜȦȞ ǹ țαȚ 

Ǻ ȚıȤȪİȚ Ș αȡȤȒȢ ĲȘȢ αȞĲȚµİĲȐșİıȘȢ ǹUǺ = ǺUǹ. 

ΩȢ ǹ-Ǻ ĲȦȞ ıυȞȩȜȦȞ ǹ țαȚ Ǻ ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ C ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ǹ πȠυ įİȞ αȞȒțȠυȞ 

ıĲȠ ıȪȞȠȜȠ Ǻ [57]: 

 : ,i i i iC A B B A B c c C c A c B= − = − ∩ ∀ ∈ ∈ ∨ ∉  (1.6) 

∆ȪȠ ıȪȞȠȜα ǹ țαȚ Ǻ ȠȞȠµȐȗȠȞĲαȚ αȞİȟȐȡĲȘĲα Ȓ αȜȜȘȜȠαπȠțȜİȚȩµİȞα ȩĲαȞ Ș ĲȠµȒ ĲȠυȢ İȓȞαȚ 

ĲȠ țİȞȩ ıȪȞȠȜȠ. ΓȚα ĲȠ ıυµπȜȘȡȦµαĲȚțȩ ıȪȞȠȜȠ ǹ΄ țȐșİ ıυȞȩȜȠυ ǹ ȚıȤȪİȚ ȩĲȚ [57], [92]: 

 A A A A A A′ ′ ′+ = ∪ = Ω ∩ =∅  (1.7) 

1.3.2 ȅȡȚıµȠȓ ȆȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ 
ȈĲȚȢ παȡαȖȡȐφȠυȢ 1.3.2.1 ȦȢ 1.3.2.3 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ İȞαȜȜαțĲȚțȠȓ ȠȡȚıµȠȓ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ. ȈĲȘȞ παȡȐȖȡαφȠ 1.3.2.4 παȡȠυıȚȐȗİĲαȚ Ș αȡȤȒ ĲȘȢ 

αµİȡȠȜȘȥȓαȢ. 

1.3.2.1 Ȋπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ ıυȤȞȩĲȘĲαȢ İµφȐȞȚıȘȢ 

ȅ ȠȡȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ ıυȞįȑİĲαȚ Ȑµİıα µİ ĲȘ ıυȤȞȩĲȘĲα 

İπαȞȐȜȘȥȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ țαĲȐ ĲȘ įȚȐȡțİȚα įȚİȟαȖȦȖȒȢ πİȚȡαµȐĲȦȞ. ǹȞ țαĲȐ ĲȘȞ ĲȑȜİıȘ n 

πİȚȡαµȐĲȦȞ ȑȞα ıυȖțİțȡȚµȑȞȠ ȖİȖȠȞȩȢ παȡȠυıȚȐȗİĲαȚ nA φȠȡȑȢ ĲȩĲİ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ 

ĲȠυ ȖİȖȠȞȩĲȠȢ αυĲȠȪ İȓȞαȚ ȓıȘ µİ nA/n. Ǿ πȚșαȞȩĲȘĲα αυĲȒ șİȦȡİȓĲαȚ αțȡȚȕȒȢ υπȩ ĲȘȞ 

πȡȠȨπȩșİıȘ ȩĲȚ n→∞ țαȚ İȟαıφαȜȓȗİĲαȚ ȩĲȚ ȖȚα țȐșİ πİȓȡαµα ȠȚ ıυȞșȒțİȢ įȚİȟαȖȦȖȒȢ įİȞ 

µİĲαȕȐȜȜȠȞĲαȚ. ǹπȩ πİπİȡαıµȑȞȠ įİȓȖµα İȓȞαȚ įυȞαĲȩ Ȟα İȟαȤșȠȪȞ İțĲȚµȒıİȚȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαșȫȢ țαȚ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ. ǺαıȚțȠȓ υπȠıĲȘȡȚȤĲȑȢ ĲȠυ ȠȡȚıµȠȪ 

αυĲȠȪ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ Kolmogorov, Fisher țαȚ Mises. 

ȅ ȠȡȚıµȩȢ αυĲȩȢ απȠĲİȜİȓ țαȚ ĲȠ ȕαıȚțȩ ȠȡȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ 

ıİ πȡȠȕȜȒµαĲα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ țαșȫȢ įİȞ İπȘȡİȐȗİĲαȚ απȩ ĲȘȞ υπȠțİȚµİȞȚțȩĲȘĲα ĲȠυ 

παȡαĲȘȡȘĲȒ (ȩπȦȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ παȡαȖȡȐφȠυ 1.3.2.2) țαȚ ȠįȘȖİȓ ıİ απȠĲȑȜİıµα țαȚ 

ıİ πȡȠȕȜȒµαĲα ȖȚα Ĳα ȠπȠȓα Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ țȐπȠȚȠυ ȖİȖȠȞȩĲȠȢ İȓȞαȚ ıυȞȐȡĲȘıȘ 

πȜȒșȠυȢ παȡαȖȩȞĲȦȞ πȠυ ȠȚ ıυȞȑπİȚİȢ ĲȠυȢ įİȞ İȓȞαȚ įυȞαĲȩ Ȟα İțĲȚµȘșȠȪȞ µİ απȩȜυĲȘ 

αțȡȓȕİȚα (ȩπȦȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ παȡαȖȡȐφȠυ 1.3.2.3). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.9 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.3.2.2 Ȋπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ İțĲȓµȘıȘȢ 

Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ ȠȡȓȗİĲαȚ ȦȢ Ƞ ĲȡȩπȠȢ µİ ĲȠȞ ȠπȠȓȠ 

αȞĲȚțαĲȠπĲȡȓȗİĲαȚ Ș ȐπȠȥȘ ĲȠυ παȡαĲȘȡȘĲȒ ȤȦȡȓȢ Ȟα įȓįİĲαȚ ıĲȘȞ İțĲȓµȘıȘ αυĲȒ țαµȓα 

İȟȦĲİȡȚțȒ φυıȚțȒ ıȘµαıȓα. ǺαıȚțȠȓ υπȠıĲȘȡȚȤĲȑȢ ĲȠυ ȠȡȚıµȠȪ αυĲȠȪ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ 

Ramsey, de Finetti, Cox, Savage țαȚ Jeffrey. ȅ ȠȡȚıµȩȢ αυĲȩȢ  

1.3.2.3 Ȋπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ αµİȡȠȜȘȥȓαȢ 

Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ țαșȠȡȓȗİĲαȚ απȩ ĲȘȞ πȡȠįȚȐșİıȘ ĲȠυ Ȟα 

ıυµπİȡȚφİȡșİȓ țαĲȐ ȑȞαȞ ıυȖțİțȡȚµȑȞȠ ĲȡȩπȠ αȞİȟȐȡĲȘĲȠ ĲȠυ ĲȡȩπȠυ παȡαĲȒȡȘıȘȢ. ȅ 

ȠȡȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ υπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ ıυȤȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȓȞαȚ µȓα πȡȠıπȐșİȚα 

țαĲαȖȡαφȒȢ ĲȦȞ πȡȠįȚαșȑıİȦȞ ĲȠυ ıυȖțİțȡȚµȑȞȠυ φαȚȞȠµȑȞȠυ. ȆαȡαįİȓȖµαĲα πȚșαȞȠĲȒĲȦȞ 

πȠυ ȑȤȠυȞ υπȠȜȠȖȚıșİȓ µİ ȕȐıİȚ ĲȠ ıțİπĲȚțȩ ĲȘȢ αµİȡȠȜȘȥȓαȢ ıυȞαȞĲȠȪȞĲαȚ ıĲȘȞ țȕαȞĲȚțȒ 

șİȦȡȓα (πȚșαȞȩĲȘĲα φȠȡȐȢ πİȡȚıĲȡȠφȒȢ (spin) ĲȠυ ȘȜİțĲȡȠȞȓȠυ ț.α.) ıĲα ĲυȤİȡȐ παȓȖȞȚα 

(απȠĲȑȜİıµα απȩ ĲȘ ȡȓȥȘ ȞȠµȓıµαĲȠȢ Ȓ ȗαȡȚȠȪ) țαȚ αȜȜȠȪ. Ǿ șİȫȡȘıȘ αυĲȒ υπȠıĲȘȡȓȗİȚ ȩĲȚ 

Ș ȐȖȞȠȚα ĲȦȞ ıυȞșȘțȫȞ ıİ µαțȡȠıțȠπȚțȩ İπȓπİįȠ, İȓȞαȚ υπİȪșυȞȘ ȖȚα ĲȚȢ įȚαφȠȡȑȢ µİĲαȟȪ 

ĲȠυ απȠĲİȜȑıµαĲȠȢ ȕȐıİȚ ĲȠυ ȠȡȚıµȠȪ αυĲȠȪ țαȚ ĲȠυ ȠȡȚıµȠȪ ĲȘȢ παȡαȖȡȐφȠυ 1.3.2.1. 

1.3.2.4 ǹȡȤȒ ǹµİȡȠȜȘȥȓαȢ (Indifference Principle) 

ȅ Carnap [67] ȕαıȚȗȩµİȞȠȢ ıĲȘȞ İȡȖαıȓα ĲȦȞ Leibniz țαȚ Laplace įȚİĲȪπȦıİ µȓα 

İȞαȜȜαțĲȚțȒ πȡȩĲαıȘ ȖȚα ĲȠȞ ȠȡȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ ȦȢ ĲȘȞ 

İțĲȓµȘıȘ πȠυ șα ȑπȡİπİ Ȟα İȓȤİ ȖȚα ĲȠ ȖİȖȠȞȩȢ αυĲȩ, ȑȞαȢ ȚįİαĲȩȢ παȡαĲȘȡȘĲȒȢ, ȕαıȚȗȩµİȞȠȢ 

ıİ ȑȞα ıυȖțİțȡȚµȑȞȠ αµİȡȩȜȘπĲα İπȚȜİȖµȑȞȠ įİȓȖµα. 

ȈȪµφȦȞα µİ ĲȘȞ αȡȤȒ αµİȡȠȜȘȥȓαȢ ȩπȦȢ αυĲȒ ȑȤİȚ įȚαĲυπȦșİȓ απȩ ĲȠȞ Laplace (1816) “… 

given no reason to think otherwise, consider all alternatives equally likely…” țαȚ ĲȠȞ Carnap 

[67], “…the statement of equiprobability to which the principle of indifference leads is, like 

all other statements of inductive probability, not a factual but a logical statement. If the 

knowledge of the observer does not favor any of the possible events, then with respect to this 

knowledge as evidence they are equiprobable…” ıĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș ȖȞȫıȘ įİȞ 

πȡȠıφȑȡİȚ țαµȓα ȑȞįİȚȟȘ İȪȞȠȚαȢ υπȑȡ ĲȠυ İȞȩȢ Ȓ ȐȜȜȠυ φαȚȞȠµȑȞȠυ ĲȩĲİ șα πȡȑπİȚ Ȟα 

șİȦȡȘșİȓ ȩĲȚ Ĳα φαȚȞȩµİȞα αυĲȐ, İȓȞαȚ ȚıȠπȚșαȞȐ. 

1.3.3 ȆȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲυȤαȓȠυ ȖİȖȠȞȩĲȠȢ 
Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ĲυȤαȓȠυ ȖİȖȠȞȩĲȠȢ ǹ ȠȡȓȗİĲαȚ [17], [33] ȦȢ Ƞ ȜȩȖȠȢ ĲȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.10 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȜȒșȠυȢ ĲȦȞ πİȚȡαµȐĲȦȞ (nA) ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ ıυȞȠȜȚțȫȞ πİȚȡαµȐĲȦȞ (n) ȩĲαȞ n→∞. 

H πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ İȓȞαȚ ȓıȘ µİ ĲȘ ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ: 

 ( ) ( )Pr lim A

n

n
P AA

n→∞= =  (1.8) 

Ǿ ıȤȑıȘ (1.8) πȡȠıİȖȖȓȗİĲαȚ ȖȚα µİȖȐȜα n ȦȢ: 

 ( ) An
P A

n
=  (1.9) 

ȅȚ ıȤȑıİȚȢ (1.8) țαȚ (1.9) ȖȚα ȑȞα µİȖȐȜȠ αȡȚșµȩ πİȚȡαµȐĲȦȞ įȓȞȠυȞ παȡİµφİȡȒ 

απȠĲİȜȑıµαĲα. ȅ αȡȚșµȩȢ ĲȦȞ απαȚĲȠυµȑȞȦȞ πİȚȡαµȐĲȦȞ ȫıĲİ Ș ıȤİĲȚțȒ įȚαφȠȡȐ ĲȦȞ 

ıȤȑıİȦȞ (1.8) țαȚ (1.9) Ȟα İȓȞαȚ µȚțȡȩĲİȡȘ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ πȠıȠıĲȠȪ, İȓȞαȚ ıυȞȐȡĲȘıȘ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ İțĲȓµȘıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (1.9) ĲȠ ıȤİĲȚțȩ 

ȜȐșȠȢ İțĲȓµȘıȘȢ įȓįİĲαȚ ȦȢ [200]: 

 
( ) ( )( ) ( )1

A
P P nA A

P A
n n

ε ⋅ −= =  (1.10) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ n→∞ ĲȩĲİ İ→0. ǹȞ ȦȢ ȕ ȠȡȚıĲİȓ Ƞ ȜȩȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ (1.10) 

πȡȠȢ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ ıȤȑıȘȢ (1.9), ĲȩĲİ ĲȠ πȜȒșȠȢ ĲȦȞ 

πİȚȡαµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ İπȓĲİυȟȘ ĲȘȢ ıυȖțİțȡȚµȑȞȠυ ȜȩȖȠυ įȓįİĲαȚ ȦȢ: 

 
( )
( )

( )
( )2 2

1 P PA A
n

P PA Aβ β
− ′= =⋅ ⋅  

( )P Aβ ε=  (1.11) 

ȩπȠυ P(A’) İȓȞαȚ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ıυµπȜȘȡȦµαĲȚțȠȪ ȖİȖȠȞȩĲȠȢ. ȈĲȘȞ πİȡȓπĲȦıȘ 

πȠυ Ș P(A)<<1 ȠπȩĲİ P(A’)≈1 Ș ıȤȑıȘ (1.11) ȖȡȐφİĲαȚ ȦȢ: 

 ( )2

1
n

P Aβ= ⋅  (1.12) 

ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.12) ĲȠ πȜȒșȠȢ ĲȦȞ πİȚȡαµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ µİ ıυȖțİțȡȚµȑȞȘ αțȡȓȕİȚα İțĲȓµȘıȘȢ İȓȞαȚ 

αȞȐȜȠȖȠ ĲȠυ αȞȐıĲȡȠφȠυ ĲȘȢ πȚșαȞȩĲȘĲαȢ İțĲȓµȘıȘȢ țαȚ αȞȐȜȠȖȠ ĲȠυ αȞȐıĲȡȠφȠυ ĲȠυ 

ĲİĲȡαȖȫȞȠυ ĲȠυ ȜȩȖȠυ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ. 

1.3.4 ǹȟȚȫµαĲα ȆȚșαȞȠĲȒĲȦȞ 
ȈȪµφȦȞα µİ ĲȠȞ ȠȡȚıµȩ ĲȘȢ ıȤȑıȘȢ (1.8) Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ İȓȞαȚ ȑȞαȢ 

πȡαȖµαĲȚțȩȢ șİĲȚțȩȢ αȡȚșµȩȢ ıĲȠ įȚȐıĲȘµα [17], [21]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.11 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( )0 1P A≤ ≤  (1.13) 

ȩπȠυ ĲȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ αȞĲȚıĲȠȚȤȠȪȞ ıĲȠ ȕȑȕαȚȠ țαȚ αįȪȞαĲȠ ȖİȖȠȞȩȢ αȞĲȓıĲȠȚȤα. Ǿ 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ İț ĲȦȞ ȖİȖȠȞȩĲȦȞ ǹ Ȓ Ǻ įȓįİĲαȚ ȦȢ [17]: 

 ( ) ( ) ( ) ( ) ( )P P A B P A P B P A BA B = + = + − ∩∪  (1.14) 

ȩπȠυ, P(A) țαȚ P(B) İȓȞαȚ ȠȚ πȚșαȞȩĲȘĲİȢ İµφȐȞȚıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ǹ țαȚ Ǻ αȞĲȓıĲȠȚȤα, țαȚ 

P(A∩B)=P(A·B) İȓȞαȚ Ș πȚșαȞȩĲȘĲα ĲαυĲȩȤȡȠȞȘȢ İµφȐȞȚıȘȢ ĲȠυȢ. ǹȞ Ĳα ȖİȖȠȞȩĲα ǹ țαȚ Ǻ 

İȓȞαȚ αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞα, Ș İµφȐȞȚıȘ ĲȠυ İȞȩȢ απȠțȜİȓİȚ ĲȘȞ İµφȐȞȚıȘ ĲȠυ ȐȜȜȠυ, Ș 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ǹ Ȓ Ǻ İȓȞαȚ ȓıȘ µİ ĲȠ ȐșȡȠȚıµα ĲȦȞ İπȚµȑȡȠυȢ 

πȚșαȞȠĲȒĲȦȞ. ΓȚα ĲȠ ıȪȞȠȜȠ Ω πȠυ πİȡȚȑȤİȚ ȩȜα Ĳα πȚșαȞȐ απȠĲİȜȑıµαĲα Ș πȚșαȞȩĲȘĲα 

İµφȐȞȚıȘȢ ĲȠυ įȓįİĲαȚ ȦȢ [21]: 

 ( ) 1P Ω =  (1.15) 

ǹȞ ĲȠ ȖİȖȠȞȩȢ ǹ απȠĲİȜİȓ υπȠıȪȞȠȜȠ ĲȠυ ȖİȖȠȞȩĲȠȢ Ǻ ĲȩĲİ ȖȚα ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ 

ĲȠυ ȚıȤȪİȚ ȩĲȚ [17], [21]: 

 ( ) ( )P A P B≤  (1.16) 

ΓȚα Ĳα ȖİȖȠȞȩĲα ǹ țαȚ ǹ΄ ȚıȤȪİȚ ȩĲȚ [17], [21]: 

 ( ) ( ) 1P A P A′ + =  (1.17) 

ǼφȩıȠȞ ĲȠ ǹ΄ İȓȞαȚ ĲȠ ıυµπȜȘȡȦµαĲȚțȩ ȖİȖȠȞȩȢ ĲȠυ ǹ, ȠπȩĲİ Ș İµφȐȞȚıȘ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ 

απȠțȜİȓİȚ ĲȘȞ İµφȐȞȚıȘ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ΄ ȑȤȠυµİ ȩĲȚ [17], [21]: 

 ( ) 0P A A′∩ =  (1.18) 

1.3.5 ΘİȦȡȒµαĲα De Morgan9 

ǺȐıİȚ ĲȦȞ ıȤȑıİȦȞ (1.13)-(1.18) İȓȞαȚ įυȞαĲȩȞ Ȟα ıυıȤİĲȚıĲȠȪȞ ȠȚ πȚșαȞȩĲȘĲİȢ İµφȐȞȚıȘȢ 

ȖİȖȠȞȩĲȦȞ µİ ĲȚȢ πȚșαȞȩĲȘĲİȢ İµφȐȞȚıȘȢ ĲȦȞ ıυµπȜȘȡȦµαĲȚțȫȞ ȖİȖȠȞȩĲȦȞ. ȉα șİȦȡȒµαĲα 

αυĲȐ ȠȞȠµȐȗȠȞĲαȚ șİȦȡȒµαĲα De Morgan. ȉα șİȦȡȒµαĲα De Morgan µαȢ İπȚĲȡȑπȠυȞ Ȟα 

παȡȠυıȚȐıȠυµİ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ İȞȩȢ ȖİȖȠȞȩĲȠȢ Ȓ αȜȜȘȜȠυȤȓαȢ ȖİȖȠȞȩĲȦȞ țαĲȐ 

įȚĲĲȩ ĲȡȩπȠ, İȓĲİ απİυșİȓαȢ ȦȢ ıυȞįυαıµȩȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αυĲȫȞ İȓĲİ µİ ĲȘ ȕȠȒșİȚα ĲȦȞ 

ıυµπȜȘȡȦµαĲȚțȫȞ ȖİȖȠȞȩĲȦȞ ĲȘȢ ĲȠµȒȢ țαȚ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȠυȢ. ȉα șİȦȡȒµαĲα αυĲȐ 

                                                 

9 De Morgan Augustus – ȂαșȘµαĲȚțȩȢ (1806-1871) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.12 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȕȡȓıțȠυȞ İυȡİȓα İφαȡµȠȖȒ ıĲȠȞ υπȠȜȠȖȚıµȩ αıĲȠȤȓαȢ ıυıĲȘµȐĲȦȞ. 

1.3.5.1 1o ΘİȫȡȘµα De Morgan 

Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ǹ΄ Ȓ B΄ πȠυ ȠȡȓȗİĲαȚ ȦȢ ( )P A B′ ′∪ , İȓȞαȚ ȓıȘ µİ ĲȘȞ 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ıυµπȜȘȡȦµαĲȚțȠȪ ȖİȖȠȞȩĲȠȢ ĲȘȢ ĲȠµȒȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ǹ țαȚ Ǻ: 

 ( ) ( )P A B P C′ ′ ′∪ =  ȩπȠυ C A B= ∩  (1.19) 

Ǿ ıȤȑıȘ (1.19) ȖİȞȚțİȪİĲαȚ ȖȚα πȜȒșȠȢ ȖİȖȠȞȩĲȦȞ ȦȢ [173]: 

 { }j j
j j

A AP P
 ′′  =     ∪ ∩  (1.20) 

1.3.5.2 2o ΘİȫȡȘµα De Morgan 

Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȦȞ ǹ΄ țαȚ B΄ πȠυ ȠȡȓȗİĲαȚ ȦȢ P(ǹ΄∩B΄), İȓȞαȚ ȓıȘ µİ ĲȘȞ 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ıυµπȜȘȡȦµαĲȚțȠȪ ȖİȖȠȞȩĲȠȢ ĲȘȢ ȑȞȦıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ǹ țαȚ Ǻ: 

 ( ) ( )P D P A B′ ′ ′= ∩ ȩπȠυ D A B= ∪  (1.21) 

Ǿ ıȤȑıȘ (1.21) ȖİȞȚțİȪİĲαȚ ȖȚα πȜȒșȠȢ ȖİȖȠȞȩĲȦȞ ȦȢ [173]: 

 { }j j
j j

A AP P
 ′′  =     ∩ ∪  (1.22) 

ǹπİȚțȠȞȓıİȚȢ ĲȦȞ șİȦȡȘµȐĲȦȞ De Morgan παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 1.1. 

 

∆ȚȐȖ. 1.1: ΓȡαφȚțȒ αȞαπαȡȐıĲαıȘ ĲȦȞ ıȤȑıİȦȞ De Morgan. 

1.3.6 Ȋπȩ ıυȞșȒțȘ (Ȓ ∆İıµİυµȑȞȘ) ȆȚșαȞȩĲȘĲα – ΘİȫȡȘµα Bayes 

Ǿ υπȩ ıυȞșȒțȘ (Ȓ įİıµİυµȑȞȘ) πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ 

ȩĲȚ ĲȠ ȖİȖȠȞȩȢ Ȃ ȑȤİȚ ıυµȕİȓ P(A|M) įȓįİĲαȚ ȦȢ [17], [31], [138]: 

ΓİȖȠȞȩȢ ( )A B ′∪ΓİȖȠȞȩȢ B 

ΓİȖȠȞȩȢ A ΓİȖȠȞȩȢ A∩B 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.13 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( )( ) ( )| 0
P A M

P A M P M
P M

∩= ≠  (1.23) 

Ǿ ıȤȑıȘ ȚıȤȪİȚ ȩĲαȞ țαȚ µȩȞȠ ȩĲαȞ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ Ȃ İȓȞαȚ µİȖαȜȪĲİȡȘ ĲȠυ 

µȘįİȞȩȢ (ĲȠ ȖİȖȠȞȩȢ Ȃ įİȞ İȓȞαȚ απȓșαȞȠ ȖİȖȠȞȩȢ). ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ȇ(Ȃ)=0 Ș 

įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα ȠȡȓȗİĲαȚ ȇ(ǹ|Ȃ)=0 İφȩıȠȞ įİȞ İȓȞαȚ įυȞαĲȩ Ȟα ıυµȕİȓ ȠπȠȚȠįȒπȠĲİ 

ȖİȖȠȞȩȢ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ İȞȩȢ αįȪȞαĲȠυ ȖİȖȠȞȩĲȠȢ. Ǿ ıȤȑıȘ (1.23) ȖȚα πȜȒșȠȢ 

ȖİȖȠȞȩĲȦȞ (S), ȖİȞȚțİȪİĲαȚ ȦȢ [17]: 

 ( ) ( )
( ) ( ) { }1

1 2| 0, , ,...

eN

i

i
n

P A M

P S M P M S A A A
P M

=
∩

= ≠ =∑
 (1.24) 

ǺȐıİȚ ĲȘȢ ıȤȑıȘȢ (1.24) İȟȐȖİĲαȚ ĲȠ șİȫȡȘµα ĲȠυ Bayes [17]: 

 ( ) ( ) ( )
( ) ( )

1

|
|

|
e

i i

i N

j j

j

P M A P A
P A M

P M A P A
=

⋅=
⋅∑  (1.25) 

Ǿ απȩįİȚȟȘ ĲȠυ șİȦȡȒµαĲȠȢ Bayes παȡȠυıȚȐȗİĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 1.9. Ǿ ıȤȑıȘ (1.25) 

ȠȡȓȗİȚ ȩĲȚ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹi υπȩ ĲȘȞ πȡȠȨπȩșİıȘ İµφȐȞȚıȘȢ ĲȠυ 

ȖİȖȠȞȩĲȠȢ Ȃ, İȓȞαȚ ȓıȘ µİ ĲȠ ȜȩȖȠ ĲȘȢ įİıµİυµȑȞȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȠυ Ȃ υπȩ ĲȘȞ 

πȡȠȨπȩșİıȘ πȡȦșȪıĲİȡȘȢ İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ Ai πȠȜȜαπȜαıȚαȗȩµİȞȠ µİ ĲȘȞ 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ǹi πȡȠȢ ĲȠ ȐșȡȠȚıµα ĲȠυ ĲȘȢ įİıµİυµȑȞȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ 

ĲȠυ Ȃ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ πȡȦșȪıĲİȡȘȢ İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ Aj πȠȜȜαπȜαıȚαȗȩµİȞȠ 

µİ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ǹj  ȖȚα ȩȜα Ĳα πȚșαȞȐ απȠĲİȜȑıµαĲα Aj. ȉo șİȫȡȘµα ĲȠυ 

Bayes ȤȡȘıȚµȠπȠȚİȓĲαȚ ıİ șȑµαĲα İπȚȜȠȖȒȢ ȕȑȜĲȚıĲȦȞ ıĲȡαĲȘȖȚțȫȞ įȚαįȚțαıȚȫȞ 

İπȚșİȫȡȘıȘȢ [169] țαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ αıφαȜİȓαȢ ıυıĲȘµȐĲȦȞ [152]. ȅȚ 

ıȤȑıİȚȢ (1.23) țαȚ (1.25) µπȠȡȠȪȞ Ȟα ȤȡȘıȚµȠπȠȚȘșȠȪȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ ıυȞİπİȚȫȞ 

ȜȩȖȦ ȕȜȐȕȘȢ Ȓ αıĲȠȤȓαȢ İȞȩȢ µȑȜȠυȢ İȞȩȢ ıυıĲȒµαĲȠȢ ıĲȘ ıυȞȠȜȚțȒ αıĲȠȤȓα ĲȠυ 

ıυıĲȒµαĲȠȢ [78] µİ ıĲȩȤȠ ĲȘȞ İȪȡİıȘ ȜȪıȘȢ ȤαµȘȜȒȢ İυαȚıșȘıȓαȢ (ĲȡȦĲȩĲȘĲαȢ) ıİ ȖİȖȠȞȩĲα 

αıĲȠȤȓαȢ ĲȦȞ įȠµȚțȫȞ ĲȠυ ıĲȠȚȤİȓȦȞ. 

1.4 ȉυȤαȓİȢ ȂİĲαȕȜȘĲȑȢ 

ΩȢ ĲυȤαȓα µİĲαȕȜȘĲȒ (Ĳ.µ) ȠȡȓȗİĲαȚ Ș µȠȞȠıȒµαȞĲȘ απİȚțȩȞȚıȘ ĲȠυ ȖİȖȠȞȩĲȠȢ ȗ ıĲȘȞ ĲȚµȒ 

x(ȗ) [33], [173]. Ǿ µİĲαȕȜȘĲȒ x(ȗ) µπȠȡİȓ Ȟα İȓȞαȚ ıυȞİȤȒȢ Ȓ įȚαțȡȚĲȒ ıĲȠ ȤȫȡȠ ℜ . Ǿ 

απİȚțȩȞȚıȘ αυĲȒ, παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 1.2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.14 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 1.2: ǹπİȚțȩȞȚıȘ Ĳ.µ. 

1.4.1 ȈυȞȐȡĲȘıȘ ȆυțȞȩĲȘĲαȢ ȆȚșαȞȩĲȘĲαȢ – ǹșȡȠȚıĲȚțȒ ȈυȞȐȡĲȘıȘ 
ȆȚșαȞȩĲȘĲαȢ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȠȡȚıµȠȓ ĲȦȞ ıυȞαȡĲȒıİȦȞ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ 

țαȚ ıυȖțİȞĲȡȦĲȚțȫȞ ıυȞαȡĲȒıİȦȞ πȚșαȞȩĲȘĲαȢ ȖȚα µȠȞȠįȚȐıĲαĲİȢ țαȚ πȠȜυįȚȐıĲαĲİȢ Ĳ.µ. 

1.4.1.1 ȂȠȞȠįȚȐıĲαĲİȢ ȉυȤαȓİȢ ȂİĲαȕȜȘĲȑȢ 

Ǿ ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ ıȤİĲȓȗİĲαȚ Ȑµİıα µİ ĲȘȞ πȠıȠĲȚțȠπȠȓȘıȘ ĲȘȢ ıυȤȞȩĲȘĲαȢ 

İµφȐȞȚıȘȢ İȞȩȢ ȠȡȚıµȑȞȠυ απȠĲİȜȑıµαĲȠȢ ȗ. ΩȢ ıυȞȐȡĲȘıȘ πȚșαȞȩĲȘĲαȢ Ȓ ǹșȡȠȚıĲȚțȒ 

ȈυȞȐȡĲȘıȘ ȆȚșαȞȩĲȘĲαȢ (ǹȈȆ), ȖȚα ıυȞİȤȒ Ĳ.µ, ȠȡȓȗİĲαȚ ȠπȠȚαįȒπȠĲİ ıυȞȐȡĲȘıȘ πȠυ 

ȚțαȞȠπȠȚİȓ ĲȚȢ αțȩȜȠυșİȢ πȡȠȨπȠșȑıİȚȢ [17]: 

 ( ) { }XF x P X x= ≤  (1.26) 

 ( ) 0XF x x> ∀ ∈ℜ  (1.27) 

 ( ) ( ) ,X XF x F x xδ δ+ ≥ ∀ ∈ℜ  (1.28) 

 ( )lim 1X
x

F x→∞ =  (1.29) 

Ǿ ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ (ȖȞȫıĲȘ αțȩµα ȦȢ ȈυȞȐȡĲȘıȘ ȆυțȞȩĲȘĲαȢ ȆȚșαȞȩĲȘĲαȢ (ȈȆȆ) Ȓ 

ıυȞȐȡĲȘıȘ ıυȤȞȩĲȘĲαȢ) ȠȡȓȗİĲαȚ ȦȢ Ș ȠȜȚțȒ παȡȐȖȦȖȠȢ ĲȘȢ ǹȈȆ πȡȠȢ ĲȘȞ Ĳ.µ [17]: 

 ( ) ( )X

X

dF x
f x

dx
=  (1.30) 

ȅȚ ıȤȑıİȚȢ (1.28) țαȚ (1.29) ĲȘȢ ǹȈȆ ȖȚα įȚαțȡȚĲȑȢ Ĳ.µ, ĲȡȠπȠπȠȚȠȪȞĲαȚ ȦȢ: 

 ( ) ( )1X i X iF x F x+ ≥  (1.31) 

Ȥ(ȗ1) 

ȗ2 

ȗ3 

ȗ4 

ȗ1 
Ȥ(ȗ2) 

Ȥ(ȗ3) 

Ȥ(ȗ4) 

ℜ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 
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 ( ) 1X nF x =  (1.32) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ įȚαțȡȚĲȫȞ Ĳ.µ Ș ȈȆȆ įȓįİĲαȚ ȦȢ [17]: 

 ( ) ( ) ( ) ( ) ( )1 1 1X X X i X i X if x F x f x F x F x −= = −  (1.33) 

Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ πȠυ țαșȠȡȓȗİĲαȚ ȦȢ Ș πȚșαȞȩĲȘĲα Ș ĲȚµȒ ĲȘȢ Ĳ.µ x 

Ȟα İȓȞαȚ µȚțȡȩĲİȡȘ Ȓ ȓıȘ µİ ĲȘȞ ĲȚµȒ Ȥ(ǹ)=xi ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( )i

j i

x

i X X j

x x

P A P x x f x dx P A f x
≤−∞

= ≤ = = ∑∫  (1.34) 

ȈĲȘ ȕȚȕȜȚȠȖȡαφȓα [6], [7], [17], [31], παȡȠυıȚȐȗİĲαȚ πȜȒșȠȢ ȈȆȆ. ȈυȞȒșİȚȢ ȈȆȆ İȓȞαȚ Ș 

ȀαȞȠȞȚțȒ ȀαĲαȞȠµȒ (∆ȚȐȖ. 1.3), Ș ∆υȠȞυµȚțȒ ȀαĲαȞȠµȒ (∆ȚȐȖ. 1.4), Ș ȁȠȖαȡȚșµȚțȒ 

ȀαȞȠȞȚțȒ ȀαĲαȞȠµȒ (∆ȚȐȖ. 1.5), Ș ȀαĲαȞȠµȒ Weibull (∆ȚȐȖ. 1.6), Ș ǺȒĲα ȀαĲαȞȠµȒ (∆ȚȐȖ. 

1.7), Ș ΓȐµα ȀαĲαȞȠµȒ (∆ȚȐȖ. 1.8), Ș Ȥ2
 țαĲαȞȠµȒ (∆ȚȐȖ. 1.9) țαȚ Ș ǼțșİĲȚțȒ ȀαĲαȞȠµȒ 

(∆ȚȐȖ. 1.10). ȅȚ ȈȆȆ ĲȦȞ țαĲαȞȠµȫȞ αυĲȫȞ, ȠȚ ȕαıȚțȑȢ ıĲαĲȚıĲȚțȑȢ ĲȠυȢ (µȑıȘ ĲȚµȒ, 

įȚαıπȠȡȐ, ȜȠȟȩĲȘĲα, țȪȡĲȦıȘ), țαȚ ȕαıȚțȐ șİȦȡȒµαĲα ĲȘȢ ıĲαĲȚıĲȚțȒȢ țαȚ ĲȦȞ πȚșαȞȠĲȒĲȦȞ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 1.10. 

 

∆ȚȐȖ. 1.3: ȈȆȆ țαȚ ǹȈȆ ȀαȞȠȞȚțȒȢ ȀαĲαȞȠµȒȢ. 

 

∆ȚȐȖ. 1.4: ȈȆȆ țαȚ ǹȈȆ ∆υȠȞυµȚțȒȢ ȀαĲαȞȠµȒȢ. 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.16 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 1.5: ȈȆȆ țαȚ ǹȈȆ ȁȠȖαȡȚșµȚțȒȢ ȀαĲαȞȠµȒȢ. 

 

∆ȚȐȖ. 1.6: ȈȆȆ țαȚ ǹȈȆ ȀαĲαȞȠµȒȢ Weibull. 

 

∆ȚȐȖ. 1.7: ȈȆȆ țαȚ ǹȈȆ ȀαĲαȞȠµȒȢ Beta. 

 

∆ȚȐȖ. 1.8: ȈȆȆ țαȚ ǹȈȆ ȀαĲαȞȠµȒȢ Gamma. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 
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∆ȚȐȖ. 1.9: ȈȆȆ țαȚ ǹȈȆ Ȥ2
 ȀαĲαȞȠµȒȢ (įȚȐφȠȡİȢ ĲȚµȑȢ ȕαșµȫȞ İȜİυșİȡȓαȢ). 

 

∆ȚȐȖ. 1.10: ȈȆȆ țαȚ ǹȈȆ ǼțșİĲȚțȒȢ ȀαĲαȞȠµȒȢ. 

1.4.1.2 ȆȠȜυįȚȐıĲαĲİȢ ȉυȤαȓİȢ ȂİĲαȕȜȘĲȑȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠȜυįȚȐıĲαĲȦȞ Ĳ.µ, ȚıȤȪȠυȞ παȡȩµȠȚİȢ İțφȡȐıİȚȢ µİ αυĲȑȢ ĲȦȞ ıȤȑıİȦȞ ĲȘȢ 

παȡαȖȡȐφȠυ 1.4.1.1. Ǿ ȆȠȜυįȚȐıĲαĲȘ ǹȈȆ πȑȡαȞ ĲȦȞ πİȡȚȠȡȚıµȫȞ ĲȘȢ παȡαȖȡȐφȠυ 1.4.1.1, 

πȡȑπİȚ Ȟα πȜȘȡȠȓ țαȚ ĲȚȢ πȡȠȨπȠșȑıİȚȢ [6], [7], [138], [173]: 

 
1 2, ,... (..., ,...) 0 1,...,

nX X XF i n−∞ = ∀ =  (1.35) 

 
1 2 1 2 1 1, ,... ..., 1 2 , ,... , ..., 1 2 1 1( , ,..., ,..., ) ( , ,..., , ,... )

i n i i nX X X X n X X X X X i i nF x x x F x x x x x− + − +∞ =  (1.36) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.18 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ǿ ȆȠȜυįȚȐıĲαĲȘ ȈȆȆ ȠȡȓȗİĲαȚ ȦȢ [6], [7]: 

 ( ) ( )
( ), ,...,1 2

1 2

1 2

, ,..., 1 2

1 1 2

, ,...,
, ,...,

, ,...,

mum
X X X

n

nN
i i ni

Y Y Y n

i i i ni

F x x x
f y y y

J x x x=
= ∑  (1.37) 

ȩπȠυ, |J| İȓȞαȚ Ș ǿαțȦȕȚαȞȒ ȅȡȓȗȠυıα ĲȠυ µȘĲȡȫȠυ µİĲαıȤȘµαĲȚıµȠȪ απȩ ĲȘ ȕȐıȘ Χ ıİ 

ȕȐıȘ αȞİȟȐȡĲȘĲȦȞ ȠȡșȠȖȫȞȚȦȞ µİĲαȕȜȘĲȫȞ Υ țαȚ Nmum İȓȞαȚ Ș πȠȜȜαπȜȩĲȘĲα ĲȘȢ ȜȪıȘȢ ȦȢ 

πȡȠȢ ĲȘ ȕȐıȘ Χ. Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ πȠυ ȠȡȓȗİĲαȚ ȦȢ Ș πȚșαȞȩĲȘĲα Ș 

ĲȚµȒ ĲȘȢ Ĳ.µ X Ȟα İȓȞαȚ µȚțȡȩĲİȡȘ Ȓ ȓıȘ µİ ĲȘȞ ĲȚµȒ χ(ǹ)=x įȓįİĲαȚ ȦȢ [6], [7]: 

 ( ) ( ) ( ) ( )
1 2 1 2

1 2

, ,... , ,... 1 2 1 2

( , ,..., )

, ,..., , ,...,
n n

n

X X X X X X n nP A F f x x x d x x x
χ χ χ≤

= ≤ = ∫∫∫
x

x χ  (1.38) 

ȈĲȘȞ πİȡȓπĲȦıȘ įȚαțȡȚĲȫȞ Ĳ.µ Ș πȚșαȞȩĲȘĲα P(A) įȓįİĲαȚ ȦȢ [6], [7]: 

 ( ) ( )1 2

1 2, ,... 1 2, ,...,
n

nX X X nP A f x x x
χχ χ

−∞ −∞ −∞
=∑∑ ∑"  (1.39) 

1.4.2 ȇȠπȑȢ ȀαĲαȞȠµȫȞ 

1.4.2.1 ǼȚıαȖȦȖȒ 

ȅȚ ȡȠπȑȢ ĲȦȞ țαĲαȞȠµȫȞ πȡȠıφȑȡȠυȞ πȜȘȡȠφȠȡȓİȢ ȩıȠȞ αφȠȡȐ ĲȘ ȖİȞȚțȩĲİȡȘ ıυµπİȡȚφȠȡȐ 

ĲȘȢ ȈȆȆ țαȚ țαĲ’ İπȑțĲαıȘ ĲȘȢ Ĳ.µ. ȈυȞȒșȦȢ ȖȚα ȑȞα φαȚȞȩµİȞȠ πȠυ υπȩțİȚĲαȚ ıİ ĲυȤαȚȩĲȘĲα 

ĲȠ ıȪȞȠȜȠ ĲȦȞ πȜȘȡȠφȠȡȚȫȞ πȠυ İȓȞαȚ įȚαșȑıȚµȠ πȡȠȑȡȤİĲαȚ απȩ ĲȚȢ ȡȠπȑȢ țαȚ µȩȞȠȞ. Ǿ 

ȖȞȫıȘ İπαȡțȠȪȢ αȡȚșµȠȪ ȡȠπȫȞ πȡȠıφȑȡİȚ țαȚ ĲȠȞ απαȡαȓĲȘĲȠ ȩȖțȠ πȜȘȡȠφȠȡȚȫȞ ȦȢ πȡȠȢ 

ĲȘ ȖİȞȚțȩĲİȡȘ ıυµπİȡȚφȠȡȐ ĲȠυ υπȩ İȟȑĲαıȘ φαȚȞȠµȑȞȠυ. Ǿ Ȟ-ĲȐȟİȦȢ ȡȠπȒ įȓįİĲαȚ ȦȢ: 

 [ ] ( )nn
n xm E x f x dxx

∞

−∞
= = ⋅∫  (1.40) 

1.4.2.2 ȂȑıȘ ĲȚµȒ – ∆ȚαıπȠȡȐ -ȁȠȟȩĲȘĲα - ȀȪȡĲȦıȘ 

Ǿ µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ ıİ ıȤȑıȘ µİ ĲȘ µȑıȘ ĲȚµȒ, İȓȞαȚ Ĳα įȪȠ πȚȠ ıȘµαȞĲȚțȐ 

µİȖȑșȘ µȚαȢ Ĳ.µ. Ǿ µȑıȘ ĲȚµȒ ȠȡȓȗİĲαȚ ȦȢ [6]: 

 [ ] ( )X xE x f x dxxη η ∞

−∞
= = = ⋅∫  (1.41) 

Ǿ įȚαıπȠȡȐ ȦȢ πȡȠȢ ĲȘ µȑıȘ ĲȚµȒ, įȓįİĲαȚ ȦȢ [6]: 
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[ ] [ ] [ ] [ ] [ ] [ ] [ ]
( ) ( ) ( )

2 2 2 2 22 2 2

222 2

2 2

2

X

X

E E E E E E Ex x x xx x x

E E x f x dxx x x

σ η η
ηη η η +∞

−∞

= − = + − = + − ⋅ ⋅ =
 = = − + − ⋅ ⋅ −    ∫  (1.42) 

Ǿ ĲυπȚțȒ απȩțȜȚıȘ ıx įȓįİĲαȚ ȦȢ Ș ĲİĲȡαȖȦȞȚțȒ ȡȓȗα ĲȘȢ įȚαıπȠȡȐȢ ĲȘȢ ıȤȑıȘ (1.42). ȅ 

ȜȩȖȠȢ ĲȘȢ ĲυπȚțȒȢ πȡȠȢ ĲȘ µȑıȘ ĲȚµȒ ȠȡȓȗİĲαȚ ȦȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ: 

 x
x

x

COV
σ
η=  (1.43) 

H ȜȠȟȩĲȘĲα İµπİȡȚȑȤİȚ πȜȘȡȠφȠȡȓİȢ ȖȚα ĲȘ ıυµµİĲȡȓα ĲȘȢ Ĳ.µ πȑȡȚȟ ĲȘȢ µȑıȘȢ ĲȚµȒȢ. ΓȚα 

πȜȒșȠȢ įİȚȖµȐĲȦȞ ȃ Ș ȜȠȟȩĲȘĲα ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( ) ( )
( )

3

3

3 3 2
21

1

1x

E x
x

E xι
ηγ γησ η

Ν

=

 − = ⋅ → =−⋅ Ν −  − 
∑  (1.44) 

ΓȚα ĲȚµȒ ȓıȘ µİ ĲȠ µȘįȑȞ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ƞ πȜȘșυıµȩȢ υπȩ İȟȑĲαıȘ țαĲαȞȑµİĲαȚ 

ıυµµİĲȡȚțȐ πȑȡȚȟ ĲȘȢ µȑıȘȢ ĲȚµȒȢ. ȉȚµȑȢ µȚțȡȩĲİȡİȢ ĲȠυ µȘįİȞȩȢ απȠĲİȜȠȪȞ ȑȞįİȚȟȘ ȩĲȚ 

ȑȤȠυµİ υȥȘȜȩĲİȡȘ įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ ȖȚα ĲȚµȑȢ µȚțȡȩĲİȡİȢ ĲȘȢ µȑıȘȢ ĲȚµȒȢ țαȚ ĲαȞȐπαȜȚȞ. 

Ǿ țȪȡĲȦıȘ İµπİȡȚȑȤİȚ πȜȘȡȠφȠȡȓİȢ ȖȚα ĲȠ țαĲȐ πȩıȠ Ƞ πȜȘșυıµȩȢ İȓȞαȚ ıυȖțİȞĲȡȦµȑȞȠȢ 

πȑȡȚȟ ĲȘȢ µȑıȘȢ ĲȚµȒȢ țαȚ απȠĲİȜİȓ ıυµπȜȘȡȦµαĲȚțȩ ıĲȠȚȤİȓȠ ĲȘȢ įȚαıπȠȡȐȢ. Ǿ țȪȡĲȦıȘ 

țαșȠȡȓȗİȚ ĲȘ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ įİȚȖµȐĲȦȞ țαșȫȢ απȠµαțȡυȞȩµαıĲİ απȩ ĲȘ µȑıȘ 

ĲȚµȒ. Ǿ ĲȚµȒ ĲȘȢ țȪȡĲȦıȘȢ ȖȚα πȜȒșȠȢ įİȚȖµȐĲȦȞ ȃ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( )
( ){ }

4

4

24 2
1

1
3 3

1x

E x
c cx

E xι
ηησ η

Ν

=

 − = ⋅ − → = −−⋅ Ν −  − 
∑  (1.45) 

Ǿ ıȤȑıȘ (1.45) ȠȡȓȗİĲαȚ țαĲȐ ĲȑĲȠȚȠ ĲȡȩπȠ, ȫıĲİ ȖȚα įİȓȖµαĲα πȠυ ȜαµȕȐȞȠȞĲαȚ απȩ 

πȜȘșυıµȩ πȠυ αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ Ȟα ȚıȤȪİȚ ȩĲȚ c=0. ΓȚα ĲȚµȑȢ µȚțȡȩĲİȡİȢ ĲȠυ 

µȘįİȞȩȢ Ș πȚșαȞȩĲȘĲα İȞȩȢ įİȓȖµαĲȠȢ Ȟα ȕȡȓıțİĲαȚ ıĲȠ įȚȐıĲȘµα [Ș-İ, Ș+İ] İȓȞαȚ µİȖαȜȪĲİȡȘ 

ĲȘȢ αȞĲȓıĲȠȚȤȘȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ țαȚ ĲαȞȐπαȜȚȞ. 

1.4.3 ȇȠπȑȢ ȆȠȜυįȚȐıĲαĲȦȞ ȀαĲαȞȠµȫȞ 

1.4.3.1 ǼȚıαȖȦȖȒ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȠȡȚıµȠȓ ĲȘȢ µȑıȘȢ ĲȚµȒȢ, ĲȘȢ įȚαıπȠȡȐȢ, ĲȘȢ 

ȜȠȟȩĲȘĲαȢ țαȚ ĲȘȢ țȪȡĲȦıȘȢ ȖȚα πȠȜυįȚȐıĲαĲİȢ Ĳ.µ. Ǿ Ȟ-ĲȐȟİȦȢ ȡȠπȒ µȓαȢ ıυȞȐȡĲȘıȘȢ 
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g(x1,…,xn) ȖȚα µȚα πȠȜυįȚȐıĲαĲȘ ȈȆȆ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )
11 , 1 11

... , , ,,
n

nn

n X X n nn
E g x x f x x d x xg x x

∞ ∞ ∞

−∞ −∞ −∞
  = ⋅  ∫ ∫ ∫ …… … ……  (1.46) 

1.4.3.2 ȂȑıȘ ȉȚµȒ – ∆ȚαıπȠȡȐ – ȁȠȟȩĲȘĲα – ȀȪȡĲȦıȘ 

Ǿ µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ ȦȢ πȡȠȢ ĲȘȞ Ĳ.µ xi ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ Ĳ.µ x, ȠȡȓȗİĲαȚ ȦȢ [6]: 

 [ ] ( )1 2, , ,
ii X i i x n iE x x f x x x dxη η ∞

−∞
= = = ⋅∫ …  (1.47) 
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x f x x dx x f x x dx

σ
σ ∞ ∞

−∞ −∞

= − ⇒  
 = ⋅ − ⋅  ∫ ∫… …… …

 (1.48) 

Ǿ ȜȠȟȩĲȘĲα țαȚ țȪȡĲȦıȘ ȦȢ πȡȠȢ ĲȘ xi ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ Ĳ.µ x, ȠȡȓȗȠȞĲαȚ ȦȢ:  
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( )
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3 2
2

i i
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i i

E x

E x

ηγ η
 − =  − 

 (1.49) 

 
( )
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2
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i i

E x
c

E x

η
η

 − = −
−  

 (1.50) 

1.4.4 ȈυȞįȚαıπȠȡȐ 

Ǿ ıυȞįȚαıπȠȡȐ πȡȠıφȑȡİȚ πȜȘȡȠφȠȡȓİȢ ȖȚα ĲȘ ȖȡαµµȚțȒ αȞİȟαȡĲȘıȓα įȪȠ Ĳ.µ. ΈȞαȢ υȥȘȜȩȢ 

įİȓțĲȘȢ ıυȞįȚαıπȠȡȐȢ υπȠȞȠİȓ ĲȘȞ ȪπαȡȟȘ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ. ∆ȪȠ Ĳ.µ șİȦȡȠȪȞĲαȚ 

ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ αȞ, įİȞ İȓȞαȚ įυȞαĲȒ Ș İȟαȖȦȖȒ ıυµπİȡαıµȐĲȦȞ ĲȘȢ ĲȚµȒȢ µȓαȢ İț ĲȦȞ 

įȪȠ Ĳ.µ ȕȐıİȚ ĲȘȢ ĲȚµȒȢ ĲȘȢ ȐȜȜȘȢ. ȋαµȘȜȩȢ įİȓțĲȘȢ ıυȞįȚαıπȠȡȐȢ įİȞ ıυȞİπȐȖİĲαȚ țαȚ ĲȘ 

ıĲαĲȚıĲȚțȒ αȞİȟαȡĲȘıȓα ĲȦȞ υπȩ İȟȑĲαıȘ Ĳ.µ αȜȜȐ µȩȞȠȞ ĲȘ µȘ ȖȡαµµȚțȒ ıυıȤȑĲȚıȘ ĲȠυȢ. Ǿ 

ıυȞįȚαıπȠȡȐ µİĲαȟȪ įȪȠ Ĳ.µ įȓįİĲαȚ ȦȢ [17]: 

 ( ) ( )XY x yC E x yη η = − −   (1.51) 

ǹπȩ ĲȠ įİȓțĲȘ ıυȞįȚαıπȠȡȐȢ İȟȐȖİĲαȚ Ƞ įİȓțĲȘȢ ıυıȤȑĲȚıȘȢ ĲȦȞ įȪȠ Ĳ.µ ȦȢ [17]: 

 1 1XY
XY XY

X Y

C
r rσ σ= − ≤ ≤⋅  (1.52) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ƞ įİȓțĲȘȢ ıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȠȢ µİ ĲȠ µȘįȑȞ ȖȚα ĲȚȢ υπȩ İȟȑĲαıȘ Ĳ.µ 
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ȚıȤȪİȚ Ș αȡȤȒ ĲȘȢ ȠȡșȠȖȦȞȚțȩĲȘĲαȢ. 

1.5 ȈĲȠȤαıĲȚțȑȢ ǹȞİȜȓȟİȚȢ 

ΩȢ ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ µȚαȢ ȠȚțȠȖȑȞİȚαȢ απİȓȡȠυ µİȖȑșȠυȢ, ȤȡȠȞȚțȫȞ 

İȟȚıȫıİȦȞ πȠυ İȟαȡĲȫȞĲαȚ απȩ ĲȠ απȠĲȑȜİıµα İȞȩȢ ĲυȤαȓȠυ φαȚȞȠµȑȞȠυ [173]. ȅȚ 

ıĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ µπȠȡȠȪȞ Ȟα șİȦȡȘșȠȪȞ ȦȢ υπİȡıȪȞȠȜȠ ĲȦȞ Ĳ.µ. ȀȐșİ Ĳ.µ İȓȞαȚ 

įυȞαĲȩȞ Ȟα įȚαĲυπȦșİȓ ȦȢ ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ πȠυ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ παȡαµȑȞȠυȞ 

αµİĲȐȕȜȘĲα ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ. 

1.5.1 ȈυȞȐȡĲȘıȘ ȆυțȞȩĲȘĲαȢ ȆȚșαȞȩĲȘĲαȢ – ǹșȡȠȚıĲȚțȒ ȈυȞȐȡĲȘıȘ 
ȆȚșαȞȩĲȘĲαȢ 

Ǿ ǹȈȆ µȚαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ įȓįİĲαȚ ȦȢ [173]: 

 ( ) ( ){ }; nF t P t= ≤ ∈ℜx x x x  (1.53) 

Ǿ ȈȆȆ µȚαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ ȖȚα ıυȖțİțȡȚµȑȞȘ χȡȠȞȚțȒ αțȠȜȠυșȓα įȓįİĲαȚ ȦȢ: 

 ( ) ( ),
;

n

nF t
f t R

∂
∂= ∈x

x x
x

 (1.54) 

Ǿ ȑțφȡαıȘ «ıυȖțİțȡȚµȑȞȘ χȡȠȞȚțȒ αțȠȜȠυșȓα» ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα Ȟα υπȠįİȓȟİȚ ĲȘ 

ıυıȤȑĲȚıȘ ĲȘȢ ȈȆȆ ȩȤȚ µȩȞȠȞ µİ ĲȠ ȤȫȡȠ ĲȦȞ Ĳ.µ αȜȜȐ țαȚ ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ. 

1.5.2 ȇȠπȑȢ – ȂȑıȘ ĲȚµȒ – ȈυȞȐȡĲȘıȘ αυĲȠıυıȤȑĲȚıȘȢ 
Ǿ Ȟ-ĲȐȟİȦȢ ȡȠπȒ µȓαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( )
1 2, ,...,... ;;

n

n n

X X XE f dtt

∞ ∞ ∞

−∞ −∞ −∞
  = ⋅  ∫ ∫ ∫ x xxx  (1.55) 

Ǿ µȑıȘ αȞαµİȞȩµİȞȘ ĲȚµȒ µȓαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ įȓįİĲαȚ ȦȢ [173]: 

 ( ) ( ){ } ( ) ( ),t E t t f t dη ∞

−∞
= = ⋅∫x x x x  (1.56) 

Ǿ ıυȞȐȡĲȘıȘ αυĲȠıυıȤȑĲȚıȘȢ µȚαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ ȠȡȓȗİȚ ĲȠ ȕαșµȩ ıυıȤȑĲȚıȘȢ µİĲαȟȪ 

ĲȦȞ απȠĲİȜİıµȐĲȦȞ αυĲȒȢ ıİ įȚαφȠȡİĲȚțȑȢ ȤȡȠȞȚțȑȢ ıĲȚȖµȑȢ. Ǿ ȖȞȫıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

αυĲȠıυıȤİĲȚıµȠȪ πȡȠıφȑȡİȚ ĲȘ įυȞαĲȩĲȘĲα πȡȩȖȞȦıȘȢ ĲȠυ αȞαµİȞȩµİȞȠυ απȠĲİȜȑıµαĲȠȢ 

f(x;t+∆t) ȕȐıİȚ ĲȘȢ f(x;t). Ǿ ıυȞȐȡĲȘıȘ αυĲȠıυıȤȑĲȚıȘȢ įȓįİĲαȚ ȦȢ [173]: 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.22 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ) ( ) ( ) ( ) ( )1 2 1 2 1 2 1 2 1 2 1 2, , ; ,R t t E t t t t f t t d d

∞ ∞

−∞ −∞
= = ⋅ ⋅   ∫ ∫x x x x x x x x  (1.57) 

Ǿ ıυȞȐȡĲȘıȘ αυĲȠįȚαıπȠȡȐȢ µȓαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ įȓįİĲαȚ ȦȢ [173]: 

 ( ) ( ) ( ) ( )1 2 1 2 1 2, ,C t t R t t t tη η= − ⋅  (1.58) 

Ǿ ıυȞȐȡĲȘıȘ ıυıȤȑĲȚıȘȢ αȞȐµİıα ıİ įȪȠ αȞİȜȓȟİȚȢ įȓįİĲαȚ ȦȢ [173]: 

 ( ) ( ) ( ) ( ) ( ) ( )1 2 1 2 1 2 1 2, , ; ,XYR t t E t t t t f t t d d

∞ ∞

−∞ −∞
= = ⋅ ⋅   ∫ ∫x y x y x y x y  (1.59) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș ıυȞȐȡĲȘıȘ ıυıȤȑĲȚıȘȢ ȖȚα ȠπȠȚαįȒπȠĲİ ȤȡȠȞȚțȒ ıĲȚȖµȒ, İȓȞαȚ ȓıȘ µİ 

ĲȠ µȘįȑȞ ıυµπİȡαȓȞİĲαȚ ȩĲȚ ȠȚ ıĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ υπȩ İȟȑĲαıȘ İȓȞαȚ ȠȡșȠȖȫȞȚİȢ. ȈĲȘȞ 

πİȡȓπĲȦıȘ įİ, πȠυ țαȚ ȖȚα ĲȚȢ µȑıİȢ αȞαµİȞȩµİȞİȢ ıυȞαȡĲȒıİȚȢ Ș ĲȚµȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

αυĲȠıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȘ µİ ĲȠ µȘįȑȞ ĲȩĲİ ȠȚ αȞİȜȓȟİȚȢ αυĲȑȢ șİȦȡȠȪȞĲαȚ țαȚ ȖȡαµµȚțȐ 

αȞİȟȐȡĲȘĲİȢ. 

1.5.3 ȈĲαıȚµȩĲȘĲα țαȚ ǼȡȖȠįȚțȩĲȘĲα țαĲȐ µȑıȠȞ 
Ȃȓα ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ șİȦȡİȓĲαȚ ıĲȐıȚµȘ αȞ ȠȡȚıµȑȞα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ παȡαµȑȞȠυȞ 

αµİĲȐȕȜȘĲα ıİ ıȤȑıȘ µİ ĲȠ ȤȡȩȞȠ. ȊπȐȡȤȠυȞ įȪȠ µȠȡφȑȢ ıĲαıȚµȩĲȘĲαȢ [173]: 

• ǹυıĲȘȡȒȢ ȂȠȡφȒȢ ȈĲαıȚµȩĲȘĲα (Strict Sense Stationarity -SSS) 

• ǼυȡİȓαȢ ȂȠȡφȒȢ ȈĲαıȚµȩĲȘĲα (Wide Sense Stationarity -WSS) 

ȂȚα ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ șİȦȡİȓĲαȚ ȩĲȚ αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ αȞİȜȓȟİȦȞ ǹυıĲȘȡȒȢ 

ȂȠȡφȒȢ ȈĲαıȚµȩĲȘĲαȢ ȩĲαȞ țαȚ µȩȞȠ ȩĲαȞ, Ș ȈȆȆ, İȓȞαȚ αȞİȟȐȡĲȘĲȘ ĲȠυ ȤȡȩȞȠυ [173]: 

 ( ) ( );f t f=x x  (1.60) 

ȂȚα ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ șİȦȡİȓĲαȚ ȩĲȚ αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ αȞİȜȓȟİȦȞ İυȡİȓαȢ µȠȡφȒȢ 

ıĲαıȚµȩĲȘĲαȢ ȩĲαȞ, Ș µȑıȘ αȞαµİȞȩµİȞȘ ĲȚµȒ țαȚ Ș ıυȞȐȡĲȘıȘ αυĲȠıυıȤȑĲȚıȘȢ İȓȞαȚ 

αȞİȟȐȡĲȘĲİȢ ĲȠυ ȤȡȩȞȠυ: 

 ( ) ( ) ( )1 2; ,t R kt tη η= =x x  (1.61) 

ȂȚα αȞȑȜȚȟȘ αυıĲȘȡȒȢ µȠȡφȒȢ ıĲαıȚµȩĲȘĲαȢ İȓȞαȚ ĲαυĲȠȤȡȩȞȦȢ țαȚ αȞȑȜȚȟȘ İυȡİȓαȢ µȠȡφȒȢ 

ıĲαıȚµȩĲȘĲαȢ ȤȦȡȓȢ Ȟα ȚıȤȪİȚ ĲȠ αȞĲȓșİĲȠ. ǼȚįȚțȒ πİȡȓπĲȦıȘ ıĲαıȚµȩĲȘĲαȢ απȠĲİȜİȓ Ș 

țυțȜȠıĲαıȚµȩĲȘĲα. ȀυțȜȠıĲȐıȚµȘ ȠȞȠµȐȗİĲαȚ Ș ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ ȖȚα ĲȘȞ ȠπȠȓα [173]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.23 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ); ;f t nT f t n+ = ∀ ∈x x N  (1.62) 

ȩπȠυ, ȉ İȓȞαȚ Ș πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ ĲȘȢ αȞȑȜȚȟȘȢ. ΦυıȚțȐ φαȚȞȩµİȞα ȩπȦȢ αȞİµȠφȠȡĲȓα 

[191], φȠȡĲȓα ȤȚȠȞȚȠȪ, υįαĲȠπĲȫıİȚȢ țȜπ. πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα țυțȜȠıĲȐıȚµȦȞ 

ıĲȠȤαıĲȚțȫȞ αȞİȜȓȟİȦȞ [20], [186]. 

ȂȚα ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ ȤαȡαțĲȘȡȓȗİĲαȚ ȦȢ İȡȖȠįȚțȒ țαĲȐ µȑıȠȞ ȩĲαȞ Ș µȑıȘ αȞαµİȞȩµİȞȘ 

ĲȚµȒ ıİ ıȤȑıȘ µİ ĲȠ ȤȡȩȞȠ İȓȞαȚ ȓıȘ µİ ĲȘ ȤȦȡȚțȒ µȑıȘ ĲȚµȒ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ İȓȞαȚ 

įυȞαĲȒ Ș πȜȒȡȘȢ ȖȞȫıȘ ĲȘȢ ıυµπİȡȚφȠȡȐȢ µȓαȢ İȡȖȠįȚțȒȢ ıυȞȐȡĲȘıȘȢ İȓĲİ µȑıȦ ĲȘȢ 

αȞȐȜυıȘȢ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȘȢ ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ İȓĲİ ȦȢ πȡȠȢ ĲȚȢ ȤȦȡȚțȑȢ Ĳ.µ ĲȘȢ: 

 ( ) ( )
lim

i

i

n

x t

E x t
n→∞=  

∑
Ȓ ȖİȞȚțȩĲİȡα ( ) ( ); ;iE x t x E x t t µ= =        (1.63) 

ȋαȡαțĲȘȡȚıĲȚțȩ µȓαȢ İȡȖȠįȚțȒȢ țαĲȐ µȑıȠȞ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ İȓȞαȚ Ș ȑȜȜİȚȥȘ µȞȒµȘȢ. 

ǹπȩ ĲȠ ıυȞįυαıµȩ ĲȦȞ ıȤȑıİȦȞ (1.58) țαȚ (1.63), ıĲȘȞ πİȡȓπĲȦıȘ İȡȖȠįȚțȒȢ αȞȑȜȚȟȘȢ 

ȑȤȠυµİ ȩĲȚ Ș ıυȞȐȡĲȘıȘ ıυȞįȚαıπȠȡȐȢ: 

 ( ) ( ) ( ) ( )1 2 1 2 1 2, ,C t t R t t t tη η= − ⋅  (1.64) 

ȖȚα ȗİȪȖȠȢ ĲȚµȫȞ {t1,t2} ȩπȠυ (t1-t2)→∞ ȑȤȠυµİ ȩĲȚ [173]: 

 ( ) ( )
1 2

2 2

1 2 1 2, , 0
t t

R t t C t tµ µ µ µ− →∞→ ⇒ → − ⋅ =  (1.65) 

įȘȜαįȒ Ș ıυȞȐȡĲȘıȘ ıυȞįȚαıπȠȡȐȢ ĲİȓȞİȚ ıĲȠ µȘįȑȞ ȠπȩĲİ įİȞ µπȠȡȠȪȞ Ȟα İȟαȤșȠȪȞ 

İțĲȚµȒıİȚȢ ĲȘȢ αȞȑȜȚȟȘȢ ĲȘ ıĲȚȖµȒ t2 απȩ ĲȘȞ ĲȚµȒ ĲȘȢ αȞȑȜȚȟȘȢ ĲȘ ıĲȚȖµȒ t1. 

1.5.4 ȈĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ Markov 

ȀαĲȘȖȠȡȓα İȡȖȠįȚțȫȞ ıĲȠȤαıĲȚțȫȞ αȞİȜȓȟİȦȞ απȠĲİȜȠȪȞ ȠȚ αȞİȜȓȟİȚȢ Markov. ȀȐșİ 

ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ πȠυ įȓįİĲαȚ ȦȢ ( ){ } ( ){ }, 0,, 0 tX tX tt ωω= ≥ ∈Ω≥  ȠȡȓȗİĲαȚ ȦȢ ıυȞİȤȒȢ 

ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ Markov ȩĲαȞ [189]: 

• ȉȠ ıȪȞȠȜȠ ĲȦȞ πȚșαȞȫȞ țαĲαıĲȐıİȦȞ Ω πİȡȚȑȤİȚ πİπİȡαıµȑȞȠ αȡȚșµȩ ıĲȠȚȤİȓȦȞ. 

• ΌĲαȞ Ș αȞȑȜȚȟȘ İȖțαĲαȜİȓȥİȚ µȓα țαĲȐıĲαıȘ i ȖȚα µȓα țαĲȐıĲαıȘ j ĲȠ πȡȐĲĲİȚ µİ 

πȚșαȞȩĲȘĲα Pij ȖȚα ĲȘȞ ȠπȠȓα ȚıȤȪİȚ ȩĲȚ: 

 0 1ii ij

j

P P
∈Ω

= =∑  (1.66) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.24 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• ΌĲαȞ Ƞ ıυȞȠȜȚțȩȢ ȤȡȩȞȠȢ Ti πȠυ Ș αȞȑȜȚȟȘ ȕȡȓıțİĲαȚ ıĲȘȞ țαĲȐıĲαıȘ i, įȘȜαįȒ απȩ 

ĲȘ ıĲȚȖµȒ ĲȘȢ µİĲȐπĲȦıȘȢ ĲȘȢ ıĲȘȞ țαĲȐıĲαıȘ αυĲȒ ȦȢ ĲȘ ıĲȚȖµȒ µİĲȐπĲȦıȘȢ ıİ 

ȐȜȜȘ țαĲȐıĲαıȘ j, αțȠȜȠυșİȓ İțșİĲȚțȒ țαĲαȞȠµȒ µİ µȑıȘ ĲȚµȒ 1 iν . 

• ȅȚ πȚșαȞȩĲȘĲİȢ Pij İȓȞαȚ αȞİȟȐȡĲȘĲİȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐπĲȦıȘȢ ıİ ȐȜȜȘ 

țαĲȐıĲαıȘ. 

ΓȚα ĲȚȢ ıĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ țαĲȐ Markov ȚıȤȪİȚ ȩĲȚ [189]: 

 ( )( ) ( ), ,0t s S u t s SP X j X i X x u s P X j X iu+ += = = ≤ ≤ = = =  (1.67) 

įȘȜαįȒ Ș țαĲȐıĲαıȘ ĲȠυ ıυıĲȒµαĲȠȢ ĲȘ ıĲȚȖµȒ t+s İȓȞαȚ ıυȞȐȡĲȘıȘ µȩȞȠȞ ĲȘȢ παȡȠȪıαȢ 

țαĲȐıĲαıȘȢ. ȅȚ ıĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ țαĲȐ Markov ȕȡȓıțȠυȞ İυȡİȓα İφαȡµȠȖȒ ıİ șȑµαĲα 

πȡȠıȠµȠȓȦıȘȢ ĲȘȢ αȞĲȠȤȒȢ υȜȚțȫȞ ıİ țȩπȦıȘ [43], [120], [203], [207], [223]. 

1.6 ΘİȦȡȓα ǹȟȚȠπȚıĲȓαȢ - ȈυıĲȒµαĲα 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ Ĳα ȕαıȚțȐ șİȦȡȒµαĲα ĲȘȢ șİȦȡȓαȢ ĲȘȢ αȟȚȠπȚıĲȓαȢ ıİ 

șȑµαĲα αȞȐȜυıȘȢ ĲȦȞ țαĲαıțİυȫȞ țαșȫȢ țαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ. 

1.6.1 ǼȚıαȖȦȖȒ ıĲȘ ΘİȦȡȓα ǹȟȚȠπȚıĲȓαȢ 
Ǿ αȟȚȠπȚıĲȓα İȞȩȢ ıυıĲȒµαĲȠȢ Ȓ µȑȜȠȢ αυĲȠȪ, ȠȡȓȗİĲαȚ απȩ ĲȘȞ πȚșαȞȩĲȘĲα ĲȠυ ıυıĲȒµαĲȠȢ 

Ȓ ĲȠυ µȑȜȠυȢ υπȩ İȟȑĲαıȘ Ȟα παȡαµİȓȞİȚ ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ įȘȜαįȒ απȩ ĲȘȞ 

πȚșαȞȩĲȘĲα Ș ıυµπİȡȚφȠȡȐ ĲȠυ Ȟα İȓȞαȚ Ș İπȚșυµȘĲȒ [150]. ΩȢ ıȪıĲȘµα ȠȡȓȗİĲαȚ Ș 

απİȚțȩȞȚıȘ µȓαȢ įȚİȡȖαıȓαȢ ȦȢ ıυȞįυαıµȩȢ ĲȦȞ İπȚµȑȡȠυȢ İȟαȡĲȘµȐĲȦȞ ĲȘȢ. Ǿ αȟȚȠπȚıĲȓα 

İȞȩȢ ıυıĲȒµαĲȠȢ µπȠȡİȓ Ȟα ȠȡȚıĲİȓ ȦȢ «Ǿ πȚșαȞȩĲȘĲα ȖȚα ȑȞα ıυȖțİțȡȚµȑȞȠ ıȪıĲȘµα Ȟα 

ȜİȚĲȠυȡȖȒıİȚ ȦȢ πȡȑπİȚ» Ȓ ȦȢ «Ǿ πȚșαȞȩĲȘĲα Ȟα µȘȞ ȑȤȠυµİ υπȑȡȕαıȘ ĲȘȢ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ 

țαĲȐıĲαıȘȢ» [150]. ΩȢ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ ȖȚα ȑȞα ıȪıĲȘµα țαșȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ 

įυȞαĲȫȞ țαĲαıĲȐıİȦȞ ȖȚα ĲȚȢ ȠπȠȓİȢ ĲȠ ıȪıĲȘµα ıυµπİȡȚφȑȡİĲαȚ İȞĲȩȢ ĲȦȞ ȠȡȓȦȞ πȠυ ȑȤȠυȞ 

πȡȠįȚαȖȡαφİȓ țαĲȐ ĲȘ φȐıȘ ĲȠυ ıȤİįȚαıµȠȪ țαȚ αȞȐȜυıȘȢ. 

1.6.1.1 ȈυȞȐȡĲȘıȘ İπȚȕȓȦıȘȢ ȤȡȠȞȚțȫȢ αµİĲȐȕȜȘĲȦȞ ıυıĲȘµȐĲȦȞ 

Ǿ αȟȚȠπȚıĲȓα (ȈυȞȐȡĲȘıȘ ǼπȚȕȓȦıȘȢ) R İȞȩȢ ıυıĲȒµαĲȠȢ ȠȡȓȗİĲαȚ ȦȢ [6], [33]: 

 R 1 fP= −  (1.68) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.25 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ, Pf İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ. Ǿ ıυȞȐȡĲȘıȘ αȟȚȠπȚıĲȓαȢ R(x), ȖȚα 

ȑȞα µȠȞȠįȚȐıĲαĲȠ πȡȩȕȜȘµα įȓįİĲαȚ ȦȢ [6], [33]: 

 ( ) ( ) ( )R 1

x

X X

x

f x dx f x dxx

∞

−∞
= − =∫ ∫  (1.69) 

ȅ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ Ω (ĲȠ ıȪȞȠȜȠ ĲȦȞ πȚșαȞȫȞ țαĲαıĲȐıİȦȞ ıĲȚȢ ȠπȠȓİȢ µπȠȡİȓ Ȟα 

ȕȡȓıțİĲαȚ ȑȞα ıȪıĲȘµα) ȤȦȡȓȗİĲαȚ ıİ įȪȠ υπȠȤȦȡȓα, ĲȘȞ πİȡȚȠȤȒ αıĲȠȤȓαȢ Ωf țαȚ ĲȘȞ πİȡȚȠȤȒ 

ȜİȚĲȠυȡȖȓαȢ Ωs. Ǿ İπȚφȐȞİȚα įȚαȤȦȡȚıµȠȪ ȠȞȠµȐȗİĲαȚ ȠȡȚαțȒ İπȚφȐȞİȚα Ȓ įȚİπȚφȐȞİȚα 

αıĲȠȤȓαȢ țαȚ ȠȡȓȗİĲαȚ µȑıȦ ĲȘȢ ȈυȞȐȡĲȘıȘȢ ȅȡȚαțȒȢ ǹȞĲȠȤȒȢ (Limit State Function) ȦȢ ĲȠ 

ıȪȞȠȜȠ ĲȦȞ ıȘµİȓȦȞ πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȘ ıȤȑıȘ [33]: 

 ( ) 0f = ∈Ωx x  (1.70) 

ȂȑıȦ ĲȘȢ ıȤȑıȘȢ (1.70) ȑȤȠυµİ ȩĲȚ ȖȚα Ĳα υπȠȤȦȡȓα Ωs țαȚ Ωf ȚıȤȪİȚ ȩĲȚ: 

 
( )
( )

0

0

f

f

>
≤

x

x
ȩĲαȞ s

f

∈Ω
∈Ω

x

x
 (1.71) 

ǺȐıİȚ ĲȦȞ ıȤȑıİȦȞ (1.69) țαȚ (1.70) Ș αȟȚȠπȚıĲȓα İȞȩȢ ıυıĲȒµαĲȠȢ įȓįİĲαȚ ȦȢ [33]: 

 ( ) ( ) ( )R 1

f s

f d f d
Ω Ω

= − =∫ ∫X X
x x x x x  (1.72) 

ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȟȚȠπȚıĲȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ İȓȞαȚ αȞαȖțαȓȠȢ Ƞ υπȠȜȠȖȚıµȩȢ ĲȠυ 

ȠȜȠțȜȘȡȫµαĲȠȢ ıĲα υπȠȤȦȡȓα Ωf Ȓ Ωs. ȅ υπȠȜȠȖȚıµȩȢ αυĲȩȢ ĲȚȢ πİȡȚııȩĲİȡİȢ φȠȡȑȢ (ȜȩȖȦ 

ĲȘȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȘȢ ȑțφȡαıȘȢ țαȚ ĲȘȢ µȠȡφȠȜȠȖȓαȢ ĲȦȞ υπȠȤȦȡȓȦȞ) İȓȞαȚ ȚįȚαȓĲİȡα 

ȤȡȠȞȠȕȩȡȠȢ. Ȉİ ĲυπȚțȑȢ țαĲαıțİυȑȢ įİȞ İȓȞαȚ įυȞαĲȒ Ș µȠȡφȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ αȟȚȠπȚıĲȓαȢ 

ıİ țȜİȚıĲȒ µȠȡφȒ ȠπȩĲİ Ș ıȤȑıȘ (1.72) παȡȠυıȚȐȗİȚ țαȚ µȩȞȠȞ, șİȦȡȘĲȚțȒ αȟȓα. ȈĲȘȞ 

πİȡȓπĲȦıȘ πȠυ İȓȞαȚ įυȞαĲȒ Ș µȠȡφȠπȠȓȘıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ αȟȚȠπȚıĲȓαȢ ıİ țȜİȚıĲȒ µȠȡφȒ 

țαȚ µπȠȡİȓ αυĲȒ Ȟα İțφȡαıĲİȓ ȦȢ Ș įȚαφȠȡȐ µİĲαȟȪ ĲȦȞ απȠșİµȐĲȦȞ αıφαȜİȓαȢ țαȚ ĲȦȞ 

İȞİȡȖȠȪȞĲȦȞ φȠȡĲȓȦȞ Ȓ ȦȢ ȜȩȖȠȢ ĲȦȞ απȠșİµȐĲȦȞ αıφαȜİȓαȢ πȡȠȢ Ĳα İȞİȡȖȠȪȞĲα φȠȡĲȓα Ș 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ Pf įȓįİĲαȚ ȦȢ: 

 ( ) ( ){ } ( )( )0 1f

R
P P R S P

S

  = − ≤ = ≤   
x

x x
x

 (1.73) 

ȩπȠυ, R(x) İȓȞαȚ Ș µİĲαȕȜȘĲȒ αȞĲȓıĲαıȘȢ țαȚ S(x) İȓȞαȚ Ș µİĲαȕȜȘĲȒ φȠȡĲȓȠυ. ǹȞ ȠȚ 

µİĲαȕȜȘĲȑȢ αυĲȑȢ İȓȞαȚ Ĳ.µ µİ ȖȞȦıĲȐ ıĲαĲȚıĲȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȩĲİ Ș πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ [31]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.26 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ){ } ( ) ( ){ } ( ) ( )0 ; 0f R SP P R x S x P F x f x dxR x x Sx x

∞

−∞
′ ′= − ≤ = == − ≤ ∫  (1.74) 

1.6.1.2 ȈυȞȐȡĲȘıȘ ǼπȚȕȓȦıȘȢ țαȚ ǼπȚțȚȞįυȞȩĲȘĲαȢ ȤȡȠȞȚțȫȢ 
µİĲαȕαȜȜȩµİȞȦȞ ıυıĲȘµȐĲȦȞ 

ΓȚα ȤȡȠȞȚțȫȢ µİĲαȕαȜȜȩµİȞα πȡȠȕȜȒµαĲα Ș αȟȚȠπȚıĲȓα ĲȠυ ıυıĲȒµαĲȠȢ (ȈυȞȐȡĲȘıȘ 

ǼπȚȕȓȦıȘȢ R(x;t)) įȓįİĲαȚ ȦȢ: 

 ( ) ( )R 1; ;Ft t= −x x  (1.75) 

Ȓ αȞĲȚıĲȠȓȤȦȢ ȦȢ: 

 ( ) ( ) ( )R ; 1 ; ;

f s

t f t d f t d
Ω Ω

= − =∫ ∫X X
x x x x x  (1.76) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ȠȚ ıυȞșȒțİȢ πȠυ πİȡȚȖȡȐφȠȞĲαȚ ȖȚα ĲȘ ıȤȑıȘ (1.72) ȚıȤȪȠυȞ țαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ȤȡȠȞȚțȫȢ µİĲαȕαȜȜȩµİȞȠυ πȡȠȕȜȒµαĲȠȢ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ){ } ( )( );
; ; ; 0 1

;
f

R t
P t P R t S t P

S t

  = − ≤ = ≤   
x

x x x
x

 (1.77) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ, ȩĲαȞ Ș αȞĲȠȤȒ Ȓ Ĳα İπȚȕαȜȜȩµİȞα φȠȡĲȓα İȓȞαȚ 

ıυȞαȡĲȒıİȚȢ ĲȠυ ȤȡȩȞȠυ, įİȞ İȓȞαȚ įυȞαĲȩ Ȟα ȠȡȚıĲİȓ µȠȞȠıȒµαȞĲα İφȩıȠȞ απȠĲİȜİȓ 

ıυȞȐȡĲȘıȘ ĲȠυ ȤȡȩȞȠυ țαȚ ĲȦȞ ȤȦȡȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȦȞ ıĲȠȤαıĲȚțȫȞ αȞİȜȓȟİȦȞ. ȈĲȘȞ 

πİȡȓπĲȦıȘ αυĲȒ, ȠȡȓȗȠȞĲαȚ ȠȚ ȑȞȞȠȚİȢ ĲȘȢ µȑıȘȢ ȗȦȒȢ, µȑıȠυ ȤȡȩȞȠυ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ 

ȕȜαȕȫȞ țαȚ Ș ıυȞȐȡĲȘıȘ İπȚțȚȞįυȞȩĲȘĲαȢ (hazard function or risk function). 

Ǿ µȑıȘ ȗȦȒ ȦȢ ĲȘ ȕȜȐȕȘ (Mean Time To Fail MTTF) İȞȩȢ ıυıĲȒµαĲȠȢ țαȚ Ƞ µȑıȠȢ ȤȡȩȞȠȢ 

µİĲαȟȪ įȚαįȠȤȚțȫȞ ȕȜαȕȫȞ (Mean Time Between Failures MTBF) ȠȡȓȗȠȞĲαȚ ȦȢ: 

 

( ) ( )
( ) ( )

0

R ;0 ;

R ; ;

T

T

t

MTTF E f d

MTBF E t f d MTTF MTTR

τ τ τ
τ τ τ

∞

∞

= =  
= = = +  

∫
∫

x x

x x

 (1.78) 

ȩπȠυ, MMTR İȓȞαȚ Ƞ µȑıȠȢ ȤȡȩȞȠȢ ȖȚα ĲȘȞ İπαȞαφȠȡȐ ĲȠυ ıυıĲȒµαĲȠȢ ıİ țαĲȐıĲαıȘ 

ȜİȚĲȠυȡȖȓαȢ απȩ µȓα țαĲȐıĲαıȘ αıĲȠȤȓαȢ. Ǿ µȑıȘ ȗȦȒ İȞȩȢ ıυıĲȒµαĲȠȢ İȓȞαȚ ȓıȘ µİ ĲȠ µȑıȠ 

ȤȡȩȞȠ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ ȕȜαȕȫȞ ȩĲαȞ: 

• ȉȠ ıȪıĲȘµα İπαȞȑȡȤİĲαȚ ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ απȩ µȓα țαĲȐıĲαıȘ αıĲȠȤȓαȢ ıİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.27 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȤȡȩȞȠ ( )R ;0MTTR E<<   x  

•  ΌĲαȞ Ș İπȚıțİυȒ İπαȞαφȑȡİȚ ĲȠ ıȪıĲȘµα ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ țαȚ įİȞ 

İπȘȡİȐȗİȚ Ĳα ıĲαĲȚıĲȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ αȞİȜȓȟİȦȞ R(x;t), S(x;t). 

Ǿ ȈυȞȐȡĲȘıȘ ǼπȚțȚȞįυȞȩĲȘĲαȢ (Hazard Function) ȠȡȓȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȞȩȢ 

ıυıĲȒµαĲȠȢ Ȓ İȟαȡĲȒµαĲȠȢ ĲȠυ ıİ ȑȞα ıυȖțİțȡȚµȑȞȠ ȤȡȠȞȚțȩ įȚȐıĲȘµα. Ǿ ȤȡȠȞȚțȒ İȟȑȜȚȟȘ 

ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ıυȖțİțȡȚµȑȞȠ ȤȡȠȞȚțȩ įȚȐıĲȘµα įȓįİĲαȚ ȦȢ [31], 

[62], [173]: 

 { } ( ) ( ) ( ) ( ); ; ; R ; R ;P t T t t F t t F t t t tδ δ δ≤ ≤ + = + − = − +x x x x x  (1.79) 

Ǿ ıυȞȐȡĲȘıȘ İπȚțȚȞįυȞȩĲȘĲαȢ ȠȡȓȗİĲαȚ ȦȢ ĲȠ ȩȡȚȠ ȖȚα įt→0 ĲȠυ ȜȩȖȠυ ĲȘȢ µİĲαȕȠȜȒȢ ĲȘȢ 

αȟȚȠπȚıĲȓαȢ πȡȠȢ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖµȒ t [62]: 

 ( ) ( ) ( )( ) ( )( )0

R ; R ; ;
; lim

; R ;

t t f t
h t

R t tτ
τ

τ→
 − += =  ⋅ 

x x x
x

x x
 (1.80) 

Ǿ ıυȞȐȡĲȘıȘ İπȚțȚȞįυȞȩĲȘĲαȢ țαșȠȡȓȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ αıĲȠȤȓαȢ 

(țαȚ țαĲ’ İπȑțĲαıȘ ĲȠ αȞαµİȞȩµİȞȠ ȡȓıțȠ) ĲȘ ȤȡȠȞȚțȒ ıĲȚȖµȒ t. ΩȢ ȡȓıțȠ ȠȡȓȗİĲαȚ ĲȠ 

ȖȚȞȩµİȞȠ ĲȘȢ απİȚȜȒȢ İπȓ ĲȘȞ İȞįȠĲȚțȩĲȘĲα-İυαȚıșȘıȓα [55]. ΩȢ απİȚȜȒ ȠȡȓȗİĲαȚ ȑȞα φυıȚțȩ 

İπȚțȓȞįυȞȠ ȖİȖȠȞȩȢ țαȚ ȦȢ İȞįȠĲȚțȩĲȘĲα-İυαȚıșȘıȓα Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ Ȓ Ș ĲȐıȘ ıĲȠ Ȟα 

παȡȠυıȚαıĲİȓ αıĲȠȤȓαȢ ĲȘȢ υπȩ İȟȑĲαıȘ țαĲαıțİυȒȢ ȜȩȖȦ ĲȠυ φυıȚțȠȪ İπȚțȓȞįυȞȠυ 

ȖİȖȠȞȩĲȠȢ υπȩ İȟȑĲαıȘ [55]. ȉȠ απȠįİțĲȩ ȡȓıțȠ ȠȡȓȗİȚ Ȑµİıα ĲȘȞ απȠįİțĲȒ πȚșαȞȩĲȘĲα 

İµφȐȞȚıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ µȑıȦ ĲȘȢ ȤȡȠȞȚțȒȢ ȠȜȠțȜȒȡȦıȘȢ. Ǿ ıυȞȐȡĲȘıȘ 

İπȚțȚȞįυȞȩĲȘĲαȢ ıȤİĲȓȗİĲαȚ µİ ĲȘ ıυȞȐȡĲȘıȘ İπȚȕȓȦıȘȢ ȦȢ: 

 
( )( ) ( )

( ) ( )( ) ( ) ( ) ( )( )R ,
log R log R, ,,

, ,
R R, ,

t
t tf tt h ht t

t tt t

∂∂ ∂∂= = − = − ⇒ = −∂ ∂
x

x xx
x x

x x
 (1.81) 

ȩπȠυ ( )( )log R , tx  İȓȞαȚ Ƞ φυıȚțȩȢ ȜȠȖȐȡȚșµȠȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ İπȚȕȓȦıȘȢ. ȈĲȘȞ παȡȐȖȡαφȠ 

1.14, παȡȠυıȚȐȗȠȞĲαȚ παȡαįİȓȖµαĲα µȑıȦ ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ ȡȓıțȠυ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ ȑțșİıȘȢ ıİ țȓȞįυȞȠ ıİ πȜȒșȠȢ αȞșȡȫπȚȞȦȞ įȡαıĲȘȡȚȠĲȒĲȦȞ țαȚ ĲȘȢ 

αȞĲȓıĲȠȚȤȘȢ ȑțșİıȘȢ ıİ țȓȞįυȞȠ ȜȩȖȦ įȠµȚțȒȢ αıĲȠȤȓαȢ. 

1.6.2 ȈυıĲȒµαĲα 

Ǿ πȠȜυπȜȠțȩĲȘĲα ĲȦȞ ıυıĲȘµȐĲȦȞ įİȞ İπȚĲȡȑπİȚ ıυȞȒșȦȢ, ĲȘȞ İȟαȖȦȖȒ ĲȘȢ ȈȆȆ țαȚ ĲȠȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.28 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȠȜȠȖȚıµȩ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυȢ. ΈȞαȢ ĲȡȩπȠȢ αȞĲȚµİĲȫπȚıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ [33], [44], 

[79], [84], [224] İȓȞαȚ Ƞ țαĲαțİȡµαĲȚıµȩȢ ĲȠυ αȡȤȚțȠȪ ıυıĲȒµαĲȠȢ ıİ υπȠıυıĲȒµαĲα 

ıυȞįİȩµİȞα µİĲαȟȪ ĲȠυȢ παȡȐȜȜȘȜα Ȓ ıİ ıİȚȡȐ (∆ȚȐȖ. 1.11). ȀȐșİ υπȠıȪıĲȘµα ıĲȘ ıυȞȑȤİȚα 

αȞαȜȪİĲαȚ ıİ İπȚµȑȡȠυȢ υπȠıυıĲȒµαĲα. ȉȠ υπȠıȪıĲȘµα ȖȚα ĲȠ ȠπȠȓȠ įİȞ İȓȞαȚ įυȞαĲȩȢ Ƞ 

πİȡαȚĲȑȡȦ įȚαȤȦȡȚıµȩȢ ĲȠυ ıİ απȜȠȪıĲİȡα υπȠıυıĲȒµαĲα Ȓ ȖȚα ĲȠ ȠπȠȓȠ İȓȞαȚ įυȞαĲȩȢ Ƞ 

ȠȡȚıµȩȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȦȢ πȡȠȢ ĲȚȢ Ĳ.µ ĲȠυ ıυıĲȒµαĲȠȢ ȠȡȓȗİĲαȚ ȦȢ µȑȜȠȢ 

Ȓ İȟȐȡĲȘµα Ȓ ıĲȠȚȤİȓȠ ĲȠυ ıυıĲȒµαĲȠȢ. 

 

ȆαȡȐȜȜȘȜȠ ȈȪıĲȘµα 

ȈİȚȡȚαțȩ ȈȪıĲȘµα 

ȂȚțĲȩ ȈȪıĲȘµα 

 

∆ȚȐȖ. 1.11: ȈİȚȡȚαțȩ, ȆαȡȐȜȜȘȜȠ țαȚ ȂȚțĲȩ ȈȪıĲȘµα. 

Ǿ ıυȞįİıµȠȜȠȖȓα ĲȦȞ µİȜȫȞ πȠυ απȠĲİȜȠȪȞ ȑȞα ıȪıĲȘµα ȠȡȓȗȠυȞ țαȚ µȓα απİȚțȩȞȚıȘ ĲȠυ 

ıυıĲȒµαĲȠȢ, țαșȫȢ ȖȚα ȑȞα ȠπȠȚȠįȒπȠĲİ µȘ șİµİȜȚȫįİȢ ıȪıĲȘµα ĲȠ πȜȒșȠȢ ĲȦȞ įυȞαĲȫȞ 

ȚıȠįȪȞαµȦȞ απİȚțȠȞȓıİȦȞ İȓȞαȚ µİȖαȜȪĲİȡȠ ĲȘȢ µȠȞȐįαȢ. ΩȢ µȠȡφȒ αıĲȠȤȓαȢ Ȓ αȜȜȘȜȠυȤȓα 

αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ Ș αȜȜȘȜȠυȤȓα ȖİȖȠȞȩĲȦȞ πȠυ țαĲαȖȡȐφİȚ ĲȘ įȚαįȚțαıȓα µİĲαȕȠȜȒȢ ĲȘȢ 

țαĲȐıĲαıȘȢ ĲȠυ ıυıĲȒµαĲȠȢ απȩ µȚα αıφαȜȒ țαĲȐıĲαıȘ ıİ µȓα țαĲȐıĲαıȘ αıĲȠȤȓαȢ µȑıȦ 

įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ĲȦȞ µİȜȫȞ ĲȠυ. 

1.6.2.1 ΘİµİȜȚȫįȘ ȈυıĲȒµαĲα 

ǺαıȚȗȩµİȞȠȚ ıĲȘ șİȫȡȘıȘ ȩĲȚ ȩȜα Ĳα ıυıĲȒµαĲα İȓȞαȚ įυȞαĲȩ Ȟα πȡȠıȠµȠȚȦșȠȪȞ ȦȢ 

įȚαțȡȚĲȐ ıυıĲȒµαĲα πİπİȡαıµȑȞȠυ πȜȒșȠυȢ įȠµȚțȫȞ ıĲȠȚȤİȓȦȞ, Ș αıĲȠȤȓα ĲȠυ ıυıĲȒµαĲȠȢ, 

µπȠȡİȓ Ȟα įȚαĲυπȦșİȓ ȦȢ ĲȠ απȠĲȑȜİıµα αıĲȠȤȓαȢ İȞȩȢ İț ĲȦȞ υπȠıυıĲȘµȐĲȦȞ πȠυ 

ıυȞįȑȠȞĲαȚ ıİ ıİȚȡȐ [33] Ȓ ȦȢ ĲȠ απȠĲȑȜİıµα αıĲȠȤȓαȢ ȩȜȦȞ ĲȦȞ υπȠıυıĲȘµȐĲȦȞ ıİ ıİȚȡȐ 

πȠυ ıυȞįȑȠȞĲαȚ παȡȐȜȜȘȜα. 

ȅȚ įȪȠ įȚαφȠȡİĲȚțȠȓ ĲȪπȠȚ ıυȞįİıµȠȜȠȖȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ ĲȦȞ υπȠıυıĲȘµȐĲȦȞ, 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.29 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

απȠĲİȜȠȪȞ țαȚ ĲȠυȢ įȠµȚțȠȪȢ ȜȓșȠυȢ ȖȚα ĲȘȞ πȡȠıȠµȠȓȦıȘ țȐșİ įȠµȚțȠȪ ıυıĲȒµαĲȠȢ. ȉȠ 

ıȪıĲȘµα ȖȚα ĲȠ ȠπȠȓȠ Ș αıĲȠȤȓα İȞȩȢ țαȚ µȩȞȠȞ ıĲȠȚȤİȓȠυ ȠįȘȖİȓ ıĲȘȞ αıĲȠȤȓα ĲȠυ 

ıυıĲȒµαĲȠȢ ȠȞȠµȐȗİĲαȚ ıİȚȡȚαțȩ (Ȓ αȜυıȠİȚįȑȢ) ıȪıĲȘµα. ȉȠ ıȪıĲȘµα ȖȚα ĲȠ ȠπȠȓȠ İȓȞαȚ 

αȞαȖțαȓα Ș αıĲȠȤȓα ȩȜȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ȖȚα Ȟα ȑȤȠυµİ ĲȘȞ αıĲȠȤȓα ĲȠυ ȠȞȠµȐȗİĲαȚ 

παȡȐȜȜȘȜȠ ıȪıĲȘµα. ȈĲȠ ∆ȚȐȖ. 1.12, παȡȠυıȚȐȗȠȞĲαȚ įȪȠ ȚıȠįȪȞαµİȢ απİȚțȠȞȓıİȚȢ İȞȩȢ 

ıυıĲȒµαĲȠȢ. 

∆ȚȐȖ. 1.12: ǼȞαȜȜαțĲȚțȑȢ ǹȞαπαȡαıĲȐıİȚȢ ȈυıĲȒµαĲȠȢ. 

1.6.2.2 ȈİȚȡȚαțȐ ȈυıĲȒµαĲα 

ȂȑıȦ ĲȘȢ ΆȜȖİȕȡαȢ Boole [21] Ș țαĲȐıĲαıȘ ĲȠυ ıİȚȡȚαțȠȪ ıυıĲȒµαĲȠȢ ȠȡȓȗİĲαȚ ȦȢ [33]: 

 1 1 0 : 0i iS i N S S i N S= → ∀ ∈ = = → ∃ ∈ =  (1.82) 

ȩπȠυ S=1 İȓȞαȚ Ș țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ țαȚ S=0 İȓȞαȚ Ș țαĲȐıĲαıȘ αıĲȠȤȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ Ȓ ĲȦȞ µİȜȫȞ ĲȠυ. Ǿ πȚșαȞȩĲȘĲα ȜİȚĲȠυȡȖȓαȢ İȞȩȢ ıİȚȡȚαțȠȪ ıυıĲȒµαĲȠȢ įȓįİĲαȚ 

ȦȢ Ș πȚșαȞȩĲȘĲα ȩȜα Ĳα ıĲȠȚȤİȓα ĲȠυ Ȟα ȕȡȓıțȠȞĲαȚ ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ. ΓȚα ȑȞα 

ıİȚȡȚαțȩ ıȪıĲȘµα πȠυ απȠĲİȜİȓĲαȚ απȩ n ıĲȠȚȤİȓα Ș πȚșαȞȩĲȘĲα ȜİȚĲȠυȡȖȓαȢ įȓįİĲαȚ ȦȢ: 

 
( ) ( )
( ) ( ) ( ) ( ) ( )
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∩
 (1.83) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İțφȡȐȗİĲαȚ ȦȢ Ș ıυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα ĲȘȢ ıȤȑıȘȢ (1.83): 

 ( ) ( )1f RP S P S= −  (1.84) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ĳα ȖİȖȠȞȩĲα αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ İȓȞαȚ µȘ ıυıȤİĲȚıµȑȞα µİĲαȟȪ 

ĲȠυȢ, Ș ȑțφȡαıȘ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȕȐıİȚ ĲȦȞ ıȤȑıİȦȞ (1.83), 

(1.84) įȓįİĲαȚ ȦȢ: 

ȈȪıĲȘµα απȠĲİȜȠȪµİȞȠ απȩ πȜȒșȠȢ υπȠıυıĲȘµȐĲȦȞ ıυȞįİįİµȑȞα παȡȐȜȜȘȜα 

ȈȪıĲȘµα απȠĲİȜȠȪµİȞȠ απȩ πȜȒșȠȢ υπȠıυıĲȘµȐĲȦȞ ıυȞįİįİµȑȞα ıİȚȡȚαțȐ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.30 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( )
1

1
n

f R i

i

P S P S
=

= −∏  (1.85) 

ȩπȠυ, PR(Si) İȓȞαȚ Ș πȚșαȞȩĲȘĲα ĲȠυ i υπȠıυıĲȒµαĲȠȢ Ȟα ȕȡȓıțİĲαȚ ıİ țαĲȐıĲαıȘ 

ȜİȚĲȠυȡȖȓαȢ. ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ( )1 1R iP S− <<  Ș ıȤȑıȘ (1.85) ȖȡȐφİĲαȚ ȦȢ: 

 ( ) ( )
1

n

f f i

i

P S P S
=

≅∑  (1.86) 

ȩπȠυ Pf(Si) İȓȞαȚ Ș πȚșαȞȩĲȘĲα ĲȠυ i υπȠıυıĲȒµαĲȠȢ Ȟα ȕȡȓıțİĲαȚ ıİ țαĲȐıĲαıȘ αıĲȠȤȓαȢ. 

1.6.2.3 ȆαȡȐȜȜȘȜα ȈυıĲȒµαĲα 

ȂȑıȦ ĲȘȢ ΆȜȖİȕȡαȢ Boole [21] Ș țαĲȐıĲαıȘ ĲȠυ παȡȐȜȜȘȜȠυ ıυıĲȒµαĲȠȢ ȠȡȓȗİĲαȚ ȦȢ [33]: 

 1 1 0 : 0i iS i N S S i N S= → ∃ ∈ = = → ∀ ∈ =  (1.87) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ: 
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 (1.88) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ĳα ȖİȖȠȞȩĲα αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ İȓȞαȚ µȘ ıυıȤİĲȚıµȑȞα µİĲαȟȪ 

ĲȠυȢ, Ș ȑțφȡαıȘ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( )
1

n

f f i

i

P S P S
=

=∏  (1.89) 

Ǿ πȚșαȞȩĲȘĲα ȜİȚĲȠυȡȖȓαȢ įȓįİĲαȚ ȦȢ Ș ıυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα ĲȘȢ ıȤȑıȘȢ (1.88) ıĲȘ 

ȖİȞȚțȒ πİȡȓπĲȦıȘ țαȚ ĲȘȢ ıȤȑıȘȢ (1.89) ıĲȘȞ πİȡȓπĲȦıȘ µȘ ıυıȤİĲȚıµȑȞȦȞ ȖİȖȠȞȩĲȦȞ. 

1.6.3 ΨαșυȡȐ țαȚ ȆȜȐıĲȚµα ȈυıĲȒµαĲα 

ǹȞαȜȩȖȦȢ ĲȘȢ µİĲαİȜαıĲȚțȒȢ ıυµπİȡȚφȠȡȐȢ ĲȠυ υȜȚțȠȪ Ĳα µȑȜȘ İȞȩȢ ıυıĲȒµαĲȠȢ 

İȞĲȐııȠȞĲαȚ ıİ ĲȡİȚȢ țαĲȘȖȠȡȓİȢ: 

• ȈυıĲȒµαĲα απȠĲİȜȠȪµİȞα απȩ πȜȐıĲȚµα Ȓ ȩȜțȚµα µȑȜȘ, 

• ȈυıĲȒµαĲα απȠĲİȜȠȪµİȞα απȩ µȑȜȘ πȠυ παȡȠυıȚȐȗȠυȞ ȥαșυȡȒ ıυµπİȡȚφȠȡȐ, 

• ȂȚțĲȐ ıυıĲȒµαĲα Ȓ ıυıĲȒµαĲα απȩ µȑȜȘ πȠυ παȡȠυıȚȐȗȠυȞ ıυȞįυαıµȩ πȜȐıĲȚµȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.31 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαȚ ȥαșυȡȒȢ ıυµπİȡȚφȠȡȐȢ, 

ΩȢ πȜȐıĲȚµȠ Ȓ ȩȜțȚµȠ10
 ȠȡȓȗİĲαȚ ĲȠ ıĲȠȚȤİȓȠ πȠυ Ș µİĲαİȜαıĲȚțȒ ĲȠυ αȞĲȠȤȒ İȓȞαȚ ȓıȘ µİ ĲȘȞ 

αȞĲȠȤȒ įȚαȡȡȠȒȢ (İȜαıĲȚțȩ - ĲİȜİȓȦȢ πȜαıĲȚțȩ) Ȓ πȠıȠıĲȩ αυĲȒȢ (İȜαıĲȚțȩ – πȜαıĲȚțȩ). ΩȢ 

ȥαșυȡȩ ȠȡȓȗİĲαȚ ĲȠ ıĲȠȚȤİȓȠ πȠυ Ș µİĲαİȜαıĲȚțȒ ĲȠυ αȞĲȠȤȒ İȓȞαȚ ȓıȘ µİ ĲȠ µȘįȑȞ. ȉα 

įȚαȖȡȐµµαĲα ĲȐıİȦȞ παȡαµȠȡφȫıİȦȞ ȖȚα ĲȚȢ ĲȡİȚȢ țαĲȘȖȠȡȓİȢ ıĲȠȚȤİȓȦȞ παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȠ ∆ȚȐȖ. 1.13. ȀαĲ’ αȞĲȚıĲȠȚȤȓα Ĳα ıυıĲȒµαĲα µπȠȡȠȪȞ Ȟα ȠȡȚıĲȠȪȞ ȦȢ πȜȐıĲȚµα Ȓ ȥαșυȡȐ 

αȞαȜȩȖȦȢ ĲȘȢ ıυµπİȡȚφȠȡȐȢ ĲȦȞ įȠµȚțȫȞ ĲȠυȢ ıĲȠȚȤİȓȦȞ.  

 

∆ȚȐȖ. 1.13: ∆ȚαȖȡȐµµαĲα ĲȐıİȦȞ παȡαµȠȡφȫıİȦȞ. 

Ǿ µȠȡφȒ αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ İȞȩȢ ıυıĲȒµαĲȠȢ İπȘȡİȐȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ [6], [7], [33], [79]. ȈĲȘȞ πİȡȓπĲȦıȘ ıİȚȡȚαțȫȞ ıυıĲȘµȐĲȦȞ ĲȠ ĲİȜȚțȩ 

απȠĲȑȜİıµα ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ įİȞ İȟαȡĲȐĲαȚ ĲȘȢ µİĲαİȜαıĲȚțȒȢ ıυµπİȡȚφȠȡȐȢ 

țαșȫȢ Ș αıĲȠȤȓα İȞȩȢ țαȚ µȩȞȠ µȑȜȠυȢ İȓȞαȚ İπαȡțȒȢ ȖȚα ĲȘȞ αıĲȠȤȓα ĲȠυ ıυıĲȒµαĲȠȢ. Ȉİ 

ȑȞα παȡȐȜȜȘȜȠ ıȪıĲȘµα, Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ: 
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k R
i j i i k k N k i R

P
S S S

N

P S
S S S S

N

= − +

= − + − +

 = = = − ≤  
 −= = ∧ = = − ≤ − 

 (1.90) 

ȩπȠυ P İȓȞαȚ Ș Ĳ.µ ĲȠυ İπȚȕαȜȜȩµİȞȠυ φȠȡĲȓȠυ, ȃ İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠ παȡȐȜȜȘȜȠυ 

ıυıĲȒµαĲȠȢ Si țαȚ ,

failed

i RS  İȓȞαȚ Ș ĲȚµȒ ĲȘȢ Ĳ.µ ĲȘȢ αȞĲȠȤȒȢ πȡȚȞ țαȚ µİĲȐ ĲȘȞ αıĲȠȤȓα. ΓȚα 

ıυıĲȒµαĲα πȠυ απȠĲİȜȠȪȞĲαȚ απȩ ıĲȠȚȤİȓα πȠυ παȡȠυıȚȐȗȠυȞ İȜαıĲȚțȒ-ĲİȜİȓȦȢ πȜαıĲȚțȒ 

ıυµπİȡȚφȠȡȐ, Ș αıĲȠȤȓα İȞȩȢ Ȓ πİȡȚııȠĲȑȡȦȞ απȩ αυĲȐ įİȞ µİĲαȕȐȜİȚ ĲȘȞ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ ĲȦȞ υπȠȜȠȓπȦȞ İφȩıȠȞ: 

                                                 

10 ȅ ȩȡȠȢ ductile µİĲαφȡȐȗİĲαȚ ȦȢ πȜȐıĲȚµȠ Ȓ ȩȜțȚµȠ ıĲȘȞ ǼȜȜȘȞȚțȒ ΓȜȫııα αȞȐȜȠȖα ĲȠυ υȜȚțȠȪ țαĲαıțİυȒȢ. 

ı 

İ 

ı 

İ 

ı 

İ 

ǼȜαıĲȚțȩ – ȆȜȒȡȦȢ ȆȜαıĲȚțȩ ǼȜαıĲȚțȩ – ȆȜαıĲȚțȩ ȌαșυȡȒ ΘȡαȪıȘ
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( )

( ), ,
,,

1
Pr Pr 00

1 1 1 1

failed failed
k R k R

i Ri R

P
PP S P P LL SNN SS

N N N N NN N

−− ⋅  −−  = = = ⇒ = − ≤− ≤   − − ⋅  − −   (1.91) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ĲȠ ıȪıĲȘµα απȠĲİȜİȓĲαȚ απȩ ıĲȠȚȤİȓα πȠυ İπȚįİȚțȞȪȠυȞ ȥαșυȡȒ 

ıυµπİȡȚφȠȡȐ Ȓ πȠυ ĲȠ φȠȡĲȓȠ πȠυ αȞαȜαµȕȐȞȠυȞ µİĲȐ ĲȘȞ αıĲȠȤȓα İȓȞαȚ πȠıȠıĲȩ ĲȠυ 

φȠȡĲȓȠυ ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ, ȑȤȠυµİ µİĲαȕȠȜȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ 

υπȠȜȠȓπȦȞ µİȜȫȞ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ απȠĲİȜȠȪµİȞȠ απȩ ȥαșυȡȐ µȑȜȘ 

İȓȞαȚ υȥȘȜȩĲİȡȘ απȩ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲαυĲȠıȒµȠυ țαĲαıțİυȒȢ απȠĲİȜȠȪµİȞȘ απȩ 

πȜȐıĲȚµα υȜȚțȐ µİ İȜαıĲȚțȒ – ĲİȜİȓȦȢ πȜαıĲȚțȒ ıυµπİȡȚφȠȡȐ. ȅȚ įȪȠ αυĲȑȢ αțȡαȓİȢ 

πİȡȚπĲȫıİȚȢ απȠĲİȜȠȪȞ țαȚ ĲȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ 

πȠυ απȠĲİȜİȓĲαȚ απȩ πȜȐıĲȚµα µȑȜȘ πȠυ παȡȠυıȚȐȗȠυȞ İȜαıĲȚțȒ – πȜαıĲȚțȒ ıυµπİȡȚφȠȡȐ: 

 ( ) ( ) ( )brittle mixed ductile

f f fP S P S P S≤ ≤  (1.92) 

1.6.4 ȊπȠȜȠȖȚıµȩȢ ĲȘȢ ȆȚșαȞȩĲȘĲαȢ ǹıĲȠȤȓαȢ ȈυıĲȒµαĲȠȢ 

1.6.4.1 ǼȚıαȖȦȖȒ 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ įȓįİĲαȚ ȦȢ ıυȞįυαıµȩȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ 

ĲȦȞ ıĲȠȚȤİȓȦȞ πȠυ ĲȠ απȠĲİȜȠȪȞ. ΓȚα ȑȞα ıȪıĲȘµα πȠυ µπȠȡİȓ Ȟα αıĲȠȤȒıİȚ αțȠȜȠυșȫȞĲαȢ n 

įȚαφȠȡİĲȚțȑȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ įȓįİĲαȚ ȦȢ [31]: 

 ( ), ,

1 1

n n

f S f i i

i i

P P P F
= =

= =∑ ∑  (1.93) 

ȀȐșİ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ İȓȞαȚ υπȠıȪȞȠȜȠ ĲȠυ ȖİȖȠȞȩĲȠȢ αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ İφȩıȠȞ 

țαșȠȡȓȗİȚ µȓα πȚșαȞȒ įȚαįȠȤȒ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ πȠυ ȠįȘȖȠȪȞ ıĲȘ µİĲȐπĲȦıȘ ĲȠυ 

ıυıĲȒµαĲȠȢ απȩ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ ıİ țαĲȐıĲαıȘ αıĲȠȤȓαȢ. Ǿ ıȤȑıȘ (1.93) ȚıȤȪİȚ ȖȚα 

țȐșİ ıȪıĲȘµα İφȩıȠȞ Ș İµφȐȞȚıȘ µȓαȢ ıυȖțİțȡȚµȑȞȘȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ απȠțȜİȓİȚ ĲȘȞ 

İµφȐȞȚıȘ țȐșİ ȐȜȜȘȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ įȘȜαįȒ: 

 ( ) 0 1, ,i jP F F j n i j∩ = ∀ = ∧ ≠…  (1.94) 

ȉα ȖİȖȠȞȩĲα αυĲȐ ȠȡȓȗȠȞĲαȚ ȦȢ ǹµȠȚȕαȓȦȢ ǹπȠțȜİȚȩµİȞα țαȚ ıİ ȈȪȞȠȜȠ ȆȜȒȡȘ ȖİȖȠȞȩĲα 

(Mutually Exclusive and Collectively Exhaustive events) [204]. Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ 

ȖİȖȠȞȩĲȠȢ Fi ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ ĲȠυ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ Ne,i İȓȞαȚ ĲȠ µȒțȠȢ ĲȘȢ i αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, Sj İȓȞαȚ ĲȠ πİȡȚșȫȡȚȠ αıφαȜİȓαȢ ĲȠυ j 

ıĲȠȚȤİȓȠυ ĲȘȢ țαĲαıțİυȒȢ țαȚ L İȓȞαȚ ĲȠ υπȩȜȠȚπȠ πȠυ İȟαȡĲȐĲαȚ απȩ ĲȘȞ απαȓĲȘıȘ 

αțȡȚȕİȓαȢ. Ǿ ıȤȑıȘ (1.95) ıİ ıυµπυțȞȦµȑȞȘ µȠȡφȒ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) , ,

1 1

1

, ,
1 11 1

P 1

e i e i

k

j j

N N jN
j

lf i i e i
l l lj k

P SP F L N N
−

+
= = += =

  = = ⋅ + ≤−      ∑ ∑∑ " ∩  (1.96) 

ΓȚα ĲȠ L ȚıȤȪİȚ ȩĲȚ (πȜȒȡȘȢ απȩįİȚȟȘ ıĲȘȞ παȡȐȖȡαφȠ 1.11): 

 
, ,

1 11 1 1

e i e i

k

N N

N N N

l

l l l k

P S L
−= = + =

   ≥    ∑ ∑" ∩  (1.97) 

Ǿ ıȤȑıȘ (1.96) įȘȜȫȞİȚ ȩĲȚ ĲȠ ȖİȖȠȞȩȢ αıĲȠȤȓαȢ ȃ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ İȓȞαȚ υπİȡıȪȞȠȜȠ 

ĲȠυ ȖİȖȠȞȩĲȠȢ αıĲȠȤȓαȢ ȃ+1 µİȜȫȞ ȖȚα ȩȜȠυȢ ĲȠυȢ įυȞαĲȠȪȢ ıυȞįυαıµȠȪȢ. ǼφȩıȠȞ ĲȠ 

υπȩȜȠȚπȠ L įȓįİĲαȚ ȦȢ ĲȠ αȜȖİȕȡȚțȩ ȐșȡȠȚıµα ĲȦȞ πȚșαȞȠĲȒĲȦȞ İµφȐȞȚıȘȢ ĲȦȞ ȖİȖȠȞȩĲȠȢ µİ 

ĲαυĲȩȤȡȠȞȘ αıĲȠȤȓα ȃ+1 ȦȢ țαȚ ȃe,i µİȜȫȞ, Ș πȚșαȞȩĲȘĲα αυĲȒ șα İȓȞαȚ µȚțȡȩĲİȡȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ȩȜȦȞ ĲȦȞ įυȞαĲȫȞ ıυȞįυαıµȫȞ αıĲȠȤȓαȢ ȃ µİȜȫȞ. 

1.6.4.2 ΌȡȚα ǹȟȚȠπȚıĲȓαȢ ȈυıĲȘµȐĲȦȞ 

ȈĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ Ș țαĲȐıĲȡȦıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ įİȞ İȓȞαȚ įυȞαĲȒ, 

ȑȤȠυȞ αȞαπĲυȤșİȓ µȑșȠįȠȚ πȠυ ȕαıȓȗȠȞĲαȚ ıĲȘȞ İȪȡİıȘ ȐȞȦ țαȚ țȐĲȦ φȡȐȖµαĲȠȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıĲȘȡȚȗȩµİȞȠȚ ıĲȚȢ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυȢ. ȉα ȩȡȚα 

υπȠȜȠȖȓȗȠȞĲαȚ µȑıȦ ĲȘȢ İπȓȜυıȘȢ απȜȠȪıĲİȡȦȞ πȡȠȕȜȘµȐĲȦȞ țαȚ ıİ αȡțİĲȑȢ πİȡȚπĲȫıİȚȢ Ș 

αțȡȓȕİȚα ĲȠυȢ İȓȞαȚ ȚțαȞȠπȠȚȘĲȚțȒ. 

1.6.4.3 ΌȡȚα 1ȘȢ ĲȐȟİȦȢ 

ȈȪµφȦȞα µİ ĲȚȢ παȡαȖȡȐφȠυȢ 1.6.2.1, 1.6.2.2 țαȚ 1.6.2.3 ȑȞα ıȪıĲȘµα µπȠȡİȓ Ȟα ȕȡȓıțİĲαȚ 

ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ Ȓ ıİ țαĲȐıĲαıȘ αıĲȠȤȓαȢ ȩĲαȞ: 

 
1 ȜİȚĲȠυȡȖȚα 1 αıĲȠȤȚα

1
0 αıĲȠȤȚα 0 ȜİȚĲȠυȡȖȚαi i iS F S
 = = − =    (1.98) 

ΓȚα ıȪıĲȘµα πȠυ απȠĲİȜİȓĲαȚ απȩ πȜȒșȠȢ υπȠıυıĲȘµȐĲȦȞ Ș țαĲȐıĲαıȘ ĲȠυ ȠȡȓȗİĲαȚ ȦȢ: 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.34 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( )1 2

1 ȜİȚĲȠυȡȖȚα
, ,...,

0 αıĲȠȤȚαnS S S S
= =   (1.99) 

ΓȚα ıİȚȡȚαțȩ ıȪıĲȘµα Ș țαĲȐıĲαıȘ ĲȠυ µİ ȕȐıİȚ ĲȘȞ țαĲȐıĲαıȘ ĲȦȞ υπȠıυıĲȘµȐĲȦȞ ĲȠυ 

įȓįİĲαȚ ȦȢ [6], [17], [21]: 

 ( ) ( ) ( )
1 1

1 1
n n

s i S i

i i

S S S S F F
= =

= = − −∏ ∏  (1.100) 

Ȉİ παȡȐȜȜȘȜȠ ıȪıĲȘµα Ș țαĲȐıĲαıȘ İȞȩȢ ıυıĲȒµαĲȠȢ įȓįİĲαȚ ȦȢ [6], [17], [21]: 

 ( ) ( ) ( )
1 1

1 1
n n

P i P i

i i

S S S S F F
= =

= − − =∏ ∏  (1.101) 

ȅȚ ıȤȑıİȚȢ (1.100) țαȚ (1.101) ȠȡȓȗȠυȞ ĲȘȞ țαĲȐıĲαıȘ İȞȩȢ ıİȚȡȚαțȠȪ țαȚ παȡȐȜȜȘȜȠυ 

ıυıĲȒµαĲȠȢ αȞĲȓıĲȠȚȤα ȕȐıİȚ ĲȘȢ țαĲȐıĲαıȘȢ ĲȦȞ υπȠıυıĲȘµȐĲȦȞ ĲȠυ. Ǿ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ ıυıĲȒµαĲȠȢ ıİ ıİȚȡȐ Ȓ ıİ παȡαȜȜȘȜȓα φȡȐııİĲαȚ [6], [21], [31], [33], ȦȢ: 
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ȉα ȩȡȚα αυĲȐ İȓȞαȚ țαĲ’ αȞĲȚıĲȠȚȤȓα ȠȚ İțφȡȐıİȚȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ 

πȠυ ȠȚ Ĳ.µ İȓȞαȚ µİĲαȟȪ ĲȠυȢ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ Ȓ πȜȒȡȦȢ İȟαȡĲȘµȑȞİȢ. ȉα ȩȡȚα αυĲȐ 

απȠĲİȜȠȪȞ țαȚ ȩȡȚα µİ ĲȠ µȚțȡȩĲİȡȠ įυȞαĲȩ İȪȡȠȢ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ µȩȞȠȞ ȠȚ πȚșαȞȩĲȘĲİȢ 

αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ İȓȞαȚ ȖȞȦıĲȑȢ [21], [204] įȘȜαįȒ įİȞ υπȐȡȤȠυȞ πȜȘȡȠφȠȡȓİȢ ȦȢ πȡȠȢ 

ĲȘȞ țȠȚȞȒ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ. ȉȠ ȐȞȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ απȩ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ µİ ĲȘȞ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ (ıȪıĲȘµα İȞ παȡαȜȜȘȜȓα – πȜȒȡȦȢ ıυıȤİĲȚıµȑȞİȢ µİĲαȕȜȘĲȑȢ) Ȓ ȠȡȓȗİĲαȚ ȦȢ ĲȠ 

ȐșȡȠȚıµα ĲȦȞ İπȚµȑȡȠυȢ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ (ıȪıĲȘµα İȞ ıİȚȡȐ – αıυıȤȑĲȚıĲİȢ 

µİĲαȕȜȘĲȑȢ). ȂİȚȠȞȑțĲȘµα ĲȦȞ ȠȡȓȦȞ αυĲȫȞ İȓȞαȚ ȩĲȚ ȖȚα ıυıĲȒµαĲα πȠυ απαȡĲȓȗȠȞĲαȚ απȩ 

πȠȜȜȐ µȑȜȘ Ĳα ȩȡȚα αυĲȐ παȡȠυıȚȐȗȠυȞ µİȖȐȜȠ İȪȡȠȢ. 

1.6.4.4 ΌȡȚα 2ȘȢ ĲȐȟİȦȢ – ΌȡȚα Kounias – Hunter – Ditlevsen 

ȉα ȩȡȚα ĲȦȞ Kounias [112], Hunter [90] țαȚ Ditlevsen [47] (İυȡȑȦȢ ȖȞȦıĲȐ ȦȢ ȩȡȚα 

Ditlevsen) ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȞȩȢ ıİȚȡȚαțȠȪ 

ıυıĲȒµαĲȠȢ țαȚ απȠĲİȜȠȪȞ İπȑțĲαıȘ ĲȦȞ ȠȡȓȦȞ ȖȚα ıİȚȡȚαțȐ ıυıĲȒµαĲα ĲȘȢ ıȤȑıȘȢ (1.102) 

µİ ĲȘȞ İȚıαȖȦȖȒ ĲȦȞ ȖİȖȠȞȩĲȦȞ ĲαυĲȩȤȡȠȞȘȢ αıĲȠȤȓαȢ įȪȠ ıĲȠȚȤİȓȦȞ ĲȠυ ıυıĲȒµαĲȠȢ. Ǿ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.35 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ φȡȐııİĲαȚ ȦȢ [31], [33]: 
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 (1.103) 

ȩπȠυ, Fi İȓȞαȚ ĲȠ ȖİȖȠȞȩȢ αıĲȠȤȓαȢ ĲȠυ i µȑȜȠυȢ ĲȠυ ıυıĲȒµαĲȠȢ. ȉȠ țȐĲȦ ȩȡȚȠ ȠȡȓȗİĲαȚ ȦȢ 

ĲȠ ȐșȡȠȚıµα ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȠυ πȡȫĲȠυ µȑȜȠυȢ țαȚ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȘȢ įȚαφȠȡȐȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ υπȠȜȠȓπȦȞ µİȜȫȞ µİȓȠȞ ĲȠ ȐșȡȠȚıµα ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ 

ĲαυĲȩȤȡȠȞȘȢ αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ αυĲȠȪ µİ Ĳα µȑȤȡȚ ĲȘ ıĲȚȖµȒ İțİȓȞȘ İȟİĲαȗȩµİȞα µȑȜȘ 

(İȟαȚȡȠυµȑȞȠυ ĲȠυ µȑȜȠυȢ υπȩ İȟȑĲαıȘ). ȉȠ ȐȞȦ ȩȡȚȠ įȓįİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ 

πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ µİȓȠȞ ĲȠ ȐșȡȠȚıµα ĲȘȢ µȑȖȚıĲȘȢ 

ĲαυĲȩȤȡȠȞȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ įȪȠ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ ȖȚα n-1 ıυȞįυαıµȠȪȢ. 

ȅȚ αȞȚıȩĲȘĲİȢ αυĲȑȢ ȑȤȠυȞ πȠȜȪ ıĲİȞȐ ȩȡȚα įȚαțȪµαȞıȘȢ ȖȚα ıυȞĲİȜİıĲȑȢ ıυıȤȑĲȚıȘȢ 

µȚțȡȩĲİȡȠυȢ απȩ 0.6 [33]. Ǿ įȚαțȪµαȞıȘ ĲȦȞ ȠȡȓȦȞ αυĲȫȞ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ ĲαȟȚȞȩµȘıȘȢ 

ĲȦȞ ȖİȖȠȞȩĲȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ țαȚ ĲȠ υȥȘȜȩĲİȡȠ ȐȞȦ ȩȡȚȠ (supremum) ĲȠυ țȐĲȦ ȠȡȓȠυ țαȚ ĲȠ 

ȤαµȘȜȩĲİȡȠ țȐĲȦ ȩȡȚȠ (infimum) ĲȠυ ȐȞȦ ȠȡȓȠυ įİȞ πȡȠȑȡȤȠȞĲαȚ πȐȞĲα απȩ ĲȘȞ ȓįȚα 

ĲαȟȚȞȩµȘıȘ [204]. ΓȚα Ȟα İπȚĲİυȤșȠȪȞ Ĳα țαȜȪĲİȡα įυȞαĲȐ ȩȡȚα țαșȓıĲαĲαȚ αȞαȖțαȓȠȢ 

ȑȜİȖȤȠȢ țȐșİ įυȞαĲȒȢ ĲαȟȚȞȩµȘıȘȢ. ȉȠ πȜȒșȠȢ ĲȦȞ įυȞαĲȫȞ ĲαȟȚȞȠµȒıİȦȞ İȓȞαȚ ȓıȠ µİ n! 

ȩπȠυ n ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ πȠυ απȠĲİȜȠȪȞ ĲȠ ıȪıĲȘµα [204]. ȉα ȩȡȚα Ditlevsen ȑȤȠυȞ 

ĲȪȤİȚ İυȡİȓαȢ İφαȡµȠȖȒȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİȚȡȚαțȫȞ 

ıυıĲȘµȐĲȦȞ. ȅ µȩȞȠȢ πİȡȚȠȡȚıµȩȢ ĲȠυ İȓȞαȚ Ș απαȓĲȘıȘ ȖȞȫıȘȢ ĲȘȢ απȩ țȠȚȞȠȪ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ įȪȠ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ. 

1.6.4.5 ǼπȑțĲαıȘ ĲȦȞ ȠȡȓȦȞ 2ȘȢ ĲȐȟİȦȢ – ȅȡȓȦȞ Ditlevsen 

ȅ Zhang [227] İπİȟȑĲİȚȞİ Ĳα ȩȡȚα Ditlevsen µİ ĲȘȞ απαȓĲȘıȘ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ ȠȡȓȦȞ 

ȖİȖȠȞȩĲȦȞ ĲαυĲȩȤȡȠȞȘȢ αıĲȠȤȓαȢ 3
ȘȢ

 țαȚ αȞȦĲȑȡαȢ ĲȐȟİȦȢ. ȉα ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ, įȓįȠȞĲαȚ ȦȢ [204]: 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.36 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ, Pi, Pij țαȚ Pijk İȓȞαȚ ȠȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ [227]: 
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ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ ȠȡȓȦȞ Ditlevsen ȠȚ ĲȚµȑȢ ĲȠυ țȐĲȦ țαȚ ȐȞȦ ȠȡȓȠυ ĲȦȞ 

İțĲİĲαµȑȞȦȞ ȠȡȓȦȞ Ditlevsen İȓȞαȚ ıυȞαȡĲȒıİȚȢ ĲȘȢ ĲαȟȚȞȩµȘıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ. 

1.6.4.6 ΌȡȚα αȟȚȠπȚıĲȓαȢ ıυıĲȘµȐĲȦȞ µİ µȑșȠįȠ ΓȡαµµȚțȠȪ 
ȆȡȠȖȡαµµαĲȚıµȠȪ 

ȉȠ πȡȩȕȜȘµα ĲȘȢ İȪȡİıȘȢ ĲȘȢ ĲαȟȚȞȩµȘıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȫıĲİ Ȟα İπȚĲİυȤșİȓ ĲȠ 

µȚțȡȩĲİȡȠ įυȞαĲȩ İȪȡȠȢ ȠȡȓȦȞ µπȠȡİȓ Ȟα αȞĲȚµİĲȦπȚıĲİȓ țαȚ ȦȢ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

ȅȚ Song, țαȚ Der Kiureghian [204], παȡȠυıȚȐȗȠυȞ ĲȘ µİșȠįȠȜȠȖȓα ȖȚα ĲȘ µİĲαĲȡȠπȒ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ ĲαȟȚȞȩµȘıȘȢ ıİ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ȜȪȞİĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȠυ 

ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ [204]. 

ȅ ȤȫȡȠȢ Ω (ĲȠ ıȪȞȠȜȠ ĲȦȞ πȚșαȞȫȞ ȖİȖȠȞȩĲȦȞ) ȤȦȡȓȗİĲαȚ ıİ 2n
 αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞα țαȚ 

ıİ ıȪȞȠȜȠ πȜȒȡȘ ȖİȖȠȞȩĲα ȩπȠυ n İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ıĲȠȚȤİȓȦȞ [81]. ȈĲȠ ∆ȚȐȖ. 1.14, 

παȡȠυıȚȐȗȠȞĲαȚ Ĳα αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞα țαȚ ıİ ıȪȞȠȜȠ πȜȒȡȘ ȖİȖȠȞȩĲα ȖȚα n=3. ΓȚα Ĳα 

ȖİȖȠȞȩĲα αυĲȐ ȚıȤȪİȚ ȩĲȚ: 
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ΓȚα ĲȚȢ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αυĲȫȞ ȚıȤȪİȚ ȩĲȚ [204]: 
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ȅȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ıυıĲȒµαĲȠȢ µπȠȡȠȪȞ Ȟα ȖȡαφȠȪȞ ıİ ȖȡαµµȚțȑȢ 

ıȤȑıİȚȢ ĲȦȞ αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȦȞ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡȘ ȖİȖȠȞȩĲȦȞ ȦȢ [204]: 
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ȅ µİĲαıȤȘµαĲȚıµȩȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ıυıĲȒµαĲȠȢ ıĲȘ µȠȡφȒ 

ĲȘȢ ıȤȑıİȦȢ (1.109) įȘȜαįȒ ȦȢ ȖȡαµµȚțȠȓ ıυȞįυαıµȠȓ ĲȦȞ πȚșαȞȠĲȒĲȦȞ ĲȦȞ αµȠȚȕαȓȦȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.37 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

απȠțȜİȚȩµİȞȦȞ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡȘ ȖİȖȠȞȩĲȦȞ, İπȚĲȡȑπİȚ țαȚ ĲȘ µİĲαĲȡȠπȒ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ ĲαȟȚȞȩµȘıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ȦȢ πȡȩȕȜȘµα ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ µİ 

αȞĲȚțİȚµİȞȚțȑȢ ıυȞαȡĲȒıİȚȢ: 

 { } { }, ,min maxf U f LP P  (1.110) 

ȩπȠυ ȠȚ πİȡȚȠȡȚıµȠȓ ĲȠυ πȡȠȕȜȒµαĲȠȢ įȓįȠȞĲαȚ απȩ ĲȘ ıȤȑıȘ (1.108). ΩȢ µİĲαȕȜȘĲȑȢ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ ȠȚ ĲαȟȚȞȠµȒıİȚȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ıυıĲȒµαĲȠȢ πȠυ 

ıυȞįȑȠȞĲαȚ Ȑµİıα µİ ĲȚȢ µİĲαȕȜȘĲȑȢ ĲȦȞ αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȦȞ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡȘ 

ȖİȖȠȞȩĲȦȞ ĲȘȢ ıȤȑıȘȢ (1.109). 

 

∆ȚȐȖ. 1.14: ǹµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞα țαȚ ıİ ıȪȞȠȜȠ πȜȒȡȘ ȖİȖȠȞȩĲα ȖȚα n=3. 

ǼφȩıȠȞ υπȐȡȤİȚ πİπİȡαıµȑȞȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ș ȜȪıȘ αυĲȒ 

απȠĲİȜİȓ țαȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ [18] ȠπȩĲİ țαȚ ĲȠ İȪȡȠȢ ĲȦȞ ȠȡȓȦȞ İȓȞαȚ ĲȠ 

µȚțȡȩĲİȡȠ įυȞαĲȩ. ȂİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ İȓȞαȚ ȩĲȚ Ș πȠȜυπȜȠțȩĲȘĲα ĲȠυ πȡȠȕȜȒµαĲȠȢ 

αυȟȐȞİĲαȚ İțșİĲȚțȐ µİ ĲȠȞ αȡȚșµȩ ĲȦȞ ıĲȠȚȤİȓȦȞ πȠυ ȠȡȓȗȠυȞ ĲȠ ıȪıĲȘµα. 

1.6.4.7 ȈİȚȡȚαțȩ ıȪıĲȘµα n µİȜȫȞ µİ ȓıȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ ıİȚȡȚαțȠȪ ıυıĲȒµαĲȠȢ απȠĲİȜȠȪµİȞȠ απȩ ıĲȠȚȤİȓα µİ ȓıȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

țαȚ µȘĲȡȫȠ ıυıȤȑĲȚıȘȢ ȡij, Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ [33]: 

 ( ) ( ) ( ) ( ),2 ,2 maxf f f fP P P Pρ ρ ρ ρ = − −   (1.111) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.38 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ, Pf,2(ȡmax) țαȚ ( ),2fP ρ  İȓȞαȚ ȠȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ȖȚα ȑȞα ıİȚȡȚαțȩ ıȪıĲȘµα µİ įȪȠ 

Ĳ.µ πȠυ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ țαȚ µİ įİȓțĲİȢ ıυıȤȑĲȚıȘȢ ȓıȠυȢ µİ ȡmax țαȚ ρ  

αȞĲȚıĲȠȓȤȦȢ ȩπȠυ Ƞ ȚıȠįȪȞαµȠȢ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ ρ  ȠȡȓȗİĲαȚ απȩ ĲȘȞ İπȓȜυıȘ ĲȘȢ 

ıȤȑıȘȢ (1.111). ȅȚ įİȓțĲİȢ ıυıȤȑĲȚıȘȢ ρ  țαȚ ȡmax įȓįȠȞĲαȚ ȦȢ [33]: 

 ( )max
, 1,

1 1

1
max

1

n n

ij ij
i j n

i j

i j

i j
n n

ρ ρ ρ ρ= = =≠
= ≠ = − ∑∑  (1.112) 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ įȓįİĲαȚ ȦȢ [33]: 

 ( )1 1
s e

n

n
β β ρ= + −  (1.113) 

1.6.4.8 ȆαȡȐȜȜȘȜȠ ıȪıĲȘµα n µİȜȫȞ µİ ȓıȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

ΓȚα παȡȐȜȜȘȜȠ ıȪıĲȘµα Ș ıȤȑıȘ (1.113) įȚαµȠȡφȫȞİĲαȚ ȦȢ [33]: 

 ( )1 1
s e

n

n
β β ρ= + −  (1.114) 

ȩπȠυ ĲȠ ρ  υπȠȜȠȖȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.112). Ǿ įȚαφȠȡȐ µİĲαȟȪ ĲȦȞ ıȤȑıİȦȞ 

(1.113) țαȚ (1.114) İıĲȚȐȗİĲαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȚıȠįυȞȐµȠυ ıυȞĲİȜİıĲȒ ıυıȤȑĲȚıȘȢ. 

1.7 ȂȑșȠįȠȚ ǹȞȐȜυıȘȢ ǹȟȚȠπȚıĲȓαȢ ȈυıĲȘµȐĲȦȞ 

ȅȚ µȑșȠįȠȚ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ αȞȐȜȠȖα µİ ĲȘȞ πȜȘȡȠφȠȡȓα πȠυ ȤȡȘıȚµȠπȠȚȠȪȞ, ĲȠȞ ĲȡȩπȠ 

įȚαȤİȓȡȚıȘȢ ĲȘȢ, țαșȫȢ țαȚ µİ ĲȠȞ ĲȡȩπȠ µİ ĲȠȞ ȠπȠȓȠ ȠȡȓȗİĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ ȤȦȡȓȗȠȞĲαȚ ıİ 3 İπȓπİįα [31]: 

ȂȑșȠįȠȚ 1Ƞυ İπȚπȑįȠυ. ȈĲȚȢ µİșȩįȠυȢ αυĲȑȢ ȠȚ İțĲȚµȒıİȚȢ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ 

υπȠȜȠȖȓȗȠȞĲαȚ ȕȐıİȚ ĲȦȞ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ ĲȠυ (Ȓ ıİ µİȡȚțȑȢ πİȡȚπĲȫıİȚȢ 

ȕȐıİȚ ĲȘȢ αȞαµİȞȩµİȞȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ ȦȢ πȡȠȢ µȓα παȡȐµİĲȡȠ ĲȠυ). ȈĲȚȢ 

µİșȩįȠυȢ 1Ƞυ İπȚπȑįȠυ αȞȒțȠυȞ țαȚ ȠȚ țαȞȠȞȚıµȠȓ ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ πȠυ İȚıȐȖȠυȞ ĲȘȞ 

ȑȞȞȠȚα ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ µȑıȦ ĲȦȞ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȫȞ αıφαȜİȓαȢ. 

ȂȑșȠįȠȚ 2
Ƞυ

 İπȚπȑįȠυ. ȆİȡȚȜαµȕȐȞȠυȞ ȜȪıİȚȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ αȟȚȠπȚıĲȓαȢ πȠυ 

ıĲȘȡȓȗȠȞĲαȚ ıİ πȡȠıİȖȖȓıİȚȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ ıİ πȡȠıİȖȖȓıİȚȢ ĲȘȢ 

țȠȚȞȒȢ ȈȆȆ ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ Ĳ.µ. ȅȚ µȑșȠįȠȚ πȠυ παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ ıĲȚȢ 

παȡαȖȡȐφȠυȢ 1.7.2 țαȚ 1.7.3 ȕαıȓȗȠȞĲαȚ ıĲȘȞ İπȓȜυıȘ İȞȩȢ πȡȠȕȜȒµαĲȠȢ ȖȚα ĲȠ ȠπȠȓȠ Ș 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.39 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ İȓȞαȚ İț ĲȦȞ πȡȠĲȑȡȦȞ ȖȞȦıĲȒ Ȓ İȓȞαȚ įυȞαĲȩ Ȟα Ȗȡαφİȓ µİ ĲȘ 

µȠȡφȒ µȘ πİπȜİȖµȑȞȘȢ ıυȞȐȡĲȘıȘȢ ȦȢ πȡȠȢ ĲȚȢ Ĳ.µ. 

ȂȑșȠįȠȚ 3
Ƞυ

 İπȚπȑįȠυ. ȊπȠȜȠȖȓȗȠυȞ ĲȘȞ αțȡȚȕȒ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ țαȚ ĲȦȞ ıĲȠȚȤİȓȦȞ αυĲȠȪ. ȅȚ µȑșȠįȠȚ αυĲȑȢ įİȞ ȤȡȘıȚµȠπȠȚȠȪȞ πȡȠıİȖȖȓıİȚȢ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ įİȞ απαȚĲȠȪȞ πȡȠıİȖȖȓıİȚȢ ĲȘȢ țȠȚȞȒȢ ȈȆȆ ĲȠυ 

įȚαȞȪıµαĲȠȢ ĲȦȞ Ĳ.µ. ȈĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ µİșȩįȦȞ 3Ƞυ İπȚπȑįȠυ İȞĲȐııȠȞĲαȚ țαȚ ȠȚ µȑșȠįȠȚ 

įİȚȖµαĲȠȜȘȥȓαȢ (µȑșȠįȠȢ Monte Carlo țȜπ.) İφȩıȠȞ πȜȘȡȠȪȞ ȩȜİȢ ĲȚȢ πȡȠȨπȠșȑıİȚȢ [31] ȦȢ 

πȡȠȢ ĲȠ πȡȩȕȜȘµα πȠυ αȞĲȚµİĲȦπȓȗİĲαȚ. 

1.7.1 ȂȑșȠįȠȚ 1Ƞυ İπȚπȑįȠυ 

ȅȚ µȑșȠįȠȚ 1Ƞυ İπȚπȑįȠυ απȠĲİȜȠȪȞ ĲȘ ȕȐıȘ ĲȦȞ țαȞȠȞȚıµȫȞ ıȤİįȚαıµȠȪ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ αȞĲȓıĲȠȚȤα Ƞ įİȓțĲȘȢ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ įȓįİĲαȚ ȦȢ: 

 { },, max f if s
PP =  { }mins iβ β=  (1.115) 

ȩπȠυ Pf,i țαȚ ȕi İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ ĲȘȢ 

țαĲαıțİυȒȢ. Ǿ ıȤȑıȘ (1.115) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [31], [149]: 

 ,,
 țȡȚıȚµα

f if s
i

PP E=     (1.116) 

ȩπȠυ ȦȢ țȡȓıȚµα ȠȡȓȗȠȞĲαȚ Ĳα µȑȜȘ πȠυ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ İȓȞαȚ υȥȘȜȩĲİȡȘ İȞȩȢ 

ıυȖțİțȡȚµȑȞȠυ πȠıȠıĲȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ țȡȓıȚµȠυ µȑȜȠυȢ. ȅȚ 

ıȤȑıİȚȢ (1.115) țαȚ (1.116) įİȞ ȜαµȕȐȞȠυȞ υπȩȥȘ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ĲȘȞ ȚțαȞȩĲȘĲα αȞȐȜȘȥȘȢ ȕȜȐȕȘȢ ĲȠυ ıυıĲȒµαĲȠȢ [149]. 

1.7.2 ȂȑșȠįȠȚ 2Ƞυ İπȚπȑįȠυ 

ȅȚ µȑșȠįȠȚ πȚșαȞȠĲȚțȒȢ αȞȐȜυıȘȢ 2Ƞυ İπȚπȑįȠυ απȠĲİȜȠȪȞ πȡȠıİȖȖȚıĲȚțȑȢ ȜȪıİȚȢ ĲȦȞ ȜȪıİȦȞ 

3
Ƞυ

 İπȚπȑįȠυ ȜȩȖȦ ĲȘȢ απȫȜİȚαȢ πȜȘȡȠφȠȡȓαȢ ȩıȠȞ αφȠȡȐ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ țαĲαȞȠµȒȢ 

ĲȦȞ Ĳ.µ µİ ĲȠ Ȟα αȖȞȠȘșȠȪȞ ȠȚ ȡȠπȑȢ ĲȡȓĲȘȢ țαȚ αȞȦĲȑȡαȢ ĲȐȟİȦȢ [6], [7], [33], [31], [138]. 

ΓȚα ĲȘȞ İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ αȡțİȓ Ȟα İȓȞαȚ ȖȞȦıĲȑȢ Ș µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ ĲȦȞ 

Ĳ.µ țαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȠυ ıυıĲȒµαĲȠȢ [31], [33]: 

 { } { } ( ) ( )1 2, , , ,..., 0i i ij i j i j nE x C Cov x x x x f f x x xµ = = ∈ = =X x  (1.117) 

1.7.2.1 ∆İȓțĲȘȢ ȕ ȖȚα ıυıĲȒµαĲα µİ ȖȡαµµȚțȒ ȠȡȚαțȒ ıυȞȐȡĲȘıȘ țαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.40 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαȞȠȞȚțȑȢ Ĳ.µ 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ, ȖȚα ȖȡαµµȚțȒ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ µİ Ĳ.µ 

πȠυ αțȠȜȠυșȠȪȞ ĲȘȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ įȓįİĲαȚ ȦȢ [31], [33]: 

 ( )M
f

M

P
µβ βσ= = Φ −  (1.118) 

ΌĲαȞ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ įİȞ İȓȞαȚ ȖȡαµµȚțȒ µπȠȡİȓ Ȟα ȤȡȘıȚµȠπȠȚȘșİȓ Ș 

πȡȠıȑȖȖȚıȘ πȡȫĲȘȢ ĲȐȟİȦȢ țαĲȐ Taylor ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ [188]. Ǿ µȑıȘ ĲȚµȒ 

țαȚ įȚαıπȠȡȐ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįȠȞĲαȚ ȦȢ: 

 ( ) ( ) ( )2
2 ,

N N

M M i j

i j i j

f
f COV x x

x x

∂σ ∂ ∂≅ = ⋅∑∑X

x
µ µ  (1.119) 

1.7.2.2 ∆İȓțĲȘȢ ǹȟȚȠπȚıĲȓαȢ Hasofer & Lind 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ȕ ĲȦȞ ıȤȑıİȦȞ (1.118) țαȚ (1.119), απȠĲİȜİȓ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ µȘ ȖȡαµµȚțȒȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ αȞαȜȩȖȦȢ ĲȘȢ 

µȠȡφȒȢ ĲȘȢ, απȠĲİȜİȓ µȓα ıυȞĲȘȡȘĲȚțȒ Ȓ µȘ ıυȞĲȘȡȘĲȚțȒ İțĲȓµȘıȘ ĲȠυ πȡαȖµαĲȚțȠȪ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ. ΓȚα ĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ 

ĲȡȠπȠπȠȚȒșȘțİ απȩ ĲȠυȢ Hasofer & Lind. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ țαĲȐ Hasofer & Lind ȕHL 

įȓįİĲαȚ ȦȢ Ș İȜȐȤȚıĲȘ απȩıĲαıȘ ĲȠυ ıȘµİȓȠυ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ Ĳ.µ țαȚ 

ĲȘȢ įȚİπȚφȐȞİȚα αıĲȠȤȓαȢ – ȜİȚĲȠυȡȖȓαȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ: 

 2

1

N

HL i

i

zβ
=

= ∑  (1.120) 

Ǿ İȪȡİıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ αȞĲȚµİĲȦπȓȗİĲαȚ ȦȢ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ ıĲȩȤȠ 

ĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ πȠıȩĲȘĲαȢ ĲȘȢ ıȤȑıȘȢ (1.120) țαȚ ȠȡȓȗİĲαȚ ȦȢ [31]: 

 ( )min HLβ  (1.121) 

υπȩ ĲȘȞ πȡȠȨπȩșİıȘ: 

 ( )1,..., 0HL HL nf a aβ β⋅ ⋅ =  ȩπȠυ ( )
( ) ( )

2

1

i
i i HL

N
i

k

i

A f
a A a

z
A

∂ β∂
=

−= = ⋅∑
z G

 (1.122) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ įȓįİĲαȚ ȩπȦȢ țαȚ ıĲȘ ıȤȑıȘ (1.118) ȦȢ [31]: 

 ( )f HLP β= Φ −  (1.123) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.41 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.7.3 ǼțĲİĲαµȑȞİȢ ȂȑșȠįȠȚ 2Ƞυ ǼπȚπȑįȠυ 

ȅȚ µȑșȠįȠȚ πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 1.7.2 υπȠȜȠȖȓȗȠυȞ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

ĲȠυ ıυıĲȒµαĲȠȢ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ȠȚ Ĳ.µ İȓȞαȚ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ țαȚ 

αțȠȜȠυșȠȪȞ ĲȘȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ. ȈĲȚȢ İπȩµİȞİȢ παȡαȖȡȐφȠυȢ παȡȠυıȚȐȗİĲαȚ Ș 

µİșȠįȠȜȠȖȓα ȖȚα ĲȘȞ ȐȡıȘ ĲȦȞ įȪȠ αυĲȫȞ πİȡȚȠȡȚıµȫȞ. 

1.7.3.1 ȆȡȩȕȜȘµα ȈĲαĲȚıĲȚțȫȢ ǼȟαȡĲȘµȑȞȦȞ Ĳ.µ 

ȉȠ πȡȩȕȜȘµα ĲȦȞ ıĲαĲȚıĲȚțȫȢ İȟαȡĲȘµȑȞȦȞ Ĳ.µ αȞĲȚµİĲȦπȓȗİĲαȚ µİ ĲȠ µİĲαıȤȘµαĲȚıµȩ ĲȠυ 

ȤȫȡȠυ ĲȦȞ Ĳ.µ țαȚ ĲȠυ πȡȠȕȜȒµαĲȠȢ αȞĲȓıĲȠȚȤα ıİ ȤȫȡȠ ıĲαĲȚıĲȚțȫȢ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ. ȅȚ 

Ĳ.µ ĲȠυ µİĲαıȤȘµαĲȚıµȑȞȠυ ȤȫȡȠυ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ İφȩıȠȞ ȠȡȓȗȠȞĲαȚ ȦȢ 

ȖȡαµµȚțȩȢ ıυȞįυαıµȩȢ ĲȦȞ µİĲαȕȜȘĲȫȞ ĲȠυ αȡȤȚțȠȪ ȤȫȡȠυ ĲȦȞ Ĳ.µ. ǹȞ ĲȠ µȘĲȡȫȠ 

ıυȞµİĲαȕȠȜȒȢ (Ȓ µȘĲȡȫȠ ıυȞįȚαıπȠȡȐȢ) ȖȚα ȑȞα įȚȐȞυıµα Ĳ.µ ȠȡȚıĲİȓ ȦȢ: 

 

1 1
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2

,
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M M

x x x
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"
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 (1.124) 

ȂȑıȦ ĲȘȢ İπȓȜυıȘȢ ĲȠυ παȡαțȐĲȦ ıυıĲȒµαĲȠȢ: 

 ⋅ − ⋅ =
X Y Y

C V Ȝ V 0  (1.125) 

ȩπȠυ, Ȝ İȓȞαȚ įȚαȖȫȞȚȠ µȘĲȡȫȠ πȠυ πİȡȚȑȤİȚ ĲȚȢ ȚįȚȠıυȤȞȩĲȘĲİȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ VY İȓȞαȚ 

ĲȠ įȚȐȞυıµα ĲȦȞ ȚįȚȠµȠȡφȫȞ, İπȚĲυȖȤȐȞİĲαȚ Ƞ µİĲαıȤȘµαĲȚıµȩȢ ĲȘȢ ȕȐıȘȢ ĲȦȞ Ȃ Ĳ.µ X ıİ 

ȕȐıȘ ȃ ıĲαĲȚıĲȚțȫȢ αȞİȟȐȡĲȘĲȫȞ Ĳ.µ Y. ȅȚ ȚįȚȠµȠȡφȑȢ VY įȓįȠυȞ ĲȠυȢ παȡȐȖȠȞĲİȢ ĲȠυ 

µȘĲȡȫȠυ µİĲαıȤȘµαĲȚıµȠȪ ǹ ȦȢ: 

 ,1 ,, ,Y Y N M N M N= × ≥  V VA …  (1.126) 

ȅȚ ıυȞĲİȜİıĲȑȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ Ȋ įȓįȠȞĲαȚ ȦȢ: 

 T= ⋅Y A X  (1.127) 

ȉȑȜȠȢ ĲȠ įȚȐȞυıµα µȑıȦȞ ĲȚµȫȞ Ǽ[Ȋ] țαȚ ĲȠ µȘĲȡȫȠ ıυȞµİĲαȕȠȜȒȢ CY įȓįȠȞĲαȚ ȦȢ: 

 [ ] [ ] 2

, , 0 :
i

T T

Y ii Y Y ijE E c c i jσ= ⋅ = ⋅ ⋅ = ∨ = ≠Y XA C A C AY X  (1.128) 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ İπȓȜυıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ĲȦȞ ıȤȑıİȦȞ (1.121) țαȚ (1.122). Ǿ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.42 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ) ( ) ( )min min min
z y x

TT T T T
HLβ ∈Ω ∈Ω ∈Ω

 = = =  z y x
z z y y A X A X  (1.129) 

ȩπȠυ, Ωx, ΩȊ țαȚ Ωz ȠȡȓȗȠȞĲαȚ Ƞ αȡȤȚțȩȢ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ, Ƞ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ ĲȦȞ 

ȖȡαµµȚțȫȢ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ țαȚ Ƞ țαȞȠȞȚțȩȢ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ ĲȦȞ ȖȡαµµȚțȫȢ αȞİȟȐȡĲȘĲȦȞ 

Ĳ.µ πȠυ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µȑıȘ ĲȚµȒ țαȚ ĲυπȚțȒ απȩțȜȚıȘ: 

 
[ ]
[ ]

[ ][ ]i i

i

i

E y E y
z

yσ σ
= − == 

0Z

1Z
 (1.130) 

ȈĲȠȞ țαȞȠȞȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ Ș İυțȜİȓįİȚα απȩıĲαıȘ ĲȠυ ȈȘµİȓȠυ ȂȑȖȚıĲȘȢ 

ȆȚșαȞȠφȐȞİȚαȢ (Maximum Likelihood Point) ȠȡȓȗİȚ țαȚ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ. 

1.7.3.2 ȆȡȩȕȜȘµα µȘ țαȞȠȞȚțȫȞ Ĳ.µ 

ȈĲȘȞ πİȡȓπĲȦıȘ µȘ țαȞȠȞȚțȫȞ Ĳ.µ İφαȡµȩȗİĲαȚ Ƞ µİĲαıȤȘµαĲȚıµȩȢ țαĲȐ Rackwitz-Fiessler 

[31], [184]. Ǿ µȑıȘ ĲȚµȒ țαȚ ĲυπȚțȒ απȩțȜȚıȘ ĲȘȢ ȚıȠįȪȞαµȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ įȓįİĲαȚ 

ȦȢ [33]: 

 
( ){ }( ) ( )1 *

* 1 *

*i i i i i i

i

x i

x x x x

x i

F x
x F x

f x

ϕσ µ σ
−

− Φ  ′ ′ ′ = = −Φ    (1.131) 

ȩπȠυ *

ix  İȓȞαȚ ĲȠ ıȘµİȓȠ πȡȠıαȡµȠȖȒȢ ĲȘȢ i Ĳ.µ. H µȑıȘ ĲȚµȒ țαȚ ĲυπȚțȒ απȩțȜȚıȘ įȓįȠȞĲαȚ 

ȦȢ ıυȞαȡĲȒıİȚȢ ĲȠυ ıȘµİȓȠυ πȡȠıαȡµȠȖȒȢ µİ απȠĲȑȜİıµα Ș αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ Ȟα 

ıυȞαȡĲȐĲαȚ απȩ ĲȘȞ İπȚȜȠȖȒ ĲȠυ ıȘµİȓȠυ αυĲȠȪ. ȉȠ πȡȩȕȜȘµα αυĲȩ αȞĲȚµİĲȦπȓȗİĲαȚ µİ ĲȘȞ 

İȞıȦµȐĲȦıȘ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȠυ ıȘµİȓȠυ *
x  ıĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ ıȤȑıȘȢ 

(1.121). ǹυĲȩ İπȚĲυȖȤȐȞİĲαȚ µİ ĲȘȞ ĲαȪĲȚıȘ ĲȠυ ıȘµİȓȠυ αυĲȠȪ µİ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ πȠυ απȠĲİȜİȓ ĲȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Ǿ įȚαįȚțαıȓα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ: 

 * *
, 1 ,1 21 HL t HL tt t

β βε ε++ −≤ ∨ ≤−x x  (1.132) 

ȩπȠυ İ1 țαȚ İ2 İȓȞαȚ µȚțȡȑȢ șİĲȚțȑȢ ĲȚµȑȢ πȠυ αȞĲȚțαĲȠπĲȡȓȗȠυȞ ĲȘȞ απαȓĲȘıȘ αțȡȓȕİȚαȢ țαĲȐ 

ĲȘȞ αȞȐȜυıȘ. 

1.7.3.3 ȆȡȩȕȜȘµα ıυıȤİĲȚıµȑȞȦȞ µȘ țαȞȠȞȚțȫȞ Ĳ.µ 

ȈĲȘ ȖİȞȚțȩĲİȡȘ πİȡȓπĲȦıȘ πȠυ ȠȚ Ĳ.µ İȓȞαȚ ıĲαĲȚıĲȚțȐ İȟαȡĲȘµȑȞİȢ țαȚ įİȞ αțȠȜȠυșȠȪȞ ĲȘȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.43 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαȞȠȞȚțȒ țαĲαȞȠµȒ, Ș İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ αȟȚȠπȚıĲȓαȢ İπȚĲυȖȤȐȞİĲαȚ µİ ĲȠ ıυȞįυαıµȩ 

ĲȦȞ įȚαįȚțαıȚȫȞ ĲȦȞ παȡαȖȡȐφȦȞ 1.7.3.1 țαȚ 1.7.3.2. 

ȉα ȕȒµαĲα ĲȘȢ İπȓȜυıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ǹȡȤȚțȠπȠȓȘıȘ ĲȦȞ µİĲαȕȜȘĲȫȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ. 

ǺȒµα 2: ǼπȚȜȠȖȒ ĲȠυ ıȘµİȓȠυ x*t=1=E[x]  

ǺȒµα 3: ȂİĲαıȤȘµαĲȚıµȩȢ ĲȦȞ µİĲαȕȜȘĲȫȞ Χ țαĲȐ Rackwitz-Fiessler (ıȤȑıȘ (1.131)) ıİ 

ıĲαĲȚıĲȚțȐ İȟαȡĲȘµȑȞİȢ țαȞȠȞȚțȑȢ Ĳ.µ (Χn). 

ǺȒµα 4: ȂİĲαıȤȘµαĲȚıµȩȢ ĲȠυ įȚαȞȪıµαĲȠȢ Χn ĲȦȞ ıĲαĲȚıĲȚțȐ İȟαȡĲȘµȑȞȦȞ țαȞȠȞȚțȫȞ Ĳ.µ 

ıİ įȚȐȞυıµα Ȋ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲȦȞ țαȞȠȞȚțȫȞ Ĳ.µ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (1.125) ȦȢ 

(1.127). 

ǺȒµα 5: ǼπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ υπȠȜȠȖȚıµȩȢ ĲȠυ ȕHL țαȚ xt=1
HL

  

ǺȒµα 6: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ įȚαφȠȡȫȞ, ||x*t+1- x*t|| țαȚ | ȕHL,t+1- ȕHL,t| 

ǺȒµα 7: Ǿ įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ αȞ ȚıȤȪİȚ Ș ıȤȑıȘ (1.132), αȜȜȚȫȢ x*t+1= xt
HL

 țαȚ 

İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 3. 

1.7.3.4 ȂȑșȠįȠȢ ǹπȩțȡȚıȘȢ ǼπȚφαȞİȓαȢ 

Ǿ ȂȑșȠįȠȢ ǹπȩțȡȚıȘȢ ǼπȚφαȞİȓαȢ (Response Surface Method) αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 

İțĲİĲαµȑȞȦȞ µİșȩįȦȞ 2Ƞυ İπȚπȑįȠυ İφȩıȠȞ πȜȘȡȠȓ ĲȚȢ πȡȠȨπȠșȑıİȚȢ ĲȘȢ παȡαȖȡȐφȠυ 1.7. Ǿ 

µȑșȠįȠȢ ıĲȘȡȓȗİĲαȚ ıĲȘȞ πȡȠıȑȖȖȚıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ µȑıȦ İȞȩȢ 

πȠȜυȦȞȪµȠυ µȚțȡȒȢ ĲȐȟİȦȢ [107]: 

 ( ) ( )g f ε= +x x  (1.133) 

ȩπȠυ, x İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ Ĳ.µ, f(x) İȓȞαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ İ İȓȞαȚ ĲȠ 

ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ. ȈĲȩȤȠȢ ĲȘȢ αȞȐȜυıȘȢ İȓȞαȚ Ș İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ: 

 İȪȡİıȘ ( ) : ming ε →x  (1.134) 

Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ πȡȠıİȖȖȓȗİĲαȚ απȩ πȠȜυȫȞυµȠ 2ȘȢ ĲȐȟȘȢ ȦȢ [26], [107]: 

 ( ) ( ) 2

i i

i=1 i=1

a+ b c
N N

i if g x x≅ = ⋅ + ⋅∑ ∑x x  (1.135) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.44 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ παȡȐµİĲȡȠȚ {a,bi,ci} υπȠȜȠȖȓȗȠȞĲαȚ ıυȞȒșȦȢ µȑıȦ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıİ ıȘµİȓα πȠυ ȕȡȓıțȠȞĲαȚ ıĲȠυȢ ȐȟȠȞİȢ ĲȠυ ȤȫȡȠυ ĲȦȞ Ĳ.µ ȦȢ [26]: 

 i i i ix x f σ= ± ⋅  (1.136) 

ȩπȠυ, ix  İȓȞαȚ Ș µȑıȘ ĲȚµȒ ĲȘȢ i Ĳ.µ, ıi İȓȞαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȘȢ µİĲαȕȜȘĲȒȢ αυĲȒȢ țαȚ fi 

İȓȞαȚ µȓα αυșαȚȡȑĲȦȢ İπȚȜİȖµȑȞȘ ĲȚµȒ. Ǿ İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ fi απȠțĲȐ ȚįȚαȓĲİȡȘ 

ıȘµαıȓα αȞαȜȩȖȦȢ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȘȢ ıυȞȐȡĲȘıȘȢ ( )g x  țαȚ țȡȚĲȒȡȚα ȖȚα ĲȘȞ İπȚȜȠȖȒ 

ĲȠυȢ παȡȠυıȚȐȗȠȞĲαȚ απȩ ĲȠυȢ Rajashekhar țαȚ Ellingwood [185]. Ȃİ ĲȠ πȑȡαȢ ĲȠυ 

υπȠȜȠȖȚıµȠȪ ĲȦȞ παȡαµȑĲȡȦȞ Ș ȜȪıȘ ĲȘȢ ıȤȑıȘȢ (1.135) įȓįİȚ ĲȠ ıȘµİȓȠ Dx  πȠυ απȠĲİȜİȓ 

İțĲȓµȘıȘ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ǺȐıİȚ ĲȠυ 

ıȘµİȓȠυ αυĲȠȪ, İπȚȜȑȖİĲαȚ ĲȠ İπȩµİȞȠ İπȚțİȞĲȡȚțȩ ıȘµİȓȠ Mx  [26]: 

 ( ) ( )
( ) ( )M D

D

f

f f
= + ⋅− −

x
x x x x

xx
 (1.137) 

Ǿ įȚαįȚțαıȓα υπȠȜȠȖȚıµȠȪ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ ıȤȑıȘȢ (1.135) İπαȞαȜαµȕȐȞİĲαȚ µİ ĲȘ 

įȚαφȠȡȐ ȩĲȚ Ș ıȤȑıȘ (1.136) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ,i M i i ix x f σ= ± ⋅  (1.138) 

Ǿ įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ İȓĲİ µİ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȞȑȠυ ıİĲ ĲȦȞ παȡαµȑĲȡȦȞ {a,bi,ci} 

İȓĲİ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ ȚıȤȪİȚ Ș παȡαțȐĲȦ ıυȞșȒțȘ: 

 1i i

D D
ε+ ≤−x x  (1.139) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα µİșȩįȦȞ įİȚȖµαĲȠȜȘȥȓαȢ ĲȠυ 

πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ (µȑșȠįȠȢ Monte Carlo, µȑșȠįȠȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ț.α.). 

ȅȚ țυȡȚȩĲİȡİȢ παȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ ıȤİĲȓȗȠȞĲαȚ µİ ĲȘ µȠȡφȒ ĲȘȢ ıȤȑıȘȢ (1.135). Ǿ 

ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ İȓȞαȚ įυȞαĲȩ Ȟα ȖȡαφĲİȓ ȦȢ [76], [218], [217]: 

 ( ) ( ) 2

o

i=1 i=1 1

+
N N N

i i ii i ij i j

i j j

f g x x x xβ β β β
< =

≅ = ⋅ + ⋅ + ⋅ ⋅∑ ∑ ∑∑x x  (1.140) 

ȩπȠυ, ȕij İȓȞαȚ ȠȚ παȡȐµİĲȡȠȚ αȞȐįȡαıȘȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ. Ǿ µȑșȠįȠȢ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ 

ȤȡȘıȚµȠπȠȚİȓĲαȚ İυȡȪĲαĲα ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαĲαıțİυȫȞ ıİ 

ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ Monte Carlo [109], Ȓ ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ µİșȩįȠυȢ 

įİȚȖµαĲȠȜȘȥȓαȢ ȩπȦȢ Ș µȑșȠįȠȢ ȁαĲȚȞȚțȠȪ ȊπİȡțȪȕȠυ [218], [217] Ȓ Ș ȂȑșȠįȠȢ 

ǺαȡȪȞȠυıαȢ ∆İȚȖµαĲȠȜȘȥȓαȢ [26], [176], [193]. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.45 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ Gayton et al., [76], παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ µİ İπαȞȐȜȘȥȘ ĲȘȢ 

įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ İțĲȓµȘıȘȢ. ȅȚ Petryna et al., [176], İφαȡµȩȗȠυȞ 

ĲȘ µȑșȠįȠ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αȟȚȠπȚıĲȓαȢ ıİ țȠȜȫȞİȢ απȩ ΩȈ πȠυ υπȩțİȚȞĲαȚ ıİ įȚȐȕȡȦıȘ. Ǿ µȑșȠįȠȢ 

İφαȡµȩȗİĲαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİ ĲȠȟȦĲȒ Ȗȑφυȡα 

πȠυ υπȩțİȚȞĲαȚ ıİ İȞαȜȜαııȩµİȞα φȠȡĲȓα. ȅȚ Moro et al., [147], İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ αυĲȒ 

ıİ πȡȠȕȜȒµαĲα İπαφȒȢ παȡαµȠȡφȫıȚµȦȞ ıĲİȡİȫȞ. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ ıȘµİȓȦȞ 

πȡȠıαȡµȠȖȒȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ĲȘȢ ıȤȑıȘȢ (1.135) Ș µȑșȠįȠȢ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ 

ıυȞįυȐȗİĲαȚ µİ ĲȘ µȑșȠįȠ Langrange µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȘȢ µİșȩįȠυ ıĲȘȞ 

İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ fi ĲȘȢ ıȤȑıȘȢ (1.138). ȅȚ Huh țαȚ Haldar, [89], ıυȞįυȐȗȠυȞ ĲȘ 

µȑșȠįȠ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ µİ ĲȘ ȂȑșȠįȠ ǹȟȚȠπȚıĲȓαȢ ȆȡȫĲȘȢ ȉȐȟȘȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ 

ĲȘȢ ȤȡȠȞȚțȐ µİĲαȕαȜȜȩµİȞȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİĲαȜȜȚțȫȞ πȜαȚıȓȦȞ µİ İȪțαµπĲİȢ 

ıυȞįȑıİȚȢ ȜȩȖȦ ıİȚıµȚțȫȞ φȠȡĲȓȦȞ. OȚ Pendola et al., [175], İφαȡµȩȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ 

µİșȩįȠυ ıİ πȡȩȕȜȘµα αıĲȠȤȓαȢ αȖȦȖȠȪ ȜȩȖȦ țȩπȦıȘȢ ȩπȠυ Ș ıυȞȐȡĲȘıȘ ȠȡȓȗİĲαȚ ıȪµφȦȞα 

µİ ĲȘ ıȤȑıȘ (1.140) İȚıȐȖȠȞĲαȢ 3 țȡȚĲȒȡȚα ȦȢ πȡȠȢ ĲȘ ıȪȖțȜȚıȘ ĲȘȢ µİșȩįȠυ. ȉα țȡȚĲȒȡȚα 

αυĲȐ İȟİĲȐȗȠυȞ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ, ĲȘȞ ĲȚµȒ ĲȘȢ πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ πȑȡȚȟ ĲȠυ 

ıȘµİȓȠυ πȡȠıαȡµȠȖȒȢ țαșȫȢ țαȚ ĲȘ µİĲαȕȠȜȒ ĲȦȞ ĲİĲαȖµȑȞȦȞ ĲȠυ ıȘµİȓȠυ πȡȠıαȡµȠȖȒȢ. ȅȚ 

Soares et al., [199], İφαȡµȩȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ [175] ıİ πȡȠȕȜȒµαĲα αȟȚȠπȚıĲȓαȢ 

țαĲαıțİυȫȞ απȩ ΩȈ. Ǿ µȑșȠįȠȢ ıυȞįυȐȗİĲαȚ µİ ĲȠȞ αȜȖȩȡȚșµȠ ĲȦȞ Rackwitz-Fiessler [184], 

ȖȚα ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ. ȅȚ Das țαȚ Zheng, [39], [231], İφαȡµȩȗȠυȞ ĲȘ 

µȑșȠįȠ ıİ πȡȠȕȜȒµαĲα İȞȚıȤυµȑȞȦȞ πȜαțȫȞ. Ǿ ȚįȚȠµȠȡφȓα ĲȠυ πȡȠĲİȚȞȠµȑȞȠυ αȜȖȠȡȓșµȠυ 

ȑȖțİȚĲαȚ ıĲȠ µȘ µȠȞȠıȒµαȞĲȠ ȠȡȚıµȩ ĲȘȢ πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ. ǹȞαȜȩȖȦȢ ĲȠυ 

ıȘµİȓȠυ πȡȠıαȡµȠȖȒȢ țαȚ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ Ș µȑșȠįȠȢ αȞĲȚțαșȚıĲȐ ȩȡȠυȢ 2ȘȢ ĲȐȟȘȢ µİ 

αȞĲȓıĲȠȚȤȠυȢ ȩȡȠυȢ πİπȜİȖµȑȞȦȞ Ĳ.µ µİ ıĲȩȤȠ ĲȘȞ țαȜȪĲİȡȘ įυȞαĲȒ πȡȠıαȡµȠȖȒ ĲȘȢ 

πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ ıĲȘ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ȅȚ Tandjiria et al., [208], 

İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ ıİ πȡȠȕȜȒµαĲα αȟȚȠπȚıĲȓαȢ παııȐȜȦȞ πȠυ υπȩțİȚȞĲαȚ ıİ ȠȡȚȗȩȞĲȚα 

φȩȡĲȚıȘ. ǼπȚπȡȩıșİĲα µİȜİĲȠȪȞ ĲȚȢ ıυȞȑπİȚİȢ ĲȘȢ µİĲαȕȠȜȒȢ ĲȦȞ παȡαµȑĲȡȦȞ 

αȜȜȘȜİπȓįȡαıȘȢ İįȐφȠυȢ – παııȐȜȠυ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ. 

ȅȚ Kim țαȚ Na [108], παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȩπȠυ Ș ıυȞȐȡĲȘıȘ 

πȡȠıαȡµȠȖȒȢ πİȡȚȜαµȕȐȞİȚ µȩȞȠȞ ĲȠυȢ πİπȜİȖµȑȞȠυȢ ȩȡȠυȢ ĲȘȢ ıȤȑıȘȢ (1.140): 

 ( ) ( )
i=1 1 1

a+
N N N

i i ij i j

i j
j i

f g b x c x x
= =≠

≅ = ⋅ + ⋅ ⋅∑ ∑∑x x  (1.141) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.46 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǺȐıİȚ ĲȦȞ ıȤȑıİȦȞ (1.136) țαȚ (1.137) İȞĲȠπȓȗİĲαȚ ĲȠ ıȘµİȓȠ ıȤİįȚαıµȠȪ țαȚ Ƞ įİȓțĲȘȢ 

αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ µİ ĲȘ µȑșȠįȠ ĲȦȞ Rackwitz-Fiessler [184]. ȉȠ ȞȑȠ ıİĲ ĲȦȞ 

ıȘµİȓȦȞ πȡȠıαȡµȠȖȒȢ įİȞ υπȠȜȠȖȓȗİĲαȚ ȕȐıİȚ ĲȘȢ ıȤȑıȘȢ (1.136) αȜȜȐ µȑıȦ ĲȘȢ µİșȩįȠυ 

πȡȠȕȠȜȒȢ ıȘµİȓȦȞ. ȉȠ įȚȐȞυıµα πȡȠȕȠȜȒȢ įȓįİĲαȚ ȦȢ [108]: 

 ( ) ( )( )1

1

N
i i i i T ii
j j D Dk

k

h g ghδ
−

=
 = ⋅ = − ∆ ⋅ ∆ ⋅  ∑ h u x ux  (1.142) 

ȩπȠυ Ĳα ( )Dg∆ x�  țαȚ iT
u  ȠȡȓȗȠȞĲαȚ ȦȢ: 
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țαȚ Ĳα ıȘµİȓα πȡȠıαȡµȠȖȒȢ ȠȡȓȗȠȞĲαȚ ȦȢ [108]: 
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Ǿ įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ µȑȤȡȚ Ȟα İȟαıφαȜȚıĲİȓ ȩĲȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

ĲȠυ ıυıĲȒµαĲȠȢ ȖȚα įȪȠ įȚαįȠȤȚțȑȢ πȡȠıİȖȖȓıİȚȢ İȓȞαȚ İπαȡțȫȢ µȚțȡȒ. Ǿ µȑșȠįȠȢ 

İφαȡµȩȗİĲαȚ µİ İπȚĲυȤȓα ıİ πȜȒșȠȢ ıυȞαȡĲȒıİȦȞ İȜȑȖȤȠυ țαȚ ıĲȘ ıυȞȑȤİȚα ıĲȠȞ υπȠȜȠȖȚıµȩ 

ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 6-ȠȡȩφȠυ πȜαȚıȓȠυ įȪȠ αȞȠȚȖµȐĲȦȞ. 

OȚ Schueller et al., [193], ıυȖțȡȓȞȠυȞ ĲȘ µȑșȠįȠ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ µİ įȚȐφȠȡİȢ ȐȜȜİȢ 

µİșȩįȠυȢ (µȑșȠįȠȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ, İπαȞαȜȘπĲȚțȒ Monte Carlo ț.α.) 

ıυµπİȡαȓȞȠȞĲαȢ ȩĲȚ Ș µȑșȠįȠȢ İȓȞαȚ ȚįȚαȚĲȑȡα țαĲȐȜȜȘȜȘ ıİ πȡȠȕȜȒµαĲα υȥȘȜȠȪ 

υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ. 

1.7.3.5 ȂȑșȠįȠȢ ǹȞȐȜυıȘȢ ǹȟȚȠπȚıĲȓαȢ ȆȡȫĲȘȢ ȉȐȟȘȢ (First Order 
Reliability Method) 

Ǿ ȂȑșȠįȠȢ αȞȐȜυıȘȢ ǹȟȚȠπȚıĲȓαȢ ȆȡȫĲȘȢ ȉȐȟİȦȢ (FORM) απȠĲİȜİȓ, ȩπȦȢ țαȚ Ș ȂȑșȠįȠȢ 

αȞȐȜυıȘȢ ǹȟȚȠπȚıĲȓαȢ ∆İυĲȑȡαȢ ȉȐȟİȦȢ (SORM), ĲȚȢ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µİșȩįȠυȢ 

ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȟȚȠπȚıĲȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ. Ȉİ ıȤȑıȘ µİ ĲȚȢ µİșȩįȠυȢ 2Ƞυ İπȚπȑįȠυ 

įȚαφȑȡİȚ ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ ȖȚα ĲȚȢ Ĳ.µ įİȞ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ µȩȞȠȞ πȜȘȡȠφȠȡȓİȢ απȩ ĲȚȢ įȪȠ 

πȡȫĲİȢ ȡȠπȑȢ αȜȜȐ ȠȚ țαĲαȞȠµȑȢ αυĲȫȞ İȞȫ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ πȡȠıİȖȖȓȗİĲαȚ 

απȩ πȠȜυȫȞυµȠ πȡȫĲȘȢ ȉȐȟİȦȢ ıȪµφȦȞα µİ ĲȠ µİĲαıȤȘµαĲȚıµȩ țαĲȐ Taylor. ȉα ȕȒµαĲα 

ĲȘȢ µİșȩįȠυ İȓȞαȚ [138]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.47 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǺȒµα 1: ǼπȚȜȠȖȒ ĲȠυ ıȘµİȓȠυ xo (ȖȚα ĲȠ πȡȫĲȠ ȕȒµα xo= Ǽ[xo]) 

ǺȒµα 2: ȂİĲαıȤȘµαĲȚıµȩȢ ĲȦȞ Ĳ.µ ĲȠυ αȡȤȚțȠȪ ȤȫȡȠυ Χ țαĲȐ Rackwitz-Fiessler (ıȤȑıȘ 

(1.131)). ȊπȠȜȠȖȚıµȩȢ ĲȠυ µȘĲȡȫȠυ Ȋ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (1.125) țαȚ (1.127) ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȦȞ ıυıȤİĲȚıµȑȞȦȞ Ĳ.µ. 

ǺȒµα 3: ȆȡȠıȑȖȖȚıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ X=AY ȩπȠυ 

ǹi
 İȓȞαȚ Ș i ȖȡαµµȒ ĲȠυ µȘĲȡȫȠυ ǹ ȦȢ: 
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 (1.145) 

ǺȒµα 4: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ įȚαȞυıµȐĲȦȞ țαĲİȪșυȞıȘȢ ai, ȩπȠυ Ȝ İȓȞαȚ Ș αυșαȓȡİĲȘ ıĲαșİȡȐ 

Lagrange, ȦȢ: 
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ǺȒµα 5: ȊπȠȜȠȖȚıµȩȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȦȢ: 

 
1

N

i i

i

y aβ
=

= − ⋅∑  (1.147) 

ǺȒµα 6: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ ĲȚµȒȢ S(ǹy
m

) ĲȘȢ ıȤȑıȘȢ (1.145) 

ǺȒµα 7: ȊπȠȜȠȖȚıµȩȢ ĲȠυ ıȘµİȓȠυ ym+1
 ȦȢ: 

 

( )
1

2

1

m

m m N

i

i

S

c

β+

=

 + = − ⋅    ∑
y

y a  (1.148) 

ǺȒµα 8: ǼȪȡİıȘ ĲȠυ ıȘµİȓȠυ xm+1
 ȕȐıİȚ ĲȦȞ αȞȐıĲȡȠφȦȞ µİĲαıȤȘµαĲȚıµȫȞ ĲȦȞ ıȤȑıİȦȞ 

(1.125), (1.127) țαȚ (1.131) 

ǺȒµα 9: ȉİȡµαĲȚıµȩȢ ĲȘȢ įȚαįȚțαıȓαȢ αȞ ||x
m+1

-x
m

||<İ ȩπȠυ x*=x
m+1

, αȜȜȚȫȢ xo=x
m+1

 țαȚ 

İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 2. 

Ǿ µȑșȠįȠȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ απȠĲİȜİȓ İȟȑȜȚȟȘ ĲȘȢ µİșȩįȠυ αȟȚȠπȚıĲȓαȢ 

µİ ȤȡȒıȘ ȡȠπȫȞ 2αȢ ȉȐȟİȦȢ țαȚ απαȞĲȐĲαȚ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα [138] țαȚ ȦȢ Advanced FOSM. 

Ǿ µȑșȠįȠȢ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 1.15. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.48 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 1.15: ΓȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ. 

ȅȚ Melchers țαȚ Ahammed [142] παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ 

αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ 

įȚαıĲαυȡȠȪµİȞȦȞ µȘ ȖȡαµµȚțȫȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ȅȚ Melchers et al., [143], 

παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ µİ ıĲȩȤȠ ĲȘȞ 

αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ µȘ ıυȞİȤȫȞ Ĳ.µ Ȓ Ĳ.µ πȠυ 

αțȠȜȠυșȠȪȞ țȩȜȠυȡİȢ ıĲαĲȚıĲȚțȑȢ țαĲαȞȠµȑȢ. 

1.7.3.6 ȂȑșȠįȠȢ ǹȞȐȜυıȘȢ ǹȟȚȠπȚıĲȓαȢ ∆İυĲȑȡαȢ ȉȐȟİȦȢ (Second Order 
Reliability Method) 

Ǿ µȑșȠįȠȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ įİυĲȑȡαȢ ĲȐȟİȦȢ απȠĲİȜİȓ İπȑțĲαıȘ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ 

αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ µİ ĲȘ ȤȡȒıȘ țαȚ ĲȦȞ įİυĲİȡȠȕαșµȓȦȞ ȩȡȦȞ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ȉȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ x* Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ Ș 

πȡȠıȑȖȖȚıȘ ĲȘȢ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.149) Ĳα ȤȦȡȓα ȜİȚĲȠυȡȖȓαȢ țαȚ αıĲȠȤȓαȢ țαșȫȢ țαȚ 

Ș ıȤİĲȚțȒ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ ıİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 1.16. 

Ǿ πȡȫĲȘ αȞαφȠȡȐ ıĲȘ ȤȡȒıȘ πȡȠıİȖȖȓıİȦȞ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıȪµφȦȞα µİ 

ĲȠ µİĲαıȤȘµαĲȚıµȩ țαĲȐ Taylor 2
ȘȢ

 ȉȐȟİȦȢ απȠįȓįİĲαȚ ıĲȠυȢ Fiessler et al. [66]. Ǿ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.49 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įȚαįȚțαıȓα υπȠȜȠȖȚıµȠȪ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ įİυĲȑȡαȢ 

ĲȐȟİȦȢ İȓȞαȚ αȞĲȓıĲȠȚȤȘ ĲȘȢ įȚαįȚțαıȓαȢ ȖȚα ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ.  

ȈĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ įİυĲȑȡαȢ ĲȐȟİȦȢ, Ș ıȤȑıȘ (1.145) µİĲαȕȐȜȜİĲαȚ ȦȢ [138]: 
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 (1.149) 

 

∆ȚȐȖ. 1.16: ΓȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ įİυĲȑȡαȢ ĲȐȟİȦȢ. 

ȈĲȘȞ παȡȐȖȡαφȠ 1.12, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ıȘµαȞĲȚțȩĲİȡİȢ παȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ 

αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ 2
ȘȢ

 ĲȐȟȘȢ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ İțĲȓµȘıȘȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα πȡȠȕȜȒµαĲα µİ υȥȘȜȒ țαµπυȜȩĲȘĲα ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ ȦȢ πȡȠȢ υπȠıȪȞȠȜȠ ĲȦȞ Ĳ.µ ĲȠυ. 

1.7.3.7 ȈυµπİȡȐıµαĲα ȖȚα ĲȚȢ ǹπȜȑȢ țαȚ ǼțĲİĲαµȑȞİȢ ȂİșȩįȠυȢ 2Ƞυ 
ǼπȚπȑįȠυ 

ȅȚ µȑșȠįȠȚ 2Ƞυ İπȚπȑįȠυ țαȚ ȠȚ İπİțĲȐıİȚȢ ĲȠυȢ αȞȒțȠυȞ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ πȡȠıİȖȖȚıĲȚțȫȞ 

µİșȩįȦȞ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ. ǺαıȚțȩȢ πİȡȚȠȡȚıµȩȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.50 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ µİșȩįȦȞ αυĲȫȞ İȓȞαȚ Ș απαȓĲȘıȘ µİĲαıȤȘµαĲȚıµȠȪ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıİ 

țȜİȚıĲȒ µȠȡφȒ, πȠυ İȓȞαȚ ȚįȚαȚĲȑȡȦȢ įȪıțȠȜȠ ȤȦȡȓȢ ĲȘȞ υȚȠșȑĲȘıȘ ıȦȡİȓαȢ απȜȠυıĲİυĲȚțȫȞ 

παȡαįȠȤȫȞ, ȖȚα πȠȜȪπȜȠțα ıυıĲȒµαĲα. Ǿ αțȡȓȕİȚα ĲȦȞ µİșȩįȦȞ αυĲȫȞ µİȚȫȞİĲαȚ İȚįȚțȐ ıİ 

πİȡȚπĲȫıİȚȢ πȠυ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ İȓȞαȚ ȑȞĲȠȞα µȘ ȖȡαµµȚțȒ ȦȢ πȡȠȢ ĲȚȢ Ĳ.µ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ. 

1.7.4 ȂȑșȠįȠȚ 3Ƞυ ǼπȚπȑįȠυ 

1.7.4.1 ȂȑșȠįȠȚ ∆ȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ, ǹπȠįȩµȘıȘȢ țαĲȐ ȕ 

ȅȚ µȑșȠįȠȚ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ țαȚ απȠįȩµȘıȘȢ țαĲȐ ȕ αȞȒțȠυȞ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 

µİșȩįȦȞ 3Ƞυ İπȚπȑįȠυ İφȩıȠȞ įİȞ υφȓıĲαȞĲαȚ πİȡȚȠȡȚıµȠȓ ȦȢ πȡȠȢ ĲȠȞ ĲȪπȠ ĲȦȞ Ĳ.µ, ıİ ĲυȤȩȞ 

αȜȜȘȜİπȚįȡȐıİȚȢ ĲȦȞ Ĳ.µ, ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ ıİ țȐșİ 

πİȡȓπĲȦıȘ αȞĲȚµİĲȦπȓȗİĲαȚ ĲȠ πȡαȖµαĲȚțȩ πȡȩȕȜȘµα. ǼȓĲİ αυĲȠȪıȚİȢ İȓĲİ παȡαȜȜαȖȑȢ ĲȠυȢ 

(ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ µİșȩįȠυȢ) İȓȞαȚ ȚįȚαȓĲİȡα įȚαįİįȠµȑȞİȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ 

αȟȚȠπȚıĲȓαȢ ıυıĲȘµȐĲȦȞ țαȚ țαĲαıțİυȫȞ. Ǿ µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ Ȓ παȡαȜȜαȖȑȢ 

ĲȘȢ İφαȡµȩȗİĲαȚ ıĲȚȢ İȡȖαıȓİȢ [41], [88], [126], [127], [151], [154], [211], İȞȫ Ș µȑșȠįȠȢ 

απȠįȩµȘıȘȢ țαĲȐ ȕ İφαȡµȩȗİĲαȚ αυĲȠȪıȚα Ȓ ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ µİșȩįȠυȢ ıĲȚȢ İȡȖαıȓİȢ 

[32], [101], [181], [182], [196]. ǺαıȚțȑȢ πȡȠȨπȠșȑıİȚȢ ĲȦȞ µİșȩįȦȞ αυĲȫȞ İȓȞαȚ Ș 

įυȞαĲȩĲȘĲα įȚαțȡȚĲȠπȠȓȘıȘȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ Ƞ υπȠȜȠȖȚıµȩȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȦȞ 

παȡαȖȩµİȞȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

1.7.4.2 ȂȑșȠįȠȢ ∆ȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ 

Ǿ ȂȑșȠįȠȢ ∆ȚαțȜȐįȦıȘȢ țαȚ ΦȡαȖȒȢ (Branch & Bound Method) İȓȞαȚ ıυȞαφȒȢ µİ ĲȘ 

µȑșȠįȠ απȠįȩµȘıȘȢ țαĲȐ ȕ αȜȜȐ įȚαφȑȡİȚ ıĲȘ įȚαįȚțαıȓα πȠυ αțȠȜȠυșİȓĲαȚ ȖȚα ĲȘȞ 

παȡαȖȦȖȒ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

Ǿ µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ ȑȤİȚ ȦȢ αφİĲȘȡȓα ĲȠ ıȪıĲȘµα ıĲȠ ȠπȠȓȠ ȩȜα Ĳα µȑȜȘ 

İȓȞαȚ ıİ țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ țαȚ ıυȞİȤȓȗİȚ ĲȘȞ αȞȐȜυıȘ ȦȢ ĲȘȞ πȜȒȡȘ İȟȐȞĲȜȘıȘ ȩȜȦȞ 

ĲȦȞ απȠșİµȐĲȦȞ αȞĲȓıĲαıȘȢ ĲȠυ ıυıĲȒµαĲȠȢ. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ ıĲȘ ȖİȞȚțȒ πİȡȓπĲȦıȘ 

įȓįȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ıυıĲȒµαĲȠȢ (ıȪıĲȘµα 

ıİ țαĲȐıĲαıȘ πȜȒȡȠυȢ ȜİȚĲȠυȡȖȓαȢ). 

ǺȒµα 2: ȉȠ µȑȜȠȢ µİ ĲȘ µİȖαȜȪĲİȡȘ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȓșİĲαȚ ıİ țαĲȐıĲαıȘ αıĲȠȤȓαȢ țαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.51 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȠȜȠȖȓȗȠȞĲαȚ ȠȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȦȞ υπȠȜȠȓπȦȞ ıĲȠȚȤİȓȦȞ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ 

αıĲȠȤȓαȢ ĲȠυ πİȡȚııȠĲȑȡȠυ țȡȓıȚµȠυ µȑȜȠυȢ. 

ǺȒµα 3: Ǿ įȚαįȚțαıȓα ĲȠυ ǺȒµαĲȠȢ 2 İπαȞαȜαµȕȐȞİĲαȚ ȦȢ ĲȘȞ πȜȒȡȘ İȟȐȞĲȜȘıȘ ĲȦȞ 

πİȡȚșȦȡȓȦȞ αıφαȜİȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ȈĲȠ ĲȑȜȠȢ ĲȘȢ įȚαįȚțαıȓαȢ αυĲȒȢ țαĲαȖȡȐφİĲαȚ µȓα 

ȆȜȒȡȘȢ ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ (Failure Mode). ǺȐıİȚ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȘȢ υπȩ 

İȟȑĲαıȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ υπȠȜȠȖȓȗİĲαȚ Ș ĲȚµȒ țαĲȦφȜȓȠυ ȖȚα ĲȘȞ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ. Ǿ ĲȚµȒ αυĲȒ ȠȡȓȗİĲαȚ ȦȢ ĲȠ țȐĲȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ 

πȚșαȞȫȞ µȘȤαȞȚıµȫȞ πȠυ șα ȜȘφșȠȪȞ υπȩȥȘ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

ĲȠυ ıυıĲȒµαĲȠȢ. 

ǺȒµα 4: ȅ αȜȖȩȡȚșµȠȢ ȠπȚıșȠȤȦȡİȓ țαĲȐ ȑȞα ȕȒµα țαȚ ıυȖțȡȓȞİȚ ĲȚȢ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ 

ĲȦȞ ȂȘ ȆȜȒȡȦȞ ǹȜȜȘȜȠυȤȚȫȞ ǹıĲȠȤȓαȢ (Incomplete Failure Modes) µİ ĲȘȞ ĲȚµȒ țαĲȦφȜȓȠυ. 

ȅȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ µİ πȚșαȞȩĲȘĲİȢ İµφȐȞȚıȘȢ ȤαµȘȜȩĲİȡİȢ ĲȠυ ȠȡȓȠυ 

αυĲȠȪ απȠȡȡȓπĲȠȞĲαȚ țαȚ ȠȚ țȜȐįȠȚ ĲȠυȢ µİĲαĲȡȑπȠȞĲαȚ ıİ αȞİȞİȡȖȠȓ (φȡαȖȒ). ȅ αȜȖȩȡȚșµȠȢ 

ıυȞİȤȓȗİȚ ĲȘ įȚαįȚțαıȓα αȞȐȜυıȘȢ ıĲȠυȢ ȜȠȚπȠȪȢ țȜȐįȠυȢ ȖȚα ĲȘȞ İȪȡİıȘ ĲȦȞ υπȠȜȠȓπȦȞ 

πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (įȚαțȜȐįȦıȘ). Ȃİ ĲȘȞ İȪȡİıȘ İȞȩȢ ȞȑȠυ µȘȤαȞȚıµȠȪ 

țαĲȐȡȡİυıȘȢ αȞαȞİȫȞİĲαȚ Ș ĲȚµȒ țαĲȦφȜȓȠυ. Ǿ įȚαįȚțαıȓα ıυȞİȤȓȗİĲαȚ µȑȤȡȚ ĲȘȞ İȟȐȞĲȜȘıȘ 

ĲȦȞ πȚșαȞȫȞ ĲȘȢ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ĲȠυ v İπȚπȑįȠυ. 

ǺȒµα 5: ȅ αȜȖȩȡȚșµȠȢ ȠπȚıșȠįȡȠµİȓ țαĲȐ ȑȞα İπȓπİįȠ țαȚ İπαȞαȜαµȕȐȞȠȞĲαȚ Ĳα ǺȒµαĲα 3 

țαȚ 4. ΌĲαȞ ȩȜİȢ ȠȚ πȚșαȞȑȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ȑȤȠυȞ İȟİĲαıĲİȓ țαȚ ȑȤȠυµİ İπȚıĲȡȑȥİȚ ıĲȠ 

İπȓπİįȠ ĲȠυ αțȑȡαȚȠυ ıυıĲȒµαĲȠȢ Ș įȚαįȚțαıȓα İȪȡİıȘȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 

ĲİȡµαĲȓȗİĲαȚ. 

ǺȒµα 6: Ǿ µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ țαĲαıĲȡȫȞİȚ ĲȠ πȡȠıȠµȠȓȦµα ĲȠυ ıυıĲȒµαĲȠȢ 

ȦȢ αȜυıȓįα ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ȑȤȠυȞ πȡȠțȪȥİȚ µȑıȦ ĲȘȢ įȚαįȚțαıȓαȢ 

įȚαțȜȐįȦıȘȢ. ȆȜȒȡȦȢ ıυıȤİĲȚıµȑȞİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ țαșȫȢ țαȚ µȘ įυȞαĲȑȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ απȠȡȡȓπĲȠȞĲαȚ απȩ ĲȠ ĲİȜȚțȩ πȡȠıȠµȠȓȦµα. 

1.7.4.3 ȂȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ 

Ǿ µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ υπȠȜȠȖȓȗİȚ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ ȕȐıİȚ ĲȦȞ 

įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ ĲȦȞ πȚȠ ıȘµαȞĲȚțȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ǹȞαȜȩȖȦȢ µİ ĲȘȞ 

απαȚĲȠȪµİȞȘ αțȡȓȕİȚα υπȠȜȠȖȚıµȠȪ țαȚ ĲȘȞ πȠȜυπȜȠțȩĲȘĲα ĲȠυ ıυıĲȒµαĲȠȢ, 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα πȜȘșȫȡα ıȤȑıİȦȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȠȜȚțȠȪ įİȓțĲȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.52 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αȟȚȠπȚıĲȓαȢ. ȈĲȘȞ απȜȠȪıĲİȡȘ πİȡȓπĲȦıȘ Ƞ ȠȜȚțȩȢ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ įȓįİĲαȚ ȦȢ [33]: 
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ȩπȠυ, ȕs İȓȞαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ ȕe,i İȓȞαȚ ȠȚ įİȓțĲİȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ 

įȠµȚțȫȞ ıĲȠȚȤİȓȦȞ ĲȠυ ıυıĲȒµαĲȠȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ 

µİĲαπȓπĲİȚ ıİ µȑșȠįȠ αȟȚȠπȚıĲȓαȢ 1Ƞυ İπȚπȑįȠυ. ȈĲȘȞ πİȡȓπĲȦıȘ ȚıȠıĲαĲȚțȫȞ ıυıĲȘµȐĲȦȞ Ƞ 

įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ȕȐıİȚ ĲȦȞ ıȤȑıİȦȞ (1.83) ȦȢ (1.85) πȡȠıİȖȖȓȗİĲαȚ, țαĲȐ αıȪµπĲȦĲȠ 

ĲȡȩπȠ, απȩ ĲȘ ıȤȑıȘ [9], [10]: 
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ȩπȠυ µȩȞȠȞ Ĳα m πİȡȚııȩĲİȡȠ țȡȓıȚµα µȑȜȘ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. 

Ȉİ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ ȠȚ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ µȑȤȡȚ ĲȠ İπȓπİįȠ 

ĲȘȢ țȚȞȘµαĲȚțȒȢ-ıĲαĲȚțȒȢ απȡȠıįȚȠȡȚıĲȓαȢ (ıĲȘȞ πİȡȓπĲȦıȘ įȠµȚțȫȞ ıυıĲȘµȐĲȦȞ) Ȓ ĲȘȞ 

țαĲȐıĲαıȘ αıĲȠȤȓαȢ. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ ĲȠυ υπȩ İȟȑĲαıȘ ıυıĲȒµαĲȠȢ. 

ǺȒµα 2: ΈȞĲαȟȘ ıĲȘȞ υπȩ İȟȑĲαıȘ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ πȠυ παȡȠυıȚȐȗİȚ ĲȠ 

ȤαµȘȜȩĲİȡȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ απȩ ĲȠ υπȠıȪȞȠȜȠ ĲȦȞ µȘ İπȚȜİȖµȑȞȦȞ µİȜȫȞ. 

ǺȒµα 3: ΈȞĲαȟȘ țȐșİ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȦȢ πȚșαȞȒ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ȖȚα ĲȘ 

µİĲȑπİȚĲα țαĲȐıĲȡȦıȘ ĲȠυ ıİȚȡȚαțȠȪ ıυıĲȒµαĲȠȢ πȠυ șα απȠĲİȜȑıİȚ țαȚ ĲȠ ĲİȜȚțȩ 

πȡȠıȠµȠȓȦµα. 

ǺȒµα 4: ǹφαȓȡİıȘ ĲȠυ ĲİȜİυĲαȓȠυ țαĲȐ ıİȚȡȐ µȑȜȠυȢ πȠυ İȓȤİ İπȚȜİȖİȓ ıĲȘȞ πȜȒȡȘ 

αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ țαȚ αȞĲȚțαĲȐıĲαıȘ ĲȠυ µİ ĲȠ αµȑıȦȢ πİȡȚııȩĲİȡȠ țȡȓıȚµȠ µȑȜȠȢ, ȖȚα 

ĲȘ įȘµȚȠυȡȖȓα µȚαȢ ȞȑαȢ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ĲȠ µȑȜȠȢ 

αυĲȩ įİȞ ȑȤİȚ ȒįȘ İπȚȜİȖİȓ țαĲȐ ĲȘ įȚȐȡțİȚα πȡȠȖİȞİıĲȑȡȦȞ ȠπȚıșȠįȡȠµȒıİȦȞ. 

ǺȒµα 5: Ǿ įȚαįȚțαıȓα παȡαȖȦȖȒȢ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ĲİȡµαĲȓȗİĲαȚ ȖȚα 

ıυȖțİțȡȚµȑȞȠ İπȓπİįȠ ȩĲαȞ ĲȠ ıȪȞȠȜȠ ĲȦȞ µİȜȫȞ πȠυ įİȞ ȑȤȠυȞ İπȚȜİȖİȓ İȓȞαȚ ȓıȠ µİ ĲȠ țİȞȩ 

ıȪȞȠȜȠ. ȅπȚıșȠįȡȩµȘıȘ ĲȠυ αȜȖȠȡȓșµȠυ țαĲȐ įȪȠ İπȓπİįα țαȚ İπαȞȐȜȘȥȘ ĲȘȢ įȚαįȚțαıȓαȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.53 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ ǺȘµȐĲωȞ 3 țαȚ 4 İȟİĲȐȗȠȞĲαȢ Ĳα İȞαπȠµİȓȞαȞĲα µȑȜȘ ĲȠυ ıυıĲȒµαĲȠȢ İφȩıȠȞ, Ș 

µȑșȠįȠȢ įİȞ ȑȤİȚ İπȚıĲȡȑȥİȚ ıĲȠ µȘįİȞȚțȩ İπȓπİįȠ țαȚ ĲȠ υπȠıȪȞȠȜȠ ĲȦȞ µİȜȫȞ πȠυ įİȞ 

ȑȤȠυȞ İπȚȜİȖİȓ įİȞ İȓȞαȚ ȓıȠ µİ ĲȠ țİȞȩ ıȪȞȠȜȠ. 

ǺȒµα 6: ΩȢ țȡȓıȚµİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ȠȡȓȗȠȞĲαȚ αυĲȑȢ πȠυ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυȢ 

İȓȞαȚ İȞĲȩȢ ĲȠυ įȚαıĲȒµαĲȠȢ [ȕmin, ȕmin+∆ȕ2] ȩπȠυ ∆ȕ2 İȓȞαȚ Ș ĲȚµȒ φȡαȖȒȢ țαȚ ȕmin İȓȞαȚ Ƞ 

įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ πİȡȚııȩĲİȡȠ țȡȓıȚµȘȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. Ǿ αțȡȓȕİȚα ĲȘȢ 

αȞȐȜυıȘȢ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ șα İπȚȜİȖȠȪȞ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ ĲȚµȒȢ ∆ȕ2. ȅȚ πȜȒȡȦȢ 

ıυıȤİĲȚıµȑȞİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ıυȖȤȦȞİȪȠȞĲαȚ İȞȫ µȘ įυȞαĲȑȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ 

απȠȡȡȓπĲȠȞĲαȚ. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȦȞ ȠȡȓȦȞ 

Ditlevsen. Ǿ απȠĲİȜİıµαĲȚțȩĲȘĲα ĲȘȢ µİșȩįȠυ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ ĲȚµȒȢ φȡαȖȒȢ ∆ȕ2. 

1.7.4.4 ȈυµπİȡȐıµαĲα  

ȅ ȕαıȚțȩȢ µȘȤαȞȚıµȩȢ ĲȦȞ µİșȩįȦȞ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ țαȚ απȠįȩµȘıȘȢ țαĲȐ ȕ İȓȞαȚ 

Ș įȚαįȚțαıȓα ȠπȚıșȠįȡȩµȘıȘȢ. ΓȚα ĲȚȢ įȪȠ µİșȩįȠυȢ ıυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• Ǿ µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ ȤȡȘıȚµȠπȠȚİȓ ĲȘ įȚαįȚțαıȓα ȠπȚıșȠįȡȩµȘıȘȢ țαĲȐ µȘ 

ȑȟυπȞȠ ĲȡȩπȠ µȚα țαȚ įİȞ įȚαȤİȚȡȓȗİĲαȚ πȡȠȢ ȩφİȜȠȢ ĲȘȢ ĲȘȞ παȡαȖȩµİȞȘ 

πȜȘȡȠφȠȡȓα, ıİ αȞĲȓșİıȘ µİ ĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ, πȠυ µȑıȦ ĲȘȢ ĲȚµȒȢ 

țαĲȦφȜȓȠυ απȠȡȡȓπĲİȚ ĲȠυȢ țȜȐįȠυȢ µȚțȡȠȪ İȞįȚαφȑȡȠȞĲȠȢ (φȡαȖȒ). Ǿ ĲȚµȒ 

țαĲȦφȜȓȠυ ĲȘȢ µİșȩįȠυ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ ȕαıȓȗİĲαȚ ıİ ıĲȠȚȤİȓα πȠυ 

αȞĲȜȠȪȞĲαȚ απȩ ĲȚȢ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. ȅ αȜȖȩȡȚșµȠȢ απȠțȜİȓİȚ țȜȐįȠυȢ 

ȠȚ ȠπȠȓȠȚ șα ȠįȘȖȠȪıαȞ ıİ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ µİ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ 

πȠȜȪ µȚțȡȩĲİȡȘ ĲȦȞ țυȡȚȐȡȤȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ µİ απȠĲȑȜİıµα ĲȘȞ 

țαȜȪĲİȡȘ İțµİĲȐȜȜİυıȘ ĲȘȢ υπȠȜȠȖȚıĲȚțȒȢ ȚıȤȪȠȢ. ȉυπȚțȑȢ ĲȚµȑȢ ĲȠυ ıυȞĲİȜİıĲȒ 

φȡαȖȒȢ țȚȞȠȪȞĲαȚ ıĲα ȩȡȚα απȩ 2% ȑȦȢ 1‰. 

• ȅȚ µȑșȠįȠȚ țαĲαĲȐııȠȞĲαȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ İȡİυȞȘĲȚțȫȞ µİșȩįȦȞ, µİ 

απȠĲȑȜİıµα Ș αțȡȓȕİȚα țαȚ Ș υπȠȜȠȖȚıĲȚțȒ ĲȠυȢ απȠĲİȜİıµαĲȚțȩĲȘĲα Ȟα İȓȞαȚ 

ıυȞαȡĲȒıİȚȢ ĲȦȞ ȕαıȚțȫȞ παȡαµȑĲȡȦȞ ĲȠυȢ. 

• Ǿ µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ πȡȠıφȑȡİȚ µİȖαȜȪĲİȡȘ İυİȜȚȟȓα ıĲȠȞ ĲİȜȚțȩ ȤȡȒıĲȘ 

ıİ ıȪȖțȡȚıȘ µİ ĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ ȩıȠȞ αφȠȡȐ ıĲȘȞ İπȚȜȠȖȒ ĲȦȞ 

İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȫȞ. ȈĲȘ µȑșȠįȠ απȠįȩµȘıȘȢ țαĲȐ ȕ ȠȚ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.54 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αıĲȠȤȓαȢ απȠșȘțİȪȠȞĲαȚ πȡȚȞ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȠȜȚțȠȪ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȠπȩĲİ 

İȓȞαȚ įυȞαĲȩ Ƞ ȠȜȚțȩȢ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ Ȟα υπȠȜȠȖȚıșİȓ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȘȢ 

παȡαµȑĲȡȠυ ∆ȕ ȤȦȡȓȢ ĲȘȞ απαȓĲȘıȘ ĲȘȢ İπαȞȐȜȘȥȘȢ ĲȘȢ įȚαįȚțαıȓαȢ İȪȡİıȘȢ ĲȦȞ 

πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ įȚαțȜȐįȦıȘȢ țαȚ 

φȡαȖȒȢ αȜȜαȖȑȢ ĲȠυ ıυȞĲİȜİıĲȒ φȡαȖȒȢ απαȚĲȠȪȞ ĲȘȞ İπαȞȐȜȘȥȘ ĲȘȢ įȚαįȚțαıȓαȢ 

İȪȡİıȘȢ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

• Ǿ απȠĲİȜİıµαĲȚțȩĲȘĲα ĲȦȞ µİșȩįȦȞ ıȤİĲȓȗİĲαȚ Ȑµİıα µİ ĲȘȞ πȠȜυπȜȠțȩĲȘĲα ĲȠυ 

ıυıĲȒµαĲȠȢ İφȩıȠȞ ĲȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȑȤİȚ ȦȢ 

țȐĲȦ ȩȡȚȠ ĲȘȞ ĲȚµȒ [31], [33]: 
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ȩπȠυ, ne İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ k İȓȞαȚ ĲȠ µȒțȠȢ ĲȘȢ πȜȒȡȠυȢ 

αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. ȉȠ πȜȒșȠȢ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ αυȟȐȞİĲαȚ țαĲȐ 

İțșİĲȚțȩ ĲȡȩπȠ ȦȢ πȡȠȢ ĲȘȞ παȡȐµİĲȡȠ ne țαȚ ĲȘ παȡȐµİĲȡȠ k ȖȚα k<ne/2. ȅȚ µȑșȠįȠȚ 

ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȖȚα ĲȘȞ αȞȐȜυıȘ ıυıĲȘµȐĲȦȞ ȖȚα Ĳα ȠπȠȓα ĲȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ įİȞ İȓȞαȚ ȚįȚαȓĲİȡα υȥȘȜȩ Ȓ ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ µİșȩįȠυȢ [126]. 

1.7.5 ȂȑșȠįȠȚ ∆İȚȖµαĲȠȜȘȥȓαȢ (Sampling Methods) 

1.7.5.1 ΓİȞȚțȐ 

H İȟαȖȦȖȒ αȞαȜυĲȚțȫȞ İțφȡȐıİȦȞ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȖȚα ĲȘȞ πȜİȚȠȥȘφȓα ĲȦȞ 

ıυıĲȘµȐĲȦȞ įİȞ İȓȞαȚ įυȞαĲȒ ȤȦȡȓȢ ĲȘȞ υȚȠșȑĲȘıȘ πȜȒșȠυȢ απȜȠυıĲİυĲȚțȫȞ παȡαįȠȤȫȞ µİ 

απȠĲȑȜİıµα ĲȘȞ αυȟȘµȑȞȘ πȚșαȞȩĲȘĲα υπȠİțĲȓµȘıȘȢ Ȓ υπİȡİțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ĲȦȞ [12], [68], [119], [219]. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȦȢ ȜȪıȘ παȡȠυıȚȐȗİĲαȚ Ș ȤȡȒıȘ 

µİșȩįȦȞ įİȚȖµαĲȠȜȘȥȓαȢ, ȩπȠυ µȑıȦ ĲȘȢ įȚİȟαȖȦȖȒȢ πȜȒșȠυȢ πİȚȡαµȐĲȦȞ țαȚ ĲȘȢ 

țαĲαµȑĲȡȘıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ ĲȦȞ µİȜȫȞ ĲȠυ, ıȪµφȦȞα µİ ĲȘ 

ıȤȑıȘ (1.9), İțĲȚµȠȪȞĲαȚ ȠȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ țαȚ ĲȠυ ıυıĲȒµαĲȠȢ υπȩ 

İȟȑĲαıȘ. ΩȢ πİȓȡαµα Ȓ πȡȠıȠµȠȓȦıȘ ȠȡȓȗİĲαȚ «Ș αȡȚșµȘĲȚțȒ įȚαįȚțαıȓα πȠυ αțȠȜȠυșİȓĲαȚ ȖȚα 

ĲȘ įȚİȟαȖȦȖȒ πȜȒșȠυȢ įȚαįȠȤȚțȫȞ İπȚȜȪıİȦȞ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ µαșȘµαĲȚțȠȪ πȡȠȕȜȒµαĲȠȢ» 

[31]. ȅ țȪȡȚȠȢ ȩȖțȠȢ ĲȘȢ ȑȡİυȞαȢ İıĲȚȐȗİĲαȚ ıĲȘȞ αȞȐπĲυȟȘ ȑȟυπȞȦȞ µİșȩįȦȞ 

įİȚȖµαĲȠȜȘȥȓαȢ, πȠυ İıĲȚȐȗȠυȞ ĲȘ įȚαįȚțαıȓα įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘȞ πİȡȚȠȤȒ πȑȡȚȟ ĲȘȢ 

įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ, µİ ıĲȩȤȠ ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ µİ ĲαυĲȩȤȡȠȞȘ 

µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ [183]. 
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1.7.5.2 ȂȑșȠįȠȢ Monte Carlo (Monte Carlo Method) 

Ǿ ȕαıȚțȒ Țįȑα ĲȘȢ µİșȩįȠυ Monte Carlo (ȂC) İȓȞαȚ Ș įȚİȟαȖȦȖȒ πȜȒșȠυȢ πİȚȡαµȐĲȦȞ [190], 

[200] țαĲȐ Bernoulli. ǹȞ ȖȚα ıυȖțİțȡȚµȑȞȠ ıυȞįυαıµȩ ĲȚµȫȞ (įİȓȖµα) ĲȠ ıȪıĲȘµα Ȓ µȑȡȠȢ 

ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ µİĲαπȓπĲİȚ ıİ țαĲȐıĲαıȘ αıĲȠȤȓαȢ, αυĲȩ țαĲαȖȡȐφİĲαȚ ȦȢ ȖİȖȠȞȩȢ 

αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ Ȓ ĲȦȞ µİȜȫȞ ĲȠυ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ 

įȓįİĲαȚ µȑıȦ ĲȘȢ ıȤȑıȘȢ (1.9) țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ ĲȘȢ İțĲȓµȘıȘȢ αυĲȒȢ, įȓįİĲαȚ ıȪµφȦȞα 

µİ ĲȘ ıȤȑıȘ (1.10). ΓȚα ĲυπȚțȐ įȠµȚțȐ ıυıĲȒµαĲα ȩπȠυ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȓȞαȚ πȠȜȪ 
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 ıȪµφȦȞα µİ ĲȠυȢ [93], [94] αȞȐȜȠȖȘ țαȚ ĲȘȢ ıπȠυįαȚȩĲȘĲαȢ ĲȠυ ȑȡȖȠυ), 

Ș µȑșȠįȠȢ MC παȡȠυıȚȐȗİȚ πȠȜȪ υȥȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ. ȈĲȘȞ παȡȐȖȡαφȠ 1.13, 

παȡȠυıȚȐȗİĲαȚ Ș įȚαįȚțαıȓα υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ πȡȠıȠµȠȚȫµαĲȠȢ 

įȠµȚțȠȪ ıυıĲȒµαĲȠȢ ȕȐıİȚ ĲȦȞ įȚαĲȐȟİȦȞ ĲȦȞ ǼυȡȦțȦįȓțȦȞ [59], [60], [61]. ȈĲȘ ıυȞȑȤİȚα, 

įȓįȠȞĲαȚ İțĲȚµȒıİȚȢ ȖȚα ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ 

αȟȚȩπȚıĲȦȞ İțĲȚµȒıİȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ υπȩ 

İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ. 

Ǿ µȑșȠįȠȢ MC ȜȩȖȦ ĲȘȢ απȜȩĲȘĲαȢ ĲȘȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ İυȡȑȦȢ ȖȚα ĲȘȞ İπȓȜυıȘ 

πȡȠȕȜȘµȐĲȦȞ İȓĲİ ıĲȘȞ țȜαııȚțȒ ĲȘȢ µȠȡφȒ İȓĲİ ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ µİșȩįȠυȢ [194]. ȅȚ 

Schenk țαȚ Schuëller, [192], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȘ µȑșȠįȠ MC ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ 

ıυȞİπİȚȫȞ ȖİȦµİĲȡȚțȫȞ αĲİȜİȚȫȞ, πȠυ πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα µȓαȢ įυıįȚȐıĲαĲȘȢ 

ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ, ıĲȘȞ αȞĲȠȤȒ ȜİπĲȩĲȠȚȤȦȞ țİȜυφȫȞ ıİ ȜυȖȚıµȩ. ȅȚ Nour et al., [164], 

İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ MC ıĲȘȞ πȡȠıȠµȠȓȦıȘ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ İĲİȡȠȖİȞȫȞ İįαφȚțȫȞ 

ıĲȡȫıİȦȞ µİ ıĲȩȤȠ ĲȘ µİȜȑĲȘ ĲȘȢ ıυµπİȡȚφȠȡȐȢ ĲȠυ İįȐφȠυȢ ıİ πİȡȓπĲȦıȘ ıİȚıµȠȪ. ȅȚ 

İįαφȚțȑȢ ıĲαșİȡȑȢ πȡȠıȠµȠȚȫȞȠȞĲαȚ ȦȢ ĲυȤαȓα πİįȓα țαȚ İȟİĲȐȗȠȞĲαȚ ȠȚ įȚαφȠȡȠπȠȚȒıİȚȢ 

ıĲȘ ıυµπİȡȚφȠȡȐ ĲȦȞ İįαφȚțȫȞ ıĲȡȫıİȦȞ ȜȩȖȦ įȚαφȠȡİĲȚțȫȞ ĲȚµȫȞ ĲȠυ µȒțȠυȢ 

ıυȞįȚαıπȠȡȐȢ ıĲȘȞ ȠȡȚȗȩȞĲȚα țαȚ ıĲȘȞ țαĲαțȩȡυφȘ įȚİȪșυȞıȘ țαȚ ĲȠυ ıυȞĲİȜİıĲȒ 

įȚαıπȠȡȐȢ. ȅȚ Diniz țαȚ Frangopol, [46], ıυȞįυȐȗȠυȞ ĲȘ µȑșȠįȠ MC µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ 

αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ ȖȚα ĲȘ µİȜȑĲȘ ĲȦȞ ıυȞİπİȚȫȞ ĲȘȢ İțțİȞĲȡȩĲȘĲαȢ ĲȦȞ µȩȞȚµȦȞ 

φȠȡĲȓȦȞ ıĲȘȞ ȠȡȚαțȒ αȞĲȠȤȒ ıİ ȜυȖȚıµȩ, ıĲȪȜȦȞ απȩ ΩπȜȚıµȑȞȠ Ȉțυȡȩįİµα (ΩȈ) υȥȘȜȒȢ 

αȞĲȠȤȒȢ. ǼȚįȚțȩĲİȡα µİȜİĲȠȪȞĲαȚ ȠȚ ıυȞȑπİȚİȢ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȘȢ ĲȚµȒȢ ĲȘȢ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ ĲȠυ ıțυȡȠįȑµαĲȠȢ, ĲȠυ ȩȖțȠυ ȠπȜȚıµȠȪ, ĲȘȢ İțțİȞĲȡȩĲȘĲαȢ İπȚȕȠȜȒȢ ĲȦȞ µȩȞȚµȦȞ 

φȠȡĲȓȦȞ țαȚ ĲȠυ ȜȩȖȠυ ȜυȖȘȡȩĲȘĲαȢ ıĲȘȞ αȞĲȠȤȒ ĲȠυ ıĲȠȚȤİȓȠυ. 

Ǿ µȑșȠįȠȢ MC ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȟȚȠπȚıĲȓαȢ ıυµµİȓțĲȦȞ πȜαțȫȞ 

[70], ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ υπȠȜİȚπȩµİȞȘȢ αȞĲȠȤȒȢ țαȜȦįȓȦȞ [37], ıİ șȑµαĲα ıĲȠȤαıĲȚțȒȢ 

įυȞαµȚțȒȢ [179], [180], ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİ țαĲαıțİυȑȢ πȠυ 
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υπȩțİȚȞĲαȚ ıİ αȞİµȠφȠȡĲȓα [4], ıĲȘȞ İțĲȓµȘıȘ ĲȠυ ȡȓıțȠυ ıİ ĲȠȟȦĲȑȢ țαĲαıțİυȑȢ [155], ıİ 

ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ țαȚ ıİ ıυȞįυαıµȩ µİ ȞİυȡȦȞȚțȐ 

įȓțĲυα ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ țαĲαıțİυȫȞ [172], ıĲȠ ıȤİįȚαıµȩ ıυıĲȘµȐĲȦȞ µİ ıĲȩȤȠ 

ĲȘ µİȖȚıĲȠπȠȓȘıȘ ĲȠυ įİȓțĲȘ įȚαșİıȚµȩĲȘĲαȢ țαȚ ĲȘ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυȢ ȦȢ πȡȠȢ 

ıυȖțİțȡȚµȑȞİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ [131], ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ απȩțȡȚıȘȢ 

İπȚφαȞİȓαȢ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ıİ πȡȩȕȜȘµα µȘ ȖȡαµµȚțȒȢ αȞȐȜυıȘȢ 

πȡȠțαĲαıțİυαıµȑȞȦȞ πȜαȚıȚȦĲȫȞ țαĲαıțİυȫȞ [89], ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȞĲȠȤȒȢ țαȚ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ πȜαțȫȞ υπȩ șȜȓȥȘ [109] țαȚ ĲȑȜȠȢ ıĲȘȞ İțĲȓµȘıȘ ĲȦȞ παȡαµȑĲȡȦȞ 

πȡȠıȠµȠȚȦµȐĲȦȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȡαυµαĲȚıµȠȪ Ȓ țαȚ șαȞȐĲȠυ ıĲȘȞ 

πİȡȓπĲȦıȘ µİĲȦπȚțȫȞ ıυȖțȡȠȪıİȦȞ µİĲαȟȪ ȠȤȘµȐĲȦȞ įȚαφȠȡİĲȚțȠȪ ȩȖțȠυ [221]. 

ȈĲȠȤİȪȠȞĲαȢ ıĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ ĲȦȞ µİșȩįȦȞ įİȚȖµαĲȠȜȘȥȓαȢ 

αȞαπĲȪȤșȘțαȞ µȑșȠįȠȚ ȩπȦȢ Ș µȑșȠįȠȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ, Ș µȑșȠįȠȢ ȜαĲȚȞȚțȠȪ 

υπİȡțȪȕȠυ, Ș µȑșȠįȠȢ țαĲİυșυȞȩµİȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ țαȚ Ș µȑșȠįȠȢ ıĲȡȦµαĲȚțȒȢ 

įİȚȖµαĲȠȜȘȥȓαȢ. ȋαȡαțĲȘȡȚıĲȚțȩ ĲȦȞ µİșȩįȦȞ αυĲȫȞ, İȓȞαȚ Ș µİȓȦıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ ĲȘȢ 

İțĲȓµȘıȘȢ țαȚ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ ıİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ MC, πȠυ İπȚĲυȖȤȐȞİĲαȚ 

µȑıȦ ĲȘȢ İıĲȓαıȘȢ ĲȘȢ įȚαįȚțαıȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ πİȡȚȠȤȑȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ πȑȡȚȟ 

ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ – ȜİȚĲȠυȡȖȓαȢ (µȑșȠįȠȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ, µȑșȠįȠȢ 

țαĲİυșυȞȩµİȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ) Ȓ ĲȘȢ ĲȡȠπȠπȠȓȘıȘȢ ĲȘȢ įȚαįȚțαıȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ µİ 

ıĲȩȤȠ ĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ İțĲȓµȘıȘȢ (µȑșȠįȠȢ ȁαĲȚȞȚțȠȪ ȊπİȡțȪȕȠυ, 

µȑșȠįȠȢ ıĲȡȦµαĲȚțȒȢ įİȚȖµαĲȠȜȘȥȓαȢ). 

1.7.5.3 ȂȑșȠįȠȢ ǺαȡȪȞȠυıαȢ ∆İȚȖµαĲȠȜȘȥȓαȢ (Importance Sampling 
Method) 

Ǿ ȂȑșȠįȠȢ ǺαȡȪȞȠυıαȢ ∆İȚȖµαĲȠȜȘȥȓαȢ (Importance Sampling Method) [15], [25], [72], 

[85], [100], [104], [105], [124], [125], [139], [141], [190], [193], [200] ȕαıȓȗİĲαȚ ıĲȘȞ 

ĲȡȠπȠπȠȓȘıȘ ĲȘȢ įȚαįȚțαıȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ µȑıȦ ĲȘȢ ıυȞȐȡĲȘıȘȢ ıȘµαȞĲȚțȒȢ 

įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠȤİȪȠȞĲαȢ ıĲȘ µİȓȦıȘ ĲȘȢ įȚαıπȠȡȐȢ ĲȠυ ĲİȜȚțȠȪ απȠĲİȜȑıµαĲȠȢ µȑıȦ 

ĲȠυ πİȡȚȠȡȚıµȠȪ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘȞ πİȡȚȠȤȒ πȑȡȚȟ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-

ȜİȚĲȠυȡȖȓαȢ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ ıȤȑıȘȢ (1.9) ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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ȩπȠυ, I[.] İȓȞαȚ Ș ıυȞȐȡĲȘıȘ 0-1 (ȥİυįȑȢ – αȜȘșȑȢ), f(.) İȓȞαȚ Ș ǹȈȆ ĲȠυ πİȡȚșȦȡȓȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.57 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αıφαȜİȓαȢ țαȚ h(.) İȓȞαȚ Ș ıυȞȐȡĲȘıȘ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ. 

O Melchers, [140], παȡȠυıȚȐȗİȚ µȓα µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ πȠυ ıĲȘȡȓȗİĲαȚ ıĲȘ 

įİȚȖµαĲȠȜȘȥȓα πȑȡȚȟ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ µİ ĲȘ ıυȞȐȡĲȘıȘ ȕαȡȪȞȠυıαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ Ȟα ȠȡȓȗİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ıφαȓȡαȢ µİ țȑȞĲȡȠ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ țαȚ πυțȞȩĲȘĲα įİȚȖµαĲȠȜȘȥȓαȢ αȞȐȜȠȖȘ ĲȘȢ αțĲȓȞαȢ (R). ΩȢ απȠĲȑȜİıµα Ƞ 

țȪȡȚȠȢ ȩȖțȠȢ ĲȠυ įİȓȖµαĲȠȢ ıυȖțİȞĲȡȫȞİĲαȚ πȑȡȚȟ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ µİ 

απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ İțĲȓµȘıȘȢ. 

ȅȚ Moarefzadeh țαȚ Melchers, [145] παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ πȠυ ıυȞįυȐȗİȚ ĲȘ µȑșȠįȠ ĲȘȢ 

įİȚȖµαĲȠȜȘȥȓαȢ țαĲȐ įȚİȪșυȞıȘ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȘȞ 

αȞĲȚµİĲȫπȚıȘ αȡȚșµȘĲȚțȫȞ αıĲαșİȚȫȞ ıĲȘȞ πİȡȓπĲȦıȘ Ĳ.µ µİ υȥȘȜȠȪȢ ıυȞĲİȜİıĲȑȢ 

ıυıȤȑĲȚıȘȢ (ȡ) ȕİȜĲȚȫȞȠȞĲαȢ ĲȘȞ İυȡȦıĲȓα ĲȠυ αȜȖȠȡȓșµȠυ ıĲȘȞ πİȡȓπĲȦıȘ µİȖȐȜȦȞ 

įȚαφȠȡȫȞ ĲȦȞ ȜȩȖȦȞ ĲȦȞ įȚαıπȠȡȫȞ ĲȦȞ Ĳ.µ. 

ȅȚ Mahadevan țαȚ Raghothamachar, [126] παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαĲαıțİυȫȞ υȥȘȜȒȢ πȠȜυπȜȠțȩĲȘĲαȢ µİ µİȖȐȜȠ πȜȒșȠȢ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ ıĲȘȡȚȗȩµİȞȠȚ ıĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ ȖȚα ĲȘȞ αȞαȖȞȫȡȚıȘ ĲȦȞ țυȡȓȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįİĲαȚ 

ȦȢ [126]: 
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ȩπȠυ Ș ıυȞȐȡĲȘıȘ įİȚȖµαĲȠȜȘȥȓαȢ ( )j

xh x�  πȑȡȚȟ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ *, jx  

ĲȘȢ j πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ ȦȢ [126]: 
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ȩπȠυ, ˆ i

jω  İȓȞαȚ ĲȠ ȕȐȡȠȢ ȖȚα ĲȠ i ıȘµİȓȠ πȡȠıαȡµȠȖȒȢ [126]. Ǿ µȑșȠįȠȢ ȕαȡȪȞȠυıαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ αțȩµα, ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

țαĲαıțİυȫȞ µİ πȠȜȜαπȜȑȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ 

αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ [146], ıİ πȡȠȕȜȒµαĲα υȥȘȜȒȢ πȠȜυπȜȠțȩĲȘĲαȢ µİ µİȖȐȜȠ αȡȚșµȩ 

Ĳ.µ [10] țαȚ ıİ πȡȠȕȜȒµαĲα įυȞαµȚțȒȢ αȞȐȜυıȘȢ țαĲαıțİυȫȞ µİ ıĲȩȤȠ ĲȘȞ İȪȡİıȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ υπȑȡȕαıȘȢ ĲȘȢ ĲȚµȒȢ țαĲȦφȜȓȠυ [9], [16]. ȆαȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ µİ ıĲȩȤȠ ĲȘȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.58 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İπȚĲȐȤυȞıȘ ĲȘȢ įȚαįȚțαıȓαȢ İȪȡİıȘȢ ĲȦȞ ǹȈȆ ıİ įυȞαµȚțȐ țαȚ ıĲαĲȚțȐ πȡȠȕȜȒµαĲα 

παȡȠυıȚȐȗİĲαȚ ıĲȚȢ [8], [11]. ȉȡȠπȠπȠȚȒıİȚȢ ĲȘȢ µİșȩįȠυ ȤȡȘıȚµȠπȠȚȠȪȞ ĲȘȞ πȜȘȡȠφȠȡȓα 

πȠυ παȡȐȖİĲαȚ țαĲȐ ĲȘ φȐıȘ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȘȞ ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ İıĲȚȐȗȠȞĲαȢ ıĲȠ υπȠȤȦȡȓȠ αıĲȠȤȓαȢ Ωf. ȅȚ Marc, et al., [129], 

παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ (ĲȘȞ αıυµπĲȦĲȚțȒ 

µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ) πȠυ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ αȞαȞİȫȞİȚ ĲȘ 

ıυȞȐȡĲȘıȘ įİȚȖµαĲȠȜȘȥȓαȢ (ıĲȘȡȚȗȩµİȞȘ ıĲȘȞ πȜȘȡȠφȠȡȓα πȠυ αȞαțĲȐĲαȚ țαĲȐ ĲȘȞ 

πȡȠıȠµȠȓȦıȘ) µİ ıĲȩȤȠ Ĳα ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ Ȟα ȕȡȓıțȠȞĲαȚ İȞĲȩȢ ĲȘȢ πİȡȚȠȤȒȢ 

αıĲȠȤȓαȢ ȖȚα ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ țαȚ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ ĲȘȢ ĲİȜȚțȒȢ 

İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. 

Ǿ µȑșȠįȠȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ 

πȡȫĲȘȢ ĲȐȟİȦȢ İφαȡµȩȗİĲαȚ ıİ πȡȠȕȜȒµαĲα İțĲȓµȘıȘȢ ĲȘȢ ıυµπİȡȚφȠȡȐȢ υȥȘȜȫȞ țĲȘȡȓȦȞ 

[69], Ȓ ıĲȠȞ ȑȜİȖȤȠ ĲȘȢ İυȡȦıĲȓαȢ ȐȜȜȦȞ µİșȩįȦȞ [171]. ȅȚ Cambier et al., [28], 

παȡȠυıȚȐȗȠυȞ µȑșȠįȠ πȠυ ȤȡȘıȚµȠπȠȚİȓ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ 

ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ. ȅȚ Enright țαȚ Frangopol, [58], 

ȤȡȘıȚµȠπȠȚȠȪȞ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İȟȑȜȚȟȘȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİ ȖȑφυȡİȢ απȩ ΩȈ πȠυ υπȩțİȚȞĲαȚ ıİ įȚȐȕȡȦıȘ. ȅ Tanaka, [207], 

İφαȡµȩȗİȚ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ αȞĲȠȤȒȢ 

ıİ țȩπȦıȘ țαĲαıțİυȫȞ πȠυ υπȩțİȚȞĲαȚ αȞȐ ĲυȤαȓα įȚαıĲȒµαĲα ıİ φȠȡĲȓα µİȖαȜȪĲİȡα ĲȠυ 

φȠȡĲȓȠυ ıȤİįȚαıµȠȪ ıυµπİȡαȓȞȠȞĲαȢ ȩĲȚ, Ș ıυȞİȚıφȠȡȐ ıĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

ȖİȖȠȞȩĲȠȢ ĲȘȢ υπȑȡȕαıȘȢ ĲȠυ φȠȡĲȓȠυ İȓȞαȚ υȥȘȜȩĲİȡȘ απȩ Ĳα πȚșαȞȐ țȑȡįȘ πȠυ İȓȞαȚ 

įυȞαĲȩ Ȟα παȡαĲȘȡȘșȠȪȞ ıĲȘ µİĲαȕȠȜȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ İπȚțȚȞįυȞȩĲȘĲαȢ ȜȩȖȦ ĲȘȢ 

İµφȐȞȚıȘȢ ĲȠυ φαȚȞȠµȑȞȠυ țȡȐĲυȞıȘȢ ĲȠυ υȜȚțȠȪ. 

ȅȚ Mebarki țαȚ Sellier, [137], İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ 

πȡȠȕȜȒµαĲα µİ ȚįȚαȓĲİȡα υȥȘȜȠȪȢ įİȓțĲİȢ αȟȚȠπȚıĲȓαȢ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ. ȅ Fu, [71], παȡȠυıȚȐȗİȚ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ µİ ıĲȩȤȠ ĲȠȞ 

υπȠȜȠȖȚıµȩ ȐȞȦ ȠȡȓȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ απȩțȡȚıȘȢ 

İπȚφαȞİȓαȢ ȩπȠυ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ πȡȠıȠµȠȚȫȞİĲαȚ µİ ĲȘ ȕȠȒșİȚα πȠȜυȦȞȪµȠυ 

1
ȘȢ

 ĲȐȟȘȢ. ȅȚ Chan țαȚ Melchers, [29], παȡȠυıȚȐȗȠυȞ µȑșȠįȠ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαĲαıțİυȫȞ, ȩπȠυ Ĳα φȠȡĲȓα πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα 

ıĲȠȤαıĲȚțȫȞ αȞİȜȓȟİȦȞ, πȠυ ıυȞįυȐȗİȚ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ µİ 

παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ıĲȡȦµαĲȚțȒȢ įİȚȖµαĲȠȜȘȥȓαȢ. ȅȚ Engelund țαȚ Rackwitz, [56] 

παȡȠυıȚȐȗȠυȞ ıυȖțȡȚĲȚțȒ µİȜȑĲȘ ĲȘȢ İυȡȦıĲȓαȢ țαȚ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ įȚȐφȠȡȦȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.59 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡαȜȜαȖȫȞ ĲȘȢ µİșȩįȠυ. 

1.7.5.4 ȂȑșȠįȠȢ ȁαĲȚȞȚțȠȪ ȊπİȡțȪȕȠυ (Latin Hypercube Method) 

Ǿ µȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ȤȡȘıȚµȠπȠȚİȓĲαȚ țυȡȓȦȢ ıİ πȡȠȕȜȒµαĲα ıĲαĲȚıĲȚțȒȢ αȜȜȐ 

İφαȡµȩȗİĲαȚ țαȚ ıİ πȡȠȕȜȒµαĲα įȠµȚțȫȞ ıυıĲȘµȐĲȦȞ ȖȚα ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ µȑıȦ ĲȘȢ µİȓȦıȘȢ ĲȘȢ įȚαıπȠȡȐȢ ĲȦȞ απȠĲİȜİıµȐĲȦȞ [96], [97], [136], [168], [190], 

[200] [82], [45], [225]. Ǿ µȑșȠįȠȢ ȕαıȓȗİĲαȚ ıĲȠȞ țαĲαțİȡµαĲȚıµȩ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ 

țαȚ ıĲȘ ȜȒȥȘ ȓıȠυ πȜȒșȠυȢ įİȚȖµȐĲȦȞ αȞȐ υπȠȤȦȡȓȠ ıĲȠȤİȪȠȞĲαȢ ıĲȘ µİȓȦıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ µȑıȦ ĲȘȢ µİȓȦıȘȢ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ ĲȠυ απȠĲİȜȑıµαĲȠȢ. ȅ 

πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ M įȚαıĲȐıİȦȞ, įȚαȤȦȡȓȗİĲαȚ ıİ ȠµȐįα N įȚαțȡȚĲȫȞ µȘ İπȚțαȜυπĲȩµİȞȦȞ 

υπȠȤȦȡȓȦȞ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįİĲαȚ ȦȢ [136]: 
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ȩπȠυ Di
M

 İȓȞαȚ ĲȠ i υπȠȤȦȡȓȠ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ, țαȚ ||.|| İȓȞαȚ Ș Ȟȩȡµα µİȖȑșȠυȢ. Ǿ 

įİȚȖµαĲȠȜȘȥȓα πȡαȖµαĲȠπȠȚİȓĲαȚ µȑıȦ ĲȘȢ παȡαȖȦȖȒȢ ĲȠυ µȘĲȡȫȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ L 

(NxM) ȩπȠυ țȐșİ ıĲȒȜȘ ĲȠυ µȘĲȡȫȠ απȠĲİȜİȓ απȩ ıυȞįυαıµȩ αțİȡαȓȦȞ ıĲȠ įȚȐıĲȘµα 1 ȦȢ 

ȃ. ȉȠ µȘĲȡȫȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ L ȠȡȓȗİĲαȚ ȦȢ [206]: 

 

1 11 1

1

M

N N NM

x x

L

x x

      = =         

x

x

"
# # % #

"
 (1.157) 

ȩπȠυ xi İȓȞαȚ ĲȠ ıȘµİȓȠ i ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ. Ǿ ĲȚµȒ (xi)j țȐșİ Ĳ.µ ĲȠυ ıȘµİȓȠυ i ĲȘȢ 

įİȚȖµαĲȠȜȘȥȓαȢ įȓįİĲαȚ ȦȢ [206]: 
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ȩπȠυ F-1
Xj(.) İȓȞαȚ Ș ǹȈȆ ĲȘȢ j Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ, ijx�  İȓȞαȚ Ș πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ ĲȠυ 

ıȘµİȓȠυ i ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȘȢ j Ĳ.µ țαȚ xij İȓȞαȚ Ș ĲȚµȒ ĲȠυ µȘĲȡȫȠυ L. ȅ ȠȡȚıµȩȢ ĲȠυ 

ıȘµİȓȠυ ijx�  ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.158) İȟαıφαȜȓȗİȚ ȩĲȚ ĲȠ ıȘµİȓȠ (xi)j șα ȕȡȓıțİĲαȚ ıĲȠ 

įȚȐµİıȠ țȐșİ υπȠȤȦȡȓȠυ. ȈĲȠ ∆ȚȐȖ. 1.17, παȡȠυıȚȐȗİĲαȚ ĲȠ µȘĲȡȫȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ L 

ȖȚα πȡȩȕȜȘµα 2 Ĳ.µ țαȚ 5 ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ țαșȫȢ țαȚ Ĳα ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠȞ 

πȚșαȞȠĲȚțȩ ȤȫȡȠ. ǺαıȚțȩ πȜİȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ İȓȞαȚ Ș αȪȟȘıȘ ĲȘȢ πυțȞȩĲȘĲαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘ ȖİȚĲȠȞȓα ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ (∆ȚȐȖ. 1.18). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.60 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȆαȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ țαȚ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȚȢ [209], [174], [226]. ȈȪȖțȡȚıȘ ĲȘȢ µİșȩįȠυ µİ ȐȜȜİȢ µİșȩįȠυȢ 

įİȚȖµαĲȠȜȘȥȓαȢ țαșȫȢ țαȚ ĲȠ ȚıĲȠȡȚțȩ ĲȘȢ µİșȩįȠυ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Helton țαȚ 

Davis [83]. 
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∆ȚȐȖ. 1.17: ȂȘĲȡȫȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ 5x2 ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠȞ πȚșαȞȠĲȚțȩ ȤȫȡȠ 

 

∆ȚȐȖ. 1.18: ȈȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠ ȤȫȡȠ ĲȦȞ Ĳ.µ. 

ȈĲȘȞ παȡȐȖȡαφȠ 1.16 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕαıȚțȑȢ ıĲȡαĲȘȖȚțȑȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȘȢ µİșȩįȠυ 

ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ıȪµφȦȞα µİ ĲȠυȢ Olsson et al., [168] țαȚ Simpson [198]. ȈĲȠ ∆ȚȐȖ. 

1.19 [198], παȡȠυıȚȐȗȠȞĲαȚ ȠȚ įȚαĲȐȟİȚȢ ĲȦȞ ıȘµİȓȦȞ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȚȢ πİȡȚııȩĲİȡȠ 

įȚαįİįȠµȑȞİȢ παȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ.  

O Tang [209], παȡȠυıȚȐȗİȚ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ȩπȠυ Ș 

įİȚȖµαĲȠȜȘȥȓα ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ πȡαȖµαĲȠπȠȚİȓĲαȚ µȑıȦ ȠȡșȩȖȦȞȦȞ įȚαȞυıµȐĲȦȞ. ΩȢ 

ȅȡșȩȖȦȞα ∆ȚαȞȪıµαĲα ȠȡȓȗȠȞĲαȚ įȚαȞȪıµαĲα µİ ıĲȠȚȤİȓα șİĲȚțȠȪȢ αțİȡαȓȠυȢ țαȚ İȚįȚțȒ 

įȠµȒ. ȈĲȩȤȠȢ ĲȦȞ µȘĲȡȫȦȞ αυĲȫȞ İȓȞαȚ Ș απȠφυȖȒ įȚαțυµȐȞıİȦȞ ĲȘȢ πυțȞȩĲȘĲαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ țαȚ µȘįİȞȚıµȠȪ ĲȘȢ ȞȩșȠυ ıυıȤȑĲȚıȘȢ (spurious correlation). ȅ Park [174], 

παȡȠυıȚȐȗİȚ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȖȚα παȡαȖȦȖȒ ĲυȤαȓȦȞ įİȚȖµȐĲȦȞ µİ ıĲȩȤȠ ĲȘ µȑȖȚıĲȘ 

įυȞαĲȒ µİȓȦıȘ ĲȠυ ȜȐșȠȢ İțĲȓµȘıȘȢ. ȅȚ Ye et al., [226], παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ 

µİșȩįȠυ ȖȚα ĲȘ įȘµȚȠυȡȖȓα ıυµµİĲȡȚțȫȞ įİȚȖµȐĲȦȞ µİ ĲȘ µȑȖȚıĲȘ įυȞαĲȒ İȞĲȡȠπȓα. 

ȋ

ȋ2



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.61 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 1.19: ȂȑșȠįȠȚ ∆İȚȖµαĲȠȜȘȥȓαȢ ȆȚșαȞȠĲȚțȠȪ ȋȫȡȠυ µİ ĲȘ µȑșȠįȠ ȜαĲȚȞȚțȠȪ 
υπİȡțȪȕȠυ. 

1.7.5.5 ȂȑșȠįȠȢ ȈĲȡȦµαĲȚțȒȢ ∆İȚȖµαĲȠȜȘȥȓαȢ (Stratified Sampling 
Method) 

Ǿ µȑșȠįȠȢ ıĲȡȦµαĲȚțȒȢ įİȚȖµαĲȠȜȘȥȓαȢ [95], [177], [178] απȠĲİȜİȓ İπȑțĲαıȘ ĲȘȢ µİșȩįȠυ 

ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ. ȅ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ įȚαȤȦȡȓȗİĲαȚ ıİ πȜȒșȠȢ µȘ İπȚțαȜυπĲȩµİȞȦȞ 

υπȠȤȦȡȓȦȞ ȩπȦȢ țαȚ ıĲȘ µȑșȠįȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ. Ȉİ αȞĲȓșİıȘ µİ ĲȘ µȑșȠįȠ ȜαĲȚȞȚțȠȪ 

υπİȡțȪȕȠυ Ș πυțȞȩĲȘĲα įİȚȖµαĲȠȜȘȥȓαȢ įİȞ İȓȞαȚ ıĲαșİȡȒ ıİ țȐșİ υπȠȤȦȡȓȠ αȜȜȐ αȞȐȜȠȖȘ 

ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȠυ υπȠȤȦȡȓȠυ πȠυ įȓįİĲαȚ απȩ ĲȠ αȞαµİȞȩµİȞȠ ȜȐșȠȢ İțĲȓµȘıȘȢ [75], 

[30] ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ ȜȩȖȠυ ,f i in n . 

1.7.5.6 ȂȑșȠįȠȢ ȀαĲİυșυȞȩµİȞȘȢ ∆İȚȖµαĲȠȜȘȥȓαȢ (Directional Sampling 
Method) 

Ǿ µȑșȠįȠȢ țαĲİυșυȞȩµİȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ πȡȦĲȠπαȡȠυıȚȐıĲȘțİ απȩ ĲȠȞ Deak [40]. Ǿ 

µȑșȠįȠȢ ıĲȘȡȓȗİĲαȚ ıĲȘ įİȚȖµαĲȠȜȘȥȓα ĲȠυ ȚıȠįυȞȐµȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ȃ țαȞȠȞȚțȫȞ Ĳ.µ 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.62 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıĲαĲȚıĲȚțȐ αȞİȟαȡĲȒĲȦȞ µİĲαȟȪ ĲȠυȢ, ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ İȪȡİıȘ ıȘµİȓȦȞ ĲȘȢ įȚİπȚφȐȞİȚαȢ 

αıĲȠȤȓαȢ / αıφαȜİȓαȢ. Ǿ µȑșȠįȠȢ ıυȞȠȥȓȗİĲαȚ ȦȢ: 

ǺȒµα 1. ȂİĲαĲȡȠπȒ ĲȠυ ȤȫȡȠυ ĲȦȞ Ȃ Ĳ.µ Χ ıİ ȤȫȡȠ ȃ țαȞȠȞȚțȫȞ Ĳ.µ ıĲαĲȚıĲȚțȐ 

αȞİȟȐȡĲȘĲȦȞ Ȋ (παȡȐȖȡαφȠȚ 1.7.3.2 țαȚ 1.7.3.4). 

ǺȒµα 2. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ απȩıĲαıȘȢ ȜU ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ µȑıȦ ĲȘȢ 

ıȤȑıȘȢ [216]: 

 ( ) 0U
U UZ Z

U

λ= =  (1.159) 

ǺȒµα 3. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα ĲȠ ıȘµİȓȠ υπȩ İȟȑĲαıȘ ȕȐıİȚ ĲȠυ 

șİȦȡȒµαĲȠȢ ĲȠυ Fisher (παȡȐȖȡαφȠȢ 1.10.5) ȦȢ [40], [216]: 

 ( )2Pr ,U U Nχ λ=  (1.160) 

ǺȒµα 4. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ µȑıȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαȚ ĲȘȢ įȚαıπȠȡȐȢ ĲȘȢ ȖȚα 

ıυȖțİțȡȚµȑȞȘ πȜȒȡȘ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ȦȢ: 
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ǺȒµα 5. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ ĲȘȢ įȚαıπȠȡȐȢ ĲȠυ ȦȢ: 
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ȆȜİȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ ȖȚα πȡȠȕȜȒµαĲα µİ µȚțȡȩ αȡȚșµȩ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ 

İȓȞαȚ ĲȠ ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ ĲȘȢ țȩıĲȠȢ. Ǿ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ țαĲȐ 

İțșİĲȚțȩ ĲȡȩπȠ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ țαȚ ĲȠ țȩıĲȠȢ µİĲαĲȡȠπȒȢ ĲȠυ įȚαȞȪıµαĲȠȢ Ĳ.µ ıİ 

µȓα ȕȐıȘ țαȞȠȞȚțȫȞ ıĲαĲȚıĲȚțȐ αıυıȤȑĲȚıĲȦȞ Ĳ.µ țαĲαȜȠȖȓȗȠȞĲαȚ ȦȢ µİȚȠȞİțĲȒµαĲα ĲȘȢ 

µİșȩįȠυ. Ǿ µȑșȠįȠȢ țαĲİυșυȞȩµİȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ıυȞįυȐȗİĲαȚ µİ ȐȜȜİȢ µİșȩįȠυȢ ȩπȦȢ 

ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ [145] [48] țαȚ ĲȘ µȑșȠįȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ [168] 

µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαȚ ĲȘȢ 

µİȓȦıȘȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ȅȚ Nie țαȚ Ellingwood, [156], ıυȞįυȐȗȠυȞ ĲȘ µȑșȠįȠ 

țαĲİυșυȞȩµİȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ µİ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ ĲȠȞ 

πȚșαȞȠĲȚțȩ ȤȫȡȠ Ȟα ĲİµαȤȓȗİĲαȚ ıİ αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞα υπȠȤȦȡȓα. Ǿ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ İπȚµȑȡȠυȢ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ. ȅȚ Waarts țαȚ 

Vrouwenvelder, [216], παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ țαĲİυșυȞȩµİȞȘȢ 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.63 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įİȚȖµαĲȠȜȘȥȓαȢ țαĲȐȜȜȘȜα įȚαµȠȡφȦµȑȞȘ ȖȚα țȩȜȠυȡİȢ ĲυȤαȓİȢ țαĲαȞȠµȑȢ țαȚ ĲȘ 

ıυȖțȡȓȞȠυȞ µİ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ πȠυ ıĲȘ șȑıȘ 

ĲȘȢ ȖȡαµµȚțȒȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ πȡȠıİȖȖȚıĲȚțȒ ıυȞȐȡĲȘıȘ πȠυ 

παȡȐȖİĲαȚ µȑıȦ ĲȘȢ µİșȩįȠυ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ. 

1.7.5.7 ΆȜȜİȢ µȑșȠįȠȚ įİȚȖµαĲȠȜȘȥȓαȢ 

Ȇȑȡα ĲȦȞ µİșȩįȦȞ πȠυ παȡȠυıȚȐıĲȘțαȞ ȑȤȠυȞ πȡȠĲαșİȓ țαȚ ȐȜȜİȢ µȑșȠįȠȚ ȩπȦȢ Ș µȑșȠįȠȢ 

ıυıȤİĲȚıµȑȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ, Ș µȑșȠįȠȢ αȞĲȚșİĲȚțȫȞ µİĲαȕȜȘĲȫȞ ț.α., [119], [190], [232] 

µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȘȢ įȚαıπȠȡȐȢ ĲȠυ απȠĲİȜȑıµαĲȠȢ țαȚ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. 

1.7.6 ȈυµπİȡȐıµαĲα ȖȚα ĲȚȢ ȂİșȩįȠυȢ 3Ƞυ ǼπȚπȑįȠυ țαȚ ĲȚȢ µİșȩįȠυȢ 
įİȚȖµαĲȠȜȘȥȓαȢ 

ȈĲȚȢ παȡαȖȡȐφȠυȢ 1.7.4 țαȚ 1.7.5, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ 3Ƞυ 

İπȚπȑįȠυ țαȚ µȑșȠįȠȚ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȞȩȢ 

ıυıĲȒµαĲȠȢ. ȅȚ µȑșȠįȠȚ αυĲȑȢ ȤȦȡȓȗȠȞĲαȚ ıİ įȪȠ țαĲȘȖȠȡȓİȢ. ȅȚ µȑșȠįȠȚ πȠυ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 1.7.4.1 (µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ țαȚ µȑșȠįȠȢ 

įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ) ıĲȘȡȓȗȠȞĲαȚ ıĲȘ ıυıĲȘµαĲȚțȒ İȟİȡİȪȞȘıȘ ĲȦȞ πȚșαȞȫȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ, 

µȑıȦ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ αȜυıȓįαȢ ĲȦȞ țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıİȚȡȚαțȠȪ ıυıĲȒµαĲȠȢ ıĲαĲȚıĲȚțȐ ıυıȤİĲȚıµȑȞȦȞ 

µİȜȫȞ İπȚĲυȖȤȐȞİĲαȚ µȑıȦ ȠȡȓȦȞ 2ȘȢ [112], [90], [47] țαȚ 3ȘȢ ĲȐȟȘȢ [227] Ȓ µİ ĲȘ ȕȠȒșİȚα 

µİșȩįȦȞ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ [204]. ȂİȚȠȞȑțĲȘµα ĲȦȞ µİșȩįȦȞ απȠįȩµȘıȘȢ țαĲȐ ȕ 

țαȚ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ İȓȞαȚ Ș țαĲȐ İțșİĲȚțȩ ĲȡȩπȠ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

țȩıĲȠυȢ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ țαȚ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

ȈĲȘȞ παȡȐȖȡαφȠ 1.7.5 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ 

įİȚȖµαĲȠȜȘȥȓαȢ. ȉȠ πȡȩȕȜȘµα ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİĲαπȓπĲİȚ ıİ 

πȡȩȕȜȘµα İπȓȜυıȘȢ ȃ ȞĲİĲİȡµȚȞȚıĲȚțȫȞ πȡȠȕȜȘµȐĲȦȞ Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ țαȚ ĲȦȞ µİȜȫȞ ĲȠυ įȓįİĲαȚ ȦȢ Ƞ ȜȩȖȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ πȡȠȢ ĲȠ πȜȒșȠȢ 

ĲȦȞ πȡȠȕȜȘµȐĲȦȞ πȠυ ȑȤȠυȞ İȟİĲαıșİȓ. ȆȜİȠȞȑțĲȘµα ĲȦȞ µİșȩįȦȞ αυĲȫȞ İȓȞαȚ ȩĲȚ, ĲȠ 

υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ įİȞ İȟαȡĲȐĲαȚ απȩ ĲȘȞ πȠȜυπȜȠțȩĲȘĲα ĲȠυ πȡȠȕȜȒµαĲȠȢ (πȜȒșȠȢ 

µİȜȫȞ țαȚ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ) αȜȜȐ µȩȞȠȞ απȩ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ ĲȠ 

țȩıĲȠȢ İπȓȜυıȘȢ ĲȠυ αȞĲȓıĲȠȚȤȠυ ȞĲİĲİȡµȚȞȚıĲȚțȠȪ πȡȠȕȜȒµαĲȠȢ. ΓȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ 

µİșȩįȦȞ įİȚȖµαĲȠȜȘȥȓαȢ ıȘµαȞĲȚțȩ ȡȩȜȠ ıĲȘȞ αȟȚȠπȚıĲȓα ĲȦȞ απȠĲİȜİıµȐĲȦȞ παȓȗİȚ Ș 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.64 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıȦıĲȒ İπȚȜȠȖȒ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ȖȚα ĲȘȞ απȠφυȖȒ įİȚȖµαĲȠȜȘȥȓαȢ ıİ 

υπȑȡ-İπȓπİįα ĲȘ įȚαĲȒȡȘıȘ ĲȘȢ ȚıȠțαĲαȞȠµȒȢ ĲȦȞ įİȚȖµȐĲȦȞ țȜπ. [77]. ȈĲȘȞ παȡȐȖȡαφȠ 

1.15, παȡȠυıȚȐȗİĲαȚ İțĲİȞȒȢ αȞαıțȩπȘıȘ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȠυ ȑȤȠυȞ 

αȞαπĲυȤșİȓ ȖȚα ĲȘȞ αȪȟȘıȘ ĲȘȢ πİȡȚȩįȠυ İπαȞαφȠȡȐȢ țαȚ ĲȘ įȚαĲȒȡȘıȘ ĲȘȢ ȚıȠțαĲαȞȠµȒȢ 

țαȚ ȠµȠȚȠµȠȡφȓαȢ ĲȠυ įİȓȖµαĲȠȢ ıĲȚȢ πİȡȚπĲȫıİȚȢ πȡȠȕȜȘµȐĲȦȞ µİ µİȖȐȜȠ πȜȒșȠȢ Ĳ.µ. 

1.8 ȈυµπİȡȐıµαĲα 

Ǿ ȑȜȜİȚȥȘ αȞαȜυĲȚțȫȞ İțφȡȐıİȦȞ țȜİȚıĲȠȪ ĲȪπȠυ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ıİ ıυıĲȒµαĲα απȠĲİȜİȓ ȑȞαȞ απȩ ĲȠυȢ ȕαıȚțȠȪȢ παȡȐȖȠȞĲİȢ ĲȘȢ µȘ İυȡİȓαȢ 

İφαȡµȠȖȒȢ ĲȦȞ πȚșαȞȠĲȚțȫȞ µİșȩįȦȞ ıĲȘȞ αȞȐȜυıȘ ĲȦȞ țαĲαıțİυȫȞ. Ǿ µȑȤȡȚ ıȒµİȡα 

İȡİυȞȘĲȚțȒ İȡȖαıȓα ȑȤİȚ įȫıİȚ πȜȒșȠȢ ȜȪıİȦȞ ȖȚα ȑȞα µİȖȐȜȠ αȡȚșµȩ πȡȠȕȜȘµȐĲȦȞ µİ ĲȘ 

ȤȡȒıȘ πȡȠȤȦȡȘµȑȞȦȞ µαșȘµαĲȚțȫȞ, αȜȜȐ µİȖȐȜȠ µȑȡȠȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ παȡαµȑȞİȚ αțȩµα 

ȐȜυĲȠ [49]. ȈĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ıİ πȡȠȕȜȒµαĲα țȩπȦıȘȢ Ȓ πȡȠȕȜȒµαĲα 

țαĲȦφȜȓȠυ. ȂȑșȠįȠȚ µİĲαȕαȜȜȩµİȞȠυ µȑıȠυ (Moving Average), µȑșȠįȠȚ αυĲȩµαĲȘȢ 

πȡȩȕȜİȥȘȢ (Auto Regressive) ıυȞįυαıµȠȓ αυĲȫȞ (ARMA) țαșȫȢ țαȚ ıĲȠȤαıĲȚțȑȢ αȞİȜȓȟİȚȢ 

țαĲȐ Markov ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ıİ πİȡȚπĲȫıİȚȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ ĲαȤȪĲȘĲαȢ įȚȐįȠıȘȢ 

ȡȦȖµȫȞ țαȚ ȖȚα ĲȘȞ πȡȠıȠµȠȓȦıȘ ĲȘȢ µαțȡȠıțȠπȚțȒȢ ıυµπİȡȚφȠȡȐȢ ĲȠυ φαȚȞȠµȑȞȠυ ĲȘȢ 

țȩπȦıȘȢ [202], [203]. ȅ țȪȡȚȠȢ ȩȖțȠȢ İȡȖαıȓαȢ İıĲȚȐȗİĲαȚ ıĲȘȞ αȞȐπĲυȟȘ µİșȩįȦȞ 

įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠȤİȪȠȞĲαȢ ıĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ ĲȦȞ απȠĲİȜİıµȐĲȦȞ µİ ĲαυĲȩȤȡȠȞȘ 

µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ. Ǿ ȡαȖįαȓα αȞȐπĲυȟȘ ĲȦȞ Ǿ/Ȋ µαȢ İπȚĲȡȑπİȚ ĲȘȞ İπȓȜυıȘ 

πȡȠȕȜȘµȐĲȦȞ υȥȘȜȒȢ πȠȜυπȜȠțȩĲȘĲαȢ ıİ İȪȜȠȖȠ ȤȡȩȞȠ. ǹπαȚĲİȓĲαȚ ȩµȦȢ πİȡαȚĲȑȡȦ 

αȞȐπĲυȟȘ ĲȦȞ µİșȩįȦȞ αυĲȫȞ ȖȚα ĲȘ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυȢ ȦȢ πȡȠȢ ĲȠ ĲȪπȠ ĲȦȞ Ĳ.µ, 

ĲȘȞ πȠȜυπȜȠțȩĲȘĲα ĲȘȢ ıυȞȐȡĲȘıȘȢ αȞĲȠȤȒȢ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 
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1.9 ȆαȡȐȡĲȘµα ǹ – ΘİȫȡȘµα Bayes 

ȈȪµφȦȞα µİ ĲȠ șİȫȡȘµα ĲȠυ Bayes, Ș įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ǹ 

υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ȑȤİȚ ıυµȕİȓ ĲȠ ȖİȖȠȞȩȢ Ȃ įȓįİĲαȚ ȦȢ: 
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∩=  (1.163) 

ǼφαȡµȩȗȠȞĲαȢ ĲȘȞ αȡȤȒ ĲȘȢ αȞĲȚµİĲȐșİıȘȢ țαȚ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș πȚșαȞȩĲȘĲα ĲȠυ 

ȖİȖȠȞȩĲȠȢ Ȃ µπȠȡİȓ Ȟα ȖȡαφĲİȓ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȘȢ ĲȠµȒȢ ĲȠυ ȖİȖȠȞȩĲȠȢ Ȃ µİ țȐșİ įυȞαĲȩ 

ȖİȖȠȞȩȢ ǹj (İφȩıȠȞ jM A⊂∪ ) Ș ıȤȑıȘ (1.163) µİĲαıȤȘµαĲȓȗİĲαȚ ȦȢ: 
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Ȃİ ĲȘ ȕȠȒșİȚα ĲȘȢ ıȤȑıȘȢ (1.163) ȖȚα Ĳα ȖİȖȠȞȩĲα iM A∩  țαȚ jM A∩  Ș ıȤȑıȘ (1.164) 

ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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ȅ ıυȞįυαıµȩȢ ĲȦȞ ıȤȑıİȦȞ (1.163) țαȚ (1.165) ȠįȘȖİȓ ıĲȘ ıȤȑıȘ (1.25). 

1.10 ȆαȡȐȡĲȘµα Ǻ – ȈĲαĲȚıĲȚțȑȢ ȀαĲαȞȠµȑȢ – ǺαıȚțȐ 
ΘİȦȡȒµαĲα 

ȈĲȠ παȡȐȡĲȘµα αυĲȩ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πȜȑȠȞ įȚαįİįȠµȑȞİȢ ıĲαĲȚıĲȚțȑȢ țαĲαȞȠµȑȢ țαȚ Ș 

µȑıȘ ĲȚµȒ ĲȠυȢ, Ș ĲυπȚțȒ απȩțȜȚıȘ, Ș ȜȠȟȩĲȘĲα țαȚ Ș țȪȡĲȦıȘ. ǼπȚπȜȑȠȞ παȡȠυıȚȐȗȠȞĲαȚ 

ȕαıȚțȐ șİȦȡȒµαĲα ıİ șȑµαĲα ıĲαĲȚıĲȚțȒȢ țαȚ πȚșαȞȠĲȒĲȦȞ. 

1.10.1 ȈĲαĲȚıĲȚțȑȢ ȀαĲαȞȠµȑȢ 
ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗİĲαȚ ȠȚ πİȡȚııȩĲİȡȠ ıυȞȒșİȚȢ ıĲαĲȚıĲȚțȑȢ țαĲαȞȠµȑȢ. 

1.10.1.1 ȀαȞȠȞȚțȒ ȀαĲαȞȠµȒ (Normal Distribution – Gauss Distribution) 

Ǿ ȈȆȆ ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ (Ȓ țαĲαȞȠµȒȢ Gauss) įȓįİĲαȚ ȦȢ [6], [33], [65], [64]: 
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ȩπȠυ, µ țαȚ ı İȓȞαȚ Ș µȑıȘ ĲȚµȒ țαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ. Ǿ ȜȠȟȩĲȘĲα Ȗ țαȚ Ș țȪȡĲȦıȘ ĲȘȢ 

țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ c İȓȞαȚ ȓıȘ µİ ĲȠ µȘįȑȞ. ȆαȡαĲȘȡİȓĲαȚ ȩĲȚ ȖȚα ĲȠȞ πȜȒȡȘ ȠȡȚıµȩ ĲȘȢ 

țαȞȠȞȚțȒȢ ıυȞȐȡĲȘıȘȢ απαȚĲİȓĲαȚ µȩȞȠȞ Ș ȖȞȫıȘ ĲȦȞ ȡȠπȫȞ 1ȘȢ țαȚ 2ȘȢ ĲȐȟİȦȢ. 

1.10.1.2 ∆υȠȞυµȚțȒ ȀαĲαȞȠµȒ (Binomial Distribution) 

Ǿ įυȠȞυµȚțȒ țαĲαȞȠµȒ ȠȡȓȗİĲαȚ ȦȢ Ș įȚαțȡȚĲȒ ıĲαĲȚıĲȚțȒ țαĲαȞȠµȒ PP(n|N) πȠυ µαȢ įȓįİȚ 

ĲȘȞ πȚșαȞȩĲȘĲα Ȟα İπȚĲȪȤȠυµİ αțȡȚȕȫȢ n İπȚĲυȤȓİȢ ıĲȘȞ πİȡȓπĲȦıȘ ȃ πİȚȡαµȐĲȦȞ țαĲȐ 

Bernoulli [173]. Ǿ ȈȆȆ įȓįİĲαȚ ȦȢ [65], [64]: 

 ( ) ( ) ( ) ( )!
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! !
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P p q P p p qN N pn n
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Ǿ ǹȈȆ Ȟα ȑȤȠυµİ πİȡȚııȩĲİȡİȢ απȩ n İπȚĲυȤȓİȢ ıĲȘȞ πİȡȓπĲȦıȘ įȚİȟαȖȦȖȒȢ ȃ πİȚȡαµȐĲȦȞ 

țαĲȐ Bernoulli įȓįİĲαȚ ȦȢ [173], [65], [64]: 
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Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c ĲȘȢ įυȠȞυµȚțȒȢ țαĲαȞȠµȒȢ 

įȓįȠȞĲαȚ ȦȢ [173]: 
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ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ȃ→∞, Ș įυȠȞυµȚțȒ țαĲαȞȠµȒ ĲİȓȞİȚ ıĲȘȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µȑıȘ 

ĲȚµȒ µ țαȚ ĲυπȚțȒ απȩțȜȚıȘ ı [65]: 

 ( )1N p N p pµ σ= ⋅ = ⋅ ⋅ −  (1.170) 

Ǿ ȜȠȟȩĲȘĲα țαȚ țȪȡĲȦıȘ ĲȘȢ įυȠȞυµȚțȒȢ țαĲαȞȠµȒȢ ȖȚα ȃ→∞ ĲİȓȞȠυȞ ıĲȠ µȘįȑȞ. ȅ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ įυȠȞυµȚțȒȢ țαĲαȞȠµȒȢ įȓįİĲαȚ ȦȢ: 

 
( )1 1N p p p

COV
N p N p
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⋅ ⋅ − −= = =⋅ ⋅  (1.171) 
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ΓȚα ȃ→∞ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ įυȠȞυµȚțȒȢ țαĲαȞȠµȒȢ ĲİȓȞİȚ ıĲȠ µȘįȑȞ ȖȚα 

ȠπȠȚαįȒπȠĲİ ĲȚµȒ ĲȠυ p. 

1.10.1.3 ȊπİȡȖİȦµİĲȡȚțȒ ȀαĲαȞȠµȒ (Hyper geometrical Distribution) 

ǼπȑțĲαıȘ ĲȘȢ įυȠȞυµȚțȒȢ țαĲαȞȠµȒȢ απȠĲİȜİȓ Ș υπİȡȖİȦµİĲȡȚțȒ țαĲαȞȠµȒ (hypergeometric 

distribution) πȠυ µαȢ įȓįİȚ ĲȘȞ πȚșαȞȩĲȘĲα Ȟα ȑȤȠυµİ ıυȖțİțȡȚµȑȞȠ αȡȚșµȩ İπȚĲυȤȚȫȞ ıĲȘȞ 

πİȡȓπĲȦıȘ įȚİȟαȖȦȖȒȢ ıĲαșİȡȠȪ πȜȒșȠυȢ πİȚȡαµȐĲȦȞ. ΈıĲȦ x țαȚ y įυȠȞυµȚțȑȢ Ĳ.µ µİ 

παȡαµȑĲȡȠυȢ n, p țαȚ m, p αȞĲȓıĲȠȚȤα. Ǿ įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα ĲȠυ x υπȩ ĲȘȞ πȡȠȨπȩșİıȘ 

ȩĲȚ x+y=k įȓįİĲαȚ ȦȢ [173]: 

 ( ) ( )
( ) ( ) ( ) ( )

! ! ! !

