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JTOX0G TNC OUTAWHATIKAG €pyooiag eival n HeAETN TOu TPOMOU TapoAAnAomoinong tou
aAyopiBuou Branch and Bound og UTIOAOYLOTIKA GUOTHUOTA HOLPALOHUEVNG UVALING KL N LETPNON
NG EMTAXUVONG TNG EKTEAEONG TTOU lval duvatod va emiteuyxBel. Mo To oKomo auTo, avamntuxdnke
T(POYPAUUATLOTIKY BLBALOBNKN ot yAwooa C++ yla tnv eniluon npoBAnudtwy BeAtiotonoinong
pe tn HEBoSo Branch and Bound kat uhomotiOnkav pe Baon autr alyoplBuol yla tnv emilvon
TOU SLaKPLTOU TIPOPANLATOG TOU CaKLSloU Kal Tou TpoBARatog tou mAavosdiou mwAnth. Eywav
HETPNOELG TNG amodoong tou mapdAAniou alyopiBuou kat tg BLBALOBNKNG o UTTOAOYLOTIKO
ocvotnua pe SvVo emefepyaoctég Intel Xeon E5-2697 v3, pe WOlaitepn €udacn otov TPOMO
vAomoinong tou 6évdpou tou alyopiBuou Branch and Bound, pe opddeg oupwv mPoTeEPALOTNTAG
Sladpopwv XapakTnpLoTIKwy. MPogKuPEe OTL TEXVIKEG, OMWC N XPNoN LWOLWTIKWV OUPWV HE
SuvatotnTa KAOTING EpYAOLWY, LOLWTIKA OpLa, AvAPTNON VAUATWY, KOBWE Kal EKUETAAAEUON TNG
TEXVOAOYLOG TAUTOXPOVNG TOAUVNUOTOMOLNONG, MMOPOUV Vo PBEATLWOOUV GCNUOVILKA ThV
ETUTAXUVON TIOU UTtopEL va emiteuyBel.

Branch and Bound, MapaAAnAomnoinon, YmoAoylotkd Zuotiuota Motwpalopevng MvAung,
Awakptto MpoPAnua tou Zakidiou, MpoPAnua tou MAavodiou MwAntr, Oupég Mpotepaldtnrag,
KAomn Epyacuwv, Avaptnon Nnudtwv, Tautdxpovn MoAuvnuatonoinon



The scope of this thesis is the parallelization of the Branch and Bound algorithm in computing
systems with shared memory and the measurement of the speed-up that may be achieved. For
this purpose, a programming library was developed in C++, in order to solve optimization
problems with the Branch and Bound method. Using this library, more algorithms were developed
that solve the discrete knapsack problem and the problem of the travelling salesman. Benchmarks
were done in a computing system with two Intel Xeon E5-2697 v3 processors, where emphasis
was given to the implementation of the Branch and Bound algorithm tree, with groups of priority
gueues of various characteristics. The results exhibited that techniques, such as the use of priority
queues with work stealing capabilities, private bounds, thread pinning and taking advantage of
simultaneous multi-threading, may improve the speed-up that can be achieved significantly.

Branch and Bound, Parallelization, Computing Systems with Shared Memory, Discrete Knapsack
Problem, Travelling Salesman Problem, Priority Queues, Work Stealing, Thread Pinning, SMT
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1 AAyopBuoc Branch and Bound

1.1 Tevika

Me tov 0Opo «Branch and Bound» (mpotewopevn petadpaocn «AtokAadwoe kot Opafe»,
ocuvtouoypadika B&B) meplypadetal pia katnyopia alyopiBuwy, mou xpnoLLonoLlouvTal yla Thv
enihuon SLakpLltwy Kal cuvduaoTIKWY MPoPAnuatwy BeAtiotonoinong. H pébodog mpotabnke
amnd toug (Land & Doig, 1960) yia tnv emiluon mpoBAnudatwy Slakpltol mpoypappatiopou. H
ovopaocia «Branch and Bound» xpnotpomnolnBnke yia mpwtn ¢popd otnv epyacia (Little, Murty,
Sweeney, & Karel, 1963) ywa to «MpdéPAnua tou MAavodiou MwAnti» (Traveling Salesman
Problem, cuvtopoypadika TSP). O aAyoplBuoc B&B amaplBuel cuotnuatikd TG unoPndLeg
A0oeLg Tou tpoPAnuaTtoc, pe avalitnon oTo XWPOo KOTaoTAoswv ae §evdpikn popdr. To cuvolo
oAwv Ttwv umoPndwwv AVcewv Ppioketol opxlkd otn pila tou O6£vpou Kal amd eKel
StakAadwvetal SLadoylka o UTTOCUVOAQ, £TOL WOTE TEALKA KABs PUANO Tou SEvEpoU va TIEPLEXEL
pio povo unognéla Avon tou mpoPAnuartog. Mpotol Opwe yivel dtakAadwaon omoloudrmote
KOpBoU Tou 6£vBpou ot emIpépoug umooUvoAla AUCEwvV, 0 KOUPoG-kKAadl cuykplvetal pe
T(POCEYYLOTIKA UTIOAOYLOMEVO VW KAl KATW 0pLa tng BEATLOTNG AUONG Tou PoPARATOC. Av amo
auTH T oUykplon MpokUYPeL Mwe 0 KOUPBoc-kAadl &g pumopel va mapaydyel KaAutepn AUon anod
auTn Tou €xeL N6n BpeBel, TOTE AUTOC Kal TO UTIOSEVEPO KATW OO AUTOV AmoppintovIal.

1.2 MaBnuatikn Alatumwon

‘Eotw n ouvaptnon f: X — R, dbpaypévn oto nedlo oplopol tng, WOTE va EXEL LEYLOTN 1) EAAXLOTN
TLUA O€ QUTO Kat éva cUVOAo Teploplopwy g(x) < b, x € X. Av n cuvdptnon €xeL LEyLoTn TN,
TOTE pnopel va oplotel To mapakatw MPOoBANUa BEATIOTONOINONG, TNPOUUEVWY TWV TTEPLOPLOUWV:

max f(x)
gx)<bhb
XxXeX

EvaAAaKTIKA, av n ocuvaptnon €xel eEAAXLOTN TLUN, UTOPEL va oploTel éva deltepo mMpOBAnua
BeAtioTOMOINONG, TNPOUUEVWV TWV TIEPLOPLOUWV:

min f(x)
gx)<bhb
XxXeX

Ma Adyoug cupBaong ouwg, Ba xpnaotpomolnbel LOVo 0 TPWTOG OPLOUOC. ITNV MEPIMTWAON MOU
elval emBuunt) n avalntnon tg AAXLOTNG TN, TOoTe Ba opiletal pio deltepn ouvaptnon
f: X — R, tétola wote to mpoPAnua BeAtiotonoinong va Sivetal we e€nc:



fo =-f®
max f (x)
gx)<bhb
xXeEX

H edappoyr) tou alyopibuouv B&B mpolmnobétel tn duvatdtnta dnuloupylog evog deltepou
nipoPAnpatoc BeATioTonoinong, KATOmv XaAdpwaong Tou apxLlkou UE pia oslpd amno pebodoug,
onwc (Vizvari, 2011):

e XaAdpwon Twv pUn aAyeBpLKwV epLloplopwy, Snadn x € Y, X €Y

e Xaldpwon Twv OAYEBPLKWV TEPLOPIOHWY HE TN Snuloupyia TwWV UTOKOTACTOTWY

TIEPLOPLOUWVY

AiZO,l’ = 1,...,m

m m
Z Aigi(x) < Z Aib;
i=1 i=1

e XoAdapwon Lagrange pe tn anoAoldr) Twv aAyeBPLKWY TEPLOPLOUWV KAl EVTOEN TOUG OTN
ouvaptnon

AiZO,l’ = 1,...,m

max f(x) + Z A,(b; — g;(x))
i=1

xXeX

To mapayopevo auto mpoPAnua ovopaletol xaAapwpévo mpoPAnua. Omoladnmnote péBodog
XoAApwaong KAl va xpnolpomnotnBel, mpemnet va LoxUouv ta €Ng:

o OAeg ol edIkTEG AUCELG TOU apxlkoU TPoPAAMATOC gival ePIKTEC KOL OTO XAAAPWUEVO
MPOPANUA. Znuelwvetol TwE ePIKTEC elval ol AVoelg mou Sev mapaflalouv Toug
TiEPLOPLOLOUG.

e HBEATiotn AUon tou YaAopwpévou TpoPAnuatoc elval éva avw oplo tng BEATIoTNGAUONG
TOU apXLKOU TPOBANUATOG.

1.3 AAyoplBuog

Eddoov LoxUouv Ta Tapamavw, To XaAopwpévo TPORANUa pnopst va xpnolpomnotnBel yla tov
UTIOAOYLOUO TOU Avw opiou tnG BEATIoTNG AUONC Tou umopel va mapoyxBel and omoladnimote
umocUVolo AUcewv Tou &évdpou Tou alyopiBuou B&B. MpoalpeTikd, oplleTal Kol €va «KATW
0pLO» WG N EAAXLOTN TLUNA TTou umopet va AdBel n BEAtiotn AUon kal umtoAoyiletal Bpiokovrag pia
omotadnmote ekt AUon amnod to umoocUVoAo Twv AUCEWV Tou apxLlkol mpoBAnuartog. Emiong,
TpEmeL va. opiletal og omoladnmote untocUvolo AVcewv Tpaén SlakAadwong oe 2 ) meplocdtepa
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vEd UTOOUVOAQ. ZUVBwWE, oL TOPEG OUTWV TWV VEWV UTTIOCUVOAWV €lval KEVEC, OUWE aUTO Sgv
gival amapaitnto yla tn owotn Aettoupyia tou aiyopibuou.

AvaAuTika, ta Brjpoata tou alyopiBuou sival ta g€ng:

‘Eotw S to ouvoAo dAwv Twv uroPndlwyv AVoswv Kat Q pia dour otnv onoia anoBnkevovtal Ta
umocUvola Twv Acewv. Apxikd Q = {S}.Eotw eniong SE n kaAUtepn A0on mou éxel BpeBei péxpt
oTlypNAC. Apxikd ST = —oo. NMpoatpetikd, opiletat kat To KAAUTEPO KdTtw dpLo Tou éxel PpeBei, L.

1. Avn Q 6ev eivat adeta, e€dyetatl éva umtooUvolo AUoewv S¢, SladopeTikd 0 aAyOpLOpOC
TEPHOATILEL.
2. Edoapudletal n mpdsn g Stakhddwong oto S¢ kat mapdyovrat Ta utocUvola AUoEwWV
SE,i=1,..,n. NaKkdOe éva amoé Ta vVEa UTIOCUVOAQL:
a. Av 1o unooUvoAo meplhapBavel pia povadikn AUon, Tote ebpocov eival eDLKTH
edappdleton n mpdgn S& = max (S5, |SE]).
b. Aladopetikd, unoloyilovral Ta dAvw Kat KaTw dpla Tou urtocuvérou, UF kau LS.
Av UE > SB ko Uf > LP tote edappdloviar o npégerg LB = max (LB, L) kau
Q=QuU Sic. AM\LWG, To UTIOCUVOAO amoppinTeTal.
3. Emwotpodn oto Brua 1.

Otav ohokAnpwBel n exktéleon tou oAyopibuou, n TR SE elvar n BéAtiotn Avon tou
npoBAfuatog. H mapandvw popdrn tou alyopiBuou cuyvd xopoktnpiletol wg «mpodupn»
(eager), ylati umoAoyilovtal Ta Gvw Kal KATW OpLa TWV UTTOCUVOAWV HOALG autd mapaxBouv.
Yrapyxel avtiotola Kot Suvatotnta «okvnpou» (lazy) urmoAoylopou twv oplwv we e€ng (Clausen,
1999):

1. Avn Q 6ev eivat adela, e€dyetatl éva umtooUvolo AUcewv S¢, StadopeTikd 0 aAyOpLOpOC
Teppartilet.

2. Av 1o umoouUvolo meplapBavel plo povadiky Auon, TOTe edocov elval ePLKTH
edpapudletal n pdcn SE = max(S5, |S¢|) kau yivetar emotpodr oto Pripa 1.

3. Awdopetikd, utohoyilovtal Ta Avw Kat KATw Opla Tou urtoouvohou, Ulkat LE. Av UC >
SB kat U > LB tote edapudletar ot mpdén LB = max(LB, L¢). AMwg to umtocivoro
amoppimntetal kat yivetal emotpodn oto Brpa 1.

4. Edoppodletol n mpdfn tne Stakhadwong oto S¢ kat mapdyovral to UtooUVoAa AUoEwY
SE,i=1,..,n. Na kdOe éva amoé Ta véa LTIOoUVOAA epapudletal n mpdén Q = Q U SF.

5. Emwotpodn oto Brua 1.

1.4 Awdoylon tou 6€vdpou tou alyopiBuou B&B

H &laoyion Twv KOpUPwv Tou d€vEpou Tou alyopibuou B&B yivetal eite katd Babog (Depth First
Search, cuvtopoypadika DFS) 1 pe oelpd mMpoTepALOTNTAS e BAon KATOLo KpLtrplo (Best First
Search, cuvtopoypadika BestFS), m.x. kKamowo £k Twv opiwv. Kavévag amd toug aiyopiBuoug
Sldoxiong tou 6€vépou Sev MaPOoUCLAlEL EYYEVWG KAAUTEPN amOd0a0n, OUWC £Xouv SladopETIKA
TAEOVEKTAMATA Kal pelovektipota (Mahapatra & Dutt, 1996). O BestFS, sivat mbavo va
odnynoeL ypnyopa otn BEAtiotn AUon, €bOcovV TO ETMIAEYUEVO KPLTAPLO €XEL KOAN amodoon.
MoAAéEC PopEC OUWG O OAYOPLOUOC PETOKLVEITAL OUVEXWG UETALU ECWTEPLKWV KOUPBWV TOU
S6évbpou, xwpic va ¢pBavel o dpUMa. Ta tedeutaia OpwE sival amapaitnta ywa tnv glpeon
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edIKTWV AVCEWV, TIOU UropoLV va xpnotlpomnotnBouv wote va anoppldBouv unocuvola AUCEwWY
pe Baon to dvw oplo. Etol, pmopel va auv€nbel umtepPoiikd To péyeBog NG Soung amobrkeuong
TWV UTTOCUVOAWV Kal va TipokANBoUV ta oxXeTIKA TipoPAnpata pvAung. O DFS, avtiBeta, Bpiokel
TIOAU ypriyopa TeAKECG ePLKTEC AUOELG, AN e OXETIKA TUXALO TPOTO. JUVETIWG, eival mBavd va
KAVEL TEPLTTEG SlakAadwoelc. H emdoyn Tou ahyopiBuou Siacylong tou dévépou emnpealel Kat
Vv vlomnoinon tng Soung amobrkeuong Twv UTIOCUVOAWY AUCEwWV. ItnV mepinmtwon tou DFS
xpnotporoleital otoipa (stack), evw otov BestFS n Soun uAomolsital Le oupd TTPOTEPALOTNTOG
(priority queue).

1.5 Mapadetypa AAyopiBuou Branch and Bound: Atakptto MpoPAnua 2Zakidiou
210 «Alakpird NpoBAnua tou Zakidiou» («Discrete Knapsack Problem», cuvtopoypadikd DKP)
UTLAPXEL €va GUVOAO QVTIKELUEVWY, TO KaBEéva e oUYKEKPLUEVN afla Kal BAapog, kabwg kal éva
OOKIS10 0TO omoio pumopouv va eloaxBouv avTKeipeEVa LEXPL EVOC OPLOUEVOU GUVOALKOU Bapouc.
Znteiltal To UTIOCUVOAO TWV AVTIKELWEVWY TIOU HEYLOTOMoLloUV tTnv atla Tou cakidiou, xwplg va
napafLalouv Tov MEPLOPLOUO TOU BApouc. 2 pabnuatiki popdn to mpodPAnua divetal wg €ng:

n

max Z Vi X;
i=1
n

Ewixi <qv;>0w;>0,c>0
i=1

x; €{0,1},i=1,..,n
Mapandvw, To MANBOG TwV AVTKELLEVWY elval n, v; elval n agia Tou 1-00TOU OVIIKELUEVOU, W;
gival to BApog Tou -00TOU QVTIKELUEVOU KAl C O TEPLOPLOMOG YO TO GUVOALKO Bapog Tou
oakiSlou. To mpoBAnua ovopdetal SLakpLto, ylott n LetaBAnTA X;, Tou SNAWVEL TO UEPOG TOU L-
00TOU OVTLKELWEVOU TIOU ELCAYETAL OTO OaKIOL0, elval SLakpLtr) Kal Umopel va AABEL LOVO TIC TIHES
0 kat 1. AnAadn, €ite TO 1-00TO AVIIKELLEVO ELOAYETAL OTO CAKLSLO N} ATOKAELETAL QMO AUTO.

