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ȖȚıĲȫȞ
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ǼșȞȚțȩ ȂİĲıȩȕȚȠ ȆȠȜȣĲİȤȞİȓȠ�
Ȃİ İʌȚĳȪȜĮȟȘ ʌĮȞĲȩȢ įȚțĮȚȫȝĮĲȠȢ�$OO ULJKWV UHVHUYHG�

ǹʌĮȖȠȡİȪİĲĮȚ Ș ĮȞĲȚȖȡĮĳȒ� ĮʌȠșȒțİȣıȘ țĮȚ įȚĮȞȠȝȒ ĲȘȢ ʌĮȡȠȪıĮȢ İȡȖĮıȓĮȢ� İȟ¶ ȠȜȠ�
țȜȒȡȠȣ Ȓ ĲȝȒȝĮĲȠȢ ĮȣĲȒȢ� ȖȚĮ İȝʌȠȡȚțȩ ıțȠʌȩ� ǼʌȚĲȡȑʌİĲĮȚ Ș ĮȞĮĲȪʌȦıȘ� ĮʌȠșȒțİȣıȘ
țĮȚ įȚĮȞȠȝȒ ȖȚĮ ıțȠʌȩ ȝȘ țİȡįȠıțȠʌȚțȩ İțʌĮȚįİȣĲȚțȒȢ Ȓ İȡİȣȞȘĲȚțȒȢ ĳȪıȘȢ� ȣʌȩ ĲȘȞ
ʌȡȠȨʌȩșİıȘ ȞĮ ĮȞĮĳȑȡİĲĮȚ Ș ʌȘȖȒ ʌȡȠȑȜİȣıȘȢ țĮȚ ȞĮ įȚĮĲȘȡİȓĲĮȚ ĲȠ ʌĮȡȩȞ ȝȒȞȣȝĮ�
ǼȡȦĲȒȝĮĲĮ ʌȠȣ ĮĳȠȡȠȪȞ ĲȘ ȤȡȒıȘ ĲȘȢ İȡȖĮıȓĮȢ ȖȚĮ țİȡįȠıțȠʌȚțȩ ıțȠʌȩ ʌȡȑʌİȚ ȞĮ
ĮʌİȣșȪȞȠȞĲĮȚ ıĲȠ ıȣȖȖȡĮĳȑĮ�

ȅȚ ĮʌȩȥİȚȢ țĮȚ ĲĮ ıȣȝʌİȡȐıȝĮĲĮ ʌȠȣ ʌİȡȚȑȤȠȞĲĮȚ ıİ ĮȣĲȩ ĲȠ ȑȖȖȡĮĳȠ İțĳȡȐȗȠȣȞ ĲȠȞ
ıȣȖȖȡĮĳȑĮ țĮȚ įİȞ ʌȡȑʌİȚ ȞĮ İȡȝȘȞİȣșİȓ ȩĲȚ ĮȞĲȚʌȡȠıȦʌİȪȠȣȞ ĲȚȢ İʌȓıȘȝİȢ șȑıİȚȢ ĲȠȣ
ǼșȞȚțȠȪ ȂİĲıȩȕȚȠȣ ȆȠȜȣĲİȤȞİȓȠȣ�



ȆİȡȓȜȘȥȘ

ȈĲȘȞ ʌĮȡȠȪıĮ įȚʌȜȦȝĮĲȚțȒ İȡȖĮıȓĮ ĮȞĮʌĲȪııİĲĮȚ ȑȞĮ ȝȠȞĲȑȜȠ ȝİ ĲȘ ȝȑșȠįȠ ĲȦȞ ȚıȠ�
įȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ ȖȚĮ ĲȘȞ ĮȞȐȜȣıȘ țĮȚ ʌȡȠıȠȝȠȓȦıȘ ȝȚĮȢ ıȪȖȤȡȠȞȘȢ
ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠȣ ıȣȖțİȞĲȡȦȝȑȞȠȣ ĲȣȜȓȖȝĮ�
ĲȠȢ�
īȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ ĮȣĲȠȪ ĲȠȣ ȝȠȞĲȑȜȠȣ ĮȡȤȚțȐ ȠȡȓȗȠȞĲĮȚ ĲĮ ȕĮıȚțȐ ıĲȠȚȤİȓĮ ȖȚĮ ĲȘȞ ȝȠ�
ȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ıİ țȐșİ ȝȑȡȠȢ ĲȘȢ ȝȘȤĮȞȒȢ� ǿįȚĮȓĲİȡȘ ȑȝĳĮıȘ įȓȞİ�
ĲĮȚ ıĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȦȞ ıĲȠȚȤİȓȦȞ ıĲȠ ĲȝȒȝĮ ĲȠȣ įȚĮțȑȞȠȣ� ĲĮ ȠʌȠȓĮ ȝİĲĮȕȐȜȜȠȞĲĮȚ
țĮĲȐ ĲȘ ıĲȡȠĳȒ ĲȠȣ įȡȠȝȑĮ� ȝİ ĲȚȝȑȢ ʌȠȣ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ İțȐıĲȠĲİ șȑıȘ ĲȠȣ� īȚĮ ĲȘȞ
ĮȞĮʌĮȡȐıĲĮıȘ ĲȠȣ ĳĮȚȞȠȝȑȞȠȣ ĲȠȣ țȠȡİıȝȠȪ ĲȘȢ ȝȘȤĮȞȒȢ ȠȡȓȗȠȞĲĮȚ ıĲȠȚȤİȓĮ ȝİ ȝİĲĮ�
ȕȜȘĲȑȢ įȚĮʌİȡĮĲȩĲȘĲİȢ ȠȚ ȠʌȠȓİȢ ȣʌȠȜȠȖȓȗȠȞĲĮȚ Įʌȩ ĲȚȢ ĲȚȝȑȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ
ȝȑıȦ ĲȘȢ țĮȝʌȪȜȘȢ ȝĮȖȞȒĲȚıȘȢ ĲȠȣ ıȚįȒȡȠȣ�%�+� ıĲĮ ĲȝȒȝĮĲĮ ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ�
ȈĲȘ ıȣȞȑȤİȚĮ ıȤİįȚȐȗİĲĮȚ ĲȠ ĲİȜȚțȩ ȚıȠįȪȞĮȝȠ țȪțȜȦȝĮ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ Įʌȩ ĲȠ
ȠʌȠȓȠ ȝİ İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ țȩȝȕȦȞ ʌȡȠțȪʌĲİȚ ȑȞĮ ıȪıĲȘȝĮ ȝȘ ȖȡĮȝȝȚțȫȞ
ĮȜȖİȕȡȚțȫȞ İȟȚıȫıİȦȞ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȠʌȠȓȠȣ İʌȚȜȑȖİĲĮȚ ȝȚĮ ȣȕȡȚįȚțȒ ȝȠȡĳȒ ĲȘȢ
ȝİșȩįȠȣ 1HWZRQ�5DSKVRQ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓ ȑȞĮȞ ıȣȞĲİȜİıĲȒ ȕĮȡȪĲȘĲĮȢ� ǲʌİȚĲĮ ȠȡȓȗȠ�
ȞĲĮȚ įȪȠ įȚĮįȚțĮıȓİȢ İʌȓȜȣıȘȢ ĲȠȣ ȝȠȞĲȑȜȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ĮĳȠȡȠȪȞ įȪȠ įȚĮĳȠȡİĲȚțȑȢ
ȜİȚĲȠȣȡȖȓİȢ ĲȘȢ� Ǿ ʌȡȫĲȘ ĮĳȠȡȐ ĲȘ ıĲĮĲȚțȒ İʌȓȜȣıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ ĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ ȝȘ�
ȤĮȞȒȢ įȚİȖİȓȡȠȞĲĮȚ ȝİ ıĲĮșİȡȩ ȡİȪȝĮ ȝİ ıĲȩȤȠ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ȡȠʌȒȢ ȖȚĮ țȐșİ șȑıȘ
ĲȠȣ įȡȠȝȑĮ ȝİ ıȣȞȑʌİȚĮ ĲȘȞ İȟĮȖȦȖȒ țĮȝʌȪȜȘȢ ȡȠʌȒȢ�ȖȦȞȓĮȢ ĲȘȢ ȝȘȤĮȞȒȢ� Ǿ įİȪĲİȡȘ
ĮĳȠȡȐ ĲȘ įȣȞĮȝȚțȒ İʌȓȜȣıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ ĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ ȝȘȤĮȞȒȢ įȚĮȡȡȑȠȞĲĮȚ Įʌȩ
ȘȝȚĲȠȞȠİȚįȫȢ ȝİĲĮȕĮȜȜȩȝİȞĮ ȡİȪȝĮĲĮ� İȞȫ ĲĮȣĲȩȤȡȠȞĮ Ƞ įȡȠȝȑĮȢ ıĲȡȑĳİĲĮȚ ıȪȖȤȡȠȞĮ
ȝİ ȝȚĮ ıȣȖțİțȡȚȝȑȞȘ ȖȦȞȓĮ δ ĮȞȐȜȠȖĮ ȝİ ĲȘȞ İʌȚșȣȝȘĲȒ ĲȚȝȒ ȡȠʌȒȢ ȝİ ıĲȩȤȠ ĲȠȞ ȣʌȠȜȠ�
ȖȚıȝȩ ĲȦȞ ȝİȖİșȫȞ ĲȘȢ İʌȓįȠıȘȢ țĮȚ ĲȘȢ ĮʌȩįȠıȘȢ�
Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ ʌȡĮȖȝĮĲȠʌȠȚȠȪȞĲĮȚ ıȣȖțȡȓıİȚȢ ȖȚĮ ȩȜĮ ĲĮ ȝİȖȑșȘ ĲȘȢ ıȤİįȓĮıȘȢ
ĮȣĲȒȢ ȝİ ĮȣĲȐ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ȖȚĮ ĲȡȓĮ ȣȜȚțȐ ȝȠȞȓȝȦȞ ȝĮȖȞȘ�
ĲȫȞ� ȅȚ ıȣȖțȡȓıİȚȢ ĮȣĲȑȢ ȖȓȞȠȞĲĮȚ ĮȡȤȚțȐ ȖȚĮ ȑȞĮ ȝȠȞĲȑȜȠ ȝİ ȕĮıȚțȒ țĮȚ ıĲȘ ıȣȞȑȤİȚĮ ȖȚĮ
ȑȞĮ ȝİ ȝİȖĮȜȪĲİȡȘ įȚĮțȡȚĲȠʌȠȓȘıȘ�
ȅ ıĲȩȤȠȢ ĲȠȣ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ İȓȞĮȚ Ș İʌȓĲİȣȟȘ ıȣȝĳȦȞȓĮȢ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ȝİĲĮȟȪ
ĲȦȞ įȪȠ ȝİșȩįȦȞ ıȤİįȓĮıȘȢ� ȫıĲİ ȞĮ ĮȞĮįİȚȤșİȓ Ș ȝȑșȠįȠȢ ĲȦȞ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚ�
țȫȞ țȣțȜȦȝȐĲȦȞ ȦȢ ȝȚĮ ĮȟȚȩʌȚıĲȘ țĮȚ ĮʌȠĲİȜİıȝĮĲȚțȒ ȝȑșȠįȠȢ ıȤİįȚĮıȝȠȪ ȘȜİțĲȡȚțȫȞ
ȝȘȤĮȞȫȞ�

ȈĲȚȢ ʌȡȠıȠȝȠȚȫıİȚȢ ʌȠȣ ȑȖȚȞĮȞ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞ ĲĮ ȜȠȖȚıȝȚțȐ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚ�
ȤİȓȦȞ )(00 țĮȚ ĮȡȚșȝȘĲȚțȒȢ ȠȜȠțȜȒғȡȦıȘȢ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ 0$7/$%�

ȁȑȟİȚȢ țȜİȚįȚȐ� ȚıȠįȪȞĮȝĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ� ıȪȖȤȡȠȞİȢ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘ�
ĲȫȞ� ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ĲȪȜȚȖȝĮ� ȝȑșȠįȠȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ� įȚĮțȡȚĲȠʌȠȓȘıȘ�
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$EVWUDFW

,Q WKH SUHVHQW WKHVLV� D PDJQHWLF HTXLYDOHQW FLUFXLW PRGHO LV GHYHORSHG LQ RUGHU WR DQDO\]H
DQG VLPXODWH D V\QFKURQRXV SHUPDQHQW PDJQHW PDFKLQH ZLWK IUDFWLRQDO�VORW FRQFHQWUDWHG
ZLQGLQJV�
)RU DQDO\]LQJ WKLV PRGHO� ILUVWO\ WKH EDVLF HOHPHQWV DUH GHILQHG LQ RUGHU WR PRGHO WKH
PDJQHWLF IOX[ LQ HYHU\ SDUW RI WKH HOHFWULF PDFKLQH� 6SHFLDO HPSKDVLV LV JLYHQ LQ WKH
HOHPHQWV RI WKH DLUJDS ZKRVH YDOXHV GHSHQG RQ WKH URWRU DQJOH HYHU\ WLPH� ,Q RUGHU
WR GHVFULEH WKH VDWXUDWLRQ RI WKH HOHFWULF PDFKLQH� SHUPHDQFHV ZLWK YDULDEOH�SDUDPHWULF�
PDJQHWLF SHUPHDELOLWLHV DUH XVHG�7KHLU YDOXHV DUH FDOFXODWHG WKURXJK WKH GF PDJQHWL]D�
WLRQ FXUYH RI WKH LURQ�%�+ FXUYH� RI WKH PDFKLQH GHSHQGLQJ RQ WKH FRUUHVSRQGLQJ YDOXH
RI WKH PDJQHWLF IOX[ GHQVLW\� ,Q DGGLWLRQ WKH ILQDO PDJQHWLF HTXLYDOHQW FLUFXLW RI HOHFWULF
PDFKLQH LV GHVLJQHG� IURP ZKLFK D V\VWHP RI QRQ�OLQHDU DOJHEUDLF HTXDWLRQV DULVHV�XVLQJ
QRGH DQDO\VLV� 7KLV V\VWHP LV VROYHG ZLWK D K\EULG YHUVLRQ RI 1HZWRQ�5DSKVRQ PHWKRG
WKDW XVHV D FRQYHUJHQFH IDFWRU� )XUWKHUPRUH� WZR GLIIHUHQW VROYLQJ SURFHVVHV DUH GHVFUL�
EHG� ,Q WKH ILUVW� WKH ZLQGLQJV DUH H[FLWHG E\ FRQVWDQW FXUUHQW�'& YDOXH� LQ RUGHU WR FRPSXWH
WKH WRUTXH RI WKH PDFKLQH LQ HDFK SRVLWLRQ RI WKH URWRU DQG FRQVHTXHQWO\ WR REWDLQ WKH
WRUTXH�DQJOH FXUYH� ,Q WKH VHFRQG RQH� WKH ZLQGLQJV DUH H[FLWHG E\ VLQXVRLGDO FXUUHQW
VRXUFHV�$& YDOXH� ZKLOH DW WKH VDPH WLPH WKH URWRU URWDWHV DW V\QFKURQRXV VSHHG� )URP
WKH VHFRQG SURFHVV DOO WKH TXDQWLWLHV FRQFHUQLQJ WKH SHUIRUPDQFH DQG WKH HIILFLHQF\ RI
HOHFWULF PDFKLQHV DUH REWDLQHG�
)LQDOO\ DOO WKRVH PHDVXUHG TXDQWLWLHV DUH FRPSDUHG ZLWK WKH FRUUHVSRQGLQJ� PHDVXUHG
IURP WKH VLPXODWLRQ RI WKH HOHFWULF PDFKLQH WKURXJK D ILQLWH HOHPHQW SURJUDP� 7KHVH
FRPSDULVRQV DUH PDGH LQLWLDOO\ IRU D VLPSOH PRGHO ZLWK EDVLF GLVFUHWL]DWLRQ DQG WKHQ IRU D
PRUH FRPSOH[ RQH ZLWK LQFUHDVHG GLVFUHWL]DWLRQ�
7KH EDVLF REMHFWLYH RI WKH ILQDO PDJQHWLF HTXLYDOHQW PRGHO GHYHORSHG� ZKLFK DOVR UHSUH�
VHQWV WKH ILQDO REMHFWLYH RI WKH FXUUHQW WKHVLV� LV WR DFFRPSOLVK D FRPSOHWH DJUHHPHQW
EHWZHHQ WKH UHVXOWV IURP WKH FRPSXWDWLRQDOO\ FKHDS PDJQHWLF HTXLYDOHQW PHWKRG DQG
WKH PRUH WLPH�FRQVXPLQJ ILQLWH HOHPHQW PHWKRG LQ RUGHU WR SURYH WKH ILUVW RQH WR EH D
WUXVWZRUWK\ DQG HIILFLHQW PHWKRG RI GHVLJQLQJ HOHFWULF PDFKLQHV�

)RU WKH VLPXODWLRQ RI WKH HOHFWULF PDFKLQH ZLWK WKH WZR DIRUHPHQWLRQHG PHWKRGV� WKH ILQLWH
HOHPHQW RSHQ VRXUFH VRIWZDUH SDFNDJH )(00 DQG WKH QXPHULFDO FRPSXWLQJ VRIWZDUH
0DWODE ZHUH XVHG�

.H\ ZRUGV� PDJQHWLF HTXLYDOHQW FLUFXLWV� V\QFKURQRXV SHUPDQHQW PDJQHW PDFKLQH�
IUDFWLRQDO�VORW FRQFHQWUDWHG ZLQGLQJV� ILQLWH HOHPHQW PHWKRG� GLVFUHWL]DWLRQ

YL



ǼȣȤĮȡȚıĲȓİȢ

Ȃİ ĲȘȞ ȠȜȠțȜȒȡȦıȘ ĲȘȢ ʌĮȡȠȪıĮȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ� șĮ șȑȜĮȝİ ȞĮ İțĳȡȐ�
ıȠȣȝİ ĲȚȢ İȣȤĮȡȚıĲȓİȢ ȝĮȢ ıİ ȩıȠȣȢ ȕȠȒșȘıĮȞ țĮĲȐ ĲȘȞ İțʌȩȞȘıȘ ĲȘȢ�

ǼȣȤĮȡȚıĲȠȪȝİ șİȡȝȐ� ĲȠȞ ȀĮșȘȖȘĲȒ ȝĮȢ ț�ǹȞĲȫȞȚȠ ȀȜĮįȐ� ȖȚĮ ĲȘȞ İȝʌȚıĲȠıȪȞȘ
ʌȠȣ ȝĮȢ ȑįİȚȟİ ĮȞĮșȑĲȠȞĲĮȢ ȝĮȢ ĲȘȞ ʌĮȡȠȪıĮ İȡȖĮıȓĮ� ȖȚĮ ĲȘȞ țĮșȠįȒȖȘıȘ ĲȠȣ
țĮȚ ĲȘȞ ȐȥȠȖȘ ıȣȞİȡȖĮıȓĮ ıĲȘȞ ʌİȡȐĲȦıȘ ĲȘȢ� ǳĲĮȞ ʌȐȞĲĮ ʌȡȩșȣȝȠȢ ȞĮ İʌȚȜȪ�
ıİȚ ȠʌȠȚĮįȒʌȠĲİ ĮʌȠȡȓĮ ʌȡȠȑțȣʌĲİ țĮĲȐ ĲȘȞ İțʌȩȞȘıȘ ĮȣĲȒȢ�

ǼȣȤĮȡȚıĲȠȪȝİ İʌȓıȘȢ ĲȚȢ ȠȚțȠȖȑȞİȚİȢ ȝĮȢ țĮȚ ĲȠȣȢ ĳȓȜȠȣȢ ȝĮȢ ȖȚĮ ĲȘȞ ʌȠȜȪĲȚȝȘ
ıĲȒȡȚȟȘ ĲȠȣȢ�

YLL



ȆİȡȚİȤȩȝİȞĮ

ȆİȡȓȜȘȥȘ Y

$EVWUDFW YL

ǼȣȤĮȡȚıĲȓİȢ YLL

ȆİȡȚİȤȩȝİȞĮ YLLL

ȀĮĲȐȜȠȖȠȢ ȈȤȘȝȐĲȦȞ [L

ȀĮĲȐȜȠȖȠȢ ȆȚȞȐțȦȞ [Y

� ǼǿȈǹīȍīǾ �
��� īİȞȚțȩ ʌȜĮȓıȚȠ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� ȆȡȠȧıĲȠȡȓĮ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ � � � � � � � � � � � � � �
��� ȈțȠʌȩȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� ǻȚȐȡșȡȦıȘ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ � � � � � � � � � � � � � � � � � � � �

� ȈȊīȋȇȅȃǼȈ ȂǾȋǹȃǼȈ ȂȅȃǿȂȍȃ ȂǹīȃǾȉȍȃ �
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� ȉȠʌȠȜȠȖȓĮ ȝȘȤĮȞȒȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ǻȚĮȝȩȡĳȦıȘ ȝİ ȕȐıȘ ĲȘ įȚİȪșȣȞıȘ ĲȘȢ ȡȠȒȢ ĲȠȣ ʌİįȓȠȣ � � � � � �
����� ǻȚĮȝȩȡĳȦıȘ ȝİ ȕȐıȘ ĲȘ șȑıȘ ĲȠȣ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � ��

��� ȉȣȜȓȖȝĮĲĮ ıĲȐĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȂĮȖȞȘĲȚțȐ ȣȜȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ǺĮıȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ � � � � � � � � � � � � � ��
����� ȈȚįȘȡȠȝĮȖȞȘĲȚțȐ ȣȜȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ȈȚįȘȡȚȝĮȖȞȘĲȚțȐ ȣȜȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ȂȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ǼĳĮȡȝȠȖȑȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ǿȈȅǻȊȃǹȂǹ ȂǹīȃǾȉǿȀǹ ȀȊȀȁȍȂǹȉǹ ��
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ǹȞĮȜȠȖȓİȢ ȝİĲĮȟȪ ȘȜİțĲȡȚțȫȞ țĮȚ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ � � � � � � � � � ��
��� ȈȤȑıȘ ȘȜİțĲȡȚțȒȢ țĮȚ ȝȘȤĮȞȚțȒȢ ȖȦȞȓĮȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ � � � � � � � � ��
��� ǺĮıȚțȐ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ � � � � � � � � � � � � � � � � ��

YLLL



ȆİȡȚİȤȩȝİȞĮ L[

��� ȂȘ ȖȡĮȝȝȚțȩĲȘĲĮ ıȚįȒȡȠȣ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȀĮĲĮıțİȣȒ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ � � � � � � � � � � � � � � ��

����� 7ȝȒȝĮ ıĲȐĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� ȈȦȜȒȞĮȢ ȡȠȒȢ ȗȣȖȠȪ ıĲȐĲȘ � � � � � � � � � � � � � � � � � ��
������� ȈȦȜȒȞĮȢ ȡȠȒȢ įȠȞĲȚȠȪ � � � � � � � � � � � � � � � � � � � ��
������� ȈȦȜȒȞĮȢ ȡȠȒȢ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ � � � � � � � � � � � � � � ��
������� ȈȦȜȒȞİȢ ȡȠȫȞ ıțİįȐıİȦȞ ȝİĲĮȟȪ įȠȞĲȚȫȞ � � � � � � � � ��
������� ȆȘȖȒ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ � � � � � � � � � � � � � � � ��
������� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ıĲȐĲȘ � � � � � � � � � � � � � � � � ��

����� ȉȝȒȝĮ įȡȠȝȑĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� ȈȦȜȒȞĮȢ ȡȠȒȢ ȗȣȖȠȪ įȡȠȝȑĮ � � � � � � � � � � � � � � � � ��
������� ȂĮȖȞȒĲȘȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
������� ȈțİįȐıİȚȢ ȝĮȖȞȘĲȫȞ � � � � � � � � � � � � � � � � � � � � � ��
������� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ įȡȠȝȑĮ � � � � � � � � � � � � � � � ��

����� $ȖȦȖȚȝȩĲȘĲİȢ įȚĮțȑȞȠȣ � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȇȠʌȑȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� ȊʌȠȜȠȖȚıȝȩȢ ȡȠʌȒȢ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ȇȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ȀȣȝȐĲȦıȘ ȡȠʌȒȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ǻǿǹǻǿȀǹȈǿǹ ǼȆǿȁȊȈǾȈ ȂǾ īȇǹȂȂǿȀȅȊ ǿȈȅǻȊȃǹȂȅȊ ȀȊȀȁȍȂǹȉȅȈ ��
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȀĮĲĮıțİȣȒ ʌȓȞĮțĮ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮĲȠȢ � � � � � � � � � � � � � � ��
��� ǼĳĮȡȝȠȖȒ ȝİșȩįȠȣ ĲȦȞ țȩȝȕȦȞ � � � � � � � � � � � � � � � � � � � � � � � ��
��� ǼʌȓȜȣıȘ ıȣıĲȒȝĮĲȠȢ ĮȜȖİȕȡȚțȫȞ İȟȚıȫıİȦȞ � � � � � � � � � � � � � � � � ��
��� ǻȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ � � � � � � � � � ��
��� ǻȣȞĮȝȚțȩ ȝȠȞĲȑȜȠ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ǼȆǿǺǼǺǹǿȍȈǾ ȂȅȃȉǼȁȅȊ ǿȈȅǻȊȃǹȂȅȊ ȂǹīȃǾȉǿȀȅȊ ȀȊȀȁȍȂǹȉȅȈ ��
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȈȣȖțȡȓıİȚȢ ȝİȖİșȫȞ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ȀǹȉǹȈȀǼȊǾ Ȁǹǿ ǼȆǿǺǼǺǹǿȍȈǾ ȉǼȁǿȀȅȊ ȂȅȃȉǼȁȅȊ ��
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȀĮĲĮıțİȣȒ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ǼʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȈȣȝʌİȡȐıȝĮĲĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� ȆȊȀȃȅȉǾȉǹ ȂǹīȃǾȉǿȀǾȈ ȇȅǾȈ Ȁǹǿ ǹȆȍȁǼǿǼȈ ȂǾȋǹȃǾȈ ���
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� ȊʌȠȜȠȖȚıȝȩȢ țĮȚ ıȪȖțȡȚıȘ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ � � � � � � � � � � � � � ���
��� ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� ǹʌȫȜİȚİȢ ʌȣȡȒȞĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
����� ǹʌȫȜİȚİȢ ȤĮȜțȠȪ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� ȈȊȂȆǼȇǹȈȂǹȉǹ ���
��� īİȞȚțȐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
��� ȈȣȝʌİȡȐıȝĮĲĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���



ȆİȡȚİȤȩȝİȞĮ [

��� ȈȣȝȕȠȜȒ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ � � � � � � � � � � � � � � � � � � � � � ���
��� ȆȡȠĲȐıİȚȢ ȖȚĮ ʌİȡĮȚĲȑȡȦ įȚİȡİȪȞȘıȘ � � � � � � � � � � � � � � � � � � � � � ���

ȆĮȡȐȡĲȘȝĮ ǹ࢝ ȆǿȃǹȀǼȈ ȂȅȃȉǼȁȅȊ Q · P ���

ȆĮȡȐȡĲȘȝĮ Ǻ࢝ ȆǿȃǹȀǼȈ ȂȅȃȉǼȁȅȊ Q · 3P ���

ȆĮȡȐȡĲȘȝĮ ī࢝ ȈȊīȀȇǿȈǼǿȈ īǿǹ ȂǹīȃǾȉǾ 1G)H% ȂǼ īȇǹȂȂǿȀȅ ȈǿǻǾȇȅ ���

ǺȚȕȜȚȠȖȡĮĳȓĮ ���



ȀĮĲȐȜȠȖȠȢ ȈȤȘȝȐĲȦȞ

��� ȂȘȤĮȞȑȢ ĮțĲȚȞȚțȒȢ�ĮȟȠȞȚțȒȢ țĮȚ İȖțȐȡıȚĮȢ ȡȠȒȢ � � � � � � � � � � � � � � � ��
��� ǻȚĮĲȐȟİȚȢ ȝĮȖȞȘĲȫȞ ȝİ ȕȐıȘ ĲȘ șȑıȘ ĲȠȣ ȝĮȖȞȘĲȘ � � � � � � � � � � � � � ��
��� ȂȘ İʌȚțĮȜȣʌĲȩȝİȞĮ ĲȣȜȓȖȝĮĲĮ ȝȘȤĮȞȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȖȚĮ q = 0.5

�ıȣȝȕĮĲȚțȑȢ� țĮȚ ȖȚĮ 0.25 < q < 0 �ȝȘ ıȣȝȕĮĲȚțȑȢ� � � � � � � � � � � � � � � ��
��� ǺȡȩȤȠȢ ȣıĲȑȡȘıȘȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȀĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � ��
��� ȀĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � ��
��� ǹțĲȚȞȚțȒ țĮȚ ʌĮȡȐȜȜȘȜȘ ȝĮȖȞȒĲȚıȘ ȝĮȖȞȘĲȫȞ � � � � � � � � � � � � � � � � ��
��� ȀĮȝʌȪȜİȢ ĮʌȠȝĮȖȒĲȚıȘȢ ȖȚĮ įȚȐĳȠȡĮ ȣȜȚțȐ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ � � � � � � ��

��� ǹȞĮʌĮȡȐıĲĮıȘ ȖȦȞȓĮȢ ıĲȡȠĳȒȢ įȡȠȝȑĮ � � � � � � � � � � � � � � � � � � � ��
��� ȈȦȜȒȞĮȢ ȡȠȒȢ�IOX[ WXEH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ǹʌȜȠʌȠȚȘȝȑȞȘ țĮȝʌȪȜȘ %�+ ȖȚĮ ĲȠ ıȚįȘȡȠȝĮȖȞȘĲȚțȩ ȣȜȚțȩ � � � � � � � � ��
��� ȉȝȒȝĮ ıĲȐĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȅȡșȠȖȫȞȚĮ ȝȠȡĳȒ ıȦȜȒȞĮ ȡȠȒȢ � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȉȡĮʌİȗȠİȚįȒȢ ȝȠȡĳȒ ıȦȜȒȞĮ ȡȠȒȢ ĲȪʌȠȣ � � � � � � � � � � � � � � � � � � ��
��� ǹȣȜȐțȚ ȝİĲĮȟȪ � įȠȞĲȚȫȞ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȉȡĮʌİȗȠİȚįȒȢ ȝȠȡĳȒ ıȦȜȒȞĮ ȡȠȒȢ ĲȪʌȠȣ � � � � � � � � � � � � � � � � � � ��
��� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ʌȘȖȒȢ ȂǼǻ � � � � � � � � � � � � � � � � � � � � � � ��
���� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ıĲȐĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȉȝȒȝĮ įȡȠȝȑĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȅȡșȠȖȫȞȚȠȢ ȝĮȖȞȒĲȘȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ǿıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � ��
���� ȂĮȖȞȒĲȘȢ ıİ ıȤȒȝĮ ĲȩȟȠȣ ĮțĲȚȞȚțȐ ȝĮȖȞȘĲȚıȝȑȞȠȢ � � � � � � � � � � � � � ��
���� ȈțȑįĮıȘ ȝĮȖȞȘĲȫȞ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈțȑįĮıȘ ȝĮȖȞȒĲȘ�įȡȠȝȑĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ įȡȠȝȑĮ � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȂİĲĮȕȜȘĲȑȢ ĮȖȦȖȚȝȩĲȘĲİȢ įȚĮțȑȞȠȣ � � � � � � � � � � � � � � � � � � � � � � ��
���� ȆȡȠıȑȖȖȚıȘ ĲȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ ĲȠȣ įȚĮțȑȞȠȣ ĮȞȐȝİıĮ ıĲĮ įȩȞĲȚĮ ĲȠȣ ıĲȐĲȘ

țĮȚ ĲȠȣȢ ȝĮȖȞȒĲİȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȊȜȠʌȠȓȘıȘ ʌİȡȚıĲȡİĳȩȝİȞȠȣ įȚĮțȑȞȠȣ � � � � � � � � � � � � � � � � � � � � ��

��� ǻȚȐĲĮȟȘ ĲȣȜȓȖȝĮĲȠȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ǿıȠįȪȞĮȝȠ ȂĮȖȞȘĲȚțȩ ȀȪțȜȦȝĮ�0(&� ȂȘȤĮȞȒȢ � � � � � � � � � � � � � � ��
��� ǿıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ įȠȞĲȚȠȪ ıĲȐĲȘ ȝİ ĲȘȞ ʌȘȖȒ ĲȠȣ � � � � � � ��
��� ȁȪıİȚȢ ȝȘ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȂȑșȠįȠȢ 1HZWRQ ȖȚĮ İȪȡİıȘ İʌȩȝİȞȘȢ İțĲȓȝȘıȘȢ ıİ ȝȠȞȠįȚȐıĲĮĲȘ ıȣȞȐȡ�

ĲȘıȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

[L



ȀĮĲȐȜȠȖȠȢ ȈȤȘȝȐĲȦȞ [LL

��� ȆİȡȓʌĲȦıȘ țĮțȒȢ ĮȡȤȚțȒȢ İțĲȓȝȘıȘȢ ıȣȞȐȡĲȘıȘȢ țĮĲȐ ĲȘȞ ȝȑșȠįȠ 1HZWRQ ��
��� ȆİȡȓʌĲȦıȘ ĲȠʌȚțȫȞ İȜĮȤȓıĲȦȞ ıȣȞȐȡĲȘıȘȢ țĮĲȐ ĲȘȞ ȝȑșȠįȠ 1HZWRQ � � ��
��� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ ıȤİįȓĮıȘȢ 0(& � � � � � � � � � � � � � � � � � � � � � � � ��
��� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ ȖȚĮ ȣʌȠȜȠȖȚıȝȩ ʌȓȞĮțĮ ȝȘ ȖȡĮȝȝȚțȫȞ ĮȖȦȖȚȝȠĲȒĲȦȞ � � ��
���� ǻȚȐȖȡĮȝȝĮ ȇȠʌȒȢ�ȂȘȤĮȞȚțȒȢ ȖȦȞȓĮȢ ȝİĲĮĲȩʌȚıȘȢ�ıĲĮșİȡȩ ȡİȪȝĮ� � � � � ��
���� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � � � � � � � � � � ��
���� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ�3RVW�SURFHVVLQJ� � � � � � � � � � � � � � � � � � � � � � � ��

��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ - � � � � � � � � � � � � � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ - � � � � � � � � � � � � � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ - � � � � � � � � � � � � � � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ - � � � � � � � � � � � � � � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ - � � � � � � � � � � � � � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ - � � � � � � � � � � � � � � � ��
��� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ ĳİȡȡȓĲȘ ȖȚĮ - � � � � � � � � ��
��� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ ĳİȡȡȓĲȘ ȖȚĮ - � ��
��� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ ĳİȡȡȓĲȘ ȖȚĮ

- � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

ĳİȡȡȓĲȘ ȖȚĮ - � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ǾȜİțĲȡİȖİȡĲȚțȒ ǻȪȞĮȝȘ ĳİȡȡȓĲȘ 0(& ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - � � � � � � � � ��
���� ǾȜİțĲȡİȖİȡĲȚțȒ ǻȪȞĮȝȘ ĳİȡȡȓĲȘ )(00 ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ ĳİȡȡȓĲȘ ȖȚĮ - � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 6P&R ȖȚĮ - � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 6P&R ȖȚĮ - � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 6P&R ȖȚĮ - � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

6P&R ȖȚĮ - � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ǾȜİțĲȡİȖİȡĲȚțȒ ǻȪȞĮȝȘ 6P&R 0(& ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - � � � � � � � � � ��
���� ǾȜİțĲȡİȖİȡĲȚțȒ ǻȪȞĮȝȘ )(00 6P&RĲȦȞ � ĳȐıİȦȞ ȖȚĮ - � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ 6P&R ȖȚĮ - � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 1G)H% ȖȚĮ - � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 1G)H% ȖȚĮ - � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 1G)H% ȖȚĮ

- � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

1G)H% ȖȚĮ - � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ǾȜİțĲȡİȖİȡĲȚțȒ ǻȪȞĮȝȘ 1G)H% 0(& ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - � � � � � � � � ��
���� ǾȜİțĲȡİȖİȡĲȚțȒ ǻȪȞĮȝȘ )(00 1G)H% ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ 1G)H% ȖȚĮ - � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ıĲȐĲȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � � � � � � ��
��� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ įȡȠȝȑĮ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � � � � � ��
��� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ȝȘȤĮȞȒȢ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � ��
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��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � ��
��� ȈȤȑıȘ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � ��
���� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ

ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ ĳİȡȡȓĲȘ ȖȚĮ - �

ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ ĳİȡȡȓĲȘ ȖȚĮ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ ĳİȡ�

ȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 6P&R ȖȚĮ - � ȝİ ıʌȐıȚȝȠ

ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 6P&R ȖȚĮ - �

ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 6P&R ȖȚĮ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

6P&R ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 6P&R

ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ 6P&R ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � ��
���� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ

ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 1G)H% ȖȚĮ - �

ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 1G)H% ȖȚĮ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 1G)H%

ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ȝȑıȦȞ ȡȠʌȫȞ )(00�0(& ĳİȡȡȓĲȘ � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ȝȑıȦȞ ȡȠʌȫȞ )(00�0(& 6P&R � � � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ȝȑıȦȞ ȡȠʌȫȞ )(00�0(& 1G)H% � � � � � � � � � � � � � � � � ���
���� ȇȠʌȒ ǼȣșȣȖȡȐȝȝȚıȘȢ ĳİȡȡȓĲȘ � � � � � � � � � � � � � � � � � � � � � � � � ���
���� ȇȠʌȒ ǼȣșȣȖȡȐȝȝȚıȘȢ 6P&R � � � � � � � � � � � � � � � � � � � � � � � � � ���
���� ȇȠʌȒ ǼȣșȣȖȡȐȝȝȚıȘȢ 1G)H% � � � � � � � � � � � � � � � � � � � � � � � � � ���
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��� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ ȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ ıĲȐĲȘ ȖȚĮ ĳİȡȡȓĲȘ ȝİĲĮȟȪ

ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ ıĲȐĲȘ ȖȚĮ 6P&R ȝİĲĮȟȪ ȝȠ�

ȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ ıĲȐĲȘ ȖȚĮ 1G)H% ȝİĲĮȟȪ

ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ ĳİȡȡȓĲȘ ȝİĲĮȟȪ ȝȠȞĲȑ�

ȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ 6P&R ȝİĲĮȟȪ ȝȠȞĲȑ�

ȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ 1G)H% ȝİĲĮȟȪ ȝȠȞĲȑ�

ȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİĲĮȟȪ

ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � ���
��� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİĲĮȟȪ

ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİĲĮȟȪ

ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ȖȚĮ ĳİȡȡȓĲȘ ȝİ�

ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ȖȚĮ 6P&R ȝİ�

ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � ���
���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ȖȚĮ 1G)H% ȝİ�

ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00 � � � � � � � � � � � � ���
���� ȂȑȖȚıĲȘ ȡȠȒ ıțȑįĮıȘȢ ȖȚĮ įȚȐıĲȘȝĮ ȝİĲĮȟȪ ȝĮȖȞȘĲȫȞ țİȞĲȡĮȡȚıȝȑȞȠ țȐĲȦ

Įʌȩ ĲȠ țȑȞĲȡȠ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ � � � � � � � � � � � � � � � � � � � � � ���
���� ȇȠȒ ıțȑįĮıȘȢ ]LJ�]DJ Įʌȩ ıĲȚȖȝȚȩĲȣʌȠ ĲȠȣ )(00 � � � � � � � � � � � � � ���
���� ǹȞĮʌĮȡȐıĲĮıȘ ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ � � � � � � � � � � � � � � � � � � � � � � ���
���� ǹȞĮʌĮȡȐıĲĮıȘ ȝȒțȠȣȢ ĲȠȣ ĲȩȟȠȣ İȞȩȢ İȜȓȖȝĮĲȠȢ � � � � � � � � � � � � � � ���

ī࢝�� ȀĮȝʌȪȜȘ %+ ȖȡĮȝȝȚțȠȪ ıȚįȒȡȠȣ � � � � � � � � � � � � � � � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ țĮȝʌȪȜȘȢ ȡȠʌȒȢ�ȖȦȞȓĮȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐ�

ıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � � � � � � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ

ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � � � � � � � � � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 1G)H% ȖȚĮ - �

ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 1G)H% ȖȚĮ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ

1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 1G)H%

ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � � � � � � ���
ī࢝�� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪ�

ȞĮȝȘȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � ���



ȀĮĲȐȜȠȖȠȢ ȆȚȞȐțȦȞ

��� ȈȪȖțȡȚıȘ ȝİșȩįȦȞ ȖȚĮ ĲȘȞ ĮȡȚșȝȘĲȚțȒ ĮȞȐȜȣıȘ ĲȦȞ ʌİįȚĮțȫȞ ȝİȖİșȫȞ ĲȘȢ
ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� ȈȪȖțȡȚıȘ ȣȜȚțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ � � � � � � � � � � � � � � � � � � � � � ��

��� ȆĮȡȐȝİĲȡȠȚ ȈĲȐĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� ȆĮȡȐȝİĲȡȠȚ ǻȡȠȝȑĮ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ǺĮıȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ � � � � � � � � � � � � � � � � � � ��
��� ȆĮȡȐȝİĲȡȠȚ ȣȜȚțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ � � � � � � � � � � � � � � � � � � � � ��
��� ȈȤİĲȚțȐ ıĳȐȜȝĮĲĮ )(00�0(& țĮȝʌȣȜȫȞ ȇȠʌȒȢ�īȦȞȓĮȢ � � � � � � � � � ��
��� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ ȜȒȥȘ țĮȝʌȪȜȘȢ ȇȠʌȒȢ�ȖȦȞȓĮȢ įȡȠȝȑĮ � � � � � ��
��� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ ĳİȡȡȓĲȘ ĲȠȣ )(00�0(& � � � � � � � � � � � � ��
��� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 6P&R ĲȠȣ )(00�0(& � � � � � � � � � � � � � ��
��� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 1G)H% ĲȠȣ )(00�0(& � � � � � � � � � � � � � ��
��� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ İʌȓȜȣıȘ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ � � � � � � � � � � � ��

��� ȈȤİĲȚțȐ ıĳȐȜȝĮĲĮ )(00�0(& țĮȝʌȣȜȫȞ ȇȠʌȒȢ�īȦȞȓĮȢ ȝİ ıʌȐıȚȝȠ ȝĮ�
ȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ ȜȒȥȘ țĮȝʌȪȜȘȢ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȝİ ıʌȐ�
ıȚȝȠ ȝĮȖȞȒĲȘ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ ĳİȡȡȓĲȘ ĲȠȣ )(00�0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ ��
��� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 6P&R ĲȠȣ )(00�0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � ��
��� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 1G)H% ĲȠȣ )(00�0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ � ���
��� ǻȚĮțȡȚıȘ ıȣȞȠȜȚțȠȪ ıĳȐȜȝĮĲȠȢ ıİ ıĳȐȜȝĮ ȖİȦȝİĲȡȓĮȢ țĮȚ ıĳȐȜȝĮ ȝȘ

ȖȡĮȝȝȚțȩĲȘĲĮȢ ȖȚĮ ȣȜȚțȩ ȝĮȖȞȒĲȘ 1G)H% ȝİ ıʌȐıȚȝȠ ıİ � ȝȑȡȘ țĮȚ - � � ���
��� ȂȑĲȡĮ șİȝİȜȚȫįȠȣȢ�ȕĮıȚțȫȞ ĮȡȝȠȞȚțȫȞ ʌİȡȚĲĲȒȢ ĲȐȟȘȢ ĲȘȢ ǾǼǻ țİȞȠȪ

ĳȠȡĲȓȠȣ ȝİĲĮȟȪ )(00�0(& țĮȚ ıĳȐȜȝĮĲĮ � � � � � � � � � � � � � � � � � ���
��� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ İʌȓȜȣıȘ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ ���

��� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ȗȣȖȩ ĲȠȣ ıĲȐĲȘ � � � � � � ���
��� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ įȩȞĲȚ ĲȠȣ ıĲȐĲȘ � � � � � ���
��� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ȗȣȖȩ ĲȠȣ įȡȠȝȑĮ � � � � � ���
��� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ʌȑȜȝĮ įȠȞĲȚȠȪ ĲȠȣ ıĲȐĲȘ ���
��� ȈȪȖțȡȚıȘ 0(&�)(00 ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ - � � ���
��� ȈȪȖțȡȚıȘ 0(&�)(00 ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ - � � ���

ī࢝�� ȂȑıȘ ȡȠʌȒ țĮȚ țȣȝȐĲȦıȘ 1G)H% ĲȠȣ 0(&�)(00 ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ
țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

[Y



ȀİĳȐȜĮȚȠ �

ǼǿȈǹīȍīǾ

��� īİȞȚțȩ ʌȜĮȓıȚȠ

ȅȚ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ İȓȞĮȚ ıȣıțİȣȑȢ ʌȠȣ İʌȚĲȡȑʌȠȣȞ ĲȘ ıȣȞİȤȒ ȝİĲĮĲȡȠʌȒ ȘȜİțĲȡȚțȒȢ
İȞȑȡȖİȚĮȢ ıİ ȝȘȤĮȞȚțȒ țĮȚ ĮȞĲȓıĲȡȠĳĮ țĮȚ ȤȦȡȓȗȠȞĲĮȚ ıİ � ȝİȖȐȜİȢ țĮĲȘȖȠȡȓİȢ� ȉȚȢ ȈȪȖ�
ȤȡȠȞİȢ ȂȘȤĮȞȑȢ� ĲȚȢ ȂȘȤĮȞȑȢ ǼʌĮȖȦȖȒȢ țĮȚ ĲȚȢ ȂȘȤĮȞȑȢ ȈȣȞİȤȠȪȢ ȇİȪȝĮĲȠȢ�
ǿıĲȠȡȚțȐ ȠȚ ĮʌĮȡȤȑȢ ĲȦȞ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ ĲȠʌȠșİĲȠȪȞĲĮȚ ĲȠ ���� ȩĲĮȞ Ƞ )DUDGD\
İȚıȒȖĮȖİ ĲȘȞ ȑȞȞȠȚĮ ĲȘȢ ȘȜİțĲȡȠȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ� İȞȫ ȠȚ ʌȡȫĲİȢ ȝȘȤĮȞȑȢ ȖȚĮ İȝʌȠ�
ȡȚțȠȪȢ țĮȚ ʌȡĮțĲȚțȠȪȢ ıțȠʌȠȪȢ İȝĳĮȞȓıĲȘțĮȞ ĲĮ ĲȑȜȘ ĲȠȣ ��Ƞȣ ĮȚȫȞĮ ȝİ ĲȘ ȝȘȤĮȞȒ ıȣ�
ȞİȤȠȪȢ ȡİȪȝĮĲȠȢ ĲȠȣ =HQREH *UDPPH ĲȠ ���� țĮȚ ĲȘȞ ȝȘȤĮȞȒ İʌĮȖȦȖȒȢ ĲȠȣ 7HVOD ĲȠ
����� ǹʌȩ ĲȩĲİ ȑȤİȚ ıȘȝİȚȦșİȓ ʌȠȜȪ ȝİȖȐȜȘ ʌȡȩȠįȠȢ țĮȚ İȟȑȜȚȟȘ ıĲȠ ʌİįȓȠ ĲȦȞ ȘȜİțĲȡȚ�
țȫȞ ȝȘȤĮȞȫȞ țĮȚ ʌȜȑȠȞ İȓȞĮȚ ʌĮȡȠȪıİȢ ıİ ʌȐȡĮ ʌȠȜȜȑȢ İĳĮȡȝȠȖȑȢ� ȠȚ ȠʌȠȓİȢ ʌȠȚțȓȜȜȠȣȞ
Įʌȩ ȝȚțȡȠȪȢ țȚȞȘĲȒȡİȢ ȖȚĮ ıțȜȘȡȠȪȢ įȓıțȠȣȢ țĮȚ ĮȞİȝȚıĲȒȡİȢ ȣʌȠȜȠȖȚıĲȫȞ ȝȑȤȡȚ ȝİȖȐ�
ȜȘȢ țȜȓȝĮțĮȢ ȕȚȠȝȘȤĮȞȚțȠȪȢ țȚȞȘĲȒȡİȢ țĮȚ ȝȘȤĮȞȑȢ ȖȚĮ ʌĮȡĮȖȦȖȒ ȘȜİțĲȡȚțȒȢ İȞȑȡȖİȚĮȢ�
ȉȘȞ ıȘȝİȡȚȞȒ İʌȠȤȒ� ȠȚ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ ĮĳȠȡȠȪȞ ĲȠ �� ĲȠȚȢ İțĮĲȩ ĲȘȢ ʌĮȖțȩıȝȚĮȢ
İȞİȡȖİȚĮțȒȢ țĮĲĮȞȐȜȦıȘȢ�Ǿ İȣȡİȓĮ ȤȡȒıȘ ĲȠȣȢ țĮșȚıĲȐ ĮȞĮȖțĮȓȠ ĲȠȞ ȖȡȒȖȠȡȠ țĮȚ ĮʌȠ�
ĲİȜİıȝĮĲȚțȩ ıȤİįȚĮıȝȩ ĮȣĲȫȞ Ƞ ȠʌȠȓȠȢ ȣȜȠʌȠȚİȓĲĮȚ ȝȑıȦ ȣʌȠȜȠȖȚıĲȚțȫȞ İȡȖĮȜİȓȦȞ�ȅ
ıȤİįȚĮıȝȩȢ ȝİ ĲȘ ȕȠȒșİȚĮ ȣʌȠȜȠȖȚıĲȚțȫȞ İȡȖĮȜİȓȦȞ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ ĲȑııİȡĮ ȕĮıȚțȐ
ıĲȐįȚĮ�

�� ȀĮĲĮȞȩȘıȘ ĲȘȢ ĳȣıȚțȒȢ ȜİȚĲȠȣȡȖȓĮȢ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ

�� ȂĮșȘȝĮĲȚțȒ ȝȠȞĲİȜȠʌȠȓȘıȘ

�� ǹȞȐȜȣıȘ

�� ȈȪȞșİıȘ

�
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ǺĮıȚțȩ ʌȡȫĲȠ ıĲȐįȚȠ ȖȚĮ ĲȘ įȚĮįȚțĮıȓĮ ĲȘȢ ıȤİįȓĮıȘȢ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ İȓȞĮȚ Ș
țĮĲĮȞȩȘıȘ ĲȘȢ ȜİȚĲȠȣȡȖȓĮȢ ĲȘȢ Ș ȠʌȠȓĮ ʌİȡȚȜĮȝȕȐȞİȚ țȣȡȓȦȢ ĲȘȞ țĮĲĮȞȩȘıȘ ĲȠȣ ĳĮȚȞȠ�
ȝȑȞȠȣ ĲȘȢ ȝİĲĮĲȡȠʌȒȢ İȞȑȡȖİȚĮȢ ʌȠȣ șĮ ȠįȘȖȒıİȚ ıĲȘȞ țĮĲĮıțİȣȒ İȞȩȢ țĮĲȐȜȜȘȜȠȣ țĮȚ
ĮȟȚȩʌȚıĲȠȣ ȝĮșȘȝĮĲȚțȠȪ ȝȠȞĲȑȜȠȣ�
Ǿ įȚĮįȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓ İȓȞĮȚ Ș ĮȞȐȜȣıȘ ȝİ ĲȘ ȤȡȒıȘ ȣʌȠȜȠȖȚıĲȒ Ș ȠʌȠȓĮ ȝʌȠȡİȓ
ȞĮ ȤȦȡȚıĲİȓ ıİ � İʌȚȝȑȡȠȣȢ ȕȒȝĮĲĮ�ĲȘȞ ʌȡȠİʌİȟİȡȖĮıȓĮ�SUH�SURFHVVLQJ�� ĲȘȞ İʌȓȜȣıȘ
�SURFHVVLQJ� țĮȚ ĲȘȞ ȝİĲİʌİȟİȡȖĮıȓĮ�SRVW�SURFHVVLQJ�� ȈĲȠ ʌȡȫĲȠ ȕȒȝĮ ȠȡȓȗİĲĮȚ ĲȠ ʌİ�
įȚĮțȩ ʌȡȩȕȜȘȝĮ ȝİ ȕȐıȘ ĲȠ ȝĮșȘȝĮĲȚțȩ ȝȠȞĲȑȜȠ ʌȠȣ ĮȞĮʌĲȪȤșȘțİ ıĲȠ ʌȡȠȘȖȠȪȝİȞȠ
ıĲȐįȚȠ� ǲʌİȚĲĮ İȚıȐȖİĲĮȚ Ș ȖİȦȝİĲȡȓĮ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ� ĲĮ ȣȜȚțȐ ʌȠȣ ĲȘȞ ĮʌȠĲİ�
ȜȠȪȞ țĮȚ ȠȚ ȠȡȚĮțȑȢ ıȣȞșȒțİȢ İȞȫ ʌĮȡȐȜȜȘȜĮ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ Ƞ ȤȦȡȚıȝȩȢ ĲȘȢ ȝȘȤĮȞȒȢ
ıİ įȚȐĳȠȡĮ İʌȚȝȑȡȠȣȢ țȠȝȝȐĲȚĮ ȝİ ȕȐıȘ ĲȘ ȝĮșȘȝĮĲȚțȒ ȝȠȞĲİȜȠʌȠȓȘıȘ �GLVFUHWL]DWLRQ��
ȀĮĲȐ ĲȘȞ įȚĮįȚțĮıȓĮ ĲȘȢ İʌȓȜȣıȘȢ İʌȚȜȑȖİĲĮȚ ȑȞĮȢ ȝĮșȘȝĮĲȚțȩȢ İʌȚȜȣĲȒȢ Ƞ ȠʌȠȓȠȢ ȑȤİȚ ȦȢ
İȓıȠįȠ ȑȞĮ ȩȡȚȠ ıȪȖțȜȚıȘȢ țĮȚ ȑȞĮ ȝȑȖȚıĲȠ ĮȡȚșȝȩ İʌĮȞĮȜȒȥİȦȞ� ȉȑȜȠȢ ıĲȘȞ ȝİĲİʌİȟİȡ�
ȖĮıȓĮ ȖȓȞİĲĮȚ Ƞ ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ȝİȖİșȫȞ İʌȓįȠıȘȢ țĮȚ ĮʌȩįȠıȘȢ țĮȚ Ș țĮĲĮıțİȣȒ ĲȦȞ
įȚĮȖȡĮȝȝȐĲȦȞ ĲȠȣȢ�
ȉȠ İʌȩȝİȞȠ țĮȚ ĲİȜİȣĲĮȓȠ ıĲȐįȚȠ ʌİȡȚȜĮȝȕȐȞİȚ ĲȘȞ ıȪȞșİıȘ țĮȚ ȕİȜĲȚıĲȠʌȠȓȘıȘ�

ȅ ıĲȩȤȠȢ ĲȘȢ ʌĮȡĮʌȐȞȦ įȚĮįȚțĮıȓĮȢ ıȤİįȓĮıȘȢ ȝİ ĲȘ ȕȠȒșİȚĮ ȣʌȠȜȠȖȚıĲȚțȫȞ İȡȖĮȜİȓȦȞ
İȓȞĮȚ Ș ʌȡȩȕȜİȥȘ ĲȘȢ ıȣȝʌİȡȚĳȠȡȐȢ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȝİ ȣȥȘȜȒȢ ĮțȡȓȕİȚĮȢ ĮʌȠ�
ĲİȜȑıȝĮĲĮ�ǺĮıȚțȩ ıĲȠȚȤİȓȠ ĮȣĲȒȢ ĲȘȢ įȚĮįȚțĮıȓĮȢ İȓȞĮȚ Ș ʌȡȠıȠȝȠȓȦıȘ ĲȦȞ ȘȜİțĲȡȠȝĮ�
ȖȞȘĲȚțȫȞ ʌİįȓȦȞ ʌȠȣ ĮʌĮȚĲİȓ ĲȘ ȤȡȒıȘ țȐʌȠȚĮȢ ĮȡȚșȝȘĲȚțȒȢ ȝİșȩįȠȣ�ǹȣĲȒ Ș ȝȑșȠįȠȢ
ʌȡȑʌİȚ ȞĮ ȚțĮȞȠʌȠȚİȓ ȠȡȚıȝȑȞĮ țȡȚĲȒȡȚĮ ȩʌȦȢ ĮȟȚȠʌȚıĲȓĮ� ĮțȡȓȕİȚĮ țĮȚ İʌȓįȠıȘ� ȅȚ ʌȚȠ
ıȘȝĮȞĲȚțȑȢ ȝȑșȠįȠȚ ȖȚĮ ĮȡȚșȝȘĲȚțȒ ĮȞȐȜȣıȘ ĲȦȞ ʌİįȚĮțȫȞ ȝİȖİșȫȞ ȝȚĮȢ ȝȘȤĮȞȒȢ İȓȞĮȚ
ȠȚ İȟȒȢ>��@�

�� ȂȑșȠįȠȢ ȆİʌİȡĮıȝȑȞȦȞ ȈĲȠȚȤİȓȦȞ�)LQLWH (OHPHQW 0HWKRG�)(0�

�� ȂȑșȠįȠȢ ȆİʌİȡĮıȝȑȞȦȞ ǻȚĮĳȠȡȫȞ�)LQLWH 'LIIHUHQFH 0HWKRG�)'0�

�� ȂȑșȠįȠȢ ȅȡȚĮțȫȞ ȈĲȠȚȤİȓȦȞ�%RXQGDU\ (OHPHQW 0HWKRG�%(0�

�� ȂȑșȠįȠȢ ǿıȠįȪȞĮȝȦȞȂĮȖȞȘĲȚțȫȞ ȀȣțȜȦȝȐĲȦȞ�0DJQHWLF (TXLYDOHQW &LUFXLW�0(&�

�� ȂȑșȠįȠȢ ǼȚįȫȜȦȞ �3RLQW 0LUURULQJ 0HWKRG �300�

ȅ ıțȠʌȩȢ ĲȘȢ ĮȡȚșȝȘĲȚțȒȢ ĮȞȐȜȣıȘȢ ĲȦȞ ʌİįȚĮțȫȞ ȝİȖİșȫȞ İȓȞĮȚ Ș İȪȡİıȘ ʌȡȠıİȖȖȚıĲȚ�
țȫȞ ĮȡȚșȝȘĲȚțȫȞ ȜȪıİȦȞ�ȝİ ȤȡȒıȘ ȖȡĮȝȝȚțȒȢ țĮȚ ȝȘ ȖȡĮȝȝȚțȒȢ ȐȜȖİȕȡĮ� ıİ ȑȞĮ ıȪȞȠȜȠ
ȝİȡȚțȫȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ�3'(� ʌȠȣ ʌİȡȚȖȡȐĳİȚ ĲȠ ĳȣıȚțȩ ʌȡȩȕȜȘȝĮ� ȉȠ ȖİȦȝİ�
ĲȡȚțȩ ĮȞĲȚțİȓȝİȞȠ� įȘȜĮįȒ Ș ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ� ȤȦȡȓȗİĲĮȚ ıİ įȚĮțȡȚĲȑȢ ʌİȡȚȠȤȑȢ �įȚĮțȡȚĲȠ�
ʌȠȓȘıȘ ıİ ıĲȠȚȤİȓĮ� ȩʌȠȣ ȠȚ ĳȣıȚțȑȢ İȟȚıȫıİȚȢ ıİ ıȣȞįȣĮıȝȩ ȝİ ĲȚȢ ıȣȝȕĮĲȚțȑȢ ıȤȑıİȚȢ
İĳĮȡȝȩȗȠȞĲĮȚ țĮȚ İʌȚȜȪȠȞĲĮȚ� ȅȚ ȝȑșȠįȠȚ ȝʌȠȡȠȪȞ ȞĮ țĮĲȘȖȠȡȚȠʌȠȚȘșȠȪȞ ĮȞȐȜȠȖĮ ȝİ ĲȠ
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İȓįȠȢ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘıȘȢ ıİ İʌȚĳĮȞİȚĮțȑȢ țĮȚ ȤȦȡȚțȑȢ� ȈĲȘȞ ʌȡȫĲȘ țĮĲȘȖȠȡȓĮ ĮȞȒțİȚ Ș
ȝȑșȠįȠȢ ȠȡȚĮțȫȞ ıĲȠȚȤİȓȦȞ�%(0� İȞȫ ıĲȘ įİȪĲİȡȘ ĮȞȒțȠȣȞ ȠȚ ȝȑșȠįȠȚ ʌİʌİȡĮıȝȑȞȦȞ
ıĲȠȚȤİȓȦȞ�)(0�� ʌİʌİȡĮıȝȑȞȦȞ įȚĮĳȠȡȫȞ�)'0� țĮȚ ĲȦȞ ȚıȠįȣȞȐȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣ�
țȜȦȝȐĲȦȞ�0(&�� Ǿ ȝȑșȠįȠȢ ȠȡȚĮțȫȞ ıĲȠȚȤİȓȦȞ�%(0� İʌȚȜȪİȚ ĲȘȞ ȠȜȠțȜȘȡȦĲȚțȒ ȝȠȡĳȒ
ĲȦȞ ȝİȡȚțȫȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ȝȩȞȠ ȖȚĮ İʌȚĳĮȞİȚĮțȐ ıĲȠȚȤİȓĮ İȞȫ ȠȚ ȝȑșȠįȠȚ ĲȦȞ
ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�)(0� țĮȚ ʌİʌİȡĮıȝȑȞȦȞ įȚĮĳȠȡȫȞ�)'0� İʌȚȜȪȠȣȞ ĲȚȢ įȚĮĳȠ�
ȡȚțȑȢ țĮȚ ȠȜȠțȜȘȡȦĲȚțȑȢ ȝȠȡĳȑȢ ĲȦȞ ȝİȡȚțȫȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ıİ ȩȜȠ ĲȠ ȤȫȡȠ�

ȂȑșȠįȠȢ

ȂȑșȠįȠȢ Ȇİ�

ʌİȡĮıȝȑȞȦȞ

ȈĲȠȚȤİȓȦȞ

ȂȑșȠįȠȢ Ȇİ�

ʌİȡĮıȝȑȞȦȞ

ǻȚĮĳȠȡȫȞ

ȂȑșȠįȠȢ

ȅȡȚĮțȫȞ

ȈĲȠȚȤİȓȦȞ

ȂȑșȠįȠȢ

ǿıȠįȪȞĮȝȦȞ

ȂĮȖȞȘĲȚțȫȞ

ȀȣțȜȦȝȐĲȦȞ

ȂȑșȠįȠȢ

ǼȚįȫȜȦȞ

ǹȡȤȒ

įȚĮțȡȚĲȠʌȠȓ�

ȘıȘȢ

ȆȡȠıȑȖȖȚıȘ

ȖİȦȝİĲȡȓĮȢ

ǿįȚĮȓĲİȡĮ
İȣȑȜȚțĲȘ

ȂȘ İȣȑȜȚțĲȘ
ǿįȚĮȓĲİȡĮ
İȣȑȜȚțĲȘ

ȈȣȖțİțȡȚȝȑȞİȢ
ȖİȦȝİĲȡȓİȢ

ǹʌȜȑȢ
ȖİȦȝİĲȡȓİȢ

ȂȘ ȖȡĮȝȝȚ�

țȩĲȘĲĮ
ǼĳȚțĲȒ ǼĳȚțĲȒ ǹȞȑĳȚțĲȘ ǼĳȚțĲȒ

ȁȚȖȩĲİȡȠ
İĳȚțĲȒ

ȊʌȠȜȠȖȚıĲȚțȩ

țȩıĲȠȢ
ȊȥȘȜȩ ȊȥȘȜȩ ȊȥȘȜȩ

ǿįȚĮȓĲİȡĮ
ȤĮȝȘȜȩ

ȋĮȝȘȜȩ

ȆȓȞĮțĮȢ ���� ȈȪȖțȡȚıȘ ȝİșȩįȦȞ ȖȚĮ ĲȘȞ ĮȡȚșȝȘĲȚțȒ ĮȞȐȜȣıȘ ĲȦȞ ʌİįȚĮțȫȞ ȝİ�
ȖİșȫȞ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ

Ǿ ȝȑșȠįȠȢ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�)(0� İȓȞĮȚ Ș ʌȚȠ ȖȞȦıĲȒ ȝȑșȠįȠȢ țĮȚ ȤȡȘıȚȝȠ�
ʌȠȚİȓĲĮȚ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ȝİȖȐȜȠȣ İȪȡȠȣȢ ȘȜİțĲȡȠȝĮȖȞȘĲȚțȫȞ ʌȡȠȕȜȘȝȐĲȦȞ� ȅȚ įȣȠ ʌȚȠ
ȖȞȦıĲȑȢ ȝȑșȠįȠȚ Įʌȩ ĲȚȢ ȠʌȠȓİȢ ʌȡȠțȪʌĲȠȣȞ ȠȚ İȟȚıȫıİȚȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ İȓȞĮȚ
Ș YDULDWLRQDO țĮȚ Ș ʌȡȠıȑȖȖȚıȘ *DOHUNLQ� Ș ȠʌȠȓĮ İȓȞĮȚ ȚįȚĮȓĲİȡȘ ʌİȡȓʌĲȦıȘ ĲȘȢ ȝİșȩįȠȣ
ĲȦȞ ȣʌȠȜȠȓʌȦȞ ȝİ ȕȐȡȘ�īȚĮ ȝȚĮ ĮȞȐȜȣıȘ � įȚĮıĲȐıİȦȞ� ĲȠ ȘȜİțĲȡȠȝĮȖȞȘĲȚțȩ ʌȡȩȕȜȘȝĮ
įȚĮțȡȚĲȠʌȠȚİȓĲĮȚ ıİ ȑȞĮ ĮȡȚșȝȩ Įʌȩ ĮʌȜȐ ĲȡȚȖȦȞȚțȐ ıĲȠȚȤİȓĮ� ĲĮ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ ĲĮ
ȠʌȠȓĮ İȝĳĮȞȓȗȠȣȞ ȠȝȠȖİȞİȓȢ ȚįȚȩĲȘĲİȢ� Ǿ ıȣȞȐȡĲȘıȘ įȣȞĮȝȚțȠȪ ıĲĮ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚ�
ȤİȓĮ ʌȡȠıİȖȖȓȗİĲĮȚ Įʌȩ ĮʌȜȑȢ ȖȡĮȝȝȚțȑȢ Ȓ ĲİĲȡĮȖȦȞȚțȑȢ ıȣȞĮȡĲȒıİȚȢ�VKDSHV IXQFWLRQV�
ȠȚ ȠʌȠȓİȢ ȑȤȠȣȞ ȦȢ ĮʌȠĲȑȜİıȝĮ ȑȞĮ ȝİȖȐȜȠ ıȪıĲȘȝĮ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ� ǼʌȓıȘȢ Ƞ
țȠȡİıȝȩȢ ȝʌȠȡİȓ ʌȠȜȪ İȪțȠȜĮ ȞĮ ȜȘĳșİȓ ȣʌȩȥȘ� Ȃİ ĲȘ ȤȡȒıȘ ĲȡȚȖȦȞȚțȫȞ ıĲȠȚȤİȓȦȞ ıĲȘ
įȚıįȚȐıĲĮĲȘ ĮȞȐȜȣıȘ İʌȚĲȣȖȤȐȞİĲĮȚ ȝȚĮ ʌȠȜȪ țĮȜȒ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȠȣ ȘȜİ�
țĲȡȠȝĮȖȞȘĲȚțȠȪ ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ ȖȚ¶ ĮȣĲȩ Ș ȝȑșȠįȠȢ ĮȣĲȒ șİȦȡİȓĲĮȚ Ș ʌȚȠ İȣȑȜȚțĲȘ Įʌȩ
ȩȜİȢ ĲȚȢ ȐȜȜİȢ ȝİșȩįȠȣȢ�
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Ǿ ȝȑșȠįȠȢ ʌİʌİȡĮıȝȑȞȦȞ įȚĮĳȠȡȫȞ�)'0� ȚıĲȠȡȚțȐ İȓȞĮȚ Ș ʌȚȠ ʌĮȜȚȐ țĮȚ įȚĮțȡȚĲȠʌȠȚİȓ ĲȠ
ȤȫȡȠ ıİ ȑȞĮ ʌȜȑȖȝĮ ȝİ įȚĮțȡȚĲȐ ıȘȝİȓĮ� ȅȚ įȚĮĳȠȡȚțȑȢ İȟȚıȫıİȚȢ ĲȠȣ ȘȜİțĲȡȠȝĮȖȞȘĲȚțȠȪ
ʌȡȠȕȜȒȝĮĲȠȢ ĲȠʌȚțȐ ȝİĲĮĲȡȑʌȠȞĲĮȚ ıİ İȟȚıȫıİȚȢ įȚĮĳȠȡȫȞ ȖİȖȠȞȩȢ ĲȠ ȠʌȠȓȠ ȠįȘȖİȓ ıİ
ȑȞĮ ȖȡĮȝȝȚțȩ ıȪıĲȘȝĮ İȟȚıȫıİȦȞ� ȉȠ ʌİįȓȠ ʌȡȠıİȖȖȓȗİĲĮȚ İȪțȠȜĮ Įʌȩ ĲȘ ȜȪıȘ ıĲĮ įȚĮ�
țȡȚĲȐ ıȘȝİȓĮ țĮȚ İʌȚʌȜȑȠȞ Ș ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮ ȝʌȠȡİȓ ȞĮ İȞıȦȝĮĲȦșİȓ ʌȠȜȪ İȪțȠȜĮ�ȆĮȡ¶
ȩȜĮ ĮȣĲȐ Ș įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ȤȫȡȠȣ ȝİ ʌȜȑȖȝĮĲĮ ıİ ȠȡȚıȝȑȞİȢ ʌİȡȚʌĲȫıİȚȢ įİȞ ȝʌȠ�
ȡİȓ ȞĮ ȠįȘȖȒıİȚ ıİ țĮȜȒ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ȖȚ¶ ĮȣĲȩ țĮȚ İȖțĮĲĮȜİȓĳșȘțİ Ș ȤȡȒıȘ
ĲȘȢ ȖȚĮ ʌȡȠȕȜȒȝĮĲĮ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ�
Ǿ ȝȑșȠįȠȢ ĲȦȞ ȠȡȚĮțȫȞ ıĲȠȚȤİȓȦȞ�%(0� ȤȡȘıȚȝȠʌȠȚİȓ ȝȚĮ ıȣȖțİțȡȚȝȑȞȘ ʌȡȠıȑȖȖȚıȘ ıĲĮ
ȩȡȚĮ įȪȠ ʌİȡȚȠȤȫȞ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ Ș ȠʌȠȓĮ ʌİȡȚȜĮȝȕȐȞİȚ ĲȘȞ İʌȓȜȣıȘ ĲȦȞ ıȣȞĮȡ�
ĲȒıİȦȞ *UHHQ ĲȦȞ ȝİȡȚțȫȞ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ�Ȉİ ĮȣĲȒ ȝȑșȠįȠ İĳĮȡȝȩȗİĲĮȚ įȚĮțȡȚ�
ĲȠʌȠȓȘıȘ ȝȩȞȠ ıĲĮ ȩȡȚĮ ĲȘȢ ʌİȡȚȠȤȒȢ İȞįȚĮĳȑȡȠȞĲȠȢ Ș ȠʌȠȓĮ ʌȡȠıİȖȖȓȗİȚ ȝİ ȝİȖȐȜȘ
ĮțȡȓȕİȚĮ ĲȘ ȖİȦȝİĲȡȓĮ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ� ȆĮȡ¶ ȩȜĮ ĮȣĲȐ Ƞ ʌȓȞĮțĮȢ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ
ĲȠ ıȪıĲȘȝĮ İȟȚıȫıİȦȞ ĲȘȢ ȝİșȩįȠȣ ıİ ĮȞĲȓșİıȘ ȝİ ĲȚȢ ȝİșȩįȠȣȢ )(0 țĮȚ )'0 ȑȤİȚ ıȤİ�
įȩȞ ȩȜĮ ĲĮ ıĲȠȚȤİȓĮ ĲȠȣ ȝȘ ȝȘįİȞȚțȐ� İȓȞĮȚ ȝȘ ıȣȝȝİĲȡȚțȩȢ țĮȚ ȝȘ șİĲȚțȐ ȠȡȚıȝȑȞȠȢ�ǹȣĲȒ
Ș įȠȝȒ ĲȠȣ ʌȓȞĮțĮ įȘȝȚȠȣȡȖİȓ ʌȡȠȕȜȒȝĮĲĮ ıĲȘȞ ĮȜȖİȕȡȚțȒ ĲȠȣ İʌȓȜȣıȘ ȚįȚĮȓĲİȡĮ ıĲȚȢ
ʌİȡȚʌĲȫıİȚȢ ĲȘȢ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ ȠȚ ȠʌȠȓİȢ İȓȞĮȚ ʌȠȜȪ įȪıțȠȜȠ ȞĮ ĮȞĲȚȝİĲȦʌȚıĲȠȪȞ țĮȚ
ȖȚ¶ ĮȣĲȩ Ș ıȣȖțİțȡȚȝȑȞȘ ȝȑșȠįȠȢ įİȞ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ İȣȡȑȦȢ�
Ǿ ȝȑșȠįȠȢ ĲȦȞ İȚįȫȜȦȞ�300� ȕĮıȓȗİĲĮȚ ıĲȠȣȢ ĮȞĮȜȣĲȚțȠȪȢ ȣʌȠȜȠȖȚıȝȠȪȢ ĲȦȞ ȘȜİțĲȡȠ�
ȝĮȖȞȘĲȚțȫȞ ʌİįȓȦȞ�ȆĮȡȩĲȚ İȓȞĮȚ ʌȠȜȪ ȖȡȒȖȠȡȘ ʌİȡȚȠȡȓȗİĲĮȚ ıİ ʌȠȜȪ İȚįȚțȑȢ ȖİȦȝİĲȡȓİȢ
țĮȚ Ƞ țȠȡİıȝȩȢ ȝʌȠȡİȓ ȞĮ ĮȞĮʌĮȡĮıĲĮșİȓ ȝȩȞȠ ȝȑıȦ ıĲĮșİȡȫȞ įȚĮʌİȡĮĲȠĲȒĲȦȞ�
ȉȑȜȠȢ Ș ȝȑșȠįȠȢ ĲȦȞ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ�0(&� İȓȞĮȚ ȝȚĮ İȞĮȜȜĮțĲȚțȒ
ȝȑșȠįȠȢ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ıĲȘȞ ȠʌȠȓĮ Ș ȝȘȤĮȞȒ įȚĮțȡȚĲȠʌȠȚİȓ�
ĲĮȚ ıİ ıĲȠȚȤİȓĮ �ʌȘȖȑȢ țĮȚ ĮȖȦȖȚȝȩĲȘĲİȢ� ĲĮ ȠʌȠȓĮ ıȣȞșȑĲȠȣȞ ȑȞĮ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ
�OXPSHG FLUFXLW PRGHO�� ȈĲȘ ȝȑșȠįȠ ĮȣĲȒ ĮʌĮȚĲİȓĲĮȚ Ș ȖȞȫıȘ ĲȘȢ țĮĲİȪșȣȞıȘȢ ĲȠȣ ȝĮȖȞȘ�
ĲȚțȠȪ ʌİįȓȠȣ ȝȑıĮ ıĲȘ ȝȘȤĮȞȒ ıİ ĮȞĲȓșİıȘ ȝİ ĲȘȞ ȝȑșȠįȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�
ǼʌȚʌȜȑȠȞ ĲĮ ıĲȠȚȤİȓĮ ĲȘȢ ȝİșȩįȠȣ ĮȣĲȒȢ ȝʌȠȡȠȪȞ ȞĮ ȝȠȞĲİȜȠʌȠȚȒıȠȣȞ ıȣȖțİțȡȚȝȑȞȘ
įȚİȪșȣȞıȘ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ İȓĲİ ȠȡȚȗȩȞĲȚĮ İȓĲİ țȐșİĲȘ İȓĲİ ıȣȞįȣĮıȝȩ ĲȦȞ � įȚİȣșȪȞıİȦȞ
ĮȣĲȫȞ� ȅ ĮȡȚșȝȩȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ ĮʌĮȚĲİȓĲĮȚ ȖȚĮ ĲȘȞ ʌȡȠıȑȖȖȚıȘ ĲȘȢ ȖİȦȝİĲȡȓĮȢ ĲȘȢ
ȝȘȤĮȞȒȢ İȓȞĮȚ ʌȠȜȪ ȝȚțȡȩĲİȡȠȢ ıȣȖțȡȚĲȚțȐ ȝİ ĲȘȞ ȝȑșȠįȠ ĲȠȣ )(0� ȅ ȝȚțȡȩȢ ȕĮșȝȩȢ
įȚĮțȡȚĲȠʌȠȓȘıȘȢ ȠįȘȖİȓ ıİ ȑȞĮ ĮȡțİĲȐ ȝȚțȡȩ ıȪıĲȘȝĮ İȟȚıȫıİȦȞ ȖȚĮ İʌȓȜȣıȘ ĲȠ ȠʌȠȓȠ
İʌȚĲȣȖȤȐȞİȚ țĮȜȒ ĮțȡȓȕİȚĮ ȝİ İȜȐȤȚıĲȠ ȣʌȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ� ǼʌȓıȘȢ ȠȚ ȝȘ ȖȡĮȝȝȚțȩĲȘĲİȢ
ȝʌȠȡȠȪȞ ʌȠȜȪ İȪțȠȜĮ ȞĮ ĮȞĲȚȝİĲȦʌȚıĲȠȪȞ�
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��� ȆȡȠȧıĲȠȡȓĮ ȚıȠįȪȞĮȝȦȞȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐ�
ĲȦȞ

Ǿ ĮȞȐʌĲȣȟȘ ĲȘȢ ȝİșȩįȠȣ ıȤİįȓĮıȘȢ ĲȦȞ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ ȝȑıȦ ȚıȠįȣȞȐȝȦȞ ȝĮ�
ȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ İȝĳĮȞȓıĲȘțİ ʌİȡȓʌȠȣ ĲȠ ����� ȆĮȡȩȜĮ ĮȣĲȐ� Ș ȝİȖȐȜȘ ĮȞȐʌĲȣȟȘ
ĮȣĲȒȢ ĲȘȢ ıȤİįȓĮıȘȢ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİ ıĲȠ ĲȑȜȠȢ ĲȘȢ įİțĮİĲȓĮȢ ĲȠȣ ����� ǿįȚĮȓĲİȡȘ ıȣȝ�
ȕȠȜȒ ıİ ĮȣĲȒ İȓȤİ Ƞ 2VWRYLF Ƞ ȠʌȠȓȠȢ ĲȠ ���� ıĲȠ ȕȚȕȜȓȠ ĲȠȣ>��@ ȑįȦıİ ȞȑĮ įȚȐıĲĮıȘ
ıĲȘȞ ȝİșȠįȠȜȠȖȓĮ ĮȣĲȒ�ȋȡȘıȚȝȠʌȠȓȘıİ ĲȘȞ ȝĮȖȞȘĲȚțȒ ȡȠȒ ȦȢ ĲȘȞ ȝİĲĮȕȜȘĲȒ ʌȠȣ ȡȑİȚ ıİ
ȑȞĮ ıȣȖțİțȡȚȝȑȞȠ įȓțĲȣȠ ĮȖȦȖȚȝȠĲȒĲȦȞ ıĲȠ ıĲȐĲȘ țĮȚ ȑȞĮ ĮȞĲȓıĲȠȚȤȠ įȓțĲȣȠ ıĲȠȞ įȡȠ�
ȝȑĮ�ǼʌȚʌȜȑȠȞ� ıȣȞȑįİıİ ĮȣĲȐ ĲĮ įȣȠ įȓțĲȣĮ ȝȑıȦ İȞȩȢ ʌȜȑȖȝĮĲȠȢ ȝİĲĮȕȜȘĲȫȞ ĮȖȦȖȚ�
ȝȠĲȒĲȦȞ ıĲȠ ıĲȡȫȝĮ ĲȠȣ įȚĮțȑȞȠȣ� ȁȓȖĮ ȤȡȩȞȚĮ ĮȡȖȩĲİȡĮ� Ƞ 3HUKR>��@ ıĲȘȞ įȚįĮțĲȠȡȚțȒ
ĲȠȣ įȚĮĲȡȚȕȒ ĮȞȑʌĲȣȟİ ȑȞĮ țĮșȠȜȚțȒȢ ȤȡȒıȘȢ įȓțĲȣȠ ĮȖȦȖȚȝȠĲȒĲȦȞ� ǼȚįȚțȩĲİȡĮ� ȑıʌĮıİ
ĲȘȞ ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ ıİ ıĲȡȫȝĮĲĮ ĮȖȦȖȚȝȠĲȒĲȦȞ �ıĲȐĲȘȢ� įȚȐțİȞȠ� įȡȠȝȑĮȢ� ĲĮ ȠʌȠȓĮ
ĮʌȠĲİȜȠȪȞĲĮȚ Įʌȩ ıĲĮȣȡȠȪȢ ȝİ ĲȑııİȡȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ Ƞ țĮșȑȞĮȢ� ȅȚ ıĲĮȣȡȠȓ ĮȣĲȠȓ ĲȠ�
ʌȠșİĲȠȪȞĲĮȚ Ƞ ȑȞĮȢ įȓʌȜĮ ıĲȠȞ ȐȜȜȠ ȩĲĮȞ ȕȡȓıțȠȞĲĮȚ ıĲȠȞ ȓįȚȠ ıĲȡȫȝĮ țĮȚ ıĲȘ ıȣȞȑȤİȚĮ
ĲȠ țȐșİ ıĲȡȫȝĮ ıȣȞįȑİĲĮȚ ıİ ıİȚȡȐ ȝİ ĲȠ Įʌȩ țȐĲȦ ĲȠȣ� ȈȣȖțİțȡȚȝȑȞĮ� ȑįȦıİ ĲȘȞ įȣȞĮ�
ĲȩĲȘĲĮ ıĲȘȞ ȡȠȒ ȞĮ ȡȑİȚ İȓĲİ ʌȡȠȢ ĲȘȞ ĮțĲȚȞȚțȒ İȓĲİ ʌȡȠȢ ĲȘȢ İĳĮʌĲȠȝİȞȚțȒ įȚİȪșȣȞıȘ ıİ
ȑȞĮ ıĲȡȫȝĮ�ȝȠȞĲİȜȠʌȠȚȫȞĲĮȢ ȑĲıȚ ȝİ ȝİȖĮȜȪĲİȡȘ ĮțȡȓȕİȚĮ ĲȚȢ įȚȐĳȠȡİȢ ıțİįȐıİȚȢ ʌȠȣ
ʌȡȠțȪʌĲȠȣȞ� ǼʌȚʌȜȑȠȞ Ƞ 6XGKRII>��@ȝȑıȦ ȝȚĮ ʌĮȡȩȝȠȚĮȢ ȝİșȩįȠȣ ĲȠȣ 2VWRYLF İȟȑĲĮıİ
ĲȘȞ ȪʌĮȡȟȘ ıĳĮȜȝȐĲȦȞ ıİ ȝȚĮ ĮıȪȖȡȠȞȘ ȝȘȤĮȞȒ� ȅ $PUKHLQ>�@ ȝİ ĲȘȞ ıİȚȡȐ ĲȠȣ țĮ�
ĲĮıțİȪĮıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ țȪțȜȦȝĮ ĲȡȚȫȞ įȚĮıĲȐıİȦȞ ȖȚĮ ĲȘȞ ıȤİįȓĮıȘ ȝȚĮȢ
ĮıȪȖȤȡȠȞȘȢ ȝȘȤĮȞȒȢ ȝȑıȦ ĲȘȢ ȝİșȩįȠȣ ĲȠȣ 3HUKR� ȅȚ /DZ țĮȚ /LSR >�� ��@ ʌȡȩĲİȚȞĮȞ
ȑȞĮ ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ țȪțȜȦȝĮ ȖȚĮ ĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȦȞ ȝİĲĮȕĮĲȚțȫȞ ĳĮȚȞȠȝȑȞȦȞ
ıİ ȝȚĮ ȝȘȤĮȞȒ ȝİĲĮȕȜȘĲȒȢ ȝĮȖȞȘĲȚțȒȢ ĮȞĲȓıĲĮıȘȢ�UHOXFWDQFH PDFKLQH�� ȉȠ ȝȠȞĲȑȜȠ ȕĮ�
ıȓıĲȘțİ ıĲȘȞ ȝȑșȠįȠ ĲȦȞ ȕȡȩȤȦȞ ĮȞĲȓ ȖȚĮ ĲȘȞ ȝȑșȠįȠ ĲȦȞ țȩȝȕȦȞ țĮȚ ĮȣĲȩ ȑįȦıİ ĲȘ
įȣȞĮĲȩĲȘĲĮ ȖȚĮ ĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ ĲȘȢ ȝȘȤĮȞȒȢ ȝȑıȦ İȞȩȢ ȚıȠįȪȞĮȝȠȣ ȗİȪȖȠȣȢ ʌȩȜȦȞ�
ȉȑȜȠȢ ȠȚ =KX HW DO >��@ ʌȡȩĲİȚȞĮȞ ȑȞĮ įȚıįȚȐıĲĮĲȠ ĮȞĮȜȣĲȚțȩ ȝȠȞĲȑȜȠ ȖȚĮ ʌȡȩȕȜİȥȘ ĲȘȢ
țĮĲĮȞȠȝȒȢ ʌİįȓȠȣ ıĲȠ įȚȐțİȞȠ ȖȚĮ įȠțȚȝȒ ĮȞȠȚȤĲȠțȪțȜȦıȘȢ ıİ ȝȘȤĮȞȑȢ ĮțĲȚȞȚțȠȪ ʌİįȓȠȣ
ȝİ İıȦĲİȡȚțȠȪȢ ȝȩȞȚȝȠȣȢ ȝĮȖȞȒĲİȢ� ȊʌȐȡȤȠȣȞ ĳȣıȚțȐ țĮȚ ȐȜȜȠȚ İȡİȣȞȘĲȑȢ ȠȚ ȠʌȠȓȠȚ Įʌȩ
ĲȘȞ ʌȜİȣȡȐ ĲȠȣȢ ıȣȞȑȕĮȜĮȞ ıĲȘȞ ĮȞȐʌĲȣȟȘ ĮȣĲȒȢ ĲȘȢ ȝİșȩįȠȣ�

��� ȈțȠʌȩȢ

Ǿ ȝȠȞĲİȜȠʌȠȓȘıȘ țĮȚ Ș ıȤİįȓĮıȘ ȝȚĮȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȩʌȦȢ ĮȞĮĳȑȡșȘțİ İȓȞĮȚ ȝȚĮ
ʌȠȜȪʌȜȠțȘ įȚĮįȚțĮıȓĮ Ș ȠʌȠȓĮ ıȤİĲȓȗİĲĮȚ ȝİ ĲȘȞ İțȐıĲȠĲİ İĳĮȡȝȠȖȒ� Ǿ țȣȡȓĮȡȤȘ ȝȑșȠ�
įȠȢ ıȤİįȚĮıȝȠȪ ĲȠȣȢ İȓȞĮȚ ĮȣĲȒ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�)LQLWH (OHPHQW 0HWKRG
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�)(0�� Ș ȠʌȠȓĮ ȑȤİȚ ĮʌȠįİȚȤĲİȓ ȩĲȚ İʌȚĲȣȖȤȐȞİȚ ȝİȖȐȜȘ ĮțȡȓȕİȚĮ ıĲĮ ȗȘĲȠȪȝİȞĮ ȝİȖȑșȘ
ȩĲĮȞ ıȣȞȠįİȪİĲĮȚ Įʌȩ ȝȚĮ ĮțȡȚȕȒ įȚĮțȡȚĲȠʌȠȓȘıȘ ĮȜȜȐ ȖȚĮ ĲȘȞ İʌȓĲİȣȟȘ ĮȣĲȒȢ ĮʌĮȚĲİȓĲĮȚ
ȝİȖȐȜȠ ȣʌȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ� ȆĮȡȩȜĮ ĮȣĲȐ� ĲĮ ĲİȜİȣĲĮȓĮ ȤȡȩȞȚĮ ĮȡȤȓȗİȚ țĮȚ ȤȡȘıȚȝȠʌȠȚİȓ�
ĲĮȚ ʌĮȡȐȜȜȘȜĮ ȝİ ĲȘ ȝȑșȠįȠ ĮȣĲȒ Ș ȝȑșȠįȠȢ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ȚıȠįȪȞĮȝȦȞ țȣțȜȦȝȐĲȦȞ
ıĮȞ ʌȡȠțĮĲĮȡțĲȚțȩ ȕȒȝĮ ȖȚĮ ĲȘ ıȤİįȓĮıȘ ĲȦȞ ȝȘȤĮȞȫȞ ʌȠȣ șĮ įȫıİȚ ȖȡȒȖȠȡĮ ĮʌȠĲİ�
ȜȑıȝĮĲĮ ʌȡȚȞ ĲȠȞ ĲİȜȚțȩ ıȤİįȚĮıȝȩ țĮȚ ĲȘȞ țĮĲĮıțİȣȒ ĲȠȣȢ�
ȈțȠʌȩȢ ĲȘȢ ʌĮȡȠȪıĮȢ įȚʌȜȦȝĮĲȚțȒȢ İȓȞĮȚ Ș ĮȞȐįİȚȟȘ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ ȚıȠįȣȞȐȝȦȞ ȝĮ�
ȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ ȦȢ ȑȞĮ ĮʌȠįȠĲȚțȩ� ĮȟȚȩʌȚıĲȠ țĮȚ ȖȡȒȖȠȡȠ ȝȑıȠ ȖȚĮ ĲȘȞ ʌȡȠțĮĲĮȡ�
țĲȚțȒ ıȤİįȓĮıȘ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ� Ǿ ʌȡȠȘȖȠȪȝİȞȘ İȡȖĮıȓĮ ʌȠȣ ȑȖȚȞİ ıĲȘ ıȤİįȓĮıȘ
ĲȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ ĮȞȑįİȚȟİ ĲȚȢ įȣȞĮĲȩĲȘĲİȢ ĲȠȣ ȝȠȞĲȑȜȠȣ țȣȡȓȦȢ ȖȚĮ ȝȘȤĮ�
ȞȑȢ İʌĮȖȦȖȒȢ ȝİ ȜȚȖȩĲİȡİȢ ʌȡȠıʌȐșİȚİȢ ȞĮ ȑȤȠȣȞ ȖȓȞİȚ ȖȚĮ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ�
īȚĮ ĲȠ ıțȠʌȩ ĮȣĲȩ ȤȡȘıȚȝȠʌȠȚȒșȘțİ Ș ĲȠʌȠȜȠȖȓĮ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ İʌȚĳĮȞİȚĮțȫȞ ȝȠ�
ȞȓȝȦȞ ȝĮȖȞȘĲȫȞ İıȦĲİȡȚțȠȪ įȡȠȝȑĮ țȜĮıȝĮĲȚțȠȪ ȕȒȝĮĲȠȢ�6XUIDFH 3HUPDQHQW 0DJQHW
0DFKLQH ZLWK )UDFWLRQDO 6ORW &RQFHQWUDWHG:LQGLQJV�6300ZLWK )6&:� Ș ȠʌȠȓĮ įİȞ ȑȤİȚ
ĮȞĮȜȣșİȓ ıİ ȕȐșȠȢ ȝİ ĲȘ ȤȡȒıȘ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ ȚıȠįȣȞȐȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ�
Ǿ İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ ȕĮıȓıĲȘțİ ıİ ʌĮȡĮȝİĲȡȚțȑȢ ĮȖȦȖȚȝȩĲȘĲİȢ ʌȠȣ ȝʌȠȡȠȪȞ ȞĮ
ȝȠȞĲİȜȠʌȠȚȒıȠȣȞ ĲĮ ĳĮȚȞȩȝİȞĮ țȠȡİıȝȠȪ İȞȫ ȖȚĮ ĲȠ įȚȐțİȞȠ İĳĮȡȝȩıĲȘțİ Ș ȝİșȠįȠȜȠ�
ȖȓĮ ĲȠȣ ȝİĲĮȕȜȘĲȠȪ ʌȜȑȖȝĮĲȠȢ ĮȖȦȖȚȝȠĲȒĲȦȞ ĲȠȣ 2VWRYLF Ș ȠʌȠȓĮ ȩȝȦȢ ĲȡȠʌȠʌȠȚȒșȘțİ
țĮĲȐȜȜȘȜĮ ȫıĲİ ȞĮ įȠȣȜİȪİȚ ȖȚĮ ĲȘȞ ıȣȖțİțȡȚȝȑȞȘ ĲȠʌȠȜȠȖȓĮ ȝȘȤĮȞȒȢ� Ǿ ĲİȜȚțȒ İʌȚȕİ�
ȕĮȓȦıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ʌȠȣ ĮȞĮʌĲȪȤșȘțİ ȑȖȚȞİ ȝİ ĲȘ ıȪȖțȡȚıȘ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ʌȠȣ
ʌȡȠȑțȣȥĮȞ Įʌȩ ĲȘȞ ʌȡȠıȠȝȠȓȦıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȝİ ȑȞĮ ĮȞĲȓıĲȠȚȤȠ ʌȠȣ țĮĲĮıțİȣȐıĲȘțİ
ıİ ȑȞĮ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�

��� ǻȚȐȡșȡȦıȘ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ

ȈĲȠ ȀİĳȐȜĮȚȠ � ȑȖȚȞİ İȚıĮȖȦȖȒ ıĲȚȢ ȝİșȩįȠȣȢ ıȤİįȚĮıȝȠȪ ĲȦȞ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ
țĮȚ ĲȦȞ įȚȐĳȠȡȦȞ ȤĮȡĮțĲȘȡȚıĲȚțȫȞ ĲȠȣȢ ȝİ ȚįȚĮȓĲİȡȘ ĮȞĮĳȠȡȐ ıĲȘȞ ȝȑșȠįȠ ȚıȠįȣȞȐȝȦȞ
ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ țĮȚ ĲȘȞ ʌȡȠȧıĲȠȡȓĮ ĲȘȢ� ǼʌȓıȘȢ ʌĮȡȠȣıȚȐıĲȘțİ Ƞ ıțȠʌȩȢ ĲȘȢ
ʌĮȡȠȪıĮȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ�

ȈĲȠ ȀİĳȐȜĮȚȠ � ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ țĮȚ țĮĲȘȖȠȡȚȠʌȠȚȠȪȞĲĮȚ
ȝİ țȡȚĲȒȡȚĮ ĲȘȞ șȑıȘ ĲȠȣ ȝĮȖȞȒĲȘ� ĲȘȞ įȚİȪșȣȞıȘ ĲȘȢ ȡȠȒȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ țĮȚ
ĲȠ ĲȪȜȚȖȝĮ ĲȠȣ ıĲȐĲȘ� ǼʌȓıȘȢ ĮȞĮĳȑȡȠȞĲĮȚ ĲĮ țȣȡȚȩĲİȡĮ ȝĮȖȞȘĲȚțȐ ȣȜȚțȐ țĮȚ ĲĮ ȤĮȡĮ�
țĲȘȡȚıĲȚțȐ ĲȠȣȢ İȞȫ ȚįȚĮȓĲİȡȘ ĮȞȐȜȣıȘ ȖȓȞİĲĮȚ ȖȚĮ ĲȠȣȢ ȝȩȞȚȝȠȣȢ ȝĮȖȞȒĲİȢ� ȈĲȠ ĲȑȜȠȢ
ĮȞĮĳȑȡȠȞĲĮȚ ȠȚ țȣȡȚȩĲİȡİȢ İĳĮȡȝȠȖȑȢ ĲȠȣ ĲȪʌȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ıĲȘȞ
įȚʌȜȦȝĮĲȚțȒ�



ȀİĳȐȜĮȚȠ ��ǼȚıĮȖȦȖȒ �

ȈĲȠ ȀİĳȐȜĮȚȠ � ĮȞĮȜȪȠȞĲĮȚ ĲĮ ȚıȠįȪȞĮȝĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ� īȓȞİĲĮȚ ĮȡȤȚțȐ ȝȚĮ İȚ�
ıĮȖȦȖȒ ĲȦȞ ıȤȑıİȦȞ ȝİĲĮȟȪ ȘȜİțĲȡȚțȫȞ țĮȚ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ țĮȚ ıĲȘ ıȣȞȑȤİȚĮ
țĮĲĮıțİȣȐȗİĲĮȚ ĲȠ ȚıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȖȚĮ țȐșİ ȝȑȡȠȢ ȟİȤȦȡȚıĲȐ ĲȘȢ ȝȘȤĮ�
ȞȒȢ� ȉȑȜȠȢ ȠȡȓȗȠȞĲĮȚ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ȡȠʌȒȢ�Ƞ ĲȡȩʌȠȢ ȣʌȠȜȠȖȚıȝȠȪ ĲȘȢ țĮȚ ȠȚ įȚȐĳȠȡİȢ
ıȣȞȚıĲȫıİȢ ĲȘȢ�

ȈĲȠ ȀİĳȐȜĮȚȠ � ĮȞĮȜȪİĲĮȚ Ș įȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ĲȠȣ ȝȘ ȖȡĮȝȝȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫ�
ȝĮĲȠȢ� ǹȡȤȚțȐ țĮĲĮıțİȣȐȗȠȞĲĮȚ ȠȚ ʌȓȞĮțİȢ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȠȣ ĲȣȜȓȖȝĮĲȠȢ ĲȘȢ ȝȘȤĮȞȒȢ�
ǹțȠȜȠȣșİȓ Ș İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ țȩȝȕȦȞ ıĲȠȞ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ʌȠȣ ĮȞĮʌĲȪȤșȘțİ
țĮȚ ĮȞĮȜȪȠȞĲĮȚ ȠȚ ĲȡȩʌȠȚ İʌȓȜȣıȘȢ ĲȦȞ ȖȡĮȝȝȚțȫȞ țĮȚ ȝȘ ȖȡĮȝȝȚțȫȞ ĮȜȖİȕȡȚțȫȞ ıȣıĲȘ�
ȝȐĲȦȞ� ȉȑȜȠȢ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ įȪȠ įȚĮįȚțĮıȓİȢ İʌȓȜȣıȘȢ ĲȠȣ ȝȘ ȖȡĮȝȝȚțȠȪ ȚıȠįȣȞȐȝȠȣ
țȣțȜȫȝĮĲȠȢ ȩʌȠȣ Ș ʌȡȫĲȘ ĮĳȠȡȐ ĲȘ ıĲĮĲȚțȒ İʌȓȜȣıȘ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȖȚĮ țȐșİ
ȖȦȞȓĮ ȝİ ıĲĮșİȡȩ ȡİȪȝĮ İȞȫ Ș įİȪĲİȡȘ ĲȘ įȣȞĮȝȚțȒ İʌȓȜȣıȘ ĲȘȢ ıĲȡİĳȩȝİȞȘȢ ȝȘȤĮȞȒȢ
ȝİ įȚȑȖİȡıȘ Įʌȩ ȘȝȚĲȠȞȠİȚįȫȢ ȝİĲĮȕĮȜȜȩȝİȞĮ ȘȜİțĲȡȚțȐ ȡİȪȝĮĲĮ�

ȈĲȠ ȀİĳȐȜĮȚȠ � ȖȓȞİĲĮȚ ıȪȖțȡȚıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȝĮȖȞȘĲȚțȫȞ ȚıȠįȣȞȐȝȦȞ țȣțȜȦȝȐĲȦȞ
ʌȠȣ țĮĲĮıțİȣȐıĲȘțİ ıĲȠ țİĳȐȜĮȚȠ � ȝİ ĮȣĲȩ ĲȠȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ıĲĮ ȝİȖȑșȘ
ĲȘȢ İʌȓįȠıȘȢ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ� Ǿ ıȪȖțȡȚıȘ ĮȣĲȒ ĮĳȠȡȐ � įȚĮĳȠȡİĲȚțȐ ȣȜȚțȐ ȝȠ�
ȞȓȝȦȞ ȝĮȖȞȘĲȫȞ �ĳİȡȡȓĲȘȢ�6P&R�1G)H%� ĲĮ ȠʌȠȓĮ İȝĳĮȞȓȗȠȣȞ įȚĮĳȠȡİĲȚțȒ ȝĮȖȞȒĲȚıȘ�
ǼʌȓıȘȢ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ ȤȡȩȞȠȚ ʌȡȠıȠȝȠȓȦıȘȢ ĲȦȞ įȪȠ įȚĮĳȠȡİĲȚțȫȞ ȝİșȩįȦȞ�

ȈĲȠ ȀİĳȐȜĮȚȠ � țĮĲĮıțİȣȐȗİĲĮȚ ȑȞĮ ȞȑȠ ȝȠȞĲȑȜȠ ȝİ ȝİȖĮȜȪĲİȡȘ įȚĮțȡȚĲȠʌȠȓȘıȘ țĮȚ Ȗȓ�
ȞİĲĮȚ İț ȞȑȠȣ țĮĲȐıĲȡȦıȘ İȟȚıȫıİȦȞ ȝİ ȕȐıȘ ĲȘ ȝȑșȠįȠ ĲȦȞ țȩȝȕȦȞ� ǹȞĲȓıĲȠȚȤĮ ȝİ
ĲȠ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ ĲȠ ȞȑȠ ȝȠȞĲȑȜȠ ıȣȖțȡȓȞİĲĮȚ ıĲĮ ȝİȖȑșȘ ĲȘȢ İʌȓįȠıȘȢ ȖȚĮ ĲĮ
� ȣȜȚțȐ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȝİ ĲȠ ȝȠȞĲȑȜȠ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ� ȈĲȠ țİĳȐȜĮȚȠ
ĮȣĲȩ İʌȓıȘȢ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ țĮȚ ȠȚ ȡȠʌȑȢ İȣșȣȖȡȐȝȝȚıȘȢ ĲȠȣ ȝȠȞĲȑȜȠȣ 0(&�

ȈĲȠ ȀİĳȐȜĮȚȠ � ĮȡȤȚțȐ ȖȓȞİĲĮȚ ȣʌȠȜȠȖȚıȝȩȢ țĮȚ ıȪȖțȡȚıȘ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ
ĲȦȞ ȝİȡȫȞ ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ȝİĲĮȟȪ ĲȠȣ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ĲȠȣ țİĳĮȜĮȓȠȣ � țĮȚ ĲȠȣ
ȝȠȞĲȑȜȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ� ȈĲȘ ıȣȞȑȤİȚĮ ĮȞĮȜȪİĲĮȚ ĲȠ ĳĮȚȞȩȝİȞȠ ĲȘȢ ıțȑ�
įĮıȘȢ ]LJ�]DJ țĮȚ Ș İʌȓįȡĮıȘ ĮȣĲȠȪ ıĲȘ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ĲȠȣ ʌȑȜȝĮĲȠȢ ĲȠȣ įȠȞĲȚȠȪ�
ȉȑȜȠȢ ȖȓȞİĲĮȚ ĮȞȐȜȣıȘ țĮȚ ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ĮʌȦȜİȚȫȞ ıȚįȒȡȠȣ țĮȚ ȤĮȜțȠȪ ĲȘȢ ȝȘȤĮȞȒȢ�
ȈȪȖțȡȚıȘ ȝİ ĲȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ ȝȩȞȠ ıĲȚȢ Įʌȫ�
ȜİȚİȢ ıȚįȒȡȠȣ�

ȈĲȠ ȀİĳȐȜĮȚȠ � ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ĲĮ ıȣȝʌİȡȐıȝĮĲĮ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ� Ș ıȣȝ�
ȕȠȜȒ ĮȣĲȒȢ ıĲȘȞ İʌȚıĲȘȝȠȞȚțȒ țȠȚȞȩĲȘĲĮ țĮșȫȢ İʌȓıȘȢ țĮȚ ȠȚ ȝİȜȜȠȞĲȚțȑȢ İȞȑȡȖİȚİȢ ʌȠȣ
ȝʌȠȡȠȪȞ ȞĮ ʌȡĮȖȝĮĲȠʌȠȚȘșȠȪȞ ȖȚĮ ĲȘȞ İȟȑȜȚȟȘ ĮȣĲȒȢ�



ȀİĳȐȜĮȚȠ �

ȈȊīȋȇȅȃǼȈ ȂǾȋǹȃǼȈ ȂȅȃǿȂȍȃ
ȂǹīȃǾȉȍȃ

��� īİȞȚțȐ

ȁȩȖȦ ĲȘȢ ıȣȞİȤȠȪȢ ĮȪȟȘıȘȢ ĲȘȢ ȤȡȒıȘȢ ĲȦȞ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ ıĲȘ ıȘȝİȡȚȞȒ İʌȠȤȒ�
ĮȞĮȗȘĲȠȪȞĲĮȚ ȘȜİțĲȡȚțȑȢ ıȣıțİȣȑȢ ȠȚ ȠʌȠȓİȢ ʌĮȡȠȣıȚȐȗȠȣȞ ȩıȠ ĲȠ įȣȞĮĲȩȞ ȜȚȖȩĲİȡİȢ
ĮʌȫȜİȚİȢ� ȅȚ ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ȖȚĮ ĲȠȞ ȜȩȖȠ ĮȣĲȩ ȖȓȞȠȞĲĮȚ ȩȜȠ țĮȚ ʌȚȠ įȘȝȠĳȚȜİȓȢ țĮ�
șȫȢ ıĲȘȞ įȚȐĲĮȟȘ ĲȠȣȢ įİȞ ȑȤȠȣȞ ĲȪȜȚȖȝĮ įȡȠȝȑĮ ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ȑȤȠȣȞ ȝİȚȦȝȑȞİȢ
ĮʌȫȜİȚİȢ ȤĮȜțȠȪ țĮȚ ıȣȞİʌȫȢ ȝİȖĮȜȪĲİȡȘ ĮʌȩįȠıȘ� ǼȚįȚțȩĲİȡĮ ĲĮ ĲİȜİȣĲĮȓĮ ȤȡȩȞȚĮ ȝİ
ĲȘȞ ȤȡȒıȘ ȝĮȖȞȘĲȫȞ ȣȥȘȜȒȢ ʌȣțȞȩĲȘĲĮȢ ȚıȤȪȠȢ ȠȚ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȑȤȠȣȞ
ĲȘ įȣȞĮĲȩĲȘĲĮ İȝĳȐȞȚıȘȢ ȝİȖȐȜȘȢ ȡȠʌȒȢ țĮȚ ȣȥȘȜȒȢ ʌȣțȞȩĲȘĲĮȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ıĲȠ
įȚȐțİȞȠ� ǼʌȚʌȡȩıșİĲĮ ȖȚĮ İĳĮȡȝȠȖȑȢ ȤĮȝȘȜȫȞ ıĲȡȠĳȫȞ ȝȚțȡȩĲİȡİȢ ĲȦȞ ��� ĲȠ ȜİʌĲȩ� ȠȚ
ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ĮĳĮȚȡȠȪȞ ĲȘȞ ĮȞȐȖțȘ ȪʌĮȡȟȘȢ țȚȕȦĲȓȠȣ ĲĮȤȣĲȒĲȦȞ ıİ ĮȞĲȓșİıȘ ȝİ ĲȚȢ
țȜĮıȚțȑȢ ĮıȪȖȤȡȠȞİȢ ȝȘȤĮȞȑȢ ıĲȚȢ ȠʌȠȓİȢ İʌȚȕȐȜȜİĲĮȚ Ș ȤȡȒıȘ țȚȕȦĲȓȠȣ ȖȚĮ ĲȘȞ İʌȓĲİȣȟȘ
ĮȣȟȘȝȑȞȘȢ ĮʌȩįȠıȘȢ țĮȚ ʌȚȠ ȠȝĮȜȒȢ ȡȠʌȒȢ� Ȃİ ĮȣĲȩ ĲȠȞ ĲȡȩʌȠ ȝİȚȫȞİĲĮȚ ĲȠ țȩıĲȠȢ� Įȣ�
ȟȐȞİĲĮȚ Ș ĮʌȩįȠıȘ țĮȚ ȕİȜĲȚȫȞİĲĮȚ Ș ıȣȞĲȒȡȘıȘ ĲȘȢ ȝȘȤĮȞȒȢ�
ȈĲȠ ıȣȖțİțȡȚȝȑȞȠ țİĳȐȜĮȚȠ ȖȓȞİĲĮȚ ȝȚĮ țĮĲȘȖȠȡȚȠʌȠȓȘıȘ ĲȦȞ ıȪȖȤȡȠȞȦȞ ȘȜİțĲȡȚțȫȞ ȝȘ�
ȤĮȞȫȞ ȝİ ȝȩȞȚȝȠȣȢ ȝĮȖȞȒĲİȢ� ȈȣȖțİțȡȚȝȑȞĮ� țĮĲȘȖȠȡȚȠʌȠȚȠȪȞĲĮȚ ȝİ țȡȚĲȒȡȚĮ ĲȘȞ șȑıȘ ĲȠȣ
ȝĮȖȞȒĲȘ� ĲȘȞ įȚİȪșȣȞıȘ ĲȘȢ ȡȠȒȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ țĮȚ ĲȠ ĲȪȜȚȖȝĮ ĲȠȣ ıĲȐĲȘ ʌȠȣ
ʌİȡȚȑȤȠȣȞ� ȈĲȘ ıȣȞȑȤİȚĮ� ĮȞĮĳȑȡȠȞĲĮȚ ĲĮ ʌȚȠ ıȣȞȘșȚıȝȑȞĮ ȝĮȖȞȘĲȚțȐ ȣȜȚțȐ ʌȠȣ ȤȡȘıȚ�
ȝȠʌȠȚȠȪȞĲĮȚ ȦȢ ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ıĲȚȢ ȝȘȤĮȞȑȢ ĮȣĲȑȢ� ĲĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȠȣȢ țĮȚ ĲĮ ʌȜİ�
ȠȞİțĲȒȝĮĲĮ ĲȠȣȢ� ǹȞĮȜȪİĲĮȚ İʌȓıȘȢ Ș țĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ ĲȦȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ

�
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Ș ȠʌȠȓĮ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȖȚĮ ĲȘȞ ʌİȡȚȖȡĮĳȒ ĲȘȢ ȜİȚĲȠȣȡȖȓĮȢ İȞȩȢ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ� ȉȑ�
ȜȠȢ ĮȞĮĳȑȡȠȞĲĮȚ ȠȚ İĳĮȡȝȠȖȑȢ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ șĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ ıĲȘȞ ıȣȖțİțȡȚȝȑȞȘ
įȚʌȜȦȝĮĲȚțȒ Ș ıȤİįȓĮıȘ ĲȘȢ ȠʌȠȓĮȢ ȖȓȞİĲĮȚ ȝİ ȕȐıȘ ĲĮ ȚıȠįȪȞĮȝĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ�

��� ȉȠʌȠȜȠȖȓĮ ȝȘȤĮȞȒȢ

����� ǻȚĮȝȩȡĳȦıȘȝİ ȕȐıȘ ĲȘ įȚİȪșȣȞıȘ ĲȘȢ ȡȠȒȢ ĲȠȣʌİįȓȠȣ

ȅȚ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȝʌȠȡȠȪȞ ȞĮ țĮĲȘȖȠȡȚȠʌȠȚȘșȠȪȞ ȝİ ȕȐıȘ ĲȘ įȚİȪșȣȞıȘ
ĲȘȢ ȡȠȒȢ ʌİįȓȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ıİ ȝȘȤĮȞȑȢ ĮțĲȚȞȚțȒȢ ȡȠȒȢ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ�UDGLDO�IOX[ 30
PDFKLQHV� ıİ ȝȘȤĮȞȑȢ ĮȟȠȞȚțȒȢ ȡȠȒȢ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ�D[LDO�IOX[ 30 PDFKLQHV� țĮȚ ıİ
ȝȘȤĮȞȑȢ İȖțȐȡıȚĮȢ ȡȠȒȢ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ�WUDQVYHUVH�IOX[ 30 PDFKLQHV�
ȅȚ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ĮțĲȚȞȚțȒȢ ȡȠȒȢ İȓȞĮȚ ȠȚ ʌȚȠ ıȣȤȞȐ İȝĳĮȞȚȗȩȝİȞİȢ ȝȘȤĮȞȑȢ
țĮȚ ȑȤȠȣȞ İȣȡİȓĮ ȤȡȒıȘ ıİ İĳĮȡȝȠȖȑȢ ȝİ ȐȝİıȘ ȠįȒȖȘıȘ�ȤȦȡȓȢ țȚȕȫĲȚȠ ĲĮȤȣĲȒĲȦȞ�� Ǿ
ȡȠȒ ĲȠȣ ʌİįȓȠȣ įȚĮĲȡȑȤİȚ ĲȘ ȝȘȤĮȞȒ ĮțĲȚȞȚțȐ İȞȫ ĲȠ ȡİȪȝĮ ȑȤİȚ ĮȟȠȞȚțȒ įȚİȪșȣȞıȘ� ȅȚ ȝȘ�
ȤĮȞȑȢ ĮȣĲȑȢ İȓȞĮȚ ȠȚ ʌȚȠ İȪțȠȜİȢ țĮȚ ʌȚȠ ĳĲȘȞȑȢ ıĲȘȞ țĮĲĮıțİȣȒ ĲȠȣȢ țĮșȫȢ Ƞ ıĲȐĲȘȢ ĲȠȣȢ
İȓȞĮȚ ʌĮȡȩȝȠȚĮ įȚĮȝȠȡĳȦȝȑȞȠȢ ȝİ ĮȣĲȩȞ ĲȘȢ ĮıȪȖȤȡȠȞȘȢ ȝȘȤĮȞȒȢ� ȆĮȡȩȜĮ ĮȣĲȐ� İȓȞĮȚ
ĮȡțİĲȐ ȝİȖĮȜȪĲİȡİȢ ıİ ȩȖțȠ țĮȚ ȕȐȡȠȢ ıİ ıȤȑıȘ ȝİ ĲȚȢ ȝȘȤĮȞȑȢ ĮȟȠȞȚțȒȢ ȡȠȒȢ ʌİįȓȠȣ�
ȅȚ ĲİȜİȣĲĮȓİȢ ȑȤȠȣȞ ĮȟȠȞȚțȒ ȡȠȒ ʌİįȓȠȣ țĮȚ ȡİȪȝĮĲĮ ʌȠȣ ȡȑȠȣȞ ıĲȘȞ ĮțĲȚȞȚțȒ įȚİȪșȣȞıȘ�
ǼȝĳĮȞȓȗȠȣȞ ȣȥȘȜȩĲİȡȘ ʌȣțȞȩĲȘĲĮ ȚıȤȪȠȢ țĮȚ ȝİȖĮȜȪĲİȡȘ įȣȞĮĲȩĲȘĲĮ İʌȚĲȐȤȣȞıȘȢ ıȣ�
ȖțȡȚĲȚțȐ ȝİ ĲȚȢ ĮțĲȚȞȚțȑȢ� ȉȑȜȠȢ ȠȚ ȝȘȤĮȞȑȢ İȖțȐȡıȚĮȢ ȡȠȒȢ ȑȤȠȣȞ ȝȩȞȚȝȠȣȢ ȝĮȖȞȒĲİȢ ıĲȠ
įȡȠȝȑĮ� ʌȡȠıĮȞĮĲȠȜȚıȝȑȞȠȣȢ ȝȐȜȚıĲĮ țĮĲȐ ĲȑĲȠȚȠ ĲȡȩʌȠ ȫıĲİ Ș ȝĮȖȞȘĲȚțȒ ȡȠȒ ȞĮ ȡȑİȚ
ȝȑıĮ ıĲȠ įȚȐțİȞȠ ıİ įȚİȪșȣȞıȘ İȞ ȝȑȡİȚ țĮĲȐ ĲȘȞ ĮȟȠȞȚțȒ įȚİȪșȣȞıȘ țĮȚ țȣȡȓȦȢ țȐșİĲȘ�
�İȖțȐȡıȚĮ ʌȡȠȢ ĲȠȞ ȐȟȠȞĮ ĲȘȢ ȝȘȤĮȞȒȢ� ǹȣĲȑȢ ȠȚ ȝȘȤĮȞȑȢ ȑȤȠȣȞ ʌȐȞĲĮ ĲȠȞ ȓįȚȠ ĮȡȚșȝȩ
ĲȣȜȚȖȝȐĲȦȞ ȝİ ĲȠȞ ĮȡȚșȝȩ ĳȐıİȦȞ Ƞ ȠʌȠȓȠȢ İȓȞĮȚ ĮȞİȟȐȡĲȘĲȠȢ ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ ʌȩȜȦȞ�
ȆĮȡȩȜĮ ĮȣĲȐ� İȞȫ ȝʌȠȡȠȪȞ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ıȣȞȒșȦȢ ıİ İĳĮȡȝȠȖȑȢ ȤĮȝȘȜȫȞ ıĲȡȠ�
ĳȫȞ ȐȝİıȘȢ ȠįȒȖȘıȘȢ İȟĮȚĲȓĮȢ ĲȠȣ ȝȚțȡȠȪ ʌȠȜȚțȠȪ ȕȒȝĮĲȠȢ ĲȠȣȢ įİȞ ʌĮȡĮĲȘȡȠȪȞĲĮȚ
ıȣȤȞȐ� ȆĮȡĮțȐĲȦ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ ĲȡİȚȢ ĮȣĲȑȢ įȚĮȝȠȡĳȫıİȚȢ ȝȘȤĮȞȫȞ ȝȠȞȓȝȦȞ ȝĮ�
ȖȞȘĲȫȞ������
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�Į� �ȕ�

�Ȗ�

ȈȤȒȝĮ ���� ȂȘȤĮȞȑȢ �Į�ĮțĲȚȞȚțȒȢ ȡȠȒȢ țĮȚ �ȕ� ĮȟȠȞȚțȒȢ ȡȠȒȢ �Ȗ� İȖțȐȡıȚĮȢ ȡȠȒȢ

����� ǻȚĮȝȩȡĳȦıȘ ȝİ ȕȐıȘ ĲȘ șȑıȘ ĲȠȣ ȝĮȖȞȒĲȘ

ȅȚ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȝİ ȕȐıȘ ĲȘ șȑıȘ ĲȠȣ ȝĮȖȞȒĲȘ ȤȦȡȓȗȠȞĲĮȚ ıİ�

� ȂȘȤĮȞȑȢ İʌȚĳĮȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ İıȦĲİȡȚțȠȪ įȡȠȝȑĮ �,QQHU 5RWRU 6XUIDFH
30 0DFKLQHV�

� ȂȘȤĮȞȑȢ İʌȚĳĮȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ İȟȦĲİȡȚțȠȪ įȡȠȝȑĮ � 2XWHU 5RWRU 6XUIDFH
30 0DFKLQHV�

� ȂȘȤĮȞȑȢ İıȦĲİȡȚțȐ İʌȚĳĮȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ �6XUIDFH ,QVHW 300DFKLQHV�

� ȂȘȤĮȞȑȢ İıȦĲİȡȚțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ �,QQHU 30 0DFKLQHV�

ȅȚ ȝȘȤĮȞȑȢ İʌȚĳĮȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ �6300� İıȦĲİȡȚțȠȪ įȡȠȝȑĮ ĲȠʌȠșİĲȠȪȞĲĮȚ
ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ įȡȠȝȑĮ țĮȚ ĮʌȠĲİȜȠȪȞ ĲȘȞ ʌȚȠ ıȣȤȞȒ įȚĮȝȩȡĳȦıȘ� ȉȠ țȪȡȚȠ ʌȜİȠ�
ȞȑțĲȘȝĮ ĮȣĲȫȞ ĲȦȞ ȝȘȤĮȞȫȞ İȓȞĮȚ Ș ʌĮȡȠȤȒ ĲȘȢ ȝȑȖȚıĲȘȢ ʌȣțȞȩĲȘĲĮȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ
ĮĳȠȪ Ƞ ȝĮȖȞȒĲȘȢ ȑȡȤİĲĮȚ ıİ İʌĮĳȒ țĮĲİȣșİȓĮȞ ȝİ ĲȠ įȚȐțİȞȠ� ǼʌȚʌȡȩıșİĲĮ ʌĮȡȠȣıȚȐ�
ȗȠȣȞ ĮʌȜȩĲȘĲĮ ıĲȘȞ țĮĲĮıțİȣȒ țĮȚ ıȣȞİʌȫȢ ȤĮȝȘȜȩ țĮĲĮıțİȣĮıĲȚțȩ țȩıĲȠȢ ıİ ıȪȖțȡȚıȘ
ȝİ ĲȚȢ ȐȜȜİȢ įȚĮĲȐȟİȚȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ� ȉȠ ȕĮıȚțȩ ȝİȚȠȞȑțĲȘȝĮ ĲȠȣȢ İȓȞĮȚ Ș ȑțșİıȘ ĲȦȞ
ȝȩȞȚȝȦȞ ȝĮȖȞȘĲȫȞ ıİ ʌİįȓĮ ĮʌȠȝĮȖȞȒĲȚıȘȢ� ǼʌȚʌȜȑȠȞ ȠȚ ȝĮȖȞȒĲİȢ ĮȣĲȠȓ ȣʌȩțİȚȞĲĮȚ ıİ
ĳȣȖȠțİȞĲȡȚțȑȢ įȣȞȐȝİȚȢ ʌȠȣ ȝʌȠȡȠȪȞ ȞĮ ʌȡȠțĮȜȑıȠȣȞ ĲȘȞ ĮʌȠțȩȜȜȘıȘ ĲȠȣȢ Įʌȩ ĲȘȞ
İʌȚĳȐȞİȚĮ ĲȠȣ įȡȠȝȑĮ� ȀĮșȫȢ ĮȣĲȑȢ ȠȚ įȣȞȐȝİȚȢ ĮȣȟȐȞȠȞĲĮȚ ȝİ ĲȘȞ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠĳȒȢ
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Ș ĲȠʌȠȜȠȖȓĮ ĮȣĲȒȢ ĲȘȢ ȝȘȤĮȞȒȢ İȞįİȓțȞȣĲĮȚ ȖȚĮ İĳĮȡȝȠȖȑȢ ȤĮȝȘȜȫȞ ıĲȡȠĳȫȞ� Ǿ ıȣȖțİ�
țȡȚȝȑȞȘ įȚȐĲĮȟȘ įİȞ ʌĮȡȠȣıȚȐȗİȚ ȚįȚĮȓĲİȡȘ İțĲȣʌȩĲȘĲĮ ȠʌȩĲİ Ș įȚĮĳȠȡȐ ıĲȘȞ ĮȞĲȓįȡĮıȘ
İȣșȑȦȢ țĮȚ țȐșİĲȠȣ ȐȟȠȞĮ įİȞ ȟİʌİȡȞȐ ĲȠ 10��
ȅȚ ȝȘȤĮȞȑȢ İʌȚĳĮȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ�6300� İȟȦĲİȡȚțȠȪ įȡȠȝȑĮ ĮʌȠĲİȜȠȪȞĲĮȚ
Įʌȩ ȑȞĮȞ ĲȣȜȚȖȝȑȞȠ ıĲȐĲȘ ʌȠȣ ĲȠʌȠșİĲİȓĲĮȚ ıĲȠ țȑȞĲȡȠ ĲȘȢ ȝȘȤĮȞȒȢ İȞȫ ȠȚ ȝĮȖȞȒĲİȢ
ĲȠʌȠșİĲȠȪȞĲĮȚ ıĲȘȞ İıȦĲİȡȚțȒ ʌİȡȚĳȑȡİȚĮ ĲȠȣ ȝĮȖȞȒĲȘ Ƞ ȠʌȠȓȠȢ ȕȡȓıțİĲĮȚ İȟȦĲİȡȚțȐ
Įʌȩ ĲȠ ıĲȐĲȘ� Ǿ įȚĮȝȩȡĳȦıȘ ĮȣĲȒ ʌĮȡȠȣıȚȐȗİȚ ĮȡțİĲȐ ʌȜİȠȞİțĲȒȝĮĲĮ� ǹȡȤȚțȐ Ș įȚȐȝİ�
ĲȡȠȢ ĲȠȣ įȡȠȝȑĮ İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ Įʌȩ ĲȚȢ ȝȘȤĮȞȑȢ İıȦĲİȡȚțȠȪ įȡȠȝȑĮ ȖȚĮ ȓįȚĮ İȟȦĲİȡȚțȒ
įȚȐȝİĲȡȠ ȝȘȤĮȞȒȢ țĮȚ ıȣȞİʌȫȢ ȝʌȠȡİȓ ȞĮ İʌȚĲİȣȤșİȓ ȝİȖĮȜȪĲİȡȘ ȡȠʌȒ țĮȚ ȝİȖĮȜȪĲİȡȠȢ
ĮȡȚșȝȩȢ ʌȩȜȦȞ� īȚ¶ ĮȣĲȩ ʌȡȠıĳȑȡİĲĮȚ ȖȚĮ İĳĮȡȝȠȖȑȢ ȤĮȝȘȜȫȞ ıĲȡȠĳȫȞ įȓȞȠȞĲĮȢ ĲȘȞ İʌȚ�
șȣȝȘĲȒ ȡȠʌȒ ȝİ ȐȝİıȘ ȠįȒȖȘıȘ� ȤȦȡȓȢ ĲȘȞ ʌĮȡİȝȕȠȜȒ țȚȕȦĲȓȠȣ ĲĮȤȣĲȒĲȦȞ� ǼʌȚʌȜȑȠȞ
țĮĲȐ ĲȘ įȚȐȡțİȚĮ ĲȘȢ ʌİȡȚıĲȡȠĳȒȢ ȠȚ ĳȣȖȩțİȞĲȡİȢ įȣȞȐȝİȚȢ ʌȚȑȗȠȣȞ ĲȠȣȢ ȝĮȖȞȒĲİȢ ıĲȠ
ıȫȝĮ ĲȠȣ įȡȠȝȑĮ ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ȝȘȞ ȣʌȐȡȤİȚ țȓȞįȣȞȠȢ ĮʌȠțȩȜȜȘıȘȢ ĲȠȣȢ�
ȅȚ ȝȘȤĮȞȑȢ İıȦĲİȡȚțȐ İʌȚĳĮȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ�6XUIDFH ,QVHW 30 0DFKLQHV�
ȑȤȠȣȞ ĲȠȣȢ ȝȩȞȚȝȠȣȢ ȝĮȖȞȒĲİȢ ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ įȡȠȝȑĮ ĮȜȜȐ ĲĮ įȚĮıĲȒȝĮĲĮ ȝİĲĮȟȪ
ĲȦȞ ȝĮȖȞȘĲȫȞ İȓȞĮȚ ȖİȝȚıȝȑȞĮ ȝİ ıȓįȘȡȠ� ȅȚ ȝĮȖȞȒĲİȢ İȓȞĮȚ ʌȚȠ įİȝȑȞȠȚ țĮȚ ʌȚȠ ʌȡȠ�
ıĲĮĲİȣȝȑȞȠȚ Įʌȩ ĲȠȣȢ İʌȚĳĮȞİȚĮțȠȪȢ ȝİ ĮʌȠĲȑȜİıȝĮ Ș țĮĲĮıțİȣȒ ȞĮ İȓȞĮȚ ʌȚȠ ıĲĮșİȡȒ�
ǼʌȚʌȜȑȠȞ Ș įȚȐĲĮȟȘ ĮȣĲȒ įȘȝȚȠȣȡȖİȓ ȝȚĮ İțĲȣʌȩĲȘĲĮ ıĲȘ ȝȘȤĮȞȒ Ș ȠʌȠȓĮ ʌȡȠıșȑĲİȚ ȝȚĮ
ȞȑĮ ıȣȞȚıĲȫıĮ ȡȠʌȒȢ ıĲȘ ıȣȞȠȜȚțȒ ȡȠʌȒ� ȅ ȜȩȖȠȢ ĲȦȞ ĮȣĲİʌĮȖȦȖȫȞ İȣșȑȦȢ țĮȚ țĮșȑ�
ĲȠȣ ȐȟȠȞĮ ıİ ĮȣĲȑȢ ĲȚȢ ȝȘȤĮȞȑȢ țȣȝĮȓȞİĲĮȚ Įʌȩ � ȑȦȢ ����
ȅȚ ȝȘȤĮȞȑȢ İıȦĲİȡȚțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ�,30� ȑȤȠȣȞ ĲȠȣȢ ȝĮȖȞȒĲİȢ șĮȝȝȑȞȠȣȢ ıĲȠ
įȡȠȝȑĮ�
ȊʌȐȡȤȠȣȞ ʌȠȜȜȑȢ įȣȞĮĲȩĲȘĲİȢ ȖȚĮ ĲȘȞ ĲȠʌȠșȑĲȘıȘ ĲȦȞ ȝĮȖȞȘĲȫȞ ıİ ĮȣĲȑȢ ĲȚȢ ȝȘȤĮȞȑȢ
ȝİȡȚțȑȢ Įʌȩ ĲȚȢ ȠʌȠȓİȢ İȓȞĮȚ�

�� ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ įȚȐĲĮȟȘȢ 9 �9�VKDSHG PDJQHWV�

�� ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ İĳĮʌĲȠȝİȞȚțȒȢ țĮĲİȪșȣȞıȘȢ ȡȠȒȢ�WDQJHQWLDOO\ PDJQHWL]HG
SHUPDQHQW PDJQHWV�

�� ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ȠȡșȠȖȫȞȚĮȢ įȚȐĲĮȟȘȢ�UHFWDQJXODU SHUPDQHQW PDJQHWV�

ȆȜİȠȞȑțĲȘȝĮ ĮȣĲȫȞ ĲȦȞ įȚĮĲȐȟİȦȞ İȓȞĮȚ Ș įȣȞĮĲȩĲȘĲĮ ıȣȖțȑȞĲȡȦıȘȢ ȡȠȒȢ ĲȠȣ ȝĮȖȞȒĲȘ
ıĲȠ ıȫȝĮ ĲȠȣ įȡȠȝȑĮ İʌȚĲȡȑʌȠȞĲĮȢ ȥȘȜȑȢ ʌȣțȞȩĲȘĲİȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ıĲȠ įȚȐțİȞȠ�
ǼʌȚʌȜȑȠȞ ȠȚ șĮȝȝȑȞȠȚ ȝĮȖȞȒĲİȢ İȓȞĮȚ ʌȡȠıĲĮĲİȣȝȑȞȠȚ Įʌȩ ȝȘȤĮȞȚțȑȢ țĮĲĮʌȠȞȒıİȚȢ țĮȚ
ĮʌȠȝĮȖȞȘĲȓıİȚȢ� Ȉİ ĮȣĲȒ ĲȘ įȚȐĲĮȟȘ ʌĮȡȠȣıȚȐȗİĲĮȚ İțĲȣʌȩĲȘĲĮ ıĲȘ ȝȘȤĮȞȒ ȝİ ĮʌȠĲȑȜİ�
ıȝĮ ĲȘȞ İȝĳȐȞȚıȘ ȝȚĮȢ ȞȑĮȢ ıȣȞȚıĲȫıĮȢ ĲȘȢ ȡȠʌȒȢ� ĲȘȢ ȡȠʌȒȢ İțĲȣʌȩĲȘĲĮȢ� Ǿ țĮĲĮ�
ıțİȣȒ ȦıĲȩıȠ İȓȞĮȚ ʌİȡȚııȩĲİȡȠ ʌȠȜȪʌȜȠțȘ Įʌȩ ĮȣĲȒȞ ĲȦȞ İʌȚĳĮȞİȚĮțȫȞ ȝĮȖȞȘĲȫȞ�
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ǼʌȓıȘȢ ıİ ĮȡțİĲȑȢ įȚĮĲȐȟİȚȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ �ʌȤ� Y�VKDSHG� ȣʌȐȡȤȠȣȞ ȖȑĳȣȡİȢ ıȚįȒ�
ȡȠȣ ʌȠȣ ıȣȖțȡĮĲȠȪȞ ĲȠȣȢ ȝĮȖȞȒĲİȢ ıĲȚȢ ȠʌȠȓİȢ ȤȐȞİĲĮȚ ȑȞĮ ȝȑȡȠȢ ĲȘȢ ȡȠȒȢ ıĮȞ ıțȑįĮıȘ
ȝİȚȫȞȠȞĲĮȢ ȑĲıȚ ĲȘ ıȣȞȠȜȚțȒ ȡȠȒ ʌȠȣ ʌİȡȞȐİȚ ıĲȠ įȚȐțİȞȠ�

ȆĮȡĮțȐĲȦ�ıȤȒȝĮ ���� ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȡȚıȝȑȞİȢ Įʌȩ ĲȚȢ įȚĮĲȐȟİȚȢ ʌȠȣ ĮȞĮĳȑȡșȘțĮȞ�

ȈȤȒȝĮ ���� ǻȚĮĲȐȟİȚȢ ȝĮȖȞȘĲȫȞ ȝİ ȕȐıȘ ĲȘ șȑıȘ ĲȠȣ ȝĮȖȞȘĲȘ�Į�ǼȟȦĲİȡȚțȐ ǼʌȚ�
ĳĮȞİȚĮțȠȓ ȝĮȖȞȒĲİȢ ȕ�ǼıȦĲİȡȚțȐ ǼʌȚĳĮȞİȚĮțȠȓ ȝĮȖȞȒĲİȢ Ȗ�ǼıȦĲİȡȚțȠȓ ȝĮȖȞȒĲİȢ
ȝİ ȠȡșȠȖȫȞȚĮ įȚȐĲĮȟȘ į�ǼıȦĲİȡȚțȠȓ ȝĮȖȞȒĲİȢ İĳĮʌĲȠȝİȞȚțȒȢ țĮĲİȪșȣȞıȘȢ ĲȘȢ

ȡȠȒȢ İ�ǼıȦĲİȡȚțȠȓ ȝĮȖȞȒĲİȢ ıȤȒȝĮĲȠȢ 9

��� ȉȣȜȓȖȝĮĲĮ ıĲȐĲȘ

ȉĮ ĲȣȜȓȖȝĮĲĮ ĲȠȣ ıĲȐĲȘ ȝʌȠȡȠȪȞ ȞĮ ȤȦȡȚıĲȠȪȞ ıİ įȪȠ ȝİȖȐȜİȢ țĮĲȘȖȠȡȓİȢ ĲĮ İʌȚțĮȜȣ�
ʌĲȩȝİȞĮ ĲȣȜȓȖȝĮĲĮ�RYHUODSSLQJ� țĮȚ ĲĮ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞĮ ĲȣȜȓȖȝĮĲĮ�QRQ�RYHUODSSLQJ��
ȉĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ ʌȡȫĲȘȢ țĮĲȘȖȠȡȓĮȢ ȑȤȠȣȞ ĮȣȜȐțȚĮ ĮȞȐ ʌȩȜȠ țĮȚ ĳȐıȘ q ≥ 1� īȚĮ q = 1

�1 ĮȣȜȐțȚ ĮȞȐ ʌȩȜȠ țĮȚ ĳȐıȘ� ȑȤȠȣȝİ ĲȠ ıȣȖțİȞĲȡȦȝȑȞȠ ĲȪȜȚȖȝĮ ĮʌȜȒȢ ıĲȡȫıȘȢ ĲȠ
ȠʌȠȓȠ ʌĮȡȠȣıȚȐȗİȚ ĲȡĮʌİȗȠİȚįȒ țĮĲĮȞȠȝȒ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ�ȂǼǻ� ıĲȠ įȚȐțİȞȠ
ȝİ ȣȥȘȜȐ ʌȜȐĲȘ șİȝİȜȚȫįȠȣȢ țĮȚ ĮȡȝȠȞȚțȫȞ� ǲȤȠȣȞ ıȣȞĲİȜİıĲȒ ĲȣȜȓȖȝĮĲȠȢ kw = 1 țĮȚ
ʌĮȡȠȣıȚȐȗȠȣȞ İȣțȠȜȓĮ ıĲȘȞ țĮĲĮıțİȣȒ� īȚĮ q > 1 �VKRUW SLWFKHG� ȑȤȠȣȝİ ĲȠ ȜİȖȩȝİȞȠ țĮ�
ĲĮȞİȝȘȝȑȞȠ ĲȪȜȚȖȝĮ ĲȠ ȠʌȠȓȠ ȝİȚȫȞİȚ ĲȚȢ ĮȡȝȠȞȚțȑȢ ĲȘȢ ȂǼǻ ıĲȠ įȚȐțİȞȠ țȐȞȠȞĲĮȢ ĲȘȞ
ʌȚȠ ȘȝȚĲȠȞȠİȚįȒ ȝİ ĮȞĲȓıĲȠȚȤĮ ĮʌȠĲİȜȑıȝĮĲĮ ȝİȓȦıȘȢ ĲȦȞ ĮȡȝȠȞȚțȫȞ ıĲȘȞ İʌĮȖȩȝİȞȘ
ǾǼǻ țĮȚ ıĲȘȞ țȣȝȐĲȦıȘ ĲȘȢ ȡȠʌȒȢ� ȆĮȡȐȜȜȘȜĮ ȩȝȦȢ Ș įȚĮȝȩȡĳȦıȘ ĮȣĲȒ ȝİȚȫȞİȚ ĲȠ
ʌȜȐĲȠȢ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĲȘȢ ȡȠʌȒȢ ȤȐȞȠȞĲĮȢ ȑĲıȚ ıĲȠȞ ĲȠȝȑĮ ĲȘȢ İʌȓįȠıȘȢ� ȉȠ ıȣȞȠȜȚțȩ
ȝȒțȠȢ ĲȦȞ ʌȘȞȓȦȞ ȝİȚȫȞİĲĮȚ țĮȚ ʌĮȡȩĲȚ ȤȡİȚȐȗİĲĮȚ ȝİȖĮȜȪĲİȡȠȢ ĮȡȚșȝȩȢ ıʌİȚȡȫȞ ȖȚĮ ĲȘȞ
ĮȞĲȚıĲȐșȝȚıȘ ĲȘȢ ȡȠȒȢ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıİ ĮȣĲȒ ĲȠȣ ʌȜȒȡȠȣȢ ȕȒȝĮĲȠȢ ıȣȞȠȜȚțȐ ĮʌĮȚĲİȓĲĮȚ
ȝȚțȡȩĲİȡȘ ʌȠıȩĲȘĲĮ ȤĮȜțȠȪ ȝİ ĮʌȠĲȑȜİıȝĮ ĲȘ ȕİȜĲȓȦıȘ ĲȘȢ ĮʌȩįȠıȘȢ ĲȘȢ ȝȘȤĮȞȒȢ� Ǿ
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ȪʌĮȡȟȘ ȡȠʌȒȢ İȣșȣȖȡȐȝȝȚıȘȢ ȝʌȠȡİȓ ȞĮ İȓȞĮȚ İʌȓıȘȢ ıȘȝĮȞĲȚțȒ� ȐȝĮ įİȞ ȣʌȐȡȟİȚ ȜȠȟȒ
ĲȠʌȠșȑĲȘıȘ ȝĮȖȞȘĲȫȞ�VNHZLQJ� ıĲȘ ȝȘȤĮȞȒ�
ȉĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ įİȪĲİȡȘȢ țĮĲȘȖȠȡȓĮȢ ȑȤȠȣȞ ȜȩȖȠ ĮȣȜĮțȚȫȞ ĮȞȐ ʌȩȜȠ țĮȚ ĳȐıȘ ȝȚțȡȩ�
ĲİȡȠ ĲȘȢ ȝȠȞȐįĮȢ �q < 1�� ȅȞȠȝȐȗȠȞĲĮȚ țĮȚ țȜĮıȝĮĲȚțȠȪ ȕȒȝĮĲȠȢ ıȣȖțİȞĲȡȦȝȑȞĮ Ĳȣ�
ȜȓȖȝĮĲĮ �IUDFWLRQDO�VORW FRQFHQWUDWHG� țĮȚ țȐșİ ʌȘȞȓȠ ĲȠȣȢ İȓȞĮȚ ĲȣȜȚȖȝȑȞȠ ȖȪȡȦ Įʌȩ ȑȞĮ
ȝİȝȠȞȦȝȑȞȠ įȩȞĲȚ� ǺĮıȚțȐ İȞįİȚțĲȚțȐ ʌȜİȠȞİțĲȒȝĮĲĮ ĲȠȣȢ İȓȞĮȚ Ș ȝȚțȡȩĲİȡȘ ȡȠʌȒ İȣșȣ�
ȖȡȐȝȝȚıȘȢ� ĲĮ ȝȚțȡȩĲİȡĮ ȐțȡĮ ĲȣȜȓȖȝĮĲȠȢ� Ș țĮȜȪĲİȡȘ ĮȞĲȚȝİĲȫʌȚıȘ ıĳĮȜȝȐĲȦȞ ȕȡĮȤȣ�
țȪțȜȦıȘȢ țĮȚ ĲȠ ȝİȖĮȜȪĲİȡȠ İȪȡȠȢ İȟĮıșȑȞȘıȘȢ ʌİįȓȠȣ�IOX[�ZHDNHQLQJ� ȖȚĮ ȜİȚĲȠȣȡȖȓĮ
ıİ ȝİȖĮȜȪĲİȡȠ İȪȡȠȢ ıĲȡȠĳȫȞ ȝİ ıĲĮșİȡȒ ȚıȤȪ>��@� ǼȚįȚțȩĲİȡĮ ȩıȠȞ ĮĳȠȡȐ ĲĮ ȐțȡĮ Ĳȣ�
ȜȓȖȝĮĲȠȢ ĲȦȞ ȝȘȤĮȞȫȞ ȝİ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ıȣȖțİȞĲȡȦȝȑȞȠ ĲȪȜȚȖȝĮ �q < 1� ıİ ıȤȑıȘ
ȝİ ĮȣĲȑȢ ȝİ İʌȚțĮȜȣʌĲȩȝİȞȠ įȚĮȞİȝȘȝȑȞȠ �q > 1� ȖȚĮ ĲȠ ȓįȚȠ ıȣȞȠȜȚțȩ ȝȒțȠȢ ĲȣȜȓȖȝĮĲȠȢ
�įȘȜĮįȒ ĲȠ ȝȒțȠȢ ĲȘȢ ȝȘȤĮȞȒȢ ȝĮȗȓ ȝİ ĲĮ ȐțȡĮ ĲȣȜȓȖȝĮĲȠȢ� ĲȠ İȞİȡȖȩ ȝȒțȠȢ ĲȘȢ ȝȘȤĮ�
ȞȒȢ ȝʌȠȡİȓ ȞĮ ĮȣȟȘșİȓ� Ǿ ĮȪȟȘıȘ ĮȣĲȒ ȠįȘȖİȓ ıĲȘȞ ĮȪȟȘıȘ ĲȘȢ ıȣȞȠȜȚțȒȢ ʌĮȡĮȖȩȝİȞȘȢ
ȡȠʌȒȢ �T =∼ D2 · L� ĮȞĲȚıĲĮșȝȓȗȠȞĲĮȢ ĲȘȞ ȝİȓȦıȘ ĲȘȢ ȡȠʌȒȢ ʌȠȣ ʌȡȠțĮȜİȓĲĮȚ Įʌȩ ĲȠȞ
ȝȚțȡȩĲİȡȠ ıȣȞĲİȜİıĲȒ ĲȣȜȓȖȝĮĲȠȢ� ȆĮȡȩȜĮ ĮȣĲȐ Ș ĮȪȟȘıȘ ĲȠȣ İȞİȡȖȠȪ ȝȒțȠȣȢ ĲȘȢ ȝȘȤĮ�
ȞȒȢ ȝʌȠȡİȓ ȞĮ ȠįȘȖȒıİȚ ıİ ĮȞĲȓıĲȠȚȤȘ ĮȪȟȘıȘ ĲȠȣ ȕȐȡȠȣȢ Ș ȠʌȠȓĮ İȞįȑȤİĲĮȚ ȞĮ ȝȘȞ İȓȞĮȚ
İʌȚșȣȝȘĲȒ ıİ ȑȞĮ İȪȡȠȢ İĳĮȡȝȠȖȫȞ� ȈȣȞȠʌĲȚțȐ ȝİ ĮȣĲȐ ĲĮ ĲȣȜȓȖȝĮĲĮ İʌȚĲȣȖȤȐȞİĲĮȚ țĮ�
ȜȪĲİȡȘ ȕİȜĲȓȦıȘ ĲȘȢ ĮʌȩįȠıȘȢ ȝİ ȝȚțȡȩĲİȡȘ ȝİȓȦıȘ ĲȘȢ İʌȓįȠıȘȢ țĮșȫȢ ȝʌȠȡȠȪȝİ ȞĮ
ʌİĲȪȤȠȣȝİ ȝȚțȡȩĲİȡȘ ȝİȓȦıȘ ĲȘȢ șİȝİȜȚȫįȠȣȢ ȝİ ıȣȖțİțȡȚȝȑȞȠȣȢ ıȣȞįȣĮıȝȠȪȢ ʌȩȜȦȞ
țĮȚ ĮȣȜĮțȚȫȞ țĮȚ ȝİȖĮȜȪĲİȡȘ ȝİȓȦıȘ ĲȦȞ ĮȡȝȠȞȚțȫȞ�
ȅȚ ȝȘȤĮȞȑȢ ȝİ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞĮ ĲȣȜȓȖȝĮĲĮ ȝʌȠȡȠȪȞ ȞĮ ȤȦȡȚıĲȠȪȞ ıİ � İȓįȘ>��@�
ĲȚȢ ıȣȝȕĮĲȚțȑȢ ȤȦȡȓȢ ıȣȜȜȑțĲȘ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ�FRQYHQWLRQDO EUXVKOHVV 30 PDFKLQHV�
țĮȚ ĲȚȢ ȝȘ ıȣȝȕĮĲȚțȑȢ ȤȦȡȓȢ ıȣȜȜȑțĲȘ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ�PRGXODU EUXVKOHVV 30PDFKLQHV��

ȈȤȒȝĮ ���� ȂȘ İʌȚțĮȜȣʌĲȩȝİȞĮ ĲȣȜȓȖȝĮĲĮ ȝȘȤĮȞȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȖȚĮ q =
0.5 �ıȣȝȕĮĲȚțȑȢ� țĮȚ ȖȚĮ 0.25 < q < 0.5 �ȝȘ ıȣȝȕĮĲȚțȑȢ�

ȈĲȘȞ ʌȡȫĲȘ țĮĲȘȖȠȡȓĮ Ƞ ȜȩȖȠȢ ĲȦȞ ĮȣȜĮțȚȫȞ ʌȡȠȢ ĲȠȞ ĮȡȚșȝȩ ĲȦȞ ʌȩȜȦȞ İȓȞĮȚ ȓıȠȢ ȝİ
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3/2� ǹȣĲȩ ĮȞĲȚıĲȠȚȤİȓ ıİ ĮȡȚșȝȩ ĮȣȜĮțȚȫȞ ĮȞȐ ʌȩȜȠ țĮȚ ĳȐıȘ� q = 0.5 ȖȚĮ ĲȡȚĳĮıȚțȒ ȝȘ�
ȤĮȞȒ� ȅȚ ĳȐıİȚȢ ĲȦȞ ĲȣȜȚȖȝȐĲȦȞ İȞĮȜȜȐııȠȞĲĮȚ ȖȚĮ țȐșİ ıȣȞİȤȩȝİȞȠ įȩȞĲȚ țĮȚ ĲȠ İȪȡȠȢ
ĲȠȣ ʌȘȞȓȠȣ İȓȞĮȚ 120 ȝȠȓȡİȢ� ǹȣĲȩ ȑȤİȚ ȦȢ ĮʌȠĲȑȜİıȝĮ ȑȞĮȞ ȤĮȝȘȜȩ ıȣȞĲİȜİıĲȒ ĲȣȜȓȖȝĮ�
ĲȠȢ ȖȚĮ ĲȘ șİȝİȜȚȫįȘ ǾǼǻ ȓıȠ ȝİ 0.867 İȞȫ ʌĮȡȐȜȜȘȜĮ İȝĳĮȞȓȗİȚ ıȘȝĮȞĲȚțȑȢ ĮȡȝȠȞȚțȑȢ
�ȘȢ țĮȚ �ȘȢ ĲȐȟȘȢ� ǼʌȓıȘȢ ʌĮȡȐ ĲȠ ȖİȖȠȞȩȢ ȩĲȚ ȑȤȠȣȞ ȝȚțȡȐ ȐțȡĮ ĲȣȜȓȖȝĮĲȠȢ İȝĳĮȞȓȗȠȣȞ
ıȣȖțȡȚĲȚțȐ ȝİ ĲȘ įİȪĲİȡȘ țĮĲȘȖȠȡȓĮ ȝİȚȦȝȑȞȘ ʌȣțȞȩĲȘĲĮ ȡȠʌȒȢ� ʌȚșĮȞȐ ȝİȖȐȜȘ ȡȠʌȒ
İȣșȣȖȡȐȝȝȚıȘȢ țĮȚ țȣȝȐĲȦıȘ ȡȠʌȒȢ țĮșȫȢ țĮȚ ȝİȚȦȝȑȞİȢ įȣȞĮĲȩĲȘĲİȢ ȖȚĮ ȜİȚĲȠȣȡȖȓĮ ıİ
İʌȚșȣȝȘĲȩ İȪȡȠȢ İȟĮıșȑȞȘıȘȢ ʌİįȓȠȣ�
ȈĲȘ įİȪĲİȡȘ țĮĲȘȖȠȡȓĮ Ƞ ȜȩȖȠȢ ĮȣȜĮțȚȫȞ ʌȡȠȢ ĲȠȞ ĮȡȚșȝȩ ĲȦȞ ʌȩȜȦȞ țĮȚ ĳȐıİȦȞ İȓȞĮȚ
ȝİȖĮȜȪĲİȡȠȢ Įʌȩ 0.25 țĮȚ ĮȣıĲȘȡȐ ȝȚțȡȩĲİȡȠȢ ĲȠȣ 0.5�ǵʌȦȢ ȕȜȑʌȠȣȝİ ıĲȠ ıȤȒȝĮ������
įȪȠ ıȣȞİȤȩȝİȞĮ įȩȞĲȚĮ Ȓ țĮȚ ʌİȡȚııȩĲİȡĮ ĲȣȜȓȖȠȞĲĮȚ ıĲȘȞ ȓįȚĮ ĳȐıȘ�ǹȣĲȩ ȠįȘȖİȓ ıİ
ȣȥȘȜȩ ıȣȞĲİȜİıĲȒ ĲȣȜȓȖȝĮĲȠȢ ȖȚĮ ĲȘ șİȝİȜȚȫįȘ ȂǼǻ țĮȚ ȝȚțȡȩĲİȡȘ țȣȝȐĲȦıȘ ȡȠʌȒȢ
ĮȜȜȐ ȝʌȠȡİȓ ȞĮ ʌȡȠțĮȜȑıİȚ șȑȝĮĲĮ įȠȞȒıİȦȞ țĮȚ șȠȡȪȕȠȣ ıĲȘ ȝȘȤĮȞȒ țĮȚ ȞĮ ȠįȘȖȒıİȚ
ıİ ȣȥȘȜȩĲİȡİȢ ĮʌȫȜİȚİȢ įȡȠȝȑĮ �ȝİȖĮȜȪĲİȡİȢ ĮʌȫȜİȚİȢ įȚȞȠȡİȣȝȐĲȦȞ ıĲȠȣȢ ȝĮȖȞȒĲİȢ��
ǼʌȓıȘȢ ʌĮȡȠȣıȚȐȗİĲĮȚ ıȘȝĮȞĲȚțȒ ĮȪȟȘıȘ ıĲȘȞ ĮȣĲİʌĮȖȦȖȒ ĲȘȢ ȝȘȤĮȞȒȢ țȐĲȚ ʌȠȣ įȚİȣțȠ�
ȜȪȞİȚ ĲȘ ȜİȚĲȠȣȡȖȓĮ ıİ ȝİȖĮȜȪĲİȡȠ İȪȡȠȢ ıĲȡȠĳȫȞ ȝİ ĲĮȣĲȩȤȡȠȞȘ ıĲĮșİȡȒ ȚıȤȪ �țĮȜȪĲİȡȘ
ȜİȚĲȠȣȡȖȓĮ İȟĮıșȑȞȘıȘȢ ʌİįȓȠȣ�� Ȉİ ĮȣĲȑȢ ĲȚȢ ȝȘȤĮȞȑȢ Ș șİȝİȜȚȫįȘȢ ȂǼǻ ȑȤİȚ ȜȚȖȩĲİȡȠȣȢ
ʌȩȜȠȣȢ Įʌȩ ĲȠ įȡȠȝȑĮ țĮȚ Ș ȡȠʌȒ ʌĮȡȐȖİĲĮȚ Įʌȩ ĲȘȞ ĮȜȜȘȜİʌȓįȡĮıȘ ȝȚĮȢ ȣȥȘȜȩĲİȡȘȢ
ĲȐȟȘȢ ȤȦȡȚțȒȢ ĮȡȝȠȞȚțȒȢ ĲȘȢ ȂǼǻ ȝİ ĲȠȣȢ ȝĮȖȞȒĲİȢ ȓıȘȢ ȝİ ĲȠ ȗİȪȖȠȢ ĲȦȞ ĮȡȚșȝȫȞ
ĲȦȞ ʌȩȜȦȞ�P/2�� ǲĲıȚ Ș șİȝİȜȚȫįȘȢ țĮȚ ȠȚ ȤĮȝȘȜȩĲİȡİȢ ĲȐȟİȚȢ ȤȦȡȚțȫȞ ĮȡȝȠȞȚțȫȞ ȝʌȠ�
ȡȠȪȞ ȞĮ İʌȐȖȠȣȞ ıȘȝĮȞĲȚțȑȢ ĮʌȫȜİȚİȢ įȚȞȠȡİȣȝȐĲȦȞ ıĲȠȣȢ ȝĮȖȞȒĲİȢ� ȅȚ ĮʌȫȜİȚİȢ ĮȣĲȑȢ
ȩȝȦȢ ȝʌȠȡȠȪȞ ȞĮ ȝİȚȦșȠȪȞ ȤȦȡȓȗȠȞĲĮȢ ĲȠ ȝĮȖȞȒĲȘ ıİ ȝȚțȡȩĲİȡĮ țȠȝȝȐĲȚĮ� ǻİįȠȝȑȞȠȣ
ȩĲȚ ĮȣĲȑȢ ȠȚ ȝȘȤĮȞȑȢ ıȣȞįȣȐȗȠȣȞ ĲȘȞ ȣȥȘȜȒ ĮʌȩįȠıȘ țĮȚ ȚıȤȪ ĲȦȞ ıȣȝȕĮĲȚțȫȞ ȝȘȤĮȞȫȞ
ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȤȦȡȓȢ ıȣȜȜȑțĲȘ ȝİ ȝȚĮ ȣȥȘȜȒ ĮȣĲİʌĮȖȦȖȒ ʌȠȣ İʌȚĲȡȑʌİȚ ȑȞĮ İȣȡȪ
ʌİįȓȠ ıĲȡȠĳȫȞ ıĲĮșİȡȒȢ ȚıȤȪȠȢ� Ș įȣȞĮĲȩĲȘĲĮ ĲȠȣȢ ȖȚĮ ȝȚțȡȩ țĮĲĮıțİȣĮıĲȚțȩ țȩıĲȠȢ
țĮȚ ȝȚțȡȒ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ� ĲȚȢ țĮșȚıĲȐ țĮĲȐȜȜȘȜİȢ ȖȚĮ İĳĮȡȝȠȖȑȢ țȚȞȘĲȒȡȦȞ ʌȠȣ
İȓȞĮȚ ʌȡȠıĮȡĲȘȝȑȞİȢ ʌȐȞȦ ıĲȠȞ ȐȟȠȞĮ ĲȠȣ ĲȡȠȤȠȪ�LQ�ZKHHO��

��� ȂĮȖȞȘĲȚțȐ ȣȜȚțȐ

����� ǺĮıȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ

ȉĮ ȝĮȖȞȘĲȚțȐ ȣȜȚțȐ įȚĮțȡȓȞȠȞĲĮȚ ıİ � țĮĲȘȖȠȡȓİȢ ĲĮ ıțȜȘȡȐ țĮȚ ĲĮ ȝĮȜĮțȐ ȝĮȖȞȘĲȚțȐ
ȣȜȚțȐ�ȉĮ ʌȡȫĲĮ ȝĮȖȞȘĲȓȗȠȞĲĮȚ țĮȚ ĮʌȠȝĮȖȞȘĲȓȗȠȞĲĮȚ İȪțȠȜĮ țĮȚ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ țȣȡȓȦȢ
İȓĲİ ıİ ʌȣȡȒȞİȢ ȝİĲĮıȤȘȝĮĲȚıĲȫȞ İȓĲİ ıĮȞ ȣȜȚțȐ ȖȚĮ ĲȠ ıĲȐĲȘ țĮȚ ĲȠȞ įȡȠȝȑĮ ĲȦȞ ȘȜİțĲȡȠ�
ȞȚțȫȞ ȝȘȤĮȞȫȞ İȞȫ ĲĮ įİȪĲİȡĮ įİȞ ĮʌȠȝĮȖȞȘĲȓȗȠȞĲĮȚ İȪțȠȜĮ ȠʌȩĲİ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȦȢ
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ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ıİ ʌȠȜȜȑȢ İĳĮȡȝȠȖȑȢ ȝȚĮ Įʌȩ ĲȚȢ ȠʌȠȓİȢ İȓȞĮȚ ȠȚ ȝȘȤĮȞȑȢ ȝȩȞȚȝȦȞ ȝĮ�
ȖȞȘĲȫȞ�
ǺĮıȚțȩ ȝȑȖİșȠȢ ȖȚĮ ĲȘȞ țĮĲĮȞȩȘıȘ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ İȓȞĮȚ Ș ȝĮȖȞȘĲȚțȒ ȡȠʌȒ ʌȠȣ
ȠȡȓȗİĲĮȚ ȦȢ ĲȠ įȚĮȞȣıȝĮĲȚțȩ ȝȑȖİșȠȢ ĲȘȢ ȑȞĲĮıȘȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ʌȠȣ įȘȝȚȠȣȡȖİȓ
Ș țȓȞȘıȘ ĲȠȣ ȘȜİțĲȡȠȞȓȠȣ� ǹȞȐȜȠȖĮ ȝİ ĲȠ ȣȜȚțȩ� Ș ıȣȞȚıĲĮȝȑȞȘ ȝĮȖȞȘĲȚțȒ ȡȠʌȒ ȝʌȠȡİȓ
ȞĮ İȓȞĮȚ ȝȘįİȞȚțȒ Ȓ ȩȤȚ� Ǿ İʌȚȕȠȜȒ İȟȦĲİȡȚțȠȪ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ ȣȜȚțȩ
ȠįȘȖİȓ ıİ ʌȡȠıĮȞĮĲȠȜȚıȝȩ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ĲȠȣ ȡȠʌȫȞ ʌȡȠȢ ĲȘȞ țĮĲİȪșȣȞıȘ ĲȠȣ ʌİįȓȠȣ
țĮȚ İȞȚıȤȪİȚ ĲȠ ȝĮȖȞȘĲȚțȩ ĲȠȣ ʌİįȓȠ� Ǿ ĮȞĲȓįȡĮıȘ ĲȠȣ ȣȜȚțȠȪ ıĲȘȞ İʌȓįȡĮıȘ İȟȦĲİȡȚțȠȪ
ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ȑȞĲĮıȘȢ H ȤĮȡĮțĲȘȡȓȗİĲĮȚ Įʌȩ ĲȘȞ İȝĳȐȞȚıȘ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ
B Ș ȠʌȠȓĮ ĮȞĮʌĮȡȚıĲȐ ĲȘȞ ȑȞĲĮıȘ ĲȠȣ İʌĮȖȩȝİȞȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ıĲȠ İıȦĲİȡȚțȩ
ĲȠȣ ȣȜȚțȠȪ ȜȩȖȦ ĲȘȢ įȚİȣșȑĲȘıȘȢ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ȡȠʌȫȞ ĲȦȞ ĮĲȩȝȦȞ țĮȚ įȓȞİĲĮȚ Įʌȩ ĲȘ
ıȤȑıȘ�

B = µ ·H �����

µ = µr · µ0 �����

ȩʌȠȣ µ0� Ș ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ țİȞȠȪ
µr� Ș ıȤİĲȚțȒ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ ȣȜȚțȠȪ

Ǿ ıȤİĲȚțȒ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡȩĲȘĲĮ İȓȞĮȚ ĮįȚȐıĲĮĲȠ ȝȑȖİșȠȢ țĮȚ ĮʌȠĲİȜİȓ ȝȑĲȡȠ ĲȘȢ ȑȞĲĮıȘȢ
ĲȠȣ İʌĮȖȩȝİȞȠȣ ʌİįȓȠȣ ıİ ȑȞĮ ȣȜȚțȩ țĮȚ ıİ ʌȠȜȜȐ ȝĮȖȞȘĲȚțȐ ȣȜȚțȐ įİȞ İȓȞĮȚ ıĲĮșİȡȒ ĮȜȜȐ
ȝİĲĮȕȐȜȜİĲĮȚ țĮșȫȢ ȝĮȖȞȘĲȓȗİĲĮȚ ĲȠ ȣȜȚțȩ� Ǿ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ B ȚıȠȪĲĮȚ ȝİ ĲȠ ȐșȡȠȚ�
ıȝĮ ĲȠȣ İĳĮȡȝȠȗȩȝİȞȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ + țĮȚ ĲȘȢ İʌĮȖȩȝİȞȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠʌȒȢ ıĲȠ
ȣȜȚțȩ țĮȚ ʌİȡȚȖȡȐĳİĲĮȚ Įʌȩ ĲȘ ıȤȑıȘ�

B = µ0 ·H + µ0 ·M �����

ȉȠ ȝȑȖİșȠȢ M İȓȞĮȚ Ș ȝĮȖȞȒĲȚıȘ ĲȠȣ ȣȜȚțȠȪ ʌȠȣ ĮȞĮʌĮȡȚıĲȐ ĲȘȞ İʌĮȖȩȝİȞȘ ȝĮȖȞȘĲȚțȒ
ȡȠʌȒ ĮȞȐ ȝȠȞȐįĮ ȩȖțȠȣ țĮȚ İțĳȡȐȗİȚ ĲȘȞ ʌȣțȞȩĲȘĲĮ ĲȦȞ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞȦȞ ıĲȘ įȚİȪ�
șȣȞıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ȝĮȖȞȘĲȚțȫȞ įȚʌȠȜȚțȫȞ ȡȠʌȫȞ� Ǿ ȝĮȖȞȒĲȚıȘ M ıȣȞįȑİĲĮȚ
ȝİ ĲȘȞ ȑȞĲĮıȘ ĲȠȣ İĳĮȡȝȠȗȩȝİȞȠȣ ʌİįȓȠȣ H ȝȑıȦ ĲȘȢ ıȤȑıȘȢ�

M = χ ·H �����

ȝİ χ Ș ȝĮȖȞȘĲȚțȒ İʌȚįİțĲȚțȩĲȘĲĮ ĲȠȣ ȣȜȚțȠȪ ʌȠȣ İțĳȡȐȗİȚ ĲȠ ȕĮșȝȩ ȝĮȖȞȒĲȚıȘȢ ĲȠȣ ȣȜȚțȠȪ
ıİ ıȤȑıȘ ȝİ ĲȠ İʌȚȕĮȜȜȩȝİȞȠ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ H� Ǿ ıȤȑıȘ ����� ȝʌȠȡİȓ ȞĮ ȖȡĮĳİȓ ȝȑıȦ
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ĲȘȢ ������

B = µ0 · (1 + χ) ·H �����

µr = (1 + χ) �����

ǹȞȐȜȠȖĮ ȝİ ĲȘ ıȣȝʌİȡȚĳȠȡȐ ĲȦȞ ȣȜȚțȫȞ ıĲȘȞ İʌȓįȡĮıȘ ĲȠȣ İȟȦĲİȡȚțȠȪ ȝĮȖȞȘĲȚțȠȪ ʌİ�
įȓȠȣ ȝʌȠȡȠȪȝİ ȞĮ țĮĲȘȖȠȡȚȠʌȠȚȒıȠȣȝİ ĲĮ ȣȜȚțȐ ıİ įȚĮȝĮȖȞȘĲȚțȐ� ʌĮȡĮȝĮȖȞȘĲȚțȐ� ıȚįȘ�
ȡȠȝĮȖȞȘĲȚțȐ� ĮȞĲȚıȚįȘȡȠȝĮȖȞȘĲȚțȐ țĮȚ ıȚįȘȡȚȝĮȖȞȘĲȚțȐ� ȈĲȚȢ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ ȤȡȘıȚ�
ȝȠʌȠȚȠȪȞĲĮȚ țȣȡȓȦȢ ĲĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȐ țĮȚ ıȚįȘȡȚȝĮȖȞȘĲȚțȐ ȣȜȚțȐ ĲĮ ȠʌȠȓĮ ĮȞĮȜȪȠȞĲĮȚ
ʌĮȡĮțȐĲȦ�

����� ȈȚįȘȡȠȝĮȖȞȘĲȚțȐ ȣȜȚțȐ

ȅȡȚıȝȑȞĮ ȣȜȚțȐ ȩʌȦȢ Ƞ ıȓįȘȡȠȢ�)H�� ĲȠ ȞȚțȑȜȚȠ�1L� țĮȚ ĲȠ țȠȕȐȜĲȚȠ�&R� ȣʌȩ ĲȘȞ İʌȓįȡĮıȘ
İȞȩȢ İȟȦĲİȡȚțȠȪ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ĮʌȠțĲȠȪȞ ȝİȖȐȜȘ ȝĮȖȞȒĲȚıȘ ȝȑȡȠȢ ĲȘȢ ȠʌȠȓĮȢ įȚĮ�
ĲȘȡȠȪȞ ıĮȞ ȝȩȞȚȝȘ ȝĮȖȞȒĲȚıȘ țĮȚ ȝİĲȐ ĲȘȞ ĮʌȠȝȐțȡȣȞıȘ ĲȠȣ ʌİįȓȠȣ� ȉȠ ĳĮȚȞȩȝİȞȠ ĮȣĲȩ
ȠȞȠȝȐȗİĲĮȚ ıȚįȘȡȠȝĮȖȞȘĲȚıȝȩȢ țĮȚ ĲĮ ȣȜȚțȐ ʌȠȣ İȝĳĮȞȓȗȠȣȞ ĮȣĲȒ ĲȘ ıȣȝʌİȡȚĳȠȡȐ ıȚįȘ�
ȡȠȝĮȖȞȘĲȚțȐ� Ǿ ȝĮȖȞȘĲȚțȒ ıȣȝʌİȡȚĳȠȡȐ ĲȦȞ ȣȜȚțȫȞ ĮȣĲȫȞ țĮșȠȡȓȗİĲĮȚ Įʌȩ ĲȘȞ țĮȝʌȪȜȘ
ȝĮȖȞȒĲȚıȘȢ B −H ʌȠȣ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ����� țĮȚ Ș ȠʌȠȓĮ İȓȞĮȚ ȖȞȦıĲȒ țĮȚ ȦȢ ȕȡȩȤȠȢ
ȣıĲȑȡȘıȘȢ�

ȈȤȒȝĮ ���� ǺȡȩȤȠȢ ȣıĲȑȡȘıȘȢ
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īȚĮ ĲȘȞ ȝİȜȑĲȘ ĲȘȢ ıȣȝʌİȡȚĳȠȡȐȢ ĮȣĲȒȢ ȝʌȠȡȠȪȝİ ȞĮ șİȦȡȒıȠȣȝİ ȩĲȚ ĲȠ ȝĮȖȞȘĲȚțȩ
ȣȜȚțȩ İȓȞĮȚ ȤȦȡȚıȝȑȞȠ ıİ ʌİȡȚȠȤȑȢ ȠȚ ȠʌȠȓİȢ İȓȞĮȚ ȖȞȦıĲȑȢ ȦȢ ʌİȡȚȠȤȑȢ :HLVV� İȞĲȩȢ
ĲȦȞ ȠʌȠȓȦȞ ȣʌȐȡȤȠȣȞ ĮĲȠȝȚțȐ ȝĮȖȞȘĲȚțȐ įȓʌȠȜĮ ĲĮ ȠʌȠȓĮ ĮȜȜȘȜİʌȚįȡȠȪȞ ȝİĲĮȟȪ ĲȠȣȢ
țĮȚ ʌȡȠıĮȞĮĲȠȜȓȗȠȞĲĮȚ ʌĮȡȐȜȜȘȜĮ țĮȚ ȠȝȩȡȡȠʌĮ� ǵĲĮȞ ĲȠ ȣȜȚțȩ įİȞ ȑȤİȚ İțĲİșİȓ ıİ ȝĮ�
ȖȞȘĲȚțȩ ʌİįȓȠ ȠȚ ȝĮȖȞȘĲȚțȑȢ ȡȠʌȑȢ ıİ țȐșİ ʌİȡȚȠȤȒ ȑȤȠȣȞ ĲȣȤĮȓȠ ʌȡȠıĮȞĮĲȠȜȚıȝȩ ȝİ
ĮʌȠĲȑȜİıȝĮ ȞĮ ĮȜȜȘȜȠĮȞĮȚȡȠȪȞĲĮȚ țĮȚ ȞĮ ȝȘȞ İȝĳĮȞȓȗİĲĮȚ ȝȩȞȚȝȘ ȝĮȖȞȒĲȚıȘ� ȀĮĲȐ ĲȘȞ
İʌȓįȡĮıȘ İȞȩȢ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ıİ ȑȞĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȩ ȣȜȚțȩ ȠȚ ȝĮȖȞȘĲȚțȑȢ ʌİȡȚȠȤȑȢ
ĮȡȤȓȗȠȣȞ ȞĮ ʌȡȠıĮȞĮĲȠȜȓȗȠȞĲĮȚ ʌĮȡȐȜȜȘȜĮ ʌȡȠȢ ĮȣĲȩ� ǹȡȤȚțȐ� ȠȚ ʌİȡȚȠȤȑȢ ĲȦȞ ȠʌȠȓȦȞ
ȠȚ ȝĮȖȞȘĲȚțȑȢ ȡȠʌȑȢ İȓȞĮȚ İȣȞȠȧțȐ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞİȢ ȦȢ ʌȡȠȢ ĲȠ ʌİįȓȠ İʌİțĲİȓȞȠȞĲĮȚ
ıİ ȕȐȡȠȢ ĲȦȞ ʌİȡȚȠȤȫȞ ȝİ įȚĮĳȠȡİĲȚțȩ ʌȡȠıĮȞĮĲȠȜȚıȝȩ� Ǿ ĮȞȐʌĲȣȟȘ ĲȦȞ ʌİȡȚȠȤȫȞ Ȗȓ�
ȞİĲĮȚ ȝİ ȝİĲĮĲȩʌȚıȘ ĲȦȞ ĲȠȚȤȦȝȐĲȦȞ ĲȠȣȢ� ȈĲȘȞ ĮȡȤȒ ĮȣĲȩ ȖȓȞİĲĮȚ ȝİ ȚįȚĮȓĲİȡȘ įȣıțȠȜȓĮ
țĮȚ ȝʌȠȡİȓ ȞĮ ĮʌĮȚĲȘșİȓ ȝİȖȐȜȘ ĮȪȟȘıȘ ĲȘȢ ȑȞĲĮıȘȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ʌȡȠțİȚȝȑȞȠȣ
ȞĮ ʌȡȠțȜȘșİȓ ȝȚĮ ȝȚțȡȒ ȝĮȖȞȒĲȚıȘ� ǹȣĲȩ ĳĮȓȞİĲĮȚ Įʌȩ ĲȘȞ ȝȚțȡȒ țȜȓıȘ ĲȘȢ ȖȡĮĳȚțȒȢ ʌĮ�
ȡȐıĲĮıȘȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ B ıȣȞĮȡĲȒıİȚ ĲȘȢ ȑȞĲĮıȘȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ
H� Ș ȠʌȠȓĮ İțĳȡȐȗİȚ ĲȘȞ ȝĮȖȞȘĲȚțȒ İʌȚįİțĲȚțȩĲȘĲĮ χ ĲȠȣ ȣȜȚțȠȪ� ȈĲȘȞ ıȣȞȑȤİȚĮ țĮșȫȢ
ĮȣȟȐȞİĲĮȚ Ș ȑȞĲĮıȘ ĲȠȣ ʌİįȓȠȣ� Ș ĮȞȐʌĲȣȟȘ ĲȦȞ ʌİȡȚȠȤȫȞ ȖȓȞİĲĮȚ İȣțȠȜȩĲİȡĮ ȠʌȩĲİ Įȣ�
ȟȐȞİĲĮȚ țĮȚ Ș ĮȞĲȓıĲȠȚȤȘ țȜȓıȘȢ ĲȘȢ ȖȡĮĳȚțȒȢ ʌĮȡȐıĲĮıȘȢ țĮȚ Ș ȝĮȖȞȘĲȚțȒ İʌȚįİțĲȚțȩĲȘĲĮ�
ǵĲĮȞ ȠȜȠțȜȘȡȦșİȓ Ș ĮȞȐʌĲȣȟȘ ĲȦȞ İȣȞȠȧțȐ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞȦȞ ʌİȡȚȠȤȫȞ țĮȚ ĮȣȟȘșİȓ
ʌİȡĮȚĲȑȡȦ ıȘȝĮȞĲȚțȐ Ș ȑȞĲĮıȘ ĲȠȣ İĳĮȡȝȠȗȩȝİȞȠȣ ʌİįȓȠȣ ĮȡȤȓȗİȚ ȞĮ ȜĮȝȕȐȞİȚ ȤȫȡĮ
ʌİȡȚıĲȡȠĳȒ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ʌİȡȚȠȤȫȞ ȖİȖȠȞȩȢ ʌȠȣ ĮʌĮȚĲİȓ ıȘȝĮȞĲȚțȐ ȝİȖĮȜȪĲİȡȘ İȞȑȡ�
ȖİȚĮ Įʌȩ ĮȣĲȒ ȖȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ ĲȦȞ İȣȞȠȧțȐ ʌȡȠıĮȞĮĲȠȜȚıȝȑȞȦȞ ȝĮȖȞȘĲȚțȫȞ ʌİȡȚȠȤȫȞ�
ȝİ ĮʌȠĲȑȜİıȝĮ Ș țȜȓıȘ ĲȘȢ țĮȝʌȪȜȘȢ B ȦȢ ʌȡȠȢ H ȞĮ ȝİȚȫȞİĲĮȚ� ǹȣĲȩ ıȣȞİȤȓȗİĲĮȚ ȝȑ�
ȤȡȚȢ ȩĲȠȣ ȩȜİȢ ȠȚ ʌİȡȚȠȤȑȢ ȞĮ ʌȡȠıĮȞĮĲȠȜȚıĲȠȪȞ ʌĮȡȐȜȜȘȜĮ ȦȢ ʌȡȠȢ ĲȠ ʌİįȓȠ� ȠʌȩĲİ
țĮȚ ĲȠ ȣȜȚțȩ ĮʌȠțĲȐ ȝȚĮ ȝȑȖȚıĲȘ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ Bs Ș ȠʌȠȓĮ ȠȞȠȝȐȗİĲĮȚ ȝĮȖȞȘĲȚțȒ
İʌĮȖȦȖȒ țȠȡİıȝȠȪ� Ǿ țĮȝʌȪȜȘ Oa ĲȠȣ ıȤȒȝĮĲȠȢ����� ĮʌȠĲİȜİȓ ĲȘȞ țĮȝʌȪȜȘ ĲȘȢ ĮȡȤȚ�
țȒȢ ȝĮȖȞȒĲȚıȘȢ İȞȩȢ ıȚįȘȡȠȝĮȖȞȘĲȚțȠȪ ȣȜȚțȠȪ� ȂİȚȫȞȠȞĲĮȢ ĲȘȞ ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ
ʌİįȓȠȣ ʌȡȠȢ ĲȠ �� Ș țĮȝʌȪȜȘ ĲȘȢ ȝİĲĮȕȠȜȒȢ ĲȘȢ ȝĮȖȞȒĲȚıȘȢ įİȞ ĮțȠȜȠȣșİȓ ĮȣĲȒȞ ĲȘȢ Įȡ�
ȤȚțȒȢ ȝĮȖȞȒĲȚıȘȢ țĮȚ ȝȐȜȚıĲĮ ȩĲĮȞ Ș ȑȞĲĮıȘ ĲȠȣ ʌİįȓȠȣ ȝȘįİȞȚıĲİȓ ʌĮȡĮȝȑȞİȚ ıĲȠ ȣȜȚțȩ
ȝȚĮ ʌȠıȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ʌȠȣ ȠȞȠȝȐȗİĲĮȚ ʌĮȡĮȝȑȞȠȣıĮ İʌĮȖȦȖȒ Br �ıȘȝİȓȠ
b ĲȠȣ ıȤȒȝĮĲȠȢ ����� ȉȠ ĳĮȚȞȩȝİȞȠ ĮȣĲȩ ȠȞȠȝȐȗİĲĮȚ ȣıĲȑȡȘıȘ țĮȚ Ș ʌĮȡĮȝȑȞȠȣıĮ İʌĮ�
ȖȦȖȒ ıȘȝĮȓȞİȚ ȩĲȚ ʌĮȡȩȜȠ ĲȠȞ ȝȘįİȞȚıȝȩ ĲȘȢ ȑȞĲĮıȘȢ ĲȠȣ ʌİįȓȠȣ ʌĮȡĮȝȑȞİȚ ıĲȠ ȣȜȚțȩ
ȑȞĮȢ ĮȡȚșȝȩȢ ȝĮȖȞȘĲȚțȫȞ ʌİȡȚȠȤȫȞ ȝİ ʌȡȠıĮȞĮĲȠȜȚıȝȩ țĮĲȐ ĲȘ įȚİȪșȣȞıȘ ĲȠȣ ʌİįȓȠȣ�
īȚĮ ĲȠ ȝȘįİȞȚıȝȩ ĲȘȢ İʌĮȖȦȖȒȢ ĲȠȣ ȣȜȚțȠȪ ĮʌĮȚĲİȓĲĮȚ Ș İĳĮȡȝȠȖȒ İȞȩȢ ĮȞĲȓșİĲȠȣ ʌİįȓȠȣ
ȑȞĲĮıȘȢ Hc ĲȠ ȠʌȠȓȠ ȠȞȠȝȐȗİĲĮȚ ıȣȞİțĲȚțȩ ʌİįȓȠ Ȓ ĮʌȠȝĮȖȞȘĲȓȗȠȣıĮ įȚȑȖİȡıȘ �ıȘȝİȓȠ
c ıĲȠ ıȤȒȝĮ ����� ǹȞ Ș ȑȞĲĮıȘ ĲȠȣ ĮȞĲȓșİĲȠȣ ʌİįȓȠȣ ĮȣȟȘșİȓ ĮțȩȝĮ ʌİȡȚııȩĲİȡȠ ĲİȜȚțȐ
ĲȠ ȣȜȚțȩ șĮ ĳĲȐıİȚ ıİ țĮĲȐıĲĮıȘ ȝĮȖȞȘĲȚțȠȪ țȠȡİıȝȠȪ ıĲȠ ĮȞĲȓșİĲȠ ʌİįȓȠ �ıȘȝİȓȠ G ıĲȠ
����� Ȃİ ĲȘȞ ĮʌȠȝȐțȡȣȞıȘ ĲȠȣ ĮȞĲȓșİĲȠȣ ʌİįȓȠȣ� Ș ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ʌĮȓȡȞİȚ ĲȘȞ ĲȚȝȒ
ĲȘȢ ʌĮȡĮȝȑȞȠȣıĮȢ İʌĮȖȦȖȒȢ�ıȘȝİȓȠ H ıĲȠ ���� țĮȚ ıĲȘ ıȣȞȑȤİȚĮ ĮȞ İĳĮȡȝȠıșİȓ șİĲȚțȩ
ʌİįȓȠ Ș țĮȝʌȪȜȘ B − H șĮ ĮțȠȜȠȣșȒıİȚ ĲȘȞ fa ȠȜȠțȜȘȡȫȞȠȞĲĮȢ ȑȞĮ ʌȜȒȡȘ țȪțȜȠ� Ǿ



ȀİĳȐȜĮȚȠ ��ȈȪȖȤȡȠȞİȢ ȂȘȤĮȞȑȢ ȂȠȞȓȝȦȞ ȂĮȖȞȘĲȫȞ ��

țȜİȚıĲȒ țĮȝʌȪȜȘ ĮȣĲȒ abcdef ȠȞȠȝȐȗİĲĮȚ ȕȡȩȤȠȢ ȣıĲȑȡȘıȘȢ țĮȚ ıİ ȠʌȠȚȠįȒʌȠĲİ ʌİȡĮȚ�
ĲȑȡȦ İʌȚȕȠȜȒ ıĲȠ ȣȜȚțȩ İȞȩȢ ȝİĲĮȕĮȜȜȩȝİȞȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ� Ș ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ
șĮ ĮțȠȜȠȣșİȓ ĲȘȞ ʌȠȡİȓĮ ĲȠȣ ȕȡȩȤȠȣ ĮȣĲȠȪ�

����� ȈȚįȘȡȚȝĮȖȞȘĲȚțȐ ȣȜȚțȐ

ȉĮ țȣȡȚȩĲİȡĮ ıȚįȘȡȚȝĮȖȞȘĲȚțȐ ȣȜȚțȐ İȓȞĮȚ ȠȚ ĳİȡȡȓĲİȢ ȠȚ ȠʌȠȓȠȚ İȓȞĮȚ ȝȚțĲȐ ȠȟİȓįȚĮ ĲȠȣ ıȚ�
įȒȡȠȣ ȝİ ȐȜȜĮ ȝȑĲĮȜȜĮ� ȅȚ ĳİȡȡȓĲİȢ ȑȤȠȣȞ țĮȚ ĮȣĲȠȓ ȝĮȖȞȘĲȚțȑȢ ʌİȡȚȠȤȑȢ țĮȚ ȕȡȩȤȠȣȢ
ȣıĲȑȡȘıȘȢ ȩʌȦȢ ĲĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȐ ȣȜȚțȐ ȝİ ȝĮȖȞȘĲȚțȐ ʌİįȓĮ ĮȡțİĲȐ ȚıȤȣȡȐ� Ǿ įȚĮ�
ĳȠȡȐ ȩȝȦȢ ȝİ ĲĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȐ ȣȜȚțȐ ĮĳȠȡȐ ĲȚȢ ȝĮȖȞȘĲȓıİȚȢ țȠȡİıȝȠȪ ȠȚ ȠʌȠȓİȢ İȓȞĮȚ
ĮȡțİĲȐ ȤĮȝȘȜȩĲİȡİȢ Įʌȩ ĲȚȢ ĮȞĲȓıĲȠȚȤİȢ ĲȦȞ ıȚįȘȡȠȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ�

����� ȂȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ

ȅȚ ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ĮȞȒțȠȣȞ ıĲĮ ıțȜȘȡȐ ȝĮȖȞȘĲȚțȐ ȣȜȚțȐ ĲĮ ȠʌȠȓĮ Įʌȩ ĲȘ ıĲȚȖȝȒ ʌȠȣ
ȝĮȖȞȘĲȚıĲȠȪȞ įȚĮĲȘȡȠȪȞ ĲȚȢ ȝĮȖȞȘĲȚțȑȢ ĲȠȣȢ ȚįȚȩĲȘĲİȢ ȤȦȡȓȢ ĲȘȞ ʌĮȡȠȣıȓĮ țȐʌȠȚȠȣ ʌİ�
įȓȠȣ� ȋĮȡĮțĲȘȡȓȗȠȞĲĮȚ Įʌȩ ȝİȖȐȜİȢ ĲȚȝȑȢ ȑȞĲĮıȘȢ ʌİįȓȠȣ ĮʌȠȝĮȖȞȒĲȚıȘȢ Hc țĮȚ ȝİȖȐ�
ȜİȢ ĲȚȝȑȢ ʌĮȡĮȝȑȞȠȣıĮȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ Br țĮȚ ȦȢ ıȣȞȑʌİȚĮ ĮȣĲȫȞ ʌĮȡȠȣıȚȐ�
ȗȠȣȞ ȕȡȩȤȠȣȢ ȣıĲȑȡȘıȘȢ ȠȚ ȠʌȠȓȠȚ İȓȞĮȚ ĮȡțİĲȐ İȣȡİȓȢ țĮȚ ȑȤȠȣȞ İȝȕĮįȩȞ ȝİȖĮȜȪĲİȡȠ ıİ
ıȤȑıȘ ȝİ ĮȣĲȠȪȢ ĲȦȞ ȝĮȜĮțȫȞ ȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ� īȚĮ ĲȠ ȝĮȖȞȘĲȚıȝȩ ĲȠȣȢ ĮʌĮȚĲİȓĲĮȚ ȑȞĮ
ĮȡțİĲȐ ȚıȤȣȡȩ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ ȫıĲİ ȞĮ ʌȡȠıĮȞĮĲȠȜȚıĲȠȪȞ ȠȚ ȝĮȖȞȘĲȚțȑȢ ʌİȡȚȠȤȑȢ ĲȠȣȢ
İȞȫ İȓȞĮȚ ʌȠȜȪ įȪıțȠȜȠȢ Ƞ ĮʌȠȝĮȖȞȘĲȚıȝȩȢ ĲȠȣȢ� ȋĮȡĮțĲȘȡȚıĲȚțȩ ȝȑȖİșȠȢ ĲȦȞ ȝȠȞȓȝȦȞ
ȝĮȖȞȘĲȫȞ İȓȞĮȚ Ș ȚıȤȪȢ ĲȠȣȢ Ș ȠʌȠȓĮ ıȤİĲȓȗİĲĮȚ ȐȝİıĮ ȝİ ĲȠ ȝȑȖİșȠȢ ĲȠȣ ȕȡȩȤȠȣ ȣıĲȑȡȘ�
ıȘȢ țĮȚ ȝİĲȡȚȑĲĮȚ Įʌȩ ĲȠ ȝȑȖȚıĲȠ İȞİȡȖİȚĮțȩ ȖȚȞȩȝİȞȠ(BH)max ʌȠȣ ȠȡȓȗİĲĮȚ ȦȢ Ș ȝȑȖȚıĲȘ
ĲȚȝȒ ĲȠȣ ȖȚȞȠȝȑȞȠȣ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ B țĮȚ ĲȘȢ ȑȞĲĮıȘȢ ĮʌȠȝĮȖȞȒĲȚıȘȢ Hc�
Ǿ ȕȐıȘ ȖȚĮ ĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ ĲȠȣ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ İȓȞĮȚ ĲȠ țȠȝȝȐĲȚ ĲȠȣ ȕȡȩȤȠȣ ȣıĲȑ�
ȡȘıȘȢ ĲȠ ȠʌȠȓȠ ȕȡȓıțİĲĮȚ ıĲȠ �R ĲİĲĮȡĲȘȝȩȡȚȠ țĮȚ ȠȞȠȝȐȗİĲĮȚ țĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ
�GHPDJQHWL]DWLRQ FXUYH��ıȤȒȝĮ ����� ǹȞ ȑȞĮ ĮȞĲȓșİĲȠ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ İĳĮȡȝȠıșİȓ ıİ ȑȞĮ
ȒįȘ ȝĮȖȞȘĲȚıȝȑȞȠ ȖȚĮ ʌĮȡȐįİȚȖȝĮ ĲȠȡȠİȚįȑȢ� Ș ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ȝİȚȫȞİĲĮȚ
ıĲȘȞ ĲȚȝȒ ʌȠȣ ȣʌȠįİȚțȞȪİȚ ĲȠ ıȘȝİȓȠ .� ǵĲĮȞ ĮĳĮȚȡİșİȓ ĲȠ ĮȞĲȓșİĲȠ ĮȣĲȩ ȝĮȖȞȘĲȚțȩ ʌİ�
įȓȠ Ș ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ İʌȚıĲȡȑĳİȚ ıĲȠ ıȘȝİȓȠ / ĮțȠȜȠȣșȫȞĲĮȢ ȑȞĮȞ ȝȚțȡȩĲİȡȠ ȕȡȩȤȠ
ȣıĲȑȡȘıȘȢ� ȈȣȞİʌȫȢ Ș İĳĮȡȝȠȖȒ ĲȠȣ ĮȞĲȓșİĲȠȣ ʌİįȓȠȣ ȠįȘȖİȓ ıİ ȝİȓȦıȘ ĲȘȢ ʌĮȡĮȝȑ�
ȞȠȣıĮȢ ȝĮȖȞȒĲȚıȘȢ Br� ǼĳĮȡȝȩȗȠȞĲĮȢ İț ȞȑȠȣ ȑȞĮ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ șĮ ȝİȚȫıİȚ ȟĮȞȐ ĲȘ
ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ȠȜȠțȜȘȡȫȞȠȞĲĮȢ ĲȠȞ ȝȚțȡȩĲİȡȠ ȕȡȩȤȠ ȣıĲȑȡȘıȘȢ ȝİ ĲȘȞ İʌȚıĲȡȠĳȒ
ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ıȘȝİȓȠ .� ȅ ȝȚțȡȩĲİȡȠȢ ĮȣĲȩȢ ȕȡȩȤȠȢ ȣıĲȑȡȘıȘȢ ȝʌȠȡİȓ
ıȣȞȒșȦȢ ȞĮ ĮȞĲȚțĮĲĮıĲĮșİȓ ȝİ ȝȚțȡȩ ıĳȐȜȝĮ Įʌȩ ȝȚĮ İȣșİȓĮ ȖȡĮȝȝȒ Ș ȠʌȠȓĮ ȠȞȠȝȐȗİ�
ĲĮȚ ĮʌȜȠȣıĲİȣȝȑȞȘ țĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ �UHFRLO OLQH�� Ǿ țȜȓıȘ ĮȣĲȒȢ ȠȡȓȗİĲĮȚ ȦȢ µR
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țĮȚ ȠȞȠȝȐȗİĲĮȚ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ ȝĮȖȞȒĲȘ�UHFRLO SHUPHDELOLW\�� ȀĮșȫȢ Ș ĮȡȞȘ�
ĲȚțȒ ĲȚȝȒ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȑȞĲĮıȘȢ ĲȠȣ İĳĮȡȝȠȗȩȝİȞȠȣ ʌİįȓȠȣ įİȞ ȣʌİȡȕĮȓȞİȚ ĲȘȞ ĲȚȝȒ ʌȠȣ
ĮȞĲȚıĲȠȚȤİȓ ıĲȠ ıȘȝİȓȠ . Ƞ ȝĮȖȞȒĲȘȢ ȝʌȠȡİȓ ȞĮ șİȦȡȘșİȓ ´ȝȩȞȚȝȠȢ´� ǹȞ ȩȝȦȢ İĳĮȡȝȠıșİȓ
ȑȞĮ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ ȝİ ȝİȖĮȜȪĲİȡȘ ĲȚȝȒ ȑȞĲĮıȘȢ H ĲȩĲİ Ș ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ șĮ ȝİȚȦ�
șİȓ ıİ ĲȚȝȒ ȝȚțȡȩĲİȡȘ Įʌȩ ĮȣĲȒ ĲȠȣ ıȘȝİȓȠȣ .� Ȃİ ĲȘȞ ĮʌȠȝȐțȡȣȞıȘ ĲȠȣ İĳĮȡȝȠȗȩȝİȞȠȣ
ʌİįȓȠȣ ȝȚĮ ȞȑĮ țĮȚ ȤĮȝȘȜȩĲİȡȘ ĮʌȜȠȣıĲİȣȝȑȞȘ țĮȝʌȪȜȘ șĮ ʌȡȠțȪȥİȚ�>�@

ȈȤȒȝĮ ���� ȀĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ ȝĮȖȞȒĲȘ

ǹȞ ȠȡȓıȠȣȝİ ȦȢ İȖȖİȞȒ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ Bi� ĲȘ ıȣȞȚıĲȫıĮ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ
B ʌȠȣ ȠĳİȓȜİĲĮȚ ıĲȘȞ ʌĮȡȠȣıȓĮ ĲȠȣ ıȚįȘȡȠȝĮȖȞȘĲȚțȠȪ ȣȜȚțȠȪ ʌȡȠțȪʌĲİȚ Ș ĮțȩȜȠȣșȘ
ıȤȑıȘ�

B = µ0 ·H +Bi = µ0 · (H +M) = µ0 · (1 + χ) ·H = µ0 · µr ·H �����

ȩʌȠȣ B⃗� H⃗� B⃗i țĮȚ M⃗ = B⃗i/µ0 İȓȞĮȚ ʌĮȡȐȜȜȘȜĮ Ȓ ĮȞĲȚʌĮȡȐȜȜȘȜĮ įȚĮȞȪıȝĮĲĮ ȑĲıȚ ȫıĲİ Ș
ıȤȑıȘ ����� ȞĮ ȝʌȠȡİȓ ȞĮ ȖȡĮĳĲİȓ ıİ ȕĮșȝȦĲȒ ȝȠȡĳȒ� īȚĮ ĲȘȞ ıȤİĲȚțȒ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮ�
ĲȩĲȘĲĮ ĲȦȞ ıȚįȘȡȠȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ ȚıȤȪİȚ ȩĲȚ µr = 1+χ ≫ 1� ȉȠ įȚȐȞȣıȝĮ ȝĮȖȞȒĲȚıȘȢ
M⃗ İȓȞĮȚ ĮȞȐȜȠȖȠ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌȚįİțĲȚțȩĲȘĲĮȢ χ ĲȠȣ ȣȜȚțȠȪ ȩʌȦȢ ȑȤİȚ ȒįȘ ĮȞĮĳİȡșİȓ�
Ǿ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ µ0 · H șĮ ȒĲĮȞ ʌĮȡȠȪıĮ ȝȑıĮ ıĲȠ ĲȠȡȠİȚįȑȢ ĮȞ Ƞ ıȚįȘȡȠȝĮȖȞȘ�
ĲȚțȩȢ ʌȣȡȒȞĮȢ įİȞ ȕȡȚıțȩĲĮȞ ıİ ĮȣĲȩ İȞȫ Ș ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ Bi İȓȞĮȚ Ș ıȣȞİȚıĳȠȡȐ
ĲȠȣ ıȚįȘȡȠȝĮȖȞȘĲȚțȠȪ ʌȣȡȒȞĮ�
ǵıȠȞ ĮĳȠȡȐ ĲȠȣȢ ȝȩȞȚȝȠȣȢ ȝĮȖȞȒĲİȢ ıȣȝʌİȡȚĳȑȡȠȞĲĮȚ ȜȓȖȠ įȚĮĳȠȡİĲȚțȐ Įʌȩ ĲȠȣȢ ȘȜİ�
țĲȡȠȝĮȖȞȒĲİȢ� ǹȞ ȑȞĮ İȟȦĲİȡȚțȩ ʌİįȓȠ İĳĮȡȝȠıșİȓ ıİ ĮȣĲȠȪȢ Ș ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ
ʌİįȓȠȣ ʌȠȣ ʌȡȠțȪʌĲİȚ İȓȞĮȚ�

H = Ha +Hd �����



ȀİĳȐȜĮȚȠ ��ȈȪȖȤȡȠȞİȢ ȂȘȤĮȞȑȢ ȂȠȞȓȝȦȞ ȂĮȖȞȘĲȫȞ ��

ȩʌȠȣ Hd Ș ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ʌȠȣ ȣʌȐȡȤİȚ ȝİĲĮȟȪ ĲȦȞ ʌȩȜȦȞ Ș ȠʌȠȓĮ İȓȞĮȚ
ĮȞȐȜȠȖȘ ĲȘȢ İȖȖİȞȠȪȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ Bi ȝİ įȚĮĳȠȡȐ ĳȐıȘȢ 180◦� Ȉİ ȑȞĮ țȜİȚıĲȩ
ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȩʌȦȢ ȖȚĮ ʌĮȡȐįİȚȖȝĮ ıİ ȑȞĮ ĲȠȡȠİȚįȑȢ Ș ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ
ʌİįȓȠȣ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ İȖȖİȞȒ ȝĮȖȞȒĲȚıȘ İȓȞĮȚ ȓıȘ ȝİ Hd = 0� ǹȞ Ƞ ȝȩȞȚȝȠȢ
ȝĮȖȞȒĲȘȢ ĮĳĮȚȡİșİȓ Įʌȩ ĲȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȚıȤȪİȚ ȩĲȚ�

Hd = −Mb ·Bi

µ0
�����

ȩʌȠȣ Mb Ƞ ıȣȞĲİȜİıĲȒȢ ĮʌȠȝĮȖȞȒĲȚıȘȢ ʌȠȣ İȟĮȡĲȐĲĮȚ Įʌȩ ĲȘ ȖİȦȝİĲȡȓĮ ĲȠȣ ȣȜȚțȠȪ�
ĬȑĲȦȞĲĮȢ Bi = Bd − µ0 ·Hd ıĲȘȞ İȟȓıȦıȘ ����� ıȣıȤİĲȓȗȠȞĲĮȢ ĲȘȞ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ
Bd țĮȚ ĲȠ ĮȣĲȩ ĮʌȠȝĮȖȞȘĲȚȗȩȝİȞȠ ʌİįȓȠ Hd ȝİ ĲȘ ȖİȦȝİĲȡȓĮ ĲȠȣ ȝĮȖȞȒĲȘ ʌȡȠțȪʌĲİȚ�

Bd

µ0 ·Hd
= 1− 1

Mb
������

ȈȤȒȝĮ ���� ȀĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ

ȈĲȠ ʌĮȡĮʌȐȞȦ ıȤȒȝĮ ĳĮȓȞȠȞĲĮȚ ȠȚ țĮȝʌȪȜİȢ İȖȖİȞȠȪȢ ȝĮȖȞȒĲȚıȘȢ țĮȚ Ș ĮʌȜȠȣıĲİȣȝȑȞȘ
țĮȝʌȪȜȘ ĮʌȠȝĮȖȞȒĲȚıȘȢ �İȣșİȓĮ ȖȡĮȝȝȒ� ĲȠȣ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ� Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ Ș
ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ʌȜȘıȚȐıİȚ ıİ ĲȚȝȑȢ țȠȞĲȐ ıĲȠHc ȣʌȐȡȤİȚ țȓȞįȣȞȠȢ ȝİȡȚțȒȢ
Ȓ țĮȚ ȠȜȚțȒȢ ĮʌȠȝĮȖȞȒĲȚıȘȢ ĲȠȣ� īȚĮ ĮȣĲȩ ıȣȞȚıĲȐĲĮȚ ĲȠ ıȘȝİȓȠ ȜİȚĲȠȣȡȖȓĮȢ ȞĮ ȕȡȓıțİĲĮȚ
ȝĮțȡȚȐ Įʌȩ ĲȠ İȚțȠȞȚȗȩȝİȞȠȣ ĲȘȢ țĮȝʌȪȜȘȢ İȖȖİȞȠȪȢ ĮʌȠȝĮȖȞȒĲȚıȘȢ� īȚĮ ĲȘȞ ĮȞĮʌĮȡȐ�
ıĲĮıȘ ĲȘȢ ȜİȚĲȠȣȡȖȓĮȢ ĲȠȣ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ Ș ĮʌȜȠȣıĲİȣȝȑȞȘ țĮȝʌȪȜȘ
ĮʌȠȝĮȖȞȒĲȚıȘȢ�ıĲĮșİȡȒ țȜȓıȘ��
Ǿ ȝĮȖȞȒĲȚıȘ M ĲȦȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȑȤİȚ ıȣȖțİțȡȚȝȑȞȠ ʌȡȠıĮȞĮĲȠȜȚıȝȩ Ƞ ȠʌȠȓȠȢ
İȟĮȡĲȐĲĮȚ Įʌȩ ĲȘȞ įȚİȪșȣȞıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ʌȠȣ İʌȚȕȐȜȜİĲĮȚ ıĲȠȞ ȝĮȖȞȒĲȘ țĮĲȐ
ĲȘȞ įȘȝȚȠȣȡȖȓĮ ĲȠȣ� Ǿ įȚİȪșȣȞıȘ ĲȘȢ ȝĮȖȞȒĲȚıȘȢ įȚĮįȡĮȝĮĲȓȗİȚ ʌȠȜȪ ıȘȝĮȞĲȚțȩ ȡȩȜȠ ıĲȘȞ
țĮĲĮȞȠȝȒ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ʌȐȞȦ Įʌȩ ĲȠ ȝĮȖȞȒĲȘ Ș ȠʌȠȓĮ ıİ ȝȚĮ ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ
țĮșȠȡȓȗİȚ ȝİ ĲȘ ıİȚȡȐ ĲȘȢ ĲȘȞ ʌĮȡĮȖȦȖȒ ĮȡȝȠȞȚțȫȞ ȡȠʌȒȢ țĮȚ İʌȘȡİȐȗİȚ ıȣȞȠȜȚțȐ ĲȘȞ
ʌȠȚȩĲȘĲĮ ȚıȤȪȠȢ�ȅȚ ʌȚȠ ıȣȞȘșȚıȝȑȞİȢ įȚİȣșȪȞıİȚȢ ȝĮȖȞȒĲȚıȘȢ İȓȞĮȚ Ș ʌĮȡȐȜȜȘȜȘ țĮȚ Ș
ĮțĲȚȞȚțȒ ȩʌȦȢ ĳĮȓȞȠȞĲĮȚ ıĲȠ ıȤȒȝĮ������ Ǿ ĮțĲȚȞȚțȒ ȝĮȖȞȒĲȚıȘ ȑȤİȚ ĲȘ įȚİȪșȣȞıȘ ĲȘȢ



ȀİĳȐȜĮȚȠ ��ȈȪȖȤȡȠȞİȢ ȂȘȤĮȞȑȢ ȂȠȞȓȝȦȞ ȂĮȖȞȘĲȫȞ ��

ĮțĲȓȞĮȢ țĮȚ ʌĮȡȐȖİȚ ĲȡĮʌİȗȠİȚįȒ ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒ ȡȠȒȢ ıĲȠ įȚȐțİȞȠ ĲȘȢ ȝȘȤĮȞȒȢ�
ǹȞĲȓșİĲĮ Ș ʌĮȡȐȜȜȘȜȘ ȝĮȖȞȒĲȚıȘ ȑȤİȚ ĲȘ įȚİȪșȣȞıȘ ĲȦȞ ʌȜİȣȡȫȞ ĲȠȣ ȝĮȖȞȒĲȘ țĮȚ ʌĮ�
ȡȐȖİȚ ȘȝȚĲȠȞȠİȚįȒ țĮĲĮȞȠȝȒ ıĲȠ įȚȐțİȞȠ� ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȘȢ ĮțĲȚȞȚțȒȢ ȝĮȖȞȒĲȚıȘȢ� Ș
ȝĮȖȞȘĲȚțȒ ȡȠȒ țĮȚ Ș İʌĮȖȦȖȒ ıĲȠ įȚȐțİȞȠ İȓȞĮȚ ȝȑȖȚıĲİȢ țĮȚ ʌĮȡĮȝȑȞȠȣȞ ȠȝȠȚȩȝȠȡĳĮ
ıĲĮșİȡȑȢ ȖȚĮ ĲȠ İȪȡȠȢ ĲȠȣ ȝĮȖȞȒĲȘ țȐĲȚ ĲȠ ȠʌȠȓȠ įİȞ ȚıȤȪİȚ ıĲȠȣȢ ʌĮȡȐȜȜȘȜĮ ȝĮȖȞȘ�
ĲȚıȝȑȞȠȣȢ ȝĮȖȞȒĲİȢ� ȅȚ įİȪĲİȡȠȚ İȝĳĮȞȓȗȠȣȞ İʌȚʌȜȑȠȞ țĮȚ ȝȚĮ İĳĮʌĲȠȝİȞȚțȒ ıȣȞȚıĲȫıĮ
ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ�

ȈȤȒȝĮ ���� ǹțĲȚȞȚțȒ țĮȚ ʌĮȡȐȜȜȘȜȘ ȝĮȖȞȒĲȚıȘ ȝĮȖȞȘĲȫȞ

ȉĮ țȣȡȚȩĲİȡĮ ȣȜȚțȐ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ ȦȢ ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ ıĲȚȢ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ
İȓȞĮȚ ĲĮ țȡȐȝĮĲĮ ĮȜȠȣȝȚȞȓȠȣ�ȞȚțİȜȓȠȣ�țȠȕĮȜĲȓȠȣ�DOQLFR�� ȠȚ ĳİȡȡȓĲİȢ�IHUULWH�� ĲĮ țȡȐȝĮĲĮ
ıĮȝĮȡȓȠȣ țȠȕĮȜĲȓȠȣ�6P&R� țĮȚ ĲĮ țȡȐȝĮĲĮ ȞİȠįȣȝȓȠȣ�ıȚįȒȡȠȣ�ȕȠȡȓȠȣ�1H)H%��
ȅȚ ȝĮȖȞȒĲİȢ $OQLFR ʌȡȦĲȠʌĮȡȠȣıȚȐıĲȘțĮȞ ĲȠ ���� țĮȚ ĲĮ ıȘȝĮȞĲȚțȐ ĲȠȣȢ ʌȜİȠȞİțĲȒ�
ȝĮĲĮ İȓȞĮȚ Ƞ ȝİȖȐȜȠȢ ʌĮȡĮȝȑȞȦȞ ȝĮȖȞȘĲȚıȝȩȢ�Ș ĮȞĲȠȤȒ ıİ ȣȥȘȜȑȢ șİȡȝȠțȡĮıȓİȢ țĮȚ Ș
ȝȚțȡȒ ȝİĲĮȕȠȜȒ ĲȘȢ țĮȝʌȪȜȘȢ ĮʌȠȝĮȖȞȒĲȚıȘȢ ȜȩȖȦ șİȡȝȠțȡĮıȓĮȢ� ȍıĲȩıȠ� ȠȚ ȝĮȖȞȒ�
ĲİȢ ĮȣĲȠȓ ȑȤȠȣȞ ȝȚțȡȒ ĮȞĲȠȤȒ ıİ İȟȦĲİȡȚțȐ ʌİįȓĮ ĮʌȠȝĮȖȞȒĲȚıȘȢ� ȀȣȡȚȐȡȤȘıĮȞ ȝȑȤȡȚ ĲȠ
�����ȩĲĮȞ ȐȡȤȚıĮȞ ȞĮ ʌȡȠĲȚȝȠȪȞĲĮȚ ȠȚ ʌȠȜȪ ʌȚȠ ȠȚțȠȞȠȝȚțȠȓ țİȡĮȝȚțȠȓ ȝĮȖȞȒĲİȢ �ĳİȡȡȓ�
ĲİȢ�� ȅȚ ĲİȜİȣĲĮȓȠȚ ʌĮȡȠȣıȚȐȗȠȣȞ ʌȠȜȪ ȝİȖĮȜȪĲİȡȘ ĮȞĲȠȤȒ ıİ ʌİįȓĮ ĮʌȠȝĮȖȞȒĲȚıȘȢ ıİ
ıȪȖțȡȚıȘ ȝİ ĲȠȣȢ $OQLFR� ȩȝȦȢ İȝĳĮȞȓȗȠȣȞ ȝȚțȡȩĲİȡȘ ĲȚȝȒ ʌĮȡĮȝȑȞȠȞĲĮ ȝĮȖȞȘĲȚıȝȠȪ� ȉĮ
ıȘȝĮȞĲȚțȐ ĲȠȣȢ ʌȜİȠȞİțĲȒȝĮĲĮ İȓȞĮȚ ĲȠ ʌȠȜȪ ȤĮȝȘȜȩ țȩıĲȠȢ ĮȞȐ ȝȠȞȐįĮ İȞȑȡȖİȚĮȢ țĮȚ Ș
ȝİȖȐȜȘ ȘȜİțĲȡȚțȒ ĮȞĲȓıĲĮıȘ ȝİ ĮʌȠĲȑȜİıȝĮ ȠȚ ĮʌȫȜİȚİȢ įȚȞȠȡİȣȝȐĲȦȞ ȞĮ İȓȞĮȚ ıȤİįȩȞ
ĮȝİȜȘĲȑİȢ� ȋȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ țȣȡȓȦȢ ıİ İĳĮȡȝȠȖȑȢ ȝȚțȡȒȢ ȚıȤȪȠȢ�
ȉĮ ĲİȜİȣĲĮȓĮ ȤȡȩȞȚĮ� ĮȞĮʌĲȪȤșȘțİ ȝȚĮ ȞȑĮ ȖİȞȚȐ ȝĮȖȞȘĲȫȞ ȠȚ ȠʌȠȓȠȚ ȠȞȠȝȐȗȠȞĲĮȚ ȝĮȖȞȒ�
ĲİȢ ıʌȐȞȚȦȞ ȖĮȚȫȞ țĮȚ ʌĮȡȠȣıȚȐȗȠȣȞ ʌȠȜȪ țĮȜȪĲİȡĮ ȝĮȖȞȘĲȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ıİ ıȤȑıȘ
ȝİ ĲȠȣȢ țİȡĮȝȚțȠȪȢ țĮȚ ĲȠȣȢ $OQLFR� ȈĲȘȞ țĮĲȘȖȠȡȓĮ ĮȣĲȒ ĮȞȒțȠȣȞ țȡȐȝĮĲĮ ȝİĲȐȜȜȦȞ ȝİ
ȕȐıȘ ĲȠ ıĮȝȐȡȚȠ�6P&R� țĮȚ ĲȠ ȞİȠįȪȝȚȠ�1G)H� ȝİ ĲȠȣȢ ʌȡȫĲȠȣȢ ȞĮ İȝĳĮȞȓıĲȘțĮȞ ĲȠ
���� İȞȫ ĲȠȣȢ įİȪĲİȡȠȣȢ ĲȠ ����� ȉĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȠȣȢ İȓȞĮȚ ȠȚ ȝİȖȐȜİȢ ĲȚȝȑȢ ʌĮȡĮ�
ȝȑȞȠȞĲĮ ȝĮȖȞȘĲȚıȝȠȪ� ʌİįȓȠȣ ĮʌȠȝĮȖȞȒĲȚıȘȢ țĮȚ İȞȑȡȖİȚĮȢ BHmax� ȋȡȘıȚȝȠʌȠȚȠȪȞĲĮȚ
ıİ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ Įʌȩ ȝİȡȚțȐ : ȝȑȤȡȚ țĮȚ ʌȠȜȜȐ N:� ȚįȚĮȓĲİȡĮ ȩĲĮȞ ʌȡȠĲȚȝȠȪȞĲĮȚ
ȣȥȘȜȠȓ įİȓțĲİȢ ȜİȚĲȠȣȡȖȓĮȢ �ȚıȤȪȢ�ȩȖțȠ�ȕĮșȝȠȢ ĮʌȩįȠıȘȢ�� ȉȠ ȕĮıȚțȩ ĲȠȣȢ ȝİȚȠȞȑțĲȘȝĮ
ıİ ıȤȑıȘ ȝİ ĲȠȣȢ ȐȜȜȠȣȢ İȓȞĮȚ ĲȠ ȣȥȘȜȩ țȩıĲȠȢ� ȅ ʌȓȞĮțĮȢ����� ʌĮȡĮțȐĲȦ ıȣȞȠȥȓȗİȚ



ȀİĳȐȜĮȚȠ ��ȈȪȖȤȡȠȞİȢ ȂȘȤĮȞȑȢ ȂȠȞȓȝȦȞ ȂĮȖȞȘĲȫȞ ��

ĮȣĲȐ ĲĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ İȞȫ ıİ İʌȩȝİȞȠ ıȤȒȝĮ����� ĳĮȓȞȠȞĲĮȚ ȠȚ ȤĮȡĮțĲȘȡȚıĲȚțȑȢ ĮʌȠ�
ȝĮȖȞȒĲȚıȘȢ ĲȠȣȢ�

ȉȪʌȠȢ ȀȩıĲȠȢ ǹʌȠȝĮȖȞȘĲȓȗȠȣıĮ įȪȞĮȝȘ ǼȞİȡȖİȚĮțȩ ȖȚȞȩȝİȞȠ�B ·Hmax�
ĭİȡȡȓĲİȢ ȋĮȝȘȜȩ ȂȑĲȡȚĮ ȋĮȝȘȜȩ
6P&R ȊȥȘȜȩ ȊȥȘȜȒ ȊȥȘȜȩ
1G)H% ȊȥȘȜȩ ȊȥȘȜȒ ȊȥȘȜȩ

ȆȓȞĮțĮȢ ���� ȈȪȖțȡȚıȘ ȣȜȚțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ

ȈȤȒȝĮ ���� ȀĮȝʌȪȜİȢ ĮʌȠȝĮȖȒĲȚıȘȢ ȖȚĮ įȚȐĳȠȡĮ ȣȜȚțȐ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ

��� ǼĳĮȡȝȠȖȑȢ

ǹʌȩ ĲȚȢ ʌĮȡĮʌȐȞȦ țĮĲȘȖȠȡȚȠʌȠȚȒıİȚȢ ĲȘȢ ıȪȖȤȡȠȞȘȢ ȝȘȤĮȞȒȢ ȝȠȞȓȝȠȣ ȝĮȖȞȒĲȘ ȝİ ȕȐıȘ
ĲȘȞ įȚȐĲĮȟȘ țĮȚ ĲȘȞ ȝĮȖȞȒĲȚıȘ ĲȠȣ ȝĮȖȞȒĲȘ� ĲȠ ĲȪȜȚȖȝĮ ĲȠȣ ıĲȐĲȘ țĮȚ ĲȘ įȚİȪșȣȞıȘ ĲȘȢ
ȡȠȒȢ ĲȠȣ ʌİįȓȠȣ İʌȚȜȑȖİĲĮȚ ıȪȖȤȡȠȞȘ ȝȘȤĮȞȒ ȝȠȞȓȝȦȞ İʌȚĳĮȞİȚĮțȫȞ ȝĮȖȞȘĲȫȞ İıȦĲİ�
ȡȚțȠȪ įȡȠȝȑĮ� ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠȣ ĲȣȜȓȖȝĮĲȠȢ� Ǿ ȝȘȤĮȞȒ ĮȣĲȒ ȝİ ȕȐıȘ ĲȘȞ ĮȞȐȜȣıȘ
ʌȠȣ ȑȖȚȞİ ʌĮȡĮʌȐȞȦ ʌĮȡȠȣıȚȐȗİȚ ıȣȞȠȜȚțȐ ȣȥȘȜȒ ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ� ȣȥȘȜȒ
ĮʌȩįȠıȘ� ȝȚțȡȒ țȣȝȐĲȦıȘ ȡȠʌȒȢ� țĮȜȒ ȜİȚĲȠȣȡȖȓĮ ıĲȘȞ ʌİȡȚȠȤȒ İȟĮıșȑȞȘıȘȢ ʌİįȓȠȣ
țĮȚ ĮȞĲȠȤȒ ıĲĮ ıĳȐȜȝĮĲĮ� īȚĮ ĲĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĮȣĲȐ Ƞ ıȣȖțİțȡȚȝȑȞȠȢ ĲȪʌȠȢ ȝȘȤĮȞȒȢ
ʌĮȡȠȣıȚȐȗİȚ İȣȡİȓĮ ȤȡȒıȘ ıĲȚȢ ĮțȩȜȠȣșİȢ ıȘȝĮȞĲȚțȑȢ İĳĮȡȝȠȖȑȢ�

� ǹȞĮȞİȫıȚȝİȢ ȆȘȖȑȢ ǼȞȑȡȖİȚĮȢ țĮȚ ȚįȚĮȓĲİȡĮ ıĲȘȞ ĮȚȠȜȚțȒ İȞȑȡȖİȚĮ ȦȢ ĮȞİȝȠȖİȞȞȒ�
ĲȡȚİȢ



ȀİĳȐȜĮȚȠ ��ȈȪȖȤȡȠȞİȢ ȂȘȤĮȞȑȢ ȂȠȞȓȝȦȞ ȂĮȖȞȘĲȫȞ ��

� ǹİȡȠʌȠȡȚțȑȢ İĳĮȡȝȠȖȑȢ�țȚȞȘĲȒȡİȢ�

� ǾȜİțĲȡȚțȐ�(9� țĮȚ ȣȕȡȚįȚțȐ�+(9� ȠȤȒȝĮĲĮ

� ȈȣıĲȒȝĮĲĮ ʌȡȩȦıȘȢ ʌȜȠȓȦȞ

Ǿ ıȤİįȓĮıȘ ĮȣĲȒȢ ĲȘȢ ȝȘȤĮȞȒȢ șĮ ȖȓȞİȚ ȝİ ȚıȠįȪȞĮȝĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ țĮȚ șĮ ıȣ�
ȖțȡȚșİȓ ȝİ ĮȣĲȒ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ )(00�



ȀİĳȐȜĮȚȠ �

ǿȈȅǻȊȃǹȂǹ ȂǹīȃǾȉǿȀǹ
ȀȊȀȁȍȂǹȉǹ

��� īİȞȚțȐ

ȉĮ ȝĮȖȞȘĲȚțȐ ȚıȠįȪȞĮȝĮ țȣțȜȫȝĮĲĮ İȓȞĮȚ ȑȞĮȢ ĲȡȩʌȠȢ ȝȠȞĲİȜȠʌȠȓȘıȘȢ ĲȦȞ ȘȜİțĲȡȚțȫȞ
ȝȘȤĮȞȫȞ ʌȠȣ ȕĮıȓȗİĲĮȚ ıĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ ĲȘȢ ĳȣıȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ țĮȚ ĲȦȞ ȚįȚȠĲȒ�
ĲȦȞ ĲȠȣȢ ȝİ ĲȘ ȤȡȒıȘ ĮʌȜȫȞ įȚĮțȡȚĲȫȞ ıĲȠȚȤİȓȦȞ�
ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ ĮȣĲȩȢ Ƞ ĲȡȩʌȠȢ ıȤİįȓĮıȘȢ ȤȦȡȓȗİȚ ĲȘ ȝȘȤĮȞȒ ıİ ʌİȡȚȠȤȑȢ țȐșİ ȝȚĮ Įʌȩ
ĲȚȢ ȠʌȠȓİȢ ĮȞĮʌĮȡȓıĲĮĲĮȚ Įʌȩ ıĲȠȚȤİȓĮ ʌȠȣ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘ ȖİȦȝİĲȡȓĮ țĮȚ ĲȚȢ ȝĮȖȞȘĲȚ�
țȑȢ ȚįȚȩĲȘĲİȢ ĲȠȣ ȣȜȚțȠȪ ĲȘȢ ʌİȡȚȠȤȒȢ ʌȠȣ ʌİȡȚȖȡȐĳȠȣȞ� ǹȣĲȐ ĲĮ ıĲȠȚȤİȓĮ ıİ ıȣȞįȣĮıȝȩ
ȝİ ĲȘ įȚĮȝȩȡĳȦıȘ ĲȠȣ ĲȣȜȓȖȝĮĲȠȢ ȠįȘȖȠȪȞ ıĲȘȞ ʌĮȡĮȖȦȖȒ ĲȠȣ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ
țȣțȜȫȝĮĲȠȢ ʌȠȣ șĮ ʌȡȠıȠȝȠȚȫıİȚ ĲȘ ȜİȚĲȠȣȡȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ ĲȩıȠ ıĲȘȞ ĮțȩȡİıĲȘ ȩıȠ
țĮȚ ıĲȘȞ țȠȡİıȝȑȞȘ ʌİȡȚȠȤȒ� ȈĲȠȚȤİȓȠ țȜİȚįȓ ıĲȘ ȝİșȠįȠȜȠȖȓĮ ĮȣĲȒ İȓȞĮȚ Ș İʌȚȜȠȖȒ ĲȠȣ
ʌȜȒșȠȣȢ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲĮ ȠʌȠȓĮ șĮ ʌȡȑʌİȚ ȞĮ İȓȞĮȚ ĲȩıĮ ȫıĲİ ȞĮ ĮȞĲĮȞĮțȜȠȪȞ ʌȜȒȡȦȢ
ȩȜİȢ ĲȚȢ ȚįȚȩĲȘĲİȢ ĲȘȢ ȝȘȤĮȞȒȢ ȤȦȡȓȢ ȞĮ țĮșȚıĲȠȪȞ ĲȘȞ įȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȣʌȠȜȠȖȚıĲȚțȐ
ȤȡȠȞȠȕȩȡĮ�

��� ǹȞĮȜȠȖȓİȢ ȝİĲĮȟȪ ȘȜİțĲȡȚțȫȞ țĮȚ ȝĮȖȞȘĲȚțȫȞ
țȣțȜȦȝȐĲȦȞ

Ǿ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ıİ ıĲȠȚȤİȓĮ ȖȚĮ ĲȘȞ ʌĮȡĮȖȦȖȒ ȚıȠįȪȞĮȝȠȣ țȣ�
țȜȫȝĮĲȠȢ ȖȓȞİĲĮȚ ȝİ ĲȠȞ ȓįȚȠ ĲȡȩʌȠ ʌȠȣ ȖȓȞİĲĮȚ țĮȚ ıĲĮ ȘȜİțĲȡȚțȐ țȣțȜȫȝĮĲĮ�

��



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

ȈĲĮ ȘȜİțĲȡȚțȐ țȣțȜȫȝĮĲĮ ĲĮ șİȝİȜȚȫįȘ ıĲȠȚȤİȓĮ İȓȞĮȚ ȠȚ ʌȘȖȑȢ� ȠȚ ĮȞĲȚıĲȐıİȚȢ� ȠȚ ʌȣ�
țȞȦĲȑȢ țĮȚ ȠȚ İʌĮȖȦȖȑȢ ʌȠȣ ıȣȞįȑȠȞĲĮȚ ȝİĲĮȟȪ ĲȠȣȢ ȝȑıȦ ȚįĮȞȚțȫȞ țĮȜȦįȓȦȞ țĮȚ Ș ıȣ�
ȝʌİȡȚĳȠȡȐ ĲȠȣȢ țĮșȠȡȓȗİĲĮȚ Įʌȩ ĲȠȣȢ ȞȩȝȠȣȢ ĲȠȣ .LUFKRII țĮȚ ĲȚȢ ʌİȡȚȖȡĮĳȚțȑȢ ıȤȑıİȚȢ
ĲȦȞ ıĲȠȚȤİȓȦȞ� ȈĲĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ ĲĮ șİȝİȜȚȫįȘ ıĲȠȚȤİȓĮ İȓȞĮȚ ȠȚ ȝĮȖȞȘĲȚțȑȢ ĮȞĲȚ�
ıĲȐıİȚȢ țĮȚ ȠȚ ȝĮȖȞȘĲİȖİȡĲȚțȑȢ įȣȞȐȝİȚȢ ʌȠȣ ȜİȚĲȠȣȡȖȠȪȞ ȦȢ ʌȘȖȑȢ� ȉȠ ȝĮȖȞȘĲȚțȩ ĮȞȐ�
ȜȠȖȠ ĲȠȣ țĮȜȦįȓȠȣ ıĲȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ İȓȞĮȚ ȑȞĮ ȝĮȖȞȘĲȚțȩ ȣȜȚțȩ ȣȥȘȜȒȢ ȝĮȖȞȘĲȚțȒȢ
ĮȖȦȖȚȝȩĲȘĲĮȢ ıĲȠ ȠʌȠȓȠ Ș ȡȠȒ İȓȞĮȚ ĮȣıĲȘȡȐ ʌİȡȚȠȡȚıȝȑȞȘ� ĮȞĲȓıĲȠȚȤȠ ȝİ ȣȜȚțȩ ȣȥȘȜȒȢ
ȘȜİțĲȡȚțȒȢ ĮȖȦȖȚȝȩĲȘĲĮȢ ıİ ȘȜİțĲȡȚțȩ țȪțȜȦȝĮ� ȈĲĮ ȚıȠįȪȞĮȝĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ
șİȦȡİȓĲĮȚ ȩĲȚ Ș ȡȠȒ ʌȠȣ įȚĮʌİȡȞȐ ȑȞĮ ıĲȠȚȤİȓȠ İȓȞĮȚ ıĲĮșİȡȒ ıİ ȩȜȠ ĲȠ ȝȒțȠȢ ĲȠȣ ıĲȠȚ�
ȤİȓȠȣ įȘȜĮįȒ Ș İʌȓȜȣıȘ ĲȦȞ ʌȡȠȕȜȘȝȐĲȦȞ ĲȠȣ ȤȡȠȞȚțȐ ȝİĲĮȕĮȜȜȩȝİȞȠȣ ʌİįȓȠȣ ȖȓȞİĲĮȚ
ȝİ ȕȐıȘ ĲȚȢ ıĲĮĲȚțȑȢ İȟȚıȫıİȚȢ ĲȠȣ ʌİįȓȠȣ ʌȠȣ șĮ ĮȞĮĳȑȡȠȣȝİ ʌȚȠ țȐĲȦ țĮȚ ıĲȘ ȝȘ�
ȤĮȞȒ șİȦȡİȓĲĮȚ ȩĲȚ įİȞ ȣʌȐȡȤȠȣȞ ĳĮȚȞȩȝİȞĮ țȪȝĮĲȠȢ� ǹȣĲȒ Ș ʌȡȠıȑȖȖȚıȘ İȓȞĮȚ ȖȞȦıĲȒ
ȦȢ ȘȝȚıĲĮĲȚțȒ ʌȡȠıȑȖȖȚıȘ>��@ țĮȚ ȩʌȦȢ ıĲĮ ȘȜİțĲȡȚțȐ țȣțȜȫȝĮĲĮ ĮʌȠĲİȜİȓ ĲȠ ıȪȞįİıȝȠ
ȝİĲĮȟȪ ĲȘȢ ȘȜİțĲȡȠȝĮȖȞȘĲȚțȒȢ șİȦȡȓĮȢ țĮȚ ĲȘȢ șİȦȡȓĮȢ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ�
ȀȡȚĲȒȡȚȠ ȖȚĮ ȞĮ șİȦȡȒıȠȣȝİ ȩĲȚ ȝȚĮ ȝȘȤĮȞȒ ȕȡȓıțİĲĮȚ ıİ ȘȝȚıĲĮĲȚțȒ țĮĲȐıĲĮıȘ İȓȞĮȚ Ƞ
ȤȡȩȞȠȢ ʌȠȣ ȤȡİȚȐȗİĲĮȚ ȑȞĮ ȘȜİțĲȡȠȝĮȖȞȘĲȚțȩ țȪȝĮ ȞĮ ʌİȡȐıİȚ Įʌȩ ĲȘ ȝȘȤĮȞȒ Ƞ ȠʌȠȓȠȢ
ʌȡȑʌİȚ ȞĮ İȓȞĮȚ ĮȝİȜȘĲȑȠȢ ıİ ıȤȑıȘ ȝİ ĲȘȞ ʌİȡȓȠįȠ ĲȠȣ țȪȝĮĲȠȢ>��@�
ȆȑȡĮ ȩȝȦȢ Įʌȩ ĲȚȢ ĮȞĮȜȠȖȓİȢ ʌȠȣ ȣʌȐȡȤȠȣȞ ȝİĲĮȟȪ ĲȦȞ ȘȜİțĲȡȚțȫȞ țĮȚ ȝĮȖȞȘĲȚțȫȞ țȣ�
țȜȦȝȐĲȦȞ ʌĮȡĮĲȘȡȠȪȞĲĮȚ ȠȚ ʌĮȡĮțȐĲȦ įȚĮĳȠȡȑȢ�
Į�ıțȑįĮıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ� ȈĲĮ ȘȜİțĲȡȚțȐ țȣțȜȫȝĮĲĮ ĲȠ ȘȜİțĲȡȚțȩ ȡİȪȝĮ ȡȑİȚ
ȝȑıĮ ıĲȠȣȢ ĮȖȦȖȠȪȢ ĮʌȠțȜİȚıĲȚțȐ țĮȚ įİȞ įȚĮĳİȪȖİȚ ıĲȠȞ ĮȑȡĮ țĮșȫȢ Ș İȚįȚțȒ ĮȖȦȖȚ�
ȝȩĲȘĲĮ ĲȠȣ ĮȑȡĮ� 10−15� İȓȞĮȚ 1020 ĳȠȡȑȢ ȝȚțȡȩĲİȡȘ Įʌȩ ĲȘȞ İȚįȚțȒ ĮȖȦȖȚȝȩĲȘĲĮ İȞȩȢ
țĮȜȠȪ ȝİĲĮȜȜȚțȠȪ ĮȖȦȖȠȪ� 106�107� ȫıĲİ ʌȡĮțĲȚțȐ ȞĮ șİȦȡİȓĲĮȚ ȝȘįİȞȚțȒ�ǹȞĲȓșİĲĮ ıİ
ȑȞĮ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ʌĮȡĮĲȘȡȠȪȞĲĮȚ ĳĮȚȞȩȝİȞĮ ıțȑįĮıȘȢ�IOX[ OHDNDJH�� įȘȜĮįȒ ȑȞĮ
ȝȑȡȠȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ȕȖĮȓȞİȚ ȑȟȦ Įʌȩ ĲȠ țȪțȜȦȝĮ țĮȚ įȚĮĳİȪȖİȚ ıĲȠȞ ĮȑȡĮ� ǹȣĲȩ
ıȣȝȕĮȓȞİȚ İʌİȚįȒ Ș ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȦȞ ȣȜȚțȫȞ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ
țȣȝĮȓȞİĲĮȚ ʌİȡȓʌȠȣ ıĲȘȞ ʌİȡȚȠȤȒ ĲȦȞ 102µ0−105µ0 ʌȠȣ İȓȞĮȚ ıȣȖțȡȓıȚȝȘ ȝİ ĲȘ ȝĮȖȞȘĲȚțȒ
įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ ĮȑȡĮ µ0 țĮȚ İʌȠȝȑȞȦȢ įİȞ ȝʌȠȡİȓ ȞĮ șİȦȡȘșİȓ ĮȝİȜȘĲȑĮ ȩʌȦȢ ıĲĮ
ȘȜİțĲȡȚțȐ țȣțȜȫȝĮĲĮ� ǹțȩȝĮ ʌȚȠ ȑȞĲȠȞȠ ĲȠ ĳĮȚȞȩȝİȞȠ İȓȞĮȚ ȩĲĮȞ ĲȠ ȣȜȚțȩ İȓȞĮȚ țȠȡİıȝȑȞȠ
ȠʌȩĲİ țĮȚ Ș ȝĮȖȞȘĲȚțȒ ĲȠȣ įȚĮʌİȡĮĲȩĲȘĲĮ ȝİȚȫȞİĲĮȚ ĮțȩȝĮ ʌİȡȚııȩĲİȡȠ� īȚ¶ ĮȣĲȠȪȢ ĲȠȣȢ
ȜȩȖȠȣȢ Ș ıțȑįĮıȘ ȝȠȞĲİȜȠʌȠȚİȓĲĮȚ ıĲȠ ȚıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ıĮȞ ıĲȠȚȤİȓȠ�
ȕ� șȣıȐȞȦıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ıĲĮ įȚȐțİȞĮ� Ȉİ șȑıİȚȢ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ
ȩʌȠȣ ȣʌȐȡȤȠȣȞ įȚȐțİȞĮ�ĮȑȡĮȢ ȝİĲĮȟȪ ȝĮȖȞȘĲȚțȫȞ ȣȜȚțȫȞ� Ș ȝĮȖȞȘĲȚțȒ ȡȠȒ șȣıĮȞȫȞİ�
ĲĮȚ� įȘȜĮįȒ ȠȚ įȣȞĮȝȚțȑȢ ȖȡĮȝȝȑȢ ĲȘȢ ĲİȓȞȠȣȞ ȞĮ țĮĲĮȜȐȕȠȣȞ ʌİȡȚııȩĲİȡȠ ȤȫȡȠ Įʌȩ
ĮȣĲȩȞ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȘ įȚĮĲȠȝȒ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ȝİ ĮʌȠĲȑȜİıȝĮ Ș ȡȠȒ ȞĮ
ȝİȚȫȞİĲĮȚ� ǹȣĲȩ ĲȠ ĳĮȚȞȩȝİȞȠ ʌȡȑʌİȚ İʌȓıȘȢ ȞĮ ȜȘĳșİȓ ȣʌȩȥȘ ȝİ țĮĲȐȜȜȘȜȘ ʌȡȠıĮȡ�
ȝȠȖȒ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠȣ įȚĮțȑȞȠȣ�
Ȗ� țȠȡİıȝȩȢ� ȉĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ ȝİ ıȚįȘȡȠȝĮȖȞȘĲȚțȠȪȢ ʌȣȡȒȞİȢ ʌȠȣ ȑȤȠȣȞ ȠȚ ȘȜİ�
țĲȡȚțȑȢ ȝȘȤĮȞȑȢ İȓȞĮȚ ȝȘ ȖȡĮȝȝȚțȐ țȐĲȚ ʌȠȣ ĮʌȠȡȡȑİȚ Įʌȩ ĲȘȞ ȝȘ ȖȡĮȝȝȚțȒ ȝȠȡĳȒ ĲȘȢ
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ıȤȑıȘȢ B⃗ = f(H⃗) ȖȚĮ ĲĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȐ ȣȜȚțȐ� Ǿ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮ ĮȣĲȒ șĮ ȜȘĳșİȓ
ȣʌȩȥȚȞ ıĲȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȩʌȦȢ șĮ ĮȞĮȜȣșİȓ ıİ İʌȩȝİȞȘ İȞȩĲȘĲĮ�

��� ȈȤȑıȘ ȘȜİțĲȡȚțȒȢ țĮȚ ȝȘȤĮȞȚțȒȢ ȖȦȞȓĮȢ ȘȜİțĲȡȚ�
țȒȢ ȝȘȤĮȞȒȢ

+ ȖȦȞȚĮțȒ ȝİĲĮĲȩʌȚıȘ ĲȠȣ įȡȠȝȑĮ ıİ ıȤȑıȘ ȝİ ĲȠȞ ȐȟȠȞĮ ĲȘȢ ĳȐıȘȢ ǹ ĲȠȣ ıĲȐĲȘ ʌȠȣ
ĳĮȓȞİĲĮȚ ıĲȠ ʌĮȡĮțȐĲȦ ıȤȒȝĮ����� ȠȡȓȗİĲĮȚ ȦȢ θm țĮȚ Ș ȖȦȞȚĮțȒ ĲĮȤȪĲȘĲĮ

ωm =
dθr
dt

�����

ȈȤȒȝĮ ���� ǹȞĮʌĮȡȐıĲĮıȘ ȖȦȞȓĮȢ ıĲȡȠĳȒȢ įȡȠȝȑĮ

ǹȞ Ș ȝȘȤĮȞȒ ȑȤİȚ P ʌȩȜȠȣȢ�ȝĮȖȞȒĲİȢ� ĲȩĲİ Ș ıȤȑıȘ ĲȘȢ ȘȜİțĲȡȚțȒȢ țĮȚ ȝȘȤĮȞȚțȒȢ ȝİĲĮ�
ĲȩʌȚıȘȢ İȓȞĮȚ�

θe =
P

2
· θm �����

ωe =
P

2
· ωm �����
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��� ǺĮıȚțȐ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ

ȉȠ ȕĮıȚțȩĲİȡȠ ıĲȠȚȤİȓȠ ʌȠȣ ʌȡȑʌİȚ ȞĮ ȜȘĳșİȓ ȣʌȩȥȚȞ ȖȚĮ ĲȘȞ ıȤİįȓĮıȘ ȝȑıȦ ȝĮȖȞȘĲȚțȫȞ
ȚıȠįȪȞĮȝȦȞ țȣțȜȦȝȐĲȦȞ İȓȞĮȚ Ș įȚĮįȡȠȝȒ ʌȠȣ ĮțȠȜȠȣșİȓ Ș ȡȠȒ� īȚĮ ĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ
ĲȘȢ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȑȞĮȢ ıȦȜȒȞĮ ȡȠȒȢ �IOX[ WXEH� Ƞ ȠʌȠȓȠȢ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ įȣȠ İʌȓ�
ʌİįĮ țȐșİ ȑȞĮ Įʌȩ ĲĮ ȠʌȠȓĮ ȑȤȠȣȞ ıĲĮșİȡȩ ȕĮșȝȦĲȩ ȝĮȖȞȘĲȚțȩ įȣȞĮȝȚțȩ țĮȚ Įʌȩ ĲȠȞ
ȩȖțȠ ĮȞȐȝİıĮ ıİ ĮȣĲȐ ĲĮ įȣȠ İʌȓʌİįĮ� Ǿ ȝĮȖȞȘĲȚțȒ ȡȠȒ șİȦȡİȓĲĮȚ ȩĲȚ İȚıȑȡȤİĲĮȚ ıĲȠ
ıȦȜȒȞĮ ĮȣĲȩ țȐșİĲĮ Įʌȩ ĲȠ ȑȞĮ İʌȓʌİįȠ țĮȚ İȟȑȡȤİĲĮȚ İʌȓıȘȢ țȐșİĲĮ Įʌȩ ĲȠ ȐȜȜȠ� ǹȞ
șİȦȡȒıȠȣȝİ U1, U2 ĲȚȢ ĲȚȝȑȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȕĮșȝȦĲȠȪ įȣȞĮȝȚțȠȪ ıİ țȐșİ ȑȞĮ Įʌȩ ĲĮ
įȪȠ İʌȓʌİįĮ ĮȞĲȓıĲȠȚȤĮ ĲȠȣ ıȦȜȒȞĮ ȡȠȒȢ� φ ĲȘȞ ȡȠȒ ʌȠȣ ĲȠȞ įȚĮʌİȡȞȐ� A ĲȘȞ įȚĮĲȠȝȒ
ĲȠȣ� l ĲȠ ȝȒțȠȢ ĲȠȣ țĮȚ µ ĲȘȞ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ �ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ ����
ĲȩĲİ Ș ȝĮȖȞȘĲȚțȒ ĮȞĲȓıĲĮıȘ ıİ ĮȞĮȜȠȖȓĮ ȝİ ĲȠ ȘȜİțĲȡȚțȩ țȪțȜȦȝĮ ȝʌȠȡİȓ ȞĮ ȠȡȚıĲİȓ ȦȢ
İȟȒȢ�

ȈȤȒȝĮ ���� ȈȦȜȒȞĮȢ ȡȠȒȢ�IOX[ WXEH�

R =
U1 − U2

φ
�����

ȩʌȠȣ Ƞ ĮȡȚșȝȘĲȒȢ ĮʌȠĲİȜİȓ ĲȘȞ ʌĲȫıȘ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ įȘȜĮįȒ

F = U1 − U2 �����

ȁĮȝȕȐȞȠȞĲĮȢ ȣʌȩȥȘ ĲȘȞ ȖİȦȝİĲȡȓĮ ĲȠȣ ıȦȜȒȞĮ ȡȠȒȢ Ș ȝĮȖȞȘĲȚțȒ ĮȞĲȓıĲĮıȘ ȖȚĮ ȠȝȠȚȩ�
ȝȠȡĳȠ İȝȕĮįȩȞ țĮȚ ȝȒțȠȢ ȚıȠįȣȞĮȝİȓ ȝİ�

R =
l

µ ·A �����

ȉȠ ĮȞĲȓıĲȡȠĳȠ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ĮȞĲȓıĲĮıȘȢ ȠȡȓȗİĲĮȚ ȦȢ ȝĮȖȞȘĲȚțȒ ĮȖȦȖȚȝȩĲȘĲĮ P țĮȚ ĮȣĲȒ
ȣʌȠȜȠȖȓȗİĲĮȚ ȦȢ ĲȠ ĮȞĲȓıĲȡȠĳȠ ĲȦȞ ıȤȑıİȦȞ ����� țĮȚ ������
Ȉİ ʌȠȜȜȑȢ ʌİȡȚʌĲȫıİȚȢ ȠȚ ıȦȜȒȞİȢ ȡȠȒȢ ʌĮȡȠȣıȚȐȗȠȣȞ ĮȞȠȝȠȚȩȝȠȡĳȘ ȖİȦȝİĲȡȓĮ ȩʌȠȣ
İȓĲİ ĲȠ ȝȒțȠȢ İȓĲİ Ș İʌȚĳȐȞİȚĮ ĲȠȣȢ İȓȞĮȚ ȝİĲĮȕȜȘĲȐ� ȉȩĲİ ȠȚ ȝĮȖȞȘĲȚțȑȢ ĮȞĲȚıĲȐıİȚȢ țĮȚ
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ĮȖȦȖȚȝȩĲȘĲİȢ ĲȠȣȢ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ȝȑıȦ ȠȜȠțȜȒȡȦıȘȢ� īȚĮ ȑȞĮ ıȦȜȒȞĮ ȡȠȒȢ ȝİ ȝİĲĮ�
ȕȜȘĲȩ İȝȕĮįȩȞ Ș ȡȠȒ įȚĮʌİȡȞȐ įȚĮĳȠȡİĲȚțȐ ĮʌİȚȡȠıĲȐ İȝȕĮįȐ ȚįȓȠȣ ȝȒțȠȣȢ ĲĮ ȠʌȠȓĮ
ȕȡȓıțȠȞĲĮȚ ıİ ıİȚȡȐ ıİ ȩȜȠ ĲȠ ȝȒțȠȢ ĲȠȣ ıȦȜȒȞĮ ȠʌȩĲİ İȓȞĮȚ ʌȚȠ ȕȠȜȚțȩ ȞĮ ȣʌȠȜȠȖȓ�
ıȠȣȝİ ĲȘȞ ȝĮȖȞȘĲȚțȒ ĮȞĲȓıĲĮıȘ ĲȠȣ� Ș ȠʌȠȓĮ įȓȞİĲĮȚ Įʌȩ ĲȠȞ ʌĮȡĮțȐĲȦ ĲȪʌȠ�

R =

l∫

0

dx

µ ·A(x) �����

ǹȞĲȓıĲȠȚȤĮ ȖȚĮ ȑȞĮ ıȦȜȒȞĮ ȡȠȒȢ ȝİ ȝİĲĮȕȜȘĲȩ ȝȒțȠȢ Ș ȡȠȒ įȚĮʌİȡȞȐ țȐșİĲĮ� ĮʌİȚȡȠıĲȐ
İȝȕĮįȐ įȚĮĳȠȡİĲȚțȠȪ ȝȒțȠȣȢ ĲĮ ȠʌȠȓĮ ȕȡȓıțȠȞĲĮȚ ʌĮȡȐȜȜȘȜĮ ȝİĲĮȟȪ ĲȠȣȢ ȠʌȩĲİ İȓȞĮȚ
ʌȚȠ ȕȠȜȚțȩ ȞĮ ȣʌȠȜȠȖȚıĲİȓ Ș ȝĮȖȞȘĲȚțȒ ĮȖȦȖȚȝȩĲȘĲĮ� Ș ȠʌȠȓĮ įȓȞİĲĮȚ Įʌȩ ĲȠȞ ʌĮȡĮțȐĲȦ
ĲȪʌȠ�

P =

∫
µ · dA
l(x, y)

�����

ǵıȠȞ ĮĳȠȡȐ ĲĮ ȚıȠįȣȞĮȝȚțȐ İʌȓʌİįĮ ĲȠȣ ıȦȜȒȞĮ ȡȠȒȢ� ĮȣĲȐ ȚıȠįȣȞĮȝȠȪȞ ȝİ țȩȝȕȠȣȢ
ıĲȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ İȞȫ ȠȚ ȞȩȝȠȚ ʌȠȣ İĳĮȡȝȩȗȠȞĲĮȚ ıĲĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ ıİ
ĮȞĲȚıĲȠȚȤȓĮ ȝİ ĮȣĲȠȪȢ ĲȦȞ ȘȜİțĲȡȚțȫȞ țȣțȜȦȝȐĲȦȞ İȓȞĮȚ ȠȚ ʌĮȡĮțȐĲȦ�

ȃȩȝȠȢ ȇİȣȝȐĲȦȞ .LUFKRII�ȃȇȀ�
2 ȞȩȝȠȢ ĲȠȣ *DXVV ȝĮȢ įȓȞİȚ� ∫∫

B⃗ · n⃗ · Gα = 0 �����

ȅ ʌĮȡĮʌȐȞȦ ȞȩȝȠȢ ȣʌȠįİȚțȞȪİȚ ȩĲȚ Ș ıȣȞȠȜȚțȒ ȡȠȒ ʌȠȣ įȚĮʌİȡȞȐ ȝȚĮ țȜİȚıĲȒ İʌȚĳȐȞİȚĮ
ıĲȠ ȤȫȡȠ İȓȞĮȚ ʌȐȞĲĮ ȝȘįȑȞ� įȘȜĮįȒ ȩĲȚ Ș ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ įȚĮĲȘȡİȓĲĮȚ�
Ǿ ȝĮȖȞȘĲȚțȒ ȡȠȒ ʌȠȣ įȚĮʌİȡȞȐİȚ ȝȚĮ İʌȚĳȐȞİȚĮ ȠȡȓȗİĲĮȚ ȦȢ İȟȒȢ�

φk =

∫∫
B⃗ · n⃗ · Gα ������

Ș ȠʌȠȓĮ İȓȞĮȚ ĲȠ İʌȚĳĮȞİȚĮțȩ ȠȜȠțȜȒȡȦȝĮ ĲȘȢ țȐșİĲȘȢ ıȣȞȚıĲȫıĮȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮ�
ȖȦȖȒȢ B�

Ȉİ ĮȞĮȜȠȖȓĮ ȝİ ĲĮ ȘȜİțĲȡȚțȐ țȣțȜȫȝĮĲĮ ıĲĮ ȠʌȠȓĮ ĲĮ ıĲȠȚȤİȓĮ ıȣȞįȑȠȞĲĮȚ ȝȑıȦ țĮȜȦ�
įȓȦȞ ȝİ ıȘȝİȓĮ įȚĮıȪȞįİıȘȢ ʌȠȣ țĮȜȠȪȞĲĮȚ țȩȝȕȠȚ țĮȚ ıĲĮ ȠʌȠȓĮ ȚıȤȪİȚ Ƞ ȞȩȝȠȢ ĲȠȣ
.LUFKRII� ȠȚ ȝĮȖȞȘĲȚțȑȢ ĮȞĲȚıĲȐıİȚȢ ıȣȞįȑȠȞĲĮȚ ȝİ ȣȥȘȜȒȢ ȝĮȖȞȘĲȚțȒȢ İʌȚĲȡİʌĲȩĲȘĲĮȢ ıȓ�
įȘȡȠ țĮȚ ĲĮ ıȘȝİȓĮ įȚĮıȪȞįİıȘȢ șİȦȡȠȪȞĲĮȚ İʌȓıȘȢ țȩȝȕȠȚ ıĲȠȣȢ ȠʌȠȓȠȣȢ Ș ȡȠȒ ĮȞĲȓ�
ıĲȠȚȤĮ įȚĮĲȘȡİȓĲĮȚ� ∑

φk = 0 ������



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

ȃȩȝȠȢ ȉȐıİȦȞ .LUFKRII�ȃȉȀ�
ȈȪȝĳȦȞĮ ȝİ ĲȠ ȞȩȝȠ ĲȠȣ $PSHUH ȚıȤȪİȚ ȩĲȚ�

∮
H⃗ · d⃗l =

∫∫
J⃗ · n⃗ · dα ������

ĲȠ ȠʌȠȓȠ įȘȜȫȞİȚ ȩĲȚ ĲȠ İʌȚĳĮȞİȚĮțȩ ȠȜȠțȜȒȡȦȝĮ ĲȘȢ İĳĮʌĲȠȝİȞȚțȒȢ ıȣȞȚıĲȫıĮȢ ĲȘȢ ȝĮ�
ȖȞȘĲȚțȒȢ ȑȞĲĮıȘȢ ĲȠȣ ʌİįȓȠȣ H ȖȪȡȦ Įʌȩ ȝȚĮ țȜİȚıĲȒ įȚĮįȡȠȝȒ İȓȞĮȚ ȓıȠ ȝİ ĲȠ ıȣȞȠȜȚțȩ
ȡİȪȝĮ ʌȠȣ įȚȑȡȤİĲĮȚ Įʌȩ ĲȘȞ İʌȚĳȐȞİȚĮ ʌȠȣ ʌİȡȚȕȐȜȜİĲĮȚ Įʌȩ ĲȘȞ įȚĮįȡȠȝȒ�
Ǿ ȝĮȖȞȘĲİȖİȡĲȚțȒ įȪȞĮȝȘ�ȂǼǻ�� ĮȞȐȜȠȖȘ ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ �ĲȐıȘ ıİ ȑȞĮ
ȘȜİțĲȡȚțȩ țȪțȜȦȝĮ� Ș ȠʌȠȓĮ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȖȚĮ ȞĮ ĮȞĮʌĮȡĮıĲȒıİȚ ĲȘȞ İʌȓįȡĮıȘ ĲȠȣ
ȘȜİțĲȡȚțȠȪ ȡİȪȝĮĲȠȢ ıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȠȡȓȗİĲĮȚ ȦȢ�

F =

∫
H⃗ · d⃗l ������

ǹȞ șİȦȡȒıȠȣȝİ ȩĲȚ H İȓȞĮȚ Ș ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ țĮȚ ĲȠ ȠȜȠțȜȒȡȦȝĮ ĲȘȢ ȜĮȝ�
ȕȐȞİĲĮȚ ıİ ȝȚĮ țȜİȚıĲȒ İʌȚĳȐȞİȚĮ ʌȠȣ ʌİȡȚțȜİȓİȚ N ıĲȡȠĳȑȢ İȞȩȢ ĮȖȦȖȠȪ ĲȩĲİ ȚıȤȪİȚ ȩĲȚ�

∫∫
J⃗ · n⃗ · dα = N · i ������

ǱȡĮ
F = N · i ������

Ȉİ ʌİȡȓʌĲȦıȘ ȠȝȠȚȩȝȠȡĳȦȞ ȝĮȖȞȘĲȚțȫȞ ʌİįȓȦȞ țĮȚ ȡȠȫȞ ȠȚ ������ țĮȚ ������ ĮʌȜȠʌȠȚȠȪ�
ȞĲĮȚ ıİ�

φ = B ·A ������

F = H · l ������

Ǿ țĮĲİȪșȣȞıȘ ĲȦȞ ʌȘȖȫȞ ĲȦȞ ȝĮȖȞȘĲİȖİȡĲȚțȫȞ įȣȞȐȝİȦȞ țĮșȠȡȓȗİĲĮȚ ȤȡȘıȚȝȠʌȠȚȫȞĲĮȢ
ĲȠȞ țĮȞȩȞĮ ĲȠȣ įİȟȚȠȪ ȤİȡȚȠȪ�

��� ȂȘ ȖȡĮȝȝȚțȩĲȘĲĮ ıȚįȒȡȠȣ

ȅȚ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ ıȣȞȒșȦȢ ȜİȚĲȠȣȡȖȠȪȞ ıĲȠ ȖȩȞĮĲȠ țȠȡİıȝȠȪ ĲȘȢ țĮȝʌȪȜȘȢ ȝĮ�
ȖȞȒĲȚıȘȢ ĲȠȣ ıȚįȘȡȠʌȣȡȒȞĮ� Ȉİ ĮȣĲȒȞ ĲȘȞ ʌİȡȚȠȤȒ Ș ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ B įİȞ
İȓȞĮȚ İȣșȑȦȢ ĮȞȐȜȠȖȘ ȝİ ĲȘȞ ȑȞĲĮıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ H țȐĲȚ ʌȠȣ ıȘȝĮȓȞİȚ ȩĲȚ ĲĮ
ıĲȠȚȤİȓĮ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ ĲĮ ȠʌȠȓĮ ĮȞĲȚıĲȠȚȤȠȪȞ ıİ ȝȑȡȘ ıȚįȒȡȠȣ
ĲȘȢ ȝȘȤĮȞȒȢ ȑȤȠȣȞ ĮȖȦȖȚȝȩĲȘĲİȢ ȠȚ ȠʌȠȓİȢ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ ȡȠȒ ʌȠȣ ĲȚȢ įȚĮʌİȡȞȐİȚ�



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

ȈȣȞİʌȫȢ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ ĮȣĲȑȢ İȓȞĮȚ ȝȘ ȖȡĮȝȝȚțȑȢ�
ǼȚįȚțȩĲİȡĮ Ș ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ µ ĲȦȞ ıĲȠȚȤİȓȦȞ ĲȠȣ ıȚįȒȡȠȣ İȓȞĮȚ ȝȚĮ ȝȘ ȖȡĮȝ�
ȝȚțȒ ıȣȞȐȡĲȘıȘ ĲȘȢ ʌĲȫıȘȢ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȩʌȦȢ İțĳȡȐȗİĲĮȚ ıĲȘȞ ʌĮȡĮțȐĲȦ
İȟȓıȦıȘ�

B = µ(H) = µ(
∆U

l
) ������

ǼʌȚʌȜȑȠȞ ȖȚĮ ȑȞĮ ȝĮȖȞȘĲȚțȩ ȣȜȚțȩ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ� Ș ıȤȑıȘ ȝİĲĮȟȪ ȝĮȖȞȘĲȚțȒȢ İʌĮ�
ȖȦȖȒȢ B țĮȚ ȑȞĲĮıȘȢ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣH ȖȚĮ ȑȞĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȩ ȣȜȚțȩ İȓȞĮȚ ȝȘ ȖȡĮȝ�
ȝȚțȒ țĮȚ ʌȠȜȣİʌȓʌİįȘ �ȝİ İʌĮȞĮȜĮȝȕĮȞȩȝİȞȠȣȢ İıȦĲİȡȚțȠȪȢ ȕȡȩȤȠȣȢ� ȜȩȖȦ ĲȠȣ ĳĮȚȞȠ�
ȝȑȞȠȣ ĲȘȢ ȣıĲȑȡȘıȘȢ� ĲȠ ȠʌȠȓȠ ʌȡȠțĮȜİȓ İȝĳĮȞİȓȢ įȣıțȠȜȓİȢ ıĲȚȢ ʌȡȠıȠȝȠȚȫıİȚȢ� ǹȣĲȑȢ
ȠȚ ȝȘ ȖȡĮȝȝȚțȑȢ țĮȚ ʌȠȜȣİʌȓʌİįİȢ țĮȝʌȪȜİȢ ȠȞȠȝȐȗȠȞĲĮȚ ȕȡȩȤȠȚ ȣıĲȑȡȘıȘȢ �țĮȝʌȪȜİȢ
B�H�� ȆĮȡȩȜĮ ĮȣĲȐ ȖȚĮ ʌȠȜȜȑȢ İĳĮȡȝȠȖȑȢ İȓȞĮȚ İʌĮȡțȒȢ Ș ʌİȡȚȖȡĮĳȒ ĲȠȣ ȣȜȚțȠȪ ȞĮ
ȖȓȞİȚ ȝȑıȦ ȝȚĮȢ ȝȠȞȩĲȚȝȘȢ țĮȝʌȪȜȘȢ Ș ȠʌȠȓĮ ĮʌȠțĲȚȑĲĮȚ ıȤİįȚȐȗȠȞĲĮȢ ĲȠȞ ȖİȦȝİĲȡȚțȩ
ĲȩʌȠ ĲȦȞ ȝȑȖȚıĲȦȞ ĲȚȝȫȞ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ B țĮȚ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȑȞĲĮıȘȢ H

ıĲĮ ĮțȡĮȓĮ ıȘȝİȓĮ ĲȠȣ ȕȡȩȤȠȣ ȣıĲȑȡȘıȘȢ>�@ țĮȚ İȓȞĮȚ ȖȞȦıĲȒ ȦȢ țĮȝʌȪȜȘ ȝĮȖȞȒĲȚıȘȢ
GF �GF PDJQQHWL]DWLRQ FXUYH��ıȤȒȝĮ ����� ǹȣĲȒ Ș țĮȝʌȪȜȘ įİȞ ȜĮȝȕȐȞİȚ ȣʌȩȥȘ ĲȘȢ ĲȘȞ
ȣıĲȑȡȘıȘ ĲȠȣ ȣȜȚțȠȪ ĮȜȜȐ ĮʌȠĲȣʌȫȞİȚ țĮșĮȡȐ ĲĮ ȝȘ ȖȡĮȝȝȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȠȣ�

ȈȤȒȝĮ ���� ǹʌȜȠʌȠȚȘȝȑȞȘ țĮȝʌȪȜȘ %�+ ȖȚĮ ĲȠ ıȚįȘȡȠȝĮȖȞȘĲȚțȩ ȣȜȚțȩ

��� ȀĮĲĮıțİȣȒ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮ�
ĲȠȢ

īȚĮ ĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ıȣȝʌİȡȚĳȠȡȐȢ� Ș ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ įȚĮȚȡİȓĲĮȚ ıİ
ĲȡȓĮ ȝȑȡȘ�ĲȠȞ ıĲȐĲȘ� ĲȠȞ įȡȠȝȑĮ țĮȚ ĲȠ įȚȐțİȞȠ ȝİĲĮȟȪ ĲȠȣ ıĲȐĲȘ țĮȚ ĲȠȣ įȡȠȝȑĮ� īȚĮ
ĲȘȞ ʌİȡȚȖȡĮĳȒ ĲȘȢ ȜİȚĲȠȣȡȖȓĮȢ ĲȘȢ ȝȘȤĮȞȒȢ� ȖȚĮ țȐșİ ĲȝȒȝĮ ĲȘȢ ʌȡȠțȪʌĲȠȣȞ ȠȚ ĮȞĲȓ�
ıĲȠȚȤȠȚ ıȦȜȒȞİȢ ȡȠȒȢ �IOX[ WXEHV� ıĲȠȣȢ ȠʌȠȓȠȣȢ Ș ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ ȣȜȚ�
țȠȪ șİȦȡİȓĲĮȚ ıĲĮșİȡȒ� īȚĮ ĲȘȞ țĮĲĮıțİȣȒ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȚıȠįȣȞȐȝȠȣ țȣțȜȫȝĮĲȠȢ șĮ
ȣʌȠȜȠȖȓıȠȣȝİ ĲȚȢ ȝĮȖȞȘĲȚțȑȢ ĮȖȦȖȚȝȩĲȘĲİȢ ĲȠȣ țȐșİ ĲȝȒȝĮĲȠȢ ıĲȚȢ ȠʌȠȓİȢ ĮʌĮȚĲİȓĲĮȚ Ƞ
ʌȡȠıįȚȠȡȚıȝȩȢ ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ ȝȒțȠȣȢ țĮȚ ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ İȝȕĮįȠȪ țȐșİ ĳȠȡȐ�



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

����� 7ȝȒȝĮ ıĲȐĲȘ

ȅ ıĲȐĲȘȢ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȤȦȡȓȗİĲĮȚ ıİ � ȕĮıȚțȐ ȝȑȡȘ� ĲȠ ȗȣȖȩ�\RNH�� ĲȠ įȩ�
ȞĲȚ�WRRWK�� ĲȠ ʌȑȜȝĮ įȠȞĲȚȠȪ�WRRWK WLS� țĮȚ ĲȠ ĮȣȜȐțȚ�VORW�� ȈĲȘȞ ıȣȞȑȤİȚĮ ȝȠȞĲİȜȠʌȠȚİȓĲĮȚ
țȐșİ ȑȞĮ Įʌȩ ĮȣĲȐ ȝİ ȕȐıȘ ĲȚȢ įȚĮıĲȐıİȚȢ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȠ ʌĮȡĮțȐĲȦ ıȤȒȝĮ������

ȈȤȒȝĮ ���� ȉȝȒȝĮ ıĲȐĲȘ

ȅȚ ʌĮȡĮʌȐȞȦ įȚĮıĲȐıİȚȢ İʌİȟȘȖȠȪȞĲĮȚ țĮȜȪĲİȡĮ ıĲȠȞ ĮțȩȜȠȣșȠ ʌȓȞĮțĮ������

ȈȪȝȕȠȜȠ 0(& ȆİȡȚȖȡĮĳȒ
Rsout ǼȟȦĲİȡȚțȒ ĮțĲȓȞĮ ıĲȐĲȘ
Rsin ǼıȦĲİȡȚțȒ ĮțĲȓȞĮ ıĲȐĲȘ
Bis ȆȐȤȠȢ ĲȠȣ ȗȣȖȠȪ ĲȠȣ ıĲȐĲȘ
lt ȈȣȞȠȜȚțȩ ȝȒțȠȢ įȠȞĲȚȠȪ
wtu ȆȜȐĲȠȢ įȠȞĲȚȠȪ
wtl ȆȜȐĲȠȢ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ
tth ǶȥȠȢ ȐțȡȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ
tta ǺȠȘșȘĲȚțȒ ĮʌȩıĲĮıȘ � ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ
ttb ǺȠȘșȘĲȚțȒ ĮʌȩıĲĮıȘ � ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ
so ǱȞȠȚȖȝĮ ĮȣȜĮțȚȠȪ
td ȂȒțȠȢ įȠȞĲȚȠȪ ȤȦȡȓȢ ĲȠ ȝȒțȠȢ ĲȠȣ ʌȑȜȝĮĲȠȢ
L ȂȒțȠȢ ȝȘȤĮȞȒȢ

ȆȓȞĮțĮȢ ���� ȆĮȡȐȝİĲȡȠȚ ȈĲȐĲȘ



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

������� ȈȦȜȒȞĮȢ ȡȠȒȢ ȗȣȖȠȪ ıĲȐĲȘ

ȅ ıȦȜȒȞĮȢ ȡȠȒȢ ĲȠȣ ȗȣȖȠȪ ĲȠȣ ıĲȐĲȘ ȠȡȓȗİĲĮȚ ȦȢ Ș ʌİȡȚȠȤȒ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȣȜȚțȠȪ ĲȠȣ
ıĲȐĲȘ ʌȠȣ İȞȫȞİȚ įȪȠ įȩȞĲȚĮ ĲȘȢ ȝȘȤĮȞȒȢ� īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ĮȖȦȖȚȝȩĲȘĲĮȢ ĲȠȣ
ȤȡȘıȚȝȠʌȠȚȠȪȝİ ʌȡȠıȑȖȖȚıȘ ȠȡșȠȖȦȞȓȠȣ������ șİȦȡȫȞĲĮȢ ȦȢ ȝȑıȠ ȝȒțȠȢ įȚĮįȡȠȝȒȢ
ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ĲȠ ȝȑıȠ ȝȒțȠȢ ĲȠȣ ĲȩȟȠȣ ȝİĲĮȟȪ � įȠȞĲȚȫȞ țĮȚ İȝȕĮįȩȞ ʌȐȤȠȢ ĲȠȣ
ȗȣȖȠȪ ĲȠȣ ıĲȐĲȘ İʌȓ ĲȠ ȝȒțȠȢ ĲȘȢ ȝȘȤĮȞȒȢ ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠȞ ʌȓȞĮțĮ�

ȂȒțȠȢ�l� ǼȝȕĮįȩȞ�A�

2 · π · (Rs +
Bis
2 )

Ns
L · Bis

Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ ȖȚĮ ĲȠȞ ȗȣȖȩ ĲȠȣ ıĲȐĲȘ İȓȞĮȚ �

Psy =
µ0 · µr(Bsy) ·A

l
������

������� ȈȦȜȒȞĮȢ ȡȠȒȢ įȠȞĲȚȠȪ

ȅıȦȜȒȞĮȢ ȡȠȒȢ�IOX[ WXEH� ĲȠȣ įȠȞĲȚȠȪ ȝʌȠȡİȓ ȞĮ ʌȡȠıİȖȖȚıĲİȓ Įʌȩ ȑȞĮ ĮʌȜȩ ȠȡșȠȖȫȞȚȠ
����� ĲȠȣ ȠʌȠȓȠȣ ĲĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ įȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ�

ȂȒțȠȢ�l� ǼȝȕĮįȩȞ�A�
td L · wtu

Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ ȖȚĮ ĲȠ įȩȞĲȚ ĲȠȣ ıĲȐĲȘ İȓȞĮȚ �

Pt =
µ0 · µr(Bt) ·A

l
������

ȈȤȒȝĮ ���� ȅȡșȠȖȫȞȚĮ ȝȠȡĳȒ ıȦȜȒȞĮ ȡȠȒȢ



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

������� ȈȦȜȒȞĮȢ ȡȠȒȢ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ

ȉȠ ʌȑȜȝĮ įȠȞĲȚȠȪ ȑȤİȚ ĮȡțİĲȐ ıȪȞșİĲȠ ıȤȒȝĮ ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ȝȘȞ ȝʌȠȡİȓ ȞĮ ĮȞĮʌĮ�
ȡĮıĲĮșİȓ ʌȜȒȡȦȢ Įʌȩ ȑȞĮ ıȣȖțİțȡȚȝȑȞȠ ȖİȦȝİĲȡȚțȩ ıȤȒȝĮ� ȆĮȡȩȜĮ ĮȣĲȐ Ș ʌȡȠıȑȖȖȚıȘ
ĲȠȣ ʌȑȜȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ ȖȓȞİȚ ȝȑıȦ ĲȡĮʌİȗȓȠȣ����� İʌȚĲȣȖȤȐȞȠȞĲĮȢ ĮȡțİĲȐ ȚțĮȞȠʌȠȚȘĲȚțȐ
ĮʌȠĲİȜȑıȝĮĲĮ� ȉĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȠȣ ĲȡĮʌİȗȓȠȣ įȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ �

ǺȐıȘ ȝȚțȡȒ�w2� ǺȐıȘ ȝİȖȐȜȘ�w1� ȂȒțȠȢ�l� ȂȑıȠ ǼȝȕĮįȩȞ

wtu wtl tth + tta
L · (w2 + w1)

2

Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ � Ș ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ ȖȚĮ ĲȠ ʌȑȜȝĮ ĲȠȣ įȠȞĲȚȠȪ ĲȠȣ
ıĲȐĲȘ İȓȞĮȚ�

Ptt =
µ0 · µr(Btt) · L · (w2 − w1)

(tth + tta) · OQ(w2
w1

)
������

ȈȤȒȝĮ ���� ȉȡĮʌİȗȠİȚįȒȢ ȝȠȡĳȒ ıȦȜȒȞĮ ȡȠȒȢ ĲȪʌȠȣ �

������� ȈȦȜȒȞİȢ ȡȠȫȞ ıțİįȐıİȦȞ ȝİĲĮȟȪ įȠȞĲȚȫȞ

Ǿ ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ ʌȠȣ ȝȠȞĲİȜȠʌȠȚİȓĲĮȚ ʌĮȡȠȣıȚȐȗİȚ ĮȣȜȐțȚ ĲȘȢ ʌĮȡĮțȐĲȦ ȝȠȡĳȒȢ�

ȈȤȒȝĮ ���� ǹȣȜȐțȚ ȝİĲĮȟȪ � įȠȞĲȚȫȞ



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

ǲȞĮ ʌȠıȠıĲȩ ĲȘȢ ıȣȞȚıĲȫıĮȢ ĲȘȢ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ ĲȦȞ įȠȞĲȚȫȞ įȚĮĳİȪȖİȚ ıĲȠȞ ĮȑȡĮ
țĮȚ įȚĮıȤȓȗİȚ ĲȠ ĮȣȜȐțȚ ĲȦȞ ȖİȚĲȠȞȚțȫȞ įȠȞĲȚȫȞ� ǼʌİȚįȒ ıĲȠ țȐĲȦ ĲȝȒȝĮ ĲȠȣ ĮȣȜĮțȚȠȪ
įȚĮĳİȪȖİȚ ʌİȡȚııȩĲİȡȘ ȝĮȖȞȘĲȚțȒ ȡȠȒ ıİ ıȤȑıȘ ȝİ ĲȠ ʌȐȞȦ� ıİ ȝȚĮ ʌȡȫĲȘ ʌȡȠıȑȖȖȚıȘ
ȑȖȚȞİ ʌȡȠıʌȐșİȚĮ ȝȠȞĲİȜȠʌȠȓȘıȘȢ ȝȩȞȠ ĮȣĲȒȢ ĲȘȢ ȡȠȒȢ� Ȉİ İʌȩȝİȞȠ țİĳȐȜĮȚȠ� ȩʌȠȣ
İȚıȐȖİĲĮȚ Ș ȑȞȞȠȚĮ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘıȘȢ ĲȘȢ ʌȘȖȒȢ ĲȠȣ ıĲȐĲȘ șĮ ȝȠȞĲİȜȠʌȠȚȘșİȓ țĮȚ Ș
ȝĮȖȞȘĲȚțȒ ȡȠȒ Ș ȠʌȠȓĮ įȚĮĳİȪȖİȚ ıĲȠ ȐȞȦ ȝȑȡȠȢ ĲȠȣ ĮȣȜĮțȚȠȪ�

ȇȠȒ ıțȑįĮıȘȢ țȐĲȦ ĲȝȒȝĮĲȠȢ ĮȣȜĮțȚȠȪ

ȉȠ țȐĲȦ ĲȝȒȝĮ ĲȠȣ ĮȣȜĮțȚȠȪ ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ�����ȑȤİȚ ĲȡĮʌİȗȠİȚįȒ ȝȠȡĳȒ ȠʌȩĲİ
ʌȡȠıİȖȖȓȗİĲĮȚ Įʌȩ ȑȞĮ ĲȡĮʌȑȗȚȠ ����� ȝİ ȤĮȡĮțĲȘȡȚıĲȚțȐ ʌȠȣ įȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ�

ǺȐıȘ ȝȚțȡȒ�d2� ǺȐıȘ ȝİȖȐȜȘ�d1� ȂȑıȠ ȝȒțȠȢ ǼȝȕĮįȩȞ�A�

so
2 · π
Ns

· (Rsin + tth + tta)− wtu
d1 + d2

2
L · tta

Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ İȓȞĮȚ �

Psl = µ0 ·
L · tta · OQ(d2d1 )

d2 − d1
������

ȈȤȒȝĮ ���� ȉȡĮʌİȗȠİȚįȒȢ ȝȠȡĳȒ ıȦȜȒȞĮ ȡȠȒȢ ĲȪʌȠȣ �

������� ȆȘȖȒ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ

ǵʌȦȢ ȑȤİȚ ȒįȘ ĮȞĮĳİȡșİȓ� ĲȠ ȝĮȖȞȘĲȚțȩ ĮȞȐȜȠȖȠ ȝȚĮȢ ʌȘȖȒȢ ĲȐıȘȢ İȓȞĮȚ Ș ȝĮȖȞȘĲİȖİȡĲȚțȒ
įȪȞĮȝȘ�00)�PDJQHWRPRWLYH IRUFH�� Ǿ ȝĮȖȞȘĲİȖİȡĲȚțȒ įȪȞĮȝȘ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ȖȚĮ ȞĮ
ĮȞĮʌĮȡĮıĲȒıİȚ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ĲȣȜȚȖȝȐĲȦȞ�ȘȜİțĲȡȚțȫȞ ĮȖȦȖȫȞ ıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ
țȪțȜȦȝĮ� Ȃİ ȕȐıȘ ĲȠ ȞȩȝȠ ĲȠȣ $PSHUH ʌȠȣ ȑȤİȚ ĮȞĮȜȣșİȓ ȚıȤȪİȚ ȩĲȚ F = N · i țĮȚ ĲȠ
ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ İȓȞĮȚ ĲȠ ʌĮȡĮțȐĲȦ�

ȈȤȒȝĮ ���� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ʌȘȖȒȢ ȂǼǻ



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

������� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ıĲȐĲȘ

ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİĲĮȚ ĲȠ ȚıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ĲȠȣ ıĲȐĲȘ�

ȈȤȒȝĮ ����� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ıĲȐĲȘ

����� ȉȝȒȝĮ įȡȠȝȑĮ

ȅ įȡȠȝȑĮȢ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȤȦȡȓȗİĲĮȚ ıİ ĲȡȓĮ ȕĮıȚțȐ ȝȑȡȘ� ĲȠȞ ȗȣȖȩ �\RNH�� ĲȠȞ
ȝĮȖȞȒĲȘ �WRRWK� țĮȚ ĲȠ įȚȐıĲȘȝĮ ȝİĲĮȟȪ ĲȦȞ ȝĮȖȞȘĲȫȞ �PDJQHW LQWHUYDO�� ȈĲȘȞ ıȣȞȑȤİȚĮ
ȝȠȞĲİȜȠʌȠȚİȓĲĮȚ țȐșİ ȑȞĮ Įʌȩ ĮȣĲȐ ȝİ ȕȐıȘ ĲȚȢ įȚĮıĲȐıİȚȢ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȠ ʌĮȡĮțȐĲȦ
ıȤȒȝĮ �������

ȈȤȒȝĮ ����� ȉȝȒȝĮ įȡȠȝȑĮ



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

ǹțȠȜȠȣșİȓ ʌȓȞĮțĮȢ ȩʌȠȣ ĮȞĮȜȪȠȞĲĮȚ ȠȚ įȚĮıĲȐıİȚȢ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȘ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ�

ȈȪȝȕȠȜȠ 0(& ȆİȡȚȖȡĮĳȒ
Rshaft ǼıȦĲİȡȚțȒ ĮțĲȓȞĮ įȡȠȝȑĮ
Rr ǼȟȦĲİȡȚțȒ ĮțĲȓȞĮ įȡȠȝȑĮ
Bir ȆȐȤȠȢ ĲȠȣ ȗȣȖȠȪ ĲȠȣ įȡȠȝȑĮ
hmag ǶȥȠȢ ȝĮȖȞȒĲȘ
wm ȆȜȐĲȠȢ ȝĮȖȞȒĲȘ
wmm ȆȜȐĲȠȢ įȚĮıĲȒȝĮĲȠȢ ȝİĲĮȟȪ įȪȠ ȝĮȖȞȘĲȫȞ
L ȂȒțȠȢ ȝȘȤĮȞȒȢ
gap ȆȐȤȠȢ įȚĮțȑȞȠȣ

ȆȓȞĮțĮȢ ���� ȆĮȡȐȝİĲȡȠȚ ǻȡȠȝȑĮ

������� ȈȦȜȒȞĮȢ ȡȠȒȢ ȗȣȖȠȪ įȡȠȝȑĮ

ȅ ıȦȜȒȞĮȢ ȡȠȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȠȡȓȗİĲĮȚ ȦȢ Ș ʌİȡȚȠȤȒ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȣȜȚțȠȪ ĲȠȣ
įȡȠȝȑĮ ʌȠȣ İȞȫȞİȚ įȪȠ ȝĮȖȞȒĲİȢ ĲȘȢ ȝȘȤĮȞȒȢ� īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ĮȖȦȖȚȝȩĲȘĲĮȢ
ĲȠȣ� șİȦȡȠȪȝİ ȦȢ ȝȑıȠ ȝȒțȠȢ įȚĮįȡȠȝȒȢ ĲȠ ȝȑıȠ ȝȒțȠȢ ĲȠȣ ĲȩȟȠȣ ȝİĲĮȟȪ � ȝĮȖȞȘĲȫȞ�

ȂȒțȠȢ�l� ǼȝȕĮįȩȞ�A�

2 · π · (Rshaft +
Bir
2 )

P
L · Bir

Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ ȖȚĮ ĲȠȞ ȗȣȖȩ ĲȠȣ įȡȠȝȑĮ İȓȞĮȚ Ș
ʌĮȡĮțȐĲȦ�

Pry =
µ0 · µr(Bry) ·A

l
������

������� ȂĮȖȞȒĲȘȢ

ǵʌȦȢ ĮȞĮȜȪșȘțİ ıİ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ ȚıȤȪİȚ ȩĲȚ

Bm = Br + µR · µ0 ·Hm ������

ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢ ĲȘȞ ʌĮȡĮʌȐȞȦ ıȤȑıȘ ȝʌȠȡȠȪȝİ ȞĮ ĮȞĮʌĲȪȟȠȣȝİ ȑȞĮ ȚıȠįȪȞĮȝȠ ȝĮ�
ȖȞȘĲȚțȩ ȝȠȞĲȑȜȠ ȖȚĮ ĲȠȞ ȝȩȞȚȝȠ ȝĮȖȞȒĲȘ� ǹȞ șİȦȡȒıȠȣȝİ ĲȠ ȝĮȖȞȒĲȘ ȠȡșȠȖȫȞȚȠ ȩʌȦȢ
ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ�������
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ȈȤȒȝĮ ����� ȅȡșȠȖȫȞȚȠȢ ȝĮȖȞȒĲȘȢ

Ǿ ȡȠȒ ʌȠȣ İȟȑȡȤİĲĮȚ Įʌȩ ĮȣĲȩȞ İȓȞĮȚ ȓıȘ ȝİ�

φ = Bm ·Am = Br ·Am + µR · µ0 ·Am ·Hm ������

ȩʌȠȣ Am İȓȞĮȚ ĲȠ İȝȕĮįȩȞ ĲȘȢ İʌȚĳȐȞİȚĮȢ ĲȠȣ ȝĮȖȞȒĲȘ ıĲȘȞ țĮĲİȪșȣȞıȘ ĲȘȢ ȝĮȖȞȒĲȚ�
ıȘȢ� ǹʌȩ ĮȣĲȒȞ İȟȓıȦıȘ ĲȠ ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ʌȠȣ ʌȡȠțȪʌĲİȚ ĳĮȓȞİĲĮȚ ıĲȠ ʌĮȡĮțȐĲȦ
ıȤȒȝĮ�������

ȈȤȒȝĮ ����� ǿıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ȝĮȖȞȒĲȘ

Ȃİ ȕȐıȘ ĮȣĲȩ Ș ȝĮȖȞȘĲȚțȒ ȡȠȒ ȝʌȠȡİȓ ȞĮ ȟĮȞĮȖȡĮĳĲİȓ ȦȢ�

φ = φr + Pm · Fm ������

ǵʌȠȣ Ș ȝİĲĮȕȜȘĲȒ
φr = Br ·Am ������

ĮʌȠĲİȜİȓ ȝȚĮ ıĲĮșİȡȒ ʌȘȖȒ ȡȠȒȢ�ȝĮȖȞȘĲȚțȩ ĮȞȐȜȠȖȠ ĲȘȢ ʌȘȖȒȢ ȡİȪȝĮĲȠȢ ıİ ȘȜİțĲȡȚțȐ
țȣțȜȫȝĮĲĮ� țĮȚ Ș ȝİĲĮȕȜȘĲȒ

Pm =
µR · µ0 ·Am

lm
������

ĮʌȠĲİȜİȓ ĲȘȞ ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ ȝĮȖȞȒĲȘ�
Ǿ İȟȓıȦıȘ������ įȘȜȫȞİȚ ȩĲȚ ĲȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ İȞȩȢ ȝĮȖȞȒĲȘ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ ȝȚĮ
ʌȘȖȒ ȡȠȒȢ ʌĮȡȐȜȜȘȜĮ ıİ ȝȚĮ ĮȖȦȖȚȝȩĲȘĲĮ� ȉȠ ȝȠȞĲȑȜȠ ĮȣĲȩ șİȦȡİȓ ȩĲȚ Ƞ ȝĮȖȞȒĲȘȢ İȓȞĮȚ
ȠȝȠȚȩȝȠȡĳĮ ȝĮȖȞȘĲȚıȝȑȞȠȢ ȝİ ȝĮȖȞȒĲȚıȘ țȐșİĲȘ ıĲȘȞ İʌȚĳȐȞİȚĮ ĲȠȣ�
ȈĲȚȢ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȤȦȡȓȢ ıȣȜȜȑțĲȘ ʌȠȣ ȑȤȠȣȞ ĮțĲȚȞȚțȩ įȚȐțİȞȠ�ȩʌȦȢ țĮȚ
ıĲȘ ʌİȡȓʌĲȦıȘ ȝĮȢ� ĲȠ ıȤȒȝĮ ĲȠȣ ȝĮȖȞȒĲȘ ȝʌȠȡİȓ ȞĮ İȝĳĮȞȚıĲİȓ ȦȢ ĲȩȟȠ ȩʌȦȢ ĳĮȓȞİ�
ĲĮȚ ıĲȠ ıȤȒȝĮ������� ȉȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ĮȣĲȠȪ ĲȠȣ ıȤȒȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ ȣʌȠȜȠȖȚıĲİȓ
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șİȦȡȫȞĲĮȢ ĲȠȞ ȝĮȖȞȒĲȘ ȦȢ ȑȞĮ ȐșȡȠȚıȝĮ ĮʌİȚȡȠıĲȠȪ ʌȐȤȠȣȢ ĲȩȟȦȞ�´ĳȑĲİȢ´� ȝĮȖȞȒĲȘ
Įʌȩ ĲĮ ȠʌȠȓĮ ʌİȡȞȐİȚ ȓįȚȠ ʌȠıȩ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ� ȀȐșİ ȝȚĮ Įʌȩ ĮȣĲȑȢ ĲȚȢ ĳȑĲİȢ ȑȤȠȣȞ
įȚĮĳȠȡȚțȒ ĮȞĲȓıĲĮıȘ ʌȠȣ ʌİȡȚȖȡȐĳİĲĮȚ Įʌȩ ĲȘȞ ʌĮȡĮțȐĲȦ ıȤȑıȘ�

dR =
dl

µ0 · µR ·A =
dr

µ0 · µR · r · θm · L ������

ǹȣĲȑȢ ȠȚ įȚĮĳȠȡȚțȑȢ ĮȞĲȚıĲȐıİȚȢ ʌȡȠıĲȓșİȞĲĮȚ ıİ ıİȚȡȐ țĮșȫȢ ĲȚȢ įȚĮʌİȡȞȐİȚ Ș ȓįȚĮ ȡȠȒ
ȠʌȩĲİ ĲȠ ȐșȡȠȚıȝĮ ĲȠȣȢ ıİ ȝȠȡĳȒ ȠȜȠțȜȘȡȫȝĮĲȠȢ İȓȞĮȚ�

Rm =

∫ ri+lm

ri

dR =

∫ ri+lm

ri

1

µR · µ0 · L · θm · r · dr =
ln(1 + lm/ri)

µR · µ0 · L · θm
������

ǹʌȩ ĲĮ ʌĮȡĮʌȐȞȦ Ș ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ ȝĮȖȞȒĲȘ ȦȢ ĮȞĲȓıĲȡȠĳȠ ĲȘȢ ĮȞĲȓıĲĮıȘȢ İȓȞĮȚ�

Pm =
µR · µ0 · L · θm
ln(1 + lm/ri)

������

ȈȤȒȝĮ ����� ȂĮȖȞȒĲȘȢ ıİ ıȤȒȝĮ ĲȩȟȠȣ ĮțĲȚȞȚțȐ ȝĮȖȞȘĲȚıȝȑȞȠȢ

������� ȈțİįȐıİȚȢ ȝĮȖȞȘĲȫȞ

īȚĮ ĲȘ ıȤİįȓĮıȘ ĲȠȣ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ȠȚ ıțİįȐıİȚȢ ĲȦȞ ȡȠȫȞ ĲȦȞ ȝĮ�
ȖȞȘĲȫȞ ıĲȠ įȚȐțİȞȠ İȓȞĮȚ ʌȠȜȪ ıȘȝĮȞĲȚțȑȢ țĮȚ ȝʌȠȡȠȪȞ ȞĮ įȚĮțȡȚșȠȪȞ ıĲȚȢ ĮțȩȜȠȣșİȢ�
ĲȘȞ ıțȑįĮıȘ ȝİĲĮȟȪ ĲȦȞ ȝĮȖȞȘĲȫȞ �PDJQHW�WR�PDJQHW OHDNDJH� țĮȚ ĲȘ ıțȑįĮıȘ ȝİĲĮȟȪ
ȝĮȖȞȒĲȘ țĮȚ įȡȠȝȑĮ �PDJQHW�WR�URWRU OHDNDJH�� Ȃİ ȕȐıȘ ĲȠȣȢ 4X țĮȚ /LSR>��@ ȝʌȠȡİȓ ȞĮ
ĮțȠȜȠȣșȘșİȓ Ș ʌĮȡĮțȐĲȦ įȚĮįȚțĮıȓĮ ȖȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ĮȞĲȓıĲȠȚȤȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ�
Ǿ įȚĮįȚțĮıȓĮ ĮȣĲȒ ʌİȡȚȜĮȝȕȐȞİȚ ĲȘ ʌȡȠıȑȖȖȚıȘ ĲȦȞ ĮȖȦȖȚȝȩĲȘĲȦȞ ȝȑıȦ İȞȩȢ ȝȠȞĲȑȜȠȣ
țȣțȜȚțȠȪ ĲȩȟȠȣ�İȣșİȓĮȢ ȖȡĮȝȝȒȢ�FLUFXODU DUF�VWUDLJKW OLQH�� Ǽįȫ șĮ ȣʌȠȜȠȖȓıȠȣȝİ ĮȞĮȜȣ�
ĲȚțȐ ĲȘȞ ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıĲȘ ȡȠȒ ıțȑįĮıȘȢ ȝĮȖȞȒĲȘ įȡȠȝȑĮ������� + ĮȖȦȖȚ�
ȝȩĲȘĲĮ ĮȣĲȒ İȓȞĮȚ ȑȞĮ ȐʌİȚȡȠ ȐșȡȠȚıȝĮ ĮȖȦȖȚȝȠĲȒĲȦȞ įȚĮĳȠȡȚțȠȪ ʌȜȐĲȠȣȢ țȐșİ ȝȚĮ Įʌȩ
ĲȚȢ ȠʌȠȓİȢ ȑȤİȚ ȝȒțȠȢ hmag + π · x ȐȡĮ

Pmr =
∑ µ0 · L · dx

hmag + π · x ������
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Ǿ ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ ıİ ȝȠȡĳȒ ȠȜȠțȜȘȡȫȝĮĲȠȢ ĮʌȜȠʌȠȚİȓĲĮȚ ıİ

Pmr =

∫ gap

0

µ0 · L
hmag + π · x · dx =

µ0 · L
π

· OQ(1 + π · gap
hmag

), gap <
wmm

2
������

ȈȤȒȝĮ ����� ȈțȑįĮıȘ ȝĮȖȞȘĲȫȞ

Ǿ ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ ȖȚĮ ĲȘȞ ıțȑįĮıȘ ȝİĲĮȟȪ ȝĮȖȞȒĲȘ țĮȚ įȡȠȝȑĮ ȤȡȘıȚȝȠʌȠȚİȓ
ĮȞĲȓıĲȠȚȤȘ ʌȡȠıȑȖȖȚıȘ ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ������ țĮȚ Ƞ ĲȪʌȠȢ ʌȠȣ ʌȡȠțȪʌĲİȚ İȓȞĮȚ
�

Pmm = µ0 ·
L

π
· OQ 1 + π · gap

wmm
������

ȈȤȒȝĮ ����� ȈțȑįĮıȘ ȝĮȖȞȒĲȘ�įȡȠȝȑĮ
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������� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ įȡȠȝȑĮ

ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİĲĮȚ ĲȠ ȚıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ĲȠȣ įȡȠȝȑĮ �

ȈȤȒȝĮ ����� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ įȡȠȝȑĮ

����� $ȖȦȖȚȝȩĲȘĲİȢ įȚĮțȑȞȠȣ

ȉĮ ʌȚȠ ıȘȝĮȞĲȚțȐ ıĲȠȚȤİȓĮ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ İȓȞĮȚ ȠȚ ıȦȜȒȞİȢ
ȡȠȒȢ�IOX[ WXEHV� ĲȠȣ įȚĮțȑȞȠȣ țĮșȫȢ İțİȓ ȜĮȝȕȐȞİȚ ȤȫȡĮ Ș ȘȜİțĲȡȠȝȘȤĮȞȚțȒ ȝİĲĮĲȡȠʌȒ
ĲȘȢ İȞȑȡȖİȚĮȢ�ǹȣĲȠȓ ȠȚ ıȦȜȒȞİȢ ȑȤȠȣȞ ȝİĲĮȕȜȘĲȑȢ įȚĮıĲȐıİȚȢ țĮȚ ȠȚ ȖİȦȝİĲȡȓİȢ ĲȠȣȢ İȓȞĮȚ
ȝȘ ȖȡĮȝȝȚțȑȢ ıȣȞĮȡĲȒıİȚȢ ȝȚĮȢ ʌĮȡĮȝȑĲȡȠȣ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ Ș ȠʌȠȓĮ ıȤİĲȓȗİĲĮȚ
ȝİ ĲȘ ȖȦȞȓĮ ȝİĲĮĲȩʌȚıȘȢ γ ĲȠȣ įȡȠȝȑĮ ıİ ıȤȑıȘ ȝİ ĲȠ ıĲȐĲȘ� īȚ¶ ĮȣĲȩ Ș ĮȖȦȖȚȝȩĲȘĲĮ
ĲȠȣȢ ȝʌȠȡİȓ ȞĮ șİȦȡȘșİȓ ȦȢ ʌĮȡĮȝİĲȡȚțȒ ȝȘ ȖȡĮȝȝȚțȒ�SDUDPHWULF QRQOLQHDU�� ǹțȠȜȠȣșİȓ
İȚțȩȞĮ������ ȩʌȠȣ ĳĮȓȞȠȞĲĮȚ ĮȣĲȑȢ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ�

ȈȤȒȝĮ ����� ȂİĲĮȕȜȘĲȑȢ ĮȖȦȖȚȝȩĲȘĲİȢ įȚĮțȑȞȠȣ

ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ Ș ȜȠȖȚțȒ ĲȘȢ ʌĮȡĮȖȦȖȒȢ ĲȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ ĲȠȣ įȚĮțȑȞȠȣ ȕĮıȓȗİĲĮȚ ıĲȠ
ʌȠıȠıĲȩ ĲȘȢ ĮȜȜȘȜȠİʌȚțȐȜȣȥȘȢ ȝĮȖȞȘĲȫȞ ĲȠȣ įȡȠȝȑĮ țĮȚ įȠȞĲȚȫȞ ĲȠȣ ıĲȐĲȘ� ȀĮșȫȢ Ƞ
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ȝĮȖȞȒĲȘȢ țȚȞİȓĲĮȚ ıİ ıȤȑıȘ ȝİ ȑȞĮ įȩȞĲȚ Ș ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ ȝİĲĮȕȐȜȜİĲĮȚ Įʌȩ � ȝȑȤȡȚ ĲȘ
ȝȑȖȚıĲȘ ĲȚȝȒ ĲȘȢ Gmax� ǹȞĮȜȣĲȚțȩĲİȡĮ ıİ ʌİȡȓʌĲȦıȘ ʌȠȣ ȑȞĮȢ ȝĮȖȞȒĲȘȢ țĮȜȪʌĲİȚ ȑȞĮ
ȠȜȩțȜȘȡȠ įȩȞĲȚ ĲȩĲİ Ș ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ įȚĮțȑȞȠȣ İȝĳĮȞȓȗİȚ ȝȑȖȚıĲȘ ĲȚȝȒ ȖȚĮ ĲȠ įȚȐıĲȘȝĮ
ʌȠȣ ıȣȝȕĮȓȞİȚ ĮȣĲȩ İȞȫ țĮșȫȢ ĮȡȤȓȗİȚ ȞĮ țȚȞİȓĲĮȚ țĮȚ ȞĮ ĮĳȒȞİȚ ʌȓıȦ ĲȠȣ ĲȠ įȩȞĲȚ� ĮȣĲȒ
Ș ĲȚȝȒ ȝİȚȫȞİĲĮȚ� ǼʌİȚįȒ ıĲĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ ȩʌȦȢ ĮȞĮĳȑȡĮȝİ ʌȡȠȘȖȠȣȝȑȞȦȢ Ș
șȣıȐȞȦıȘ İȓȞĮȚ ĮȟȚȠıȘȝİȓȦĲȘ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ įȚĮțȑȞȠȣ įİȞ ȝȘįİȞȓȗİĲĮȚ ȩĲĮȞ ĲȠ įȩȞĲȚ
ȝȑȞİȚ ĮțȐȜȣʌĲȠ Įʌȩ ĲȠ ȝĮȖȞȒĲȘ ĮȜȜȐ ıȣȞİȤȓȗİȚ ȞĮ ȑȤİȚ ĲȚȝȒ ȝȑȤȡȚ țȐʌȠȚĮ ȖȦȞȓĮ γ ʌȠȣ
ȕȡȓıțİĲĮȚ ıĲȠ ĮȣȜȐțȚ įȓʌȜĮ ıĲȠ įȩȞĲȚ� Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ ȜȠȖȚțȒ Ș ʌȡȠıȑȖȖȚıȘ ĲȦȞ
ĮȖȦȖȚȝȠĲȒĲȦȞ ĲȠȣ įȚĮțȑȞȠȣ ĮȞȐȝİıĮ ıĲĮ įȩȞĲȚĮ ĲȠȣ ıĲȐĲȘ țĮȚ ĲȠȣȢ ȝĮȖȞȒĲİȢ ȝʌȠȡİȓ ȞĮ
ȑȤİȚ ĲȘȞ ĮțȩȜȠȣșȘ ȝȠȡĳȒ�������

ȈȤȒȝĮ ����� ȆȡȠıȑȖȖȚıȘ ĲȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ ĲȠȣ įȚĮțȑȞȠȣ ĮȞȐȝİıĮ ıĲĮ įȩȞĲȚĮ
ĲȠȣ ıĲȐĲȘ țĮȚ ĲȠȣȢ ȝĮȖȞȒĲİȢ

Ǿ ʌĮȡĮʌȐȞȦ ʌȡȠıȑȖȖȚıȘ ȚıȤȪİȚ ıĲȘȞ ʌİȡȓʌĲȦıȘ ʌȠȣ ĲȠ ʌȜȐĲȠȢ ʌȑȜȝĮĲȠȢ ĲȠȣ įȠȞĲȚȠȪ
ĲȠȣ ıĲȐĲȘ İȓȞĮȚ įȚĮĳȠȡİĲȚțȩ Įʌȩ ĲȠ ʌȜȐĲȠȢ ĲȠȣ ȝĮȖȞȒĲȘ �İȓĲİ ȝȚțȡȩĲİȡȠ İȓĲİ ȝİȖĮȜȪĲİȡȠ��
ǹȣĲȩ ıȘȝĮȓȞİȚ ȩĲȚ Ș ĮȖȦȖȚȝȩĲȘĲĮ Gi,j İȓȞĮȚ ȝȑȖȚıĲȘ ıİ ȑȞĮ įȚȐıĲȘȝĮ ȖȦȞȚȫȞ țĮȚ ȩȤȚ ıİ
ȝȚĮ ȖȦȞȓĮ ĮʌȠțȜİȚıĲȚțȐ� ȂȚĮ ıĲĮșİȡȒ ĮȖȦȖȚȝȩĲȘĲĮ ȓıȘ ȝİ Gmax ıİ ȑȞĮ įȚȐıĲȘȝĮ İȓȞĮȚ
ıȣȞȑʌİȚĮ ĲȠȣ ȖİȖȠȞȩĲȠȢ ȩĲȚ Ș ȓįȚĮ ȝĮȖȞȘĲȚțȒ ȡȠȒ ʌİȡȞȐİȚ Įʌȩ ĲȠ i įȩȞĲȚ ĲȠȣ ıĲȐĲȘ ıĲȠ j

ȝĮȖȞȒĲȘ� Ǿ ȝȑȖȚıĲȘ ĮȖȦȖȚȝȩĲȘĲĮ Gmax ıİ ĮȣĲȒ ĲȘȞ ʌİȡȓʌĲȦıȘ ȠȡȓȗİĲĮȚ ȦȢ �

Gmax = µ0
ℓ · wmin

gap
������

ȩʌȠȣ
wmin = PLQ(wst, wmag) ������

ȝİ wst țĮȚ wmag ȞĮ İȓȞĮȚ ĲĮ ʌȜȐĲȘ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ țĮȚ ȝĮȖȞȒĲȘ ĮȞĲȓıĲȠȚȤĮ�

Ȃİ ȕȐıȘ ĮȣĲȒ ĲȘȞ ȜȠȖȚțȒ Ƞ 2VWRYLF>��@ İĳȐȡȝȠıİ ĮȞȐȜȣıȘ )RXULHU ȖȚĮ ȞĮ ʌȡȠıİȖȖȓıİȚ
ȝİ ĮȞĮȜȣĲȚțȠȪȢ ĲȪʌȠȣȢ ĲȘȞ ʌĮȡĮʌȐȞȦ țĮĲĮȞȠȝȒ ĮȖȦȖȚȝȠĲȒĲȦȞ� ǹʌȩ ĮȣĲȒ ĲȘȞ ĮȞȐȜȣıȘ
ʌȡȠȑțȣȥİ Ƞ ʌĮȡĮțȐĲȦ ĲȪʌȠȢ ȖȚĮ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ĲȠȣ įȚĮțȑȞȠȣ�



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

Gi,j =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Gmax 0 < γ < γ′t țĮȚ 2π − γ′t < γ < 2π

Gmax

1 + FRVπ γ−γ′
t

γt−γ′
t

2
γ′t < γ < γt

Gmax

1 + FRVπ γ−2π+γ′
t

γt−γ′
t

2
2π − γt < γ < 2π − γ′t

0 γt < γ < 2π − γt

ȆȡȦĲĮȡȤȚțȒ ıȘȝĮıȓĮ ȖȚĮ ĲȠȞ ȠȡȚıȝȩ ĲȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ ĮʌȠĲİȜİȓ Ș İȪȡİıȘ ĲȦȞ ȖȦȞȚȫȞ
γ′t țĮȚ γt� + ȖȦȞȓĮ γ′t ĮȞĲȚıĲȠȚȤİȓ ıĲȘȞ ȖȦȞȓĮ ȝȑȤȡȚ ĲȘȞ ȠʌȠȓĮ ȣʌȐȡȤİȚ ȠȜȩțȜȘȡȘ İʌȚțȐȜȣȥȘ
ȝĮȖȞȒĲȘ țĮȚ įȠȞĲȚȠȪ İȞȫ Ș ȖȦȞȓĮ γt ĮʌȠĲİȜİȓ ĲȠ ȩȡȚȠ� ȪıĲİȡĮ Įʌȩ ĲȠ ȠʌȠȓȠ Ș ĮȖȦȖȚȝȩĲȘĲĮ
ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ įȠȞĲȚȠȪ țĮȚ ȝĮȖȞȒĲȘ ȝȘįİȞȓȗİĲĮȚ� ǹȞ șİȦȡȒıȠȣȝİ ȦȢ wst ĲȠ ʌȜȐĲȠȢ ĲȠȣ
ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ� wslot ĲȠ ʌȜȐĲȠȢ ĲȠȣ ĮȣȜĮțȚȠȪ țĮȚ wm ĲȠ ʌȜȐĲȠȢ ĲȠȣ ȝĮȖȞȒĲȘ ĲȩĲİ ȠȚ
ȖȦȞȓİȢ γ′t țĮȚ γt ȝʌȠȡȠȪȞ ȞĮ ȠȡȚıĲȠȪȞ ȦȢ İȟȒȢ�

γ′t =
|wst − wm|/2

Rsin
������

γt =
wst/2 + wslot + wm/2

Rsin
������

ȆĮȡĮțȐĲȦ ĮțȠȜȠȣșİȓ ıȤȒȝĮ������ ʌȠȣ ĮȞĮʌĮȡȚıĲȐ ĲȚȢ ʌİȡȚȠȤȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ ȝİ
ȕȐıȘ ĲȚȢ ȖȦȞȓİȢ ĮȣĲȑȢ�

ȈȤȒȝĮ ����� ȊȜȠʌȠȓȘıȘ ʌİȡȚıĲȡİĳȩȝİȞȠȣ įȚĮțȑȞȠȣ



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

��� ȇȠʌȑȢ

����� ȊʌȠȜȠȖȚıȝȩȢ ȡȠʌȒȢ

ȈĲĮ ȝĮȖȞȘĲȚțȐ ȚıȠįȪȞĮȝĮ țȣțȜȫȝĮĲĮ Ș ȡȠʌȒ ȕĮıȓȗİĲĮȚ ıĲȘȞ ĮȡȤȒ ĲȦȞ įȣȞĮĲȫȞ ȑȡȖȦȞ Ș
ȠʌȠȓĮ İȓȞĮȚ ȝȚĮ ĮȡțİĲȐ İȣȑȜȚțĲȘ ȝȑșȠįȠȢ ıĮȞ İȞĮȜȜĮțĲȚțȒ ĲȘȢ ȝİșȩįȠȣ ĲĮȞȣıĲȒ 0D[ZHOO
�0D[ZHOO 7HQVRU� ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ıĲȘ ȝȑșȠįȠ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ� Ǿ ȡȠʌȒ
ȩʌȦȢ țĮȚ Ș įȪȞĮȝȘ ȣʌȠȜȠȖȓȗȠȞĲĮȚ Įʌȩ ĲȚȢ ʌĮȡĮȖȫȖȠȣȢ ĲȘȢ İȞȑȡȖİȚĮȢ�Ȓ ĲȘȢ ıȣȞİȞȑȡ�
ȖİȚĮȢ� ȦȢ ʌȡȠȢ ĲȘȞ ȝİĲĮĲȩʌȚıȘ ĲȠȣ țȚȞȠȪȝİȞȠȣ ȝȑȡȠȣȢ� ǼȚįȚțȐ ȖȚĮ ĲȚȢ ȘȜİțĲȡȚțȑȢ ȝȘȤĮȞȑȢ
Ș ȡȠʌȒ ȣʌȠȜȠȖȓȗİĲĮȚ Įʌȩ ĲȘȞ ȕĮșȝȚĮȓĮ ȝİĲĮȕȠȜȒ ıĲȘȞ ĮʌȠșȘțİȣȝȑȞȘ țĮȚ ʌĮȡİȤȩȝİȞȘ
İȞȑȡȖİȚĮ ĲȘȢ țĮĲȐ ĲȘȞ ʌİȡȚıĲȡȠĳȒ ĲȠȣ įȡȠȝȑĮ șİȦȡȫȞĲĮȢ ȩĲȚ ȠȚ ȡȠȑȢ ȝȑȞȠȣȞ ıĲĮșİȡȑȢ
țĮĲȐ ĲȘȞ ȝİĲĮȕȠȜȒ� Ǿ įȚĮįȚțĮıȓĮ ĮʌȜȠʌȠȚİȓĲĮȚ ıİ ȝİȖȐȜȠ ȕĮșȝȩ ʌĮȡĮĲȘȡȫȞĲĮȢ ȩĲȚ ĲĮ
ȝȩȞĮ ıĲȠȚȤİȓĮ ʌȠȣ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ șȑıȘ ĲȠȣ įȡȠȝȑĮ İȓȞĮȚ ĮȣĲȐ ʌȠȣ ȕȡȓıțȠȞĲĮȚ İȞĲȩȢ
įȚĮțȑȞȠȣ İʌȠȝȑȞȦȢ Ș ȡȠʌȒ įȓȞİĲĮȚ Įʌȩ ĲȠȞ ʌĮȡĮțȐĲȦ ĲȪʌȠ�

Te =
N−1∑

i=0

∂Ei

∂θ
������

ȩʌȠȣ N İȓȞĮȚ Ƞ ĮȡȚșȝȩȢ ĲȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ ıĲȠ įȚȐțİȞȠ ıİ ȝȚĮ ıȣȖțİțȡȚȝȑȞȘ ȖȦȞȓĮ țĮȚ
Ei Ș ĮʌȠșȘțİȣȝȑȞȘ İȞȑȡȖİȚĮ ıİ țȐșİ ȑȞĮ Įʌȩ ĲĮ ʌĮȡĮʌȐȞȦ ıĲȠȚȤİȓĮ�
ȅȡȓȗȠȣȝİ ĲȘȞ ĮʌȠșȘțİȣȝȑȞȘ İȞȑȡȖİȚĮ ıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ ıİ ȩȖțȠ V ȦȢ �

E =

∫

V

(∫ B

0
H · dB

)
dV ������

īȚĮ ȝĮȖȞȘĲȚțȐ ȣȜȚțȐ ʌȠȣ ȚıȤȪİȚ ȩĲȚ B = µ0 ·H Ș ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ ĮʌȜȠʌȠȚİȓĲĮȚ ȦȢ�

E =

∫

V

(
B2

2µ

)
dV ������

īȚĮ ȠȝȠȚȩȝȠȡĳȘ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ B ȑȤȠȣȝİ ȩĲȚ

Eenergy =
1

2
·B ·H · V =

B2

2µ0
· V ������

İʌȠȝȑȞȦȢ Ș ȘȜİțĲȡȠȝĮȖȞȘĲȚțȒ ȡȠʌȒ ȝʌȠȡİȓ ȞĮ ȣʌȠȜȠȖȚıĲİȓ ȫȢ �

Te =
N−1∑

i=0

∂
( B2

i
2µ0

· Vi
)

∂θ
=

N−1∑

i=0

(
1

2
· B

2
i

µ0
· ∂Vi

∂θ

)
=

N−1∑

i=0

(
1

2
· B

2
i Lℓi
µ0

· ∂wi

∂θ

)
������
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ȩʌȠȣ / İȓȞĮȚ ĲȠ ȝȒțȠȢ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ĲĮ ℓi�wi ĲȠ ȝȒțȠȢ țĮȚ ĲȠ ʌȜȐĲȠȢ ĲȘȢ iȠıĲȒȢ ĮȖȦȖȚ�
ȝȩĲȘĲĮȢ ĲȠȣ įȚĮțȑȞȠȣ ĮȞĲȓıĲȠȚȤĮ�
ǼʌİȚįȒ ȚıȤȪİȚ ȩĲȚ�

G =
µ0 · L · w(θ)

ℓ
țĮȚ F = H · ℓ = B

µ0
· ℓ

Ș İȟȓıȦıȘ������ ȖȓȞİĲĮȚ�

Te =
1

2
·
N−1∑

i=0

(
F 2
i · ∂Gi

∂θ

)
������

ȝİ Gi ĲȘȞ iȠıĲȒ ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ įȚĮțȑȞȠȣ țĮȚ Fi ĲȘȞ ʌĲȫıȘ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ıİ
ĮȣĲȒȞ�

����� ȇȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ

Ǿ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ �FRJJLQJ WRUTXH� İȓȞĮȚ ȝȚĮ ȡȠʌȒ Ș ȠʌȠȓĮ İȝĳĮȞȓȗİĲĮȚ ıĲȚȢ ȝȘȤĮȞȑȢ
ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ țĮȚ ȠĳİȓȜİĲĮȚ ıĲȘȞ ĮȜȜȘȜİʌȓįȡĮıȘ ĲȠȣ ʌİįȓȠȣ ĲȦȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ
ĲȠȣ įȡȠȝȑĮ țĮȚ ĲȦȞ ĮȣȜĮțȚȫȞ ĲȠȣ ıĲȐĲȘ� ǲȤİȚ ĲȘ ȝȠȡĳȒ ȝȚĮȢ ʌĮȜȜȩȝİȞȘȢ ȡȠʌȒȢ Ș ȠʌȠȓĮ
İȝĳĮȞȓȗİĲĮȚ țĮĲȐ ĲȘȢ ʌİȡȚıĲȡȠĳȒ ĲȠȣ įȡȠȝȑĮ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȤȦȡȓȢ ȡİȪȝĮĲĮ
ĲȣȝʌȐȞȠȣ țĮȚ ȠĳİȓȜİĲĮȚ ıĲȘȞ ĲȐıȘ ĲȦȞ ȝĮȖȞȘĲȫȞ ȞĮ İȣșȣȖȡĮȝȝȓȗȠȞĲĮȚ ȝİ ĲȠȣȢ ȐȟȠȞİȢ
ʌȠȣ ʌİȡȞȐȞİ Įʌȩ ĲȠ țȑȞĲȡȠ ĲȦȞ įȠȞĲȚȫȞ� ǵĲĮȞ ĲȠ ʌİįȓȠ ĲȠȣ įȡȠȝȑĮ ʌȜȘıȚȐȗİȚ Ȓ ĮʌȠ�
ȝĮțȡȪȞİĲĮȚ Įʌȩ țȐʌȠȚȠ įȩȞĲȚ ĲȠ ʌİįȓȠ ȖȪȡȦ ĲȠȣ ĮȜȜȐȗİȚ ȝİ ĮʌȠĲȑȜİıȝĮ ĲȘȢ ȝİĲĮȕȠȜȒ
ĲȘȢ ıȣȞİȞȑȡȖİȚĮȢ ıĲȠ ȤȫȡȠ țĮȚ ĲȘ įȘȝȚȠȣȡȖȓĮ ĲȘȢ ȡȠʌȒȢ ĮȣĲȒȢ� Ǿ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ
İȟĮȡĲȐĲĮȚ ȐȝİıĮ Įʌȩ ĲȘ șȑıȘ ĲȠȣ įȡȠȝȑĮ țĮȚ ʌĮȡȠȣıȚȐȗİȚ ʌİȡȚȠįȚțȩĲȘĲĮ Ș ȠʌȠȓĮ įȓȞİĲĮȚ
Įʌȩ ĲȠȞ ĲȪʌȠ>��@�

Pcogging =
360

LCM(P,Q)
������

ȩʌȠȣ P ȠȚ ʌȩȜȠȚ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ Q ĲȠ ʌȜȒșȠȢ ĲȦȞ ĮȣȜĮțȚȫȞ ĲȘȢ țĮȚ LCM ĲȠ İȜȐȤȚıĲȠ
țȠȚȞȩ ʌȠȜȜĮʌȜȐıȚȠ ĮȣĲȫȞ�
Ǿ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ İȓȞĮȚ ȝȚĮ ĮȞİʌȚșȪȝȘĲȘ ıȣȞȚıĲȫıĮ ȡȠʌȒȢ Ș ȠʌȠȓĮ ıĲȘ ȝȩȞȚȝȘ ȜİȚ�
ĲȠȣȡȖȓĮ İȝĳĮȞȓȗİĲĮȚ ıĮȞ țȡĮįĮıȝȩȢ țĮȚ șȩȡȣȕȠȢ țĮȚ ıȣȝȕȐȜȜİȚ ıĲȘȞ țȣȝȐĲȦıȘ ȡȠʌȒȢ�
ǻȪȠ ȕĮıȚțȠȓ ʌĮȡȐȖȠȞĲİȢ țĮșȠȡȓȗȠȣȞ ĲȘ ȡȠʌȒ ĮȣĲȒ� �� Ș ʌĮȡĮȝȑȞȠȣıĮ ȝĮȖȞȒĲȚıȘ ĲȠȣ
ȝĮȖȞȒĲȘ țĮȚ �� ĲȠ ʌȜȐĲȠȢ ĲȦȞ ĮȣȜĮțȚȫȞ ĲȠȣ ıĲȐĲȘ� ǵıȠ ʌȚȠ ȝİȖȐȜȘ İȓȞĮȚ Ș ʌĮȡĮȝȑȞȠȣıĮ
ȝĮȖȞȒĲȚıȘ ĲȩıȠ ȝİȖĮȜȪĲİȡȘ İȓȞĮȚ Ș ĲȐıȘ ĲȦȞ ȝĮȖȞȘĲȫȞ ȞĮ İȣșȣȖȡĮȝȝȚıĲȠȪȞ ıĲȚȢ șȑıİȚȢ
ȚıȠȡȡȠʌȓĮȢ ĲȠȣȢ ȝİ ĮʌȠĲȑȜİıȝĮ Ș ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ ĮȣȟȐȞİĲĮȚ� ǼʌȓıȘȢ ȩıȠ ĮȣȟȐȞİĲĮȚ
ĲȠ ʌȜȐĲȠȢ ĲȘȢ ĮȪȜĮțĮȢ ĲȩıȠ ĮȣȟȐȞİȚ țĮȚ Ș ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ� ĬİȦȡȘĲȚțȐ ȖȚĮ ȝȘįİȞȚțȩ
ȐȞȠȚȖȝĮ ĮȪȜĮțĮȢ įİȞ șĮ ȣʌȒȡȤİ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ ĮȜȜȐ ȝȚĮ ĲȑĲȠȚĮ ıȤİįȓĮıȘ ȝȘȤĮ�
ȞȒȢ įİȞ ȝʌȠȡİȓ ȞĮ ȣʌȐȡȟİȚ ıĲȚȢ ʌİȡȚııȩĲİȡİȢ İĳĮȡȝȠȖȑȢ� ȅȚ ĲİȤȞȚțȑȢ ʌȠȣ ȝʌȠȡȠȪȞ ȞĮ
ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ȖȚĮ ĲȘȞ ȝİȓȦıȘ ĲȘȢ ıȣȖțİțȡȚȝȑȞȘȢ ȡȠʌȒȢ İȓȞĮȚ ȠȚ ĮțȩȜȠȣșİȢ�



ȀİĳȐȜĮȚȠ ��ǿıȠįȪȞĮȝĮ ȂĮȖȞȘĲȚțȐ ȀȣțȜȫȝĮĲĮ ��

� ĲȠʌȠșȑĲȘıȘ ĲȦȞ ȝĮȖȞȘĲȫȞ ȝİ ȜȠȟȒ įȚȐĲĮȟȘ�VNHZLQJ�

� ȤȡȘıȚȝȠʌȠȓȘıȘ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȦȞ ıȣȖțİȞĲȡȦȝȑȞȦȞ ĲȣȜȚȖȝȐĲȦȞ ȝİ țĮĲȐȜȜȘȜȠ
ıȣȞįȣĮıȝȩ ĮȣȜĮțȚȫȞ�ʌȩȜȦȞ

� ȤȡȘıȚȝȠʌȠȓȘıȘ ʌİʌȜĮĲȣıȝȑȞȦȞ ȐțȡȦȞ įȠȞĲȚȫȞ �ʌȑȜȝĮĲĮ įȠȞĲȚȫȞ�

� ĮȞȐȜȣıȘ İȣĮȚıșȘıȓĮȢ ıĲȚȢ įȚĮıĲȐıİȚȢ ĲȦȞ ĮȣȜĮțȚȫȞ�ȝĮȖȞȘĲȫȞ ȖȚĮ İȪȡİıȘ ȕȑȜĲȚ�
ıĲȦȞ ĲȚȝȫȞ ʌȠȣ İʌȚĲȣȖȤȐȞȠȣȞ ĲȘȞ İȜȐȤȚıĲȘ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ

����� ȀȣȝȐĲȦıȘ ȡȠʌȒȢ

Ǿ țȣȝȐĲȦıȘ ȡȠʌȒȢ �WRUTXH ULSSOH� ȠȡȓȗİĲĮȚ ȦȢ Ș įȚĮțȪȝĮȞıȘ ĲȘȢ ȡȠʌȒȢ ʌȠȣ ʌĮȡĮĲȘ�
ȡİȓĲĮȚ ıİ ȝȚĮ ȝȘȤĮȞȒ ȩĲĮȞ ȜİȚĲȠȣȡȖİȓ ȝİ ıĲĮșİȡȒ įȚȑȖİȡıȘ ıĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ� Ȉİ ȝȚĮ ȝȘ�
ȤĮȞȒ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ıĲȘȞ ȠʌȠȓĮ İʌȚȕȐȜȜİĲĮȚ ȘȝȚĲȠȞȠİȚįȑȢ ȡİȪȝĮ ıĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ�
Ș țȣȝȐĲȦıȘ ȡȠʌȒȢ ȠĳİȓȜİĲĮȚ ıĲȘ ȝİĲĮȕȜȘĲȩĲȘĲĮ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ įȚĮʌİȡĮĲȩĲȘĲĮȢ ʌȠȣ
ȕȜȑʌȠȣȞ ȠȚ ȝȩȞȚȝȠȚ ȝĮȖȞȒĲİȢ İȟĮȚĲȓĮȢ ĲȦȞ ĮȣȜĮțȚȫȞ ĲȠȣ ıĲȐĲȘ� ıĲȚȢ ĮȡȝȠȞȚțȑȢ ĲȘȢ İʌĮ�
ȖȩȝİȞȘȢ ǾǼǻ� ıĲȠȞ țȠȡİıȝȩ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ıĲȚȢ ĮȡȝȠȞȚțȑȢ
ȡİȪȝĮĲȠȢ�ĮȡȝȠȞȚțȑȢ ȤȡȩȞȠȣ� ʌȠȣ İʌȐȖȠȞĲĮȚ Įʌȩ ĲȠȞ ĮȞĲȚıĲȡȠĳȑĮ� ǼʌȓıȘȢ ȐȜȜİȢ ĮȞȠ�
ȝȠȚȠȝȠȡĳȓİȢ ĲȠȣ įȚĮțȑȞȠȣ ȜȩȖȦ ĲȘȢ İțțİȞĲȡȩĲȘĲĮȢ ĲȠȣ įȡȠȝȑĮ Ȓ ĲȘȢ ȝȘ ȠȝȠȚȩȝȠȡĳȘȢ
ȝĮȖȞȒĲȚıȘȢ ĲȦȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ıȣȝȕȐȜȜȠȣȞ țĮȚ ĮȣĲȑȢ ıĲȘ țȣȝȐĲȦıȘ ĲȘȢ ȡȠʌȒȢ>��@�
Ǿ țȣȝȐĲȦıȘ ĮȣĲȒ ȑȤİȚ ȦȢ ĮʌȠĲȑȜİıȝĮ ȝİĲĮȕȠȜȑȢ ıĲȘȞ ĲĮȤȪĲȘĲĮ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ʌȡȠțĮ�
Ȝİȓ ȝȘȤĮȞȚțȑȢ țĮĲĮʌȠȞȒıİȚȢ ıĲȠȞ ȐȟȠȞĮ ĲȠȣ įȡȠȝȑĮ ȖİȖȠȞȩȢ ʌȠȣ ĲȘȞ țĮșȚıĲȐ ĮȞİʌȚșȪ�
ȝȘĲȘ ȖȚĮ ĲȘȞ ȠȝĮȜȒ ȜİȚĲȠȣȡȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ�
Ǿ țȣȝȐĲȦıȘ ĲȘȢ ȡȠʌȒȢ�7RUTXH ULSSOH� ȠȡȓȗİĲĮȚ ȦȢ�

Tripple =
Tmax − Tmin

Tavg
· 100� ������

ȩʌȠȣ Tmax� Tmin� Tavg Ș ȝȑȖȚıĲȘ� İȜȐȤȚıĲȘ țĮȚ ȝȑıȘ ȡȠʌȒ ĮȞĲȓıĲȠȚȤĮ ĲȘȢ ȝȘȤĮȞȒȢ ȖȚĮ
ıȣȖțİțȡȚȝȑȞȘ ȖȦȞȓĮ ȡȠʌȒȢ δ țĮȚ ȘȝȚĲȠȞȠİȚįȒ įȚȑȖİȡıȘ ĲȦȞ ĲȣȜȚȖȝȐĲȦȞ ĲȠȣ ıĲȐĲȘ� ȈĲȚȢ
ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȝİ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ıȣȖțİȞĲȡȦȝȑȞȠ ĲȪȜȚȖȝĮ țĮȚ ȚįȚĮȓĲİȡĮ
ıİ ĮȣĲȑȢ ʌȠȣ ȚıȤȪİȚ q < 0.5�PRGXODU PDFKLQHV�� Ș țȣȝȐĲȦıȘ ȡȠʌȒȢ İȓȞĮȚ ıȤİĲȚțȐ ȝȚțȡȒ�
ȅȚ ĲȡȩʌȠȚ ĮȞĲȚȝİĲȫʌȚıȘȢ ȖȚĮ ȝİȓȦıȘȢ ĲȘȢ țȣȝȐĲȦıȘȢ ĮȣĲȒȢ İȓȞĮȚ ĮȞĲȓıĲȠȚȤȠȚ ȝİ ĮȣĲȠȪȢ
ʌȠȣ ĮȞĮĳȑȡșȘțĮȞ ȖȚĮ ĲȘȞ ȝİȓȦıȘ ĲȘȢ ȡȠʌȒȢ İȣșȣȖȡȐȝȝȚıȘȢ�



ȀİĳȐȜĮȚȠ �

ǻǿǹǻǿȀǹȈǿǹ ǼȆǿȁȊȈǾȈ ȂǾ
īȇǹȂȂǿȀȅȊ ǿȈȅǻȊȃǹȂȅȊ
ȀȊȀȁȍȂǹȉȅȈ

��� īİȞȚțȐ

Ǿ İʌȓȜȣıȘ İȞȩȢ ȝĮȖȞȘĲȚțȠȪ ȚıȠįȣȞȐȝȠȣ țȣțȜȫȝĮĲȠȢ ʌȡȠȨʌȠșȑĲİȚ ĲȘȞ İȪȡİıȘ ĲȦȞ ȝĮ�
ȖȞȘĲȚțȫȞ ȡȠȫȞ φ țĮȚ ĲȦȞ ȕĮșȝȦĲȫȞ ȝĮȖȞȘĲȚțȫȞ įȣȞĮȝȚțȫȞ U ıİ ȩȜȠȣȢ ĲȠȣȢ țȜȐįȠȣȢ
țĮȚ ĲȠȣȢ țȩȝȕȠȣȢ ĲȠȣ țȣțȜȫȝĮĲȠȢ ĮȞĲȓıĲȠȚȤĮ� ȖȚĮ ȑȞĮ įȠıȝȑȞȠ ıȪȞȠȜȠ ʌȘȖȫȞ ȝĮȖȞȘĲİ�
ȖİȡĲȚțȫȞ įȣȞȐȝİȦȞmmf Ȓ ȡȠȫȞ φr ȝİ ȩȜİȢ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ĲȦȞ ĮȞĲȓıĲȠȚȤȦȞ ıȦȜȒȞȦȞ
ȡȠȒȢ ĲȘȢ ȝȘȤĮȞȒȢ ȖȞȦıĲȑȢ� ȁȩȖȦ ĲȘȢ įȣĮįȚțȩĲȘĲĮȢ ȝİĲĮȟȪ ȝĮȖȞȘĲȚțȫȞ țĮȚ ȘȜİțĲȡȚțȫȞ
ʌİįȓȦȞ� ȑȞĮ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ĲȠ ȠʌȠȓȠ ʌİȡȚȜĮȝȕȐȞİȚ ıĲȠȚȤİȓĮ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ ıİ
ȝȠȞȩĲȚȝİȢ țĮȝʌȪȜİȢ ȝĮȖȞȒĲȚıȘȢ İȓȞĮȚ ĮʌȩȜȣĲĮ ȚıȠįȪȞĮȝȠ ȝİ ȑȞĮ ȘȜİțĲȡȚțȩ țȪțȜȦȝĮ ıȣ�
ȞİȤȠȪȢ ȡİȪȝĮĲȠȢ ȝİ ʌȘȖȑȢ țĮȚ ȖȡĮȝȝȚțȑȢ Ȓ ȝȘ ȖȡĮȝȝȚțȑȢ ĮȞĲȚıĲȐıİȚȢ� ǹȞ ȠȚ ȝȘ ȖȡĮȝȝȚțȑȢ
ĮȞĲȚıĲȐıİȚȢ ȑȤȠȣȞ ĲȚȢ țĮȝʌȪȜİȢ ȝĮȖȞȒĲȚıȘȢ ĲȠȣȢ ĮȣıĲȘȡȐ ȝȠȞȩĲȠȞİȢ�ĮȣȟĮȞȩȝİȞĮ� ȤȦ�
ȡȓȢ ȕȡȩȤȠȣȢ ȣıĲȑȡȘıȘȢ� ĲȩĲİ țĮȚ ȝȩȞȠ ĲȩĲİ ȣʌȐȡȤİȚ ȝȓĮ ȝȠȞĮįȚțȒ ȜȪıȘ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ
ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ įȠıȝȑȞȦȞ ĲȦȞ ĮȡȤȚțȫȞ ıȣȞșȘțȫȞ>��@� ǼʌȚʌȜȑȠȞ ıİ ĮȣĲȒȞ
ĲȘȞ ʌİȡȓʌĲȦıȘ ȩȜĮ ĲĮ ȝİĲĮȕĮĲȚțȐ ıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ ıȣȝȕĮȓȞȠȣȞ ĲĮȣĲȩȤȡȠȞĮ
ȠʌȩĲİ ȝȚĮ țĮĲȐıĲĮıȘ �VWDWH� İȞȩȢ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ȝʌȠȡİȓ ȞĮ ʌİȡȚȖȡĮĳİȓ ĮʌȩȜȣĲĮ
Įʌȩ ȑȞĮ ıȪȞȠȜȠ ĮȜȖİȕȡȚțȫȞ İȟȚıȫıİȦȞ� Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ ȝĮȢ İȞįȚĮĳȑȡİȚ Ș ıȣıȤȑĲȚıȘ
ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȚıȠįȣȞȐȝȠȣ țȣțȜȫȝĮĲȠȢ ȝȚĮȢ ȝȘȤĮȞȒȢ ȝİ ĲȠȞ ©İȟȦĲİȡȚțȩ țȩıȝȠª ʌȡȑʌİȚ
ȞĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ ȑȞĮ ıȪȞȠȜȠ įȚĮĳȠȡȚțȫȞ İȟȚıȫıİȦȞ ȦȢ ıȣȞȑʌİȚĮ ĲȘȢ İȟȓıȦıȘȢ ĲȠȣ

��



ȀİĳȐȜĮȚȠ ��ǻȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȝȘ ȖȡĮȝȝȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ ��

Maxwell ʌȠȣ ʌĮȡȠȣıȚȐȗİĲĮȚ ʌĮȡĮțȐĲȦ�

∇× E⃗ = −dB⃗

dt
�����

īȚĮ ĲȠ ĮȝȚȖȫȢ ȝĮȖȞȘĲȚțȩ ʌȡȩȕȜȘȝĮ� Ș țĮșȠȜȚțȩĲȘĲĮ ĲȦȞ ȞȩȝȦȞ ĲȠȣ Kirchoff țĮȚ ȠȚ ȝȑ�
șȠįȠȚ İʌȓȜȣıȘȢ țȣțȜȦȝȐĲȦȞ ʌȠȣ ȕĮıȓȗȠȞĲĮȚ ıİ ĮȣĲȠȪȢ� İʌȚĲȡȑʌȠȣȞ ĲȘ ȤȡȒıȘ ĲȠȣȢ ȖȚĮ
ĲȘȞ İʌȓȜȣıȘ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ȚıȠįȣȞȐȝȦȞ țȣțȜȦȝȐĲȦȞ� Ǿ ʌȚȠ ıȣȞȘșȚıȝȑȞȘ țĮȚ ʌȚȠ ĮʌȜȒ
ȝİșȠįȠȜȠȖȓĮ İʌȓȜȣıȘȢ� İȓȞĮȚ Ș ȝȑșȠįȠȢ ĲȦȞ țȩȝȕȦȞ ʌȠȣ ȕĮıȓȗİĲĮȚ ıĲȠ ȞȩȝȠ ȡİȣȝȐĲȦȞ
ĲȠȣ Kirchoff țĮȚ ȑȤİȚ ȦȢ ĮȖȞȫıĲȠȣȢ ĲĮ ȕĮșȝȦĲȐ ȝĮȖȞȘĲȚțȐ įȣȞĮȝȚțȐ �U � țĮȚ ȖȞȦıĲȠȪȢ
ĲȚȢ ʌȘȖȑȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ�
īȚĮ ĲȘȞ İʌȓȜȣıȘ ȜȠȚʌȩȞ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ĮʌĮȚĲȠȪȞĲĮȚ � ȕȒȝĮĲĮ� ȆȡȫĲȠȞ� Ș
İȪȡİıȘ ĲȦȞ ıȤȑıİȦȞ ʌȠȣ ıȣȞįȑȠȣȞ ĲȠ ȘȜİțĲȡȚțȩ ȝİ ĲȠ ȝĮȖȞȘĲȚțȩ ȝȑȡȠȢ țĮȚ įİȪĲİȡȠȞ� Ș
İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ țȩȝȕȦȞ ıĲȠ ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ țȪțȜȦȝĮ� ȉĮ ȕȒȝĮĲĮ ĮȣĲȐ
șĮ ĮȞĮȜȣșȠȪȞ įȚİȟȠįȚțȐ ıĲȘȞ ĲȡȑȤȠȣıĮ İȞȩĲȘĲĮ�

��� ȀĮĲĮıțİȣȒ ʌȓȞĮțĮ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮ�
ĲȠȢ

Ǿ ıȪȞįİıȘ ĲȠȣ ȘȜİțĲȡȚțȠȪ țĮȚ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ȖȓȞİĲĮȚ ȝİ ȕȐıȘ ĲȘȞ ĲȠʌȠȜȠȖȓĮ
ĲȦȞ ĲȣȜȚȖȝȐĲȦȞ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ� ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ� Ș ĲȠʌȠȜȠȖȓĮ ĮȣĲȒ ȝʌȠȡİȓ ȞĮ
İțĳȡĮıșİȓ ȝȑıȦ țȐʌȠȚȦȞ ʌȚȞȐțȦȞ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ȠȚ ȠʌȠȓȠȚ ȠȞȠȝȐȗȠȞĲĮȚ ʌȓȞĮțİȢ ȝİĲĮ�
ıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮĲȠȢ țĮȚ ʌİȡȚȖȡȐĳȠȣȞ ĲȠȞ ĲȡȩʌȠ ȝİ ĲȠȞ ȠʌȠȓȠ ĲĮ ʌȘȞȓĮ ĲȠʌȠșİĲȠȪȞĲĮȚ
ıĲĮ ĮȣȜȐțȚĮ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ� Ȃİ ȕȐıȘ ĲȠ ĲȪȜȚȖȝĮ� ȝʌȠȡȠȪȞ ȞĮ ʌĮȡĮȤșȠȪȞ ʌȓ�
ȞĮțİȢ ȠȚ ȠʌȠȓȠȚ ıȣȞįȑȠȣȞ ĲȘȞ ĳĮıȚțȒ ȝĮȖȞȘĲȚțȒ ȡȠȒ ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ĲȘ ȝĮȖȞȘĲȚțȒ ȡȠȒ
įȠȞĲȚȠȪ țĮȚ ʌȓȞĮțİȢ ʌȠȣ ıȣȞįȑȠȣȞ ĲȚȢ ʌȘȖȑȢ ȝĮȖȞȘĲİȖİȡĲȚțȫȞ įȣȞȐȝİȦȞ ȝİ ĲĮ ĳĮıȚțȐ
ȡİȪȝĮĲĮ�
īȚĮ įȚȐĳȠȡȠȣȢ ıȣȞįȣĮıȝȠȪȢ ĮȣȜĮțȚȫȞ�ȝĮȖȞȘĲȫȞ ʌȡȠțȪʌĲİȚ įȚĮĳȠȡİĲȚțȒ įȚȐĲĮȟȘ ĲȣȜȓȖ�
ȝĮĲȠȢ țĮȚ ıȣȞİʌȫȢ įȚĮĳȠȡİĲȚțȠȓ ʌȓȞĮțİȢ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ� ǵʌȦȢ ȑȤİȚ ȒįȘ ĮȞĮĳİȡșİȓ�
Ș ȝȘȤĮȞȒ ȝĮȢ ȑȤİȚ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ĲȪȜȚȖȝĮ įȚʌȜȒȢ ıĲȡȫıȘȢ�0.25 < q < 0.5� țĮȚ Ș
ȝİșȠįȠȜȠȖȓĮ ȖȚĮ ĲȘȞ İȪȡİıȘ ĲȘȢ įȚȐĲĮȟȘȢ ıİ ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ �Qs = 18 ĮȣȜȐțȚĮ �
p = 16 ʌȩȜȠȣȢ�� ȩʌȦȢ ʌĮȡȠȣıȚȐȗİĲĮȚ Įʌȩ ĲȘȞ /LEHUW>��@� İȓȞĮȚ Ș ĮțȩȜȠȣșȘ�

�� ȅ ĮȡȚșȝȩȢ ĲȦȞ ĮȣȜĮțȚȫȞ ĮȞȐ ĳȐıȘ țĮȚ ʌȩȜȠ q� ĮȞĮȜȪİĲĮȚ ıİ ĮʌȜȩ țȜȐıȝĮ țĮȚ
ıȣȞİʌȫȢ ȑȤȠȣȝİ� q =

18

3 · 16 =
3

8
=

n

d
ȩʌȠȣ n țĮȚ d ĮțȑȡĮȚȠȚ

�� ȀĮĲĮıțİȣȐȗİĲĮȚ ȝȚĮ ĮțȠȜȠȣșȓĮ d− n = 8− 3 = 5 ȝȘįİȞȚțȫȞ �´0´� țĮȚ n = 3 ȐııȦȞ
�µµ1´� ıĲȘȞ ȠʌȠȓĮ ȠȚ ȐııȠȚ țĮĲĮȞȑȝȠȞĲĮȚ ȩıȠ ĲȠ įȣȞĮĲȩȞ ȠȝȠȚȩȝȠȡĳĮ�



ȀİĳȐȜĮȚȠ ��ǻȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȝȘ ȖȡĮȝȝȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ ��

�� Ǿ ĮțȠȜȠȣșȓĮ İʌĮȞĮȜĮȝȕȐȞİĲĮȚ
3p

d
=

Qs

n
= 6 ĳȠȡȑȢ țĮȚ ıȣȖțȡȓȞİĲĮȚ ȝİ ĲȠ ʌȜĮȓıȚȠ

ĲȠȣ įȚĮȞİȝȘȝȑȞȠȣ ĲȣȜȓȖȝĮĲȠȢ ȝİ 3p ĮȣȜȐțȚĮ țĮȚ q = 1�

�� ȅȚ ĮȖȦȖȠȓ Įʌȩ ĲȠ įȚĮȞİȝȘȝȑȞȠ ĲȪȜȚȖȝĮ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ ıĲȠȣȢ ȐııȠȣȢ ´�´ țȡĮ�
ĲȚȠȪȞĲĮȚ țĮȚ ıȤȘȝĮĲȓȗȠȣȞ ĲȘȞ ʌȡȫĲȘ ıĲȡȫıȘ ĲȠȣ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠȣ ĲȣȜȓȖȝĮĲȠȢ
įȚʌȜȒȢ ıĲȡȫıȘȢ� Ǿ įİȪĲİȡȘ ıĲȡȫıȘ ıȤȘȝĮĲȓȗİĲĮȚ ȖȡȐĳȠȞĲĮȢ ĲȠȣȢ ĮȞĲȓıĲȠȚȤȠȣȢ
ĮȖȦȖȠȪȢ İʌȚıĲȡȠĳȒȢ ıĲȘȞ ȐȜȜȘ ʌȜİȣȡȐ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ țȐșİ ĮȖȦȖȩ� įȘȜĮįȒ A′

ȖȚĮ ĲȠȞ A�

�� ȉȑȜȠȢ� țĮĲĮıțİȣȐȗİĲĮȚ ȑȞĮ įȚȐȞȣıȝĮ S ȖȚĮ ȞĮ ʌİȡȚȖȡȐȥİȚ ĲȘ įȚȐĲĮȟȘ ĲȘȢ ĳȐıȘȢ A�
ǲʌİȚĲĮ ĲĮ ĮȣȜȐțȚĮ ĮʌĮȡȚșȝȠȪȞĲĮȚ Įʌȩ 1 ȑȦȢ Qs� ȉȠ įȚȐȞȣıȝĮ S ĮʌȠĲİȜİȓĲĮȚ ĲȠȣȢ
ĮȡȚșȝȠȪȢ ʌȠȣ ĮȞĲȚıĲȠȚȤȠȪȞ ıĲĮ ĮȣȜȐțȚĮ ʌȠȣ ʌİȡȚȑȤȠȣȞ ĲȠȣȢ ĮȖȦȖȠȪȢ ĲȘȢ ĳȐıȘȢ
A� ǹȞ 2 ıĲȡȫȝĮĲĮ İȞȩȢ ĮȣȜĮțȚȠȪ ʌİȡȚȑȤȠȣȞ ĮȖȦȖȠȪȢ ĲȘȢ ĳȐıȘȢ A� Ƞ ĮȡȚșȝȩȢ ĲȠȣ
ĮȣȜĮțȚȠȪ ȖȡȐĳİĲĮȚ 2 ĳȠȡȑȢ ıĲȠ įȚȐȞȣıȝĮ� ǲĲıȚ ȜȠȚʌȩȞ ĲȠ S ȑȤİȚ

2 ·QS

3
ıĲȠȚȤİȓĮ�

īȚĮ ĲȠȣȢ ĮȖȦȖȠȪȢ A′ ʌȡȠıĲȓșİĲĮȚ ȑȞĮ ĮȡȞȘĲȚțȩ ʌȡȩıȘȝȠ ıĲȠ ĮȞĲȓıĲȠȚȤȠ ĮȣȜȐțȚ� Ȃİ
ĲȘȞ ȓįȚĮ ȜȠȖȚțȒ țĮĲĮıțİȣȐȗȠȞĲĮȚ țĮȚ ĲĮ įȚĮȞȪıȝĮĲĮ ȖȚĮ ĲȚȢ įȚĮĲȐȟİȚȢ ĲȦȞ ȐȜȜȦȞ įȣȠ
ĳȐıİȦȞ�

ǹțȠȜȠȣșİȓ Ș įȚȐĲĮȟȘ ĲȠȣ ĲȣȜȓȖȝĮĲȠȢ ȖȚĮ ĲȘȞ ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ ĲȘȢ ʌĮȡȠȪıĮȢ İȡȖĮıȓĮȢ ȝİ
ĳȐıİȚȢ W �V �U �

ȈȤȒȝĮ ���� ǻȚȐĲĮȟȘ ĲȣȜȓȖȝĮĲȠȢ

ǹʌȩ ĲȘȞ ıĲȚȖȝȒ ʌȠȣ Ș įȚȐĲĮȟȘ ĲȠȣ ĲȣȜȓȖȝĮĲȠȢ İȓȞĮȚ ȖȞȦıĲȒ ȝʌȠȡȠȪȝİ ȞĮ țĮĲĮıțİȣȐıȠȣȝİ
ĲȠȞ ʌȓȞĮțĮ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮĲȠȢ Ƞ ȠʌȠȓȠȢ ıȣȞįȑİȚ ĲȚȢ Ns ʌȘȖȑȢ ȝĮȖȞȘĲİȖİȡĲȚțȫȞ
įȣȞȐȝİȦȞ ȝİ ĲĮ ĲȡȓĮ ĳĮıȚțȐ ȡİȪȝĮĲĮ� ȈȣȞİʌȫȢ� Ƞ ʌȓȞĮțĮȢ ȑȤİȚ įȚȐıĲĮıȘNs×m = 18×3 �
ȅ ʌȓȞĮțĮȢ ĮȣĲȩȢ țĮĲĮıțİȣȐȗİĲĮȚ ȝİ ĲȘ ȜȠȖȚțȒ țĮĲȐ ĲȘȞ ȠʌȠȓĮ țȐșİ ȖȡĮȝȝȒ ȞĮ ĮȞĲȚʌȡȠıȦ�
ʌİȪİȚ ĲȠ ĮȞĲȓıĲȠȚȤȠ įȩȞĲȚ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ȞĮ ȝʌĮȓȞİȚ ȐııȠȢ�µµ1´� ıĲȘȞ ıĲȒȜȘ ʌȠȣ ĮȞĲȚıĲȠȚ�
Ȥİȓ ıĲȘȞ ĳȐıȘ ʌȠȣ ĲȣȜȓȖİȚ ĲȠ įȩȞĲȚ� ȉȠ ʌȡȩıȘȝȠ ĲȠȣ ȐııȠȣ ʌȠȣ ĲȠʌȠșİĲİȓĲĮȚ țĮșȠȡȓȗİĲĮȚ
țȐșİ ĳȠȡȐ Įʌȩ ĲȠȞ țĮȞȩȞĮ ĲȠȣ įİȟȚȠȪ ȤİȡȚȠȪ� ȈȣȖțİțȡȚȝȑȞĮ� ȩĲĮȞ ĲȠ įȩȞĲȚ ĲȣȜȓȖİĲĮȚ įİ�
ȟȚȩıĲȡȠĳĮ ȝʌĮȓȞİȚ șİĲȚțȩ ʌȡȩıȘȝȠ İȞȫ ȩĲĮȞ ĲȣȜȓȖİĲĮȚ ĮȡȚıĲİȡȩıĲȡȠĳĮ ȝʌĮȓȞİȚ ĮȡȞȘĲȚțȩ�



ȀİĳȐȜĮȚȠ ��ǻȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȝȘ ȖȡĮȝȝȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ ��

ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİĲĮȚ Ƞ ʌȓȞĮțĮȢ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮĲȠȢ ʌȠȣ ʌȡȠțȪʌĲİȚ�

W =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0

−1 0 0

1 0 0

0 1 0

0 −1 0

0 1 0

0 0 1

0 0 −1

0 0 1

1 0 0

−1 0 0

1 0 0

0 1 0

0 −1 0

0 1 0

0 0 1

0 0 −1

0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�����

ȈĲȘȞ ıȣȞȑȤİȚĮ ȖȚĮ ȞĮ ıȣȞįȑıȠȣȝİ ĲȚȢ Ns ȝĮȖȞȘĲȚțȑȢ ȡȠȑȢ ĲȦȞ įȠȞĲȚȫȞ ȝİ ĲȚȢ ĳĮıȚțȑȢ ȝĮ�
ȖȞȘĲȚțȑȢ ȡȠȑȢ φ ȤȡȘıȚȝȠʌȠȚȠȪȝİ ĲȠȞ ĮȞȐıĲȡȠĳȠ ĲȠȣ ʌȓȞĮțĮ �����W ′ Ƞ ȠʌȠȓȠȢ ʌȡȠĳĮȞȫȢ
ȑȤİȚ įȚȐıĲĮıȘ 3× 18 țĮȚ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ �

W ′ =

⎡

⎢⎢⎣

1 −1 1 0 0 0 0 0 0 1 −1 1 0 0 0 0 0 0

0 0 0 1 −1 1 0 0 0 0 0 0 1 −1 1 0 0 0

0 0 0 0 0 0 1 −1 1 0 0 0 0 0 0 1 −1 1

⎤

⎥⎥⎦ �����

ǹʌȩ ĲȠȣȢ ʌĮȡĮʌȐȞȦ ʌȓȞĮțİȢ ʌȡȠțȪʌĲȠȣȞ ȠȚ ĮțȩȜȠȣșİȢ ıȤȑıİȚȢ�

F = W · i �����

Φphases = W ′ · φtooth �����

ȩʌȠȣ i =
[
ia ib ic

]
țĮȚ φtooth =

[
φ1 φ2 . . . φNs

]



ȀİĳȐȜĮȚȠ ��ǻȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȝȘ ȖȡĮȝȝȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ ��

��� ǼĳĮȡȝȠȖȒ ȝİșȩįȠȣ ĲȦȞ țȩȝȕȦȞ

ǲȤȠȞĲĮȢ ȣʌȠȜȠȖȓıİȚ ĲȚȢ įȚĮįȡȠȝȑȢ ȡȠȒȢ�IOX[ WXEHV� ȖȚĮ ȩȜĮ ĲĮ ĲȝȒȝĮĲĮ ĲȘȢ ȝȘȤĮȞȒȢ ȩʌȦȢ
įİȓȟĮȝİ ʌĮȡĮʌȐȞȦ țĮȚ ȑȤȠȞĲĮȢ İȟȐȖİȚ ĲȚȢ ıȤȑıİȚȢ ʌȠȣ ıȣȞįȑȠȣȞ ĲĮ ȘȜİțĲȡȚțȐ ȝİ ĲĮ ȝĮȖȞȘ�
ĲȚțȐ ȝİȖȑșȘ� ȝʌȠȡȠȪȝİ ȞĮ țĮĲĮıțİȣȐıȠȣȝİ ĲȠ ıȣȞȠȜȚțȩ ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ țȪțȜȦȝĮ
ĲȘȢ ȝȘȤĮȞȒȢ� ȑȞĮ ȝȑȡȠȢ ĲȠȣ ȠʌȠȓȠȣ ĳĮȓȞİĲĮȚ ıĲȘȞ İȚțȩȞĮ����� țĮȚ ĲȠ ȠʌȠȓȠ İʌĮȞĮȜĮȝȕȐ�
ȞİĲĮȚ ȖȚĮ ȩȜȘ ĲȘȞ ȝȘȤĮȞȒ�

ȈȤȒȝĮ ���� ǿıȠįȪȞĮȝȠ ȂĮȖȞȘĲȚțȩ ȀȪțȜȦȝĮ �0(&� ȂȘȤĮȞȒȢ

ǵʌȦȢ ȕȜȑʌȠȣȝİ ıĲȘȞ İȚțȩȞĮ����� ʌȡȠțȪʌĲȠȣȞ � ıĲȡȫıİȚȢ țȩȝȕȦȞ� Ȉİ țȐșİ ȝȚĮ Įʌȩ
ĮȣĲȑȢ ĲȚȢ ıĲȡȫıİȚȢ� İĳĮȡȝȩȗȠȣȝİ ıĲȠȣȢ țȩȝȕȠȣȢ ĲȘȢ ĲȠ ȞȩȝȠ ȡİȣȝȐĲȦȞ Kirchoff � Ĭİ�
ȦȡȠȪȝİ ȩĲȚ Įʌȩ ĲȘȞ ʌȡȫĲȘ ıĲȡȫıȘ țȩȝȕȦȞ İȟȑȡȤİĲĮȚ ȡȠȒ Φst Ș ȠʌȠȓĮ İȚıȑȡȤİĲĮȚ ıĲȘȞ
įİȪĲİȡȘ ıĲȡȫıȘ țȩȝȕȦȞ� ǵıȠȞ ĮĳȠȡȐ ĲȠȣȢ ȝĮȖȞȒĲİȢ ʌȠȣ ȕȡȓıțȠȞĲĮȚ ĮȞȐȝİıĮ ıĲȘȞ Ĳȑ�
ĲĮȡĲȘ țĮȚ ʌȑȝʌĲȘ ıĲȡȫıȘ țȩȝȕȦȞ� İȞĮȜȜȐııȠȣȞ ĲȘȞ ʌȠȜȚțȩĲȘĲĮ ĲȠȣȢ ĮȞȐ ȑȞĮȢ� ĬİȦ�
ȡȠȪȝİ ȦȢ ıȪȝȕĮıȘ ȩĲȚ Ș ȡȠȒ ĲȠȣ ȝĮȖȞȒĲȘ � İȚıȑȡȤİĲĮȚ ıĲȠȞ țȩȝȕȠ U4,1� ǼʌȚʌȜȑȠȞ� ȖȚĮ
ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ İʌȚȜȑȖİĲĮȚ ȦȢ țȩȝȕȠȢ ȖİȓȦıȘȢ Ƞ U5,ℓ �ȝȘįİȞȚțȩ
ȝĮȖȞȘĲȚțȩ įȣȞĮȝȚțȩ U5,ℓ = 0�� ȅ ıȣȞȠȜȚțȩȢ ĮȡȚșȝȩȢ ĲȦȞ țȩȝȕȦȞ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ ȚıȠįȣ�
ȞȐȝȠȣ țȣțȜȫȝĮĲȠȢ İȓȞĮȚ 85� Ȃİ ȕȐıȘ ĮȣĲȐ ʌȡȠțȪʌĲȠȣȞ ȠȚ ĮțȩȜȠȣșİȢ İȟȚıȫıİȚȢ�
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�VW OD\HU
−u1,k ·Gsy,k − u1,2 ·Gsy,1 + u1,1 · (Gsy,k +Gsy,1) + Φst,1 = 0