! ! ! ! !
P

n m N N m n
P m nx i

i n i m i N N i m n

− −=+= − + − − +  (1.172) 

ȩπȠυ, ȃ İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ πİȚȡαµȐĲȦȞ, m ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ ǹ, n ĲȠ πȜȒșȠȢ ĲȦȞ 

ȖİȖȠȞȩĲȦȞ ĲȠυ ǹ’ (ıυµπȜȘȡȦµαĲȚțȠȪ ȖİȖȠȞȩĲȠȢ) țαȚ ĲȑȜȠȢ m+n=k İȓȞαȚ ĲȠ ıυȞȠȜȚțȩ πȜȒșȠȢ 

ĲȦȞ αȞĲȚțİȚµȑȞȦȞ. Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, Ș ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c ĲȘȢ 

υπİȡȖİȦµİĲȡȚțȒȢ țαĲαȞȠµȒȢ įȓįȠȞĲαȚ ȦȢ [173]: 
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ȩπȠυ µ4 İȓȞαȚ Ș ȡȠπȒ 4
ȘȢ

 ĲȐȟİȦȢ ĲȘȢ υπİȡȖİȦµİĲȡȚțȒȢ țαĲαȞȠµȒȢ țαȚ įȓįİĲαȚ ȦȢ: 
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1.10.1.4 ȁȠȖαȡȚșµȚțȒ ȀαĲαȞȠµȒ (Log-Normal Distribution) 

ΩȢ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ ȠȡȓȗİĲαȚ Ș țαĲαȞȠµȒ ȖȚα ĲȘȞ ȠπȠȓα Ƞ φυıȚțȩȢ ȜȠȖȐȡȚșµȩȢ ĲȦȞ 

απİȚțȠȞȓıİȦȞ Ȥ(ȗ) αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ [173]. Ǿ ȈȆȆ țαȚ Ș ǹȈȆ įȓįȠȞĲαȚ ȦȢ 

[144]: 

 ( ) ( )( ) ( ) ( )2

2

ln1 1ln
exp 1 erf

2 22 2

MxMxf Fx x
SS x Sπ

   −  −= ⋅ = +−     ⋅ ⋅  ⋅     (1.175) 

ȩπȠυ, M țαȚ S İȓȞαȚ Ș µȑıȘ ĲȚµȒ țαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȠυ ıĲαĲȚıĲȚțȠȪ įİȓȖµαĲȠȢ ĲȦȞ 

φυıȚțȫȞ ȜȠȖαȡȓșµȦȞ țαȚ ( )0,x∈ ∞ . Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.68 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țȪȡĲȦıȘ c ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ įȓįȠȞĲαȚ ȦȢ [14]: 

 
( )( ) ( )[ ]

( ) ( )[ ] ( ) ( ) ( )
2

2 2

2 2 2 2 2

exp exp 1 2 exp
2

exp exp 1 exp 2 exp 3 exp 62 4 3 2

S
M S S

cM S S S S S

µ γ
σ

 = = − ⋅ ++  
= ⋅ − = + ⋅ + ⋅ −+

(1.176) 

Ǿ ȁȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ ȕȡȓıțİȚ İφαȡµȠȖȒ ıĲȘȞ πȡȠıȠµȠȓȦıȘ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ĲȦȞ 

υȜȚțȫȞ, ĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ ȖİȦµİĲȡȚțȫȞ µİȖİșȫȞ ĲȦȞ įȚαĲȠµȫȞ țȜπ. 

1.10.1.5 ȀαĲαȞȠµȒ Weibull (Weibull Distribution) 

Ǿ țαĲαȞȠµȒ Weibull πȡȠțȪπĲİȚ ıυȞȒșȦȢ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȞαµİȞȩµİȞȘȢ įȚȐȡțİȚαȢ ȗȦȒȢ 

αȞĲȚțİȚµȑȞȦȞ. ǼφαȡµȩıĲȘțİ αȡȤȚțȐ ıĲȘȞ πȡȠıȠµȠȓȦıȘ ıĲαĲȚıĲȚțȠȪ įİȓȖµαĲȠȢ αȞĲȠȤȒȢ ıİ 

țȩπȦıȘ [144] țαȚ ȕȡȓıțİȚ İφαȡµȠȖȒ țαȚ ıĲȘȞ πİȡȚȖȡαφȒ ĲȦȞ ȚįȚȠĲȒĲȦȞ ıİȚȡȚαțȫȞ 

ıυıĲȘµȐĲȦȞ. Ǿ ȈȆȆ țαȚ Ș ǹȈȆ įȓįȠȞĲαȚ ȦȢ [144]: 

 ( ) ( )1 exp 1 exp

a a

a a x x
f a x Fx xβ β β− −       = ⋅ ⋅ = −− −              (1.177) 

ȩπȠυ, α țαȚ ȕ İȓȞαȚ ȠȚ παȡȐµİĲȡȠȚ ĲȘȢ ıυȞȐȡĲȘıȘȢ țαȚ [ )0,x∈ ∞ . Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ 

απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c ĲȘȢ țαĲαȞȠµȒȢ Weibull, įȓįȠȞĲαȚ ȦȢ [144]: 

 

( ) ( ) ( )
( ) ( ) ( )

( ) ( )
( )

( ) ( )

2 21 1 1

3 1 1 1

3 2
22 2 1 11 1

1 1 2 1

2 31 1 1 2

1 2 11 2 1

a a a

g aa a a
c

a aa a

µ β σ β
γ

− − −

− − −
− −− −

= ⋅Γ = ⋅  Γ −Γ+ + ⋅ + 
⋅Γ − ⋅Γ Γ+ + + ⋅= =  Γ −Γ Γ −Γ + ⋅ + + ⋅ + 

(1.178) 

ȩπȠυ Γ() İȓȞαȚ Ș țαĲαȞȠµȒ ΓȐµα țαȚ Ș ıυȞȐȡĲȘıȘ g(α) įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( )
( ) ( ) ( )
4 2 21 1 1 1

1 1 1

6 12 31 1 1 2 1 2

4 1 1 3 1 4

a a a a
g a

a a a

− − − −
− − −

 − Γ + Γ Γ − Γ+ + + ⋅ +≡  − Γ Γ +Γ+ + ⋅ + ⋅   (1.179) 

ȈĲȘ ȕȚȕȜȚȠȖȡαφȓα παȡȠυıȚȐȗİĲαȚ țαȚ παȡαȜȜαȖȒ ĲȠυ ĲȡȩπȠυ ȠȡȚıµȠȪ ĲȘȢ țαĲαȞȠµȒȢ Weibull 

[144] Ș ȠπȠȓα İıĲȚȐȗİĲαȚ ıĲȠ ȠȡȚıµȩ ĲȠυ αβ β≡ . Ǿ ȈȆȆ țαȚ Ș ǹȈȆ ĲȘȢ ıȤȑıȘȢ (1.177) 

ĲȡȠπȠπȠȚȠȪȞĲαȚ ȦȢ [144]: 

 ( ) ( )1 exp 1 exp
a a

aa x x
f x Fx xβ β β−    = ⋅ ⋅ = −− −        (1.180) 

Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ĲȘȢ ıȤȑıȘȢ (1.178) ĲȡȠπȠπȠȚȠȪȞĲαȚ ȦȢ [144]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.69 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ) ( )1 2
21 1 11 1 2 1

a a
a a aµ β σ β− − −= ⋅Γ = ⋅  Γ −Γ+ + ⋅ +   (1.181) 

1.10.1.6 ȀαĲαȞȠµȒ ǺȒĲα (Beta Distribution) 

Ǿ ȈȆȆ țαȚ Ș ǹȈȆ ĲȘȢ țαĲαȞȠµȒȢ ǺȒĲα įȓįȠȞĲαȚ ȦȢ [1]: 

 ( ) ( )
( ) ( ) ( ) ( ) ( )1 1

; ,1
aa

f x F I x ax x x
a

ββ ββ − −Γ += ⋅ ⋅ =−Γ Γ  (1.182) 

ȩπȠυ α țαȚ ȕ İȓȞαȚ ȠȚ παȡȐµİĲȡȠȚ ĲȘȢ ıυȞȐȡĲȘıȘȢ, ǿ(x;α,ȕ) İȓȞαȚ Ș țαȞȠȞȚțȠπȠȚȘµȑȞȘ 

ıυȞȐȡĲȘıȘ ǺȒĲα țαȚ [ ]0,1x∈ . Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c 

ĲȘȢ țαĲαȞȠµȒȢ ȕȒĲα, įȓįȠȞĲαȚ ȦȢ [144]: 

 
( ) ( )

( )( )
( ) ( ) ( )( )( )

2

3 2 2

1

6 21 2 1 22 1

2 32

a a

a a a

a aaa
c

a a aa a

βµ σβ β β
β αββ β βββγ β β ββ β

= =+ + + +
 + + −− + ++ +−  = = + + + ++ +

 (1.183) 

1.10.1.7 ȀαĲαȞȠµȒ ΓȐµα (Gamma Distribution) 

Ǿ țαĲαȞȠµȒ ΓȐµα ıȤİĲȓȗİĲαȚ µİ ĲȘȞ țαĲαȞȠµȒ ǺȒĲα (απȠĲİȜİȓ υπȠπİȡȓπĲȦıȘ αυĲȒȢ) țαȚ 

πȡȠțȪπĲİȚ ıİ įȚαįȚțαıȓİȢ ıĲȚȢ ȠπȠȓİȢ ȗȘĲİȓĲαȚ Ƞ υπȠȜȠȖȚıµȩȢ ĲȠυ ȤȡȩȞȠυ αȞαµȠȞȒȢ µİĲαȟȪ 

ĲȦȞ ȖİȖȠȞȩĲȦȞ πȠυ αțȠȜȠυșȠȪȞ țαĲαȞȠµȒ Poisson. Ǿ ȈȆȆ țαȚ Ș ǹȈȆ įȓįȠȞĲαȚ ȦȢ [173]: 

 ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

( )
1 1

0

exp ,
exp 1 1

! !1

h kh

k

h xx x x
f Fx x x

kh h

λ λλ λ λλ− −

=
Γ⋅ −= ⋅ = − = −− Γ− ∑  (1.184) 

ȩπȠυ Ȝ İȓȞαȚ Ș ıυȤȞȩĲȘĲα µİĲαȕȠȜȒȢ ĲȘȢ țαĲαȞȠµȒȢ Poisson, Γ(x) țαȚ Γ(x,a) İȓȞαȚ Ș πȜȒȡȘȢ 

țαȚ Ș İȜȜȚπȒȢ țαĲαȞȠµȒ ΓȐµα αȞĲȓıĲȠȚȤα țαȚ h İȓȞαȚ ĲȠ h ȖİȖȠȞȩȢ ĲȘȢ țαĲαȞȠµȒȢ Poisson. Ǿ 

ȈȆȆ ĲȘȢ ıȤȑıȘȢ (1.184) ȚıȤȪİȚ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ h∈Ν . Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ 

ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c ĲȘȢ țαĲαȞȠµȒȢ ΓȐµα, įȓįȠȞĲαȚ ȦȢ [144]: 

 2 2 6
cµ αθ σ αθ γ αα= = = =  (1.185) 

ȩπȠυ, α țαȚ ș İȓȞαȚ ȠȚ µİĲαȕȜȘĲȑȢ ĲȘȢ țαĲαȞȠµȒȢ ΓȐµα. 

1.10.1.8 ȀαĲαȞȠµȒ Poisson (Poisson Distribution) 

Ǿ țαĲαȞȠµȒ Poisson įȓįİȚ ĲȘȞ πȚșαȞȩĲȘĲα Ȟα ȑȤȠυµİ n İπȚșυµȘĲȐ απȠĲİȜȑıµαĲα ȖȚα ȃ 

πȜȒșȠȢ πİȚȡαµȐĲȦȞ Bernoulli. ȅȡȓȗȠȞĲαȢ ĲȘȞ παȡȐµİĲȡȠ Ȟ ȦȢ ĲȠȞ αȞαµİȞȩµİȞȠ αȡȚșµȩ 

İπȚĲυȤȘµȑȞȦȞ πİȚȡαµȐĲȦȞ Ȟ≡Np Ș ȈȆȆ įȓįİĲαȚ ȦȢ [173]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.70 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( )exp

!

n

P n
n

ν
ν ν−=  (1.186) 

Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c ĲȘȢ țαĲαȞȠµȒȢ Poisson, 

įȓįȠȞĲαȚ ȦȢ [144]: 

 
1 1

cµ ν σ ν γ νν= = = =  (1.187) 

1.10.1.9 ǼțșİĲȚțȒ ȀαĲαȞȠµȒ (Exponential Distribution) 

Ǿ İțșİĲȚțȒ țαĲαȞȠµȒ ıυȞįȑİĲαȚ Ȑµİıα µİ ĲȘȞ țαĲαȞȠµȒ Poisson țαȚ įȓįİȚ ĲȠ ȤȡȩȞȠ 

αȞαµȠȞȒȢ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ µİĲαπĲȫıİȦȞ țαĲȐıĲαıȘȢ İȞȩȢ ıυıĲȒµαĲȠȢ πȠυ αțȠȜȠυșİȓ 

țαĲαȞȠµȒ Poisson. Ǿ ȈȆȆ țαȚ Ș ǹȈȆ įȓįȠȞĲαȚ ȦȢ [13]: 

 ( ) ( ) ( ) ( )exp 1 expf Fx x x xλ λ λ= = −− −  (1.188) 

ȩπȠυ, Ȝ İȓȞαȚ Ș ıυȤȞȩĲȘĲα µİĲαȕȠȜȒȢ. Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ 

țȪȡĲȦıȘ c ĲȘȢ İțșİĲȚțȒȢ țαĲαȞȠµȒȢ, įȓįȠȞĲαȚ ȦȢ [13]: 

 2 6cµ θ σ θ γ= = = =  (1.189) 

ȩπȠυ 1θ λ−≡  İȓȞαȚ Ƞ µȑıȠȢ ȤȡȩȞȠȢ αȞαµȠȞȒȢ. 

1.10.1.10 ȀαĲαȞȠµȒ Ȥ2 (Ȥ2 Distribution) 

Ǿ țαĲαȞȠµȒ Ȥ2 ıυȞįȑİĲαȚ Ȑµİıα µİ ĲȘȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ. ǹȞ Yi ȠȡȓȗȠȞĲαȚ r ĲȠ πȜȒșȠȢ 

ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ țαȞȠȞȚțȑȢ țαĲαȞȠµȑȢ µİ µ=0 țαȚ ı=1 ĲȩĲİ Ș Ĳ.µ ȋ πȠυ ȠȡȓȗİĲαȚ ȦȢ: 

 2

1

r

i

i

X Y
=

=∑  (1.190) 

αțȠȜȠυșİȓ țαĲαȞȠµȒ Ȥ2
 µİ r ȕαșµȠȪȢ İȜİυșİȡȓαȢ. Ǿ ȈȆȆ țαȚ Ș ǹȈȆ įȓįȠȞĲαȚ ȦȢ [1]: 

 ( ) ( ) ( )
21

2 2

2

1 1
,

exp 2 2
1

1 1
2

2 2

r

r
r

r
x x

f Fx x

r r

χ −  
 Γ ⋅ −  = = −   Γ Γ      

 (1.191) 

Ǿ µȑıȘ ĲȚµȒ µ, ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c ĲȘȢ Ȥ2
 țαĲαȞȠµȒȢ, įȓįȠȞĲαȚ ȦȢ 

[1]: 

 
2 12

2 2r r c
r r

µ σ γ= = = =  (1.192) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.71 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.10.2 ȀİȞĲȡȚțȩ ȅȡȚαțȩ ΘİȫȡȘµα (Central Limit Theorem) 

1.10.2.1 ǺαıȚțȩ ΘİȫȡȘµα 

ΈıĲȦ X1, X2,…,XN ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ Ĳ.µ ȩπȠυ țȐșİ ȋi Ĳ.µ αțȠȜȠυșİȓ țαĲαȞȠµȒ 

P(x1,…,xN) µİ µȑıȘ ĲȚµȒ µi țαȚ πİπİȡαıµȑȞȘ įȚαıπȠȡȐ ıi
2
. Ǿ Ĳ.µ ȋnorm πȠυ ȠȡȓȗİĲαȚ ȦȢ: 

 1 1

2

1

N N

i i

i i
norm

N

i

i

X

X

µ
σ

= =

=

−
≡∑ ∑

∑  (1.193) 

αțȠȜȠυșİȓ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ ȃ→∞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=0 țαȚ ı=1. ǹπȩįİȚȟȘ ĲȠυ 

țİȞĲȡȚțȠȪ ȠȡȚαțȠȪ șİȦȡȒµαĲȠȢ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠȞ Kallenberg [102] țαȚ Papoulis [173]. 

ȈȪµφȦȞα µİ ĲȠ ȀİȞĲȡȚțȩ ȅȡȚαțȩ ΘİȫȡȘµα ĲȠ αșȡȠȚıĲȚțȩ απȠĲȑȜİıµα πȜȒșȠυȢ 

įȚαφȠȡİĲȚțȫȞ ȦȢ πȡȠȢ ĲȘ ıυµπİȡȚφȠȡȐ Ĳ.µ, πİπİȡαıµȑȞȘȢ įȚαıπȠȡȐȢ țαȚ µȑıȘȢ ĲȚµȒȢ, 

αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µȑıȘ ĲȚµȒ 
1

N

i

i

µ µ
=

=∑  țαȚ įȚαıπȠȡȐ 2 2

1

N

i

i

σ σ
=

=∑ . 

1.10.2.2 ǼπİțĲȐıİȚȢ ĲȠυ ȀİȞĲȡȚțȠȪ ȅȡȚαțȠȪ ΘİȦȡȒµαĲȠȢ 

ΈıĲȦ Ȋ1, Ȋ2,…,ȊN ıȪȞȠȜȠ ıĲαĲȚıĲȚțȐ αȞİȟαȡĲȒĲȦȞ Ĳ.µ πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȚȢ ıυȞșȒțİȢ ĲȠυ 

țİȞĲȡȚțȠȪ ȠȡȚαțȠȪ șİȦȡȒµαĲȠȢ. Ǿ Ĳ.µ ȋLog-norm πȠυ ȠȡȓȗİĲαȚ ȦȢ: 

 
1

N

Log norm i

i

X Y− =
≡∏  (1.194) 

αțȠȜȠυșİȓ, ıĲȘȞ πİȡȓπĲȦıȘ πȠυ ȃ→∞, ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ İφȩıȠȞ Ƞ ȜȠȖȐȡȚșµȠȢ αυĲȒȢ: 

 ( ) ( )
1

ln ln
N

Log normnorm i

i

XX Y−
=

′ ≡ =∑  (1.195) 

αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µȑıȘ ĲȚµȒ ( )ln
1

i

N

Y
i

µ µ
=

=∑  țαȚ įȚαıπȠȡȐ ( )2 2

ln
1

i

N

Y
i

σ σ
=

=∑ . Ǿ 

µȑıȘ ĲȚµȒ µ ĲυπȚțȒ απȩțȜȚıȘ ı, ȜȠȟȩĲȘĲα Ȗ țαȚ țȪȡĲȦıȘ c, ȕȐıİȚ ĲȘȢ ıȤȑıȘȢ (1.176) ĲȘȢ Ĳ.µ 

ȋLog-norm įȓįȠȞĲαȚ ȦȢ: 

 

( ) ( ) ( )[ ]
( )[ ] ( )[ ] ( ) ( ) ( )

( ) ( )ln

2

ln
1 1

exp exp exp 10.5 2

exp 2 exp 3 exp 6exp 1 2 exp 34 2

Yi i

N N

Y
i i

A B A B B

c BB BB B

A B

µ σ
γ

µ σ
= =

= = ⋅ −+ +
= ⋅ = + ⋅ + ⋅ −− +

= =∑ ∑
 (1.196) 
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1.10.2.3 ȀİȞĲȡȚțȩ ȅȡȚαțȩ ΘİȫȡȘµα ĲȦȞ Lindeberg-Feller (Lindeberg-Feller 
Central Limit Theorem) 

ǹȞ ȋ1,ȋ2,..,ȋȃ Ĳ.µ πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȠȞ πİȡȚȠȡȚıµȩ ĲȠυ Lindeberg. ΓȚα țȐșİ a<b ȚıȤȪİȚ [65]: 

 ( ) ( )lim n

N
n

S
a bP b a

s→∞
 < < = Φ −Φ    (1.197) 

ȩπȠυ, Φ() İȓȞαȚ Ș ǹȈȆ ĲȘȢ țαĲαȞȠµȒȢ Gauss. ȅ πİȡȚȠȡȚıµȩȢ ĲȠυ Lindeberg ȠȡȓȗİȚ ȩĲȚ ȑıĲȦ 

ȋ1,ȋ2,..,ȋȃ πȜȒșȠȢ Ĳ.µ µİ µ=0 țαȚ πİπİȡαıµȑȞȠυ µİȖȑșȠυȢ įȚαıπȠȡȐ ıi
2
. Ǿ Ĳ.µ Sn πȠυ 

ȠȡȓȗİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ παȡαπȐȞȦ Ĳ.µ µİ įȚαıπȠȡȐ s
2

n ĲİȓȞİȚ ıİ µȓα țαȞȠȞȚțȒ țαĲαȞȠµȒ 

µİ µ=0. Ǿ Ĳ.µ S
*

n πȠυ ȠȡȓȗİĲαȚ ȦȢ [65]: 

 * 1 N n
n

n n

X X S
S

s s

+ += ="
 (1.198) 

αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=0 țαȚ ı=1 [65]. 

1.10.3 ǹȞȚıȩĲȘĲα Tchebycheff 

Ǿ αȞȚıȩĲȘĲα ĲȠυ Tchebycheff φȡȐııİȚ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȚµȫȞ ıİ απȩıĲαıȘ απȩ ĲȘ 

µȑıȘ ĲȚµȒ µİȖαȜȪĲİȡȘ απȩ µȓα ıυȖțİțȡȚµȑȞȘ ĲȚµȒ İ, ȕȐıİȚ ĲȘȢ µȑıȘȢ ĲȚµȒ țαȚ ĲȘȢ įȚαıπȠȡȐȢ 

ĲȘȢ Ĳ.µ. Ǿ αȞȚıȩĲȘĲα ĲȠυ Tchebycheff įȓįİĲαȚ ȦȢ: 

 ( ){ } { } 2

2
, XP P x xx

σε η ε η εη ε≥ = −∞ ≤ ≤ − + ≤ ≤ +∞ ≤−  (1.199) 

Ǿ πȚșαȞȩĲȘĲα ĲȘȢ Ĳ.µ x Ȟα İȓȞαȚ İțĲȩȢ ĲȠυ įȚαıĲȒµαĲȠȢ [Ș-İ, Ș+İ] İȓȞαȚ µȚțȡȩĲİȡȘ απȩ ĲȠ 

ȜȩȖȠ ĲȘȢ įȚαıπȠȡȐȢ πȡȠȢ ĲȠ ĲİĲȡȐȖȦȞȠ ĲȠυ İ. Ǿ ĲȚµȒ αυĲȒ φȡȐȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ 

İȞȩȢ ȖİȖȠȞȩĲȠȢ țαȚ İȓȞαȚ αȞİȟȐȡĲȘĲȘ ĲȘȢ ȈȆȆ ĲȠυ ȖİȖȠȞȩĲȠȢ. 

1.10.4 ΘİȫȡȘµα ĲȠυ Cramer (Cramer’s Theorem) 

ǹȞ ȋ țαȚ Ȋ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ µİĲαȕȜȘĲȑȢ țαȚ Ș Ĳ.µ ǽ=ȋ+Ȋ αțȠȜȠυșİȓ țαȞȠȞȚțȒ 

țαĲαȞȠµȒ ĲȩĲİ țαȚ ȠȚ ȋ țαȚ Ȋ αțȠȜȠυșȠȪȞ ĲȘȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ. 

1.10.5 ΘİȫȡȘµα ĲȠυ Fisher (Fisher’s Theorem) 

ΈıĲȦ ǹ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ, ȃ ĲȠ πȜȒșȠȢ, ıĲαĲȚıĲȚțȐ αȞİȟαȡĲȒĲȦȞ Ĳ.µ Xi. ΈıĲȦ 

αțȩµα ǹ=Ǻ+C ȩπȠυ B ıυȞȐȡĲȘıȘ įİυĲȑȡαȢ ĲȐȟİȦȢ ȦȢ πȡȠȢ ĲȚȢ Ĳ.µ Xi πȠυ αțȠȜȠυșİȓ 

țαĲαȞȠµȒ Ȥ2
 µİ h ȕαșµȠȪȢ İȜİυșİȡȓαȢ. ȈȪµφȦȞα µİ ĲȠ șİȫȡȘµα ĲȠυ Fisher Ș Ĳ.µ C 

αțȠȜȠυșİȓ țαĲαȞȠµȒ Ȥ2
 µİ ȃ-h ȕαșµȠȪȢ İȜİυșİȡȓαȢ țαȚ İȓȞαȚ αȞİȟȐȡĲȘĲȘ ĲȘȢ Ĳ.µ Ǻ. 
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1.10.6 ȃȩµȠȢ ĲȦȞ ȆȡαȖµαĲȚțȐ ȂİȖȐȜȦȞ ǹȡȚșµȫȞ (Law of Truly Large 
Numbers) 

ȈȪµφȦȞα µİ ĲȠ ȞȩµȠ ĲȦȞ πȡαȖµαĲȚțȐ µİȖȐȜȦȞ αȡȚșµȫȞ ıİ ȑȞα µİȖȐȜȠ įİȓȖµα țȐșİ 

ıĲαĲȚıĲȚțȐ απȓșαȞȠ ȖİȖȠȞȩȢ İȓȞαȚ ȕȑȕαȚȠ ȩĲȚ șα ıυµȕİȓ [42]. ΈıĲȦ İ ĲȚµȒ țαĲȦφȜȓȠυ πȠυ 

įȚαȤȦȡȓȗİȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıĲαĲȚıĲȚțȐ απȓșαȞȦȞ ȖİȖȠȞȩĲȦȞ απȩ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıĲαĲȚıĲȚțȐ 

ıυȞȘșȚıµȑȞȦȞ ȖİȖȠȞȩĲȦȞ. ȀȐșİ ȖİȖȠȞȩȢ ȤȦȡȓȢ απȫȜİȚα ĲȘȢ ȖİȞȚțȩĲȘĲαȢ șİȦȡİȓĲαȚ ȦȢ 

«απȓșαȞȠ» İφȩıȠȞ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ İȓȞαȚ µȚțȡȩĲİȡȘ ĲȘȢ ĲȚµȒȢ țαĲȦφȜȓȠυ. ΈıĲȦ 

ȃ ĲȠ πȜȒșȠȢ ĲȦȞ πİȚȡαµȐĲȦȞ πȠυ πȡαȖµαĲȠπȠȚȠȪȞĲαȚ. Ǿ πȚșαȞȩĲȘĲα Ȟα µȘȞ υπȐȡȤȠυȞ 

įİȓȖµαĲα απȩ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıĲαĲȚıĲȚțȐ απȓșαȞȦȞ ȖİȖȠȞȩĲȦȞ įȓįİĲαȚ ȦȢ: 

 ( ) ( )
1

Pr , 1,..., 1

N

i UE

i

S i N ε
=

∉Ω ∀ = = −∏  (1.200) 

ȩπȠυ, ΩUE İȓȞαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıĲαĲȚıĲȚțȐ απȓșαȞȦȞ ȖİȖȠȞȩĲȦȞ țαȚ Si İȓȞαȚ ĲȠ i ȖİȖȠȞȩȢ. Ǿ 

πȚșαȞȩĲȘĲα ĲȘȢ ıȤȑıȘȢ (1.200) φȡȐııİĲαȚ απȩ: 

 ( ) ( ) ( )Pr Pr , 1,...,1
N

i UES i Nx x= ≥ ∉Ω ∀ =−  (1.201) 

ȉȠ ( )( )lim Pr
N

x→∞  ȖȚα țȐșİ x ıĲȠ įȚȐıĲȘµα (0,1) İȓȞαȚ ȓıȠ µİ ĲȠ µȘįȑȞ ȩĲαȞ ȃ→∞, Ȑȡα Ș 

πȚșαȞȩĲȘĲα Ȟα µȘȞ παȡαĲȘȡȘșİȓ ȑȞα ıĲαĲȚıĲȚțȐ απȓșαȞȠ ȖİȖȠȞȩȢ, ȩĲαȞ ĲȠ πȜȒșȠȢ ĲȦȞ 

įİȚȖµȐĲȦȞ ĲİȓȞİȚ ıĲȠ ȐπİȚȡȠ, ĲİȓȞİȚ ıĲȠ µȘįȑȞ. ȉȠ ıυµπȜȘȡȦµαĲȚțȩ ȖİȖȠȞȩȢ ĲȘȢ ıȤȑıȘȢ 

(1.201) İȓȞαȚ Ș παȡαĲȒȡȘıȘ İȞȩȢ απȓșαȞȠυ ȖİȖȠȞȩĲȠȢ: 

 ( ) ( )( )lim P lim 11 1
N

N N
x x→∞ →∞= =− −  (1.202) 

ȩπȠĲİ ȩĲαȞ ȃ→∞ αȞαµȑȞİĲαȚ µİ ȕİȕαȚȩĲȘĲα Ș παȡαĲȒȡȘıȘ ıĲαĲȚıĲȚțȐ απȓșαȞȦȞ ȖİȖȠȞȩĲȦȞ. 

ȈυȞȑπİȚα ĲȠυ ȞȩµȠυ ĲȦȞ πȡαȖµαĲȚțȐ µİȖȐȜȦȞ αȡȚșµȫȞ İȓȞαȚ Ș πȡȩĲαıȘ: 

«Ȉİ µȓα ȠȡȖαȞȦµȑȞȘ țȠȚȞȦȞȚțȒ ȠµȐįα, πȠυ įȚȑπİĲαȚ απȩ ĲȠυȢ ȞȩµȠυȢ ĲȘȢ ĲυȤαȚȩĲȘĲαȢ, țαȚ ȖȚα 

ȑȞα İȪȜȠȖα µİȖȐȜȠ ȤȡȠȞȚțȩ įȚȐıĲȘµα, Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ αțȡαȓȦȞ ıυµȕȐȞĲȦȞ ĲİȓȞİȚ 

αıυµπĲȦĲȚțȐ ıĲȘ µȠȞȐįα». 

1.11 ȆαȡȐȡĲȘµα Γ – ǹπȩįİȚȟȘ ĲȘȢ ıȤȑıȘȢ (1.97) 

ǹπȩ șİȦȡȓα ıυȞȩȜȦȞ ȚıȤȪİȚ ȩĲȚ: 

 ( ) 2

1

i ji i j k

i i j i

S SS S S S
= +

∩⊇ ∨ ∩ =∪ ∪ ∪  (1.203) 

įȘȜαįȒ ĲȠ ȐșȡȠȚıµα ĲȦȞ ıυȞȩȜȦȞ İȓȞαȚ υπİȡıȪȞȠȜȠ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȦȞ ĲȠµȫȞ ȩȜȦȞ ĲȦȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 
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ıυȞįυαıµȫȞ αȞȐ įȪȠ ĲȦȞ ıυȞȩȜȦȞ αυĲȫȞ (µİ İȟαȓȡİıȘ ĲȘȞ ĲȠµȒ ĲȠυ ıυȞȩȜȠυ µİ ĲȠȞ İαυĲȩ 

ĲȠυ), İφȩıȠȞ , : i j i ji j S S S S∃ − ≠ ∅∨ ⊇ . ǺȐıİȚ ĲȠυ Sk
2
=Si∩Sj παȡαĲȘȡİȓĲαȚ ȩĲȚ: 
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2 2

1

 İπȚπİįȠ 1 İπȚπİįȠ
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n n

i ik k l
i ik k l j k k

n n

S SS S S

+

′= +
+

   ⊇ ⇒ ⊇∩       ��	�
 ��	�

∩ ∩∪ ∪ ∪ ∪ ∪  (1.204) 

ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.16) țαȚ ȕȐıİȚ ĲȘȢ ıȤȑıȘȢ (1.204) ȚıȤȪİȚ: 
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ȩπȠυ L İȓȞαȚ Ș πȠıȩĲȘĲα: 
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 (1.206) 

πȠυ ȠįȘȖİȓ ıĲȠ ıυµπȑȡαıµα ĲȘȢ ıȤȑıȘȢ (1.97). 

1.12 ȆαȡȐȡĲȘµα ∆ – ǼπİțĲȐıİȚȢ ĲȘȢ µİșȩįȠυ ǹȞȐȜυıȘȢ 
ǹȟȚȠπȚıĲȓαȢ 2ȘȢ ĲȐȟȘȢ 

ȅ Breitung, παȡȠυıȚȐȗİȚ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ įİυĲȑȡαȢ ĲȐȟİȦȢ 

ȩπȠυ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ [22], [23]: 

 ( ) ( )
1

1

1

1

N

f HL

j HL j

P
k

β β
−

=
= Φ ⋅− + ⋅∏  (1.207) 

ȩπȠυ kj İȓȞαȚ Ș țαµπυȜȩĲȘĲα ȖȚα ĲȘȞ j Ĳ.µ. Ǿ ıȤȑıȘ (1.207) απȠĲİȜİȓ țαȚ ĲȘȞ αțȡȚȕȒ ȜȪıȘ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ ȕHL→∞ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ĲȠ ȖȚȞȩµİȞȠ ȕHL·kj 

παȡαµȑȞİȚ ıĲαșİȡȩ. 

O Tvedt, [212], παȡȠυıȚȐȗİȚ παȡαȜȜαȖȒ ĲȘȢ ıȤȑıȘȢ (1.207) µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ 

αțȡȓȕİȚαȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ 

ĲȠυ ıυıĲȒµαĲȠȢ İȓȞαȚ µȚțȡȩȢ [212]: 

 ( ) ( )
1

2 3

1

1

1

N

f HL

j HL j

P A A
k

β β
−

=
= Φ ⋅ + +− + ⋅∏  (1.208) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.75 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ, ȠȚ ȩȡȠȚ ǹ2 țαȚ ǹ3 πȠυ απȠĲİȜȠȪȞ țαȚ ĲȠυȢ įȚȠȡșȦĲȚțȠȪȢ ȩȡȠυȢ ĲȘȢ ıȤȑıȘȢ (1.207) µİ 

ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ, ȩĲαȞ įİȞ πȜȘȡȠȪȞĲαȚ ȠȚ ıυȞșȒțİȢ ȕHL→∞ țαȚ ȕHL·kj  

πİπİȡαıµȑȞȠ. ȅȚ ȩȡȠȚ αυĲȠȓ įȓįȠȞĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )( )
1 1
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1 1

1 1

1 1 1
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j jHL j jHL
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k k
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− −
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  −= ⋅Φ − ⋅− −     + ⋅ + ⋅+  
∏ ∏  (1.209) 
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 (1.210) 

ȩπȠυ Re[] İȓȞαȚ ĲȠ πȡαȖµαĲȚțȩ µȑȡȠȢ İȞȩȢ µȚȖαįȚțȠȪ αȡȚșµȠȪ țαȚ i İȓȞαȚ Ƞ φαȞĲαıĲȚțȩȢ 

αȡȚșµȩȢ ȖȚȫĲα. ȅ Breitung, [24], µİ ĲȘ ȕȠȒșİȚα ĲȘȢ µİșȩįȠυ µİȖȓıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ıİ 

ıυȞįυαıµȩ µİ αıυµπĲȦĲȚțȒ αȞȐȜυıȘ υπȠȜȠȖȓȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ 

ıİ πȚșαȞȠĲȚțȩ ȤȫȡȠ µȘ țαȞȠȞȚțȫȞ Ĳ.µ µȑıȦ ĲȠυ µİĲαıȤȘµαĲȚıµȠȪ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ 

πȑȡȚȟ ĲȠυ ıȘµİȓȠυ µİȖȓıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ıİ ȤȫȡȠ țαȞȠȞȚțȫȞ Ĳ.µ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįİĲαȚ µȑıȦ ĲȘȢ ıȤȑıȘȢ (1.207) ȩπȠυ ȠȚ ȩȡȠȚ kj υπȠȜȠȖȓȗȠȞĲαȚ ıĲȠ 

ȤȫȡȠ ĲȦȞ țαȞȠȞȚțȫȞ Ĳ.µ. 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıȪµφȦȞα µİ ĲȠυȢ Koyluoglu țαȚ Nielsen, αȞȐȜȠȖα țαȚ µİ µȠȡφȒ ĲȘȢ 

πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ įȓįİĲαȚ ȦȢ [113]: 

 ( ) ( ) ( ) { }( ) { }
1

1 2

1

0, 1,..., 1
1

0, 1,..., 1

N
jHLHL

f HL j
j jHL

A k j N
P k

A k j NA

βϕ ββ β
−−

=
= Φ > =− − = Φ ⋅− + ⋅  = Φ < = − ∏  (1.211) 

ȅȚ Cai țαȚ Elishakoff, πȡȠĲİȓȞȠυȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘ ıȤȑıȘ 

[27]: 

 ( ) ( )
1

k

f iHL HL

i

P Dϕβ β
=

 = Φ − ⋅−   ∑  (1.212) 

ȩπȠυ, Di İȓȞαȚ Ƞ i įȚȠȡșȦĲȚțȩȢ ıυȞĲİȜİıĲȒȢ πȠυ ıȤİĲȓȗİȚ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ Pf µİ ĲȘ µȠȡφȒ ĲȘȢ 

πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ȅȚ ĲȡİȚȢ πȡȫĲȠȚ ȩȡȠȚ, πȠυ ıȪµφȦȞα µİ ĲȠυȢ 

ıυȖȖȡαφİȓȢ İȓȞαȚ αȡțİĲȠȓ ȖȚα ĲυπȚțȐ πȡȠȕȜȒµαĲα αȟȚȠπȚıĲȓαȢ, įȓįȠȞĲαȚ ȦȢ [27]: 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.76 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ Ƞ ȩȡȠȢ Ȝj įȓįİĲαȚ ȦȢ [27]: 

 
1

2j jkλ − =    (1.215) 

ȅȚ Zhao țαȚ Ono, [228], πȡȠĲİȓȞȠυȞ ȖȚα ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȚȢ παȡαțȐĲȦ ȘµȚİµπİȚȡȚțȑȢ 

ıȤȑıİȚȢ αȞαȜȩȖȦȢ ĲȠυ πȡȩıȘµȠυ ĲȠυ Ks: 
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 −= + < − +   (1.217) 

ȩπȠυ, Ks İȓȞαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ țαµπυȜȠĲȒĲȦȞ kj [228]: 

 
1

1

N

s j

j

K k
−

=
=∑  (1.218) 

Ȉİ µİĲαȖİȞȑıĲİȡİȢ İȡȖαıȓİȢ [229], [230] ȠȚ Zhao țαȚ Ono, ĲȡȠπȠπȠȚȠȪȞ ĲȚȢ ıȤȑıİȚȢ (1.216) 

țαȚ (1.217) ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ αȞȐȜȠȖα µİ ĲȠ 

πȡȩıȘµȠ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȦȞ αțĲȚȞȫȞ țαµπυȜȩĲȘĲαȢ, ıĲȠȤİȪȠȞĲαȢ ıĲȘ ȕİȜĲȓȦıȘȢ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ µİ πȠȜȜȑȢ Ĳ.µ țαȚ µȚțȡȒ αțĲȓȞα 

țαµπυȜȩĲȘĲαȢ. ȅȚ ıȤȑıİȚȢ (1.216) țαȚ (1.217) ĲȡȠπȠπȠȚȠȪȞĲαȚ ȦȢ [230]: 
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 (1.220) 

ȩπȠυ R İȓȞαȚ Ș µȑıȘ αțĲȓȞα țαµπυȜȩĲȘĲαȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ [230]: 

 
1

s

N
R

K

−=  (1.221) 

ǹȞαȜυĲȚțȒ παȡȠυıȓαıȘ ĲȦȞ παȡαȜȜαȖȫȞ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ įİυĲȑȡαȢ 

ĲȐȟİȦȢ, παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Manohar țαȚ Gupta, [128]. 

1.13 ȆαȡȐȡĲȘµα Ǽ – ∆İȓțĲȘ αȟȚȠπȚıĲȓαȢ ȀαĲαıțİυȫȞ țαȚ 
ȊπİȡıĲαĲȚțȩĲȘĲα 

ȈĲȠ παȡȐȡĲȘµα αυĲȩ İȟİĲȐȗȠȞĲαȚ ȠȚ ıυȞȑπİȚİȢ ĲȘȢ υπİȡıĲαĲȚțȩĲȘĲαȢ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.77 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȘȢ țαĲαıțİυȒȢ ȖȚα ıυȖțİțȡȚµȑȞȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ ĲȘȢ. ȈĲȩȤȠȢ ĲȘȢ µİȜȑĲȘȢ 

αυĲȒȢ İȓȞαȚ Ȟα παȡȠυıȚαıĲȠȪȞ Ĳα ȠφȑȜȘ πȠυ πȡȠțȪπĲȠυȞ απȩ ĲȘȞ πȚșαȞȠĲȚțȒ αȞȐȜυıȘ ĲȦȞ 

țαĲαıțİυȫȞ ıİ ıȪȖțȡȚıȘ µİ ĲȚȢ ȚıȤȪȠυıİȢ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ (ǼυȡȦțȫįȚțİȢ) πȠυ 

İıĲȚȐȗȠυȞ ĲȘȞ πȡȠıȠȤȒ ĲȠυȢ ıĲȘȞ αȟȚȠπȚıĲȓα ĲȠυ µȑȜȠυȢ. 

1.13.1 ȅȡȚıµȩȢ ĲȠυ ȆȡȠȕȜȒµαĲȠȢ 
ȈĲȠ ∆ȚȐȖ. 1.20 [87], παȡȠυıȚȐȗİĲαȚ ȑȞα παȡȐȜȜȘȜȠ ıȪıĲȘµα απȠĲİȜȠȪµİȞȠ απȩ n ĲȠ πȜȒșȠȢ 

ıĲȠȚȤİȓα (µȑȜȘ). ȉα n-1 ıĲȠȚȤİȓα αȞĲȚțαĲȠπĲȡȓȗȠυȞ ĲȘȞ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ įȠµȚțȠȪ 

ıυıĲȒµαĲȠȢ υπȩ İȟȑĲαıȘ. 

 

∆ȚȐȖ. 1.20: ȆαȡȐȜȜȘȜȠ ıȪıĲȘµα n ıĲȠȚȤİȓȦȞ. 

ǺȐıİȚ ĲȦȞ țαȞȠȞȚıµȫȞ ıȤİįȚαıµȠȪ [59] țαȚ ȤȦȡȓȢ απȫȜİȚα ĲȘȢ ȖİȞȚțȩĲȘĲαȢ αȖȞȠȫȞĲαȢ ĲυȤȩȞ 

ȐȜȜȠυȢ πİȡȚȠȡȚıµȠȪȢ ĲȦȞ țαȞȠȞȚıĲȚțȫȞ įȚαĲȐȟİȦȞ, Ș παȡαțȐĲȦ αȞȚıȩĲȘĲα πȡȑπİȚ Ȟα 

πȜȘȡİȓĲαȚ ȖȚα țȐșİ ıĲȠȚȤİȓȠ ĲȠυ ıυıĲȒµαĲȠȢ [59], [80]: 

 ( ) ( ) ( )( )d G k Q Q k W W kR G Q Wξ γ γ ψ γ ψ≥ ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅  (1.222) 

ȩπȠυ Gk, țαȚ Qk İȓȞαȚ ȠȚ ȤαȡαțĲȘȡȚıĲȚțȑȢ ĲȚµȑȢ ĲȦȞ µȩȞȚµȦȞ țαȚ țȚȞȘĲȫȞ φȠȡĲȓȦȞ, Wk İȓȞαȚ Ș 

ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȦȞ φȠȡĲȓȦȞ πȠυ įȡȠυȞ ıĲȘȞ țαĲαıțİυȒ ȖȚα πİȡȚȠȡȚıµȑȞȠ ȤȡȠȞȚțȩ 

įȚȐıĲȘµα, ȖG, ȖQ țαȚ ȖW İȓȞαȚ ȠȚ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ, ȟ İȓȞαȚ Ƞ µİȚȦĲȚțȩȢ 

ıυȞĲİȜİıĲȒȢ ĲȦȞ µȩȞȚµȦȞ φȠȡĲȓȦȞ țαȚ ȥQ țαȚ ȥW İȓȞαȚ ȠȚ µİȚȦĲȚțȠȓ ıυȞĲİȜİıĲȑȢ πȠυ 

ıȤİĲȓȗȠȞĲαȚ µİ ĲȘȞ πȚșαȞȩĲȘĲα ĲαυĲȩȤȡȠȞȘȢ İµφȐȞȚıȘȢ įȪȠ Ȓ πİȡȚııȠĲȑȡȦȞ ȠȡȚαțȫȞ 

… … 1 2 i n 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.78 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

φȠȡĲȓıİȦȞ. ȈĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ ĲȠ țȚȞȘĲȩ φȠȡĲȓȠ Qk İȓȞαȚ Ș įİıπȩȗȠυıα µİĲαȕȜȘĲȒ įȡȐıȘ 

[61] ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα Ș ıȤȑıȘ (1.222) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [59], [80]: 

 ( )( )d G k Q k W W kR G Q Wγ γ γ ψ≥ ⋅ + ⋅ + ⋅ ⋅  (1.223) 

ȩπȠυ ĲȠ φȠȡĲȓȠ Wk ȤαȡαțĲȘȡȓȗİĲαȚ ȦȢ ıυȞαțȩȜȠυșȘ µİĲαȕȜȘĲȒ įȡȐıȘ [61]. ΘİȦȡȫȞĲαȢ ȩĲȚ Ƞ 

ȜȩȖȠȢ ĲȦȞ ĲυȤȘµαĲȚțȫȞ φȠȡĲȓȦȞ (W) πȡȠȢ Ĳα țȚȞȘĲȐ φȠȡĲȓα (Q) İȓȞαȚ ȓıȠȢ µİ ĲȠ µȘįȑȞ țαȚ µİ 

ĲȠ ıυȞįυαıµȩ ĲȦȞ µȩȞȚµȦȞ țαȚ țȚȞȘĲȫȞ φȠȡĲȓȦȞ ȖȚα ĲȠ πȡȩȕȜȘµα ĲȠυ ∆ȚȐȖ. 1.20, Ș ıȤȑıȘ 

(1.223) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [214]: 

 
0.95

ki
L

s

n R
Pγγ

⋅ ≥ ⋅  
0.95

i
d

s

n R
R γ

⋅=  (1.224) 

ȩπȠυ Ȗs țαȚ ȖL İȓȞαȚ ȠȚ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ ĲȦȞ Ĳ.µ αȞĲȠȤȒȢ țαȚ φȠȡĲȓȠυ 

αȞĲȓıĲȠȚȤα, Ri
0.95

 İȓȞαȚ Ș ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ αȞĲȠȤȒȢ ĲȠυ i ıĲȠȚȤİȓȠυ (µİ πȚșαȞȩĲȘĲα 

υπȑȡȕαıȘȢ ȓıȘ µİ 95%) țαȚ Pk
 İȓȞαȚ Ș ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȠυ İπȚȕαȜȜȩµİȞȠυ φȠȡĲȓȠυ (µİ 

πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ k%) [59]. Ǿ ĲȚµȒ ĲȠυ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȒ αıφαȜİȓαȢ ȖL țυµαȓȞİĲαȚ 

ȖȚα ĲȠυȢ ǼυȡȦțȫįȚțİȢ [59], [60], [61] απȩ 1.35 ȦȢ 1.50 țαșȫȢ ȠȚ ıυȞĲİȜİıĲȑȢ ȖG, ȖQ țαȚ ȖW 

İȓȞαȚ ȓıȠȚ µİ 1.35, 1.50 țαȚ 1.50 αȞĲȓıĲȠȚȤα [80]. Ǿ ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȦȞ µȩȞȚµȦȞ țαȚ 

țȚȞȘĲȫȞ φȠȡĲȓȦȞ ıȪµφȦȞα µİ ĲȚȢ ȠįȘȖȓİȢ ĲȦȞ țαȞȠȞȚıµȫȞ [59] țαȚ ĲȘ ȕȚȕȜȚȠȖȡαφȓα [31], 

İȓȞαȚ ȓıȘ µİ, 50% ȖȚα µȩȞȚµα φȠȡĲȓα, 5% ȖȚα țȚȞȘĲȐ φȠȡĲȓα µİ πİȡȓȠįȠ İπαȞαφȠȡȐȢ ȓıȘ µİ 50 

ȑĲȘ [80] țαȚ απȩ 2% ȖȚα φȠȡĲȓα ȩπȦȢ Ƞ ȐȞİµȠȢ țαȚ ĲȠ ȤȚȩȞȚ µİ πİȡȓȠįȠ İπαȞαφȠȡȐȢ 1 ȑĲȠȢ ȦȢ 

6% ȖȚα πİȡȓȠįȠ İπαȞαφȠȡȐȢ 50 ȑĲȘ [80]. Ǿ İπȚȜȠȖȒ ĲȦȞ ıυȖțİțȡȚµȑȞȦȞ πȚșαȞȠĲȒĲȦȞ 

υπȑȡȕαıȘȢ ĲȘȢ ĲȚµȒȢ αȞĲȠȤȒȢ țαȚ ĲȘȢ ĲȚµȒȢ ĲȠυ φȠȡĲȓȠυ ıĲȘ ıȤȑıȘ (1.224) įİȞ İπȘȡİȐȗİȚ ĲȘ 

ȖİȞȚțȩĲȘĲα ĲȘȢ ȜȪıȘȢ. Ǿ ȕȑȜĲȚıĲȘ ĲȚµȒ ȖȚα ĲȘ ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ αȞĲȠȤȒȢ țȐșİ ıĲȠȚȤİȓȠυ, 

υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ĲȠ țȩıĲȠȢ ĲȠυ ıĲȠȚȤİȓȠυ İȓȞαȚ µȓα µȠȞȠĲȠȞȚțȐ αυȟαȞȩµİȞȘ 

ıυȞȐȡĲȘıȘ ıİ ıȤȑıȘ µİ ĲȘȞ ĲȚµȒ ĲȘȢ ȤαȡαțĲȘȡȚıĲȚțȒȢ αȞĲȠȤȒȢ, įȓįİĲαȚ ȦȢ: 
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s L

i opt
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γ γ⋅ ⋅= =   …  (1.225) 

Ǿ ȜȪıȘ ĲȘȢ ıȤȑıȘȢ (1.225) παȡαπȑµπİȚ ıİ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ υπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ ıȤİįȓαıȘȢ 

İȟȐȞĲȜȘıȘȢ αȞĲȠȤȒȢ (fully stressed design). ǹȞ ȠȚ Ĳ.µ ĲȘȢ αȞĲȠȤȒ țαȚ ĲȠυ φȠȡĲȓȠυ 

αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ, Ș ȕȑȜĲȚıĲȘ µȑıȘ ĲȚµȒ αȞĲȠȤȒȢ įȓįİĲαȚ ȦȢ: 

 [ ] ( ) ( )( ) [ ]
1 1.645 1 s L

i iopt

E P
E R CovR f k CovP

n

γ γ⋅ ⋅= + ⋅ ⋅ + ⋅ ⋅  (1.226) 

ȩπȠυ f(k) İȓȞαȚ ıυȞȐȡĲȘıȘ πȠυ țαșȠȡȓȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ ȖȚα ĲȘȞ Ĳ.µ ĲȠυ φȠȡĲȓȠυ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.79 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Ƞ ȜȩȖȠȢ W/Q İȓȞαȚ ȓıȠȢ µİ ĲȠ 0, Ș ıυȞȐȡĲȘıȘ αυĲȒ įȓįİĲαȚ ȦȢ: 

 ( ) 1.645
Q

f k CovQ CovP
G Q

 = ⋅ ⋅ +   (1.227) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ πȚșαȞȠĲȚțȒȢ αȞȐȜυıȘȢ ĲȠ πȡȩȕȜȘµα ȠȡȓȗİĲαȚ ȦȢ [99]: 

 iS R P R n R= − = ⋅  (1.228) 

ȩπȠυ R țαȚ P İȓȞαȚ ȠȚ Ĳ.µ ĲȘȢ αȞĲȠȤȒȢ țαȚ ĲȠυ φȠȡĲȓȠυ. ǹȞ ȠȚ Ĳ.µ {Ri,P} șİȦȡȘșȠȪȞ ȦȢ 

ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ Ĳ.µ ĲȩĲİ țαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ αțȠȜȠυșİȓ țαȞȠȞȚțȒ 

țαĲαȞȠµȒ µİ µȑıȘ ĲȚµȒ țαȚ įȚαıπȠȡȐ: 

 [ ] [ ] [ ] [ ] [ ] [ ]2 2 2

i
i RS P

E n E R E nS P σ σ σ= ⋅ − = ⋅ +  (1.229) 

ǹπȩ ĲȘ ıȤȑıȘ (1.229) ȖȚα ĲȘ «ȕȑȜĲȚıĲȘ» ĲȚµȒ ĲȘȢ αȞĲȠȤȒȢ ĲȘȢ ıȤȑıȘȢ (1.226), Ș µȑıȘ ĲȚµȒ 

țαȚ įȚαıπȠȡȐ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ įȓįİĲαȚ ȦȢ: 
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 (1.230) 

Ǿ υπȩșİıȘ ĲȘȢ İȟȐȞĲȜȘıȘȢ αȞĲȠȤȒȢ απȩ ĲȘȞ ȠπȠȓα İȟȐȖİĲαȚ Ș ıȤȑıȘ (1.225) įİȞ İπȘȡİȐȗİȚ ĲȘ 

ȖİȞȚțȩĲİȡȘ ıυµπİȡȚφȠȡȐ ĲȘȢ ıȤȑıȘȢ (1.230) țαșȫȢ ȩĲαȞ ȦȢ aj İȓȞαȚ Ƞ İπȚπȡȩıșİĲȠȢ 

ıυȞĲİȜİıĲȒȢ αıφαȜİȓαȢ ȜȩȖȦ µȘ İȟȐȞĲȜȘıȘȢ ĲȦȞ πİȡȚșȦȡȓȦȞ αȞĲȠȤȒȢ, ȠȚ ıȤȑıİȚȢ (1.225), 

(1.226), (1.229) țαȚ (1.230) ĲȡȠπȠπȠȚȠȪȞĲαȚ ȦȢ: 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.80 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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1.13.2 ȊπȠȜȠȖȚıµȩȢ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȘȢ αȞĲȠȤȒȢ 
țαȚ ĲȠυ φȠȡĲȓȠυ 

Ǿ αȞĲȠȤȒ ıυȞαȡĲȐĲαȚ απȩ ĲȚȢ µİĲαȕȜȘĲȩĲȘĲİȢ ĲȠυ υȜȚțȠȪ, ĲȠυ İµȕαįȠȪ ĲȘȢ įȚαĲȠµȒȢ țαȚ ĲȘȢ 

αȕİȕαȚȩĲȘĲαȢ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ αȞĲȠȤȒȢ. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ 

αȞĲȠȤȒȢ µȑȜȠυȢ απȩ ȤȐȜυȕα İȓȞαȚ ȓıȠȢ µİ 8% (ıȪµφȦȞα µİ ĲȠυȢ Gulvanessian țαȚ Holicky 

[80]). Ǿ Ĳ.µ ĲȠυ φȠȡĲȓȠυ ıυȞαȡĲȐĲαȚ απȩ ĲȘ µİĲαȕȜȘĲȩĲȘĲα ĲȠυ φȠȡĲȓȠυ țαȚ ĲȘȞ αȕİȕαȚȩĲȘĲα 

ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ υπȠȜȠȖȚıµȠȪ ĲȦȞ İȞĲȐıİȦȞ. ȉα φȠȡĲȓα țαĲȘȖȠȡȚȠπȠȚȠȪȞĲαȚ ȦȢ [99]: 

• ΦȠȡĲȓα ȚįȓȠυ ȕȐȡȠυȢ. 

• ΦȠȡĲȓα ȤȡȒıȘȢ ĲȘȢ țαĲαıțİυȒȢ (αȞșȡȦπȠφȠȡĲȓα, İȟȠπȜȚıµȩȢ). 

• ΦȠȡĲȓα ȕȚȠµȘȤαȞȚțȫȞ įȡαıĲȘȡȚȠĲȒĲȦȞ (ıȚȜȩ țȜπ.). 

• ȈυȖțȠȚȞȦȞȚαțȐ φȠȡĲȓα (țȓȞȘıȘ ȠȤȘµȐĲȦȞ, µİĲαφȠȡȐ αȖαșȫȞ µİ αȖȦȖȠȪȢ, țȜπ.). 

• ΦȠȡĲȓα πİȡȚȕȐȜȜȠȞĲȠȢ (ȤȚȩȞȚ, ȐȞİµȠȢ, İȟȦĲİȡȚțȒ șİȡµȠțȡαıȓα țȜπ.). 

• ȊįȡαυȜȚțȐ φȠȡĲȓα (πȓİıȘ ȞİȡȠȪ, υįȡȠφȩȡȠȢ ȠȡȓȗȠȞĲαȢ) 

• ΦȠȡĲȓα ȜȩȖȦ µİĲαțȓȞȘıȘȢ ȖαȚȫȞ țαȚ ıİȚıµȩȢ. 

ȉα φȠȡĲȓα ȦȢ πȡȠȢ ĲȘ µİĲαȕȠȜȒ ĲȠυȢ µİ ĲȠ ȤȡȩȞȠ țαĲȘȖȠȡȚȠπȠȚȠȪȞĲαȚ ȦȢ: 

• ȂȩȞȚµα φȠȡĲȓα πȠυ Ș įȚαțȪµαȞıȘ ĲȠυȢ µİ ĲȠ ȤȡȩȞȠ πİȡȓ ĲȘȢ µȑıȘȢ ĲȚµȒȢ İȓȞαȚ 

µȚțȡȒ țαȚ ıυµȕαȓȞİȚ ıπȐȞȚα (φȠȡĲȓα ȚįȓȠυ ȕȐȡȠυȢ, φȠȡĲȓα ȖαȚȫȞ, πȡȠȑȞĲαıȘ, 

İπȚȕαȜȜȩµİȞİȢ µİĲαțȚȞȒıİȚȢ ıĲȘ φȐıȘ ĲȘȢ țαĲαıțİυȒȢ, İπȚȡȡȠȒ șİȡµȠțȡαıȓαȢ, 

ıυıĲȠȜȒ, İȡπυıµȩȢ țȜπ.). 

• ȀυµαȚȞȩµİȞα φȠȡĲȓα πȠυ Ș įȚαțȪµαȞıȘ ĲȠυȢ µİ ĲȠ ȤȡȩȞȠ πİȡȓ ĲȘȢ µȑıȘȢ ĲȚµȒȢ 

İȓȞαȚ µİȖȐȜȘ țαȚ ıυµȕαȓȞİȚ ıυȤȞȐ (φȠȡĲȓα ȤȡȒıȘȢ ĲȘȢ țαĲαıțİυȒȢ, ıυȖțȠȚȞȦȞȚαțȐ 

φȠȡĲȓα, µİ İȟαȓȡİıȘ Ĳα φȠȡĲȓα țȡȠȪıȘȢ, țαȚ φȠȡĲȓα ȩπȦȢ ĲȠ ȤȚȩȞȚ țαȚ Ƞ ȐȞİµȠȢ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.81 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• ȉυχȘµαĲȚțȐ φȠȡĲȓα πȠυ ĲȠ µȑȖİșȠȢ ĲȠυȢ İȓȞαȚ ıȘµαȞĲȚțȩ µİ µȚțȡȒ πȚșαȞȩĲȘĲα 

İµφȐȞȚıȘȢ ȖȚα ĲȠ ȤȡȩȞȠ ȤȡȒıȘȢ (φȠȡĲȓα țȡȠȪıȘȢ, φȠȡĲȓα µİĲαțȓȞȘıȘȢ ȖαȚȫȞ, 

ıİȚıµȩȢ țȜπ.). ȉα φȠȡĲȓα αυĲȐ İȓȞαȚ µȚțȡȒȢ įȚȐȡțİȚαȢ. 

ΓȚα Ĳα µȩȞȚµα φȠȡĲȓα Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȜαµȕȐȞİĲαȚ ȓıȠȢ µİ 10% [80]. ΓȚα įȚȐφȠȡİȢ 

țαĲȘȖȠȡȓİȢ ȤȡȒıȘȢ (țαĲȠȚțȓİȢ, Ȗȡαφİȓα țȜπ.) Ș µȑıȘ ĲȚµȒ țαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȦȞ țȚȞȘĲȫȞ 

φȠȡĲȓȦȞ [99] παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 1.1. ȉα țȚȞȘĲȐ φȠȡĲȓα ȤȦȡȓȗȠȞĲαȚ ıĲȚȢ ıυȞİȤİȓȢ țαȚ 

įȚαțȠπĲȩµİȞİȢ İȞĲȐıİȚȢ. ΩȢ ıυȞİȤİȓȢ İȞĲȐıİȚȢ (sustained loads) ȠȡȓȗȠȞĲαȚ Ĳα țȚȞȘĲȐ φȠȡĲȓα 

πȠυ İȓȞαȚ παȡȩȞĲα ıĲȘȞ țαĲαıțİυȒ ȖȚα µİȖȐȜȠ µȑȡȠȢ ĲȘȢ ȗȦȒȢ ĲȘȢ țαȚ παȡȠυıȚȐȗȠυȞ αȡȖȒ 

įȚαțȪµαȞıȘ. ȈĲȠȞ ȆȓȞ. 1.1 παȡȠυıȚȐȗİĲαȚ αțȩµα Ș ĲȚµȒ ĲȘȢ ıυȤȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȦȞ 

µİĲαȕȠȜȫȞ ıĲȘȞ ĲȚµȒ ĲȦȞ ıυȞİȤȫȞ φȠȡĲȓȦȞ (Ȝ), Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȦȞ įȚαțȠπĲȩµİȞȦȞ 

İȞĲȐıİȦȞ (Ȟ) țαȚ Ș įȚȐȡțİȚα ĲȠυ ȖİȖȠȞȩĲȠȢ ĲȘȢ ĲυȤȘµαĲȚțȒȢ ȑȞĲαıȘȢ (dp  ıİ ȘµȑȡİȢ). ΩȢ 

įȚαțȠπĲȩµİȞİȢ İȞĲȐıİȚȢ ȠȡȓȗȠȞĲαȚ Ĳα φȠȡĲȓα πȠυ απȠυıȚȐȗȠυȞ ȖȚα µİȖȐȜȠ µȑȡȠȢ ĲȘȢ ȗȦȒȢ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ παȡȠυıȚȐȗȠυȞ µȚțȡȒ įȚȐȡțİȚα țαȚ µİȖȐȜȘ įȚαțȪµαȞıȘ. 

 ȈυȞİȤİȓȢ İȞĲȐıİȚȢ ∆ȚαțȠπĲȩµİȞİȢ İȞĲȐıİȚȢ 

ȋȡȒıȘ ǹȠ E[q] ıv ıu 1/Ȝ E[p] ıu 1/Ȟ dp 

Γȡαφİȓα 20 0.5 0.3 0.6 5 0.2 0.4 0.3 1-3 

ȀαĲȠȚțȓİȢ 20 0.3 0.15 0.3 7 0.3 0.4 1.0 1-3 

ǺȚȕȜȚȠșȒțİȢ 20 1.7 0.4 0.8 >10 - - - - 

ȈȤȠȜİȓα 100 0.6 0.15 0.4 >10 0.5 1.4 0.3 1-5 

ȆȓȞ. 1.1: ȈĲαĲȚıĲȚțȑȢ ĲȦȞ ıυȞİȤȫȞ țαȚ įȚαțȠπĲȩµİȞȦȞ İȞĲȐıİȦȞ ĲȦȞ țȚȞȘĲȫȞ φȠȡĲȓȦȞ. 

Ǿ įȚαıπȠȡȐ țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα ĲȚȢ ıυȞİȤİȓȢ İȞĲȐıİȚȢ ĲȦȞ țȚȞȘĲȫȞ φȠȡĲȓȦȞ ıİ 

țȐșİ µȑȜȠȢ ĲȘȢ țαĲαıțİυȒȢ įȓįİĲαȚ ȦȢ [99]: 

 
[ ]2 2 2 1o o

q V U q

q

E qA A
COV

A A
σ σ σ κ σ= + ⋅ ⋅ ≥ =  (1.235) 

ȩπȠυ ıv İȓȞαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȦȞ ıυȞİȤȫȞ İȞĲȐıİȦȞ, ıu İȓȞαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȦȞ 

įȚαțȠπĲȩµİȞȦȞ İȞĲȐıİȦȞ, ț İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ ıȤȒµαĲȠȢ ĲȘȢ İπȚφȐȞİȚαȢ İπȚȡȡȠȒȢ ĲȠυ 

φȠȡĲȓȠυ ȖȚα ĲȠ İțȐıĲȠĲİ µȑȜȠȢ, ǹȠ İȓȞαȚ Ș µȑıȘ İπȚφȐȞİȚα İπȚȡȡȠȒȢ, ǹ İȓȞαȚ Ș İπȚφȐȞİȚα 

İπȚȡȡȠȒȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ µȑȜȠȢ țαȚ Ȝ İȓȞαȚ Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ µİĲαȕȠȜȫȞ ıĲȚȢ 

ıυȞİȤİȓȢ İȞĲȐıİȚȢ ĲȦȞ țȚȞȘĲȫȞ φȠȡĲȓȦȞ. Ǿ įȚαıπȠȡȐ țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα ĲȚȢ 

ȤȡȒıİȚȢ ĲȠυ ȆȓȞ. 1.1 ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.235) ĲȦȞ țȚȞȘĲȫȞ φȠȡĲȓȦȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ 

ȆȓȞ. 1.2. ȉα απȠĲİȜȑıµαĲα ĲȠυ ȆȓȞ. 1.2 παȡȠυıȚȐȗȠȞĲαȚ ȖȚα ȜȩȖȠ ǹȠ/A=1 țαȚ ț=1 țαȚ ț=2 

αȞĲȓıĲȠȚȤα. ȅ ıυȞĲİȜİıĲȒȢ ıȤȒµαĲȠȢ ț αȞȐȜȠȖα ĲȘȢ µȠȡφȒȢ ĲȠυ ĲυȤȘµαĲȚțȠȪ φȠȡĲȓȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.82 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țυµαȓȞİĲαȚ απȩ 1.0 ȦȢ țαȚ 2.4. ȈĲȠ ∆ȚȐȖ. 1.21, παȡȠυıȚȐȗȠȞĲαȚ įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ 

ıυȞĲİȜİıĲȒ ț ȦȢ ıυȞȐȡĲȘıȘ ĲȘȢ µȠȡφȒȢ ĲȠυ ĲυȤȘµαĲȚțȠȪ φȠȡĲȓȠυ [99]. 

 

∆ȚȐȖ. 1.21: ȈυȞĲİȜİıĲȑȢ ıȤȒµαĲȠȢ ĲυȤȘµαĲȚțȠȪ φȠȡĲȓȠυ (ț) [99]. 

∆ȚαıπȠȡȐ ȂȑıȘ ȉȚµȒ ∆İȓțĲȘȢ ȂİĲαȕȜȘĲȩĲȘĲαȢ 
ΧȡȒıȘ 

ț=1 ț=2 ț=1 ț=2 ț=1 ț=2 

Γȡαφİȓα 0.4500 0.8100 0.500 1.342 1.800 

ȀαĲȠȚțȓİȢ 0.1125 0.2025 0.300 1.118 1.500 

ǺȚȕȜȚȠșȒțİȢ 0.8000 1.4400 1.700 0.526 0.706 

ȈχȠȜİȓα 0.1825 0.3425 0.600 0.712 0.975 

ȆȓȞ. 1.2: ȂȑıȘ ĲȚµȒ țαȚ įȚαıπȠȡȐ ĲȦȞ țȚȞȘĲȫȞ φȠȡĲȓȦȞ. 

ȅȚ ıυȞĲİȜİıĲȑȢ αıφαȜİȓαȢ ĲȠυ φȠȡĲȓȠυ țαĲȐ ǼυȡȦțȫįȚțα 3 [61] İȓȞαȚ ȓıȠȚ µİ ȖG=1.35 

(µȩȞȚµα φȠȡĲȓα) țαȚ ȖQ=ȖW=1.50 (țȚȞȘĲȐ φȠȡĲȓα țαȚ ĲυȤȘµαĲȚțȐ φȠȡĲȓα). ȅ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ ȜȩȖȠυ ĲȦȞ țȚȞȘĲȫȞ πȡȠȢ ĲȠ ıȪȞȠȜȠ ĲȦȞ 

φȠȡĲȓȦȞ (Q/(G+Q)) [86] ĲȚȢ ȤȡȒıİȚȢ ĲȦȞ ȆȓȞ. 1.1 țαȚ ȆȓȞ. 1.2 țαȚ ıυȞĲİȜİıĲȫȞ ıȤȒµαĲȠȢ ț=1 

țαȚ ț=2 αȞĲȓıĲȠȚȤα, παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 1.22 țαȚ ∆ȚȐȖ. 1.23. ΓȚα ȖL=1.35 (Q/(G+Q)=0) Ƞ 

įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ ȓıȠȢ µİ 10% ıİ țȐșİ πİȡȓπĲȦıȘ. 

ȈĲȘ ıȤȑıȘ (1.230) ıυµπİȡȚȜαµȕȐȞȠȞĲαȚ țαȚ ȠȚ αȕİȕαȚȩĲȘĲİȢ ĲȦȞ πȡȠıȠµȠȚȦµȐĲȦȞ ĲȦȞ 

İȞĲȐıİȦȞ țαȚ ĲȘȢ αȞĲȠȤȒȢ. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ 

İπȚȡȡȠȒȢ ĲȠυ φȠȡĲȓȠυ țυµαȓȞİĲαȚ απȩ 10% [80] (İπȓπİįα πȜαȓıȚα απȩ ȤȐȜυȕα [99]) ȦȢ 20% 

(ȦπȜȚıµȑȞȠ ıțυȡȩįİµα) [99]. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ υπȠȜȠȖȚıµȠȪ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.83 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȘȢ αȞĲȠȤȒȢ İȓȞαȚ ȓıȠȢ µİ 7% (µİ µȑıȘ ĲȚµȒ ȓıȘ µİ 1.1) [80] [99]. 

ΜεĲαȕȠȜȒ ĲȠυ CovP țαȚ ȖL
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∆ȚȐȖ. 1.22: ∆İȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ φȠȡĲȓȠυ țαȚ ıυȞĲİȜİıĲȒȢ ȖL (ț=1). 

ΜεĲαȕȠȜȒ ĲȠυ CovP țαȚ ȖL
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∆ȚȐȖ. 1.23: ∆İȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ φȠȡĲȓȠυ țαȚ ıυȞĲİȜİıĲȒȢ ȖL (ț=2). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.84 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ Ĳ.µ ĲȘȢ αȞĲȠȤȒȢ țαȚ ĲȠυ φȠȡĲȓȠυ (ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ țαȚ ĲȚȢ αȕİȕαȚȩĲȘĲİȢ ĲȘȢ 

πȡȠıȠµȠȓȦıȘȢ) πȡȠıȠµȠȚȫȞȠȞĲαȚ αțȡȚȕȑıĲİȡα µİ ĲȘ șİȫȡȘıȘ ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ. 

ǼφȩıȠȞ ȖȚα ĲȘ ıȤȑıȘ (1.230) șİȦȡİȓĲαȚ ȩĲȚ ȠȚ Ĳ.µ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ, ȖȚα ĲȚȢ 

υπȩ İȟȑĲαıȘ Ĳ.µ µȑıȦ ĲȠυ µİĲαıȤȘµαĲȚıµȠȪ țαĲȐ Rackwitz-Fiessler [184], µİ ıȘµİȓȠ 

πȡȠıαȡµȠȖȒȢ ĲȘ µȑıȘ İțĲȓµȘıȘ ĲȘȢ ĲȚµȒȢ ĲȦȞ Ĳ.µ, Ș µȑıȘ ĲȚµȒ țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ 

ĲȘȢ ȚıȠįȪȞαµȘȢ Ĳ.µ ĲȘȢ αȞĲȠȤȒȢ țαȚ ĲȠυ φȠȡĲȓȠυ įȓįȠȞĲαȚ ȦȢ: 

 [ ] [ ]1.0266 0.1526i iE R E CovRR= ⋅ =  (1.236) 

 [ ] [ ] ( )[ ]1.1 11E E CovPP P CovP= = ⋅ −+  (1.237) 

ȈĲα ∆ȚȐȖ. 1.24 țαȚ ∆ȚȐȖ. 1.25, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ 

φȠȡĲȓȠυ ȕȐıİȚ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȦȞ ȆȓȞ. 1.1 țαȚ ȆȓȞ. 1.2 țαȚ ıȪµφȦȞα µİ ĲȘȞ ĲȡȠπȠπȠȓȘıȘ πȠυ 

İȚıȐȖİȚ Ș ıȤȑıȘ (1.237) ȖȚα ț=1 țαȚ ț=2 αȞĲȓıĲȠȚȤα.  

ȉα απȠĲİȜȑıµαĲα ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ ıȤȑıȘȢ πȠυ παȡαĲȓșİȞĲαȚ ıĲȚȢ İπȩµİȞİȢ 

παȡαȖȡȐφȠυȢ ȕαıȓȗȠȞĲαȚ ıĲȠυȢ įİȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ ȖȚα țαĲȠȚțȓİȢ țαȚ ȖȚα 

ȠµȠȚȩµȠȡφȘ țαĲαȞȠµȒ ĲȦȞ įȚαțȠπĲȩµİȞȦȞ φȠȡĲȓȦȞ (ț=1). 
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∆ȚȐȖ. 1.24: ∆İȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ φȠȡĲȓȠυ ȖȚα įȚȐφȠȡİȢ ȤȡȒıİȚȢ (ț=1). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.85 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 1.25: ∆İȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ φȠȡĲȓȠυ ȖȚα įȚȐφȠȡİȢ ȤȡȒıİȚȢ (ț=2). 

1.13.3 ǹπȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ ȜȩȖȠυ 
Q/(G+Q) țαȚ įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ ıυȞĲİȜİıĲȒ ıȘµαȞĲȚțȩĲȘĲαȢ 

Ǿ İȟȑȜȚȟȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.230) ȖȚα įȚȐφȠȡİȢ 

ĲȚµȑȢ ĲȠυ ȜȩȖȠυ Q/(G+Q) παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 1.26. ȉȠ İȪȡȠȢ ĲȘȢ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

țυµαȓȞİĲαȚ απȩ 3.42 ȦȢ țαȚ 3.55. ȈȪµφȦȞα µİ ĲȠυȢ Bhattacharya et al., [19], Ș ĲȚµȒ, ıĲȩȤȠȢ, 

ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ıİ İπȓπİįȠ µȑȜȠυȢ ıȪµφȦȞα µİ ĲȠυȢ ǼυȡȦțȫįȚțİȢ İȓȞαȚ ȓıȘ µİ 3.5 

[74], πȠυ αȞĲȚıĲȠȚȤİȓ ıİ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȓıȘ µİ 2.3x10
-4

. ȅȚ ĲȚµȑȢ πȠυ υπȠȜȠȖȓȗȠȞĲαȚ 

µȑıȦ ĲȘȢ ıȤȑıȘȢ (1.230) ȖȚα ĲȠ µȑȜȠȢ ĲȘȢ țαĲαıțİυȒȢ İȓȞαȚ πȠȜȪ țȠȞĲȐ ıĲȘȞ πȡȠĲİȚȞȩµİȞȘ 

απȩ ĲȠȞ ǼυȡȦțȫįȚțα ĲȚµȒ. 

ȈĲȠȞ ȆȓȞ. 1.3, παȡȠυıȚȐȗİĲαȚ Ș ĲȚµȒ ıĲȩȤȠȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ȖȚα įȚȐφȠȡȠυȢ 

țαȞȠȞȚıµȠȪȢ țαĲαıțİυȫȞ [74]. ȈȪµφȦȞα µİ Ĳα ıĲȠȚȤİȓα ĲȠυ ȆȓȞ. 1.3, Ș απȠįİțĲȑȢ ĲȚµȑȢ ĲȠυ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ πȠȚțȓȜȠυȞ απȩ 1.75 ȦȢ țαȚ 4.3. Ǿ ıȪȖțȡȚıȘ ĲȦȞ İπȚµȑȡȠυȢ 

țαȞȠȞȚıµȫȞ ȖȚα µȩȞȚµα țαȚ țȚȞȘĲȐ φȠȡĲȓα απȠțαȜȪπĲİȚ απȠįİțĲȑȢ ĲȚµȑȢ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ πȠυ țυµαȓȞȠȞĲαȚ απȩ 3.5 (ǼυȡȦțȫįȚțİȢ) ȦȢ țαȚ 4.3 (ȀȫįȚțαȢ 

ǺȠȡİȓȦȞ ȋȦȡȫȞ) πȠυ αȞĲȚıĲȠȚȤȠȪȞ ıİ απȠįİțĲȑȢ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ 2.33x10
-4

 ȦȢ țαȚ 

8.55x10
-6

. ȅȚ įȚαφȠȡȑȢ αυĲȑȢ ȠφİȓȜȠȞĲαȚ țυȡȓȦȢ ıİ įȚαφȠȡİĲȚțȐ țȠȚȞȦȞȚțȐ țαȚ ȠȚțȠȞȠµȚțȐ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.86 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țȡȚĲȒȡȚα πȠυ ȠȡȓȗȠυȞ țαȚ įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ ȡȓıțȠυ [123], [121] țαȚ 

ıĲȠ țȩıĲȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ İπȓĲİυȟȘ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ İπȚπȑįȠυ αıφαȜİȓαȢ [99].  

Evolution of β  for various Q/(G+Q) ratios
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∆ȚȐȖ. 1.26: ȕel ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ Q/(G+Q) (țαĲȠȚțȓİȢ). 

ȆȡȩĲυπȠ ȆαȡαĲȘȡȒıİȚȢ ȕ (µέλους) 

ȂȩȞȚµα + ȀȚȞȘĲȐ†
 3.0 

ȂȩȞȚµα + ȀȚȞȘĲȐ†
 + ΆȞİµȠȢ 2.5 AISC LRFD 1984, ANSI A58.1 1982 

ȂȩȞȚµα + ȀȚȞȘĲȐ†
 + ȈİȚıµȩȢ 1.75 

ȀαȞαįȚțȩȢ ȀȫįȚțαȢ, ȋȐȜυȕα, țĲȚȡȓȦȞ απȩ ΩȈ 

țαȚ ȖİφυȡȫȞ ∆ȚȐȡțİȚα ȗȦȒȢ 30 ȑĲȘ 3.5 

ǼυȡȦțȫįȚțİȢ ȀαȞȠȞȚțȑȢ țαĲαıțİυȑȢ (Ȗ=1) 3.5 

ȀȫįȚțαȢ ǺȠȡİȓȦȞ ȋȦȡȫȞ (∆αȞȓα, ΦȚȜαȞįȓα, 

ǿıȜαȞįȓα, ȃȠȡȕȘȖȓα țαȚ ȈȠυȘįȓα) [163] 
 4.3 

AASHTO LRFD ȅȡȚαțȑȢ ȀαĲαıĲȐıİȚȢ [165] 3.5
‡
 

ȆȓȞ. 1.3: ȉȚµȒ ıĲȩȤȠȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ıȪµφȦȞα µİ ĲȠυȢ țαȞȠȞȚıµȠȪȢ. 
† 

(ıĲα țȚȞȘĲȐ φȠȡĲȓα ıυµπİȡȚȜαµȕȐȞȠȞĲαȚ țαȚ Ĳα φȠȡĲȓα ȜȩȖȦ ȤȚȠȞȚȠȪ) 
‡ ıȪµφȦȞα µİ AASHTO [5] 

ȈĲȠȞ ȆȓȞ. 1.4, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πȡȠĲİȚȞȩµİȞİȢ ĲȚµȑȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ 

ıȪµφȦȞα µİ πȡȠıȤȑįȚȠ ĲȠυ πȚșαȞȠĲȚțȠȪ țȫįȚțα ıȤİįȚαıµȠȪ [99]. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.87 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µȑȜȠυȢ țυµαȓȞİĲαȚ απȩ 3.1 ȦȢ 4.7 αȞȐȜȠȖα ĲȠυ țȩıĲȠυȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ İπȓĲİυȟȘ 

ıυȖțİțȡȚµȑȞȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țαȚ ĲȦȞ ıυȞİπİȚȫȞ µȓαȢ πȚșαȞȒȢ αıĲȠȤȓαȢ. ΓȚα ıυȞȒșİȚȢ 

țαĲαıțİυȑȢ, Ƞ İπȚșυµȘĲȩȢ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ πȚșαȞȠĲȚțȠȪ țȫįȚțα ıȤİįȚαıµȠȪ 

İυșυȖȡαµµȓȗİĲαȚ µİ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ țȫįȚțα ıȤİįȚαıµȠȪ ǺȠȡİȓȦȞ ȋȦȡȫȞ [163]. 

ȈυȞȑπİȚİȢ πȚșαȞȒȢ αıĲȠχȓαȢ ȀȩıĲȠȢ ȖȚα ĲȘȞ 
İπȓĲİυȟȘ ĲȠυ 

İπȚșυµȘĲȠȪ ȕ ǹµİȜȘĲȑİȢ ȂȑĲȡȚİȢ ȈȘµαȞĲȚțȑȢ 

ȂİȖȐȜȠ ȕ=3.1 (Pf≈10
-3

) ȕ=3.3 (Pf≈5x10
-4

) ȕ=3.7 (Pf≈10
-4

) 

ȂİıαȓȠ ȕ=3.7 (Pf≈10
-4

) ȕ=4.3 (Pf≈10
-5

) ȕ=4.4 (Pf≈5x10
-6

) 

ȂȚțȡȩ ȕ=4.3 (Pf≈10
-5

) ȕ=4.4 (Pf≈5x10
-6

) ȕ=4.8 (Pf≈10
-6

) 

ȆȓȞ. 1.4: ȉȚµȒ ıĲȩȤȠȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ıȪµφȦȞα µİ ĲȠ πȚșαȞȠĲȚțȩ țȫįȚțα ıȤİįȚαıµȠȪ. 

ȅȚ ǼυȡȦțȫįȚțİȢ [59], [61] αȞȐȜȠȖα țαȚ ĲȘȢ ȤȡȒıȘȢ ĲȘȢ țαĲαıțİυȒȢ İȚıȐȖȠυȞ țαȚ ĲȠ 

ıυȞĲİȜİıĲȒ ıȘµαȞĲȚțȩĲȘĲαȢ Ȗ. ȅȚ ĲȚµȑȢ ĲȠυ ıυȞĲİȜİıĲȒ Ȗ İȓȞαȚ: Ȗ=0.90 ȖȚα țαĲαıțİυȑȢ 

µȚțȡȒȢ ıȘµαıȓαȢ ȩπȠυ ĲυȤȩȞ αıĲȠȤȓα ȑȤİȚ αµİȜȘĲȑα İπȓįȡαıȘ ıĲȠ țȠȚȞȦȞȚțȩ ıȪȞȠȜȠ, Ȗ=1.00 

ȖȚα ĲȚȢ ıυȞȒșİȚȢ țαĲαıțİυȑȢ țαȚ Ȗ=1.10 ȖȚα țαĲαıțİυȑȢ µİȖȐȜȘȢ ıȘµαıȓαȢ πȠυ ĲυȤȩȞ αıĲȠȤȓα 

ȑȤİȚ ıȠȕαȡȒ İπȓįȡαıȘ ıĲȠ țȠȚȞȦȞȚțȩ ıȪȞȠȜȠ [80]. 

ȈĲȠ ∆ȚȐȖ. 1.27, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ıȪµφȦȞα µİ ĲȘ 

ıȤȑıȘ (1.230) ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ ȜȩȖȠυ Q/(G+Q) țαȚ ĲȚȢ πȡȠĲİȚȞȩµİȞİȢ ĲȚµȑȢ ĲȠυ 

ıυȞĲİȜİıĲȒ Ȗ. Ǿ µİĲαȕȠȜȒ ĲȠυ ıυȞĲİȜİıĲȒ ıȘµαȞĲȚțȩĲȘĲαȢ įİȞ İπȘȡİȐȗİȚ ĲȘ µȠȡφȒ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ. 

ȈĲȠ ∆ȚȐȖ. 1.28, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȘȢ įȚαφȠȡȐȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ 

ȖȚα Ȗ=0.90 ȦȢ πȡȠȢ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȖȚα Ȗ=1.00 țαȚ Ș ıȤİĲȚțȒ įȚαφȠȡȐ ĲȠυȢ, ȖȚα 

įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ ȜȩȖȠυ Q/(G+Q). Ǿ įȚαφȠȡȐ ȩπȦȢ țαȚ Ș ıȤİĲȚțȒ įȚαφȠȡȐ µİȚȫȞȠȞĲαȚ ȩıȠ 

αυȟȐȞİĲαȚ Ƞ ȜȩȖȠȢ Q/(G+Q). ǹȞȐȜȠȖα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ 

ȩπȠυ Ȗ=1.10 (∆ȚȐȖ. 1.29). Ȉİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ∆ȚȐȖ. 1.28 παȡαĲȘȡİȓĲαȚ ȩĲȚ ȖȚα 

Ȗ=1.10, Ș ıȤİĲȚțȒ įȚαφȠȡȐ παȡαµȑȞİȚ ıĲαșİȡȒ ȖȚα ȜȩȖȠυȢ ĲȠυ Q/(G+Q) πȠυ țυµαȓȞȠȞĲαȚ απȩ 

0.1 ȦȢ 0.5. ǼπȚπȡȩıșİĲα Ș įȚαțȪµαȞıȘ ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ İȓȞαȚ µȚțȡȩĲİȡȘ ıİ ıȤȑıȘ µİ 

Ĳα απȠĲİȜȑıµαĲα ȖȚα Ȗ=0.90. Ǿ įȚαφȠȡȐ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -0.333 ȦȢ -

0.288 ȖȚα Ȗ=0.90 țαȚ απȩ 0.259 ȦȢ 0.279 ȖȚα Ȗ=1.10. Ǿ įȚαțȪµαȞıȘ ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ 

İȓȞαȚ απȩ 8.41% ȦȢ 9.44% ȖȚα Ȗ=0.90 țαȚ απȩ 7.58% ȦȢ 7.92% ȖȚα Ȗ=1.10. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.88 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of β  for various Q/(G+Q) ratios
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∆ȚȐȖ. 1.27: ȕel ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ Q/(G+Q) țαȚ įȚȐφȠȡȠυȢ ıυȞĲİȜİıĲȑȢ Ȗ (țαĲȠȚțȓİȢ). 

Comparison of ȕ for various Q/(G+Q) ratios
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∆ȚȐȖ. 1.28: ∆ȕ țαȚ ∆ȕ/ȕ(Ȗ=1.00) ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ Q/(G+Q) (Ȗ=0.90). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.89 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Comparison of ȕ for various Q/(G+Q) ratios
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∆ȚȐȖ. 1.29: ∆ȕ țαȚ ∆ȕ/ȕ(Ȗ=1.00) ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ Q/(G+Q) (Ȗ=1.10). 

1.13.4 ǹπȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ ȖȚα įȚαφȠȡİĲȚțȠȪȢ įİȓțĲİȢ 
µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ µİĲαȕȜȘĲȫȞ ĲȘȢ αȞĲȠȤȒȢ țαȚ φȠȡĲȓȠυ 

1.13.4.1 ∆İȓțĲȘȢ ǹȟȚȠπȚıĲȓαȢ 

ȈĲȠ ∆ȚȐȖ. 1.30, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ ȕstr, ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ ȖL, ȦȢ πȡȠȢ ĲȠ 

πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ (πȠυ ȠȡȓȗȠυȞ țαȚ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα). 

ȊπİȞșυµȓȗİĲαȚ ȩĲȚ Ș υπİȡıĲαĲȚțȩĲȘĲα ȠȡȓȗİĲαȚ ȦȢ (n-1) ȩπȠυ n ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ 

παȡȐȜȜȘȜȠυ ıυıĲȒµαĲȠȢ. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ıυȖțȡȓȞİĲαȚ µİ ĲȘȞ απȠįİțĲȒ ĲȚµȒ ĲȠυ ȕstr 

țαĲȐ ISO [98], ȖȚα πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȓıȘ µİ 10
-6

 αȞȐ ȑĲȠȢ (ıυȞȒșİȚȢ 

țαĲαıțİυȑȢ) țαȚ įȚȐȡțİȚα ȦφȑȜȚµȘȢ ȗȦȒȢ ȓıȘ µİ 50 ȑĲȘ țαȚ İĲȒıȚα ȑțșİıȘ ıİ țȓȞįυȞȠ ≤10
-6 

[98]. Ǿ İπȚȡȡȠȒ ĲȘȢ υπİȡıĲαĲȚțȩĲȘĲαȢ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ıȤİĲȓȗİĲαȚ µİ 

ĲȠ ȜȩȖȠ Q/(G+Q). Ǿ αȪȟȘıȘ ĲȠυ ȜȩȖȠυ αυĲȠȪ ȠįȘȖİȓ ıĲȘ µİȓȦıȘ ĲȠυ ȜȩȖȠυ ȕstr,n=100/ȕstr,n=1 

πȠυ ȠφİȓȜİĲαȚ țυȡȓȦȢ ıĲȘȞ αȪȟȘıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ. ĲȠυ φȠȡĲȓȠυ. 

ȈĲα ∆ȚȐȖ. 1.31 țαȚ ∆ȚȐȖ. 1.32, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ (ȕstr) ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα ȖȚα Ȗs=1.10 țαȚ ȖL=1.50 țαȚ Ȗs=1.10 

țαȚ ȖL=1.35 αȞĲȓıĲȠȚȤα, [59], [60], [61], țαȚ ȖȚα įȚαțυµȐȞıİȚȢ ĲȦȞ ĲȚµȫȞ ĲȦȞ įİȚțĲȫȞ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 20%. Ǿ αȪȟȘıȘ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.90 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπİȡıĲαĲȚțȩĲȘĲαȢ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ. 

Obtained ȕ str  for deterministic optimum
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∆ȚȐȖ. 1.30: ȕstr ȖȚα COVRi țαȚ COVP ıȪµφȦȞα µİ ǼυȡȦțȫįȚțİȢ (įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ ȖL). 

Obtained ȕ str  for deterministic optimum
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ȕ (COVRi =1.0*COVRi, COVP=0.8*COVP) ȕ (COVRi =0.8*COVRi, COVP=0.8*COVP)

ȕ (COVRi =0.8*COVRi, COVP=1.0*COVP) ȕ (COVRi =0.8*COVRi, COVP=1.2*COVP)

ȖL = 1.50

Target ȕstr according to ISO

Target ȕstr Eurocode 3

 

∆ȚȐȖ. 1.31: ȕstr ȖȚα įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ COVRi țαȚ COVP (Ȗs=1.10 țαȚ Ȗ=1.50). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.91 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obtained ȕ str  for deterministic optimum
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ȕ (COVRi =1.2*COVRi, COVP=0.8*COVP) ȕ (COVRi =1.0*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=0.8*COVP) ȕ (COVRi =0.8*COVRi, COVP=0.8*COVP)

ȕ (COVRi =0.8*COVRi, COVP=1.0*COVP) ȕ (COVRi =0.8*COVRi, COVP=1.2*COVP)

ȖL = 1.35

Target ȕstr according to ISO

Target ȕstr Eurocode 3

 

∆ȚȐȖ. 1.32: ȕstr ȖȚα įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ COVRi țαȚ COVP (Ȗs=1.10 țαȚ ȖL=1.35). 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ țυµαȓȞİĲαȚ απȩ 3.11 ȦȢ 4.04 ȖȚα ȖL=1.35 țαȚ απȩ 3.23 ȦȢ 

3.63 ȖȚα ȖL=1.50. Ǿ µİȓȦıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ ȦȢ πȡȠȢ ĲȘȞ αȞĲȠȤȒ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ 

αȪȟȘıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ αȜȜȐ ĲȘ µİȓȦıȘ ĲȠυ ȜȩȖȠυ ȕstr,n=100/ȕstr,n=1. Ǿ µİȓȦıȘ ĲȘȢ 

αȕİȕαȚȩĲȘĲαȢ ĲȦȞ φȠȡĲȚȫȞ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ. Ǿ αȪȟȘıȘ ĲȠυ ȜȩȖȠυ Q/(G+Q) ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ 

ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȦȢ πȡȠȢ ĲȚȢ įȚαțυµȐȞıİȚȢ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȘȢ 

αȞĲȠȤȒȢ țαȚ ĲȠυ φȠȡĲȓȠυ. 

ȈĲȠȞ ȆȓȞ. 1.5, παȡȠυıȚȐȗİĲαȚ Ƞ ȜȩȖȠȢ ĲȠυ ȕstr,n=100/ȕstr,n=1 țαȚ ȖȚα įȚαțυµȐȞıİȚȢ ĲȦȞ ĲȚµȫȞ ĲȦȞ 

įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 20%. Ǿ αȪȟȘıȘ ĲȠυ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȠυ ȕstr,n=100/ȕstr,n=1. Ǿ αȪȟȘıȘ ĲȠυ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ αȞĲȠȤȒȢ ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ ȕstr,n=100/ȕstr,n=1. Ǿ αȪȟȘıȘ ĲȠυ 

ȜȩȖȠυ Q/(G+Q) µİĲαφȡȐȗİĲαȚ ıİ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȦȢ πȡȠȢ ĲȘȞ 

υπİȡıĲαĲȚțȩĲȘĲα țαșȫȢ ȑµµİıα ıυȞİπȐȖİĲαȚ αȪȟȘıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ 

φȠȡĲȓȠυ. 

ȈĲȠȞ ȆȓȞ. 1.6, παȡȠυıȚȐȗİĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȚȢ įȚαțυµȐȞıİȚȢ 

ĲȦȞ ĲȚµȫȞ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȠυ φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ țαȚ υȥȘȜȒ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.92 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπİȡıĲαĲȚțȩĲȘĲα (n=100, υπİȡıĲαĲȚțȩĲȘĲα n-1). Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıυıĲȒµαĲȠȢ υȥȘȜȒȢ 

υπİȡıĲαĲȚțȩĲȘĲαȢ ȖȚα ȖL=1.50 țυµαȓȞİĲαȚ απȩ 4.43x10
-7

 ȦȢ 4.42x10
-5

. Ǿ αȞĲȓıĲȠȚȤȘ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ȖL=1.35 įİȞ υπİȡȕαȓȞİȚ ĲȠ 1.01x10
-8

.  

0.8*COVRi  1.0*COVRi  1.2*COVRi 
ȕstr,n=100/ȕstr,n=1 

ȖL=1.35 ȖL=1.50 ȖL=1.35 ȖL=1.50 ȖL=1.35 ȖL=1.50 

0.8*COVP 1.9427 1.1858 2.3694 1.2988 2.8295 1.4373 

1.0*COVP 1.7288 1.1617 2.0800 1.2614 2.4671 1.3849 

1.2*COVP 1.5918 1.1463 1.8903 1.2374 2.2252 1.3510 

ȆȓȞ. 1.5: ȁȩȖȠȢ ȕstr,n=100/ȕstr,n=1 ȖȚα įȚαțυµȐȞıİȚȢ ĲȦȞ CovRi țαȚ CovP (ȖL=1.50 (ȖL=1.35)). 

0.8*COVRi  1.0*COVRi  1.2*COVRi 
Pf,s 

ȖL=1.35 ȖL=1.50 ȖL=1.35 ȖL=1.50 ȖL=1.35 ȖL=1.50 

0.8*COVP 2.22x10
-15

 8.21x10
-6

 ≈0 3.07x10
-6

 ≈0 1.12x10
-6

1.0*COVP 2.69x10
-12

 1.93x10
-5

 1.16x10
-13

 8.02x10
-6

 5.00x10
-15

 3.25x10
-6

1.2*COVP 1.96x10
-10

 3.34x10
-5

 1.49x10
-11

 1.49x10
-5

 1.12x10
-12

 6.46x10
-6

ȆȓȞ. 1.6: Pf,s ȖȚα įȚαțυµȐȞıİȚȢ ĲȦȞ CovRi țαȚ CovP (ȖL=1.35 țαȚ ȖL=1.50). 

1.13.4.2 ǹπαȚĲȠȪµİȞα įİȓȖµαĲα 

ǼȟİĲȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ µİ ĲȘ µȑșȠįȠ MC ȦȢ πȡȠȢ 

ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα ȖȚα ȖL=1.35, țαȚ ȖL=1.50 αȞĲȓıĲȠȚȤα. ȉα απȠĲİȜȑıµαĲα 

παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 1.33 țαȚ ∆ȚȐȖ. 1.34 αȞĲȓıĲȠȚȤα. Ǿ İπȚșυµȘĲȒ αțȡȓȕİȚα İțĲȓµȘıȘȢ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȓȞαȚ İ/Pf=ȕ=10%. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ πȜȒșȠȢ ĲȦȞ 

απαȚĲȠυµȑȞȦȞ įİȚȖµȐĲȦȞ αıĲȠȤȓαȢ İȓȞαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.12) ȓıȠ µİ 100. ȉȠ πȜȒșȠȢ 

ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ țυµαȓȞİĲαȚ απȩ 4.38x10
10

 ȦȢ 3.10x10
13

 (ȖȚα ȖL=1.35) țαȚ απȩ 

2.37x10
6
 ȦȢ 3.20x10

8
 (ȖȚα ȖL=1.50). 

ȈĲȠ ∆ȚȐȖ. 1.35 țαȚ ∆ȚȐȖ. 1.36, παȡȠυıȚȐȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ȖȚα n=1 țαȚ ĲȚȢ 

įȚαțυµȐȞıİȚȢ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ ȖȚα ȖL=1.35 țαȚ 

ȖL=1.50 αȞĲȓıĲȠȚȤα. Ǿ µİȓȦıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ ȠįȘȖİȓ ıİ ıȘµαȞĲȚțȒ 

αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ. Ǿ µİȓȦıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ 

αȞĲȠȤȒȢ įİȞ İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ Ĳα απȠĲİȜȑıµαĲα. ȈĲȠ ∆ȚȐȖ. 1.37 țαȚ ∆ȚȐȖ. 1.38, 

παȡȠυıȚȐȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ȖȚα n=10 țαȚ ȖL=1.35 țαȚ ȖL=1.50 αȞĲȓıĲȠȚȤα. Ȉİ 

αȞĲȓșİıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ ∆ȚȐȖ. 1.35 țαȚ ∆ȚȐȖ. 1.36 Ș αȪȟȘıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ ĲȘȢ 

αȞĲȠȤȒȢ ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ. ΓȚα ȖL=1.35 ĲȠ πȜȒșȠȢ 

ĲȦȞ απαȚĲȠυµȑȞȦȞ įİȚȖµȐĲȦȞ İȟαȡĲȐĲαȚ țαȚ απȩ ĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.93 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹπαȚĲȠȪµεȞεȢ ΠȡȠıȠµȠȚȫıεȚȢ

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

1.0E+12

1.0E+13

1 2 3 4 5 6 7 8 9 10

n

ȖL = 1.35

 

∆ȚȐȖ. 1.33: ȆȜȒșȠȢ πȡȠıȠµȠȚȫıİȦȞ ȖȚα İ/Pf =10% (ȖL=1.35). 

ǹπαȚĲȠȪµεȞεȢ ΠȡȠıȠµȠȚȫıεȚȢ

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1 2 3 4 5 6 7 8 9 10

n

ȖL = 1.50

 

∆ȚȐȖ. 1.34: ȆȜȒșȠȢ πȡȠıȠµȠȚȫıİȦȞ ȖȚα İ/Pf =10% (ȖL=1.50). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.94 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.E+04

1.E+05

1.E+06

1.E+07

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.35

 

∆ȚȐȖ. 1.35: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (ȚıȠıĲαĲȚțȩȢ φȠȡȑαȢ ȖL=1.35). 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.E+04

1.E+05

1.E+06

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.50

 

∆ȚȐȖ. 1.36: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (ȚıȠıĲαĲȚțȩȢ φȠȡȑαȢ ȖL=1.50). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.95 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.E+10

1.E+11

1.E+12

1.E+13

1.E+14

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.35

 

∆ȚȐȖ. 1.37: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (n=10, ȖL=1.35). 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.E+06

1.E+07

1.E+08

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.50

 

∆ȚȐȖ. 1.38: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (n=10, ȖL=1.50). 

ΓȚα COVP = 0.8*COVP(normal) Ș αȪȟȘıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ αȞĲȠȤȒȢ ȠįȘȖİȓ ıİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.96 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİȓȦıȘ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ. ǹȞĲȓșİĲα ȖȚα COVP = 1.2*COVP(normal) Ș αȪȟȘıȘ 

ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ αȞĲȠȤȒȢ ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ. 

1.13.5 ǹπȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ ȖȚα įȚαφȠȡİĲȚțȠȪȢ ıυȞĲİȜİıĲȑȢ 
ıȘµαȞĲȚțȩĲȘĲαȢ 

1.13.5.1 ∆İȓțĲȘȢ ȈȘµαȞĲȚțȩĲȘĲαȢ Ȗ=0.90 

ȈĲα ∆ȚȐȖ. 1.39 țαȚ ∆ȚȐȖ. 1.40, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȖȚα ĲȚȢ 

įȚαțυµȐȞıİȚȢ ĲȦȞ ĲȚµȫȞ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ αȞĲȠȤȒȢ țαȚ ĲȠυ φȠȡĲȓȠυ ȦȢ πȡȠȢ 

ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Ȗ=0.90. Ǿ αȟȚȠπȚıĲȓα ĲȠυ µȑȜȠυȢ 

țυµαȓȞİĲαȚ, ȖȚα ȖL=1.35, απȩ 2.84 ȦȢ 3.59 µİȚȦµȑȞȘ țαĲȐ 8.49% țαȚ 10.96% αȞĲȓıĲȠȚȤα ıİ 

ıȤȑıȘ µİ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ȖȚα Ȗ=1.00. ΓȚα ȖL=1.50, Ș αȟȚȠπȚıĲȓα ĲȠυ µȑȜȠυȢ 

țυµαȓȞİĲαȚ απȩ 2.99 ȦȢ 3.28 µİȚȦµȑȞȘ țαĲȐ 7.32% țαȚ 9.64% αȞĲȓıĲȠȚȤα. Ǿ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ ıυıĲȒµαĲȠȢ υȥȘȜȒȢ υπİȡıĲαĲȚțȩĲȘĲαȢ țυµαȓȞİĲαȚ απȩ 3.92x10
-10

 (ȖL=1.35) ȦȢ 

6.95x10
-5

 (ȖL=1.50).  

Ǿ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ȖȚα İ/Pf=ȕ=10% țαȚ ȖȚα ȖL=1.35 țαȚ 

ȖL=1.50 αȞĲȓıĲȠȚȤα, ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ n, παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 1.41 țαȚ ∆ȚȐȖ. 1.42. 

ΓȚα ȖL=1.35 ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ țυµαȓȞİĲαȚ απȩ 1.4x10
5
 ȦȢ 5.5x10

10
 

įİȓȖµαĲα. ΓȚα ȖL=1.50, ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ παȡȠυıȚȐȗİȚ πȠȜȪ µȚțȡȩĲİȡȘ 

įȚαıπȠȡȐ țαșȫȢ țυµαȓȞİĲαȚ απȩ 1.2x10
5
 ȦȢ 1.1x10

6
 įİȓȖµαĲα. Ȉİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα 

ȖȚα Ȗ=1.00 παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠυµȑȞȦȞ įİȚȖµȐĲȦȞ ȖȚα ȖL=1.35. ΓȚα 

n=1 απαȚĲİȓĲαȚ µȩȞȠȞ ĲȠ 30.02% ĲȦȞ įİȚȖµȐĲȦȞ ȩĲαȞ ȖȚα n=10 απαȚĲİȓĲαȚ µȩȜȚȢ ĲȠ 0.37% ĲȦȞ 

įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ İȟαıφȐȜȚıȘ ĲȘȢ απαȚĲȠȪµİȞȘȢ αțȡȓȕİȚαȢ ȖȚα Ȗ=1.00. ΓȚα 

ȖL=1.50 παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠυµȑȞȦȞ įİȚȖµȐĲȦȞ αȜȜȐ ıİ µȚțȡȩĲİȡȠ 

ȕαșµȩ ıİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ȖȚα ȖL=1.35. ΓȚα n=1 απαȚĲİȓĲαȚ µȩȞȠȞ ĲȠ 36.11% ĲȦȞ 

įİȚȖµȐĲȦȞ ȩĲαȞ ȖȚα n=10 απαȚĲİȓĲαȚ ĲȠ 13.75% ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ 

İȟαıφȐȜȚıȘ ĲȘȢ απαȚĲȠȪµİȞȘȢ αțȡȓȕİȚαȢ ȖȚα Ȗ=1.00. 

ȈĲα ∆ȚȐȖ. 1.43 țαȚ ∆ȚȐȖ. 1.44, παȡȠυıȚȐȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα 

ĲȘȞ αȞȐȜυıȘ µİ ĲȘ µȑșȠįȠ MC ȖȚα ĲȚȢ įȚαțυµȐȞıİȚȢ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȠυ 

φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ țαȚ n=10. ȉα απαȚĲȠȪµİȞα įİȓȖµαĲα αȖȖȓȗȠυȞ Ĳα 10
11

 įİȓȖµαĲα ȖȚα 

ȖL=1.35 țαȚ υπİȡȕαȓȞȠυȞ Ĳα 3x10
6
 įİȓȖµαĲα ȖȚα ȖL=1.50. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.97 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obtained ȕ str  for deterministic optimum

1.5

2.5

3.5

4.5

5.5

6.5

7.5

8.5

1 10 100

n

ȕ s
tr

ȕ (COVRi =1.2*COVRi, COVP=1.2*COVP) ȕ (COVRi =1.2*COVRi, COVP=1.0*COVP)

ȕ (COVRi =1.2*COVRi, COVP=0.8*COVP) ȕ (COVRi =1.0*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=0.8*COVP) ȕ (COVRi =0.8*COVRi, COVP=0.8*COVP)

ȕ (COVRi =0.8*COVRi, COVP=1.0*COVP) ȕ (COVRi =0.8*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=1.0*COVP)

ȖL = 1.35 - Ȗ = 0.90

 

∆ȚȐȖ. 1.39: ȕstr ȖȚα įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ COVRi țαȚ COVP (ȖL=1.35, Ȗ=0.90). 

Obtained ȕ str  for deterministic optimum

2.5

2.7

2.9

3.1

3.3

3.5

3.7

3.9

4.1

4.3

4.5

1 10 100

n

ȕ s
tr

ȕ (COVRi =1.2*COVRi, COVP=1.2*COVP) ȕ (COVRi =1.2*COVRi, COVP=1.0*COVP)

ȕ (COVRi =1.2*COVRi, COVP=0.8*COVP) ȕ (COVRi =1.0*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=0.8*COVP) ȕ (COVRi =0.8*COVRi, COVP=0.8*COVP)

ȕ (COVRi =0.8*COVRi, COVP=1.0*COVP) ȕ (COVRi =0.8*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=1.0*COVP)

ȖL = 1.50 - Ȗ = 0.90

 

∆ȚȐȖ. 1.40: ȕstr ȖȚα įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ COVRi țαȚ COVP (ȖL=1.50, Ȗ=0.90). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.98 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹπαȚĲȠȪµεȞεȢ ΠȡȠıȠµȠȚȫıεȚȢ

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1 2 3 4 5 6 7 8 9 10

n

ȖL = 1.35 - Ȗ = 0.90

 

∆ȚȐȖ. 1.41: ȆȜȒșȠȢ πȡȠıȠµȠȚȫıİȦȞ ȖȚα İ/Pf =10% (ȖL=1.35, Ȗ=0.90). 

ǹπαȚĲȠȪµεȞεȢ ΠȡȠıȠµȠȚȫıεȚȢ

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1 2 3 4 5 6 7 8 9 10

n

ȖL = 1.50 - Ȗ = 0.90

 

∆ȚȐȖ. 1.42: ȆȜȒșȠȢ πȡȠıȠµȠȚȫıİȦȞ ȖȚα İ/Pf =10% (ȖL=1.50, Ȗ=0.90). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.99 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

1.0E+12

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.35 - Ȗ = 0.90

 

∆ȚȐȖ. 1.43: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (n=10, ȖL=1.35, Ȗ=0.90). 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.E+04

1.E+05

1.E+06

1.E+07

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.50 - Ȗ = 0.90

 

∆ȚȐȖ. 1.44: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (n=10, ȖL=1.50, Ȗ=0.90). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.100 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.13.5.2 ∆İȓțĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ Ȗ=1.10 

ȈĲα ∆ȚȐȖ. 1.45 țαȚ ∆ȚȐȖ. 1.46, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ (ȕstr) ȖȚα ĲȚȢ įȚαțυµȐȞıİȚȢ πİȡȓ ĲȦȞ ĲȚµȫȞ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ 

αȞĲȠȤȒȢ țαȚ ĲȠυ φȠȡĲȓȠυ ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Ȗ=1.10. 

Ǿ αȟȚȠπȚıĲȓα ĲȠυ µȑȜȠυȢ țυµαȓȞİĲαȚ, ȖȚα ȖL=1.35, απȩ 3.37 ȦȢ 4.41 αυȟȘµȑȞȘ țαĲȐ 6.85% 

țαȚ 9.27% αȞĲȓıĲȠȚȤα ıİ ıȤȑıȘ µİ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ȖȚα Ȗ=1.00. ΓȚα ȖL=1.50, 

Ș αȟȚȠπȚıĲȓα ĲȠυ µȑȜȠυȢ țυµαȓȞİĲαȚ απȩ 3.44 ȦȢ 3.96 αυȟȘµȑȞȘ țαĲȐ 6.44% țαȚ 8.89% 

αȞĲȓıĲȠȚȤα. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıυıĲȒµαĲȠȢ υȥȘȜȒȢ υπİȡıĲαĲȚțȩĲȘĲαȢ İȓȞαȚ αµİȜȘĲȑα 

ȖȚα ȖL=1.35 țαȚ ȓıȘ µİ 7.28x10
-7

 ȖȚα ȖL=1.50. 

Ǿ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ȖȚα İ/Pf=ȕ=10% țαȚ ȖȚα ȖL=1.35 țαȚ 

ȖL=1.50 αȞĲȓıĲȠȚȤα, ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα, παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 1.47 țαȚ 

∆ȚȐȖ. 1.48. ΓȚα ȖL=1.35 ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ țυµαȓȞİĲαȚ απȩ 1.4x10
6
 ȦȢ 

6.0x10
14

 įİȓȖµαĲα. ΓȚα ȖL=1.50, ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ παȡȠυıȚȐȗİȚ πȠȜȪ 

µȚțȡȩĲİȡȘ įȚαıπȠȡȐ țαȚ țυµαȓȞİĲαȚ απȩ 8.5x10
5
 ȦȢ 6.6x10

7
 įİȓȖµαĲα. Ȉİ ıȤȑıȘ µİ Ĳα 

απȠĲİȜȑıµαĲα ȖȚα Ȗ=1.00 țαȚ ȖL=1.35 παȡαĲȘȡİȓĲαȚ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠυµȑȞȦȞ 

įİȚȖµȐĲȦȞ. ΓȚα n=1 ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ αυȟȐȞİĲαȚ țαĲȐ 29.741% ȩĲαȞ 

ȖȚα n=10 απαȚĲȠȪȞĲαȚ 40 φȠȡȑȢ πİȡȚııȩĲİȡα įİȓȖµαĲα ȖȚα ĲȘȞ İȟαıφȐȜȚıȘ ĲȘȢ απαȚĲȠȪµİȞȘȢ 

αțȡȓȕİȚαȢ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ȖȚα Ȗ=1.00. ΓȚα ȖL=1.50 παȡαĲȘȡİȓĲαȚ αȪȟȘıȘ 

ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠυµȑȞȦȞ įİȚȖµȐĲȦȞ αȜȜȐ ıİ µȚțȡȩĲİȡȠ ȕαșµȩ ıİ ıȤȑıȘ µİ Ĳα 

απȠĲİȜȑıµαĲα ȖȚα ȖL=1.35. Ǿ İυαȚıșȘıȓα ĲȠυ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ȦȢ πȡȠȢ ĲȘ 

µİĲαȕȜȘĲȒ Ȗ İȟαȡĲȐĲαȚ țαȚ απȩ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα (n-1). ΓȚα n=1 απαȚĲİȓĲαȚ 

αȪȟȘıȘ ĲȦȞ įİȚȖµȐĲȦȞ țαĲȐ 267.64% ȩĲαȞ ȖȚα n=10 Ș αȪȟȘıȘ αυĲȒ αȖȖȓȗİȚ ĲȠ 870%. 

ȈĲα ∆ȚȐȖ. 1.43 țαȚ ∆ȚȐȖ. 1.44, παȡȠυıȚȐȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα 

ĲȘȞ αȞȐȜυıȘ µİ ĲȘ µȑșȠįȠ MC ȖȚα ĲȚȢ įȚαțυµȐȞıİȚȢ ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȠυ 

φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ țαȚ n=10. ȉα απαȚĲȠȪµİȞα įİȓȖµαĲα υπİȡȕαȓȞȠυȞ Ĳα 10
17

 įİȓȖµαĲα 

ȖȚα ȖL=1.35 țαȚ αȖȖȓȗȠυȞ Ĳα 3.6x10
8
 įİȓȖµαĲα ȖȚα ȖL=1.50. 

ǹπȩ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ, παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș µİĲȐȕαıȘ απȩ ĲȘ µȓα țαĲȘȖȠȡȓα 

ıȘµαıȓαȢ ıĲȘȞ αµȑıȦȢ µİȖαȜȪĲİȡȘ ıυȞİπȐȖİĲαȚ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαĲȐ µȓα 

πİȡȓπȠυ ĲȐȟȘ µİȖȑșȠυȢ (ȖȚα ȖL=1.50). Ǿ µİĲȐȕαıȘ αυĲȒ ȑȤİȚ ȦȢ απȠĲȑȜİıµα țαȚ ĲȘȞ αȪȟȘıȘ 

ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ 

υπİȡıĲαĲȚțȩĲȘĲα (ȩπȦȢ παȡαĲȘȡİȓĲαȚ țαȚ απȩ Ĳα ıĲȠȚȤİȓα ĲȠυ ȆȓȞ. 1.7). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.101 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obtained ȕ str  for deterministic optimum

2.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5

1 10 100

n

ȕ s
tr

ȕ (COVRi =1.2*COVRi, COVP=1.2*COVP) ȕ (COVRi =1.2*COVRi, COVP=1.0*COVP)

ȕ (COVRi =1.2*COVRi, COVP=0.8*COVP) ȕ (COVRi =1.0*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=0.8*COVP) ȕ (COVRi =0.8*COVRi, COVP=0.8*COVP)

ȕ (COVRi =0.8*COVRi, COVP=1.0*COVP) ȕ (COVRi =0.8*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=1.0*COVP)

ȖL = 1.35 - Ȗ = 1.10

 

∆ȚȐȖ. 1.45: ȕstr ȖȚα įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ COVRi țαȚ COVP (ȖL=1.35, Ȗ=0.90). 

Obtained ȕ str  for deterministic optimum

2.5

3

3.5

4

4.5

5

5.5

1 10 100

n

ȕ s
tr

ȕ (COVRi =1.2*COVRi, COVP=1.2*COVP) ȕ (COVRi =1.2*COVRi, COVP=1.0*COVP)

ȕ (COVRi =1.2*COVRi, COVP=0.8*COVP) ȕ (COVRi =1.0*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=0.8*COVP) ȕ (COVRi =0.8*COVRi, COVP=0.8*COVP)

ȕ (COVRi =0.8*COVRi, COVP=1.0*COVP) ȕ (COVRi =0.8*COVRi, COVP=1.2*COVP)

ȕ (COVRi =1.0*COVRi, COVP=1.0*COVP)

ȖL = 1.50 - Ȗ = 1.10

 

∆ȚȐȖ. 1.46: ȕstr ȖȚα įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ COVRi țαȚ COVP (ȖL=1.50, Ȗ=0.90). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.102 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹπαȚĲȠȪµεȞεȢ ΠȡȠıȠµȠȚȫıεȚȢ

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+10

1.0E+11

1.0E+12

1.0E+13

1.0E+14

1.0E+15

1 2 3 4 5 6 7 8 9 10

n

ȖL = 1.35 - Ȗ = 1.10

 

∆ȚȐȖ. 1.47: ȆȜȒșȠȢ πȡȠıȠµȠȚȫıİȦȞ ȖȚα İ/Pf =10% (ȖL=1.35, Ȗ=1.10). 

ǹπαȚĲȠȪµεȞεȢ ΠȡȠıȠµȠȚȫıεȚȢ

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1 2 3 4 5 6 7 8 9 10

n

ȖL = 1.50 - Ȗ = 1.10

 

∆ȚȐȖ. 1.48: ȆȜȒșȠȢ πȡȠıȠµȠȚȫıİȦȞ ȖȚα İ/Pf =10% (ȖL=1.50, Ȗ=1.10). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.103 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.0E+12

1.0E+13

1.0E+14

1.0E+15

1.0E+16

1.0E+17

1.0E+18

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.35 - Ȗ = 1.10

 

∆ȚȐȖ. 1.49: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (n=10, ȖL=1.35, Ȗ=1.10). 

ΠȜȒșȠȢ ΠȡȠıȠµȠȚȫıεωȞ

1.E+06

1.E+07

1.E+08

1.E+09

COVP = 0.80 * COVP (normal) COVP = 1.00 * COVP (normal) COVP = 1.20 * COVP (normal)

COV Ri = 0.80 * COVRi (normal)

COV Ri = 1.00 * COVRi (normal)

COV Ri = 1.20 * COVRi (normal)

ȖL = 1.50 - Ȗ = 1.10

 

∆ȚȐȖ. 1.50: ∆İȓȖµαĲα ȖȚα İ/Pf =10% (n=10, ȖL=1.50, Ȗ=1.10). 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.104 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ȗ = 0.90 Ȗ = 1.00 Ȗ = 1.10 
ȕstr,n=100/ȕstr,n=1 

ȖL=1.35 ȖL=1.50 ȖL=1.35 ȖL=1.50 ȖL=1.35 ȖL=1.50

0.8*COVP 2.1842 1.2478 2.3694 1.2988 2.5552 1.3527 

1.0*COVP 1.9265 1.2163 2.0800 1.2614 2.2353 1.3094 

1.2*COVP 1.7592 1.1961 1.8903 1.2374 2.0240 1.2815 

ȆȓȞ. 1.7: ȁȩȖȠȢ ȕstr,n=100/ȕstr,n=1 ȖȚα įȚαțυµȐȞıİȚȢ ĲȠυ CovP țαȚ Ȗ (CovRi=1.0*CovRi). 

1.13.6 ǹπȠĲİȜȑıµαĲα ȖȚα įȚαφȠȡİĲȚțȑȢ ȤȡȒıİȚȢ 
ȈĲȠ ∆ȚȐȖ. 1.51, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ȦȢ πȡȠȢ ĲȠ ȜȩȖȠ 

Q/(G+Q) ȖȚα ĲȚȢ ȤȡȒıİȚȢ ĲȠυ ȆȓȞ. 1.1. Ǿ αȪȟȘıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ 

φȠȡĲȓȠυ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȠυ İȪȡȠυȢ µİĲαȕȠȜȒȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ 

µȑȜȠυȢ ȦȢ πȡȠȢ ĲȠ ȜȩȖȠ Q/(G+Q). Ǿ µȚțȡȩĲİȡȘ įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ παȡαĲȘȡİȓĲαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȦȞ ıȤȠȜȚțȫȞ țĲȘȡȓȦȞ. 

Evolution of β  for various Q/(G+Q) ratios
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∆ȚȐȖ. 1.51: ȕel ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ Q/(G+Q) țαȚ įȚαφȠȡİĲȚțȑȢ ȤȡȒıİȚȢ (Ȗ=1.00). 

ȈĲα ∆ȚȐȖ. 1.52 ȦȢ ∆ȚȐȖ. 1.54, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα, ȖȚα ȖL=1.40, ȖL=1.45 țαȚ ȖL=1.50 

αȞĲȓıĲȠȚȤα. ȅȚ ĲȚµȑȢ αυĲȑȢ ĲȠυ ıυȞĲİȜİıĲȒ αȞĲȚıĲȠȚȤȠȪȞ ıİ ȜȩȖȠυȢ ĲȠυ Q/(G+Q) 0.3, 0.7 țαȚ 

1.0. Ǿ µİȓȦıȘ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ φȠȡĲȓȠυ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.105 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İυαȚıșȘıȓαȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα. 

Obtained ȕ str  for deterministic optimum
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∆ȚȐȖ. 1.52: ȕstr ȖȚα COVRi țαȚ COVP ıȪµφȦȞα µİ ǼυȡȦțȫįȚțİȢ (įȚȐφȠȡİȢ ȤȡȒıİȚȢ ȖL=1.40). 

Obtained ȕ str  for deterministic optimum

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

1 10 100 1000 10000

n

ȕ s
tr

Target ȕstr according to ISOȖL = 1.45

ǺȚȕȜȚȠșȒțεȢ

ΣχȠȜεȓα

 ΚαĲȠȚțȓεȢ

Γȡαφεȓα

 

∆ȚȐȖ. 1.53: ȕstr ȖȚα COVRi țαȚ COVP ıȪµφȦȞα µİ ǼυȡȦțȫįȚțİȢ (įȚȐφȠȡİȢ ȤȡȒıİȚȢ ȖL=1.45). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.106 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obtained ȕ str  for deterministic optimum

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

1 10 100 1000 10000

n

ȕ s
tr

Target ȕstr according to ISOȖL = 1.50

ǺȚȕȜȚȠșȒțεȢ

ΣχȠȜεȓα

 ΚαĲȠȚțȓεȢ

Γȡαφεȓα

 

∆ȚȐȖ. 1.54: ȕstr ȖȚα COVRi țαȚ COVP ıȪµφȦȞα µİ ǼυȡȦțȫįȚțİȢ (įȚȐφȠȡİȢ ȤȡȒıİȚȢ ȖL=1.50). 

ȈĲα ∆ȚȐȖ. 1.55 ȦȢ ∆ȚȐȖ. 1.57, παȡȠυıȚȐȗİĲαȚ Ș απȩȜυĲȘ įȚαφȠȡȐ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ ȖȚα Ȗȡαφİȓα, ıȤȠȜİȓα țαȚ ȕȚȕȜȚȠșȒțİȢ αȞĲȓıĲȠȚȤα µİ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

țαĲȠȚțȚȫȞ, ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα.  

ȈĲα ∆ȚȐȖ. 1.58 ȦȢ ∆ȚȐȖ. 1.60, παȡȠυıȚȐȗİĲαȚ Ș ıȤİĲȚțȒ įȚαφȠȡȐ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ ȖȚα Ȗȡαφİȓα, ıȤȠȜİȓα țαȚ ȕȚȕȜȚȠșȒțİȢ αȞĲȓıĲȠȚȤα µİ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

țαĲȠȚțȚȫȞ, ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα.  

Ǿ αȪȟȘıȘ ĲȠυ ȜȩȖȠυ Q/(G+Q) ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȘȞ İȞİȡȖȒ υπİȡıĲαĲȚțȩĲȘĲα µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȦȞ 

ıȤİĲȚțȫȞ țαȚ απȩȜυĲȦȞ įȚαφȠȡȫȞ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȚȢ υπȩ 

İȟȑĲαıȘ įȡαıĲȘȡȚȩĲȘĲİȢ. Ǿ αȪȟȘıȘ ĲȘȢ İȞİȡȖȒȢ υπİȡıĲαĲȚțȩĲȘĲαȢ απȩ ĲȘȞ ȐȜȜȘ µİȡȚȐ 

αυȟȐȞİȚ ĲȚȢ ıȤİĲȚțȑȢ țαȚ απȩȜυĲİȢ įȚαφȠȡȑȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ȅȚ įȚαφȠȡȠπȠȚȒıİȚȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȚȢ įȚαțυµȐȞıİȚȢ ĲȦȞ 

įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȠυ φȠȡĲȓȠυ țαȚ ĲȘȢ αȞĲȠȤȒȢ įİȞ įȚαφȑȡȠυȞ πȠȚȠĲȚțȐ µİ Ĳα 

απȠĲİȜȑıµαĲα ȖȚα ȤȡȒıȘ țαĲȠȚțȓαȢ µİ İȟαȓȡİıȘ ĲȘȞ αυȟȘµȑȞȘ İπȚȡȡȠȒ ĲȘȢ İȞİȡȖȠȪȢ 

υπİȡıĲαĲȚțȩĲȘĲαȢ ȩıȠȞ µİȚȫȞİĲαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ Ĳ.µ ĲȠυ φȠȡĲȓȠυ. ǹȞĲȓıĲȠȚȤα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ ȖȚα ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.107 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

∆ȕ str  for deterministic optimum
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∆ȚȐȖ. 1.55: ∆ȕstr µİĲαȟȪ ȖȡαφİȓȦȞ țαȚ țαĲȠȚțȚȫȞ. 

Absolute difference of ȕ str  for deterministic optimum
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∆ȚȐȖ. 1.56: ∆ȕstr µİĲαȟȪ ıȤȠȜİȓȦȞ țαȚ țαĲȠȚțȚȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.108 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Absolute difference of ȕ str  for deterministic optimum
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ȕstr (ȕȚȕȜȚȠșȘțȫȞ) - ȕstr (țαĲȠȚțȚȫȞ)

 

∆ȚȐȖ. 1.57: ∆ȕstr µİĲαȟȪ ȕȚȕȜȚȠșȘțȫȞ țαȚ țαĲȠȚțȚȫȞ. 

Relative difference of ȕ str  for deterministic optimum
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∆ȚȐȖ. 1.58: ȈȤİĲȚțȒ įȚαφȠȡȐ ĲȠυ ȕstr µİĲαȟȪ ȖȡαφİȓȦȞ țαȚ țαĲȠȚțȚȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.109 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Relative difference of ȕ str  for deterministic optimum
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(ȕstr (ıχȠȜİȓωȞ) - ȕstr (țαĲȠȚțȚȫȞ))/ȕstr (țαĲȠȚțȚȫȞ)

 

∆ȚȐȖ. 1.59: ȈȤİĲȚțȒ įȚαφȠȡȐ ĲȠυ ȕstr µİĲαȟȪ ıȤȠȜİȓȦȞ țαȚ țαĲȠȚțȚȫȞ. 

Relative difference of ȕ str  for deterministic optimum
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∆ȚȐȖ. 1.60: ȈȤİĲȚțȒ įȚαφȠȡȐ ĲȠυ ȕstr µİĲαȟȪ ȕȚȕȜȚȠșȘțȫȞ țαȚ țαĲȠȚțȚȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.110 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.13.7 ȈυµπİȡȐıµαĲα 

ǹπȩ Ĳα παȡαπȐȞȦ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ƞ ıυȞįυαıµȩȢ ĲȘȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ µİ µİșȩįȠυȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȡȠıφȑȡİȚ ĲȘ įυȞαĲȩĲȘĲα ĲȠυ ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ 

ĲȘȞ πȡαȖµαĲȚțȒ υπİȡıĲαĲȚțȩĲȘĲα įȓįȠȞĲαȢ ĲȘ įυȞαĲȩĲȘĲα ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ µİ 

απȠįİțĲȩ ȡȓıțȠ țαȚ ȤαµȘȜȩĲİȡȠ țȩıĲȠȢ. ȉα αȞαµİȞȩµİȞα țȑȡįȘ απȩ ĲȠ ıυȞįυαıµȩ ĲȦȞ 

µİșȩįȦȞ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ µİ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ, αυȟȐȞȠȞĲαȚ ȩıȠȞ αυȟȐȞİĲαȚ 

țαȚ Ș ıȤİĲȚțȒ ıȘµαıȓα ĲȘȢ υπȩ ıȤİįȚαıµȩ țαĲαıțİυȒȢ țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ 

ĲȦȞ φȠȡĲȓȦȞ πȠυ įȡȠυȞ ıĲȘȞ υπȩ İȟȑĲαıȘ țαĲαıțİυȒ. 

1.14 ȆαȡȐȡĲȘµα Ȉȉ – ǾșİȜȘµȑȞȠ țαȚ µȘ ǾșİȜȘµȑȞȠ ȇȓıțȠ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ ȠȡȚıµȑȞİȢ įȡαıĲȘȡȚȩĲȘĲİȢ țαȚ πȘȖȑȢ țȚȞįȪȞȠυ 

ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ πȠıȠĲȚțȠπȠȓȘıȘ ĲȦȞ ȠȡȓȦȞ ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ ȘșİȜȘµȑȞȠυ țαȚ µȘ 

ȘșİȜȘµȑȞȠυ ȡȓıțȠυ. ΩȢ ȘșİȜȘµȑȞȠ (voluntary) ȡȓıțȠ ȠȡȓȗİĲαȚ ĲȠ ȖȚȞȩµİȞȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

İµφȐȞȚıȘȢ țαȚ ĲȠυ πȠıȠĲȚțȠȪ απȠĲİȜȑıµαĲȠȢ İȞȩȢ µİȜȜȠȞĲȚțȠȪ țαĲαıĲȡȠφȚțȠȪ ȖİȖȠȞȩĲȠȢ 

ıĲȠ ȠπȠȓȠ ĲȠ ȐĲȠµȠ İțĲȓșİĲαȚ µİ ĲȘ șȑȜȘıȘ ĲȠυ. ΩȢ µȘ ȘșİȜȘµȑȞȠ (involuntary) ȡȓıțȠ 

ȠȡȓȗİĲαȚ ĲȠ ȖȚȞȩµİȞȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ țαȚ ĲȠυ πȠıȠĲȚțȠȪ απȠĲİȜȑıµαĲȠȢ İȞȩȢ 

µİȜȜȠȞĲȚțȠȪ țαĲαıĲȡȠφȚțȠȪ ȖİȖȠȞȩĲȠȢ ıĲȠ ȠπȠȓȠ ĲȠ ȐĲȠµȠ İțĲȓșİĲαȚ ȤȦȡȓȢ ĲȘ șȑȜȘıȘ ĲȠυ. 

1.14.1 ǹπȠįİțĲȐ ȩȡȚα ȖȚα ȘșİȜȘµȑȞȠ țαȚ µȘ ȘșİȜȘµȑȞȠ ȡȓıțȠ 

ȉȠ µȑȖİșȠȢ ĲȠυ απȠįİțĲȠȪ ȡȓıțȠυ İȓȞαȚ Ȑµİıα ıυȞαȡĲȘµȑȞȠ ĲȠυ ȖİȖȠȞȩĲȠȢ ȩĲȚ ĲȠ ȡȓıțȠ İȓȞαȚ 

ȘșİȜȘµȑȞȠ Ȓ µȘ ȘșİȜȘµȑȞȠ. ȅȚ Christensen țαȚ Baker [31] ıĲȠȞ ȆȓȞ. 1.8, παȡȠυıȚȐȗȠυȞ ĲȘȞ 

ȑțșİıȘ ıİ țȓȞįυȞȠ ȖȚα įȚȐφȠȡİȢ įȡαıĲȘȡȚȩĲȘĲİȢ ıȘµİȚȫȞȠȞĲαȢ ĲȚȢ įȚαφȠȡȠπȠȚȒıİȚȢ πȠυ 

παȡαĲȘȡȠȪȞĲαȚ αȞȐȜȠȖα ĲȠυ ȖİȖȠȞȩĲȠȢ ȩĲȚ Ș ȑțșİıȘ ıİ țȓȞįυȞȠ İȓȞαȚ İțȠȪıȚα Ȓ αțȠȪıȚα. 

ǼπȚπȡȩıșİĲα ıĲȠȞ ȆȓȞ. 1.8, παȡȠυıȚȐȗİĲαȚ țαȚ Ș ıυȤȞȩĲȘĲα șαȞȐĲȠυ απȩ ȠπȠȚȠįȒπȠĲİ αȓĲȚȠ 

ıυȞȠȜȚțȐ țαĲȐ φȪȜȜȠ țαȚ ȘȜȚțȚαțȒ țαĲαȞȠµȒ. 

∆ȡαıĲȘȡȚȩĲȘĲα / ǹȚĲȓα ΘȐȞαĲȠȚ ȖȚα 10
8
 ȐĲȠµα / ȫȡα 

ȅȡİȚȕαıȓα-Trekking (∆ȚİșȞȒȢ ȈĲαĲȚıĲȚțȒ) 2700 

ǹİȡȠπȠȡȚțȩ ȉαȟȓįȚ (∆ȚİșȞȒȢ ȈĲαĲȚıĲȚțȒ) 120 

ȊπȠȕȡȪȤȚα ȀαĲȐįυıȘ 59 

ȉαȟȓįȚ µİ αυĲȠțȓȞȘĲȠ 56 

ǼȡȖαıȓα ıİ ȊπȩȖİȚα ȂİĲαȜȜİȓα 21 

ǼȡȖȠĲȐȟȚα 7.7 

ǺȚȠµȘȤαȞȓα 2.0 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.111 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

∆ȡαıĲȘȡȚȩĲȘĲα / ǹȚĲȓα ΘȐȞαĲȠȚ ȖȚα 10
8
 ȐĲȠµα / ȫȡα 

ǹĲυȤȒµαĲα İȞĲȩȢ țαĲȠȚțȓαȢ (ıυȞȠȜȚțȐ) 2.1 

ǹĲυȤȒµαĲα İȞĲȩȢ țαĲȠȚțȓαȢ (ȐĲȠµα ȤȦȡȓȢ αȞαπȘȡȓİȢ) 0.1 

ȆυȡțαȖȚȐ (ȀαĲȠȚțȓα) 0.1 

∆ȠµȚțȒ ǹıĲȠȤȓα (ıυȞȠȜȚțȩ) 0.002 

ȈυȞȠȜȚțȩ ȇȓıțȠ (ȩȜİȢ ȠȚ ȘȜȚțȓİȢ – ȐȞįȡİȢ-ȖυȞαȓțİȢ) 129 

ȈυȞȠȜȚțȩ ȇȓıțȠ ȖȚα ȐȞįȡİȢ 30 İĲȫȞ  15 

ȈυȞȠȜȚțȩ ȇȓıțȠ ȖȚα ȖυȞαȓțİȢ 30 İĲȫȞ  13 

ȈυȞȠȜȚțȩ ȇȓıțȠ ȖȚα ȐȞįȡİȢ 60 İĲȫȞ  84 

ȈυȞȠȜȚțȩ ȇȓıțȠ ȖȚα ȖυȞαȓțİȢ 60 İĲȫȞ  51 

ȆȓȞ. 1.8: ΩȡȚαȓȠ ȡȓıțȠ ȖȚα įȚȐφȠȡİȢ įȡαıĲȘȡȚȩĲȘĲİȢ11 

Ǿ πȚșαȞȩĲȘĲα πȡȩțȜȘıȘȢ șαȞȐĲȠυ αȞȐ ȑĲȠȢ ȖȚα țȐșİ įȡαıĲȘȡȚȩĲȘĲα ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ 

ȆȓȞ. 1.8 įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 ( ) exp

8
Pr Death

10

h t⋅=  (1.238) 

ȩπȠυ texp İȓȞαȚ Ƞ ȤȡȩȞȠȢ ȑțșİıȘȢ ıĲȘ ıυȖțİțȡȚµȑȞȘ įȡαıĲȘȡȚȩĲȘĲα. ȈȪµφȦȞα µİ ĲȠ ȆȓȞ. 1.8, 

ĲȠ ȦȡȚαȓȠ ȡȓıțȠ ȖȚα ȑȞα ȐȞįȡα ıĲȘȞ ȘȜȚțȓα ĲȦȞ 30 İĲȫȞ İȓȞαȚ 5.6 φȠȡȑȢ ȤαµȘȜȩĲİȡȠ ıİ ıȤȑıȘ 

µİ ĲȠȞ țȓȞįυȞȠ πȠυ įȚαĲȡȑȤİȚ ıĲȘȞ ȘȜȚțȓα ĲȦȞ 60 İĲȫȞ. ȅ ȜȩȖȠȢ ĲȠυ ȦȡȚαȓȠυ ȡȓıțȠυ ȖȚα Ĳα 2 

φȪȜα ıĲȘȞ ȘȜȚțȓα ĲȦȞ 30 İĲȫȞ İȓȞαȚ ȓıȠȢ µİ 1.153 İȞȫ ıĲȘȞ ȘȜȚțȓα ĲȦȞ 60 İĲȫȞ αυȟȐȞİĲαȚ 

ıĲȠ 1.647. Ǿ πȚșαȞȩĲȘĲα πȡȩțȜȘıȘȢ șαȞαĲȘφȩȡȠυ ıȦµαĲȚțȒȢ ȕȜȐȕȘȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 

įȠµȚțȒȢ αıĲȠȤȓαȢ İȓȞαȚ ȓıȘ µİ 1.489x10
-7 ȖȚα ȤȡȩȞȠ ȑțșİıȘȢ ȓıȠ µİ ĲȠ 85% ĲȠυ ıυȞȠȜȚțȠȪ 

ȤȡȩȞȠυ. ȅȚ șȐȞαĲȠȚ πȠυ πȡȠțαȜȠȪȞĲαȚ ȜȩȖȦ įȠµȚțȒȢ αıĲȠȤȓαȢ αȞĲȚıĲȠȚȤȠȪȞ ıĲȠ 0.015‰ ĲȠυ 

ıυȞȩȜȠυ ĲȦȞ πİȡȚıĲαĲȚțȫȞ ȖȚα ĲȘ ıυȖțİțȡȚµȑȞȘ πİȡȓȠįȠ. ȈȪµφȦȞα µİ ĲȠυȢ Elishakoff țαȚ 

Hasofer, [54], ĲȠ 90% ĲȦȞ πİȡȚπĲȫıİȦȞ ĲȦȞ įȠµȚțȫȞ αıĲȠȤȚȫȞ ȠφİȓȜİĲαȚ ıİ αȞșȡȫπȚȞȠ 

ıφȐȜµα İȓĲİ țαĲȐ ĲȘ φȐıȘ ĲȘȢ ıȤİįȓαıȘȢ țαȚ αȞȐȜυıȘȢ İȓĲİ țαĲȐ ĲȘ φȐıȘ ĲȘȢ țαĲαıțİυȒȢ. 

ΓȓȞİĲαȚ αȞĲȚȜȘπĲȩ ȩĲȚ ıİ πİȡȚȠȤȑȢ ȤαµȘȜȒȢ ıİȚıµȚțȩĲȘĲαȢ Ș ȑțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ įȠµȚțȒȢ 

αıĲȠȤȓαȢ ȑȤİȚ αµİȜȘĲȑα ıυȞİȚıφȠȡȐ ıĲȘ ıυȞȠȜȚțȒ ȑțșİıȘ İȞȩȢ αĲȩµȠυ ıİ țȓȞįυȞȠ. 

∆ȚαφȠȡȠπȠȚȒıİȚȢ παȡαĲȘȡȠȪȞĲαȚ αțȩµα țαȚ ıİ ȐȜȜİȢ įȡαıĲȘȡȚȩĲȘĲİȢ ıȪµφȦȞα µİ Ĳα 

απȠĲİȜȑıµαĲα ĲȦȞ Whitman [220], Cullen [38] țαȚ Bhattacharya et al., [19] (∆ȚȐȖ. 1.61). ȅȚ 

įȚαφȠȡȠπȠȚȒıİȚȢ αυĲȑȢ ȠφİȓȜȠȞĲαȚ țυȡȓȦȢ ıĲȠ įȚαφȠȡİĲȚțȩ țȩıĲȠȢ µȓαȢ πȚșαȞȒȢ αıĲȠȤȓαȢ.  

                                                 

11 ǹȞȠȚȖµȑȞȠ ȇȓıțȠ ΘαȞȐĲȠυ (ȂȑıȠȢ ȩȡȠȢ 1970-1973 ıĲȘ µİȖȐȜȘ ǺȡİĲαȞȓα, ıĲȠȚȤİȓα ĲȠυ ǺαıȚȜȚțȠȪ ΓȡαφİȓȠυ ȈĲαĲȚıĲȚțȫȞ) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.112 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 1.61: ǹπȠįİțĲȩ ȡȓıțȠ ȖȚα ȠȡȚıµȑȞİȢ įȡαıĲȘȡȚȩĲȘĲİȢ (απȩ [19]). 

ȈĲȚȢ παȡαȖȡȐφȠυȢ 1.14.2 țαȚ 1.14.3 παȡȠυıȚȐȗȠȞĲαȚ παȡαįİȓȖµαĲα ĲȠυ µȑıȠυ µȘ ȘșİȜȘµȑȞȠυ 

țαȚ ȘșİȜȘµȑȞȠυ ȡȓıțȠυ ıĲȠ ȠπȠȓȠ İțĲȓșİĲαȚ ȑȞα ȐĲȠµȠ ȖȚα ıİȚȡȐ țȚȞįȪȞȦȞ țαȚ ȠȡȚıµȑȞİȢ 

įȡαıĲȘȡȚȩĲȘĲİȢ. 

1.14.2 ȂȘ ǾșİȜȘµȑȞȠ ȇȓıțȠ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ Ĳα ȩȡȚα ĲȘȢ țȠȚȞȦȞȚțȐ απȠįİțĲȒȢ ĲȚµȒȢ ĲȠυ ȡȓıțȠυ 

ȖȚα ȑțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ ıİȚıµȠȪ, αİȡȠπȠȡȚțȠȪ αĲυȤȒµαĲȠȢ țαȚ ĲȡȠȤαȓȠυ αĲυȤȒµαĲȠȢ. 

1.14.2.1 ΈțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ ıİȚıµȠȪ 

ȅȚ Morrison țαȚ Chapman [148], αȞαφȑȡȠυȞ ȩĲȚ ĲȠ µȑıȠ ȡȓıțȠ șαȞȐĲȠυ αȞȐ ȑĲȠȢ ȜȩȖȦ 

ıİȚıµȠȪ İȓȞαȚ ȓıȠ µİ 10
-7

 ȖȚα ĲȘȞ İπȚțȡȐĲİȚα ĲȦȞ Ǿ.Ȇ.ǹ. İȞȫ ȖȚα ıİȚıµȠȖİȞİȓȢ ȤȫȡİȢ ȩπȦȢ 

ȀȓȞα, ȉȠυȡțȓα țαȚ ǿαπȦȞȓα țαșȫȢ țαȚ ıİȚıµȠȖİȞİȓȢ πİȡȚȠȤȑȢ ĲȦȞ Ǿ.Ȇ.ǹ. (ȀαȜȚφȩȡȞȚα) ĲȠ 

µȑıȠ ȡȓıțȠ İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 10
-6

. ȉα ȞȠȪµİȡα αυĲȐ İȓȞαȚ ıυȖțȡȓıȚµα µİ ĲȠ µȑıȠ ȡȓıțȠ αȞȐ 

ȑĲȠȢ ȖȚα țαĲαıĲȡȠφȚțȐ ȖİȖȠȞȩĲα ȜȩȖȦ ıȪȖțȡȠυıȘȢ µİ µİȖȐȜȠ µİĲİȦȡȓĲȘ πȠυ țυµαȓȞİĲαȚ απȩ 

5x10
-6 ȦȢ țαȚ 5x10

-7
 [153]. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.113 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

H Sharpe, [197], αȞαφȑȡİȚ ȩĲȚ ĲȠ µȑıȠ ȡȓıțȠ ıİ ıİȚıµȠȖİȞİȓȢ πİȡȚȠȤȑȢ (πȠȜȚĲİȓα ĲȘȢ 

ȀαȜȚφȩȡȞȚα) İȓȞαȚ ȓıȠ µİ 1.7x10
-6

 (ıυȖțȡȓıȚµȠ µİ ĲȚȢ ĲȚµȑȢ Morrison țαȚ Chapman [148] țαȚ 

țαĲȐ 70% υȥȘȜȩĲİȡȠ ĲȠυ απȠįİțĲȠȪ ȡȓıțȠυ țαĲȐ ISO [98]). Ȉİ αȞĲȚįȚαıĲȠȜȒ Ș πȚșαȞȩĲȘĲα 

șαȞȐĲȠυ ȜȩȖȦ ĲȘȢ țȠȚȞȒȢ ȖȡȓπȘȢ ıİ πİȡȓπĲȦıȘ µȩȜυȞıȘȢ İȓȞαȚ πİȡȓπȠυ ȓıȘ µİ 2x10
-4

 įȪȠ 

ĲȐȟİȚȢ µİȖȑșȠυȢ υȥȘȜȩĲİȡȘ. Ȋπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș İĲȒıȚα πȚșαȞȩĲȘĲα πȡȠıȕȠȜȒȢ απȩ 

ȖȡȓπȘ țυµαȓȞİĲαȚ απȩ 13%~18% ĲȠ µȑıȠ ȡȓıțȠ șαȞȐĲȠυ ıĲȚȢ Ǿ.Ȇ.ǹ. ȜȩȖȦ ȖȡȓπȘȢ αȞȑȡȤİĲαȚ 

ıİ 2.6x10
-5

 ȦȢ țαȚ 3.6x10
-5

 µȓα ĲȐȟȘ µİȖȑșȠυȢ υȥȘȜȩĲİȡȠ απȩ ĲȠ ȡȓıțȠ ȜȩȖȦ ıİȚıµȠȪ. 

ȅ Morrison [153] αȞαφȑȡİȚ ȩĲȚ ĲȠ µȑıȠ ȡȓıțȠ ȖȚα πȡȩțȜȘıȘ șαȞȐĲȠυ αȞȐ ȑĲȠȢ ȜȩȖȦ φυıȚțȫȞ 

țαĲαıĲȡȠφȫȞ İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 10
-6

 ȖȚα ĲȘȞ ǼυȡȫπȘ țαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 10
-7 ȖȚα ĲȚȢ ǾȆǹ țαȚ 

ȀαȞαįȐ. ȉȠ µȑıȠ ȡȓıțȠ πȡȩțȜȘıȘȢ șαȞȐĲȠυ ȜȩȖȦ ıİȚıµȠȪ ıİ ȤȫȡİȢ ȩπȦȢ ĲȠ ǿȡȐȞ țαȚ Ș 

ȉȠυȡțȓα İȓȞαȚ 20 φȠȡȑȢ υȥȘȜȩĲİȡȠ απȩ ĲȠ µȑıȠ ȡȓıțȠ ĲȦȞ ǼυȡȦπαȧțȫȞ ȤȦȡȫȞ. ȈȪµφȦȞα µİ 

Ĳα țȡȚĲȒȡȚα țαĲȐ ISO [98] Ș µȑȖȚıĲȘ απȠįİțĲȒ ȑțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ įȠµȚțȒȢ αıĲȠȤȓαȢ 

İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 10
-6

. 

ǹπȩ Ĳα παȡαπȐȞȦ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș πȚșαȞȩĲȘĲα șαȞȐĲȠυ ȜȩȖȦ ıİȚıµȠȪ İȓȞαȚ ȚįȚαȓĲİȡα 

ȤαµȘȜȒ ıİ ıȤȑıȘ µİ αȞĲȓıĲȠȚȤİȢ πȚșαȞȩĲȘĲİȢ ȜȩȖȦ ȑțșİıȘȢ ıİ ȐȜȜȠυȢ İȟȦȖİȞİȓȢ παȡȐȖȠȞĲİȢ. 

ȉα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠυȞ ȚįȚαȓĲİȡα υȥȘȜȒ įȚαıπȠȡȐ πȠυ ȠφİȓȜİĲαȚ țυȡȓȦȢ ıĲȚȢ 

įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ ȡȓıțȠυ ıİ µȘ ȘșİȜȘµȑȞȘ ȑțșİıȘ ıİ țȓȞįυȞȠ 

απȩ Ȥȫȡα ıİ Ȥȫȡα αȜȜȐ țαȚ ıİ ȠȚțȠȞȠµȚțȠȪȢ παȡȐȖȠȞĲİȢ ȩπȦȢ ĲȠ πȠıȩ πȠυ İȓȞαȚ 

įȚαĲİșİȚµȑȞȘ µȓα țȠȚȞȦȞȓα Ȟα πȜȘȡȫıİȚ ȖȚα Ȟα απȠφȪȖİȚ ĲȠ șȐȞαĲȠ İȞȩȢ αĲȩµȠυ (willingness 

to pay).  

ȈĲȘȞ ǼȜȜȐįα µİ µȑıȠ πȡȠıįȩțȚµȠ ȗȦȒȢ ȓıȠ µİ 76 țαȚ 81 ȑĲȘ ȖȚα ȐȞįȡİȢ țαȚ ȖυȞαȓțİȢ 

αȞĲȓıĲȠȚȤα [222], Ș πȚșαȞȩĲȘĲα șαȞȐĲȠυ ȜȩȖȠυ ıİȚıµȠȪ įȓįİĲαȚ ȦȢ: 

 ( ) ( )( )76

1

Pr 1 1 Pr annualDeath Death
j=

= − −∏  ȐȞįȡİȢ (1.239) 

 ( ) ( )( )81

1

Pr 1 1 Pr annualDeath Death
j=

= − −∏  ȖυȞαȓțİȢ (1.240) 

ΓȚα µȑıȠ İĲȒıȚȠ ȡȓıțȠ ȓıȠ µİ 1.7x10
-6

 Ș πȚșαȞȩĲȘĲα șαȞȐĲȠυ ȜȩȖȦ įȠµȚțȒȢ αıĲȠȤȓαȢ ıİ 

ıİȚıµȩ (πȠυ απȠĲİȜİȓ țαȚ ĲȠ țȪȡȚȠ αȓĲȚȠ įȠµȚțȒȢ αıĲȠȤȓαȢ ȖȚα ĲȠȞ ĲİȜȚțȩ ȤȡȒıĲȘ) İȓȞαȚ ȓıȘ µİ 

0.0129% (1.29x10
-4

) ȖȚα ĲȠυȢ ȐȞįȡİȢ țαȚ 0.0137% (1.37x10
-4

) ȖȚα ĲȚȢ ȖυȞαȓțİȢ. ȉα 

απȠĲİȜȑıµαĲα įȓȞȠυȞ ȦȢ µȑıȠ αȡȚșµȩ șαȞȐĲȦȞ αȞȐ ȑĲȠȢ ȜȩȖȦ ıİȚıµȠȪ ıĲȘȞ ǼȜȜȐįα Ĳα 

18~19 ȐĲȠµα (πȜȘșυıµȩȢ 11 İțαĲȠµµȪȡȚα πİȡȓπȠυ). Ǿ ĲȚµȒ αυĲȒ İȓȞαȚ ıυȖțȡȓıȚµȘ µİ ĲȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.114 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µȑıȠ αȡȚșµȩ șυµȐĲȦȞ αȞȐ ȑĲȠȢ ȜȩȖȦ ıİȚıµȫȞ πȠυ ȑȤȠυȞ πȡȠțȜȘșİȓ απȩ ĲȠ 1950 ȦȢ țαȚ ĲȠ 

2000 ȜȩȖȦ ıİȚıµȠȪ πȠυ țυµαȓȞİĲαȚ απȩ 15~16 [63] ȦȢ țαȚ 22~23 ȐĲȠµα ĲȠ ȤȡȩȞȠ [213], 

[166] µİ απȠįİțĲȒ ĲȚµȒ ıȪµφȦȞα µİ ĲȠ ISO [98] ȓıȘ µİ 11 ȐĲȠµα αȞȐ ȑĲȠȢ. ȆαȡαĲȘȡİȓĲαȚ ȩĲȚ 

Ș απȠįİțĲȒ țαĲȐ ISO ĲȚµȒ ĲȘȢ ȑțșİıȘȢ ıİ ȡȓıțȠ țαȚ Ș İțĲȓµȘıȘ ĲȦȞ ıυȞİπİȚȫȞ ȜȩȖȦ 

ıİȚıµȠȪ İȓȞαȚ ıυȖțȡȓıȚµİȢ µİĲαȟȪ ĲȠυȢ ĲȚµȑȢ. 

1.14.2.2 ΈțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ αİȡȠπȠȡȚțȠȪ αĲυȤȒµαĲȠȢ 

ȅȚ ıυȤȞȩĲȘĲİȢ πȡȩțȜȘıȘȢ șαȞαĲȘφȩȡȦȞ αĲυȤȘµȐĲȦȞ, Ƞ αȡȚșµȩȢ ĲȦȞ πĲȒıİȦȞ, ĲȠ πȜȒșȠȢ 

ĲȦȞ șαȞαĲȘφȩȡȦȞ ıυµȕȐȞĲȦȞ, Ƞ ȜȩȖȠȢ FLE (Flight Loss Equivalent) țαȚ Ș įİıµİυµȑȞȘ 

πȚșαȞȩĲȘĲα șαȞȐĲȠυ ıĲȘȞ πİȡȓπĲȦıȘ πȡȩțȜȘıȘ ıȠȕαȡȠȪ αĲυȤȒµαĲȠȢ, ȖȚα įȚȐφȠȡȠυȢ ĲȪπȠυȢ 

αİȡȠıțαφȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 1.9 [2]. ȈĲȘ ıυȤȞȩĲȘĲα πȡȩțȜȘıȘȢ șαȞαĲȘφȩȡȦȞ 

αĲυȤȘµȐĲȦȞ įİȞ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ ȠȚ πİȡȚπĲȫıİȚȢ πȠυ ĲȠ αĲȪȤȘµα ȑȤİȚ πȡȠțȜȘșİȓ απȩ 

İȟȦȖİȞİȓȢ παȡȐȖȠȞĲİȢ (π.Ȥ. αİȡȠπİȚȡαĲİȓα, ĲȡȠµȠțȡαĲȚțȒ İȞȑȡȖİȚα țȜπ.). ǼπȚπȡȩıșİĲα ıĲȠȞ 

ȆȓȞ. 1.9 παȡȠυıȚȐȗİĲαȚ Ș πȚșαȞȩĲȘĲα șαȞȐĲȠυ ĲȠυ İπȚȕȐĲȘ ıİ πİȡȓπĲȦıȘ πȠυ ıυµȕİȓ ȑȞα 

șαȞαĲȘφȩȡȠ ıυµȕȐȞ (Ș υπȩ ıυȞșȒțȘ πȚșαȞȩĲȘĲα). 

Ǿ µȑıȘ ıυȤȞȩĲȘĲα πȡȩțȜȘıȘȢ șαȞαĲȘφȩȡȠυ αĲυȤȒµαĲȠȢ αȞȐ 1,000,000 πĲȒıİȚȢ ȖȚα ĲȠυȢ 

ĲȪπȠυȢ αİȡȠıțαφȫȞ µİ πȜȒșȠȢ αĲυȤȘµȐĲȦȞ µİȖαȜȪĲİȡȠ ĲȠυ 6 İȓȞαȚ ȓıȘ µİ 0.742 ıυµȕȐȞĲα. 

ΓȚα Ĳα ıυµȕȐȞĲα αυĲȐ Ș µȑıȘ πȚșαȞȩĲȘĲα șαȞȐĲȠυ ȖȚα ȑȞαȞ İπȚȕȐĲȘ İȓȞαȚ ȓıȘ µİ 72.8%. ΩȢ 

πİȡȚııȩĲİȡȠ «αȞαıφαȜȑȢ» αİȡȠıțȐφȠȢ țαĲαȖȡȐφİĲαȚ ĲȠ Embraer Bandeirante µİ 

αȞĲȓıĲȠȚȤȠυȢ įİȓțĲİȢ 3.07 țαȚ 82.14% αȞĲȓıĲȠȚȤα. 

ΓȚα ȠȡȚıµȑȞȠυȢ ĲȪπȠυȢ αİȡȠıțαφȫȞ Ș αȓıșȘıȘ αıφȐȜİȚαȢ ĲȠυ țȠȚȞȠȪ įİȞ ıυµȕαįȓȗİȚ µİ Ĳα 

ıĲαĲȚıĲȚțȐ ıĲȠȚȤİȓα. ǹȞĲȓıĲȠȚȤα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ ȖȚα ȐȜȜİȢ αȞșȡȫπȚȞİȢ 

įȡαıĲȘȡȚȩĲȘĲİȢ [34]. ǺαıȚțȩ αȓĲȚȠ ĲȘȢ įȚαıĲȡȑȕȜȦıȘȢ αυĲȒȢ İȓȞαȚ ıυȞȒșȦȢ Ș ȐȖȞȠȚα [34] Ȓ 

Ș υπİȡİțĲȓµȘıȘ απȩ Ĳα ȂȂǼ ĲȦȞ țȚȞįȪȞȦȞ πȠυ İȜȜȠȤİȪȠυȞ απȩ ĲȘȞ υπȩ İȟȑĲαıȘ 

įȡαıĲȘȡȚȩĲȘĲα [34]. ΓȚα ĲȠ țȠȚȞȩ ĲȠ DC9 șİȦȡİȓĲαȚ ȩĲȚ πȡȠıφȑȡİȚ ȤαµȘȜȩĲİȡα İπȓπİįα 

αıφαȜİȓαȢ ıĲȠȞ İπȚȕȐĲȘ ıİ ıȤȑıȘ µİ ĲȠ Boeing 747. ǹυĲȩ ȠφİȓȜİĲαȚ țυȡȓȦȢ ıİ µȓα ıİȚȡȐ 

ȖİȖȠȞȩĲȦȞ ıĲȘ įİțαİĲȓα ĲȠυ 70 πȠυ ȠįȒȖȘıαȞ ıĲȘȞ παȖȓȦıȘ ĲȘȢ ȐπȠȥȘȢ ȩĲȚ Ƞ 

ıυȖțİțȡȚµȑȞȠȢ ĲȪπȠȢ αİȡȠıțȐφȠυȢ İȓȞαȚ αȞαıφαȜȒȢ. Ǿ ıİȚȡȐ αυĲȒ ĲȦȞ ȖİȖȠȞȩĲȦȞ ȠįȒȖȘıİ 

ıĲȘ ȜȒȥȘ πȜȒșȠυȢ įȚȠȡșȦĲȚțȫȞ țȚȞȒıİȦȞ ȖȚα ĲȘȞ ȕİȜĲȓȦıȘ ĲȠυ İπȚπȑįȠυ αıφαȜİȓαȢ ĲȠυ 

DC9. ǹπȠĲȑȜİıµα ĲȦȞ țȚȞȒıİȦȞ αυĲȫȞ İȓȞαȚ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ ĲȠ Boeing 747 İµπȜȑțİĲαȚ µİ 

ıȤİįȩȞ ĲȡȚπȜȐıȚα ıυȤȞȩĲȘĲα ıİ șαȞαĲȘφȩȡȠ ıυµȕȐȞ απȩ ȑȞα DC9 µİ 1.94 ıυµȕȐȞĲα αȞȐ 

1,000,000 πĲȒıİȚȢ ȑȞαȞĲȚ ĲȦȞ 0.68 ıυµȕȐȞĲȦȞ ĲȠυ DC9. Ǿ µȚțȡȒ ıȤİĲȚțȐ ĲȚµȒ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.115 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įİıµİυµȑȞȘȢ πȚșαȞȩĲȘĲαȢ ȕȠȘșȐ ĲȠ 747 Ȟα αȞαțȐµȥİȚ ȦȢ πȡȠȢ ĲȘ ıυȤȞȩĲȘĲα πȡȩțȜȘıȘȢ 

șαȞαĲȘφȩȡȠυ αĲυȤȒµαĲȠȢ πȠυ İȓȞαȚ ȓıȘ µİ 1.02 ȑȞαȞĲȚ ĲȠυ 0.56 ĲȠυ DC9. 

ǿįȚαȓĲİȡα αıφαȜȒ αİȡȠıțȐφȘ (µİ πȠȜȪ ȤαµȘȜȩ ȡȓıțȠ ȖȚα ĲȠȞ İπȚȕȐĲȘ), ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 

αİȡȠıțαφȫȞ µİ 150~200 șȑıİȚȢ, αȞαįİȚțȞȪȠȞĲαȚ Ĳα Airbus A320, MD80/90 țαȚ 737 300-500 

µİ ĲȚµȑȢ ȡȓıțȠυ ȓıİȢ µİ 0.19, 0.22 țαȚ 0.22 αȞĲȓıĲȠȚȤα. ȅȚ İțĲȚµȒıİȚȢ ȖȚα ĲȠ Airbus A320 

ȑȤȠυȞ υȥȘȜȩ πİȡȚșȫȡȚȠ ȜȐșȠυȢ ȜȩȖȦ ĲȠυ µȚțȡȠȪ αȡȚșµȠȪ șαȞαĲȘφȩȡȦȞ ıυµȕȐȞĲȦȞ. ȈĲȘȞ 

țαĲȘȖȠȡȓα ĲȦȞ µȚțȡȫȞ αİȡȠıțαφȫȞ (ȦȢ 100 șȑıİȚȢ) Ĳα πȚȠ αıφαȜȒ αİȡȠıțȐφȘ (ıȪµφȦȞα µİ 

Ĳα ıĲȠȚȤİȓα ĲȠυ πȓȞαțα) αȞαįİȚțȞȪȠȞĲαȚ Ĳα Saab 340 țαȚ Fokker 70/100. ǹȟȚȠıȘµİȓȦĲȘ 

παȡαµȑȞİȚ Ș İπȓįȠıȘ ĲȠυ Boeing 777 ȖȚα ĲȠ ȠπȠȓȠ įİȞ ȑȤİȚ țαĲαȖȡαφİȓ șαȞαĲȘφȩȡȠ ıυµȕȐȞ 

µİ 1,000,000 πĲȒıİȚȢ ıĲȠ İȞİȡȖȘĲȚțȩ ĲȠυ. ȈĲα αİȡȠıțȐφȘ 250~300 șȑıİȦȞ ȠȚ țαȜȪĲİȡİȢ 

İπȚįȩıİȚȢ ıȘµİȚȫȞȠȞĲαȚ απȩ Ĳα MD11, Boeing 767 țαȚ Airbus A300. ǿįȚαȓĲİȡȠ İȞįȚαφȑȡȠȞ 

παȡȠυıȚȐȗİȚ Ș İπȓįȠıȘ ĲȠυ DC10 (αİȡȠıțȐφȠȢ πȠυ αȞĲȚțαĲαıĲȐșȘțİ απȩ ĲȠ MD11) πȠυ 

παȡȠυıȚȐȗİȚ ȚįȚαȓĲİȡα ȤαµȘȜȒ İπȚțȚȞįυȞȩĲȘĲα ȖȚα ĲȠȞ İπȚȕȐĲȘ ȜȩȖȦ ĲȘȢ ȤαµȘȜȒȢ ĲȚµȒȢ ĲȘȢ 

įİıµİυµȑȞȘȢ πȚșαȞȩĲȘĲαȢ. 

ȉȪπȠȢ ȈυχȞȩĲȘĲα ȆĲȒıİȚȢ (10
6
) ȁȩȖȠȢ FLE ǹĲυχȒµαĲα ȆΘǹȈ 

Airbus A300 0.69 8.7 5.99 9 66.56% 

Airbus A310 1.36 3.4 4.62 5 92.40% 

Airbus A320/319/321 0.19 13.6 2.61 5 52.20% 

ATR 0.94 3.2 3.00 3 100.00%

Boeing 727 0.49 73.9 36.34 47 77.32% 

Boeing 737-100/200 0.53 53.2 28.28 39 72.51% 

737-300/400/500 0.22 40.39 8.94 11 81.27% 

737 (ıȪȞȠȜȠ) 0.40 93.6 37.22 50 74.44% 

Boeing 747 1.02 13.4 13.73 26 52.81% 

Boeing 757 0.45 12.0 5.4 7 77.14% 

Boeing 767 0.56 9.8 5.50 6 91.67% 

Boeing 777 0.00 1.0 0.00 0 Ȃ/∆ 

Boeing DC9 0.56 61.6 34.41 42 81.93% 

Boeing DC10 0.67 8.8 5.91 15 39.40% 

Boeing MD11 0.85 1.2 1.02 3 34.00% 

Boeing MD80/MD90 0.22 28.8 6.19 10 61.90% 

BAe146/RJ100 0.70 6.4 4.49 6 74.83% 

Concorde 12.5 0.08 1.00 1 100.00%



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.116 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȉȪπȠȢ ȈυχȞȩĲȘĲα ȆĲȒıİȚȢ (10
6
) ȁȩȖȠȢ FLE ǹĲυχȒµαĲα ȆΘǹȈ 

Embraer Bandeirante 3.07 7.5 23.00 28 82.14% 

Embraer Brasilia 0.58 7.4 4.27 5 85.40% 

Fokker F28 1.72 9.0 15.45 21 73.57% 

Fokker F70/F100 0.33 5.7 1.87 4 46.75% 

Lockheed L1011 0.49 5.2 2.54 5 50.80% 

Saab 340 0.19 11.2 2.10 3 70.00% 

ȆȓȞ. 1.9: ȈυȤȞȩĲȘĲα πȡȩțȜȘıȘȢ șαȞαĲȘφȩȡȦȞ αĲυȤȘµȐĲȦȞ αȞȐ ĲȪπȠ αİȡȠıțȐφȠυȢ 

ȅ αȡȚșµȩȢ ĲȦȞ İπȚȕαĲȫȞ αȞȐ ȑĲȠȢ ıĲȘȞ ǼυȡȫπȘ ȖȚα ĲȠ 2000 αȞȑȡȤİĲαȚ ıİ 531,6 İțαĲȠµµȪȡȚα 

İπȚȕȐĲİȢ. ȅ πȜȘșυıµȩȢ ĲȘȢ ǼυȡȫπȘȢ ĲȠ 2000 αȞİȡȤȩĲαȞ ıİ 380 İțαĲȠµµȪȡȚα țαĲȠȓțȠυȢ 

[167], ȠπȩĲİ ȖȚα țȐșİ ǼυȡȦπαȓȠ țȐĲȠȚțȠ αȞĲȚıĲȠȚȤȠȪȞ 1.4 πĲȒıİȚȢ. Ǿ πȚșαȞȩĲȘĲα ĲȠυ 

İπȚȕȐĲȘ Ȟα İµπȜαțİȓ ıİ șαȞαĲȘφȩȡȠ αĲȪȤȘµα πȡȠıİȖȖȓȗİĲαȚ απȩ ĲȘ ıȤȑıȘ ǹȡȚșµȩȢ ȆĲȒıİȦȞ 

x ȇȓıțȠ αȞȐ πĲȒıȘ țαȚ ıȪµφȦȞα µİ Ĳα ıĲȠȚȤİȓα ĲȠυ ȆȓȞ. 1.9 Ș µȑıȘ αȞȘȖµȑȞȘ πȚșαȞȩĲȘĲα 

șαȞȐĲȠυ αȞȐ İπȚȕȐĲȘ αȞȐ πĲȒıȘ İȓȞαȚ ȓıȘ µİ 4.061x10
-7 ĲȚµȒ πȠυ παȡȠυıȚȐȗİȚ µȚțȡȒ 

απȩțȜȚıȘ απȩ ĲȘȞ İțĲȓµȘıȘ 5x10
-7

 ĲȦȞ Vrijling et al. [215]. Ǿ πȚșαȞȩĲȘĲα șαȞȐĲȠυ αȞȐ ȑĲȠȢ 

(ıȪµφȦȞα µİ Ĳα ıĲȠȚȤİȓα πȠυ παȡȠυıȚȐȗȠȞĲαȚ) İȓȞαȚ ȓıȘ µİ 5.675x10
-7

 µȚțȡȩĲİȡȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ șαȞȐĲȠυ ıİ πİȡȚȠȤȑȢ µİ υȥȘȜȒ ıİȚıµȚțȩĲȘĲα ȜȩȖȦ ıİȚıµȠȪ. 

1.14.2.3 ΈțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ ĲȡȠȤαȓȠυ αĲυȤȒµαĲȠȢ 

ȆαȡȐįİȚȖµα ȘșİȜȘµȑȞȘȢ ȑțșİıȘȢ ıİ țȓȞįυȞȠ απȠĲİȜİȓ Ș ȑțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ ĲȘȢ 

µİĲαțȓȞȘıȘȢ µİ ǿ.ȋ. ȠȤȒµαĲα. ȅ αȡȚșµȩȢ ĲȦȞ ȞİțȡȫȞ απȩ ĲȡȠȤαȓα įυıĲυȤȒµαĲα ıĲȘȞ ǼȜȜȐįα 

ȖȚα ĲȠ ȑĲȠȢ 1995 İȓȞαȚ ȓıȠȢ µİ 2349 ȐĲȠµα [170]. ȉȠ ȞȠȪµİȡȠ αυĲȩ απȠĲİȜİȓ µȓα ȚįȚαȓĲİȡα 

ıυȞĲȘȡȘĲȚțȒ İțĲȓµȘıȘ ĲȠυ πȡαȖµαĲȚțȠȪ αȡȚșµȠȪ ĲȦȞ ȞİțȡȫȞ ȜȩȖȦ ĲȡȠȤαȓȦȞ įυıĲυȤȘµȐĲȦȞ 

İφȩıȠȞ įİȞ ıυȞυπȠȜȠȖȓȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȕαȡȑȦȢ ĲȡαυµαĲȚıµȑȞȦȞ πȠυ ĲİȜȚțȐ υπȠțȪπĲȠυȞ 

ıĲα ĲȡαȪµαĲα ĲȠυȢ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ υπȠțȪπĲȠυȞ απȩ İπȚπȜȠțȑȢ ĲȘȢ υȖİȓαȢ 

ĲȠυȢ πȠυ ȑȤȠυȞ ȦȢ ȖİȞİıȚȠυȡȖȩ αȚĲȓα ĲȠ ĲȡȠȤαȓȠ αĲȪȤȘµα. Ȋπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ, ĲȠ 

πȜȒșȠȢ ĲȦȞ ȞİțȡȫȞ απαıȤȠȜİȓ ĲȠ ıȪȞȠȜȠ ĲȠυ πȜȘșυıµȠȪ Ș µȑıȘ İĲȒıȚα πȚșαȞȩĲȘĲα șαȞȐĲȠυ 

ȜȩȖȦ ĲȡȠȤαȓȠυ įυıĲυȤȒµαĲȠȢ ıĲȘȞ ǼȜȜȐįα ĲȠ ȑĲȠȢ 1995 (µȑıȠȢ πȜȘșυıµȩȢ ȓıȠȢ µİ 10,5 

İțαĲȠµµȪȡȚα [170]) İȓȞαȚ ȓıȘ µİ 2.25x10
-4

 2 ĲȐȟİȚȢ µİȖȑșȠυȢ υȥȘȜȩĲİȡȘ απȩ ĲȘȞ İĲȒıȚα 

πȚșαȞȩĲȘĲα șαȞȐĲȠυ ȜȩȖȦ ıİȚıµȠȪ (~2.1x10
-6

 ȖȚα ĲȘȞ πİȡȓȠįȠ 1950-2003). ȉȠ µȑıȠ ȡȓıțȠ 

ȖȚα ĲȠ įȚȐıĲȘµα ȘȜȚțȚȫȞ µİĲαȟȪ 16 țαȚ 24 İĲȫȞ ıĲȘȞ ǼȜȜȐįα ĲȠ 1995 İȓȞαȚ ȓıȠ µİ 3.34x10
-4

 

αυȟȘµȑȞȠ țαĲȐ 48% ıİ ıȤȑıȘ µİ ĲȠ µȑıȠ ȩȡȠ țαȚ πİȡȓπȠυ µȓα ĲȐȟȘ µİȖȑșȠυȢ υȥȘȜȩĲİȡȠ ĲȠυ 

ȡȓıțȠυ ȖȚα ȐĲȠµα ıĲȠ įȚȐıĲȘµα ȘȜȚțȚȫȞ απȩ 0 ȦȢ țαȚ 16 ȑĲȘ. Ǿ ȑțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ 

ĲȡȠȤαȓȠυ αĲυȤȒµαĲȠȢ İȓȞαȚ πİȡȓπȠυ 100 φȠȡȑȢ υȥȘȜȩĲİȡȘ ĲȘȢ ȑțșİıȘȢ ıİ țȓȞįυȞȠ ȜȩȖȦ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.117 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıİȚıµȠȪ țαȚ 200 φȠȡȑȢ υȥȘȜȩĲİȡȘ ĲȘȢ ȑțșİıȘȢ ıİ țȓȞįυȞȠ ȜȩȖȦ αİȡȠπȠȡȚțȠȪ įυıĲυȤȒµαĲȠȢ 

παȡαµȑȞİȚ ȩµȦȢ ȚįȚαȓĲİȡα υȥȘȜȒ ıİ ıȤȑıȘ µİ ĲȘȞ ĲȚµȒ ĲȠυ απȠįİțĲȠȪ ȡȓıțȠυ ȖȚα ĲȘ 

įȡαıĲȘȡȚȩĲȘĲα αυĲȒ. ȈȪµφȦȞα µİ ĲȠυȢ Vrijling et al. [215] Ƞ įİȓțĲȘȢ πȠȜȚĲȚțȫȞ απȠφȐıİȦȞ 

ȕ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ Pr(Death|accident) İȓȞαȚ Ș įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα șαȞȐĲȠυ ıİ πİȡȓπĲȦıȘ İțįȒȜȦıȘȢ ĲȠυ 

ȖİȖȠȞȩĲȠȢ. ȉȚµȑȢ ĲȠυ įİȓțĲȘ πȠȜȚĲȚțȫȞ απȠφȐıİȦȞ υȥȘȜȩĲİȡİȢ ĲȘȢ απȠįİțĲȒȢ ĲȚµȒȢ ȠįȘȖȠȪȞ 

ıĲȘ ȜȒȥȘ įȚȠȡșȦĲȚțȫȞ țȚȞȒıİȦȞ. ΓȚα ĲȚµȒ ĲȠυ Pr(Death|accident)=1 ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 

ȑțșİıȘȢ ıİ ȡȓıțȠ ȜȩȖȦ ıİȚıµȠȪ Ƞ įİȓțĲȘȢ πȠȜȚĲȚțȫȞ απȠφȐıİȦȞ ȕ țυµαȓȞİĲαȚ απȩ 1.36%  ȦȢ 

2.09% µİ απȠįİțĲȒ ĲȚµȒ ĲȠ 1% [215]. ΓȚα Ĳα αİȡȠπȠȡȚțȐ įυıĲυȤȒµαĲα Ƞ αȞĲȓıĲȠȚȤȠȢ įİȓțĲȘȢ 

ıȪµφȦȞα µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ȆȓȞ. 1.9 țαȚ µȑıȘ Pr(Death|accident)=72.8% İȓȞαȚ ȓıȘ µİ 

0.2956% αȞȐ πĲȒıȘ. ΓȚα απȠįİțĲȒ ĲȚµȒ ĲȠυ ȕ ȩȤȚ µİȖαȜȪĲİȡȘ ĲȠυ 1% [215] ĲȠ πȜȒșȠȢ ĲȦȞ 

πĲȒıİȦȞ αȞȐ ȑĲȠȢ ȖȚα ĲȚȢ ȠπȠȓİȢ Ƞ įİȓțĲȘȢ ȕ įİȞ υπİȡȕαȓȞİȚ ĲȘȞ ĲȚµȒ αυĲȒ İȓȞαȚ ȓıȠȢ µİ 3.38. 

Ȃİ ȐȜȜα ȜȩȖȚα Ș ȑțșİıȘ ıİ țȓȞįυȞȠ ĲȠυ µȑıȠυ İπȚȕȐĲȘ (µİ 2 πĲȒıİȚȢ αȞȐ ȑĲȠȢ) İȓȞαȚ țαĲȐ 

40% πİȡȓπȠυ ȤαµȘȜȩĲİȡȘ ĲȘȢ țȠȚȞȦȞȚțȐ απȠįİțĲȒȢ ĲȚµȒȢ. 

1.14.3 ǾșİȜȘµȑȞȠ ȇȓıțȠ 

ȉȠ İπȓπİįȠ ĲȠυ απȠįİțĲȠȪ ȘșİȜȘµȑȞȠυ ȡȓıțȠυ, İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȠυ ȤαȡαțĲȒȡα țȐșİ αĲȩµȠυ 

țαȚ ĲȦȞ țȠȚȞȦȞȚțȫȞ ıυȞșȘțȫȞ țαȚ Ș µȑĲȡȘıȘ ĲȠυ απȠĲİȜİȓ ȑȞα ȚįȚαȓĲİȡα įȪıțȠȜȠ 

İπȚȤİȓȡȘµα. ǹπȩ ĲȠ ȆȓȞ. 1.8, παȡαĲȘȡİȓĲαȚ ȩĲȚ ĲȠ µȑıȠ ȡȓıțȠ țȐπȠȚȦȞ įȡαıĲȘȡȚȠĲȒĲȦȞ πȠυ 

įİȞ ıȤİĲȓȗȠȞĲαȚ Ȑµİıα µİ ȕȚȠπȠȡȚıĲȚțȑȢ įȡαıĲȘȡȚȩĲȘĲİȢ παȡȠυıȚȐȗİĲαȚ ȚįȚαȓĲİȡα υȥȘȜȩ. 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȠȡİȚȕαıȓαȢ µİ αȞαµİȞȩµİȞȘ ȑțșİıȘ πİȡȓπȠυ 180 ȫȡİȢ ĲȠ ȑĲȠȢ (7.5 

ȘµȑȡİȢ ĲȠ ȤȡȩȞȠ) țαȚ ȕȐıİȚ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠυ ȆȓȞ. 1.8, ĲȠ µȑıȠ İĲȒıȚȠ ȡȓıțȠ İȓȞαȚ ȓıȠ µİ 

0.486%. ΓȚα ȑȞα ȐĲȠµȠ πȠυ İµπȜȑțİĲαȚ ıĲȘ įȡαıĲȘȡȚȩĲȘĲα αυĲȒ ȖȚα πİȡȓȠįȠ 35 İĲȫȞ Ș 

αȞαµİȞȩµİȞȘ πȚșαȞȩĲȘĲα șαȞȐĲȠυ ȜȩȖȦ ĲȘȢ įȡαıĲȘȡȚȩĲȘĲαȢ αυĲȒȢ İȓȞαȚ ȓıȘ µİ 15.68%. Ǿ 

ȑțșİıȘ ıİ țȓȞįυȞȠ παȡȠυıȚȐȗİĲαȚ țαĲȐ 3 ĲȐȟİȚȢ µİȖȑșȠυȢ υȥȘȜȩĲİȡȘ ıİ ıȤȑıȘ µİ ĲȘȞ 

ȑțșİıȘ ıİ țȓȞįυȞȠ ȜȩȖȦ ıİȚıµȠȪ Ȓ αİȡȠπȠȡȚțȠȪ αĲυȤȒµαĲȠȢ. ȉα απȠĲİȜȑıµαĲα ıυµφȦȞȠȪȞ 

µİ Ĳα ıĲȠȚȤİȓα πȠυ παȡȠυıȚȐȗȠȞĲαȚ απȩ ĲȠυȢ Vrijling et al. [215], țαȚ Starr, [205], țαșȫȢ Ƞ 

ȜȩȖȠȢ µİĲαȟȪ ĲȠυ απȠįİțĲȠȪ ȘșİȜȘµȑȞȠυ țαȚ απȠįİțĲȠȪ µȘ ȘșİȜȘµȑȞȠυ ȡȓıțȠυ țυµαȓȞİĲαȚ 

απȩ 800 ȦȢ 1200. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.118 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.14.4 ȈυµπİȡȐıµαĲα 

ǹπȩ Ĳα παȡαįİȓȖµαĲα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȚȢ παȡαȖȡȐφȠυȢ 1.14.2 țαȚ 1.14.3 

țαĲαįİȚțȞȪİĲαȚ Ș πȠȜυπȜȠțȩĲȘĲα ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ ıȘµαıȓαȢ ĲȠυ ȡȓıțȠυ ıİ țȠȚȞȦȞȚțȩ 

İπȓπİįȠ. ΓȓȞİĲαȚ αȞĲȚȜȘπĲȩ ȩĲȚ ĲȠ ȩȡȚȠ ĲȠυ țȠȚȞȦȞȚțȐ απȠįİțĲȠȪ µȘ ȘșİȜȘµȑȞȠυ ȡȓıțȠυ İȓȞαȚ 

ĲȐȟİȚȢ µİȖȑșȠυȢ µȚțȡȩĲİȡȠ ĲȠυ αȞİțĲȠȪ ȡȓıțȠυ ȖȚα ȠȡȚıµȑȞİȢ αȞșȡȫπȚȞİȢ įȡαıĲȘȡȚȩĲȘĲİȢ Ȓ 

ȖȚα ĲȘȞ ȑțșİıȘ ıİ țȚȞįȪȞȠυȢ πȠυ ıȤİĲȓȗȠȞĲαȚ µİ İȜİυșȑȡȠυ ȤȡȩȞȠυ įȡαıĲȘȡȚȩĲȘĲİȢ. Ǿ 

παȡαĲȒȡȘıȘ αυĲȒ İȞȚıȤȪİȚ ĲȘ ıȘµαıȓα ĲȘȢ πȚșαȞȠĲȚțȒȢ αȞȐȜυıȘȢ țαșȫȢ įȓįİȚ ĲȘ įυȞαĲȩĲȘĲα 

ĲȘȢ ȐµİıȘȢ αȟȚȠȜȩȖȘıȘȢ ĲȦȞ υπȠȥȒφȚȦȞ ıȤİįȚαıµȫȞ ıİ ıȤȑıȘ µİ ĲȘȞ ȑțșİıȘ ıİ țȓȞįυȞȠ 

ĲȦȞ ȤȡȘıĲȫȞ ĲȘȢ țαĲαıțİυȒȢ.  

1.15  ȆαȡȐȡĲȘµα ǽ - ΓİȞȞȒĲȡȚİȢ ΨİυįȠĲυȤαȓȦȞ ǹȡȚșµȫȞ 
Ǿ İπȚȜȠȖȒ ĲȠυ ĲυȤαȓȠυ įȚαȞȪıµαĲȠȢ µȑıα ıĲȠȞ πȚșαȞȠĲȚțȩ ȤȫȡȠ πȡαȖµαĲȠπȠȚİȓĲαȚ įȚαµȑıȠυ 

µȚαȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. Ǿ ȖİȞȞȒĲȡȚα αυĲȒ παȡȐȖİȚ ȠµȐįİȢ «ĲυȤαȓȦȞ» 

αȡȚșµȫȞ ıĲȠ įȚȐıĲȘµα µȘįȑȞ ȦȢ ȑȞα ȠȚ ȠπȠȓİȢ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȦȢ ȠȚ ĲυȤαȓİȢ 

ıυȖțİȞĲȡȦĲȚțȑȢ πȚșαȞȩĲȘĲİȢ υπȑȡȕαıȘȢ ĲȘȢ ȕȐıȘȢ ĲȦȞ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ. ȂȑıȦ 

ĲȘȢ αȞĲȓıĲȡȠφȘȢ ǹȈȆ υπȠȜȠȖȓȗİĲαȚ Ș ĲȚµȒ țȐșİ Ĳ.µ πȠυ αȞĲȚıĲȠȚȤİȓ ıĲȘȞ «ĲυȤαȓα» 

πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ. Ǿ įȚαįȚțαıȓα αυĲȒ İπαȞαȜαµȕȐȞİĲαȚ ȩıİȢ φȠȡȑȢ απαȚĲİȓĲαȚ ȖȚα Ȟα 

παȡαȤșİȓ ĲȠ ĲυȤαȓȠ įȚȐȞυıµα ĲȚµȫȞ πȠυ αȞĲȚπȡȠıȦπİȪİȚ țαȚ ĲȠ įİȓȖµα țαȚ ıĲȘ ıυȞȑȤİȚα ȖȚα 

ȩıα įİȓȖµαĲα țȡȚșȠȪȞ απαȡαȓĲȘĲα. 

1.15.1 ǼȚıαȖȦȖȒ 

ȉȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİ 

ıυȖțİțȡȚµȑȞȠ İȪȡȠȢ İțĲȓµȘıȘȢ įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ (1.11). ΓȓȞİĲαȚ αȞĲȚȜȘπĲȩ ȩĲȚ İȓȞαȚ 

αȞαȖțαȓα Ș įȘµȚȠυȡȖȓα αțȠȜȠυșȚȫȞ «ĲυȤαȓȦȞ» αȡȚșµȫȞ µİ πȠȜȪ µİȖȐȜȘ πİȡȓȠįȠ İπαȞαφȠȡȐȢ 

ȫıĲİ Ȟα µȘȞ įȘµȚȠυȡȖȘșȠȪȞ πȡȠȕȜȒµαĲα țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ȜȩȖȦ ĲȘȢ 

İπαȞȐȜȘȥȘȢ ĲȘȢ «ĲυȤαȓαȢ» αțȠȜȠυșȓαȢ. Ǿ ȑțφȡαıȘ «ĲυȤαȓαȢ» παȡȠυıȚȐȗİĲαȚ İȞĲȩȢ 

İȚıαȖȦȖȚțȫȞ υπȠįȘȜȫȞȠȞĲαȢ ĲȘ µȘ ĲυȤαȚȩĲȘĲα ĲȦȞ παȡαȖȠµȑȞȦȞ αțȠȜȠυșȚȫȞ (πİȡȚııȩĲİȡİȢ 

ȜİπĲȠµȑȡİȚİȢ ıĲȘȞ παȡȐȖȡαφȠ 1.15.4) İφȩıȠȞ țȐșİ ȖİȞȞȒĲȡȚα «ĲυȤαȓȦȞ» αȡȚșµȫȞ [77] İȓȞαȚ 

ıĲȘȞ πȡαȖµαĲȚțȩĲȘĲα µȚα ȞĲİĲİȡµȚȞȚıĲȚțȒ αțȠȜȠυșȓα αȡȚșµȫȞ ıĲȠ įȚȐıĲȘµα (0,1) (Ș İπȩµİȞȘ 

ĲȚµȒ ĲȘȢ αțȠȜȠυșȓαȢ įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ αțȠȜȠυșȓαȢ țαȚ nR ĲȠ 

πȜȒșȠȢ πȡȠȖİȞȑıĲİȡȦȞ ĲȚµȫȞ ĲȘȢ αțȠȜȠυșȓαȢ αυĲȒȢ) Ș ȠπȠȓα πȡȠıȠµȠȚȫȞİȚ µȓα αțȠȜȠυșȓα 

ĲυȤαȓȦȞ αȡȚșµȫȞ țαȚ παȡȠυıȚȐȗİȚ πİπİȡαıµȑȞȘ πİȡȓȠįȠ İπαȞαφȠȡȐȢ įȘȜαįȒ: 

 i i Tx x +=  (1.242) 

ȩπȠυ xi țαȚ xi+T İȓȞαȚ ĲȚµȑȢ ĲȘȢ αțȠȜȠυșȓαȢ ĲȦȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ țαȚ ȉ İȓȞαȚ Ș πİȡȓȠįȠȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.119 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İπαȞαφȠȡȐȢ ĲȘȢ υπȩ İȟȑĲαıȘ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. ǺαıȚțȑȢ παȡȐµİĲȡȠȚ µȓαȢ 

ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ İȓȞαȚ Ș πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ, Ș ȚįȚȩĲȘĲα ȚıȠțαĲαȞȠµȒȢ 

[77], [200], Ș ȠµȠȚȠµȠȡφȓα ĲȠυ įİȓȖµαĲȠȢ Ș ȪπαȡȟȘ ȞȩșȠυ ıυıȤȑĲȚıȘȢ țαȚ Ș παȡȠυıȓα 

ıυıȤİĲȓıİȦȞ ĲȘȢ µȠȡφȒȢ [77]: 

 ( ) ( )2, 11
,...,, ,..., i N i ii i i M

x x xg x x x h − − −+ + =  (1.243) 

ȩπȠυ g() țαȚ h() İȓȞαȚ ıυȞαȡĲȒıİȚȢ ıĲȠ [0,1]
M→[0,1] țαȚ [0,1]

N→[0,1] πȠυ İȖțȜİȓȠυȞ ĲȚȢ 

ĲȚµȑȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ıİ υπİȡİπȓπİįα ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ. ȈĲȚȢ 

İπȩµİȞİȢ παȡαȖȡȐφȠυȢ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕαıȚțȑȢ αȡȤȑȢ İȜȑȖȤȠυ πȠȚȩĲȘĲαȢ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ țαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. 

1.15.2 ǿįȚȩĲȘĲα ǿıȠțαĲαȞȠµȒȢ 
ΈıĲȦ αțȠȜȠυșȓα ĲυȤαȓȦȞ αȡȚșµȫȞ U1, U2, U3,…,Un ıĲȠ įȚȐıĲȘµα [0,1). Ǿ αțȠȜȠυșȓα αυĲȒ 

ȠȞȠµȐȗİĲαȚ ȚıȠțαĲαȞİµȘµȑȞȘ ıĲȚȢ k įȚαıĲȐıİȚȢ αȞ [110]: 

 ( ) ( ) ( )1 1 1 1 1Pr , ,n k n k k k ku U u U uuυ υ υυ+ −≤ < ≤ < = −−… "  (1.244) 

ȖȚα țȐșİ İπȚȜȠȖȒ αțȠȜȠυșȓαȢ αȡȚșµȫȞ uk, υk ıĲȠ įȚȐıĲȘµα [0,1) µİ uk<υk ȖȚα țȐșİ 1≤j≤k. 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ȚıȤȪİȚ Ș ȚįȚȩĲȘĲα ĲȘȢ ȚıȠțαĲαȞȠµȒȢ ıĲȚȢ k įȚαıĲȐıİȚȢ ȖȚα ȠπȠȚαįȒπȠĲİ 

υπȩ-αțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ĲȠ n→∞, Ș πȚșαȞȩĲȘĲα İȞȩȢ 

ĲυȤαȓȠυ αȡȚșµȠȪ ıİ ȠπȠȚαįȒπȠĲİ șȑıȘ ĲȘȢ αțȠȜȠυșȓαȢ Ȟα ȕȡȓıțİĲαȚ İȞĲȩȢ İȞȩȢ 

ıυȖțİțȡȚµȑȞȠυ įȚαıĲȒµαĲȠȢ İȓȞαȚ ȓıȘ µİ |u1-υ1| .. |uk-υk|. 

1.15.3 ǹπȡȠȕȜİȥȓα 

Ȃȓα ĲυȤαȓα αțȠȜȠυșȓα αȡȚșµȫȞ ȤαȡαțĲȘȡȓȗİĲαȚ ĲυȤαȓα ȩĲαȞ įİȞ İȓȞαȚ įυȞαĲȩ Ȟα υπȐȡȟİȚ 

πȡȩȕȜİȥȘ ĲȘȢ İπȩµİȞȘȢ ĲȚµȒȢ ĲȘȢ αțȠȜȠυșȓαȢ ĲȦȞ ĲυȤαȓȦȞ αȡȚșµȫȞ απȩ ĲȘȞ παȡαĲȒȡȘıȘ ĲȘȢ 

αțȠȜȠυșȓαȢ αυĲȒȢ αțȩµα țαȚ αȞ ĲȠ µȒțȠȢ ĲȘȢ υπȩ παȡαĲȒȡȘıȘ αțȠȜȠυșȓαȢ L→∞. ȈȪµφȦȞα 

µİ ĲȠυȢ Kapadia țαȚ Lu [103] “an RNG is polynomial-time (PT) perfect or unpredictable if, 

the time required to predict its next output is super-polynomial (exponential) or the 

probability of correct prediction in polynomial-time is the same as randomly guessing a 

value”. Ȃȓα ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ İȓȞαȚ ĲȑȜİȚα υπȩ ĲȠ țαșİıĲȫȢ ĲȠυ 

πȠȜυȦȞυµȚțȠȪ ȤȡȩȞȠυ Ȓ αȜȜȚȫȢ απȡȩȕȜİπĲȘ αȞ Ƞ ıυȞȠȜȚțȩȢ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ İπȩµİȞȘȢ ĲȚµȒȢ µȓαȢ υπȩ-αțȠȜȠυșȓαȢ ĲȘȢ İȓȞαȚ υπȑȡ-πȠȜυȦȞυµȚțȩȢ (π.Ȥ. 

İțșİĲȚțȩȢ) Ȓ µİ ȐȜȜα ȜȩȖȚα Ș πȚșαȞȩĲȘĲα ıȦıĲȒȢ πȡȩȕȜİȥȘȢ ĲȘȢ İπȩµİȞȘȢ ĲȚµȒȢ ıİ 

πȠȜυȦȞυµȚțȩ ȤȡȩȞȠ İȓȞαȚ ȓıȘ µİ ĲȘȞ πȚșαȞȩĲȘĲα ĲυȤαȓαȢ πȡȩȕȜİȥȘȢ ĲȘȢ. ȆİȡȚııȩĲİȡİȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.120 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȜİπĲȠµȑȡİȚİȢ ȖȚα ĲȠ șȑµα ĲȘȢ απȡȠȕȜİȥȓαȢ αțȠȜȠυșȚȫȞ ĲυȤαȓȦȞ αȡȚșµȫȞ µπȠȡȠȪȞ Ȟα 

ȕȡİșȠȪȞ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα [116], [115], [187]. 

1.15.4 ȆȠȜυπȜȠțȩĲȘĲα țαĲȐ Kolmogorov 

ȈȪµφȦȞα µİ ĲȠȞ Shannon, [195], Ƞ ȕαșµȩȢ ĲυȤαȚȩĲȘĲαȢ µȚαȢ πİπİȡαıµȑȞȠυ µȒțȠυȢ υπȩ-

αțȠȜȠυșȓαȢ µπȠȡİȓ Ȟα υπȠȜȠȖȚıșİȓ µȑıȦ ĲȘȢ İȞĲȡȠπȓαȢ ĲȠυ αĲȩµȦȞ ĲȠυ ȦȢ: 

 ( )2

, 0

log
i

i i

i p

p p
≠

−∑  (1.245) 

ȩπȠυ pi İȓȞαȚ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȘȢ ĲȚµȒȢ i. ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.245) ȩıȠ 

αυȟȐȞİĲαȚ Ș İȞĲȡȠπȓα µȓαȢ αțȠȜȠυșȓαȢ πİπİȡαıµȑȞȠυ µȒțȠυȢ, αȞĲȓıĲȠȚȤα αυȟȐȞİĲαȚ țαȚ Ș 

ĲυȤαȚȩĲȘĲα ĲȘȢ. Ǿ πȠȜυπȜȠțȩĲȘĲα țαĲȐ Kolmogorov [118], ȜαµȕȐȞİȚ υπȩȥȘ țαȚ ĲȘȞ ĲȐȟȘ 

ĲȠυ țȐșİ αȡȚșµȠȪ ıĲȘȞ αțȠȜȠυșȓα. ΈıĲȦ αțȠȜȠυșȓα ĲυȤαȓȦȞ įυφȓȦȞ πȠυ απİȚțȠȞȓȗİĲαȚ ȦȢ x 

ıĲȠ įİțαįȚțȩ ıȪıĲȘµα. Ǿ πȠȜυπȜȠțȩĲȘĲα ĲȐȟİȦȢ k:N→N, απİȚțȠȞȓȗİȚ ĲȘ ĲȚµȒ x ıİ ȑȞαȞ 

αȡȚșµȩ πȠυ ĲȠ µȒțȠȢ ĲȠυ țαșȠȡȓȗİȚ ĲȠ µȚțȡȩĲİȡȠ įυȞαĲȩ αȜȖȩȡȚșµȠ πȠυ ĲȠȞ παȡȐȖİȚ. ΌıȠ 

υȥȘȜȩĲİȡȠȢ İȓȞαȚ Ƞ αȡȚșµȩȢ αυĲȩȢ, ĲȩıȠ µİȖαȜȪĲİȡȠȢ Ƞ αȜȖȩȡȚșµȠȢ țαȚ ĲȩıȠ ȚıȤυȡȩĲİȡȘ Ș 

πȠȜυπȜȠțȩĲȘĲα ĲȠυ. ȀαĲȐ Kolmogorov țαµȓα αțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ įİȞ µπȠȡİȓ 

Ȟα ȤαȡαțĲȘȡȚıĲİȓ ĲυȤαȓα İφȩıȠȞ ȑȤİȚ παȡαȤșİȓ απȩ αȜȖȩȡȚșµȠ πİπİȡαıµȑȞȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ Ȓ ȚıȠįȪȞαµα µȓα πȡαȖµαĲȚțȐ ĲυȤαȓα αțȠȜȠυșȓα αȡȚșµȫȞ απαȚĲİȓ αȜȖȩȡȚșµȠ 

απİȓȡȠυ µȒțȠυȢ țαȚ πȠȜυπȜȠțȩĲȘĲαȢ. 

1.15.5 ǹȜȖȩȡȚșµȠȚ ȖİȞȞȘĲȡȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 
ȈĲȚȢ παȡαȖȡȐφȠυȢ 1.15.5.1 ȦȢ 1.15.5.5, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ 

ȖȡαµµȚțȑȢ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. ȈĲȚȢ παȡαȖȡȐφȠυȢ 1.15.5.6 ȦȢ 1.15.5.10 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȘ ȖȡαµµȚțȑȢ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ 

αȡȚșµȫȞ. ȉȑȜȠȢ ıĲȚȢ παȡαȖȡȐφȠυȢ 1.15.5.11 ȦȢ 1.15.5.14, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȖİȞȞȒĲȡȚİȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ αȞȐįȡαıȘȢ µİĲαȕȠȜȒȢ ĲȠυ ıȘµİȓȠυ țαĲαȖȡαφȒȢ țαȚ Ș ȖİȞȞȒĲȡȚα 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister. 

1.15.5.1 ΓȡαµµȚțȒ ΓİȞȞȒĲȡȚα µİ ∆ȚαȚȡȑĲȘ ǿıȠȨπȠȜȠȓπȦȞ (Linear 
Congruential Generators) 

Ǿ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞȘ ȖİȞȞȒĲȡȚα ȖȚα ĲȘȞ παȡαȖȦȖȒ αțȠȜȠυșȚȫȞ ĲυȤαȓȦȞ αȡȚșµȫȞ 

ȕαıȓȗİĲαȚ ıĲȠ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ (modulo) [77], [190], [200]. Ǿ αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( )1 modi ix a x c m−= ⋅ + ⋅  (1.246) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.121 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ, α, c țαȚ m İȓȞαȚ Ƞ πȠȜȜαπȜαıȚαıĲȚțȩȢ ȩȡȠȢ, Ƞ πȡȠıșİĲȚțȩȢ ȩȡȠȢ țαȚ Ƞ įȚαȚȡȑĲȘȢ 

ȚıȠȨπȠȜȠȓπȦȞ. ȅ ĲİȜİıĲȒȢ modulo Ȓ mod µİĲαȟȪ įȪȠ αțİȡαȓȦȞ įȓįİȚ ĲȠ υπȩȜȠȚπȠ ĲȘȢ 

įȚαȓȡİıȘȢ: 

 ( )mod int
a

a a bb
b

 ⋅ = − ⋅    (1.247) 

ȅȚ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ĲȘȢ ıȤȑıȘȢ (1.246) ȚțαȞȠπȠȚȠȪȞ ĲȠ șİȫȡȘµα ĲȘȢ 

ȚıȠțαĲαȞȠµȒȢ ıİ πȡȠȕȜȒµαĲα µİ ȜȓȖİȢ įȚαıĲȐıİȚȢ αȜȜȐ ĲİȓȞȠυȞ Ȟα İȖțȜİȓȠυȞ Ĳα įİȓȖµαĲα ıİ 

ȠµȐįİȢ πȠȜυįȚȐıĲαĲȦȞ İπȚπȑįȦȞ (n-k įȚαıĲȐıİȦȞ) ıİ πȠȜυįȚȐıĲαĲα πȡȠȕȜȒµαĲα [77]. 

1.15.5.2 ΓȡαµµȚțȒ ȖİȞȞȒĲȡȚα µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ µİ αȞȐįȡαıȘ 
(Multiple Recursive Generators) 

Ǿ µȑșȠįȠȢ αυĲȒ απȠĲİȜİȓ İπȑțĲαıȘ ĲȘȢ µİșȩįȠυ ȚıȠȨπȠȜȠȓπȦȞ ĲȘȢ παȡαȖȡȐφȠυ 1.15.5.1. Ǿ 

αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ [77]: 

 ( )
1

mod
k

j i ji
j

a x cx m−=
 ⋅ += ⋅  ∑  (1.248) 

ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ĲȚµȒȢ xi απαȚĲȠȪȞĲαȚ ȠȚ ĲȚµȑȢ {xi-1,…,xi-k}. Ǿ ıȤȑıȘ (1.248) ȖȚα 

ıυȖțİțȡȚµȑȞȠυȢ ıυȞįυαıµȠȪȢ ĲȦȞ παȡαµȑĲȡȦȞ İȓȞαȚ įυȞαĲȩȞ Ȟα παȡȠυıȚȐıİȚ πİȡȓȠįȠ 

İπαȞαφȠȡȐȢ ȓıȘ µİ 231
-1 [114]. 

1.15.5.3 ΓȡαµµȚțȒ ΓİȞȞȒĲȡȚα µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ µİ αȞαįȡȠµȒ țαĲȐ 
Fibonacci (Lagged Fibonacci) 

Ǿ µȑșȠįȠȢ αυĲȒ ȕαıȓȗİĲαȚ ıĲȘȞ αȞαįȡȠµȒ țαĲȐ Fibonacci µȑıȦ ıυȞįυαıµȠȪ įȪȠ ȩȡȦȞ πȠυ 

ȕȡȓıțȠȞĲαȚ ıİ ıυȖțİțȡȚµȑȞȘ απȩıĲαıȘ µİĲαȟȪ ĲȠυȢ [77]. Ǿ αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( ) ( )modi j i k i j i ki i
x x x xx xm− − − −+= ⋅ ≡ = D  (1.249) 

ȆȡȠıİțĲȚțȒ İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ j, k țαȚ m ȠįȘȖİȓ ıİ πİȡȓȠįȠ İπαȞαφȠȡȐȢ ȓıȘ µİ mk
-1. 

Ǿ µȑșȠįȠȢ αυĲȒ απȠĲİȜİȓ ĲȡȠπȠπȠȓȘıȘ ĲȠυ αȜȖȠȡȓșµȠυ ĲȘȢ παȡαȖȡȐφȠυ 1.15.5 µİ ĲȘ ȤȡȒıȘ 

πİȡȚııȩĲİȡȠ πȠȜȪπȜȠțȫȞ ĲİȜİıĲȫȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ xi. ǼțĲİĲαµȑȞȘ ȑȡİυȞα ȖȚα ĲȘȞ 

İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ παȡȠυıȚȐȗİĲαȚ ıĲȘȞ İȡȖαıȓα ĲȠυ Altman [3]. 

1.15.5.4 ΓİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȡȩıșİıȘȢ µİ µİĲαφȠȡȐ, 
αφαȓȡİıȘȢ µİ įαȞİȚıµȩ 

ȅȚ ȖİȞȞȒĲȡȚİȢ πȡȩıșİıȘȢ µİ µİĲαφȠȡȐ țαȚ αφαȓȡİıȘȢ µİ įαȞİȚıµȩ (Add with Carry, Subtract 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.122 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

with Borrow), ıĲȘȡȓȗȠȞĲαȚ ıĲȘȞ İȡȖαıȓα ĲȦȞ Marsaglia țαȚ Zaman, [130] țαȚ απȠĲİȜȠȪȞ 

İπȑțĲαıȘ ĲȘȢ µİșȩįȠυ Fibonacci µİ υıĲȑȡȘıȘ. Ǿ αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( )modi i s i r ix x x c m− −= + + ⋅  (1.250) 

ΓȚα ĲȘȞ ĲȚµȒ ci ȚıȤȪİȚ ȩĲȚ: 

 1 10 0ic c += =  αȞ i s i r ix x c m− −+ + <  αȜȜȚȫȢ 1 1ic + =  (1.251) 

ȆȡȠıİțĲȚțȒ İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ İȜȑȖȤȠυ ȠįȘȖİȓ ıİ πİȡȓȠįȠ İπαȞαφȠȡȐȢ ȓıȘ µİ 10
43

. 

1.15.5.5 ΓİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȠȜȜαπȜαıȚαıµȠȪ µİ 
µİĲαφȠȡȐ (Multiply with Carry) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȠȜȜαπȜαıȚαıµȠȪ µİ µİĲαφȠȡȐ Ș 

αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ [130]: 

 ( ) ( )1 modi i ix a x c m−= ⋅ + ⋅  (1.252) 

ȩπȠυ Ƞ ȩȡȠȢ ci įȓįİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.251). Ǿ įȚαφȠȡȐ µİĲαȟȪ ĲȘȢ µİșȩįȠυ υπȩ 

İȟȑĲαıȘ țαȚ ĲȘȢ µİșȩįȠυ ȚıȠȨπȠȜȠȓπȦȞ ȑȖțİȚĲαȚ ıĲȠȞ ĲȡȩπȠ µİ ĲȠȞ ȠπȠȓȠ ȠȡȓȗİĲαȚ Ƞ 

πȡȠıșİĲȚțȩȢ ȩȡȠȢ ĲȘȢ αțȠȜȠυșȓαȢ. 

ȅȚ Marsaglia țαȚ Zaman [130] πȡȠĲİȓȞȠυȞ ĲȚµȒ m=2
32

 țαȚ ȤȡȒıȘ αțȑȡαȚȦȞ αȡȚșµȫȞ µİ 

αțȡȓȕİȚα 64 įυφȓȦȞ. ǼțĲİĲαµȑȞȘ ȑȡİυȞα ȖȚα ĲȘȞ İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ µİ ıĲȩȤȠ ĲȘȞ 

παȡαȖȦȖȒ αțȠȜȠυșȚȫȞ ĲυȤαȓȦȞ αȡȚșµȫȞ µİ µİȖȐȜȘ πİȡȓȠįȠ İπαȞαφȠȡȐȢ țαȚ ȚıȠțαĲαȞȠµȒ 

ȖȚα µİȖȐȜİȢ ĲȚµȑȢ ĲȠυ k παȡȠυıȚȐȗİĲαȚ ıĲȘȞ İȡȖαıȓα ĲȦȞ Coutoure țαȚ L’Ecuyer [36]. 

1.15.5.6 ǹȞȐıĲȡȠφȠȢ υπİȡșİĲȚțȩȢ αȜȖȩȡȚșµȠȢ (Inversive Congruential 
Generator) 

ȅ αȞȐıĲȡȠφȠȢ υπİȡșİĲȚțȩȢ αȜȖȩȡȚșµȠȢ αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ µȘ ȖȡαµµȚțȫȞ 

αțȠȜȠυșȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. Ǿ αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ [51]: 

 ( ) ( )
1

modi i
x a x c m

−−= ⋅⋅ +  (1.253) 

ȩπȠυ, ĲȠ πȠȜȜαπȜαıȚαıĲȚțȩ αȞȐıĲȡȠφȠ 1ix−−  įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 ( )1 modx x m
−= ⋅ ⋅  (1.254) 

Ǿ µȑșȠįȠȢ αυĲȒ ıυȖțȡȚȞȩµİȞȘ µİ ĲȘ µȑșȠįȠ ȚıȠȨπȠȜȠȓπȦȞ παȡȠυıȚȐȗİȚ υȥȘȜȒ ȠµȠȚȠµȠȡφȓα 

țαȚ πȠȜȪ țαȜȐ ȤαȡαțĲȘȡȚıĲȚțȐ ȚıȠțαĲαȞȠµȒȢ ĲȠυ įİȓȖµαĲȠȢ µİ απȠφυȖȒ İȖțȜȦȕȚıµȠȪ ĲȦȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.123 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȠαțȠȜȠυșȚȫȞ ıİ υπİȡİπȓπİįα [51], [50], [157], [158]. ΓȚα α=2mod4, b=1mod2 țαȚ p≥4 Ș 

ıȤȑıȘ (1.253) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [53]: 

 ( ) 2 0,1,...,p

ix i i Na i b= ⋅ =⋅ +  (1.255) 

ȅ Eichernauer-Hermann, [53] απȑįİȚȟİ ȩĲȚ Ș πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ ȖȚα ĲȘȞ αțȠȜȠυșȓα ĲȘȢ 

ıȤȑıȘȢ (1.255) İȓȞαȚ ȓıȘ µİ m=2
p
. ȂȑıȦ ĲȘȢ ĲȡȠπȠπȠȓȘıȘȢ αυĲȒȢ παȡȐȖȠȞĲαȚ ĲυȤαȓȠȚ 

αțȑȡαȚȠȚ αȡȚșµȠȓ ıĲȠ įȚȐıĲȘµα (0,m-1). 

1.15.5.7 ȂȘ ΓȡαµµȚțȒ ΓİȞȞȒĲȡȚα ∆ȚαȚȡȑĲȘ ǿıȠȨπȩȜȠȚπȦȞ (Non Linear 
Congruential Generators) 

O Knuth [110], παȡȠυıȓαıİ ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (1.246) µİ ĲȘȞ İȚıαȖȦȖȒ İȞȩȢ µȘ 

ȖȡαµµȚțȠȪ ȩȡȠυ. Ǿ αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( )2

1 1
modi i i

x d x a x c m− −= ⋅⋅ + ⋅ +  (1.256) 

ΓİȞȚțȩĲİȡα ıĲȚȢ µȘ ȖȡαµµȚțȑȢ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Ș αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( )1,..., modi i N ix g x x m− −= ⋅  (1.257) 

ȩπȠυ g(x) İȓȞαȚ µȓα µȘ ȖȡαµµȚțȒ απİȚțȩȞȚıȘ [0,1]
N→[0,1] țαȚ ȃ İȓȞαȚ Ș µȞȒµȘ ĲȘȢ 

ȖİȞȞȒĲȡȚαȢ. ȅȚ Eichenauer et al., [50], απȠįİȚțȞȪȠυȞ ȩĲȚ µİ țαĲȐȜȜȘȜȘ İπȚȜȠȖȒ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ g(x) παȡȐȖȠȞĲαȚ αțȠȜȠυșȓİȢ ĲυȤαȓȦȞ αȡȚșµȫȞ µİ πȠȜȪ țαȜȒ ȠµȠȚȠµȠȡφȓα țαȚ 

ȚıȠțαĲαȞȠµȒ. Ȉİ ȪıĲİȡα İȡȖαıȓα Ƞ Eichenauer, [52], παȡȠυıȚȐȗİȚ αȞαȜυĲȚțȐ ĲȚȢ πİȡȚııȩĲİȡȠ 

įȚαįİįȠµȑȞİȢ µȘ ȖȡαµµȚțȑȢ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ țαȚ ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȠυȢ. 

1.15.5.8 ȂȘ ȖȡαµµȚțȒ ȖİȞȞȒĲȡȚα µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ αȞȐıĲȡȠφȠυ 
υπİȡșİĲȚțȠȪ (NLCG with multiplicative inverse) 

ȅȚ Kato et al., [106], παȡȠυıȚȐȗȠυȞ µȓα µȘ ȖȡαµµȚțȒ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȠυ 

ıυȞįυȐȗİȚ ĲȠ πȠȜȜαπȜαıȚαıĲȚțȩ αȞȐıĲȡȠφȠ ĲȘȢ ıȤȑıİȦȢ (1.253) µİ ĲȘ ıȤȑıȘ (1.246): 

 ( ) ( )
1 1

modi i i
x a x b x c m

−− −= ⋅⋅ + ⋅ +  (1.258) 

ȅ ȩȡȠȢ 1ix−−  įȓįİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.254). ȆİȡȚııȩĲİȡα ıĲȠȚȤİȓα ȦȢ πȡȠȢ ĲȚȢ 

ȚįȚȩĲȘĲİȢ țαȚ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ αȜȖȩȡȚșµȦȞ ĲȦȞ παȡαȖȡȐφȦȞ 1.15.5.6 ȦȢ țαȚ 1.15.5.8 

παȡȠυıȚȐȗİĲαȚ απȩ ĲȠȞ Eichernauer-Hermann, [53]. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.124 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.15.5.9 ȂȘĲȡȦȚțȠȓ υπİȡșİĲȚțȠȓ αȜȖȩȡȚșµȠȚ (Matrix Congruential 
Generators) 

ȅȚ µȘĲȡȦȚțȠȓ υπİȡșİĲȚțȠȓ αȜȖȩȡȚșµȠȚ απȠĲİȜȠȪȞ ȖİȞȓțİυıȘ ĲȘȢ µİșȩįȠυ ĲȘȢ παȡαȖȡȐφȠυ 

1.15.5.6. ȉȠ įȚȐȞυıµα xi ĲȘȢ αțȠȜȠυșȓαȢ įȓįİĲαȚ ȦȢ [77]: 

 ( ) ( )1 modi i m−= ⋅ + ⋅x A x C  (1.259) 

ȩπȠυ, ǹ țαȚ C İȓȞαȚ ĲȠ µȘĲȡȫȠ ĲȦȞ πȠȜȜαπȜαıȚαıĲȚțȫȞ ıυȞĲİȜİıĲȫȞ țαȚ ĲȠ įȚȐȞυıµα ĲȦȞ 

πȡȠıșİĲȚțȫȞ ıυȞĲİȜİıĲȫȞ αȞĲȓıĲȠȚȤα. ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ĲȠ µȘĲȡȫȠ ǹ İȓȞαȚ įȚαȖȫȞȚȠ țαȚ 

ĲȠ įȚȐȞυıµα C ıĲαșİȡȩ Ș ıȤȑıȘ (1.259) υπȠπȓπĲİȚ ıĲȘȞ πİȡȓπĲȦıȘ πȠȜȜαπȜȫȞ ȖİȞȞȘĲȡȚȫȞ 

µİ įȚαȚȡȑĲȘ ȚıȠȨπȩȜȠȚπȦȞ ȩπȠυ Ĳα µȑȜȘ ĲȠυ įȚαȞȪıµαĲȠȢ πİȡȚȖȡȐφȠȞĲαȚ απȩ ĲȘ ıȤȑıȘ 

(1.246) µİ ĲȠȞ πȠȜȜαπȜαıȚαıĲȚțȩ ıυȞĲİȜİıĲȒ α Ȟα įȓįİĲαȚ απȩ ĲȘȞ ĲȚµȒ ǹii ĲȠυ µȘĲȡȫȠυ țαȚ 

ĲȠ πȡȠıșİĲȚțȩ ȩȡȠ c απȩ ĲȘȞ ĲȚµȒ Ci ĲȠυ αȞĲȓıĲȠȚȤȠυ įȚαȞȪıµαĲȠȢ. ȈĲȘ ȖİȞȚțȒ πİȡȓπĲȦıȘ 

ȩπȠυ Ș ĲȚµȒ Ci įȓįİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (1.251) țαȚ ĲȠ µȘĲȡȫȠ ǹ İȓȞαȚ ȖİȞȚțȩ µȘĲȡȫȠ Ș 

ĲȚµȒ ĲȘȢ șȑıȘȢ i ĲȠυ įȚαȞȪıµαĲȠȢ x İȓȞαȚ ıυıȤİĲȚıµȑȞȘ µİ ĲȚȢ ĲȚµȑȢ ĲȠυ įȚαȞȪıµαĲȠȢ xt-1 [77]. 

1.15.5.10 ȂȘĲȡȦȚțȠȓ υπİȡșİĲȚțȠȓ αȜȖȩȡȚșµȠȚ µİ αȞȐįȡαıȘ (MCG with 
multiple recursion) 

ȅȚ αȜȖȩȡȚșµȠȚ αυĲȠȓ απȠĲİȜȠȪȞ İπȑțĲαıȘ ĲȦȞ  αȜȖȠȡȓșµȦȞ ĲȘȢ παȡαȖȡȐφȠυ 1.15.5.9. Ǿ 

ıȤȑıȘ (1.259) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [77]: 

 ( )
1

mod
k

j i ji
j

m−=
 ⋅ += ⋅  ∑A x Cx  (1.260) 

ȅȚ ȚįȚȩĲȘĲİȢ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ µȘĲȡȦȚțȒȢ υπȑȡșİıȘȢ µİ αȞȐįȡαıȘ παȡȠυıȚȐȗȠȞĲαȚ 

ȜİπĲȠµİȡȫȢ ıĲȚȢ İȡȖαıȓİȢ ĲȠυ Niederreiter [159], [162], [161], [160]. 

1.15.5.11 ΓİȞȞȒĲȡȚİȢ αȞȐįȡαıȘȢ µİĲαȕȠȜȒȢ ıȘµİȓȠυ țαĲαȖȡαφȒȢ (Feedback 
Shift Register) 

ȅ Tausworthe [210], παȡȠυıȚȐȗİȚ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȠυ ȕαıȓȗİĲαȚ ıİ 

αțȠȜȠυșȓİȢ įυφȓȦȞ ĲȘȢ µȠȡφȒȢ: 

 ( )
1

mod 2

p

j i ji

j

a xx −=
 ⋅= ⋅  ∑  (1.261) 

ǹπȠĲȑȜİıµα ĲȘȢ İȡȖαıȓαȢ ĲȠυ Tausworthe İȓȞαȚ Ș αȞȐπĲυȟȘ µȓαȢ ȠȜȩțȜȘȡȘȢ ȞȑαȢ 

ȠȚțȠȖȑȞİȚαȢ αȜȖȠȡȓșµȦȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. Ǿ İȡȖαıȓα ĲȠυ Tausworthe ȕαıȓȗİĲαȚ ıĲα 

πȠȜυȫȞυµα ĲȠυ πİįȓȠυ Galois 2
αȢ

 ȉȐȟİȦȢ. ΩȢ πȠȜυȫȞυµȠ n-ĲȐȟİȦȢ ĲȠυ πİįȓȠυ Galois 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.125 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȠȡȓȗİĲαȚ ĲȠ πȠȜυȫȞυµȠ ĲȘȢ µȠȡφȒȢ: 

 ( ) 1

1 ...k k

kP z A z Az
−= − − −  (1.262) 

πȠυ ȠȚ ıυȞĲİȜİıĲȑȢ ĲȠυ {A1,…,Ak} İȓȞαȚ ȓıȠȚ µİ 0 Ȓ 1. Ǿ ĲȐȟȘ ĲȠυ πȠȜυȦȞȪµȠυ ȠȡȓȗİĲαȚ ȦȢ Ș 

µȚțȡȩĲİȡȘ ĲȚµȒ ĲȠυ ıυȞĲİȜİıĲȒ e ȖȚα ĲȘȞ ȠπȠȓα ĲȠ πȠȜυȫȞυµȠ ĲȘȢ ıȤȑıȘȢ (1.262) įȚαȚȡİȓ ĲȠȞ 

ȩȡȠ x
e
+1. ȋαȡαțĲȘȡȚıĲȚțȩ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ αυĲȫȞ İȓȞαȚ ĲȠ ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ Ș 

ȚıȠțαĲαȞȠµȒ ĲȠυ įİȓȖµαĲȠȢ ȖȚα υȥȘȜȩ k țαȚ Ș πȠȜȪ µİȖȐȜȘ πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ πȠυ 

ıȤİĲȓȗİĲαȚ Ȑµİıα µİ ĲȘȞ İπȚȜȠȖȒ ĲȠυ πȠȜυȦȞȪµȠυ Galois. 

1.15.5.12 ΓİȞȚțİυµȑȞİȢ ΓİȞȞȒĲȡȚİȢ ǹȞȐįȡαıȘȢ ȂİĲαȕȠȜȒȢ ȈȘµİȓȠυ 
ȀαĲαȖȡαφȒȢ (Generalized FSR) 

ȅȚ Lewis țαȚ Payne, [117], ĲȡȠπȠπȠȚȫȞĲαȢ ĲȘ ıȤȑıȘ (1.261) țαĲȐȜȘȟαȞ ıĲȘ ıȤȑıȘ: 

 i i p i p qx x x− − += ⊕  (1.263) 

ȩπȠυ p İȓȞαȚ Ș υıĲȑȡȘıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ țαȚ ⊕  İȓȞαȚ Ƞ ĲİȜİıĲȒȢ ĲȠυ απȠțȜİȚıĲȚțȠȪ Ȓ 

(exclusive-OR): 

 0 0 0 0 1 1 1 0 1 1 1 0⊕ = ⊕ = ⊕ = ⊕ =  (1.264) 

ȀȐșİ įȪφȚȠ ĲȠυ İπȩµİȞȠυ ȩȡȠυ παȡȐȖİĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȠυ ĲİȜİıĲȒ ĲȘȢ ıȤȑıȘȢ (1.264). Ǿ 

įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ ȩıİȢ φȠȡȑȢ İȓȞαȚ αȞαȖțαȓȠ ȫıĲİ Ȟα įȘµȚȠυȡȖȘșȠȪȞ Ĳα įυφȓα 

πȠυ șα ȠȡȓıȠυȞ ĲȘȞ ĲȚµȒ xi. O Fushimi [73], ĲȡȠπȠπȠȚȫȞĲαȢ ĲȘ ıȤȑıȘ (1.263) ȦȢ: 

 3 3i i p i qx x x− −= ⊕  (1.265) 

ȀαĲȑȜȘȟİ ıİ αȜȖȩȡȚșµȠ µİ πİȡȓȠįȠ İπαȞαφȠȡȐȢ ȓıȘ µİ 2521
-1 ȖȚα p=521. 

1.15.5.13 ΓİȞȚțİυµȑȞİȢ ΓİȞȞȒĲȡȚİȢ ǹȞȐįȡαıȘȢ ȂİĲαȕȠȜȒȢ ȈȘµİȓȠυ 
ȀαĲαȖȡαφȒȢ µİ ıĲȡȑȕȜȦıȘ (Twisted Generalized FSR) 

Ǿ ȖİȞȞȒĲȡȚα αυĲȒ απȠĲİȜİȓ ıυȞįυαıµȩ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ ȖİȞȚțİυµȑȞȘȢ αȞȐįȡαıȘȢ țαȚ ĲȦȞ 

µȘĲȡȦȚțȫȞ ȖİȞȞȘĲȡȚȫȞ. ȅȚ Matsumoto țαȚ Kurita, [133], [134], ıĲȠȤİȪȠȞĲαȢ ıİ υȥȘȜȒ 

πİȡȓȠįȠ İπαȞαφȠȡȐȢ țαȚ įȚαĲȒȡȘıȘ ĲȘȢ ȠµȠȚȠµȠȡφȓαȢ ĲȠυ įİȓȖµαĲȠȢ ȖȚα πȠȜυįȚȐıĲαĲα 

πȡȠȕȜȒµαĲα, ĲȡȠπȠπȠȓȘıαȞ ĲȘ ıȤȑıȘ (1.263) µİ ĲȘȞ İȚıαȖȦȖȒ İȞȩȢ µȘĲȡȫȠυ A ȦȢ: 

 i i p i p qx x x− − += ⊕A  (1.266) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.126 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

1.15.5.14 ΓİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister (Mersenne 
Twister Random Generator) 

ȅȚ Matsumoto țαȚ Nishimura, [135], παȡȠυıȓαıαȞ ȕİȜĲȓȦıȘ ĲȘȢ µȘĲȡȦȚțȒȢ µİșȩįȠυ 

ȖİȞȚțİυµȑȞȘȢ αȞȐįȡαıȘȢ µİĲαȕȠȜȒȢ ĲȠυ ıȘµİȓȠυ țαĲαȖȡαφȒȢ πȠυ ıĲȘȡȓȗİĲαȚ ıĲȘ ȤȡȒıȘ ĲȦȞ 

πȡȫĲȦȞ αȡȚșµȫȞ ĲȠυ Mersenne. ȅȚ πȡȫĲȠȚ αȡȚșµȠȓ Mersenne ȠȡȓȗȠȞĲαȚ ȦȢ: 

 ǹȞ țαȚ µȩȞȠȞ αȞ 2 1nΝ = −  prime → Mersenne Prime (1.267) 

Ǿ αțȠȜȠυșȓα ĲȦȞ ĲυȤαȓȦȞ αȡȚșµȫȞ ȠȡȓȗİĲαȚ ȦȢ: 

 ( )1

lu
n k k m kk

x x xx+ + += ⊕ A  (1.268) 

ȩπȠυ, n İȓȞαȚ Ș ıĲαșİȡȐ αȞȐįȡαıȘȢ ĲȘȢ µİșȩįȠυ țαȚ 1≤m≤n. ȅȚ µİĲαȕȜȘĲȑȢ ĲȘȢ ıȤȑıȘȢ 

(1.268) x
u

k țαȚ xl
k+1 ȠȡȓȗȠȞĲαȚ ȦȢ: 

 
( )( ) ( )1

1 0

1 0

,...,
,...,

,...,

u

w r

wl

r

x x x
x x x

x x x

− −
−

= → ==   (1.269) 

ȩπȠυ, 1≤r≤w țαȚ w İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ įȚαȞȪıµαĲȠȢ. ȉȠ µȘĲȡȫȠ A (wxw) įȓįİĲαȚ ȦȢ [135]: 

 

1 2 3 0

1

1

1

w w wa a a a− − −

    =     

A %

"

 (1.270) 

µİ ĲȠȞ ĲİȜİıĲȒ xA Ȟα ȠȡȓȗİĲαȚ ȦȢ [135]: 
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 (1.271) 

ΓȚα ĲȘȞ παȡαȖȦȖȒ ĲȦȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ παȡȐȖȠȞĲαȚ αȡȤȚțȐ n-1 «ȜȑȟİȚȢ» πȠυ 

απİȚțȠȞȓȗȠυȞ n-1 ĲυȤαȓȠυȢ αțİȡαȓȠυȢ αȡȚșµȠȪȢ ıĲȠ įȚȐıĲȘµα (0,2
w
-1) ȩπȠυ Ƞ αțȑȡαȚȠȢ 2w

-1 

απȠĲİȜİȓ Mersenne Prime. ΩȢ «ȜȑȟȘ» ȠȡȓȗİĲαȚ ĲȠ įȚȐȞυıµα ĲȦȞ įυφȓȦȞ țȐșİ αțİȡαȓȠυ 

αȡȚșµȠȪ µȒțȠυȢ w. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ αȜȖȠȡȓșµȠυ Mersenne Twister ȠȚ «ȜȑȟİȚȢ» αυĲȑȢ 

įȓįȠȞĲαȚ απȩ ĲȘȞ αțȠȜȠυșȓα ĲυȤαȓȦȞ αțİȡαȓȦȞ ĲȠυ Knuth [110]. ȂȑıȦ ĲȦȞ ıȤȑıİȦȞ (1.268), 

(1.270) țαȚ (1.271) παȡȐȖİĲαȚ Ș n ȜȑȟȘ. Ǿ įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ ȖȚα ĲȘȞ παȡαȖȦȖȒ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.127 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αțȠȜȠυșȓαȢ n ĲυȤαȓȦȞ αțİȡαȓȦȞ αȡȚșµȫȞ. ȅȚ ĲυȤαȓȠȚ αȡȚșµȠȓ ıĲȠ įȚȐıĲȘµα (0,1) 

ȜαµȕȐȞȠȞĲαȚ µİ ĲȘ įȚαȓȡİıȘ ĲȠυ αțİȡαȓȠυ µİ ĲȘȞ ĲȚµȒ 2
w
-1. 

Ǿ πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ ĲȠυ αȜȖȠȡȓșµȠυ ȑȤİȚ ȦȢ ȐȞȦ ȩȡȚȠ ĲȘȞ ĲȚµȒ 2
nw-r

-1 πȠυ ȖȚα n=32, 

w=624 țαȚ r=31 įȓįİȚ µȑȖȚıĲȘ πİȡȓȠįȠ İπαȞαφȠȡȐȢ ȓıȘ µİ 219937
-1 (Ƞ 24

ȠȢ
 πȡȫĲȠȢ αȡȚșµȩȢ 

țαĲȐ Mersenne) țαȚ ȚțαȞȠπȠȚİȓ ĲȠ țȡȚĲȒȡȚȠ ȚıȠțαĲαȞȠµȒȢ ıİ πȡȠȕȜȒµαĲα 623 įȚαıĲȐıİȦȞ. 

ȆȡȠıȩȞ ĲȘȢ µİșȩįȠυ İȓȞαȚ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ Ș πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ İȓȞαȚ įυȞαĲȩȞ Ȟα αυȟȘșİȓ 

πİȡȚııȩĲİȡȠ µİ ĲȘȞ İπȚȜȠȖȒ µİȖαȜȪĲİȡȘȢ ĲȚµȒȢ ĲȠυ πȡȫĲȠυ αȡȚșµȠȪ Mersenne țαȚ Ș 

įȚαĲȒȡȘıȘ ĲȘȢ ȚįȚȩĲȘĲαȢ ĲȘȢ ȚıȠțαĲαȞȠµȒȢ ȖȚα πȠȜυįȚȐıĲαĲα πȡȠȕȜȒµαĲα. 

1.16 ȆαȡȐȡĲȘµα Ǿ – ȆαȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ ȜαĲȚȞȚțȠȪ 
υπİȡțȪȕȠυ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ παȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ. 

ȈĲȩȤȠȢ ĲȦȞ παȡαȜȜαȖȫȞ αυĲȫȞ Ș İπȓĲİυȟȘ ĲȦȞ İπȚșυµȘĲȫȞ ıĲαĲȚıĲȚțȫȞ ȚįȚȠĲȒĲȦȞ ȖȚα ĲȘȞ 

İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ. 

1.16.1 ȂȑșȠįȠȢ ȁαĲȚȞȚțȠȪ ȊπİȡțȪȕȠυ (Latin Hypercube Sampling) 

ȉȠ µȘĲȡȫȠ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα N įİȓȖµαĲα ıİ K įȚαıĲȐıİȚȢ ȠȡȓȗİĲαȚ ȦȢ [168]: 

 ( )1

N
= ⋅ −S P R  (1.272) 

ȩπȠυ, S İȓȞαȚ ĲȠ µȘĲȡȫȠ πȚșαȞȠĲȒĲȦȞ įİȚȖµαĲȠȜȘȥȓαȢ ĲȠυ ȤȫȡȠυ, P İȓȞαȚ ĲȠ µȘĲȡȫȠ 

αȞĲȚµİĲȐșİıȘȢ įȚαıĲȐıİȦȞ ȃxȀ ȩπȠυ țȐșİ ıĲȒȜȘ πİȡȚȑȤİȚ µȚα ĲυȤαȓα αȞĲȚµİĲȐșİıȘ ĲȦȞ 

φυıȚțȫȞ αȡȚșµȫȞ απȩ ĲȠ 1,..,ȃ țαȚ R İȓȞαȚ ĲȠ µȘĲȡȫȠ NxK ĲυȤαȓȦȞ αȡȚșµȫȞ ıĲȠ įȚȐıĲȘµα 

(0,1). ȉȠ µȘĲȡȫȠ S πİȡȚȑȤİȚ ȃ įİȓȖµαĲα K ĲȐȟȘȢ Ĳα ȠπȠȓα įȚαȞȑµȠȞĲαȚ ıİ įȚαφȠȡİĲȚțȐ 

υπȠȤȦȡȓα ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ Ƞ țαĲαµİȡȚıµȩȢ ĲȠυ ȠπȠȓȠυ ıİ țȐșİ įȚȐıĲαıȘ țαșȠȡȓȗİĲαȚ 

απȩ ĲȠȞ αȡȚșµȩ ĲȦȞ įİȚȖµȐĲȦȞ N. ȅ µİĲαıȤȘµαĲȚıµȩȢ ĲȘȢ ıȤȑıȘȢ (1.272) İȟαıφαȜȓȗİȚ ȩĲȚ ıİ 

țȐșİ υπȠȤȦȡȓȠ İυȡȓıțİĲαȚ µȩȞȠȞ ȑȞα įİȓȖµα (∆ȚȐȖ. 1.19) ȖȚα ĲȘȞ απȠφυȖȒ İȖțȜȦȕȚıµȠȪ 

İȞĲȩȢ υπȑȡ-İπȚπȑįȦȞ. ȉȠ țȐșİ įİȓȖµα įȓįİĲαȚ ȦȢ: 

 ( )1ˆ
j

ijij x
sx F −=  (1.273) 

ȩπȠυ, sij İȓȞαȚ ĲȠ ıĲȠȚȤİȓȠ ĲȠυ µȘĲȡȫȠυ S, Fxj İȓȞαȚ Ș țαĲαȞȠµȒ ȖȚα ĲȘȞ j Ĳ.µ țαȚ xij İȓȞαȚ Ș 

ĲȚµȒ ȖȚα ĲȘȞ j Ĳ.µ ĲȠυ i įİȓȖµαĲȠȢ. 

1.16.2 ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ ȑȜİȖȤȠ ĲȘȢ ȞȩșȠυ ıυıȤȑĲȚıȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.128 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

(LHS with reduction of spurious correlation) 

Ǿ παȡαȜȜαȖȒ αυĲȒ ıĲȠȤİȪİȚ ıĲȘ µİȓȦıȘ ĲȘȢ ȞȩșȠυ ıυıȤȑĲȚıȘȢ (spurious correlation) πȠυ 

İȓȞαȚ įυȞαĲȩȞ Ȟα παȡȠυıȚαıĲİȓ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (1.272). ȈĲȠ ∆ȚȐȖ. 1.62, 

παȡȠυıȚȐȗİĲαȚ įİȚȖµαĲȠȜȘȥȓα ıİ įȪȠ įȚαıĲȐıİȚȢ 8 įİȚȖµȐĲȦȞ µİ υȥȘȜȒ țαȚ ȤαµȘȜȒ 

παȡαıȚĲȚțȒ ıυıȤȑĲȚıȘ țαȚ υȥȘȜȒ țαȚ ȤαµȘȜȒ İȞĲȡȠπȓα [168].  

ȊȥȘȜȘ ȃȠșȠȢ ȈυıȤİĲȚıȘ - ȋαµȘȜȘ ǼȞĲȡȠπȚα ȋαµȘȜȘ ȃȠșȠȢ ȈυıȤİĲȚıȘ - ȊȥȘȜȘ ǼȞĲȡȠπȚα ȊȥȘȜȘ ȃȠșȠȢ ȈυıȤİĲȚıȘ - ȊȥȘȜȘ ǼȞĲȡȠπȚα

X X X

X X X

X X X

X X X

X X X

X X X

X X X

X X X
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∆ȚȐȖ. 1.62: ∆İȓȖµαĲα υȥȘȜȒȢ țαȚ ȤαµȘȜȒȢ ȞȩșȠυ ıυıȤȑĲȚıȘȢ υȥȘȜȒȢ țαȚ ȤαµȘȜȒȢ İȞĲȡȠπȓαȢ. 

Ǿ ȞȩșȠȢ ıυıȤȑĲȚıȘ ıȤİĲȓȗİĲαȚ µİ ĲȘȞ İȞĲȡȠπȓα ĲȠυ įİȓȖµαĲȠȢ țαșȫȢ υȥȘȜȒ ȞȩșȠȢ ıυıȤȑĲȚıȘ 

αȞαµȑȞİĲαȚ ıĲȚȢ πİȡȚπĲȫıİȚȢ ȤαµȘȜȒȢ İȞĲȡȠπȓαȢ ȤȦȡȓȢ ȩµȦȢ Ƞ υȥȘȜȩȢ įİȓțĲȘȢ İȞĲȡȠπȓαȢ Ȟα 

İȟαıφαȜȓȗİȚ țαȚ ȤαµȘȜȒ ȞȩșȠ ıυıȤȑĲȚıȘ. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ǺȒµα 1. ∆ȘµȚȠυȡȖȓα µȘĲȡȫȠυ Y ȦȢ: 

 1

1

ij
ij

p
y

N

−  = Φ  +   (1.274) 

ǺȒµα 2. ȊπȠȜȠȖȚıµȩȢ ĲȠυ µȘĲȡȫȠυ ıυȞįȚαıπȠȡȐȢ ĲȠυ µȘĲȡȫȠυ Y ȦȢ: 
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 (1.275) 

ǺȒµα 3. ǹπȠįȩµȘıȘ țαĲȐ Cholesky µİ υπȠȜȠȖȚıµȩ ĲȠυ µȘĲȡȫȠυ L ȦȢ: 

 ( )cov T= =A LLY  (1.276) 

ȩπȠυ µȘĲȡȫȠ L  ȠȡȓȗİĲαȚ ȑȞα țȐĲȦ ĲȡȚȖȦȞȚțȩ µȘĲȡȫȠ µİ ıĲȠȚȤİȓα: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.129 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

1

1
2 1

1

i

ij ik jki
k

ii ij ik ij

k ii

a l l

l a l l
l

−
− =
=

− ⋅
= − = ∑∑  (1.277) 

ǺȒµα 4. ȊπȠȜȠȖȚıµȩȢ ĲȠυ µȘĲȡȫȠυ Ȋ* ȦȢ: 

 ( )⋅ T* -1Y = Y L  (1.278) 

ȩπȠυ Ș ĲȐȟȘ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȦȞ ıĲȘȜȫȞ ĲȠυ µȘĲȡȫȠυ Ȋ* İȓȞαȚ Ĳα ıĲȠȚȤİȓα ĲȦȞ ıĲȘȜȫȞ ĲȠυ 

µȘĲȡȫȠυ P* πȠυ αȞĲȚțαșȚıĲȐ ĲȠ µȘĲȡȫȠ P ıĲȘ ıȤȑıȘ (1.272). ȅ ȕαșµȩȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ıİ 

țȐșİ ıĲȒȜȘ İȟİĲȐȗİȚ ĲȘ ıȤİĲȚțȒ ĲȠυȢ șȑıȘ ĲȠυȢ ıĲȠ įȚȐȞυıµα Ȋj ȩπȠυ ĲȠ Ȋij=max{Ȋj, 

j=1,…,N} ıĲȠȚȤİȓȠ ȑȤİȚ ĲȐȟȘ 1 țαȚ ĲȠ ıĲȠȚȤİȓȠ Ȋij=min{Ȋj, j=1,…,N} ȑȤİȚ ȕαșµȩ ȃ. 

ǺȒµα 5. ȊπȠȜȠȖȚıµȩȢ ĲȠυ µȘĲȡȫȠυ įİȚȖµαĲȠȜȘȥȓαȢ S* ȦȢ: 

 ( )1

N

∗ ∗= ⋅ −S P R  (1.279) 

ȉȠ įİȓȖµα ĲȠυ µȘĲȡȫȠυ S* αȞαµȑȞİĲαȚ Ȟα ȑȤİȚ πȠȜȪ µȚțȡȩĲİȡȘ ȞȩșȠ ıυıȤȑĲȚıȘ ıİ ıȤȑıȘ µİ 

ĲȠ įİȓȖµα ĲȠυ µȘĲȡȫȠυ S. ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ απαȚĲİȓĲαȚ įİȓȖµα µİ ıυȖțİțȡȚµȑȞȘ ıυıȤȑĲȚıȘ 

µİĲαȟȪ ĲȦȞ Ĳ.µ Ș ıȤȑıȘ (1.278) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( )⋅ ⋅T* T-1Y = Y LL  (1.280) 

1.16.3 ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ µȑșȠįȠ ȕαȡȪȞȠυıαȢ 
įİȚȖµαĲȠȜȘȥȓαȢ (Sample Importance LHS) 

Ǿ παȡαȜȜαȖȒ αυĲȒ ıυȞįυȐȗİȚ ĲȘ µȑșȠįȠ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ. ȅ ȤȫȡȠȢ țαȚ Ș įȚȐĲαȟȘ İπȚȜȠȖȒȢ παȡȠυıȚȐȗȠȞĲαȚ ȖȚα ȤȫȡȠ 2 įȚαıĲȐıİȦȞ 

ıĲȠ ∆ȚȐȖ. 1.63 ([168]). ȈĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ µȘĲȡȫȠυ S πȡαȖµαĲȠπȠȚİȓĲαȚ Ƞ 

µİĲαıȤȘµαĲȚıµȩȢ: 

 ( )1ˆ ijij
su −= Φ  (1.281) 

ȩπȠυ ĲȠ įȚȐȞυıµα ˆ
iu  πİȡȚȑȤİȚ ĲȠ µİĲαıȤȘµαĲȚıµȩ ĲȠυ įİȓȖµαĲȠȢ ıİ ȤȫȡȠ Ȁ įȚαıĲȐıİȦȞ 

țαȞȠȞȚțȫȞ Ĳ.µ. ȅ µİĲαıȤȘµαĲȚıµȩȢ ȠįȘȖİȓ ıĲȘ ıυȖțȑȞĲȡȦıȘ ĲȦȞ įİȚȖµȐĲȦȞ πȑȡȚȟ ĲȠυ 

ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )( )0
1

1

ˆi

N
u i

if ig u
j u i

u
W uP W u

N u

φ
φ<=

 = = ∑ �

�� �  (1.282) 

ȩπȠυ, φu İȓȞαȚ Ș ȈȆȆ ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ ıĲȠ ȤȫȡȠ ĲȦȞ Ȁ įȚαıĲȐıİȦȞ. ȉȠ įİȓȖµα iu�  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.130 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įȓįİĲαȚ ȦȢ: 

 ˆ
i iu u= +m�  (1.283) 

ȩπȠυ, m İȓȞαȚ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ.  

 

∆ȚȐȖ. 1.63: ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ 
įİȚȖµαĲȠȜȘȥȓαȢ παȡȠυıȓαıȘ ĲυȤαȓȠυ įİȓȖµαĲȠȢ ([168]). 

1.16.4 ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ ıĲȡȠφȒ ȤȦȡȓȠυ ĲȚµȫȞ 
(Transformed Importance LHS) 

Ǿ παȡαȜȜαȖȒ αυĲȒ απȠĲİȜİȓ İȟȑȜȚȟȘ ĲȘȢ µİșȩįȠυ ĲȘȢ παȡαȖȡȐφȠυ 1.16.3. ȅ ȤȫȡȠȢ țαȚ Ș 

įȚȐĲαȟȘ İπȚȜȠȖȒȢ παȡȠυıȚȐȗȠȞĲαȚ ȖȚα ȤȫȡȠ 2 įȚαıĲȐıİȦȞ ıĲȠ ∆ȚȐȖ. 1.64 ([168]).  

ǼπȚπȡȠıșȑĲȦȢ ĲȘȢ ıυȖțȑȞĲȡȦıȘȢ ĲȦȞ įİȚȖµȐĲȦȞ ıĲȘȞ πİȡȚȠȤȒ πȑȡȚȟ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ ȑȤȠυµİ țαȚ ıĲȡȠφȒ ĲȠυ ȤȫȡȠυ įİȚȖµαĲȠȜȘȥȓαȢ ȫıĲİ Ș țȪȡȚα įȚİȪșυȞıȘ 

įİȚȖµαĲȠȜȘȥȓαȢ Ȟα ĲαυĲȚıĲİȓ µİ ĲȘ įȚİȪșυȞıȘ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ ĲȠυ ıȘµİȓȠυ 

µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.131 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 1.64: ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ 
įİȚȖµαĲȠȜȘȥȓαȢ µİ ıĲȡȠφȒ ĲȠυ ȤȦȡȓȠυ ĲȚµȫȞ ([168]). 

1.16.5 ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ȠȡșȠȖȫȞȚȠυ πȡȠȢ ĲȘȞ İπȚφȐȞİȚα 
αıĲȠȤȓαȢ (AILHS Axis Importance LHS) 

Ǿ παȡαȜȜαȖȒ αυĲȒ ıυȖțİȞĲȡȫȞİȚ Ĳα ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘ įȚİπȚφȐȞİȚα αıĲȠȤȓαȢ-

ȜİȚĲȠυȡȖȓαȢ. ȅ ȤȫȡȠȢ țαȚ Ș įȚȐĲαȟȘ İπȚȜȠȖȒȢ, ȖȚα ȤȫȡȠ 2 įȚαıĲȐıİȦȞ, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ 

∆ȚȐȖ. 1.65. 

Ǿ ıĲȡȦµαĲȠπȠȓȘıȘ ıİ ȤȫȡȠ Ȁ-1 įȚαıĲȐıİȦȞ țαȚ ĲȠ įİȓȖµα įȓįȠȞĲαȚ ȦȢ: 

 ( ) ( ) ( )1 1
, ,  matrices1ijij

su N K
N

−= Φ = × −−S S P RP R  (1.284) 

ȩπȠυ iju  İȓȞαȚ ĲȠ įİȓȖµα ıĲȠ ĲȡȠπȠπȠȚȘµȑȞȠ țαȚ ıĲȡαµµȑȞȠ ıȪıĲȘµα αȞαφȠȡȐȢ. Ǿ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįİĲαȚ ȦȢ: 

 ( )
1

1 N

f i

i

P b
N =

= Φ −∑  (1.285) 

ȅȚ απȠıĲȐıİȚȢ bi υπȠȜȠȖȓȗȠȞĲαȚ µȑıȦ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȦȢ: 

 [ ]( ) 0,i ig b u =  (1.286) 

ȩπȠυ, iu  İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȚµȫȞ ıĲȚȢ Ȁ-1 įȚαıĲȐıİȚȢ ĲȘȢ ıȤȑıȘȢ (1.284). Ǿ ȜȪıȘ ĲȘȢ ıȤȑıȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.132 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

(1.286) απαȚĲİȓ İπαȞαȜȘπĲȚțȒ įȚαįȚțαıȓα țαȚ ȦȢ αȡȤȚțȒ ȜȪıȘ įȓįİĲαȚ Ș ĲȚµȒ ȕ (Ș απȩıĲαıȘ 

ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ).  

 

∆ȚȐȖ. 1.65: ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ ȐȟȠȞα ȠȡșȩȖȦȞȠ πȡȠȢ ĲȘ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ 
αȞĲȠȤȒȢ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ([168]). 

1.16.6 ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ µİ µİȓȦıȘ παȡαıȚĲȚțȒȢ 
ıυıȤȑĲȚıȘȢ ȠȡșȩȖȦȞȠ πȡȠȢ ĲȘȞ İπȚφȐȞİȚα αıĲȠȤȓαȢ (Axis 
Importance Correlated LHS, AICLHS). 

Ǿ παȡαȜȜαȖȒ αυĲȒ απȠĲİȜİȓ İȟȑȜȚȟȘ ĲȘȢ µİșȩįȠυ ĲȘȢ παȡαȖȡȐφȠυ 1.16.5. Ǿ ıȤȑıȘ (1.284) 

ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) ( )1 * 1
* *ij iju s

N

−= Φ = −S P R  (1.287) 

ȩπȠυ ĲȠ µȘĲȡȫȠ *P  µȠȡφȫȞİĲαȚ µİ ıĲȩȤȠ ĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ ȞȩșȠυ ıυıȤȑĲȚıȘȢ µİ ĲȘ 

ȕȠȒșİȚα ĲȦȞ ıȤȑıİȦȞ (1.274) ȦȢ (1.280). ȈĲȘȞ πİȡȓπĲȦıȘ ȤȫȡȠυ 2 įȚαıĲȐıİȦȞ Ș µȑșȠįȠȢ 

αυĲȒ ĲαυĲȓȗİĲαȚ µİ ĲȘ µȑșȠįȠ ĲȘȢ παȡαȖȡȐφȠυ 1.16.5. 

1.16.7 ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ıİ ȐȟȠȞα ȠȡșȠȖȫȞȚȠ πȡȠȢ ĲȘȞ 
İπȚφȐȞİȚα αıĲȠȤȓαȢ µİ įİȚȖµαĲȠȜȘȥȓα țαĲȐ µȑșȠįȠ MC (AIMC 
Axis Importance MC method). 

ȈĲȩȤȠȢ ĲȘȢ παȡαȜȜαȖȒȢ αυĲȒȢ, İȓȞαȚ Ș αȪȟȘıȘ ĲȘȢ πυțȞȩĲȘĲαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ ıȘµİȓα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 1.133 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȜȘıȓȠȞ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ µİ ıĲȩȤȠ Ȟα ȕİȜĲȚȦșİȓ Ș αțȡȓȕİȚα İțĲȓµȘıȘȢ. ȅ 

ȤȫȡȠȢ țαȚ Ș įȚȐĲαȟȘ İπȚȜȠȖȒȢ, ȖȚα ȤȫȡȠ 2 įȚαıĲȐıİȦȞ, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 1.66 

([168]). 

 

∆ȚȐȖ. 1.66: ȂȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ ıİ ȐȟȠȞα ȠȡșȠȖȫȞȚȠ πȡȠȢ ĲȘ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ 
αȞĲȠȤȒȢ µİ įİȚȖµαĲȠȜȘȥȓα țαĲȐ MC ([168]). 
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2 ΜέșοįοȚ ΒİλĲȚıĲοποίȘıȘς 

2.1 ΕȚıαȖωȖȒ 

ȅ ıȤİįȚαıµȩȢ ĲȦȞ țαĲαıțİυȫȞ πȡαȖµαĲȠπȠȚİȓĲαȚ țαĲȐ φȐıİȚȢ. ȈυȞȒșȦȢ Ș µİȜȑĲȘ ȟİțȚȞȐ µİ 

µȓα Ȓ πİȡȚııȩĲİȡİȢ ȚįȑİȢ πȠυ απȠĲİȜȠȪȞ țαȚ ĲȘȞ πȡȠțαĲαȡțĲȚțȒ µİȜȑĲȘ ȠȚ ȠπȠȓİȢ ıĲȘ 

ıυȞȑȤİȚα υπȠȕȐȜȜȠȞĲαȚ ıĲȘ įȠțȚµαıȓα ĲȘȢ ıυµµȩȡφȦıȘȢ µİ ĲȚȢ ȜİȚĲȠυȡȖȚțȑȢ țαȚ αȚıșȘĲȚțȑȢ 

απαȚĲȒıİȚȢ țαĲαȜȒȖȠȞĲαȢ ıĲȠ ıĲȐįȚȠ ĲȘȢ πȡȠµİȜȑĲȘȢ. ȈĲȘ φȐıȘ αυĲȒ ıυȞȒșȦȢ Ƞ φȠȡȑαȢ ȑȤİȚ 

ȠȡȚıșİȓ πȜȒȡȦȢ ȦȢ πȡȠȢ ĲȘȞ ĲȠπȠȜȠȖȓα țαȚ ĲȚȢ ȤȡȒıİȚȢ ĲȠυ. Ȃİ ȕȐıȘ ĲȘȞ πȡȠµİȜȑĲȘ 

țαĲαȡĲȓȗİĲαȚ ıĲȘ ıυȞȑȤİȚα Ș ȠȡȚıĲȚțȒ µİȜȑĲȘ πȠυ țαȜȪπĲİȚ țαȚ ĲȚȢ απαȚĲȒıİȚȢ ĲȦȞ 

țαȞȠȞȚıĲȚțȫȞ įȚαĲȐȟİȦȞ ȦȢ πȡȠȢ ĲȘȞ αȞĲȠȤȒ țαȚ ĲȘ ȜİȚĲȠυȡȖȚțȩĲȘĲα ĲȘȢ [301].  

ȅȚ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ απȠĲİȜȠȪȞ İȡȖαȜİȓα µİ Ĳα ȠπȠȓα πȡαȖµαĲȠπȠȚİȓĲαȚ µȓα 

țαșȠįȘȖȠȪµİȞȘ πȡȠıπȐșİȚα įȚİȡİȪȞȘıȘȢ ȖȚα ĲȠ πȡȩȕȜȘµα ĲȠυ ıȤİįȚαıµȠȪ [301]. ȅȚ µȑșȠįȠȚ 

αυĲȑȢ İıĲȚȐȗȠυȞ ĲȘȞ πȡȠıπȐșİȚα ĲȠυȢ ıĲȘȞ αυĲȠµαĲȠπȠȓȘıȘ ĲȘȢ įȚαįȚțαıȓαȢ ĲȘȢ ȠȡȚıĲȚțȒȢ 

µİȜȑĲȘȢ Ȓ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ ȕȑȜĲȚıĲȠυ ĲȠπȠȜȠȖȚțȠȪ ıȤİįȚαıµȠȪ țαȜȪπĲȠυȞ țαȚ 

ĲȘ φȐıȘ ĲȘȢ πȡȠµİȜȑĲȘȢ. Η πȡȫĲȘ αȞαφȠȡȐ ıİ πȡȠȕȜȒµαĲα țαĲαıțİυȫȞ ıυȞįυαıµȠȪ 

µİșȩįȦȞ αȞȐȜυıȘȢ µİ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ απȠįȓįİĲαȚ ıĲȠȞ Schmit ĲȠ 1960 [285].  

ȈĲȩȤȠȢ ĲȦȞ µİșȩįȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ, µȑıȦ ĲȘȢ µİĲαȕȠȜȒȢ ĲȦȞ ĲȚµȫȞ ĲȦȞ 

ıχİįȚαıĲȚțȫȞ παȡαµȑĲȡωȞ, Ș İπȓĲİυȟȘ ĲȠυ țαȜȪĲİȡȠυ įυȞαĲȠȪ απȠĲİȜȑıµαĲȠȢ ȦȢ πȡȠȢ 

ıυȖțİțȡȚµȑȞȠ țȡȚĲȒȡȚȠ, ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα, ȚțαȞȠπȠȚȫȞĲαȢ µȓα ıİȚȡȐ πİȡȚȠȡȚıµȫȞ 

[122], [284]. Η ȕαıȚțȒ αȡȤȒ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ İȓȞαȚ Ș țαĲαȞȠµȒ ĲȦȞ įȚαșȑıȚµȦȞ 

πȩȡȦȞ țαĲȐ ĲȑĲȠȚȠ ĲȡȩπȠ πȠυ Ȟα µİȖȚıĲȠπȠȚİȓĲαȚ Ș ȦφȑȜİȚα απȩ ĲȘ ȤȡȒıȘ ĲȠυ. 

ΩȢ ȕȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȠȡȓȗİĲαȚ Ș ıȤİįȓαıȘ Ș ȠπȠȓα πȜȘȡȠȓ ĲȠ ıȪȞȠȜȠ ĲȦȞ πȡȠȨπȠșȑıİȦȞ 

ıȤİįȚαıµȠȪ țαȚ İȜαȤȚıĲȠπȠȚİȓ µȓα ıυȖțİțȡȚµȑȞȘ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ. ȈĲȘȞ πİȡȓπĲȦıȘ 

ĲȦȞ πȠȜυțȡȚĲȘȡȚαțȫȞ πȡȠȕȜȘµȐĲȦȞ ȦȢ ȕȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȠȡȓȗİĲαȚ «Ƞ ıχİįȚαıµȩȢ πȠυ 

πȡȠıφȑȡİȚ ĲȠȞ țαȜȪĲİȡȠ įυȞαĲȩ ıυµȕȚȕαıµȩ ȖȚα ıȪȞȠȜȠ αȞĲȚµαχȩµİȞωȞ ıĲȩχωȞ» [300]. 

ΩȢ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ȠȡȓȗİĲαȚ ĲȠ țȡȚĲȒȡȚȠ ȖȚα ĲȠ ȠπȠȓȠ απαȚĲİȓĲαȚ Ș İȜαȤȚıĲȠπȠȓȘıȘ Ȓ 

Ș µİȖȚıĲȠπȠȓȘıȘ ĲȠυ ıİ ıυȖțİțȡȚµȑȞȠ πİįȓȠ ĲȚµȫȞ (Ƞ ȤȫȡȠȢ ıȤİįȚαıµȠȪ). ΩȢ ıυȞαȡĲȒıİȚȢ 

πİȡȚȠȡȚıµȫȞ ȠȡȓȗȠȞĲαȚ ȠȚ απİȚțȠȞȓıİȚȢ ĲȠυ ıυȞȩȜȠυ ĲȦȞ πİȡȚȠȡȚıµȫȞ πȠυ πȡȑπİȚ Ȟα 

πȜȘȡȠȪȞĲαȚ απȩ țȐșİ υπȠȥȒφȚȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȫıĲİ Ƞ ıȤİįȚαıµȩȢ αυĲȩȢ Ȟα șİȦȡİȓĲαȚ 

απȠįİțĲȩȢ. Η αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ Ȓ ıĲȚȢ πİȡȚπĲȫıİȚȢ ĲȠυ πȠȜυțȡȚĲȘȡȚαțȠȪ ȕȑȜĲȚıĲȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.4 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıȤİįȚαıµȠȪ, ĲȠ πȜȒșȠȢ ĲȦȞ αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ țαșȫȢ țαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ 

ıυȞαȡĲȒıİȦȞ πȠυ İțφȡȐȗȠυȞ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ įȓįȠȞĲαȚ ȦȢ ıȤȑıİȚȢ ĲȠυ 

įȚαȞȪıµαĲȠȢ ĲȦȞ µİĲαȕȜȘĲȫȞ ıȤİįȚαıµȠȪ. 

ΩȢ µİĲαȕȜȘĲȑȢ ıχİįȚαıµȠȪ (µ.ı) ȠȡȓȗȠȞĲαȚ ȠȚ ıȤİįȚαıĲȚțȑȢ παȡȐµİĲȡȠȚ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȖȚα 

ĲȚȢ ȠπȠȓİȢ αȞαȗȘĲİȓĲαȚ Ƞ ıυȞįυαıµȩȢ πȠυ șα İȜαȤȚıĲȠπȠȚȒıİȚ Ȓ µİȖȚıĲȠπȠȚȒıİȚ ĲȘȞ 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ Ȓ șα πȡȠıφȑȡİȚ ĲȠȞ țαȜȪĲİȡȠ įυȞαĲȩ ıυµȕȚȕαıµȩ ıĲȘȞ πİȡȓπĲȦıȘ 

ĲȦȞ πȠȜυțȡȚĲȘȡȚαțȫȞ πȡȠȕȜȘµȐĲȦȞ. ȉȠ ıȪȞȠȜȠ ĲȦȞ µ.ı, ȠȡȓȗİȚ ĲȠ įȚȐȞυıµα ĲȦȞ µ.ı. ȅȚ µ.ı, 

µπȠȡİȓ Ȟα İȓȞαȚ ıυȞİȤİȓȢ Ȓ įȚαțȡȚĲȑȢ. 

ȈĲȘȞ παȡȐȖȡαφȠ 2.2, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țαĲȘȖȠȡȓİȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȦȢ 

πȡȠȢ ĲȠȞ ĲȪπȠ ĲȦȞ ıυȞαȡĲȒıİȦȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ ıυȞαȡĲȒıİȦȞ 

πİȡȚȠȡȚıµȠȪ țαșȫȢ țαȚ ĲȠυ ĲȪπȠυ ĲȦȞ µ.ı. ȈĲȘȞ παȡȐȖȡαφȠ 2.3, ȠȡȓȗİĲαȚ ĲȠ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȈĲȘȞ παȡȐȖȡαφȩ 2.4, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ 

αȞĲȚțİȚµİȞȚțȑȢ ıυȞαȡĲȒıİȚȢ ıİ πȡȠȕȜȒµαĲα µȠȞȠțȡȚĲȘȡȚαțȠȪ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ İȞȫ 

ıĲȘȞ παȡȐȖȡαφȠ 2.5, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µİșȠįȠȜȠȖȓİȢ ıυȞįυαıµȠȪ ĲȦȞ αȞĲȚțİȚµİȞȚțȫȞ 

ıυȞαȡĲȒıİȦȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ ȜȪıȘȢ ıİ πȡȠȕȜȒµαĲα 

πȠȜυțȡȚĲȘȡȚαțȠȪ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ. ȈĲȘȞ παȡȐȖȡαφȠ 2.6, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȐµİıİȢ 

µȑșȠįȠȚ ȖȚα ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ πȡȠȕȜȘµȐĲȦȞ ıυȞİȤȫȞ µ.ı țαșȫȢ țαȚ ȠȚ įȚȐφȠȡİȢ 

ıĲȡαĲȘȖȚțȑȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȈĲȘȞ παȡȐȖȡαφȠ 2.7, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µȑșȠįȠȚ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ µ.ı Ȓ ıυȞįυαıµȩ ıυȞİȤȫȞ țαȚ įȚαțȡȚĲȫȞ µ.ı. 

ȆαȡȠυıȚȐȗİĲαȚ αȞαȜυĲȚțȐ Ș µȑșȠįȠȢ ĲȦȞ ΓİȞİĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ (Γǹ) țαȚ ĲȦȞ παȡαȜȜαȖȫȞ 

ĲȘȢ țαșȫȢ țαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ πȠυ αȞȒțȠυȞ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 

ΕȟİȜȚțĲȚțȫȞ ȈĲȡαĲȘȖȚțȫȞ (ΕȈ). 

2.2 ΚαĲȘȖȠȡȚȠπȠȓȘıȘ ΜİșȩįωȞ ǺİȜĲȚıĲȠπȠȓȘıȘȢ 

ȉα πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ αȞȐȜȠȖα µİ ĲȘȞ υφȒ ĲȦȞ µ.ı, țαșȫȢ țαȚ ĲȠȞ ĲȪπȠ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ ȤȦȡȓȗȠȞĲαȚ ıĲȚȢ παȡαțȐĲȦ 

țαĲȘȖȠȡȓİȢ: 

• ȈυȞİȤİȓȢ µ.ı, ıυȞαȡĲȒıİȚȢ αȞĲȚțİȚµİȞȚțȒȢ, țαȚ ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȫȞ. ȅȚ ıυȞαȡĲȒıİȚȢ 

ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ παȡαȖȦȖȓıȚµİȢ µİ ıυȞİȤİȓȢ πȡȫĲİȢ παȡαȖȫȖȠυȢ. 

• ȂȓȟȘ ıυȞİȤȫȞ țαȚ įȚαțȡȚĲȫȞ µ.ı υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ȠȚ įȚαțȡȚĲȑȢ µ.ı 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ ȦȢ ıυȞİȤİȓȢ. ȅȚ ıυȞαȡĲȒıİȚȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.5 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȓȞαȚ ıυȞİȤİȓȢ țαȚ παȡαȖȦȖȓıȚµİȢ µİ ıυȞİȤİȓȢ πȡȫĲİȢ παȡαȖȫȖȠυȢ. 

• ȂȓȟȘ ıυȞİȤȫȞ țαȚ įȚαțȡȚĲȫȞ µ.ı ȩπȠυ ȠȚ ıυȞαȡĲȒıİȚȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ πİȡȚȠȡȚıµȫȞ 

İȓȞαȚ µȘ παȡαȖȦȖȓıȚµİȢ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ țαȚ ȠȚ įȚαțȡȚĲȑȢ µ.ı αȞĲȚµİĲȦπȓȗȠȞĲαȚ ȦȢ 

ıυȞİȤİȓȢ. 

• ȂȓȟȘ ıυȞİȤȫȞ țαȚ įȚαțȡȚĲȫȞ µ.ı ȩπȠυ ȠȚ ıυȞαȡĲȒıİȚȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ 

πİȡȚȠȡȚıµȫȞ İȓȞαȚ įυȞαĲȩ Ȟα İȓȞαȚ Ȓ Ȟα µȘȞ İȓȞαȚ ıυȞİȤİȓȢ țαȚ παȡαȖȦȖȓıȚµİȢ țαȚ ȠȚ 

įȚαțȡȚĲȑȢ µ.ı αȞĲȚµİĲȦπȓȗȠȞĲαȚ ȦȢ įȚαțȡȚĲȑȢ. 

• ȂȓȟȘ ıυȞİȤȫȞ țαȚ įȚαțȡȚĲȫȞ µ.ı ȩπȠυ ȠȚ ıυȞαȡĲȒıİȚȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ 

πİȡȚȠȡȚıµȫȞ İȓȞαȚ įυȞαĲȩ Ȟα İȓȞαȚ Ȓ Ȟα µȘȞ İȓȞαȚ ıυȞİȤİȓȢ țαȚ παȡαȖȦȖȓıȚµİȢ țαȚ ȠȚ 

įȚαțȡȚĲȑȢ µ.ı İȓȞαȚ πİπȜİȖµȑȞİȢ µİ ȐȜȜİȢ µ.ı țαȚ Ș ĲȚµȒ ȖȚα µȓα ȠȚ πİȡȚııȩĲİȡİȢ απȩ αυĲȑȢ 

țαșȠȡȓȗİȚ ĲȘȞ ĲȚµȒ ĲȦȞ υπȠȜȠȓπȦȞ πİπȜİȖµȑȞȦȞ µ.ı. 

2.2.1 ΜȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα ıυȞİχȫȞ 
µİĲαȕȜȘĲȫȞ ıχİįȚαıµȠȪ 

ȅȚ µȑșȠįȠȚ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ (Linear Programming LP) țαȚ µȘ ȖȡαµµȚțȠȪ 

πȡȠȖȡαµµαĲȚıµȠȪ (Non Linear Programming, NLP) απȠĲİȜȠȪȞ țαȚ ĲȚȢ πȚȠ įȚαįİįȠµȑȞİȢ 

țαĲȘȖȠȡȓİȢ µİșȩįȦȞ ȖȚα ĲȘ ȜȪıȘ πȡȠȕȜȘµȐĲȦȞ ıυȞİȤȫȞ µ.ı. ΓȚα ĲȚȢ µİșȩįȠυȢ αυĲȑȢ πȡȑπİȚ 

Ȟα İȟαıφαȜȓȗİĲαȚ Ș ıυȞȑȤİȚα țαȚ ȪπαȡȟȘ παȡαȖȫȖȦȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ 

ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ. ȅȚ µȑșȠįȠȚ αυĲȑȢ ȤȦȡȓȗȠȞĲαȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ ȐµİıȦȞ 

µİșȩįȦȞ țαȚ ȑµµİıȦȞ µİșȩįȦȞ: 

• ȂȑșȠįȠȢ µȑȖȚıĲȘȢ țȜȓıȘȢ – (Method of steepest descent) 

• ȂȑșȠįȠȢ ĲȦȞ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ (Method of feasible directions) 

• ȉȡȠπȠπȠȚȘµȑȞȘ µȑșȠįȠȢ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ - (Modified MFD) 

• ȂȑșȠįȠȢ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ – (Sequential linear programming)  

• ȂȑșȠįȠȢ ĲȦȞ İȖȖİȖȡαµµȑȞȦȞ ıφαȚȡȫȞ – (Method of inscribed spheres MǿS) 

• ȂȑșȠįȠȢ įİυĲİȡȠȕȐșµȚȠυ πȡȠȖȡαµµαĲȚıµȠȪ – (Sequential quadratic programming SQP)  

• ȂȑșȠįȠȢ țυȡĲȠȪ πȡȠȖȡαµµαĲȚıµȠȪ – (Sequential convex programming) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.6 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• ȂȑșȠįȠȢ µİĲαȕαȜȜȩµİȞȦȞ αıȪµπĲȦĲȦȞ – (Method of moving asymptotes) 

ȅȚ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα Ȑµİıα Ȓ ȑµµİıα ıĲȘȡȓȗȠȞĲαȚ 

ıĲȘ µİȖȚıĲȠπȠȓȘıȘ Ȓ İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȚțαȞȠπȠȚȫȞĲαȢ 

ĲαυĲȠȤȡȩȞȦȢ ĲȠ ıȪȞȠȜȠ ĲȦȞ απαȚĲȒıİȦȞ ıȤİįȚαıµȠȪ [284], [122]. ȅ ĲȡȩπȠȢ ȠȡȚıµȠȪ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ İȟαıφαȜȓȗİȚ ȩĲȚ ȠȚ µȑșȠįȠȚ αυĲȑȢ șα ȕİȜĲȚȫıȠυȞ ĲȘȞ αȡȤȚțȒ ıȤİįȓαıȘ Ȓ șα 

İπȚȕİȕαȚȫıȠυȞ ȩĲȚ Ƞ αȡȤȚțȩȢ ıȤİįȚαıµȩȢ απȠĲİȜİȓ ȖȚα ĲȘȞ İυȡȪĲİȡȘ πİȡȚȠȤȒ ĲȠυ ȤȫȡȠυ ĲȦȞ 

µ.ı, Ƞ țαȜȪĲİȡȠȢ įυȞαĲȩȢ ıȤİįȚαıµȩȢ. 