‘Evag tpomog emiluong tou DKP pe aAyoplBpo B&B eival n xaAdpwon Twv pn aAyeBpkwv
neploplopwy. Opiletal €tol to €€l mMPOPAnUa, omou n petofAnth X; Wopel va AdBel
OTIOLASNTIOTE MPAYOTLKN TLUNA:

n
maxz ViX;
i=1

n
Zwixi <qv;>0w;>0,c>0
i=1

x; €ERi=1,..,n

12



&%ﬁéﬂm Méyioto Bapoc 23
DDDDDBDD®D
BBDDDBD®

Ewova 1-1: AptSuntiko mapadetypo DKP

H emiAuon tou mapamdvw XoAapwpévou TPoBARUATOC eival TETPLUUEVN. ApXLKE, yivetal
$Oivovoa TaflvOUNon TWV QAVTIKELUEVWY WG TPOE TNV afia toug ava PAapog. Itn CUVEXELd
edapuodletal «aninotog aAyoptBpog» (greedy algorithm), omou, Eekwvwvtag and to Mpwto
OVTIKELPEVO Tou Ttalvounpévou cuvolou, MPooTiBevTal 0To COKISLO CUVEXWE VED QVTIKELUEVA,
MEXPL va Ttapaflactel To Oplo Bapoug (N va TEAELWOOUV Ta OVTIKEipeva). To avTIKElUEVO, n
TpocBnKn tou omolou TPOoKaAel tnv umepxeidlon Bdpoug, dev eloAyeTAL TEAIKA OTO COKLSLO
0AOKANpPO, TtaPd POVO €va KNGO TOU, TO00 WOTE TO GUVOALKO Bapog tou cakidiou va yivetal
(00 € TOV MEPLOPLOKO. AUTO €lval KL TO AVW OPLO TOU aPXLKOU TIPOPBANMATOG.

. AyTmieipeva mou Sev eival ywwoTd av Ba eoayBolv oTo cakiio f Y
Aymieipeva mou Ba sigayBolv oto gakibio
AvTikeipeva mou & Sa eigayBolv ato gakidio
Avmikeipeva Ba sioayBolv oo cakidio péve ato yolapapivo npofhnpa
Fovoho Acewy (pilo Touw Svbpoul:

Yrohoyapas oplun:
! 3 2 1

5 6 & 8 7 10 8
> W: 26 (umepyEiuan)
L Avw dploV:32,W:23
Kamw dpio Vs 30, W 21

1o mapaydpevo umooivols OoEwy:

20 nopoydUEVD UMoOUVORD A0S

Ewkova 1-2: YmoAoytouodg opiwv kat StakAadwan tng pidac

To KA&tw Oplo Bploketol akOpa Mo eUKoAa, adalpwvtog TeAElWS To TeEAEUTAIO avTiKeipevo. Me
0lUTO TOV TPOTO KATAANYOULE ypriyopa o€ ediktr) AUcn tou DKP. Q¢ mpaén StakAadwaong opiletal
n Slaipeon Tou ekAoToTe UTIOCUVOAOU AUCEWY Og 2 e BAON TO AVTLIKELPLEVO TIOU TIPOKAAEL TV
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napapilaon tou opiou Bapoug. AnAadr), TO MPWTO MAPAYOUEVO UTIOGUVOAO TEPIAAUPBAVEL OAEC TIC
AUGELG OTLC OTTOLEC TO QVTLKEIEVO ELCAYETAL TEAIKA 0TO 0aKidLlo, VW oTLg AUCELC TOU SEUTEPOU TO
OVTLKELLEVO UTIOXPEWTLKA QTTOKAELETAL.

. AvTikeipeva mou Sev efval yweatd av Ba sisayBolv oo cakiBo iy
Avmikelpeva mou Ba aicayBoly oTo caklfno
AvTikeipeva mou 8¢ Ba siday@oly aTo dakibio

Avmikeipeva o swgoyBolv oTo sakido gove ato yahapuwpévo mpdRinua

Yooivoho AOTEW:

Yrohoyiopog opiwwy:

4 7 3
Katw l.‘.!pm: 30,W: 21 =€
Avw dpioV: 31, W 23 a——

W2 27 (unepyeivon) €——

1o mapaySpevo umoaivoho Aoeuw:

10

20 napayapEvo unooivoio AIoEw:

Ewova 1-3: YmoAoytoudg opiwv kat StakAadbwaon urmoouvoiou

Jtnv Error! Reference source not found.sikova 1-1 Sivetal éva aplOuntiko mapadelypa e 8
QVTIKE(JEVA. ZTN OUVEXELA YIVETOL O UTIOAOYLOMOG Twv opiwv yla To oUVOAO Twv AUCEWV TOU
npoPAnpatoc (eikova 1-2). Av sloaxBolv oto cakiSlo ta avtikeipeva 1 wg 4, n ocuvolikn afia
yivetat 30 katl To Bapog 21. Av sloaxBel Kol To QVIIKEUEVO 5, TOTE TOo BApOoC yiveTal 26 Kot
napaBLalel Tov MEPLOPLOO VA EXEL LEYLOTN TLA 23. Ma v UTIOAOYLOTEL TO AVWw OpPLO, ELOAYETAL
0TO 00K(i6l0 KAAOLO TOU QVTIKELUEVOU 5, TETOLO WOTE TO OUVOALKO Bapog va eival 23. Etol, to

KAQOMO TOU QVTLKELLEVOU 5 Ba Tipémel va €xeL BApOG 2, TTOU avVTLOTOLKEL o€ = JUVETIWG, TO AVW

oplo tn¢ afiag tou cakidiou sivat 30 + 5 *% = 32. To katw 6plo eivat 30, dnAadn n aia tou

caklbiov otav Sev elocdyetal koBOAou To aviikeipevo 5. ITn cuUVEXEL, TO 0UVOAO TwWV AUCEWY
Xwpiletal og 2 umoolvoAa. To MpwTo mepAapBAvVeL TIG AUCELG, OTIOU TO OVTLKEILEVO 5 lodyeTal
0TO C0KiSlo, eV 0To SeUTEPO UTMOCUVOAO TO QVTIKElUEVO amokAeietal. tnv Error! Reference
source not found.clkéva 1-3 Sivetal 0 UTTOAOYLOMOG TwV opiwv Kal n dtakAadwaon tou SeuTtépou
TWV UTIOCUVOAWV AUCEWV TIOU Tiepleypadnkav apéows mapanavw. Itnv Error! Reference source
not found.skdva 1-4 Staypadetal n emilucn tou poPARpatog pe eager alyoplBuo B&B, pe tn
HEB0SO BestFS kal KpLtriplo 1o KOAUTEPO AVW OPLO. INUELWVETAL OTL KATA TNV QTOTINON TOU
UTIOCUVOAOU AUcewv pe aufwv aplBpo 15, MPOKUTITEL WG OAA TOL UTIOAELTIOUEVA QVTIKEILEV
£lo0GyovTal oTto oakiblo Siywe mopoPiaon TwV MEPLOPLOUWY KOL CUVETTWCE Ta 2 dpla gival ioa Kat
KaTaAnyouv dueca o€ teAkn ediktr Avon.
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dh Ve AEio, W Bapog
LIz Bt o, L Kamw dplo

qv ALy apiBuog kol osipd anoTipnong
p: AvTikElpeve Sadeuing umoou b

AmokheieTar, 28 < 30 AmokheieTan, 21.4 < 30
AmokheieTal, 29.8 < 30
Y
O&ryel o TEMKHA Ut Mo
Ve 30,W: 21

Ewkova 1-4: Emiduon aptduntikou napadeiyuatog ue t uédobo BestFS
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1.6 2komog

JTOXOC TNG OUYKEKPLUEVNG SUTAWHATIKAG e£pyaciag eival apxikd n peAETn Tou TPOMOU
napaAAnAonoinong tou alyopiBuou B&B og UMOAOYLOTIKA GUOTAHATA LOLPAlOUEVNE UVANG KAl
KOTOTLV N VAoToinon OXETIKWY aAyoplBuwv Kol PETPNON TNG EMLTAXUVONG TNG EKTEAEONG TIOU
gival duvato va emrteuxbel, Sedopévou Twv SuokoAlwv (bottlenecks) mou Suvatal va
TAPOUCLAOTOUV. M To OKOTO auTO, HeAetnBnke n oxetikn PBLpAloypadia kot avamtuxdnke
npoypappatiotiky BLBALoBNKN o yAwooa C++ yla tnv emiAuon nmpoBAnudtwyv BeAtiotonoinong
pe tn pEBodo B&B, n mapouciacn Twv omoiwv yiveTal oto enopevo kepahalo. EmutAoy, yla va
peTpnBel n amodoon tng BLBALOON KNG, uAomotBnkav pe Baon auth alyoplBuol yia thv enilucn
Tou Slakpltol mpoBARpatog Tou cakldiou Kal Tou TPOPARMATOG Tou TAAvOSLou wAnth. Ta
anoteAéopata nopoucLalovtal oto tpito kedpaAalo.
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2 TMapaAinAomoinon AAyopiBuou Branch and Bound

2.1 Tevikd — Opoloyia

MNa tnv KaAUTepn KoTaAvVONnon TNG HEALETNG aAmolToUVTIOL BOOLKEC YVWOELC OPXLTEKTOVLKAC
urohoylotwy. Mo Adyoug mMANPOTNTAG Kal yla SuvaTtoTnTa XPRonG TNG OXETLKAG opoAoylag
TAPAKATW, YIVETOL OUVOMTIKN TEeplypadn €VOG UTOAOYLOTIKOU OUOTAUATOC MOLpalOUEVNG
puvAUNG. To clotnua TeplAapPAvVeEL €vav 1} TIEPLOCOTEPOUC (HLKPO)EMEEEPYAOTEG/KEVIPLKEG
povadeg enefepyaoiog ((micro)processors/central processing units, cuvtopoypadikd CPUs).
KaBe emefepyaotrq £XEL Evav 1) TIEPLOCOTEPOUC MUPNVES (cores), evw KABE MUPAVAS KAVOVLKA
pmopel va ektelel og kAOe xpovikA otyun povo eva/pia vipa/diepyaoia (thread/process). Ot
ouyxpovol enefepyaoTec ouxva SlabEtouv TNV Texvoloyla TaUTAXpOVNG TTOAUVNLLOTOTIOINONG
(simultaneous multithreading, cuvtopoypadikd SMT), mou toug emtpémel va Slatnpolv ot
AewToupyla TauTOXpOVA TTEPLOCOTEPA TOU EVOC VNUATWY ava mupnva. Ta Aetoupylkd cuothiuota
TIOU EKTEAOUVTOL O€ UTTOAOYLOTLKA cUOTA ot e SMT BAEMOUV WG GUVOALKO apLBpO TTUPHVWY ToU
OUCTAMATOC To MARB0C TwV SLAdOPETIKWY VNUATWY TIOU UIopolV va Aettoupyouv mapaAAnia.
Mo auto to Aoyo €xouv TpokUPEeL oL opol Twv ¢pucikwv upAvwv (physical cores) kat Twv
Moywikwv nupnvwv (logical cores). Ta uUMOAOYLOTIKA cuoTApATA TteplAapavouv emiong pia
LEpapyia LVNUWY, TTOU TUTTLKA artoTeAeitolL amo tnv KUpLo. WVApN tuxaiog npoonélacng (random
access memory, cuvtopoypadikd RAM) kal pia oslpd kpudwv pvnuwv (caches). H kaBuotépnon
npooPaong oe kAOe emimedo puvnung pmopet va eivat 6lo yia 6Aoug toug emefepyacTeg Kal
nupnveg n Un  (NUMA  apyltektovikég). Ta  Aettoupylkd cuotriuata  SlaBétouv
Xpovodpopoloyntég (task schedulers), mou pe 6Suddopoug aAyopiBuoug Kol Kkpltrnpla
anodacilouv mola vrpota/Slepyacieg ekteholvtal oe KABE XPOVLKN OTLYUN KOL GE TIOLOUG
nupnveg. Ma dadopoug Adyouc, gival Suvatd o xpovoSpopoAoyntig va aAAalel tov muphAva
ektéAeong evog vhApatog. H Swadkacia aut ovoualetal «context switch» kol evéxel pn
OLEANTEOD KOOTOG O€ XPOVO Kal O AELTOUPYLEG UV UNG.

H mapaAAnAomoinon tou aAyopiBuou B&B mpokUTTEL polpdlovtag Ue omoLodnmote TpOmo ta
umoocUvVoAo AUoewv tou 8£vdpou oe Sladopetikd vipato/Siepyacisec. MNa to vipata Unopel va
XpnotpomolnBel o TEPLOOOTEPO YEVIKOG Opog «epydrng» (worker), svw n enefepyaoia
OUYKEKPLUEVOU UTIOOUVOAOU AUcewv ovopdletal «egpyaocia» (task). Eva onpaviko
XQPOKTNPLOTIKO TNG mapaiAnAomnoinong tou alyopiBuou B&B eival mwg dev eival yvwoto €
apxNg To TMARBoG Twv egpyacwwv. MdaAwota, ol (Li & Wah, 1984) édsifav OTL auTto pmopel
petapaArietal otnv napdaAinAn popdn tou alyopiBuou, site BeTKA 1 apvNTLKA.

2.2 Movtéla MNaparinAomnoinong AAyopiBuou B&B

Jtn  PBBAoypadia  €xel  TPOKUYPEL ONUAVIIKOG aplOUOG  SladopeTikwy  LOVTEAWVY
napaAlniomnoinong tou aAyopiBuou B&B. Zuvontikd, avadépovtal ta £€n¢ (Gendron & Crainic,
1994):

MoapaAAnAo moAU-TtapaUeTPLKO LOVTEAD

To HoVTEAO eKTeAel TauTOxpova TIOANATAG OTLYULOTUTIO TOU OElplakoU aAyopiBuou B&B e
SL0POPETIKEG MAPAUETPOUG, £TOL WOTe KABe £va va emefepydletal SladopeTikA UTIOCUVOAQ
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AUoswv tou mpoBARUAToCc. Ol TOUEG TWV UTIOCUVOAWY aUTWY, OUWG, 8eV elval YeVIKA KEVEG, e
QMOTEAEC A VO oTtATaAOUVTAL TIOPOL yla TNV enefepyacia oplopévwy AUoewv MOANATIAEG POpPEG.

Movtédo napaAAnAng eneéepyaoiac twv mapayouUeVwY UTOGUVOAWY AUCEWV

KaBe dopd nou éva urmocUvolo AUcewv SLakAaSWVETAL OE ETLUEPOUG UTIOGUVOAQ, TO OpLOL AUTWV
urntohoyiovtal tautoxpova. O Babuog tng maparinAomnoinong efaptatal and to nAR6og Twv
TIAPAYOUEVWV UTTOCUVOAWY, EVW ATIOLTELTAL KL akpLBOG oUYXPOVIOUOG.

Movtédo napaAAnAng amotiunong twv oplwv vog umoouvoAou AUCEwWV

OL umoloylopol Twv Gvw Kol KATw Oplwv TwV UTIOCUVOAWV AUCEWV TMpaypatonolouvIal
napaAAnAa. To povtédo amobibel edpocov n amotipnon auth €xel uPnAn XPOVIKN
TOAUTTIAOKOTNTA. Xpnolgomoleitat o Slddopa TMPOPANUATA HIKTOU OKEPOLOU YPOUMLKOU
T(POYPOAUUATIOHOU. To BOCLKO TOU HELOVEKTNUA EIVaL TO YEYOVOG OTL, 6UVHBWC, N TIOAUTTAOKOTNTA
NG amotipunong twv opiwv givat avtiotpodws avaioyn Tou BABous Tou UTIocUVOAoU AUCEWY 0TO
6€vbpo Tou alyopiBuou B&B.

Movtédo napaAinAng Siaoyiong tou €vdpou tou adyopiSuouv B&B

Xpnowpomnoleitat kowvry doun (pool) kuplwg yla TNV amoBrnkeuon Twv UMOGUVOAWV AUCEWV.
FeViKA, oL pyAteg MoOU Asttoupyouv mapdAAnAa edyouv umocUvola amo tnv Kol doun, ta
enefepyalovtal KAl €L0AYOUV TILOW OE AUTH TO Mapayopeva véa UTTocUVOAd AUCEwV. Baolko
MELOVEKTNHA QUTOU TOU MOVTEAOU ELval TO XPOVIKO KOOTOC CUYXPOVIOHMOU TWV EPYATWY HE TNV
Kowr doun, ta kKAetdwpata (locks) mou amattovvrat KA.

Y1tn ouvéxela Ba yivel peAétn tng mapaAinAomnoinong tou alyopiBuou B&B pe Baon to teAeutalo
HOVTENO, aUTO TNC MapAAANANG Stdoyiong tou 6£vSpou.