−u1,k−1 ·Gsy,k−1 − u1,1 ·Gsy,k + u1,k · (Gsy,k−1 +Gsy,k) + Φst,k = 0

�QG OD\HU
−u2,k ·Gsl − u2,2 ·Gsl − u3,1 ·Gtt,1 + u2,1 · (2 ·Gsl +Gtt,1)− Φst,1 = 0

−u2,k−1 ·Gsl − u2,1 ·Gsl − u3,k ·Gtt,k + u2,k · (2 ·Gsl +Gtt,k)− Φst,k = 0

�UG OD\HU

−u2,1 ·Gtt,1 −
l∑

j=1

u4,j ·G1,j + u3,1 · (Gtt,1 +
l∑

j=1

G1,j) = 0

−u2,k ·Gtt,k −
l∑

j=1

u4,j ·Gk,j + u3,k · (Gtt,k +
l∑

j=1

Gk,j) = 0

�WK OD\HU

−u5,1 ·Gm − u5,1 ·Gmr − u4,l ·Gmm − u4,2 ·Gmm −
k∑

i=1

u3,i ·Gi,1 + u4,1 · (2 ·Gmr + 2 ·Gmm+

+Gm +
k∑

i=1

Gi,1)− Φr = 0

−u4,l−1 ·Gmm − u4,1 ·Gmm −
k∑

i=1

u3,i ·Gi,l + u4,l · (Gmr + 2 ·Gmm +Gm +
k∑

i=1

Gi,l)− Φr = 0

�WK OD\HU
−u5,2 ·Gry,1 − u4,1 · (Gm +Gmr) + u5,1 · (Gry,l +Gry,1 +Gm + 2 ·Gmr) + Φr = 0

−u5,l−2 ·Gry,l−2 − u4,l−1 · (Gm +Gmr) + u5,l−1 · (Gry,l−1 +Gry,l−2 +Gm + 2 ·Gmr) + Φr = 0

īȚĮ ĲȘȞ İȚıĮȖȦȖȒ ĲȘȢ ʌȘȖȒȢ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ıĲȚȢ İȟȚıȫıİȚȢ ĲȠȣ țȣțȜȫȝĮĲȠȢ
İĳĮȡȝȩȗȠȣȝİ ȝȚĮ ȕȠȘșȘĲȚțȒ ıȤȑıȘ ȖȚĮ ĲȠȞ țȜȐįȠ ȝİĲĮȟȪ ĲȘȢ ʌȡȫĲȘȢ țĮȚ įİȪĲİȡȘȢ ıĲȡȫ�
ıȘȢ ĲȦȞ țȩȝȕȦȞ� Ș ȠʌȠȓĮ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘȞ İĳĮȡȝȠȖȒ ȞȩȝȠȣ ĲȐıİȦȞ Kirchoff ıĲȠȞ
țȜȐįȠ ĮȣĲȩ������

ȈȤȒȝĮ ���� ǿıȠįȪȞĮȝȠ ȂĮȖȞȘĲȚțȩ ȀȪțȜȦȝĮ įȠȞĲȚȠȪ ıĲȐĲȘ ȝİ ĲȘȞ ʌȘȖȒ ĲȠȣ
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Ǿ ıȤȑıȘ ʌȠȣ ʌȡȠțȪʌĲİȚ İȓȞĮȚ Ș ĮțȩȜȠȣșȘ �

U1 = U2 + Fst +Rt · Φt �����

ȅȚ ʌĮȡĮʌȐȞȦ ıȤȑıİȚȢ ȝʌȠȡȠȪȞ ȞĮ ıȣȞȠȥȚıĲȠȪȞ ȝİ ĲȘȞ ĮțȩȜȠȣșȘ İȟȓıȦıȘ �

A · U = Z �����

ȩʌȠȣ

A =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ak×k
11 0k×k 0k×k 0k×l 0k×(l−1) Ik×k

0k×k Ak×k
22 Ak×k

23 0k×l 0k×(l−1) −Ik×k

0k×k Ak×k
32 Ak×k

33 Ak×l
34 0k×(l−1) 0k×k

0l×k 0l×k Al×k
43 Al×l

44 Al×(l−1)
45 0l×k

0(l−1)×k 0(l−1)×k 0(l−1)×k A(l−1)×l
54 A(l−1)×(l−1)

55 0(l−1)×k

−Ik×k Ik×k 0k×k 0k×l 0k×(l−1) Rk×k
st

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

țĮȚ

U =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U1

U2

U3

U4

U5

Φst

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Z =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0k×1

0k×1

0k×1

−Φl×1
r

Φ′ (l−1)×1
r

F k×1
st

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

ȝİ

Φr =
[
−φr φr −φr . . . φr

]T
l × 1

Φ′
r =

[
−φr φr −φr . . . −φr

]T
(l − 1)× 1

ȅȚ ȣʌȠʌȓȞĮțİȢ ĲȠȣ ʌȓȞĮțĮ A ʌİȡȚȜĮȝȕȐȞȠȣȞ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ȩȜȦȞ ĲȦȞ ĲȝȘȝȐĲȦȞ ĲȘȢ
ȝȘȤĮȞȒȢ țĮȚ ĮȞĮȜȪȠȞĲĮȚ įȚİȟȠįȚțȐ ıĲȠ ʌĮȡȐȡĲȘȝĮ ǹ࢝� Ǿ ȝİĲĮȕȜȘĲȒ U ĲȦȞ ĮȖȞȫıĲȦȞ ʌİ�
ȡȚȜĮȝȕȐȞİȚ ȩȜĮ ĲĮ ȝĮȖȞȘĲȚțȐ įȣȞĮȝȚțȐ U �ȟİțȚȞȫȞĲĮȢ Įʌȩ ĮȣĲȐ ĲȠȣ ȗȣȖȠȪ ĲȠȣ ıĲȐĲȘ� țĮȚ
ĲȚȢ ȡȠȑȢ ĲȦȞ įȠȞĲȚȫȞ ĲȘȢ ȝȘȤĮȞȒȢ Φst� ȉȑȜȠȢ Ș ȝİĲĮȕȜȘĲȒ ĲȦȞ ȖȞȦıĲȫȞ ʌİȡȚȜĮȝȕȐȞİȚ
ĲȚȢ ʌȘȖȑȢ ȡİȪȝĮĲȠȢ ĲȦȞ ȝĮȖȞȘĲȫȞ țĮȚ ĲȚȢ ʌȘȖȑȢ ȝĮȖȞȘĲİȖİȡĲȚțȫȞ įȣȞȐȝİȦȞ�
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��� ǼʌȓȜȣıȘ ıȣıĲȒȝĮĲȠȢ ĮȜȖİȕȡȚțȫȞ İȟȚıȫıİȦȞ

ȉȠ ıȪıĲȘȝĮ ĲȦȞ İȟȚıȫıİȦȞ ʌȠȣ ĮȞĲȚʌȡȠıȦʌİȪİȚ Ș ıȤȑıȘ����� İȓȞĮȚ ȑȞĮ ıȪıĲȘȝĮ ȝȘ
ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ țĮșȫȢ Ƞ ʌȓȞĮțĮȢ įİȞ ȑȤİȚ ıĲĮșİȡȒ ĲȚȝȑȢ ĮȜȜȐ İȓȞĮȚ ıȣȞȐȡĲȘıȘ
ĲȘȢ ȝİĲĮȕȜȘĲȒȢ ĲȦȞ ĮȖȞȫıĲȦȞ U � ǹȣĲȩ ıȣȝȕĮȓȞİȚ� țĮșȫȢ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ ʌȠȣ ĮȞĮʌĮ�
ȡȚıĲȠȪȞ ĲȠȣȢ ©ıȦȜȒȞİȢ ȡȠȒȢª �IOX[ WXEHV� ĲȦȞ ȝİȡȫȞ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ĮʌȠĲİȜȠȪȞĲĮȚ
Įʌȩ ıȓįȘȡȠ ȑȤȠȣȞ ȝȚĮ ȝİĲĮȕȜȘĲȒ ĲȚȝȒ ʌȠȣ İȟĮȡĲȐĲĮȚ țȐșİ ĳȠȡȐ Įʌȩ ĲȘȞ țĮĲȐıĲĮıȘ ĲȘȢ
ȝȘȤĮȞȒȢ� įȘȜĮįȒ ĲȚȢ ĲȚȝȑȢ ĲȦȞ ȡȠȫȞ țĮȚ ĲȦȞ įȣȞĮȝȚțȫȞ ĲȘȢ İțȐıĲȠĲİ ıĲȚȖȝȒȢ� ǹȣĲȩ ʌȡȠ�
țȪʌĲİȚ Įʌȩ ĲȘ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȦȞ ȝİȡȫȞ ıȚįȒȡȠȣ Ș ȠʌȠȓĮ ȩʌȦȢ ȑȤİȚ ĮȞĮȜȣșİȓ
ıİ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ ����� İȓȞĮȚ ȝȚĮ ȝȘ ȖȡĮȝȝȚțȒ ıȣȞȐȡĲȘıȘ�µ = µ(B⃗) Ȓ µ = µ(H⃗)��
ȈȣȞİʌȫȢ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĮʌĮȚĲİȓĲĮȚ Ș ĮȞĮȗȒĲȘıȘ ĲȠȣ ĲȡȩʌȠȣ İʌȓȜȣıȘȢ
ȝȘ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ�
ǾʌȚȠ țȜĮııȚțȒ ȝȑșȠįȠȢ İʌȓȜȣıȘȢ ĲȦȞ ȝȘ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ İȓȞĮȚ ȘNewtonRaphson�
ȅȚ ʌȠȜȣįȚȐıĲĮĲİȢ ȝȘ ȖȡĮȝȝȚțȑȢ İȟȚıȫıİȚȢ İȓȞĮȚ įȪıțȠȜȠ ȞĮ İʌȚȜȣșȠȪȞ� ȝİ ĲȘȞ ȑȞȞȠȚĮ ȩĲȚ
İȓȞĮȚ įȪıțȠȜȠ ȞĮ ȕȡİșİȓ ȜȪıȘ ʌȠȣ ȞĮ ĲȚȢ ȚțĮȞȠʌȠȚİȓ ȩȜİȢ ĲĮȣĲȩȤȡȠȞĮ� ǲıĲȦ ȩĲȚ ȑȤȠȣȝİ
ĲȚȢ ʌĮȡĮțȐĲȦ ıȣȞĮȡĲȒıİȚȢ � ȝİĲĮȕȜȘĲȫȞ�

f(x, y) = 0 țĮȚ g(x, y) = 0

ȅȚ ıȣȞĮȡĲȒıİȚȢ ĮȣĲȑȢ İȓȞĮȚ įȪȠ ĲȣȤĮȓİȢ ȝȘ ȖȡĮȝȝȚțȑȢ İȟȚıȫıİȚȢ� ȠȚ ȠʌȠȓİȢ țĮȚ ȠȚ įȪȠ ȝĮȗȓ
įȚĮȚȡȠȪȞ ĲȠ xy ʌİįȓȠ ıİ șİĲȚțȐ țĮȚ ĮȡȞȘĲȚțȐ ȝȑȡȘ� ȩʌȦȢ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ�

ȈȤȒȝĮ ���� ȁȪıİȚȢ ȝȘ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ�ȅȚ ȖțȡȚ ʌİȡȚȠȤȑȢ İȓȞĮȚ ȠȚ șİĲȚțȑȢ
ʌİȡȚȠȤȑȢ ĲȘȢ I țĮȚ ȠȚ įȚĮțİțȠȝȝȑȞİȢ ȖȡĮȝȝȑȢ įȚĮȚȡȠȪȞ ĲȠ İʌȓʌİįȠ ıİ șİĲȚțȑȢ țĮȚ

ĮȡȞȘĲȚțȑȢ ʌİȡȚȠȤȑȢ ȖȚĮ ĲȠ ıȪıĲȘȝĮ

ǹʌȩ ĲȘȞ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ� ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĲȦȞ � İȟȚıȫıİȦȞ ʌȡȑʌİȚ ȞĮ
ȕȡİșȠȪȞ ȠȚ ĲȠȝȑȢ ĲȦȞ ʌİȡȚȖȡĮȝȝȐĲȦȞ ĲȦȞ ȖțȡȚ ʌİȡȚȠȤȫȞ ȩʌȠȣ ȝȘįİȞȓȗȠȞĲĮȚ ȠȚ ıȣȞĮȡĲȒ�
ıİȚȢ f ȝİ ĲȚȢ įȚĮțİțȠȝȝȑȞİȢ ȖȡĮȝȝȑȢ ȩʌȠȣ ȝȘįİȞȓȗȠȞĲĮȚ ȠȚ ıȣȞĮȡĲȒıİȚȢ g� ǹʌȩ ĲȘ ıĲȚȖȝȒ
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ʌȠȣ ȠȚ f țĮȚ g İȓȞĮȚ ıȣȞȒșȦȢ ĮıȣıȤȑĲȚıĲİȢ ĮȣĲȩ İȓȞĮȚ ıȣȞȒșȦȢ ȑȞĮ įȪıțȠȜȠ ȑȡȖȠ� īȚĮ İȟȚ�
ıȫıİȚȢ ȝİ ʌİȡȚııȩĲİȡİȢ įȚĮıĲȐıİȚȢ ĮȣĲȩ ȖȓȞİĲĮȚ ĮțȩȝĮ ʌȚȠ ıȪȞșİĲȠ țĮșȫȢ ȠȚ ĮȞĲȓıĲȠȚȤİȢ
ĲȠȝȑȢ ʌȠȣ ĮȞĮĳȑȡșȘțĮȞ ʌĮȡĮʌȐȞȦ İȓȞĮȚ ʌȚȠ įȪıțȠȜȠ ȞĮ ȕȡİșȠȪȞ�
ǵıȠȞ ĮĳȠȡȐ ĲȘ ȝȑșȠįȠNewton Raphson� İȝĳĮȞȓȗİȚ ʌȠȜȪ ȚțĮȞȠʌȠȚȘĲȚțȒ ıȪȖțȜȚıȘ ıİ ʌİ�
ȡȓʌĲȦıȘ ʌȠȣ ȠȚ ĮȡȤȚțȑȢ ıȣȞșȒțİȢ İȓȞĮȚ țȠȞĲȐ ıĲȘ ȜȪıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ� īȚĮ ʌĮȡȐįİȚȖȝĮ
ıİ ȑȞĮ ȝȠȞȠįȚȐıĲĮĲȠ ȝȘ ȖȡĮȝȝȚțȩ ʌȡȩȕȜȘȝĮ Ș įȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ĲȘȢ f(x) = 0 ĮʌĮȚĲİȓ
ĲȘ ȤȡȒıȘ ıİȚȡȐȢ Taylor ȖȚĮ ĲȘȞ f(x) ıİ ȝȚĮ ʌİȡȚȠȤȒ X� ȩʌȠȣ x Ș İțĲȓȝȘıȘ ĲȘȢ ȜȪıȘȢ x0
ȩʌȦȢ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ�

f(x+ δ) = f(x) = f ′(x) · δ + f ′′(x)

2
· δ2 + . . . �����

ȈĲȘȞ ʌĮȡĮʌȐȞȦ ȦȢ x șİȦȡİȓĲĮȚ Ș ĲȦȡȚȞȒ İțĲȓȝȘıȘ ĲȘȢ ȜȪıȘȢ x0 țĮȚ δ Ș ĮʌȩıĲĮıȘ ȝİ�
ĲĮȟȪ ĲȘȢ ĲȦȡȚȞȒȢ țĮȚ ĲȘȢ İʌȩȝİȞȘȢ İțĲȓȝȘıȘȢ� īȚĮ ȝȚțȡȑȢ ĲȚȝȑȢ ĲȘȢ ĮʌȩıĲĮıȘȢ δ ȠȚ ȩȡȠȚ
įİȪĲİȡȘȢ ĲȐȟȘȢ țĮȚ ʌȐȞȦ İȓȞĮȚ ĮȝİȜȘĲȑȠȚ ıȣȞİʌȫȢ ĮȞ Ș ȡȓȗĮ İȓȞĮȚ ıĲȠ x+ δ įȘȜĮįȒ

f(x+ δ) = 0 �����

ĲȩĲİ
δ = − f(x)

f ′(x)
������

ǹȞ Ș ĲȚȝȒ ĲȘȢ ıȣȞȐȡĲȘıȘȢ f(x) țĮȚ Ș ʌĮȡȐȖȦȖȠȢ f ′(x) ıĲȠ ıȘȝİȓȠ İțĲȓȝȘıȘȢ x İȓȞĮȚ ȖȞȦ�
ıĲȑȢ ĲȩĲİ Ș ĮʌȩıĲĮıȘ δ ȣʌȠȜȠȖȓȗİĲĮȚ Įʌȩ ĲȘȞ ������� ǹȞĮʌĮȡȚıĲȫȞĲĮȢ ȖȡĮĳȚțȐ ĲȘ įȚĮįȚ�
țĮıȓĮ ĮȣĲȒ ȕȜȑʌȠȣȝİ ȩĲȚ Ș ȝȑșȠįȠȢ ĲȠȣ Newton ʌȡȠİțĲİȓȞİȚ ĲȘȞ İĳĮʌĲȠȝȑȞȘ ıĲȠ ıȘȝİȓȠ
İțĲȓȝȘıȘȢ x ȝȑȤȡȚ ȞĮ ĲȝȒıİȚ ĲȠȞ ȐȟȠȞĮ x� Ș ĲȠȝȒ ĲȠȣ ȠʌȠȓȠȣ ĮʌȠĲİȜİȓ ĲȘȞ țĮȚȞȠȪȡȖȚĮ
İțĲȓȝȘıȘ ĲȘȢ ȜȪıȘȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ� ǹȣĲȒ Ș įȚĮįȚțĮıȓĮ ıȣȞİȤȓȗİĲĮȚ ȝȑȤȡȚ Ș ĲȚȝȒ ĲȘȢ ıȣ�
ȞȐȡĲȘıȘȢ ȞĮ ȕȡȓıțİĲĮȚ țȠȞĲȐ ıĲȠ � ȫıĲİ ȞĮ ȝʌȠȡȑıİȚ ȞĮ șİȦȡȘșİȓ ȜȪıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ�
ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȘȞ ʌĮȡĮțȐĲȦ İȚțȩȞĮ������

ȈȤȒȝĮ ���� ȂȑșȠįȠȢ 1HZWRQ ȖȚĮ İȪȡİıȘ İʌȩȝİȞȘȢ İțĲȓȝȘıȘȢ ıİ ȝȠȞȠįȚȐıĲĮĲȘ
ıȣȞȐȡĲȘıȘ
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ȆĮȡȩȜĮ ĮȣĲȐ� ĮȞ țĮȚ Ș ȝȑșȠįȠȢ Newton ȖȚĮ ȝȠȞȠįȚȐıĲĮĲĮ ʌȡȠȕȜȒȝĮĲĮ İȓȞĮȚ ȖȡȒȖȠȡȘ
țĮȚ ĮʌȠįȠĲȚțȒ� ĮʌȠĲȣȖȤȐȞİȚ ȞĮ ıȣȖțȜȓȞİȚ ĮȞ ȠȚ ĮȡȤȚțȑȢ ıȣȞșȒțİȢ ĲȚȢ ʌȡȫĲȘȢ İʌĮȞȐȜȘȥȘȢ
İȓȞĮȚ ȝĮțȡȚȐ Įʌȩ ĲȘ ȜȪıȘ ����� Ȓ ĮȞ Ș ıȣȞȐȡĲȘıȘ İȝĳĮȞȓȗİȚ ĲȠʌȚțȐ İȜȐȤȚıĲĮ� ʌİȡȓʌĲȦıȘ
�����ıĲȘȞ ȠʌȠȓĮ ȠȚ ȝİȖĮȜȪĲİȡȠȚ ĲȐȟȘȢ ȩȡȠȚ ĲȠȣ Taylor ʌȠȣ ĮȝİȜȒıĮȝİ İȓȞĮȚ ıȘȝĮȞĲȚțȠȓ�
ȅȚ įȣȠ ĮȣĲȑȢ ʌİȡȚʌĲȫıİȚȢ ĳĮȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ�

ȈȤȒȝĮ ���� ȆİȡȓʌĲȦıȘ țĮțȒȢ ĮȡȤȚțȒȢ İțĲȓȝȘıȘȢ ıȣȞȐȡĲȘıȘȢ țĮĲȐ ĲȘȞ ȝȑșȠįȠ
1HZWRQ

ȈȤȒȝĮ ���� ȆİȡȓʌĲȦıȘ ĲȠʌȚțȫȞ İȜĮȤȓıĲȦȞ ıȣȞȐȡĲȘıȘȢ țĮĲȐ ĲȘȞ ȝȑșȠįȠ 1HZWRQ

ȈĲȠ ȝȠȞȠįȚȐıĲĮĲȠ ʌȡȩȕȜȘȝĮ Ș ĲȚȝȒ ĲȘȢ f(x) țĮȚ ĲȘȢ ʌĮȡĮȖȫȖȠȣ ĲȘȢ f ′(x) ĮʌĮȚĲȠȪȞĲĮȚ
ıĲȠ ıȘȝİȓȠ x ȖȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ İʌȩȝİȞȘȢ İțĲȓȝȘıȘȢ ĲȘȢ ȜȪıȘȢ� ȈĲĮ ʌȠȜȣįȚȐıĲĮĲĮ
ʌȡȠȕȜȒȝĮĲĮ ĮʌĮȚĲȠȪȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȦȞ İȟȚıȫıİȦȞ ȖȚĮ ĲȠ įȚȐȞȣıȝĮ ĲȦȞ ȝİĲĮȕȜȘĲȫȞ țĮĲȐ�
ıĲĮıȘȢ [ țĮȚ Ƞ ʌȓȞĮțĮȢ Jacobi� ȅ ʌȓȞĮțĮȢ Jacobi İȓȞĮȚ Ƞ ʌȓȞĮțĮȢ ȩȜȦȞ ĲȦȞ ʌĮȡĮȖȫȖȦȞ
�ȘȢ ĲȐȟȘȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ İȟȚıȫıİȦȞȦȢ ʌȡȠȢ ĲȠ įȚȐȞȣıȝĮ ĲȦȞ ȝİĲĮȕȜȘĲȫȞ țĮĲȐıĲĮıȘȢ�

Jij =
∂Fi

∂xj
=

⎡

⎢⎢⎢⎢⎣

∂f1
∂x1

· · · ∂f1
∂xn��� � � � ���

∂fm
∂x1

· · · ∂fm
∂xn

⎤

⎥⎥⎥⎥⎦
������

ȩʌȠȣ [ İȓȞĮȚ ĲȠ įȚȐȞȣıȝĮ ȝİĲĮȕȜȘĲȫȞ țĮĲȐıĲĮıȘȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ țĮȚ ) ĲȠ įȚȐȞȣıȝĮ ĲȦȞ
ıȣȞĮȡĲȒıİȦȞ�
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ĬİȦȡȫȞĲĮȢ ȑȞĮ ʌȠȜȣįȚȐıĲĮĲȠ ıȪıĲȘȝĮ İȟȚıȫıİȦȞ Ș Newton Raphson ȖȚĮ ĲȘȞ L�ȠıĲȒ
ıȣȞȐȡĲȘıȘ İȓȞĮȚ �

Fi(xi + δxi, xj + δxj , . . .) = Fi(xi, xj , . . .) +
N−1∑

j=0

∂Fi

∂xj
δxj +O

(
δx2

)
������

įȘȜĮįȒ�
)
(
[+ δ[

)
= )

(
[
)
+ - · δ[+2

(
δ[�

)
������

Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ ȠȚ ȩȡȠȚ ĲȘȢ ĲȐȟȘȢ δ[� Ȓ ȝİȖĮȜȪĲİȡȘȢ ĮȝİȜȘșȠȪȞ ĲȩĲİ Ș ȡȓȗĮ ȕȡȓıțİĲĮȚ
ıĲȠ [+ δ[ țĮȚ Ș ȞȑĮ İțĲȓȝȘıȘ ʌȠȣ ȠįȘȖİȓ ĲȠ ıȪıĲȘȝĮ țȠȞĲȐ ıĲȘ ȡȓȗĮ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȚȢ
ʌĮȡĮțȐĲȦ ıȤȑıİȚȢ�

- · δ[ = −) ⇔ δ[ = −)
- ������

[QHZ = [ROG + δ[ ������

ǲȤȠȣȝİ ȜȠȚʌȩȞ ĲȚȢ ıȤȑıİȚȢ ������ țĮȚ ������ ȠȚ ȠʌȠȓİȢ ȠȡȓȗȠȣȞ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȝȘ ȖȡĮȝ�
ȝȚțȠȪ ıȣıĲȒȝĮĲȠȢ İȟȚıȫıİȦȞ ıĲȚȢ ʌȠȜȜȑȢ įȚĮıĲȐıİȚȢ� Ǿ įȚĮįȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ
ȝʌȠȡİȓ ȞĮ ȤȦȡȚıĲİȓ ıİ � ıĲȐįȚĮ ȩʌȦȢ ĳĮȓȞİĲĮȚ țĮȚ Įʌȩ ĲȚȢ įȪȠ ıȤȑıİȚȢ� Ȉİ ʌȡȫĲȠ ıĲȐįȚȠ
ȑȤȠȞĲĮȢ ĲȠ įȚȐȞȣıȝĮ ĲȘȢ ĲȡȑȤȠȣıĮȢ İțĲȓȝȘıȘȢ ȖȡĮȝȝȚțȠʌȠȚȠȪȝİ ĲȘȞ ıȣȞȐȡĲȘıȘ F țĮȚ
ĲȘȞ ıȣȞȐȡĲȘıȘ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠȞ ʌȓȞĮțĮ Jacobi ĮȣĲȒȢ ıİ ĮȣĲȩ ĲȠ ıȘȝİȓȠ� ȣʌȠȜȠȖȓ�
ȗȠȞĲĮȢ ĲȚȢ ĲȚȝȑȢ ĲȠȣȢ ıĲȠ įȚȐȞȣıȝĮ ĲȘȢ İțĲȓȝȘıȘȢ țĮȚ ȜȪȞȠȣȝİ ĲȘȞ ������ Ș ȠʌȠȓĮ ĮȞȐȖİĲĮȚ
ıİ ȝȚĮ ȖȡĮȝȝȚțȒ İȟȓıȦıȘ� Ǿ ȜȪıȘ ĮȣĲȒȢ ȝĮȢ įȓȞİȚ ĲȘ ȜİȖȩȝİȞȘ țĮĲİȪșȣȞıȘ ĲȠȣ 1HZWRQ Ȓ
ȕȒȝĮ ĲȠȣ 1HZWRQ�1HZWRQ VWHS� țĮȚ Ș įȚĮįȚțĮıȓĮ ʌȠȣ ʌİȡȚȖȡȐĳİȚ ĲȘ ıȣȖțİțȡȚȝȑȞȘ ıȤȑıȘ
ȠȞȠȝȐȗİĲĮȚ ȖȡĮȝȝȚțȠʌȠȓȘıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ıĲȘȞ İțĲȓȝȘıȘ x� ȉȠ ĮʌȠĲȑȜİıȝĮ δ[� ĲȠ ȤȡȘ�
ıȚȝȠʌȠȚȠȪȝİ ıİ įİȪĲİȡȠ ıĲȐįȚȠ ıĲȘ ıȤȑıȘ ������ țĮȚ ȕȡȓıțȠȣȝİ ĲȘ ȞȑĮ İțĲȓȝȘıȘ ĲȘȢ ȜȪ�
ıȘȢ� ǹȣĲȒ Ș įȚĮįȚțĮıȓĮ ȟİțȚȞȐ Įʌȩ ȑȞĮ įȚȐȞȣıȝĮ ĮȡȤȚțȫȞ ıȣȞșȘțȫȞ �LQLWLDO JXHVV� țĮȚ
ıȣȞİȤȓȗİĲĮȚ ȝȑȤȡȚ ĲȠ [ ȞĮ ȠįȘȖȒıİȚ ĲȘȞ )([) ıĲȠ 0 įȘȜĮįȒ ȝȑȤȡȚȢ ȫĲȠȣ ∥)([)∥ ≈ 0� ȈĲȘȞ
İʌȓȜȣıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ȝȘ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ ʌȠȣ ʌȡȠȑțȣȥİ ȝİ İĳĮȡȝȠȖȒ ĲȘȢ ȝİ�
șȩįȠȣ țȩȝȕȦȞ ıĲȠ ȝĮȖȞȘĲȚțȩ țȪțȜȦȝĮ țĮĲĮıțİȣȐıĲȘțİ Ƞ ĮȞĮȜȣĲȚțȩȢ ʌȓȞĮțĮȢ Jacobi ĲȠȣ
ʌȓȞĮțĮ $ ȝİ ıțȠʌȩ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȝȑıȦ ĲȘȢ ȝİșȩįȠȣ Newton Raphson ȤȡȘıȚȝȠʌȠȚȫ�
ȞĲĮȢ ĲȚȢ ıȤȑıİȚȢ ������ țĮȚ ������� ǵȝȦȢ Ƞ ʌȓȞĮțĮȢ JacobiʌȠȣ ʌȡȠȑțȣȥİ ȒĲĮȞ ȑȞĮȢ ĮȡĮȚȩȢ
ʌȓȞĮțĮȢ ȝİ ȠȡȓȗȠȣıĮ ʌȠȣ ȑĲİȚȞİ ıĲȠ ȝȘįȑȞ ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ İȓȞĮȚ ıȤİįȩȞ ȝȘ ĮȞĲȚıĲȡȑȥȚ�
ȝȠȢ�VLQJXODU�� ȆĮȡȩȝȠȚĮ ĮʌȠĲİȜȑıȝĮĲĮ İȓȤİ Ƞ ʌȓȞĮțĮȢ Jacobi ȑʌİȚĲĮ Įʌȩ ĲȘȞ İĳĮȡȝȠȖȒ
ĲȘȢ ȝİșȩįȠȣ ĲȦȞ țȩȝȕȦȞ ıĲȠȣȢ 'HUEDV>�@�
ǼʌȓıȘȢ İȟİĲȐıĲȘțİ Ș įȣȞĮĲȩĲȘĲĮ Ƞ ʌȓȞĮțĮȢ Jacobi ȞĮ ʌȡȠıİȖȖȚıĲİȓ ȝȑıȦ ʌİʌİȡĮıȝȑ�
ȞȦȞ įȚĮĳȠȡȫȞ ȩȝȦȢ Ș ıȪȖțȜȚıȘ ȒĲĮȞ ȤİȚȡȩĲİȡȘ Įʌȩ ȐʌȠȥȘ ȣʌȠȜȠȖȚıĲȚțȠȪ țȩıĲȠȣȢ țĮȚ
ĲĮ ʌȡȠȕȜȒȝĮĲĮ ʌȠȣ İȝĳĮȞȓȗȠȞĲĮȞ ıĲȠȞ ĮȞĮȜȣĲȚțȩ Jacobi ıȣȞȑȤȚıĮȞ ȞĮ ȣĳȓıĲĮȞĲĮȚ� ǵıȠȞ
ĮĳȠȡȐ ĲȘȞ ȖȡĮȝȝȚțȠʌȠȓȘıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ȝĮȢ� ȖȚĮ ĲȘȞ İȪȡİıȘ ĲȘȢ țĮĲİȪșȣȞıȘȢ ĲȘȢ
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ȜȪıȘȢ δx ıİ țȐșİ İʌĮȞȐȜȘȥȘ ıĲȘȞ ȝȑșȠįȠ 1HZWRQ� ȠįȘȖȘșȒțĮȝİ ıĲȘȞ ȤȡȒıȘ ĲȦȞ Ȑȝİ�
ıȦȞ ȝİșȩįȦȞ �GLUHFW PHWKRGV� ȠȚ ȠʌȠȓİȢ șİȦȡȠȪȞĲĮȚ ʌİȡȚııȩĲİȡȠ İȣȡİȓĮȢ ȤȡȒıȘȢ țĮȚ
ȐȝİıİȢ Įʌȩ ĲȚȢ İʌĮȞĮȜȘʌĲȚțȑȢ ȝİșȩįȠȣȢ ʌȠȣ șĮ ĮȞĮȜȣșȠȪȞ ʌĮȡĮțȐĲȦ țĮȚ ʌȚȠ İȪțȠȜİȢ
ȞĮ ıȣȖțȜȓȞȠȣȞ� Ǿ ʌȚȠ ȖȞȦıĲȒ Įʌȩ ĲȚȢ ȐȝİıİȢ ȝİșȩįȠȣȢ Ș ȠʌȠȓĮ İĳĮȡȝȩıĲȘțİ İȓȞĮȚ Ș /8
'HFRPSRVLWLRQ� ȉȠ ȕĮıȚțȩ ʌȡȩȕȜȘȝĮ ĮȣĲȒȢ ȩȝȦȢ ȒĲĮȞ� ȩĲȚ ȜȩȖȦ ĲȘȢ ȝİȖȐȜȘȢ įȚȐıĲĮıȘȢ
ĲȠȣ ʌȓȞĮțĮ Jacobi� ıİ țȐșİ İʌĮȞȐȜȘȥȘ ĲȠ ȣʌȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ȖȚĮ ĲȘȞ ʌĮȡĮȖȠȞĲȠʌȠȓȘıȘ
ĲȠȣ ʌȓȞĮțĮ ȒĲĮȞ ȝİȖȐȜȠ ȖİȖȠȞȩȢ ʌȠȣ țĮșȚıĲȠȪıİ ĮįȪȞĮĲȘ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ
ıĲȠȣȢ ȤȡȩȞȠȣȢ ʌȠȣ ȗȘĲȠȪıĮȝİ�
īȚ¶ĮȣĲȩ ȜȠȚʌȩȞ İȟİĲȐıĲȘțİ Ș ȤȡȒıȘ İʌĮȞĮȜȘʌĲȚțȫȞ ȝİșȩįȦȞKrylov ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ
ȖȡĮȝȝȚțȠʌȠȚȘȝȑȞȠȣ ıȣıĲȒȝĮĲȠȢ������� ȅȚ ȕĮıȚțȩĲİȡİȢ ȝȑșȠįȠȚ ĮȣĲȒȢ ĲȘȢ țĮĲȘȖȠȡȓĮȢ İȓ�
ȞĮȚ Ș %L�&RQMXJDWH *UDGLHQW 6WDELOLVHG �%L&*67$%� țĮȚ Ș *HQHUDOL]HG PLQLPDO UHVLGXDO
PHWKRG �*05(6�� ȅȚ įȪȠ ĮȣĲȑȢ ȝȑșȠįȠȚ ȤȡȘıȚȝȠʌȠȚȠȪȞ ȑȞĮ įȚȐȞȣıȝĮ ʌȠȣ ʌȡȠțȪʌĲİȚ
Įʌȩ ȑȞĮ ȖȚȞȩȝİȞȠ ʌȚȞȐțĮ�įȚĮȞȪıȝĮĲȠȢ ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ȝȘȞ ĮʌĮȚĲİȓĲĮȚ Ș țĮĲĮıțİȣȒ țĮȚ
Ș ĮʌȠșȒțİȣıȘ ĲȠȣ ʌȓȞĮțĮ Jacobi>��@�>��@� ǹȣĲȑȢ ȠȚ ȝȑșȠįȠȚ ıȣȞįȣȐȗȠȞĲĮȚ ȝİ ĮȜȖȩȡȚșȝȠ
ĮȞĮȗȒĲȘıȘȢ țĮĲȐȜȜȘȜȠȣ ıȣȞĲİȜİıĲȒ�OLQHVHDUFK� λ �0 < λ < 1� ĲȠȣ ȠʌȠȓȠȣ ĲȠ ȖȚȞȩȝİȞȠ
ȝİ ĲȘ țĮĲİȪșȣȞıȘ δx ȠįȘȖİȓ ıİ țĮȜȪĲİȡȘ ʌȡȠȕȜİʌȩȝİȞȘ İțĲȓȝȘıȘ xnew ĲȠ ıȪıĲȘȝĮ�Ȃİ
ȤȡȒıȘ ĮȣĲȠȪ ĲȠȣ ĮȜȖȠȡȓșȝȠȣ Ș ������ įȚĮȝȠȡĳȫȞİĲĮȚ ȦȢ İȟȒȢ�

[QHZ = [ROG + λ · δ[ ������

ȆĮȡ¶ ȩȜĮ ĮȣĲȐ ıİ ʌİȡȚʌĲȫıİȚȢ ʌȠȣ ȠȚ ʌȓȞĮțİȢ ʌȠȣ İȝʌȜȑțȠȞĲĮȚ ıĲȠ ıȪıĲȘȝĮ İȓȞĮȚ ĮȡĮȚȠȓ
ȩʌȦȢ ıĲȘȞ ʌİȡȓʌĲȦıȘ ȝĮȢ� ȠȚ İʌĮȞĮȜȘʌĲȚțȑȢ ȝȑșȠįȠȚ .U\ORY ©ʌȐıȤȠȣȞª Įʌȩ ĮȡȖȒ ıȪ�
ȖțȜȚıȘ ıȣȞİʌȫȢ ĮʌĮȚĲİȓĲĮȚ Ș ȤȡȒıȘ ʌȡȠıĲĮșİȡȠʌȠȚȘĲȫȞ �SUHFRQGLWLRQHUV� ȖȚĮ ĲȘȞ İʌȓ�
ĲİȣȟȘ ĲĮȤȪĲİȡȘȢ ıȪȖțȜȚıȘȢ� Ǿ İʌȚȜȠȖȒ țĮȚ Ș țĮĲĮıțİȣȒ ʌȡȠıĲĮșİȡȠʌȠȚȘĲȫȞ ȩȝȦȢ İȓȞĮȚ
ȝȚĮ ıȪȞșİĲȘ įȚĮįȚțĮıȓĮ Ș ȠʌȠȓĮ įȚĮĳȑȡİȚ Įʌȩ ʌȡȩȕȜȘȝĮ ıİ ʌȡȩȕȜȘȝĮ >��@� ȁȩȖȦ ĮȣĲȠȪ
ĲȠȣ ʌİȡȚȠȡȚıȝȠȪ ȤȡȘıȚȝȠʌȠȚȒșȘțİ ȝȩȞȠ ȑȞĮȢ ĮʌȜȩȢ ʌȡȠıĲĮșİȡȠʌȠȚȘĲȒȢ� Ƞ ʌȡȠıĲĮșİ�
ȡȠʌȠȚȘĲȒȢ ilu Ƞ ȠʌȠȓȠȢ ȩȝȦȢ įİȞ ȠįȒȖȘıİ ıİ ȚțĮȞȠʌȠȚȘĲȚțȒ ıȪȖțȜȚıȘ�

ȈȣȞȠȥȓȗȠȞĲĮȢ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ʌĮȡĮʌȐȞȦ ȝİșȩįȦȞ ıĲȠȞ ȕĮșȝȩ ʌȠȣ ĮȞĮȜȪșȘțĮȞ
țĮȚ ĮĳȠȪ țȡȓșȘțİ ȩĲȚ Ș ȣȜȠʌȠȓȘıȘ ĲȦȞ ʌĮȡĮʌȐȞȦ ȝİșȩįȦȞ ĲȠȣ ȤȫȡȠȣ .U\ORY ȟİʌİȡ�
ȞȠȪıİ ĲĮ ȩȡȚĮ ĮȣĲȒȢ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ İĳȩıȠȞ Ș ĮʌȜȒ ȣȜȠʌȠȓȘıȘ ĲȠȣȢ įİȞ
ȠįȒȖȘıİ ıĲĮ İʌȚșȣȝȘĲȐ ĮʌȠĲȑȜİıȝĮ ıĲȡĮĳȒțĮȝİ ıİ ȝȚĮ ʌĮȡĮȜȜĮȖȒ ĲȘȢ ȝİșȩįȠȣ1HZWRQ
5DSKVRQ Ș ȠʌȠȓĮ șĮ ĮȞĮȜȣșİȓ ʌĮȡĮțȐĲȦ� ǵʌȦȢ ȖȞȦȡȓȗȠȣȝİ ȚıȤȪİȚ Įʌȩ ĲȚȢ ������ țĮȚ
������ ȩĲȚ �

[QHZ = [ROG − -−�
∣∣∣
[ROG

· I([)|[ROG ������

ȈĲȠȞ ʌĮȡĮʌȐȞȦ ĲȪʌȠ ʌȡȠıİȖȖȓıĮȝİ ĲȠȞ ʌȓȞĮțĮ J−1 ȝİ ĲȠȞ ʌȓȞĮțĮ ĲȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ� Ǿ
ʌȡȠıȑȖȖȚıȘ ĮȣĲȒ ĮʌȠįİȓȤșȘțİ ȚțĮȞȠʌȠȚȘĲȚțȒ ĮțȩȝĮ țĮȚ ȖȚĮ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ʌȠȣ İȝĳĮȞȓ�
ȗȠȣȞ ȝȘ ȖȡĮȝȝȚțȒ ıȣȝʌİȡȚĳȠȡȐ� īȚĮ ĲȘȞ ȕİȜĲȓȦıȘ ĲȘȢ ĮȡȚșȝȘĲȚțȒȢ İȣıĲȐșİȚĮȢ İȚıȐȖȠȣȝİ
ȑȞĮȞ ıȣȞĲİȜİıĲȒ ȕĮȡȪĲȘĲĮȢ α Ƞ ȠʌȠȓȠȢ įȓȞİȚ įȚĮĳȠȡİĲȚțȒ ȕĮȡȪĲȘĲĮ ıĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ
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xold țĮȚ ıĲȘȞ țĮȚȞȠȪȡȖȚĮ xnew İțĲȓȝȘıȘ ĲȘȢ ȜȪıȘȢ� Ǿ ʌĮȡĮʌȐȞȦ İȟȓıȦıȘ ĲȩĲİ įȚĮȝȠȡĳȫ�
ȞİĲĮȚ ȦȢ İȟȒȢ�

[′QHZ = α · [QHZ + (1− α) · [ROG

[′QHZ = α ·
(
[ROG − $|[ROG · I([)|[ROG

)
+ (1− α) · [ROG ������

ȝİ 0 < α < 1

Ǿ İʌȚȜȠȖȒ ĲȠȣ α ıȤİĲȓȗİĲĮȚ țȐșİ ĳȠȡȐ ȝİ ĲȘ ĳȪıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ țĮȚ țĮșȠȡȓȗİȚ ıİ ȝİ�
ȖȐȜȠ ȕĮșȝȩ ĲȘȞ İʌȓȜȣıȘ Ȓ ȩȤȚ ĲȠȣ ıȣıĲȒȝĮĲȠȢ țĮșȫȢ țĮȚ ĲȘȞ ĲĮȤȪĲȘĲĮ ĲȘȢ ıȪȖțȜȚıȘȢ�
īȚĮ ĲȠ ʌȡȩȕȜȘȝĮ ȝĮȢ ȕȡȑșȘțİ ȪıĲİȡĮ Įʌȩ įȠțȚȝȑȢ ĲȚȝȫȞ ıĲȠ ʌĮȡĮʌȐȞȦ İȪȡȠȢ ȩĲȚ Ș
țĮĲĮȜȜȘȜȩĲİȡȘ ȒĲĮȞ α = 0.9� ǹȣĲȩ ıȘȝĮȓȞİȚ ȩĲȚ ıİ țȐșİ İʌĮȞȐȜȘȥȘ įȓȞİĲĮȚ ȝİȖĮȜȪĲİȡȘ
ȕĮȡȪĲȘĲĮ ıĲȘȞ țĮȚȞȠȪȡȖȚĮ ȜȪıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ�
Ǿ ȝȑșȠįȠȢ ĮȣĲȒ İȓȞĮȚ ĮʌȜȒ ıĲȘȞ țĮĲĮıțİȣȒ ĲȘȢ� ʌİĲȣȤĮȓȞİȚ ıȪȖțȜȚıȘ ıİ İʌȚșȣȝȘĲȠȪȢ Ȥȡȩ�
ȞȠȣȢ țĮȚ țĮĲĮĳȑȡȞİȚ ȞĮ ȠįȘȖȒıİȚ ĲȠ ıȪıĲȘȝĮ ĲȦȞ ȝȘ ȖȡĮȝȝȚțȫȞ İȟȚıȫıİȦȞ ıİ İʌȓȜȣıȘ
ĮȞİȟȐȡĲȘĲĮ Įʌȩ ĲȚȢ ĮȡȤȚțȑȢ ıȣȞșȒțİȢ ʌȠȣ ĲȠȣ įȓȞȠȞĲĮȚ țȐșİ ĳȠȡȐ� ȈȣȞİʌȫȢ� ĮʌȠĲİȜİȓ
ȑȞĮ ȚıȤȣȡȩ İȡȖĮȜİȓȠ İʌȓȜȣıȘȢ ȝȘ ȖȡĮȝȝȚțȫȞ ıȣıĲȘȝȐĲȦȞ ĲȠ ȠʌȠȓȠ țĮȚ ȤȡȘıȚȝȠʌȠȚȠȪȝİ
ȖȚĮ ĲȠ ʌȡȩȕȜȘȝĮ ȝĮȢ�

��� ǻȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣ�
țȜȫȝĮĲȠȢ

ǲȤȠȞĲĮȢ ĮȞĮȜȪıİȚ ıĲȚȢ ʌȡȠȘȖȠȪȝİȞİȢ İȞȩĲȘĲİȢ ĲȘ įȚĮįȚțĮıȓĮ ʌĮȡĮȖȦȖȒȢ ĲȠȣ ȚıȠįȣȞȐ�
ȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ� ĲȘȞ țĮĲȐıĲȡȦıȘ ĲȦȞ İȟȚıȫıİȦȞ ʌȠȣ ĲȠ ʌİȡȚȖȡȐĳȠȣȞ țĮȚ ĲȘ
ȝĮșȘȝĮĲȚțȒ ȝȑșȠįȠ İʌȓȜȣıȘȢ ĲȠȣȢ� ȝʌȠȡȠȪȝİ ʌȜȑȠȞ ȞĮ ʌĮȡĮșȑıȠȣȝİ ĲȘ ıȣȞȠȜȚțȒ įȚĮ�
įȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșȒșȘțİ ȖȚĮ ĲȘȞ ıȤİįȓĮıȘ ĲȘȢ ȝȘȤĮȞȒȢ ȝȑıȦ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ
țȣțȜȦȝȐĲȦȞ� Ǿ ıȤİįȓĮıȘ ĮȣĲȒ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİ ȝȑıȦ ĲȠȣ ȜȠȖȚıȝȚțȠȪ 0DWODE�����E��

ȈțȠʌȩȢ ĲȠȣ 0(& ȩʌȦȢ ȑȤİȚ ȒįȘ ĮȞĮȜȣșİȓ İȓȞĮȚ Ș İʌȓȜȣıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ A(U) · U = Z

ȦȢ ʌȡȠȢ U ȝİ ȖȞȦıĲȑȢ ĲȚȢ ʌȘȖȑȢ ĲȠȣ țȣțȜȫȝĮĲȠȢ�ȝĮȖȞȘĲȚȖİȡĲȚțȑȢ ʌȘȖȑȢ ȜȩȖȦ ȡİȣȝȐĲȦȞ
ıĲȐĲȘ țĮȚ ȝĮȖȞȒĲȚıȘȢ ĲȦȞ ȝĮȖȞȘĲȫȞ�� Ǿ İʌȓȜȣıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ĮȣĲȠȪ șĮ ȖȓȞİȚ ȝȑıȦ
İʌĮȞĮȜȘʌĲȚțȠȪ ȕȡȩȤȠȣ� Ƞ ȠʌȠȓȠȢ ĲİȡȝĮĲȓȗİĲĮȚ ȕȐıȘ ıȣȞșȘțȫȞ ʌȠȣ ĮȞĮȜȪȠȞĲĮȚ ʌĮȡĮ�
țȐĲȦ� ȈĲȘ įȚĮįȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ 0(& ĮȡȤȚțȐ ȜĮȝȕȐȞȠȞĲĮȚ ȦȢ
İȓıȠįȠȚ ĲĮ ȖİȦȝİĲȡȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ȠȚ įȚĮıĲȐıİȚȢ ĲȠȣȢ� ĲĮ ȡİȪȝĮĲĮ
ĲȦȞ ĲȣȜȚȖȝȐĲȦȞ ĲȠȣ ıĲȐĲȘ� ĲĮ ȤĮȡĮțĲȘȡȚıĲȚțȐ ĲȠȣ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ
țĮȚ ĲĮ ıȘȝİȓĮ ĲȘȢ țĮȝʌȪȜȘȢ ȝĮȖȞȒĲȚıȘȢ ĲȠȣ ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ� ǹʌȩ ĮȣĲȐ ĲĮ ıȘȝİȓĮ
ȝȑıȦ ȝȚĮȢ ĲİȤȞȚțȒȢ ʌȡȠıĮȡȝȠȖȒȢ țĮȝʌȪȜȘȢ�ILWWLQJ� ʌȡȠıİȖȖȓȗȠȣȝİ ĲȘȞ țĮȝʌȪȜȘ Ǻ�Ǿ�
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Ȃİ ȕȐıȘ ĲĮ ȖİȦȝİĲȡȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ țĮșȠȡȓȗȠȞĲĮȚ ȠȚ ĮȞĲȓıĲȠȚȤȠȚ ıȦȜȒȞİȢ ȡȠȒȢ Įʌȩ
ĲȠȣȢ ȠʌȠȓȠȣȢ ʌȡȠțȪʌĲȠȣȞ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ ĲȠȣȢ� Ȃİ ȕȐıȘ ĲȠ İȓįȠȢ ĲȠȣ ĲȣȜȓȖȝĮĲȠȢ țĮ�
ĲĮıțİȣȐȗİĲĮȚ Ƞ ĮȞĲȓıĲȠȚȤȠȢ ʌȓȞĮțĮȢ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮĲȠȢ W ȩʌȦȢ ʌİȡȚȖȡȐĳȘțİ
ıĲȘȞ ĮȞĲȓıĲȠȚȤȘ İȞȩĲȘĲĮ ������ ȂȑıȦ ĮȣĲȠȪ ĲȠȣ ʌȓȞĮțĮ ȝİ İȓıȠįȠ įİįȠȝȑȞȠ ȡİȪȝĮ� țĮĲĮ�
ıțİȣȐȗȠȞĲĮȚ ȠȚ ȝĮȖȞȘĲİȖİȡĲȚțȑȢ įȣȞȐȝİȚȢ ʌȠȣ ȜİȚĲȠȣȡȖȠȪȞ ȦȢ ʌȘȖȑȢ ĲȠȣ ıĲȐĲȘ�
ȉȠ ȡİȪȝĮ ĮȣĲȩ ȣʌȠȜȠȖȓȗİĲĮȚ Įʌȩ ĲȘȞ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ� ĲȠ İȝȕĮįȩȞ ĲȠȣ ĮȣȜĮțȚȠȪ țĮȚ
ȑȞĮ ıȣȞĲİȜİıĲȒ�ILOO IDFWRU� ıȤİĲȚțȩ ȝİ ĲȠ ʌȠıȠıĲȩ ĲȠȣ ĮȣȜĮțȚȠȪ ʌȠȣ țĮȜȪʌĲİĲĮȚ Įʌȩ ĲȠ
ĲȪȜȚȖȝĮ �ȖȚĮ ĲȘȞ ȝȘȤĮȞȒ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȒșȘțİ ȓıȠȢ ȝİ ���� ȦȢ İȟȒȢ�

Irms = 0.7 · Aslot

2
· 1

N
· J ������

ȩʌȠȣ J Ș ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ ʌȠȣ İʌȚȕȐȜȜȠȣȝİ ıĲȘȞ ȝȘȤĮȞȒ� ȉȠ İȝȕĮįȩȞ ĲȠȣ ĮȣȜĮțȚȠȪ
ıĲȠȞ ʌĮȡĮʌȐȞȦ ĲȪʌȠ İȓȞĮȚ Aslot/2 țĮșȫȢ ȜȩȖȦ ĲȠȣ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠȣ ıȣȖțİȞĲȡȦȝȑ�
ȞȠȣ ĲȣȜȓȖȝĮĲȠȢ� ıİ țȐșİ ĮȣȜȐțȚ ʌİȡȞȐȞİ ʌȘȞȓĮ Įʌȩ � ĳȐıİȚȢ�
ȈĲȘȞ ıȣȞȑȤİȚĮ� ĮțȠȜȠȣșİȓ Ș įȚĮįȚțĮıȓĮ țĮĲĮıțİȣȒȢ ĲȦȞ ȣʌȠʌȚȞȐțȦȞ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ
ȠȚ ȠʌȠȓȠȚ ȤȦȡȓȗȠȞĲĮȚ ıİ įȣȠ țĮĲȘȖȠȡȓİȢ� ĲȠȣȢ ıĲĮșİȡȠȪȢ țĮȚ ĲȠȣȢ ȝİĲĮȕȜȘĲȠȪȢ ȖȚĮ țȐșİ
İʌĮȞȐȜȘȥȘ ĲȠȣ� ȅȚ ıĲĮșİȡȠȓ ʌȓȞĮțİȢ țĮĲĮıțİȣȐȗȠȞĲĮȚ ȝȚĮ ĳȠȡȐ ıĲȘȞ ĮȡȤȒ ĲȘȢ İʌȓȜȣıȘȢ
țĮȚ ʌĮȡĮȝȑȞȠȣȞ ĮʌĮȡȐȜȜĮȤĲȠȚ ȝȑȤȡȚ ĲȘȞ ĲİȜȚțȒ İȪȡİıȘ ĲȘȢ ȜȪıȘȢ� ȅȚ ʌȓȞĮțİȢ ĮȣĲȠȓ ʌİ�
ȡȚȜĮȝȕȐȞȠȣȞ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ȠȚ ȠʌȠȓİȢ įİȞ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ țȓȞȘıȘ ĲȠȣ įȡȠȝȑĮ țĮȚ
įİȞ İʌȘȡİȐȗȠȞĲĮȚ Įʌȩ ĲȘ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮ ĲȠȣ ıȚįȒȡȠȣ� ǼȚįȚțȩĲİȡĮ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ ĮȣĲȑȢ
ĮĳȠȡȠȪȞ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ĲȦȞ ıțİįȐıİȦȞ țĮȚ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ĲȦȞ ȝĮȖȞȘĲȫȞ ȠȚ ȠʌȠȓİȢ
ȑȤȠȣȞ ıĲĮșİȡȒ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡȩĲȘĲĮ µ = µ0 ·µR� ȅȚ ȝİĲĮȕȜȘĲȠȓ ʌȓȞĮțİȢ ʌİȡȚȜĮȝȕȐȞȠȣȞ
ĮȣĲȠȪȢ ĲȦȞ ȠʌȠȓȦȞ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘ șȑıȘ ĲȠȣ įȡȠȝȑĮ �ĮȖȦȖȚȝȩĲȘĲİȢ
įȚĮțȑȞȠȣ� țĮȚ ĮȣĲȠȪȢ ĲȦȞ ȠʌȠȓȦȞ ȠȚ ĮȖȦȖȚȝȩĲȘĲİȢ ʌĮȡȠȣıȚȐȗȠȣȞ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩ�
ĲȘĲĮ Ș ȠʌȠȓĮ ȝİĲĮȕȐȜȜİĲĮȚ ȝȘ ȖȡĮȝȝȚțȐ ıİ țȐșİ İʌĮȞȐȜȘȥȘ �ĮȖȦȖȚȝȩĲȘĲİȢ ĲȝȘȝȐĲȦȞ
ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ�� īȚĮ ĲȘȞ țĮĲĮıțİȣȒ ĲȠȣ įİȣĲȑȡȠȣ İȓįȠȣȢ ĲȦȞ ȝİĲĮȕȜȘĲȫȞ ʌȚȞȐ�
țȦȞ ĮʌĮȚĲİȓĲĮȚ Ș ȖȞȫıȘ ĲȠȣ įȚĮȞȪıȝĮĲȠȢ ĮȖȞȫıĲȦȞ U � Ȃİ ȖȞȦıĲȩ ĲȠ įȚȐȞȣıȝĮ ĮȣĲȩ�
įȘȜĮįȒ ȖȞȦȡȓȗȠȞĲĮȢ ĲĮ ȕĮșȝȦĲȐ ȝĮȖȞȘĲȚțȐ įȣȞĮȝȚțȐ ıİ ȩȜȠȣȢ ĲȠȣȢ țȩȝȕȠȣȢ țĮșȫȢ țĮȚ
ĲȚȢ ȝĮȖȞȘĲȚțȑȢ ȡȠȑȢ ĲȦȞ įȠȞĲȚȫȞ� ȝʌȠȡȠȪȞ ȞĮ ȣʌȠȜȠȖȚıĲȠȪȞ ȠȚ ʌĲȫıİȚȢ ȝĮȖȞȘĲİȖİȡĲȚțȫȞ
įȣȞȐȝİȦȞ �PPI GURSV� ıĲĮ ȝȘ ȖȡĮȝȝȚțȐ ıĲȠȚȤİȓĮ� ǹʌȩ ĮȣĲȑȢ ȝİ ȖȞȦıĲȐ ĲĮ ȝȒțȘ �ℓ� ĲȦȞ
ĮȖȦȖȚȝȠĲȒĲȦȞ ȣʌȠȜȠȖȓȗİĲĮȚ Ș ȝĮȖȞȘĲȚțȒ ȑȞĲĮıȘ ȦȢ Ƞ ȜȩȖȠȢ �

H =
∆U

ℓ
������

ȂȑıȦ ĲȘȢ ıȣȞȐȡĲȘıȘȢ ʌȠȣ ʌȡȠȑțȣȥİ ȖȚĮ ĲȘȞ B −H ȕȡȓıțȠȣȝİ ĲȘ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ
ĲȦȞ ıĲȠȚȤİȓȦȞ ĮȣĲȫȞ ȦȢ�

B = µ(H) ������
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ȉȑȜȠȢ ȣʌȠȜȠȖȓȗİĲĮȚ Ș ȞȑĮ ıȤİĲȚțȒ ȝĮȖȞȘĲȚțȒ įȚĮʌİȡĮĲȩĲȘĲĮ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ ȦȢ�

µ =
B

µ0H
������

īȚĮ ĲȘȞ ʌȡȫĲȘ ĳȠȡȐ ʌȠȣ șĮ ȤȡȘıȚȝȠʌȠȚȘșȠȪȞ ȠȚ ʌĮȡĮʌȐȞȦ ĮȖȦȖȚȝȩĲȘĲİȢ İʌȚȜȑȖİĲĮȚ ȑȞĮ
įȚȐȞȣıȝĮ ĮȡȤȚțȫȞ ıȣȞșȘțȫȞ Uo� ȉȠ įȚȐȞȣıȝĮ ĮȡȤȚțȫȞ ıȣȞșȘțȫȞ ȝʌȠȡİȓ ȞĮ įȠșİȓ İȓĲİ
ȦȢ ȑȞĮ įȚȐȞȣıȝĮ ĲȣȤĮȓȦȞ ĮȡȚșȝȫȞ İȓĲİ ȝʌȠȡİȓ ȞĮ ʌȡȠțȪȥİȚ Įʌȩ ĲȘȢ U = A−1 · Z ȝİ ȝȚĮ
ĲȣȤĮȓĮ İʌȚȜȠȖȒ ȝĮȖȞȘĲȚțȫȞ įȚĮʌİȡĮĲȠĲȒĲȦȞ µ ȖȚĮ ȩȜİȢ ĲȚȢ ȝȘ ȖȡĮȝȝȚțȑȢ ĮȖȦȖȚȝȩĲȘĲİȢ�
ǼʌȚȜȑȖȠȞĲĮȢ ȑȞĮ įȚȐȞȣıȝĮ ĮȡȤȚțȫȞ ıȣȞșȘțȫȞ ȝİ ĲȠȞ įİȪĲİȡȠ ĲȡȩʌȠ İʌȚĲȣȖȤȐȞİĲĮȚ ʌȠȜȪ
ĲĮȤȪĲİȡȘ ıȪȖțȜȚıȘ ıİ ıȤȑıȘ ȝİ ȑȞĮ ĲȣȤĮȓȠ įȚȐȞȣıȝĮ� ǹĳȠȪ ȜȠȚʌȩȞ țĮĲĮıțİȣĮıĲİȓ Ƞ ʌȓ�
ȞĮțĮȢ A(U)|U0

� șĮ ʌȡȑʌİȚ ȞĮ ʌȡȠıįȚȠȡȚıĲİȓ Ș ȜȪıȘ U ȝİ ȕȐıȘ ĲȠȞ İʌĮȞĮȜȘʌĲȚțȩ ĲȪʌȠ
������ ʌȠȣ ʌİȡȚȖȡȐĳȘțİ ıĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ İȞȩĲȘĲĮ� Ȉİ ĮȣĲȩ ĲȠ ıȘȝİȓȠ įȓȞȠȞĲĮȚ ȠȚ ʌĮȡȐ�
ȝİĲȡȠȚ ʌȠȣ ĮĳȠȡȠȪȞ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȝĮșȘȝĮĲȚțȠȪ ʌȡȠȕȜȒȝĮĲȠȢ įȘȜĮįȒ Ƞ ıȣȞĲİȜİıĲȒȢ
α� Ș ĮȞİțĲȚțȩĲȘĲĮ �WROHUDQFH� țĮȚ Ƞ ȝȑȖȚıĲȠȢ İʌȚșȣȝȘĲȩȢ ĮȡȚșȝȩȢ ĲȦȞ İʌĮȞĮȜȒȥİȦȞ ĲȠȣ
ʌȡȠȕȜȒȝĮĲȠȢ� Ȃİ ȖȞȦıĲȑȢ ĲȚȢ ʌĮȡĮʌȐȞȦ ʌĮȡĮȝȑĲȡȠȣȢ ȟİțȚȞȐİȚ ȑȞĮȢ ȕȡȩȤȠȢ Įʌȩ İʌĮ�
ȞĮȜȒȥİȚȢ ıİ țȐșİ ȝȚĮ Įʌȩ ĲȚȢ ȠʌȠȓİȢ� İȜȑȖȤİĲĮȚ Ș ȞȩȡȝĮ ĲȘȢ įȚĮĳȠȡȐȢ ĲȠȣ įȚĮȞȪıȝĮĲȠȢ
ĲȘȢ İʌȩȝİȞȘȢ ȜȪıȘȢ Įʌȩ ĮȣĲȠȪ ĲȘȢ ʌȡȠȘȖȠȪȝİȞȘȢ� ȅ ȕȡȩȤȠȢ İʌĮȞĮȜĮȝȕȐȞİĲĮȚ ȩıȠ Ș
įȚĮĳȠȡȐ ĲȘȢ ȞȩȡȝĮȢ ĮȣĲȒȢ İȓȞĮȚ ȝİȖĮȜȪĲİȡȘ Įʌȩ ĲȘȞ ĮȞİțĲȚțȩĲȘĲĮ ʌȠȣ ȑȤȠȣȝİ ȠȡȓıİȚ țĮȚ
ȩıȠ Ƞ ĮȡȚșȝȩȢ ĲȦȞ İʌĮȞĮȜȒȥİȦȞ İȓȞĮȚ ȝȚțȡȩĲİȡȠȢ ĲȠȣ İʌȚĲȡİʌĲȠȪ ʌȠȣ ȑȤȠȣȝİ įȫıİȚ�
ȂȑıĮ ıĲȠȞ ȕȡȩȤȠ� ȠȣıȚĮıĲȚțȐ țĮĲĮıțİȣȐȗİĲĮȚ ıİ țȐșİ İʌĮȞȐȜȘȥȘ Ƞ ʌȓȞĮțĮȢ ǹ ȝİ ȕȐıȘ
ĲȠ ȞȑȠ įȚȐȞȣıȝĮ U ʌȠȣ ʌȡȠțȪʌĲİȚ ıİ ĮȣĲȒ� Ȉİ ʌİȡȓʌĲȦıȘ ʌȠȣ Ƞ ĮȡȚșȝȩȢ İʌĮȞĮȜȒȥİȦȞ
ĲȠȣ ȕȡȩȤȠȣ ȖȓȞİȚ ȓıȠȢ ȝİ ĲȠ ȝȑȖȚıĲȠ ĮȡȚșȝȩ İʌĮȞĮȜȒȥİȦȞ ʌȠȣ ȑȤİȚ ȠȡȚıĲİȓ ȤȦȡȓȢ Ș ȜȪıȘ
ȞĮ ȚțĮȞȠʌȠȚİȓ ĲȘȞ ĮȞİțĲȚțȩĲȘĲĮ�WROHUDQFH� ȝʌȠȡȠȪȝİ ȞĮ ĮȣȟȒıȠȣȝİ ĲȠ ȝȑȖȚıĲȠ ĮȡȚșȝȩ
İʌĮȞĮȜȒȥİȦȞ Ȓ ȞĮ ȝİĲĮȕȐȜȜȠȣȝİ ĲȠ ıȣȞĲİȜİıĲȒ ȕĮȡȪĲȘĲĮȢ α� Ǿ ʌĮȡĮʌȐȞȦ įȚĮįȚțĮıȓĮ
İʌĮȞĮȜĮȝȕȐȞİĲĮȚ ıİ İȟȦĲİȡȚțȩ ȕȡȩȤȠ ȖȚĮ țȐșİ ȖȦȞȓĮ ĲȘȢ șȑıȘȢ ĲȠȣ įȡȠȝȑĮ� ıĲȠȞ ȠʌȠȓȠ
ĮȞĮȞİȫȞȠȞĲĮȚ ȠȚ ȝİĲĮȕȜȘĲȠȓ ʌȓȞĮțİȢ ʌȠȣ ʌİȡȚȑȤȠȣȞ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ʌȠȣ İȟĮȡĲȫȞĲĮȚ Įʌȩ
ĲȘȞ ȖȦȞȓĮ ĮȣĲȒ�
īȚĮ ĲȚȢ ĮȞȐȖțİȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ įȩșȘțĮȞ α = 0.9 � ĮȞİțĲȚțȩĲȘĲĮ tol = 10−7 țĮȚ ȝȑȖȚıĲȠȢ
ĮȡȚșȝȩȢ İʌĮȞĮȜȒȥİȦȞ maxit = 700 ĲĮ ȠʌȠȓĮ ȜİȚĲȠȪȡȖȘıĮȞ ȚțĮȞȠʌȠȚȘĲȚțȐ ȖȚĮ ȝİȖȐȜȘ
ıİȚȡȐ įȚĮĳȠȡİĲȚțȫȞ ȝȠȞĲȑȜȦȞ ʌȠȣ İȟİĲȐıĲȘțĮȞ� ǹțȠȜȠȣșȠȪȞ ıİ įȚĮȖȡȐȝȝĮĲĮ ȡȠȒȢ Ș
ıȣȞȠȜȚțȒ įȚĮįȚțĮıȓĮ țĮȚ Ƞ ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ȝȘ ȖȡĮȝȝȚțȫȞ ĮȖȦȖȚȝȠĲȒĲȦȞ�
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ȈȤȒȝĮ ���� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ ıȤİįȓĮıȘȢ 0(&
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��� ǻȣȞĮȝȚțȩ ȝȠȞĲȑȜȠ

ǹʌȩ ĲȘȞ įȚĮįȚțĮıȓĮ İʌȓȜȣıȘȢ ʌȠȣ ĮȞĮʌĲȪȤșȘțİ ıĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ İȞȩĲȘĲĮ ĮĳȠȪ ȕȡİșİȓ
Ș ĲİȜȚțȒ ȜȪıȘ� İȓȞĮȚ ʌȜȑȠȞ įȣȞĮĲȩ ȞĮ ȣʌȠȜȠȖȚıĲİȓ Ș ȡȠʌȒ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝĮȢ ȝȘȤĮȞȒȢ ȖȚĮ
ȩȜİȢ ĲȚȢ șȑıİȚȢ ĲȠȣ įȡȠȝȑĮ� ȈȣȖțİțȡȚȝȑȞĮ� ȣʌȠȜȠȖȓȗİĲĮȚ ȖȚĮ ȩȜİȢ ĲȚȢ șȑıİȚȢ ĲȠȣ įȡȠȝȑĮ
Įʌȩ � ȑȦȢ ��� ȘȜİțĲȡȚțȑȢ ȝȠȓȡİȢ �

2

P
· 360 = 45 ȝȘȤĮȞȚțȑȢ ȝȠȓȡİȢ ȖȚĮ ĲȘȞ ıȣȖțİțȡȚȝȑȞȘ

ȝȘȤĮȞȒ� Ș ȡȠʌȒ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȖȚĮ ȑȞĮ ıĲĮșİȡȩ ȡİȪȝĮ ʌȠȣ įȓȞȠȣȝİ țȐșİ ĳȠȡȐ�

ȅ ȣʌȠȜȠȖȚıȝȩȢ ĲȘȢ ȡȠʌȒȢ ȖȚĮ țȐșİ ȝȠȓȡĮ ȖȓȞİĲĮȚ ȦȢ Te =
1

2
·
N−1∑

i=0

(
F 2
i · ∂Gi

∂θ

)
ȩʌȦȢ ȒįȘ

ȑȤİȚ ĮȞĮĳİȡșİȓ ������� ȉĮFi İȓȞĮȚ ĲĮ ȕĮșȝȦĲȐ ȝĮȖȞȘĲȚțȐ įȣȞĮȝȚțȐ ĲĮ ȠʌȠȓĮ ȕȡȓıțȠȞĲĮȚ ıĲȠ
įȚȐȞȣıȝĮ U țĮȚ ȑȤȠȣȞ ȣʌȠȜȠȖȚıĲİȓ Įʌȩ ĲȘȞ ȜȪıȘ ĲȠȣ ıȣıĲȒȝĮĲȠȢ ȝĮȢ� ȅȚ ʌĮȡȐȖȦȖȠȚ ĲȠȣ
įȚĮțȑȞȠȣ ȦȢ ʌȡȠȢ ĲȘ ȖȦȞȓĮ ȝİĲĮĲȩʌȚıȘȢ țĮĲĮıțİȣȐȗȠȞĲĮȚ ȝĮȗȓ ȝİ ĲȠȞ ʌȓȞĮțĮ įȚĮțȑȞȠȣ ȖȚĮ
țȐșİ șȑıȘ ĲȠȣ įȡȠȝȑĮ� ǹțȠȜȠȣșİȓ İʌȠʌĲȚțȩ ıȤȒȝĮ ������ ĲȠ ȠʌȠȓȠ İȝĳĮȞȓȗİȚ ĲȘȞ ıȤȑıȘ
ĲȘȢ ȡȠʌȒȢ ȝİ ĲȘȞ ȝȘȤĮȞȚțȒ ȖȦȞȓĮ ȝİĲĮĲȩʌȚıȘȢ ĲȠȣ įȡȠȝȑĮ�

ȈȤȒȝĮ ����� ǻȚȐȖȡĮȝȝĮ ȇȠʌȒȢ�ȂȘȤĮȞȚțȒȢ ȖȦȞȓĮȢ ȝİĲĮĲȩʌȚıȘȢ�ıĲĮșİȡȩ ȡİȪȝĮ�
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ǹʌȩ ĲȠ ʌĮȡĮʌȐȞȦ įȚȐȖȡĮȝȝĮ� ȝʌȠȡȠȪȝİ ȞĮ İʌȚȜȑȟȠȣȝİ ȝȚĮ ȖȦȞȓĮ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıİ ȝȚĮ
İʌȚșȣȝȘĲȒ ȡȠʌȒ ȝİ ȕȐıȘ ĲȠ ıȘȝİȓȠ ȜİȚĲȠȣȡȖȓĮȢ ĲȘȢ ȝȘȤĮȞȒȢ țȐșİ ĳȠȡȐ� īȚĮ ʌĮȡȐįİȚȖȝĮ�
ȝȚĮ İʌȚȜȠȖȒ İȓȞĮȚ Ș ȖȦȞȓĮ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıİ ȝȑȖȚıĲȘ ȡȠʌȒ� ȋȡȘıȚȝȠʌȠȚȫȞĲĮȢ ĮȣĲȒȞ ĲȘ
ȖȦȞȓĮ ıĮȞ İȓıȠįȠ ıĲȠ ȝȠȞĲȑȜȠ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ țĮȚ įȚİȖİȓȡȠȞĲĮȢ ĲĮ ĲȣȜȓȖȝĮĲĮ
ĲȠȣ ıĲȐĲȘ ȝİ ĲȡȚĳĮıȚțȩ ȘȝȚĲȠȞȠİȚįȑȢ ȡİȪȝĮ ȝʌȠȡȠȪȝİ ȞĮ ʌȡȠıȠȝȠȚȫıȠȣȝİ ĲȘ įȣȞĮȝȚțȒ
ȜİȚĲȠȣȡȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ ȖȚĮ įİįȠȝȑȞȘ ȖȦȞȚĮțȒ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠĳȒȢ ĲȘȢ� ȆȚȠ ıȣȖțİțȡȚ�
ȝȑȞĮ Ș įȚĮįȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ İȓȞĮȚ Ș İȟȒȢ�
Ȉİ ȑȞĮȞ İȟȦĲİȡȚțȩ ȕȡȩȤȠ ʌȡȠıȠȝȠȚȫȞȠȣȝİ ĲȘ ȜİȚĲȠȣȡȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ ıĲȘȞ İʌȚșȣȝȘĲȒ
ȡȠʌȒ ȖȚĮ ȑȞĮ İʌȚșȣȝȘĲȩ İȪȡȠȢ ȝȘȤĮȞȚțȫȞ ȖȦȞȚȫȞ ʌİȡȚıĲȡȠĳȒȢ θm� Ǿ ıȤȑıȘ ĲȠȣ ȤȡȩȞȠȣ
ȝİ ĲȘ ȖȦȞȓĮ ʌİȡȚıĲȡȠĳȒȢ ȖȚĮ įİįȠȝȑȞȘ ȖȦȞȚĮțȒ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠĳȒȢ ωs İȓȞĮȚ �

t =
θm
ωs

������

ȩʌȠȣ θm Ș ȖȦȞȓĮ ȝİĲĮĲȩʌȚıȘȢ ĲȠȣ įȡȠȝȑĮ ıİ UDG țĮȚ ωs Ș ıȪȖȤȡȠȞȘ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠ�
ĳȒȢ ĲȘȢ ȝȘȤĮȞȒȢ ıİ UDG�VHF� īȚĮ ĲȠ ωs ȚıȤȪİȚ�

ωs =
2 · π · ns

60
������

ns =
120 · fe

P
������

ȝİ ns � Ș ıȪȖȤȡȠȞȘ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠĳȒȢ ȝȘȤĮȞȒȢ İțĳȡĮıȝȑȞȘ ıİ ıĲȡȠĳȑȢ ĮȞĮ Ȝİ�
ʌĲȩ�Ȉǹȁ�
țĮȚ fe � Ș ȘȜİțĲȡȚțȒ ıȣȤȞȩĲȘĲĮ ȡİȣȝȐĲȦȞ ıĲȐĲȘ�
ȉȠ ĲȡȚĳĮıȚțȩ ȡİȪȝĮ ıĲĮ ĲȣȜȓȖȝĮĲĮ ȝİĲĮȕȐȜȜİĲĮȚ ȘȝȚĲȠȞȠİȚįȫȢ ıĮȞ ıȣȞȐȡĲȘıȘ ĲȘȢ ȝȘȤĮ�
ȞȚțȒȢ ȖȦȞȓĮȢ ʌİȡȚıĲȡȠĳȒȢ ȩʌȦȢ įȓȞİĲĮȚ Įʌȩ ĲȠȣȢ ʌĮȡĮțȐĲȦ ĲȪʌȠȣȢ�

Ia = Irms · cos
(P
2
· θm

)
������

Ib = Irms · cos
(P
2
· θm − 120◦

)
������

Ic = Irms · cos
(P
2
· θm + 120◦

)
������

Ǿ ȜİȚĲȠȣȡȖȓĮ ıİ İʌȚșȣȝȘĲȒ ȡȠʌȒ ȩʌȦȢ ĮȞĮĳȑȡșȘțİ ĮʌĮȚĲİȓ ĲȘȞ İȚıĮȖȦȖȒ ȝȚĮȢ ȖȦȞȓĮȢ
ıĲȠȞ ȕȡȩȤȠ ĮȣĲȩ ʌȠȣ İȓȞĮȚ ȖȞȦıĲȒ ȦȢ ȖȦȞȓĮ ȡȠʌȒȢ δ� ǹȣĲȒ Ș ȖȦȞȓĮ įȘȜȫȞİȚ ȩĲȚ Ƞ įȡȠ�
ȝȑĮȢ� įȘȜĮįȒ ĲȠ ȝĮȖȞȘĲȚțȩ ʌİįȓȠ ĲȦȞ ȝȩȞȚȝȦȞ ȝĮȖȞȘĲȫȞ ʌȡȠʌȠȡİȪİĲĮȚ Ȓ ȑʌİĲĮȚ �ȖȚĮ
ȜİȚĲȠȣȡȖȓĮ ȖİȞȞȒĲȡȚĮȢ Ȓ țȚȞȘĲȒȡĮ ĮȞĲȓıĲȠȚȤĮ� ĲȠȣ ıȣȞȚıĲĮȝȑȞȠȣ ȝĮȖȞȘĲȚțȠȪ ʌİįȓȠȣ ĲȘȢ
ȝȘȤĮȞȒȢ țĮĲȐ ĮȣĲȒ ĲȘ ȖȦȞȓĮ� īȚĮ ȞĮ ʌȡȠıȠȝȠȚȦșİȓ ĮȣĲȒ Ș ȜİȚĲȠȣȡȖȓĮ ıĲȠ 0(& Ș ȖȦȞȓĮ
ȡȠʌȒȢ δ șİȦȡİȓĲĮȚ ıĮȞ ıĲĮșİȡȐ Ș ȠʌȠȓĮ ʌȡȠıĲȓșİĲĮȚ ıĲȘȞ İțȐıĲȠĲİ ȖȦȞȓĮ ʌȠȣ ȕȡȓıțİ�
ĲĮȚ ĲȠ ıȪıĲȘȝĮ ȫıĲİ ȞĮ ȣʌȠȜȠȖȚıĲİȓ Ƞ ʌȓȞĮțĮȢ ĮȖȦȖȚȝȠĲȒĲȦȞ įȚĮțȑȞȠȣ ıİ ĮȣĲȒ ĲȘ șȑıȘ
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�Ggap = G(δ+θm)�� ȉĮ ȡİȪȝĮĲĮ ȣʌȠȜȠȖȓȗȠȞĲĮȚ ȩʌȦȢ įȓȞȠȞĲĮȚ Įʌȩ ĲȚȢ ʌĮȡĮʌȐȞȦ ıȤȑıİȚȢ
����� � ����� ıĲȘȞ șȑıȘ θm ʌȠȣ ȕȡȓıțİĲĮȚ ĲȠ ıȪıĲȘȝĮ țȐșİ ĳȠȡȐ� ǲĲıȚ țĮșȫȢ țȚȞİȓĲĮȚ Ƞ
įȡȠȝȑĮȢ įȚĮĲȘȡİȓĲĮȚ Ș ıĲĮșİȡȒ ȖȦȞȚĮțȒ ȝİĲĮĲȩʌȚıȘ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ʌİįȓȦȞ δ țĮȚ țȡĮĲȚȑ�
ĲĮȚ ıĲĮșİȡȒ Ș ȡȠʌȒ ıĲȘȞ İʌȚșȣȝȘĲȒ ĲȚȝȒ ȝĮȗȓ ȝİ ȝȚĮ țȣȝȐĲȦıȘ �ULSSOH� ʌȠȣ ʌĮȡĮĲȘȡİȓĲĮȚ
țĮȚ ȑȤİȚ ĮȞĮȜȣșİȓ ıİ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ� Ǿ ȣʌȩȜȠȚʌȘ įȚĮįȚțĮıȓĮ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ
İȓȞĮȚ ʌĮȡȩȝȠȚĮ ȝİ ĮȣĲȒ ʌȠȣ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțİ ıĲȘȞ ʌȡȠȘȖȠȪȝİȞȘ İȞȩĲȘĲĮ țĮȚ ʌĮȡȠȣ�
ıȚȐȗİĲĮȚ ıĲȠ ĮțȩȜȠȣșȠ įȚȐȖȡĮȝȝĮ ȡȠȒȢ ĲȠȣ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ������ ȩʌȠȣ ȝİ țȩțțȚȞȠ
İȝĳĮȞȓȗȠȞĲĮȚ ȠȚ ȕĮıȚțȑȢ įȚĮĳȠȡȑȢ ıİ ıȤȑıȘ ȝİ ĮȣĲȩ ĲȘȢ ʌȡȠȘȖȠȪȝİȞȘȢ İȞȩĲȘĲĮȢ�
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ȈȤȒȝĮ ����� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ
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ȆȑȡĮȞ ĲȠȣ ȣʌȠȜȠȖȚıȝȠȪ ĲȘȢ ȡȠʌȒȢ� ȦȢ ȝİĲİʌİȟİȡȖĮıȓĮ�SRVW SURFHVVLQJ� ĲȠȣ įȣȞĮȝȚțȠȪ
ȝȠȞĲȑȜȠȣ� șİȦȡȠȪȝİ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ȘȜİțĲȡİȖİȡĲȚțȫȞ įȣȞȐȝİȦȞ �%DFN (PI� țĮȚ ĲȦȞ
ĲȐıİȦȞ İȟȩįȠȣ ĲȘȢ ȝȘȤĮȞȒȢ�9��
Ǿ ȘȜİțĲȡİȖİȡĲȚțȒ įȪȞĮȝȘ ȝȚĮȢ ĲȡȚĳĮıȚțȒȢ ȝȘȤĮȞȒȢ ȦȢ ȝȑȖİșȠȢ ȠȡȓȗİĲĮȚ ȦȢ İȟȒȢ�

ei =
dλi

dt
������

ȩʌȠȣ i Ș țȐșİ ĳȐıȘ ĲȘȢ ȝȘȤĮȞȒȢ�
ȍȢ λi ȠȡȓȗİĲĮȚ Ș ʌİʌȜİȖȝȑȞȘ ȡȠȒ ĲȘȢ ĳȐıȘȢ i� įȘȜĮįȒ Ș ȡȠȒ ʌȠȣ İȝʌȜȑțȠȣȞ ȩȜĮ ĲĮ
ĲȣȜȓȖȝĮĲĮ ĲȘȢ ĳȐıȘȢ ĮȣĲȒȢ� ǼʌİȚįȒ șİȦȡȠȪȝİ ȩĲȚ ȩȜĮ ĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ ȝȘȤĮȞȒȢ ȑȤȠȣȞ
ıĲĮșİȡȩ ĮȡȚșȝȩ İȜȚȖȝȐĲȦȞ N � ȚıȤȪİȚ ȩĲȚ �

λi = N · Φi ������

ǵʌȦȢ ȑȤİȚ ĮȞĮĳİȡșİȓ ıĲȘȞ İȞȩĲȘĲĮ ������ ȠȚ ĳĮıȚțȑȢ ȡȠȑȢ ıȣȞįȑȠȞĲĮȚ ȝİ ĲȚȢ ȡȠȑȢ įȠȞĲȚȫȞ
�ȠȚ ȠʌȠȓİȢ ĮʌȠĲİȜȠȪȞ ȜȪıİȚȢ ĲȠȣ ıȣıĲȒȝĮĲȠȢ� ȝȑıȦ ĲȠȣ ʌȓȞĮțĮ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ W ′�
ȠʌȩĲİ Ƞ ȣʌȠȜȠȖȚıȝȩȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ İȓȞĮȚ įȣȞĮĲȩȢ țĮȚ ıİ ȝȠȡĳȒ įȚĮȞȪıȝĮĲȠȢ
ıĲȒȜȘȢ įȓȞİĲĮȚ ʌĮȡĮțȐĲȦ�

λphases = N ·W ′ · φtooth ������

ȅ ȣʌȠȜȠȖȚıȝȩȢ ĲȘȢ ei ʌȡȠȨʌȠșȑĲİȚ ĲȘȞ ȤȡȠȞȚțȒ ʌĮȡȐȖȦȖȠ ĲȠȣ λi� ǻİįȠȝȑȞȠȣ ȩĲȚ Įʌȩ ĲȘȞ
İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȖȞȦȡȓȗȠȣȝİ ĲȚȢ ʌİʌȜİȖȝȑȞİȢ ȡȠȑȢ ıİ ıȣȖțİțȡȚȝȑȞİȢ șȑıİȚȢ įȡȠȝȑĮ�
ȠȚ ȠʌȠȓİȢ ȖȚĮ ıȣȖțİțȡȚȝȑȞȘ ĲĮȤȪĲȘĲĮ ʌİȡȚıĲȡȠĳȒȢ ĮȞĲȚıĲȠȚȤȠȪȞ ıİ ȝİȝȠȞȦȝȑȞİȢ ȤȡȠȞȚțȑȢ
ıĲȚȖȝȑȢ ȩʌȦȢ įİȓȤșȘțİ ıĲȘ ıȤȑıȘ ������� șĮ ȣʌȠȜȠȖȓıȠȣȝİ ĲȘȞ ĮʌĮȚĲȠȪȝİȞȘ ʌĮȡȐȖȦȖȠ
ȝİ ʌİʌİȡĮıȝȑȞİȢ įȚĮĳȠȡȑȢ �IRUZDUG GLIIHUHQFHV� ȩʌȦȢ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ �

ei =
∆λi

∆t
������

Ǿ ĮțȡȓȕİȚĮ ĲȘȢ ʌĮȡĮʌȐȞȦ ıȤȑıȘȢ ȕĮıȓȗİĲĮȚ ıĲȘȞ įİȚȖȝĮĲȠȜȘȥȓĮ ĲȠȣ λi Ș ȠʌȠȓĮ țĮșȠȡȓ�
ȗİĲĮȚ Įʌȩ ĲȠ ȕȒȝĮ β ĲȠȣ İȟȦĲİȡȚțȠȪ İʌĮȞĮȜȘʌĲȚțȠȪ ȕȡȩȤȠȣ� ȂİȚȫȞȠȞĲĮȢ ĲȠ ȕȒȝĮ ĮȣĲȩ
ʌȡȠıșȑĲȠȣȝİ ʌİȡȚııȩĲİȡĮ įİȓȖȝĮĲĮ ĮȞȐȝİıĮ ıİ ȑȞĮ İȪȡȠȢ ȖȦȞȚȫȞ ��� ȝȘȤĮȞȚțȑȢ ȝȠȓȡİȢ
ıĲȘȞ ıȣȖțİțȡȚȝȑȞȘ ʌİȡȓʌĲȦıȘ� ʌİĲȣȤĮȓȞȠȞĲĮȢ ȝİȖĮȜȪĲİȡȘ ĮțȡȓȕİȚĮ ıĲȘȞ ʌȡȠıȑȖȖȚıȘ ĲȘȢ
ʌĮȡĮȖȫȖȠȣ� ȉȠ ȕȒȝĮ ĲȠȣ ȤȡȩȞȠȣ∆t İȓȞĮȚ ıĲĮșİȡȩ țĮșȫȢ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ ȕȒȝĮ ĲȘȢ ȖȦ�
ȞȓĮȢ ĲȠ ȠʌȠȓȠ ʌĮȡĮȝȑȞİȚ ĮȝİĲȐȕȜȘĲȠ ıİ ȩȜȠȞ ĲȠȞ İȟȦĲİȡȚțȩ İʌĮȞĮȜȘʌĲȚțȩ ȕȡȩȤȠ� ȉȑȜȠȢ� Ș
ĲȐıȘ İȟȩįȠȣ țȐșİ ĳȐıȘȢ ĲȘȢ ȝȘȤĮȞȒȢ Vi ȖȚĮ ȜİȚĲȠȣȡȖȓĮ țȚȞȘĲȒȡĮ�ȖİȞȞȒĲȡȚĮȢ ȣʌȠȜȠȖȓȗİĲĮȚ
ȦȢ�

Vi = ±Ri · Ii + ei ������

ȩʌȠȣ Ri Ș ĮȞĲȓıĲĮıȘ ĲȣȜȓȖȝĮĲȠȢ țȐșİ ĳȐıȘȢ ĲȘȢ ȝȘȤĮȞȒȢ� Ǿ ʌĮȡĮʌȐȞȦ ȝİĲİʌİȟİȡȖĮıȓĮ
ʌĮȡȠȣıȚȐȗİĲĮȚ ıĲȠ ʌĮȡĮțȐĲȦ įȚȐȖȡĮȝȝĮ ȡȠȒȢ�
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ȈȤȒȝĮ ����� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ�3RVW�SURFHVVLQJ�



ȀİĳȐȜĮȚȠ �

ǼȆǿǺǼǺǹǿȍȈǾ ȂȅȃȉǼȁȅȊ
ǿȈȅǻȊȃǹȂȅȊ ȂǹīȃǾȉǿȀȅȊ
ȀȊȀȁȍȂǹȉȅȈ

��� īİȞȚțȐ

ȉȠ ȝȠȞĲȑȜȠ ȝĮȖȞȘĲȚțȫȞ ȚıȠįȣȞȐȝȦȞ țȣțȜȦȝȐĲȦȞ�0(&� ʌȠȣ ĮȞĮʌĲȪȤșȘțİ ȑȤİȚ ȦȢ ıĲȩȤȠ
ĲȘȞ İȝĳȐȞȚıȘȢ ȝȚĮȢ ȚțĮȞȠʌȠȚȘĲȚțȒȢ ĮțȡȓȕİȚĮȢ ıİ ıȣȞįȣĮıȝȩ ȝİ ȝȚțȡȩ ȣʌȠȜȠȖȚıĲȚțȩ țȩ�
ıĲȠȢ țĮȚ İȣȡȦıĲȓĮ ȖȚĮ įȚȐĳȠȡİȢ İĳĮȡȝȠȖȑȢ� Ǿ İʌȚȕİȕĮȓȦıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ĮʌȠĲİȜİȓ ıȘ�
ȝĮȞĲȚțȩ ȝȑȡȠȢ ȖȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ ĲȠȣ ȦȢ ıȤİįȚĮıĲȚțȩ İȡȖĮȜİȓȠ� ȂȚĮ Įʌȩ ĲȚȢ ʌȚȠ țȠȚȞȑȢ
ʌȡȠıİȖȖȓıİȚȢ ʌȠȣ ȝʌȠȡȠȪȝİ ȞĮ ȤȡȘıȚȝȠʌȠȚȒıȠȣȝİ ȖȚĮ ĲȘȞ İʌȚȕİȕĮȓȦıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ
İȓȞĮȚ Ș ıȪȖțȡȚıȘ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ĲȠȣ ȝİ ĮȣĲȫȞ İȞȩȢ ȝȠȞĲȑȜȠȣ ʌȠȣ ĮȞĮʌĲȪııİĲĮȚ
ıİ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�)(�� ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ ȖȚĮ ĲȘȞ İʌȚȕİȕĮȓȦıȘ
ĮȣĲȒ ȑȖȚȞİ ıȪȖțȡȚıȘ ȝȑıȦ ĲȠȣ ʌȡȠȖȡȐȝȝĮĲȠȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ )(00 �ĮȞȐ�
ȜȣıȘ ıİ įȪȠ įȚĮıĲȐıİȚȢ� ĲȠ ȠʌȠȓȠ ȩʌȦȢ ȑȤİȚ ȒįȘ ĮȞĮĳİȡșİȓ İȝĳĮȞȓȗİȚ ȝİȖȐȜȘ ĮțȡȓȕİȚĮ
ıĲȠȞ ȣʌȠȜȠȖȚıȝȩ ȝİȖİșȫȞ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ʌȠȣ ĮĳȠȡȠȪȞ ĲȩıȠ ĲȘȞ İʌȓįȠıȘ ȩıȠ
țĮȚ ĲȘȞ ĮʌȩįȠıȘ ĲȘȢ� Ǿ ıȪȖțȡȚıȘ ĮȣĲȒ ıİ ʌȡȫĲȠ ȕȒȝĮ ĮĳȠȡȐ ĲȘȞ İʌȓįȠıȘ ĲȘȢ ȝȘȤĮ�
ȞȒȢ ʌȠȣ ʌİȡȚȜĮȝȕȐȞİȚ ĲĮ ȝİȖȑșȘ ĲȘȢ ȡȠʌȒȢ� ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ �EDFN�HPI� țĮȚ
ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ� Ǿ ʌȠȡİȓĮ İȪȡİıȘȢ ĮȣĲȫȞ ĲȦȞ ȝİȖİșȫȞ İȓȞĮȚ ȖȞȦıĲȒ Įʌȩ ĲȠ
ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ� īȚĮ ĲȘȞ ıȪȖțȡȚıȘ ĲȦȞ ȝİȖİșȫȞ ıĲȠ įȣȞĮȝȚțȩ ȝȠȞĲȑȜȠ İʌȚȜȑȖİĲĮȚ
Ș șȑıȘ ĲȠȣ įȡȠȝȑĮ Ș ȠʌȠȓĮ İʌȚĳȑȡİȚ ȝȑȖȚıĲȘ ȡȠʌȒ�
īȚĮ ĲȘȞ İʌȚȕİȕĮȓȦıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȤȡȘıȚȝȠʌȠȚȒșȘțİ ĲȡȚĳĮıȚțȒ ıȪȖȤȡȠȞȘ ȝȘȤĮȞȒ İʌȚĳĮ�
ȞİȚĮțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ İıȦĲİȡȚțȠȪ įȡȠȝȑĮ ȝİ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ıȣȖțİȞĲȡȦȝȑȞȠ

��
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ĲȪȜȚȖȝĮ �q = 0.375�� ǼʌȚʌȜȑȠȞ ȤȡȘıȚȝȠʌȠȚȒșȘțĮȞ ĲȡȓĮ įȚĮĳȠȡİĲȚțȐ ȣȜȚțȐ ȝȠȞȓȝȠȣ ȝĮ�
ȖȞȒĲȘ ȫıĲİ ȞĮ ȝȠȞĲİȜȠʌȠȚȘșİȓ ĲȠ ĳĮȚȞȩȝİȞȠ ĲȠȣ țȠȡİıȝȠȪ țĮȚ ȞĮ ĳĮȞİȓ ʌȦȢ İʌȘȡİȐȗİȚ
ĮȣĲȩ ĲȚȢ ıȣȞȠȜȚțȑȢ ıȣȖțȡȓıİȚȢ� ǼȚįȚțȩĲİȡĮ ȤȡȘıȚȝȠʌȠȚȒșȘțİ ȑȞĮ ȣȜȚțȩ ȝİ ȤĮȝȘȜȒ ĮʌȠ�
ȝȑȞȠȣıĮ ȝĮȖȞȒĲȚıȘ Br ʌȠȣ ȠįȘȖİȓ ĲȘ ȝȘȤĮȞȒ ıİ ȜİȚĲȠȣȡȖȓĮ ıĲȘ ȖȡĮȝȝȚțȒ ʌİȡȚȠȤȒ� ȑȞĮ
ȣȜȚțȩ ȝİ İȞįȚȐȝİıȘ ȝĮȖȞȒĲȚıȘ ʌȠȣ ȜİȚĲȠȣȡȖİȓ țȠȞĲȐ ıĲȠ ȖȩȞĮĲȠ țȠȡİıȝȠȪ țĮȚ ȑȞĮ ĲȡȓĲȠ
ȣȜȚțȩ ȝİ ȣȥȘȜȒ ʌĮȡĮȝȑȞȠȣıĮ ȝĮȖȞȒĲȚıȘ ĲȠ ȠʌȠȓȠ ȠįȘȖİȓ ĲȘ ȝȘȤĮȞȒ ȞĮ ȜİȚĲȠȣȡȖİȓ ıĲȘ ȝȘ
ȖȡĮȝȝȚțȒ ʌİȡȚȠȤȒ �ʌİȡȚȠȤȒ țȠȡİıȝȠȪ� ĲȘȢ țĮȝʌȪȜȘȢ ȝĮȖȞȒĲȚıȘȢ ĲȠȣ ıȚįȒȡȠȣ�
ȉĮ ȖİȦȝİĲȡȚțȐ ȤĮȡĮțĲȘȡȚıĲȚțȐ țĮȚ Ș ĲȠʌȠȜȠȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚȒșȘțİ įȓȞȠ�
ȞĲĮȚ ıĲȠȞ ʌĮȡĮțȐĲȦ ʌȓȞĮțĮ ����� Ƞ ȠʌȠȓȠȢ ĮțȠȜȠȣșİȓĲĮȚ Įʌȩ ȑȞĮ ʌȓȞĮțĮ ʌȠȣ İȝĳĮȞȓȗİȚ
ĲĮ ȣȜȚțȐ ĲȦȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ������

ȈȪȝȕȠȜȠ 0(& ȆİȡȚȖȡĮĳȒ ȉȚȝȒ
Q ȆȜȒșȠȢ ĮȣȜĮțȚȫȞ�įȠȞĲȚȫȞ 18

P ȆȜȒșȠȢ ȝĮȖȞȘĲȫȞ 16

m ǹȡȚșȝȩȢ ĳȐıİȦȞ 3

L ȂȒțȠȢ ȝȘȤĮȞȒȢ 100 mm

Rsout ǼȟȦĲİȡȚțȒ ĮțĲȓȞĮ ıĲȐĲȘ 50 mm

Rsin ǼıȦĲİȡȚțȒ ĮțĲȓȞĮ ıĲȐĲȘ 36.25 mm

gap ȆȐȤȠȢ įȚĮțȑȞȠȣ 0.5 mm

Rr ǼȟȦĲİȡȚțȒ ĮțĲȓȞĮ įȡȠȝȑĮ�ȝĮȗȓ ȝİ ȪȥȠȢ ȝĮȖȞȒĲȘ� 35.75 mm

Rshaft ǼıȦĲİȡȚțȒ ĮțĲȓȞĮ įȡȠȝȑĮ 29 mm

θmag īȦȞȓĮ ȝĮȖȞȒĲȘ 0.85 · (2 · π/P )

hmag ȆȐȤȠȢ ȝĮȖȞȒĲȘ 3 mm

lt ȈȣȞȠȜȚțȩ ȝȒțȠȢ įȠȞĲȚȠȪ 9.26 mm

td ȂȒțȠȣȢ įȠȞĲȚȠȪ ȤȦȡȓȢ ĲȠ ʌȑȜȝĮ 0.8 · lt
tth ǶȥȠȢ ȐțȡȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ 0.09 · lt
tta ǺȠȘșȘĲȚțȒ ĮʌȩıĲĮıȘ ������ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ 0.11 · lt
so ǱȞȠȚȖȝĮ ĮȣȜĮțȚȠȪ 0.3 · (2π ·Rsin/Q�
wtl ȆȜȐĲȠȢ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ (2π ·Rsin/Q)− so

wtu ȆȜȐĲȠȢ įȠȞĲȚȠȪ 0.5 · wtl

ȆȓȞĮțĮȢ ���� ǺĮıȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ
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ȊȜȚțȩ ȂĮȖȞȒĲȘ ǹʌȠȝĮȖȞȘĲȓȗȠȣıĮ
ǲȞĲĮıȘ +F($/P)

ǹʌȠȝȑȞȠȣıĮ
ȂĮȖȞȒĲȚıȘ %U(7)

ȂĮȖȞȘĲȚțȒ
ǻȚĮʌİ�
ȡĮĲȩĲȘĲĮ
ȝĮȖȞȒĲȘ�µR�

ĭİȡȡȓĲȘȢ�)HUULWH� ������ ���� ����
ȈĮȝȐȡȚȠ�ȀȠȕȐȜĲȚȠ
�6P&R�

������ ������ ����

ȀȡȐȝĮ ȃİȠįȣȝȓȠȣ�
ȈȚįȒȡȠȣ�ǺȠȡȓȠȣ
�1G)H%�

������ ����� �����

ȆȓȞĮțĮȢ ���� ȆĮȡȐȝİĲȡȠȚ ȣȜȚțȫȞ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ

��� ȈȣȖțȡȓıİȚȢ ȝİȖİșȫȞ

īȚĮ țȐșİ ȣȜȚțȩ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ ĮȡȤȚțȐ ȝİ ĲȘ ȤȡȒıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ 0(& ȣȜȠʌȠȚȒșȘțİ
Ș įȚĮįȚțĮıȓĮ ʌȠȣ ʌĮȡȠȣıȚȐıĲȘțİ ıĲȠ įȚȐȖȡĮȝȝĮ ȡȠȒȢ����� ȖȚĮ ʌȣțȞȩĲȘĲİȢ ȡİȪȝĮĲȠȢ J

Įʌȩ 0 ȑȦȢ 4 A/mm2� ȆĮȡȩȝȠȚĮ įȚĮįȚțĮıȓĮ ĮțȠȜȠȣșȒșȘțİ ıĲȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑ�
ȞȦȞ ıĲȠȚȤİȓȦȞ�)(00� ȖȚĮ ȓįȚİȢ ʌȣțȞȩĲȘĲİȢ ȡİȣȝȐĲȦȞ�
ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞʌȡȠıȠȝȠȚȫıİȦȞ ȖȚĮ ĲĮ � ȣȜȚțȐ ıİ ıİȚȡȐ ĳİȡȡȓĲȘȢ� ıĮȝȐȡȚȠ�țȠȕȐȜĲȚȠ�
țȡȐȝĮ ȞİȠįȣȝȓȠȣ�ıȚįȒȡȠȣ�ȕȠȡȓȠȣ� ȖȚĮ İȞįİȚțĲȚțȑȢ ĲȚȝȑȢ ʌȣțȞȩĲȘĲĮȢ ȡİȪȝĮĲȠȢ J = 2, 4A/mm2

ʌĮȡĮĲȓșİȞĲĮȚ ʌĮȡĮțȐĲȦ �

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ

- �

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ �
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ

- �



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ

- �

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ

- �

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ

- �

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ

- �

ǹʌȩ ĲȚȢ ʌĮȡĮʌȐȞȦ țĮȝʌȪȜİȢ ʌȠȣ ĮĳȠȡȠȪȞ ĲȘȞ ıȤȑıȘ ȡȠʌȒȢ � șȑıȘȢ įȡȠȝȑĮ� ʌĮȡĮĲȘ�
ȡȠȪȝİ ȩĲȚ Ș țĮȝʌȪȜȘ ʌȠȣ ʌĮȓȡȞȠȣȝİ Įʌȩ ĲȠ 0(& ʌȡȠıİȖȖȓȗİȚ ıİ ȚțĮȞȠʌȠȚȘĲȚțȩ ȕĮșȝȩ
ĲȘȞ ĮȞĲȓıĲȠȚȤȘ țĮȝʌȪȜȘ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ )(00� ǼȚįȚțȩĲİȡĮ� ıİ ȩȜİȢ ĲȚȢ ʌİȡȚʌĲȫ�
ıİȚȢ İțĲȩȢ ĲȠȣ ĳİȡȡȓĲȘ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ J = 4 A/mm2� Ș ʌȡȠıȑȖȖȚıȘ İȓȞĮȚ Įȡ�
țİĲȐ țĮȜȒ� ǵıȠȞ ĮĳȠȡȐ ĲȠ 1G)H%� ʌĮȡĮĲȘȡİȓĲĮȚ ıĲȚȢ țĮȝʌȪȜİȢ ĲȠȣ 0(& țȣȝȐĲȦıȘ Ș
ȠʌȠȓĮ ȠĳİȓȜİĲĮȚ ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ ĲȠ ȣȜȚțȩ ĮȣĲȩ ȑȤİȚ ȣȥȘȜȑȢ ĲȚȝȑȢ ȝĮȖȞȒĲȚıȘȢ ȠȚ ȠʌȠȓİȢ
ȠįȘȖȠȪȞ ĲȠȞ ıȓįȘȡȠ ĲȘȢ ȝȘȤĮȞȒȢ ıİ ȑȞĲȠȞȠ țȠȡİıȝȩ� ȆĮȡȩȜĮ ĮȣĲȐ ȩʌȦȢ ĳĮȓȞİĲĮȚ țĮȚ
Įʌȩ ĲĮ ıĳȐȜȝĮĲĮ ıĲȠȞ ĮțȩȜȠȣșȠ ʌȓȞĮțĮ������ ĲĮ ȠʌȠȓĮ ʌȡȠıİȖȖȓıĲȘțĮȞ Įʌȩ ĲȠȞ ĲȪʌȠ
∥7MEC − 7FEMM∥/∥7FEMM∥� ȠȚ țĮȝʌȪȜİȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ Įʌȩ ĲȠ 0(& ȖȚĮ ĲĮ ȝȘ
ȖȡĮȝȝȚțȐ ȣȜȚțȐ ʌȡȠıİȖȖȓȗȠȣȞ ȝİ ȝİȖĮȜȪĲİȡȘ ĮțȡȓȕİȚĮ ĮȣĲȑȢ ĲȠȣ )(00 ıȣȖțȡȚĲȚțȐ ȝİ ĲȠ
ĳİȡȡȓĲȘ�



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

<ȜȚțȩ ȆȣțȞȩĲȘĲĮ ȇİȪȝĮĲȠȢ J(A/mm2) ȈȤİĲȚțȩ ȈĳȐȜȝĮ 0(&�)(00���
)HUULWH 2 17.42

4 30.3

6P&R 2 11.63

4 15.49

1G)H% 2 15.87

4 14.12

ȆȓȞĮțĮȢ ���� ȈȤİĲȚțȐ ıĳȐȜȝĮĲĮ )(00�0(& țĮȝʌȣȜȫȞ ȇȠʌȒȢ�īȦȞȓĮȢ

ǵıȠȞ ĮĳȠȡȐ ĲȘȞ ĲĮȤȪĲȘĲĮ İʌȓȜȣıȘȢ� ȠȚ ȤȡȩȞȠȚ ʌȠȣ ȤȡİȚȐıĲȘțĮȞ ȖȚĮ ĲȘ ȜȒȥȘ ĮȣĲȫȞ ĲȦȞ
țĮȝʌȣȜȫȞ ȝȑıȦ ĲȘȢ ȝİșȩįȠȣ 0(& įȚĮĳȑȡȠȣȞ ıȘȝĮȞĲȚțȐ ıİ ıȤȑıȘ ȝİ ĲȠ )(00 ȩʌȦȢ
ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ������

<ȜȚțȩ ȆȣțȞȩĲȘĲĮ ȇİȪȝĮĲȠȢ J(A/mm2) ȋȡȩȞȠȢ 0(& �sec� ȋȡȩȞȠȢ )(00 �min�
)HUULWH 2 1.9 85

4 1.9 101

6P&R 2 50 110

4 50 112

1G)H% 2 70 120

4 70 134

ȆȓȞĮțĮȢ ���� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ ȜȒȥȘ țĮȝʌȪȜȘȢ ȇȠʌȒȢ�ȖȦȞȓĮȢ įȡȠȝȑĮ

ȈĲȘȞ ıȣȞȑȤİȚĮ� ȝİ İʌȚȜȠȖȒ ĲȘȢ ȖȦȞȓĮȢ ʌȠȣ ĮȞĲȚıĲȠȚȤİȓ ıİ ȝȑȖȚıĲȘ ȡȠʌȒ Įʌȩ ĲĮ ʌĮȡĮʌȐȞȦ
įȚĮȖȡȐȝȝĮĲĮ țĮȚ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ J = 4A/mm2 ĮțȠȜȠȣșȠȪȝİ ĲȘȞ įȚĮįȚțĮıȓĮ
ʌȠȣ ʌİȡȚȖȡȐĳĲȘțİ ıĲȠ įȚȐȖȡĮȝȝĮ ȡȠȒȢ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ ������ țĮȚ ȕȡȓıțȠȣȝİ ĲȘȞ
ȝȑıȘ ȡȠʌȒ țĮȚ ĲȘȞ țȣȝȐĲȦıȘ ĮȣĲȒȢ țĮșȫȢ țĮȚ ĲȚȢ ĳĮıȚțȑȢ ʌİʌȜİȖȝȑȞİȢ ȡȠȑȢ țĮȚ ǾǼǻ
ıȪȝĳȦȞĮ ȝİ ĲȠ įȚȐȖȡĮȝȝĮ ȡȠȒȢ �������
ǹțȠȜȠȣșȠȪȞ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĮȣĲȐ ĲȠȣ 0(& ȝĮȗȓ ȝİ ĲĮ ĮȞĲȓıĲȠȚȤĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȠȣ
)(00 ȖȚĮ ĲĮ � ȣȜȚțȐ ȝĮȖȞȒĲȘ�



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

īȚĮ ĲȠȞ ĳİȡȡȓĲȘ ȑȤȠȣȝİ �

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ ĳİȡȡȓĲȘ ȖȚĮ - �

Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ� ĮțȠȜȠȣșİȓ ʌȓȞĮțĮȢ ȩʌȠȣ ĮȞĮȖȡȐĳȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ȝȑıȘȢ
ȡȠʌȒȢ� ĲȘȢ țȣȝȐĲȦıȘȢ ĮȣĲȒȢ țĮȚ ĲȠ ʌȠıȠıĲȩ ĲȘȢ țȣȝȐĲȦıȘȢ ȦȢ ʌȡȠȢ ĲȘȞ ȝȑıȘ ȡȠʌȒ�
ȆĮȡĮĲȘȡȠȪȝİ ȩĲȚ Ș ĮʌȩțȜȚıȘ ĲȦȞ ȝȑıȦȞ ȡȠʌȫȞ İȓȞĮȚ ȝȚțȡȒ� ȩʌȦȢ İʌȓıȘȢ țĮȚ ȩĲȚ ıĲȠ
0(& ȣʌȐȡȤİȚ ȑȞĮ ȝȚțȡȩ ʌȠıȠıĲȩ țȣȝȐĲȦıȘȢ İȞȫ ıĲȠ )(00 ĮȣĲȩ İȓȞĮȚ ĮȝİȜȘĲȑȠ�

ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ
ȝȑıȘȢ ȡȠʌȒȢ���

0(& 3.25562 0.1087 3.337

)(00 3.32614 0.0231 0.694

ȆȓȞĮțĮȢ ���� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ ĳİȡȡȓĲȘ ĲȠȣ )(00�0(&



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

ǹțȠȜȠȣșİȓ ĲȠ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ĲȘȢ ȡȠʌȒȢ ȝȑıȦ ĮȞȐȜȣıȘȢ )RXULHU ĲȠȣ ĳİȡȡȓĲȘ�

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ ĳİȡȡȓĲȘ
ȖȚĮ - �

ǵʌȦȢ ĳĮȓȞİĲĮȚ țĮȚ ıĲȠ ıȤȒȝĮ ����� ĲȠ 0(& ʌĮȡȐȖİȚ ȝȚĮ ȡȠʌȒ ʌȠȣ ȑȤİȚ ȝİȖĮȜȪĲİȡȠ ĮȡȝȠ�
ȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ıİ ıȤȑıȘ ȝİ ĲȠ )(00� ȅȚ ȡȠʌȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ ȑȤȠȣȞ ʌȠȜȪ țȠȞĲȚȞȒ
GF ıȣȞȚıĲȫıĮ �ȝȑıȘ ĲȚȝȒ� ȩʌȦȢ ĮȞĮĳȑȡșȘțİ țĮȚ ʌȡȠȘȖȠȣȝȑȞȦȢ� ȝİ ıĳȐȜȝĮ 2.12� ĮȜȜȐ
ȠȚ ĮȡȝȠȞȚțȑȢ ĲȠȣȢ ȑȤȠȣȞ ıȘȝĮȞĲȚțȑȢ ĮʌȠțȜȓıİȚȢ� ǼȚįȚțȩĲİȡĮ Ș ��Ș ĮȡȝȠȞȚțȒ ĲȠȣ 0(& ȑȤİȚ
ĲȚȝȒ 0.0557 İȞȫ ĲȠȣ )(00 0.0024�
ǹțȠȜȠȣșȠȪȞ ıȣȖțȡȓıİȚȢ )(00�0(& ȝİĲĮȟȪ ĲȦȞ ĲȡȚȦȞ ĳȐıİȦȞ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ
�λ� � ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ �ǾǼǻ� ıĲȠ ʌİįȓȠ ĲȠȣ ȤȡȩȞȠȣ țĮȚ ȝİĲĮȟȪ ĲȠȣ ĮȡȝȠȞȚțȠȪ
ʌİȡȚİȤȠȝȑȞȠȣ ĲȘȢ ĳȐıȘȢ ǹ �ȠȚ ȐȜȜİȢ įȪȠ ȑȤȠȣȞ ʌĮȡȩȝȠȚȠ� ȖȚĮ ĲĮ ʌĮȡĮʌȐȞȦ � ȝİȖȑșȘ�

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ ĳİȡȡȓĲȘ
ȖȚĮ - �



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ ĳİȡȡȓĲȘ ȖȚĮ - �

ǹʌȩ ĲȠ ʌĮȡĮʌȐȞȦ ıȤȒȝĮ� ȖȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ� Ș ĮʌȩțȜȚıȘ ıĲȘȞ șİ�
ȝİȜȚȫįȘ ıȣȞȚıĲȫıĮ��ȘȢ ĲȐȟȘȢ� İȓȞĮȚ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 19.48�� ǵıȠȞ ĮĳȠȡȐ ĲȚȢ ȝİȖĮȜȪĲİȡİȢ
ĲȐȟİȚȢ İȝĳĮȞȓȗİĲĮȚ ʌȠȜȪ ȝİȖȐȜȠ ıĳȐȜȝĮ ıĲȘȞ �Ș ĮȡȝȠȞȚțȒ ���ȘȢ ĲȐȟȘȢ� ȩʌȠȣ ĲȠ ȝȑĲȡȠ ĲȘȢ�
ȦȢ ʌȠıȠıĲȩ ĲȘȢ șİȝİȜȚȫįȠȣȢ İȓȞĮȚ 12.76� ȖȚĮ ĲȠ 0(& İȞȫ ȖȚĮ ĲȠ )(00 ȝȩȜȚȢ 2.14�

ȈȤȒȝĮ ����� ǾȜİțĲȡİȖİȡĲȚțȒ
ǻȪȞĮȝȘ ĳİȡȡȓĲȘ 0(& ĲȦȞ �

ĳȐıİȦȞ ȖȚĮ - �

ȈȤȒȝĮ ����� ǾȜİțĲȡİȖİȡĲȚțȒ
ǻȪȞĮȝȘ ĳİȡȡȓĲȘ )(00 ĲȦȞ �

ĳȐıİȦȞ ȖȚĮ - �



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚ�
țȒȢ įȪȞĮȝȘȢ ĳİȡȡȓĲȘ ȖȚĮ - �

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 19.48��ȈĲȚȢ ȝİȖĮȜȪ�
ĲİȡİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ ĲĮ ʌȠıȠıĲȐ ȦȢ ʌȡȠȢ ĲȚȢ șİȝİȜȚȫįİȚȢ İȓȞĮȚ ıĲȘ șȑıȘ 24 38� ȖȚĮ ĲȠ
0(& İȞȫ ȖȚĮ ĲȠ )(00 ȝȩȜȚȢ 6.38�� ǼʌȓıȘȢ� ȖȚĮ ĲȠ 0(& ıĲȚȢ șȑıİȚȢ 48�56 ĲĮ ĮȞĲȓıĲȠȚȤĮ
ʌȠıȠıĲȐ İȓȞĮȚ 2.19� țĮȚ 0.18� İȞȫ ȖȚĮ ĲȠ )(00 İȓȞĮȚ ĮȝİȜȘĲȑİȢ�

īȚĮ ĲȠ 6P&R ĮȞĲȓıĲȠȚȤĮ ȑȤȠȣȝİ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 6P&R ȖȚĮ - �

ȉȠ ʌȠıȠıĲȩ țȣȝȐĲȦıȘȢ ĲȘȢ ȡȠʌȒȢ ıĲȠ 0(& İȓȞĮȚ ĮȞĲȓıĲȠȚȤȠ ȝİ ĮȣĲȩ ĲȠ )(00 ȩʌȦȢ
ĳĮȓȞİĲĮȚ ıĲȠȞ ʌĮȡĮțȐĲȦ ʌȓȞĮțĮ�



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ
ȝȑıȘȢ ȡȠʌȒȢ���

0(& 7.06296 0.173534 2.45696

)(00 7.52935 0.1939 2.57526

ȆȓȞĮțĮȢ ���� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 6P&R ĲȠȣ )(00�0(&

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 6P&R
ȖȚĮ - �

Ǿ ıȣȝʌİȡȚĳȠȡȐ ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ĲȘȢ ȡȠʌȒȢ ĲȠȣ 6P&R İȓȞĮȚ ʌĮȡȩȝȠȚĮ ȝİ
ĮȣĲȒ ĲȠȣ ĳİȡȡȓĲȘ� Ǿ GF ıȣȞȚıĲȫıĮ ĲȘȢ ȡȠʌȒȢ�ȝȑıȘ ĲȚȝȒ� ʌĮȡȠȣıȚȐȗİȚ ıĳȐȜȝĮ 6.194�
İȞȫ Ș ĮȡȝȠȞȚțȒ �ȘȢ ĲȐȟȘȢ ���� ȑȤİȚ ĲȚȝȒ ȖȚĮ ĲȠ 0(& 0.00148 İȞȫ țĮȚ ȖȚĮ ĲȠ )(00 0.00184

țĮȚ Ș �ȘȢ ĲȐȟȘȢ ���� ȑȤİȚ ĲȚȝȒ ȖȚĮ ĲȠ 0(& 0.08644 İȞȫ ȖȚĮ ĲȠ )(00 ĲȚȝȒ ȓıȘ ȝİ 0.08630�



ȀİĳȐȜĮȚȠ ��ǼʌȚȕİȕĮȓȦıȘ ȝȠȞĲȑȜȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ��

ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİȞĲĮȚ ĲĮ įȚĮȖȡȐȝȝĮĲĮ ʌİʌȜİȖȝȑȞȦȞ ȡȠȫȞ țĮȚ ǾǼǻ țĮșȫȢ țĮȚ ĲȦȞ
ĮȡȝȠȞȚțȫȞ ĲȠȣȢ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 6P&R
ȖȚĮ - �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ 6P&R ȖȚĮ - �

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ Ș ĮʌȩțȜȚıȘ ıĲȘȞ șİȝİȜȚȫįȘ ıȣȞȚıĲȫıĮ ��Ș Įȡ�
ȝȠȞȚțȒ� İȓȞĮȚ ʌȠȜȪ ȝȚțȡȑȢ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 2.13�� ǵıȠȞ ĮĳȠȡȐ ĲȚȢ ȝİȖĮȜȪĲİȡİȢ ĲȐȟİȚȢ Įȡ�
ȝȠȞȚțȫȞ� İȝĳĮȞȓȗİĲĮȚ ĮȡțİĲȐ ȝİȖȐȜȠ ıĳȐȜȝĮ ıĲȘȞ ĲȡȓĲȘ ĮȡȝȠȞȚțȒ ȩʌȠȣ ĲȠ ȝȑĲȡȠ ĲȘȢ ȦȢ
ʌȠıȠıĲȩ ĲȘȢ șİȝİȜȚȫįȠȣȢ İȓȞĮȚ 8.71� ȖȚĮ ĲȠ 0(& İȞȫ ȖȚĮ ĲȠ )(00 İȓȞĮȚ 1.34�� ȉȑȜȠȢ
Ș �ȘȢĲȐȟȘȢ ĮȡȝȠȞȚțȒ �șȑıȘ ��� İȝĳĮȞȓȗİȚ ĮȞĲȓıĲȠȚȤȠ ʌȠıȠıĲȩ ıĲȠ 0(& 0.48� İȞȫ ıĲȠ
)(00 0.35��
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ȈȤȒȝĮ ����� ǾȜİțĲȡİȖİȡ�
ĲȚțȒ ǻȪȞĮȝȘ 6P&R 0(&
ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - �

ȈȤȒȝĮ ����� ǾȜİțĲȡİȖİȡ�
ĲȚțȒ ǻȪȞĮȝȘ 6P&R )(00
ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚ�
țȒȢ įȪȞĮȝȘȢ 6P&R ȖȚĮ - �

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 2.13��ȈĲȚȢ ȝİȖĮ�
ȜȪĲİȡİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ ĲĮ ʌȠıȠıĲȐ ȦȢ ʌȡȠȢ ĲȚȢ șİȝİȜȚȫįİȚȢ ıĲȚȢ șȑıİȚȢ 24�40 İȓȞĮȚ
25��2.38�ȖȚĮ ĲȠ 0(& İȞȫ ȖȚĮ ĲȠ )(00 ȝȩȜȚȢ 3.99� țĮȚ 1.73��
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ȉȑȜȠȢ ȖȚĮ ĲȠ 1G)H% ȑȤȠȣȝİ �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 1G)H% ȖȚĮ - �

ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȠȣ 1G)H% � ĲĮ ʌȠıȠıĲȐ țȣȝȐĲȦıȘȢ ĲȘȢ ȡȠʌȒȢ įİȞ İȓȞĮȚ ʌȜȑȠȞ ĮȝİȜȘĲȑĮ
ȖȚĮ țĮȞȑȞĮ Įʌȩ ĲĮ � İȡȖĮȜİȓĮ ıȤİįȓĮıȘȢ� ǼȚįȚțȩĲİȡĮ� ȖȚĮ ĲȠ 0(& ĲȠ ʌȠıȠıĲȩ ĲȘȢ țȣȝȐ�
ĲȦıȘȢ İȓȞĮȚ ȝȚțȡȩĲİȡȠ țĮĲȐ ȑȞĮ ʌȠıȠıĲȩ 2.4� ʌİȡȓʌȠȣ Įʌȩ ĲȠ ĮȞĲȓıĲȠȚȤȠ ĲȠȣ )(00�

ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ
ȝȑıȘȢ ȡȠʌȒȢ���

0(& 8.74868 0.459044 5.24701

)(00 9.11277 0.694505 7.62123

ȆȓȞĮțĮȢ ���� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 1G)H% ĲȠȣ )(00�0(&

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 1G)H%
ȖȚĮ - �
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Ǿ ıȣȝʌİȡȚĳȠȡȐ ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ĲȘȢ ȡȠʌȒȢ ĲȠȣ 1G)H% ʌĮȡȠȣıȚȐȗİȚ GF ıȣ�
ȞȚıĲȫıĮ�ȝȑıȘ ĲȚȝȒ ȝİ ıĳȐȜȝĮ 3.995� İȞȫ Ș ĮȡȝȠȞȚțȒ �ȘȢ ĲȐȟȘȢ ���� ȑȤİȚ ĲȚȝȒ ȖȚĮ ĲȠ 0(&
0.1453 țĮȚ ȖȚĮ ĲȠ )(00 0.323�
ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİȞĲĮȚ ĲĮ įȚĮȖȡȐȝȝĮĲĮ ʌİʌȜİȖȝȑȞȦȞ ȡȠȫȞ țĮȚ ǾǼǻ țĮșȫȢ țĮȚ ĲȦȞ Įȡ�
ȝȠȞȚțȫȞ ĲȠȣȢ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ
1G)H% ȖȚĮ - �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ 1G)H% ȖȚĮ - �

ǹʌȩ ĲĮ ʌĮȡĮʌȐȞȦ ıȤȒȝĮĲĮ � ȖȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİ�
ȜȚȫįȠȣȢ ıȣȞȚıĲȫıĮȢ ��Ș ĮȡȝȠȞȚțȒ� İȓȞĮȚ ʌȠȜȪ ȝȚțȡȩ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 0.628�� ǵıȠȞ ĮĳȠȡȐ
ĲȚȢ ȝİȖĮȜȪĲİȡİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ� İȝĳĮȞȓȗȠȞĲĮȚ ıĲȚȢ șȑıİȚȢ 24 țĮȚ 40 ĮȡȝȠȞȚțȑȢ ȝİ ʌȠıȠ�
ıĲȐ İʌȓ ĲȘȢ șİȝİȜȚȫįȠȣȢ 8.16� țĮȚ 0.4� ȖȚĮ ĲȠ 0(& İȞȫ ȖȚĮ ĲȠ )(00 2.21� țĮȚ 0.9�
ĮȞĲȓıĲȠȚȤĮ�
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ȈȤȒȝĮ ����� ǾȜİțĲȡİȖİȡ�
ĲȚțȒ ǻȪȞĮȝȘ 1G)H% 0(&
ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - �

ȈȤȒȝĮ ����� ǾȜİțĲȡİȖİȡ�
ĲȚțȒ ǻȪȞĮȝȘ 1G)H% )(00
ĲȦȞ � ĳȐıİȦȞ ȖȚĮ - �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚ�
țȒȢ įȪȞĮȝȘȢ 1G)H% ȖȚĮ - �

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 0.63�� ȈĲȚȢ ȝİȖĮ�
ȜȪĲİȡİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ ĲĮ ʌȠıȠıĲȐ ȦȢ ʌȡȠȢ ĲȚȢ șİȝİȜȚȫįİȚȢ ıĲȚȢ șȑıİȚȢ 24�40 țĮȚ 56
İȓȞĮȚ 24.33�� 1.94�� 0.63� ĮȞĲȓıĲȠȚȤĮ ȖȚĮ ĲȠ 0(& İȞȫ ȖȚĮ ĲȠ )(00 ȝȩȜȚȢ 6.59�� 4.14�
țĮȚ 1.1� ĮȞĲȓıĲȠȚȤĮ� ǼʌȓıȘȢ� ȖȚĮ ĲȠ 0(& ıĲȚȢ șȑıİȚȢ 88�152 ĲĮ ĮȞĲȓıĲȠȚȤĮ ʌȠıȠıĲȐ İȓȞĮȚ
1.1� țĮȚ 1.40� İȞȫ ȖȚĮ ĲȠ )(00 İȓȞĮȚ ĮȝİȜȘĲȑİȢ�
ȅȚ ȤȡȩȞȠȚ ȣȜȠʌȠȓȘıȘȢ ĲȠȣ įȣȞĮȝȚțȠȪ ȝĮȢ ȝȠȞĲȑȜȠȣ ������ ȖȚĮ ĲĮ ĲȡȓĮ ȣȜȚțȐ ʌĮȡĮĲȓșİȞĲĮȚ
ıĲȠȞ ĮțȩȜȠȣșȠ ʌȓȞĮțĮ� ǼȓȞĮȚ ĳĮȞİȡȩ� ȩĲȚ ȠȚ ȤȡȩȞȠȚ ȣȜȠʌȠȓȘıȘȢ ȖȚĮ ĲȠ 0(& İȓȞĮȚ İȝĳĮȞȫȢ
ȝȚțȡȩĲİȡȠȚ Įʌȩ ĮȣĲȠȪȢ ĲȠȣ )(00�

<ȜȚțȩ ȋȡȩȞȠȢ 0(& �sec� ȋȡȩȞȠȢ )(00 �min�
)HUULWH 1.75 73

6P&R 61 115

1G)H% 70 147

ȆȓȞĮțĮȢ ���� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ İʌȓȜȣıȘ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ
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ȈȣȝʌİȡĮıȝĮĲȚțȐ� ĲȠ ȝȠȞĲȑȜȠ 0(& ʌȠȣ ĮȞĮʌĲȪȤșȘțİ ıĲȠ țİĳȐȜĮȚȠ � ĮʌȠįİȓȤĲȘțİ ıȤİ�
ĲȚțȐ ȚțĮȞȠʌȠȚȘĲȚțȩ ȖȚĮ ĲĮ ȝİȖȑșȘ ĲȘȢ İʌȓįȠıȘȢ� įİįȠȝȑȞȘȢ ĲȘȢ ĲĮȤȪĲĮĲȘȢ İʌȓȜȣıȘȢ ĲȠȣ
ıİ ıȪȖțȡȚıȘ ȝİ ĲȠ )(00� ǵʌȦȢ İȓįĮȝİ Ș İʌȓȜȣıȘ ĲȠȣ ıĲĮĲȚțȠȪ ȝȠȞĲȑȜȠȣ ȖȚĮ ĲȘȞ İȪȡİıȘ
ĲȘȢ țĮȝʌȪȜȘȢ ȖȦȞȓĮȢ�ȡȠʌȒȢ ĲȘȢ ȝȘȤĮȞȒȢ ȑįȦıİ ıȣȞȠȜȚțȐ țĮȚ ȖȚĮ ĲĮ � ȣȜȚțȐ ıĳȐȜȝĮĲĮ
ȝȑȤȡȚ 30� �ʌİȡȓʌĲȦıȘ ĳİȡȡȓĲȘ ȖȚĮ J = 4A/mm2�� ǵıȠȞ ĮĳȠȡȐ ĲȠ įȣȞĮȝȚțȩ ȝȠȞĲȑȜȠ ʌȠȣ
ʌĮȡȠȣıȚȐıĲȘțİ� ȠȚ ȝȑıİȢ ĲȚȝȑȢ ĲȦȞ ȡȠʌȫȞ țĮȚ ȖȚĮ ĲĮ � ȣȜȚțȐ İȓȤĮȞ ıĳȐȜȝĮĲĮ ȝȚțȡȩĲİȡĮ
ĲȠȣ 6.19� �ʌİȡȓʌĲȦıȘ 6P&R� İȞȫ ȠȚ ʌȜİȖȝȑȞİȢ ȡȠȑȢ țĮȚ ȠȚ ʌȡȠțȪʌĲȠȣıİȢ ǾǼǻ İȓȤĮȞ
ıĳȐȜȝĮĲĮ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ ȝȑȤȡȚ 19.5� �ʌİȡȓʌĲȦıȘ ĳİȡȡȓĲȘ�� ȅȚ ȝİȖĮȜȪĲİȡȘȢ ĲȐ�
ȟȘȢ ĮȡȝȠȞȚțȑȢ ʌȠȣ ıȣȖțȡȓșȘțĮȞ� ʌĮȡȠȣıȓĮıĮȞ ʌȠȜȪ ȝİȖȐȜĮ ıĳȐȜȝĮĲĮ�
ȉĮʌĮȡĮʌȐȞȦıȣȝʌİȡȐıȝĮĲĮ ȝĮȢ ȠįȒȖȘıĮȞ ıĲȘ țĮĲĮıțİȣȒ İȞȩȢ ȞȑȠȣ ȝȠȞĲȑȜȠȣ ȝİ ıțȠʌȩ
ĲȘȞ ȕİȜĲȓȦıȘ ĲȦȞ ĮʌȠțȜȓıİȦȞ ıĲĮ ıȘȝİȓĮ ʌȠȣ ʌĮȡĮĲȘȡȒșȘțĮȞ� ȅ ĲȡȩʌȠȢ țĮĲĮıțİȣȒȢ
ĮȣĲȠȪ ĲȠȣ ȝȠȞĲȑȜȠȣ țĮȚ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȠȣ șĮ ʌĮȡȠȣıȚĮıĲȠȪȞ ıĲȠ İʌȩȝİȞȠ țİĳȐȜĮȚȠ�



ȀİĳȐȜĮȚȠ �

ȀǹȉǹȈȀǼȊǾ Ȁǹǿ ǼȆǿǺǼǺǹǿȍȈǾ
ȉǼȁǿȀȅȊ ȂȅȃȉǼȁȅȊ

��� īİȞȚțȐ

Ǿ ıȤİįȓĮıȘ ȝȑıȦ ȝĮȖȞȘĲȚțȫȞ ȚıȠįȣȞȐȝȦȞ țȣțȜȦȝȐĲȦȞ�0(&� İȓȞĮȚ ȑȞĮȢ ĮʌȠĲİȜİıȝĮĲȚ�
țȩȢ țĮȚ ĲĮȤȪȢ ĲȡȩʌȠȢ ȖȚĮ ĲȘȞ ʌȡȠıȠȝȠȓȦıȘ ĲȦȞ ȘȜİțĲȡȚțȫȞ ȝȘȤĮȞȫȞ ȩʌȦȢ ĮʌȠįİȓȤșȘțİ
ıĲȠ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ� Ǿ ĮțȡȓȕİȚĮ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ ĲȠȣ ȝȠȞĲȑȜȠȣ İȟĮȡĲȐĲĮȚ Įʌȩ
įȚȐĳȠȡİȢ ʌĮȡĮȝȑĲȡȠȣȢ ȩʌȦȢ Ș ĲȠʌȠȜȠȖȓĮ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ� įȘȜĮįȒ ĲȠ ʌȠıȠ�
ıĲȩ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘıȘȢ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ ıĲĮ įȚȐĳȠȡĮ ȝȑȡȘ ĲȘȢ ȝȘȤĮȞȒȢ� ȠȚ ĮȡȚșȝȘ�
ĲȚțȑȢ ʌĮȡȐȝİĲȡȠȚ ʌȠȣ įȓȞİȚ Ƞ ȤȡȒıĲȘȢ �ȩʌȦȢ ȠȚ ĮȞȠȤȑȢ țĮȚ ĲȠ ʌȜȒșȠȢ ĲȦȞ İʌĮȞĮȜȒȥİȦȞ
ȖȚĮ ĲȘ ȝĮșȘȝĮĲȚțȒ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ� țĮȚ Ș ĮțȡȓȕİȚĮ ĲȠȣ ȝĮșȘȝĮĲȚțȠȪ İȡȖĮȜİȓȠȣ ʌȠȣ
ȤȡȘıȚȝȠʌȠȚİȓĲĮȚ� ǹʌȩ ĮȣĲȐ� įİįȠȝȑȞȠȣ ȩĲȚ İʌȚȜȑȤșȘțİ ıİ ʌȡȠȘȖȠȪȝİȞȘ İȞȩĲȘĲĮ ȑȞĮ ȝĮ�
șȘȝĮĲȚțȩ İȡȖĮȜİȓȠ ȝĮȗȓ ȝİ ȑȞĮ ıȣȞįȣĮıȝȩ ʌĮȡĮȝȑĲȡȦȞ ʌȠȣ ȜȪȞİȚ İʌȚĲȣȤȫȢ ĲȠ ıȪıĲȘȝĮ�
ıİ ĮȣĲȒȞ ĲȘȞ İȞȩĲȘĲĮ șĮ ĮıȤȠȜȘșȠȪȝİ ȝİ ĲȘȞ ĮȪȟȘıȘ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘıȘȢ ıİ ȠȡȚıȝȑȞİȢ
ʌİȡȚȠȤȑȢ ĲȘȢ ȝȘȤĮȞȒȢ�
ǵȝȦȢ� Ș İʌȚȜȠȖȒ ĲȘȢ ĲȠʌȠȜȠȖȓĮȢ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ țĮșȠȡȓȗİĲĮȚ Įʌȩ ĲȘȞ İȝʌİȚ�
ȡȓĮ ĲȠȣ ıȤİįȚĮıĲȒ� Ș ȠʌȠȓĮ ȕĮıȓȗİĲĮȚ ıİ ʌȡȩĲİȡȘ ȖȞȫıȘ ĲȘȢ țĮĲĮȞȠȝȒȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ
ȡȠȒȢ ȝȑıĮ ıĲȘȞ ȘȜİțĲȡȚțȒ ȝȘȤĮȞȒ ĲȩıȠ ıĲȠ țȠȝȝȐĲȚ ʌȠȣ ʌİȡȚȑȤİȚ ıȓįȘȡȠ ȩıȠ țĮȚ ıĲȠ
țȠȝȝȐĲȚ ĲȠȣ įȚĮțȑȞȠȣ ʌȠȣ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ Ș ȘȜİțĲȡȠȝȘȤĮȞȚțȒ ȝİĲĮĲȡȠʌȒ ĲȘȢ İȞȑȡȖİȚĮȢ�
ǻȚĮĳȠȡİĲȚțȑȢ ĲȠʌȠȜȠȖȓİȢ įȓȞȠȣȞ įȚĮĳȠȡİĲȚțȐ ĮʌȠĲİȜȑıȝĮĲĮ ȩıȠȞ ĮĳȠȡȐ ĲȘȞ ĮțȡȓȕİȚĮ� ǼȚ�
įȚțȩĲİȡĮ� Ș įȚĮĳȠȡİĲȚțȒ ĲȠʌȠȜȠȖȓĮ ĲȘȢ ʌİȡȚȠȤȒȢ ĲȠȣ įȚĮțȑȞȠȣ İȓȞĮȚ ĮȣĲȒ ʌȠȣ İʌȚĳȑȡİȚ ĲȚȢ
ȝİȖĮȜȪĲİȡİȢ ĮȜȜĮȖȑȢ ıĲȘȞ ĮțȡȓȕİȚĮ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ�
Ȉİ ĮȣĲȩ ĲȠ țİĳȐȜĮȚȠ� țĮĲĮıțİȣȐȗİĲĮȚ ȑȞĮ ȞȑȠ ȝȠȞĲȑȜȠ ıĲȠ ȠʌȠȓȠ Ș ʌȘȖȒ ĲȠȣ ıĲȐĲȘ ıʌȐİȚ

��
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ıİ � ȝȑȡȘ ȝİ ıĲȩȤȠ ĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȡȠȒȢ ĲȠȣ ȐȞȦ ȝȑȡȠȣȢ ĲȠȣ ĮȣȜĮțȚȠȪ İȞȫ Ƞ ȝĮ�
ȖȞȒĲȘȢ ıʌȐİȚ ıİ ʌİȡȚııȩĲİȡĮ țȠȝȝȐĲȚĮ� ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ ĮȣȟȐȞȠȞĲĮȚ ȠȚ ıȣȞįȑıİȚȢ ĲȠȣ
ıĲĮĲȚțȠȪ țĮȚ țȚȞȠȪȝİȞȠȣ ȝȑȡȠȣȢ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ȠįȘȖİȓ ıİ țĮȜȪĲİȡȘ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȠȣ
įȚĮțȑȞȠȣ�

��� ȀĮĲĮıțİȣȒ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ

ǵʌȦȢ ʌİȡȚȖȡȐĳĲȘțİ ıĲȘȞ İȞȩĲȘĲĮ���������� ĲȠ ĮȣȜȐțȚ ĲȠȣ ıĲȐĲȘ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ įȣȠ
ȝȑȡȘ� ȈĲȠ ȝȠȞĲȑȜȠ ʌȠȣ ĮȞĮʌĲȪȤșȘțİ ıĲȠ țİĳȐȜĮȚȠ �� İȓȤİ ȝȠȞĲİȜȠʌȠȚȘșİȓ ȝȩȞȠ Ș ȡȠȒ ʌȠȣ
ĮĳȠȡȠȪıİ ĲȠ țȐĲȦ ȝȑȡȠȢ ĮȣȜĮțȚȠȪ� Ǽįȫ șĮ ȝȠȞĲİȜȠʌȠȚȘșİȓ țĮȚ Ș ȡȠȒ ıțȑįĮıȘȢ ĲȠȣ ʌȐȞȦ
ȝȑȡȠȣȢ ĮȣȜĮțȚȠȪ Ș ȠʌȠȓĮ ĮʌĮȚĲİȓ ĲȠ ıʌȐıȚȝȠ ĲȘȢ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ ʌȘȖȒȢ ĲȠȣ ıĲȐĲȘ ıİ įȣȠ
ȝȑȡȘ� ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ ĲȠ ʌȐȞȦ ȝȑȡȠȢ ĲȠȣ ĮȣȜĮțȚȠȪ ȑȤİȚ ĲȡĮʌİȗȠİȚįȒ ȝȠȡĳȒ �""� ĮȜȜȐ
İʌİȚįȒ ȠȚ ȕȐıİȚȢ ĲȠȣ ȑȤȠȣȞ ʌȠȜȪ ȝȚțȡȒ ĮʌȩțȜȚıȘ ȝʌȠȡİȓ ȞĮ ʌȡȠıİȖȖȚıĲİȓ ȚțĮȞȠʌȠȚȘĲȚțȐ
Įʌȩ ȑȞĮȞ ȠȡșȠȖȫȞȚȠ ıȦȜȒȞĮ ȡȠȒȢ �""�>��@ ȝİ ĲĮ ʌĮȡĮțȐĲȦ ȤĮȡĮțĲȘȡȚıĲȚțȐ�

ȂȒțȠȢ�l� ǼȝȕĮįȩȞ�A�
1

2
· 2 · π
Ns

· ((Rsin + tth + tta)− wtu + (Rsout − Bis)− wtu) L · td

Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ İȓȞĮȚ �

Psu = µ0 ·
A

l
�����

ǼʌȚʌȜȑȠȞ� Ș ʌȘȖȒ ĲȠȣ ıĲȐĲȘ Fst ıʌȐİȚ ıİ � ȓıİȢ ʌȘȖȑȢ ȚįȓĮȢ ʌȠȜȚțȩĲȘĲĮȢ țĮȚ ȝȑĲȡȠȣ ȓıȠȣ
ȝİ ĲȠ ȝȚıȩ ĲȘȢ ĮȡȤȚțȒȢ� ǹȞĲȓıĲȠȚȤĮ� Ș ĮȞĲȓıĲĮıȘ ĲȠȣ ʌȐȞȦ ȝȑȡȠȢ ĲȠȣ įȠȞĲȚȠȪ Rt ıʌȐİȚ ıİ
įȣȠ İȞ ıİȚȡȐ ĮȞĲȚıĲȐıİȚȢ ȝȑĲȡȠȣ ȓıȠȣ ȝİ ĲȠ ȝȚıȩ ĲȘȢ ĮȡȤȚțȒȢ ĮĳȠȪ ȠȚ ıȦȜȒȞİȢ ȡȠȒȢ ĲȦȞ
țĮȚȞȠȪȡȖȚȦȞ ĮȞĲȚıĲȐıİȦȞ ȑȤȠȣȞ ȓįȚȠ İȝȕĮįȩȞ țĮȚ ȝȒțȠȢ ȓıȠ ȝİ ĲȠ ȝȚıȩ ĲȠȣ ĮȡȤȚțȠȪ�
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ȅʌȩĲİ ĲȠ ȞȑȠ ȝĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ĲȠȣ ıĲȐĲȘ İȓȞĮȚ ĲȠ ʌĮȡĮțȐĲȦ �

ȈȤȒȝĮ ���� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ıĲȐĲȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ

ǵıȠȞ ĮĳȠȡȐ ĲȠ ĲȝȒȝĮ ĲȠȣ įȡȠȝȑĮ� ȚįȚĮȓĲİȡȘ ȑȝĳĮıȘ įȩșȘțİ ıĲȠ ıʌȐıȚȝȠ ĲȠȣ ȝĮȖȞȒĲȘ
ıİ ʌİȡȚııȩĲİȡĮ ĲȝȒȝĮĲĮ� ǲȖȚȞĮȞ įȠțȚȝȑȢ ȩʌȠȣ Ƞ ȝĮȖȞȒĲȘȢ ȑıʌĮıİ Įʌȩ ĲȡȓĮ ȑȦȢ İĳĲȐ
ĲȝȒȝĮĲĮ țĮȚ țȡȓșȘțİ ȩĲȚ ĲȠ ıʌȐıȚȝȠ ĲȠȣ ıİ ĲȡȓĮ țȠȝȝȐĲȚĮ ĮʌȠĲİȜİȓ ĲȘȞ ȕȑȜĲȚıĲȘ İʌȚȜȠȖȒ
Įʌȩ ȐʌȠȥȘ ĲȩıȠ ȤȡȩȞȠȣ ȩıȠ țĮȚ ĮțȡȓȕİȚĮȢ ĮʌȠĲİȜİıȝȐĲȦȞ�
Ǿ ıĲĮșİȡȒ ʌȘȖȒ ȡȠȒȢ ĲȠȣ ȝĮȖȞȒĲȘ Φr ıʌȐİȚ ıİ ĲȡİȚȢ ıĲĮșİȡȑȢ ʌȘȖȑȢ ȠȚ ȠʌȠȓİȢ ȑȤȠȣȞ
ȝȑĲȡȠ ȓıȠ ȝİ ĲȠ ��� ĲȘȢ ĮȡȤȚțȒȢ ĲȚȝȒȢ� ǹȞĲȓıĲȠȚȤĮ� Ș ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ ȝĮȖȞȒĲȘ Gm� ıʌȐİȚ
ıİ ĲȡİȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ȠȚ ȠʌȠȓİȢ ȕȡȓıțȠȞĲĮȚ ʌĮȡȐȜȜȘȜĮ ȝİĲĮȟȪ ĲȠȣȢ țĮȚ ȑȤȠȣȞ ĲȚȝȒ Ș țȐșİ
ȝȚĮ ȓıȘ ȝİ ĲȠ ��� ĲȘȢ ĮȡȤȚțȒȢ ĮĳȠȪ ȠȚ ıȦȜȒȞİȢ ȡȠȒȢ �IOX[ WXEH� ĲȘȢ țȐșİ ȝȚĮȢ ȑȤȠȣȞ ȓıĮ
İȝȕĮįȐ țĮȚ ȝȒțȘ ȓıĮ ȝİ ĲȠ ��� ĲȠȣ ĮȡȤȚțȠȪ� Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ ĲȠ ȞȑȠ ȝĮȖȞȘĲȚțȩ
ȚıȠįȪȞĮȝȠ ĲȠȣ įȡȠȝȑĮ İȓȞĮȚ ĲȠ ʌĮȡĮțȐĲȦ �

ȈȤȒȝĮ ���� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ įȡȠȝȑĮ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ

ȉȠ ıʌȐıȚȝȠ ĲȠȣ ȝĮȖȞȒĲȘ ȑȤİȚ � ıȘȝĮȞĲȚțȑȢ İʌȚįȡȐıİȚȢ ıĲȘȞ ĲȠʌȠȜȠȖȓĮ ĲȠȣ ȝĮȖȞȘĲȚțȠȪ
ȚıȠįȣȞȐȝȠȣ țȣțȜȫȝĮĲȠȢ� ǼʌȘȡİȐȗİȚ ĲȩıȠ ĲȠ ĲȝȒȝĮ ĲȠȣ įȡȠȝȑĮ ȩıȠ țĮȚ ĲȠ ĲȝȒȝĮ ĲȠȣ
įȚĮțȑȞȠȣ� ǵıȠȞ ĮĳȠȡȐ ĲȠ ĲȝȒȝĮ ĲȠȣ įȚĮțȑȞȠȣ� ȝȠȞĲİȜȠʌȠȚİȓĲĮȚ ȝİ ȝİȖĮȜȪĲİȡȘ ĮțȡȓȕİȚĮ
Ș ıțȑįĮıȘ ȝİĲĮȟȪ ĲȦȞ ȝĮȖȞȘĲȫȞ Ș ȠʌȠȓĮ ĮʌȠĲİȜİȓ ĲȘȞ ȠȣıȚĮıĲȚțȩĲİȡȘ ıțȑįĮıȘ ıĲȠ ıȣ�
ȖțİțȡȚȝȑȞȠ İȓįȠȢ ȝȘȤĮȞȒȢ� ǵıȠȞ ĮĳȠȡȐ ĲȠ ĲȝȒȝĮ ĲȠȣ įȡȠȝȑĮ� ĮȣȟȐȞȠȞĲĮȚ ȠȚ ıȣȞįȑıİȚȢ
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ȝİĲĮȟȪ ıĲȐĲȘ�įȡȠȝȑĮ� ȠʌȩĲİ ȝİ ĲȘȞ ȪʌĮȡȟȘ ʌİȡȚııȩĲİȡȦȞ ĮȖȦȖȚȝȠĲȒĲȦȞ įȚĮțȑȞȠȣ İʌȚ�
ĲȣȖȤȐȞȠȣȝİ țĮȜȪĲİȡȘ ȝȠȞĲİȜȠʌȠȓȘıȘ ĮȣĲȠȪ ĲȠȣ ĲȝȒȝĮĲȠȢ ʌȠȣ ȠįȘȖİȓ ıİ țĮȜȪĲİȡĮ ĮʌȠĲİ�
ȜȑıȝĮĲĮ ıĲĮ ȝİȖȑșȘ ĲȘȢ İʌȓįȠıȘȢ ĲȘȢ ȝȘȤĮȞȒȢ� Ǿ ĮȞĮȜȠȖȓĮ ıĲȠ ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑ�
ȞȦȞ ıĲȠȚȤİȓȦȞ )(00 ĮĳȠȡȐ ĲȘȞ İʌȚȜȠȖȒ İȞȩȢ țĮȜȪĲİȡȠȣ ʌȜȑȖȝĮĲȠȢ ıĲȘȞ ʌİȡȚȠȤȒ ĲȠȣ
įȚĮțȑȞȠȣ� Ș ȠʌȠȓĮ ȖȓȞİĲĮȚ ȝİ ĮȪȟȘıȘ ĲȦȞ țȩȝȕȦȞ İțİȓ� ȅʌȩĲİ Ƞ ʌȓȞĮțĮȢ ĮȖȦȖȚȝȠĲȒĲȦȞ
ĲȠȣ įȚĮțȑȞȠȣ Gairgap Įʌȩ įȚȐıĲĮıȘ Q× ℓ ȖȓȞİĲĮȚ Q× 3ℓ� ȉȠ ĲİȜȚțȩ ȚıȠįȪȞĮȝȠ ȝĮȖȞȘĲȚțȩ
țȪțȜȦȝĮ ʌİȡȚȜĮȝȕȐȞİȚ ʌȜȑȠȞ ��� țȩȝȕȠȣȢ ȑȞĮȞĲȚ ĲȦȞ �� ʌȠȣ ʌİȡȚȜȐȝȕĮȞİ ĮȣĲȩ ĲȠȣ
țİĳĮȜĮȓȠȣ � țĮȚ ȑȞĮ ȝȑȡȠȢ ĲȠȣ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ �

ȈȤȒȝĮ ���� ȂĮȖȞȘĲȚțȩ ȚıȠįȪȞĮȝȠ ȝȘȤĮȞȒȢ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ

ȈĲȠ ȞȑȠ ȝȠȞĲȑȜȠ ʌȠȣ ĳĮȓȞİĲĮȚ ʌĮȡĮʌȐȞȦ ����� ĲȠ �Ƞ ıĲȡȫȝĮ ʌȠȣ ʌİȡȚȜĮȝȕȐȞİȚ ĲȠȣȢ
țȩȝȕȠȣȢ ʌȐȞȦ Įʌȩ ĲȠȣȢ ȝĮȖȞȒĲİȢ ȤȦȡȓıĲȘțİ ıİ � İʌȚȝȑȡȠȣȢ ȝȑȡȘ ȝİ ĮʌȠĲȑȜİıȝĮ ȞĮ
ȑȤȠȣȝİ� ĲȠȣȢ țȩȝȕȠȣȢ ʌȐȞȦ Įʌȩ ĲĮ ĮȡȚıĲİȡȐ țȠȝȝȐĲȚĮ ĲȦȞ ȝĮȖȞȘĲȫȞ �u4L,1−u4L,l�� ĲȠȣȢ
țȩȝȕȠȣȢ ʌȐȞȦ Įʌȩ ĲĮ țİȞĲȡȚțȐ țȠȝȝȐĲȚĮ ĲȦȞ ȝĮȖȞȘĲȫȞ �u4C,1 − u4C,l� țĮȚ ĲȠȣȢ țȩȝȕȠȣȢ
ʌȐȞȦ Įʌȩ ĲĮ įİȟȚȐ țȠȝȝȐĲȚĮ �u4R,1 − u4R,l�� Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ� ȠȚ İȟȚıȫıİȚȢ ʌȠȣ
țĮĲĮıĲȡȫșȘțĮȞ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȞȑȠȣ ʌȡȠȕȜȒȝĮĲȠȢ İȓȞĮȚ ȠȚ İȟȒȢ �

�VW OD\HU
− u1,k ·Gsy,k − u1,2 ·Gsy,1 + u1,1 · (Gsy,k +Gsy,1) + Φst,1 = 0

−u1,k−1 ·Gsy,k−1 − u1,1 ·Gsy,k + u1,k · (Gsy,k−1 +Gsy,k) + Φst,k = 0
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�DWK OD\HU
−u1a,k ·Gsu − u1a,2 ·Gsu + u1a,1 · 2 ·Gsu − Φstu,1 + Φstl,1 = 0

−u1a,k−1 ·Gsu − u1a,1 ·Gsu + u1a,k · 2 ·Gsu − Φstu,k + Φstl,k = 0

�QG OD\HU
−u2,k ·Gsl − u2,2 ·Gsl − u3,1 ·Gtt,1 + u2,1 · (2 ·Gsl +Gtt,1)− Φstl,1 = 0

−u2,k−1 ·Gsl − u2,1 ·Gsl − u3,k ·Gtt,k + u2,k · (2 ·Gsl +Gtt,k)− Φstl,k = 0

�UG OD\HU

−u2,1 ·Gtt,1 −
l∑

j=1

u4L,j ·G1,3·(j−1)+1 −
l∑

j=1

u4C,j ·G1,3·(j−1)+2 −
l∑

j=1

u4R,j ·G1,3·(j−1)+3+

+u3,1 · (Gtt,1 +
3l∑

j=1

G1,j) = 0

−u2,k ·Gtt,k −
l∑

j=1

u4L,j ·Gk,3·(j−1)+1 −
l∑

j=1

u4C,j ·Gk,3·(j−1)+2 −
l∑

j=1

u4R,j ·Gk,3·(j−1)+3+

+u3,k · (Gtt,k +
3l∑

j=1

Gk,j) = 0

�WK OD\HU
Left

−u5,1 · (
Gm

3
+Gmr)− u4R,l ·Gmm −

k∑

i=1

u3,i ·Gi,1 + u4L,1 · (Gmm +Gmr +
Gm

3
+

k∑

i=1

Gi,1)−
Φr

3
= 0

−u4R,l−1 ·Gmm −
k∑

i=1

u3,i ·Gi,3l−2 + u4L,l · (Gmm +Gmr +
Gm

3
+

k∑

i=1

Gi,3l−2) +
Φr

3
= 0

Center

−u5,1 ·
Gm

3
−

k∑

i=1

u3,i ·Gi,2 + u4C,1 · (
Gm

3
+

k∑

i=1

Gi,2)−
Φr

3
= 0

−
k∑

i=1

u3,i ·Gi,3l−1 + u4C,l · (
Gm

3
+

k∑

i=1

Gi,3l−1) +
Φr

3
= 0

Right

−u5,1 · (
Gm

3
+Gmr)− u4L,2 ·Gmm −

k∑

i=1

u3,i ·Gi,3 + u4R,1 · (Gmm +Gmr +
Gm

3
+

k∑

i=1

Gi,3)−
Φr

3
= 0

−u4L,1 ·Gmm −
k∑

i=1

u3,i ·Gi,3l + u4R,l · (Gmm +Gmr +
Gm

3
+

k∑

i=1

Gi,3l) +
Φr

3
= 0

�WK OD\HU

−u5,2 ·Gry,1 − u4L,1 · (
Gm

3
+Gmr)− u4C,1 ·

Gm

3
− u4R,1 · (

Gm

3
+Gmr)+

+u5,1 · (Gry,l +Gry,1 +Gm + 2 ·Gmr) + Φr = 0

−u5,l−2 ·Gry,l−2 − u4L,l−1 · (
Gm

3
+Gmr)− u4C,l−1 ·

Gm

3
− u4R,l−1 · (

Gm

3
+Gmr)+

+u5,l−1 · (Gry,l−1 +Gry,l−2 +Gm + 2 ·Gmr) + Φr = 0
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Ǿ ȕȠȘșȘĲȚțȒ ıȤȑıȘ����� ʌȠȣ ȤȡȘıȚȝȠʌȠȚȒıĮȝİ ıĲȠ țİĳȐȜĮȚȠ � ĲȫȡĮ ĮȞĮȜȪİĲĮȚ ĮȞĲȓıĲȠȚȤĮ
ȝȑıȦ � İȟȚıȫıİȦȞ ĮĳȠȪ ʌȜȑȠȞ ȣʌȐȡȤȠȣȞ � ʌȘȖȑȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ� ȅȚ ıȤȑıİȚȢ
ĮȣĲȑȢ ĳĮȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ �

U1 = U1a +
Fst

2
+

Rt

2
· Φstu �����

U1a = U2 +
Fst

2
+

Rt

2
· Φstl �����

ȅȚ ʌĮȡĮʌȐȞȦ ıȤȑıİȚȢ İʌȓıȘȢ ıȣȞȠȥȓȗȠȞĲĮȚ ȝİ ĲȘȞ ĮțȩȜȠȣșȘ İȟȓıȦıȘ �

A · U = Z �����

ȩʌȠȣ

A =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ak×k
11 0k×k 0k×k 0k×k 0k×l 0k×l 0k×l 0k×(l−1) Ik×k 0k×k

0k×k Ak×k
1a1a 0k×k 0k×k 0k×l 0k×l 0k×l 0k×(l−1) −Ik×k Ik×k

0k×k 0k×k Ak×k
22 Ak×k

23 0k×l 0k×l 0k×l 0k×(l−1) 0k×k −Ik×k

0k×k 0k×l Ak×k
32 Ak×k

33 Ak×l
34L Ak×l

34C Ak×l
34R 0k×(l−1) 0k×k 0k×k

0l×k 0l×k 0l×k Al×k
4L3 Al×l

4L4L 0l×l Al×l
4L4R Al×(l−1)

4L5 0l×k 0l×k

0l×k 0l×k 0l×k Al×k
4C3 0l×l Al×l

4C4C 0l×l Al×(l−1)
4C5 0l×k 0l×k

0l×k 0l×k 0l×k Al×k
4R3 Al×l

4R4L 0l×l Al×l
4R4R Al×(l−1)

4R5 0l×k 0l×k

0(l−1)×k 0(l−1)×k 0(l−1)×k 0(l−1)×k A(l−1)×l
54L A(l−1)×l

54C A(l−1)×l
54R A(l−1)×(l−1)

55 0(l−1)×k 0(l−1)×k

−Ik×k Ik×k 0k×k 0k×k 0k×l 0k×l 0k×l 0k×(l−1) Rk×k
stu 0k×k

0k×k −Ik×k Ik×k 0k×k 0k×l 0k×l 0k×l 0k×(l−1) 0k×k Rk×k
stl

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

țĮȚ

U =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U1

U1a

U2

U3

U4L

U4C

U4R

U5

Φstu

Φstℓ

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Z =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0k×1

0k×1

0k×1

0k×1

−Φl×1
r /3

−Φl×1
r /3

−Φl×1
r /3

Φ′ (l−1)×1
r

F k×1
st /2

F k×1
st /2

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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ȝİ

Φr =
[
−φr φr −φr . . . φr

]T
l × 1

Φ′
r =

[
−φr φr −φr . . . −φr

]T
(l − 1)× 1

ǹȞĲȓıĲȠȚȤĮ ȝİ ĲȠ ȝȠȞĲȑȜȠ ĲȠȣ țİĳĮȜĮȓȠȣ �� ȠȚ ʌȡȩıșİĲȠȚ ȣʌȠʌȓȞĮțİȢ ĲȠȣ ʌȓȞĮțĮ A ʌİȡȚ�
ȜĮȝȕȐȞȠȣȞ ĲȚȢ ĮȖȦȖȚȝȩĲȘĲİȢ ȩȜȦȞ ĲȦȞ ĲȝȘȝȐĲȦȞ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ĮȞĮȜȪȠȞĲĮȚ įȚİȟȠįȚțȐ
ıĲȠ ʌĮȡȐȡĲȘȝĮ Ǻ࢝� Ǿ ȝİĲĮȕȜȘĲȒ U ĲȦȞ ĮȖȞȫıĲȦȞ ʌİȡȚȜĮȝȕȐȞİȚ ȩȜĮ ĲĮ ȝĮȖȞȘĲȚțȐ įȣȞĮ�
ȝȚțȐ U �ȟİțȚȞȫȞĲĮȢ Įʌȩ ĲȠȞ ȗȣȖȩ ĲȠȣ ıĲȐĲȘ� țĮȚ ĲȚȢ ȡȠȑȢ ĲȦȞ įȠȞĲȚȫȞ ĲȘȢ ȝȘȤĮȞȒȢΦstu țĮȚ
Φstℓ� ȉȑȜȠȢ Ș ȝİĲĮȕȜȘĲȒ ĲȦȞ ȖȞȦıĲȫȞ ʌİȡȚȜĮȝȕȐȞİȚ ĲȚȢ ʌȘȖȑȢ ȡİȪȝĮĲȠȢ ĲȦȞ ȝĮȖȞȘĲȫȞ
Φr țĮȚ ĲȚȢ ʌȘȖȑȢ ȝĮȖȞȘĲİȖİȡĲȚțȫȞ įȣȞȐȝİȦȞ Fst�

��� ǼʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ

ȅȚ ıȣȖțȡȓıİȚȢ 0(&�)(00 ĲȠȣ ĲİȜȚțȠȪ ȝĮȢ ȝȠȞĲȑȜȠȣ ȑȤȠȣȞ ĲȘȞ ȓįȚĮ įȠȝȒ ȝİ ĮȣĲȑȢ ĲȠȣ
ʌȡȠȘȖȠȪȝİȞȠȣ țİĳĮȜĮȓȠȣ� ȈȣȞİʌȫȢ ĮȞĲȓıĲȠȚȤĮ� ȖȚĮ țȐșİ ȣȜȚțȩ ȝȩȞȚȝȠȣ ȝĮȖȞȒĲȘ ĮȡȤȚțȐ
ȝİ ĲȘ ȤȡȒıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ 0(& ȣȜȠʌȠȚȒșȘțİ Ș įȚĮįȚțȐıȓĮ ʌȠȣ ʌĮȡȠȣıȚȐıĲȘțİ ıĲȠ įȚȐ�
ȖȡĮȝȝĮ ȡȠȒȢ ����� ȖȚĮ ʌȣțȞȩĲȘĲİȢ ȡİȪȝĮĲȠȢ J Įʌȩ 0 ȑȦȢ 4 A/mm2�
ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȦȞ ʌȡȠıȠȝȠȚȫıİȦȞ ȖȚĮ ĲĮ � ȣȜȚțȐ ıİ ıİȚȡȐ ĳİȡȡȓĲȘȢ � 6P&R � 1G)H%
ȝİ İȞįİȚțĲȚțȑȢ ĲȚȝȑȢ ʌȣțȞȩĲȘĲĮȢ ȡİȪȝĮĲȠȢ - ��� A/mm2 ʌĮȡĮĲȓșİȞĲĮȚ ʌĮȡĮțȐĲȦ �

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ ȝİ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ
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ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈȤȒȝĮ ���� ȈȤȑıȘ ȇȠʌȒȢ�
īȦȞȓĮȢ įȡȠȝȑĮ ȖȚĮ 1G)H% ȝİ

- � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǹʌȩ ĲȚȢ ʌĮȡĮʌȐȞȦ țĮȝʌȪȜİȢ ʌȠȣ ĮĳȠȡȠȪȞ ĲȘȞ ıȤȑıȘ ȡȠʌȒȢ � șȑıȘȢ įȡȠȝȑĮ� ʌĮȡĮĲȘ�
ȡȠȪȝİ ȩĲȚ Ș țĮȝʌȪȜȘ ʌȠȣ ʌĮȓȡȞȠȣȝİ Įʌȩ ĲȠ 0(& ʌȡȠıİȖȖȓȗİȚ ıİ ȐȡȚıĲȠ ȕĮșȝȩ ĲȘȞ ĮȞĲȓ�
ıĲȠȚȤȘ țĮȝʌȪȜȘ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠ )(00� ǼȚįȚțȩĲİȡĮ� ȖȚĮ ȝĮȖȞȒĲȘ ĲȪʌȠȣ ĳİȡȡȓĲȘ
ȖȚĮ ĲȠȞ ȠʌȠȓȠ Ƞ ıȓįȘȡȠȢ ĲȘȢ ȝȘȤĮȞȒȢ ȜİȚĲȠȣȡȖİȓ ıĲȘȞ ȖȡĮȝȝȚțȒ ĲȠȣ ʌİȡȚȠȤȒ ĮȜȜȐ țĮȚ ȖȚĮ
ĲȠ ȝĮȖȞȒĲȘ 6P&R ȩʌȠȣ Ƞ ıȓįȘȡȠȢ ȜİȚĲȠȣȡȖİȓ țȠȞĲȐ ıĲȠ ȖȩȞĮĲȠ țȠȡİıȝȠȪ ȖȚĮ ʌȣțȞȩĲȘĲİȢ
ȡİȪȝĮĲȠȢ ȝȑȤȡȚ 4A/mm2� Ș ʌȡȠıȑȖȖȚıȘ İȓȞĮȚ ĮțȡȚȕȒȢ� ǵıȠȞ ĮĳȠȡȐ ĲȠ 1G)H% ʌĮȡĮĲȘ�
ȡİȓĲĮȚ țĮȚ ʌȐȜȚ ʌȠȜȪ țĮȜȒ ĮțȡȓȕİȚĮ� ȆĮȡȩȜĮ ĮȣĲȐ� ȣʌȐȡȤİȚ ȝȚĮ ȝȚțȡȒ țȣȝȐĲȦıȘ Ș ȠʌȠȓĮ
ȠĳİȓȜİĲĮȚ ıĲȠ ȖİȖȠȞȩȢ ȩĲȚ ĲĮ ȝȑȡȘ ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ȠįȘȖȠȪȞĲĮȚ ıİ țȠȡİıȝȩ� Ǿ ȜȓȖȠ ȝİ�
ȖĮȜȪĲİȡȘ țȣȝȐĲȦıȘ ʌȠȣ ʌĮȡĮĲȘȡİȓĲĮȚ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ J = 2 A/mm2 ĲȘȞ ȠʌȠȓĮ
įİȞ ĮȞĮȝȑȞȠȣȝİ ȠĳİȓȜİĲĮȚ ıĲĮ ıĳȐȜȝĮĲĮ ʌȠȣ ʌȡȠȑțȣȥĮȞ Įʌȩ ĲȘȞ ȝĮșȘȝĮĲȚțȒ İʌȓȜȣıȘ
ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ� ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİĲĮȚ Ƞ ʌȓȞĮțĮȢ ����� ȝİ ĲĮ ıȣȖțİȞĲȡȦĲȚțȐ ıĳȐȜȝĮĲĮ
ĲȦȞ țĮȝʌȣȜȫȞ ĲĮ ȠʌȠȓĮ ʌȡȠıİȖȖȓıĲȘțĮȞ Įʌȩ ĲȠȞ ĲȪʌR ∥7MEC − 7FEMM∥/∥7FEMM∥�
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<ȜȚțȩ ȆȣțȞȩĲȘĲĮ ȇİȪȝĮĲȠȢ J(A/mm2) ȈȤİĲȚțȩ ȈĳȐȜȝĮ 0(&�)(00���
)HUULWH 2 4.36

4 6.85

6P&R 2 4.72

4 5.62

1G)H% 2 11.42

4 8.16

ȆȓȞĮțĮȢ ���� ȈȤİĲȚțȐ ıĳȐȜȝĮĲĮ )(00�0(& țĮȝʌȣȜȫȞ ȇȠʌȒȢ�īȦȞȓĮȢ ȝİ ıʌȐ�
ıȚȝȠ ȝĮȖȞȒĲȘ

ǵıȠȞ ĮĳȠȡȐ ĲȘȞ ĲĮȤȪĲȘĲĮ İʌȓȜȣıȘȢ�ȠȚ ȤȡȩȞȠȚ ʌȠȣ ȤȡİȚȐıĲȘțĮȞ ȖȚĮ ĲȘ ȜȒȥȘ ĮȣĲȫȞ ĲȦȞ
țĮȝʌȣȜȫȞ ȝȑıȦ ĲȘȢ ȝİșȩįȠȣ 0(&� İʌȓıȘȢ įȚĮĳȑȡȠȣȞ ıȘȝĮȞĲȚțȐ ıİ ıȤȑıȘ ȝİ ĲȠ )(00
ȩʌȦȢ ĳĮȓȞİĲĮȚ ʌĮȡĮțȐĲȦ������

<ȜȚțȩ ȆȣțȞȩĲȘĲĮ ȇİȪȝĮĲȠȢ J(A/mm2) ȋȡȩȞȠȢ 0(& �sec� ȋȡȩȞȠȢ )(00 �min�
)HUULWH 2 2.28 85

4 2.84 101

6P&R 2 64 110

4 70 112

1G)H% 2 89.85 120

4 92.16 134

ȆȓȞĮțĮȢ ���� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ ȜȒȥȘ țĮȝʌȪȜȘȢ ȇȠʌȒȢ�īȦȞȓĮȢ įȡȠȝȑĮ ȝİ
ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈĲȘȞ ıȣȞȑȤİȚĮ ĮȞĲȓıĲȠȚȤĮ ȝİ ĲȠ ʌȡȠȘȖȠȪȝİȞȠ țİĳȐȜĮȚȠ� ȝİ İʌȚȜȠȖȒ ĲȘȢ ȖȦȞȓĮȢ ʌȠȣ ĮȞĲȚ�
ıĲȠȚȤİȓ ıİ ȝȑȖȚıĲȘ ȡȠʌȒ Įʌȩ ĲĮ ʌĮȡĮʌȐȞȦ įȚĮȖȡȐȝȝĮĲĮ țĮȚ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ
J = 4 A/mm2 ĮțȠȜȠȣșȠȪȝİ ĲȘȞ įȚĮįȚțĮıȓĮ ʌȠȣ ʌİȡȚȖȡȐĳĲȘțİ ıĲȠ įȚȐȖȡĮȝȝĮ ȡȠȒȢ įȣ�
ȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ ������ țĮȚ ȕȡȓıțȠȣȝİ ĲȘȞ ȝȑıȘ ȡȠʌȒ țĮȚ ĲȘȞ țȣȝȐĲȦıȘ ĮȣĲȒȢ țĮșȫȢ
İʌȓıȘȢ țĮȚ ĲȚȢ ĳĮıȚțȑȢ ʌİʌȜİȖȝȑȞİȢ ȡȠȑȢ țĮȚ ǾǼǻ ıȪȝĳȦȞĮ ȝİ ĲȠ ȓįȚȠ įȚȐȖȡĮȝȝĮ ȡȠȒȢ�
ǹțȠȜȠȣșȠȪȞ ĲĮ ĮʌȠĲİȜȑıȝĮĲĮ ĮȣĲȐ ĲȠȣ 0(&� ȝĮȗȓ ȝİ ĲĮ ĮȞĲȓıĲȠȚȤĮ ĮʌȠĲİȜȑıȝĮĲĮ ĲȠȣ
)(00 ȖȚĮ ĲĮ � ȣȜȚțȐ ĲȠȣ ȝĮȖȞȒĲȘ�
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īȚĮ ĲȠȞ ĳİȡȡȓĲȘ ȑȤȠȣȝİ �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ
ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ� ĮțȠȜȠȣșİȓ ʌȓȞĮțĮȢ ȩʌȠȣ ĮȞĮȖȡȐĳȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ȝȑıȘȢ
ȡȠʌȒȢ� ĲȘȢ țȣȝȐĲȦıȘȢ ĮȣĲȒȢ țĮȚ ĲȠ ʌȠıȠıĲȩ ĲȘȢ țȣȝȐĲȦıȘȢ ȦȢ ʌȡȠȢ ĲȘȞ ȝȑıȘ ȡȠʌȒ�
ȆĮȡĮĲȘȡȠȪȝİ ȩĲȚ Ș ĮʌȩțȜȚıȘ ĲȦȞ ȝȑıȦȞ ȡȠʌȫȞ İȓȞĮȚ ĮȞȪʌĮȡțĲȘ� ȩʌȦȢ İʌȓıȘȢ țĮȚ ȩĲȚ
ıĲȠ 0(& ȣʌȐȡȤİȚ ȑȞĮ ȝȚțȡȩ ʌȠıȠıĲȩ țȣȝȐĲȦıȘȢ İȞȫ ıĲȠ )(00 ĮȣĲȩ İȓȞĮȚ ĮȝİȜȘĲȑȠ�

ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ
ȝȑıȘȢ ȡȠʌȒȢ���

0(& 3.32026 0.112783 3.3968

)(00 3.32614 0.0231 0.694

ȆȓȞĮțĮȢ ���� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ ĳİȡȡȓĲȘ ĲȠȣ )(00�0(& ȝİ ıʌȐıȚȝȠ
ȝĮȖȞȒĲȘ
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ǹțȠȜȠȣșİȓ ĲȠ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ĲȘȢ ȡȠʌȒȢ ȝȑıȦ ĮȞȐȜȣıȘȢ )RXULHU ĲȠȣ ĳİȡȡȓĲȘ ȝİ
ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ ĳİȡȡȓĲȘ
ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǵʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ ������ ĲȠ0(&ʌĮȡȐȖİȚ ȝȚĮ ȡȠʌȒʌȠȣ ȑȤİȚ İȜĮĳȡȫȢ įȚĮĳȠȡİĲȚțȩ
ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ıİ ıȤȑıȘ ȝİ ĲȠ )(00� ȅȚ ȡȠʌȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ ȑȤȠȣȞ ʌȠȜȪ țȠ�
ȞĲȚȞȒ GF ıȣȞȚıĲȫıĮ �ȝȑıȘ ĲȚȝȒ� ȩʌȦȢ ĮȞĮĳȑȡșȘțİ țĮȚ ʌȡȠȘȖȠȣȝȑȞȦȢ� ȝİ ıĳȐȜȝĮ 0.176�
İȞȫ ȠȚ ĮȡȝȠȞȚțȑȢ İȝĳĮȞȓȗȠȣȞ țȐʌȠȚİȢ ĮʌȠțȜȓıİȚȢ� ǼȚįȚțȩĲİȡĮ Ș ��Ș ��ȘȢ ĲȐȟȘȢ� ĮȡȝȠȞȚțȒ
ĲȠȣ 0(& ȑȤİȚ ĲȚȝȒ 0.050418 İȞȫ ĲȠȣ )(00 0.0024�
ǹțȠȜȠȣșȠȪȞ ıȣȖțȡȓıİȚȢ 0(&�)(00 ȝİĲĮȟȪ ĲȦȞ ĲȡȚȦȞ ĳȐıİȦȞ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ
�λ� �ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ �ǾǼǻ� ıĲȠ ʌİįȓȠ ĲȠȣ ȤȡȩȞȠȣ țĮȚ ȝİĲĮȟȪ ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİ�
ȡȚİȤȠȝȑȞȠȣ ĲȘȢ ĳȐıȘȢ ǹ �ȠȚ ȐȜȜİȢ įȪȠ ȑȤȠȣȞ ʌĮȡȩȝȠȚȠ� ȖȚĮ ĲĮ ʌĮȡĮʌȐȞȦ � ȝİȖȑșȘ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ ĳİȡ�
ȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ
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ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǹʌȩ ĲȠ ʌĮȡĮʌȐȞȦ ıȤȒȝĮ� ȖȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ıĲȘ șİȝİȜȚȫįȘ ıȣȞȚ�
ıĲȫıĮ ��Ș ĮȡȝȠȞȚțȒ� İȝĳĮȞȓȗİĲĮȚ ĮʌȩțȜȚıȘ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 4.48� İȞȫ ȖȚĮ ĲȘȞ ĮȡȝȠȞȚțȒ
�ȘȢ ĲȐȟȘȢ ���Ș ĮȡȝȠȞȚțȒ� İȝĳĮȞȓȗİĲĮȚ ıĳȐȜȝĮ 86.27�� ȅȚ ȣʌȩȜȠȚʌİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ İȓ�
ȞĮȚ ĮȝİȜȘĲȑİȢ ıĲȠ )(00 İȞȫ ıĲȠ 0(& ʌĮȡȠȣıȚȐȗȠȞĲĮȚ Ș �Ș ���Ș ĮȡȝȠȞȚțȒ� țĮȚ Ș �Ș ���Ș

ĮȡȝȠȞȚțȒ� ĲȦȞ ȠʌȠȓȦȞ ĲĮ ȝȑĲȡĮ ȦȢ ʌȠıȠıĲȐ ĲȘȢ șİȝİȜȚȫįȠȣȢ İȓȞĮȚ 0.586� țĮȚ 0.231�
ĮȞĲȓıĲȠȚȤĮ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ
ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ
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ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚ�
țȒȢ įȪȞĮȝȘȢ ĳİȡȡȓĲȘ ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 4.49� İȞȫ Ș �ȘȢ

ĲȐȟȘȢ ĮȡȝȠȞȚțȒ �24� İȝĳĮȞȓȗİȚ ıĳȐȜȝĮ 86.27�� ȅȚ ȣʌȩȜȠȚʌİȢ ĮȡȝȠȞȚțȑȢ ĲȠȣ )(00 İȓȞĮȚ
ĮȝİȜȘĲȑİȢ İȞȫ ıĲȠ 0(& İȝĳĮȞȓȗȠȞĲĮȚ ĮȡȝȠȞȚțȑȢ ıĲȚȢ șȑıİȚȢ 40 țĮȚ 56 ȝİ ʌȠıȠıĲȐ İʌȓ ĲȘȢ
șİȝİȜȚȫįȠȣȢ 2.872� țĮȚ 1.557��

īȚĮ ĲȠ 6P&R ȑȤȠȣȝİ ĮȞĲȓıĲȠȚȤĮ �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 6P&R ȖȚĮ - � ȝİ ıʌȐ�
ıȚȝȠ ȝĮȖȞȒĲȘ

Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ� ĮțȠȜȠȣșİȓ ʌȓȞĮțĮȢ ȩʌȠȣ ĮȞĮȖȡȐĳȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ȝȑıȘȢ
ȡȠʌȒȢ� ĲȘȢ țȣȝȐĲȦıȘȢ ĮȣĲȒȢ țĮȚ ĲȠ ʌȠıȠıĲȩ ĲȘȢ țȣȝȐĲȦıȘȢ ȦȢ ʌȡȠȢ ĲȘȞ ȝȑıȘ ȡȠʌȒ�
ȆĮȡĮĲȘȡȠȪȝİ ȩĲȚ Ș ĮʌȩțȜȚıȘ ĲȦȞ ȝȑıȦȞ ȡȠʌȫȞ ȝİĲĮȟȪ )(00 țĮȚ 0(& İȓȞĮȚ ʌȐȡĮ ʌȠȜȪ
ȝȚțȡȒ İȞȫ ĲĮ ʌȠıȠıĲȐ ĲȘȢ țȣȝȐĲȦıȘȢ ȦȢ ʌȡȠȢ ĲȘ ȝȑıȘ ȡȠʌȒ İȓȞĮȚ ʌĮȡȩȝȠȚĮ� ȝİ ĮȣĲȩ
ĲȠȣ 0(& ȞĮ İȓȞĮȚ ȜȓȖȠ ȝİȖĮȜȪĲİȡȠ�
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ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ
ȝȑıȘȢ ȡȠʌȒȢ���

0(& 7.4561 0.244356 3.277

)(00 7.52935 0.1939 2.575

ȆȓȞĮțĮȢ ���� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 6P&R ĲȠȣ )(00�0(& ȝİ ıʌȐıȚȝȠ ȝĮ�
ȖȞȒĲȘ

ǹțȠȜȠȣșİȓ ĲȠ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ĲȘȢ ȡȠʌȒȢ ȝȑıȦ ĮȞȐȜȣıȘȢ )RXULHU ĲȠȣ 6P&R ȝİ
ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 6P&R
ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǵʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ ������ ȠȚ ȡȠʌȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ ȑȤȠȣȞ ʌȠȜȪ țȠȞĲȚȞȒ GF ıȣ�
ȞȚıĲȫıĮ �ȝȑıȘ ĲȚȝȒ� ȩʌȦȢ ĮȞĮĳȑȡșȘțİ țĮȚ ʌȡȠȘȖȠȣȝȑȞȦȢ� ȝİ ıĳȐȜȝĮ 0.973� İȞȫ ȠȚ
ĮȡȝȠȞȚțȑȢ İȝĳĮȞȓȗȠȣȞ ȝȚțȡȑȢ ĮʌȠțȜȓıİȚȢ ȖȚĮ ĲȚȢ șȑıİȚȢ 24� 48�ǼȚįȚțȩĲİȡĮ Ș ��Ș ĮȡȝȠȞȚțȒ
ĲȠȣ 0(& ȑȤİȚ ĲȚȝȒ 0.105 İȞȫ ĲȠȣ )(00 0.086�



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ��

ǹțȠȜȠȣșȠȪȞ ıȣȖțȡȓıİȚȢ 0(&�)(00 ȝİĲĮȟȪ ĲȦȞ ĲȡȚȫȞ ĳȐıİȦȞ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ
�λ� �ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ �ǾǼǻ� ıĲȠ ʌİįȓȠ ĲȠȣ ȤȡȩȞȠȣ țĮȚ ȝİĲĮȟȪ ĲȠȣ ĮȡȝȠȞȚțȠȪ
ʌİȡȚİȤȠȝȑȞȠȣ İȞįİȚțĲȚțȐ ĲȘȢ ĳȐıȘȢ ǹ �ȠȚ ȐȜȜİȢ įȪȠ ȑȤȠȣȞ ʌĮȡȩȝȠȚȠ� ȖȚĮ ĲĮ ʌĮȡĮʌȐȞȦ
� ȝİȖȑșȘ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 6P&R
ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ 6P&R ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǹʌȩ ĲȠ ʌĮȡĮʌȐȞȦ ıȤȒȝĮ� ȖȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ıĲȘ șİȝİȜȚȫįȘ ıȣ�
ȞȚıĲȫıĮ ��Ș ĮȡȝȠȞȚțȒ� İȝĳĮȞȓȗİĲĮȚ ĮʌȩțȜȚıȘ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 2�� īȚĮ ȥȘȜȩĲİȡİȢ ĲȐȟİȚȢ
ĮȡȝȠȞȚțȫȞ� ȑȤȠȣȝİ ıĲȘȞ șȑıȘ �� �ĮȡȝȠȞȚțȒ �ȘȢĲȐȟȘȢ� ʌȠıȠıĲȩ ȦȢ ʌȡȠȢ ĲȘ șİȝİȜȚȫįȘ
3.24� ıĲȠ 0(& țĮȚ 1.34� ıĲȠ )(00 İȞȫ ȖȚĮ ĲȘȞ șȑıȘ ���ĮȡȝȠȞȚțȒ �ȘȢĲȐȟȘȢ� 0.53� ĲȠ
0(& țĮȚ 0.35� ĲȠ )(00�
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ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ
6P&R ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚ�
țȒȢ įȪȞĮȝȘȢ 6P&R ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 2� İȞȫ Ș �ȘȢ ĲȐȟȘȢ
ĮȡȝȠȞȚțȒ �24� İȝĳĮȞȓȗİȚ ıĳȐȜȝĮ 110��ȈĲȚȢ ȝİȖĮȜȪĲİȡİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ ȖȚĮ ĲȚȢ șȑıİȚȢ
40 țĮȚ 56 ĲĮ ʌȠıȠıĲȐ ȦȢ ʌȡȠȢ ĲȘȞ șİȝİȜȚȫįȘ ĲȘȢ ǾǼǻ ĲȘȢ țȐșİ ıȤİįȓĮıȘȢ İȓȞĮȚ 2.62��
0.87� ıĲȠ 0(& İȞȫ 1.73� țĮȚ 0.24� ıĲȠ )(00 ĮȞĲȓıĲȠȚȤĮ� ǼʌȚʌȜȑȠȞ� ıĲȚȢ șȑıİȚȢ 120�
136 İȝĳĮȞȓȗȠȞĲĮȚ ĮȞĲȓıĲȠȚȤĮ ʌȠıȠıĲȐ 1.05� țĮȚ 0.80� ȖȚĮ ĲȠ 0(& İȞȫ ȖȚĮ ĲȠ )(00 İȓȞĮȚ
ĮȝİȜȘĲȑİȢ�
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ȉȑȜȠȢ ȖȚĮ ĲȠ 1G)H% ȑȤȠȣȝİ �

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐ�
ıȚȝȠ ȝĮȖȞȒĲȘ

Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ� ĮțȠȜȠȣșİȓ ʌȓȞĮțĮȢ ȩʌȠȣ ĮȞĮȖȡȐĳȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ȝȑıȘȢ
ȡȠʌȒȢ� ĲȘȢ țȣȝȐĲȦıȘȢ ĮȣĲȒȢ țĮȚ ĲȠ ʌȠıȠıĲȩ ĲȘȢ țȣȝȐĲȦıȘȢ ȦȢ ʌȡȠȢ ĲȘȞ ȝȑıȘ ȡȠʌȒ�
ȆĮȡĮĲȘȡȠȪȝİ ȩĲȚ Ș ĮʌȩțȜȚıȘ ĲȦȞ ȝȑıȦȞ ȡȠʌȫȞ İȓȞĮȚ ʌȐȡĮ ʌȠȜȪ ȝȚțȡȒ� ȩʌȦȢ İʌȓıȘȢ țĮȚ
ȩĲȚ ĲȩıȠ ıĲȠ 0(& ȩıȠ țĮȚ ıĲȠ )(00 ȣʌȐȡȤİȚ ȑȞĮ ʌĮȡȩȝȠȚȠ ʌȠıȠıĲȩ țȣȝȐĲȦıȘȢ�

ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ
ȝȑıȘȢ ȡȠʌȒȢ���

0(& 8.94199 0.736367 8.235

)(00 9.1127 0.694505 7.6212

ȆȓȞĮțĮȢ ���� ȂȑıȘ ȇȠʌȒ țĮȚ țȣȝȐĲȦıȘ 1G)H% ĲȠȣ )(00�0(& ȝİ ıʌȐıȚȝȠ ȝĮ�
ȖȞȒĲȘ
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ǹțȠȜȠȣșİȓ ĲȠ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ĲȘȢ ȡȠʌȒȢ ȝȑıȦ ĮȞȐȜȣıȘȢ )RXULHU ĲȠȣ 1G)H% ȝİ
ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 1G)H%
ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǵʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ ������ ĲȠ 0(& ʌĮȡȐȖİȚ ȝȚĮ ȡȠʌȒ ʌȠȣ ȑȤİȚ İȜĮĳȡȫȢ įȚĮĳȠ�
ȡİĲȚțȩ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ıİ ıȤȑıȘ ȝİ ĲȠ )(00� ȅȚ ȡȠʌȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ ȑȤȠȣȞ
ʌȠȜȪ țȠȞĲȚȞȒ GF ıȣȞȚıĲȫıĮ �ȝȑıȘ ĲȚȝȒ� ȩʌȦȢ ĮȞĮĳȑȡșȘțİ țĮȚ ʌȡȠȘȖȠȣȝȑȞȦȢ� ȝİ ıĳȐȜȝĮ
1.87� İȞȫ ȠȚ ĮȡȝȠȞȚțȑȢ İȝĳĮȞȓȗȠȣȞ țȐʌȠȚİȢ ĮʌȠțȜȓıİȚȢ� ǼȚįȚțȩĲİȡĮ ȠȚ ĮȡȝȠȞȚțȑȢ ıĲȚȢ șȑ�
ıİȚȢ 48� 72� 96� 144 ȑȤȠȣȞ ĲȚȝȑȢ ȖȚĮ ĲȠ 0(& 0.2� 0.086� 0.0453 țĮȚ 0.18 ĮȞĲȓıĲȠȚȤĮ İȞȫ ȖȚĮ
ĲȠ )(00 0.323� 0.0065� 0.026 țĮȚ 0.0227 ĮȞĲȓıĲȠȚȤĮ�
ǹțȠȜȠȣșȠȪȞ ıȣȖțȡȓıİȚȢ 0(&�)(00 ȝİĲĮȟȪ ĲȦȞ ĲȡȚȫȞ ĳȐıİȦȞ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ
�λ� �ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ �ǾǼǻ� ıĲȠ ʌİįȓȠ ĲȠȣ ȤȡȩȞȠȣ țĮȚ ȝİĲĮȟȪ ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİ�
ȡȚİȤȠȝȑȞȠȣ ĲȘȢ ĳȐıȘȢ ǹ �ȠȚ ȐȜȜİȢ įȪȠ ȑȤȠȣȞ ʌĮȡȩȝȠȚȠ� ȖȚĮ ĲĮ ʌĮȡĮʌȐȞȦ � ȝİȖȑșȘ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ
1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

ǹʌȩ ĲȠ ʌĮȡĮʌȐȞȦ ıȤȒȝĮ� ȖȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ıĲȘ șİȝİȜȚȫįȘ ıȣȞȚ�
ıĲȫıĮ ��Ș ĮȡȝȠȞȚțȒ� İȝĳĮȞȓȗİĲĮȚ ĮʌȩțȜȚıȘ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 4.59� İȞȫ ȖȚĮ ĲȘȞ ĮȡȝȠȞȚțȒ �ȘȢ

ĲȐȟȘȢ ���Ș� İȝĳĮȞȓȗİĲĮȚ ıĳȐȜȝĮ 74.05� țĮȚ ȖȚĮ ĲȘȞ �ȘȢ ĲȐȟȘȢ ���Ș� İȝĳĮȞȓȗİĲĮȚ ıĳȐȜȝĮ
34.36�� ǼʌȚʌȜȑȠȞ� ȖȚĮ ĲȠ 0(& İȝĳĮȞȓȗİĲĮȚ ȝȚĮ İʌȚʌȜȑȠȞ ĮȡȝȠȞȚțȒ ıĲȘȞ șȑıȘ 56 ȝİ ʌȠ�
ıȠıĲȩ İʌȓ ĲȘȢ șİȝİȜȚȫįȠȣȢ 0.39��

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ
1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ
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ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚ�
țȒȢ įȪȞĮȝȘȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 4.59� İȞȫ ȠȚ Įȡ�
ȝȠȞȚțȑȢ �ȘȢ��ȘȢ țĮȚ �ȘȢ ĲȐȟȘȢ �24� 40� 56� İȝĳĮȞȓȗȠȣȞ ıĳȐȜȝĮ 74.05�� 34.36� țĮȚ 75.37�
ĮȞĲȓıĲȠȚȤĮ� ǼʌȓıȘȢ ȖȚĮ ĲȠ 0(& İȝĳĮȞȓȗȠȞĲĮȚ ĮȡȝȠȞȚțȑȢ ıĲȚȢ șȑıİȚȢ 88� 120� 126 țĮȚ 152 ȝİ
ĮȞĲȓıĲȠȚȤĮ ʌȠıȠıĲȐ İʌȓ ĲȘȢ șİȝİȜȚȫįȠȣȢ 1.06�� 1.42�� 1.23� țĮȚ 1.54��

īȚĮ ĲȠ 1G)H% ʌȠȣ ȠįȘȖİȓ ĲȠ ıȓįȘȡȠ ĲȘȢ ȝȘȤĮȞȒȢ ıİ ȜİȚĲȠȣȡȖȓĮ ıĲȘȞ ȝȘ ȖȡĮȝȝȚțȒ ʌİ�
ȡȚȠȤȒ� ĲȠ ıȣȞȠȜȚțȩ ıĳȐȜȝĮ ıİ ıȤȑıȘ ȝİ ĲȠ )(00 ʌȠȣ ʌȡȠțȪʌĲİȚ ĮʌȠĲİȜİȓĲĮȚ Įʌȩ �
ıȣȞȚıĲȫıİȢ� ĲȠ ıĳȐȜȝĮ ȖİȦȝİĲȡȓĮȢ țĮȚ ĲȠ ıĳȐȜȝĮ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ� īȚ¶ ĮȣĲȩ ĲȠ ȜȩȖȠ
ʌȡȠıȠȝȠȚȫșȘțİ Ș ȜİȚĲȠȣȡȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ ĲȩıȠ ıĲȠ )(00 ȩıȠ țĮȚ ıĲȠ 0(& ȝİ ȑȞĮȞ
©ȖȡĮȝȝȚțȩª ıȓįȘȡȠ ȝİ ıĲȩȤȠ ĲȘȞ ʌȡȠıȑȖȖȚıȘ ĲȠȣ ıĳȐȜȝĮĲȠȢ ȖİȦȝİĲȡȓĮȢ� Ș įȚĮĳȠȡȐ ĲȠȣ
ȠʌȠȓȠȣ Įʌȩ ĲȠ ıȣȞȠȜȚțȩ ıĳȐȜȝĮ ȝĮȢ įȓȞİȚ ĲȠ ıĳȐȜȝĮ ĲȘȢ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ� ȅ ȝȘ ȖȡĮȝ�
ȝȚțȩȢ ıȓįȘȡȠȢ țĮȚ ȠȚ ȖȡĮĳȚțȑȢ ʌȠȣ ʌȡȠțȪȥĮȞ ĮȞĮȜȪȠȞĲĮȚ ıĲȠ ʌĮȡȐȡĲȘȝĮ ī࢝ İȞȫ ȠȚ �
ıȣȞȚıĲȫıİȢ ıĳȐȜȝĮĲȠȢ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ıĲȠȞ ʌĮȡĮțȐĲȦ ʌȓȞĮțĮ ������



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

ȈȣȖțȡȚȞȩȝİȞĮ Ȃİ�
ȖȑșȘ

ȈȣȞȠȜȚțȩ
ȈĳȐȜȝĮ���

ȈĳȐȜȝĮ
ȖİȦȝİĲȡȓĮȢ���

ȈĳȐȜȝĮ ȝȘ
ȖȡĮȝȝȚțȩĲȘĲĮȢ���

ȀĮȝʌȪȜȘ
ȇȠʌȒȢ�īȦȞȓĮȢ�J = 4�

8.16 3.81 4.35

ȂȑıȘ ȇȠʌȒ įȣȞĮȝȚțȠȪ
ȝȠȞĲȑȜȠȣ

1.87 0.6 1.27

ĬİȝİȜȚȫįȘȢ ıȣȞȚ�
ıĲȫıĮ ��� ʌİʌȜİȖȝȑ�
ȞȘȢ ȡȠȒȢ įȣȞĮȝȚțȠȪ
ȝȠȞĲȑȜȠȣ

4.59 1.79 2.8

�ȘıȣȞȚıĲȫıĮ ���� ʌİ�
ʌȜİȖȝȑȞȘȢ ȡȠȒȢ įȣȞĮ�
ȝȚțȠȪ ȝȠȞĲȑȜȠȣ

74.05 68.331 5.179

ĬİȝİȜȚȫįȘȢ ıȣȞȚ�
ıĲȫıĮ ��� ǾǼǻ �ȝȚĮȢ
ĳȐıȘȢ� įȣȞĮȝȚțȠȪ
ȝȠȞĲȑȜȠȣ

4.59 1.79 2.69

�ȘıȣȞȚıĲȫıĮ���� ǾǼǻ
�ȝȚĮȢ ĳȐıȘȢ� įȣȞĮȝȚ�
țȠȪ ȝȠȞĲȑȜȠȣ

74.05 68.331 5.179

ȆȓȞĮțĮȢ ���� ǻȚĮțȡȚıȘ ıȣȞȠȜȚțȠȪ ıĳȐȜȝĮĲȠȢ ıİ ıĳȐȜȝĮ ȖİȦȝİĲȡȓĮȢ țĮȚ ıĳȐȜȝĮ
ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ ȖȚĮ ȣȜȚțȩ ȝĮȖȞȒĲȘ 1G)H% ȝİ ıʌȐıȚȝȠ ıİ � ȝȑȡȘ țĮȚ - �

ǵʌȦȢ ĳĮȓȞİĲĮȚ Įʌȩ ĲȠȞ ʌĮȡĮʌȐȞȦ ʌȓȞĮțĮ ıİ ʌİȡȚʌĲȫıİȚȢ ȩʌȠȣ Ș ʌĮȡĮȝȑȞȠȣıĮ ȝĮȖȞȒ�
ĲȚıȘ ĲȠȣ ȣȜȚțȠȪ ĲȠȣ ȝĮȖȞȒĲȘ İȓȞĮȚ ȝİȖȐȜȘ �ȩʌȦȢ ĲȠ 1G)H%� țĮȚ Ƞ ıȓįȘȡȠȢ ĲȘȢ ȝȘȤĮȞȒȢ
țȠȡȑȞİĲĮȚ ȑȞĲȠȞĮ� ĲĮ ıĳȐȜȝĮĲĮ ĲȘȢ ȖȦȞȓĮȢ țĮȝʌȪȜȘȢ ȡȠʌȒȢ�ȖȦȞȓĮȢ ȠĳİȓȜȠȞĲĮȚ ıİ ȝİȖĮ�
ȜȪĲİȡȠ ʌȠıȠıĲȩ ıİ ıĳȐȜȝĮĲĮ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ� ǼʌȓıȘȢ� ȖȚĮ ĲȘ ıĲȡİĳȩȝİȞȘ ȜİȚĲȠȣȡȖȓĮ
ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ȘȝȚĲȠȞȠİȚįȒ ȡİȪȝĮĲĮ� ĲĮ ıĳȐȜȝĮĲĮ ıĲȘ ȝȑıȘ ȡȠʌȒ țĮȚ ıĲȘ șİȝİȜȚȫįȘ
ǾǼǻ ȠĳİȓȜȠȞĲĮȚ ʌȚȠ ʌȠȜȪ ıİ ıĳȐȜȝĮĲĮ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ� ǹȞĲȓșİĲĮ ĲȠ ıĳȐȜȝĮ ıĲȚȢ Įȡ�
ȝȠȞȚțȑȢ ĲȘȢ ǾǼǻ� ȠĳİȓȜİĲĮȚ țĮĲȐ ĲȠ ȝİȖĮȜȪĲİȡȠ ȝȑȡȠȢ ĲȠȣ ıİ ıĳȐȜȝĮĲĮ ȖİȦȝİĲȡȓĮȢ�
ǼʌȚʌȡȩıșİĲĮ� İȟİĲȐıĲȘțĮȞ țĮȚ ȠȚ ĲȐıİȚȢ ĮȞȠȚȤĲȠțȪțȜȦıȘȢ ĲȦȞ � ȣȜȚțȫȞ ȖȚĮ ȜİȚĲȠȣȡȖȓĮ
ȝȘȤĮȞȒȢ ıİ ���� ıĲȡȠĳȑȢ țĮȚ ʌȡȠȑțȣȥĮȞ ıĳȐȜȝĮĲĮ ȝİĲĮȟȪ 0(& țĮȚ )(00� ĮȞĲȓıĲȠȚȤĮ
ȝİ ĮȣĲȐ ʌȠȣ ʌĮȡĮĲȘȡȒșȘțĮȞ ȖȚĮ ȜİȚĲȠȣȡȖȓĮ ȣʌȩ ĳȠȡĲȓȠ țĮșȫȢ ȠȚ ǾǼǻ ĮȞȠȚȤĲȠțȪțȜȦ�
ıȘȢ ȝİ ĲȚȢ ǾǼǻ ȣʌȩ ĳȠȡĲȓȠ ȑȤȠȣȞ ȝȚțȡȑȢ įȚĮĳȠȡȑȢ� ȉĮ ĮʌȠĲİȜȑıȝĮĲĮ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ
ıȣȞȠʌĲȚțȐ ıĲȠȞ ʌĮȡĮțȐĲȦ ʌȓȞĮțĮ������



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

ĭİȡȓĲĲȘȢ 6P&R 1G)H%
ȂȑĲȡȠ ĬİȝİȜȚȫįȠȣȢ
ǾǼǻ 0HF�V �

47.9 108.5 132

ȂȑĲȡȠ ĬİȝİȜȚȫįȠȣȢ
ǾǼǻ )HPP�V �

46.4 105.5 126

ȈĳȐȜȝĮ ĬİȝİȜȚȫ�
įȠȣȢ ǾǼǻ���

3.23 2.84 4.92

ȂȑĲȡȠ �ȘȢ ĮȡȝȠȞȚțȒȢ
ǾǼǻ 0HF�V �

5.21 8.09 10.2

ȂȑĲȡȠ �ȘȢ ĮȡȝȠȞȚțȒȢ
ǾǼǻ )HPP�V �

3.2 4.72 6.81

ȈĳȐȜȝĮ �ȘȢ ĮȡȝȠȞȚ�
țȒȢ ǾǼǻ���

62.81 71.33 49.61

ȂȑĲȡȠ �ȘȢ ĮȡȝȠȞȚțȒȢ
ǾǼǻ 0HF�V �

0.2 0.55 2.99

ȂȑĲȡȠ �ȘȢ ĮȡȝȠȞȚțȒȢ
ǾǼǻ )HPP�V �

0.08 0.924 4.63

ȈĳȐȜȝĮ �ȘȢ ĮȡȝȠȞȚ�
țȒȢ ǾǼǻ���

150 40.53 35.47

ȂȑĲȡȠ �ȘȢ ĮȡȝȠȞȚțȒȢ
ǾǼǻ 0HF�V �

0.32 0.358 0.939

ȂȑĲȡȠ �ȘȢ ĮȡȝȠȞȚțȒȢ
ǾǼǻ )HPP�V �

0.039 0.298 0.35

ȈĳȐȜȝĮ �ȘȢ ĮȡȝȠȞȚ�
țȒȢ ǾǼǻ���

720 19.82 168.2

ȆȓȞĮțĮȢ ���� ȂȑĲȡĮ șİȝİȜȚȫįȠȣȢ�ȕĮıȚțȫȞ ĮȡȝȠȞȚțȫȞ ʌİȡȚĲĲȒȢ ĲȐȟȘȢ ĲȘȢ ǾǼǻ
țİȞȠȪ ĳȠȡĲȓȠȣ ȝİĲĮȟȪ )(00�0(& țĮȚ ıĳȐȜȝĮĲĮ

ȊʌȠȜȠȖȓıĲȘțĮȞ İʌȓıȘȢ țĮȚ ȖȚĮ ĲĮ ĲȡȓĮ ȣȜȚțȐ� ȠȚ ȝȑıİȢ ȡȠʌȑȢ ȖȚĮ ʌȣțȞȩĲȘĲİȢ ȡİȪȝĮĲȠȢ
Įʌȩ 2 A/mm2 ȑȦȢ 8 A/mm2 țĮȚ ȑȖȚȞİ Ș ıȪȖțȡȚıȘ ĲȠȣȢ� ǹțȠȜȠȣșȠȪȞ ȠȚ ıȣȖțİțȡȚȝȑȞİȢ
ȖȡĮĳȚțȑȢ�



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ȝȑıȦȞ ȡȠʌȫȞ )(00�0(& ĳİȡȡȓĲȘ

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ȝȑıȦȞ ȡȠʌȫȞ )(00�0(& 6P&R

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ȝȑıȦȞ ȡȠʌȫȞ )(00�0(& 1G)H%



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

ǵʌȦȢ ĳĮȓȞİĲĮȚ ʌĮȡĮʌȐȞȦ ʌĮȡĮĲȘȡİȓĲĮȚ ʌȠȜȪ țĮȜȒ ıȣȝĳȦȞȓĮ ȝİĲĮȟȪ ĲȦȞ ĮʌȠĲİȜİıȝȐ�
ĲȦȞ ĲȠȣ )(00 țĮȚ ĲȠȣ 0(&� ȈȣȖțİțȡȚȝȑȞĮ ȖȚĮ ȣȜȚțȐ ȝĮȖȞȒĲȘ ĳİȡȡȓĲȘ țĮȚ 6P&R ȠȚ ĮʌȠ�
țȜȓıİȚȢ ĲȦȞ ȝȑıȦȞ ȡȠʌȫȞ İȓȞĮȚ ȝȘįĮȝȚȞȑȢ� īȚĮ ȣȜȚțȩ ȝĮȖȞȒĲȘ 1G)H% ȠȚ ĮʌȠțȜȓıİȚȢ İȓȞĮȚ
ĮȞĲȓıĲȠȚȤĮ ȝȘįĮȝȚȞȑȢ ȖȚĮ ʌȣțȞȩĲȘĲİȢ ȡİȪȝĮĲȠȢ ȝȑȤȡȚ 4 A/mm2� İȞȫ ȖȚĮ ȝİȖĮȜȪĲİȡİȢ ʌȣ�
țȞȩĲȘĲİȢ ȩʌȠȣ İȝĳĮȞȓȗİĲĮȚ ʌȠȜȪ ȑȞĲȠȞȠȢ țȠȡİıȝȩȢ ĲȘȢ ȝȘȤĮȞȒȢ ĮȡȤȓȗȠȣȞ țĮȚ ȖȓȞȠȞĲĮȚ
İȝĳĮȞİȓȢ�

ȉȑȜȠȢ ȣʌȠȜȠȖȓıĲȘțĮȞ ȠȚ ȡȠʌȑȢ İȣșȣȖȡȐȝȝȚıȘȢ ĲȦȞ � ȣȜȚțȫȞ ıĲȠ 0(& țĮȚ ʌȡȠȑțȣȥĮȞ ȠȚ
ʌĮȡĮțȐĲȦ ȖȡĮĳȚțȑȢ�

ȈȤȒȝĮ ����� ȇȠʌȒ ǼȣșȣȖȡȐȝȝȚıȘȢ ĳİȡȡȓĲȘ

ȈȤȒȝĮ ����� ȇȠʌȒ ǼȣșȣȖȡȐȝȝȚıȘȢ 6P&R



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

ȈȤȒȝĮ ����� ȇȠʌȒ ǼȣșȣȖȡȐȝȝȚıȘȢ 1G)H%

ȅȚ ʌĮȡĮʌȐȞȦ ȖȡĮĳȚțȑȢ ʌĮȡĮıĲȐıİȚȢ� ĮȞĮʌĮȡȚıĲȠȪȞ ĲȘȞ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ ȖȚĮ įȚȐ�
ıĲȘȝĮ � ȝȘȤĮȞȚțȫȞ ȝȠȚȡȫȞ ȖȚĮ țȐșİ ȣȜȚțȩ� ȆĮȡĮĲȘȡȠȪȝİ ʌİȡȚȠįȚțȩĲȘĲĮ ��� ȝȠȚȡȫȞ� Ș
ȠʌȠȓĮ İʌȚȕİȕĮȚȫȞİĲĮȚ Įʌȩ ĲȘ șİȦȡȓĮ ȖȚĮ ĲȘȞ įȚȐĲĮȟȘ ĲȘȢ ȝȘȤĮȞȒȢ ȝĮȢ ȝİ ȕȐıȘ ĲȘȞ ıȤȑıȘ
������ ʌȠȣ ȑȤİȚ ĮȞĮʌĲȣȤșİȓ ıĲȠ țİĳȐȜĮȚȠ �� ȈȪȖțȡȚıȘ ȝİ ĲȘȞ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ ĲȠȣ
)(00 įİȞ țĮĲȑıĲȘ įȣȞĮĲȒ țĮșȫȢ ıĲȠ )(00 Ș ʌİȡȚȠįȚțȩĲȘĲĮ įİȞ İȝĳĮȞȚȗȩĲĮȞ țĮȚ Ș
ȝȠȡĳȒ ĲȘȢ İȓȤİ ĮȣĲȒ ĲȠȣ șȠȡȪȕȠȣ� ǹȣĲȩ șĮ ȝʌȠȡȠȪıİ ȞĮ ȠĳİȓȜİĲĮȚ ıĲȘ ıȣȖțİțȡȚȝȑȞȘ
įȚȐĲĮȟȘ ĲȘȢ ȝȘȤĮȞȒȢ� ıĲĮ ıĳȐȜȝĮĲĮ ȝȑĲȡȘıȘȢ Ȓ ıĲȠȞ İʌȚȜȣĲȒ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓ ĲȠ ʌȡȩ�
ȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�

��� ȈȣȝʌİȡȐıȝĮĲĮ

Ǿ ʌȡȠĲİȚȞȩȝİȞȘ įȚĮțȡȚĲȠʌȠȓȘıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ 0(&� ȝİ ıʌȐıȚȝȠ ĲȠȣ ȝĮȖȞȒĲȘ ıİ � țȠȝ�
ȝȐĲȚĮ țĮȚ İʌȚʌȜȑȠȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȡȠȒȢ ıțȑįĮıȘȢ ĲȠȣ ʌȐȞȦ ȝȑȡȠȢ ĮȣȜĮțȚȠȪ� İȓȤİ
ʌȠȜȪ șİĲȚțȐ ĮʌȠĲȑȜİıȝĮĲĮ ıİ ıȤȑıȘ ȝİ ĲȠ ʌȡȠȘȖȠȪȝİȞȠ ȝȠȞĲȑȜȠ ȩʌȠȣ Ƞ ȝĮȖȞȒĲȘȢ ĮȞĲȚ�
ʌȡȠıȦʌİȣȩĲĮȞ Įʌȩ ȝȚĮ ʌȘȖȒ ȝİ ĲȘȞ ĮȖȦȖȚȝȩĲȘĲĮ ĲȘȢ� Ǿ ĮȪȟȘıȘ ĲȦȞ țȩȝȕȦȞ ȑĳİȡİ ȝȚĮ
İȜȐȤȚıĲȘ ĮȪȟȘıȘ ıĲȠȣȢ ȤȡȩȞȠȣȢ ȖȚĮ ĲȘȞ İʌȓȜȣıȘ ĲȠȣ ȞȑȠȣ ȝȠȞĲȑȜȠȣ�ȠȚ ȠʌȠȓȠȚ ȩȝȦȢ ıȣȞİ�
ȤȓȗȠȣȞ ȞĮ İȓȞĮȚ țĮĲȐ ʌȠȜȪ ȝȚțȡȩĲİȡȠȚ Įʌȩ ĮȣĲȠȪȢ ĲȠȣ )(00� ȅȚ ȤȡȩȞȠȚ ĮȣĲȠȓ ĳĮȓȞȠȞĲĮȚ ıİ
ʌȓȞĮțĮ ����� ıĲȠ ĲȑȜȠȢ ĲȘȢ İȞȩĲȘĲĮȢ ĮȣĲȒȢ� ȆĮȡȐȜȜȘȜĮ� Ș ĮțȡȓȕİȚĮ ĲȦȞ ĮʌȠĲİȜİıȝȐĲȦȞ
ȩıȠȞ ĮĳȠȡȐ ĲĮ ȝİȖȑșȘ ʌȠȣ ıȤİĲȓȗȠȞĲĮȚ ȝİ ĲȘȞ İʌȓįȠıȘ ĲȘȢ ȝȘȤĮȞȒȢ ȕİȜĲȚȫșȘțİ țĮșȫȢ ȠȚ
ȞȑİȢ ȝİĲȡȒıİȚȢ ĮȣĲȫȞ ʌȡȠıİȖȖȓȗȠȣȞ țĮȜȪĲİȡĮ ĮȣĲȑȢ ĲȠȣ )(00� ǼȚįȚțȩĲİȡĮ� ȠȚ țĮȝʌȪȜİȢ
ȡȠʌȒȢ ȖȦȞȓĮȢ ĲȠȣ 0(& İȓȞĮȚ ʌȜȑȠȞ ĲĮȣĲȩıȘȝİȢ ȝİ ĮȣĲȑȢ ĲȠȣ )(00 ȖİȖȠȞȩȢ ʌȠȣ ȠįȘ�
Ȗİȓ ıĲȘȞ ȪʌĮȡȟȘ İȜȐȤȚıĲȘȢ ĮʌȩțȜȚıȘȢ ȝİĲĮȟȪ ĲȦȞ ȝȑıȦȞ ȡȠʌȫȞ ĲȠȣȢ ȖȚĮ ȝȑȖȚıĲȘ șȑıȘ
ȡȠʌȒȢ ʌȠȣ İȟİĲȐıĲȘțİ� ǹțȩȝĮ țĮȚ ĲȠ ʌȠıȠıĲȩ țȣȝȐĲȦıȘȢ ĲȘȢ ȝȑıȘȢ ȡȠʌȒȢ ıİ ĮȣĲȒ ĲȘȞ
șȑıȘ İȓȞĮȚ ʌĮȡȩȝȠȚȠ ȩĲĮȞ ȤȡȘıȚȝȠʌȠȚȠȪȝİ 1G)H% ȖȚĮ ȝȩȞȚȝȠ ȝĮȖȞȒĲȘ� ǼʌȚʌȜȑȠȞ� ĲȩıȠ ȠȚ



ȀİĳȐȜĮȚȠ ��ȀĮĲĮıțİȣȒ țĮȚ İʌȚȕİȕĮȓȦıȘ ĲİȜȚțȠȪ ȝȠȞĲȑȜȠȣ ���

țĮȝʌȪȜİȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȩıȠ țĮȚ ȠȚ țĮȝʌȪȜİȢ ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ĲȠȣ
0(& ʌȡȠıİȖȖȓȗȠȣȞ ʌȠȜȪ țĮȜȪĲİȡĮ ĮȣĲȑȢ ĲȠȣ )(00 țĮȚ ĮȣĲȩ ĳĮȓȞİĲĮȚ ĲȩıȠ ıĲȠ ʌİįȓȠ
ĲȠȣ ȤȡȩȞȠȣ ȩıȠ țĮȚ ıĲȠ ʌİįȓȠ ĲȘȢ ıȣȤȞȩĲȘĲĮȢ� ȈȤİĲȚțȐ ȝİ ĲȠ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ĲȠȣȢ�
İȝĳĮȞȓȗȠȣȞ İȜȐȤȚıĲȠ ıĳȐȜȝĮ ıĲȘȞ șİȝİȜȚȫįȘ ıȣȞȚıĲȫıĮ țĮȚ ȝȚțȡȩĲİȡĮ ıĳȐȜȝĮĲĮ ıĲȚȢ
ȝİȖĮȜȪĲİȡİȢ ĲȐȟİȚȢ ıİ ıȤȑıȘ ȝİ ĮȣĲȩ ĲȠȣ țİĳĮȜĮȓȠȣ ��

<ȜȚțȩ ȋȡȩȞȠȢ 0(& �sec� ȋȡȩȞȠȢ )(00 �min�
)HUULWH 2.29 73
6P&R 70.5 115
1G)H% 91 147

ȆȓȞĮțĮȢ ���� ȋȡȩȞȠȚ )(00�0(& ȖȚĮ İʌȓȜȣıȘ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ ȝİ ıʌȐıȚȝȠ
ȝĮȖȞȒĲȘ



ȀİĳȐȜĮȚȠ �

ȆȊȀȃȅȉǾȉǹ ȂǹīȃǾȉǿȀǾȈ ȇȅǾȈ
Ȁǹǿ ǹȆȍȁǼǿǼȈ ȂǾȋǹȃǾȈ

��� īİȞȚțȐ

Ǿ ʌȣțȞȩĲȘĲĮ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ�B� İȓȞĮȚ ȑȞĮ ıȘȝĮȞĲȚțȩ ȝȑȖİșȠȢ ʌȠȣ ʌĮȓȗİȚ ʌȡȦĲĮȡȤȚțȩ
ȡȩȜȠ ıĲȘ ıȤİįȓĮıȘ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ ȝĮȢ İȞįȚĮĳȑȡİȚ Ș ȖȞȫıȘ ĲȘȢ ıİ ȩȜĮ ĲĮ ȝȑȡȘ ĲȘȢ
ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ� ȉȠ ȝȑȖİșȠȢ ĮȣĲȩ ıȣȝʌİȡȚȜĮȝȕȐȞİĲĮȚ ıİ ĮȣĲȐ ĲȘȢ İʌȓįȠıȘȢ ĮȜȜȐ
İʌİȚįȒ ȠȚ ĮʌȫȜİȚİȢ ıȚįȒȡȠȣ İȟĮȡĲȫȞĲĮȚ ȐȝİıĮ Įʌȩ ĮȣĲȒ ıȤİĲȓȗİĲĮȚ țĮȚ ȝİ ĲȘȞ ĮʌȩįȠıȘ
ĲȘȢ ȝȘȤĮȞȒȢ� ȈĲȠ ıȣȖțİțȡȚȝȑȞȠ țİĳȐȜĮȚȠ ȖȚĮ ĲȘȞ ĲİȜȚțȒ ĮȟȚȠȜȩȖȘıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ 0(&
ʌȠȣ ȣȜȠʌȠȚȒșȘțİ� șĮ ȣʌȠȜȠȖȚıĲȠȪȞ ȠȚ ȝĮȖȞȘĲȚțȑȢ İʌĮȖȦȖȑȢ ıĲĮ įȚȐĳȠȡĮ ĲȝȒȝĮĲĮ ĲȘȢ
ȝȘȤĮȞȒȢ țĮȚ șĮ ıȣȖțȡȚșȠȪȞ ȝİ ĮȣĲȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ Įʌȩ ĲȠ ʌȡȩȖȡĮȝȝĮ )(00� ȈĲȘ
ıȣȞȑȤİȚĮ șĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ țȠȚȞȩȢ ĲȡȩʌȠȢ ȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ ĮʌȦȜİȚȫȞ ıȚįȒȡȠȣ țĮȚ ıĲȚȢ
� ȝİșȩįȠȣȢ ȝİ ıĲȩȤȠ ĲȘ ıȪȖțȡȚıȘ ĮȣĲȫȞ ȝİĲĮȟȪ ĲȠȣȢ� ȉȑȜȠȢ ȣʌȠȜȠȖȓȗİĲĮȚ Ș ĮȞĲȓıĲĮıȘ
ĲȣȜȓȖȝĮĲȠȢ ĲȠȣ ıĲȐĲȘ ʌȠȣ țĮșȚıĲȐ įȣȞĮĲȩ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĮʌȦȜİȚȫȞ ȤĮȜțȠȪ țĮȚ ȖȚĮ ĲȠȣȢ
� ĲȡȩʌȠȣȢ ıȤİįȓĮıȘȢ�

��� ȊʌȠȜȠȖȚıȝȩȢ țĮȚ ıȪȖțȡȚıȘ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦ�
ȖȫȞ

ȅȚ ȝĮȖȞȘĲȚțȑȢ İʌĮȖȦȖȑȢ ȣʌȠȜȠȖȓıĲȘțĮȞ ıĲĮ ȝȑȡȘ ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ İȚįȚțȩĲİȡĮ
ıĲȠ ȗȣȖȩ ĲȠȣ ıĲȐĲȘ�VWDWRU\RNH�� ıĲȠ įȩȞĲȚ�WRRWK�� ıĲȠ ʌȑȜȝĮ ĲȠȣ įȠȞĲȚȠȪ�WRRWK WLS� țĮȚ

���



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ıĲȠȞ ȗȣȖȩ ĲȠȣ įȡȠȝȑĮ�URWRU\RNH�� īȚĮ ĲȠ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ ĮțȠ�
ȜȠȣșȒșȘțİ Ș įȚĮįȚțĮıȓĮ ʌȠȣ ĮȞĮĳȑȡİĲĮȚ ıĲȠ ʌĮȡĮțȐĲȦ įȚȐȖȡĮȝȝĮ ȡȠȒȢ�

ȈȤȒȝĮ ���� ǻȚȐȖȡĮȝȝĮ ȡȠȒȢ ȣʌȠȜȠȖȚıȝȠȪ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ

Ǿ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȩʌȦȢ ȑȤİȚ ĮȞĮĳİȡșİȓ ȑȤİȚ ȦȢ ȑȟȠįȠ ȑȞĮ įȚȐȞȣıȝĮ ȝİ ĲĮ ȝĮȖȞȘ�
ĲȚțȐ įȣȞĮȝȚțȐ ȩȜȦȞ ĲȦȞ țȩȝȕȦȞ ĲȠȣ ȚıȠįȣȞȐȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ țĮȚ ĲȚȢ ȡȠȑȢ
ȩȜȦȞ ĲȦȞ įȠȞĲȚȫȞ� ȅ ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ ʌȡȠȨʌȠșȑĲİȚ ĲȘȞ ȖȞȫıȘ
ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ȡȠȫȞ ıĲȠȣȢ ĮȞĲȓıĲȠȚȤȠȣȢ ıȦȜȒȞİȢ�IOX[ WXEHV� ĲȦȞ ȝİȡȫȞ ıȚįȒȡȠȣ ĲȘȢ
ȝȘȤĮȞȒȢ ʌȠȣ ĮȞĮĳȑȡșȘțĮȞ țĮȚ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȠȞ ȜȩȖȠ ĲȠȣȢ ȝİ ĲĮ ĮȞĲȓıĲȠȚȤĮ İȝȕĮįȐ
ĮȣĲȫȞ ȩʌȦȢ ĳĮȓȞİĲĮȚ Įʌȩ ĲȠȞ ʌĮȡĮțȐĲȦ ĲȪʌȠ�

B =
φ

A
�����

Ǿ ȝĮȖȞȘĲȚțȒ ȡȠȒ ıİ țȐșİ ıȦȜȒȞĮ İțĲȩȢ ĮȣĲȫȞ ĲȦȞ įȠȞĲȚȫȞ� ȣʌȠȜȠȖȓıĲȘțİ ȦȢ Ș ʌĲȫıȘ
ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ�įȚĮĳȠȡȐ ȝĮȖȞȘĲȚțȫȞ įȣȞĮȝȚțȫȞ� ıĲȠ ıȦȜȒȞĮ ĮȣĲȩ İʌȓ ĲȘȞ
ĮȖȦȖȚȝȩĲȘĲĮ ĲȠȣ� ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠȞ ĮțȩȜȠȣșȠ ĲȪʌȠ�

φ = (U1 − U2) ·G �����

īȚĮ ĲȘȞ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ĲȦȞ įȠȞĲȚȫȞ ʌȒȡĮȝİ ĲȘȞ ȝȑıȘ ĲȚȝȒ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦ�
ȖȫȞ ĲȠȣ ʌȐȞȦ țĮȚ țȐĲȦ ȝȑȡȠȣȢ ĲȠȣ įȠȞĲȚȠȪ ĮȞĲȓıĲȠȚȤĮ� ȆĮȡĮțȐĲȦ ʌĮȡȠȣıȚȐȗȠȞĲĮȚ ȠȚ



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ıȣȖțȡȓıİȚȢ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ ȖȚĮ ĲĮ ĲȝȒȝĮĲĮ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ĮȞĮĳȑȡșȘțĮȞ ȝİĲĮȟȪ
0(&�)(00 țĮȚ ȖȚĮ ĲĮ � ȣȜȚțȐ ȝȠȞȓȝȠȣ ȝĮȖȞȒĲȘ ĮȞĲȓıĲȠȚȤĮ� ȅȚ ıȣȖțȡȓıİȚȢ ĮȣĲȑȢ ĮĳȠȡȠȪȞ
ĲȠȞ ʌȡȫĲȠ ıȦȜȒȞĮ ȡȠȒȢ țȐșİ ĳȠȡȐ ĲȠȣ ĮȞĲȓıĲȠȚȤȠȣ ȝȑȡȠȣȢ ĲȘȢ ȝȘȤĮȞȒȢ ȖȚĮ ȑȞĮȞ ʌȜȒȡȘ
ȘȜİțĲȡȚțȩ țȪțȜȠ�ıĲȡȠĳȒ įȡȠȝȑĮ Įʌȩ � ȑȦȢ �� ȝȘȤĮȞȚțȑȢ ȝȠȓȡİȢ�� īȚĮ țȐșİ ıȪȖțȡȚıȘ șĮ
ıȤİįȚĮıĲȠȪȞ ȠȚ ĮȞĲȓıĲȠȚȤİȢ ȖȡĮĳȚțȑȢ ʌĮȡȐıĲĮıİȚȢ )(00 țĮȚ 0(& țĮȚ șĮ ȣʌȠȜȠȖȚıĲİȓ Ș
ıȤİĲȚțȒ įȚĮĳȠȡȐ ĲȠȣȢ Įʌȩ ĲȠȞ ʌĮȡĮțȐĲȦ ĲȪʌȠ�

∥%MEC − %FEMM∥/∥%FEMM∥ �����

ǹȡȤȚțȐ ȖȚĮ ĲȠ ȗȣȖȩ ĲȠȣ ıĲȐĲȘ ĲȦȞ � ȣȜȚțȫȞ ĳİȡȡȓĲȘ 6P&2 țĮȚ 1G)H% ȑȤȠȣȝİ ĮȞĲȓıĲȠȚȤĮ�

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ ıĲȐĲȘ ȖȚĮ ĳİȡȡȓĲȘ ȝİ�
ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ ıĲȐĲȘ ȖȚĮ 6P&R ȝİ�
ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ ıĲȐĲȘ ȖȚĮ 1G)H% ȝİ�
ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ǵʌȦȢ ĳĮȓȞİĲĮȚ ıĲĮ ʌĮȡĮʌȐȞȦ ıȤȒȝĮĲĮ� ĲȠ ȝȠȞĲȑȜȠ 0(& ʌȡȠıİȖȖȓȗİȚ ȝİ ȚțĮȞȠʌȠȚȘĲȚțȒ
ĮțȡȓȕİȚĮ ĲȘȞ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ĲȠȣ ȗȣȖȠȪ ĲȠȣ ıĲȐĲȘ ȝİ ıĳȐȜȝĮĲĮ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȠȞ
ʌĮȡĮțȐĲȦ ʌȓȞĮțĮ������

ĭİȡȡȓĲȘȢ 6P&R 1G)H%
ȈĳȐȜȝĮ Bsy(�) 10.24 9.85 9.19

ȆȓȞĮțĮȢ ���� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ȗȣȖȩ ĲȠȣ ıĲȐĲȘ

īȚĮ ĲĮ įȩȞĲȚĮ � ȣȜȚțȫȞ ĳİȡȡȓĲȘ 6P&2 țĮȚ 1G)H% ȑȤȠȣȝİ ĮȞĲȓıĲȠȚȤĮ�

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ ĳİȡȡȓĲȘ ȝİĲĮȟȪ
ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ 6P&R ȝİĲĮȟȪ
ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ 1G)H% ȝİĲĮȟȪ
ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ǹʌȩ ĲĮ ʌĮȡĮʌȐȞȦ ıȤȒȝĮĲĮ� ĲȠ ȝȠȞĲȑȜȠ 0(& ʌȡȠıİȖȖȓȗİȚ ȝİ ȚțĮȞȠʌȠȚȘĲȚțȒ ĮțȡȓȕİȚĮ țĮȚ
ĲȘȞ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ĲȠȣ įȠȞĲȚȠȪ ĲȠȣ ıĲȐĲȘ ȝİ ıĳȐȜȝĮĲĮ ʌȠȣ ĳĮȓȞȠȞĲĮȚ ıĲȠȞ ʌĮȡĮ�
țȐĲȦ ʌȓȞĮțĮ������ ȉȠ ıĳȐȜȝĮ ĲȠȣ ĳİȡȡȓĲȘ ĮȞĮȝİȞȩĲĮȞ ȜȓȖȠ ȤĮȝȘȜȩĲİȡȠ Įʌȩ ĲĮ ȐȜȜĮ įȪȠ�
ĮȜȜȐ ĮȣĲȒ Ș ĮȪȟȘıȘ ȠĳİȓȜİĲĮȚ ıĲȘ ĮʌȩțȜȚıȘ ĲȦȞ ĲȚȝȫȞ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ țȠȞĲȐ ıĲȠ
ȝȘįȑȞ ȠȚ ȠʌȠȓİȢ ĮȣȟȐȞȠȣȞ ĲȠ ıȣȞȠȜȚțȩ ıĳȐȜȝĮ įȣıĮȞȐȜȠȖĮ ıȣȖțȡȚĲȚțȐ ȝİ ȩȜİȢ ĲȚȢ ȐȜȜİȢ
ĲȚȝȑȢ�

ĭİȡȡȓĲȘȢ 6P&R 1G)H%
ȈĳȐȜȝĮ Bt(�) 11.35 6.86 8.42

ȆȓȞĮțĮȢ ���� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ įȩȞĲȚ ĲȠȣ ıĲȐĲȘ

īȚĮ ĲȠ ȗȣȖȩ ĲȠȣ įȡȠȝȑĮ ĲȦȞ � ȣȜȚțȫȞ ĳİȡȡȓĲȘ 6P&2 țĮȚ 1G)H% ȑȤȠȣȝİ ĮȞĲȓıĲȠȚȤĮ�



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȖȚĮ ĳİȡȡȓĲȘ
ȝİĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ȈȤȒȝĮ ���� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȖȚĮ 6P&R ȝİ�
ĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ȗȣȖȠȪ įȡȠȝȑĮ ȖȚĮ 1G)H%
ȝİĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

Ȃİ ȕȐıȘ ĲȚȢ ʌĮȡĮʌȐȞȦ ȖȡĮĳȚțȑȢ� ĲȠ ȝȠȞĲȑȜȠ 0(& ʌȡȠıİȖȖȓȗİȚ ȝİ țĮȜȒ ĮțȡȓȕİȚĮ ĲȘȞ ȝĮ�
ȖȞȘĲȚțȒ İʌĮȖȦȖȒ ĲȠȣ ȗȣȖȠȪ ĲȠȣ įȡȠȝȑĮ ȖȚĮ ĲȠ ȖȡĮȝȝȚțȩ ȣȜȚțȩ țĮȚ ĲȠ 6P&R İȞȫ İȝĳĮȞȓ�
ȗȠȞĲĮȚ ȜȓȖȠ ȝİȖĮȜȪĲİȡĮ ıĳȐȜȝĮĲĮ ȖȚĮ ȝĮȖȞȒĲȘ 1G)H% ĲȩʌȦȢ ĳĮȓȞİĲĮȚ țĮȚ ıĲȠȞ ĮțȩȜȠȣșȠ
ʌȓȞĮțĮ������

ĭİȡȡȓĲȘȢ 6P&R 1G)H%
ȈĳȐȜȝĮ Bry(�) 8 8.79 10.94

ȆȓȞĮțĮȢ ���� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ȗȣȖȩ ĲȠȣ įȡȠȝȑĮ

ȉȑȜȠȢ� ȖȚĮ ʌȑȜȝĮĲĮ įȠȞĲȚȫȞ ĲȦȞ � ȣȜȚțȫȞ ĳİȡȡȓĲȘ 6P&2 țĮȚ 1G)H% ȑȤȠȣȝİ ĮȞĲȓıĲȠȚȤĮ�

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ȖȚĮ ĳİȡ�
ȡȓĲȘ ȝİĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ȖȚĮ 6P&R
ȝİĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ȈȤȒȝĮ ����� ȈȪȖțȡȚıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ȖȚĮ
1G)H% ȝİĲĮȟȪ ȝȠȞĲȑȜȠȣ 0(& ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ )(00

ǵʌȦȢ ĳĮȓȞİĲĮȚ Įʌȩ ĲĮ įȚĮȖȡȐȝȝĮĲĮ țĮȚ ıĲĮ � ȣȜȚțȐ ȣʌȐȡȤȠȣȞ İȝĳĮȞİȓȢ ĮʌȠțȜȓıİȚȢ ȝİ�
ĲĮȟȪ ĲȦȞ țĮȝʌȣȜȫȞ ȚįĮȓĲİȡĮ ȖȚĮ ıȣȖțİțȡȚȝȑȞĮ İȪȡȘ ȖȦȞȚȫȞ ���� țĮȚ ������� ȝİ ıĳȐȜ�
ȝĮĲĮ ʌȠȣ țȣȝĮȓȞȠȞĲĮȚ țĮĲȐ ȝȑıȠ ȩȡȠ Įʌȩ 30� − 42� ȩʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠȞ ĮțȩȜȠȣșȠ
ʌȓȞĮțĮ������

ĭİȡȡȓĲȘȢ 6P&R 1G)H%
ȈĳȐȜȝĮ Btt(�) 30.28 39.65 42.45

ȆȓȞĮțĮȢ ���� ȈĳȐȜȝĮ 0(&�)(00 ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ʌȑȜȝĮ įȠȞĲȚȠȪ ĲȠȣ
ıĲȐĲȘ

ȉĮ ıĳȐȜȝĮĲĮ ĮȣĲȐ ȠĳİȓȜȠȞĲĮȚ ıĲȠ ĳĮȚȞȩȝİȞȠ ĲȘȢ ȡȠȒȢ ıțȑįĮıȘȢ ]LJ�]DJ�]LJ�]DJ OHDJDNH�
ʌȠȣ İȞĲȠʌȓȗİĲĮȚ ıĲĮ ʌȑȜȝĮĲĮ ĲȠȣ įȠȞĲȚȠȪ țĮȚ ıĲȘ ȝȘ ȠȝȠȚȩȝȠȡĳȘ țĮĲĮȞȠȝȒ ĲȘȢ ȡȠȒȢ ıİ
ĮȣĲȐ ȦȢ ıȣȞȑʌİȚĮ ĮȣĲȠȪ� Ǿ ȡȠȒ ıțȑįĮıȘȢ ]LJ�]DJ�]LJ�]DJ OHDJDNH� İȟĮȡĲȐĲĮȚ țȐșİ ĳȠȡȐ
Įʌȩ ĲȘ șȑıȘ ĲȠȣ įȡȠȝȑĮ�ĬİȦȡȫȞĲĮȢ įİȟȚȩıĲȡȠĳȘ ʌİȡȚıĲȡȠĳȒ ĲȠȣ įȡȠȝȑĮ� Ș ȡȠȒ ĮȣĲȒ
İȝĳĮȞȓȗİĲĮȚ ıĲȘ șȑıȘ ıĲȘȞ ȠʌȠȓĮ ĲȠ įİȟȓ ȐțȡȠ İȞȩȢ ȝĮȖȞȒĲȘ ĮȡȤȓȗİȚ ȞĮ İʌȚțĮȜȪʌĲİȚ ĲȠ ĮȡȚ�
ıĲİȡȩ ȐțȡȠ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ țĮȚ ĳĲȐȞİȚ ıĲȠ ȝȑȖȚıĲȠ ĲȘȢ ȩĲĮȞ Ƞ ȐȟȠȞĮȢ ʌȠȣ ʌİȡȞȐİȚ
Įʌȩ ĲȠ țȑȞĲȡȠ ĲȠȣ įȠȞĲȚȠȪ ıȣȝʌȓʌĲİȚ ȝİ ĲȠ țȑȞĲȡȠ ĲȠȣ įȚĮıĲȒȝĮĲȠȢ ȝİĲĮȟȪ ĲȦȞ ȝĮȖȞȘ�
ĲȫȞ������� ȂİĲȐ Įʌȩ ĮȣĲȒ ĲȘ șȑıȘ țĮșȫȢ Ƞ ȝĮȖȞȒĲȘȢ ıȣȞİȤȓȗİȚ ȞĮ ıĲȡȑĳİĲĮȚ Ș ȡȠȒ ĮȣĲȒ
ȝİȚȫȞİĲĮȚ țĮȚ ȩĲĮȞ ĲȠ ĮȡȚıĲİȡȩ ĲȠȣ ȐțȡȠ ĳĲȐıİȚ țȐĲȦ Įʌȩ ĲȠ įİȟȓ ȐțȡȠ ĲȠȣ ʌȑȜȝĮĲȠȢ
įȠȞĲȚȠȪ ȝȘįİȞȓȗİĲĮȚ�>��@�ȈĲȘȞ ʌİȡȓʌĲȦıȘ ĲȘȢ ȡȠȒȢ ıțİįȐıİȦȢ ]LJ�]DJ ĲȠ ʌȑȜȝĮ įȠȞĲȚȠȪ
ȑȤİȚ ıĲĮ ĮȡȚıĲİȡȐ țĮȚ ıĲĮ įİȟȚȐ ĲȠȣ � įȚĮĳȠȡİĲȚțȑȢ ʌȠȜȚțȩĲȘĲİȢ ȝĮȖȞȘĲȫȞ țĮȚ ©ȕȡĮȤȣțȣ�
țȜȫȞİĲĮȚª� įȘȜĮįȒ ȝȑȡȠȢ ĲȘȢ ȡȠȒȢ Ȓ ȠȜȩțȜȘȡȘ ȩʌȦȢ ıȣȝȕĮȓȞİȚ ıĲȘ șȑıȘ ȝȑȖȚıĲȘȢ ȡȠȒȢ
ıțİįȐıİȦȢ ]LJ�]DJ ȩʌȦȢ ĮȞĮĳȑȡșȘțİ ȞȦȡȓĲİȡĮ� İȚıȑȡȤİĲĮȚ ıİ ȑȞĮ ȕȡȩȤȠ ȡȠȒȢ ȝİĲĮȟȪ
ĲȦȞ įȣȠ ȝĮȖȞȘĲȫȞ țĮȚ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ ĮʌȠțȜİȚıȝȑȞȠ Įʌȩ ĲȠ țȪȡȚȠ ȝȑȡȠȢ ĲȠȣ įȠ�
ȞĲȚȠȪ�



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ȈȤȒȝĮ ����� ȂȑȖȚıĲȘ ȡȠȒ ıțȑįĮıȘȢ ȖȚĮ įȚȐıĲȘȝĮ ȝİĲĮȟȪ ȝĮȖȞȘĲȫȞ țİȞĲȡĮȡȚ�
ıȝȑȞȠ țȐĲȦ Įʌȩ ĲȠ țȑȞĲȡȠ ĲȠȣ ʌȑȜȝĮĲȠȢ įȠȞĲȚȠȪ

ȉȠ ĳĮȚȞȩȝİȞȠ ĮȣĲȩ įȘȝȚȠȣȡȖİȓ ıĲȠ ʌȑȜȝĮ ĲȠȣ įȠȞĲȚȠȪ İĳĮʌĲȠȝİȞȚțȑȢ ıȣȞȚıĲȫıİȢ ȝĮȖȞȘ�
ĲȚțȒȢ İʌĮȖȦȖȒȢ ȠȚ ȠʌȠȓİȢ įİȞ ȜĮȝȕȐȞȠȞĲĮȚ ȣʌȩȥȘ ıĲȠ ȝȠȞĲȑȜȠ� ǼʌȠȝȑȞȦȢ� įȘȝȚȠȣȡȖİȓĲĮȚ
ȝȚĮ ıȠȕĮȡȒ ĮʌȩțȜȚıȘ ȩıȠȞ ĮĳȠȡȐ ĲȘȞ ȝȑĲȡȘıȘ ĲȘȢ ıȣȞȠȜȚțȒȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĲȠȣ
0(& ıĲȠ ʌȑȜȝĮ ĲȠȣ įȠȞĲȚȠȪ ıİ ıȤȑıȘ ȝİ ĮȣĲȒ ĲȠȣ )(00 ıĲȚȢ șȑıİȚȢ įȡȠȝȑĮ ȩʌȠȣ Ș
ȡȠȒ ĮȣĲȒ İȝĳĮȞȓȗİĲĮȚ� īȚĮ ĲȘ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȡȠȒȢ ıțȑįĮıȘȢ ʌȠȣ șĮ ȠįȘȖȠȪıİ ıİ ʌȚȠ
ĮțȡȚȕİȓȢ ȝİĲȡȒıİȚȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ĮʌĮȚĲİȓĲĮȚ ȑȞĮ ʌȚȠ ıȪȞșİĲȠ ȝȠȞĲȑȜȠ 0(&
ʌȠȣ șĮ ʌİȡȚȜĮȝȕȐȞİȚ țĮȚ İĳĮʌĲȠȝİȞȚțȠȪȢ ıȦȜȒȞİȢ ȡȠȒȢ ıĲĮ ʌȑȜȝĮĲĮ ĲȠȣ įȠȞĲȚȠȪ ȩʌȦȢ
ĮȞĮĳȑȡİȚ Ƞ 3HUKR>��@� ǼʌȓıȘȢ ȝȚĮ ȐȜȜȘ ʌȡȠıȑȖȖȚıȘ ʌȠȣ ĮțȠȜȠȣșİȓĲĮȚ Įʌȩ ĲȠȣȢ .DQR
HW DOO>��@ İȓȞĮȚ Ș ȤȡȒıȘ İĳĮʌĲȠȝİȞȚțȫȞ ıȦȜȒȞȦȞ ȡȠȒȢ�IOX[ WXEHV� ȝȩȞȠ ıĲĮ ıȘȝİȓĮ ʌȠȣ
İȝĳĮȞȓȗİĲĮȚ ĲȠ ĳĮȚȞȩȝİȞȠ ĮȣĲȩ� ȀĮȚ ȠȚ � ĮȣĲȑȢ ʌȡȠıİȖȖȓıİȚȢ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ įİȞ ĮȞĮ�
ʌĲȪȤșȘțĮȞ ıĲĮ ʌȜĮȓıȚĮ ĲȘȢ ıȣȖțİțȡȚȝȑȞȘȢ įȚʌȜȦȝĮĲȚțȒȢ ĮʌȠĲİȜȠȪȞ ȩȝȦȢ ȝİȜȜȠȞĲȚțȒ
İȞȑȡȖİȚĮ ȖȚĮ ʌİȡĮȚĲȑȡȦ įȚİȡİȪȞȘıȘ�

ȈȤȒȝĮ ����� ȇȠȒ ıțȑįĮıȘȢ ]LJ�]DJ Įʌȩ ıĲȚȖȝȚȩĲȣʌȠ ĲȠȣ )(00



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

��� ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ

Ǿ ĮʌȩįȠıȘ ıİ ȝȚĮ ȝȘȤĮȞȒ ĮʌȠĲİȜİȓ ʌȠȜȪ ıȘȝĮȞĲȚțȩ țȡȚĲȒȡȚȠ ȖȚĮ ĲȘȞ ıȤİįȓĮıȘ ĮȣĲȒȢ ĮȞȐ�
ȜȠȖĮ ȝİ ĲȘȞ İĳĮȡȝȠȖȒ� ȅȚ ĮʌȫȜİȚİȢ ȠȚ ȠʌȠȓİȢ ʌĮȓȗȠȣȞ ĲȠȞ ȠȣıȚĮıĲȚțȩĲİȡȠ ȡȩȜȠ ıĲȘȞ Įʌȩ�
įȠıȘ ȝȚĮȢ ȝȘȤĮȞȒȢ İȓȞĮȚ ȠȚ ĮʌȫȜİȚİȢ ʌȣȡȒȞĮ�FRUH ORVVHV� țĮȚ ȠȚ ĮʌȫȜİȚİȢ ȤĮȜțȠȪ�FRSSHU
ORVVHV��

����� ǹʌȫȜİȚİȢ ʌȣȡȒȞĮ

ȅȚ ĮʌȫȜİȚİȢ ʌȣȡȒȞĮ ıİ ȑȞĮ ȝĮȖȞȘĲȚțȩ ȣȜȚțȩ ȩʌȦȢ ıĲȘȞ ʌȡȠțİȚȝȑȞȘ ʌİȡȓʌĲȦıȘ ıĲȠȞ ıȓ�
įȘȡȠ ĲȠȣ ʌȣȡȒȞĮ ĲȘȢ ȝȘȤĮȞȒȢ� ıȣȝȕĮȓȞȠȣȞ ȩĲĮȞ ĲȠ ȣȜȚțȩ ĮȣĲȩ ȣʌȩțİȚĲĮȚ ıİ ȝȚĮ ȤȡȠȞȚțȫȢ
ȝİĲĮȕĮȜȜȩȝİȞȘ ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢB� ȅȚ ĮʌȫȜİȚİȢ ĮȣĲȑȢ ȝʌȠȡȠȪȞ ȞĮ ȤȦȡȚıĲȠȪȞ
ıİ � țĮĲȘȖȠȡȓİȢ� ıĲȚȢ ĮʌȫȜİȚİȢ ȣıĲȑȡȘıȘȢ�K\VWHU\VLV ORVV� țĮȚ ıĲȚȢ ĮʌȫȜİȚİȢ įȚȞȠȡİȣȝȐ�
ĲȦȞ�HGG\ FXUUHQWV ORVVHV��
ȅȚ ĮʌȫȜİȚİȢ ȣıĲȑȡȘıȘȢ ĮȞĲȚıĲȠȚȤȠȪȞ ıĲȘȞ İȞȑȡȖİȚĮ ʌȠȣ ĮʌĮȚĲİȓĲĮȚ ȖȚĮ ĲȠȞ ĮʌȠʌȡȠıĮȞĮ�
ĲȠȜȚıȝȩ ȩȜȦȞ ĲȦȞ ĲȠȝȑȦȞ ĲȠȣ ȝİĲȐȜȜȠȣ ıİ țȐșİ ʌİȡȓȠįȠ ĲȠȣ İȞĮȜȜĮııȩȝİȞȠȣ ȡİȪȝĮĲȠȢ
ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıĲȠȞ ʌȣȡȒȞĮ� ȂʌȠȡİȓ ȞĮ ĮʌȠįİȚȤșİȓ ȩĲȚ ȠȚ ĮʌȫȜİȚİȢ İȞȑȡȖİȚĮȢ İȓȞĮȚ
ĮȞȐȜȠȖİȢ ĲȠȣ İȝȕĮįȠȪ ʌȠȣ țĮȜȪʌĲİȚ Ƞ ȕȡȩȤȠȢ ȣıĲȑȡȘıȘȢ� ǵıȠ ȝȚțȡȩĲİȡȘ İȓȞĮȚ Ș ȝȑȖȚ�
ıĲȘ ĲȚȝȒ ĲȘȢ ȝĮȖȞȘĲİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ʌȠȣ İĳĮȡȝȩȗİĲĮȚ ıĲȠȞ ʌȣȡȒȞĮ ĲȩıȠ ȝȚțȡȩĲİȡȠ
İȓȞĮȚ ĲȠ İȝȕĮįȩȞ ĲȠȣ ȕȡȩȤȠȣ ȣıĲȑȡȘıȘȢ ȠʌȩĲİ țĮȚ ȠȚ ĮʌȫȜİȚİȢ ʌȣȡȒȞĮ�
ȅȚ ĮʌȫȜİȚİȢ įȚȞȠȡİȣȝȐĲȦȞ ʌȡȠțĮȜȠȪȞĲĮȚ Įʌȩ ȘȜİțĲȡȚțȐ ȡİȪȝĮĲĮ ĲĮ ȠʌȠȓĮ İʌȐȖȠȞĲĮȚ
ȝȑıĮ ıĲĮ ıȚįȘȡȠȝĮȖȞȘĲȚțȐ ȣȜȚțȐ Įʌȩ ȤȡȠȞȚțȐ ȝİĲĮȕĮȜȜȩȝİȞİȢ įȚİȖȑȡıİȚȢ� ǹȣĲȐ ĲĮ İʌĮ�
ȖȩȝİȞĮ ȡİȪȝĮĲĮ ȑȤȠȣȞ ȝȠȡĳȒ ıĲȡȠȕȓȜȦȞ țĮȚ țĮșȫȢ įȚĮȡȡȑȠȣȞ ĲȠȞ ĮȖȫȖȚȝȠ ʌȣȡȒȞĮ ĲȘȢ
ȝȘȤĮȞȒȢ țĮĲĮȞĮȜȫȞȠȣȞ İȞȑȡȖİȚĮ� ǹʌȠįİȚțȞȪİĲĮȚ ȩĲȚ ĲȠ ʌȠıȩ ĲȘȢ İȞȑȡȖİȚĮȢ ʌȠȣ ȤȐȞİĲĮȚ
İȟĮȚĲȓĮȢ ĲȦȞ įȚȞȠȡİȣȝȐĲȦȞ İȓȞĮȚ ĮȞȐȜȠȖȠ ĲȠȣ ȝȒțȠȣȢ ĲȘȢ įȚĮįȡȠȝȒȢ ʌȠȣ ĮȣĲȐ įȚĮȖȡȐ�
ĳȠȣȞ ȝȑıĮ ıĲȠȞ ʌȣȡȒȞĮ� īȚ¶ ĮȣĲȩ ĲȠ ȜȩȖȠ ȠȚ ıȚįȘȡȠȝĮȖȞȘĲȚțȠȓ ʌȣȡȒȞİȢ ıĲȠȣȢ ȠʌȠȓȠȣȢ
İȓȞĮȚ įȣȞĮĲȩȞ ȞĮ ĮȞĮʌĲȣȤșȠȪȞ ĲȑĲȠȚĮ ĮȞİʌȚșȪȝȘĲĮ ȡİȪȝĮĲĮ ȤȦȡȓȗȠȞĲĮȚ ıİ ȜİʌĲȐ ĳȪȜȜĮ
ʌȠȣ ȠȞȠȝȐȗȠȞĲĮȚ įȣȞĮȝȠİȜȐıȝĮĲĮ�ȜĮȝĮȡȓȞİȢ� ȉĮ įȣȞĮȝȠİȜȐıȝĮĲĮ ĮȣĲȐ İȞȫȞȠȞĲĮȚ ȖȚĮ
ȞĮ ıȤȘȝĮĲȓıȠȣȞ ĲȠ ȞȑȠ ʌȣȡȒȞĮ�

ȈȤȒȝĮ ����� ǹȞĮʌĮȡȐıĲĮıȘ ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ǲȞĮ ıȪȞȘșİȢ ȝȠȞĲȑȜȠ ȖȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ ĲȠ ȠʌȠȓȠ ȕĮıȓȗİĲĮȚ ıĲȚȢ
İȟȓıȦıİȚȢ ĲȠȣ 6WHLQPHW]� İȓȞĮȚ ĲȠ İȟȒȢ�>��@�

pFe = physt + pec = khyst · f · B̂β + kec · f · B̂2 �����

ȩʌȠȣ khyst țĮȚ kec ȠȚ ıĲĮșİȡȑȢ ĮʌȦȜİȚȫȞ ȣıĲȑȡȘıȘȢ țĮȚ įȚȞȠȡİȣȝȐĲȦȞ ĮȞĲȓıĲȠȚȤĮ țĮȚ β
Ș ıĲĮșİȡȐ ĲȠȣ 6WHLQPHW]� ȠȚ ȠʌȠȓİȢ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȠ ȣȜȚțȩ�

ȅ ʌĮȡĮʌȐȞȦ ĲȪʌȠȢ�����ȑȤİȚ ȚıȤȪ ȝȩȞȠ ıİ ʌİȡȚʌĲȫıİȚȢ ʌȠȣ Ș țĮĲĮȞȠȝȒ ĲȘȢ ʌȣțȞȩĲȘĲĮȢ
ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ İȓȞĮȚ ȘȝȚĲȠȞȠİȚįȒȢ>��@� ȈĲȚȢ ʌİȡȚııȩĲİȡİȢ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ
ȩȝȦȢ� ȩʌȦȢ țĮȚ ıĲȘȞ ʌİȡȓʌĲȦıȘ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ İȟİĲȐȗİĲĮȚ ıĲȘ ıȣȖțİțȡȚȝȑȞȘ įȚʌȜȦ�
ȝĮĲȚțȒ� Ș ʌȣțȞȩĲȘĲĮ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ıĲȠȞ ʌȣȡȒȞĮ ĲȠȣ ıĲȐĲȘ įİȞ ĮțȠȜȠȣșİȓ ȘȝȚĲȠȞȠİȚįȒ
țĮĲĮȞȠȝȒ�Ȉİ ĮȣĲȒȞ ĲȘȞ ʌİȡȓʌĲȦıȘ İȞȫ Ș ʌȡȠıȑȖȖȚıȘ ȖȚĮ ĲȚȢ ĮʌȫȜİȚİȢ ȣıĲȑȡȘıȘȢ ıȣ�
ȞİȤȓȗİȚ ȞĮ ȚıȤȪİȚ ȠȚ ĮʌȫȜİȚİȢ įȚȞȠȡİȣȝȐĲȦȞ įİȞ ȝʌȠȡȠȪȞ ȞĮ ȣʌȠȜȠȖȚıĲȠȪȞ ȝİ ĮȣĲȩȞ ĲȠȞ
ĲȪʌȠ� īȚ ĮȣĲȩ ʌȡȑʌİȚ ȞĮ ȤȡȘıȚȝȠʌȠȚȘșİȓ ȝȚĮ İȞĮȜȜĮțĲȚțȒ ʌȡȠıȑȖȖȚıȘ Ș ȠʌȠȓĮ ʌİȡȚȜĮȝȕȐ�
ȞİȚ ĲȚȢ ĮȡȝȠȞȚțȑȢ ĲȘȢ ʌȣțȞȩĲȘĲĮȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ� ȆȚȠ ıȣȖțİțȡȚȝȑȞĮ Ș ȝȑșȠįȠȢ ȕĮıȓȗİĲĮȚ
ıĲȠ ȝİĲĮıȤȘȝĮĲȚıȝȩ )RXULHU ĲȦȞ țȣȝĮĲȠȝȠȡĳȫȞ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ B ıİ țȐșİ
ıĲȠȚȤİȓȠ ĲȩıȠ ȖȚĮ ĲȘ ȝȑșȠįȠ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ȩıȠ țĮȚ ĲȘ ȝȑșȠįȠ ȚıȠįȣȞȐȝȦȞ
ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ� ȅȚ ĲȪʌȠȚ ĮȣĲȒȢ ĲȘȢ ȝİșȠįȠȜȠȖȓĮȢ İȓȞĮȚ ȠȚ ĮțȩȜȠȣșȠȚ>��@�

Pedd =
M∑

i=1

∑

n

kec · (mi) · (nf)2 · (B2
r,n +B2

θ,n) �����

Phys =
M∑

i=1

∑

n

khys · (mi) · (nf) · (Bβ
r,n +Bβ

θ,n) �����

ȩʌȠȣmi Ș ȝȐȗĮ ĲȠȣ țȐșİ ıĲȠȚȤİȓȠȣ�Br,n ĲȠ ʌȜȐĲȠȢ ĲȘȢ ĮȡȝȠȞȚțȒȢ ĲȘȢ ĮțĲȚȞȚțȒȢ ıȣȞȚıĲȫ�
ıĮȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ Bθ,n ĲȠ ʌȜȐĲȠȢ ĲȘȢ ĮȡȝȠȞȚțȒȢ ĲȘȢ İĳĮʌĲȠȝİȞȚțȒȢ ıȣȞȚ�
ıĲȫıĮȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ țĮȚ nf Ș ĮȞĲȓıĲȠȚȤȘ ıȣȤȞȩĲȘĲĮ ĲȘȢ ĮȡȝȠȞȚțȒȢ�

Ȃİ ȕȐıȘ ĲȠȣȢ ʌĮȡĮʌȐȞȦ ĲȪʌȠȣȢ ĮțȠȜȠȣșȠȪȞ ȠȚ ıȣȖțȡȓıİȚȢ ĲȦȞ ĮʌȦȜİȚȫȞ ıȚįȒȡȠȣ ȝİ�
ĲĮȟȪ 0(& țĮȚ )(00 ȖȚĮ ʌȣțȞȩĲȘĲİȢ ȡİȪȝĮĲȠȢ - � țĮȚ - � ȖȚĮ ĲĮ � ȣȜȚțȐ ȝĮȖȞȒĲȘ�

ĭİȡȡȓĲȘȢ 6P&R 1G)H%
ǹʌȫȜİȚİȢ ıȚįȒȡȠȣ 0(& ȖȚĮ J = 2 �:� 0.3616584 2.16645 3.42329

ǹʌȫȜİȚİȢ ıȚįȒȡȠȣ )(00 ȖȚĮ J = 2 �:� 0.58332 2.94374 4.36275

ȈȤİĲȚțȩ ıĳȐȜȝĮ 0(&�)(00(�) 38 26.4 21.53

ȆȓȞĮțĮȢ ���� ȈȪȖțȡȚıȘ 0(&�)(00 ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ
- �



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

ĭİȡȡȓĲȘȢ 6P&R 1G)H%
ǹʌȫȜİȚİȢ ıȚįȒȡȠȣ 0(& ȖȚĮ J = 4 0.4321 2.23257 3.4592

ǹʌȫȜİȚİȢ ıȚįȒȡȠȣ )(00 ȖȚĮ J = 4 0.648624 2.98497 4.37416

ȈȤİĲȚțȩ ıĳȐȜȝĮ 0(&�)(00(�) 33.38 25.21 20.92

ȆȓȞĮțĮȢ ���� ȈȪȖțȡȚıȘ 0(&�)(00 ĮʌȦȜİȚȫȞ ʌȣȡȒȞĮ ȖȚĮ ʌȣțȞȩĲȘĲĮ ȡİȪȝĮĲȠȢ
- �

ǵʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠȣȢ ʌĮȡĮʌȐȞȦ ʌȓȞĮțİȢ ĲĮ ıĳȐȜȝĮĲĮ ıĲȚȢ ĮʌȫȜİȚİȢ ıȚįȒȡȠȣ țȣȝĮȓȞȠ�
ȞĲĮȚ Įʌȩ 21� ȑȦȢ 38�� ȀĮșȫȢ ȠȚ ĮʌȫȜİȚİȢ ʌȣȡȒȞĮ ıȤİĲȓȗȠȞĲĮȚ ȐȝİıĮ ȝİ ĲȚȢ ȝĮȖȞȘĲȚțȑȢ
İʌĮȖȦȖȑȢ ȠȚ ĮʌȠțȜȓıİȚȢ ĮȣĲȑȢ ȠĳİȓȜȠȞĲĮȚ țȣȡȓȦȢ ıĲȘ ȝȘ ȚțĮȞȠʌȠȚȘĲȚțȒ ʌȡȠıȑȖȖȚıȘ ĲȘȢ
ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ıĲȠ ʌȑȜȝĮ ĲȠȣ įȠȞĲȚȠȪ ȖȚĮ ĲȠȣȢ ȜȩȖȠȣȢ ʌȠȣ ȑȤȠȣȞ ĮȞĮĳİȡșİȓ ıĲȘȞ
ʌȡȠȘȖȠȪȝİȞȘ İȞȩĲȘĲĮ ĮȜȜȐ țĮȚ ıĲĮ ıĳȐȜȝĮĲĮ ʌȠȣ ȣʌȐȡȤȠȣȞ ıĲȚȢ ȣʌȩȜȠȚʌİȢ ȝĮȖȞȘĲȚțȑȢ
İʌĮȖȦȖȑȢ�

����� ǹʌȫȜİȚİȢ ȤĮȜțȠȪ

ȅȚ ĮʌȫȜİȚİȢ ȤĮȜțȠȪ�FRSSHU ORVVHV� ĮĳȠȡȠȪȞ ĲȚȢ șİȡȝȚțȑȢ ĮʌȫȜİȚİȢ ıĲȚȢ ĮȞĲȚıĲȐıİȚȢ ĲȦȞ
ĲȣȜȚȖȝȐĲȦȞ țĮȚ İȓȞĮȚ ĮȞȐȜȠȖİȢ ĲȠȣ ĲİĲȡĮȖȫȞȠȣ ĲȠȣ ȡİȪȝĮĲȠȢ ıĲĮ ĲȣȜȓȖȝĮĲĮ ĮȣĲȐ� ȅȚ Įʌȫ�
ȜİȚİȢ ȤĮȜțȠȪ ȖȚĮ ĲȘȞ ȝȘȤĮȞȒ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ İȞĲȠʌȓȗȠȞĲĮȚ ȝȩȞȠ ıĲȠȞ ıĲȐĲȘ ĲȘȢ ȝȘȤĮ�
ȞȒȢ ĮĳȠȪ ȝȩȞȠ İțİȓ ȣʌȐȡȤİȚ ĲȪȜȚȖȝĮ� ȅ ȣʌȠȜȠȖȚıȝȩȢ ĲȦȞ ĮʌȦȜİȚȫȞ ıĲȚȢ � ĳȐıİȚȢ ĲȘȢ
ȝȘȤĮȞȒȢ įȓȞİĲĮȚ Įʌȩ ĲȠȞ ĲȪʌȠ�

Pcopper = 3 · I2 ·Ri = 3 · V
2

Ri
�����

ȩʌȠȣ V Ș ĳĮıȚțȒ ĲȐıȘ � I ĲȠ ȡİȪȝĮ ȖȡĮȝȝȒȢ țĮȚ Ri Ș ıȣȞȠȜȚțȒ ĮȞĲȓıĲĮıȘ ĲȘȢ țȐșİ ĳȐ�
ıȘȢ ȅ ȣʌȠȜȠȖȚıȝȩȢ ȜȠȚʌȩȞ ĲȦȞ ĮʌȦȜİȚȫȞ ĮʌĮȚĲİȓ ĮȡȤȚțȐ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ĮȞĲȓıĲĮıȘȢ
ĲȣȜȓȖȝĮĲȠȢ țȐșİ ĳȐıȘȢRi�Ǿ ĮȞĲȓıĲĮıȘ ĲȣȜȓȖȝĮĲȠȢ țȐșİ ĳȐıȘȢ ȣʌȠȜȠȖȓȗİĲĮȚ ȦȢ ĲȠ ȐșȡȠȚ�
ıȝĮ İȞ ıİȚȡȐ ĮȞĲȚıĲȐıİȦȞ ĲȦȞ ʌȘȞȓȦȞ ĲȘȢ țȐșİ ĳȐıȘȢ� Ǿ țȐșİ ĳȐıȘ ȑȤİȚ � ʌȘȞȓĮ�FRLO�
ıİ ıȣȞįİıȝȠȜȠȖȓĮ ıİȚȡȐȢ ȠʌȩĲİ ȚıȤȪİȚ ȩĲȚ �

Ri = 6 ·Rcoil �����

īȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ĮȞĲȓıĲĮıȘȢ ʌȘȞȓȠȣ țȐșİ ĳȐıȘȢ ĮʌĮȚĲİȓĲĮȚ Ș İȪȡİıȘ ĲȠȣ ıȣȞȠȜȚ�
țȠȪ ȝȒțȠȣȢ ȩȜȦȞ ĲȦȞ İȜȚȖȝȐĲȦȞ�ĮȖȦȖȫȞ ıİ ȑȞĮ ʌȘȞȓȠ țĮȚ Ș įȚĮĲȠȝȒ ĲȠȣ țȐșİ ĮȖȦȖȠȪ�
īȚĮ ĲȘȞ İȪȡİıȘ ĲȠȣ ȝȒțȠȣȢ İȞȩȢ İȜȓȖȝĮĲȠȢ ĲȠȣ ʌȘȞȓȠȣ�șİȦȡȠȪȝİ ȩĲȚ ĲȠ ȑȜȚȖȝĮ įȚĮĲȡȑȤİȚ
įȣȠ ĳȠȡȑȢ ĲȠ ȝȒțȠȢ ĲȘȢ ȝȘȤĮȞȒȢ țĮȚ İʌȚʌȜȑȠȞ ʌİȡȚȜĮȝȕȐȞİȚ � ĲȩȟĮ ıĲȠ ȪȥȠȢ ĲȠȣ ȝȑıȠȣ



ȀİĳȐȜĮȚȠ ��ȆȣțȞȩĲȘĲĮ ȝĮȞȖȘĲȚțȒȢ ȡȠȒȢ țĮȚ ǹʌȫȜİȚİȢ ȝȘȤĮȞȒȢ ���

įȠȞĲȚȠȪ �ĮțĲȓȞĮ ĲȩȟȠȣ�Rstatorin + ℓtooth/2 ʌȠȣ țĮȜȪʌĲȠȣȞ ʌİȡȓʌȠȣ ĲĮ ��� ĲȠȣ ȕȒȝĮĲȠȢ
ĮȣȜĮțȚȠȪ�� Ǿ ȑȞȞȠȚĮ ĲȠȣ ©���ª įȚțĮȚȠȜȠȖİȓĲĮȚ Įʌȩ ĲȘȞ ĮțȩȜȠȣșȘ İȚțȩȞĮ�������

ȈȤȒȝĮ ����� ǹȞĮʌĮȡȐıĲĮıȘ ȝȒțȠȣȢ ĲȠȣ ĲȩȟȠȣ İȞȩȢ İȜȓȖȝĮĲȠȢ

ȈȣȞİʌȫȢ� Ƞ ĲȪʌȠȢ ȖȚĮ ĲȠ ȝȒțȠȢ İȞȩȢ İȜȓȖȝĮĲȠȢ ĲȠȣ ʌȘȞȓȠȣ țȐșİ ĳȐıȘȢ įȚĮȝȠȡĳȫȞİĲĮȚ
ȦȢ İȟȒȢ �

ℓ = 2 · L+ 2 · 2
3
· 2π ·R

Q
, R = Rstatorin +

ℓtooth
2

�����

Ǿ įȚĮĲȠȝȒ ĲȠȣ ĮȖȦȖȠȪ Swire ȣʌȠȜȠȖȓȗİĲĮȚ ȦȢ ĲȠ İȝȕĮįȩȞ ĲȠȣ ĮȣȜĮțȚȠȪ İʌȓ ȑȞĮ ıȣȞĲİȜİ�
ıĲȒ�ILOO IDFWRU� ıȤİĲȚțȩ ȝİ ĲȠ ʌȠıȠıĲȩ ĲȠȣ ĮȣȜĮțȚȠȪ ʌȠȣ țĮȜȪʌĲİĲĮȚ Įʌȩ ĲȠ ĲȪȜȚȖȝĮ įȚĮ
ĲȠȣ ĮȡȚșȝȠȪ ĲȦȞ İȜȚȖȝȐĲȦȞ N � ȅ ıȣȞĲİȜİıĲȒȢ ĮȣĲȩȢ ȖȚĮ ĲȘȞ ʌİȡȓʌĲȦıȘ ȝĮȢ ȚıȠȪĲĮȚ ȝİ
���� ǼʌİȚįȒ ȑȤȠȣȝİ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ıȣȖțİȞĲȡȦȝȑȞȠ ĲȪȜȚȖȝĮ� ıİ ȑȞĮ ĮȣȜȐțȚ ʌİȡȞȐȞİ
İȜȓȖȝĮĲĮ Įʌȩ � ʌȘȞȓĮ ȠʌȩĲİ ȦȢ İȝȕĮįȩȞ ĲȠȣ ĮȣȜĮțȚȠȪ ȖȚĮ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ įȚĮĲȠȝȒȢ
șİȦȡȠȪȝİ ĲȠ ȝȚıȩ țĮȚ Ș ıȤȑıȘ ʌȠȣ ʌȡȠțȪʌĲİȚ İȓȞĮȚ �

Swire = 0.7 · Aslot

2
· 1

N
������

ȅʌȩĲİ � Ș ĮȞĲȓıĲĮıȘ ĲȠȣ İȞȩȢ ʌȘȞȓȠȣ ʌȠȣ ʌİȡȚȜĮȝȕȐȞİȚ N İȜȓȖȝĮĲĮ İȓȞĮȚ Ș İȟȒȢ �

Rcoil = ρθ ·
ℓ

S
= ρθ ·

2 · L+ 2 · 2
3 · 2π·R

Q

0.7 · Aslot
2 · 1

N

������

ȝİ
ρθ = ρ20

(
1 + α20(θ − 20◦)

)
������

ȩʌȠȣ ρ20 țĮȚ α20 Ș İȚįȚțȒ ĮȞĲȓıĲĮıȘ ĲȠȣ ȣȜȚțȠȪ ĲȣȜȓȖȝĮĲȠȢ țĮȚ Ƞ șİȡȝȠțȡĮıȚĮțȩȢ ĲȠȣ
ıȣȞĲİȜİıĲȒȢ ĮȞĲȓıĲȠȚȤĮ ıİ șİȡȝȠțȡĮıȓĮ 20◦C�

ȈȪȖțȡȚıȘ ȝİĲĮȟȪ 0(& țĮȚ )(00 ȖȚĮ ĲȠ ıȣȖțİțȡȚȝȑȞȠ ȝȑȖİșȠȢ įİȞ ʌȡĮȖȝĮĲȠʌȠȚİȓĲĮȚ țĮ�
șȫȢ ĲȠ ȡİȪȝĮ ĮʌȠĲİȜİȓ İȓıȠįȠ ıĲȠ ıȪıĲȘȝĮ ȝĮȢ ȠʌȩĲİ Ș ıȪȖțȡȚıȘ ĮȣĲȒ įİȞ ʌĮȡȠȣıȚȐȗİȚ
İȞįȚĮĳȑȡȠȞ�



ȀİĳȐȜĮȚȠ �

ȈȊȂȆǼȇǹȈȂǹȉǹ

��� īİȞȚțȐ

ȈĲȘȞ ʌĮȡȠȪıĮ įȚʌȜȦȝĮĲȚțȒ İȡȖĮıȓĮ ĮȞĮʌĲȪȤșȘțİ ȑȞĮ ȝȠȞĲȑȜȠ ȚıȠįȪȞĮȝȦȞ ȝĮȖȞȘĲȚțȫȞ
țȣțȜȦȝȐĲȦȞ �0(&� ȖȚĮ ĲȘȞ ĮȞȐȜȣıȘ țĮȚ ʌȡȠıȠȝȠȓȦıȘ ȝȚĮȢ ıȪȖȤȡȠȞȘȢ ȘȜİțĲȡȚțȒȢ ȝȘ�
ȤĮȞȒȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠȣ ıȣȖțİȞĲȡȦȝȑȞȠȣ ĲȣȜȓȖȝĮĲȠȢ�
īȚĮ ĲȘȞ ĮȞȐʌĲȣȟȘ ĮȣĲȠȪ ĲȠȣ ȝȠȞĲȑȜȠȣ ĮȡȤȚțȐ ȠȡȓıĲȘțĮȞ ĲĮ ȕĮıȚțȐ ıĲȠȚȤİȓĮ ȖȚĮ ĲȘȞ ȝȠ�
ȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ıİ țȐșİ ȝȑȡȠȢ ĲȘȢ ȝȘȤĮȞȒȢ� ǿįȚĮȓĲİȡȘ ȑȝĳĮıȘ įȩșȘțİ
ıĲȘȞ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȦȞ ıĲȠȚȤİȓȦȞ ıĲȠ ĲȝȒȝĮ ĲȠȣ įȚĮțȑȞȠȣ ĲĮ ȠʌȠȓĮ ȝİĲĮȕȐȜȜȠȞĲĮȚ țĮĲȐ
ĲȘ ıĲȡȠĳȒ ĲȠȣ įȡȠȝȑĮ ȝİ ĲȚȝȑȢ ʌȠȣ İȟĮȡĲȫȞĲĮȚ Įʌȩ ĲȘȞ İțȐıĲȠĲİ șȑıȘ ĲȠȣ� īȚĮ ĲȘȞ ĮȞĮ�
ʌĮȡȐıĲĮıȘ ĲȠȣ ĳĮȚȞȠȝȑȞȠȣ ĲȠȣ țȠȡİıȝȠȪ ĲȘȢ ȝȘȤĮȞȒȢ ȠȡȓıĲȘțĮȞ ıĲȠȚȤİȓĮ ȝİ ȝİĲĮȕȜȘĲȑȢ
įȚĮʌİȡĮĲȩĲȘĲİȢ� ȠȚ ȠʌȠȓİȢ ȣʌȠȜȠȖȓȗȠȞĲĮȞ Įʌȩ ĲȚȢ ĲȚȝȑȢ ĲȘȢ ȝĮȖȞȘĲȚțȒȢ İʌĮȖȦȖȒȢ ȝȑıȦ
ĲȘȢ țĮȝʌȪȜȘȢ ȝĮȖȞȒĲȚıȘȢ ĲȠȣ ıȚįȒȡȠȣ ıĲĮ įȚȐĳȠȡĮ ĲȝȒȝĮĲĮ ıȚįȒȡȠȣ ĲȘȢ ȝȘȤĮȞȒȢ� ȈĲȘ
ıȣȞȑȤİȚĮ ıĲȒșȘțİ ĲȠ ĲİȜȚțȩ ȚıȠįȪȞĮȝȠ țȪțȜȦȝĮ ĲȘȢ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ Įʌȩ ĲȠ ȠʌȠȓȠ
ȝİ İĳĮȡȝȠȖȒ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ țȩȝȕȦȞ ʌȡȠȑțȣȥİ ȑȞĮ ıȪıĲȘȝĮ ȝȘ ȖȡĮȝȝȚțȫȞ ĮȜȖİȕȡȚ�
țȫȞ İȟȚıȫıİȦȞ� īȚĮ ĲȘȞ İʌȓȜȣıȘ ĮȣĲȠȪ ĮȞĮȗȘĲȒșȘțİ țȐʌȠȚĮ ȝĮșȘȝĮĲȚțȒ ȝȑșȠįȠȢ ȝİ ĲȘȞ
ĮʌĮȓĲȘıȘ ĲĮȤİȓĮȢ țĮȚ ĮțȡȚȕȠȪȢ ıȪȖțȜȚıȘȢ țĮȚ İʌȚȜȑȤșȘțİ ȝȚĮ ȣȕȡȚįȚțȒ ȝȠȡĳȒ ĲȘȢ ȝİșȩ�
įȠȣ 1HWZRQ�5DSKVRQ ʌȠȣ ȤȡȘıȚȝȠʌȠȚİȓ ȑȞĮȞ ıȣȞĲİȜİıĲȒ ȕĮȡȪĲȘĲĮȢ� ǲʌİȚĲĮ ȠȡȓıĲȘțĮȞ
įȪȠ įȚĮįȚțĮıȓİȢ İʌȓȜȣıȘȢ ĲȠȣ ȝȠȞĲȑȜȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ʌȠȣ ĮĳȠȡȠȪıĮȞ įȪȠ įȚĮĳȠȡİĲȚțȑȢ
ȜİȚĲȠȣȡȖȓİȢ ĲȘȢ� Ǿ ʌȡȫĲȘ ĮĳȠȡȠȪıİ ĲȘ ıĲĮĲȚțȒ İʌȓȜȣıȘ țĮĲȐ ĲȘȞ ȠʌȠȓĮ ĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ
ȝȘȤĮȞȒȢ įȚİȖİȓȡȠȞĲĮȚ ȝİ ıĲĮșİȡȩ ȡİȪȝĮ ȝİ ıĲȩȤȠ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȘȢ ȡȠʌȒȢ ȖȚĮ țȐșİ
șȑıȘ ĲȠȣ įȡȠȝȑĮ �İȟĮȖȦȖȒ țĮȝʌȪȜȘȢ ȡȠʌȒȢ�ȖȦȞȓĮȢ�� Ǿ įİȪĲİȡȘ ĮĳȠȡȠȪıİ ĲȘ įȣȞĮȝȚțȒ
İʌȓȜȣıȘ� țĮĲȐ ĲȘȞ ȠʌȠȓĮ ĲĮ ĲȣȜȓȖȝĮĲĮ ĲȘȢ ȝȘȤĮȞȒȢ įȚĮȡȡȑȠȞĲĮȚ Įʌȩ ȘȝȚĲȠȞȠİȚįȫȢ ȝİĲĮ�
ȕĮȜȜȩȝİȞĮ ȡİȪȝĮĲĮ İȞȫ ĲĮȣĲȩȤȡȠȞĮ Ƞ įȡȠȝȑĮȢ ıĲȡȑĳİĲĮȚ ıȪȖȤȡȠȞĮ ȝİ ȝȚĮ ıȣȖțİțȡȚȝȑȞȘ
ȖȦȞȓĮ δ ĮȞȐȜȠȖĮ ȝİ ĲȘȞ İʌȚșȣȝȘĲȒ ĲȚȝȒ ȡȠʌȒȢ ȝİ ıĲȩȤȠ ĲȠȞ ȣʌȠȜȠȖȚıȝȩ ĲȦȞ ȝİȖİșȫȞ

���



ȀİĳȐȜĮȚȠ ��ȈȣȝʌİȡȐıȝĮĲĮ ���

ĲȘȢ İʌȓįȠıȘȢ țĮȚ ĲȘȢ ĮʌȩįȠıȘȢ�
Ȃİ ȕȐıȘ ĲĮ ʌĮȡĮʌȐȞȦ ʌȡĮȖȝĮĲȠʌȠȚȒșȘțĮȞ ıȣȖțȡȓıİȚȢ ȖȚĮ ȩȜĮ ĲĮ ȝİȖȑșȘ ĲȘȢ ıȤİįȓĮ�
ıȘȢ ĮȣĲȒȢ ȝİ ĲĮ ĮȞĲȓıĲȠȚȤĮ ĲȘȢ ȝİșȩįȠȣ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ ȖȚĮ ĲȡȓĮ ȣȜȚțȐ
ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ� ȅȚ ĮʌȠțȜȓıİȚȢ ʌȠȣ ʌĮȡĮĲȘȡȒșȘțĮȞ ıİ ȠȡȚıȝȑȞİȢ ıȣȖțȡȓıİȚȢ ȠįȒ�
ȖȘıĮȞ ıĲȘȞ țĮĲĮıțİȣȒ İȞȩȢ ȞȑȠȣ ȚıȠįȪȞĮȝȠȣ ȝĮȖȞȘĲȚțȠȪ țȣțȜȫȝĮĲȠȢ ȝİ ȝİȖĮȜȪĲİȡȘ
įȚĮțȡȚĲȠʌȠȓȘıȘ� Ǿ įȚĮțȡȚĲȠʌȠȓȘıȘ ĮȣĲȒ ȑȖȚȞİ ıĲȠȣȢ ȝĮȖȞȒĲİȢ țĮȚ ıĲȠ ʌȐȞȦ ȝȑȡȠȢ ĲȦȞ
įȠȞĲȚȫȞ ıȣȞİʌȫȢ Ș ȝȘȤĮȞȒ ʌȡȠıȠȝȠȚȫșȘțİ țĮȚ ıȣȖțȡȓșȘțİ İț ȞȑȠȣ ȝİ ĲȠ ʌȡȩȖȡĮȝȝĮ
ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ� ȈĲȠ ĲİȜȚțȩ ĮȣĲȩ ȝȠȞĲȑȜȠ� ĲȠ ȠʌȠȓȠ İȝĳȐȞȚıİ ĮȡțİĲȐ ȚțĮȞȠʌȠȚ�
ȘĲȚțȐ ĮʌȠĲİȜȑıȝĮĲĮ ȣʌȠȜȠȖȓıĲȘțĮȞ ȠȚ ȝĮȖȞȘĲȚțȑȢ İʌĮȖȦȖȑȢ B ĲȦȞ ȝİȡȫȞ ıȚįȒȡȠȣ ĲȘȢ
ȝȘȤĮȞȒȢ țĮȚ ȠȚ ĮʌȫȜİȚİȢ ıȚįȒȡȠȣ ȠȚ ȠʌȠȓİȢ ıȣȖțȡȓșȘțĮȞ ȝİ ĲȘ ıİȚȡȐ ĲȠȣȢ ȝİ ĮȣĲȑȢ ĲȠȣ
ʌȡȠȖȡȐȝȝĮĲȠȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�

��� ȈȣȝʌİȡȐıȝĮĲĮ

ȉĮ ıȣȝʌİȡȐıȝĮĲĮ ʌȠȣ ʌȡȠțȪȥĮȞ ıĲĮ ʌȜĮȓıȚĮ ĮȣĲȒȢ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ ȝʌȠȡȠȪȞ ȞĮ įȚĮ�
țȡȚșȠȪȞ ıİ ʌȠıȠĲȚțȐ țĮȚ ıİ ʌȠȚȠĲȚțȐ� ȉĮ țȣȡȚȩĲİȡĮ ʌȠıȠĲȚțȐ ıȣȝʌİȡȐıȝĮĲĮ ʌȠȣ ʌȡȠȑ�
țȣȥĮȞ Įʌȩ ĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ȑȞĮ ıĲȠȚȤİȓȠ ȖȚĮ țȐșİ ʌȑȜȝĮ įȠȞĲȚȠȪ țĮȚ
ȑȞĮ ıĲȠȚȤİȓȠ ȖȚĮ țȐșİ ȝĮȖȞȒĲȘ ʌȠȣ ȠįȘȖİȓ ıİQ ·P (18 ·16) ıĲȠȚȤİȓĮ ȖȚĮ ĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ
ĲȠȣ įȚĮțȑȞȠȣ İȓȞĮȚ ĲĮ İȟȒȢ�

� īȚĮ ĲȘ ıĲĮĲȚțȒ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ȩʌȠȣ ȝİ ıĲĮșİȡȐ ȡİȪȝĮĲĮ ȜĮȝ�
ȕȐȞİĲĮȚ Ș ĲȚȝȒ ĲȘȢ ȡȠʌȒȢ ȖȚĮ țȐșİ șȑıȘ ĲȠȣ įȡȠȝȑĮ� ĲĮ ıĳȐȜȝĮĲĮ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ
ȝİĲĮȟȪ ĲȦȞ ȝİșȩįȦȞ 0(& țĮȚ )(00 țȣȝĮȓȞȠȞĲĮȚ Įʌȩ 11.63� ȑȦȢ 30�� īȚĮ ĲȠȣȢ
ȤȡȩȞȠȣȢ ȣȜȠʌȠȓȘıȘȢ ĮȣĲȒȢ ĲȘȢ İʌȓȜȣıȘȢ ĲȠ 0(& ĮʌȠįİȓȤșȘțİ 110�120 ĳȠȡȑȢ ʌȚȠ
ȖȡȒȖȠȡȠ Įʌȩ ĲȠ )(00 ȖȚĮ ĲĮ ȣȜȚțȐ 6P&R țĮȚ 1G)H%� ʌȠȣ ȠįȘȖȠȪȞ ĲȘ ȝȘȤĮȞȒ
ıİ ȜİȚĲȠȣȡȖȓĮ țȠȞĲȐ ıĲȠ ȖȩȞĮĲȠ țȠȡİıȝȠȪ țĮȚ ıİ ȑȞĲȠȞȠ țȠȡİıȝȩ ĮȞĲȓıĲȠȚȤĮ� īȚĮ
ĲȠȞ ĳİȡȡȓĲȘ ȝİ ĲȠȞ ȠʌȠȓȠ Ș ȝȘȤĮȞȒ ȜİȚĲȠȣȡȖİȓ ıĲȘ ȖȡĮȝȝȚțȒ ʌİȡȚȠȤȒ ĲȘȢ țĮȝʌȪȜȘȢ
țȠȡİıȝȠȪ ĲȠ 0(& İʌȚȜȪİȚ ȐȝİıĮ ĲȠ ȖȡĮȝȝȚțȩ ʌȡȩȕȜȘȝĮ țĮȚ įȓȞİȚ ȤȡȩȞȠȣȢ 2000

ĳȠȡȑȢ ȝȚțȡȩĲİȡȠȣȢ ıİ ıȤȑıȘ ȝİ ĲȠ )(00�

� īȚĮ ĲȘ įȣȞĮȝȚțȒ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȩʌȠȣ Ș ȝȘȤĮȞȒ įȚİȖİȓȡİĲĮȚ ȝİ ȘȝȚĲȠȞȠİȚįȒ
ȡİȪȝĮĲĮ ʌȣțȞȩĲȘĲĮȢ 4 A/mm2 țĮȚ ıĲȡȑĳİĲĮȚ įȚĮĲȘȡȫȞĲĮȢ ȝȚĮ ȖȦȞȓĮ ȡȠʌȒȢ δ ʌȠȣ
ĮȞĲȚıĲȠȚȤİȓ ıİ ȝȑȖȚıĲȘ ȡȠʌȒ ʌȡȠȑțȣȥĮȞ ĲĮ İȟȒȢ�

± īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ȝȑıȘȢ ȡȠʌȒȢ�Tavg� ĲĮ ıĳȐȜȝĮĲĮ ĲȦȞ � ȣȜȚțȫȞ ȝĮȖȞȘĲȫȞ
ĳİȡȡȓĲȘ 6P&R țĮȚ 1G)H% İȓȞĮȚ 2.1��6.2� țĮȚ 4� ĮȞĲȓıĲȠȚȤĮ�

± īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȦȞ İʌĮȖȩȝİȞȦȞ ĲȐıİȦȞ ĲȘȢ ȝȘȤĮȞȒȢ�ǾǼǻ� ȠȚ șİȝİȜȚȫįİȚȢ Įȡ�
ȝȠȞȚțȑȢ ȑȤȠȣȞ ıĳȐȜȝĮĲĮ 19.5�� 2.13� țĮȚ 0.63� ĮȞĲȓıĲȠȚȤĮ� ȅȚ �İȢ ĮȡȝȠȞȚțȑȢ
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ıĲȠ0(& ȒĲĮȞ ĮȡțİĲȐ ĮȞİȕĮıȝȑȞİȢ ıİ ıȤȑıȘ ȝİ ĲȠ )(00ȝİ ıĳȐȜȝĮĲĮ ʌȐȞȦ
Įʌȩ 2000�� ȅȚ ȐȜȜİȢ ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ ʌĮȡȠȣıȚȐȗȠȣȞ ıȘȝĮȞĲȚțȐ ıĳȐȜȝĮĲĮ
ĮȞĲȓıĲȠȚȤĮ ĮȜȜȐ ĲĮ ʌȠıȠıĲȐ ĲȠȣȢ ȦȢ ʌȡȠȢ ĲȘ șİȝİȜȚȫįȘ İȓȞĮȚ ȝȚțȡȐ țȐĲȦ Įʌȩ
3− 4��

± ȅȚ ȤȡȩȞȠȚ ȣȜȠʌȠȓȘıȘȢ ĲȠȣ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ İȓȞĮȚ ʌȐȞȦ Įʌȩ 100 ĳȠȡȑȢ ȝȚ�
țȡȩĲİȡȠȚ ȖȚĮ ĲȠ 0(& ıİ ıȤȑıȘ ȝİ ĲȠ )(00� ǹȞĲȓıĲȠȚȤĮ ȝİ ĲȠ ıĲĮĲȚțȩ ȝȠȞĲȑȜȠ
Ƞ ĳİȡȡȓĲȘȢ țĮȚ İįȫ İʌȚĲȣȖȤȐȞİȚ 2500 ĳȠȡȑȢ ʌȚȠ ȖȡȒȖȠȡȘ ʌȡȠıȠȝȠȓȦıȘ ĲȠȣ
ʌȡȠȕȜȒȝĮĲȠȢ�

ǹʌȩ ĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ȑȞĮ ıĲȠȚȤİȓȠ ȖȚĮ țȐșİ ʌȑȜȝĮ įȠȞĲȚȠȪ țĮȚ � ȖȚĮ
țȐșİ ȝĮȖȞȒĲȘ ʌȠȣ ȠįȘȖİȓ ıİ Q · 3 · P (18 · 3 · 16) ıĲȠȚȤİȓĮ ȖȚĮ ĲȘȞ ĮȞĮʌĮȡȐıĲĮıȘ ĲȠȣ
įȚĮțȑȞȠȣ� ʌȡȠȑțȣȥĮȞ ĲĮ İȟȒȢ ıȣȝʌİȡȐıȝĮĲĮ�

� īȚĮ ĲȘ ıĲĮĲȚțȒ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ĲȘȢ ȝȘȤĮȞȒȢ ȩʌȠȣ ȝİ ıĲĮșİȡȐ ȡİȪȝĮĲĮ ȜĮȝ�
ȕȐȞİĲĮȚ Ș ĲȚȝȒ ĲȘȢ ȡȠʌȒȢ ȖȚĮ țȐșİ șȑıȘ ĲȠȣ įȡȠȝȑĮ�ĲĮ ıĳȐȜȝĮĲĮ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ
ȝİĲĮȟȪ ĲȦȞ ȝİșȩįȦȞ 0(& țĮȚ )(00 țȣȝĮȓȞİĲĮȚ Įʌȩ 4.36� ȑȦȢ 11.4�� īȚĮ ĲȠȣȢ
ȤȡȩȞȠȣȢ ȣȜȠʌȠȓȘıȘȢ ĮȣĲȒȢ ĲȘȢ İʌȓȜȣıȘȢ ĲȠ 0(& ĮʌȠįİȓȤșȘțİ 87�95 ĳȠȡȑȢ ʌȚȠ
ȖȡȒȖȠȡȠ Įʌȩ ĲȠ )(00 ȖȚĮ ĲĮ ȣȜȚțȐ 6P&R țĮȚ 1G)H% țĮȚ ʌȐȞȦ Įʌȩ 2000 ĳȠȡȑȢ
ʌȚȠ ȖȡȒȖȠȡȠ ıİ ıȤȑıȘ ȝİ ĲȠ )(00�

� īȚĮ ĲȘ įȣȞĮȝȚțȒ İʌȓȜȣıȘ ĲȠȣ ȝȠȞĲȑȜȠȣ ȩʌȠȣ Ș ȝȘȤĮȞȒ įȚİȖİȓȡİĲĮȚ ȝİ ȘȝȚĲȠȞȠİȚįȒ
ȡİȪȝĮĲĮ ʌȣțȞȩĲȘĲĮȢ 4A/mm2 țĮȚ ıĲȡȑĳİĲĮȚ įȚĮĲȘȡȫȞĲĮȢ ȝȚĮ ȖȦȞȓĮ ȡȠʌȒȢ δ ʌȠȣ
ĮȞĲȚıĲȠȚȤİȓ ıİ ȝȑȖȚıĲȘ ȡȠʌȒ ʌȡȠțȪȥĮȞ ĲĮ İȟȒȢ�

± īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ȝȑıȘȢ ȡȠʌȒȢ ĲĮ ıĳȐȜȝĮĲĮ ĲȦȞ � ȣȜȚțȫȞ ȝĮȖȞȘĲȫȞ ĳİȡȡȓĲȘ
6P&R țĮȚ 1G)H% ȒĲĮȞ 0.176�� 0.973� țĮȚ 1.87� ĮȞĲȓıĲȠȚȤĮ�

± īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȦȞ İʌĮȖȩȝİȞȦȞ ĲȐıİȦȞ ĲȘȢ ȝȘȤĮȞȒȢ�ǾǼǻ� ȠȚ șİȝİȜȚȫįİȚȢ
ĮȡȝȠȞȚțȑȢ ȑȤȠȣȞ ıĳȐȜȝĮĲĮ 4.49�� 2� țĮȚ 4.59� ĮȞĲȓıĲȠȚȤĮ� ȅȚ �İȢ ĮȡȝȠȞȚțȑȢ
ıĲȠ 0(& ȒĲĮȞ 86.3�� 122.5� țĮȚ 74.05� ĮȞĲȓıĲȠȚȤĮ ȖȚĮ ĲĮ � ȣȜȚțȐ� ȅȚ ȐȜȜİȢ
ĲȐȟİȚȢ ĮȡȝȠȞȚțȫȞ ʌĮȡȠȣıȚȐȗȠȣȞ țȐʌȠȚĮ ıĳȐȜȝĮĲĮ ĮȜȜȐ ĲĮ ʌȠıȠıĲȐ ĲȠȣȢ ȦȢ
ʌȡȠȢ ĲȘ șİȝİȜȚȫįȘ İȓȞĮȚ ĮȡțİĲȐ ȝȚțȡȐ țĮȚ ıȣȖțİțȡȚȝȑȞĮ țȐĲȦ Įʌȩ 2.8��

± ȅȚ ȝĮȖȞȘĲȚțȑȢ İʌĮȖȦȖȑȢ ĲȦȞ įȠȞĲȚȫȞ� ĲȠȣ ȗȣȖȠȪ ĲȠȣ įȡȠȝȑĮ țĮȚ ĲȠȣ ȗȣȖȠȪ
ĲȠȣ ıĲȐĲȘ ʌĮȡȠȣıȚȐȗȠȣȞ ĮʌȠțȜȓıİȚȢ ıĲȚȢ � ȝİșȩįȠȣȢ ıȤİįȓĮıȘȢ țĮȚ ȖȚĮ ĲĮ �
ȣȜȚțȐ (6.9−11)�� İȞȫ ȖȚĮ ĲĮ ʌȑȜȝĮĲĮ įȠȞĲȚȫȞ ĲĮ ıĳȐȜȝĮĲĮ ĮȣĲȐ țȣȝĮȓȞȠȞĲĮȚ
Įʌȩ 30� ȑȦȢ 42��

± ȅȚ ĮʌȫȜİȚİȢ ıȚįȒȡȠȣ� ȠȚ ȠʌȠȓİȢ ȣʌȠȜȠȖȓıĲȘțĮȞ ȝİ ĲȘ ȝİșȠįȠȜȠȖȓĮ ʌȠȣ ȕĮ�
ıȓȗİĲĮȚ ıĲȚȢ İȟȚıȫıİȚȢ ĲȠȣ 6WHLQPHW]� ȑȤȠȣȞ ȖȚĮ ĲĮ ȣȜȚțȐ 6P&R țĮȚ 1G)H%
ıĳȐȜȝĮĲĮ İȪȡȠȣȢ 21 ȑȦȢ 26�� İȞȫ ȖȚĮ ȣȜȚțȩ ĳİȡȡȓĲȘ 33 ȑȦȢ 38��
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± ȅȚ ȤȡȩȞȠȚ ȣȜȠʌȠȓȘıȘȢ ĲȠȣ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ İȓȞĮȚ ʌİȡȓʌȠȣ 100 ĳȠȡȑȢ ȝȚ�
țȡȩĲİȡȠȚ ȖȚĮ ĲȠ 0(& ıİ ıȤȑıȘ ȝİ ĲȠ )(00� ȅ ĳİȡȡȓĲȘȢ țĮȚ İįȫ İʌȚĲȣȖȤȐȞİȚ
1900 ĳȠȡȑȢ ʌȚȠ ȖȡȒȖȠȡȘ ʌȡȠıȠȝȠȓȦıȘ ĲȠȣ ʌȡȠȕȜȒȝĮĲȠȢ�

� ȅȚ ǾǼǻ țİȞȠȪ ĳȠȡĲȓȠȣ ʌĮȡȠȣıȚȐȗİȚ ıĳȐȜȝĮĲĮ șİȝİȜȚȫįȠȣȢ 3.23�� 2.84�țĮȚ 4.92�
İȞȫ ȖȚĮ ĲȚȢ �İȢ ĮȡȝȠȞȚțȑȢ 62.81�� 71.33� țĮȚ 49.61� ȖȚĮ ĲĮ ȣȜȚțȐ ĳİȡȡȓĲȘ� 6P&R
țĮȚ 1G)H% ĮȞĲȓıĲȠȚȤĮ�

ǹʌȩ ĲĮ ʌĮȡĮʌȐȞȦ ʌȠıȠĲȚțȐ ıȣȝʌİȡȐıȝĮĲĮ ĲȦȞ � ȝȠȞĲȑȜȦȞ 0(& ʌȠȣ țĮĲĮıțİȣȐıĲȘ�
țĮȞ ʌȡȠțȪʌĲȠȣȞ ĲĮ ʌĮȡĮțȐĲȦ ʌȠȚȠĲȚțȐ ıȣȝʌİȡȐıȝĮĲĮ�

� Ǿ ȝȠȞĲİȜȠʌȠȓȘıȘ ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ȚıȠįȪȞĮȝĮ ȝĮȖȞȘĲȚțȐ țȣțȜȫȝĮĲĮ�0(&� ĮʌĮȚ�
Ĳİȓ ȜȓȖİȢ İțĮĲȠȞĲȐįİȢ ıĲȠȚȤİȓĮ ıİ ıȤȑıȘ ȝİ ĲĮ ȤȚȜȚȐįİȢ ıĲȠȚȤİȓĮ ʌȠȣ ȤȡİȚȐȗİĲĮȚ ĲȠ
ʌȡȩȖȡĮȝȝĮ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�)(00�� ǹȣĲȩ ȑȤİȚ ȦȢ ĮʌȠĲȑȜİıȝĮ ĲȠ ȣʌȠ�
ȜȠȖȚıĲȚțȩ țȩıĲȠȢ ȞĮ İȓȞĮȚ țĮĲȐ ʌȠȜȪ ȝȚțȡȩĲİȡȠ� ȆĮȡȐȜȜȘȜĮ ȠȚ ĮʌȠțȜȓıİȚȢ ĲȦȞ �
ʌȡȠȖȡĮȝȝȐĲȦȞ ȚįȚĮȓĲİȡĮ ıĲĮ ȝİȖȑșȘ ĲȘȢ İʌȓįȠıȘȢ İȓȞĮȚ ʌȠȜȪ ȝȚțȡȑȢ įİįȠȝȑȞȠȣ
ĲȘȢ ȝİȖȐȜȘȢ įȚĮĳȠȡȐȢ ıĲȠȚȤİȓȦȞ�

� ȈĲȘ ȝȑșȠįȠ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ ȚıȠįȪȞĮȝȦȞ țȣțȜȦȝȐĲȦȞ Ș ĮȪȟȘıȘ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘ�
ıȘȢ� ȚįȚĮȓĲİȡĮ ıĲȠȣȢ ȝĮȖȞȒĲİȢ ʌȠȣ ȠįȘȖİȓ ıİ ĮȪȟȘıȘ ĲȦȞ ıĲȠȚȤİȓȦȞ ʌȠȣ ĮȞĮʌĮȡȚ�
ıĲȠȪȞ ĲȠ įȚȐțİȞȠ ĲȘȢ ȝȘȤĮȞȒȢ� ȑȤİȚ ȦȢ ĮʌȠĲȑȜİıȝĮ țĮȜȪĲİȡȘ ıȣȝĳȦȞȓĮ ıĲĮ ȝİȖȑșȘ
ĲȘȢ İʌȓįȠıȘȢ țĮȚ ĮʌȩįȠıȘȢ ȝİ ĮȣĲȐ ĲȠȣ ʌȡȠȖȡȐȝȝĮĲȠȢ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ�

� Ǿ ĮȪȟȘıȘ ĲȘȢ įȚĮțȡȚĲȠʌȠȓȘıȘȢ ıĲȘȞ ȝȑșȠįȠ ĲȦȞ ȚıȠįȣȞȐȝȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦ�
ȝȐĲȦȞ İȓȞĮȚ ʌȠȜȪ ʌȚȠ İĳȚțĲȒ Įʌȩ ĮȣĲȒ ĲȦȞ ʌİʌİȡĮıȝȑȞȦȞ ıĲȠȚȤİȓȦȞ Įʌȩ ʌȜİȣȡȐȢ
ȣʌȠȜȠȖȚıĲȚțȠȪ țȩıĲȠȣȢ�

� Ǿ ȡȠʌȒ İȣșȣȖȡȐȝȝȚıȘȢ ıĲȘ ȝȑșȠįȠ ĲȦȞ ȝĮȖȞȘĲȚțȫȞ țȣțȜȦȝȐĲȦȞ İʌȚĲȣȖȤȐȞİȚ ĲȘȞ
ʌİȡȚȠįȚțȩĲȘĲĮ ʌȠȣ ʌȡȠțȪʌĲİȚ Įʌȩ ĲȘ șİȦȡȓĮ�

� ȈĲȚȢ ʌİȡȚʌĲȫıİȚȢ ȩʌȠȣ Ș ʌĮȡĮȝȑȞȠȣıĮ ȝĮȖȞȒĲȚıȘ ĲȠȣ ȣȜȚțȠȪ ĲȠȣ ȝĮȖȞȒĲȘ İȓȞĮȚ
ȝİȖȐȜȘ�ȩʌȦȢ ĲȠ 1G)H%� țĮȚ Ƞ ıȓįȘȡȠȢ ĲȘȢ ȝȘȤĮȞȒȢ țȠȡȑȞİĲĮȚ ȑȞĲȠȞĮ ĲĮ ıĳȐȜȝĮĲĮ
ĲȘȢ ȖȦȞȓĮȢ țĮȝʌȪȜȘȢ ȡȠʌȒȢ�ȖȦȞȓĮȢ ȠĳİȓȜȠȞĲĮȚ ıİ ȝİȖĮȜȪĲİȡȠ ʌȠıȠıĲȩ ıİ ıĳȐȜ�
ȝĮĲĮ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ� īȚĮ ĲȘ ıĲȡİĳȩȝİȞȘ ȜİȚĲȠȣȡȖȓĮ ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ȘȝȚĲȠȞȠİȚįȒ
ȡİȪȝĮĲĮ İʌȓıȘȢ ĲĮ ıĳȐȜȝĮĲĮ ıĲȘ ȝȑıȘ ȡȠʌȒ țĮȚ ıĲȘ șİȝİȜȚȫįȘ ǾǼǻ ȠĳİȓȜȠȞĲĮȚ
ʌȚȠ ʌȠȜȪ ıİ ıĳȐȜȝĮĲĮ ȝȘ ȖȡĮȝȝȚțȩĲȘĲĮȢ� ǹȞĲȓșİĲĮ ĲȠ ıĳȐȜȝĮ ıĲȚȢ ĮȡȝȠȞȚțȑȢ ĲȘȢ
ǾǼǻ� ȠĳİȓȜİĲĮȚ țĮĲȐ ĲȠ ȝİȖĮȜȪĲİȡȠ ȝȑȡȠȢ ĲȠȣ ıİ ıĳȐȜȝĮĲĮ ȖİȦȝİĲȡȓĮȢ�

� Ǿ ȝĮȖȞȘĲȚțȒ İʌĮȖȦȖȒ ıĲȠ ʌȑȜȝĮ ĲȠȣ įȠȞĲȚȠȪ įİȞ ȝʌȠȡİȓ ȞĮ ĮȞĮʌĮȡĮıĲĮșİȓ ȚțĮ�
ȞȠʌȠȚȘĲȚțȐ ȝȩȞȠ Įʌȩ ıĲȠȚȤİȓĮ ʌȠȣ ȝȠȞĲİȜȠʌȠȚȠȪȞ ĮțĲȚȞȚțȒ įȚİȪșȣȞıȘ ȡȠȒȢ țĮșȫȢ
ıİ ȠȡȚıȝȑȞİȢ șȑıİȚȢ ĲȘȢ ȝȘȤĮȞȒȢ İȝĳĮȞȓȗİĲĮȚ ĲȠ ĳĮȚȞȩȝİȞȠ ıțȑįĮıȘȢ ]LJ�]DJ țĮĲȐ
ĲȘȞ ȠʌȠȓĮ Ș ȡȠȒ ȡȑİȚ țĮĲȐ țȪȡȚȠ ȜȩȖȠ İĳĮʌĲȠȝİȞȚțȐ�
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��� ȈȣȝȕȠȜȒ ĲȘȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ

Ȃİ ĲȘȞ ȠȜȠțȜȒȡȦıȘ ĲȘȢ ʌĮȡȠȪıĮȢ įȚʌȜȦȝĮĲȚțȒȢ İȡȖĮıȓĮȢ İʌȚıȘȝĮȓȞȠȞĲĮȚ ĲĮ ʌĮȡĮțȐĲȦ
ıĲȠȚȤİȓĮ ıȣȝȕȠȜȒȢ ıĲȘȞ İʌȚıĲȘȝȠȞȚțȒ ȑȡİȣȞĮ�

� ȆȡĮȖȝĮĲȠʌȠȚȒșȘțİ ıȤİįȓĮıȘ ȘȜİțĲȡȚțȒȢ ȝȘȤĮȞȒȢ ȝȠȞȓȝȦȞ İʌȚĳĮȞİȚĮțȫȞ ȝĮȖȞȘ�
ĲȫȞ İıȦĲİȡȚțȠȪ įȡȠȝȑĮ ȝİ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ĲȪȜȚȖȝĮ ȝȑıȦ ȚıȠįȣȞȐȝȦȞ ȝĮȖȞȘ�
ĲȚțȫȞ țȣțȜȦȝȐĲȦȞ� Ǿ ȝİșȠįȠȜȠȖȓĮ ĮȣĲȒ įİȞ ȑȤİȚ ĮȞĮʌĲȣȤșİȓ ȚįȚĮȓĲİȡĮ ıİ ȝȘȤĮ�
ȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ȠȚ ȠʌȠȓİȢ İȝĳĮȞȓȗȠȣȞ ȡĮȖįĮȓĮ İȟȑȜȚȟȘ ĲĮ ĲİȜİȣĲĮȓĮ ȤȡȩȞȚĮ�
ȂȑıȦ ĲȠȣ ĲİȜȚțȠȪ ȚıȠįȪȞĮȝȠȣ țȣțȜȫȝĮĲȠȢ ȜĮȝȕȐȞİĲĮȚ ȣʌȩȥȘ ĲȩıȠ Ș ʌİȡȚıĲȡȠĳȒ
ĲȘȢ ȝȘȤĮȞȒȢ ȩıȠ țĮȚ Ƞ țȠȡİıȝȩȢ ıĲĮ įȚȐĳȠȡĮ ȝȑȡȘ ĲȠȣ ıȚįȒȡȠȣ ĮȣĲȒȢ�

� Ǿ ıȤİįȓĮıȘ ĮȣĲȒ İȓȞĮȚ ȚįȚĮȓĲİȡĮ İȣȑȜȚțĲȘ țĮșȫȢ ȝİ ʌȠȜȪ ȝȚțȡȑȢ ĮȜȜĮȖȑȢ ȝʌȠȡİȓ
ȞĮ ʌȡĮȖȝĮĲȠʌȠȚȘșİȓ ȖȚĮ ȩȜȠȣȢ ĲȠȣȢ İʌȚĲȡİʌĲȠȪȢ ıȣȞįȣĮıȝȠȪȢ ĮȣȜĮțȚȫȞ�ʌȩȜȦȞ
ıİ ȑȞĮ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȠ ĲȪȜȚȖȝĮ� ǹȣĲȩ ĲȠ ȖİȖȠȞȩȢ įȓȞİȚ ĲȘȞ įȣȞĮĲȩĲȘĲĮ ȖȚĮ ıȤİ�
įȓĮıȘ țĮȚ įȠțȚȝȒ įȚĮĳȩȡȦȞ ʌȡȠĲȪʌȦȞ ȝȘȤĮȞȒȢ ĮȞȐȜȠȖĮ ȝİ ĲȚȢ ĮʌĮȚĲȒıİȚȢ ʌȠȣ
ȠȡȓȗȠȞĲĮȚ țȐșİ ĳȠȡȐ ȝİ ʌȠȜȪ ȝȚțȡȩ ȣʌȠȜȠȖȚıĲȚțȩ țȩıĲȠȢ ıȣȖțȡȚĲȚțȐ ȝİ ĮȣĲȩ ʌȠȣ
șĮ ʌȡȠȑțȣʌĲİ Įʌȩ ĲȘȞ ĮȞĲȓıĲȠȚȤȘ ıȤİįȓĮıȘ ȝİ ʌİʌİȡĮıȝȑȞĮ ıĲȠȚȤİȓĮ�

� Ǿ İʌȓȜȣıȘ ĲȠȣ ȝȘ ȖȡĮȝȝȚțȠȪ ıȣıĲȒȝĮĲȠȢ ĮȜȖİȕȡȚțȫȞ İȟȚıȫıİȦȞ ʌȠȣ ʌȡȠțȪʌĲİȚ
ȣȜȠʌȠȚȒșȘțİ ȝİ ȝȚĮ ʌȠȜȪ ĮʌȜȒ ȣȕȡȚįȚțȒ ʌĮȡĮȜȜĮȖȒ ĲȘȢ ȝİșȩįȠȣ1HZWRQ5DSKVRQ�
Ș ȠʌȠȓĮ İʌȚĲȣȖȤȐȞİȚ ĲĮȣĲȩȤȡȠȞĮ ȖȡȒȖȠȡȘ ıȪȖțȜȚıȘ țĮȚ ȝİȖȐȜȘ ĮțȡȓȕİȚĮ ıĲĮ ĮʌȠĲİ�
ȜȑıȝĮĲĮ ĲȘȢ� ǼʌȚʌȜȑȠȞ įİȞ İʌȘȡİȐȗİĲĮȚ ĲȩıȠ Įʌȩ ĲȚȢ ĮȡȤȚțȑȢ ıȣȞșȒțİȢ ĲȠȣ ʌȡȠ�
ȕȜȒȝĮĲȠȢ țĮȚ ĲȠ ȖİȖȠȞȩȢ ĮȣĲȩ ĲȘȞ țĮșȚıĲȐ ȚıȤȣȡȩ İȡȖĮȜİȓȠ ȖȚĮ İʌȓȜȣıȘ ĲȑĲȠȚȦȞ
ıȣıĲȘȝȐĲȦȞ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ Įʌȩ ĲȘȞ ȝȑșȠįȠ ĲȦȞ ȚıȠįȣȞȐȝȦȞ țȣțȜȦȝȐĲȦȞ�

��� ȆȡȠĲȐıİȚȢ ȖȚĮ ʌİȡĮȚĲȑȡȦ įȚİȡİȪȞȘıȘ

Ǿ İȡȖĮıȓĮ ĮȣĲȒ ĮȞȑįİȚȟİ ȠȡȚıȝȑȞĮ ıȘȝİȓĮ ʌȠȣ ȤȡȒȗȠȣȞ ʌİȡĮȚĲȑȡȦ ıȣȝʌȜȘȡȦȝĮĲȚțȒȢ
įȚİȡİȪȞȘıȘȢ� ȆȡȠĲİȓȞİĲĮȚ ȝİȜȜȠȞĲȚțȒ İȡȖĮıȓĮ ıĲĮ ʌĮȡĮțȐĲȦ șȑȝĮĲĮ�

� ǼȚıĮȖȦȖȒ ıĲȠȚȤİȓȦȞ�IOX[ WXEHV�ĲĮ ȠʌȠȓĮ ȜĮȝȕȐȞȠȣȞ ȝȑȡȚȝȞĮ ȖȚĮ įȪȠ įȚİȣșȪȞıİȚȢ
ȝĮȖȞȘĲȚțȒȢ ȡȠȒȢ ĲĮȣĲȩȤȡȠȞĮ�ĮțĲȚȞȚțȒ țĮȚ İĳĮʌĲȠȝİȞȚțȒ� ȝİ ıĲȩȤȠ ĲȘȞ İȞıȦȝȐĲȦıȘ
ĲȠȣ ĳĮȚȞȩȝİȞȠȣ ıțȑįĮıȘȢ ]LJ�]DJ țĮȚ ıȣȞȠȜȚțȐ ĲȘȞ țĮȜȪĲİȡȘ ʌȡȠıȑȖȖȚıȘ ȩȜȦȞ ĲȦȞ
ȝĮȖȞȘĲȚțȫȞ İʌĮȖȦȖȫȞ ȝȑıĮ ıĲȘ ȝȘȤĮȞȒ�

� ǻȘȝȚȠȣȡȖȓĮ ʌȚȞȐțȦȞ ȝİĲĮıȤȘȝĮĲȚıȝȠȪ ĲȣȜȓȖȝĮĲȠȢ ȖȚĮ įȚĮȞİȝȘȝȑȞĮ ĲȣȜȓȖȝĮĲĮ ȝİ
ıĲȩȤȠ ĲȘ įȚİȪȡȣȞıȘ ĲȘȢ ȤȡȒıȘȢ ĲȠȣ ıȣȖțİțȡȚȝȑȞȠȣ İȡȖĮȜİȓȠȣ� ʌȠȣ ĮȞĮʌĲȪȤșȘțİ
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ȖȚĮ ȝȘȤĮȞȑȢ ȝȠȞȓȝȦȞ ȝĮȖȞȘĲȫȞ ıȣȖțİȞĲȡȦȝȑȞȦȞ ȝȘ İʌȚțĮȜȣʌĲȩȝİȞȦȞ ĲȣȜȚȖȝȐ�
ĲȦȞ� ȖȚĮ ȩȜĮ ĲĮ İȓįȘ ĲȣȜȚȖȝȐĲȦȞ�

� ȋȡȒıȘ ĲȠȣ ĲȡȑȤȠȞĲȠȢ țȫįȚțĮ ȝĮȗȓ ȝİ ȑȞĮȞ țȫįȚțĮ ȕİȜĲȚıĲȠʌȠȓȘıȘȢ ȝİ ıĲȩȤȠ ĲȠȞ
ȕȑȜĲȚıĲȠ ıȤİįȚĮıȝȩ ĲȦȞ įȚȐĳȠȡȦȞ ȝİȡȫȞ ĲȘȢ ȝȘȤĮȞȒȢ ȝİ ʌȠȜȪ ȝȚțȡȩ ȣʌȠȜȠȖȚıĲȚțȩ
țȩıĲȠȢ�

� ǼʌȑțĲĮıȘ ĲȠȣ įȣȞĮȝȚțȠȪ ȝȠȞĲȑȜȠȣ ȫıĲİ ȞĮ ȜĮȝȕȐȞİȚ ȣʌȩȥȚȞ ĲȘȞ ȝİĲĮȕȠȜȒ ĲȘȢ
ȖȦȞȚĮțȒȢ ĲĮȤȪĲȘĲĮȢ ĲȘȢ ȝȘȤĮȞȒȢ�



ȆĮȡȐȡĲȘȝĮ ǹ࢝

ȆǿȃǹȀǼȈ ȂȅȃȉǼȁȅȊ Q · P

ȆĮȡĮțȐĲȦ ʌĮȡĮĲȓșİȞĲĮȚ ȠȚ ʌȓȞĮțİȢ ĲȠȣ ȝȠȞĲȑȜȠȣ Q · P �

A11 =

⎡

⎢⎢⎢⎢⎢⎣

Gsy,1 +Gsy,k −Gsy,1 0 · · · 0 −Gsy,k

−Gsy,1 Gsy,2 +Gsy,1 −Gsy,2 · · · 0 0
���

���
��� � � � ���

���
−Gsy,k 0 0 · · · −Gsy,k−1 Gsy,k +Gsy,k−1

⎤

⎥⎥⎥⎥⎥⎦

A22 =

⎡

⎢⎢⎢⎢⎢⎣

2 ·Gsl +Gtt,1 −Gsl 0 · · · 0 −Gsl

−Gsl 2 ·Gsl +Gtt,2 −Gsl · · · 0 0
���

���
��� � � � ���

���
−Gsl 0 0 · · · −Gsl 2 ·Gsl +Gtt,k

⎤

⎥⎥⎥⎥⎥⎦

A23 =

⎡

⎢⎢⎢⎢⎢⎣

−Gtt,1 0 · · · 0

0 −Gtt,2 · · · 0
���

��� � � � ���
0 0 · · · −Gtt,k

⎤

⎥⎥⎥⎥⎥⎦

A32 = A23
T

���



ȆĮȡȐȡĲȘȝĮ ǹ�ȆȓȞĮțİȢ ȝȠȞĲȑȜȠȣ Q · P ���

A33 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Gtt,1 +
l∑

j=1

G1,j 0 · · · 0

0 Gtt,2 +
l∑

j=1

G2,j · · · 0

���
��� � � � ���

0 0 · · · Gtt,k +
l∑

j=1

Gk,j

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A34 =

⎡

⎢⎢⎢⎢⎢⎣

−G1,1 −G1,2 · · · −G1,l

−G2,1 −G2,2 · · · −G2,l

���
��� � � � ���

−Gk,1 −Gk,2 · · · −Gk,l

⎤

⎥⎥⎥⎥⎥⎦

A43 = A34
T

īȚĮ ĲȠȞ ĮțȩȜȠȣșȠ ʌȓȞĮțĮ ĮȞ șİȦȡȒıȠȣȝİ ȩĲȚ C1 = 2 · (Gmr +Gmm) +Gm ʌȡȠțȪʌĲİȚ�

A44 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

C1 +
k∑

i=1

Gi,1 −Gmm 0 · · · 0 −Gmm

−Gmm C1 +
k∑

i=1

Gi,2 −Gmm 0 · · · 0

���
���

��� � � � ���
���

−Gmm 0 0 · · · −Gmm C1 +
k∑

i=1

Gi,l

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A45 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Gm −Gmr 0 · · · 0

0 −Gm −Gmr · · · 0
���

��� � � � ���
0 0 · · · −Gm −Gmr

0 0 · · · 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎦

A54 = A45
T



ȆĮȡȐȡĲȘȝĮ ǹ�ȆȓȞĮțİȢ ȝȠȞĲȑȜȠȣ Q · P ���

īȚĮ ĲȠȞ ĮțȩȜȠȣșȠ ʌȓȞĮțĮ ĮȞ șİȦȡȒıȠȣȝİ ȩĲȚ C2 = Gm + 2 ·Gmr ʌȡȠțȪʌĲİȚ�

A55 =

⎡

⎢⎢⎢⎢⎢⎣

Gry,1 +Gry,l + C2 −Gry,1 0 · · · 0 0

−Gry,1 Gry,2 +Gry,1 + C2 −Gry,2 · · · 0 0
���

���
��� � � � ���

���
0 0 0 · · · −Gry,l−2 Gry,l−1 +Gry,l−2 + C2

⎤

⎥⎥⎥⎥⎥⎦



ȆĮȡȐȡĲȘȝĮ Ǻ࢝

ȆǿȃǹȀǼȈ ȂȅȃȉǼȁȅȊ Q · 3P

ȅȚ ʌȓȞĮțİȢ A11� A22� A23� A32 țĮȚ A55 İȓȞĮȚ ȓįȚȠȚ ȝİ ĮȣĲȠȪȢ ĲȠȣ ȝȠȞĲȑȜȠȣ Q · P ʌȠȣ ĮȞĮ�
ȜȪȠȞĲĮȚ ıĲȠ ʌĮȡȐȡĲȘȝĮ ǹ࢝� ȅȚ ȣʌȩȜȠȚʌȠȚ įȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ�

A1a1a =

⎡

⎢⎢⎢⎢⎢⎣

2 ·Gsu −Gsu 0 · · · 0 −Gsu

−Gsu 2 ·Gsu −Gsu · · · 0 0
���

���
��� � � � ���

���
−Gsu 0 0 · · · −Gsu 2 ·Gsu

⎤

⎥⎥⎥⎥⎥⎦

A33 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Gtt,1 +
3l∑

j=1

G1,j 0 · · · 0

0 Gtt,2 +
3l∑

j=1

G2,j · · · 0

���
��� � � � ���

0 0 · · · Gtt,k +
3l∑

j=1

Gk,j

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A34L =

⎡

⎢⎢⎢⎢⎢⎣

−G1,1 −G1,4 −G1,7 · · · −G1,3l−2

−G2,1 −G2,4 −G2,7 · · · −G2,3l−2
���

��� � � � ���
���

−Gk,1 −Gk,4 −Gk,7 · · · −Gk,3l−2

⎤

⎥⎥⎥⎥⎥⎦

A34C =

⎡

⎢⎢⎢⎢⎢⎣

−G1,2 −G1,5 −G1,8 · · · −G1,3l−1

−G2,2 −G2,5 −G2,8 · · · −G2,3l−1

���
��� � � � ���

���
−Gk,2 −Gk,5 −Gk,8 · · · −Gk,3l−1

⎤

⎥⎥⎥⎥⎥⎦

���



ȆĮȡȐȡĲȘȝĮ Ǻ�ȆȓȞĮțİȢ ȝȠȞĲȑȜȠȣ Q · 3P ���

A34R =

⎡

⎢⎢⎢⎢⎢⎣

−G1,3 −G1,6 −G1,9 · · · −G1,3l

−G2,3 −G2,6 −G2,9 · · · −G2,3l
���

��� � � � ���
���

−Gk,3 −Gk,6 −Gk,9 · · · −Gk,3l

⎤

⎥⎥⎥⎥⎥⎦

īȚĮ ĲȠȞ ĮțȩȜȠȣșȠ ʌȓȞĮțĮ ĮȞ șİȦȡȒıȠȣȝİ ȩĲȚ D1 = Gmr +Gmm +
Gm

3
ʌȡȠțȪʌĲİȚ�

A4L4L =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

D1 +
k∑

i=1

Gi,1 0 · · · 0

0 D1 +
k∑

i=1

Gi,4 · · · 0

���
��� � � � ���

0 0 · · · D1 +
k∑

i=1

Gi,3l−2

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A4L4R =

⎡

⎢⎢⎢⎢⎢⎣

0 0 · · · 0 −Gmm

−Gmm 0 · · · 0 0
���

��� � � � ���
���

0 0 · · · −Gmm 0

⎤

⎥⎥⎥⎥⎥⎦

A4L3 = A34L
T

A4L5 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Gm

3
−Gmr 0 · · · 0

0 −Gm

3
−Gmr · · · 0

���
��� � � � ���

0 0 · · · −Gm

3
−Gmr

0 0 · · · 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A4C4C =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Gm

3
+

k∑

i=1

Gi,2 0 · · · 0

0
Gm

3
+

k∑

i=1

Gi,5 · · · 0

���
��� � � � ���

0 0 · · · Gm

3
+

k∑

i=1

Gi,3l−1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦



ȆĮȡȐȡĲȘȝĮ Ǻ�ȆȓȞĮțİȢ ȝȠȞĲȑȜȠȣ Q · 3P ���

A4C3 = A34C
T

A4C5 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Gm

3
0 · · · 0

0 −Gm

3
· · · 0

���
��� � � � ���

0 0 · · · −Gm

3
0 0 · · · 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

īȚĮ D1 = Gmr +Gmm +
Gm

3
ȩʌȦȢ țĮȚ ʌȡȠȘȖȠȣȝȑȞȦȢ ʌȡȠțȪʌĲİȚ�

A4R4R =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

D1 +
k∑

i=1

Gi,3 0 · · · 0

0 D1 +
k∑

i=1

Gi,6 · · · 0

���
��� � � � ���

0 0 · · · D1 +
k∑

i=1

Gi,3l

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

A4R4L = AT
4L4R, A4R3 = AT

34R, A4R5 = A4L5

A54L = AT
4L5, A54C = AT

4C5, A54R = AT
4R5



ȆĮȡȐȡĲȘȝĮ ī࢝

ȈȊīȀȇǿȈǼǿȈ īǿǹ ȂǹīȃǾȉǾ 1G)H%
ȂǼ īȇǹȂȂǿȀȅ ȈǿǻǾȇȅ

Ǿ țĮȝʌȪȜȘ ĲȠȣ ȖȡĮȝȝȚțȠȪ ıȚįȒȡȠȣ İȓȞĮȚ Ș ʌĮȡĮțȐĲȦ�

ȈȤȒȝĮ ī࢝��� ȀĮȝʌȪȜȘ %+ ȖȡĮȝȝȚțȠȪ ıȚįȒȡȠȣ

���



ȆĮȡȐȡĲȘȝĮ ī�ȈȣȖțȡȓıİȚȢ ȖȚĮ ȝĮȖȞȒĲȘ 1G)H% ȝİ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ ���

Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ țĮȝʌȪȜȘ ʌȡȠțȪʌĲİȚ Ș ĮțȩȜȠȣșȘ țĮȝʌȪȜȘȢ ȡȠʌȒȢ � ȖȦȞȓĮȢ �

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ țĮȝʌȪȜȘȢ ȡȠʌȒȢ�ȖȦȞȓĮȢ 1G)H% ȖȚĮ - �
ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

Ȃİ ʌȠȡİȓĮ ʌȠȣ ȑȤİȚ ĮȞĮȜȣșİȓ ıĲȠ țİĳȐȜĮȚȠ � ʌȡȠțȪʌĲȠȣȞ ȖȡĮĳȚțȑȢ ʌȠȣ ĮĳȠȡȠȪȞ ıȣ�
ȖțȡȓıİȚȢ ȝȑıȘȢ ȡȠʌȒȢ� ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ țĮȚ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ĲȩıȠ ıĲȠ ʌİįȓȠ
ĲȠȣ ȤȡȩȞȠȣ ȩıȠ țĮȚ ıĲȠ ʌİįȓȠ ĲȦȞ ıȣȤȞȠĲȒĲȦȞ� ǹȣĲȑȢ ĳĮȓȞȠȞĲĮȚ ʌĮȡĮțȐĲȦ�

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ įȣȞĮȝȚțȠȪ )(00�0(& ĲȘȢ ȡȠʌȒȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐ�
ıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

Ȃİ ȕȐıȘ ĲȘȞ ʌĮȡĮʌȐȞȦ İȚțȩȞĮ� ĮțȠȜȠȣșİȓ ʌȓȞĮțĮȢ ȩʌȠȣ ĮȞĮȖȡȐĳȠȞĲĮȚ ȠȚ ĲȚȝȑȢ ĲȘȢ ȝȑıȘȢ
ȡȠʌȒȢ� ĲȘȢ țȣȝȐĲȦıȘȢ ĮȣĲȒȢ țĮȚ ĲȠ ʌȠıȠıĲȩ ĲȘȢ țȣȝȐĲȦıȘȢ ȦȢ ʌȡȠȢ ĲȘȞ ȝȑıȘ ȡȠʌȒ�



ȆĮȡȐȡĲȘȝĮ ī�ȈȣȖțȡȓıİȚȢ ȖȚĮ ȝĮȖȞȒĲȘ 1G)H% ȝİ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ ���

ȂȑıȘ ȇȠʌȒ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ�1 ·P� ȀȣȝȐĲȦıȘ ȇȠʌȒȢ
ȦȢ ʌȠıȠıĲȩ ĲȘȢ ȝȑ�
ıȘȢ ȡȠʌȒȢ���

0(& 10.9155 0.303992 2.784

)(00 10.9818 0.103224 0.94

ȆȓȞĮțĮȢ ī࢝��� ȂȑıȘ ȡȠʌȒ țĮȚ țȣȝȐĲȦıȘ 1G)H% ĲȠȣ 0(&�)(00 ȝİ ıʌȐıȚȝȠ
ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

ǹțȠȜȠȣșİȓ ĲȠ ĮȡȝȠȞȚțȩ ʌİȡȚİȤȩȝİȞȠ ĲȘȢ ȡȠʌȒȢ ȝȑıȦ ĮȞȐȜȣıȘȢ )RXULHU ĲȠȣ 1G)H% ȝİ
ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ�

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȡȠʌȒȢ 1G)H%
ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

ǵʌȦȢ ĳĮȓȞİĲĮȚ ıĲȠ ıȤȒȝĮ�ī࢝��� RȚ ȡȠʌȑȢ ʌȠȣ ʌȡȠțȪʌĲȠȣȞ ȑȤȠȣȞ ʌȐȡĮ ʌȠȜȪ țȠȞĲȚȞȒ GF
ıȣȞȚıĲȫıĮ�ȝȑıȘ ĲȚȝȒ�� ȝİ ıĳȐȜȝĮ 0.64� İȞȫ ȠȚ ĮȡȝȠȞȚțȑȢ İȝĳĮȞȓȗȠȣȞ ĮȞĲȓıĲȠȚȤĮ ȝȚțȡȑȢ
ĮʌȠțȜȓıİȚȢ�ǼȚįȚțȩĲİȡĮ Ș ĮȡȝȠȞȚțȒ ıĲȘ șȑıȘ 48� ȑȤİȚ ĲȚȝȒ ȖȚĮ ĲȠ 0(& 0.136 İȞȫ ȖȚĮ ĲȠ
)(00 0.0066 �



ȆĮȡȐȡĲȘȝĮ ī�ȈȣȖțȡȓıİȚȢ ȖȚĮ ȝĮȖȞȒĲȘ 1G)H% ȝİ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ ���

ǹțȠȜȠȣșȠȪȞ ıȣȖțȡȓıİȚȢ )(00�0(& ȝİĲĮȟȪ ĲȦȞ ĲȡȚȦȞ ĳȐıİȦȞ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ�λ�
�ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ�ǾǼǻ� ıĲȠ ʌİįȓȠ ĲȠȣ ȤȡȩȞȠȣ țĮȚ ȝİĲĮȟȪ ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİ�
ȤȠȝȑȞȠȣ ĲȘȢ ĳȐıȘȢ ǹ� ȠȚ ȐȜȜİȢ įȪȠ ȑȤȠȣȞ ʌĮȡȩȝȠȚȠ� ȖȚĮ ĲĮ ʌĮȡĮʌȐȞȦ � ȝİȖȑșȘ�

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ 1G)H%
ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ʌİʌȜİȖȝȑȞȘȢ
ȡȠȒȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

ǹʌȩ ĲȠ ʌĮȡĮʌȐȞȦıȤȒȝĮ� ȖȚĮ ĲȠ ȝİȖȑșȠȢ ĲȘȢ ʌİʌȜİȖȝȑȞȘȢ ȡȠȒȢ ıĲȘ șİȝİȜȚȫįȘ ıȣȞȚıĲȫıĮ��Ș

ĮȡȝȠȞȚțȒ� İȝĳĮȞȓȗİĲĮȚ ĮʌȩțȜȚıȘ ĲȘȢ ĲȐȟȘȢ ĲȠȣ 1.79� İȞȫ ȖȚĮ ĲȘȞ �ȘȢ ĲȐȟȘȢ ĮȡȝȠȞȚțȒ
ĲȘȢ�24 șȑıȘ� İȝĳĮȞȓȗİĲĮȚ ıĳȐȜȝĮ 68.331� �



ȆĮȡȐȡĲȘȝĮ ī�ȈȣȖțȡȓıİȚȢ ȖȚĮ ȝĮȖȞȒĲȘ 1G)H% ȝİ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ ���

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ )(00�0(& ĲȘȢ ȘȜİțĲȡİȖİȡĲȚțȒȢ įȪȞĮȝȘȢ ȖȚĮ ĲȚȢ � ĳȐıİȚȢ
1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

ȈȤȒȝĮ ī࢝��� ȈȪȖțȡȚıȘ )(00�0(& ĲȠȣ ĮȡȝȠȞȚțȠȪ ʌİȡȚİȤȠȝȑȞȠȣ ȘȜİțĲȡİȖİȡĲȚțȒȢ
įȪȞĮȝȘȢ 1G)H% ȖȚĮ - � ȝİ ıʌȐıȚȝȠ ȝĮȖȞȒĲȘ țĮȚ ȖȡĮȝȝȚțȩ ıȓįȘȡȠ

īȚĮ ĲȠ ȝȑȖİșȠȢ ĲȘȢ ǾǼǻ ĲȠ ıĳȐȜȝĮ ĲȘȢ șİȝİȜȚȫįȠȣȢ ĮȡȝȠȞȚțȒȢ İȓȞĮȚ 1.79� İȞȫ Ș �ȘȢ

ĲȐȟȘȢ ĮȡȝȠȞȚțȒ�24 șȑıȘ� İȝĳĮȞȓȗİȚ ıĳȐȜȝĮ 68.331�� ǼʌȓıȘȢ ȖȚĮ ĲȠ 0(& İȝĳĮȞȓȗȠȞĲĮȚ
ĮȡȝȠȞȚțȑȢ ıĲȚȢ șȑıİȚȢ 40�56 țĮȚ120 ȝİ ĮȞĲȓıĲȠȚȤĮ ʌȠıȠıĲȐ İʌȓ ĲȘȢ șİȝİȜȚȫįȠȣȢ 1.1� �
0.81� țĮȚ 0.87��
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>�@ 0DUFR $PUKHLQ DQG 3KLOLS 7 .UHLQ� 0DJQHWLF HTXLYDOHQW FLUFXLW PRGHOLQJ RI LQGXFWLRQ
PDFKLQHV GHVLJQ�RULHQWHG DSSURDFK ZLWK H[WHQVLRQ WR ��G� ,Q (OHFWULF 0DFKLQHV
	DPS� 'ULYHV &RQIHUHQFH� ����� ,(0'&¶��� ,((( ,QWHUQDWLRQDO� YROXPH �� SDJHV
����±����� ,(((� �����

>�@ 0LFKHOOH / %DVK� -RVKXD 0 :LOOLDPV� DQG 6WHYHQ ' 3HNDUHN� ,QFRUSRUDWLQJ PRWLRQ
LQ PHVK�EDVHG PDJQHWLF HTXLYDOHQW FLUFXLWV� (QHUJ\ &RQYHUVLRQ� ,((( 7UDQVDFWLRQV
RQ� ���������±���� �����

>�@ 7KRPDV - %XVFK� -' /DZ� DQG 7$ /LSR� 0DJQHWLF FLUFXLW PRGHOLQJ RI WKH ILHOG
UHJXODWHG UHOXFWDQFH PDFKLQH� SDUW LL� 6DWXUDWLRQ PRGHOLQJ DQG UHVXOWV� (QHUJ\
&RQYHUVLRQ� ,((( 7UDQVDFWLRQV RQ� ��������±��� �����

>�@ 6� &KDSPDQ� (OHFWULF 0DFKLQHU\ )XQGDPHQWDOV� 0F*UDZ�+LOO 6HULHV LQ (OHFWULFDO
DQG &RPSXWHU (QJLQHHULQJ� 0F*UDZ�+LOO &RPSDQLHV�,QFRUSRUDWHG� �����

>�@ 0LQJ &KHQJ� .7 &KDX� && &KDQ� ( =KRX� DQG ; +XDQJ� 1RQOLQHDU YDU\LQJ�QHWZRUN
PDJQHWLF FLUFXLW DQDO\VLV IRU GRXEO\ VDOLHQW SHUPDQHQW�PDJQHW PRWRUV� 0DJQHWLFV�
,((( 7UDQVDFWLRQV RQ� ���������±���� �����

>�@ +DP]D : 'HUEDV� -RVKXD 0 :LOOLDPV� $QGUHDV & .RHQLJ� DQG 6WHYHQ ' 3HNDUHN�
$ FRPSDULVRQ RI QRGDO�DQG PHVK�EDVHG PDJQHWLF HTXLYDOHQW FLUFXLW PRGHOV� (QHUJ\
&RQYHUVLRQ� ,((( 7UDQVDFWLRQV RQ� ���������±���� �����

>�@ $\PDQ 0 (O�5HIDLH� )UDFWLRQDO�VORW FRQFHQWUDWHG�ZLQGLQJV V\QFKURQRXV SHUPDQHQW
PDJQHW PDFKLQHV� 2SSRUWXQLWLHV DQG FKDOOHQJHV� ,QGXVWULDO (OHFWURQLFV� ,(((
7UDQVDFWLRQV RQ� ���������±���� �����

>�@ $� )LW]JHUDOG� $�(� )LW]JHUDOG� &� .LQJVOH\� DQG 6� 8PDQV� (OHFWULF 0DFKLQHU\�
(OHFWULFDO (QJLQHHULQJ 6HULHV� 0F*UDZ�+LOO &RPSDQLHV�,QFRUSRUDWHG� �����

>�@ -�)� *LHUDV DQG 0� :LQJ� 3HUPDQHQW 0DJQHW 0RWRU 7HFKQRORJ\� 'HVLJQ DQG
$SSOLFDWLRQV� 6HFRQG (GLWLRQ�� (OHFWULFDO DQG &RPSXWHU (QJLQHHULQJ� 7D\ORU 	DPS�
)UDQFLV� �����

���
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>��@ .ULVKQD *XQGX� )LQLWH HOHPHQW DQDO\VLV LV XVHG WR DQDO\]H WKH HIIHFWV RI GLIIHUHQW
GHVLJQV RQ WKH UHGXFWLRQ RI FRJJLQJ WRUTXH� 7HFKQLFDO UHSRUW�

>��@ .� +DPH\HU DQG 5� %HOPDQV� 1XPHULFDO PRGHOOLQJ DQG GHVLJQ RI HOHFWULFDO PDFKLQHV
DQG GHYLFHV� $GYDQFHV LQ HOHFWULFDO DQG HOHFWURQLF HQJLQHHULQJ� :,7 3UHVV� �����

>��@ &KXQ�<X +VLDR� 6KHQJ�1LDQ <HK� DQG -RQT�&KLQ +ZDQJ� $ QRYHO FRJJLQJ
WRUTXH VLPXODWLRQ PHWKRG IRU SHUPDQHQW�PDJQHW V\QFKURQRXV PDFKLQHV� (QHUJLHV�
����������±����� �����

>��@ 0LQ�)X +VLHK DQG <RX�&KLXDQ +VX� $ JHQHUDOL]HG PDJQHWLF FLUFXLW PRGHOLQJ
DSSURDFK IRU GHVLJQ RI VXUIDFH SHUPDQHQW�PDJQHW PDFKLQHV� ,QGXVWULDO (OHFWURQLFV�
,((( 7UDQVDFWLRQV RQ� ���������±���� �����

>��@ ǿ�ȉıĮȜĮȝȑȖțĮȢ ,�ȇȠȣȝİȜȚȫĲȘȢ� ǾȜİțĲȡȠȝĮȖȞȘĲȚțȐ ʌİįȓĮ�ȈĲĮĲȚțȐ țĮȚ ȝȩȞȚȝĮ ʌİįȓĮ�
YROXPH ȉȠȝȠȢ Ǻ¶� ǼțįȩıİȚȢ ȉȗȚȩȜĮ� �����

>��@ <RVKLDNL .DQR� 7DNDVKL .RVDND� DQG 1REX\XNL 0DWVXL� 6LPSOH QRQOLQHDU PDJQHWLF
DQDO\VLV IRU SHUPDQHQW�PDJQHW PRWRUV� ,QGXVWU\ $SSOLFDWLRQV� ,((( 7UDQVDFWLRQV
RQ� ����������±����� �����

>��@ &� 7� .HOOH\� ,WHUDWLYH 0HWKRGV IRU /LQHDU DQG 1RQOLQHDU (TXDWLRQV� )URQWLHUV LQ
$SSOLHG 0DWKHPDWLFV� 6RFLHW\ IRU ,QGXVWULDO DQG $SSOLHG 0DWKHPDWLFV� �����

>��@ &DUO 7 .HOOH\� 6ROYLQJ QRQOLQHDU HTXDWLRQV ZLWK 1HZWRQ¶V PHWKRG� YROXPH �� 6LDP�
�����

>��@ $QGUHDV .ULQJV� 6KDILJK 1DWHJK� $OH[DQGHU 6WHQLQJ� +HQULN *URS� 2VNDU :DOOPDUN�
DQG -XOLHWWH 6RXODUG� 0HDVXUHPHQW DQG PRGHOLQJ RI LURQ ORVVHV LQ HOHFWULFDO
PDFKLQHV� ,Q 3URFHHGLQJV RI WKH �WK ,QWHUQDWLRQDO &RQIHUHQFH 0DJQHWLVP DQG
0HWDOOXUJ\ :00¶��� SDJHV ���±���� *HQW 8QLYHUVLW\� �����

>��@ -' /DZ� 7- %XVFK� DQG 7$ /LSR� 0DJQHWLF FLUFXLW PRGHOOLQJ RI WKH ILHOG UHJXODWHG
UHOXFWDQFH PDFKLQH� SDUW L� PRGHO GHYHORSPHQW� (QHUJ\ &RQYHUVLRQ� ,(((
7UDQVDFWLRQV RQ� ��������±��� �����

>��@ OL <$2� 0DJQHWLF )LHOG 0RGHOOLQJ� (OHFWULFDO PDFKLQH PRGHOOLQJ� '\QDPLF
UHOXFWDQFH PHVK PHWKRG� 3K' WKHVLV� 7KH 8QLYHUVLW\ RI 1RWWLQJKDP�)DFXOW\ RI
(QJLQHHULQJ�6FKRRO RI (OHFWULFDO DQG (OHFWURQLF (QJLQHHULQJ� -DQXDU\ �����

>��@ )ORUHQFH /LEHUW� 'HVLJQ� RSWLPL]DWLRQ DQG FRPSDULVRQ RI SHUPDQHQW PDJQHW PRWRUV
IRU D ORZ�VSHHG GLUHFW�GULYHQ PL[HU� /LFHQWLDWH 7KHVLV� 5R\DO ,QVWLWXWH RI 7HFKQRORJ\�
75,7$�(76��������� ,661���������[� 6WRFNKROP� �����
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>��@ )UHGG\ 0DJQXVVHQ DQG +HLQ] /HQGHQPDQQ� 3DUDVLWLF HIIHFWV LQ SP PDFKLQHV ZLWK
FRQFHQWUDWHG ZLQGLQJV� ,QGXVWU\ $SSOLFDWLRQV� ,((( 7UDQVDFWLRQV RQ� ����������±
����� �����

>��@ &KXQWLQJ 0L� *RUGRQ 5 6OHPRQ� DQG 5LFKDUG %RQHUW� 0RGHOLQJ RI LURQ ORVVHV RI
SHUPDQHQW�PDJQHW V\QFKURQRXV PRWRUV� ,QGXVWU\ $SSOLFDWLRQV� ,((( 7UDQVDFWLRQV
RQ� ���������±���� �����

>��@ 0 )DL]XO 0RPHQ DQG 6XVDQWD 'DWWD� $QDO\VLV RI IOX[ OHDNDJH LQ D VHJPHQWHG FRUH
EUXVKOHVV SHUPDQHQW PDJQHW PRWRU� (QHUJ\ &RQYHUVLRQ� ,((( 7UDQVDFWLRQV RQ�
��������±��� �����

>��@ $OIUHGR 5 0XQR]� )HQJ /LDQJ� DQG 0LFKDHO : 'HJQHU� (YDOXDWLRQ RI LQWHULRU SP DQG
VXUIDFH SP V\QFKURQRXV PDFKLQHV ZLWK GLVWULEXWHG DQG FRQFHQWUDWHG ZLQGLQJV� ,Q
,QGXVWULDO (OHFWURQLFV� ����� ,(&21 ����� ��WK $QQXDO &RQIHUHQFH RI ,(((� SDJHV
����±����� ,(((� �����

>��@ -DODO 1D]DU]DGHK DQG 9DKLG 1DHLQL� 0DJQHWLF UHOXFWDQFH PHWKRG IRU G\QDPLFDO
PRGHOLQJ RI VTXLUUHO FDJH LQGXFWLRQ PDFKLQHV� �����

>��@ 9ODGR 2VWRYLF� '\QDPLFV RI VDWXUDWHG HOHFWULF PDFKLQHV� YROXPH �� 6SULQJHU�9HUODJ
%HUOLQ� �����

>��@ -DUPR 3HUKR HW DO� 5HOXFWDQFH QHWZRUN IRU DQDO\VLQJ LQGXFWLRQ PDFKLQHV� +HOVLQNL
8QLYHUVLW\ RI 7HFKQRORJ\� �����

>��@ 5RQJKDL 4X DQG 7KRPDV $ /LSR� $QDO\VLV DQG PRGHOLQJ RI DLUJDS 	DPS�
]LJ]DJ OHDNDJH IOX[HV LQ D VXUIDFH�PRXQWHG�SP PDFKLQH� ,Q ,QGXVWU\ $SSOLFDWLRQV
&RQIHUHQFH� ����� ��WK ,$6 $QQXDO 0HHWLQJ� &RQIHUHQFH 5HFRUG RI WKH� YROXPH ��
SDJHV ����±����� ,(((� �����

>��@ &% 5DVPXVVHQ DQG ( 5LWFKLH� $ PDJQHWLF HTXLYDOHQW FLUFXLW DSSURDFK IRU SUHGLFWLQJ
SP PRWRU SHUIRUPDQFH� ,Q ,QGXVWU\ $SSOLFDWLRQV &RQIHUHQFH� ����� 7KLUW\�6HFRQG
,$6 $QQXDO 0HHWLQJ� ,$6¶���� &RQIHUHQFH 5HFRUG RI WKH ���� ,(((� YROXPH �� SDJHV
��±��� ,(((� �����

>��@ <� 6DDG� ,WHUDWLYH 0HWKRGV IRU 6SDUVH /LQHDU 6\VWHPV� 6HFRQG (GLWLRQ� 6RFLHW\ IRU
,QGXVWULDO DQG $SSOLHG 0DWKHPDWLFV� �����

>��@ *HQQDGL < 6L]RY� &KLD�&KRX <HK� DQG 1DEHHO $2 'HPHUGDVK� 0DJQHWLF HTXLYDOHQW
FLUFXLW PRGHOLQJ RI LQGXFWLRQ PDFKLQHV XQGHU VWDWRU DQG URWRU IDXOW FRQGLWLRQV� ,Q
(OHFWULF 0DFKLQHV DQG 'ULYHV &RQIHUHQFH� ����� ,(0'&¶��� ,((( ,QWHUQDWLRQDO�
SDJHV ���±���� ,(((� �����
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>��@ :HQ /LDQJ 6RRQJ� 'HVLJQ DQG PRGHOOLQJ RI D[LDOO\�ODPLQDWHG LQWHULRU SHUPDQHQW
PDJQHW PRWRU GULYHV IRU ILHOG�ZHDNHQLQJ DSSOLFDWLRQV� 3K' WKHVLV� 8QLYHUVLW\ RI
*ODVJRZ� �����

>��@ 7' 6WURXV� 'HVLJQ RI D SHUPDQHQW PDJQHW UDGLDO IOX[ FRQFHQWUDWHG FRLO JHQHUDWRU
IRU D UDQJH H[WHQGHU DSSOLFDWLRQ� 'HOIW 8QLYHUVLW\ RI 7HFKQRORJ\� 'HOIW� �����

>��@ 6FRWW ' 6XGKRII� %ULDQ 7 .XKQ� .HLWK $ &RU]LQH� DQG %ULDQ 7 %UDQHFN\� 0DJQHWLF
HTXLYDOHQW FLUFXLW PRGHOLQJ RI LQGXFWLRQ PRWRUV� (QHUJ\ &RQYHUVLRQ� ,(((
7UDQVDFWLRQV RQ� ���������±���� �����

>��@ -�.� 7DQJXGX� 2Q 0RGHOLQJ DQG 'HVLJQ RI )UDFWLRQDO�VORW &RQFHQWUDWHG�ZLQGLQJ
,QWHULRU 3HUPDQHQW 0DJQHW 0DFKLQHV� �����

>��@ $EGXO 5HKPDQ 7DULT� &DUORV ( 1LQR�%DURQ� DQG (OLDV * 6WUDQJDV� ,URQ DQG PDJQHW
ORVVHV DQG WRUTXH FDOFXODWLRQ RI LQWHULRU SHUPDQHQW PDJQHW V\QFKURQRXV PDFKLQHV
XVLQJ PDJQHWLF HTXLYDOHQW FLUFXLW� 0DJQHWLFV� ,((( 7UDQVDFWLRQV RQ� �����������±
����� �����

>��@ 6 9DH]�=DGHK DQG $ +DVVDQSRXU ,VIDKDQL� (QKDQFHGPRGHOLQJ RI OLQHDU SHUPDQHQW�
PDJQHW V\QFKURQRXV PRWRUV� 0DJQHWLFV� ,((( 7UDQVDFWLRQV RQ� ��������±��� �����

>��@ -LDELQ :DQJ� .DLV $WDOODK� =L�4LDQJ =KX� DQG 'DYLG +RZH� 0RGXODU WKUHH�
SKDVH SHUPDQHQW�PDJQHW EUXVKOHVV PDFKLQHV IRU LQ�ZKHHO DSSOLFDWLRQV� 9HKLFXODU
7HFKQRORJ\� ,((( 7UDQVDFWLRQV RQ� ����������±����� �����

>��@ . <DPD]DNL DQG 6 :DWDUL� &RPSDULVRQ RI PHWKRGV WR FDOFXODWH LURQ ORVVHV FDXVHG
E\ KDUPRQLF ILHOGV LQ URWDWLQJ PDFKLQHV�

>��@ 6KLK�&KLQ <DQJ� 7DNDKLUR 6X]XNL� 5REHUW ' /RUHQ]� DQG 7KRPDV 0 -DKQV� 6XUIDFH�
SHUPDQHQW�PDJQHW V\QFKURQRXV PDFKLQH GHVLJQ IRU VDOLHQF\�WUDFNLQJ VHOI�VHQVLQJ
SRVLWLRQ HVWLPDWLRQ DW ]HUR DQG ORZ VSHHGV� ,QGXVWU\ $SSOLFDWLRQV� ,((( 7UDQVDFWLRQV
RQ� ����������±����� �����

>��@ =4 =KX� ' +RZH� DQG =3 ;LD� 3UHGLFWLRQ RI RSHQ�FLUFXLW DLUJDS ILHOG GLVWULEXWLRQ LQ
EUXVKOHVV PDFKLQHV KDYLQJ DQ LQVHW SHUPDQHQW PDJQHW URWRU WRSRORJ\� 0DJQHWLFV�
,((( 7UDQVDFWLRQV RQ� ��������±���� �����
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