2.2.2 ΜȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ 
µİĲαȕȜȘĲȫȞ ıχİįȚαıµȠȪ 

ȅȚ țυȡȚȩĲİȡİȢ µȑșȠįȠȚ πȠυ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ıİ πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ įȚαțȡȚĲȑȢ 

µ.ı ȤȦȡȓȗȠȞĲαȚ ıĲȚȢ αȞαȜυĲȚțȑȢ µİșȩįȠυȢ țαȚ ĲȚȢ ıĲȠȤαıĲȚțȑȢ µİșȩįȠυȢ. 

ȈĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ αȞαȜυĲȚțȫȞ µİșȩįȦȞ țαĲαĲȐııȠȞĲαȚ ȠȚ µȑșȠįȠȚ: 

• ∆ȚαțȜȐįȦıȘȢ țαȚ ΦȡαȖȒȢ (Branch and Bound Method). 

• ∆ȚαįȠȤȚțȒȢ ΓȡαµµȚțȠπȠȓȘıȘȢ (Sequential Linearization Method). 

• ǹțȑȡαȚȠυ ȆȡȠȖȡαµµαĲȚıµȠȪ (Integer Programming). 

ȈĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ țαĲαĲȐııȠȞĲαȚ ȠȚ µȑșȠįȠȚ: 

• ΓİȞİĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ (Genetic Algorithms) 

• ΕȟİȡİȪȞȘıȘȢ Tabu (Tabu Search) 

• ȆȡȠıȠµȠȚȦµȑȞȘȢ ǹȞȩπĲȘıȘȢ (Simulated Annealing) 

• ΕȟİȜȚțĲȚțȑȢ ȈĲȡαĲȘȖȚțȑȢ (Evolutionary Strategies) 

• ȈυȞİȟİȜȚțĲȚțȑȢ ȈĲȡαĲȘȖȚțȑȢ (Coevolution Strategies) 

ȅȚ αȞαȜυĲȚțȑȢ µȑșȠįȠȚ αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαĲȐ ȞĲİĲİȡµȚȞȚıĲȚțȩ 

ĲȡȩπȠ µȑıȦ ĲȘȢ țαĲȐıĲȡȦıȘȢ İȞȩȢ µαșȘµαĲȚțȠȪ πȡȠȕȜȒµαĲȠȢ țαȚ ĲȘȢ İȪȡİıȘȢ ĲȘȢ ȜȪıȘȢ 

πȠυ ȚțαȞȠπȠȚİȓ Ĳα țȡȚĲȒȡȚα ĲȠυ πȡȠȕȜȒµαĲȠȢ αυĲȠȪ. ȈĲȘȞ πİȡȓπĲȦıȘ țυȡĲȠȪ ȤȫȡȠυ 

ıȤİįȚαıµȠȪ įȚαıφαȜȓȗİĲαȚ Ș İȪȡİıȘ ĲȘȢ αțȡȩĲαĲȘȢ ĲȚµȒȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.7 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ ıĲȠȤαıĲȚțȑȢ µȑșȠįȠȚ αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ πȠȚțȓȜȠυȢ 

ĲȡȩπȠυȢ. ǺαıȚțȩ ĲȠυȢ ȖȞȫȡȚıµα İȓȞαȚ ȩĲȚ įİȞ İȓȞαȚ įυȞαĲȩ Ȟα įȚαıφαȜȚıĲİȓ Ș İȪȡİıȘ ĲȠυ 

απȩȜυĲȠυ İȜαȤȓıĲȠυ Ȓ µİȖȓıĲȠυ İφȩıȠȞ ȠȚ µȑșȠįȠȚ αυĲȑȢ ıĲȘȡȓȗȠȞĲαȚ ıĲȘȞ İȟȑȜȚȟȘ 

αțȠȜȠυșȚȫȞ ĲυȤαȓȦȞ ȖİȖȠȞȩĲȦȞ. 

2.3 ȅȡȚıµȩȢ ȆȡȠȕȜȒµαĲȠȢ 

ȉȠ πȡȩȕȜȘµα µȠȞȠțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ [122] țαȚ [284]: 
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ȩπȠυ, f(x) İȓȞαȚ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ, g(x) İȓȞαȚ ȠȚ ȚıȠĲȚțȑȢ țαȚ αȞȚıȠĲȚțȑȢ ıυȞαȡĲȒıİȚȢ 

πİȡȚȠȡȚıµȠȪ, xiL țαȚ xiU İȓȞαȚ ĲȠ țȐĲȦ țαȚ ȐȞȦ ȩȡȚȠ ĲȘȢ ıυȞİȤȠȪȢ µ.ı, xi țαȚ p, m, nd țαȚ n 

İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ, ĲȠ ıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ, ĲȠ πȜȒșȠȢ ĲȦȞ 

įȚαțȡȚĲȫȞ µ.ı țαȚ Ƞ ıυȞȠȜȚțȩȢ αȡȚșµȩȢ ĲȦȞ µ.ı, ĲȠυ πȡȠȕȜȒµαĲȠȢ. 

ȅȚ πİȡȚȠȡȚıĲȚțȠȓ ȩȡȠȚ țαșȠȡȓȗȠυȞ țαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ πȠυ πȡȑπİȚ Ȟα ȚțαȞȠπȠȚİȓ 

țȐșİ απȠįİțĲȩȢ ıȤİįȚαıµȩȢ. ȅȚ İțφȡȐıİȚȢ αυĲȑȢ µπȠȡİȓ Ȟα İȓȞαȚ ȐµİıİȢ Ȓ ȑµµİıİȢ 

ıυȞαȡĲȒıİȚȢ ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ µ.ı. 

2.4 ΜȠȞȠțȡȚĲȘȡȚαțȩȢ ǺȑȜĲȚıĲȠȢ ȈχİįȚαıµȩȢ 

ȈĲȘȞ απȜȠȪıĲİȡȘ ĲȠυ µȠȡφȒ Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ İıĲȚȐȗİȚ ĲȘȞ πȡȠıȠȤȒ ĲȠυ ıĲȘȞ 

İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ țȩıĲȠυȢ Ȓ ĲȠυ αȞαȖțαȓȠυ ȖȚα ĲȘȞ țαĲαıțİυȒ υȜȚțȠȪ [170]. ȈĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ İȞȩȢ ȑȡȖȠυ µİ țȡȚĲȒȡȚȠ ĲȠ țȩıĲȠȢ ȗȦȒȢ ĲȠυ, Ș 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ πİȡȚȜαµȕȐȞİȚ πȑȡα απȩ ĲȠ țȩıĲȠȢ αȞȑȖİȡıȘȢ, ĲȠ țȩıĲȠȢ 

ıυȞĲȒȡȘıȘȢ, ĲȠ țȩıĲȠȢ İπȚįȚȩȡșȦıȘȢ țαȚ ĲȠ πȚșαȞȩ țȩıĲȠȢ ıİ πİȡȓπĲȦıȘ µİȡȚțȒȢ Ȓ ȠȜȚțȒȢ 

αıĲȠȤȓαȢ. Ȇȑȡα απȩ ĲȘȞ İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ țȩıĲȠυȢ ȦȢ αȞĲȚțİȚµİȞȚțȑȢ ıυȞαȡĲȒıİȚȢ İȓȞαȚ 

įυȞαĲȩȞ Ȟα ȠȡȚıșȠȪȞ ȑȞα Ȓ πİȡȚııȩĲİȡα İț ĲȦȞ ıĲαĲȚțȫȞ Ȓ / țαȚ įυȞαµȚțȫȞ 

ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȘȢ υπȩ İȟȑĲαıȘ țαĲαıțİυȒȢ. ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗİĲαȚ 

αȞαıțȩπȘıȘ ĲȦȞ ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

2.4.1 ΕȜαχȚıĲȠπȠȓȘıȘ ȊȜȚțȠȪ – ΚȩıĲȠυȢ ǹȞȑȖİȡıȘȢ 
Η αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ İȜαȤȚıĲȠπȠȓȘıȘȢ ĲȦȞ πȡȫĲȦȞ υȜȫȞ ȖȚα ĲȘȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.8 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αȞȑȖİȡıȘ [170] Ȓ ĲȠυ ıυȞȠȜȚțȠȪ țȩıĲȠυȢ αȞȑȖİȡıȘȢ [69], įȓįİĲαȚ ȦȢ [289]: 
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ȩπȠυ ĲȠ ȤȦȡȚțȩ ȠȜȠțȜȒȡȦµα dV
Ω∫  ȠȡȓȗİȚ ĲȠȞ ȩȖțȠ ĲȠυ υȜȚțȠȪ, cv İȓȞαȚ ĲȠ țȩıĲȠȢ ĲȠυ υȜȚțȠȪ 

αȞȐ µȠȞȐįα ȩȖțȠυ țαȚ ci·fi(x) İȓȞαȚ ĲȠ țȩıĲȠυȢ ĲȠυ i παȡȐȖȠȞĲα πȠυ ıυµµİĲȑȤİȚ ıĲȘ 

įȚαµȩȡφȦıȘ ĲȠυ ıυȞȠȜȚțȠȪ țȩıĲȠυȢ. 

2.4.2 ǹȞȐȜυıȘ țȩıĲȠυȢ įȚȐȡțİȚαȢ ȗωȒȢ – Life Cycle Cost Analysis 

ȈĲȘȞ πİȡȓπĲȦıȘ αȞȐȜυıȘȢ țȩıĲȠυȢ ȗȦȒȢ ĲȠ țȩıĲȠȢ ȠȡȓȗİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȠυ țȩıĲȠυȢ 

αȞȑȖİȡıȘȢ, ĲȠυ țȩıĲȠυȢ ıυȞĲȒȡȘıȘȢ, ĲȠυ țȩıĲȠυȢ İπȚįȚȩȡșȦıȘȢ ıİ πİȡȓπĲȦıȘ ȕȜȐȕȘȢ țαȚ 

ĲȠυ țȩıĲȠυȢ ȜȩȖȦ µİȡȚțȒȢ Ȓ ȠȜȚțȒȢ αıĲȠȤȓαȢ [289]: 

 ( ) ( ) ( ) ( ) ( ) ( ), , , , ,o m R Ff E C C C C Ct t t t t≡ = + + +  x x x x xx  (2.3) 

ȩπȠυ Co(x,t), Cm(x,t), CR(x,t) țαȚ CF(x,t) İȓȞαȚ ĲȠ țȩıĲȠȢ țαĲαıțİυȒȢ, ıυȞĲȒȡȘıȘȢ, 

αȞĲȚțαĲȐıĲαıȘȢ țαȚ įȠµȚțȒȢ αıĲȠȤȓαȢ (µİȡȚțȒȢ Ȓ ȠȜȚțȒȢ) țαȚ x İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ µ.ı. 

ȈĲȘ ȖİȞȚțȩĲİȡȘ πİȡȓπĲȦıȘ ȩπȠυ Ș αȞĲȠȤȒ ĲȘȢ țαĲαıțİυȒȢ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȠυ ȤȡȩȞȠυ, ĲȠ 

µȑıȠ αȞαµİȞȩµİȞȠ ıυȞȠȜȚțȩ țȩıĲȠȢ įȓįİĲαȚ ȦȢ [289]: 

 ( ) ( ) ( )( ) ( ) ( ),

1 1 0

; ,, i

tN t k
t

o j i j m F

i j

f C E C e P t C e d C tt
λ λτ τ− −

= =
 = + ⋅ ⋅ + ⋅ +  ∑∑ ∫x x x xx  (2.4) 

ȩπȠυ, Ȝ İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ µİȓȦıȘȢ αȟȓαȢ țİφαȜαȓȠυ, țαȚ Cm țαȚ Co İȓȞαȚ ĲȠ țȩıĲȠȢ 

ıυȞĲȒȡȘıȘȢ țαȚ țαĲαıțİυȒȢ αȞĲȓıĲȠȚȤα. ȅ ıυȞĲİȜİıĲȒȢ țȩıĲȠυȢ ıĲȘȞ πİȡȓπĲȦıȘ υπȑȡȕαıȘȢ 

ĲȘȢ ȠȡȚαțȒȢ țαĲȐıĲαıȘȢ CF įȓįİĲαȚ ȦȢ [289]: 

 ( )
( ) ( ) ( ) ( )

( ) ( )

1

1 1 1

2 1
1

1 1 1

, , , ,

,

, ,

n n n
i ij

i l ij l
k

i i j i

F l n n n
l ijk

ijk l

i j i k j

P Pt t t t

C Ct

Pt t

ν ν
ν

−

= = = +
− −=
= = + = +

 ⋅ + ⋅ +  = ⋅  ⋅ +   

∑ ∑∑∑ ∑∑ ∑
x x x x

x

x x …
 (2.5) 

ȩπȠυ Cl İȓȞαȚ ĲȠ țȩıĲȠȢ υπȑȡȕαıȘȢ ĲȘȢ l ȠȡȚαțȒȢ țαĲȐıĲαıȘȢ, țαȚ k țαȚ n İȓȞαȚ ĲȠ πȜȒșȠȢ 

ĲȦȞ υπȩ İȟȑĲαıȘ ȠȡȚαțȫȞ țαĲαıĲȐıİȦȞ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ țȡȓıȚµȦȞ φȠȡĲȓȦȞ αȞĲȓıĲȠȚȤα. Η 

įİıµİυµȑȞȘ ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( )
1

a events

, , , , ,
e

l

N

ij k i j k d

l

t t t t tν ν ν ν µ
=

 = ⋅ ⋅   ∑x x x x x… "
�����	����


 (2.6) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.9 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ Ȟi țαȚ µdi İȓȞαȚ Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ țαȚ Ș įȚȐȡțİȚα ĲȠυ i ȖİȖȠȞȩĲȠȢ υπȑȡȕαıȘȢ 

αȞĲȠȤȒȢ αȞĲȓıĲȠȚȤα, țαȚ Ne İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ υπȩ İȟȑĲαıȘ ȖİȖȠȞȩĲȦȞ. Η πȚșαȞȩĲȘĲα 

Pl
ij…k

(x,t) İȓȞαȚ Ș πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ ĲȘȢ l ȠȡȚαțȒȢ țαĲȐıĲαıȘȢ ıĲȘȞ πİȡȓπĲȦıȘ 

ĲαυĲȩȤȡȠȞȒȢ İµφȐȞȚıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ {i,j,…,k}. 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ȖȚα ĲȘ ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ ȚıȤȪİȚ ȩĲȚ: 

 ( ){ } ( ){ } ( ){ } ( ){ }, ,
,, , ,

min max min max, , , ,i ij ij i j k
i i ji j i j k

t t t tν ν ν ν>> ≥ >>x x x x …  (2.7) 

Ƞ ıυȞĲİȜİıĲȒȢ CF ĲȘȢ ıȤȑıȘȢ (2.6) πȡȠıİȖȖȓȗİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 ( ) ( )
1 1

, ,
k n

i

F l i l

l i

C C Pt tν
= =

 ≅ ⋅ ⋅  ∑ ∑ x x  (2.8) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș αȞĲȠȤȒ ĲȘȢ țαĲαıțİυȒȢ įİȞ µİĲαȕȐȜȜİĲαȚ ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ Ș ıȤȑıȘ 

(2.4) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( ), ,
, 1

F m t

o

C t C t
f t C e λλ −+= + −x x

x x  (2.9) 

ȈĲȘȞ πİȡȓπĲȦıȘ ıĲαșİȡȫȞ ĲȚµȫȞ țαȚ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș πȚșαȞȩĲȘĲα ȠȜȚțȒȢ αıĲȠȤȓαȢ 

ĲȘȢ țαĲαıțİυȒȢ İȓȞαȚ αȞİȟȐȡĲȘĲȘ ĲȠυ ȤȡȩȞȠυ, ĲȠ țȩıĲȠȢ ȗȦȒȢ įȓįİĲαȚ ȦȢ [67], [68]: 

 ( ) ( ) ( ) ,, Po f s ff t f C C= = + ⋅x x x  (2.10) 

ȩπȠυ Cf țαȚ Pf,s İȓȞαȚ ĲȠ țȩıĲȠȢ ȜȩȖȦ αıĲȠȤȓαȢ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ȅȚ Frangopol țαȚ Maute, [92], παȡȠυıȚȐȗȠυȞ αȞαıțȩπȘıȘ ĲȦȞ İφαȡµȠȖȫȞ ĲȘȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ țȩıĲȠυȢ ȗȦȒȢ ıİ įȠµȚțȐ ıυıĲȒµαĲα țαȚ ıĲȘȞ αİȡȠȞαυπȘȖȚțȒ ȕȚȠµȘȤαȞȓα. 

ȈĲȘȞ παȡȐȖȡαφȠ 2.9, παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ Ĳα πȡȠıȠµȠȚȫµαĲα ȕȑȜĲȚıĲȘȢ ıυȞĲȒȡȘıȘȢ 

țαĲαıțİυȫȞ πȠυ ıĲȘȡȓȗȠȞĲαȚ ıĲȘȞ αȞȐȜυıȘ țȩıĲȠυȢ ȗȦȒȢ. 

2.4.3 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȖȚα ĲȘ µİȖȚıĲȠπȠȓȘıȘ ĲȠυ įİȓțĲȘ 
αȟȚȠπȚıĲȓαȢ 

Ȇȑȡα απȩ ĲȘ µİȓȦıȘ ĲȠυ ıυȞȠȜȚțȠȪ țȩıĲȠυȢ įȘµȠφȚȜȒȢ İȓȞαȚ Ș πȡαțĲȚțȒ ȩπȠυ ȖȚα 

ıυȖțİțȡȚµȑȞȠ țȩıĲȠȢ ȗȘĲİȓĲαȚ Ș ȜȪıȘ πȠυ µİȖȚıĲȠπȠȚİȓ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ [221], [202], [220], [295], [89], [97], [98]. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ, ĲȠ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ ıȤȑıȘȢ (2.1) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.10 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 
( )
( )
( )[ ]

,

lim

max min

0 1, ,

0 1, , ; 1, ,

Ĳ.µ

st f s

j

n
j i iL i iU d

k k

i

P

g j p

g j p m x x x x i n n

yE CC

β ∧
= = ′ ′′ ≡ ∪ ≤ = +′ ∈ ≤ ≤ = + ′∈ ⊆≤′

x x yx

Dx

D y Dx

…
… …

 (2.11) 

ȩπȠυ, E[C(x’)] İȓȞαȚ ĲȠ µȑıȠ αȞαµİȞȩµİȞȠ țȩıĲȠȢ, Clim İȓȞαȚ ĲȠ µȑȖȚıĲȠ απȠįİțĲȩ țȩıĲȠȢ, xi 

İȓȞαȚ ȠȚ ȞĲİĲİȡµȚȞȚıĲȚțȑȢ µ.ı, yi İȓȞαȚ ȠȚ ĲυȤαȓİȢ µİĲαȕȜȘĲȑȢ (Ĳ.µ), țαȚ ȕs țαȚ Pf,s İȓȞαȚ Ƞ 

įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ υπȩ İȟȑĲαıȘ ıυıĲȒµαĲȠȢ αȞĲȓıĲȠȚȤα. 

2.4.4 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȖȚα ĲȘȞ İȜαχȚıĲȠπȠȓȘıȘ ĲȘȢ 
İȞįȠĲȚțȩĲȘĲαȢ 

Ȉİ șȑµαĲα ĲȠπȠȜȠȖȚțȠȪ ıȤİįȚαıµȠȪ ȦȢ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ıυȞȒșȦȢ Ș 

İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ İȞįȠĲȚțȩĲȘĲαȢ ĲȠυ ıυıĲȒµαĲȠȢ [65], [48], [51], [207], [27], [101]. Η 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ įȓįİĲαȚ ȦȢ [101], [207]: 

 ( ) B S S

i i i i

V S

f f u dV f u dS= ⋅ ⋅ + ⋅∫ ∫x  (2.12) 

ȩπȠυ fi
B
 İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ İπȚȕαȜȜȩµİȞȦȞ φȠȡĲȓȦȞ, ui İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ 

µİĲαĲȠπȓıİȦȞ ıĲȠȞ ȩȖțȠ ĲȠυ ıĲİȡİȠȪ ıȫµαĲȠȢ, fi
S
 İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ įυȞȐµİȦȞ ıĲȘ 

įȚİπȚφȐȞİȚα İπαφȒȢ ĲȠυ ıĲİȡİȠȪ țαȚ ui
S
 İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ µİĲαțȚȞȒıİȦȞ ıĲȘ įȚİπȚφȐȞİȚα 

αυĲȒ. Ȉİ įȚαțȡȚĲȐ įȠµȚțȐ ıυıĲȒµαĲα Ș ıȤȑıȘ (2.12) įȓįİĲαȚ ȦȢ [189]: 

 ( ) 1 1

2 2

f fT T

f f S S

S S

f
   = ⋅ + ⋅ = =      
P u

P u P u P ux
P u

 (2.13) 

ΕȚįȚțȩĲİȡα, ȠȚ Chickermane țαȚ Gea, [51], αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα ĲȘȢ İȪȡİıȘȢ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ ĲȠπȠȜȠȖȓαȢ ȘȜȫıİȦȞ ȖȚα ĲȘȞ İπȚıțİυȒ ȡȦȖµȫȞ ıİ țİȜȪφȘ αİȡȠıțαφȫȞ µİ ıĲȩȤȠ 

ĲȘ µİȓȦıȘ ĲȘȢ İȞįȠĲȚțȩĲȘĲαȢ ĲȠυ țİȜȪφȠυȢ ıĲȘȞ πİȡȚȠȤȒ ĲȘȢ İπȚıțİυȒȢ. ȅȚ Diaz et al., [65], 

αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα ĲȘȢ ȕȑȜĲȚıĲȘȢ țαĲαȞȠµȒȢ υȜȚțȠȪ ıİ πȜȐțİȢ µİ ıĲȩȤȠ ĲȘȞ 

İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ İȞįȠĲȚțȩĲȘĲαȢ. ǹȞĲȓıĲȠȚȤȠ πȡȩȕȜȘµα αȞĲȚµİĲȦπȓıĲȘțİ απȩ ĲȠυȢ 

Fernandes et al., [81] ȖȚα ĲȡȚıįȚȐıĲαĲİȢ țαĲαıțİυȑȢ. 

2.4.5 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȖȚα ĲȘ µİȖȚıĲȠπȠȓȘıȘ ĲȘȢ ıĲȚȕαȡȩĲȘĲαȢ 
ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ πȡȩȕȜȘµα µİȖȚıĲȠπȠȓȘıȘȢ ĲȘȢ πȡȦĲİȪȠυıαȢ 

ıυȤȞȩĲȘĲαȢ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ ȗȘĲİȓĲαȚ Ș µİȖαȜȪĲİȡȘ įυȞαĲȒ ıĲȚȕαȡȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ 

[185], [207], [48]. Η αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ įȓįİĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.11 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 1min λ− =K × V - M × V ×Ȝ 0  (2.14) 

ȩπȠυ, Ȁ İȓȞαȚ ĲȠ µȘĲȡȫȠ ıĲȚȕαȡȩĲȘĲαȢ, V İȓȞαȚ ĲȠ µȘĲȡȫȠ ȚįȚȠµȠȡφȫȞ țαȚ Ȝ İȓȞαȚ ĲȠ 

įȚαȖȫȞȚȠ µȘĲȡȫȠ ĲȦȞ ȚįȚȠĲȚµȫȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ.  

2.4.6 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȖȚα ĲȘ µİȖȚıĲȠπȠȓȘıȘ ĲȠυ țȡȓıȚµȠυ 
φȠȡĲȓȠυ ıİ ȜυȖȚıµȩ 

ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ πȡȩȕȜȘµα µİȖȚıĲȠπȠȓȘıȘȢ ĲȠυ țȡȓıȚµȠυ φȠȡĲȓȠυ 

ıİ ȜυȖȚıµȩ ȜȩȖȦ αȟȠȞȚțȫȞ φȠȡĲȓȦȞ Ȓ ıĲȡȑȥȘȢ. Η αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ȠȡȓȗİĲαȚ ȦȢ: 

 1min dλ− =K - Ȝ×K 0  (2.15) 

ȩπȠυ Kd İȓȞαȚ ĲȠ įȚαφȠȡȚțȩ µȘĲȡȫȠ ıĲȚȕαȡȩĲȘĲαȢ πȠυ ȜαµȕȐȞİȚ υπȩȥȘ ĲȘ µİĲαȕȠȜȒ ĲȘȢ 

įυȞαµȚțȒȢ İȞȑȡȖİȚαȢ ĲȠυ ıυıĲȒµαĲȠȢ ȜȩȖȦ ĲȘȢ παȡαµȩȡφȦıȘȢ ĲȠυ țαȚ ȦȢ Ȝ İȓȞαȚ ĲȠ 

įȚαȖȫȞȚȠ µȘĲȡȫȠ ĲȦȞ ȚįȚȠĲȚµȫȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȅȚ Walker et al., [286], ȠȡȓȗȠυȞ ȦȢ 

αȞĲȚțİȚµİȞȚțȑȢ ıυȞαȡĲȒıİȚȢ ıİ πȡȩȕȜȘµα πȠȜυțȡȚĲȘȡȚαțȠȪ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ĲȠ țȡȓıȚµȠ 

φȠȡĲȓȠ ȜυȖȚıµȠȪ ıİ șȜȓȥȘ țαȚ ıĲȡȑȥȘ ıȪµµİȚțĲȦȞ țυȜȚȞįȡȚțȫȞ țİȜυφȫȞ ΩȢ παȡȐµİĲȡȠȢ 

ıȤİįȚαıµȠȪ ıĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα ȠȡȓȗİĲαȚ Ș ȖȦȞȓα πȜȑȟȘȢ ĲȠυ υȜȚțȠȪ İȞȓıȤυıȘȢ. ΩȢ 

αȜȖȩȡȚșµȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα ĲȠ µȠȞȠįȚȐıĲαĲȠ πȡȩȕȜȘµα ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ İπȚȜİȤșİȓ Ș 

µȑșȠįȠȢ ĲȘȢ ȤȡυıȒȢ ĲȠµȒȢ [122]. 

2.5 ȆȠȜυțȡȚĲȘȡȚαțȩȢ ǺȑȜĲȚıĲȠȢ ȈχİįȚαıµȩȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠ πȡȩȕȜȘµα ȠȡȓȗİĲαȚ ȦȢ [52]: 

 

( ) ( )[ ]
( )
( )

{ }

1

1
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0 1, ,

0 1, ,
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N
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i qii i i d iL i iU d

T f f

g j p

g j p m

d dx D D i n x x x i n n

= = ≤ = +
∈ = = ≤ ≤ = +

x x

x

x
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… … …

 (2.16) 

ȩπȠυ T[f1(x),…,fN(x)] İȓȞαȚ Ƞ ĲİȜİıĲȒȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ {f1(x),…,fN(x)} πȠυ țαșȠȡȓȗİȚ ĲȘȞ 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ µİ ĲȘȞ ȠπȠȓα υπȠȜȠȖȓȗİĲαȚ Ș İυȡȦıĲȓα ĲȘȢ ȜȪıȘȢ țαȚ ȃ İȓȞαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ. 

2.5.1 ΕȚıαȖωȖȒ 

ȉȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (2.16) İȓȞαȚ µȠȞȠıȒµαȞĲα ȠȡȚıµȑȞȠ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ [52]: 

 ( ) ( ) { }* : * : 1,...,*
n

opt opt i if f i N∃ ∈Ω ∀ ∈Ω ≤ ∀ = ∧∀ ∈x x x Dx x  (2.17) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.12 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ D
n
 İȓȞαȚ Ƞ ȤȫȡȠȢ ıȤİįȚαıµȠȪ. ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (2.17) Ș ȕȑȜĲȚıĲȘ ȜȪıȘ İȓȞαȚ 

µȠȞȠıȒµαȞĲα ȠȡȚıµȑȞȘ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ υπȐȡȤİȚ ȑȞα υπȠıȪȞȠȜȠ ĲȦȞ απȠįİțĲȫȞ ȜȪıİȦȞ 

ȖȚα ĲȠ ȠπȠȓȠ Ș ĲȚµȒ țȐșİ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ İȓȞαȚ ȓıȘ µİ ĲȘ ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ. ȈĲȘ 

ȖİȞȚțȒ πİȡȓπĲȦıȘ įİȞ υπȐȡȤİȚ ȜȪıȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ ȖȚα ĲȘȞ ȠπȠȓα Ȟα πȜȘȡȠȪȞĲαȚ ȠȚ 

πȡȠȨπȠșȑıİȚȢ ĲȘȢ ıȤȑıȘȢ (2.17). ȈĲȚȢ παȡαȖȡȐφȠυȢ 2.5.2 ȦȢ 2.5.4 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ 

πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µİșȠįȠȜȠȖȓİȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ıυȞȩȜȠυ ĲȦȞ ȜȪıİȦȞ πȠυ 

απȠĲİȜȠȪȞ țαȚ ĲȚȢ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕȐıİȚ ĲȠυ ȠȡȚıµȠȪ ĲȘȢ παȡαȖȡȐφȠυ 2.1. 

2.5.2 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ țαĲȐ Pareto 

ΈȞα ıȘµİȓȠ x* ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ πȠυ ȚțαȞȠπȠȚİȓ ĲȠ ıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ ȠȡȓȗİĲαȚ ȦȢ 

µȑȜȠȢ ĲȠυ ıυȞȩȜȠυ ĲȦȞ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ țαĲȐ Pareto
1
 ȩĲαȞ ȖȚα țȐșİ ıȘµİȓȠ ĲȠυ ȤȫȡȠυ 

ıȤİįȚαıµȠȪ ȚıȤȪİȚ ȩĲȚ [52]: 

 ( ) ( ) { } ( ) ( ): * 1,..., : *n

i i N N j jf f i N j f f¬∃ ∈ ≤ ∀ = = Ω ∧∃ ∈Ω <x D x x x x  (2.18) 

ȩπȠυ Ωȃ İȓȞαȚ Ƞ ȤȫȡȠȢ ĲȦȞ αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ. Η ıȤȑıȘ (2.18) įȘȜȫȞİȚ ȩĲȚ ȑȞα 

ıȘµİȓȠ x* ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ ȠȡȓȗİĲαȚ ȦȢ ȕȑȜĲȚıĲȠ țαĲȐ Pareto ȩĲαȞ Ș ȕİȜĲȓȦıȘ ĲȘȢ ĲȚµȒȢ 

ȖȚα µȓα ȠπȠȚαįȒπȠĲİ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ șα ȠįȘȖȒıİȚ ıĲȘȞ αȪȟȘıȘ ĲȘȢ ĲȚµȒȢ µȓαȢ Ȓ 

πİȡȚııȩĲİȡȦȞ αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ. ȉȠ ıȪȞȠȜȠ ĲȦȞ ȕȑȜĲȚıĲȦȞ ȜȪıİȦȞ țαĲȐ Pareto 

ȠȡȓȗİĲαȚ ȦȢ ĲȠ ıȪȞȠȜȠ ĲȦȞ µȘ țυȡȚαȡχȠȪµİȞωȞ (non dominated) ȜȪıİȦȞ țαȚ απȠțαȜİȓĲαȚ 

ıȪȞȠȜȠ ȜȪıİȦȞ Pareto. 

2.5.3 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ İȜαχȓıĲȠυ µİȖȓıĲȠυ – ΕȜαχȓıĲȠυ 
µİȖȓıĲȠυ µİ ȕȐȡȘ 

Η µȑșȠįȠȢ İȜαȤȓıĲȠυ µİȖȓıĲȠυ (min max optimum) ıυȖțȡȓȞİȚ ĲȚȢ ıȤİĲȚțȑȢ απȠțȜȓıİȚȢ απȩ Ĳα 

ȠȜȚțȐ αțȡȩĲαĲα ȖȚα țȐșİ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ. ΓȚα ĲȘȞ i αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ Ș 

ıȤİĲȚțȒ απȩțȜȚıȘ įȓįİĲαȚ ȦȢ [52]: 

 ( ) ( ) ( )
( ) ( )*

0*
*

i i

i i

i

f f
z f

f

−= ≠x x
x x

x
 (2.19) 

ȩπȠυ fi(x*) İȓȞαȚ Ș ĲȚµȒ țαĲȦφȜȓȠυ ȖȚα ĲȘȞ i αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ. Η ȕȑȜĲȚıĲȘ ĲȚµȒ 

įȓįİĲαȚ µİ ĲȘȞ ĲȡȠπȠπȠȓȘıȘ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȦȢ [52]: 

                                                 

1
 Vilfredo Pareto 1848-1923, ȅȚțȠȞȠµȠȜȩȖȠȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.13 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( )[ ]maxmin i
i N

z∈  x  (2.20) 

ΩȢ ȕȑȜĲȚıĲȘ ȜȪıȘ ȠȡȓȗİĲαȚ Ș ȜȪıȘ ȖȚα ĲȘȞ ȠπȠȓα Ș µȑȖȚıĲȘ ıȤİĲȚțȒ απȩțȜȚıȘ απȩ ĲȘ 

ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȘȢ i αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ İȓȞαȚ Ș µȚțȡȩĲİȡȘ įυȞαĲȒ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ 

απȠįİțĲȫȞ ȜȪıİȦȞ. ȅ µİĲαıȤȘµαĲȚıµȩȢ ĲȘȢ ıȤȑıȘȢ (2.20) υπȠȕȚȕȐȗİȚ ĲȠ πȠȜυțȡȚĲȘȡȚαțȩ 

πȡȩȕȜȘµα ıĲȠ țȜαıȚțȩ µȠȞȠțȡȚĲȘȡȚαțȩ πȡȩȕȜȘµα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ĲȘȢ ıȤȑıȘȢ (2.1). 

ȆαȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ απȠĲİȜİȓ Ș µȑșȠįȠȢ İȜαȤȓıĲȠυ µİȖȓıĲȠυ µİ ȕȐȡȘ (weighted min-

max method) ȩπȠυ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [52], [218]: 

 ( )[ ]maxmin 1i i ii N
w z w∈ ⋅ =  ∑x  (2.21) 

ȩπȠυ wi İȓȞαȚ ĲȠ ıȤİĲȚțȩ ȕȐȡȠȢ ĲȘȢ i αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ.  

2.5.4 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ ȠȜȚțȠȪ ȕȑȜĲȚıĲȠυ  

ȈĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȠȜȚțȠȪ ȕȑȜĲȚıĲȠυ (Global criterion method) Ș αȞȘȖµȑȞȘ ıυȞȐȡĲȘıȘ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ įȓįİĲαȚ ȦȢ [52], [218]: 

 ( ) ( ) ( )
( )1

*

*

p
N

i i

i i

f f
f

f=
− =   ∑ x x

x
x

 (2.22) 

ȩπȠυ p İȓȞαȚ παȡȐµİĲȡȠȢ İȜȑȖȤȠυ ĲȘȢ αȞȘȖµȑȞȘȢ ıυȞȐȡĲȘıȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȅ 

µİĲαıȤȘµαĲȚıµȩȢ ĲȘȢ ıȤȑıȘȢ (2.22) υπȠȕȚȕȐȗİȚ ĲȠ πȡȩȕȜȘµα πȠȜυțȡȚĲȘȡȚαțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıİ țȜαıȚțȩ πȡȩȕȜȘµα µȠȞȠțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ µȠȡφȒȢ ĲȘȢ 

ıȤȑıȘȢ (2.1). 

2.5.5 ǺȑȜĲȚıĲȠȢ ȈχİįȚαıµȩȢ ΚαșαȡȫȞ ǺαȡȫȞ 
ȈĲȘ µȑșȠįȠ țαșαȡȫȞ ȕαȡȫȞ ĲȠ πȡȩȕȜȘµα πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

µİĲαıȤȘµαĲȓȗİĲαȚ ıİ πȡȩȕȜȘµα µȠȞȠțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ αȞĲȚțİȚµİȞȚțȒ 

ıυȞȐȡĲȘıȘ [52], [218]: 

 ( ) ( )
1

1
N

i i i

i

f w f w
=

= ⋅ =∑ ∑x x  (2.23) 

ȆαȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ țαșαȡȫȞ ȕαȡȫȞ απȠĲİȜİȓ Ș µȑșȠįȠȢ țαșαȡȫȞ ȕαȡȫȞ µİ ȜȠȟȩĲȘĲα 

ȖȚα ĲȘȞ ȠπȠȓα Ș ıȤȑıȘ (2.23) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [207]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.14 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ) ( )[ ] 1

1

1*

N p

i i i i

i

f w f f w
=

 = ⋅ − =  ∑ ∑x x x  (2.24) 

2.5.6 ΕφαȡµȠȖȑȢ ĲȘȢ πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 
ȅȚ Quagliarella țαȚ Vicini, [230], İφαȡµȩȗȠυȞ ĲȠȞ πȠȜυțȡȚĲȘȡȚαțȩ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȖȚα 

ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ ĲȦȞ αİȡȠįυȞαµȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ πĲİȡȪȖȦȞ αİȡȠıțαφȫȞ ȩπȠυ ȦȢ 

αȞĲȚțİȚµİȞȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȓȗȠȞĲαȚ Ƞ ıυȞĲİȜİıĲȒȢ ȐȞȦıȘȢ țαȚ Ș ȡȠπȒȢ πȡȩȞİυıȘȢ ĲȘȢ 

πĲȑȡυȖαȢ. ȅȚ Greiner et al., [116], İφαȡµȩȗȠυȞ ĲȠȞ πȠȜυțȡȚĲȘȡȚαțȩ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ µİ 

ıĲȩȤȠ ĲȘȞ ĲαυĲȩȤȡȠȞȘ µİȓȦıȘ ĲȠυ ȕȐȡȠυȢ İπȚπȑįȠυ πȜαȚıȓȠυ țαȚ ĲȘȢ πȠȜυĲυπȓαȢ ĲȦȞ 

įȚαĲȠµȫȞ. ǹȞĲȓıĲȠȚȤȠ πȡȩȕȜȘµα αȞĲȚµİĲȫπȚıαȞ țαȚ ȠȚ Koumousis et al., [169], ıİ 

πȡȠȕȜȒµαĲα υπȠȜȠȖȚıµȠȪ ĲȠυ įȚαµȒțȠυȢ țαȚ İȖțȐȡıȚȠυ ȠπȜȚıµȠȪ ıİ įȚαĲȠµȑȢ ΩȈ ıȪµφȦȞα 

µİ ĲȚȢ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ ĲȠυ ȃΕȀΩȈ ȩπȠυ ȦȢ αȞĲȚțİȚµİȞȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȓȗȠȞĲαȚ ĲȠ 

ıυȞȠȜȚțȩ țȩıĲȠȢ, Ș πȠȜυĲυπȓα ȦȢ πȡȠȢ ĲȚȢ İπȚȜİȖµȑȞİȢ įȚαµȑĲȡȠυȢ įȚαĲȠµȫȞ ĲȦȞ ȡȐȕįȦȞ 

ȠπȜȚıµȠȪ țαșȫȢ țαȚ Ș İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ πȠıȠıĲȠȪ ĲȠυ µȘ ȤȡȘıȚµȠπȠȚȘµȑȞȠυ ȤȐȜυȕα 

ȜȩȖȦ țȠπȒȢ. ȅȚ Li et al., [188], ȠȡȓȗȠυȞ ĲȠ πȠȜυțȡȚĲȘȡȚαțȩ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȦȢ 

ıυȞįυαıµȩ πȡȠȕȜȘµȐĲȦȞ µȠȞȠțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıİ įȪȠ İπȓπİįα. ȈĲȠ 1Ƞ İπȓπİįȠ 

αȞĲȚµİĲȦπȓȗİĲαȚ πȡȩȕȜȘµα µȠȞȠțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ, πȠυ ȜȪȞİĲαȚ µȑıȦ ĲȠυ 

αȜȖȠȡȓșµȠυ ĲȠυ Box [29], İπȓπİįȦȞ πȜαȚıȓȦȞ µİ ıĲȩȤȠ ĲȘ ȕȑȜĲȚıĲȘ απȩțȡȚıȘ ĲȠυ 

ıυıĲȒµαĲȠȢ. ΩȢ µ.ı, șİȦȡȠȪȞĲαȚ ȠȚ ȡȠπȑȢ αįȡαȞİȓαȢ ĲȦȞ įȚαĲȠµȫȞ. ȈĲȠ 2
Ƞ
 İπȓπİįȠ 

αȞĲȚµİĲȦπȓȗİĲαȚ πȡȩȕȜȘµα µİȓȦıȘȢ ĲȠυ ȕȐȡȠυȢ ĲȘȢ įȚαĲȠµȒȢ µİ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ȠȚ ȡȠπȑȢ 

αįȡαȞİȓαȢ įİȞ µİĲαȕȐȜȜȠȞĲαȚ µİ µ.ı, Ĳα ȖİȦµİĲȡȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ įȚαĲȠµȫȞ. Η 

įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ ȦȢ ĲȘ ıȪȖțȜȚıȘ ĲȠυ αȜȖȠȡȓșµȠυ țαșȫȢ Ș ȕȑȜĲȚıĲȘ țαĲαȞȠµȒ 

ĲȘȢ ıĲȚȕαȡȩĲȘĲαȢ İȓȞαȚ ıυȞȐȡĲȘıȘ țαȚ ĲȘȢ µȐȗαȢ ĲȠυ ıυıĲȒµαĲȠȢ. ȅȚ Shih țαȚ 

Wangsawidjaja, [261], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠȞ πȠȜυțȡȚĲȘȡȚαțȩ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȖȚα ĲȠ 

ıȤİįȚαıµȩ µȘȤαȞȠȜȠȖȚțȫȞ İȟαȡĲȘµȐĲȦȞ ȩπȠυ Ș İυȡȦıĲȓα țȐșİ ȜȪıȘȢ įİȞ ȠȡȓȗİĲαȚ 

µȠȞȠıȒµαȞĲα αȜȜȐ įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ αıαφȠȪȢ ȜȠȖȚțȒȢ ĲȘȢ απȩįȠıȘȢ (fuzzy logic 

membership function [235], [236]) ȕȐıİȚ ĲȠυ πȠıȠıĲȠȪ ȚțαȞȠπȠȓȘıȘȢ ĲȦȞ πİȡȚȠȡȚıµȫȞ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ. 

2.6 ȆȡȠȕȜȒµαĲα ıυȞİχȫȞ µİĲαȕȜȘĲȫȞ ıχİįȚαıµȠȪ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ, παȡȠυıȚȐȗİĲαȚ Ș µİșȠįȠȜȠȖȓα ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ıİ 

πȡȠȕȜȒµαĲα µİ ıυȞİȤİȓȢ µ.ı, ȖȚα Ĳα ȠπȠȓα Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ ȠȚ ıυȞαȡĲȒıİȚȢ 

ĲȦȞ πİȡȚȠȡȚıµȫȞ İȓȞαȚ ıυȞİȤİȓȢ țαȚ παȡαȖȦȖȓıȚµİȢ ıĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ. 
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ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.15 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΕȚįȚțȩĲİȡα ıĲȘȞ παȡȐȖȡαφȠ 2.6.1 παȡȠυıȚȐȗȠȞĲαȚ Ĳα țȡȚĲȒȡȚα ȖȚα ĲȠȞ ȠȡȚıµȩ µȓαȢ ȜȪıȘȢ ȦȢ 

ȕȑȜĲȚıĲȘȢ. ȆαȡȠυıȚȐȗȠȞĲαȚ Ĳα țȡȚĲȒȡȚα πȠυ πȡȑπİȚ Ȟα πȜȘȡȠȪȞĲαȚ ȖȚα ĲȘȞ ȪπαȡȟȘ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ țαȚ Ĳα țȡȚĲȒȡȚα πȠυ πȡȑπİȚ Ȟα πȜȘȡȠȪȞĲαȚ ȫıĲİ Ș ȜȪıȘ αυĲȒ Ȟα İȓȞαȚ țαȚ 

µȠȞαįȚțȒ. ȈĲȘȞ παȡȐȖȡαφȠ 2.6.2 παȡȠυıȚȐȗİĲαȚ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȈĲȘȞ 

παȡȐȖȡαφȠ 2.6.3 παȡȠυıȚȐȗİĲαȚ Ș µȑșȠįȠȢ µȑȖȚıĲȘȢ țȜȓıȘȢ, Ș µȑșȠįȠȢ ĲȦȞ įυȞαĲȫȞ 

įȚİυșȪȞıİȦȞ țαȚ Ș ĲȡȠπȠπȠȚȘµȑȞȘ µȑșȠįȠȢ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ. ȈĲȘȞ παȡȐȖȡαφȠ 2.6.4 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ ıĲȡαĲȘȖȚțȑȢ ȖȚα ĲȠ µȠȞȠțȡȚĲȘȡȚαțȩ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ πȡȠȕȜȘµȐĲȦȞ µİ ıυȞİȤİȓȢ µ.ı. ȈĲȘȞ παȡȐȖȡαφȠ 2.6.5, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µȑșȠįȠȚ 

ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ παȡαȖȫȖȦȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ. 

2.6.1 ΎπαȡȟȘ țαȚ µȠȞαįȚțȩĲȘĲα ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ 
Ȉİ πȡȠȕȜȒµαĲα πȡαțĲȚțȠȪ İȞįȚαφȑȡȠȞĲȠȢ ıπȐȞȚα İȟαıφαȜȓȗİĲαȚ Ș İȪȡİıȘ ĲȘȢ απȠȜȪĲȦȢ 

ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ (țαșȠȜȚțȩ İȜȐȤȚıĲȠ). ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘ µȘ țυȡĲȩĲȘĲα ĲȠυ ȤȫȡȠυ 

ıȤİįȚαıµȠȪ απȩȡȡȠȚα ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ ıĲȠ 

ȤȫȡȠ ĲȦȞ µ.ı. Η țαȜȪĲİȡȘ πȡȠıȑȖȖȚıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ İȓȞαȚ Ș İπαȞȐȜȘȥȘ ĲȘȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ įȚαφȠȡİĲȚțȑȢ αȡȤȚțȑȢ ȜȪıİȚȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ ȕȑȜĲȚıĲȘ ȜȪıȘ 

αȞαįİȚțȞȪİĲαȚ µȓα ıυȖțİțȡȚµȑȞȘ ıȤİįȓαıȘ, Ș πȚșαȞȩĲȘĲα Ș ıȤİįȓαıȘ αυĲȒ Ȟα απȠĲİȜİȓ ĲȘȞ 

πȡαȖµαĲȚțȒ ȕȑȜĲȚıĲȘ ȜȪıȘ İȓȞαȚ υȥȘȜȒ. ȅȚ ıυȞșȒțİȢ πȠυ İȟαıφαȜȓȗȠυȞ ĲȘȞ ȪπαȡȟȘ 

ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ, παȡȠυıȚȐȗȠȞĲαȚ ȖȚα πȡȠȕȜȒµαĲα ȤȦȡȓȢ țαȚ µİ πİȡȚȠȡȚıµȠȪȢ ıȤİįȚαıµȠȪ 

ıĲȚȢ παȡαȖȡȐφȠυȢ 2.6.1.1 țαȚ 2.6.1.2 αȞĲȓıĲȠȚȤα. 

2.6.1.1 ȆȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ χωȡȓȢ πİȡȚȠȡȚıµȠȪȢ 

ΈȞα ıȘµİȓȠ x* ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ, ȖȚα πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ, 

ȠȡȓȗİĲαȚ ȦȢ ĲȠπȚțȩ Ȓ ȠȜȚțȩ İȜȐȤȚıĲȠ ȩĲαȞ țαȚ µȩȞȠ ȩĲαȞ [122]: 
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ȩπȠυ Η İȓȞαȚ ĲȠ µȘĲȡȫȠ ĲȠυ Hess (ΕııȚαȞȩ ȂȘĲȡȫȠ) ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ, Ȝ İȓȞαȚ 

ĲȠ įȚαȖȫȞȚȠ µȘĲȡȫȠ ĲȦȞ ȚįȚȠĲȚµȫȞ ĲȠυ ΕııȚαȞȠȪ ȂȘĲȡȫȠυ țαȚ VH İȓȞαȚ ĲȠ µȘĲȡȫȠ ĲȦȞ 

ȚįȚȠįȚαȞυıµȐĲȦȞ ĲȠυ ΕııȚαȞȠȪ µȘĲȡȫȠυ. ȉȠ ΕııȚαȞȩ µȘĲȡȫȠ ȠȡȓȗİĲαȚ ȦȢ: 
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Η ıȤȑıȘ (2.25) İȟαıφαȜȓȗİȚ ȩĲȚ ıĲȠ υπȩ İȟȑĲαıȘ αțȡȩĲαĲȠ ȠȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ 1ȘȢ ĲȐȟİȦȢ 

ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ f(x) İȓȞαȚ ȓıİȢ µİ ĲȠ µȘįȑȞ. Η ıȤȑıȘ (2.26) ȠȡȓȗİȚ ȩĲȚ ĲȠ 

µȘĲȡȫȠ ĲȠυ Hess İȓȞαȚ șİĲȚțȩȢ ȠȡȚıµȑȞȠ (positive definite) απȠĲȡȑπȠȞĲαȢ ĲȘȞ παȖȓįİυıȘ ĲȠυ 

αȜȖȩȡȚșµȠυ ıİ ıȘµİȓα įȚȐıİȜȦȞ (∆ȚȐȖ. 2.1). ȈȘµİȓα πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȚȢ ıȤȑıİȚȢ (2.25) țαȚ 

(2.27) παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 2.2 țαȚ ıĲȠ ∆ȚȐȖ. 2.3. 

 

∆ȚȐȖ. 2.1: ȈȤȘµαĲȚțȒ παȡȐıĲαıȘ ĲȘȢ İπȚφȐȞİȚαȢ Shrek (įȚȐıİȜȠ). 

 

∆ȚȐȖ. 2.2: ΕȜȐȤȚıĲȠ ıİ πȡȩȕȜȘµα įȪȠ įȚαıĲȐıİȦȞ (țυȡĲȩ πȡȩȕȜȘµα). 
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∆ȚȐȖ. 2.3: ∆ȪȠ ȠȜȚțȐ İȜȐȤȚıĲα ıİ µȘ țυȡĲȩ πȡȩȕȜȘµα įȪȠ įȚαıĲȐıİȦȞ. 

2.6.1.2 ȆȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ πİȡȚȠȡȚıµȠȪȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ µİ πİȡȚȠȡȚıµȠȪȢ ĲȠ πȡȩȕȜȘµα µİĲαıȤȘµαĲȓȗİĲαȚ ıİ 

ȚıȠįȪȞαµȠ πȡȩȕȜȘµα ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ µȑıȦ ĲȘȢ ıυȞȐȡĲȘıȘȢ Lagrange: 

 ( ) ( ) ( ) ( )
1 1

pm

i i i i

i p i

L f g hλ λ
= + =

= + ⋅ + ⋅∑ ∑x,Ȝ x x x  (2.28) 

ȩπȠυ, Ȝi İȓȞαȚ ȠȚ µİĲαȕȜȘĲȑȢ Lagrange ȖȚα ĲȠυȢ αȞȚıȠĲȚțȠȪȢ țαȚ ȚıȠĲȚțȠȪȢ πİȡȚȠȡȚıµȠȪȢ 

αȞĲȓıĲȠȚȤα țαȚ g(x) țαȚ h(x) İȓȞαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ȚıȠĲȚțȫȞ țαȚ αȞȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ. ȉα 

țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ ıȪµφȦȞα µİ ĲȠυȢ Karush-Kuhn-Tucker (Karush-Kuhn-Tucker criteria of 

optimality) İȟαıφαȜȓȗȠυȞ ȩĲȚ ĲȠ ıȘµİȓȠ x* İȓȞαȚ µȓα ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȩĲαȞ: 

 ( ) ( )
( ) ( ) ( )

1 1

0 0 1,..., 1,..., 0*

0

i i i i i

pm

i i i i

i p i

g h i p m i p

f g h

λ λ λ
λ λ

= + =

∈
= ∧ ⋅ = = + ∧ = ≥
∇ + ∇ + ∇ =∑ ∑

n
x* D

x* x

x* x* x*

 (2.29) 

Η ıȤȑıȘ (2.29) İȟαıφαȜȓȗİȚ ȩĲȚ, Ƞ ıȤİįȚαıµȩȢ αȞȒțİȚ ıĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ, İȓȞαȚ απȠįİțĲȩȢ 

țαȚ Ș İπȚȜȠȖȒ ȐȜȜȘȢ ıȤİįȓαıȘȢ įİȞ ȕİȜĲȚȫȞİȚ ĲȘȞ ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ.  

2.6.1.3 ΜȠȞαįȚțȩĲȘĲα ĲȘȢ ȜȪıȘȢ 

Ȉİ ĲυπȚțȐ πȡȠȕȜȒµαĲα, İȓȞαȚ ıπȐȞȚȠ Ȟα πȚıĲȠπȠȚȘșİȓ Ș ȪπαȡȟȘ ȖİȞȚțȠȪ İȜαȤȓıĲȠυ țαșȫȢ 

ȩπȦȢ παȡȠυıȚȐȗİĲαȚ țαȚ ıĲα ∆ȚȐȖ. 2.4 țαȚ ∆ȚȐȖ. 2.5 İȓȞαȚ įυȞαĲȩ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ 

Ȟα ȑȤİȚ πȜȒșȠȢ ĲȚµȫȞ πȠυ Ȟα ȚțαȞȠπȠȚȠȪȞ ĲȚȢ ıυȞșȒțİȢ ĲȘȢ ıȤȑıȘȢ (2.29). 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıυȞαȡĲȒıİȦȞ 

πİȡȚȠȡȚıµȠȪ İȓȞαȚ țυȡĲȑȢ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ ȑȤȠυµİ µȩȞȠ ȑȞα İȜȐȤȚıĲȠ țαȚ αυĲȩ İȓȞαȚ 

ĲαυĲȠȤȡȩȞȦȢ țαȚ ĲȠ ȠȜȚțȩ İȜȐȤȚıĲȠ ĲȠυ υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ (πİȡȚπĲȫıİȚȢ a țαȚ b ıĲȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.18 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

∆ȚȐȖ. 2.6, [136]).  

 

∆ȚȐȖ. 2.4: ȈυȞȐȡĲȘıȘ µİ πȜȒșȠȢ ĲȠπȚțȫȞ İȜαȤȓıĲȦȞ. 

 

∆ȚȐȖ. 2.5: ∆υıįȚȐıĲαĲȠ πȡȩȕȜȘµα µİ ĲȠπȚțȩ țαȚ ȠȜȚțȩ İȜȐȤȚıĲȠ (µȘ țυȡĲȩ πȡȩȕȜȘµα). 

ȅ ȤȫȡȠȢ ıȤİįȚαıµȠȪ Dn
 ȠȡȓȗİĲαȚ ȦȢ țυȡĲȩȢ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ [184]: 

 ( ) [ ] is convex0,11if exists λ λλ∀ ∈ = + ∈ ∀ ∈ →−n n n
x,y D z x y D D  (2.30) 

Η ıȤȑıȘ (2.30) ȠȡȓȗİȚ ȩĲȚ Ƞ ȤȫȡȠȢ Dn
 İȓȞαȚ țυȡĲȩȢ (convex) ȩĲαȞ ȖȚα țȐșİ ȗİȪȖȠȢ ıȘµİȓȦȞ x 

țαȚ y ĲȠυ Dn
 Ș İυșİȓα z πȠυ ȠȡȓȗİĲαȚ µİĲαȟȪ ĲȦȞ ıȘµİȓȦȞ αυĲȫȞ αȞȒțİȚ ıĲȠ Dn

 ȖȚα țȐșİ ĲȚµȒ 

ĲȠυ Ȝ ıĲȠ įȚȐıĲȘµα [0,1]. Ȃȓα ıυȞȐȡĲȘıȘ f(x) ȠȡȓȗİĲαȚ ȦȢ țυȡĲȒ ıĲȠ ȤȫȡȠ ĲȦȞ ĲȚµȫȞ ȩĲαȞ 

ȖȚα țȐșİ ȗİȪȖȠȢ ıȘµİȓȦȞ x1 țαȚ x2 ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ ȚıȤȪİȚ ȩĲȚ [113]: 

 ( ) ( ) ( )2

11

22
f f f
  ≤ + +     11 2

x xx x  (2.31) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș ıȤȑıȘ (2.31) ȚıȤȪİȚ ȦȢ αυıĲȘȡȒ αȞȚıȩĲȘĲα ĲȩĲİ Ș ıυȞȐȡĲȘıȘ ȠȡȓȗİĲαȚ 

ȦȢ αυıĲȘȡȫȢ țυȡĲȒ ıĲȠ ȤȫȡȠ ĲȦȞ ĲȚµȫȞ. ΓȚα ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ πİȡȚȠȡȚıµȠȪȢ 

Ș µȠȞαįȚțȩĲȘĲα ĲȘȢ ȜȪıȘȢ İȟαıφαȜȓȗİĲαȚ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.19 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( )  ,L ∧ n

ad
Dx Ȝ  İȓȞαȚ țυȡĲȐ (2.32) 

ȩπȠυ D
n

ad İȓȞαȚ Ƞ ȤȫȡȠȢ ĲȦȞ απȠįİțĲȫȞ ȜȪıİȦȞ țαȚ L(x,Ȝ) İȓȞαȚ Ș ȜαȞȖțȡαȞıȚαȞȒ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ. 

 

∆ȚȐȖ. 2.6: ȆȚșαȞȑȢ µȠȡφȑȢ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ (απȩ Hernadez [136]). 

2.6.2 ∆ȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 
ȈĲȚȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȡȠȕȜȘµȐĲȦȞ µİ ıυȞİȤİȓȢ µ.ı țαȚ ıυȞİȤİȓȢ țαȚ 

παȡαȖȦȖȓıȚµİȢ ıυȞαȡĲȒıİȚȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ, Ș ȕȑȜĲȚıĲȘ ȜȪıȘ x* 

ȕȡȓıțİĲαȚ µȑıȦ İπαȞαȜȘπĲȚțȒȢ įȚαįȚțαıȓαȢ, ȩπȠυ țȐșİ Ȟȑα ȜȪıȘ xq įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ 

ĲȘȢ παȡȠȪıαȢ ȜȪıȘȢ xq-1 ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ Sq-1 țαȚ ĲȠυ ȕȒµαĲȠȢ a*
q-1 ȦȢ [284]: 

 *

1 1 1q q q qa− − −= + ⋅x x S  (2.33) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.20 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȉȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ ȠȡȓȗİȚ ĲȘ įȚİȪșυȞıȘ ĲȘȢ țȓȞȘıȘȢ µȑıα ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ πȠυ 

ȠįȘȖİȓ ıİ µȚțȡȩĲİȡİȢ ĲȚµȑȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȤȦȡȓȢ Ȟα παȡαȕȚȐȗȠȞĲαȚ ȠȚ 

πİȡȚȠȡȚıµȠȓ ıȤİįȚαıµȠȪ. ȉȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ αȞαȞİȫȞİĲαȚ ıİ țȐșİ ȕȒµα ĲȘȢ 

αȞȐȜυıȘȢ. Η ıȤȑıȘ (2.33) µİĲαıȤȘµαĲȓȗİȚ ĲȠ πȡȩȕȜȘµα n µ.ı ıİ µȠȞȠįȚȐıĲαĲȠ πȡȩȕȜȘµα µİ 

ıĲȩȤȠ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȕȒµαĲȠȢ. 

ΓȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (2.1) Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȩȕȜȘµα ıυȞİȤȫȞ µ.ı 

µİ ıυȞİȤİȓȢ țαȚ παȡαȖȦȖȓıȚµİȢ ĲȘȢ ıυȞαȡĲȒıİȚȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ 

ıυȞȠȥȓȗİĲαȚ ȦȢ: 

ǺȒµα 1: q=0 țαȚ x=xo. 

ǺȒµα 2: q=q+1. 

ǺȒµα 3: ȊπȠȜȠȖȚıµȩȢ ĲȠυ f(xq-1) țαȚ gj(xq-1) j=1,…,m. 

ǺȒµα 4: ȅȡȚıµȩȢ ȦȢ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ ĲȦȞ πİȡȚȠȡȚıµȫȞ πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȘ ıȤȑıȘ: 

 ( ) 0jg jε− ≤ ≤ ∈Jx  (2.34) 

ȩπȠυ İ İȓȞαȚ µȚțȡȒ șİĲȚțȒ πȠıȩĲȘĲα țαȚ ȦȢ J İȓȞαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ. 

ǺȒµα 5: ȊπȠȜȠȖȚıµȩȢ ĲȠυ ( )1qf −∇ x  țαȚ ( )1qjg j−∇ ∈x J . 

ǺȒµα 6: ȊπȠȜȠȖȚıµȩȢ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ Sq-1. 

ǺȒµα 7: ȊπȠȜȠȖȚıµȩȢ ĲȠυ ȕȒµαĲȠȢ a*
q-1. 

ǺȒµα 8: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ ȜȪıȘȢ xq µȑıȦ ĲȘȢ ıȤȑıȘȢ (2.33). 

ǺȒµα 9: ΈȜİȖȤȠȢ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ. ǹȞ Ĳα țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ ȚțαȞȠπȠȚȠȪȞĲαȚ ĲȩĲİ Ș 

įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ įȚαφȠȡİĲȚțȐ İπȚıĲȡȠφȒ ıĲȠ ȕȒµα 2. 

2.6.3 ΆµİıİȢ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

2.6.3.1 ΕȚıαȖωȖȒ 

ȈĲȩȤȠȢ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ Ƞ υπȠȜȠȖȚıµȩȢ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ 

țαȚ ĲȠυ ȕȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (2.33). ȅȚ ȐµİıİȢ µȑșȠįȠȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įȚαȞȪıµαĲȠȢ 

αυĲȠȪ [284] παȡȠυıȚȐȗȠȞĲαȚ ıĲȚȢ παȡαȖȡȐφȠυȢ 2.6.3.2 țαȚ 2.6.3.4. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.21 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΓȚα ĲȠȞ ȠȡȚıµȩ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ Sq-1 ĲȘȢ ıȤȑıȘȢ (2.33) πȠυ İȜαȤȚıĲȠπȠȚİȓ ĲȘȞ 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ įİȞ παȡαȕȚȐȗİȚ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

įȚαțȡȓȞȠȞĲαȚ 3 πİȡȚπĲȫıİȚȢ. ȈĲȘȞ 1
Ș
 πİȡȓπĲȦıȘ ĲȠ ıȪȞȠȜȠ ĲȦȞ İȞİȡȖȫȞ Ȓ παȡαȕȚαıµȑȞȦȞ 

πİȡȚȠȡȚıµȫȞ İȓȞαȚ ȓıȠ µİ ĲȠ țİȞȩ ıȪȞȠȜȠ. ȈĲȘ 2
Ș
 πİȡȓπĲȦıȘ υπȠıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ 

İȓȞαȚ İȞİȡȖȠȓ. ȈĲȘ 3
Ș
 πİȡȓπĲȦıȘ µȑȡȠȢ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ παȡαȕȚȐȗİĲαȚ. Η 

πİȡȓπĲȦıȘ αυĲȒ țαȜȪπĲİĲαȚ απȩ ĲȘȞ ĲȡȠπȠπȠȚȘµȑȞȘ µȑșȠįȠ ĲȦȞ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ ĲȘȢ 

παȡαȖȡȐφȠυ 2.6.3.4. 

2.6.3.2 ΜȑșȠįȠȢ µȑȖȚıĲȘȢ țȜȓıȘȢ – (Method of steepest descent) 

ȈĲȘ µȑșȠįȠ µȑȖȚıĲȘȢ țȜȓıȘȢ Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ πȡȠıİȖȖȓȗİĲαȚ țαĲȐ µαȚαȞįȡȚțȩ ĲȡȩπȠ 

(∆ȚȐȖ. 2.7), ȩπȠυ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ ĲȠυ πȡȠȘȖȠȪµİȞȠυ ȕȒµαĲȠȢ İȓȞαȚ ȠȡșȠȖȫȞȚȠ ȦȢ 

πȡȠȢ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ ĲȠυ İπȩµİȞȠυ ȕȒµαĲȠȢ. 

 

∆ȚȐȖ. 2.7: ȂȑșȠįȠȢ ȂȑȖȚıĲȘȢ țȜȓıȘȢ, įȚαįȚțαıȓα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ. 

ȀȐșİ Ȟȑα ȜȪıȘ xq įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȘȢ παȡȠȪıαȢ ȜȪıȘȢ xq-1 ȦȢ [139]: 

 ( )1 1q q k qfλ− −= − ∇x x x  (2.35) 

ȩπȠυ ( )1qf −∇ x  İȓȞαȚ Ș țȜȓıȘ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıĲȠ ıȘµİȓȠ xq-1. Η ĲȚµȒ Ȝk įȓįİĲαȚ απȩ ĲȘȞ 

İπȓȜυıȘ ĲȘȢ İȟȓıȦıȘȢ [139]: 
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 ( ) ( )1 0
T

q qf f −∇ ⋅∇ =x x  (2.36) 

Η ȜȪıȘ ĲȘȢ ıȤȑıȘȢ (2.36) υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ µİșȩįȠυ ȑȡİυȞαȢ țαĲȐ įȚİȪșυȞıȘ 

[287]. H µȑșȠįȠȢ µȑȖȚıĲȘȢ țȜȓıȘȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ ıυȞȒșȦȢ ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ ȐµİıİȢ 

µİșȩįȠυȢ, țαșȫȢ παȡȠυıȚȐȗİȚ αȡȖȒ ıȪȖțȜȚıȘ (∆ȚȐȖ. 2.8) țαȚ Ș İυȡȦıĲȓα ĲȘȢ İȟαȡĲȐĲαȚ 

ıȘµαȞĲȚțȐ απȩ ĲȘȞ İπȚȜȠȖȒ ĲȠυ αȡȤȚțȠȪ ıȘµİȓȠυ. 

 

∆ȚȐȖ. 2.8: ȆȡȩȕȜȘµα ȖȚα ĲȠ ȠπȠȓȠ Ș µȑșȠįȠȢ ȂȑȖȚıĲȘȢ țȜȓıȘȢ παȡȠυıȚȐȗİȚ αȡȖȒ ıȪȖțȜȚıȘ. 

2.6.3.3 ΜȑșȠįȠȢ ĲωȞ įυȞαĲȫȞ įȚİυșȪȞıİωȞ (Method of feasible 
directions) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ĲȠ πȜȒșȠȢ ĲȦȞ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ İȓȞαȚ ȓıȠ µİ ĲȠ țİȞȩ ıȪȞȠȜȠ, ĲȠ 

įȚȐȞυıµα țαĲİȪșυȞıȘȢ Sq-1 ĲȘȢ ıȤȑıȘȢ (2.33) ȠȡȓȗİĲαȚ ȦȢ [284]: 

 ( )1 1q qf− −= −∇S x  (2.37) 

Η ıȤȑıȘ (2.37) απȠĲİȜİȓ µȓα πȠȜȪ țαȜȒ ȜȪıȘ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȅȚ Fletcher țαȚ Reeves ĲȡȠπȠπȠȓȘıαȞ ĲȘ ıȤȑıȘ ȦȢ [83]: 

 ( )1 1 2q q qf β− − −= −∇ + ⋅S x S  (2.38) 

ȩπȠυ ȕ İȓȞαȚ Ș πȠıȩĲȘĲα: 

 
( )
( )

2

1

2

2

q

q

f

f
β −

−

∇= ∇
x

x
 (2.39) 

ȩπȠυ ȖȚα q=1 ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ įȓįİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (2.37). Η ĲȡȠπȠπȠȓȘıȘ 
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ĲȦȞ Fletcher țαȚ Reeves ıĲȠȤİȪİȚ ıĲȘ µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ıĲȘȞ 

İπȚȜȠȖȒ ĲȠυ αȡȤȚțȠȪ ıȘµİȓȠυ țαȚ ıĲȘȞ απȠφυȖȒ φαȚȞȠµȑȞȦȞ αȡȖȒȢ ıȪȖțȜȚıȘȢ. 

ȈĲȘȞ πİȡȓπĲȦıȘ ȪπαȡȟȘȢ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ, ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ ȕȡȓıțİĲαȚ απȩ ĲȘ 

ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ [122], [284]: 

 ( )( ) 11min
T

qq Sf −− •∇ x  (2.40) 

 ( )( ) ( )1 11 0
T

q j qj q g jg − −− • ≤ ∀ ∈∇ S x Jx  (2.41) 

 ( )1 1 1
T

q q− −• ≤S S  (2.42) 

Η ıȤȑıȘ (2.40) ȠȡȓȗİȚ ĲȘȞ țαĲİȪșυȞıȘ ĲȠυ įȚαȞȪıµαĲȠȢ įȚİȪșυȞıȘȢ țαȚ Ș ıȤȑıȘ (2.41) 

İȟαıφαȜȓȗİȚ ȩĲȚ ıĲȚȢ ȞȑİȢ ĲȚµȑȢ ĲȦȞ µ.ı, įİȞ αȞαµȑȞİĲαȚ παȡαȕȓαıȘ ĲȦȞ İȞİȡȖȫȞ 

πİȡȚȠȡȚıµȫȞ. Η ıȤȑıȘ (2.42) İȟαıφαȜȓȗİȚ ȩĲȚ ĲȠ πȡȩȕȜȘµα ȑȤİȚ πİπİȡαıµȑȞȘ ȜȪıȘ. 

2.6.3.4 ȉȡȠπȠπȠȚȘµȑȞȘ µȑșȠįȠȢ įυȞαĲȫȞ įȚİυșȪȞıİωȞ - (Modified MFD) 

Η µȑșȠįȠȢ ĲȘȢ παȡαȖȡȐφȠυ 2.6.3.2 ĲȡȠπȠπȠȚİȓĲαȚ ȫıĲİ Ȟα ȤİȚȡȓȗİĲαȚ µİ İπȚĲυȤȓα țαȚ ĲȚȢ 

πİȡȚπĲȫıİȚȢ πȠυ ĲȠ αȡȤȚțȩ ıȘµİȓȠ xȠ įİȞ ȚțαȞȠπȠȚİȓ ĲȠ ıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ. Η ıȤȑıȘ 

(2.40) ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( )( ) 11min
T

qqf ξ−− • −Φ∇ Sx  (2.43) 

ȩπȠυ, Φ İȓȞαȚ µȚα αυșαȓȡİĲα µİȖȐȜȘ șİĲȚțȒ ĲȚµȒ țαȚ ȟ İȓȞαȚ Ș İπȚπȡȩıșİĲȘ ĲİȤȞȘĲȒ 

µİĲαȕȜȘĲȒ. ȅȚ πİȡȚȠȡȚıµȠȓ ĲȦȞ ıȤȑıİȦȞ (2.41) țαȚ (2.42) ĲȡȠπȠπȠȚȠȪȞĲαȚ ȦȢ: 

 ( )1 1 0j q q jg jθ ξ− −∇ • + ≤ ∈x S J  (2.44) 

 ( ) 2
1 1 1

T

q q ξ− −• + ≤S S  (2.45) 

ȂİȖȐȜİȢ ĲȚµȑȢ ĲȠυ Φ İȟαıφαȜȓȗȠυȞ ȩĲȚ ĲȠ İπȩµİȞȠ ıȘµİȓȠ șα ȕȡȓıțİĲαȚ ıİ πİȡȚȠȤȒ πȠυ 

ȚțαȞȠπȠȚİȓ ĲȠ ıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ [284]. ȅȚ µİĲαȕȜȘĲȑȢ șj ĲȘȢ ıȤȑıȘȢ (2.44) 

İțφȡȐȗȠȞĲαȚ ȦȢ ıυȞαȡĲȒıİȚȢ ĲȦȞ İțȐıĲȠĲİ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ ȦȢ: 

 
( ) 2

1
1

j q

j o

gθ θε
−  = +  

x
 (2.46) 

ȩπȠυ șȠ İȓȞαȚ șİĲȚțȒ ĲȚµȒ. Η ıȤȑıȘ (2.46) İȟαıφαȜȓȗİȚ ȩĲȚ: 
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 ( )1 0j q jg ε θ− = − → =x  (2.47) 

 ( )1 0j qg − =x j oθ θ→ =  (2.48) 

ȠįȘȖȫȞĲαȢ ıĲȘȞ απȠφυȖȒ παȡαȕȓαıȘȢ ĲȦȞ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ. 

2.6.3.5 ȊπȠȜȠȖȚıµȩȢ ĲȠυ ȕȒµαĲȠȢ *

1qa −  

Ȃİ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ ĲȠ πȡȩȕȜȘµα ĲȘȢ İȪȡİıȘȢ ĲȘȢ İπȩµİȞȘȢ 

ȜȪıȘȢ ĲȘȢ ıȤȑıȘȢ (2.33) İıĲȚȐȗİĲαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȕȒµαĲȠȢ a*
q-1. ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ 

ĲȠ ıȪȞȠȜȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ ȚțαȞȠπȠȚİȓĲαȚ ĲȠ ȕȒµα ȠȡȓȗİĲαȚ ȦȢ [284]: 

 

( )
( )( )

( )
( )( ) 11

*

1 1 11 1

,
min

qjq

TT
q qj qq q

j
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a gf

δ −−
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 (2.49) 

ȩπȠυ į İȓȞαȚ Ș İπȚșυµȘĲȒ µİĲαȕȠȜȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ gj(xq-1) ĲȠ πİȡȚșȫȡȚȠ 

ĲȠυ j İȞİȡȖȠȪ πİȡȚȠȡȚıµȠȪ ıȤİįȚαıµȠȪ. Η ıȤȑıȘ (2.49) İπȚȜȑȖİȚ ĲȠ µȚțȡȩĲİȡȠ įυȞαĲȩ ȕȒµα 

ȫıĲİ Ȟα µȘȞ ȑȤȠυµİ ĲȘȞ παȡαȕȓαıȘ ĲȦȞ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ.  

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ µȑȡȠȢ ĲȦȞ πİȡȚȠȡȚıµȫȞ παȡαȕȚȐȗİĲαȚ ĲȠ ȕȒµα *

1qa −  ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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( )( ) 1

*

1 1 1
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T
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 (2.50) 

ȩπȠυ V İȓȞαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ παȡαȕȚαıµȑȞȦȞ πİȡȚȠȡȚıµȫȞ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ ȕȒµα 

ȚıȠȪȞĲαȚ µİ ĲȘȞ ĲȚµȒ πȠυ αȞαµȑȞİĲαȚ Ȟα ȠįȘȖȒıİȚ ıİ ȚțαȞȠπȠȓȘıȘ ĲȠυ ıυȞȩȜȠυ ĲȦȞ 

παȡαȕȚαıµȑȞȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ. 

2.6.3.6 ȉİȡµαĲȚıµȩȢ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

Η įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ: 

• ȉȠ πȜȒșȠȢ ĲȦȞ ȕȘµȐĲȦȞ ȟİπİȡȐıİȚ ĲȠ πȡȠțαșȠȡȚıµȑȞȠ µȑȖȚıĲȠ πȜȒșȠȢ ȕȘµȐĲȦȞ. 

• ΓȚα πȡȠțαșȠȡȚıµȑȞȠ πȜȒșȠȢ ȕȘµȐĲȦȞ įİȞ İȓȞαȚ įυȞαĲȒ Ș İȪȡİıȘ απȠįİțĲȒȢ ȜȪıȘȢ. 

• Η ıȤİĲȚțȒ țαȚ απȩȜυĲȘ µİĲαȕȠȜȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȖȚα įȪȠ įȚαįȠȤȚțȑȢ 

ȜȪıİȚȢ țαȚ Ș İυțȜİȓįİȚα απȩıĲαıȘ ĲȦȞ ȜȪıİȦȞ İȓȞαȚ µȚțȡȩĲİȡȘ ĲȦȞ πȡȠțαșȠȡȚıµȑȞȦȞ 
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ĲȚµȫȞ țαĲȦφȜȓȠυ. 

• ǿțαȞȠπȠȚȠȪȞĲαȚ Ĳα țȡȚĲȒȡȚα ĲȦȞ Karush-Kuhn-Tucker ĲȘȢ παȡαȖȡȐφȠυ 2.6.1.3. 

2.6.3.7 ȈυµπİȡȐıµαĲα 

ΓȚα ĲȚȢ αȡȚșµȘĲȚțȑȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıİ țȐșİ ȕȒµα ȑȤȠυµİ ĲȠȞ ȠȡȚıµȩ İȞȩȢ 

υπȠπȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Η ȜȪıȘ ĲȠυ υπȠπȡȠȕȜȒµαĲȠȢ įȓįİȚ ĲȠ įȚȐȞυıµα 

įȚİȪșυȞıȘȢ țαȚ ĲȠ µȑȖİșȠȢ ĲȠυ ȕȒµαĲȠȢ. Η įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ 

įİȞ İȓȞαȚ įυȞαĲȒ Ș πİȡαȚĲȑȡȦ ȕİȜĲȓȦıȘ ĲȘȢ ĲȚµȒȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȤȦȡȓȢ ĲȘȞ 

παȡαȕȓαıȘ İȞȩȢ Ȓ πİȡȚııȩĲİȡȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ. 

2.6.4 ȈĲȡαĲȘȖȚțȑȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

2.6.4.1 ΕȚıαȖωȖȒ 

ΓȚα ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ İυıĲȐșİȚαȢ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ παȡαȖȡȐφȠυ 2.6.2 țαȚ ĲȘȞ 

αȪȟȘıȘ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ, ȑȤȠυȞ πȡȠĲαșİȓ πȜȒșȠȢ įȚαφȠȡİĲȚțȫȞ ıĲȡαĲȘȖȚțȫȞ. ȅȚ 

ıĲȡαĲȘȖȚțȑȢ αυĲȑȢ ıυȞįυȐȗȠȞĲαȚ µİ ĲȚȢ ȐµİıİȢ µİșȩįȠυȢ ĲȘȢ παȡαȖȡȐφȠυ 2.6.3 

αȞĲȚµİĲȦπȓȗȠȞĲαȢ ȑµµİıα ĲȠ İțȐıĲȠĲİ πȡȩȕȜȘµα İφȩıȠȞ ıİ țȐșİ ȕȒµα ĲȠυȢ ȕȡȓıțİĲαȚ Ƞ 

ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ İȞȩȢ ȚıȠįυȞȐµȠυ πȡȠȕȜȒµαĲȠȢ. ȈĲȚȢ παȡαȖȡȐφȠυȢ 2.6.4.2 ȦȢ 2.6.4.5 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πȚȠ įȚαįİįȠµȑȞİȢ ıĲȡαĲȘȖȚțȑȢ ȖȚα µİșȩįȠυȢ αȡȚșµȘĲȚțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

2.6.4.2 ΜȑșȠįȠȢ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ – (Sequential linear 
programming)  

ΓȚα ĲȘȞ πȜİȚȠȥȘφȓα ĲȦȞ πȡȠȕȜȘµȐĲȦȞ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ ȠȚ πİȡȚȠȡȚıµȠȓ 

įȓįȠȞĲαȚ ȦȢ µȘ ȖȡαµµȚțȑȢ ıυȞαȡĲȒıİȚȢ ĲȦȞ µ.ı. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ ȖȡαµµȚțȠȪ 

πȡȠȖȡαµµαĲȚıµȠȪ ĲȠ πȡȩȕȜȘµα πȡȠıİȖȖȓȗİĲαȚ απȩ ȑȞα ȚıȠįȪȞαµȠ ȖȡαµµȚțȩ πȡȩȕȜȘµα. Η 

ȜȪıȘ ĲȠυ ȖȡαµµȚțȠȪ πȡȠȕȜȒµαĲȠȢ µαȢ įȓįİȚ ĲȠ İπȩµİȞȠ ıȘµİȓȠ ĲȘȢ İπαȞαȜȘπĲȚțȒȢ 

įȚαįȚțαıȓαȢ. Η įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ Ș İυțȜİȓįİȚα απȩıĲαıȘ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ 

ȜȪıİȦȞ ĲȠυ ȚıȠįυȞȐµȠυ ȖȡαµµȚțȠȪ πȡȠȕȜȒµαĲȠȢ İȓȞαȚ İπαȡțȫȢ µȚțȡȒ Ȓ Ș įȚαφȠȡȐ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ įȪȠ απȠįİțĲȫȞ įȚαįȠȤȚțȫȞ ȜȪıİȦȞ İȓȞαȚ µȚțȡȩĲİȡȘ µȓαȢ ĲȚµȒȢ 

țαĲȦφȜȓȠυ. ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȩπȦȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (2.1). 

Η αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ȠȚ ıυȞαȡĲȒıİȚȢ ĲȦȞ πİȡȚȠȡȚıµȫȞ țαȚ ȠȚ µ.ı ȠȡȓȗȠȞĲαȚ ȦȢ [122]: 

 ( ) ( ) ( )1 1min q qf f f δ− −≅ +∇ ⋅x x x x  (2.51) 

 ( ) ( ) ( )1 1 0 1,...,j j q j qg g g j p mδ− −≅ +∇ ⋅ ≤ = +x x x x  (2.52) 
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 ( ) ( ) ( )1 1 0 1,...,k k q k qh h h k pδ− −≅ +∇ ⋅ = =x x x x  (2.53) 

 1,...,l u

i i ix x x x i nδ≤ + ≤ =  (2.54) 

ȩπȠυ ĲȠ įȚȐȞυıµα įx ȠȡȓȗİĲαȚ ȦȢ: 

 1qδ −= −x x x  (2.55) 

ȉȠ ȚıȠįȪȞαµȠ ȖȡαµµȚțȩ πȡȩȕȜȘµα ȜȪȞİĲαȚ µİ ĲȘ µȑșȠįȠ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ Ȓ ĲȘȞ 

ĲȡȠπȠπȠȚȘµȑȞȘ µȑșȠįȠ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ. Η µȩȡφȦıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ıȪµφȦȞα µİ ĲȚȢ 

ıȤȑıİȚȢ (2.51) țαȚ (2.54) İπȚĲαȤȪȞİȚ ĲȘ įȚαįȚțαıȓα ıȪȖțȜȚıȘȢ. ΩȢ µİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ 

țαĲαȜȠȖȓȗİĲαȚ ȩĲȚ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ ȩπȠυ Ƞ αȡȚșµȩȢ ĲȦȞ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ 

İȓȞαȚ µȚțȡȩĲİȡȠȢ απȩ ĲȠȞ αȡȚșµȩ ĲȦȞ µ.ı, ĲȠ ȚıȠįȪȞαµȠ πȡȩȕȜȘµα πȠυ παȡȠυıȚȐȗİĲαȚ ıĲȚȢ 

ıȤȑıİȚȢ (2.51) țαȚ (2.54) µİĲαĲȡȑπİĲαȚ ıİ πȡȩȕȜȘµα ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ (unbounded 

problem) µİ απȠĲȑȜİıµα Ƞ αȜȖȩȡȚșµȠȢ Ȟα αȚȦȡİȓĲαȚ µİĲαȟȪ ĲȦȞ πİȡȚȠȤȫȞ απȠįİțĲȫȞ țαȚ µȘ 

απȠįİțĲȫȞ ıȤİįȚȐıİȦȞ țαȚ Ș ĲαȤȪĲȘĲα ıȪȖțȜȚıȘȢ ĲȠυ πİȡȚȠȡȓȗİĲαȚ ıȘµαȞĲȚțȐ.  

ȅ Lin țαȚ Chou, [191], İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ ȖȚα ĲȘȞ İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ țαĲαȞȠµȒȢ 

υȜȚțȠȪ ıİ İπȓπİįİȢ µİµȕȡȐȞİȢ. ΓȚα ĲȘȞ αȞĲȚµİĲȫπȚıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȠπȠȜȠȖȓαȢ ĲȪπȠυ 

ıțαțȚȑȡαȢ ĲȠ πȡȩȕȜȘµα αȞĲȚµİĲȦπȓȗİĲαȚ ıİ įȪȠ φȐıİȚȢ. ȈĲȘ 1
Ș
 φȐıȘ İπȚȜȑȖİĲαȚ αįȡȩ πȜȑȖµα 

ȖȚα ĲȘ µȩȡφȦıȘ ĲȦȞ πİπİȡαıµȑȞȦȞ ıĲȠȚȤİȓȦȞ țαȚ υπȠȜȠȖȓȗİĲαȚ ıυȖțİțȡȚµȑȞȘ ȕȑȜĲȚıĲȘ 

ĲȠπȠȜȠȖȓα. ȈĲȘ 2
Ș
 φȐıȘ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ İıĲȚȐȗİȚ ĲȘȞ πȡȠıȠȤȒ ĲȘȢ ıĲȠ ıȪȞȠȡȠ 

ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȠπȠȜȠȖȓαȢ ĲȘȢ 1
ȘȢ

 φȐıȘȢ µİ ĲȘȞ υȚȠșȑĲȘıȘ İȞȩȢ πİȡȚııȩĲİȡȠ πυțȞȠȪ 

πȜȑȖµαĲȠȢ ȖȚα ĲȘ µȩȡφȦıȘ ĲȦȞ πİπİȡαıµȑȞȦȞ ıĲȠȚȤİȓȦȞ. ȅ įȚαȤȦȡȚıµȩȢ ȑȤİȚ ȦȢ 

απȠĲȑȜİıµα ĲȘ ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ µ.ı ȖȚα țȐșİ πȡȩȕȜȘµα țαȚ ĲȘȞ 

İπȚĲȐȤυȞıȘ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. O Yang [296], İφαȡµȩȗİȚ ĲȘ µȑșȠįȠ ȖȡαµµȚțȠȪ 

πȡȠȖȡαµµαĲȚıµȠȪ ȖȚα ĲȘ ȕȑȜĲȚıĲȘ țαĲαȞȠµȒ υȜȚțȠȪ ıİ İπȓπİįİȢ µİµȕȡȐȞİȢ µİ αȞĲȚțİȚµİȞȚțȒ 

ıυȞȐȡĲȘıȘ ĲȠ ȕȐȡȠȢ țαȚ πİȡȚȠȡȚıµȠȪȢ ĲȘ µȑȖȚıĲȘ µİĲαțȓȞȘıȘ ȦȢ πȡȠȢ ĲȠυȢ įȪȠ ȐȟȠȞİȢ, ĲȘ 

įυȞαµȚțȒ ıĲȚȕαȡȩĲȘĲα țαȚ ĲȘȞ İȞįȠĲȚțȩĲȘĲα ĲȘȢ µİµȕȡȐȞȘȢ.  

ȅ Chen, [46], πȡȠĲİȓȞİȚ ĲȘ ȤȡȒıȘ įυȞαµȚțȐ µİĲαȕαȜȜȩµİȞȦȞ ȠȡȓȦȞ ȖȚα ĲȚȢ µ.ı, µİ 

απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȠυ µİȖȑșȠυȢ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ țαȚ ĲȘ įυȞαµȚțȒ µİĲαȕȠȜȒ ĲȦȞ 

ȠȡȚαțȫȞ ĲȚµȫȞ ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ µİ ıĲȩȤȠ ĲȘȞ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ 

İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ µİ ıĲȩȤȠ Ȟα µİȚȦșİȓ Ș πȚșαȞȩĲȘĲα µȘ απȠįİțĲȫȞ ıȤİįȚαıµȫȞ. ȀαĲȐ ĲȘ 

φȐıȘ İțĲȓµȘıȘȢ ĲȠυ ȕȒµαĲȠȢ πȡȠĲİȓȞİĲαȚ Ș ȤȡȒıȘ πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ ıĲȘ șȑıȘ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ µİ ıĲȩȤȠ ĲȘȞ αȪȟȘıȘ ĲȘȢ αțȡȓȕİȚαȢ απȩțȡȚıȘȢ ĲȠυ ıυıĲȒµαĲȠȢ.  
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ȅȚ Lamberti, țαȚ Pappalettere [180], [181], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ 

ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠȢ İȚįȚțȩĲİȡα ıĲȘ 

φȐıȘ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȠυ ȕȒµαĲȠȢ țαȚ ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ ıĲȡαĲȘȖȚțȒȢ 

İȚįȚțȩĲİȡα ıİ πȡȠȕȜȒµαĲα µİ µİȖȐȜȠ πȜȒșȠȢ µ.ı. 

2.6.4.3 ΜȑșȠįȠȢ ĲωȞ İȖȖİȖȡαµµȑȞωȞ ıφαȚȡȫȞ – (Method of inscribed 
spheres MǿS) 

Η µȑșȠįȠȢ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ παȡȐȖİȚ αțȠȜȠυșȓİȢ ıυȞİȤȫȢ ȕİȜĲȚȠȪµİȞȦȞ 

ıȤİįȚȐıİȦȞ αȜȜȐ țαȚ µȘ απȠįİțĲȫȞ ıĲȘȞ πİȡȓπĲȦıȘ țυȡĲȫȞ ȤȫȡȦȞ ıȤİįȚαıµȠȪ, țαĲȐ ĲȘȞ 

ĲİȜȚțȒ φȐıȘ, µİ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ. Ȉİ µİȡȚțȑȢ πİȡȚπĲȫıİȚȢ 

İȓȞαȚ İπȚșυµȘĲȩ, İȚįȚțȐ įİ ıİ πİȡȚπĲȫıİȚȢ ȩπȠυ Ș įȚαįȚțαıȓα ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ παȡȠυıȚȐȗİȚ υȥȘȜȩ 

υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ Ȓ ȩĲαȞ ȠȚ İȞįȚȐµİıİȢ ȜȪıİȚȢ παȡȠυıȚȐȗȠυȞ ȤȡȘıȚµȩĲȘĲα, Ș įȚαįȚțαıȓα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ȟα țȚȞȘșİȓ πȡȠȢ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ αțȠȜȠυșȫȞĲαȢ ĲȡȠȤȚȐ İȞĲȩȢ ĲȘȢ 

απȠįİțĲȒȢ πİȡȚȠȤȒȢ ıȤİįȚαıµȠȪ. Η µȑșȠįȠȢ ĲωȞ țȑȞĲȡωȞ (Ȓ µȑșȠįȠȢ ĲωȞ İȖȖİȖȡαµµȑȞωȞ 

ıφαȚȡȫȞ) [190], [159] υπȐȖİĲαȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ ıĲȡαĲȘȖȚțȫȞ ȖȡαµµȚțȠȪ 

πȡȠȖȡαµµαĲȚıµȠȪ πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȠ țȡȚĲȒȡȚȠ αυĲȩ. 

ΓȚα țȐșİ ıȘµİȓȠ xq-1 Ƞ αȜȖȩȡȚșµȠȢ, υπȠȜȠȖȓȗİȚ ĲȘ µİȖαȜȪĲİȡȘ ıİ ȩȖțȠ įυȞαĲȒ İȖȖİȖȡαµµȑȞȘ 

ıφαȓȡα ȖȚα ĲȘȞ ȠπȠȓα, ȩȜα Ĳα ıȘµİȓα ĲȘȢ αȞȒțȠυȞ ıĲȘȞ πİȡȚȠȤȒ ĲȦȞ απȠįİțĲȫȞ ıȤİįȚȐıİȦȞ 

țαȚ ĲȠ ıȘµİȓȠ xq-1 ȕȡȓıțİĲαȚ ıĲȘȞ İπȚφȐȞİȚα ĲȘȢ ıφαȓȡαȢ αυĲȒȢ. ΩȢ ıȘµİȓȠ xq ĲȘȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ıυȞȒșȦȢ ĲȠ țȑȞĲȡȠ ĲȘȢ İȖȖİȖȡαµµȑȞȘȢ ıφαȓȡαȢ. Ȃİ ĲȘȞ 

İπαȞȐȜȘȥȘ ĲȘȢ įȚαįȚțαıȓαȢ Ƞ αȜȖȩȡȚșµȠȢ ıυȖțȜȓȞİȚ πȡȠȢ ĲȘ ȕȑȜĲȚıĲȘ ĲȚµȒ. ȈĲȩȤȠȢ ĲȠυ 

αȜȖȠȡȓșµȠυ İȓȞαȚ Ș İȪȡİıȘ ĲȠυ µİȖαȜȪĲİȡȠυ įυȞαĲȠȪ İȖȖİȖȡαµµȑȞȠυ țȪțȜȠυ İȞĲȩȢ ĲȘȢ 

απȠįİțĲȒȢ πİȡȚȠȤȒȢ. ȉȠ υπȩ-πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ [30]: 

 min sphereR−  (2.56) 

 
( ) ( )

( ) ( ) ( )1 1 1

1 1 1 1

0

1,...,

q q q s

j q q j q s j q

f f R

g g R g j m

− − −

− − − −

∇ • + ∇ ⋅ ≤
∇ • + ∇ ⋅ ≤ − =

x S x

x S x x
 (2.57) 

ȩπȠυ, Rs İȓȞαȚ Ș αțĲȓȞα ĲȘȢ İȖȖİȖȡαµµȑȞȘȢ ıφαȓȡαȢ. Η İπαȞαȜȘπĲȚțȒ įȚαįȚțαıȓα µπȠȡİȓ Ȟα 

ĲȡȠπȠπȠȚȘșİȓ µİ ıĲȩȤȠ ĲȘȢ αȪȟȘıȘ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ ıȪµφȦȞα µİ ĲȘȞ παȡαĲȒȡȘıȘ 

ȩĲȚ, πȑȡα ĲȘȢ µİĲαĲȩπȚıȘȢ ĲȠυ ıȘµİȓȠυ ıȤİįȚαıµȠȪ ıĲȠ țȑȞĲȡȠ ĲȘȢ ıφαȓȡαȢ İȓȞαȚ įυȞαĲȒ 

πİȡαȚĲȑȡȦ µİĲαĲȩπȚıȘ ıĲȘ įȚİȪșυȞıȘ µȑȖȚıĲȘȢ țȜȓıȘȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȤȦȡȓȢ 

παȡαȕȓαıȘ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠ ıȘµİȓȠ xq įȓįİĲαȚ ȦȢ [284]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.28 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( )* *

1 1 1 1 1q q q q qa F F aβ− − − −= + ⋅ − ⋅∇ ∇ =x x S x x  (2.58) 

ȩπȠυ 0<ȕ<1 įȓįİȚ ĲȠ ȜȩȖȠ ĲȘȢ ıȤİĲȚțȒȢ µİĲαĲȩπȚıȘȢ απȩ ĲȠ țȑȞĲȡȠ ĲȘȢ İȖȖİȖȡαµµȑȞȘȢ 

ıφαȓȡαȢ πȡȠȢ ĲȘȞ İπȚφȐȞİȚα ĲȘȢ. 

Η µȑșȠįȠȢ İȖȖİȖȡαµµȑȞȦȞ ıφαȚȡȫȞ İȓȞαȚ ȚįȚαȓĲİȡα įȘµȠφȚȜȒȢ ȜȩȖȦ ĲȘȢ ȚįȚȩĲȘĲαȢ ĲȘȢ Ȟα 

țȚȞİȓĲαȚ πȡȠȢ ĲȠ ȕȑȜĲȚıĲȠ αțȠȜȠυșȫȞĲαȢ ĲȡȠȤȚȐ İȞĲȩȢ ĲȘȢ απȠįİțĲȒȢ πİȡȚȠȤȒȢ țαȚ țȐșİ 

ıȘµİȓȠ ĲȘȢ ĲȡȠȤȚȐȢ αυĲȒȢ, Ȟα απȑȤİȚ İȟȓıȠυ απȩ ĲȚȢ įȚİπȚφȐȞİȚİȢ ĲȠυ απȠįİțĲȠȪ-µȘ 

απȠįİțĲȠȪ ȤȫȡȠυ ȜȪıİȦȞ ȦȢ πȡȠȢ ĲȠυȢ İȞİȡȖȠȪȢ πİȡȚȠȡȚıµȠȪȢ ıȤİįȚαıµȠȪ. ȂİȚȠȞȑțĲȘµα 

ĲȘȢ µİșȩįȠυ İȓȞαȚ ȩĲȚ, ıĲȚȢ πİȡȚπĲȫıİȚȢ πȠυ Ƞ αȡȚșµȩȢ ĲȦȞ İȞİȡȖȫȞ πİȡȚȠȡȚıµȫȞ İȓȞαȚ 

µȚțȡȩĲİȡȠȢ απȩ ĲȠȞ αȡȚșµȩ ĲȦȞ µ.ı, Ș µȑșȠįȠȢ αυĲȒ παȡȠυıȚȐȗİȚ Ĳα ȓįȚα πȡȠȕȜȒµαĲα µİ ĲȘ 

µȑșȠįȠ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ. ΕπȚπȜȑȠȞ, ıİ πİȡȚπĲȫıİȚȢ πȠυ ĲȠ αȡȤȚțȩ πȡȩȕȜȘµα 

ȠȡȓȗİĲαȚ ȦȢ ȖȡαµµȚțȒ ıυȞȐȡĲȘıȘ πȡȠȢ ĲȚȢ µ.ı, Ș µȑșȠįȠȢ įİȞ ıυȖțȜȓȞİȚ ıĲȘ ȕȑȜĲȚıĲȘ ĲȚµȒ. 

2.6.4.4 ΜȑșȠįȠȢ įİυĲİȡȠȕȐșµȚȠυ πȡȠȖȡαµµαĲȚıµȠȪ – (Sequential 
quadratic programming SQP)  

ȈĲȘ µȑșȠįȠ įİυĲİȡȠȕȐșµȚȠυ πȡȠȖȡαµµαĲȚıµȠȪ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ υπȠȜȠȖȓȗİĲαȚ µȑıȦ 

ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȚıȠįυȞȐµȠυ πȡȠȕȜȒµαĲȠȢ πȠυ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ 

πȡȠıİȖȖȓȗİĲαȚ απȩ ıυȞȐȡĲȘıȘ 2
αȢ ĲȐȟİȦȢ. Η ȜȪıȘ ĲȠυ ȚıȠįυȞȐµȠυ πȡȠȕȜȒµαĲȠȢ µαȢ įȓįİȚ ĲȠ 

İπȩµİȞȠ ıȘµİȓȠ ĲȘȢ İπαȞαȜȘπĲȚțȒȢ įȚαįȚțαıȓαȢ. Η įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ Ș 

İυțȜİȓįİȚα απȩıĲαıȘ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ ȜȪıİȦȞ țαȚ / Ȓ ıȤİĲȚțȒ țαȚ απȩȜυĲȘ įȚαφȠȡȐ 

ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ İȓȞαȚ țαȚ µȚțȡȩĲİȡȘ ĲȦȞ αȞĲȚıĲȠȓȤȦȞ ĲȚµȫȞ țαĲȦφȜȓȠυ. Η 

µȠȡφȒ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįİĲαȚ ȦȢ [284]: 

 ( ) ( ) ( ) ( )11 1 1 1 1 1

1
min

2

T

qq q q q q qQ f F −− − − − − −= +∇ ⋅ + ⋅ ⋅ ⋅SS x x S B S  (2.59) 

 
( ) ( )( ) ( )1 1 1

1 1 1

0 1,...,

0 1,...,

i q q i q

k q q k q

g g j p m

g h k p

− − −

− − −

∇ ⋅ + ≤ = +
∇ ⋅ + = =

x S x

x S x
 (2.60) 

ȩπȠυ, B İȓȞαȚ ȑȞα șİĲȚțȐ ȠȡȚȗȩµİȞȠ µȘĲȡȫȠ (positive definite) ȓıȠ αȡȤȚțȐ µİ ĲȠ µȠȞαįȚαȓȠ 

µȘĲȡȫȠ. ȉȠ αȞĲȓıĲȠȚȤȠ υπȠπȡȩȕȜȘµα πȠυ ȠȡȓȗİĲαȚ µȑıȦ ĲȦȞ ıȤȑıİȦȞ (2.59) țαȚ (2.60) 

µπȠȡİȓ Ȟα Ȝυșİȓ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ µİșȩįȠυ įυȞαĲȫȞ įȚİυșȪȞıİȦȞ țαȚ ĲȦȞ παȡαȜȜαȖȫȞ ĲȘȢ. 

ȀαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠ µȘĲȡȫȠ B αȞαȞİȫȞİĲαȚ µİ ıĲȩȤȠ ĲȠ 

ΕııȚαȞȩ (Hessian) µȘĲȡȫȠ ĲȘȢ ıυȞȐȡĲȘıȘȢ Lagrange ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ. Η 

İπȓȜυıȘ ĲȠυ υπȠπȡȠȕȜȒµαĲȠȢ ĲȦȞ ıȤȑıİȦȞ (2.59) țαȚ (2.60) ȠȡȓȗİȚ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ 

Sq-1. ȈĲȠ ıȘµİȓȠ x
*
q-1 (ȜȪıȘ ĲȠυ ȚıȠįȪȞαµȠυ πȡȠȕȜȒµαĲȠȢ) υπȠȜȠȖȓȗȠȞĲαȚ ȠȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.29 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȠȜȜαπȜαıȚαıĲȑȢ Lagrange Ȝi i=1,…m. ȉȠ µȑȖİșȠȢ ĲȠυ ȕȒµαĲȠȢ a
*
q-1 ȕȡȓıțİĲαȚ µȑıȦ ĲȘȢ 

ȜȪıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ πȡȠıİȖȖȚıĲȚțȒȢ ıυȞȐȡĲȘıȘȢ Lagrange [284]: 

 ( ) ( ) ( ){ } ( )
1 1

min max 0,;
pm

i i

i p i

L f u ug h
= + =

= + ⋅ + ⋅∑ ∑x u x x x  (2.61) 

ȩπȠυ ĲȠ įȚȐȞυıµα ĲȦȞ ĲȡȠπȠπȠȚȘµȑȞȦȞ πȠȜȜαπȜαıȚαıĲȫȞ Lagrange u įȓįİĲαȚ ȦȢ [284]: 

 ( ){ }1

1 1,...,

1
max 1 1,...,,

2

q

i

u q i m

u q i mu

ι ι

ι ι ι

λ
λ λ−

= = =
= > =⋅ +  (2.62) 

ȩπȠυ ui
q-1

 İȓȞαȚ ȠȚ ĲȡȠπȠπȠȚȘµȑȞȠȚ πȠȜȜαπȜαıȚαıĲȑȢ Lagrange ĲȠυ πȡȠȘȖȠȪµİȞȠυ ȕȒµαĲȠȢ. 

ȉȠ ıȘµİȓȠ xq υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ ıȤȑıȘȢ (2.33). ȉȠ µȘĲȡȫȠ B πȠυ αȡȤȚțȐ İȓȞαȚ ȓıȠ µİ ĲȠ 

µȠȞαįȚαȓȠ µȘĲȡȫȠ αȞαȞİȫȞİĲαȚ ıȪµφȦȞα µİ ĲȠ µȑșȠįȠ ĲȦȞ Broyden [31], Fletcher [82], 

Godfard [112], Shanno [260] țαȚ ĲȘȞ ĲȡȠπȠπȠȓȘıȘ ĲȠυ Powell ȫıĲİ Ȟα İȟαıφαȜȚıĲİȓ ȩĲȚ ĲȠ 

µȘĲȡȫȠ B șα İȓȞαȚ İπαȡțȫȢ șİĲȚțȐ ȠȡȚıµȑȞȠ [227], [151] ȦȢ [284]: 

 
1 1

1

1

TT
q q

q q T T

q

− −
−

−
⋅ ⋅ ⋅= + − ⋅ ⋅

B p p BȘ Ș
B B

p Ș p B p
 (2.63) 

ȩπȠυ p țαȚ Ș İȓȞαȚ Ĳα µȘĲȡȫα [284]: 

 1q q−= −p x x  (2.64) 

 ( ) 11 qt t −= ⋅ + ⋅ ⋅−Ș y B p  (2.65) 

țαȚ ĲȠ µȘĲȡȫȠ y țαȚ Ș ĲȚµȒ t ȠȡȓȗȠȞĲαȚ ȦȢ [284]: 

 

( ) ( )
( ) ( ) ( ) ( )

1 1

1 1

; ;

;

q q q q

pm

q q i i

i p i

L L

L f g hλ λ
− −

= + =

′ ′= ∇ −∇
′ = + + ⋅ + ⋅∑ ∑

x x
x Ȝ x Ȝy

x Ȝ x x x
 (2.66) 
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 (2.67) 

ȅ Bedair, [19] İφαȡµȩȗİȚ ĲȘ µȑșȠįȠ ıİ πȡȠȕȜȒµαĲα υπȠȜȠȖȚıµȠȪ ĲȦȞ παȡαµȠȡφȫıİȦȞ 

İȞȚıȤυµȑȞȦȞ πȜαțȫȞ µİ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ĲȘ µİȓȦıȘ ĲȘȢ ıυȞȠȜȚțȒȢ İȞȑȡȖİȚαȢ 

παȡαµȩȡφȦıȘȢ țαȚ ıυȖțȡȓȞİȚ Ĳα απȠĲİȜȑıµαĲα µİ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ µİ ĲȘ 

µȑșȠįȠ πİπİȡαıµȑȞȦȞ ıĲȠȚȤİȓȦȞ. O Mahmoud [198], İφαȡµȩȗİȚ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ, ıİ 

πȡȠȕȜȒµαĲα υπȠȜȠȖȚıµȠȪ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤȒµαĲȠȢ µȘȤαȞȠȜȠȖȚțȫȞ İȟαȡĲȘµȐĲȦȞ. ȅȚ 
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Holzleitner, țαȚ Mahmoud [146] İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ ıĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ ıȤȒµαĲȠȢ 

µȘȤαȞȠȜȠȖȚțȫȞ İȟαȡĲȘµȐĲȦȞ. ȅȚ Horowitz, țαȚ Afonso, [151], ıυȞįυȐȗȠυȞ ĲȠȞ αȜȖȩȡȚșµȠ 

ĲȦȞ Golfard țαȚ Idani, [111], ȖȚα ĲȘȞ İπȓȜυıȘ ĲȠυ ıυȗυȖȠȪȢ πȡȠȕȜȒµαĲȠȢ ıĲȠȞ υπȠȜȠȖȚıµȩ 

ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ S, µİ ĲȘ µȑșȠįȠ įİυĲİȡȠȕȐșµȚȠυ πȡȠȖȡαµµαĲȚıµȠȪ ıİ 

πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ țİȜυφȫȞ. ȅȚ Lee țαȚ Park, [185], αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα 

ĲȘȢ µİȓȦıȘȢ ĲȠυ ȕȐȡȠυȢ πȜαȚıȓȠυ ȠȤȒµαĲȠȢ υπȩ πİȡȚȠȡȚıµȠȪȢ ȚįȚȠĲȚµȫȞ µİ ĲȘ ȕȠȒșİȚα 

παȡαȜȜαȖȒȢ ĲȘȢ µİșȩįȠυ, ĲȠȞ İπαȞαȜȘπĲȚțȩ įİυĲİȡȠȕȐșµȚȠ πȡȠȖȡαµµαĲȚıµȩ [14]. 

2.6.4.5 ΜȑșȠįȠȢ țυȡĲȠȪ πȡȠȖȡαµµαĲȚıµȠȪ – (Sequential convex 
programming) 

ȈĲȘ µȑșȠįȠ țυȡĲȠȪ πȡȠȖȡαµµαĲȚıµȠȪ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ 

įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȚıȠįυȞȐµȠυ πȡȠȕȜȒµαĲȠȢ ȩπȠυ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ 

πȡȠıİȖȖȓȗİĲαȚ απȩ ıυȞȐȡĲȘıȘ 2
αȢ ĲȐȟİȦȢ. Ȉİ αȞĲȓșİıȘ µİ ĲȘ µȑșȠįȠ įİυĲİȡȠȕȐșµȚȠυ 

πȡȠȖȡαµµαĲȚıµȠȪ ȩπȠυ Ș ıυȞȐȡĲȘıȘ Lagrange ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ȜαµȕȐȞİĲαȚ υπȩȥȘ µȩȞȠȞ 

ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ µȘĲȡȫȠυ B ıĲȘ µȑșȠįȠ țυȡĲȠȪ πȡȠȖȡαµµαĲȚıµȠȪ Ș αȞĲȚțİȚµİȞȚțȒ 

ıυȞȐȡĲȘıȘ ĲȠυ ȚıȠįȪȞαµȠυ πȡȠȕȜȒµαĲȠȢ įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ πȠȜȜαπȜαıȚαıĲȫȞ 

Lagrange ȫıĲİ Ȟα ȜαµȕȐȞİĲαȚ υπȩȥȘ țαȚ Ș țαµπυȜȩĲȘĲα ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ. Η 

įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ Ș İυțȜİȓįİȚα απȩıĲαıȘ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ ȜȪıİȦȞ țαȚ / Ȓ 

ıȤİĲȚțȒ țαȚ απȩȜυĲȘ įȚαφȠȡȐ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ İȓȞαȚ țαȚ µȚțȡȩĲİȡȘ ĲȦȞ 

αȞĲȚıĲȠȓȤȦȞ ĲȚµȫȞ țαĲȦφȜȓȠυ. ȉȠ ȚıȠįȪȞαµȠ πȡȩȕȜȘµα ȠȡȓȗİĲαȚ ȦȢ [284]: 
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 (2.69) 

ȉȠ įȚȐȞυıµα ĲȦȞ µ.ı, απȠĲİȜİȓĲαȚ İȓĲİ απȩ ĲȚȢ µ.ı x, İȓĲİ απȩ ĲȚȢ αȞĲȚµİĲαșİĲȚțȑȢ (reciprocal) 

µ.ı Ȝ. Η İπȚȜȠȖȒ ĲȦȞ µ.ı, țαșȠȡȓȗİĲαȚ απȩ ĲȠ πȡȩıȘµȠ ĲȦȞ αȞĲȚıĲȠȓȤȦȞ µİȡȚțȫȞ παȡαȖȫȖȦȞ 

ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ. ǹπȠĲȑȜİıµα ĲȠυ µİĲαıȤȘµαĲȚıµȠȪ αυĲȠȪ, İȓȞαȚ Ș İπȓȜυıȘ 

İȞȩȢ ıυȞĲȘȡȘĲȚțȠȪ țυȡĲȠȪ υπȠπȡȠȕȜȒµαĲȠȢ µİ ĲȠ ȠπȠȓȠ İȟαıφαȜȓȗİĲαȚ Ș ȪπαȡȟȘ țαȚ 

µȠȞαįȚțȩĲȘĲα ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. 
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2.6.4.6 ΜȑșȠįȠȢ µİĲαȕαȜȜȩµİȞωȞ αıȪµπĲωĲωȞ – (Method of moving 
asymptotes) 

ΆȜȜȘ ıĲȡαĲȘȖȚțȒ İȓȞαȚ Ș µȑșȠįȠȢ µİĲαȕαȜȜȩµİȞȦȞ αıȪµπĲȦĲȦȞ [72], [299], [183], [224]. Ȉİ 

αȞĲȓșİıȘ µİ ĲȚȢ ıĲȡαĲȘȖȚțȑȢ πȠυ ȑȤȠυȞ παȡȠυıȚαıĲİȓ µȑȤȡȚ ıĲȚȖµȒȢ Ș µȑșȠįȠȢ įİȞ απαȚĲİȓ Ș 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ ȠȚ ıυȞαȡĲȒıİȚȢ ĲȦȞ πİȡȚȠȡȚıµȫȞ Ȟα İȓȞαȚ παȡαȖȦȖȓıȚµİȢ ıĲȠ 

ȤȫȡȠ ıȤİįȚαıµȠȪ [275], [276], [138]. Ȉİ țȐșİ ȕȒµα țαĲαıĲȡȫȞİĲαȚ ȑȞα υπȠπȡȩȕȜȘµα țυȡĲȒȢ 

µȠȡφȒȢ ȖȚα ĲȠ ȠπȠȓȠ υπȠȜȠȖȓȗİĲαȚ Ș İțȐıĲȠĲİ ȕȑȜĲȚıĲȘ ȜȪıȘ. Η µȘ ȖȡαµµȚțȒ ıυµπİȡȚφȠȡȐ 

ĲȠυ υπȠπȡȠȕȜȒµαĲȠȢ µİĲαȕȐȜȜİĲαȚ įυȞαµȚțȐ, αȞȐȜȠȖα µİ ĲȘ ıυµπİȡȚφȠȡȐ ĲȠυ πȡαȖµαĲȚțȠȪ 

πȡȠȕȜȒµαĲȠȢ, µİĲαȕȐȜȜȠȞĲαȢ ĲȚȢ παȡαµȑĲȡȠυȢ İȜȑȖȤȠυ. ȆȜİȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ [275], 

[276] İȓȞαȚ Ș ȚțαȞȩĲȘĲα ĲȘȢ Ȟα įȚαµȠȡφȫȞİȚ ĲȘ ıυµπİȡȚφȠȡȐ ĲȘȢ țαĲ’ αȞαȜȠȖȓα ĲȘȢ 

ıυµπİȡȚφȠȡȐȢ ĲȠυ πȡαȖµαĲȚțȠȪ πȡȠȕȜȒµαĲȠȢ. Ȉİ țȐșİ ȕȒµα ĲȠ ȚıȠįȪȞαµȠ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ [275]: 
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q qn
q q ij ij
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r f
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ȩπȠυ f0(x) İȓȞαȚ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ fi(x) {i=1,…,mȠ} İȓȞαȚ ȠȚ ıυȞαȡĲȒıİȚȢ ĲȦȞ 
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πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ. ȅȚ παȡȐµİĲȡȠȚ αi
(q)

 țαȚ ȕi
(q)

 ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȖȚα ĲȘȞ απȠφυȖȒ 

țαĲαıĲȐıİȦȞ αȡȚșµȘĲȚțȒȢ αıĲȐșİȚαȢ țαȚ ȠȡȓȗȠȞĲαȚ ȦȢ «įυȞαµȚțȫȢ µİĲαȕαȜȜȩµİȞα ȩȡȚα» ȖȚα 

Ĳα ȠπȠȓα ȚıȤȪİȚ ȩĲȚ [275], [276]: 

 
( ) ( ) ( ) ( ) ( )

0, ,
q q q q q

j j j j jL a x U j nβ≤ ≤ ≤ ≤ = …  (2.76) 

ȅ ȠȡȚıµȩȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (2.70) ȦȢ (2.72) İȟαıφαȜȓȗİȚ ĲȘȞ 

țυȡĲȩĲȘĲα ĲȠυ µİ απȠĲȑȜİıµα ĲȘȞ ȪπαȡȟȘ țαȚ µȠȞαįȚțȩĲȘĲα ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. ΓȚα ||Uj
(q)

-

xj||→0 țαȚ ||xj- Lj
(q)

||→0 ȑȤȠυµİ αȪȟȘıȘ ĲȘȢ ıυȞİȚıφȠȡȐȢ ĲȦȞ µİȡȚțȫȞ παȡαȖȫȖȦȞ įİυĲȑȡαȢ 

ĲȐȟİȦȢ ıĲȘȞ πȡȠıİȖȖȚıĲȚțȒ ıυȞȐȡĲȘıȘ ĲȠυ ȚıȠįȪȞαµȠυ πȡȠȕȜȒµαĲȠȢ αυȟȐȞȠȞĲαȢ ĲȘȞ 

țαµπυȜȩĲȘĲα ĲȠυ ȚıȠįȪȞαµȠυ πȡȠȕȜȒµαĲȠȢ ȦȢ πȡȠȢ ĲȚȢ İȞİȡȖȑȢ µ.ı. ȈĲȘȞ αȞĲȓșİĲȘ 

πİȡȓπĲȦıȘ ĲȠ πȡȩȕȜȘµα µİĲαıȤȘµαĲȓȗİĲαȚ ıİ πȡȩȕȜȘµα ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ. ȉȠ 

πȡȩıȘµȠ ĲȘȢ µİȡȚțȒȢ παȡαȖȫȖȠυ ĲȦȞ ıυȞαȡĲȒıİȦȞ fi(x) ȦȢ πȡȠȢ ĲȚȢ µ.ı, țαșȠȡȓȗİȚ țαȚ ĲȘ 

µȠȡφȒ ĲȠυ πȡȠıİȖȖȚıĲȚțȠȪ πȡȠȕȜȒµαĲȠȢ. 

ȅȚ Zhang, țαȚ Fleury, [298] παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ (ĲȘ ȖİȞȚțİυµȑȞȘ 

µȑșȠįȠ µİĲαȕαȜȜȩµİȞȦȞ αıȪµπĲȦĲȦȞ) ȩπȠυ țȐșİ µ.ı, ȑȤİȚ ĲȠ įȚțȩ ĲȘȢ ıİĲ ȠȡȓȦȞ. ȅȚ Fleury 

țαȚ Zhang [84], ıυȖțȡȓȞȠυȞ ĲȘȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ µİ ȐȜȜİȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ıİ πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ İπȓπİįȦȞ įȚțĲυȦµȐĲȦȞ. 

2.6.5 ȆαȡȐȖωȖȠȚ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲωȞ 
ıυȞαȡĲȒıİωȞ πİȡȚȠȡȚıµȠȪ 

ΓȚα ĲȘȞ İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ απαȡαȓĲȘĲȘ Ș ȖȞȫıȘ ĲȘȢ ĲȚµȒ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ, ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ țαșȫȢ țαȚ ĲȦȞ µİȡȚțȫȞ ĲȠυȢ 

παȡȐȖȦȖȦȞ ȦȢ πȡȠȢ ĲȚȢ µ.ı. ȅȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ υπȠȜȠȖȓȗȠȞĲαȚ απȩ ĲȚȢ αȞĲȓıĲȠȚȤİȢ 

αȞαȜυĲȚțȑȢ İțφȡȐıİȚȢ Ȓ ıİ πİȡȓπĲȦıȘ απȠυıȓαȢ ĲȦȞ ĲİȜİυĲαȓȦȞ µİ ĲȘ µȑșȠįȠ ĲȦȞ 

πİπİȡαıµȑȞȦȞ įȚαφȠȡȫȞ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȠȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ įȓįȠȞĲαȚ ȦȢ [163]: 

 
( ) ( ) ( )

i i

f f f

x xδ
∂ −′ ′′≈∂

x x x
 (2.77) 

ȩπȠυ įxi İȓȞαȚ µȚțȡȒ µİĲαȕȠȜȒ ȖȚα ĲȘ i µ.ı. ȉα ıȘµİȓα ′x  țαȚ ′′x  ȠȡȓȗȠȞĲαȚ ȦȢ: 

 ( )1, , , ,  forward differencei i nx x x xδ′ ′′= + =x x x… …  (2.78) 

 ( )1, , , ,  backward differencei i nx x x xδ′ ′′= − =x x x… …  (2.79) 

 ( ) ( )1 1, , 0.5 , , , , 0.5 , ,  central differencei i n i i nx x x x x x x xδ δ′ ′′= + ⋅ = − ⋅x x… … … … (2.80) 

ȅȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ țαĲαįİȚțȞȪȠυȞ ĲȘȞ İυαȚıșȘıȓα µȚαȢ παȡαµȑĲȡȠυ ȦȢ πȡȠȢ ĲȚȢ µ.ı. Η 
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αțȡȓȕİȚα, ĲȦȞ υπȠȜȠȖȚıµȑȞȦȞ µİ ĲȘ µȑșȠįȠ ĲȦȞ πİπİȡαıµȑȞȦȞ įȚαφȠȡȫȞ, παȡȐȖȦȖȦȞ įİȞ 

İȓȞαȚ πȐȞĲα ȚțαȞȠπȠȚȘĲȚțȒ, İȚįȚțȩĲİȡα ıİ πİȡȚπĲȫıİȚȢ ȩπȠυ Ș ıυµπİȡȚφȠȡȐ ĲȦȞ 

ıυȞαȡĲȒıİȦȞ İȓȞαȚ ȑȞĲȠȞα µȘ ȖȡαµµȚțȒ [122], [284]. ΓȚα ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ ĲȘȢ 

įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ πȡȠĲİȓȞİĲαȚ Ș 

υȚȠșȑĲȘıȘ αȞαȜυĲȚțȫȞ Ȓ ȘµȚαȞαȜυĲȚțȫȞ İțφȡȐıİȦȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ µİȡȚțȫȞ 

παȡαȖȫȖȦȞ. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ µİȡȚțȫȞ παȡαȖȫȖȦȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ 

țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȖȜȫııİȢ ıυµȕȠȜȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ [170]. Η 

ȤȡȒıȘ αȞαȜυĲȚțȫȞ İțφȡȐıİȦȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ παȡαȖȫȖȦȞ αυȟȐȞİȚ ĲȘ µαșȘµαĲȚțȒ 

πȠȜυπȜȠțȩĲȘĲα ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚȫȞȠȞĲαȢ ıȘµαȞĲȚțȐ ĲȘȞ ĲαȤȪĲȘĲα ıȪȖțȜȚıȘȢ ĲȠυ 

αȜȖȠȡȓșµȠυ. ȅȚ Haug et al., [134], παȡȠυıȚȐȗȠυȞ αȞαȜυĲȚțȐ ĲȚȢ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ 

µİșȩįȠυȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ µİȡȚțȫȞ παȡαȖȫȖȦȞ ıİ πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

įȚαıĲαıȚȠȜȩȖȘıȘȢ țαȚ ıȤȒµαĲȠȢ µİ ıυȞİȤİȓȢ µ.ı. 

2.7 ȆȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ / µİȚțĲȫȞ µİĲαȕȜȘĲȫȞ ıχİįȚαıµȠȪ 

Ȉİ µİȖȐȜȠ αȡȚșµȩ πȡȠȕȜȘµȐĲȦȞ ȠȚ įȚαțȡȚĲȑȢ µ.ı απȠĲİȜȠȪȞ αȞαπȩıπαıĲȠ țȠµµȐĲȚ ĲȠυ υπȩ 

İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ. ∆ȚαțȡȚĲȑȢ µ.ı, παȡȠυıȚȐȗȠȞĲαȚ ıİ πȡȠȕȜȒµαĲα ȩπȦȢ, ĲȠ πȜȒșȠȢ ĲȦȞ 

ıĲȡȫıİȦȞ ıİ ıȪµµİȚțĲİȢ țαĲαıțİυȑȢ, ıĲȘȞ İπȚȜȠȖȒ įȚαĲȠµȫȞ απȩ ȜȓıĲα įȚαșİıȓµȦȞ 

įȚαĲȠµȫȞ, ĲȠ πȜȒșȠȢ ĲȦȞ ȡȐȕįȦȞ įȚαµȒțȠυȢ țαȚ İȖțȐȡıȚȠυ ȠπȜȚıµȠȪ ıİ șȑµαĲα ΩȈ, ĲȠ 

πȜȒșȠȢ ĲȦȞ ȒȜȦȞ Ȓ țȠȤȜȚȫȞ ıİ µİĲαȜȜȚțȑȢ ıυȞįȑıİȚȢ, ȠȚ įȚαıĲȐıİȚȢ ĲȦȞ įȠµȚțȫȞ ıĲȠȚȤİȓȦȞ 

ıİ πȡȠȕȜȒµαĲα ΩȈ, ĲȠ πȜȒșȠȢ ĲȦȞ πȜȑȟİȦȞ ıİ ıȪȞșİĲα υȜȚțȐ, ĲȠ πȜȒșȠȢ țαȚ Ș șȑıȘ ĲȦȞ 

µȠȞȦĲȒȡȦȞ ıİ ıυıĲȒµαĲα ıİȚıµȚțȒȢ µȩȞȦıȘȢ ț.α. 

ȅȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ ıİ șȑµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıİ πȡȠȕȜȒµαĲα µȚțĲȫȞ / 

įȚαțȡȚĲȫȞ µİĲαȕȜȘĲȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȚȢ παȡαȖȡȐφȠυȢ 2.7.1 ȦȢ 2.7.11. ȅȚ µȑșȠįȠȚ πȠυ 

παȡȠυıȚȐȗȠȞĲαȚ İȓȞαȚ: 

• ȂȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ (Branch and bound method) 

• ȂȑșȠįȠȢ Nelder & Mead 

• ȆȡȠȖȡαµµαĲȚıµȩȢ φυıȚțȫȞ αȡȚșµȫȞ – (Integer programming) 

• ȂȑșȠįȠȢ αȞαȗȒĲȘıȘȢ µİ απαȖȠȡİυµȑȞİȢ țȚȞȒıİȚȢ – (Tabu search methods) 

• ȂȑșȠįȠȢ įȚαįȠȤȚțȒȢ ȖȡαµµȚțȠπȠȓȘıȘȢ – (Sequential linearization) 
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• ȂȑșȠįȠȢ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ – (Simulated annealing) 

• ȂȑșȠįȠȢ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ ȐµİıȘȢ įȚİȡİȪȞȘıȘȢ 

• ΓİȞİĲȚțȠȓ ǹȜȖȩȡȚșµȠȚ - (Genetic Algorithms) 

• ȈυȞİȟİȜȚțĲȚțȑȢ µȑșȠįȠȚ (Co-evolution methods) 

• ΕȟİȜȚțĲȚțȑȢ ȈĲȡαĲȘȖȚțȑȢ ΕȈ (Evolution Strategies) 

• ȂȑșȠįȠȢ įυȞαµȚțȒȢ ıĲȡȠȖȖυȜȠπȠȓȘıȘȢ - (Dynamic rounding off) 

• ȂȑșȠįȠȢ İπȚȕȠȜȒȢ πȠȚȞȒȢ - (Penalty approach) 

• ȂȑșȠįȠȢ ȤαȜȐȡȦıȘȢ țαĲȐ Lagrange - (Lagrangian relaxation techniques) 

• ȂȑșȠįȠȢ ȑȡİυȞαȢ ȖİȚĲȠȞȓαȢ - (Neighborhood search method) 

• ȂȑșȠįȠȢ ĲȠµȒȢ İπȚπȑįȦȞ - (Cutting plane technique) 

2.7.1 ΜȑșȠįȠȢ įȚαțȜȐįωıȘȢ țαȚ φȡαȖȒȢ (Branch and bound method) 

Η µȑșȠįȠȢ αυĲȒ αȞαπĲȪȤșȘțİ αȡȤȚțȐ ȖȚα πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ įȚαțȡȚĲȑȢ µ.ı 

αȜȜȐ Ș ȤȡȒıȘ ĲȘȢ İπİțĲȐșȘțİ țαȚ ıİ πȡȠȕȜȒµαĲα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȠȜȪπȜȠțȫȞ 

ıυıĲȘµȐĲȦȞ. ǹȞαφȑȡİĲαȚ țαȚ ȦȢ µȑșȠįȠȢ ȑµµİıȘȢ απαȡȓșµȘıȘȢ (implicit enumeration 

method) țαșȫȢ, µİ ȜȠȖȚțȑȢ įȚαįȚțαıȓİȢ, πȡȠıπαșİȓ Ȟα πİȡȚȠȡȓıİȚ ĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ. ȅȚ 

ȕαıȚțȠȓ ĲİȜİıĲȑȢ ĲȘȢ µİșȩįȠυ İȓȞαȚ; ∆ȚαțȜȐįωıȘ (Branch) ΦȡαȖȒ (Bound) țαȚ ǹπȠțȠπȒ 

(Fathoming) [243]. ȅȚ ȠȡȚıµȠȓ ĲȦȞ ĲİȜİıĲȫȞ αυĲȫȞ įȓįȠȞĲαȚ ȦȢ: 

∆ȚαțȜȐįωıȘ (Branch): ȅȡȓȗİĲαȚ Ș įȚαįȚțαıȓα ȖȚα ĲȘȞ ȠπȠȓα ȑȤȠυµİ ĲȘȞ αȞȐșİıȘ ıİ țȐșİ 

įȚαțȡȚĲȒ µ.ı ĲȘȢ αµȑıȦȢ µȚțȡȩĲİȡȘȢ Ȓ µİȖαȜȪĲİȡȘȢ ĲȚµȒȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı, 

ȟİțȚȞȫȞĲαȢ απȩ αțµȒ ĲȠυ ȤȫȡȠυ ĲȦȞ ĲȚµȫȞ. ȉȠ ıȘµİȓȠ İțțȓȞȘıȘȢ ĲȘȢ įȚαįȚțαıȓαȢ 

πȡȠıįȚȠȡȓȗİĲαȚ µȑıȦ ĲȦȞ µİȡȚțȫȞ παȡαȖȫȖȦȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ 

πİȡȚȠȡȚıµȫȞ. Η įȚαįȚțαıȓα αυĲȒ ıυȞİȤȓȗİĲαȚ µȑȤȡȚ ĲȘȞ İȟȐȞĲȜȘıȘ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı, ĲȘ 

ΦȡαȖȒ ĲȠυȢ Ȓ ĲȘȞ ǹπȠțȠπȒ ĲȠυȢ. 

ΦȡαȖȒ (Bounding): Η İȪȡİıȘ απȠįİțĲȒȢ ȜȪıȘȢ ȠȡȓȗİȚ µȓα ĲȚµȒ φȡαȖȒȢ. ȀȐșİ țȜȐįȠȢ µİ 

ĲȚµȒ µİȖαȜȪĲİȡȘ ĲȘȢ ĲȚµȒ αυĲȒȢ țαȚ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ĲȘȢ µȠȞȠĲȠȞȓαȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ 

ıυȞȐȡĲȘıȘȢ ȦȢ πȡȠȢ ĲȚȢ įȚαțȡȚĲȑȢ µ.ı, ȖȚα ĲȠ ȤȫȡȠ πȠυ υπȠȜİȓπİĲαȚ, φȡȐııİĲαȚ țαȚ ȖȚα ĲȠ 
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țȜȐįȠ αυĲȩ įİȞ πȡαȖµαĲȠπȠȚİȓĲαȚ ȐȜȜȘ įȚαțȜȐįȦıȘ. 

ǹπȠțȠπȒ (Fathoming): ȈĲȘȞ πİȡȓπĲȦıȘ İȪȡİıȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ πȠυ İȓȞαȚ țαȚ απȠįİțĲȒ 

ȖȚα ĲȠȞ υπȩ İȟȑĲαıȘ țȜȐįȠ Ƞ υπȩȜȠȚπȠȢ ȤȫȡȠȢ șİȦȡİȓĲαȚ ȩĲȚ įİȞ µπȠȡİȓ Ȟα ȠįȘȖȒıİȚ ıİ 

πİȡαȚĲȑȡȦ ȕİȜĲȓȦıȘ ĲȘȢ ȜȪıȘȢ țαȚ ȦȢ απȠĲȑȜİıµα ĲȠ υπȩȜȠȚπȠ țȠµµȐĲȚ απȠțȩπĲİĲαȚ. 

Η πȡȫĲȘ αȞαφȠȡȐ ȤȡȒıȘȢ ĲȠυ αȜȖȠȡȓșµȠυ απȠįȓįİĲαȚ ıĲȠυȢ Land țαȚ Doig, [182] ȖȚα 

ȖȡαµµȚțȐ πȡȠȕȜȒµαĲα. ǹȡȖȩĲİȡα Ƞ Dakin, [55], ĲȡȠπȠπȠȓȘıİ ĲȠȞ αȡȤȚțȩ αȜȖȩȡȚșµȠ ıĲȘ 

ıȘµİȡȚȞȒ ĲȠυ µȠȡφȒ. ȉȑȜȠȢ ȠȚ Garfinkel țαȚ Nemhauser, [100], İφȐȡµȠıαȞ ĲȘ µȑșȠįȠ ıİ 

πȡȠȕȜȒµαĲα ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ. 

Η µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ İȖȖυȐĲαȚ ȩĲȚ ĲȠ ĲȠπȚțȩ İȜȐȤȚıĲȠ İȓȞαȚ țαȚ ȠȜȚțȩ 

İȜȐȤȚıĲȠ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ Ƞ ȤȫȡȠȢ ĲȦȞ ĲȚµȫȞ İȓȞαȚ țυȡĲȩȢ țαȚ ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα 

İȓȞαȚ ȖȡαµµȚțȩ. Ȉİ αȞĲȓșİĲȘ πİȡȓπĲȦıȘ, İȓȞαȚ πȚșαȞȩ țȩµȕȠȚ πȠυ φȡȐııȠȞĲαȚ Ȓ șα 

απȠțȩπĲȠȞĲαȚ Ȟα πİȡȚȑȤȠυȞ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ. 

2.7.1.1 ȆİȡȚȖȡαφȒ ĲȘȢ µİșȩįȠυ 

Η ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ){ }minbestf f∈=
n
adx D

x x  (2.81) 

µİ ĲȠ ıȪȞȠȜȠ Dn
ad Ȟα πİȡȚȑȤİȚ ĲȚȢ απȠįİțĲȑȢ ȜȪıİȚȢ. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ įȓįȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ȅȡȚıµȩȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ Dn
ad ȦȢ ȤȫȡȠυ πȡȠȢ İȟİȡİȪȞȘıȘ 

D
n

s. ȅȡȚıµȩȢ ĲȠυ fbest(x)=+∞. 

ǺȒµα 2: ȈȪµφȦȞα µİ ( )
jf x∂ ∂x , ( )

i jg x∂ ∂x  ȖȚα i=1,…,m țαȚ j=1,…,n ȠȡȚıµȩȢ ĲȠυ 

ıȘµİȓȠυ İțțȓȞȘıȘȢ xs. 

ǺȒµα 3: ǹȞ ≠ ∅n

s
D  πȒȖαȚȞİ ıĲȠ ǺȒµα 3.1 αȜȜȚȫȢ ıĲȠ ǺȒµα 5. 

ǺȒµα 3.1: ΕπȚȜȠȖȒ țȩµȕȠυ įȚαțȜȐįȦıȘȢ Dn
s k∈ n

s
D  țαȚ Dn

s=D
n

s-{k}. 

ǺȒµα 3.2: ΕȪȡİıȘ ĲȦȞ l µİȡȚțȫȞ ȜȪıİȦȞ {f(x
k

l)} ĲȠυ țȩµȕȠυ k ȖȚα l=1,…,nk ȩπȠυ nk ĲȠ 

πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ ȜȪıİȦȞ ȖȚα ĲȠ țȩµȕȠ k. 

ǺȒµα 3.3: ΕȪȡİıȘ ( ) ( ){ }
1,...,

min
k

kk
best ll n

f f== xx  țαȚ xk
best≡xbest→fbest(x

k
)  
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ǺȒµα 4: ǹȞ fbest(x)≥ fbest(x
k
) φȡαȖȒ ĲȠυ țȜȐįȠυ k. 

ǺȒµα 4.1: ǹȞ ȖȚα x
k
best įİȞ αȞαµȑȞİĲαȚ πİȡαȚĲȑȡȦ ȕİȜĲȓȦıȘ ĲȩĲİ fbest(x)=fbest(x

k
) țαȚ 

x
k
best=xbest țαȚ απȠțȠπȒ ĲȠυ țȜȐįȠυ αȜȜȚȫȢ ȑȞĲαȟȘ ĲȠυ țȩµȕȠυ πȠυ αȞĲȚıĲȠȚȤİȓ ıĲȘ ȜȪıȘ 

x
k
best ıĲȠ Dn

s. ΕπȚıĲȡȠφȒ ıĲȠ ǺȒµα 3. 

ǺȒµα 5: fbest(x)=fbest(x
k
) țαȚ xbest=x

k
best. 

ǺȒµα 6: ȉİȡµαĲȚıµȩȢ ĲȘȢ ∆ȚαįȚțαıȓαȢ. 

2.7.1.2 ȆαȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ įȚαțȜȐįωıȘȢ țαȚ φȡαȖȒȢ 

ȂȑșȠįȠȢ įȚαțȜȐįωıȘȢ țαȚ φȡαȖȒȢ µİ ĲȠπȚțȒ ȕİȜĲȚıĲȠπȠȓȘıȘ: ΌĲαȞ ĲȠ įȚȐȞυıµα µ.ı, 

απȠĲİȜİȓĲαȚ απȩ ıυȞİȤİȓȢ țαȚ įȚαțȡȚĲȑȢ µ.ı İȓȞαȚ įυȞαĲȩȞ Ȟα ȤȡȘıȚµȠπȠȚȘșİȓ Ƞ ıυȞįυαıµȩȢ 

ĲȘȢ µİșȩįȠυ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ µİ µȑșȠįȠ İȪȡİıȘȢ ĲȠπȚțȠȪ İȜαȤȓıĲȠυ ȖȚα ĲȘȞ İȪȡİıȘ 

ıİ țȐșİ țȩµȕȠ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȉȠ ıυȞİȤȑȢ πȡȩȕȜȘµα ȠȡȓȗİĲαȚ ȦȢ 

απȜȩ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ. Η įȚαįȚțαıȓα İȓȞαȚ παȡİµφİȡȒȢ µİ ĲȘ 

µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ µİ ĲȘ įȚȐφȠȡα ȩĲȚ Ș įȚαțȜȐįȦıȘ ıυȞİȤȓȗİĲαȚ µȑȤȡȚ Ȟα 

ȕȡİșİȓ ȜȪıȘ πȠυ Ȟα ȚțαȞȠπȠȚİȓ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ µ.ı. 

ȂȑșȠįȠȢ įȚαțȜȐįωıȘȢ țαȚ φȡαȖȒȢ µİ ȖȡαµµȚțȩ țαȚ µȘ ȖȡαµµȚțȩ πȡȠȖȡαµµαĲȚıµȩ: Η 

µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ ıυȞįυȐȗİĲαȚ µİ µȑșȠįȠ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ țαȚ 

µȑșȠįȠ µȘ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ ȖȚα ĲȘȞ İπȓȜυıȘ ĲȠυ ıυȞİȤȠȪȢ υπȠπȡȠȕȜȒµαĲȠȢ. 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ƞ υπȠȤȫȡȠȢ ĲȦȞ απȠįİțĲȫȞ ȜȪıİȦȞ İȓȞαȚ ȓıȠȢ µİ ĲȠ țİȞȩ ıȪȞȠȜȠ ȖȚα 

ĲȠȞ υπȩ İȟȑĲαıȘ țȩµȕȠ Ș ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȠȡȓȗİĲαȚ ȓıȘ µİ ĲȠ ȐπİȚȡȠ țαȚ 

Ƞ țȩµȕȠȢ απȠțȩπĲİĲαȚ. ȆαȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ İȓȞαȚ µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ µİ 

πȠȜȜαπȜȑȢ įȚαțȜαįȫıİȚȢ ȩπȦȢ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Hager țαȚ Balling [123]. ȅȚ Mesquita 

țαȚ Kamat, [205], ıυȞįυȐȗȠυȞ ĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ µİ ĲȘ µȑșȠįȠ 

įİυĲİȡȠȕȐșµȚȠυ πȡȠȖȡαµµαĲȚıµȠȪ ȖȚα ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ İȞȚıȤυµȑȞȦȞ ıυȞșȑĲȦȞ πȜαțȫȞ. ȅȚ 

John, Ramakrishnan țαȚ Sharma, [162], ıυȞįυȐȗȠυȞ ĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ µİ 

ĲȘ µȑșȠįȠ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ įȚțĲυȦµȐĲȦȞ. ȅȚ Tseng, 

Wang țαȚ Ling, [283], ȠȚ Huang țαȚ Arora, [155]-[157], țαȚ Ƞ Huang [154], παȡȠυıȚȐȗȠυȞ 

παȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ ıİ ıυȞįυαıµȩ µİ µȑșȠįȠ ȖȡαµµȚțȠȪ 

πȡȠȖȡαµµαĲȚıµȠȪ ıĲȠȤİȪȠȞĲαȢ ıĲȘ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ țȩµȕȦȞ ĲȘȢ µİșȩįȠυ 

įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ. ȅȚ Huang țαȚ Arora, [156], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ πȠυ 

ıυȞįυȐȗİȚ αȜȖȩȡȚșµȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıυȞİȤȫȞ µ.ı, µİ ĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ. 
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2.7.2 ΜȑșȠįȠȢ Nelder & Mead 

Η µȑșȠįȠȢ Nelder & Mead [213], İȟİȜȓııİȚ ȑȞα πȜȘșυıµȩ ȜȪıİȦȞ. Η µȑșȠįȠȢ įİȞ ȕαıȓȗİĲαȚ 

ıİ πȜȘȡȠφȠȡȓα παȡαȖȫȖȦȞ ȦȢ πȡȠȢ ĲȘȞ αȞĲȚțİȚµİȞȚțȒ ĲȚµȒ, αȜȜȐ İȞĲȠπȓȗİȚ ĲȠ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ µȑıȦ ĲȠυ πİȡȚȠȡȚıµȠȪ ĲȠυ ıİ ȑȞα υπȑȡ-ıĲİȡİȩ. ȅȚ ȕαıȚțȠȓ ĲİȜİıĲȑȢ ĲȘȢ µİșȩįȠυ 

ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [42], [213]: 

ȉİȜİıĲȒȢ ǹȞĲαȞȐțȜαıȘȢ (Reflection) ȩπȠυ ĲȠ ȞȑȠ ıȘµİȓȠ įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 (1 )r na a= + −x x x  (2.82) 

ȉİȜİıĲȒȢ ΕπȑțĲαıȘȢ (Expansion) ȩπȠυ ĲȠ ȞȑȠ ıȘµİȓȠ įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 (1 )e rγ γ= + −x x x  (2.83) 

ȉİȜİıĲȒȢ ĲȘȢ ıȪµπĲυȟȘȢ (Contraction) ȩπȠυ ĲȠ ȞȑȠ ıȘµİȓȠ įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 1 (1 )c nβ β+= + −x x x  (2.84) 

ȩπȠυ 
1

1 n

i

in =
= ∑x x  İȓȞαȚ Ƞ įȚȐµİıȠȢ ĲȠυ υπȑȡ-ıĲİȡİȠȪ țαȚ α, ȕ țαȚ Ȗ İȓȞαȚ ȠȚ παȡȐµİĲȡȠȚ ĲȘȢ 

µİșȩįȠυ πȠυ țαșȠȡȓȗȠυȞ ĲȘȞ αțĲȓȞα αȞĲαȞȐțȜαıȘȢ, ĲȠ πȠıȠıĲȩ µİȓȦıȘȢ țαȚ ĲȠ πȠıȠıĲȩ 

İπȑțĲαıȘȢ ĲȘȢ αțĲȓȞαȢ ĲȠυ υπİȡıĲİȡİȠȪ αȞĲȓıĲȠȚȤα ȅȚ ȜȪıİȚȢ įȚαĲȐııȠȞĲαȚ țαĲȐ αȪȟȠυıα 

ĲȚµȒ ȦȢ πȡȠȢ ĲȘȞ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ f(x1)≤f(x2)≤…≤f(xNp). Η įȚαįȚțαıȓα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ: 

 ( ) ( ) 11n nf f ε ε ′− ≤ ∨ − ≤x x xx  (2.85) 

Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıυȞȒșȦȢ ıİ ıυȞįυαıµȩ µİ ȐȜȜİȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȩπȦȢ Ș 

µȑșȠįȠȢ ΓİȞİĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ µİ ıυȞİȤİȓȢ µ.ı, [42], [44] ȖȚα ĲȘ ȜȪıȘ πȡȠȕȜȘµȐĲȦȞ 

ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ȩπȠυ µȑȡȠȢ ĲȦȞ µ.ı İȓȞαȚ ıυȞİȤİȓȢ µ.ı. ȆαȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ 

παȡȠυıȚȐȗȠȞĲαȚ απȩ ĲȠυȢ Xiong țαȚ Jutan [293], țαȚ Le Riche et al., [187]. O Lacksonen, 

[179], ıυȖțȡȓȞİȚ ĲȘ µȑșȠįȠ µİ ȐȜȜİȢ µİșȩįȠυȢ ȖȚα πȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ µ.ı ȩπȦȢ ĲȘ 

µȑșȠįȠ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ, ĲȘ µȑșȠįȠ ĲȦȞ ΓİȞİĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ țαȚ ĲȘ µȑșȠįȠ 

İȡİυȞȐȢ ĲȦȞ Hooke–Jeeves. 

2.7.3 ȆȡȠȖȡαµµαĲȚıµȩȢ φυıȚțȫȞ αȡȚșµȫȞ – (Integer programming) 

Η µȑșȠįȠȢ αȞĲȚµİĲȦπȓȗİȚ πȡȠȕȜȒµαĲα ȖȚα Ĳα ȠπȠȓα ȠȚ µ.ı, İȓȞαȚ φυıȚțȠȓ αȡȚșµȠȓ. ȉȠ 

πȡȩȕȜȘµα ȜȪȞİĲαȚ µİ ĲȠ µİĲαıȤȘµαĲȚıµȩ ĲȠυ ıİ πȡȩȕȜȘµα µ.ı ĲȪπȠυ 0-1 (įυφȚαțȑȢ 

µİĲαȕȜȘĲȑȢ). ȉȠ πȡȩȕȜȘµα ıĲȘȞ αȡȤȚțȒ ĲȠυ µȠȡφȒ ȠȡȓȗİĲαȚ ȦȢ [219]: 
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( )min  İφȠıȠȞ 

 αțİȡαȚȠȚ; 1,..., ; 1,...,
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ΈıĲȦ µİĲαȕȜȘĲȑȢ zij ĲȠυ ĲȪπȠυ 0-1 ( )0 1 ,ijz i j= ∨ ∀ . ȀȐșİ įȚαțȡȚĲȒ µ.ı, ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ĲȘȢ ıȤȑıȘȢ (2.86) ȠȡȓȗİĲαȚ ȕȐıİȚ ĲȦȞ µİĲαȕȜȘĲȫȞ αυĲȫȞ ȦȢ: 

 
1

1 1,...,
nn

i ij ij ij d

j j

x z d z i n
=

= ⋅ = =∑ ∑  (2.87) 

ȩπȠυ dij İȓȞαȚ nn ĲȠ πȜȒșȠȢ ıĲαșİȡȠȓ ıυȞĲİȜİıĲȑȢ ȖȚα ĲȘ i įȚαțȡȚĲȒ µ.ı. ȂȑıȦ ĲȠυ 

µİĲαıȤȘµαĲȚıµȠȪ ĲȘȢ ıȤȑıȘȢ (2.87) țȐșİ πȡȩȕȜȘµα πȡȠȖȡαµµαĲȚıµȠȪ φυıȚțȫȞ αȡȚșµȫȞ 

µİĲαıȤȘµαĲȓȗİĲαȚ ıİ πȡȩȕȜȘµα įȚφυαțȫȞ µ.ı (zij). ȈĲȘ ȖİȞȚțȒ πİȡȓπĲȦıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ĲȘȢ ıȤȑıȘȢ (2.86) ȩπȠυ υπȠıȪȞȠȜȠ ĲȦȞ µ.ı, İȓȞαȚ ıυȞİȤİȓȢ µ.ı Ĳα πȡȠȕȜȒµαĲα αυĲȐ 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ ıİ ıυȞįυαıµȩ µİ µİșȩįȠυȢ ȖȡαµµȚțȠȪ țαȚ µȘ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ 

ȖȚα ĲȚȢ ıυȞİȤİȓȢ µ.ı. ȂȘ ȖȡαµµȚțȐ πȡȠȕȜȒµαĲα πȡȠȖȡαµµαĲȚıµȠȪ φυıȚțȫȞ αȡȚșµȫȞ 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ µİ ĲȘȞ İπȓȜυıȘ ıİ țȐșİ ȕȒµα ĲȠυ αȞĲȓıĲȠȚȤȠυ ȖȡαµµȚțȠȪ πȡȠȕȜȒµαĲȠȢ.  

ȉα πȡȠȕȜȒµαĲα 0-1 ȜȪȞȠȞĲαȚ µİ ĲȘ µȑșȠįȠ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ. ȅȚ Gue et al., [121] 

παȡȠυıȚȐȗȠυȞ αȞαȜυĲȚțȐ ĲȚȢ įȘµȠφȚȜȑıĲİȡİȢ µİșȩįȠυȢ ȖȚα ĲȘȞ İπȓȜυıȘ πȡȠȕȜȘµȐĲȦȞ 

įȚφυαțȫȞ µ.ı. OȚ Padula țαȚ Kincaid, [219], παȡȠυıȚȐȗȠυȞ πȜȘșȫȡα İφαȡµȠȖȫȞ, ıĲȘȞ 

αİȡȠįȚαıĲȘµȚțȒ ȕȚȠµȘȤαȞȓα, ĲȘȢ µİșȩįȠυ πȡȠȖȡαµµαĲȚıµȠȪ φυıȚțȫȞ αȡȚșµȫȞ µİ ȚįȚαȓĲİȡȘ 

µȞİȓα ıİ πȡȠȕȜȒµαĲα ıυȞįυαıĲȚțȠȪ ȤαȡαțĲȒȡα. 

2.7.4 ΜȑșȠįȠȢ αȞαȗȒĲȘıȘȢ µİ απαȖȠȡİυµȑȞİȢ țȚȞȒıİȚȢ – (Tabu 
search methods) 

Η µȑșȠįȠȢ αȞαȗȒĲȘıȘȢ µİ απαȖȠȡİυµȑȞİȢ țȚȞȒıİȚȢ [277], [106], [107], απȠĲİȜȠȪȞ ȜȠȖȚțȒ 

İȟȑȜȚȟȘ ĲȦȞ µİșȩįȦȞ İȡİυȞȐȢ απȜȘıĲȓαȢ (greedy search algorithms). Η µȑșȠįȠȢ αȞȒțİȚ ıĲȘȞ 

țαĲȘȖȠȡȓα ĲȦȞ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ αȞαȗȒĲȘıȘȢ ȩπȦȢ țαȚ Ș µȑșȠįȠȢ ȆȡȠıȠµȠȚȦµȑȞȘȢ 

ǹȞȩπĲȘıȘȢ țαȚ Ș µȑșȠįȠȢ ĲȦȞ ΓİȞİĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ. Η įȚαφȠȡȠπȠȓȘıȘ ĲȠυȢ µİ ĲȚȢ 

µİșȩįȠυȢ İȡİυȞȐȢ απȜȘıĲȓαȢ İıĲȚȐȗİĲαȚ ıĲȘȞ țαĲαȖȡαφȒ ĲȘȢ αțȠȜȠυșȓαȢ ĲȦȞ ȜȪıİȦȞ ȖȚα ĲȘȞ 

απȠφυȖȒ ĲȘȢ παȖȓįİυıȘȢ ĲȠυȢ ıİ ĲȠπȚțȐ ȕȑȜĲȚıĲȠυȢ ıȤİįȚαıµȠȪȢ. Η µȑșȠįȠȢ İȡİυȞȐȢ 

απȜȘıĲȓαȢ ıĲȘȡȓȗİĲαȚ ıĲȘȞ İȟȑĲαıȘ ĲȦȞ ȖİȚĲȞȚαȗȩȞĲȦȞ ȦȢ πȡȠȢ ĲȘȞ παȡȠȪıα ıȤİįȓαıȘ 

İȞαȜȜαțĲȚțȫȞ ȜȪıİȦȞ țαȚ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ țαȜȪĲİȡȘȢ ȦȢ ȜȪıȘ αȞαφȠȡȐȢ ȖȚα ĲȘȞ İπȩµİȞȘ 

ȖİȞȚȐ. ǹȞ ȠȚ ȖİȚĲȞȚȐȗȠυıİȢ İȞαȜȜαțĲȚțȑȢ πȡȠĲȐıİȚȢ įİȞ ȠįȘȖȠȪȞ ıİ ȕİȜĲȓȦıȘ ĲȘȢ ȜȪıȘȢ Ș 

įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.39 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȘ ȕαıȚțȒ ĲȘȢ µȠȡφȒ Ș µȑșȠįȠȢ αυĲȒ, İȟİȜȓııİȚ µȓα ȜȪıȘ µİ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ țαȜȪĲİȡȘȢ 

ȜȪıȘȢ ıĲȘ ȖİȚĲȠȞȓα ĲȘȢ παȡȠȪıαȢ ȜȪıȘȢ απȩ ĲȠ υπȠıȪȞȠȜȠ ĲȦȞ µȘ απαȖȠȡİυµȑȞȦȞ ȜȪıİȦȞ. 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ țαµȓα απȩ ĲȚȢ ȜȪıİȚȢ αυĲȑȢ įİȞ İȓȞαȚ țαȜȪĲİȡȘ ĲȘȢ υπȐȡȤȠυıαȢ ȜȪıȘȢ 

İπȚȜȑȖİĲαȚ Ș ȜȪıȘ ȖȚα ĲȘȞ ȠπȠȓα ȑȤȠυµİ İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ ĲȚµȒȢ |f(xq+1)-f(xq)|. ȉȠ ıȪȞȠȜȠ 

ĲȦȞ απαȖȠȡİυµȑȞȦȞ ȜȪıİȦȞ απȠĲİȜİȓĲαȚ απȩ n ȜȪıİȚȢ πȠυ απȠĲİȜȠȪȞ ĲȠ (i-n-1,i-1) 

υπȠıȪȞȠȜȠ ĲȦȞ ȜȪıİȦȞ πȠυ ȑȤȠυȞ įȚİȡİυȞȘșİȓ țαȚ απȠĲİȜİȓ țαȚ ĲȘ µȞȒµȘ ĲȠυ αȜȖȠȡȓșµȠυ. ȅȚ 

Battiti țαȚ Tecchiolli, [18], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ µİ ĲȘȞ İȚıαȖȦȖȒ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ ȕȡαȤυπȡȩșİıµȘȢ µȞȒµȘȢ țαȚ ĲȘȞ İȚıαȖȦȖȒ ĲȘȢ µαțȡȠπȡȩșİıµȘȢ 

µȞȒµȘȢ. Η ȕȡαȤυπȡȩșİıµȘ µȞȒµȘȢ Ȓ µȞȒµȘ µȚțȡȠȪ ȕȐșȠυȢ (short-term memory) παȡȠυıȚȐȗİȚ 

απȩĲȠµȘ αȪȟȘıȘ ĲȠυ µȑȖİșȠȢ ĲȘȢ ȩĲαȞ παȡαĲȘȡİȓĲαȚ İȖțȜȦȕȚıµȩȢ ıİ πİȡȚȠȤȒ ĲȠπȚțȠȪ 

αțȡȩĲαĲȠυ µİ ĲαυĲȩȤȡȠȞȘ αȡȖȒ ıυȞİȤȒ µİȓȦıȘ ĲȠυ n ȖȚα αȪȟȘıȘ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ. 

Η µİĲαȕȠȜȒ ĲȠυ µȒțȠυȢ ĲȘȢ ȕȡαȤυπȡȩșİıµȘȢ µȞȒµȘȢ țαȚ ĲȠυ πȠıȠıĲȠȪ ĲȦȞ İπȚıĲȡȠφȫȞ 

ıĲȘȞ ȓįȚα ȜȪıȘ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 2.9.  

 

∆ȚȐȖ. 2.9: ȂȑȖİșȠȢ ȕȡαȤυπȡȩșİıµȘȢ µȞȒµȘȢ (list size) țαȚ πȠıȠıĲȩ İπȚıĲȡȠφȫȞ ıĲȘȞ ȓįȚα 

ȜȪıȘ (percent repetitions) (Battiti țαȚ Tecchiolli, [18]). 

Η µȞȒµȘ µİȖȐȜȠυ ȕȐșȠυȢ (Long-Term Memory) ȤȡȘıȚµİȪİȚ ıĲȘȞ αȞȓȤȞİυıȘ ȤαȠĲȚțȫȞ 

İȜțυıĲȫȞ. ΌĲαȞ ȠȚ ȜȪıİȚȢ İȖțȜȦȕȚıĲȠȪȞ ıİ ıυȖțİțȡȚµȑȞȘ ĲȡȠȤȚȐ ȑȜȟȘȢ, Ƞ αȜȖȩȡȚșµȠȢ 

µİĲαıȤȘµαĲȓȗİĲαȚ ıİ µȑșȠįȠ ĲυȤαȓȠυ ȕȘµαĲȚıµȠȪ ȖȚα ȑȞα αȡȚșµȩ ȕȘµȐĲȦȞ (ıυȞαȡĲȠȪµİȞȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.40 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠυ µİȖȑșȠυȢ ĲȠυ İȜțυıĲȒ) πȡȚȞ ĲȘȞ İπαȞαφȠȡȐ ĲȠυ ıĲȘȞ țȜαıȚțȒ µȑșȠįȠ αȞαȗȒĲȘıȘȢ µİ 

απαȖȠȡİυµȑȞİȢ țȚȞȒıİȚȢ. 

2.7.5 ΜȑșȠįȠȢ įȚαįȠχȚțȒȢ ȖȡαµµȚțȠπȠȓȘıȘȢ – (Sequential 
linearization) 

ȈĲȘȞ πİȡȓπĲȦıȘ µȘ ȖȡαµµȚțȫȞ πȡȠȕȜȘµȐĲȦȞ Ș ȕȑȜĲȚıĲȘ ȜȪıȘ ȕȡȓıțİĲαȚ µȑıȦ ĲȘȢ İπȓȜυıȘȢ 

ȚıȠįȪȞαµȦȞ ȖȡαµµȚțȫȞ πȡȠȕȜȘµȐĲȦȞ. ȆȜȒșȠȢ µİșȩįȦȞ ȑȤȠυȞ αȞαπĲυȤșİȓ ȖȚα ĲȘȞ İπȓȜυıȘ 

ĲȦȞ πȡȠȕȜȘµȐĲȦȞ αυĲȫȞ. 

ȅ Duan, [71], țαȚ ȠȚ Templeman, țαȚ Yates, [279], [280], πȡȠĲİȓȞȠυȞ ĲȘ µİĲαĲȡȠπȒ ĲȠυ 

ȖȡαµµȚțȠȪ πȡȠȕȜȒµαĲȠȢ ıİ πȡȩȕȜȘµα µ.ı ĲȪπȠυ 0-1. ȂİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ İȓȞαȚ ĲȠ 

αυȟȘµȑȞȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ȜȩȖȦ ĲȘȢ αȪȟȘıȘȢ ĲȦȞ µ.ı. ȅȚ Olsen țαȚ Vanderplaats, [217], 

πȡȠĲİȓȞȠυȞ µȓα µȑșȠįȠ ȩπȠυ ıĲȩȤȠȢ İȓȞαȚ Ș İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ ȖȚα αȞĲȓıĲȠȚȤȠ 

πȡȩȕȜȘµα µİ ıυȞİȤİȓȢ µ.ı. ȈĲȘ ıυȞȑȤİȚα ȜȪȞİĲαȚ ĲȠ αȞĲȓıĲȠȚȤȠ ȖȡαµµȚțȩ πȡȩȕȜȘµα 

įȚαțȡȚĲȫȞ µ.ı, πȑȡȚȟ ĲȠυ ıȘµİȓȠυ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ ĲȠυ ıυȞİȤȠȪȢ πȡȠȕȜȒµαĲȠȢ µİ ĲȘ 

ȤȡȒıȘ µİșȩįȦȞ πȡȠȖȡαµµαĲȚıµȠȪ αțİȡαȓȦȞ αȡȚșµȫȞ ȖȚα ĲȘȞ İȪȡİıȘ ĲȘȢ ĲİȜȚțȒȢ ȕȑȜĲȚıĲȘȢ 

ȜȪıȘȢ. ΩȢ πȜİȠȞİțĲȒµαĲα ĲȘȢ µİșȩįȠυ αȞαφȑȡȠȞĲαȚ Ș µİȓȦıȘ ĲȠυ αȡȚșµȠȪ ĲȦȞ ȖȡαµµȚțȫȞ 

πȡȠȕȜȘµȐĲȦȞ țαȚ Ș țαĲȐıĲȡȦıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ µȩȞȠ ĲȚȢ İȞİȡȖȑȢ 

µİĲαȕȜȘĲȑȢ ıĲȘ ȖİȚĲȠȞȓα ĲȠυ ıȘµİȓȠυ ıȤİįȚαıµȠȪ. ȅȚ Ghattas țαȚ Grossman, [103], 

µȠȡφȫȞȠυȞ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαĲαıțİυȫȞ ȦȢ πȡȩȕȜȘµα ıȤİįȚαıµȠȪ țαȚ 

αȞȐȜυıȘȢ µİ įȚαțȡȚĲȑȢ µ.ı. ΩȢ İπȚπȡȩıșİĲȠȚ πİȡȚȠȡȚıµȠȓ ĲȠυ πȡȠȕȜȒµαĲȠȢ șİȦȡȠȪȞĲαȚ ȠȚ 

țαĲαıĲαĲȚțȑȢ İȟȚıȫıİȚȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ (µİĲαțȚȞȒıİȚȢ ĲȦȞ țȩµȕȦȞ, ĲȐıİȚȢ țȜπ.) πȠυ 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ απȩ ĲȠȞ αȜȖȩȡȚșµȠ ȦȢ ȚıȠĲȚțȠȓ πİȡȚȠȡȚıµȠȓ. ȆȜİȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ 

İȓȞαȚ Ș ȑȞĲαȟȘ ĲȘȢ αȞȐȜυıȘȢ ĲȘȢ țαĲαıțİυȒȢ ıĲȠȞ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ǺαıȚțȩ 

µİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ İȓȞαȚ Ș αȪȟȘıȘ ĲȠυ µİȖȑșȠυȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȜȩȖȦ ĲȘȢ ȑȞĲαȟȘȢ 

ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ πȠυ ıȤİĲȓȗȠȞĲαȚ µİ ĲȘȞ İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȅ Balling 

țαȚ ȠȚ ıυȞİȡȖȐĲİȢ ĲȠυ [123], [13] [203], αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα ıȤİįȓαıȘȢ µİĲαȜȜȚțȫȞ 

πȜαȚıȓȦȞ µİ ĲȘ ȕȠȒșİȚα įȚαțȡȚĲȫȞ µ.ı υπȠȜȠȖȓȗȠȞĲαȢ ȑȞα ȕȑȜĲȚıĲȠ ıȘµİȓȠ ıȤİįȚαıµȠȪ µİ ĲȘ 

ȤȡȒıȘ µȘ ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ. ȈĲȘ ıυȞȑȤİȚα ȖȚα ĲȘ µİĲαĲȡȠπȒ ĲȠυ ıυȞİȤȠȪȢ 

πȡȠȕȜȒµαĲȠȢ ıĲȠ įȚαțȡȚĲȩ πȡȩȕȜȘµα πȡȠĲİȓȞİĲαȚ πȜȒșȠȢ πȡȠıİȖȖȚıĲȚțȫȞ µİșȩįȦȞ 

αȞαȜȩȖȦȢ ĲȠυ ĲȪπȠυ ĲȠυ υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ. 

2.7.6 ΜȑșȠįȠȢ πȡȠıȠµȠȚωµȑȞȘȢ αȞȩπĲȘıȘȢ – (Simulated annealing) 

Η ȂȑșȠįȠȢ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ [164], [165], αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 
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ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ. Η αȡȤȚțȒ Țįȑα, πȡȠȑȡȤİĲαȚ απȩ ĲȠ ȤȫȡȠ ĲȘȢ ıĲαĲȚıĲȚțȒȢ µȘȤαȞȚțȒȢ 

țαȚ παȡȠυıȚȐȗİĲαȚ ȖȚα πȡȫĲȘ φȠȡȐ απȩ ĲȠυȢ Metropolis et al., [206]. ǺαıȚțȩ πȜİȠȞȑțĲȘµα 

ĲȘȢ µİșȩįȠυ İȓȞαȚ ȩĲȚ Ș İυȡȦıĲȓα ĲȘȢ įİȞ İȟαȡĲȐĲαȚ απȩ ĲȠȞ ĲȪπȠ ĲȦȞ µ.ı. Η µȑșȠįȠȢ 

απȠĲİȜİȓ İπȑțĲαıȘ ĲȘȢ µİșȩįȠυ İȡİυȞȐȢ απȜȘıĲȓαȢ țαȚ ĲȘȢ µİșȩįȠυ αȞαȗȒĲȘıȘȢ µİ 

απαȖȠȡİυµȑȞİȢ țȚȞȒıİȚȢ ȩπȠυ Ș απȩφαıȘ µİĲαțȓȞȘıȘȢ απȩ µȓα ȜȪıȘ ıİ ȖİȚĲȠȞȚțȒ ȜȪıȘ 

υπȩțİȚĲαȚ ıİ ĲυȤαȚȩĲȘĲα. Η πȚșαȞȩĲȘĲα απȠįȠȤȒȢ ĲȘȢ µİĲαțȓȞȘıȘȢ απȩ ĲȘ ȜȪıȘ xk-1→xk 

įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )1 1

1 0

Pr
exp 0

k k k k

K

f

f f ff
f

T
− −

∆ <→ = ∆ = − ∆− ∆ ≥
x x x x  (2.88) 

ȩπȠυ ȉΚ İȓȞαȚ Ș șİȡµȠțȡαıȓα țαĲȐ ĲȘȞ k φȐıȘ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Η 

παȡȐµİĲȡȠȢ αυĲȒ İȜȑȖȤİȚ ĲȘȞ İυțȠȜȓα µİĲαțȓȞȘıȘȢ ıİ µȓα ȜȚȖȩĲİȡȠ İȪȡȦıĲȘ ȜȪıȘ. Η 

µİĲαȕȠȜȒ ĲȠυ Pr(xk-1→xk) ȖȚα įȚαφȠȡİĲȚțȐ ȉΚ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 2.10. 

 

∆ȚȐȖ. 2.10: ȆȚșαȞȩĲȘĲα απȠįȠȤȒȢ ȖȚα ∆f=g(Tk). 

ȀȐșİ φȐıȘ ĲȘȢ µİșȩįȠυ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ įȚαȡțİȓ L ȕȒµαĲα. Η ĲȚµȒ ȉk+1 įȓįİĲαȚ 

ȦȢ: 

 ( )1 0

K

K init initT r T T T+ = ⋅ =  (2.89) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.42 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ ȉinit İȓȞαȚ Ș αȡȤȚțȒ ĲȚµȒ ĲȘȢ șİȡµȠțȡαıȓαȢ țαȚ r İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ ıȤİĲȚțȒȢ 

µİȓȦıȘȢ.Η įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ: 

 1K finalT T+ ≤  (2.90) 

ȩπȠυ ȉfinal İȓȞαȚ Ș șİȡµȠțȡαıȓα ȥȪȟȘȢ. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [166], [157]: 

ǺȒµα 1: ȅȡȚıµȩȢ ĲȘȢ șİȡµȠțȡαıȓαȢ ȉinit țαȚ ĲȠυ ıȘµİȓȠυ xo. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ ĲȚµȒȢ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ f(xo). ȅȡȚıµȩȢ ĲȘȢ ĲȚµȒȢ L țαȚ r. Κ=0 țαȚ k=1. 

ǺȒµα 2: ΕπȚȜȠȖȒ ĲȘȢ απȠįİțĲȒȢ ȜȪıȘȢ xk. ȊπȠȜȠȖȚıµȩȢ f(xk) țαȚ ∆f=f(xk)-f(xk-1). 

ǺȒµα 3: ǹȞ ∆f<0 ĲȩĲİ xk-1→xk µİ f(xk-1)→f(xk) țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 5. ǹȞ ∆f≥0 ĲȩĲİ: 

ǺȒµα 4: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ Pr(xk-1→xk). ǹȞ z≤Pr(xk-1→xk) ȩπȠυ z ĲυȤαȓα ĲȚµȒ ıĲȠ [0,1] ĲȩĲİ 

xk-1→xk µİ f(xk-1)→f(xk) țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 5. ǹȞ z>Pr(xk-1→xk) İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 2. 

ǺȒµα 5: ǹȞ k<L ĲȩĲİ k=k+1 țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 2. ǹȞ k>L ıυȞȑȤİȚα ıĲȠ ǺȒµα 6. 

ǺȒµα 6: Κ=Κ+1, TK=r·TK-1. ǹȞ TK>Tfinal, k=1 țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 2 αȜȜȚȫȢ ĲİȡµαĲȚıµȩȢ 

ĲȘȢ įȚαįȚțαıȓαȢ. 

Η µȑșȠįȠȢ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ ȑȤİȚ İφαȡµȠıĲİȓ ıİ πȜȒșȠȢ İφαȡµȠȖȫȞ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıĲȠ ȤȫȡȠ ĲȘȢ ȤȘµȚțȒȢ-ıĲαĲȚıĲȚțȒȢ µȘȤαȞȚțȒȢ [35], [36]. ȆαȡαȜȜαȖȑȢ ĲȘȢ 

ȕαıȚțȒȢ µİșȩįȠυ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ ȑȤȠυȞ παȡȠυıȚαıĲİȓ ıĲȚȢ İȡȖαıȓİȢ ĲȦȞ 

Kvasnicha țαȚ Pospichal, [177], Press țαȚ Teukolsky, [229], Siarry et al,. [264] țαȚ Wang țαȚ 

Chen, [288]. ȅȚ Kincaid țαȚ Padula, [166] țαȚ Ƞ Balling, [12] ȤȡȘıȚµȠπȠȚȠȪȞ ĲȘ µȑșȠįȠ ȖȚα ĲȘ 

ȕİȜĲȓȦıȘ ĲȘȢ αȡȤȚțȒȢ ȜȪıȘȢ πȠυ υπȠȜȠȖȓıșȘțİ µİ ĲȘ ȜȪıȘ ĲȠυ ȚıȠįυȞȐµȠυ ıυȞİȤȠȪȢ 

πȡȠȕȜȒµαĲȠȢ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ µİ įȚαțȡȚĲȑȢ µ.ı. πİȡȚȠȡȓȗȠȞĲαȢ ĲȘȞ αȞαȗȒĲȘıȘ 

ĲȘȢ µİșȩįȠυ ıĲȘ ȖİȚĲȠȞȓα ĲȠυ αȡȤȚțȐ υπȠįİȚȤșȑȞĲȠȢ ȕȑȜĲȚıĲȠυ ıȘµİȓȠυ ıȤİįȚαıµȠȪ. ȅȚ May 

țαȚ Balling, [204], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ 

ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȤȦȡȚțȫȞ µİĲαȜȜȚțȫȞ πȜαȚıȓȦȞ ıυȞįυȐȗȠȞĲαȢ ĲȘ µȑșȠįȠ 

πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ µİ µȞȒµȘ µİ ıĲȩȤȠ ĲȘȞ απȠφυȖȒ İȖțȜȦȕȚıµȠȪ ıİ ȤαȠĲȚțȠȪȢ 

İȜțυıĲȑȢ. ȅȚ µȑșȠįȠȚ ĲȦȞ Hedar țαȚ Fukushima, [135], țαȚ May țαȚ Balling, [204], 

παȡȠυıȚȐȗȠȞĲαȚ πİȡȚııȩĲİȡȠ İȪȡȦıĲİȢ țαȚ µİ ȤαµȘȜȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ȦȢ πȡȠȢ ĲȘȞ 

țȜαııȚțȒ µȑșȠįȠ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ. 
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ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.43 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.7.7 ΜȑșȠįȠȢ πȡȠıȠµȠȚωµȑȞȘȢ αȞȩπĲȘıȘȢ ȐµİıȘȢ įȚİȡİȪȞȘıȘȢ 
ȅȚ Hedar țαȚ Fukushima, [135], ıυȞįυȐȗȠυȞ ĲȘ µȑșȠįȠ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ µİ ĲȘ 

µȑșȠįȠ ȐµİıȘȢ įȚİȡİȪȞȘıȘȢ (Box method), ıĲȠȤİȪȠȞĲαȢ ıĲȠ ıυȞįυαıµȩ ĲȘȢ ȚțαȞȩĲȘĲαȢ ĲȦȞ 

µİșȩįȦȞ ĲȠπȚțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ȟα υπȠįİȚțȞȪȠυȞ µİ αțȡȓȕİȚα ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ȖȚα ıυȞİȤȒ 

πȡȠȕȜȒµαĲα µİ ĲȘȞ ȚțαȞȩĲȘĲα ĲȘȢ µİșȩįȠυ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ Ȟα țαĲαįİȚțȞȪİȚ 

πİȡȚȠȤȑȢ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ πȠυ πİȡȚȑȤȠυȞ ĲȠπȚțȐ αțȡȩĲαĲα. ȉα ȕαıȚțȐ ȕȒµαĲα ĲȘȢ 

µİșȩįȠυ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ΕπȚȜȠȖȒ n+1 ĲȚµȫȞ țαĲȐ Simplex. ΕπȚȜȠȖȒ İ>0 T, Tfinal țαȚ M. ȅȡȚıµȩȢ ĲȠυ 

µİȖȑșȠυȢ n ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȓıĲαȢ. 

ǺȒµα 2: ǹȞαįȚȐĲαȟȘ ĲȦȞ n+1 ıȘµİȓȦȞ ĲȘȢ ȜȓıĲαȢ ȫıĲİ f(x1)≤f(x2)≤… ≤f(xn+1). 

ǺȒµα 3: ǹπȠșȒțİυıȘ ĲȦȞ m<n+1 țαȜȪĲİȡȦȞ ıȘµİȓȦȞ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȓıĲαȢ. 

ǺȒµα 4: ǹȞ |f(x1)-f(xn+1)|≤İ Ȓ TK≤Tfinal ĲİȡµαĲȚıµȩȢ ĲȘȢ įȚαįȚțαıȓαȢ αȜȜȚȫȢ ǺȒµα 5. 

ǺȒµα 5: ΕπαȞȑȜαȕİ Ȃ φȠȡȑȢ Ĳα ǺȒµαĲα 5.1 ȦȢ 5.6. 

ǺȒµα 5.1: ȅȡȚıµȩȢ k=1. 

ǺȒµα 5.2: ǹȞ k≤Ȃ ıυȞȑȤİȚα ıĲȠ ǺȒµα 5.3 αȜȜȚȫȢ ıυȞȑȤİȚα ıĲȠ ǺȒµα 5.4 ȖȚα ıυµπȪțȞȦıȘ. 

ǺȒµα 5.3: (ǹȞĲαȞȐțȜαıȘ): ȊπȠȜȠȖȚıµȩȢ ĲȦȞ k ıȘµİȓȦȞ αȞĲαȞȐțȜαıȘȢ { } 1

2

n

i n k

+
= − +x  ȦȢ 

( ): 2, 1r

i i i n k nρ= + ⋅ − = − + +x x x x …  ȩπȠυ 
1

1

1

1

n k

i

in k

− +

=
= − + ∑x x  țαȚ ȡ İȓȞαȚ ĲυȤαȓȠȢ 

αȡȚșµȩȢ ıĲȠ įȚȐıĲȘµα (0.9,1.1). ȊπȠȜȠȖȚıµȩȢ ĲȦȞ f(xr
i). ȅȡȚıµȩȢ ȦȢ ( ){ }

2 1

ˆ : min r

in k i n
f f− + ≤ ≤ += x  

ǺȒµα 5.3.1: ǹȞ ( ){ } ( )1
2 1

ˆ : min r

in k i n
f f f− + ≤ ≤ += < xx  ıυȞȑȤİȚα ıĲȠ ǺȒµα 5.3.3. 

ǺȒµα 5.3.2: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ ıȤȑıȘȢ (2.88) µİ f(xk-1)≡f(x1), ( ) ˆ
kf f≡x  țαȚ 

( )1
ˆf f f∆ = − x . ȅȡȚıµȩȢ ĲȠυ ĲυȤαȓȠυ z. ǹȞ z≤Pr(xk-1→xk) ıυȞȑȤİȚα ıĲȠ ǺȒµα 5.3.3 αȜȜȚȫȢ 

k=k+1 țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 5.2. 

ǺȒµα 5.3.3: ȅȡȚıµȩȢ ĲȠυ xr
i:=xi țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 5.5. 

ǺȒµα 5.4 (ȈυµπȪțȞωıȘ): ȈυµπȪțȞȦıȘ ĲȦȞ ıȘµİȓȦȞ ıİ n+1 ıȘµİȓα ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ 
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( )1 1:i iσ= + ⋅ −x x x x  i=2,3,…,n+1   0≤ı≤1. 

ǺȒµα 5.5 (ǹȞαįȚȐĲαȟȘ): ǹȞαįȚȐĲαȟȘ ĲȦȞ n+1 ıȘµİȓȦȞ ȫıĲİ f(x1)≤f(x2)≤… ≤f(xn+1) µİ 

{x1,…,xn-k+1,x
r
n-k+2,…,x

r
n+1}→{x1,…, xn+1}. 

ǺȒµα 5.6: ǹȞ k≤Ȃ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 5.2 αȜȜȚȫȢ ıυȞȑȤİȚα ıĲȠ ǺȒµα 6. 

ǺȒµα 6: Κ=Κ+1, TK=r·TK-1 țαȚ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 3. 

Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıİ πȜȒșȠȢ ıυȞİȤȫȞ ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ țαȚ Ș İυȡȦıĲȓα ĲȘȢ 

µİșȩįȠυ ıυȖțȡȓȞİĲαȚ µİ ȐȜȜİȢ µİșȩįȠυȢ ȩπȦȢ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ αȞαȗȒĲȘıȘȢ µİ 

απαȖȠȡİυµȑȞİȢ țȚȞȒıİȚȢ [43], παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ [264], 

țαȚ µİ ĲȘ πȡȠıαȡµȠıĲȚțȒ µȑșȠįȠȢ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ [288]. 

2.7.8 ΓİȞİĲȚțȠȓ ǹȜȖȩȡȚșµȠȚ - (Genetic Algorithms) 

2.7.8.1 ΕȚıαȖωȖȒ 

Η πȚȠ įȚαįİįȠµȑȞȘ µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ įȚαțȡȚĲȑȢ µ.ı, ȩπȠυ Ș µȠȡφȒ ĲȠυ ȤȫȡȠυ 

ıȤİįȚαıµȠȪ παȡȠυıȚȐȗİȚ αıυȞȑȤİȚİȢ țαȚ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ παȡȠυıȚȐȗİȚ πȜȒșȠȢ 

ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ ıĲȠȞ απȠįİțĲȩ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ, İȓȞαȚ Ș µȑșȠįȠȢ ĲȦȞ ΓİȞİĲȚțȫȞ 

ǹȜȖȩȡȚșµȦȞ (Γǹ) [108], [145], [168], [171], [169]. 

ȈȪµφȦȞα µİ ĲȠȞ Goldberg [108], ȠȚ πȡȫĲİȢ αȞαφȠȡȑȢ ȖȚα ĲȘȞ πȡȠıȠµȠȓȦıȘ ĲȦȞ φυıȚțȫȞ 

įȚİȡȖαıȚȫȞ ıİ ȖİȞİĲȚțȐ ıυıĲȒµαĲα µİ ĲȘ ȕȠȒșİȚα Η/Ȋ αȞȒțİȚ ıĲȠυȢ Baricelli [16], [17], țαȚ 

Fraser [93], [94], [95], [96]. O Fraser [96], πȡȠıȠµȠȓȦıİ ĲȘȞ İȟȑȜȚȟȘ İȞȩȢ ȤȡȦµȠıȫµαĲȠȢ 15 

įυφȓȦȞ țαȚ υπȠȜȩȖȚıİ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ αĲȩµȦȞ µİ απȠįİțĲȐ φαȚȞȠĲυπȚțȐ 

ȤαȡαțĲȘȡȚıĲȚțȐ ȦȢ πȡȠȢ ĲȘȞ παȡȑȜİυıȘ ĲȦȞ ȖİȞİȫȞ. Η πȡȫĲȘ İφαȡµȠȖȒ ĲȦȞ Γǹ ıİ µȘ 

φυıȚțȐ πȡȠȕȜȒµαĲα απȠįȓįİĲαȚ ıĲȠȞ Bagley [9]. Η πȡȫĲȘ İφαȡµȠȖȒ ĲȘȢ įȚαįȚțαıȓαȢ ĲȘȢ 

φυıȚțȒȢ İπȚȜȠȖȒȢ ıİ șȑµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ αȞȒțİȚ ıĲȠȞ Holland [141], [142]. ȅ Holland 

[143], [144], παȡȠυıȓαıİ ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ πȠυ απȠĲİȜİȓ ĲȠ șİȦȡȘĲȚțȩ υπȩȕαșȡȠ ĲȦȞ 

Γǹ ıİ πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȉȠ șİȫȡȘµα ıȤȒµαĲȠȢ [144], [145] įȘȜȫȞİȚ ȩĲȚ 

«µȚțȡȒȢ ĲȐȟȘȢ αțȠȜȠυșȓİȢ įυφȓωȞ (ıχȒµαĲα) µİ İυȡωıĲȓα µİȖαȜȪĲİȡȘ ĲȠυ µȑıȠυ ȩȡȠυ, 

ȜαµȕȐȞȠυȞ țαĲȐ İțșİĲȚțȩ ĲȡȩπȠ αυȟαȞȩµİȞİȢ πȚșαȞȩĲȘĲİȢ İπȚȜȠȖȒȢ ıİ µİȜȜȠȞĲȚțȑȢ ȖİȞİȑȢ». O 

De-Jong [58], µİ ĲȘ ȕȠȒșİȚα ĲȠυ șİȦȡȒµαĲȠȢ ıȤȒµαĲȠȢ απȑįİȚȟİ ĲȘȞ İυȡȦıĲȓα ĲȠυ 

αȜȖȠȡȓșµȠυ (șİȦȡȘĲȚțȐ țαȚ πİȚȡαµαĲȚțȐ) ıİ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ αȞαφȠȡȐȢ. 
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ǺαıȚțȐ αȚĲȓα ĲȘȢ İȟȐπȜȦıȘȢ ĲȦȞ Γǹ İȓȞαȚ Ș απȜȩĲȘĲα ȤȡȒıȘȢ, Ș İυȡȦıĲȓα ĲȠυ αȜȖȠȡȓșµȠυ 

ıİ įȪıțȠȜα πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ, Ș įυȞαĲȩĲȘĲα αȞĲȚµİĲȫπȚıȘȢ πȡȠȕȜȘµȐĲȦȞ ȖȚα 

țȐșİ ĲȪπȠ µ.ı, țαȚ Ș µȘ ȪπαȡȟȘ πİȡȚȠȡȚıµȫȞ ıİ ıȤȑıȘ µİ ĲȘ ıυȞȑȤİȚα Ȓ ĲȘȞ ȪπαȡȟȘ 

παȡαȖȫȖȦȞ ȖȚα ĲȘȞ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ ĲȚȢ ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȫȞ. 

ȂİȚȠȞİțĲȒµαĲα ĲȘȢ µİșȩįȠυ șİȦȡȠȪȞĲαȚ Ș αįυȞαµȓα ĲȘȢ Ȟα αȞĲȚµİĲȦπȓıİȚ Ȑµİıα 

πȡȠȕȜȒµαĲα µİ πİȡȚȠȡȚıµȠȪȢ ıȤİįȚαıµȠȪ țαșȫȢ țαȚ ĲȠ υȥȘȜȩ υπȠȜȠȖȚıĲȚțȩ φȠȡĲȓȠ. Η 

µȑșȠįȠȢ ȑȤİȚ İφαȡµȠıĲİȓ ıİ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ (Goldberg țαȚ Kuo [110], Goldberg [108], 

Hajela [124], Lin țαȚ Hajela [192], Huang [154], Huang et al. [158]). 

2.7.8.2 ΚȜαıȚțȩȢ Γǹ 

Η µȑșȠįȠȢ ĲȦȞ Γǹ αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ. ȅȚ Γǹ, ıİ αȞĲȓșİıȘ µİ 

ȐȜȜİȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ, İȟİȜȓııİȚ ȑȞα πȜȒșȠȢ πȚșαȞȫȞ ȜȪıİȦȞ (πȜȘșυıµȩȢ 

ȜȪıİȦȞ). ȂȑıȦ ĲȦȞ ĲİȜİıĲȫȞ ĲȘȢ µİșȩįȠυ Ƞ πȜȘșυıµȩȢ αυĲȩȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȘ 

įȘµȚȠυȡȖȓα ĲȦȞ αĲȩµȦȞ ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ. ȈĲȘȞ țȜαııȚțȒ µȠȡφȒ ĲȠυ Γǹ țȐșİ µ.ı, 

απİȚțȠȞȓȗİĲαȚ ȦȢ µȓα πİπİȡαıµȑȞȘ αțȠȜȠυșȓα ĲȦȞ φυıȚțȫȞ αȡȚșµȫȞ 0 țαȚ 1 (ȖȠȞȓįȚȠ). (∆ȚȐȖ. 

2.11). ȉȠ ıȪȞȠȜȠ ĲȦȞ ȖȠȞȚįȓȦȞ απȠĲİȜİȓ ȑȞα ȤȡȦµȩıȦµα. ȀȐșİ ȤȡȦµȩıȦµα απİȚțȠȞȓȗİȚ µȓα 

πȚșαȞȒ ȜȪıȘ µȑıα ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ ĲȠυ πȡȠȕȜȒµαĲȠȢ (∆ȚȐȖ. 2.12). 

 

∆ȚȐȖ. 2.11: ȈȤȘµαĲȚțȒ παȡȐıĲαıȘ ĲȘȢ απİȚțȩȞȚıȘȢ µ.ı, ȖȚα ĲȠ țȜαıȚțȩ Γǹ. 

ȅȚ ĲȡİȚȢ ȕαıȚțȠȓ ĲİȜİıĲȑȢ ĲȘȢ µİșȩįȠυ Γǹ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ΕπȚȜȠȖȒ (Selection): Η įȚαįȚțαıȓα İπȚȜȠȖȒȢ İȞȩȢ αĲȩµȠυ ĲȠυ πȜȘșυıµȠȪ ȖȚα įȚαıĲαȪȡȦıȘ. 

ȉİȜİıĲȑȢ ıİ İπȓπİįȠ ȖȠȞȚįȓȦȞ țαȚ απİȚțȠȞȓıİȚȢ 

( )1001...01010 if x→  

1001...01010

xi 

( )1011...01010 kh z→

1011...01010 

1 1

ȂİĲαȕȜȘĲȘ ΦυıȚțȦȞ ǹȡȚșµȦȞ

, , ,k k kz z z− +…… ……����	���
  

∆ȚαțȡȚĲȒ ȂİĲαȕȜȘĲȒ 

( )1001...01110 jg y→

1001...01110

ȈυȞİȤȘȢ ȂİĲαȕȜȘĲȘ

, ,i i iy y yε ε− +…… ……������	�����


İ ȕȒµα  
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Η įȚαįȚțαıȓα İπȚȜȠȖȒȢ ıĲȘȡȓȗİĲαȚ ıĲȘȞ İυȡȦıĲȓα țȐșİ αĲȩµȠυ. ΕφȩıȠȞ ıĲα πȚȠ İȪȡȦıĲα 

ȐĲȠµα ȠȡȓȗİĲαȚ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ, αȞαµȑȞİĲαȚ Ȟα ȑȤȠυȞ πİȡȚııȩĲİȡȠυȢ 

απȠȖȩȞȠυȢ, µİ απȠĲȑȜİıµα Ĳα ıȤȒµαĲα ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ĲȠυȢ Ȟα İµφαȞȓȗȠȞĲαȚ µİ 

υȥȘȜȩĲİȡȘ ıυȤȞȩĲȘĲα ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ. 

∆ȚαıĲαȪȡωıȘ (Crossover): Η įȚαįȚțαıȓα αȞȐµȚȟȘȢ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ k ȖȠȞȑȦȞ ȖȚα ĲȘȞ 

παȡαȖȦȖȒ l αĲȩµȦȞ πȠυ șα απȠĲİȜȑıȠυȞ țαȚ Ĳα ȐĲȠµα ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ. 

ȂİĲȐȜȜαȟȘ (Mutation): Η įȚαįȚțαıȓα İȚıαȖȦȖȒȢ țαĲȐ ĲυȤαȓȠ ĲȡȩπȠ ȜαșȫȞ ıĲȘȞ αȞĲȚȖȡαφȒ 

ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ țαĲȐ ĲȘ φȐıȘ ĲȘȢ įȚαıĲαȪȡȦıȘȢ. Ȃİ ĲȘ ȕȠȒșİȚα ĲȠυ ĲİȜİıĲȒ αυĲȠȪ 

İȚıȐȖȠȞĲαȚ ȞȑİȢ αțȠȜȠυșȓİȢ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ıĲȠȞ πȜȘșυıµȩ. Η µİĲȐȜȜαȟȘ πȡȠıįȓįİȚ ıĲȠ 

Γǹ ĲȠ ȤαȡαțĲȘȡȚıµȩ ĲȘȢ İȪȡωıĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαșȫȢ İȟαıφαȜȓȗİȚ ȩĲȚ Ƞ 

Γǹ șα İȞĲȠπȓıİȚ ĲȠ ȠȜȚțȩ αțȡȩĲαĲȠ ıİ πİπİȡαıµȑȞȠ ȤȡȩȞȠ. (ȆαȡȐȖȡαφȠȢ 2.10). 

 

∆ȚȐȖ. 2.12: ȈȤȘµαĲȚțȒ παȡȐıĲαıȘ ĲȘȢ απİȚțȩȞȚıȘȢ ȤȡȦµȠıȫµαĲȠȢ ıİ ȐĲȠµȠ ĲȠυ πȜȘșυıµȠȪ. 

ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ Γǹ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ȅȡȚıµȩȢ ĲȘȢ µİșȩįȠυ απİȚțȩȞȚıȘȢ µȓαȢ υπȠȥȒφȚαȢ ȜȪıȘȢ, țαȚ ĲȦȞ ĲİȜİıĲȫȞ ĲȘȢ 

İπȚȜȠȖȒȢ, įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ.. 

ǺȒµα 2: ȉυȤαȓα παȡαȖȦȖȒ Np (πȜȒșȠȢ αĲȩµȦȞ) ȤȡȦµȠıȦµȐĲȦȞ (αȡȤȚțȩȢ πȜȘșυıµȩȢ). K=0. 

ǺȒµα 3: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ αĲȩµȠυ ĲȠυ πȜȘșυıµȠȪ. Κ=Κ+1 

ǺȒµα 4: ΕπȚȜȠȖȒ ĲȦȞ µİȜȫȞ ĲȠυ πȜȘșυıµȠȪ ȖȚα ĲȘ įȘµȚȠυȡȖȓα ĲȠυ ȞȑȠυ πȜȘșυıµȠȪ µȑıȦ 

ΧȡȦµȩıȦµα 

Υ

Χ 

Ζ

yj 

xi 

zk

ΧȫȡȠȢ ȈȤİįȚαıµȠȪ 

100101010 100101110 100101110 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.47 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ ĲİȜİıĲȫȞ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ. 

ǺȒµα 5: ∆ȚαıĲαȪȡȦıȘ. 

ǺȒµα 6: ȂİĲȐȜȜαȟȘ. 

ǺȒµα 7: ΈȜİȖȤȠȢ ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ. ǹȞ ȑȞα Ȓ πİȡȚııȩĲİȡα țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ 

ȚțαȞȠπȠȚȠȪȞĲαȚ ĲİȡµαĲȚıµȩȢ ĲȘȢ įȚαįȚțαıȓαȢ αȜȜȚȫȢ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 5. 

2.7.8.3 ΘİȫȡȘµα ıχȒµαĲȠȢ 

Η șİȦȡȘĲȚțȒ įȚțαȚȠȜȩȖȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ Γǹ ıĲȘȡȓȗİĲαȚ ıĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ 

(Schema theorem) πȠυ πȘȖȐȗİȚ απȩ ĲȘȞ πȚșαȞȩĲȘĲα µİĲȐȕαıȘȢ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ țαȚ ĲȘȞ 

αȞĲȓıĲȠȚȤȘ πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ µȚαȢ ıυȖțİțȡȚµȑȞȘȢ αțȠȜȠυșȓαȢ ȖȠȞȚįȓȦȞ ȜȩȖȦ ĲȦȞ 

ĲİȜİıĲȫȞ ĲȘȢ µİșȩįȠυ. ȈȪµφȦȞα µİ ĲȠυȢ [145], [108] ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ ȠȡȓȗİȚ ȩĲȚ, ĲȠ 

πȜȒșȠȢ m(H) µȓαȢ ıυȖțİțȡȚµȑȞȘȢ αțȠȜȠυșȓαȢ įυφȓȦȞ Η, µİĲαȕȐȜȜİĲαȚ ȦȢ [145]: 

 ( ) ( ) ( )( ) ( ) ( )
ifor all H D

, 1 , 1
1

cr m

i

f H Hm mH t H t P O PH
E f H L

δ
∈

 ≥ ⋅ ⋅+ − ⋅ − ⋅    −    (2.91) 

ȩπȠυ Η İȓȞαȚ Ș υπȩ İȟȑĲαıȘ αțȠȜȠυșȓα įυφȓȦȞ, į(H) İȓȞαȚ ĲȠ µȒțȠȢ ĲȘȢ αțȠȜȠυșȓαȢ αυĲȒȢ, 

ȅ(Η) İȓȞαȚ Ș ĲȐȟȘ ĲȠυ ıȤȒµαĲȠȢ (ĲȠ πȜȒșȠȢ ĲȦȞ ıĲαșİȡȫȞ įυφȓȦȞ), L İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ, m(H,t) İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ İµπİȡȚȑȤȠυȞ ĲȘȞ αțȠȜȠυșȓα Η ıĲȘ 

ȖİȞİȐ t, Pcr țαȚ Pm İȓȞαȚ ȠȚ πȚșαȞȩĲȘĲİȢ įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ αȞĲȓıĲȠȚȤα, țαȚ f(H) 

İȓȞαȚ Ș İυȡȦıĲȓα ĲȠυ ıȤȒµαĲȠȢ Η. Η ıȤȑıȘ (2.91) ȚıȤȪİȚ υπȩ ĲȚȢ πȡȠȨπȠșȑıİȚȢ, ȩĲȚ Ș 

πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ İȓȞαȚ αȞȐȜȠȖȘ ĲȘȢ İυȡȦıĲȓαȢ țαȚ ȠȚ πȚșαȞȩĲȘĲİȢ įȚαĲαȡαȤȒȢ ĲȠυ 

ıȤȒµαĲȠȢ İȓȞαȚ πȠȜȪ µȚțȡȑȢ ȠπȩĲİ Ș ıυȞȠȜȚțȒ πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ Ȟα įȓįİĲαȚ ȦȢ 

ȐșȡȠȚıµα ĲȠυȢ. ȅ ȜȩȖȠȢ ( ) ( )1
1

cr m

H
p O pH

L

δ − ⋅ − ⋅  −   ȠȡȓȗİȚ ĲȘ ıυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα 

įȚαĲαȡαȤȒȢ ĲȠυ ıȤȒµαĲȠȢ. ȅ Whitley [291], ıĲȘȡȚȗȩµİȞȠȢ ıĲȘȞ İȡȖαıȓα ĲȦȞ Holland, [145], 

țαȚ Schaffer ȩπȦȢ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠȞ Davis, [56], țαĲαȜȒȖİȚ ȩĲȚ ĲȠ πȜȒșȠȢ µȓαȢ 

ıυȖțİțȡȚµȑȞȘȢ αțȠȜȠυșȓαȢ įυφȓȦȞ µİĲαȕȐȜȜİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( ) ( ) ( )( )
ifor all H D

1, 1 ,1 1
1

O H

mcr

i

f HHm D P D mH t H tP D
E f HL

δ
∈

 ≥ ⋅ ⋅ − = ⋅+ − ⋅ ⋅ −    −     (2.92) 

ȩπȠυ (1-Pm)
O(H)

 İȓȞαȚ Ș πȚșαȞȩĲȘĲα µȘ įȚαĲαȡαȤȒȢ ĲȠυ ıȤȒµαĲȠȢ ȜȩȖȦ µİĲȐȜȜαȟȘȢ. ȂȚα πȚȠ 

ȖİȞȚțȒ ıȤȑıȘ ȠȡȓȗİȚ ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ ȦȢ απȠĲȑȜİıµα țαȚ µȩȞȠȞ ĲȦȞ İπȚµȑȡȠυȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.48 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȚșαȞȠĲȒĲȦȞ ĲȦȞ ȖİȖȠȞȩĲȦȞ πȠυ İπȘȡİȐȗȠυȞ ĲȘȞ αȞȑȜȚȟȘ ĲȠυ ȦȢ: 

 ( ) ( ) ( )
( )[ ] ( ) ( )

cr m

i

Disrupt Disrupt

for all H D

Pr
1 Pr 1 Pr, 1 ,

Pr
P P

H
m mH t H t H H

E H∈
   ≅ ⋅ ⋅ − ⋅ −+     (2.93) 

ȩπȠυ, Pr(H) İȓȞαȚ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ αĲȩµȠυ µİ ĲȠ ıȤȒµα H, ( )
cr

Disrupt
Pr PH  İȓȞαȚ Ș 

πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ ȜȩȖȦ ĲȘȢ įȚαįȚțαıȓαȢ įȚαıĲαȪȡȦıȘȢ țαȚ ( )
m

Disrupt
Pr PH  İȓȞαȚ Ș 

πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ ȜȩȖȦ ĲȘȢ įȚαįȚțαıȓαȢ ĲȘȢ µİĲȐȜȜαȟȘȢ. 

ȉȠ șİȫȡȘµα ıȤȒµαĲȠȢ İȟαıφαȜȓȗİȚ ĲȘȞ αȪȟȘıȘ ĲȘȢ ıυȤȞȩĲȘĲαȢ İµφȐȞȚıȘȢ İȞȩȢ 

ıυȖțİțȡȚµȑȞȠυ ıȤȒµαĲȠȢ İφȩıȠȞ ĲȠ ȖȚȞȩµİȞȠ: 

 
( )

( )[ ] ( ) ( )
cr m

i

Disrupt Disrupt

for all H D

Pr
1 Pr 1 Pr 1

Pr
P P

H
H H

E H∈
   ⋅ − ⋅ − >    (2.94) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ ıυȖțİțȡȚµȑȞȠυ ıȤȒµαĲȠȢ İȓȞαȚ υȥȘȜȒ ȖȚα ĲȠȞ 

țȜαıȚțȩ Γǹ įİȞ İȓȞαȚ įυȞαĲȩȞ Ȟα αȖȞȠȘșİȓ Ș πİȡȓπĲȦıȘ İπȚȜȠȖȒȢ įȪȠ ȖȠȞȑȦȞ ȖȚα ĲȘȞ 

παȡαȖȦȖȒ ĲȦȞ αȞĲȓıĲȠȚȤȦȞ ĲȑțȞȦȞ ȠπȩĲİ Ș ıȤȑıȘ (2.93) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ:  

 
( ) ( ) ( ) ( ) ( ) ( )[ ]

( ) ( ) ( )[ ]
crm

i

2

DisruptDisrupt

for all H D

PrPr
1 1 1, 1 ,

1 Pr 1 Pr PrPP

HH
m m A B A D C B CH t H t

F F

C D F EHH H∈

≅ ⋅ − − ⋅ − = ⋅ ⋅ = ⋅ +  
  = − = − =   

 (2.95) 

ȩπȠυ ǹ İȓȞαȚ Ƞ πȠȜȜαπȜαıȚαıĲȚțȩȢ ıυȞĲİȜİıĲȒȢ ĲȠυ πȜȒșȠȢ ĲȦȞ ıȤȘµȐĲȦȞ İφȩıȠȞ ĲȠ 

ıυȖțİțȡȚµȑȞȠ ıȤȒµα İµφαȞȓȗİĲαȚ ıĲȠȞ ȑȞαȞ İț ĲȦȞ 2 ȖȠȞȑȦȞ țαȚ Ǻ İȓȞαȚ Ƞ αȞĲȓıĲȠȚȤȠȢ 

ıυȞĲİȜİıĲȒȢ İφȩıȠȞ ĲȠ ıυȖțİțȡȚµȑȞȠ ıȤȒµα İµφαȞȓȗİĲαȚ țαȚ ıĲȠυȢ 2 ȖȠȞİȓȢ. Η ıȤȑıȘ (2.95) 

ıυȖțȜȓȞİȚ ıĲȘ ıȤȑıȘ (2.93) ȩĲαȞ Pr(H)<<1 ȠπȩĲİ [1-(1-A)·(1-B)]≈[1-(1-A)]=A. Η πȚșαȞȩĲȘĲα 

İπȚȜȠȖȒȢ İȞȩȢ ıȤȒµαĲȠȢ ıĲȘȞ πİȡȓπĲȦıȘ ȠȡȚıµȠȪ ĲȘȢ İυȡȦıĲȓαȢ µİ ĲȘ µȑșȠįȠ țαĲαȞȠµȒȢ ĲȘȢ 

ȡȠυȜȑĲαȢ [108], [172], įȓįİĲαȚ ȦȢ: 

 ( ) ( )
( )

( )
( )

,

1

1

Pr

H j

j P

p

i

N

j k
H N k

j N

i

H D i

i

f H f

H
f H

f

∀ ∈ =

∀ ∈ =

= =
∑ ∑
∑ ∑

x

x

 (2.96) 

ȩπȠυ ȃΗ,j İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ πİȡȚȑȤȠυȞ ĲȠ ıυȖțİțȡȚµȑȞȠ ıȤȒµα țαȚ f(xi) İȓȞαȚ Ș 

İυȡȦıĲȓα ĲȠυ i αĲȩµȠυ. ȅȚ Koumousis țαȚ Katsaras [173], İȟİĲȐȗȠυȞ ĲȘȞ ȚıȤȪ ĲȘȢ ıȤȑıȘȢ 

(2.91) ȩĲαȞ Ƞ πȜȘșυıµȩȢ įİȞ παȡαµȑȞİȚ ıĲαșİȡȩȢ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ įȚαįȚțαıȓαȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.49 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıĲȠȤİȪȠȞĲαȢ ıĲȘ įȘµȚȠυȡȖȓα ıȤȘµȐĲȦȞ µİĲαȕȠȜȒȢ ĲȦȞ αĲȩµȦȞ ĲȠυ 

πȜȘșυıµȠȪ πȠυ ȠįȘȖȠȪȞ ıİ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ αυȟȘµȑȞȘ απȩįȠıȘ. ȈĲȘȞ 

παȡȐȖȡαφȠ 2.11, παȡȠυıȚȐȗİĲαȚ αȞαȜυĲȚțȐ Ș ȤȡȠȞȚțȒ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ țαȚ / Ȓ ĲȘȢ 

πυțȞȩĲȘĲαȢ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ ıȤȒµαĲȠȢ ıİ ıυȞȐȡĲȘıȘ µİ ĲȘ ıȤİĲȚțȒ ĲȠυ İυȡȦıĲȓα ȖȚα 

įȚȐφȠȡȠυȢ ĲİȜİıĲȑȢ įȚαıĲαȪȡȦıȘȢ țαȚ İπȚȜȠȖȒȢ. 

2.7.8.4 ΚαĲȐıĲȡωıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ (Formulation of 
optimization problem) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ țȜαııȚțȠȪ Γǹ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ πȡȩȕȜȘµα 

µİȖȚıĲȠπȠȓȘıȘȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ĲȚµȒȢ ĲȠυ ȚıȠįȪȞαµȠυ πȡȠȕȜȒµαĲȠȢ ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ: 

 ( ) ( )
( ) { }1

1

,...,max
ii n ii im

i

i

f
d dF x D

=

= ∈ =
Φ∏

x
x

x

 (2.97) 

ȩπȠυ f(x) İȓȞαȚ Ș ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ( )
1

m

i

i=
Φ∏ x  İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ 

απȠµİȓȦıȘȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ ȜȪıȘȢ ȜȩȖȦ παȡαȕȓαıȘȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ. ȀȐșİ µ.ı, țȦįȚțȠπȠȚİȓĲαȚ ıȪµφȦȞα µİ ĲȠυȢ ĲİȜİıĲȑȢ ĲȠυ ∆ȚȐȖ. 2.11. Η 

ıυȞȐȡĲȘıȘ Φi(x) ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( )( ) ( ) ( )
( ) ( )
( ) ( )

1 0
1,...,

1 01 1

1 1,...,

i

n i

i ii i

i i

g
q i p m

g gk q

q h i p

≤= = + + >Φ = + ⋅ − 
= + =

x
x

x xx x

x x

 (2.98) 

ȩπȠυ n İȓȞαȚ παȡȐµİĲȡȠȢ πȠυ țαșȠȡȓȗİȚ ĲȠ ıȤȒµα ĲȘȢ ıυȞȐȡĲȘıȘȢ πȡȠıαȪȟȘıȘȢ. 

2.7.8.5 ΚωįȚțȠπȠȓȘıȘ țαȚ απȠțωįȚțȠπȠȓȘıȘ 

Η πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞȘ µȑșȠįȠȢ țȦįȚțȠπȠȓȘıȘȢ ĲȦȞ µ.ı, İȓȞαȚ Ƞ µİĲαıȤȘµαĲȚıµȩȢ țȐșİ 

ĲȚµȒȢ ıİ αțȠȜȠυșȓα įυφȓȦȞ (ȖȠȞȓįȚȠ) ıυȖțİțȡȚµȑȞȠυ µȒțȠυȢ. Η įȚαįȚțαıȓα αυĲȒ 

İπαȞαȜαµȕȐȞİĲαȚ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ µ.ı, țαȚ ȠȚ İπȚµȑȡȠυȢ αțȠȜȠυșȓİȢ įυφȓȦȞ ıυȞįυȐȗȠȞĲαȚ 

ȖȚα ĲȘ µȩȡφȦıȘ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. Η įȚαįȚțαıȓα απȠțȦįȚțȠπȠȓȘıȘȢ ĲİµαȤȓȗİȚ ĲȠ 

ȤȡȦµȩıȦµα ıĲα İπȚµȑȡȠυȢ țȠµµȐĲȚα ĲȠυ (ȖȠȞȓįȚα) țαȚ ıĲȘ ıυȞȑȤİȚα µȑıȦ ĲȠυ αȞĲȓıĲȡȠφȠυ 

µİĲαıȤȘµαĲȚıµȠȪ υπȠȜȠȖȓȗȠȞĲαȚ ȠȚ ĲȚµȑȢ ĲȦȞ µ.ı. 

ȅ ĲȡȩπȠȢ țȦįȚțȠπȠȓȘıȘȢ ĲȘȢ πȜȘȡȠφȠȡȓαȢ İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ ĲȘȞ İυȡȦıĲȓα ĲȠυ 

αȜȖȠȡȓșµȠυ. ȈȪµφȦȞα µİ ĲȠ Whitley [291], Ș țȦįȚțȠπȠȓȘıȘ µȑıȦ αțȠȜȠυșȚȫȞ įυφȓȦȞ 
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αȞĲȚµİĲȦπȓȗİĲαȚ µİ ıțİπĲȚțȚıµȩ țαșȫȢ İȓȞαȚ įυȞαĲȩ Ȟα ȠįȘȖȒıİȚ ıİ ȠȡȚıµȑȞİȢ πİȡȚπĲȫıİȚȢ 

ıİ απȠțȜİȚıµȩ ĲȘȢ πȡȩıȕαıȘȢ ĲȠυ αȜȖȠȡȓșµȠυ ıİ ȠȡȚıµȑȞİȢ πİȡȚȠȤȑȢ ĲȠυ ȤȫȡȠυ ĲȦȞ 

įυȞαĲȫȞ ıȤİįȚȐıİȦȞ. ΆȜȜȠȚ µȑșȠįȠȚ țȦįȚțȠπȠȓȘıȘȢ İȓȞαȚ µȑıȦ πȡαȖµαĲȚțȫȞ ĲȚµȫȞ [56], 

[210], [211], ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ ıυȞİȤȫȞ µ.ı Ȓ µȑıȦ ĲȚȢ «ȖțȡȓȗαȢ» 

țȦįȚțȠπȠȓȘıȘȢ įυφȓȦȞ (grey encoding). Η ȩȡȠȢ «Ȗțȡȓȗα» αȞαφȑȡİĲαȚ ıυȞȒșȦȢ ıĲȘ µȑșȠįȠ 

αȞαțȜȫµİȞȘȢ ȖțȡȓȗαȢ įυφȚαțȒȢ țȦįȚțȠπȠȓȘıȘȢ ĲȦȞ Bitner et al., [25], µİ ȕαıȚțȩ 

ȤαȡαțĲȘȡȚıĲȚțȩ ȩĲȚ ȖİȚĲȠȞȚțȑȢ ĲȚµȑȢ ıĲȠ πİįȓȠ ĲȦȞ ȜȪıİȦȞ παȡȠυıȚȐȗȠυȞ µİĲȐ ĲȘȞ 

țȦįȚțȠπȠȓȘıȘ ĲȠυȢ ȦȢ αțȠȜȠυșȓİȢ įυφȓȦȞ, απȩıĲαıȘ țαĲȐ Hamming ȓıȘ µİ ĲȘ µȠȞȐįα. Η 

απȩıĲαıȘ țαĲȐ Hamming H(bi,bj) ȠȡȓȗİĲαȚ ȦȢ [130]: 

 ( )
1

,
bn

i j ik jk

k

b bH b b
=

= ⊕∑  (2.99) 

ȩπȠυ bi țαȚ bj İȓȞαȚ Ĳα ȖȠȞȓįȚα ĲȦȞ αĲȩµȦȞ i țαȚ j µȒțȠυȢ nb țαȚ ⊕  İȓȞαȚ Ƞ ĲİȜİıĲȒȢ ĲȠυ 

απȠțȜİȚıĲȚțȠȪ Ȓ (XOR). ȅ ĲİȜİıĲȒȢ ĲȠυ απȠțȜİȚıĲȚțȠȪ Ȓ ȠȡȓȗİĲαȚ ȦȢ: 

 0 0 0 0 1 1 1 0 1 1 1 0⊕ = ⊕ = ⊕ = ⊕ =  (2.100) 

ȈȪµφȦȞα µİ ĲȠυȢ Whitley et al., [292], țȐșİ Ȗțȡȓȗα µȑșȠįȠȢ țȦįȚțȠπȠȓȘıȘȢ πȡȑπİȚ Ȟα 

įȚαĲȘȡİȓ ĲȘ ıυȞİțĲȚțȩĲȘĲα ĲȦȞ µ.ı (∆ȚȐȖ. 2.13). 

 

∆ȚȐȖ. 2.13: ȈυȞİțĲȚțȩĲȘĲα ıĲȠ ȤȫȡȠ Hamming 4 įυφȓȦȞ ȖțȡȓȗαȢ țαȚ απȜȒȢ įυφȚαțȒȢ 
țȦįȚțȠπȠȓȘıȘȢ. 

Ȉİ ĲυπȚțȐ πȡȠȕȜȒµαĲα ȩπȠυ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ παȡȠυıȚȐȗİȚ ȠµαȜȩĲȘĲα ȦȢ πȡȠȢ ĲȚȢ 

µ.ı Ȓ ıİ πȡȠȕȜȒµαĲα µİ µȚțȡȩ αȡȚșµȩ αțȡȩĲαĲȦȞ, Ș Ȗțȡȓȗα įυφȚαțȒ țȦįȚțȠπȠȓȘıȘ, αυȟȐȞİȚ 

ĲȘȞ İυȡȦıĲȓα ĲȠυ Γǹ [291]. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘȞ αφαȓȡİıȘ ĲȦȞ ȜȩφȦȞ țαĲȐ Hamming 

(Hamming Cliffs) ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖțȡȓȗαȢ µİșȩįȠυ țȦįȚțȠπȠȓȘıȘȢ. ΩȢ ȜȩφȠȢ țαĲȐ 

Hamming ȠȡȓȗİĲαȚ Ș țαĲȐıĲαıȘ ȩπȠυ įȪȠ ȖİȚĲȠȞȚțȑȢ ĲȚµȑȢ țȦįȚțȠπȠȚȠȪȞĲαȚ µİ 
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ıυµπȜȘȡȦµαĲȚțȑȢ απİȚțȠȞȓıİȚȢ ĲȠυ ȖȠȞȚįȓȠυ (απȩıĲαıȘ țαĲȐ Hamming ȓıȘ µİ ĲȠ µȒțȠȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ). ȅ ȩȡȠȢ «ȠµαȜȩĲȘĲα» ıȤİĲȓȗİĲαȚ µİ ĲȘ µİĲαȕȠȜȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ 

ıυȞȐȡĲȘıȘȢ ȦȢ πȡȠȢ ĲȚȢ µ.ı. ΈȞα πȡȩȕȜȘµα ȤαȡαțĲȘȡȓȗİĲαȚ ȠµαȜȩ ȩĲαȞ: 

 ( ) ( )( ) ( ) ( )( )min
max n

nx

f f
f f δε∀ ∈∀ ∈

−±≤−± +′x D

D

x İ x
x İ x  (2.101) 

ȩπȠυ , ,  ε δ′İ  İȓȞαȚ µȚțȡȑȢ șİĲȚțȑȢ πȠıȩĲȘĲİȢ. Η απȜȒ µȑșȠįȠȢ țȦįȚțȠπȠȓȘıȘȢ įȓįİȚ 

țαȜȪĲİȡα απȠĲİȜȑıµαĲα ıİ ıυȞαȡĲȒıİȚȢ µİ µİȖȐȜȠ πȜȒșȠȢ αțȡȩĲαĲȦȞ Ȓ ıĲȘ ȤİȓȡȚıĲȘ 

πİȡȓπĲȦıȘ ıυȞȐȡĲȘıȘȢ ȩπȠυ ĲȠ ȒµȚıυ ĲȦȞ ıȘµİȓȦȞ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ απȠĲİȜȠȪȞ țαȚ 

αțȡȩĲαĲα ĲȘȢ ıυȞȐȡĲȘıȘȢ [290]. ȈĲȘȞ πİȡȓπĲȦıȘ țȦįȚțȠπȠȓȘıȘȢ µİ ıυȞİȤİȓȢ µ.ı, ȚıȤȪİȚ ȩĲȚ 

țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖțȡȓȗαȢ µİșȩįȠυ țȦįȚțȠπȠȓȘıȘȢ [292] İφȩıȠȞ ȩĲαȞ ĲȠ πȡȩȕȜȘµα 

İȓȞαȚ ȠµαȜȩ Ș țȦįȚțȠπȠȓȘıȘ µİ ıυȞİȤİȓȢ µ.ı, ȠįȘȖİȓ ıİ αȜȖȠȡȓșµȠυȢ υȥȘȜȩĲİȡȘȢ İυȡȦıĲȓαȢ 

ıİ ıȤȑıȘ µİ απȜȒ µȑșȠįȠ țȦįȚțȠπȠȓȘıȘȢ. 

2.7.8.6 ȆαȡȐµİĲȡȠȚ ĲȠυ ΓİȞİĲȚțȠȪ ǹȜȖȠȡȓșµȠυ 

ȅȚ ȕαıȚțȑȢ παȡȐµİĲȡȠȚ ĲȠυ Γǹ İȓȞαȚ, ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ, Ƞ ĲȪπȠȢ İπȚȜȠȖȒȢ, Ƞ ĲȪπȠȢ 

țαȚ Ș πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ țαȚ ȠȚ παȡȐµİĲȡȠȚ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ. Η 

ıυµπİȡȚφȠȡȐ ĲȠυ αȜȖȠȡȓșµȠυ ȦȢ πȡȠȢ ĲȚȢ παȡαµȑĲȡȠυȢ ĲȠυ Γǹ ȑȤİȚ αȞαȜυșİȓ ıİ πȜȒșȠȢ 

İȡȖαıȚȫȞ. ȅȚ De Jong țαȚ Spears, [59], παȡȠυıȚȐȗȠυȞ șİȦȡȘĲȚțȐ țαȚ αȡȚșµȘĲȚțȐ 

απȠĲİȜȑıµαĲα ıİ ıȤȑıȘ µİ ĲȘȞ αȜȜȘȜİπȓįȡαıȘ ĲȠυ µİȖȑșȠυȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȠυ ĲȪπȠυ 

ĲȘȢ įȚαıĲαȪȡȦıȘȢ. ȅȚ Cvetkovic țαȚ Muhlenbein, [54], İȟȐȖȠυȞ ȤȡȒıȚµα ıυµπİȡȐıµαĲα ıİ 

ıȤȑıȘ µİ ĲȠ ȕȑȜĲȚıĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ ıĲȘȞ πİȡȓπĲȦıȘ ȠµȠȚȠµȩȡφȠυ įȚαıĲαȪȡȦıȘȢ 

țαȚ İπȚȜȠȖȒ ĲȦȞ αĲȩµȦȞ ȖȚα İπȚȜȠȖȒ µȑıȦ απȠțȠπȒȢ µİȜȫȞ (truncation selection) ȖȚα πȜȒșȠȢ 

ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ. ȅȚ Harik et al., [132], İπİțĲİȓȞȠυȞ ĲȘȞ İȡȖαıȓα ĲȦȞ Goldberg Deb 

țαȚ Clark, [109], ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ İȜȐȤȚıĲȠυ πȜȘșυıµȠȪ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘ 

ıȪȖțȜȚıȘ ıİ țαȜȒ ȜȪıȘ ĲȠυ Γǹ µİ µȓα ıυȖțİțȡȚµȑȞȘ πȚșαȞȩĲȘĲα ȖȚα ıυȖțİțȡȚµȑȞȘ 

țαĲȘȖȠȡȓα πȡȠȕȜȘµȐĲȦȞ ȑȤȠȞĲαȢ ȦȢ ȕȐıȘ ĲȘ șİȦȡȓα ĲȠυ ĲυȤαȓȠυ ȕȘµαĲȚıµȠȪ țαȚ 

υπȠȜȠȖȓȗȠȞĲαȢ ĲȘȞ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȠυ ıȦıĲȠȪ ȖȠȞȩĲυπȠυ µİ παȡȐµİĲȡȠ ĲȠ µȑȖİșȠȢ 

ĲȠυ πȜȘșυıµȠȪ. ȅȚ Srivastava țαȚ Goldberg, [271], ıĲȘȡȚȗȩµİȞȠȚ ıĲȘ șİȫȡȘıȘ ĲȦȞ įȠµȫȞ 

(building blocks) țαĲȘȖȠȡȚȠπȠȚȠȪȞ Ĳα πȡȠȕȜȒµαĲα ȦȢ Γǹ-įȪıțȠȜα (GA-hard) Ȓ ȦȢ µȘ Γǹ-

įȪıțȠȜα (non GA-hard). Η țαĲȘȖȠȡȚȠπȠȓȘıȘ αυĲȒ ȕαıȓȗİĲαȚ ıȤİĲȓȗİĲαȚ µİ ĲȠȞ ĲȪπȠ ĲȠυ υπȩ 

İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ. ȆȡȠȕȜȒµαĲα πȠυ ȤαȡαțĲȘȡȓȗȠȞĲαȚ ȦȢ ıυȖțİțαȜυµµȑȞα πȡȠȕȜȒµαĲα 

(deceptive problems) ȖȚα ĲȠυȢ Γǹ αȞȒțȠυȞ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ Γǹ-įȪıțȠȜȦȞ πȡȠȕȜȘµȐĲȦȞ. 

ΈȞα πȡȩȕȜȘµα șİȦȡİȓĲαȚ ıυȖțİțαȜυµµȑȞȠ ȩĲαȞ: 
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ȩπȠυ ∆x țαȚ ∆x’ İȓȞαȚ µȚțȡȑȢ µİĲαȕȠȜȑȢ ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ µ.ı. ȈȪµφȦȞα µİ ĲȠυȢ 

Srivastava țαȚ Goldberg, [271], ȦȢ Γǹ-įȪıțȠȜȠ πȡȩȕȜȘµα ȠȡȓȗİĲαȚ ĲȠ πȡȩȕȜȘµα ȖȚα ĲȠ 

ȠπȠȓȠ µȑıȦ ĲȠυ șİȦȡȒµαĲȠȢ ıȤȒµαĲȠȢ Ƞ ĲİȜİıĲȒȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ ȠįȘȖİȓ ĲȠȞ πȜȘșυıµȩ 

ıİ πİȡȚȠȤȑȢ µαțȡȐȞ ĲȘȢ ȖİȚĲȠȞȓαȢ n

optD  πȠυ πİȡȚȑȤİȚ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ. 

Ȉİ παȜαȚȩĲİȡȘ İȡȖαıȓα Ƞ Grefenstette, [115], παȡȠυıȚȐȗİȚ µȓα țαĲȘȖȠȡȓα πȡȠȕȜȘµȐĲȦȞ πȠυ 

įİȞ µπȠȡȠȪȞ Ȟα ȤαȡαțĲȘȡȚıĲȠȪȞ ȦȢ ıυȖțİțαȜυµµȑȞα πȡȠȕȜȒµαĲα ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ 

(2.102) αȜȜȐ İȞĲȐııȠȞĲαȚ ıĲα πȡȠȕȜȒµαĲα πȠυ İȓȞαȚ įȪıțȠȜȠ Ȟα İπȚȜυșȠȪȞ µİ ĲȘ ȕȠȒșİȚα 

ĲȦȞ Γǹ. ΈȞα πȡȩȕȜȘµα țαĲȐ Grefenstette, [115], ȠȡȓȗİĲαȚ ȦȢ Γǹ-įȪıțȠȜȠ πȡȩȕȜȘµα ȩĲαȞ: 
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ȈĲȘȞ παȡȐȖȡαφȠ 2.13, παȡȠυıȚȐȗİĲαȚ αȞαȜυĲȚțȐ Ș πȚșαȞȩĲȘĲα İȪȡİıȘȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ 

ȖȚα πȡȠȕȜȒµαĲα ȖȚα Ĳα ȠπȠȓα ȚıȤȪȠυȞ ȠȚ ıȤȑıİȚȢ (2.102) țαȚ (2.103) ȦȢ πȡȠȢ ĲȘȞ πȚșαȞȩĲȘĲα 

µİĲȐȜȜαȟȘȢ, ĲȠȞ πȜȘșυıµȩ, ĲȠȞ ĲȪπȠ țȦįȚțȠπȠȓȘıȘȢ țαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. 

ȅȚ Smith țαȚ Fogarty, [265], țαĲȘȖȠȡȚȠπȠȚȠȪȞ ĲȚȢ παȡαȜȜαȖȑȢ ĲȠυ Γǹ πȠυ ȑȤȠυȞ αȞαπĲυȤșİȓ 

µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ ĲȘȢ İυȡȦıĲȓαȢ. ȅȚ παȡαȜȜαȖȑȢ ĲȘȢ 

ȕαıȚțȒȢ µİșȩįȠυ ĲȦȞ Γǹ ȠµαįȠπȠȚȠȪȞĲαȚ ıİ įȪȠ µİȖȐȜİȢ țαĲȘȖȠȡȓİȢ [265]: 

• ȈĲȚȢ µİșȩįȠυȢ πȠυ πȡȠıαȡµȩȗȠυȞ ĲȘ ıĲȡαĲȘȖȚțȒ įȚİȡİȪȞȘıȘȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ 

ȕαıȚȗȩµİȞȠȚ ıİ ȑȞα ıȪȞȠȜȠ πȡȠțαșȠȡȚıµȑȞȦȞ țαȞȩȞȦȞ πȠυ įȪȞαĲαȚ Ȟα İțµİĲαȜȜİȪȠȞĲαȚ 

ȑµµİıα Ȓ Ȑµİıα Ĳα ıĲαĲȚıĲȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ πȜȘșυıµȫȞ. 

• ȈĲȚȢ µİșȩįȠυȢ πȠυ πȡȠıαȡµȩȗȠυȞ ĲȘ ıĲȡαĲȘȖȚțȒ įȚİȡİȪȞȘıȘȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ 

ȕαıȚȗȩµİȞȠȚ ıİ ȑȞα ıȪȞȠȜȠ İµπİȚȡȚțȫȞ țαȞȩȞȦȞ (ȩπȦȢ Ș įȚαıπȠȡȐ ĲȦȞ ȜȪıİȦȞ ıĲȠ ȤȫȡȠ 

ıȤİįȚαıµȠȪ, Ș įȚαıπȠȡȐ ĲȘȢ ĲȚµȒȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ țȜπ.) 

2.7.8.7 ȈĲȡαĲȘȖȚțȑȢ İπȚȜȠȖȒȢ (Selection Strategies) 

ȅ αȡȤȚțȩȢ πȜȘșυıµȩȢ παȡȐȖİĲαȚ ıυȞȒșȦȢ µİ ĲȘȞ ĲυȤαȓα ȖȑȞȞȘıȘ ĲȦȞ αĲȩµȦȞ ĲȠυ Ȓ 

ıπαȞȚȩĲİȡα µȑıȦ ĲȘȢ İπȚȜȠȖȒȢ απȩ ȕȐıȘ įİįȠµȑȞȦȞ µİ υπȠȥȒφȚȠυȢ ıȤİįȚαıµȠȪȢ. ȈĲȘȞ 2Ș 

πİȡȓπĲȦıȘ Ș ıȦıĲȒ İπȚȜȠȖȒ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ țαșȓıĲαĲαȚ πȡȩȕȜȘµα șİµİȜȚȫįȠυȢ 
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ıȘµαıȓαȢ İφȩıȠȞ Ƞ αȡȤȚțȩȢ πȜȘșυıµȩȢ țαșȠȡȓȗİȚ ĲȘȞ πȡȠıαȡµȠıĲȚțȒ țαȚ İȟİȜȚțĲȚțȒ ĲȠυ 

ȚțαȞȩĲȘĲα ĲȘȢ µİșȩįȠυ [56]. ȀαĲȐ ĲȘ φȐıȘ ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ țȐșİ 

µȑȜȠυȢ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ. ȈĲȠȞ țȜαıȚțȩ Γǹ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ İȞȩȢ 

ȐĲȠµȠυ įȓįİĲαȚ ȦȢ [145], [108]: 
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ȩπȠυ f(xi) İȓȞαȚ Ș İυȡȦıĲȓα ĲȠυ i αĲȩµȠυ. Η µȑșȠįȠȢ İπȚȜȠȖȒȢ ȠȞȠµȐȗİĲαȚ µȑșȠįȠȢ țαĲαȞȠµȒȢ 

ĲȘȢ ȡȠυȜȑĲαȢ (roulette wheel method). Ȇȑȡα απȩ ĲȘ ıȤȑıȘ (2.104) ıĲȘ ȕȚȕȜȚȠȖȡαφȓα 

παȡȠυıȚȐȗȠȞĲαȚ πȜȒșȠȢ ȐȜȜȦȞ ıȤȑıİȦȞ ȖȚα ĲȠȞ ȠȡȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ. O Baker 

[11], παȡȠυıȚȐȗİȚ ĲȚȢ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ ıĲȡαĲȘȖȚțȑȢ İπȚȜȠȖȒȢ αĲȩµȦȞ ıİ Γǹ. 

ΆȜȜȘ µȑșȠįȠȢ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ İȓȞαȚ Ƞ ȤȦȡȚıµȩȢ ĲȠυ πȜȘșυıµȠȪ 

ıİ ĲȐȟİȚȢ țαȚ Ș απȠȞȠµȒ ıİ țȐșİ ĲȐȟȘ µȚαȢ ıυȖțİțȡȚµȑȞȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ πȠυ 

ȚıȠµȠȚȡȐȗİĲαȚ ıĲα µȑȜȘ ĲȠυ [34], [225]. 

ΆȜȜȘ µȑșȠįȠȢ ıĲȘȡȓȗİĲαȚ ıĲȘ ıȤİĲȚțȒ șȑıȘ (rank) țȐșİ αĲȩµȠυ ıĲȠ ıȪȞȠȜȠ ĲȠυ πȜȘșυıµȠȪ 

[67], [68]. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ įȓįİĲαȚ ȦȢ [120]: 
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ȩπȠυ i İȓȞαȚ Ș șȑıȘ țαȚ Ƞ İțșȑĲȘȢ c țαșȠȡȓȗİȚ ĲȘȞ țαĲαȞȠµȒ ĲȦȞ πȚșαȞȠĲȒĲȦȞ İπȚȜȠȖȒȢ. ȉȠ 

πİȡȚııȩĲİȡȠ țαȚ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ ȖȚα c=1 παȡȠυıȚȐȗȠυȞ πȚșαȞȩĲȘĲİȢ İπȚȜȠȖȒȢ 

2/(ȃp+1) țαȚ 2/Np*(Np+1) αȞĲȓıĲȠȚȤα. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș İυȡȦıĲȓα 

țȐșİ αĲȩµȠυ (țαȚ αȞĲȓıĲȠȚȤα Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ) İȓȞαȚ αȞİȟȐȡĲȘĲȘ ĲȘȢ απȩȜυĲȘȢ 

απȩįȠıȘȢ țαȚ İȟαȡĲȐĲαȚ µȩȞȠȞ απȩ ĲȘ ıȤİĲȚțȒ șȑıȘ ĲȠυ αĲȩµȠυ ıĲȠȞ πȜȘșυıµȩ. 

ΆȜȜȘ µȑșȠįȠȢ İπȚȜȠȖȒȢ İȓȞαȚ Ș µȑșȠįȠȢ İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα [222], [60], [173] (tournament 

selection). Η πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ İȞȩȢ αĲȩµȠυ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ 

ıȤİĲȚțȒȢ απȩįȠıȘȢ ĲȠυ ıİ ıȤȑıȘ µİ ĲȠυȢ ȜȠȚπȠȪȢ ıȤİįȚαıµȠȪȢ ĲȠυ πȜȘșυıµȠȪ. ȈĲȘȞ 

πİȡȓπĲȦıȘ İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα (k,n), απȩ k İπȚȜİȖµȑȞα ȐĲȠµα țαĲȐ ĲυȤαȓȠ ĲȡȩπȠ Ĳα n πȚȠ 

İȪȡȦıĲα İπȚȜȑȖȠȞĲαȚ ȖȚα įȚαıĲαȪȡȦıȘ. ǹȞȐȜȠȖα µİ ĲȠ µȑȖİșȠȢ ĲȦȞ µİĲαȕȜȘĲȫȞ k țαȚ n 

ȑȤȠυµİ ĲȠȞ ȑȜİȖȤȠ ĲȘȢ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ πȚȠ İȪȡȦıĲȦȞ αĲȩµȦȞ. Η πȚșαȞȩĲȘĲα 

İπȚȜȠȖȒȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ, Np İȓȞαȚ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ, k ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ įȚαȖȦȞȓȗȠȞĲαȚ țαȚ n 

ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ İπȚȜȑȖȠȞĲαȚ ȖȚα įȚαıĲαȪȡȦıȘ. Η ıȤȑıȘ (2.106) ȚıȤȪİȚ țαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ πȠυ ĲȠ πȜȒșȠȢ ĲȦȞ ĲȑțȞȦȞ n’ įİȞ İȓȞαȚ ȓıȠ µİ ĲȠ πȜȒșȠȢ ĲȦȞ ȖȠȞȑȦȞ. 

ǿįȚȐȗȦȞ ȤαȡαțĲȘȡȚıĲȚțȩ ĲȘȢ µİșȩįȠυ İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα İȓȞαȚ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ Ș πȚșαȞȩĲȘĲα 

İπȚȜȠȖȒȢ ĲȦȞ k-n ȜȚȖȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ İȓȞαȚ ȓıȘ µİ µȘįȑȞ. ǹȞĲȓıĲȠȚȤα Ș πȚșαȞȩĲȘĲα 

İπȚȜȠȖȒȢ ĲȦȞ n πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ İȓȞαȚ ȓıȘ µİ ĲȘ µȑȖȚıĲȘ ĲȚµȒ. ΧαȡαțĲȘȡȚıĲȚțȩ 

ĲȠυ ĲİȜİıĲȒ İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα İȓȞαȚ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ ıİ țȐșİ ȖİȞİȐ Ș απȫȜİȚα ȖİȞİĲȚțȒȢ 

πȜȘȡȠφȠȡȓαȢ ȖȓȞİĲαȚ țαĲȐ İȜİȖȤȩµİȞȠ ĲȡȩπȠ İȞȫ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ αĲȩµȠυ παȡȠυıȚȐȗİȚ sup{Pi}=f(Np,k,n’)<1 ȩĲαȞ ıĲȘȞ πİȡȓπĲȦıȘ İπȚȜȠȖȒȢ µȑıȦ 

ȡȠυȜȑĲαȢ ĲȠ ȐȞȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ İȓȞαȚ ȓıȠ µİ ĲȘ µȠȞȐįα. ȅȚ Blickle țαȚ 

Thiele, [26], παȡȠυıȚȐȗȠυȞ αȞαȜυĲȚțȐ ĲȠ șİȦȡȘĲȚțȩ υπȩȕαșȡȠ ĲȘȢ µİșȩįȠυ įȚαıĲαȪȡȦıȘȢ 

µȑıȦ αȖȫȞα, ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȘȢ țαȚ ĲȘȞ İπȚȡȡȠȒȢ ĲȘȢ ıĲȘȞ İυȡȦıĲȓα ĲȠυ Γǹ. 

ΆȜȜȘ µȑșȠįȠȢ İȓȞαȚ Ș µȑșȠįȠȢ İπȚȜȠȖȒȢ ȕȐıİȚ ĲȘȢ İυȡȦıĲȓαȢ (breeder-GA) [210], [211], [57]. 

ȈĲȘ µȑșȠįȠ αυĲȒ İπȚȜȑȖİĲαȚ υπȠıȪȞȠȜȠ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ (Ĳα πİȡȚııȩĲİȡȠ İȪȡȦıĲα 

ȐĲȠµα) πȠυ ıĲȘ ıυȞȑȤİȚα įȚαıĲαυȡȫȞȠȞĲαȚ µİĲαȟȪ ĲȠυȢ µİ ȩȜȠυȢ ĲȠυȢ πȚșαȞȠȪȢ 

ıυȞįυαıµȠȪȢ. ȉα Np πİȡȚııȩĲİȡȠ İȪȡȦıĲα ĲȑțȞα ĲȘȢ įȚαįȚțαıȓαȢ İπȚȜȠȖȒȢ șα απȠĲİȜȑıȠυȞ 

ĲȘȞ İπȩµİȞȘ ȖİȞİȐ. ȅ πȜȘșυıµȩȢ ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ πİȡȚȑȤİȚ țαȚ 

µȩȞȠȞ Ĳα ȖİȞİĲȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ İȞȩȢ µȑȡȠυȢ ĲȠυ πȜȘșυıµȠȪ ĲȦȞ ȖȠȞȑȦȞ. 

Ȇȑȡα ĲȦȞ µİșȩįȦȞ αυĲȫȞ, ȖȚα ĲȠȞ ȠȡȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȡαĲȘȖȚțȑȢ İπȚȜȠȖȒȢ πȠυ µİĲαȕȐȜȜȠυȞ ĲȠȞ ȠȡȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ ȜȪıȘȢ 

įȚαĲȘȡȫȞĲαȢ ĲȘ µȑșȠįȠ țαĲαȞȠµȒȢ ĲȘȢ ȡȠυȜȑĲαȢ ȖȚα ĲȘ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

İȖțȜȦȕȚıµȠȪ πȑȡȚȟ ĲȠπȚțȠȪ İȜȐȤȚıĲȠυ. ȅȚ Ponterosso et al., [226], țαșȠȡȓȗȠυȞ ĲȘȞ İυȡȦıĲȓα 

țȐșİ ȜȪıȘȢ αȞȐȜȠȖα µİ ĲȘȞ ȚțαȞȩĲȘĲα αȞȐȜȘȥȘȢ φȠȡĲȓȠυ πȡȚȞ ĲȘȞ țαĲȐȡȡİυıȘ. ȈĲȘȞ 

πİȡȓπĲȦıȘ πȠυ țȐπȠȚİȢ ȜȪıİȚȢ įİȞ İȓȞαȚ απȠįİțĲȑȢ Ș İυȡȦıĲȓα ĲȦȞ ȜȪıİȦȞ αυĲȫȞ ȚıȠȪȞĲαȚ 

µİ µȓα µȚțȡȒ ĲȚµȒ µİ ıĲȩȤȠ ĲȘȢ įȚαĲȒȡȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȦȞ ȜȪıİȦȞ. ȅȚ Erbatur et al., 

[77], ȤȡȘıȚµȠπȠȚȠȪȞ İțφȡȐıİȚȢ ȩπȠυ Ș İπαȪȟȘıȘ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȜȩȖȦ ĲȘȢ 

παȡαȕȓαıȘȢ ıİȚȡȐȢ πİȡȚȠȡȚıµȫȞ, țαșȠȡȓȗİĲαȚ İȓĲİ țαĲȐ įυȞαµȚțȩ İȓĲİ țαĲȐ ıĲαĲȚțȩ ĲȡȩπȠ 

ȖȚα țȐșİ υπȠȥȒφȚα ȜȪıȘ. 

ȅȚ Nanakorn țαȚ Meesomklin, [212], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȖȚα ĲȘ įυȞαµȚțȒ πȡȠıαȡµȠȖȒ 
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ĲȠυ ıυȞĲİȜİıĲȒ πȠȚȞȒȢ ĲȘȢ ıȤȑıȘȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȫıĲİ Ȟα απȠφİȪȖİĲαȚ Ș 

πȡȩȦȡȘ ıȪȖțȜȚıȘ ĲȠυ αȜȖȠȡȓșµȠυ ıİ µȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Ș πȚșαȞȩĲȘĲα 

İπȚȜȠȖȒȢ ȖȚα ĲȘ µȑșȠįȠ țαĲαȞȠµȒȢ ĲȘȢ ȡȠυȜȑĲαȢ İȞȩȢ αĲȩµȠυ İȓȞαȚ ȚįȚαȓĲİȡα υȥȘȜȒ. Η 

ȕαıȚțȒ Țįȑα İȓȞαȚ ȩĲȚ ıİ țȐșİ πİȡȓπĲȦıȘ Ƞ ıυȞĲİȜİıĲȒȢ πȠȚȞȒȢ İπȚȕαȡȪȞİȚ ĲȚȢ µȘ απȠįİțĲȑȢ 

ȜȪıİȚȢ, țαĲȐ ȠȡȚıµȑȞȠ πȠıȠıĲȩ µİȚȫȞȠȞĲαȢ µİ ĲȠȞ ĲȡȩπȠ αυĲȩ µİ ıĲαșİȡȒ αȞαȜȠȖȓα ĲȘȞ 

πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ ȜȪıİȦȞ αυĲȫȞ. Η µİĲαȕȠȜȒ ĲȦȞ ıυȞĲİȜİıĲȫȞ πȠȚȞȒȢ ȜG,j țαȚ 

ȜΗ,j,İπȚĲυȖȤȐȞİȚ ĲȘ ıĲαșİȡȒ İπȚȕȐȡυȞıȘ țȐπȠȚȦȞ ȜȪıİȦȞ ȫıĲİ Ș πȓİıȘ ĲȠυ ĲİȜİıĲȒ İπȚȜȠȖȒȢ 

πȠυ αıțİȓĲαȚ ıĲȠȞ πȜȘșυıµȩ Ȟα παȡαµȑȞİȚ İȞĲȩȢ ıυȖțİțȡȚµȑȞȦȞ ȠȡȓȦȞ. Η ĲȚµȒ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȖȚα µȓα ȜȪıȘ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( )i i i iF f E= −x x x  (2.107) 

ȩπȠυ Ș παȡȐµİĲȡȠȢ Ε(xi) πȠυ įȓįİȚ ĲȘ ıυȞȠȜȚțȒ υπȑȡȕαıȘ ĲȦȞ πİȡȚȠȡȚıµȫȞ ȠȡȓȗİĲαȚ ȦȢ: 
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ȩπȠυ ȕ İȓȞαȚ Ș παȡȐµİĲȡȠȢ πȠυ İȜȑȖȤİȚ ĲȠȞ ĲȡȩπȠ µİĲαȕȠȜȒȢ ĲȘȢ παȡαµȑĲȡȠυ Ε(xi) πȡȠȢ ĲȠ 

πȠıȩ παȡαȕȓαıȘȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ. ΌĲαȞ (ȜG)j=(ȜH)j=Ȝ(t) Ƞ İȞȚαȓȠȢ 

ıυȞĲİȜİıĲȒȢ πȠȚȞȒȢ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ ( )tφ  İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ πȓİıȘȢ ĲȠυ Γǹ ıĲȚȢ µȘ απȠįİțĲȑȢ ȜȪıİȚȢ, Dn
ad İȓȞαȚ Ƞ ȤȫȡȠȢ 

ĲȦȞ απȠįİțĲȫȞ ȜȪıİȦȞ țαȚ i

aveF
∈ n

adx D
 İȓȞαȚ Ș µȑıȘ İυȡȦıĲȓα ĲȦȞ απȠįİțĲȫȞ ȜȪıİȦȞ: 
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x D
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x  (2.110) 

ȈȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (2.109) țαȚ (2.110) ȠȚ ıυȞĲİȜİıĲȑȢ πȠȚȞȒȢ įȓįȠȞĲαȚ ȦȢ ıυȞȐȡĲȘıȘ 

ĲȠυ ȜȩȖȠυ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ ĲȠυ țαȜυĲȑȡȠυ αĲȩµȠυ ĲȠυ πȜȘșυıµȠȪ πȡȠȢ ĲȘ µȑıȘ 

πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ȖȚα ĲȚȢ ȜȪıİȚȢ πȠυ įİȞ παȡαȕȚȐȗȠυȞ țαȞȑȞα πİȡȚȠȡȚıµȩ. ȈĲȘȞ πİȡȓπĲȦıȘ 

πȠυ ȩȜİȢ ȠȚ ıȤİįȚȐıİȚȢ παȡαȕȚȐȗȠυȞ ĲȠυȜȐȤȚıĲȠȞ ȑȞα Ȓ țαȚ πİȡȚııȩĲİȡȠυȢ πİȡȚȠȡȚıµȠȪȢ (ĲȠ 

ıȪȞȠȜȠ įȘȜαįȒ ĲȦȞ απȠįİțĲȫȞ ȜȪıİȦȞ İȓȞαȚ ĲȠ țİȞȩ ıȪȞȠȜȠ) ĲȩĲİ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ 

Ȝ(t) ȜαµȕȐȞİĲαȚ υπȩȥȘ Ș ĲȚµȒ ĲȠυ Ε(xi). Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıİ πȡȠȕȜȒµαĲα ȕȑȜĲȚıĲȠυ 

ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ µİ ȚįȚαȓĲİȡα țαȜȐ απȠĲİȜȑıµαĲα. 
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ȅ İȜȚĲȚıµȩȢ İȓȞαȚ µȚα πȡαțĲȚțȒ πȠυ İȟαıφαȜȓȗİȚ ȩĲȚ µȑȡȠȢ ĲȦȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ 

αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ șα İπȚȕȚȫıİȚ ıĲȘȞ İπȩµİȞȘ ȖİȞȚȐ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ (Ȓ ȗİȪȖȠȢ) µİĲαφȑȡİĲαȚ αυĲȠȪıȚȠ ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ. ȀαĲȐ 

αυĲȩ ĲȠȞ ĲȡȩπȠ İȟαıφαȜȓȗİĲαȚ ȩĲȚ Ș ȖİȞİĲȚțȒ πȜȘȡȠφȠȡȓα ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ȐĲȠµȠυ 

(Ȓ αĲȩµȦȞ) įİȞ șα Ȥαșİȓ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ǹȞ țαȚ ıİ ȠȡȚıµȑȞİȢ 

πİȡȚπĲȫıİȚȢ İȓȞαȚ įυȞαĲȩ Ȟα ȠįȘȖȒıİȚ ıĲȘȞ παȖȓįİυıȘ ĲȠυ πȜȘșυıµȠȪ ıİ țȐπȠȚȠ ĲȠπȚțȩ 

İȜȐȤȚıĲȠ, Ș υȚȠșȑĲȘıȘ ĲȘȢ πȡαțĲȚțȒȢ αυĲȒȢ ıυȞȒșȦȢ αυȟȐȞİȚ ĲȘȞ ĲαȤȪĲȘĲα ıȪȖțȜȚıȘȢ ĲȘȢ 

µİșȩįȠυ [226]. 

2.7.8.8 ȈĲȡαĲȘȖȚțȑȢ įȚαıĲαȪȡωıȘȢ 

ȅȚ πȚȠ įȚαįİįȠµȑȞİȢ ĲİȤȞȚțȑȢ įȚαıĲαȪȡȦıȘȢ İȓȞαȚ Ș įȚαıĲαȪȡȦıȘ İȞȩȢ (Single Point 

Crossover – SPC) (∆ȚȐȖ. 2.14) țαȚ įȪȠ ıȘµİȓȦȞ (Double Point Crossover – DPC) (∆ȚȐȖ. 

2.15), țαȚ Ș įȚαıĲαȪȡȦıȘ µİ ĲȘ ȤȡȒıȘ µȐıțαȢ (Uniform Crossover – UC) (∆ȚȐȖ. 2.16). Ȇȑȡα 

απȩ ĲȚȢ παȡαπȐȞȦ ĲİȤȞȚțȑȢ πȜȒșȠȢ ȐȜȜȦȞ παȡȠυıȚȐȗİĲαȚ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα ȩπȦȢ Ș 

įȚαıĲαȪȡȦıȘ İȞȩȢ ıȘµİȓȠυ αȞȐ µ.ı (Single Point Crossover per Design Variable – SPVC) 

[45] Ș įȚαȖȫȞȚα įȚαıĲαȪȡȦıȘ k ȖȠȞȑȦȞ ȖȚα ĲȘ įȘµȚȠυȡȖȓα k ĲȑțȞȦȞ µİ k>2 (∆ȚȐȖ. 2.17) [75] 

ț.α. ȅȚ Hasançebi țαȚ Erbatur, [133], αȟȚȠȜȠȖȠȪȞ ĲȚȢ πİȡȚııȩĲİȡȠ įȘµȠφȚȜİȓȢ µİșȩįȠυȢ 

İπȚȜȠȖȒȢ ȦȢ πȡȠȢ ĲȘȞ İυȡȦıĲȓα țαȚ ĲαȤȪĲȘĲα ĲȠυ Γǹ. ȅȚ µȑșȠįȠȚ İπȚȜȠȖȒȢ πȠυ İȟİĲȐȗȠȞĲαȚ 

İȓȞαȚ, Ș SPC, Ș DPC, Ș įȚαıĲαȪȡȦıȘ πȠȜȜαπȜȠȪ ıȘµİȓȠυ (Multi Point Crossover - MPC), Ș 

SPVC țαȚ Ș UC. Η παȡȐșİıȘ ĲȦȞ µİșȩįȦȞ αυĲȫȞ ıĲȘ ıυȖțİțȡȚµȑȞȘ πİȡȓπĲȦıȘ įȓįİĲαȚ ıİ 

αȪȟȠυıα ȚțαȞȩĲȘĲα İȡİυȞȐȢ (exploration) ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ țαȚ φșȓȞȠυıαȢ ȚțαȞȩĲȘĲαȢ 

İȟȐȞĲȜȘıȘȢ (exploitation) ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ ıİ ıυȖțİțȡȚµȑȞȘ πİȡȚȠȤȒ. ȈĲȘȞ παȡȐȖȡαφȠ 

2.12, παȡȠυıȚȐȗİĲαȚ αȞαȜυĲȚțȐ ȖȚα ĲȚȢ πİȡȚııȩĲİȡȠ «įȘµȠφȚȜİȓȢ» µİșȩįȠυȢ įȚαıĲαȪȡȦıȘȢ Ș 

ȚțαȞȩĲȘĲα țαȚ ĲαȤȪĲȘĲα İȡİυȞȐȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ. 

 

∆ȚȐȖ. 2.14: ȉİȜİıĲȒȢ ∆ȚαıĲαȪȡȦıȘȢ ȂȠȞȠȪ ȈȘµİȓȠυ (SPC) 
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∆ȚȐȖ. 2.15: ȉİȜİıĲȒȢ ∆ȚαıĲαȪȡȦıȘȢ ∆ȚπȜȠȪ ȈȘµİȓȠυ (DPC) 

 

∆ȚȐȖ. 2.16: ȉİȜİıĲȒȢ ∆ȚαıĲαȪȡȦıȘȢ µİ ȤȡȒıȘ µȐıțαȢ (UC) 

 

∆ȚȐȖ. 2.17: ȉİȜİıĲȒȢ ∆ȚαıĲαȪȡȦıȘȢ k ȖȠȞȑȦȞ (įȚαȖȫȞȚα įȚαıĲαȪȡȦıȘ) 

ȅ ĲİȜİıĲȒȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ µπȠȡİȓ Ȟα İȞĲαȤșİȓ ıĲȘȞ İȟİȜȚțĲȚțȒ įȚαįȚțαıȓα ȫıĲİ 

αȞαȜȩȖȦȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ πȠυ αȞĲȚµİĲȦπȓȗİĲαȚ Ȟα İπȚȜȑȖİĲαȚ Ș ıĲȡαĲȘȖȚțȒ įȚαıĲαȪȡȦıȘȢ 

πȠυ ȠįȘȖİȓ ıİ πȜȘșυıµȠȪȢ µİ υȥȘȜȩĲİȡȘ İυȡȦıĲȓαȢ [77]. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ, țȐșİ 

ȤȡȦµȩıȦµα µİĲαφȑȡİȚ țαȚ ĲȘȞ πȜȘȡȠφȠȡȓα ĲȘȢ µİșȩįȠυ įȚαıĲαȪȡȦıȘȢ µİ ĲȘȞ ȠπȠȓα ȑȤİȚ 

παȡαȤșİȓ. ǹȞ ȠȚ ȖȠȞİȓȢ ȑȤȠυȞ παȡαȤșİȓ µİ įȚαφȠȡİĲȚțȩ ĲȡȩπȠ įȚαıĲαȪȡȦıȘȢ ȦȢ ĲİȜİıĲȒȢ 

įȚαıĲαȪȡȦıȘȢ İπȚȜȑȖİĲαȚ Ƞ ĲİȜİıĲȒȢ ĲȠυ πȚȠ İȪȡȦıĲȠυ ĲȦȞ ȖȠȞȑȦȞ Ȓ µȑıȦ ȠȡȚıµȠȪ 

πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ ȩπȠυ Ƞ ĲİȜİıĲȒȢ įȚαıĲαȪȡȦıȘȢ ĲȠυ πİȡȚııȠĲȑȡȠυ İȪȡȦıĲȠυ αĲȩµȠυ 

ȑȤİȚ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ. ΕφȩıȠȞ Ș İȟİȜȚțĲȚțȒ įȚαįȚțαıȓα ĲȦȞ Γǹ İπȚĲȡȑπİȚ ıĲα 

πȚȠ ȚțαȞȐ ȐĲȠµα Ȟα įȚαįȓįȠυȞ ĲȠ ȖİȞİĲȚțȩ ĲȠυȢ υȜȚțȩ πȚȠ ȖȡȒȖȠȡα απȩ ĲȠȞ υπȩȜȠȚπȠ 

πȜȘșυıµȩ αȞαµȑȞİĲαȚ ȩĲȚ Ƞ ĲİȜİıĲȒȢ įȚαıĲαȪȡȦıȘȢ πȠυ șα παȡȐȖİȚ țαĲȐ µȑıȠ ȩȡȠ Ĳα 

ΓȠȞİȓȢ ȉȑțȞα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.58 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲα ȐĲȠµα Ȟα παȡȠυıȚȐȗİȚ țαȚ ĲȘȞ υȥȘȜȩĲİȡȘ ıυȤȞȩĲȘĲα İπȚȜȠȖȒȢ [77]. 

2.7.8.9 ΜİĲȐȜȜαȟȘ (Mutation) 

ȅ ĲİȜİıĲȒȢ αυĲȩȢ İȚıȐȖİȚ ıĲȠȞ αȡȤȚțȩ πȜȘșυıµȩ, ȞȑİȢ αțȠȜȠυșȓİȢ įυφȓȦȞ πȠυ įİȞ İȓȞαȚ 

įυȞαĲȩȞ Ȟα παȡαȤșȠȪȞ µȑıȦ ĲȠυ ĲİȜİıĲȒ ĲȘȢ įȚαıĲαȪȡȦıȘȢ. ȅ ĲİȜİıĲȒȢ αυĲȩȢ İȚıȐȖİȚ țαĲȐ 

ĲυȤαȓȠ ĲȡȩπȠ «ȜȐșȘ» țαĲȐ ĲȘ φȐıȘ ĲȘȢ αȞĲȚȖȡαφȒȢ. ȈĲȘȞ απȜȒ µȑșȠįȠ țȦįȚțȠπȠȓȘıȘȢ Ș 

įȚαįȚțαıȓα ĲȘȢ µİĲȐȜȜαȟȘȢ ȠȡȓȗİĲαȚ ȦȢ Ș αȞĲȚıĲȡȠφȒ ĲȘȢ ĲȚµȒȢ ĲȠυ įȚφȪȠυ ıİ ĲυȤαȓα șȑıȘ 

ĲȠυ ȤȡȦµȠıȫµαĲȠȢ (∆ȚȐȖ. 2.18). 

 

∆ȚȐȖ. 2.18: ȉİȜİıĲȒȢ ȂİĲȐȜȜαȟȘȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıĲαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ, πȡȠĲİȓȞİĲαȚ ĲȚµȒ ȓıȘ µİ 1/L ȩπȠυ L 

İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ [58], [209], [266]. Η ĲȚµȒ αυĲȒ αȞĲȚıĲȠȚȤİȓ ıĲȘȞ İȚıαȖȦȖȒ 

İȞȩȢ ȞİȦĲİȡȚıµȠȪ αȞȐ ȐĲȠµȠ αȞȐ įȚαıĲαȪȡȦıȘ αȞȐ ȖİȞİȐ. ȉȠ ȖİȖȠȞȩȢ αυĲȩ įȓįİȚ ĲȘ 

įυȞαĲȩĲȘĲα ıĲȠȞ αȜȖȩȡȚșµȠ Ȟα αȟȚȠȜȠȖȒıİȚ țαĲȐ «ȕȑȜĲȚıĲȠ» ĲȡȩπȠ țȐșİ µİĲαȕȠȜȒ µİ 

απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ ıȤȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ [58], [209]. ΓȚα ĲȚµȑȢ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ ȤαµȘȜȩĲİȡİȢ ĲȠυ ȠȡȓȠυ αυĲȠȪ αȞαµȑȞİĲαȚ µİȓȦıȘ ĲȘȢ απȩįȠıȘȢ 

ĲȠυ αȜȖȠȡȓșµȠυ ȜȩȖȦ αȡȖȒȢ ıȪȖțȜȚıȘȢ İȞȫ ȖȚα Ș Pm>1/L ȑȤȠυµİ µİȓȦıȘ ĲȘȢ įȚαțȡȚĲȚțȒȢ 

ȚțαȞȩĲȘĲαȢ ĲȠυ αȜȖȠȡȓșµȠυ ȦȢ πȡȠȢ ĲȘȞ πȚșαȞȒ ȦφȑȜİȚα µȓαȢ µİĲȐȜȜαȟȘȢ ıĲȘȞ İυȡȦıĲȓα 

µȓαȢ ȜȪıȘȢ, țαșȫȢ πȚșαȞȑȢ ȦφȑȜİȚİȢ ȜȩȖȦ ĲȘȢ µİĲαȕȠȜȒȢ ĲȘȢ ĲȚµȒȢ ĲȠυ įȚφȪȠυ ıİ µȓα șȑıȘ 

µπȠȡİȓ Ȟα İȟαȞİµȚıĲȠȪȞ απȩ αȞĲȓıĲȠȚȤİȢ Ȓ µİȖαȜȪĲİȡİȢ ȗȘµȓİȢ ȜȩȖȦ αȞĲȚıĲȡȠφȒȢ ıİ ȐȜȜȘ 

șȑıȘ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. ȅȚ Greenwell et al., [114], ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ ĲȘȞ İπȚȡȡȠȒ ıĲȘȞ 

ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ ĲȦȞ πȜȘȡȠφȠȡȚȫȞ ĲȦȞ αĲȩµȦȞ πȠυ απαȡĲȓȗȠυȞ 

ĲȠȞ πȜȘșυıµȩ, įȓįȠυȞ ĲȘ ıȤȑıȘ: 

 

1

1
* 2 11

1

L

m L

pu
P u

pu

−−−  = =  −    (2.111) 

ȩπȠυ p İȓȞαȚ Ș πȚșαȞȩĲȘĲα µȓα ĲυȤαȓα șȑıȘ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ Ȟα ȑȤİȚ ĲȘ ıȦıĲȒ ĲȚµȒ. Η 

ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ĲȠυ πȜȘșυıµȠȪ 

țαȚ İȚįȚțȩĲİȡȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ. Η ȠȡȚαțȒ ĲȚµȒ ĲȘȢ ıȤȑıȘȢ (2.111) ȩĲαȞ p→1 İȓȞαȚ ȓıȘ 

ȂȐıțα ΕπȚȕȠȜȒȢ ȂİĲȐȜȜαȟȘȢ 00000010000001000000000000100000100000

10100000101001010101001010110100000010 ȉİȜȚțȩ ΧȡȦµȩıȦµα 

10100010101000010101001010010100100010 ǹȡȤȚțȩ ΧȡȦµȩıȦµα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.59 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİ ĲȘ 1/L țαȚ ıυµπȓπĲİȚ µİ ĲȘȞ ĲȚµȒ πȠυ πȡȠĲİȓȞȠυȞ ȠȚ De-Jong [58] țαȚ Muhlenbein [209] 

ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȤȡȠȞȚțȐ µȘ µİĲαȕαȜȜȩµİȞȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ. Η µİĲαȕȠȜȒ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ ıİ ıȤȑıȘ µİ ĲȘȞ πȚșαȞȩĲȘĲα p țαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ 

παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 2.19.  

ȈĲȘȞ πȡȠıπȐșİȚα Ȟα İȚıαȤșİȓ Ș µİĲαȕȜȘĲȩĲȘĲα ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ țαȚ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ 

ȩĲȚ ȖȚα ĲȚµȑȢ ĲȠυ p→0.5 (ȩπȦȢ αȞαµȑȞİĲαȚ Ȟα ıυµȕαȓȞİȚ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ) Ș πȠȚțȚȜȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ πȜȘıȚȐȗİȚ ĲȘ µȑȖȚıĲȘ ĲȚµȒ ĲȘȢ, ıȤȑıİȚȢ 

αȞĲȓıĲȠȚȤȘȢ µȠȡφȒȢ ĲȘȢ ıȤȑıȘȢ πȠυ πȡȠĲİȓȞİĲαȚ απȩ ĲȠυȢ Hesser țαȚ Männer [137], 

αȞαµȑȞİĲαȚ Ȟα πȡȠıφȑȡȠυȞ ıĲȠ Γǹ υȥȘȜȒ İυȡȦıĲȓα: 

 expm o
half

t
P P
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 −= ⋅     (2.112) 

ȩπȠυ Po İȓȞαȚ Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖµȒ t=0 țαȚ thalf İȓȞαȚ Ș ȘµȚȗȦȒ πȠυ 

țαșȠȡȓȗİȚ ĲȘȞ ĲαȤȪĲȘĲα µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ. ȅ Schwefel, [257], 

αȞȐπĲυȟİ șİȦȡȘĲȚțȐ πȡȠıȠµȠȚȫµαĲα ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ȕȑȜĲȚıĲȘȢ πȚșαȞȩĲȘĲαȢ 

µİĲȐȜȜαȟȘȢ. ȅȚ Dimou țαȚ Koumousis [67], [68], πȡȠĲİȓȞȠυȞ ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ ĲȦȞ 

Hesser țαȚ Männer [137] ȩπȠυ Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ įȓįİĲαȚ ȦȢ: 
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 (2.113) 

ȩπȠυ Pinit țαȚ Pfinal İȓȞαȚ Ș αȡȤȚțȒ țαȚ ĲİȜȚțȒ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αȞĲȓıĲȠȚȤα țαȚ tinit İȓȞαȚ ĲȠ 

µȒțȠȢ ĲȘȢ αȡȤȚțȒȢ πİȡȚȩįȠυ ȘȡİµȓαȢ ȩπȠυ Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ İȓȞαȚ ȓıȘ µİ Pinit. 

ȆαȡαȜȜαȖȒ ĲȠυ ĲİȜİıĲȒ µİĲȐȜȜαȟȘȢ απȠĲİȜİȓ Ƞ ĲİȜİıĲȒȢ ȑȡπȠυıαȢ µİĲȐȜȜαȟȘȢ [37], [38]. ȅ 

ĲİȜİıĲȒȢ ȑȡπȠυıαȢ µİĲȐȜȜαȟȘȢ įȓįİĲαȚ ȦȢ: 

 

creep mutation creep mutation
no creep mutation no creep mutation

increase by 1 decrease by 1

0 0 1 0 1 10 0 1 1 0 1

0 1 0 0 1 00 0 1 1 0 1��	�
 ��	�
��	�
 ��	�

 (2.114) 

ȈĲȩȤȠȢ ĲȠυ ĲİȜİıĲȒ ĲȘȢ ȑȡπȠυıαȢ µİĲȐȜȜαȟȘȢ İȓȞαȚ Ȟα απȠφİυȤșȠȪȞ țαĲαıĲȡȠφȚțȑȢ 

µİĲαȜȜȐȟİȚȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ απȜȒȢ țȦįȚțȠπȠȓȘıȘȢ. ȅ ĲİȜİıĲȒȢ αυĲȩȢ ȕİȜĲȚȫȞİȚ 

ıȘµαȞĲȚțȐ ĲȘȞ ĲαȤȪĲȘĲα ıȪȖțȜȚıȘȢ țαȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ Γǹ İȚįȚțȐ ıİ țυȡĲȐ πȡȠȕȜȒµαĲα 

ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ πȡȠıφȑȡȠȞĲαȢ ĲȘȞ İυȡȦıĲȓα Γǹ µİ Ȗțȡȓȗα µȑșȠįȠ țȦįȚțȠπȠȓȘıȘȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.60 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.19: ǺȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ (ıȤȑıȘ (2.111)). 

2.7.8.10 ∆ȘµȠıȚİȪıİȚȢ 

ȅȚ Rajeev țαȚ Krishnamoorthy, [232], İφαȡµȩȗȠυȞ ĲȠυȢ Γǹ ȖȚα ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ 

µİĲαȜȜȚțȫȞ įȚțĲυȦµȐĲȦȞ. Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ αȡȤȚțȐ ıİ įȚțĲȪȦµα 3 µİȜȫȞ µİ ıĲȩȤȠ 

ĲȘȞ İȪȡİıȘ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Γǹ ȖȚα ĲȚȢ ȠπȠȓİȢ παȡαĲȘȡİȓĲαȚ Ș υȥȘȜȩĲİȡȘ απȩįȠıȘ. ȈĲȘ 

ıυȞȑȤİȚα Ƞ Γǹ ȤȡȘıȚµȠπȠȚİȓĲαȚ ıĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ πȪȡȖȠυ υȥȘȜȒȢ ĲȐıȘȢ 160 µİȜȫȞ. 

ȅ Sugimoto, [274], İφαȡµȩȗİȚ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ 

µİ įȚαțȡȚĲȑȢ µ.ı. ȈĲȩȤȠȢ İȓȞαȚ Ș İπȚȜȠȖȒ ĲȦȞ țαĲȐȜȜȘȜȦȞ įȚαĲȠµȫȞ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ ȤȦȡȚțȫȞ µİĲαȜȜȚțȫȞ πȜαȚıȓȦȞ απȩ ȜȓıĲα įȚαșȑıȚµȦȞ įȚαĲȠµȫȞ. 

ȅȚ Sakamoto țαȚ Oda, [249], İφαȡµȩȗȠυȞ µȓα υȕȡȚįȚțȒ µİșȠįȠȜȠȖȓα πȠυ ȤȡȘıȚµȠπȠȚİȓ ĲȠ Γǹ 

ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ȕȑȜĲȚıĲȘȢ µȠȡφȒȢ İȞȩȢ İπȚπȑįȠυ įȚțĲυȫµαĲȠȢ İȞȫ Ș İπȚȜȠȖȒ ĲȘȢ 

įȚαĲȠµȒȢ ĲȦȞ µİȜȫȞ ıĲȘȡȓȗİĲαȚ ıİ țȡȚĲȒȡȚα ıȤİįȚαıµȠȪ İȟȐȞĲȜȘıȘȢ αȞĲȠȤȒȢ. 

ȅ Hajela [125], țαȚ ȠȚ Hajela țαȚ Lee, [126], [127], [128], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ȖȚα ĲȘȞ 

İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȠπȠȜȠȖȓαȢ ĲȠυ įȚțĲυȫµαĲȠȢ ıİ İıȤȐȡİȢ șİµİȜȓȦıȘȢ. Η įȚαįȚțαıȓα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȤȦȡȓȗİĲαȚ ıİ įȪȠ İπȓπİįα. ȈĲȠ 1
Ƞ
 İπȓπİįȠ µİ ĲȘ ȤȡȒıȘ țȚȞȘµαĲȚțȫȞ 

țȡȚĲȘȡȓȦȞ İȜȑȖȤȠȞĲαȚ ȠȚ πȡȠȨπȠșȑıİȚȢ İυıĲȐșİȚαȢ ĲȦȞ πȡȠĲİȚȞȩµİȞȦȞ ĲȠπȠȜȠȖȚȫȞ İȞȫ ıĲȠ 2Ƞ 

İπȓπİįȠ υπȠįİȚțȞȪİĲαȚ µȓα ȕȑȜĲȚıĲȘ ȜȪıȘ µİ ĲȘȞ πȡȠıșαφαȓȡİıȘ µİȜȫȞ țαȚ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ įȚαĲȠµȒȢ απȩ µȓα ȜȓıĲα įȚαșȑıȚµȦȞ įȚαĲȠµȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.61 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ Dhingra țαȚ Lee, [64], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ παȡȠυıȚȐȗȠυȞ πȜȒșȠȢ παȡαįİȚȖµȐĲȦȞ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ 

įȚțĲυȦĲȫȞ țαĲαıțİυȫȞ. 