2.3 Bottlenecks otov MNapaAAnAo AAyopBuo Branch and Bound

Fevika, otnv mapailnAomnoinon omolodnmote aAyopLBpou mpokUTITOUV pia oelpd and SUCKOALEG,
TIOU OXETL{OVTAL LIE TAUATA TIOU TIPETIEL UTIOXPEWTLKA VO EKTEAEOTOUV OELPLOKA, LELWVOVTAC £TOL
v erutayxuvon (Amdahl, 1967). Itov mapdAAnAo aAyoplBuo B&B &ev umdpyxouv pEpn Tou
£KTEAOUVTOL EYYEVWG OELPLOKA. EVTOUTOLG, UTIAPXOUV UTIOPOUTIVEC TTOU UIOPOUV va eKTEAOUVTOL
ano £€va HOVo VAHO Ot KABE XPOVLIKH OTLYUI. ZUYKEKPLUEVA, TIPETIEL VO TIEPLUEVEL KATIOLOC Va
nipokUPouv bottlenecks Katd To pHolpaopa TwWV EMUEPOUG EPYACLWV OTOUC/ 0T EPYATEG/VNLATA,
6nAadn otn doun amobrikeuong Twv UMOOUVOAwWV AUceswv. EmumAéov SuokoAieg umopel va
TIOPOUGCLAOTOUV KATA TOV £EAEYXO0 TWV 0PLwV, OTIOU N avaykn yla acdaln aAAayr TwWV TILWV TOUC
amaltel amokAsLoTikn MpooPacn and KABe vApa, eMoUEVWE SUVNTIKA OELpLOKN eKTEAEDN. TEAOC,
O£ UTOAOYLOTIKA cuotApata polpalopevng uvnung ot Stadopetikol epydates polpalovtal Toug
TIOPOUC TOU UTIOCUOTHATOC UV NG KOl CUVETIWG UITOPOUV Va TIPOKUPOUV Kal eKel £€apTrOELS
Kal KaBUOoTEPNOELG.

2.4 Ylomoinon Aoung AnoBrikeuong YIoouvoAwv AUCEwV

H ulomnoinon tng doung anobnkeuong Twv uTocUVOAWV AUCEWV elval HeyaAng onuaciag, kabwg
koBopilel og onuavTiko Babuod tov TpoOMOo Tou oL gpyaocieg polpalovtal otoug epyateg (load
balancing). Fevikd, uTtdpyouv oL e€Ag emNOYEC:

18



Xprion kotvri¢ Sounc yta 6Aouc Tou¢ EpYATES

Xpnolpomoleital ko SouR ylo OAOUG TOUC €pYATeC. To TMAEOVEKTNUA Elval Twe yivetal
OUTOMOTA LOOOKEAEG HOIpOOUA TWV UTTOCUVOAWV AUCEWV. AuvnTikd, OpwG, Snuloupyolvtal
OUPEC QVOHOVNG OTTO TOUG EPYATEG TTOU BEAOUV VO EKTEAEGOUV TAUTOXPOVA TIPAEELG ELCAYWYWV
Kol e€aywywv TPog Kal amnod tn Sour. MNa tnv eEAATTWon autwy Twv GaLvopEVwY £xouv poTabel
TIOAAEG 5L OPETIKEG UAOTIOLNOELG, KUPLWE KATIOLOC OUPAG LE SuvaTOTNTA CUYXPOVIOUOU EITE UE
kAetbwpoata (blocking) i xwpic (non-blocking). >tn PBiBAloypadia pmopolv Ppebolv Kal
T(POOEYYLOTIKEG LeBOSOUG, e TL.X. cUVOAO OUPWV Kal Tuxaia emAoyn TNG oupag mou Ba ekteAéoel
™V npaén elcaywyng n e€aywyng twv (Rihani, Sanders, & Dementiev, 2014).

Xprion 18Lwtikn¢ doung yLa Kade epydtn

Xpnotwdornoleital mAnBo¢ Sopwv, TOOEC OOOL KAl OL EPYATEG OTOV OplOUs, evw KABe Soun
XPNOLLOTIOLEITAL ATIOKAELOTIKA amO €va Povo epydtn. E¢aAeipouv T oupég avapovng mou
TIPOKUTITOUV OTLG KOWVEC SOUEC, OUWC TIPOKAAOUV OUXVA AVION KATAVOUN TWV £pyaciwv (pn
anodotiko load balancing).

Xprion 18lwtikwv douwv Ue SuvatotnTa «KAOTTNC» EPYACLWV

H ulomnoinon eival idla pe mpiy, pe tn Sladopd OTL MapEXETaL N SUVATOTNTA OTOUC EPYATEG HE
KATolov TPOTo va «kKAEPouv» epyaciec amo tn dopur) kamolou GAAou gpydtn. H Suvatotnta autn
propel va mapel MoAAEG popdEG Kal €xouv mpotabel Stadopa oxnuata, m.X. (Leroy, Mezmaz,
Melab, & Tuyttens, 2014).

Y€ aUTNA TN HEAETN XpNoLUOTIOWBNKaV KOl OL TPELG TTAPATIAVW UAOTIOLNOELG, VW WE Bactkn Soun
xpnotwgormondnke plo mapdAAnAn uAomoinon oupdg mpotepaldoTnTag amd tn BLBALoORKN
«Threading Building Blocks» tn¢ Intel (cuvtopoypadika Intel TBB i antAd TBB) (Wilmarth, 2010).
Qg mpog tn SuvatdTNTa «KAOTIC», Ol EPYATEC TIPOYPAUUATIOTNKAV £TOL WOTE VA UTOPoUV va
AaBouv epyacieg and onoladnnote AAAN oupd MPOTEPALOTNTOC, LLE TNV PoUTIO0£0N N SIKLA TOUG
va elval adela.

2.5 '‘Opla otov MNapadAAnAo AlyopBuo Branch and Bound

H mapaAAnAomnoinon tou aAyopiBuou amaltel avaykaoTiKA TO GUYXPOVIOUO TG poofacnc Twy
SL0POPETIKWV EPYATWY OTA AVW KL KATW Opla. AUTA TIPEMEL va eAéyxovtal ravta pall kot oxt
ave€APTNTA, CUVETIWG AaLTETAL N Xprion «mutex» yla TNV eNiTeuén amokAELOTIKNG TpocBaacng
Twv oplwv amd éva povo e€pydtn o€ omoladnToTe XPovikn otiypr. OL mutexes TUTIKA
avaoTtéAAouv Tn Aeltoupyla evog epydtn/vAUATOC HEXPL va yivel Suvatr n oImOKAELOTIKN
npocBaon otn doury mou ¢uldccouv. H avaotoln Asltoupyiag EMITPEMEL OTO AELTOUPYLKO
ocvuoTnua va ekteA£oel €éva aAAo SladopeTikd vipa otn B£€on Tou apykou (context switch) kat
£T0L VA AUENOEL TNV ATIOSOTLIKOTNTA XPr NG TWV UTTOAOYLOTIKWVY TTOPWV TOU GUCTAATOC. AV OLWG
0 XPOVOG TOU TPETIEL VA OVOOTAAEL N AELTOUPYLO TOU VAUATOG Elval apKETA PULKPOC, eival mBavo
va urap€el TeEAKA eAdTTwon NG amodoong AOyw Tou KOOTOUC Tou context switch. Etol, otn
OUYKEKPLUEVN TIEPLMTTWON, €MELS 0 XPOVOS MPOoPacnG Twy oplwv avopéveTal va gival oAU
MLKPOG KABe dopd, xpnolomoltibnke «spin mutex», TOU avamopaydyeL tn Asttoupyia €vog
armAol mutex, xwpic OLWE va avaoTEAAEL TN AsLToupyla TWV VNUATWY. ETmA£ov, SOKLUAOTNKE Kal
pio evaAaktiky uhomolnon Le Xxpron WOLWTIKWY oplwv ava epydtn. € aUTH TNV epimTwon, kabe
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€pyaTnG KataAnyel oe pio Sladopetiky teAkn AUoh, epooov pmopel va Ppebel pia, evw n
BEATLOTN TIPOKUTITEL OO TN CUYKPLON QUTWV. € AUTO TO MAQLCLO, XpNOLUOToLONKe Kat pia pikpn
mapoaAAayr, OMou To WWTIKA Opla cuyxpovilovtol PeTAfU TOUG, HECOW KATOLOV KOLWVWV
peTaBANnTwy, os mpokoOoplopéva Xpovika dtaotipata.

2.6 Bottlenecks Mvriunc kat Avaptnon Nnuatwv

Y€ UTIOAOYLOTIKG CUOTHUOTA HolpalOUevnG LVANG, N TapdAANAN eKTEAECT TOAAQTIAWY VN LATWV
Kol Slepyacwwyv eival mBbavoé va mpokalécel umepdOPTWON TOU UMOCUOTAUATOG MVAKNG.
EvSelkTikd avadépovtal mpofAnpata Kopeopol Tou gUpouc Lwvng TNG UVAKNG, AVIAYWVLOUOG
Yl TNV TIEPLOPLOUEVN XWPNTIKOTNTA TWV KpUdWV PUVNUwV KATL., N avaAuon Twv omolwv enepva
TOUG 0KOTIOUG QUTNG TNG MEAETNC. Eva OpwC TPOBANUa, TTou SUVNTIKA TIPOKUTITEL 0TA IO PAAANAQ
TipoypAppata ou xwpilovtal oe MOAEG emLpEépOUC epyaoieg Kal eival aflo mpoooxng, eival o
TPOMOG LOLPACHUATOC TWV VNUATWY/SLEPYACLWY OTOUG EMEEEPYAOTEC KOl TTUPHVEC, e€attiog Tou
KOOTOUG Tou context switch. Mia texvikn mou ocuxva edpapudleTal yia tnv eAayLotonoinon autou
TO KOOTOUC £ival n avaptnon vhpdtwy (thread pinning) i n ouyyévela avtwv (thread affinity)
0&/UE OUYKEKPLUEVOUC TuprveC. EmumAgoy, n texvoloyia SMT kaBlotd to mpoPANUA aKOUa TILO
niepimAoko, kaBwg o xpovoSpopoloyntng avabETeL Ta vipaTa o€ AOYLKOUG TTUPNVEC TTOU UMopel
va Ppiokovral otov i6lo ¢uokd mupnva 1 oe OSlapOpPETIKOUC. 2ITO €emMOPEVO KedAAalo
TapoucLalovtal UETPHOELG OTIOU TPAYLOTOMOLNONKE avapTnon VAUATWY TOCO KE TPOTIUNOoN
CUYKEVIPWONG TWV VNUATwV o Alyoug dpuolkol¢ MUpRveG 000 Kal Pe amoduyn Xprnong tng
texvoloyiag SMT otav auto sival Suvato.

2.7 MapaAinAomoinon Epyatwy

H mapaAAnAomoinon twv epyoatwv pmopel va yivel pe t xpnon dwaddpwv Bondntikwv
BBAL0BNKWY, omw¢ OpenMP, MPI, Intel TBB, Intel Cilk kot dM\eg, avaloya tn yAwooo
TIPOYPAUUATIOMOU KAL TNV TOMOAoyia TNG UVAUNG TwV TTApAAANAWY UTIOAOYLOTIKWY CUCTNHATWY
(Lolpalopevn/kotavepnuévn). Itnv uAomoinon Tou Teplypadetal €dw, €ywe HEAETN TNG
naparAniomnoinong tou alyopiBuou B&B oe cuotripata polpaldpevng UVNUNG LOVo, eVvw, KabBwg
xpnotgornotndnke n yAwooa C++, €ywve xpnon tng std::thread amno tnv kaBlepwpévn BLRALOBNKN
(mpotumo 2011 kat €newta). AAyoplBuikd, o mapdAAnAog kwdikag eival (8log e Tov OELPLOKO,
6nAadn o Peudokwbdikag Tou MepLlypAdnKE OTO MPONYOULEVO KEDAAALO KTEAELTAL TIAPAAANAQ
arnd moAarmAd vApata. H dwadopd éykeltal otnv ulomoinon tng Soung amobrikeuong Twv
UTIOGUVOAWV AUCEWV, KaBwg Kal otn HEBodo e€aywyng UMOCUVOAWY Ao aUTr. AVOAUTLKA:

Xprion kotwvrc Sounc yia 0Aouc Toug EPYATEG

Av xpnoluomoleitat kowvr) Sour yla OAoUC TOUG EPYATEC, TOTE Sev UTIAPXEL Kauia Stadopd, mEpav
Tou OTL aA\alel ehadpwg n cuVONKN TEPLATLOUOU TOU MPOoypAappatoG. YievBupiletal 6t S sival
TO oUVOAO OAWV Twv uroPnPLwv AVoswv kat Q n kol dourn otnv omnoia autd anobnkevovtal.
Apxikd Q = {S}. SB eivar n kaAUtepn Abon mou éxel BpeBel péxpt otypng. Apxikd SB = —oo.
EruAéov, opiletal kat To mARB60o¢ Twv UocuUVOAwV Tou rmdavov va undapxouv otnv Q, N. ApxLKa
N =1.
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1. AvN > 0, e€dyetal éva urtooUvolo Aboswv S¢, Sladpopetikd o ahydplOpog TeppaTileL.
2. Edapudletat n mpden e StakAddwonc oto S¢ kat mapdyovrat Ta urtocUvola AUGEWY
SE,i=1,..,n. NaKdOe éva amoé Ta vVEA UTIOCUVOAQL:
a. Av 10 urntooUvoho mepAapBavel pia povadiky AUon, tote epocov sival ediktnh
edappoletal n npdgn S& = max (S5, |SF|).
b. Aladopetikd, unoloyilovral Ta dAvw Kat KaTw dpla Tou urtocuvérou, UF kau LS.
AvUf > SB kaw U > LE téte edpappodlovion ou mpderg LP = max(L8,LS), Q =
QU Sic kat N = N + 1. AAA\wg, To utooUVOAO amoppInTeTaL.
3. Edapudletarnmnpatn N = N — 1.
4. Emuotpodn oto Brpa.

Xprion 18twtiknc dounc yia kade epyatn

Z€ QUTA TNV EPUTTWON, TPETIEL TIPWTA VAL TOMOBETNOEL e KATIOLO TPOTIO €Va UTIOGUVOAO O€ KABE
LOLWTLKN Sour. AuTO oUVHBWG ETITUYXAVETAL EKTEAWVTOC TO OELPLOKO aAyOpLOLO, LEXPLTO TANBOG
TWV UTTOOUVOAWV otn Soun va ptaoel to emBupntod péyeboc. Enetta ta umocUvoAa potpalovral
OTLG SOUEG KOl KABE epydtng ekTeAEl TO OELpLAKO aAyopLBuo.

Xpnon Slwtikwv Souwv pe SuvatotnTa «KAOTNCY» EPYACLWV

Edapudletal o iblog alyoplBuog, Omwe otnv mepimtwaon Xprnong Kowng Soung yla 6Aoug toug
epyareg, omou Q elvat kaBes popd n WOLWTLKA dopn Tou kAabe gpydtn. H mpdén tng e€aywyng opwg
Tl EL vaL ElvaL TETPLUUEVN KaL TteplypddeTat Tapakatw. Q¢ Q (i) opiletat n WOlwTiki doun Tou -
ootoU gpyatn, W eival to mAnbog Twv epyatwv:

1. counter = threadlID.

2. 0co Q(counter mod W) adewa kat N > 0 epapudletal n npagn counter = counter +
1

3. Av N =0 Ttélog eKktéAeong epydtn. Aladopetikd efdyetal umooUVoAo Tnv
Q(counter mod W).
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3 [lelpAUATIKEC LETPNOELC

3.1 AAyoplBuol— MpoBAnuata

Me Bdon tnv uAomoinon mou TeplypAdnKke oTO TPONYOUHEVO KEPAAALO, EYLVAV UETPNOELS TNG
anodoong tou mapaiAniou aAyopiBuou B&B. XpnaoiuomnotiBnkav cuvoAlkd Tpelg Stadopetikol
aAyoplBuol, évag yla to Slakpltd mpoPfAnua tou cokidiou kot U0 yla To MPOPANUA TOu
mAavosdiou mwAntr. O aAyoplBuog yla to Slakpltd mpoBAnua tou cakidiou eival autdg mou
nieplypadnke oto mpwto kepaiato. OL UAOTOLACELS yLo TO TTPOPBANUA Tou MAAvVOSIou wANTH
TiepLypAadovTal TopaKATwW.

3.1.1  Awkptto mpoPAnua tou cakldiou: Aedopéva mpoBAfuaTog

Ao nponyoUueveg peléteg (Pisinger, 1995), éxel amodelyBei mwg n SuokoAia Tou mpofARuaATog
efaptdtal amod tn oxéon aflog avd BApog Twv avTKELNEVWY. MeyaAltepn MOAUTIAOKOTNTA
eudaviletal oe autd mou n oxéon eival ypapuLkn. MNa TG LETPAOEL XpNOLUoToOnKe n anin
VPOUULKN ax€on, Omou n atia ival ion pe to BApog, e TIG TIUEG va SlvovTal amo TIG CUVAPTIOELG
f(x) = x kaw f(j) = 2l08271+j+1 4 pllogajl+i 4 1,7 = 1,2, ..., n.

3.1.2 NpoPAnpa mAavodilou mwAnTn: Fevika

‘Evag mAavodLog mwANTA ¢ pEmeL va emlokedtel évav aplBuod amd moAelg kat avalntd tn BEATIOTN
Sladpopr mou mepva amnod KAbe pia akplBwg pia popa, emoTpédel 0TO ONUELO EKKIVNONG KaL EXEL
TO HLKPOTEPO SuVATO UNKOG. OL TTOAELG KaL oL TILBaVEC SLadpOoUES TOU TWANTH TeplypddovTal ano
éva ypaco G = (V,E), érmou V eival to ouvolo twv kopudwv/morewv pe mAnBog N kat E givat
T0 oUVOAO TWV AKUWV/EpOuWV PETAEY Twv MOAswV. KABe akur cuvodsvetal amnd Betikd Bapog
TIOU QVIUTPOOWTEVUEL TO MAKOC Tou avtiotowou &popou. O ypdadog pmopel va elval
koteuBuvopevog (acUppeTpo MPOBANUA) A Un (oUPUETPLKO TPOBANUA). Avalnteital o amAog
KUKAOG BaBuol N tou ypadou pe To gAdxloto Suvatd pnkoc. To mpoBAnua BeAtiotomnoinong

Slvetal wg e€ng:
n n
mlnz z Cijxi]'

i=0 j#i,j=0
Xij S {O, 1}

n

Z xij=1

i#,i=0

xij =1
j#Tj=0

u—uwt+nxi<n—1lu €Z

i=01..,nkaj=0,1,..,n
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oo | 33| 257 91| 412
633| oo| 390]| 661 227
257|390 | 228| 189

91] 661] 228] | 363
412| 227 189 363| <
91 227 189 91 189
257 390 228 228 227
348 617 417 319 416(2117

Q.
m|Q|M |||

—— AKUI TOU ypagou
m— Akr Tou mepthapPavetal umoxpEwWTIKA oTn Sladpoun
— — Akpr nou anokAeieTat and ) diadpoun

Ewova 3-1: MNapabetyua oupuuetpikou TSP ko urtoAoytoudg opiou otn pida tou Sévépou B&B

H petaBAnth x;; eivaw Suabiki kat AapBdvel tnv tun 1, av n akpn pe adetnpio tnv kopudr i kat
TPOOPLOHO TV Kopudn j elval otn Sladpoun tou mwAnTh. OL otabepég ¢;; elval ta Bapn Twv
avTIOTOLXWV OKUWY, VW N U; elval BonBntikn petapAntrh. Kabe kopudn oto {ntolpevo KUKAO
veltoveUel pe 800 akplBwe akuég. Etol, €vag eUKOAOG TPOTIOC UTIOAOYLOUOU €VOG Avw opiou
(BAéme §1.2 kat §1.3) Tou pnKoug TG PEATIOTNG SLadpOUNG POKUTTEL Ao TNV eUpech Twv dUo
VELTOVIKWYV TNG OKUWV KABE KOPUDNC LE TO ULKPOTEPO UNKOG. ATTOSELKVUETAL OTL TO ABpoLopa TwWV
MNKwv Twv 2N autwv akpwv dlatpoupevo dla dUo gival dvw oplo tng BEATIOTNG AUong Tou
CUUMETPLKOU TPOoPAAUATOG. AV TO TPOPANUA eival acUUUETPO, TOTE pnopet va Bpebel yla kabe
Kopu®dN N YELTOVLKH OKLI LE TO HLKPOTEPO WNKOG LE CUYKEKPLUEVN KaTteUBuvan (eloepyxOuevn i
e€epyxopevn mpog/amnod tnv kopudn), evw To Oplo eival (0o pe To ABpolopa TwV PNKWV Twv N
OKHUWV. 2TV elkova 3-1 Sivetal éva mapadelypa acUUPETPOU TPoPARATOC, KABwG KAl 0 TPOTIOC
UTIOAOYLOHOU TOU Gvw oplou UE Tov mapamavw alyoplbuo. Itnv elkova 3-2 meplypadetal o
UTLOAOYLOHOG TOU oplou yla pia pepikr AUon Tou mpoBAnUaToG.

oo| 633 | 254 91| 412
633| oo| 390| 661 227
228|189

91| 661 228| | 363
412] 227|189| 363| oo

91 227 189 91 189
412 390 228 228 227
503 617 417 319 416|2272

mg|N|@ >
(WS ]
O
o
2

—— Akur Tou ypagou
m— AKLR TIOU TIEPIAGUBAVETAL UTTOXPEWTIKA TN Sladpopn
— — Akun mou amokAgieTan amd tn dladpoun

Ewova 3-2:Mapadetyua cUUUETPIKOU TSP Kat UTTOAOYLOUOC 0piou ylo E0WTEPLKO KOUBo Tou Sevdpou B&B
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3.1.3 MNpoPAnpa mAavodiou mwAntn: YAomoinon e Suadiko §€vbpo

Y€ aUTA TNV LAOTtoinoN, N avamntuén tou 8£vEpou Tou alyopiBuou B&B yivetal wg mPog TIC AKUES
Tou ypadou Tou rpoBARpatoc. Anhadn, os KAOe KOUPBO Tou 6£vEpoU eTIAEYETAL pla AKUA KOL LE
Baon autn) mapdayovtatl U0 amoyovol, €vag OMou N akun mepltlapBavetatl otn dtadpoun tou
TIWANTI UTIOXPEWTIKA Kol €vag OTOU N GUYKEKPLUEVN aKUA armokAsietal. e kaBe SlakAadwon
gival amapaitnto va yivetal EAeyXocg Twv MEPLOPLOUWY, KABWE N cuumepiAndn 1 0 AmokAELoUOC
MlOC aKUAC UMOPEL VO CUVETIAYETOL UTIOXPEWTLKA CUUTEPIANYN 1 AMOKAELOUO GAAWY AKUWV YLO
TNV TNPNON TWV MTEPLOPLOUWV. IXETIKA Mapadeiypata, Onwg n anoduyn oxNUATIONOU KUKAWVY Kal
n vewviaon kaBe kopudng e akptPwg SUo akuég, Sivovtal oTig elkoveg 3-3, 3-4, kot 3-5.

—— Ak Tou ypagou
= AR TTOU EpIAAPAVETAL UTTOXPEWTIKA OTN Sladpopun
— — Akpr mou anokAsieTal and ™ Siadpoun

Ewkova 3-3: YIOXPEWTLKOC TTOKAELOUOC OKIWV YLO TNV THPNON TOU TTEPLOPLOUOU TwV SUO YELTOVIKWY OKUWV oV
Kopurj

—— AKUF TOU ypagou
= AkuA OU MEpLhapPdveTtal uroxpewTika otn Sladpoun
— — Akpr mou anokAgieTal ano n Siadpoun

Ewkova 3-4: YOXPEWTLKN CUUIEPIANYN QKUWYV yLa TNV TrPNor TOU TEPLOPLOUOU TWV SUO YELTOVIKWY OKUWV oV
Kopurj
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— AKUF TOU ypdgpou
= AkUA TOU TIEPIAAPAvETAL UTTOXPEWTIKA OTN Sladpoun
— — Akpr mou anokAgietal ano ) diadpoun

Ewkova 3-5: YmoxpewTtikoG amokAELOUOG AKUWY yLa TNV armopuyr dnutoupyiag KUKAou

3.1.4 MpoPAnua mAavodiou mwANnTh: YAomoinon pe 6évépo Babpol peyahlTtepOU TOU
dvo
ESw, n avantuén tou 6€vSpou tou aAyopibuou B&B yivetal wg mpog g KopudEg Ttou ypadou tou
npoPAnuartoc. 2tn pila tou O6EvBpou eTIAEYeTOL Uia OUYKEKPLUEVN KOopudr wg n apxn TG
Stadpoung tou mwAnth. Mapdyovrtal and T pila TOooL anmdyovol, 0CEC KOl oL KOPUDEG UE TIG
omoleg yertvialel (Léow piag aKUAG) N eTAsyUEVn Kopudr). e KABe évav amo TOUG AMOyOVOUG
Bewpeital MwG o MWANTAG €xel PeTaklvnBel otnv avtiotolxn kopudn (LEow TNG avtiotolyng
OKUAG) KAl oUTw KaB’ €€N¢. O TPOTOC AUTOC AVATTTUENG TOU SEVEPOU EXEL WG ATIOTEAECHA N LEPLKN
Sladpopn mou oxnuatiletal og KAOe oTyun va gival anAd povomartt. Emopévwg, prmopel oxeTika
gUKkoAa va xpnolpomnolnBsl o aAyoplBuog tou «Kovtwvotepou leitova» (Nearest Neighbor,
cuvtopoypadkd NN) mpokelpévou va Bpebetl pia edpiktry AUon Tou MPOPBARUATOC WG KATW OPLO
(ewkova 3-7).
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Ewova 3-6: YAomoinon Abong TSP ue 5évépo Baduou peyaAutepou tou Suo kat StakAadwaoels e pilog toug Sévépou
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—— AKUI Tou ypdgou
m— Ak TTOU TEpIAAPPAVETAL UTOYPEWTIKA 0T S1adpopr)
— — Akur mou anokheietal amod tn diadpoun

Ewkova 3-7: YmoAoytouog katw oplou oUUUETPLKOU TSP ue tov aAyoptduo NN

3.1.5 MpoPAnua tou mAavodiou mwAnth: Aedopéva mpoBARUaTOC

ot TIC LETPNOELG XPNOLUOTIOLNONKE €va CUUUETPLKO TPOPANUA pe 12 TOAELS, TTOU TTPOEKUE UE
adaipeon kopudwv Kal TWV OVTIOTOLXWV OKUWVY oo To poPAnua grl?7 tng BLBALoBnkng TSPLIB
(Office Research Group Discrete Optimization, Heidelberg University, n.d.).

3.2 MeTtpnoeLg

‘Eywvav LETPNROEL OTOUG MAPATIAVW aAYOPIBLIOUG G€ UTIOAOYLOTIKO cuoTnua Ke SUo 14mbpnvoug
enefepyaoteg (2 X Intel Xeon E5-2697 v3), pe texvoloyia SMT kat U0 AoylkoUg TUPAVEG ava Evav
dUOLKO Kal SuvaTtoTNTa TAUTOXPOVNG EKTEAEGNG 56 VvUATWY. Xpnolponolnénkav Suo alyoptlbuot
avalitnong &évépou BestFS, o évag pe KPLTNPLO TO KAAUTEPO Avw OpLo KAl O SeUTEPOC HE
PWTEVOV KpLTHPLo To BABog tou 6évépou kal deutepeliov To avw Oplo. MNa amoduyr clyxuong,
0 MPWTOC aAyoplOpog Ba avadépetal otn cuvéxela weg BestFS kal o Ssutepog we (eAadpwg
Kataxpnotika) DFS. MNa kaBe mepintwon éywvav SOKLUES e TIEVTE SLOPOPETIKEG UAOTIOLNOELG:

1. Am\j uhomoinon

YAomoinon pe ISLwTkd opla

YAomoinon pe LSLWTIKA Opla Kot TtePLoSIKO CUYXPOVIOUO QUTWV

YAomoinon vo.3 Pe avaptnon VNUATWY KoL TTPOTiNGon 0T XPHon Twv AoYLKWVY TUpAVWY
YAomoinon vo.3 pe avaptnon VNUATWY Kot armoduyn Xprong Twv AoYLKWY TTUpHVWY

abrwn

Mapokdtw mopouctalovtal T AMOTEAECHUATA TwV HETPACEWV e tapaBeon ypadnUATWY TOU
TIPOYHLLATIKOU XPOVOU €KTEAEONG TWV aAyopiBLwy, TNG eMLTAXUVONG Tou mapaAAnAou alyopibuou
WG TPOG TOV CELPLOKO, Tou aplBuol twv kKOpPBwy Tou 8évdpou, adAd Kkal Tou xpdvou CPU. Ita
teAeutala, £XeL YiVEL YETPNON TOU GUVOALKOU XPOVOU E€KTEAECNG OAWV TWV VNUATWVY KOL OTN
CUVEXELOL TIOPAOTACN TWV XPOVWV TWV ETUUEPOUG HEPWV TOU aAyopiBuou emi TolG €kATO TOU
OUVOALKOU. JUYKEKPLUEVA, LETPAONKAV:
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1. O xpovog ou KaTavaAwBnKe yLa TIC ELoaywyES Kal e€aywyEC amo tn Soun anobrnkeuong
TWV UTIOGUVOAWY AUoEWV

2. O xpdvoc mou KatavaAwbnke oe AelToupyleg HVAUNG, KUpLwg avtlypadEg

3. O XpOvog Tou amaltnOnKe ylo TWV UTIOAOYLOMO TwV oplwv Kol Th StakAdadwaon twv
KOUBWV

4. O xpovog 1ou damavhiBnke yla Tov KUpLo EAeyxXo Twv opilwy

5. O Xpovog ekTéAeonG TWV AOUTwY LEPWV TOU aAyopiBuou, 0w KATIOLOL SEUTEPEVOVTEG
€\eyyol twv oplwv

3.2.1 Metpnoelg Slakpttol mpoBARaTog Tou cakldiou

Ao TIG UETPNOELG, OEV TPOKUMTIEL KATOLO onUavTik Stadopd wg mpo¢ ta Sedopéva tou
npoPANpatoc Kal Tov aAyoplBuo avalntnong. AnAadn, n amodoon tng mapailAnlomoinong
daivetal va e€aptdtal Kuplwg amo tov TUMo tn¢ SoUnG amoBKeLong TWV UTIOCUVOAWV. MdALlota,
KOAUTEPN anoddoon MPOKUTITEL Ao TN XPRon Kowng SOUNAG Kal LOLWTIKWV Sopwv pe duvatotnta
KAomnG. A€ilel va onpelwBel mwg oto oelplako aAyoplBpo (éva Lovo vipa) o xpOvog UTIOAOYLOOU
Twv oplwv Kal Twv Stakhadwoswv eival plo Tafn pey£6oug peyalUTePOC TWV UTOAOITIWV
(vpadnuata xpévou CPU 3-3, 3-4 kat 3-5).

Mo ouykekpluéva, otnv amAf ulomoinon, kaBwg aufdvetal o oplOPOC TwV VNUATWY
TaPATNPOUHE OMOTOUN TITWON TG emtayuvong (ypadnuata 3-1, 3-2, 3-7, 3-8 kat 3-9). Ano ta
Sltaypappata xpovou CPU (ypadrupata 3-3, 3-4 kat 3-5) mpokUMTEL wg auth odelletal oe
MEYAAN aUENnon TOU XpOVOU TIOU KATAVOAWVETAL YLO TOV EAEYXO TWV oplwv. EMeLdn o aplOuog twy
KOMPBwWV dev petaBarietal (Yypadnua 3-6), cupnepaivel kavelg mwe Kal To MARB0G Twv eAEyXwyY
Twv oplwv mapapével otabepd. Tuvenwe, To MPOPAnua evtomiletal os paydaia avfnon tou
XPOVIKOU KOOTOUG TOU GUYXPOVIOHOoU, adol og KABE XpOoVLKN OTLYUI, LOVO £VOl VIO EMIITPEMETAL
va eKTEAEl TWV KWSLKA TOUu eAéyxou Twv opiwv. H xprnon amlwv WSWTIKwY SoHwY €XEL N
LKOVOTIOLNTLKA amoTteAéopata kabwg, eite dev mapdayovrtal opKeTol KOUPBOL woTe Vo EKTEAEOTEL
mapAaAAnAa o aAyoplBuog, f, otav yivetal epikto va tpododotnbolv Ao Ta vApoTa, ypriyopa
OUTA OAOKANPWVOUV TN AsLlToupyia Toug Kot £ToL N TeALKn tapalAnAia Tou emLTUYXAVETOL Elval
HLKPER.
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Xpovog (6eutepoienta)

Erutdyuvon

ALAYyP OO TIPOLYLOLTLKOU XPOVOU
1.8
1.6
1.4

1.2

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55
ApLOOC VRHATWY

e KOV SO e |§LWTIKEG SOUEG s |SLWTIKEG SOUEG UE KAOTTH === |5 aviK) TapaAAnAomoinon

lpapnua 3-1: DKP, f(x) = x, BestFS, anAn vAomoinan, mpayuatikos xpovog

ALGypapLpoL EMLTAXUVONG

60
50

40

w
o

N
o

10

1 3 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55
ApLOMOC VpdTwy

e KOLVE) SO e | S LW TIKEG SOUEG s | S LWTIKES SOUEC LE KAOTIH 16avikn mapaAnlomoinon

lpapnuo 3-2: DKP, f(x) = x, BestFS, anAn vAomoinaon, enitayuvon
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Xpovog (% tou cuvoAikou xpévou CPU)

Xpovog (% tou cuvoAwkou xpovou CPU)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Awaypappa xpovou CPU - Kown dopn

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55

Number of Threads

H Elcaywyég/e§aywyeg Sopwv B A\ELTOUPYLEG UVAUNG
B YrtioAoylopog opilwv kat StakAadwaoelg = Mpwtelov EAeyXog opiwv

B Asutepelov €Aey oG oplwv Kol Aoutd

lpapnua 3-3: DKP, f(x) = x, BestFS, arAn uAomoinan, xpovog CPU, kotvr) Soun

Awaypappa xpovou CPU - ISLwTIKEG SOMEG

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55
ApLOMOG VRpATWY

B EloaywyEg/saywyEg Sopwv H Aettoupyleg pvnung
H YroAoyLopog opilwv kat StakAadwoelg & Mpwtelov éAeyxog opiwv

B Asutepelov €\eyyog opiwv

lpapnua 3-4: DKP, f(x) = x, BestFS, anAn vAomoinon, xpovog CPU, (SLwTIKEG SOUEG
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Xpovog (% tou cuvoAwkoU xpovou CPU)

ApLOUOG KOUBWY
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Awaypappo xpovou CPU - ISLWTIKEG SOMEG e
duvatotnta KAOmNG
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ApLOMOG VpdTwy

H Elcaywyég/e§aywyeg Sopwv B A\ELTOUPYLEG UVAUNG
B YrtioAoylopog opilwv kat StakAadwaoelg = Mpwtelov EAeyXog opiwv