ȅȚ Adeli țαȚ Cheng, [1], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα ȤȦȡȠįȚțĲυȦµȐĲȦȞ țαȚ ıİ 

µİĲαȖİȞȑıĲİȡȘ įȘµȠıȓİυıȘ ĲȠυȢ [2] παȡȠυıȚȐȗȠυȞ µİșȠįȠȜȠȖȓα ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ 

ȤȦȡȠįȚțĲυȦµȐĲȦȞ µȑıȦ ĲȘȢ ıυȞȐȡĲȘıȘȢ Lagrange ȖȚα ĲȘ µİĲαĲȡȠπȒ πȡȠȕȜȒµαĲȠȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ πİȡȚȠȡȚıµȠȪȢ ıĲȘ µȠȡφȒ πȠυ ȤİȚȡȓȗİĲαȚ Ƞ Γǹ. 

ȅȚ Grierson țαȚ Pak, [119], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα İȪȡİıȘȢ ĲȘȢ țαĲȐȜȜȘȜȘȢ 

ĲȠπȠȜȠȖȓαȢ ıȤȒµαĲȠȢ țαȚ įȚαĲȠµȫȞ µİĲαȜȜȚțȫȞ țαĲαıțİυȫȞ įȓįȠȞĲαȢ ȚįȚαȓĲİȡȘ πȡȠıȠȤȒ ıĲȘ 

µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ ĲȠυ Γǹ µİ ĲȘȞ υȚȠșȑĲȘıȘ țȡȚĲȘȡȓȦȞ ıȤİįȚαıµȠȪ 

İȟȐȞĲȜȘıȘȢ αȞĲȠȤȒȢ țȐșİ υπȠȥȒφȚαȢ ȜȪıȘȢ ȖȚα ĲȘȞ İπȚȜȠȖȒ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ µİȜȫȞ. 

ȅȚ Koumousis țαȚ Georgiou, [172], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ıİ ıυȞįυαıµȩ µİ ȁȠȖȚțȩ 

ȆȡȠȖȡαµµαĲȚıµȩ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ įȚαıĲαıȚȠȜȩȖȘıȘȢ țαȚ ıȤȒµαĲȠȢ įȚțĲυȦµȐĲȦȞ 

µİĲαȜȜȚțȫȞ υπȩıĲİȖȦȞ. ȅ Γǹ αȞαȜαµȕȐȞİȚ ĲȘȞ İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȠπȠȜȠȖȓαȢ ĲȠυ 

įȚțĲυȫµαĲȠȢ țαșȫȢ Ƞ αȜȖȩȡȚșµȠȢ ȁȠȖȚțȠȪ ȆȡȠȖȡαµµαĲȚıµȠȪ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȘȞ 

İȪȡİıȘ ĲȦȞ țαĲȐȜȜȘȜȦȞ įȚαĲȠµȫȞ ȖȚα țȐșİ ĲȠπȠȜȠȖȓα πȠυ πȡȠĲİȓȞİĲαȚ απȩ ĲȠ Γǹ. 

ȅ Rajan, [231], ȤȡȘıȚµȠπȠȚİȓ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα İȪȡİıȘȢ ĲȘȢ țαĲȐȜȜȘȜȘȢ ĲȠπȠȜȠȖȓαȢ 

ıȤȒµαĲȠȢ țαȚ įȚαĲȠµȫȞ ȤȦȡȠįȚțĲυȦµȐĲȦȞ µİ µȓȟȘ įȚαțȡȚĲȫȞ țαȚ ıυȞİȤȫȞ µ.ı. ȅȚ șȑıİȚȢ ĲȦȞ 

țȩµȕȦȞ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ șİȦȡȠȪȞĲαȚ ıυȞİȤİȓȢ µ.ı, țαȚ µȑıȦ µȓαȢ υȕȡȚįȚțȒȢ 

įȚαįȚțαıȓαȢ υπȠȜȠȖȓȗİĲαȚ ĲȠ ȕȑȜĲȚıĲȠ ıȤȒµα ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ ȖȚα ıυȖțİțȡȚµȑȞȘ 

ĲȠπȠȜȠȖȓα. Η ıυȞįİıµȠȜȠȖȓα țαȚ ȠȚ ıυȞȠȡȚαțȑȢ ıυȞșȒțİȢ İȞĲȐȤșȘțαȞ ıĲȘȞ țȦįȚțȠπȠȓȘıȘ µİ 

ĲȘ ȕȠȒșİȚα µİĲαȕȜȘĲȫȞ Boole. ǹȞĲȓıĲȠȚȤȠ πȡȩȕȜȘµα αȞĲȚµİĲȦπȓȗȠυȞ țαȚ ȠȚ Deb, țαȚ Gulati 

[62], ȩπȠυ µİȖȐȜȠ µȑȡȠȢ ĲȘȢ İȡȖαıȓαȢ αυĲȒȢ İıĲȚȐȗİĲαȚ ıĲȘȞ αȞȐπĲυȟȘ µȓαȢ ȡαıȚȠȞαȜȚıĲȚțȒȢ 

ȜȠȖȚțȒȢ ȖȚα ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȩıȠȞ αφȠȡȐ ĲȘȞ απȠφυȖȒ İȟȑĲαıȘȢ 

ĲȠπȠȜȠȖȚȫȞ țȚȞȘµαĲȚțȐ αıĲαșİȓȢ țαȚ µȘ απȠįİțĲȑȢ ĲȠπȠȜȠȖȓİȢ. 

ȅ Ohsaki, [216], παȡȠυıȚȐȗİȚ µȑșȠįȠ πȠυ ıυȞįυȐȗİȚ ĲȠυȢ Γǹ µİ İυφυİȓȢ ȕȐıİȚȢ įİįȠµȑȞȦȞ 

ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ĲȠπȠȜȠȖȚțȩ ıȤİįȚαıµȩ įȚțĲυȦµȐĲȦȞ ıĲȠȤİȪȠȞĲαȢ ıĲȘ µİȓȦıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ. ǹȞαȜȩȖȦȢ ĲȦȞ παȡαµȑĲȡȦȞ ıȤİįȚαıµȠȪ Ș ȕȐıȘ įİįȠµȑȞȦȞ İπȚȜȑȖİȚ 

ĲȘȞ ĲȠπȠȜȠȖȓα ĲȠυ įȚțĲυȫµαĲȠȢ απȩ ĲȘȞ ȠπȠȓα αȞαµȑȞİĲαȚ Ȟα πȡȠȑȜșİȚ Ƞ ȕȑȜĲȚıĲȠȢ 

ıȤİįȚαıµȩȢ. ȀȡȚĲȒȡȚȠ ĲȘȢ İπȚȜȠȖȒȢ απȠĲİȜȠȪȞ ȠȚ ıυȞįυαıµȠȓ ĲȦȞ İπȚȕαȜȜȩµİȞȦȞ φȠȡĲȓȦȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.62 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ Prakkash, et al., [228], İφαȡµȩȗȠυȞ ĲȠυȢ Γǹ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȕȑȜĲȚıĲȠυ įȚαµȒțȠυȢ 

ȠπȜȚıµȠȪ ıİ πȡȩȕȜȘµα πȜαțȫȞ ĲȪπȠυ İıȤȐȡαȢ. ȅȚ Ramasamy țαȚ Rajasekaran, [234], 

ıυȞįυȐȗȠυȞ ĲȠυȢ Γǹ µİ ȞİυȡȦȞȚțȐ įȓțĲυα ıİ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıĲİȖȐıĲȡȦȞ 

ȕȚȠµȘȤαȞȚțȫȞ ȤȫȡȦȞ țαȚ ıυȖțȡȓȞȠυȞ ĲȘ µȑșȠįȠ αυĲȒ µİ ȐȜȜİȢ παȡİµφİȡİȓȢ µİșȩįȠυȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȅȚ Soh țαȚ Yang, [267], ıυȞįυȐȗȠυȞ ĲȠυȢ Γǹ µİ ĲȘ șİȦȡȓα ĲȘȢ αıαφȠȪȢ 

ȜȠȖȚțȒȢ, ıİ πȡȠȕȜȒµαĲα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ıȤȒµαĲȠȢ παȡȠυıȚȐȗȠȞĲαȢ ȕȑȜĲȚıĲȠυȢ 

ıȤİįȚαıµȠȪȢ µİ įȚαφȠȡİĲȚțȩ İπȓπİįȠ ȚțαȞȠπȠȓȘıȘȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ. 

ȅȚ Yang țαȚ Soh, [294], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα İȪȡİıȘȢ ĲȘȢ țαĲȐȜȜȘȜȘȢ 

ĲȠπȠȜȠȖȓαȢ ıȤȒµαĲȠȢ țαȚ įȚαĲȠµȫȞ µİĲαȜȜȚțȫȞ țαĲαıțİυȫȞ ȩπȠυ Ĳα ȐĲȠµα İπȚȜȑȖȠȞĲαȚ 

µȑıȦ αȖȫȞα. Η įȚαįȚțαıȓα İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα ȕİȜĲȚȫȞİȚ ĲȘȞ İυȡȦıĲȓα țαȚ ĲαȤȪĲȘĲα ĲȠυ 

Γǹ ȦȢ πȡȠȢ ĲȠ Γǹ ȩπȠυ Ș İπȚȜȠȖȒ ĲȦȞ αĲȩµȦȞ ȕαıȓȗİĲαȚ ıĲȘ µȑșȠįȠ ĲȘȢ ȡȠυȜȑĲαȢ. 

ȅȚ Rajeev țαȚ Krishnamoorthy, [233], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα İȪȡİıȘȢ ĲȘȢ 

țαĲȐȜȜȘȜȘȢ ĲȠπȠȜȠȖȓαȢ ıȤȒµαĲȠȢ țαȚ įȚαĲȠµȫȞ ȤȦȡȠįȚțĲυȦµȐĲȦȞ µİ µȓȟȘ įȚαțȡȚĲȫȞ țαȚ 

ıυȞİȤȫȞ µ.ı. ΧαȡαțĲȘȡȚıĲȚțȩ ĲȘȢ παȡαȜȜαȖȒȢ αυĲȒȢ İȓȞαȚ Ș µİĲαȕȠȜȒ ĲȠυ µȒțȠυȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ µİĲαȕȐȜȜȠȞĲαȢ ĲȠ ȕȒµα țαĲȐĲµȘıȘȢ ĲȦȞ ıυȞİȤȫȞ µ.ı, ȕȐıİȚ ĲȘȢ 

İυαȚıșȘıȓαȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȦȢ πȡȠȢ ĲȚȢ µİĲαȕȜȘĲȑȢ αυĲȑȢ. 

ȅȚ Huang țαȚ Arora, [156], αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ șȑµα ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ µİ įȚαțȡȚĲȑȢ 

πİπȜİȖµȑȞİȢ µ.ı, ıυȖțȡȓȞȠȞĲαȢ ĲȘȞ İυȡȦıĲȓα ĲȠυ Γǹ ȑȞαȞĲȚ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ 

πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ țαȚ ĲȘȢ µİșȩįȠυ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ. ΓȚα Ĳα Ĳȡȓα 

πȡȠȕȜȒµαĲα πȠυ αȞĲȚµİĲȦπȓıĲȘțαȞ ȠȚ µȑșȠįȠȚ αυĲȑȢ ıυȞȑțȜȚȞαȞ ıİ ȜȪıİȚȢ υȥȘȜȩĲİȡȘȢ 

İυȡȦıĲȓαȢ ıİ ıȤȑıȘ µİ ĲȘȞ İυȡȦıĲȓα ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ ıĲȘȞ πİȡȓπĲȦıȘ ȤȡȒıȘȢ µİșȩįȦȞ 

ȖȡαµµȚțȠȪ πȡȠȖȡαµµαĲȚıµȠȪ ȩπȠυ ȠȚ µ.ı, αȞĲȚµİĲȦπȓȗȠȞĲαȚ ȦȢ ıυȞİȤİȓȢ µ.ı. 

ȅ Jenkins, [160], παȡȠυıȚȐȗİȚ µİșȠįȠȜȠȖȓα ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ πȠȜυȫȡȠφȦȞ 

µİĲαȜȜȚțȫȞ πȜαȚıȓȦȞ µİ Γǹ. Η İȞıȦµȐĲȦıȘ ĲȘȢ µİșȩįȠυ įȚαıĲαȪȡȦıȘȢ țαȚ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ ıĲȘȞ πȡȠıαȡµȠıĲȚțȒ įȚαįȚțαıȓα ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

ȅȚ Parmee et al., [223], παȡȠυıȓαıαȞ įȚȐφȠȡİȢ παȡαȜȜαȖȑȢ ĲȠυ ȕαıȚțȠȪ Γǹ πȠυ ıυȞįυȐȗȠυȞ 

ĲȠȞ țȜαıȚțȩ Γǹ µİ İȟİȜȚțĲȚțȑȢ țαȚ πȡȠıαȡµȠıĲȚțȑȢ įȚαįȚțαıȓİȢ İȡİυȞȐȢ ĲȠυ ȤȫȡȠυ 

ıȤİįȚαıµȠȪ. 

ȅȚ Leite țαȚ Topping, [186], παȡȠυıȚȐȗȠυȞ ĲȡȠπȠπȠȚȒıİȚȢ ĲȠυ Γǹ ȦȢ πȡȠȢ ĲȘ µȑșȠįȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.63 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İπȚȜȠȖȒȢ ĲȦȞ ȖȠȞȑȦȞ țαȚ ĲȘ µİĲαȕȠȜȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ țαȚ ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ. 

ȅȚ Chen țαȚ Rajan, [45], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ Γǹ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ 

µİĲαȜȜȚțȫȞ πȜαȚıȓȦȞ. Η įȚαįȚțαıȓα įȚαıĲαȪȡȦıȘȢ ĲȡȠπȠπȠȚİȓĲαȚ İȚıȐȖȠȞĲαȢ ıİ țȐșİ µ.ı, 

µȚα πȡȩıșİĲȘ αțȠȜȠυșȓα įυφȓȦȞ. Η αțȠȜȠυșȓα ȠȡȓȗİȚ ĲȠ ȤȡȦµȩıȦµα αȜȜȘȜȠıȪȞįİıȘȢ. ȀȐșİ 

µ.ı, απİȚțȠȞȓȗİĲαȚ ıĲȠ ȤȡȦµȩıȦµα αȜȜȘȜȠıȪȞįİıȘȢ. ȈĲȠ ȤȡȦµȩıȦµα αȜȜȘȜȠıȪȞįİıȘȢ 

ȠȡȓȗİĲαȚ ȑȞαȢ İȚįȚțȩȢ ĲİȜİıĲȒȢ įȚαıĲαȪȡȦıȘȢ. ǹȞ ȖȚα țȐșİ µ.ı, Ș αȞĲȓıĲȠȚȤȘ ĲȚµȒ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ αȜȜȘȜȠıȪȞįİıȘȢ υπİȡȕαȓȞİȚ µȓα ĲȚµȒ țαĲȦφȜȓȠυ ĲȩĲİ ȖȚα ĲȘ µ.ı, İπȚȕȐȜȜİĲαȚ 

Ƞ ĲİȜİıĲȒȢ SPC αȞȐ µ.ı. ΕȚıȐȖȠȞĲαȢ ıĲȠ ȤȡȦµȩıȦµα αȜȜȘȜȠıȪȞįİıȘȢ ĲȠȞ ĲİȜİıĲȒ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ Ƞ ĲİȜİıĲȒȢ αυĲȩȢ İȞĲȐııİĲαȚ ıĲȘȞ İȟİȜȚțĲȚțȒ įȚαįȚțαıȓα µİ απȠĲȑȜİıµα ĲȘ 

µİȓȦıȘ ĲȠυ αȡȚșµȠȪ ĲȦȞ įȚαıĲαυȡȫıİȦȞ πȠυ ȠįȘȖȠȪȞ ıİ țαĲαıĲȡȠφȒ ĲȦȞ İȪȡȦıĲȦȞ 

ıȤȘµȐĲȦȞ. ǹπȩ Ĳα απȠĲİȜȑıµαĲα πȠυ παȡαĲȓșİȞĲαȚ ȖȚα πȜȒșȠȢ įȚțĲυȦµȐĲȦȞ ıυµπİȡαȓȞİĲαȚ 

ȩĲȚ Ș παȡαȜȜαȖȒ αυĲȒ παȡȠυıȚȐȗİȚ απȠįİțĲȒ İυȡȦıĲȓα țαȚ µȚțȡȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ. 

ȅȚ Ohmori țαȚ Kito, [215], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ Γǹ ȖȚα ȕİȜĲȚıĲȠπȠȓȘıȘ 

țαĲαıțİυȫȞ ȩπȠυ Ș ĲȠπȠȜȠȖȓα țȐșİ įȚțĲυȫµαĲȠȢ įȓįİĲαȚ ȦȢ ıȪȞșİıȘ ĲȡȚȖȫȞȦȞ µİ ıĲȩȤȠ ĲȘȞ 

απȠφυȖȒ țȚȞȘµαĲȚțȐ µȘ απȠįİțĲȫȞ ıȤİįȚαıµȫȞ Ȓ ıȤİįȚαıµȫȞ µİ ıυȞİυșİȚαțȐ µȑȜȘ. 

ȅȚ Topping țαȚ Leite, [282], παȡȠυıȚȐȗȠυȞ µȓα αȞαıțȩπȘıȘ ĲȦȞ ıĲȡαĲȘȖȚțȫȞ πȠυ 

ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ıİ παȡȐȜȜȘȜȠυȢ Γǹ İıĲȚȐȗȠȞĲαȢ ĲȘȞ πȡȠıȠȤȒ ıİ ıĲȡαĲȘȖȚțȑȢ 

παȡȐȜȜȘȜȦȞ Γǹ πȠυ ıĲȘȡȓȗȠȞĲαȚ ıĲȚȢ ȑȞȞȠȚİȢ ĲȠυ πȜȘșυıµȠȪ, υπȩ-πȜȘșυıµȠȪ, țαȚ 

παȡȐȜȜȘȜȘȢ İπİȟİȡȖαıȓαȢ. 

ȅȚ Soh țαȚ Yang, [268], İφαȡµȩȗȠυȞ Γǹ įȪȠ ıĲαįȓȦȞ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ 

įȚțĲυȦµȐĲȦȞ ȖİφυȡȫȞ ıİ ıυȞįυαıµȩ µİ İυφυİȓȢ ȕȐıİȚȢ įİįȠµȑȞȦȞ. ȈĲȠ 1
Ƞ
 İπȓπİįȠ ĲȠ 

πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȤİȚȡȓȗİĲαȚ ĲȚȢ µ.ı, ĲȠυ ıȤȒµαĲȠȢ țαȚ įȚαĲȠµȫȞ µİ ĲȘȞ ĲȠπȠȜȠȖȓα 

ĲȠυ įȚțĲυȫµαĲȠȢ ıĲαșİȡȒ. ȈĲȠ 2Ƞ İπȓπİįȠ ȠȚ µ.ı ĲȘȢ ĲȠπȠȜȠȖȓαȢ µİĲαȕȐȜȜȠȞĲαȚ ıȪµφȦȞα µİ 

Ĳα ıĲȠȚȤİȓα ĲȘȢ ȕȐıȘȢ įİįȠµȑȞȦȞ țαȚ ĲȘȢ ȞȑαȢ ĲȠπȠȜȠȖȓαȢ. ȀαĲȐ ĲȘ φȐıȘ İȟȑȜȚȟȘȢ Ș ȕȐıȘ 

įİįȠµȑȞȦȞ İµπȜȠυĲȓȗİĲαȚ µİ ıĲȠȚȤİȓα απȩ ĲȘȞ αȞȐȜυıȘ. Η įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠυ 

1
Ƞ
 İπȚπȑįȠυ İπαȞαȜαµȕȐȞİĲαȚ ȖȚα ĲȘ Ȟȑα ĲȠπȠȜȠȖȓα. ȉα υπȠįİȓȖµαĲα ĲȠπȠȜȠȖȚȫȞ ıĲα ȠπȠȓα 

ıĲȘȡȓȗİĲαȚ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠυ 2
Ƞυ

 İπȚπȑįȠυ İπȚȜȑȖȠȞĲαȚ απȩ ĲȠ ıȪȞȠȜȠ ĲȦȞ 

ıĲαșİȡȫȞ ĲȠπȠȜȠȖȚȫȞ ĲȘȢ ȕȐıȘȢ įİįȠµȑȞȦȞ µİĲȐ ĲȘȞ αφαȓȡİıȘ µİȜȫȞ țαȚ țȩµȕȦȞ απȩ ĲȘȞ 

υπȩ İȟȑĲαıȘ ĲȠπȠȜȠȖȓα. 

ȅ Downing, [70], παȡȠυıȚȐȗİȚ µȓα µİșȠįȠȜȠȖȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ș ȠπȠȓα ıυȞįυȐȗİȚ ĲȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.64 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΘİȦȡȓα ΕțµȐșȘıȘȢ µİ ΓİȞİĲȚțȩ ȆȡȠȖȡαµµαĲȚıµȩ ıĲȠȤİȪȠȞĲαȢ ıĲȘ ȕİȜĲȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ 

ĲȠυ ΓİȞİĲȚțȠȪ ȆȡȠȖȡαµµαĲȚıµȠȪ. 

ȅȚ Groenwold et al., [120], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ πȠυ ȕαıȓȗİĲαȚ ıĲȘȞ ȑȞȞȠȚα ĲȘȢ 

ȖİȚĲȠȞȓαȢ ĲȦȞ ȜȪıİȦȞ ıĲȠ Γǹ µİ İφαȡµȠȖȒ ıĲȠ ıȤİįȚαıµȩ įȚțĲυȦĲȫȞ țαĲαıțİυȫȞ. ȅ 

ȖİȚĲȠȞȚțȩȢ Γǹ İπȚȜȑȖİȚ ĲȠυȢ ȖȠȞİȓȢ țȐșİ ȜȪıȘȢ ȕȐıİȚ ĲȘȢ απȩıĲαıȘ ĲȠυȢ ıĲȠ ȤȫȡȠ 

ıȤİįȚαıµȠȪ ıĲȠȤİȪȠȞĲαȢ ıĲȘ įȚαĲȒȡȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ (țȡȓıȚµȘ 

παȡȐµİĲȡȠȢ ȩıȠȞ αφȠȡȐ ĲȘȞ İυȡȦıĲȓα ĲȠυ Γǹ [15]) țαȚ ıĲȘ ȕİȜĲȓȦıȘ ĲȘȢ İȟαȞĲȜȘĲȚțȒȢ 

ȚțαȞȩĲȘĲαȢ (exploitation capacity [77]) ĲȠυ Γǹ. Η µȑșȠįȠȢ ȤȦȡȓȗİĲαȚ ıİ İπȠȤȑȢ (epochs) 

ȩπȠυ µİ ĲȠ πȑȡαȢ țȐșİ İπȠȤȒȢ Ƞ πȜȘșυıµȩȢ αȡȤȚțȠπȠȚİȓĲαȚ įȚαĲȘȡȫȞĲαȢ ĲȠ ȐĲȠµȠ πȠυ 

παȡȠυıȚȐȗİȚ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα. ȉαυĲȩȤȡȠȞα Ƞ ȤȫȡȠȢ ĲȦȞ ȜȪıİȦȞ πİȡȚȠȡȓȗİĲαȚ ıİ 

υπȠıȪȞȠȜȠ ĲȠυ αȡȤȚțȠȪ ȤȫȡȠυ πȑȡȚȟ ĲȘȢ ȖİȚĲȠȞȓαȢ πȠυ πİȡȚȑȤİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ. 

ȅȚ Botello et al., [28], παȡȠυıȚȐȗȠυȞ ıυȞįυαıµȩ ĲȘȢ µİșȩįȠυ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ 

țαȚ ĲȦȞ Γǹ µİ ĲȘȞ İȚıαȖȦȖȒ İȞȩȢ ĲİȜİıĲȒ απȠįȠȤȒȢ ȖȚα ĲȘ įȚαįȚțαıȓα µİĲȐȜȜαȟȘȢ. ȅ 

ĲİȜİıĲȒȢ απȠįȠȤȒȢ İȟİĲȐȗİȚ ĲȘȞ İυȡȦıĲȓα ĲȦȞ ȜȪıİȦȞ πȡȚȞ țαȚ µİĲȐ ĲȘȞ İφαȡµȠȖȒ ĲȠυ 

ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ. ǹȞ Ș «µİĲαȜȜαȖµȑȞȘ» ȜȪıȘ παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα ıİ 

ıȤȑıȘ µİ ĲȘ ȜȪıȘ µİĲȐ ĲȘ įȚαıĲαȪȡȦıȘ ĲȩĲİ Ș ȜȪıȘ αυĲȒ ȖȓȞİĲαȚ απȠįİțĲȒ αȜȜȚȫȢ Ș 

απȩφαıȘ İπȚȜȠȖȒȢ ĲȘȢ ıĲȘȡȓȗİĲαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲα απȠįȠȤȒȢ ĲȘȢ µİșȩįȠυ 

πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ ıȪµφȦȞα µİ ĲȠȞ αȜȖȩȡȚșµȠ ĲȘȢ παȡαȖȡȐφȠυ 2.7.6. Η µȑșȠįȠȢ 

İφαȡµȩȗİĲαȚ ıĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ µİĲαȜȜȚțȫȞ įȚțĲυȦµȐĲȦȞ παȡȠυıȚȐȗȠȞĲαȢ αυȟȘµȑȞȘ 

İυȡȦıĲȓα ıİ ıȤȑıȘ µİ ĲȠȞ țȜαıȚțȩ Γǹ țαȚ ĲȘȞ ĲȡȠπȠπȠȚȘµȑȞȘ µȑșȠįȠ πȡȠıȠµȠȚȦµȑȞȘȢ 

αȞȩπĲȘıȘȢ πȠȜȜαπȜȫȞ İțțȚȞȒıİȦȞ.  

ȅȚ Greiner et al., [116], İȟİĲȐȗȠυȞ ĲȘȞ İυȡȦıĲȓα ĲȡȚȫȞ παȡαȜȜαȖȫȞ ĲȠυ ȕαıȚțȠȪ Γǹ. Η 1
Ș
 

παȡαȜȜαȖȒ İȓȞαȚ Ƞ ȕαıȚțȩȢ Γǹ µİ İȜȚĲȚıµȩ țαȚ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ ȓıȘ µİ 0.8. ȈĲȘ 2
Ș
 

παȡαȜȜαȖȒ Ƞ πȜȘșυıµȩȢ αȞαȞİȫȞİĲαȚ țαĲȐ ĲµȒµαĲα (ȑȞα µȚțȡȩ µȑȡȠȢ ĲȦȞ ȖȠȞȑȦȞ 

αȞĲȚțαșȓıĲαĲαȚ απȩ Ĳα ȐĲȠµα ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ) țαȚ įİȞ İπȚĲȡȑπȠȞĲαȚ πȠȜȜαπȜȑȢ 

απİȚțȠȞȓıİȚȢ ĲȘȢ ȓįȚαȢ ȜȪıȘȢ (țȜȫȞȠȚ). Η 3
Ș
 παȡαȜȜαȖȒ ıĲȘȡȓȗİĲαȚ ıĲȘȞ ĲυȤαȓα İπȚȜȠȖȒ ĲȦȞ 

ȖȠȞȑȦȞ țαȚ ĲȘȞ İπȚȜȠȖȒ ĲȠυ πȜȘșυıµȠȪ ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ ĲȦȞ ȃ țαȜȪĲİȡȦȞ απȩ 

πȜȘșυıµȩ 2ȃ ȜȪıİȦȞ. Η įȚαıĲαȪȡȦıȘ İπȚĲȡȑπİĲαȚ µȩȞȠȞ ıİ ȐĲȠµα πȠυ Ĳα ȤȡȦµȠıȫµαĲα 

ĲȠυȢ įȚαφȑȡȠυȞ țαĲ’ İȜȐȤȚıĲȠȞ 25%. ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ȖȚα ıυȖțİțȡȚµȑȞȠ αȡȚșµȩ ȖİȞİȫȞ 

įİȞ παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ 

αĲȩµȠυ İφαȡµȩȗİĲαȚ Ƞ ĲİȜİıĲȒȢ ĲȘȢ µİĲȐȜȜαȟȘȢ µİ πȠȜȪ υȥȘȜȒ πȚșαȞȩĲȘĲα. ȅȚ παȡαȜȜαȖȑȢ 

İφαȡµȩȗȠȞĲαȚ ıĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ İπȓπİįȠυ πȜαȚıȓȠυ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ ȕȐȡȠυȢ 
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țαȚ απȩ ĲȘȞ αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș 3
Ș
 παȡαȜȜαȖȒ παȡȠυıȚȐȗİȚ 

ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα ıĲȘȞ πİȡȓπĲȦıȘ ıυȞİȤȫȞ µ.ı. 

O Lacksonen, [179], ıυȖțȡȓȞİȚ ĲȘ µȑșȠįȠ Γǹ µİ ȐȜȜİȢ µİșȩįȠυȢ ȖȚα πȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ 

µ.ı ȩπȦȢ Ș µȑșȠįȠȢ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ, Ș µȑșȠįȠȢ Nedler & Mead țαȚ Ș µȑșȠįȠȢ 

İȡİυȞȐȢ ĲȦȞ Hooke–Jeeves ȖȚα 25 ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ. ȈυµπİȡαȓȞİĲαȚ ȩĲȚ Ƞ Γǹ 

παȡȠυıȚȐȗİȚ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα µİ ĲȠ υȥȘȜȩĲİȡȠ ĲαυĲȩȤȡȠȞα υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ. 

2.7.8.11 ΜȚțȡȩ-Γǹ (micro-GA) 

O µȚțȡȩ-Γǹ (µΓǹ) απȠĲİȜİȓ παȡαȜȜαȖȒ ĲȠυ Γǹ țαȚ αȞαπĲȪȤșȘțİ αȡȤȚțȐ απȩ ĲȠȞ 

Krishnakumar [175] țαȚ De-Jong [58], țαȚ ıĲȘ ıυȞȑȤİȚα ĲȡȠπȠπȠȚȒșȘțİ απȩ ĲȠȞ Carroll [37], 

[38]. ȈȪµφȦȞα µİ ĲȠ De-Jong [58], Ƞ µΓǹ παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα țαĲȐ ĲȠ αȡȤȚțȩ 

țαȚ ĲİȜȚțȩ ıĲȐįȚȠ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȅ µΓǹ įȚαφȠȡȠπȠȚİȓĲαȚ ıİ ıȤȑıȘ µİ ĲȠȞ 

țȜαıȚțȩ Γǹ ȦȢ πȡȠȢ ĲȠ µȚțȡȩ πȜȒșȠȢ αĲȩµȦȞ, ĲȘ µȘ ȪπαȡȟȘ ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ, 

ĲȘȞ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ πȠυ İȓȞαȚ ȓıȘ µİ ĲȘ µȠȞȐįα, țαșȫȢ țαȚ ĲȘ įȚαįȚțαıȓα 

αȡȤȚțȠπȠȓȘıȘȢ ĲȠυ πȜȘșυıµȠȪ, įȚαĲȘȡȫȞĲαȢ ĲȠ ȐĲȠµȠ µİ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα, ȩĲαȞ Ș 

πȠȚțȚȜȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ πȑıİȚ țȐĲȦ απȩ ıυȖțİțȡȚµȑȞȘ ĲȚµȒ țαĲȦφȜȓȠυ. ȆȜİȠȞȑțĲȘµα 

ĲȠυ µΓǹ İȓȞαȚ Ș ȚțαȞȩĲȘĲα ĲȠυ Ȟα αȞĲȚµİĲȦπȓȗİȚ µİ İπȚĲυȤȓα πȡȠȕȜȒµαĲα µİ µİȖȐȜȠ πȜȒșȠȢ 

ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ İφȩıȠȞ, Ș įȚαįȚțαıȓα αȡȤȚțȠπȠȓȘıȘȢ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ İȖțȜȦȕȚıµȠȪ ıİ ȖİȚĲȠȞȚȐ ĲȠπȚțȠȪ αțȡȩĲαĲȠυ. 

ȈĲȠȞ ĲυπȚțȩ µΓǹ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ țυµαȓȞİĲαȚ απȩ 4 ȦȢ 6 ȐĲȠµα țαȚ ıİ țȐșİ ȖİȞİȐ 

İπȚȕȚȫȞİȚ ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ (İȜȚĲȚıµȩȢ). Η αȡȤȚțȠπȠȓȘıȘ ĲȠυ πȜȘșυıµȠȪ 

ȜαµȕȐȞİȚ Ȥȫȡα ȩĲαȞ Ș ȠµȠȚȠµȠȡφȓα ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ȟİπİȡȐıİȚ ĲȠ 80~90%. ΓȚα µİȖȐȜα 

µȒțȘ ȤȡȦµȠıȫµαĲȠȢ υφȓıĲαȞĲαȚ παȡαȜȜαȖȑȢ ĲȠυ µΓǹ πȠυ įȚαĲȘȡȠȪȞ ĲȠȞ ĲİȜİıĲȒ ĲȘȢ 

µİĲȐȜȜαȟȘȢ ȖȚα ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

ȅȚ Kwon et al., [178], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ Γǹ πȠυ ȕαıȓȗİĲαȚ ıİ įȚαįȚțαıȓα 

İıĲȓαıȘȢ πȑȡȚȟ ĲȠυ ĲȠπȚțȠȪ αțȡȩĲαĲȠυ țαȚ ĲȘ ıυȖțȡȓȞȠυȞ µİ ĲȠȞ απȜȩ Γǹ țαșȫȢ țαȚ ĲȠ 

µȚțȡȩ-Γǹ. Η µȑșȠįȠȢ ıυȖțȡȓȞİĲαȚ ȖȚα 11 ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ țαȚ ıĲȘ ıυȞȑȤİȚα 

İφαȡµȩȗİĲαȚ ıİ πȡȩȕȜȘµα İȜαȤȚıĲȠπȠȓȘıȘȢ ȕȐȡȠυȢ șȪȡαȢ υπİȡȤİȓȜȚıȘȢ. 

O Glorennec, [105], ıυȞįυȐȗİȚ ĲȘ µȑșȠįȠ ĲȠυ µΓǹ µİ αıαφȒ ȜȠȖȚțȒ ȖȚα ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ 

ĲȘȢ ıυµπİȡȚφȠȡȐȢ ȡȠµπȠĲȚțȫȞ ıυıĲȘµȐĲȦȞ ıĲȠȤİȪȠȞĲαȢ ıĲȠȞ πİȡȚȠȡȚıµȩ ĲȠυ ȤȡȩȞȠυ 

İțπαȓįİυıȘȢ ĲȠυ ıυıĲȒµαĲȠȢ İȜȑȖȤȠυ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.66 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ Reddy, țαȚ Chakroborty, [242], İφαȡµȩȗȠυȞ µİ İπȚĲυȤȓα ĲȘ µȑșȠįȠ ĲȠυ µȚțȡȩ-Γǹ ȖȚα ĲȘȞ 

İțĲȓµȘıȘ ĲȦȞ ıυȖțȠȚȞȦȞȚαțȫȞ φȠȡĲȓȦȞ ıİ αıĲȚțȐ įȓțĲυα πȠυ ıυµπȜȑțİȚ ĲȘ µȘĲȡȦȚțȒ 

µȑșȠįȠ αȞȐȜυıȘȢ µİ αıαφȒ ȜȠȖȚțȒ. 

ȅȚ Sadeghi et al., [248], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠ µΓǹ ıİ πȡȠȕȜȒµαĲα İțĲȓµȘıȘȢ ĲȘȢ ĲȡȠȤȚȐȢ 

ıİȚıµȚțȠȪ țȪµαĲȠȢ ıĲȘȞ πİȡȓπĲȦıȘ µȘ ıυȞİȤȠȪȢ µȑıȠυ. ȈĲȩȤȠȢ ĲȘȢ αȞȐȜυıȘȢ İȓȞαȚ Ƞ 

υπȠȜȠȖȚıµȩȢ ĲȠυ ȤȡȩȞȠυ ȐφȚȟȘȢ ĲȠυ țȪµαĲȠȢ ȖȚα ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ υπȠȜȠȖȚıµȠȪ 

ĲȦȞ µİȖİșȫȞ (İπȓțİȞĲȡȠ, απİȜİυșȑȡȦıα İȞȑȡȖİȚα, ȕȐșȠȢ) İȞȩȢ ıİȚıµȚțȠȪ ȖİȖȠȞȩĲȠȢ µȑıȦ ĲȘȢ 

İȪȡİıȘȢ ĲȘȢ ĲȡȠȤȚȐȢ İȜȐȤȚıĲȠυ ȤȡȩȞȠυ. 

ȅȚ Liu țαȚ Chen, [193], İφαȡµȩȗȠυȞ ĲȠ µΓǹ ıİ πȡȩȕȜȘµα αȞȓȤȞİυıȘȢ ȡȦȖµȫȞ ıİ ıȪµµİȚțĲİȢ 

πȜȐțİȢ ıİ ıυȞįυαıµȩ µİ ȘȤȠαțȠυıĲȚțȑȢ µİșȩįȠυȢ. ΩȢ ĲİȜİıĲȒȢ įȚαıĲαȪȡȦıȘȢ ĲȠυ µΓǹ 

İπȚȜȑȖİĲαȚ Ƞ UC µİ πȚșαȞȩĲȘĲα αȞĲαȜȜαȖȒȢ įυφȓȦȞ ȓıȘ µİ 0.5 ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ αȪȟȘıȘ ĲȘȢ 

ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ. Η µȑșȠįȠȢ İπȚĲυȖȤȐȞİȚ Ȟα ıĲαșµȓıİȚ ĲȚȢ παȡαµȑĲȡȠυȢ αȞȓȤȞİυıȘȢ 

αıυȞİȤİȚȫȞ ıİ ȤȡȩȞȠ ȓıȠ απȩ 20 ȦȢ 50 ȖİȞİȑȢ. 

ȅȚ Dennis țαȚ Dulikravich, [63], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ µΓǹ (ĲȠȞ παȡȐȜȜȘȜȠ 

µΓǹ) ȖȚα ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ ĲȘȢ ıĲαșİȡȒȢ µȘ αıυµπȓİıĲȘȢ µαȖȞȘĲȠȨįȡȠįυȞαµȚțȒȢ ȡȠȒȢ 

įȚαȤȪĲȘ. ȈĲȩȤȠȢ İȓȞαȚ Ș µİȖȚıĲȠπȠȓȘıȘ ĲȘȢ įȚαφȠȡȐȢ πȓİıȘȢ µİĲαȟȪ ĲȘȢ İȚıαȖȦȖȒȢ țαȚ 

İȟαȖȦȖȒȢ µİ ĲȘ ȕȑȜĲȚıĲȘ țαĲαȞȠµȒ ĲȦȞ ȘȜİțĲȡȠµαȖȞȘĲȫȞ ȖȚα ıυȖțİțȡȚµȑȞȠ ıȤȒµα įȚαȤȪĲȘ. 

Η ȕȑȜĲȚıĲȘ ȜȪıȘ İπȚĲυȖȤȐȞİȚ ĲİĲȡαπȜαıȚαıµȩ ĲȘȢ αȪȟȘıȘȢ ĲȘȢ ıĲαĲȚțȒȢ πȓİıȘȢ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ȕȑȜĲȚıĲα ıȤİįȚαıµȑȞȠυ µαȖȞȘĲȠȨįȡȠįυȞαµȚțȠȪ įȚαȤȪĲȘ. 

ȅȚ Liu et al., [194], [195], İφαȡµȩȗȠυȞ ĲȠ µΓǹ ıİ πȡȠȕȜȒµαĲα țαșȠȡȚıµȠȪ ĲȦȞ ıĲαșİȡȫȞ 

ĲȠυ υȜȚțȠȪ ıȪµµİȚțĲȦȞ πȜαțȫȞ µİ ȤȡȒıȘ ȘȤȠαțȠυıĲȚțȫȞ µȑıȦȞ. 

ȅȚ Loomans, țαȚ Visser [196], İφαȡµȩȗȠυȞ ĲȘ µȑșȠįȠ ĲȠυ µȚțȡȩ-Γǹ ıİ πȡȠȕȜȒµαĲα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ απȩįȠıȘȢ ȘȜȚαțȫȞ ıυıĲȘµȐĲȦȞ παȡȠȤȒȢ ȗİıĲȠȪ ȞİȡȠȪ. 

2.7.8.12 Γǹ ıυȞİχȫȞ µİĲαȕȜȘĲȫȞ ıχİįȚαıµȠȪ 

ȅȚ Γǹ ıυȞİȤȫȞ µ.ı İȓȞαȚ απȠĲȑȜİıµα ıυȞįυαıµȠȪ ĲȦȞ Γǹ µİ İȟİȜȚțĲȚțȑȢ ıĲȡαĲȘȖȚțȑȢ. 

ȈĲȩȤȠȢ ĲȦȞ Γǹ ıυȞİȤȫȞ µ.ı İȓȞαȚ Ș µİȓȦıȘ ĲȘȢ İυαȚıșȘıȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ ıĲȠȞ ĲȡȩπȠ 

țȦįȚțȠπȠȓȘıȘȢ ĲȘȢ ȜȪıȘȢ ıĲȠ ȤȫȡȠυ ıȤİįȚαıµȠȪ. ȉȠ țȐșİ ȤȡȦµȩıȦµα įȓįİĲαȚ ȦȢ: 

 { }1 2, , , n ix x x ∈ℜx…  (2.115) 

ȩπȠυ n İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µ.ı. ȅȚ ĲİȜİıĲȑȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ įȓįȠȞĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.67 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 [ ] [ ] ( ) ( ) ( )
( ) ( ) ( )1 1 2 2

1 2 1 2

1 1 2 2

, , , , , ,
, , , , , ,

, , , , , ,

n n

n n

n n

c x y c x y c x y
x x x y y y

c y x c y x c y x

  ⊗ =   
…

… …
…

 (2.116) 

 [ ] [ ]1 2 1 2 2 1 1, , , , , , ,n n n nx x x x x x xε ε− −→ ± ±… …  (2.117) 

ȩπȠυ ⊗  İȓȞαȚ Ƞ ĲİȜİıĲȒȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ, c(xi,yi) İȓȞαȚ Ș ıυȞȐȡĲȘıȘ ĲȠυ ĲİȜİıĲȒ țαȚ 

{İ1,.,İn} İȓȞαȚ ȠȚ µİĲαȕȠȜȑȢ ĲȦȞ µ.ı, ȜȩȖȦ ĲȘȢ µİĲȐȜȜαȟȘȢ. ȉİȜİıĲȑȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țαȚ 

µİĲȐȜȜαȟȘȢ ĲȦȞ Γǹ ıυȞİȤȫȞ µİĲαȕȜȘĲȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 2.20. 

 

∆ȚȐȖ. 2.20: ȉİȜİıĲȑȢ ∆ȚαıĲαȪȡȦıȘȢ țαȚ ȂİĲȐȜȜαȟȘȢ ıĲȘȞ πİȡȓπĲȦıȘ ıυȞİȤȫȞ µ.ı. 

ȅȚ Bessau țαȚ Siarry [21], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ Γǹ ıυȞİȤȫȞ µ.ı πȠυ ȕαıȓȗİĲαȚ 

ıĲȘȞ ĲαυĲȩȤȡȠȞȘ İȟȑȜȚȟȘ υπȠπȜȘșυıµȫȞ. Η µȑșȠįȠȢ αυĲȒ παȡȠυıȚȐȗİȚ υȥȘȜȒ İυȡȦıĲȓα 

İȚįȚțȐ ıĲȚȢ πİȡȚπĲȫıİȚȢ πȡȠȕȜȘµȐĲȦȞ µİ πȜȒșȠȢ αțȡȩĲαĲȦȞ ĲȚµȫȞ. ȅȚ ĲİȜİıĲȑȢ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȠȡȓȗȠȞĲαȚ ȦȢ [21]: 

 1
2

i i
in in i i i in

a
a i k a a i k

ββ β β+= = > = = ≤  (2.118) 

 
min max

min max

im i i i

jm j j j

a a a a a aε ε
β β ε β β ε β β

= ± − ≤ ≤ −
′ ′= ± − ≤ ≤ −  (2.119) 

ȩπȠυ İ țαȚ İ’ İȓȞαȚ ȠȚ µİĲαȕȠȜȑȢ ĲȘȢ ĲȚµȒȢ ĲȘȢ µ.ı. ȅȚ µİĲαȕȜȘĲȑȢ İ țαȚ İ’ πȡȠıȠµȠȚȫȞȠȞĲαȚ 

ȦȢ Ĳ.µ πȠυ αțȠȜȠυșȠȪȞ ȀαȞȠȞȚțȒ ȀαĲαȞȠµȒ ȀȩȜȠυȡȦȞ ȅȡȓȦȞ (Normal Distribution of 

Truncated Ends) ȫıĲİ ȠȚ ȞȑİȢ ĲȚµȑȢ Ȟα ȕȡȓıțȠȞĲαȚ İȞĲȩȢ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ [4]. Η 

πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ µİĲαȕȐȜȜİĲαȚ ıȪµφȦȞα µİ ĲȘ ıυȞȐȡĲȘıȘ ĲȦȞ Hesser țαȚ Manner, 

α1 α2 α3 α4 α5 

ȕ1 ȕ2 ȕ3 ȕ4 ȕ5 

ȈȘµİȓȠ įȚαıĲαȪȡȦıȘȢ k=2 

α1 α2 α31 α41 α51 

ȕ1 ȕ2 ȕ31 ȕ41 ȕ51 

α1 α2 α3 α4 α5 

ȕ1 ȕ2 ȕ3 ȕ4 ȕ5 

µ.ı, πȡȠȢ µİĲȐȜȜαȟȘ ȕ2 țαȚ α4 

α1 α2 α3 α4,m α5 

ȕ1 ȕ2,m ȕ3 ȕ4 ȕ5 
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[137]. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [21]: 

ǺȒµα 1. ǹȡχȚțȠπȠȓȘıȘ: ȆαȡαȖȦȖȒ ĲȦȞ αȡȤȚțȫȞ πȜȘșυıµȫȞ µİ ıĲȩȤȠ Ș İȞĲȡȠπȓα ĲȠυ 

αȡȤȚțȠȪ πȜȘșυıµȠȪ Ȟα İȓȞαȚ µİȖαȜȪĲİȡȘ ıυȖțİțȡȚµȑȞȘȢ ĲȚµȒȢ țαĲȦφȜȓȠυ ȫıĲİ Ȟα µİȚȦșİȓ Ș 

πȚșαȞȩĲȘĲα İȖțȜȦȕȚıµȠȪ ĲȠυ αȜȖȠȡȓșµȠυ, ıİ ȖİȚĲȠȞȚȐ ĲȠπȚțȠȪ αțȡȩĲαĲȠυ. ȀȐșİ ȤȡȦµȩıȦµα 

İȜȑȖȤİĲαȚ ȫıĲİ µİ ĲȘȞ ȑȞĲαȟȘ ĲȠυ ıĲȠȞ πȜȘșυıµȩ Ș ĲȚµȒ İȞĲȡȠπȓαȢ ĲȠυ υπȩ İȟȑĲαıȘ 

πȜȘșυıµȠȪ Ȟα İȓȞαȚ µİȖαȜȪĲİȡȘ ĲȘȢ ĲȚµȒȢ țαĲȦφȜȓȠυ. Η İȞĲȡȠπȓα ĲȠυ πȜȘșυıµȠȪ µİĲȐ ĲȘȞ 

ȑȞĲαȟȘ İȞȩȢ αĲȩµȠυ ȦȢ πȡȠȢ ĲȘ j µ.ı, įȓįİĲαȚ ȦȢ [21]: 

 ( ) ( ) ( ) ( )
max min

1 1

log 1
p pN N

j jjj
j ik ikP ik

i k i j j

x xi k
H P PN P

x x= = +
−= − ⋅ = − −∑∑  (2.120) 

ȩπȠυ, xj(i), xj(k) İȓȞαȚ ȠȚ ĲȚµȑȢ ȖȚα ĲȠ j ȖȠȞȓįȚȠ ĲȦȞ i țαȚ k αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ, xj
max

, xj
min

 

İȓȞαȚ Ĳα ȩȡȚα ĲȠυ πİįȓȠυ ĲȦȞ ĲȚµȫȞ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ ȖȠȞȓįȚȠ țαȚ ȃp İȓȞαȚ ĲȠ µȑȖİșȠȢ ĲȠυ 

υπȠπȜȘșυıµȠȪ. Η İȞĲȡȠπȓα ĲȠυ πȜȘșυıµȠȪ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ µ.ı, įȓįİĲαȚ ȦȢ [21]: 

 ( ) ( )
1

1 n

jP P

j

H HN N
n =

= ⋅∑  (2.121) 

ǺȒµα 2. ȉαυĲȩχȡȠȞȘ İȟȑȜȚȟȘ πȜȘșυıµȫȞ: ΈȞαȡȟȘ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȩπȠυ 

țȐșİ υπȠπȜȘșυıµȩȢ İȟİȜȓııİĲαȚ ȖȚα ıυȖțİțȡȚµȑȞȠ αȡȚșµȩ ȖİȞİȫȞ. ȈĲȠ ĲȑȜȠȢ ĲȠυ ȕȒµαĲȠȢ 

αυĲȠȪ απȩ ĲȠ įȚȐȞυıµα πȠυ πİȡȚȑȤİȚ Ĳα πİȡȚııȩĲİȡȠ İȪȡȦıĲα ȐĲȠµα ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ 

υπȠπȜȘșυıµȫȞ İπȚȜȑȖİĲαȚ ĲȠ πȚȠ İȪȡȦıĲȠ ȐĲȠµȠ. ȉȠ ȐĲȠµȠ αυĲȩ ȠȡȓȗİĲαȚ ȦȢ s*. 

ǺȒµα 3. ΦȐıȘ İțµİĲȐȜȜİυıȘȢ ĲȘȢ πİȡȚȠχȒȢ ĲȘȢ țαȜȪĲİȡȘȢ ĲȚµȒȢ: ȈȪµπĲυȟȘ ĲȠυ ȤȫȡȠυ 

ıȤİįȚαıµȠȪ ıİ πİȡȚȠȤȒ ıĲȘ ȖİȚĲȠȞȚȐ ĲȠυ ıȘµİȓȠυ s*. 

ǺȒµα 4. ΈȜİȖχȠȢ ıȪȖțȜȚıȘȢ: ǹȞ ĲȠ µȑȖİșȠȢ ĲȠυ ȤȫȡȠυ ȖİȚĲȠȞȓαȢ πȡȠȢ İȟȑĲαıȘ İȓȞαȚ 

µȚțȡȩĲİȡȠ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ ȠȡȓȠυ Ȓ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ įİȞ ȠįȘȖİȓ ıİ 

ȕİȜĲȓȦıȘ ĲȘȢ țαȜȪĲİȡȘȢ ȜȪıȘȢ Ȓ Ș ȕİȜĲȓȦıȘ αυĲȒ İȓȞαȚ µȚțȡȩĲİȡȘ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ 

µȚțȡȠȪ πȠıȠıĲȠȪ Ș įȚαįȚțαıȓα ĲİȡµαĲȓȗİĲαȚ. Ȉİ αȞĲȓșİıȘ πİȡȓπĲȦıȘ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 1. 

Η µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıİ πȜȒșȠȢ ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ țαȚ ıİ ıȤȑıȘ µİ ȐȜȜİȢ µİșȩįȠυȢ 

παȡȠυıȚȐȗİȚ αυȟȘµȑȞȘ İυȡȦıĲȓα ȖȚα ıĲαșİȡȩ υπȠȜȠȖȚıĲȚțȩ φȠȡĲȓȠ. 

ȅȚ Chelouah et al., [42], ıυȞįυȐȗȠυȞ παȡαȜȜαȖȒ ĲȠυ Γǹ ıυȞİȤȫȞ µ.ı µİ ĲȘ µȑșȠįȠ İȪȡİıȘȢ 

ĲȠυ İȜαȤȓıĲȠυ Simplex (Simplex Search) ĲȦȞ Nelder & Mead [213]. ȅ Γǹ ıυȞİȤȫȞ µ.ı 

ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȘȞ țαĲȐįİȚȟȘ ĲȘȢ πİȡȚȠȤȒȢ πȠυ παȡȠυıȚȐȗİȚ İȞįȚαφȑȡȠȞ țαȚ ıĲȘ 
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ıυȞȑȤİȚα Ș µȑșȠįȠȢ ĲȦȞ Nelder & Mead [213], ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȘ įȚİȡİȪȞȘıȘ ĲȠυ 

υπȠȤȦȡȓȠυ αυĲȠȪ țαȚ ĲȘȞ αȞαțȐȜυȥȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. Η παȡαȜȜαȖȒ ĲȠυ Γǹ ıυȞİȤȫȞ 

µ.ı ȕαıȓȗİĲαȚ ıĲȠȞ αȜȖȩȡȚșµȠ ĲȦȞ Bessau țαȚ Siarry [21] µİ ĲȘ įȚαφȠȡȐ ȩĲȚ țαĲȐ ĲȘȞ 

αȡȤȚțȠπȠȓȘıȘ ĲȦȞ πȜȘșυıµȫȞ țȐșİ ȞȑȠ ȐĲȠµȠ ȚțαȞȠπȠȚİȓ ĲȠ παȡαțȐĲȦ țȡȚĲȒȡȚȠ ıİ ıȤȑıȘ µİ 

ĲȘȞ İυțȜİȓįİȚα ĲȠυ απȩıĲαıȘ [42]: 

 { } { }j i new
s sif i jε− > ∀ ∈Ω⇒Ω = ∪Ω  (2.122) 

ȩπȠυ İ İȓȞαȚ Ș ĲȚµȒ țαĲȦφȜȓȠυ ĲȘȢ İυțȜİȓįİȚαȢ απȩıĲαıȘȢ. Ȉİ șȑµαĲα ıȤİĲȚțȒȢ απȩıĲαıȘȢ 

µİĲαȟȪ įȪȠ ȜȪıİȦȞ Ș µȑșȠįȠȢ αυĲȩȢ İȓȞαȚ πİȡȚııȩĲİȡȠ įİıµİυĲȚțȩȢ απȩ ĲȘ ȜȪıȘ ĲȘȢ 

İȞĲȡȠπȓαȢ. ȅ ĲİȜİıĲȒȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ ĲȡȠπȠπȠȚİȓĲαȚ ıİ ıȤȑıȘ µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ ĲİȜİıĲȒ 

ĲȦȞ Bessau țαȚ Siarry [21] ȦȢ [42]: 

 i i
in i in i

a
a a

M M

βα β β β α β α β= + ∆ −∆ = −∆ + ∆ ∆ = ∆ =  (2.123) 

ȩπȠυ Ȃ İȓȞαȚ ĲυȤαȓȠȢ αȡȚșµȩȢ țαĲαȞİµȘµȑȞȠȢ ıĲȠ įȚȐıĲȘµα [1,1000]. Η µȑșȠįȠȢ ĲȠπȚțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ İțµİĲαȜȜİȪİĲαȚ ĲȘȞ ȚțαȞȩĲȘĲα ĲȠυ Γǹ ıυȞİȤȫȞ µ.ı Ȟα υπȠįİȚțȞȪȠυȞ 

πİȡȚȠȤȑȢ πȠυ πİȡȚȑȤȠυȞ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ. 

ȅȚ Γǹ ıυȞİȤȫȞ µ.ı [21], [42], įȠțȚµȐȗȠȞĲαȚ ıİ πȜȒșȠȢ ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ µİ πȠȜȪ 

țαȜȐ απȠĲİȜȑıµαĲα țαȚ ıĲȘ ıυȞȑȤİȚα İφαȡµȩȗȠȞĲαȚ ıĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠυ 

πȡȠφȓȜ İȞȩȢ ȘȜİțĲȡȠįȓȠυ µİ ıĲȩȤȠ ĲȘȞ İȪȡİıȘ ĲȘȢ ȖİȦµİĲȡȓαȢ πȠυ ȚțαȞȠπȠȚİȓ ĲȠυȢ 

πİȡȚȠȡȚıµȠȪȢ ıȤȒµαĲȠȢ țαȚ İȜαȤȚıĲȠπȠȚİȓ ĲȘ µȑȖȚıĲȘ ĲȐıȘ πİįȓȠυ. ȅȚ De Falco et al. [57] 

ȤȡȘıȚµȠπȠȚȠȪȞ παȡαȜȜαȖȒ ĲȦȞ Γǹ ıυȞİȤȫȞ µ.ı πȠυ αȞαπĲȪȤșȘțİ απȩ ĲȠυȢ Mühlenbein țαȚ 

Schlierkamp-Voosen [210], [211] (ĲȠȞ breeder-GA) ȖȚα ĲȘ ıȤİįȓαıȘ ĲȠυ πȡȠφȓȜ πĲȑȡυȖαȢ 

αİȡȠıțαφȫȞ µİ ıĲȩȤȠ ĲȘ µİȖȚıĲȠπȠȓȘıȘ ĲȠυ ȜȩȖȠυ ĲȠυ ıυȞĲİȜİıĲȒ ȐȞĲȦıȘȢ πȡȠȢ ĲȠ 

ıυȞĲİȜİıĲȒ αȞĲȓıĲαıȘȢ. 

2.7.8.13 Γǹ ıİ șȑµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ȅȚ Γǹ țαȚ ȠȚ παȡαȜȜαȖȑȢ ĲȘȢ απȠĲİȜȠȪȞ įȘµȠφȚȜȒ İπȚȜȠȖȒ țαȚ ıİ șȑµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȈĲȩȤȠȢ ĲȠυ Γǹ İȓȞαȚ Ș ȤαȡĲȠȖȡȐφȘıȘ ĲȠυ µİĲȫπȠυ Pareto. ǺαıȚțȩ 

πȡȩȕȜȘµα țȐșİ µİșȩįȠυ πȠυ ȕαıȓȗİĲαȚ ıĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ Ƞ ȠȡȚıµȩȢ İȞȩȢ țȡȚĲȘȡȓȠυ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ 

αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ țαȚ Ș αȞȐπĲυȟȘ µȓαȢ αȞĲȚțİȚµİȞȚțȒȢ įȚαįȚțαıȓαȢ ȖȚα ĲȘȞ İπȚȜȠȖȒ ĲȦȞ 

αĲȩµȦȞ πȠυ șα απȠĲİȜȑıȠυȞ ĲȠ πȜȘșυıµȩ ĲȦȞ ȖȠȞȑȦȞ. ȀȡȓıȚµȠȚ παȡȐȖȠȞĲİȢ ȖȚα ĲȘȞ 

İυȡȦıĲȓα ĲȠυ Γǹ, ıĲα πȡȠȕȜȒµαĲα ĲȘȢ țαĲȘȖȠȡȓαȢ αυĲȒȢ, İȓȞαȚ Ș įȚαĲȒȡȘıȘ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.70 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ [262] țαȚ Ș απȠφυȖȒ țȡȠțȓįȦıȘȢ ĲȠυ πȜȘșυıµȠȪ ıİ υπȠıȪȞȠȜȠ 

ĲȦȞ ȜȪıİȦȞ ĲȠυ µİĲȫπȠυ Pareto [300]. 

ȅȚ Cheng țαȚ Li, [49] țαȚ [50], αȞαπĲȪııȠυȞ µȑșȠįȠ ȖȚα ĲȠȞ πȠȜυțȡȚĲȘȡȚαțȩ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ µİ ĲȠ ıυȞįυαıµȩ İȞȩȢ Pareto Γǹ țαȚ ıυȞȐȡĲȘıȘȢ πȠȚȞȒȢ ȖȚα ĲȘȞ ȠπȠȓα ȑȤȠυµİ 

αıαφȒ πȜȘȡȠφȠȡȓα. Η Pareto Γǹ απȠĲİȜİȓĲαȚ απȩ 5 ĲİȜİıĲȑȢ. ȅȚ ĲİȜİıĲȑȢ αυĲȠȓ İȓȞαȚ, Ƞ 

ĲİȜİıĲȒȢ ĲȘȢ İπȚȜȠȖȒȢ, ĲȘȢ įȚαıĲαȪȡȦıȘȢ, ĲȘȢ µİĲȐȜȜαȟȘȢ, ĲȠυ İȜȑȖȤȠυ țαȚȞȠĲȠµȓαȢ țαȚ ĲȠυ 

φȓȜĲȡȠ țαĲȐ Pareto. ȉȠ φȓȜĲȡȠ țαĲȐ Pareto țαĲαĲȐııİȚ ıİ țαĲȘȖȠȡȓİȢ ĲȚȢ įȚȐφȠȡİȢ ȜȪıİȚȢ 

ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȁȪıİȚȢ πȠυ įİȞ țυȡȚαȡȤȠȪȞĲαȚ απȩ țαµȓα ȐȜȜȘ ȜȪıȘ ıȪµφȦȞα µİ ĲȘ 

ıȤȑıȘ (2.124) țαĲαĲȐııȠȞĲαȚ ıĲȚȢ ȜȪıİȚȢ 1Ƞυ ȕαșµȠȪ (rank equal to 1). ȅ ȕαșµȩȢ țȐșİ ȜȪıȘȢ 

ȠȡȓȗİĲαȚ απȩ ĲȘȞ İυȡȦıĲȓα ĲȦȞ ȜȪıİȦȞ țαȚ ıĲȠ țαĲȐ πȩıȠȞ ȠȚ ȜȪıİȚȢ αυĲȑȢ İȓȞαȚ țυȡȓαȡȤİȢ Ȓ 

ȩȤȚ. Ȃȓα ȜȪıȘ F İȓȞαȚ țυȡȓαȡȤȘ ĲȘȢ ȜȪıȘȢ G ( F G; ) ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ: 

 
, ,

, ,

F i G i

F j G j

i N f f
F G

j N f f

∀ ∈ ≤ →∃ ∈ <  ;  (2.124) 

ȩπȠυ fF,i țαȚ fG,i İȓȞαȚ ȠȚ ĲȚµȑȢ ĲȘȢ i αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ȃ İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ. ȅȚ ȜȪıİȚȢ 1Ƞυ ȕαșµȠȪ (πȠυ απȠĲİȜȠȪȞ țαȚ ĲȠ µȑĲȦπȠ Pareto) 

αφαȚȡȠȪȞĲαȚ απȩ ĲȠȞ πȜȘșυıµȩ țαȚ Ș įȚαįȚțαıȓα İȪȡİıȘȢ ĲȦȞ țυȡȓαȡȤȦȞ ȜȪıİȦȞ ȖȚα ĲȠȞ 

İȞαπȠµȑȞȦȞ ıȪȞȠȜȠ ȜȪıİȦȞ İπαȞαȜαµȕȐȞİĲαȚ. ȅȚ țυȡȓαȡȤİȢ ȜȪıİȚȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ 

țαĲαĲȐııȠȞĲαȚ ȦȢ ȜȪıİȚȢ 2Ƞυ ȕαșµȠȪ. Η įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ µȑȤȡȚ ĲȘȞ İȟȐȞĲȜȘıȘ 

ĲȠυ πȜȘșυıµȠȪ. ΓȚα ĲȘȞ İπȚȜȠȖȒ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ µȩȞȠȞ ȠȚ ȜȪıİȚȢ ĲȠυ 1
Ƞυ

 ȕαșµȠȪ. Η 

įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȕαıȓȗİĲαȚ µȩȞȠ ıĲȘȞ πȜȘȡȠφȠȡȓα πȠυ İȓȞαȚ įȚαșȑıȚµȘ ıİ țȐșİ 

ȖİȞİȐ απȩ ĲȠ µȑĲȦπȠ Pareto. ȅ ĲİȜİıĲȒȢ țαȚȞȠĲȠµȓαȢ ıĲȘȡȓȗİĲαȚ ıĲȘȞ Țįȑα ĲȠυ Cavicchio 

(Cavicchio, [39]) ȩπȠυ ȠȚ απȩȖȠȞȠȚ αȞĲȚțαșȚıĲȠȪȞ ĲȠυȢ ȖȠȞİȓȢ µȩȞȠȞ ȩĲαȞ Ƞ ȕαșµȩȢ ĲȠυȢ 

İȓȞαȚ ȓıȠȢ Ȓ µİȖαȜȪĲİȡȠȢ ĲȠυ ȕαșµȠȪ ĲȦȞ ȖȠȞȑȦȞ ĲȠυȢ. ȉα απȠĲİȜȑıµαĲα țαĲȑįİȚȟαȞ ĲȘȞ 

ȚțαȞȩĲȘĲα ĲȠυ αȜȖȠȡȓșµȠυ Ȟα αȞĲȚµİĲȦπȓȗİȚ İπȚĲυȤȫȢ πȠȜυțȡȚĲȘȡȚαțȐ πȡȠȕȜȒµαĲα țαȚ Ȟα 

αȞαȖȞȦȡȓȗİȚ µİ İπȚĲυȤȓα ĲȠ µȑĲȦπȠ Pareto. 

ȅ Schaffer, [251], [252], παȡȠυıȚȐȗİȚ ȖȚα πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘ 

µȑșȠįȠ Γǹ ΕțĲȓµȘıȘȢ ∆ȚαȞȪıµαĲȠȢ (Vector Evaluated GA, VEGA, ∆ȚȐȖ. 2.21 πİȡȓπĲȦıȘ a). 

ǹπȩ țȐșİ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ İπȚȜȑȖȠȞĲαȚ ȠȚ k πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȚ İțπȡȩıȦπȠȚ (ȠȚ k 

țαȜȪĲİȡİȢ ȜȪıİȚȢ ȖȚα ĲȘȞ υπȩ İȟȑĲαıȘ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ). Η įȚαįȚțαıȓα αυĲȒ 

İπαȞαȜαµȕȐȞİĲαȚ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ. ȉȠ ıȪȞȠȜȠ πȠυ 

įȘµȚȠυȡȖİȓĲαȚ απȩ Ĳα ȐĲȠµα αυĲȐ απȠĲİȜİȓ țαȚ ĲȘ ȕȐıȘ απȩ ĲȘȞ ȠπȠȓα șα πȡȠȑȜșİȚ Ƞ 

İπȩµİȞȠȢ πȜȘșυıµȩȢ. Η İυȡȦıĲȓα țȐșİ αĲȩµȠυ ĲȠυ ıυȞȩȜȠυ αυĲȠȪ įȓįİĲαȚ ȦȢ [300]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.71 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ) ( )1, , 1, ,1 1
j

i jf f i k k k j Nj j= = ⋅ + ⋅ + =− −x … …  (2.125) 

ȩπȠυ, j

if  İȓȞαȚ Ș İυȡȦıĲȓα ĲȠυ i αĲȩµȠυ ĲȘȢ πȚıȓȞαȢ πȡȠȢ ĲȘȞ j αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ȓıȘ 

µİ ĲȘȞ ĲȚµȒ fj(x). ȂİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ İȓȞαȚ Ș πȚșαȞȒ παȡȠυıȓα ȦȢ țαȚ k țȜȫȞȦȞ µȓαȢ 

ȜȪıȘȢ ıĲȠ ıȪȞȠȜȠ ĲȦȞ ȜȪıİȦȞ πȠυ șα απȠĲİȜȑıȠυȞ ĲȘ ȕȐıȘ ȖȚα ĲȘȞ İπȩµİȞȘ ȖİȞİȐ. 

ȅȚ Hajela țαȚ Lin, [129], παȡȠυıȚȐȗȠυȞ ĲȘ µȑșȠįȠ Γǹ țαĲαȞİµȘµȑȞȦȞ ȕαȡȫȞ, (Hajela Lin 

Genetic Algorithms HLGA, ∆ȚȐȖ. 2.21 πİȡȓπĲȦıȘ b). Η İπȚȜȠȖȒ ĲȦȞ αĲȩµȦȞ ȖȚα 

įȚαıĲαȪȡȦıȘ ȕαıȓȗİĲαȚ ıĲȘȞ İυȡȦıĲȓα ĲȠυȢ µȑıȦ ĲȘȢ µİșȩįȠυ ĲȦȞ țαșαȡȫȞ ȕαȡȫȞ 

ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (2.23) µİ ĲȘ įȚαφȠȡȐ ȩĲȚ Ĳα ȕȐȡȘ įİȞ παȡαµȑȞȠυȞ αµİĲȐȕȜȘĲα țαĲȐ ĲȘ 

ȕİȜĲȚıĲȠπȠȓȘıȘ αȜȜȐ απȠĲİȜȠȪȞ µȑȡȠȢ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ĲȦȞ αĲȩµȦȞ. Η ȑȞĲαȟȘ ĲȦȞ 

ȕαȡȫȞ ĲȘȢ ıȤȑıȘȢ (2.23) ıĲȘȞ İȟİȜȚțĲȚțȒ įȚαįȚțαıȓα ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ ĲαυĲȩȤȡȠȞȘ 

ȕİȜĲȓȦıȘ ĲȘȢ ȜȪıȘȢ αȜȜȐ țαȚ ĲȦȞ İπȚµȑȡȠυȢ ȕαȡȫȞ ĲȠυ ȠȡȚıµȠȪ ĲȘȢ İυȡȦıĲȓαȢ. 

ȅȚ Fonseca țαȚ Fleming, [86], παȡȠυıȚȐȗȠυȞ ȑȞα ıȤȒµα İπȚȜȠȖȒȢ ĲȦȞ αĲȩµȦȞ ȕαıȚȗȩµİȞȠȚ ıİ 

įȚαįȚțαıȓα ȠȡȚıµȠȪ ĲȘȢ İυȡȦıĲȓαȢ ȕȐıİȚ ĲȘȢ șȑıȘȢ ĲȠυ αĲȩµȠυ ıĲȠȞ πȜȘșυıµȩ (Fonseca 

Fleming GA FFGA, ∆ȚȐȖ. 2.21 πİȡȓπĲȦıȘ c). Η İυȡȦıĲȓα țȐșİ αĲȩµȠυ ȠȡȓȗİĲαȚ απȩ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ απȩ ĲȚȢ ȠπȠȓİȢ țυȡȚαȡȤİȓĲαȚ. ȅ ȕαșµȩȢ țȐșİ αĲȩµȠυ įȓįİĲαȚ ȦȢ [300]: 

 ;1 j ii i i
j F Fjr n n ∈= + = S ;  (2.126) 

ȩπȠυ, S İȓȞαȚ ĲȠ ıȪȞȠȜȠ ĲȠυ πȜȘșυıµȠȪ țαȚ ni İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ πȠυ țυȡȚαȡȤȠȪȞ 

ĲȘ ȜȪıȘ i. Η İυȡȦıĲȓα țȐșİ αĲȩµȠυ İȟαȡĲȐĲαȚ απȩ ĲȘ ıȤİĲȚțȒ ĲȠυ șȑıȘ țαȚ µȩȞȠȞ ıĲȠȞ 

πȜȘșυıµȩ. Ȃİ ĲȘȞ țαĲȐĲαȟȘ ĲȦȞ ȜȪıİȦȞ țαĲȐ αȪȟȠυıα αțȠȜȠυșȓα ıİ ıȤȑıȘ µİ ĲȠ ȕαșµȩ 

(2.126) Ș İυȡȦıĲȓα țȐșİ αĲȩµȠυ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ ıȤȑıȘȢ (2.105) ȖȚα ĲȚµȒ c=1. ȅȚ 

Fonseca țαȚ Fleming ıĲȘ ıυȞȑȤİȚα ĲȡȠπȠπȠȓȘıαȞ ĲȠ FFGA İȓĲİ µİ ĲȘ ȤȡȒıȘ İȞȩȢ 

πȡȠıαȡµȠıĲȚțȠȪ ıȤȒµαĲȠȢ țαĲαȞȠµȒȢ İυȡȦıĲȓαȢ [87] (ȩπȠυ ȜαµȕȐȞİĲαȚ υπȩȥȘ țαȚ Ș 

ıυȖțȑȞĲȡȦıȘ ȜȪıİȦȞ ıİ µȓα πİȡȚȠȤȒ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ) İȓĲİ µİ ĲȘȞ İȚıαȖȦȖȒ ĲυȤαȓȦȞ 

µİĲαȞαıĲȫȞ [88] (İȚıαȖȦȖȒ ıĲȠȞ πȜȘșυıµȩ πȠυ İπȚȜȑȖİĲαȚ ȖȚα İπȚȜȠȖȒ ĲυȤαȓȦȞ ȜȪıİȦȞ) 

ıĲȠȤİȪȠȞĲαȢ ıĲȘ įȚαĲȒȡȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ. 

ȅȚ Horn, Nafpliotis țαȚ Goldberg, [148], [149], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ πȠυ ıυȞįυȐȗİȚ ĲȘ 

įȚαįȚțαıȓα İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα µİ ĲȘȞ ȑȞȞȠȚα ĲȘȢ țυȡȚαȡȤȓαȢ țαĲȐ Pareto (Niched Pareto 

GA – NPGA, ∆ȚȐȖ. 2.21 πİȡȓπĲȦıȘ d). ȅȚ ıυȞșȒțİȢ ĲȘȢ µİșȩįȠυ ȖȚα ĲȘȞ İπȚȜȠȖȒ ĲȠυ 

įȚαȞȪıµαĲȠȢ ĲȦȞ αĲȩµȦȞ ȖȚα İπȚȜȠȖȒ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [300]: 

ȈυȞșȒțȘ 1: ΕπȚȜȑȖȠȞĲαȚ ĲυȤαȓα įȪȠ ȐĲȠµα i țαȚ j. ǹȞ ĲȠ ȐĲȠµȠ i Ȓ ĲȠ ȐĲȠµȠ j țυȡȚαȡȤİȓ ĲȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.72 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αĲȩµȠυ j Ȓ ĲȠυ αĲȩµȠυ i αȞĲȓıĲȠȚȤα țαȚ įİȞ țυȡȚαȡȤȠȪȞĲαȚ απȩ țαµȓα ȜȪıȘ ĲȠυ πȜȘșυıµȠȪ 

ĲȠυ µİĲȫπȠυ Pareto, ĲȩĲİ ĲȠ ȐĲȠµȠ i Ȓ ĲȠ ȐĲȠµȠ j İπȚȜȑȖȠȞĲαȚ ȖȚα ĲȘȞ İπȐȞįȡȦıȘ ĲȠυ 

πȜȘșυıµȠȪ İπȚȜȠȖȒȢ. 

ȈυȞșȒțȘ 2: ǹȞ įİȞ ȚțαȞȠπȠȚİȓĲαȚ Ș ıυȞșȒțȘ 1 ĲȩĲİ υπȠȜȩȖȚıİ ȖȚα ĲȠ ȐĲȠµȠ i țαȚ ĲȠ ȐĲȠµȠ j 

ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ (ni țαȚ nj αȞĲȓıĲȠȚȤα) πȠυ παȡȠυıȚȐȗȠυȞ İυțȜİȓįİȚα απȩıĲαıȘ 

µȚțȡȩĲİȡȘ απȩ ĲȘȞ αțĲȓȞα ȖİȚĲȠȞȓαȢ ıshare. ǹȞ i jn n<  ĲȩĲİ ĲȠ ȐĲȠµȠ i İπȚȜȑȖİĲαȚ Ȟα 

İπαȞįȡȫıİȚ ĲȠ πȜȘșυıµȩ ȖȚα įȚαıĲαȪȡȦıȘ İȞȫ ıİ αȞĲȓșİĲȘ πİȡȓπĲȦıȘ İπȚȜȑȖİĲαȚ ĲȠ ȐĲȠµȠ j. 

ȅȚ Srinivas țαȚ Deb, [272], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ NPGA ĲȠ µȘ țυȡȚαȡȤȠȪµİȞȠ 

ĲαȟȚȞȠµȘµȑȞȠ Γǹ (Non dominated Sorting Genetic Algorithm NSGA, ∆ȚȐȖ. 2.21 πİȡȓπĲȦıȘ 

e). Η įȚαįȚțαıȓα ıĲȘȡȓȗİĲαȚ ıĲȘȞ İȪȡİıȘ ĲȠυ µİĲȫπȠυ Pareto. ȉα ȕȒµαĲα ĲȘȢ µİșȩįȠυ 

ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [300]: 

ǺȒµα 1: ΈıĲȦ (S) αȡȤȚțȩȢ πȜȘșυıµȩȢ ȜȪıİȦȞ țαȚ (Sp,i), Ĳα µȑȜȘ ĲȠυ µİĲȫπȠυ Pareto. 

ǺȒµα 2: ǿıȠțαĲαµİȡȚıµȩȢ İυȡȦıĲȓαȢ ȓıȘȢ µİ Fd,i ȖȚα Ĳα µȑȜȘ ĲȠυ µİĲȫπȠυ Pareto. 

ǺȒµα 3: ΕȪȡİıȘȢ ȞȑȠυ µİĲȫπȠυ Pareto ıĲȠ ,

1

i

p i

j=
−S S∪   (Sp,i+1). Θȑıİ i=i+1. 

ǺȒµα 4: ΓȚα Ĳα ıȪȞȠȜȠ Sp,i ȚıȠțαĲαµİȡȚıµȩȢ İυȡȦıĲȓαȢ ȓıȘȢ µİ , 1, , 1 p id i d iF F −−≤ S .  

ǺȒµα 5: ǹȞ ĲȠ ,

1

i

p i

k=
− =∅S S∪  ĲİȡµαĲȚıµȩȢ ĲȘȢ įȚαįȚțαıȓαȢ αȜȜȚȫȢ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 3. 

ȅ Zitzler, [300], παȡȠυıȚȐȗİȚ ĲȠȞ ΕȟİȜȚțĲȚțȩ αȜȖȩȡȚșµȠ țαĲȐ Pareto (Strength Pareto 

Evolutionary Algorithm – SPEA ∆ȚȐȖ. 2.21 πİȡȓπĲȦıȘ f) ȩπȠυ Ș ȠµȐįα ĲȦȞ ȕȑȜĲȚıĲȦȞ 

ȜȪıİȦȞ ĲȠυ µİĲȫπȠυ Pareto țαșȠȡȓȗİȚ ȗȫȞİȢ İπȚȡȡȠȒȢ. Η πυțȞȩĲȘĲα ĲȦȞ ȜȪıİȦȞ ıİ πİȡȚȠȤȒ 

αȚȤµȒȢ ĲȠυ µİĲȫπȠυ Pareto İπȘȡİȐȗİȚ αȡȞȘĲȚțȐ ĲȘȞ İυȡȦıĲȓα ĲȠυȢ țαșȫȢ Ș İυȡȦıĲȓα țȐșİ 

ȜȪıȘȢ, İȟαȡĲȐĲαȚ țαȚ απȩ ĲȠ πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ πȠυ țυȡȚαȡȤȠȪȞĲαȚ απȩ αυĲȒ. ȈĲȩȤȠȢ ĲȘȢ 

µİșȩįȠυ İȓȞαȚ Ș įȘµȚȠυȡȖȓα ȚıȤυȡȫȞ ȠµȐįȦȞ (clusters) țαȚ Ș įȚαĲȒȡȘıȘ ĲȦȞ µȘ 

țυȡȚαȡȤȠȪµİȞȦȞ ȜȪıİȦȞ. Η İυȡȦıĲȓα țȐșİ αĲȩµȠυ ıĲȠ µȑĲȦπȠ Pareto țαșȠȡȓȗİĲαȚ απȩ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ ȠȚ ȠπȠȓİȢ țυȡȚαȡȤȠȪȞĲαȚ απȩȜυĲα απȩ ĲȠ ıυȖțİțȡȚµȑȞȠ ȐĲȠµȠ. ȅ ȞȑȠȢ 

πȜȘșυıµȩȢ παȡȐȖİĲαȚ µȑıȦ ĲȘȢ įȚαıĲαȪȡȦıȘȢ ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲȫπȠυ Pareto. Η 

υȚȠșȑĲȘıȘ µȘȤαȞȚıµȫȞ İȜȑȖȤȠυ ȖİȚĲȠȞȚțȫȞ ȜȪıİȦȞ απȠĲȡȑπİȚ ĲȘȞ țȡȠțȓįȦıȘ ĲȦȞ ȜȪıİȦȞ µİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.73 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

απȠĲȑȜİıµα ĲȘ įȚαĲȒȡȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ. 

 

∆ȚȐȖ. 2.21: ȅȡȚıµȠȓ İυȡȦıĲȓαȢ ȜȪıİȦȞ ȖȚα πȠȜυțȡȚĲȘȡȚαțȒ ȕİȜĲȚıĲȠπȠȓȘıȘ (Ziztler [300]). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.74 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅ Shimodaira [262], παȡȠυıȚȐȗİȚ µȓα µȑșȠįȠ πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ 

ȕαıȓȗİĲαȚ ıİ Γǹ µİ ȚįȚαȓĲİȡȘ µȑȡȚµȞα ıĲȘ įȚαĲȒȡȘıȘȢ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ țαĲȐ 

ĲȘ įȚȐȡțİȚα ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Η πȠȚțȚȜȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ ıȤİĲȓȗİĲαȚ µİ ĲȘ įȚαıπȠȡȐ 

ĲȠυ πȜȘșυıµȠȪ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. Η ıυȖțȑȞĲȡȦıȘ ĲȦȞ αĲȩµȦȞ πȑȡȚȟ ĲȠυ πİȡȚııȠĲȑȡȠυ 

İȪȡȦıĲȠυ αĲȩµȠυ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ µİ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ 

ȚțαȞȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ Ȟα ȟİφȪȖİȚ απȩ țȐπȠȚȠ ĲȠπȚțȩ αțȡȩĲαĲȠ țαȚ αįυȞαµȓα 

ȤαȡĲȠȖȡȐφȘıȘȢ ĲȠυ µİĲȫπȠυ Pareto ıİ πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Ȉİ 

țȐșİ ȖİȞİȐ Ƞ πȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ țαȚ Ĳα ȃ-1 

πİȡȚııȩĲİȡȠ απȠµαțȡυıµȑȞα ȐĲȠµα αȞİȟαȡĲȒĲȦȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυȢ. ȈĲȩȤȠȢ ĲȘȢ µİșȩįȠυ 

İȓȞαȚ Ș įȘµȚȠυȡȖȓα πȜȘșυıµȠȪ µİ µİȖȐȜȘ ȖȠȞȠĲυπȚțȒ απȩıĲαıȘ απȩ ĲȠ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠ ȐĲȠµȠ ȫıĲİ Ș ȚțαȞȩĲȘĲα İȡİυȞȐȢ ĲȠυ αȜȖȠȡȓșµȠυ Ȟα παȡαµȑȞİȚ αȞαȜȜȠȓȦĲȘ. 

ȅȚ Busacca et al., [32], İφαȡµȩȗȠυȞ ĲȠυȢ Γǹ ıİ πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠυ ıȤİįȚαıµȠȪ πυȡȘȞȚțȫȞ αȞĲȚįȡαıĲȒȡȦȞ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ 

țȩıĲȠυȢ, ĲȘ µİȖȚıĲȠπȠȓȘıȘ ĲȘȢ įȚαșİıȚµȩĲȘĲαȢ țαȚ İȜαȤȚıĲȠπȠȓȘıȘ ĲȘȢ ȑțșİıȘȢ ĲȠυ 

πȡȠıȦπȚțȠȪ ıĲȘ ȡαįȚİȞȑȡȖİȚα (µȑıȦ ĲȘȢ İȜαȤȚıĲȠπȠȓȘıȘȢ ĲȦȞ πİȡȚȩįȦȞ ıυȞĲȒȡȘıȘȢ). ȅȚ 

Marseguerra et al., [200], İφαȡµȩȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ Γǹ țαĲȐȜȜȘȜȘ ȖȚα 

πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ ıĲȩȤȠ ĲȘ įȘµȚȠυȡȖȓα πȠȜȚĲȚțȫȞ 

ıυȞĲȒȡȘıȘȢ µİ ĲȠ µȚțȡȩĲİȡȠ įυȞαĲȩ țȩıĲȠȢ țαȚ ĲȘ µİȖαȜȪĲİȡȘ įυȞαĲȒ įȚαșİıȚµȩĲȘĲα. Η 

İυȡȦıĲȓα țȐșİ ıȤİįȚαıµȠȪ țαșȠȡȓȗİĲαȚ απȩ ĲȠ πȩıȠ țυȡȓαȡȤȠȢ İȓȞαȚ ıİ ıȤȑıȘ µİ ĲȚȢ 

υπȩȜȠȚπİȢ ȜȪıİȚȢ. ȅȚ ȖȠȞİȓȢ ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ İπȚȜȑȖȠȞĲαȚ απȩ ĲȠ İțȐıĲȠĲİ µȑĲȦπȠ Pareto. 

ȀȐșİ ĲȑțȞȠ İȟİĲȐȗİĲαȚ ıİ ıȤȑıȘ µİ Ĳα ȐĲȠµα ĲȠυ µİĲȫπȠυ Pareto. ǹȞ ĲȠ ĲȑțȞȠ țυȡȚαȡȤİȓ 

ȑȞαȞĲȚ µȓαȢ Ȓ πİȡȚııȩĲİȡȦȞ ȜȪıİȦȞ ĲȠυ µİĲȫπȠυ Pareto ĲȩĲİ İȞĲȐııİĲαȚ ıĲȠ µȑĲȦπȠ Pareto 

țαȚ ȠȚ ȜȪıİȚȢ πȠυ țυȡȚαȡȤȠȪȞĲαȚ απȩ ĲȘ Ȟȑα αυĲȒ ȜȪıȘ αφαȚȡȠȪȞĲαȚ απȩ ĲȠ µȑĲȦπȠ. ȈĲȘȞ 

πİȡȓπĲȦıȘ πȠυ țȐșİ ȜȪıȘ Pareto țυȡȚαȡȤİȓ ĲȘȢ υπȩ İȟȑĲαıȘ ȜȪıȘȢ ĲȩĲİ Ș ȜȪıȘ αυĲȒ įİȞ 

İȞĲȐııİĲαȚ ıĲȘ Ȟȑα ȖİȞİȐ. ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ Ș ȜȪıȘ αυĲȒ įİȞ țυȡȚαȡȤİȓĲαȚ απȩ ĲȠ µȑĲȦπȠ 

Pareto Ȓ įİȞ țυȡȚαȡȤİȓ ȑȞαȞĲȚ țȐπȠȚαȢ ȜȪıȘȢ ĲȠυ µİĲȫπȠυ, ĲȩĲİ Ș ȜȪıȘ αυĲȒ İȞĲȐııİĲαȚ ıĲȠ 

µȑĲȦπȠ Pareto İµπȜȠυĲȓȗȠȞĲαȢ ĲȠ µȑĲȦπȠ Pareto Ȓ µİ ĲȘȞ αȞĲȚțαĲȐıĲαıȘ ĲȘȢ πȜȑȠȞ țȠȞĲȚȞȒȢ 

ȜȪıȘȢ ȦȢ πȡȠȢ ĲȚȢ ĲȚµȑȢ ĲȦȞ αȞĲȚțİȚµİȞȚțȫȞ ıυȞαȡĲȒıİȦȞ. 

ȅȚ Coello țαȚ Pulido, [53], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȖȚα πȠȜυțȡȚĲȘȡȚαțȒ ȕİȜĲȚıĲȠπȠȓȘıȘ µİ 

ȤȡȒıȘ µȓαȢ παȡαȜȜαȖȒȢ ĲȠυ µΓǹ țαĲȐȜȜȘȜȘȢ ȖȚα πȠȜυțȡȚĲȘȡȚαțȐ πȡȠȕȜȒµαĲα. ȈĲȘ µȑșȠįȠ 

αυĲȒ İȚıȐȖȠȞĲαȚ ȠȚ ȑȞȞȠȚİȢ, ĲȘȢ µȞȒµȘȢ ĲȠυ πȜȘșυıµȠȪ πȠυ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȦȢ πȘȖȒ 

πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȘȢ İȟȦĲİȡȚțȒȢ µȞȒµȘȢ ıĲȘȞ ȠπȠȓα țαĲαȤȦȡȠȪȞĲαȚ Ĳα µȑȜȘ 

ĲȠυ µİĲȫπȠυ Pareto. Η µȞȒµȘ ĲȠυ πȜȘșυıµȠȪ ȤȦȡȓȗİĲαȚ ıİ įȪȠ υπȠțαĲȘȖȠȡȓİȢ ĲȘ ıĲαșİȡȒ 
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țαȚ µİĲαȕαȜȜȩµİȞȘ µȞȒµȘ. ȈĲȘȞ αȡȤȒ țȐșİ țȪțȜȠυ Ĳα ȐĲȠµα ĲȠυ πȜȘșυıµȠȪ İπȚȜȑȖȠȞĲαȚ 

απȩ ĲȘ µȞȒµȘ ĲȠυ πȜȘșυıµȠȪ µİ πȡȠțαșȠȡȚıµȑȞα πȠıȠıĲȐ αȞȐµİıα ıĲȘ ıĲαșİȡȒ țαȚ 

µİĲαȕαȜȜȩµİȞȘ µȞȒµȘ. ȈĲȠ ĲȑȜȠȢ țȐșİ țȪțȜȠυ įȪȠ ȜȪıİȚȢ ĲȠυ µİĲȫπȠυ Pareto ĲȠυ 

πȜȘșυıµȠȪ İȟİĲȐȗȠȞĲαȚ ıİ ıȤȑıȘ µİ Ĳα ȐĲȠµα ĲȘȢ İȟȦĲİȡȚțȒȢ µȞȒµȘȢ. ǹȞ Ĳα ȐĲȠµα αυĲȐ 

απȠĲİȜȠȪȞ ȜȪıİȚȢ µȘ țυȡȚαȡȤȠȪµİȞİȢ απȩ ĲȠ ıȪȞȠȜȠ ĲȦȞ αĲȩµȦȞ ĲȘȢ İȟȦĲİȡȚțȒȢ µȞȒµȘȢ, 

πȠυ µİ ĲȘ ıİȚȡȐ ĲȠυȢ ȠȡȓȗȠυȞ ȑȞα µȑĲȦπȠ Pareto, ȠȚ ȜȪıİȚȢ αυĲȑȢ İȞĲȐııȠȞĲαȚ ıĲȘȞ 

İȟȦĲİȡȚțȒ µȞȒµȘ țαȚ ȐĲȠµα ĲȠυ µİĲȫπȠυ Pareto ĲȘȢ µȞȒµȘȢ πȠυ țυȡȚαȡȤȠȪȞĲαȚ απȩ ĲȚȢ ȞȑȠ-

İȚıαȤșȑȞĲİȢ ȜȪıİȚȢ απȠȡȡȓπĲȠȞĲαȚ απȩ ĲȘ µȞȒµȘ αυĲȒ. ΕπȚπȡȩıșİĲα Ș µȑșȠįȠȢ İφαȡµȩȗİȚ 

ĲȡİȚȢ įȚαφȠȡİĲȚțȠȪȢ ĲȪπȠυȢ İȜȚĲȚıµȠȪ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ. Η 

µȑșȠįȠȢ İφαȡµȩıĲȘțİ µİ İπȚĲυȤȓα ȖȚα 5 παȡαįİȓȖµαĲα αȞαφȠȡȐȢ țαȚ Ș ıȪȖțȡȚıȘ ĲȘȢ µİ 

ȐȜȜİȢ µİșȩįȠυȢ πȠȜυțȡȚĲȘȡȚαțȒȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαĲȑįİȚȟİ ȩĲȚ Ș µȑșȠįȠȢ αȞαȖȞȦȡȓȗİȚ µİ 

İπȚĲυȤȓα ĲȠ µȑĲȦπȠ Pareto µİ µȚțȡȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ıİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ ȂȘ-

ȀυȡȚαȡȤȠȪµİȞȠυ ǹȞαįȚαĲαııȩµİȞȠυ Γǹ [61] (Non Dominated Sorting GA, NSGA) țαȚ ĲȘȢ 

ΕȟİȜȚțĲȚțȒȢ ȂİșȩįȠυ ǹπȠșȘțİυµȑȞȠυ Pareto [167] (Pareto Archived Evolution Strategy). 

2.7.9 ȈυȞİȟİȜȚțĲȚțȑȢ µȑșȠįȠȚ (Co-evolution methods) 

ǺαıȚțȩ ȤαȡαțĲȘȡȚıĲȚțȩ ĲȦȞ ıυȞİȟİȜȚțĲȚțȫȞ µİșȩįȦȞ İȓȞαȚ Ș ĲαυĲȩȤȡȠȞȘ İȟȑȜȚȟȘ 

πȜȘșυıµȫȞ πȠυ ȕȡȓıțȠȞĲαȚ ıİ αȞĲαȖȦȞȚıµȩ ȩπȠυ Ș İυȡȦıĲȓα İȞȩȢ αĲȩµȠυ țαșȠȡȓȗİĲαȚ απȩ 

ĲȘȞ ȚțαȞȩĲȘĲα ĲȠυ ıĲȠ Ȟα țυȡȚαȡȤİȓ İπȓ αĲȩµȦȞ ĲȠυ αȞĲȚπȐȜȠυ πȜȘșυıµȠȪ. ȅȚ αȜȖȩȡȚșµȠȚ 

αυĲȠȓ παȡȠυıȚȐȗȠυȞ µİȖȐȜȠ İȞįȚαφȑȡȠȞ țαȚ πȜȒșȠȢ παȡαȜȜαȖȫȞ, ıİ ıȤȑıȘ µİ ĲȠȞ ĲȡȩπȠ 

αȜȜȘȜİπȓįȡαıȘȢ ĲȦȞ πȜȘșυıµȫȞ, ĲȠȞ ȠȡȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ țαȚ ĲȘ µȑșȠįȠ İπȚȜȠȖȒȢ ĲȦȞ 

αĲȩµȦȞ ȖȚα ĲȘ įȚȐįȠıȘ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυȢ ıĲȚȢ İπȩµİȞİȢ ȖİȞİȑȢ, παȡȠυıȚȐȗȠȞĲαȚ ıĲȘ 

ȕȚȕȜȚȠȖȡαφȓα. ΩȢ ȈυµȕȓωıȘ (Symbiosis) ȠȡȓȗİĲαȚ Ș ıȤȑıȘ µİĲαȟȪ 2 Ȓ πİȡȚııȠĲȑȡȦȞ 

πȜȘșυıµȫȞ ȩπȠυ Ș İυȡȦıĲȓα ĲȠυ İȞȩȢ İπȘȡİȐȗİȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ ȐȜȜȠυ țαȚ ȦȢ ȈυµȕȚωĲȚțȒ 

ȈȪȞįİıȘ (Symbiotic Connection) ȠȡȓȗİĲαȚ Ș ıȤȑıȘ ǹ→Ǻ (ȩπȠυ Ƞ πȜȘșυıµȩȢ ǹ İπȘȡİȐȗİȚ ĲȠ 

πȜȘșυıµȩ Ǻ). Η ıȤȑıȘ αυĲȒ υπȐȡȤİȚ µȩȞȠȞ ȩĲαȞ Ș ȪπαȡȟȘ ĲȠυ ǹ İπȘȡİȐȗİȚ ĲȠ Ǻ. ȅȚ ȕαıȚțȑȢ 

µȠȡφȑȢ ıυȞİȟȑȜȚȟȘȢ ıȪµφȦȞα µİ ĲȠυȢ Morrison țαȚ Oppacher, [208], ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

• ȅ ǹ İπȘȡİȐȗİȚ șİĲȚțȐ ĲȠ Ǻ (A protagonizes B) A B
+→ . 

• ȅ ǹ İπȘȡİȐȗİȚ αȡȞȘĲȚțȐ ĲȠ Ǻ (A antagonizes B) A B
−→ . 

• ǹµİȞıαȜȚıµȩȢ µİĲαȟȪ ΦȠȡȑα (ǹ) țαȚ ∆ȑțĲȘ (Ǻ) (Amensalism between Host and Amensal) 

A B
−→  țαȚ Ǻ→ǹ. 
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• ȀȠµİȞıαȜȚıµȩȢ µİĲαȟȪ ΦȠȡȑα (ǹ) țαȚ ∆ȑțĲȘ (Ǻ) (Comensalism between Host and 

Amensal) A B
+→  țαȚ Ǻ→ǹ. 

• ǹȞĲαȖȦȞȚıµȩȢ (Competition) A B
−→  țαȚ B A

−→ . 

• ȈυȞİȡȖαıȓα (Mutualism) A B
+→  țαȚ B A

+→ . 

• ȈȤȑıȘ ΘȘȡİυĲȒ (ǹ)-ΘȘȡȐµαĲȠȢ (Ǻ) (Predation A Predator and B Prey) A B
−→  țαȚ B A

+→ . 

• ȆȡȠıαȡµȠȖȒ (Adaptism) A A
−→  țαȚ A A

+→ . 

ȅȚ Schlierkamp-Voosen țαȚ Mühlenbein, [253], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ȩπȠυ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ µİĲαȕȐȜȜİĲαȚ țαșȫȢ İȟİȜȓııİĲαȚ Ș įȚαįȚțαıȓα. Ȉİ 

πȡȠțαșȠȡȚıµȑȞİȢ ȤȡȠȞȚțȑȢ ıĲȚȖµȑȢ Ƞ πȜȘșυıµȩȢ πȠυ πİȡȚȑȤİȚ ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ 

αυȟȐȞİȚ ĲȠ µȑȖİșȠȢ ĲȠυ, µİ ĲαυĲȩȤȡȠȞȘ ȠµȠȚȩµȠȡφȘ µİȓȦıȘ ĲȠυ µİȖȑșȠυȢ ĲȦȞ υπȠȜȠȓπȦȞ 

πȜȘșυıµȫȞ. Ȉİ İȟȑȜȚȟȘ ĲȘȢ İȡȖαıȓαȢ αυĲȒȢ, ȠȚ Schlierkamp-Voosen țαȚ Mühlenbein, [254], 

παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȩπȠυ πȑȡα απȩ ĲȘȞ ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ 

ıυȞȐȡĲȘıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ İȟİĲȐȗİĲαȚ țαȚ Ș φȐıȘ ıĲȘȞ ȠπȠȓα ȕȡȓıțİĲαȚ 

Ƞ țȐșİ πȜȘșυıµȩȢ. Η απȩįȠıȘ ĲȠυ πȜȘșυıµȠȪ țαșȠȡȓȗİĲαȚ απȩ ĲȠ ȜȩȖȠ ĲȘȢ ȕİȜĲȓȦıȘȢ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ (∆fe) πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ πȠυ ȑȤȠυȞ İȟİĲαıșİȓ (Nsols) 

πȡȚµȠįȠĲȫȞĲαȢ ĲȠȞ πȜȘșυıµȩ µİ ĲȠȞ υȥȘȜȩĲİȡȠ ȜȩȖȠ ∆fe/Nsols. ΈȞα πİȡȚııȩĲİȡȠ πȠȜȪπȜȠțȠ 

ıȤȒµα ȖȚα ĲȘ µİĲαȕȠȜȒ ĲȠυ πȜȘșυıµȠȪ ıĲȘȞ πİȡȓπĲȦıȘ ıυȞİȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ 

παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Eiben et al., [76]. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȑȤȠυµİ πȑȡα απȩ 

αȞĲαȖȦȞȚıµȩ ĲȘȞ İµφȐȞȚıȘ ıυȞİȡȖαĲȚțȫȞ ıȤȑıİȦȞ µİ ĲȘ µİĲαȞȐıĲİυıȘ ĲȦȞ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȦȞ ȜȪıİȦȞ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ. 

O Horn, [150], αȞĲȚµİĲȦπȓȗİȚ ĲȠ πȡȩȕȜȘµα ĲȘȢ İȟİȚįȓțİυıȘȢ (niching) ĲȦȞ ȜȪıİȦȞ țαȚ ĲȠ 

țαĲȐ πȩıȠȞ ȠȚ ȜȪıİȚȢ αυĲȑȢ İπȘȡİȐȗȠυȞ ĲȠȞ ĲȡȩπȠ αȜȜȘȜİπȓįȡαıȘȢ ĲȦȞ ıυȞİȟİȜȚııȩµİȞȦȞ 

πȜȘșυıµȫȞ. ΕȚįȚțȩĲİȡα, İȟİĲȐȗİĲαȚ Ș πİȡȓπĲȦıȘ ĲȘȢ αȜȜȘȜȠțȐȜυȥȘȢ ĲȦȞ İȟİȚįȚțİυµȑȞȦȞ 

ȜȪıİȦȞ țαȚ ĲȠ țαĲȐ πȩıȠȞ İπȘȡİȐȗİȚ ĲȘ ȖİȞȚțȩĲİȡȘ ıυµπİȡȚφȠȡȐ ĲȠυ ıȤȒµαĲȠȢ ĲȘȢ 

ıυȞİȟȑȜȚȟȘȢ. ȈĲȚȢ πİȡȚπĲȫıİȚȢ µȚțȡȒȢ Ȓ țαȚ απȠυıȓαȢ αȜȜȘȜȠțȐȜυȥȘȢ ĲȦȞ İȟİȚįȚțİυµȑȞȦȞ 

ȜȪıİȦȞ Ș įȚαįȚțαıȓα ıυȞİȟȑȜȚȟȘȢ µİĲαĲȡȑπİĲαȚ ıİ ıυȞİȡȖαĲȚțȒ İȟȑȜȚȟȘ [208], İȞȫ ıĲȘȞ 

πİȡȓπĲȦıȘ πȠυ ȑȤȠυµİ µİȖȐȜȘ αȜȜȘȜȠțȐȜυȥȘ ĲȦȞ ȜȪıİȦȞ Ș İȟȑȜȚȟȘ ĲȦȞ πȜȘșυıµȫȞ 

παȡȠυıȚȐȗİȚ αȞĲαȖȦȞȚıµȩ µİ απȠĲȑȜİıµα µȩȞȠȞ ȑȞα µȚțȡȩ πȠıȠıĲȩ ĲȦȞ ȜȪıİȦȞ αυĲȫȞ Ȟα 
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İπȚȗİȓ µȑȤȡȚ ĲȠ ĲȑȜȠȢ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

ȅȚ Hong et al., [147], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȖȚα ĲȘȞ ĲαυĲȩȤȡȠȞȘ ıυȞİȟȑȜȚȟȘ ĲȠυ 

πȜȘșυıµȠȪ ĲȦȞ ȜȪıİȦȞ µİ Γǹ țαșȫȢ țαȚ ĲȦȞ ĲİȜİıĲȫȞ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ. 

Ȉİ țȐșİ ȖİȞİȐ ȖȚα țȐșİ ĲİȜİıĲȒ įȚαıĲαȪȡȦıȘȢ ȠȡȓȗİĲαȚ țαȚ ıυȖțİțȡȚµȑȞȘ πȚșαȞȩĲȘĲα 

İπȚȜȠȖȒȢ. ȈĲȠ ĲȑȜȠȢ ĲȘȢ įȚαįȚțαıȓαȢ įȚαıĲαȪȡȦıȘȢ Ș İυȡȦıĲȓα țȐșİ ĲİȜİıĲȒ İȟİĲȐȗİĲαȚ µİ 

ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ µȑıȘȢ ȕİȜĲȓȦıȘȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ αĲȩµȦȞ πȠυ įȘµȚȠυȡȖȒșȘțαȞ µİ ĲȘ 

ȤȡȒıȘ ĲȠυ ĲİȜİıĲȒ. OȚ ĲİȜİıĲȑȢ αυĲȠȓ, țαĲαĲȐııȠȞĲαȚ ıȪµφȦȞα µİ ĲȘȞ απȩįȠıȘ ĲȠυȢ țαȚ ȖȚα 

ȩıȠυȢ παȡαĲȘȡİȓĲαȚ απȩįȠıȘ µİȖαȜȪĲİȡȘ ĲȠυ µȑıȠυ ȩȡȠυ, Ș πȚșαȞȩĲȘĲα ȤȡȒıȘȢ ĲȠυȢ 

αυȟȐȞİĲαȚ țαĲȐ ıυȖțİțȡȚµȑȞȠ πȠıȠıĲȩ µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ ȤȡȒıȘȢ ĲȦȞ 

υπȠȜȠȓπȦȞ ĲİȜİıĲȫȞ. ȈĲȘ ıυȞȑȤİȚα, ȑȤȠυµİ ĲȘȞ İφαȡµȠȖȒ ĲȘȢ µİșȩįȠυ țαȚ ıĲȠυȢ ĲİȜİıĲȑȢ 

µİĲȐȜȜαȟȘȢ. ȂİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ İȓȞαȚ Ș αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ İφȩıȠȞ 

ȠȚ įȚαįȚțαıȓİȢ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ įȚαȤȦȡȓȗȠȞĲαȚ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

İȟİĲαȗȩµİȞȦȞ ȜȪıİȦȞ αȞȐ ȖİȞİȐ αυȟȐȞİĲαȚ αȞȐȜȠȖα ĲȠυ πȜȒșȠυȢ ĲȦȞ İπȚπȜȑȠȞ ȜȪıİȦȞ πȠυ 

πȡȑπİȚ Ȟα İȟİĲαıșȠȪȞ ȜȩȖȦ ĲȘȢ µİĲȐȜȜαȟȘȢ. 

ȅ Jensen, [161], ȤȡȘıȚµȠπȠȚİȓ ĲȘ șİȦȡȓα ĲȘȢ ıυȞİȟȑȜȚȟȘȢ ıİ πȡȩȕȜȘµα αȞȐπĲυȟȘȢ 

ıĲȡαĲȘȖȚțȫȞ ȖȚα πȡȠȖȡαµµαĲȚıµȩ İȡȖαıȚȫȞ ȩπȠυ απαȚĲİȓĲαȚ υȥȘȜȒ İυİȜȚȟȓα. Η ıυȞİȟȑȜȚȟȘ 

įȪȠ πȜȘșυıµȫȞ țαșȠȡȓȗİĲαȚ ȦȢ µȓα αµİȞıαȜȚıĲȚțȒ ıȤȑıȘ µİĲαȟȪ ĲȠυ πȜȘșυıµȠȪ µİ Ĳα 

ȐĲȠµα πȠυ πİȡȚȜαµȕȐȞȠυȞ ĲȚȢ İȞαȜȜαțĲȚțȑȢ ıĲȡαĲȘȖȚțȑȢ İȡȖαıȓαȢ țαȚ țαĲαȞȠµȒȢ ȤȡȩȞȠυ (B) 

țαȚ ĲȠυ πȜȘșυıµȠȪ (ǹ) πȠυ πİȡȚȑȤİȚ Ĳα ıİȞȐȡȚα țαĲαıĲȡȠφȒȢ Ȓ ȑțĲαțĲȘȢ αȞȐȖțȘȢ. Η 

İυȡȦıĲȓα µȓαȢ πȚșαȞȒȢ ȜȪıȘȢ, ȠȡȓȗİĲαȚ ȦȢ Ș ȚțαȞȩĲȘĲα ĲȘȢ ıĲȡαĲȘȖȚțȒȢ Bi Ȟα πȡȠıαȡµȩȗİĲαȚ 

ıİ įȚαφȠȡİĲȚțȠȪȢ φȩȡĲȠυȢ İȡȖαıȚȫȞ Ai Ȓ Ȟα αȞĲȚµİĲȦπȓȗİȚ İπȚĲυȤȫȢ țαĲαıĲȐıİȚȢ αȞȐȖțȘȢ ǹj. 

Η πȡȠıαȡµȠıĲȚțȩĲȘĲα ĲȘȢ ȜȪıȘȢ, İȟİĲȐȗİȚ ĲȘȞ ȚțαȞȩĲȘĲα ĲȘȢ İțȐıĲȠĲİ ıĲȡαĲȘȖȚțȒȢ Ȟα µȘȞ 

παȡȠυıȚȐȗİȚ țαșυıĲİȡȒıİȚȢ ıĲȘȞ İțĲȑȜİıȘ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ πȡȠȖȡȐµµαĲȠȢ, ȖȚα ȩıȠȞ ĲȠ 

įυȞαĲȩȞ µİȖαȜȪĲİȡȠ αȡȚșµȩ πȚșαȞȫȞ ıİȞαȡȓȦȞ țαĲαıĲȡȠφȒȢ. 

ȅȚ Fujimoto, țαȚ Shimohara, [99], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ȕαıȓȗİĲαȚ 

ıĲȘȞ Țįȑα ĲȦȞ αȜȖȠȡȓșµȦȞ ȑµȕȚȠ-İȟȑȜȚȟȘȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȚαφȠȡİĲȚțȠȓ πȜȘșυıµȠȓ 

αȞĲαȖȦȞȓȗȠȞĲαȚ ıİ ȑȞα ĲİȤȞȘĲȩ πİȡȚȕȐȜȜȠȞ µİ ıĲȩȤȠ ĲȘȞ İπȚțȡȐĲȘıȘ ĲȠυȢ. ȉα ȕαıȚțȐ 

ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ µİșȩįȠυ ȕȚȠİȟȑȜȚȟȘȢ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ İȟȒȢ [99]: 

• ȅ πȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ «șȞȘĲȑȢ» ȜȪıİȚȢ țαȚ Ș įȚȐȡțİȚα ȗȦȒȢ ĲȠυȢ İȓȞαȚ ıυȞȐȡĲȘıȘ 

ĲȘȢ ȚțαȞȩĲȘĲαȢ πȡȠıαȡµȠȖȒȢ ĲȠυȢ ıĲȠ µİĲαȕαȜȜȩµİȞȠ πİȡȚȕȐȜȜȠȞ [237], [238]. 

• Η ȚțαȞȩĲȘĲα πȡȠıαȡµȠȖȒȢ İȞȩȢ αĲȩµȠυ İȓȞαȚ Ȑµİıα ıυȞįİįİµȑȞȘ µİ ĲȘȞ πȠıȩĲȘĲα ĲȦȞ 
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πȩȡȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ İπȚȕȓȦıȘ ĲȠυȢ. ΆĲȠµα πȠυ ȑȤȠυȞ µȚțȡȑȢ απαȚĲȒıİȚȢ ȖȚα Ȟα 

παȡαµİȓȞȠυȞ ıĲȘ ȗȦȒ İȓȞαȚ įυȞαĲȩ Ȟα πȠȜȜαπȜαıȚαıĲȠȪȞ πȚȠ İȪțȠȜα ıİ ȑȞα πİȡȚȕȐȜȜȠȞ 

µİ πİȡȚȠȡȚıµȑȞȠυȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ [238], [239], [240]. 

• ȃȑα µȑȜȘ ȖİȞȞȚȠȪȞĲαȚ µİ ĲȘȞ αµȠȚȕαȓα İȞαȜȜαȖȒ ȖİȞİĲȚțȒȢ πȜȘȡȠφȠȡȓαȢ țαȚ ĲȘȞ ĲυȤαȓα 

παȡȠυıȓα µİĲαȜȜȐȟİȦȞ (ȜȐșȘ țαĲȐ ĲȘ įȚαįȚțαıȓα αȞĲȚȖȡαφȒȢ) [237], [239], [240]. 

• ȉȠ πİȡȚȕȐȜȜȠȞ πȡȠıφȑȡİȚ µȓα ıυȖțİțȡȚµȑȞȘ πȠıȩĲȘĲα πȩȡȦȞ ȖȚα ĲȘȞ İπȚȕȓȦıȘ țαȚ ĲȠȞ 

πȠȜȜαπȜαıȚαıµȩ ĲȦȞ πȜȘșυıµȫȞ. ΌıȠ ȠȚ απαȚĲȒıİȚȢ ıİ ĲȡȠφȒ αυȟȐȞȠȞĲαȚ țαȚ 

πȜȘıȚȐȗȠυȞ ĲȘ ıυȞȠȜȚțȒ ȚțαȞȩĲȘĲα ĲȡȠφȠįȠıȓαȢ Ș µȑıȘ ȘȜȚțȓα ĲȦȞ αĲȩµȦȞ țȐșİ 

πȜȘșυıµȠȪ µİȚȫȞİĲαȚ. Η µİȓȦıȘ αυĲȒ İȓȞαȚ αȞȐȜȠȖȘ ĲȘȢ İυαȚıșȘıȓαȢ πȠυ παȡȠυıȚȐȗİȚ Ƞ 

țȐșİ πȜȘșυıµȩȢ ıİ ıυȞșȒțİȢ πİȡȚȠȡȚıµȑȞȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ [237], [239]. 

• ȂȑıȦ ĲȘȢ µİȓȦıȘȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ İȓȞαȚ įυȞαĲȒ Ș αȪȟȘıȘ ĲȘȢ πȓİıȘȢ ıĲȠ ıȪȞȠȜȠ 

ĲȦȞ πȜȘșυıµȫȞ µİ απȫĲİȡȠ ıĲȩȤȠ ĲȘȞ İπȚȕȓȦıȘ ĲȦȞ ȠµȐįȦȞ µİ υȥȘȜȩĲİȡȘ 

πȡȠıαȡµȠıĲȚțȩĲȘĲα. 

ȅȚ Rhyne țαȚ Smith, [244], αȞĲȚµİĲȦπȓȗȠυȞ ĲȠ πȡȩȕȜȘµα ĲȘȢ αȞȐπĲυȟȘȢ İȪȡȦıĲȦȞ țαȚ 

İυȑȜȚțĲȦȞ ıĲȡαĲȘȖȚțȫȞ ıİ πȡȠȕȜȒµαĲα αȞĲȚπαȡȐșİıȘȢ πȜȘșυıµȫȞ İȞȫ ȠȚ Noble țαȚ 

Watson, [214], παȡȠυıȚȐȗȠυȞ ıυȞİȟİȜȚțĲȚțȑȢ µİșȩįȠυȢ ȖȚα πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȒȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȈĲȩȤȠȢ ĲȘȢ µİșȩįȠυ İȓȞαȚ Ș țαĲȐıĲȡȦıȘ ĲȠυ µȘĲȡȫȠυ απȩįȠıȘȢ ĲȦȞ 

ıĲȡαĲȘȖȚțȫȞ țαȚ ıĲȘ ıυȞȑȤİȚα Ș İȟαȖȦȖȒ ĲȠυ µİĲȫπȠυ ĲȦȞ ȕȑȜĲȚıĲȦȞ ȜȪıİȦȞ țαĲȐ Pareto. 

ΕφȩıȠȞ Ș įİȚȖµαĲȠȜȘȥȓα αυĲȒ İȓȞαȚ αµİȡȩȜȘπĲȘ Ƞ πȜȘșυıµȩȢ αυĲȩȢ µπȠȡİȓ Ȟα șİȦȡȘșİȓ ȦȢ 

ȑȞαȢ țαȜȩȢ αȡȤȚțȩȢ πȜȘșυıµȩȢ ȜȪıİȦȞ İȞȩȢ Γǹ. Η įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıĲȠȤİȪİȚ 

ıĲȘȞ αȞαȞȑȦıȘ ĲȠυ µİĲȫπȠυ Pareto µİ παȡȐȜȜȘȜȘ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ αĲȩµȦȞ ĲȠυ. 

ȅȚ Rosin țαȚ Belew, [245], įȓȞȠυȞ ȚįȚαȓĲİȡȘ ıȘµαıȓα ıĲȠȞ ĲȡȩπȠ ȠȡȚıµȠȪ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ 

αĲȩµȦȞ İȞȩȢ πȜȘșυıµȠȪ İφȩıȠȞ Ș įȚαįȚțαıȓα αυĲȒ İπȘȡİȐȗİȚ Ȑµİıα ĲȘ ıυȤȞȩĲȘĲα İπȚȜȠȖȒȢ 

țȐșİ αĲȩµȠυ. ΩȢ įȚαµȠȚȡαıµȑȞȘ İυȡȦıĲȓα (shared fitness) ȠȡȓȗİĲαȚ Ƞ įİȓțĲȘȢ İυȡȦıĲȓαȢ țȐșİ 

ıİȞαȡȓȠυ πȠυ πȑȡα απȩ ĲȘ ıȤİĲȚțȒ ȚțαȞȩĲȘĲα ĲȠυ ıİȞαȡȓȠυ αυĲȠȪ Ȟα αȞĲȚµİĲȦπȓȗİȚ įȚȐφȠȡİȢ 

απİȚȜȑȢ İȟαȡĲȐĲαȚ țαȚ απȩ ĲȠ πȠȓİȢ ıĲȡαĲȘȖȚțȑȢ αȞĲȚµİĲȦπȓȗİȚ µİ İπȚĲυȤȓα. ȈİȞȐȡȚα Ĳα ȠπȠȓα 

υπȠțȪπĲȠυȞ ıİ ȜȓȖİȢ ıĲȡαĲȘȖȚțȑȢ ȑȤȠυȞ µİȖαȜȪĲİȡȘ İυȡȦıĲȓα απȩ ıİȞȐȡȚα Ĳα ȠπȠȓα İȓȞαȚ 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ İȪțȠȜα. ȈİȞȐȡȚα πȠυ αȞĲȚµİĲȦπȓȗȠυȞ µİ İπȚĲυȤȓα ıĲȡαĲȘȖȚțȑȢ µİ µİȖȐȜȠ 

įİȓțĲȘ įυıțȠȜȓαȢ αµİȓȕȠȞĲαȚ αȞĲȓıĲȠȚȤα. Η İυȡȦıĲȓα µȓαȢ ıĲȡαĲȘȖȚțȒȢ įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ: 
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ȩπȠυ Fi İȓȞαȚ Ș İυȡȦıĲȓα ĲȘȢ i ıĲȡαĲȘȖȚțȒȢ, fj İȓȞαȚ Ș αȟȓα ĲȠυ ıİȞαȡȓȠυ πȠυ αȞĲȚµİĲȦπȓȗİĲαȚ 

İπȚĲυȤȫȢ απȩ ĲȘ ıĲȡαĲȘȖȚțȒ, Ni İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ıİȞαȡȓȦȞ πȠυ αȞĲȚµİĲȦπȓȗȠȞĲαȚ µİ 

İπȚĲυȤȓα απȩ ĲȘȞ υπȩ İȟȑĲαıȘ ıĲȡαĲȘȖȚțȒ țαȚ Nj İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ıĲȡαĲȘȖȚțȫȞ πȠυ 

αȞĲȚµİĲȦπȓȗȠυȞ µİ İπȚĲυȤȓα ĲȠ υπȩ İȟȑĲαıȘ ıİȞȐȡȚȠ. Η πȡȠıĲȚșȑµİȞȘ İυȡȦıĲȓα ȖȚα µȓα 

ıĲȡαĲȘȖȚțȒ απȩ ĲȘȞ İπȚĲυȤȒ țαĲȐȜȘȟȘ ȑȞαȞĲȚ İȞȩȢ ıİȞαȡȓȠυ ȠȡȓȗİĲαȚ ıĲȠ įȚȐıĲȘµα [1/ȃ, 1] 

αȞȐȜȠȖα µİ ĲȘ įυıțȠȜȓα πȠυ ȑȤİȚ Ƞ πȜȘșυıµȩȢ ĲȦȞ ıĲȡαĲȘȖȚțȫȞ Ȟα țİȡįȓıİȚ ĲȠ 

ıυȖțİțȡȚµȑȞȠ ıİȞȐȡȚȠ. Ȉİ πİȡȓπĲȦıȘ πȠυ ĲȠ ıİȞȐȡȚȠ παȡȠυıȚȐȗİȚ υȥȘȜȒ įυıțȠȜȓα Ș αȟȓα 

ĲȠυ İȓȞαȚ πȜȘıȓȠȞ ĲȘȢ µȠȞȐįαȢ İȞȫ ıİ αȞĲȓșİĲȘ πİȡȓπĲȦıȘ Ș αȟȓα ĲȠυ İȓȞαȚ πİȡȓπȠυ ȓıȘ µİ 

ĲȠȞ αȞĲȓıĲȡȠφȠ ĲȠυ πȜȒșȠȢ ĲȦȞ ıĲȡαĲȘȖȚțȫȞ πȠυ İȟİȜȓııȠȞĲαȚ. Ȃİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȠȡĲȓȠυ țȐșİ ıĲȡαĲȘȖȚțȒ įİȞ İȜȑȖȤİĲαȚ ȑȞαȞĲȚ ĲȠυ ıυȞȩȜȠυ ĲȦȞ ıİȞαȡȓȦȞ 

αȜȜȐ İȞαȞĲȓȠȞ ĲȦȞ πİȡȚııȠĲȑȡȦȞ įȪıțȠȜȦȞ ıİȞαȡȓȦȞ (αυĲȫȞ πȠυ Ș ıȤİĲȚțȒ αȟȓα İȓȞαȚ 

πȜȘıȓȠȞ ĲȘȢ µȠȞȐįαȢ Ȓ ĲȦȞ ıİȞαȡȓȦȞ πȠυ παȡȠυıȚȐȗȠυȞ ĲȠȞ υȥȘȜȩĲİȡȠ įİȓțĲȘ fi). ȈĲȩȤȠȢ 

ĲȘȢ įȚαįȚțαıȓαȢ αυĲȒȢ İȓȞαȚ Ș İıĲȓαıȘ ĲȘȢ ıυȞİȟİȜȚțĲȚțȒȢ µİșȩįȠυ ıĲȘȞ παȡαȖȦȖȒ 

ıĲȡαĲȘȖȚțȫȞ πȠυ µπȠȡȠȪȞ Ȟα υπİȡțİȡȐıȠυȞ Ĳα įȪıțȠȜα ıİȞȐȡȚα. 

Ȉİ İȟȑȜȚȟȘ ĲȘȢ İȡȖαıȓαȢ αυĲȒȢ, ȠȚ Rosin țαȚ Belew, [246], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ πȠυ 

ıĲȘȡȓȗİĲαȚ ıĲȚȢ ȑȞȞȠȚİȢ ĲȘȢ įȚαµȠȚȡαıµȑȞȘȢ İυȡȦıĲȓαȢ țαȚ įİȚȖµαĲȠȜȘȥȓαȢ, ȩπȠυ İȚıȐȖİĲαȚ Ș 

ȜȠȖȚțȒ ĲȠυ ıυȞȩȜȠυ ĲȦȞ πİȡȚııȩĲİȡȠ İπȚĲυȤȘµȑȞȦȞ ȜȪıİȦȞ (Hall of Fame). ȅ ȤȫȡȠȢ αυĲȩȢ 

απȠĲİȜİȓ ĲȠ ıȪȞȠȜȠ ıĲȠ ȠπȠȓȠ įȚαĲȘȡİȓĲαȚ ıυȖțİțȡȚµȑȞȠ πȜȒșȠȢ İπȚĲυȤȘµȑȞȦȞ ıİȞαȡȓȦȞ απȩ 

ĲȚȢ πȡȠȘȖȠȪµİȞİȢ ȖİȞȚȑȢ. Η ĲαțĲȚțȒ αυĲȒ İȓȞαȚ ıυȞαφȒȢ µİ ĲȘȞ ĲİȤȞȚțȒ ĲȠυ İȜȚĲȚıµȠȪ αȜȜȐ µİ 

ĲȘȞ υȚȠșȑĲȘıȘ ĲȠυ ıυȞȩȜȠυ αυĲȠȪ Ĳα πİȡȚııȩĲİȡȠ İȪȡȦıĲα ıİȞȐȡȚα įİȞ țαĲαȡȖȠȪȞĲαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ απȩȡȡȚȥȘȢ ĲȠυȢ απȩ ĲȘ µȞȒµȘ ĲȠυ αȜȖȠȡȓșµȠυ. ȈĲȩȤȠȢ ĲȘȢ υȚȠșȑĲȘıȘȢ ĲȘȢ 

ĲαțĲȚțȒȢ αυĲȒȢ İȓȞαȚ Ș απȠφυȖȒ ĲȠυ φαȚȞȩµİȞȠυ ĲȘȢ țυțȜȚțȒȢ İȞαȜȜαȖȒȢ ıĲȡαĲȘȖȚțȫȞ țαȚ 

ıİȞαȡȓȦȞ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ țυțȜȚțȒȢ İȞαȜȜαȖȒȢ παȡȠυıȚȐȗİĲαȚ ĲȠ φαȚȞȩµİȞȠ υπȠıȪȞȠȜȠ 

ĲȦȞ ıĲȡαĲȘȖȚțȫȞ Ab Ȟα παȡȠυıȚȐȗİȚ υȥȘȜȒ ȚțαȞȩĲȘĲα αȞĲȚµİĲȫπȚıȘȢ υπȠıυȞȩȜȠυ ıİȞαȡȓȦȞ 

Bb. Η İȟȑȜȚȟȘ ĲȦȞ ıİȞαȡȓȦȞ ȠįȘȖİȓ ıĲȘ įȘµȚȠυȡȖȓα İȞȩȢ υπȠıυȞȩȜȠυ Ba πȠυ țυȡȚαȡȤİȓ ȑȞαȞĲȚ 

ĲȦȞ ıĲȡαĲȘȖȚțȫȞ Ab țαȚ İȟαȞαȖțȐȗİȚ ĲȠȞ αȜȖȩȡȚșµȠ ıİ įȘµȚȠυȡȖȓα ıĲȡαĲȘȖȚțȫȞ Aa πȠυ 

țυȡȚαȡȤİȓ ȑȞαȞĲȚ ĲȦȞ ıİȞαȡȓȦȞ Ba αȜȜȐ ĲαυĲȩȤȡȠȞα İȓȞαȚ İυȐȜȦĲα ıĲα ıİȞȐȡȚα ĲȠυ 

υπȠıυȞȩȜȠυ Ba. Η İȟȑȜȚȟȘ ĲȠυ υπȠıȪȞȠȜȠ ıİȞαȡȓȦȞ Ba ıİ ıİȞȐȡȚα Bb µİ ĲαυĲȩȤȡȠȞȘ 

µİĲȐπĲȦıȘ ıĲȠ υπȠıȪȞȠȜȠ ıĲȡαĲȘȖȚțȫȞ Ab įȘµȚȠυȡȖİȓ ĲȠ țȜİȚıĲȩ ȕȡȩȖȤȠ: 

 
...

b b a b

a a b a b b

A B B A

A B B A A B

→ >> → >> →  >> → >> → >> → 
…
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.80 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș µȑșȠįȠȢ παȖȚįİȪİĲαȚ µİ απȠĲȑȜİıµα ĲȘ įȚαțȠπȒ ĲȘȢ İȟȑȜȚȟȘȢ ĲȦȞ 

αȞĲȚµαȤȩµİȞȦȞ πȜȘșυıµȫȞ țαȚ ĲȠȞ İȖțȜȦȕȚıµȩ ĲȠυȢ ıĲȠȞ πȡȠαȞαφİȡșȑȞĲα ȕȡȩȖȤȠ. Η 

ȑȞĲαȟȘ ȩµȦȢ ĲȠυ ıυȞȩȜȠυ ĲȦȞ πİȡȚııȩĲİȡȠ İπȚĲυȤȘµȑȞȦȞ ȜȪıİȦȞ ȖȚα Ĳα įȚȐφȠȡα ıİȞȐȡȚα 

ȠįȘȖİȓ ıİ įȚȐıπαıȘ ĲȠυ ȕȡȩȖȤȠυ αυĲȠȪ țαșȫȢ: 

 
...

b b a b

b a b

a a b a c b

A B B A
B B B

A B B A A B

→ >> → >> →  ′ = ∪ ′ ′>> → >> → >> → 
…

 (2.129) 

2.7.10 ΕȟİȜȚțĲȚțȑȢ ȈĲȡαĲȘȖȚțȑȢ ΕȈ (Evolution Strategies) 

2.7.10.1 ΕȚıαȖωȖȒ 

ȅȚ İȟİȜȚțĲȚțȑȢ ıĲȡαĲȘȖȚțȑȢ (ΕȈ) [74], [131], [270], [256], [269] αȞαπĲȪȤșȘțαȞ ıĲα µȑıα ĲȘȢ 

įİțαİĲȓαȢ ĲȠυ 60 απȩ ĲȠυȢ Rechenberg [241] țαȚ Schwefel [258] παȡȐȜȜȘȜα µİ ĲȠυȢ Γǹ. Η 

φυıȚțȒ İπȚȜȠȖȒ țαȚ Ș İπȚȕȓȦıȘ Ȓ µαțȡȠȘµȑȡİυıȘ ĲȠυ įυȞαĲȩĲİȡȠυ, ȩπȦȢ țαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȦȞ Γǹ, απȠĲİȜİȓ ĲȘ ȕαıȚțȒ Țįȑα ĲȦȞ ıĲȡαĲȘȖȚțȫȞ αυĲȫȞ [7], [23], [24], [256], 

[270]. Η įȚαφȠȡȐ µİĲαȟȪ ΕȈ țαȚ Γǹ ȑȖțİȚĲαȚ ıĲȠ ȖİȖȠȞȩȢ Ș țȚȞȘĲȒȡȚα įȪȞαµȘ ĲȦȞ ΕȈ İȓȞαȚ Ș 

πȡȠıαȡµȠȖȒ ĲȠυ πȜȘșυıµȠȪ ıĲȠ πİȡȚȕȐȜȜȠȞ ȩĲαȞ ȖȚα ĲȠυȢ Γǹ ȕαıȚțȩȢ παȡȐȖȦȞ İȓȞαȚ Ș 

ȖȑȞȞȘıȘ ȞȑȦȞ ȜȪıİȦȞ µȑıȦ ĲȘȢ įȚαıĲαȪȡȦıȘȢ ĲȦȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ. 

ΕπȚıțȩπȘıȘ ĲȠυ șİȦȡȘĲȚțȠȪ υπȠȕȐșȡȠυ ĲȦȞ İȟİȜȚțĲȚțȫȞ ıĲȡαĲȘȖȚțȫȞ ıİ πȡȠȕȜȒµαĲα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠ Tanskanen [278]. 

ȂİĲαȟȪ ĲȦȞ Γǹ țαȚ ΕȈ παȡαĲȘȡȠȪȞĲαȚ įȚαφȠȡȑȢ ıĲȠȞ ĲȡȩπȠ țȦįȚțȠπȠȓȘıȘȢ ĲȦȞ 

µİĲαȕȜȘĲȫȞ (įυαįȚțȒ µȠȡφȒ ıĲȘȞ țȜαııȚțȒ µȠȡφȒ ĲȠυ Γǹ ıυȞİȤİȓȢ µ.ı ıĲȚȢ ΕȈ) ıĲȠȞ ĲȡȩπȠ 

µİ ĲȠȞ ȠπȠȓȠ ȑȤȠυµİ ĲȘȞ İπȚȜȠȖȒ ȖȚα įȚαıĲαȪȡȦıȘ ıĲȚȢ İțĲİĲαµȑȞİȢ ΕȈ (πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ 

αȞȐȜȠȖȘ ĲȘȢ İυȡȦıĲȓαȢ ıĲȠυȢ Γǹ, țαĲȐ ȞĲİĲİȡµȚȞȚıĲȚțȩ ĲȡȩπȠ ıĲȚȢ ΕȈ) țαȚ ıĲȘȞ İȟȑȜȚȟȘ ĲȦȞ 

αĲȩµȦȞ țȐșİ πȜȘșυıµȠȪ (ȞĲİĲİȡµȚȞȚıĲȚțȐ ıĲȠυȢ Γǹ µİ αȞĲȚțαĲȐıĲαıȘ ĲȦȞ ȖȠȞȑȦȞ απȩ Ĳα 

ĲȑțȞα, ıȪµφȦȞα µİ ĲȘȞ İυȡȦıĲȓα ĲȦȞ ĲȑțȞȦȞ µİ ĲȘȞ αȞĲȚțαĲȐıĲαıȘ ĲȦȞ ȜȚȖȩĲİȡȠ İȪȡȦıĲȦȞ 

ȜȪıİȦȞ ıĲȚȢ ΕȈ). ȈĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ țȜαııȚțȫȞ Γǹ Ƞ αȡȚșµȩȢ ĲȦȞ ĲȑțȞȦȞ ȚıȠȪȞĲαȚ µİ ĲȠȞ 

αȡȚșµȩ ĲȦȞ ȖȠȞȑȦȞ țαȚ Ș ȗȦȒ țȐșİ ȜȪıȘȢ İȓȞαȚ ȓıȘ µİ µȓα ȖİȞİȐ įȘȜαįȒ Ș Ȟȑα ȖİȞİȐ 

αȞĲȚțαșȚıĲȐ πȜȒȡȦȢ ĲȘȞ παȜαȚȐ. ȈĲȚȢ ΕȈ αȞȐȜȠȖα µİ ĲȘ ıĲȡαĲȘȖȚțȒ πȠυ İπȚȜȑȖİĲαȚ Ƞ 

αȡȚșµȩȢ ĲȦȞ ĲȑțȞȦȞ İȓȞαȚ įȚαφȠȡİĲȚțȩȢ απȩ ĲȠȞ αȡȚșµȩ ĲȦȞ ȖȠȞȑȦȞ țαȚ Ș įȚȐȡțİȚα ȗȦȒȢ µȓαȢ 

ȜȪıȘȢ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ ȜȪıȘȢ αυĲȒȢ. ȈĲȚȢ ΕȈ Ș πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ, 

țαșȫȢ țαȚ Ș ıĲȡαĲȘȖȚțȒ įȚαıĲαȪȡȦıȘȢ απȠĲİȜȠȪȞ țȠµµȐĲȚ ĲȘȢ ȖȠȞȚįȚαțȒȢ πȜȘȡȠφȠȡȓαȢ țȐșİ 

αĲȩµȠυ țαȚ υπȩțİȚȞĲαȚ ıĲȚȢ įȚαįȚțαıȓİȢ ĲȘȢ İȟȑȜȚȟȘȢ ıİ αȞĲȓșİıȘ µİ ĲȠυȢ Γǹ ȩπȠυ ȠȚ 

ĲİȜİıĲȑȢ αυĲȠȓ İπȚȜȑȖȠȞĲαȚ țαĲȐ ĲȘȞ αȡȤȚțȒ φȐıȘ ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ παȡαµȑȞȠυȞ 

αȞαȜȜȠȓȦĲȠȚ µȑȤȡȚ ĲȠ πȑȡαȢ ĲȘȢ įȚαįȚțαıȓαȢ. Η πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ ıĲȚȢ ΕȈ İȟαȡĲȐĲαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.81 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ȑµİıα απȩ ĲȘȞ İȟİȜȚțĲȚțȒ įȚαįȚțαıȓα. ǹȞȐȜȠȖα µİ ĲȘ ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ƞ ĲİȜİıĲȒȢ ĲȘȢ 

µİĲȐȜȜαȟȘȢ ȕİȜĲȚȫȞİȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ αĲȩµȠυ ȑȤȠυµİ αȪȟȘıȘ Ȓ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

µİĲȐȜȜαȟȘȢ ȫıĲİ Ȟα įȚαĲȘȡȘșİȓ Ƞ ȜȩȖȠȢ 1/5 (µȓα µİĲȐȜȜαȟȘ πȠυ ȠįȘȖİȓ ıİ ȕİȜĲȓȦıȘ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȘȢ ȜȪıȘȢ πȡȠȢ 5 µİĲαȜȜȐȟİȚȢ) πȠυ șİȦȡİȓĲαȚ țαȚ Ș ĲȚµȒ Ș ȠπȠȓα πȡȠıįȓįİȚ ıĲȚȢ 

ΕȈ țαȚ ĲȘ µİȖαȜȪĲİȡȘ įυȞαĲȒ İυȡȦıĲȓα [251], [252], [241], [278]. ȈĲȠυȢ Γǹ Ș ȕȑȜĲȚıĲȘ 

ıĲαĲȚțȒ πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ İȓȞαȚ ȓıȘ µİ ĲȠ 1/L ȩπȠυ L İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ [209], įȘȜαįȒ, Ș ȕȑȜĲȚıĲȘ πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ ıĲȚȢ ΕȈ İȟαȡĲȐĲαȚ απȩ ĲȘ 

ıυµπİȡȚφȠȡȐ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȦȢ πȡȠȢ ĲȘȞ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ, ȩĲαȞ ȖȚα ĲȠυȢ Γǹ 

İȟαȡĲȐĲαȚ απȩ ĲȘȞ πȠȜυπȜȠțȩĲȘĲα απİȚțȩȞȚıȘȢ ĲȘȢ ȜȪıȘȢ. 

2.7.10.2 ȅȡȚıµȩȢ ȆȡȠȕȜȒµαĲȠȢ 

ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ ΕȈ ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ( )min minfind : nf f∈ ≤ ∀ ∈ ⊆x S x S Rx x  (2.130) 

ȩπȠυ f(x) İȓȞαȚ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ΓȚα ĲȘ ıυȞȐȡĲȘıȘ αυĲȒ πȡȑπİȚ 

Ȟα ȚıȤȪİȚ ȩĲȚ: 

 ( )f−∞ < < +∞ ∀ ∈x Sx  (2.131) 

ȈĲȘȞ πİȡȓπĲȦıȘ πȠυ ĲȠ πȡȩȕȜȘµα υπȩțİȚȞĲαȚ ıİ n ĲȠ πȜȒșȠȢ πİȡȚȠȡȚıµȠȪȢ Ș ıȤȑıȘ (2.130) 

µπȠȡİȓ Ȟα Ȗȡαφİȓ ȦȢ: 

 

( ) ( ) ( ) ( )[ ]
( ) ( )[ ] ( ) ( )

( )[ ]

min min min

1 1

αȞȚıȠĲȚțȠȢ ȚıȠĲȚțȠȢ
min

1

find :

0 0 0

0
0 αȜȜȠυ

n n
n

i

i i

n i i

i
i

f T g f T g

g g

T g T g
T g

= =

=

∈ + ≤ + ∀ ∈ ⊆  
≤ ∧ == =    >

∑ ∑
∑

x S x S Rx x x x

x x
x x

x

 (2.132) 

ȩπȠυ T[g(x)] İȓȞαȚ Ș ıυȞȐȡĲȘıȘ İπαȪȟȘıȘȢ ĲȘȢ ĲȚµȒȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȜȩȖȦ 

παȡαȕȓαıȘȢ ĲȦȞ πİȡȚȠȡȚıµȫȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ. 

2.7.10.3 ǺαıȚțȒ ΕȟİȜȚțĲȚțȒ ȈĲȡαĲȘȖȚțȒ 

ȈȪµφȦȞα µİ ĲȠυȢ Back țαȚ Schwefel [8] Ĳα ȕȒµαĲα ĲȘȢ µİșȩįȠυ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ: 

ǺȒµα 1: ȆαȡαȖȦȖȒ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ απȠĲİȜȠȪµİȞȠ απȩ µ ȐĲȠµα. ȀȐșİ ȐĲȠµȠ 

ȠȡȓȗİĲαȚ ȦȢ { }{ }; 1,...,;i prob

i ij ES ij µη = ∈∈x x SS , ȩπȠυ xi İȓȞαȚ Ƞ ıȤİįȚαıµȩȢ ıĲȠ πİįȓȠ 

ĲȦȞ ȜȪıİȦȞ S țαȚ Și
j İȓȞαȚ ĲȠ j įȚȐȞυıµα ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ ĲİȜİıĲȫȞ ĲȠυ ΕȈ ȖȚα ĲȠ i 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.82 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȐĲȠµȠ πȠυ αȞȒțİȚ ıĲȠ ıȪȞȠȜȠ prob

ESS  ĲȦȞ πȚșαȞȫȞ ıυȞįυαıµȫȞ ĲȦȞ παȡαµȑĲȡȦȞ αυĲȫȞ. 

ǺȒµα 2: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ ȜȪıȘȢ µȑıȦ ĲȘȢ ıȤȑıȘȢ (2.132). ȅȡȚıµȩȢ m=1. 

ǺȒµα 3: ȆαȡαȖȦȖȒ Ȝ απȠȖȩȞȠυȢ απȩ µ ȖȠȞİȓȢ. Η İπȚȜȠȖȒ ĲȦȞ µ αĲȩµȦȞ ȖȓȞİĲαȚ țαĲȐ ĲυȤαȓȠ 

ĲȡȩπȠ ȠπȩĲİ ȖȚα țȐșİ ȐĲȠµȠ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ ȑȤȠυµİ Ȝ/µ țαĲȐ µȑıȠ ȩȡȠ απȠȖȩȞȠυȢ. 

Η j µ.ı (j=1,…,n) ĲȠυ απȠȖȩȞȠυ k (k=1,…,Ȝ) ĲȦȞ įȚαȞυıµȐĲȦȞ x țαȚ Ș πȠυ πȡȠȑȡȤİĲαȚ απȩ 

ĲȠȞ i ȖȠȞȑα ȠȡȓȗİĲαȚ ȦȢ: 

 
( )

( ) ( )
0,1 1 1

exp 0,1 0,1 22

j j j

k i i

j j j

k i

x x N

N N nn

η τ τη η τ τ
= + ⋅ ′= =′= ⋅  ⋅ + ⋅   (2.133) 

ǺȒµα 4: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ απȠȖȩȞȦȞ { }{ }; 1,...,;k prob

k j ES kj λη =∈x S . 

ǺȒµα 5: ΓȚα (µ,Ȝ) ΕȈ, αȞαįȚȐĲαȟȘ ĲȦȞ Ȝ απȠȖȩȞȦȞ țαĲȐ αȪȟȠυıα ıİȚȡȐ ıİ ıȤȑıȘ µİ ĲȘȞ 

αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ İπȚȜȠȖȒ ĲȦȞ µ țαȜȪĲİȡȦȞ απȠȖȩȞȦȞ απȩ ĲȠȞ πȜȒșȠȢ ĲȦȞ Ȝ 

ĲȑțȞȦȞ ȦȢ ȖȠȞİȓȢ ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ. ΓȚα (µ+Ȝ) ΕȈ αȞαįȚȐĲαȟȘ ĲȦȞ µ+Ȝ απȠȖȩȞȦȞ țαȚ 

ȖȠȞȑȦȞ țαĲȐ αȪȟȠυıα ıİȚȡȐ ıİ ıȤȑıȘ µİ ĲȘȞ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ țαȚ İπȚȜȠȖȒ ĲȦȞ µ 

țαȜȪĲİȡȦȞ ȦȢ ȖȠȞİȓȢ ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ. 

ǺȒµα 6: ΈȜİȖȤȠȢ țȡȚĲȘȡȓȦȞ ĲİȡµαĲȚıµȠȪ įȚαįȚțαıȓαȢ. ȈĲȘȞ πİȡȓπĲȦıȘ µȘ ıȪȖțȜȚıȘȢ 

m=m+1 țαȚ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 3. 

Η ΕȈ ȤȡȘıȚµȠπȠȚȒșȘțαȞ ȖȚα πȡȫĲȘ φȠȡȐ απȩ ĲȠυȢ Rechenberg țαȚ Schwefel ıİ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȡȠφȓȜ πĲȑȡυȖαȢ αİȡȠıțȐφȠυȢ [241], [257]. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ Ĳ țαȚ 

τ ′  ĲȘȢ ıȤȑıȘȢ (2.133) πȡȠĲİȓȞȠȞĲαȚ απȩ ĲȠυȢ Schwefel [257] țαȚ Back [6]. Ȃİ ĲȘȞ ȑȞĲαȟȘ 

ıĲȘȞ ΕȈ ĲȠυ ĲİȜİıĲȒ įȚαıĲαȪȡȦıȘȢ ȡ ȖȠȞȑȦȞ Ș ıȤȑıȘ (2.133) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 
( )

( )
( ) ( )

( ) ( )
1 11 1 1

exp 0,1 0,10,1

0,1 exp 0,1 0,1

j jj j
ij j

k kj j j j

N Nx N
x

x N N Nρ ρ ρ ρ ρ ρ

η τ τη ηη η τ τ
 ′⋅ ⊕ ⋅ + ⋅ + ⋅ ⊕     = =   ⊕ + ⋅ ′ ⊕ ⋅ ⋅ + ⋅       

""

" "
 (2.134) 

ȩπȠυ ⊕  İȓȞαȚ Ƞ ĲİȜİıĲȒȢ İπαȞαıυȞįυαıµȠȪ. Η ıȤȑıȘ (2.133) İȟİȜȓııİȚ ĲαυĲȩȤȡȠȞα țαȚ ĲȠ 

įȚȐȞυıµα ĲȦȞ ĲȚµȫȞ x αȜȜȐ țαȚ ĲȠ įȚȐȞυıµα ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ Ș. 

ȅȚ Gehlaar țαȚ Fogel [102], πȡȠĲİȓȞȠυȞ ȩĲȚ Ș ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (2.134) ȦȢ: 

 
( ) ( )

( ) ( )
( )

( )
1 1 1 1 1

exp ˆ0,1 0,1 0,1
ˆ

ˆ 0,1exp 0,1 0,1

j j j j
ij j

k k j jj j

N N x N
x

x NN N ρ ρ ρρ ρ ρ

η τ τ ηη ηη τ τ
 ′⋅ ⊕ ⋅ + ⋅  + ⋅ ⊕    = =   ⊕ + ⋅′ ⊕ ⋅ ⋅ + ⋅       

" "

""
 (2.135) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.83 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ Ș αȞαȞȑȦıȘ ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ 

πȡαȖµαĲȠπȠȚİȓĲαȚ πȡȚȞ ĲȘ įȘµȚȠυȡȖȓα ȞȑȦȞ ȜȪıİȦȞ İȓȞαȚ įυȞαĲȩ Ȟα ȠįȘȖȒıİȚ ıİ ȕİȜĲȓȦıȘ 

ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ ȖȚα ȠȡȚıµȑȞİȢ țαĲȘȖȠȡȓİȢ πȡȠȕȜȘµȐĲȦȞ. 

2.7.10.4 ȈĲȡαĲȘȖȚțȑȢ ΕπαȞαıυȞįυαıµȠȪ ĲωȞ ΕȈ 

ȅȚ Eiben, țαȚ Back [73], İȟİĲȐȗȠυȞ ĲȡİȚȢ µİșȩįȠυȢ İπαȞαıυȞįυαıµȠȪ țαĲȐȜȜȘȜα 

ĲȡȠπȠπȠȚȘµȑȞİȢ ȖȚα πȡȠȕȜȒµαĲα ΕȈ ȩπȠυ απȩ πȜȒșȠȢ ȖȠȞȑȦȞ παȡȐȖİĲαȚ ȑȞα ĲȑțȞȠ. 

Η 1
Ș
 παȡαȜȜαȖȒ İȓȞαȚ Ș µȑșȠįȠȢ ĲȠυ ıυȞįυαıµȠȪ įȚαµȑıȠυ ȡ ȖȠȞȑȦȞ, ȩπȠυ ĲȠ ( ),k kx Ș  

įȓįİĲαȚ ȦȢ [22]: 

 ( ) ( ) ( ){ }1 1 1

1 1

1 1
exp0,1 0,1 0,1

j jj j j j
k k m m m

m m

x x N N N
ρ ρηη η τ τρ ρ= =

    = = ′+ ⋅ ⋅  ⋅ + ⋅          ∑ ∑  (2.136) 

Η 2
Ș
 παȡαȜȜαȖȒ İȓȞαȚ Ș µȑșȠįȠȢ ĲȠυ ȠµȠȚȠµȩȡφȠυ ĲυχαȓȠυ ıυȞįυαıµȠȪ ȡ ȖȠȞȑȦȞ, ȩπȠυ ĲȠ 

(xk,Șk) įȓįİĲαȚ ȦȢ [74]: 

 ( ){ } ( ) ( ){ }
1,..., 1,...,

exp0,1 0,1 0,1
j j jj j j

k k mm m i m m
m m

x random randomx N N Nµ µη ηη τ τ= = ′= = ⋅  + ⋅ ⋅ + ⋅   (2.137) 

ȩπȠυ random{} İȓȞαȚ Ș ĲυȤαȓα İπȚȜȠȖȒ İȞȩȢ İț ĲȦȞ µ ȖȠȞȑȦȞ. Η πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ αȞȐ µ.ı 

İȓȞαȚ ȓıȘ µİ 1/µ. Η ıȤȑıȘ (2.137) µπȠȡİȓ Ȟα ĲȡȠπȠπȠȚȘșİȓ țαĲȐȜȜȘȜα ȫıĲİ Ȟα ȜαµȕȐȞİĲαȚ 

υπȩȥȘ Ș İυȡȦıĲȓα țȐșİ ȖȠȞȑα ȩπȦȢ țαȚ ıĲȠυȢ Γǹ. 

Η 3
Ș
 παȡαȜȜαȖȒ İȓȞαȚ Ș µȑșȠįȠȢ ĲȠυ įȚαȖȫȞȚȠυ İπαȞαıυȞįυαıµȠȪ (∆ȚȐȖ. 2.22). ΓȚα Ĳα 

įȚαȞȪıµαĲα ĲȦȞ µ.ı, țαȚ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ İȟİȜȚțĲȚțȒȢ įȚαįȚțαıȓαȢ ĲȦȞ ȡ ȖȠȞȑȦȞ 

İπȚȜȑȖȠȞĲαȚ ȡ-1 ıȘµİȓα įȚαıĲαȪȡȦıȘȢ. ȅ απȩȖȠȞȠȢ įȓįİĲαȚ ȦȢ [73]: 

 [ ][ ] [ ]
1 2 3

1 1 1 1

4 5

2 2 1

6

3 3

7 8 9 10 11

4 4 4 4 4 4

64 5 7 8 9 10 111 2 3
32 1 4 4 4 4 41 1 1new

x x x x

x x x

x x

x x x x x x

x xx x x x x x xx x x

= ∝   Șx  (2.138) 

ȩπȠυ [[.]] İȓȞαȚ Ƞ ĲİȜİıĲȒȢ įȚαıĲαȪȡȦıȘȢ. ȉȠ ( ),k kx Ș  ĲȠυ απȠȖȩȞȠυ įȓįİĲαȚ ȦȢ [73]: 

 ( ) ( ) ( ){ }exp0,1 0,1 0,1ix x N N Nηη η τ τ  ′ = =+ ⋅ ⋅ ⋅ + ⋅            (2.139) 

ȅȚ ĲȡİȚȢ αυĲȠȓ ĲİȜİıĲȑȢ İπαȞαıυȞįυαıµȠȪ İȓȞαȚ įυȞαĲȩȞ Ȟα İφαȡµȠıĲȠȪȞ πȡȚȞ ĲȘ µİĲαȕȠȜȒ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.84 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ İπȚµȑȡȠυȢ įȚαȞυıµȐĲȦȞ µȑıȦ ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ Ȓ țαȚ µȩȞȠȞ ıĲȠ įȚȐȞυıµα 

ĲȦȞ µİĲαȕȜȘĲȫȞ ıυȞįυαıµȠȪ. ȅȚ Eiben țαȚ Back [73], İȟİĲȐȗȠυȞ ĲȠȞ ĲȡȩπȠ µİ ĲȠȞ ȠπȠȓȠȞ 

İπȚįȡȠȪȞ ȠȚ 3 αυĲȑȢ µȑșȠįȠȚ įȚαıĲαȪȡȦıȘȢ (İπαȞαıυȞįυαıµȠȪ) ıĲȘ ȖİȞȚțȩĲİȡȘ İυȡȦıĲȓα 

ĲȠυ ΕȈ ȖȚα πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ αȞαφȠȡȐȢ. ΕȞȫ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ µİ ȑȞα 

αțȡȩĲαĲȠ Ș αȪȟȘıȘ ĲȘȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ ĲİȜİıĲȒ ĲȠυ İπαȞαıυȞįυαıµȠȪ ȠįȘȖİȓ ıİ 

ȕİȜĲȓȦıȘ ĲȘȢ απȩįȠıȘȢ (ıυȞȐȡĲȘıȘ ıφαȓȡαȢ (Sphere model) țαȚ ıυȞȐȡĲȘıȘ įȚπȜȠȪ 

αșȡȠȓıµαĲȠȢ ĲȠυ Schwefel) µİ πȠȜȪ țαȜȐ απȠĲȑȜİıµα ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ıυȞįυαıµȠȪ 

įȚαµȑıȠυ įİȞ παȡαĲȘȡİȓĲαȚ țȐĲȚ αȞĲȓıĲȠȚȤȠ ıĲȚȢ υπȩȜȠȚπİȢ ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ πȠȜȜȫȞ 

αțȡȩĲαĲȦȞ µİ İȟαȓȡİıȘ ĲȚȢ ıυȞαȡĲȒıİȚȢ ĲȠυ Rastrigin țαȚ Fletcher-Powell. 

 

∆ȚȐȖ. 2.22: ȉİȜİıĲȒȢ ∆ȚαıĲαȪȡȦıȘȢ µ ȖȠȞȑȦȞ (įȚαȖȫȞȚα įȚαıĲαȪȡȦıȘ) ıİ ΕȈ. 

2.7.10.5 ȆαȡαȜȜαȖȑȢ ΕȟİȜȚțĲȚțȫȞ ȈĲȡαĲȘȖȚțȫȞ 

ȆİȡȚııȩĲİȡα ıĲȠȚȤİȓα ıİ ıȤȑıȘ µİ ĲȚȢ ȠµȠȚȩĲȘĲİȢ țαȚ įȚαφȠȡȑȢ ĲȦȞ ΕȈ απȩ ĲȠυȢ Γǹ 

παȡαĲȓșİȞĲαȚ απȩ ĲȠυȢ Schütz et al., [256], țαȚ ĲȠȞ Spears, [270]. ȈĲȘ ȕȚȕȜȚȠȖȡαφȓα 

παȡȠυıȚȐȗİĲαȚ πȜȒșȠȢ İȡȖαıȚȫȞ [21] [74], [131], [269], [300] πȠυ ıυȞįυȐȗȠυȞ 

ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ ΕȈ µİ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ Γǹ ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ αȞȐπĲυȟȘ µİșȩįȦȞ µİ 

υȥȘȜȒ İυȡȦıĲȓα ȖȚα ȠȡȚıµȑȞİȢ țȜȐıİȚȢ πȡȠȕȜȘµȐĲȦȞ Ȓ ȤȡȘıȚµȠπȠȚȠȪȞ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ 

ΕȈ ȖȚα ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ Γǹ ȩπȦȢ Ș țȦįȚțȠπȠȓȘıȘ ĲȦȞ µ.ı ȦȢ ıυȞİȤİȓȢ µ.ı 

[21], Ș İȚıαȖȦȖȒ ıĲȠ ȤȡȦµȩıȦµα țȐșİ αĲȩµȠυ ıĲȠȚȤİȓȦȞ πȠυ αφȠȡȠȪȞ ĲȠȞ ĲȡȩπȠ 

įȚαıĲαȪȡȦıȘȢ țαȚ ĲȘȞ πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ ț.α. 

ȅ Schwefel [257] țαȚ Back [6], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȦȞ țȜαııȚțȫȞ ΕȈ ȩπȠυ πȑȡα 

ĲȦȞ µ.ı, țαȚ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ µİĲȐȜȜαȟȘȢ İȞĲȐııİĲαȚ ıİ țȐșİ ȜȪıȘ țαȚ Ƞ 

µİĲαıȤȘµαĲȚıµȩȢ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ µȑıȦ πİȡȚıĲȡȠφȒȢ, ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ αȪȟȘıȘ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș ıȤȑıȘ (2.133) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 
( ) ( ) ( )

( )( )
exp 0,10,1 0,1

0, ,

j j j j jj

k i k i

j j j

k i i k

NN N

x x N κ

η η α α βτ τ
η

′= ⋅ = + ⋅ ⋅ + ⋅ 
= + ⋅ C Ș α

 (2.140) 

ȩπȠυ ȕ=0.0873 [257], [6] țαȚ țȐșİ ȜȪıȘ įȓįİĲαȚ ȦȢ {xk;αk;Șk}. Η ıȤȑıȘ (2.140) įȓįİȚ ĲȘ 

ΓȠȞİȓȢ ȉȑțȞȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.85 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įυȞαĲȩĲȘĲα ıĲȚȢ ΕȈ Ȟα αȞĲȚµİĲȦπȓȗȠυȞ İπȚĲυȤȫȢ πȡȠȕȜȒµαĲα ȩπȠυ ȠȚ µ.ı, įİȞ İȓȞαȚ 

αȞİȟȐȡĲȘĲİȢ µİĲαȟȪ ĲȠυȢ įȘȜαįȒ Ș ıυȞȐȡĲȘıȘ įİȞ αȞȒțİȚ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ 

įȚαȤȦȡȚȗȩµİȞȦȞ µ.ı. Ȃȓα ıυȞȐȡĲȘıȘ f(x) ȠȡȓȗİĲαȚ ȦȢ įȚαȤȦȡȚȗȩµİȞȦȞ µ.ı ȩĲαȞ: 

 ( ) ( ) { }1

1

, ,
n

i i n

i

f f x x x
=

= =∑ xx …  (2.141) 

O Salomon [250], µİȜİĲȐ ĲȘȞ απȩįȠıȘ ĲȦȞ ΕȈ ȩπȠυ Ș İȟȑȜȚȟȘ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȦȞ 

ĲİȜİıĲȫȞ πȡαȖµαĲȠπȠȚİȓĲαȚ µȑıȦ ĲȘȢ ıȤȑıȘȢ (2.140) ȖȚα πȜȒșȠȢ ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ 

ıĲȘȞ πİȡȓπĲȦıȘ πİȡȚıĲȡȠφȒȢ ĲȘȢ ȕȐıȘȢ ĲȦȞ µ.ı, țαȚ ĲȘ ıυȖțȡȓȞİȚ µİ ĲȠȞ bGA (breeder-GA) 

[210], [211]. ȅ bGA [210], [211] ıĲȘȡȓȗİĲαȚ ıĲȘȞ İπȚȜȠȖȒ υπȠıυȞȩȜȠυ ĲȠυ πȜȘșυıµȠȪ πȠυ 

πİȡȚȑȤİȚ Ĳα πİȡȚııȩĲİȡȠ İȪȡȦıĲα ȐĲȠµα țαȚ ĲȘ įȚαıĲαȪȡȦıȘ ĲȠυȢ ȖȚα ĲȘ įȘµȚȠυȡȖȓα ĲȠυ 

ȞȑȠυ πȜȘșυıµȠȪ ȩπȠυ ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ İπȚȜȑȖİĲαȚ πȐȞĲα ȦȢ ȑȞαȢ İț ĲȦȞ įȪȠ 

ȖȠȞȑȦȞ ȖȚα ĲȘ įȘµȚȠυȡȖȓα ĲȘȢ ȞȑαȢ ȖİȞȚȐȢ αĲȩµȦȞ. Η ΕȈ İπȘȡİȐȗİĲαȚ İȜȐȤȚıĲα απȩ ĲȘȞ πȜȑȟȘ 

ĲȦȞ µ.ı ıİ αȞĲȓșİıȘ µİ ĲȠȞ bGA πȠυ παȡȠυıȚȐȗİȚ µİȖȐȜȘ İυαȚıșȘıȓα ȦȢ πȡȠȢ ĲȘȞ 

πİȡȚıĲȡȠφȒ ĲȠυ įȚαȞȪıµαĲȠȢ ȕȐıȘȢ. Η ıυµπİȡȚφȠȡȐ αυĲȒ ĲȠυ bGA, απȠįȓįİĲαȚ ıĲȘ µȘ ȚıȤȪ 

ĲȦȞ ȕαıȚțȫȞ παȡαįȠȤȫȞ ĲȦȞ Γǹ ȩπȦȢ: 

• Ș παȡαįȠȤȒ ĲȠυ αșȡȠȚıĲȚțȠȪ φαȚȞȩµİȞȠυ ĲȦȞ İπȚµȑȡȠυȢ ıȤȘµȐĲȦȞ ıĲȘȞ İυȡȦıĲȓα ĲȘȢ 

ȜȪıȘȢ, 

• Ș παȡαįȠȤȒ ȩĲȚ Ș įȚαįȚțαıȓα įȚαıĲαȪȡȦıȘȢ απȠĲİȜİȓ ĲȠ πȚȠ ıȘµαȞĲȚțȩ ĲİȜİıĲȒ ıĲȘȞ 

İȟȑȜȚȟȘ ĲȦȞ ȜȪıİȦȞ µȑıȦ ĲȦȞ Γǹ, 

• Ș παȡαįȠȤȒ ȩĲȚ Ș ȕȑȜĲȚıĲȘ πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ İȓȞαȚ ȓıȘ µİ 1/L ȩπȠυ L İȓȞαȚ ĲȠ µȒțȠȢ 

ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. 

ȅȚ Yao țαȚ Liu, [297], παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȠυ ΕȈ ȩπȠυ o ĲİȜİıĲȒȢ ĲȘȢ 

µİĲȐȜȜαȟȘȢ ĲȘȢ ıȤȑıȘȢ (2.133) ȤȡȘıȚµȠπȠȚİȓ ĲȘȞ țαĲαȞȠµȒ Cauchy ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ 

ȞȑȠυ įȚαȞȪıµαĲȠȢ. Η ıȤȑıȘ (2.133) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) ( )exp 0,1 0,1
j j j j j j

k i i j k ix x N Nη δ η η τ τ′= + ⋅ = ⋅  ⋅ + ⋅   (2.142) 

ȩπȠυ įj İȓȞαȚ Ș ĲυȤαȓα ĲȚµȒ ĲȘȢ j µ.ı, πȠυ αțȠȜȠυșİȓ țαĲαȞȠµȒ Cauchy. Η ȈȆȆ țαȚ Ș ǹȈȆ 

ĲȘȢ țαĲαȞȠµȒȢ Cauchy įȓįȠȞĲαȚ ȦȢ: 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.86 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Η µȠȡφȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ Cauchy İȓȞαȚ παȡȩµȠȚα ĲȘȢ ıυȞȐȡĲȘıȘȢ Gauss µİ ĲȘ įȚαφȠȡȐ ȩĲȚ Ș 

įȚαıπȠȡȐ ĲȘȢ ıυȞȐȡĲȘıȘȢ Cauchy įİȞ İȓȞαȚ πİπİȡαıµȑȞȘ. ȈĲȩȤȠȢ ĲȘȢ ĲȡȠπȠπȠȓȘıȘȢ αυĲȒȢ 

İȓȞαȚ Ș µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ İȖțȜȦȕȚıµȠȪ ıĲȘ ȖİȚĲȠȞȚȐ µȓαȢ µȘ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ țαșȫȢ Ș 

țαĲαȞȠµȒ Cauchy παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ įȚαıπȠȡȐ ĲȚµȫȞ. Η αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ 

ȖȚα 23 ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ țαĲαįİȚțȞȪİȚ ȩĲȚ ȠȚ ΕȈ πȠυ υπȩțİȚȞĲαȚ ıİ µİĲȐȜȜαȟȘ țαĲȐ 

Cauchy İπȚĲυȖȤȐȞȠυȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα ıİ πȠȜυµȠȡφȚțȐ πȡȠȕȜȒµαĲα. 

ȅ Whitley [291], παȡȠυıȚȐȗİȚ παȡαȜȜαȖȒ ĲȦȞ ΕȈ ĲȠυȢ παȡȐȜȜȘȜȠυȢ İȟİȜȚțĲȚțȠȪȢ 

αȜȖȩȡȚșµȠυȢ. ΧαȡαțĲȘȡȚıĲȚțȩ ĲȦȞ İȟİȜȚțĲȚțȫȞ αȜȖȠȡȓșµȦȞ İȓȞαȚ Ș įȘµȚȠυȡȖȓα İȞȩȢ 

µİĲαπȜȘșυıµȠȪ απȠĲİȜȠȪµİȞȠ απȩ πȜȘșυıµȠȪȢ πȠυ İȟİȜȓııȠȞĲαȚ αȞİȟȐȡĲȘĲα (ıİ 

απȠµȩȞȦıȘ). ǹȞȐ ĲαțĲȐ ȤȡȠȞȚțȐ įȚαıĲȒµαĲα Ș απȠµȩȞȦıȘ αυĲȒ įȚαțȩπĲİĲαȚ İπȚĲȡȑπȠȞĲαȢ 

ıĲα πİȡȚııȩĲİȡȠ İȪȡȦıĲα ȐĲȠµα ĲȦȞ πȜȘșυıµȫȞ αυĲȫȞ Ȟα µİĲαȞαıĲİȪȠυȞ ıİ ȖİȚĲȠȞȚțȠȪȢ 

πȜȘșυıµȠȪȢ. ȈĲȩȤȠȢ ĲȘȢ įȚαįȚțαıȓαȢ αυĲȒȢ İȓȞαȚ Ș αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ 

İφȩıȠȞ ĲȠ įȚαφȠȡİĲȚțȩ ȖİȞİĲȚțȩ υȜȚțȩ țȐșİ πȜȘșυıµȠȪ țαȚ Ƞ ıĲȠȤαıĲȚțȩȢ ȤαȡαțĲȒȡαȢ ĲȘȢ 

µİșȩįȠυ İȟαıφαȜȓȗȠυȞ ȩĲȚ țȐșİ πȜȘșυıµȩȢ șα αțȠȜȠυșȒıİȚ įȚαφȠȡİĲȚțȒ İȟİȜȚțĲȚțȒ πȠȡİȓα 

țαȚ Ș αȞĲαȜȜαȖȒ µȑȡȠυȢ ĲȠυ πȜȘșυıµȠȪ µİ ȐĲȠµα ȐȜȜȠυ πȜȘșυıµȠȪ İȟαıφαȜȓȗİȚ ĲȘ 

µİĲαφȠȡȐ ȖȞȫıȘȢ αυȟȐȞȠȞĲαȢ ĲαυĲȩȤȡȠȞα țαȚ ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȠυ. Η αȪȟȘıȘ ĲȘȢ 

πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ ȕİȜĲȚȫȞİȚ ĲȘȞ ȚțαȞȩĲȘĲα İȡİυȞȐȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ ĲȠυ 

πȜȘșυıµȠȪ. ȆȡȩıșİĲİȢ παȡȐµİĲȡȠȚ ĲȘȢ ĲȡȠπȠπȠȓȘıȘȢ αυĲȒȢ ĲȦȞ ΕȈ, İȓȞαȚ ĲȠ πȠıȠıĲȩ ĲȠυ 

πȜȘșυıµȠȪ πȠυ µİĲαȞαıĲİȪİȚ țαȚ Ș ıυȤȞȩĲȘĲα µİĲαȞȐıĲİυıȘȢ. ǿįȚαȓĲİȡȘ µȑȡȚµȞα 

ȜαµȕȐȞİĲαȚ ȦȢ πȡȠȢ ĲȘȞ İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ αυĲȫȞ, țαșȫȢ Ș µİĲαȞȐıĲİυıȘ ȖİȞİĲȚțȠȪ 

υȜȚțȠȪ µİ ıυȤȞȩĲȘĲα υȥȘȜȩĲİȡȘ µȓαȢ ĲȚµȒȢ țαĲȦφȜȓȠυ πȡȠțαȜİȓ ȠµȠȖİȞȠπȠȓȘıȘ ĲȦȞ 

πȜȘșυıµȫȞ µİ απȠĲȑȜİıµα ĲȘ µİĲȐπĲȦıȘ ĲȠυȢ ıİ πȡȩȕȜȘµα ΕȈ İȞȩȢ πȜȘșυıµȠȪ µİȖȑșȠυȢ 

ȓıȠυ µİ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ, İȞȫ ıİ αȞĲȓșİĲȘ πİȡȓπĲȦıȘ αυȟȐȞİĲαȚ Ș 

πȚșαȞȩĲȘĲα πȡȩȦȡȘȢ ıȪȖțȜȚıȘȢ ĲȦȞ İπȚµȑȡȠυȢ πȜȘșυıµȫȞ µİ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ. ȉȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ µİĲαȞαıĲİȪȠυȞ πȡȑπİȚ Ȟα İπȚȜİȖİȓ µİ 

πȡȠıȠȤȒ țαșȫȢ µİȖȐȜİȢ ĲȚµȑȢ İȓȞαȚ įυȞαĲȩȞ Ȟα ȠįȘȖȒıȠυȞ ıİ ȠµȠȖİȞȠπȠȓȘıȘ ĲȦȞ İπȚµȑȡȠυȢ 

πȜȘșυıµȫȞ İȞȫ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ İπȚȜİȖİȓ πȠυ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ µİĲαȞαıĲİȪȠυȞ 

İȓȞαȚ µȚțȡȩ Ș İπȚȡȡȠȒ ĲȠυȢ ıĲȘȞ İȟȑȜȚȟȘ ĲȠυ İțȐıĲȠĲİ πȜȘșυıµȠȪ İȓȞαȚ αµİȜȘĲȑα. 

ȅȚ Hrstka et al., [153], ıυȖțȡȓȞȠυȞ įȚȐφȠȡİȢ ΕȈ ȩπȦȢ Ș µȑșȠįȠȢ ∆ȚαφȠȡȚțȒȢ ΕȟȑȜȚȟȘȢ 

(Differential Evolution) [273], Ș απȜȠπȠȚȘµȑȞȘ αĲαȕȚıĲȚțȒ µȑșȠįȠ ∆ȚαφȠȡȚțȒȢ ΕȟȑȜȚȟȘȢ 

[152], µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ αțİȡαȓȦȞ µ.ı [199] țαȚ ĲȘȞ 

İπαυȟȘµȑȞȘ µȑșȠįȠ πȡȠıȠµȠȚȦµȑȞȘȢ αȞȩπĲȘıȘȢ ıυȞİȤȫȞ µ.ı, [201]. ȈĲȘ ıυȞȑȤİȚα, ȠȚ 

Kucerováa et al., [176], İφαȡµȩȗȠυȞ ĲȘȞ απȜȠπȠȚȘµȑȞȘ αĲαȕȚıĲȚțȒ µȑșȠįȠ įȚαφȠȡȚțȒȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.87 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȟȑȜȚȟȘȢ ıİ ıυȞįυαıµȩ µİ ĲȘ µȑșȠįȠ πİπİȡαıµȑȞȦȞ ıĲȠȚȤİȓȦȞ ıİ πȡȩȕȜȘµα πȡȠıαȡµȠȖȒȢ 

παȡαµȑĲȡȦȞ ıİ πȡȠıȠµȠȓȦµα µȚțȡȩ-İπȚπȑįȦȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ µȘȤαȞȚțȫȞ ıĲαșİȡȫȞ 

ĲȠυ ıțυȡȠįȑµαĲȠȢ. 

2.7.11 ΜȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα µİ įȚαțȡȚĲȫȞ 
µİĲαȕȜȘĲȫȞ ıχİįȚαıµȠȪ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ αȞαȜυĲȚțȑȢ µȑșȠįȠȚ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα įȚαțȡȚĲȫȞ µ.ı. ȅȚ µȑșȠįȠȚ αυĲȑȢ παȡȠυıȚȐȗȠυȞ 

πİȡȚȠȡȚıµȑȞȘ ȤȡȘıĲȚțȩĲȘĲα µİ ĲȘȞ İȟȐπȜȦıȘ ĲȦȞ Γǹ țαȚ ĲȦȞ παȡαȜȜαȖȫȞ αυĲȠȪ 

παȡȠυıȚȐȗȠυȞ πİȡȚȠȡȚıµȑȞȘ İφαȡµȠȖȒ. 

2.7.11.1 ΜȑșȠįȠȢ įυȞαµȚțȒȢ ıĲȡȠȖȖυȜȠπȠȓȘıȘȢ - (Dynamic rounding off) 

ǿįȚαȓĲİȡα įȘµȠφȚȜȒȢ µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα πȡȠȕȜȒµαĲα µİ įȚαțȡȚĲȑȢ µ.ı µȑȤȡȚ ĲȚȢ 

αȡȤȑȢ ĲȘȢ įİțαİĲȓαȢ ĲȠυ 90 İȓȞαȚ Ș µȑșȠįȠȢ įυȞαµȚțȒȢ ıĲȡȠȖȖυȜȠπȠȓȘıȘȢ µİ ĲȘȞ İπȓȜυıȘ ĲȠυ 

αȞĲȓıĲȠȚȤȠυ ıυȞİȤȠȪȢ πȡȠȕȜȒµαĲȠȢ. ȅȚ ȕȑȜĲȚıĲİȢ ĲȚµȑȢ ĲȠυ αȞĲȓıĲȠȚȤȠυ įȚαțȡȚĲȠȪ 

πȡȠȕȜȒµαĲȠȢ įȓįȠȞĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ: 

 
!

mincont disc

i ix x =−  (2.144) 

ΩȢ µİȚȠȞİțĲȒµαĲα ĲȘȢ µİșȩįȠυ αȞαφȑȡȠȞĲαȚ ȩĲȚ αφİȞȩȢ įİȞ İȟαıφαȜȓȗİĲαȚ ȩĲȚ ĲȠ ıȘµİȓȠ πȠυ 

ȕȡȓıțİĲαȚ ȦȢ ȕȑȜĲȚıĲȠ απȩ ĲȘȞ İπȓȜυıȘ ĲȠυ ıυȞİȤȠȪȢ πȡȠȕȜȒµαĲȠȢ İȓȞαȚ țαȚ ĲȠ πȡαȖµαĲȚțȩ 

ȕȑȜĲȚıĲȠ ĲȠυ įȚαțȡȚĲȠȪ πȡȠȕȜȒµαĲȠȢ țαȚ αφİĲȑȡȠυ įİȞ İȟαıφαȜȓȗİĲαȚ ȩĲȚ ĲȠ ıȘµİȓȠ αυĲȩ 

απȠĲİȜİȓ țαȚ απȠįİțĲȒ ȜȪıȘ ĲȠυ υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ. 

ȆαȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ıĲȡȠȖȖυȜȠπȠȓȘıȘȢ [40], [41] İȓȞαȚ Ș µȑșȠįȠȢ įυȞαµȚțȒȢ 

ıĲȡȠȖȖυȜȠπȠȓȘıȘȢ. ǺαıȚțȒ Țįȑα ĲȘȢ µİșȩįȠυ İȓȞαȚ Ș İπȓȜυıȘ ĲȠυ µȠȞȠįȚȐıĲαĲȠυ 

πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαĲ’ İπαȞȐȜȘȥȘ. ΓȚα µȓα µ.ı, ĲȠυ πȡȠȕȜȒµαĲȠȢ ȑȤȠυµİ ĲȘ 

µİĲαĲȡȠπȒ ĲȘȢ ıİ ıυȞİȤȒ țαȚ ıĲȘ ıυȞȑȤİȚα ĲȘȞ İπȓȜυıȘ ĲȠυ αȞĲȓıĲȠȚȤȠυ πȡȠȕȜȒµαĲȠȢ 

µȠȞȠįȚȐıĲαĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Ȃİ ĲȘȞ İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ 

ıȤȑıȘȢ (2.144) Ș αȞĲȓıĲȠȚȤȘ ĲȚµȒ ĲȘȢ įȚαțȡȚĲȒȢ µ.ı. Η įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ n φȠȡȑȢ 

ȩıȠ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µ.ı. ΩȢ πȜİȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ ıİ ıȤȑıȘ µİ ĲȘȞ țȜαııȚțȒ µȑșȠįȠ 

ıĲȡȠȖȖυȜȠπȠȓȘıȘȢ αȞαφȑȡİĲαȚ Ș µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ µȘ απȠįȠȤȒȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. 

2.7.11.2 ΜȑșȠįȠȢ İπȚȕȠȜȒȢ πȠȚȞȒȢ - (Penalty approach) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ İπȚȕȠȜȒȢ πȠȚȞȒȢ ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (2.1) ĲȡȠπȠπȠȚİȓĲαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.88 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȦȢ πȡȠȢ ĲȘȞ αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ȦȢ: 

 ( ) ( ) ( )[ ]
1

min
dn

i i

i

f f c T h
=

= + ⋅∑x x x�  (2.145) 

ȩπȠυ ȉ[] İȓȞαȚ ĲİȜİıĲȒȢ πȠȚȞȒȢ. ΩȢ µİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ αȞαφȑȡİĲαȚ Ș αȪȟȘıȘ ĲȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ µİ ĲȘȞ πȡȩıșİıȘ nd ĲȠ πȜȒșȠȢ ȚıȠĲȚțȫȞ 

πİȡȚȠȡȚıµȫȞ. ǹπȠĲİȜȑıµαĲα ıĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ įȚțĲυȦµȐĲȦȞ µİ ĲȘ µȑșȠįȠ αυĲȒ 

παȡȠυıȚȐȗȠȞĲαȚ απȩ ĲȠȞ Shin et al. [263]. 

2.7.11.3 ΜȑșȠįȠȢ χαȜȐȡωıȘȢ țαĲȐ Lagrange - (Lagrangian relaxation 
techniques) 

ȂȑșȠįȠȢ ıυȖȖİȞȒȢ µİ ĲȘ µȑșȠįȠ İπȚȕȠȜȒȢ πȠȚȞȒȢ ȩµȦȢ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȠȚ πȡȩıșİĲȠȚ 

ȩȡȠȚ ȜȩȖȦ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı πȡȠıșȑĲȠȞĲαȚ ȦȢ ȩȡȠȚ ĲȘȢ ıυȞȐȡĲȘıȘȢ Lagrange. Η ıȤȑıȘ 

(2.28) ıĲȘȞ πİȡȓπĲȦıȘ παȡȠυıȓαȢ įȚαțȡȚĲȫȞ µ.ı ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )
1 1

,
dnm

i i j m j m

i j

L f g hλ λ + += =
= + ⋅ + ⋅∑ ∑x Ȝ x x x  (2.146) 

ȉα țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ ĲȦȞ Karush-Kuhn-Tucker ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įȓįȠȞĲαȚ ȦȢ: 

 ( ) 0 1,..., 1,..., 0*i i d ig i m i nλ λ= = ∧ = ≥x  (2.147) 

 ( ) ( ) ( )
1 1

0* * *
dnm

i i i m i m

i i

f g hλ λ + += =
∇ + ∇ + ∇ =∑ ∑x x x  (2.148) 

ȩπȠυ ( )
1

*
dn

i m i m

i

hλ + +=
∇∑ x  İȓȞαȚ Ƞ πȡȩıșİĲȠȢ ȩȡȠȢ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı țαȚ x* İȓȞαȚ Ș ȕȑȜĲȚıĲȘ 

ȜȪıȘ. Η µȑșȠįȠȢ ȤαȜȐȡȦıȘȢ țαĲȐ Lagrange αυĲȒ ȑȤİȚ İφαȡµȠıĲİȓ ıİ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ 

ȩπȦȢ Ș İπȓȜυıȘ ĲȠυ įυαįȚțȠȪ πȡȠȕȜȒµαĲȠȢ [255], [259], țαȚ ıĲȘȞ İπȓȜυıȘ įυıįȚαıĲȐĲȦȞ țαȚ 

ĲȡȚıįȚȐıĲαĲȦȞ µİĲαȜȜȚțȫȞ πȜαȚıȓȦȞ [118], [117] țαȚ [33]. 

2.7.11.4 ΜȑșȠįȠȢ ȑȡİυȞαȢ ȖİȚĲȠȞȓαȢ - (Neighborhood search method) 

Η µȑșȠįȠȢ [104], αυĲȒ ȕȡȓıțİȚ İφαȡµȠȖȒ ıĲȘȞ πİȡȓπĲȦıȘ πȡȠȕȜȘµȐĲȦȞ µİ µȚțȡȩ αȡȚșµȩ 

πȚșαȞȫȞ ıυȞįυαıµȫȞ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı ȩπȠυ ȑȤȠυµİ ĲȠȞ ȑȜİȖȤȠ ȩȜȦȞ ĲȦȞ πȚșαȞȫȞ ȜȪıİȦȞ. 

ȉȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (2.1) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ : 

 ( ) ( )
( )

0 1, ,
min ; 1, ,

0 1, ,

j

iL i iU d

j

g j p
f x x x i n n

g j p m

= = ≤ ≤ = + ≤ = +
x

x
x

…� …
…

 (2.149) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.89 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ ( )f x�  ȠȡȓȗİĲαȚ: 

 ( ) ( )min ; n

c d d df f= ∀ ∈x x x Dx�  (2.150) 

ȩπȠυ xc țαȚ xd İȓȞαȚ Ĳα įȚαȞȪıµαĲα ĲȦȞ ıυȞİȤȫȞ µ.ı, țαȚ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı αȞĲȓıĲȠȚȤα țαȚ 

D
n

d İȓȞαȚ Ƞ ȤȫȡȠȢ ĲȦȞ įȚαțȡȚĲȫȞ µ.ı. ȆαȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȑȡİυȞαȢ ȖİȚĲȠȞȓαȢ 

παȡȠυıȚȐȗȠȞĲαȚ απȩ ĲȠυȢ Avanthay et al., [5]. ȅȚ Baker et al., [10], ıυȞįυȐȗȠυȞ ĲȘ µȑșȠįȠ 

ȑȡİυȞαȢ ȖİȚĲȠȞȓαȢ µİ Γǹ ıİ πȡȩȕȜȘµα İȪȡİıȘȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ įȚαįȡȠµȒȢ ȠȤȒµαĲȠȢ ıİ įȓțĲυȠ 

υπȩ πİȡȚȠȡȚıµȠȪȢ țȩıĲȠυȢ țαȚ ȤȡȩȞȠυ țαȚ φȩȡĲȚıȘȢ ĲȠυ įȚțĲȪȠυ. 

2.7.11.5 ΜȑșȠįȠȢ ĲȠµȒȢ İπȚπȑįωȞ - (Cutting plane technique) 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȑȤȠυµİ ĲȘȞ ĲȡȠπȠπȠȓȘıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (2.1) µİ ĲȘȞ 

İȚıαȖȦȖȒ nd to πȜȒșȠȢ ȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ ıİ πȡȩȕȜȘµα ıυȞİȤȫȞ µ.ı. ȈĲȘȞ πİȡȓπĲȦıȘ 

αυĲȒ ıĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (2.1) ȑȤȠυµİ ĲȘȞ πȡȠıșȒțȘ [3]: 

 

( )
( ) { },

0 1,...,

min
j

i d

i k ii
k q

h i m m n
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ȩπȠυ hi(x) İȓȞαȚ Ƞ i ȚıȠĲȚțȩȢ πİȡȚȠȡȚıµȩȢ țαȚ dk,i İȓȞαȚ Ș k απȠįİțĲȒ ĲȚµȒ ĲȘȢ i įȚαțȡȚĲȒȢ µ.ı. 

ȉȠ πȜȒșȠȢ ĲȦȞ ȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ πȠυ πȡȠıĲȓșİȞĲαȚ ıĲȠ πȡȩȕȜȘµα įȓįİĲαȚ ȦȢ [3]: 
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ȩπȠυ nk,i İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įȚαțȡȚĲȫȞ ĲȚµȫȞ ȖȚα ĲȘ i µ.ı. ǺαıȚțȩ µİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ 

αȞαφȑȡİĲαȚ Ș αυȟȘµȑȞȘ πȠȜυπȜȠțȩĲȘĲα ȜȩȖȦ ĲȘȢ İȚıαȖȦȖȒȢ µİȖȐȜȠυ πȜȒșȠυȢ ȚıȠĲȚțȫȞ 

πİȡȚȠȡȚıµȫȞ. 

2.8 ȈυµπİȡȐıµαĲα 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πİȡȚııȩĲİȡȠ įȚαįİįȠµȑȞİȢ µȑșȠįȠȚ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ȖȚα ĲȘȞ İπȓȜυıȘ πȡȠȕȜȘµȐĲȦȞ ıĲȘȞ πİȡȚȠȤȒ ĲȘȢ µȘȤαȞȚțȒȢ µİ ȚįȚαȓĲİȡȘ µȞİȓα ıĲȚȢ 

ıĲȠȤαıĲȚțȑȢ µİșȩįȠυȢ țαȚ İȚįȚțȩĲİȡα ıĲȘ µȑșȠįȠ ĲȦȞ Γǹ țαȚ ĲȦȞ ΕȈ. 

ȉα ȕαıȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ αȞαȜυĲȚțȫȞ µİșȩįȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ [284]: 

• ȆαȡȑȤȠυȞ µȚα ıυıĲȘµαĲȚțȒ ȜȠȖȚțȒ įȚαįȚțαıȓα ȖȚα ĲȘȞ İȪȡİıȘ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ. 

• ȆαȡȠυıȚȐȗȠυȞ πİȡȚȠȡȚıµȠȪȢ ȦȢ πȡȠȢ ĲȠȞ ȠȡȚıµȩ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.90 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ ȩıȠȞ αφȠȡȐ ĲȚȢ µ.ı İφȩıȠȞ απαȚĲİȓĲαȚ Ș ıυȞȑȤİȚα Ș ȪπαȡȟȘ 

ĲȦȞ µİȡȚțȫȞ παȡαȖȫȖȦȞ ȦȢ πȡȠȢ ĲȚȢ µ.ı, ıĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ. 

• ȀαĲαȜȒȖȠυȞ ıİ ıȤİįȚȐıİȚȢ ȠȚ ȠπȠȓİȢ ȕİȜĲȚȫȞȠυȞ ĲȘȞ αȡȤȚțȒ ıȤİįȓαıȘ. 

• ȅȚ ȜȪıİȚȢ įİȞ İµπİȡȚȑȤȠυȞ ĲȘȞ υπȠțİȚµİȞȚțȩĲȘĲα ĲȠυ ıȤİįȚαıĲȒ / µİȜİĲȘĲȒ ȠπȩĲİ 

ıυȞȒșȦȢ ȠįȘȖȠȪȞ ıİ µȘ ıυµȕαĲȚțȑȢ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ. 

• Η πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ıȪȖțȜȚıȘȢ İȓȞαȚ Ȑµİıα ıυȞįİįİµȑȞȘ µİ ĲȠȞ πȜȒșȠȢ ĲȦȞ µ.ı. 

• ȅ ıȤİįȚαıµȩȢ πȠυ πȡȠĲİȓȞİĲαȚ απȩ ĲȠȞ αȜȖȩȡȚșµȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ țαȚ Ƞ țαȜȪĲİȡȠȢ 

įυȞαĲȩȢ µȩȞȠ ıĲȚȢ πİȡȚπĲȫıİȚȢ πȠυ ĲȠ πȡȩȕȜȘµα İȓȞαȚ țυȡĲȩ. 

ȉα ȕαıȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ İȓȞαȚ: 

• ǺαıȓȗȠȞĲαȚ ıĲȘ ȤȡȒıȘ ȜȠȖȚțȫȞ πȡȠĲȐıİȦȞ µİ ıĲȩȤȠ ĲȠ ıυıĲȘµαĲȚțȩ απȠțȜİȚıµȩ ĲȦȞ µȘ 

ȕȑȜĲȚıĲȦȞ ȜȪıİȦȞ. 

• ȈĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ Γǹ, ĲȦȞ ıυȞİȟİȜȚțĲȚțȑȢ µİșȩįȠυȢ țαȚ ĲȦȞ ΕȈ ȑȤȠυµİ ĲȘȞ 

πȡȠıȠµȠȓȦıȘ φυıȚțȫȞ įȚİȡȖαıȚȫȞ µİ ıĲȩȤȠ ĲȘȞ αȞȐįİȚȟȘ ȜȪıİȦȞ πȠυ İπȚĲυȖȤȐȞȠυȞ ĲȘȞ 

υȥȘȜȩĲİȡȘ įυȞαĲȒ πȡȠıαȡµȠıĲȚțȩĲȘĲα ȦȢ πȡȠȢ ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα. 

• ȆαȡȠυıȚȐȗȠυȞ υȥȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ıİ ıȤȑıȘ µİ ĲȚȢ αȞαȜυĲȚțȑȢ µİșȩįȠυȢ İȚįȚțȐ 

ıİ πȡȠȕȜȒµαĲα µİ ıυȞİȤİȓȢ µ.ı. 

• ǹȞĲȚµİĲȦπȓıȠυȞ µİ İπȚĲυȤȓα πȡȠȕȜȒµαĲα µİ πȜȒșȠȢ ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ. 

• ȆαȡȠυıȚȐȗȠυȞ υȥȘȜȒ İυȡȦıĲȓα ıĲȘȞ πİȡȓπĲȦıȘ ıυȞįυαıĲȚțȫȞ πȡȠȕȜȘµȐĲȦȞ Ȓ 

πȡȠȕȜȘµȐĲȦȞ µİ αıυȞȑȤİȚİȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ ıυȞαȡĲȒıİȦȞ 

πİȡȚȠȡȚıµȠȪ. 

ȅ ıυȞįυαıµȩȢ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ µİ αȞαȜυĲȚțȑȢ µİșȩįȠυȢ αȞαȚȡİȓ ĲȚȢ İȖȖİȞİȓȢ αįυȞαµȓİȢ 

ĲȦȞ αȞαȜυĲȚțȫȞ µİșȩįȦȞ. ȈȘµαȞĲȚțȩȢ ȩȖțȠȢ ĲȘȢ İπȚıĲȘµȠȞȚțȒȢ ȑȡİυȞαȢ ıİ șȑµαĲα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ İıĲȚȐȗİĲαȚ ıĲȘȞ πȡȠıαȡµȠȖȒ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ ȖȚα ĲȘ ȜȪıȘ 

ıυȞįυαıĲȚțȫȞ πȡȠȕȜȘµȐĲȦȞ, ıĲȠ ıυȞįυαıµȩ įȚαφȠȡİĲȚțȫȞ αȜȖȠȡȓșµȦȞ (ΕȈ țαȚ Γǹ) ȖȚα ĲȘ 

įȘµȚȠυȡȖȓα İȪȡȦıĲȦȞ µİșȩįȦȞ țαȚ ıĲȠ ıυȞįυαıµȩ įȚαφȠȡİĲȚțȫȞ İπȚıĲȘµȠȞȚțȫȞ πİȡȚȠȤȫȞ 

ȖȚα ĲȘ įȘµȚȠυȡȖȓα ȞȑȦȞ țȜȐıİȦȞ αȜȖȠȡȓșµȦȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.91 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.9 ȆαȡȐȡĲȘµα ǹ - ȆȡȠıȠµȠȚȫµαĲα ȈυȞĲȒȡȘıȘȢ țαĲαıțİυȫȞ 

ȅȚ Dijkstra et al., [66] παȡȠυıȚȐȗȠυȞ 3 įȚαφȠȡİĲȚțȑȢ ıĲȡαĲȘȖȚțȑȢ ıİ șȑµαĲα ıυȞĲȒȡȘıȘȢ 

țαĲαıțİυȫȞ µİ İφαȡµȠȖȒ ıİ πȡȠȕȜȒµαĲα ıυȞĲȒȡȘıȘȢ ȖİφυȡȫȞ. ȅȚ ıĲȡαĲȘȖȚțȑȢ αυĲȑȢ İȓȞαȚ: 

• İπİµȕαĲȚțȠȪ ĲȪπȠυ µȩȞȠȞ ıİ πİȡȓπĲȦıȘ αıĲȠȤȓαȢ,  

• ıȪµφȦȞα µİ ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα ıυȞĲȒȡȘıȘȢ, 

• ıȪµφȦȞα µİ ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα İȜȑȖȤȦȞ țαȚ ıυȞĲȒȡȘıȘȢ. 

2.9.1 ΕπİµȕαĲȚțȒ ȈĲȡαĲȘȖȚțȒ ıİ πİȡȓπĲωıȘ αıĲȠχȓαȢ 
ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ İπİµȕαĲȚțȒȢ ıĲȡαĲȘȖȚțȒȢ µȩȞȠȞ ıİ πİȡȓπĲȦıȘ αıĲȠȤȓαȢ ȚıȤȪȠυȞ ȠȚ 

παȡαțȐĲȦ παȡαįȠȤȑȢ [66]: 

• țαµȓα įȚαįȚțαıȓα ȖȚα ĲȘ ıυȞĲȒȡȘıȘ Ȓ ȑȜİȖȤȠ ĲȠυ įȠµȚțȠȪ ıυıĲȒµαĲȠȢ µȑȤȡȚ ĲȘȞ πȜȒȡȘ 

αıĲȠȤȓα µȑȜȠυȢ ĲȠυ ıυıĲȒµαĲȠȢ, 

• ȐµİıȘ αȞĲȚțαĲȐıĲαıȘ ĲȠυ įȠµȚțȠȪ µȑȜȠυȢ πȠυ ȕȡȓıțİĲαȚ ıİ țαĲȐıĲαıȘ αıĲȠȤȓαȢ, 

• µİ ĲȘȞ αȞĲȚțαĲȐıĲαıȘ ĲȠυ µȑȜȠυȢ įİȞ αȞαµȑȞİĲαȚ ĲȠ µȑȜȠȢ αυĲȩ Ȟα αıĲȠȤȒıİȚ Ȑµİıα. 

ȉȠ țȩıĲȠȢ ĲȘȢ ıυȞĲȒȡȘıȘȢ țαȚ απȠțαĲȐıĲαıȘȢ  Cm(x,t) įȓįİĲαȚ ȦȢ [66]: 
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ȩπȠυ Cf İȓȞαȚ ĲȠ țȩıĲȠȢ αıĲȠȤȓαȢ, Pfi İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ĲȠ ȤȡȩȞȠ i, ȃ İȓȞαȚ Ƞ 

ȤȡȩȞȠȢ ȤȡȒıȚµȘȢ ȗȦȒȢ ĲȠυ ȑȡȖȠυ țαȚ Ȝ İȓȞαȚ ĲȠ țȩıĲȠȢ ȤȡȒµαĲȠȢ. 

2.9.2 ȈĲȡαĲȘȖȚțȒ µİ ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα ıυȞĲȒȡȘıȘȢ 
ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıĲȡαĲȘȖȚțȒȢ µİ ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα ıυȞĲȒȡȘıȘȢ ȚıȤȪȠυȞ ȠȚ 

παȡαțȐĲȦ παȡαįȠȤȑȢ [66]: 

• ȠȚ įȚαįȚțαıȓİȢ ıυȞĲȒȡȘıȘȢ ĲȠυ įȠµȚțȠȪ ıυıĲȒµαĲȠȢ µİ αȞĲȚțαĲȐıĲαıȘ µİȜȫȞ įİȞ İȓȞαȚ 

ıυȞȐȡĲȘıȘ ĲȦȞ įȠµȚțȫȞ αıĲȠȤȚȫȞ αȜȜȐ ȖȓȞȠȞĲαȚ ȕȐıİȚ ȤȡȠȞȠįȚαȖȡȐµµαĲȠȢ πȠυ ȑȤİȚ 

ȠȡȚıĲİȓ πȡȚȞ ĲȘȞ υȜȠπȠȓȘıȘ ĲȠυ ȑȡȖȠυ, 

• ıİ πİȡȓπĲȦıȘ αıĲȠȤȓαȢ İȞȩȢ µȑȜȠυȢ ȑȤȠυµİ ĲȘȞ ȐµİıȘ αȞĲȚțαĲȐıĲαıȘ ĲȠυ, 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.92 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• Ș αıĲȠȤȓα İȞȩȢ µȑȜȠυȢ ıυµȕαȓȞİȚ πȡȚȞ ĲȘȞ πȡȠȖȡαµµαĲȚıµȑȞȘ αȞĲȚțαĲȐıĲαıȘ ĲȠυ, 

• µİ ĲȘȞ αȞĲȚțαĲȐıĲαıȘ ĲȠυ µȑȜȠυȢ įİȞ αȞαµȑȞİĲαȚ ĲȠ µȑȜȠȢ αυĲȩ Ȟα αıĲȠȤȒıİȚ Ȑµİıα. 

ȉȠ țȩıĲȠȢ ıυȞĲȒȡȘıȘȢ țαȚ απȠțαĲȐıĲαıȘȢ Cm(x,t) ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıĲȡαĲȘȖȚțȒȢ µİ 

ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα ıυȞĲȒȡȘıȘȢ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ CR İȓȞαȚ ĲȠ țȩıĲȠȢ αȞĲȚțαĲȐıĲαıȘȢ, ȃREP İȓȞαȚ Ƞ αȡȚșµȩȢ αȞĲȚțαĲαıĲȐıİȦȞ țαȚ ȃj İȓȞαȚ 

Ƞ ȤȡȩȞȠȢ ȖȚα ĲȘȞ j αȞĲȚțαĲȐıĲαıȘ. 

2.9.3 ȈĲȡαĲȘȖȚțȒ µİ ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα İȜȑȖχωȞ țαȚ 
ıυȞĲȒȡȘıȘȢ 

ȉȠ țȩıĲȠȢ įȓįİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȠυ țȩıĲȠυȢ αıĲȠȤȓαȢ, ĲȠυ țȩıĲȠυȢ ıυȞĲȒȡȘıȘȢ țαȚ ĲȠυ 

țȩıĲȠυȢ İȜȑȖȤȠυ. ȉȠ țȩıĲȠȢ ĲȘȢ ıυȞĲȒȡȘıȘȢ țαȚ απȠțαĲȐıĲαıȘȢ Cm(x,t) ıĲȘȞ πİȡȓπĲȦıȘ 

ĲȘȢ ıĲȡαĲȘȖȚțȒȢ µİ ıυȖțİțȡȚµȑȞȠ πȡȩȖȡαµµα İȜȑȖȤȦȞ țαȚ ıυȞĲȒȡȘıȘȢ, įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )1 1 1

Pr
,

1 1 1

controlREP

j k

NNN
fi controlREP

m f i N N
i j k

CC
C Ct λ λ λ= = =

= ⋅ + ++ + +∑ ∑ ∑x  (2.155) 

2.9.4 ȈυȞȠȜȚțȩ ΚȩıĲȠȢ ΚαĲαıțİυȒȢ 
ȉȠ αȞαµİȞȩµİȞȠ țȩıĲȠȢ ĲȠυ ıυıĲȒµαĲȠȢ ȖȚα ıυȖțİțȡȚµȑȞȘ įȚȐȡțİȚα ȗȦȒȢ įȓįİĲαȚ µİ ĲȘȞ 

πȡȠıșȒțȘ ĲȠυ țȩıĲȠυȢ țαĲαıțİυȒȢ ıĲȚȢ ıȤȑıİȚȢ (2.153), (2.154) țαȚ (2.155): 

 ( ) ( ) ( ), ,o mC C Ct t= +x xx  (2.156) 

ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (2.1) µİ αȞĲȚțİȚµİȞȚțȒ 

ıυȞȐȡĲȘıȘ ĲȠ țȩıĲȠȢ ȗȦȒȢ ȖȚα ĲȘȞ țαĲαıțİυȒ ĲȘȢ ıȤȑıȘȢ (2.156). 

2.9.5 ǹȞαțİφαȜαȓωıȘ ǹȞȐȜυıȘȢ țȩıĲȠυȢ įȚȐȡțİȚαȢ ȗωȒȢ 
ȉα ȕȒµαĲα, ĲȘȢ µİșȠįȠȜȠȖȓαȢ αȞȐȜυıȘȢ țȩıĲȠυȢ ȗȦȒȢ, țαȚ ĲȠ πȡȩȖȡαµµα πȠυ αțȠȜȠυșİȓĲαȚ 

ȖȚα ĲȠυȢ İȜȑȖȤȠυȢ țαȚ İπȚıțİυȑȢ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ ȦφȑȜȚµȘȢ ȗȦȒȢ ĲȘȢ, υπȩ ĲȘȞ 

πȡȠȨπȩșİıȘ ȩĲȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȓȞαȚ αȪȟȠυıα ıυȞȐȡĲȘıȘ ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ, 

ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [79], [78], [80], [90], [91]: 

• ȠȡȚıµȩȢ ĲȦȞ țȡȚĲȘȡȓȦȞ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ, 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.93 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• αȞȐπĲυȟȘ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ απȠµİȓȦıȘȢ ĲȦȞ αȞĲȠȤȫȞ ĲȠυ įȠµȚțȠȪ ıυıĲȒµαĲα ıİ 

ıυȞȐȡĲȘıȘ µİ ĲȠ ȤȡȩȞȠ, 

• ȠȡȚıµȩȢ ĲȦȞ įȚαįȚțαıȚȫȞ İȜȑȖȤȠυ ȖȚα ĲȘ įȚȐȖȞȦıȘ ĲȦȞ φαȚȞȠµȑȞȦȞ απȠµİȓȦıȘȢ ĲȘȢ 

αȞĲȠȤȒȢ, 

• țαșȠȡȚıµȩȢ ĲȠυ țȩıĲȠυȢ ĲȘȢ įȚαįȚțαıȓαȢ İȜȑȖȤȠυ țαȚ ĲȘȢ πȚıĲȩĲȘĲαȢ ĲȘȢ įȚαįȚțαıȓαȢ ȦȢ 

πȡȠȢ ĲȘȞ πȚșαȞȩĲȘĲα įȚȐȖȞȦıȘȢ ĲȦȞ φαȚȞȠµȑȞȦȞ απȠµİȓȦıȘȢ αȞĲȠȤȒȢ, 

• ȠȡȚıµȩȢ ĲȦȞ įȚαșİıȓµȦȞ İȞαȜȜαțĲȚțȫȞ πȡȠĲȐıİȦȞ İπȚįȚȩȡșȦıȘȢ µİ υπȠȜȠȖȚıµȩ ĲȦȞ 

ıυȞİπİȚȫȞ ĲȠυȢ ıĲȘȞ αȟȚȠπȚıĲȓα ĲȘȢ țαĲαıțİυȒȢ țαȚ υπȠȜȠȖȚıµȩȢ ĲȠυ țȩıĲȠυȢ țȐșİ 

İȞαȜȜαțĲȚțȒȢ πȡȩĲαıȘȢ, 

• υπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ įȚȐȖȞȦıȘȢ ȗȘµȓαȢ ıĲȘȞ țαĲαıțİυȒ, 

• ȠȡȚıµȩȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ αȞȐȜȠȖα µİ ĲȠ πȡȠıȠµȠȓȦµα ıυȞĲȒȡȘıȘȢ, 

• υπȠȜȠȖȚıµȩȢ ĲȦȞ İπȚµȑȡȠυȢ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ ȗȦȒȢ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ υπȠȜȠȖȚıµȩȢ ĲȠυ ıυȞȠȜȚțȠȪ αȞαµİȞȩµİȞȠυ țȩıĲȠυȢ, 

• ȕİȜĲȚıĲȠπȠȓȘıȘ ĲȠυ πȜȒșȠυȢ țαȚ ĲȪπȠυ ĲȦȞ İπȚșİȦȡȒıİȦȞ țαȚ İȜȑȖȤȦȞ (αȞȐȜȠȖα µİ ĲȘ 

ıĲȡαĲȘȖȚțȒ ıυȞĲȒȡȘıȘȢ πȠυ ȑȤİȚ İπȚȜİȖİȓ), 

• İπαȞȐȜȘȥȘ ĲȘȢ įȚαįȚțαıȓαȢ ȖȚα ȩȜİȢ ĲȚȢ İȞαȜȜαțĲȚțȑȢ ıĲȡαĲȘȖȚțȑȢ țαȚ İπȚȜȠȖȒ ĲȘȢ 

ıĲȡαĲȘȖȚțȒȢ µİ ĲȠ ȤαµȘȜȩĲİȡȠ αȞαµİȞȩµİȞȠ țȩıĲȠȢ. 

2.10 ȆαȡȐȡĲȘµα Ǻ – ȈυȞȑπİȚİȢ ĲȠυ ĲİȜİıĲȒ µİĲȐȜȜαȟȘȢ ıĲȘȞ 
İυȡωıĲȓα ĲωȞ Γǹ 

Η πȚșαȞȩĲȘĲα, µȑıȦ ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ, İȞȩȢ ȤȡȦµȠıȫµαĲȠȢ Ȟα µİĲαĲȡαπİȓ ıĲȠ 

ȤȡȦµȩıȦµα πȠυ απİȚțȠȞȓȗİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ İȞȩȢ πȡȠȕȜȒµαĲȠȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( )( ) ( ) ( )
1 1 11

Pr 11 1 1

jj
pp

NNL L
j L jj L j

m mm m
j j ii

P Popt P P
−−

= = ==

  = ≅ ⋅ −− − ⋅ −  ∑ ∑∑∏  (2.157) 

ȩπȠυ, L İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ, Pm İȓȞαȚ Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ, Nj
p İȓȞαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȤȡȦµȠıȦµȐĲȦȞ ȖȚα Ĳα ȠπȠȓα İȓȞαȚ απαȡαȓĲȘĲȘ Ș αȞĲαȜȜαȖȒ j įυφȓȦȞ țαȚ Np İȓȞαȚ 

ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ. ΓȚα ĲȘȞ παȡȐµİĲȡȠ Nj
p ȚıȤȪİȚ ȩĲȚ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.94 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 
1

0
L

j j

p p p

j

N N N
=

= ≥∑  (2.158) 

Η ıȤȑıȘ (2.157) ȠȡȓȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ Ȟα πİȡȚȑȤȠυȞ ĲȘ ȕȑȜĲȚıĲȘ 

ȜȪıȘ. Η πȚșαȞȩĲȘĲα Ȟα µȘȞ İȞĲȠπȚıĲİȓ Ș ȕȑȜĲȚıĲȘ ȜȪıȘ µİĲȐ απȩ Ngen ȖİȞİȑȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( )( )Pr 1 Pr
genN

optA = −  (2.159) 

ȉȠ ȩȡȚȠ ĲȘȢ ıȤȑıȘȢ (2.159) ȖȚα Ngen→∞ įȓįİĲαȚ ȦȢ: 

 ( )( ) ( )( )( ) ( )( )lim Pr lim lim 01 Pr 1
gen gen

gen gen gen

N N

N N N
optA ε→∞ →∞ →∞= = =− −  (2.160) 

Η ıȤȑıȘ (2.160) İȟαıφαȜȓȗİȚ ȩĲȚ ȖȚα Ngen→∞ Ș πȚșαȞȩĲȘĲα Ȟα µȘȞ αȞȚȤȞİυșİȓ Ș ȕȑȜĲȚıĲȘ 

ȜȪıȘ ĲİȓȞİȚ ıĲȠ µȘįȑȞ ȩπȠĲİ µİ ȕİȕαȚȩĲȘĲα İȟαıφαȜȓȗİĲαȚ ȩĲȚ Ƞ Γǹ șα αȞȚȤȞİȪıİȚ ĲȘ 

ȕȑȜĲȚıĲȘ ȜȪıȘ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ șα ĲȘȢ įȠșİȓ țαĲȐȜȜȘȜȠȢ ȤȡȩȞȠȢ. 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȅȃΕȂǹΧ, Ș İυȡȦıĲȓα įȓįİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ 

įυφȓȦȞ µİ ĲȚµȒ µȠȞȐįα. ǹȞ Ș πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ Ĳİșİȓ ȓıȘ µİ ĲȠ µȘįȑȞ țαȚ υπȩ ĲȘȞ 

πȡȠȨπȩșİıȘ ȩĲȚ Ƞ αȡȤȚțȩȢ πȜȘșυıµȩȢ İȓȞαȚ ȠµȠȚȩµȠȡφα țαĲαȞİµȘµȑȞȠȢ (ĲȠ πȜȒșȠȢ ĲȦȞ 

įυφȓȦȞ µİ ĲȚµȒ ȓıȘ µİ ĲȘ µȠȞȐįα İȓȞαȚ ȓıȠ µİ ĲȠ πȜȒșȠȢ ĲȦȞ įυφȓȦȞ µİ ĲȚµȒ µȘįȑȞ) țαȚ įİȞ 

πİȡȚȑȤİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ Ș ıȤȑıȘ (2.157) ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) ( ) ( )
1

Pr 1
L

i L ip

m m

i

N
P Popt

L

−
=

= ⋅ ⋅ −∑  (2.161) 

ȩπȠĲİ Ș ıȤȑıȘ (2.159) įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( )
1

Pr 1 1

genN
L

i L ip

m m

i

N
P PA

L

−
=

 = − ⋅ ⋅ −  ∑  (2.162) 

ΩȢ µİĲαȕȜȘĲȑȢ ĲȘȢ ıȤȑıȘȢ (2.162) ȠȡȓȗȠȞĲαȚ Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ Pm, ĲȠ µȒțȠȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ L, ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ Ngen țαȚ Ƞ πȜȘșυıµȩȢ ȃp. 

ȈĲȠ ∆ȚȐȖ. 2.23, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȦȢ πȡȠȢ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ ȃgen țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ Np ȖȚα µȒțȠȢ L ȓıȠ µİ 100 

țαȚ Pm ȓıȘ µİ ȕȑȜĲȚıĲȘ ıĲαĲȚțȒ ĲȚµȒ [209], 1.00%. Η ıυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα ĲİȓȞİȚ 

πȡȠȢ ĲȠ µȘįȑȞ țαșȫȢ ĲȠ Np țαȚ ȃgen αυȟȐȞİĲαȚ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.95 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.23: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, L=100, Pm=0.01. 

ȈĲα ∆ȚȐȖ. 2.24 țαȚ ∆ȚȐȖ. 2.25, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ 

ȖȚα L=150 țαȚ L=200 αȞĲȓıĲȠȚȤα țαȚ Pm=1.00%. Η αȪȟȘıȘ ĲȠυ L ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ 

ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ. ȈĲȠ ∆ȚȐȖ. 2.26, 

παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα ȃp·Ngen=25000 țαȚ Pm=1/L 

ȦȢ πȡȠȢ L țαȚ ȃgen. Η µİĲαȕȜȘĲȒ ȃp įİȞ İπȘȡİȐȗİȚ ĲȘ ıȤȑıȘ (2.162) İφȩıȠȞ įİȞ 

ıυµπİȡȚȜαµȕȐȞİĲαȚ Ș πȚșαȞȩĲȘĲα Ȟα İµπİȡȚȑȤİĲαȚ ıĲȠȞ αȡȤȚțȩ πȜȘșυıµȩ Ș ȕȑȜĲȚıĲȘ ȜȪıȘ. Η 

πȚșαȞȩĲȘĲα Ȟα ıυµπİȡȚȜαµȕȐȞİĲαȚ ıĲȠȞ αȡȤȚțȩ πȜȘșυıµȩ Ș ȕȑȜĲȚıĲȘ ȜȪıȘ įȓįİĲαȚ ȦȢ: 

 ( )initial pop

1
Pr 1 1

2

pN

L
opt

 = − −    (2.163) 

ȅ ıυȞįυαıµȩȢ ĲȦȞ ıȤȑıİȦȞ (2.163) țαȚ (2.159) ȠįȘȖİȓ ıĲȘ ıȤȑıȘ: 

 ( ) ( )( ) 1
Pr 1 Pr 1

2

p

gen

N
N

L
optA

 = − ⋅ −    (2.164) 

ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (2.164) ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș αȪȟȘıȘ ĲȠυ ȃp ȖȚα ıĲαșİȡȩ ȃp·Ngen ȠįȘȖİȓ 

ıİ µİȓȦıȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.96 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.24: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, L=150, Pm=0.01. 

 

∆ȚȐȖ. 2.25: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, L=200, Pm=0.01. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.97 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.26: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, ȃp·Ngen=25000. 

ȈĲȠ ∆ȚȐȖ. 2.27, παȡȠυıȚȐȗİĲαȚ Ș įȚαφȠȡȐ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα 

ȃp·Ngen=50000 µİȓȠȞ ĲȘȞ ıυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα ȖȚα ȃp·Ngen=25000. Η αȪȟȘıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ. Η ıυȞȐȡĲȘıȘ 

παȡȠυıȚȐȗİȚ µȘ ȖȡαµµȚțȒ ıυµπİȡȚφȠȡȐ ȦȢ πȡȠȢ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. 

ȈĲα ∆ȚȐȖ. 2.28 ȦȢ ∆ȚȐȖ. 2.30, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȦȢ 

πȡȠȢ Np țαȚ L ȖȚα Ngen=500 țαȚ Pm ȓıȠ µİ 1.0%, 5.0% țαȚ 10.0% αȞĲȓıĲȠȚȤα. Η αȪȟȘıȘ ĲȠυ 

Pm ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα ıυȖțİțȡȚµȑȞȠ L πȠυ 

ıυȞİπȐȖİĲαȚ ĲȘ µİȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ. ȈĲα ∆ȚȐȖ. 2.31 ȦȢ ∆ȚȐȖ. 2.33, 

παȡȠυıȚȐȗİĲαȚ Ș įȚαφȠȡȐ µİĲαȟȪ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ 

ĲȘȢ Pm țαĲαįİȚțȞȪȠȞĲαȢ ĲȘ µȘ ȖȡαµµȚțȒ ıυµπİȡȚφȠȡȐ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȈĲȠ ∆ȚȐȖ. 2.34, 

παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ ıȤȑıȘȢ (2.163) ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ 

țαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. ΓȓȞİĲαȚ αȞĲȚȜȘπĲȩ ȩĲȚ Ș ıυµµİĲȠȤȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ 

ıȤȑıȘȢ (2.163) İȓȞαȚ αµİȜȘĲȑα ȖȚα µİȖȐȜα µȒțȘ ȤȡȦµȠıȫµαĲȠȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.98 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.27: ∆ȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ {ȃp·Ngen=50000-ȃp·Ngen=25000}. 

 

∆ȚȐȖ. 2.28: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Ngen=500, Pm=0.01. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.99 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.29: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Ngen=500, Pm=0.05. 

 

∆ȚȐȖ. 2.30: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Ngen=500, Pm=0.10. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.100 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.31: ∆ȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ Pm=0.01 µİȓȠȞ Pm=0.05. 

 

∆ȚȐȖ. 2.32: ∆ȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ Pm=0.01-Pm=0.10. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.101 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.33: ∆ȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ Pm=0.05-Pm=0.10. 

 

∆ȚȐȖ. 2.34: ǹπİȚțȩȞȚıȘ ĲȘȢ ıȤȑıȘȢ (2.163). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.102 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠ ∆ȚȐȖ. 2.35 țαȚ ıĲȠ ∆ȚȐȖ. 2.36, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ 

πȚșαȞȩĲȘĲαȢ ȖȚα Pm ȓıȠ µİ 5.0% țαȚ Ngen ȓıȠ µİ 50 țαȚ 5000 αȞĲȓıĲȠȚȤα. Ȉİ ıυȞįυαıµȩ µİ Ĳα 

απȠĲİȜȑıµαĲα ĲȠυ ∆ȚȐȖ. 2.29, Ș αȪȟȘıȘ ĲȠυ Ngen ıυȞİπȐȖİĲαȚ ĲȘ µİȓȦıȘ ĲȘȢ 

ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȤȦȡȓȢ Ȟα İȟαıφαȜȓȗİȚ Ș İȪȡİıȘ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ıİ 

țȐșİ πİȡȓπĲȦıȘ. ǹȞĲȓıĲȠȚȤα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲα ∆ȚȐȖ. 2.37 ȦȢ ∆ȚȐȖ. 2.41 

ȩπȠυ παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȦȢ πȡȠȢ Ngen țαȚ L. ȈĲα 

∆ȚȐȖ. 2.42 ȦȢ ∆ȚȐȖ. 2.46, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȦȢ 

πȡȠȢ L țαȚ Pm. ȆαȡαĲȘȡİȓĲαȚ Ș ȪπαȡȟȘ ıυȞȩȡȠυ ĲȘȢ µȠȡφȒȢ Pm,l=a/L. ΓȚα Pm>Pm,l 

παȡαĲȘȡİȓĲαȚ ȡαȖįαȓα αȪȟȘıȘ ĲȘȢ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ. ΓȚα L→∞, παȡαĲȘȡİȓĲαȚ 

ȩĲȚ a→∞. ȈĲα ∆ȚȐȖ. 2.47 ȦȢ ∆ȚȐȖ. 2.49, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȦȞ ȜȩȖȦȞ ĲȦȞ 

ıυµπȜȘȡȦµαĲȚțȫȞ πȚșαȞȠĲȒĲȦȞ (P1-P2)/P1, (P1-P3)/P1 țαȚ (P2-P3)/P2 ȦȢ πȡȠȢ L țαȚ Pm. ȅȚ 

P1, P2 țαȚ P3 αȞĲȚıĲȠȚȤȠȪȞ ıĲȠυȢ ıυȞįυαıµȠȪȢ ĲȦȞ παȡαµȑĲȡȦȞ Np țαȚ Ngen ĲȠυ ȆȓȞ. 2.1. 

P1 P2 P3 

Np Ngen Np Ngen Np Ngen 

50 5000 200 1250 100 2500 

ȆȓȞ. 2.1: ∆İįȠµȑȞα ȆȡȠȕȜȘµȐĲȦȞ P1, P2 țαȚ P3. 

 

∆ȚȐȖ. 2.35: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Ngen=50, Pm=0.05. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.103 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.36: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Ngen=5000, Pm=0.05. 

 

∆ȚȐȖ. 2.37: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=50, Pm=0.01. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.104 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.38: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=50, Pm=0.05. 

 

∆ȚȐȖ. 2.39: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=50, Pm=0.10. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.105 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.40: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=10, Pm=0.05. 

 

∆ȚȐȖ. 2.41: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=100, Pm=0.05. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.106 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.42: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=50, Ngen=50. 

 

∆ȚȐȖ. 2.43: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=50, Ngen=500. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.107 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.44: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=50, Ngen=5000. 

 

∆ȚȐȖ. 2.45: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=200, Ngen=1250. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.108 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.46: ȈυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȕȑȜĲȚıĲȠυ, Np=200, Ngen=500. 

 

∆ȚȐȖ. 2.47: ȈȤİĲȚțȒ įȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα (P1-P2)/P1 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.109 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.48: ȈȤİĲȚțȒ įȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα (P1-P3)/P1 

 

∆ȚȐȖ. 2.49: ȈȤİĲȚțȒ įȚαφȠȡȐ ıυµπȜȘȡȦµαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ ȖȚα (P2-P3)/P2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.110 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΓȚα țȐșİ πȡȩȕȜȘµα ĲȠ ȖȚȞȩµİȞȠ Np·Ngen=250000. ȅ ȜȩȖȠȢ αυĲȩȢ φȡȐııİȚ ĲȘȞ İυȡȦıĲȓα ĲȦȞ 

ıυȞįυαıµȫȞ ĲȦȞ παȡαµȑĲȡȦȞ. ΌĲαȞ (Pi-Pj)/Pi→1 ȖȚα ĲȘȞ İυȡȦıĲȓα ĲȠυ ıυȞįυαıµȠȪ Pj πȠυ 

ıυµȕȠȜȓȗİĲαȚ ȦȢ R(Pj), ȚıȤȪİȚ ȩĲȚ R(Pj)>>R(Pi). ΌĲαȞ (Pi-Pj)/Pi→-1 ȑȤȠυµİ ȩĲȚ 

R(Pj)<<R(Pi). ΓȚα (Pi-Pj)/Pi≈0 ȑȤȠυµİ ȩĲȚ R(Pj)≈R(Pi). ȈȪµφȦȞα µİ Ĳα ∆ȚȐȖ. 2.47 țαȚ ∆ȚȐȖ. 

2.48 ȖȚα ĲȚȢ R(P2) țαȚ R(P1) ȚıȤȪİȚ ȩĲȚ o ȜȩȖȠȢ R(P2)/R(P1) țυµαȓȞİĲαȚ απȩ 1 ȦȢ ∞ αȞĲȓıĲȠȚȤα 

ȖȚα ĲȚȢ R(P1) țαȚ R(P3) ȚıȤȪİȚ ȩĲȚ o ȜȩȖȠȢ R(P3)/R(P1) țυµαȓȞİĲαȚ απȩ 1 ȦȢ ∞ αȞĲȓıĲȠȚȤα 

ȠπȩĲİ ȖȚα ıĲαșİȡȩ Np·Ngen Ș αȪȟȘıȘ Np ȠįȘȖİȓ ıİ ȕİȜĲȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ αȜȖȠȡȓșµȠυ. 

Η ıȪȖțȡȚıȘ ĲȦȞ R(P2) țαȚ R(P3) ıυȞİπȐȖİĲαȚ ȩĲȚ o ȜȩȖȠȢ R(P2)/R(P3) țυµαȓȞİĲαȚ απȩ 1 ȦȢ ∞ 

αȞĲȓıĲȠȚȤα. 

2.11 ȆαȡȐȡĲȘµα Γ – Γǹ țαȚ ΘİȫȡȘµα ȈχȒµαĲȠȢ 

ȉȠ șİȫȡȘµα ıȤȒµαĲȠȢ įȘȜȫȞİȚ ȩĲȚ ȖȚα ĲȠ πȜȒșȠȢ ĲȦȞ M(Η,t) țαȚ M(Η,t+1) İȞȩȢ 

ıυȖțİțȡȚµȑȞȠυ ıυȞįυαıµȠȪ Η µİ İυȡȦıĲȓα f(H,t) ıĲȠȞ πȜȘșυıµȩ ıĲȠυȢ ȤȡȩȞȠυȢ t țαȚ t+1 

ȚțαȞȠπȠȚİȓĲαȚ Ș παȡαțȐĲȦ αȞȚıȩĲȘĲα: 

 ( ) ( ) ( )( ) ( ),
, 1 , 1 ,

,
d

i
i

f H t
M H t M H t P H t

E f H t
+ ≥ ⋅ ⋅ −      (2.165) 

ȩπȠυ Pd(H,t) İȓȞαȚ Ș πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ ĲȘȢ İȞ ȜȩȖȦ αțȠȜȠυșȓαȢ țαȚ İȟαȡĲȐĲαȚ απȩ ĲȠυȢ 

ĲİȜİıĲȑȢ İπȚȜȠȖȒȢ țαȚ µİĲȐȜȜαȟȘȢ. Η αȞȚıȩĲȘĲα αυĲȒ ȚıȤȪİȚ ȩĲαȞ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ 

πȜȘșυıµȠȪ İȓȞαȚ İπαȡțȫȢ µİȖȐȜȠ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ πȠυ ĲȠ πȡȩȕȜȘµα İπȚįİȚțȞȪİȚ ıυȞȑπİȚα 

ıİ ıȤȑıȘ µİ ĲȘ µȠȡφȒ ĲȦȞ ıȤȘµȐĲȦȞ υȥȘȜȒȢ İυȡȦıĲȓαȢ [291]. ∆ȪȠ Ȓ πİȡȚııȩĲİȡα ıȤȒµαĲα 

șİȦȡȠȪȞĲαȚ αıυȞİπȒ ȩĲαȞ ȖȚα µȓα ıυȖțİțȡȚµȑȞȘ șȑıȘ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ įȓįȠυȞ 

αȞĲȚțȡȠυȩµİȞİȢ πȜȘȡȠφȠȡȓİȢ. ΈıĲȦ ıȤȒµαĲα ǹ țαȚ Ǻ (ĲȘȢ ȓįȚαȢ șȑıȘȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ) 

πȠυ παȡȠυıȚȐȗȠυȞ İυȡȦıĲȓα υȥȘȜȩĲİȡȘ ĲȠυ µȑıȠυ ȩȡȠυ țαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (2.165) 

αȞαµȑȞİĲαȚ Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυȢ Ȟα αυȟȐȞİĲαȚ µİ ĲȘȞ πȐȡȠįȠ ĲȦȞ ȖİȞİȫȞ. ȉα 

ıȤȒµαĲα ǹ țαȚ Ǻ: 

 

** * ** *** ** *
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 (2.166) 

İȓȞαȚ ıυȞİπȒ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ: 

 [ ] [ ] 1
* *; 1

0
i i i i

X Y
i A B A B X YA B

X Y
δ δ =∀ ∈ ≡ ∧ ≠ ∧ ≠ ⊕ = ⊕ =  ≠  (2.167) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.111 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ į[A] țαȚ į[B] İȓȞαȚ Ĳα µȒțȘ ĲȦȞ υπȩ İȟȑĲαıȘ ıȤȘµȐĲȦȞ. Η ıȤȑıȘ (2.167) įȘȜȫȞİȚ ȩĲȚ 

ĲȠ ıȤȒµα ǹ İȓȞαȚ ıυȞİπȑȢ µİ ĲȠ ıȤȒµα Ǻ ȩĲαȞ ȖȚα ĲȚȢ țȠȚȞȑȢ șȑıİȚȢ Ĳα ıȤȒµαĲα αυĲȐ įİȞ 

įȓįȠυȞ αȞĲȚțȡȠυȩµİȞȘ πȜȘȡȠφȠȡȓα ȖȚα ĲȘȞ ĲȚµȒ ĲȦȞ įυφȓȦȞ. ȉα ıȤȒµαĲα ǹ=**00***1 țαȚ 

Ǻ=*10**1** İȓȞαȚ ıυȞİπȒ (ȖȚαĲȓ ıĲȘ șȑıȘ 3 πȡȠĲİȓȞİĲαȚ ĲȚµȒ 0 țαȚ ıĲȚȢ 2 πİȡȚπĲȫıİȚȢ) İȞȫ 

Ĳα ıȤȒµαĲα C=**11***1 țαȚ D=*10**1** İȓȞαȚ αıυȞİπȒ İφȩıȠȞ ĲȠ ıȤȒµα C πȡȠĲİȓȞİȚ ĲȘȞ 

ĲȚµȒ 1 țαȚ ĲȠ D ĲȘȞ ĲȚµȒ 0 ȖȚα ĲȘȞ 3Ș șȑıȘ ĲȘȢ αțȠȜȠυșȓαȢ įυφȓȦȞ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ įİȞ 

İȓȞαȚ įυȞαĲȩȞ țαȚ Ĳα įȪȠ ıȤȒµαĲα µİ ıυȞİȤȓıȠυȞ Ȟα αυȟȐȞȠυȞ ĲȘȞ παȡȠυıȓα ĲȠυȢ ıĲȠȞ 

πȜȘșυıµȩ İφȩıȠȞ Ș İµφȐȞȚıȘ ĲȠυ İȞȩȢ ȠįȘȖİȓ ıĲȘȞ țαĲαıĲȡȠφȒ ĲȠυ ȐȜȜȠυ țαȚ ĲαȞȐπαȜȚȞ. 

ȅ ȜȩȖȠȢ f(H,t)/E[f(Hi,t)] ĲȘȢ ıȤȑıȘȢ (2.165) ȚıȤȪİȚ ıĲȘȞ πİȡȓπĲȦıȘ İπȚȜȠȖȒȢ µȑıȦ ȡȠυȜȑĲαȢ 

ȩπȠυ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ İȓȞαȚ αȞȐȜȠȖȘ ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ ĲȘȢ İυȡȦıĲȓαȢ. ȈĲȘȞ 

πİȡȓπĲȦıȘ İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα țαĲȐ (k,n) Ș ıȤȑıȘ (2.165) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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 (2.168) 

ΓȚα İπȚȜȠȖȒ µȑıȦ αȖȫȞα ȖȚα (k,2) Ș ıȤȑıȘ (2.168) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 
( ) ( ) ( ) ( )
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, 1 , 1 ,
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k

A k P H t P H t
−

+  + ≥ ⋅ ⋅ −  ⋅
= − ⋅ ⋅ −      

 (2.169) 

ΕȞȫ ȖȚα İπȚȜȠȖȒ µȑıȦ αȖȫȞα ȖȚα (4,2) Ș ıȤȑıȘ (2.168) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( )4
3, 1 , 1 , 3 1 ,

0.25
d

B A
M H t M H t P H t A B B B P H t

++ ≥ ⋅ ⋅ − = ⋅ ⋅ − =   (2.170) 

ȩπȠυ k/N İȓȞαȚ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ, țαȚ P(H,t) İȓȞαȚ Ș πȚșαȞȩĲȘĲα ĲȠ ıȤȒµα H Ȟα İȓȞαȚ 

țαȜȪĲİȡȠ ĲȦȞ υπȠȜȠȓπȦȞ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ αȞȐȜȠȖα ĲȘȢ șȑıȘȢ ĲȠυ 

αĲȩµȠυ Ș ıȤȑıȘ (2.165) įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( )( ) ( )Pr ,
, 1 , 1 ,

Pr ,
d

i
i

H t
M H t M H t P H t

E H t
+ ≥ ⋅ ⋅ −      (2.171) 

ȩπȠυ Pr(H,t) İȓȞαȚ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȠυ ıυȖțİțȡȚµȑȞȠυ ıȤȒµαĲȠȢ țαȚ E[Pr(Hi,t)] İȓȞαȚ 

Ș µȑıȘ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ ıȤȘµȐĲȦȞ ĲȠυ πȜȘșυıµȠȪ. Η πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.112 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Pd(H,t) ıȤİĲȓȗİĲαȚ µİ ĲȠ µȒțȠȢ ĲȠυ ıȤȒµαĲȠȢ țαȚ ĲȘȞ πȚșαȞȩĲȘĲα İȞαȜȜαȖȒȢ ĲȠυ ȖİȞİĲȚțȠȪ 

υȜȚțȠȪ. Η πȚșαȞȩĲȘĲα αȞĲαȜȜαȖȒȢ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ µİĲαȟȪ įȪȠ șȑıİȦȞ, ıȪµφȦȞα µİ ĲȠȞ 

Thierens [281], įȓįİĲαȚ ȦȢ: 

 cr rr P P= ⋅  (2.172) 

ȩπȠυ Pcr İȓȞαȚ Ș πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ țαȚ Pr İȓȞαȚ Ș πȚșαȞȩĲȘĲα αȞĲαȜȜαȖȒȢ ȩĲαȞ 

απȠφαıȓȗİĲαȚ įȚαıĲαȪȡȦıȘ. Η πȚșαȞȩĲȘĲα Pr İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȠυ ĲȪπȠυ įȚαıĲαȪȡȦıȘȢ πȠυ 

İπȚȜȑȖİĲαȚ. H πȚșαȞȩĲȘĲα αȞĲαȜȜαȖȒȢ ĲȠυ υȜȚțȠȪ µİĲαȟȪ ĲȦȞ șȑıİȦȞ ǹ țαȚ Ǻ įȓįİĲαȚ ȦȢ: 

 
[ ] [ ]
[ ] [ ]r

P Flip A True P Flip B False
P

P Flip A False P Flip B True

    = ⋅ = +     =     = ⋅ =     
 (2.173) 

ȩπȠυ Flip[.] țαĲαȖȡȐφİĲαȚ ĲȠ ȖİȖȠȞȩȢ ĲȘȢ αȞĲαȜȜαȖȒȢ ĲȠυ υȜȚțȠȪ. ΓȚα SPC Ș πȚșαȞȩĲȘĲα 

αυĲȒ įȓįİĲαȚ ȦȢ: 

 
[ ] [ ]
[ ] [ ]r

P Flip A True P Flip B False
P

P Flip A False P Flip B True

    = ⋅ = ∧     =     = ⋅ =     
 (2.174) 

İφȩıȠȞ Ĳα įȪȠ ȖİȖȠȞȩĲα İȓȞαȚ αȜȜȘȜȠαπȠțȜİȚȩµİȞα. Η πȚșαȞȩĲȘĲα Pr ȖȚα įȚȐφȠȡİȢ µİșȩįȠυȢ 

İπȚȜȠȖȒȢ įȓįȠȞĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ µȒțȠυȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ L țαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 

ıȤȒµαĲȠȢ ȅ(Η)≡įij πȠυ ȠȡȓȗİȚ ĲȠ µȒțȠȢ ĲȘȢ αȜȜȘȜȠυȤȓαȢ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ SPC Ș 

πȚșαȞȩĲȘĲα Pr įȓįİĲαȚ ȦȢ [281]: 

 
1

ij

rP
L

δ= −  (2.175) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ DPC Ș πȚșαȞȩĲȘĲα αȞĲαȜȜαȖȒȢ įȓįİĲαȚ ȦȢ: 

 
( )
( )

2

2
2

1 1

ijij

rP
L L

δδ  = − − − 
 (2.176) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ SPC αȞȐ µ.ı, απȠįİȚțȞȪİĲαȚ ȩĲȚ Ș πȚșαȞȩĲȘĲα Pr İȓȞαȚ ȓıȘ µİ 1/2. ΓȚα 

ĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ UC µİ πȚșαȞȩĲȘĲα µȓȟȘȢ Px, απȠįİȚțȞȪİĲαȚ ȩĲȚ Ș πȚșαȞȩĲȘĲα αȞĲαȜȜαȖȒȢ 

[281] įȓįİĲαȚ ȦȢ: 

 [ ]2 1r X XP P P= ⋅ ⋅ −  (2.177) 

ȩπȠυ ȖȚα Px=0.5 ȑȤȠυµİ Pr=max{Pr}=0.5. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.113 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Η πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ Pd(H,t) ȖȚα ıȤȒµα µȒțȠυȢ įȚj įȓįİĲαȚ ȦȢ: 

 ( ) [ ] [ ] [ ] [ ], , 1 1d ijP H t P r true P Mut true P r true P Mut trueδ = − = ∨ = = − = ⋅ =  (2.178) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ SPC ĲȠ ıυµπȜȘȡȦµαĲȚțȩ ȖİȖȠȞȩȢ ĲȘȢ ıȤȑıȘȢ Pd(H,t)≡Pd(H,t,įij) įȓįİĲαȚ 

ȦȢ ıυȞȐȡĲȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ įȚαĲαȡαȤȒȢ ȜȩȖȦ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țαȚ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

įȚαĲαȡαȤȒȢ ȜȩȖȦ ĲȘȢ µİĲȐȜȜαȟȘȢ: 

 ( ) ( )1 , , 1 1
1

ijij

d ij cr mP H t P P
l

δδδ    − = − ⋅ ⋅ −   −   (2.179) 

ΓȚα ĲȠυȢ ĲİȜİıĲȑȢ DPC, SPC αȞȐ µ.ı, țαȚ UC Ș 1-Pd(H,t,įij) įȓįİĲαȚ απȩ ĲȚȢ ıȤȑıİȚȢ: 

 ( ) ( )
( ) ( )2

2
1 , , 1 2 1

1 1

ijijij

d ij cr mP H t P P DPC
l l

δδδδ       − = − ⋅ − ⋅ −   − −  
 (2.180) 

 ( ) ( )1 , , 1 1
2

ijcr
d ij m

P
P H t P SPVC

δδ    − = − ⋅ −      (2.181) 

 ( ) [ ] ( )1 , , 1 2 1 1 ij

d ij cr X X mP H t P P P P UC
δδ   − = − ⋅ ⋅ ⋅ − ⋅ −     (2.182) 

ȈĲȠ ∆ȚȐȖ. 2.50, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ µİĲαȕȠȜȒȢ ĲȘȢ Pd(H,t) πȡȠȢ įij țαȚ L ıĲȘȞ 

πİȡȓπĲȦıȘ SPC µİ Pm=1/L țαȚ Pcr=0.80. ΓȚα µȚțȡȑȢ ĲȚµȑȢ ĲȠυ ȜȩȖȠυ įij/L Ș Pd(H,t) 

παȡȠυıȚȐȗİȚ µȚα ıȤİįȩȞ ȖȡαµµȚțȒ µİĲαȕȠȜȒ ıİ ıȤȑıȘ µİ ĲȠ įij İȞȫ ȖȚα µİȖȐȜİȢ ĲȚµȑȢ ĲȠυ 

ȜȩȖȠυ αυĲȠȪ παȡαĲȘȡİȓĲαȚ ȑȞĲȠȞȘ µȘ ȖȡαµµȚțȒ ıυµπİȡȚφȠȡȐ. 

ȈĲα ∆ȚȐȖ. 2.51 ȦȢ ∆ȚȐȖ. 2.53, παȡȠυıȚȐȗİĲαȚ Ș Pd(H,t) ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ ĲİȜİıĲȫȞ 

įȚαıĲαȪȡȦıȘȢ DPC, SPC αȞȐ µ.ı, țαȚ UC µİ Px=0.25 αȞĲȓıĲȠȚȤα. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ DPC 

Ș µȘ ȖȡαµµȚțȒ ıυµπİȡȚφȠȡȐ ıİ ıȤȑıȘ µİ ĲȠ ȜȩȖȠ įij/L İȓȞαȚ πȚȠ ȑȞĲȠȞȘ ıİ ıȪȖțȡȚıȘ µİ Ĳα 

απȠĲİȜȑıµαĲα ĲȘȢ πİȡȓπĲȦıȘȢ ĲȠυ SPC. ȈĲȚȢ πİȡȚπĲȫıİȚȢ SPC αȞȐ µ.ı, țαȚ UC µİ Px=0.25 

παȡαĲȘȡİȓĲαȚ µȓα ıȤİįȩȞ ȖȡαµµȚțȒ µİĲαȕȠȜȒ ĲȘȢ Pd(H,t) υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Pm=1/L. 

ȈĲα ∆ȚȐȖ. 2.54 ȦȢ ∆ȚȐȖ. 2.61 παȡȠυıȚȐȗİĲαȚ Ș įȚαφȠȡȐ ĲȘȢ Pd(H,t) µİĲαȟȪ ĲȦȞ µİșȩįȦȞ 

įȚαıĲαȪȡȦıȘȢ. ǹπȩ Ĳα ∆ȚȐȖ. 2.54 ȦȢ ∆ȚȐȖ. 2.57 παȡαĲȘȡİȓĲαȚ ȩĲȚ ȖȚα µİȖȐȜİȢ ĲȚµȑȢ ĲȠυ 

ȜȩȖȠυ įij/L Ș µȑșȠįȠȢ SPC παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ Pd(H,t) ıİ ıȤȑıȘ µİ ĲȚȢ ȜȠȚπȑȢ µİșȩįȠυȢ. 

ȈĲα ∆ȚȐȖ. 2.58 ȦȢ ∆ȚȐȖ. 2.60 παȡαĲȘȡİȓĲαȚ ȑȞĲȠȞȘ µȘ ȖȡαµµȚțȒ ıυµπİȡȚφȠȡȐ ĲȘȢ įȚαφȠȡȐȢ 

ĲȘȢ Pd(H,t) µİĲαȟȪ ĲȘȢ DPC țαȚ ĲȦȞ SPC αȞȐ µ.ı, țαȚ UC µİ Px=0.25 țαȚ Px=0.50 

αȞĲȓıĲȠȚȤα. ȈĲȠ ∆ȚȐȖ. 2.61, παȡȠυıȚȐȗİĲαȚ Ș įȚαφȠȡȐ ĲȘȢ Pd(H,t) µİĲαȟȪ ĲȘȢ SPC αȞȐ µ.ı, 

țαȚ ĲȘȢ UC ȖȚα Px=0.25. Η µȑșȠįȠȢ SPC αȞȐ µ.ı, παȡȠυıȚȐȗİȚ ĲȘȞ υȥȘȜȩĲİȡȘ Pd(H,t) απȩ ĲȚȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.114 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȩ İȟȑĲαıȘ µİșȩįȠυȢ µİ İȟαȓȡİıȘ ĲȘ UC µİ Px=0.50 ȩπȠυ Ș Pd(H,t) ȜαµȕȐȞİȚ ĲȚµȒ ȓıȘ µİ 

ĲȘȞ Pd(H,t) ĲȘȢ SPC αȞȐ µ.ı. 

 

∆ȚȐȖ. 2.50: Pd(H,t) (SPC, Pm=1/L, Pcr=0.80). 

 

∆ȚȐȖ. 2.51: Pd(H,t) (DPC, Pm=1/L, Pcr=0.80) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.115 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.52: Pd(H,t) (SPC αȞȐ µ.ı, Pm=1/L, Pcr=0.80) 

 

∆ȚȐȖ. 2.53: Pd(H,t), (UC Px=0.25, Pm=1/L, Pcr=0.80). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.116 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.54: ∆Pd(H,t), (SPC-DPC, Pm=1/L, Pcr=0.80) 

 

∆ȚȐȖ. 2.55: ∆Pd(H,t), (SPC- SPC αȞȐ µ.ı, Pm=1/L, Pcr=0.80) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.117 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.56: ∆Pd(H,t), (SPC-UC Px=0.50, Pm=1/L, Pcr=0.80) 

 

∆ȚȐȖ. 2.57: ∆Pd(H,t), (SPC-UC Px=0.25, Pm=1/L, Pcr=0.80) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.118 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.58: ∆Pd(H,t), (DPC- SPC αȞȐ µ.ı, Pm=1/L, Pcr=0.80) 

 

∆ȚȐȖ. 2.59: ∆Pd(H,t), (DPC- UC Px=0.25, Pm=1/L, Pcr=0.80) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.119 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.60: ∆Pd(H,t), (DPC- UC Px=0.50, Pm=1/L, Pcr=0.80)  

 

∆ȚȐȖ. 2.61: ∆Pd(H,t), (SPC αȞȐ µ.ı - UC Px=0.25, Pm=1/L, Pcr=0.80). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.120 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.62: Pd(H,t), (SPC, Pm=1/L, įij=10) 

 

∆ȚȐȖ. 2.63: Pd(H,t), (SPC-DPC, Pm=1/L, įij=10) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.121 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.64: Pd(H,t), (SPC- SPC αȞȐ µ.ı, Pm=1/L, įij=10) 

 

∆ȚȐȖ. 2.65: Pd(H,t), (SPC-UC, Px=0.25, Pm=1/L, įij=10) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.122 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.66: Pd(H,t), (DPC- SPC αȞȐ µ.ı, Pm=1/L, įij=10) 

 

∆ȚȐȖ. 2.67: Pd(H,t), (DPC-UC Px=0.25, Pm=1/L įij=10) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.123 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.68: Pd(H,t), (SPC αȞȐ µ.ı -UC Px=0.25, Pm=1/L, įij=10) 

 

∆ȚȐȖ. 2.69: Pd(H,t) (SPC, L=15, įij=10) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.124 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.70: Pd(H,t), (DPC, L=15, įij=10) 

ȅ ıυȞįυαıµȩȢ ĲȘȢ ıȤȑıȘȢ (2.171) µİ ĲȘ ıȤȑıȘ (2.179) ȠȡȓȗİȚ țαȚ ĲȠ πȜȘșυıµȩ ıȤȒµαĲȠȢ 

ıυȖțİțȡȚµȑȞȘȢ İυȡȦıĲȓαȢ ȖȚα µȑșȠįȠ İπȚȜȠȖȒȢ ȡȠυȜȑĲαȢ țαȚ SPC ȦȢ: 

 ( ) ( ) ( )( ) ( ), ,
, 1, , , 1 1

1, ,

ijij ij

ij ij cr mo

i ij
o

f H t
M H t M H t P P

lE f H t

δδ δδ δ δ
   + ≥ ⋅ ⋅ − ⋅ ⋅ −   −    

 (2.183) 

ȩπȠυ Η İȓȞαȚ ĲȠ υπȩ İȟȑĲαıȘ ıȤȒµα µȒțȠυȢ įij, Ȃ İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȠυ ıȤȒµαĲȠȢ, țαȚ Pcr țαȚ 

Pm İȓȞαȚ ȠȚ πȚșαȞȩĲȘĲİȢ įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ. ȆαȡȩµȠȚİȢ αȞȚıȩĲȘĲİȢ µπȠȡȠȪȞ Ȟα 

İȟαȤșȠȪȞ µİ ĲȠ ıυȞįυαıµȩ ĲȦȞ ıȤȑıİȦȞ ȖȚα țȐșİ ĲȪπȠ įȚαıĲαȪȡȦıȘȢ țαȚ İπȚȜȠȖȒȢ. 

2.12 ȆαȡȐȡĲȘµα ∆ – ΕπȚȡȡȠȒ ĲȠυ ĲİȜİıĲȒ įȚαıĲαȪȡωıȘȢ ıĲȘȞ 
ȚțαȞȩĲȘĲα İȡİυȞȐȢ ĲȠυ Γǹ 

Η ȚțαȞȩĲȘĲα İȡİυȞȐȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ İȟαȡĲȐĲαȚ țυȡȓȦȢ απȩ ĲȠȞ αȡȚșµȩ ĲȦȞ 

µİĲαȕȠȜȫȞ πȠυ İπȚφȑȡİȚ Ș įȚαįȚțαıȓα įȚαıĲαȪȡȦıȘȢ µİĲαȟȪ ĲȦȞ ȖȠȞȑȦȞ. Η µȑșȠįȠȢ SPC 

πȡαțĲȚțȐ ȚıȠįυȞαµİȓ µİ ĲȘ µȠȞȠįȚȐıĲαĲȘ µȑșȠįȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ [77]. Η įȚαφȠȡȠπȠȓȘıȘ 

ĲȦȞ ĲȑțȞȦȞ απȩ ĲȠυȢ ȖȠȞİȓȢ İıĲȚȐȗİĲαȚ ıİ µȓα țαȚ µȩȞȠ, ĲυȤαȓα İπȚȜİȖµȑȞȘ, µ.ı. ΓȚα įȪȠ 

ȐĲȠµα ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ πȠυ απαȚĲİȓĲαȚ ȖȚα įȚαφȠȡȠπȠȓȘıȘ ıİ k µ.ı įİȞ µπȠȡİȓ Ȟα İȓȞαȚ 

ȜȚȖȩĲİȡȠ απȩ k ȖȚα ĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ SPC. ΓȚα ĲȘ µȑșȠįȠ DPC Ș ĲȚµȒ αυĲȒ įİȞ µπȠȡİȓ Ȟα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.125 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȓȞαȚ µȚțȡȩĲİȡȘ ĲȠυ k/2 țαșȫȢ Ș įȚαφȠȡȠπȠȓȘıȘ ĲȦȞ ĲȑțȞȦȞ απȩ ĲȠυȢ ȖȠȞİȓȢ İȓȞαȚ įυȞαĲȒ ıİ 

2 ĲȠ πȠȜȪ ĲυȤαȓα İπȚȜİȖµȑȞİȢ µ.ı. ΓȚα µİșȩįȠυȢ įȚαıĲαȪȡȦıȘȢ µİ µİĲȐșİıȘ πȜȘȡȠφȠȡȓαȢ ıİ 

Ĳȡȓα Ȓ πİȡȚııȩĲİȡα ıȘµİȓα Ș İȜȐȤȚıĲȘ ĲȚµȒ įȓįİĲαȚ ȦȢ k/nt (ȩπȠυ nt İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

ıȘµİȓȦȞ µİĲȐșİıȘȢ πȜȘȡȠφȠȡȓαȢ). ΓȚα ȤȡȦµȩıȦµα µȒțȠȢ L țαȚ n µ.ı, µȒțȠυȢ L’, Ș 

πȚșαȞȩĲȘĲα Ȟα ȑȤȠυµİ k<=n įȚαφȠȡȠπȠȚȒıİȚȢ ȦȢ πȡȠȢ ĲȚȢ ĲȚµȑȢ ĲȦȞ µ.ı, µİĲȐ απȩ o<=n 

ȖİȞİȑȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ SPC įȓįİĲαȚ ȦȢ: 

 ( ) ( )[ ] ( )
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 (2.184) 

Η παȡαπȐȞȦ ıȤȑıȘ ȚıȤȪİȚ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș İπȚȜȠȖȒ ĲȘȢ șȑıȘȢ İȓȞαȚ ĲυȤαȓα. Η 

ıυȞȐȡĲȘıȘ πȠυ įȓȞİȚ Ȝ µİĲαșȑıİȚȢ µİĲȐ απȩ Ƞ ȖİȞİȑȢ įȓįİĲαȚ ȦȢ: 
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 (2.185) 

Η ıυȞȐȡĲȘıȘ αυĲȒ İȓȞαȚ πİπȜİȖµȑȞȘ ȦȢ πȡȠȢ ĲȘȞ πȚșαȞȩĲȘĲα ĲȘȢ Ȝ-1 ĲȐȟȘȢ. ǹȞ ĲȠ πȜȒșȠȢ 

ĲȦȞ µİĲαșȑıİȦȞ πȜȘȡȠφȠȡȓαȢ İȓȞαȚ ȓıȠ µİ w (w=1 ȖȚα SPC, w=2 ȖȚα DPC țȜπ.) ĲȩĲİ Ș 

πȚșαȞȩĲȘĲα µİĲȐșİıȘȢ ĲȘȢ ıȤȑıȘȢ (2.184) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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 (2.186) 

țαȚ Ș πȚșαȞȩĲȘĲα Ȟα ȑȤȠυµİ ĲȠυȜȐȤȚıĲȠȞ wȠ µİĲαșȑıİȚȢ įȓįİĲαȚ ȦȢ: 
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∏  (2.187) 

Η πȚșαȞȩĲȘĲα Ȟα ȑȤȠυµİ k=o µİĲαșȑıİȚȢ φȡȐııİĲαȚ απȩ ĲȚȢ ıȤȑıİȚȢ (2.185) țαȚ (2.187) ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.126 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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Η ıυȞȐȡĲȘıȘ πȠυ įȓȞİȚ Ȝ µİĲαșȑıİȚȢ µİĲȐ απȩ Ƞ ȖİȞİȑȢ İȓȞαȚ µȓα πİπȜİȖµȑȞȘ ıυȞȐȡĲȘıȘ µİ 

ĲȚȢ ıυȞαȡĲȒıİȚȢ πȠυ įȓȞȠυȞ Ȝ-1 ȦȢ Ȝ-w µİĲαșȑıİȚȢ ȖȚα Ƞ-1 ȖİȞİȑȢ. ǹȞĲȓıĲȠȚȤα, Ș ıυȞȐȡĲȘıȘ 

πȠυ įȓȞİȚ Ȝ µİĲαșȑıİȚȢ µİĲȐ απȩ o ȖİȞİȑȢ µπȠȡİȓ Ȟα ȠȡȚıĲİȓ ȦȢ µȓα πİπȜİȖµȑȞȘ ıυȞȐȡĲȘıȘ µİ 

ĲȚȢ ıυȞαȡĲȒıİȚȢ πȠυ įȓȞȠυȞ Ȝ-1 ȦȢ Ȝ-w+x µİĲαșȑıİȚȢ ȖȚα Ƞ-1 ȖİȞİȑȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ 

ȚıȤȪİȚ ȖȚα 2 µİșȩįȠυȢ įȚαıĲαȪȡȦıȘȢ µİ w-x țαȚ w µİĲαșȑıİȚȢ πȜȘȡȠφȠȡȓαȢ ȩĲȚ: 

 ( ) ( ), , , , 1 1P k o n w P k o n w x w N x wλ λ ε= = = = = − + ∀ ∈ ∧ = −…  (2.189) 

įȘȜαįȒ Ș πȚșαȞȩĲȘĲα µİĲαȕȠȜȒȢ İȓȞαȚ µȚα µȠȞȩĲȠȞȠȢ αȪȟȠυıα ıυȞȐȡĲȘıȘ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ 

ĲȦȞ µİĲαșȑıİȦȞ πȜȘȡȠφȠȡȓαȢ αȞȐ įȚαıĲαȪȡȦıȘ. ǹȞ ĲȠ πȜȒșȠȢ ĲȦȞ µİĲαȕȠȜȫȞ αυĲȫȞ αȞȐ 

µ.ı, ȠȡȚıșİȓ ȦȢ įİȓțĲȘȢ ĲȘȢ ȚțαȞȩĲȘĲαȢ İȡİυȞȐȢ ĲȠυ αȜȖȠȡȓșµȠυ Ș SPC παȡȠυıȚȐȗİȚ țαȚ ĲȘ 

µȚțȡȩĲİȡȘ ĲαȤȪĲȘĲα İȡİυȞȐȢ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ παȡȠυıȚȐȗȠȞĲαȢ ȩµȦȢ țαȚ ĲȠȞ 

υȥȘȜȩĲİȡȠ ȤȡȩȞȠ παȡαµȠȞȒȢ ıİ ȖİȚĲȠȞȚȐ πȑȡȚȟ µȓαȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ (İȟȐȞĲȜȘıȘ πİȡȚȠȤȒȢ). 

Η ȚțαȞȩĲȘĲα İȡİυȞȐȢ İȓȞαȚ µȚα αυȟαȞȩµİȞȘ ıυȞȐȡĲȘıȘ µİ ĲȠ πȜȒșȠȢ ĲȦȞ ıȘµİȓȦȞ 

įȚαıĲαȪȡȦıȘȢ µİ ĲαυĲȩȤȡȠȞȘ µİȓȦıȘ ĲȘȢ ȚțαȞȩĲȘĲαȢ İȟȐȞĲȜȘıȘȢ ĲȘȢ πİȡȚȠȤȒȢ µȓαȢ ȜȪıȘȢ. 

ǹȞ ȦȢ fexplore() ȠȡȚıĲİȓ Ș ȚțαȞȩĲȘĲα İȡİυȞȐȢ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ țαȚ ȦȢ fexploit() ȠȡȚıĲİȓ Ș 

įυȞαĲȩĲȘĲα İȟȐȞĲȜȘıȘȢ µȓαȢ πİȡȚȠȤȒȢ (πȠυ ıυȞįȑİĲαȚ Ȑµİıα µİ ĲȠ ȤȡȩȞȠ παȡαµȠȞȒȢ ĲȘȢ 

ȜȪıȘȢ ıĲȘ ȖİȚĲȠȞȓα αυĲȒ) ȚıȤȪİȚ ȩĲȚ: 

 
( ) ( ) ( )
( ) ( ) ( )explore explore explore

0.5, 2explore explore explore

MPCSPC DPC

UCMPCSPVC
x

k n

Pk n k L

f f f

f f f

≤
=> <

 < < <  < < <  
 (2.190) 
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0.5, 2exploit explore exploit

MPCSPC DPC

UCMPCSPVC
x

k n

Pk n k L

f f f

f f f

≤
=> <

 > > >  > > >  
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ȩπȠυ k İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİĲαșȑıİȦȞ πȜȘȡȠφȠȡȓαȢ αȞȐ įȚαıĲαȪȡȦıȘ, n İȓȞαȚ ĲȠ πȜȒșȠȢ 

ĲȦȞ µ.ı, L İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ țαȚ SPVC İȓȞαȚ Ș µȑșȠįȠȢ SPC αȞȐ µ.ı. ȉα 

șİȦȡȘĲȚțȐ απȠĲİȜȑıµαĲα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ αυĲȒ İȓȞαȚ ıİ ıυµφȦȞȓα µİ 

Ĳα αȡȚșµȘĲȚțȐ απȠĲİȜȑıµαĲα ĲȦȞ Erbatur et al., [77] πȡȠȕȜȘµȐĲȦȞ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ 

µİĲαȜȜȚțȫȞ țαĲαıțİυȫȞ. 

2.13 ȆαȡȐȡĲȘµα Ε – ǹȞȐȜυıȘ ĲωȞ ıχȑıİωȞ (2.102) țαȚ 
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(2.103) 

ΓȚα ĲȚȢ ıȤȑıİȚȢ (2.102) țαȚ (2.103), Ș πȚșαȞȩĲȘĲα İȪȡİıȘȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ İȓȞαȚ αȞȐȜȠȖȘ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ (Pm) țαȚ ĲȠυ ȜȩȖȠυ ĲȦȞ ȩȖțȦȞ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ 

||D
n

opt||/||D
n
||. ΈıĲȦ ȩĲȚ Ș ȖİȚĲȠȞȓα πȠυ πİȡȚȑȤİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ πİȡȚȑȤİȚ 2

Lw ȜȪıİȚȢ πȠυ 

απİȚțȠȞȓȗȠȞĲαȚ µİ αȞĲȓıĲȠȚȤȠυȢ ıυȞįυαıµȠȪȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. ΩȢ M ȠȡȓȗİĲαȚ Ș 

πȠȜυπȜȠțȩĲȘĲα ĲȘȢ ȖİȚĲȠȞȓαȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıİȦȢ. Η παȡȐµİĲȡȠȢ Ȃ įȓįİĲαȚ ȦȢ: 

 wM L L= −  (2.192) 

ȩπȠυ L İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. Η πȠȜυπȜȠțȩĲȘĲα ĲȘȢ ȜȪıȘȢ ıυȞįȑİĲαȚ Ȑµİıα µİ 

ĲȠ ȜȩȖȠ ĲȦȞ İυțȜİȓįİȚȦȞ ȩȖțȦȞ țαșȫȢ: 

 

n

opt 1

2M
=

n

D

D
 (2.193) 

ȉα ȐĲȠµα ĲȠυ πȜȘșυıµȠȪ µπȠȡȠȪȞ Ȟα µİĲαπȑıȠυȞ ıİ ȜȪıİȚȢ ıĲȘ ȖİȚĲȠȞȓα πȠυ πİȡȚȑȤİȚ ĲȘ 

ȕȑȜĲȚıĲȘ ȜȪıȘ µȑıȦ ĲȘȢ µİĲȐȜȜαȟȘȢ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș πȚșαȞȩĲȘĲα µȓα ȜȪıȘ Ȟα 

µİĲαπȑıİȚ ıĲȘȞ ȖİȚĲȠȞȚȐ πȠυ πİȡȚȑȤİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ȜȩȖȦ ĲȘȢ įȚαıĲαȪȡȦıȘȢ İȓȞαȚ 

αµİȜȘĲȑα. Ȉİ țȐșİ πİȡȓπĲȦıȘ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ παȡαȖȡȐφȠυ φȡȐııȠυȞ ĲȘȞ πȡαȖµαĲȚțȒ 

πȚșαȞȩĲȘĲα µİĲȐπĲȦıȘȢ απȩ µȓα ȠπȠȚαįȒπȠĲİ πİȡȚȠȤȒ ĲȠυ ȤȫȡȠυ ıȤİįȚαıµȠȪ ıĲȘ ȖİȚĲȠȞȚȐ 

πȠυ πİȡȚȑȤİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ. 

ȉα ȐĲȠµα ĲȠυ πȜȘșυıµȠȪ ȤȦȡȓȗȠȞĲαȚ ıİ țȐșİ ȖİȞİȐ ıİ Ȃ țȜȐıİȚȢ πȠυ πİȡȚȑȤȠυȞ Ĳα 

ȤȡȦµȠıȫµαĲα ȖȚα Ĳα ȠπȠȓα απαȚĲİȓĲαȚ Ș µİĲαȕȠȜȒ ĲȘȢ ĲȚµȒȢ ĲȠυ įȚφȪȠυ ıİ i=1,…M șȑıİȚȢ. 

Η απȩıĲαıȘ țαĲȐ Hamming [130] ȖȚα țȐșİ ȤȡȦµȩıȦµα ȖȚα ĲȚȢ șȑıİȚȢ πȠυ απαȚĲİȓĲαȚ µȓα 

ıυȖțİțȡȚµȑȞȘ ĲȚµȒ įȚφȪȠυ İȓȞαȚ ȓıȘ µİ i=1,…M. ΓȚα țȐșİ țȜȐıȘ Ȃ ĲȠ ȖİȖȠȞȩȢ ȑȞα απȩ Ĳα 

ȐĲȠµα ĲȘȢ, Ȟα µİĲαıȤȘµαĲȚıșİȓ ıİ ȜȪıȘ ĲȘȢ ȖİȚĲȠȞȚȐȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ įȓįİĲαȚ ȦȢ: 

 ( )( ) ( )( )
M

j i

M M

i j i

S

A S S A S S
∈

∈ → = ∈ →n n

opt opt

x

x xD D∪  (2.194) 

ȩπȠυ ǹ() İȓȞαȚ ĲȠ İțȐıĲȠĲİ ȖİȖȠȞȩȢ, Si
M

 İȓȞαȚ ĲȠ υπȠıȪȞȠȜȠ ĲȦȞ ȤȡȦµȠıȦµȐĲȦȞ πȠυ 

αȞȒțȠυȞ ıĲȘȞ i İț ĲȦȞ M țȜȐıİȦȞ țαȚ S(D
n

opt) İȓȞαȚ Ș ȖİȚĲȠȞȚȐ ĲȦȞ ȜȪıİȦȞ ıĲȘȞ ȠπȠȓα 

πİȡȚȑȤİĲαȚ Ș ȕȑȜĲȚıĲȘ ȜȪıȘ. Η πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ ( )( )M

iA S S∈ → n

opt
x D , 

υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ ȖȚα țȐșİ ȐĲȠµȠ Ƞ µİĲαıȤȘµαĲȚıµȩȢ ĲȠυ ıİ ȜȪıȘ ĲȘȢ πİȡȚȠȤȒȢ 

S(D
n

opt) įİȞ İȟαȡĲȐĲαȚ απȩ ĲȠ απȠĲȑȜİıµα ĲȦȞ υπȠȜȠȓπȦȞ αĲȩµȦȞ țαȚ įȓįİĲαȚ ȦȢ [4]: 
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 ( )( ) ( )( )
1

Pr Pr

i
pN

M M

i j i

j

A S S A S S
=

   ∈ → = ∈ →   ∑n n

opt opt
x xD D  (2.195) 

ȩπȠυ Ni
p İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ȖȚα ĲȘȞ i țȜȐıȘ. Η πȚșαȞȩĲȘĲα ĲȘȢ ıȤȑıȘȢ (2.195) πȡȠȢ 

ĲȘȞ πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ Pm(t), ıĲȘȞ t ȖİȞİȐ įȓįİĲαȚ ȖȚα ĲȘ ıυȖțİțȡȚµȑȞȘ țȜȐıȘ ȦȢ: 

 
( )( ) ( ) ( )( ) ( )( )( )

( ) ( ) ( )[ ] ( )[ ]
1

Pr Pr 1

Pr 1

i
pN t

i M iM i

i m m

j

i M ii i

p m m

A S S P Pt t t

N P Pt t t t

−
=

−

 ∈ → = = ⋅ − ⇒ 
= ⋅ ⋅ −

∑n

opt
x D

 (2.196) 

ȩπȠυ Ni
p(t) İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȘȢ i țȜȐıȘȢ ĲȘ ȤȡȠȞȚțȒ ıĲȚȖµȒ t. ȉȠ ȐșȡȠȚıµα ȦȢ 

πȡȠȢ ĲȚȢ Ȃ țȜȐıİȚȢ ĲȠυ N
i
p(t) ȚıȠȪȞĲαȚ µİ Npop ȩπȠυ Npop İȓȞαȚ Ƞ πȜȘșυıµȩȢ ĲȠυ Γǹ. ȉȠ 

ȖİȖȠȞȩȢ ĲȠυȜȐȤȚıĲȠȞ ȑȞα Ȓ πİȡȚııȩĲİȡα ȐĲȠµα απȩ µȓα Ȓ πİȡȚııȩĲİȡİȢ țȜȐıİȚȢ Ȟα 

µİĲαıȤȘµαĲȚıĲȠȪȞ ıİ ȜȪıİȚȢ ıĲȘȞ πİȡȚȠȤȒ S(D
n

opt) įȓįİĲαȚ ȦȢ Ș ȑȞȦıȘ ĲȦȞ İπȚµȑȡȠυȢ 

ȖİȖȠȞȩĲȦȞ. Ȋπȩ ĲȘ șİȫȡȘıȘ ĲȘȢ ıĲαĲȚıĲȚțȒȢ αȞİȟαȡĲȘıȓαȢ Ș πȚșαȞȩĲȘĲα Ƞ ĲİȜİıĲȒȢ ĲȘȢ 

µİĲȐȜȜαȟȘȢ Ȟα ȠįȘȖȒıİȚ ĲȠυȜȐȤȚıĲȠȞ ȑȞα İț ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ ıĲȘ ȖİȚĲȠȞȓα ĲȘȢ 

ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( )[ ] ( )[ ]
1 1

Pr Pr 1;
M M

i M ii i

p m m

i i

N P Pt t t t t
−

= =
= = ⋅ ⋅ −→ ∑ ∑n

opt
x D  (2.197) 

Η ıυµπȜȘȡȦµαĲȚțȒ πȚșαȞȩĲȘĲα ĲȘȢ ıȤȑıȘȢ (2.197) ȠȡȓȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα țαµȓα απȩ ĲȚȢ 

ȜȪıİȚȢ ĲȠυ πȜȘșυıµȠȪ Ȟα µİĲαıȤȘµαĲȚıĲİȓ ıİ ȜȪıȘ ĲȘȢ ȖİȚĲȠȞȓαȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. ǹȞ ȦȢ 

ȃgen ȠȡȓȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ µȑȤȡȚ ĲȘ ıȪȖțȜȚıȘ, Ș πȚșαȞȩĲȘĲα Ȟα µİĲαıȤȘµαĲȚıĲİȓ µȓα 

ĲȠυȜȐȤȚıĲȠȞ ȜȪıȘ ıİ ȜȪıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ πİȡȚȠȤȒȢ İȞĲȩȢ Ngen ȖİȞİȫȞ įȓįİĲαȚ ȦȢ: 

 

( ) ( )
( ) ( ) ( )[ ] ( )[ ]
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11

Pr 1 1 Pr ;

Pr 1 1 1
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t

N M
i M ii

p m m
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==

 = − − ⇒→ → 
 = − − ⋅ ⋅ −→   

∏
∑∏

n n

opt opt

n

opt

x D x D

x D

 (2.198) 

Η ıȤȑıȘ (2.198) įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ, ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ 

țȐșİ țȜȐıȘȢ, ĲȘȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȘȢ ȜȪıȘȢ țαȚ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ. ȉȠ πȜȒșȠȢ 

ĲȦȞ αĲȩµȦȞ ıİ țȐșİ țȜȐıȘ İȟαȡĲȐĲαȚ απȩ ĲȘ µȑıȘ İυȡȦıĲȓα țȐșİ țȜȐıȘȢ. ΓȚα ĲȠ πȡȩȕȜȘµα 

ĲȘȢ ıȤȑıȘȢ (2.103) İφȩıȠȞ Ș İυȡȦıĲȓα țȐșİ ȜȪıȘȢ įİȞ İȟαȡĲȐĲαȚ απȩ ĲȘ ıȤİĲȚțȒ ĲȘȢ șȑıȘ 

ıĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ D
n
-D

n
opt İȓȞαȚ αıφαȜȑȢ Ȟα υπȠĲİșİȓ ȩĲȚ ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ įİȞ 

αȞαµȑȞİĲαȚ Ȟα ȠįȘȖȒıİȚ ıİ αȪȟȘıȘ ĲȘȢ ıυȤȞȩĲȘĲαȢ İµφȐȞȚıȘȢ µȓαȢ țȜȐıȘȢ ıİ ıȤȑıȘ µİ ĲȚȢ 

υπȩȜȠȚπİȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ƞ πȜȘșυıµȩȢ țȐșİ țȜȐıȘȢ įȓįİĲαȚ ȦȢ: 
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ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.129 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) popi i

p p

N
N Nt

M
= =  (2.199) 

ǹȞ Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ Pm(t) µİĲαȕȐȜȜİĲαȚ ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ 

(2.112) ĲȩĲİ Ș ıȤȑıȘ (2.198) ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (2.103) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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∏n

opt
x D

 (2.200) 

ΓȚα ĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (2.102) įİȞ İȓȞαȚ įυȞαĲȩȞ Ȟα șİȦȡȘșİȓ ȩĲȚ Ƞ πȜȘșυıµȩȢ țȐșİ 

țȜȐıȘȢ παȡαµȑȞİȚ ıĲαșİȡȩȢ ȦȢ πȡȠȢ ĲȠ ȤȡȩȞȠ. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ țȐșİ ȜȪıȘ 

ȑȤİȚ įȚαφȠȡİĲȚțȒ İυȡȦıĲȓα ȠπȩĲİ ıȪµφȦȞα µİ ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ Ș ıυȤȞȩĲȘĲαȢ ĲȘȢ µȑıα 

ıĲȠȞ πȜȘșυıµȩ șα µİĲαȕȐȜȜİĲαȚ µİ ĲȘȞ παȡȑȜİυıȘ ĲȦȞ ȖİȞİȫȞ. ǹȞ șİȦȡȘșİȓ ȩĲȚ Ș 

țȦįȚțȠπȠȓȘıȘ ĲȦȞ µ.ı, αțȠȜȠυșİȓ ĲȘ Ȗțȡȓȗα µȑșȠįȠ țȦįȚțȠπȠȓȘıȘȢ ĲȠυ Bitner et al., [25] Ș 

İυȡȦıĲȓα țȐșİ țȜȐıȘȢ ıυȞįȑİĲαȚ µİ ĲȘȞ απȩıĲαıȘ țαĲȐ Hamming ȦȢ: 

 M
oi i

f f iS = ⋅ ∈ x  (2.201) 

ȩπȠυ fo İȓȞαȚ αυșαȓȡİĲȘ ıĲαșİȡȐ. Η µȑıȘ İυȡȦıĲȓα ĲȦȞ țȜȐıİȦȞ įȓįİĲαȚ ȦȢ: 

 ( ){ } ( )
1,...,

1

M
i iM
P o popi ii M

i

f E f N f i vS t t= =
= ⋅ = ⋅ ⋅ ∈  ∑x  (2.202) 

ȩπȠυ Ȟi
pop(t) İȓȞαȚ Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ țȐșİ țȜȐıȘȢ. ǹȞ șİȦȡȒıȠυµİ ȩĲȚ Ƞ πȜȘșυıµȩȢ 

țȐșİ țȜȐıȘȢ µİĲαȕȐȜȜİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ: 

 ( ) ( )1
i i o
pop pop

f i
N Nt t

f

⋅= ⋅+  (2.203) 

ȑȤȠυµİ ȩĲȚ Ș ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ țȐșİ πȜȘșυıµȠȪ µİĲαȕȐȜȜİĲαȚ ȕȐıİȚ ĲȘȢ ıȤȑıȘȢ ȖȚα: 

 ( ) ( )
( )

1

1
i i

pop pop M
j

pop

j

i
t t

j t

ν ν
ν

=

= ⋅+ ⋅∑  (2.204) 

ȅȚ ıȤȑıİȚȢ (2.203) țαȚ (2.204) πȡȠȨπȠșȑĲȠυȞ ȩĲȚ Ș πȚșαȞȩĲȘĲα įȚαĲαȡαȤȒȢ įİȞ įȚαφȑȡİȚ ȖȚα 

țȐșİ țȜȐıȘ. ǹυĲȩ ȚıȤȪİȚ İφȩıȠȞ țȐșİ țȜȐıȘ ȠȡȓȗİĲαȚ µȩȞȠȞ ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ µİĲαȕȠȜȫȞ 

πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘ µİĲȐπĲȦıȘ ıİ ȜȪıȘ ıĲȘ ȖİȚĲȠȞȚȐ ĲȘȢ ȕȑȜĲȚıĲȘȢ. Η ıȤȑıȘ (2.198) 

ȕȐıİȚ ĲȘȢ ıȤȑıȘȢ (2.204) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.130 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) ( ) ( )[ ] ( )[ ]
11

Pr 1 1 1
genN M

i M ii

pop pop m m

it

N P Pt t tν −
==

 = − − ⋅ ⋅ ⋅ −→   ∑∏n

opt
x D  (2.205) 

ȩπȠυ Ș πυțȞȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ țȐșİ țȜȐıȘȢ ȖȚα t=1 İȓȞαȚ ȓıȘ µİ 1/M. Η ıȤȑıȘ (2.205) 

ȚıȤȪİȚ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ αĲȩµȦȞ įȓįİĲαȚ ıȪµφȦȞα µİ ĲȘ 

ıȤȑıȘ (2.104). Η ıȪȖțȡȚıȘ ĲȦȞ ıȤȑıİȦȞ (2.205) țαȚ (2.200) ȠįȘȖİȓ ıĲȠ ıυµπȑȡαıµα ȩĲȚ Ș  

Pr(x→D
n

opt) ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (2.102) İȓȞαȚ µȚțȡȩĲİȡȘ ĲȘȢ αȞĲȓıĲȠȚȤȘȢ 

πȚșαȞȩĲȘĲαȢ ĲȘȢ ıȤȑıȘȢ (2.103) İφȩıȠȞ Ƞ πȜȘșυıµȩȢ µİĲαțȚȞİȓĲαȚ ıİ πİȡȚȠȤȑȢ ȩπȠυ ĲȠ 

πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ αȞαıĲȡȠφȫȞ įυφȓȦȞ αυȟȐȞİĲαȚ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ ȖȚȞȩµİȞȠ 

[Pm(t)]
i
·[1-Pm(t)]

M-i
 µİȚȫȞİĲαȚ µİ ȡυșµȩ Pm(t)/[1-Pm(t)]. Η ıȤİĲȚțȒ įȚαφȠȡȐ įİ, αυȟȐȞİȚ ȩıȠ 

αυȟȐȞİȚ Ș ıȤİĲȚțȒ įȚαφȠȡȐ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ ȜȪıİȦȞ ĲȘȢ ıȤȑıȘȢ (2.102) ıĲȠ ȤȫȡȠ ĲȦȞ 

ȜȪıİȦȞ Dn
-D

n
opt. 

2.14 ȆαȡȐȡĲȘµα Ȉȉ – ȈυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ ȖȚα πȡȠȕȜȒµαĲα ȕȑȜĲȚıĲȠυ 

ıȤİįȚαıµȠȪ µİ Ȓ ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ. ȅȚ ıυȞαȡĲȒıİȚȢ ĲȦȞ παȡαȖȡȐφȦȞ 2.14.1 ȦȢ 2.14.7 

παȡȠυıȚȐȗȠυȞ µȩȞȠȞ ȑȞα αțȡȩĲαĲȠ. ȅȚ ıυȞαȡĲȒıİȚȢ ĲȦȞ παȡαȖȡȐφȦȞ 2.14.8 ȦȢ 2.14.22 

παȡȠυıȚȐȗȠυȞ πȜȒșȠȢ ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ. ȅȚ ıυȞαȡĲȒıİȚȢ ĲȦȞ παȡαȖȡȐφȦȞ 2.14.13 ȦȢ 

2.14.19 İȓȞαȚ ıυȞαȡĲȒıİȚȢ µİ µȚțȡȩ πȜȒșȠȢ ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ. ȈĲȘȞ παȡȐȖȡαφȠ 2.14.23 

παȡȠυıȚȐȗȠȞĲαȚ πȡȠȕȜȒµαĲα αȞαφȠȡȐȢ µİ πȜȒșȠȢ ıυȞαȡĲȒıİȦȞ πİȡȚȠȡȚıµȠȪ. ȅȚ 

ıυȞαȡĲȒıİȚȢ αυĲȑȢ µπȠȡȠȪȞ Ȟα ȤȡȘıȚµȠπȠȚȘșȠȪȞ ȦȢ πȡȠȕȜȒµαĲα αȞαφȠȡȐȢ ȖȚα ĲȘȞ İȟȑĲαıȘ 

ĲȘȢ İυȡȦıĲȓαȢ ıȤȘµȐĲȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

2.14.1 ȈυȞȐȡĲȘıȘ ȈφαȓȡαȢ (Sphere Function) 

 
( )

{ } ( )
2

1

1,..., min ( ) 0,0,...,0 0

n

i

i

i

f x

a x a i n f f

=
=

− ≤ ≤ ∀ ∈ = =
∑x

x

 (2.206) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.71, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.131 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.71: ȈυȞȐȡĲȘıȘ ıφαȓȡαȢ (n=2) 

2.14.2 ȆȡȩȕȜȘµα ĲȠυ Schwefel (Schwefel’s Function) 

 
( )

{ } ( )1 1

1,..., min ( ) 0,0,...,0 0

nn

i i

i i

i

f x x

a x a i n f f

= =
= +

− ≤ ≤ ∀ ∈ = =
∑ ∏x

x

 (2.207) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ αȜȜȐ µȘ παȡαȖȦȖȓıȚµȘ ıİ n υπȑȡ-İπȓπİįα n-1 

įȚαıĲȐıİȦȞ µİ ıυȞȐȡĲȘıȘ h(x1,…,0,…,xn)=0. ȈĲȠ ∆ȚȐȖ. 2.72, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ 

παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.132 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.72: ȈυȞȐȡĲȘıȘ ĲȠυ Schwefel (n=2) 

2.14.3 ȈυȞȐȡĲȘıȘ įȚπȜȠȪ αșȡȠȓıµαĲȠȢ ĲȠυ Schwefel (Schwefel’s 
Double Sum Function) 

 
( )

{ } ( )
2

1 1

1,..., min ( ) 0,0,...,0 0

n i

j

i j

i

f x

a x a i n f f

= =
 =   

− ≤ ≤ ∀ ∈ = =
∑ ∑x

x

 (2.208) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.73, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.133 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.73: ȈυȞȐȡĲȘıȘ įȚπȜȠȪ αșȡȠȓıµαĲȠȢ ĲȠυ Schwefel (n=2) 

2.14.4 ȈυȞȐȡĲȘıȘ µİȖȓıĲȠυ ĲȠυ Schwefel (Schwefel’s Max Function) 

 
( ) { }{ }
{ } ( )

max , 1,...,

1,..., min ( ) 0,0,...,0 0

i
i

i

f x i n

a x a i n f f

= ∈
− ≤ ≤ ∀ ∈ = =

x

x
 (2.209) 

ȈυȞȐȡĲȘıȘ µȘ ıυȞİȤȒȢ țαȚ µȘ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.74, 

παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.134 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.74: ȈυȞȐȡĲȘıȘ µİȖȓıĲȠυ ĲȠυ Schwefel (n=2) 

2.14.5 ΓİȞȚțİυµȑȞȘ ȈυȞȐȡĲȘıȘ ĲȠυ Rosenbrock (Generalized 
Rosenbrock’s Function) 
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1,..., min ( ) 1,1,...,1 0
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x

 (2.210) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.75, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.135 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.75: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ ĲȠυ Rosenbrock (n=2). 

2.14.6 ȈυȞȐȡĲȘıȘ ǺȒµαĲȠȢ (Step Function) 

 
( ) ( )

{ } ( )
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1

0.5

1,..., min ( ) 0.5, 0.5,..., 0.5 0

n

i
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i

f x

a x a i n f f

=
= +

− ≤ ≤ ∀ ∈ = − − − =
∑x

x

 (2.211) 

ȈυȞȐȡĲȘıȘ µİ ȑȞα αțȡȩĲαĲȠ țαȚ µȘ παȡαȖȦȖȓıȚµȘ ıİ n υπȑȡ-İπȓπİįα n-1 įȚαıĲȐıİȦȞ µİ 

ıυȞȐȡĲȘıȘ h(x1,…,-0.5,…,xn)=0. ȈĲȠ ∆ȚȐȖ. 2.76, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.136 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.76: ȈυȞȐȡĲȘıȘ ȕȒµαĲȠȢ (n=2). 

2.14.7 ȉİĲαȡĲȠȕȐșµȚα ȈυȞȐȡĲȘıȘ µİ șȩȡυȕȠ (Quartic Function with 
Noise) 

 
( ) [ )
{ } ( )

4

1

0,1

1,..., min ( ) 0,0,...,0 0

n

i

i

i

f i x random

a x a i n f f

=
= ⋅ +

− ≤ ≤ ∀ ∈ = =
∑x

x

 (2.212) 

Η ıυȞȐȡĲȘıȘ αυĲȒ παȡȠυıȚȐȗİȚ ȑȞα αțȡȩĲαĲȠ țαȚ Ƞ șȩȡυȕȠȢ İȓȞαȚ ȠµȠȚȩµȠȡφα 

țαĲαȞİµȘµȑȞȠȢ ıĲȠ įȚȐıĲȘµα [0,1). ȈĲȠ ∆ȚȐȖ. 2.77, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ ȖȚα n=2 (ıĲȘ ȖȡαφȚțȒ παȡȐıĲαıȘ Ƞ ȩȡȠȢ ĲȠυ șȠȡȪȕȠυ įİȞ ȑȤİȚ ȜȘφșİȓ υπȩȥȘ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.137 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.77: ȉİĲαȡĲȠȕȐșµȚα ıυȞȐȡĲȘıȘ µİ șȩȡυȕȠ (n=2). 

2.14.8 ΓİȞȚțİυµȑȞȘ ȈυȞȐȡĲȘıȘ ĲȠυ Schwefel (Schwefel’s Generalized 
Function) 

 
( ) ( )( ) { }

( ) { }1

sin 1,...,

min ( ) 420.9687,..., 420.9687 12569.5 30

n

i i i

i

f x x a x a i n

f f n

=
= − ⋅ − ≤ ≤ ∀ ∈
= = − =
∑x

x

 (2.213) 

ǺαıȚțȩ ȤαȡαțĲȘȡȚıĲȚțȩ ĲȘȢ ıυȞȐȡĲȘıȘȢ İȓȞαȚ ȩĲȚ παȡȠυıȚȐȗİȚ n-1 ĲȠπȚțȐ αțȡȩĲαĲα ıĲα 

ıȘµİȓα 302.5253 : , 420.9687j ix j i j x= − ∀ = ≠ =  µİ fmin=-9194.4924 ıİ µİȖȐȜȘ απȩıĲαıȘ απȩ 

ĲȠ ȠȜȚțȩ İȜȐȤȚıĲȠ [250]. ȈĲȠ ∆ȚȐȖ. 2.78, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.138 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.78: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ ĲȠυ Schwefel (n=2). 

2.14.9 ΓİȞȚțİυµȑȞȘ ȈυȞȐȡĲȘıȘ ĲȠυ Rastrigin (Rastrigin’s Generalized 
Function) 

 
( ) ( )

{ } ( )
2

1

10 cos 2 10

1,..., min ( ) 0,...,0 0

n

i i

i

i

f x x

a x a i n f f

π
=
 = − ⋅ + 

− ≤ ≤ ∀ ∈ = =
∑x

x

 (2.214) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.79, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.139 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.79: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ ĲȠυ Rastrigin (n=2). 

2.14.10 ȈυȞȐȡĲȘıȘ ĲȠυ Ackley (Ackley’s Generalized Function) 

 
( ) ( )

{ } ( )
2

1 1

1 1
20 exp 0.2 exp cos 2 20

1,..., min ( ) 0,...,0 0

n n

i i

i i

i

f x x e
n n

a x a i n f f

π
= =

   = − ⋅ − − + +       
− ≤ ≤ ∀ ∈ = =

∑ ∑x

x

 (2.215) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.80, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.140 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.80: ȈυȞȐȡĲȘıȘ ĲȠυ Ackley (n=2). 

2.14.11 ΓİȞȚțİυµȑȞȘ ȈυȞȐȡĲȘıȘ ĲȠυ Griewangk (Griewangk’s 
Generalized Function) 

 
( )

{ } ( )
2

1 1

1
cos 1

1,..., min ( ) 0,...,0 0

nn
i

i

i i

i

x
f x

b i

a x a i n f f

= =
 = − +  

− ≤ ≤ ∀ ∈ = =
∑ ∏x

x

 (2.216) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.81, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.141 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.81: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ ĲȠυ Griewangk (n=2). 

2.14.12 ΓİȞȚțİυµȑȞȘ ȈυȞȐȡĲȘıȘ ȆȠȚȞȒȢ – (Generalized Penalty 
Function) 

2.14.12.1 1Ș ȆαȡαȜȜαȖȒ 

 ( ) ( ) ( )
( ) ( ){ } ( )

22

1

1
2 2

11

1

10 sin 1

, , ,
1 1 10sin

n n

n
i

ii i

i

x x

f u y c d e
n x x

ππ
π−

=+=

 ⋅ ⋅ + − + = ⋅ +  + − + ⋅   
∑∑x  (2.217) 

ȈĲȠ ∆ȚȐȖ. 2.82, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ 1ȘȢ παȡαȜȜαȖȒȢ ĲȦȞ ȖİȞȚțİυµȑȞȦȞ 

ıυȞȐȡĲȘıȘȢ πȠȚȞȒȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.142 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.82: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ πȠȚȞȒȢ (n=2 – 1
Ș
 παȡαȜȜαȖȒ) 

2.14.12.2 2Ș ȆαȡαȜȜαȖȒ 
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1
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∑∑x  (2.218) 

ΓȚα Ĳα πȡȠȕȜȒµαĲα ĲȦȞ ıȤȑıİȦȞ (2.217) țαȚ (2.218) ȚıȤȪİȚ ȩĲȚ: 
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 (2.219) 

ȈĲȠ ∆ȚȐȖ. 2.83, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ 2ȘȢ παȡαȜȜαȖȒȢ ĲȦȞ ȖİȞȚțİυµȑȞȦȞ 

ıυȞȐȡĲȘıȘȢ πȠȚȞȒȢ ȖȚα n=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.143 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.83: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ πȠȚȞȒȢ (n=2 – 2
Ș
 παȡαȜȜαȖȒ). 

2.14.13 ȈυȞȐȡĲȘıȘ ǹȜİπȩĲȡυπαȢ ĲȠυ Shekel (Shekel’s Foxholes 
Function) 
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ȩπȠυ ȠȚ µİĲαȕȜȘĲȑȢ aij įȓįȠȞĲαȚ ȦȢ: 

 
ȠµαįİȢ

1Ș Ƞµαįα 5Ș Ƞµαįα2Ș Ƞµαįα

32 16 0 16 32 32 32 32 32

32 32 32 32 32 16 16 16 32 32 32
ija

 − − − − =  − − − − − − − −  "

" "
""  (2.221) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.84, παȡȠυıȚȐȗİĲαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.144 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ. 

 

∆ȚȐȖ. 2.84: ȈυȞȐȡĲȘıȘ ǹȜİπȩĲȡυπαȢ ĲȠυ Shekel (ĲȡȚıįȚȐıĲαĲȘ ȩȥȘ) 

ȈĲα ∆ȚȐȖ. 2.85 ȦȢ ∆ȚȐȖ. 2.87, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȖȡαφȚțȑȢ παȡαıĲȐıİȚȢ ĲȦȞ µİȡȚțȫȞ 

παȡαȖȫȖȦȞ. ȉȠ πȜȒșȠȢ ĲȦȞ ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ İȓȞαȚ ȓıȠ µİ 25 µİ µȚțȡȒ įȚαφȠȡȐ İυȡȦıĲȓαȢ 

țαȚ αυȟαȞȩµİȞȘ πȠȜυπȜȠțȩĲȘĲα. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.145 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.85: ȈυȞȐȡĲȘıȘ ǹȜİπȩĲȡυπαȢ ĲȠυ Shekel, παȡȐȖȦȖȠȢ ȦȢ πȡȠȢ x  

 

∆ȚȐȖ. 2.86: ȈυȞȐȡĲȘıȘ ǹȜİπȩĲȡυπαȢ ĲȠυ Shekel, παȡȐȖȦȖȠȢ ȦȢ πȡȠȢ y 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.146 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.87: ȈυȞȐȡĲȘıȘ ǹȜİπȩĲȡυπαȢ ĲȠυ Shekel, παȡȐȖȦȖȠȢ ȦȢ πȡȠȢ xy. 

2.14.14 ȈυȞȐȡĲȘıȘ ĲȠυ Kowalik (Kowalik’s Function) 

 
( ) ( ) { }

( )

2
2

11
1 2

2
1 3 4

5 5 1,..., 4

min ( ) 0.1928,0.1908,0.1231,0.1358 0.0003075

i i

i i

i i i

x b b x
f a x i

b b x x

f f

=

 ⋅ + = − − ≤ ≤ ∀ ∈+ +  
= ≅
∑x

x

 (2.222) 

ȈĲȠȞ ȆȓȞ. 2.2, παȡȠυıȚȐȗȠȞĲαȚ Ĳα įȚαȞȪıµαĲα a țαȚ b. 

µ.ı ai 1

ib−  µ.ı ai 1

ib−  

1 0.1957 0.25 7 0.0456 8 

2 0.1947 0.5 8 0.0342 10 

3 0.1735 1 9 0.0323 12 

4 0.1600 2 10 0.0265 14 

5 0.0844 4 11 0.0246 16 

6 0.0627 6    

ȆȓȞ. 2.2: ∆İįȠµȑȞα ıυȞȐȡĲȘıȘȢ Kowalik  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.147 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.15 ȈυȞȐȡĲȘıȘ ȆȜȐĲȘȢ ĲȘȢ ΚαµȒȜαȢ (Six-hump Camel Back 
Function) 

 
( ) { }

( ) ( )
2 4 6 2 4

1 1 1 1 2 2 2

1
4 2.1 4 4 5 5 1,2

3

min ( ) 0.08983, 0.7126 0.08983,0.7126 1.0316285

if x x x x x x x x i

f f f

= − + + − + − ≤ ≤ ∀ ∈
= − = − = −

x

x

 (2.223) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.88, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ. 

 

∆ȚȐȖ. 2.88: ȈυȞȐȡĲȘıȘ ĲȘȢ πȜȐĲȘȢ țαµȒȜαȢ µİ 6 țαµπȠȪȡİȢ (n=2). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.148 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.16 ȈυȞȐȡĲȘıȘ ĲȠυ Branin (Branin’s Function) 

 

( ) ( )
( ) ( ) ( )

2

2

2 1 1 12

1 2

5.1 5 1
6 10 1 cos 10

4 8

5 10 0 15

min ( ) ,12.275 , 2.275 3 , 2.425 0.398

f x x x x

x x

f f f f

π π π
π π π

   = − + − + − +      
− ≤ ≤ ≤ ≤

= − = = =

x

x

 (2.224) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.89, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ. 

 

∆ȚȐȖ. 2.89: ȈυȞȐȡĲȘıȘ ĲȠυ Branin (n=2). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.149 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.17 ȈυȞȐȡĲȘıȘ ĲȠυ Goldstein-Price (Goldstein-Price Function) 

 
( ) ( ) ( )

( ) ( )
( )

2 2 2

1 2 1 1 2 1 2 2

2 2 2

1 2 1 1 2 1 2 2

1 2

1 1 19 14 3 14 6 3

30 2 3 18 32 12 48 36 27

2 2 2 2 min ( ) 0, 1 3

x x x x x x x x
f

x x x x x x x x

x x f f

  + + + − + − + + ×  =   + − − + + − +   
− ≤ ≤ − ≤ ≤ = − =

x

x

 (2.225) 

ȈυȞȐȡĲȘıȘ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȈĲȠ ∆ȚȐȖ. 2.90, παȡȠυıȚȐȗİĲαȚ 

Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ. 

 

∆ȚȐȖ. 2.90: ȈυȞȐȡĲȘıȘ ĲȦȞ Goldstein – Price (n=2). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.150 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.18 ȈυȞαȡĲȒıİȚȢ ȅȚțȠȖȑȞİȚαȢ Hartman (Hartman’s Family) 

 

( ) ( )
( )

( )

4
2

1 1

3

6

exp 0 1

min ( ) 0.114,0.556,0.582 3.86

min ( ) 0.201,0.150,0.477,0.275,0.311,0.657 3.32

n

n i ij j ij j

i j

f c a x p x

f f

f f

= =
 = − − − ≤ ≤  

= = −
= = −

∑ ∑x

x

x

 (2.226) 

ȈĲȠȞ ȆȓȞ. 2.3 țαȚ  

ȆȓȞ. 2.4, παȡȠυıȚȐȗȠȞĲαȚ ĲȠ įȚȐȞυıµα c țαȚ Ĳα µȘĲȡȫα a țαȚ p ȖȚα n=3 țαȚ n=6 αȞĲȓıĲȠȚȤα. 

, 1,2,3 , 1,2,3

1 3.0 10 30 1.0 0.3689 0.1170 0.2673

2 0.1 10 35 1.2 0.4699 0.4387 0.7470

3 3.0 10 30 3.0 0.1091 0.8732 0.5547

4 0.1 10 35 3.2 .03815 0.5743 0.8828

ij i iji a j c p j= =
 

ȆȓȞ. 2.3: ∆İįȠµȑȞα ıυȞαȡĲȒıİȦȞ ȠȚțȠȖȑȞİȚαȢ Hartman (n=3) 

, 1,...,6 , 1,..., 6

1 10 3 17 3.5 1.7 8 1.0 0.1312 0.1696 0.5569 0.0124 0.8283 0.5886

2 0.05 10 17 0.1 8 14 1.2 0.2329 0.4135 0.8307 0.3736 0.1004 0.9991

3 3 3.5 1.7 10 17 8 3.0 0.2348 0.1415 0.3522 0.2883 0.3047 0

4 17 8 0.05 10 0.1 14 3.2

ij i iji a j c p j= =

.6650

0.4047 0.8828 0.8732 0.5743 0.1091 0.0381

 

ȆȓȞ. 2.4: ∆İįȠµȑȞα ıυȞαȡĲȒıİȦȞ ȠȚțȠȖȑȞİȚαȢ Hartman (n=6)  

2.14.19 ȈυȞαȡĲȒıİȚȢ ȅȚțȠȖȑȞİȚαȢ Shekel (Shekel’s Family) 

 

( ) ( )( )
( )

1

1

1

1
0 10 min ( )

m
T

m i i i

i

m

j m i

i i

f

x f f

−

=

=

 = − − − + 
≤ ≤ = =

∑
∑

x x a x a c

x a
c

 (2.227) 

ȈĲȠȞ ȆȓȞ. 2.5, παȡȠυıȚȐȗȠȞĲαȚ ĲȠ įȚȐȞυıµα c țαȚ ĲȠ µȘĲȡȫȠ a ȖȚα n=5, n=7 țαȚ n=10 

αȞĲȓıĲȠȚȤα. 

, 1,..., 4 , 1,..., 4

1 4 4 4 4 0.1 6 2 9 2 9 0.6

2 1 1 1 1 0.2 7 5 5 3 3 0.3

3 8 8 8 8 0.2 8 8 1 8 1 0.7

4 6 6 6 6 0.4 9 6 2 6 2 0.5

5 3 7 3 7 0.4 10 7 3.6 7 3.6 0.5

ij i ij ii a j c i a j c= =

 

ȆȓȞ. 2.5: ∆İįȠµȑȞα ıυȞαȡĲȒıİȦȞ ȠȚțȠȖȑȞİȚαȢ Shekel (m=5,7,10) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.151 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.20 ȈυȞȐȡĲȘıȘ Fletcher-Powell (Fletcher-Powell Function) 

 

( ) ( )
( ) ( )( ) ( ) ( )( )

2

1

1 1

sin cos sin cos

n

m i i

i

n n

i ij j ij j i ij j ij j j

j j

f A B

A a a b a B a x b x xπ π
=

= =

= −
= ⋅ + ⋅ = ⋅ + ⋅ − ≤ ≤

∑
∑ ∑

x

(2.228) 

ȩπȠυ { }, 100,...,100 Nij ija b ∈ − ∈  ȠȡȓȗȠȞĲαȚ ĲυȤαȓȠȚ φυıȚțȠȓ αȡȚșµȠȓ, πȠυ απȠĲİȜȠȪȞ țαȚ ĲȚȢ 

παȡαµȑĲȡȠυȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ ȦȢ [ ],ja π π∈ −  ȠȡȓȗİĲαȚ ĲȠ ȠȜȚțȩ ȕȑȜĲȚıĲȠ. ȆİȡȚııȩĲİȡα 

ıĲȠȚȤİȓα ȖȚα ĲȘ ıυȞȐȡĲȘıȘ αυĲȒ įȓįȠȞĲαȚ απȩ ĲȠ Back [6]. ȈĲȠ ∆ȚȐȖ. 2.91, παȡȠυıȚȐȗİĲαȚ Ș 

µȠȡφȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα aij=[[1,2],[3,4]], bij=[[-1,-2],[-3,-4]] țαȚ aj=[1,-1] πȑȡȚȟ ĲȠυ ȠȜȚțȠȪ 

İȜαȤȓıĲȠυ. 

 

∆ȚȐȖ. 2.91: ȈυȞȐȡĲȘıȘ ĲȦȞ Fletcher Powell (n=2). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.152 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.21 ΓİȞȚțİυµȑȞȘ ȈυȞȐȡĲȘıȘ Langerman (Langerman’s Generalized 
Function) 

 ( ) ( ) ( )2 2

1 1 1

1
exp cos 0 10

n n n

m i j ij j ij j

i j j

f c x a x a xππ= = =
     = − ⋅ − − ⋅ ⋅ − ≤ ≤         ∑ ∑ ∑x  (2.229) 

ȩπȠυ n=m=30. ȉȠ µȘĲȡȫȠ ǹ ȠȡȓȗİĲαȚ ȦȢ µȘĲȡȫȠ ĲυȤαȓȦȞ αȡȚșµȫȞ ıĲȠ įȚȐıĲȘµα [1,100] 

ȩπȦȢ țαȚ ĲȠ įȚȐȞυıµα c. Η ıυȞȐȡĲȘıȘ αυĲȒ παȡȠυıȚȐȗİȚ ȚįȚαȓĲİȡα πİπȜİȖµȑȞȘ µȠȡφȒ. ȈĲȠ 

∆ȚȐȖ. 2.92, παȡȠυıȚȐȗİĲαȚ Ș µȠȡφȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȖȚα n=2 µİ aij=[[1,2],[3,4]] țαȚ cj=[1,2] 

ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȆİȡȚııȩĲİȡα ıĲȠȚȤİȓα ȖȚα ĲȘ ıυȞȐȡĲȘıȘ αυĲȒ įȓįȠȞĲαȚ απȩ ĲȠυȢ 

Bersini et al [20]. 

 

∆ȚȐȖ. 2.92: ΓİȞȚțİυµȑȞȘ ıυȞȐȡĲȘıȘ ĲȠυ Langerman (n=2). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.153 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

2.14.22 ȈυȞȐȡĲȘıȘ ǹȡµȠȞȚțȫȞ 

 
( ) ( ) ( )

( )
5 5

1 1

min

cos 1 cos 1

10 10 10 10 186.7301

i i

f i i x i i i y i

x y f

= =
= ⋅ + ⋅ + ⋅ ⋅ + ⋅ +      

− ≤ ≤ − ≤ ≤ = −
∑ ∑x

x

 (2.230) 

Η ıυȞȐȡĲȘıȘ αυĲȒ İȓȞαȚ ıυȞİȤȒȢ țαȚ παȡαȖȦȖȓıȚµȘ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ. ȆİȡȚȑȤİȚ 6 ȠȜȚțȐ 

αțȡȩĲαĲα ıĲα ıȘµİȓα (x1=5.4829, y1=-1.4252), (x2=4.8581, y2=-7.0835), (x3=-1.4252, y3=-

0.8003), (x4=-1.4252, y4=5.4829), (x5=-7.0835, y5=4.8581) țαȚ (x6=-0.8003, y6=-1.4252). ȈĲα 

∆ȚȐȖ. 2.93 țαȚ ∆ȚȐȖ. 2.94, παȡȠυıȚȐȗİĲαȚ Ș µȠȡφȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ. 

 

∆ȚȐȖ. 2.93: ȈυȞȐȡĲȘıȘ ǹȡµȠȞȚțȫȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.154 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 2.94: ȈυȞȐȡĲȘıȘ ǹȡµȠȞȚțȫȞ (ȚıȠȨȥİȓȢ) 

2.14.23 ȆȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ πİȡȚȠȡȚıµȠȪȢ ıχİįȚαıµȠȪ 

ȈĲȘȞ υπȠπαȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ πȡȠȕȜȒµαĲα αȞαφȠȡȐȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ µİ 

ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȠȪ. 

2.14.23.1 ȆȡȫĲȠ πȡȩȕȜȘµα [85] 

 ( ) 4 4 13
2

1 1 1

5 5i i i

i i i

f x x x
= = =

= ⋅ − ⋅ −∑ ∑ ∑x  (2.231) 

ȅȚ ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȫȞ gi(x) įȓįȠȞĲαȚ ȦȢ: 

 ( ) = ⋅ − ≤g A x b 0x  (2.232) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ΧȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ΕȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ΕȡİυȞȫȞ 2.155 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ: 

 [ ]10 10 10 0 0 0 0 0 0
T =b  (2.233) 

țαȚ ĲȠ µȘĲȡȫȠ ǹ ȠȡȓȗİĲαȚ ȦȢ: 

 

2 2 0 0 0 0 0 0 0 1 1 0 0

2 0 2 0 0 0 0 0 0 1 0 1 0

0 2 2 0 0 0 0 0 0 0 1 1 0

8 0 0 0 0 0 0 0 0 1 0 0 0

0 8 0 0 0 0 0 0 0 0 1 0 0

0 0 8 0 0 0 0 0 0 0 0 1 0

0 0 0 2 1 0 0 0 0 1 0 0 0

0 0 0 0 0 2 1 0 0 0 1 0 0

0 0 0 0 0 0 0 2 1 0 0 1 0

     −  = − −  − − − −  − −  

A  (2.234) 

ȩπȠυ 0≤xi≤1 ȖȚα i={1,…,9}, 0≤xi≤100 ȖȚα i={10,…,12} țαȚ 0≤x13≤1. ȉȠ įȚȐȞυıµα ĲȠυ ȠȜȚțȠȪ 

İȜαȤȓıĲȠυ įȓįİĲαȚ ȦȢ x*=(1,1,1,1,1,1,1,1,1,3,3,3,1) µİ 6 ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȠȪ İȞİȡȖȑȢ 

{g1,g2,g3,g7,g8,g9} țαȚ f(x*)=-15. 

2.14.23.2 ∆İȪĲİȡȠ πȡȩȕȜȘµα [174] 

 ( ) ( ) ( ) ( )
( )

4 2
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1 1 1

2 2
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1 1

cos 2 cos 0.75 0
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x

x

 (2.235) 

ȩπȠυ 0≤xi≤10 țαȚ n=20. H țαȜȪĲİȡȘ µȑȤȡȚ ıĲȚȖµȒȢ ĲȚµȒ İȓȞαȚ  f(x*)=-0.803619 [247]. 

2.14.23.3 ȉȡȓĲȠ πȡȩȕȜȘµα [140] 

 ( ) ( ) ( ) 2

1

11

1 0
n n

n

i i

ii

f x h xn
==

= − = − =∑∏x x  (2.236) 

ȩπȠυ 0≤xi≤1 țαȚ n=10 ĲȠ İȜȐȤȚıĲȠ ȕȡȓıțİĲαȚ ıĲȠ ıȘµİȓȠ * 1
ix

n
=  țαȚ f(x*)=-1. 
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3 ΑȞȐȜυıȘ ΑȟȚȠπȚıĲȓαȢ ΠȠȜȪπȜȠțȦȞ ∆ȠµȚțȫȞ 
ȈυıĲȘµȐĲȦȞ 

3.1 ǼȚıαȖȦȖȒ 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐȗİĲαȚ µȓα Ȟȑα µȑșȠįȠȢ αȟȚȠπȚıĲȓαȢ µİ İφαȡµȠȖȒ ıĲȘȞ αȞȐȜυıȘ 

υπİȡıĲαĲȚțȫȞ țαĲαıțİυȫȞ. ȈĲȩȤȠȢ ĲȘȢ µİșȩįȠυ, İȓȞαȚ Ș µİȓȦıȘ ĲȠυ υȥȘȜȠȪ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ πȚșαȞȠĲȚțȒ αȞȐȜυıȘ µİ ĲȚȢ țȜαııȚțȑȢ µİșȩįȠυȢ 

įİȚȖµαĲȠȜȘȥȓαȢ (µȑșȠįȠȢ Monte Carlo), µȑıȦ ĲȘȢ țαĲȐĲµȘıȘȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ țαȚ ĲȘ 

įİȚȖµαĲȠȜȘȥȓα ıİ πİȡȚȠȤȑȢ αυȟȘµȑȞȘȢ ıȘµαıȓαȢ. Ǿ İıĲȓαıȘ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ıĲȚȢ 

πİȡȚȠȤȑȢ αυȟȘµȑȞȘȢ ıȘµαıȓαȢ İπȚĲυȖȤȐȞİĲαȚ µİ ĲȘȞ İțµİĲȐȜȜİυıȘ ĲȦȞ πȜȘȡȠφȠȡȚȫȞ πȠυ 

αȞĲȜȠȪȞĲαȚ απȩ ĲȘȞ ȐșȚțĲȘ țαĲαıțİυȒ. Ǿ αȪȟȘıȘ ĲȘȢ πυțȞȩĲȘĲαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘ 

ȖİȚĲȠȞȓα ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ 

αțȡȓȕİȚαȢ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. ȅȚ ıυȞȑπİȚİȢ ĲȘȢ αȪȟȘıȘȢ ĲȘȢ 

πυțȞȩĲȘĲαȢ įİȚȖµαĲȠȜȘȥȓαȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 3.16. ΓȚα ĲȘȞ πȚșαȞȠĲȚțȒ 

αȞȐȜυıȘ µȓαȢ țαĲαıțİυȒȢ απαȚĲİȓĲαȚ: 

• Ș ȖȞȫıȘ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ ĲυȤαȓȦȞ µİĲαȕȜȘĲȫȞ (Ĳ.µ) ĲȦȞ υȜȚțȫȞ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ (µȘĲȡȫȠ ıυıȤȑĲȚıȘȢ) [28], 

• Ș ȖȞȫıȘ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ıİ ıȤȑıȘ µİ ĲȚȢ φȠȡĲȓıİȚȢ ĲȘȢ țαĲαıțİυȒȢ [28] țαȚ 

ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ (µȘĲȡȫȠ ıυıȤȑĲȚıȘȢ), 

• Ș ȖȞȫıȘ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ĲȦȞ ȖİȦµİĲȡȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ țαȚ ĲȦȞ αĲİȜİȚȫȞ 

[28] țαȚ ĲυȤȩȞ αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ, 

• Ș ȖȞȫıȘ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ĲȦȞ πȡȠıȠµȠȚȦµȐĲȦȞ αȞȐȜυıȘȢ [28] ȦȢ πȡȠȢ ĲȘȞ 

țαĲαȞȠµȒ ĲȦȞ İȞĲȐıİȦȞ ıĲȘȞ țαĲαıțİυȒ țαȚ ĲȘȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ, 

• Ș πȠıȠĲȚțȠπȠȓȘıȘ ĲȦȞ ıυȞİπİȚȫȞ ĲȠυ αȞșȡȫπȚȞȠυ παȡȐȖȠȞĲα ıĲȘȞ απȩțȡȚıȘ ĲȘȢ 

țαĲαıțİυȒȢ [16]. 

Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ İıĲȚȐȗİȚ ĲȠ İȞįȚαφȑȡȠȞ ĲȘȢ ıĲȚȢ ıυȞȑπİȚİȢ ĲȦȞ αȕİȕαȚȠĲȒĲȦȞ ĲȦȞ 

υȜȚțȫȞ, ĲȦȞ įȡȐıİȦȞ țαȚ ĲȦȞ ȖİȦµİĲȡȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ. Ȃİ İȟαȓȡİıȘ ĲȠ παȡȐįİȚȖµα 

ĲȘȢ παȡαȖȡȐφȠυ 3.14.7, ȩπȠυ υπȠȜȠȖȓȗİĲαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ įȚțĲυȫµαĲȠȢ țαĲȐȜȜȘȜα 

ıȤİįȚαıµȑȞȠυ ȫıĲİ Ȟα πȜȘȡȠȓ ĲȘȢ πȡȠįȚαȖȡαφȑȢ ĲȠυ ǼυȡȦțȫįȚțα 3 [18], įİȞ ȑȤİȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.4 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαĲαȕȜȘșİȓ πȡȠıπȐșİȚα αȞĲȚıĲȠȓȤȘıȘȢ ĲȦȞ φȠȡĲȓȦȞ µİ Ĳα φȠȡĲȓα ĲȦȞ țαȞȠȞȚıµȫȞ. ȅįȘȖȓİȢ 

ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ φȠȡĲȓıİȦȞ πȠυ įȡȠυȞ ıİ µȓα țαĲαıțİυȒ αȞȐȜȠȖα ĲȠυ ĲȪπȠυ țαȚ ĲȘȢ 

ȤȡȒıȘȢ ĲȘȢ παȡαĲȓșİȞĲαȚ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα [28]. 

ȅ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țαĲȐ ĲȘȞ αȞȐȜυıȘ įȓįİĲαȚ απȩ ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ 

įİȚȖµȐĲȦȞ. Ǿ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ πȡȠțȪπĲİȚ ȦȢ απȠĲȑȜİıµα ĲȘȢ µİȓȦıȘȢ ĲȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ (πȠυ ȠȡȓȗİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ 

αȞİȟȐȡĲȘĲȦȞ Ĳ.µ) țαȚ ĲȠυ µİȖȑșȠυȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ıĲȠȞ ȠπȠȓȠ πȡαȖµαĲȠπȠȚİȓĲαȚ Ș 

įİȚȖµαĲȠȜȘȥȓα. 

3.2 ΜȑșȠįȠȚ ǹȞȐȜυıȘȢ ǹȟȚȠπȚıĲȓαȢ πȠȜȪπȜȠțȦȞ 
ıυıĲȘµȐĲȦȞ 

Ǿ πȚșαȞȠĲȚțȒ șİȦȡȓα ȑȤİȚ ȕȡİȚ πȡȩıφȠȡȠ ȑįαφȠȢ İφαȡµȠȖȒȢ ıİ șȑµαĲα µȘȤαȞȚțȒȢ ȩπȦȢ 

πȡȠțȪπĲİȚ απȩ ĲȘȞ İțĲİȞȒ ȕȚȕȜȚȠȖȡαφȓα [1], [11]. ȈȘµαȞĲȚțȒ İȓȞαȚ İπȓıȘȢ Ș İφαȡµȠȖȒ ĲȦȞ 

πȜȑȠȞ įȚαįİįȠµȑȞȦȞ µİșȩįȦȞ ȖȚα ĲȘȞ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ ıυıĲȘµȐĲȦȞ ȩπȦȢ παȡȠυıȚȐȗİĲαȚ 

ıĲȠ țİφȐȜαȚȠ 1. ǿįȚαȓĲİȡȠ µȑȡȠȢ ĲȘȢ İπȚıĲȘµȠȞȚțȒȢ πȡȠıπȐșİȚαȢ İıĲȚȐȗİĲαȚ ıĲȘȞ αȞȐπĲυȟȘ 

µİșȩįȦȞ πȠυ πȡȠıφȑȡȠυȞ υȥȘȜȒȢ αȟȚȠπȚıĲȓαȢ İțĲȚµȒıİȚȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ, µİ 

ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ, ȖȚα ȤȡȠȞȚțȫȢ αµİĲȐȕȜȘĲα [5], [6], [33], [42] țαȚ ȤȡȠȞȚțȫȢ 

µİĲαȕαȜȜȩµİȞα [20], [35], [43] ıυıĲȒµαĲα. µİ µİȖȐȜȠ πȜȒșȠȢ πȚșαȞȫȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. ΩȢ ıυıĲȒµαĲα αȞαφȑȡȠȞĲαȚ Ĳα įȠµȚțȐ ıυıĲȒµαĲα Ĳα ȠπȠȓα αȞαφȑȡȠȞĲαȚ απȩ ĲȠ 

ıȘµİȓȠ αυĲȩ țαȚ İφİȟȒȢ ȦȢ «țαĲαıțİυȑȢ» ΩȢ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ Ș αȜȜȘȜȠυȤȓα 

įȚαįȠȤȚțȫȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ, ĲȦȞ įȠµȚțȫȞ µİȡȫȞ ĲȠυ ıυıĲȒµαĲȠȢ, πȠυ ȠįȘȖİȓ ĲȠ 

ıȪıĲȘµα απȩ µȓα țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ ıİ µȓα țαĲȐıĲαıȘ αıĲȠȤȓαȢ [12], [11]. ȅȚ 

įȚαșȑıȚµİȢ İȡİυȞȘĲȚțȑȢ µȑșȠįȠȚ αȞȐȜυıȘȢ ȩπȦȢ Ș µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ [14], 

[36], [37], [25], țαȚ Ș µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ [13], [29], [48], [51] παȡȠυıȚȐȗȠυȞ ȖȚα ĲȚȢ 

ĲυπȚțȑȢ țαĲαıțİυȑȢ απαȖȠȡİυĲȚțȩ țȩıĲȠȢ. ȉȠȪĲȠ πȡȠțȪπĲİȚ αφİȞȩȢ țαĲȐ ĲȘ φȐıȘ ĲȘȢ 

αȞȓȤȞİυıȘȢ ĲȦȞ πȚșαȞȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȩπȠυ ĲȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ αυȟȐȞİȚ İțșİĲȚțȐ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ αȜȜȐ țαȚ ĲȘȞ υπİȡıĲαĲȚțȩĲȘĲα ĲȘȢ 

țαĲαıțİυȒȢ țαȚ αφİĲȑȡȠυ țαȚ țαĲȐ ĲȘ φȐıȘ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȦȞ ȠȡȓȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ (ȩȡȚα Ditlevsen țȜπ.) țαșȫȢ ĲȠ πȜȒșȠȢ ĲȦȞ ıυȞįυαıµȫȞ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ πȠυ πȡȑπİȚ Ȟα İȟİĲαıșȠȪȞ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ ȠȡȓȦȞ Ditlevsen İȓȞαȚ ȓıȠȢ !n  

ȩπȠυ n İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȅȚ Song, țαȚ Der Kiureghian, [53], 

αȞαφȑȡȠυȞ ȩĲȚ ȖȚα πȡȠȕȜȒµαĲα µİ 20 πȚșαȞȑȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ, Ĳα ȩȡȚα µİ ĲȠ µȚțȡȩĲİȡȠ 

įυȞαĲȩ İȪȡȠȢ, µπȠȡȠȪȞ Ȟα υπȠȜȠȖȚıșȠȪȞ απȩ ĲȘȞ İπȓȜυıȘ İȞȩȢ πȡȠȕȜȒµαĲȠȢ ȖȡαµµȚțȠȪ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.5 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠȖȡαµµαĲȚıµȠȪ µİ πȜȒșȠȢ µİĲαȕȜȘĲȫȞ ıȤİįȚαıµȠȪ (µ.ı) ȓıȠ µİ 100000. ȁȪıȘ ȖȚα ĲȠ 

πȡȩȕȜȘµα ĲȘȢ İțșİĲȚțȐ αυȟαȞȩµİȞȘȢ πȠȜυπȜȠțȩĲȘĲαȢ απȠĲİȜȠȪȞ ȠȚ µȑșȠįȠȚ įİȚȖµαĲȠȜȘȥȓαȢ 

ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ πȠυ įİȞ İȟαȡĲȫȞĲαȚ απȩ ĲȠ πȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȅȚ 

µȑșȠįȠȚ Monte Carlo (MC) țαȚ παȡαȜȜαȖȑȢ ĲȠυȢ [50], [52] ȕαıȓȗȠȞĲαȚ ıĲȠ ıțİπĲȚțȩ ĲȘȢ 

ĲυȤαȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ȖȚα ĲȘȞ İπȓȜυıȘ ĲȠυ İțȐıĲȠĲİ 

ȞĲİĲİȡµȚȞȚıĲȚțȠȪ πȡȠȕȜȒµαĲȠȢ. Ǿ įȚαįȚțαıȓα αυĲȒ ıυȞİȤȓȗİĲαȚ µȑȤȡȚ Ȟα İȟαıφαȜȚıĲİȓ 

İπαȡțȑȢ πȜȒșȠȢ įİȚȖµȐĲȦȞ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ 

İțĲȓµȘıȘȢ įȓįȠȞĲαȚ ȦȢ [52]: 
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ȩπȠυ, nf İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ țαȚ n İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµαĲȠȜȘȥȚȫȞ πȠυ 

πȡαȖµαĲȠπȠȚȒșȘțαȞ. ȂİȚȠȞȑțĲȘµα ĲȘȢ µİșȩįȠυ (ȩπȦȢ αȞαφȑȡİĲαȚ ıĲȠ țİφȐȜαȚȠ 1) İȓȞαȚ ĲȠ 

υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ, πȠυ ıυȞαȡĲȐĲαȚ Ȑµİıα µİ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ, 

țαșȫȢ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ, İȓȞαȚ αȞĲȚıĲȡȩφȦȢ αȞȐȜȠȖȠ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȠυ υπȩ İȟȑĲαıȘ ȖİȖȠȞȩĲȠȢ. ΓȚα ĲυπȚțȑȢ țαĲαıțİυȑȢ ıȪµφȦȞα µİ ĲȚȢ 

ȚıȤȪȠυıİȢ țαȞȠȞȚıĲȚțȑȢ įȚαĲȐȟİȚȢ (ǼυȡȦțȫįȚțİȢ) ȠȚ απȠįİțĲȑȢ ĲȚµȑȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ µȑȜȠυȢ țυµαȓȞİĲαȚ απȩ 10
-5

 ȦȢ 10
-6 αȞȐȜȠȖα µİ ĲȘ ıπȠυįαȚȩĲȘĲα ĲȠυ ȑȡȖȠυ. Ǿ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȦȞ țαĲαıțİυȫȞ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ υπİȡıĲαĲȚțȩĲȘĲαȢ ĲȠυȢ (πȠυ 

ȠȡȓȗİĲαȚ ȦȢ Ș įυȞαĲȩĲȘĲα αȞαįȚαȞȠµȒȢ ĲȦȞ ĲȐıİȦȞ ıĲȘȞ πİȡȓπĲȦıȘ αıĲȠȤȓαȢ İȞȩȢ Ȓ 

πİȡȚııȠĲȑȡȦȞ ıĲȠȚȤİȓȦȞ), ĲȘȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ ĲȦȞ Ĳ.µ, ĲȦȞ įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ 

ĲȦȞ Ĳ.µ ĲȦȞ φȠȡĲȓȦȞ țαȚ ĲȘȢ αȞĲȠȤȒȢ țαȚ ĲȘȢ ȤȡȒıȘȢ ĲȠυȢ. ȉȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ 

įİȚȖµȐĲȦȞ țυµαȓȞİĲαȚ απȩ 3x10
5
 ȦȢ 10

12
 įİȓȖµαĲα ȖȚα ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ ȓıȠ µİ 10% 

țαȚ ıυȞȒșİȚȢ țαĲαıțİυȑȢ (ıȪµφȦȞα µİ Ĳα απȠĲİȜȑıµαĲα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ țİφȐȜαȚȠ 

1). ΓȓȞİĲαȚ αȞĲȚȜȘπĲȩ ȩĲȚ Ș İυȡİȓα ȤȡȒıȘ ĲȘȢ µİșȩįȠυ MC țαșȓıĲαĲαȚ πȡȠȕȜȘµαĲȚțȒ ȜȩȖȦ 

ĲȠυ αυȟȘµȑȞȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ. 

ǿįȚαȓĲİȡȘ πȡȠıȠȤȒ įȓįİĲαȚ ıĲȘȞ αȞȐπĲυȟȘ µİșȩįȦȞ πȠυ πȡȠıαȡµȩȗȠυȞ ĲȘ įȚαįȚțαıȓα 

įİȚȖµαĲȠȜȘȥȓαȢ Ȓ ĲȘ ıυȞįυȐȗȠυȞ µİ ȐȜȜİȢ µİșȩįȠυȢ, ıĲȠȤİȪȠȞĲαȢ ıĲȘ µİȓȦıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ țαȚ ıĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ ĲȦȞ İțĲȚµȒıİȦȞ [6], [20], [43], [35]. 

ȅ Bjerager, [5] țαȚ ȠȚ Ditlevsen et al., [15] υπȠȜȠȖȓȗȠυȞ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µİ ĲȘ 

ȂȑșȠįȠ ǺαȡȪȞȠυıαȢ ∆İȚȖµαĲȠȜȘȥȓαȢ țαĲȐ įȚİȪșυȞıȘ. ȅ Melchers [40], παȡȠυıȚȐȗİȚ µȚα 

µȑșȠįȠ πȠυ πİȡȚȠȡȓȗİȚ ĲȠ ȤȫȡȠ įİȚȖµαĲȠȜȘȥȓαȢ ıİ µȓα υπȑȡ-ıφαȓȡα ȖȪȡȦ απȩ ĲȠ ȈȘµİȓȠ 

ȂȑȖȚıĲȘȢ ȆȚșαȞȠφȐȞİȚαȢ (Maximum Likelihood Point). ȅȚ Moarefzadeh țαȚ Melchers, [42], 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.6 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡȠυıȚȐȗȠυȞ µȓα παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ įȚİȪșυȞıȘ İȚįȚțȐ 

ĲȡȠπȠπȠȚȘµȑȞȘ µİ ıĲȩȤȠ ĲȘȢ αȪȟȘıȘ ĲȘȢ αțȡȓȕİȚαȢ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

ıĲȘȞ πİȡȓπĲȦıȘ Ĳ.µ µİ υȥȘȜȩ įİȓțĲȘ ıυıȤȑĲȚıȘȢ. ȅȚ Mori țαȚ Ellingwood, [43], 

παȡȠυıȚȐȗȠυȞ µȓα πȡȠıαȡµȠıĲȚțȒ įȚαįȚțαıȓα πȠυ µİĲαȕȐȜȜİȚ įυȞαµȚțȐ ĲȘ ıυȞȐȡĲȘıȘ 

ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ ȫıĲİ Ȟα İıĲȚȐȗİĲαȚ Ș įȚαįȚțαıȓα ıĲȘȞ πİȡȚȠȤȒ αıĲȠȤȓαȢ µİ 

ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İțĲȓµȘıȘȢ. ȅȚ Kim țαȚ Na, [31], țαȚ ȠȚ Zheng, țαȚ 

Das, [57], πȡȠıİȖȖȓȗȠυȞ ĲȘ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ µİ πȠȜυȫȞυµα µȚțȡȒȢ ĲȐȟȘȢ µİ ĲȘ 

ȕȠȒșİȚα ĲȘȢ µİșȩįȠυ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ [7], [55], țαȚ ıĲȘ ıυȞȑȤİȚα µȑıȦ ȕαȡȪȞȠυıαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ υπȠȜȠȖȓȗȠυȞ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ υπȩ İȟȑĲαıȘ ıυıĲȒµαĲȠȢ. ȅȚ 

Mahadevan țαȚ Raghothamachar, [36], παȡȠυıȚȐȗȠυȞ µȚα µȑșȠįȠ πȡȠıαȡµȠıµȑȞȘ ıĲȘȞ 

αȞȐȜυıȘ πȠȜȪπȜȠțȦȞ ıυıĲȘµȐĲȦȞ, πȠυ ıυȞįυȐȗİȚ ĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ 

µİ ĲȘ µȑșȠįȠ ∆ȚαțȜȐįȦıȘȢ țαȚ ΦȡαȖȒȢ [11], ȖȚα ĲȘȞ αȞȐįİȚȟȘ ĲȦȞ ıȘµαȞĲȚțȫȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. Ǿ µȑșȠįȠȢ υπȠȜȠȖȓȗİȚ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αυĲȫȞ 

țαȚ φȡȐııİȚ ĲȘ įİȚȖµαĲȠȜȘȥȓα ıİ ȤȦȡȓα ȖȪȡȦ απȩ Ĳα ıȘµİȓα αυĲȐ. ȅȚ Nie țαȚ Ellingwood, 

[45], παȡȠυıȚȐȗȠυȞ µȚα µȑșȠįȠ πȠυ πȡȠıİȖȖȓȗİȚ ĲȘ įȚİπȚφȐȞİȚα ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ µİ αȜȜȘȜȠυȤȓα ıφαȚȡȚțȫȞ ĲµȘµȐĲȦȞ. ȅ υπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

ȕαıȓȗİĲαȚ ıĲȘ µȑșȠįȠ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ țαĲȐ įȚİȪșυȞıȘ. ȈȪµφȦȞα µİ ĲȠυȢ 

ıυȖȖȡαφİȓȢ Ș µȑșȠįȠȢ αυĲȒ İȓȞαȚ ȚįȚαȓĲİȡα țαĲȐȜȜȘȜȘ ȖȚα πȡȠȕȜȒµαĲα ĲȦȞ 5 ȦȢ 20 

αȞİȟȐȡĲȘĲȦȞ Ĳ.µ. ȅ Mitchell [41], αȞαπĲȪııİȚ µȓα µȑșȠįȠ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ İȞȩȢ ıυıĲȒµαĲȠȢ ıİ ıυȞȐȡĲȘıȘ µİ ĲȚȢ Ĳ.µ, ȕαıȚȗȩµİȞȘ ıİ įİȚȖµαĲȠȜȘȥȓα ȖȪȡȦ 

απȩ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ. ȅȚ Au țαȚ Beck, [2], παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ 

µİșȩįȠυ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ πȠυ πȡȠıȠµȠȚȫȞİȚ Ĳα įİȓȖµαĲα ȦȢ αȜυıȓįİȢ Markov 

ȖȚα ĲȘ įȘµȚȠυȡȖȓα ĲȘȢ ıυȞȐȡĲȘıȘȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ. ȅȚ Olsson et al., [46], 

παȡȠυıȚȐȗȠυȞ παȡαȜȜαȖȑȢ ĲȘȢ µİșȩįȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ πȠυ ıĲȠȤİȪȠυȞ ıĲȘȞ 

İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ ĲȘȢ İțĲȓµȘıȘȢ ȜȩȖȦ įİȚȖµαĲȠȜȘȥȓαȢ. ȅȚ παȡαȜȜαȖȑȢ 

αυĲȑȢ ȕαıȓȗȠȞĲαȚ ıĲȘ įȚαµȩȡφȦıȘ ĲȠυ ıȤȒµαĲȠȢ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ țαĲȐ αȞαȜȠȖȓα µİ ĲȘ 

µȠȡφȒȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ (Limit State Function). 

ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ o πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ ȤȦȡȓȗİĲαȚ ıİ 2
NRV υπİȡțȪȕȠυȢ ȓıȠυ 

µİȖȑșȠυȢ. ΩȢ υπİȡțȪȕȠȢ ıĲȠ ȤȫȡȠ ĲȦȞ πȚșαȞȠĲȒĲȦȞ ȩȜȦȞ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗİĲαȚ 

ȑȞα αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȠ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡİȢ [53], υπȠıȪȞȠȜȠ ĲȠυ ȤȫȡȠυ αυĲȠȪ. ΓȚα 

Ĳα µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ µİ ĲȘ ȕȠȒșİȚα πȠȜυȦȞȪµȦȞ 2
αȢ

 ĲȐȟİȦȢ παȡȐȖȠȞĲαȚ ȠȚ 

πȡȠıİȖȖȚıĲȚțȑȢ ıυȞαȡĲȒıİȚȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ȉα țȡȓıȚµα µȑȜȘ ĲȘȢ 

țαĲαıțİυȒȢ țαșȠȡȓȗȠȞĲαȚ ȕȐıİȚ ĲȦȞ İțĲȚµȒıİȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυȢ µİ ĲȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.7 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȕȠȒșİȚα ĲȘȢ ȂİșȩįȠυ ǹȟȚȠπȚıĲȓαȢ ȆȡȫĲȘȢ ȉȐȟİȦȢ (FORM) [11], [12]. ΩȢ țȡȓıȚµȠ µȑȜȠȢ 

ȠȡȓȗİĲαȚ țȐșİ µȑȜȠȢ πȠυ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ İȓȞαȚ ȤαµȘȜȩĲİȡȠȢ απȩ ıυȖțİțȡȚµȑȞȘ ĲȚµȒ 

țαĲȦφȜȓȠυ. Ǿ ĲȚµȒ țαĲȦφȜȓȠυ ȠȡȓȗİĲαȚ ȦȢ ĲȠ πȘȜȓțȠ ĲȠυ İȜȐȤȚıĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ πȡȠȢ 

µȓα µȚțȡȒ șİĲȚțȒ ĲȚµȒ ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ απȠįȩµȘıȘȢ țαĲȐ ȕ [13], [29]. 

ȀαĲȐ ĲȘ φȐıȘ ĲȘȢ αȞȐȜυıȘȢ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ µȩȞȠȞ Ĳα µȑȜȘ πȠυ αȞαµȑȞİĲαȚ Ȟα 

ıυȞİȚıφȑȡȠυȞ ıȘµαȞĲȚțȐ ıĲȚȢ țȡȓıȚµİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. Ȃİ țαĲȐȜȜȘȜȘ ıȪȞșİıȘ ĲȦȞ 

țȡȓıȚµȦȞ µİȜȫȞ παȡȐȖȠȞĲαȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (IFM) ıυȖțİțȡȚµȑȞȠυ µȒțȠυȢ. 

Ȃȓα µȘ πȜȒȡȘȢ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ απȠĲİȜİȓĲαȚ απȩ αıĲȠȤȓİȢ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ πȠυ 

įİȞ πȡȠțαȜȠȪȞ ĲȘȞ πȜȒȡȘ αıĲȠȤȓα ĲȘȢ țαĲαıțİυȒȢ αȜȜȐ ȠįȘȖȠȪȞ ıİ ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȘȢ 

υπȠȜİȚπȩµİȞȘȢ αȞĲȠȤȒ ĲȘȢ. Ǿ ȤȡȒıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ µİȚȫȞİȚ 

ıȘµαȞĲȚțȐ ĲȠ απαȚĲȠȪµİȞȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ıİ ıȤȑıȘ µİ ĲȘȞ πİȡȓπĲȦıȘ ȤȡȒıȘȢ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (Failure Modes) [36]. ȈĲȘ ıυȞȑȤİȚα ȠȚ πİȡȚııȩĲİȡȠ ıȘµαȞĲȚțȑȢ µȘ 

πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ȠµαįȠπȠȚȠȪȞĲαȚ ıȪµφȦȞα µİ ĲȘ șȑıȘ ĲȠυ İțȐıĲȠĲİ ıȘµİȓȠυ 

µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ. ȉȠ ıȪȞȠȜȠ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ȠȚ șȑıİȚȢ ĲȦȞ 

αȞĲȓıĲȠȚȤȦȞ ıȘµİȓȦȞ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ȕȡȓıțȠȞĲαȚ İȞĲȩȢ İȞȩȢ ıυȖțİțȡȚµȑȞȠυ 

υπİȡțȪȕȠυ ȠȡȓȗİȚ µȓα ȠµȐįα. Ǿ αȟȓα țȐșİ ȠµȐįαȢ ȠȡȓȗİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȘȢ πȚșαȞȩĲȘĲαȢ 

İµφȐȞȚıȘȢ ĲȦȞ µİȜȫȞ ĲȘȢ. ȉȠ ȐșȡȠȚıµα αυĲȩ απȠĲİȜİȓ țαȚ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȦȞ 

ȠµȐįȦȞ αυĲȫȞ įİįȠµȑȞȠυ ȩĲȚ ȠȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İȓȞαȚ αµȠȚȕαȓȦȢ 

απȠțȜİȚȩµİȞα ȖİȖȠȞȩĲα. ȅȚ ȠµȐįİȢ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ αȡȤȚțȐ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

ıȘµαȞĲȚțȩĲȘĲαȢ țȐșİ Ĳ.µ. ȅȚ Ĳ.µ ȒııȠȞȠȢ ıȘµαıȓαȢ įȚπȜȫȞȠȞĲαȚ µİ ıĲȩȤȠ ĲȘ µİȓȦıȘ ĲȠυ 

πȜȒșȠυȢ ĲȦȞ İȞİȡȖȫȞ įȚαıĲȐıİȦȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ Ƞ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ țαĲαµİȡȓȗİĲαȚ 

İț ȞȑȠυ ıİ 2Nact  υπİȡțȪȕȠυȢ ȩπȠυ Nact ȠȡȓȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ. ΩȢ «įȓπȜȦıȘ» 

ȠȡȓȗİĲαȚ Ș įȚαįȚțαıȓα įȚαȤȦȡȚıµȠȪ ĲȦȞ Ĳ.µ ıİ Ĳ.µ µİȓȗȠȞȠȢ țαȚ ȒııȠȞȠȢ ıȘµαıȓαȢ. ΓȚα ĲȚȢ Ĳ.µ 

µİȓȗȠȞȠȢ ıȘµαıȓαȢ Ș µȑșȠįȠȢ πȡȠȤȦȡİȓ ıİ įȚαȤȦȡȚıµȩ ȦȢ πȡȠȢ ĲȠ įȚȐµİıȠ ĲȘȢ Ĳ.µ. ΓȚα ĲȚȢ 

Ĳ.µ ȒııȠȞȠȢ ıȘµαıȓαȢ Ƞ įȚαȤȦȡȚıµȩȢ įİȞ πȡαȖµαĲȠπȠȚİȓĲαȚ. Ǿ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ Ĳ.µ 

ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ǺȐıİȚ ĲȘȢ ȞȑαȢ 

țαĲȐĲµȘıȘȢ, ĲȘȢ șȑıȘȢ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ ȠµȐįȦȞ țαȚ ĲȘȢ 

ıȘµαȞĲȚțȩĲȘĲαȢ țȐșİ ȠµȐįαȢ υπȠȜȠȖȓȗİĲαȚ Ș ıȤİĲȚțȒ İυȡȦıĲȓα țȐșİ υπİȡțȪȕȠυ. ȅȚ 

υπİȡțȪȕȠȚ ȒııȠȞȠȢ İυȡȦıĲȓαȢ (ȦȢ πȡȠȢ ĲȠȞ πİȡȚııȩĲİȡȠ țȡȓıȚµȠ υπİȡțȪȕȠ) απȠțȜİȓȠȞĲαȚ 

απȩ πİȡαȚĲȑȡȦ αȞȐȜυıȘ. ΓȚα ĲȠυȢ İȞαπȠµİȓȞαȞĲİȢ υπİȡțȪȕȠυȢ, υπȠȜȠȖȓȗİĲαȚ ĲȠ ıȘµİȓȠ ĲȠµȒȢ 

ĲȘȢ țυȡȓαȢ įȚαȖȦȞȓȠυ µİ ĲȘ įȚİπȚφȐȞİȚα ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. ȂȑıȦ ĲȠυ ıȘµİȓȠυ 

αυĲȠȪ υπȠȜȠȖȓȗİĲαȚ Ƞ ȩȖțȠȢ ĲȠυ ȤȦȡȓȠυ ıĲȠȞ ȠπȠȓȠ șα πȡαȖµαĲȠπȠȚȘșİȓ įİȚȖµαĲȠȜȘȥȓα. Ȉİ 

υπİȡțȪȕȠυȢ ȩπȠυ Ƞ ȩȖțȠȢ αȞαφȠȡȐȢ (πȠυ țαșȠȡȓȗİȚ țαȚ ĲȘ ıȘµαıȓα țȐșİ υπİȡțȪȕȠυ ıĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ) İȓȞαȚ µȚțȡȩĲİȡȠȢ απȩ µȓα ıυȖțİțȡȚµȑȞȘ ĲȚµȒ 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.8 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαĲȦφȜȓȠυ (ȓıȘ µİ ĲȠ 1% ĲȠυ ȩȖțȠυ αȞαφȠȡȐȢ ĲȠυ πİȡȚııȩĲİȡȠ țȡȓıȚµȠυ υπİȡțȪȕȠυ) įİȞ 

πȡαȖµαĲȠπȠȚİȓĲαȚ įİȚȖµαĲȠȜȘȥȓα ȖȚα ĲȠ ȤȦȡȓȠ αυĲȩ. ΓȚα ĲȠυȢ İȞαπȠµİȓȞαȞĲİȢ υπİȡțȪȕȠυȢ 

πȡαȖµαĲȠπȠȚİȓĲαȚ ȕαȡȪȞȠυıα įİȚȖµαĲȠȜȘȥȓα ȩπȠυ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ İȓȞαȚ ıυȞȐȡĲȘıȘ 

ĲȠυ πȜȒșȠυȢ ĲȦȞ αıĲȠȤȚȫȞ ĲȘȢ țαĲαıțİυȒȢ. ȅȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ 

ĲȦȞ µİȜȫȞ ĲȘȢ țαșȫȢ țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ [52] υπȠȜȠȖȓȗȠȞĲαȚ ıȪµφȦȞα µİ ĲȘ 

ıȤȑıȘ (3.1). ȅȚ ĲİȜȚțȑȢ İțĲȚµȒıİȚȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ µİȜȫȞ 

ĲȘȢ υπȠȜȠȖȓȗȠȞĲαȚ µİ ĲȘȞ țαĲȐȜȜȘȜȘ ıȪȞșİıȘ ĲȦȞ İπȚµȑȡȠυȢ İțĲȚµȒıİȦȞ. 

ȈĲȚȢ İπȩµİȞİȢ παȡαȖȡȐφȠυȢ παȡαĲȓșİȞĲαȚ αȞαȜυĲȚțȐ Ĳα İπȚµȑȡȠυȢ ȕȒµαĲα ĲȘȢ µİșȩįȠυ. ȈĲȘȞ 

παȡȐȖȡαφȠ 3.3, παȡȠυıȚȐȗİĲαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ µȓαȢ țαĲαıțİυȒȢ țαȚ Ș 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ ĲȘȢ. 

ȈĲȘȞ παȡȐȖȡαφȠ 3.4, παȡȠυıȚȐȗİĲαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ, Ƞ 

υπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυȢ µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ 

ĲȐȟİȦȢ țαȚ Ƞ ȠȡȚıµȩȢ ĲȠυ įȚαȞȪıµαĲȠȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ πȠυ șα ȤȡȘıȚµȠπȠȚȘșȠȪȞ ıĲȘ 

ıυȞȑȤİȚα ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȈĲȘȞ παȡȐȖȡαφȠ 3.5, 

παȡȠυıȚȐȗİĲαȚ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ 

ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ Ĳα țȡȚĲȒȡȚα ĲİȡµαĲȚıµȠȪ ĲȘȢ įȚαįȚțαıȓαȢ 

παȡαȖȦȖȒȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȈĲȘȞ παȡȐȖȡαφȠ 3.6, παȡȠυıȚȐȗİĲαȚ Ș 

įȚαįȚțαıȓα țαĲαțİȡµαĲȚıµȠȪ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ. ȈĲȘȞ παȡȐȖȡαφȠ 3.7, παȡȠυıȚȐȗİĲαȚ Ș 

µİșȠįȠȜȠȖȓα ȖȚα ĲȘȞ ȠµαįȠπȠȓȘıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȦȢ πȡȠȢ ĲȠ ıȘµİȓȠ 

µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ, ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ țȡȓıȚµȦȞ țαȚ µȘ țȡȓıȚµȦȞ Ĳ.µ țαȚ Ș țαĲȐĲµȘıȘ 

ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ȦȢ πȡȠȢ ĲȚȢ İȞİȡȖȑȢ Ĳ.µ. ȈĲȘȞ παȡȐȖȡαφȠ 3.8, παȡȠυıȚȐȗİĲαȚ Ș 

įȚαįȚțαıȓα İπȚȜȠȖȒȢ ĲȦȞ υπİȡțȪȕȦȞ ıȪµφȦȞα µİ ĲȘȞ İυȡȦıĲȓα ĲȠυȢ. ȈĲȘȞ παȡȐȖȡαφȠ 3.9, 

παȡȠυıȚȐȗİĲαȚ Ș µİșȠįȠȜȠȖȓα ȖȚα ĲȠȞ πİȡȚȠȡȚıµȠȪ ĲȠυ ȤȫȡȠυ įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘ ȖİȚĲȠȞȓα 

ĲȘȢ įȚİπȚφȐȞİȚαȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȖȚα ĲȠȞ İțȐıĲȠĲİ υπİȡțȪȕȠ. ȈĲȘȞ παȡȐȖȡαφȠ 3.10, 

παȡȠυıȚȐȗȠȞĲαȚ Ĳα țȡȚĲȒȡȚα πȠυ πȡȑπİȚ Ȟα πȜȘȡȠȪȞ Ĳα ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ. ȈĲȘȞ 

παȡȐȖȡαφȠ 3.11, παȡȠυıȚȐȗȠȞĲαȚ Ĳα țȡȚĲȒȡȚα ĲİȡµαĲȚıµȠȪ ĲȘȢ įȚαįȚțαıȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ. 

ȈĲȘȞ παȡȐȖȡαφȠ 3.12, παȡȠυıȚȐȗİĲαȚ Ș µİșȠįȠȜȠȖȓα υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

ĲȦȞ µİȜȫȞ țαȚ ĲȘȢ țαĲαıțİυȒȢ. ȈĲȘȞ παȡȐȖȡαφȠ 3.13, παȡȠυıȚȐȗİĲαȚ Ƞ ȥİυįȠțȫįȚțαȢ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαȚ ĲȑȜȠȢ ıĲȘȞ παȡȐȖȡαφȠ 3.14, παȡȠυıȚȐȗȠȞĲαȚ Ĳα αȡȚșµȘĲȚțȐ 

απȠĲİȜȑıµαĲα απȩ ĲȘȞ αȞȐȜυıȘ ıυȞαȡĲȒıİȦȞ αȞαφȠȡȐȢ țαșȫȢ țαȚ υπİȡıĲαĲȚțȫȞ 

įȚțĲυȦµȐĲȦȞ. ȈĲȚȢ παȡαȖȡȐφȠυȢ 3.16 ȦȢ 3.20 παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ Ĳα țȪȡȚα ȕȒµαĲα 

ĲȘȢ µİșȩįȠυ. ȈĲȘȞ παȡȐȖȡαφȠ 3.21, παȡȠυıȚȐȗİĲαȚ Ș µİșȠįȠȜȠȖȓα µİ ĲȘȞ ȠπȠȓα 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ πȡȠȕȜȒµαĲα µİ ıυıȤİĲȚıµȑȞİȢ Ĳ.µ. ȈĲȘȞ παȡȐȖȡαφȠ 3.22, παȡȠυıȚȐȗȠȞĲαȚ 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.9 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ĳα απȠĲİȜȑıµαĲα ıİ ıȤȑıȘ µİ ĲȘȞ İυȡȦıĲȓα ĲȦȞ İπȚȜİȖµȑȞȦȞ ȖİȞȞȘĲȡȚȫȞ ȥİυįȠĲυȤαȓȦȞ 

αȡȚșµȫȞ. ȈĲȘȞ παȡȐȖȡαφȠ 3.23, παȡȠυıȚȐȗİĲαȚ Ș İπȚȡȡȠȒ ıĲȠ įİȓțĲȘ ĲȡȦĲȩĲȘĲαȢ 3 

įȚαφȠȡİĲȚțȫȞ ĲȡȩπȦȞ İȞȓıȤυıȘȢ įȚțĲυȫµαĲȠȢ 19 µİȜȫȞ. ȉȑȜȠȢ, ıĲȘȞ παȡȐȖȡαφȠ 3.24, 

παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα απȩ ĲȘȞ αȞȐȜυıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ ȖȚα ĲȘȞ 

İțĲȓµȘıȘ ĲȘȢ ıυȞȠȜȚțȒȢ υπȠȜȠȖȚıĲȚțȒȢ İπȚȕȐȡυȞıȘȢ ĲȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȘ µȑșȠįȠ MC. 

3.3 ȈυȞȐȡĲȘıȘ ȅȡȚαțȒȢ ǹȞĲȠȤȒȢ - ȆȚșαȞȩĲȘĲα ǹıĲȠȤȓαȢ 
ΚαĲαıțİυȒȢ 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µȓαȢ țαĲαıțİυȒȢ ȠȡȓȗİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ πȚșαȞȠĲȒĲȦȞ ĲȦȞ 

αȜȜȘȜȠυȤȚȫȞ ȖİȖȠȞȩĲȦȞ πȠυ ȠįȘȖȠȪȞ ĲȘȞ țαĲαıțİυȒ απȩ µȓα țαĲȐıĲαıȘ ȜİȚĲȠυȡȖȓαȢ ıİ µȓα 

țαĲȐıĲαıȘ αıĲȠȤȓαȢ [11]. Ǿ µİĲαȕȠȜȒ αυĲȒ ıυȞĲİȜİȓĲαȚ µȑıȦ αȜȜȘȜȠυȤȓαȢ ȖİȖȠȞȩĲȦȞ 

αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ πȠυ ıȤȘµαĲȓȗȠυȞ ȆȜȒȡȘ ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ. ȉȠ 

πȜȒșȠȢ n ĲȦȞ πȚșαȞȫȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ, ȑȤİȚ ȦȢ țȐĲȦ ȩȡȚȠ ĲȘȞ ĲȚµȒ [11]: 
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! !

e e

e

n n
n

k k n k

 ≥ =  −   (3.2) 

ȩπȠυ, ne țαȚ k İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ țαȚ Ș υπİȡıĲαĲȚțȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ. ȈȪµφȦȞα 

µİ ĲȘ ıȤȑıȘ (3.2), ĲȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ αυȟȐȞİȚ İțșİĲȚțȐ 

ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ne țαȚ ĲȘȞ υπİȡıĲαĲȚțȩĲȘĲα ĲȘȢ. ȉȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ 

πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȓȞİĲαȚ απαȖȠȡİυĲȚțȩ αțȩµα țαȚ ȖȚα απȜȑȢ țαĲαıțİυȑȢ 

İφȩıȠȞ, ȖȚα ĲȘȞ İφαȡµȠȖȒ ĲȦȞ ȠȡȓȦȞ αȟȚȠπȚıĲȓαȢ, ĲȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ ıυȞįυαıµȫȞ πȠυ 

πȡȑπİȚ Ȟα İȟİĲαıșȠȪȞ İȓȞαȚ ȓıȠ µİ (ne/k)! [53] µİ απȠĲȑȜİıµα Ș µȑșȠįȠȚ ȑȡİυȞαȢ ĲȦȞ πȚșαȞȫȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (µȑșȠįȠȢ απȠįȩµȘıȘȢ țαĲȐ ȕ țαȚ µȑșȠįȠȢ įȚαțȜȐįȦıȘȢ țαȚ φȡαȖȒȢ) 

Ȟα µȘȞ ȑȤȠυȞ İφαȡµȠıĲİȓ İυȡȑȦȢ ıİ πȡȠȕȜȒµαĲα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ țαĲαıțİυȫȞ.  

ȉȠ πİȡȚșȫȡȚȠ αıφαȜİȓαȢ µȓαȢ țαĲαıțİυȒȢ (Ss), ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ, 

İțφȡȐȗİĲαȚ ȦȢ ĲȠ ıυµπȜȘȡȦµαĲȚțȩ ȖİȖȠȞȩȢ ĲȘȢ ȑȞȦıȘȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αυĲȫȞ [1]: 

 
1

~
n

S i

i

S F
=

  =     ∪  (3.3) 

ȩπȠυ, [~(.)] İȓȞαȚ ĲȠ ıυµπȜȘȡȦµαĲȚțȩ ȖİȖȠȞȩȢ ĲȠυ (.), Fi İȓȞαȚ ĲȠ i ȖİȖȠȞȩȢ αıĲȠȤȓαȢ țαȚ n 

İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ. ȉȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ İȓȞαȚ µİȖαȜȪĲİȡȠ ĲȘȢ șİȦȡȘĲȚțȒȢ ĲȚµȒȢ ĲȘȢ ıȤȑıȘȢ (3.2) țαșȫȢ πȡȑπİȚ Ȟα ȜȘφșȠȪȞ 

υπȩȥȘ țαȚ ȠȚ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ πȠυ ĲȠ µȒțȠȢ ĲȠυȢ İȓȞαȚ µȚțȡȩĲİȡȠ ĲȠυ k. H 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ įȓįİĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.10 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ),

1

P Pr 0 Pr ~ 0
n

f s S i

i

S F
=

    = ≤ = ≤       ∪  (3.4) 

ȁαµȕȐȞȠȞĲαȢ υπȩȥȘ, ĲȚȢ țȡȓıȚµİȢ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (πȠυ ıυȞȒșȦȢ απȠĲİȜȠȪȞ 

ȑȞα µȚțȡȩ υπȠıȪȞȠȜȠ ĲȠυ ıυȞȩȜȠυ ĲȦȞ πȚșαȞȫȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ), ĲȠ țȩıĲȠȢ 

υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİȚȫȞİĲαȚ ıȘµαȞĲȚțȐ ȤȦȡȓȢ ıȘµαȞĲȚțȒ İπȓįȡαıȘ 

ıĲȘȞ αțȡȓȕİȚα ĲȘȢ İțĲȓµȘıȘȢ. ΩȢ țȡȓıȚµİȢ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ȠȡȓȗȠȞĲαȚ αυĲȑȢ µİ 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ µİȖαȜȪĲİȡȘ απȩ µȓα ĲȚµȒ țαĲȦφȜȓȠυ πȠυ įȓįİĲαȚ ȦȢ ĲȠ ȖȚȞȩµİȞȠ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȘȢ πİȡȚııȩĲİȡȠ πȚșαȞȒȢ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ 

πȠȜȜαπȜαıȚαȗȩµİȞȘȢ µİ țȐπȠȚȠ µİȚȦĲȚțȩ ıυȞĲİȜİıĲȒ. ȅȚ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ 

παȡȐȖȠȞĲαȚ ȦȢ ıυȞįυαıµȠȓ ĲȦȞ πİȡȚııȩĲİȡȠ țȡȓıȚµȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ İφȩıȠȞ ȖȚα 

țȐșİ πȜȒȡȘ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ȚıȤȪİȚ: 

 ( ) ( )
,

,
1,...,
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ȩπȠυ, Sj Rj țαȚ Lj İȓȞαȚ ĲȠ πİȡȚșȫȡȚȠ αıφαȜİȓαȢ, Ș ıυȞȠȜȚțȒ αȞĲȠȤȒ țαȚ ĲȠ İπȚȕαȜȜȩµİȞȠ 

φȠȡĲȓȠ αȞĲȓıĲȠȚȤα, ȖȚα ĲȠ i ıĲȠȚȤİȓȠ ĲȘȢ țαĲαıțİυȒȢ, Ne,i İȓȞαȚ ĲȠ µȒțȠȢ ĲȘȢ i αȜȜȘȜȠυȤȓαȢ 

αıĲȠȤȓαȢ țαȚ Si,s İȓȞαȚ ĲȠ πİȡȚșȫȡȚȠ αıφαȜİȓαȢ ĲȘȢ i πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. ȉȠ 

πİȡȚșȫȡȚȠ αıφαȜİȓαȢ ĲȘȢ ıȤȑıȘȢ (3.3) ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ πİȡȚșȦȡȓȠυ αıφαȜİȓαȢ ĲȦȞ µİȜȫȞ 

įȓįİĲαȚ ȦȢ: 
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ȩπȠυ Nm İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ∆İįȠµȑȞȠυ ȩĲȚ, ȠȚ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ 

αıĲȠȤȓαȢ İȓȞαȚ αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞα ȖİȖȠȞȩĲα, Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ 

įȓįİĲαȚ ȦȢ [11]: 
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ǼφȩıȠȞ ȖȚα ĲȘ įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ȚıȤȪİȚ ȩĲȚ [53]: 
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, 0
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j S
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S i n≤≤ = ∀ = …  (3.8) 

Ǿ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȘȢ i πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȦȢ πȡȠȢ ĲȚȢ πȚșαȞȩĲȘĲİȢ 

αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ πȠυ ĲȘȞ απȠĲİȜȠȪȞ įȓįİĲαȚ ȦȢ [1], [11]: 
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ȩπȠυ Pr(Sj<0,…,Sjm<0) İȓȞαȚ Ș πȚșαȞȩĲȘĲα ĲȠυ ȖİȖȠȞȩĲȠȢ Ĳα µȑȜȘ j ȦȢ jm Ȟα ȕȡȓıțȠȞĲαȚ ıİ 

țαĲȐıĲαıȘ αıĲȠȤȓαȢ. Ǿ πȚșαȞȩĲȘĲα αυĲȒ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȦȞ İπȚµȑȡȠυȢ πȚșαȞȠĲȒĲȦȞ 

αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ țαȚ ĲȘȢ ıυıȤȑĲȚıȘȢ ĲȠυȢ. ȈȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.7) țαȚ (3.9) Ș 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ıİ ıυȞȐȡĲȘıȘ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ 

ĲȘȢ įȓįİĲαȚ ĲİȜȚțȐ απȩ ĲȘ ıȤȑıȘ: 
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ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ȠȚ țȡȓıȚµİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ πȡȠıİȖȖȓȗȠȞĲαȚ µİ 

ĲȘȞ ȕȠȒșİȚα µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȅȚ πȚșαȞȩĲȘĲİȢ İµφȐȞȚıȘȢ ĲȦȞ µȘ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ Ș șȑıȘ ĲȦȞ ıȘµİȓȦȞ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα 

ĲȘȞ İțĲȓµȘıȘ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ Ĳ.µ țαȚ ĲȘȢ șȑıȘȢ ĲȦȞ įȚİπȚφαȞİȚȫȞ αıĲȠȤȓαȢ-

ȜİȚĲȠυȡȖȓαȢ ĲȘȢ țαĲαıțİυȒȢ ıĲȠȞ πȚșαȞȠĲȚțȩ ȤȫȡȠ.  

3.4 ȈυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ – ǼțĲȓµȘıȘ ĲȘȢ  
πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

Ǿ ıȤȑıȘ (3.10) παȡȑȤİȚ ĲȘ įυȞαĲȩĲȘĲα µİĲαıȤȘµαĲȚıµȠȪ ĲȠυ πȡȠȕȜȒµαĲȠȢ απȩ πȡȩȕȜȘµα 

İȪȡİıȘȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȠυ ıυıĲȒµαĲȠȢ ıİ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ İȪȡİıȘȢ 

ĲȦȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ ĲȠυ ıυıĲȒµαĲȠȢ țαșȫȢ țαȚ ĲȦȞ ıυȞįυαıµȫȞ 

ĲȠυȢ. Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țȐșİ µȑȜȠυȢ ȠȡȓȗİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȦȞ Ĳ.µ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ țαȚ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυ υπȩ İȟȑĲαıȘ ıυıĲȒµαĲȠȢ. Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ πȡȠıİȖȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα πȠȜυȦȞȪµȠυ µȚțȡȒȢ ĲȐȟȘȢ ȩπȦȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 

µİșȩįȠυ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ [7], [55] ȦȢ: 
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ȩπȠυ, NRV İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ, xo İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ įȚȐµİıȦȞ 

ĲȚµȫȞ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ k′  İȓȞαȚ Ș ĲȐȟȘ ĲȠυ πȠȜυȦȞȪµȠυ. ΩȢ įȚȐµİıȠȢ ȠȡȓȗİĲαȚ Ș 

ĲȚµȒ ȖȚα ĲȘȞ ȠπȠȓα Ș πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ İȓȞαȚ ȓıȘ µİ 50%. Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.12 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įİȞ İȓȞαȚ ȖȡαµµȚțȒ ȦȢ πȡȠȢ ĲȚȢ Ĳ.µ ȜȩȖȦ ĲȘȢ υπİȡıĲαĲȚțȩĲȘĲαȢ ĲȘȢ țαĲαıțİυȒȢ πȠυ 

İπȘȡİȐȗİȚ ĲȘȞ țαĲαȞȠµȒ ĲȦȞ İȞĲȐıİȦȞ ıĲȠ φȠȡȑα. ȅȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ ĲȘȢ πȡȠıİȖȖȚıĲȚțȒȢ 

ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ İȟȐȖȠȞĲαȚ αȞαȜυĲȚțȐ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.5) ȦȢ İȟȒȢ: 

 
( )( ) ( )( ) ( )( )

1 1 1k k k

k k k

i o i o i o

j j j j j j

S R L

x x x x x x

∂ ∂ ∂
∂ ∂ ∂ ∂ ∂ ∂= −⋅ ⋅ ⋅

x x x

" " "
 (3.12) 

ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ πȡȠıİȖȖȓȗİĲαȚ µİ ĲȘ 

ȕȠȒșİȚα πȠȜυȦȞȪµȠυ 2ȘȢ ĲȐȟİȦȢ ȤȦȡȓȢ ĲȠυȢ πİπȜİȖµȑȞȠυȢ ȩȡȠυȢ [31]. Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ țȐșİ µȑȜȠυȢ πȡȠıİȖȖȓȗİĲαȚ απȩ ĲȘ ıȤȑıȘ: 

 ( ) ( ) ( )( ) ( ) ( )( ) ( )2
2

, ,2
1 1

RV RVN N
i o i o

i i o j o j j o j

j jj j

S S
S S x x x x

x x

∂ ∂
∂ ∂= =

   ≅ + +⋅ − ⋅ −         ∑ ∑x x
x x  (3.13) 

ȉȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ, ȖȚα țȐșİ µȑȜȠȢ, 

υπȠȜȠȖȓȗȠȞĲαȚ µȑıȦ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ. Ǿ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ [11]: 

 ( ),f i iP β= Φ −  (3.14) 

ȩπȠυ Φ() İȓȞαȚ Ș ǹșȡȠȚıĲȚțȒ ȈυȞȐȡĲȘıȘ ȆȚșαȞȩĲȘĲαȢ (ǹȈȆ) ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ (Ȓ 

țαĲαȞȠµȒȢ Gauss) țαȚ ȕi İȓȞαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ ıĲȠȚȤİȓȠυ (ȖȞȦıĲȩȢ țαȚ ȦȢ įİȓțĲȘȢ 

țαĲȐ Hasofer-Lind). ȅ įİȓțĲȘȢ αυĲȩȢ απȠĲİȜİȓ İțĲȓµȘıȘ ĲȘȢ απȩıĲαıȘȢ ĲȠυ ıȘµİȓȠυ 

µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ απȩ ĲȠ ıȘµİȓȠ xo ıĲȠȞ țαȞȠȞȚțȠπȠȚȘµȑȞȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ. ȅȚ 

ıυȞĲİȜİıĲȑȢ țαĲİȪșυȞıȘȢ αi,j įȓįȠȞĲαȚ ȦȢ [11], [39]: 

 ( ) ( )2
* *

, , ,*

1
0, , *, 0i j i j i i j

ji

a x x
 = =   ∑x

x
… …  (3.15) 

ȩπȠυ *

ix  ȠȡȓȗİĲαȚ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȠυ i µȑȜȠυȢ. ΓȚα µȘ țαȞȠȞȚțȑȢ Ĳ.µ, țαȚ 

ıĲαĲȚıĲȚțȐ ıυıȤİĲȚıµȑȞİȢ Ĳ.µ, İȓȞαȚ απαȡαȓĲȘĲȘ Ș ȤȡȒıȘ ĲȠυ µİĲαıȤȘµαĲȚıµȠȪ Rosenblatt 

(παȡȐȖȡαφȠȢ 3.17) ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țαȚ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ. ȉȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ıĲȠȞ αȡȤȚțȩ ȤȫȡȠ İȓȞαȚ įυȞαĲȩ Ȟα ȕȡİșİȓ 

ȕȐıİȚ ĲȠυ αȞȐıĲȡȠφȠυ µİĲαıȤȘµαĲȚıµȠȪ. 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ țȐșİ µȑȜȠυȢ, απȩ ĲȘȞ αȞȐȜυıȘ ĲȘȢ ȐșȚțĲȘȢ țαĲαıțİυȒȢ, 

ȤȡȘıȚµȠπȠȚİȓĲαȚ ȦȢ įİȓțĲȘȢ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȠυ µȑȜȠυȢ țαȚ ıυȞįȑİĲαȚ ȑµµİıα țαȚ µİ ĲȘ 

ıυȤȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ıĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. ȉα µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ µİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.13 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ πȠυ ȚțαȞȠπȠȚİȓ ĲȘȞ αȞȚıȩĲȘĲα [13], [29]: 

 { }min
min 1min , , ,  µȘ țȡȚıȚµȠi i Ne i

ββ β β β β βε≥ = ⇒… …  (3.16) 

ȩπȠυ, İ İȓȞαȚ µȚțȡȒ șİĲȚțȒ πȠıȩĲȘĲα țαȚ Ne İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ 

țȡȓȞȠȞĲαȚ ȦȢ µȘ țȡȓıȚµα µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ αυĲȫȞ 

İȓȞαȚ πȠȜȪ µȚțȡȩĲİȡȘ ıİ ıȤȑıȘ µİ ĲȘȞ αȞĲȓıĲȠȚȤȘ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ 

țȡȓıȚµȠυ µȑȜȠυȢ. ΩȢ απȠĲȑȜİıµα, Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ µȓαȢ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ 

αıĲȠȤȓαȢ πȠυ πİȡȚȜαµȕȐȞİȚ µȑȜȠȢ Ȓ µȑȜȘ ĲȠυ υπȠıυȞȩȜȠυ αυĲȠȪ İȓȞαȚ πȠȜȪ µȚțȡȒ ıİ ıȤȑıȘ 

µİ ĲȘȞ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ µȓαȢ țȡȓıȚµȘȢ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. ȈȪµφȦȞα µİ ĲȘȞ 

παȡαĲȒȡȘıȘ αυĲȒ, Ĳα µȘ țȡȓıȚµα µȑȜȘ µπȠȡȠȪȞ Ȟα παȡαȜȘφșȠȪȞ ıĲα İπȩµİȞα ıĲȐįȚα ĲȘȢ 

αȞȐȜυıȘȢ țαșȫȢ Ș ıυµȕȠȜȒ ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ıȤȘµαĲȓȗȠȞĲαȚ απȩ Ĳα 

µȑȜȘ αυĲȐ ıĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ υπȩ İȟȑĲαıȘ țαĲαıțİυȒȢ αȞαµȑȞİĲαȚ αµİȜȘĲȑα. ȈĲȠ 

∆ȚȐȖ. 3.1, παȡȠυıȚȐȗİĲαȚ Ƞ ȤȫȡȠȢ πȡȠȕȜȒµαĲȠȢ 2 Ĳ.µ µİ 5 µȑȜȘ απȩ Ĳα ȠπȠȓα 4 απȠĲİȜȠȪȞ ĲȠ 

υπȠıȪȞȠȜȠ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ İȞȫ ĲȠ µȑȜȠȢ (n) απȠȡȡȓπĲİĲαȚ απȩ πİȡαȚĲȑȡȦ αȞȐȜυıȘ. 

 

∆ȚȐȖ. 3.1: ǹπİȚțȩȞȚıȘ ȤȫȡȠυ ıȤİįȚαıµȠȪ țαȚ ĲȦȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. 

ΓȚα ĲȠ υπȠıȪȞȠȜȠ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ, ȠȚ İțĲȚµȒıİȚȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ Pf,i țαșȫȢ 

țαȚ Ĳα įȚαȞȪıµαĲα țαĲİȪșυȞıȘȢ αi πȠυ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȦȞ ıȤȑıİȦȞ (3.14), (3.15) țαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.14 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

(3.16) ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȖȚα ĲȘ įȘµȚȠυȡȖȓα ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

3.5 ΜȘ ȆȜȒȡİȚȢ ǹȜȜȘȜȠυȤȓİȢ ǹıĲȠȤȓαȢ 

ΓȚα ĲȘ ıȪȞșİıȘ ĲȦȞ țȡȓıȚµȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ Ĳα µȑȜȘ 

πȠυ įİȞ ȚțαȞȠπȠȚȠȪȞ ĲȘȞ αȞȚıȩĲȘĲα ĲȘȢ ıȤȑıȘȢ (3.16). Ȋπȩ ĲȠ ıțİπĲȚțȩ ȩĲȚ ȠȚ πȚșαȞȩĲȘĲİȢ 

αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ υπȠȜȠȖȓȗȠȞĲαȚ ıĲȘȞ αțȑȡαȚα țαĲαıțİυȒ, ȠȚ ıȪȞșİıȘ 

ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ įİȞ πȡȠıφȑȡİȚ πȜȘȡȠφȠȡȓİȢ ȦȢ πȡȠȢ ĲȘȞ αȞαµİȞȩµİȞȘ 

πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ αυĲȫȞ țαșȫȢ Ș αıĲȠȤȓα İȞȩȢ 

µȑȜȠυȢ αȞαįȚαȞȑµİȚ ĲȚȢ İȞĲȐıİȚȢ ıĲȠ φȠȡȑα µİ απȠĲȑȜİıµα ĲȘ µİĲαȕȠȜȒ ĲȘȢ µȠȡφȒȢ ĲȦȞ 

ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȦȞ µİȜȫȞ. ΌµȦȢ ȠȚ πȜȘȡȠφȠȡȓİȢ πȠυ αȞĲȜȠȪȞĲαȚ µȑıα απȩ 

ĲȘ ıȪȞșİıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ıυȞȒșȦȢ İπαȡțİȓȢ ȖȚα ĲȘȞ İțĲȓµȘıȘ 

ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ υπİȡțȪȕȦȞ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ țαȚ ĲȘȢ țȡȚıȚµȩĲȘĲαȢ ĲȦȞ Ĳ.µ. 

ΓȚα ĲȘȞ İȪȡİıȘ ĲȘȢ j µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ µȒțȠυȢ Ne,i ȠȡȓȗİĲαȚ ĲȠ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ: 

 ,min f jP−  υπȩ ĲȘȞ πȡȠȨπȩșİıȘ { },

0
e ij N

S ∈ ≤  (3.17) 

ȩπȠυ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ Sj țȐșİ µȑȜȠυȢ ĲȘȢ υπȩ İȟȑĲαıȘ αțȠȜȠυșȓαȢ įȓįİĲαȚ 

ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.13). ȉȠ παȡαπȐȞȦ πȡȩȕȜȘµα απȠĲİȜİȓ πȡȩȕȜȘµα įİυĲİȡȠȕȐșµȚȠυ 

πȡȠȖȡαµµαĲȚıµȠȪ ıĲȠȞ țαȞȠȞȚțȠπȠȚȘµȑȞȠ ȤȫȡȠ ĲȦȞ Ĳ.µ Gauss. ȉȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ 

(3.17) µπȠȡİȓ Ȟα µİĲαıȤȘµαĲȚıĲİȓ ȦȢ: 

 

( )
( ) ( )( ) ( )

2

22 * 2*
,

min
HL

i jHL i
j

T T x

β
β  = =   ∑x

 υπȩ ĲȘȞ πȡȠȨπȩșİıȘ { },

0
e ij N

S ∈ =  (3.18) 

ȩπȠυ ȉ() İȓȞαȚ Ƞ µİĲαıȤȘµαĲȚıµȩȢ απȩ ĲȘ ȕȐıȘ ĲȦȞ Ĳ.µ ıİ ȕȐıȘ ıĲαĲȚıĲȚțȐ αıυıȤȑĲȚıĲȦȞ 

țαȞȠȞȚțȠπȠȚȘµȑȞȦȞ µİĲαȕȜȘĲȫȞ. Ǿ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (3.18) įȓįİĲαȚ ȦȢ: 

 ( ) ( ) { } ( )
( ) ( ) { }

2

,

,
2

,

: 0

0

e iHL j oHL

f j HL

e iHL j oHL

Nj S
P

NS j

β ββ β β
= ∃ ∈ ≥= Φ − = − < ∀ ∈

x

x

 (3.19) 

ȩπȠυ xo İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ įȚȐµİıȦȞ ĲȚµȫȞ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȁȪıȘ ȖȚα ĲȠ 

πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȦȞ ıȤȑıİȦȞ (3.17) țαȚ (3.18) υπȐȡȤİȚ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ: 

 ( )
,

0

e i

j

j N

SE
∈

≤ ≠ ∅∩  (3.20) 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.15 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ, E(Sj≤0) İȓȞαȚ ĲȠ ȖİȖȠȞȩȢ αıĲȠȤȓαȢ ĲȠυ j µȑȜȠυȢ. ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.20) ĲȠ 

πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȑȤİȚ ȜȪıȘ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ Ș ĲȠµȒ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ 

ĲȦȞ µİȜȫȞ πȠυ απȠĲİȜȠȪȞ ĲȘ µȘ πȜȒȡȘ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ įİȞ İȓȞαȚ ȓıȘ µİ ĲȠ țİȞȩ 

ıȪȞȠȜȠ. ȈĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ĳα µȑȜȘ πȠυ İπȚȜȑȖȠȞĲαȚ ıĲȘȞ țαĲȐıĲȡȦıȘ ĲȘȢ µȘ 

πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȚțαȞȠπȠȚȠȪȞ ĲȘ ıȤȑıȘ (παȡȐȖȡαφȠȢ 3.18): 

 { } { } { } { }{ }
max

, ,max min

, , , min

, ,

max
1, 1, , : 0,

min

i j i j

e i RV i j k j

k j k j

a a
N j N a ai k

a a

=∀ ∈ ∃ ∈ ⋅ ≥ =… …  (3.21) 

ȩπȠυ ai,j țαȚ ak,j İȓȞαȚ Ƞ i ıυȞĲİȜİıĲȒȢ țαĲİȪșυȞıȘȢ ȖȚα ĲȠ j țαȚ k µȑȜȠȢ αȞĲȓıĲȠȚȤα, ĲȘȢ υπȩ 

İȟȑĲαıȘ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. Ǿ µİșȠįȠȜȠȖȓα πȠυ αțȠȜȠυșİȓĲαȚ ȖȚα ĲȘ ıȪȞșİıȘ 

ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ παȡȩµȠȚα µİ ĲȘ µȑșȠįȠ ∆ȚαțȜȐįȦıȘȢ țαȚ 

ΦȡαȖȒȢ ȩπȦȢ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Mahadevan, țαȚ Raghothamachar [36]. ȉα 

πİȡȚııȩĲİȡȠ țȡȓıȚµα µȑȜȘ İπȚȜȑȖȠȞĲαȚ πȡȫĲα țαȚ ıυȞįυȐȗȠȞĲαȚ, υπȩ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ πȠυ 

șȑĲİȚ Ș ıȤȑıȘ (3.21), ȖȚα ĲȘ µȩȡφȦıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ǹπȩ ĲȘȞ 

İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ υπȠȜȠȖȓȗȠȞĲαȚ ȠȚ πȚșαȞȩĲȘĲİȢ İµφȐȞȚıȘȢ ĲȦȞ µȘ 

πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ țαĲαȖȡȐφİĲαȚ Ș υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ. Ǿ 

įȚαįȚțαıȓα αυĲȒ ıυȞİȤȓȗİĲαȚ µȑȤȡȚ ĲȘȞ İȟȐȞĲȜȘıȘ ȩȜȦȞ ĲȦȞ πȚșαȞȫȞ µȘ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ıυȖțİțȡȚµȑȞȠυ µȒțȠυȢ πȠυ ȚțαȞȠπȠȚȠȪȞ ĲȘ ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ 

(3.21). Ǿ įȚαįȚțαıȓα İȞįȑȤİĲαȚ Ȟα ĲİȡµαĲȚıĲİȓ ȞȦȡȓĲİȡα αȞ ıİ ıȤȑıȘ µİ ĲȠυȢ įİȓțĲİȢ 

αȟȚȠπȚıĲȓαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ 

ȑȤȠυµİ ĲȘȞ ȚțαȞȠπȠȓȘıȘ ĲȘȢ ıυȞșȒțȘȢ: 

 { }max ,cr
i i k m

ββ β β βε> = …  ȩπȠυ { }1min , 1,...,cr j mj Nβ β β= =…  (3.22) 

ȩπȠυ, {ȕk,...,ȕm} İȓȞαȚ ĲȠ įȚȐȞυıµα ĲȦȞ Ne,i țȡȓıȚµȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ πȠυ ȑȤȠυȞ 

İπȚȜİȖİȓ ȖȚα ĲȘȞ țαĲȐıĲȡȦıȘ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ țαȚ ȕcr İȓȞαȚ Ș İȜȐȤȚıĲȘ 

ĲȚµȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ȑȤȠυȞ İȟİĲαıșİȓ. Ǿ 

ıȤȑıȘ (3.22) φȡȐııİȚ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ 

απȠµȑȞȠυȞ απȩ ĲȘȞ ĲȚµȒ ȕcr/İ. ΓȚα ĲȚµȑȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȠυ µȑȜȠυȢ ĲȘȢ țαĲαıțİυȒȢ 

µȚțȡȩĲİȡİȢ ĲȠυ ȜȩȖȠυ ȕcr/İ ȠȚ πȡȠȢ ıȤȘµαĲȚıµȩ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İȓȞαȚ 

ȒııȠȞȠȢ ıȘµαıȓαȢ țαșȫȢ Ș ıυȞİȚıφȠȡȐ ĲȠυȢ ıĲȠυȢ įİȓțĲİȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ Ĳ.µ țαȚ ĲȘȢ 

ıȤİĲȚțȒȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ İȓȞαȚ αµİȜȘĲȑα. ȈĲȘȞ παȡȐȖȡαφȠ 3.19, παȡȠυıȚȐȗİĲαȚ 

αȞαȜυĲȚțȐ Ș įȚαįȚțαıȓα ĲȘȢ İπȚȜȠȖȒȢ ĲȦȞ µİȜȫȞ ȖȚα ĲȘ µȩȡφȦıȘ ĲȦȞ µȘ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 
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ǹπȩ ĲȠ ıȪȞȠȜȠ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ παȡȐȖȠȞĲαȚ µİ ĲȘȞ İπȓȜυıȘ ĲȦȞ 

İțȐıĲȠĲİ πȡȠȕȜȘµȐĲȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ, ȠȚ Nm πİȡȚııȩĲİȡȠ πȚșαȞȑȢ µȘ πȜȒȡİȚȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȚȜȑȖȠȞĲαȚ ȖȚα ȠµαįȠπȠȓȘıȘ, ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ 

ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ İțȐıĲȠĲİ υπİȡțȪȕȦȞ.  

3.6 ΚαĲαțİȡµαĲȚıµȩȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ 

Ǿ µȑșȠįȠȢ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ įȚαȤȦȡȓȗİȚ ĲȠȞ πȚșαȞȠĲȚțȩ ȤȫȡȠ ıİ n αµȠȚȕαȓȦȢ 

απȠțȜİȚȩµİȞȠυȢ υπİȡțȪȕȠυȢ (hypercubes) ȓıȠυ ȕȐȡȠυȢ. ȈĲȘ ıυȞȑȤİȚα ȜαµȕȐȞİĲαȚ Ƞ ȓįȚȠȢ 

αȡȚșµȩȢ įİȚȖµȐĲȦȞ απȩ țȐșİ υπİȡțȪȕȠ țαȚ υπȠȜȠȖȓȗİĲαȚ Ș πȚșαȞȩĲȘĲα İµφȐȞȚıȘȢ ĲȠυ υπȩ 

İȟȑĲαıȘ ȖİȖȠȞȩĲȠȢ [46]. Ǿ įİȚȖµαĲȠȜȘȥȓα πȡαȖµαĲȠπȠȚİȓĲαȚ ıĲȠȞ πȚșαȞȠĲȚțȩ ȤȫȡȠ țαȚ ȩȤȚ 

ıĲȠ ȤȫȡȠ ĲȦȞ Ĳ.µ µİ απȠĲȑȜİıµα ĲȠ µİĲαıȤȘµαĲȚıµȩ ĲȠυ πȡȠȕȜȒµαĲȠȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ απȩ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȩȖțȠυ ĲȘȢ ǹșȡȠȚıĲȚțȒȢ ȈυȞȐȡĲȘıȘȢ 

ȆȚșαȞȩĲȘĲαȢ (ǹȈȆ) ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıİ ȑȞα µȘ πİπİȡαıµȑȞȠ ȤȫȡȠ, ıİ 

υπȠȜȠȖȚıµȩ ȩȖțȠυ ıİ µȑȡȠȢ µȠȞαįȚαȓȠυ υπİȡțȪȕȠυ NRV įȚαıĲȐıİȦȞ [8]. Ǿ ȤȡȒıȘ ĲȘȢ 

µİșȩįȠυ ȜαĲȚȞȚțȠȪ υπİȡțȪȕȠυ Ȓ ĲȦȞ παȡαȜȜαȖȫȞ ĲȘȢ (ȂȑșȠįȠȢ ∆ȚαȤȦȡȚıµȠȪ ıİ 

ȊπİȡįȚαıĲȒµαĲα, Hyperspace Division Method [30], [56]) ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ 

ĲȠυ ĲİȜȚțȠȪ απȠĲİȜȑıµαĲȠȢ [26], [46] ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ įİȚȖµȐĲȦȞ ıİ ıȤȑıȘ µİ ĲȠ ıȤİĲȚțȩ 

ȜȐșȠȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ țȜαıȚțȒȢ MC µİșȩįȠυ țαșȫȢ µİȚȫȞİȚ ĲȠ ȜȐșȠȢ İțĲȓµȘıȘȢ ĲȘȢ 

ıȤȑıȘȢ (3.1). ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ, Ƞ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ D įȚαȤȦȡȓȗİĲαȚ ıİ 2 RVN
 µȘ 

αȜȜȘȜȠțαȜυπĲȩµİȞȠυȢ υπİȡțȪȕȠυȢ ȦȢ: 

 { }2

1

, 1, 2

NRV

RVN

j k l k l

j
k l

k l
= ≠

  = ∩ =∅ = ∀ ∈   
D D D D D D …��	�
∪  (3.23) 

ȩπȠυ țȐșİ υπİȡțȪȕȠȢ Di, απİȚțȠȞȓȗİĲαȚ µȑıȦ įȚαȞȪıµαĲȠȢ įυφȓȦȞ k ȦȢ: 

 { }* * * *

1

αțȠȜȠυșȚα įυφȚȦȞ

1
, , , ȠπȠυ 

1RV

i i

i N i

i i

z z
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z z
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 (3.24) 

ȩπȠυ, iz  İȓȞαȚ Ƞ įȚȐµİıȠȢ ĲȘȢ i Ĳ.µ. ȈĲȠ ∆ȚȐȖ. 3.2, παȡȠυıȚȐȗİĲαȚ Ș απİȚțȩȞȚıȘ țȐșİ 

υπİȡțȪȕȠυ ıĲȠ įȚȐȞυıµα įȚφȪȦȞ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.24) ȖȚα πȡȩȕȜȘµα 2 įȚαıĲȐıİȦȞ. 

Ǿ πȚșαȞȩĲȘĲα İȞȩȢ ıȘµİȓȠυ z Ȟα ȕȡȓıțİĲαȚ ıİ ȑȞα απȩ ĲȠυȢ υπİȡțȪȕȠυȢ αυĲȠȪȢ (πȠυ ȠȡȓȗİȚ 

țαȚ ĲȠ ıȤİĲȚțȩ ȕȐȡȠȢ jv  țȐșİ υπİȡțȪȕȠυ) įȓįİĲαȚ ȦȢ: 
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∆ȚȐȖ. 3.2: ǹπİȚțȩȞȚıȘ ĲȦȞ υπİȡțȪȕȦȞ ıĲȠ ȤȫȡȠ RVN
B  (NRV=2) 

3.7 ȅȡȚıµȩȢ ǼυȡȦıĲȓαȢ 

3.7.1 ȅµαįȠπȠȓȘıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ 
ȅȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ, ȠµαįȠπȠȚȠȪȞĲαȚ ȦȢ πȡȠȢ ĲȘ șȑıȘ ĲȦȞ ıȘµİȓȦȞ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ. ȅȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ i țαȚ j απȠĲİȜȠȪȞ µȑȜȘ ĲȘȢ ȓįȚαȢ ȠµȐįαȢ 

ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ: 

 { }* * * *

, , , ,0 1, , : 0 0i k j k RV i k j ka a k N k a a⋅ > = ∀ ≠ ∧ ≠…  (3.26) 

ȩπȠυ *

,i ka  İȓȞαȚ Ș ĲȚµȒ ĲȘȢ k Ĳ.µ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ ĲȘȢ i µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ 

αıĲȠȤȓαȢ. Ǿ ıȤȑıȘ (3.26) İȟαıφαȜȓȗİȚ ȩĲȚ įȪȠ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ απȠĲİȜȠȪȞ 

µȑȜȘ ĲȘȢ ȓįȚαȢ ȠµȐįαȢ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ Ĳα ıȘµİȓα µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ, 

ȕȡȓıțȠȞĲαȚ ıĲȠȞ ȓįȚȠ υπİȡțȪȕȠ ıȪµφȦȞα µİ ĲȘȞ țαĲȐĲµȘıȘ ĲȦȞ ıȤȑıİȦȞ (3.23) țαȚ (3.24). Ǿ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ Pf,s țȐșİ ȠµȐįαȢ ıĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ, įȓįİĲαȚ ȦȢ ĲȠ αȜȖİȕȡȚțȩ 

ȐșȡȠȚıµα ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ĲȘȞ 

απȠĲİȜȠȪȞ. Ǿ ıȤİĲȚțȒ ıȘµαıȓα SIs ĲȘȢ s ȠµȐįαȢ ȠȡȓȗİĲαȚ ȦȢ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ υπȩ İȟȑĲαıȘ ȠµȐįαȢ: 

{1,1} 

Pr(X1) 

Pr(X2) 

{-1,-1} 

{-1,1} 

{1,-1} 

(0.5,0.5) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.18 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ), , ,s f s f s f i

i s

SI P P P
∈

= −Φ =∑  (3.27) 

ȈĲȠ ∆ȚȐȖ. 3.3, παȡȠυıȚȐȗİĲαȚ Ș įȚαįȚțαıȓα ȠµαįȠπȠȓȘıȘȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. ΈȟȚ µȘ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ȠµαįȠπȠȚȠȪȞĲαȚ ıİ 3 ȠµȐįİȢ αȞȐȜȠȖα ĲȘȢ 

ıȤİĲȚțȒȢ șȑıȘȢ ĲȦȞ ıȘµİȓȦȞ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ. 

 

∆ȚȐȖ. 3.3: ȅµαįȠπȠȓȘıȘ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (NRV=2) 

3.7.2 «∆ȓπȜȦıȘ» (“Curling”) ĲȠυ ȆȚșαȞȠĲȚțȠȪ ȋȫȡȠυ 

Ǿ İυαȚıșȘıȓα ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȠ įȚȐȞυıµα ĲȦȞ Ĳ.µ İȓȞαȚ 

ıυȞȐȡĲȘıȘ ĲȘȢ ıȤİĲȚțȒȢ ıȘµαıȓαȢ țȐșİ Ĳ.µ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα. ȂȑıȦ ĲȠυ įİȓțĲȘ 

ıȤİĲȚțȒȢ ıȘµαıȓαȢ țȐșİ ȠµȐįαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ υπȠȜȠȖȓȗİĲαȚ Ƞ 

įİȓțĲȘȢ ĲȘȢ ıȤİĲȚțȒȢ ıȘµαıȓαȢ țȐșİ Ĳ.µ. ȅȚ Ĳ.µ ȒııȠȞȠȢ ıȘµαıȓαȢ İȟαȚȡȠȪȞĲαȚ απȩ ĲȘ 

įȚαįȚțαıȓα țαĲȐĲµȘıȘȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ țαȚ αȞĲȚµİĲȦπȓȗȠȞĲαȚ απȩ αυĲȩ ĲȠ ıȘµİȓȠ țαȚ 

ıĲȘ ıυȞȑȤİȚα ȩπȦȢ țαȚ ıĲȚȢ țȜαıȚțȑȢ µİșȩįȠυȢ MC. ȈĲȩȤȠȢ ĲȘȢ įȓπȜȦıȘȢ İȓȞαȚ Ș µİȓȦıȘ ĲȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ. Ǿ ıȤİĲȚțȒ ıȘµαıȓα VRV,i ĲȘȢ i Ĳ.µ įȓįİĲαȚ ȦȢ: 

 , ,

,1 1

1
1, , ,

g RV
N N

s s
s iRV i RV s act k

s acts k

SIV i N N
N

δ δ
= =
 ⋅ ⋅= = =  ∑ ∑…  (3.28) 

ȩπȠυ Ns,act İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ ĲȠυ s ȠµȐįαȢ țαȚ Ng İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȠµȐįȦȞ. 

ȀȐșİ Ĳ.µ ȠȡȓȗİĲαȚ ȦȢ İȞİȡȖȒ ȦȢ πȡȠȢ µȓα ȠµȐįα İφȩıȠȞ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ ĲȦȞ 

ıȘµİȓȦȞ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ απȠĲİȜȠȪȞ ĲȘȞ 

Pr(X1). 

Pr(X2). 

ȕ1.

ȕ2. 

ȕ3. 
ȕ4. 

ȕ5. 

ȕ6. 

1
Ș
 ȅµȐįα ȂȆǹǹ 

( )1 ,1 ,4f fSI P P= −Φ +  

2
Ș
 ȅµȐįα ȂȆǹǹ 

( )2 ,3 ,5 ,6f f fSI P P P= −Φ + +  

3
Ș
 ȅµȐįα ȂȆǹǹ 

( )3 ,2fSI P= −Φ  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.19 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȠµȐįα ȦȢ πȡȠȢ ĲȘ ıυȖțİțȡȚµȑȞȘ Ĳ.µ ȑȤİȚ ĲȚµȒ įȚȐφȠȡȘ ĲȠυ µȘįİȞȩȢ. Ǿ πȠȜυπȜȠțȩĲȘĲα ĲȠυ 

πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ µİȚȫȞİĲαȚ απȩ NRV ıİ Nact (ĲȠ πȜȒșȠȢ ĲȦȞ ıȘµαȞĲȚțȫȞ Ĳ.µ) µȑıȦ ĲȘȢ 

įȓπȜȦıȘȢ ĲȦȞ Ĳ.µ ȖȚα ĲȚȢ ȠπȠȓİȢ ȚțαȞȠπȠȚİȓĲαȚ Ș ıυȞșȒțȘ: 

 { }, ,maxRV i RV RV i
i

V f V≥ ⋅  (3.29) 

ȩπȠυ fRV İȓȞαȚ Ș ĲȚµȒ țαĲȦφȜȓȠυ ȖȚα ĲȠ įȚȐȞυıµα ĲȦȞ Ĳ.µ. ȂİĲȐ ĲȘ «įȓπȜȦıȘ» ĲȦȞ µȘ 

İȞİȡȖȫȞ Ĳ.µ ȠȚ ıȤȑıİȚȢ, (3.23), (3.24) țαȚ (3.25) ĲȡȠπȠπȠȚȠȪȞĲαȚ ȫıĲİ Ȟα ȜȐȕȠυȞ υπȩȥȘ ĲȘ 

įȓπȜȦıȘ ĲȦȞ µȘ İȞİȡȖȫȞ Ĳ.µ ȦȢ: 

 { }2

1

, 1, 2

Nact

actN

j k l k l

j
k l

k l
= ≠

  = ∩ =∅ = ∀ ∈   
D D D D D D …��	�
∪  (3.30) 

 { }* * * *

1

1

, , , where 0 µȘ ıȘµαȞĲȚțȘ ȉȂ
1

RV

i i

i N i

binary string i i

z z

k k k k

z z

≥= = − <
k … …

����	���

 (3.31) 

 
2

1

1
ˆˆ ˆ2 1

2

Nactact

act

actact

N

j N

j j jNN
j

D
v j v

D
ν

=
= = ∀ ∈ =∑  (3.32) 

ȈĲȘȞ παȡȐȖȡαφȠ 3.20, παȡȠυıȚȐȗȠȞĲαȚ Ș įȚαįȚțαıȓα µİ ĲȘȞ ȠπȠȓα İπȚȜȑȖȠȞĲαȚ ȠȚ Ĳ.µ ȖȚα 

įȓπȜȦıȘ țαșȫȢ țαȚ Ș µȑșȠįȠȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȦȞ µȘ İȞİȡȖȫȞ Ĳ.µ. 

3.8 ǼυȡȦıĲȓα υπİȡțȪȕȦȞ 

3.8.1 ȅȡȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ 
Ǿ İυȡȦıĲȓα țȐșİ υπİȡțȪȕȠυ υπȠȜȠȖȓȗİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ țȐșİ ȠµȐįαȢ 

µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ ĲȘȢ ıȤİĲȚțȒȢ șȑıȘȢ ĲȠυ υπİȡțȪȕȠυ αυĲȠȪ ıİ ıȤȑıȘ µİ 

Ĳα ıȘµİȓα µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ ȠµȐįȦȞ αυĲȫȞ. Ǿ İυȡȦıĲȓα πȠυ απȠįȓįİĲαȚ απȩ ĲȘȞ s 

ȠµȐįα µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ıĲȠ k υπİȡțȪȕȠ įȓįİĲαȚ ȦȢ: 

 ( )
{ }

, ,
1

,
actN

s k s

j jf k s
jact

SI
V

N
δ δ

=
= ⋅∑  (3.33) 

ȩπȠυ ȠȚ παȡȐµİĲȡȠȚ k

jδ  țαȚ s

jδ  įȓįȠȞĲαȚ ȦȢ: 

 

*

*

1 1

1 1

jk

j

j

k

k
δ  == − = −  

*

,

*

,

1

1

s j js

j

s j j

x x

x x
δ  ≥= − <  (3.34) 

ȩπȠυ, *

jk  İȓȞαȚ ĲȠ πȡȩıȘµȠ ĲȠυ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ ĲȠυ k υπİȡțȪȕȠυ ȖȚα ĲȘȞ j Ĳ.µ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.20 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.31), *

,s jx  İȓȞαȚ Ș ĲȚµȒ ĲȘȢ j Ĳ.µ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ 

ȖȚα ĲȘȞ s ȠµȐįα µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ jx  İȓȞαȚ Ș įȚȐµİıȘ ĲȚµȒ ĲȘȢ j Ĳ.µ. Ǿ 

ıυȞȐȡĲȘıȘ <x,y> ȠȡȓȗİĲαȚ ȦȢ: 

 
1 0

,
1 0

x y
x y

x y

⋅ > =  − ⋅ <   İȓĲİ 
1 0

,
0 0

x y
x y

x y

⋅ > =  ⋅ <   ȩπȠυ , 0 0x y if x= =  (3.35) 

Ǿ 1
Ș
 παȡαȜȜαȖȒ ĲȘȢ ıȤȑıȘȢ (3.35) υȚȠșİĲİȓ µȓα πİȡȚııȩĲİȡȘ αυıĲȘȡȒ șİȫȡȘıȘ ȦȢ πȡȠȢ ĲȠȞ 

ȠȡȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ υπİȡțȪȕȠυ țαșȫȢ µİȚȫȞİȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ υπİȡțȪȕȠυ ȩĲαȞ ȖȚα 

ĲȘȞ πȜİȚȠȥȘφȓα ĲȦȞ İȞİȡȖȫȞ Ĳ.µ ĲȠ ȖȚȞȩµİȞȠ įk
j·įs

j παȡȠυıȚȐȗİȚ αȡȞȘĲȚțȩ πȡȩıȘµȠ. Ǿ 2
Ș
 

παȡαȜȜαȖȒ υȚȠșİĲİȓ µȓα πȚȠ ıυȞĲȘȡȘĲȚțȒ ıĲȐıȘ İφȩıȠȞ įİȞ ȑȤȠυµİ µİȓȦıȘ ĲȘȢ İυȡȦıĲȓαȢ ıİ 

țαµȓα πİȡȓπĲȦıȘ. Ǿ İυȡȦıĲȓα Vf,k ĲȠυ k υπİȡțȪȕȠυ įȓįİĲαȚ ȦȢ: 

 ( ), , ,
1

gN

f k f k s
s

V V
=

=∑  (3.36) 

ȈĲȠ ∆ȚȐȖ. 3.4, παȡȠυıȚȐȗİĲαȚ Ș İυȡȦıĲȓα ĲȦȞ υπİȡțȪȕȦȞ ȖȚα ĲȚȢ įȪȠ παȡαȜȜαȖȑȢ ĲȘȢ ıȤȑıȘȢ 

(3.35) ıİ πȡȩȕȜȘµα 3 ȠµȐįȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ įȪȠ İȞİȡȖȫȞ Ĳ.µ. 

 

∆ȚȐȖ. 3.4: ȅȡȚıµȩȢ İυȡȦıĲȓαȢ υπİȡțȪȕȦȞ (ȖȚα ĲȚȢ įȪȠ παȡαȜȜαȖȑȢ ĲȘȢ ıȤȑıȘȢ (3.35)) 

3.8.2 ǼπȚȜȠȖȒ ĲȦȞ υπİȡțȪȕȦȞ 
ȅȚ υπİȡțȪȕȠȚ İπȚȜȑȖȠȞĲαȚ ȖȚα πİȡαȚĲȑȡȦ αȞȐȜυıȘ ȩĲαȞ țαȚ µȩȞȠȞ ȩĲαȞ: 

Pr(X1). 

Pr(X2). 

ȕ1

ȕ2. 

ȕ3. 
ȕ4. 

ȕ5. 

ȕ6. 

1
Ș
 ȆαȡαȜȜαȖȒ ĲȘȢ (3.35). 

,1 1 ,2 2 3

,3 2 3 ,4 1

f f

f f

V SI V SI SI

V SI SI V SI

= = −
= − + = −

2
Ș
 ȆαȡαȜȜαȖȒ ĲȘȢ (3.35). 

,1 1 2 3

,2 1 2

,3 1 3

,4 2 3

0.5 0.5

0.5

0.5

0.5 0.5

f

f

f

f

V SI SI SI

V SI SI

V SI SI

V SI SI

= + ⋅ + ⋅
= ⋅ +
= ⋅ +
= ⋅ + ⋅

 

 

ȊπİȡțȪȕοȢ 4. ȊπİȡțȪȕοȢ 3. 

ȊπİȡțȪȕοȢ 1. ȊπİȡțȪȕοȢ 2. 
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 ( ) ( ),max ,max ,min , ,max1f f f cutoff f j fV V V f V V− − ⋅ − ≤ ≤  ȩπȠυ ,min 0.0fV ≥  (3.37) 

ȩπȠυ fcut-off İȓȞαȚ Ș ĲȚµȒ țαĲȦφȜȓȠυ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ țαȚ Vf,max, Vf,min, İȓȞαȚ Ș 

µȑȖȚıĲȘ țαȚ İȜȐȤȚıĲȘ ĲȚµȒ İυȡȦıĲȓαȢ ĲȦȞ υπȩ İȟȑĲαıȘ υπİȡțȪȕȦȞ. ȅ πİȡȚȠȡȚıµȩȢ ıİ ıȤȑıȘ 

µİ ĲȘȞ İȜȐȤȚıĲȘ ĲȚµȒ İυȡȦıĲȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 1
ȘȢ

 παȡαȜȜαȖȒȢ ĲȘȢ ıȤȑıȘȢ (3.35) 

ȠįȘȖİȓ ıİ ȐµİıȠ απȠțȜİȚıµȩ ĲȦȞ υπİȡțȪȕȦȞ ȖȚα ĲȠυȢ ȠπȠȓȠυȢ Vf,k<0. 

3.9 ΜȠȞȠįȚȐıĲαĲȘ ǼȟİȡİȪȞȘıȘ 

ΓȚα ĲȠυȢ υπİȡțȪȕȠυȢ πȠυ πȜȘȡȠȪȞ ĲȘ ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.37), µİ ĲȘ ȕȠȒșİȚα ĲȘȢ µİșȩįȠυ 

İȟİȡİȪȞȘıȘȢ țαĲȐ įȚİȪșυȞıȘ [54], υπȠȜȠȖȓȗİĲαȚ ĲȠ ıȘµİȓȠ ĲȠµȒȢ α (∆ȚȐȖ. 3.5) ĲȘȢ țυȡȓαȢ 

įȚαȖȦȞȓȠυ ĲȠυ υπİȡțȪȕȠυ țαȚ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ. ȂȑıȦ ĲȠυ ıȘµİȓȠυ 

αυĲȠȪ υπȠȜȠȖȓȗİĲαȚ ĲȠ ıȘµİȓȠ b (∆ȚȐȖ. 3.5) πȠυ țαșȠȡȓȗİȚ ĲȠȞ υπİȡțȪȕȠ įİȚȖµαĲȠȜȘȥȓαȢ 

πİȡȚȠȡȓȗȠȞĲαȢ ĲȘ įȚαįȚțαıȓα ıĲȘ ȖİȚĲȠȞȚȐ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȦȢ: 

 
act

act

act

N

N

N
vol vol

a
b

f f

α= =  (3.38) 

ȩπȠυ, fvol (fvol>1) İȓȞαȚ Ș παȡȐµİĲȡȠȢ İȜȑȖȤȠυ πȠυ µİĲαȕȐȜİȚ ĲȠȞ ȩȖțȠ ĲȘȢ πİȡȚȠȤȒȢ 

įİȚȖµαĲȠȜȘȥȓαȢ.  

 

∆ȚȐȖ. 3.5: ∆ȚİπȚφȐȞİȚα αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ țαȚ πİȡȚȠȤȒ įİȚȖµαĲȠȜȘȥȓαȢ 

ΓȚα ĲȘȞ απȠφυȖȒ įİȚȖµαĲȠȜȘȥȓαȢ ıİ υπİȡțȪȕȠυȢ ȒııȠȞȠȢ ıȘµαıȓαȢ, ȠȚ υπİȡțȪȕȠȚ πȠυ 

İπȚȜȑȖȠȞĲαȚ ȖȚα įİȚȖµαĲȠȜȘȥȓα πȡȑπİȚ Ȟα πȜȘȡȠȪȞ αțȩµα țαȚ ĲȘ ıυȞșȒțȘ: 

ȆİȡȚȠȤȒ ȁİȚĲȠυȡȖȓαȢ 

ȆİȡȚȠȤȒ ∆İȚȖµαĲȠȜȘȥȓαȢ 

Pr(X1)

Pr(X2) 

a

a 

b

b 

ΌȡȚȠ ∆İȚȖµαĲȠȜȘȥȓαȢ. 

∆ȚİπȚφȐȞİȚα ȁİȚĲȠυȡȖȓαȢ / 

ǹıĲȠȤȓαȢ 
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 { }max 0.01
ss

i i
i N

Vol Volε ε∈≥ ⋅ =  (3.39) 

ȩπȠυ ȃss İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ υπİȡțȪȕȦȞ πȠυ πȜȘȡȠȪȞ ĲȘ ıȤȑıȘ (3.37). ȈȪµφȦȞα µİ ĲȘ 

ıȤȑıȘ (3.39) İπȚȜȑȖȠȞĲαȚ ȠȚ Ns υπİȡțȪȕȠȚ ȖȚα Ĳα ȠπȠȓα πȡαȖµαĲȠπȠȚİȓĲαȚ įİȚȖµαĲȠȜȘȥȓα. Ǿ 

ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.39) ıțȠπİȪİȚ ıĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ. ΓȚα 

υπİȡțȪȕȠυȢ πȠυ Ƞ ȩȖțȠȢ ĲȠυ ȤȦȡȓȠυ įİȚȖµαĲȠȜȘȥȓαȢ πȡȠțȪπĲİȚ µȚțȡȩĲİȡȠȢ ĲȠυ 1% ĲȠυ 

ȩȖțȠυ ĲȠυ πİȡȚııȩĲİȡȠ țȡȓıȚµȠυ ȤȦȡȓȠυ įİȚȖµαĲȠȜȘȥȓαȢ απȠφαıȓȗİĲαȚ Ș İȟαȓȡİıȘ ĲȠυȢ απȩ 

ĲȘ įȚαįȚțαıȓα ĲȘȢ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ. 

3.10 ȈȘµİȓα ∆İȚȖµαĲȠȜȘȥȓαȢ 

ȀαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ĲȠυ k υπİȡțȪȕȠυ 1, , sk N= …  Ĳα ıȘµİȓα 

įİȚȖµαĲȠȜȘȥȓαȢ ıĲȠ ȤȫȡȠ ĲȦȞ Ĳ.µ įȓįȠȞĲαȚ ȦȢ: 

 [ ]
1

1

rand()
0.5

2

rand()

k

i
i act

i

i act

F i N
x

F i N

δ−

−

  ⋅ ∈+  → =   ∉
x  (3.40) 

ȩπȠυ [ ]1
.iF −  İȓȞαȚ Ș αȞȐıĲȡȠφȘ ǹȈȆ ĲȘȢ i Ĳ.µ țαȚ random() İȓȞαȚ ĲυȤαȓα ĲȚµȒ πȠυ 

ȚıȠțαĲαȞȑµİĲαȚ ıĲȠ įȚȐıĲȘµα [0,1). Ǿ ĲυȤαȓα αυĲȒ ĲȚµȒ παȡȐȖİĲαȚ µİ ĲȘ ȕȠȒșİȚα ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. ΩȢ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ȤȡȘıȚµȠπȠȚİȓĲαȚ Ƞ αȜȖȩȡȚșµȠȢ 

Mersenne-Twister [38] țαȚ ıİ ȠȡȚıµȑȞİȢ πİȡȚπĲȫıİȚȢ Ș ȖİȞȞȒĲȡȚα µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ  

[47]. Ǿ ĲȚµȒ ĲȠυ k

iδ  įȓįİĲαȚ απȩ ĲȘ ıȤȑıȘ (3.34) ȖȚα ĲȠ k υπİȡțȪȕȠ. ΌĲαȞ ĲȠ αȡȤȚțȩ įȚȐȞυıµα 

ĲȦȞ Ĳ.µ απȠĲİȜİȓĲαȚ απȩ ıĲαĲȚıĲȚțȐ ıυıȤİĲȚıµȑȞİȢ Ĳ.µ Ș ıȤȑıȘ (3.40) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( ) [ ]
1

1

1

rand()
0.5

2

rand()

k

i
act

i

act

i N
z

i N

δ−
−

−

  ⋅Φ ∈+  = → =   Φ ∉
x T z�  (3.41) 

ȩπȠυ ( )1
.

−T�  İȓȞαȚ Ƞ µİĲαıȤȘµαĲȚıµȩȢ απȩ ĲȘ ȕȐıȘ ĲȦȞ ıĲαĲȚıĲȚțȫȞ αıυıȤȑĲȚıĲȦȞ 

țαȞȠȞȚțȠπȠȚȘµȑȞȦȞ Ĳ.µ țαĲȐ Gauss z ıĲȠ ȤȫȡȠ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ x. ȀȐșİ ıȘµİȓȠ ĲȠυ 

πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ p πȠυ ȠȡȓȗİĲαȚ ȦȢ:  

 

rand()
0.5

2

rand()

k

i
act

i

act

i N
p

i N

δ ⋅+ ∈→ =  ∉
p  (3.42) 

πȡȑπİȚ Ȟα πȜȘȡȠȓ ĲȚȢ παȡαțȐĲȦ ıυȞșȒțİȢ ȖȚα ĲȠȞ k υπİȡțȪȕȠ: 
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 { } { }{ }1 1
: max mink k

act j act j
j jj k kj N j N

p px b bδ δ∈ ∧ = ∈ ∧ =−∃ ≥ ∧ ≤  (3.43) 

Ǿ ıȤȑıȘ (3.43) İȟαıφαȜȓȗİȚ ȩĲȚ Ĳα ıȘµİȓα įİȚȖµαĲȠȜȘȥȓαȢ ȕȡȓıțȠȞĲαȚ İȞĲȩȢ ĲȘȢ πİȡȚȠȤȒȢ 

įİȚȖµαĲȠȜȘȥȓαȢ țαșȫȢ ȖȚα ĲȠυȜȐȤȚıĲȠȞ µȓα İȞİȡȖȒ Ĳ.µ Ș ĲȚµȒ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ p 

πȡȑπİȚ Ȟα ȕȡȓıțİĲαȚ ıĲȠ įȚȐıĲȘµα (0,bk] Ȓ ıĲȠ įȚȐıĲȘµα [bk,1) αȞαȜȩȖȦȢ ĲȠυ πȡȩıȘµȠυ ĲȘȢ 

ĲȚµȒȢ ĲȠυ k

iδ .  

3.11 ΚȡȚĲȒȡȚα ĲİȡµαĲȚıµȠȪ įȚαįȚțαıȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ 

ȀαĲȐ ĲȘ φȐıȘ ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ İȟİĲȐȗȠȞĲαȚ 2 țȡȚĲȒȡȚα ȖȚα ĲȠȞ ĲİȡµαĲȚıµȩ ĲȘȢ. ȉȠ 1
Ƞ
 

țȡȚĲȒȡȚȠ İȜȑȖȤİȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ. Ǿ įȚαįȚțαıȓα ȖȚα ĲȠ 

ıυȖțİțȡȚµȑȞȠ υπİȡțȪȕȠ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ: 

 
{ } { }{ } { }, , , , , ,

, , , , , ,

max max

max max

f j f j s j f j s j f j

s j f j f j f j f j s j

n n n n n n

n n n n n n

= ∧ ≥ ≥
= ∧ ≥ ≥  (3.44) 

ȩπȠυ max{nf,j} İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα 

ĲȠȞ ĲİȡµαĲȚıµȩ ĲȘȢ įȚαįȚțαıȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȠȞ υπȩ İȟȑĲαıȘ υπİȡțȪȕȠ țαȚ nf,j țαȚ ns,j 

İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ıĲȠυȢ υπȠȤȫȡȠυȢ αıĲȠȤȓαȢ țαȚ ȜİȚĲȠυȡȖȓαȢ αȞĲȓıĲȠȚȤα. ȉȠ 

țȡȚĲȒȡȚȠ αυĲȩ İȟαıφαȜȓȗİȚ İπαȡțȒ αȡȚșµȩ įİȚȖµȐĲȦȞ ȫıĲİ Ĳα απȠĲİȜȑıµαĲα Ȟα παȡȑȤȠυȞ 

ĲȠȞ απαȚĲȠȪµİȞȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. 

ȉȠ 2Ƞ țȡȚĲȒȡȚȠ ıĲȠȤİȪİȚ ıĲȘȞ απȠφυȖȒ παȡαĲİĲαµȑȞȘȢ įİȚȖµαĲȠȜȘȥȓαȢ ıİ πİȡȚȠȤȑȢ ȤαµȘȜȠȪ 

İȞįȚαφȑȡȠȞĲȠȢ. ǹȞ ĲȠ αȞαµİȞȩµİȞȠ µİȡȚțȩ απȠĲȑȜİıµα ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ Pf,j ȖȚα ĲȠȞ j υπİȡțȪȕȠ, İȓȞαȚ µȚțȡȩĲİȡȠ απȩ ȑȞα ıυȖțİțȡȚµȑȞȠ πȠıȠıĲȩ fs,c ĲȠυ 

µȑȖȚıĲȠυ µİȡȚțȠȪ απȠĲİȜȑıµαĲȠȢ Pmax, ĲȩĲİ Ș įȚαįȚțαıȓα įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα ĲȠȞ υπȩ 

İȟȑĲαıȘ υπİȡțȪȕȠ ĲİȡµαĲȓȗİĲαȚ țαȚ ȦȢ µİȡȚțȒ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ 

µİȜȫȞ ȠȡȓȗİĲαȚ Ĳα µȑȤȡȚ ĲȘ ıĲȚȖµȒ İțİȓȞȘ απȠĲİȜȑıµαĲα: 

 
, ,

, max , ,

f j f j

s c j j c f j

j j

n n
if f P n n P

n n
≤ ⋅ ∧ > ⇒ =  µİ { },max

1,..., 1
max f k

k j
PP = −=  (3.45) 

ȩπȠυ nj,c İȓȞαȚ ĲȠ İȜȐȤȚıĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ αȞȐ υπİȡțȪȕȠ. Ǿ ĲȚµȒ nj,c 

İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ µİȡȚțȒȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ: 

 { }1

, ,

, , , , ,limmax
f j tot

j c s cp f j c j c
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ȩπȠυ fs,cp İȓȞαȚ ĲȠ πȠıȠıĲȩ ĲȠυ πȜȒșȠυȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ 

İȞİȡȖȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (3.45), Pf,j,tot İȓȞαȚ ĲȠ µȑȤȡȚ ĲȠȞ j υπİȡțȪȕȠ απȠĲȑȜİıµα ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ, max{nf} İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȗȘĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ 

αıĲȠȤȓαȢ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ υπİȡțȪȕȦȞ πȠυ İπȚȜȑȖȠȞĲαȚ ȖȚα įİȚȖµαĲȠȜȘȥȓα, nj,c,lim İȓȞαȚ ĲȠ 

İȜȐȤȚıĲȠ πȜȒșȠȢ įİȚȖµȐĲȦȞ πȠυ ȜαµȕȐȞİĲαȚ ıĲȠȞ j υπİȡțȪȕȠ țαȚ jv�  İȓȞαȚ ĲȠ µİȡȚțȩ ȕȐȡȠȢ 

ĲȠυ υπȩ İȟȑĲαıȘ υπİȡțȪȕȠυ: 
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ΓȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ πȠυ αȞĲȚµİĲȦπȓıĲȘțαȞ Ƞ ȩȡȠȢ nj,c,lim įȓįİĲαȚ ȦȢ: 

 
, ,lim 20j c RVn N= ⋅  (3.48) 

3.12 ȊπȠȜȠȖȚıµȩȢ ĲȦȞ ȆȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ įȓįİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ İπȚµȑȡȠυȢ µİȡȚțȫȞ 

πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ. ȂİĲȐ ĲȘȞ İȟȑĲαıȘ Ns υπİȡțȪȕȦȞ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ įȓįȠȞĲαȚ ȦȢ [50], [52]: 
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ΓȚα Ĳα µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ ȠȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ įȓįȠȞĲαȚ ıȪµφȦȞα 

µİ ĲȚȢ ıȤȑıİȚȢ (3.49) țαȚ (3.50) ȩπȠυ nf,j İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ ĲȠυ υπȩ İȟȑĲαıȘ 

µȑȜȠυȢ. ǹȞ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα țȐπȠȚα µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ įİȞ İȓȞαȚ 

İπαȡțȑȢ ȖȚα ĲȘȞ αțȡȚȕȒ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυȢ, ȦȢ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

ĲȦȞ µİȜȫȞ αυĲȫȞ ȠȡȓȗȠȞĲαȚ ȠȚ İțĲȚµȒıİȚȢ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ. 

3.13 ȌİυįȠțȫįȚțαȢ 

Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ ıυȞȠȥȓȗİĲαȚ ıĲα παȡαțȐĲȦ ȕȒµαĲα: 

ǺȒµα 1: ΈȞαȡȟȘ ĲȘȢ įȚαįȚțαıȓαȢ. 

ǺȒµα 2: ȆȡȠıȑȖȖȚıȘ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ µİ πȠȜυȫȞυµȠ 2ȘȢ ĲȐȟȘȢ ıȪµφȦȞα µİ 

ĲȘ ıȤȑıȘ (3.13) ȖȚα Ĳα µȑȜȘ ĲȘȢ țαĲαıțİυȒȢ. 
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ǺȒµα 3: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ ȕi ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ ĲȚµȫȞ 

ĲȠυ İțȐıĲȠĲİ įȚαȞȪıµαĲȠȢ țαĲİȪșυȞıȘȢ aij (ıȤȑıİȚȢ (3.14) țαȚ (3.15)). 

ǺȒµα 4: ȊπȠȜȠȖȚıµȩȢ ĲȠυ πȜȒșȠυȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.16). 

ǺȒµα 5: ∆ȘµȚȠυȡȖȓα µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ıυȖțİțȡȚµȑȞȠυ µȒțȠυȢ µİ ĲȘȞ 

İπȓȜυıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ ıȤȑıȘȢ (3.17). ȉα µȑȜȘ πȡȑπİȚ Ȟα πȜȘȡȠȪȞ 

ĲȚȢ πȡȠȨπȠșȑıİȚȢ ĲȘȢ ıȤȑıȘȢ (3.21). Ǿ įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ µȑȤȡȚ İȟȐȞĲȜȘıȘȢ ĲȦȞ 

țȡȓıȚµȦȞ µİȜȫȞ Ȓ ĲȘȞ ȚțαȞȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (3.22). 

ǺȒµα 6: ∆ȚαȤȦȡȚıµȩȢ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ıİ 2 RVN
 υπİȡțȪȕȠυȢ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ 

(3.23) ȦȢ (3.25). 

ǺȒµα 7: ȅµαįȠπȠȓȘıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.26). 

ȊπȠȜȠȖȚıµȩȢ ĲȠυ ıυȞĲİȜİıĲȒ ıπȠυįαȚȩĲȘĲαȢ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.27). 

ǺȒµα 8: ȀαșȠȡȚıµȩȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.28) țαȚ (3.29). “∆ȓπȜȦıȘ” 

ĲȦȞ µȘ țȡȓıȚµȦȞ Ĳ.µ. ȃȑα țαĲȐĲµȘıȘ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ıİ 2 actN
 υπİȡțȪȕȠυȢ ıȪµφȦȞα 

µİ ĲȚȢ ıȤȑıİȚȢ (3.30) ȦȢ (3.32). 

ǺȒµα 9: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.33) ȦȢ 

(3.36). 

ǺȒµα 10: ǼπȚȜȠȖȒ ĲȦȞ υπİȡțȪȕȦȞ ȖȚα Ĳα ȠπȠȓα ȚțαȞȠπȠȚİȓĲαȚ Ș ıȤȑıȘ (3.37). 

ǺȒµα 11: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ ıȘµİȓȦȞ a țαȚ b ĲȘȢ ıȤȑıȘȢ (3.38). ǼπαȞȐȜȘȥȘ ĲȘȢ įȚαįȚțαıȓαȢ 

ȖȚα ĲȠυȢ υπİȡțȪȕȠυȢ πȠυ ȑȤȠυȞ İπȚȜİȖİȓ țαȚ απȠțȜİȚıµȩȢ απȩ įİȚȖµαĲȠȜȘȥȓα ĲȦȞ υπİȡțȪȕȦȞ 

πȠυ įİȞ πȜȘȡȠȪȞ ĲȘ ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.39). 

ǺȒµα 12: ǺαȡȪȞȠυıα įİȚȖµαĲȠȜȘȥȓα. 

ǺȒµα 12α: ȅȡȚıµȩȢ i=i+1. ǹȞ i>ȃs ıυȞȑȤİȚα ıĲȠ ǺȒµα 13 αȜȜȚȫȢ ıĲȠ ǺȒµα 12ȕ.  

ǺȒµα 12ȕ: ∆İȚȖµαĲȠȜȘȥȓα ȖȚα ĲȠ i υπİȡțȪȕȠ ȩπȠυ țȐșİ ıȘµİȓȠ πȜȘȡȠȓ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ 

ĲȦȞ ıȤȑıİȦȞ (3.40) țαȚ (3.43) ıĲȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ. ȀαĲαȖȡαφȒ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ 

ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȠυ ıυıĲȒµαĲȠȢ. Ȉİ πİȡȓπĲȦıȘ ȚțαȞȠπȠȓȘıȘȢ ĲȦȞ țȡȚĲȘȡȓȦȞ 

ĲȦȞ ıȤȑıİȦȞ (3.44) Ȓ (3.45) İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 12α. 

ǺȒµα 13: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ πȚșαȞȠĲȒĲȦȞ αıĲȠȤȓαȢ țαȚ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ ȕȐıİȚ ĲȘȢ 
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ıȤȑıİȦȞ (3.49) țαȚ (3.50) ȖȚα ĲȘȞ țαĲαıțİυȒ țαȚ ȖȚα Ĳα µȑȜȘ ĲȘȢ. ΌĲαȞ ĲȠ πȜȒșȠȢ ĲȦȞ 

αıĲȠȤȚȫȞ ȖȚα ȑȞα µȑȜȠȢ įİȞ İȓȞαȚ İπαȡțȑȢ, ȠȡȚıµȩȢ ĲȠυ απȠĲİȜȑıµαĲȠȢ ĲȘȢ µİșȩįȠυ 

αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ ȦȢ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ υπȩ İȟȑĲαıȘ µȑȜȠυȢ. 

ǺȒµα 14: ȉİȡµαĲȚıµȩȢ įȚαįȚțαıȓαȢ. 

3.14 ǹȡȚșµȘĲȚțȐ ȆαȡαįİȓȖµαĲα 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ, παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα απȩ ĲȘȞ πȚșαȞȠĲȚțȒ αȞȐȜυıȘ 

µȠȞȠµȠȡφȚțȫȞ țαȚ πȠȜυµȠȡφȚțȫȞ πȡȠȕȜȘµȐĲȦȞ αȟȚȠπȚıĲȓαȢ țαșȫȢ țαȚ απȩ ĲȘȞ αȞȐȜυıȘ 

ıĲαĲȚțȫȢ αȠȡȓıĲȦȞ İπȓπİįȦȞ țαȚ ȤȦȡȚțȫȞ įȚțĲυȦµȐĲȦȞ. ȉα απȠĲİȜȑıµαĲα αυĲȐ 

ıυȖțȡȓȞȠȞĲαȚ µİ απȠĲİȜȑıµαĲα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα, µİ ĲȘȞ αțȡȚȕȒ ȜȪıȘ 

(ȩπȠυ αυĲȒ İȓȞαȚ įȚαșȑıȚµȘ) țαșȫȢ țαȚ µİ απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC. Ǿ İυȡȦıĲȓα țαȚ Ƞ 

ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ıυȖțȡȓȞȠȞĲαȚ µİ ĲȘ µȑșȠįȠ 

MC. ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ (Ȓ țȩıĲȠυȢ) ȠȡȓȗİĲαȚ ȦȢ Ƞ ȜȩȖȠȢ ĲȠυ πȜȒșȠυȢ ĲȦȞ 

įİȚȖµȐĲȦȞ ĲȘȢ µİșȩįȠυ ȦȢ πȡȠȢ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ĲȘȢ µİșȩįȠυ MC. 

3.14.1 ΜȠȞȠµȠȡφȚțȐ ȆȡȠȕȜȒµαĲα – ΓȡαµµȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ 
αȞĲȠȤȒȢ 

ȈĲȘȞ απȜȠȪıĲİȡȘ ĲȠυ µȠȡφȒ ĲȠ πȡȩȕȜȘµα αȟȚȠπȚıĲȓαȢ ȠȡȓȗİĲαȚ ȦȢ: 

 ( )Pr 0S S R P≤ = −  (3.51) 

ȩπȠυ S İȓȞαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ R țαȚ P İȓȞαȚ ȠȚ ıυȞαȡĲȒıİȚȢ αȞĲȠȤȒȢ țαȚ 

φȠȡĲȓȠυ αȞĲȓıĲȠȚȤα. ΌĲαȞ ȠȚ Ĳ.µ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ țαȚ İȟαıφαȜȓȗİĲαȚ Ș 

ıĲαĲȚıĲȚțȒ ĲȠυȢ αȞİȟαȡĲȘıȓα Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ [12], [11]: 
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s R P

P S
µ µ µ
σ σ σ

   − = ≤ = Φ − = Φ −   +   
 (3.52) 

ȩπȠυ µs, µR țαȚ µP İȓȞαȚ ȠȚ µȑıİȢ ĲȚµȑȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ, ĲȘȢ ıυȞȐȡĲȘıȘȢ 

αȞĲȠȤȒȢ țαȚ ĲȘȢ ıυȞȐȡĲȘıȘȢ φȠȡĲȓȠυ αȞĲȓıĲȠȚȤα țαȚ ıs, ıR țαȚ ıP İȓȞαȚ ȠȚ αȞĲȓıĲȠȚȤİȢ ĲυπȚțȑȢ 

απȠțȜȓıİȚȢ. ȈĲȘȞ παȡȐȖȡαφȠ 3.21, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µİĲαıȤȘµαĲȚıµȠȓ ıĲȘȞ πİȡȓπĲȦıȘ 

ıĲαĲȚıĲȚțȐ İȟαȡĲȘµȑȞȦȞ Ĳ.µ. 

ΈıĲȦ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ: 

 S a R b P c= ⋅ − ⋅ +  (3.53) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.27 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ a, b țαȚ c İȓȞαȚ ȠȚ ȞĲİĲİȡµȚȞȚıĲȚțȑȢ παȡȐµİĲȡȠȚ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ R țαȚ P İȓȞαȚ ȠȚ Ĳ.µ 

ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȅȚ Ĳ.µ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=0 țαȚ ı=1. ΓȚα ĲȠ πȡȩȕȜȘµα 

ĲȘȢ ıȤȑıȘȢ (3.53) İȟİĲȐȗȠȞĲαȚ 9 įȚαφȠȡİĲȚțȠȓ ıυȞįυαıµȠȓ ĲȦȞ ȞĲİĲİȡµȚȞȚıĲȚțȫȞ παȡαµȑĲȡȦȞ 

{a,b,c}. ȉȠ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ (L[IFM]) ȠȡȓȗİĲαȚ ȓıȠ µİ ĲȘ µȠȞȐįα 

țαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ İφαȡµȩȗİĲαȚ Ș 1
Ș
 παȡαȜȜαȖȒ. ȅȚ 

παȡȐµİĲȡȠȚ ĲȠυ αȜȖȠȡȓșµȠυ πȚșαȞȠĲȚțȒȢ αȞȐȜυıȘȢ İȓȞαȚ: fvol=1.20, fRV=0.10, fcut-off=0.0, 

fs,c=0.10, fs,cp=0.70 max{nf,j}=30 țαȚ max{nf}=600. ȅȚ ıυȞįυαıµȠȓ ĲȦȞ ȞĲİĲİȡµȚȞȚıĲȚțȫȞ 

παȡαµȑĲȡȦȞ, Ș αțȡȚȕȒȢ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ, Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ, ĲȠ 

ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ, Ƞ ȜȩȖȠȢ ĲȘȢ αțȡȚȕȠȪȢ ĲȚµȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ πȡȠȢ ĲȘȞ 

İțĲȓµȘıȘ ĲȘȢ µİșȩįȠυ, ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȠȞ ĲİȡµαĲȚıµȩ ĲȘȢ 

įȚαįȚțαıȓαȢ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.1. 

ǹ/α a b c Pf,acc Pf,meth İ Pf,acc/ Pf,meth ∆İȓȖµαĲα ǹıĲȠȤȓİȢ

1 1.0 1.0 3.0 0.01695 0.01594 0.00274 106.33% 260 30 

2 1.0 1.0 4.0 0.00234 0.00218 0.00039 107.15% 1070 30 

3 5.0 1.0 3.0 0.27815 0.25729 0.02218 108.11% 125 60 

4 1.0 5.0 3.0 0.27815 0.27938 0.02341 99.56% 110 60 

5 5.0 1.0 4.0 0.21638 0.19965 0.01959 108.38% 143 60 

6 1.0 5.0 4.0 0.21638 0.20796 0.02009 104.05% 137 60 

7 1.0 1.0 4.5 0.00073 0.00073 0.00013 100.82% 2545 30 

8 1.0 1.0 5.0 0.00020 0.00020 0.00004 103.44% 7912 30 

9 1.0 1.0 5.5 0.00005 0.00005 0.00001 96.84% 26902 30 

ȆȓȞ. 3.1: ǹπȠĲİȜȑıµαĲα ȖȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (3.53). 

Ǿ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ țȡȓȞİĲαȚ ȦȢ πȠȜȪ țαȜȒ. ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ 

µİșȩįȠυ ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ țαĲαȖİȖȡαµµȑȞȦȞ αıĲȠȤȚȫȞ, țυµαȓȞİĲαȚ απȩ 4.51% ȦȢ 58%. ȅ 

ȜȩȖȠȢ αυĲȩȢ µİȚȫȞİĲαȚ ȩıȠ µİȚȫȞİĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ. Ǿ αȞȐȜυıȘ İπαȞαȜαµȕȐȞİĲαȚ 

ȖȚα fvol=1.00 țαȚ ıĲȠȞ ȆȓȞ. 3.2, παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ. Ǿ αțȡȓȕİȚα ĲȘȢ 

µİșȩįȠυ țȡȓȞİĲαȚ ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ fvol=1.20, ȦȢ πȠȜȪ țαȜȒ. ȆαȡαĲȘȡİȓĲαȚ, 

ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ İȚįȚțȐ ıĲȚȢ πİȡȚπĲȫıİȚȢ 7 ȦȢ 9 ȩπȠυ Ƞ ȜȩȖȠȢ 

αυĲȩȢ țυµαȓȞİĲαȚ απȩ 2.45% ȦȢ 0.58%. 

ǹ/α a b c Pf,acc Pf,meth İ Pf,acc/ Pf,meth ∆İȓȖµαĲα ǹıĲȠȤȓİȢ

1 1.0 1.0 3.0 0.01695 0.01564 0.00266 108.33% 222 30 

2 1.0 1.0 4.0 0.00234 0.00218 0.00039 107.18% 597 30 

3 5.0 1.0 3.0 0.27815 0.25715 0.02217 108.17% 125 60 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.28 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹ/α a b c Pf,acc Pf,meth İ Pf,acc/ Pf,meth ∆İȓȖµαĲα ǹıĲȠȤȓİȢ

4 1.0 5.0 3.0 0.27815 0.27921 0.02340 99.62% 110 60 

5 5.0 1.0 4.0 0.21638 0.20096 0.01959 107.67% 140 60 

6 1.0 5.0 4.0 0.21638 0.20957 0.02009 103.25% 134 60 

7 1.0 1.0 4.5 0.00073 0.00071 0.00013 102.62% 1004 30 

8 1.0 1.0 5.0 0.00020 0.00019 0.00004 107.34% 1941 30 

9 1.0 1.0 5.5 0.00005 0.00005 0.00001 97.19% 3433 30 

ȆȓȞ. 3.2: ǹπȠĲİȜȑıµαĲα ȖȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (3.53) țαȚ fvol=1.00. 

Ǿ µȑȖȚıĲȘ απȩțȜȚıȘ ĲȘȢ İțĲȓµȘıȘȢ απȩ ĲȘȞ πȡαȖµαĲȚțȒ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȓȞαȚ 

ȓıȘ µİ 8.38% ȖȚα fvol=1.20 țαȚ ȓıȘ µİ 8.33% ȖȚα fvol=1.00 µİ ĲυπȚțȒ απȩțȜȚıȘ 3.85% țαȚ 

4.60% αȞĲȓıĲȠȚȤα. Ȉİ țȐșİ πİȡȓπĲȦıȘ Ș απȩțȜȚıȘ απȩ ĲȘȞ πȡαȖµαĲȚțȒ ĲȚµȒ İȓȞαȚ µȚțȡȩĲİȡȘ 

ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ ĲȘȢ µİșȩįȠυ.  

Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ πȜȐȖȚȠ-țαĲαțȩȡυφȠυ µȘȤαȞȚıµȠȪ țαĲȐȡȡİυıȘȢ µȠȞȫȡȠφȠυ 

πȜαȚıȓȠυ įȓįİĲαȚ ȦȢ [10]: 

 ( )
1 2 3 4 5 62 2 5 5g x x x x x x= + ⋅ + ⋅ + − ⋅ − ⋅x  (3.54) 

ȩπȠυ x1 ȦȢ x4 İȓȞαȚ ȠȚ Ĳ.µ αȞĲȠȤȒȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ x5 țαȚ x6 İȓȞαȚ ȠȚ Ĳ.µ ĲȦȞ 

İπȚȕαȜȜȩµİȞȦȞ φȠȡĲȓȦȞ. TȠ µȠȞȫȡȠφȠ πȜαȓıȚȠ țαȚ Ƞ µȘȤαȞȚıµȩȢ țαĲȐȡȡİυıȘȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.6. ȅȚ Ĳ.µ αțȠȜȠυșȠȪȞ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ Ǽ[x1] = E[x2] = 

E[x3] = E[x4] = 120kNm, E[x5] = 50kN țαȚ E[x6] = 40kN țαȚ ı[x1] = ı[x2] = ı[x3] = ı[x4] = 

12kNm, ı[x5] = 15kN țαȚ ı[x6] = 12kN αȞĲȓıĲȠȚȤα. ȉȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ĲȘȢ ıȤȑıȘȢ (3.54) įȓįİĲαȚ ȦȢ [10]: 

 0.0121782 0.0122599L U

f fP P= =  (3.55) 

µİ µȑıȘ İțĲȓµȘıȘ Pf=0.0122188. ȅ υπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİ ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ İπαȞαȜαµȕȐȞİĲαȚ ȖȚα 5 ĲȚµȑȢ ıπȠȡȐȢ {4357, 5003, 6007, 7001, 8001) 

ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister (MTRG), ȖȚα 3 ĲȚµȑȢ ĲȠυ fvol 

{1.00,1.20,1.40} țαȚ 7 ĲȚµȑȢ ĲȠυ max{nf,j} {30,60,90,120,180,300,600}. ȉȠ µȒțȠȢ ĲȘȢ µȘ 

πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ (L[IFM]) İȓȞαȚ ȓıȠ µİ ĲȘ µȠȞȐįα țαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ İφαȡµȩȗİĲαȚ Ș 1
Ș
 παȡαȜȜαȖȒ. ΓȚα ĲȚȢ ȜȠȚπȑȢ παȡαµȑĲȡȠυȢ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ ȑȤȠυµİ: fRV=0.10, fcut-off=0.0, fs,c=0.10 țαȚ fs,cp=0.70. 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ, ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ αυĲȒȢ, ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ țαșȫȢ țαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 3.7 ȦȢ ∆ȚȐȖ. 3.11 ȖȚα ĲȚȢ ĲȚµȑȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.29 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister ıİ ıυȞįυαıµȩ µİ Ĳα 

απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC. 

 

∆ȚȐȖ. 3.6: ȆȜȐȖȚȠ-țαĲαțȩȡυφȠȢ µȘȤαȞȚıµȩȢ țαĲȐȡȡİυıȘȢ ıİ µȠȞȫȡȠφȠ πȜαȓıȚȠ 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

30 60 90 120 180 300 600 30 60 90 120 180 300 600 47 96 153 187 246 369 662 39 80 138 171 228 351 646

ȉȪπȠȢ ΑȞȐȜυıȘȢ țαȚ ΓİȖȠȞȩĲα ΑıĲȠȤȓαȢ
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Monte Carlo Μέθοδος f vol =1.00 Μέθοδος f vol =1.20 Μέθοδος f vol =1.40

Seed = 4357

 

∆ȚȐȖ. 3.7: Pf țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα µȠȞȫȡȠφȠ πȜαȓıȚȠ (ȉȚµȒ ȈπȠȡȐȢ = 4357) 

5.0m 

x1 

x2 
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x5 
x6

5.0m 5.0m

x5 x6

x1 

x2 

x3 

x4

ȂȠȞȫȡȠφȠ πȜαȓıȚȠ

ȆȜȐȖȚȠ-țαĲαțȩȡυφȠȢ µȘȤαȞȚıµȩȢ țαĲȐȡȡİυıȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.30 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

30 60 90 120 180 300 600 30 60 90 120 180 300 600 55 107 164 192 254 370 661 45 86 143 168 231 353 642

ȉȪπȠȢ ΑȞȐȜυıȘȢ țαȚ ΓİȖȠȞȩĲα ΑıĲȠȤȓαȢ

P
f

-60000

-50000

-40000

-30000

-20000
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30000

40000

50000

60000

∆
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αĲ
α

Pf,s

∆İȓȖµαĲα

Monte Carlo Μέθοδος f vol =1.00 Μέθοδος f vol =1.20 Μέθοδος f vol =1.40

Seed = 5003

 

∆ȚȐȖ. 3.8: Pf țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα µȠȞȫȡȠφȠ πȜαȓıȚȠ (ȉȚµȒ ȈπȠȡȐȢ = 5003) 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

30 60 90 120 180 300 600 30 60 90 120 180 300 600 51 100 150 196 253 368 660 43 92 127 165 230 356 641

ȉȪπȠȢ ΑȞȐȜυıȘȢ țαȚ ΓİȖȠȞȩĲα ΑıĲȠȤȓαȢ

P
f

-60000

-50000

-40000

-30000

-20000

-10000
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30000

40000

50000

60000

∆
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αĲ
α

Pf,s

∆İȓȖµαĲα

Monte Carlo Μέθοδος f vol =1.00 Μέθοδος f vol =1.20 Μέθοδος f vol =1.40

Seed = 6007

 

∆ȚȐȖ. 3.9: Pf țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα µȠȞȫȡȠφȠ πȜαȓıȚȠ (ȉȚµȒ ȈπȠȡȐȢ = 6007) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.31 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

30 60 90 120 180 300 600 30 60 90 120 180 300 600 48 97 155 187 245 365 669 42 91 125 164 225 350 640

ȉȪπȠȢ ΑȞȐȜυıȘȢ țαȚ ΓİȖȠȞȩĲα ΑıĲȠȤȓαȢ

P
f

-60000

-50000

-40000

-30000

-20000

-10000
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∆
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Pf,s

∆İȓȖµαĲα

Monte Carlo Μέθοδος f vol =1.00 Μέθοδος f vol =1.20 Μέθοδος f vol =1.40

Seed = 7001

 

∆ȚȐȖ. 3.10: Pf țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα µȠȞȫȡȠφȠ πȜαȓıȚȠ (ȉȚµȒ ȈπȠȡȐȢ = 7001) 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

30 60 90 120 180 300 600 30 60 90 120 180 300 600 50 98 147 181 242 370 665 50 86 128 164 223 351 645

ȉȪπȠȢ ΑȞȐȜυıȘȢ țαȚ ΓİȖȠȞȩĲα ΑıĲȠȤȓαȢ

P
f

-60000

-50000

-40000

-30000
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Pf,s

∆İȓȖµαĲα

Monte Carlo Μέθοδος f vol =1.00 Μέθοδος f vol =1.20 Μέθοδος f vol =1.40

Seed = 8001

 

∆ȚȐȖ. 3.11: Pf țαȚ πȜȒșȠȢ įİȚȖµȐĲȦȞ ȖȚα µȠȞȫȡȠφȠ πȜαȓıȚȠ (ȉȚµȒ ıπȠȡȐȢ = 8001) 

Ǿ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ İȓȞαȚ πȠȜȪ țαȜȒ ȖȚα ȩȜȠυȢ ĲȠυȢ ıυȞįυαıµȠȪȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.32 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠĲİȚȞȩµİȞȠυ αȜȖȠȡȓșµȠυ, ȚįȚαȓĲİȡα ıĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ fvol=1.20. Ǿ αȪȟȘıȘ ĲȠυ 

max{nf,j} ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ αțȡȓȕİȚαȢ İțĲȓµȘıȘȢ. 

ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ µİșȩįȠυ țυµαȓȞİĲαȚ απȩ 10% ȦȢ 20% ĲȘȢ µİșȩįȠυ 

MC. ΩȢ πȡȠȢ ĲȚȢ ĲȚµȑȢ ıπȠȡȐȢ παȡαĲȘȡȠȪȞĲαȚ ıȘµαȞĲȚțȑȢ απȠțȜȓıİȚȢ µİ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC Ȟα țυµαȓȞİĲαȚ απȩ 0.0115 ȦȢ țαȚ 0.0130 ȖȚα πȜȒșȠȢ 

αıĲȠȤȚȫȞ ȓıȠ µİ 600 țαȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ απȩ 0.0105 ȦȢ țαȚ 0.0115 ȖȚα fvol=1.00 

İȞȫ ȖȚα fvol=1.20 Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țυµαȓȞİĲαȚ απȩ 0.0110 ȦȢ țαȚ 0.0125. Ǿ İțĲȓµȘıȘ 

ĲȘȢ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ παȡȠυıȚȐȗİȚ ĲȘ µİȖαȜȪĲİȡȘ υıĲȑȡȘıȘ ȦȢ πȡȠȢ ĲȘȞ αțȡȚȕȒ ĲȚµȒ ȖȚα 

ĲȚµȒ ıπȠȡȐȢ ȓıȘ µİ 6007. 

3.14.2 ΜȠȞȠµȠȡφȚțȩ ȆȡȩȕȜȘµα – ΜȘ ΓȡαµµȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ 
αȞĲȠȤȒȢ 

ȉȡİȚȢ µȘ ȖȡαµµȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ, πȠυ απȠĲİȜȠȪȞ πȡȠȕȜȒµαĲα αȞαφȠȡȐȢ ȖȚα 

ĲȘȞ İțĲȓµȘıȘ ĲȘȢ İυȡȦıĲȓαȢ µİșȩįȦȞ πȚșαȞȠĲȚțȒȢ αȞȐȜυıȘȢ, İπȚȜȑȖȠȞĲαȚ ȖȚα ĲȘȞ İțĲȓµȘıȘ 

ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. ȅȚ ıυȞαȡĲȒıİȚȢ ȠȡȓȗȠȞĲαȚ ȦȢ [31]: 

 [ ] [ ]1( , ) exp 0.2 6.2 exp 0.47 5.0g x y x y= ⋅ + − ⋅ +  (3.56) 

 ( ) [ ]2 ( , ) exp 0.4 2 6.2 exp 0.3 5.0 200g x y x y= ⋅ + + − ⋅ + −    (3.57) 

 [ ]3 ( , ) exp 0.2 1.4g x y x y= ⋅ + −  (3.58) 

ȩπȠυ, x țαȚ y İȓȞαȚ Ĳ.µ πȠυ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=0 țαȚ ı=1. ȅȚ ȖȡαφȚțȑȢ 

παȡαıĲȐıİȚȢ ĲȦȞ ıȤȑıİȦȞ (3.56) ȦȢ (3.58) παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.12. ȉα απȠĲİȜȑıµαĲα 

ĲȘȢ αȞȐȜυıȘȢ ıİ ıυȞįυαıµȩ µİ Ĳα įȘµȠıȚİυµȑȞα απȠĲİȜȑıµαĲα [31], παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ 

ȆȓȞ. 3.3 ȦȢ ȆȓȞ. 3.5. ȅȚ παȡȐµİĲȡȠȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ: fvol=1.20, fRV=0.10, fcut-

off=0.0, fs,c=0.10, fs,cp=0.70 max{nf,j}={30,60} țαȚ max{nf}=600. ȉȠ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ 

αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ (L[IFM]) ȠȡȓȗİĲαȚ ȓıȠ µİ ĲȘ µȠȞȐįα țαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ İφαȡµȩȗİĲαȚ Ș 1
Ș
 παȡαȜȜαȖȒ. Ǿ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister [38] ȠȡȓȗİĲαȚ ȦȢ 4357 țαȚ Ș įȚαįȚțαıȓα 

İπαȞαȜαµȕȐȞİĲαȚ ȖȚα 5 ĲȚµȑȢ ıπȠȡȐȢ {4357, 5003, 6007, 7001, 8001) ȫıĲİ Ȟα įȚİȡİυȞȘșİȓ Ș 

İυαȚıșȘıȓα İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. 

Ǿ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ țȡȓȞİĲαȚ ȦȢ πȠȜȪ țαȜȒ. Ǿ αȪȟȘıȘ ĲȠυ max{nf,j} ȠįȘȖİȓ ıİ ȕİȜĲȓȦıȘ 

ĲȘȢ αțȡȓȕİȚαȢ İțĲȓµȘıȘȢ µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ αȜȜȐ țαȚ ĲαυĲȩȤȡȠȞȘ 

αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ΩȢ πȡȠȢ ĲȘ E[Pf] ȖȚα ĲȚȢ ıȤȑıİȚȢ (3.56), (3.57) țαȚ (3.58) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.33 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

(ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ) ȠȚ ıȤİĲȚțȑȢ įȚαφȠȡȑȢ µİĲαȟȪ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαȚ 

ĲȘȢ µİșȩįȠυ MC İȓȞαȚ ȓıİȢ µİ 0.85%, 2.70% țαȚ 0.56% αȞĲȓıĲȠȚȤα. 

 

∆ȚȐȖ. 3.12: ΓȡαφȚțȑȢ παȡαıĲȐıİȚȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ (3.56) ȦȢ (3.58). 

ȂȑșȠįȠȢ β  Pf  (İ) ȁȐșȠȢ ȦȢ πȡȠȢ MC 

ȂȑșȠįȠȢ MC [31] 2.351 0.00937 N/A 

ȂȑșȠįȠȢ MC (MTRG) 2.341 0.00961 (±0.00039) N/A 

E[Pf] - MC (MTRG 5 ĲȚµȑȢ 
ıπȠȡȐȢ) 

2.353 0.00931 (±0.00035) N/A 

ȂȑșȠįȠȢ αȞȐȜυıȘȢ 
αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ 

2.373 0.00882 -5.8% (-8.2%) 

ȂȑșȠįȠȢ απȩțȡȚıȘȢ 
İπȚφαȞİȓαȢ 2αȢ ȉȐȟİȦȢ 

2.082 0.01866 99.1 % (94.1%) 

ǹπȠĲİȜȑıµαĲα ǺȚȕȜ. [31] 2.349 0.00941 0.4 % (-2.1%) 

Max{nf,j}=30 2.379 0.00869 (±0.00117) -7.2% (-9.6%) 

Max{nf,j}=60 2.345 0.00950 (±0.00096) 1.4% (-1.1%) 

E[Pf] (5 ĲȚµȑȢ ıπȠȡȐȢ) 
max{nf,j}=60 

2.356 0.00923 (±0.001298) 0.85% 

ȆȓȞ. 3.3: ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ, Pf țαȚ ȜȐșȠȢ ȦȢ πȡȠȢ ĲȘȞ İțĲȓµȘıȘ MC ıȤȑıȘ (3.56). 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.34 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȂȑșȠįȠȢ β  Pf  (İ) ȁȐșȠȢ ȦȢ πȡȠȢ MC 

ȂȑșȠįȠȢ MC [31] 2.685 0.00363 N/A 

ȂȑșȠįȠȢ MC (MTRG) 2.691 0.00357 (±0.00014) N/A 

E[Pf] - MC (MTRG 5 ĲȚµȑȢ 
ıπȠȡȐȢ) 

2.693 0.00354 (±0.00020) N/A 

ȂȑșȠįȠȢ αȞȐȜυıȘȢ 
αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ 

2.523 0.00582 60.3% (63.0%) 

ȂȑșȠįȠȢ απȩțȡȚıȘȢ 
İπȚφαȞİȓαȢ 2αȢ ȉȐȟİȦȢ 

2.701 0.00345 -5.0 % (-3.1%) 

ǹπȠĲİȜȑıµαĲα ǺȚȕȜ. [31] 2.691 0.00356 -1.9 % (0.3%) 

Max{nf,j}=30 2.630 0.00427 (±0.00062) 17.6% (19.6%) 

Max{nf,j}=60 2.655 0.00397 (±0.00041) 9.4% (11.2%) 

E[Pf] (5 ĲȚµȑȢ ıπȠȡȐȢ) 
max{nf,j}=60  

2.691 0.00356 (±0.00025) 0.56% 

ȆȓȞ. 3.4: ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ, Pf țαȚ ȜȐșȠȢ ȦȢ πȡȠȢ ĲȘȞ İțĲȓµȘıȘ MC ıȤȑıȘ (3.57). 

ȂȑșȠįȠȢ β  Pf  (İ) ȁȐșȠȢ ȦȢ πȡȠȢ MC 

ȂȑșȠįȠȢ MC [31] 3.382 0.000338 N/A 

ȂȑșȠįȠȢ MC (MTRG) 3.358 0.000392 (±0.000016) N/A 

E[Pf] - MC (MTRG 5 ĲȚµȑȢ 
ıπȠȡȐȢ) 

3.378 0.000366 (±0.000019) N/A 

ȂȑșȠįȠȢ αȞȐȜυıȘȢ 
αȟȚȠπȚıĲȓαȢ πȡȫĲȘȢ ĲȐȟİȦȢ 

3.354 0.000398 17.7% (1.53%) 

ȂȑșȠįȠȢ απȩțȡȚıȘȢ 
İπȚφαȞİȓαȢ 2αȢ ȉȐȟİȦȢ 

3.381 0.000340 0.6 % (-13.2%) 

ǹπȠĲİȜȑıµαĲα ǺȚȕȜ. [31] 3.384 0.000358 5.9 % (-8.7%) 

Max{nf,j}=30 3.360 0.000389 (±0.000078) 15.1% (-0.7%) 

Max{nf,j}=60 3.380 0.000362 (±0.000047) 7.1% (-7.6%) 

E[Pf] (5 ĲȚµȑȢ ıπȠȡȐȢ) 
max{nf,j}=60  

3.385 0.000356 (±0.000051) -2.7%  

ȆȓȞ. 3.5: ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ, Pf țαȚ ȜȐșȠȢ ȦȢ πȡȠȢ ĲȘȞ İțĲȓµȘıȘ MC ıȤȑıȘ (3.58). 

ȉȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ȖȚα ĲȚȢ ıȤȑıİȚȢ (3.56), (3.57) țαȚ (3.58), ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ 

max{nf,j} Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ ĲȘȢ İțĲȓµȘıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ 

ȆȓȞ. 3.6. ȅ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ĲȘȢ µİșȩįȠυ (İȚįȚțȐ ȖȚα max{nf,j}=30 Ȓ max{nf,j}=60) İȓȞαȚ 

ıυȖțȡȓıȚµȠȢ µİ ĲȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ĲȦȞ µİșȩįȦȞ απȩțȡȚıȘȢ İπȚφαȞİȓαȢ Ȓ ȐȜȜȦȞ 

µİșȩįȦȞ ȕαȡȪȞȠυıαȢ įİȚȖµαĲȠȜȘȥȓαȢ [5], [6], [36]. ȅ µȑıȠȢ ȩȡȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ 

įİȚȖµȐĲȦȞ ıİ ıȤȑıȘ µİ ĲȚȢ ĲȚµȑȢ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.35 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Twister ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαȚ ȖȚα max{nf,j}=60 ȖȚα ĲȘ ıȤȑıȘ (3.56) 

İȓȞαȚ ȓıȠȢ µİ 2,252 țαȚ παȡȠυıȚȐȗİȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 18.69% İȞȫ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ MC ȠȚ ĲȚµȑȢ αυĲȑȢ İȓȞαȚ ȓıİȢ µİ 64,495 țαȚ 4.0% αȞĲȓıĲȠȚȤα. ΓȚα ĲȘ 

ıȤȑıȘ (3.57) Ƞ µȑıȠȢ ȩȡȠȢ İȓȞαȚ ȓıȠȢ µİ 4,244 țαȚ 169,454, µİ įİȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠυȢ 

µİ 6.67% țαȚ 0.58% ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ ĲȘ µȑșȠįȠ MC, αȞĲȓıĲȠȚȤα. ΓȚα ĲȘ 

ıȤȑıȘ (3.58) ȠȚ αȞĲȓıĲȠȚȤİȢ ĲȚµȑȢ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ 8,291 țαȚ 31.68% αȞĲȓıĲȠȚȤα țαȚ ĲȘȢ µİșȩįȠυ MC 1,644,170 

țαȚ 5.07% αȞĲȓıĲȠȚȤα. ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țυµαȓȞİĲαȚ απȩ 3% ȦȢ 4% ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (3.56). Ǿ įȚαțȪµαȞıȘ µİȚȫȞİĲαȚ ıĲȠ 2% ȦȢ 3% ȖȚα ĲȘ ıȤȑıȘ (3.57) 

țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (3.58) țυµαȓȞİĲαȚ απȩ 0.5% ȦȢ 0.7%. 

ȈȤȑıȘ max{nf,j=30} max{nf,j=60} 

 ∆İȓȖµαĲα Pf İ ∆İȓȖµαĲα Pf İ 

(3.56) 1252 0.00869 1.17x10
-3

 2124 0.00950 9.55x10
-4

 

(3.57) 1806 0.00427 6.17x10
-4

 3807 0.00397 4.15x10
-4

 

(3.58) 4061 0.000389 7.08x10
-5

 8722 0.000362 4.66x10
-5

 

ȈȤȑıȘ max{nf,j=90} max{nf,j=120} 

 ∆İȓȖµαĲα Pf İ ∆İȓȖµαĲα Pf İ 

(3.56) 3399 0.00920 7.23x10
-4

 4458 0.00972 3.70x10
-4

 

(3.57) 6294 0.00370 3.07x10
-4

 9345 0.00380 1.48x10
-4

 

(3.58) 14729 0.000338 3.56x10
-5

 21007 0.000350 1.43x10
-5

 

ȈȤȑıȘ max{nf,j=600} MC max{nf,j=600} 

 ∆İȓȖµαĲα Pf İ ∆İȓȖµαĲα Pf İ 

(3.56) 10530 0.00972 3.70x10
-4

 62464 0.00961 3.90x10
-4

 

(3.57) 20146 0.00380 1.48x10
-4

 168124 0.00357 1.45x10
-4

 

(3.58) 90191 0.000350 1.43x10
-5

 1530750 0.000392 1.60x10
-5

 

ȆȓȞ. 3.6: ∆İȓȖµαĲα, Pf țαȚ ıȤİĲȚțȩ ȜȐșȠȢ ȖȚα ıȤȑıİȚȢ (3.56), (3.57) țαȚ (3.58). 

ȈĲȠȞ ȆȓȞ. 3.7, παȡȠυıȚȐȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα Ĳα πȡȠȕȜȒµαĲα ĲȦȞ 

ıȤȑıİȦȞ (3.56), (3.57) țαȚ (3.58). Ǿ µȑșȠįȠȢ αȞαțαȜȪπĲİȚ ĲȠυȢ υπİȡțȪȕȠυȢ πȠυ πİȡȚȑȤȠυȞ 

ĲµȒµαĲα ĲȠυ ȤȫȡȠυ αıĲȠȤȓαȢ µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (3.58) ȩπȠυ 

υπȠįİȚțȞȪİĲαȚ µȩȞȠȞ Ƞ υπİȡțȪȕȠȢ πȠυ πİȡȚȑȤİȚ ĲȠ ıȘµİȓȠ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ȜȩȖȦ ĲȠυ 

πȠȜȪ µȚțȡȠȪ ıυȞĲİȜİıĲȒ ıυµµİĲȠȤȒȢ ĲȦȞ υπȠȜȠȓπȦȞ υπİȡțȪȕȦȞ țαȚ ĲȠȞ απȠțȜİȚıµȩ ĲȠυȢ 

απȩ ĲȘ įȚαįȚțαıȓα ĲȘȢ įİȚȖµαĲȠȜȘȥȓαȢ țαĲȐ ĲȘ φȐıȘ ĲȘȢ µȠȞȠįȚȐıĲαĲȘȢ ȑȡİυȞαȢ. 

ΈȞα πİȡȚııȩĲİȡȠ αȟȚȩπȚıĲȠ µȑĲȡȠ ıȪȖțȡȚıȘȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ µİșȩįȠυ İȓȞαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.36 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠ πȜȒșȠȢ įİȚȖµȐĲȦȞ αȞȐ ȖİȖȠȞȩȢ αıĲȠȤȓαȢ. ȈȪµφȦȞα µİ ĲȠυȢ ȆȓȞ. 3.6 țαȚ ȆȓȞ. 3.7 ĲȠ πȜȒșȠȢ 

ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ȖȚα ĲȘȞ țαĲαȖȡαφȒ İȞȩȢ ȖİȖȠȞȩĲȠȢ αıĲȠȤȓαȢ İȓȞαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (3.56) ȓıȠ µİ 14.81 ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ 

ȑȞαȞĲȚ 104.11 ĲȘȢ µİșȩįȠυ MC. ȅ ȜȩȖȠȢ ĲȘȢ πυțȞȩĲȘĲαȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠȢ 

µİ 14.23%. ΓȚα ĲȘ ıȤȑıȘ (3.57) Ƞ ȜȩȖȠȢ ĲȘȢ πυțȞȩĲȘĲαȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠȢ 

µİ 10.33% İȞȫ ȖȚα ĲȘ ıȤȑıȘ (3.58) Ƞ ȜȩȖȠȢ αυĲȩȢ İȓȞαȚ ȓıȠȢ µİ 5.89%. Ǿ απȩįȠıȘ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ αυȟȐȞİĲαȚ ȩıȠȞ Ș ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİȚȫȞİĲαȚ. ǹυĲȩ 

ȠφİȓȜİĲαȚ ıĲȘ µİȓȦıȘ ĲȠυ µİȖȑșȠυȢ ĲȠυ ȤȫȡȠυ İȟİȡİȪȞȘıȘȢ țαȚ ĲȘȞ İıĲȓαıȘ ĲȘȢ įȚαįȚțαıȓαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ ıĲȘȞ πİȡȚȠȤȒ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ. 

max{nf,j} ȈȤȑıȘ (3.56) ȈȤȑıȘ (3.57) ȈȤȑıȘ (3.58) 

30 57 50 30 

60 100 95 60 

90 166 153 90 

120 211 212 120 

600 711 696 600 

ȆȓȞ. 3.7: ǹıĲȠȤȓİȢ ȖȚα ıȤȑıİȚȢ (3.56), (3.57) țαȚ (3.58) (fvol=1.20) 

Ǿ İυαȚıșȘıȓα İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİ ıυȞȐȡĲȘıȘ µİ ĲȘȞ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ 

ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 3.13 ȦȢ ∆ȚȐȖ. 

3.15. Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ İυαȚıșȘıȓα ȦȢ πȡȠȢ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ 

ĲȚµȒȢ ıπȠȡȐȢ ıİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ MC ȦıĲȩıȠ ıȘµαȞĲȚțȑȢ įȚαφȠȡȠπȠȚȒıİȚȢ ĲȘȢ İțĲȓµȘıȘȢ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİșȩįȠυ MC. ΓȚα ĲȘ 

ıȤȑıȘ (3.58) Ș µȑșȠįȠȢ υπȠİțĲȚµȐ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ ȓıȘ µİ 8001 

ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (3.56) µİ ĲȚµȒ ıπȠȡȐȢ ȓıȘ µİ 7001. 

ȈĲα ∆ȚȐȖ. 3.16 ȦȢ ∆ȚȐȖ. 3.18 παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ țαȚ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ, ıİ ıȤȑıȘ µİ ĲȘȞ ĲȚµȒ ĲȠυ fvol țαȚ ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ 

max{nf,j}. ȅȚ αȞαȜȪıİȚȢ πȡαȖµαĲȠπȠȚȠȪȞĲαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ ȓıȘ µİ 4357. ȈȪµφȦȞα µİ ĲȠ 

∆ȚȐȖ. 3.16 Ș µȑșȠįȠȢ MC υπİȡİțĲȚµȐ ıȘµαȞĲȚțȐ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα µȚțȡȩ πȜȒșȠȢ 

țαĲαȖİȖȡαµµȑȞȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ İȞȫ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ įİȞ παȡαĲȘȡȠȪȞĲαȚ 

µİȖȐȜİȢ įȚαφȠȡȠπȠȚȒıİȚȢ ıİ ıȤȑıȘ µİ Ĳo max{nf,j}. Ǿ İπȚȜȠȖȒ ĲȠυ fvol İπȘȡİȐȗİȚ ȑµµİıα ĲȘȞ 

İυȡȦıĲȓα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȚįȚțȐ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ ıȤȑıİȦȞ (3.56) țαȚ (3.57) 

țαșȫȢ ȠįȘȖİȓ ıİ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ țȡȓıȚµȦȞ υπİȡțȪȕȦȞ πȠυ İȟİĲȐȗȠȞĲαȚ µİ 

απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ȖȚα ĲȚµȑȢ ĲȠυ fvol µİȖαȜȪĲİȡİȢ ĲȘȢ µȠȞȐįαȢ. ȈĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (3.58) Ș µȑșȠįȠȢ υπȠİțĲȚµȐ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα max{nf,j} 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.37 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȠυ țυµαȓȞİĲαȚ απȩ 80 ȦȢ 130.  

ΕțĲȓµȘıȘ Pf țαȚ ıȤİĲȚțȩ ȁȐșȠȢ

2.0E-03

4.0E-03

6.0E-03

8.0E-03

1.0E-02

1.2E-02

1.4E-02

4357 5003 6007 7001 8001

ȉȚµȒ ȆȡȫĲȠυ ǹȡȚșµȠȪ ǹȡȤȚțȠπȠȓȘıȘȢ ΓİȞȞȒĲȡȚαȢ ȉυȤαȓȦȞ ǹȡȚșµȫȞ

P
f 
(ț
αȚ

 ı
Ȥİ
ĲȚ
țȩ

 Ȝ
Ȑș
ȠȢ

)

MC

ȂȑșȠįȠȢ

 

∆ȚȐȖ. 3.13: Pf țαȚ İ ȖȚα fvol=1.20 țαȚ max{nf,j}=60. (ıȤȑıȘ (3.56)) 

ΕțĲȓµȘıȘ Pf țαȚ ıȤİĲȚțȩ ȁȐșȠȢ

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

4357 5003 6007 7001 8001

ȉȚµȒ ȆȡȫĲȠυ ǹȡȚșµȠȪ ǹȡȤȚțȠπȠȓȘıȘȢ ΓİȞȞȒĲȡȚαȢ ȉυȤαȓȦȞ ǹȡȚșµȫȞ

P
f 
(ț
αȚ

 ı
Ȥİ
ĲȚ
țȩ

 Ȝ
Ȑș
ȠȢ

)

MC

ȂȑșȠįȠȢ

 

∆ȚȐȖ. 3.14: Pf țαȚ İ ȖȚα fvol=1.20 țαȚ max{nf,j}=60. (ıȤȑıȘ (3.57)) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.38 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΕțĲȓµȘıȘ Pf țαȚ ıȤİĲȚțȩ ȁȐșȠȢ

1.0E-04

2.0E-04

3.0E-04

4.0E-04

5.0E-04

4357 5003 6007 7001 8001

ȉȚµȒ ȆȡȫĲȠυ ǹȡȚșµȠȪ ǹȡȤȚțȠπȠȓȘıȘȢ ΓİȞȞȒĲȡȚαȢ ȉυȤαȓȦȞ ǹȡȚșµȫȞ

P
f 
(ț
αȚ

 ı
Ȥİ
ĲȚ
țȩ

 Ȝ
Ȑș
ȠȢ

)

MC

ȂȑșȠįȠȢ

 

∆ȚȐȖ. 3.15: Pf țαȚ İ ȖȚα fvol=1.20 țαȚ max{nf,j}=60. (ıȤȑıȘ (3.58)) 

ȂİĲαȕȠȜȒ Pf țαȚ ıȤİĲȚțȠȪ ȁȐșȠυȢ

2.0E-03

4.0E-03

6.0E-03

8.0E-03

1.0E-02

1.2E-02

1.4E-02

1.6E-02

30 60 90 120 600

max{nf,j}

P
f 
țα
Ț ı
Ȥİ
ĲȚ
țȩ

 ȁ
Ȑș
ȠȢ

fvol = 1.0 fvol = 1.2

fvol = 1.4 MC

 

∆ȚȐȖ. 3.16: Pf țαȚ İ ȖȚα fvol=1.00, fvol=1.20 țαȚ fvol=1.40. (ıȤȑıȘ (3.56)) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.39 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȂİĲαȕȠȜȒ Pf țαȚ ıȤİĲȚțȠȪ ȁȐșȠυȢ

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

6.0E-03

30 60 90 120 600

max{nf,j}

P
f 
țα
Ț ı
Ȥİ
ĲȚ
țȩ

 ȁ
Ȑș
ȠȢ

fvol = 1.0 fvol = 1.2

fvol = 1.4 MC

 

∆ȚȐȖ. 3.17: Pf țαȚ İ ȖȚα fvol=1.00, fvol=1.20 țαȚ fvol=1.40. (ıȤȑıȘ (3.57)) 

ȂİĲαȕȠȜȒ Pf țαȚ ıȤİĲȚțȠȪ ȁȐșȠυȢ

1.0E-04

2.0E-04

3.0E-04

4.0E-04

5.0E-04

30 60 90 120 600

max{nf,j}

P
f 
țα
Ț ı
Ȥİ
ĲȚ
țȩ

 ȁ
Ȑș
ȠȢ

fvol = 1.0 fvol = 1.2

fvol = 1.4 MC

 

∆ȚȐȖ. 3.18: Pf țαȚ İ ȖȚα fvol=1.00, fvol=1.20 țαȚ fvol=1.40. (ıȤȑıȘ (3.58)). 

ΓȚα ĲȘ ıȤȑıȘ (3.58) παȡαĲȘȡİȓĲαȚ ıȘµαȞĲȚțȒ įȚαφȠȡȠπȠȓȘıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ πȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.40 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȘ ȕȚȕȜȚȠȖȡαφȓα [31] ȖȚα ĲȘ µȑșȠįȠ MC ȦȢ πȡȠȢ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ 

µİșȩįȠυ ȂC µİ ĲȘ ȤȡȒıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister. Ǿ 

αȞȦµαȜȓα αυĲȒ ȠφİȓȜİĲαȚ πȚșαȞȐ ıĲα įȚαφȠȡİĲȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister țαȚ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ 

įȚαȚȡȑĲȘ ȚıȠȨπȩȜȠȚπȦȞ (MDRG). 

3.14.3 ȆȠȜυµȠȡφȚțȐ ȆȡȠȕȜȒµαĲα – ΓȡαµµȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ 
αȞĲȠȤȒȢ 

ǼȟİĲȐȗİĲαȚ πȠȜυµȠȡφȚțȩ πȡȩȕȜȘµα ıυȞįυαıµȩȢ ȖȡαµµȚțȫȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ. 

ȅȚ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ įȓįȠȞĲαȚ ȦȢ: 

 ( ) ( )1 20 0, , , ,g gx y z x y z≤ ∨ ≤  ȩπȠυ 
( )( )1 1

2 2

, ,

, ,

g x cx y z

g y z cx y z

= −
= + −  (3.59) 

ȩπȠυ x, y țαȚ z İȓȞαȚ ȠȚ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ πȠυ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=0 țαȚ 

ı=1. ǼȟİĲȐȗȠȞĲαȚ 7 ıυȞįυαıµȠȓ ĲȦȞ c1 țαȚ c2. ȅȚ ıυȞįυαıµȠȓ αυĲȠȓ İȓȞαȚ: A {c1=2, c2=3}, B 

{c1=3, c2=4}, C {c1=4, c2=5}, D {c1=3.5, c2=5}, E {c1=3, c2=5}, F {c1=4, c2=4√2} țαȚ G 

{c1=3, c2=3√2}. ȅȚ παȡȐµİĲȡȠȚ ĲȘȢ µİșȩįȠυ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα İȓȞαȚ: fvol=1.0, 

L[IFM]=1, fRV=0.10, fcut-off=0.0, fs,c=0.10 țαȚ fs,cp=0.70, max{nf,j}={30,60}. Ǿ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ Pf=Pf,g1+Pf,g2. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ 

ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 1
Ș
 παȡαȜȜαȖȒ. ȉα απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 

3.8 țαȚ ȆȓȞ. 3.9 ıİ αȞĲȚπαȡȐșİıȘ µİ ĲȘȞ αțȡȚȕȒ ȜȪıȘ. 

ȈυȞįυαıµȩȢ ȆȡȠĲİȚȞȩµİȞȘ ȂȑșȠįȠȢ ǹțȡȚȕȒȢ ȁȪıȘ 

ȈυȞĲ. Pf Pf,g1 Pf,g2 Pf,g İ Pf(UB) Pf(LB) Pf,g1 Pf,g2 Pf,g 

A x(10
-2

) 2.194 1.574 3.747 0.268 4.014 3.479 2.275 1.695 3.970 

B x(10
-3

) 1.032 2.547 3.579 0.370 3.949 3.209 1.350 2.339 3.689 

C x(10
-4

) 0.317 2.041 2.145 0.195 2.340 1.951 0.317 2.035 2.352 

D x(10
-4

) 1.837 2.088 3.924 0.435 4.359 3.490 2.327 2.035 4.362 

E x(10
-3

) 1.217 0.186 1.403 0.105 1.508 1.298 1.350 0.204 1.553 

F x(10
-5

) 2.411 3.638 6.048 0.668 6.716 5.380 3.169 3.169 6.337 

G x(10
-3

) 0.943 1.738 2.681 0.253 2.934 2.429 1.350 1.350 2.700 

ȆȓȞ. 3.8: Pf ȖȚα g1(x,y,z), g2(x,y,z) țαȚ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (3.59) (max{nf,j}=60). 

ȈυȞįυαıµȩȢ ȆȡȠĲİȚȞȩµİȞȘ ȂȑșȠįȠȢ ȂȑșȠįȠȢ MC 

ȈυȞĲ. Pf Pf,g1 Pf,g2 Pf,g İ Pf(UB) Pf(LB) Pf,g1 Pf,g2 Pf,g 

A x(10
-2

) 2.308 1.995 4.203 0.347 4.550 3.856 2.400 1.827 4.199 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.41 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈυȞįυαıµȩȢ ȆȡȠĲİȚȞȩµİȞȘ ȂȑșȠįȠȢ ȂȑșȠįȠȢ MC 

ȈυȞĲ. Pf Pf,g1 Pf,g2 Pf,g İ Pf(UB) Pf(LB) Pf,g1 Pf,g2 Pf,g 

B x(10
-3

) 1.097 2.718 3.815 0.458 4.273 3.357 1.296 2.425 3.721 

C x(10
-4

) 0.317 1.979 2.045 0.263 2.307 1.782 0.338 2.194 2.532 

D x(10
-3

) 2.175 1.777 3.952 0.444 4.396 3.508 2.075 2.263 4.338 

E x(10
-3

) 1.349 0.189 1.538 0.135 1.674 1.403 1.294 0.237 1.531 

F x(10
-5

) 1.716 3.879 5.595 0.743 6.338 4.853 3.164 3.271 6.434 

G x(10
-3

) 0.997 1.743 2.740 0.292 3.032 2.448 1.304 1.422 2.726 

ȆȓȞ. 3.9: Pf ȖȚα g1(x,y,z), g2(x,y,z) țαȚ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (3.59) (max{nf,j}=30). 

Ǿ µȑȖȚıĲȘ υπȠİțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȓȞαȚ ȓıȘ µİ 9% ȖȚα max{nf,j}=60 țαȚ 13% 

ȖȚα max{nf,j}=30. Ȉİ țȐșİ πİȡȓπĲȦıȘ (µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ F ȖȚα max{nf,j}=30) ĲȠ 

ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ ĲȘȢ İțĲȓµȘıȘȢ αıĲȠȤȓαȢ πİȡȚțȜİȓȠυȞ ĲȘȞ αțȡȚȕȒ ĲȚµȒ. ȉȠ υπȠȜȠȖȚıĲȚțȩ 

țȩıĲȠȢ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ țαĲαȖİȖȡαµµȑȞȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 

3.10. Ǿ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ αυȟȐȞİȚ ȩıȠ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µİȚȫȞİĲαȚ. 

ȅ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ĲȘȢ µİșȩįȠυ ıİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ MC, ıĲȘȞ πİȡȓπĲȦıȘ ǹ, 

țυµαȓȞİĲαȚ απȩ 5% ȦȢ 10%. ȈĲȘȞ πİȡȓπĲȦıȘ F Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țυµαȓȞİĲαȚ απȩ 0.1% 

ȦȢ 0.2%. ȅ ȜȩȖȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ πȡȠȢ ĲȠ ıȪȞȠȜȠ ĲȦȞ įİȚȖµȐĲȦȞ țυµαȓȞİĲαȚ απȩ 

1% ȖȚα ĲȘȞ πİȡȓπĲȦıȘ F ȦȢ 15~17% ȖȚα ĲȘȞ πİȡȓπĲȦıȘ A. ΩȢ πȡȠȢ ĲȚȢ İπȚµȑȡȠυȢ 

πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ g1(x,y,z) țαȚ g2(x,y,z), Ș αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ țȡȓȞİĲαȚ ȦȢ πȐȡα πȠȜȪ 

țαȜȒ ıĲȚȢ πİȡȚπĲȫıİȚȢ A~C, țαȚ E țαȚ πȠȜȪ țαȜȒ ıĲȚȢ πİȡȚπĲȫıİȚȢ D, F țαȚ G. 

ȈυȞįυαıµȩȢ ȂȑșȠįȠȢ MC max{nf,j}=60 max{nf,j}=30 

ȈυȞĲ. Pf Pf,MC İ ∆İȓȖµαĲα ∆İȓȖµαĲα ǹıĲȠȤȓİȢ ∆İȓȖµαĲα ǹıĲȠȤȓİȢ 

A x(10
-2

) 4.199 0.168 14289 1438 221 748 128 

B x(10
-3

) 3.721 0.152 161242 3072 196 1483 106 

C x(10
-4

) 2.532 0.103 2369954 10171 120 5341 60 

D x(10
-3

) 4.338 0.177 1382997 9446 208 5271 122 

E x(10
-3

) 1.531 0.062 391783 4557 215 2276 128 

F x(10
-5

) 6.434 0.263 9324919 19573 204 10406 106 

G x(10
-3

) 2.726 0.111 220142 3355 199 1745 111 

ȆȓȞ. 3.10: ǹπȠĲİȜȑıµαĲα ȖȚα ĲȘ ıȤȑıȘ (3.59) (įİȓȖµαĲα, αıĲȠȤȓİȢ, MC). 

ȈĲȘ ıυȞȑȤİȚα İȟİĲȐȗİĲαȚ ĲȠ παȡαțȐĲȦ πȡȩȕȜȘµα: 

 ( ) ( )1 20 0, , , ,g gx y z x y z≤ ∨ ≤  ȩπȠυ 
( )( )1

2

, ,

, ,

g x y z cx y z

g x y z cx y z

= − − − +
= + + +  (3.60) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.42 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ c İȓȞαȚ ȞĲİĲİȡµȚȞȚıĲȚțȒ µİĲαȕȜȘĲȒ πȠυ απȠĲİȜİȓ țαȚ ĲȘȞ παȡȐµİĲȡȠ İȜȑȖȤȠυ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ. Ǿ ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.19. ȅȚ Ĳ.µ 

x, y țαȚ z αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=0 țαȚ ı=1. ȅȚ İπȚµȑȡȠυȢ πȚșαȞȩĲȘĲİȢ 

αıĲȠȤȓαȢ įȓįȠȞĲαȚ ȦȢ Pf,g1=Pf,g2=0.041632 ȖȚα c=3 ȦȢ Pf,g1=Pf,g2=1.932x10
-6

 ȖȚα c=8. Ǿ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ įȓįİĲαȚ ȦȢ Pf=Pf,g1+Pf,g2. ȅȚ παȡȐµİĲȡȠȚ ĲȘȢ µİșȩįȠυ 

İȓȞαȚ: fvol=1.20 fRV=0.10, fcut-off=0.0, fs,c=0.10 țαȚ fs,cp=0.70. ΓȚα Ĳα 6 πȡȠȕȜȒµαĲα 

πȡαȖµαĲȠπȠȚȒșȘțαȞ 3 µİȜȑĲİȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ max{nf,j}.  

 

∆ȚȐȖ. 3.19: ΓȡαφȚțȒ παȡȐıĲαıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (3.60) 

ȈĲȠ ∆ȚȐȖ. 3.20, παȡȠυıȚȐȗȠȞĲαȚ Ș µȑıȘ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ, ĲȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ αυĲȒȢ 

țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ țαĲαȖİȖȡαµµȑȞȦȞ αıĲȠȤȚȫȞ. 

ȈĲȠ ∆ȚȐȖ. 3.21, παȡȠυıȚȐȗȠȞĲαȚ Ƞ ȜȩȖȠȢ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ πȡȠȢ ĲȘȞ αțȡȚȕȒ ĲȚµȒ țαșȫȢ țαȚ Ƞ ȜȩȖȠȢ įİȚȖµαĲȠȜȘȥȚȫȞ ĲȘȢ 

µİșȩįȠυ πȡȠȢ ĲȘ µȑșȠįȠ MC ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ țαĲαȖİȖȡαµµȑȞȦȞ αıĲȠȤȚȫȞ. Ǿ µȑȖȚıĲȘ 

απȩțȜȚıȘ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȦȢ πȡȠȢ ĲȘȞ αțȡȚȕȒ ĲȚµȒ İȓȞαȚ ȓıȘ µİ 18% 

(c=7, max{nf,j}=20). ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țυµαȓȞİĲαȚ απȩ 1.0% ȦȢ 55% 

αȞȐȜȠȖα ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.43 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

P
f,

s

Pf,s ǹțȡȚȕȒȢ ȉȚµȒ

c=3 c=5c=4 c=6 c=7 c=8

30 -  60  - 120
30   -  60 

30   -  60 

20 -   30   -   60

20 -   30   -   60

20 -   30   -   60

 

∆ȚȐȖ. 3.20: Pf (αțȡȚȕȒȢ ĲȚµȒ țαȚ µȑșȠįȠȢ) ĲȘȢ ıȤȑıȘȢ (3.60) 

ȁȩȖȠi Pf/Pf(acc) țαȚ įİȚȖµαĲȠȜȘȥȚȫȞ

0%

20%

40%

60%

80%

100%

120%

140%

Pf/Pf(acc)

ȁȩȖȠȢ
∆İȚȖµαĲȠȜȘȥȚȫȞ

c=3 c=5c=4 c=6 c=7 c=8

30 -  60  - 120 30   -  60 30   -  60 20 -   30   -   60 20 -   30   -   60

20 -   30   -   60

 

∆ȚȐȖ. 3.21: ȁȩȖȠȚ Pf/Pf(acc) țαȚ ĲȠυ πȜȒșȠυȢ ĲȦȞ įİȚȖµαĲȠȜȘȥȚȫȞ ĲȘȢ ıȤȑıȘȢ (3.60) 

ȈυµπİȡαȓȞİĲαȚ ȩĲȚ Ș πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ παȡȠυıȚȐȗİȚ πȠȜȪ țαȜȒ αțȡȓȕİȚα ıĲȘȞ πİȡȓπĲȦıȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.44 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȠȜυµȠȡφȚțȫȞ πȡȠȕȜȘµȐĲȦȞ µİ ĲȠ ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ µİșȩįȠυ Ȟα İȓȞαȚ 

țȜȐıµα ĲȠυ țȩıĲȠυȢ ĲȘȢ µİșȩįȠυ MC. 

3.14.4 ȆȠȜυµȠȡφȚțȩ ȆȡȩȕȜȘµα – ΜȘ ȖȡαµµȚțȑȢ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ 
αȞĲȠȤȒȢ 

ǼȟİĲȐȗİĲαȚ ĲȠ παȡαțȐĲȦ πȡȩȕȜȘµα: 

 ( ) ( )1 20 0, , , ,g gx y z x y z≤ ∨ ≤  ȩπȠυ 
( )( )1 1

2 2

0.3 3.3, ,

0.2 3.2, ,

g x y z x y cx y z

g x y z y z cx y z

= − − − − ⋅ ⋅ + +
= + + + ⋅ ⋅ + −  (3.61) 

ȩπȠυ c1 țαȚ c2 İȓȞαȚ ȞĲİĲİȡµȚȞȚıĲȚțȑȢ µİĲαȕȜȘĲȑȢ παȡȐµİĲȡȠȚ İȜȑȖȤȠυ ĲȠυ πȡȠȕȜȒµαĲȠȢ. Ǿ 

ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.22. ȅȚ Ĳ.µ µİĲαȕȜȘĲȑȢ x, y 

țαȚ z αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ µ=1 țαȚ ı=1. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ įȓįİĲαȚ ȦȢ Pf=Pf,g1+Pf,g2. ȅȚ παȡȐµİĲȡȠȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ: 

fRV=0.10, fcut-off=0.0, fs,c=0.10 țαȚ fs,cp=0.70. ǼȟİĲȐȗȠȞĲαȚ ıυȞȠȜȚțȐ 16 įȚαφȠȡİĲȚțȠȓ 

ıυȞįυαıµȠȓ ĲȦȞ παȡαµȑĲȡȦȞ c1 țαȚ c2 πȠυ ȠȡȓȗȠυȞ Ĳα αȞĲȓıĲȠȚȤα πȡȠȕȜȒµαĲα, țαȚ 

πȡαȖµαĲȠπȠȚȠȪȞĲαȚ 4 µİȜȑĲİȢ ıİ ıȤȑıȘ µİ ĲȚȢ παȡαµȑĲȡȠυȢ fvol țαȚ max{nf,j} µİ ȗİȪȖȘ 

ĲȚµȫȞ:{1.20,20}, {1.20,30}, {1.00,20}, {1.00,30}.  

 

∆ȚȐȖ. 3.22: ΓȡαφȚțȒ παȡȐıĲαıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ĲȘȢ (3.61) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.45 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

H İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.11 ȖȚα 

fvol=1.20 țαȚ ıĲȠȞ ȆȓȞ. 3.12 ȖȚα fvol=1.00. ȅȚ įȚαφȠȡȑȢ ıĲȚȢ İțĲȚµȒıİȚȢ ĲȘȢ µİșȩįȠυ MC 

ȠφİȓȜȠȞĲαȚ ıĲȠ įȚαφȠȡİĲȚțȩ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα ĲȚȢ ȠπȠȓİȢ Ș įȚαįȚțαıȓα 

įİȚȖµαĲȠȜȘȥȓαȢ ĲİȡµαĲȓȗİĲαȚ țαȚ įȓįȠȞĲαȚ ȖȚα ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ µİ max{nf,j}=30. 

ȈυȞį. C1 C2 Pf,MC ȈυȞį. C1 C2 Pf,MC 

1 6.00 6.00 5.87x10
-3

 9 10.00 8.00 4.14x10
-5

 

2 8.00 8.00 6.00x10
-4

 10 10.00 9.00 4.20x10
-5

 

3 9.00 9.00 1.28x10
-4

 11 10.00 10.00 4.20x10
-5

 

4 8.00 9.00 5.86x10
-4

 12 10.00 11.00 4.20x10
-5

 

5 8.00 10.00 5.86x10
-4

 13 11.00 8.00 1.15x10
-5

 

6 8.00 11.00 5.86x10
-4

 14 11.00 9.00 1.01x10
-5

 

7 9.00 10.00 1.28x10
-4

 15 11.00 10.00 1.01x10
-5

 

8 9.00 11.00 1.28x10
-4

 16 11.00 11.00 1.02x10
-5

 

ȆȓȞ. 3.11: ȈυȞįυαıµȠȓ C1 țαȚ C2 ȖȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (3.61) (fvol=1.20). 

ȈυȞį. C1 C2 Pf,MC ȈυȞį. C1 C2 Pf,MC 

1 6.00 6.00 5.69x10
-3

 9 10.00 8.00 4.41x10
-5

 

2 8.00 8.00 6.15x10
-4

 10 10.00 9.00 4.32x10
-5

 

3 9.00 9.00 1.10x10
-4

 11 10.00 10.00 4.32x10
-5

 

4 8.00 9.00 6.05x10
-4

 12 10.00 11.00 4.32x10
-5

 

5 8.00 10.00 6.05x10
-4

 13 11.00 8.00 1.32x10
-5

 

6 8.00 11.00 6.05x10
-4

 14 11.00 9.00 1.03x10
-5

 

7 9.00 10.00 1.10x10
-4

 15 11.00 10.00 1.05x10
-5

 

8 9.00 11.00 1.10x10
-4

 16 11.00 11.00 1.03x10
-5

 

ȆȓȞ. 3.12: ȈυȞįυαıµȠȓ C1 țαȚ C2 ȖȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (3.61) (fvol=1.00). 

ȈĲα ∆ȚȐȖ. 3.23 ȦȢ ∆ȚȐȖ. 3.26, παȡȠυıȚȐȗȠȞĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ 

µȑșȠįȠ țαȚ ĲȘ µȑșȠįȠ MC țαșȫȢ țαȚ ĲȠ “ȐȞȦ” țαȚ “țȐĲȦ” ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα 

Ĳα 4 ȗİȪȖȘ ĲȚµȫȞ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. Ǿ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ ıİ 

țȐșİ πİȡȓπĲȦıȘ țȡȓȞİĲαȚ ȦȢ πȠȜȪ țαȜȒ. Ȉİ țȐșİ πİȡȓπĲȦıȘ ĲȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ πİȡȚțȜİȓİȚ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ µİșȩįȠυ MC. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.46 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΕȟȑȜȚȟȘ ΠȚșαȞȩĲȘĲαȢ ΑıĲȠȤȓαȢ

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

P
f,

s

Pf,s Pf,s MC

Pf,s + Error Pf,s - Error

nf,j = 20 - fvol = 1.20

 

∆ȚȐȖ. 3.23: Pf,s, ȜȐșȠȢ, Pf,s,MC țαȚ ȩȡȚα ȖȚα ĲȘ ıȤȑıȘ (3.61) (fvol=1.20, max{nf,j}=20) 

ΕȟȑȜȚȟȘ ΠȚșαȞȩĲȘĲαȢ ΑıĲȠȤȓαȢ

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

P
f,

s

Pf,s Pf,s MC

Pf,s + Error Pf,s - Error

nf,j = 30 - fvol = 1.20

 

∆ȚȐȖ. 3.24: Pf,s, ȜȐșȠȢ, Pf,s,MC țαȚ ȩȡȚα ȖȚα ĲȘ ıȤȑıȘ (3.61), (fvol=1.20, max{nf,j}=30) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.47 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΕȟȑȜȚȟȘ ΠȚșαȞȩĲȘĲαȢ ΑıĲȠȤȓαȢ

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

P
f,

s

Pf,s Pf,s MC

Pf,s + Error Pf,s - Error

nf,j = 20 - fvol = 1.00

 

∆ȚȐȖ. 3.25: Pf,s, ȜȐșȠȢ, Pf,s,MC țαȚ ȩȡȚα ȖȚα ĲȘ ıȤȑıȘ (3.61), (fvol=1.00, max{nf,j}=20) 

ΕȟȑȜȚȟȘ ΠȚșαȞȩĲȘĲαȢ ΑıĲȠȤȓαȢ
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∆ȚȐȖ. 3.26: Pf,s, ȜȐșȠȢ, Pf,s,MC țαȚ ȩȡȚα ȖȚα ĲȘ ıȤȑıȘ (3.61), (fvol=1.00, max{nf,j}=30) 

ȈĲα ∆ȚȐȖ. 3.27 ȦȢ ∆ȚȐȖ. 3.30, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȜȩȖȠȚ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.48 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ πȡȠȢ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC. Ȉİ țȐșİ πİȡȓπĲȦıȘ 

ĲȠ ıȤİĲȚțȩ İȪȡȠȢ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ İȓȞαȚ µȚțȡȩĲİȡȠ απȩ 10% țαȚ Ș αȪȟȘıȘ ĲȠυ max{nf,j} 

ȠįȘȖİȓ ıİ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ İțĲȓµȘıȘȢ. ȈĲα įȚαȖȡȐµµαĲα αυĲȐ παȡȠυıȚȐȗİĲαȚ țαȚ Ƞ 

ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. Ǿ µİȓȦıȘ ĲȘȢ ĲȚµȒȢ ĲȘȢ παȡαµȑĲȡȠυ fvol ıυȞİπȐȖİĲαȚ 

ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ȈĲȠ ∆ȚȐȖ. 3.31, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ 

µȑıȘȢ ĲȚµȒȢ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ȜȩȖȠυ Pf,meth/Pf,MC ȖȚα Ĳα 4 ȗİȪȖȘ ĲȚµȫȞ ĲȦȞ 

παȡαµȑĲȡȦȞ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. ΓȚα fvol=1.20 παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ 

µİ ıȘµαȞĲȚțȒ ȩµȦȢ αȪȟȘıȘ ĲȠυ ȜȩȖȠυ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. Ȉİ ıυȞįυαıµȩ µİ Ĳα 

απȠĲİȜȑıµαĲα ĲȘȢ µȑıȘȢ ĲȚµȒȢ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ȜȩȖȠυ ȃSim/ȃSim(MC) ĲȠυ 

∆ȚȐȖ. 3.32 ȖȚα fvol=1.00 țαȚ max{nf,j}=30 Ș µȑıȘ ĲȚµȒ ĲȠυ ȜȩȖȠυ Pf,meth/Pf,MC İȓȞαȚ 

πȜȘıȚȑıĲİȡȘ ıĲȘ µȠȞȐįα ıİ ıȤȑıȘ µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ ȜȩȖȠ ȖȚα fvol=1.20 țαȚ max{nf,j}=20 ıİ 

µȩȜȚȢ ĲȠ 1/6 ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ 2ȘȢ πİȡȓπĲȦıȘȢ (µİȓȦıȘ απȩ ĲȠ 18% ıĲȠ 3% ĲȠυ 

țȩıĲȠυȢ ĲȘȢ µİșȩįȠυ ȂC). ΓȚα fvol=1.00, παȡαĲȘȡİȓĲαȚ ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ µİ İȜαφȡȐ İπȚįİȓȞȦıȘ ĲȘȢ αțȡȓȕİȚαȢ İțĲȓµȘıȘȢ. Ǿ αȪȟȘıȘ ĲȠυ max{nf,j} ȠįȘȖİȓ ıİ 

ȖȡαµµȚțȒ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ µİ αȞĲȓıĲȠȚȤȘ ȕİȜĲȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ ĲȘȢ 

µİșȩįȠυ. ȅ țαȜȪĲİȡȠȢ ıυµȕȚȕαıµȩȢ, ȦȢ πȡȠȢ ĲȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ țαȚ ĲȘȞ αțȡȓȕİȚα ĲȘȢ 

µİșȩįȠυ, παȡαĲȘȡİȓĲαȚ ȖȚα max{nf,j}=20~30 țαȚ fvol≈1.00. 

ΕȟȑȜȚȟȘ ȁȩȖȠυ ΠȚșαȞȠĲȒĲȦȞ țαȚ ȁȩȖȠυ ∆İȚȖµαĲȠȜȘȥȚȫȞ
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∆ȚȐȖ. 3.27: Pf,meth/Pf,MC țαȚ NSim/NSim(MC) (ıȤȑıȘ (3.61) - fvol=1.20, max{nf,j}=20) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.49 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΕȟȑȜȚȟȘ ȁȩȖȠυ ΠȚșαȞȠĲȒĲȦȞ țαȚ ȁȩȖȠυ ∆İȚȖµαĲȠȜȘȥȚȫȞ
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∆ȚȐȖ. 3.28: Pf,meth/Pf,MC țαȚ NSim/NSim(MC) (ıȤȑıȘ (3.61) - fvol=1.20, max{nf,j}=30) 

ΕȟȑȜȚȟȘ ȁȩȖȠυ ΠȚșαȞȠĲȒĲȦȞ țαȚ ȁȩȖȠυ ∆İȚȖµαĲȠȜȘȥȚȫȞ
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∆ȚȐȖ. 3.29: Pf,meth/Pf,MC țαȚ NSim/NSim(MC) (ıȤȑıȘ (3.61) - fvol=1.00, max{nf,j}=20) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.50 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.30: Pf,meth/Pf,MC țαȚ NSim/NSim(MC) (ıȤȑıȘ (3.61) - fvol=1.00, max{nf,j}=30). 

ȂȑıȘ ĲȚµȒ ȜȩȖȠυ Pf (meth) / Pf (MC) țαȚ C.O.V.
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∆ȚȐȖ. 3.31: Ǽ[Pf,meth/Pf,MC] țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ (ıȤȑıȘ (3.61)) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.51 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȂȑıȘ ĲȚµȒ ȜȩȖȠυ Sim (meth) / Sim (MC) țαȚ C.O.V.
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∆ȚȐȖ. 3.32: Ǽ[NSim/NSim(MC)] țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ (ıȤȑıȘ (3.61)). 

3.14.5 ǼπȓπİįȠ ȊπİȡıĲαĲȚțȩ ∆ȚțĲȪȦµα 10 µİȜȫȞ 

3.14.5.1 ȅȡȚıµȩȢ ĲȠυ ȕαıȚțȠȪ πȡȠȕȜȒµαĲȠȢ 

ȈĲȠ ∆ȚȐȖ. 3.33, παȡȠυıȚȐȗİĲαȚ İπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ. Ǿ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ φȠȡȑα 

İȓȞαȚ ȓıȘ µİ 3. ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ Ș ĲȚµȒ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ 

țαȚ șȜȓȥȘ, Ĳα İπȚȕαȜȜȩµİȞα φȠȡĲȓα țαȚ Ș ĲȚµȒ ĲȠυ İµȕαįȠȪ ĲȘȢ įȚαĲȠµȒȢ ȖȚα ĲȚȢ 5 ȠµȐįİȢ ĲȦȞ 

µİȜȫȞ. Ǿ ĲȐıȘȢ įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ 

E[ıt]=23kN/cm
2
 țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10%. ΓȚα ĲȘȞ ĲȐıȘ įȚαȡȡȠȒȢ ıİ șȜȓȥȘ Ș 

µȑıȘ ĲȚµȒ įȓįİĲαȚ ȦȢ E[ıc]=19kN/cm
2
. ȉα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ αțȠȜȠυșȠȪȞ ȜȠȖαȡȚșµȚțȒ 

țαĲαȞȠµȒ µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10%. ȉȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ İȓȞαȚ 

ȓıȠ µİ 9. ΓȚα Ĳα µȑȜȘ πȠυ υπȠȕȐȜȜȠȞĲαȚ ıİ șȜȚπĲȚțȐ φȠȡĲȓα Ș αȞĲȠȤȒ ĲȠυȢ İȜȑȖȤİĲαȚ ıİ 

ȜυȖȚıµȩ ıȪµφȦȞα µİ ĲȚȢ ȠįȘȖȓİȢ ĲȠυ ǼυȡȦțȫįȚțα 3 [18] ȖȚα υπȠıȪȞȠȜȠ ĲȦȞ İȟİĲαȗȠµȑȞȦȞ 

πİȡȚπĲȫıİȦȞ. ȅ ıυȞĲİȜİıĲȒȢ απȠµİȓȦıȘȢ ĲȘȢ αȞĲȠȤȒȢ Ȥ șİȦȡİȓĲαȚ ȦȢ ȞĲİĲİȡµȚȞȚıĲȚțȒ 

µİĲαȕȜȘĲȒ. ȈĲȚȢ πİȡȚπĲȫıİȚȢ πȠυ ȜαµȕȐȞİĲαȚ υπȩȥȘ Ƞ ȜυȖȚıµȩȢ ȠȚ įȚαĲȠµȑȢ 

πȡȠıȠµȠȚȫȞȠȞĲαȚ ȦȢ țȠȓȜİȢ įȚαĲȠµȑȢ µİ ȜȩȖȠ t/D ȓıȠ µİ 6.6%. ΓȚα ĲȘȞ țαĲαȞȠµȒ ĲȘȢ 

İυȡȦıĲȓαȢ ıĲȠυȢ υπİȡțȪȕȠυȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 2
Ș
 παȡαȜȜαȖȒ. Ǿ αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ 

παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.13. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.52 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 
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9 3 6 10 4 5 † ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

ȆȓȞ. 3.13: ǹȡȓșµȘıȘ µİȜȫȞ įȚțĲυȫµαĲȠȢ 10 µİȜȫȞ. 
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∆ȚȐȖ. 3.33: ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ (φȠȡĲȓα – ȠµȐįİȢ įȚαĲȠµȫȞ – įȚαıĲȐıİȚȢ). 

3.14.5.2 ȅȡȚıµȩȢ υπȠπȡȠȕȜȘµȐĲȦȞ, παȡȐµİĲȡȠȚ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ 

ǼȟİĲȐȗȠȞĲαȚ 16 įȚαφȠȡİĲȚțȑȢ πİȡȚπĲȫıİȚȢ ıİ ıȤȑıȘ µİ ĲȚȢ ĲȚµȑȢ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ 

ĲȠȞ ȑȜİȖȤȠ ıİ ȜυȖȚıµȩ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȘ µȑșȠįȠ MC ȖȚα Ĳα 

πȡȠȕȜȒµαĲα πȠυ İȟİĲȐȗȠȞĲαȚ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.14. Ǿ φȑȡȠυıα ȚțαȞȩĲȘĲα ĲȠυ 

φȠȡȑα υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα πȜαıĲȚțȒȢ αȞȐȜυıȘȢ µİ ĲȘ ȤȡȒıȘ ĲȘȢ µİșȩįȠυ ĲȘȢ țαĲȐ 

ıĲȐįȚα αȪȟȘıȘȢ ĲȠυ φȠȡĲȓȠυ (Load Incremental Method) [9]. ȅȚ İȟȚıȫıİȚȢ ȚıȠȡȡȠπȓαȢ 

αȞαφȑȡȠȞĲαȚ ıĲȠȞ απαȡαµȩȡφȦĲȠ φȠȡȑα. Ǿ αıĲȠȤȓα ĲȠυ µȑȜȠυȢ ȠȡȓȗİĲαȚ ȦȢ Ș υπȑȡȕαıȘ ĲȘȢ 

ĲȐıȘȢ įȚαȡȡȠȒȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ µȑȜȠȢ. ȉȠ įȚȐȖȡαµµα ĲȐıİȦȞ παȡαµȠȡφȫıİȦȞ șİȦȡİȓĲαȚ 

ȦȢ İȜαıĲȚțȩ-πȜȒȡȦȢ πȜαıĲȚțȩ. ȉȑȜȠȢ ĲȠ µȘĲȡȫȠ ıĲȚȕαȡȩĲȘĲαȢ ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ țαȚ ĲȠ 

įȚȐȞυıµα ĲȦȞ φȠȡĲȓȦȞ αȞαȞİȫȞȠȞĲαȚ πȜȒȡȦȢ ıİ țȐșİ ȕȒµα. 

Ǿ αȞȐȜυıȘ İπαȞαȜαµȕȐȞİĲαȚ ȖȚα 3 įȚαφȠȡİĲȚțȐ ȗİȪȖȘ ĲȚµȫȞ ĲȦȞ παȡαµȑĲȡȦȞ L[IFM] țαȚ 

max{nf,j}. ȈĲȘ µİȜȑĲȘ A ȑȤȠυµİ max{nf,j}=7 țαȚ L[IFM]=1. ȈĲȘ µİȜȑĲȘ B ȑȤȠυµİ L[IFM]=2 

țαȚ max{nf,j}=7. ȈĲȘ µİȜȑĲȘ C ȑȤȠυµİ max{nf,j}=10 țαȚ L[IFM]=1. ΓȚα ĲȘ µİȜȑĲȘ Ǻ ĲȠ 

πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ ȓıȠ µİ 40 İȞȫ ȖȚα ĲȚȢ µİȜȑĲİȢ ǹ țαȚ C 

ĲȠ πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ ĲȠ πȜȒșȠȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.53 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȘȢ țαĲαıțİυȒȢ. ȅȚ ȜȠȚπȑȢ παȡȐµİĲȡȠȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ: fvol=1.00, fRV=0.10, 

fcut-off=0.10, fs,c=0.10 țαȚ fs,cp=0.70 țαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ 

ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 2
Ș
 παȡαȜȜαȖȒ.  

ȆȡȩȕȜȘµα Pf,s(MC) COV[ıc] COV[P1,2] E[Ai] (cm2)  ȁυȖȚıµȩȢ

1 1.49x10
-4

 0.10 0.15 E[A1]=26, E[A2~5]=46 ȅȋǿ 

2 2.65x10
-4

 0.10 0.15 E[A1]=26, E[A2~5]=46 ȃǹǿ 

3 5.55x10
-4

 0.15 0.15 E[A1]=26, E[A2~5]=46 ȅȋǿ 

4 2.53x10
-3

 0.15 0.15 E[A1]=26, E[A2~5]=46 ȃǹǿ 

5 4.33x10
-3

 0.15 0.15 E[A1]=26, E[A2~4]=40, E[A5]=46 ȅȋǿ 

6 6.86x10
-3

 0.15 0.15 E[A1]=23, E[A2~4]=40, E[A5]=35 ȅȋǿ 

7 6.91x10
-3

 0.15 0.15 E[A1]=23, E[A2,4]=40, E[A3,5]=20 ȅȋǿ 

8 1.01x10
-2

 0.10 0.30 E[A1]=26, E[A2~5]=46 ȅȋǿ 

9 1.17x10
-2

 0.10 0.30 E[A1]=26, E[A2~5]=46 ȃǹǿ 

10 1.39x10
-2

 0.15 0.30 E[A1]=26, E[A2~5]=46 ȅȋǿ 

11 1.48x10
-2

 0.15 0.15 E[A1]=26, E[A2~4]=40, E[A5]=46 ȃǹǿ 

12 1.81x10
-2

 0.15 0.30 E[A1]=26, E[A2~5]=46 ȃǹǿ 

13 2.20x10
-2

 0.15 0.15 E[A1]=23, E[A2~4]=40, E[A5]=35 ȃǹǿ 

14 2.23x10
-2

 0.15 0.15 E[A1]=26, E[A2~4]=35, E[A5]=46 ȅȋǿ 

15 7.87x10
-2

 0.15 0.15 E[A1]=26, E[A2~4]=35, E[A5]=46 ȃǹǿ 

16 8.24x10
-2

 0.15 0.15 E[A1]=23, E[A2,4]=40, E[A3,5]=20 ȃǹǿ 

ȆȓȞ. 3.14: E[Ai] ȖȚα Ĳα υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲα (İπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ) țαȚ Pf,s(MC). 

3.14.5.3 ǹπȠĲİȜȑıµαĲα 

ȈĲα ∆ȚȐȖ. 3.34 ȦȢ ∆ȚȐȖ. 3.39, παȡȠυıȚȐȗȠȞĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαȚ ĲȠ ȐȞȦ țαȚ țȐĲȦ 

ȩȡȚȠ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ, Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC țαȚ ĲȠ πȜȒșȠȢ 

ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ. 

ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα, ȦȢ πȡȠȢ ĲȘȞ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ, παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȚȢ 

µİȜȑĲİȢ ǹ țαȚ Ǻ. Ǿ µȑșȠįȠȢ υπȠįİȚțȞȪİȚ ĲȚȢ țȡȓıȚµİȢ țαȚ µȘ țȡȓıȚµİȢ Ĳ.µ țαȚ Ș πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ υπȠȜȠȖȓȗİĲαȚ µİ µȚțȡȩ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. ȈĲȘ µİȜȑĲȘ ǹ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

İȓȞαȚ ıİ πȐȡα πȠȜȪ țαȜȒ ıυµφȦȞȓα µİ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC µİ İȟαȓȡİıȘ ĲȠ 

πȡȩȕȜȘµα 4. ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țυµαȓȞİĲαȚ απȩ 0.1% ȦȢ 10% αȞȐȜȠȖα ĲȘȢ 

πȚșαȞȩĲȘĲαȢ İțĲȓµȘıȘȢ țαȚ ĲȠυ πȜȒșȠυȢ ĲȦȞ İȟİĲαȗȩµİȞȦȞ υπİȡțȪȕȦȞ. ǹȞĲȓıĲȠȚȤα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲȘ µİȜȑĲȘ B.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.54 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s
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∆ȚȐȖ. 3.34: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB) (ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ, ȂİȜȑĲȘ A) 
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∆ȚȐȖ. 3.35: ȆȜȒșȠȢ įİȚȖµȐĲȦȞ (ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ, ȂİȜȑĲȘ A) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.55 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s
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∆ȚȐȖ. 3.36: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), (ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ, ȂİȜȑĲȘ B) 

Evolution of Simulations
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∆ȚȐȖ. 3.37: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), (ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ, ȂİȜȑĲȘ B) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.56 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s
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∆ȚȐȖ. 3.38: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), (ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ, ȂİȜȑĲȘ C) 

Evolution of Simulations
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∆ȚȐȖ. 3.39: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), (ǼπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ, ȂİȜȑĲȘ C)  

Ǿ αȪȟȘıȘ ĲȠυ L[IFM] ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ µİ αȞĲȓıĲȠȚȤȘ αȪȟȘıȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.57 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ αıĲȠȤȚȫȞ µİ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ. ȆȠȜȪ țαȜȐ απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ C µİ İȟαȓȡİıȘ Ĳα πȡȠȕȜȒµαĲα 3 țαȚ 4 ȩπȠυ 

Ș πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ υπİȡİțĲȚµȐ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ĲȠ πȡȩȕȜȘµα 3 țαȚ 

αȞĲȓıĲȠȚȤα υπȠİțĲȚµȐ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ĲȠ πȡȩȕȜȘµα 4 ĲȘȢ țαĲαıțİυȒȢ. 

Ǿ αȪȟȘıȘ ĲȠυ max{nf,j} ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ ĲαυĲȩȤȡȠȞȘ µİȓȦıȘ 

ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ. Ǿ İȟȑĲαıȘ αȞĲȠȤȒȢ ıİ ȜυȖȚıµȩ ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ 

țȡȓıȚµȦȞ Ĳ.µ µİ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ ıȤİĲȚțȒȢ πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ 

αȞĲȓıĲȠȚȤȘ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. 

3.14.6 ǼπȓπİįȠ įȚțĲȪȦµα 19 µİȜȫȞ 

3.14.6.1 ȅȡȚıµȩȢ ĲȠυ ȕαıȚțȠȪ πȡȠȕȜȒµαĲȠȢ 

ȈĲȠ ∆ȚȐȖ. 3.33, παȡȠυıȚȐȗİĲαȚ İπȓπİįȠ įȚțĲȪȦµα 19 µİȜȫȞ. Ǿ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ φȠȡȑα 

İȓȞαȚ ȓıȘ µİ 8. ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ Ș ĲȚµȒ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ 

țαȚ șȜȓȥȘ, ĲȠ İπȚȕαȜȜȩµİȞȠ φȠȡĲȓȠ țαȚ Ș ĲȚµȒ ĲȠυ İµȕαįȠȪ ĲȘȢ įȚαĲȠµȒȢ ȖȚα ĲȚȢ 9 ȠµȐįİȢ ĲȦȞ 

µİȜȫȞ (∆ȚȐȖ. 3.33).  

 

∆ȚȐȖ. 3.40: ǼπȓπİįȠ įȚțĲȪȦµα 19 µİȜȫȞ (φȠȡĲȓα – țȩµȕȠȚ – ȠµȐįİȢ įȚαĲȠµȫȞ – įȚαıĲȐıİȚȢ). 

Ǿ ĲȐıȘȢ įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ E[ıt]=27.5kN/cm
2
 țαȚ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 7%. ΓȚα ĲȘȞ ĲȐıȘ įȚαȡȡȠȒȢ ıİ șȜȓȥȘ Ș µȑıȘ ĲȚµȒ įȓįİĲαȚ ȦȢ 

E[ıc]=24kN/cm
2
 µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 7%. ȉα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ αțȠȜȠυșȠȪȞ 

ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10%. ȉȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ İȓȞαȚ ȓıȠ µİ 12. ΓȚα Ĳα µȑȜȘ πȠυ υπȠȕȐȜȜȠȞĲαȚ ıİ șȜȚπĲȚțȐ φȠȡĲȓα Ș αȞĲȠȤȒ 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.58 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠυȢ İȜȑȖȤİĲαȚ ıİ ȜυȖȚıµȩ ıȪµφȦȞα µİ ĲȚȢ ȠįȘȖȓİȢ ĲȠυ ǼυȡȦțȫįȚțα 3 [18]. ȅ ıυȞĲİȜİıĲȒȢ 

απȠµİȓȦıȘȢ ĲȘȢ αȞĲȠȤȒȢ Ȥ șİȦȡİȓĲαȚ ȦȢ ȞĲİĲİȡµȚȞȚıĲȚțȒ µİĲαȕȜȘĲȒ. ȉȠ φȠȡĲȓȠ P1 αțȠȜȠυșİȓ 

țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ E[Pi]=90kN țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 20%. ΓȚα ĲȚȢ ȠµȐįİȢ 1 

ȦȢ 3 İπȚȜȑȖİĲαȚ țȠȓȜȘ įȚαĲȠµȒ Φ139.7x4.0 țαȚ ȖȚα ĲȚȢ ȠµȐįİȢ 4 ȦȢ 9 țȠȓȜȘ įȚαĲȠµȒ 

Φ114.3x3.6. Ǿ αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.15. 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

1 1 3 2 2 4 3 3 5 4 4 6 

5 5 7 6 6 8 7 3 4 8 5 6 

9 7 8 10 1 4 11 2 3 12 3 6 

13 4 5 14 5 8 15 6 7 16 1 6 

17 2 5 18 3 8 19 4 7    

ȆȓȞ. 3.15: ǹȡȓșµȘıȘ µİȜȫȞ įȚțĲυȫµαĲȠȢ 19 µİȜȫȞ. 

† ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

3.14.6.2 ǹπȠĲİȜȑıµαĲα µİșȩįȠυ MC 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ, ĲȠ ȜȐșȠȢ İțĲȓµȘıȘȢ, ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ, Ƞ ȤȡȠȞȚțȫȢ µȑıȠȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ, ĲȘȢ µİșȩįȠυ MC, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.16. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

αȞĲȚıĲȠȚȤİȓ ıİ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȓıȠ µİ 2.094. ȅȚ ĲȚµȑȢ ĲȦȞ ȤȡȠȞȚțȐ µİĲαȕαȜȜȩµİȞȦȞ 

παȡαµȑĲȡȦȞ παȡȠυıȚȐȗȠȞĲαȚ ȖȚα t=1000. ȈĲȠȞ ȆȓȞ. 3.16, παȡȠυıȚȐȗȠȞĲαȚ αțȩµα țαȚ Ș 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ıȪµφȦȞα µİ ĲȘ µȑșȠįȠ MC ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ 

ıπȠȡȐȢ. țυµαȓȞİĲαȚ απȩ 1.72x10
-2

 ȦȢ țαȚ 1.86x10
-2

. 

ȆαȡȐµİĲȡȠȢ Pf,s (MC) İ ∆İȓȖµαĲα Ε[Pf,s(t)] COV[Pf,s(t)] 

ȉȚµȒ 0.018139 5.68x10
-4

 55130 0.018501 9.2% 

ΕȟȑȜȚȟȘ ĲȘȢ Pf,s ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

ȉȚµȒ ȈπȠȡȐȢ 4357 5003 6007 7001 8001 

Pf,s (MC) 0.018139 0.018556 0.017573 0.018192 0.017187 

ȆȓȞ. 3.16: ǹπȠĲİȜȑıµαĲα αȞȐȜυıȘȢ ȂC 

3.14.6.3 ȆαȡȐµİĲȡȠȚ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ - ǹπȠĲİȜȑıµαĲα 

ȅȚ παȡȐµİĲȡȠȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ: max{nf,j}=7, fvol=1.20, fRV=0.05, fcut-off=0.10, 

fs,c=0.00, fs,cp=0.70 max{nj}=1000. ȉȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 40 ȖȚα L[IFM]>1. ΓȚα ĲȘȞ țαĲαȞȠµȒ ĲȘȢ İυȡȦıĲȓαȢ ıĲȠυȢ υπİȡțȪȕȠυȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.59 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 2
Ș
 παȡαȜȜαȖȒ. ȈυȞȠȜȚțȐ İȟİĲȐıșȘțαȞ 5 παȡαȜȜαȖȑȢ ȦȢ πȡȠȢ ĲȠ µȒțȠȢ ĲȘȢ 

µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ µİ ĲȠ µȒțȠȢ Ȟα țυµαȓȞİĲαȚ απȩ L[IFM]=1 ȦȢ țαȚ 

L[IFM]=5. ȅȚ İțĲȚµȒıİȚȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ 

µȑșȠįȠ țαȚ ĲȚȢ µİȜȑĲİȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.17. 

L[IFM] 1 2 3 4 5 

Pf,s 0.01468 0.01493 0.01524 0.01351 0.01527 

ȕs 2.179 2.172 2.164 2.211 2.163 

Pf,#1 0.00551 0.00554 0.00565 0.00528 0.00547 

ȆȓȞ. 3.17: ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. 

Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ υπȠİțĲȚµȐ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ απȩ 15.99% ȦȢ țαȚ 25.51% ıİ 

ıȤȑıȘ µİ ĲȚµȒ ĲȘȢ µİșȩįȠυ MC. Ǿ υπȠİțĲȓµȘıȘ αυĲȒ ȠφİȓȜİĲαȚ ıĲȘ µȠȡφȒ ĲȦȞ țȪȡȚȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ȈĲȠ ∆ȚȐȖ. 3.41, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ 9 țȪȡȚİȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ υπȩ İȟȑĲαıȘ țαȚ ıĲȠȞ ȆȓȞ. 3.18, παȡȠυıȚȐȗȠȞĲαȚ Ĳα 

πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘ µȑșȠįȠ MC țαȚ ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ȉȠ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ Pf țαȚ Pf,j İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ ıĲȠȞ j υπİȡțȪȕȠ, Ns İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ υπİȡțȪȕȦȞ πȠυ İπȚȜȑȖȠȞĲαȚ ȖȚα 

įİȚȖµαĲȠȜȘȥȓα, nf,j İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ πȡȠțαȜȠȪȞ ĲȘȞ αıĲȠȤȓα ĲȘȢ 

țαĲαıțİυȒȢ ıĲȠȞ j υπİȡțȪȕȠ țαȚ nf,j,i İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ πȡȠțαȜȠȪȞ ĲȘȞ 

αıĲȠȤȓα ĲȘȢ țαĲαıțİυȒȢ ıĲȠȞ j υπİȡțȪȕȠ ıȪµφȦȞα µİ ĲȘȞ i πȜȒȡȘ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ. 

ȀȐșİ πȜȒȡȘȢ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ ȦȢ {LxCnTm} ȩπȠυ Lx İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

µİȜȫȞ ĲȘȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ (ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ 

L5T1C10C11C17C19 ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ İȓȞαȚ ȓıȠ µİ 5), Cn İȓȞαȚ Ĳα µȑȜȘ πȠυ αıĲȠȤȠȪȞ 

ıİ șȜȓȥȘ (ıĲȘȞ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ L5T1C10C11C17C19 Ĳα µȑȜȘ 10, 11, 17 țαȚ 19 

αıĲȠȤȠȪȞ ȜȩȖȦ șȜȓȥȘȢ) țαȚ Tm İȓȞαȚ Ĳα µȑȜȘ πȠυ αıĲȠȤȠȪȞ ıİ İφİȜțυıµȩ (ıĲȘȞ αȜȜȘȜȠυȤȓα 

αıĲȠȤȓαȢ L5T1C10C11C17C19 ĲȠ µȑȜȠȢ 1 αıĲȠȤİȓ ıİ İφİȜțυıµȩ). ȉȠ µȒțȠȢ ĲȦȞ țȪȡȚȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ įȚțĲȪȦµα țυµαȓȞİĲαȚ απȩ 4 ȦȢ 8. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.60 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.41: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ. 
ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

L5T1C10C11C17C19 18.70% 13.43% 13.70% 13.57% 14.13% 13.22% 

L8C2C5C6C7C8C9C17C19 16.40% 22.51% 22.73% 21.84% 23.02% 20.94% 

L5C10C11C16C17C19 11.30% 3.74% 3.82% 4.29% 3.87% 3.83% 

L5C2C14C15C18C19 7.00% 2.85% 3.74% 2.43% 2.76% 3.88% 

L8C2C6C7C8C9C13C17C19 5.40% 6.94% 7.73% 6.36% 5.24% 6.58% 

L7C2C7C14C15C17C18C19 5.00% 5.67% 5.93% 5.62% 5.39% 5.60% 

L4T1C2C16C17 3.90% 3.40% 2.83% 3.24% 2.01% 2.81% 

L5T1C2C16C17C19 2.50% 2.77% 2.91% 3.49% 3.20% 3.38% 

L8C2T3C13C14C15T16C17C19 2.10% 1.89% 1.81% 1.39% 0.75% 1.27% 

ȈȪȞȠȜȠ 72.30% 63.21% 65.20% 62.23% 60.37% 61.50% 

ȆȓȞ. 3.18: ȆȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

Ȉİ țȐșİ πİȡȓπĲȦıȘ Ș πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ παȡȠυıȚȐȗİȚ ȦȢ πȡȦĲİȪȠυıα αȜȜȘȜȠυȤȓα 

αıĲȠȤȓαȢ ĲȘȞ L8C2C5C6C7C8C9C17C19 ȩĲαȞ ıȪµφȦȞα µİ ĲȘ µȑșȠįȠ MC Ș πȡȦĲİȪȠυıα 

αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ İȓȞαȚ Ș L5T1C10C11C17C19. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘȞ πȠȜȪ µȚțȡȒ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ 1 ıĲȘȞ αțȑȡαȚα țαĲαıțİυȒ. Ǿ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ țαĲȐ FORM ıĲȘȞ αțȑȡαȚα țαĲαıțİυȒ İȓȞαȚ ȓıȘ µİ 4.39x10
-15

 ȩĲαȞ Ș πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ ıȪµφȦȞα µİ ĲȘ µȑșȠįȠ MC, țυµαȓȞİĲαȚ απȩ 6.41x10
-3

 ȦȢ 7.53x10
-3

 ȖȚα 

įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ. ȅȚ αȞĲȓıĲȠȚȤİȢ İțĲȚµȒıİȚȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα ĲȠ 

µȑȜȠȢ αυĲȩ țυµαȓȞȠȞĲαȚ απȩ 5.28x10-3 ȦȢ 5.65x10
-3 αȞȐȜȠȖα ĲȠυ µȒțȠυȢ ĲȘȢ µȘ πȜȒȡȠυȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.61 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȩπȦȢ παȡαĲȘȡİȓĲαȚ απȩ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ȆȓȞ. 3.17. ȉȠ πȠıȠıĲȩ 

ıυµµİĲȠȤȒȢ ĲȦȞ țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 72.30% ȖȚα ĲȘ µȑșȠįȠ MC İȞȫ 

țυµαȓȞİĲαȚ απȩ 60.37% ȦȢ 65.20% ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ȉȠ πȜȒșȠȢ ĲȦȞ 

įȚαφȠȡİĲȚțȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 88 ȦȢ țαȚ 117 ȩĲαȞ ȖȚα 

ĲȘ µȑșȠįȠ MC ĲȠ πȜȒșȠȢ ĲȦȞ įȚαφȠȡİĲȚțȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 94. 

ΓȚα ĲȘȞ αȞĲȚțİȚµİȞȚțȩĲİȡȘ İțĲȓµȘıȘ ĲȘȢ ȚțαȞȩĲȘĲαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ Ȟα υπȠįİȓȟİȚ 

ĲȚȢ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ αȞαπĲȪııȠȞĲαȚ 2 µİĲȡȚțȑȢ.  

Ǿ 1
Ș
 µİĲȡȚțȒ υπȠȜȠȖȓȗİȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ απȩȜυĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ 

ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȦȢ: 

 ,

1

Abs
FMN

i i MC

i

PF PF
=

= −∑  (3.63) 

ȩπȠυ PFi țαȚ PFi,MC İȓȞαȚ ĲȠ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ ĲȘȢ i αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȖȚα ĲȘ µȑșȠįȠ 

țαȚ ĲȘ µȑșȠįȠ MC țαȚ ȃFM İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC. 

Ǿ 2
Ș
 µİĲȡȚțȒ υπȠȜȠȖȓȗİȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ 

ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȦȢ: 

 ( )2

,

1

FMN

i i MC

i

PF PF
=

∆ = −∑  (3.64) 

ȉα πȠıȠıĲȐ αυĲȐ αȞαįİȚțȞȪȠυȞ ĲȘȞ ȚțαȞȩĲȘĲα ĲȘȢ µİșȩįȠυ Ȟα αȞαțαȜȪȥİȚ ĲȚȢ țȪȡȚİȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ȈĲȘȞ ȚįİαĲȒ πİȡȓπĲȦıȘ ĲȠ πȠıȠıĲȩ ĲȠυ ıȤİĲȚțȠȪ țαȚ 

απȩȜυĲȠυ ȜȐșȠυȢ İȓȞαȚ ȓıȠ µİ ĲȠ µȘįȑȞ țαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ ĲȦȞ 

țȠȚȞȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ ĲȘ µȠȞȐįα.  

ȈĲȠ ∆ȚȐȖ. 3.42, παȡȠυıȚȐȗİĲαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ 

ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, ĲȠ ȐșȡȠȚıµα ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ ĲȦȞ 

πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, țαȚ ĲȠ ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ 

ĲȦȞ țȠȚȞȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

ȉȠ ȐșȡȠȚıµα ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țυµαȓȞİĲαȚ απȩ 95% ȦȢ 97% απȠįİȚțȞȪȠȞĲαȢ ȩĲȚ Ș 

µȑșȠįȠȢ αȞαțαȜȪπĲİȚ ĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ΓȚα ĲȠ απȩȜυĲȠ țαȚ 

ıȤİĲȚțȩ ȜȐșȠȢ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ȖȚα L[IFM]=5. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.62 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Characteristics of FM analysis
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∆ȚȐȖ. 3.42: ȈĲȠȚȤİȓα αȞȐȜυıȘȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

3.14.6.4 ΜİșȠįȠȜȠȖȓİȢ ǼȞȓıȤυıȘȢ – ȊπȠȜȠȖȚıµȩȢ ȉȡȦĲȩĲȘĲαȢ 

ȈĲȘ ıυȞȑȤİȚα İȟİĲȐȗȠȞĲαȚ 3 πȚșαȞȠȓ ĲȡȩπȠȚ İȞȓıȤυıȘȢ ȖȚα ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ. ȅȚ ĲȡȩπȠȚ αυĲȠȓ İȓȞαȚ: πȡȠıșȒțȘ įȪȠ įȚαȖȦȞȓȦȞ ȡȐȕįȦȞ țαș’ ȪȥȠȢ ĲȘȢ 

țαĲαıțİυȒȢ (ǹ), αȞĲȚțαĲȐıĲαıȘ ĲȦȞ ȐȞȦ įȚıįȚαȖȫȞȚȦȞ ȡȐȕįȦȞ µİ ĲȚȢ ĲȡȚıįȚαȖȫȞȚİȢ 

ȡȐȕįȠυȢ (Ǻ), αȞĲȚțαĲȐıĲαıȘ ĲȦȞ țȐĲȦ įȚıįȚαȖȫȞȚȦȞ ȡȐȕįȦȞ µİ ĲȚȢ ĲȡȚıįȚαȖȫȞȚİȢ ȡȐȕįȠυȢ 

(Γ). Ǿ įȚαĲȠµȒ ĲȦȞ ĲȡȚıįȚαȖȫȞȚȦȞ ȡȐȕįȦȞ İȓȞαȚ țȠȓȜȘ įȚαĲȠµȒ Φ114.3x3.6. ȅȚ πȚșαȞȠȓ 

ĲȡȩπȠȚ İȞȓıȤυıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.43.  

ȉȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ĲȡȩπȠυ İȞȓıȤυıȘȢ ǹ İȓȞαȚ ȓıȠ µİ 13 țαȚ Ș 

υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ įȚțĲυȫµαĲȠȢ İȓȞαȚ ȓıȘ µİ 10 țαȚ ıĲα µȑȜȘ ĲȠυ ȆȓȞ. 3.15 πȡȠıșȑĲȠȞĲαȚ 

Ĳα µȑȜȘ 20 (țȩµȕȠȢ αȡȤȒȢ 1 țαȚ țȩµȕȠȢ πȑȡαĲȠȢ 8) țαȚ 21 (țȩµȕȠȢ αȡȤȒȢ 2 țαȚ țȩµȕȠȢ 

πȑȡαĲȠȢ 7). Ǿ Ĳ.µ ĲȠυ İµȕαįȠȪ ĲȘȢ įȚαĲȠµȒȢ ȖȚα ĲȘȞ ȠµȐįα ĲȦȞ ĲȡȚıįȚαȖȫȞȚȦȞ ȡȐȕįȦȞ 

αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10%.  

ΓȚα Ĳα ıİȞȐȡȚα Ǻ țαȚ Γ ĲȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ İȓȞαȚ ȓıȠ µİ 12 țαȚ Ș υπİȡıĲαĲȚțȩĲȘĲα παȡαµȑȞİȚ 

ȓıȘ µİ 8. ȉȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ παȡαµȑȞİȚ ȓıȠ µİ 19 ȖȚα ĲȠυȢ ĲȡȩπȠυȢ İȞȓıȤυıȘȢ Ǻ țαȚ Γ 

αȜȜȐ Ș αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ ĲȡȠπȠπȠȚİȓĲαȚ ıȪµφȦȞα µİ Ĳα ıĲȠȚȤİȓα πȠυ παȡαĲȓșİȞĲαȚ ıĲȠȞ 

ȆȓȞ. 3.19.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.63 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȉȡȩπȠȢ ΕȞȓıȤυıȘȢ Ǻ 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

18 1 8 19 2 7 † ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

ȉȡȩπȠȢ ΕȞȓıȤυıȘȢ Γ 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

16 3 8 17 4 7 18 1 8 19 2 7 

ȆȓȞ. 3.19: ȉȡȠπȠπȠȓȘıȘ αȡȓșµȘıȘȢ µİȜȫȞ ȖȚα ĲȡȩπȠυȢ İȞȓıȤυıȘȢ Ǻ țαȚ Γ. 

 

∆ȚȐȖ. 3.43: ȉȡȩπȠȚ İȞȓıȤυıȘȢ ȖȚα ȕİȜĲȓȦıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ȅȚ παȡȐµİĲȡȠȚ ĲȠυ αȜȖȠȡȓșµȠυ İȓȞαȚ ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ αȡȤȚțȒȢ µİȜȑĲȘȢ. ȈĲȩȤȠȢ 

ĲȘȢ įȚİȡİȪȞȘıȘȢ αυĲȒȢ İȓȞαȚ Ȟα İȟİĲαıșİȓ Ș ĲȡȦĲȩĲȘĲα ĲȠυ φȠȡȑα ȖȚα ĲȘ ıυȖțİțȡȚµȑȞȘ 

φȩȡĲȚıȘ ȦȢ πȡȠȢ ĲȘȞ πȡȠıșȒțȘ ĲȦȞ ĲȡȚıįȚαȖȫȞȚȦȞ ȡȐȕįȦȞ Ȓ ĲȘȞ αȞĲȚțαĲȐıĲαıȘ țȐπȠȚȦȞ 

ȠµȐįȦȞ µİ ĲȚȢ ĲȡȚıįȚαȖȫȞȚİȢ ȡȐȕįȠυȢ. Ǿ ĲȡȦĲȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ ȠȡȓȗİĲαȚ ȦȢ [34]: 

 ( ) ( ), ,f s d f s oV P r P r=  (3.65) 

ȩπȠυ Pf,s(rd) İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ µİĲȐ ĲȘȞ πȡȠıșȒțȘ Ȓ 

αȞĲȚțαĲȐıĲαıȘ ĲȦȞ µİȜȫȞ țαȚ Pf,s(ro) İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ αȡȤȚțȒȢ țαĲαıțİυȒȢ. 

ΓȚα ĲȠ υπȩ İȟȑĲαıȘ įȚțĲȪȦµα İφȩıȠȞ İȟİĲȐȗȠȞĲαȚ įȚȐφȠȡȠȚ ĲȡȩπȠȚ İȞȓıȤυıȘȢ ĲȠυ 

įȚțĲυȫµαĲȠȢ αȞαµȑȞİĲαȚ ȩĲȚ Ș ĲȡȦĲȩĲȘĲα șα ȜαµȕȐȞİȚ ĲȚµȑȢ µȚțȡȩĲİȡİȢ ĲȘȢ µȠȞȐįαȢ. 

3.14.6.5 ǹπȠĲİȜȑıµαĲα – ȈȪȖțȡȚıȘ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȠυȢ 3 ĲȡȩπȠυȢ İȞȓıȤυıȘȢ ıȪµφȦȞα µİ ĲȘ µȑșȠįȠ 

MC țαȚ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.20. Ǿ αțȡȓȕİȚα ĲȘȢ 

ȆȡȠıșȒțȘ ǹȞĲȚțαĲȐıĲαıȘ ΆȞȦ ǹȞĲȚțαĲȐıĲαıȘ ȀȐĲȦ

ǹ Ǻ Γ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.64 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ πȐȡα πȠȜȪ țαȜȒ ȖȚα Ĳα ǹ țαȚ Γ țαȚ πȠȜȪ țαȜȒ ȖȚα ĲȠ Ǻ. 

∆ȚțĲȪȦµα MC L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

ǹȡȤȚțȒ 0.018139 0.014680 0.014932 0.015239 0.013511 0.015275 

ǹ 0.000666 0.000664 0.000671 0.000676 0.000676 0.000657 

Ǻ 0.000696 0.000673 0.000777 0.000702 0.000688 0.000691 

Γ 0.003838 0.003756 0.004060 0.003764 0.003701 0.003889 

ȆȓȞ. 3.20: Pf,s ȖȚα ĲȠυȢ 3 ĲȡȩπȠυȢ İȞȓıȤυıȘȢ țαȚ ĲȘȞ αȡȤȚțȒ ȜȪıȘ. 

Ǿ ĲȡȦĲȩĲȘĲα ĲȦȞ ȜȪıİȦȞ ȖȚα ĲȠυȢ 3 ĲȡȩπȠυȢ İȞȓıȤυıȘȢ ȖȚα ĲȘ µȑșȠįȠ MC țαȚ ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.34. ȅ ĲȡȩπȠȢ İȞȓıȤυıȘȢ µİ ĲȠ ȤαµȘȜȩĲİȡȠ 

įİȓțĲȘ ĲȡȦĲȩĲȘĲαȢ İȓȞαȚ Ƞ ǹ αțȠȜȠυșȠȪµİȞȠȢ απȩ ĲȠȞ ĲȡȩπȠ İȞȓıȤυıȘȢ Ǻ țαȚ ĲȑȜȠȢ ĲȠȞ 

ĲȡȩπȠ İȞȓıȤυıȘȢ Γ. ȉα ıİȞȐȡȚα ǹ țαȚ Ǻ ȠįȘȖȠȪȞ ıİ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαĲȐ 2 

πİȡȓπȠυ ĲȐȟİȚȢ µİȖȑșȠυȢ. Ǿ αȞĲȚțαĲȐıĲαıȘ ĲȦȞ țȐĲȦ įȚıįȚαȖȫȞȚȦȞ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıĲȠ 20~25% ĲȘȢ αȡȤȚțȒȢ ĲȚµȒȢ. ȈυµπİȡαȓȞİĲαȚ ȩĲȚ ȖȚα ĲȘȞ υπȩ İȟȑĲαıȘ 

φȩȡĲȚıȘ Ƞ ȕȑȜĲȚıĲȠȢ ĲȡȩπȠȢ İȞȓıȤυıȘȢ İȓȞαȚ Ƞ Ǻ țαșȫȢ Ș įȚαφȠȡȐ ĲȠυ µİ ĲȠ ǹ İȓȞαȚ 

πȡαțĲȚțȐ αµİȜȘĲȑα țαȚ ȠįȘȖİȓ ıİ ıȤİįȓαıȘ µİ µȚțȡȩĲİȡȠ ȕȐȡȠȢ. 

∆İȓțĲȘȢ ȉȡȦĲȩĲȘĲαȢ
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ȂȑșȠįȠȢ ΑȞȐȜυıȘȢ
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ǹ Ǻ Γ

 

∆ȚȐȖ. 3.44: ∆İȓțĲȘȢ ĲȡȦĲȩĲȘĲαȢ ĲȦȞ ıİȞαȡȓȦȞ ĲȘȢ țαĲαıțİυȒȢ. 

ǼȟİĲȐȗȠȞĲαȢ ĲȘȞ απȠĲİȜİıµαĲȚțȩĲȘĲα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.65 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ ȖȚα ȠπȠȚαįȒπȠĲİ ĲȚµȒ ĲȠυ L[IFM] įȚαĲȘȡİȓ ĲȘ șȑıȘ ĲȦȞ ıİȞαȡȓȦȞ ȦȢ 

πȡȠȢ ĲȠ įİȓțĲȘ ĲȡȦĲȩĲȘĲαȢ. Ǿ µȚțȡȩĲİȡȘ απȩțȜȚıȘ ĲȠυ įİȓțĲȘ ĲȡȦĲȩĲȘĲαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ 

µİșȩįȠυ απȩ ĲȘȞ ĲȚµȒ ĲȘȢ µİșȩįȠυ MC, ȖȚα Ĳα ǹ țαȚ Ǻ, παȡαĲȘȡİȓĲαȚ ȖȚα L[IFM]=5 țαȚ 

L[IFM]=3. ΓȚα ĲȠȞ ĲȡȩπȠ İȞȓıȤυıȘȢ ǹ Ș µȚțȡȩĲİȡȘ απȩțȜȚıȘ παȡαĲȘȡİȓĲαȚ ȖȚα L[IFM]=3. 

ȈĲȠ ∆ȚȐȖ. 3.45, παȡȠυıȚȐȗİĲαȚ Ș ıȤİĲȚțȒ įȚαφȠȡȐ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țαȚ ıĲȠ ∆ȚȐȖ. 3.46, 

παȡȠυıȚȐȗİĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ. ȅ ıυȞįυαıµȩȢ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ȠįȘȖİȓ ıĲȠ 

ıυµπȑȡαıµα ȩĲȚ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=3 țαșȫȢ ȖȚα 

παȡİµφİȡȒ αȟȚȠπȚıĲȓα ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ Ș παȡαȜȜαȖȒ αυĲȒ 

παȡȠυıȚȐȗİȚ µȚțȡȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. ȈĲȘȞ παȡȐȖȡαφȠ 3.23, παȡȠυıȚȐȗȠȞĲαȚ Ĳα 

απȠĲİȜȑıµαĲα ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ țαȚ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȖȚα ĲȠυȢ 3 ĲȡȩπȠυȢ 

İȞȓıȤυıȘȢ. ǼπȚπȡȩıșİĲα İȟİĲȐȗȠȞĲαȚ ȠȚ ıυȞȑπİȚİȢ ĲȦȞ αȜȜαȖȫȞ αυĲȫȞ ıĲȚȢ țȪȡȚİȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ țαȚ πȩıȠ Ș İπȚȜȠȖȒ ĲȘȢ ĲȚµȒȢ ĲȘȢ L[IFM] İπȘȡİȐȗİȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ 

αȜȖȩȡȚșµȠυ. ȆαȡȠυıȚȐȗȠȞĲαȚ αțȩµα țαȚ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ ȖȚα ĲȚµȒ ĲȘȢ 

παȡαµȑĲȡȠυ fvol=1.00. Ǿ ıȪȖțȡȚıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ απȠțαȜȪπĲİȚ ȩĲȚ, ıİ πȡȠȕȜȒµαĲα 

ȩπȠυ Ĳα ȖİȖȠȞȩĲα αıĲȠȤȓαȢ ȠįȘȖȠȪȞ ıİ αȞαțαĲαȞȠµȒ ĲȦȞ İȞĲȐıİȦȞ, ȫıĲİ µȑȜȘ πȠυ ıĲȘȞ 

ȐșȚțĲȘ țαĲαıțİυȒ ȕȡȓıțȠȞĲαȚ ıİ șȜȓȥȘ Ȓ İφİȜțυıµȩ Ȟα παȡȠυıȚȐıȠυȞ İφİȜțυıµȩ Ȓ șȜȓȥȘ 

αȞĲȓıĲȠȚȤα, İȓȞαȚ απαȡαȓĲȘĲȘ Ș υȚȠșȑĲȘıȘ ıυȞĲȘȡȘĲȚțȫȞ ĲȚµȫȞ ĲȘȢ fvol (fvol >1.00). 

ȈȤİĲȚțȒ įȚαφȠȡȐ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ
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∆ȚȐȖ. 3.45: ȈȤİĲȚțȒ įȚαφȠȡȐ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.66 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈȪȖțȡȚıȘ ȊπȠȜȠȖȚıĲȚțȠȪ ΦȩȡĲȠυ
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∆ȚȐȖ. 3.46: ȊπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ. 

3.14.7 ǼπȓπİįȠ įȚțĲȪȦµα 31 µİȜȫȞ 

3.14.7.1 ȅȡȚıµȩȢ ĲȠυ ȕαıȚțȠȪ πȡȠȕȜȒµαĲȠȢ 

ȈĲȠ ∆ȚȐȖ. 3.47, παȡȠυıȚȐȗİĲαȚ İπȓπİįȠ įȚțĲȪȦµα (µİ ȕαșµȩ υπİȡıĲαĲȚțȩĲȘĲαȢ ȓıȠ µİ 6) 

απȠĲİȜȠȪµİȞȠ απȩ 31 µȑȜȘ. ȅȚ įȚαıĲȐıİȚȢ ĲȠυ įȚțĲυȫµαĲȠȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.48.  

 

∆ȚȐȖ. 3.47: ǼπȓπİįȠ įȚțĲȪȦµα 31 µİȜȫȞ (ȠµȐįİȢ įȚαĲȠµȫȞ – αȡȓșµȘıȘ µİȜȫȞ). 

 

∆ȚȐȖ. 3.48: ǼπȓπİįȠ įȚțĲȪȦµα 31 µİȜȫȞ (įȚαıĲȐıİȚȢ). 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.67 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȉα φȠȡĲȓα πȠυ įȡȠυȞ ıĲȠ įȚțĲȪȦµα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.49. ȅȚ ȤαȡαțĲȘȡȚıĲȚțȑȢ 

ĲȚµȑȢ ĲȦȞ φȠȡĲȓȦȞ İȓȞαȚ: G1,k=G2,k=2kN, Qk=Wk=16kN. 

 

∆ȚȐȖ. 3.49: ǼπȓπİįȠ įȚțĲȪȦµα 31 µİȜȫȞ (φȠȡĲȓα). 

ȀαĲȐ ĲȘȞ αȞȐȜυıȘ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ țαȚ Ĳα φȠȡĲȓα ĲȠυ ȚįȓȠυ ȕȐȡȠυȢ. ȉα φȠȡĲȓα αυĲȐ 

ıυȞαȡĲȫȞĲαȚ απȩ ĲȘȞ İπȚȜȠȖȒ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ µİȜȫȞ ĲȠυ įȚțĲυȫµαĲȠȢ. 

3.14.7.2 ∆ȚαıĲαıȚȠȜȩȖȘıȘ ıȪµφȦȞα µİ ĲȠυȢ ǼυȡȦțȫįȚțİȢ 

ȉȠ įȚțĲȪȦµα įȚαıĲαıȚȠȜȠȖİȓĲαȚ ıȪµφȦȞα µİ ĲȚȢ ȠįȘȖȓİȢ ĲȦȞ ǼυȡȦțȦįȓțȦȞ 1 [17] țαȚ 3 [18]. 