B Asutepelov €Aey oG oplwv Kol Aoutd

lpapnua 3-5: DKP, f(x) = x, BestFS, artAn uAomoinon, xpovog CPU, (SIwTIKEC SOUEG UE SuvaTOTNTA KAOTTHC
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e KOLV) SO o |SLWTIKEG SOUEG e |SLWTIKEG GOMEG LLE KAOTIA

lpapnua 3-6: DKP, f(x) = x, BestFS, anAn vAomoinon, aptduog kouBwv
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Xpovog (deutepoAenta)

Xpovog (6gutepoAemntay)

ALGypOopL oL TTPAYLATIKOU XPOVOU
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e KOV SO s |§LWTIKEG OOWEG wmmmmn |SLWTIKEG SOUEG E KAOTI 18avikn mapainlomnoinon

lpapnua 3-7: DKP, f(x) = x, DFS, anAn uAomoinon, mpayuatikog xpovoc
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e KOLVE) SO e | S LWTLKEG SOUEG s | SLWTIKEG SOUEG PE KAOTIH === |S aVIKF} TILpAAANAOTIOINON

Tpapnua 3-8: DKP, f(x) = exp(x), BestFS, artAr uAomoinon, mPayUATIKOG XPOVOS



ALAYP OO TIPOLYLOLTLKOU XPOVOU
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ApLOpOG VvRpATwY

e KOLVI) SO s | SLWTIKEG SOUEG I6LWTIKEG SOMEG e KAoT 16avikn maparnlomnoinon

Tpapnua 3-9: DKP, f(x) = exp(x), DFS, artAn uAomoinon, mpayuaTikog xpovog

H xpnon Wbwtikwyv opiwv dLopBwvel onuavtikd tnv anddoon tou mapaAAniou alyopibuou 6cov
adopd TN Xpnon Kowng Soung Kat LSLWTKWV dopwv pe Suvatotnta kAomng (ypadnuata 3-10 kat
3-11), kaBwg EAeyxog Twv opiwv mavel va amoteAel bottleneck. Ot 1SlwTikEG SopEG pe SuvatdtnTa
kAomn¢ mapouadtdlouv KAAUTEPN EMITAXUVON, YLOTL OTn XPRon Kowng Soung mapatnpeitat
bottleneck otig slcaywyéc kat e€aywyeg kOpPwv (ypadiupata 3-12 kat 3-13). EmumAéov, o
TLEPLOBLKOC OUYXPOVIOUOG TwV opiwv &g daivetal va aldlel To amotéAeopa, evw Sev UTTAPYXEL
Kapia BeAtiwon otn xpron amAwv WOLWTIKWY SouwV.
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Xpovog (deutepoAenta)

Erutdyuvon

ALGypOopL oL TTPAYLATIKOU XPOVOU
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ApLOUOG vRudTwY

e KOV SO s |§LWTIKEG OOWEG wmmmmn |SLWTIKEG SOUEG E KAOTI 18avikn mapainlomnoinon

lpapnua 3-10: DKP, f(x) = x, BestFS, (51wTika opLa, mPAyUATIKOC XpOVOG
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ApLOUAG vRdTwy

e KOLVE) SO e | S LWTLKEG SOUEG s | SLWTIKEG SOUEG PE KAOTIH === |S aVIKF} TILpAAANAOTIOINON

Tpapnua 3-11: DKP, f(x) = x, BestFS, 15twTika pLa, emitayuvon



Xpovog (% tou cuvoAikou xpévou CPU)

Xpovog (% tou cuvoAikou xpévou CPU)
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H Elcaywyég/e§aywyeg Sopwv B A\ELTOUPYLEG UVAUNG
B YrtioAoylopog opilwv kat StakAadwaoelg = Mpwtelov EAeyXog opiwv

B Asutepelov €Aey oG oplwv Kol Aoutd

lpapnua 3-12: DKP, f(x) = x, BestFS, 15twtika dpta, xpovog CPU, kotvh doun

Awaypappa xpovou CPU - ISLWTIKEG SOMEC pe
duvatdtnta KAomng
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ApLOMOG VRpATWY

B EloaywyEg/saywyEg Sopwv H Aettoupyleg pvnung
H YroAoyLopog opilwv kat StakAadwoelg & Mpwtelov éAeyxog opiwv

B Aeutepelov €Aeyog oplwv Kat Aoutd

lpapnua 3-13: DKP, f(x) = x, BestFS, tbwtika opta, xpovog CPU, ISLWTIKEC SOUEG e SuvaTOTNTA KAOTTNG

36



H avdaptnon vhnudtwv Oelxvel pe HeydAn Sladopd TwE, OTO OCUYKEKPLUEVO aAyoplOpo,
ETUTUYXAVETAL TIOAU KaAUtepn amodoon OTov MPOTLUATOL TO VAUATA Vo eKTeAoUvVTAl Of
Sladpopetikolg duolkoug MUPHVEC. H emitayuvon mopapével otabepn otav apyilel n xprion g
texvoloylag SMT, yeyovdg mou Seixvel MwE, O0TO CUYKEKPLUEVO aAyoplOpo, n xprion tng dev
auvéavel tnv amodoon. To amoTéAecpa Tou mapatnpeital eival mepimouv iSlo pe autd Sixwg
ovAapTNon VNUATWY Kal eMopévwe, o scheduler Tou Aettoupylkol cuoThpatog ¢aivetal Twg
TPOTLUA va aflomolel SladopeTikoug hualkolC TUPHVEG OTav AUTO eival eDLKTO.

ALGypoppo TpayLaTIKOU XPOVOU - ISLwTIKEG SOUEG
HE duvatotnta KAOTAG
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ApLOUAC VRHdTWY
@ ATAR UAOTTOINGN e |5 LWTIKA OpLaL
I6LWTIKA OpLaL KAl poipaopa Avdaptnon vnuatwy - Mpotipnon SMT

e AV3PTNON VAUATWY - ATtoduyr) SMT

lpanua 3-14: DKP, f(x) = x, BestFS, mpayuUaTIKOG XpOVoG, LOLWTIKEG SOUEG Ue SUVATOTNTA KAOTTHG
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Awdypappa emtdyvvong - I6LWTKEG SOMEG e
duvatotnta KAOmNG

\
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ApLOUAG vRdTwy
@ ATTAH) UAOTIOLNON e |5 LWTIKA OpLAL
e | S LWTIKA OPLOL KOL LOIPOTHOL Avdaptnon vnuatwy - Mpotipnon SMT

e AV3PTNON VAUATWY - ATtoduyr) SMT

lpapnua 3-15: DKP, f(x) = x, BestFS, emitayuvon, 18LwTIkEG SOUEG Ue SUVATOTNTA KAOTTHG

Awaypappa emtayuvong - I6LwTIKEC SOUEG e
duvatotnta KAOTNG

L
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ApLOudG vnpatwy
@ ATTAN) UAOTIOLNON e | S LWTIKA OpLA
e | §LWTIKA OPLOL KOL LOIPOCHOL Avdptnon vnuatwy - Mpotipnon SMT

@ AYAPTNON VALATWY - ATtoduyr SMT

lpapnua 3-16: DKP, f(x) = x, DFS, enttayuvon, (SLwTIKEG SOUES Ue SuvaToTNTA KAOTIHG



Awdypappa emtdyvvong - I6LWTKEG SOMEG e
duvatotnta KAOmNG

Erutdyuvon
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ApLOUAG vRdTwy
@ ATTAH) UAOTIOLNON e |5 LWTIKA OpLAL
e | S LWTIKA OPLOL KOL LOIPOTHOL Avdaptnon vnuatwy - Mpotipnon SMT

e AV3PTNON VAUATWY - ATtoduyr) SMT

lpapnua 3-17: DKP, f(x) = exp(x), BestFS, emitayuvon, ISIWTIKES SOUEC e SuvaTOTNTA KAOTTHG

Awaypappa emtayuvong - I6LwTIKEC SOUEG e
duvatotnta KAOTNG
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ApLOudG vnpatwy
@ ATTAN) UAOTIOLNON e | S LWTIKA OpLA
e | §LWTIKA OPLOL KOL LOIPOCHOL Avdptnon vnuatwy - Mpotipnon SMT

@ AYAPTNON VALATWY - ATtoduyr SMT

lpapnua 3-18: DKP, f(x) = exp(x), emttayvvon, (SLwTIKEG SOUES Ue SuvATOTNTA KAOTTHG
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3.2.2  Metpnoelg mpoPANHaTog Tou mAavodiou mwAnT

Y€ aUTO TO TPOPBANUQ, TO ATTOTEAECUATA E(VOL APKETA TILO OVAULKTA. TEVIKA, N cLUUTEPLOPA TOU
oAyopiBuou elval mapopola, avefaptAtwg tou TPdmou emilucng Kal Ttou oAyopiBuou
avalntnong. Mpémnet va tovioBel OpUwWC, MW TEAKA LEYAAUTEPN ETUTAXUVON ETUTUYXAVETAL LUE TN
xpnon duadikol §&vdpou. ITa MapaKATW ypadnuata, o aAyoplOog mou xpnotpomnolel Suadiko
6€vépo onuelwvetal we «E-alg» kal o aAyoplBuog pe §évépou Pabpol peyaliutepo tou Svo
avadpepetal wg «V-alg».

TNV amAn VAOTIOINGN, OUGLACTIKA &V ETITUYXAVETAL KABOAoU emitdyuvon. Ma tnv akpipela, 6co
auvéavouv Ta vipata (ypadnuata 3-19, 3-23, 3-24 kat 3-25), xelpoTtepeUEeL 0 XPOVOG EKTEAEDNC.
Ta Staypdppoata xpovou CPU delyvouv 0T, evw 0TO OeLlplako alyoplBuo ot Siadopol xpovol mou
MEeTpoUvTal gival idlag tagnc peyéboug, KaBwG auEAvouV Ta VAUOTO EMKPATOUV CUVIPUTTIKA OL
Xpovol eAéyxou Twv opiwv (ypadnuata 3-20, 3-21 kat 3-22).

ALQyp OO TIPOYLOLTLKOU XPOVOU

Xpovog (dsutepoiemnta)
iy
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1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55
ApLOUAC VRHATWY
s KOLVI) SO o | S LWTIKEG SOUEG I6LWTIKEG SOPEG e KAoT 18avikn mapaiAnlomnoinon

lpapnuo 3-19: TSP, V-alg, BestFS, mpayuatikog xpovog, amAn uAomoinan
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Xpovog (% tou cuvoAikou xpévou CPU)

Xpovog (% tou cuvoAwkou xpovou CPU)
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Number of Threads

H Elcaywyég/e§aywyeg Sopwv B A\ELTOUPYLEG UVAUNG
B YrtioAoylopog opilwv kat StakAadwaoelg = Mpwtelov EAeyXog opiwv

B Asutepelov €Aey oG oplwv Kol Aoutd

lpdpnua 3-20: TSP, V-alg, BestFS, anAn vAomoinan, mpayuatikoc xpovog, kowvr doun

Awaypappa xpovou CPU - ISLwTIKEG SOMEG

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55
ApLOpog vnpudtwy

B ElcaywyEg/eEaywyeg Sopwv B A\elTOUpyLleG PvNRUNgG
B YrioAoyLlopog opiwv kat StakAadwaoelg i NMpwtevov éAeyxog opilwv

B Asutepelov éleyyog opilwv

Tpdpnua 3-21: TSP, V-alg, BestFS, anAn vAomoinan, xpovog CPU, 1SLwTIkEG SOUEG
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Xpovog (SsutepdAenta)

Xpovog (% tou cuvoAwkoU xpovou CPU)

Awdypappo xpovou CPU - I8LwTikéG SopEG e
duvatotnta KAOmNG
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H Elcaywyég/e§aywyeg Sopwv B A\ELTOUPYLEG UVAUNG
B YrtioAoylopog opilwv kat StakAadwaoelg = Mpwtelov EAeyXog opiwv

B Asutepelov €Aey oG oplwv Kol Aoutd

lpapnuo 3-22: TSP, V-alg, BestFS, arAn uAomoinan, xpovog CPU, (OLWTIKEG SOUEC pE SUVATOTNTA KAOTTHG

ALAYyP OO TP ALY LOLTLKOU XPOVOU
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ApLOUAC VRHATWY

e KOV SO e |§LWTIKEG SOUEG mmmmmm |SLWTIKEG SOUEG UE KAOTTH === |§aviK) T paAAnAomoinon

Tpapnua 3-23: TSP, V-alg, DFS, artAr) uAomoinon, mpayuatikog xpovog
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Xpovog (deutepoAenta)

Xpovog (6gutepOAemntay)

ALGypOopL oL TTPAYLATIKOU XPOVOU
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ApLOMAG VpdTwy

e KOV SO s |§LWTIKEG OOWEG wmmmmn |SLWTIKEG SOUEG E KAOTI 18avikn mapainlomnoinon

lpapnua 3-24: TSP, E-alg, BestFS, amAn uAomoinon, mpayuatikos xpovog

ALAYyP OO TP ALY LOLTLKOU XPOVOU
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ApLOUdG vdTwy

e KOV SO e |§LWTIKEG SOUEG mmmmmm |SLWTIKEG SOUEG UE KAOTTH === |§aviK) T paAAnAomoinon

lpapnua 3-25: TSP, E-alg, DFS, artAn uAomoinaon, mpayuatikog xpovog
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H xpnon WwTtlkwv opiwyv, OMwg Kol TPV, BEATLWVEL ONUOVTIKA KoL TOUG TPELS SLadOpPETIKOUG
TUTIOUG SOUNAG amoBrKeUONG TwWV UTTOOUVOAWV AUcewv. Ouwg, mapatneeital mwe¢ ol amAEg
LOLWTLKEG SOPEG LoTEPOUV eAadpwG (Ypadnua 3-26). Auto SikaloAoyeital anod To yEYovog WG o€
OUTH TNV MEPIMTWON AUEAVEL ONUOVTIKA 0 aplBUOg Twv KOPPwVY (Ypadnua 3-27). O meploSLkog
OUYXPOVIOUOG TWV opiwv SlopBwvel To mPOPAnUa kot OAoL oL TUmoL tTnG SOUNAC QTTOKTOUV
TIAVOUOLOTUTIN cupmnepldopd (ypadnua 3-28).

ALAypP OO TIPOLYLOLTLKOU XPOVOU
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ApLOUAC VRHATWY

e KOLVF) SO e | S LWTIKEG SOUEC wmmmmm | SLWTIKEG SOUEC HE KAOTIN 18avikn mapainlomnoinon

lpapnuoa 3-26: TSP, V-alg, BestFS, (SLwTikd 0pLa, TPAYUATIKOG XPOVOG
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ApLOUOG KOUBWY

Xpovog (deutepoAenta)

Awaypappa aplOpol KOpPwv
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e KOLVH) GO e |SLWTIKEG SOUEG e |SLWTIKEG SOUEG PE KAOTIA

lpapnuo 3-27: TSP, V-alg, BestFS, iStwtika dpta, aptduog kouBwv
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e KOLVE) O e | SLWTIKEG SOUEG e | SLWTIKEG SOUEG PE KAOTIH === |§ avIKF} TtapaAANAoTI0lnCoN

Tpapnua 3-28: TSP, V-alg, BestFS, (6LwTikd 0pLar Kol CUYXPOVIOUOG, TIPAYUATIKOS XPOVOG
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H avaptnon vnuatwyv oAAAel AL T TEAIKA amoTteAéopata, KaBwg BEATLWVEL TIG EPLUTTWOELG
XPNOELG KOWNAG SouNg Kot IBLwTkWY Sopwv pe duvatotnta khomng (ypadnuata 3-29 kat 3-30).
Qaivetal mwe pewwvel Ta bottlenecks pvAung mou mpokUITouv ammo TV avtadhayn dedouévwv
petafld Twv vnuatwv. H xprion amlwv Wwtikwv Sopwv 8 Bedtwwvetal, Kabwg KABe vrua
£pyaleTal o AMOKAELOTIKA SLIKA Tou deSopéva. Eviladépov €xel emiong, mwg TEAKA LeYaAUTEPN
ETUTAXUVON TIAPATNPELTAL OTOV IIPOTLUATAL ) Xprion Alyotepwy GUCLKWV TIUpAVWY (ypadnuata 3-
34 kat 3-35), Onwc¢ Kal eniong OTL UTIAPYXEL KATA TEPIMTWON CXETIKA ULKPOG aplBUdG VUATWY TToU
elvat BEATLoTOC, KABWC N AMOS00N PELWVETAL CNAVTIKA TTEPA ATIO AUTOV.