ȅȚ ıυȞįυαıµȠȓ φȠȡĲȓıİȦȞ πȠυ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ İȓȞαȚ: 

 ( )1 1, 2,1.35 1.50k k k kLC SW G G Q= ⋅ + + + ⋅  (3.66) 

 ( )2 1, 2,1.35 1.50k k k kLC SW G G W= ⋅ + + + ⋅  (3.67) 

 ( )3 1, 2,1.35 1.50 0.90k k k k kLC SW G G Q W= ⋅ + + + ⋅ + ⋅  (3.68) 

 ( )4 1, 2,1.35 1.20 1.50k k k k kLC SW G G Q W= ⋅ + + + ⋅ + ⋅  (3.69) 

ȩπȠυ SWk İȓȞαȚ Ș ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȠυ ȚįȓȠυ ȕȐȡȠυȢ. ȅȚ µİȚȦĲȚțȠȓ ıυȞĲİȜİıĲȑȢ ȖȚα ĲȠυȢ 

ıυȞįυαıµȠȪȢ LC3 țαȚ LC4 İȓȞαȚ ȓıȠȚ µİ ȥW=0.6 țαȚ ȥQ=0.8 [18]. ȅȚ µİȡȚțȠȓ ıυȞĲİȜİıĲȑȢ ĲȦȞ 

įȡȫȞĲȦȞ φȠȡĲȓȦȞ İȓȞαȚ ȓıȠȚ µİ ȖG=1.35 țαȚ ȖQ=ȖW=1.50 [18]. ΓȚα ĲȘ µȩȡφȦıȘ ĲȠυ φȠȡȑα 

ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ țȠȓȜİȢ įȚαĲȠµȑȢ. ȉα µȑȜȘ ĲȠυ įȚțĲυȫµαĲȠȢ țαĲȘȖȠȡȚȠπȠȚȠȪȞĲαȚ ıİ 4 

ȠµȐįİȢ: țȐĲȦ įȚȐȗȦµα, ȐȞȦ įȚȐȗȦµα, ȠȡșȠıĲȐĲİȢ țαȚ ȤȚαıĲȓ. ȅȚ įȚαĲȠµȑȢ ȖȚα țȐșİ ȠµȐįα 

İπȚȜȑȖȠȞĲαȚ απȩ ȜȓıĲα įȚαșȑıȚµȦȞ įȚαĲȠµȫȞ (ȆȓȞ. 3.21).  

∆ȚαĲȠµȒ d (m) t (m) ∆ȚαĲȠµȒ d (m) t (m) 

Φ33.7/3.2 0.0337 0.0032 Φ88.9/4.0 0.0889 0.004 

Φ42.4/3.2 0.0424 0.0032 Φ101.6/4.5 0.1016 0.0045 

Φ48.3/3.2 0.0483 0.0032 Φ114.3/4.5 0.1143 0.0045 

Φ60.3/3.2 0.0603 0.0032 Φ133.0/5.6 0.133 0.0056 

WWW

W/2 

G2 
G2

G2/2 

Q+G1Q+G1Q+G1 

G1, G2 ȂȩȞȚµα φȠȡĲȓα 

Q ȀȚȞȘĲȐ φȠȡĲȓα 

W ΦȠȡĲȓα ǹȞȑµȠυ 

G2

g 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.68 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

∆ȚαĲȠµȒ d (m) t (m) ∆ȚαĲȠµȒ d (m) t (m) 

Φ76.1/3.2 0.0761 0.0032 Φ159.0/5.6 0.159 0.0056 

Φ76.1/4.0 0.0761 0.004 Φ168.3/5.6 0.1683 0.0056 

ȆȓȞ. 3.21: ∆ȚαșȑıȚµİȢ įȚαĲȠµȑȢ. 

ΓȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ µİȜȫȞ ıİ țȐșİ įȚαĲȠµȒ ıȪµφȦȞα µİ ĲȠυȢ ǼυȡȦțȫįȚțİȢ [17], [18] πȡȑπİȚ 

Ȟα πȜȘȡİȓĲαȚ Ƞ țȐĲȦșȚ πİȡȚȠȡȚıµȩȢ: 

 d d d k mS R R R γ≤ =  (3.70) 

ȩπȠυ Ȗm İȓȞαȚ Ƞ İπȚµȑȡȠυȢ ıυȞĲİȜİıĲȒȢ αıφαȜİȓαȢ ĲȘȢ αȞĲȠȤȒȢ ĲȘȢ įȚαĲȠµȒȢ, Sd İȓȞαȚ Ș 

įȡȫıα įȪȞαµȘ țαȚ Rd İȓȞαȚ Ș αȞĲȠȤȒ ĲȠυ υπȩ İȟȑĲαıȘ µȑȜȠυȢ. ΓȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα 

Ȗm=1.1 [18]. ȈĲȘȞ πİȡȓπĲȦıȘ țαĲαπȩȞȘıȘȢ ıİ İφİȜțυıµȩ Ș ıȤȑıȘ (3.70) įȓįİĲαȚ ȦȢ [18]: 

 , , ,d t k t m k t yS R R Aγ σ≤ = ⋅  (3.71) 

ȈĲȘȞ πİȡȓπĲȦıȘ țαĲαπȩȞȘıȘȢ ıİ șȜȓȥȘ, ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ țαȚ ĲȠ φαȚȞȩµİȞȠ ĲȠυ 

ȜυȖȚıµȠȪ, Ș ıȤȑıȘ (3.70) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ [17], [18]: 

 { }, , , min ,d c k c m k c y A yS R R A Aγ σ χ β σ≤ = ⋅ ⋅ ⋅ ⋅  (3.72) 

ȩπȠυ ıy İȓȞαȚ Ș ĲȐıȘ įȚαȡȡȠȒȢ ĲȠυ ȤȐȜυȕα, ǹ İȓȞαȚ ĲȠ İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ, ȕǹ İȓȞαȚ Ƞ ȜȩȖȠȢ 

ĲȘȢ İȞİȡȖȠȪ πȡȠȢ ĲȘ ıυȞȠȜȚțȒ İπȚφȐȞİȚα (ȓıȠȢ µİ 1 ȖȚα įȚαĲȠµȑȢ ĲȘȢ țαĲȘȖȠȡȓαȢ 1, 2 țαȚ 3) 

țαȚ Ȥ İȓȞαȚ Ƞ µİȚȦĲȚțȩȢ ıυȞĲİȜİıĲȒȢ ĲȘȢ αȞĲȠȤȒȢ ıİ șȜȓȥȘ ȜȩȖȦ ȜυȖȚıµȠȪ. ȅ ıυȞĲİȜİıĲȒȢ 

αυĲȩȢ įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȘȢ αįȚȐıĲαĲȘȢ ȜυȖȘȡȩĲȘĲαȢ λ  țαȚ ĲȠυ ıυȞĲİȜİıĲȒ φ  [18]: 

 
2 2

1
1χ φ φ λ= ≤+ −  ( ) ( )2

10.5 1 0.2 Aaφ λ λ λ λ λ β = ⋅ + ⋅ − + = ⋅   (3.73) 

ȩπȠυ α İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ αĲİȜİȚȫȞ, Ȝ İȓȞαȚ Ș ȜυȖȘȡȩĲȘĲα ĲȠυ µȑȜȠυȢ ıĲȘ įȚİȪșυȞıȘ 

ȜυȖȚıµȠȪ. ȅȚ ĲȚµȑȢ ĲȠυ ıυȞĲİȜİıĲȒ αĲİȜİȚȫȞ α ȖȚα ĲȚȢ țαĲȘȖȠȡȓİȢ 1 ȦȢ 4 παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȠȞ ȆȓȞ. 3.22.  

ȀαĲȘȖȠȡȓα 1 2 3 4 

α 0.21 0.34 0.49 0.76 

ȆȓȞ. 3.22: ȈυȞĲİȜİıĲȒȢ αĲİȜİȚȫȞ α. 

ȅ ıυȞĲİȜİıĲȒȢ Ȝ1 İȟαȡĲȐĲαȚ απȩ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυ υȜȚțȠȪ. ȅ ıυȞĲİȜİıĲȒȢ Ȝ1 țαȚ Ș 

ȜυȖȘȡȩĲȘĲα Ȝ ĲȠυ µȑȜȠυȢ įȓįȠȞĲαȚ ȦȢ [18]: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.69 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 1

y

Eλ π σ=  x xIl
i

i A
λ −= =  (3.74) 

ȩπȠυ Ε İȓȞαȚ Ƞ įİȓțĲȘȢ İȜαıĲȚțȩĲȘĲαȢ ĲȠυ υȜȚțȠȪ țαȚ ǿx-x İȓȞαȚ Ș ȡȠπȒ αįȡαȞİȓαȢ ıĲȘ 

įȚİȪșυȞıȘ ȜυȖȚıµȠȪ. ȅȚ İȞ șİȡµȫ țȠȓȜİȢ įȚαĲȠµȑȢ țαĲαĲȐııȠȞĲαȚ ıĲȘȞ țαĲȘȖȠȡȓα 1 ȠπȩĲİ 

ȖȚα ĲȚȢ υπȩ İȟȑĲαıȘ įȚαĲȠµȒȢ Ș ĲȚµȒ ĲȠυ ȕǹ=1. 

ȅȚ įȚαĲȠµȑȢ πȠυ πȜȘȡȠȪȞ ĲȚȢ πȡȠįȚαȖȡαφȑȢ ĲȠυ ǼυȡȦțȫįȚțα 3 ȖȚα ĲȠυȢ ıυȞįυαıµȠȪȢ ĲȦȞ 

ıȤȑıİȦȞ (3.66) ȦȢ (3.69) țαȚ ȠįȘȖȠȪȞ ıĲȠ İȜȐȤȚıĲȠ ȓįȚȠ ȕȐȡȠȢ, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 

3.47. Ǿ µȑȖȚıĲȘ ĲȚµȒ ĲȠυ ȜȩȖȠυ Sd/Rd ȖȚα ĲȚȢ ȠµȐįİȢ µİȜȫȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.23. Ǿ 

ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȠυ ȚįȓȠυ ȕȐȡȠυȢ SWk (ȖȚα ĲȚȢ įȚαĲȠµȑȢ ĲȠυ ∆ȚȐȖ. 3.47) İȓȞαȚ ȓıȘ µİ 

SWk≈18.85kN. Ǿ ĲȚµȒ αυĲȒ ȠįȘȖİȓ ıİ ȜȩȖȠ µȩȞȚµȦȞ πȡȠȢ µȩȞȚµα ıυȞ țȚȞȘĲȐ ıυȞ ĲυȤȘµαĲȚțȐ 

φȠȡĲȓα (G/(G+Q+W)) πİȡȓπȠυ ȓıȠ µİ 0.42 țαȚ ȜȩȖȠ µȩȞȚµȦȞ πȡȠȢ țȚȞȘĲȐ ıυȞ ĲυȤȘµαĲȚțȐ 

φȠȡĲȓα (G/(Q+W)) ȓıȠ µİ 0.71. 

ȅµȐįα ȀȐĲȦ ΆȞȦ ȅȡșȠıĲȐĲİȢ ΧȚαıĲȓ 

Sd/Rd 0.823 0.730 0.787 0.899 

ȆȓȞ. 3.23: ȁȩȖȠȢ Sd/Rd ȕȐıİȚ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ĲȘȢ αȞȐȜυıȘȢ. 

3.14.7.3 ǹȞȐȜυıȘ ǹȟȚȠπȚıĲȓαȢ – ȅȡȚıµȩȢ ĲȦȞ Ĳ.µ ĲȠυ ȕαıȚțȠȪ 
πȡȠȕȜȒµαĲȠȢ 

ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ įȚțĲυȫµαĲȠȢ ĲȦȞ ∆ȚȐȖ. 3.47 ȦȢ ∆ȚȐȖ. 

3.49 ȠȡȓȗȠȞĲαȚ: Ș αȞĲȠȤȒ ĲȠυ µȑȜȠυȢ ıİ İφİȜțυıµȩ țαȚ șȜȓȥȘ, Ĳα įȡȫȞĲα φȠȡĲȓα țαȚ ĲȠ 

İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ ĲȦȞ ȠµȐįȦȞ ĲȦȞ µİȜȫȞ. ΓȚα ĲȘȞ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ Ĳα µȑȜȘ 

țαĲȘȖȠȡȚȠπȠȚȠȪȞĲαȚ ıİ 5 ȠµȐįİȢ µİ ĲȠ İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ țȐșİ µȑȜȠυȢ Ȟα șİȦȡİȓĲαȚ ȦȢ 

πȜȒȡȦȢ İȟαȡĲȘµȑȞȘ Ĳ.µ µİ ĲȘȞ Ĳ.µ ĲȠυ İµȕαįȠȪ ĲȘȢ įȚαĲȠµȒȢ ĲȘȢ ȠµȐįαȢ. ȅȚ ȠµȐįİȢ αυĲȑȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.47. Ǿ șİȫȡȘıȘ ĲȘȢ ıĲαĲȚıĲȚțȒȢ İȟȐȡĲȘıȘȢ ȠįȘȖİȓ ıİ 

ıυȞĲȘȡȘĲȚțȑȢ İțĲȚµȒıİȚȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ ıυµȕȐȜİȚ ıĲȘȞ 

ȐµȕȜυȞıȘ ĲȦȞ İυİȡȖİĲȚțȫȞ ıυȞİπİȚȫȞ ĲȘȢ İȞİȡȖȒȢ υπİȡıĲαĲȚțȩĲȘĲαȢ αυȟȐȞȠȞĲαȢ ĲȘ 

įİıµİυµȑȞȘ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȞȩȢ µȑȜȠυȢ ĲȘȢ ȠµȐįαȢ ȦȢ πȡȠȢ ĲȠ ȖİȖȠȞȩȢ αıĲȠȤȓαȢ İȞȩȢ 

İț ĲȦȞ µİȜȫȞ ĲȘȢ. ȉȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ Ĳα φȠȡĲȓα, ĲȚȢ įȚαĲȠµȑȢ țαȚ ĲȘȞ 

αȞĲȠȤȒ ĲȠυ υȜȚțȠȪ İȓȞαȚ ȓıȠ µİ 12. 

ȈȪµφȦȞα µİ ĲȠ πȡȠıȤȑįȚȠ ĲȠυ πȚșαȞȠĲȚțȠȪ țαȞȠȞȚıµȠȪ [28] țαȚ ĲȘȞ ȕȚȕȜȚȠȖȡαφȓα [23], [24] 

Ș µȑıȘ ĲȚµȒ, Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ țαȚ Ș țαĲαȞȠµȒ µİ ĲȘȞ ȠπȠȓα πȡȠıȠµȠȚȫȞİĲαȚ țȐșİ 

Ĳ.µ πȠȚțȓȜİȚ αȞȐȜȠȖα ĲȠυ φαȚȞȩµİȞȠυ πȠυ πȡȠıȠµȠȚȫȞİĲαȚ.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.70 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ παȡȐµİĲȡȠȚ αȞĲȠȤȒȢ ĲȦȞ υȜȚțȫȞ πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ 

țαĲαȞȠµȒȢ (ȖȚα ĲȘȞ απȠφυȖȒ απȠįȠȤȒȢ αȡȞȘĲȚțȫȞ ĲȚµȫȞ ȖȚα ĲȚȢ µİĲαȕȜȘĲȑȢ αυĲȑȢ). Ǿ µȑıȘ 

ĲȚµȒ ĲȘȢ αȞĲȠȤȒȢ ĲȦȞ υȜȚțȫȞ įȓįİĲαȚ ȦȢ [28]: 

 [ ] [ ]2kE R R s R= + ⋅  (3.75) 

ȩπȠυ s[R] İȓȞαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȘȢ αȞĲȠȤȒȢ ĲȠυ υȜȚțȠȪ (ĲȐıȘ įȚαȡȡȠȒȢ, ĲȐıȘ șȡαȪıȘȢ 

țȜπ). ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȘȢ αȞĲȠȤȒȢ țυµαȓȞİĲαȚ απȩ 7% (įȠµȚțȩȢ ȤȐȜυȕαȢ) 

ȦȢ țαȚ 20% (ΩȈ) [28]. 

ȉα ȖİȦµİĲȡȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ įȚαĲȠµȫȞ πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ 

ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ. Ǿ µȑıȘ ĲȚµȒ ȖȚα Ĳα ȖİȦµİĲȡȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ȜαµȕȐȞİĲαȚ 

ıυȞȒșȦȢ ȓıȘ µİ ĲȘ ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ Ȓ µİ İȜαφȡȐ πȡȠıαȪȟȘıȘ (πȠυ įİȞ υπİȡȕαȓȞİȚ ıİ 

țαµȓα πİȡȓπĲȦıȘ ĲȠ 3~4% [28]). ΓȚα Ĳα ȖİȦµİĲȡȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ (İµȕαįȩȞ įȚαĲȠµȫȞ, 

įȚαıĲȐıİȚȢ φİȡȩȞĲȦȞ ıĲȠȚȤİȓȦȞ țȜπ) Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ įİȞ υπİȡȕαȓȞİȚ ĲȠ 5% [28]. 

ȉα µȩȞȚµα φȠȡĲȓα (φȠȡĲȓα ȚįȓȠυ ȕȐȡȠυȢ, ȥİυįȠȡȠφȑȢ, İπİȞįȪıİȚȢ, µȠȞȫıİȚȢ, İπȚțαȜȪȥİȚȢ 

țȜπ.) παȡȠυıȚȐȗȠυȞ µȚțȡȒ įȚαıπȠȡȐ πİȡȓ ĲȘ µȑıȘ ĲȚµȒ țαȚ ȜȩȖȦ ĲȠυ αșȡȠȚıĲȚțȠȪ ȤαȡαțĲȒȡα 

ĲȠυȢ [28] πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ. ΓȚα Ĳα µȩȞȚµα φȠȡĲȓα Ș 

µȑıȘ ĲȚµȒ ȜαµȕȐȞİĲαȚ ȓıȘ µİ ĲȘ ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ țυµαȓȞİĲαȚ 

απȩ 1% (įȠµȚțȩȢ ȤȐȜυȕαȢ) ȦȢ 10% (įȠµȚțȒ ȟυȜİȓα). 

ΓȚα Ĳα țȚȞȘĲȐ φȠȡĲȓα țαȚ Ĳα ĲυȤȘµαĲȚțȐ φȠȡĲȓα (ȦφȑȜȚµα φȠȡĲȓα, αȞșȡȦπȠφȠȡĲȓα, 

ıυȖțȠȚȞȦȞȚαțȐ φȠȡĲȓα, ȐȞİµȠȢ, ıİȚıµȩȢ, ȤȚȩȞȚ țȜπ) Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ țαĲαȞȠµȒȢ ĲȘȢ Ĳ.µ 

İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ įȚȐȡțİȚαȢ ȗȦȒȢ ĲȠυ ȑȡȖȠυ (πİȡȓȠįȠȢ αȞαφȠȡȐȢ) ĲȘȢ įȚȐȡțİȚαȢ ĲȠυ 

φαȚȞȠµȑȞȠυ țαȚ ĲȠυ ĲȪπȠυ ĲȘȢ φȩȡĲȚıȘȢ. ȅȚ Ĳ.µ ĲȦȞ țȚȞȘĲȫȞ φȠȡĲȓȦȞ țαȚ ĲȦȞ ĲυȤȘµαĲȚțȫȞ 

φȠȡĲȓȦȞ ıυȞȒșȦȢ πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα țαĲαȞȠµȫȞ αțȡαȓȦȞ (µİȖȓıĲȦȞ) ĲȚµȫȞ 

(Gumbel, Weibull). H țαĲαȞȠµȒ µİȖȓıĲȦȞ ȖȚα µȚα ıĲȠȤαıĲȚțȒ αȞȑȜȚȟȘ įȓįİĲαȚ ȦȢ [11], [28]: 

 ( ) ( ) ( )max exp 1o oF x t x t xν ν+ + ≅ − ⋅ ≅ − ⋅   (3.76) 

ȩπȠυ to İȓȞαȚ Ș πİȡȓȠįȠȢ αȞαφȠȡȐȢ țαȚ Ȟ+
(x) Ș ıυȤȞȩĲȘĲα șİĲȚțȒȢ υπȑȡȕαıȘȢ (positive out 

crossing rate). ȉȠ 2Ƞ µȑȡȠȢ ĲȘȢ ıȤȑıȘȢ (3.76) ȚıȤȪİȚ ȖȚα to·Ȟ+
(x)<<1. Ǿ ıυȤȞȩĲȘĲα υπȑȡȕαıȘȢ 

ȠȡȓȗİĲαȚ ȦȢ [1], [3], [11], [28]: 

 ( ) ( ) ( ){ }Pr ; ;x F X t x F X t dt x dtν + = ≤ ∧ + >  (3.77) 

ȩπȠυ F(X;t) İȓȞαȚ Ș țαĲαȞȠµȒ ĲȘȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ ĲȘȢ υπȩ İȟȑĲαıȘ φȩȡĲȚıȘȢ. Ǿ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.71 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıυȤȞȩĲȘĲα υπȑȡȕαıȘȢ υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ ıυȞȐȡĲȘıȘȢ ĲȠυ Rice ȦȢ [11]: 

 ( ) ( )
0

,
XX

x x f x x dxν ∞+ = ⋅∫ �� � �  (3.78) 

ȩπȠυ ( ),
XX

f x x� �  İȓȞαȚ Ș țȠȚȞȒ ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ F(X;t) țαȚ ĲȘȢ 

ȤȡȠȞȚțȒȢ παȡαȖȫȖȠυ ( );F X t�  ĲȘȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ. ȈĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ ȠȚ ĲȚµȑȢ ĲȦȞ 

φȠȡĲȓȦȞ ıİ įȚαįȠȤȚțȐ ȤȡȠȞȚțȐ įȚαıĲȒµαĲα İȓȞαȚ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ µİĲαȟȪ ĲȠυȢ 

(πȡȠıȠµȠȓȦµα Ferry-Borges Castanheta [19]) Ș ıυȤȞȩĲȘĲα υπȑȡȕαıȘȢ įȓįİĲαȚ ȦȢ [28]: 

 ( ) ( )( )1 Xx F x dtν + = −  (3.79) 

ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.79) Ș ıυȤȞȩĲȘĲα υπȑȡȕαıȘȢ İȓȞαȚ αȞİȟȐȡĲȘĲȘ ĲȘȢ παȡȠȪıαȢ 

țαĲȐıĲαıȘȢ ĲȠυ ıυıĲȒµαĲȠȢ țαȚ ĲȠυ ȤȡȩȞȠυ İπαȞαφȠȡȐȢ. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

țαĲαȞȠµȒȢ ĲȦȞ µİȖȓıĲȦȞ µȓαȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ πȡȑπİȚ Ȟα İȓȞαȚ ȖȞȦıĲȐ: 

• Ș įȚȐȡțİȚα ĲȠυ φαȚȞȠµȑȞȠυ (ȚįȚαȓĲİȡα ıȘµαȞĲȚțȒ ıİ țυțȜȠıĲȐıȚµİȢ ıĲȠȤαıĲȚțȑȢ 

αȞİȜȓȟİȚȢ), 

• Ș įȚȐȡțİȚα ȗȦȒȢ ĲȠυ ȑȡȖȠυ, 

• Ș țȠȚȞȒ ıυȞȐȡĲȘıȘ πυțȞȩĲȘĲαȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ ıĲȠȤαıĲȚțȒȢ αȞȑȜȚȟȘȢ ( ),
XX

f x x� �  Ȓ Ș 

ȖȞȫıȘ İπαȡțȠȪȢ αȡȚșµȠȪ ȡȠπȫȞ ĲȠυ υπȩ İȟȑĲαıȘ φαȚȞȠµȑȞȠυ. 

3.14.7.4 ǹȞȐȜυıȘ ǹȟȚȠπȚıĲȓαȢ – ȉȚµȑȢ ĲȦȞ Ĳ.µ - ȆαȡαįȠȤȑȢ 

ΓȚα ĲȠ πȡȩȕȜȘµα ĲȦȞ ∆ȚȐȖ. 3.47 ȦȢ ∆ȚȐȖ. 3.49 Ș ĲȐıȘ įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ țαȚ șȜȓȥȘ 

πȡȠıȠµȠȚȫȞİĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ. Ǿ µȑıȘ ĲȚµȒ įȓįİĲαȚ ȦȢ [28]: 

 , 2y y k yE sσ σ σ   = + ⋅     (3.80) 

ȩπȠυ ıy,k İȓȞαȚ Ș ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ αȞĲȠȤȒȢ țαȚ s[ıy] İȓȞαȚ Ș ĲυπȚțȒ απȩțȜȚıȘ ĲȘȢ ĲȐıȘȢ 

įȚαȡȡȠȒȢ ıİ șȜȓȥȘ țαȚ İφİȜțυıµȩ αȞĲȓıĲȠȚȤα. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ıȪµφȦȞα µİ ĲȘ 

ȕȚȕȜȚȠȖȡαφȓα ȜαµȕȐȞİĲαȚ ȓıȠȢ µİ 7% ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ İφİȜțυıµȠȪ țαȚ 8% ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ șȜȓȥȘȢ αȞĲȓıĲȠȚȤα [28]. ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.80) țαȚ ĲȘȞ ĲȚµȒ ĲȦȞ 

įİȚțĲȫȞ µİĲαȕȜȘĲȩĲȘĲαȢ Ș µȑıȘ ĲȚµȒ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ıİ șȜȓȥȘ Ȓ İφİȜțυıµȩ ȜαµȕȐȞİĲαȚ 

ȓıȘ µİ 27.5 kN/cm
2
 ȖȚα ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ıy,k=23.5kN/cm

2
. Ǿ ĲȚµȒ 

αυĲȒ įȚαφȑȡİȚ İȜαφȡȐ ıİ ıȤȑıȘ µİ ĲȘȞ ĲȚµȒ πȠυ πȡȠĲİȓȞİĲαȚ απȩ ĲȠυȢ Gulvanessian, țαȚ 

Holicky [23], ȖȚα ĲȘȞ αȞĲȠȤȒ (Ǽ[ıy]=28.0kN/cm
2
) ȖȚα ȤȐȜυȕα S235. H ıy,k ĲȠυ țαȞȠȞȚıµȠȪ, 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.72 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αȞĲȚıĲȠȚȤİȓ ıİ ĲȚµȒ µİ πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ ȓıȘ µİ 98.4% [23]. Ǿ πȚșαȞȩĲȘĲα υπİȡȕȐıȘȢ 

İȓȞαȚ İȜαφȡȐ µİȖαȜȪĲİȡȘ ĲȘȢ απȠįİțĲȒȢ ıȪµφȦȞα µİ ĲȠυȢ ǼυȡȦțȫįȚțİȢ πȚșαȞȩĲȘĲαȢ 

υπȑȡȕαıȘȢ 95% [17] ĲȘȢ αȞĲȠȤȒȢ ĲȠυ υȜȚțȠȪ. 

ΓȚα ĲȠ İµȕαįȩȞ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ ȠµȐįȦȞ Ș µȑıȘ ĲȚµȒ ȜαµȕȐȞİĲαȚ ȓıȘ µİ Ǽ[ǹ]=1.01ǹ µİ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 4% [28]. ȉȠ İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ πȡȠıȠµȠȚȫȞİĲαȚ µİ ĲȘ 

ȕȠȒșİȚα ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ. 

H µȑıȘ ĲȚµȒ ĲȦȞ µȩȞȚµȦȞ φȠȡĲȓȦȞ ȜαµȕȐȞİĲαȚ ȓıȘ µİ ĲȘ ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȠυȢ [11], 

[23]. Ǿ įȚαıπȠȡȐ ĲȠυ ȚįȓȠυ ȕȐȡȠυȢ ȜαµȕȐȞİĲαȚ ȓıȘ µİ 1% [24] İȞȫ Ș įȚαıπȠȡȐ ĲȦȞ µȩȞȚµȦȞ 

φȠȡĲȓȦȞ G1 țαȚ G2 ȜαµȕȐȞİĲαȚ ȓıȘ µİ 10% [23], [24], [28]. ȉα ıȪȞȠȜȠ ĲȦȞ µȩȞȚµȦȞ φȠȡĲȓȦȞ 

πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ. OȚ Ĳ.µ SW, G1 țαȚ G2 șİȦȡȠȪȞĲαȚ 

ȦȢ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ Ĳ.µ. 

Ǿ µȑıȘ ĲȚµȒ ȖȚα Ĳα țȚȞȘĲȐ φȠȡĲȓα ȜαµȕȐȞİĲαȚ ȓıȘ µİ ĲȠ 60% ĲȘȢ ȤαȡαțĲȘȡȚıĲȚțȒȢ ĲȚµȒȢ 

(πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ 50 ȑĲȘ) țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ ȓıȠȢ µİ 35% [23]. Ǿ 

ȤαȡαțĲȘȡȚıĲȚțȒ ĲȚµȒ ĲȠυ țȚȞȘĲȠȪ φȠȡĲȓȠυ αȞĲȚıĲȠȚȤİȓ, ıȪµφȦȞα µİ ĲȠυȢ Gulvanessian, țαȚ 

Holicky [23], ıİ πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ ȓıȘ µİ 4.6%. 

ǹȞĲȓıĲȠȚȤα, ȖȚα Ĳα φȠȡĲȓα αȞȑµȠυ Ș µȑıȘ ĲȚµȒ ȜαµȕȐȞİĲαȚ ȓıȘ µİ ĲȠ 70% ĲȘȢ 

ȤαȡαțĲȘȡȚıĲȚțȒȢ ĲȚµȒȢ (πİȡȓȠįȠȢ İπαȞαφȠȡȐȢ 50 ȑĲȘ) țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ 

ȓıȠȢ µİ 25% [23]. Ǿ πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ, ıȪµφȦȞα µİ ĲȠυȢ Gulvanessian, țαȚ Holicky 

[23], İȓȞαȚ ȓıȘ µİ 6%. ȉȩıȠ Ĳα țȚȞȘĲȐ φȠȡĲȓα ȩıȠ țαȚ Ĳα φȠȡĲȓα αȞȑµȠυ, πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ 

ĲȘȞ țαĲαȞȠµȒ Gumbel.  

Ǿ φȑȡȠυıα ȚțαȞȩĲȘĲα ĲȠυ φȠȡȑα υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα πȜαıĲȚțȒȢ αȞȐȜυıȘȢ µİ ĲȘ 

ȤȡȒıȘ ĲȘȢ µİșȩįȠυ ĲȘȢ țαĲȐ ıĲȐįȚα αȪȟȘıȘȢ ĲȠυ φȠȡĲȓȠυ (Load Incremental Method) [9]. ȅȚ 

İȟȚıȫıİȚȢ ȚıȠȡȡȠπȓαȢ αȞαφȑȡȠȞĲαȚ ıĲȠȞ απαȡαµȩȡφȦĲȠ φȠȡȑα. Ǿ αıĲȠȤȓα ĲȠυ µȑȜȠυȢ 

ȠȡȓȗİĲαȚ ȦȢ Ș υπȑȡȕαıȘ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ µȑȜȠȢ. ȉȠ įȚȐȖȡαµµα ĲȐıİȦȞ 

παȡαµȠȡφȫıİȦȞ șİȦȡİȓĲαȚ ȦȢ İȜαıĲȚțȩ-πȜȒȡȦȢ πȜαıĲȚțȩ. ȉȑȜȠȢ ĲȠ µȘĲȡȫȠ ıĲȚȕαȡȩĲȘĲαȢ 

ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ țαȚ ĲȠ įȚȐȞυıµα ĲȦȞ φȠȡĲȓȦȞ αȞαȞİȫȞȠȞĲαȚ πȜȒȡȦȢ ıİ țȐșİ ȕȒµα. Ǿ 

µȑıȘ ĲȚµȒ, Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ țαȚ Ș țαĲαȞȠµȒ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıυȞȠπĲȚțȐ ıĲȠȞ ȆȓȞ. 3.24.  

ȀαĲȐ ĲȘȞ αȞȐȜυıȘ įİȞ İȜȒφșȘıαȞ υπȩȥȘ ȠȚ ıυȞȑπİȚİȢ ĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ 

ȦȢ πȡȠȢ Ĳα φȠȡĲȓα țαȚ ĲȦȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȞĲȠȤȒȢ ĲȦȞ įȚαĲȠµȫȞ. ǼπȚȖȡαµµαĲȚțȐ Ș µȑıȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.73 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȚµȒ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ ĲȘȢ αȞĲȠȤȒȢ țυµαȓȞİĲαȚ απȩ 1.00 µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 

10% ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ įȠµȚțȠȪ ȤȐȜυȕα ıİ İφİȜțυıµȩ ȦȢ țαȚ 1.20 µİ αȞĲȓıĲȠȚȤȠ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα įȠµȚțȩ ȤȐȜυȕα ıİ șȜȓȥȘ [23]. Ǿ αȞĲȠȤȒ πȡȠıȠµȠȚȫȞİĲαȚ ıυȞȒșȦȢ µİ ĲȘ 

ȕȠȒșİȚα ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ [23]. Ǿ αȟȚȠπȚıĲȓα ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ ĲȦȞ φȠȡĲȓȦȞ 

İȟαȡĲȐĲαȚ απȩ ĲȠȞ ĲȪπȠ ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ (ȖȡαµµȚțȐ ıĲȠȚȤİȓα, İπȚφαȞİȚαțȐ ıĲȠȚȤİȓα, 

ȤȦȡȚțȐ ıĲȠȚȤİȓα) µİ ĲȘ µȑıȘ ĲȚµȒ Ȟα țυµαȓȞİĲαȚ απȩ 1.00 (ȡȠπȑȢ ĲȑµȞȠυıİȢ ıİ πȜαȓıȚα απȩ 

ȤȐȜυȕα) ȦȢ 1.40 (αȞĲȠȤȒ ıİ ȜυȖȚıµȩ ıĲȠȚȤİȓȦȞ απȩ ΩȈ) µİ ĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ Ȟα 

țυµαȓȞİĲαȚ απȩ 5% (αȟȠȞȚțȑȢ įυȞȐµİȚȢ ıİ µİĲαȜȜȚțȐ πȜαȓıȚα) ȦȢ 25% (αȞĲȠȤȒ ıİ ȜυȖȚıµȩ 

ıĲȠȚȤİȓȦȞ απȩ ΩȈ) [28]. Ǿ αȟȚȠπȚıĲȓα ĲȠυ πȡȠıȠµȠȚȫµαĲȠȢ ĲȦȞ φȠȡĲȓȦȞ πȡȠıȠµȠȚȫȞİĲαȚ µİ 

ĲȘ ȕȠȒșİȚα ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ [28] µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ ĲȠυ υπȠȜȠȖȚıµȠȪ 

ĲȦȞ ĲȐıİȦȞ ıİ İπȚφαȞİȚαțȐ țαȚ ȤȦȡȚțȐ ıĲȠȚȤİȓα ȩπȠυ πȡȠıȠµȠȚȫȞİĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ 

țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ [28]. 

ȉυȤαȓα 

µİĲαȕȜȘĲȒ 
E[] (f[Xk]) Ε[] (ĲȚµȒ) 

∆İȓțĲȘȢ 
ȂİĲαȕȜȘĲȩĲȘĲαȢ ȀαĲαȞȠµȒ 

SW SWk 18.85kN 0.01 Normal 

G1~ G2 G1,k~ G2,k 2.0kN 0.10 Normal 

Q 0.6Qk 9.6kN 0.35 Gumbel 

W 0.7Wk 11.2kN 0.25 Gumbel 

ıy (İφİȜțυıµȩȢ) ıy,k+2s[ıy] 27.5kN/cm
2
 0.07 Lognormal 

ıy (șȜȓȥȘ) ıy,k+2s[ıy] 27.5kN/cm
2
 0.08 Lognormal 

ǹ 1.01ǹk ǹȞαȜȩȖȦȢ 0.04 Lognormal 

ȆȓȞ. 3.24: ȂȑıȘ ĲȚµȒ, įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ țαȚ țαĲαȞȠµȑȢ ȖȚα ĲȚȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ. 

3.14.7.5 ǹπȠĲİȜȑıµαĲα 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ țαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ 

ĲȘȢ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.25. ȉα απȠĲİȜȑıµαĲα πȡȠȑȡȤȠȞĲαȚ απȩ ĲȘȞ αȞȐȜυıȘ µİ ĲȘ 

µȑșȠįȠ MC. ΓȚα Ĳα µȑȜȘ 26 țαȚ 31 Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ İȓȞαȚ țαĲȐ 11% πİȡȓπȠυ αυȟȘµȑȞȠȢ 

απȩ ĲȘȞ ĲȚµȒ ıĲȩȤȠ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țȐșİ µȑȜȠυȢ ıȪµφȦȞα µİ ĲȠȞ ǼυȡȦțȫįȚțİȢ 

(ȕ=3.5) [4], [21] ȖȚα țαȞȠȞȚțȑȢ țαĲαıțİυȑȢ.  

ȂȑȜȠȢ 13 14 15 16 17 18 19 20 26 31 Str 

ȕMC 4.750 4.750 4.528 4.540 4.543 4.764 4.523 4.392 3.871 3.859 4.343 

Pf,s (x10
-6

) 1.02 1.02 2.99 2.81 2.77 0.948 3.06 5.62 54.3 56.9 7.02 

ȆȓȞ. 3.25: ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ ĲȘȢ. 

ǹυĲȩ απȠįȓįİĲαȚ ıĲȠ πİȡȚșȫȡȚȠ αıφαȜİȓαȢ (1-Sd/Rd) ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ ȜȩȖȦ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.74 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İπȚȜȠȖȒȢ ĲȦȞ įȚαĲȠµȫȞ ĲȠυ ∆ȚȐȖ. 3.47 πȠυ țυµαȓȞİĲαȚ ȖȚα Ĳα țȡȓıȚµα µȑȜȘ țȐșİ ȠµȐįαȢ απȩ 

10% ȦȢ 27%. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ İȓȞαȚ ȓıȠȢ µİ 4.343 πȠυ αȞĲȚıĲȠȚȤİȓ ıİ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȓıȘ µİ 7x10
-6

. Ȉİ ıȪȖțȡȚıȘ µİ ĲȠȞ απȠįİțĲȩ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țαĲȐ 

ISO [27] (ȖȚα ıυȞȒșİȚȢ țαĲαıțİυȑȢ Ș ĲȚµȒ αυĲȒ İȓȞαȚ ȓıȘ µİ 3.9) Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ παȡȠυıȚȐȗİĲαȚ αυȟȘµȑȞȠȢ țαĲȐ 11.35%. ȅ ȜȩȖȠȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ πȡȠȢ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȦȞ µİȜȫȞ 26 țαȚ 31 İȓȞαȚ ȓıȠȢ µİ 1.121 țαȚ 1.125 

αȞĲȓıĲȠȚȤα. 

ȈυȞȠȜȚțȐ İȟİĲȐȗȠȞĲαȚ 24 ıυȞįυαıµȠȓ ĲȘȢ παȡαµȑĲȡȠυ fvol țαȚ ĲȠυ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ 

αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ (L[IFM]) ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ȅȚ ȜȠȚπȑȢ παȡȐµİĲȡȠȚ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ: max{nf,j}=7, max{nj}=2000, fRV=0.05, fcut-off=0.10, fs,c=0.10 țαȚ 

fs,cp=0.90. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 2
Ș
 

παȡαȜȜαȖȒ. ȉȠ πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 40 ȖȚα L[IFM]=2 

ȦȢ 4 țαȚ ȓıȠ µİ ĲȠ πȜȒșȠȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ ȖȚα L[IFM]=1. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ ȖȚα ĲȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 4.340 ȦȢ 4.432 ıȪµφȦȞα µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ 

ȆȓȞ. 3.26. Ǿ µȚțȡȩĲİȡȘ απȩțȜȚıȘ µİĲαȟȪ ĲȦȞ İțĲȚµȒıİȦȞ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

µİșȩįȠυ MC țαȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ παȡαĲȘȡİȓĲαȚ ȖȚα L[IFM]=1 țαȚ fvol=1.075. 

fvol 1.025 1.050 1.075 1.100 1.150 1.200 

L[IFM]=1 4.383 4.393 4.340 4.394 4.377 4.390 

L[IFM]=2 4.439 4.426 4.432 4.423 4.418 4.422 

L[IFM]=3 4.431 4.432 4.426 4.430 4.415 4.419 

L[IFM]=4 4.431 4.432 4.426 4.430 4.415 4.419 

ȆȓȞ. 3.26: ∆İȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ µİ ȕȐıȘ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. 

ȈĲȠ ∆ȚȐȖ. 3.50, παȡȠυıȚȐȗİĲαȚ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ ȖȚα Ĳα țȡȓıȚµα µȑȜȘ țαȚ ĲȘȞ țαĲαıțİυȒ 

ȖȚα ĲȘ µȑșȠįȠ MC țαȚ 3 απȩ ĲȚȢ 24 πİȡȚπĲȫıİȚȢ πȠυ İȟİĲȐȗȠȞĲαȚ ȦȢ πȡȠȢ ĲȚȢ παȡαµȑĲȡȠυȢ 

ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=1. ȅ 

ȜȩȖȠȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ țαȚ ĲȘȢ țαĲαıțİυȒȢ παȡȠυıȚȐȗİĲαȚ 

µİȚȦµȑȞȠȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαșȫȢ țυµαȓȞİĲαȚ απȩ 1.104 ȦȢ ĲȠ 

1.111 (L[IFM]=1 țαȚ fvol=1.075 țαȚ fvol=1.150 αȞĲȓıĲȠȚȤα). 

ȉȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ αȞȐȜυıȘ țυµαȓȞİĲαȚ απȩ 0.5% ȦȢ 0.8% 

ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ĲȘȢ µİșȩįȠυ MC. O ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

ȤȡȩȞȠυ İȓȞαȚ αȞĲȓıĲȠȚȤȠȢ ĲȠυ ȜȩȖȠυ ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ȖȚα ĲȠ υπȩ 

İȟȑĲαıȘ πȡȩȕȜȘµα. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ ĲȠ İπȚπȜȑȠȞ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ȖȚα ĲȘȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.75 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαĲȐĲµȘıȘ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ĲȠυ υπȠȜȠȖȚıµȠȪ ĲȠυ πȜȒșȠυȢ ĲȦȞ țȡȓıȚµȦȞ Ĳ.µ țαȚ ĲȦȞ 

υπİȡțȪȕȦȞ ȖȚα įİȚȖµαĲȠȜȘȥȓα İȓȞαȚ πȠȜȪ µȚțȡȩ ıİ ıȤȑıȘ µİ ĲȠ ȤȡȩȞȠ πȠυ απαȚĲİȓĲαȚ ȖȚα 

įİȚȖµαĲȠȜȘȥȓα. ȅ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ µİ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 270 ȦȢ 

400 sec ȩĲαȞ ȖȚα ĲȘ µȑșȠįȠ MC απαȚĲȠȪȞĲαȚ 57000 sec. 

Evolution of ȕstr and ȕel

3.8

4.1

4.4

4.7

5.0

Pf #13 Pf #14 Pf #15 Pf #16 Pf #17 Pf #18 Pf #19 Pf #20 Pf #26 Pf #31 Pf,s

Elements and Structure

ȕ

MC fvol = 1.15, L[IFM]=3

fvol = 1.15, L[IFM]=1 fvol = 1.075, L[IFM]=1

 

∆ȚȐȖ. 3.50: ȕel țαȚ ȕstr ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ ĲȘ µȑșȠįȠ MC. 

ȅȚ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 3.51 țαȚ ∆ȚȐȖ. 3.52. ȉȠ µȒțȠȢ 

ĲȦȞ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țυµαȓȞİĲαȚ απȩ 2 ȦȢ 7. ȉȠ įȚțĲȪȦµα αıĲȠȤİȓ ȦȢ İπȓ ĲȠ 

πȜİȓıĲȠȞ ȜȩȖȦ șȜȓȥȘȢ µİ İȟαȓȡİıȘ ĲȘȞ πȜȒȡȘ αȜȜȘȜȠυȤȓα L2T3C28. Ǿ țυȡȓαȡȤȘ αȜȜȘȜȠυȤȓα 

αıĲȠȤȓαȢ L3C20C26C31 παȡȠυıȚȐȗİȚ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ ȓıȠ µİ 80.0%. Ǿ αıĲȠȤȓα ıĲȘȞ 

πİȡȓπĲȦıȘ αυĲȒ ȠφİȓȜİĲαȚ ıĲȘȞ απȫȜİȚα ĲȘȢ İυıĲȐșİȚαȢ ĲȠυ įȚțĲυȫµαĲȠȢ ȜȩȖȦ αıĲȠȤȓαȢ ĲȦȞ 

µİȜȫȞ 20 țαȚ 26. Ǿ αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ L7C13C14C15C16C17C18C19 παȡȠυıȚȐȗİȚ 

πȠıȠıĲȩ ıυµµİĲȠȤȒȢ ȓıȠ µİ 13.5%. ΓȚα ĲȚȢ υπȩȜȠȚπİȢ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȠ 

πȠıȠıĲȩ ıυµµİĲȠȤȒȢ įİȞ υπİȡȕαȓȞİȚ ĲȠ 5% ıİ țαµȓα πİȡȓπĲȦıȘ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.76 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Id L3C20C26C31

# Fails 160

Length 3

Participation 0.8

Id L7C13C14C15C16C17C18C19

# Fails 27

Length 7

Participation 0.135

Id L3C15C19C31

# Fails 7

Length 3

Participation 0.035

Id L4C7C13C14C19

# Fails 2

Length 4

Participation 0.01
 

∆ȚȐȖ. 3.51: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ (1-4). 

Id L5C4C10C16C26C31

# Fails 1

Length 5

Participation 0.005

Id L2T3C28

# Fails 1

Length 2

Participation 0.005

Id L6C10C16C17C26C30C31

# Fails 1

Length 6

Participation 0.005

Id L5C15C16C17C19C31

# Fails 1

Length 5

Participation 0.005
 

∆ȚȐȖ. 3.52: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ (5-8). 

ȈĲȠȞ ȆȓȞ. 3.27, παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ αȞĲȚπαȡαĲȓșİȞĲαȚ µİ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC. ȉȠ 

ȐșȡȠȚıµα ĲȦȞ 4 țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țυµαȓȞİĲαȚ απȩ 96.41% ȦȢ 99.44% ȖȚα ĲȚȢ 

υπȩ İȟȑĲαıȘ πİȡȚπĲȫıİȚȢ ȩĲαȞ ȖȚα ĲȘ µȑșȠįȠ MC ĲȠ ȐșȡȠȚıµα αυĲȩ İȓȞαȚ ȓıȠ µİ 98.00%. 

ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȦȢ πȡȠȢ ĲȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.77 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȐșȡȠȚıµα ĲȦȞ απȩȜυĲȦȞ țαȚ ıȤİĲȚțȫȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ ĲȦȞ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ παȡαĲȘȡȠȪȞĲαȚ ȖȚα fvol=1.075 țαȚ L[IFM]=1. 

L[IFM]=1 L[IFM]=3 L[IFM]=1 
ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC 

fvol=1.15 fvol=1.075 

L3C20C26C31 80.00% 73.95% 90.12% 86.35% 

L7C13C14C15C16C17C18C19 13.50% 20.26% 6.82% 10.52% 

L3C15C19C31 3.50% 0.75% 1.96% 2.58% 

L4C7C13C14C19 1.00% 0.75% 0.00% 0.00% 

L5C4C10C16C26C31 0.50% 0.00% 0.00% 0.00% 

L2T3C28 0.50% 3.59% 0.00% 0.00% 

L6C10C16C17C26C30C31 0.50% 0.00% 1.10% 0.00% 

L5C15C16C17C19C31 0.50% 0.70% 0.00% 0.56% 

ȈȪȞȠȜȠ (4 țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ) 98.00% 96.41% 98.90% 99.44% 

Abs - 20.10% 21.439% 12.81% 

∆ - 1.00% 1.52% 0.52% 

ȆȓȞ. 3.27: ȆȠıȠıĲȐ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ - ıȤİĲȚțȩ țαȚ απȩȜυĲȠ ȜȐșȠȢ ĲȘȢ µİșȩįȠυ. 

3.14.8 ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ 

3.14.8.1 ȅȡȚıµȩȢ ȆȡȠȕȜȒµαĲȠȢ 

ȈĲȠ ∆ȚȐȖ. 3.53, παȡȠυıȚȐȗİĲαȚ ȤȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ. ȅ φȠȡȑαȢ İȓȞαȚ 12 φȠȡȑȢ 

υπİȡıĲαĲȚțȩȢ. ȉα ȖİȦµİĲȡȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ 

∆ȚȐȖ. 3.53 [11]. ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ Ș ĲȐıȘ įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ țαȚ șȜȓȥȘ, 

Ĳα φȠȡĲȓα πȠυ įȡȠυȞ ıĲȠ φȠȡȑα țαȚ ĲȠ İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ ĲȦȞ 6 ȠµȐįȦȞ ĲȠυ φȠȡȑα. Ǿ 

αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.28. 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

1 1 2 2 2 6 3 1 5 4 1 4 

5 2 3 6 2 4 7 2 5 8 1 3 

9 1 6 10 4 5 11 5 6 12 3 6 

13 3 4 14 5 10 15 6 9 16 6 7 

17 3 10 18 3 8 19 4 7 20 5 8 

21 4 9 22 5 9 23 6 10 24 3 7 

25 4 8 † ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

ȆȓȞ. 3.28: ǹȡȓșµȘıȘ µİȜȫȞ ȤȦȡȠįȚțĲυȫµαĲȠȢ 25 µİȜȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.78 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.53: ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ (φȠȡĲȓα – țȩµȕȠȚ – ȠµȐįİȢ įȚαĲȠµȫȞ – įȚαıĲȐıİȚȢ). 

3.14.8.2 ȅȡȚıµȩȢ υπȠπȡȠȕȜȘµȐĲȦȞ – ȆαȡαµİĲȡȚțȑȢ ΜİȜȑĲİȢ 

ǼȟİĲȐȗȠȞĲαȚ 8 įȚαφȠȡİĲȚțȑȢ πİȡȚπĲȫıİȚȢ ȖȚα ĲȚȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȅȚ πİȡȚπĲȫıİȚȢ αυĲȑȢ 

țαșȫȢ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.29. Ǿ ĲȐıȘ 

įȚαȡȡȠȒȢ ıİ İφİȜțυıµȩ αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ E[ıt]=27.5kN/cm
2
 İȞȫ ȖȚα ĲȘȞ 

ĲȐıȘ įȚαȡȡȠȒȢ ıİ șȜȓȥȘ Ș µȑıȘ ĲȚµȒ įȓįİĲαȚ ȦȢ E[ıc]=24.0kN/cm
2
. ȅ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ ȓıȠȢ µİ 7% ȖȚα ĲȚȢ πȡȠαȞαφİȡșİȓıİȢ Ĳ.µ. ȉȠ İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ 

țȐșİ ȠµȐįαȢ αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10%. ȉα 

φȠȡĲȓα P1 țαȚ P2 αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ µİ E[Pi]=20kN țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ 

ȓıȠ µİ 30%. ȉȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ ȖȚα ĲȠ πȡȩȕȜȘµα İȓȞαȚ ȓıȠ µİ 10. 

ȆȡȩȕȜȘµα Pf,s (MC) İ (MC) ∆İȓȖ. (MC) A1 (cm
2
) A2 ~ A6 (cm

2
) t/D 

001 3.96x10
-2

 1.58x10
-3

 15171 7.06 5.64 6.6%

002 1.28x10
-2

 4.52x10
-4

 46802 7.06 6.00 6.6%

003 3.54x10
-3

 1.23x10
-4

 169635 7.06 6.35 6.6%

004 8.71x10
-4

 3.07x10
-5

 689259 7.06 6.70 6.6%

005 1.90x10
-4

 6.82x10
-6

 3157895 7.06 7.06 6.6%

006 4.02x10
-5

 1.45x10
-6

 14932802 7.06 7.41 6.6%

007 8.11x10
-6

 3.31x10
-7

 73953552 7.06 7.76 6.6%

008 1.59x10
-6

 6.51x10
-8

 376418868 7.06 8.11 6.6%

ȆȓȞ. 3.29: Pf,s(MC), ȜȐșȠȢ İțĲȓµȘıȘȢ țαȚ µȑıİȢ ĲȚµȑȢ įȚαĲȠµȫȞ - ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ. 

ȆȡαȖµαĲȠπȠȚȒșȘțαȞ 9 παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ ȦȢ πȡȠȢ ĲȘȞ παȡαȜȜαȖȒ ĲȘȢ ıȤȑıȘȢ (3.35), ĲȘȞ 

A1. 

A2. 

A3. 

A4.

A5.

A6.

P1 

P1 

P1 
P1 

P2 P2 

2.54m

2.54m

5.08m

2.54m 

12 

6 3 

4 5 

7 

8 9 

10 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.79 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡȐµİĲȡȠ L[IFM], ĲȘȞ παȡȐµİĲȡȠ max{nf,j} țαȚ ĲȘȞ παȡαȜȜαȖȒ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ. ȉα ıĲȠȚȤİȓα ĲȦȞ µİȜİĲȫȞ αυĲȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.30. 

ȉȠ πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 40. ȅȚ ȜȠȚπȑȢ παȡȐµİĲȡȠȚ ĲȘȢ 

µİșȩįȠυ İȓȞαȚ: fvol=1.00, fRV=0.10, fcut-off=0.10, fs,c=0.10, fs,cp=0.70 țαȚ max{nj}=600. 

ȂİȜȑĲȘ (3.35) max{nf,j} L[IFM] ȂİȜȑĲȘ (3.35) max{nf,j} L[IFM] 

A 1
Ș
 Ȇαȡ. 7 4 F 2

Ș
 Ȇαȡ. 10 4 

B 1
Ș
 Ȇαȡ. 10 4 G 2

Ș
 Ȇαȡ. 20 4 

C 1
Ș
 Ȇαȡ. 20 4 H 2

Ș
 Ȇαȡ. 7 3 

D 1
Ș
 Ȇαȡ. 30 4 I 2

Ș
 Ȇαȡ. 7 2 

E 2
Ș
 Ȇαȡ. 7 4     

ȆȓȞ. 3.30: ȉȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ - ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ. 

Ǿ φȑȡȠυıα ȚțαȞȩĲȘĲα ĲȠυ φȠȡȑα υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα πȜαıĲȚțȒȢ αȞȐȜυıȘȢ µİ ĲȘ 

ȤȡȒıȘ ĲȘȢ µİșȩįȠυ ĲȘȢ țαĲȐ ıĲȐįȚα αȪȟȘıȘȢ ĲȠυ φȠȡĲȓȠυ Load Incremental Method) [9]. ȅȚ 

İȟȚıȫıİȚȢ ȚıȠȡȡȠπȓαȢ αȞαφȑȡȠȞĲαȚ ıĲȠȞ απαȡαµȩȡφȦĲȠ φȠȡȑα. Ǿ αıĲȠȤȓα ĲȠυ µȑȜȠυȢ 

ȠȡȓȗİĲαȚ ȦȢ Ș υπȑȡȕαıȘ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ µȑȜȠȢ. ȉȠ įȚȐȖȡαµµα ĲȐıİȦȞ 

παȡαµȠȡφȫıİȦȞ șİȦȡİȓĲαȚ ȦȢ İȜαıĲȚțȩ-πȜȒȡȦȢ πȜαıĲȚțȩ. ȉȑȜȠȢ ĲȠ µȘĲȡȫȠ ıĲȚȕαȡȩĲȘĲαȢ 

ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ țαȚ ĲȠ įȚȐȞυıµα ĲȦȞ φȠȡĲȓȦȞ αȞαȞİȫȞȠȞĲαȚ πȜȒȡȦȢ ıİ țȐșİ ȕȒµα. 

3.14.8.3 ǹπȠĲİȜȑıµαĲα 

ȈĲα ∆ȚȐȖ. 3.54 ȦȢ ∆ȚȐȖ. 3.59, παȡȠυıȚȐȗȠȞĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ȖȚα ĲȚȢ µİȜȑĲİȢ ĲȠυ ȆȓȞ. 3.30. Ǿ αȪȟȘıȘ ĲȠυ max{nf,j} 

įİȞ İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ ĲȘȞ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ, πȠυ İȓȞαȚ πȠȜȪ țαȜȒ ıİ țȐșİ πİȡȓπĲȦıȘ.  

ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ıİ ıȤȑıȘ µİ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȘ µİȜȑĲȘ C. ǹȞĲȓıĲȠȚȤα țαȜȐ απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ 

țαȚ ȖȚα ĲȚȢ µİȜȑĲİȢ D țαȚ B αȞĲȓıĲȠȚȤα. Ǿ αȪȟȘıȘ ĲȠυ max{nf,j} ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ ĲαυĲȩȤȡȠȞȘ µİȓȦıȘ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ. Ǿ αțȡȓȕİȚα ĲȘȢ 

µİșȩįȠυ įİȞ İπȘȡİȐȗİĲαȚ ıȘµαȞĲȚțȐ απȩ ĲȠȞ ĲȪπȠ ĲȘȢ παȡαȜȜαȖȒȢ ĲȘȢ ıȤȑıȘȢ (3.35) πȠυ 

ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ υπİȡțȪȕȠυ. TȠ µȒțȠȢ ĲȦȞ µȘ 

πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ įİȞ İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ ĲȘȞ αțȡȓȕİȚα ĲȦȞ απȠĲİȜİıµȐĲȦȞ 

µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ 001. ȈĲȘȞ πİȡȓπĲȦıȘ 001, ȖȚα L[IFM]=2 παȡαĲȘȡİȓĲαȚ µİȓȦıȘ 

ĲȠυ πȜȒșȠȢ ĲȦȞ țȡȓıȚµȦȞ Ĳ.µ µİ απȠĲȑȜİıµα ĲȘ įȚαφȠȡȠπȠȓȘıȘ ĲȘȢ țαĲȐĲµȘıȘȢ ĲȠυ 

πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ µİ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ İȜαφȡȐ µİȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ 

ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.80 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1 2 3 4 5 6 7 8

Case

P
f,

s

A B C D MC

 

∆ȚȐȖ. 3.54: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ, ȂİȜȑĲİȢ A~D. 
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∆ȚȐȖ. 3.55: ȆȜȒșȠȢ įİȚȖµαĲȠȜȘȥȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ, ȂİȜȑĲİȢ A~D. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.81 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s
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∆ȚȐȖ. 3.56: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ, ȂİȜȑĲİȢ, A~C, E~G) 

Performed Simulations
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∆ȚȐȖ. 3.57: ȆȜȒșȠȢ įİȚȖµαĲȠȜȘȥȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ, ȂİȜȑĲİȢ A~C, E~G. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.82 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s
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∆ȚȐȖ. 3.58: Pf,MC, Pf,s, Pf,s (UB) țαȚ Pf,s (LB), ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ, ȂİȜȑĲİȢ E, H and I) 

Performed Simulations
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∆ȚȐȖ. 3.59: ȆȜȒșȠȢ įİȚȖµαĲȠȜȘȥȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ, ȂİȜȑĲİȢ E, H and I). 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.83 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.14.9 ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ 

3.14.9.1 ȅȡȚıµȩȢ ȆȡȠȕȜȒµαĲȠȢ 

ȈĲȠ ∆ȚȐȖ. 3.60 παȡȠυıȚȐȗİĲαȚ ȤȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. ȉȠ πȜȒșȠȢ ĲȦȞ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ 

İȓȞαȚ ȓıȠ µİ 13. Ǿ αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.31. ȉα µȑȜȘ ĲȠυ φȠȡȑα 

ȤȦȡȓȗȠȞĲαȚ ıİ 8 ȠµȐįİȢ. ȅȚ ȠµȐįİȢ αυĲȑȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.60. ȉα İµȕαįȐ ĲȦȞ 

įȚαĲȠµȫȞ µȓαȢ ȠµȐįαȢ șİȦȡȠȪȞĲαȚ ȦȢ απȠȜȪĲȦȢ ıυıȤİĲȚıµȑȞİȢ Ĳ.µ. Ǿ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ 

φȠȡȑα İȓȞαȚ ȓıȘ µİ 22. ΩȢ Ĳ.µ șİȦȡȠȪȞĲαȚ, Ș αȞĲȠȤȒ ıİ șȜȓȥȘ țαȚ İφİȜțυıµȩ, Ĳα φȠȡĲȓα ĲȠυ 

ȤȦȡȠįȚțĲυȫµαĲȠȢ țαȚ Ș İπȚφȐȞİȚα ĲȦȞ µİȜȫȞ ĲȠυ. 

 

∆ȚȐȖ. 3.60: ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ (φȠȡĲȓα – țȩµȕȠȚ – ȠµȐįİȢ įȚαĲȠµȫȞ – įȚαıĲȐıİȚȢ). 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

1 1 5 2 5 9 3 9 13 4 13 17 

5 2 6 6 6 10 7 10 14 8 14 18 

9 3 7 10 7 11 11 11 15 12 15 19 

13 4 8 14 8 12 15 12 16 16 16 20 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.84 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

29 17 18 30 18 19 31 19 20 32 20 17 

33 1 6 34 2 5 35 2 7 36 3 6 

37 3 8 38 7 4 39 4 5 40 8 1 

41 5 10 42 9 6 43 6 11 44 10 7 

45 7 12 46 11 8 47 8 9 48 12 5 

49 9 14 50 13 10 51 10 15 52 14 11 

53 11 16 54 15 12 55 12 13 56 16 9 

57 13 18 58 17 14 59 14 19 60 18 15 

61 15 20 62 19 16 63 16 17 64 20 13 

ȆȓȞ. 3.31: ǹȡȓșµȘıȘ µİȜȫȞ ȤȦȡȠįȚțĲυȫµαĲȠȢ 64 µİȜȫȞ. † ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

3.14.9.2 ȅȡȚıµȩȢ υπȠπȡȠȕȜȘµȐĲȦȞ – ȆαȡαµİĲȡȚțȑȢ ΜİȜȑĲİȢ 

ȅ ĲȪπȠȢ ĲȘȢ țαĲαȞȠµȒȢ țȐșİ Ĳ.µ, Ș µȑıȘ ĲȚµȒ țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȠȞ ȆȓȞ. 3.32. ΓȚα ĲȘ µȑıȘ ĲȚµȒ ĲȦȞ φȠȡĲȓȦȞ ȑȤȠυµİ ĲȡİȚȢ įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ. Ȉİ țȐșİ 

πİȡȓπĲȦıȘ ȑȤȠυµİ Ǽ[ǹ1]=125cm
2
. ǼȟİĲȐȗȠȞĲαȚ 8 πȡȠȕȜȒµαĲα ıİ ıȤȑıȘ µİ ĲȠ Ǽ[Ai]. ȅȚ 

ıυȞįυαıµȠȓ αυĲȠȓ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.33. ȈυȞȠȜȚțȐ İȟİĲȐȗȠȞĲαȚ 24 įȚαφȠȡİĲȚțȐ 

πȡȠȕȜȒµαĲα ȦȢ πȡȠȢ ĲȠ Ǽ[Ai] țαȚ ĲȠ Ǽ[P1-3].  

 ıt ıc P1-P3 A1 

ȀαĲαȞȠµȒ LN LN N LN 

Ε[] 27.5kN/cm
2
 24.0kN/cm

2
 375~400~425kN 125cm

2
 

COV 0.10 0.15 0.30 0.10 

ȆȓȞ. 3.32: ȉȚµȑȢ Ĳ.µ, ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

ȆȡȩȕȜȘµα 001 002 003 004 005 006 007 008 

Ǽ[ǹ2] 100.0 75.0 100.0 100.0 100.0 100.0 100.0 100.0 

Ǽ[ǹ3] 100.0 100.0 75.0 100.0 100.0 100.0 100.0 100.0 

Ǽ[ǹ4] 100.0 100.0 100.0 75.0 100.0 100.0 100.0 100.0 

Ǽ[ǹ5] 100.0 100.0 100.0 100.0 75.0 100.0 100.0 100.0 

Ǽ[ǹ6] 100.0 100.0 100.0 100.0 100.0 75.0 100.0 100.0 

Ǽ[ǹ7] 100.0 100.0 100.0 100.0 100.0 100.0 75.0 100.0 

Ǽ[ǹ8] 100.0 100.0 100.0 100.0 100.0 100.0 100.0 75.0 

ȆȓȞ. 3.33: ȈυȞįυαıµȠȓ Ǽ[Ai], ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

Ǿ φȑȡȠυıα ȚțαȞȩĲȘĲα ĲȠυ φȠȡȑα υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα πȜαıĲȚțȒȢ αȞȐȜυıȘȢ µİ ĲȘ 

ȤȡȒıȘ ĲȘȢ µİșȩįȠυ ĲȘȢ țαĲȐ ıĲȐįȚα αȪȟȘıȘȢ ĲȠυ φȠȡĲȓȠυ (Load Incremental Method) [9]. ȅȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.85 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȟȚıȫıİȚȢ ȚıȠȡȡȠπȓαȢ αȞαφȑȡȠȞĲαȚ ıĲȠȞ απαȡαµȩȡφȦĲȠ φȠȡȑα. Ǿ αıĲȠȤȓα ĲȠυ µȑȜȠυȢ 

ȠȡȓȗİĲαȚ ȦȢ Ș υπȑȡȕαıȘ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ µȑȜȠȢ. ȉȠ įȚȐȖȡαµµα ĲȐıİȦȞ 

παȡαµȠȡφȫıİȦȞ șİȦȡİȓĲαȚ ȦȢ İȜαıĲȚțȩ-πȜȒȡȦȢ πȜαıĲȚțȩ. ȉȑȜȠȢ ĲȠ µȘĲȡȫȠ ıĲȚȕαȡȩĲȘĲαȢ 

ĲȘȢ țαĲαıțİυȒȢ țαșȫȢ țαȚ ĲȠ įȚȐȞυıµα ĲȦȞ φȠȡĲȓȦȞ αȞαȞİȫȞȠȞĲαȚ πȜȒȡȦȢ ıİ țȐșİ ȕȒµα. 

ΓȚα ĲȠ πȡȩȕȜȘµα İȟİĲȐȗȠȞĲαȚ 3 ĲȚµȑȢ ĲȠυ L[IFM]={2, 3, 4}. ΓȚα ĲȘȞ παȡȐµİĲȡȠ ȑȤȠυµİ: fcut-

off=0.50 ȖȚα Ǽ[Pi]=375~400kN țαȚ fcut-off=0.40 ȖȚα Ǽ[Pi]=425kN. ȅȚ ȜȠȚπȑȢ παȡȐµİĲȡȠȚ ĲȘȢ 

µİșȩįȠυ İȓȞαȚ: fRV =0.0, fvol =1.20, max{nf} =100, max{nf,j} =7, fs,c=0.10 țαȚ fs,cp=0.70. ΓȚα 

ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 2
Ș
 παȡαȜȜαȖȒ țαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 40. 

3.14.9.3 ǹπȠĲİȜȑıµαĲα 

ȈĲȠυȢ ȆȓȞ. 3.34 ȦȢ ȆȓȞ. 3.36, παȡȠυıȚȐȗȠȞĲαȚ Ƞ µȑıȠȢ ȤȡȠȞȚțȩȢ ȩȡȠȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ 

Et[ȕ], Ș ĲȚµȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ıĲȠ πȑȡαȢ ĲȘȢ įȚαįȚțαıȓαȢ ȕ100 țαȚ Ș ıȤİĲȚțȒ απȩıĲαıȘ 

ĲȘȢ ȕ100 πȡȠȢ Et[ȕ]. H µİĲαȕȠȜȒ ĲȦȞ Ǽ[ǹ2], Ǽ[ǹ4] țαȚ Ǽ[ǹ8], įİȞ İπȘȡİȐȗİȚ ĲȠ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ΓȚα ĲȠ ıυȞįυαıµȩ 007 įİȞ παȡȠυıȚȐȗİĲαȚ įİ, µİĲαȕȠȜȒ ĲȠυ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα Ǽ[Pi]=375kN. ȅ µİȖαȜȪĲİȡȠȢ ∆ȕ/∆Ε[Αi] παȡαĲȘȡİȓĲαȚ 

ȖȚα ĲȠ Ǽ[ǹ5]. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ Et[ȕ] țυµαȓȞİĲαȚ απȩ 0.49% ȦȢ 2.28%. Ǿ 

ıȤİĲȚțȒ απȩıĲαıȘ țυµαȓȞİĲαȚ απȩ -0.52% ȦȢ 1.87%.  

ȆȡȩȕȜȘµα 001 002 003 004 005 006 007 008 

Ǽt[ȕ] 4.232 4.232 3.798 4.232 3.298 4.170 4.232 4.232 

COV 0.69% 0.69% 1.17% 0.69% 1.52% 0.49% 0.69% 0.69% 

ȕ100 4.210 4.210 3.785 4.210 3.330 4.159 4.210 4.210 

ȈȤ. ǹπȩıĲ. -0.51% -0.51% -0.33% -0.51% 0.95% -0.28% -0.51% -0.51%

ȆȓȞ. 3.34: ȈĲαĲȚıĲȚțȑȢ ĲȠυ ȕstr (MC) ȖȚα Ǽ[Pi]=375kN. 

ȆȡȩȕȜȘµα 001 002 003 004 005 006 007 008 

Ǽt[ȕ] 3.752 3.752 3.385 3.752 2.868 3.710 3.742 3.752 

COV 1.73% 1.73% 1.85% 1.73% 1.44% 1.53% 1.89% 1.73% 

ȕ100 3.778 3.778 3.367 3.778 2.910 3.713 3.774 3.778 

ȈȤ. ǹπȩıĲ. 0.70% 0.70% -0.52% 0.70% 1.48% 0.08% 0.86% 0.70% 

ȆȓȞ. 3.35: ȈĲαĲȚıĲȚțȑȢ ĲȠυ ȕstr (MC) ȖȚα Ǽ[Pi]=400kN. 

ȆȡȩȕȜȘµα 001 002 003 004 005 006 007 008 

Ǽt[ȕ] 3.368 3.368 2.950 3.368 2.505 3.308 3.362 3.368 

COV 1.84% 1.84% 1.32% 1.84% 2.15% 2.28% 1.78% 1.84% 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.86 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȆȡȩȕȜȘµα 001 002 003 004 005 006 007 008 

ȕ100 3.393 3.393 2.988 3.393 2.551 3.346 3.390 3.393 

ȈȤ. ǹπȩıĲ. 0.75% 0.75% 1.30% 0.75% 1.87% 1.15% 0.84% 0.75% 

ȆȓȞ. 3.36: ȈĲαĲȚıĲȚțȑȢ ĲȠυ ȕstr (MC) ȖȚα Ǽ[Pi]=425kN. 

ȈĲα ∆ȚȐȖ. 3.61 ȦȢ ∆ȚȐȖ. 3.63, παȡȠυıȚȐȗİĲαȚ Ș ıȤİĲȚțȒ µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ȦȢ πȡȠȢ ĲȘ µȑșȠįȠ MC (ȕMC-ȕmethod)/ȕMC.  

ΓȚα Ǽ[Pi]=375kN Ș ∆ȕ/ȕMC țυµαȓȞİĲαȚ απȩ -1.26% ȦȢ 0.09% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ 

µİ -0.56% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 91.5% ȖȚα L[IFM]=2 απȩ -1.42% ȦȢ 0.30% µİ 

µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -0.46% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 116.73% ȖȚα 

L[IFM]=3 țαȚ απȩ -1.66% ȦȢ 0.44% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -0.40% țαȚ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 175.41% ȖȚα L[IFM]=4.  

ΓȚα Ǽ[Pi]=400kN Ș ∆ȕ/ȕMC țυµαȓȞİĲαȚ απȩ -2.14% ȦȢ 1.51% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ 

µİ 0.07% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 1917.18% ȖȚα L[IFM]=2 απȩ -2.29% ȦȢ 2.23% 

µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -1.05% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 143.84% ȖȚα 

L[IFM]=3 țαȚ απȩ -0.61% ȦȢ 1.96% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.83% țαȚ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 113.89% ȖȚα L[IFM]=4.  

ΓȚα Ǽ[Pi]=425kN Ș ∆ȕ/ȕMC țυµαȓȞİĲαȚ απȩ -2.88% ȦȢ 2.43% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ 

µİ 0.46% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 325.53% ȖȚα L[IFM]=2, απȩ -2.50% ȦȢ 2.19% 

µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.58% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 272.81% ȖȚα 

L[IFM]=3 țαȚ απȩ -2.13% ȦȢ 2.26% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.91% țαȚ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 148.77% ȖȚα L[IFM]=4. 

ȈĲα ∆ȚȐȖ. 3.64 ȦȢ ∆ȚȐȖ. 3.66 παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ ȜȩȖȠυ ĲȦȞ απαȚĲȠȪµİȞȦȞ 

įİȚȖµαĲȠȜȘȥȚȫȞ ĲȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ įİȚȖµαĲȠȜȘȥȚȫȞ ĲȘȢ µİșȩįȠυ MC. ΓȚα 

Ǽ[Pi]=375kN Ƞ ȜȩȖȠȢ αυĲȩȢ țυµαȓȞİĲαȚ απȩ 0.84% ȦȢ 4.41% İȞȫ ȖȚα Ǽ[Pi]=400kN Ƞ ȜȩȖȠȢ 

țυµαȓȞİĲαȚ απȩ 1.50% ȦȢ 20.79% ȉȑȜȠȢ ȖȚα Ǽ[Pi]=425kN Ƞ ȜȩȖȠȢ αυĲȩȢ țυµαȓȞİĲαȚ απȩ 

3.86% ȦȢ 42.01% țαșȫȢ Ș αȪȟȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ȈĲα ∆ȚȐȖ. 3.67 ȦȢ ∆ȚȐȖ. 3.70, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ 

αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ MC țαȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα įȚαφȠȡȑȢ ĲȚµȑȢ ĲȠυ L[IFM] ȖȚα 

Ǽ[Pi]=375kN țαȚ ıĲȠȞ ȆȓȞ. 3.37, παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ αȞαțαȜȪπĲİȚ µİ İπȚĲυȤȓα ĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ 

µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ L[IFM]=4. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.87 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.61: ȈȤİĲȚțȒ µİĲαȕȠȜȒ ĲȠυ ȕstr ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ L[IFM] (E[Pi]=375kN) 
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∆ȚȐȖ. 3.62: ȈȤİĲȚțȒ µİĲαȕȠȜȒ ĲȠυ ȕstr ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ L[IFM] (E[Pi]=400kN) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.88 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.63: ȈȤİĲȚțȒ µİĲαȕȠȜȒ ĲȠυ ȕstr ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ L[IFM] (E[Pi]=425kN) 
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∆ȚȐȖ. 3.64: ȁȩȖȠȢ [ȃsim/NsimMC] ȖȚα ĲȠυȢ ıυȞįυαıµȠȪȢ ĲȠυ Ai (E[Pi]=375kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.89 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Simulation Ratio

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

001 002 003 004 005 006 007 008

Case

%

L[IFM]=2

L[IFM]=3

L[IFM]=4

E[Pi]=400kN

 

∆ȚȐȖ. 3.65: ȁȩȖȠȢ [ȃsim/NsimMC] ȖȚα ĲȠυȢ ıυȞįυαıµȠȪȢ ĲȠυ Ai (E[Pi]=400kN). 
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∆ȚȐȖ. 3.66: ȁȩȖȠȢ [ȃsim/NsimMC] ȖȚα ĲȠυȢ ıυȞįυαıµȠȪȢ ĲȠυ Ai (E[Pi]=425kN). 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.90 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=2 L[IFM]=3 L[IFM]=4 

L4C9C10C36C37 39.00% 37.06% 32.40% 40.46% 

L5C9C10C11C36C37 28.00% 24.33% 20.16% 24.25% 

L5ȉ1C9C10C36C37 15.00% 8.06% 7.46% 18.99% 

L6ȉ1C9C10C11C36C37 6.00% 13.79% 16.79% 8.28% 

L7ȉ1T2C9C10C11ȉ18ȉ19 3.00% 3.92% 4.03% 4.00% 

L6ȉ1C9C10C11ȉ18ȉ19 3.00% 4.02% 3.00% - 

L6T1T2C9C10C36C37 - - - 4.00% 

ȈȪȞȠȜȠ 94.00% 91.09% 85.08% 100.00% 

ȆȓȞ. 3.37: ȈυȞĲİȜİıĲȑȢ ıυµµİĲȠȤȒȢ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα Ǽ[Pi]=375kN. 

ȈĲα ∆ȚȐȖ. 3.71 ȦȢ ∆ȚȐȖ. 3.74, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ 

MC țαȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα įȚαφȠȡȑȢ ĲȚµȑȢ ĲȠυ L[IFM] ȖȚα Ǽ[Pi]=400kN țαȚ ıĲȠȞ 

ȆȓȞ. 3.38, παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ΓȚα ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ L[IFM]=4, Ș țȪȡȚα αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ İȓȞαȚ Ș 

L5C9C10C11C36C37 ıİ αȞĲȓșİıȘ µİ ĲȘ µȑșȠįȠ MC țαȚ ĲȘ µȑșȠįȠ ȖȚα L[IFM]=2 țαȚ 

L[IFM]=3 ȖȚα ĲȚȢ ȠπȠȓİȢ Ș țȪȡȚα αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ İȓȞαȚ Ș L4C9C10C36C37. Ǿ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ αȞαțαȜȪπĲİȚ µİ İπȚĲυȤȓα ĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. 

ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=2 L[IFM]=3 L[IFM]=4 

L4C9C10C36C37 40.00% 36.61% 27.37% 25.57% 

L5C9C10C11C36C37 22.00% 25.36% 26.71% 29.27% 

L5ȉ1C9C10C36C37 16.00% 15.04% 22.84% 14.68% 

L6ȉ1C9C10C11C36C37 11.00% 11.14% 6.97% 18.58% 

L5ȉ1C9C10ȉ18ȉ19 4.00% 6.00% 5.63% 5.93% 

L6ȉ1C9C10C11ȉ18ȉ19 2.00% 1.85% 1.66% 1.90% 

ȈȪȞȠȜȠ 96.00% 91.14% 95.91% 95.00% 

ȆȓȞ. 3.38: ȈυȞĲİȜİıĲȑȢ ıυµµİĲȠȤȒȢ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα Ǽ[Pi]=400kN. 

ȈĲα ∆ȚȐȖ. 3.75 ȦȢ ∆ȚȐȖ. 3.78, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȘȢ µİșȩįȠυ 

MC țαȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα įȚαφȠȡȑȢ ĲȚµȑȢ ĲȠυ L[IFM] ȖȚα Ǽ[Pi]=425kN țαȚ ıĲȠȞ 

ȆȓȞ. 3.39, παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. Ǿ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ αȞαțαȜȪπĲİȚ µİ İπȚĲυȤȓα ĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.91 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.67: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=375kN, MC). 

Id L4C9C10C36C37 

# Failures 39 

Failure Length 4 
Part. factor 0.39 

Id L5C9C10C11C36C37 

# Failures 28 
Failure Length 5 

Part. factor 0.28 

Id L5T1C9C10C36C37 
# Failures 15 

Failure Length 5 

Part. factor 0.15 

Id L6T1C9C10C11C36C37

# Failures 6 

Failure Length 6 
Part. factor 0.06 

Id L7T1T2C9C10C11T18T19

# Failures 3

Failure Length 7
Part. factor 0.03

Id L6T1C9C10C11T18T19
# Failures 3

Failure Length 6

Part. factor 0.03

Id L6T1T2C9C10C36C37

# Failures 2

Failure Length 6

Part. factor 0.02

Id L5C9C10C11T18T19

# Failures 1
Failure Length 5

Part. factor 0.01

Id L7T1T2C9C10T18C36C37

# Failures 1
Failure Length 7

Part. factor 0.01

Id L5T1C9C10T18T19
# Failures 1

Failure Length 5

Part. factor 0.01

Id L4C9C10T18T19

# Failures 1

Failure Length 4

Part. factor 0.01



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.92 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.68: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=375kN, L[IFM]=2). 

Id L4C9C10C36C37 

# Failures 10 

Failure Length 4

Part. factor 0.3706054 

Id L5C9C10C11C36C37 

# Failures 6 

Failure Length 5

Part. factor 0.2433619 

Id L6T1C9C10C11C36C37 

# Failures 3 

Failure Length 6

Part. factor 0.137908 

Id L5T1C9C10C36C37

# Failures 2

Failure Length 5

Part. factor 0.0806638

Id L4C9C10T18T19

# Failures 1

Failure Length 4

Part. factor 0.0445202

Id L6T1T2C9C10C36C37

# Failures 1

Failure Length 6

Part. factor 0.0445202

Id L5T1C9C10T18T19 

# Failures 1 

Failure Length 5 

Part. factor 0.0392103 

Id L6T1C9C10C11T18T19

# Failures 1 

Failure Length 6 

Part. factor 0.0392103 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.93 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.69: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=375kN, L[IFM]=3). 

Id L4C9C10C36C37 

# Failures 8 

Failure Length 4 

Part. factor 0.3240557 

Id L5C9C10C11C36C37 

# Failures 5

Failure Length 5 

Part. factor 0.2016785 

Id L6T1C9C10C11C36C37 

# Failures 4 

Failure Length 6 

Part. factor 0.1697384 

Id L5T1C9C10C36C37

# Failures 2

Failure Length 5

Part. factor 0.0746583

Id L6T1T2C9C10C36C37

# Failures 2

Failure Length 6

Part. factor 0.0746583

Id L4C9C10T18T19

# Failures 1

Failure Length 4

Part. factor 0.0457304

Id L5T1C9C10T18T19

# Failures 1 

Failure Length 5

Part. factor 0.0402762

Id L6T1C9C10C11T18T19

# Failures 1 

Failure Length 6 

Part. factor 0.0402762

Id L7T1T2C9C10C11C36C37

# Failures 1 

Failure Length 7

Part. factor 0.0289279



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.94 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.70: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=375kN, L[IFM]=4). 

Id L4C9C10C36C37

# Failures 10 

Failure Length 4 

Part. factor 0.4046586

Id L5C9C10C11C36C37

# Failures 8 

Failure Length 5 

Part. factor 0.2425488

Id L5T1C9C10C36C37

# Failures 5 

Failure Length 5 

Part. factor 0.1899905

Id L6T1C9C10C11C36C37

# Failures 2 

Failure Length 6 

Part. factor 0.082767 

Id L4C9C10T18T19 

# Failures 1 

Failure Length 4 

Part. factor 0.0400176 

Id L6T1T2C9C10C36C37 

# Failures 1 

Failure Length 6 

Participation 0.0400176 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.95 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.71: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=400kN, MC). 

Id L4C9C10C36C37 

# Failures 40 

Failure Length 4 
Part. factor 0.4 

Id L5C9C10C11C36C37 

# Failures 22 
Failure Length 5 

Part. factor 0.22 

Id L5T1C9C10C36C37 
# Failures 16 

Failure Length 5 

Part. factor 0.16 

Id L6T1C9C10C11C36C37

# Failures 11

Failure Length 6
Part. factor 0.11

Id L5T1C9C10T18T19

# Failures 4

Failure Length 5
Part. factor 0.04

Id L6T1T2C9C10T18T19
# Failures 2

Failure Length 6

Part. factor 0.02

Id L4C9C10T18T19

# Failures 2 

Failure Length 4

Part. factor 0.02

Id L6T1C9C10C11T18T19

# Failures 2 
Failure Length 6

Part. factor 0.02

Id L5C9C10C11T18T19

# Failures 1 
Failure Length 5

Part. factor 0.01



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.96 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.72: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=400kN, L[IFM]=2). 

 

Id L4C9C10C36C37 

# Failures 13 

Failure Length 4

Part. factor 0.3661208 

Id L5C9C10C11C36C37 

# Failures 8 

Failure Length 5

Part. factor 0.2536524 

Id L6T1C9C10C11C36C37 

# Failures 5 

Failure Length 6

Part. factor 0.1114155 

Id L5T1C9C10C36C37

# Failures 5

Failure Length 5

Part. factor 0.1504549

Id L6T1C9C10C11T18T19

# Failures 2

Failure Length 6

Part. factor 0.0600232

Id L7T1T2C9C10C11T18T19

# Failures 1

Failure Length 7

Part. factor 0.0185603

Id L5C9C10C11C44C45

# Failures 1 

Failure Length 5 

Part. factor 0.0198864

Id L5C9C10C11T18T19

# Failures 1 

Failure Length 5 

Part. factor 0.0198864



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.97 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.73: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=400kN, L[IFM]=3). 

Id L4C9C10C36C37 

# Failures 12 

Failure Length 4 

Part. factor 0.2733758 

Id L5C9C10C11C36C37 

# Failures 8 

Failure Length 5 

Part. factor 0.2670912 

Id L5T1C9C10C36C37 

# Failures 7 

Failure Length 5 

Part. factor 0.2284206 

Id L6T1C9C10C11C36C37

# Failures 3

Failure Length 6

Part. factor 0.0697368

Id L6T1C9C10C11T18T19

# Failures 2

Failure Length 6

Part. factor 0.0563247

Id L5T1C9C10T18T19

# Failures 1

Failure Length 5

Part. factor 0.0165853

Id L6T1C9C10C11C44C45

# Failures 1 

Failure Length 6

Part. factor 0.0231129

Id L4C9C10T18T19

# Failures 1 
Failure Length 4

Part. factor 0.0231129

Id L6T1T2C9C10C36C37

# Failures 1 
Failure Length 6

Part. factor 0.0422399



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.98 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.74: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=400kN, L[IFM]=4). 

Id L4C9C10C36C37 

# Failures 11

Failure Length 4 

Part. factor 0.2557466 

Id L5C9C10C11C36C37 

# Failures 8 

Failure Length 5 

Part. factor 0.292703 

Id L6T1C9C10C11C36C37 

# Failures 6 

Failure Length 6 

Part. factor 0.1858113 

Id L5T1C9C10C36C37

# Failures 6

Failure Length 5

Part. factor 0.1468452

Id L6T1C9C10C11T18T19

# Failures 2

Failure Length 6

Part. factor 0.0592812

Id L7T1T2C9C10C11T18T19

# Failures 1

Failure Length 7

Part. factor 0.0189677

Id L6T1C9C10C11C44C45

# Failures 1 

Failure Length 6 

Part. factor 0.0203225 

Id L4C9C10T18T19 

# Failures 1 

Failure Length 4 

Part. factor 0.0203225 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.99 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.75: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=425kN, MC). 

Id L4C9C10C36C37 
# Failures 40 

Failure Length 4 

Part. factor 0.4 

Id L5C9C10C11C36C37 

# Failures 24 

Failure Length 5 
Part. factor 0.24 

Id L5T1C9C10C36C37 

# Failures 13 
Failure Length 5 

Part. factor 0.13 

Id L6T1C9C10C11C36C37

# Failures 8 

Failure Length 6 

Part. factor 0.08 

Id L5T1C9C10T18T19

# Failures 4

Failure Length 5
Part. factor 0.04

Id L7T1T2C9C10C11C36C37

# Failures 4
Failure Length 7

Part. factor 0.04

Id L6T1T2C9C10C36C37
# Failures 2

Failure Length 6

Part. factor 0.02

Id L6T1C9C10C11T18T19

# Failures 2 

Failure Length 6
Part. factor 0.02

Id L5C9C10C11T18T19

# Failures 2 

Failure Length 5
Part. factor 0.02

Id L6T1T2C9C10T18T19

# Failures 1 
Failure Length 6

Part. factor 0.01



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.100 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.76: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=425kN, L[IFM]=2). 

Id L4C9C10C36C37 

# Failures 12 

Failure Length 4

Part. factor 0.3390832 

Id L5C9C10C11C36C37 

# Failures 10 

Failure Length 5

Part. factor 0.1957014 

Id L5T1C9C10C36C37 

# Failures 8 

Failure Length 5

Part. factor 0.242458 

Id L6T1C9C10C11C36C37

# Failures 4

Failure Length 6

Part. factor 0.1144975

Id L5T1C9C10T18T19

# Failures 3

Failure Length 5

Part. factor 0.0557461

Id L4C9C10T18T19

# Failures 1

Failure Length 4

Part. factor 0.0296338

Id L6T1T2C9C10T18T19

# Failures 1 

Failure Length 6 

Part. factor 0.0151162 

Id L7T1T2C9C10C11T18T19

# Failures 1 

Failure Length 7 

Part. factor 0.0077639 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.101 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.77: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=425kN, L[IFM]=3). 

ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=2 L[IFM]=3 L[IFM]=4 

L4C9C10C36C37 40.00% 33.91% 42.88% 36.67% 

L5C9C10C11C36C37 24.00% 19.57% 22.47% 20.45% 

L5ȉ1C9C10C36C37 13.00% 24.24% 16.03% 23.18% 

L6ȉ1C9C10C11C36C37 8.00% 11.45% 4.93% 9.15% 

L5ȉ1C9C10ȉ18ȉ19 4.00% 5.57% 3.11% 5.43% 

L7ȉ1ȉ2C9C10C11C36C37 4.00% - 3.12% - 

ȈȪȞȠȜȠ 95.00%. 94.74% 94.87% 94.57% 

ȆȓȞ. 3.39: ȈυȞĲİȜİıĲȑȢ ıυµµİĲȠȤȒȢ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα Ǽ[Pi]=425kN. 

Id L4C9C10C36C37 

# Failures 16 

Failure Length 4 

Part. factor 0.4288286 

Id L5C9C10C11C36C37 

# Failures 11 

Failure Length 5 

Part. factor 0.2246991 

Id L5T1C9C10C36C37 

# Failures 7 

Failure Length 5 

Part. factor 0.1603344 

Id L5T1C9C10T18T19

# Failures 3

Failure Length 5

Part. factor 0.0543818

Id L6T1C9C10C11C36C37

# Failures 2

Failure Length 6

Part. factor 0.0493661

Id L7T1T2C9C10C11C36C37

# Failures 1

Failure Length 7

Part. factor 0.031164

Id L4C9C10T18T19

# Failures 1 

Failure Length 4

Part. factor 0.0289084

Id L6T1T2C9C10T18T19

# Failures 1 
Failure Length 6

Part. factor 0.0147462

Id L7T1T2C9C10C11T18T19

# Failures 1 
Failure Length 7

Part. factor 0.0075713



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.102 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.78: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ (E[Pi]=425kN, L[IFM]=4). 

ȈĲȠ ∆ȚȐȖ. 3.79, παȡȠυıȚȐȗİĲαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ 

ıυµµİĲȠȤȒȢ țȐșİ țȪȡȚαȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, țαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ 

įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țȐșİ țȪȡȚαȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ȦȢ πȡȠȢ Ĳα 

απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC. ȅȚ įİȓțĲİȢ αυĲȠȓ įȓįȠȞĲαȚ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.63) țαȚ 

(3.64) αȞĲȓıĲȠȚȤα. ȉα πȠıȠıĲȐ αυĲȐ αȞαįİȚțȞȪȠυȞ ĲȘȞ ȚțαȞȩĲȘĲα ĲȘȢ µİșȩįȠυ Ȟα 

αȞαțαȜȪȥİȚ ĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ȉȠ µȑıȠ ȐșȡȠȚıµα ĲȦȞ 

ĲİĲȡαȖȫȞȦȞ ĲȦȞ ıȤİĲȚțȫȞ ȜαșȫȞ İȓȞαȚ ȖȚα L[IFM]=2 ȓıȠ µİ 1.514%, ȖȚα L[IFM]=3 ȓıȠ µİ 

1.662% țαȚ ȖȚα L[IFM]=4 ȓıȠ µİ 1.365%. ȉȠ µȑıȠ ȐșȡȠȚıµα ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ İȓȞαȚ 

Id L4C9C10C36C37 

# Failures 14

Failure Length 4 

Part. factor 0.3667005 

Id L5C9C10C11C36C37 

# Failures 11

Failure Length 5 

Part. factor 0.2044634 

Id L5T1C9C10C36C37 

# Failures 8 

Failure Length 5 

Part. factor 0.2317681 

Id L6T1C9C10C11C36C37

# Failures 4
Failure Length 6

Part. factor 0.091457

Id L5T1C9C10T18T19
# Failures 3 

Failure Length 5
Part. factor 0.0543828

Id L6T1T2C9C10T18T19
# Failures 2

Failure Length 6

Part. factor 0.0223194

Id L4C9C10T18T19
# Failures 1 

Failure Length 4 
Part. factor 0.0289087



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.103 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȖȚα L[IFM]=2 ȓıȠ µİ 20.987%, ȖȚα L[IFM]=3 ȓıȠ µİ 26.010% țαȚ ȖȚα L[IFM]=4 ȓıȠ µİ 

24.023%. ΩȢ πȡȠȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ įȚαφȠȡȫȞ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=4. ΩȢ πȡȠȢ ĲȠ ȐșȡȠȚıµα ĲȦȞ 

απȠȜȪĲȦȞ įȚαφȠȡȫȞ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=2. 

Relative and absolute error of participation % of FM
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∆ȚȐȖ. 3.79: ȈȤİĲȚțȩ țαȚ απȩȜυĲȠ ȜȐșȠȢ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 

ȈĲȠȞ ȆȓȞ. 3.40, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ıȤİĲȚțȒ απȩıĲαıȘ ĲȘȢ İțĲȓµȘıȘȢ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȦȢ πȡȠȢ ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ µİșȩįȠυ MC E[∆ȕstr] țαȚ Ș 

µȑıȘ ĲȚµȒ ĲȠυ İȜȐȤȚıĲȠυ E[min[ȊΦ]], µȑȖȚıĲȠυ E[max[ȊΦ]], țαȚ µȑıȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȠȡĲȓȠυ E[ȊΦ], ȦȢ πȡȠȢ ĲȠ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. ΩȢ πȡȠȢ ĲȠ 

E[∆ȕstr] Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=4. ΩȢ πȡȠȢ ĲȠ µȑıȠ 

υπȠȜȠȖȚıĲȚțȩ φȠȡĲȓȠ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=3. 

ȂȒțȠȢ E[∆ȕstr] E[min[ȊΦ]] E[max[ȊΦ]] E[ȊΦ] 

L[IFM]=2 -0.01% 3.06% 21.61% 6.86% 

L[IFM]=3 0.39% 2.16% 16.76% 5.36% 

L[IFM]=4 0.44% 2.79% 17.74% 5.50% 

ȆȓȞ. 3.40: E[∆ȕstr], E[min[ȊΦ]], E[max[ȊΦ]] țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ. 

ΓȚα ĲȠ πȡȩȕȜȘµα Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȦȢ πȡȠȢ ĲȘȞ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ, ĲȘȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.104 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȚıĲȩĲȘĲα țαĲαȖȡαφȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=4. Ȉİ țȐșİ πİȡȓπĲȦıȘ Ș αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ İȓȞαȚ πȠȜȪ țαȜȒ 

țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ πȠıȠıĲȩ țαȚ µȩȞȠȞ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ µİșȩįȠυ MC.  

Ȃİ ıĲȩȤȠ ĲȘ ıİ ȕȐșȠȢ țαĲαȞȩȘıȘ ĲȘȢ ıυµπİȡȚφȠȡȐȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ıİ ıȤȑıȘ µİ 

ĲȘȞ ĲȚµȒ ĲȘȢ παȡαµȑĲȡȠυ fvol πȡαȖµαĲȠπȠȚȒșȘțαȞ 2 İπȚπȡȩıșİĲİȢ αȞαȜȪıİȚȢ ȖȚα fvol=1.10 țαȚ 

fvol=1.00 αȞĲȓıĲȠȚȤα. ȈĲȠυȢ ȆȓȞ. 3.41 ȦȢ ȆȓȞ. 3.43, παȡȠυıȚȐȗȠȞĲαȚ Ș µȑıȘ ĲȚµȒ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ Ș µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ țαĲȐ απȩȜυĲȘ ĲȚµȒ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȘ µȑșȠįȠ MC Ǽ[|∆ȕstr|], ȖȚα E[Pi]=375kN, 

E[Pi]=400kN țαȚ E[Pi]=425kN αȞĲȓıĲȠȚȤα.  

Ǿ µȚțȡȩĲİȡȘ µȑıȘ απȩțȜȚıȘ țαȚ Ƞ µȚțȡȩĲİȡȠȢ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα fvol=1.00. Ǿ µİȓȦıȘ ĲȘȢ ĲȚµȒȢ ĲȘȢ υπȩ İȟȑĲαıȘ παȡαµȑĲȡȠυ ıυȞİπȐȖİĲαȚ 

µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ΓȚα ĲȘȞ Ǽ[|∆ȕstr|] țαȚ ȖȚα E[Pi]=375kN țαȚ E[Pi]=400kN Ƞ 

πȡȠĲİȚȞȩµİȞȠȢ αȜȖȩȡȚșµȠȢ ȖȚα fvol=1.20 įȓįİȚ țαȜȪĲİȡα απȠĲİȜȑıµαĲα ıİ ıȤȑıȘ µİ ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ fvol=1.10. ΓȚα Ǽ[Pi]=375kN țαȚ Ǽ[Pi]=400kN Ș µȚțȡȩĲİȡȘ µȑıȘ 

απȩțȜȚıȘ ĲȠυ |∆ȕstr| παȡαĲȘȡİȓĲαȚ ȖȚα fvol=1.00 țαȚ L[IFM]=4. ΓȚα Ǽ[Pi]=425kN Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα fvol=1.00 țαȚ L[IFM]=2. 

E[|∆ȕstr|] E[ȊΦ] 
ȂȒțȠȢ 

fvol=1.20 fvol=1.10 fvol=1.00 fvol=1.20 fvol=1.10 fvol=1.00 

L[IFM]=2 0.608% 0.726% 0.405% 1.58% 1.36% 1.14% 

L[IFM]=3 0.536% 0.546% 0.413% 1.59% 1.37% 1.14% 

L[IFM]=4 0.538% 0.569% 0.281% 1.50% 1.31% 1.16% 

ȆȓȞ. 3.41: E[|∆ȕstr|], țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ (παȡαµİĲȡȚțȒ µİȜȑĲȘ E[Pi]=375kN). 

E[|∆ȕstr|] E[ȊΦ] 
ȂȒțȠȢ 

fvol=1.20 fvol=1.10 fvol=1.00 fvol=1.20 fvol=1.10 fvol=1.00 

L[IFM]=2 1.092% 1.867% 0.759% 4.00% 3.97% 2.58% 

L[IFM]=3 1.627% 1.916% 0.914% 3.90% 3.94% 2.62% 

L[IFM]=4 1.066% 1.501% 0.645% 4.36% 3.93% 2.65% 

ȆȓȞ. 3.42: E[|∆ȕstr|], țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ (παȡαµİĲȡȚțȒ µİȜȑĲȘ E[Pi]=400kN). 

ΓȚα fvol=1.10, țαȚ Ǽ[Pi]=375kN Ș ıȤİĲȚțȒ απȩıĲαıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -

1.54% ȦȢ 0.30% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -0.65% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 

94.9% ȖȚα L[IFM]=2 απȩ -1.52% ȦȢ 0.19% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -0.50% țαȚ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 113.3% ȖȚα L[IFM]=3 țαȚ απȩ -1.59% ȦȢ 0.33% µİ µȑıȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.105 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -0.49% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 134.4% ȖȚα L[IFM]=4. ΓȚα 

Ǽ[Pi]=400kN Ș ıȤİĲȚțȒ απȩıĲαıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -2.80 % ȦȢ 2.26% 

µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.71% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 278.7% ȖȚα 

L[IFM]=2 απȩ -2.67% ȦȢ 2.36% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 1.09% țαȚ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 165.8% ȖȚα L[IFM]=3 țαȚ απȩ -0.64% ȦȢ 2.30% µİ µȑıȘ ıȤİĲȚțȒ 

įȚαφȠȡȐ ȓıȘ µİ 1.34% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 76.7% ȖȚα L[IFM]=4. ΓȚα 

Ǽ[Pi]=425kN Ș ıȤİĲȚțȒ απȩıĲαıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -2.79% ȦȢ 2.51% 

µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.35% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 414.7% ȖȚα 

L[IFM]=2, απȩ -2.50% ȦȢ 2.36% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.39% țαȚ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 379.6% ȖȚα L[IFM]=3 țαȚ απȩ -2.31% ȦȢ 2.79% µİ µȑıȘ ıȤİĲȚțȒ 

įȚαφȠȡȐ ȓıȘ µİ 0.78% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 187.0% ȖȚα L[IFM]=4. 

E[|∆ȕstr|] E[ȊΦ] 
ȂȒțȠȢ 

fvol=1.20 fvol=1.10 fvol=1.00 fvol=1.20 fvol=1.10 fvol=1.00 

L[IFM]=2 1.182% 1.054% 0.827% 14.98% 13.51% 7.78% 

L[IFM]=3 1.443% 1.155% 1.064% 10.58% 10.35% 6.35% 

L[IFM]=4 1.439% 1.361% 1.057% 10.63% 10.33% 6.50% 

ȆȓȞ. 3.43: E[|∆ȕstr|], țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ (παȡαµİĲȡȚțȒ µİȜȑĲȘ E[Pi]=425kN). 

ΓȚα fvol=1.00, țαȚ Ǽ[Pi]=375kN Ș ıȤİĲȚțȒ απȩıĲαıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -

0.91% ȦȢ 0.54% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ -0.13% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 

386.0% ȖȚα L[IFM]=2 απȩ -0.84% ȦȢ 0.74% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.20% țαȚ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 239.0% ȖȚα L[IFM]=3 țαȚ απȩ -0.84% ȦȢ 0.57% µİ µȑıȘ 

ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.07% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 602.4% ȖȚα L[IFM]=4. ΓȚα 

Ǽ[Pi]=400kN Ș ıȤİĲȚțȒ απȩıĲαıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -2.76 % ȦȢ 0.82% 

µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.05% țαȚ πȠȜȪ υȥȘȜȩ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 

2453.9% ȖȚα L[IFM]=2 απȩ -2.83% ȦȢ 0.88% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.21% țαȚ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 603.9% ȖȚα L[IFM]=3 țαȚ απȩ -0.96% ȦȢ 1.28% µİ µȑıȘ 

ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.33% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 212.6% ȖȚα L[IFM]=4. ΓȚα 

Ǽ[Pi]=425kN Ș ıȤİĲȚțȒ απȩıĲαıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ -1.92% ȦȢ 2.20% 

µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.30% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 375.7% ȖȚα 

L[IFM]=2, απȩ -1.72% ȦȢ 1.96% µİ µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ ȓıȘ µİ 0.40% țαȚ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 303.5% ȖȚα L[IFM]=3 țαȚ απȩ -1.56% ȦȢ 2.27% µİ µȑıȘ ıȤİĲȚțȒ 

įȚαφȠȡȐ ȓıȘ µİ 0.67% țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 166.8% ȖȚα L[IFM]=4. 

ȈĲȘ ıυȞȑȤİȚα İȟİĲȐȗİĲαȚ Ș µȑıȘ ıȤİĲȚțȒ įȚαφȠȡȐ țαĲȐ απȩȜυĲȘ ĲȚµȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ, 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.106 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µȩȞȠȞ ıĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ ȑȤȠυµİ υπİȡİțĲȓµȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ απȩ ĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ȈĲȠυȢ ȆȓȞ. 3.44 ȦȢ ȆȓȞ. 3.46, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ απȩțȜȚıȘ țαȚ ĲȠ 

αȞĲȓıĲȠȚȤȠ ȐșȡȠȚıµα ȖȚα E[Pi]=375kN, E[Pi]=400kN țαȚ E[Pi]=425kN αȞĲȓıĲȠȚȤα, ȦȢ 

ıυȞȐȡĲȘıȘ ĲȠυ µȒțȠυȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. 

ΓȚα E[Pi]=375kN, Ș µȚțȡȩĲİȡȘ µȑıȘ ĲȚµȒ ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ țαĲȐ απȩȜυĲȘ ĲȚµȒ ıĲȘȞ 

πİȡȓπĲȦıȘ υπİȡİțĲȓµȘıȘȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ (E[|∆ȕstr|, ∆ȕstr<0]) παȡαĲȘȡİȓĲαȚ ȖȚα 

fvol=1.00 țαȚ L[IFM]=2. ǹȞĲȓıĲȠȚȤα ĲȠ µȚțȡȩĲİȡȠ ȐșȡȠȚıµα ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ țαĲȐ 

απȩȜυĲȘ ĲȚµȒ ıĲȘȞ πİȡȓπĲȦıȘ υπİȡİțĲȓµȘıȘȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ (Ȉ[|∆ȕstr|, ∆ȕstr<0]) 

παȡαĲȘȡİȓĲαȚ ȖȚα fvol=1.00 țαȚ L[IFM]=3 țαȚ L[IFM]=4. ȉȠ πȜȒșȠȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ ȖȚα Ĳα 

ȠπȠȓα παȡαĲȘȡİȓĲαȚ υπİȡİțĲȓµȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ 1 ȦȢ 2 πȡȠȕȜȒµαĲα 

ȖȚα fvol=1.00 țαȚ απȩ 6 ȦȢ 7 πȡȠȕȜȒµαĲα ȖȚα fvol=1.10 țαȚ fvol=1.20 αȞĲȓıĲȠȚȤα. 

ΓȚα E[Pi]=400kN, Ș µȚțȡȩĲİȡȘ µȑıȘ ĲȚµȒ ĲȘȢ E[|∆ȕstr|, ∆ȕstr<0] παȡαĲȘȡİȓĲαȚ ȖȚα fvol=1.00 țαȚ 

L[IFM]=4. ǹȞĲȓıĲȠȚȤα ĲȠ µȚțȡȩĲİȡȠ ȐșȡȠȚıµα ĲȘȢ Ȉ[|∆ȕstr|, ∆ȕstr<0] παȡαĲȘȡİȓĲαȚ ȖȚα 

fvol=1.10 țαȚ L[IFM]=3. ȉȠ πȜȒșȠȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ ȖȚα Ĳα ȠπȠȓα παȡαĲȘȡİȓĲαȚ 

υπİȡİțĲȓµȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ 1 ȦȢ 3 πȡȠȕȜȒµαĲα ȖȚα fvol=1.00 țαȚ 

fvol=1.10 țαȚ απȩ 2 ȦȢ 3 πȡȠȕȜȒµαĲα ȖȚα fvol=1.20. 

ȉȑȜȠȢ ȖȚα E[Pi]=425kN, Ș µȚțȡȩĲİȡȘ µȑıȘ ĲȚµȒ ĲȘȢ E[|∆ȕstr|, ∆ȕstr<0] παȡαĲȘȡİȓĲαȚ ȖȚα 

fvol=1.00 țαȚ L[IFM]=2. ǹȞĲȓıĲȠȚȤα ĲȠ µȚțȡȩĲİȡȠ ȐșȡȠȚıµα ĲȘȢ Ȉ[|∆ȕstr|, ∆ȕstr<0] 

παȡαĲȘȡİȓĲαȚ ȖȚα fvol=1.00 țαȚ L[IFM]=4. ȉȠ πȜȒșȠȢ ĲȦȞ πȡȠȕȜȘµȐĲȦȞ ȖȚα Ĳα ȠπȠȓα 

παȡαĲȘȡİȓĲαȚ υπİȡİțĲȓµȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țυµαȓȞİĲαȚ απȩ 1 ȦȢ 2 πȡȠȕȜȒµαĲα ȖȚα 

ȠπȠȚαįȒπȠĲİ ĲȚµȒ ĲȘȢ παȡαµȑĲȡȠυ fvol. 

E[|∆ȕstr|, ∆ȕstr<0] Ȉ[|∆ȕstr|, ∆ȕstr<0] 
ȂȒțȠȢ 

fvol=1.20 fvol=1.10 fvol=1.00 fvol=1.20 fvol=1.10 fvol=1.00 

L[IFM]=2 0.78% 0.92% 0.55% 4.68% 5.51% 1.10% 

L[IFM]=3 0.57% 0.60% 0.84% 3.98% 4.18% 0.84% 

L[IFM]=4 0.63% 0.60% 0.84% 3.76% 4.22% 0.84% 

ȆȓȞ. 3.44: E[|∆ȕstr|], țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ (παȡαµİĲȡȚțȒ µİȜȑĲȘ E[Pi]=375kN). 

ȈȪµφȦȞα µİ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ ȆȓȞ. 3.44 ȦȢ ȆȓȞ. 3.46, Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα fvol=1.00. Ȉİ ıυȞȐȡĲȘıȘ µİ ĲȠ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ 

αıĲȠȤȓαȢ, Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=4. 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.107 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

E[|∆ȕstr|, ∆ȕstr<0] Ȉ[|∆ȕstr|, ∆ȕstr<0] 
ȂȒțȠȢ 

fvol=1.20 fvol=1.10 fvol=1.00 fvol=1.20 fvol=1.10 fvol=1.00 

L[IFM]=2 1.02% 1.54% 1.42% 4.07% 4.63% 2.85% 

L[IFM]=3 1.15% 1.65% 2.83% 2.31% 3.30% 2.83% 

L[IFM]=4 0.48% 0.64% 0.42% 0.95% 0.64% 1.25% 

ȆȓȞ. 3.45: E[|∆ȕstr|], țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ (παȡαµİĲȡȚțȒ µİȜȑĲȘ E[Pi]=400kN). 

E[|∆ȕstr|, ∆ȕstr<0] Ȉ[|∆ȕstr|, ∆ȕstr<0] 
ȂȒțȠȢ 

fvol=1.20 fvol=1.10 fvol=1.00 fvol=1.20 fvol=1.10 fvol=1.00 

L[IFM]=2 2.88% 1.40% 1.05% 2.88% 2.80% 2.10% 

L[IFM]=3 1.73% 1.54% 1.32% 3.46% 3.07% 2.64% 

L[IFM]=4 2.13% 2.31% 1.56% 2.13% 2.31% 1.56% 

ȆȓȞ. 3.46: E[|∆ȕstr|], țαȚ E[ȊΦ] ȖȚα įȚțĲȪȦµα 64 µİȜȫȞ (παȡαµİĲȡȚțȒ µİȜȑĲȘ E[Pi]=425kN). 

ȉȑȜȠȢ İȟİĲȐȗİĲαȚ Ș ıυȞȑπİȚα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȘȞ țαĲαȖȡαφȒ ĲȦȞ țȪȡȚȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. Ǿ µȑșȠįȠȢ υπȠįİȚțȞȪİȚ İπȚĲυȤȫȢ ĲȚȢ țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. ȉα 

πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 3.80 ȦȢ ∆ȚȐȖ. 

3.82, ȖȚα E[Pi]=375kN, E[Pi]=400kN țαȚ E[Pi]=425kN αȞĲȓıĲȠȚȤα. 
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∆ȚȐȖ. 3.80: ȆȠıȠıĲȩ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (E[Pi]=375kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.108 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Comparison of % of FM
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∆ȚȐȖ. 3.81: ȆȠıȠıĲȩ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (E[Pi]=400kN). 

Comparison of % of FM
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∆ȚȐȖ. 3.82: ȆȠıȠıĲȩ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (E[Pi]=425kN). 

Ǿ µȚțȡȩĲİȡȘ µȑıȘ απȩțȜȚıȘ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȦȞ απȩȜυĲȦȞ įȚαφȠȡȫȞ παȡαĲȘȡİȓĲαȚ ȖȚα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.109 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

fvol=1.00 µİ πȠıȠıĲȩ 28.17% ȑȞαȞĲȚ 33.16% ȖȚα fvol=1.10 țαȚ 33.22% ȖȚα fvol=1.20. ΩȢ πȡȠȢ 

ĲȠ L[IFM] Ș µȑıȘ απȩțȜȚıȘ ĲȠυ αșȡȠȓıµαĲȠȢ ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ ȖȚα L[IFM]=2 İȓȞαȚ 

ȓıȘ µİ 30.93%, ȖȚα L[IFM]=3 İȓȞαȚ ȓıȘ µİ 32.27% țαȚ ȖȚα L[IFM]=4 İȓȞαȚ ȓıȘ µİ 31.35%. Ȉİ 

ıυȞįυαıµȩ țαȚ µİ Ĳα απȠĲİȜȑıµαĲα ȦȢ πȡȠȢ ĲȠ ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαȚ ĲȘȢ 

αțȡȓȕİȚαȢ υπȠȜȠȖȚıµȠȪ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ, ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα, Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα αȞαµȑȞȠȞĲαȚ ȖȚα fvol=1.00 țαȚ L[IFM]=4. 

3.14.10 ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 

3.14.10.1 ȅȡȚıµȩȢ ȆȡȠȕȜȒµαĲȠȢ 

ȈĲα ∆ȚȐȖ. 3.83 ȦȢ ∆ȚȐȖ. 3.85, παȡȠυıȚȐȗİĲαȚ, ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠ İıȦĲİȡȚțȐ, ȤȦȡȠįȚțĲȪȦµα 

112 µİȜȫȞ [32]. Ǿ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ φȠȡȑα İȓȞαȚ ȓıȘ µİ 30. ȉα ȖİȦµİĲȡȚțȐ 

ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυ φȠȡȑα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.85. ȈĲȠυȢ țȩµȕȠυȢ 1 ȦȢ 37 αıțİȓĲαȚ 

țαĲαțȩȡυφȠ φȠȡĲȓȠ P1 ıȪµφȦȞα µİ ĲȘȞ țαĲαȞȠµȒ πȠυ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.86. ȈĲȠυȢ 

țȩµȕȠυȢ 1 ȦȢ 13 αıțȠȪȞĲαȚ ȠȡȚȗȩȞĲȚα φȠȡĲȓα P2 țαȚ P3 țαĲȐ ĲȘ ȋ țαȚ Ȋ įȚİȪșυȞıȘ 

αȞĲȓıĲȠȚȤα ıȪµφȦȞα µİ ĲȘȞ țαĲαȞȠµȒ πȠυ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.87. ȉα 112 µȑȜȘ 

ȤȦȡȓȗȠȞĲαȚ ıİ 10 ȠµȐįİȢ ȦȢ πȡȠȢ ĲȚȢ Ĳ.µ ĲȦȞ įȚαĲȠµȫȞ ĲȠυȢ. ȅȚ ȠµȐįİȢ αυĲȑȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.84 (αȡȓșµȘıȘ απȩ 1 ȦȢ 10). Ǿ αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ 

παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.47. 

 

∆ȚȐȖ. 3.83: ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ (ĲȡȚıįȚȐıĲαĲȘ ȩȥȘ - țȩµȕȠȚ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.110 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.84: ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ (ȀȐĲȠȥȘ – ȅµȐįİȢ ∆ȚαĲȠµȫȞ) 

 

∆ȚȐȖ. 3.85: ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ (ȋǽ ȩȥȘ - įȚαıĲȐıİȚȢ). 

 

∆ȚȐȖ. 3.86: ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ (ΦȠȡĲȓȠ P1). 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.111 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.87: ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ (ΦȠȡĲȓα P2, P3). 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

1 1 2  29 4 19  57 22 23  85 38 15 

 2 1 3  30 19 5  58 23 24  86 15 39 

 3 1 4  31 5 21  59 24 25  87 40 19 

 4 1 5  32 21 6  60 25 26  88 19 41 

 5 1 6  33 6 23  61 26 27  89 41 21 

 6 1 7  34 23 7  62 27 28  90 21 42 

 7 1 8  35 7 25  63 28 29  91 43 25 

 8 1 9  36 25 8  64 29 30  92 25 44 

 9 1 10  37 8 27  65 30 31  93 44 27 

 10 1 11  38 27 9  66 31 32  94 27 45 

 11 1 12  39 9 29  67 32 33  95 31 46 

 12 1 13  40 29 10  68 33 34  96 31 47 

 13 2 3  41 10 31  69 34 35  97 33 47 

 14 3 4  42 31 11  70 35 36  98 33 48 

 15 4 5  43 11 33  71 36 37  99 37 49 

 16 5 6  44 12 33  72 37 14  100 37 38 

 17 6 7  45 12 35  73 2 14  101 14 38 

 18 7 8  46 13 35  74 3 16  102 16 39 

 19 8 9  47 13 37  75 4 18  103 18 40 

 20 9 10  48 37 2  76 5 20  104 20 41 

 21 10 11  49 14 15  77 6 22  105 22 42 

 22 11 12  50 15 16  78 7 24  106 24 43 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.112 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

 23 12 13  51 16 17  79 8 26  107 26 44 

 24 13 2  52 17 18  80 9 28  108 28 45 

 25 2 15  53 18 19  81 10 30  109 30 46 

 26 15 3  54 19 20  82 11 32  110 32 47 

 27 3 17  55 20 21  83 12 34  111 34 48 

 28 17 4  56 21 22  84 13 36  112 36 49 

ȆȓȞ. 3.47: ǹȡȓșµȘıȘ µİȜȫȞ ȤȦȡȠįȚțĲυȫµαĲȠȢ 112 µİȜȫȞ. † ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ 
ȆȑȡαĲȠȢ 

3.14.10.2 ȅȡȚıµȩȢ υπȠπȡȠȕȜȘµȐĲȦȞ – ȆαȡαµİĲȡȚțȑȢ ΜİȜȑĲİȢ 

ȈυȞȠȜȚțȐ İȟİĲȐıșȘțαȞ 3 įȚαφȠȡİĲȚțȑȢ ıȤİįȚȐıİȚȢ ȦȢ πȡȠȢ ĲȚȢ įȚαĲȠµȑȢ ĲȠυ φȠȡȑα. ΓȚα ĲȘȞ 1Ș 

ıȤİįȓαıȘ İπȚȜȑȖİĲαȚ įȚαĲȠµȒ Φ152
4
/4

0
 ȖȚα ĲȘ 2

Ș
 ıȤİįȓαıȘ įȚαĲȠµȒ Φ159

0
/4

0
 țαȚ ȖȚα ĲȘ 3

Ș
 

ıȤİįȓαıȘ įȚαĲȠµȒ Φ168
3
/4

0
. ΓȚα ĲȘ 1

Ș
 ıȤİįȓαıȘ İȟİĲȐȗȠȞĲαȚ αȡȤȚțȐ 6 ıυȞįυαıµȠȓ ȦȢ πȡȠȢ ĲȘ 

µȑıȘ ĲȚµȒ țαȚ ĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ φȠȡĲȓȦȞ. ΓȚα ĲȘ 2
Ș
 ıȤİįȓαıȘ İȟİĲȐȗȠȞĲαȚ 3 

ıυȞįυαıµȠȓ ȦȢ πȡȠȢ ĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ φȠȡĲȓȠυ. ȅȚ ıυȞįυαıµȠȓ αυĲȠȓ 

İȟİĲȐȗȠȞĲαȚ țαȚ ȖȚα ĲȘ 3
Ș
 ıȤİįȓαıȘ. ȅȚ ıυȞįυαıµȠȓ ĲȘȢ įȚαĲȠµȒȢ țαȚ ĲȦȞ φȠȡĲȓȦȞ 

ıȤȘµαĲȓȗȠυȞ 12 πȡȠȕȜȒµαĲα ȖȚα ĲȠ υπȩ İȟȑĲαıȘ ȤȦȡȠįȚțĲȪȦµα. ȉα įİįȠµȑȞα țȐșİ 

πȡȠȕȜȒµαĲȠȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.48. 

ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ Ș ĲȐıȘ įȚαȡȡȠȒȢ ıİ șȜȓȥȘ țαȚ İφİȜțυıµȩ Ĳα φȠȡĲȓα πȠυ 

αıțȠȪȞĲαȚ ıĲȘȞ țαĲαıțİυȒ țαȚ ȠȚ İπȚφȐȞİȚİȢ ĲȦȞ įȚαĲȠµȫȞ. Ǿ µȑıȘ ĲȚµȒ ĲȠυ ĲȐıȘȢ įȚαȡȡȠȒȢ 

ıİ İφİȜțυıµȩ İȓȞαȚ ȓıȘ µİ 27.5kN/cm
2
 țαȚ Ș µȑıȘ ĲȚµȒ ĲȘȢ ĲȐıȘȢ įȚαȡȡȠȒȢ ĲȠυ υȜȚțȠȪ ıİ 

șȜȓȥȘ İȓȞαȚ ȓıȘ µİ 24.0kN/cm
2
. ȉȠ πȜȒșȠȢ ĲȦȞ Ĳ.µ İȓȞαȚ ȓıȠ µİ 15. 

ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ ĲȐıİȦȞ įȚαȡȡȠȒȢ İȓȞαȚ ıĲȚȢ 2 πİȡȚπĲȫıİȚȢ ȓıȠȢ µİ 7%. ȅ 

įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ İπȚφαȞİȚȫȞ ĲȦȞ įȚαĲȠµȫȞ ıİ țȐșİ πİȡȓπĲȦıȘ ȜαµȕȐȞİĲαȚ ȓıȠȢ 

µİ 10%. ȅȚ ĲȐıİȚȢ įȚαȡȡȠȒȢ țαȚ ĲȠ İµȕαįȩȞ ĲȘȢ įȚαĲȠµȒȢ αțȠȜȠυșȠȪȞ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ 

İȞȫ Ĳα φȠȡĲȓα αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ. 

ΓȚα Ĳα 12 πȡȠȕȜȒµαĲα πȡαȖµαĲȠπȠȚȒșȘțαȞ 5 παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ ȦȢ πȡȠȢ ĲȠ L[IFM], ĲȠ 

max{nf,j} țαȚ ĲȘȞ παȡαȜȜαȖȒ ĲȘȢ ıȤȑıȘȢ (3.35). ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ȖȚα ĲȚȢ 5 µİȜȑĲİȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.49. ȅȚ ȜȠȚπȑȢ παȡȐµİĲȡȠȚ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ: 

fvol=1.0, fRV=0.1, fcut-off=0.1, fs,c=0.10, fs,cp=0.70, max{nj}=600. ȉȠ πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ ȖȚα ȠµαįȠπȠȓȘıȘ İȓȞαȚ ȓıȠ µİ 40. ΓȚα ĲȘ 

ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister Ș ĲȚµȒ ıπȠȡȐȢ İȓȞαȚ ȓıȘ µİ 4357. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.113 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȆȡȩȕȜȘµα ∆ȚαĲȠµȒ Ε[P1] kN COV[P1] Ε[P2-3] kN COV[P2-3] 

001 15.0 0.30 15.0 0.30 

002 15.0 0.20 15.0 0.20 

003 15.0 0.40 15.0 0.40 

004 20.0 0.30 20.0 0.30 

005 12.5 0.30 12.5 0.30 

006 

Φ152.4/4.0 

17.5 0.30 17.5 0.30 

007 20.0 0.30 20.0 0.30 

008 20.0 0.20 20.0 0.20 

009 

Φ159/4.0 

20.0 0.40 20.0 0.40 

010 20.0 0.30 20.0 0.30 

011 20.0 0.20 20.0 0.20 

012 

Φ168.3/4.0 

20.0 0.40 20.0 0.40 

ȆȓȞ. 3.48: ∆İįȠµȑȞα 12 πȡȠȕȜȘµȐĲȦȞ πȠυ İȟİĲȐȗȠȞĲαȚ ȖȚα ĲȠ ȤȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

ȂİȜȑĲȘ ǹ Ǻ Γ ∆ Ε 

L[IFM] 1 1 1 2 3 

max{nf,j} 7 7 10 7 

ȈȤȑıȘ (3.35) 2
Ș
 Ȇαȡ. 1

Ș
 Ȇαȡ. 2

Ș
 Ȇαȡ. 2

Ș
 Ȇαȡ. 

ȆȓȞ. 3.49: ∆İįȠµȑȞα 5 παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ. 

3.14.10.3 ǹπȠĲİȜȑıµαĲα 

ΓȚα Ĳα υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲα, Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µİ ĲȘ µȑșȠįȠ MC παȡȠυıȚȐȗİĲαȚ 

ıĲȠȞ ȆȓȞ. 3.50. ΓȚα Ĳα πȡȠȕȜȒµαĲα 002 țαȚ 005 ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα ĲȠȞ 

ĲİȡµαĲȚıµȩ ĲȘȢ įȚαįȚțαıȓαȢ İȓȞαȚ ȓıȠ µİ 93 țαȚ 81 αıĲȠȤȓİȢ αȞĲȓıĲȠȚȤα. ΓȚα ĲȠυȢ ȜȠȚπȠȪȢ 

ıυȞįυαıµȠȪȢ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα ĲȠȞ ĲİȡµαĲȚıµȩ ĲȘȢ įȚαįȚțαıȓαȢ İȓȞαȚ 

ȓıȠ µİ 600 αıĲȠȤȓİȢ.  

ȂİȜȑĲȘ 001 002 003 004 005 006 

Pf,s (ȂC) 2.04x10
-4

 4.94x10
-6

 1.80x10
-3

 2.01x10
-2

 2.68x10
-6

 3.33x10
-3

 

ȂİȜȑĲȘ 007 008 009 010 011 012 

Pf,s (ȂC) 1.14x10
-2

 1.68x10
-3

 3.40x10
-2

 6.18x10
-3

 6.77x10
-4

 2.17x10
-2

 

ȆȓȞ. 3.50: ȆȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαĲαıțİυȒȢ (Pf,s) (µȑșȠįȠȢ MC). 

Ǿ İȟȑȜȚȟȘ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα 6 απȩ Ĳα 12 πȡȠȕȜȒµαĲα 

παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 3.88 ȦȢ ∆ȚȐȖ. 3.90. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ αυȟȐȞİȚ ȩıȠ αυȟȐȞİȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ. ǹπȩ ĲȘȞ αȞȐȜυıȘ ĲȦȞ įİįȠµȑȞȦȞ İȟȐȖİĲαȚ ĲȠ ıυµπȑȡαıµα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.114 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩĲȚ Ș ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα 

υπȠİțĲȚµȐ ıİ αȡȤȚțȩ ıĲȐįȚȠ, ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

Evolution of Pf,s (MC)
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∆ȚȐȖ. 3.88: Pf,s ȖȚα πȡȠȕȜȒµαĲα 001 țαȚ 011 (ȤȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ - ȂC). 

Evolution of Pf,s (MC)
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∆ȚȐȖ. 3.89: Pf,s ȖȚα πȡȠȕȜȒµαĲα 006 țαȚ 010 (ȤȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ - ȂC). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.115 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Pf,s (MC)
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∆ȚȐȖ. 3.90: Pf,s ȖȚα πȡȠȕȜȒµαĲα 012 țαȚ 009 (ȤȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ - ȂC). 

ȅȚ İπȚπĲȫıİȚȢ ĲȦȞ ȖİȞȞȘĲȡȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ıĲȘȞ αțȡȓȕİȚα İțĲȓµȘıȘȢ ĲȘȢ µİșȩįȠυ 

MC παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ ıĲȘȞ παȡȐȖȡαφȠ 3.22. Ǿ µȑșȠįȠȢ παȡȠυıȚȐȗİĲαȚ ȜȚȖȩĲİȡȠ 

İπȚȡȡİπȒȢ ıĲα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister. 

ǹυĲȩ ȠφİȓȜİĲαȚ țυȡȓȦȢ ıĲȘȞ αȪȟȘıȘ ĲȘȢ πυțȞȩĲȘĲαȢ įİȚȖµαĲȠȜȘȥȓαȢ. Ǿ αȪȟȘıȘ ĲȠυ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ φȠȡĲȓȦȞ ĲȘȢ țαĲαıțİυȒȢ ıυȞİπȐȖİĲαȚ αȪȟȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ φȠȡĲȓȠυ. 

ȈĲα ∆ȚȐȖ. 3.91 ȦȢ ∆ȚȐȖ. 3.95, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȖȚα Ĳα 

πȡȠȕȜȒµαĲα ĲȠυ ȆȓȞ. 3.48, ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ ĲȘ µȑșȠįȠ MC, țαȚ Ƞ ȜȩȖȠȢ ĲȠυ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȖȚα ĲȚȢ 5 παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ. ȅȚ İțĲȚµȒıİȚȢ ıυȖțȡȓȞȠȞĲαȚ ȖȚα ĲȠ ȓįȚȠ 

πȜȒșȠȢ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ. Ǿ µȑșȠįȠȢ MC υπȠİțĲȚµȐ țαĲȐ ıυıĲȘµαĲȚțȩ ĲȡȩπȠ ĲȘȞ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µİ απȠĲȑȜİıµα ıİ țȐșİ πİȡȓπĲȦıȘ Ƞ ȜȩȖȠȢ ĲȦȞ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ Ȟα 

İȓȞαȚ İȜαφȡȐ µȚțȡȩĲİȡȠȢ ĲȘȢ µȠȞȐįαȢ. Ǿ ıȤİĲȚțȒ įȚαφȠȡȐ πȐȞĲȦȢ ıİ țαµȓα πİȡȓπĲȦıȘ įİȞ 

υπİȡȕαȓȞİȚ ĲȠ 4%. Ȉİ ıυȞįυαıµȩ µİ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ ∆ȚȐȖ. 3.88 ȦȢ ∆ȚȐȖ. 3.90 

ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș µȑșȠįȠȢ MC απαȚĲİȓ πȠȜȪ µİȖαȜȪĲİȡȠ πȜȒșȠȢ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ȖȚα 

Ȟα İπȚĲȪȤİȚ ȓįȚαȢ αȟȚȠπȚıĲȓαȢ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȜȩȖȦ ĲȠυ ȖİȖȠȞȩĲȠȢ ȩĲȚ Ș 

µȑșȠįȠȢ İıĲȚȐȗİȚ ĲȘ įȚαįȚțαıȓα ıİ πİȡȚȠȤȑȢ πȠυ ıĲȠ ıȪȞȠȜȠ ĲȠυȢ țαȜȪπĲȠυȞ ȑȞα πȠȜȪ µȚțȡȩ 

țȠµµȐĲȚ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ µİ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ πυțȞȩĲȘĲαȢ įİȚȖµαĲȠȜȘȥȓαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.116 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ įȚαφȠȡȠπȠȚȒıİȚȢ ĲȦȞ παȡαµȑĲȡȦȞ įİȞ İπȘȡİȐȗȠυȞ ıȘµαȞĲȚțȐ ĲȘȞ αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ. 

Evolution of ȕ, ȕȂC, ȕ ratio
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∆ȚȐȖ. 3.91: ȕstr, ȕstr(MC) țαȚ ȕstr(MC)/ ȕstr (µİȜȑĲȘ ǹ). 

Evolution of ȕ, ȕȂC, ȕ ratio
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∆ȚȐȖ. 3.92: ȕstr, ȕstr(MC) țαȚ ȕstr(MC)/ ȕstr, (µİȜȑĲȘ Ǻ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.117 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of ȕ, ȕȂC, ȕ ratio
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L[IFM]=1 - N[L[IFM]]=40

max{n f,j }=10 max{n j }=600

 

∆ȚȐȖ. 3.93: ȕstr, ȕstr(MC) țαȚ ȕstr(MC)/ ȕstr, (µİȜȑĲȘ Γ). 

Evolution of ȕ, ȕȂC, Pf,s ratio, ȕ ratio
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L[IFM]=2 - N[L[IFM]]=40

max{n f,j }=7 max{n j }=600
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 Variant

f vol  = 1.0 - f cut,off =f RV =0.10

 

∆ȚȐȖ. 3.94: ȕstr, ȕstr(MC) țαȚ ȕstr(MC)/ ȕstr, (µİȜȑĲȘ ∆). 

ȈĲα ∆ȚȐȖ. 3.96 ȦȢ ∆ȚȐȖ. 3.100, παȡȠυıȚȐȗȠȞĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ απαȚĲȠȪȞĲαȚ µİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.118 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȘ µȑșȠįȠ MC țαȚ ĲȠȞ αȜȖȩȡȚșµȠ ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ, ĲȠ πȜȒșȠȢ ĲȦȞ 

ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ țαȚ ĲȑȜȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ υπİȡțȪȕȦȞ ȖȚα Ĳα ȠπȠȓα Ƞ αȜȖȩȡȚșµȠȢ 

απȠφαıȓȗİȚ įİȚȖµαĲȠȜȘȥȓα. 

ȉȠ πȜȒșȠȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ İȓȞαȚ ȓıȠ µİ 6 (ıİ ıȪȞȠȜȠ 15) πȠυ ȠįȘȖİȓ ıİ țİȡµαĲȚıµȩ ĲȠυ 

ȤȫȡȠυ ıİ 2
6
=64 υπİȡțȪȕȠυȢ. Ȃİ İȟαȓȡİıȘ ĲȘ µİȜȑĲȘ Ǻ ĲȠ πȜȒșȠȢ ĲȦȞ υπİȡțȪȕȦȞ πȠυ 

İȡİυȞȫȞĲαȚ įİȞ παȡȠυıȚȐȗİȚ µİȖȐȜİȢ įȚαφȠȡȑȢ țαȚ ıυȞαȡĲȐĲαȚ țυȡȓȦȢ απȩ ĲȘȞ πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ. ȉȠ πȜȒșȠȢ ĲȦȞ υπİȡțȪȕȦȞ țυµαȓȞİĲαȚ απȩ 12 (πȠυ αȞĲȚıĲȠȚȤİȓ ıİ ȑȜİȖȤȠ ĲȠυ 

18.75% ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ) ȦȢ 28 (πȠυ αȞĲȚıĲȠȚȤİȓ ıİ ȑȜİȖȤȠ ĲȠυ 43.75% ĲȠυ 

πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ). ΓȚα ĲȘȞ 1
Ș
 παȡαȜȜαȖȒ παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ 

υπİȡțȪȕȦȞ Ĳα ȠπȠȓα İȡİυȞȫȞĲαȚ İȚįȚțȐ ıĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȓȞαȚ 

υȥȘȜȒ. ȉȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ αυȟȐȞİȚ ȩıȠ αυȟȐȞİĲαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαșȫȢ 

ȑȤȠυµİ αȪȟȘıȘ ĲȦȞ υπİȡțȪȕȦȞ πȠυ İȡİυȞȫȞĲαȚ. Ǿ µİȜȑĲȘ Γ παȡȠυıȚȐȗİȚ ĲȠȞ υȥȘȜȩĲİȡȠ 

αȡȚșµȩ αıĲȠȤȚȫȞ (26.8% υȥȘȜȩĲİȡȠ țαĲȐ µȑıȠ ȩȡȠ απȩ ĲȠ πȜȒșȠȢ ĲȘȢ µİȜȑĲȘȢ ǹ) İȞȫ ȖȚα ĲȘ 

µİȜȑĲȘ Ǻ (1
Ș
 παȡαȜȜαȖȒ) παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αıĲȠȤȚȫȞ ȓıȠ µİ 6.4% țαĲȐ 

µȑıȠ ȩȡȠ. ΓȚα ĲȚȢ µİȜȑĲİȢ ∆ țαȚ Ǽ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ įİȞ µİĲαȕȐȜȜİĲαȚ πȡαțĲȚțȐ (țαĲȐ 

µȑıȠ ȩȡȠ παȡαĲȘȡİȓĲαȚ µȓα µİȓȦıȘ ĲȘȢ ĲȐȟȘȢ ĲȠυ 1.2% țαȚ 0.5% αȞĲȓıĲȠȚȤα).  

Evolution of ȕ, ȕȂC, Pf,s ratio, ȕ ratio
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L[IFM]=3 - N[L[IFM]]=40

max{n f,j }=7 max{n j }=600

 

∆ȚȐȖ. 3.95: ȕstr, ȕstr(MC) țαȚ ȕstr(MC)/ ȕstr, (µİȜȑĲȘ Ǽ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.119 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Nsim, Nsim,MC, nf & subsets visited
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∆ȚȐȖ. 3.96: Nsim, Nf, țαȚ πȜȒșȠȢ İȟİĲαȗȩµİȞȦȞ υπİȡțȪȕȦȞ (µİȜȑĲȘ ǹ). 

Evolution of Nsim, Nsim,MC, nf & subsets visited
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∆ȚȐȖ. 3.97: Nsim, Nf, țαȚ πȜȒșȠȢ İȟİĲαȗȩµİȞȦȞ υπİȡțȪȕȦȞ (µİȜȑĲȘ Ǻ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.120 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Nsim, Nsim,MC, nf & subsets visited
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L[IFM]=1 - N[L[IFM]]=40 max{n f,j }=10 max{n j }=600

 

∆ȚȐȖ. 3.98: Nsim, Nf, țαȚ πȜȒșȠȢ İȟİĲαȗȩµİȞȦȞ υπİȡțȪȕȦȞ (µİȜȑĲȘ Γ). 

Evolution of Nsim, Nsim,MC, nf & subsets visited
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L[IFM]=2 - N[L[IFM]]=40

max{n f,j }=7 max{n j }=600

 

∆ȚȐȖ. 3.99: Nsim, Nf, țαȚ πȜȒșȠȢ İȟİĲαȗȩµİȞȦȞ υπİȡțȪȕȦȞ (µİȜȑĲȘ ∆). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.121 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Nsim, Nsim,MC, nf & subsets visited
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L[IFM]=3 - N[L[IFM]]=40

max{n f,j }=7 max{n j }=600

 

∆ȚȐȖ. 3.100: Nsim, Nf, țαȚ πȜȒșȠȢ İȟİĲαȗȩµİȞȦȞ υπİȡțȪȕȦȞ (µİȜȑĲȘ Ǽ). 

ΩȢ πȡȠȢ ĲȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ Ƞ πȡȠĲİȚȞȩµİȞȠȢ αȜȖȩȡȚșµȠȢ παȡȠυıȚȐȗİȚ ȖȚα πȚșαȞȩĲȘĲİȢ 

αıĲȠȤȓαȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 10
-5

~10
-6

 µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ țαĲȐ 2 ĲȐȟİȚȢ µİȖȑșȠυȢ 

πİȡȓπȠυ. ȁαµȕȐȞȠȞĲαȢ υπȩȥȘ Ĳα πȡȠȕȜȒµαĲα πȠυ πȡȠțȪπĲȠυȞ ȖȚα ĲȘ µȑșȠįȠ MC (ȦȢ πȡȠȢ 

ĲȘȞ İȟȑȜȚȟȘ ĲȘȢ İțĲȓµȘıȘȢ µİ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ) ıυµπİȡαȓȞİĲαȚ ȩĲȚ ȖȚα 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 10
-6

 Ƞ πȡȠĲİȚȞȩµİȞȠȢ αȜȖȩȡȚșµȠȢ (µİ ȓįȚα πȚıĲȩĲȘĲα 

İțĲȓµȘıȘȢ) İȓȞαȚ įυȞαĲȩȞ Ȟα παȡȠυıȚȐıİȚ 3 ĲȐȟİȚȢ µİȖȑșȠυȢ ȤαµȘȜȩĲİȡȠ ȜȩȖȠ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ıİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ MC. 

3.14.10.4 ΜİȜȑĲȘ ĲȦȞ ıυȞİπİȚȫȞ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ țαȚ ĲȘȢ µȑıȘȢ 
ĲȚµȒȢ ıĲȘȞ αȟȚȠπȚıĲȓα ĲȘȢ țαĲαıțİυȒȢ 

ǼπȚπȡȩıșİĲα ĲȦȞ 12 αȡȤȚțȫȞ πȡȠȕȜȘµȐĲȦȞ ĲȠυ ȆȓȞ. 3.48, ĲȘȢ µİȜȑĲȘȢ ǹ, αȞĲȚµİĲȦπȓıșȘțαȞ 

αțȩµα 9 πȡȠȕȜȒµαĲα ȖȚα ĲȘȞ İțĲȓµȘıȘ ĲȦȞ ıυȞİπİȚȫȞ ıĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ 

țαĲαıțİυȒȢ, ĲȘȢ µȑıȘȢ ĲȚµȒȢ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ İπȚȕαȜȜȩµİȞȦȞ φȠȡĲȓȦȞ. 

ȉα įİįȠµȑȞα ĲȦȞ πȡȩıșİĲȦȞ πȡȠȕȜȘµȐĲȦȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.51. 

ȆȡȩȕȜȘµα ∆ȚαĲȠµȒ Ε[P1] kN COV[P1] Ε[P2-3] kN COV[P2-3] 

013 20.0 0.20 20.0 0.20 

014 

Φ152.4/4.0 

20.0 0.40 20.0 0.40 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.122 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȆȡȩȕȜȘµα ∆ȚαĲȠµȒ Ε[P1] kN COV[P1] Ε[P2-3] kN COV[P2-3] 

015 22.5 0.30 22.5 0.30 

016 15.0 0.25 15.0 0.25 

017 15.0 0.35 15.0 0.35 

018 13.75 0.30 13.75 0.30 

019 16.25 0.30 16.25 0.30 

020 18.75 0.30 18.75 0.30 

021 

 

21.25 0.30 21.25 0.30 

ȆȓȞ. 3.51: ∆İįȠµȑȞα πȡȩıșİĲȦȞ 9 πȡȠȕȜȘµȐĲȦȞ (µİȜȑĲȘ ǹ). 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȦȞ 9 πȡȠȕȜȘµȐĲȦȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 3.52. ȈĲȠ ∆ȚȐȖ. 3.101, 

παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ. Ǿ µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ İȓȞαȚ ȓıȘ µİ 15kN. ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ 

µİĲαȕȐȜȜİĲαȚ țαĲȐ ȖȡαµµȚțȩ ĲȡȩπȠ. ȅ įİȓțĲȘȢ ıυıȤȑĲȚıȘȢ R İȓȞαȚ ȓıȠȢ µİ 0.998. 

ȂİȜȑĲȘ 013 014 015 016 017 

Pf,s (ȂC) 4.48x10
-3

 5.60x10
-2

 6.93x10
-2

 3.60x10
-5

 7.46x10
-4

 

ȂİȜȑĲȘ 018 019 020 021  

Pf,s (ȂC) 2.35x10
-5

 8.75x10
-4

 9.54x10
-3

 3.60Ȣx10
-2

  

ȆȓȞ. 3.52: Pf,s (πȡȩıșİĲα πȡȠȕȜȒµαĲα – πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ – µİȜȑĲȘ ǹ). 

ȈĲȠ ∆ȚȐȖ. 3.102, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα 

įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȘȢ Ǽ[Pi]. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ ȓıȠȢ µİ 0.30. 

ȅ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ µİĲαȕȐȜȜİĲαȚ țαĲȐ ıȤİįȩȞ ȖȡαµµȚțȩ ĲȡȩπȠ. ȅ įİȓțĲȘȢ ıυıȤȑĲȚıȘȢ R, 

ıĲȘȞ πİȡȓπĲȦıȘ πȡȠıαȡµȠȖȒȢ πȠȜυȦȞȪµȠυ 2
Ƞυ

 ȕαșµȠȪ, İȓȞαȚ ȓıȠȢ µİ 0.9995 ȑȞαȞĲȚ ĲȠυ 

0.9937 ĲȘȢ ȖȡαµµȚțȒȢ ıȤȑıȘȢ. Ǿ įȚαφȠȡȠπȠȓȘıȘ ȑȖțİȚĲαȚ ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ Ș İțĲȓµȘıȘ ĲȠυ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ µȑıȦ ĲȠυ πȠȜυȦȞȪµȠυ 2
αȢ

 ĲȐȟİȦȢ İȓȞαȚ İȞĲȩȢ ĲȠυ 

įȚαıĲȒµαĲȠȢ İțĲȓµȘıȘȢ ĲȠυ įİȓțĲȘ αυĲȠȪ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ µİ İȪȡȠȢ 99%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.123 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of ȕ with regard to C.O.V.

y = -7.6601x + 5.8972

R
2
 = 0.9955

2.5

3.0

3.5

4.0

4.5

5.0

0.15 0.2 0.25 0.3 0.35 0.4 0.45

C.O.V.

ȕ

ȕ
Linear Fit

Confidence Limits 99.0%

E[P]=15kN

 

∆ȚȐȖ. 3.101: ȕst ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ (µİȜȑĲȘ ǹ). 

Evolution of ȕ with regard to E[P]

y = -0.3036x + 8.1551

R
2
 = 0.9874

y = 0.0117x
2
 - 0.7118x + 11.6054

R
2
 = 0.9991

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

10 12 14 16 18 20 22 24

E[P]

ȕ

ȕ
Linear Fit

2nd degree

Confidence Limits 99.0%

C.O.V. 30%

 

∆ȚȐȖ. 3.102: ȕst ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ E[P] (µİȜȑĲȘ ǹ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.124 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.15 ȈȊΜȆǼȇǹȈΜǹȉǹ 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐıĲȘțİ µȑșȠįȠȢ ȖȚα ĲȘȞ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ πȠȜȪπȜȠțȦȞ 

ıυıĲȘµȐĲȦȞ. Ǿ µȑșȠįȠȢ İφαȡµȩȗİĲαȚ ıİ πȜȒșȠȢ µαșȘµαĲȚțȫȞ πȡȠȕȜȘµȐĲȦȞ țαșȫȢ țαȚ ȖȚα 

ĲȘȞ αȞȐȜυıȘ υπİȡıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ. Ȉİ ȩȜα Ĳα πȡȠȕȜȒµαĲα țαȚ ĲȚȢ παȡαȜȜαȖȑȢ ĲȠυȢ ıİ 

ıȤȑıȘ µİ ĲȘ µȑșȠįȠ MC παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ Ș ȠπȠȓα ȖȓȞİĲαȚ 

İȞĲȠȞȩĲİȡȘ ȩıȠ αυȟȐȞİȚ Ș απαȓĲȘıȘ αȟȚȠπȚıĲȓαȢ ĲȠυ ıυıĲȒµαĲȠȢ. Ǿ İυȡȦıĲȓα ĲȘȢ µİșȩįȠυ 

αȞαįİȚțȞȪİĲαȚ ıİ ȩȜİȢ ĲȚȢ πİȡȚπĲȫıİȚȢ. Ǿ µȑșȠįȠȢ αȞĲȚµİĲȦπȓȗİȚ µİ İπȚĲυȤȓα țαȚ 

πȠȜυµȠȡφȚțȐ πȡȠȕȜȒµαĲα įİȞ İπȘȡİȐȗİĲαȚ απȩ ĲȘ µȠȡφȒ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ Ȓ ĲȚȢ 

µȠȡφȑȢ ĲȦȞ țαĲαȞȠµȫȞ ĲȦȞ Ĳ.µ țȐĲȚ ĲȠ ȗȘĲȠȪµİȞȠ ıĲȘȞ πİȡȓπĲȦıȘ ıυȞįυαıµȠȪ ĲȘȢ µİșȩįȠυ 

µİ αȜȖȠȡȓșµȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ µİ ȤȡȒıȘ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.125 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.16 ȆαȡȐȡĲȘµα A – ȈυȞȐȡĲȘıȘ ǼțĲȓµȘıȘȢ ȆȚșαȞȩĲȘĲαȢ 
ǹıĲȠȤȓαȢ 

ȅ ȜȩȖȠȢ ĲȠυ ȜȐșȠυȢ İțĲȓµȘıȘȢ πȡȠȢ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ įȓįİĲαȚ ȦȢ [3], [12], [52]: 

 ( )
( ) ( )( )

( )
( )( )

( )2

11 1
f

f

n
P P PA A A n

P P n nP nA AA

ε −⋅ − −= = =⋅⋅  (3.81) 

ȩπȠυ, n İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ, ȦȢ nf İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ 

țαȚ P(A) İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ. 

ȈĲȠ ∆ȚȐȖ. 3.103, παȡȠυıȚȐȗİĲαȚ Ș µİĲαȕȠȜȒ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ ĲȘȢ ıȤȑıȘȢ (3.1) ȦȢ πȡȠȢ ĲȠ 

πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ. ȈĲα ∆ȚȐȖ. 3.104 ȦȢ ∆ȚȐȖ. 3.108, 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ ĲȘȢ ıȤȑıȘȢ (3.1) ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ 

ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ. ȉȠ ıȤİĲȚțȩ ȜȐșȠȢ µİȖȚıĲȠπȠȚİȓĲαȚ ȖȚα P(A)=0.5. Ǿ αȪȟȘıȘ ĲȠυ 

πȜȒșȠυȢ ĲȦȞ įİȚȖµȐĲȦȞ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ µİ µİȚȠȪµİȞȠ ȡυșµȩ. 

 

∆ȚȐȖ. 3.103: ȂİĲαȕȠȜȒ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İ ȦȢ πȡȠȢ ĲȠ n țαȚ PA (µİĲαȕȜȘĲȑȢ n, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.126 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.104: ȆαȡȐȖȦȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İ ȦȢ πȡȠȢ n (µİĲαȕȜȘĲȑȢ n, PA) 

 

∆ȚȐȖ. 3.105: ȆαȡȐȖȦȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İ ȦȢ πȡȠȢ PA (µİĲαȕȜȘĲȑȢ n, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.127 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.106: ȆαȡȐȖȦȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İ ȦȢ πȡȠȢ PA țαȚ n (µİĲαȕȜȘĲȑȢ n, PA) 

 

∆ȚȐȖ. 3.107: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İ ȦȢ πȡȠȢ n (µİĲαȕȜȘĲȑȢ n, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.128 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.108: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İ ȦȢ πȡȠȢ PA (µİĲαȕȜȘĲȑȢ n, PA) 

ȈĲȠ ∆ȚȐȖ. 3.109, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıȤȑıȘȢ (3.81) ıİ ıȤȑıȘ µİ ĲȠ 

πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ. Ǿ αȪȟȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ 

ĲȠυ ȖİȖȠȞȩĲȠȢ (πȠυ πȡȠțαȜİȓĲαȚ απȩ ĲȠȞ πİȡȚȠȡȚıµȩ ĲȘȢ πİȡȚȠȤȒȢ įİȚȖµαĲȠȜȘȥȓαȢ) ȠįȘȖİȓ ıİ 

µİȓȦıȘ ĲȠυ ȜȩȖȠυ µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȘȢ αȕİȕαȚȩĲȘĲαȢ İțĲȓµȘıȘȢ. ȈĲα ∆ȚȐȖ. 3.110 ȦȢ 

∆ȚȐȖ. 3.114, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ ĲȘȢ ıȤȑıȘȢ (3.81). ȅ ȜȩȖȠȢ ĲȠυ ıȤİĲȚțȠȪ 

ȜȐșȠυȢ πȡȠȢ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİȚȫȞİĲαȚ µİ ĲȘȞ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ įİȚȖµȐĲȦȞ țαȚ ĲȘȢ İțĲȓµȘıȘȢ αıĲȠȤȓαȢ µİ µİȚȠȪµİȞȠ ȡυșµȩ. 

ȈĲȠ ∆ȚȐȖ. 3.115, παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȘȢ ıȤȑıȘȢ (3.81) µİ ĲȠ πȜȒșȠȢ ĲȦȞ 

αıĲȠȤȚȫȞ țαȚ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ. Ǿ αȪȟȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲȠυ ȖİȖȠȞȩĲȠȢ 

ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȠυ ȜȩȖȠυ µİ αυȟαȞȩµİȞȠ ȡυșµȩ İȚįȚțȐ ȖȚα µȚțȡȩ πȜȒșȠȢ αıĲȠȤȚȫȞ. ȈĲα 

∆ȚȐȖ. 3.116 ȦȢ ∆ȚȐȖ. 3.120, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ µİȡȚțȑȢ παȡȐȖȦȖȠȚ ĲȘȢ ıȤȑıȘȢ (3.81) µİ ĲȠ 

πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ țαȚ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. ȅ ȜȩȖȠȢ µİȚȫȞİĲαȚ µİ 

αυȟαȞȩµİȞȠ ȡυșµȩ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ αȜȜȐ µİ µİȚȠȪµİȞȠ ȡυșµȩ ȦȢ πȡȠȢ ĲȘȞ 

İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.129 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.109: ȂİĲαȕȠȜȒ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ n țαȚ PA. 

 

∆ȚȐȖ. 3.110: ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ n (µİĲαȕȜȘĲȑȢ n, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.130 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.111: ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ PA (µİĲαȕȜȘĲȑȢ n, PA) 

 

∆ȚȐȖ. 3.112: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ n țαȚ PA (µİĲαȕȜȘĲȑȢ n, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.131 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.113: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ n (µİĲαȕȜȘĲȑȢ n, PA) 

 

∆ȚȐȖ. 3.114: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ PA (µİĲαȕȜȘĲȑȢ n, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.132 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.115: ȂİĲαȕȠȜȒ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ nf țαȚ PA. 

 

∆ȚȐȖ. 3.116: ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ nf (µİĲαȕȜȘĲȑȢ nf, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.133 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.117: ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ PA (µİĲαȕȜȘĲȑȢ nf, PA) 

 

∆ȚȐȖ. 3.118: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ nf țαȚ PA (µİĲαȕȜȘĲȑȢ nf, PA) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.134 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.119: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ nf (µİĲαȕȜȘĲȑȢ nf, PA) 

 

∆ȚȐȖ. 3.120: 2
Ș
 ȆαȡȐȖȦȖȠȢ ĲȘȢ ıȤȑıȘȢ (3.81) ȦȢ πȡȠȢ PA (µİĲαȕȜȘĲȑȢ nf, PA). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.135 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.17 ȆαȡȐȡĲȘµα Ǻ – ΜİĲαıȤȘµαĲȚıµȩȢ Rosenblatt 

ȅ µİĲαıȤȘµαĲȚıµȩȢ Rosenblatt (Rosenblatt transformation) ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȘ 

µİĲαĲȡȠπȒ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ıĲαĲȚıĲȚțȐ ıȤİĲȚıµȑȞȦȞ Ĳ.µ ıİ ȕȐıȘ ĲυȤαȓȦȞ țαȞȠȞȚțȫȞ 

ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ [49]: 

 =z T× x  (3.82). 

ȩπȠυ, T İȓȞαȚ ĲȠ µȘĲȡȫȠ µİĲαıȤȘµαĲȚıµȠȪ ĲȠυ αȡȤȚțȠȪ įȚαȞȪıµαĲȠȢ x ıĲȠ įȚȐȞυıµα ĲȦȞ 

țαȞȠȞȚțȫȞ Ĳ.µ z. ȉȠ µȘĲȡȫȠ T įȓįİĲαȚ ȦȢ: 

 ,1 ,, ,T

z z N= =   V VT A A …  (3.83) 

ȉȠ MxN µȘĲȡȫȠ V υπȠȜȠȖȓȗİĲαȚ µȑıȦ ĲȘȢ ıȤȑıȘȢ: 

 ⋅ − ⋅ =
x z z

C V Ȝ V 0  (3.84) 

ȩπȠυ Cx İȓȞαȚ ĲȠ µȘĲȡȫȠ ıυȞįȚαıπȠȡȐȢ ĲȦȞ Ĳ.µ. Ǿ µȑıȘ ĲȚµȒ țαȚ įȚαıπȠȡȐ ȖȚα ĲȘȞ i 

ȚıȠįȪȞαµȘ țαȞȠȞȚțȒ țαĲαȞȠµȒ ĲȘȢ ıυıȤİĲȚıµȑȞȘȢ Ĳ.µ, (µİĲαıȤȘµαĲȚıµȩȢ Rackwitz-Fiessler) 

įȓįİĲαȚ ȦȢ [1]: 

 
[ ]{ }( ) [ ] ( )1 *

* 1 * 1

*

0.5 rand()

rand()i i i

i

i i act

x x i i x i i i

actx i

w k i N
x w w x F w

i Nf x

ϕσ µ σ−
− −Φ  + ⋅ ∈= = −Φ = = ∉  (3.85) 

ȩπȠυ µxi İȓȞαȚ Ș µȑıȘ ĲȚµȒ ĲȘȢ i Ĳ.µ ĲȠυ ȤȫȡȠυ ĲȦȞ țαȞȠȞȚțȫȞ Ĳ.µ țαȚ ıxi İȓȞαȚ Ș ĲυπȚțȒ 

απȩțȜȚıȘ. ȂȑıȦ ĲȠυ αȞȐıĲȡȠφȠυ µİĲαıȤȘµαĲȚıµȠȪ ĲȘȢ ıȤȑıȘȢ (3.82), ȠȚ ıυȞĲİĲαȖµȑȞİȢ ĲȠυ 

ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ țαȚ ĲȠ įȚȐȞυıµα țαĲİȪșυȞıȘȢ ıĲȠȞ αȡȤȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ 

υπȠȜȠȖȓȗȠȞĲαȚ ȦȢ: 

 * = ×-1x T z *  (3.86) 

ȩπȠυ z* țαȚ x* İȓȞαȚ Ĳα įȚαȞȪıµαĲα ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ȖȚα Ĳα µȑȜȘ ĲȘȢ 

țαĲαıțİυȒȢ πȠυ αıĲȠȤȠȪȞ ıĲȠȞ αȞİȟȐȡĲȘĲȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ țαȚ ıĲȠȞ ȤȫȡȠ ĲȦȞ ıĲαĲȚıĲȚțȐ 

İȟαȡĲȘµȑȞȦȞ Ĳ.µ αȞĲȓıĲȠȚȤα. 

3.18 ȆαȡȐȡĲȘµα Γ – ΜȩȡφȦıȘ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 
αıĲȠȤȓαȢ 

ȈĲα ∆ȚȐȖ. 3.121 ȦȢ ∆ȚȐȖ. 3.124, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ĲȑııİȡȚȢ πȚșαȞȑȢ πİȡȚπĲȫıİȚȢ 

ıυȞįυαıµȠȪ µİȜȫȞ ȖȚα ĲȘ µȩȡφȦıȘ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȦȢ πȡȠȢ ĲȘȞ ȚıȤȪ ĲȦȞ 

ıȤȑıİȦȞ (3.20) țαȚ (3.21). ȈĲȠ ∆ȚȐȖ. 3.121, παȡȠυıȚȐȗİĲαȚ Ș ĲυπȚțȒ πİȡȓπĲȦıȘ ȩπȠυ ȠȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.136 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ f(x,y) țαȚ g(x,y) ȚțαȞȠπȠȚȠȪȞ țαȚ ĲȚȢ 2 ıȤȑıİȚȢ ȠπȩĲİ ĲȠ 

πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȑȤİȚ ȜȪıȘ. 

 

∆ȚȐȖ. 3.121: ǹπȠįİțĲȩȢ ıυȞįυαıµȩȢ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.20) țαȚ (3.21) 

ȈĲȠ ∆ȚȐȖ. 3.122, παȡȠυıȚȐȗİĲαȚ ȑȞαȢ µȘ απȠįİțĲȩȢ ıυȞįυαıµȩȢ µİȜȫȞ πȠυ įİȞ ȚțαȞȠπȠȚİȓ 

țαȚ ĲȚȢ ıȤȑıİȚȢ (3.20) țαȚ (3.21). ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ĳα µȑȜȘ αυĲȐ įİȞ ıυȞįυȐȗȠȞĲαȚ ȖȚα 

ĲȘȞ įȘµȚȠυȡȖȓα µȓαȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. 

ȈĲȠ ∆ȚȐȖ. 3.123, παȡȠυıȚȐȗİĲαȚ ȠȚ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ įȪȠ µİȜȫȞ πȠυ πȜȘȡȠȪȞ ĲȘ 

ıȤȑıȘ (3.20) αȜȜȐ įİȞ πȜȘȡȠȪȞ ĲȘ ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.21) ȠπȩĲİ țαȚ įİȞ İȟİĲȐȗȠȞĲαȚ 

țαĲȐ ĲȘȞ αȞȐȜυıȘ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȚıȤȪİȚ ȩĲȚ: 

 ( ) ( ) ( ) ( ), , , ,, , , ,
0 0

f x g x f y g yx y x y x y x y
a a a a⋅ < ∧ ⋅ <  (3.87) 

Ǿ πİȡȓπĲȦıȘ αυĲȒ İȓȞαȚ įυȞαĲȩ Ȟα İµφαȞȚıĲİȓ µȩȞȠȞ ȩĲαȞ Ƞ įİȓțĲȘȢ αȟȚȠπȚıĲȓαȢ µȑȜȠυȢ Ȓ 

µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ İȓȞαȚ µȚțȡȩĲİȡȠȢ ĲȠυ µȘįİȞȩȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș πȚșαȞȩĲȘĲα 

αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ υπİȡȕαȓȞİȚ ĲȠ 50%.  

ȈĲȠ ∆ȚȐȖ. 3.124, παȡȠυıȚȐȗİĲαȚ Ș πİȡȓπĲȦıȘ ȩπȠυ Ƞ ıυȞįυαıµȩȢ ĲȦȞ µİȜȫȞ ȚțαȞȠπȠȚİȓ ĲȘ 

ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.21) αȜȜȐ Ș ĲȠµȒ ĲȦȞ įȪȠ ȖİȖȠȞȩĲȦȞ İȓȞαȚ ȓıȘ µİ ĲȠ țİȞȩ ıȪȞȠȜȠ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.137 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȘȢ ıȤȑıȘȢ (3.17) įİȞ ȑȤİȚ ȜȪıȘ. 

 

∆ȚȐȖ. 3.122: ȂȘ απȠįİțĲȩȢ ıυȞįυαıµȩȢ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.20) țαȚ (3.21) 

 

∆ȚȐȖ. 3.123: ǹπȠįİțĲȩȢ ıυȞįυαıµȩȢ ıȪµφȦȞα µİ ıȤȑıȘ (3.20) µȘ απȠįİțĲȩȢ ıȪµφȦȞα µİ 
ıȤȑıȘ (3.21) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.138 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.124: ȂȘ απȠįİțĲȩȢ ıυȞįυαıµȩȢ ıȪµφȦȞα µİ ıȤȑıȘ (3.20), µȘ απȠįİțĲȩȢ 
ıυȞįυαıµȩȢ ıȪµφȦȞα µİ ıȤȑıȘ (3.21). 

3.19 ȆαȡȐȡĲȘµα ∆ – ȈυȞįυαıµȠȓ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 
αıĲȠȤȓαȢ 

Ǿ ıİȚȡȐ İȟȑĲαıȘȢ ĲȦȞ ıυȞįυαıµȫȞ ĲȦȞ µİȜȫȞ ȖȚα ĲȘ µȩȡφȦıȘ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ ȠȡȓȗİĲαȚ ȦȢ: 
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ȩπȠυ Ȃi İȓȞαȚ ĲȠ i țȡȓıȚµȠ µȑȜȠȢ ĲȘȢ țαĲαıțİυȒȢ ĲȦȞ țȡȚıȓµȦȞ µİȜȫȞ πȠυ πȜȘȡȠȪȞ ĲȘ 

ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.16) țαȚ l  İȓȞαȚ ĲȠ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ ,e iN . 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.139 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǼȟİĲȐȗİĲαȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ ıυȞįυαıµȫȞ ĲȠυ µȘĲȡȫȠυ ıυȞįυαıµȫȞ Cc ĲȘȢ ıȤȑıȘȢ (3.88) Ȓ ȦȢ 

Ƞ ȕl Ȟα ȚțαȞȠπȠȚİȓ ĲȘ ıυȞșȒțȘ ĲȘȢ ıȤȑıȘȢ (3.22). ǹȞ ȃe țȡȓıȚµα µȑȜȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ Ĳα p 

µȑȜȘ παȡȠυıȚȐȗȠυȞ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ µİȖαȜȪĲİȡȠ απȩ ĲȘȞ țȡȓıȚµȘ ĲȚµȒ țαĲȦφȜȓȠυ ĲȘȢ 

ıȤȑıȘȢ (3.22) ĲȠ µȘĲȡȫȠ Cc ĲȦȞ ıυȞįυαıµȫȞ įȓįİĲαȚ ȦȢ: 

 [ ],mod e eN N p= −=c cC C  (3.89) 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ ıȪȞȠȜȠ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ İȓȞαȚ ȓıȠ µİ eN p− . 

3.20 ȆαȡȐȡĲȘµα Ǽ – ∆ȓπȜȦıȘ Ĳ.µ 

ΈıĲȦ įȪȠ ıυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ πȡȠȕȜȒµαĲȠȢ ĲȡȚȫȞ Ĳ.µ: 

 ( ) ( ) ( ) 2, , exp 0.4 3 6.2 exp 0.3 3 5.0 10facf x y z x y a z= ⋅ − + − ⋅ + + − ⋅ −        (3.90) 

 ( ) [ ] [ ] 2, , exp 0.4 3.8 exp 0.3 6.0 10facg x y z x y a z= − ⋅ + − − ⋅ + − ⋅ +  (3.91) 

ȩπȠυ afac İȓȞαȚ Ș παȡȐµİĲȡȠȢ πȠυ İȜȑȖȤİȚ ĲȠ ȕαșµȩ țȪȡĲȦıȘȢ ȦȢ πȡȠȢ ĲȘȞ z Ĳ.µ. ȉα ıȘµİȓα 

µȑȖȚıĲȘȢ πȚșαȞȠφȐȞİȚαȢ ĲȦȞ ıυȞαȡĲȒıİȦȞ ȕȡȓıțȠȞĲαȚ ıĲȠ İπȓπİįȠ ȋȊ țαșȫȢ: 

 
( ) ( )
( ) ( )

, ,0 , , 0

, ,0 , , 0

f x y f x y z z

g x y f x y z z

≤ ∀ ≠
≤ ∀ ≠  (3.92) 

ȈȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (3.28) țαȚ (3.29) ȦȢ ıȘµαȞĲȚțȑȢ Ĳ.µ ĲȠυ υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ 

ȠȡȓȗȠȞĲαȚ ȠȚ Χ țαȚ Ȋ țαșȫȢ VRV,1=1.0, VRV,2=1.0 țαȚ VRV,3=0.0. ȅȚ įȚİπȚφȐȞİȚİȢ αıĲȠȤȓαȢ-

ȜİȚĲȠυȡȖȓαȢ ıĲȠ įȚπȜȦµȑȞȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.125. ȈĲα ∆ȚȐȖ. 

3.126 ȦȢ ∆ȚȐȖ. 3.130, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȖȚα 

afac={1.00,0.75,0.50,0.25,0.05} ıĲȠȞ αȡȤȚțȩ ȤȫȡȠ ĲȦȞ Ĳ.µ. ΩȢ İȞİȡȖȑȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

țαȚ ıĲȚȢ 5 πİȡȚπĲȫıİȚȢ țȡȓȞȠȞĲαȚ ȠȚ µİĲαȕȜȘĲȑȢ X țαȚ Y. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ İȓȞαȚ įȚαφȠȡİĲȚțȒ ıİ țȐșİ πİȡȓπĲȦıȘ ȩπȦȢ ȖȓȞİĲαȚ αȞĲȚȜȘπĲȩ απȩ ĲȘ µȠȡφȒ ĲȦȞ 

įȚİπȚφαȞİȚȫȞ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 3.131 ȦȢ ∆ȚȐȖ. 3.134, ȖȚα 

įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ afac țαȚ ĲȘȢ įȚπȜȦµȑȞȘȢ Ĳ.µ z.  

ΓȚα Ȟα αȞĲȚµİĲȦπȚıșİȓ ĲȠ πȡȩȕȜȘµα αυĲȩ ıĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ, ȠȚ įȚπȜȦµȑȞİȢ Ĳ.µ 

αȞĲȚµİĲȦπȓȗȠȞĲαȚ ȩπȦȢ țαȚ ıĲȚȢ țȜαıȚțȑȢ µİșȩįȠυȢ MC ȩπȠυ Ș πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ (πȠυ 

µȑıȦ ĲȠυ αȞĲȓıĲȡȠφȠυ µİĲαıȤȘµαĲȚıµȠȪ µαȢ įȓįİȚ ĲȘȞ ĲυȤαȓα ĲȚµȒ ĲȘȢ µİĲαȕȜȘĲȒȢ) 

șİȦȡİȓĲαȚ ȦȢ ȠµȠȚȩµȠȡφα țαĲαȞİµȘµȑȞȘ ıĲȠ įȚȐıĲȘµα (0,1). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.140 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.125: ȈυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıĲȠ įȚπȜȦµȑȞȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ 

 

∆ȚȐȖ. 3.126: ȈυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıĲȠȞ αȡȤȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ (afac=1.00) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.141 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.127: ȈυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıĲȠȞ αȡȤȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ (afac=0.75) 

 

∆ȚȐȖ. 3.128: ȈυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıĲȠȞ αȡȤȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ (afac=0.50) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.142 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.129: ȈυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıĲȠȞ αȡȤȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ (afac=0.25) 

 

∆ȚȐȖ. 3.130: ȈυȞαȡĲȒıİȚȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıĲȠȞ αȡȤȚțȩ πȚșαȞȠĲȚțȩ ȤȫȡȠ (afac=0.05) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.143 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.131: ȂİĲαȕȠȜȒ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȦȢ πȡȠȢ ĲȘ z Ĳ.µ, (afac=1.00) 

 

∆ȚȐȖ. 3.132: ȂİĲαȕȠȜȒ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȦȢ πȡȠȢ ĲȘ z Ĳ.µ, (afac=0.75) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.144 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.133: ȂİĲαȕȠȜȒ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȦȢ πȡȠȢ ĲȘ z Ĳ.µ, (afac=0.50) 

 

∆ȚȐȖ. 3.134: ȂİĲαȕȠȜȒ ĲȘȢ įȚİπȚφȐȞİȚαȢ αıĲȠȤȓαȢ-ȜİȚĲȠυȡȖȓαȢ ȦȢ πȡȠȢ ĲȘ z Ĳ.µ, (afac=0.25) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.145 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.21 ȆαȡȐȡĲȘµα Ȉȉ – ȆȡȩȕȜȘµα αȟȚȠπȚıĲȓαȢ İȟαȡĲȘµȑȞȦȞ Ĳ.µ 

ȈĲȘȞ πİȡȓπĲȦıȘ ıĲαĲȚıĲȚțȫȢ İȟαȡĲȘµȑȞȦȞ țαȞȠȞȚțȫȞ Ĳ.µ µİ µȘĲȡȫȠ ıυȞįȚαıπȠȡȐȢ C: 

 
( )( )

2

2

,

,

R

P

Cov R P

Cov R P

σ
σ

 =   C  (3.93) 

ĲȠ πȡȩȕȜȘµα αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ µπȠȡİȓ Ȟα µİĲαĲȡȑπİȚ ıİ πȡȩȕȜȘµα ıĲαĲȚıĲȚțȐ 

αȞİȟȐȡĲȘĲȦȞ Ĳ.µ µİ ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ αȞİȟȐȡĲȘĲȘȢ ȕȐıȘȢ. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

υπȠȜȠȖȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.52) ȖȚα ȕȐıȘ Y ıĲαĲȚıĲȚțȫȢ αȞİȟȐȡĲȘĲȦȞ Ĳ.µ, Ș µȑıȘ 

ĲȚµȒ țαȚ įȚαıπȠȡȐ ĲȦȞ Ĳ.µ Y υπȠȜȠȖȓȗİĲαȚ µİ ĲȘȞ İπȓȜυıȘ ĲȠυ ıυıĲȒµαĲȠȢ: 

 ⋅ − ⋅ =C V Ȝ V 0  (3.94) 

Ǿ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȖȚα 2 İȟαȡĲȘµȑȞİȢ Ĳ.µ įȓįİĲαȚ ȦȢ: 
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Ȝ  (3.95) 

 ( ) ( ) [ ]
2 2 2 2

1 2 1 2

2 2 2 2
,

, ,

1 1

P R P RA A

Cov R P Cov R P

σ σ σ σ   − − − +   − −   = = =         
V V A V V  (3.96) 

ȅȚ ıȤȑıİȚȢ (3.95) țαȚ (3.96) ȚıȤȪȠυȞ µİ ĲȘȞ πȡȠȨπȩșİıȘ ȩĲȚ Ș ıυȞįȚαıπȠȡȐ ĲȦȞ µİĲαȕȜȘĲȫȞ 

P țαȚ R įİȞ İȓȞαȚ ȓıȘ µİ ĲȠ µȘįȑȞ. ΦυıȚțȐ ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Ș ıυȞįȚαıπȠȡȐ ĲȦȞ Ĳ.µ P 

țαȚ R İȓȞαȚ ȓıȘ µİ ĲȠ µȘįȑȞ ȠȚ Ĳ.µ İȓȞαȚ ıĲαĲȚıĲȚțȐ αȞİȟȐȡĲȘĲİȢ µİĲαȟȪ ĲȠυȢ ȠπȩĲİ Ș ȕȐıȘ Χ 

απȠĲİȜİȓ țαȚ ĲȘ ȜȪıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȉȠ įȚαȖȫȞȚȠ µȘĲȡȫȠ ıυȞµİĲαȕȠȜȒȢ CY, ĲȠ įȚȐȞυıµα 

µȑıȦȞ ĲȚµȫȞ Ǽ[Ȋ], țαȚ Ș ȕȐıȘ Y įȓįȠȞĲαȚ ȦȢ: 

 2

, , 0 :
i

T

Y ii Y Y ijc c i jσ= ⋅ ⋅ = ∨ = ≠Y XC A C A  (3.97) 

 [ ] [ ]TE E= ⋅AY X  (3.98) 

 T= ⋅Y A X  (3.99) 

3.22 ȆαȡȐȡĲȘµα ǽ – ΓİȞȞȒĲȡȚİȢ ȌİυįȠĲυȤαȓȦȞ ǹȡȚșµȫȞ 

ȈĲȠ παȡȐȡĲȘµα αυĲȩ παȡȠυıȚȐȗȠȞĲαȚ αȞαȜυĲȚțȐ ȠȚ ıυȞȑπİȚİȢ ĲȘȢ İπȚȜȠȖȒȢ įȚαφȠȡİĲȚțȠȪ 

ĲȪπȠυ ȖİȞȞȘĲȡȚȫȞ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ıĲȘȞ αȟȚȠπȚıĲȓα ĲȘȢ µİșȩįȠυ MC. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.146 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.22.1 ΓİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ İȟİĲȐȗİĲαȚ Ș ıυµπİȡȚφȠȡȐ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

Mersenne Twister [38]. Ǿ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister 

ȤȡȘıȚµȠπȠȚİȓĲαȚ ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȤȦȡȠįȚțĲυȫµαĲȠȢ 

64 µİȜȫȞ (∆ȚȐȖ. 3.60) țαȚ ȤȦȡȠįȚțĲυȫµαĲȠȢ 112 µİȜȫȞ [32] (∆ȚȐȖ. 3.83 ȦȢ ∆ȚȐȖ. 3.85). 

3.22.1.1 ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ – (ȅµȐįİȢ 100 αıĲȠȤȚȫȞ) 

ΩȢ țȡȚĲȒȡȚȠ ĲİȡµαĲȚıµȠȪ ĲȘȢ įȚαįȚțαıȓαȢ MC ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

ĲȘȢ țαĲαıțİυȒȢ ȠȡȓȗİĲαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ πȠυ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȜαµȕȐȞİĲαȚ ȓıȠ 

µİ 500 αıĲȠȤȓİȢ. Ǿ įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ ȖȚα 2 ĲȚµȑȢ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister (4357 țαȚ 5003 αȞĲȓıĲȠȚȤα). ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ 

ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC ıĲȘ ıυȞȑȤİȚα ȤȦȡȓȗİĲαȚ ıİ 5 ȠµȐįİȢ ĲȦȞ 100 

αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ țαȚ Ƞ ȤȡȠȞȚțȩȢ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ. ȉα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 3.53 țαȚ ȆȓȞ. 3.54, ȖȚα ĲȚȢ 2 

ĲȚµȑȢ ıπȠȡȐȢ αȞĲȓıĲȠȚȤα. ǼπȚπȡȩıșİĲα παȡȠυıȚȐȗİĲαȚ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα țȐșİ 

ȠµȐįα. ΓȚα ĲȚµȒ ıπȠȡȐȢ 4357 Ș µȑȖȚıĲȘ ĲȚµȒ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ İțĲȓµȘıȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ max{E[Pf,s;t]} İȓȞαȚ ȓıȘ µİ 4.04x10
-4

 İȞȫ Ș αȞĲȓıĲȠȚȤȘ İȜȐȤȚıĲȘ ĲȚµȒ min{E[Pf,s;t]} 

İȓȞαȚ ȓıȘ µİ 3.22x10
-4

. ǹȞĲȓıĲȠȚȤα ȠȚ ĲȚµȑȢ αυĲȑȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 İȓȞαȚ 5.54x10
-4

 țαȚ 

3.27x10
-4

. ȅȚ πȡȠĲİȚȞȩµİȞİȢ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ Pf,s(t) țυµαȓȞȠȞĲαȚ απȩ 2.95x10
-4

 ȦȢ 

3.98x10
-4

 (ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357) țαȚ απȩ 3.11x10
-4

 ȦȢ 4.04x10
-4

 (ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003). ȅȚ 

ĲİȜȚțȑȢ İțĲȚµȒıİȚȢ İȓȞαȚ 3.50x10
-4

 (ĲȚµȒ ıπȠȡȐȢ 4357) țαȚ 3.61x10
-4

 (ĲȚµȒ ıπȠȡȐȢ 5003). Ǿ 

ıȤİĲȚțȒ įȚαφȠȡȐ ĲȠυȢ İȓȞαȚ ȓıȘ µİ 3.14% ıυȖțȡȓıȚµȘ µİ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ πȠυ ȖȚα 

ĲȚµȒ ıπȠȡȐȢ 5003 İȓȞαȚ ȓıȠ µİ 1.61x10
-5

 (ĲȠ 4.4% ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ). ΓȚα ĲȚȢ ȠµȐįİȢ 

Ș µȑȖȚıĲȘ ıȤİĲȚțȒ įȚαφȠȡȐ İȓȞαȚ ȓıȘ µİ 34.9% ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ 29.9% ȖȚα ĲȚµȒ 

ıπȠȡȐȢ 5003 αȞĲȓıĲȠȚȤα ȩĲαȞ Ƞ ȜȩȖȠȢ ĲȠυ ıȤİĲȚțȠȪ ȜȐșȠυȢ İțĲȓµȘıȘȢ İȓȞαȚ ȓıȠȢ µİ 10.0%. 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȖȚα Ȟα ȖȓȞİȚ απȠįİțĲȒ Ș υπȩșİıȘ ȩĲȚ țαȚ ȠȚ įȪȠ İțĲȚµȒıİȚȢ αȞȒțȠυȞ 

ıĲȠȞ ȓįȚȠ πȜȘșυıµȩ ĲȠ įȚȐıĲȘµα İµπȚıĲȠıȪȞȘȢ πȡȑπİȚ Ȟα ȓıȠ µİ 1.5~1.75 φȠȡȑȢ ĲȠυ ȜȐșȠυȢ 

İțĲȓµȘıȘȢ πȠυ αȞĲȚıĲȠȚȤİȓ ıİ πȚșαȞȩĲȘĲα ȚțαȞȠπȠȓȘıȘȢ 8~13% αȞĲȓıĲȠȚȤα. ΓȚα įȚȐıĲȘµα 

İµπȚıĲȠıȪȞȘȢ µİ πȚșαȞȩĲȘĲα µȘ υπȑȡȕαıȘȢ ȓıȘ µİ 10% Ș µȘįİȞȚțȒ υπȩșİıȘ ȚțαȞȠπȠȚİȓĲαȚ 

ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 ȩȤȚ ȩµȦȢ țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. ȆȐȞĲȦȢ ȖȚα πȚșαȞȩĲȘĲα µȘ 

υπȑȡȕαıȘȢ ȓıȘ µİ 5% ȠȚ İțĲȚµȒıİȚȢ πȠυ įȓįȠȞĲαȚ İȓȞαȚ απȠįİțĲȑȢ ȖȚα țȐșİ ĲȚµȒ ıπȠȡȐȢ. 

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 

E[Pf,s(t)] 3.89E-04 3.93E-04 4.04E-04 3.19E-04 3.22E-04 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.147 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 

COV 0.26 0.13 0.15 0.18 0.08 

Pf,s(tf=100) 3.46E-04 3.98E-04 3.95E-04 3.38E-04 2.95E-04 

ȆȓȞ. 3.53: E[Pf,s(t)], COV țαȚ Pf,s(tf=100), (ĲȚµȒ ıπȠȡȐȢ 4357 – ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ). 

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 

E[Pf,s(t)] 3.40E-04 3.27E-04 5.54E-04 4.16E-04 3.30E-04 

COV 0.12 0.15 2.20 0.08 0.17 

Pf,s(tf=100) 3.11E-04 3.71E-04 4.04E-04 4.02E-04 3.38E-04 

ȆȓȞ. 3.54: E[Pf,s(t)], COV țαȚ Pf,s(tf=100), (ĲȚµȒ ıπȠȡȐȢ 5003 – ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ). 

ȈĲα ∆ȚȐȖ. 3.135 țαȚ ∆ȚȐȖ. 3.136 παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ ȆȓȞ. 3.53 țαȚ ȆȓȞ. 

3.54 ıİ ıυȞįυαıµȩ µİ ĲȠ “ȐȞȦ” țαȚ “țȐĲȦ” ȩȡȚȠ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα 

ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ. ȉȠ “ȐȞȦ” țαȚ “țȐĲȦ” ȩȡȚȠ ȠȡȓȗȠȞĲαȚ ȦȢ:  

 ,max , ,min ,f f s f f sP P P Pε ε= + = −  (3.100) 

ΓȚα ĲȚµȒ ıπȠȡȐȢ 5003 Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

İțĲȓµȘıȘȢ ȖȚα ĲȘȞ ȠµȐįα ĲȚµȫȞ 201-300 İȓȞαȚ υȥȘȜȩĲİȡȠȢ ĲȘȢ µȠȞȐįαȢ. Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) 

ȖȚα ĲȚȢ 5 ȠµȐįİȢ țαȚ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 3.137 țαȚ ∆ȚȐȖ. 3.138. 

ΓȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ Ș İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) παȡȠυıȚȐȗİȚ İȪȡȠȢ įȚαțȪµαȞıȘȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 

25%. ȈĲȠ ∆ȚȐȖ. 3.139 țαȚ ∆ȚȐȖ. 3.140 παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ απȩıĲαıȘȢ (ıİ πȜȒșȠȢ 

įİȚȖµȐĲȦȞ) µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ. ȈĲα απȠĲİȜȑıµαĲα įİȞ 

παȡαĲȘȡİȓĲαȚ țȐπȠȚα πİȡȚȠįȚțȩĲȘĲα. 

ȉȠ İȡȫĲȘµα πȠυ ĲȓșİĲαȚ İȓȞαȚ ĲȠ țαĲȐ πȩıȠȞ ȠȚ αıĲȠȤȓİȢ ȜαµȕȐȞȠυȞ Ȥȫȡα țαĲȐ ĲυȤαȓȠ ĲȡȩπȠ 

Ȓ ȩȤȚ. ǼφȩıȠȞ Ĳα αıĲȠȤȓİȢ İȓȞαȚ ĲυȤαȓα Ș απȩıĲαıȘ µİĲαȟȪ ĲȠυȢ ıĲȘȞ πİȡȓπĲȦıȘ µİȖȐȜȠυ 

πȜȒșȠυȢ πȡȠıȠµȠȚȫıİȦȞ πȡȑπİȚ Ȟα αțȠȜȠυșİȓ İțșİĲȚțȒ țαĲαȞȠµȒ. ȈĲα ∆ȚȐȖ. 3.141 țαȚ ∆ȚȐȖ. 

3.142, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πȡȠıαȡµȠıµȑȞİȢ İțșİĲȚțȑȢ țαĲαȞȠµȑȢ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ ĲȘȢ 

ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister. ȅ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ R, İȓȞαȚ ȖȚα 

ĲȚµȒ ıπȠȡȐȢ 4357 ȓıȠȢ µİ 0.941 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 ȓıȠȢ µİ 0.932. 

ΓȚα ĲȚȢ ȠµȐįİȢ İȟİĲȐȗİĲαȚ Ș ȚıȤȪȢ ĲȘȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ. ΩȢ µȘįİȞȚțȒ υπȩșİıȘ ȠȡȓȗİĲαȚ ȩĲȚ 

Ș απȩıĲαıȘ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ µİ πȚșαȞȩĲȘĲα υπȑȡȕαıȘȢ 5% παȡȠυıȚȐȗİȚ ĲȠȞ ȓįȚȠ 

ȤȡȠȞȚțȩ µȑıȠ. ȉα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 3.55 țαȚ ȆȓȞ. 3.56. Ǿ µȘįİȞȚțȒ 

υπȩșİıȘ απȠȡȡȓπĲİĲαȚ ıİ 2 πİȡȚπĲȫıİȚȢ ȖȚα ĲȚȢ ĲȚµȑȢ ıπȠȡȐȢ πȠυ İȟİĲȐȗȠȞĲαȚ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.148 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Lower Bound, Average, Upper Bound of Failure Probability
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∆ȚȐȖ. 3.135: ȈĲαĲȚıĲȚțȑȢ Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

Lower Bound, Average, Upper Bound of Failure Probability
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∆ȚȐȖ. 3.136: ȈĲαĲȚıĲȚțȑȢ Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.149 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.137: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.138: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.150 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of the distance between two consecutive failures
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∆ȚȐȖ. 3.139: ǹπȩıĲαıȘ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

Evolution of the distance between two consecutive failures
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∆ȚȐȖ. 3.140: ǹπȩıĲαıȘ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.151 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Number of events where the distance between two concequitive failures falls in 
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∆ȚȐȖ. 3.141: ǿıĲȩȖȡαµµα țαȚ πȡȠıαȡµȠıµȑȞȘ İțșİĲȚțȒ țαĲαȞȠµȒ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

Number of events where the distance between two concequitive failures falls in 

a predetermined range
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∆ȚȐȖ. 3.142: ǿıĲȩȖȡαµµα țαȚ πȡȠıαȡµȠıµȑȞȘ İțșİĲȚțȒ țαĲαȞȠµȒ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.152 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȉ-test 101-200 201-300 301-400 401-500 

1-100 ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

101-200  ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ 

201-300   ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ 

301-400    ǹπȠįȠȤȒ 

ȆȓȞ. 3.55: ΈȜİȖȤȠȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

ȉ-test 101-200 201-300 301-400 401-500 

1-100 ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

101-200  ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

201-300   ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

301-400    ǹπȠįȠȤȒ 

ȆȓȞ. 3.56: ΈȜİȖȤȠȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

Ǿ İȟȑȜȚȟȘ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ 

įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 3.143 țαȚ ∆ȚȐȖ. 3.144. 

To αȞĲȓıĲȡȠφȠ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ ȚıȠȪȞĲαȚ µİ ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ΓȚα ĲȚµȒ ıπȠȡȐȢ 4357 ĲȠ ȤȡȠȞȚțȩ µȑıȠ İȓȞαȚ ȓıȠ µİ 2856.238 ĲȚµȒ πȠυ µİĲαφȡȐȗİĲαȚ ıİ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȓıȘ µİ 3.50x10
-4

 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 Ș ĲȚµȒ αυĲȒ ȚıȠȪȞĲαȚ µİ 

2767.188 πȠυ αȞĲȓıĲȠȚȤα µİĲαφȡȐȗİĲαȚ ıİ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 3.61x10
-4

. ȅ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα ĲȘȞ απȩıĲαıȘ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 

4357 țυµαȓȞİĲαȚ απȩ 0.80 ȦȢ 0.95 µİ ĲİȜȚțȒ ĲȚµȒ ȓıȘ µİ 0.931 6.9% µȚțȡȩĲİȡȘ ĲȘȢ 

șİȦȡȘĲȚțȒȢ ĲȚµȒȢ. ǹπȩ ĲȘȞ ȐȜȜȘ µİȡȚȐ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ απȩ µȚα µȑȖȚıĲȘ ĲȚµȒ ȓıȘ µİ 1.20 ıİ µȓα İȜȐȤȚıĲȘ ȓıȘ µİ 0.97 µİ 

ĲİȜȚțȒ ĲȚµȒ ȓıȘ µİ 0.972. 

ȈĲȠȞ ȆȓȞ. 3.57 țαȚ ȆȓȞ. 3.58, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ıυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ ĲȘȢ 

απȩıĲαıȘȢ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ ȠµȐįİȢ πȠυ ȑȤȠυȞ İπȚȜİȖİȓ ȖȚα ĲȚȢ 2 ĲȚµȑȢ 

ıπȠȡȐȢ. ȋαµȘȜȩȢ ıυȞĲİȜİıĲȒȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ įȓįİȚ ȚıȤυȡȒ ȑȞįİȚȟȘ µȘ 

İπαȞαȜȘȥȚµȩĲȘĲαȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αțȠȜȠυșȓαȢ πȡαȖµαĲȚțȐ ĲυȤαȓȦȞ αȡȚșµȫȞ Ƞ ıυȞĲİȜİıĲȒȢ 

αυĲȩȢ πȡȑπİȚ Ȟα İȓȞαȚ ȓıȠȢ µİ µȘįȑȞ ȖȚα įȪȠ αțȠȜȠυșȓİȢ įİȚȖµȐĲȦȞ απİȓȡȠυ µȒțȠυȢ µȘ 

αȜȜȘȜȠțαȜυπĲȩµİȞİȢ. ȅ υȥȘȜȩĲİȡȠȢ ıυȞĲİȜİıĲȒȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ İȓȞαȚ ȖȚα ĲȚµȒ 

ıπȠȡȐȢ 4357 ȓıȠȢ µİ 0.115 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 ȓıȠȢ µİ 0.245. Ǿ Ǽ[Rj] İȓȞαȚ ȓıȘ µİ -

0.01181 ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ 0.07014 ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 µİ įİȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ 

682.07% țαȚ 115.57% αȞĲȓıĲȠȚȤα. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.153 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of E[dist] and of C.O.V.
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∆ȚȐȖ. 3.143: ȂȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

Evolution of E[dist] and of C.O.V.
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∆ȚȐȖ. 3.144: ȂȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.154 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

R 1-100 101-200 201-300 301-400 401-500 

1-100 1.0000     

101-200 0.0116 1.0000    

201-300 -0.0821 -0.0968 1.0000   

301-400 -0.0423 0.1039 0.1152 1.0000  

401-500 0.0563 -0.0491 -0.0285 -0.1063 1.0000 

ȆȓȞ. 3.57: ȈυȞĲİȜİıĲȒȢ ΓȡαµµȚțȒȢ ȈυıȤȑĲȚıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

R 1-100 101-200 201-300 301-400 401-500 

1-100 1.0000     

101-200 0.0662 1.0000    

201-300 0.0928 -0.0232 1.0000   

301-400 0.0573 0.0720 0.1587 1.0000  

401-500 0.0036 0.0537 0.2405 -0.0202 1.0000 

ȆȓȞ. 3.58: ȈυȞĲİȜİıĲȒȢ ΓȡαµµȚțȒȢ ȈυıȤȑĲȚıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

3.22.1.2 ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ – (ȅµȐįİȢ 250 αıĲȠȤȚȫȞ) 

ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC ıĲȘ ıυȞȑȤİȚα ȤȦȡȓȗİĲαȚ ıİ 2 

ȠµȐįİȢ ĲȦȞ 250 αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ țαȚ Ƞ 

ȤȡȠȞȚțȩȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ. Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ παȡȠυıȚȐȗİĲαȚ 

ıĲα ∆ȚȐȖ. 3.145 țαȚ ∆ȚȐȖ. 3.146 αȞĲȓıĲȠȚȤα. ȅ ȤȡȠȞȚțȩȢ µȑıȠȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 ȚıȠȪȞĲαȚ 

µİ 3.64x10
-4

 Ȓ 3.75x10
-4

 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 µİ 3.42x10
-4

 Ȓ 3.83x10
-4

. ȅ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ İȓȞαȚ ȓıȠȢ µİ 13% țαȚ 18% ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ 

ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 ȓıȠȢ µİ 9% țαȚ 10% αȞĲȓıĲȠȚȤα.  

Ǿ µȘįİȞȚțȒ υπȩșİıȘ ȚțαȞȠπȠȚİȓĲαȚ țαȚ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ țαȚ ȠȚ ıυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ 

ıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȠȚ µİ 3.1% ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ 1.3% ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 

αȞĲȓıĲȠȚȤα. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.155 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.145: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357, 250 αıĲȠȤȓİȢ. 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.146: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003, 250 αıĲȠȤȓİȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.156 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.22.1.3 ȈυµπİȡȐıµαĲα ȖȚα ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ 

ȈȪµφȦȞα µİ ĲȚȢ παȡαȖȡȐφȠυȢ 3.22.1.1 țαȚ 3.22.1.2 ıυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• Ǿ µȑșȠįȠȢ MC ȠįȘȖİȓ țαȚ µȩȞȠȞ ıİ İțĲȚµȒıİȚȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. Ǿ İțĲȓµȘıȘ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ İµφȐȞȚıȘȢ ĲαυĲȓȗİĲαȚ µİ ĲȘȞ αțȡȚȕȒ ĲȚµȒ υπȩ ĲȚȢ πȡȠȨπȠșȑıİȚȢ ĲȠυ πȠȜȪ 

µİȖȐȜȠυ įİȓȖµαĲȠȢ țαȚ ĲȘȢ πȡαȖµαĲȚțȐ ĲυȤαȓαȢ įİȚȖµαĲȠȜȘȥȓαȢ. 

• ΓȚα ĲȘȞ υπȩ İȟȑĲαıȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȜȘȡȠȪȞĲαȚ ȠȚ πȡȠȨπȠșȑıİȚȢ 

ĲυȤαȚȩĲȘĲαȢ. 

3.22.1.4 ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ – (ȅµȐįİȢ 100 αıĲȠȤȚȫȞ) 

ΓȚα ĲȠ ȤȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ Ș µȑșȠįȠȢ MC ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ țαĲαȖȡαφȠȪȞ 600 

αıĲȠȤȓİȢ. Ǿ įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ ȖȚα 2 ĲȚµȑȢ ıπȠȡȐȢ 4357 țαȚ 5003 αȞĲȓıĲȠȚȤα ȩπȦȢ 

țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ 64 µİȜȫȞ. ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ 

ĲȘȢ įȚαįȚțαıȓαȢ MC ıĲȘ ıυȞȑȤİȚα ȤȦȡȓȗİĲαȚ ıİ 6 ȠµȐįİȢ ĲȦȞ 100 αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ 

ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ țαȚ Ƞ ȤȡȠȞȚțȩȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ. ȉα 

απȠĲİȜȑıµαĲα αυĲȐ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 3.59 țαȚ ȆȓȞ. 3.60. ǼπȚπȡȩıșİĲα 

παȡȠυıȚȐȗİĲαȚ țαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα țȐșİ ȠµȐįα. 

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 501-600 

E[Pf,s(t)] 2.31E-03 2.84E-03 2.29E-03 2.26E-03 3.61E-03 2.41E-03 

COV 0.34 0.19 0.13 0.46 0.14 0.18 

Pf,s(tf=100) 2.27E-03 2.67E-03 2.43E-03 2.37E-03 3.20E-03 2.33E-03 

ȆȓȞ. 3.59: E[Pf,s(t)], COV țαȚ Pf,s(tf=100) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 501-600 

E[Pf,s(t)] 2.70E-03 2.34E-03 2.94E-03 3.63E-03 1.89E-03 4.58E-03 

COV 0.22 0.10 0.35 0.17 0.16 0.42 

Pf,s(tf=100) 2.79E-03 2.56E-03 2.52E-03 3.13E-03 1.97E-03 3.08E-03 

ȆȓȞ. 3.60: E[Pf,s(t)], COV țαȚ Pf,s(tf=100) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

ΓȚα ĲȚµȒ ıπȠȡȐȢ 4357 Ș max{E[Pf,s;t]} İȓȞαȚ ȓıȘ µİ 3.61x10
-3

 İȞȫ Ș min{E[Pf,s;t]} İȓȞαȚ ȓıȘ 

µİ 2.26x10
-3

. ǹȞĲȓıĲȠȚȤα ȠȚ ĲȚµȑȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 İȓȞαȚ 4.58x10
-3

 țαȚ 1.59x10
-3

. ȅȚ 

Pf,s(tf), țυµαȓȞȠȞĲαȚ απȩ 2.27x10
-3

 ȦȢ 3.20x10
-3

 (ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357) țαȚ απȩ 1.97x10
-3

 ȦȢ 

3.13x10
-3

 (ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003). Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ İȓȞαȚ 

2.51x10
-3

 țαȚ 2.61x10
-3

 αȞĲȓıĲȠȚȤα. Ǿ ıȤİĲȚțȒ įȚαφȠȡȐ ĲȠυȢ İȓȞαȚ ȓıȘ µİ 4% πȠυ İȓȞαȚ 

ıυȖțȡȓıȚµȘ µİ ĲȠ ıȤİĲȚțȩ ȜȐșȠȢ İțĲȓµȘıȘȢ. ΓȚα ĲȚȢ ȠµȐįİȢ Ș µȑȖȚıĲȘ ıȤİĲȚțȒ įȚαφȠȡȐ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.157 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπİȡȕαȓȞİȚ ıİ ȠȡȚıµȑȞİȢ πİȡȚπĲȫıİȚȢ ĲȠ 100% (∆ȚȐȖ. 3.147 țαȚ ∆ȚȐȖ. 3.148). 

Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) ȖȚα ĲȚȢ 6 ȠµȐįİȢ țαȚ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 

3.149 țαȚ ∆ȚȐȖ. 3.150. ΓȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ Ș İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) παȡȠυıȚȐȗİȚ İȪȡȠȢ 

įȚαțȪµαȞıȘȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 40% țαȚ 60% ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ 5003 αȞĲȓıĲȠȚȤα. ȈĲα 

∆ȚȐȖ. 3.151 țαȚ ∆ȚȐȖ. 3.152, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ 

αıĲȠȤȚȫȞ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ. 

ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ 64 µİȜȫȞ įİȞ παȡαĲȘȡİȓĲαȚ πİȡȚȠįȚțȩĲȘĲα 

ıĲα απȠĲİȜȑıµαĲα. ȈĲα ∆ȚȐȖ. 3.153 țαȚ ∆ȚȐȖ. 3.154, παȡȠυıȚȐȗȠȞĲαȚ, ȩπȦȢ țαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ 64 µİȜȫȞ, ȠȚ πȡȠıαȡµȠıµȑȞİȢ İțșİĲȚțȑȢ țαĲαȞȠµȑȢ ȖȚα ĲȚȢ 

ĲȚµȑȢ ıπȠȡȐȢ. ȅ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȠȢ µİ 0.926 ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357țαȚ ȓıȠȢ 

µİ 0.904 ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 αȞĲȓıĲȠȚȤα. 

ΓȚα ĲȚȢ 6 ȠµȐįİȢ İȟİĲȐȗİĲαȚ Ș ȚıȤȪȢ ĲȘȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ. ȉα απȠĲİȜȑıµαĲα 

παȡȠυıȚȐȗȠȞĲαȚ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ ıĲȠυȢ ȆȓȞ. 3.61 țαȚ ȆȓȞ. 3.62. ΓȚα ĲȚµȒ ıπȠȡȐȢ 4357 Ș 

µȘįİȞȚțȒ υπȩșİıȘ απȠȡȡȓπĲİĲαȚ ıİ 4 πİȡȚπĲȫıİȚȢ İȞȫ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 Ș µȘįİȞȚțȒ 

υπȩșİıȘ απȠȡȡȓπĲİĲαȚ ıİ 5 πİȡȚπĲȫıİȚȢ. 
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∆ȚȐȖ. 3.147:ȈĲαĲȚıĲȚțȑȢ Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.158 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.148: ȈĲαĲȚıĲȚțȑȢ Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.149: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.159 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.150: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

Evolution of the distance between two consecutive failures
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∆ȚȐȖ. 3.151: ǹπȩıĲαıȘ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.160 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of the distance between two consecutive failures
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∆ȚȐȖ. 3.152: ǹπȩıĲαıȘ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

Number of events where the distance between two concequitive failures falls in 

a predetermined range
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∆ȚȐȖ. 3.153: ǿıĲȩȖȡαµµα țαȚ πȡȠıαȡµȠıµȑȞȘ İțșİĲȚțȒ țαĲαȞȠµȒ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.161 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.154: ǿıĲȩȖȡαµµα țαȚ πȡȠıαȡµȠıµȑȞȘ İțșİĲȚțȒ țαĲαȞȠµȒ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

T-test 101-200 201-300 301-400 401-500 501-600 

1-100 ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

101-200  ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

201-300   ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

301-400    ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

401-500     ǹπȩȡȡȚȥȘ 

ȆȓȞ. 3.61: ΈȜİȖȤȠȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

T-test 101-200 201-300 301-400 401-500 501-600 

1-100 ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

101-200  ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

201-300   ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

301-400    ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ 

401-500     ǹπȩȡȡȚȥȘ 

ȆȓȞ. 3.62: ΈȜİȖȤȠȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

Ǿ İȟȑȜȚȟȘ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ 

įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 3.155 țαȚ ∆ȚȐȖ. 3.156. 

ΓȚα ĲȚµȒ ıπȠȡȐȢ 4357 Ƞ ȤȡȠȞȚțȩȢ µȑıȠȢ İȓȞαȚ ȓıȠȢ µİ 398.63 ĲȚµȒ πȠυ µİĲαφȡȐȗİĲαȚ ıİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.162 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȓıȘ µİ 2.51x10
-3

 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 ȓıȠȢ µİ 383.08 πȠυ 

µİĲαφȡȐȗİĲαȚ ıİ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 2.61x10
-3

. 
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∆ȚȐȖ. 3.155: ȂȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

Evolution of E[dist] and of C.O.V.
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∆ȚȐȖ. 3.156: ȂȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.163 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα ĲȘȞ απȩıĲαıȘ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ țαȚ ȖȚα ĲȚȢ 2 

ĲȚµȑȢ ıπȠȡȐȢ İȓȞαȚ πİȡȓπȠυ ȓıȠȢ µİ ĲȘ µȠȞȐįα İȞȚıȤȪȠȞĲαȢ ĲȘȞ İțĲȓµȘıȘ ȩĲȚ ȖȚα ĲȘ υπȩ 

İȟȑĲαıȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister Ș αıĲȠȤȓα ĲȘȢ țαĲαıțİυȒȢ įİȞ 

παȡȠυıȚȐȗİȚ πİȡȚȠįȚțȩĲȘĲα.  

ȈĲȠυȢ ȆȓȞ. 3.63 țαȚ ȆȓȞ. 3.64, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ıυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ ĲȘȢ 

απȩıĲαıȘȢ µİĲαȟȪ įȪȠ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ ȠµȐįİȢ πȠυ ȑȤȠυȞ İπȚȜİȖİȓ ȖȚα ĲȚȢ 2 ĲȚµȑȢ 

ıπȠȡȐȢ. ȅ υȥȘȜȩĲİȡȠȢ ıυȞĲİȜİıĲȒȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ (țαĲȐ απȩȜυĲȘ ĲȚµȒ) İȓȞαȚ ȖȚα 

ĲȚµȒ ıπȠȡȐȢ 4357 ȓıȠȢ µİ 0.242 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 ȓıȠȢ µİ 0.217 αȞĲȓıĲȠȚȤα. Ǿ Ǽ[Rj] 

İȓȞαȚ ȓıȘ µİ -0.03311 ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ -0.01611 ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 µİ įİȓțĲİȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ 277.70% țαȚ 720.18% αȞĲȓıĲȠȚȤα. 

R 1-100 101-200 201-300 301-400 401-500 501-600 

1-100 1.0000      

101-200 -0.0884 1.0000     

201-300 -0.1093 -0.0722 1.0000    

301-400 -0.0790 -0.0640 0.0478 1.0000   

401-500 -0.0821 -0.0057 0.0952 -0.0731 1.0000  

501-600 -0.0155 0.0135 -0.2422 0.0660 0.1123 1.0000 

ȆȓȞ. 3.63: ȈυȞĲİȜİıĲȒȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ (ȉȚµȒ ıπȠȡȐȢ = 4357). 

R 1-100 101-200 201-300 301-400 401-500 501-600 

1-100 1.0000      

101-200 0.0778 1.0000     

201-300 0.0375 -0.1575 1.0000    

301-400 -0.1945 -0.2166 -0.0328 1.0000   

401-500 0.1838 -0.0408 -0.0391 -0.0708 1.0000  

501-600 0.0058 -0.0546 0.0337 0.1478 0.0787 1.0000 

ȆȓȞ. 3.64: ȈυȞĲİȜİıĲȒȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ (ȉȚµȒ ıπȠȡȐȢ =5003). 

3.22.1.5 ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ – (ȅµȐįİȢ 200 αıĲȠȤȚȫȞ) 

ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC ıĲȘ ıυȞȑȤİȚα ȤȦȡȓȗİĲαȚ ıİ 3 

ȠµȐįİȢ ĲȦȞ 200 αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ țαȚ Ƞ 

ȤȡȠȞȚțȩȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ. Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ παȡȠυıȚȐȗİĲαȚ 

ıĲα ∆ȚȐȖ. 3.157 țαȚ ∆ȚȐȖ. 3.158 αȞĲȓıĲȠȚȤα. ȅ ȤȡȠȞȚțȩȢ µȑıȠȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 

țυµαȓȞİĲαȚ απȩ 2.32x10
-3

 ȦȢ 3.28x10
-3

 țαȚ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003 απȩ 2.1x10
-3

 ȦȢ 2.84x10
-3

. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.164 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ țυµαȓȞİĲαȚ απȩ 9% ȦȢ 24% țαȚ απȩ 15% ȦȢ 

26% ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357 țαȚ 5003 αȞĲȓıĲȠȚȤα.  

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.157: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357, 200 αıĲȠȤȓİȢ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.158: Pf,s(t) ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003, 200 αıĲȠȤȓİȢ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.165 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ǿ µȘįİȞȚțȒ υπȩșİıȘ ȚțαȞȠπȠȚİȓĲαȚ țαȚ ȖȚα ĲȚȢ 2 ĲȚµȑȢ ıπȠȡȐȢ țαȚ ȠȚ ıυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ 

ıυıȤȑĲȚıȘȢ İȓȞαȚ ıİ țȐșİ πİȡȓπĲȦıȘ µȚțȡȩĲİȡȠȚ ĲȠυ 10%. 

3.22.1.6 ȈυµπİȡȐıµαĲα ȖȚα ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 

ȈȪµφȦȞα µİ ĲȚȢ παȡαȖȡȐφȠυȢ 3.22.1.4 țαȚ 3.22.1.5 ıυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• ǹπȩ ĲȘȞ αȞȐȜυıȘ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα ȠȚ İțĲȚµȒıİȚȢ αıĲȠȤȓαȢ παȡȠυıȚȐȗȠυȞ 

ıȤİĲȚțȑȢ απȠțȜȓıİȚȢ πȠυ ȟİπİȡȞȠȪȞ ıİ ȠȡȚıµȑȞİȢ πİȡȚπĲȫıİȚȢ ĲȠ 100%. 

• ΓȚα ĲȘȞ υπȩ İȟȑĲαıȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister πȜȘȡȠȪȞĲαȚ ȠȚ 

πȡȠȨπȠșȑıİȚȢ ĲυȤαȚȩĲȘĲαȢ. 

3.22.2 ΓİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ 
ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ İȟİĲȐȗİĲαȚ Ș ıυµπİȡȚφȠȡȐ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ 

įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ (MDRG) [22], [47]. ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister Ș ȖİȞȞȒĲȡȚα αυĲȒ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ µİșȩįȠυ MC ıİ ȤȦȡȠįȚțĲȪȦµα 64 

µİȜȫȞ țαȚ ȤȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. Ǿ αțȠȜȠυșȓα ȠȡȓȗİĲαȚ ȦȢ [22], [47], [50], [52]: 

 ( ) ( )1 modi ix a x c m−= ⋅ + ⋅  (3.101) 

ȩπȠυ, α, c țαȚ m İȓȞαȚ Ƞ πȠȜȜαπȜαıȚαıĲȚțȩȢ ȩȡȠȢ, Ƞ πȡȠıșİĲȚțȩȢ ȩȡȠȢ țαȚ Ƞ įȚαȚȡȑĲȘȢ 

ȚıȠȨπȠȜȠȓπȦȞ. ȅ ĲİȜİıĲȒȢ mod µİĲαȟȪ įȪȠ αțİȡαȓȦȞ įȓįİȚ ĲȠ υπȩȜȠȚπȠ ĲȘȢ įȚαȓȡİıȘȢ: 

 ( )mod int
a

a a bb
b

 ⋅ = − ⋅    (3.102) 

ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ 

ȠȡȓȗȠȞĲαȚ ȦȢ a=16807, c=45 țαȚ m=2
64

-1. 

3.22.2.1 ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ – (ȅµȐįİȢ 100 αıĲȠȤȚȫȞ) 

ǹțȠȜȠυșİȓĲαȚ αȞĲȓıĲȠȚȤȘ įȚαįȚțαıȓα ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ 

αȡȚșµȫȞ Mersenne Twister. ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC 

ȤȦȡȓȗİĲαȚ ıİ 5 ȠµȐįİȢ ĲȦȞ 100 αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ 

ĲȚµȒ țαȚ Ƞ ȤȡȠȞȚțȩȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ. ȉα απȠĲİȜȑıµαĲα ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ țαșȫȢ 

țαȚ ĲȘȢ İțĲȓµȘıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.65. H max{E[Pf,s;t]} İȓȞαȚ ȓıȘ µİ 5.05x10
-4

 

İȞȫ Ș min{E[Pf,s;t]} İȓȞαȚ ȓıȘ µİ 3.23x10
-4

. ȅȚ Pf,s(t), țυµαȓȞȠȞĲαȚ απȩ 3.14x10
-4

 ȦȢ 3.81x10
-4

 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.166 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİ ĲİȜȚțȒ İțĲȓµȘıȘ ȓıȘ µİ 3.33x10
-4

. Ǿ ĲȚµȒ αυĲȒ İȓȞαȚ țαĲȐ 8.8% µȚțȡȩĲİȡȘ ĲȘȢ İțĲȓµȘıȘȢ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003.  

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 

E[Pf,s(t)] 3.23E-04 3.70E-04 3.42E-04 3.51E-04 5.05E-04 

COV 0.10 0.19 0.24 0.30 0.61 

Pf,s(tf=100) 3.26E-04 3.81E-04 3.30E-04 3.14E-04 3.20E-04 

ȆȓȞ. 3.65: E[Pf,s(t)], COV țαȚ Pf,s(tf=100) (ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ). 

ȈĲȠ ∆ȚȐȖ. 3.159, παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ȆȓȞ. 3.65 ıİ ıυȞįυαıµȩ µİ ĲȠ “ȐȞȦ” 

țαȚ “țȐĲȦ” ȩȡȚȠ. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ µȚțȡȩĲİȡȠȢ ĲȘȢ µȠȞȐįαȢ ȦıĲȩıȠ ȖȚα ĲȘȞ 

ȠµȐįα 401-500 παȡαĲȘȡİȓĲαȚ υȥȘȜȒ ĲȚµȒ. Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 

3.160. Ǿ įȚαıπȠȡȐ ĲȦȞ απȠĲİȜİıµȐĲȦȞ İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 20% µİ ĲȚµȑȢ ıĲȠ įȚȐıĲȘµα 

[3.14~3.82]x10
-4

. 
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∆ȚȐȖ. 3.159: ȈĲαĲȚıĲȚțȑȢ Pf,s(t) – ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

ȈĲȠ ∆ȚȐȖ. 3.161, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ. ȉα 

απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.162 țαȚ Ƞ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ 

ĲȘȢ πȡȠıαȡµȠıµȑȞȘȢ İțșİĲȚțȒȢ țαĲαȞȠµȒȢ İȓȞαȚ ȓıȠȢ µİ 0.963. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.167 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.160: Pf,s(t) – ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

Evolution of the distance between two consecutive failures
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∆ȚȐȖ. 3.161 ǹπȩıĲαıȘ µİĲαȟȪ αıĲȠȤȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

Ǿ ĲȚµȒ αυĲȒ İȓȞαȚ İȜαφȡȐ υȥȘȜȩĲİȡȘ ĲȘȢ ĲȚµȒȢ πȠυ παȡαĲȘȡİȓĲαȚ ȖȚα ĲȘ ȖİȞȞȒĲȡȚα 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister. ΓȚα ĲȚȢ 5 ȠµȐįİȢ İȟİĲȐȗİĲαȚ Ș ȚıȤȪȢ ĲȘȢ µȘįİȞȚțȒȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.168 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȩșİıȘȢ. ȉα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.66 țαȚ ıİ țȐșİ πİȡȓπĲȦıȘ ȑȤȠυµİ 

ĲȘȞ ȚțαȞȠπȠȓȘıȘ ĲȘȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ. 

T-test 101-200 201-300 301-400 401-500 

1-100 ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

101-200  ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

201-300   ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

301-400    ǹπȠįȠȤȒ 

ȆȓȞ. 3.66: ȊπȩșİıȘ t-test, ȖİȞȞȒĲȡȚα ȚıȠȨπȠȜȠȓπȦȞ – ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

Ǿ İȟȑȜȚȟȘ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ țαȚ ĲȠυ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.163. ȅ ȤȡȠȞȚțȩȢ µȑıȠȢ İȓȞαȚ ȓıȠȢ µİ 3005.954 

πȠυ µİĲαφȡȐȗİĲαȚ ıİ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȓıȘ µİ 3.33x10
-4

. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ 

ȜαµȕȐȞİȚ ĲȚµȑȢ υȥȘȜȩĲİȡİȢ ĲȘȢ µȠȞȐįαȢ ȖȚα ȑȞα µİȖȐȜȠ µȑȡȠȢ ĲȘȢ įȚαįȚțαıȓαȢ țαȚ Ș ĲİȜȚțȒ 

ĲȚµȒ ĲȠυ İȓȞαȚ ȓıȘ µİ 1.058, 5.8% υȥȘȜȩĲİȡȘ ĲȘȢ șİȦȡȘĲȚțȒȢ. 

Number of events where the distance between two concequitive failures falls in 
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∆ȚȐȖ. 3.162: ǿıĲȩȖȡαµµα țαȚ πȡȠıαȡµȠıµȑȞȘ İțșİĲȚțȒ țαĲαȞȠµȒ, ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

ȈĲȠȞ ȆȓȞ. 3.67 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ıυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ 

įȪȠ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ ȠµȐįİȢ. Ǿ µȑȖȚıĲȘ ĲȚµȒ ĲȠυ ıυȞĲİȜİıĲȒ ȖȡαµµȚțȒȢ 

ıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȘ µİ 0.105 µİ µȑıȘ ĲȚµȒ -0.03536 țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ 127.91%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.169 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

R 1-100 101-200 201-300 301-400 401-500 

1-100 1.0000     

101-200 -0.0378 1.0000    

201-300 -0.0505 -0.0049 1.0000   

301-400 -0.0736 0.0286 -0.0266 1.0000  

401-500 -0.1049 -0.0695 0.0377 -0.0521 1.0000 

ȆȓȞ. 3.67: ȈυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ, ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

Evolution of E[dist] and of C.O.V.
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∆ȚȐȖ. 3.163: ȂȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ 
αıĲȠȤȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

3.22.2.2 ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ – (ȅµȐįİȢ 250 αıĲȠȤȚȫȞ) 

ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC ıĲȘ ıυȞȑȤİȚα ȤȦȡȓȗİĲαȚ ıİ 2 

ȠµȐįİȢ ĲȦȞ 250 αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ țαȚ Ƞ 

ȤȡȠȞȚțȩȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ. Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) ȖȚα ĲȚȢ ȠµȐįİȢ αυĲȑȢ παȡȠυıȚȐȗİĲαȚ 

ıĲȠ ∆ȚȐȖ. 3.164.  

ȅ ȤȡȠȞȚțȩȢ µȑıȠȢ İȓȞαȚ ȓıȠȢ µİ 3.34x10
-4

 țαȚ 3.86x10
-4

 αȞĲȓıĲȠȚȤα țαȚ Ƞ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ İȓȞαȚ ȓıȠȢ µİ 7% țαȚ 15% αȞĲȓıĲȠȚȤα. ΓȚα ĲȚȢ 2 ȠµȐįİȢ Ș µȘįİȞȚțȒ υπȩșİıȘ 

ĲȠυ t-test ȚțαȞȠπȠȚİȓĲαȚ țαȚ Ƞ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȠȢ µİ 2.36%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.170 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends

2.00E-04

3.00E-04

4.00E-04

5.00E-04

6.00E-04

7.00E-04

8.00E-04

9.00E-04

0 10 20 30 40 50 60 70 80 90 100

Failures

P
f,

s
tr

1-250

251-500

 

∆ȚȐȖ. 3.164: Pf,s(t), 250 αıĲȠȤȓİȢ, ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ. 

3.22.2.3 ȈυµπİȡȐıµαĲα ȖȚα ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ 

ȈυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• ΓȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȜȘȡȠȪȞĲαȚ ȠȚ πȡȠȨπȠșȑıİȚȢ ĲυȤαȚȩĲȘĲαȢ. 

• Ǿ µȘįİȞȚțȒ υπȩșİıȘ ȚțαȞȠπȠȚİȓĲαȚ ıİ țȐșİ πİȡȓπĲȦıȘ. 

3.22.2.4 ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ – (ȅµȐįİȢ 100 αıĲȠȤȚȫȞ) 

ǹțȠȜȠυșİȓĲαȚ αȞĲȓıĲȠȚȤȘ įȚαįȚțαıȓα ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ 

αȡȚșµȫȞ Mersenne Twister. ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC 

ȤȦȡȓȗİĲαȚ ıİ 6 ȠµȐįİȢ ĲȦȞ 100 αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ 

ĲȚµȒ țαȚ Ƞ ȤȡȠȞȚțȩȢ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ. ȉα απȠĲİȜȑıµαĲα ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ țαșȫȢ 

țαȚ ĲȘȢ İțĲȓµȘıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.68. H max{E[Pf,s;t]} İȓȞαȚ ȓıȘ µİ 3.86x10
-3

 

İȞȫ Ș min{E[Pf,s;t]} İȓȞαȚ ȓıȘ µİ 2.23x10
-3

. ȅȚ Pf,s(t), țυµαȓȞȠȞĲαȚ απȩ 2.29x10
-3

 ȦȢ 3.52x10
-3

 

µİ ĲİȜȚțȒ İțĲȓµȘıȘ 2.60x10
-3

. Ǿ ĲȚµȒ αυĲȒ ıυµπȓπĲİȚ µİ ĲȘȞ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister µİ ĲȚµȒ 

ıπȠȡȐȢ 5003. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.171 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠ ∆ȚȐȖ. 3.165, παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ȆȓȞ. 3.68 ıİ ıυȞįυαıµȩ µİ ĲȠ “ȐȞȦ” 

țαȚ “țȐĲȦ” ȩȡȚȠ. ΓȚα ĲȘȞ ȠµȐįα 301-400 παȡαĲȘȡİȓĲαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ µİȖαȜȪĲİȡȠȢ 

ĲȘȢ µȠȞȐįαȢ. 

ȅµȐįİȢ 1-100 101-200 201-300 301-400 401-500 501-600 

E[Pf,s(t)] 2.78E-03 3.39E-03 3.86E-03 3.14E-03 2.23E-03 2.59E-03 

COV 0.08 0.32 0.70 1.29 0.16 0.15 

Pf,s(tf=100) 2.59E-03 2.51E-03 3.52E-03 2.29E-03 2.32E-03 2.69E-03 

ȆȓȞ. 3.68: E[Pf,s(t)], COV țαȚ Pf,s(tf=100), ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 
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∆ȚȐȖ. 3.165: ȈĲαĲȚıĲȚțȑȢ Pf,s(t) – ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.166. Ǿ įȚαıπȠȡȐ ĲȦȞ απȠĲİȜİıµȐĲȦȞ İȓȞαȚ 

ĲȘȢ ĲȐȟȘȢ ĲȠυ 60%. ȈĲȠ ∆ȚȐȖ. 3.167, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ 

įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ. 

ȉα απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 3.168 țαȚ Ƞ ıυȞĲİȜİıĲȒȢ 

ıυıȤȑĲȚıȘȢ ĲȘȢ πȡȠıαȡµȠıµȑȞȘȢ İțșİĲȚțȒȢ țαĲαȞȠµȒȢ İȓȞαȚ ȓıȠȢ µİ 0.891. ΓȚα ĲȚȢ 6 ȠµȐįİȢ 

İȟİĲȐȗİĲαȚ Ș ȚıȤȪȢ ĲȘȢ µȘįİȞȚțȒȢ υπȩșİıȘȢ. ȉα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 

3.69. Ȉİ 5 πİȡȚπĲȫıİȚȢ įİȞ ȚțαȞȠπȠȚİȓĲαȚ Ș µȘįİȞȚțȒ υπȩșİıȘ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.172 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends
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∆ȚȐȖ. 3.166: Pf,s(t), 100 αıĲȠȤȓİȢ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 

Evolution of the distance between two consecutive failures
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∆ȚȐȖ. 3.167: ǹπȩıĲαıȘ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

Ǿ İȟȑȜȚȟȘ ĲȠυ ȤȡȠȞȚțȠȪ µȑıȠυ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ țαȚ ĲȠυ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.169. ȅ ȤȡȠȞȚțȩȢ µȑıȠȢ İȓȞαȚ ȓıȠȢ µİ 384.68 πȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.173 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİĲαφȡȐȗİĲαȚ ıİ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȓıȘ µİ 2.60x10
-4

. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȜαµȕȐȞİȚ 

ĲȚµȑȢ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ αȞȐȜυıȘȢ țȠȞĲȐ ıĲȘ µȠȞȐįα. 

T-test 101-200 201-300 301-400 401-500 501-600 

1-100 ǹπȠįȠȤȒ ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

101-200  ǹπȩȡȡȚȥȘ ǹπȠįȠȤȒ ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

201-300   ǹπȩȡȡȚȥȘ ǹπȩȡȡȚȥȘ ǹπȩȡȡȚȥȘ 

301-400    ǹπȠįȠȤȒ ǹπȠįȠȤȒ 

401-500     ǹπȠįȠȤȒ 

ȆȓȞ. 3.69: ȊπȩșİıȘ t-test (ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ). 

ȈĲȠȞ ȆȓȞ. 3.70, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ıυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ 

įȪȠ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȚȢ ȠµȐįİȢ. Ǿ µȑȖȚıĲȘ ĲȚµȒ ĲȠυ ıυȞĲİȜİıĲȒ ȖȡαµµȚțȒȢ 

ıυıȤȑĲȚıȘȢ İȓȞαȚ ȓıȘ µİ 0.256 µİ µȑıȘ ĲȚµȒ -0.00522 țαȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ 2224.32%. 
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∆ȚȐȖ. 3.168: ǿıĲȩȖȡαµµα țαȚ πȡȠıαȡµȠıµȑȞȘ İțșİĲȚțȒ țαĲαȞȠµȒ, ȋȦȡȠįȚțĲȪȦµα 112 

µİȜȫȞ. 

R 1-100 101-200 201-300 301-400 401-500 501-600 

1-100 1.0000      

101-200 -0.1009 1.0000     

201-300 0.0168 0.0564 1.0000    



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.174 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

R 1-100 101-200 201-300 301-400 401-500 501-600 

301-400 -0.2370 0.0154 0.1212 1.0000   

401-500 0.0455 -0.0409 0.0787 -0.2526 1.0000  

501-600 0.1398 -0.0280 0.0809 -0.0283 0.0547 1.0000 

ȆȓȞ. 3.70: ȈυȞĲİȜİıĲȑȢ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

Evolution of E[dist] and of C.O.V.

100

200

300

400

500

0 100 200 300 400 500 600 700

Failures

E
[d

is
t]

0.6

0.8

1

1.2

1.4

C
.O

.V
. 

Moving Average

Moving C.O.V.

 

∆ȚȐȖ. 3.169: ȂȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ 
αıĲȠȤȚȫȞ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ. 

3.22.2.5 ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ – (ȅµȐįİȢ 200 αıĲȠȤȚȫȞ) 

ȉȠ ȚıĲȠȡȚțȩ ĲȦȞ ȖİȖȠȞȩĲȦȞ αıĲȠȤȓαȢ ĲȘȢ įȚαįȚțαıȓαȢ MC ȤȦȡȓȗİĲαȚ ıİ 3 ȠµȐįİȢ ĲȦȞ 200 

αıĲȠȤȚȫȞ țαȚ ȖȚα țȐșİ ȠµȐįα υπȠȜȠȖȓȗİĲαȚ Ș µȑıȘ ȤȡȠȞȚțȒ ĲȚµȒ țαȚ Ƞ ȤȡȠȞȚțȩȢ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ.  

Ǿ İȟȑȜȚȟȘ ĲȘȢ Pf,s(t) ȖȚα ĲȚȢ ȠµȐįİȢ αυĲȑȢ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 3.170. ȅ ȤȡȠȞȚțȩȢ µȑıȠȢ 

țυµαȓȞİĲαȚ απȩ 2.31x10
-3

 ȦȢ 3.44x10
-3

 țαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ țυµαȓȞİĲαȚ απȩ 6% 

ȦȢ 54%. Ǿ µȘįİȞȚțȒ υπȩșİıȘ ȚțαȞȠπȠȚİȓĲαȚ ıİ țȐșİ πİȡȓπĲȦıȘ țαȚ ȠȚ ıυȞĲİȜİıĲȑȢ 

ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ İȓȞαȚ µȚțȡȩĲİȡȠȚ ĲȠυ 10%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.175 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Failure Probabilities - Chunks of hundrends

0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

5.00E-03

6.00E-03

7.00E-03

8.00E-03

0 10 20 30 40 50 60 70 80 90 100

Failures

P
f,

s
tr

1-200 201-400

401-600

 

∆ȚȐȖ. 3.170: Pf,s(t), 200 αıĲȠȤȓİȢ, ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 

3.22.2.6 ȈυµπİȡȐıµαĲα ȖȚα ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 

ȈυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• ǹπȩ ĲȘȞ αȞȐȜυıȘ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα ȠȚ İțĲȚµȒıİȚȢ αıĲȠȤȓαȢ παȡȠυıȚȐȗȠυȞ 

ıȤİĲȚțȑȢ απȠțȜȓıİȚȢ πȠυ ȟİπİȡȞȠȪȞ ıİ ȠȡȚıµȑȞİȢ πİȡȚπĲȫıİȚȢ ĲȠ 100%. 

• ΓȚα ĲȘȞ υπȩ İȟȑĲαıȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ πȜȘȡȠȪȞĲαȚ ȠȚ πȡȠȨπȠșȑıİȚȢ 

ĲυȤαȚȩĲȘĲαȢ. 

3.22.3 ȈȪȖțȡȚıȘ απȠĲİȜİıµȐĲȦȞ ȖȚα ȋȦȡȠįȚțĲȪȦµα 64 µİȜȫȞ 
ǹπȩ ĲȘ ıȪȖțȡȚıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ παȡαĲȘȡİȓĲαȚ ȩĲȚ: 

• Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ȩĲαȞ ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ 

įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ İȓȞαȚ țαĲȐ 8.4% ȤαµȘȜȩĲİȡȘ ĲȘȢ İțĲȓµȘıȘȢ πȠυ ȜαµȕȐȞİĲαȚ µİ 

ĲȘȞ İφαȡµȠȖȒ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister ȖȚα ĲȚµȒȢ ıπȠȡȐȢ 

5003 țαȚ 5.1% ȤαµȘȜȩĲİȡȘ ĲȘȢ İțĲȓµȘıȘȢ ȖȚα ĲȚµȒ ıπȠȡȐȢ 4357. 

• ΓȚα ĲȚȢ ȠµȐįİȢ ĲȦȞ 100 αıĲȠȤȚȫȞ Ș ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.176 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİ ĲȚµȒ ıπȠȡȐȢ 4357 παȡȠυıȚȐȗİȚ µȑȖȚıĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 26% İȞȫ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ Ș 

αȞĲȓıĲȠȚȤȘ ĲȚµȒ İȓȞαȚ ȓıȘ µİ 61%. Ǿ įȚαțȪµαȞıȘ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ 

İȓȞαȚ υȥȘȜȩĲİȡȘ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 

Twister. ΓȚα ĲȚµȒ ıπȠȡȐȢ 4357 Ș İțĲȓµȘıȘ țυµαȓȞİĲαȚ [2.95~3.98]x10
-4

 İȞȫ ȖȚα ĲȚµȒ 

ıπȠȡȐȢ 5003 țυµαȓȞİĲαȚ [3.11~4.04]x10
-4

. ΓȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ 

įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țυµαȓȞİĲαȚ [3.14~3.81]x10
-4

. 

• ȅ ıυȞĲİȜİıĲȒȢ πȡȠıαȡµȠȖȒȢ (R
2
) ĲȘȢ πȡȠıαȡµȠıµȑȞȘȢ İțșİĲȚțȒȢ țαĲαȞȠµȒȢ ıĲȠ 

ȚıĲȩȖȡαµµα ĲȚµȫȞ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 

Twister țυµαȓȞİĲαȚ 0.932~0.940. ΓȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ 

ȚıȠȨπȠȜȠȓπȦȞ Ș ĲȚµȒ İȓȞαȚ ȓıȘ µİ 0.963. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ αȞȑȜȚȟȘȢ ĲȘȢ 

απȩıĲαıȘȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ȖȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

Mersenne Twister țυµαȓȞİĲαȚ απȩ 0.931~0.972 ȩĲαȞ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ ȜαµȕȐȞİȚ ĲȚµȒ ȓıȘ µİ 1.058. 

• Ǿ µȑȖȚıĲȘ ĲȚµȒ ĲȠυ ıυȞĲİȜİıĲȒ ȖȡαµµȚțȒȢ ıυıȤȑĲȚıȘȢ µİĲαȟȪ ĲȦȞ ȠµȐįȦȞ ȦȢ πȡȠȢ ĲȚȢ 

απȠıĲȐıİȚȢ µİĲαȟȪ įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ İȓȞαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister ȓıȘ µİ 0.115 (ĲȚµȒ ıπȠȡȐȢ 4357) țαȚ 0.245 

(ĲȚµȒ ıπȠȡȐȢ 5003) αȞĲȓıĲȠȚȤα ȩĲαȞ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ 

αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ İȓȞαȚ ȓıȘ µİ 0.105. ȀαȚ ȖȚα ĲȚȢ 2 ȖİȞȞȒĲȡȚİȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ παȡαĲȘȡİȓĲαȚ πȠȜȪ ȤαµȘȜȩȢ ıυȞĲİȜİıĲȒȢ αυĲȠıυıȤȑĲȚıȘȢ. 

Ǿ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister πȜȘȡȠȓ ĲȚȢ πȡȠȨπȠșȑıİȚȢ ĲυȤαȚȩĲȘĲαȢ. 

ǹȞĲȓıĲȠȚȤȠ ıυµπȑȡαıµα İȓȞαȚ įυȞαĲȩȞ Ȟα İȟαȤșİȓ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ. 

3.22.4 ȈȪȖțȡȚıȘ απȠĲİȜİıµȐĲȦȞ ȖȚα ȋȦȡȠįȚțĲȪȦµα 112 µİȜȫȞ 
ǹπȩ ĲȘ ıȪȖțȡȚıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ παȡαĲȘȡİȓĲαȚ ȩĲȚ: 

• Ǿ πȡȠĲİȚȞȩµİȞȘ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ µİ ĲȘ ȤȡȒıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ ıυµπȓπĲİȚ µİ ĲȘȞ ĲȚµȒ πȠυ υπȠȜȠȖȓıșȘțİ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 

ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister ȖȚα ĲȚµȒ ıπȠȡȐȢ 5003. 

• ΓȚα ĲȚȢ ȠµȐįİȢ ĲȦȞ 100 αıĲȠȤȚȫȞ Ș ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister 

παȡȠυıȚȐȗİȚ µȑȖȚıĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 42% İȞȫ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.177 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ Ș αȞĲȓıĲȠȚȤȘ ĲȚµȒ İȓȞαȚ ȓıȘ 

µİ 129%. Ǿ įȚαțȪµαȞıȘ ĲȘȢ İțĲȓµȘıȘȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ İȓȞαȚ µȚțȡȩĲİȡȘ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister µİ įȚαțȪµαȞıȘ 

[1.97~3.13]x10
-3

 ȩĲαȞ ȖȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ 

Ș įȚαțȪµαȞıȘ İȓȞαȚ ȓıȘ µİ [2.26~3.54]x10
-3 

. 

• ȅ ıυȞĲİȜİıĲȒȢ πȡȠıαȡµȠȖȒȢ (R
2
) ĲȘȢ πȡȠıαȡµȠıµȑȞȘȢ İțșİĲȚțȒȢ țαĲαȞȠµȒȢ ıĲȠ 

ȚıĲȩȖȡαµµα ĲȚµȫȞ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 

Twister İȓȞαȚ ȓıȠȢ µİ 0.904 ȩĲαȞ ȖȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ 

ȚıȠȨπȠȜȠȓπȦȞ Ș ĲȚµȒ İȓȞαȚ ȓıȘ µİ 0.891. ȉȠ πȜȒșȠȢ ĲȦȞ ıυȞįυαıµȫȞ ĲȦȞ ȠµȐįȦȞ πȠυ Ș 

µȘįİȞȚțȒ υπȩșİıȘ įİȞ ȚțαȞȠπȠȚİȓĲαȚ İȓȞαȚ țαȚ ȖȚα ĲȚȢ 2 ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

ȓıȠȢ µİ 5 πİȡȚπĲȫıİȚȢ. ȅ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ αȞȑȜȚȟȘȢ ĲȘȢ απȩıĲαıȘȢ µİĲαȟȪ 

įȚαįȠȤȚțȫȞ αıĲȠȤȚȫȞ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 

Twister İȓȞαȚ ȓıȠȢ µİ 1.042 ȩĲαȞ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ 

µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ Ƞ αȞĲȓıĲȠȚȤȠȢ įİȓțĲȘȢ İȓȞαȚ ȓıȠȢ µİ 0.982. Ǿ ȖİȞȞȒĲȡȚα 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ παȡȠυıȚȐȗİȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ 

πȜȘıȚȑıĲİȡȠ ıĲȘ șİȦȡȘĲȚțȒ ĲȚµȒ ȩµȦȢ Ș ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 

Twister παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȠ ıυȞĲİȜİıĲȒ πȡȠıαȡµȠȖȒȢ. 

• ȅ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ µİĲαȟȪ ĲȦȞ ȠµȐįȦȞ țαĲαįİȚțȞȪİȚ ȩĲȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 

ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ ıİ 2 πİȡȚπĲȫıİȚȢ Ș ĲȚµȒ |R| 

İȓȞαȚ υȥȘȜȩĲİȡȘ ĲȠυ 0.2 ȩĲαȞ ȖȚα ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister 

țȐĲȚ ĲȑĲȠȚȠ ıυµȕαȓȞİȚ µȩȞȠȞ µȓα φȠȡȐ. 

3.22.5 ȈυµπİȡȐıµαĲα 

ȀαȚ ȠȚ 2 ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ παȡȠυıȚȐȗȠυȞ πȠȜȪ țαȜȒ ıυµπİȡȚφȠȡȐ ȖȚα Ĳα 

πȡȠȕȜȒµαĲα πȠυ İȟİĲȐıșȘțαȞ. ΓȚα Ĳα ıυȖțİțȡȚµȑȞα πȡȠȕȜȒµαĲα ȠȚ υπȩ İȟȑĲαıȘ αȜȖȩȡȚșµȠȚ 

İȓȞαȚ ȚįȚαȓĲİȡα țαĲȐȜȜȘȜȠȚ ȦȢ ȖİȞȞȒĲȡȚİȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. Ǿ αȪȟȘıȘ ĲȘȢ 

πȠȜυπȜȠțȩĲȘĲαȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ İȜαφȡȐ µİȓȦıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ 

ĲȦȞ İțĲȚµȒıİȦȞ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ µİ įȚαȚȡȑĲȘ ȚıȠȨπȠȜȠȓπȦȞ. ȀȐĲȚ 

ĲȑĲȠȚȠ įİȞ παȡαĲȘȡİȓĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne 

Twister ȠπȩĲİ Ș υȚȠșȑĲȘıȘ ĲȘȢ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ ȜȐșȠυȢ 

İțĲȓµȘıȘȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ țαĲαıțİυȒȢ ȜȩȖȦ πȚșαȞȒȢ αȞİπȐȡțİȚαȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.178 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.23 ȆαȡȐȡĲȘµα Ǿ – ǹπȠĲİȜȑıµαĲα αȞȐȜυıȘȢ ıİȞαȡȓȦȞ 
İȞȓıȤυıȘȢ įȚțĲυȫµαĲȠȢ 19 µİȜȫȞ 

ȈĲȠ ∆ȚȐȖ. 3.171, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ 9 țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȠυ ıİȞαȡȓȠυ ǹ 

(πȡȠıșȒțȘ ĲȡȚıįȚαȖȫȞȚȦȞ µİȜȫȞ). ȈĲȠȞ ȆȓȞ. 3.71, παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ 

ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘ µȑșȠįȠ MC țαȚ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ȉȠ 

µȒțȠȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țυµαȓȞİĲαȚ απȩ 8 ȦȢ 10 µȑȜȘ µİ İȟαȓȡİıȘ ĲȘȞ 9Ș 

αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ µİ µȒțȠȢ ȓıȠ µİ 6. Ǿ µȚțȡȩĲİȡȘ απȩțȜȚıȘ απȩ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ 

µİșȩįȠυ MC παȡαĲȘȡİȓĲαȚ ȖȚα L[IFM]=2 țαȚ L[IFM]=3. ȈĲȠ ∆ȚȐȖ. 3.172, παȡȠυıȚȐȗİĲαȚ ĲȠ 

ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ 

αıĲȠȤȓαȢ, ĲȠ ȐșȡȠȚıµα ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țȐșİ 

αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, țαȚ ĲȠ ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ ĲȦȞ țȠȚȞȫȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα L[IFM]=2 țαȚ L[IFM]=3 ȩπȦȢ țαȚ 

ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ 9 țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȉȠ ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ 

țυµαȓȞİĲαȚ απȩ 96% ȦȢ 98%. 

ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

L8C2C4C7C8T12C15C19C21 10.90% 17.78% 14.01% 15.18% 15.52% 20.13% 

L9C2C6C8C9C11C12C13C18C21 10.80% 7.41% 13.41% 12.38% 7.43% 7.99% 

L10C2T5C10C11C12C13C15C18C19C21 9.90% 5.93% 7.59% 6.48% 7.71% 4.58% 

L8C2C5C6C9C12C13T14C21 9.70% 9.44% 11.67% 12.74% 11.16% 11.62% 

L9C2C6C8C9C11C12C13C20C21 8.80% 4.49% 9.01% 9.13% 5.44% 5.04% 

L10C2C6C8C9C10C11C12C13C19C21 8.20% 6.42% 4.21% 5.79% 6.51% 7.86% 

L10C2C6C8C9C11C12C13C18C19C21 7.10% 9.15% 5.95% 6.70% 9.22% 5.71% 

L8C2C4C7C8C15C17C19C21 3.40% 4.85% 3.52% 4.25% 3.67% 3.78% 

L6T1C10C11C16C17C21 2.20% 0.59% 1.58% 0.79% 0.95% 0.00% 

ȈȪȞȠȜȠ 71.00% 66.06% 70.95% 73.34% 67.61% 66.71% 

ȆȓȞ. 3.71: ȆȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (ǹ). 

ȈĲȠ ∆ȚȐȖ. 3.173, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ 9 țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȠυ ıİȞαȡȓȠυ Ǻ 

(αȞĲȚțαĲȐıĲαıȘ ĲȦȞ ȐȞȦ įȚıįȚαȖȫȞȚȦȞ απȩ ĲȚȢ ĲȡȚıįȚαȖȫȞȚİȢ ȡȐȕįȠυȢ). ȈĲȠȞ ȆȓȞ. 3.72, 

παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ 9 țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘ µȑșȠįȠ 

MC țαȚ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.179 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.171: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ (ǹ). 

Characteristics of FM analysis
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∆ȚȐȖ. 3.172: ȈĲȠȚȤİȓα αȞȐȜυıȘȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (ǹ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.180 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.173: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ (Ǻ). 

ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

L8C2C4C7C8C9C13C17C19 23.90% 17.15% 22.30% 20.97% 19.24% 24.10% 

L8C2C6C8C9C11C12C13C19 19.90% 19.62% 17.76% 22.07% 22.92% 20.96% 

L7C2C6C9C12C13T14C19 7.90% 5.63% 10.84% 5.46% 8.13% 6.76% 

L7C2C4C7C8C13C17C19 6.60% 13.83% 10.87% 15.28% 10.00% 13.48% 

L8C2C4C6C7C8C9C13C19 6.30% 4.71% 5.36% 3.21% 2.74% 2.76% 

L8C2C4C6C7C8C13C17C19 3.90% 5.21% 9.89% 5.71% 6.37% 3.42% 

L8C2C4C6C7C8C9C17C19 3.10% 2.14% 2.15% 1.36% 3.89% 2.84% 

L7C2C4C6C8C9C13C19 2.60% 7.58% 3.24% 2.44% 4.06% 8.10% 

L8C2C4C6C7C8C9C18C19 2.60% 3.87% 2.40% 5.07% 2.57% 1.81% 

ȈȪȞȠȜȠ 76.80% 79.74% 84.81% 81.57% 79.91% 84.22% 

ȆȓȞ. 3.72: ȆȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (Ǻ). 

ȉȠ µȒțȠȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țυµαȓȞİĲαȚ απȩ 7 ȦȢ 8 µȑȜȘ. ȉȠ ıȪȞȠȜȠ ĲȦȞ 

πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ ĲȦȞ 9 țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 76.8% ȖȚα ĲȘ µȑșȠįȠ 

MC țαȚ țυµαȓȞİĲαȚ απȩ 79.74% ȦȢ țαȚ 84.81% ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. Ǿ µȚțȡȩĲİȡȘ 

απȩțȜȚıȘ απȩ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC παȡαĲȘȡİȓĲαȚ ȖȚα L[IFM]=2 țαȚ L[IFM]=5. 

ȅȚ παȡαȜȜαȖȑȢ αυĲȑȢ İπȚĲυȖȤȐȞȠυȞ Ȟα αȞαȖȞȦȡȓıȠυȞ ĲȘȞ αȜȜȘȜȠυȤȓα 

L8C2C4C7C8C9C13C17C19 ȦȢ ĲȘȞ țȪȡȚα αȜȜȘȜȠυȤȓα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.181 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠ ∆ȚȐȖ. 3.174, παȡȠυıȚȐȗİĲαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ 

ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, ĲȠ ȐșȡȠȚıµα ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ ĲȦȞ 

πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, țαȚ ĲȠ ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ 

ĲȦȞ țȠȚȞȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα 

L[IFM]=5 țαȚ L[IFM]=2 ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ 9 țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȉȠ 

ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ țυµαȓȞİĲαȚ απȩ 98% ȦȢ 99.5%. 

Characteristics of FM analysis
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∆ȚȐȖ. 3.174: ȈĲȠȚȤİȓα αȞȐȜυıȘȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (Ǻ). 

ȈĲȠ ∆ȚȐȖ. 3.175, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ 9 țȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȠυ ıİȞαȡȓȠυ Γ 

(αȞĲȚțαĲȐıĲαıȘ ĲȦȞ țȐĲȦ įȚıįȚαȖȫȞȚȦȞ απȩ ĲȚȢ ĲȡȚıįȚαȖȫȞȚİȢ ȡȐȕįȠυȢ). ȈĲȠȞ ȆȓȞ. 3.73, 

παȡȠυıȚȐȗȠȞĲαȚ Ĳα πȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ 9 țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȖȚα ĲȘ µȑșȠįȠ 

MC țαȚ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ȉȠ µȒțȠȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țυµαȓȞİĲαȚ 

απȩ 5 ȦȢ 8 µȑȜȘ. ȉȠ πȠıȠıĲȩ ĲȘȢ țȪȡȚαȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 45.5% ȖȚα ĲȘ 

µȑșȠįȠ MC İȞȫ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 38.75% ȦȢ 41.61% ȉȠ ıȪȞȠȜȠ 

ĲȦȞ πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ ĲȦȞ 9 țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 86.3% ȖȚα ĲȘ 

µȑșȠįȠ MC țαȚ țυµαȓȞİĲαȚ απȩ 84.71% ȦȢ țαȚ 86.01% ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. Ǿ 

µȚțȡȩĲİȡȘ απȩțȜȚıȘ απȩ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ MC παȡαĲȘȡİȓĲαȚ ȖȚα L[IFM]=5 țαȚ 

L[IFM]=2. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.182 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 

∆ȚȐȖ. 3.175: ȀȪȡȚİȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ İπȓπİįȠυ įȚțĲυȫµαĲȠȢ (Γ). 

ǹȜȜȘȜȠυȤȓα ǹıĲȠȤȓαȢ MC L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

L7C10C11C14C15C16T18C19 45.50% 39.56% 40.46% 38.75% 39.87% 41.61% 

L5C10C11C16T18C19 9.50% 9.21% 9.59% 10.92% 11.72% 8.90% 

L7C2T5C7C8C16C17C19 7.00% 7.11% 5.89% 7.58% 7.14% 8.08% 

L8C2C6C7C8C9C17C18C19 6.40% 8.07% 9.27% 6.50% 7.00% 7.50% 

L5C10C11C15T18C19 4.70% 7.34% 7.07% 6.53% 6.04% 6.18% 

L7C2C7C8T13C16C17C19 4.50% 4.63% 4.96% 2.55% 2.74% 4.23% 

L8C4C10C11C12C14C15C16C19 3.10% 2.86% 2.69% 3.60% 3.58% 3.33% 

L6C2C12C13C14C15C19 3.00% 4.02% 3.39% 5.61% 5.20% 4.52% 

L8C10C11C12C13C14C15C16C19 2.60% 1.77% 2.71% 2.68% 1.85% 1.45% 

ȈȪȞȠȜȠ 86.30% 84.56% 86.01% 84.71% 85.14% 85.80% 

ȆȓȞ. 3.73: ȆȠıȠıĲȐ ıυµµİĲȠȤȒȢ ĲȦȞ țȪȡȚȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (Γ). 

ȈĲȠ ∆ȚȐȖ. 3.176, παȡȠυıȚȐȗİĲαȚ ĲȠ ȐșȡȠȚıµα ĲȦȞ ĲİĲȡαȖȫȞȦȞ ĲȦȞ įȚαφȠȡȫȞ ĲȦȞ πȠıȠıĲȫȞ 

ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, ĲȠ ȐșȡȠȚıµα ĲȦȞ απȠȜȪĲȦȞ įȚαφȠȡȫȞ ĲȦȞ 

πȠıȠıĲȫȞ ıυµµİĲȠȤȒȢ țȐșİ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ, țαȚ ĲȠ ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ 

ĲȦȞ țȠȚȞȫȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα 

L[IFM]=5 țαȚ L[IFM]=2 ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ 9 țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. ȉȠ 

ıυȞȠȜȚțȩ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ țυµαȓȞİĲαȚ απȩ 96% ȦȢ 96.5%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.183 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Characteristics of FM analysis
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∆ȚȐȖ. 3.176: ȈĲȠȚȤİȓα αȞȐȜυıȘȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ (Γ). 

ȅȚ αȞαȜȪıİȚȢ µİ ĲȘ µȑșȠįȠ İπαȞαȜȒφșȘțαȞ µİ fvol=1.00. ȅȚ πȚșαȞȩĲȘĲİȢ αıĲȠȤȓαȢ ĲȦȞ 

țαĲαıțİυȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲα ∆ȚȐȖ. 3.177 țαȚ ∆ȚȐȖ. 3.178. ȉȠ πȜȒșȠȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ 

įİȚȖµȐĲȦȞ παȡȠυıȚȐȗİĲαȚ ıĲα ∆ȚȐȖ. 3.179 țαȚ ∆ȚȐȖ. 3.180.  

ΓȚα ĲȠȞ ĲȡȩπȠ İȞȓıȤυıȘȢ ǹ țαȚ ĲȘȞ αȡȤȚțȒ țαĲαıțİυȒ Ș ĲȚµȒ ĲȘȢ fvol=1.00 ȠįȘȖİȓ ıİ 

ıȘµαȞĲȚțȒ υπȠİțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ µİ ĲαυĲȩȤȡȠȞȘ µİȓȦıȘ 

ĲȠυ πȜȒșȠυȢ ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ țαșȫȢ πİȡȚȠȡȓȗİĲαȚ Ƞ ȤȫȡȠȢ įİȚȖµαĲȠȜȘȥȓαȢ ȖȚα 

țȐșİ πȡȩȕȜȘµα. Ǿ µİȓȦıȘ ĲȘȢ αțȡȓȕİȚαȢ İțĲȓµȘıȘȢ ȠφİȓȜİĲαȚ ıĲȘ µȘ ȖȡαµµȚțȩĲȘĲα ĲȘȢ 

įȚİπȚφȐȞİȚαȢ ȜİȚĲȠυȡȖȓαȢ-αıĲȠȤȓαȢ ıĲȠ πȚșαȞȠĲȚțȩ ȤȫȡȠ.  

ȉȠ πȡȩȕȜȘµα αυĲȩ αȞĲȚµİĲȦπȓȗİĲαȚ İπȚĲυȤȫȢ µİ αȪȟȘıȘ ĲȘȢ ĲȚµȒȢ ĲȘȢ παȡαµȑĲȡȠυ fvol ȠπȩĲİ 

ȖȚα țαĲαıțİυȑȢ ȩπȠυ Ĳα ȖİȖȠȞȩĲα αıĲȠȤȓαȢ ȠįȘȖȠȪȞ ıİ αȞαįȚȠȡȖȐȞȦıȘ ĲȘȢ țαĲαıțİυȒȢ µİ 

µİĲαȕȠȜȒ ĲȠυ πȡȩıȘµȠυ ĲȦȞ İȞĲȐıİȦȞ ıĲα µȑȜȘ İȞ ȜİȚĲȠυȡȖȓα țȡȓȞİĲαȚ απαȡαȓĲȘĲȘ Ș 

υȚȠșȑĲȘıȘ ĲȚµȫȞ ĲȘȢ παȡαµȑĲȡȠυ fvol>1. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.184 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.177: Pf,s țαĲαıțİυȒȢ (ǹȡȤȚțȒ țαĲαıțİυȒ, ȉȡȩπȠȢ ǼȞȓıȤυıȘȢ Γ). 

ΠȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țαĲαıțİυȒȢ
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∆ȚȐȖ. 3.178: Pf,s țαĲαıțİυȒȢ (ǹ țαȚ Ǻ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.185 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.179: ǹπαȚĲȠȪµİȞα įİȓȖµαĲα (ǹȡȤȚțȒ țαĲαıțİυȒ, Γ). 
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∆ȚȐȖ. 3.180: ǹπαȚĲȠȪµİȞα įİȓȖµαĲα (ǹ țαȚ Ǻ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.186 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

3.24 ȆαȡȐȡĲȘµα Θ – ȈȪȖțȡȚıȘ ȊπȠȜȠȖȚıĲȚțȠȪ ȋȡȩȞȠυ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα ȦȢ πȡȠȢ ĲȘȞ αȞȐȜυıȘ ĲȠυ 

πȡαȖµαĲȚțȠȪ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ ȖȚα ĲȠ įȚțĲȪȦµα 19 µİȜȫȞ (țαȚ ĲȠυȢ ĲȡȩπȠυȢ İȞȓıȤυıȘȢ) 

țαȚ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ 25 µİȜȫȞ. ȅ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ αȞαφȑȡİĲαȚ ıİ PC Intel 

Pentium 4 2.86 GHz (64 kB L1 țαȚ 512 kB L2 cache memory) µİ 768 Mb µȞȒµȘ RAM (333 

MHz) țαȚ Windows 2000 SP4. ȉα απȠĲİȜȑıµαĲα αȞαφȑȡȠȞĲαȚ ıĲȠȞ αȜȖȩȡȚșµȠ ȤȦȡȓȢ İȚįȚțȑȢ 

ȕİȜĲȚıĲȠπȠȚȒıİȚȢ ȖȚα ĲȠȞ ĲȪπȠ ĲȠυ İπİȟİȡȖαıĲȒ țαȚ µİ ĲȘȞ İȜȐȤȚıĲȘ įυȞαĲȒ αȞĲαȜȜαȖȒ 

įİįȠµȑȞȦȞ ȫıĲİ Ȟα İȜαȤȚıĲȠπȠȚȘșİȓ Ș ȤȡȒıȘ ĲȠυ ıțȜȘȡȠȪ įȓıțȠυ. ȀαĲȐ ĲȘȞ αȞȐȜυıȘ Ƞ Ǿ/Ȋ 

įİȞ απαıȤȠȜȠȪĲαȞ µİ ȐȜȜİȢ İȡȖαıȓİȢ Ȓ İȞĲȠȜȑȢ µȑıȦ ĲȠυ įȚțĲȪȠυ. 

3.24.1 ∆ȚțĲȪȦµα 19 µİȜȫȞ țαȚ ĲȡȩπȠȚ İȞȓıȤυıȘȢ 
ȈĲȠȞ ȆȓȞ. 3.74, παȡȠυıȚȐȗȠȞĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ ȖȚα ĲȠ įȚțĲȪȦµα ĲȦȞ 19 µİȜȫȞ ĲȠυ ∆ȚȐȖ. 3.40. ΓȚα ĲȘ µȑșȠįȠ Ƞ ȤȡȩȞȠȢ 

țυµαȓȞİĲαȚ απȩ 33~76 sec (ȖȚα µȒțȠȢ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȓıȠ µİ 2 ȦȢ 5). ȈĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ µȘ ıȪȞșİıȘȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ Ƞ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ 

İȓȞαȚ ȓıȠȢ µİ 70 sec. Ǿ αȪȟȘıȘ ĲȠυ ȤȡȩȞȠυ ȠφİȓȜİĲαȚ ıĲȘȞ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ İȞİȡȖȫȞ 

Ĳ.µ. ȅ ȤȡȩȞȠȢ ȖȚα ĲȘ µȑșȠįȠ MC İȓȞαȚ ȓıȠȢ µİ 87 sec. ȅ ȤȡȩȞȠȢ αυĲȩȢ İȓȞαȚ ıυȖțȡȓıȚµȠȢ µİ 

ĲȠ ȤȡȩȞȠ ĲȘȢ µİșȩįȠυ țαȚ αυĲȩ ȠφİȓȜİĲαȚ ıĲȠ ȤȡȩȞȠ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ 

µİȖİșȫȞ ȖȚα ĲȘȞ αȞαțȐȜυȥȘ ĲȦȞ υπİȡțȪȕȦȞ ıĲȠυȢ ȠπȠȓȠυȢ șα πȡαȖµαĲȠπȠȚȘșİȓ 

įİȚȖµαĲȠȜȘȥȓα. 

 L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 MC 

ȋȡȩȞȠȢ (sec) 69.95 68.92 70.19 32.83 76.17 86.22 

∆İȓȖµαĲα 35142 34451 34548 14560 34783 55130

ǹıĲȠȤȓİȢ 1281 1259 1283 605 1317 1000 

ȆȓȞ. 3.74: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, įİȓȖµαĲα, αıĲȠȤȓİȢ (ǹȡȤȚțȒ) 

ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ țυµαȓȞİĲαȚ ȖȚα ĲȘȞ αȡȤȚțȒ 

țαĲαıțİυȒ απȩ 1.27 ȦȢ 1.44 ȖȚα ĲȠ πȡȩȕȜȘµα υπȩ İȟȑĲαıȘ. H İπȚȕȐȡυȞıȘ αυĲȒ İȓȞαȚ 

ıυȞȐȡĲȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ țȡȓıȚµȦȞ µİȜȫȞ țαȚ ĲȠυ πȜȒșȠυȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ 

αıĲȠȤȓαȢ πȠυ ıυȞșȑĲȠȞĲαȚ țαȚ ĲȠ ȤȡȩȞȠυ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘ µȠȞȠįȚȐıĲαĲȘ İȟİȡİȪȞȘıȘ 

ıĲȠυȢ υπİȡțȪȕȠυȢ πȠυ παȡȠυıȚȐȗȠυȞ İȞįȚαφȑȡȠȞ, ĲȠυ πȜȒșȠυȢ ĲȦȞ αȞαȜȪıİȦȞ ĲȘȢ 

țαĲαıțİυȒȢ πȠυ απαȚĲȠȪȞĲαȚ ĲȠυ πȜȒșȠυȢ ĲȦȞ αıĲȠȤȚȫȞ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ αıĲȠȤȚȫȞ ĲȦȞ µİȜȫȞ πȠυ țαșȠȡȓȗȠυȞ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȞαȜȪıİȦȞ πȠυ απαȚĲȠȪȞĲαȚ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.187 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠυȢ ȆȓȞ. 3.75 ȦȢ ȆȓȞ. 3.77 παȡȠυıȚȐȗȠȞĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, ĲȠ πȜȒșȠȢ ĲȦȞ 

įİȚȖµȐĲȦȞ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αıĲȠȤȚȫȞ ȖȚα ĲȠυȢ 3 ĲȡȩπȠυȢ İȞȓıȤυıȘȢ. ȅ ȤȡȩȞȠȢ πȠυ 

απαȚĲİȓĲαȚ απȩ ĲȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 25 sec ȦȢ 41 sec ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ĲȡȩπȠυ 

İȞȓıȤυıȘȢ ǹ µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ ȤȡȩȞȠ ĲȘȢ µİșȩįȠυ MC Ȟα ȚıȠȪȞĲαȚ µİ 2331 sec (0:38:51). 

ΓȚα ĲȠȞ ĲȡȩπȠ İȞȓıȤυıȘȢ Ǻ Ƞ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 26 sec ȦȢ 

81 sec µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ ȤȡȩȞȠ ĲȘȢ µİșȩįȠυ MC Ȟα ȚıȠȪȞĲαȚ µİ 2156 sec (0:35:56). ȉȑȜȠȢ 

ȖȚα ĲȠȞ ĲȡȩπȠ İȞȓıȤυıȘȢ Γ Ƞ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 41 sec ȦȢ 

81 sec µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ ȤȡȩȞȠ ĲȘȢ µİșȩįȠυ MC Ȟα ȚıȠȪȞĲαȚ µİ 392 sec (0:06:32).  

 L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 MC 

ȋȡȩȞȠȢ (sec) 40.69 24.52 25.22 40.83 40.88 2330.75 

∆İȓȖµαĲα 22236 13564 13861 21521 21448 1500818

ǹıĲȠȤȓİȢ 137 77 78 144 142 1000 

ȆȓȞ. 3.75: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, įİȓȖµαĲα, αıĲȠȤȓİȢ (A) 

 L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 MC 

ȋȡȩȞȠȢ (sec) 79.85 40.86 26.48 41.03 80.89 2155.67 

∆İȓȖµαĲα 45914 23576 15227 22849 45316 1437026

ǹıĲȠȤȓİȢ 180 107 85 104 217 1000 

ȆȓȞ. 3.76: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, įİȓȖµαĲα, αıĲȠȤȓİȢ (Ǻ) 

 L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 MC 

ȋȡȩȞȠȢ (sec) 78.42 40.7 79.59 79.42 81.28 391.73 

∆İȓȖµαĲα 44617 22836 44135 43800 45012 260559

ǹıĲȠȤȓİȢ 710 414 656 660 701 1000 

ȆȓȞ. 3.77: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, įİȓȖµαĲα, αıĲȠȤȓİȢ (Γ) 

ȈĲȠ ∆ȚȐȖ. 3.181, παȡȠυıȚȐȗİĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ ȖȚα ĲȘȞ αȡȤȚțȒ țαĲαıțİυȒ țαȚ ĲȠυȢ 3 

ĲȡȩπȠυȢ İȞȓıȤυıȘȢ ıİ ıυȞȐȡĲȘıȘ µİ ĲȠ µȒțȠȢ ĲȘȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ. 

ǿįȚαȓĲİȡȠ İȞįȚαφȑȡȠȞ παȡȠυıȚȐȗİȚ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ Ș αȪȟȘıȘ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȑȤİȚ ȦȢ 

απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ πİȡȚȠȤȫȞ πȠυ παȡȠυıȚȐȗȠυȞ İȞįȚαφȑȡȠȞ țαȚ ĲȘ µİȓȦıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ İȞİȡȖȫȞ Ĳ.µ µİ 

απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȠυ ȤȡȩȞȠυ πȠυ απαȚĲİȓĲαȚ πȡȚȞ ĲȘȞ ȑȞαȡȟȘ ĲȘȢ ıȘµαȓȞȠυıαȢ 

įİȚȖµαĲȠȜȘȥȓαȢ. ȈĲȠȞ ȆȓȞ. 3.78, παȡȠυıȚȐȗİĲαȚ Ƞ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ ȖȚα Ĳα 

υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲα. ΓȚα ĲȘȞ İȞȓıȤυıȘ ǹ Ƞ ȜȩȖȠȢ țυµαȓȞİĲαȚ απȩ 1.05% ȦȢ 1.76%. ȅ 

ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 

3.79. ΓȚα ĲȚȢ 3 İȞȚıȤȪıİȚȢ Ƞ ȜȩȖȠȢ αυĲȩȢ țυµαȓȞİĲαȚ απȩ 1.16 ȦȢ 1.23.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.188 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΧȡȩȞȠȢ L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

ǹ 1.746% 1.052% 1.082% 1.752% 1.754% 

Ǻ 3.704% 1.895% 1.228% 1.903% 3.752% 

Γ 20.019% 10.390% 20.318% 20.274% 20.749% 

ǹȡȤȚțȒ 81.130% 79.935% 81.408% 38.077% 88.344% 

ȆȓȞ. 3.78: ȁȩȖȠȢ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ 

ΑπαȚĲȠȪµİȞȠȢ ΧȡȩȞȠȢ

0

20

40

60

80

100

L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5

ȂȒțȠȢ µȘ πȜȒȡȠυȢ αȜȜȘȜȠυȤȓαȢ αıĲȠȤȓαȢ

Χȡ
ȩȞ
ȠȢ

 (
s

e
c
)

ǹȡȤȚțȒ ǹ Ǻ Γ

 

∆ȚȐȖ. 3.181: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ. 

ȁȩȖȠȢ L[IFM]=1 L[IFM]=2 L[IFM]=3 L[IFM]=4 L[IFM]=5 

ǹ 117.83% 116.40% 117.16% 122.17% 122.73% 

Ǻ 115.93% 115.53% 115.93% 119.71% 118.99% 

Γ 116.91% 118.55% 119.95% 120.61% 120.11% 

ǹȡȤȚțȒ 127.27% 127.92% 129.91% 144.17% 140.02% 

ȆȓȞ. 3.79: ȁȩȖȠȢ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. 

3.24.2 ȋȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ 
ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ İȟİĲȐȗȠȞĲαȚ ȠȚ πİȡȚπĲȫıİȚȢ 005 ȦȢ 008 µİ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ 

µİȜİĲȫȞ A ȦȢ D. ȈĲȠȞ ȆȓȞ. 3.80, παȡȠυıȚȐȗȠȞĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ ĲȠυ πȡȠĲİȚȞȩµİȞȠυ 

αȜȖȩȡȚșµȠυ țαȚ ĲȘȢ µİșȩįȠυ MC, ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ Ș İțĲȓµȘıȘ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȖȚα ĲȚȢ πİȡȚπĲȫıİȚȢ 005 ȦȢ 008. ȅ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ ȖȚα ĲȘȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.189 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țυµαȓȞİĲαȚ απȩ 41 sec ȦȢ țαȚ 228.9 sec ȖȚα ĲȚȢ µİȜȑĲİȢ ǹ țαȚ Ǻ. ȅ 

ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ, Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țαȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

țαĲαȖİȖȡαµµȑȞȦȞ αıĲȠȤȚȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 3.81. Ǿ µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȠυ ȜȩȖȠυ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ țαȚ φȩȡĲȠυ. 

ȆȡȩȕȜȘµα ȆαȡȐµİĲȡȠȚ ǹ Ǻ C D MC 

ΧȡȩȞȠȢ (sec) 40.09 45.59 54.44 59.52 8917.18 

∆İȓȖµαĲα 12397 14405 18341 20297 3157895 005 

ȕ 3.584 3.560 3.575 3.581 3.554 

ΧȡȩȞȠȢ (sec) 41.98 63.27 96.33 125.41 42166.85 

∆İȓȖµαĲα 13428 20413 31704 40951 14932802 006 

ȕ 3.926 3.931 3.946 3.940 3.943 

ΧȡȩȞȠȢ (sec) 93.45 136.34 246.16 327.08 120481.14 

∆İȓȖµαĲα 29921 43907 81022 108875 73953552 007 

ȕ 4.325 4.330 4.351 4.342 4.312 

ΧȡȩȞȠȢ (sec) 145.2 228.86 492.62 722.73 306748.32 

∆İȓȖµαĲα 45410 71198 157043 233883 376418868 008 

ȕ 4.587 4.606 4.666 4.684 4.659 

ȆȓȞ. 3.80: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ, įİȓȖµαĲα, αıĲȠȤȓİȢ. 

ȆȡȩȕȜȘµα ȆαȡȐµİĲȡȠȚ ǹ Ǻ C D 

t/tMC (sec) 0.450% 0.511% 0.611% 0.667% 

Nsim/Nsim(MC) 0.393% 0.456% 0.581% 0.643% 005 

ǹıĲȠȤȓİȢ 69 79 101 110 

t/tMC (sec) 0.100% 0.150% 0.228% 0.297% 

Nsim/Nsim(MC) 0.090% 0.137% 0.212% 0.274% 006 

ǹıĲȠȤȓİȢ 39 60 99 126 

t/tMC (sec) 0.078% 0.113% 0.204% 0.271% 

Nsim/Nsim(MC) 0.040% 0.059% 0.110% 0.147% 007 

ǹıĲȠȤȓİȢ 39 55 100 128 

t/tMC (sec) 0.047% 0.075% 0.161% 0.236% 

Nsim/Nsim(MC) 0.012% 0.019% 0.042% 0.062% 008 

ǹıĲȠȤȓİȢ 35 51 94 132 

ȆȓȞ. 3.81: ȁȩȖȠȢ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ țαȚ φȩȡĲȠυ. 

ȈĲα ∆ȚȐȖ. 3.182 ȦȢ ∆ȚȐȖ. 3.185, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ ȦȢ πȡȠȢ 

ĲȠȞ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ Ĳα πȡȠȕȜȒµαĲα 005 ȦȢ 008. Ǿ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.190 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αȞȐȜυıȘ πȡαȖµαĲȠπȠȚİȓĲαȚ µİ ĲȚµȑȢ ĲȠυ max{nf,j}={7,10,15,20,25,30,35}. ȉȠ πȜȒșȠȢ ĲȦȞ 

įİȚȖµȐĲȦȞ țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ ıȤİĲȓȗȠȞĲαȚ ȖȡαµµȚțȐ. 

ȅ ȜȩȖȠȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ αυȟȐȞİȚ İțșİĲȚțȐ ȦȢ πȡȠȢ 

ĲȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȩπȦȢ παȡαĲȘȡİȓĲαȚ απȩ ĲȠ ∆ȚȐȖ. 3.186. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȠ țȩıĲȠȢ πȠυ 

απαȚĲİȓĲαȚ απȩ ĲȘ ȖİȞȞȒĲȡȚα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ Mersenne Twister Ȟα παȡȐȖİȚ Ĳα ĲυȤαȓα 

įȚαȞȪıµαĲα țαȚ ıĲȘȞ αȪȟȘıȘ ĲȠυ ȤȡȩȞȠυ αȞȐȜυıȘȢ İȞȩȢ įİȓȖµαĲȠȢ țαșȫȢ αυȟȐȞİĲαȚ Ș 

πυțȞȩĲȘĲα ĲȦȞ įİȚȖµȐĲȦȞ ıĲȘȞ πİȡȚȠȤȒ αıĲȠȤȓαȢ. Ǿ ıυȞȠȜȚțȒ İπȚȕȐȡυȞıȘ ĲȘȢ µİșȩįȠυ ȖȚα 

ĲȚµȑȢ ĲȠυ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȦȢ 4.0 țαȚ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 

10%. Ǿ İπȚȕȐȡυȞıȘ αυĲȒ αυȟȐȞİȚ ıĲȠ 1.85 ȖȚα ȕstr = 4.312 țαȚ 3.83 ȖȚα ȕstr = 4.659. 

Ǿ αȪȟȘıȘ ĲȘȢ αȟȚȠπȚıĲȓαȢ µİȚȫȞİȚ ĲȠ µȑȖİșȠȢ ĲȦȞ ȤȦȡȓȦȞ αıĲȠȤȓαȢ πȠυ İȟİĲȐȗȠȞĲαȚ. Ǿ 

µİȓȦıȘ ĲȠυ µİȖȑșȠυȢ ĲȦȞ ȤȦȡȓȦȞ αυĲȫȞ αυȟȐȞİȚ ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ 

απȠȡȡȓπĲȠȞĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (3.43) țαșȫȢ µȓα µİȓȦıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ απȠįȠȤȒȢ 

țαĲȐ 50% ȠįȘȖİȓ ıİ įȚπȜαıȚαıµȩ ĲȠυ πȜȒșȠυȢ ĲȦȞ įȚαȞυıµȐĲȦȞ πȠυ απȠȡȡȓπĲȠȞĲαȚ. Ǿ 

αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ αıĲȠȤȠȪȞ αυȟȐȞİȚ αȞĲȓıĲȠȚȤα ĲȠ ȤȡȩȞȠ İπȓȜυıȘȢ 

țȐșİ įİȓȖµαĲȠȢ țαșȫȢ Ƞ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ αȞȐȜυıȘ İȞȩȢ įİȓȖµαĲȠȢ İȓȞαȚ 

αȞȐȜȠȖȠȢ ĲȠυ πȜȒșȠυȢ ĲȦȞ ȖȡαµµȚțȫȞ αȞαȜȪıİȦȞ πȠυ απαȚĲȠȪȞĲαȚ. 
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∆ȚȐȖ. 3.182: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ – įİȓȖµαĲα (πȡȩȕȜȘµα 005). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.191 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Simulations VS Time
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∆ȚȐȖ. 3.183: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ – įİȓȖµαĲα (πȡȩȕȜȘµα 006). 

Simulations VS Time
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∆ȚȐȖ. 3.184: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ – įİȓȖµαĲα (πȡȩȕȜȘµα 007). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.192 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 3.185: ȊπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ – įİȓȖµαĲα (πȡȩȕȜȘµα 008). 
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∆ȚȐȖ. 3.186: ȁȩȖȠȢ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. 

ȉȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ αȞαȜȪȠȞĲαȚ αȞȐ įİυĲİȡȩȜİπĲȠ țυµαȓȞİĲαȚ απȩ 332 ȖȚα ĲȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 3.193 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȩȕȜȘµα 005 ȦȢ 320 ȖȚα ĲȠ πȡȩȕȜȘµα 008 µİ ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ. ǹȞĲȓıĲȠȚȤα ȖȚα ĲȘ 

µȑșȠįȠ MC ĲȠ πȜȒșȠȢ ĲȦȞ įİȚȖµȐĲȦȞ πȠυ αȞαȜȪȠȞĲαȚ țυµαȓȞİĲαȚ απȩ 354 (πȡȩȕȜȘµα 005) 

ȦȢ 1227 (πȡȩȕȜȘµα 008). ǼφȩıȠȞ Ș İπȚȕȐȡυȞıȘ ȖȚα ĲȘ µȩȡφȦıȘ ĲȦȞ µȘ πȜȒȡȦȞ 

αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 1.0~1.5 sec (ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα) ĲȠ 

ıȪȞȠȜȠ ĲȘȢ πȡȩıșİĲȘȢ İπȚȕȐȡυȞıȘȢ İȓȞαȚ απȠĲȑȜİıµα ĲȘȢ αυȟȘµȑȞȘȢ πυțȞȩĲȘĲαȢ įİȚȖµȐĲȦȞ 

ıĲȘȞ πİȡȚȠȤȒ αıĲȠȤȓαȢ țαȚ ĲȠυ țȩıĲȠυȢ παȡαȖȦȖȒȢ ĲȦȞ ĲυȤαȓȦȞ įȚαȞυıµȐĲȦȞ.  

3.24.3 ȈυµπİȡȐıµαĲα 

Ǿ ıυȞȠȜȚțȒ υπȠȜȠȖȚıĲȚțȒ İπȚȕȐȡυȞıȘ ĲȠυ αȜȖȠȡȓșµȠυ İȓȞαȚ ıυȞȐȡĲȘıȘ țυȡȓȦȢ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ İȞİȡȖȫȞ Ĳ.µ, ĲȠυ πȜȒșȠυȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ πȠυ ıυȞșȑĲȠȞĲαȚ țαȚ 

ĲȠυ πȜȒșȠυȢ ĲȦȞ υπİȡțȪȕȦȞ ȖȚα πȡȠȕȜȒµαĲα µİ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȦȢ țαȚ 4.0. 

ΓȚα πȡȠȕȜȒµαĲα µİ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ µİȖαȜȪĲİȡȠ ĲȠυ 4.0, Ƞ ȤȡȩȞȠȢ πȠυ αȞαȜȓıțİĲαȚ ȖȚα ĲȘȞ 

αȞȐȜυıȘ ĲȦȞ įİȚȖµȐĲȦȞ țαȚ ĲȘȞ παȡαȖȦȖȒ ĲȦȞ ĲυȤαȓȦȞ įȚαȞυıµȐĲȦȞ αυȟȐȞİȚ ĲȠ ȜȩȖȠ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘȞ αȪȟȘıȘ ĲȘȢ 

πυțȞȩĲȘĲαȢ ĲȠυ įİȓȖµαĲȠȢ țαȚ ıĲȠȞ ȤȡȩȞȠ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘ παȡαȖȦȖȒ ĲȦȞ ĲυȤαȓȦȞ 

įȚαȞυıµȐĲȦȞ. 

Ǿ αȪȟȘıȘ ĲȠυ πȠȜυπȜȠțȩĲȘĲαȢ ĲȘȢ țαĲαıțİυȒȢ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȠυ ȜȩȖȠυ 

ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ țαșȫȢ αυȟȐȞİĲαȚ Ƞ ȤȡȩȞȠȢ πȠυ 

απαȚĲİȓĲαȚ ȖȚα ĲȘȞ πȜαıĲȚțȒ αȞȐȜυıȘ ĲȘȢ țαĲαıțİυȒȢ. Ǿ ıȪȖțȡȚıȘ ĲȠυ ȤȦȡȠįȚțĲυȫµαĲȠȢ 25 

µİȜȫȞ µİ ĲȠ įȚțĲȪȦµα ĲȦȞ 19 µİȜȫȞ απȠțαȜȪπĲİȚ ȩĲȚ ȖȚα įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 

3.0~3.5 ĲȠ įȚțĲȪȦµα ĲȦȞ 19 µİȜȫȞ παȡȠυıȚȐȗİȚ πȡȩıșİĲȘ İπȚȕȐȡυȞıȘ ȓıȘ µİ 45% țαȚ ĲȠ 

ȤȦȡȠįȚțĲȪȦµα ĲȦȞ 25 µİȜȫȞ παȡȠυıȚȐȗİȚ πȡȩıșİĲȘ İπȚȕȐȡυȞıȘ ȓıȘ µİ 14%. 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.3 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4 Equation Ch apter  4 Section 0ǺȑȜĲȚıĲοȢ ΣχİįȚαıµόȢ µİ χȡȒıȘ 
ǹνĲαγωνȚıĲȚțών ΓİνİĲȚțών ǹȜγοȡȓșµων 

4.1 ǼȚıαȖωȖȒ 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐȗİĲαȚ µȓα Ȟȑα µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ıĲȘȡȓȗİĲαȚ ıĲȠ 

ıυȞįυαıµȩ ĲȦȞ ΓİȞȞȘĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ (Γǹ) µİ ȈȤȒµα ǹȞĲαȖȦȞȚıµȠȪ (Ȉǹ). ȈĲȩȤȠȢ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ Ș µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ µİ ĲαυĲȩȤȡȠȞȘ ȕİȜĲȓȦıȘ 

ĲȘȢ πȠȚȩĲȘĲαȢ ĲȦȞ ȜȪıİȦȞ. ǹυĲȩ İπȚĲυȖȤȐȞİĲαȚ µİ ĲȘ ıυȞİȟȑȜȚȟȘ πȜȒșȠȢ Γǹ µİ įȚαφȠȡİĲȚțȐ 

ıİĲ παȡαµȑĲȡȦȞ țαȚ ĲȘȞ αυĲȩµαĲȘ πȡȠıαȡµȠȖȒ (ȕȐıİȚ πȜȒșȠυȢ țȡȚĲȘȡȓȦȞ) ĲȠυ πȜȒșȠυȢ ĲȦȞ 

ȜȪıİȦȞ țȐșİ πȜȘșυıµȠȪ ȫıĲİ ȠȚ υπȠȜȠȖȚıĲȚțȠȓ πȩȡȠȚ Ȟα įȚαĲİșȠȪȞ ıĲȠυȢ πȜȘșυıµȠȪȢ πȠυ 

αȞαµȑȞİĲαȚ Ȟα țαĲαȜȒȟȠυȞ ıĲȚȢ πİȡȚııȩĲİȡȠ İȪȡȦıĲİȢ ȜȪıİȚȢ. ȅȚ απȠφȐıİȚȢ πȠυ ıȤİĲȓȗȠȞĲαȚ 

µİ ĲȠ πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ ıİ țȐșİ πȜȘșυıµȠȪ ȜαµȕȐȞȠȞĲαȚ απȩ ĲȠ Ȉǹ. 

ȅȚ ΓİȞȞȘĲȚțȠȓ ǹȜȖȩȡȚșµȠȚ (Γǹ) ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ İțĲİȞȫȢ ıİ πȡȠȕȜȒµαĲα πȠυ ȜȩȖȦ ĲȦȞ 

ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυȢ (ĲȪπȠȢ µİĲαȕȜȘĲȫȞ ıȤİįȚαıµȠȪ (µ.ı), µȠȡφȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ 

ıυȞȐȡĲȘıȘȢ țαȚ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ țȜπ.) įİȞ αȞĲȚµİĲȦπȓȗȠȞĲαȚ απȠĲİȜİıµαĲȚțȐ µİ 

ĲȚȢ țȜαıȚțȑȢ µİșȩįȠυȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ (ȖȡαµµȚțȩȢ πȡȠȖȡαµµαĲȚıµȩȢ ț.α.). ȅȚ πȡȫĲİȢ 

αȞαφȠȡȑȢ ȖȚα ĲȘȞ πȡȠıȠµȠȓȦıȘ φυıȚțȫȞ įȚİȡȖαıȚȫȞ ıİ ȖİȞİĲȚțȐ ıυıĲȒµαĲα µİ ĲȘ ȕȠȒșİȚα 

ȥȘφȚαțȫȞ υπȠȜȠȖȚıĲȫȞ αȞȒțİȚ ıĲȠυȢ Baricelli [7], [8], țαȚ Fraser [36], [37]. O Fraser [37], 

πȡȠıȠµȠȓȦıİ ĲȘȞ İȟȑȜȚȟȘ İȞȩȢ ȤȡȦµȠıȫµαĲȠȢ 15 įυφȓȦȞ țαȚ υπȠȜȩȖȚıİ ĲȘȞ πȚșαȞȩĲȘĲα 

İµφȐȞȚıȘȢ αĲȩµȦȞ µİ απȠįİțĲȐ φαȚȞȠĲυπȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ µİ ĲȘȞ İȟȑȜȚȟȘ ĲȦȞ ȖİȞİȫȞ. Ǿ 

πȡȫĲȘ İφαȡµȠȖȒ ĲȦȞ Γǹ ıİ µȘ φυıȚțȐ πȡȠȕȜȒµαĲα απȠįȓįİĲαȚ ıĲȠȞ Bagley [4]. Ǿ πȡȫĲȘ 

İφαȡµȠȖȒ ĲȘȢ įȚαįȚțαıȓαȢ ĲȘȢ φυıȚțȒȢ İπȚȜȠȖȒȢ ıİ șȑµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ µȘ φυıȚțȫȞ 

ıυıĲȘµȐĲȦȞ αȞȒțİȚ ıĲȠ Holland [51], [52]. ȅ Holland [53], [54], ıĲȘ ıυȞȑȤİȚα παȡȠυıȓαıİ 

ĲȠ șİȫȡȘµα ıȤȒµαĲȠȢ πȠυ απȠĲİȜİȓ țαȚ ĲȠ șİȦȡȘĲȚțȩ υπȩȕαșȡȠ ĲȦȞ Γǹ. ȉȠ șİȫȡȘµα 

ıȤȒµαĲȠȢ [54] ıυȞȠȥȓȗİĲαȚ ıĲȠ «µȚțȡȒȢ ĲȐȟȘȢ αțȠȜȠυșȓİȢ įυφȓȦȞ (ıȤȒµαĲα) µİ İυȡȦıĲȓα 

µİȖαȜȪĲİȡȘ ĲȠυ µȑıȠυ ȩȡȠυ ȜαµȕȐȞȠυȞ țαĲȐ İțșİĲȚțȩ ĲȡȩπȠ αυȟαȞȩµİȞİȢ πȚșαȞȩĲȘĲİȢ İπȚȜȠȖȒȢ 

ıİ µİȜȜȠȞĲȚțȑȢ ȖİȞİȑȢ». O De-Jong [21], µİ ĲȘ ȕȠȒșİȚα ĲȠυ șİȦȡȒµαĲȠȢ ıȤȒµαĲȠȢ İπȑįİȚȟİ 

ĲȘȞ İυȡȦıĲȓα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ıİ πȜȒșȠȢ πȡȠȕȜȘµȐĲȦȞ. 

ǺαıȚțȐ αȚĲȓα ĲȘȢ İȟȐπȜȦıȘȢ ĲȦȞ Γǹ İȓȞαȚ Ș απȜȩĲȘĲα ȤȡȒıȘȢ, Ș İυȡȦıĲȓα ĲȠυȢ ıİ įȪıțȠȜα 

πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ, Ș įυȞαĲȩĲȘĲα αȞĲȚµİĲȫπȚıȘȢ πȡȠȕȜȘµȐĲȦȞ ȖȚα țȐșİ ĲȪπȠ µ.ı 

αȜȜȐ țυȡȓȦȢ ȜȩȖȦ ĲȘȢ µȘ απαȓĲȘıȘȢ πȜȘȡȠφȠȡȚȫȞ İυαȚıșȘıȓαȢ ȖȚα ĲȘȞ αȞĲȚțİȚµİȞȚțȒ 

ıυȞȐȡĲȘıȘ țαȚ ĲȚȢ ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȫȞ ıİ ıȤȑıȘ µİ ĲȚȢ µ.ı.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.4 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅȚ Γǹ αȞȒțȠυȞ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ ıĲȠȤαıĲȚțȫȞ µİșȩįȦȞ. ȅȚ Γǹ πȡȠıȦµȠȚȫȞȠυȞ ĲȘ 

įȚαįȚțαıȓα ĲȘȢ φυıȚțȒȢ İπȚȜȠȖȒȢ [39] ȩπȠυ Ĳα πİȡȚııȩĲİȡȠ İȪȡȦıĲα ȐĲȠµα İȞȩȢ πȜȘșυıµȠȪ 

παȡȠυıȚȐȗȠυȞ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ȖȚα įȚαıĲαȪȡȦıȘ İȟαıφαȜȓȗȠȞĲαȢ ĲȘ 

µİĲαφȠȡȐ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυȢ ıĲα ȐĲȠµα ĲȘȢ İπȩµİȞȘȢ ȖİȞİȐȢ. Ǿ ȕİȜĲȓȦıȘ ĲȦȞ 

ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυ πȜȘșυıµȠȪ İπαφȓİĲαȚ ıĲȘȞ απȜȒ παȡαĲȒȡȘıȘ ȩĲȚ Ĳα πİȡȚııȩĲİȡȠ 

įυȞαĲȐ ȐĲȠµα ȑȤȠυȞ πİȡȚııȩĲİȡİȢ πȚșαȞȩĲȘĲİȢ Ȟα µİĲαφȑȡȠυȞ Ĳα ȖİȞȞȘĲȚțȐ ĲȠυȢ 

ȤαȡαțĲȘȡȚıĲȚțȐ ıĲȚȢ İπȩµİȞİȢ ȖİȞİȑȢ µİ απȠĲȑȜİıµα ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ µȑıȘȢ İυȡȦıĲȓαȢ ĲȠυ 

ıυıĲȒµαĲȠȢ. ȅȚ Γǹ ȠįȘȖȠȪȞ ĲȘȞ İȟȑȜȚȟȘ İȞȩȢ ıυȞȩȜȠυ αĲȩµȦȞ (πȠυ ȠȡȓȗİĲαȚ ȦȢ πȜȘșυıµȩȢ) 

ȖȚα ȑȞα πȜȒșȠȢ ȖİȞİȫȞ µȑıȦ ĲȦȞ ĲİȜİıĲȫȞ ĲȘȢ İπȚȜȠȖȒȢ, įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ. 

ȂȑıȦ ĲȘȢ įȚαıĲαȪȡȦıȘȢ Ƞ Γǹ παȡȐȖİȚ ĲȘȞ Ȟȑα ȖİȞİȐ ȜȪıİȦȞ πȠυ șα απȠĲİȜȑıȠυȞ ĲȠȞ ȞȑȠ 

πȜȘșυıµȩ. Ǿ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ µİĲαȟȪ İȪȡȦıĲȦȞ αĲȩµȦȞ αυȟȐȞİȚ țαȚ 

ĲȘȞ πȚșαȞȩĲȘĲα įȘµȚȠυȡȖȓαȢ ȞȑȦȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ ȜȪıİȦȞ. ȀαĲȐ ĲȘ φȐıȘ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ µȑıȦ ĲȠυ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ ȑȤȠυµİ ĲȘȞ İȚıαȖȦȖȒ ȜαșȫȞ ıĲȘ 

įȚαįȚțαıȓα αȞĲȚȖȡαφȒȢ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ İȚıȐȖȠȞĲαȢ ıĲȠȞ πȜȘșυıµȩ ȞȑİȢ αțȠȜȠυșȓİȢ 

įυφȓȦȞ (Ȟȑα ıȤȒµαĲα). Ǿ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıυȞİȤȓȗİĲαȚ ȦȢ ĲȘȞ ȚțαȞȠπȠȓȘıȘ ĲȦȞ 

țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ. ȉα țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ ıȤİĲȓȗȠȞĲαȚ ıυȞȒșȦȢ µİ ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȦȞ 

ȜȪıİȦȞ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ țαȚ ĲȘ įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ 

ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ.  

Ǿ απȠįȠĲȚțȩĲȘĲα ĲȘȢ µİșȩįȠυ İȟαȡĲȐĲαȚ απȩ ĲȠȞ ĲȪπȠ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ ĲȘȞ İπȚĲυȤȘµȑȞȘ 

İπȚȜȠȖȒ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Γǹ ȩπȦȢ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ, ĲȘȞ πȚșαȞȩĲȘĲα 

įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ ĲȠȞ ĲȪπȠ ĲȘȢ įȚαıĲαȪȡȦıȘȢ țȜπ. ȈĲȘ ȕȚȕȜȚȠȖȡαφȓα [78], 

παȡȠυıȚȐȗȠȞĲαȚ πȜȒșȠȢ παȡαȜȜαȖȫȞ ĲȘȢ ȕαıȚțȒȢ µİșȩįȠυ ĲȦȞ Γǹ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ 

İυȡȦıĲȓαȢ țαȚ ĲȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ĲȘȢ. Ȃȓα țαĲȘȖȠȡȚȠπȠȓȘıȘ ĲȦȞ 

µİșȠįȠȜȠȖȚȫȞ πȠυ ȑȤȠυȞ αȞαπĲυȤșİȓ ȩıȠȞ αφȠȡȐ ĲȠȞ ȑȜİȖȤȠ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ ȕαıȚțȠȪ 

Γǹ παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Eiben et al., [31]. 

Ǿ παȡȐµİĲȡȠȢ πȠυ İπȘȡİȐȗİȚ πİȡȚııȩĲİȡȠ ĲȘȞ İυȡȦıĲȓα țαȚ ĲȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ĲȦȞ Γǹ 

İȓȞαȚ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ. ȂȚțȡȐ µİȖȑșȘ İȓȞαȚ įυȞαĲȩȞ Ȟα ȠįȘȖȒıȠυȞ ıİ πȡȩȦȡȘ 

ıȪȖțȜȚıȘ ĲȘȢ įȚαįȚțαıȓαȢ ıİ µȘ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ İȞȫ µİȖȐȜα µİȖȑșȘ ȠįȘȖȠȪȞ ıİ ıȘµαȞĲȚțȒ 

αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ǼțφȡȐıİȚȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ ȕȑȜĲȚıĲȠυ µİȖȑșȠυȢ 

ĲȠυ πȜȘșυıµȠȪ ȜαµȕȐȞȠȞĲαȢ υπȩȥȘ ĲȠȞ ĲȪπȠ ĲȠυ πȡȠȕȜȒµαĲȠȢ țαȚ ĲȚȢ παȡαµȑĲȡȠυȢ ĲȠυ 

ȑȤȠυȞ πȡȠĲαșİȓ απȩ ĲȠυȢ Goldberg et al., [40], Harik et al., [46] țαȚ Srivastava țαȚ Goldberg, 

[82]. ȅ Smith, [80] πȡȠĲİȓȞİȚ µȓα µȑșȠįȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ȡυșµȓȗİȚ ĲȠ µȑȖİșȠȢ ĲȠυ 

πȜȘșυıµȠȪ ȕαıȚȗȩµİȞȠ ıĲȘȞ πȚșαȞȩĲȘĲα ȜȐșȠυȢ İπȚȜȠȖȒȢ İφαȡµȩȗȠȞĲαȢ ıĲȠυȢ Γǹ ĲȚȢ αȡȤȑȢ 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.5 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ ǼȟİȜȚțĲȚțȫȞ ȈĲȡαĲȘȖȚțȫȞ [47], [74], [81]. 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐȗİĲαȚ µȓα µȑșȠįȠȢ πȠυ πȡȠıπαșİȓ Ȟα İȜȑȖȟİȚ ĲȠ µȑȖİșȠȢ ĲȠυ 

πȜȘșυıµȠȪ ĲȠυ Γǹ µİ ĲȘ ȕȠȒșİȚα µȓαȢ πȡȠıαȡµȠıĲȚțȒȢ įȚαįȚțαıȓαȢ. ǹȡȤȚțȐ ȠȡȓȗİĲαȚ ȑȞα 

πȜȒșȠȢ πȜȘșυıµȫȞ πȠυ ȠȡȓȗİȚ ĲȠ µİĲαπȜȘșυıµȩ [63] ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȅȚ πȜȘșυıµȠȓ αυĲȠȓ 

µİ įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ παȡαµȑĲȡȦȞ ĲȠυ Γǹ, αȞĲαȖȦȞȓȗȠȞĲαȚ µİĲαȟȪ ĲȠυȢ ȖȚα ĲȠυȢ įȚαșȑıȚµȠυȢ 

πȩȡȠυȢ ĲȠυ ıυıĲȒµαĲȠȢ. ȉȠ Ȉǹ αȞαȜαµȕȐȞİȚ ĲȘ µİĲαȕȠȜȒ ĲȠυ µİȖȑșȠυȢ țȐșİ πȜȘșυıµȠȪ 

αȞȐȜȠȖα ĲȘȢ απȩįȠıȘȢ ĲȠυ µȑıα ıĲȠ µİĲαπȜȘșυıµȩ. Ǿ ıυȞİȟȑȜȚȟȘ αȞĲαȖȦȞȚıĲȚțȫȞ 

πȜȘșυıµȫȞ ıĲȘȞ πİȡȚȠȤȒ ĲȦȞ Γǹ πȡȦĲȠİµφαȞȓȗİĲαȚ ıĲȚȢ İȡȖαıȓİȢ ĲȦȞ Schlierkamp-Voosen 

țαȚ Mühlenbein [75], [76]. 

ǼȚįȚțȩĲİȡα, Ƞ ıυȞįυαıµȩȢ ĲȦȞ Γǹ µİ Ȉǹ ȕαıȓȗİĲαȚ ıĲȠȞ ȑȜİȖȤȠ ĲȘȢ İȟȑȜȚȟȘȢ İȞȩȢ 

µİĲαπȜȘșυıµȠȪ [63]. ΩȢ µİĲαπȜȘșυıµȩȢ ȠȡȓȗİĲαȚ ĲȠ ıȪȞȠȜȠ įȚαφȠȡİĲȚțȫȞ πȜȘșυıµȫȞ ȩπȠυ 

Ĳα µȑȜȘ țȐșİ πȜȘșυıµȠȪ ȑȤȠυȞ țȠȚȞȐ ȤαȡαțĲȘȡȚıĲȚțȐ ȦȢ πȡȠȢ ĲȚȢ παȡαµȑĲȡȠυȢ ĲȠυ 

πȜȘșυıµȠȪ αυĲȠȪ (İȓįȘ) [63]. ȀȐșİ πȜȘșυıµȩȢ ȑȤİȚ ȑȞα ıυȖțİțȡȚµȑȞȠ ıȪȞȠȜȠ ĲȚµȫȞ ȖȚα ĲȚȢ 

παȡαµȑĲȡȠυȢ ĲȠυ Γǹ. ȅȚ πȜȘșυıµȠȓ αυĲȠȓ İȟİȜȓııȠȞĲαȚ ıĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ, ıȪµφȦȞα µİ 

ĲȚȢ İπȚĲαȖȑȢ ĲȠυ İțȐıĲȠĲİ Γǹ. ȉȠ Ȉǹ αȞαȜαµȕȐȞİȚ ĲȘ µİĲαȕȠȜȒ ĲȠυ µİȖȑșȠυȢ ĲȠυ 

πȜȘșυıµȠȪ αȞȐȜȠȖα µİ ĲȘ ıȤİĲȚțȒ απȩįȠıȘ ĲȠυ ıĲȚȢ πİȡȚȩįȠυȢ ȩπȠυ İµφαȞȓȗİĲαȚ 

αȞĲαȖȦȞȚıµȩȢ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ıυȞȪπαȡȟȘȢ “ȚıȤυȡȫȞ” țαȚ “αįȪȞαµȦȞ” πȜȘșυıµȫȞ. ȅ 

αȞĲαȖȦȞȚıµȩȢ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ İµφαȞȓȗİĲαȚ ȩĲαȞ ȠȚ įȚαșȑıȚµȠȚ πȩȡȠȚ įİȞ İπαȡțȠȪȞ 

ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ. Ǿ µİĲαȕȠȜȒ ĲȘȢ țαĲαȞȠµȒȢ ĲȦȞ įȚαșİıȓµȦȞ 

πȩȡȦȞ (αȞȐȜȠȖα µİ ĲȘȞ απȩįȠıȘ țȐșİ πȜȘșυıµȠȪ) įȓįİȚ ĲȘ įυȞαĲȩĲȘĲα ıĲȠ ıȪıĲȘµα Ȟα 

ȠȡȖαȞȫıİȚ țαȜȪĲİȡα ĲȘ ıυȞȠȜȚțȒ ıĲȡαĲȘȖȚțȒ ĲȠυ ȖȚα ĲȘȞ İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. Ȉİ 

αȞĲȓșİıȘ µİ ĲȘȞ ıυȞȒșȘ πȡαțĲȚțȒ ĲȘȢ ıİȚȡȚαțȒȢ İπαȞȐȜȘȥȘȢ ĲȘȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Γǹ, ĲȠ ȓįȚȠ πȜȒșȠȢ 

πȡȠȕȜȘµȐĲȦȞ (ȦȢ πȡȠȢ ĲȚȢ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Γǹ) İπȚȜȪİĲαȚ παȡȐȜȜȘȜα țαȚ ĲȠ Ȉǹ 

αȞαȜαµȕȐȞİȚ Ȟα µİĲαȕȐȜȜİȚ ĲȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ țȐșİ πȡȠȕȜȒµαĲȠȢ αȞȐȜȠȖα ĲȘȢ 

İυȡȦıĲȓαȢ ĲȠυ ıĲȠ µİĲαπȜȘșυıµȩ. Ǿ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ıĲȠ µİĲαπȜȘșυıµȩ 

İπȚĲυȖȤȐȞİĲαȚ µȑıȦ ĲȘȢ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ıȪµφȦȞα µİ πȡȠțαșȠȡȚıµȑȞα 

πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ. 

Ǿ İπȓįȠıȘ țȐșİ πȜȘșυıµȠȪ ıĲȠ µİĲαπȜȘșυıµȩ İȟαȡĲȐĲαȚ απȩ ĲȘ ıυȞȠȜȚțȒ İυȡȦıĲȓα ĲȦȞ 

αĲȩµȦȞ ĲȠυ, ĲȘȞ İυȡȦıĲȓα ĲȠυ țαȜȪĲİȡȠυ ıȤİįȚαıµȠȪ (elite), ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȠυ 

πȜȘșυıµȠȪ țαȚ ĲȘȞ πȠıȩĲȘĲα ĲȦȞ πȩȡȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘ ıυȞĲȒȡȘıȘ ĲȠυ. ΌĲαȞ ĲȠ 

ıȪȞȠȜȠ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ įİȞ İπαȡțİȓ ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ αĲȩµȦȞ ıĲȠ µİĲαπȜȘșυıµȩ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.6 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İµφαȞȓȗİĲαȚ αȞĲαȖȦȞȚıµȩȢ αȞȐµİıα ıĲȠυȢ πȜȘșυıµȠȪȢ. ǹȞαȜȩȖȦȢ ĲȘȢ ıȤİĲȚțȒȢ įȚαφȠȡȐȢ 

ĲȘȢ απȩįȠıȘȢ ĲȦȞ πȜȘșυıµȫȞ İµφαȞȓȗȠȞĲαȚ ıȤȑıİȚȢ «αȞĲαȖȦȞȚıµȠȪ» Ȓ ıȤȑıİȚȢ «ΘȘȡİυĲȒ»-

«ΘȘȡȐµαĲȠȢ». ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ «αȞĲαȖȦȞȚıµȠȪ» Ƞ ȚıȤυȡȩȢ πȜȘșυıµȩȢ πȡȠıπαșİȓ Ȟα 

İȟαıφαȜȓıİȚ ĲȠυȢ απαȚĲȠȪµİȞȠυȢ πȩȡȠυȢ ȖȚα İπȚȕȓȦıȘ ĲȠυ µȑıȦ ĲȘȢ µİȓȦıȘȢ ĲȦȞ įȚαșȑıȚµȦȞ 

πȩȡȦȞ αıșİȞȠȪȢ πȜȘșυıµȠȪ. ȈĲȚȢ ıȤȑıİȚȢ «ΘȘȡİυĲȒ»-«ΘȘȡȐµαĲȠȢ» Ƞ «ΘȘȡİυĲȒȢ» 

πȡȠıπαșİȓ Ȟα İȟαıφαȜȓıİȚ πİȡȚııȩĲİȡȠυȢ πȩȡȠυȢ ıĲȠȤİȪȠȞĲαȢ ıĲȘȞ αȪȟȘıȘ ĲȠυ πȜȘșυıµȠȪ 

ĲȠυ µȑıȦ ĲȘȢ įȡαıĲȚțȒȢ µİȓȦıȘȢ ĲȦȞ αĲȩµȦȞ ĲȠυ αıșİȞȠȪȢ πȜȘșυıµȠȪ (ΘȒȡαµα). 

ȈĲȘȞ παȡȐȖȡαφȠ 4.2, παȡȠυıȚȐȗİĲαȚ Ƞ ȠȡȚıµȩȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ Ƞ Γǹ 

πȠυ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȘȞ İȟȑȜȚȟȘ țȐșİ πȜȘșυıµȠȪ. ȈĲȘȞ παȡȐȖȡαφȠ 4.3, παȡȠυıȚȐȗİĲαȚ 

ĲȠ Ȉǹ πȠυ ȜαµȕȐȞİȚ ĲȚȢ απȠφȐıİȚȢ µİĲαȕȠȜȒȢ ĲȠυ πȜȘșυıµȠȪ ĲȠυ İțȐıĲȠĲİ Γǹ ȕȐıİȚ ĲȘȢ 

ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ αυĲȠȪ ıĲȠ µİĲαπȜȘșυıµȩ. ȈĲȘȞ παȡȐȖȡαφȠ 4.12 ıİ 

µȠȡφȒ παȡαȡĲȒµαĲȠȢ, παȡȠυıȚȐȗİĲαȚ Ƞ ȥİυįȠțȫįȚțαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. ȈĲȘȞ 

παȡȐȖȡαφȠ 4.4, ȠȡȓȗİĲαȚ Ș ıυȞȐȡĲȘıȘ απȩįȠıȘȢ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȦȢ ȜȩȖȠȢ ĲȘȢ 

İυȡȦıĲȓαȢ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. ȆİȡȚııȩĲİȡİȢ πȜȘȡȠφȠȡȓİȢ ȖȚα ĲȘȞ İυȡȦıĲȓα ĲȘȢ 

µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 4.13 ıİ µȠȡφȒ παȡαȡĲȒµαĲȠȢ. 

ȈĲȚȢ παȡαȖȡȐφȠυȢ, 4.5 ȦȢ 4.7, παȡȠυıȚȐȗȠȞĲαȚ Ĳα παȡαįİȓȖµαĲα ȖȚα ĲȘȞ İțĲȓµȘıȘ ĲȘȢ 

İυȡȦıĲȓαȢ ĲȠυ ıȤȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıİ πȡȠȕȜȒµαĲα αȞαφȠȡȐȢ țαȚ ıĲȠ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ ȚıȠıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ. ȅ ĲȡȩπȠȢ υπȠȜȠȖȚıµȠȪ 

ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ įȚțĲυȦµȐĲȦȞ αυĲȫȞ παȡȠυıȚȐȗİĲαȚ ıİ µȠȡφȒ παȡαȡĲȒµαĲȠȢ 

ıĲȘȞ παȡȐȖȡαφȠ 4.14. ȈĲȘȞ παȡȐȖȡαφȠ Error! Reference source not found., παȡȠυıȚȐȗİĲαȚ 

Ƞ ıυȞįυαıµȩȢ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ ĲȠȞ αȜȖȩȡȚșµȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ 

πȠȜȪπȜȠțȦȞ ıυıĲȘµȐĲȦȞ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ υπİȡıĲαĲȚțȫȞ ȤȦȡȠįȚțĲυȦµȐĲȦȞ. ȈĲȚȢ 

παȡαȖȡȐφȠυȢ 4.15 ȦȢ 4.19 ıİ µȠȡφȒ παȡαȡĲȘµȐĲȦȞ, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ĲȡȠπȠπȠȚȒıİȚȢ ĲȠυ 

Ȉǹ µİ ıĲȩȤȠ ĲȘȢ αȪȟȘıȘ ĲȘȢ απȩįȠıȘȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ. ȅȚ ĲȡȠπȠπȠȚȒıİȚȢ αυĲȑȢ 

țαșȫȢ țαȚ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ παȡαµİĲȡȚțȒȢ µİȜȑĲȘȢ ĲȘȢ παȡαȖȡȐφȠυ 4.20 

ȤȡȘıȚµȠπȠȚȒșȘțαȞ ıĲȠȞ ıυȞįυαıµȩ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ µİ ĲȠȞ 

αȜȖȩȡȚșµȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȠȜȪπȜȠțȦȞ ıυıĲȘµȐĲȦȞ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ĲȠυ 

υπİȡıĲαĲȚțȠȪ įȚțĲυȫµαĲȠȢ țαȚ ȤȦȡȠįȚțĲυȫµαĲȠȢ. ȉȑȜȠȢ ıĲȚȢ παȡαȖȡȐφȠυȢ 4.9 țαȚ 4.10 

παȡȠυıȚȐȗȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα απȩ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ υπİȡıĲαĲȚțȠȪ įȚțĲυȫµαĲȠȢ țαȚ 

ȤȦȡȠįȚțĲυȫµαĲȠȢ.  
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.7 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4.2 ȆȡȩȕȜȘµα ǺİȜĲȚıĲȠπȠȓȘıȘȢ – ΓİȞİĲȚțȠȓ ǹȜȖȩȡȚșµȠȚ 

4.2.1 ȅȡȚıµȩȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ 
ȉȠ πȡȩȕȜȘµα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ȖȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ȠȡȓȗİĲαȚ ȦȢ [43]: 

 ( ) ( )( ) 0 1, ,
min

0 1, ,

k c

ij

k e

g k N
C

h k N

≤ = ∈= = n
x

x x D
x

…
…

 (4.1) 

ȩπȠυ Cij(x) İȓȞαȚ Ș ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȖȚα ĲȠȞ i ȐĲȠµȠ ĲȠυ j πȜȘșυıµȠȪ, 

gk(x) țαȚ hk(x) İȓȞαȚ Ƞ k αȞȚıȠĲȚțȩȢ țαȚ ȚıȠĲȚțȩȢ πİȡȚȠȡȚıµȩȢ ıȤİįȚαıµȠȪ αȞĲȓıĲȠȚȤα, Nc țαȚ 

Ne İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȞȚıȠĲȚțȫȞ țαȚ ȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ αȞĲȓıĲȠȚȤα, x İȓȞαȚ ĲȠ įȚȐȞυıµα 

ĲȦȞ µİĲαȕȜȘĲȫȞ ıȤİįȚαıµȠȪ (µ.ı) țαȚ Dn İȓȞαȚ Ƞ ȤȫȡȠȢ ıȤİįȚαıµȠȪ. ǼφȩıȠȞ ȠȚ Γǹ ȑȤȠυȞ 

ıȤİįȚαıĲİȓ Ȟα αȞĲȚµİĲȦπȓȗȠυȞ πȡȠȕȜȒµαĲα µİȖȚıĲȠπȠȓȘıȘȢ ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ ıȤİįȚαıµȠȪ 

ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ: 

 ( )
( ) ( )( ) ( )( ) ( ) ( )

1 1c

ij k kNc Ne

ij k kk k

k k N

A
f h h

C c T c Tg h

δ
= = +

′= = − + ′+ ⋅ + ⋅  ∑ ∑x x x

x x x

 (4.2) 

ȩπȠυ į İȓȞαȚ µȚțȡȒ șİĲȚțȒ πȠıȩĲȘĲα țαȚ ck İȓȞαȚ Ƞ ıυȞĲİȜİıĲȒȢ πȠȚȞȒȢ ĲȠυ k αȞȚıȠĲȚțȠȪ Ȓ 

ȚıȠĲȚțȠȪ πİȡȚȠȡȚıµȠȪ αȞĲȓıĲȠȚȤα. Ǿ ĲȚµȒ ǹ İȓȞαȚ αυșαȓȡİĲȘ ıĲαșİȡȐ țαȚ Ƞ ĲİȜİıĲȒȢ ȉ(.) 

įȓįİĲαȚ ȦȢ: 

 ( )
0

x x
T x

x

ε ε
ε

 − >=  ≤  (4.3) 

ȩπȠυ İ İȓȞαȚ Ș αȞȠȤȒ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȘȞ παȡαȕȓαıȘ ĲȦȞ ȚıȠĲȚțȫȞ Ȓ 

αȞȚıȠĲȚțȫȞ πİȡȚȠȡȚıµȫȞ. Ǿ ıυȞȐȡĲȘıȘ πȠȚȞȒȢ, ȠȡȓȗİĲαȚ ıυȞȒșȦȢ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ 

ĲİĲȡαȖȫȞȠυ ĲȘȢ ĲȚµȒȢ ĲȠυ πİȡȚȠȡȚıµȠȪ [68]. ǼȚįȚțȩĲİȡα, ȠȚ Nanakorn țαȚ Meesomklin [68], 

παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȖȚα ĲȘ įυȞαµȚțȒ πȡȠıαȡµȠȖȒ ĲȠυ ıυȞĲİȜİıĲȒ πȠȚȞȒȢ ıĲȘ ıȤȑıȘ 

ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ȫıĲİ Ȟα İȟαıφαȜȓȗİĲαȚ Ș țαȜȪĲİȡȘ įυȞαĲȒ απȩįȠıȘ ĲȠυ Γǹ 

αȞİȟȐȡĲȘĲα ĲȠυ ĲİȜİıĲȒ İπȚȜȠȖȒȢ țαȚ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυ πȜȘșυıµȠȪ. ȈĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ Ș ıυȞȐȡĲȘıȘ πȠȚȞȒȢ įȓįİĲαȚ ȦȢ ĲİĲȡαȖȦȞȚțȒ ȡȓȗα ĲȘȢ παȡαȕȓαıȘȢ ĲȠυ 

πİȡȚȠȡȚıµȠȪ. Ǿ µȠȡφȒ ĲȘȢ ıȤȑıȘȢ (4.3) αυȟȐȞİȚ ĲȘ ıȤİĲȚțȒ įȚαφȠȡȐ ĲȘȢ ıȤȑıȘȢ (4.2) µİĲαȟȪ 

ĲȦȞ ȜȪıİȦȞ ȖȚα 1x ε− <  İȞȫ ȩĲαȞ 1x ε− >>  Ș įȚαφȠȡȐ µİȚȫȞİĲαȚ ıȘµαȞĲȚțȐ. Ǿ İπȚȜȠȖȒ ĲȘȢ 

µȠȡφȒȢ ĲȘȢ ıȤȑıȘȢ (4.3) ıυȞįȑİĲαȚ țαȚ µİ ĲȠȞ ĲȪπȠ ĲȦȞ πİȡȚȠȡȚıµȫȞ. Ǿ İπȚȜȠȖȒ ȦȢ 

ıυȞȐȡĲȘıȘȢ πȠȚȞȒȢ ĲȘȢ ĲİĲȡαȖȦȞȚțȒȢ ȡȓȗαȢ πȡȠıφȑȡİȚ υȥȘȜȩĲİȡȘ įȚαțȡȚĲȚțȩĲȘĲα ıĲȠ Γǹ ȖȚα 

ȜȪıİȚȢ πȠυ παȡαȕȚȐȗȠυȞ țαĲȐ ȒπȚȠ ĲȡȩπȠ ĲȘȢ ıυȞαȡĲȒıİȚȢ πİȡȚȠȡȚıµȠȪ İȞȫ ȖȚα 1x ε− >>  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.8 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȟαıφαȜȓȗİȚ ıĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ĲȘȞ απαȚĲȠȪµİȞȘ αȡȚșµȘĲȚțȒ İυıĲȐșİȚα.  

ΓȚα ĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ, Ș İυȡȦıĲȓα µȓαȢ ȜȪıȘȢ ȕȐıİȚ ĲȘȢ ĲȚµȒȢ ĲȘȢ ȚıȠįȪȞαµȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȘȢ ıȤȑıȘȢ (4.2) įȓįİĲαȚ ȦȢ [25]: 

 ( ) ( )
( )

,

ˆ
min

ij

ij

ij
i j

f
f

f
=   

x
x

x
 (4.4) 

ȩπȠυ ( ){ }
,

min ij
i j

f x  İȓȞαȚ Ș İȜȐȤȚıĲȘ ĲȚµȒ ĲȘȢ ıȤȑıȘȢ (4.2), ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ 

țαȚ αȞĲȚțαĲȠπĲȡȓȗİȚ ĲȘȞ ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ 

ĲȦȞ İȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ.  

ȉȑȜȠȢ ĲȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ, πȡȠıαȡµȠıµȑȞȠ ȖȚα ĲȠ Γǹ, ȠȡȓȗİĲαȚ ȦȢ [25]: 

 ( ) ( )
( )

,

ˆ
max

min

ij

ij

ij
i j

f
f

f

  = ∈     
n

x
x x D

x
 (4.5) 

4.2.2 ΓİȞİĲȚțȩȢ ǹȜȖȩȡȚșµȠȢ 
ΩȢ Ƞ ΓİȞİĲȚțȩȢ ǹȜȖȩȡȚșµȠȢ (Γǹ) ĲȘȢ µİșȩįȠυ İπȚȜȑȖİĲαȚ Ƞ țȜαıȚțȩȢ Γǹ [41], [44]. Ǿ 

țȦįȚțȠπȠȓȘıȘ țȐșİ ȜȪıȘȢ ȕαıȓȗİĲαȚ ıĲȘȞ αȜȜȘȜȠυȤȓα įυφȓȦȞ [39] ȩπȠυ țȐșİ µ.ı 

απİȚțȠȞȓȗİĲαȚ ȦȢ ıυȖțİțȡȚµȑȞȘ αțȠȜȠυșȓα įυφȓȦȞ (ȞȒµα). Ǿ ȑȞȦıȘ ĲȦȞ ȞȘµȐĲȦȞ įȘµȚȠυȡȖİȓ 

ĲȠ ȤȡȦµȩıȦµα. ȀȐșİ Γǹ İȟİȜȓııİĲαȚ αυĲȩȞȠµα ȤȦȡȓȢ Ȟα İπȘȡİȐȗİĲαȚ Ș İȟİȜȚțĲȚțȒ ĲȠυ 

įȚαįȚțαıȓα απȩ ĲȘ įȚαįȚțαıȓα ĲȦȞ υπȠȜȠȓπȦȞ Γǹ. 

Ǿ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ıĲȘȡȓȗİĲαȚ ıĲȘ ıȤİĲȚțȒ șȑıȘ (rank) țȐșİ αĲȩµȠυ ıĲȠ πȜȘșυıµȩ [25], 

[42]. ΓȚα ĲȠȞ αȜȖȩȡȚșµȠ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( )
( ) ( )( )

1

ˆ 1
Pr
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j

j
j
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j ij

R i N tj S

j ij

i

N t rank f
f

N t rank f
=

 − + =
 − + ∑  (4.6) 

ȩπȠυ Sj İȓȞαȚ İțșȑĲȘȢ πȠυ țαșȠȡȓȗİȚ ĲȘȞ πȓİıȘ İπȚȜȠȖȒȢ țαȚ ȃj(t) İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ 

ĲȠυ j πȜȘșυıµȠȪ țαĲȐ ĲȘ ȖİȞİȐ t. Ǿ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ įİȞ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ İυȡȦıĲȓαȢ 

(πİȡȓπĲȦıȘ ȠȡȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ µȑıȦ ȡȠυȜȑĲαȢ [59]) αȜȜȐ ĲȘȢ ıȤİĲȚțȒȢ șȑıȘȢ 

ĲȠυ αĲȩµȠυ ıĲȠȞ πȜȘșυıµȩ. Ȉİ ıȤȑıȘ µİ ĲȘ µȑșȠįȠ İπȚȜȠȖȒȢ µȑıȦ αȖȫȞα [10], [86], [18], Ș 

ıȤȑıȘ (4.6) ȠȡȓȗİȚ țαȚ ȖȚα ĲȠ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ µȓα πİπİȡαıµȑȞȘ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ. 

ǹȞİȟȐȡĲȘĲα απȩ ĲȠ țαĲȐ πȩıȠȞ İȓȞαȚ πȚȠ İȪȡȦıĲȘ µȓα ȜȪıȘ ıİ ıȤȑıȘ µİ ĲȚȢ υπȩȜȠȚπİȢ ȜȪıİȚȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.9 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠυ πȜȘșυıµȠȪ Ș πȓİıȘ πȠυ αıțİȓĲαȚ ıĲȠȞ πȜȘșυıµȩ ȖȚα Ȟα țȚȞȘșİȓ πȡȠȢ αυĲȒ ĲȘ ȜȪıȘ [84] 

İȓȞαȚ ıĲαșİȡȒ İφȩıȠȞ Ș πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ İȓȞαȚ ıυȞȐȡĲȘıȘ ĲȘȢ ıȤİĲȚțȒȢ șȑıȘȢ ĲȠυ 

αĲȩµȠυ ıĲȠȞ πȜȘșυıµȩ µİ απȠĲȑȜİıµα ĲȘ įȚαĲȒȡȘıȘ ĲȘȢ İȟİȡİυȞȘĲȚțȒȢ ȚțαȞȩĲȘĲαȢ ĲȠυ Γǹ. 

Ǿ ȑȜȟȘ πȠυ αıțİȓĲαȚ ıĲȠȞ πȜȘșυıµȩ ȫıĲİ Ȟα țȚȞȘșİȓ πȡȠȢ ĲȘȞ πİȡȚȠȤȒ πȠυ ȕȡȓıțȠȞĲαȚ Ĳα 

πİȡȚııȩĲİȡȠ İȪȡȦıĲα ȐĲȠµα, İȓȞαȚ ıυȞȐȡĲȘıȘ țαȚ µȩȞȠȞ ĲȠυ İțșȑĲȘ Sj ĲȘȢ ıȤȑıȘȢ (4.6) µİ 

απȠĲȑȜİıµα Ș µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ȟα παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα ıİ 

πȠȜυµȠȡφȚțȐ πȡȠȕȜȒµαĲα. Ǿ șȑıȘ țȐșİ ȜȪıȘȢ παȡαµȑȞİȚ αȞαȜȜȠȓȦĲȘ µİĲȐ ĲȠ 

µİĲαıȤȘµαĲȚıµȩ ĲȘȢ ıȤȑıȘȢ (4.4) țαȚ įİȞ İπȘȡİȐȗİĲαȚ απȩ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ ĲȚµȒȢ ǹ ĲȘȢ 

ıȤȑıȘȢ (4.2).  

ȂȑıȦ ĲȠυ İȜȚĲȚıµȠȪ [59], ĲȠ ȗİȪȖȠȢ ĲȦȞ țαȜȪĲİȡȦȞ αĲȩµȦȞ țȐșİ πȜȘșυıµȠȪ İπȚȗİȓ ıĲȘȞ 

İπȩµİȞȘ ȖİȞİȐ. ȅȚ ĲİȤȞȚțȑȢ įȚαıĲαȪȡȦıȘȢ πȠυ ȤȡȘıȚµȠπȠȚȒșȘțαȞ İȓȞαȚ: ∆ȚαıĲαȪȡȦıȘ 

ȂȠȞȠȪ ȈȘµİȓȠυ (Single Point Crossover - SPC), ∆ȚαıĲαȪȡȦıȘ ∆ȚπȜȠȪ ȈȘµİȓȠυ (Double 

Point Crossover - DPC) țαȚ ∆ȚαıĲαȪȡȦıȘ ȂȠȞȠȪ ȈȘµİȓȠυ αȞȐ µ.ı (Single Point Crossover 

per design Variable - SPVC) [48]. Ǿ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ ıĲα παȡαįİȓȖµαĲα πȠυ 

İȟİĲȐȗȠȞĲαȚ țυµαȓȞİĲαȚ απȩ 0.60 ȦȢ 0.95.  

H πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ įȓįİĲαȚ µİ ĲȘȞ ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ȑțφȡαıȘȢ ĲȦȞ Hesser țαȚ Ȃänner 

[49] υȚȠșİĲȫȞĲαȢ ȑȞα İȜȐȤȚıĲȠ ȩȡȚȠ ȖȚα ĲȘȞ πȚșαȞȩĲȘĲα țαȚ µȓαȢ αȡȤȚțȒȢ πİȡȚȩįȠυ ȘȡİµȓαȢ. 

Ǿ πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ ıĲȘ ȖİȞİȐ t įȓįİĲαȚ ȦȢ: 

 ( ) ( ) exp

init init

m init
final init final init

half

P t t

P t t t
P P P t t

t

 ≤  =  −+ − ⋅ − >       
 (4.7) 

ȩπȠυ initP  țαȚ finalP  İȓȞαȚ Ș αȡȤȚțȒ țαȚ ĲİȜȚțȒ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ αȞĲȓıĲȠȚȤα, 

initt  İȓȞαȚ Ș ȖİȞİȐ απȩ ĲȘȞ ȠπȠȓα Ș πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ αȡȤȓȗİȚ Ȟα µİĲαȕȐȜȜİĲαȚ țαȚ halft  

İȓȞαȚ Ș ĲαȤȪĲȘĲα µİ ĲȘȞ ȠπȠȓα µİĲαȕȐȜȜİĲαȚ Ș πȚșαȞȩĲȘĲα αυĲȒ. 

4.2.3 ΚȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ 
ȂİȖȐȜȘȢ ıȘµαıȓαȢ ȖȚα ĲȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ țαȚ ĲȘȞ İυȡȦıĲȓα ĲȦȞ Γǹ İȓȞαȚ Ș İπȚȜȠȖȒ 

ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ [17], [39], [55], [59]. ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ȦȢ ȕαıȚțȩ 

țȡȚĲȒȡȚȠ ıȪȖțȜȚıȘȢ ȠȡȓȗİĲαȚ Ș ȠµȠȚȠµȠȡφȓα ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ıİ İπȓπİįȠ µ.ı. Ǿ 

ȠµȠȚȠµȠȡφȓα ĲȠυ πȜȘșυıµȠȪ πȡȠıφȑȡİȚ πȜȘȡȠφȠȡȓİȢ ıİ ıȤȑıȘ µİ ĲȘȞ ȪπαȡȟȘ 

ıυȖțİțȡȚµȑȞȦȞ αțȠȜȠυșȚȫȞ įυφȓȦȞ ıİ țȐșİ ȞȒµα (string). ȅ įİȓțĲȘȢ ȠµȠȚȠµȠȡφȓαȢ ȖȚα țȐșİ 
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ȞȒµα įȓįİĲαȚ ȦȢ: 

 { }, , ,max , 1,
j

i s j s j sh i
S

U N W j N∀  = ⋅ =   (4.8) 

ȩπȠυ Ns,j İȓȞαȚ ĲȠ πȜȒșȠȢ İµφαȞȓıİȦȞ ıυȖțİțȡȚµȑȞȠυ ıȤȒµαĲȠȢ Sj, Ws,j İȓȞαȚ ĲȠ ıȤİĲȚțȩ ȕȐȡȠȢ 

ĲȠυ ıȤȒµαĲȠȢ, țαȚ Nsh,i İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ ıȤȘµȐĲȦȞ. ȉȠ ıȤİĲȚțȩ ȕȐȡȠȢ Ws,j țȐșİ 

ıȤȒµαĲȠȢ (ıυȞȐȡĲȘıȘ ĲȠυ µȒțȠυȢ ĲȠυ) įȓįİĲαȚ ȦȢ: 

 
,

, 2
i

i s j

L
k

s j

k L L

W
= −

= ∑  (4.9) 

ȩπȠυ Ls,j İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ j ıȤȒµαĲȠȢ țαȚ Li İȓȞαȚ ĲȠ µȒțȠȢ ĲȘȢ i µ.ı. ΓȚα ĲȠȞ αȜȖȩȡȚșµȠ 

țȐșİ ıȤȒµα ȠȡȓȗİĲαȚ ȦȢ: 

 
,

,

1 2, , *,*, *

i

s j

s j

L

j L

L

S s s s

  =    
��������

… "
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 (4.10) 

ȩπȠυ {s1,s2,…,sLs,j} țαȚ {*,*,…,*} İȓȞαȚ ĲȠ ıĲαșİȡȩ µȑȡȠȢ țαȚ µİĲαȕȜȘĲȩ µȑȡȠȢ ĲȠυ ȞȒµαĲȠȢ 

αȞĲȓıĲȠȚȤα. ȉȠ πȜȒșȠȢ ĲȦȞ πȚșαȞȫȞ ıȤȘµȐĲȦȞ ȖȚα µȒțȠȢ ȞȒµαĲȠȢ LȚ įȓįİĲαȚ ȦȢ: 

 , 2 iL

sh iN =  (4.11) 

O αȞȘȖµȑȞȠȢ įİȓțĲȘȢ ȠµȠȚȠµȠȡφȓαȢ iU  țȐșİ µ.ı įȓįİĲαȚ ȦȢ: 

 

( )
0

2
i

i
i L

k

k

k

U
U

N t
=

=
⋅∑  (4.12) 

ȩπȠυ Nk(t) İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ k πȜȘșυıµȠȪ. ΌĲαȞ ȖȚα ȠπȠȚαįȒπȠĲİ µ.ı Ș 

ȠµȠȚȠµȠȡφȓα İȓȞαȚ απȩȜυĲȘ ȠȚ įİȓțĲİȢ Ui țαȚ iU  ĲȦȞ ıȤȑıİȦȞ (4.8) țαȚ (4.12) įȓįȠȞĲαȚ ȦȢ: 

 ( )
0

2 1
iL

k

i k i

k

U N Ut
=

= ⋅ ⇒ =∑  (4.13) 

ΓȚα ĲȠȞ Γǹ υȚȠșİĲȠȪȞĲαȚ 3 țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ ȕȐıİȚ ĲȦȞ φαȚȞȠĲυπȚțȫȞ țαȚ ȖİȞȠĲυπȚțȫȞ 

ȤαȡαțĲȘȡȚıĲȚțȫȞ ĲȠυ πȜȘșυıµȠȪ țαȚ ȑȞα țȡȚĲȒȡȚȠ ıȪȖțȜȚıȘȢ ȕȐıİȚ ĲȠυ πȜȒșȠυȢ ĲȦȞ ȖİȞİȫȞ. 

Ǿ ȚțαȞȠπȠȓȘıȘ İȞȩȢ İț ĲȦȞ țȡȚĲȘȡȓȦȞ ĲİȡµαĲȓȗİȚ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα ĲȠȞ 

İțȐıĲȠĲİ πȜȘșυıµȩ. ȉα țȡȚĲȒȡȚα ȕȐıİȚ ĲȦȞ ȖİȞȠĲυπȚțȫȞ (ȤȡȦµȩıȦµα) țαȚ φαȚȞȠĲυπȚțȫȞ 

(αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ) ȤαȡαțĲȘȡȚıĲȚțȫȞ įȓįȠȞĲαȚ ȦȢ: 
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ȩπȠυ CI,* İȓȞαȚ ȠȚ παȡȐµİĲȡȠȚ ȖȚα Ĳα țȡȚĲȒȡȚα ıȪȖțȜȚıȘȢ țαȚ Vmin, Vmax, E[Vk] țαȚ ı2
[Vk] İȓȞαȚ 

Ș ĲȚµȒ İυȡȦıĲȓαȢ ĲȠυ ȤİȚȡȩĲİȡȠυ αĲȩµȠυ, Ș ĲȚµȒ İυȡȦıĲȓαȢ ĲȠυ țαȜȪĲİȡȠυ αĲȩµȠυ, Ș µȑıȘ 

ĲȚµȒ İυȡȦıĲȓαȢ țαȚ Ș įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ İυȡȦıĲȓαȢ αȞĲȓıĲȠȚȤα: 

 

( ) ( )

[ ] [ ] ( ) ( )( )
min max

1,..., 1,...,

2

1

ˆ ˆmin max

1ˆ ˆ ˆ
1

j j

j

k

lk lk
l N t l N t

N t

k lk lk lkV
l l

lj

V f V f

E V E f f E f
N t

σ
= =

=

   = =   
   = = ⋅ −   − ∑  (4.15) 

ȉȠ 1
Ƞ
 țȡȚĲȒȡȚȠ İıĲȚȐȗİȚ ĲȘȞ πȡȠıȠȤȒ ĲȠυ ıĲȘȞ ȠµȠȚȠµȠȡφȓα ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ ĲȠυ 

πȜȘșυıµȠȪ. ǹȞ Ș İȜȐȤȚıĲȘ ĲȚµȒ ȠµȠȚȠµȠȡφȓαȢ { }min i
i

U  ȖȚα ĲȚȢ µ.ı İȓȞαȚ µİȖαȜȪĲİȡȘ ĲȘȢ 

ĲȚµȒȢ țαĲȦφȜȓȠυ min

,I U
C  țαȚ Ș µȑıȘ ĲȚµȒ ȠµȠȚȠµȠȡφȓαȢ i

i
E U    υπİȡȕαȓȞİȚ ĲȘȞ αȞĲȓıĲȠȚȤȘ ĲȚµȒ 

țαĲȦφȜȓȠυ 
,

med

I U
C  Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ. ȉȠ 2

Ƞ
 țαȚ 3

Ƞ
 țȡȚĲȒȡȚȠ İȓȞαȚ 

țȡȚĲȒȡȚα µȚțĲȠȪ ĲȪπȠυ πȠυ ıȤİĲȓȗȠυȞ ĲȘȞ ȠµȠȚȠµȠȡφȓα ıİ İπȓπİįȠ µ.ı țαȚ ĲȘȞ ȠµȠȚȠµȠȡφȓα 

ĲȠυ πȜȘșυıµȠȪ ıĲȠ İπȓπİįȠ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ. ȉȠ 2Ƞ țȡȚĲȒȡȚȠ İȟİĲȐȗİȚ αȞ ĲȠ 

İȪȡȠȢ įȚαțȪµαȞıȘȢ ĲȦȞ ĲȚµȫȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ İȓȞαȚ µȚțȡȩĲİȡȠ µȓαȢ ĲȚµȒȢ 

țαĲȦφȜȓȠυ πȠυ įȓįİĲαȚ ȦȢ πȠıȠıĲȩ ĲȘȢ ĲȚµȒȢ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ, țαȚ ĲİȡµαĲȓȗİȚ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȩĲαȞ 

πȜȘȡİȓĲαȚ ĲȠ țȡȚĲȒȡȚȠ αυĲȩ țαȚ ĲȠ țȡȚĲȒȡȚȠ İȜȐȤȚıĲȘȢ ȠµȠȚȠµȠȡφȓαȢ. ȉȠ 3Ƞ țȡȚĲȒȡȚȠ İȟİĲȐȗİȚ 

ĲȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ ĲȚµȫȞ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ țαȚ ĲİȡµαĲȓȗİȚ ĲȘ 

įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȩĲαȞ πȜȘȡİȓĲαȚ ĲȠ țȡȚĲȒȡȚȠ αυĲȩ ıİ ıυȞįυαıµȩ µİ ĲȠ țȡȚĲȒȡȚȠ 

İȜȐȤȚıĲȘȢ ȠµȠȚȠµȠȡφȓαȢ. ȉα 2
Ƞ
 țαȚ 3

Ƞ
 țȡȚĲȒȡȚȠ įİȞ İπȘȡİȐȗȠȞĲαȚ απȩ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ 

αυșαȓȡİĲȘȢ ıĲαșİȡȐȢ ǹ ĲȘȢ ıȤȑıȘȢ (4.2) țαȚ ĲȠυ µİĲαıȤȘµαĲȚıµȠȪ ĲȘȢ ıȤȑıȘȢ (4.4). 

4.3 ȈχȒµα ǹȞĲαȖωȞȚıµȠȪ 

ȅ αȞĲαȖȦȞȚıµȩȢ İȓȞαȚ ıυȞȘșȚıµȑȞȠ φαȚȞȩµİȞȠ ıİ φυıȚțȐ ıυıĲȒµαĲα țαȚ απȠĲİȜİȓ µȓα απȩ 

ĲȚȢ µȠȡφȑȢ αȜȜȘȜİπȓįȡαıȘȢ ıĲȚȢ πİȡȚπĲȫıİȚȢ ĲαυĲȩȤȡȠȞȘȢ İȟȑȜȚȟȘȢ πȜȘșυıµȫȞ [66]. ȅ Bak, 

[5], υπȠıĲȘȡȓȗİȚ ȩĲȚ țȐșİ φυıȚțȩ ıȪıĲȘµα ȕȡȓıțİĲαȚ ıİ țαĲȐıĲαıȘ țȡȚıȚµȩĲȘĲαȢ (įυȞαµȚțȒ 

ȚıȠȡȡȠπȓα) Ș ȠπȠȓα İȟαıφαȜȓȗİȚ ĲȘ įυȞαĲȩĲȘĲα πȡȠıαȡµȠȖȒȢ ĲȠυ ıĲȚȢ ȞȑİȢ ıυȞșȒțİȢ. ȅȚ 

Dimitrova țαȚ Vitanov, [22], παȡȠυıȚȐȗȠυȞ ĲȠ πȜαȓıȚȠ İȟȑȜȚȟȘȢ αȞĲαȖȦȞȚıĲȚțȫȞ πȜȘșυıµȫȞ 
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µȑıȦ ĲȘȢ πȡȠıαȡµȠȖȒȢ ĲȠυȢ ıİ ȑȞα µȘ ȖȡαµµȚțȩ πİȡȚȕȐȜȜȠȞ µİ πİȡȚȠȡȚıµȑȞȠυȢ πȩȡȠυȢ. ȅȚ 

Nee et al., [45], παȡȠυıȚȐȗȠυȞ ĲȚȢ țȪȡȚİȢ παȡαµȑĲȡȠυȢ ĲȦȞ αȜȜȘȜİπȚįȡȐıİȦȞ µİĲαȟȪ 

įȚαφȠȡİĲȚțȫȞ πȜȘșυıµȫȞ ıİ φυıȚțȩ πİȡȚȕȐȜȜȠȞ. ȆİȡȚııȩĲİȡİȢ πȜȘȡȠφȠȡȓİȢ ȩıȠȞ αφȠȡȐ ĲȘ 

įυȞαµȚțȒ ĲȠυ µİĲαπȜȘșυıµȠȪ παȡȠυıȚȐȗȠȞĲαȚ απȩ ĲȠυȢ Smith țαȚ Gilpin [45]. ȅȚ Mangel 

țαȚ Tier, [64], παȡȠυıȚȐȗȠυȞ ĲȚȢ ıυȞȑπİȚİȢ ıĲȘȞ İȟȑȜȚȟȘ ĲȦȞ İȚįȫȞ țαȚ ĲȚȢ µİĲαȕȠȜȑȢ ıĲȚȢ 

αȜȜȘȜİπȚįȡȐıİȚȢ ĲȠυȢ, ȜȩȖȦ πİȡȚȠȡȚıµȠȪ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ıİ φυıȚțȐ ıυıĲȒµαĲα πȠυ 

İȓȞαȚ įυȞαĲȩȞ Ȟα πȡȠțȜȘșȠȪȞ ȜȩȖȦ µȓαȢ φυıȚțȒȢ țαĲαıĲȡȠφȒȢ. ȅ Molofsky, [65], 

ȕαıȚȗȩµİȞȠȢ ıĲȘ șİȦȡȓα ĲȦȞ ȥȘφȚαțȫȞ αυĲȠµȐĲȦȞ πİȡȚȖȡȐφİȚ ĲȚȢ ıȘµαȞĲȚțȑȢ 

αȜȜȘȜİπȚįȡȐıİȚȢ µİĲαȟȪ αĲȩµȦȞ ıİ φυıȚțȠȪȢ πȜȘșυıµȠȪȢ. ȅȚ Cassagrandi țαȚ Gatto, [14], 

µİȜİĲȠȪȞ ĲȠ ȡȓıțȠ İȟαφȐȞȚıȘȢ İȚįȫȞ ıİ απȠµȠȞȦµȑȞα πİȡȚȕȐȜȜȠȞĲα (απȠµȠȞȦµȑȞİȢ ȞȒıȠȚ) 

ȕαıȚȗȩµİȞȠȚ ıĲȘ șİȦȡȓα ĲȦȞ µİĲαπȜȘșυıµȫȞ ıİ ıȤȑıȘ µİ ĲȘ ıυȤȞȩĲȘĲα µİĲαȞȐıĲİυıȘȢ țαȚ 

απȠįȘµȓαȢ. ȅȚ Drepper et al., [30], πȠυ µİȜİĲȠȪȞ İπȚįȘµȚȠȜȠȖȚțȐ įİįȠµȑȞα țαȚ ȠȚ Doebeli țαȚ 

Koella, [28] αȞαȜȪȠυȞ ĲȠȞ ĲȡȩπȠ µİ ĲȠȞ ȠπȠȓȠ µȓα ıυȖțİțȡȚµȑȞȘ µİĲȐȜȜαȟȘ İȓȞαȚ įυȞαĲȩȞ Ȟα 

İȚıȕȐȜȜİȚ ıİ ȑȞα πȜȘșυıµȩ. ȀαȚ ıĲȚȢ įȪȠ πİȡȚπĲȫıİȚȢ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ĳα φυıȚțȐ 

ıυıĲȒµαĲα ȕȡȓıțȠȞĲαȚ ıİ țαĲȐıĲαıȘ įυȞαµȚțȒȢ ȚıȠȡȡȠπȓαȢ. ȅȚ Schlierkamp-Voosen țαȚ 

Mühlenbein, [75], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȩπȠυ ĲȠ µȑȖİșȠȢ ĲȠυ 

πȜȘșυıµȠȪ µİĲαȕȐȜȜİĲαȚ țαșȫȢ İȟİȜȓııİĲαȚ Ș įȚαįȚțαıȓα ȩĲαȞ ıİ πȡȠțαșȠȡȚıµȑȞİȢ 

ȤȡȠȞȚțȑȢ ıĲȚȖµȑȢ Ƞ πȜȘșυıµȩȢ πȠυ πİȡȚȑȤİȚ ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ αυȟȐȞİȚ ĲȠ 

µȑȖİșȠȢ ĲȠυ, µİ ĲαυĲȩȤȡȠȞȘ ȠµȠȚȩµȠȡφȘ µİȓȦıȘ ĲȠυ µİȖȑșȠυȢ ĲȦȞ υπȠȜȠȓπȦȞ πȜȘșυıµȫȞ. 

Ȉİ İȟȑȜȚȟȘ ĲȘȢ İȡȖαıȓαȢ αυĲȒȢ, ȠȚ Schlierkamp-Voosen țαȚ Mühlenbein, [76], παȡȠυıȚȐȗȠυȞ 

παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ȩπȠυ πȑȡα απȩ ĲȘȞ ĲȚµȒ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ 

ıȤİįȚαıµȠȪ İȟİĲȐȗİĲαȚ țαȚ Ș φȐıȘ ıĲȘȞ ȠπȠȓα ȕȡȓıțİĲαȚ Ƞ țȐșİ πȜȘșυıµȩȢ. O Horn, [57], 

αȞĲȚµİĲȦπȓȗİȚ ĲȠ πȡȩȕȜȘµα ĲȘȢ İȟİȚįȓțİυıȘȢ (niching) ĲȦȞ ȜȪıİȦȞ țαȚ ĲȠ πȩıȠ Ș 

αȜȜȘȜȠțȐȜυȥȘ ĲȦȞ ȜȪıİȦȞ αυĲȫȞ İπȘȡİȐȗİȚ ĲȠȞ ĲȡȩπȠ αȜȜȘȜİπȓįȡαıȘȢ ĲȦȞ 

ıυȞİȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ. ȅȚ Hong et al., [56], παȡȠυıȚȐȗȠυȞ µȓα µȑșȠįȠ ȖȚα ĲȘȞ 

ĲαυĲȩȤȡȠȞȘ ıυȞİȟȑȜȚȟȘ ĲȠυ πȜȘșυıµȠȪ ĲȦȞ ȜȪıİȦȞ µİ Γǹ țαșȫȢ țαȚ ĲȦȞ ĲİȜİıĲȫȞ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ țαȚ µİĲȐȜȜαȟȘȢ. ȅȚ Adamidis țαȚ Petridis, [1], µİȜİĲȠȪȞ ĲȘ ıυµπİȡȚφȠȡȐ 

ıυȞİȡȖαȗȠµȑȞȦȞ πȜȘșυıµȫȞ µȑıα ıİ ȑȞα µİĲαπȜȘșυıµȩ ȩπȠυ ȠȚ įȚȐφȠȡȠȚ πȜȘșυıµȠȓ µİ 

įȚαφȠȡİĲȚțȑȢ παȡαµȑĲȡȠυȢ İȟȑȜȚȟȘȢ ıυȞİȡȖȐȗȠȞĲαȚ µȑıȦ ĲȘȢ αȞĲαȜȜαȖȒȢ πȜȘȡȠφȠȡȓαȢ 

(µİĲαȞȐıĲİυıȘ ĲȦȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ) µİ ıĲȩȤȠ ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ 

αȜȖȠȡȓșµȠυ. ȅȚ Donangelo et al., [29], πȡȠıȠµȠȚȫȞȠυȞ µȓα µȘ ĲȑȜİȚα αȖȠȡȐ αȖαșȫȞ ȩπȠυ Ĳα 

ȐĲȠµα ıυȞαȜȜȐııȠȞĲαȚ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ ĲȠυ țȑȡįȠυȢ ĲȠυȢ (µİȖȚıĲȠπȠȓȘıȘ ĲȠυ 

απȩȜυĲȠυ țȑȡįȠυȢ ȖȚα țȐșİ αȖαșȩ πȠυ țαĲȑȤȠυȞ). ΩȢ µȘ ĲȑȜİȚα αȖȠȡȐ αȖαșȫȞ ȠȡȓȗİĲαȚ Ș 

αȖȠȡȐ ȩπȠυ Ș πȚıĲȩĲȘĲα ĲȘȢ πȜȘȡȠφȩȡȘıȘȢ µİĲαȕȐȜȜİĲαȚ απȩ ȐĲȠµȠ ıİ ȐĲȠµȠ țαȚ Ș 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.13 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İυȡȦıĲȓα µȓαȢ ıĲȡαĲȘȖȚțȒȢ įİȞ ȠȡȓȗİĲαȚ µȠȞȠıȒµαȞĲα αȜȜȐ İȟαȡĲȐĲαȚ απȩ ĲȘȞ 

υπȠțİȚµİȞȚțȩĲȘĲα țȐșİ αĲȩµȠυ. ȉα ȕαıȚțȐ įυȞαµȚțȐ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυ ıυıĲȒµαĲȠȢ 

(įȘȜαįȒ Ș απȩțĲȘıȘ πȜȠȪĲȠυ țαȚ Ș απȫȜİȚα αυĲȠȪ) İȓȞαȚ įυȞαĲȩ Ȟα αȞαπαȡαȤșȠȪȞ 

υπȠįİȚțȞȪȠȞĲαȢ ȦȢ țȡȓıȚµİȢ παȡαµȑĲȡȠυȢ țȐșİ φυıȚțȠȪ ıυıĲȒµαĲȠȢ ĲȘȞ αıȐφİȚα țαȚ ĲȠȞ 

παȡȐȖȠȞĲα ĲȘȢ ĲȪȤȘȢ. ȅȚ ȕαıȚțȑȢ αȡȤȑȢ πȠυ įȚȑπȠυȞ țȐșİ φυıȚțȩ ıȪıĲȘµα ȩπȦȢ πȡȠțȪπĲȠυȞ 

απȩ ĲȘȞ παȡαĲȒȡȘıȘ ıυȞȠȥȓȗȠȞĲαȚ ȦȢ [45]: 

• ∆ȚαφȠȡİĲȚțȐ İȓįȘ µȠȚȡȐȗȠȞĲαȚ ĲȠ πİȡȚȕȐȜȜȠȞ ıİ µȓα țαĲȐıĲαıȘ įυȞαµȚțȒȢ ȚıȠȡȡȠπȓαȢ [5]. 

• ΌĲαȞ įȚαφȠȡİĲȚțȐ İȓįȘ µȠȚȡȐȗȠȞĲαȚ ĲȠυȢ ȓįȚȠυȢ πȩȡȠυȢ İµφαȞȓȗİĲαȚ αȞĲαȖȦȞȚıµȩȢ [22]. 

ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ įȘµȚȠυȡȖİȓĲαȚ ȑȞα ĲİȤȞȘĲȩ φυıȚțȩ πİȡȚȕȐȜȜȠȞ απȠĲİȜȠȪµİȞȠ απȩ 

ȑȞα πȜȒșȠȢ İȚįȫȞ (species) πȠυ ȖȚα ĲȘ µȑșȠįȠ İȓȞαȚ Ƞ İțȐıĲȠĲİ Γǹ. ȀȐșİ Γǹ µİ įȚαφȠȡİĲȚțȑȢ 

ĲȚµȑȢ παȡαµȑĲȡȦȞ αıȤȠȜİȓĲαȚ țαĲȐ απȠțȜİȚıĲȚțȩĲȘĲα µİ ĲȘȞ İȟȑȜȚȟȘ ĲȦȞ αĲȩµȦȞ ĲȠυ 

ıυȖțİțȡȚµȑȞȠυ πȜȘșυıµȠȪ Ƞ ȠπȠȓȠȢ İπȚįȡȐ țαȚ İπȘȡİȐȗİĲαȚ απȩ İȟȦȖİȞİȓȢ παȡȐȖȠȞĲİȢ (ȠȚ 

įȚαșȑıȚµȠȚ πȩȡȠȚ πȠυ țαșȠȡȓȗȠυȞ țαȚ ĲȠ µȑȖİșȠȢ ĲȠυ µİĲαπȜȘșυıµȠȪ). ȉȠ Ȉǹ αȞαȜαµȕȐȞİȚ 

ĲȘȞ İȟȑȜȚȟȘ ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ µȑıȦ țαȞȩȞȦȞ įυȞαµȚțȒȢ αȜȜȘȜİπȓįȡαıȘȢ. Ǿ 

ıυȞȠȜȚțȒ İυȡȦıĲȓα țȐșİ πȜȘșυıµȠȪ υπȠȜȠȖȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘȞ İυȡȦıĲȓα ĲȦȞ αĲȩµȦȞ 

ĲȠυ, ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȠυ țαȚ ĲȚȢ παȡαµȑĲȡȠυȢ ĲȠυ Γǹ ȖȚα țȐșİ ıĲȚȖµȒ ĲȘȢ İȟİȜȚțĲȚțȒȢ 

įȚαįȚțαıȓαȢ. Ȉİ țαĲȐıĲαıȘ ȚıȠȡȡȠπȓαȢ ȩπȠυ ĲȠ ıȪȞȠȜȠ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ İπαȡțİȓ ȖȚα 

ĲȘ ıυȞĲȒȡȘıȘ ĲȦȞ πȜȘșυıµȫȞ ȠȚ Γǹ İȟİȜȓııȠȞĲαȚ παȡȐȜȜȘȜα ȤȦȡȓȢ αȜȜȘȜİπȓįȡαıȘ. Ǿ 

țαĲȐıĲαıȘ αυĲȒ ıİ µαțȡȠıțȠπȚțȩ İπȓπİįȠ πȡȠıȠµȠȚȫȞİȚ ȑȞα φυıȚțȩ πİȡȚȕȐȜȜȠȞ ıĲȠ ȠπȠȓȠ 

įİȞ ȑȤȠυµİ İȟȦȖİȞİȓȢ İπİµȕȐıİȚȢ. ΌĲαȞ ȠȚ įȚαșȑıȚµȠȚ πȩȡȠȚ įİȞ İπαȡțȠȪȞ ȖȚα ĲȘȞ İπȚȕȓȦıȘ 

ĲȠυ ıυȞȩȜȠυ ĲȦȞ αĲȩµȦȞ ĲȦȞ πȜȘșυıµȫȞ ȑȤȠυµİ ĲȘȞ İµφȐȞȚıȘ αȞĲαȖȦȞȚıµȠȪ. ȅȚ ıȤȑıİȚȢ 

πȠυ İµφαȞȓȗȠȞĲαȚ İȓȞαȚ İȓĲİ αȞĲαȖȦȞȚıµȩȢ [66] İȓĲİ ıȤȑıİȚȢ ΘȘȡİυĲȒ-ΘȘȡȐµαĲȠȢ [66] țαȚ 

πȡȠȨπȠșȑĲȠυȞ ĲȘ ıυȞȪπαȡȟȘ ȚıȤυȡȫȞ țαȚ αıșİȞȫȞ πȜȘșυıµȫȞ ıĲȠ µİĲαπȜȘșυıµȩ. ȉȠ Ȉǹ 

ıȪµφȦȞα µİ ĲȘ ıȤİĲȚțȒ απȩįȠıȘ ĲȦȞ πȜȘșυıµȫȞ ȠȡȓȗİȚ țαĲȐ ıĲȠȤαıĲȚțȩ ĲȡȩπȠ ȗİυȖȐȡȚα 

πȜȘșυıµȫȞ πȠυ αȞαµİĲȡȠȪȞĲαȚ µİ ıĲȩȤȠ ĲȘȞ İȟαıφȐȜȚıȘ πİȡȚııȩĲİȡȦȞ πȩȡȦȞ ȖȚα ĲȠ İȓįȠȢ 

ĲȠυȢ. ȅ ȡȩȜȠȢ țȐșİ πȜȘșυıµȠȪ İȟαȡĲȐĲαȚ απȩ ĲȘ ıȤİĲȚțȒ ĲȠυ İυȡȦıĲȓα. ȈĲȩȤȠȢ ĲȠυ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ πȜȘșυıµȠȪ İȓȞαȚ Ș İπȚȕȓȦıȘ İȚȢ ȕȐȡȠȢ ĲȠυ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠυ 

πȜȘșυıµȠȪ µȑıȦ ĲȘȢ µİȓȦıȘȢ ĲȠυ µİȖȑșȠυȢ ĲȠυ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠυ πȜȘșυıµȠȪ 

(ǹȞĲαȖȦȞȚıµȩȢ) Ȓ µȑıȦ ĲȘȢ įȡαıĲȚțȒȢ µİȓȦıȘȢ ĲȠυ µİȖȑșȠυȢ ĲȠυ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠυ 

πȜȘșυıµȠȪ (ΘȘȡİυĲȒȢ-ΘȒȡαµα) µİ ĲαυĲȩȤȡȠȞȘ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ĲȠυ. 

ȀαșȫȢ Ƞ µİĲαπȜȘșυıµȩȢ πȡȠıαȡµȩȗİĲαȚ ıĲα Ȟȑα įİįȠµȑȞα, ĲȠ µȑȖİșȠȢ ĲȠυ İȜȜİȓµµαĲȠȢ ĲȦȞ 

απαȚĲȠȪµİȞȦȞ πȡȠȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ İȟαφαȞȓȗİĲαȚ µİ απȠĲȑȜİıµα ĲȘȞ İȟαφȐȞȚıȘ ĲȘȢ 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.14 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȓİıȘȢ ĲȠυ πİȡȚȕȐȜȜȠȞĲȠȢ ıĲȠυȢ πȜȘșυıµȠȪȢ. ȈĲȠ ȞȑȠ ıȘµİȓȠ ȚıȠȡȡȠπȓαȢ İȟαıφαȜȓȗİĲαȚ Ș 

απȡȩıțȠπĲȘ İȟȑȜȚȟȘ ĲȦȞ İπȚµȑȡȠυȢ πȜȘșυıµȫȞ αȜȜȐ µİ įȚαφȠȡİĲȚțȩ πȜȒșȠȢ αĲȩµȦȞ ȖȚα 

țȐșİ πȜȘșυıµȩ. 

ȈĲȠ ĲİȤȞȘĲȩ πİȡȚȕȐȜȜȠȞ ĲȠυ αȜȖȠȡȓșµȠυ, Ƞ ȩȡȠȢ «πȩȡȠȚ» ȠȡȓȗİȚ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ. ȅ 

ȩȡȠȢ «πİπİȡαıµȑȞȠȚ πȩȡȠȚ» ȠȡȓȗİȚ ĲȠ ıυȞȠȜȚțȩ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ πȠυ İȓȞαȚ įȚαșȑıȚµȠȢ ıİ 

țȐșİ ȖİȞİȐ. ȅ ȩȡȠȢ «αȞĲαȖȦȞȚıµȩȢ» ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȠȞ ȠȡȚıµȩ ĲȦȞ ıυȞșȘțȫȞ țαȚ ĲȦȞ 

ȖİȖȠȞȩĲȦȞ πȠυ ȜαµȕȐȞȠυȞ Ȥȫȡα țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ µȐȤȘȢ ȖȚα İπȚȕȓȦıȘ (ıȤȑıİȚȢ 

αȞĲαȖȦȞȚıµȠȪ țαȚ ıȤȑıİȚȢ șȘȡİυĲȒ-șȘȡȐµαĲȠȢ). ȅ ȩȡȠȢ «φυıȚțȩ ıȪıĲȘµα» ȤȡȘıȚµȠπȠȚİȓĲαȚ 

ȖȚα ĲȠȞ ȠȡȚıµȩ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȖȚα ĲȠ ȠπȠȓȠ απαȚĲİȓĲαȚ Ƞ υπȠȜȠȖȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ 

αĲȩµȠυ. ȅ ȩȡȠȢ «ıȪȖțȡȠυıȘ» ȠȡȓȗİȚ ĲȘ įȚαįȚțαıȓα µİĲαȕȠȜȒȢ ĲȠυ µİȖȑșȠυȢ ĲȦȞ İπȚµȑȡȠυȢ 

πȜȘșυıµȫȞ. ȅȚ ȩȡȠȚ «ΘȘȡİυĲȒȢ» țαȚ «ΘȒȡαµα» İȓȞαȚ αȜȜȘȜȑȞįİĲȠȚ țαȚ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ 

ȖȚα ĲȘȞ αȞαȖȞȫȡȚıȘ ĲȦȞ ȡȩȜȦȞ ĲȦȞ πȜȘșυıµȫȞ. ȅ ȩȡȠȢ «πȡȠıαȡµȠȖȒ» ȠȡȓȗİȚ ĲȠ ıȪȞȠȜȠ ĲȦȞ 

įȡȐıİȦȞ πȠυ πȡαȖµαĲȠπȠȚİȓ ȑȞαȢ πȜȘșυıµȩȢ µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ șȑıȘȢ ĲȠυ ıĲȠ 

φυıȚțȩ ıȪıĲȘµα. 

Ǿ ıυȞİȟȑȜȚȟȘ ĲȦȞ įȚαφȩȡȦȞ πȜȘșυıµȫȞ ȕαıȓȗİĲαȚ ıĲȘ ıυȞȠȜȚțȒ İυȡȦıĲȓα țȐșİ πȜȘșυıµȠȪ 

(ıİ İπȓπİįȠ µİĲαπȜȘșυıµȠȪ), ıĲȠ ıȤȒµα µİĲαȕȠȜȒȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ, ıĲȘȞ αıȐφİȚα 

πȜȘȡȠφȩȡȘıȘȢ țαȚ ıĲȘȞ ĲȪȤȘ ıİ ıȤȑıȘ µİ ĲȠ απȠĲȑȜİıµα ĲȘȢ İµπȜȠțȒȢ µİĲαȟȪ įȪȠ 

πȜȘșυıµȫȞ [29]. ȈĲȘȞ παȡȐȖȡαφȠ 4.3.1, παȡȠυıȚȐȗİĲαȚ αȞαȜυĲȚțȐ Ƞ ĲȡȩπȠȢ µİĲαȕȠȜȒȢ ĲȦȞ 

įȚαșİıȓµȦȞ πȩȡȦȞ, ıĲȘȞ παȡȐȖȡαφȠ 4.3.2 παȡȠυıȚȐȗİĲαȚ αȞαȜυĲȚțȐ Ƞ υπȠȜȠȖȚıµȩȢ ĲȘȢ 

ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ țȐșİ πȜȘșυıµȠȪ țαȚ ıĲȘȞ παȡȐȖȡαφȠ 4.3.3 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țαȞȩȞİȢ 

İµπȜȠțȒȢ țαȚ ıĲȠ ıȤȒµα µİĲαȕȠȜȒȢ ĲȠυ µİȖȑșȠυȢ ĲȠυ İțȐıĲȠĲİ πȜȘșυıµȠȪ. 

4.3.1 ∆ȚαșȑıȚµȠȚ țαȚ απαȚĲȠȪµİȞȠȚ πȩȡȠȚ 
ȅȚ įȚαșȑıȚµȠȚ πȩȡȠȚ İȓȞαȚ ıυȞαȡĲȒıİȚȢ ĲȠυ ȤȡȩȞȠυ țαȚ µİĲαȕȐȜȜȠȞĲαȚ ıȪµφȦȞα µİ ȆȡȠφȓȜ 

ȂİĲαȕȠȜȒȢ ∆ȚαșİıȓµȦȞ ȆȩȡȦȞ (ȆȂ∆Ȇ). ȈĲȚȢ παȡαȖȡȐφȠυȢ 4.3.1.1 țαȚ 4.3.1.2 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ παȡαȜȜαȖȑȢ ıĲȠȞ ĲȡȩπȠ υπȠȜȠȖȚıµȠȪ ĲȠυ İȜȜİȓµµαĲȠȢ. ȅȚ παȡαȜȜαȖȑȢ 

αυĲȑȢ ȠȡȓȗȠȞĲαȚ ȦȢ ȉȪπȠȢ I (παȡȐȖȡαφȠȢ 4.3.1.1) țαȚ ȉȪπȠȢ II (παȡȐȖȡαφȠȢ 4.3.1.2). ȈĲȘȞ 

παȡȐȖȡαφȠ 4.3.1.3 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ παȡαȜȜαȖȑȢ ȦȢ πȡȠȢ ĲȘȞ αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ ĲȦȞ 

πȜȘșυıµȫȞ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ. ȈĲȘȞ παȡȐȖȡαφȠ 4.3.1.4, παȡȠυıȚȐȗİĲαȚ Ƞ ĲȡȩπȠȢ 

αȞαįȚαȞȠµȒȢ ĲȦȞ πȩȡȦȞ ıİ πİȡȓπĲȦıȘ πȜİȠȞȐıµαĲȠȢ.  

ȉȠ ıȪȞȠȜȠ ĲȦȞ αĲȩµȦȞ N(t) ıĲȠ φυıȚțȩ ıȪıĲȘµα įȓįİĲαȚ ȦȢ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.15 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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ȩπȠυ Np İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ πȜȘșυıµȫȞ ĲȠυ µİĲαπȜȘșυıµȠȪ țαȚ Nj(t) İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

αĲȩµȦȞ ȖȚα ĲȠȞ j πȜȘșυıµȩ. 

4.3.1.1 ȉȪπȠȢ ǿ (ΜȘ ıυııȫȡİυıȘ İȜȜİȓµµαĲȠȢ) 

Ȋπȩ ĲȠ ıțİπĲȚțȩ ȩĲȚ Ƞ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ĲȚµȒȢ ĲȘȢ 

αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ, ȖȚα țȐșİ ıȤİįȚαıµȩ ıĲȠȞ İțȐıĲȠĲİ πȜȘșυıµȩ, παȡαµȑȞİȚ 

αµİĲȐȕȜȘĲȠȢ ȠȚ απαȚĲȠȪµİȞȠȚ πȩȡȠȚ Rreq, ıĲȠ İπȓπİįȠ ĲȠυ µİĲαπȜȘșυıµȠȪ N(t) įȓįȠȞĲαȚ ȦȢ: 
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= ⋅∑  (4.17) 

ȩπȠυ Rj İȓȞαȚ Ƞ απαȚĲȠȪµİȞȠȢ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ ȖȚα ȑȞα ȐĲȠµȠ ĲȠυ j πȜȘșυıµȠȪ. ΓȚα 

ȜȩȖȠυȢ ıυȞĲȠµȓαȢ Ș παȡȐµİĲȡȠȢ ĲȠυ ȤȡȩȞȠυ (t) παȡȠυıȚȐȗİĲαȚ µȩȞȠȞ ıĲȚȢ πİȡȚπĲȫıİȚȢ πȠυ 

țȡȓȞİĲαȚ αȞαȖțαȓȠ. ȅȚ πȠıȩĲȘĲİȢ πȠυ ȠȡȓȗȠȞĲαȚ απȩ ĲȠ ıȘµİȓȠ αυĲȩ țαȚ İφİȟȒȢ İȓȞαȚ 

ıυȞαȡĲȒıİȚȢ ĲȠυ ȤȡȩȞȠυ. ȅȚ įȚαșȑıȚµȠȚ πȩȡȠȚ Ravail, įȓįȠȞĲαȚ ȦȢ: 
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1
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R R H t t R
=

= − − ⋅∆∑  (4.18) 

ȩπȠυ m İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİĲαȕȠȜȫȞ ĲȠυ ȆȂ∆Ȇ ıİ ıυȖțİțȡȚµȑȞİȢ ȤȡȠȞȚțȑȢ ıĲȚȖµȑȢ ti µİ 

µİĲαȕȠȜȒ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ țαĲȐ iR∆ , R İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αȡȤȚțȫȢ įȚαșȑıȚµȦȞ 

πȩȡȦȞ țαȚ H() İȓȞαȚ Ș ıυȞȐȡĲȘıȘ Heaviside: 
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4.3.1.2 ȉȪπȠȢ II (ȈυııȫȡİυıȘ İȜȜİȓµµαĲȠȢ) 

ȈĲȘ įȚȐȡțİȚα ĲȘȢ İȟİȜȚțĲȚțȒȢ įȚαįȚțαıȓαȢ, ȠȚ απαȚĲȠȪµİȞȠȚ πȩȡȠȚ įİȞ ıυµπȓπĲȠυȞ 

αȞαȖțαıĲȚțȐ µİ ĲȠυȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ. Ǿ ıȤİĲȚțȒ įȚαφȠȡȐ (Rreq-Ravail)/Rreq ȠȡȓȗİȚ țαȚ ĲȘȞ 

πȓİıȘ ĲȠυ ıυıĲȒµαĲȠȢ ıĲȠυȢ πȜȘșυıµȠȪȢ țαșȠȡȓȗȠȞĲαȢ țαȚ ĲȘȞ ĲαȤȪĲȘĲα µİĲαȕȠȜȒȢ ĲȠυ 

µİȖȑșȠυȢ ĲȦȞ πȜȘșυıµȫȞ. Ȉİ παȡαȜȜαȖȒ ĲȦȞ ıȤȑıİȦȞ (4.17) țαȚ (4.18) ĲȠ ıȤİĲȚțȩ ȑȜȜİȚµµα 

ȖȚα ĲȠȞ ĲȪπȠ ǿǿ ıυııȦȡİȪİĲαȚ ıĲȠ ȤȡȩȞȠ. ȅȚ Rreq țαȚ Ravail ĲȠυ ıυıĲȒµαĲȠȢ įȓįȠȞĲαȚ ȦȢ: 

 
0 1

pNt
II

req j j

t j

R R N
= =
 = ⋅  ∑ ∑  (4.20) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.16 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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ȩπȠυ t İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ πȠυ ȑȤȠυȞ παȡȑȜșİȚ.  

4.3.1.3 ǹȞαįȚαȞȠµȒ ĲωȞ πȩȡωȞ ĲωȞ πȜȘșυıµȫȞ πȠυ ȑχȠυȞ ıυȖțȜȓȞİȚ 

ΩȢ πȡȠȢ ĲȠυȢ πȩȡȠυȢ ĲȦȞ πȜȘșυıµȫȞ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ Ș µȑșȠįȠȢ παȡȠυıȚȐȗİȚ įȪȠ 

παȡαȜȜαȖȑȢ. Ǿ 1
Ș
 παȡαȜȜαȖȒ įİȞ İπȚĲȡȑπİȚ ĲȘȞ αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ ĲȦȞ πȜȘșυıµȫȞ πȠυ 

ȑȤȠυȞ ıυȖțȜȓȞİȚ ıĲȠυȢ πȜȘșυıµȠȪȢ πȠυ ıυȞİȤȓȗȠυȞ Ȟα İȟİȜȓııȠȞĲαȚ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ 

ȚıȤȪȠυȞ ȠȚ ıȤȑıİȚȢ (4.17) țαȚ (4.18) Ȓ (4.20) țαȚ (4.21). Ǿ 2
Ș
 παȡαȜȜαȖȒ İπȚĲȡȑπİȚ ĲȘȞ 

αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ αυĲȫȞ ıĲȠυȢ İȟİȜȚııȩµİȞȠυȢ πȜȘșυıµȠȪȢ ȠπȩĲİ Ș ıȤȑıȘ (4.17) 

ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ (ĲȪπȠȢ ǿ): 
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ȩπȠυ tj,conv İȓȞαȚ Ș ȖİȞİȐ ıȪȖțȜȚıȘȢ ȖȚα ĲȠȞ j πȜȘșυıµȩ. ΌĲαȞ İπȚĲȡȑπİĲαȚ Ș ıυııȫȡİυıȘ 

İȜȜİȓµµαĲȠȢ Ș ıȤȑıȘ (4.20) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ (ȉȪπȠȢ ǿǿ): 

 ( ){ },

0 1

1
pNt

II

req j j j conv

t j

R R N H t t
= =
  = ⋅ ⋅ − −   ∑ ∑  (4.23) 

ȅȚ ıȤȑıİȚȢ (4.22) țαȚ (4.23) İȟαıφαȜȓȗȠυȞ ȩĲȚ ȖȚα ĲȠυȢ πȜȘșυıµȠȪȢ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ ĲȠ 

µȑȖİșȠȢ ĲȦȞ πȩȡȦȞ πȠυ įȚαȞȑµİĲαȚ ıİ αυĲȠȪȢ İȓȞαȚ ȓıȠ µİ ĲȠ µȘįȑȞ. Ǿ ıȪȖțȜȚıȘ İȞȩȢ 

πȜȘșυıµȠȪ, ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȦȞ απαȚĲȠυµȑȞȦȞ πȩȡȦȞ țαȚ ĲȠ πȜİȩȞαıµα ȚıȠțαĲαȞȑµİĲαȚ 

µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ πȠυ ıυȞİȤȓȗȠυȞ Ȟα İȟİȜȓııȠȞĲαȚ. 

4.3.1.4 ȆİȡȓȠįȠȚ ȚıȠȡȡȠπȓαȢ – ∆ȚαȞȠµȒ πȜİȠȞαıµαĲȚțȫȞ πȩȡωȞ 

ȉȠ φυıȚțȩ ıȪıĲȘµα ȕȡȓıțİĲαȚ ıİ țαĲȐıĲαıȘ įυȞαµȚțȒȢ ȚıȠȡȡȠπȓαȢ ȩĲαȞ: 

 avail reqR R≈  (4.24) 

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ȠȚ ıυȖțȡȠȪıİȚȢ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ ıĲαµαĲȠȪȞ. ȅȚ πİȡȓȠįȠȚ 

ȘȡİµȓαȢ (įυȞαµȚțȒȢ ȚıȠȡȡȠπȓαȢ) İȟαıφαȜȓȗȠυȞ ĲȠȞ απαȚĲȠȪµİȞȠ ȤȡȩȞȠ ıĲȠυȢ İπȚµȑȡȠυȢ 

πȜȘșυıµȠȪȢ Ȟα ıυȖțȜȓȞȠυȞ ıĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ. ΌĲαȞ ȚıȤȪİȚ ȩĲȚ: 

 avail reqR R>  avail reqR R R∆ = −  (4.25) 

ȉȠ πȜİȩȞαıµα ĲȦȞ πȩȡȦȞ ∆R ȚıȠțαĲαȞȑµİĲαȚ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ µİ αȞĲȓıĲȠȚȤȘ αȪȟȘıȘ 
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ĲȦȞ αĲȩµȦȞ ĲȠυȢ. 

4.3.2 ȈυȞȠȜȚțȒ İυȡωıĲȓα πȜȘșυıµȠȪ 

Ǿ ıυȞȠȜȚțȒ İυȡȦıĲȓα İȞȩȢ πȜȘșυıµȠȪ ıĲȠ µİĲαπȜȘșυıµȩ įİȞ İȟαȡĲȐĲαȚ µȩȞȠȞ απȩ Ĳα 

ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ αȜȜȐ țαȚ απȩ ĲȠ πȡȠφȓȜ ĲȦȞ υπȠȜȠȓπȦȞ 

πȜȘșυıµȫȞ İȞĲȐııȠȞĲαȢ ĲȠȞ αȜȖȩȡȚșµȠ ıĲȘȞ țαĲȘȖȠȡȓα ĲȦȞ ıυȞİȟİȜȚțĲȚțȫȞ αȜȖȠȡȓșµȦȞ. 

ΩȢ ıυȞİȟȑȜȚȟȘ ȠȡȓȗİĲαȚ Ș ĲαυĲȩȤȡȠȞȘ İȟȑȜȚȟȘ įȪȠ Ȓ πİȡȚııȠĲȑȡȦȞ αȜȜȘȜȠİπȚįȡȫȞĲȦȞ 

πȜȘșυıµȫȞ ȩπȠυ Ș İυȡȦıĲȓα țȐșİ πȜȘșυıµȠȪ İȓȞαȚ ıυȞȐȡĲȘıȘ țαȚ ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ 

ĲȦȞ υπȠȜȠȓπȦȞ πȜȘșυıµȫȞ [66]. ȈĲȘȞ țȜαıȚțȒ șİȫȡȘıȘ ĲȘȢ ıυȞİȟȑȜȚȟȘȢ ȠȚ įȪȠ πȜȘșυıµȠȓ 

αȞĲαȖȦȞȓȗȠȞĲαȚ İυșȑȦȢ țαȚ Ș İυȡȦıĲȓα İȞȩȢ αĲȩµȠυ țαșȠȡȓȗİĲαȚ απȩ ĲȘȞ ȚțαȞȩĲȘĲα ĲȠυ Ȟα 

İπȚȕȐȜȜİĲαȚ ıİ πȜȒșȠȢ αĲȩµȦȞ ĲȠυ αȞĲȚπȐȜȠυ πȜȘșυıµȠȪ. ȅȚ Ficisi țαȚ Pollack [35] 

İȟİĲȐȗȠυȞ ĲȠυȢ ıυȞİȟİȜȚțĲȚțȠȪȢ αȜȖȠȡȓșµȠȪȢ υπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ șİȦȡȓαȢ παȚȖȞȓȦȞ. ȅȚ 

Barbosa țαȚ Barreto [6], ȤȡȘıȚµȠπȠȚȠȪȞ ıυȞİȟİȜȚțĲȚțȠȪȢ Γǹ ıİ πȡȠȕȜȒµαĲα įȚȐĲαȟȘȢ 

ȖȡαφȫȞ. O Riechmann [71], απȑįİȚȟİ ȩĲȚ ıİ µαțȡȠȠȚțȠȞȠµȚțȐ πȡȠȕȜȒµαĲα, ȩπȠυ Ș İυȡȦıĲȓα 

µȓαȢ ıĲȡαĲȘȖȚțȒȢ İȟαȡĲȐĲαȚ Ȑµİıα απȩ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ υπȠȜȠȓπȦȞ ıĲȡαĲȘȖȚțȫȞ, 

țȐșİ Γǹ İȓȞαȚ įυȞαĲȩȞ Ȟα șİȦȡȘșİȓ ȦȢ ȑȞα įυȞαµȚțȩ παȚȖȞȓįȚ. Ǿ İπȚĲυȤȓα ĲȠυ İȟαȡĲȐĲαȚ 

Ȑµİıα απȩ ĲȘȞ ȚțαȞȩĲȘĲα ĲȦȞ İȞαȜȜαțĲȚțȫȞ ıĲȡαĲȘȖȚțȫȞ Ȟα αȞĲȚµİĲȦπȓȗȠυȞ µİ İπȚĲυȤȓα ĲȘȞ 

υπȩ İȟȑĲαıȘ ıĲȡαĲȘȖȚțȒ. ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ İȟİĲȐȗİĲαȚ Ș ȚțαȞȩĲȘĲα țȐșİ 

πȜȘșυıµȠȪ (ȦȢ µȑȜȠυȢ ĲȠυ µİĲαπȜȘșυıµȠȪ) Ȟα İπȚȕȐȜȜİĲαȚ ıİ ȐȜȜȠυȢ πȜȘșυıµȠȪȢ. 

ȅ αȞĲαȖȦȞȚıµȩȢ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ ĲȠυ µİĲαπȜȘșυıµȠȪ, įȘµȚȠυȡȖİȓ ĲȘȞ αȞȐȖțȘ ĲȠυ 

ȠȡȚıµȠȪ İȞȩȢ țȡȚĲȘȡȓȠυ (ıυȞįυαıµȩȢ țȠȚȞȫȞ παȡαµȑĲȡȦȞ ĲȦȞ πȜȘșυıµȫȞ) ȫıĲİ Ȟα 

πȠıȠĲȚțȠπȠȚȘșİȓ Ș πȡȠıαȡµȠıĲȚțȩĲȘĲα țȐșİ πȜȘșυıµȠȪ, ȦȢ πȡȠȢ ĲȠυȢ ıυȞİȟİȜȚııȩµİȞȠυȢ 

πȜȘșυıµȠȪȢ. ȉα țȡȚĲȒȡȚα [76], [32], πȠυ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ πİȡȚııȩĲİȡȠ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ 

ĲȘȢ İυȡȦıĲȓαȢ İȞȩȢ πȜȘșυıµȠȪ İȓȞαȚ ıυȞįυαıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ 

αĲȩµȠυ µİ ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυ πȜȘșυıµȠȪ ȩπȦȢ Ș ĲαȤȪĲȘĲα İȟİȡİȪȞȘıȘȢ ĲȠυ ȤȫȡȠυ ĲȦȞ 

ȜȪıİȦȞ, πȠȚțȚȜȩĲȘĲα ț.α. ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ıυȞȠȜȚțȒȢ 

İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ İȜȒφșȘıαȞ υπȩȥȘ ȠȚ παȡαțȐĲȦ ȚįȚȩĲȘĲİȢ ĲȦȞ πȜȘșυıµȫȞ: 

• Ǿ ȚțαȞȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ Ȟα παȡȐȖİȚ İȪȡȦıĲα ȐĲȠµα (ȦȢ πȡȠȢ ĲȠυȢ υπȩȜȠȚπȠυȢ 

πȜȘșυıµȠȪȢ). Ǿ ȚțαȞȩĲȘĲα αυĲȒ İȟİĲȐȗİĲαȚ ıİ İπȓπİįȠ πȜȘșυıµȠȪ țαȚ İπȓπİįȠ αĲȩµȠυ. 

• ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȘȢ ȖİȞİĲȚțȒȢ πȜȘȡȠφȠȡȓαȢ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ (ȦȢ πȡȠȢ 

ĲȠυȢ υπȩȜȠȚπȠυȢ πȜȘșυıµȠȪȢ). Ǿ πȠıȩĲȘĲα αυĲȒ İȓȞαȚ ıĲİȞȐ ıυȞįİįİµȑȞȘ µİ ĲȘȞ 

ȚțαȞȩĲȘĲα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ Ȟα ȕİȜĲȚȫıİȚ ĲȘȞ ȒįȘ υπȐȡȤȠυıα țαȜȪĲİȡȘ ȜȪıȘ. 
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• Ǿ πȠıȩĲȘĲα ĲȦȞ απαȚĲȠυµȑȞȦȞ πȩȡȦȞ ȖȚα ĲȘȞ İπȚȕȓȦıȘ ĲȠυ αĲȩµȠυ ıĲȠȞ πȜȘșυıµȩ. ȅȚ 

απαȚĲȠȪµİȞȠȚ πȩȡȠȚ ıυȞįȑȠȞĲαȚ Ȑµİıα µİ ĲȘ įȘµȚȠυȡȖȓα țαȚ İȟȑĲαıȘ ȞȑȦȞ ȜȪıİȦȞ. 

ȅ πȜȘșυıµȩȢ ȖȚα Ȟα İπȚȗȒıİȚ ıĲȠ φυıȚțȩ πİȡȚȕȐȜȜȠȞ πȡȑπİȚ Ȟα İȓȞαȚ İπαȡțȫȢ İȪȡȦıĲȠȢ, Ȟα 

παȡȠυıȚȐȗİȚ υȥȘȜȒ πȠȚțȚȜȩĲȘĲα țαȚ ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ.  

4.3.2.1 ȈυȞȐȡĲȘıȘ İυȡωıĲȓαȢ πȜȘșυıµȠȪ țαȚ ȕȑȜĲȚıĲȠυ αĲȩµȠυ 

Ǿ İυȡȦıĲȓα İȞȩȢ πȜȘșυıµȠȪ įȓįİĲαȚ ȦȢ ĲȠ ȐșȡȠȚıµα ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ αĲȩµȦȞ ĲȠυ ȦȢ: 
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Ǿ ıȤȑıȘ (4.26) İυȞȠİȓ µİȖȐȜȠυȢ πȜȘșυıµȠȪȢ țαȚ πȜȘșυıµȠȪȢ µİ µİȖȐȜȠ πȜȒșȠȢ İȪȡȦıĲȦȞ 

αĲȩµȦȞ. Ǿ απȜȒ ȐșȡȠȚıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ αĲȩµȦȞ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ İȞȓıȤυıȘ 

πȜȘșυıµȫȞ µİ µİȖȐȜȠ πȜȒșȠȢ İȪȡȦıĲȦȞ αĲȩµȦȞ πȠυ ıĲȠ αȡȤȚțȩ ıĲȐįȚȠ ĲȘȢ İȟİȜȚțĲȚțȒȢ 

įȚαįȚțαıȓαȢ İȓȞαȚ țαȚ ĲȠ ȗȘĲȠȪµİȞȠ. ȆȜȘșυıµȠȓ µİ µİȖαȜȪĲİȡȠ αȡȚșµȩ İȪȡȦıĲȦȞ αĲȩµȦȞ 

ȑȤȠυȞ πİȡȚııȩĲİȡİȢ πȚșαȞȩĲȘĲİȢ Ȟα παȡȐȖȠυȞ ȞȑİȢ țαȜȑȢ ȜȪıİȚȢ (µȑıȦ ĲȠυ ĲİȜİıĲȒ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ). Ǿ ıυȞȪπαȡȟȘ ıĲȠ įİȓțĲȘ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȠυ 

įİȓțĲȘ İυȡȦıĲȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ µİȚȫȞİȚ ıȘµαȞĲȚțȐ ĲȘȞ πȚșαȞȩĲȘĲα 

İȞȓıȤυıȘȢ πȜȘșυıµȫȞ µİ πȜȒșȠȢ µȑĲȡȚȦȞ ȜȪıİȦȞ ıİ ıȤȑıȘ µİ πȜȘșυıµȠȪȢ µİ ȜȓȖİȢ πȠȜȪ 

țαȜȑȢ ȜȪıİȚȢ. 

4.3.2.2 ȈυȞȐȡĲȘıȘ πȠȚțȚȜȩĲȘĲαȢ πȜȘșυıµȠȪ 

ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ İȞȩȢ πȜȘșυıµȠȪ (πȠυ αȞĲȚțαĲȠπĲȡȓȗİȚ ĲȘ įȚαıπȠȡȐ ĲȦȞ αĲȩµȦȞ ıĲȠ 

ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ) İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ ĲȘȞ ȚțαȞȩĲȘĲα ĲȦȞ Γǹ Ȟα ȕİȜĲȚȫıȠυȞ πİȡαȚĲȑȡȦ ĲȚȢ 

ȒįȘ İȪȡȦıĲİȢ ȜȪıİȚȢ [77], [20]. ȈĲȘ µȑșȠįȠ Ƞ παȡȐȖȦȞ αυĲȩȢ İȞĲȐııİĲαȚ ıĲȘ ıυȞȐȡĲȘıȘ 

ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȦȞ πȜȘșυıµȫȞ, υπȩ ĲȠ ıțİπĲȚțȩ ĲȘȢ įȚαĲȒȡȘıȘȢ ĲȘȢ ȚțαȞȩĲȘĲαȢ ĲȠυ 

µİĲαπȜȘșυıµȠȪ Ȟα ȕİȜĲȚȫıİȚ πİȡαȚĲȑȡȦ ĲȚȢ πİȡȚııȩĲİȡȠ İȪȡȦıĲİȢ ȜȪıİȚȢ (αȞ αυĲȩ İȓȞαȚ 

įυȞαĲȩ) Ȓ Ȟα ȟİφȪȖİȚ απȩ ĲȘ ıȪȖțȜȚıȘ ıİ µȘ ȠȜȚțȐ ȕȑȜĲȚıĲİȢ ıȤİįȚȐıİȚȢ [38], [77]. ȅ įİȓțĲȘȢ 

πȠȚțȚȜȩĲȘĲαȢ µπȠȡİȓ Ȟα șİȦȡȘșİȓ ȦȢ µȑĲȡȠ İțĲȓµȘıȘȢ ĲȘȢ “ȘȜȚțȓαȢ” ĲȠυ πȜȘșυıµȠȪ. ȃȑȠȚ 

πȜȘșυıµȠȓ παȡȠυıȚȐȗȠυȞ υȥȘȜȩĲİȡȘ πȠȚțȚȜȩĲȘĲα ıİ ıȤȑıȘ µİ ȫȡȚµȠυȢ (ȖȘȡαȚȠȪȢ) 

πȜȘșυıµȠȪȢ țαȚ αȞĲȓıĲȠȚȤα µİȖαȜȪĲİȡȘ ȚțαȞȩĲȘĲα πȡȠıαȡµȠȖȒȢ. Ǿ µİȖαȜȪĲİȡȘ ȚțαȞȩĲȘĲα 
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πȡȠıαȡµȠȖȒȢ µİĲαφȡȐȗİĲαȚ ıİ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İȪȡİıȘȢ İȞȩȢ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ 

αĲȩµȠυ. ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ İȞȩȢ πȜȘșυıµȠȪ ȤȡȘıȚµȠπȠȚİȓĲαȚ ıİ İȟİȜȚțĲȚțȠȪȢ 

αȜȖȠȡȓșµȠυȢ ȦȢ țȡȚĲȒȡȚȠ ȖȚα ĲȘ µİĲαȕȠȜȒ ĲȘȢ ıυµπİȡȚφȠȡȐȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ απȩ 

ĲȘ φȐıȘ ĲȘȢ İȟȐȞĲȜȘıȘȢ ĲȦȞ ȒįȘ țαȜȫȞ ȜȪıİȦȞ (exploitation) ıĲȘ φȐıȘ ĲȘȢ İȟİȡİȪȞȘıȘȢ 

(exploration) [85] țαȚ ȦȢ µȑĲȡȠ ĲȘȢ įυȞαĲȩĲȘĲαȢ ĲȠυȢ Ȟα πȡȠıαȡµȠıĲȠȪȞ ıĲȠ ȠȜȠȑȞα 

µİĲαȕαȜȜȩµİȞȠ πİȡȚȕȐȜȜȠȞ. ȅȚ Burke et al. [11], παȡȠυıȚȐȗȠυȞ ĲȠυȢ πȜȑȠȞ įȚαįİįȠµȑȞȠυȢ 

µİșȩįȠυȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ.  

ȈĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ, Ƞ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ, Dj ĲȠυ πȜȘșυıµȠȪ j, υπȠȜȠȖȓȗİĲαȚ µȑıȦ 

ĲȘȢ ıĲαĲȚıĲȚțȒȢ αȞȐȜυıȘȢ ĲȦȞ įυφȓȦȞ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ. ǼφȩıȠȞ ȖȚα țȐșİ șȑıȘ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ ȠȚ įυȞαĲȑȢ ĲȚµȑȢ İȓȞαȚ ĲȠ 0 țαȚ 1 șİȦȡİȓĲαȚ ȩĲȚ Ș țαĲαȞȠµȒ ĲȘȢ ĲȚµȒȢ ĲȠυ 

įυφȓȠυ αțȠȜȠυșİȓ ĲȘ įȚȦȞυµȚțȒ țαĲαȞȠµȒ [9]. Ǿ įȚαıπȠȡȐ ĲȘȢ įȚȦȞυµȚțȒȢ țαĲαȞȠµȒȢ ıİ µȓα 

ȠȡȚıµȑȞȘ șȑıȘ įȓįİĲαȚ ȦȢ: 

 ( )1jm jVar f N p p  = ⋅ ⋅ −   (4.28) 

ȩπȠυ fjm İȓȞαȚ Ƞ πȜȘșυıµȩȢ ĲȦȞ ȥȘφȓȦȞ ĲȠυ j πȜȘșυıµȠȪ ıĲȘ m șȑıȘ, țαȚ p İȓȞαȚ Ș 

πȚșαȞȩĲȘĲα ĲȠυ įυφȓȠυ Ȟα ȑȤİȚ ĲȚµȒ ȓıȘ µİ 1 ıĲȘ șȑıȘ αυĲȒ. ǹȞ Ș πȚșαȞȩĲȘĲα ĲȠυ įυφȓȠυ 

İȓȞαȚ ȓıȘ µİ 0.5 (µȑȖȚıĲȘ įυȞαĲȒ įȚαıπȠȡȐ) ĲȩĲİ Ș ıȤȑıȘ (4.28) ȜαµȕȐȞİȚ ĲȘ µȑȖȚıĲȘ ĲȚµȒ 

ĲȘȢ, ȓıȘ µİ Nj/4. ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ ȠȡȓȗİĲαȚ ȦȢ Ș µȑıȘ ĲȚµȒ ĲȘȢ 

įȚαıπȠȡȐȢ ĲȘȢ țαĲαȞȠµȒȢ ȖȚα ĲȘȞ İțȐıĲȠĲİ șȑıȘ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ µȒțȠυȢ L: 

 { }
1, ,

j jm
m L

D E Var f=  =  …
 (4.29) 

ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ Dj țαȚ Ƞ įİȓțĲȘȢ ıυıȤİĲȓȗȠȞĲαȚ µİĲαȟȪ ĲȠυȢ. Ǿ įȚαφȠȡȐ ĲȠυȢ ȑȖțİȚĲαȚ 

ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ Ƞ įİȓțĲȘȢ ȠµȠȚȠµȠȡφȓαȢ İȟİĲȐȗİȚ ĲȘ įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ ıĲȠ ȤȫȡȠ nD  ȩĲαȞ Ƞ 

įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ İȟİĲȐȗİȚ ĲȘ įȚαıπȠȡȐ ıĲȠ ȤȫȡȠ LǺ . ΩȢ ȤȫȡȠȢ LǺ  ȠȡȓȗİĲαȚ Ƞ ȤȫȡȠȢ 

απİȚțȩȞȚıȘȢ ĲȦȞ ȤȡȦµȠıȦµȐĲȦȞ. 

4.3.2.3 ȈυȞȐȡĲȘıȘ απαȚĲȠυµȑȞωȞ πȩȡωȞ 

Ǿ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ İπȘȡİȐȗİȚ ĲȘȞ ĲαȤȪĲȘĲα αȞαțαĲαȞȠµȒȢ ĲȦȞ įȠµȫȞ (building 

blocks) ĲȠυ ȤȡȦµȠıȫµαĲȠȢ ıĲȠȞ πȜȘșυıµȩ [84]. ȊȥȘȜȑȢ ĲȚµȑȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

įȚαıĲαȪȡȦıȘȢ ȠįȘȖȠȪȞ ıİ αȪȟȘıȘ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ πȡȠȢ ĲȘ ȕȑȜĲȚıĲȘ ĲȚµȒ µİ 

απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ țαșȫȢ Ƞ Γǹ ȑȤİȚ ĲȘ įυȞαĲȩĲȘĲα Ȟα 

İȟİĲȐıİȚ πİȡȚııȩĲİȡİȢ ȞȑİȢ ȜȪıİȚȢ ıİ µȚα ȖİȞİȐ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ ĲȠ Ȉǹ ĲİȓȞİȚ Ȟα 

İυȞȠȒıİȚ ĲȠυȢ Γǹ µİ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ İφȩıȠȞ ȠȚ πȜȘșυıµȠȓ αυĲȠȓ 
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ȑȤȠυȞ µİȖαȜȪĲİȡȘ πȚșαȞȩĲȘĲα Ȟα αȞαțαȜȪȥȠυȞ țαȜȑȢ ȜȪıİȚȢ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ 

İȟȑȜȚȟȘȢ. Ǿ αȪȟȘıȘ ȩµȦȢ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ αυȟȐȞİȚ ĲȘȞ πȚșαȞȩĲȘĲα παȖȓįİυıȘȢ ĲȠυ 

Γǹ ıİ πİȡȚȠȤȒ ĲȠπȚțȠȪ αțȡȩĲαĲȠυ. ΓȚα ĲȘȞ αȞαȓȡİıȘ αυĲȒȢ ĲȘȢ İȪȞȠȚαȢ, ĲȠ µȑȖİșȠȢ ĲȦȞ 

απαȚĲȠυµȑȞȦȞ πȩȡȦȞ απȩ ȑȞα πȜȘșυıµȩ ȠȡȓȗİĲαȚ αȞȐȜȠȖȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ įȚαıĲαȪȡȦıȘȢ: 

 ,

j

j j ori crR R P= ⋅  (4.30) 

ȩπȠυ Rj,ori İȓȞαȚ αυșαȓȡİĲȘ ĲȚµȒ ĲȠυ ȩȖțȠυ ĲȦȞ αȞαȜȚıțȩµİȞȦȞ πȩȡȦȞ ȖȚα ĲȠȞ j πȜȘșυıµȩ țαȚ 

P
j
cr İȓȞαȚ Ș πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ ĲȠυ πȜȘșυıµȠȪ. 

4.3.2.4 ȈυȞȐȡĲȘıȘ ıυȞȠȜȚțȒȢ İυȡωıĲȓαȢ πȜȘșυıµȠȪ 

Ǿ İȚıαȖȦȖȒ ĲȘȢ παȡαµȑĲȡȠυ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ, ĲȠυ πȠıȠȪ ĲȦȞ απαȚĲȠυµȑȞȦȞ πȩȡȦȞ ȖȚα țȐșİ 

πȜȘșυıµȩ țαȚ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ ıİ İπȓπİįȠ αĲȩµȠυ αȜȜȐ țαȚ πȜȘșυıµȠȪ, İπȚȕȐȜİȚ ĲȘȞ 

αȞȐȖțȘ ȠȡȚıµȠȪ İȞȩȢ țȡȚĲȘȡȓȠυ πȠυ ıυȞįυȐȗİȚ ĲȚȢ ȚįȚȩĲȘĲİȢ αυĲȑȢ. Ǿ ıυȞȐȡĲȘıȘ ıυȞȠȜȚțȒȢ 

İυȡȦıĲȓαȢ PIj ĲȠυ j πȜȘșυıµȠȪ įȓįİĲαȚ ȦȢ: 

 

w a b

j j j

j c

j

B F D
PI

R

     ⋅ ⋅     =   
 (4.31) 

ȩπȠυ, a, b, c țαȚ w İȓȞαȚ παȡȐµİĲȡȠȚ πȠυ İȜȑȖȤȠυȞ ĲȘȞ ȑȞĲαıȘ ĲȦȞ ıȤİĲȚțȫȞ įȚαφȠȡȫȞ 

µİĲαȟȪ ĲȦȞ İπȚµȑȡȠυȢ παȡαȖȩȞĲȦȞ ĲȘȢ ıυȞȐȡĲȘıȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ. ȈȤȑıİȚȢ ĲȘȢ 

µȠȡφȒȢ ĲȘȢ ıȤȑıȘȢ (4.31) ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ İυȡȑȦȢ ıİ ȠȚțȠȞȠµİĲȡȚțȐ πȡȠıȠµȠȚȫµαĲα [72], 

[73]. ȆȜİȠȞİțĲȒµαĲα ĲȦȞ ıȤȑıİȦȞ αυĲȫȞ İȓȞαȚ, Ș αȞĲȚțİȚµİȞȚțȩĲȘĲα πȠυ παȡȠυıȚȐȗȠυȞ ȦȢ 

πȡȠȢ ĲȚȢ İπȚµȑȡȠυȢ παȡαµȑĲȡȠυȢ țαȚ Ș įυȞαĲȩĲȘĲα İȜȑȖȤȠυ ĲȘȢ ıȘµαıȓαȢ țȐșİ țȡȚĲȘȡȓȠυ 

µȑıȦ ĲȦȞ παȡαµȑĲȡȦȞ İȜȑȖȤȠυ. 

Ǿ ıυȞȠȜȚțȒ İυȡȦıĲȓα țȐșİ πȜȘșυıµȠȪ įİȞ ȠȡȓȗİĲαȚ țαĲȐ απȩȜυĲȠ ĲȡȩπȠ İφȩıȠȞ ȖȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ πȜȘșυıµȠȪ (Fj) țαȚ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ αĲȩµȠυ (Bj) Ș İυȡȦıĲȓα ĲȦȞ αĲȩµȦȞ țȐșİ πȜȘșυıµȠȪ įȓįİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ 

ȜȚȖȩĲİȡȠ ȚțαȞȠȪ αĲȩµȠυ ĲȠυ µİĲαπȜȘșυıµȠȪ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.4). ȅ 

µİĲαıȤȘµαĲȚıµȩȢ πȠυ İπȚȕȐȜİȚ Ș ıȤȑıȘ (4.4) įİȞ İπȘȡİȐȗİȚ ĲȘȞ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ 

πȜȘșυıµȫȞ Ȓ ĲȘ ıȤİĲȚțȒ ĲȠυȢ șȑıȘ ıĲȠ µİĲαπȜȘșυıµȩ, İφȩıȠȞ ıĲȘ ıυȖțİțȡȚµȑȞȘ ȖİȞİȐ Ƞ 

παȡαȞȠµαıĲȒȢ παȡαµȑȞİȚ ıĲαșİȡȩȢ ȠπȩĲİ įȚαĲȘȡİȓĲαȚ Ș ıȤİĲȚțȒ ıİȚȡȐ țαȚ Ș ıȤİĲȚțȒ įȚαφȠȡȐ 

µİĲαȟȪ ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ ȜȪıİȦȞ. ȅ πİȡȚȠȡȚıµȩȢ πȠυ İȚıȐȖİȚ Ș ıȤȑıȘ (4.31) ıȤİĲȓȗİĲαȚ µİ 

ĲȘ ȤȡȒıȘ ĲȘȢ πȜȘȡȠφȠȡȓαȢ İφȩıȠȞ Ƞ ıυȞĲİȜİıĲȒȢ PIj µπȠȡİȓ Ȟα ȤȡȘıȚµȠπȠȚȘșİȓ µȩȞȠ ȦȢ 

µȑĲȡȠ ıȪȖțȡȚıȘȢ ĲȘȢ ıȤİĲȚțȒȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ ıĲȠ µİĲαπȜȘșυıµȩ.  
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4.3.3 ΚαȞȩȞİȢ İµπȜȠțȒȢ 
ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ παȡȠυıȚȐȗȠȞĲαȚ ȠȚ țαȞȩȞİȢ İµπȜȠțȒȢ ĲȦȞ πȜȘșυıµȫȞ ıĲȘȞ πİȡȓπĲȦıȘ 

ȩĲαȞ ȠȚ įȚαșȑıȚµȠȚ πȩȡȠȚ įİȞ İȓȞαȚ İπαȡțİȓȢ țαșȫȢ țαȚ ȠȚ țαȞȩȞİȢ µİĲαȕȠȜȒȢ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ αĲȩµȦȞ ĲȠυ İțȐıĲȠĲİ İµπȜİțȩµİȞȠυ πȜȘșυıµȠȪ. 

4.3.3.1 ǼπȚȜȠȖȒ ȗİυȖȫȞ πȜȘșυıµȫȞ 

Ǿ πȚșαȞȩĲȘĲα İµπȜȠțȒȢ µİĲαȟȪ įȪȠ πȜȘșυıµȫȞ i țαȚ j ȩĲαȞ Ravail<Rreq įȓįİĲαȚ ȦȢ: 
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ȉȠ ȑȜȜİȚµµα ∆N(t) țαȚ Ƞ ĲİȜİıĲȒȢ [ ]T  įȓįȠȞĲαȚ ȦȢ [58], [25]: 
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( ) [ ]
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 (4.33) 

ȩπȠυ d İȓȞαȚ Ș παȡȐµİĲȡȠȢ İȜȑȖȤȠυ ĲȘȢ µİĲȐȕαıȘȢ απȩ țαĲȐıĲαıȘ ȘȡİµȓαȢ ıİ țαĲȐıĲαıȘ 

ıȪȖțȡȠυıȘȢ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ țαȚ ∆N(t) İȓȞαȚ ĲȠ µȑıȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ πȠυ įİȞ 

µπȠȡȠȪȞ Ȟα įȚαĲȘȡȘșȠȪȞ ıĲȠ µİĲαπȜȘșυıµȩ. ȅ ĲİȜİıĲȒȢ [ ]T  απȠįȓįİȚ ıĲȘ ıȤȑıȘ (4.32) 

ĲȘȞ απαȚĲȠȪµİȞȘ αıȐφİȚα ıȤİĲȚțȐ µİ ĲȠ πȦȢ ȠȚ πȜȘșυıµȠȓ αȞĲȚȜαµȕȐȞȠȞĲαȚ ĲȠ ȑȜȜİȚµµα 

ıĲȠυȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ. Ǿ παȡȐµİĲȡȠȢ d ȠȡȓȗİȚ țαȚ ĲȠ µȑȖİșȠȢ ĲȘȢ αıȐφİȚαȢ ȦȢ πȡȠȢ ĲȠ 

ıȤİĲȚțȩ ȑȜȜİȚµµα πȩȡȦȞ πȠυ απȠĲİȜİȓ ȕαıȚțȩ παȡȐȖȠȞĲα ıĲȘȞ İȟȑȜȚȟȘ φυıȚțȫȞ țαȚ µȘ 

φυıȚțȫȞ įυȞαµȚțȫȞ ıυıĲȘµȐĲȦȞ [29]. Ǿ ıȤȑıȘ (4.32) İȟαıφαȜȓȗİȚ ĲȘ µȘ ȪπαȡȟȘ 

ıυȖțȡȠȪıİȦȞ ȩĲαȞ ȠȚ įȚαșȑıȚµȠȚ πȩȡȠȚ İπαȡțȠȪȞ Ȓ ȩĲαȞ ȑȤȠυµİ πȜİȩȞαıµα πȩȡȦȞ (∆ȃ<0). 

Ǿ πȚșαȞȩĲȘĲα ıȪȖțȡȠυıȘȢ ıĲȠ µİĲαπȜȘșυıµȩ αυȟȐȞİȚ αȞαȜȠȖȚțȐ µİ ĲȠ ȑȜȜİȚµµα ĲȦȞ πȩȡȦȞ. 

ȉȑȜȠȢ, Ș πȚșαȞȩĲȘĲα ıȪȖțȡȠυıȘȢ µİĲαȟȪ įȪȠ πȜȘșυıµȫȞ αυȟȐȞİȚ ȖȡαµµȚțȐ µİ ĲȘ ıȤİĲȚțȒ 

įȚαφȠȡȐ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȦȞ πȜȘșυıµȫȞ αυĲȫȞ. ȀȐșİ πȜȘșυıµȩȢ İπȚĲȡȑπİĲαȚ Ȟα 

İµπȜαțİȓ µȩȞȠȞ ıİ µȓα ıȪȖțȡȠυıȘ αȞȐ ȖİȞİȐ. Ǿ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȠυ πȜȘșυıµȠȪ j απȩ 

ĲȠȞ πȜȘșυıµȩ i ȖȚα İµπȜȠțȒ įȓįİĲαȚ ȦȢ: 

 ( ) ( )
( )

1

Pr 1

CP

pp

CP

S

j

R j pp pN
S

k

k

rank pop
pop N N

rank pop
=

   ′= = −
  ∑  (4.34) 

ȩπȠυ SCP İȓȞαȚ İțșȑĲȘȢ πȠυ țαșȠȡȓȗİȚ ĲȘȞ πȓİıȘ İπȚȜȠȖȒȢ ıİ İπȓπİįȠ πȜȘșυıµȫȞ, Nt
p İȓȞαȚ ĲȠ 
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πȜȒșȠȢ ĲȦȞ πȜȘșυıµȫȞ πȠυ İȟİȜȓııȠȞĲαȚ ıĲȠ µİĲαπȜȘșυıµȩ țαȚ rank()İȓȞαȚ Ș ıȤİĲȚțȒ șȑıȘ 

ĲȠυ πȜȘșυıµȠȪ ıĲȠ µİĲαπȜȘșυıµȩ υπȩ ĲȘȞ πȡȠȨπȩșİıȘ ĲȘȢ İȟαȓȡİıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ πȜȘșυıµȠȪ. ȁİπĲȠµȑȡİȚİȢ ȦȢ πȡȠȢ ĲȘ įȚαįȚțαıȓα İµπȜȠțȒȢ ĲȦȞ πȜȘșυıµȫȞ țαȚ 

ĲȠȞ ȠȡȚıµȩ ĲȦȞ ȗİυȖαȡȚȫȞ ȖȚα Ĳα ȠπȠȓα șα İπαțȠȜȠυșȒıİȚ ıȪȖțȡȠυıȘ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ 

ȥİυįȠțȫįȚțα ĲȘȢ παȡαȖȡȐφȠυ 4.12. 

4.3.3.2 ΜİĲαȕȠȜȑȢ πȜȘșυıµȠȪ µİĲȐ απȩ İµπȜȠțȒ 

ΓȚα ĲȘ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ıİ țȐșİ πȜȘșυıµȩ ȜȩȖȦ ĲȘȢ İµπȜȠțȒȢ ĲȠυ ıĲȘȞ 

πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ ȠȚ įİȓțĲİȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȦȞ 

İµπȜİțȠµȑȞȦȞ πȜȘșυıµȫȞ țαȚ Ș παȡȐµİĲȡȠȢ ĲȘȢ ĲȪȤȘȢ [29], πȠυ įȓįİȚ ıĲȠ Ȉǹ ĲȘȞ 

απαȚĲȠȪµİȞȘ αıȐφİȚα ȦȢ πȡȠȢ ĲȠ απȠĲȑȜİıµα ĲȘȢ ıȪȖțȡȠυıȘȢ. ȉȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ȖȚα 

ĲȠυȢ πȜȘșυıµȠȪȢ i țαȚ j, ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ įȓįİĲαȚ ȦȢ: 

 1 1 1
1t t t ti J i J

i i ij j j

i ij i

PI PI PI PI
N N T e N N T

PI e PI

+ +     − −= + ⋅ = + ⋅ −           (4.35) 

ȩπȠυ Ƞ ĲİȜİıĲȒȢ T  ȠȡȓȗİĲαȚ ȦȢ: 

( )
max ,2 0.5 max ,2 0.5 0.5

2
0 0.5 0.5 max ,4 0.5

p p

p

N N
g f x g f x

N N
T x

N
x f g x f

N

    ∆ ∆   ⋅ + < − ⋅ − ≤ <           =   ⋅∆  ≤ < + − ⋅ < −    
 (4.36) 

ȩπȠυ, g İȓȞαȚ παȡȐµİĲȡȠȢ İȜȑȖȤȠυ ĲȘȢ ĲαȤȪĲȘĲαȢ µİĲαȕȠȜȒȢ ĲȠυ µȑȖİșȠȢ ĲȦȞ πȜȘșυıµȫȞ. 

ȉȚµȑȢ ĲȠυ g ıĲȘȞ πİȡȚȠȤȒ ĲȠυ [0.8,1.2] įȓįȠυȞ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα [58]. ȅ 

ıυȞĲİȜİıĲȒȢ, eij ȠȡȓȗİĲαȚ ȦȢ: 

 
( )0.5

1
0.5

ij

e rand
e

⋅ −= +  (4.37) 

ȩπȠυ, e țαȚ f İȓȞαȚ ȠȚ παȡȐȖȠȞĲİȢ πȠυ İȜȑȖȤȠυȞ ĲȘȞ αıȐφİȚα ȦȢ πȡȠȢ ĲȠ απȠĲȑȜİıµα ĲȘȢ 

ıȪȖțȡȠυıȘȢ. ȅ παȡȐȖȦȞ f ȠȡȓȗİȚ ĲȠ ȩȡȚȠ µİĲαȕȠȜȒȢ ĲȘȢ αȜȜȘȜİπȓįȡαıȘȢ ĲȦȞ πȜȘșυıµȫȞ 

απȩ ıȤȑıȘ αȞĲαȖȦȞȚıµȠȪ A B
−→  B→A ıİ ıȤȑıȘ ΘȘȡİυĲȒ-ΘȘȡȐµαĲȠȢ A B

−→  B A
+→ . ȅ 

ıυȞĲİȜİıĲȒȢ e țαșȠȡȓȗİȚ ĲȠ İȪȡȠȢ įȚαțȪµαȞıȘȢ ĲȠυ ıυȞĲİȜİıĲȒ eij. ȅ ıυȞĲİȜİıĲȒȢ eij 

πȡȠıįȓįİȚ ıĲȠ ıȤȒµα ĲȘȞ ĲυȤαȚȩĲȘĲα ȦȢ πȡȠȢ ĲȘȞ ȑțȕαıȘ ĲȘȢ ıȪȖțȡȠυıȘȢ.  

ΌĲαȞ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.35) ȚıȤȪİȚ ȩĲȚ: 
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 1 10 0t t

i jN N+ +≤ ∨ ≤  (4.38) 

ȉȩĲİ Ƞ πȜȘșυıµȩȢ i Ȓ Ƞ πȜȘșυıµȩȢ j İȟαφαȞȓȗİĲαȚ απȩ ĲȠ µİĲαπȜȘșυıµȩ. 

4.4 ȈυȞȐȡĲȘıȘ απȩįȠıȘȢ ĲȠυ αȜȖȠȡȓșµȠυ 

Ȃİ ıĲȩȤȠ ĲȘ įȚİȡİȪȞȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ țαȚ ĲȘȢ ȚțαȞȩĲȘĲαȢ ĲȠυ 

Ȟα İπȚĲαȤȪȞİȚ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ Ƞ įİȓțĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ 

(Overall Efficiency OE). ȅ įİȓțĲȘȢ αυĲȩȢ įȓįİĲαȚ ȦȢ Ƞ ȜȩȖȠȢ ĲȘȢ İυȡȦıĲȓαȢ (Robustness R) 

πȡȠȢ ĲȠ ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ (Computational Efficiency CE) ȦȢ: 

 
R

OE
CE

=  (4.39) 

ȅ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ (CE) ȠȡȓȗİĲαȚ ȦȢ ĲȠ πȜȒșȠȢ ĲȦȞ ıȤİįȚȐıİȦȞ πȠυ İȟİĲȐȗȠȞĲαȚ απȩ 

ĲȠȞ αȜȖȩȡȚșµȠ (Nsol,CP) πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ ıȤİįȚȐıİȦȞ πȠυ İȟİĲȐȗȠȞĲαȚ απȩ ĲȠυȢ 

αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ (παȡȐȜȜȘȜȠ Γǹ) (Nsol,PGA): 

 
,

,

sol CP

sol PGA

N
CE

N
=  (4.40) 

Ǿ İυȡȦıĲȓα ĲȘȢ µİșȩįȠυ İȟİĲȐȗİȚ ĲȘȞ ȚțαȞȩĲȘĲα ĲȠυ Ȟα παȡȐȖİȚ țαȜȑȢ ȜȪıİȚȢ ıİ ıȤȑıȘ µİ ĲȚȢ 

ȜȪıİȚȢ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. ǼφȩıȠȞ ĲȠ Ȉǹ İπȘȡİȐȗİȚ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ įİȞ 

İȓȞαȚ įυȞαĲȒ Ș ıȪȖțȡȚıȘ ĲȦȞ ıĲαĲȚıĲȚțȫȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ ıİ İπȓπİįȠ πȜȘșυıµȠȪ (µȑıȘ 

İυȡȦıĲȓα ȜȪıȘȢ țȜπ.) ȠπȩĲİ Ș ıȪȖțȡȚıȘ πȡαȖµαĲȠπȠȚİȓĲαȚ ıİ İπȓπİįȠ µİĲαπȜȘșυıµȠȪ. ȅ 

įİȓțĲȘȢ İυȡȦıĲȓαȢ R υπȠȜȠȖȓȗİĲαȚ ȦȢ ıυȞȐȡĲȘıȘ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ 

ıȤİįȚαıµȠȪ µȑıα ıĲȠ µİĲαπȜȘșυıµȩ. ȅ țαȜȪĲİȡȠȢ ıȤİįȚαıµȩȢ ĲȠυ µİĲαπȜȘșυıµȠȪ ȖȚα ĲȘȞ r 

ĲȚµȒ ıπȠȡȐȢ ȠȡȓȗİĲαȚ ȦȢ: 

 ( ) ,
1,..., 1,...,
min min 1, ,

p j final

r ij r R
j N i N t

f f r N= =
  = =    …  (4.41) 

ȩπȠυ fr İȓȞαȚ Ș ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ 

ıİ ȩȜȠυȢ ĲȠυȢ πȜȘșυıµȠȪȢ (ȃp) ĲȠυ µİĲαπȜȘșυıµȠȪ ȖȚα ĲȘȞ r ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ, fij,r İȓȞαȚ Ș ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ i αĲȩµȠυ ĲȠυ j 

πȜȘșυıµȠȪ ȖȚα ĲȘȞ r ĲȚµȒ ıπȠȡȐȢ țαȚ NR İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ ĲȚµȫȞ ıπȠȡȐȢ πȠυ İȟİĲȐȗȠȞĲαȚ. 

Ǿ ıȪȖțȡȚıȘ µİ ıĲαșİȡȒ πȠıȩĲȘĲα ĲȘȞ ĲȚµȒ ıπȠȡȐȢ απȠıțȠπİȓ ıĲȘȞ αȞȐȜυıȘ ĲȦȞ ıυȞİπİȚȫȞ 

ĲȠυ Ȉǹ ıĲȠ Γǹ ȖȚα ıυȖțİțȡȚµȑȞȘ αțȠȜȠυșȓα ıυµȕȐȞĲȦȞ (İπȚȜȠȖȒ αĲȩµȦȞ ȖȚα įȚαıĲαȪȡȦıȘ, 

ȖȚα ĲȠ αȞ șα ıυµȕİȓ Ș įȚαıĲαȪȡȦıȘ πȠυ șα υπȐȡȟİȚ İȞαȜȜαȖȒ ĲȠυ ȖİȞȞȘĲȚțȠȪ υȜȚțȠȪ, Ș 
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İπȚȜȠȖȒ ĲȠυ įυφȓȠυ ȖȚα ĲȠ ȠπȠȓȠ ȑȤȠυµİ αȞαıĲȡȠφȒ ĲȚµȒȢ (µİĲȐȜȜαȟȘ)) πȠυ µπȠȡİȓ Ȟα 

įȚαıφαȜȚıĲİȓ µȩȞȠȞ µİ ĲȘ ȤȡȒıȘ ĲȘȢ ȓįȚαȢ αțȠȜȠυșȓαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. ȀȐșİ 

İȟİȜȚııȩµİȞȠȢ Γǹ ȑȤİȚ ĲȘ įȚțȒ ĲȠυ αțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ (įȚαıφαȜȓȗİĲαȚ ȑĲıȚ Ș 

απȠµȩȞȦıȘ ĲȠυ απȩ ĲȠυȢ υπȩȜȠȚπȠυȢ πȜȘșυıµȠȪȢ ıİ İπȓπİįȠ țȠȚȞȩĲȘĲαȢ). ǹȞĲȓıĲȠȚȤα ȖȚα ĲȠ 

Ȉǹ ȠȡȓȗİĲαȚ įȚαφȠȡİĲȚțȒ αțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ αȞİȟȐȡĲȘĲȘ ĲȦȞ αțȠȜȠυșȚȫȞ 

ĲȦȞ πȜȘșυıµȫȞ ȖȚα ĲȠȞ ȠȡȚıµȩ ĲȦȞ ȗİυȖαȡȚȫȞ ȖȚα İµπȜȠțȒ țαȚ ĲȠ απȠĲȑȜİıµα ĲȘȢ İµπȜȠțȒȢ. 

Ǿ İυȡȦıĲȓα R ĲȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ įȓįİĲαȚ ȦȢ: 
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ȩπȠυ f  İȓȞαȚ Ș παȡȐµİĲȡȠȢ αȞȠȤȒȢ ĲȠυ ıȤȒµαĲȠȢ. ȈĲȘ µȑșȠįȠ Ș παȡȐµİĲȡȠȢ αȞȠȤȒȢ İȓȞαȚ 

ȓıȘ µİ 1%. ȅ įİȓțĲȘȢ αυĲȩȢ İȟİĲȐȗİȚ ĲȘ ıȤİĲȚțȒ įȚαφȠȡȐ (ȦȢ πȡȠȢ πȠıȠıĲȩ ĲȠυ țȩıĲȠυȢ ĲȠυ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ) ȖȚα µȓα ıυȖțİțȡȚµȑȞȘ ĲȚµȒ ıπȠȡȐȢ. 

Ǿ µİșȠįȠȜȠȖȓα πȠυ αțȠȜȠυșİȓĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ įİȓțĲȘ İυȡȦıĲȓαȢ R παȡȠυıȚȐȗİĲαȚ 

αȞαȜυĲȚțȐ ıĲȘȞ παȡȐȖȡαφȠ 4.13. 

Ǿ İυȡȦıĲȓα țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ İȓȞαȚ șİĲȚțȑȢ πȠıȩĲȘĲİȢ ıĲȠ πİįȓȠ ĲȚµȫȞ [0,∞). ȅȚ 

παȡȐµİĲȡȠȚ αυĲȑȢ İȓȞαȚ ıυȞαȡĲȒıİȚȢ ȩȤȚ µȩȞȠȞ ȞĲİĲİȡµȚȞȚıĲȚțȫȞ µİĲαȕȜȘĲȫȞ (απȩțȡȚıȘ ĲȠυ 

υπȩ İȟȑĲαıȘ ıυıĲȒµαĲȠȢ țȜπ.) αȜȜȐ țαȚ πȜȘșȫȡαȢ ȖİȖȠȞȩĲȦȞ πȠυ υπȩțİȚȞĲαȚ ıİ ĲυȤαȚȩĲȘĲα. 

Ǿ İȟȑȜȚȟȘ ĲȦȞ πȜȘșυıµȫȞ πȠυ ıȤȘµαĲȓȗȠυȞ ĲȠ µİĲαπȜȘșυıµȩ υπȩțİȚĲαȚ țαȚ αυĲȒ ıİ 

ĲυȤαȚȩĲȘĲα ȩπȦȢ țαȚ Ș įȚαįȚțαıȓα µİĲαȕȠȜȒȢ ĲȠυ µİȖȑșȠυȢ ĲȦȞ πȜȘșυıµȫȞ αυĲȫȞ ȠπȩĲİ țαȚ 

Ș İυȡȦıĲȓα R țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ CE υπȐȖȠȞĲαȚ ıİ ĲυȤαȚȩĲȘĲα. ǹȞĲȓıĲȠȚȤα țαȚ Ș 

ıυȞȠȜȚțȒ απȩįȠıȘ (OE) ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ υπȐȖİĲαȚ ıİ ĲυȤαȚȩĲȘĲα İφȩıȠȞ įȓįİĲαȚ 

ȦȢ ıυȞȐȡĲȘıȘ ĲυȤαȓȦȞ µİĲαȕȜȘĲȫȞ (Ĳ.µ). ǼφȩıȠȞ ȠȚ µİĲαȕȜȘĲȑȢ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ 

İȓȞαȚ Ĳ.µ µİ ĲȚµȑȢ ıĲȠ ȤȫȡȠ [0,∞) țαȚ απȠĲȑȜİıµα ĲȠυ ıυȞįυαıµȠȪ πȠȜȜȫȞ παȡαȖȩȞĲȦȞ 

ȕȐıİȚ ĲȠυ ȖİȞȚțİυµȑȞȠυ țİȞĲȡȚțȠȪ ȠȡȚαțȠȪ șİȦȡȒµαĲȠȢ ȠȚ Ĳ.µ αțȠȜȠυșȠȪȞ αıυµπĲȦĲȚțȐ ĲȘ 

ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ [9], [2]. Ȋπȩ ĲȘȞ πȡȠȨπȩșİıȘ αυĲȒ, Ș ıυȞȠȜȚțȒ απȩįȠıȘ (ȅǼ) İȓȞαȚ 

Ĳ.µ πȠυ µπȠȡİȓ Ȟα πȡȠıȠµȠȚȦșİȓ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ țαĲαȞȠµȒȢ. ΩȢ țȡȚĲȒȡȚȠ 

İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ ȠȡȓȗİĲαȚ Ș πȚșαȞȩĲȘĲα ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ (Pr[OE]) Ȟα İȓȞαȚ 

µȚțȡȩĲİȡȘ ĲȘȢ µȠȞȐįαȢ: 
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ȩπȠυ Ε[] țαȚ ı[] İȓȞαȚ Ș µȑıȘ ĲȚµȒ țαȚ ĲυπȚțȒ απȩțȜȚıȘ ĲȠυ įİȓȖµαĲȠȢ πȠυ παȡȐȖİĲαȚ απȩ ĲȘȞ 

αȞȐȜυıȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȪ αĲȩµȠυ ȖȚα țȐșİ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ıȤȑıȘȢ 

(4.42) πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. Ǿ ıȤȑıȘ (4.43) ȠȡȓȗİȚ țαĲȐ µȠȞȠıȒµαȞĲȠ ĲȡȩπȠ ĲȘȞ 

απȩįȠıȘ İȞȩȢ ıȤȒµαĲȠȢ țαșȫȢ ȩıȠ µȚțȡȩĲİȡȘ İȓȞαȚ Ș πȚșαȞȩĲȘĲα αυĲȒ, ĲȩıȠ πȚȠ İȪȡȦıĲȠȢ 

µπȠȡİȓ Ȟα șİȦȡȘșİȓ Ș µȑșȠįȠȢ ȖȚα ĲȠ ıυȖțİțȡȚµȑȞȠ ıȪȞȠȜȠ ĲȚµȫȞ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ. 

4.5 ȈυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ 

Ǿ µȑșȠįȠȢ İȜȑȖȤİĲαȚ ȖȚα 2 πȠȜυµȠȡφȚțȑȢ ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ. ȉȠ πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȖȚα ĲȚȢ ıυȞαȡĲȒıİȚȢ αυĲȑȢ įȚαµȠȡφȫȞİĲαȚ ȦȢ: 
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ȩπȠυ C İȓȞαȚ αυșαȓȡİĲȘ ıĲαșİȡȐ. ΓȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.44) (πȡȩȕȜȘµα αȡµȠȞȚțȫȞ 

[23]) ĲȠ µȒțȠȢ ĲȠυ ȞȒµαĲȠȢ ȖȚα țȐșİ µ.ı İȓȞαȚ ȓıȠ µİ 20. ȉȠ ıυȞȠȜȚțȩ µȒțȠȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ İȓȞαȚ ȓıȠ µİ 40. ȉȠ πȜȒșȠȢ ĲȦȞ ȜȪıİȦȞ ĲȠυ αȞĲȓıĲȠȚȤȠυ ȤȫȡȠυ İȓȞαȚ ȓıȠ µİ 

1,0995x10
12

 ıυȞįυαıµȠȪȢ. Ǿ ȕȑȜĲȚıĲȘ ĲȚµȒ İȓȞαȚ ȓıȘ µİ 13.2699 ȖȚα C=200. ȉȠ πȡȩȕȜȘµα 

αυĲȩ παȡȠυıȚȐȗİȚ 6 ȠȜȚțȐ αțȡȩĲαĲα ıĲα ıȘµİȓα (x1=5.4829, y1=-1.4252), (x2=4.8581, y2=-

7.0835), (x3=-1.4252, y3=-0.8003), (x4=-1.4252, y4=5.4829), (x5=-7.0835, y5=4.8581) țαȚ 

(x6=-0.8003, y6=-1.4252). ΓȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.45) ĲȠ µȒțȠȢ ĲȠυ ȞȒµαĲȠȢ ȖȚα țȐșİ 

µ.ı İȓȞαȚ ȓıȠ µİ 8. ȉȠ ıυȞȠȜȚțȩ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ İȓȞαȚ ȓıȠ µİ 32 πȠυ αȞĲȚıĲȠȚȤİȓ ıİ 

4,295x10
9
 ıυȞįυαıµȠȪȢ. ΓȚα ĲȠ πȡȩȕȜȘµα αυĲȩ ȑȤȠυµİ 6 ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ µİ 30 ıυȞȠȜȚțȐ 

ȜȪıİȚȢ ıİ απȩıĲαıȘ απȩ ĲȘ ȕȑȜĲȚıĲȘ ĲȚµȒ µȚțȡȩĲİȡȘ ĲȠυ 1%. ȈĲα ∆ȚȐȖ. 4.1 țαȚ ∆ȚȐȖ. 4.2 

παȡȠυıȚȐȗİĲαȚ Ș ȖȡαφȚțȒ παȡȐıĲαıȘ ĲȦȞ ıȤȑıİȦȞ (4.44) țαȚ (4.45) αȞĲȓıĲȠȚȤα. 

ȅ µİĲαπȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ 18 πȜȘșυıµȠȪȢ µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 Ȓ 60 

ȐĲȠµα. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Ȉǹ İȓȞαȚ; {a, b, c, w, d, e, f,g,SCP } = {1.0, 2/3, 0.0, 0.0, 

0.2, 0.2, 0.2, 0.8, 2.0}. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȦȞ πȜȘșυıµȫȞ 

ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ µȩȞȠȞ Ƞ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ țαȚ Ș İυȡȦıĲȓα ĲȠυ. ȅȚ 
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πȜȘșυıµȠȓ αυĲȠȓ įȘµȚȠυȡȖȒșȘțαȞ απȩ ĲȠ ıυȞįυαıµȩ 3 πȚșαȞȠĲȒĲȦȞ įȚαıĲαȪȡȦıȘȢ (0.6, 

0.75 țαȚ 0.90 αȞĲȓıĲȠȚȤα) 3 įȚαφȠȡİĲȚțȫȞ ĲȪπȦȞ įȚαıĲαȪȡȦıȘȢ (SPC, DPC, SPVC) țαȚ 2 

įȚαφȠȡİĲȚțȫȞ ıİĲ παȡαµȑĲȡȦȞ ȖȚα ĲȘ ıȤȑıȘ (4.7) πȠυ țαșȠȡȓȗİȚ ĲȠ πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ. ȅȚ ĲȚµȑȢ ȖȚα Ĳα įȪȠ αυĲȐ ıİĲ įȓįȠȞĲαȚ ȦȢ {Pinit, Pfinal, thalf, trest} = 

{0.1, 0.001, 10, 10} țαȚ {0.05, 0.0005, 10, 10} αȞĲȓıĲȠȚȤα. ȅȚ ĲȚµȑȢ αυĲȑȢ ȠįȘȖȠȪȞ ıİ ȑȞα 

ıȤȒµα µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ αȞȐȜȠȖȠ µİ ĲȠ ıȤȒµα µİĲαȕȠȜȒȢ πȠυ 

παȡȠυıȚȐȗİĲαȚ απȩ ĲȠυȢ Eiben et al., [31], µİ ĲȚµȒ Ȗ ȓıȘ µİ 0.2 țαȚ ȜȩȖȠ α/ȕ/Ȝ2
 ȓıȠ µİ 0.4 țαȚ 

0.1 αȞĲȓıĲȠȚȤα. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ Pinit, țαȚ Pfinal πİȡȚțȜİȓȠυȞ ĲȘ «ȕȑȜĲȚıĲȘ» ıĲαĲȚțȒ 

πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ, ȓıȘ µİ 1/L ȩπȠυ L İȓȞαȚ ĲȠ µȒțȠȢ ĲȠυ ȤȡȦµȠıȫµαĲȠȢ, ıȪµφȦȞα µİ 

ĲȠυȢ Mühlenbein, [67] țαȚ Smith țαȚ Fogarty, [79]. ΓȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.44) Ș 

«ȕȑȜĲȚıĲȘ» ĲȚµȒ ĲȘȢ ıĲαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ İȓȞαȚ ȓıȘ µİ 0.025 țαȚ ȖȚα ĲȠ 

πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.45) İȓȞαȚ ȓıȘ µİ 0.03125 αȞĲȓıĲȠȚȤα. 

 

∆ȚȐȖ. 4.1: ΓȡαφȚțȒ ȆαȡȐıĲαıȘ ĲȘȢ ıȤȑıȘȢ (4.44) (1
Ș
 ıυȞȐȡĲȘıȘ αȞαφȠȡȐȢ). 

Ȉİ țȐșİ πİȡȓπĲȦıȘ ĲȠ ȗİȪȖȠȢ ĲȦȞ țαȜȪĲİȡȦȞ ȜȪıİȦȞ µİĲαφȑȡİĲαȚ αυĲȠȪıȚȠ ıĲȘȞ İπȩµİȞȘ 

ȖİȞİȐ (İȜȚĲȚıµȩȢ). ΓȚα ĲȘȞ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ (ıȤȑıȘ (4.6)) Ș ĲȚµȒ ĲȘȢ παȡαµȑĲȡȠυ Sj İȓȞαȚ 

ȓıȘ µİ 2.5. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ ĲȘȢ ıȤȑıȘȢ (4.14) įȓįȠȞĲαȚ ȦȢ 

{CI,U
min

, CI,U
med

, CI,r, CI,VAR} = {0.80, 0.85, 0.9925, 0.05}. Ǿ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ ȟİπİȡȐıİȚ ĲȚȢ 150. 

ȅȚ įȚαșȑıȚµȠȚ πȩȡȠȚ µİĲαȕȐȜȜȠȞĲαȚ ıȪµφȦȞα µİ 4 įȚαφȠȡİĲȚțȐ ȆȂ∆Ȇ πȠυ παȡȠυıȚȐȗȠȞĲαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.27 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ıĲȠ ∆ȚȐȖ. 4.3. ΓȚα țαșȑȞα απȩ Ĳα πȡȠȕȜȒµαĲα πȡαȖµαĲȠπȠȚȠȪȞĲαȚ 60 İπαȞαȜȒȥİȚȢ µİ 

įȚαφȠȡİĲȚțȒ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ΓİȞȞȒĲȡȚαȢ ȌİυįȠĲυȤαȓȦȞ ǹȡȚșµȫȞ µİ ıĲȩȤȠ ĲȘȞ απȩțĲȘıȘ 

ȚțαȞȠȪ ıĲαĲȚıĲȚțȠȪ įİȓȖµαĲȠȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ 

ıİ ıȤȑıȘ µİ ĲȠ παȡȐȜȜȘȜȠ Γǹ. 

 

∆ȚȐȖ. 4.2: ΓȡαφȚțȒ ȆαȡȐıĲαıȘ ĲȘȢ ıȤȑıȘȢ (4.45) (2
Ș
 ıυȞȐȡĲȘıȘ αȞαφȠȡȐȢ). 

Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ ıυȖțȜȓȞİȚ ıĲȠ ȠȜȚțȩ İȜȐȤȚıĲȠ ȖȚα țȐșİ πȡȩȕȜȘµα țαȚ αȡȤȚțȩ 

πȜȘșυıµȩ ȩĲαȞ Ƞ παȡȐȜȜȘȜȠȢ Γǹ įİȞ İπȚĲυȖȤȐȞİȚ Ȟα İȞĲȠπȓıİȚ ĲȠ ȠȜȚțȩ İȜȐȤȚıĲȠ ĲȘȢ ıȤȑıȘȢ 

(4.44) µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 ȐĲȠµα. ȅ ıυȞȠȜȚțȩȢ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘȞ 

ȠȜȠțȜȒȡȦıȘ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ ȑȞα µȚțȡȩ µȑȡȠȢ ĲȠυ ȤȡȩȞȠυ πȠυ 

απαȚĲİȓĲαȚ ȖȚα ĲȘȞ απαȡȓșµȘıȘ ȩȜȦȞ ĲȦȞ įυȞαĲȫȞ ȜȪıİȦȞ. ΓȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ 

(4.44) İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 0.005‰ (ȖȚα ȩȜİȢ ĲȚȢ ĲȚµȑȢ ıπȠȡȐȢ țαȚ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 60 

ȐĲȠµα) țαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 1.4‰ ȖȚα πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.45). 

ȈĲȠ ∆ȚȐȖ. 4.4 țαȚ ∆ȚȐȖ. 4.5, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ µİȖȑșȠυȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȘȢ 

ĲȚµȒȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ ĲȘȢ ıȤȑıȘȢ (4.44) ȩĲαȞ İφαȡµȩȗİĲαȚ ĲȠ ȆȂ∆Ȇ 1. 

ȀαĲȐ ĲȘ ȕİȜĲȚıĲȠπȠȓȘıȘ 4 πȜȘșυıµȠȓ İȟαφαȞȓȗȠȞĲαȚ ȜȩȖȦ ȚıȤυȡȠȪ αȞĲαȖȦȞȚıµȠȪ. ΈȞαȢ 

πȜȘșυıµȩȢ İȟαȞαȖțȐȗİĲαȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ ȜȩȖȦ ĲȘȢ µİȓȦıȘȢ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ 

ĲȠυ. ȉȠ ȠȜȚțȩ ȕȑȜĲȚıĲȠ ȕȡȓıțİĲαȚ απȩ ĲȠȞ πȜȘșυıµȩ 16 (Pcr=0.9, SPC țαȚ ĲȠ 1
Ƞ
 πȡȠφȓȜ 

µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ) ıĲȘ ȖİȞİȐ 58. 

ȈĲȠ ∆ȚȐȖ. 4.6 țαȚ ∆ȚȐȖ. 4.7, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ µİȖȑșȠυȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.28 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȚµȒȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ ĲȘȢ ıȤȑıȘȢ (4.45) ȩĲαȞ İφαȡµȩȗİĲαȚ ĲȠ ȆȂ∆Ȇ 1. 

ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (4.44) 4 πȜȘșυıµȠȓ İȟαφαȞȓȗȠȞĲαȚ ȜȩȖȦ ĲȠυ ȚıȤυȡȠȪ 

αȞĲαȖȦȞȚıµȠȪ πȠυ αȞαπĲȪııİĲαȚ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ. ȉȠ ȠȜȚțȩ ȕȑȜĲȚıĲȠ ȕȡȓıțİĲαȚ 

αȡȤȚțȐ απȩ ĲȠȞ πȜȘșυıµȩ 18 (Pcr=0.9, SPVC țαȚ 2
Ƞ
 πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

µİĲȐȜȜαȟȘȢ) ıĲȘ ȖİȞİȐ 98.  
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∆ȚȐȖ. 4.3: ȆȡȠφȓȜ µİĲαȕȠȜȒȢ įȚαșİıȓµȦȞ πȩȡȦȞ 1 ȦȢ 4. 
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∆ȚȐȖ. 4.4: ȂȑȖİșȠȢ ĲȦȞ πȜȘșυıµȫȞ ȖȚα ĲȘ ıȤȑıȘ (4.44). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.29 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of Objective
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∆ȚȐȖ. 4.5: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ĲȘȢ ıȤȑıȘȢ (4.44). 
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∆ȚȐȖ. 4.6: ȂȑȖİșȠȢ πȜȘșυıµȫȞ ȖȚα ĲȘ ıȤȑıȘ (4.45). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.30 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 4.7: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα ĲȘ ıȤȑıȘ(4.45). 

ȉȠ µȑȖİșȠȢ ĲȠυ πȜȘșυıµȠȪ 18 µİȚȫȞİĲαȚ ȖȠȡȖȐ µİ ĲȘȞ İȪȡİıȘ ĲȠυ πȡαȖµαĲȚțȠȪ ȕȑȜĲȚıĲȠυ 

ȜȩȖȦ αȞĲαȖȦȞȚıµȠȪ µİ ĲȠ πȜȘșυıµȩ 2 (Pcr=0.60, DPC țαȚ 2
Ƞ
 πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ) ȜȩȖȦ ĲȘȢ ıυȖțȑȞĲȡȦıȘȢ ĲȠυ πȜȘșυıµȠȪ 18 πȑȡȚȟ ĲȘȢ ȕȑȜĲȚıĲȘȢ 

ȜȪıȘȢ µİ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ. Ǿ ĲαȤİȓα ıυȖțȑȞĲȡȦıȘ πȑȡȚȟ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ ȠφİȓȜİĲαȚ ıĲȘȞ υȥȘȜȒ πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ (Pcr=0.90) țαȚ ĲȠ ĲȪπȠ ĲȘȢ 

įȚαıĲαȪȡȦıȘȢ (SPVC) [34]. Ǿ µİȓȦıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ µİĲαĲȡȑπİȚ ĲȠȞ  

πȜȘșυıµȩ 18 απȩ «șȘȡİυĲȒ» ȐȜȜȦȞ πȜȘșυıµȫȞ ıİ «șȒȡαµα» ĲȠυ πȜȘșυıµȠȪ 2. ȅ 

πȜȘșυıµȩȢ 2 ıυȖțȜȓȞİȚ țαȚ αυĲȩȢ ıĲȠ ȠȜȚțȩ ȕȑȜĲȚıĲȠ ıĲȘ ȖİȞİȐ 131 țαȚ Ș ȕİȜĲȚıĲȠπȠȓȘıȘ 

ĲİȡµαĲȓȗİĲαȚ ıĲȘ ȖİȞİȐ 150 ȜȩȖȦ υπȑȡȕαıȘȢ ĲȠυ µȑȖȚıĲȠυ πȜȒșȠυȢ ĲȦȞ ȖİȞİȫȞ. 

ȈĲȠ ∆ȚȐȖ. 4.8 țαȚ ∆ȚȐȖ. 4.9 παȡȠυıȚȐȗİĲαȚ Ș ıυȞȠȜȚțȒ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ 

ȖȚα Ĳα 4 ȆȂ∆Ȇ. ΓȚα Ĳα πȡȠȕȜȒµαĲα υπȩ İȟȑĲαıȘ, πȠυ ȠȚ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ İȓȞαȚ ȖȞȦıĲȑȢ İț 

ĲȦȞ πȡȠĲȑȡȦȞ, Ș ıυȞȠȜȚțȒ απȩįȠıȘ įȓįİĲαȚ ȦȢ Ƞ ȜȩȖȠȢ ĲȦȞ ȕȑȜĲȚıĲȦȞ ȜȪıİȦȞ πȠυ 

ȕȡȓıțȠȞĲαȚ ıİ ıυȖțİțȡȚµȑȞȘ απȩıĲαıȘ απȩ ĲȘȞ πȡαȖµαĲȚțȒ ȕȑȜĲȚıĲȘ ĲȚµȒ πȡȠȢ ĲȠ ȜȩȖȠ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ȈȘµαȞĲȚțȑȢ ȕİȜĲȚȫıİȚȢ ĲȘȢ απȩįȠıȘȢ παȡαĲȘȡȠȪȞĲαȚ ȖȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 40 ȐĲȠµα. Ǿ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ πȑφĲİȚ țαșȫȢ αυȟȐȞİĲαȚ 

ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ıĲȠυȢ πȜȘșυıµȠȪȢ ȜȩȖȦ ĲȘȢ șİαµαĲȚțȒȢ ȕİȜĲȓȦıȘȢ πȠυ παȡαĲȘȡİȓĲαȚ 

ȖȚα ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ. ǹțȩµα țαȚ υπȩ αυĲȑȢ ĲȚȢ ıυȞșȒțİȢ Ș ıυȞȠȜȚțȒ 

απȩįȠıȘ πȠυ İπȚĲİȪȤșȘțİ İȓȞαȚ ıĲȘ ȤİȚȡȩĲİȡȘ πİȡȓπĲȦıȘ ȓıȘ µİ ĲȘȞ απȩįȠıȘ ĲȦȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.31 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȦȞ Γǹ. 
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∆ȚȐȖ. 4.8: ȈȪȖțȡȚıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ȖȚα ĲȘ ıȤȑıȘ (4.44). 
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∆ȚȐȖ. 4.9: ȈȪȖțȡȚıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ȖȚα ĲȘ ıȤȑıȘ (4.45). 

ΓȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.44) Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ȆȂ∆Ȇ 3 

ȩĲαȞ ȖȚα ĲȠ πȡȩȕȜȘµα ĲȘȢ ıȤȑıȘȢ (4.45) Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȠ 

ȆȂ∆Ȇ 1. ȅ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ πȠυ απαȚĲİȓĲαȚ απȩ ĲȠȞ αȜȖȩȡȚșµȠ İȓȞαȚ µȚțȡȩĲİȡȠȢ ĲȠυ 

απαȚĲȠȪµİȞȠυ ȤȡȩȞȠυ ȖȚα ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ ıĲȚȢ πİȡȚπĲȫıİȚȢ ĲȦȞ ȆȂ∆Ȇ 

1 țαȚ ȆȂ∆Ȇ 2, µİ ȠȚțȠȞȠµȓα ȤȡȩȞȠυ ȦȢ 50% țαȚ 60% αȞĲȓıĲȠȚȤα. 

ΓȚα ĲȠ ȆȂ∆Ȇ 3 παȡαĲȘȡİȓĲαȚ µȚțȡȒ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ıİ ıȤȑıȘ µİ ĲȠ 

παȡȐȜȜȘȜȠ Γǹ (ȓıȘ µİ 5%). ΓȚα ĲȠ ȆȂ∆Ȇ 4, Ƞ απαȚĲȠȪµİȞȠȢ υπȠȜȠȖȚıĲȚțȩȢ ȤȡȩȞȠȢ İȓȞαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.32 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πİȡȓπȠυ ȓıȠȢ αυĲȠȪ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. 

ǹπȩ ĲȘȞ αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ țαȚ ĲȚȢ µİȜȑĲİȢ ıİ ıȤȑıȘ µİ ĲȠȞ αȡȤȚțȩ πȜȘșυıµȩ, 

İȟȐȖİĲαȚ ĲȠ ıυµπȑȡαıµα ȩĲȚ Ș µȑșȠįȠȢ İȜȑȖȤİȚ µİ İπȚĲυȤȓα ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

İυȞȠȫȞĲαȢ ĲȘȞ İπȑțĲαıȘ ĲȦȞ «πȠȜȜȐ υπȠıȤȩµİȞȦȞ» πȜȘșυıµȫȞ ȑȞαȞĲȚ αυĲȫȞ πȠυ 

παȡȠυıȚȐȗȠȞĲαȚ ȜȚȖȩĲİȡȠ İȪȡȦıĲȠȚ. Ǿ µȑșȠįȠȢ ıυȖțȜȓȞİȚ ıİ țȐșİ πİȡȓπĲȦıȘ ıĲȘ ȕȑȜĲȚıĲȘ 

ȜȪıȘ ıİ αȞĲȓșİıȘ µİ ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ ȖȚα įȪȠ απαȚĲȘĲȚțȑȢ πȠȜυµȠȡφȚțȑȢ 

ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ ıİ πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ.  

4.6 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ įȚțĲυȫµαĲȠȢ 9 µİȜȫȞ µİ 
πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ  

ȅȚ Γǹ ȑȤȠυȞ ȤȡȘıȚµȠπȠȚȘșİȓ İυȡȪĲαĲα ıİ πȡȠȕȜȒµαĲα ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ țαĲαıțİυȫȞ 

υπȠțİȓµİȞα ıİ ȖȡαµµȚțȒ Ȓ µȘ-ȖȡαµµȚțȒ αȞȐȜυıȘ [69]. ȅȚ Koumousis țαȚ Georgiou [59], 

ıυȞįυȐȗȠυȞ ĲȠυȢ Γǹ µİ ȁȠȖȚțȩ ȆȡȠȖȡαµµαĲȚıµȩ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ İπȓπİįȦȞ 

įȚțĲυȦµȐĲȦȞ υπȩıĲİȖȦȞ. ȅ Rajan [70], țαȚ Deb țαȚ Gulati, [19], ȤȡȘıȚµȠπȠȚȠȪȞ ĲȠυȢ Γǹ ȖȚα 

ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ĲȠυ ıȤȒµαĲȠȢ, ĲȘȢ ĲȠπȠȜȠȖȓαȢ țαȚ ĲȦȞ įȚαĲȠµȫȞ įȚțĲυȦµȐĲȦȞ ȩπȠυ Ș 

țȦįȚțȠπȠȓȘıȘ țȐșİ πȚșαȞȠȪ ıȤİįȚαıµȠȪ αțȠȜȠυșİȓ ıυȖțİțȡȚµȑȞȘ µİșȠįȠȜȠȖȓα ȫıĲİ Ȟα 

απȠφİȪȖȠȞĲαȚ ȠȚ țȚȞȘµαĲȚțȐ αıĲαșİȓȢ ıȤȘµαĲȚıµȠȓ. ȅȚ Thampan țαȚ Krishanmoorthy, [83], 

ıυȞįυȐȗȠυȞ παȡαȜȜαȖȒ ĲȘȢ µİșȩįȠυ ∆ȚαțȜȐįȦıȘȢ țαȚ ΦȡαȖȒȢ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ įȚțĲυȦµȐĲȦȞ, µİ ĲȠȞ țȜαııȚțȩ Γǹ ȩπȠυ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ 

ıυµπİȡȚȜαµȕȐȞİȚ țαȚ ĲȠ țȩıĲȠȢ πȚșαȞȒȢ αıĲȠȤȓαȢ.  

ȈĲȘȞ παȡȠȪıα παȡȐȖȡαφȠ, İȟİĲȐȗİĲαȚ Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ įȚαıĲαıȚȠȜȩȖȘıȘȢ țαȚ 

ıȤȒµαĲȠȢ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠυ įȚțĲυȫµαĲȠȢ 9 µİȜȫȞ [43]. ȉȠ įȚțĲȪȦµα αυĲȩ παȡȠυıȚȐȗİĲαȚ 

ıĲȠ ∆ȚȐȖ. 4.10.  

h1

h2

L L

P
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5

 

∆ȚȐȖ. 4.10: ȈĲαĲȚțȫȢ ȠȡȚıµȑȞȠ İπȓπİįȠ įȚțĲȪȦµα 9 µİȜȫȞ. 

ΩȢ µ.ı ȠȡȓȗȠȞĲαȚ Ĳα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ µİȜȫȞ țαșȫȢ țαȚ ȠȚ țȡİµȐıİȚȢ h1 țαȚ h2 πȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.33 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȜȑȖȤȠυȞ ĲȠ ıȤȒµα ĲȠυ įȚțĲυȫµαĲȠȢ. 

4.6.1 ȅȡȚıµȩȢ πȡȠȕȜȒµαĲȠȢ 
ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ Ș İȜαȤȚıĲȠπȠȓȘıȘ ĲȠυ αȞαµİȞȩµİȞȠυ țȩıĲȠυȢ 

ȗȦȒȢ ĲȘȢ țαĲαıțİυȒȢ υπȩ πİȡȚȠȡȚıµȠȪȢ [23], [25]: 

 ( ) ( ) ,

1

min , ,
tN

i i i i i mat f s fail

i

C A h V A h C P C
=

= ⋅ + ⋅∑  (4.46) 

 ( ) ( ), ,

,lim ,lim

, 1.0 0, , 1.0 0
f j f s

j i i s i i

j s

P P
g A h g A h

P P
= − ≤ = − ≤  (4.47) 

ȩπȠυ Nt İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ įȚțĲυȫµαĲȠȢ, Vi İȓȞαȚ Ƞ ȩȖțȠȢ ĲȠυ i µȑȜȠυȢ, Cmat țαȚ 

Cfail İȓȞαȚ ĲȠ țȩıĲȠȢ αȞȐ µȠȞȐįα ȩȖțȠυ ĲȠυ υȜȚțȠȪ ĲȠυ įȚțĲυȫµαĲȠȢ țαȚ ĲȠ țȩıĲȠȢ ȜȩȖȦ 

αıĲȠȤȓαȢ ĲȠυ φȠȡȑα αȞĲȓıĲȠȚȤα, Pf,s țαȚ Ps,lim İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ 

țαȚ ĲȠ αȞĲȓıĲȠȚȤȠ ȩȡȚȠ ĲȘȢ țαȚ Pf,j țαȚ Pj,lim İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ j µȑȜȠυȢ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ ĲȠ αȞĲȓıĲȠȚȤȠ ȩȡȚȠ ĲȠυ. 

Ǿ ıȤȑıȘ (4.46) απȠĲİȜİȓ απȜȠȪıĲİυıȘ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ıİ πȡȠȕȜȒµαĲα 

αȞȐȜυıȘȢ țȩıĲȠυȢ ȗȦȒȢ [87], [88]. Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ țȐșİ µȑȜȠυȢ ȠȡȓȗİĲαȚ µȑıȦ ĲȘȢ 

ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȦȢ [15], [16]: 

 [ ], Pr 1f i iP M= ≤  (4.48) 

ȩπȠυ Ȃi İȓȞαȚ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȖȚα ĲȠ i µȑȜȠȢ πȠυ ȠȡȓȗİĲαȚ ȦȢ: 

 
( )( )ii

i

R A
M

F h
=  (4.49) 

ȩπȠυ, R(Ai) țαȚ F(hi) İȓȞαȚ ȠȚ ıυȞαȡĲȒıİȚȢ αȞĲȠȤȒȢ țαȚ İπȚȕαȜȜȩµİȞȠυ φȠȡĲȓȠυ αȞĲȓıĲȠȚȤα. ȅȚ 

ıυȞαȡĲȒıİȚȢ R(Ai) țαȚ F(hi) ĲȠυ πȡȠȕȜȒµαĲȠȢ įȓįȠȞĲαȚ ȦȢ: 

 ( )i y iR A Aσ= ⋅  țαȚ ( ) ( )i i iF h f h P= ⋅  (4.50) 

ȩπȠυ fi(hi) İȓȞαȚ ȠȚ ıυȞĲİȜİıĲȑȢ İπȚȡȡȠȒȢ, ıy İȓȞαȚ Ș ĲȐıȘ įȚαȡȡȠȒȢ ĲȠυ υȜȚțȠȪ, Ai İȓȞαȚ Ș 

İπȚφȐȞİȚα ĲȘȢ įȚαĲȠµȒȢ țαȚ P İȓȞαȚ ĲȠ İπȚȕαȜȜȩµİȞȠ φȠȡĲȓȠ. ȅȚ ıυȞĲİȜİıĲȑȢ İπȚȡȡȠȒȢ įȓįȠυȞ 

ĲȠ φȠȡĲȓȠ țȐșİ µȑȜȠυȢ ıĲȘȞ πİȡȓπĲȦıȘ µȠȞαįȚαȓαȢ φȩȡĲȚıȘȢ. ȅȚ ıυȞĲİȜİıĲȑȢ İπȚȡȡȠȒȢ ȖȚα ĲȠ 

πȡȩȕȜȘµα [43] παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.1. 

ȉȠ φȠȡĲȓȠ P, Ș ĲȐıȘ įȚαȡȡȠȒȢ ıy țαȚ ĲȠ İµȕαįȩȞ ĲȘȢ İπȚφȐȞİȚαȢ ĲȦȞ įȚαĲȠµȫȞ Ai ȠȡȓȗȠȞĲαȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.34 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȦȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ǹȞ ȠȚ Ĳ.µ αțȠȜȠυșȠȪȞ ĲȘ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ İȓȞαȚ įυȞαĲȩȢ Ƞ 

υπȠȜȠȖȚıµȩȢ țαĲȐ αȞαȜυĲȚțȩ ĲȡȩπȠ, ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ȉα įİįȠµȑȞα 

ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.2. 

ȈυȞĲİȜİıĲȑȢ ǼπȚȡȡȠȒȢ 1 2
1

1

h h
f

h

−=  f2 = 0.5 
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2 2

2
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h L
f

h
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1 2
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ȆȓȞ. 4.1: ȈυȞĲİȜİıĲȑȢ İπȚȡȡȠȒȢ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠυ įȚțĲυȫµαĲȠȢ [43]. 

Ĳ.µ ȀαĲαȞȠµȒ Ε[] COV 

ΦȠȡĲȓȠ P (kN) LN 20.0 12.5% 

ȉȐıȘ įȚαȡȡȠȒȢ (MPa) LN 400.0 10.0% 

ǼπȚφȐȞİȚα įȚαĲȠµȒȢ (mm
2
) LN µ.ı 10.0% 

ȆȓȞ. 4.2: ȂȑıȘ ĲȚµȒȢ țαȚ įȚαıπȠȡȐ ĲȦȞ Ĳ.µ. 

Ȉİ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠ įȚțĲȪȦµα Ș αıĲȠȤȓα İȞȩȢ İț ĲȦȞ µİȜȫȞ ĲȠυ ȠįȘȖİȓ ıĲȘȞ πȜȒȡȘ 

αıĲȠȤȓα ĲȘȢ țαĲαıțİυȒȢ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ, ĲȠ įȚțĲȪȦµα πȡȠıȠµȠȚȫȞİĲαȚ ȦȢ ȑȞα 

ıİȚȡȚαțȩ ıȪıĲȘµα απȠĲİȜȠȪµİȞȠ απȩ ıĲαĲȚıĲȚțȫȢ İȟαȡĲȘµȑȞα µȑȜȘ. 

ȈυȞįυȐȗȠȞĲαȢ ĲȚȢ ıȤȑıİȚȢ (4.49) țαȚ (4.50) Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ M İȞȩȢ µȑȜȠυȢ ĲȘȢ 

țαĲαıțİυȒȢ įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( )ln ln ln ln ln
y

y

A
M M A f P

f P

σ σ⋅= ⇒ = + − −⋅  (4.51) 

ǼφȩıȠȞ ȠȚ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ πȡȠıȠµȠȚȫȞȠȞĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȘȢ ȜȠȖαȡȚșµȚțȒȢ 

țαĲαȞȠµȒȢ ȠȚ φυıȚțȠȓ ȜȠȖȐȡȚșµȠȚ ĲȠυȢ, αțȠȜȠυșȠȪȞ ĲȘȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ. Άȡα, Ƞ 

ȜȠȖȐȡȚșµȠȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȘȢ țαĲαıțİυȒȢ αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ 

[2], µİ µȑıȘ ĲȚµȒ țαȚ įȚαıπȠȡȐ [3]: 

 
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )2 2 2 2

ln ln ln ln ln

ln ln ln ln

y

y

E M E E A E f E P

M A P

σ
σ σ σ σ σ

 = + − −               
 = + +           

 (4.52) 

Ǿ µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ ĲȠυ φυıȚțȠȪ ȜȠȖαȡȓșµȠυ țȐșİ Ĳ.µ πȠυ αțȠȜȠυșİȓ ĲȘȞ 

ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ įȓįİĲαȚ ȦȢ [2], [16]: 

 ( ) [ ] ( ) [ ]( ) ( )
2

2 2

ln ln

1
ln 1 ln ln

2X X
E X E X

E X

σσ σΧ
      

  = + = −    
 (4.53) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.35 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ Ε[X] țαȚ ı2
x İȓȞαȚ Ș µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ ĲȘȢ Ĳ.µ Χ. Ǿ µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ 

ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ıυȞįυȐȗȠȞĲαȢ ĲȚȢ ıȤȑıİȚȢ (4.52) țαȚ (4.53) įȓįİĲαȚ ȦȢ: 

 ( ) [ ] [ ]2

ln
ln 1 ln 1 ln 1

y P

M

y
E A E PE

σσ σ σσ σ Α      = + + + + +              
 (4.54) 

 ( ) ( ) [ ]( )
[ ]( ) ( ) 2 2 2

ln ln 1 1 1
ln

2 2 2ln ln
y

y

A P

E E A
E M

E P f
σ

σ σ σ σ   +    = − + −        − −  
 (4.55) 

ȈυȞįυȐȗȠȞĲαȢ ĲȘ ıȤȑıȘ (4.48) țαȚ ĲȚȢ ıȤȑıİȚȢ (4.54) țαȚ (4.55) țαĲαȜȒȖȠυµİ ȩĲȚ Ș 

πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ İȞȩȢ µȑȜȠυȢ ĲȠυ įȚțĲυȫµαĲȠȢ įȓįİĲαȚ ȦȢ [9], [15]: 

 [ ] ( ) ( )
( )ln

ln
1 ln 0f

M

E M
P P M P M σ

    = < = < = Φ −     
 (4.56) 

ȩπȠυ Φ İȓȞαȚ Ș ǹșȡȠȚıĲȚțȒ ȈυȞȐȡĲȘıȘ ȆȚșαȞȩĲȘĲαȢ (ǹȈȆ) ĲȘȢ țαȞȠȞȚțȒȢ țαĲαȞȠµȒȢ µİ µ=0 

țαȚ ı=1. ȉȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ıİȚȡȚαțȠȪ ıυıĲȒµαĲȠȢ µİ 

ıĲαĲȚıĲȚțȐ İȟαȡĲȘµȑȞα ıĲȠȚȤİȓα țαĲȐ Ditlevsen įȓįİĲαȚ ȦȢ [9], [15], [16]: 
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1 2
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∑ ∑
∑ ∑ (4.57) 

ȈĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα Ș İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ įȓįİĲαȚ ȦȢ 

Pf,s=0.5·(P
L

f,s+P
U

f,s). Ǿ țȠȚȞȒ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ P[ln(Mi)<0∩ln(Mj)<0] İφȩıȠȞ ȠȚ φυıȚțȠȓ 

αȜȖȩȡȚșµȠȚ ĲȦȞ Ĳ.µ αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ įȓįİĲαȚ ȦȢ [16]: 

 ( )2ln( ) 0 ln( ) 0 , ;i j i j ijP M M β β ρ < ∩ < = Φ − −   (4.58) 

ȩπȠυ Φ2 İȓȞαȚ Ș ȀȠȚȞȒ ǹȈȆ 2 țαȞȠȞȚțȫȞ Ĳ.µ țαȚ ȡij İȓȞαȚ Ƞ įİȓțĲȘȢ ıĲαĲȚıĲȚțȒȢ ıυıȤȑĲȚıȘȢ 

ĲȠυȢ. Ȃȓα İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ ĲȘȢ ıȤȑıȘȢ (4.58) įȓįİĲαȚ ȦȢ [16]: 

 
( ) ( ) ( )

( ) ( ) ( )
max , ln 0 ln 0 0

0 ln 0 ln 0 min , 0

i j i j i j ij

i j i j ij

p p P M M p p

P M M p p

ρ
ρ

 ≤ < ∩ < < + > 
 ≤ < ∩ < < < 

 (4.59) 

ȩπȠυ ȠȚ παȡȐµİĲȡȠȚ pi țαȚ pj ĲȘȢ ıȤȑıȘȢ (4.59) įȓįȠȞĲαȚ ȦȢ [16]: 

 ( ) ( ) ( ) ( )i i j j j ip pβ γ β γ= Φ − ⋅Φ − = Φ − ⋅Φ −  (4.60) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.36 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαȚ ȠȚ παȡȐµİĲȡȠȚ Ȗi țαȚ Ȗj ĲȘȢ ıȤȑıȘȢ (4.60) įȓįȠȞĲαȚ ȦȢ [16]: 

 
2 21 1

i ij j j ij i

i j

ij ij

β ρ β β ρ βγ γρ ρ
− −= =− −  (4.61) 

ȅ ıυȞĲİȜİıĲȒȢ ıυıȤȑĲȚıȘȢ ȡij ĲȘȢ ıȤȑıȘȢ (4.61) įȓįİĲαȚ ȦȢ [9]: 

 
( ) ( )

( ) ( )
ln ,ln

ln ln

i j

i j

M M

ij

M M

Cρ σ σ= ⋅  (4.62) 

ȩπȠυ Cij İȓȞαȚ Ș ıυȞįȚαıπȠȡȐ ĲȦȞ įȪȠ µİĲαȕȜȘĲȫȞ [15] țαȚ ıln(Mi) țαȚ ıln(Mj) İȓȞαȚ ȠȚ ĲυπȚțȑȢ 

απȠțȜȓıİȚȢ ĲȦȞ µİȜȫȞ ĲȘȢ țαĲαıțİυȒȢ. Ǿ ıυȞįȚαıπȠȡȐ µİĲαȟȪ ĲȦȞ µİĲαȕȜȘĲȫȞ xi țαȚ xj 

υπȠȜȠȖȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ [9]: 

 [ ]( )( ),i jx x i i j jC E x E x x E x  = − −     (4.63) 

ȈĲȘȞ παȡȐȖȡαφȠ 4.14, παȡȠυıȚȐȗİĲαȚ Ƞ ȥİυįȠțȫįȚțαȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

αıĲȠȤȓαȢ ĲȠυ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠυ įȚțĲυȫµαĲȠȢ. 

4.6.2 ǹȡȚșµȘĲȚțȐ απȠĲİȜȑıµαĲα 

ΓȚα ĲȠ παȡαπȐȞȦ įȚțĲȪȦµα ȠȡȓıĲȘțαȞ 3 πȡȠȕȜȒµαĲα πȠυ ıȤİĲȓȗȠȞĲαȚ µİ ĲȠ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ. ȉα πȡȠȕȜȒµαĲα αυĲȐ ȠȡȓȗȠȞĲαȚ ȦȢ: ȋαµȘȜȒȢ ǹȟȚȠπȚıĲȓαȢ ȩπȠυ 

Ĳα ȩȡȚα ĲȦȞ πİȡȚȠȡȚıµȫȞ ĲȘȢ ıȤȑıȘȢ (4.47) įȓįȠȞĲαȚ ȦȢ Pj,lim=10
-4

, Ps,lim=5x10
-4

, ȂȑıȘȢ 

ǹȟȚȠπȚıĲȓαȢ µİ ȩȡȚα Pj,lim=10
-5

, Ps,lim=5x10
-5

 țαȚ ȊȥȘȜȒȢ ǹȟȚȠπȚıĲȓαȢ µİ ȩȡȚα Pj,lim=10
-6

, 

Ps,lim=5x10
-6

. ΓȚα țȐșİ πȡȩȕȜȘµα șİȦȡİȓĲαȚ ȩĲȚ ĲȠ µȒțȠȢ L İȓȞαȚ ȓıȠ µİ 6m țαȚ Ƞ ȜȩȖȠȢ ĲȠυ 

țȩıĲȠυȢ Cfail/Cmat İȓȞαȚ ȓıȠȢ µİ 20000. O ıυȞĲİȜİıĲȒȢ İ (πȠυ ȠȡȓȗİȚ ĲȘȞ αȞȠȤȒ ıİ παȡαȕȓαıȘ 

ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤİįȚαıµȠȪ) ĲȘȢ ıȤȑıȘȢ (4.3) İȓȞαȚ ȓıȠȢ µİ 0.1. ȀȐșİ πȡȩȕȜȘµα İπȚȜȪșȘțİ 

ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 20, 40 țαȚ 60 ıȤİįȚȐıİȚȢ. Ǿ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

İπαȞαȜȒφșȘțİ 60 φȠȡȑȢ µİ įȚαφȠȡİĲȚțȒ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. 

ΩȢ µ.ı ȠȡȓȗȠȞĲαȚ Ĳα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ µİȜȫȞ țαȚ ȠȚ µİĲαȕȜȘĲȑȢ πȠυ İȜȑȖȤȠυȞ ĲȠ 

ıȤȒµα ĲȠυ įȚțĲυȫµαĲȠȢ. ȉȠ ıȪȞȠȜȠ ĲȦȞ µ.ı İȓȞαȚ ȓıȠ µİ 7 țαȚ ȖȚα țȐșİ µ.ı įȚαĲȓșİȞĲαȚ 16 

įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ πȠυ αȞĲȚıĲȠȚȤȠȪȞ ıİ µȒțȠȢ ȞȒµαĲȠȢ ȓıȠ µİ 4. ȉȠ ıυȞȠȜȚțȩ µȒțȠȢ ĲȠυ 

ȤȡȦµȠıȫµαĲȠȢ İȓȞαȚ ȓıȠ µİ 24. ȅȚ ĲȚµȑȢ țȐșİ µ.ı παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.3. ȀαĲȐ ĲȘȞ 

αȞȐȜυıȘ ĲȠυ φȠȡȑα įİȞ ȑȤȠυȞ ȜȘφșİȓ υπȩȥȘ φαȚȞȩµİȞα αıĲȐșİȚαȢ (ȜυȖȚıµȩȢ). ȅ ȤȫȡȠȢ 

ıȤİįȚαıµȠȪ απȠĲİȜİȓĲαȚ απȩ of 2
24

 ȜȪıİȚȢ (16,777,216 įȚαφȠȡİĲȚțȠȪȢ ıȤİįȚαıµȠȪȢ). ΓȚα ĲȠȞ 

υπȠȜȠȖȚıµȩ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ ıυȞȩȜȠυ ĲȦȞ ȜȪıİȦȞ țαȚ ȖȚα țȐșİ πȡȩȕȜȘµα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.37 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

απαȚĲȒșȘțαȞ 7h υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ ıİ Ǿ/Ȋ AMD Ȁ7 900 MHz.  

µ.ı 1 - 5 0000 0001 0010 0011 0100 0101 0110 0111 

ȂȒțȠȢ 4 25.0 31.25 37.5 50 56.25 62.5 68.75 75.0 

(ıυȞİȤȓȗİĲαȚ) 1000 1001 1010 1011 1100 1101 1110 1111 

ȂȠȞȐįİȢ (mm
2
) 81.25 87.5 100.0 112.5 125.0 137.5 150.0 162.5 

µ.ı 6 & 7 0000 0001 0010 0011 0100 0101 0110 0111 

ȂȒțȠȢ 4 1.00 1.25 1.50 2.00 2.25 2.50 2.75 3.00 

(ıυȞİȤȓȗİĲαȚ) 1000 1001 1010 1011 1100 1101 1110 1111 

ȂȠȞȐįİȢ (m) 3.25 3.50 3.75 4.00 4.25 4.50 5.00 5.50 

ȆȓȞ. 4.3: ȉȚµȑȢ ĲȦȞ µ.ı. 

ȅ µİĲαπȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ 6 πȜȘșυıµȠȪȢ ıυȞįυȐȗȠȞĲαȢ įȪȠ ĲȚµȑȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

įȚαıĲαȪȡȦıȘȢ (0.70 țαȚ 0.85 αȞĲȓıĲȠȚȤα) țαȚ 3 įȚαφȠȡİĲȚțȠȪȢ ĲȪπȠυȢ įȚαıĲαȪȡȦıȘȢ (SPC, 

DPC SPVC). ȉα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ πȜȘșυıµȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.4. ȅȚ ĲȚµȑȢ 

ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ įȓįȠȞĲαȚ ȦȢ {Pinit, Pfinal, thalf, trest} = {0.05, 

0.0005, 10, 10} πȠυ αȞĲȚıĲȠȚȤİȓ ıİ Ȗ=0.2 țαȚ ȜȩȖȠ α/ȕ/Ȝ2
 ȓıȠ µİ 0.06. Ǿ ȕȑȜĲȚıĲȘ ıĲαĲȚțȒ 

ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ İȓȞαȚ ȖȚα ĲȠ πȡȩȕȜȘµα ȓıȘ µİ 0.041667. ȅȚ ĲȚµȑȢ ĲȦȞ 

παȡαµȑĲȡȦȞ ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ ĲȘȢ ıȤȑıȘȢ (4.14) įȓįȠȞĲαȚ ȦȢ {CI,U
min

, CI,U
med

, CI,r, 

CI,VAR} = {0.70, 0.85, 0.85, 0.05}. ȂȑıȦ ĲȠυ İȜȚĲȚıµȠȪ ĲȠ ȗİȪȖȠȢ ĲȦȞ πȚȠ İȪȡȦıĲȦȞ αĲȩµȦȞ 

İπȚȕȚȫȞİȚ ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ. ȉȑȜȠȢ Ƞ ıυȞĲİȜİıĲȒȢ Sj ĲȠυ ıȤȒµαĲȠȢ İπȚȜȠȖȒȢ ĲȘȢ ıȤȑıȘȢ 

(4.6) İȓȞαȚ ȓıȠȢ µİ 2.0. 

ȆȜȘșυıµȩȢ Pcr ȂȑșȠįȠȢ ȆȜȘșυıµȩȢ Pcr ȂȑșȠįȠȢ 

1 0.7 SPVC 4 0.85 SPVC 

2 0.7 DPC 5 0.85 DPC 

3 0.7 SPC 6 0.85 SPC 

ȆȓȞ. 4.4: ȋαȡαțĲȘȡȚıĲȚțȐ πȜȘșυıµȫȞ. 

ȉα ȆȂ∆Ȇ πȠυ ȤȡȘıȚµȠπȠȚȒșȘțαȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 4.3. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ 

ĲȠυ Ȉǹ įȓįȠȞĲαȚ ȦȢ {a, b, c, w, d, e, f, SCP}={1.0, 2/3, 0.0, 0.0, 0.2, 0.2, 0.2, 2.0}. ΓȚα ĲȘ 

µİȜȑĲȘ ĲȦȞ ıυȞİπİȚȫȞ ȠȡȚıµȑȞȦȞ παȡαµȑĲȡȦȞ ĲȠυ Ȉǹ, ȩπȦȢ ĲȠυ ıυȞĲİȜİıĲȒ g ĲȘȢ ıȤȑıȘȢ 

(4.36), ĲȠυ ĲȡȩπȠυ υπȠȜȠȖȚıµȠȪ ĲȠυ İȜȜİȓµµαĲȠȢ țαȚ ĲȘȢ αȞαįȚαȞȠµȒȢ ĲȦȞ πȩȡȦȞ, 

πȡαȖµαĲȠπȠȚȠȪȞĲαȚ 5 παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ (A ȦȢ E). ȅȚ µİȜȑĲİȢ ȠȡȓȗȠȞĲαȚ ȦȢ: A (ȉȪπȠȢ II, 

ǹȞαįȚαȞȠµȒ ĲȦȞ ȆȩȡȦȞ, g=0), B (ȉȪπȠȢ I, ǹȞαįȚαȞȠµȒ ĲȦȞ ȆȩȡȦȞ, g=0), C (ȉȪπȠȢ II, ȂȘ 

αȞαįȚαȞȠµȒ ĲȦȞ ȆȩȡȦȞ, g=0), D (ȉȪπȠȢ I, ȂȘ αȞαįȚαȞȠµȒ ĲȦȞ ȆȩȡȦȞ, g=0.8) țαȚ E (ȉȪπȠȢ 

II, ȂȘ αȞαįȚαȞȠµȒ ĲȦȞ ȆȩȡȦȞ, g=0.8). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.38 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠ ∆ȚȐȖ. 4.11, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ 

ĲȦȞ 6 πȜȘșυıµȫȞ ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 ıȤİįȚȐıİȚȢ. ȈĲα πȡȫĲα ıĲȐįȚα ĲȘȢ 

įȚαįȚțαıȓαȢ ȠȚ πȜȘșυıµȠȓ ȟİțȚȞȠȪȞ µİ ȜȪıİȚȢ πȠυ παȡαȕȚȐȗȠυȞ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ αȜȜȐ µȑıα 

ıİ ȜȓȖİȢ ȖİȞİȑȢ ȠȚ πȜȘșυıµȠȓ ıυȖțȜȓȞȠυȞ ıİ πȠȜȪ țαȜȑȢ ȜȪıİȚȢ. ȉȠ ȆȂ∆Ȇ 2, İπȚȕȐȜȜİȚ 

µİȓȦıȘ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ țαĲȐ 10% αȞȐ 5 ȖİȞİȑȢ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ ıυȞİȤȓȗȠȞĲαȢ µİ αȡȖȩĲİȡȠ ȡυșµȩ (10 ȦȢ 30 ȖİȞİȑȢ) ıĲα İπȩµİȞα ıĲȐįȚα ĲȘȢ 

įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. ȉȠ απȠĲȑȜİıµα ĲȦȞ µİȚȫıİȦȞ αυĲȫȞ İȓȞαȚ Ș İȟαφȐȞȚıȘ 

țȐπȠȚȦȞ πȜȘșυıµȫȞ Ȓ Ș πȡȩȦȡȘ ıȪȖțȜȚıȘ ĲȠυȢ ȜȩȖȦ ĲȘȢ πȓİıȘȢ πȠυ αıțİȓĲαȚ ıĲȠȞ 

µİĲαπȜȘșυıµȩ. ȅ πȜȘșυıµȩȢ 2 ıυȞİȤȓȗİȚ ĲȘȞ İȟȑȜȚȟȘ ĲȠυ ȦȢ ĲȘȞ İȪȡİıȘ ĲȠυ ȕȑȜĲȚıĲȠυ 

ıȤİįȚαıµȠȪ (ıĲȘ ȖİȞİȐ 28) țαȚ ĲİȡµαĲȓȗİȚ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ (ȜȩȖȦ ĲȘȢ 

ȚțαȞȠπȠȓȘıȘȢ ĲȦȞ țȡȚĲȘȡȓȦȞ ȠµȠȚȠµȠȡφȓαȢ) ıĲȘ ȖİȞİȐ 43. 
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∆ȚȐȖ. 4.11: ȆİȡȚııȩĲİȡȠȢ İȪȡȦıĲȠȢ ıȤİįȚαıµȩȢ – (ȋαµȘȜȒ αȟȚȠπȚıĲȓα 1
Ƞ
 ȆȡȩȕȜȘµα). 

ȈĲȠ ∆ȚȐȖ. 4.12, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ 

ĲȦȞ 6 πȜȘșυıµȫȞ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȖȚα µȑıȠ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ, αȡȤȚțȩ πȜȒșȠȢ αĲȩµȦȞ ȓıȠ 

µİ 40, țαĲαȞȠµȒ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ıȪµφȦȞα µİ ĲȘȞ παȡαµİĲȡȚțȒ µİȜȑĲȘ D țαȚ µİ 

µİĲαȕȠȜȒ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ıȪµφȦȞα µİ ĲȠ ȆȂ∆Ȇ 1. ȅ πȜȘșυıµȩȢ 2 αȞαțαȜȪπĲİȚ ĲȠ 

ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ıĲȘ ȖİȞİȐ 22 țαȚ ȖȚα ĲȠȞ πȜȘșυıµȩ αυĲȩ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ĲİȡµαĲȓȗİĲαȚ ıĲȘ ȖİȞİȐ 26. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.39 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 4.12: ȆİȡȚııȩĲİȡȠȢ İȪȡȦıĲȠȢ ıȤİįȚαıµȩȢ – (ȂȑıȘ αȟȚȠπȚıĲȓα - 1
Ƞ
 ȆȡȩȕȜȘµα). 

ȈĲȠ ∆ȚȐȖ. 4.13 παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ȖȚα țȐșİ πȜȘșυıµȩ ȖȚα ĲȠ 

πȡȩȕȜȘµα µȑıȘȢ αȟȚȠπȚıĲȓαȢ. ȅȚ ıυȖțȡȠȪıİȚȢ ȜȩȖȦ ȑȜȜİȚȥȘȢ πȩȡȦȞ ȟİțȚȞȠȪȞ ıĲȘ 6
Ș
 ȖİȞİȐ 

țαȚ ĲİȡµαĲȓȗȠȞĲαȚ ıĲȘ 21
Ș
 ȖİȞİȐ µİ ĲȘȞ İȟαφȐȞȚıȘ ĲȠυ πȜȘșυıµȠȪ 6. ȅ πȜȘșυıµȩȢ 2 

țİȡįȓıİȚ ıİ ȩȜİȢ ĲȚȢ ıυȖțȡȠȪıİȚȢ πȠυ İµπȜȑțİĲαȚ (İțĲȩȢ µȓαȢ) țαȚ αυȟȐȞİȚ ĲȠ πȜȒșȠȢ ĲȦȞ 

αĲȩµȦȞ ĲȠυ µȑȤȡȚ țαȚ ĲȘ ıȪȖțȜȚıȘ ĲȠυ. ȅ πȜȘșυıµȩȢ 5 ıυȞİȤȓȗİȚ µȑȤȡȚ ĲȘ ıȪȖțȜȚıȘ ĲȠυ ıĲȘȞ 

32
Ș
 ȖİȞİȐ ıİ µȘ ȕȑȜĲȚıĲȘ ȜȪıȘ, 10% αțȡȚȕȩĲİȡȘ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ. Ǿ įȚαįȚțαıȓα 

ȕİȜĲȚıĲȠπȠȓȘıȘ ȖȚα ĲȠ πȜȘșυıµȩ αυĲȩ ĲİȡµαĲȓȗİĲαȚ ıĲȘ ȖİȞİȐ 47 ȜȩȖȦ ȚțαȞȠπȠȓȘıȘȢ ĲȦȞ 

țȡȚĲȘȡȓȦȞ ȠµȠȚȠµȠȡφȓαȢ. 

ǹȞĲȓıĲȠȚȤα απȠĲİȜȑıµαĲα ȑȤȠυµİ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ υȥȘȜȠȪ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. Ȉİ 

ıȤȑıȘ µİ Ĳα πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ ĲȠ ȆȂ∆Ȇ 1 απȠĲİȜİȓ țαȚ ĲȠȞ 

țαȜȪĲİȡȠ ıυµȕȚȕαıµȩ µİĲαȟȪ İυȡȦıĲȓαȢ țαȚ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ αțȠȜȠυșȠȪµİȞȠ απȩ 

Ĳα ȆȂ∆Ȇ 2 țαȚ 3. ȈĲȠȞ ȆȓȞ. 4.5 παȡȠυıȚȐȗİĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, ȖȚα ĲȚȢ 5 

παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ (A ȦȢ E) țαȚ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 ıȤİįȚȐıİȚȢ. ΓȚα țȐșİ µİȜȑĲȘ 

παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ıİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ 

αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȦȞ Γǹ. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȘ µİȜȑĲȘ C 

(µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȦȢ țαȚ 70%), αțȠȜȠυșȠȪµİȞȘ απȩ ĲȚȢ Ǻ țαȚ Ǽ αȞĲȓıĲȠȚȤα. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.40 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 4.13: ȂȑȖİșȠȢ πȜȘșυıµȫȞ – (ȂȑıȘ αȟȚȠπȚıĲȓα - 1
Ƞ
 ȆȡȩȕȜȘµα). 

ǹȟȚȠπȚıĲȓα A B C D E 

ȋαµȘȜȒ 74.10% 45.68% 34.02% 53.57% 51.67% 

ȂȑıȘ 77.28% 44.77% 33.32% 56.11% 50.64% 

ȊȥȘȜȒ 80.36% 46.69% 33.40% 54.51% 53.90% 

ȆȓȞ. 4.5: ȈȪȖțȡȚıȘ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ (Γǹ 100%). 

ȈĲȠȞ ȆȓȞ. 4.6, παȡȠυıȚȐȗİĲαȚ Ș İυȡȦıĲȓα ĲȦȞ µİȜİĲȫȞ A ȦȢ E ıİ αȞĲȚπαȡȐșİıȘ µİ ĲȘȞ 

İυȡȦıĲȓα ĲȠυ παȡȐȜȜȘȜȠυ Γǹ ȖȚα ĲȠ πȡȩȕȜȘµα υȥȘȜȒȢ αȟȚȠπȚıĲȓαȢ µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ 

µİ 60 ȐĲȠµα. Ǿ İυȡȦıĲȓα ıĲȘȞ πȡȠțİȚµȑȞȘ πİȡȓπĲȦıȘ ȠȡȓȗİĲαȚ ȦȢ ĲȠ πȜȒșȠȢ ĲȦȞ 

ıȤİįȚαıµȫȞ ıİ απȩıĲαıȘ 1% țαȚ 2.5% απȩ ĲȠ πȡαȖµαĲȚțȩ ȠȜȚțȩ ȕȑȜĲȚıĲȠ. ȉα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ıĲȚȢ µİȜȑĲİȢ A țαȚ D αțȠȜȠυșȠȪµİȞİȢ απȩ ĲȚȢ µİȜȑĲİȢ B țαȚ 

C. Ǿ πİȡȓπĲȦıȘ E παȡȠυıȚȐȗİĲαȚ ȜȚȖȩĲİȡȠ İȪȡȦıĲȘ ıİ ıȤȑıȘ µİ ĲȠ παȡȐȜȜȘȜȠ Γǹ. 

ǹπȩıĲαıȘ απȩ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ Γǹ A B C D E 

1.0% 2 3 3 2 3 2 

2.5% 5 11 6 7 8 4 

ȆȓȞ. 4.6: ǼυȡȦıĲȓα ĲȦȞ παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ – ȊȥȘȜȒ ǹȟȚȠπȚıĲȓα 

ȈĲȠ ∆ȚȐȖ. 4.14, παȡȠυıȚȐȗȠȞĲαȚ Ș µȑıȘ, µȑȖȚıĲȘ țαȚ İȜȐȤȚıĲȘ ĲȚµȒ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ ȖȚα ĲȚȢ µİȜȑĲİȢ D țαȚ E, ȦȢ πȡȠȢ Ĳα Ĳȡȓα πȡȠȕȜȒµαĲα πȠυ İȟİĲȐıĲȘțαȞ. ȅ 

υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țυµαȓȞİĲαȚ απȩ 45% ȦȢ 60%. Ǿ įυıțȠȜȓα ĲȠυ πȡȠȕȜȒµαĲȠȢ İπȘȡİȐȗİȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.41 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ ıĲȘ µİȜȑĲȘ Ǽ. ǹȞĲȓșİĲα ĲȠ µȑȖİșȠȢ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ įİȞ 

µİĲαȕȐȜİȚ ıȘµαȞĲȚțȐ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. 
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∆ȚȐȖ. 4.14: ȈȪȖțȡȚıȒ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȖȚα ĲȚȢ πİȡȚπĲȫıİȚȢ D țαȚ Ǽ. 

 ȈĲȠ ∆ȚȐȖ. 4.15 παȡȠυıȚȐȗİĲαȚ Ș ıυȞȠȜȚțȒ απȩįȠıȘ ĲȘȢ µİșȩįȠυ ȖȚα Ĳα 3 πȡȠȕȜȒµαĲα țαȚ ĲȚȢ 

µİȜȑĲİȢ D țαȚ Ǽ ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 20, 40 țαȚ 60 ıȤİįȚαıµȠȪȢ αȞĲȓıĲȠȚȤα. 
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∆ȚȐȖ. 4.15: ȈȪȖțȡȚıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.42 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΓȚα ĲȘ ıυȞȠȜȚțȒ απȩįȠıȘ παȡαĲȘȡȠȪȞĲαȚ ĲȚµȑȢ ȦȢ țαȚ 18 ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 ĲȠυ 

πȡȠȕȜȒµαĲȠȢ υȥȘȜȒȢ αȟȚȠπȚıĲȓαȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ παȡαµİĲȡȚțȒȢ µİȜȑĲȘȢ E. ΓȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 20 țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ D, Ș ıυȞȠȜȚțȒ απȩįȠıȘ țυµαȓȞİĲαȚ απȩ 

9 ȦȢ 12 ıİ ıȤȑıȘ µİ ĲȠ παȡȐȜȜȘȜȠ Γǹ. Ǿ αȪȟȘıȘ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ ȑȤİȚ ȦȢ 

απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ țυȡȓȦȢ ȜȩȖȦ ĲȘȢ ȕİȜĲȓȦıȘȢ ĲȘȢ απȩįȠıȘȢ 

ĲȦȞ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȦȞ Γǹ. 

4.6.3 ȈυµπİȡȐıµαĲα 

Ǿ µȑșȠįȠȢ İȜȑȖȤİȚ İπαȡțȫȢ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ İυȞȠİȓ ĲȠυȢ πȜȘșυıµȠȪȢ πȠυ 

ȠįȘȖȠȪȞ ıĲȚȢ țαȜȪĲİȡİȢ įυȞαĲȑȢ ȜȪıİȚȢ. ȉȠ Ȉǹ įȚαµȠȡφȫȞİȚ ĲȠυȢ İțȐıĲȠĲİ πȜȘșυıµȠȪȢ ĲȦȞ 

αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ ıĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ ȫıĲİ Ȟα παȡαĲȘȡİȓĲαȚ 

ıȪȖțȜȚıȘ ıĲȚȢ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ ĲȦȞ υπȩ İȟȑĲαıȘ πȡȠȕȜȘµȐĲȦȞ ıİ µȚțȡȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ 

ȤȡȩȞȠ. Ǿ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα απȠĲİȜİȓ țαȚ 

ȚıȤυȡȒ ȑȞįİȚȟȘ ĲȘȢ țαĲαȜȜȘȜȩĲȘĲα ĲȘȢ ȖȚα ĲȘ ȜȪıȘ αȞĲȓıĲȠȚȤȦȞ πȡȠȕȜȘµȐĲȦȞ. ȈĲȚȢ 

παȡαȖȡȐφȠυȢ 4.15 țαȚ 4.16 παȡȠυıȚȐȗȠȞĲαȚ ȠȚ αȞαȜȪıİȚȢ ȦȢ πȡȠȢ ĲȘȞ ĲȚµȒ ĲȘȢ παȡαµȑĲȡȠυ g 

țαȚ ĲȘȞ İπȚȡȡȠȒ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ ıĲȘȞ İυȡȦıĲȓα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ıİ 

αȞĲȚįȚαıĲȠȜȒ µİ ĲȘȞ İυȡȦıĲȓα ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. 

4.7 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ įȚțĲυȫµαĲȠȢ 25 µİȜȫȞ µİ 
πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ  

ǼȟİĲȐȗİĲαȚ Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ µİ ȤȡȒıȘ įİȚțĲȫȞ αȟȚȠπȚıĲȓαȢ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠυ 

İπȓπİįȠυ įȚțĲυȫµαĲȠȢ 25 µİȜȫȞ. ȉȠ įȚțĲȪȦµα παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 4.16 [24]. ȉα µȑȜȘ 

ĲȘȢ țαĲαıțİυȒȢ ıȤȘµαĲȓȗȠυȞ 4 ȠµȐįİȢ. ȅȚ ȠµȐįİȢ αυĲȑȢ İȓȞαȚ: ĲȠ ȐȞȦ țαȚ țȐĲȦ įȚȐȗȦµα, ȠȚ 

ȠȡșȠıĲȐĲİȢ țαȚ Ĳα įȚαȖȫȞȚα µȑȜȘ.  
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∆ȚȐȖ. 4.16: ȈĲαĲȚțȫȢ ȅȡȚıµȑȞȠ ǼπȓπİįȠ ∆ȚțĲȪȦµα 25 µİȜȫȞ (φȠȡĲȓα – αȡȓșµȘıȘ µİȜȫȞ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.43 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4.7.1 ȅȡȚıµȩȢ ĲȠυ ȆȡȠȕȜȒµαĲȠȢ 
ΩȢ µ.ı ȠȡȓȗȠȞĲαȚ Ĳα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ ȠµȐįȦȞ αυĲȫȞ Ai ȩπȠυ i=1,…4, ȠȚ ıĲȐșµİȢ 

ĲȦȞ țȩµȕȦȞ ĲȠυ įȚțĲυȫµαĲȠȢ hj ȩπȠυ j=1,…,7 țαȚ Ĳα µȒțȘ lk, ȩπȠυ k=1,2. ȅȚ µ.ı hj țαȚ lk 

İȜȑȖȤȠυȞ ĲȠ ıȤȒµα ĲȠυ įȚțĲυȫµαĲȠȢ (∆ȚȐȖ. 4.17). ΓȚα ĲȚȢ µ.ı h1 ȦȢ h7, țαșȫȢ țαȚ ĲȚȢ ǹ1 ȦȢ ǹ4 

İȓȞαȚ įȚαșȑıȚµİȢ 16 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ, İȞȫ ȖȚα ĲȚȢ µ.ı l1 țαȚ l2 ȑȤȠυµİ 8 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ. 

ȈυȞȠȜȚțȐ απαȚĲȠȪȞĲαȚ (4x4+7x4+2x3)=50 įυφȓα ȖȚα ĲȘȞ πȜȒȡȘ πİȡȚȖȡαφȒ İȞȩȢ ıȤİįȚαıµȠȪ. 

L 

H1 

H2  H3 

H4 

H5  H6 H7 

L2 L1 

φ1,3φ5,7

φ3,4

φ7,8 

φ11,12

φ9,11

φ5,6 φ9,10

 

∆ȚȐȖ. 4.17: ȈĲαĲȚțȫȢ ȅȡȚıµȑȞȠ ǼπȓπİįȠ ∆ȚțĲȪȦµα 25 µİȜȫȞ (µ.ı). 

Ǿ πȠȜυπȜȠțȩĲȘĲα ĲȠυ πİįȓȠυ ĲȦȞ πȚșαȞȫȞ ȜȪıİȦȞ İȓȞαȚ ȓıȘ µİ 250
 (1,125,899,906,842,624) 

ıȤİįȚαıµȠȪȢ. ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ [24], [26]: 

 
( ) ( ) ,

1

min , , , ,

1,..., 4 1,...,7 1, 2

tN

i j k m i j k mat f s fail

m

C A h l V A h l C P C

i j k

=
= ⋅ + ⋅

= = =
∑

 (4.64) 

Ȋπȩ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ πȚșαȞȩĲȘĲαȢ (ȖȚα ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα): 

 ( ) ( ), ,

,lim ,lim

, , 1.0 0, , , 1.0 0
f j f s

j i j k s i j k

j s

P P
g A h l g A h l

P P
= − ≤ = − ≤  (4.65) 

ȩπȠυ Nt İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ įȚțĲυȫµαĲȠȢ, Vm İȓȞαȚ Ƞ ȩȖțȠȢ ĲȠυ m µȑȜȠυȢ, Cmat țαȚ 

Cfail İȓȞαȚ ĲȠ țȩıĲȠȢ αȞȐ µȠȞȐįα ȩȖțȠυ ĲȠυ υȜȚțȠȪ ĲȠυ įȚțĲυȫµαĲȠȢ țαȚ ĲȠ țȩıĲȠȢ ȜȩȖȦ 

αıĲȠȤȓαȢ ĲȠυ φȠȡȑα, Pf,s țαȚ Ps,lim İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȠ 

αȞĲȓıĲȠȚȤȠ ȩȡȚȠ ĲȘȢ țαȚ Pf,j țαȚ Pj,lim İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ j ȠµȐįαȢ ĲȘȢ 

țαĲαıțİυȒȢ țαȚ ĲȠ αȞĲȓıĲȠȚȤȠ ȩȡȚȠ ĲȠυ. ȈĲȠ 2
Ƞ
 υπȠπȡȩȕȜȘµα πȡȠıĲȓșİȞĲαȚ ȐȜȜȠȚ įȪȠ 

πİȡȚȠȡȚıµȠȓ πȠυ ıȤİĲȓȗȠȞĲαȚ µİ ĲȠ ıȤȒµα ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.44 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

 ( ) 4
,1 4 0.15 0

2
s

h
g h

L
= − ≤ ( ) 7

,2 7 0.05 0
2

s

h
g h

L
= − ≤  (4.66) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ Ș ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ Ș ıυȞȐȡĲȘıȘ ĲȠυ 

φȠȡĲȓȠυ įȓįȠȞĲαȚ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (4.48), (4.49)țαȚ (4.50). Ǿ ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ 

αȞĲȠȤȒȢ ĲȡȠπȠπȠȚİȓĲαȚ ȩĲαȞ ȜαµȕȐȞİĲαȚ υπȩȥȘ ĲȠ φαȚȞȩµİȞȠ ĲȠυ ȜυȖȚıµȠȪ ȦȢ: 

 ( ) ( ) ( ) ( )0 0i y i i i i y i i iR A A f h R A A f hσ χ σ= ⋅ ← ≥ ∨ = ⋅ ⋅ ← <  (4.67) 

ȩπȠυ Ȥ İȓȞαȚ Ƞ µİȚȦĲȚțȩȢ ıυȞĲİȜİıĲȒȢ ĲȘȢ αȞĲȠȤȒȢ ıİ șȜȓȥȘ ĲȠυ µȑȜȠυȢ ȜȩȖȦ ĲȠυ ȜυȖȚıµȠȪ 

ıȪµφȦȞα µİ ĲȚȢ ȠįȘȖȓİȢ ĲȠυ ǼυȡȦțȫįȚțα 3 [33]. ȅȚ ıυȞĲİȜİıĲȑȢ İπȚȡȡȠȒȢ fi(hi) ȖȚα ĲȠ φȠȡȑα 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ȆȓȞ. 4.7. 

ȈυȞĲİȜİıĲȑȢ ΕπȚȡȡȠȒȢ 
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ȈυȞĲİȜİıĲȑȢ ΕπȚȡȡȠȒȢ 

2 6 5
57,sin

57

h h h
F

T

+ −=  2
57,cos

57

l
F

T
=  ( )22

57 2 2 6 5T l h h h= + + −  

3 2
78,sin

78

h h
F

T

−=  2
78,cos

78

l
F

T
=  ( )22

78 2 3 2T l h h= + −  

7 6
910,sin

910

h h
F

T

−=  3
910,cos

910

l
F

T
=  ( )22

910 3 7 6T l h h= + −  

3 7 6
911,sin

911

h h h
F

T

+ −=  3
911,cos

911

l
F

T
=  ( )22

911 3 3 7 6T l h h h= + + −  

4 3
1112,sin

1112

h h
F

T

−=  3
1112,cos

1112

l
F

T
=  ( )22

1112 3 4 3T l h h= + −  

ȆȓȞ. 4.7: ȈυȞĲİȜİıĲȑȢ İπȚȡȡȠȒȢ (įȚțĲȪȦµα 25 µİȜȫȞ) 

ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ ĲȠ φȠȡĲȓȠ P, Ș ĲȐıȘ įȚαȡȡȠȒȢ ıy, ȠȚ İπȚφȐȞİȚİȢ ĲȦȞ 

įȚαĲȠµȫȞ Ai, țαȚ Ș παȡȐµİĲȡȠȢ Ȥ. ǹȞ ȠȚ Ĳ.µ αțȠȜȠυșȠȪȞ ĲȘ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ İȓȞαȚ 

įυȞαĲȩȢ Ƞ υπȠȜȠȖȚıµȩȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȘȢ țαĲαıțİυȒȢ [15]. 

Ȉİ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠ įȚțĲȪȦµα Ș αıĲȠȤȓα İȞȩȢ İț ĲȦȞ µİȜȫȞ ĲȠυ ȠįȘȖİȓ ıĲȘȞ πȜȒȡȘ 

αıĲȠȤȓα ĲȠυ. ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ, ĲȠ įȚțĲȪȦµα πȡȠıȠµȠȚȫȞİĲαȚ ȦȢ ȑȞα ıİȚȡȚαțȩ ıȪıĲȘµα 

απȠĲİȜȠȪµİȞȠ απȩ ıĲαĲȚıĲȚțȫȢ İȟαȡĲȘµȑȞα µȑȜȘ. ΩȢ µȑȜȠȢ ĲȠυ ıυıĲȒµαĲȠȢ ȠȡȓȗİĲαȚ ĲȠ 

πİȡȚııȩĲİȡȠ İȞĲİȚȞȩµİȞȠ µȑȜȠȢ țȐșİ ȠµȐįαȢ. ΓȚα Ĳα µȑȜȘ ĲȘȢ ȓįȚαȢ ȠµȐįαȢ șİȦȡİȓĲαȚ ȩĲȚ 

υπȐȡȤİȚ απȩȜυĲȘ ıĲαĲȚıĲȚțȒ ıυıȤȑĲȚıȘ ȠπȩĲİ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ ȠµȐįαȢ ȚıȠȪȞĲαȚ µİ 

ĲȘ µȑȖȚıĲȘ ĲȚµȒ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȦȞ µİȜȫȞ πȠυ ĲȘȞ απȠĲİȜȠȪȞ. Ǿ παȡαįȠȤȒ αυĲȒ 

ȠįȘȖİȓ ıİ πİȡȚııȩĲİȡȠ ıυȞĲȘȡȘĲȚțȑȢ İțĲȚµȒıİȚȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ. ȉȠ ȐȞȦ țαȚ țȐĲȦ 

ȩȡȚȠ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ įȚțĲυȫµαĲȠȢ υπȠȜȠȖȓȗİĲαȚ µİ ĲȘ ȕȠȒșİȚα ĲȦȞ ȠȡȓȦȞ 

Ditlevsen [15], [16]. ȈυȞįυȐȗȠȞĲαȢ ĲȚȢ ıȤȑıİȚȢ (4.49) țαȚ (4.50) µİ ĲȘ ıȤȑıȘ (4.67) Ș 

ıυȞȐȡĲȘıȘ ȠȡȚαțȒȢ αȞĲȠȤȒȢ, ȖȚα µȑȜȠȢ υπȩ șȜȚπĲȚțȒ ȑȞĲαıȘ, įȓįİĲαȚ ȦȢ: 

 ( ) ( ) ( ) ( ) ( ) ( )ln ln ln ln ln ln
y

y

A
M M A f P

f P

χ σ σ χ⋅ ⋅= ⇒ = + + − −⋅  (4.68) 

ǼφȩıȠȞ ȠȚ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ αțȠȜȠυșȠȪȞ ĲȘ ȜȠȖαȡȚșµȚțȒ țαĲαȞȠµȒ ȠȚ φυıȚțȠȓ 

ȜȠȖȐȡȚșµȠȚ ĲȠυȢ, αțȠȜȠυșȠȪȞ țαȞȠȞȚțȒ țαĲαȞȠµȒ. ȅ φυıȚțȩȢ ȜȠȖȐȡȚșµȠȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

ȠȡȚαțȒȢ αȞĲȠȤȒȢ αțȠȜȠυșİȓ țαȞȠȞȚțȒ țαĲαȞȠµȒ [2], µİ µȑıȘ ĲȚµȒ țαȚ įȚαıπȠȡȐ [3]: 

 ( ) ( ) ( ) ( ) ( ) ( ){ }ln ln ln ln ln lnyE M E E A E E f E Pσ χ = + + − −                     (4.69) 
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 ( ) ( ) ( ) ( ) ( )2 2 2 2 2

ln ln ln lnln y
M Pχσσ σ σ σ σΑ= + + +  (4.70) 

Ǿ µȑıȘ ĲȚµȒ țαȚ Ș įȚαıπȠȡȐ ĲȠυ φυıȚțȠȪ ȜȠȖαȡȓșµȠυ țȐșİ Ĳ.µ πȠυ αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ 

țαĲαȞȠµȒ įȓįİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.53). Ǿ įȚαıπȠȡȐ țαȚ Ș µȑıȘ ĲȚµȒ ĲȘȢ ıυȞȐȡĲȘıȘȢ 

ȠȡȚαțȒȢ αȞĲȠȤȒȢ ĲȠυ µȑȜȠυȢ ıυȞįυȐȗȠȞĲαȢ ĲȚȢ ıȤȑıİȚȢ (4.70) țαȚ (4.53), įȓįİĲαȚ ȦȢ: 

 ( ) [ ] [ ] [ ]2

ln
ln 1 ln 1 ln 1 ln 1

y A P

M

y
E A E P EE

σ χσ σσ σσ χσ
        = + + + + + + +                    

 (4.71) 

 ( ) ( ) [ ]( ) [ ]( )
[ ]( ) ( )

( ) ( )
( ) ( )

2 2

lnln

2 2

ln ln

ln ln ln 1
ln

2ln ln

y
Ay

P

E E A E
E M

E P f

σ

χ

σ σσ χ
σ σ

    + +  + +     = −        −− −        
 (4.72) 

Ǿ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ υπȠȜȠȖȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.56). ǼφȩıȠȞ Ĳα 

µȑȜȘ țȐșİ ȠµȐįαȢ șİȦȡȠȪȞĲαȚ ȦȢ πȜȒȡȦȞ İȟαȡĲȘµȑȞα Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ ȠµȐįαȢ 

įȓįİĲαȚ ȦȢ [9], [15]: 

 [ ]{ } { } ( )
( ),

ln

ln
max 1 max 1 max

i

i

f G i i
i G i G i G

M

E M
P P M P M σ∈ ∈ ∈

        = < = < = Φ −       
 (4.73) 

ȉȠ ȐȞȦ țαȚ țȐĲȦ ȩȡȚȠ țαĲȐ Ditlevsen υπȠȜȠȖȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.57) ȩπȠυ ıĲȘ 

șȑıȘ ĲȦȞ µİȜȫȞ ȑȤȠυµİ ĲȚȢ İțφȡȐıİȚȢ ȖȚα ĲȚȢ ȠµȐįİȢ. ȉα ȩȡȚα υπȠȜȠȖȓȗȠȞĲαȚ ıȪµφȦȞα µİ ĲȚȢ 

ıȤȑıİȚȢ (4.58) ȦȢ (4.63). ȉȑȜȠȢ Ș İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ įȓįİĲαȚ 

απȩ ĲȘ ıȤȑıȘ Pf,s=0.5·(P
L

f,s+P
U

f,s). 

4.7.2 ǹȡȚșµȘĲȚțȐ ǹπȠĲİȜȑıµαĲα 

ΓȚα ĲȠ ȚıȠıĲαĲȚțȩ įȚțĲȪȦµα 25 µİȜȫȞ İȟİĲȐȗȠȞĲαȚ 2 υπȩ-πȡȠȕȜȒµαĲα πȠυ ıȤİĲȓȗȠȞĲαȚ µİ 

ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ ıȤȒµαĲȠȢ İȞȫ įİȞ ȜαµȕȐȞİĲαȚ υπȩȥȘ ĲȠ φαȚȞȩµİȞȠ ĲȠυ ȜυȖȚıµȠȪ. ȉȠ 1Ƞ 

υπȠπȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ µȑıȦ ĲȦȞ ıȤȑıİȦȞ (4.64) țαȚ (4.65). ȈĲȠ 2
Ƞ
 

πȡȩȕȜȘµα ȑȤȠυµİ țαȚ ĲȘȞ ȑȞĲαȟȘ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤȒµαĲȠȢ ĲȘȢ ıȤȑıȘȢ (4.66). Ȉİ țȐșİ 

πİȡȓπĲȦıȘ ȑȤȠυµİ L=10m țαȚ ȜȩȖȠ Cfail/Cmat ȓıȠ µİ 20000. O ıυȞĲİȜİıĲȒȢ İ ĲȘȢ ıȤȑıȘȢ (4.3) 

İȓȞαȚ ȓıȠȢ µİ 0.1. ȅ αȡȤȚțȩȢ πȜȘșυıµȩȢ İȓȞαȚ ȓıȠȢ µİ 20, 40 țαȚ 60 ıȤİįȚαıµȠȪȢ țαȚ Ș 

įȚαįȚțαıȓα İπαȞαȜαµȕȐȞİĲαȚ ȖȚα 60 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ 

αȡȚșµȫȞ. ȉα ȆȂ∆Ȇ µİĲαȕȐȜȜȠȞĲαȚ ıȪµφȦȞα µİ Ĳα ȆȂ∆Ȇ 1, 2, 3 țαȚ 4 ĲȠυ ∆ȚȐȖ. 4.3. ΓȚα 

ĲȘ ıȤȑıȘ (4.65) ȑȤȠυµİ Pj,lim=10
-6

 țαȚ Ps,lim=5x10
-6

 İȞȫ Ș µȑıȘ ĲȚµȒ țαȚ Ƞ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ Ĳ.µ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.8. 
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ȉυȤαȓİȢ µİĲαȕȜȘĲȑȢ ȀαĲαȞȠµȒ E[] COV 

ΦȠȡĲȓȠ P (kN) LN 20.0 12.5% 

ȉȐıȘ ∆ȚαȡȡȠȒȢ (MPa) LN 400.0 10.0% 

ǼπȚφȐȞİȚα ∆ȚαĲȠµȒȢ (cm
2
) LN µ.ı 10.0% 

ȆȓȞ. 4.8: ȉȪπȠȢ țαĲαȞȠµȒȢ, µȑıȘ ĲȚµȒ țαȚ įȚαıπȠȡȐ ĲȦȞ Ĳ.µ (įȚțĲȪȦµα 25 µİȜȫȞ) 

ȅ µİĲαπȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ 10 πȜȘșυıµȠȪȢ. ȉα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυȢ παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȠȞ ȆȓȞ. 4.9. Ȉİ țȐșİ πȜȘșυıµȩ ȦȢ µȑșȠįȠȢ įȚαıĲαȪȡȦıȘȢ İφαȡµȩȗİĲαȚ Ș DPC. ΓȚα ĲȘȞ 

πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ İȟİĲȐȗȠȞĲαȚ 2 πȡȠφȓȜ. ȅȚ țȠȚȞȑȢ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ įȓįȠȞĲαȚ ȦȢ {thalf, trest} = {10, 40}. Ǿ ȕȑȜĲȚıĲȘ ıĲαĲȚțȒ ĲȚµȒ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ İȓȞαȚ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα, ȓıȘ µİ 0.02. ȅȚ ĲȚµȑȢ ĲȦȞ 

παȡαµȑĲȡȦȞ ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ ĲȘȢ ıȤȑıȘȢ (4.14) įȓįȠȞĲαȚ ȦȢ {CI,U
min

, CI,U
med

, CI,r, 

CI,VAR} = {0.70, 0.85, 0.85, 0.05}. Ǿ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ µİ ĲȘȞ 

παȡȑȜİυıȘ 150 ȖİȞİȫȞ. Ǿ παȡȐµİĲȡȠȢ Sj ĲȘȢ ıȤȑıȘȢ (4.6) İȓȞαȚ ȓıȘ µİ 2.5 țαȚ ĲȠ ȗİȪȖȠȢ ĲȦȞ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ İπȚȕȚȫȞİȚ ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ.  

ȆȜȘșυıµȩȢ 1 2 3 4 5 6 7 8 9 10 

Pcr 0.6 0.7 0.8 0.9 0.95 0.6 0.7 0.8 0.9 0.95 

Pm Pinit=0.01 Pfinal=0.0001 Pinit=0.02 Pfinal=0.0005 

ȆȓȞ. 4.9: ȆαȡȐµİĲȡȠȚ GA (įȚțĲȪȦµα 25 µİȜȫȞ) 

ȅȚ παȡȐµİĲȡȠȚ ĲȠυ Ȉǹ įȓįȠȞĲαȚ ȦȢ {a, b, c, w, d, e, f, g, SCP} = {1.0, 2/3, 1.0, 0.0, 0.2, 0.2, 

0.8, 2.5} țαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ İȜȜİȓµµαĲȠȢ ȑȤȠυµİ ĲȘȞ İφαȡµȠȖȒ ĲȠυ ȉȪπȠυ ǿ țαȚ ĲȘ 

µȘ αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ ĲȦȞ πȜȘșυıµȫȞ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ. ΓȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 

40 ıȤİįȚȐıİȚȢ ȑȤȠυµİ İπȚπȡȩıșİĲα 9 µİȜȑĲİȢ ȦȢ πȡȠȢ ĲȚȢ µİĲαȕȜȘĲȑȢ b, g, țαȚ SCP, ĲȠȞ ĲȡȩπȠ 

υπȠȜȠȖȚıµȠȪ ĲȠυ İȜȜİȓµµαĲȠȢ țαȚ ĲȘȞ αȞαįȚαȞȠµȒ Ȓ ȩȤȚ ĲȦȞ πȩȡȦȞ. ȅȚ παȡȐµİĲȡȠȚ ĲȠυ Ȉǹ 

ȖȚα ĲȚȢ 9 αυĲȑȢ µİȜȑĲİȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.10. 

ȂİȜȑĲȘ I ȂİȜȑĲȘ II ȂİȜȑĲȘ III ȂİȜȑĲȘ IV ȂİȜȑĲȘ V 

b = 0.5 b = 5/6 g = 0.4 g = 1.2 SCP =1.0 

ȂİȜȑĲȘ VI ȂİȜȑĲȘ VII ȂİȜȑĲȘ VIII ȂİȜȑĲȘ IX 

SCP =0.5 ȉȪπȠȢ II ǹȞαįȚαȞȠµȒ ȆȩȡȦȞ ȂİȜȑĲȘ VII + VIII 

ȆȓȞ. 4.10: ȆαȡȐµİĲȡȠȚ Ȉǹ (įȚțĲȪȦµα 25 µİȜȫȞ) 

ȅȚ țαȜȪĲİȡİȢ ıȤİįȚȐıİȚȢ ȖȚα Ĳα 2 πȡȠȕȜȒµαĲα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 4.18. ΓȚα ĲȠ 1
Ƞ
 

υπȠπȡȩȕȜȘµα (ȤȦȡȓȢ πİȡȚȠȡȚıµȠȪȢ ıȤȒµαĲȠȢ) Ƞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȢ ıȤİįȚαıµȩȢ įȓįİĲαȚ 

απȩ ĲȠȞ πȜȘșυıµȩ 10 ȖȚα αȡȤȚțȩ πȜȒșȠȢ αĲȩµȦȞ ȓıȠ µİ 60 țαȚ µİ ȆȂ∆Ȇ 1. ΓȚα ĲȠ 2
Ƞ
 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.48 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȠπȡȩȕȜȘµα Ƞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȢ ıȤİįȚαıµȩȢ įȓįİĲαȚ ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 

ȐĲȠµα țαĲȐ ĲȘȞ παȡαµİĲȡȚțȒ µİȜȑĲȘ VIII țαȚ µİ ȆȂ∆Ȇ 3. 

A=3.0cm2 

A=9.5cm2 

A=6.5cm2 

1Ƞ Ȋπȩ-πȡȩȕȜȘµα 

A=4.0 cm2 

A=13. cm2 

A=8.5 cm2 

2Ƞ Ȋπȩ-ȆȡȩȕȜȘµα 

 

∆ȚȐȖ. 4.18: ǺȑȜĲȚıĲİȢ ıȤİįȚȐıİȚȢ ȖȚα Ĳα 2 υπȩ-πȡȠȕȜȒµαĲα. 

ȈĲȠ ∆ȚȐȖ. 4.19, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ 

ȖȚα ĲȠ 1
Ƞ
 υπȠπȡȩȕȜȘµα µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 60 ıȤİįȚαıµȠȪȢ țαȚ ĲȘ ȤȡȒıȘ ĲȠυ ȆȂ∆Ȇ 

1. ȅ πȜȘșυıµȩȢ 10 αȞαțαȜȪπĲİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ıĲȘȞ 34
Ș
 ȖİȞİȐ țαȚ ıυȖțȜȓȞİȚ ıĲȘȞ 54

Ș
 

ȖİȞİȐ. ȅȚ πȜȘșυıµȠȓ 3, 7 țαȚ 9 ıυȞİȤȓȗȠυȞ ȦȢ ĲȘȞ 66
Ș
, 73

Ș
 țαȚ 106

Ș
 ȖİȞİȐ αȞĲȓıĲȠȚȤα 

πȡȠĲİȓȞȠȞĲαȢ ȜȪıİȚȢ țαĲȐ 14%, 15% țαȚ 20% αțȡȚȕȩĲİȡİȢ, ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ĲȠυ 

πȜȘșυıµȠȪ 10, αȞĲȓıĲȠȚȤα. 
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∆ȚȐȖ. 4.19: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ (1Ƞ ȊπȠπȡȩȕȜȘµα) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.49 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠ ∆ȚȐȖ. 4.20, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȦȞ πȜȘșυıµȫȞ ȖȚα ĲȠ 1
Ƞ
 υπȠπȡȩȕȜȘµα. ȅ 

πȜȘșυıµȩȢ 10 παȡȠυıȚȐȗİȚ απȫȜİȚİȢ ȜȩȖȦ ıυȖțȡȠȪıİȦȞ ȦȢ ĲȘȞ 22
Ș
 ȖİȞİȐ. ȈĲȠ ıȘµİȓȠ αυĲȩ 

Ș αȞαțȐȜυȥȘ πȠȜȪ țαȜȫȞ ȜȪıİȦȞ ȑȤİȚ ȦȢ απȠĲȑȜİıµα ĲȘȞ αȪȟȘıȘ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ 

ĲȠυ µİ απȠĲȑȜİıµα ĲȘȞ ȕİȜĲȓȦıȘ ĲȘȢ ıȤİĲȚțȒȢ ĲȠυ șȑıȘȢ ıĲȠ µİĲαπȜȘșυıµȩ. Ǿ ĲαȤİȓα 

įȚȐįȠıȘ ĲȠυ țυȡȓαȡȤȠυ ıȤȒµαĲȠȢ ȜȩȖȦ υȥȘȜȒȢ πȚșαȞȩĲȘĲαȢ įȚαıĲαȪȡȦıȘ (Pcr=0.95) ȠįȘȖİȓ 

ıİ ȖȡȒȖȠȡȘ µİȓȦıȘ ĲȠυ įİȓțĲȘ πȠȚțȚȜȩĲȘĲαȢ µİ απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ ıυȞȠȜȚțȒȢ 

İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ αυĲȠȪ. ȁȩȖȦ ĲȠυ αȞĲαȖȦȞȚıµȠȪ Ƞ πȜȘșυıµȩȢ 6 İȟαφαȞȓȗİĲαȚ ıĲȘ 

38
Ș
 ȖİȞİȐ İȞȫ Ƞ πȜȘșυıµȩȢ 4 İȟαȞαȖțȐȗİĲαȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ ıĲȘ 18

Ș
 ȖİȞİȐ. 
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∆ȚȐȖ. 4.20: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (1Ƞ ȊπȠπȡȩȕȜȘµα) 

ȈĲα ∆ȚȐȖ. 4.21 ȦȢ ∆ȚȐȖ. 4.23, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ, ĲȘȢ 

İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ȖȚα ĲȠυȢ πȜȘșυıµȠȪȢ 3, 7, 9 țαȚ 10. ȅ 

πȜȘșυıµȩȢ 10 παȡȠυıȚȐȗİȚ ȤαµȘȜȒ απȩįȠıȘ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Ǿ 

İȪȡİıȘ µȓαȢ πȠȜȪ țαȜȒȢ ȜȪıȘȢ ıĲȘȞ 22
Ș
 ȖİȞİȐ ȠįȘȖİȓ ıİ ıȘµαȞĲȚțȒ αȪȟȘıȘ ĲȘȢ ıυȞȠȜȚțȒȢ 

İυȡȦıĲȓαȢ ĲȠυ. ȈĲȘ ıυȞȑȤİȚα ȜȩȖȦ ĲȘȢ ıυȖțȑȞĲȡȦıȘȢ ĲȦȞ ȜȪıİȦȞ πȑȡȚȟ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ 

Ș ıυȞȠȜȚțȒ İυȡȦıĲȓα ĲȠυ πȜȘșυıµȠȪ µİȚȫȞİĲαȚ ȜȩȖȦ ĲȘȢ µİȓȦıȘȢ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ. 

ǹȞĲȓșİĲα Ƞ πȜȘșυıµȩȢ 9 παȡȠυıȚȐȗİȚ υȥȘȜȒ πȠȚțȚȜȩĲȘĲα ıĲȘȞ įȚȐȡțİȚα ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

(∆ȚȐȖ. 4.23) πȠυ αȞĲȚțαĲȠπĲȡȓȗİĲαȚ țαȚ ıĲȘ ıυȞȠȜȚțȒ ĲȠυ İυȡȦıĲȓα. Ǿ ıȪȖțȡȚıȘ ĲȠυ 

πȜȘșυıµȠȪ 9 µİ ĲȠȞ πȜȘșυıµȩ 10 țαĲαįİȚțȞȪİȚ ȩĲȚ Ƞ πȜȘșυıµȩȢ 9 αȞαțαȜȪπĲİȚ ȑȞα ȞȑȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.50 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ 11 φȠȡȑȢ ȦȢ ĲȘ ıȪȖțȜȚıȘ ĲȠυ ȩĲαȞ ȖȚα ĲȠ πȜȘșυıµȩ 10 ĲȠ ȖİȖȠȞȩȢ αυĲȩ 

ıυµȕαȓȞİȚ µȩȞȠȞ 6 φȠȡȑȢ. ǹȞĲȓıĲȠȚȤȘ ıυµπİȡȚφȠȡȐ παȡαĲȘȡİȓĲαȚ țαȚ ȖȚα ĲȠ πȜȘșυıµȩ 7. 
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∆ȚȐȖ. 4.21: ȈυȞȠȜȚțȒ ǼυȡȦıĲȓα (1
Ƞ
 ȊπȠπȡȩȕȜȘµα). 
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∆ȚȐȖ. 4.22: ǼυȡȦıĲȓα ĲȦȞ πȜȘșυıµȫȞ (1Ƞ ȊπȠπȡȩȕȜȘµα). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.51 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 4.23: ȆȠȚțȚȜȩĲȘĲα ĲȦȞ πȜȘșυıµȫȞ(1Ƞ ȊπȠπȡȩȕȜȘµα). 

ȈĲȠ ∆ȚȐȖ. 4.24, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ 

ȖȚα ĲȠ 2Ƞ υπȠπȡȩȕȜȘµα µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 ıȤİįȚαıµȠȪȢ µİ ĲȘ ȤȡȒıȘ ĲȠυ ȆȂ∆Ȇ 

4 ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ VIII. ȅ πȜȘșυıµȩȢ 8 αȞαțαȜȪπĲİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ıĲȘȞ 126
Ș
 

ȖİȞİȐ țαȚ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ıĲȘȞ 150
Ș
 ȖİȞİȐ. ȅ πȜȘșυıµȩȢ 3 

αțȠȜȠυșİȓ αȞȐȜȠȖȘ πȠȡİȓα µİ ĲȠȞ πȜȘșυıµȩ 8 țαȚ Ș İȟȑȜȚȟȘ ĲȠυ ĲİȡµαĲȓȗİĲαȚ, ȩπȦȢ țαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ πȜȘșυıµȠȪ 8, ıĲȘȞ 150
Ș
 ȖİȞİȐ. Ǿ ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȠυ πȜȘșυıµȠȪ 3 İȓȞαȚ 8.3% 

πȚȠ αțȡȚȕȒ απȩ ĲȘ ȜȪıȘ ĲȠυ πȜȘșυıµȠȪ 8 țαȚ αȞαțαȜȪπĲİĲαȚ ıĲȘȞ 136
Ș
 ȖİȞİȐ. ǹȞĲȓıĲȠȚȤα, Ƞ 

πȜȘșυıµȩȢ 4 ıυȖțȜȓȞİȚ ıİ ȜȪıȘ 9% πȚȠ αțȡȚȕȒ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ µİ ĲȘ įȚαįȚțαıȓα Ȟα 

ĲİȡµαĲȓȗİĲαȚ ȜȩȖȦ ȚțαȞȠπȠȓȘıȘȢ ĲȦȞ țȡȚĲȘȡȓȦȞ ȠµȠȚȠµȠȡφȓαȢ ıĲȘȞ 98
Ș
 ȖİȞİȐ.  

ȈĲȠ ∆ȚȐȖ. 4.25, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȦȞ πȜȘșυıµȫȞ ȖȚα ĲȠ 2
Ƞ
 υπȠπȡȩȕȜȘµα. ȅȚ 

πȜȘșυıµȠȓ 3 țαȚ 8 αțȠȜȠυșȠȪȞ παȡȐȜȜȘȜİȢ πȠȡİȓİȢ țİȡįȓȗȠȞĲαȢ ĲȚȢ įȚȐφȠȡİȢ ıυȖțȡȠȪıİȚȢ 

(ıĲα πȡȫĲα ıĲȐįȚα) țαȚ Ș αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ ĲȦȞ πȜȘșυıµȫȞ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ 

ȠįȘȖİȓ ıİ ıȘµαȞĲȚțȒ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ȖȚα ȩȜȠυȢ ĲȠυȢ πȜȘșυıµȠȪȢ µȑıȦ ĲȘȢ 

ȠµȠȚȩµȠȡφȘȢ įȚαȞȠµȒȢ ĲȠυ πȜİȠȞȐıµαĲȠȢ ĲȦȞ πȩȡȦȞ. ȈĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ įȚαįȚțαıȓαȢ 

ȜȩȖȦ ȑȞĲȠȞȠυ αȞĲαȖȦȞȚıµȠȪ Ƞ πȜȘșυıµȩȢ 2 İȟαφαȞȓȗİĲαȚ ıĲȘ 18
Ș
 ȖİȞİȐ. 

ȈĲα ∆ȚȐȖ. 4.26 ȦȢ ∆ȚȐȖ. 4.28, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ, ĲȘȢ 

İυȡȦıĲȓαȢ țαȚ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȦȞ πȜȘșυıµȫȞ 3, 7 țαȚ 8 ȖȚα ĲȠ 2
Ƞ
 υπȠπȡȩȕȜȘµα. ȅȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.52 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȜȘșυıµȠȓ 3 țαȚ 8 țυȡȚαȡȤȠȪȞ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ įȚαįȚțαıȓαȢ. 
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∆ȚȐȖ. 4.24: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ (2Ƞ ȊπȠπȡȩȕȜȘµα) 
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∆ȚȐȖ. 4.25: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (2Ƞ ȊπȠπȡȩȕȜȘµα) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.53 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘȞ αυȟȘµȑȞȘ πȠȚțȚȜȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ 8 (∆ȚȐȖ. 4.28) țαȚ ĲȘȞ αυȟȘµȑȞȘ 

İυȡȦıĲȓα ĲȠυ πȜȘșυıµȠȪ 3 (∆ȚȐȖ. 4.27) ıİ ıȤȑıȘ µİ ĲȠυȢ υπȩȜȠȚπȠυȢ πȜȘșυıµȠȪȢ. Ǿ 

αυȟȘµȑȞȘ πȠȚțȚȜȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ 8 ȠφİȓȜİĲαȚ țυȡȓȦȢ ıĲȘȞ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα 

µİĲȐȜȜαȟȘȢ ıİ ıȤȑıȘ µİ ĲȠȞ πȜȘșυıµȩ 3. ȈȪµφȦȞα µİ ĲȠ ∆ȚȐȖ. 4.28, Ș αȞαțȐȜυȥȘ ȞȑαȢ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ πȜȘșυıµȩ 8 ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ıĲȚȢ 

İπȩµİȞİȢ ȖİȞİȑȢ. ȈĲȘ φȐıȘ πȠυ ȑπİĲαȚ ĲȘȞ İȪȡİıȘ İȞȩȢ ȞȑȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ, Ƞ 

įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ παȡȠυıȚȐȗİȚ αȪȟȘıȘ țαșȫȢ αυȟȐȞİĲαȚ Ș įȚαıπȠȡȐ ĲȠυ 

ıĲȠ ȤȫȡȠ B
L
. ȉȘȞ αȪȟȘıȘ ĲȘȢ įȚαıπȠȡȐȢ ĲȦȞ ȜȪıİȦȞ ıĲȠ ȤȫȡȠ αυĲȩ αțȠȜȠυșİȓ µȓα 

πȡȠȠįİυĲȚțȒ µİȓȦıȘ ȜȩȖȦ ĲȘȢ ıυȖțȑȞĲȡȦıȘȢ ĲȦȞ ȜȪıİȦȞ πȑȡȚȟ ĲȠυ ȞȑȠυ ȕȑȜĲȚıĲȠυ. 
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∆ȚȐȖ. 4.26: ȈυȞȠȜȚțȒ ǼυȡȦıĲȓα (2
Ƞ
 ȊπȠπȡȩȕȜȘµα) 

ȈĲȠ ∆ȚȐȖ. 4.29 țαȚ ∆ȚȐȖ. 4.30, παȡȠυıȚȐȗȠȞĲαȚ Ș İȜȐȤȚıĲȘ, µȑȖȚıĲȘ țαȚ µȑıȘ ĲȚµȒ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȖȚα ĲȠ 1Ƞ țαȚ 2Ƞ υπȠπȡȩȕȜȘµα αȞĲȓıĲȠȚȤα țαȚ Ĳα ȆȂ∆Ȇ 1 ȦȢ 4. ȉα 

απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠυȞ µȚțȡȒ įȚαțȪµαȞıȘ ȦȢ πȡȠȢ ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα țαȚ ĲȠ 

πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȦȞ πȜȘșυıµȫȞ. Ǿ ȑȞĲαȟȘ ĲȦȞ πİȡȚȠȡȚıµȫȞ ıȤȒµαĲȠȢ αυȟȐȞİȚ ĲȠȞ 

υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ țαĲȐ 4.0% πİȡȓπȠυ ȖȚα Ĳα ȆȂ∆Ȇ 1 ȦȢ 3 țαȚ țαĲȐ 1.4% ȖȚα ĲȠ ȆȂ∆Ȇ 4. 

ȉȠ πȡȠφȓȜ µİ ĲȠȞ υȥȘȜȩĲİȡȠ ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ İȓȞαȚ ĲȠ ȆȂ∆Ȇ 3 

αțȠȜȠυșȠȪµİȞȠ απȩ Ĳα ȆȂ∆Ȇ 4, 1 țαȚ 2 αȞĲȓıĲȠȚȤα.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.54 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 4.27: ǼυȡȦıĲȓα ĲȦȞ πȜȘșυıµȫȞ (2Ƞ ȊπȠπȡȩȕȜȘµα) 
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∆ȚȐȖ. 4.28: ȆȠȚțȚȜȩĲȘĲα ĲȦȞ πȜȘșυıµȫȞ(2Ƞ ȊπȠπȡȩȕȜȘµα). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.55 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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Minimum 0.522 0.340 0.835 0.651

Maximum 0.583 0.452 1.038 0.855

Average 0.550 0.402 0.951 0.752
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∆ȚȐȖ. 4.29: ȊπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ (Γǹ – 100%, 1
Ƞ
 ȊπȠπȡȩȕȜȘµα). 
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Minimum 0.564 0.392 0.900 0.685

Maximum 0.618 0.496 1.048 0.847

Average 0.591 0.445 0.990 0.766
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∆ȚȐȖ. 4.30: ȊπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ (Γǹ – 100%, 2
Ƞ
 ȊπȠπȡȩȕȜȘµα). 

ȈĲȠ ∆ȚȐȖ. 4.31, παȡȠυıȚȐȗİĲαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ĲȚȢ µİȜȑĲİȢ VII ȦȢ ǿȋ țαȚ ĲȠ 1
Ƞ
 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.56 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υπȠπȡȩȕȜȘµα. ȅ υπȠȜȠȖȚıµȩȢ ĲȠυ İȜȜİȓµµαĲȠȢ ıȪµφȦȞα µİ ĲȠȞ ĲȪπȠ ǿǿ (ıυııȫȡİυıȘ) 

ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαĲȐ πİȡȓπȠυ 10% ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ȆȂ∆Ȇ 

1. ΓȚα Ĳα ȆȂ∆Ȇ 2 ȦȢ 4 παȡαĲȘȡȠȪȞĲαȚ αȞİπαȓıșȘĲİȢ µİĲαȕȠȜȑȢ. Ǿ αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ 

(µİȜȑĲȘ VIII) ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ απȩ 57.4% ȦȢ 116.8% ȖȚα Ĳα υπȩ 

İȟȑĲαıȘ ȆȂ∆Ȇ. ȅ ıυȞįυαıµȩȢ ĲȘȢ ıυııȫȡİυıȘȢ İȜȜİȓµµαĲȠȢ țαȚ αȞαįȚαȞȠµȒȢ ȠįȘȖİȓ ıİ 

αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȖȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2 ȓıȘ µİ 43.3% țαȚ 16.5% αȞĲȓıĲȠȚȤα 

İȞȫ ȖȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 Ș αȪȟȘıȘ αυĲȒ İȓȞαȚ ȓıȘ µİ 10.5% țαȚ 4.1% αȞĲȓıĲȠȚȤα. ȉα 

απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ ĲȠυ 2Ƞυ πȡȠȕȜȒµαĲȠȢ įȓįȠυȞ αȞȐȜȠȖȘ İȚțȩȞα. ȅ υπȠȜȠȖȚıĲȚțȩȢ 

φȩȡĲȠȢ İπȘȡİȐȗİĲαȚ απȩ ĲȘȞ İπȚȜȠȖȒ ĲȦȞ ȆȂ∆Ȇ țαȚ απȩ ĲȘȞ αȞαįȚαȞȠµȒ ĲȦȞ πȩȡȦȞ ĲȦȞ 

πȜȘșυıµȫȞ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ. Ȉİ ıȤȑıȘ µİ ĲȚȢ υπȩȜȠȚπİȢ παȡαµȑĲȡȠυȢ ĲȠυ Ȉǹ įİȞ 

παȡαĲȘȡȠȪȞĲαȚ ıȘµαȞĲȚțȑȢ µİĲαȕȠȜȑȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. 
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Case VIII 1.498 0.975 2.084 1.885
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∆ȚȐȖ. 4.31: ȊπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ (Γǹ – 100%, 1
Ƞ
 ȊπȠπȡȩȕȜȘµα - ȂİȜȑĲİȢ) 

ȈĲȠ ∆ȚȐȖ. 4.32, παȡȠυıȚȐȗİĲαȚ Ș İυȡȦıĲȓα R ĲȠυ Ȉǹ ȖȚα ĲȚȢ 10 µİȜȑĲİȢ, ȖȚα αȡȤȚțȩ πȜȘșυıµȩ 

αĲȩµȦȞ ȓıȠ µİ 40 țαȚ ĲȠ 1
Ƞ
 υπȠπȡȩȕȜȘµα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȘ 

µİȜȑĲȘ VIII αțȠȜȠυșȠȪµİȞȘ απȩ ĲȚȢ µİȜȑĲİȢ IV țαȚ VI αȞĲȓıĲȠȚȤα. ǹȞȐȜȠȖα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ 2Ƞυ υπȠπȡȠȕȜȒµαĲȠȢ. ȈĲȠ ∆ȚȐȖ. 4.33, παȡȠυıȚȐȗİĲαȚ 

Ș ıυȞȠȜȚțȒ απȩįȠıȘ (OE) ĲȘȢ µİșȩįȠυ ȖȚα ĲȚȢ 10 µİȜȑĲİȢ, ȖȚα αȡȤȚțȩ πȜȘșυıµȩ αĲȩµȦȞ ȓıȠ 

µİ 40 țαȚ ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȚȢ µİȜȑĲİȢ IV, 

VIII țαȚ VI. Ȉİ ıυȞȐȡĲȘıȘ µİ Ĳα ȆȂ∆Ȇ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.57 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡαĲȘȡȠȪȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ VIII İȞȫ ȖȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 παȡαĲȘȡȠȪȞĲαȚ 

ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ IV. ǹȞȐȜȠȖα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ 

ĲȠυ 2Ƞυ υπȩ-πȡȠȕȜȒµαĲȠȢ. 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

Robustness Comparison (1
St

 Problem)

RVS #1 1.40 1.67 1.40 1.47 0.73 1.73 2.00 1.73 5.93 2.80

RVS #2 1.00 0.93 1.00 0.67 1.53 1.20 1.40 0.60 3.80 0.80

RVS #3 2.00 2.93 3.87 1.80 5.20 2.40 4.20 1.80 9.40 2.40

RVS #4 2.80 2.67 2.53 1.60 4.13 2.47 1.87 0.93 8.47 1.93

Std Case I Case II Case III Case IV Case V Case VI
Case

VII

Case

VIII
Case IX

 

∆ȚȐȖ. 4.32: ǼυȡȦıĲȓα (1
Ƞ
 ȊπȠπȡȩȕȜȘµα - ȂİȜȑĲİȢ) 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

Overall Efficiency Comparison (1
St

 Problem)

RVS #1 2.55 3.03 2.62 2.81 1.26 3.25 3.45 2.67 3.96 2.85

RVS #2 2.50 2.35 2.55 1.96 3.39 2.89 3.36 1.51 3.90 1.41

RVS #3 2.10 3.03 4.16 2.15 5.01 2.48 4.35 1.88 4.51 2.27

RVS #4 3.90 3.52 3.28 2.46 4.83 3.24 2.48 1.32 4.49 2.55

Std Case I Case II Case III Case IV Case V Case VI
Case

VII

Case

VIII
Case IX

 

∆ȚȐȖ. 4.33: ȈυȞȠȜȚțȒ απȩįȠıȘ (ȅǼ) (1
Ƞ
 ȊπȠπȡȩȕȜȘµα - ȂİȜȑĲİȢ) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.58 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΩȢ πȡȠȢ ĲȘȞ παȡȐµİĲȡȠ b ĲȘȢ ıȤȑıȘȢ (4.31) ıυµπİȡαȓȞİĲαȚ ȩĲȚ, αȞαȜȩȖȦȢ ĲȘȢ µȠȡφȒȢ ĲȠυ 

ȆȂ∆Ȇ, įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ ıυȞĲİȜİıĲȒ, ȖȚα Ĳα πȡȠȕȜȒµαĲα, µİȖȚıĲȠπȠȚȠȪȞ ĲȘ ıυȞȠȜȚțȒ 

απȩįȠıȘ ĲȘȢ µİșȩįȠυ. ΓȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2, Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ 

ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ I (ĲȚµȒ b=5/6). ΓȚα ĲȠ ȆȂ∆Ȇ 3, Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ Iǿ (ĲȚµȒ b=0.5) İȞȫ ȖȚα ĲȠ ȆȂ∆Ȇ 4 Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ αȡȤȚțȒȢ µİȜȑĲȘȢ (ĲȚµȒ b=2/3). ΓȚα Ĳα 

ȆȂ∆Ȇ 1 țαȚ 2 Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ b πȠυ 

țυµαȓȞİĲαȚ απȩ 0.75 ȦȢ 1.00 İȞȫ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ ȆȂ∆Ȇ 3 țαȚ 4 Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα αȞαµȑȞȠȞĲαȚ ȖȚα ĲȚµȑȢ πȠυ țυµαȓȞȠȞĲαȚ απȩ 0.50 ȦȢ 0.66. 

ΓȚα ĲȘȞ παȡȐµİĲȡȠ g ĲȘȢ ıȤȑıȘȢ (4.36) Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα µİ İȟαȓȡİıȘ ĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ȆȂ∆Ȇ 1 παȡαĲȘȡȠȪȞĲαȚ ȖȚα g=1.2 µİ Ĳα αµȑıȦȢ țαȜȪĲİȡα απȠĲİȜȑıµαĲα Ȟα 

πȡȠȑȡȤȠȞĲαȚ ȖȚα g=1.0 İȞȚıȤȪȠȞĲαȢ ĲȠȞ ȚıȤυȡȚıµȩ ȩĲȚ ĲȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ αυĲȒȢ ȖȪȡȦ ıĲȘ 

µȠȞȐįα įȓįȠυȞ țαȚ ĲȘȞ υȥȘȜȩĲİȡȘ ıυȞȠȜȚțȒ απȩįȠıȘ. 

ΓȚα ĲȘȞ παȡȐµİĲȡȠ Sj țαȚ ȆȂ∆Ȇ 1 țαȚ ȆȂ∆Ȇ 2, ĲȚµȑȢ µȚțȡȩĲİȡİȢ ĲȘȢ µȠȞȐįαȢ (Sj=0.5) 

įȓįȠυȞ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα. ǹπȩ ĲȘȞ ȐȜȜȘ µİȡȚȐ įİȞ İȓȞαȚ įυȞαĲȩȞ Ȟα İȟαȤșȠȪȞ 

ıυµπİȡȐıµαĲα ȖȚα Ĳα ȆȂ∆Ȇ 3 țαȚ ȆȂ∆Ȇ 4 țαșȫȢ ȖȚα ĲȠ ȆȂ∆Ȇ 3 Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα Sj=0.5 İȞȫ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ȆȂ∆Ȇ 4 Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα Sj=2.0. 

ȅ υπȠȜȠȖȚıµȩȢ ĲȠυ İȜȜİȓµµαĲȠȢ µȑıȦ ıυııȫȡİυıȘȢ (µİȜȑĲȘ VII) ȠįȘȖİȓ ıİ ȕİȜĲȓȦıȘ ĲȘȢ 

απȩįȠıȘȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα ĲȠ ȆȂ∆Ȇ 1 (µȚțȡȑȢ ıİ ıȤȑıȘ µİ ĲȠ µȑȖİșȠȢ ĲȠυ 

πȜȘșυıµȠȪ µİĲαȕȠȜȑȢ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ). ΓȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȩĲαȞ ȠȚ įȚαșȑıȚµȠȚ țαȚ απαȚĲȠȪµİȞȠȚ πȩȡȠȚ υπȠȜȠȖȓȗȠȞĲαȚ αȞȐ 

ȖİȞİȐ țαȚ Ĳα İȜȜİȓµµαĲα įİȞ ıυııȦȡİȪȠȞĲαȚ ıĲȠ ȤȡȩȞȠ. ΓȚα ĲȠ ȆȂ∆Ȇ 2 Ș ıυııȫȡİυıȘ ĲȠυ 

İȜȜİȓµµαĲȠȢ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ απȩįȠıȘȢ ȜȩȖȦ ĲȦȞ πȠȜȪ ıȘµαȞĲȚțȫȞ µİĲαȕȠȜȫȞ ıĲȠ 

πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȦȞ İȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ. 

ȈĲȠ ∆ȚȐȖ. 4.34 țαȚ ∆ȚȐȖ. 4.35, παȡȠυıȚȐȗİĲαȚ Ș ıυȞȠȜȚțȒ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ 

µİșȩįȠυ ȖȚα ĲȠ 1Ƞ țαȚ 2Ƞ υπȠπȡȩȕȜȘµα αȞĲȓıĲȠȚȤα ȖȚα įȚαφȠȡİĲȚțȠȪȢ αȡȤȚțȠȪȢ πȜȘșυıµȠȪȢ 

µİ ıĲȩȤȠ Ȟα İȟİĲαıĲȠȪȞ ȠȚ ıυȞȑπİȚİȢ ĲȘȢ İπȚȜȠȖȒȢ įȚαφȠȡİĲȚțȫȞ αȡȤȚțȫȞ πȜȘșυıµȫȞ.  