ALAYyP OO TIPOLYLOLTLKOU XPOVOU
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ApLOUAG vhdTwy

e KOLVF) SO e | S LWTIKEG SOUEC I6LWTIKEG SOMEG e KAoTn 16avikn mapainlomoinon

lpapnua 3-29: TSP, V-alg, BestFS, avaptnon vnudtwy - mpotiunon SMT, mpayuatikos xpovog
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ALGypOopL oL TTPAYLATIKOU XPOVOU
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ApLOMOG VLdTWY

e KOV SO s |§LWTIKEG OOWEG wmmmmn |SLWTIKEG SOUEG E KAOTI 16avikn maparnlomnoinon

lpapnua 3-30: TSP, V-alg, BestFS, avaptnon vnudtwy - aropuyr SMT, TpayUatikos xpovog

ALGypOLLOL TTPAYLLOTLKOU XPOVOU - ISLWTIKEG SOMEG
HE Suvatotnta KAOTG
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Avaptnon vNUATwy - MpoTiunon SMT e Avdptnon vudtwy - Artoduyr) SMT

Tpapnua 3-31: TSP, V-alg, BestFS, mpayuatikos xpovog, LSLWTIKEG SOUEG UE SuvaTOTNTA KAOTTHG
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Awdypappa emtdyvvong - I6LWTKEG SOMEG e
duvatotnta KAOmNG
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ApLOUOC VRHATWY
@ ATTAH) UAOTIOLNON e |5 LWTIKA OpLAL
e | S LWTIKA OPLOL KOL LOIPOTHOL Avdaptnon vnuatwy - Mpotipnon SMT
e AV3PTNON VAUATWY - ATtoduyr) SMT
lpapnua 3-32: TSP, V-alg, BestFS, emutayuvon, 18LwTikéG SOUEG Ue SUVATOTNTA KAOTTNG
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e | §LWTIKA OPLOL KOL LOIPOCHOL Avdptnon vnuatwy - Mpotipnon SMT

@ AYAPTNON VALATWY - ATtoduyr SMT

lpapnua 3-33: TSP, V-alg, DFS, emutayuvan, tOLWTIKEG SOUEC HE SUVATOTNTA KAOTTIG
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Awdypappa emtdyvvong - I6LWTKEG SOMEG e
duvatotnta KAOmNG

Erutdyuvon
w
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ApLOUOC VRHATWY
@ ATTAH) UAOTIOLNON e |5 LWTIKA OpLAL
e | S LWTIKA OPLOL KOL LOIPOTHOL Avdaptnon vnuatwy - Mpotipnon SMT

e AV3PTNON VAUATWY - ATtoduyr) SMT

Tpapnua 3-34: TSP, E-alg, BestFS, emitayuvon, tSLwWTIKEG SOUEG Ue SuvaToTnTa KAOMG

Awaypappa emtayuvong - I6LwTIKEC SOUEG e
duvatotnta KAOTNG
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ApLOUOG VRpATWY
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4 JuumepaopaTa

e quTA TN HEAETN meplypddnke o Baolkog aAyoplBuog B&B, pe oesiplakny Kal mopdAAnAn
EKTEAEON. KOTAOKEUAOTNKE OXETIKN TpOoypappatiotiky PBLBAloBnkn oe yAwooa C++ yla
UTIOAOYLOTIKA ouoTAUata HOlpalOPEVNG WMVAUNG KAl e PdAcn outh £€ywvav UAOTIOLNOELG
oAyopiBuwv B&B yia to Slakpltd mpofAnua tou cakldiou kat to mMPOPAnua tou mMAavodiou
nwAntr. Mpaypatonoldnkav UETPROELS 0 UTIOAOYLOTIKO cUoTnUa pe Suvatotnta mopdAAnAng
eKTEAEONG HEXPL KaL 56 SladopeTikwy vnudatwy, Tou £6etav oOtL eival edpiktd va emttayuvOel
ONUOVTLKA N ekTEAeon Tou adyopiBuou B&B, epdoov avtipetwriotolv ta bottlenecks.

JUYKEKPLUEVA, PavnKe OTL, evw 0 TAPAAANAOG aAyoplBuog B&B Sev €xel TUAMATA EYYEVWC
OELPLOKA, N ATIALTNON YLo CUYXPOVIOUO TWV VNUATWY KATA TNV tpocfach otn Soun anobnkeuong
TWV UTIOOUVOAWVY AUCEWV Kal TwV EAEYX0 TwV oplwv MPokaAel ouxva avaoTtoAn tng Asltoupylag
toug. Ocov adopd tn dour; amobrikeuong Twv UMOCUVOAWV AUCEWV, SOKLUAOTNKAV TPELG
UAOTIOLNOELG, XPNOLUOTOLWVTOC Hia polpalopevn dopr, WOLWTIKEC SOUEC yla KABe vApa Kal
OLWTIKEG SOUEC pE duvaTOTNTA KAOTIHG UTMOOUVOAWVY. ATIO Ta OMOTEAECUATA TIPOEKUYE TTWG
KOAUTEPN amob00n OUVOAIKA ETUTUYXAVETAL UE TG TeAeutaieg, kabwg efaheidouv TOV
OVTOYWVLOUO TWV VAUATWYV KATA TNV mpoofacn ota utocUvola AUCEwV, 0AAQ Kol avasLlavEouV
SuvVOLKA To POpTO TOoUuG. EMUMAEoV, MPOEKUYPE WG TEXVIKEG, OTIWG N XPron WOLWTIKWY opiwv,
HELWVOUV CNUAVTLKA T KABUOTEPNAOELG KATA TOV EAEYXO TOUC, EVW OTALTELTOL LOVO TTIEPLOSIKOG
OUYXPOVIOUOC TOUG, TIPOKELWEVOU va etaodaliletal OtL ol epydteg dev avaAluouv daxpnota
UTtooUVoAa AUCEWV.

AKkOUQ, OTWE GAVNKE amo TIG HeTPNOELG (§3.2.1 kat §3.2.2), n avaptnon vUATWY eMnpedlel Kal
BeAtlwvel Ta amoteAéopata, oAAA XpeLAleTOL TPOOOXH OTO KATA Moco Ba mpotunBel n xpron
TwV SladopeTkwV GUCIKWV TTUPAVWV N 0L, eddoov StatiBetat Suvatotnta SMT. Otav oto xpdvo
£KTEAEONC TOU aAyopiBuou emkpatel 0 Xpovog utoAoyLlopoU Twv oplwv Kal Twv StakAadwoswvy,
ToTe dalvetal MWE MPEMEL VO TPOTLUATAL N XPAON SLadopeTIKwY PUOKWY TUPHVWY yla Ta
vAuata. Opwe, kabwc oL xpovol ektédeong Twv Stadopwv pHepwV Tou alyopiBuouv B&B yivovral
161a¢ Tagng pey€bouc, evOeXOUEVWG VOl ETTLITUYXAVETAL KOAUTEPN anddoaon e poTinon Xpnong
£vOC dUCLKOU TTUPAVA YLa TIEPLOCOTEPA TOU EVOC VALATA.

Q¢ peA\oOVTIKN eMEKTAON UTOpPEL va peAetnBolv mepattépw aAyoplbuol B&B, onwg autol mou
TIAPOUCLACTNKAY yLa To TIPOPBAN A Tou MAavOSLou MwANTH. & autoUg Toug alyopibuoug, mapolo
TIOU ETLTUYXAVETAL ETUTAXUVON TNG EKTEAEGNG, AUTH £IVOL OXETIKA LKEN KAl LAALOTA HELWVETAL
and évav aplBpd vnudtwv kot mépa. Mia mibavn e€fynon elvat otL n avtadlayr dedopévwy
METAEY vNUATWY TIou ekteAoUvTal ot SladopeTkOUG enefepyaoTéC €ival eCalpeTikd akplpn
XPOVLKA. € QUTO To MAaioLo, Ba pmopouoe va npoatebel otn BLBALOBN KN Tou avantuxBnke eva
erunmAéov eninedo Slapolpacng Twv epyactwy, mou Ba Aappdvel umoPv Toug StadopeTikolg
enefepyaoteg Kal Ba edaylotonolel A kal Ba e€aleidel mMARPpwWC TV avtoAAayr SeS0UEVWY peTafy
autwv. Eniong, Ba eixe evdladépov va yivel eméktaon tng BLBALOBNKNG wote va umootnpilel
UTIOAOYLOTIKA. CUCTALOTO KOTOVEUNUEVNG MVAUNG Kol va peAetnBel to péyebog tou xpovou
UTIOAOYLOMOU TWV OplwVv Kol TwV SLAKAASWOEWV TIOU ATALTEITAL WG TTPOG TOUG UToAolmoug,
T(POKELUEVOU Va gival eIKTA N emLtdyuvon Tou alyopibpou B&B.
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1 Hierarchical Index

1.1 Class Hierarchy
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2 Class Index

2.1 Class List
Here are the classes, structs, unions and interfaces with brief descriptions:
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priority_queue< Type > (The basic priority qUEUE ClasS ) ........ccoorerieiiriniie e 85
priority_queue_sorted_array< TYPE, SOMT > ..o e 87
priority_queue_tbb< Type, Sort > (Implements the basic priority queue class using

thb::coNCUITENt_PriOFity QUEUE ) ..oouiieiiiiicie ettt 89
problem (An abstract class for the description of problems solved by the B&B method) ........... 92

problem_dkp< ValueType > (Implements the description of the discrete knapsack problem) ...93
problem_tspv< ValueType > (Implements the description of the travelling salesman problem ) 97
solver< ProblemType, NodeType, ValueType > (Implements the Branch and Bound method )

.............................................................................................................................................................. 101
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0N the DeSt UPPEr DOUNG ) ... bbb 105
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3.1 File List
Here is a list of all files with brief descriptions:
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4  Class Documentation

4.1 benchmark Class Reference

A benchmarking class.
#include <benchmark.hpp>

4.1.1 Public Member Functions

e benchmark ()
The default constructor.

e benchmark (const benchmark &benchmark)
The copy constructor.

e void setFathomedNodesNum (size_t value)
Sets the number of fathomed nodes.

e void setSolutionSwapsNum (size_t value)
Sets the number of solution swaps.

e void setQueueMaxSize (size_t value)
Sets the maximum observed size of the queue.

e void setQueuePushesNum (size_t value)
Sets the number of push operations.

e void setQueuePopsNum (size_t value)
Sets the number of pop operations.

e void setNodesCreatedNum (size_t value)
Sets the number of generated node objects.

e void setSpareNodesUsedNum (size_t value)
Sets the number of recycled node objects.

e void setNodesStolenNum (size_t value)
Set the number of "stolen™ nodes.

e void setComplexity (size_t value)
Sets the complexity.

e void setTotalTime (tbb::tick_count::interval_t interval)
Sets the actual total time.

e void setThreadTime (tbb::tick_count::interval_t interval)
Sets the thread CPU time.

o void setQueuePushesTime (tbb::tick_count::interval_t interval)
Sets the queue insertions time.

e void setQueuePopsTime (tbb::tick_count::interval_t interval)
Sets the queue extractions time.

e void setMemoryTime (tbb::tick_count::interval_t interval)
Sets the memory operations time.

e void setBranchTime (tbb::tick_count::interval_t interval)
Sets the branching time.

e void setBoundTime (tbb::tick_count::interval_t interval)
Sets the bounding time.



void setSolutionChecksTime (tbb::tick_count::interval_t interval)
Sets the bound checking time.

void incFathomedNodesNum ()

Increases the fathomed nodes by one.

void incSolutionSwapsNum ()

Increases the solution swaps by one.

void updateQueueMaxSize (size_t size)

Updates the maximum observed queue size.

void incQueuePushesNum ()

Increases the number of push operations by one.

void incQueuePopsNum ()

Increases the number of pop operations by one.

void incNodesCreatedNum ()

Increases the number of generated node objects by one.
void incSpareNodesUsedNum ()

Increases the number of recycled node objects by one.

void incNodesStolenNum ()

Increases the number of "stolen" nodes by one.

void incComplexity (size_t value)

Increases the complexity by a set value.

void incTotal Time (tbb::tick_count::interval_t interval)
Increases the actual total time by a set interval.

void incThreadTime (tbb::tick_count::interval_t interval)
Increases the thread CPU time by a set interval.

void incQueuePushesTime (tbb::tick_count::interval_t interval)
Increases the queue insertions time by a set interval.

void incQueuePopsTime (tbb::tick_count::interval_t interval)
Increases the queue extractions time by a set interval.

void incMemoryTime (tbb::tick_count::interval t interval)
Increases the memory operations time by a set interval.
void incBranchTime (tbb::tick_count::interval_t interval)
Increases the branching time by a set interval.

void incBoundTime (tbb::tick_count::interval_t interval)
Increases the bounding time by a set interval.

void incSolutionChecksTime (tbb::tick_count::interval_t interval)
Increases the bound checking time by a set interval.

size_t getFathomedNodes ()

Returns the number of fathomed nodes.

size_t getSolutionSwapsNum ()

Returns the number of solution swaps.

size_t getQueueMaxSize ()

Returns the maximum observed queue size.

size_t getQueuePushesNum ()

Returns the number of push operations.

size_t getQueuePopsNum ()

Returns the number of pop operations.
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size_t getNodesCreatedNum ()

Returns the number of generated node objects.

size_t getSpareNodesUsedNum ()

Returns the number of recycled node objects.

size_t getNodesStolenNum ()

Returns the number of "stolen™ nodes.

size_t getComplexity ()

Returns the complexity.

tbb::tick_count::interval_t getTotalTime ()

Returns the actual total time.
tbb::tick_count::interval_t getThreadTime ()

Returns the thread CPU time.
tbb::tick_count::interval_t getQueuePushesTime ()
Returns the queue insertions time.
tbb::tick_count::interval_t getQueuePopsTime ()
Returns the queue extractions time.
tbb::tick_count::interval_t getMemoryTime ()
Returns the memory operations time.
tbb::tick_count::interval_t getBranchTime ()

Returns the branching time.
tbb::tick_count::interval_t getBoundTime ()

Returns the bounding time.

tbb::tick_count::interval_t getSolutionChecksTime ()
Returns the bound checking time.

benchmark & operator= (const benchmark &benchmark)
The assignment operator.

benchmark operator+ (const benchmark &bench) const
The addition operator.

benchmark & operator+= (const benchmark &bench)
void print ()

Prints the measurements.

4.1.2 Static Public Member Functions

static bool lessThan (const tbb::tick_count::interval_t &lhs, const thb::tick_count::interval_t &rhs)
Less-than operator for thb::tick_count::interval_t.

static benchmark min (const benchmark &xBench, const benchmark &yBench)

Compares two benchmark objects and returns a new one with the minimum values for each counter and
timer.

static benchmark max (const benchmark &xBench, const benchmark &yBench)

Compares two benchmark objects and returns a new one with the maximum values for each counter and
timer.

static std::vector< benchmark > reduction (const std::vector< benchmark > &xBench, const
std::vector< benchmark > &yBench)

Compares two benchmark objects and returns three new ones with the minimum, total and maximum
values for each counter and timer.

static std::vector< benchmark > reduction (const std::vector< benchmark > &benchVector)

Reduces a vector of any number of benchmark objects to three objects with the minimum, total and
maximum values for each counter and timer.
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e static void write (std::ofstream &fileStream, const std::vector< benchmark > &benchVector)
Write the measurements in a vector of benchmark objects to a file stream.

4.1.3 Detailed Description
A benchmarking class.

Implements a number of counters and timers in order to measure the performance of the branch
and bound algorithm.

Definition at line 10 of file benchmark.hpp.

4.1.4 Constructor & Destructor Documentation
4.1.4.1 benchmark::benchmark () [inline]

The default constructor.
Definition at line 38 of file benchmark.hpp.

4.1.4.2 benchmark::benchmark (const benchmark & benchmark)[inline]

The copy constructor.

41.42.1 Parameters:

benchmark The benchmark object to be copied.

Definition at line 60 of file benchmark.hpp.

4.1.5 Member Function Documentation
4.1.5.1 tbb::tick_count::interval_t benchmark::getBoundTime () [inline]

Returns the bounding time.
Definition at line 333 of file benchmark.hpp.
4.1.5.2  tbb::tick count::interval _t benchmark::getBranchTime () [inline]

Returns the branching time.
Definition at line 328 of file benchmark.hpp.

4.1.5.3 size_t benchmark::getComplexity () [inline]
Returns the complexity.
Definition at line 297 of file benchmark.hpp.

4.1.5.4 size_t benchmark::getFathomedNodes () [inline]
Returns the number of fathomed nodes.

Definition at line 257 of file benchmark.hpp.
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4.1.5.5 tbb::tick count:interval_t benchmark::getMemoryTime () [inline]

Returns the memory operations time.
Definition at line 323 of file benchmark.hpp.

4.1.5.6 size_t benchmark::getNodesCreatedNum () [inline]

Returns the number of generated node objects.
Definition at line 282 of file benchmark.hpp.
4.1.5.7 size_t benchmark::getNodesStolenNum () [inline]

Returns the number of "stolen™ nodes.
Definition at line 292 of file benchmark.hpp.

4.1.5.8 size_t benchmark::getQueueMaxSize () [inline]

Returns the maximum observed queue size.
Definition at line 267 of file benchmark.hpp.

4.1.5.9 size_t benchmark::getQueuePopsNum () [inline]

Returns the number of pop operations.
Definition at line 277 of file benchmark.hpp.
4.1.5.10 tbb::tick_count::interval t benchmark::getQueuePopsTime () [inline]

Returns the queue extractions time.
Definition at line 318 of file benchmark.hpp.

4.1.5.11 size_t benchmark::getQueuePushesNum () [inline]

Returns the number of push operations.
Definition at line 272 of file benchmark.hpp.

4.1.5.12 tbb::tick _count::interval t benchmark::getQueuePushesTime () [inline]

Returns the queue insertions time.
Definition at line 313 of file benchmark.hpp.
4.1.5.13 tbb::tick_count::interval t benchmark::getSolutionChecksTime () [inline]

Returns the bound checking time.
Definition at line 338 of file benchmark.hpp.