ΓȚα αȡȤȚțȩ πȜȘșυıµȩ 20 αĲȩµȦȞ Ĳα ȆȂ∆Ȇ 1 țαȚ ȆȂ∆Ȇ 2 παȡȠυıȚȐȗȠυȞ OE µȚțȡȩĲİȡȘ ĲȘȢ 

µȠȞȐįαȢ ȩĲαȞ ȖȚα Ĳα ȆȂ∆Ȇ 3 and ȆȂ∆Ȇ 4 Ș απȩįȠıȘ İȓȞαȚ ȚįȚαȓĲİȡα υȥȘȜȒ. ΓȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 60 ȐĲȠµα, Ș υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα ȆȂ∆Ȇ 2. ΓȚα αȡȤȚțȩ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.59 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȜȘșυıµȩ ȓıȠ µİ 40 ȐĲȠµα Ș țαȜȪĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 4.  
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Overall Efficiency Comparison (1
St

 Problem)

RVS #1 0.43 2.55 2.01

RVS #2 0.63 2.50 3.14

RVS #3 8.58 2.10 1.05

RVS #4 4.60 3.90 2.94

Pop 20 Pop 40 Pop 60

 

∆ȚȐȖ. 4.34: ȈυȞȠȜȚțȒ απȩįȠıȘ (ȅǼ) (1
Ƞ
 ȊπȠπȡȩȕȜȘµα - ȂİȜȑĲİȢ) 
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Overall Efficiency Comparison (2
nd

 Problem)

RVS #1 0.58 3.10 3.71

RVS #2 0.75 1.70 3.73

RVS #3 6.13 2.15 2.59

RVS #4 5.67 2.35 3.57

Pop 20 Pop 40 Pop 60

 

∆ȚȐȖ. 4.35: ȈυȞȠȜȚțȒ απȩįȠıȘ (ȅǼ) (2
Ƞ
 ȊπȠπȡȩȕȜȘµα - ȂİȜȑĲİȢ) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.60 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΓȓȞİĲαȚ αȞĲȚȜȘπĲȩ ȩĲȚ ȖȚα µȚțȡȠȪȢ αȡȤȚțȠȪȢ πȜȘșυıµȠȪȢ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα İȞαȜȜαııȩµİȞα ȆȂ∆Ȇ. ǹυĲȩ ȠφİȓȜİĲαȚ ıĲȘȞ ȚțαȞȩĲȘĲα ĲȠυ Ȉǹ Ȟα 

αȞαțαĲαȞİȓµİȚ ĲȠυȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ αȞȐµİıα ıĲȠυȢ πȜȘșυıµȠȪȢ πȡȚµȠįȠĲȫȞĲαȢ ĲȠυȢ 

πȜȘșυıµȠȪȢ πȠυ ĲİȜȚțȐ ȠįȘȖȠȪȞ ıİ πİȡȚııȩĲİȡȠ ȕȑȜĲȚıĲȠυȢ ıȤİįȚαıµȠȪȢ. ǹȞĲȓșİĲα ıĲȘȞ 

πİȡȓπĲȦıȘ ȩπȠυ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ țȡȓȞİĲαȚ İπαȡțȑȢ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα ȆȂ∆Ȇ πȠυ µİȚȫȞȠυȞ ĲȠυȢ įȚαșȑıȚµȠυȢ πȩȡȠυȢ ıĲȠ ȤȡȩȞȠ İφȩıȠȞ Ș 

İυȡȦıĲȓα ĲȠυ ıȤȒµαĲȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ įİȞ µİĲαȕȐȜȜİĲαȚ ıȘµαȞĲȚțȐ απȩ ĲȘ µİȓȦıȘ αυĲȒ 

αȜȜȐ απȩ ĲȘȞ ȐȜȜȘ µİȡȚȐ ȑȤȠυµİ ıȘµαȞĲȚțȒ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. 

ȉȑȜȠȢ İȡİυȞȐĲαȚ Ș İπȚȡȡȠȒ ĲȦȞ παȡαµȑĲȡȦȞ a țαȚ w ĲȘȢ ıȤȑıȘȢ (4.31) πȠυ İȜȑȖȤȠυȞ ĲȘ 

ıυµµİĲȠȤȒ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ țαȚ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ țαȜȪĲİȡȠυ ıȤİįȚαıµȠȪ ıĲȠ 

įİȓțĲȘ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ. ȉα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ȦȢ Ƞ ȜȩȖȠȢ 

ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ĲȘȢ µİșȩįȠυ ȖȚα ıυȖțİțȡȚµȑȞȘ İπȚȜȠȖȒ παȡαµȑĲȡȦȞ ȦȢ πȡȠȢ ĲȘȞ 

ıυȞȠȜȚțȒ απȩįȠıȘ ĲȘȢ µİșȩįȠυ ȖȚα a=1.0 țαȚ w=0.0 αȞĲȓıĲȠȚȤα. 

ȈĲȠ ∆ȚȐȖ. 4.36, παȡȠυıȚȐȗİĲαȚ Ƞ ȜȩȖȠȢ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ȖȚα ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα țαȚ 

ȆȂ∆Ȇ 1 țαȚ 2. Ǿ υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα a=1.0 țαȚ w=0.5 µİ ȕİȜĲȓȦıȘ ĲȘȢ 

απȩįȠıȘȢ țαĲȐ 72.6% țαȚ 50.5% αȞĲȓıĲȠȚȤα. ΓȚα a=0.0 țαȚ w=1.0 παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ 

ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 25%. ΓȚα ĲȠ 2
Ƞ
 υπȠπȡȩȕȜȘµα Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα įȓįȠȞĲαȚ ȖȚα ĲȠυȢ ıυȞįυαıµȠȪȢ a=1.0 țαȚ w=0.25 țαȚ a=1.0 țαȚ w=0.50. 

ȈĲȠ ∆ȚȐȖ. 4.37, παȡȠυıȚȐȗİĲαȚ Ƞ ȜȩȖȠȢ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ȖȚα ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα țαȚ 

ȆȂ∆Ȇ 3 țαȚ 4. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȠ ȆȂ∆Ȇ 3 παȡαĲȘȡȠȪȞĲαȚ ȖȚα a=1.0 țαȚ 

w=1.0 µİ ȕİȜĲȓȦıȘ ĲȘȢ απȩįȠıȘȢ ıİ ıȤȑıȘ µİ ĲȘ ȕαıȚțȒ µİȜȑĲȘ țαĲȐ 47.3%. ΓȚα a=0.0 țαȚ 

w=1.0 παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 30%. ΓȚα ĲȠ ȆȂ∆Ȇ 4 

ĲȠ ıİĲ a=1.0 țαȚ w=0.0 παȡȠυıȚȐȗİȚ ĲȘȞ υȥȘȜȩĲİȡȘ ıυȞȠȜȚțȒ απȩįȠıȘ. ȊȥȘȜȒ ıυȞȠȜȚțȒ 

απȩįȠıȘ παȡαĲȘȡİȓĲαȚ αțȩµα ȖȚα: {a=1.0, w=1.0}, {a=0.25, w=1.0} țαȚ {a=1.0, w=0.5}. 

ȈĲȠ ∆ȚȐȖ. 4.38, παȡȠυıȚȐȗİĲαȚ Ƞ ȜȩȖȠȢ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ȖȚα ĲȠ 2Ƞ υπȠπȡȩȕȜȘµα țαȚ 

ȆȂ∆Ȇ 3 țαȚ 4. Ǿ υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα a=1.0 țαȚ w=0.75 µİ ȕİȜĲȓȦıȘ ĲȘȢ 

απȩįȠıȘȢ țαĲȐ 97.8% țαȚ 52.1% αȞĲȓıĲȠȚȤα. ΓȚα a=0.0 țαȚ w=1.0 παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ 

ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ĲȘȢ ĲȐȟȘȢ ĲȠυ 22% ȖȚα ĲȠ ȆȂ∆Ȇ 3 İȞȫ ȖȚα ĲȠ ȆȂ∆Ȇ 4 Ș 

ıυȞȠȜȚțȒȢ απȩįȠıȘ µİȚȫȞİĲαȚ țαĲȐ 30% πİȡȓπȠυ. 
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∆ȚȐȖ. 4.36: ȈȪȖțȡȚıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ (ȆȂ∆Ȇ 1 țαȚ 2 - 1
Ƞ
 ȊπȠπȡȩȕȜȘµα). 
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∆ȚȐȖ. 4.37: ȈȪȖțȡȚıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ (ȆȂ∆Ȇ 3 țαȚ 4 - 1
Ƞ
 ȊπȠπȡȩȕȜȘµα). 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.62 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 
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∆ȚȐȖ. 4.38: ȈȪȖțȡȚıȘ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ (ȆȂ∆Ȇ 3 țαȚ 4 - 2
Ƞ
 ȊπȠπȡȩȕȜȘµα). 

4.7.3 ȈυµπİȡȐıµαĲα 

ΓȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2 Ș υȥȘȜȩĲİȡȘ ıυȞȠȜȚțȒ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα µİȖȐȜȠ αȡȤȚțȩ 

πȜȘșυıµȩ. ΓȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȠυ İȜȜİȓµµαĲȠȢ πȩȡȦȞ ıυȞȚıĲȐĲαȚ Ƞ ȉȪπȠȢ ǿ ȑıĲȦ țαȚ αȞ Ƞ 

ȉȪπȠȢ ǿǿ πȡȠıȠµȠȚȫȞİȚ µİ µİȖαȜȪĲİȡȘ πȚıĲȩĲȘĲα ȑȞα φυıȚțȩ ıȪıĲȘµα. ȅ įİȓțĲȘȢ 

πȠȚțȚȜȩĲȘĲαȢ παȓȗİȚ ıȘµαȞĲȚțȩ ȡȩȜȠ ȫıĲİ Ȟα įȚαĲȘȡȘșİȓ Ș ȚțαȞȩĲȘĲα İȟİȡİȪȞȘıȘȢ ĲȠυ ȤȫȡȠυ 

ĲȦȞ ȜȪıİȦȞ ȠπȩĲİ πȡȠĲİȓȞȠȞĲαȚ υȥȘȜȑȢ ĲȚµȑȢ țαȚ ȖȚα ĲȘȞ παȡȐµİĲȡȠ b. ȂȚțȡȑȢ ĲȚµȑȢ ȖȚα ĲȘȞ 

παȡȐµİĲȡȠ Sj ȠįȘȖȠȪȞ ıİ αȪȟȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȦȞ ȗİυȖαȡȚȫȞ İµπȜȠțȒȢ µİ απȠĲȑȜİıµα 

ĲȘȞ ȠµαȜȩĲİȡȘ țαĲαȞȠµȒ ĲȠυ İȜȜİȓµµαĲȠȢ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ ĲȠυ µİĲαπȜȘșυıµȠȪ 

İπȚĲȡȑπȠȞĲαȢ ıİ πİȡȚııȩĲİȡȠυȢ πȜȘșυıµȠȪȢ ĲȘ įυȞαĲȩĲȘĲα Ȟα įȚαĲȘȡȒıȠυȞ Ȓ țαȚ Ȟα 

αυȟȒıȠυȞ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυȢ. 

ΓȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4, Ƞ πȚȠ ıȘµαȞĲȚțȩȢ παȡȐȖȦȞ ıĲȘ ıȪȞșİıȘ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȠυ 

πȜȘșυıµȠȪ İȓȞαȚ Ș İυȡȦıĲȓα ĲȦȞ αĲȩµȦȞ ĲȠυ. ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ įİȞ απȠĲİȜİȓ țȡȓıȚµȘ 

παȡȐµİĲȡȠ ıĲȘȞ πİȡȓπĲȦıȘ αυĲȒ, ȠπȩĲİ ȜȩȖȠȚ ĲȠυ a/b υȥȘȜȩĲİȡȠȚ ĲȘȢ µȠȞȐįαȢ αȞαµȑȞİĲαȚ 

Ȟα įȫıȠυȞ țαȚ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα. 

ȈυµπİȡαȓȞİĲαȚ ȩĲȚ ȖȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2, ȖȚα ĲȘ παȡȐµİĲȡȠ a țαȚ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα a=1.0 µİ ĲȘ παȡȐµİĲȡȠ w Ȟα țυµαȓȞİĲαȚ απȩ 0.25 ȦȢ 0.5. ΓȚα Ĳα ȆȂ∆Ȇ 3 

țαȚ 4 Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ȗİȪȖȘ ĲȚµȫȞ ȩπȠυ ȠȚ παȡȐµİĲȡȠȚ a țαȚ w 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.63 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țυµαȓȞȠȞĲαȚ απȩ 0.75 ȦȢ 1.0. 

4.7.4 ǹȡȚșµȘĲȚțȐ απȠĲİȜȑıµαĲα – ȆȡȩȕȜȘµα ȜυȖȚıµȠȪ 

ȆαȡαȜȜαȖȒ ĲȠυ įȚțĲυȫµαĲȠȢ 25 µİȜȫȞ απȠĲİȜİȓ Ș πİȡȓπĲȦıȘ ȩπȠυ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ 

αȞĲȠȤȒȢ ıİ șȜȓȥȘ ȜαµȕȐȞȠȞĲαȚ υπȩȥȘ ĲȠ φαȚȞȩµİȞȠ ĲȠυ ȜυȖȚıµȠȪ. ȅ ıυȞĲİȜİıĲȒȢ 

απȠµİȓȦıȘȢ ĲȘȢ αȞĲȠȤȒȢ ıİ șȜȓȥȘ Ȥ [33] πȡȠıȠµȠȚȫȞİĲαȚ ȦȢ Ĳ.µ πȠυ αțȠȜȠυșİȓ ȜȠȖαȡȚșµȚțȒ 

țαĲαȞȠµȒ [50] µİ įȚαφȠȡİĲȚțȠȪȢ įİȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ. 

ΓȚα ĲȚȢ ȠµȐįİȢ ĲȦȞ µİȜȫȞ įȚαĲȓșİȞĲαȚ 16 πȡȩĲυπİȢ țȠȓȜİȢ įȚαĲȠµȑȢ [33]. Ǿ įȚȐµİĲȡȠȢ țαȚ ĲȠ 

πȐȤȠȢ ĲȦȞ įȚαĲȠµȫȞ αυĲȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.11. ȅȚ µ.ı h1 ȦȢ h4 țυµαȓȞȠȞĲαȚ απȩ 

0.25m ȦȢ 3.00m İȞȫ ȖȚα ĲȚȢ µ.ı h5 ȦȢ h7 Ș įȚαțȪµαȞıȘ İȓȞαȚ απȩ 0.0m ȦȢ 0.90m. ȉα µȒțȘ 

țȐșİ αȞȠȓȖµαĲȠȢ l1 țαȚ l2 țυµαȓȞȠȞĲαȚ απȩ 2.00m ȦȢ 3.75m. ȅȚ παȡȐµİĲȡȠȚ ĲȦȞ Ĳ.µ ĲȠυ 

πȡȠȕȜȒµαĲȠȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.12. 

A/A ȉȪπȠȢ ∆ȚαĲȠµȒȢ d (mm) t (mm) A/A ȉȪπȠȢ ∆ȚαĲȠµȒȢ d (mm) t (mm)

1 TUBO-Φ21.3x2.8 21.3 2.8 9 TUBO-Φ88.9x3.2 88.9 3.2 

2 TUBO-Φ26.7x2.9 26.7 2.9 10 TUBO-Φ101.6x3.6 101.6 3.6 

3 TUBO-Φ33.7x3.2 33.7 3.2 11 TUBO-Φ108.0x3.6 108.0 3.6 

4 TUBO-Φ42.7x3.2 42.7 3.2 12 TUBO-Φ114.3x3.6 114.3 3.6 

5 TUBO-Φ48.4x3.2 48.4 3.2 13 TUBO-Φ127.0x4.0 127.0 4.0 

6 TUBO-Φ60.1x3.2 60.1 3.2 14 TUBO-Φ133.0x4.0 133.0 4.0 

7 TUBO-Φ76.1x3.2 76.1 3.2 15 TUBO-Φ139.7x4.0 139.7 4.0 

8 TUBO-Φ82.5x3.2 82.5 3.2 16 TUBO-Φ152.4x4.0 152.4 4.0 

ȆȓȞ. 4.11: ∆ȚαșȑıȚµİȢ įȚαĲȠµȑȢ (įȚțĲȪȦµα 25 µİȜȫȞ) 

ȉυȤαȓİȢ ȂİĲαȕȜȘĲȑȢ ȀαĲαȞȠµȒ Ε[] COV 

ΦȠȡĲȓȠ P (kN) LN 20, 30, 40 12.5% 

ȉȐıȘ ∆ȚαȡȡȠȒȢ (MPa) LN 275.0 7.00% 

ǼπȚφȐȞİȚα ∆ȚαĲȠµȒȢ (cm
2
) LN ȂİĲαȕȜȘĲȒ 10.0% 

ȂİȚȦĲȚțȩȢ παȡȐȖȦȞ Ȥ  LN ȈȪµφȦȞα µİ ǼυȡȦțȫįȚțİȢ 0%† ~ 5% [50] ~ 10%

ȆȓȞ. 4.12: ȂȑıȘ ĲȚµȒȢ țαȚ įȚαıπȠȡȐ ĲȦȞ Ĳ.µ (įȚțĲȪȦµα 25 µİȜȫȞ) 

† ȃĲİĲİȡµȚȞȚıĲȚțȒ ȂİĲαȕȜȘĲȒ 

ǹȞĲȚµİĲȦπȓȗȠȞĲαȚ 9 ıυȞȠȜȚțȐ πȡȠȕȜȒµαĲα (3 ĲȚµȑȢ ȖȚα ĲȘ E[P] țαȚ 3 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȠυ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ ıυȞĲİȜİıĲȒ Ȥ) µİ L=10 m țαȚ ȜȩȖȠ Cfail/Cmat ȓıȠ µİ 20000. ȅ 

ıυȞĲİȜİıĲȒȢ İ ĲȘȢ ıȤȑıȘȢ (4.3) İȓȞαȚ ȓıȠȢ µİ 0.1. ȅ αȡȤȚțȩȢ πȜȘșυıµȩȢ İȓȞαȚ ȓıȠȢ µİ 40, 60, 

80 țαȚ 100 ıȤİįȚαıµȠȪȢ. ȉα ȩȡȚα ĲȘȢ ıȤȑıȘȢ (4.65) İȓȞαȚ ȓıα µİ Pj,lim=10
-6

 țαȚ Ps,lim=5x10
-6

. 
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ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.64 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Ȉİ țȐșİ πİȡȓπĲȦıȘ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ İπαȞαȜαµȕȐȞİĲαȚ 10 φȠȡȑȢ µİ įȚαφȠȡİĲȚțȒ 

ĲȚµȒ ıπȠȡȐȢ ȫıĲİ Ȟα įȘµȚȠυȡȖȘșİȓ ĲȠ țαĲȐȜȜȘȜȠ ıĲαĲȚıĲȚțȩ įİȓȖµα. 

ȅ µİĲαπȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ 12 πȜȘșυıµȠȪȢ. ȉα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυȢ παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȠȞ ȆȓȞ. 4.13. ȅȚ țȠȚȞȑȢ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ įȓįȠȞĲαȚ ȦȢ 

{thalf, trest} = {10, 40} µİ ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ ıĲαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ ȓıȘ µİ 0.02. ȅȚ 

ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ įȓįȠȞĲαȚ ȦȢ {CI,U
min

, CI,U
med

, CI,r, CI,VAR} = 

{0.70, 0.85, 0.85, 0.05}. Ǿ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ µİ ĲȘȞ παȡȑȜİυıȘ 250 

ȖİȞİȫȞ. ΓȚα ĲȘȞ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ Ș παȡȐµİĲȡȠȢ Sj İȓȞαȚ ȓıȘ 

µİ 2.5 țαȚ ĲȠ ȗİȪȖȠȢ ĲȦȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ İπȚȕȚȫȞİȚ ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ. 

ȆȜȘșυıµȩȢ 1 2 3 4 5 6 7 8 9 10 11 12 

Pcr 0.7 0.7 0.8 0.8 0.7 0.7 0.8 0.8 0.9 0.9 0.9 0.9 

Τύπος SPC SPC SPC SPC DPC DPC DPC DPC SPC SPC DPC DPC

Pm A B A B A B A B B A B A 

ȆȡȠφȓȜ ǹ Pinit=1% Pfinal=1‰ ȆȡȠφȓȜ Ǻ Pinit=2% Pfinal=2‰ 

ȆȓȞ. 4.13: ȆαȡȐµİĲȡȠȚ GA 

ȈĲα įȚαșȑıȚµα ȆȂ∆Ȇ ĲȠυ ∆ȚȐȖ. 4.3 πȡȠıĲȓșİȞĲαȚ Ĳα ȆȂ∆Ȇ 5 ȦȢ 7 ĲȠυ ∆ȚȐȖ. 4.39. ȉα 

ȆȂ∆Ȇ țαĲȘȖȠȡȚȠπȠȚȠȪȞĲαȚ ıİ 4 ȠµȐįİȢ αȞȐȜȠȖα ĲȦȞ ȤαȡαțĲȘȡȚıĲȚțȫȞ µİĲαȕȠȜȒȢ ĲȠυȢ: 

ıĲȘȞ ȠµȐįα ıυȞİȤȠȪȢ µİȓȦıȘȢ (ȆȂ∆Ȇ 1 țαȚ 2), ıĲȘȞ ȠµȐįα įȚαțȪµαȞıȘȢ πȩȡȦȞ (ȆȂ∆Ȇ 3 

țαȚ 4), ıĲȘȞ ȠµȐįα µİ αȡȤȚțȒ αȪȟȘıȘ πȩȡȦȞ țαȚ ıĲȘ ıυȞİȤİȓα įȚαȡțȒ µİȓȦıȘ (ȆȂ∆Ȇ 5 țαȚ 

7) țαȚ ȑȞα πȡȠφȓȜ (ȆȂ∆Ȇ 6) πȠυ απȠĲİȜİȓ ıυȞįυαıµȩ ĲȘȢ 1ȘȢ țαȚ 2ȘȢ ȠµȐįαȢ. ȅȚ ıĲαșİȡȑȢ 

ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Ȉǹ įȓįȠȞĲαȚ ȦȢ {a, c, d, e, f, g} = {1.0, 0.0, 0.2, 0.2, 0.2, 1.0}. ȅȚ 

ıυȞįυαıµȠȓ ĲȦȞ παȡαµȑĲȡȦȞ b, w țαȚ SCP ȖȚα țȐșİ ȆȂ∆Ȇ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.14 

țαȚ ȕαıȓȗȠȞĲαȚ ıĲα απȠĲİȜȑıµαĲα ĲȘȢ παȡαȖȡȐφȠυ 4.7.2. 

ȆȂ∆Ȇ b w SCP ȆȂ∆Ȇ b w SCP 

1 – 2 5/6 0.5 0.5 5 – 7 5/6 0.5 1.0 

3 – 4 0.5 1.0 2.0 6 5/6 0.75 1.0 

ȆȓȞ. 4.14: ȆαȡȐµİĲȡȠȚ w, b țαȚ SCP. 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ ȆȂ∆Ȇ 1 țαȚ 2, ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ µİĲαπȜȘșυıµȠȪ µİȚȫȞİĲαȚ 

µİ ĲȘȞ İȟȑȜȚȟȘ ĲȘȢ įȚαįȚțαıȓαȢ. ΓȚα ĲȘȞ παȡȐµİĲȡȠ b İπȚȜȑȖİĲαȚ ĲȚµȒ ȓıȘ µİ 5/6 υȥȘȜȩĲİȡȘ 

ĲȘȢ ĲȚµȒȢ ĲȘȢ παȡαµȑĲȡȠυ w πȠυ İȓȞαȚ ȓıȘ µİ 0.5 ȫıĲİ Ȟα İυȞȠȘșİȓ Ș İȟȑȜȚȟȘ πȜȘșυıµȫȞ µİ 

υȥȘȜȒ πȠȚțȚȜȩĲȘĲα. Ǿ İπȚȜȠȖȒ ĲȚµȒȢ ĲȠυ İțșȑĲȘ SCP=0.5 ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

İπȚȜȠȖȒȢ ĲȦȞ πȜȘșυıµȫȞ ıĲȘȞ πİȡȓπĲȦıȘ İµπȜȠțȒȢ µİȚȫȞİȚ ĲȚȢ ıȤİĲȚțȑȢ įȚαφȠȡȑȢ µİĲαȟȪ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.65 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȦȞ πȜȘșυıµȫȞ İυȞȠȫȞĲαȢ ĲȠȞ ȠȡȚıµȩ ȗİυȖȫȞ µİ ıαφȒ įȚαφȠȡȐ ȦȢ πȡȠȢ ĲȘ įυȞαµȚțȩĲȘĲα. 

ΓȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ıĲȠ µİĲαπȜȘșυıµȩ παȡȠυıȚȐȗİȚ πİȡȚȠįȚțȩĲȘĲα 

ȠπȩĲİ Ƞ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ įİȞ șİȦȡİȓĲαȚ πİȡȚııȩĲİȡȠ țȡȓıȚµȠȢ 

παȡȐȖȠȞĲαȢ ıĲȘ ıυȞȐȡĲȘıȘ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ıİ ıȤȑıȘ µİ ĲȘȞ İυȡȦıĲȓα ĲȠυ İȜȚĲȓıĲȚțȠυ 

ıȤİįȚαıµȠȪ. Άȡα İπȚȜȑȖİĲαȚ υȥȘȜȒ ĲȚµȒ ȖȚα ĲȠ ıυȞĲİȜİıĲȒ w ȫıĲİ Ȟα İυȞȠȘșȠȪȞ ȠȚ 

πȜȘșυıµȠȓ µİ πȠȜȪ țαȜȒ ȜȪıȘ ȦȢ πȡȠȢ ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ țαșȫȢ Ș ıȪȖțȜȚıȘ 

ĲȦȞ πȜȘșυıµȫȞ πȑȡȚȟ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ αȞαµȑȞİĲαȚ αȡȖȒ. ΓȚα ĲȘȞ παȡȐµİĲȡȠ SCP 

İπȚȜȑȖİĲαȚ ĲȚµȒ ȓıȘ µİ 2.0 ȫıĲİ Ș ȩȟυȞıȘ ĲȦȞ įȚαφȠȡȫȞ µİĲαȟȪ ĲȦȞ πȜȘșυıµȫȞ Ȟα ȠįȘȖȒıİȚ 

ıİ µİȓȦıȘ ĲȘȢ πȠȚțȚȜȓαȢ ĲȦȞ İµπȜİțȩµİȞȦȞ ȗİυȖαȡȚȫȞ απȠȕαȓȞȠȞĲαȢ ıİ ȕȐȡȠȢ ĲȦȞ ȜȚȖȩĲİȡȠ 

İȪȡȦıĲȦȞ πȜȘșυıµȫȞ İφȩıȠȞ αυȟȐȞȠȞĲαȚ ȠȚ πȚșαȞȩĲȘĲİȢ İµπȜȠțȒȢ ĲȠυȢ. 

Resource Variation Schemes
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∆ȚȐȖ. 4.39: ȆȡȠφȓȜ µİĲαȕȠȜȒȢ įȚαșȑıȚµȦȞ πȩȡȦȞ 5 ȦȢ 7. 

ΓȚα Ĳα ȆȂ∆Ȇ 5 țαȚ 7 İπȚȜȑȖİĲαȚ ĲȠ ȓįȚȠ ıİĲ ĲȚµȫȞ µİ αυĲȩ ĲȦȞ ȆȂ∆Ȇ 1 țαȚ 2 țαșȫȢ 

µαțȡȠπȡȩșİıµα αȞαµȑȞİĲαȚ Ș µİȓȦıȘ ĲȠυ πȜȘșυıµȠȪ ȖȚα ĲȚȢ ĲȚµȑȢ b țαȚ w. ΓȚα ĲȘȞ 

παȡȐµİĲȡȠ SCP İπȚȜȑȖİĲαȚ ĲȚµȒ ȓıȘ µİ 1.0 πȠυ απȠĲİȜİȓ țαȚ ĲȘ µȑıȘ ȜȪıȘ µİĲαȟȪ ĲȘȢ 1ȘȢ țαȚ 

ĲȘȢ 2ȘȢ ȠµȐįαȢ ȆȂ∆Ȇ. ȉȑȜȠȢ ȖȚα ĲȠ ȆȂ∆Ȇ 6 İπȚȜȑȖİĲαȚ ȖȚα ĲȘȞ παȡȐµİĲȡȠ w Ƞ µȑıȠȢ ȩȡȠȢ 

ĲȦȞ ĲȚµȫȞ ĲȘȢ 1ȘȢ țαȚ 2ȘȢ ȠµȐįαȢ (ȆȂ∆Ȇ 1 țαȚ 2 țαȚ ȆȂ∆Ȇ 3 țαȚ 4 αȞĲȓıĲȠȚȤα) İȞȫ ȖȚα ĲȘȞ 

παȡȐµİĲȡȠ b İπȚȜȑȖİĲαȚ Ș ĲȚµȒ ĲȘȢ 1
ȘȢ

 ȠµȐįαȢ. ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 3
ȘȢ

 ȠµȐįαȢ 

(ȆȂ∆Ȇ 5 țαȚ 7) Ș ĲȚµȒ ĲȘȢ παȡαµȑĲȡȠυ SCP İȓȞαȚ ȓıȘ µİ 1.0. 

ȅȚ ȜȪıİȚȢ µİ ĲȠ µȚțȡȩĲİȡȠ țȩıĲȠȢ ȖȚα E[P]=30kN țαȚ µİ įİȓțĲİȢ µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα ĲȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.66 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡȐµİĲȡȠ Ȥ ȓıȠυȢ µİ 0%, 5% țαȚ 10% αȞĲȓıĲȠȚȤα, παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ∆ȚȐȖ. 4.40. ȈĲȠ ∆ȚȐȖ. 

4.41, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ ȖȚα 3 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ 

φȠȡĲȓȠυ ȩĲαȞ Ƞ ıυȞĲİȜİıĲȒȢ Ȥ șİȦȡİȓĲαȚ Ĳ.µ µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 5%.  

TUBO-D33.7/3.2

TUBO-D42.7/3.2

TUBO-D76.1/3.2

F opt  = 152.47      Ȥ Deterministic

(a)

 

TUBO-D33.7x3.2

TUBO-D48.4x3.2

TUBO-D76.1x3.2

F opt  = 154.26       Ȥ C.O.V. 5%

(b)

 

TUBO-D33.7x3.2

TUBO-D48.4x3.2

TUBO-D76.1x3.2

F opt  = 155.00       Ȥ C.O.V. 10%

(c)

 

∆ȚȐȖ. 4.40: ǺȑȜĲȚıĲȠȚ ȈȤİįȚαıµȠȓ (E[P]=30 kN). 

F opt  = 114.78       E[P] = 20 kN

(d)

TUBO-D26.7x2.9

TUBO-D33.7x3.2

TUBO-D60.1x3.2

 

F opt  = 154.26       E[P] = 30 kN

(e)

TUBO-D33.7x3.2

TUBO-D48.4x3.2

TUBO-D76.1x3.2

 

F opt  = 180.07       E[P] = 40 kN

(f)

TUBO-D33.7x3.2

TUBO-D48.4x3.2

TUBO-D88.9x3.2

TUBO-D42.7x3.2

 

∆ȚȐȖ. 4.41: ǺȑȜĲȚıĲȠȚ ȈȤİįȚαıµȠȓ (Ȥ Ĳ.µ COV ȓıȠ 5%). 

ȈĲȠȞ ȆȓȞ. 4.15, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ĲȚµȑȢ ĲȦȞ µ.ı πȠυ İȜȑȖȤȠυȞ ĲȠ ıȤȒµα ĲȠυ įȚțĲυȫµαĲȠȢ. Ǿ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.67 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİĲαȕȠȜȒ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ παȡαµȑĲȡȠυ Ȥ įİȞ ȠįȘȖİȓ ıİ ıȘµαȞĲȚțȐ 

įȚαφȠȡİĲȚțȠȪȢ ȕȑȜĲȚıĲȠυȢ ıȤİįȚαıµȠȪȢ (ȦȢ πȡȠȢ ĲȠ țȩıĲȠȢ țαȚ ĲȚȢ µ.ı πȠυ İȜȑȖȤȠυȞ ĲȚȢ 

įȚαĲȠµȑȢ ĲȠυ įȚțĲυȫµαĲȠȢ). ȅȚ įȚαφȠȡȑȢ İπȚțİȞĲȡȫȞȠȞĲαȚ ıĲȠ ıȤȒµα ĲȠυ įȚțĲυȫµαĲȠȢ țαșȫȢ 

Ƞ ȜȩȖȠȢ ȪȥȠυȢ πȡȠȢ µȒțȠȢ µİȚȫȞİĲαȚ ȩıȠ αυȟȐȞİĲαȚ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ 

παȡαµȑĲȡȠυ Ȥ. ∆ȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ φȠȡĲȓȠυ µİĲαȕȐȜȠυȞ ıȘµαȞĲȚțȐ ĲȠ 

ıȤȒµα țαȚ ĲȚȢ įȚαĲȠµȑȢ ĲȠυ φȠȡȑα. ȉȠ țȩıĲȠȢ παȡȠυıȚȐȗİȚ µȓα ıȤİįȩȞ ȖȡαµµȚțȒ αȪȟȘıȘ ȦȢ 

πȡȠȢ ĲȘ µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ. ȆαȡαĲȘȡİȓĲαȚ αțȩµα αȪȟȘıȘ ĲȠυ ȜȩȖȠυ ȪȥȠυȢ πȡȠȢ µȒțȠȢ 

țαșȫȢ αυȟȐȞİĲαȚ Ș µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȘȢ ĲȚµȒȢ ĲȘȢ µ.ı l1 țαȚ ĲȠυ 

αșȡȠȓıµαĲȠȢ ĲȦȞ µ.ı l1+l2 ȩıȠ αυȟȐȞİĲαȚ Ș µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ. 

Ǿ İȟȑȜȚȟȘ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα E[P]=40kN, țαȚ µİ įİȓțĲȘ 

µİĲαȕȜȘĲȩĲȘĲαȢ ȖȚα ĲȘȞ παȡȐµİĲȡȠ Ȥ ȓıȠ µİ 10%, αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 80 ıȤİįȚαıµȠȪȢ 

țαȚ ȆȂ∆Ȇ 1, παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 4.42. ȅ πȜȘșυıµȩȢ 12 αȞαțαȜȪπĲİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ 

ıĲȘ ȖİȞİȐ 58 țαȚ ȠįȘȖİȓĲαȚ ıİ ıȪȖțȜȚıȘ ıĲȘ ȖİȞİȐ 71. ȅ πȜȘșυıµȩȢ 3 αȞαțαȜȪπĲİȚ 

ıȤİįȚαıµȩ 8.9% αțȡȚȕȩĲİȡȠ ĲȠυ ȕȑȜĲȚıĲȠυ ıĲȘ ȖİȞİȐ 55 țαȚ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

ĲİȡµαĲȓȗİĲαȚ ıĲȘ ȖİȞİȐ 58. ȅ πȜȘșυıµȩȢ 9 ıυȖțȜȓȞİȚ ıİ ȜȪıȘ țαĲȐ 13.5% αțȡȚȕȩĲİȡȘ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ țαȚ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ıĲȘȞ 88
Ș
 ȖİȞİȐ. 

ȈȤİįȚαıµȩȢ h1 h2 h3 h4 h5 h6 H7 l1 l2 

a 1.00 1.50 1.85 2.00 0.0225 0.25 0.425 3.5 3.25 

b 0.90 1.30 1.425 1.475 0.0 0.275 0.575 3.0 3.75 

c 0.80 1.20 1.30 1.375 0.275 0.575 0.80 3.25 3.75 

d 1.00 1.40 1.80 2.025 0.025 0.20 0.45 3.5 3.5 

e 0.90 1.30 1.425 1.475 0.0 0.275 0.575 3.0 3.75 

f 1.30 1.80 2.30 2.65 0.0125 0.10 0.325 2.75 3.50 

ȆȓȞ. 4.15: ȉȚµȑȢ ĲȦȞ µ.ı ȖȚα ĲȚȢ ȕȑȜĲȚıĲİȢ ıȤİįȚȐıİȚȢ a ȦȢ f. 

ȈĲȠ ∆ȚȐȖ. 4.43, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ µİȖȑșȠυȢ ĲȦȞ πȜȘșυıµȫȞ ĲȠυ µİĲαπȜȘșυıµȠȪ 

ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 80 ıȤİįȚαıµȠȪȢ țαȚ ȆȂ∆Ȇ 1. ȈĲȘ ȖİȞİȐ 10 (µİ ĲȘ µİȓȦıȘ ĲȦȞ 

įȚαșȑıȚµȦȞ πȩȡȦȞ) İµφαȞȓȗȠȞĲαȚ țαȚ ȠȚ πȡȫĲİȢ ıυȖțȡȠȪıİȚȢ. ΓȚα ĲȠ πȜȘșυıµȩ 12 

παȡαĲȘȡİȓĲαȚ µȓα µȚțȡȒ µİĲαȕȠȜȒ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ (Ș įȚαțȪµαȞıȘ αυĲȒ İȓȞαȚ µȚțȡȩĲİȡȘ ĲȠυ 15%) πȠυ ıυȞİπȐȖİĲαȚ, ȖȚα ĲȠ 

ȆȂ∆Ȇ, İυȡȦıĲȓα υȥȘȜȩĲİȡȘ ĲȠυ µȑıȠυ ȩȡȠυ. 

ΓȚα ĲȠ πȜȘșυıµȩ 9 µȑȤȡȚ ĲȘȞ 50
Ș
 ȖİȞİȐ, ȠπȩĲİ παȡαĲȘȡȠȪȞĲαȚ 2 ıȘµαȞĲȚțȑȢ αυȟȒıİȚȢ ĲȠυ 

πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ αțȠȜȠυșȠȪµİȞİȢ απȩ µȚțȡȑȢ įȚαțυµȐȞıİȚȢ. ȈĲȘȞ 71
Ș
 ȖİȞİȐ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.68 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȠυ πȜȘșυıµȠȪ ȜȩȖȦ ȑȜȜİȚȥȘȢ πȩȡȦȞ. ȅȚ πȜȘșυıµȠȓ 7 țαȚ 10, ȜȩȖȦ 

ȑȞĲȠȞȠυ αȞĲαȖȦȞȚıµȠȪ ıυȖțȜȓȞȠυȞ πȡȩȦȡα ıĲȘȞ 53
Ș
 țαȚ 37

Ș
 ȖİȞİȐ αȞĲȓıĲȠȚȤα. 

Evolution of the Objective of Best Individual
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∆ȚȐȖ. 4.42: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ (E[P]=40kN, Ȥ Ĳ.µ 10%) 
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∆ȚȐȖ. 4.43: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (E[P]=40kN, Ȥ Ĳ.µ 10%). 

ȈĲȠȞ ȆȓȞ. 4.16, παȡȠυıȚȐȗȠȞĲαȚ Ĳα ȆȂ∆Ȇ ĲȠυ Ȉǹ πȠυ ȠįȒȖȘıαȞ ıĲȘȞ αȞαțȐȜυȥȘ ĲȘȢ 

ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. ΓȚα E[P]=30kN ȠȚ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ αȞαțαȜȪπĲȠȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.69 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȆȂ∆Ȇ 6, µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 100 ıȤİįȚαıµȠȪȢ ȖȚα ĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ Ƞ 

ıυȞĲİȜİıĲȒȢ Ȥ παȡȠυıȚȐȗİȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 5% țαȚ 10% αȞĲȓıĲȠȚȤα. ΌĲαȞ Ƞ Ș 

παȡȐµİĲȡȠȢ Ȥ șİȦȡİȓĲαȚ ȞĲİĲİȡµȚȞȚıĲȚțȒ µİĲαȕȜȘĲȒ, Ƞ țαȜȪĲİȡȠȢ ıȤİįȚαıµȩȢ αȞαțαȜȪπĲİĲαȚ 

απȩ ĲȠ ȆȂ∆Ȇ 4 µİ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 100 ıȤİįȚαıµȠȪȢ. ΓȚα E[P]=40kN ȠȚ ȕȑȜĲȚıĲİȢ 

ıȤİįȚȐıİȚȢ αȞαțαȜȪπĲȠȞĲαȚ απȩ ĲȠ ȆȂ∆Ȇ 1 µİ αȡȤȚțȩ πȜȘșυıµȩ 80 Ȓ 100 αĲȩµȦȞ. ΓȚα 

E[P]=20kN, ȠȚ ȕȑȜĲȚıĲİȢ ıȤİįȚȐıİȚȢ αȞαțαȜȪπĲȠȞĲαȚ ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 60 Ȓ 80 

ıȤİįȚαıµȠȪȢ țαȚ ȆȂ∆Ȇ 3 țαȚ 4 µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Ș παȡȐµİĲȡȠȢ Ȥ 

παȡȠυıȚȐȗİȚ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10% ȠπȩĲİ Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ 

αȞαțαȜȪπĲİĲαȚ απȩ ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ. 

 ȆȡȩȕȜȘµα ȆȂ∆Ȇ ȆȜȒșȠȢ ȆȜȘșυıµȩȢ ΓİȞİȐ ǺİȜ. ȈȪȖțȜȚıȘ ȈπȠȡȐ 

Ȥ, Det
†
  ȆȂ∆Ȇ 3 80 4 161 218 2 

Ȥ, RV* 5% ȆȂ∆Ȇ 4 80 5 46 51 9 

2
0

 k
N

 

Ȥ, RV 10% Γǹ 60 3 69 94 2 

Ȥ, Det  ȆȂ∆Ȇ 4 100 2 49 67 4 

Ȥ, RV 5% ȆȂ∆Ȇ 6 100 9 63 63 4 

3
0

 k
N

 

Ȥ, RV 10% ȆȂ∆Ȇ 6 100 8 121 122 8 

Ȥ, Det  ȆȂ∆Ȇ 1 100 2 95 100 4 

Ȥ, RV 5% ȆȂ∆Ȇ 1 80 6 24 33 1 

4
0

 k
N

 

Ȥ, RV 10% ȆȂ∆Ȇ 1 80 12 58 71 7 

ȆαȡαĲȘȡȒıİȚȢ † 
Det ȃĲİĲİȡµȚȞȚıĲȚțȒ ȂİĲαȕȜȘĲȒ * RV ȉυȤαȓα ȂİĲαȕȜȘĲȒ 

ȆȓȞ. 4.16: ȆαȡȐµİĲȡȠȚ ĲȘȢ µİșȩįȠυ πȠυ įȓįȠυȞ ĲȚȢ ȕȑȜĲȚıĲİȢ ıȤİįȚȐıİȚȢ 

ΩȢ πȡȠȢ Ĳα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȦȞ Γǹ (πȚșαȞȩĲȘĲα įȚαıĲαȪȡȦıȘȢ, πȚșαȞȩĲȘĲα µİĲȐȜȜαȟȘȢ țαȚ 

ĲȪπȠ įȚαıĲαȪȡȦıȘȢ) įİȞ υπȐȡȤȠυȞ ıĲȠȚȤİȓα πȠυ Ȟα įȚțαȚȠȜȠȖȠȪȞ ĲȘȞ İπȚȜȠȖȒ ıυȖțİțȡȚµȑȞȠυ 

ıİĲ παȡαµȑĲȡȦȞ ȖȚα ĲȠȞ Γǹ. Ǿ µȑșȠįȠȢ SPC țαȚ ĲȠ ıȤȒµα Ǻ İµφαȞȓȗİĲαȚ ıİ 6 απȩ Ĳα 9 

πȡȠȕȜȒµαĲα. ȅȚ 3 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ (0.7, 0.8 țαȚ 0.9) ĲȘȢ πȚșαȞȩĲȘĲαȢ įȚαıĲαȪȡȦıȘȢ 

παȡȠυıȚȐȗȠȞĲαȚ 4, 3 țαȚ 2 φȠȡȑȢ αȞĲȓıĲȠȚȤα. ΓȚα ĲȘȞ ĲȚµȒ ıπȠȡȐȢ įİȞ παȡαĲȘȡİȓĲαȚ țȐπȠȚα 

İȪȞȠȚα ȖȚα ıυȖțİțȡȚµȑȞȘ αțȠȜȠυșȓα ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. ȉȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ µȑȤȡȚ 

ĲȘȞ İȪȡİıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ țυµαȓȞİĲαȚ απȩ 24 ȦȢ 161 ȖİȞİȑȢ İȞȫ αȞĲȓıĲȠȚȤα Ƞ ȤȡȩȞȠȢ ĲȠ 

πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ ȖȚα ıȪȖțȜȚıȘ țυµαȓȞİĲαȚ απȩ 29 ȦȢ 218 ȖİȞİȑȢ. 

ȈĲȠ ∆ȚȐȖ. 4.44 παȡȠυıȚȐȗİĲαȚ Ƞ İȜȐȤȚıĲȠȢ µȑȖȚıĲȠȢ țαȚ µȑıȠȢ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țαȚ Ș 

ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ș µȑșȠįȠȢ įȓįİȚ ȕȑȜĲȚıĲȘ ȜȪıȘ țαȜȪĲİȡȘ απȩ ĲȘȞ αȞĲȓıĲȠȚȤȘ 

ȕȑȜĲȚıĲȘ ȜȪıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ, ȖȚα Ĳα 7 ȆȂ∆Ȇ. ȉȠ πȡȠφȓȜ µİ ĲȠȞ υȥȘȜȩĲİȡȠ ȜȩȖȠ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ İȓȞαȚ ĲȠ ȆȂ∆Ȇ 3 αțȠȜȠυșȠȪµİȞȠ απȩ ĲȠ ȆȂ∆Ȇ 4, țαȚ ĲȠ πȡȠφȓȜ µİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.70 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȠ µȚțȡȩĲİȡȠ ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ İȓȞαȚ ĲȠ ȆȂ∆Ȇ 2 αțȠȜȠυșȠȪµİȞȠ απȩ ĲȠ 

ȆȂ∆Ȇ 1. ΩȢ πȡȠȢ ĲȘȞ İυȡȦıĲȓα ĲȠυ αȜȖȩȡȚșµȠυ, µİ İȟαȓȡİıȘ ĲȠ ȆȂ∆Ȇ 4, Ș µȑșȠįȠȢ 

İπȚĲυȖȤȐȞİȚ υȥȘȜȩĲİȡȘ ıυȤȞȩĲȘĲα İȪȡİıȘȢ ȜȪıȘȢ πȠυ υπİȡĲİȡİȓ ĲȘȢ ȜȪıȘȢ ĲȠυ παȡȐȜȜȘȜȠυ 

Γǹ (ĲȚµȒ țαĲȦφȜȓȠυ ȓıȘ µİ 50%). ȈυȖțȡȓȞȠȞĲαȢ Ĳα πȡȠφȓȜ İȞĲȩȢ ĲȦȞ ȠµȐįȦȞ ĲȠ ȆȂ∆Ȇ 1 

υπİȡĲİȡİȓ ĲȠυ ȆȂ∆Ȇ 2, ĲȠ ȆȂ∆Ȇ 3 υπİȡĲİȡİȓ ĲȠυ ȆȂ∆Ȇ 4 țαȚ ĲȠ ȆȂ∆Ȇ 7 υπİȡĲİȡİȓ ĲȠυ 

ȆȂ∆Ȇ 5. ǼȚįȚțȩĲİȡα ĲȠ ȆȂ∆Ȇ 3 İπȚĲυȖȤȐȞİȚ Ȟα υπİȡțİȡȐıİȚ ĲȠυȢ αȞİȟȐȡĲȘĲα 

İȟİȜȚııȩµİȞȠυȢ Γǹ ȖȚα țȐșİ πȡȩȕȜȘµα µİ İȟαȓȡİıȘ ĲȠ πȡȩȕȜȘµα ȩπȠυ E[P]=20kN țαȚ Ȥ Ĳ.µ 

µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10% İȞȫ ĲȠ ȆȂ∆Ȇ 6 ȠįȘȖİȓĲαȚ ıİ țαȜȪĲİȡȠ ıυȞȠȜȚțȐ 

ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ıİ 7 απȩ Ĳα 9 πȡȠȕȜȒµαĲα µİ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ ȓıȠ µİ ĲȠ 75%. 

CE Statistics and freq. of surpassing std. GA
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∆ȚȐȖ. 4.44: ȈĲαĲȚıĲȚțȑȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ țαȜȪĲİȡȘȢ ȜȪıȘȢ. 

ȈĲα ∆ȚȐȖ. 4.45 ȦȢ ∆ȚȐȖ. 4.47 παȡȠυıȚȐȗİĲαȚ Ș įȚαıπȠȡȐ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα Ĳα įȚȐφȠȡα ȆȂ∆Ȇ țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ȖȚα įȚαφȠȡİĲȚțȑȢ 

µȑıİȢ ĲȚµȑȢ ĲȠυ φȠȡĲȓȠυ țαȚ ĲȠυ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ παȡαµȑĲȡȠυ Ȥ. ȈĲȠ ∆ȚȐȖ. 4.45 Ĳα 

πȡȠφȓȜ ȆȂ∆Ȇ 3 ȦȢ 6, παȡȠυıȚȐȗȠυȞ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȜȪıȘȢ țαȜȪĲİȡȘȢ ĲȘȢ ȜȪıȘȢ ĲȠυ 

παȡȐȜȜȘȜȠυ Γǹ υȥȘȜȩĲİȡȘ ĲȠυ 50% µİ µȑȖȚıĲȘ ĲȚµȒ ȓıȘ µİ 72.5% ȖȚα ĲȠ ȆȂ∆Ȇ 4, παȡȩȜȠ 

πȠυ ȠȚ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠȚ Γǹ șα įȫıȠυȞ țαȚ ĲȘȞ țαȜȪĲİȡȘ įυȞαĲȒ ıȤİįȓαıȘ. Ǿ 

ıυȤȞȩĲȘĲα υπȑȡȕαıȘȢ ȖȚα ĲȠ ȆȂ∆Ȇ 1 İȓȞαȚ ȓıȘ µİ 50% ȠπȩĲİ Ș İυȡȦıĲȓα ĲȘȢ µİșȩįȠυ İȓȞαȚ 

ȚıȠįȪȞαµȘ µİ αυĲȒ ĲȦȞ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȦȞ Γǹ. ǹυĲȩ İπȚĲυȖȤȐȞİĲαȚ ȩµȦȢ ıİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.71 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µȚțȡȩĲİȡȠ ȤȡȩȞȠ țαșȫȢ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ İȓȞαȚ ȓıȠȢ µİ 63%.  

ȈĲȠ ∆ȚȐȖ. 4.46, ȩȜα Ĳα ȆȂ∆Ȇ įȓįȠυȞ ıȤİįȚȐıİȚȢ φșȘȞȩĲİȡİȢ απȩ ĲȠȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ 

ıȤİįȚαıµȩ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. Ǿ πȚșαȞȩĲȘĲα İȪȡİıȘȢ ȜȪıȘȢ țαȜȪĲİȡȘȢ ĲȘȢ ȜȪıȘȢ ĲȠυ 

παȡȐȜȜȘȜȠυ Γǹ İȓȞαȚ ȖȚα ȩȜα Ĳα ȆȂ∆Ȇ, µİ İȟαȓȡİıȘ ĲȠ ȆȂ∆Ȇ 2, υȥȘȜȩĲİȡȘ ĲȠυ 50% µİ 

ĲȚȢ țαȜȪĲİȡİȢ ĲȚµȑȢ Ȟα παȡαĲȘȡȠȪȞĲαȚ ȖȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 6.  

ȈĲȠ ∆ȚȐȖ. 4.47 ȩȜα Ĳα ȆȂ∆Ȇ, µİ İȟαȓȡİıȘ ĲȠ ȆȂ∆Ȇ 4, įȓįȠυȞ ıȤİįȚȐıİȚȢ φșȘȞȩĲİȡİȢ απȩ 

ĲȠȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ıȤİįȚαıµȩ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. Ǿ πȚșαȞȩĲȘĲα İȪȡİıȘȢ 

φșȘȞȩĲİȡȘȢ ȜȪıȘȢ απȩ ĲȘȞ αȞĲȓıĲȠȚȤȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ İȓȞαȚ ȓıȘ Ȓ υȥȘȜȩĲİȡȘ ĲȠυ 50%.  

ǹπȩ Ĳα παȡαπȐȞȦ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ παȡȠυıȚȐȗİȚ µİȖαȜȪĲİȡȘ 

ıυȞȠȜȚțȒ απȩįȠıȘ ȩıȠ αυȟȐȞİĲαȚ Ș įυıțȠȜȓα ĲȠυ υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲȠȢ. 

Obj. Value, CE and Pr. of better sols from std. GA - E[P]= 20kN
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∆ȚȐȖ. 4.45: ȀȩıĲȠȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ 
țαȜȪĲİȡȘȢ ȜȪıȘȢ (E[P]=20kN, Ȥ Ĳ.µ 10%) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.72 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obj. Value, CE and Pr. of better sols from std. GA  - E[P]= 30kN
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∆ȚȐȖ. 4.46: ȀȩıĲȠȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ 
țαȜȪĲİȡȘȢ ȜȪıȘȢ (E[P]=30kN, Ȥ ȃĲİĲİȡµȚȞȚıĲȚțȒ) 

Obj. Value, CE and Pr. of better sols from std. GA  - E[P]= 40kN
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∆ȚȐȖ. 4.47: ȀȩıĲȠȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ 
țαȜȪĲİȡȘȢ ȜȪıȘȢ (E[P]=40kN, Ȥ Ĳ.µ 5%) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.73 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ΓȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ υπȩ İȟȑĲαıȘ πȡȠȕȜȘµȐĲȦȞ Ș țαȜȪĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα ȩȤȚ 

ȚįȚαȓĲİȡα υȥȘȜȑȢ µİĲαȕȠȜȑȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ πȠυ ȠįȘȖȠȪȞ ĲȘ µȑșȠįȠ ıİ πȡȩȦȡȘ 

ıȪȖțȜȚıȘ. ȆȠȜȪ țαȜȐ απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα Ĳα ȆȂ∆Ȇ 5 ȦȢ 7 įȘȜαįȒ Ĳα ȆȂ∆Ȇ 

ȖȚα Ĳα ȠπȠȓα İπȚȕȐȜȜİĲαȚ αȪȟȘıȘ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ įȚαįȚțαıȓαȢ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ αțȠȜȠυșȠȪµİȞȘ απȩ µİȓȦıȘ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ țαșȫȢ țαȚ ȆȂ∆Ȇ πȠυ 

ıυȞįυȐȗȠυȞ µȓα πİȡȚȠįȚțȒ µİ µȓα φșȓȞȠυıα αțȠȜȠυșȓα įȚαșİıȓµȦȞ πȩȡȦȞ. 

4.7.5 ȈυµπİȡȐıµαĲα 

Ǿ µȑșȠįȠȢ İȜȑȖȤİȚ İπαȡțȫȢ ĲȘ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ țαȚ İυȞȠİȓ ĲȠυȢ πȜȘșυıµȠȪȢ πȠυ 

ȠįȘȖȠȪȞ ıĲȚȢ țαȜȪĲİȡİȢ ȜȪıİȚȢ. ȉȠ Ȉǹ İȜȑȖȤİȚ µİ İπȚĲυȤȓα ĲȠυȢ Γǹ ȫıĲİ Ȟα ıυȖțȜȓȞȠυȞ ıĲȚȢ 

ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ µİ µȚțȡȩĲİȡȠ țȩıĲȠȢ. Ǿ ıυȞȠȜȚțȒ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα 

ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα απȠĲİȜİȓ țαȚ ȚıȤυȡȒ ȑȞįİȚȟȘ ĲȘȢ țαĲαȜȜȘȜȩĲȘĲαȢ ĲȠυ ȖȚα 

αȞĲȓıĲȠȚȤα πȡȠȕȜȒµαĲα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ȆȂ∆Ȇ πȠυ 

ıυȞįυȐȗȠυȞ πİȡȚȠįȚțȒ µİ φșȓȞȠυıα αțȠȜȠυșȓα įȚαșİıȓµȦȞ πȩȡȦȞ Ȓ πȠυ παȡȠυıȚȐȗȠυȞ 

αȪȟȘıȘ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ıĲα αȡȤȚțȐ ıĲȐįȚα ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ αțȠȜȠυșȠȪµİȞȘ απȩ 

įȚαįȠȤȚțȑȢ µİȚȫıİȚȢ ĲȦȞ πȩȡȦȞ αυĲȫȞ. ȈȪµφȦȞα µİ Ĳα απȠĲİȜȑıµαĲα πȠυ παȡαĲȓșİȞĲαȚ, ȖȚα 

πȡȠȕȜȒµαĲα υȥȘȜȠȪ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ Ș πȜȑȠȞ țαĲȐȜȜȘȜȘ İπȚȜȠȖȒ İȓȞαȚ ĲȠ ȆȂ∆Ȇ 1 

πȠυ ıυȞįυȐȗİȚ υȥȘȜȒ İυȡȦıĲȓα țαȚ ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ φȠȡĲȓȠ. ΓȚα πȡȠȕȜȒµαĲα ȩπȠυ ĲȠ 

υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ įİȞ απȠĲİȜİȓ πİȡȚȠȡȚıĲȚțȩ παȡȐȖȠȞĲα ĲȠ ȆȂ∆Ȇ 3 απȠĲİȜİȓ țαȚ ĲȘ 

ȕȑȜĲȚıĲȘ İπȚȜȠȖȒ. ȉα ȆȂ∆Ȇ 6 țαȚ 7 απȠĲİȜȠȪȞ țαȚ ĲȚȢ ȕȑȜĲȚıĲİȢ İπȚȜȠȖȑȢ ȩĲαȞ ȗȘĲİȓĲαȚ țαȚ 

ȤαµȘȜȩ υπȠȜȠȖȚıĲȚțȩ φȠȡĲȓȠ țαȚ υȥȘȜȒ İυȡȦıĲȓα. ȈĲȘȞ παȡȐȖȡαφȠ 4.17, παȡȠυıȚȐȗİĲαȚ 

µİȜȑĲȘ ĲȦȞ ıυȞİπİȚȫȞ ıĲȘȞ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ıİ ıȤȑıȘ µİ ĲȘȞ 

πȠıȠıĲȚαȓα µİĲαȕȠȜȒ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ. 

4.8 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ υπİȡıĲαĲȚțȫȞ φȠȡȑωȞ µİ 
πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ 

ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠȡȓȗİĲαȚ ȦȢ [27]: 

 ( ) ( ) ,

1

min 1,...,
tN

i m i mat f s fail DV

m

C A V A C P C i N
=

= ⋅ + ⋅ =∑  (4.74) 

Ȋπȩ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ [27]: 

 ( ) ( ), ,

,lim ,lim

1.0 0, 1.0 0
f j f s

j i s i

j s

P P
g A g A

P P
= − ≤ = − ≤  (4.75) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.74 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȩπȠυ Nt İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ µİȜȫȞ ĲȠυ įȚțĲυȫµαĲȠȢ, Vm İȓȞαȚ Ƞ ȩȖțȠȢ ĲȠυ m µȑȜȠυȢ, Cmat țαȚ 

Cfail İȓȞαȚ ĲȠ țȩıĲȠȢ αȞȐ µȠȞȐįα ȩȖțȠυ ĲȠυ υȜȚțȠȪ ĲȠυ įȚțĲυȫµαĲȠȢ țαȚ ĲȠ țȩıĲȠȢ ȜȩȖȦ 

αıĲȠȤȓαȢ ĲȠυ φȠȡȑα, Pf,j țαȚ Pf,lim İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȠυ µȑȜȠυȢ țαȚ ĲȠ αȞĲȓıĲȠȚȤȠ 

ȩȡȚȠ țαȚ Pf,s țαȚ Ps,lim İȓȞαȚ Ș πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ ĲȠ αȞĲȓıĲȠȚȤȠ ȩȡȚȠ 

ĲȘȢ. Ǿ ĲȚµȒ Ps,lim ȠȡȓȗİĲαȚ ȓıȘ µİ 10
-6

 πȠυ αȞαȜȠȖİȓ ıİ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȕ=4.754. Ǿ ĲȚµȒ ĲȘȢ 

Pf,lim ȠȡȓȗİĲαȚ ȓıȘ µİ 10
-5

 πȠυ αȞαȜȠȖİȓ ıİ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȕ=4.265. ȅ ȜȩȖȠȢ Cfail/Cmat 

İȓȞαȚ ȓıȠȢ µİ 20000 țαȚ ĲȠ țȩıĲȠȢ ĲȠυ υȜȚțȠȪ ȠȡȓȗİĲαȚ ȓıȠ µİ 20MU/m
3
. Ǿ ĲȚµȒ ĲȠυ 

ıυȞĲİȜİıĲȒ πȠȚȞȒȢ İȓȞαȚ ȓıȘ µİ 100.0 țαȚ Ș ĲȚµȒ ĲȠυ ıυȞĲİȜİıĲȒ İ İȓȞαȚ ȓıȘ µİ 0.1. Ȉİ țȐșİ 

πİȡȓπĲȦıȘ Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ İπαȞαȜαµȕȐȞİĲαȚ 10 φȠȡȑȢ µİ įȚαφȠȡİĲȚțȒ ĲȚµȒ 

ıπȠȡȐȢ ȫıĲİ Ȟα įȘµȚȠυȡȖȘșİȓ ĲȠ țαĲȐȜȜȘȜȠ ıĲαĲȚıĲȚțȩ įİȓȖµα. 

ȅ µİĲαπȜȘșυıµȩȢ απȠĲİȜİȓĲαȚ απȩ 6 πȜȘșυıµȠȪȢ. ȉα ȤαȡαțĲȘȡȚıĲȚțȐ ĲȠυȢ παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȠȞ ȆȓȞ. 4.17. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȘȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ įȓįȠȞĲαȚ ȦȢ {Pinit, 

Pfinal, thalf, trest} = {0.1, 0.01, 10, 5}. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ țȡȚĲȘȡȓȦȞ ıȪȖțȜȚıȘȢ ĲȘȢ 

ıȤȑıȘȢ (4.14) įȓįȠȞĲαȚ ȦȢ {CI,U
min

, CI,U
med

, CI,r, CI,VAR} = {0.70, 0.85, 0.85, 0.05}. Ǿ 

įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲİȡµαĲȓȗİĲαȚ ȩĲαȞ ĲȠ πȜȒșȠȢ ĲȦȞ ȖİȞİȫȞ ȟİπİȡȐıİȚ ĲȚȢ 20. Ǿ 

παȡȐµİĲȡȠȢ Sj İȓȞαȚ ȓıȘ µİ 1.0 țαȚ ĲȠ ȗİȪȖȠȢ ĲȦȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȦȞ αĲȩµȦȞ İπȚȕȚȫȞİȚ 

ıĲȘȞ İπȩµİȞȘ ȖİȞİȐ (πİȡȚııȩĲİȡİȢ ȜİπĲȠµȑȡİȚİȢ ȖȚα ĲȠ ıțİπĲȚțȩ ĲȘȢ İπȚȜȠȖȒȢ ĲȘȢ ĲȚµȒȢ ĲȘȢ 

παȡαµȑĲȡȠυ Sj παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 4.20).  

ȆȜȘșυıµȩȢ 1 2 3 4 5 6 

Pcr 0.7 0.7 0.8 0.8 0.9 0.9 

Τύπος SPC DPC SPC DPC SPC DPC 

ȆȓȞ. 4.17: ȆαȡȐµİĲȡȠȚ GA 

ȅȚ įȚαșȑıȚµȠȚ πȩȡȠȚ µİĲαȕȐȜȜȠȞĲαȚ αȞȐȜȠȖα ĲȠυ ȆȂ∆Ȇ 1 πȠυ παȡȠυıȚȐȗİĲαȚ ıĲȠ ∆ȚȐȖ. 4.3. 

ȉȠ ıȤȒµα αυĲȩ İπȚȕȐȜȜİȚ µİȓȦıȘ ȓıȘ µİ ĲȠ 1/6 (ĲȠ 100% ĲȦȞ πȩȡȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ 

İπȚȕȓȦıȘ İȞȩȢ πȜȘșυıµȠȪ – πİȡȚııȩĲİȡİȢ ȜİπĲȠµȑȡİȚİȢ ȖȚα ĲȠ ıțİπĲȚțȩ ĲȘȢ İπȚȜȠȖȒȢ ĲȠυ 

πȠıȠıĲȠȪ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 4.17) ĲȦȞ 

αȡȤȚțȫȢ įȚαșȑıȚµȦȞ πȩȡȦȞ țȐșİ 5 ȖİȞİȑȢ. ȅȚ ĲȚµȑȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȠυ Ȉǹ țαĲȐ ĲȘȞ 

αȞȐȜυıȘ įȓįȠȞĲαȚ ȦȢ {a, b, c, w, d, e, f, g, SCP} = {1.0, 5/6, 0.0, 0.5, 0.2, 0.2, 0.1, 1.0, 1.0} țαȚ 

Ș ȑțįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ πȠυ ȤȡȘıȚµȠπȠȚİȓĲαȚ İȓȞαȚ Ș ALG#4. ȅȚ µİȜȑĲİȢ πȠυ 

ȠįȒȖȘıαȞ ıĲȘȞ İπȚȜȠȖȒ ĲȘȢ ȑțįȠıȘȢ αυĲȒȢ ȖȚα Ĳα πȡȠȕȜȒµαĲα υπȩ İȟȑĲαıȘ παȡȠυıȚȐȗȠȞĲαȚ 

ıĲȚȢ παȡαȖȡȐφȠυȢ 4.18 țαȚ 4.19. Ǿ παȡȐµİĲȡȠȢ SCP İȓȞαȚ ȓıȘ µİ 1.0 Ǿ ĲȚµȒ αυĲȒ İπȚȜȑȖİĲαȚ 

ȕȐıİȚ ĲȦȞ παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ ȖȚα ĲȠυȢ ALG#3 țαȚ ALG#4 µİ ıĲȩȤȠ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ 

ȚțαȞȩĲȘĲαȢ İȟİȡİȪȞȘıȘȢ ĲȘȢ µİșȩįȠυ. ȉα απȠĲİȜȑıµαĲα ĲȦȞ ıυȞİπİȚȫȞ ĲȘȢ İπȚȜȠȖȒȢ αυĲȒȢ, 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.75 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 4.20. 

4.9 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ įȚțĲυȫµαĲȠȢ 10 µİȜȫȞ µİ 
πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ 

ȈĲȠ ∆ȚȐȖ. 4.48, παȡȠυıȚȐȗİĲαȚ İπȓπİįȠ įȚțĲȪȦµα 10 µİȜȫȞ πȠυ απȠĲİȜİȓ ĲȠ 3
Ƞ
 πȡȩȕȜȘµα 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ. Ǿ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ φȠȡȑα İȓȞαȚ ȓıȘ µİ 3. ΩȢ µ.ı ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ȠȡȓȗȠȞĲαȚ Ĳα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ ȠµȐįȦȞ. ȅȚ įȚαșȑıȚµİȢ įȚαĲȠµȑȢ ȖȚα țȐșİ µ.ı 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ȆȓȞ. 4.11. Ǿ αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 4.18. 
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∆ȚȐȖ. 4.48: ǼπȓπİįȠ υπİȡıĲαĲȚțȩ įȚțĲȪȦµα 10 µİȜȫȞ (3Ƞ πȡȩȕȜȘµα) 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

1 1 3 2 2 4 3 3 5 4 4 6 

5 3 4 6 5 6 7 1 4 8 2 3 

9 3 6 10 4 5  

ȆȓȞ. 4.18: ǹȡȓșµȘıȘ µİȜȫȞ įȚțĲυȫµαĲȠȢ 10 µİȜȫȞ. 

† ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

ȈυȞȠȜȚțȐ απαȚĲȠȪȞĲαȚ, 5x4=20 įυφȓα ȖȚα ĲȠ πȜȒȡȘ ȠȡȚıµȩ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȉȠ ıȪȞȠȜȠ ĲȦȞ 

πȚșαȞȫȞ ȜȪıİȦȞ İȓȞαȚ ȓıȠ µİ 2
20

 (1,048,576) ıȤİįȚαıµȠȪȢ. Ǿ ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ ıĲαĲȚțȒȢ 

πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ İȓȞαȚ ȓıȘ µİ 5% [49], [67]. ΓȚα ĲȠ 3
Ƞ
 πȡȩȕȜȘµα İȟİĲȐȗȠȞĲαȚ 2 

υπȠπȡȠȕȜȒµαĲα µİ E[Pi] ȓıȠ µİ 40kN, țαȚ 60kN αȞĲȓıĲȠȚȤα. ΩȢ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ 

ȠȡȓȗȠȞĲαȚ Ș ĲȐıȘ įȚαȡȡȠȒȢ ıİ șȜȓȥȘ țαȚ İφİȜțυıµȩ ȠȚ İπȚφȐȞİȚİȢ ĲȦȞ įȚαĲȠµȫȞ țαȚ Ĳα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.76 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İπȚȕαȜȜȩµİȞα φȠȡĲȓα. ȅ ıυȞĲİȜİıĲȒȢ απȠµİȓȦıȘȢ ĲȘȢ αȞĲȠȤȒȢ Ȥ șİȦȡİȓĲαȚ ȞĲİĲİȡµȚȞȚıĲȚțȒ 

µİĲαȕȜȘĲȒ. ȅȚ ıυȞĲİȜİıĲȑȢ ĲȦȞ Ĳ.µ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ȆȓȞ. 

4.19. ȅȚ παȡȐµİĲȡȠȚ ĲȠυ αȜȖȩȡȚșµȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ İȓȞαȚ [27]: max{nf,j}=7, 

max{nj}=600, L[IFM]=2, fvol=1.0, fRV=fcut-off=0.10 fs,c=0.10, fs,cp=0.70 țαȚ ȖȚα ĲȘȞ țαĲαȞȠµȒ 

ĲȘȢ İυȡȦıĲȓαȢ ĲȦȞ ȠµȐįȦȞ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȤȡȘıȚµȠπȠȚİȓĲαȚ Ș 2
Ș
 

παȡαȜȜαȖȒ. To πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ȜαµȕȐȞİĲαȚ ȓıȠ µİ 20. 

ȆİȡȚııȩĲİȡİȢ πȜȘȡȠφȠȡȓİȢ ȖȚα ĲȚȢ παȡαµȑĲȡȠυȢ ĲȘȢ µİșȩįȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ țαȚ ĲȘ 

ıυµπİȡȚφȠȡȐ ĲȠυ αȜȖȠȡȓșµȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ țİφȐȜαȚȠ 3. 

ȉυȤαȓİȢ 
ȂİĲαȕȜȘĲȑȢ 

ıt,y ıc,y P1 P2 Ai 

ȀαĲαȞȠµȒ LN LN N N LN 

E[] 27.5 kN/cm
2
 24.0 kN/cm

2
 ȊπȠπȡȠȕȜȒµαĲα ȆȓȞ. 4.11 

0.07 0.07 0.15 (3
Ƞ
 πȡȩȕȜȘµα) 0.10 

COV 
0.07 0.07 0.30 (4

Ƞ
 πȡȩȕȜȘµα) 0.10 

ȆȓȞ. 4.19: ȈυȞĲİȜİıĲȑȢ Ĳ.µ (µȑıȘ ĲȚµȒ țαȚ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ) 

ΓȚα E[P1,2]=40kN Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ įȓįİĲαȚ ȦȢ {A1, A2, A3, A4, A5}= {Φ60.1/3.2, 

Φ60.1/3.2, Φ48.4/3.2, Φ76.1/3.2, Φ60.1/3.2}. Ǿ Pf,s ĲȠυ ıȤİįȚαıµȠȪ αυĲȠȪ İȓȞαȚ ȓıȘ µİ 

9.79x10
-8

 µİ ıȤİĲȚțȩ ȜȐșȠȢ ȓıȠ µİ 1.78x10
-8

, πȠυ αȞĲȚıĲȠȚȤİȓ ıİ ȕ=5.204. Ǿ ĲȚµȒ ĲȠυ Pf,s 

İȓȞαȚ țαĲȐ µȓα ĲȐȟȘ µİȖȑșȠυȢ µȚțȡȩĲİȡȘ ĲȠυ αȞĲȓıĲȠȚȤȠυ ȠȡȓȠυ. 

ΓȚα E[P1,2]=60kN Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ įȓįİĲαȚ ȦȢ {A1, A2, A3, A4, A5}= {Φ60.1/3.2, 

Φ101.6/3.6, Φ101.6/3.6, Φ82.5/3.2, Φ60.1/3.2}. Ǿ Pf,s ĲȠυ ıȤİįȚαıµȠȪ αυĲȠȪ İȓȞαȚ ȓıȘ µİ 

4.47x10
-7

 µİ ıȤİĲȚțȩ ȜȐșȠȢ ȓıȠ µİ 8.68x10
-8

, πȠυ αȞĲȚıĲȠȚȤİȓ ıİ ȕ=4.914. Ȉİ ıȤȑıȘ µİ ĲȠ 1Ƞ 

υπȠπȡȩȕȜȘµα παȡαĲȘȡİȓĲαȚ µȓα αȪȟȘıȘ ĲȘȢ Pf,s ȓıȘ µİ 500% πİȡȓπȠυ. ǹυĲȩ απȠįȓįİĲαȚ ıĲȘ 

µİȖαȜȪĲİȡȘ ıȘµαıȓα ĲȠυ țȩıĲȠυȢ αȞȑȖİȡıȘȢ țαșȫȢ ȑȤȠυµİ αȪȟȘıȘ ĲȠυ ȩȖțȠυ ĲȠυ υȜȚțȠȪ 

πȠυ απαȚĲİȓĲαȚ ıİ ıȤȑıȘ µİ ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα.  

ȈĲα ∆ȚȐȖ. 4.49 ȦȢ ∆ȚȐȖ. 4.52, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ țαȚ ĲȠυ 

țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα E[P1,2]=40kN țαȚ E[P1,2]=60kN. ΓȚα ĲȠ 

1
Ƞ
 υπȠπȡȩȕȜȘµα, ȠȚ πȜȘșυıµȠȓ 1 țαȚ 5 αȞαțαȜȪπĲȠυȞ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ. ȅȚ πȜȘșυıµȠȓ 

αυĲȠȓ αȞαȖȞȦȡȓȗȠȞĲαȚ απȩ ĲȠ Ȉǹ ȦȢ țαȚ ȠȚ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȚ πȜȘșυıµȠȓ. ǹυĲȩ 

İπȚȕİȕαȚȫȞİĲαȚ țαȚ απȩ ĲȘȞ ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ 

αĲȩµȠυ ĲȠυ ∆ȚȐȖ. 4.50. Ǿ µİĲαȕȠȜȒ ĲȠυ µİȖȑșȠυȢ ĲȦȞ πȜȘșυıµȫȞ ȟİțȚȞȐ ĲȘȞ 6
Ș
 ȖİȞİȐ 

αµȑıȦȢ µİĲȐ ĲȘ πȡȫĲȘ µİȓȦıȘ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ. ȅȚ πȜȘșυıµȠȓ 1 țαȚ 5 αυȟȐȞȠυȞ ĲȠ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.77 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυȢ ıİ ȕȐȡȠȢ ĲȠυ πȜȘșυıµȠȪ 2 πȠυ ȠįȘȖİȓĲαȚ ıİ İȟαφȐȞȚıȘ ıĲȘȞ 9
Ș
 

ȖİȞİȐ. ȈĲȘ 10
Ș
 ȖİȞİȐ ȠȚ πȜȘșυıµȠȓ 1 țαȚ 5 İµπȜȑțȠυȞ ĲαυĲȩȤȡȠȞα ĲȠυȢ πȜȘșυıµȠȪȢ 4 țαȚ 6 

αȞαȖțȐȗȠȞĲαȢ ĲȠυȢ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ. ȈĲȘ 15
Ș
 ȖİȞİȐ Ƞ πȜȘșυıµȩȢ 1 İµπȜȑțİĲαȚ µİ ĲȠȞ 

πȜȘșυıµȩ 3 µİ απȠĲȑȜİıµα ĲȘȞ πȡȩȦȡȘ ıȪȖțȜȚıȘ ĲȠυ ĲİȜİυĲαȓȠυ ıĲȘ 17
Ș
 ȖİȞİȐ.  

ΓȚα ĲȠ 2
Ƞ
 υπȠπȡȩȕȜȘµα Ƞ πȜȘșυıµȩȢ 3 αȞαțαȜȪπĲİȚ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ. ȈĲȘȞ πȡȫĲȘ 

φȐıȘ ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ Ș αȞĲȚțİȚµİȞȚțȒ ıυȞȐȡĲȘıȘ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ αĲȩµȠυ ĲȠυ πȜȘșυıµȠȪ αυĲȠȪ İȓȞαȚ υȥȘȜȩĲİȡȘ ĲȦȞ αȞĲȓıĲȠȚȤȦȞ ĲȚµȫȞ ĲȦȞ ȜȪıİȦȞ 

ĲȦȞ ıυȞİȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ. ȅȚ υȥȘȜȑȢ ĲȚµȑȢ ȩµȦȢ ĲȠυ įİȓțĲȘ πȠȚțȚȜȩĲȘĲαȢ țαȚ ĲȠυ 

ıυȞĲİȜİıĲȒ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ ȑȤȠυȞ ȦȢ απȠĲȑȜİıµα υȥȘȜȒ ĲȚµȒ ȖȚα ĲȘ ıυȞȠȜȚțȒ 

İυȡȦıĲȓα ĲȠυ πȜȘșυıµȠȪ αυĲȠȪ µİ απȠĲȑȜİıµα Ȟα țυȡȚαȡȤİȓ İπȓ ĲȦȞ υπȠȜȠȓπȦȞ ıĲȚȢ µİĲαȟȪ 

ĲȠυȢ İµπȜȠțȑȢ țαȚ Ȟα αυȟȐȞİȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ. ȅ πȜȘșυıµȩȢ αυĲȩȢ ĲİȜȚțȐ πȡȠȢ ĲȠ 

ĲȑȜȠȢ ĲȘȢ įȚαįȚțαıȓαȢ įȚțαȚȫȞİȚ ĲȘȞ İµπȚıĲȠıȪȞȘ ĲȠυ Ȉǹ țαȚ αȞαțαȜȪπĲİȚ ĲȠ ȕȑȜĲȚıĲȠ 

ıȤİįȚαıµȩ. Ǿ µİĲαȕȠȜȒ ĲȠυ µİȖȑșȠυȢ ĲȦȞ πȜȘșυıµȫȞ ȟİțȚȞȐ ĲȘȞ 5Ș ȖİȞİȐ ıȪµφȦȞα µİ Ĳα 

απȠĲİȜȑıµαĲα ĲȠυ ∆ȚȐȖ. 4.51 µİ ĲȘȞ İπȚȕȠȜȒ ĲȘȢ µİȓȦıȘȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ. ȈĲȘȞ ȖİȞİȐ 

αυĲȒ παȡαĲȘȡİȓĲαȚ µİȓȦıȘ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ 6. ȈĲȘ 7
Ș
 ȖİȞİȐ παȡαĲȘȡİȓĲαȚ µȓα 

İȜαφȡȐ µİȓȦıȘ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ 1. 
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∆ȚȐȖ. 4.49: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (3Ƞ πȡȩȕȜȘµα, E[P1,2]=40kN) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.78 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of the objective of best Individual
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∆ȚȐȖ. 4.50: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ (3Ƞ πȡȩȕȜȘµα, E[P1,2]=40kN) 
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∆ȚȐȖ. 4.51: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (3Ƞ πȡȩȕȜȘµα, E[P1,2]=60kN) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.79 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Evolution of the objective of best Individual
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∆ȚȐȖ. 4.52: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ , (3Ƞ πȡȩȕȜȘµα, E[P1,2]=60kN) 

Ǿ ıυȤȞȩĲȘĲα ĲȦȞ İµπȜȠțȫȞ αυȟȐȞİĲαȚ ıȘµαȞĲȚțȐ µİĲȐ ĲȘȞ 8Ș ȖİȞİȐ țαȚ țȠȡυφȫȞİĲαȚ ıĲȘȞ 

10
Ș
 µİ 12

Ș
 ȖİȞİȐ ȩπȠυ ȠȚ πȜȘșυıµȠȓ 2 țαȚ 4 İȟαȞαȖțȐȗȠȞĲαȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ µİ 

ĲαυĲȩȤȡȠȞȘ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ȖȚα ĲȠυȢ πȜȘșυıµȠȪȢ 3 țαȚ 1. ȅ πȜȘșυıµȩȢ 5 

ıυȖțȜȓȞİȚ πȡȩȦȡα ıĲȘ 14
Ș
 ȖİȞİȐ ıİ ȜȪıȘ 5% πİȡȓπȠυ αțȡȚȕȩĲİȡȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ. ȂİĲȐ 

ĲȘ 15
Ș
 ȖİȞİȐ ȩπȠυ țαȚ Ƞ πȜȘșυıµȩȢ 3 αȞαțαȜȪπĲİȚ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ ȠȚ İµπȜȠțȑȢ ĲȠυ µİ ĲȠυȢ 

πȜȘșυıµȠȪȢ 1 țαȚ 6, ȠįȘȖȠȪȞ ıİ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ αυĲȠȪ țαȚ 

ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ ĲȦȞ πȜȘșυıµȫȞ 1 țαȚ 6. ȉȡİȚȢ πȜȘșυıµȠȓ (1, 2 țαȚ 5) ıυȖțȜȓȞȠυȞ ıİ 

ȜȪıȘ țαĲȐ 4.5% αțȡȚȕȩĲİȡȘ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ȖȚα ĲȠ 2Ƞ υπȠπȡȩȕȜȘµα. 

ǹπȩ ĲȘ ıȪȖțȡȚıȘ ĲȦȞ ȕȑȜĲȚıĲȦȞ ıȤİįȚȐıİȦȞ ȖȚα Ĳα 2 υπȠπȡȠȕȜȒµαĲα ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ƞ 

πȜȘșυıµȩȢ 3 ıĲȠ 2Ƞ υπȠπȡȩȕȜȘµα ıυȖțȜȓȞİȚ ıİ ȜȪıȘ țαĲȐ 2.5% αțȡȚȕȩĲİȡȘ ĲȠυ ȕȑȜĲȚıĲȠυ 

ıȤİįȚαıµȠȪ πȠυ υπȠįİȚțȞȪİĲαȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 1 țαȚ 5 ıĲȠ 1Ƞ υπȠπȡȩȕȜȘµα. 

4.10 ǺȑȜĲȚıĲȠȢ ıχİįȚαıµȩȢ χωȡȠįȚțĲυȫµαĲȠȢ 25 µİȜȫȞ µİ 
πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ 

ȈĲȠ ∆ȚȐȖ. 4.53 παȡȠυıȚȐȗİĲαȚ ȤȦȡȚțȩ įȚțĲȪȦµα 25 µİȜȫȞ [15], [16], πȠυ απȠĲİȜİȓ ĲȠ 4
Ƞ
 

πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ αȞĲȚµİĲȦπȓȗİĲαȚ ıĲȘ įȚαĲȡȚȕȒ αυĲȒ. Ǿ υπİȡıĲαĲȚțȩĲȘĲα ĲȠυ 

φȠȡȑα İȓȞαȚ ȓıȘ µİ 12. ΩȢ µ.ı ĲȠυ πȡȠȕȜȒµαĲȠȢ ȠȡȓȗȠȞĲαȚ Ĳα İµȕαįȐ ĲȦȞ įȚαĲȠµȫȞ ĲȦȞ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.80 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȠµȐįȦȞ. Ǿ αȡȓșµȘıȘ ĲȦȞ µİȜȫȞ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 4.20. ȅȚ įȚαșȑıȚµİȢ įȚαĲȠµȑȢ ȖȚα 

țȐșİ µ.ı παȡȠυıȚȐȗȠȞĲαȚ ıĲȠ ȆȓȞ. 4.11. ȈυȞȠȜȚțȐ απαȚĲȠȪȞĲαȚ, 6x4=24 įυφȓα ȖȚα ĲȠ πȜȒȡȘ 

ȠȡȚıµȩ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȉȠ ıȪȞȠȜȠ ĲȦȞ πȚșαȞȫȞ ȜȪıİȦȞ İȓȞαȚ ȓıȠ 2
24

 (16,777,216) 

ıȤİįȚαıµȠȪȢ. Ǿ ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ ıĲαĲȚțȒȢ πȚșαȞȩĲȘĲαȢ µİĲȐȜȜαȟȘȢ İȓȞαȚ ȓıȘ µİ 4.167% 

[49], [67]. ΓȚα ĲȠ 4
Ƞ
 πȡȩȕȜȘµα İȟİĲȐȗȠȞĲαȚ 2 υπȠπȡȠȕȜȒµαĲα µİ E[Pi] ȓıȠ µİ 40kN, țαȚ 

60kN αȞĲȓıĲȠȚȤα. ȅȚ παȡȐµİĲȡȠȚ ĲȠυ αȜȖȩȡȚșµȠυ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ țαȚ ĲȠυ αȜȖȩȡȚșµȠυ 

ȕİȜĲȚıĲȠπȠȓȘıȘȢ İȓȞαȚ ȩπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ 3Ƞυ πȡȠȕȜȒµαĲȠȢ [27], µİ ĲȘ įȚαφȠȡȐ 

ȩĲȚ ĲȠ πȜȒșȠȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ İȓȞαȚ ȓıȠ µİ 40. 

ȂȑȜȠȢ Ȁǹ† ȀȆ‡ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ ȂȑȜȠȢ Ȁǹ ȀȆ 

1 1 2 2 2 6 3 1 5 4 1 4 

5 2 3 6 2 4 7 2 5 8 1 3 

9 1 6 10 4 5 11 5 6 12 3 6 

13 3 4 14 5 10 15 6 9 16 6 7 

17 3 10 18 3 8 19 4 7 20 5 8 

21 4 9 22 5 9 23 6 10 24 3 7 

25 4 8  

ȆȓȞ. 4.20: ǹȡȓșµȘıȘ µİȜȫȞ ȤȦȡȠįȚțĲυȫµαĲȠȢ 25 µİȜȫȞ. 

† ȀȩµȕȠȢ ǹȡȤȒȢ ‡ ȀȩµȕȠȢ ȆȑȡαĲȠȢ 

 

∆ȚȐȖ. 4.53: ȊπİȡıĲαĲȚțȩ ȤȦȡȠįȚțĲȪȦµα 25 µİȜȫȞ (4Ƞ πȡȩȕȜȘµα) 

ΓȚα E[P1,2]=40kN Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ įȓįİĲαȚ ȦȢ {A1, A2, A3, A4, A5, A6}= {Φ42.7/3.2, 

Φ42.7/3.2, Φ60.1/3.2, Φ48.4/3.2, Φ42.7/3.2, Φ48.4/3.2}. Ǿ Pf,s ĲȠυ ıȤİįȚαıµȠȪ αυĲȠȪ İȓȞαȚ 

ȓıȘ µİ 3.51x10
-7

 µİ ıȤİĲȚțȩ ȜȐșȠȢ ȓıȠ µİ 6.09x10
-8

, πȠυ αȞĲȚıĲȠȚȤİȓ ıİ ȕ=4.961. Ǿ ĲȚµȒ ĲȠυ 
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ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.81 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Pf,s İȓȞαȚ țαĲȐ 65% µȚțȡȩĲİȡȘ ĲȠυ ȠȡȓȠυ. 

ΓȚα E[P1,2]=60kN Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ įȓįİĲαȚ ȦȢ {A1, A2, A3, A4, A5, A6}= {Φ76.1/3.2, 

Φ76.1/3.2, Φ76.1/3.2, Φ42.7/3.2, Φ48.4/3.2, Φ60.1/3.2}. Ǿ Pf,s ĲȠυ ıȤİįȚαıµȠȪ αυĲȠȪ İȓȞαȚ 

ȓıȘ µİ 3.84x10
-7

 µİ ıȤİĲȚțȩ ȜȐșȠȢ ȓıȠ µİ 8.43x10
-8

, πȠυ αȞĲȚıĲȠȚȤİȓ ıİ ȕ=4.944. ΌπȦȢ țαȚ 

ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ 3
Ƞυ

 πȡȠȕȜȒµαĲȠȢ Ș αȪȟȘıȘ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ φȠȡĲȓȠυ ȠįȘȖİȓ ıİ 

αȪȟȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ. 

ȈĲα ∆ȚȐȖ. 4.54 ȦȢ ∆ȚȐȖ. 4.55, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ țαȚ ĲȠυ 

țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα E[P1,2]=40kN. ȅ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ 

αȞαțαȜȪπĲİĲαȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 1 țαȚ 2. ȅ πȜȘșυıµȩȢ αυĲȩȢ αµİȓȕİĲαȚ µİ πİȡȚııȩĲİȡα 

ȐĲȠµα țαĲȐ ĲȘ įȚȐȡțİȚα ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ.  
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∆ȚȐȖ. 4.54: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (4Ƞ πȡȩȕȜȘµα, E[P1,2]=40kN) 

ȅȚ İµπȜȠțȑȢ ȟİțȚȞȠȪȞ ıĲȘȞ 9Ș ȖİȞİȐ. Ǿ țαșυıĲȑȡȘıȘ ȑȞαȡȟȘȢ ĲȦȞ İµπȜȠțȫȞ ȠφİȓȜİĲαȚ ıĲȠ 

ȖİȖȠȞȩȢ ȩĲȚ ȠȚ πȜȘșυıµȠȓ İµφαȞȓȗȠυȞ παȡİµφİȡİȓȢ ĲȚµȑȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ µİ 

απȠĲȑȜİıµα Ȟα µȘȞ ȜαµȕȐȞȠȞĲαȚ απȠφȐıİȚȢ İµπȜȠțȒȢ ĲȦȞ πȜȘșυıµȫȞ. Ǿ πİȡȓȠįȠȢ αυĲȒ 

ıυµπȓπĲİȚ µİ ĲȘȞ πİȡȓȠįȠ ȩπȠυ παȡαĲȘȡȠȪȞĲαȚ țαȚ ȠȚ πİȡȚııȩĲİȡİȢ µİĲαȕȠȜȑȢ ıĲȠ ∆ȚȐȖ. 4.55. 

ȉȠ Ȉǹ İπȚĲȡȑπİȚ ıĲȠυȢ πȜȘșυıµȠȪȢ Ȟα ıυȞİȤȓıȠυȞ αȜȫȕȘĲȠȚ ȦȢ ĲȘȞ 9
Ș
 ȖİȞİȐ ȩπȠυ țαȚ 

İµφαȞȓȗİĲαȚ ĲȠ πȡȫĲȠ ȗİȪȖȠȢ (πȜȘșυıµȠȓ 5 țαȚ 6) İµπȜȠțȒȢ µİ ȞȚțȘĲȒ ĲȠ πȜȘșυıµȩ 6. ȅ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.82 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȜȘșυıµȩȢ 6 țİȡįȓȗİȚ ȜȩȖȦ ĲȘȢ υȥȘȜȩĲİȡȘȢ İυȡȦıĲȓαȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ 

țαȚ ĲȘȢ İυȡȦıĲȓαȢ ĲȠυ πȜȘșυıµȠȪ. ȈĲȘȞ 10
Ș
 ȖİȞİȐ Ƞ πȜȘșυıµȩȢ 1 İµπȜȑțİĲαȚ µİ ĲȠȞ 

πȜȘșυıµȩ 5 țαȚ ĲȠȞ İȟαȞαȖțȐȗİȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ.  

ȈĲȘ ıυȞȑȤİȚα Ƞ πȜȘșυıµȩȢ 1 İµπȜȑțİĲαȚ µİ ĲȠȞ πȜȘșυıµȩ 6 țαȚ ıĲȘȞ 12
Ș
 ȖİȞİȐ ȑȤȠυµİ 

αȪȟȘıȘ ĲȠυ αȡȚșµȠȪ ĲȦȞ İµπȜȠțȫȞ țαșȫȢ Ș įȚαφȠȡȐ ĲȦȞ įȚαșȑıȚµȦȞ απȩ ĲȠυȢ 

απαȚĲȠȪµİȞȠυȢ πȩȡȠυȢ ȠįȘȖİȓ ıİ υȥȘȜȐ İȜȜİȓµµαĲα. ǹπȩ ĲȚȢ İµπȜȠțȑȢ αυĲȑȢ țİȡįȚıµȑȞȠȚ 

παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πȜȘșυıµȠȓ 1 (πȠυ αȞαțαȜȪπĲİȚ țαȚ ĲȠ ȠȜȚțȩ ȕȑȜĲȚıĲȠ) țαȚ 4 µİ ĲȠυȢ 

πȜȘșυıµȠȪȢ 2 țαȚ 3 Ȟα İȟαȞαȖțȐȗȠȞĲαȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ. ȅ πȜȘșυıµȩȢ 4 ȜȩȖȦ ĲȘȢ 

ȤαµȘȜȒȢ πȚșαȞȩĲȘĲαȢ įȚαıĲαȪȡȦıȘȢ παȡȠυıȚȐȗİȚ αυȟȘµȑȞȘ πȠȚțȚȜȩĲȘĲα, ıİ ıȤȑıȘ µİ ĲȠυȢ 

ıυȞİȟİȜȚııȩµİȞȠυȢ πȜȘșυıµȠȪȢ, µİ απȠĲȑȜİıµα Ȟα παȡȠυıȚȐȗİȚ υȥȘȜȒ ıυȞȠȜȚțȒ İυȡȦıĲȓα. 

ȈĲȘ 16
Ș
 ȖİȞİȐ ȩµȦȢ, țαȚ Ƞ πȜȘșυıµȩȢ αυĲȩȢ υπȠțȪπĲİȚ ıĲȘȞ αȞȦĲİȡȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ 1 

țαȚ İȟαȞαȖțȐȗİĲαȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ.  
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∆ȚȐȖ. 4.55: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ , (4Ƞ πȡȩȕȜȘµα, E[P1,2]=40kN) 

ȈĲȠ ∆ȚȐȖ. 4.56 țαȚ ∆ȚȐȖ. 4.57, παȡȠυıȚȐȗİĲαȚ Ș İȟȑȜȚȟȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ țαȚ ĲȠυ 

țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα E[P1,2]=60kN. ȅȚ İµπȜȠțȑȢ αȞȐµİıα 

ıĲȠυȢ πȜȘșυıµȠȪȢ ȟİțȚȞȠȪȞ ıĲȘȞ 8Ș ȖİȞİȐ. ȁȩȖȦ ĲȠυ ȑȞĲȠȞȠυ ıυȞαȖȦȞȚıµȠȪ ȠȚ πȜȘșυıµȠȓ 3 

țαȚ 6 ȠįȘȖȠȪȞĲαȚ ıİ πȡȩȦȡȘ ıȪȖțȜȚıȘ. ΓȚα ĲȠȞ πȜȘșυıµȩ 2 Ș įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.83 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲİȡµαĲȓȗİĲαȚ ıĲȘȞ 16
Ș
 ȖİȞİȐ. ȅ πȜȘșυıµȩȢ 1 αυȟȐȞİȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ 4 φȠȡȑȢ. Ǿ 

İυȡȦıĲȓα ĲȠυ πȜȘșυıµȠȪ ȠφİȓȜİĲαȚ țαĲȐ țȪȡȚȠ ȜȩȖȠ ıĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȠυ țαșȫȢ Ș 

İυȡȦıĲȓα ĲȠυ πİȡȚııȩĲİȡȠυ İȪȡȦıĲȠυ αĲȩµȠυ ȦȢ ĲȘ 17
Ș
 ȖİȞİȐ İȓȞαȚ Ș ȤαµȘȜȩĲİȡȘ µİĲαȟȪ 

ĲȦȞ ıυȞİȟİȜȚııȩµİȞȦȞ πȜȘșυıµȫȞ. ȅ πȜȘșυıµȩȢ 4 ıυȖțȜȓȞİȚ ıİ ȜȪıȘ țαĲȐ 5.5% țαȚ 5.4% 

αțȡȚȕȩĲİȡȘ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ȖȚα ĲȠ 1Ƞ țαȚ 2Ƞ υπȠπȡȩȕȜȘµα αȞĲȓıĲȠȚȤα. 
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∆ȚȐȖ. 4.56: ȂȑȖİșȠȢ πȜȘșυıµȫȞ (4Ƞ πȡȩȕȜȘµα, E[P1,2]=60kN) 

ȈĲȠ ∆ȚȐȖ. 4.58, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ πȠυ αȞȚȤȞİȪșȘțαȞ απȩ ĲȠȞ 

αȜȖȩȡȚșµȠ αȟȚȠπȚıĲȓαȢ țαĲȐ ĲȘȞ αȞȐȜυıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ µİ E[P1,2]=40kN. ȈυȞȠȜȚțȐ 

παȡαĲȘȡȠȪȞĲαȚ 15 įȚαφȠȡİĲȚțȑȢ πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ µİ ıυȞĲİȜİıĲȑȢ ıυµµİĲȠȤȒȢ 

πȠυ țυµαȓȞȠȞĲαȚ απȩ 20.1% ȦȢ 1.8%. ȅȚ πȡȫĲİȢ 10 πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ 

πİȡȚȜαµȕȐȞȠυȞ µȑȜȘ πȠυ ȕȡȓıțȠȞĲαȚ ıĲȠ ȐȞȦ µȑȡȠȢ ĲȘȢ țαĲαıțİυȒȢ. ȉȠ πȠıȠıĲȩ 

ıυµµİĲȠȤȒȢ ĲȦȞ 10 πȡȫĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ ıĲȘ ıυȞȠȜȚțȒ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ 

αȞȑȡȤİĲαȚ ıİ 85.5% ȅȚ ȜȠȚπȑȢ 5 πȜȒȡİȚȢ αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ µİ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ 

14.5% απȠĲİȜȠȪȞ ıυȞįυαıµȠȪȢ αıĲȠȤȚȫȞ µİȜȫȞ ĲȠυ ȐȞȦ µȑȡȠυȢ ĲȘȢ țαĲαıțİυȒȢ țαȚ µİȜȫȞ 

ıĲȠυȢ πȩįİȢ αυĲȒȢ. ȉȠ µȒțȠȢ ĲȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țυµαȓȞİĲαȚ απȩ 3 ȦȢ 7 µȑȜȘ. 

Ǿ įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ İπαȞαȜαµȕȐȞİĲαȚ ȖȚα ĲȠ 1
Ƞ
 υπȠπȡȩȕȜȘµα ĲȠυ 4

Ƞυ
 

πȡȠȕȜȒµαĲȠȢ µİ ĲȘ ȤȡȒıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. ȈĲȚȢ 7 απȩ ĲȚȢ 10 πİȡȚπĲȫıİȚȢ πȠυ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.84 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

İȟİĲȐȗȠȞĲαȚ, ȖȚα įȚαφȠȡİĲȚțȒ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ, Ș µȑșȠįȠȢ 

ıυȖțȜȓȞİȚ ıİ țαȜȪĲİȡȘ ȜȪıȘ απȩ ĲȘ ȜȪıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ ıİ ȜȚȖȩĲİȡȠ ȤȡȩȞȠ țαșȫȢ ȖȚα 

ĲȠȞ αȜȖȩȡȚșµȠ απαȚĲİȓĲαȚ Ș αȞȐȜυıȘ 19672 įȚαφȠȡİĲȚțȫȞ ȜȪıİȦȞ ȑȞαȞĲȚ ĲȦȞ 23700 ȜȪıİȦȞ 

πȠυ İȟİĲȐȗȠȞĲαȚ απȩ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ. ȈȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.39) Ș OE ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ İȓȞαȚ ȓıȘ µİ 2.81. ȅ παȡȐȜȜȘȜȠȢ Γǹ țαȚ Ș µȑșȠįȠȢ İπȑĲυȤαȞ Ȟα 

αȞȚȤȞİȪıȠυȞ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȖȚα įȚαφȠȡİĲȚțȑȢ ȩµȦȢ ĲȚµȑȢ ıπȠȡȐȢ. 

Evolution of the Objective of Best Individual
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∆ȚȐȖ. 4.57: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ , (4Ƞ πȡȩȕȜȘµα, E[P1,2]=60kN). 

ΓȚα ĲȠ 4Ƞ πȡȩȕȜȘµα țαȚ ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα ĲȠυ 3Ƞυ πȡȠȕȜȒµαĲȠȢ Ƞ φșȘȞȩĲİȡȠȢ ıȤİįȚαıµȩȢ 

αȞαțαȜȪπĲİĲαȚ απȩ ĲȠ πȜȘșυıµȩ 1 (Pcr=70% țαȚ SPC). ΓȚα ĲȠ 2
Ƞ
 υπȠπȡȩȕȜȘµα ĲȠυ 3

Ƞυ
 

πȡȠȕȜȒµαĲȠȢ Ƞ țαȜȪĲİȡȠȢ ıȤİįȚαıµȩȢ αȞαțαȜȪπĲİĲαȚ απȩ ĲȠ πȜȘșυıµȩ 3 (Pcr=90% țαȚ 

SPC). ǼπȚπȡȩıșİĲα ȖȚα ĲȠ 1Ƞ υπȠπȡȩȕȜȘµα ĲȠυ 3Ƞυ πȡȠȕȜȒµαĲȠȢ țαȚ ĲȠυ 4Ƞυ πȡȠȕȜȒµαĲȠȢ Ƞ 

țαȜȪĲİȡȠȢ ıȤİįȚαıµȩȢ αȞαțαȜȪπĲİĲαȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 5 (Pcr=90% țαȚ DPC) țαȚ 2 

αȞĲȓıĲȠȚȤα (Pcr=70% țαȚ DPC). Tα țαȜȪĲİȡα απȠĲİȜȑıµαĲα αȞαµȑȞȠȞĲαȚ απȩ Γǹ πȠυ 

ȤȡȘıȚµȠπȠȚȠȪȞ ĲȘ µȑșȠįȠ įȚαıĲαȪȡȦıȘȢ SPC µİ ȕȑȜĲȚıĲȘ ĲȚµȒ ĲȘȢ Pcr απȩ 70% ȦȢ 80%. ȅȚ 

παȡαĲȘȡȒıİȚȢ αυĲȑȢ απȠĲİȜȠȪȞ İȞįİȓȟİȚȢ ȩĲȚ ȖȚα Ĳα υπȩ İȟȑĲαıȘ πȡȠȕȜȒµαĲα, ȠȚ Γǹ ȖȚα Ĳα 

ȠπȠȓα Ș ĲαȤȪĲȘĲα İȟȐπȜȦıȘȢ ĲȦȞ İȪȡȦıĲȦȞ ıȤȘµȐĲȦȞ İȓȞαȚ ȤαµȘȜȒ απȠĲİȜȠȪȞ țαȚ ĲȘȞ 

țαȜȪĲİȡȘ İπȚȜȠȖȒ țαșȫȢ įİȞ İπȚĲȡȑπȠυȞ ĲȠ πȡȩȦȡȠ țȠȡİıµȩ ĲȘȢ πȚıȓȞαȢ ĲȦȞ įȚαșȑıȚµȦȞ 

ıȤȘµȐĲȦȞ (saturation of the pool of schemas) įȚαĲȘȡȫȞĲαȢ ıİ υȥȘȜȐ İπȓπİįα ĲȠ įİȓțĲȘ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.85 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȠȚțȚȜȩĲȘĲαȢ µİ απȠĲȑȜİıµα ĲȘ ȜİπĲȠµİȡȑıĲİȡȘ İȟİȡİȪȞȘıȘ ĲȠυ ȤȫȡȠυ ĲȦȞ ȜȪıİȦȞ țαȚ ĲȘȞ 

İȪȡİıȘ ĲȠυ țαȜȪĲİȡȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ. ǹυĲȩ ȕȑȕαȚα įİȞ απȠĲİȜİȓ șȑıφαĲȠ țαșȫȢ ıĲȠ 

1
Ƞ
 υπȠπȡȩȕȜȘµα ĲȠυ 3Ƞυ πȡȠȕȜȒµαĲȠȢ țαȚ Ƞ πȜȘșυıµȩȢ 5 ȠįȘȖİȓĲαȚ ıĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ. ȅȚ 

țαȜȪĲİȡİȢ ȜȪıİȚȢ πȡȠĲİȓȞȠȞĲαȚ απȩ πȜȘșυıµȠȪȢ πȠυ ıİ țȐșİ πİȡȓπĲȦıȘ İȓȤαȞ İυȞȠȘșİȓ απȩ 

ĲȠ Ȉǹ țαȚ ȖȚα Ĳα 2 πȡȠȕȜȒµαĲα µİ ĲȘȞ İȟαȓȡİıȘ ĲȠυ πȜȘșυıµȠȪ 2 ıĲȠ 1Ƞ υπȠπȡȩȕȜȘµα ĲȠυ 

3
Ƞυ

 πȡȠȕȜȒµαĲȠȢ. ǹυĲȩ απȠĲİȜİȓ ȚıȤυȡȒ ȑȞįİȚȟȘ ĲȘȢ İυȡȦıĲȓαȢ ĲȘȢ µİșȩįȠυ țαȚ ĲȘȢ 

ȚțαȞȩĲȘĲαȢ ĲȘȢ Ȟα įȚαȤİȚȡȓȗİĲαȚ įȪıțȠȜα πȡȠȕȜȒµαĲα ȕİȜĲȚıĲȠπȠȓȘıȘȢ. 

Id L3T4C6C8

# Failures 6

Failure Length 3

Part. factor 0.201

Id L3T4T5C6

# Failures 6

Failure Length 3

Part. factor 0.159

Id L4T1C3C5T8
# Failures 3

Failure Length 4

Part. factor 0.083

Id L3T2C7C9

# Failures 2

Failure Length 3

Part. factor 0.082

Id L4T1C2C3T7

# Failures 4

Failure Length 4

Part. factor 0.079

Id L4T1C4C5T8

# Failures 3

Failure Length 4

Part. factor 0.057

Id L3T2T3C9

# Failures 2

Failure Length 3

Part. factor 0.054

Id L4T1C3C5T7

# Failures 1

Failure Length 4

Part. factor 0.044

Id L4T1C2C3C5

# Failures 1

Failure Length 4

Part. factor 0.044

Id L4T1C3C4C5

# Failures 1

Failure Length 4

Part. factor 0.038

Id L7T1C3C5T11T16T23T25

# Failures 2

Failure Length 7

Part. factor 0.026

Id L6T1C3C5T6T23T25

# Failures 1

Failure Length 6

Part. factor 0.021

Id L4T1C3C5T9

# Failures 1

Failure Length 4

Part. factor 0.021

Id L6T1C3C5T13C20T25

# Failures 1

Failure Length 6

Part. factor 0.021

Id L6T1C3C5C14C17T23

# Failures 2

Failure Length 6

Part. factor 0.018

 

∆ȚȐȖ. 4.58: ǹȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ (4Ƞ πȡȩȕȜȘµα, E[P1,2]=40kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.86 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4.11 ȈυµπİȡȐıµαĲα 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐȗİĲαȚ µȓα µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ıυȞįυȐȗİȚ ĲȠȞ 

țȜαııȚțȩ ΓİȞİĲȚțȩ ǹȜȖȩȡȚșµȠ µİ ȑȞα ȈȤȒµα ǹȞĲαȖȦȞȚıµȠȪ µİ ıĲȩȤȠ ĲȘȞ αȪȟȘıȘ ĲȘȢ 

İυȡȦıĲȓαȢ țαȚ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ǹπȩ Ĳα απȠĲİȜȑıµαĲα (2 

ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ țαșȫȢ țαȚ 4 πȡȠȕȜȒµαĲα įȚțĲυȦµȐĲȦȞ), ȖȚα Ĳα υπȩ İȟȑĲαıȘ 

πȡȠȕȜȒµαĲα (πȡȠȕȜȒµαĲα µİ µȚțȡȩ πȜȒșȠȢ ȠȜȚțȫȞ αțȡȩĲαĲȦȞ Ȓ țαȚ µȩȞȠȞ ȑȞα ȠȜȚțȩ 

ȕȑȜĲȚıĲȠ țαȚ µȚțȡȩ πȜȒșȠȢ ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ țαȚ ȠµαȜȒ µİĲαȕȠȜȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ 

ıυȞȐȡĲȘıȘȢ ıĲȠ ȤȫȡȠ ıȤİįȚαıµȠȪ) απȠįİȚțȞȪİĲαȚ ȩĲȚ Ș µȑșȠįȠȢ İȜȑȖȤİȚ µİ İπȚĲυȤȓα ĲȘ 

įȚαįȚțαıȓα ȕİȜĲȚıĲȠπȠȓȘıȘȢ İυȞȠȫȞĲαȢ ȦȢ İπȓ ĲȠ πȜİȓıĲȠȞ πȜȘșυıµȠȪȢ πȠυ ȠįȘȖȠȪȞ ıİ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲİȢ ȜȪıİȚȢ µİ αȞĲȓıĲȠȚȤȘ µİȓȦıȘ ĲȠυ απαȚĲȠȪµİȞȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ. Ǿ µȑșȠįȠȢ ıυȞįυȐȗİĲαȚ µİ İπȚĲυȤȓα µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȠȜȪπȜȠțȦȞ 

ıυıĲȘµȐĲȦȞ αȞαțαȜȪπĲȠȞĲαȢ ĲȚȢ ȕȑȜĲȚıĲİȢ ȜȪıİȚȢ ȖȚα įȪıțȠȜα πȡȠȕȜȒµαĲα (3
Ƞ
 țαȚ 4

Ƞ
 

υπȠπȡȩȕȜȘµα) µİ µİȖȐȜȠ πȜȒșȠȢ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.87 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4.12 ȆαȡȐȡĲȘµα ǹ – ΨİυįȠțȫįȚțαȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ ıυȞȠȥȓȗİĲαȚ ıĲα παȡαțȐĲȦ ȕȒµαĲα: 

ǺȒµα 0: ΕțțȓȞȘıȘ ∆ȚαįȚțαıȓαȢ. ȅȡȚıµȩȢ ĲȦȞ ĲȚµȫȞ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ ıȤȑıİȦȞ (4.16) ȦȢ 

(4.37) ȖȚα ĲȠ ȈȤȒµα ǹȞĲαȖȦȞȚıµȠȪ (Ȉǹ). ȅȡȚıµȩȢ ĲȦȞ παȡαµȑĲȡȦȞ ĲȦȞ Γǹ țαȚ ĲȦȞ 

παȡαµȑĲȡȦȞ ĲȦȞ ıȤȑıİȦȞ (4.2) ȦȢ (4.15) ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ πȜȘșυıµȫȞ i=1,…,Np. ȅȡȚıµȩȢ 

ĲȠυ Ni
t
. ȅȡȚıµȩȢ ĲȠυ πȜȒșȠυȢ ĲȦȞ İπαȞαȜȒȥİȦȞ NR ȖȚα ĲȘȞ ĲȚµȒ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. IR=1. 

ǺȒµα 1: t=0. ȅȡȚıµȩȢ ĲȦȞ ĲȚµȫȞ ıπȠȡȐȢ ĲȘȢ ȖİȞȞȒĲȡȚαȢ ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ ȖȚα ĲȠυȢ 

πȜȘșυıµȠȪȢ țαȚ ĲȠ Ȉǹ. ȆαȡαȖȦȖȒ țαĲȐ ĲυȤαȓȠ ĲȡȩπȠ ĲȦȞ αĲȩµȦȞ ĲȦȞ πȜȘșυıµȫȞ 

i=1,…,Np.  

ǺȒµα 2: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ İυȡȦıĲȓαȢ fij(x) ĲȦȞ αĲȩµȦȞ țȐșİ πȜȘșυıµȠȪ ȖȚα i=1,…,Np țαȚ 

j=1,…,Ni
t
. ȊπȠȜȠȖȚıµȩȢ ĲȦȞ İπȚµȑȡȠυȢ ıĲαĲȚıĲȚțȫȞ ȖȚα ĲȠυȢ πȜȘșυıµȠȪȢ i=1,…,Np. 

ǺȒµα 3: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ αįȚȐıĲαĲȘȢ İυȡȦıĲȓαȢ ( )ˆ
ijf x  ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.4). 

ǺȒµα 4: ȁȒȥȘ απȠφȐıİȦȞ ȖȚα ĲȘȞ İµπȜȠțȒ ĲȦȞ πȜȘșυıµȫȞ. ȊπȠȜȠȖȚıµȩȢ ĲȦȞ απαȚĲȠυµȑȞȦȞ 

țαȚ įȚαșİıȓµȦȞ πȩȡȦȞ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (4.17) ȦȢ (4.23) αȞȐȜȠȖα µİ ĲȠȞ ĲȡȩπȠ 

υπȠȜȠȖȚıµȠȪ ĲȠυ İȜȜİȓµµαĲȠȢ (ȉȪπȠȢ ǿ Ȓ ȉȪπȠȢ ǿǿ) țαȚ µİ ĲȠ αȞ İπȚĲȡȑπİĲαȚ Ș αȞαįȚαȞȠµȒ 

ĲȦȞ πȩȡȦȞ ĲȦȞ πȜȘșυıµȫȞ πȠυ ȑȤȠυȞ ıυȖțȜȓȞİȚ. ǹȞ Np=1 Ȓ Rreq=Ravail ĲȩĲİ Ni
t+1

=Ni
t
 ȖȚα 

i=1,…,Np țαȚ ıυȞȑȤİȚα ıĲȠ ǺȒµα 8 αȜȜȚȫȢ αȞ Rreq<Ravail ıυȞȑȤİȚα ıĲȠ ǺȒµα 7 αȜȜȚȫȢ 

ıυȞȑȤİȚα ıĲȠ ǺȒµα 5. 

ǺȒµα 5: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ ĲȦȞ πȜȘșυıµȫȞ. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ ıυȞȠȜȚțȒȢ 

İυȡȦıĲȓαȢ ĲȦȞ πȜȘșυıµȫȞ ıȪµφȦȞα µİ ĲȚȢ ıȤȑıİȚȢ (4.26) ȦȢ (4.31). ǹπȠșȒțİυıȘ ĲȦȞ ĲȚµȫȞ 

αυĲȫȞ ıİ φșȓȞȠυıα αțȠȜȠυșȓα ıĲȠ įȚȐȞυıµα {A}. 

ǺȒµα 6: ΕµπȜȠțȒ. ǼπȚȜȠȖȒ ĲȠυ ȚıȤυȡȩĲİȡȠυ πȜȘșυıµȠȪ {Popi} απȩ ĲȠ įȚȐȞυıµα {A}. 

ȅȡȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ ĲȦȞ υπȩȜȠȚπȦȞ πȜȘșυıµȫȞ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.34). 

ǺȒµα 6α: ΕπȚȜȠȖȒ ĲȠυ πȜȘșυıµȠȪ {Popj}. ȊπȠȜȠȖȚıµȩȢ ĲȘȢ Pr[Popi,Popj] ıȪµφȦȞα µİ ĲȚȢ 

ıȤȑıİȚȢ (4.32) țαȚ (4.33). ǹȞ Pr[Popi,Popj]≥rand() ȠȡȚıµȩȢ ĲȦȞ πȜȘșυıµȫȞ i țαȚ j ȦȢ ȗİȪȖȠȢ 

İµπȜȠțȒȢ țαȚ αφαȓȡİıȘ ĲȠυȢ απȩ ĲȠ įȚȐȞυıµα {A} αȜȜȚȫȢ αφαȓȡİıȘ µȩȞȠȞ ĲȠυ i απȩ ĲȠ 

įȚȐȞυıµα {ǹ}. ǹȞ rank{A}>1 İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 6 αȜȜȚȫȢ ıυȞȑȤİȚα ıĲȠ ǺȒµα 6ȕ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.88 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǺȒµα 6ȕ: ΓȚα țȐșİ ȗİȪȖȠȢ πȜȘșυıµȫȞ υπȠȜȠȖȚıµȩȢ ĲȦȞ Ni
t+1

 i=1,…,Np ıȪµφȦȞα µİ ĲȚȢ 

ıȤȑıİȚȢ (4.35) ȦȢ (4.37). ΓȚα ĲȠυȢ ȜȠȚπȠȪȢ πȜȘșυıµȠȪȢ Ni
t+1

=Ni
t
. 

ǺȒµα 7: ȆȜİȩȞαıµα ȆȩȡȦȞ: ȀαĲαȞȠµȒ ĲȦȞ πȜİȠȞαıµαĲȚțȫȞ πȩȡȦȞ ȠµȠȚȩµȠȡφα ȖȚα ĲȠυȢ 

İȟİȜȚııȩµİȞȠυȢ πȜȘșυıµȠȪȢ țαȚ υπȠȜȠȖȚıµȩȢ ĲȦȞ Ni
t+1

, i=1,…,Np ȑĲıȚ ȫıĲİ Rreq≈Ravail. 

ǺȒµα 8: ΓİȞİĲȚțȩȢ ǹȜȖȩȡȚșµȠȢ: t=t+1. ΓȚα i=1,…,Np țαȚ j=1,…,Ni
t
 υπȠȜȠȖȚıµȩȢ ĲȚȢ ȞȑαȢ 

ȖİȞİȐȢ ĲȦȞ αĲȩµȦȞ ĲȦȞ πȜȘșυıµȫȞ. ȊπȠȜȠȖȚıµȩȢ ĲȠυ fij(x) țαȚ ĲȦȞ ıĲαĲȚıĲȚțȫȞ ȖȚα țȐșİ 

πȜȘșυıµȩ i=1,…,Np. 

ǺȒµα 9: ΈȜİȖȤȠȢ ıȪȖțȜȚıȘȢ ȖȚα ĲȠυȢ İπȚµȑȡȠυȢ πȜȘșυıµȠȪȢ. ΈȜİȖȤȠȢ ĲȦȞ țȡȚĲȘȡȓȦȞ 

ıȪȖțȜȚıȘȢ ȖȚα țȐșİ İȟİȜȚııȩµİȞȠ πȜȘșυıµȩ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.14). ǼȞȘµȑȡȦıȘ ĲȘȢ 

ĲȚµȒȢ Np. ǹȞ Np≠0 ıυȞȑȤİȚα ıĲȠ ǺȒµα 3 αȜȜȚȫȢ ıĲȠ ǺȒµα 10. 

ǺȒµα 10: ΈȜİȖȤȠȢ ȉİȡµαĲȚıµȠȪ ∆ȚαįȚțαıȓαȢ: IR=IR+1. ǹȞ IR>ȃR ıυȞȑȤİȚα ıĲȠ ǺȒµα 11 

αȜȜȚȫȢ İπȚıĲȡȠφȒ ıĲȠ ǺȒµα 1. 

ǺȒµα 11: ǹπȠșȒțİυıȘ ĲȦȞ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ ȖȚα țȐșİ ĲȚµȒ ıπȠȡȐȢ țαȚ ĲȦȞ ĲİȜȚțȫȞ 

πȜȘșυıµȫȞ ȖȚα ĲȠυȢ İȟİȜȚııȩµİȞȠυȢ Γǹ. ȉİȡµαĲȚıµȩȢ ĲȘȢ įȚαįȚțαıȓαȢ. 

4.13 ȆαȡȐȡĲȘµα Ǻ – ǹȞȐȜυıȘ ĲȘȢ ıχȑıȘȢ (4.42) 

ΈıĲȦ įȚαȞȪıµαĲα fr
GA

, fr
CP

 µİ ĲȚȢ αȞĲȚțİȚµİȞȚțȑȢ ĲȚµȑȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ ȖȚα 

ȃR=5 įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ: 

{ }100.45,98.56,102.37,99.65,101.98GA

rf = { }99.34,98.00,103.5,98.2,100.54CP

rf =  

ȂȑıȦ ĲȘȢ ıȤȑıȘȢ (4.42) Ƞ αȡȚșµȘĲȒȢ ĲȘȢ İυȡȦıĲȓαȢ įȓįİĲαȚ ȦȢ : 

( ) ( ) ( ) ( ) ( )1.10% 0.56% 1.10% 1.45% 1.41%nomR T T T T T = + + − + +    

țαȚ Ƞ παȡαȞȠµαıĲȒȢ ȦȢ: 

( ) ( ) ( ) ( ) ( )1.10% 0.56% 1.10% 1.45% 1.41%denomR T T T T T = − + − + + − + −    

H İυȡȦıĲȓα įȓįİĲαȚ ȦȢ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.42) įȓįİĲαȚ ȦȢ: 

R=(2+1+0+2+2)/(0+1+2+0+0)=7/3=2.333. 

ΈıĲȦ Ĳȫȡα ȞȑȠ įȚȐȞυıµα ĲȚµȫȞ ȖȚα ȃR=5 ĲȚµȑȢ ıπȠȡȐȢ ȖȚα ĲȠ Ȉǹ: 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.89 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

{ }104.43,99.67,103.5,98.2,100.54CP

rf = { }100.45,98.56,102.37,99.65,101.98GA

rf =  

ȂȑıȦ ĲȘȢ ıȤȑıȘȢ (4.42) Ƞ αȡȚșµȘĲȒȢ ĲȘȢ İυȡȦıĲȓαȢ įȓįİĲαȚ ȦȢ: 

( ) ( ) ( ) ( ) ( )3.81% 1.13% 1.10% 1.45% 1.41%nomR T T T T T = − + − + − + +    

țαȚ Ƞ παȡαȞȠµαıĲȒȢ ȦȢ  

( ) ( ) ( ) ( ) ( )3.81% 1.13% 1.10% 1.45% 1.41%denomR T T T T T = + + + − + −    

ȈĲȘȞ πİȡȓπĲȦıȘ αυĲȒ Ș İυȡȦıĲȓα įȓįİĲαȚ ȦȢ: 

R=(0+0+0+2+2)/(2+2+2+0+0)=4/6=0.677 

4.14 ȆαȡȐȡĲȘµα Γ – ΨİυįȠțȫįȚțαȢ υπȠȜȠȖȚıµȠȪ ĲȘȢ Pf,s 
ıĲαĲȚțȫȢ ȠȡȚıµȑȞωȞ įȚțĲυωµȐĲωȞ 

ǺȒµα 1: ȅȡȚıµȩȢ ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ ȖȚα țȐșİ µȑȜȠȢ Ȓ ȠµȐįα µİȜȫȞ ĲȠυ 

įȚțĲυȫµαĲȠȢ. ȊπȠȜȠȖȚıµȩȢ ĲȦȞ E[ln(X)] țαȚ ı2
[ln(X)] ȖȚα țȐșİ Ĳ.µ µȑıȦ ĲȘȢ ıȤȑıȘȢ (4.53). 

ǺȒµα 2: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ E[ln(M)] țαȚ ı2
[ln(M)] ĲȘȢ ıυȞȐȡĲȘıȘȢ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țȐșİ µȑȜȠȢ 

µȑıȦ ĲȦȞ ıȤȑıİȦȞ (4.54) țαȚ (4.55) Ȓ (4.71) țαȚ (4.72). ȊπȠȜȠȖȚıµȩȢ ĲȘȢ Pf,i țȐșİ µȑȜȠυȢ 

µȑıȦ ĲȘȢ ıȤȑıȘȢ (4.56) Ȓ (4.73) ıĲȘȞ πİȡȓπĲȦıȘ πȜȒȡȠυȢ ȖȡαµµȚțȒȢ İȟȐȡĲȘıȘȢ. 

ǺȒµα 3: ΓȚα Ĳα µȑȜȘ Ȓ ĲȚȢ ȠµȐįİȢ υπȠȜȠȖȚıµȩȢ ĲȠυ įİȓțĲȘ ıυȞįȚαıπȠȡȐȢ țαȚ ĲȠυ ıυȞĲİȜİıĲȒ 

ıυıȤȑĲȚıȘȢ µȑıȦ ĲȦȞ ıȤȑıİȦȞ (4.63) țαȚ (4.62). ȊπȠȜȠȖȚıµȩȢ µȑıȦ ĲȦȞ ıȤȑıİȦȞ (4.59) țαȚ 

(4.60) ĲȘȢ P[ln(Mi)<0∩ln(Mj)<0]. 

ǺȒµα 4: ǹȞαįȚȐĲαȟȘ ĲȦȞ µİȜȫȞ Ȓ ĲȦȞ ȠµȐįȦȞ ıİ φșȓȞȠυıα ȦȢ πȡȠȢ ĲȘȞ Pf,i αțȠȜȠυșȓα. 

ǺȒµα 5: ȊπȠȜȠȖȚıµȩȢ ĲȦȞ ȠȡȓȦȞ Ditlevsen µȑıȦ ĲȘȢ ıȤȑıȘȢ (4.57). 

ǺȒµα 6: ȊπȠȜȠȖȚıµȩȢ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȠυ φȠȡȑα ȦȢ Pf,s=0.5·(P
L

f,s+P
U

f,s) ȩπȠυ PL
f,s 

țαȚ PU
f,s ȠȡȓȗȠȞĲαȚ ĲȠ țȐĲȦ țαȚ ȐȞȦ ȩȡȚȠ ĲȦȞ ȠȡȓȦȞ Ditlevsen. 

4.15 ȆαȡȐȡĲȘµα ∆ – ΜİȜȑĲȘ ωȢ πȡȠȢ ĲȘȞ παȡȐµİĲȡȠ g 

Ǿ παȡȐµİĲȡȠȢ g ĲȘȢ ıȤȑıȘȢ (4.36) İȜȑȖȤİȚ ĲȘȞ ĲαȤȪĲȘĲα µİĲαȕȠȜȒȢ ĲȠυ µİȖȑșȠυȢ ĲȠυ 

πȜȘșυıµȫȞ. ȈĲȠȤİȪȠȞĲαȢ ıĲȘȞ πȠıȠĲȚțȒ țαȚ πȠȚȠĲȚțȒ αȞȐȜυıȘ ĲȦȞ ıυȞİπİȚȫȞ ĲȠυ 

ıυȞĲİȜİıĲȒ αυĲȠȪ ıĲȘȞ İυȡȦıĲȓα ĲȠυ αȜȖȠȡȓșµȠυ, İȟİĲȐıșȘțαȞ 7 ĲȚµȑȢ ĲȠυ g απȩ 0.0 (αȡȖȒ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.90 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

πȡȠıαȡµȠȖȒ) ȦȢ 1.2 (πȠȜȪ ȖȡȒȖȠȡȘ πȡȠıαȡµȠȖȒ µİ αȞȐȖțȘ įȚȩȡșȦıȘȢ). ΓȚα ĲȠ įȚȐȞυıµα 

ĲȦȞ ĲȚµȫȞ ĲȘȢ παȡαµȑĲȡȠυ g πȡαȖµαĲȠπȠȚȒșȘțαȞ 3 µİȜȑĲİȢ ıİ ıȤȑıȘ µİ ĲȠ ȆȂ∆Ȇ țαȚ ĲȘȞ 

ĲȚµȒ ĲȠυ İțșȑĲȘ SCP ĲȘȢ πȚșαȞȩĲȘĲαȢ İπȚȜȠȖȒȢ ȖȚα İµπȜȠțȒ ĲȦȞ πȜȘșυıµȫȞ. ȉα įİįȠµȑȞα 

ĲȦȞ παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.21, 

ȂİȜȑĲȘ 1 2 3 

ȆȂ∆Ȇ 1 2 3 

SCP 0.5 1.0 2.0 

ȆȓȞ. 4.21: ȉȚµȒ ĲȘȢ παȡαµȑĲȡȠυ SCP, țαȚ ȆȂ∆Ȇ. 

ȈĲα ∆ȚȐȖ. 4.59 ȦȢ ∆ȚȐȖ. 4.61, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ ȕαıȚțȑȢ ıĲαĲȚıĲȚțȑȢ ĲȠυ țȩıĲȠυȢ ĲȠυ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα ĲȚȢ µİȜȑĲİȢ ĲȠυ ȆȓȞ. 4.21. ȉα πİȡȚııȩĲİȡȠ İȪȡȦıĲα 

ȐĲȠµα αȞαțαȜȪπĲȠȞĲαȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 2 țαȚ 5 (SPC, Pcr=0.70 țαȚ SPC, Pcr=0.85 

αȞĲȓıĲȠȚȤα). ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ıĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ Ș ĲȚµȒ g 

țυµαȓȞİĲαȚ απȩ 0.8 ȦȢ 1.0. ȉȠ υπȠȜȠȖȚıĲȚțȩ φȠȡĲȓȠ ıĲȚȢ πİȡȚπĲȫıİȚȢ αυĲȑȢ țυµαȓȞİĲαȚ απȩ 

50% ȦȢ 55%. ȈĲȠȞ ȆȓȞ. 4.22, παȡȠυıȚȐȗİĲαȚ Ș İȜȐȤȚıĲȘ, µȑıȘ, µȑȖȚıĲȘ ĲȚµȒ țαȚ Ƞ įİȓțĲȘȢ 

µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ, ȖȚα įȚαφȠȡİĲȚțȠȪȢ 

įİȓțĲİȢ αȟȚȠπȚıĲȓαȢ, ȖȚα ĲȚµȒ ĲȠυ g Ș ȠπȠȓα πȡȠıȑįȦıİ ıĲȘȞ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠ țαȚ ĲȘȞ 

υȥȘȜȩĲİȡȘ İυȡȦıĲȓα. ΓȚα ĲȠ πȡȩȕȜȘµα υȥȘȜȒȢ αȟȚȠπȚıĲȓαȢ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȚµȑȢ ĲȠυ g πȠυ țυµαȓȞȠȞĲαȚ απȩ 0.8 ȦȢ 1.0. 

Statistics for the g factor
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∆ȚȐȖ. 4.59: ȈĲαĲȚıĲȚțȑȢ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ – ȊȥȘȜȒ ǹȟȚȠπȚıĲȓα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.91 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Statistics for the g factor
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∆ȚȐȖ. 4.60: ȈĲαĲȚıĲȚțȑȢ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ – ȂȑıȘ ǹȟȚȠπȚıĲȓα 

Statistics for the g factor
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∆ȚȐȖ. 4.61: ȈĲαĲȚıĲȚțȑȢ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ – ȋαµȘȜȒ ǹȟȚȠπȚıĲȓα. 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µȑıȘȢ αȟȚȠπȚıĲȓαȢ Ƞ ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ αȞαțαȜȪπĲİĲαȚ µȩȞȠȞ ȩĲαȞ Ș 

ĲȚµȒ ĲȠυ g İȓȞαȚ ȓıȘ µİ 1.0. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ πȡȠȕȜȒµαĲȠȢ ȤαµȘȜȒȢ αȟȚȠπȚıĲȓαȢ, Ƞ 

ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ αȞαțαȜȪπĲİĲαȚ ıİ țȐșİ πİȡȓπĲȦıȘ ȩµȦȢ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

(απȩ ıĲαĲȚıĲȚțȒȢ απȩȥİȦȢ) παȡαĲȘȡȠȪȞĲαȚ ȖȚα g=0.8 (Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȘȢ ĲȚµȒȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.92 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ İȓȞαȚ πİȡȓπȠυ ȓıȠȢ µİ ĲȠ µȘįȑȞ). 

ǹȟȚȠπȚıĲȓα g ΕȜȐȤȚıĲȠ ȂȑȖȚıĲȠ ȂȑıȠ COV 

ȊȥȘȜȒ 0.8 58.742 59.518 59.096 0.0013 

ȊȥȘȜȒ (2) 1.0 58.742 59.728 59.093 0.0015 

ȂȑıȘ 1.0 55.001 55.225 55.129 0.0001 

ΧαµȘȜȒ 0.8 49.982 50.016 49.989 ~0 

ȆȓȞ. 4.22: ȂȑȖȚıĲȘ, İȜȐȤȚıĲȘ țαȚ µȑıȘ ĲȚµȒ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ. 

4.16 ȆαȡȐȡĲȘµα E – ΜİȜȑĲȘ ωȢ πȡȠȢ ĲȘȞ İπȚȜȠȖȒ ĲȠυ αȡχȚțȠȪ 
πȜȘșυıµȠȪ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ İȟİĲȐȗİĲαȚ Ș İυαȚıșȘıȓα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȦȢ πȡȠȢ ĲȠ 

αȡȤȚțȩ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȦȞ πȜȘșυıµȫȞ. Ǿ απȩįȠıȘ ĲȘȢ µİșȩįȠυ ıİ ıȤȑıȘ µİ ĲȠȞ 

παȡȐȜȜȘȜȠ Γǹ İȟİĲȐȗİĲαȚ µȑıȦ πȜȒșȠυȢ παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ. ȉα απȠĲİȜȑıµαĲα απȩ ĲȘ 

ıȪȖțȡȚıȘ µİĲαȟȪ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ țαȚ ĲȘȢ µİșȩįȠυ, παȡȠυıȚȐȗȠȞĲαȚ ȖȚα αȡȤȚțȩ πȜȒșȠȢ 

αĲȩµȦȞ ȓıȠ µİ 20 țαȚ 60 ȐĲȠµα αȞĲȓıĲȠȚȤα. ΓȚα ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ Ƞ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȢ ıȤİįȚαıµȩȢ ȖȚα țȐșİ πȜȘșυıµȩ παȡȠυıȚȐȗİĲαȚ ıĲȠυȢ ȆȓȞ. 4.23 țαȚ 

ȆȓȞ. 4.24 ȖȚα πȜȒșȠȢ αĲȩµȦȞ ȓıȠ µİ 60 țαȚ 20 ıȤİįȚȐıİȚȢ αȞĲȓıĲȠȚȤα. ΓȚα αȡȤȚțȩ πȜȘșυıµȩ 

ȓıȠ µİ 60 ȐĲȠµα Ƞ πȜȘșυıµȩȢ 6 (SPC, Pcr=0.85) įȓįİȚ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα 

ıυȖțȜȓȞȠȞĲαȢ ıĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ıİ țȐșİ πȡȩȕȜȘµα. ȅ αµȑıȦȢ πȚȠ İȪȡȦıĲȠȢ 

πȜȘșυıµȩȢ İȓȞαȚ Ƞ πȜȘșυıµȩȢ 5 (DPC, Pcr=0.85). Ȉİ ıȤȑıȘ µİ Ĳα πȡȠȕȜȒµαĲα πȠυ 

İȟİĲȐıșȘțαȞ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȠ πȡȩȕȜȘµα ȤαµȘȜȒȢ 

αȟȚȠπȚıĲȓαȢ. Ǿ µİȓȦıȘ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ ĲȘȞ İυȡȦıĲȓα ĲȠυ 

παȡȐȜȜȘȜȠυ Γǹ (ȆȓȞ. 4.24). ΓȚα αȡȤȚțȩ πȜȒșȠȢ αĲȩµȦȞ ȓıȠ µİ 20 ıİ țαȞȑȞα απȩ Ĳα 3 

πȡȠȕȜȒµαĲα Ƞ παȡȐȜȜȘȜȠȢ Γǹ įİȞ țαĲȐφİȡİ Ȟα αȞȚȤȞİȪıİȚ ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ. 

ǹȟȚȠπȚıĲȓα  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 E[ǹȞĲ] 

ȊȥȘȜȒ 59.924 59.478 59.304 59.916 58.742 58.742 59.351 

ȂȑıȘ 55.665 55.222 55.217 55.627 55.085 55.001 55.303 

ΧαµȘȜȒ 49.982 49.982 49.982 50.275 49.982 49.982 50.031 

ȆȓȞ. 4.23: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (παȡȐȜȜȘȜȠȢ Γǹ – 60 ȐĲȠµα) 

ȅ µȑıȠȢ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ Ǽ[ȊΦ] ĲȠυ παȡȐȜȜȘȜȠυ Γǹ παȡȠυıȚȐȗİĲαȚ ıĲȠȞ ȆȓȞ. 4.25. ȅ 

ĲȡȚπȜαıȚαıµȩȢ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ ȠįȘȖİȓ ıİ İȟαπȜαıȚαıµȩ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ 

ȜȩȖȦ ĲȘȢ αȪȟȘıȘȢ ĲȦȞ İȟİĲαȗȩµİȞȦȞ ıȤİįȚȐıİȦȞ αȞȐ ȖİȞİȐ țαȚ ĲȘȞ αȪȟȘıȘ ĲȠυ πȜȒșȠυȢ ĲȦȞ 

ȖİȞİȫȞ πȠυ απαȚĲȠȪȞĲαȚ ȦȢ ĲȘ ıȪȖțȜȚıȘ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.93 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹȟȚȠπȚıĲȓα  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 E[ǹȞĲ.] 

ȊȥȘȜȒ 62.747 60.242 60.353 62.129 60.290 61.858 61.270 

ȂȑıȘ 57.362 58.134 56.440 58.723 55.587 56.440 57.114 

ΧαµȘȜȒ 53.872 50.016 51.173 52.735 51.643 51.022 51.744 

ȆȓȞ. 4.24: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (παȡȐȜȜȘȜȠȢ Γǹ – 20 ȐĲȠµα) 

ǹȟȚȠπȚıĲȓα ΧαµȘȜȒ ȂȑıȘ ȊȥȘȜȒ 

Ǽ[ȊΦ] (60 ȐĲȠµα) 23063 23575 23057 

Ǽ[ȊΦ] (20 ȐĲȠµα) 3756 3851 4102 

ȆȓȞ. 4.25: ȂȑıȠȢ ȩȡȠȢ απαȚĲȠȪµİȞȦȞ ıȤİįȚαıµȫȞ ȖȚα ĲȠυȢ αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ 

ΓȚα ĲȠȞ αȜȖȩȡȚșµȠ ȤȡȘıȚµȠπȠȚȠȪȞĲαȚ ȠȚ παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ D țαȚ Ǽ, ıİ ıυȞįυαıµȩ µİ ĲȚȢ 

µİȜȑĲİȢ 1, 2 țαȚ 3 ĲȠυ ȆȓȞ. 4.21 ȫıĲİ Ȟα µİȜİĲȘșȠȪȞ įȚİȟȠįȚțȐ ȠȚ ıυȞȑπİȚİȢ ĲȠυ ıυȞįυαıµȠȪ 

ĲȠυ Ȉǹ µİ ĲȠυȢ Γǹ ıĲȘȞ İυȡȦıĲȓα țαȚ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ ĲȘȢ µİșȩįȠυ. ȉα 

απȠĲİȜȑıµαĲα ĲȘȢ αȞȐȜυıȘȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 4.26 ȦȢ ȆȓȞ. 4.31. Ǿ İυαȚıșȘıȓα ĲȘȢ 

µİșȩįȠυ ȦȢ πȡȠȢ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ ıİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ 

παȡȐȜȜȘȜȠυ Γǹ παȡȠυıȚȐȗİĲαȚ µİȚȦµȑȞȘ. ΓȚα αȡȤȚțȩ πȜȘșυıµȩ 20 αĲȩµȦȞ țαȚ ĲȠ πȡȩȕȜȘµα 

ĲȘȢ ȤαµȘȜȒȢ αȟȚȠπȚıĲȓαȢ, Ș µȑșȠįȠȢ țαĲαφȑȡİȚ ıİ 4 απȩ ĲȠυȢ 6 ıυȞįυαıµȠȪȢ Ȟα ıυȖțȜȓȞİȚ 

ıĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ. ΓȚα ĲȠ πȡȩȕȜȘµα µȑıȘȢ αȟȚȠπȚıĲȓαȢ Ș µȑșȠįȠȢ ȕȡȓıțİȚ ȜȪıİȚȢ țαȜȪĲİȡİȢ 

απȩ ĲȠȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ıȤİįȚαıµȩ ıİ 5 απȩ ĲȠυȢ 6 ıυȞįυαıµȠȪȢ ĲȦȞ µİȜİĲȫȞ 

(ıυȞȠȜȚțȐ 8 ȜȪıİȚȢ ȒĲαȞ țαȜȪĲİȡİȢ Ȓ αȞĲȓıĲȠȚȤİȢ ĲȘȢ πİȡȚııȩĲİȡȠ İȪȡȦıĲȘȢ ȜȪıȘȢ ĲȠυ 

παȡȐȜȜȘȜȠυ Γǹ). ǹȞĲȓıĲȠȚȤα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ αțȩµα țαȚ ıĲȠ πȡȩȕȜȘµα 

υȥȘȜȒȢ αȟȚȠπȚıĲȓαȢ µİ ĲȘ µȑșȠįȠ Ȟα πȡȠĲİȓȞİȚ țαȜȪĲİȡİȢ ȜȪıİȚȢ ıİ 5 απȩ ĲȠυȢ 6 

ıυȞįυαıµȠȪȢ ĲȦȞ παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ. 

ǹȞĲȚțİȚµİȞȚțȒ  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 E[ǹȞĲ.] 

E-1 61.764 59.296* 59.304* 62.069 58.954 58.742* 60.022 

E-2 59.924* 59.916 59.728 61.861 59.023 58.742 59.866 

E-3 58.742* 60.242 58.742* 59.983 59.296 58.954 59.327* 

D-1 60.980 58.742* 58.954* 60.231 59.141 59.329 59.563 

D-2 60.604 58.742* 60.540 60.546 59.924 58.954 59.885 

D-3 60.242 59.329* 59.304* 60.540 58.742 58.954 59.519 

ȆȓȞ. 4.26: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (ȊȥȘȜȒ ǹȟȚȠπȚıĲȓα – 60 ȐĲȠµα – ȂȑșȠįȠȢ) 

ȈȪµφȦȞα µİ ĲȠȞ ȆȓȞ. 4.26 ȠȚ πȜȘșυıµȠȓ 2 țαȚ 6 παȡȠυıȚȐȗȠυȞ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα. ȅ 

πȜȘșυıµȩȢ 4 παȡȠυıȚȐȗİȚ ĲȘ ȤαµȘȜȩĲİȡȘ İυȡȦıĲȓα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȚȢ 

παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ıυȞįυαıµȠȪȢ Ǽ-3 țαȚ D-1. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.94 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ǹȞĲȚțİȚµİȞȚțȒ  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 E[ǹȞĲ.]

E-1 65.180 59.023* 60.860 65.898 61.390 61.540 62.315 

E-2 67.221 62.418 59.830* 65.455 63.069 59.916* 62.985 

E-3 63.206 60.768 62.069 65.862 62.122 59.296* 62.221 

D-1 64.071 61.738 63.318 67.722 58.954* 59.983* 62.631 

D-2 62.899 60.668 61.736 61.715 62.178 63.540 62.123 

D-3 66.184 60.860 60.486 68.383 59.921* 59.983* 62.636 

ȆȓȞ. 4.27: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (ȊȥȘȜȒ ǹȟȚȠπȚıĲȓα – 20 ȐĲȠµα – ȂȑșȠįȠȢ) 

ȈȪµφȦȞα µİ ĲȠȞ ȆȓȞ. 4.27 ȠȚ πȜȘșυıµȠȓ 2 țαȚ 5 παȡȠυıȚȐȗȠυȞ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα 

αțȠȜȠυșȠȪµİȞȠȚ απȩ ĲȠȞ πȜȘșυıµȩ 6. ȅȚ πȜȘșυıµȠȓ 1 țαȚ 4 παȡȠυıȚȐȗȠυȞ ĲȘ ȤαµȘȜȩĲİȡȘ 

İυȡȦıĲȓα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȚȢ παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ 

ıυȞįυαıµȠȪȢ D-1 țαȚ D-3. 

ǹȞĲȚțİȚµİȞȚțȒ  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 E[ǹȞĲ.] 

E-1 56.854 55.085* 55.789 57.964 55.946 55.832 56.245 

E-2 58.089 55.627 55.665 60.396 55.665 55.085 56.755 

E-3 55.968 55.372 55.001 57.098 55.217 55.085 55.624 

D-1 57.327 55.467 55.085* 55.225* 55.001* 55.222 55.555 

D-2 55.789 55.587 55.372 59.551 55.946 55.085 56.222 

D-3 56.029 55.154* 55.217* 55.967 55.001* 55.085 55.409 

ȆȓȞ. 4.28: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (ȂȑıȘ ǹȟȚȠπȚıĲȓα – 60 ȐĲȠµα – ȂȑșȠįȠȢ) 

ȈȪµφȦȞα µİ ĲȠȞ ȆȓȞ. 4.28 ȠȚ πȜȘșυıµȠȓ 5 țαȚ 2 παȡȠυıȚȐȗȠυȞ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα 

αțȠȜȠυșȠȪµİȞȠȚ απȩ ĲȠȞ πȜȘșυıµȩ 3. ȅȚ πȜȘșυıµȠȓ 1 țαȚ 4 παȡȠυıȚȐȗȠυȞ ĲȘ ȤαµȘȜȩĲİȡȘ 

İυȡȦıĲȓα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȚȢ παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ 

ıυȞįυαıµȠȪȢ D-3 țαȚ D-1. 

ǹȞĲȚțİȚµİȞȚțȒ  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 Ε[ǹȞĲ.] 

E-1 60.456 56.915 55.085* 59.661 55.613 57.686 57.569 

E-2 60.807 59.384 55.627 64.836 57.145 56.509 59.051 

E-3 63.163 55.388* 56.619 64.264 55.217* 55.665 58.386 

D-1 59.429 55.388* 56.877 60.133 58.635 55.217* 57.613 

D-2 62.850 60.127 59.038 62.172 57.471 55.526* 59.531 

D-3 61.133 56.619 55.587* 63.210 56.142 55.225* 57.986 

ȆȓȞ. 4.29: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (ȂȑıȘ ǹȟȚȠπȚıĲȓα – 20 ȐĲȠµα – ȂȑșȠįȠȢ) 

ȈȪµφȦȞα µİ ĲȠȞ ȆȓȞ. 4.29 ȠȚ πȜȘșυıµȠȓ 6 țαȚ 5 παȡȠυıȚȐȗȠυȞ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.95 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

αțȠȜȠυșȠȪµİȞȠȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 2 țαȚ 3. ȅȚ πȜȘșυıµȠȓ 1 țαȚ 4 παȡȠυıȚȐȗȠυȞ ĲȘ 

ȤαµȘȜȩĲİȡȘ İυȡȦıĲȓα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȚȢ παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ıυȞįυαıµȠȪȢ Ǽ-1 țαȚ D-1. 

ǹȞĲȚțİȚµİȞȚțȒ  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 Ε[ǹȞĲ.] 

E-1 51.076 49.982 50.337 49.982* 50.275 49.982 50.272 

E-2 51.629 50.016 49.982 50.633 49.982 50.134 50.396 

E-3 51.551 49.982 49.982 50.790 49.982 49.982 50.378 

D-1 52.148 50.016 49.982 50.560 50.016 49.982 50.451 

D-2 53.907 49.982 50.134 50.790 50.272 49.982 50.845 

D-3 52.770 49.982 49.982 50.633 49.982 49.982 50.555 

ȆȓȞ. 4.30: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (ȋαµȘȜȒ ǹȟȚȠπȚıĲȓα – 60 ȐĲȠµα – ȂȑșȠįȠȢ) 

ȈȪµφȦȞα µİ ĲȠȞ ȆȓȞ. 4.30 ȠȚ πȜȘșυıµȠȓ 2 țαȚ 6 παȡȠυıȚȐȗȠυȞ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα 

αțȠȜȠυșȠȪµİȞȠȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 3 țαȚ 5. ȅȚ πȜȘșυıµȠȓ 1 țαȚ 4 παȡȠυıȚȐȗȠυȞ ĲȘ 

ȤαµȘȜȩĲİȡȘ İυȡȦıĲȓα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȚȢ παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ıυȞįυαıµȠȪȢ Ǽ-3 țαȚ D-3. 

ǹȞĲȚțİȚµİȞȚțȒ  ȆȜȘș. 1 ȆȜȘș. 2 ȆȜȘș. 3 ȆȜȘș. 4 ȆȜȘș. 5 ȆȜȘș. 6 Ε[ǹȞĲ.] 

E-1 55.539 51.494 50.275 53.872 51.470 51.710 52.393 

E-2 55.222 49.982* 51.611 54.555 50.337 51.710 52.236 

E-3 56.979 49.982* 53.162 52.602 52.012 52.315 52.842 

D-1 56.224 52.503 50.100 52.734 51.807 51.710 52.513 

D-2 56.979 52.702 52.449 51.067 52.414 49.982* 52.599 

D-3 56.663 49.982* 51.450 51.148 52.352 50.954 52.092 

ȆȓȞ. 4.31: ȀȩıĲȠȢ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ (ȋαµȘȜȒ ǹȟȚȠπȚıĲȓα – 20 ȐĲȠµα – ȂȑșȠįȠȢ) 

ȈȪµφȦȞα µİ ĲȠȞ ȆȓȞ. 4.31 ȠȚ πȜȘșυıµȠȓ 2 țαȚ 6 παȡȠυıȚȐȗȠυȞ ĲȘȞ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα 

αțȠȜȠυșȠȪµİȞȠȚ απȩ ĲȠυȢ πȜȘșυıµȠȪȢ 3 țαȚ 5. ȅȚ πȜȘșυıµȠȓ 1 țαȚ 4 παȡȠυıȚȐȗȠυȞ ĲȘ 

ȤαµȘȜȩĲİȡȘ İυȡȦıĲȓα. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȚȢ παȡαµİĲȡȚțȑȢ µİȜȑĲİȢ 

παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ıυȞįυαıµȠȪȢ D-3 țαȚ E-2. 

ȈȪµφȦȞα µİ Ĳα απȠĲİȜȑıµαĲα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 4.26 ȦȢ ȆȓȞ. 4.31 ȠȚ µȑșȠįȠȚ 

įȚαıĲαȪȡȦıȘȢ SPC țαȚ DPC παȡȠυıȚȐȗȠυȞ παȡİµφİȡȒ İυȡȦıĲȓα İȞȫ ıİ țȐșİ πİȡȓπĲȦıȘ Ș 

µȑșȠįȠȢ įȚαıĲαȪȡȦıȘȢ SPVC παȡȠυıȚȐȗİȚ ĲȘ ȤαµȘȜȩĲİȡȘ İυȡȦıĲȓα. ǹυĲȩ µπȠȡİȓ Ȟα 

απȠįȠșİȓ ıĲȘȞ ĲαȤȪĲȘĲα αȞȐµȚȟȘȢ ĲȠυ ȖİȞİĲȚțȠȪ υȜȚțȠȪ πȠυ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ SPVC İȓȞαȚ 

ıȘµαȞĲȚțȐ µİȖαȜȪĲİȡȘ [84], [34] ıİ ıȤȑıȘ µİ ĲȚȢ 2 ȐȜȜİȢ įȪȠ µİșȩįȠυȢ įȚαıĲαȪȡȦıȘȢ µİ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.96 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

απȠĲȑȜİıµα ĲȘ µİȓȦıȘ ĲȘȢ ȚțαȞȩĲȘĲαȢ ĲȠυ Γǹ Ȟα įȚαțȡȓȞİȚ µİ ıαφȒȞİȚα Ĳα ıȤȒµαĲα πȠυ șα 

ĲȠȞ ȠįȘȖȒıȠυȞ ıĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ. 

ȈĲȠȞ ȆȓȞ. 4.32, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ĲȚµȒ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ Ǽ[ȊΦ] ĲȘȢ µİșȩįȠυ 

ȖȚα ĲȚȢ µİȜȑĲİȢ D țαȚ Ǽ (µȑıȠȢ ȩȡȠȢ ıİ ıȤȑıȘ µİ ĲȚȢ µİȜȑĲİȢ ĲȠυ ȆȓȞ. 4.21) țαȚ Ĳα 3 

πȡȠȕȜȒµαĲα. Ȉİ țȐșİ πİȡȓπĲȦıȘ παȡαĲȘȡȠȪȞĲαȚ ıȘµαȞĲȚțȑȢ µİȚȫıİȚȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ. Ǿ µİȜȑĲȘ Ǽ παȡȠυıȚȐȗİȚ µȚțȡȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ απȩ ĲȘ µİȜȑĲȘ D ȖȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 20. ΓȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 60 ıȤİįȚαıµȠȪȢ ıİ 2 απȩ Ĳα 3 πȡȠȕȜȒµαĲα 

Ș µİȜȑĲȘ Ǽ παȡȠυıȚȐȗİȚ µȚțȡȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ απȩ ĲȘ µİȜȑĲȘ D. ȉα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα απȩ πȜİυȡȐȢ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ παȡαĲȘȡȠȪȞĲαȚ ȖȚα µİȖȐȜȘ µİȓȦıȘ ĲȦȞ 

įȚαșİıȓµȦȞ πȩȡȦȞ (ȆȂ∆Ȇ 2). ȈĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ İȞαȜȜαııȩµİȞȦȞ πȩȡȦȞ (ȆȂ∆Ȇ 3) 

παȡαĲȘȡİȓĲαȚ Ƞ υȥȘȜȩĲİȡȠȢ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ. 

ǹȟȚȠπȚıĲȓα ǹȡȤȚțȩȢ ȆȜȘșυıµȩȢ 60 ȐĲȠµα ǹȡȤȚțȩȢ ȆȜȘșυıµȩȢ 20 ȐĲȠµα 

% D E D E 

ΧαµȘȜȒ 53.69% 54.34% 61.67% 56.75% 

ȂȑıȘ 47.25% 52.28% 61.28% 54.38% 

ȊȥȘȜȒ 53.11% 48.33% 57.31% 49.13% 

ȆȓȞ. 4.32: ȂȑıȠȢ ȊπȠȜȠȖȚıĲȚțȩȢ ΦȩȡĲȠȢ Ǽ[ȊΦ] 

ȈĲȠυȢ ȆȓȞ. 4.33 țαȚ ȆȓȞ. 4.34, παȡȠυıȚȐȗİĲαȚ Ƞ µȑıȠȢ ȩȡȠȢ ĲȠυ πȜȒșȠυȢ ĲȦȞ ıȤİįȚαıµȫȞ πȠυ 

απαȚĲİȓĲαȚ Ȟα İȟİȡİυȞȘșȠȪȞ ȖȚα ĲȘ ıȪȖțȜȚıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ țαȚ ĲȘȢ µİșȩįȠυ 

αȞĲȓıĲȠȚȤα. Ȉİ țȐșİ πİȡȓπĲȦıȘ Ƞ µȑıȠȢ ȩȡȠȢ İȓȞαȚ ȤαµȘȜȩĲİȡȠȢ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȩµȦȢ Ƞ įİȓțĲȘȢ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȦȞ ıȤİįȚαıµȫȞ πȠυ απαȚĲȠȪȞĲαȚ 

ȖȚα ĲȘ ıȪȖțȜȚıȘ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ πȡȠĲİȚȞȩµİȞȠυ αȜȖȩȡȓșµȠυ İȓȞαȚ υȥȘȜȩĲİȡȠȢ ıİ ıȤȑıȘ 

µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. 

ȆİȡαȚĲȑȡȦ αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ıİ ıȤȑıȘ µİ ĲȠ µȑıȠ ȩȡȠ ıȤİįȚȐıİȦȞ πȠυ 

απαȚĲȠȪȞĲαȚ ȖȚα ĲȘ ıȪȖțȜȚıȘ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȠįȘȖİȓ ıĲȠ ıυµπȑȡαıµα ȩĲȚ Ș 

παȡαµİĲȡȚțȒ µİȜȑĲȘ Ǽ παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ įȚαıπȠȡȐ ıİ ıȤȑıȘ µİ ĲȘ µİȜȑĲȘ D. Ǿ 

įȚαıπȠȡȐ ȖȚα ĲȘ µİȜȑĲȘ D İȓȞαȚ ıυȖțȡȓıȚµȘ µİ ĲȘ įȚαıπȠȡȐ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ȖȚα ĲȠυȢ 

αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ. 

ǹπȩ Ĳα απȠĲİȜȑıµαĲα ıυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• ȉȠ µȑȖİșȠȢ ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ įİȞ İπȘȡİȐȗİȚ ıȘµαȞĲȚțȐ ĲȠ ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȩ 

φȩȡĲȠυ.  



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.97 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• Ǿ İυȡȦıĲȓα ĲȘȢ µİșȩįȠυ παȡȠυıȚȐȗİȚ ȤαµȘȜȩĲİȡȘ İυαȚıșȘıȓα ıİ ıȤȑıȘ µİ ĲȘȞ İπȚȜȠȖȒ 

ĲȠυ αȡȤȚțȠȪ πȜȘșυıµȠȪ ıİ ıȤȑıȘ µİ ĲȘȞ İυαȚıșȘıȓα ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. 

• ΓȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα Ș SPVC παȡȠυıȚȐȗİȚ ĲȘ ȤαµȘȜȩĲİȡȘ İυȡȦıĲȓα. ǹυĲȩ 

ȠφİȓȜİĲαȚ ıĲȘȞ ĲαȤȪĲȘĲα µȓȟȘȢ ĲȘȢ ȖİȞİĲȚțȒȢ πȜȘȡȠφȠȡȓαȢ. 

• Ǿ πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ İυȡȦıĲȓα απȩ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ. 

• ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα απȩ πȜİυȡȐȢ İυȡȦıĲȓαȢ παȡαĲȘȡȠȪȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ 

İȞαȜȜαııȩµİȞȦȞ πȩȡȦȞ (ȆȂ∆Ȇ 3) țαȚ ĲȠ ȆȂ∆Ȇ 1 (µİȓȦıȘ ĲȦȞ πȩȡȦȞ țαĲȐ 5% ıİ 

πȡȠțαșȠȡȚıµȑȞα įȚαıĲȒµαĲα). ȅ țαȜȪĲİȡȠȢ ıυµȕȚȕαıµȩȢ απȩ πȜİυȡȐȢ İυȡȦıĲȓαȢ πȡȠȢ ĲȠ 

ȜȩȖȠ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ (απȩįȠıȘ) παȡαĲȘȡİȓĲαȚ ȖȚα ĲȠ ȆȂ∆Ȇ 1. 

ǹȡȤ. ȆȜ. ǹȟȚȠπȚıĲȓα ȂȑıȘ COV ΕȜȐȤȚıĲȘ ȂȑȖȚıĲȘ 

ȊȥȘȜȒ 22937 0.128 16500 31380 

ȂȑıȘ 23455 0.127 13020 32820 60 

ȋαµȘȜȒ 22943 0.123 17040 29460 

ȊȥȘȜȒ 11493 0.153 7600 15720 

ȂȑıȘ 11925 0.150 8400 16760 40 

ȋαµȘȜȒ 11969 0.175 6680 18200 

ȊȥȘȜȒ 4102 0.192 2400 6200 

ȂȑıȘ 3871 0.226 2380 5960 20 

ȋαµȘȜȒ 3756 0.197 2100 5340 

ȆȓȞ. 4.33: ȈĲαĲȚıĲȚțȑȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ, (παȡȐȜȜȘȜȠȢ Γǹ). 

ǹȡȤ. ȆȜ. ǹȟȚȠπȚıĲȓα ȂȑıȘ COV ΕȜȐȤȚıĲȘ ȂȑȖȚıĲȘ ȆαȡαĲȘȡȒıİȚȢ

ȊȥȘȜȒ 14113 0.575 5368 39590 E-321 

ȂȑıȘ 15428 0.188 10292 22956 D-522 60 

ȋαµȘȜȒ 14494 0.498 5342 31470 E-324 

ȊȥȘȜȒ 7402 0.204 4040 11040 D-022 

ȂȑıȘ 5752 0.306 3672 10362 E-205 40 

ȋαµȘȜȒ 7760 0.221 4226 12752 D-022 

ȊȥȘȜȒ 2463 0.159 1618 3532 D-602 

ȂȑıȘ 2144 0.220 1270 3466 E-405 20 

ȋαµȘȜȒ 1910 0.210 1062 2950 E-415 

ȆȓȞ. 4.34: ȈĲαĲȚıĲȚțȑȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ, (ȆȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.98 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4.17 ȆαȡȐȡĲȘµα Ȉȉ – ΜİȜȑĲȘ ωȢ πȡȠȢ ĲȘȞ πȠıȠıĲȚαȓα 
µİĲαȕȠȜȒ ĲωȞ įȚαșİıȓµωȞ πȩȡωȞ 

ȈĲȘȞ παȡȐȖȡαφȠ αυĲȒ, İȟİĲȐȗȠȞĲαȚ ȠȚ ıυȞȑπİȚİȢ ıĲȘȞ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ 

ĲȘȢ πȠıȠıĲȚαȓαȢ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ. Ǿ µİȜȑĲȘ αυĲȒ απȠıțȠπİȓ ıĲȘȞ 

πȠıȠĲȚțȠπȠȓȘıȘ ĲȦȞ ıυȞİπİȚȫȞ ĲȦȞ įȚαφȠȡİĲȚțȫȞ İπȓπİįȦȞ πȓİıȘȢ ıĲȘȞ απȩįȠıȘ ĲȘȢ 

µİșȩįȠυ. ȈĲȘ µİȜȑĲȘ ǹ Ș µȠȡφȒ ĲȠυ ȆȂ∆Ȇ İȓȞαȚ αȞȐȜȠȖȘ ĲȦȞ ȆȂ∆Ȇ 1 țαȚ 2. 

ȈυµπȜȘȡȦµαĲȚțȐ ĲȦȞ ȆȂ∆Ȇ 1 țαȚ 2 (ȩπȠυ țȐșİ µİȓȦıȘ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ȚıȠȪȞĲαȚ µİ 

ĲȠ 5% țαȚ 10% ĲȦȞ αȡȤȚțȫȢ įȚαȞİµȘµȑȞȦȞ πȩȡȦȞ) πȡȠıĲȓșİȞĲαȚ 2 αțȩµα ȆȂ∆Ȇ µİ 

πȠıȠıĲȩ µİĲαȕȠȜȒȢ ȓıȠ µİ 2.5% țαȚ 7.5% ĲȦȞ αȡȤȚțȫȢ įȚαșİıȓµȦȞ πȩȡȦȞ. ȈĲȘ µİȜȑĲȘ Ǻ Ș 

µȠȡφȒ ĲȠυ ȆȂ∆Ȇ İȓȞαȚ αȞȐȜȠȖȘ ĲȦȞ ȆȂ∆Ȇ 5 țαȚ 7. ΌπȦȢ țαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ µİȜȑĲȘȢ 

ǹ πȡȠıĲȓșİȞĲαȚ 2 αțȩµα ȆȂ∆Ȇ µİ πȠıȠıĲȩ µİĲαȕȠȜȒȢ ĲȦȞ πȩȡȦȞ ȓıȠ µİ 2.5% țαȚ 7.5%. 

ȉȠ πȡȩȕȜȘµα ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȜȪȞİĲαȚ ȖȚα 3 ĲȚµȑȢ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ φȠȡĲȓȠυ, 3 ĲȚµȑȢ ĲȠυ 

įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ĲȠυ Ȥ țαȚ 4 ĲȚµȑȢ ĲȠυ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ țȐșİ πȜȘșυıµȠȪ. ȅ 

ıυȞįυαıµȩȢ ĲȠυȢ ȠįȘȖİȓ ıİ įİȓȖµα (3x3x4)=36 ĲȚµȫȞ. ȅȚ İπȚµȑȡȠυȢ ıυȖțȡȓıİȚȢ ıĲȘȡȓȗȠȞĲαȚ 

ıİ įİȓȖµαĲα πȜȒșȠυȢ 12 țαȚ 9 αĲȩµȦȞ αȞĲȓıĲȠȚȤα, İπαȡțȒ ȖȚα ĲȘȞ İȟαȖȦȖȒ ıυµπİȡαıµȐĲȦȞ. 

ȉα ȩȡȚα ĲȘȢ ıȤȑıȘȢ (4.65) İȓȞαȚ ȓıα µİ Pj,lim=10
-6

 țαȚ Ps,lim=5x10
-6

 αȞĲȓıĲȠȚȤα (πȡȩȕȜȘµα 

υȥȘȜȒȢ αȟȚȠπȚıĲȓαȢ). ȅȚ παȡȐµİĲȡȠȚ ĲȦȞ Ĳ.µ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 4.12. ȅȚ παȡȐµİĲȡȠȚ 

ĲȠυ Γǹ ĲȦȞ πȜȘșυıµȫȞ țαȚ ĲȠυ Ȉǹ παȡȠυıȚȐȗȠȞĲαȚ ıĲȘȞ παȡȐȖȡαφȠ 4.7.4. ȉȑȜȠȢ ȖȚα țȐșİ 

αȞȐȜυıȘ πȡαȖµαĲȠπȠȚȠȪȞĲαȚ 10 İπαȞαȜȒȥİȚȢ µİ įȚαφȠȡİĲȚțȑȢ ĲȚµȑȢ ıπȠȡȐȢ ȖȚα ĲȘ ȖİȞȞȒĲȡȚα 

ȥİυįȠĲυȤαȓȦȞ αȡȚșµȫȞ. 

ȈĲȠȞ ȆȓȞ. 4.35, παȡȠυıȚȐȗİĲαȚ Ș πȚșαȞȩĲȘĲα Pr[OE<1]. Ǿ µȚțȡȩĲİȡȘ πȚșαȞȩĲȘĲα ȖȚα ĲȚȢ 

µİȜȑĲİȢ ǹ țαȚ Ǻ, παȡαĲȘȡİȓĲαȚ ȖȚα ıȤİĲȚțȒ µİĲαȕȠȜȒ ĲȦȞ αȡȤȚțȫȢ įȚαșȑıȚµȦȞ πȩȡȦȞ ȓıȘ µİ 

5% πȠυ αȞĲȚıĲȠȚȤİȓ ıİ µİĲαȕȠȜȒ ĲȘȢ ĲȐȟȘȢ ĲȠυ 60% ȦȢ πȡȠȢ ĲȠυȢ πȩȡȠυȢ ĲȠυ İȞȩȢ 

πȜȘșυıµȠȪ. Ǿ Pr[OE<1] µİȚȫȞİĲαȚ țαșȫȢ Ș µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ αυȟȐȞİĲαȚ. Ȃİ İȟαȓȡİıȘ 

ĲȠ ȆȂ∆Ȇ 2 țαȚ E[P]=20kN (µİȜȑĲȘ A 10% µİȓȦıȘ) Ș Pr[OE<1] İȓȞαȚ µȚțȡȩĲİȡȘ ĲȠυ 0.5. 

ȈĲo ∆ȚȐȖ. 4.62, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ ȦȢ πȡȠȢ ĲȘ µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ 

ȖȚα ĲȚȢ µİȜȑĲİȢ ǹ țαȚ Ǻ. Ǿ țαȜȪĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα ıȤİĲȚțȒ µİĲαȕȠȜȒ ȓıȘ µİ 5%. 

ΓȚα ĲȘ µİȜȑĲȘ Ǻ πȠȜȪ țαȜȐ απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ αțȩµα țαȚ ȖȚα ıȤİĲȚțȒ µİĲαȕȠȜȒ 

ȓıȘ µİ 10%. ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα πȡȠȕȜȒµαĲα ȩπȠυ E[P]=40kN. 

ȈĲȠ ∆ȚȐȖ. 4.63, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ ȦȢ πȡȠȢ ĲȠȞ αȡȤȚțȩ πȜȘșυıµȩ țȐșİ 

Γǹ ȖȚα ĲȚȢ µİȜȑĲİȢ ǹ țαȚ Ǻ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.99 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȅµαįȠπȠȓȘıȘ A 2.5% A 5% A 7.5% A 10% B 2.5% B 5% B 7.5% B 10%

ȈȪȞȠȜȠ 28.3% 21.5% 32.1% 39.4% 39.2% 25.0% 35.1% 31.5% 

Ȥ ȃȂ† 26.7% 21.2% 21.5% 43.3% 37.0% 24.3% 33.3% 40.0% 

Ȥ Ĳ.µ* COV 5% 23.4% 18.2% 38.9% 34.4% 36.8% 18.7% 27.9% 16.6% 

Ȥ Ĳ.µ COV 10% 24.6% 26.2% 32.2% 41.8% 31.7% 21.4% 37.8% 35.3% 

40 ȐĲȠµα 33.2% 13.4% 31.3% 40.7% 19.3% 25.5% 23.9% 14.7% 

60 ȐĲȠµα 37.5% 31.9% 34.3% 49.1% 45.0% 19.4% 38.5% 39.4% 

80 ȐĲȠµα 12.0% 15.9% 24.7% 23.5% 35.0% 23.9% 25.4% 20.1% 

100 ȐĲȠµα 26.0% 10.5% 26.7% 43.5% 37.9% 24.6% 19.2% 31.8% 

E[P]=20 kN 36.4% 29.7% 35.7% 64.8% 47.9% 30.5% 34.2% 47.8% 

E[P]=30 kN 18.8% 15.7% 45.7% 35.7% 30.0% 27.6% 36.0% 13.5% 

E[P]=40 kN 25.2% 8.3% 14.7% 21.9% 26.0% 10.5% 27.6% 15.8% 

ȆαȡαĲȘȡȒıİȚȢ † ȃĲİĲİȡµȚȞȚıĲȚțȒ ȂİĲαȕȜȘĲȒ * ȉυȤαȓα ȂİĲαȕȜȘĲȒ 

ȆȓȞ. 4.35: Pr[OE<1] ȖȚα ĲȚȢ 2 µİȜȑĲİȢ. 
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Overall Efficiency (Average)

All 1.753 2.343 1.779 1.699 1.919 2.548 2.132 2.540

20 kN 1.511 1.785 1.439 1.034 1.391 1.875 1.679 1.547

30 kN 1.716 1.853 1.468 1.704 1.605 1.889 2.004 2.000

40 kN 2.032 3.389 2.404 2.357 2.760 3.878 2.712 4.073

A 2.5% A 5% A 7.5% A 10% B 2.5% B 5% B 7.5% B 10%

 

∆ȚȐȖ. 4.62: ȈυȞȠȜȚțȒ απȩįȠıȘ ȦȢ πȡȠȢ E[P]. 

ΓȚα ĲȘ µİȜȑĲȘ ǹ țαȚ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 40 țαȚ 100 ıȤİįȚȐıİȚȢ Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ıȤİĲȚțȒ µİĲαȕȠȜȒ ȓıȘ µİ 5%. ΓȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 

60 ıȤİįȚȐıİȚȢ Ș υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα µİĲαȕȠȜȒ ȓıȘ µİ 7.5% İȞȫ ȖȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 80 ıȤİįȚȐıİȚȢ Ș υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα ıȤİĲȚțȒ µİĲαȕȠȜȒ 

ȓıȘ µİ 10%. ΓȚα ĲȘ µİȜȑĲȘ Ǻ țαȚ αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 60, 80 țαȚ 100 ıȤİįȚȐıİȚȢ Ș 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.100 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα ıȤİĲȚțȒ µİĲαȕȠȜȒ ȓıȘ µİ 10% İȞȫ ȖȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 40 ıȤİįȚȐıİȚȢ Ș υȥȘȜȩĲİȡȘ απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα µİĲαȕȠȜȒ ȓıȘ µİ 5%. 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

Overall Efficiency (Average)

Pop 40 1.512 3.180 1.952 1.739 2.151 2.984 3.169 2.110

Pop 60 1.494 1.478 1.914 1.567 1.460 2.100 1.853 2.462

Pop 80 1.918 1.944 1.811 1.992 2.459 2.581 1.822 2.830

Pop 100 2.086 2.769 1.458 1.496 1.605 2.526 1.682 2.758

A 2.5% A 5% A 7.5% A 10% B 2.5% B 5% B 7.5% B 10%

 

∆ȚȐȖ. 4.63: ȈυȞȠȜȚțȒ απȩįȠıȘ ȦȢ πȡȠȢ αȡȤȚțȩ πȜȘșυıµȩ. 

Ǿ ȕȑȜĲȚıĲȘ απȩįȠıȘ αȞαµȑȞİĲαȚ ȖȚα µİĲαȕȠȜȒ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ απȩ 4% ȦȢ 6% ĲȠυ 

πȜȒșȠȢ ĲȦȞ αȡȤȚțȫȞ įȚαșİıȓµȦȞ πȩȡȦȞ ȖȚα ȆȂ∆Ȇ ĲȘȢ µİȜȑĲȘȢ ǹ, πȠυ αȞĲȚıĲȠȚȤİȓ ıİ 

µİȓȦıȘ ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ απȩ 50% ȦȢ 70% ĲȦȞ πȩȡȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ 

İπȚȕȓȦıȘ İȞȩȢ πȜȘșυıµȠȪ. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ȆȂ∆Ȇ ĲȘȢ µİȜȑĲȘȢ Ǻ Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα αȞαµȑȞȠȞĲαȚ ȖȚα µİĲαȕȠȜȒ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ ȖȪȡȦ ıĲȠ 10% πȠυ 

αȞĲȚıĲȠȚȤİȓ ıİ µİȓȦıȘ ĲȦȞ πȩȡȦȞ țαĲȐ 120% ĲȦȞ πȩȡȦȞ πȠυ απαȚĲȠȪȞĲαȚ ȖȚα ĲȘȞ İπȚȕȓȦıȘ 

İȞȩȢ πȜȘșυıµȠȪ. Ǿ įȚαφȠȡȠπȠȓȘıȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ ĲȘȢ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșİıȓµȦȞ 

πȩȡȦȞ ȠφİȓȜİĲαȚ ıĲȠ πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȦȞ πȩȡȦȞ αυĲȫȞ. Ǿ απȩįȠıȘ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ 

µİșȩįȠυ αυȟȐȞİĲαȚ ȩıȠ αυȟȐȞİĲαȚ ĲȠ πȠıȠıĲȩ ĲȦȞ ıȤİįȚαıµȫȞ (ıĲȠ ȤȫȡȠ ĲȦȞ ȜȪıİȦȞ) πȠυ 

įİȞ ȚțαȞȠπȠȚȠȪȞ ĲȠυȢ πİȡȚȠȡȚıµȠȪȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ υπȠįİȚțȞȪȠȞĲαȢ, ȩĲȚ Ș µȑșȠįȠȢ 

απȠįȓįİȚ țαȜȪĲİȡα ıİ πȡȠȕȜȒµαĲα υȥȘȜȒȢ įυıțȠȜȓαȢ ıυȖțȡȚȞȩµİȞȠȢ ȦȢ πȡȠȢ ĲȠυȢ 

αȞİȟȐȡĲȘĲα İȟİȜȚııȩµİȞȠυȢ Γǹ. ȉȠ φαȚȞȩµİȞȠ αυĲȩ µπȠȡİȓ Ȟα απȠįȠșİȓ ıĲȘȞ ȚțαȞȩĲȘĲα ĲȘȢ 

πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ Ȟα įȚαĲȘȡİȓ ĲȘȞ İυȡȦıĲȓα ĲȘȢ țαȚ ıĲȚȢ πİȡȚπĲȫıİȚȢ ȩπȠυ ĲȠ πȜȒșȠȢ 

ıȤİįȚαıµȫȞ țȐșİ πȜȘșυıµȠȪ, İȓȞαȚ įȚαφȠȡİĲȚțȩ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ ĲȠυ πȡȠȕȜȒµαĲȠȢ. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.101 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

4.18 ȆαȡȐȡĲȘµα ǽ – ȉȡȠπȠπȠȓȘıȘ ȠȡȚıµȠȪ πȠȚțȚȜȩĲȘĲαȢ 
πȜȘșυıµȠȪ 

ȅ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ ȠȡȓȗİĲαȚ ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.29). Ǿ µȑȖȚıĲȘ 

ĲȚµȒ ĲȘȢ ıȤȑıȘȢ αυĲȒȢ įȓįİĲαȚ ȦȢ [23]: 

 max
4

j

j

N
D =  (4.76) 

ȩπȠυ Nj İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȠυ j πȜȘșυıµȠȪ. ȅ ȠȡȚıµȩȢ αυĲȩȢ İυȞȠİȓ πȜȘșυıµȠȪȢ 

µİ µİȖαȜȪĲİȡȠ πȜȒșȠȢ αĲȩµȦȞ αυȟȐȞȠȞĲαȢ ĲȘ ıυȞȠȜȚțȒ İυȡȦıĲȓα ĲȠυ πȜȘșυıµȠȪ. ΓȚα ĲȘȞ 

αȞαȓȡİıȘ ĲȘȢ İȪȞȠȚαȢ αυĲȒȢ Ș ıȤȑıȘ (4.29) ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 
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 (4.77) 

ȩπȠυ ȃj İȓȞαȚ ĲȠ πȜȒșȠȢ ĲȦȞ αĲȩµȦȞ ĲȘ ıυȖțİțȡȚµȑȞȘ ȖİȞİȐ. Ǿ µȑȖȚıĲȘ πȠȚțȚȜȩĲȘĲα ȖȚα 

ĲυȤαȓȠ įİȓȖµα ıĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (4.77) įȓįİĲαȚ ȦȢ: 
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= =⋅  (4.78) 

ȈĲȘȞ πİȡȓπĲȦıȘ ĲȘȢ ıȤȑıȘȢ (4.78) Ƞ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ İȓȞαȚ αȞİȟȐȡĲȘĲȠȢ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ. ȈĲȠ ıȘµİȓȠ αυĲȩ µİȜİĲȠȪȞĲαȚ ȠȚ ıυȞȑπİȚİȢ ĲȘȢ ĲȡȠπȠπȠȓȘıȘȢ 

αυĲȒȢ ıĲȘȞ İυȡȦıĲȓα țαȚ ıĲȠ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ ȖȚα ĲȠ 

πȡȩȕȜȘµα ĲȘȢ παȡαȖȡȐφȠυ 4.7.5. Ǿ µȑșȠįȠȢ, ȩπȠυ Ƞ įİȓțĲȘȢ πȠȚțȚȜȩĲȘĲαȢ υπȠȜȠȖȓȗİĲαȚ 

ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.29), ȠȡȓȗİĲαȚ ȦȢ ALG#1. Ǿ µȑșȠįȠȢ µİ ĲȘȞ ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ 

(4.77) ȠȡȓȗİĲαȚ ȦȢ ALG#2. ȈĲȠȞ ȆȓȞ. 4.36, παȡȠυıȚȐȗİĲαȚ Ș ıȪȖțȡȚıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ 

Pr[OE<1] ȖȚα ĲȚȢ παȡαȜȜαȖȑȢ ALG#1 țαȚ ALG#2 ıȪµφȦȞα µİ ĲȘ ıȤȑıȘ (4.43). 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ 

ALG#1 26.53% 21.25% 18.91% 14.28% 14.72% 5.69% 46.74% 30.51% 

ALG#2 20.86% 11.78% 12.47% 10.05% 21.47% 0.75% 17.33% 15.53% 

ȆȓȞ. 4.36: Pr[OE<1] ȖȚα ĲȠυȢ ALG#1 țαȚ ALG#2 

Ȃİ İȟαȓȡİıȘ ĲȠ ȆȂ∆Ȇ 5, Ƞ ALG#2 παȡȠυıȚȐȗİȚ µȚțȡȩĲİȡȘ ĲȚµȒ ĲȠυ Pr[OE<1]. ȈĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ȆȂ∆Ȇ 6 Ș πȚșαȞȩĲȘĲα αυĲȒ İȓȞαȚ µȚțȡȩĲİȡȘ ĲȠυ 1%. H ȤȡȒıȘ ĲȠυ ALG#2 

ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ Pr[OE<1] απȩ 30.51% ıİ 15.53% ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ ȆȂ∆Ȇ. 

ȈĲȠȞ ȆȓȞ. 4.37, ıυȖțȡȓȞİĲαȚ Ș µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ ĲȦȞ ALG#1 țαȚ ALG#2. ȅ ALG#1 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.102 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ Ǽ[OE] ȖȚα Ĳα ȆȂ∆Ȇ 2, 3, 5 țαȚ 6. ȅ ALG#2 παȡȠυıȚȐȗİȚ 

υȥȘȜȩĲİȡȘ Ǽ[OE] ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ ȆȂ∆Ȇ. ȀαȚ ȖȚα ĲȠυȢ įȪȠ αȜȖȩȡȚșµȠυȢ Ș µȑıȘ 

ıυȞȠȜȚțȒ İυȡȦıĲȓα İȓȞαȚ µİȖαȜȪĲİȡȘ ĲȠυ 2.00. 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#1 2.27 2.38 4.17 1.73 2.45 2.58 1.23 2.40 

ALG#2 2.67 2.00 3.29 2.45 2.37 2.53 2.63 2.56 

∆Țαφ. -17.5% 16.1% 21.2% -41.7% 3.1% 2.1% -114.1% -6.7% 

ȆȓȞ. 4.37: ȂȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ ȖȚα ĲȠυȢ ALG#1 țαȚ ALG#2 

ΩȢ πȡȠȢ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ Ƞ ALG#2 παȡȠυıȚȐȗİȚ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ 

țαĲȐ 4%~5% ȖȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2. ǹȞĲȓșİĲα, ȖȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 παȡαĲȘȡȠȪȞĲαȚ 

µİȚȫıİȚȢ, ıİ ıȤȑıȘ πȐȞĲα µİ ĲȠȞ ALG#1, ĲȘȢ ĲȐȟȘȢ ĲȠυ 5%~6%. ΓȚα Ĳα ȆȂ∆Ȇ 5 țαȚ 7 

παȡαĲȘȡİȓĲαȚ αȞİπαȓıșȘĲȘ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȓıȘ µİ 1% İȞȫ ȖȚα ĲȠ ȆȂ∆Ȇ 

6 Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ įİȞ παȡȠυıȚȐȗİȚ αȟȚȩȜȠȖȘ µİĲαȕȠȜȒ. 

ȆȡαȖµαĲȠπȠȚȒșȘțαȞ 4 µİȜȑĲİȢ ȖȚα ĲȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ b={0.25, 0.75, 1.25, 1.75} ȖȚα ĲȠȞ 

ALG#2. Ǿ Pr[OE<1] țαȚ Ș Ǽ[OE] ȖȚα ĲȠυȢ ALG#1 țαȚ ALG#2 παȡȠυıȚȐȗȠȞĲαȚ ıĲȠȞ ȆȓȞ. 

4.38. ȅ ALG#2 υπİȡĲİȡİȓ ĲȠυ ALG#1 ıİ țȐșİ πİȡȓπĲȦıȘ µİ İȟαȓȡİıȘ ĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ 

b=1.75. ΓȚα ĲȚµȑȢ ĲȠυ b πȠυ țυµαȓȞȠȞĲαȚ απȩ 0.75 ȦȢ 1.25 παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ ĲȘȢ E[OE] 

ȖȚα ĲȠȞ ALG#2 ıİ ıȤȑıȘ µİ ĲȠȞ ALG#1 ȓıȘ µİ 6.67%. Ǿ Pr[OE<1] µİȚȫȞİĲαȚ απȩ 30.51% ıİ 

11.4% țαȚ 18.81% ȖȚα b=0.75 țαȚ b=1.25 αȞĲȓıĲȠȚȤα. 

ȆαȡȐµİĲȡȠȢ  b=0.25 b=0.75 b=1.25 b=1.75 Ε[] 

ALG#1 2.40 2.40 
Ǽ[OE] 

ALG#2 2.76 2.69 2.51 2.35 2.56 

ALG#1 30.51% 30.51% 
Pr[OE<1] 

ALG#2 28.90% 11.43% 18.81% 32.84% 23.49% 

ȆȓȞ. 4.38: ȂȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ țαȚ µȑıȘ Pr[OE<1] ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȠυ b. 

ǹπȩ Ĳα απȠĲİȜȑıµαĲα, ıυµπİȡαȓȞİĲαȚ ȩĲȚ: 

• Ǿ ĲȡȠπȠπȠȓȘıȘ ĲȠυ įİȓțĲȘ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ ȕİȜĲȚȫȞİȚ ĲȘȞ απȩįȠıȘ ĲȘȢ 

µİșȩįȠυ ȦȢ πȡȠȢ ĲȘȞ µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ țαȚ ĲȘȞ Pr[OE<1]. 

• ΓȚα ȆȂ∆Ȇ 1 țαȚ 2, Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȘȞ µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȚµȑȢ ĲȠυ b απȩ 0.25 țαȚ 1.25. ΓȚα ĲȘȞ Pr[OE<1] Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ b απȩ 0.75 ȦȢ 1.25. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.103 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

• ΓȚα ȆȂ∆Ȇ 3, 4, 5, 6 țαȚ 7 ȠȚ ĲȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ b πȠυ αȞαµȑȞİĲαȚ Ȟα ȠįȘȖȒıȠυȞ 

ıĲα țαȜȪĲİȡα įυȞαĲȐ απȠĲİȜȑıµαĲα țυµαȓȞȠȞĲαȚ απȩ 0.75 ȦȢ 1.25. ΓȚα ĲȠȞ ALG#1 Ș 

ĲȡȠπȠπȠȓȘıȘ ĲȠυ įİȓțĲȘ πȠȚțȚȜȩĲȘĲαȢ ȠįȘȖİȓ ıİ µȚțȡȒ µİĲαȕȠȜȒ ĲȘȢ ȕȑȜĲȚıĲȘȢ ĲȚµȒȢ 

ĲȘȢ παȡαµȑĲȡȠυ b ȖȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4. 

4.19 ȆαȡȐȡĲȘµα Ǿ – ȉȡȠπȠπȠȓȘıȘ ĲȘȢ ıχȑıȘȢ υπȠȜȠȖȚıµȠȪ 
ĲȠυ µİȖȑșȠυȢ ĲωȞ İπȚµȑȡȠυȢ πȜȘșυıµȫȞ µİĲȐ ĲȘȞ 
İµπȜȠțȒ – ΜİȡȚțȒ İπαȞİțțȓȞȘıȘ – ΜİȜȑĲȘ ωȢ πȡȠȢ ĲȘȞ 
παȡȐµİĲȡȠ c 

Ǿ ıȤȑıȘ (4.35) πȠυ ȤȡȘıȚµȠπȠȚİȓĲαȚ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ İπȚµȑȡȠυȢ πȜȘșυıµȫȞ µİĲȐ ĲȘȞ 

İµπȜȠțȒ ĲȡȠπȠπȠȚİȓĲαȚ ȦȢ: 

 ( )( ) ( )( )1 1 1 1
1 0.5

2

t t t t i J
i i ij j j

ij i

PI PI
N N T e N N T

e PI

+ +    −= + ⋅ Α = + ⋅ − Α Α = +         (4.79) 

ȈĲȩȤȠȢ ĲȘȢ ĲȡȠπȠπȠȓȘıȘȢ αυĲȒȢ İȓȞαȚ Ȟα αφαȚȡİșİȓ Ș İȪȞȠȚα υπȑȡ ĲȠυ αµυȞȩµİȞȠυ 

πȜȘșυıµȠȪ. ǼȟİĲȐȗȠȞĲαȚ αțȩµα ȠȚ ıυȞȑπİȚİȢ ĲȘȢ µİȡȚțȒȢ İπαȞİțțȓȞȘıȘȢ ĲȠυ πȜȘșυıµȠȪ. ΩȢ 

µİȡȚțȒ İπαȞİțțȓȞȘıȘ, ȠȡȓȗİĲαȚ Ș įȚαįȚțαıȓα µİ ĲȘȞ ȠπȠȓα Ĳα Ȟȑα µȑȜȘ, ȩĲαȞ ȑȤȠυµİ αȪȟȘıȘ 

ĲȠυ πȜȒșȠυȢ ĲȦȞ αĲȩµȦȞ ıĲȠȞ πȜȘșυıµȩ, ȖİȞȞȚȠȪȞĲαȚ țαĲȐ ĲυȤαȓȠ ĲȡȩπȠ. ΌĲαȞ įİȞ 

İφαȡµȩȗİĲαȚ Ș µİȡȚțȒ İπαȞİțțȓȞȘıȘ Ĳα Ȟȑα µȑȜȘ İȞȩȢ πȜȘșυıµȠȪ παȡȐȖȠȞĲαȚ µİ αȪȟȘıȘ ĲȦȞ 

ȗİυȖαȡȚȫȞ ĲȦȞ αĲȩµȦȞ πȠυ İπȚȜȑȖȠȞĲαȚ ȖȚα įȚαıĲαȪȡȦıȘ. Ǿ µİȡȚțȒ İπαȞİțțȓȞȘıȘ 

αȞαµȑȞİĲαȚ Ȟα αυȟȒıİȚ ĲȘȞ İυȡȦıĲȓα ĲȠυ ıȤȒµαĲȠȢ ȖȚα πȠȜυµȠȡφȚțȐ πȡȠȕȜȒµαĲα țαșȫȢ 

ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ πȠȚțȚȜȩĲȘĲαȢ ĲȠυ πȜȘșυıµȠȪ. Ǿ Țįȑα ĲȘȢ µİȡȚțȒȢ İπαȞİțțȓȞȘıȘȢ 

ıĲȘȡȓȗİĲαȚ ıĲȘȞ παȡαĲȒȡȘıȘ ĲȠυ De-Jong [21], ȩĲȚ ȠȚ µȚțȡȩ-Γǹ [62], [12], [13], (πȠυ 

αȞĲȚțαșȚıĲȠȪȞ ĲȠȞ ĲİȜİıĲȒ ĲȘȢ µİĲȐȜȜαȟȘȢ µİ ĲȘȞ αȡȤȚțȠπȠȓȘıȘ ĲȠυ πȜȘșυıµȠȪ ȩĲαȞ Ƞ 

įİȓțĲȘȢ ȠµȠȚȠµȠȡφȓαȢ ȟİπİȡȐıİȚ µȓα ıυȖțİțȡȚµȑȞȘ ĲȚµȒ țαĲȦφȜȓȠυ) παȡȠυıȚȐȗȠυȞ 

υȥȘȜȩĲİȡȘ İυȡȦıĲȓα țαĲȐ ĲȠ αȡȤȚțȩ țαȚ ĲİȜȚțȩ ıĲȐįȚȠ ĲȘȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ. OȚ Koumousis 

țαȚ Katsaras, [61] țαȚ Koumousis țαȚ Dimou, [60] παȡȠυıȚȐȗȠυȞ ĲȚȢ İυİȡȖİĲȚțȑȢ ıυȞȑπİȚİȢ 

ĲȘȢ µİȡȚțȒȢ αȡȤȚțȠπȠȓȘıȘȢ ĲȠυ πȜȘșυıµȠȪ ıİ παȡαȜȜαȖȑȢ ĲȠυ Γǹ ȩπȠυ ĲȠ πȜȒșȠȢ ĲȦȞ 

αĲȩµȦȞ ĲȠυ πȜȘșυıµȠȪ αțȠȜȠυșİȓ πİȡȚȠįȚțȒ ıυȞȐȡĲȘıȘ. Ǿ ıȪȖțȡȚıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ 

ĲȠυ πİȡȚȠįȚțȐ µİĲαȕαȜȜȩµİȞȠυ Γǹ [60] țαȚ ĲȠυ πȡȚȠȞȦĲȠȪ Γǹ [61] ȖȚα 2 ıυȞαȡĲȒıİȚȢ 

αȞαφȠȡȐȢ [61] țαȚ ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ ȚıȠıĲαĲȚțȠȪ įȚțĲυȫµαĲȠȢ 25 µİȜȫȞ µİ 

πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ [60], ȖȚα ĲȠ ȓįȚȠ πȜȒșȠȢ ıȤİįȚαıµȫȞ, αȞȑįİȚȟİ ĲȘȞ αυȟȘµȑȞȘ 

İυȡȦıĲȓα ĲȦȞ įȪȠ ıȤȘµȐĲȦȞ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ȦȢ πȡȠȢ ĲȠȞ țȜαııȚțȩ Γǹ. Ǿ µİȡȚțȒ 

αȡȤȚțȠπȠȓȘıȘ ȠįȘȖİȓ ıİ ıȘµαȞĲȚțȒ αȪȟȘıȘ ĲȘȢ İυȡȦıĲȓαȢ ıİ πȠȜυµȠȡφȚțȐ πȡȠȕȜȒµαĲα 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.104 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

țαșȫȢ İπȘȡİȐȗİȚ Ȑµİıα ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȠυ πȜȘșυıµȠȪ [60]. ȉȑȜȠȢ İȟİĲȐȗİĲαȚ ȠȚ ıυȞȑπİȚİȢ 

ĲȘȢ ĲȚµȒȢ c πȠυ İȜȑȖȤİȚ ĲȠ ȕȐȡȠȢ ĲȘȢ παȡαµȑĲȡȠυ Ri ıĲȘ ıυȞȐȡĲȘıȘ ıυȞȠȜȚțȒȢ İυȡȦıĲȓαȢ 

ĲȦȞ πȜȘșυıµȫȞ ıĲȘ ıυȞȠȜȚțȒ απȩįȠıȘ ĲȘȢ µİșȩįȠυ. 

ȅȚ ıυȖțȡȓıİȚȢ πȡαȖµαĲȠπȠȚȠȪȞĲαȚ ȦȢ πȡȠȢ ĲȠȞ ALG#2 ĲȘȢ παȡαȖȡȐφȠυ 4.18. ΩȢ ALG#3 

ȠȡȓȗİĲαȚ Ƞ ALG#2 µİ ĲȘȞ αȞĲȚțαĲȐıĲαıȘ ĲȘȢ ıȤȑıȘȢ (4.35) απȩ ĲȘ ıȤȑıȘ (4.79) țαȚ ȦȢ 

ALG#4 ȠȡȓȗİĲαȚ Ƞ ALG#3 µİ ĲȘȞ İπȚȜȠȖȒ ĲȘȢ µİȡȚțȒȢ İπαȞİțțȓȞȘıȘȢ ĲȠυ πȜȘșυıµȠȪ 

İȞİȡȖȠπȠȚȘµȑȞȘ. ȉα απȠĲİȜȑıµαĲα ĲȠυ ALG#2 įȚαφȑȡȠυȞ ıİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȦȞ 

ȆȓȞ. 4.36 țαȚ ȆȓȞ. 4.37 țαșȫȢ αȞαφȑȡȠȞĲαȚ ıİ απȠĲİȜȑıµαĲα ȖȚα b=0.75. 

ȈĲȠȞ ȆȓȞ. 4.39, παȡȠυıȚȐȗȠȞĲαȚ Ș Pr[OE<1] ȖȚα ĲȠυȢ 3 αȜȖȩȡȚșµȠυȢ. Ǿ ĲȡȠπȠπȠȓȘıȘȢ ĲȘȢ 

ıȤȑıȘȢ (4.35) ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ µȑıȘȢ ĲȚµȒȢ ĲȠυ Pr[OE<1] πȠυ ıυȞİπȐȖİĲαȚ αȪȟȘıȘ ĲȘȢ 

πȚșαȞȩĲȘĲαȢ Ș µȑșȠįȠȢ Ȟα παȡȠυıȚȐıİȚ απȩįȠıȘ ȤαµȘȜȩĲİȡȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. ΓȚα Ĳα 

ȆȂ∆Ȇ 1 țαȚ 2 țαȚ ĲȠȞ ALG#3 Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȠ ȆȂ∆Ȇ 2 

µİ πȚșαȞȩĲȘĲα ȓıȘ µİ 13.53% ȑȞαȞĲȚ ĲȠυ 11.78% ȖȚα ĲȠȞ ALG#2. ΓȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȠυ ALG#3, ȑȤȠυµİ αȪȟȘıȘ ĲȘȢ Pr[OE<1] ıİ 7.3% țαȚ 10.81% ȑȞαȞĲȚ ĲȠυ 3.35% 

țαȚ 4.49% αȞĲȓıĲȠȚȤα. ΓȚα Ĳα ȆȂ∆Ȇ 5 țαȚ 7 ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ALG#3, ȑȤȠυµİ µİȓȦıȘ ıİ 

18.06% ĲȘȢ Pr[OE<1] απȩ 21.47% țαȚ αȪȟȘıȘ ıİ 29.24% απȩ 17.33% αȞĲȓıĲȠȚȤα. ȉȑȜȠȢ ȖȚα 

ĲȠ ȆȂ∆Ȇ 6 Ș ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (4.35) ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ Pr[OE<1] ıĲȠ 13.3% 

ȑȞαȞĲȚ ĲȠυ 0.75%. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ALG#4 ȖȚα ĲȠ ȆȂ∆Ȇ 1 ȑȤȠυµİ µİȓȦıȘ ĲȘȢ Pr[OE<1] 

ıİ 3.01%. Ǿ Pr[OE<1] ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ȆȂ∆Ȇ 2 İȓȞαȚ ȓıȘ µİ 24.19%. ΓȚα ĲȠ ȆȂ∆Ȇ 3 Ƞ 

ALG#4 įȓįİȚ ĲȚµȒ ȓıȘ µİ 4.45% ȑȞαȞĲȚ ĲȠυ 7.30% ĲȠυ ALG#3. ΓȚα ĲȠ ȆȂ∆Ȇ 4 Ƞ ALG#4 

ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ Pr[OE<1] ıİ ıȤȑıȘ µİ ĲȠυȢ ALG#2 țαȚ ALG#3. ΓȚα Ĳo ȆȂ∆Ȇ 5 Ƞ 

ALG#4 ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȘȢ Pr[OE<1] ıĲȠ 16.32% ȩĲαȞ ȖȚα ĲȠ ȆȂ∆Ȇ 7 ȑȤȠυµİ αȪȟȘıȘ 

ĲȘȢ Pr[OE<1] ȦȢ πȡȠȢ ĲȘȞ αȞĲȓıĲȠȚȤȘ ĲȚµȒ ĲȠυ ALG#2 ıİ 23.80%. ΓȚα ĲȠ ȆȂ∆Ȇ 6 Ĳα 

απȠĲİȜȑıµαĲα ĲȠυ ALG#4 παȡȠυıȚȐȗȠυȞ ȕİȜĲȓȦıȘ ıİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ 

ALG#3 ȤȦȡȓȢ Ȟα φĲȐȞȠυȞ ıĲȠ İπȓπİįȠ ĲȠυ ALG#2. ΓȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ ȆȂ∆Ȇ Ș Pr[OE<1] 

İȓȞαȚ ȓıȘ µİ 11.43% ȖȚα ĲȠȞ ALG#2, ȓıȘ µİ 22.34% ȖȚα ĲȠȞ ALG#3 țαȚ ȓıȘ µİ 20.98% ȖȚα 

ĲȠȞ ALG#4. 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 20.86% 11.78% 3.35% 4.49% 21.47% 0.75% 17.33% 11.43%

ALG#3 19.61% 13.53% 7.30% 10.81% 18.06% 13.30% 29.24% 22.34%

ALG#4 3.01% 24.19% 4.45% 12.28% 16.32% 6.00% 23.80% 20.98%

ȆȓȞ. 4.39: Pr[OE<1] ȖȚα ĲȠυȢ 3 αȜȖȠȡȓșµȠυȢ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.105 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠȞ ȆȓȞ. 4.40, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ (Ǽ[OE]) ȖȚα ĲȠυȢ 3 αȜȖȠȡȓșµȠυȢ. Ǿ 

ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (4.35) ȠįȘȖİȓ ıİ αȪȟȘıȘ ĲȘȢ Ǽ[OE]. ȅ ALG#3 παȡȠυıȚȐȗİȚ 

υȥȘȜȩĲİȡȘ ıυȞȠȜȚțȒ απȩįȠıȘ ȖȚα ĲȠ ȆȂ∆Ȇ 2 țαĲȐ 34.0% ıİ ıȤȑıȘ µİ ĲȘ µȑıȘ απȩįȠıȘ 

ĲȠυ ALG#2. Ǿ Ǽ[OE] ĲȠυ ȆȂ∆Ȇ 3 ȖȚα ĲȠȞ ALG#3 παȡȠυıȚȐȗİȚ ȕİȜĲȓȦıȘ ĲȘȢ ĲȐȟȘȢ ĲȠυ 

52.8%. Ǿ Ǽ[OE] ĲȠυ ALG#4 ȖȚα ĲȠ ȆȂ∆Ȇ 4 Ȟα παȡȠυıȚȐȗİȚ ȕİȜĲȓȦıȘ ĲȘȢ ĲȐȟȘȢ ĲȠυ 69.4% 

ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2. ΓȚα Ĳα ȆȂ∆Ȇ 5 țαȚ 7 Ș υȥȘȜȩĲİȡȘ Ǽ[OE] παȡαĲȘȡİȓĲαȚ ıĲȘȞ 

πİȡȓπĲȦıȘ ĲȘȢ ALG#2. ΓȚα ĲȠ ȆȂ∆Ȇ 6 Ƞ ALG#2 παȡȠυıȚȐȗİȚ υȥȘȜȩĲİȡȘ Ǽ[OE] țαĲȐ 

21.2% ıİ ıȤȑıȘ µİ ĲȠȞ ALG#4 țαȚ 32.8% ıİ ıȤȑıȘ µİ ĲȠȞ ALG#3. ȈĲȠ ȆȓȞ. 4.41, 

παȡȠυıȚȐȗİĲαȚ Ș İυȡȦıĲȓα (R) ȖȚα ĲȠυȢ 3 αȜȖȠȡȓșµȠυȢ. ȉα απȠĲİȜȑıµαĲα ĲȦȞ ALG#3 țαȚ 

ALG#4 παȡȠυıȚȐȗȠυȞ ȕİȜĲȚȦµȑȞα ıİ ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ALG#2 µİ İȟαȓȡİıȘ ĲȠ 

ȆȂ∆Ȇ 7. ΓȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 4 Ș υȥȘȜȩĲİȡȘ İυȡȦıĲȓα παȡαĲȘȡİȓĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ 

ALG#4. ΓȚα Ĳα ȆȂ∆Ȇ 2, 3, 5 țαȚ 6 Ș υȥȘȜȩĲİȡȘ İυȡȦıĲȓα παȡαĲȘȡİȓĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ 

ĲȠυ ALG#3. ΓȚα ĲȘȞ Ǽ[R] ĲȠυ ALG#3 țαȚ ALG#4 παȡαĲȘȡİȓĲαȚ ȕİȜĲȓȦıȘ ĲȘȢ ĲȐȟȘȢ ĲȠυ 

25.3% țαȚ 31.1% ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2 αȞĲȓıĲȠȚȤα. 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 2.67 2.00 3.86 2.78 2.37 2.53 2.63 2.69 

ALG#3 2.22 2.68 5.90 2.58 2.34 3.00 1.98 2.96 

ALG#4 2.59 1.91 3.72 4.71 2.14 2.26 2.17 2.79 

ȆȓȞ. 4.40: ȂȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ ȖȚα ĲȠυȢ 3 αȜȖȠȡȓșµȠυȢ 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 1.72 1.11 3.94 2.34 1.67 1.88 1.95 2.09 

ALG#3 1.51 1.60 6.90 2.65 1.75 2.38 1.54 2.62 

ALG#4 1.79 1.16 4.75 6.04 1.70 1.94 1.80 2.74 

ȆȓȞ. 4.41: ȂȑıȘ ĲȚµȒ ĲȘȢ İυȡȦıĲȓαȢ ȖȚα ĲȠυȢ 3 αȜȖȠȡȓșµȠυȢ 

ΓȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2 țαȚ ĲȠȞ ALG#3 παȡαĲȘȡİȓĲαȚ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ıİ 

ıȤȑıȘ µİ ĲȠȞ ALG#2 ȓıȘ µİ 4%. ΓȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 Ș αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ 

İȓȞαȚ µİȖαȜȪĲİȡȘ țαȚ țυµαȓȞİĲαȚ απȩ 14% ȦȢ 18%. ΓȚα Ĳα ȆȂ∆Ȇ 5 ȦȢ 7 Ș αȪȟȘıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȖȚα ĲȠȞ ALG#3 ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2 țυµαȓȞİĲαȚ απȩ 4% ȦȢ 5%. 

ΓȚα ĲȠ ȆȂ∆Ȇ 6 παȡαĲȘȡİȓĲαȚ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαĲȐ 6%. ǹπȩ ĲȘ ıȪȖțȡȚıȘ 

ĲȠυ ALG#3 µİ ĲȠȞ ALG#4 ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș µİȡȚțȒ İπαȞİțțȓȞȘıȘ ĲȠυ πȜȘșυıµȠȪ ȠįȘȖİȓ 

ıİ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ΓȚα Ĳα ȆȂ∆Ȇ 1 țαȚ 2 παȡαĲȘȡİȓĲαȚ αȞİπαȓıșȘĲȘ 

αȪȟȘıȘ, ȦȢ πȡȠȢ ĲȠȞ ALG#3, ĲȘȢ ĲȐȟȘȢ ĲȠυ 1% πȠυ ȚıȠįυȞαµİȓ ıİ αȪȟȘıȘ ĲȘȢ ĲȐȟȘȢ ĲȠυ 5% 

ȖȚα ĲȠȞ ALG#2. ΓȚα Ĳα ȆȂ∆Ȇ 5 țαȚ 7 Ș αȪȟȘıȘ ȦȢ πȡȠȢ ĲȠȞ ALG#3, İȓȞαȚ ĲȘȢ ĲȐȟȘȢ ĲȠυ 5% 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.106 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µİ αȞĲȓıĲȠȚȤȘ αȪȟȘıȘ ȦȢ πȡȠȢ ĲȠȞ ALG#2 ĲȘȢ ĲȐȟȘȢ ĲȠυ 8% µİ 9%. ΓȚα ĲȠ ȆȂ∆Ȇ 6 

παȡαĲȘȡİȓĲαȚ αȪȟȘıȘ ȓıȘ µİ 6.5% ȦȢ πȡȠȢ ĲȠȞ ALG#3 πȠυ ȚıȠįȪȞαµȘ ıİ αȪȟȘıȘ ĲȠυ 

υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2 12.5%. ΓȚα Ĳα ȆȂ∆Ȇ 3 țαȚ 4 παȡαĲȘȡȠȪȞĲαȚ 

ȠȚ µİȖαȜȪĲİȡİȢ αυȟȒıİȚȢ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ ȓıİȢ µİ 10.8% țαȚ 25.5% αȞĲȓıĲȠȚȤα ıİ 

ıȤȑıȘ µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ ALG#3. Ȉİ ıȪȖțȡȚıȘ µİ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ ĲȠυ ALG#2 

Ƞ ALG#4 παȡȠυıȚȐȗİȚ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ țαĲȐ 25.0% ȖȚα ĲȠ ȆȂ∆Ȇ 3 țαȚ 

țαĲȐ 44.0% ȖȚα ĲȠ ȆȂ∆Ȇ 4. 

ΓȚα ĲȘȞ παȡȐµİĲȡȠ c İȟİĲȐȗȠȞĲαȚ 5 ĲȚµȑȢ c={0.0, 0.2, 0.4, 0.6, 0.8, 1.0} ȖȚα Ĳα ȆȂ∆Ȇ 1, 3, 5 

țαȚ 6. ȈĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ALG#3 Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ȖȚα c=0.8 

İȞȫ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ALG#4 Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡȠυıȚȐȗȠȞĲαȚ ȖȚα Ĳα ȆȂ∆Ȇ 

3 țαȚ 6 țαȚ c απȩ 0.8 ȦȢ 1.0. 

ǹπȩ ĲȘȞ αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș ĲȡȠπȠπȠȓȘıȘ ĲȘȢ ıȤȑıȘȢ (4.35) 

ȠįȘȖİȓ ıİ ȕİȜĲȓȦıȘ ĲȘȢ µȑıȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ ĲȘȢ µİșȩįȠυ. Ǿ µİȡȚțȒ İπαȞİțțȓȞȘıȘ 

ȕİȜĲȚȫȞİȚ ĲȘȞ İυȡȦıĲȓα ĲȘȢ πȡȠĲİȚȞȩµİȞȘȢ µİșȩįȠυ µİ αȞĲȓıĲȠȚȤȘ αȪȟȘıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ 

φȩȡĲȠυ İȚįȚțȐ ıĲȚȢ πİȡȚπĲȫıİȚȢ ĲȦȞ ȆȂ∆Ȇ πȠυ παȡȠυıȚȐȗȠυȞ πİȡȚȠįȚțȩĲȘĲα ȩπȠυ Ș 

İȚıαȖȦȖȒ ȞȑȦȞ ȜȪıİȦȞ ıĲȠυȢ πȜȘșυıµȠȪȢ ȕİȜĲȚȫȞİȚ ıȘµαȞĲȚțȐ ĲȘȞ πȠȚțȚȜȩĲȘĲα ĲȦȞ 

πȜȘșυıµȫȞ. ΓȚα ĲȠ ıυȞĲİȜİıĲȒ c Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȦȢ πȡȠȢ ĲȘȞ ıυȞȠȜȚțȒ απȩįȠıȘ 

ĲȘȢ µİșȩįȠυ παȡαĲȘȡȠȪȞĲαȚ ȖȚα c=0.8~1.0. 

4.20 ȆαȡȐȡĲȘµα Θ – ΜİȜȑĲȘ ȖȚα ĲȚȢ παȡαµȑĲȡȠυȢ Sj țαȚ SCP 

ȅȚ παȡȐµİĲȡȠȚ Sj țαȚ SCP İȜȑȖȤȠυȞ ĲȘȞ țαĲαȞȠµȒ ĲȦȞ πȚșαȞȠĲȒĲȦȞ İπȚȜȠȖȒȢ ĲȦȞ αĲȩµȦȞ ĲȠυ 

πȜȘșυıµȠȪ ȖȚα įȚαıĲαȪȡȦıȘ țαȚ ĲȦȞ πȜȘșυıµȫȞ ıĲȠ µİĲαπȜȘșυıµȩ ȖȚα İµπȜȠțȒ. ȉȚµȑȢ 

υȥȘȜȩĲİȡİȢ ĲȘȢ µȠȞȐįαȢ ȖȚα ĲȚȢ παȡαµȑĲȡȠυȢ αυĲȑȢ ȠįȘȖȠȪȞ ıİ ȩȟυȞıȘ ĲȦȞ ıȤİĲȚțȫȞ 

įȚαφȠȡȫȞ ĲȦȞ πȚșαȞȠĲȒĲȦȞ İπȚȜȠȖȒȢ. ȉȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ Sj µİȖαȜȪĲİȡİȢ ĲȘȢ µȠȞȐįαȢ 

αυȟȐȞȠυȞ ĲȘȞ πȓİıȘ ıĲȠȞ πȜȘșυıµȩ ȖȚα ıȪȖțȜȚıȘ πȡȠȢ ĲȘ ȕȑȜĲȚıĲȘ ȜȪıȘ µİ αȞĲȓıĲȠȚȤȘ 

µİȓȦıȘ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ αȜȜȐ αȪȟȘıȘ țαȚ ĲȘȢ πȚșαȞȩĲȘĲαȢ παȖȓįİυıȘȢ ıİ ĲȠπȚțȩ 

İȜȐȤȚıĲȠ. ǹȞĲȓıĲȠȚȤα ĲȚµȑȢ ĲȘȢ παȡαµȑĲȡȠυ SCP µİȖαȜȪĲİȡİȢ ĲȘȢ µȠȞȐįαȢ αυȟȐȞȠυȞ ĲȘȞ 

πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ ĲȦȞ ȜȚȖȩĲİȡȠ İȪȡȦıĲȦȞ πȜȘșυıµȫȞ ıĲȠ µİĲαπȜȘșυıµȩ ȖȚα İµπȜȠțȒ µİ 

απȠĲȑȜİıµα ȠȚ αįȪȞαµȠȚ πȜȘșυıµȠȓ Ȟα παȡȠυıȚȐȗȠυȞ υȥȘȜȩĲİȡȘ πȚșαȞȩĲȘĲα İµπȜȠțȒȢ 

ȠπȩĲİ țαȚ ȠȚ πȚșαȞȩĲȘĲİȢ İπȚȕȓȦıȘȢ ĲȠυȢ ıĲȠ µİĲαπȜȘșυıµȩ µİȚȫȞȠȞĲαȚ. ΓȚα ĲȠ įȚțĲȪȦµα 25 

µİȜȫȞ İȟİĲȐȗȠȞĲαȚ 3 πȡȠȕȜȒµαĲα µİ E[P]=20kN, 30kN țαȚ 40kN αȞĲȓıĲȠȚȤα, țαȚ Ș 

παȡȐµİĲȡȠȢ Ȥ șİȦȡİȓĲαȚ Ĳ.µ µİ įİȓțĲȘ µİĲαȕȜȘĲȩĲȘĲαȢ ȓıȠ µİ 10%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.107 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲȠȞ ȆȓȞ. 4.42, παȡȠυıȚȐȗİĲαȚ ĲȠ țȩıĲȠȢ ĲȦȞ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ ȖȚα Sj=2.5 țαȚ SCP 

ıȪµφȦȞα µİ ĲȚȢ ĲȚµȑȢ ĲȠυ ȆȓȞ. 4.14. ȅȚ țαȜȪĲİȡİȢ ıȤİįȚȐıİȚȢ παȡαĲȘȡȠȪȞĲαȚ ȖȚα αȡȤȚțȩ 

πȜȘșυıµȩ ȓıȠ µİ 60 ȐĲȠµα. Ȉİ țȐșİ πİȡȓπĲȦıȘ Ș πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ αȞαțαȜȪπĲİȚ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲİȢ ȜȪıİȚȢ απȩ ĲȘȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȘ ȜȪıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. 

 ALG#3 ALG#4 ȈȤİĲȚțȒ  

100 ΆĲȠµα ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ∆ȚαφȠȡȐ 

E[P] = 20kN 124.81 1 121.41 3 -2.72% 

E[P] = 30kN 156.29 5 154.98 6 -0.84% 

E[P] = 40kN 183.35 4 183.28 5 -0.04% 

80 ΆĲȠµα ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ)  

E[P] = 20kN 126.17 3 125.35 3 -0.65% 

E[P] = 30kN 157.24 6 156.88 7 -0.23% 

E[P] = 40kN 187.84 6 184.55 3 -1.75% 

60 ΆĲȠµα ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ)  

E[P] = 20kN 120.24 3 128.23 5 6.65% 

E[P] = 30kN 154.15 5 158.44 4 2.78% 

E[P] = 40kN 182.04 2 182.36 3 0.18% 

ȆȓȞ. 4.42: ȈȪȖțȡȚıȘ țȩıĲȠυȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ (Sj=2.5 țαȚ SCP µİĲαȕȜȘĲȩ) 

ȈĲȠȞ ȆȓȞ. 4.43, παȡȠυıȚȐȗȠȞĲαȚ ȠȚ αȞĲȓıĲȠȚȤİȢ ĲȚµȑȢ ȖȚα Sj=SCP=1.0. ȅȚ țαȜȪĲİȡİȢ ıȤİįȚȐıİȚȢ 

παȡαĲȘȡȠȪȞĲαȚ ȖȚα αȡȤȚțȩ πȜȘșυıµȩ ȓıȠ µİ 80 Ȓ 100 ȐĲȠµα. ΓȚα Ǽ[P]=20kN țαȚ Sj=SCP=1.0, 

ĲȠ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠ ȐĲȠµȠ αȞαțαȜȪπĲİĲαȚ απȩ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ. ǹπȩ ĲȘȞ İȞįİȜİȤȒ 

αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ȖȚα Ǽ[P]=20kN παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș πȡȠĲİȚȞȩµİȞȘ µȑșȠįȠȢ 

αȞαțαȜȪπĲİȚ 3 ıȤİįȚαıµȠȪȢ ȖȚα ĲȠυȢ ȠπȠȓȠυȢ Ș ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ απȑȤİȚ 

ȜȚȖȩĲİȡȠ απȩ 0.5% ĲȘȢ ĲȚµȒȢ ĲȠυ ȕȑȜĲȚıĲȠυ ıȤİįȚαıµȠȪ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ.  

ΓȚα Ĳα 3 πȡȠȕȜȒµαĲα πȠυ İȟİĲȐȗȠȞĲαȚ ȦȢ πȡȠȢ ĲȘ µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș 

ĲȚµȒ ĲȘȢ αȞĲȚțİȚµİȞȚțȒȢ ıυȞȐȡĲȘıȘȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα Sj=SCP=1.0 

İȓȞαȚ ȤαµȘȜȩĲİȡȘ ĲȦȞ αȞĲȓıĲȠȚȤȦȞ ĲȚµȫȞ ȖȚα Sj=2.5 țαȚ SCP µİĲαȕȜȘĲȩ. ȈυȖțȡȓȞȠȞĲαȢ ĲȠυȢ 

αȜȖȠȡȓșµȠυȢ παȡαĲȘȡİȓĲαȚ ȩĲȚ ıĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ ĲȠ Sj=2.5 țαȚ ȖȚα SCP ıȪµφȦȞα µİ ĲȚȢ 

ĲȚµȑȢ ĲȠυ ȆȓȞ. 4.14 ȠȚ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠȚ ıȤİįȚαıµȠȓ αȞαțαȜȪπĲȠȞĲαȚ απȩ ĲȠȞ ALG#3. 

ȈĲȘȞ πİȡȓπĲȦıȘ ȩπȠυ Sj=SCP=1.0 Ƞ ALG#4 αȞαțαȜȪπĲİȚ ĲȘȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȘ ȜȪıȘ ȖȚα 

E[P]=40kN İȞȫ Ƞ ALG#3 αȞαțαȜȪπĲİȚ ĲȘȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȘ ȜȪıȘ ȖȚα E[P]=30kN. ȅȚ 

įȪȠ αȜȖȩȡȚșµȠȚ αȞαțαȜȪπĲȠυȞ ĲȘȞ πİȡȚııȩĲİȡȠ İȪȡȦıĲȘ ȜȪıȘ ȖȚα E[P]=20kN µİ ĲȠȞ 

ALG#4 Ȟα αȞαțαȜȪπĲİȚ αțȩµα įȪȠ πȠȜȪ țαȜȑȢ ȜȪıİȚȢ ȖȚα ĲȠ ıυȖțİțȡȚµȑȞȠ πȡȩȕȜȘµα ȑȞαȞĲȚ 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.108 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

µȓαȢ ȖȚα ĲȠȞ ALG#3. 

 ALG#3 ALG#4 ȈȤİĲȚțȒ  

100 ΆĲȠµα ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ∆ȚαφȠȡȐ 

E[P] = 20kN 119.81 4 119.60 1 -0.18% 

E[P] = 30kN 151.30 2 151.53 1 0.15% 

E[P] = 40kN 181.03 1 181.70 5 0.37% 

80 ΆĲȠµα ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ)  

E[P] = 20kN 119.29 0 119.29 0 N/A 

E[P] = 30kN 155.39 5 155.06 5 -0.21% 

E[P] = 40kN 184.45 5 179.18 3 -2.86% 

60 ΆĲȠµα ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ) ȉȚµȒ (MU) ȆȂ∆Ȇ (0=Γǹ)  

E[P] = 20kN 127.77 6 119.69 3 -6.32% 

E[P] = 30kN 154.76 0 154.76 0 N/A 

E[P] = 40kN 184.58 1 183.10 6 -0.80% 

ȆȓȞ. 4.43: ȈȪȖțȡȚıȘ țȩıĲȠυȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ (Sj=SCP=1.0) 

ȈĲȠȞ ȆȓȞ. 4.44, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ (Ǽ[OE]) ȖȚα ĲȠυȢ ALG#2 ȖȚα 

Sj=2.5 țαȚ SCP µİĲαȕȜȘĲȩ țαȚ ALG#3 țαȚ ALG#4 ȖȚα (Sj=SCP=1.0. Ǿ µȑıȘ απȩįȠıȘ ĲȦȞ 

ALG#3 țαȚ ALG#4, παȡȠυıȚȐȗİĲαȚ ıȘµαȞĲȚțȐ µİȚȦµȑȞȘ ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2. ȅ ALG#2 

παȡȠυıȚȐȗİȚ ĲȘȞ υȥȘȜȩĲİȡȘ Ǽ[OE] ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ ȆȂ∆Ȇ µİ İȟαȓȡİıȘ ĲȠ ȆȂ∆Ȇ 2 ȖȚα 

ĲȠ ȠπȠȓȠ Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ALG#4. ȈĲȠȞ ȆȓȞ. 

4.45, παȡȠυıȚȐȗİĲαȚ Ș Pr[OE<1]. Tα țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ țαȚ πȐȜȚ ȖȚα 

ĲȠȞ ALG#2. ȅ ALG#2 παȡȠυıȚȐȗİȚ ĲȘȞ țαȜȪĲİȡȘ απȩįȠıȘ ȖȚα Ĳα ȆȂ∆Ȇ 2, 4, 6 țαȚ 7 µİ ĲȠȞ 

ALG#4 Ȟα παȡȠυıȚȐȗİȚ ĲȘȞ țαȜȪĲİȡȘ απȩįȠıȘ ıĲȘȞ πİȡȓπĲȦıȘ ĲȦȞ υπȠȜȠȓπȦȞ ȆȂ∆Ȇ. 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 2.67 2.00 3.86 2.78 2.37 2.53 2.63 2.69 

ALG#3 1.54 1.68 2.34 1.90 1.77 1.55 1.33 1.73 

ALG#4 2.33 2.08 2.36 2.48 1.89 2.34 1.84 2.19 

ȆȓȞ. 4.44: E[OE] ȖȚα ALG#3, ALG#4 (Sj=SCP=1.0) - ALG#2 (Sj=2.5 țαȚ SCP µİĲαȕȜȘĲȩ) 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 20.86% 11.78% 3.35% 4.49% 21.47% 0.75% 17.33% 11.43%

ALG#3 38.87% 36.68% 30.44% 11.44% 40.44% 28.46% 38.70% 36.70%

ALG#4 9.43% 13.19% 1.32% 24.21% 6.37% 7.17% 24.14% 14.41%

ȆȓȞ. 4.45: Pr[OE<1] ȖȚα ALG#3, ALG#4 (Sj=SCP=1.0) - ALG#2 (Sj=2.5 țαȚ SCP µİĲαȕȜȘĲȩ) 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.109 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲα απȠĲİȜȑıµαĲα πȠυ παȡȠυıȚȐȗȠȞĲαȚ ıĲȠυȢ ȆȓȞ. 4.44 țαȚ ȆȓȞ. 4.45 Ș απȩįȠıȘ ĲȘȢ µİșȩįȠυ 

ıυȖțȡȓȞİĲαȚ µİ Ĳα απȠĲİȜȑıµαĲα ĲȠυ αȞĲȓıĲȠȚȤȠυ παȡȐȜȜȘȜȠυ Γǹ. ȉα απȠĲİȜȑıµαĲα ȩµȦȢ 

ĲȠυ παȡȐȜȜȘȜȠυ Γǹ İȓȞαȚ İȟαȡĲȘµȑȞα ĲȘȢ ĲȚµȒȢ ĲȠυ İțșȑĲȘ Sj ȖȚα ĲȘȞ πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ 

µİ απȠĲȑȜİıµα Ȟα παȡȠυıȚȐȗȠυȞ įȚαφȠȡȑȢ µİĲαȟȪ ĲȠυȢ. ȈĲȘ ıυȞȑȤİȚα παȡȠυıȚȐȗİĲαȚ Ș 

ıȪȖțȡȚıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ĲȦȞ παȡȐȜȜȘȜȦȞ Γǹ țαȚ Ș ıȪȖțȡȚıȘ ĲȦȞ αȜȖȠȡȓșµȦȞ ALG#2, 

ALG#3 țαȚ ALG#4 ȦȢ πȡȠȢ Ĳα απȠĲİȜȑıµαĲα ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=2.5. 

ȈĲȠ ȆȓȞ. 4.46, παȡȠυıȚȐȗİĲαȚ ĲȠ țȩıĲȠȢ ĲȦȞ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ ȖȚα Sj=2.5 țαȚ Sj=1.0 

ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ. ȅ παȡȐȜȜȘȜȠȢ Γǹ µİ Sj=2.5 αȞαțαȜȪπĲİȚ φșȘȞȩĲİȡİȢ 

ȜȪıİȚȢ ıİ 3 απȩ ĲȚȢ 9 πİȡȚπĲȫıİȚȢ πȠυ İȟİĲȐȗȠȞĲαȚ. ȅ παȡȐȜȜȘȜȠȢ Γǹ µİ Sj=1.0 υıĲİȡİȓ ȦȢ 

πȡȠȢ ĲȠ Γǹ µİ Sj=2.5 ȖȚα αȡȤȚțȩ πȜȒșȠȢ ıȤİįȚαıµȫȞ ȓıȠ µİ 100 ȐĲȠµα. ȉȠ φαȚȞȩµİȞȠ αυĲȩ 

απȠįȓįİĲαȚ ıĲȘ µİȖαȜȪĲİȡȘ ĲαȤȪĲȘĲα įȚȐįȠıȘȢ ĲȦȞ țυȡȓαȡȤȦȞ ıȤȘµȐĲȦȞ ȖȚα Sj=2.5 πȠυ 

ȠįȘȖȠȪȞ ıİ ȕİȜĲȓȦıȘ ĲȘȢ απȩįȠıȘȢ ĲȠυ Γǹ, ȦȢ πȡȠȢ ĲȘȞ ȚțαȞȩĲȘĲα İȟȐȞĲȜȘıȘȢ µȓαȢ 

πİȡȚȠȤȒȢ, ıİ ıȤȑıȘ µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ Γǹ ȖȚα Sj=1.0. 

ȆαȡȐȜȜȘȜȠȢ Γǹ Sj=2.5 Sj=1.0 ȈȤİĲȚțȒ  

100 ΆĲȠµα ȉȚµȒ (MU) ȉȚµȒ (MU) ∆ȚαφȠȡȐ 

E[P] = 20kN 127.39* 128.49 0.86% 

E[P] = 30kN 158.67 156.35 -1.46% 

E[P] = 40kN 184.28* 186.40 1.15% 

80 ΆĲȠµα ȉȚµȒ (MU) ȉȚµȒ (MU)  

E[P] = 20kN 129.63 119.29 -7.98% 

E[P] = 30kN 163.43 159.16 -2.61% 

E[P] = 40kN 195.06 191.94 -1.60% 

60 ΆĲȠµα ȉȚµȒ (MU) ȉȚµȒ (MU)  

E[P] = 20kN 128.36* 131.58 2.51% 

E[P] = 30kN 162.53 154.76 -4.78% 

E[P] = 40kN 198.91 193.72 -2.61% 

ȆȓȞ. 4.46: ȀȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ ȖȚα įȚȐφȠȡİȢ ĲȚµȑȢ ĲȘȢ Sj. 

Ǿ E[OE] ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=1.0 (ȖȚα ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5) İȓȞαȚ ȓıȘ µİ 1.99 

țαȚ Ș Pr[OE<1] İȓȞαȚ ȓıȘ µİ 16.3%. Ǿ Ǽ[R] ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=1.0 İȓȞαȚ ȓıȘ µİ 3.61 

țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ İȓȞαȚ ȓıȠȢ µİ 1.81. ȅ υȥȘȜȩȢ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ȠφİȓȜİĲαȚ 

ıĲȘ µȚțȡȩĲİȡȘ ĲαȤȪĲȘĲα įȚȐįȠıȘȢ ĲȦȞ țυȡȓαȡȤȦȞ ıȤȘµȐĲȦȞ țαȚ ĲȘȞ țαșυıĲȑȡȘıȘ ĲȘȢ 

ıȪȖțȜȚıȘȢ. ǹπȩ ĲȘȞ αȞȐȜυıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ ıυµπİȡαȓȞİĲαȚ ȩĲȚ, Ƞ παȡȐȜȜȘȜȠȢ Γǹ µİ 

Sj=1.0 İȓȞαȚ πİȡȚııȩĲİȡȠ țαĲȐȜȜȘȜȠȢ ȖȚα ĲȠ υπȩ İȟȑĲαıȘ πȡȩȕȜȘµα. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.110 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈĲα ∆ȚȐȖ. 4.64 ȦȢ ∆ȚȐȖ. 4.66, παȡȠυıȚȐȗİĲαȚ Ș įȚαıπȠȡȐ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ, Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țαȚ Ș ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ș ȜȪıȘ ĲȠυ 

παȡȐȜȜȘȜȠυ Γǹ µİ Sj=1.0 İȓȞαȚ φșȘȞȩĲİȡȘ ĲȘȢ ȕȑȜĲȚıĲȘȢ ȜȪıȘȢ ĲȠυ Γǹ µİ Sj=2.5.  

ΓȚα E[P]=20kN țαȚ Sj=1.0 Ș ȜȚȖȩĲİȡȠ İȪȡȦıĲȘ ȜȪıȘ παȡȠυıȚȐȗİȚ țȩıĲȠȢ µȚțȡȩĲİȡȠ απȩ 134 

MU ȑȞαȞĲȚ ĲȦȞ 142 MU ĲȠυ παȡȐȜȜȘȜȠυ Γǹ ȖȚα Sj=2.5. ΓȚα Sj=1.0 παȡαĲȘȡİȓĲαȚ µȚțȡȩĲİȡȘ 

įȚαıπȠȡȐ ĲȦȞ ȜȪıİȦȞ. Ǿ ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ƞ Γǹ µİ Sj=1.0 țαĲαȜȒȖİȚ ıİ țαȜȪĲİȡȠυȢ 

ıȤİįȚαıµȠȪȢ απȩ ĲȠυȢ αȞĲȓıĲȠȚȤȠυȢ ıȤİįȚαıµȠȪȢ ĲȠυ Γǹ µİ Sj=2.5 İȓȞαȚ ȓıȘ µİ 76.67%. ΓȚα 

E[P]=30kN țαȚ Sj=1.0 παȡαĲȘȡİȓĲαȚ µİȖαȜȪĲİȡȘ įȚαıπȠȡȐ ĲȦȞ ȜȪıİȦȞ ıİ ıȤȑıȘ µİ ĲȚȢ 

ıȤİįȚȐıİȚȢ ȖȚα Sj=2.5. ȅ παȡȐȜȜȘȜȠȢ Γǹ µİ Sj=1.0 αȞαțαȜȪπĲİȚ 3 ıȤİįȚαıµȠȪȢ µİ 

ȤαµȘȜȩĲİȡȠ țȩıĲȠȢ απȩ ĲȠ țȩıĲȠȢ ĲȠυ πİȡȚııȩĲİȡȠ İȪȡȦıĲȠυ αĲȩµȠυ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ 

µİ Sj=2.5. Ǿ ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ƞ παȡȐȜȜȘȜȠȢ Γǹ µİ Sj=1.0 ȠįȘȖİȓĲαȚ ıİ φșȘȞȩĲİȡȠυȢ 

ıȤİįȚαıµȠȪȢ απȩ ĲȠυȢ αȞĲȓıĲȠȚȤȠυȢ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=2.5 İȓȞαȚ ȓıȘ µİ 80.00%.ΓȚα 

E[P]=40kN țαȚ Sj=1.0 παȡαĲȘȡİȓĲαȚ µȚțȡȩĲİȡȘ įȚαıπȠȡȐ ĲȦȞ ȜȪıİȦȞ ıİ ıȤȑıȘ µİ ĲȚȢ 

ıȤİįȚȐıİȚȢ ȖȚα Sj=2.5. Ǿ ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ƞ παȡȐȜȜȘȜȠȢ Γǹ µİ Sj=1.0 țαĲαȜȒȖİȚ ıİ 

φșȘȞȩĲİȡȠυȢ ıȤİįȚαıµȠȪȢ απȩ ĲȠυȢ αȞĲȓıĲȠȚȤȠυȢ ıȤİįȚαıµȠȪȢ ĲȠυ Γǹ µİ Sj=2.5 İȓȞαȚ ȓıȘ µİ 

76.67%. Ǿ πİȡȚııȩĲİȡȠ φșȘȞȒ ȜȪıȘ ȩµȦȢ αȞαțαȜȪπĲİĲαȚ απȩ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5. 

Obj. Value, CE and Pr. Of better sols from std. GA - E[P]= 20kN
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∆ȚȐȖ. 4.64: ȀȩıĲȠȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ 
țαȜȪĲİȡȘȢ ȜȪıȘȢ µİ Sj=2.5 (E[P]=20kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.111 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obj. Value, CE and Pr. Of better sols from std. GA - E[P]= 30kN
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∆ȚȐȖ. 4.65: ȀȩıĲȠȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ 
țαȜȪĲİȡȘȢ ȜȪıȘȢ µİ Sj=2.5 (E[P]=30kN). 

Obj. Value, CE and Pr. Of better sols from std. GA - E[P]= 40kN
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∆ȚȐȖ. 4.66: ȀȩıĲȠȢ ȕȑȜĲȚıĲȦȞ ıȤİįȚαıµȫȞ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ 
țαȜȪĲİȡȘȢ ȜȪıȘȢ µİ Sj=2.5 (E[P]=40kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.112 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

ȈυµπİȡαȓȞİĲαȚ ȩĲȚ Ƞ παȡȐȜȜȘȜȠȢ Γǹ µİ Sj=1.0 απȠįȓįİȚ țαȜȪĲİȡα ȖȚα ĲȠ υπȩ İȟȑĲαıȘ 

πȡȩȕȜȘµα. Ȃİ İȟαȓȡİıȘ ĲȠ πȡȩȕȜȘµα µİ E[P]=40kN Ƞ παȡȐȜȜȘȜȠȢ Γǹ ȠįȘȖİȓĲαȚ ıİ ȜȪıİȚȢ 

πİȡȚııȩĲİȡȠ İȪȡȦıĲİȢ ĲȘȢ πİȡȚııȩĲİȡȠ İȪȡȦıĲȘȢ ȜȪıİȚȢ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=2.5 İȞȫ 

ıİ țȐșİ πİȡȓπĲȦıȘ Ș ıυȤȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ φșȘȞȫȞ ȜȪıİȦȞ ıİ ıȤȑıȘ µİ ĲȠȞ 

παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 İȓȞαȚ πȠȜȪ υȥȘȜȩĲİȡȘ ĲȘȢ ĲȚµȒȢ țαĲȦφȜȓȠυ (50%). 

ȈĲȠȞ ȆȓȞ. 4.47, παȡȠυıȚȐȗİĲαȚ Ș µȑıȘ ıυȞȠȜȚțȒ απȩįȠıȘ ĲȦȞ 3 αȜȖȩȡȚșµȦȞ ıİ ıȪȖțȡȚıȘ µİ 

Ĳα απȠĲİȜȑıµαĲα ĲȠυ παȡȐȜȜȘȜȠυ Γǹ ȖȚα Sj=2.5. Ǿ ıυȞȠȜȚțȒ Ǽ[ȅΕ] παȡȠυıȚȐȗİȚ ȕİȜĲȓȦıȘ 

ȓıȘ µİ 13.7% ȖȚα ĲȠȞ ALG#3 țαȚ 69.1% ȖȚα ĲȠȞ ALG#4 ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2. ȉα 

țαȜȪĲİȡα απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȠȞ ALG#4 ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ ȆȂ∆Ȇ µİ 

İȟαȓȡİıȘ Ĳα ȆȂ∆Ȇ 3 țαȚ 4 ȩπȠυ Ș υȥȘȜȩĲİȡȘ Ǽ[OE] παȡαĲȘȡİȓĲαȚ ȖȚα ĲȠȞ ALG#3. 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 2.67 2.00 3.86 2.78 2.37 2.53 2.63 2.69 

ALG#3 2.25 2.16 4.40 5.32 2.23 2.56 2.53 3.06 

ALG#4 4.56 4.36 4.00 5.11 3.43 6.05 4.33 4.55 

ȆȓȞ. 4.47: ȈυȞȠȜȚțȒ απȩįȠıȘ ȖȚα ALG#3 țαȚ ALG#4 (Sj=SCP=1.0) țαȚ ALG#2 (SCP=2.5). 

ȈĲȠȞ ȆȓȞ. 4.48, παȡȠυıȚȐȗİĲαȚ Ș Pr[OE<1]. ȅȚ µȚțȡȩĲİȡİȢ ĲȚµȑȢ παȡαĲȘȡȠȪȞĲαȚ ȖȚα ĲȠȞ 

ALG#4 ȖȚα ĲȠ ıȪȞȠȜȠ ĲȦȞ ȆȂ∆Ȇ µİ İȟαȓȡİıȘ Ĳα ȆȂ∆Ȇ 2 țαȚ 6 ȖȚα Ĳα ȠπȠȓα Ĳα țαȜȪĲİȡα 

απȠĲİȜȑıµαĲα παȡαĲȘȡȠȪȞĲαȚ ıĲȘȞ πİȡȓπĲȦıȘ ĲȠυ ALG#2. Ǿ ȤαµȘȜȒ απȩįȠıȘ ĲȠυ ALG#3 

ıİ ıȤȑıȘ µİ ĲȠȞ ALG#2 ȠφİȓȜİĲαȚ ıĲȘ µİȖȐȜȘ įȚαıπȠȡȐ ĲȦȞ ĲȚµȫȞ ĲȘȢ ıυȞȠȜȚțȒȢ απȩįȠıȘȢ. 

ȆȂ∆Ȇ 1 2 3 4 5 6 7 ȈȪȞȠȜȠ

ALG#2 20.86% 11.78% 3.35% 4.49% 21.47% 0.75% 17.33% 11.43%

ALG#3 14.38% 25.66% 5.31% 3.18% 28.93% 14.56% 21.91% 16.54%

ALG#4 13.92% 16.55% 3.34% 1.85% 16.10% 3.01% 12.08% 8.60% 

ȆȓȞ. 4.48: Pr[OE<1] ȖȚα ALG#3 țαȚ ALG#4 (Sj= SCP =1.0) țαȚ ALG#2 (SCP=2.5). 

ȈĲα ∆ȚȐȖ. 4.67 ȦȢ ∆ȚȐȖ. 4.72, παȡȠυıȚȐȗİĲαȚ Ș įȚαıπȠȡȐ ĲȠυ țȩıĲȠυȢ ĲȠυ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȠυ ıȤİįȚαıµȠȪ, Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țαȚ Ș ıυȤȞȩĲȘĲα µİ ĲȘȞ ȠπȠȓα Ș ȜȪıȘ ĲȠυ Ȉǹ 

ȖȚα ĲȠυȢ αȜȖȠȡȓșµȠυȢ ALG#3 țαȚ ALG#4 µİ Sj=SCP=1.0 İȓȞαȚ țαȜȪĲİȡȘ ĲȘȢ ȜȪıȘȢ ĲȠυ Γǹ 

µİ Sj=2.5 țαȚ SCP µİĲαȕȜȘĲȩ. Ȉİ țȐșİ πİȡȓπĲȦıȘ Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ παȡȠυıȚȐȗİĲαȚ 

αυȟȘµȑȞȠȢ ȜȩȖȦ ĲȘȢ µİȓȦıȘȢ ĲȘȢ ĲαȤȪĲȘĲαȢ ıȪȖțȜȚıȘȢ ĲȠυ Γǹ. ȅ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ıİ 

ȠȡȚıµȑȞİȢ πİȡȚπĲȫıİȚȢ ȟİπİȡȞȐ ĲȠ 200% ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=2.5. ȆαȡαĲȘȡİȓĲαȚ 

αțȩµα µİȖȐȜȘ ȕİȜĲȓȦıȘ ĲȘȢ ıυȤȞȩĲȘĲαȢ µİ ĲȘȞ ȠπȠȓα Ș ȜȪıȘ ĲȘȢ µİșȩįȠυ İȓȞαȚ țαȜȪĲİȡȘ 

ĲȘȢ ȜȪıȘȢ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ πȠυ ıİ µİȡȚțȑȢ πİȡȚπĲȫıİȚȢ υπİȡȕαȓȞİȚ ĲȠ 90%. 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.113 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obj. Value, CE, Pr of betters sols than GA  - E[P]= 20kN
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∆ȚȐȖ. 4.67: ǺȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ ALG#3 πȡȠȢ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 (E[P]=20kN). 

Obj. Value, CE, Pr of betters sols than GA  - E[P]= 30kN
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∆ȚȐȖ. 4.68: ǺȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ ALG#3 πȡȠȢ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 (E[P]=30kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.114 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obj. Value, CE, Pr of betters sols than GA  - E[P]= 40kN
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∆ȚȐȖ. 4.69: ǺȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ ALG#3 πȡȠȢ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 (E[P]=40kN). 

Obj. Value, CE, Pr of betters sols than GA  - E[P]= 20kN
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∆ȚȐȖ. 4.70: ǺȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ ALG#4 πȡȠȢ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 (E[P]=20kN). 



ǺȑȜĲȚıĲȠȢ ȈȤİįȚαıµȩȢ ȀαĲαıțİυȫȞ µİ ȆİȡȚȠȡȚıµȠȪȢ ǹȟȚȠπȚıĲȓαȢ țαȚ ȤȡȒıȘ ǹȞĲαȖȦȞȚıĲȚțȫȞ Γǹ ȋȡȒıĲȠȢ Ȁ. ∆ȒµȠυ 

ǼȡȖαıĲȒȡȚȠ ȈĲαĲȚțȒȢ & ǹȞĲȚıİȚıµȚțȫȞ ǼȡİυȞȫȞ 4.115 ȈȤȠȜȒ ȆȠȜȚĲȚțȫȞ ȂȘȤαȞȚțȫȞ – ȉȠµȑαȢ ∆ȠµȠıĲαĲȚțȒȢ 

Obj. Value, CE, Pr of betters sols than GA  - E[P]= 30kN
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∆ȚȐȖ. 4.71: ǺȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ ALG#4 πȡȠȢ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 (E[P]=30kN). 

Obj. Value, CE, Pr of betters sols than GA  - E[P]= 40kN
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∆ȚȐȖ. 4.72: ǺȑȜĲȚıĲȠȚ ıȤİįȚαıµȠȓ, υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ, πȚșαȞȩĲȘĲα İȪȡİıȘȢ πİȡȚııȩĲİȡȠ 
İȪȡȦıĲȘȢ ȜȪıȘȢ ȖȚα ĲȠȞ ALG#4 πȡȠȢ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ Sj=2.5 (E[P]=40kN). 
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ȂİĲαȟȪ ĲȦȞ ȆȂ∆Ȇ 1 țαȚ 2 Ĳα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȦȢ πȡȠȢ ĲȠ țȩıĲȠȢ ĲȘȢ πİȡȚııȩĲİȡȠ 

İȪȡȦıĲȘȢ ȜȪıȘȢ, παȡαĲȘȡȠȪȞĲαȚ ȖȚα ȆȂ∆Ȇ 2 țαȚ ALG#4. ΓȚα Ĳα ȆȂ∆Ȇ 3, 4, 5 țαȚ 7 Ĳα 

απȠĲİȜȑıµαĲα İȟαȡĲȫȞĲαȚ απȩ ĲȘ µȑıȘ ĲȚµȒ ĲȠυ φȠȡĲȓȠυ. ΓȚα ĲȠ ȆȂ∆Ȇ 6 Ș υȥȘȜȩĲİȡȘ 

απȩįȠıȘ παȡαĲȘȡİȓĲαȚ ȖȚα ALG#4. 

ǹπȩ Ĳα απȠĲİȜȑıµαĲα ĲȠυ παȡαȡĲȒµαĲȠȢ İȟȐȖȠȞĲαȚ Ĳα παȡαțȐĲȦ ıυµπİȡȐıµαĲα: 

• ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȠ πȡȩȕȜȘµα (ȕȑȜĲȚıĲȠȢ ıȤİįȚαıµȩȢ ıĲαĲȚțȫȢ ȠȡȚıµȑȞȠυ 

İπȓπİįȠυ įȚțĲυȫµαĲȠȢ 25 µİȜȫȞ) ȖȚα ĲȠȞ παȡȐȜȜȘȜȠ Γǹ παȡȠυıȚȐȗȠȞĲαȚ ȩĲαȞ Ș 

πȚșαȞȩĲȘĲα İπȚȜȠȖȒȢ țαĲαȞȑµİĲαȚ țαĲȐ ȖȡαµµȚțȩ ĲȡȩπȠ (Sj=1.0). 

• Ǿ µȑșȠįȠȢ ȕİȜĲȚȫȞİȚ ĲȘȞ απȩįȠıȘ ĲȠυ παȡȐȜȜȘȜȠυ Γǹ ıİ țȐșİ πİȡȓπĲȦıȘ. 

• ȉα țαȜȪĲİȡα απȠĲİȜȑıµαĲα ȖȚα ĲȘ ıυȞȠȜȚțȒ απȩįȠıȘ țαȚ Pr[OE<1] ȩĲαȞ ȠȚ ıυȖțȡȓıİȚȢ 

πȡαȖµαĲȠπȠȚȘșȠȪȞ ȖȚα țȠȚȞȒ ȕȐıȘ απȠĲİȜİıµȐĲȦȞ (ıĲȘȞ πȡȠțİȚµȑȞȘ πİȡȓπĲȦıȘ ȖȚα ĲȘ 

ȕȐıȘ αυĲȒ İπȚȜȑȖȠȞĲαȚ Ĳα απȠĲİȜȑıµαĲα ĲȠυ παȡȐȜȜȘȜȠυ Γǹ µİ Sj=2.5) παȡαĲȘȡȠȪȞĲαȚ 

ȖȚα ĲȠȞ ALG#4 µİ ĲȚȢ πȚșαȞȩĲȘĲİȢ İπȚȜȠȖȒȢ Ȟα țαĲαȞȑµȠȞĲαȚ țαĲȐ ȖȡαµµȚțȩ ĲȡȩπȠ. 
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5 ΣυµπεράıµαĲα 

ȈĲȠ țİφȐȜαȚȠ αυĲȩ παȡȠυıȚȐȗİĲαȚ Ș αȞαıțȩπȘıȘ ĲȦȞ απȠĲİȜİıµȐĲȦȞ țαȚ ĲȦȞ 

ıυµπİȡαıµȐĲȦȞ ĲȦȞ µİșȩįȦȞ πȠυ ȑȤȠυȞ αȞαπĲυȤșİȓ ȖȚα ĲȘȞ İțπȩȞȘıȘ ĲȘȢ įȚαĲȡȚȕȒȢ țαșȫȢ 

țαȚ, πȡȠĲȐıİȚȢ ȖȚα µİȜȜȠȞĲȚțȑȢ πȡȠİțĲȐıİȚȢ ĲȠυȢ. 

5.1 ǹȞȐȜυıη αȟȚȠπȚıĲίαȢ πȠȜȪπȜȠțωȞ įȠµȚțȫȞ ıυıĲηµȐĲωȞ 

ȈĲȠ țİφȐȜαȚȠ 3, παȡȠυıȚȐıĲȘțİ µȓα Ȟȑα µȑșȠįȠȢ ȖȚα ĲȘȞ αȞȐȜυıȘ αȟȚȠπȚıĲȓαȢ ıυıĲȘµȐĲȦȞ 

µȑıȘȢ πȠȜυπȜȠțȩĲȘĲαȢ (10~20 αȞİȟȐȡĲȘĲȦȞ ĲυȤαȓȦȞ µİĲαȕȜȘĲȫȞ (Ĳ.µ)) πȠυ ıĲȘȡȓȗİĲαȚ ıĲȠȞ 

ĲİµαȤȚıµȩ ĲȠυ πȚșαȞȠĲȚțȠȪ ȤȫȡȠυ ıİ αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȠυȢ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡİȚȢ 

υπİȡțȪȕȠυȢ țαȚ ıĲȘ ıİȚȡȚαțȒ ȕαȡȪȞȠυıα įİȚȖµαĲȠȜȘȥȓα ĲȦȞ πİȡȚȠȤȫȞ πȠυ παȡȠυıȚȐȗȠυȞ 

İȞįȚαφȑȡȠȞ, țαĲȐ φșȓȞȠυıα ıİȚȡȐ ıȘµαȞĲȚțȩĲȘĲαȢ. Η µȑșȠįȠȢ ȕαıȚȗȩµİȞȘ ıĲȚȢ πȜȘȡȠφȠȡȓİȢ 

πȠυ αȞĲȜȠȪȞĲαȚ απȩ ĲȘȞ αȞȐȜυıȘ ĲȘȢ αțȑȡαȚαȢ țαĲαıțİυȒȢ, υπȠȜȠȖȓȗİȚ țαĲ’ αȡȤȒȞ ĲȠυȢ 

įİȓțĲİȢ ıȘµαȞĲȚțȩĲȘĲαȢ ĲȦȞ Ĳ.µ ĲȠυ πȡȠȕȜȒµαĲȠȢ. ȅ įİȓțĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ țȐșİ Ĳ.µ 

țαșȠȡȓȗİĲαȚ ȦȢ ĲȠ πȠıȠıĲȩ ıυµµİĲȠȤȒȢ ĲȘȢ υπȩ İȟȑĲαıȘ Ĳ.µ ıĲȚȢ țȡȓıȚµİȢ µȘ πȜȒȡİȚȢ 

αȜȜȘȜȠυȤȓİȢ αıĲȠȤȓαȢ. ȅ įİȓțĲȘȢ ıȘµαȞĲȚțȩĲȘĲαȢ țαĲαįİȚțȞȪİȚ ĲȚȢ țȡȓıȚµİȢ Ĳ.µ țαȚ ıĲȘȞ 

ıυȞȑȤİȚα Ƞ πȚșαȞȠĲȚțȩȢ ȤȫȡȠȢ ĲİµαȤȓȗİĲαȚ İț ȞȑȠυ ȦȢ πȡȠȢ ĲȚȢ Νact țȡȓıȚµİȢ Ĳ.µ ıİ 2
Νact

 

αµȠȚȕαȓȦȢ απȠțȜİȚȩµİȞȠυȢ țαȚ ıİ ıȪȞȠȜȠ πȜȒȡİȚȢ υπİȡțȪȕȠυȢ. ΓȚα țȐșİ υπİȡțȪȕȠ, 

υπȠȜȠȖȓȗİĲαȚ Ƞ įİȓțĲȘȢ İυȡȦıĲȓαȢ πȠυ ıυȞαȡĲȐĲαȚ απȩ ĲȘ șȑıȘ ĲȠυ ıȘµİȓȠυ µȑȖȚıĲȘȢ 

πȚșαȞȠφȐȞİȚαȢ ĲȦȞ µȘ πȜȒȡȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ țαȚ ĲȘ șȑıȘ ĲȠυ υπȩ İȟȑĲαıȘ 

υπİȡțȪȕȠυ. ȈĲȘ ıυȞȑȤİȚα İπȚȜȑȖȠȞĲαȚ ȠȚ υπİȡțȪȕȠȚ ȖȚα ĲȠυȢ ȠπȠȓȠυȢ πȡαȖµαĲȠπȠȚİȓĲαȚ Ș 

įİȚȖµαĲȠȜȘȥȓα ȖȚα ĲȘȞ İțĲȓµȘıȘ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ ĲȘȢ υπȩ İȟȑĲαıȘ țαĲαıțİυȒȢ. 

Η µȑșȠįȠȢ İφαȡµȩıĲȘțİ ıİ πȜȒșȠȢ ȖȡαµµȚțȫȞ țαȚ µȘ ȖȡαµµȚțȫȞ, µȠȞȠµȠȡφȚțȫȞ țαȚ 

πȠȜυµȠȡφȚțȫȞ ıυȞαȡĲȒıİȦȞ ȠȡȚαțȒȢ αȞĲȠȤȒȢ țαȚ Ș αțȡȓȕİȚα ĲȘȢ țαșȫȢ țαȚ Ƞ υπȠȜȠȖȚıĲȚțȩȢ 

φȩȡĲȠȢ ıυȖțȡȓșȘțαȞ µİ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ Monte Carlo (MC), ĲȘȞ αțȡȚȕȒ ȜȪıȘ 

(ȩπȠυ αυĲȩ ȒĲαȞ įυȞαĲȩ) țαȚ ȐȜȜİȢ µİșȩįȠυȢ. ȅ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ ȠȡȓȗİĲαȚ ȦȢ πȜȒșȠȢ 

ĲȦȞ απαȚĲȠȪµİȞȦȞ įİȚȖµȐĲȦȞ ȖȚα ĲȠ ĲİȡµαĲȚıµȩ ĲȘȢ įȚαįȚțαıȓαȢ. ȈĲȘ ıυȞȑȤİȚα Ș µȑșȠįȠȢ 

İφαȡµȩıĲȘțİ µİ İπȚĲυȤȓα ıĲȠȞ υπȠȜȠȖȚıµȩ ĲȘȢ πȚșαȞȩĲȘĲαȢ αıĲȠȤȓαȢ υπİȡıĲαĲȚțȫȞ 

įȚțĲυȦµȐĲȦȞ țαȚ ȤȦȡȠįȚțĲυȦµȐĲȦȞ αυȟαȞȩµİȞȘȢ πȠȜυπȜȠțȩĲȘĲαȢ. Η αȞȐȜυıȘ ĲȦȞ 

απȠĲİȜİıµȐĲȦȞ țαȚ Ș ıȪȖțȡȚıȘ ĲȠυȢ µİ ĲȘȞ αțȡȚȕȒ ȜȪıȘ Ȓ Ĳα απȠĲİȜȑıµαĲα ĲȘȢ µİșȩįȠυ 

MC, αȞȑįİȚȟαȞ ȩĲȚ Ș µȑșȠįȠȢ υπȠȜȠȖȓȗİȚ µİ αțȡȓȕİȚα αȞĲȓıĲȠȚȤȘ ĲȘȢ αțȡȓȕİȚαȢ ĲȘȢ µİșȩįȠυ 

MC, ĲȘȞ πȚșαȞȩĲȘĲα αıĲȠȤȓαȢ ĲȘȢ țαĲαıțİυȒȢ µİ µȚțȡȩ υπȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ (ȦȢ πȡȠȢ ĲȠ 

țȩıĲȠȢ πȠυ απαȚĲİȓĲαȚ ȖȚα ĲȘ µȑșȠįȠ MC). Η αțȡȓȕİȚα ĲȘȢ µİșȩįȠυ țαȚ Ƞ ȜȩȖȠȢ ĲȠυ 
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υπȠȜȠȖȚıĲȚțȠȪ țȩıĲȠυȢ, įİȞ İȟαȡĲȐĲαȚ απȩ ĲȠ πȜȒșȠȢ ĲȦȞ țυȡȓȦȞ αȜȜȘȜȠυȤȚȫȞ αıĲȠȤȓαȢ, ĲȠ 

ĲȪπȠ ĲȦȞ Ĳ.µ țαȚ ĲȘȞ υπİȡıĲαĲȚțȩĲȘĲα ĲȘȢ țαĲαıțİυȒȢ. ΕȚįȚțȩĲİȡα Ș αȪȟȘıȘ ĲȠυ įİȓțĲȘ 

αȟȚȠπȚıĲȓαȢ ĲȘȢ țαĲαıțİυȒȢ ȠįȘȖİȓ ıİ µİȓȦıȘ ĲȠυ ȜȩȖȠυ ĲȠυ υπȠȜȠȖȚıĲȚțȠȪ φȩȡĲȠυ. ΓȚα 

İπȓπİįȠ įȚțĲȪȦµα 21 µİȜȫȞ µİ πȜȒșȠȢ Ĳ.µ ȓıȠ µİ 13 țαȚ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȓıȠ µİ 3.2 Ƞ 

υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țυµαȓȞİĲαȚ απȩ 0.9% ȦȢ 1.4% µİ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ Ȟα 

țυµαȓȞİĲαȚ απȩ 1.18% ȦȢ 2.1% ĲȠυ αȞĲȓıĲȠȚȤȠυ ȤȡȩȞȠυ ĲȘȢ µİșȩįȠυ MC. ΓȚα ȤȦȡȠįȚțĲȪȦµα 

25 µİȜȫȞ µİ πȜȒșȠȢ Ĳ.µ ȓıȠ µİ 10 țαȚ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȓıȠ µİ 3.55 Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ 

țυµαȓȞİĲαȚ απȩ 0.40% ȦȢ 0.64% ĲȠυ φȩȡĲȠυ ĲȘȢ µİșȩįȠυ MC µİ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ Ȟα 

țυµαȓȞİĲαȚ απȩ 0.45% ȦȢ 0.68% ĲȠυ ȤȡȩȞȠυ ĲȘȢ µİșȩįȠυ MC. ΓȚα ĲȠ ȓįȚȠ πȡȩȕȜȘµα țαȚ 

įİȓțĲȘ αȟȚȠπȚıĲȓαȢ ȓıȠ µİ 4.66 Ƞ υπȠȜȠȖȚıĲȚțȩȢ φȩȡĲȠȢ țυµαȓȞİĲαȚ απȩ 0.012% ȦȢ 0.062% 

ĲȠυ φȩȡĲȠυ ĲȘȢ µİșȩįȠυ MC µİ ĲȠȞ υπȠȜȠȖȚıĲȚțȩ ȤȡȩȞȠ Ȟα țυµαȓȞİĲαȚ απȩ 0.047% ȦȢ 

0.236% ĲȠυ ȤȡȩȞȠυ ĲȘȢ µİșȩįȠυ MC. ǹπȩ Ĳα απȠĲİȜȑıµαĲα ıυµπİȡαȓȞİĲαȚ ȩĲȚ Ș µȑșȠįȠȢ 

İȓȞαȚ ȚįȚαȓĲİȡα țαĲȐȜȜȘȜȘ ȖȚα ĲȘȞ αȞĲȚµİĲȫπȚıȘ πȡȠȕȜȘµȐĲȦȞ µİ υȥȘȜȩ įİȓțĲȘ αȟȚȠπȚıĲȓαȢ. 

Η υπȠȜȠȖȚıĲȚțȒ İπȚȕȐȡυȞıȘ ĲȘȢ µİșȩįȠυ ȖȚα ĲȠȞ υπȠȜȠȖȚıµȩ ĲȦȞ įİȚțĲȫȞ ıȘµαȞĲȚțȩĲȘĲαȢ 

ĲȦȞ Ĳ.µ țαȚ ĲȦȞ įİȚțĲȫȞ İυȡȦıĲȓαȢ ĲȦȞ υπİȡțȪȕȦȞ İȟαȡĲȐĲαȚ țυȡȓȦȢ απȩ ĲȠ πȜȒșȠȢ ĲȦȞ 

țȡȓıȚµȦȞ Ĳ.µ, țαȚ ȖȚα Ĳα πȡȠȕȜȒµαĲα πȠυ İȟİĲȐıșȘțαȞ țȡȓȞİĲαȚ ȦȢ απȠįİțĲȒ țαșȫȢ απȠĲİȜİȓ 

ȑȞα µȚțȡȩ πȠıȠıĲȩ ĲȠυ ıυȞȠȜȚțȠȪ υπȠȜȠȖȚıĲȚțȠȪ ȤȡȩȞȠυ. 

Η µȑșȠįȠȢ µπȠȡİȓ Ȟα İπİțĲαșİȓ ıĲȘȞ αȞȐȜυıȘ πȜαȚıȓȦȞ ıĲȠ ȤȫȡȠ µİ ĲȠȞ αȞĲȓıĲȠȚȤȠ ȠȡȚıµȩ 

ȖȚα țȐșİ ıĲȠȚȤİȓȠ ĲȠυ πȡȠȕȜȒµαĲȠȢ, ĲȦȞ µİȜȫȞ αıĲȠȤȓαȢ țαȚ ĲȦȞ αȞĲȚıĲȠȓȤȦȞ ıυȞαȡĲȒıİȦȞ 

ȠȡȚαțȒȢ αȞĲȠȤȒȢ. 

5.2 ǺȑȜĲȚıĲȠȢ ΣχİįȚαıµȩȢ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲίαȢ 

ȈĲȠ țİφȐȜαȚȠ 4, παȡȠυıȚȐıĲȘțİ µȓα Ȟȑα µȑșȠįȠȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ πȠυ ıĲȘȡȓȗİĲαȚ ıĲȠ 

ıυȞįυαıµȩ ĲȦȞ ΓİȞȞȘĲȚțȫȞ ǹȜȖȠȡȓșµȦȞ (Γǹ) µİ ȑȞα ȈȤȒµα ǹȞĲαȖȦȞȚıµȠȪ (Ȉǹ). ȈĲȘ 

µȑșȠįȠ αυĲȒ, ȑȞα πȜȒșȠȢ πȜȘșυıµȫȞ Γǹ, πȠυ ȠȡȓȗȠυȞ ĲȠ µİĲαπȜȘșυıµȩ, İȟİȜȓııİĲαȚ 

ĲαυĲȩȤȡȠȞα ıİ πİȡȚȕȐȜȜȠȞ πȠυ ȠȚ įȚαșȑıȚµȠȚ υπȠȜȠȖȚıĲȚțȠȓ πȩȡȠȚ İȓȞαȚ πİπİȡαıµȑȞȠȚ. ȉȠ Ȉǹ 

αȞαȜαµȕȐȞİȚ ĲȘ µİĲαȕȠȜȒ țαĲȐ ĲȘȞ įȚȐȡțİȚα ĲȘȢ įȚαįȚțαıȓαȢ ȕİȜĲȚıĲȠπȠȓȘıȘȢ ĲȠυ πȜȒșȠυȢ 

ĲȦȞ αĲȩµȦȞ țȐșİ πȜȘșυıµȠȪ ıȪµφȦȞα µİ ĲȘȞ ıυȞȠȜȚțȒ İυȡȦıĲȓα ĲȠυ πȜȘșυıµȠȪ ıĲȠ 

µİĲαπȜȘșυıµȩ, ĲȠ πȡȠφȓȜ µİĲαȕȠȜȒȢ ĲȦȞ įȚαșȑıȚµȦȞ πȩȡȦȞ πȠυ țαșȠȡȓȗİȚ πȩĲİ țαȚ πȩıȘ 

πȓİıȘ șα αıțȘșİȓ ıĲȠ ıȪıĲȘµα țαȚ ĲȦȞ țαȞȩȞȦȞ İµπȜȠțȒȢ ĲȠυ Ȉǹ. ȈĲȩȤȠȢ ĲȘȢ µİșȩįȠυ İȓȞαȚ 

Ș İȞȓıȤυıȘ ĲȦȞ πȜȘșυıµȫȞ πȠυ παȡȠυıȚȐȗȠυȞ αυȟȘµȑȞȘ ıυȞȠȜȚțȒ İυȡȦıĲȓα ıİ ıȤȑıȘ µİ ĲȘ 

µȑıȘ ıυȞȠȜȚțȒ İυȡȦıĲȓα ĲȠυ µİĲαπȜȘșυıµȠȪ. 
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Η µȑșȠįȠȢ İφαȡµȩıĲȘțİ ıİ įȪȠ ıυȞαȡĲȒıİȚȢ αȞαφȠȡȐȢ µİ µİȖȐȜȠ πȜȒșȠȢ ȠȜȚțȫȞ țαȚ 

ĲȠπȚțȫȞ αțȡȩĲαĲȦȞ țαȚ ıĲȠȞ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ įȪȠ ȚıȠıĲαĲȚțȫȞ įȚțĲυȦµȐĲȦȞ µİ 

πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ. ΓȚα ĲȚȢ παȡαµȑĲȡȠυȢ ĲȘȢ µİșȩįȠυ ȕİȜĲȚıĲȠπȠȓȘıȘȢ 

πȡαȖµαĲȠπȠȚȒșȘțİ πȜȒșȠȢ παȡαµİĲȡȚțȫȞ µİȜİĲȫȞ µİ ıĲȩȤȠ ĲȘ ȕαșȪĲİȡȘ țαĲαȞȩȘıȘ ĲȦȞ 

αȜȜȘȜİπȚįȡȐıİȦȞ ĲȦȞ įȚαφȩȡȦȞ παȡαµȑĲȡȦȞ țαȚ ĲȘȢ ĲİȜȚțȒȢ İπȓįȡαıȘȢ ĲȠυȢ ıĲȘȞ İυȡȦıĲȓα 

țαȚ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ (ĲȠ πȜȒșȠȢ ĲȦȞ ıȤİįȚαıµȫȞ πȠυ İȟİĲȐȗȠȞĲαȚ ȦȢ ĲȘ ıȪȖțȜȚıȘ ĲȠυ 

ıυȞȩȜȠυ ĲȦȞ πȜȘșυıµȫȞ) ĲȘȢ µİșȩįȠυ. ǹπȩ Ĳα απȠĲİȜȑıµαĲα παȡαĲȘȡİȓĲαȚ ȩĲȚ Ș µȑșȠįȠȢ 

παȡȠυıȚȐȗİȚ αυȟȘµȑȞȘ İυȡȦıĲȓα ıİ ıȤȑıȘ µİ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ ȖȚα µȚțȡȩĲİȡȠ υπȠȜȠȖȚıĲȚțȩ 

φȩȡĲȠ, ȖȚα țȐșİ ȑȞα απȩ Ĳα πȡȠȕȜȒµαĲα πȠυ İȟİĲȐıșȘțαȞ țαȚ ȖȚα πȜȒșȠȢ πȡȠφȓȜ µİĲαȕȠȜȒȢ 

ĲȦȞ įȚαșİıȓµȦȞ πȩȡȦȞ. 

ȈĲȘ ıυȞȑȤİȚα Ș µȑșȠįȠȢ ıυȞįυȐȗİĲαȚ µİ ĲȘ µȑșȠįȠ αȞȐȜυıȘȢ αȟȚȠπȚıĲȓαȢ πȠυ παȡȠυıȚȐȗİĲαȚ 

ıĲȠ țİφȐȜαȚȠ 3, ȖȚα ĲȠ ȕȑȜĲȚıĲȠ ıȤİįȚαıµȩ µİ πİȡȚȠȡȚıµȠȪȢ αȟȚȠπȚıĲȓαȢ İȞȩȢ υπİȡıĲαĲȚțȠȪ 

įȚțĲυȫµαĲȠȢ țαȚ İȞȩȢ υπİȡıĲαĲȚțȠȪ ȤȦȡȠįȚțĲυȫµαĲȠȢ. Η İȞȚαȓα µȑșȠįȠȢ παȡȠυıȚȐȗİȚ 

αυȟȘµȑȞȘ İυȡȦıĲȓα ıİ ıȤȑıȘ µİ ĲȠȞ παȡȐȜȜȘȜȠ Γǹ µİ µİȚȦµȑȞȠ υπȠȜȠȖȚıĲȚțȩ φȩȡĲȠ. 

Η µȑșȠįȠȢ İπİțĲİȓȞİĲαȚ İȪțȠȜα țαȚ ıİ πȡȠȕȜȒµαĲα πȠȜυțȡȚĲȘȡȚαțȠȪ ıȤİįȚαıµȠȪ 

µİĲαȕȐȜȜȠȞĲαȢ ĲȠ ĲȡȩπȠ υπȠȜȠȖȚıµȠȪ ĲȘȢ İυȡȦıĲȓαȢ țȐșİ ȜȪıȘȢ [1]. 

5.3 ǹȞĲί İπȚȜȩȖȠυ 

«∆İȞ πȡȑπİȚ Ȟα µİȜİĲȐµİ ĲȘ φȪıȘ µİ țİȞȑȢ υπȠșȑıİȚȢ țαȚ αυșαȓȡİĲȠυȢ ȞȩµȠυȢ, αȜȜȐ ȩπȦȢ 

απαȚĲȠȪȞ Ĳα φαȚȞȩµİȞα. ΓȚαĲȓ ıĲȘ ȗȦȒ įİȞ ȑȤȠυµİ αȞȐγțȘ απȩ υπȠțİȚµİȞȚıµȠȪȢ țαȚ țȠυφȑȢ 

įȠȟαıȓİȢ αȜȜȐ απȩ αĲαȡαȟȓα ȥυȤȒȢ»  

ΕπȓțȠυȡȠȢ – ΠȡȠȢ ΠυșȠțȜȒ, 86 
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