4.1.5.14 size_t benchmark::getSolutionSwapsNum () [inline]

Returns the number of solution swaps.
Definition at line 262 of file benchmark.hpp.

4.1.5.15 size_t benchmark::getSpareNodesUsedNum () [inline]

Returns the number of recycled node objects.



Definition at line 287 of file benchmark.hpp.
4.1.5.16 tbb::tick count::interval t benchmark::getThreadTime () [inline]

Returns the thread CPU time.
Definition at line 308 of file benchmark.hpp.
4.1.5.17 tbb::tick _count::interval _t benchmark::getTotalTime () [inline]

Returns the actual total time.
Definition at line 303 of file benchmark.hpp.

4.1.5.18 void benchmark::incBoundTime (tbb::tick_count::interval t interval) [inline]

Increases the bounding time by a set interval.
Definition at line 246 of file benchmark.hpp.

4.1.5.19 void benchmark::incBranchTime (tbb::tick_count::interval t interval)[inline]

Increases the branching time by a set interval.
Definition at line 241 of file benchmark.hpp.
4.1.5.20 void benchmark::incComplexity (size_t value) [inline]

Increases the complexity by a set value.
Definition at line 210 of file benchmark.hpp.

4.1.5.21 void benchmark::incFathomedNodesNum () [inline]

Increases the fathomed nodes by one.
Definition at line 170 of file benchmark.hpp.

4.1.5.22 void benchmark::incMemoryTime (tbb::tick_count::interval t interval)[inline]

Increases the memory operations time by a set interval.
Definition at line 236 of file benchmark.hpp.
4.1.5.23 void benchmark::incNodesCreatedNum () [inline]

Increases the number of generated node objects by one.
Definition at line 195 of file benchmark.hpp.

4.1.5.24 void benchmark::incNodesStolenNum () [inline]

Increases the number of "stolen” nodes by one.
Definition at line 205 of file benchmark.hpp.

4.1.5.25 void benchmark::incQueuePopsNum () [inline]

Increases the number of pop operations by one.
Definition at line 190 of file benchmark.hpp.
4.1.5.26 void benchmark::incQueuePopsTime (tbb::tick_count::interval t interval) [inline]
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Increases the queue extractions time by a set interval.
Definition at line 231 of file benchmark.hpp.
4.1.5.27 void benchmark::incQueuePushesNum () [inline]

Increases the number of push operations by one.
Definition at line 185 of file benchmark.hpp.

4.1.5.28 void benchmark::incQueuePushesTime (tbb::tick_count::interval t interval)[inline]

Increases the queue insertions time by a set interval.
Definition at line 226 of file benchmark.hpp.

4.1.5.29 void benchmark::incSolutionChecksTime (tbb::tick_count::interval t
interval) [inline]

Increases the bound checking time by a set interval.
Definition at line 251 of file benchmark.hpp.

4.1.5.30 void benchmark::incSolutionSwapsNum () [inline]

Increases the solution swaps by one.
Definition at line 175 of file benchmark.hpp.

4.1.5.31 void benchmark::incSpareNodesUsedNum () [inline]

Increases the number of recycled node objects by one.
Definition at line 200 of file benchmark.hpp.
4.1.5.32 void benchmark::incThreadTime (tbb::tick_count::interval t interval) [inline]

Increases the thread CPU time by a set interval.
Definition at line 221 of file benchmark.hpp.

4.1.5.33 void benchmark::incTotalTime (tbb::tick _count::interval t interval)[inline]

Increases the actual total time by a set interval.
Definition at line 216 of file benchmark.hpp.
4.1.5.34 static bool benchmark::lessThan (const tbb::tick _count::interval_t & lhs, const
thb::tick_count:interval t& rhs)[inline], [static]

Less-than operator for thb::tick_count::interval_t.
Definition at line 448 of file benchmark.hpp.
4.1.5.35 static benchmark benchmark::max (const benchmark & xBench, const benchmark &
yBench)[inline], [static]

Compares two benchmark objects and returns a new one with the maximum values for each counter and
timer.

Definition at line 481 of file benchmark.hpp.
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4.1.5.36 static benchmark benchmark::min (const benchmark & xBench, const benchmark &

yBench)[inline], [static]

Compares two benchmark objects and returns a new one with the minimum values for each counter and
timer.

Definition at line 454 of file benchmark.hpp.

4.1.5.37 benchmark benchmark::operator+ (const benchmark & bench) const [inline]

4.1537.1

The addition operator.

Parameters:

bench The rhs of the operator.

Definition at line 371 of file benchmark.hpp.

4.1.5.38 benchmark& benchmark::operator+= (const benchmark & bench) [inline]

4.1.5.38.1

Parameters:

bench The rhs of the operator.

Definition at line 397 of file benchmark.hpp.

4.1.5.39 benchmark& benchmark::operator= (const benchmark & benchmark) [inline]

4.1.5.39.1

The assignment operator.

Parameters:

benchmark The benchmark object to be copied.

Definition at line 344 of file benchmark.hpp.

4.1.5.40 void benchmark::print () [inline]

Prints the measurements.
Definition at line 423 of file benchmark.hpp.

4.1.5.41 static std::vector<benchmark> benchmark::reduction (const std::vector< benchmark > &

xBench, const std::vector< benchmark > & yBench) [inline], [static]

Compares two benchmark objects and returns three new ones with the minimum, total and maximum
values for each counter and timer.

Definition at line 508 of file benchmark.hpp.

4.1.5.42 static std::vector<benchmark> benchmark::reduction (const std::vector< benchmark > &

benchVector)[inline], [static]

Reduces a vector of any number of benchmark objects to three objects with the minimum, total and
maximum values for each counter and timer.

Definition at line 522 of file benchmark.hpp.
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4.1.5.43 void benchmark::setBoundTime (tbb::tick_count::interval_t interval) [inline]

Sets the bounding time.
Definition at line 159 of file benchmark.hpp.

4.1.5.44 void benchmark::setBranchTime (tbb::tick_count::interval t interval)[inline]

Sets the branching time.
Definition at line 154 of file benchmark.hpp.
4.1.5.45 void benchmark::setComplexity (size_t value)[inline]

Sets the complexity.
Definition at line 123 of file benchmark.hpp.

4.1.5.46 void benchmark::setFathomedNodesNum (size_t value) [inline]

Sets the number of fathomed nodes.
Definition at line 83 of file benchmark.hpp.

4.1.5.47 void benchmark::setMemoryTime (tbb::tick_count::interval t interval) [inline]

Sets the memory operations time.
Definition at line 149 of file benchmark.hpp.
4.1.5.48 void benchmark::setNodesCreatedNum (size_t value) [inline]

Sets the number of generated node objects.
Definition at line 108 of file benchmark.hpp.

4.1.5.49 void benchmark::setNodesStolenNum (size_t value) [inline]

Set the number of "stolen™ nodes.
Definition at line 118 of file benchmark.hpp.

4.1.5.50 void benchmark::setQueueMaxSize (size_t value)[inline]

Sets the maximum observed size of the queue.
Definition at line 93 of file benchmark.hpp.

4.1.5.51 void benchmark::setQueuePopsNum (size_t value) [inline]

Sets the number of pop operations.
Definition at line 103 of file benchmark.hpp.

4.1.5.52 void benchmark::setQueuePopsTime (tbb::tick_count::interval t interval) [inline]

Sets the queue extractions time.
Definition at line 144 of file benchmark.hpp.

4.1.5.53 void benchmark::setQueuePushesNum (size_t value)[inline]

Sets the number of push operations.
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Definition at line 98 of file benchmark.hpp.

4.1.5.54 void benchmark::setQueuePushesTime (tbb::tick_count::interval t interval) [inline]

Sets the queue insertions time.
Definition at line 139 of file benchmark.hpp.
4.1.5.55 void benchmark::setSolutionChecksTime (tbb::tick_count::interval t
interval) [inline]

Sets the bound checking time.
Definition at line 164 of file benchmark.hpp.

4.1.5.56 void benchmark::setSolutionSwapsNum (size_t value) [inline]

Sets the number of solution swaps.
Definition at line 88 of file benchmark.hpp.
4.1.5.57 void benchmark::setSpareNodesUsedNum (size_t value) [inline]

Sets the number of recycled node objects.
Definition at line 113 of file benchmark.hpp.

4.1.5.58 void benchmark::setThreadTime (tbb::tick_count::interval t interval) [inline]

Sets the thread CPU time.
Definition at line 134 of file benchmark.hpp.

4.1.5.59 void benchmark::setTotalTime (tbb::tick_count::interval t interval) [inline]

Sets the actual total time.
Definition at line 129 of file benchmark.hpp.
4.1.5.60 void benchmark::updateQueueMaxSize (size_t size) [inline]

Updates the maximum observed queue size.
Definition at line 180 of file benchmark.hpp.
4.1.5.61 static void benchmark::write (std::ofstream & fileStream, const std::vector< benchmark
> & benchVector) [inline], [static]

Write the measurements in a vector of benchmark objects to a file stream.
Definition at line 537 of file benchmark.hpp.

4.1.5.62 The documentation for this class was generated from the following file:
e benchmark.hpp
4.1.5.63
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4.2 node< ValueType > Class Template Reference

The basic tree-node class.
#include <node.hpp>

Inheritance diagram for node< ValueType >:

hode< ValueType =

hode_dkp= ValueType = hode_tspe< ValueType =

node_tspy= ValueType =

4.2.1 Public Member Functions
virtual ValueType getUpperBound ()=0
Returns the upper bound value.
o virtual ValueType getLowerBound ()=0
Returns the lower bound value.
e virtual size_t getDepth ()=0
Returns the depth of the branch and bound tree.
e virtual bool isLeaf ()=0
Returns true if the node is a leaf (solution), otherise false.
e virtual size_t getChildNodesNum ()=0
Returns the number of child-nodes.
e virtual void branch (size_t childindex)=0
Branches the node to one or more child-nodes.
e virtual size_t calcBounds ()=0
Calculates the upper and lower bounds.

e virtual void printSolution ()=0
Prints the solution.

4.2.2 Detailed Description
4.2.2.1 template<class ValueType>
4.2.2.2 class node< ValueType >
The basic tree-node class.

A pure virtual class that describes the basic template for nodes implementing the branch and bound

algorihtm tree.
4.2.2.2.1 Template Parameters:

ValueType The numeric type of the upper and lower bounds.

Definition at line 12 of file node.hpp.
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4.2.3 Member Function Documentation

4.2.3.1 template<class ValueType > virtual void node< ValueType >::branch (size t
childindex) [pure virtual]

Branches the node to one or more child-nodes.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.82), and node_dkp<
ValueType > (p.74).

4.2.3.2 template<class ValueType > virtual size_t node< ValueType >::calcBounds () [pure
virtual]

Calculates the upper and lower bounds.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.83), and node_dkp<
ValueType > (p.75).

4.2.3.3 template<class ValueType > virtual size_t node< ValueType >::getChildNodesNum
() [pure virtual]

Returns the number of child-nodes.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.83), and node_dkp<
ValueType > (p.75).

4.2.3.4 template<class ValueType > virtual size_t node< ValueType >::getDepth () [pure
virtual]

Returns the depth of the branch and bound tree.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.83), and node_dkp<
ValueType > (p.75).

4.2.3.5 template<class ValueType > virtual ValueType node< ValueType >::getLowerBound
() [pure virtual]

Returns the lower bound value.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.83), and node_dkp<
ValueType > (p.75).

4.2.3.6 template<class ValueType > virtual ValueType node< ValueType >::getUpperBound
() [pure virtual]

Returns the upper bound value.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.83), and node_dkp<
ValueType > (p.75).

4.2.3.7 template<class ValueType > virtual bool node< ValueType >::isLeaf () [pure
virtual]

Returns true if the node is a leaf (solution), otherise false.

Implemented in node_tspe< ValueType > (p.79), node_tspv< ValueType > (p.83), and node_dkp<
ValueType > (p.75).

71



4.2.3.8 template<class ValueType > virtual void node< ValueType >::printSolution () [pure
virtual]

Prints the solution.

Implemented in node_tspe< ValueType > (p.80), node_dkp< ValueType > (p.76), and node_tspv<
ValueType > (p.84).

4.2.3.9 The documentation for this class was generated from the following file:
e node.hpp
4.2.3.10
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4.3

node_dkp< ValueType > Class Template Reference

The tree-node class for the DKP.

#include <node dkp.hpp>

Inheritance diagram for node_dkp< ValueType >:

hode= ValueType =

hode_dkp= ValueType =

4.3.1 Public Member Functions

node_dkp ()

The default constructor.

node_dkp (std::shared_ptr< problem_dkp< ValueType >> problem)
The main constructor.

node_dkp (const node_dkp &node)

The copy constructor.

~node_dkp ()

The destructor.

node_dkp & operator= (const node_dkp &node)
The assignment operator.

ValueType getUpperBound ()

Returns the upper bound value.

ValueType getLowerBound ()

Returns the lower bound value.

size_t getDepth ()

Returns the depth of the branch and bound tree.
bool isLeaf ()

Returns true if the node is a leaf (solution), otherise false.
size_t getChildNodesNum ()

Returns the number of child-nodes.

void branch (size_t childindex)

Branches the node to one or more child-nodes.
size_t calcBounds ()

Calculates the upper and lower bounds.

void printSolution ()
Prints the solution.
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4.3.2 Detailed Description

4.3.2.1 template<class ValueType>

4.3.2.2 class node_dkp< ValueType >

The tree-node class for the DKP.

Implements the basic tree-node class "node" for the discrete knapsack problem.
4.3.2.2.1 Template Parameters:

ValueType The numeric type of the upper and lower bounds.

Definition at line 13 of file node_dkp.hpp.

4.3.3 Constructor & Destructor Documentation
4.3.3.1 template<class ValueType> node dkp< ValueType >::node_dkp () [inline]

The default constructor.
Definition at line 52 of file node_dkp.hpp.
4.3.3.2 template<class ValueType> node_dkp< ValueType >::node_dkp (std::shared ptr<
problem_dkp< ValueType >> problem)[inline]

The main constructor.

4.3.3.2.1 Parameters:

problem Pointer to the DKP problem.

Definition at line 67 of file node_dkp.hpp.
4.3.3.3 template<class ValueType> node_dkp< ValueType >::node_dkp (const node_dkp<
ValueType > & node) [inline]

The copy constructor.

4.3.3.3.1 Parameters:

node The tree-node object to be copied.

Definition at line 83 of file node_dkp.hpp.
4.3.3.4  template<class ValueType> node_dkp< ValueType >::~node_dkp () [inline]

The destructor.
Definition at line 98 of file node_dkp.hpp.

4.3.4 Member Function Documentation

4.3.4.1 template<class ValueType> void node_dkp< ValueType >::branch (size_t
childindex) [inline], [virtual]



Branches the node to one or more child-nodes.
Implements node< ValueType > (p.71).
Definition at line 153 of file node_dkp.hpp.

4.3.4.2 template<class ValueType> size t node dkp< ValueType >::calcBounds () [inline],
[virtual]

Calculates the upper and lower bounds.
Implements node< ValueType > (p.71).
Definition at line 170 of file node_dkp.hpp.
4.3.4.3 template<class ValueType> size_t node_dkp< ValueType >::getChildNodesNum
(J[inline], [virtual]

Returns the number of child-nodes.
Implements node< ValueType > (p.71).
Definition at line 145 of file node_dkp.hpp.

4.3.4.4  template<class ValueType> size_t node_dkp< ValueType >::getDepth () [inline],
[virtual]

Returns the depth of the branch and bound tree.
Implements node< ValueType > (p.71).
Definition at line 134 of file node_dkp.hpp.
4.3.4.5 template<class ValueType> ValueType node_dkp< ValueType >::getLowerBound
()[inline], [virtual]

Returns the lower bound value.
Implements node< ValueType > (p.71).
Definition at line 128 of file node_dkp.hpp.
4.3.4.6 template<class ValueType> ValueType node_dkp< ValueType >::getUpperBound
()[inline], [virtual]

Returns the upper bound value.
Implements node< ValueType > (p.71).
Definition at line 123 of file node_dkp.hpp.

4.3.4.7 template<class ValueType> bool node_dkp< ValueType >::isLeaf () [inline],
[virtual]

Returns true if the node is a leaf (solution), otherise false.
Implements node< ValueType > (p.71).
Definition at line 139 of file node_dkp.hpp.
4.3.4.8 template<class ValueType> node dkp& node dkp< ValueType >::operator= (const
node_dkp< ValueType >& node) [inline]

The assignment operator.



43.4.8.1 Parameters:

node The tree-node object to be used in the assignment.

Definition at line 104 of file node_dkp.hpp.

4.3.4.9 template<class ValueType> void node_dkp< ValueType >::printSolution () [inline],
[virtual]

Prints the solution.
Implements node< ValueType > (p.72).
Definition at line 249 of file node_dkp.hpp.

4.3.4.10 The documentation for this class was generated from the following file:
e node_dkp.hpp
4.3.4.11



4.4

node_tspe< ValueType > Class Template Reference

The tree-node class for the TSP.

#include <node tspe.hpp>

Inheritance diagram for node_tspe< ValueType >:

hode<= ValueType =

node_tspe< ValueType =

4.41 Public Member Functions

node_tspe ()

The default constructor.

node_tspe (std::shared_ptr< problem_tspv< ValueType >> problem)
The main constructor.

node_tspe (const node_tspe &node)

The copy constructor.

~node_tspe ()

The destructor.

node_tspe & operator= (const node_tspe &node)
The assignment operator.

ValueType getUpperBound ()

Returns the upper bound value.

ValueType getLowerBound ()

Returns the lower bound value.

size_t getDepth ()

Returns the depth of the branch and bound tree.
bool isLeaf ()

Returns true if the node is a leaf, otherwise false.
size_t getChildNodesNum ()

Returns the number of child-nodes.

void branch (size_t childindex)

Branches to a child-node.

size_t calcBounds ()

Calculates the bounds.

void printSolution ()

Prints the solution.
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4.4.2 Detailed Description

4.4.2.1 template<class ValueType>
4.4.2.2 class node_tspe< ValueType >
The tree-node class for the TSP.

Implements the basic tree-node class "node" for the traveling salesman problem. The branch and
bound tree is binary.

4.4.2.2.1 Template Parameters:

ValueType The numeric type of the upper and lower bounds.

Definition at line 14 of file node_tspe.hpp.

4.43 Constructor & Destructor Documentation
4.4.3.1 template<class ValueType> node_tspe< ValueType >::node_tspe () [inline]

The default constructor.
Definition at line 268 of file node_tspe.hpp.
4.4.3.2 template<class ValueType> node_tspe< ValueType >::node_tspe (std::shared ptr<
problem_tspv< ValueType >> problem)[inline]

The main constructor.

4.4.3.2.1 Parameters:

problem Pointer to the problem object.

Definition at line 283 of file node_tspe.hpp.
4.4.3.3 template<class ValueType> node_tspe< ValueType >::node_tspe (const node_tspe<
ValueType > & node) [inline]

The copy constructor.

44,331 Parameters:

node The node object to be copied.

Definition at line 301 of file node_tspe.hpp.
4.4.3.4  template<class ValueType> node_tspe< ValueType >::~node_tspe () [inline]

The destructor.
Definition at line 316 of file node_tspe.hpp.
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4.4.4 Member Function Documentation

4.4.4.1 template<class ValueType> void node_tspe< ValueType >::branch (size_t
childindex) [inline], [virtual]

Branches to a child-node.

44411 Parameters:

childindex The index of the child-node.

Implements node< ValueType > (p.71).
Definition at line 371 of file node_tspe.hpp.

4.4.4.2 template<class ValueType> size_t node_tspe< ValueType >::calcBounds () [inline],
[virtual]

Calculates the bounds.
Implements node< ValueType > (p.71).
Definition at line 392 of file node_tspe.hpp.
4.4.4.3 template<class ValueType> size_t node_tspe< ValueType >::getChildNodesNum
()[inline], [virtual]

Returns the number of child-nodes.
Implements node< ValueType > (p.71).
Definition at line 363 of file node_tspe.hpp.

4.4.4.4  template<class ValueType> size_t node_tspe< ValueType >::getDepth () [inline],
[virtual]

Returns the depth of the branch and bound tree.
Implements node< ValueType > (p.71).
Definition at line 352 of file node_tspe.hpp.
4.4.4.5 template<class ValueType> ValueType node_tspe< ValueType >::getlowerBound
()[inline], [virtual]

Returns the lower bound value.
Implements node< ValueType > (p.71).
Definition at line 346 of file node_tspe.hpp.
4.4.4.6 template<class ValueType> ValueType node_tspe< ValueType >::getUpperBound
()[inline], [virtual]

Returns the upper bound value.
Implements node< ValueType > (p.71).
Definition at line 341 of file node_tspe.hpp.

4.4.4.7 template<class ValueType> bool node_tspe< ValueType >::isLeaf () [inline],
[virtual]

79



Returns true if the node is a leaf, otherwise false.
Implements node< ValueType > (p.71).
Definition at line 357 of file node_tspe.hpp.
4.4.4.8 template<class ValueType> node_tspe& node_tspe< ValueType >::operator= (const
node_tspe< ValueType > & node) [inline]

The assignment operator.

44481 Parameters:

node The rhs of the operator.

Definition at line 322 of file node_tspe.hpp.

4.4.4.9 template<class ValueType> void node_tspe< ValueType >::printSolution () [inline],
[virtual]

Prints the solution.
Implements node< ValueType > (p.72).
Definition at line 409 of file node_tspe.hpp.

4.4.4.10 The documentation for this class was generated from the following file:
e node_tspe.hpp
4.4.4.11



4.5

node_tspv< ValueType > Class Template Reference

The tree-node class for the TSP.

#include <node tspv.hpp>

Inheritance diagram for node_tspv< ValueType >:

hode<= ValueType =

node_tspw= ValueType =

451 Public Member Functions

node_tspv ()

The default constructor.

node_tspv (std::shared_ptr< problem_tspv< ValueType >> problem)
The main constructor.

node_tspv (const node_tspv &node)

The copy constructor.

~node_tspv ()

The destructor.

node_tspv & operator= (const node_tspv &node)
The assignment operator.

ValueType getUpperBound ()

Returns the upper bound value.

ValueType getLowerBound ()

Returns the lower bound value.

size_t getDepth ()

Returns the depth of the branch and bound tree.
bool isLeaf ()

Returns true if the node is a leaf, otherwise false.
size_t getChildNodesNum ()

Returns the number of child-nodes.

void branch (size_t childindex)

Branches to a child-node.

size_t calcBounds ()

Calculates the bounds.

void printSolution ()

Prints the solution.
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4,5.2 Detailed Description

4.5.2.1 template<class ValueType>
4.5.2.2 class node_tspv< ValueType >
The tree-node class for the TSP.

Implements the basic tree-node class "node" for the traveling salesman problem. The branch and
bound tree is of degree higher than two.

4.5.2.2.1 Template Parameters:

ValueType The numeric type of the upper and lower bounds.

Definition at line 14 of file node_tspv.hpp.

4.5.3 Constructor & Destructor Documentation
4.5.3.1 template<class ValueType> node_tspv< ValueType >::node_tspv () [inline]

The default constructor.
Definition at line 88 of file node_tspv.hpp.
4.5.3.2 template<class ValueType> node_tspv< ValueType >::node_tspv (std::shared_ptr<
problem_tspv< ValueType >> problem)[inline]

The main constructor.
Definition at line 100 of file node_tspv.hpp.

4.5.3.3 template<class ValueType> node_tspv< ValueType >::node_tspv (const node_tspv<
ValueType > & node) [inline]

The copy constructor.

45.3.3.1 Parameters:

node The node object to be copied.

Definition at line 114 of file node_tspv.hpp.
4.5.3.4 template<class ValueType> node_tspv< ValueType >::~node_tspv () [inline]

The destructor.
Definition at line 126 of file node_tspv.hpp.

454 Member Function Documentation

4.5.4.1 template<class ValueType> void node_tspv< ValueType >::branch (size_t
childindex) [inline], [virtual]

Branches to a child-node.
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45411 Parameters:

childindex The index of the child-node.

Implements node< ValueType > (p.71).
Definition at line 175 of file node_tspv.hpp.

4.5.4.2 template<class ValueType> size _t node_tspv< ValueType >::calcBounds () [inline],
[virtual]

Calculates the bounds.
Implements node< ValueType > (p.71).
Definition at line 196 of file node_tspv.hpp.
4.5.4.3 template<class ValueType> size_t node_tspv< ValueType >::getChildNodesNum
(J[inline], [virtual]

Returns the number of child-nodes.
Implements node< ValueType > (p.71).
Definition at line 170 of file node_tspv.hpp.

4.5.4.4 template<class ValueType> size_t node_tspv< ValueType >::getDepth () [inline],
[virtual]

Returns the depth of the branch and bound tree.
Implements node< ValueType > (p.71).
Definition at line 159 of file node_tspv.hpp.
4.5.4.5 template<class ValueType> ValueType node_tspv< ValueType >::getLlowerBound
()[inline], [virtual]

Returns the lower bound value.
Implements node< ValueType > (p.71).
Definition at line 153 of file node_tspv.hpp.
4.5.4.6 template<class ValueType> ValueType node_tspv< ValueType >::getUpperBound
()[inline], [virtual]

Returns the upper bound value.
Implements node< ValueType > (p.71).
Definition at line 148 of file node_tspv.hpp.

4.5.4.7 template<class ValueType> bool node_tspv< ValueType >::isLeaf () [inline],
[virtual]

Returns true if the node is a leaf, otherwise false.
Implements node< ValueType > (p.71).
Definition at line 164 of file node_tspv.hpp.
4.5.4.8 template<class ValueType> node_tspv& node_tspv< ValueType >::operator= (const
node_tspv< ValueType > & node) [inline]



The assignment operator.

45481 Parameters:

node The rhs of the operator.

Definition at line 132 of file node_tspv.hpp.

4.5.4.9 template<class ValueType> void node_tspv< ValueType >::printSolution () [inline],

[virtual]

Prints the solution.
Implements node< ValueType > (p.72).
Definition at line 221 of file node_tspv.hpp.

4.5.4.10 The documentation for this class was generated from the following file:
e node_tspv.hpp
4.54.11
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4.6 priority_queue< Type > Class Template Reference

The basic priority queue class.
#include <priority queue.hpp>

Inheritance diagram for priority_queue< Type >:

priority_guede= Type =

i
| |

priority_gueue_sorted_array= Type, Sort = priority_gueue_tbb-< Type, Somt =

4.6.1 Public Member Functions
virtual void push (Type element)=0
The push operation. Must be thread-safe.
e virtual bool try_pop (Type &element)=0
The try-pop operation. Must be thread-safe.
e virtual bool empty ()=0
Returns true if the queue is empty, otherwise false.
e virtual size_t size ()=0
Returns the number of the elements in the queue.

4.6.2 Detailed Description

4.6.2.1 template<class Type>
4.6.2.2 class priority_queue< Type >
The basic priority queue class.

A pure virtual class that describes the basic template for a concurrent priority queue in order to
store the tree-nodes (partial solutions) of the branch and bound algorithm tree.

4.6.2.2.1 Template Parameters:

Type The type of the elements to be placed in the queue.

Definition at line 13 of file priority_queue.hpp.

4.6.3 Member Function Documentation
4.6.3.1 template<class Type> virtual bool priority_queue< Type >::empty () [pure virtual]

Returns true if the queue is empty, otherwise false.

Implemented in priority_queue_sorted_array< Type, Sort > (p.88), and priority_queue_tbb< Type,
Sort > (p.90).

4.6.3.2 template<class Type> virtual void priority_queue< Type >::push (Type element)[pure
virtual]
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The push operation. Must be thread-safe.

Implemented in priority_queue_sorted_array< Type, Sort > (p.88), and priority_queue_tbb< Type,
Sort > (p.90).

4.6.3.3 template<class Type> virtual size_t priority _queue< Type >::size () [pure virtual]

Returns the number of the elements in the queue.

Implemented in priority_queue_sorted_array< Type, Sort > (p.88), and priority_queue_tbb< Type,
Sort > (p.90).

4.6.3.4 template<class Type> virtual bool priority_queue< Type >::try_pop (Type &
element) [pure virtual]

The try-pop operation. Must be thread-safe.

Implemented in priority_queue_sorted_array< Type, Sort > (p.88), and priority_queue_tbb< Type,
Sort > (p.91).

4.6.3.5 The documentation for this class was generated from the following file:

e priority_queue.hpp
4.6.3.6
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4.7 priority_queue_sorted_array< Type, Sort > Class Template Reference

#include <priority queue sorted array.hpp>

Inheritance diagram for priority_queue_sorted_array< Type, Sort >:

priority_gueue= Type =

priority_gueue_sorted_array= Type, Sort =

4.7.1 Public Member Functions

priority_queue_sorted array ()

priority_queue_sorted array (const priority_queue_sorted_array &sortedArray)
~priority_queue_sorted_array ()

void push (Type element)

The push operation. Must be thread-safe.

e bool try_pop (Type &element)
The try-pop operation. Must be thread-safe.
e hool empty ()
Returns true if the queue is empty, otherwise false.

e size tsize ()
Returns the number of the elements in the queue.

4.7.2 Detailed Description
4.7.2.1 template<class Type, class Sort>

4.7.2.2 class priority_queue_sorted_array< Type, Sort >

Definition at line 13 of file priority_queue_sorted_array.hpp.

4.7.3 Constructor & Destructor Documentation

4.7.3.1 template<class Type, class Sort > priority_queue_sorted_array< Type, Sort
>::priority_queue_sorted _array () [inline]

Definition at line 25 of file priority_queue_sorted_array.hpp.
4.7.3.2 template<class Type, class Sort > priority_queue_sorted_array< Type, Sort
>::priority_queue_sorted_array (const priority_queue_sorted_array< Type, Sort > &
sortedArray) [inline]

Definition at line 31 of file priority_queue_sorted_array.hpp.
4.7.3.3 template<class Type, class Sort > priority_queue_sorted_array< Type, Sort
>::~priority_queue_sorted _array () [inline]
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Definition at line 37 of file priority_queue_sorted_array.hpp.

4.7.4 Member Function Documentation

4.7.4.1 template<class Type, class Sort > bool priority _queue_sorted_array< Type, Sort
>rempty () [inline], [virtual]

Returns true if the queue is empty, otherwise false.
Implements priority_queue< Type > (p.85).
Definition at line 69 of file priority_queue_sorted_array.hpp.
4.7.4.2 template<class Type, class Sort > void priority _queue_sorted_array< Type, Sort >::push
(Type element) [inline], [virtual]

The push operation. Must be thread-safe.
Implements priority_queue< Type > (p.85).
Definition at line 43 of file priority_queue_sorted_array.hpp.
4.7.4.3 template<class Type, class Sort > size_t priority_queue_sorted_array< Type, Sort >::size
()[inline], [virtual]

Returns the number of the elements in the queue.
Implements priority_queue< Type > (p.86).
Definition at line 74 of file priority_queue_sorted_array.hpp.
4.7.4.4 template<class Type, class Sort > bool priority_queue_sorted_array< Type, Sort
>:try_pop (Type & element) [inline], [virtual]

The try-pop operation. Must be thread-safe.
Implements priority_queue< Type > (p.86).
Definition at line 51 of file priority_queue_sorted_array.hpp.

4.7.4.5 The documentation for this class was generated from the following file:
e priority_queue_sorted_array.hpp
4.7.4.6
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4.8 priority_queue_tbb< Type, Sort > Class Template Reference

Implements the basic priority queue class using tbb::concurrent_priority _queue.

#include <priority queue tbb.hpp>

Inheritance diagram for priority_queue_tbb< Type, Sort >:

priority_gueue= Type =

priority_guede_tbb-< Type, Som =

4.8.1 Public Member Functions

e priority_queue_tbb ()
The default constructor.

e priority_queue_tbb (const priority_queue_tbb &queue)

The copy constructor.
e ~priority_queue_tbb ()
The destructor.

¢ void push (Type element)

The push operation.

e hool try_pop (Type &element)

The try-pop operation.

e Typetop ()
The top operation.

e hool empty ()

Returns true if the queue is empty, otherwise false.

e size tsize ()

Returns the number of elements in the queue.

4.8.2 Detailed Description
4.8.2.1 template<class Type, class Sort>

4.8.2.2 class priority_queue_tbb< Type, Sort >
Implements the basic priority queue class using tbb::concurrent_priority queue.

4.8.2.2.1 Template Parameters:

Type

The type of the elements to be placed in the queue.

Sort

A class having the same functionality as std::less for the Type class.

Definition at line 12 of file priority_queue_thb.hpp.

89




4.8.3 Constructor & Destructor Documentation

4.8.3.1 template<class Type, class Sort > priority _queue_tbb< Type, Sort >::priority _queue_tbb

()[inline]

The default constructor.
Definition at line 22 of file priority_queue_tbb.hpp.

4.8.3.2 template<class Type, class Sort > priority_queue_tbb< Type, Sort >::priority_queue_tbb

48.3.2.1

(const priority_queue_tbb< Type, Sort >& queue) [inline]

The copy constructor.

Parameters:

queue The queue to be copied.

Definition at line 28 of file priority_queue_tbb.hpp.

4.8.3.3 template<class Type, class Sort > priority _queue_tbb< Type, Sort

>::~priority_queue tbb () [inline]

The destructor.
Definition at line 34 of file priority_queue_tbb.hpp.

4.8.4 Member Function Documentation

4.8.4.1 template<class Type, class Sort > bool priority_queue_tbb< Type, Sort >::empty

()[inline], [virtual]

Returns true if the queue is empty, otherwise false.
Implements priority_queue< Type > (p.85).
Definition at line 56 of file priority_queue_tbb.hpp.

4.8.4.2 template<class Type, class Sort > void priority_queue_tbb< Type, Sort >::push (Type

element)[inline], [virtuall]

The push operation.
Implements priority_queue< Type > (p.85).
Definition at line 40 of file priority_queue_tbb.hpp.

4.8.4.3 template<class Type, class Sort > size_t priority_queue_tbb< Type, Sort >::size

(J[inline], [virtual]

Returns the number of elements in the queue.
Implements priority_queue< Type > (p.86).
Definition at line 61 of file priority_queue_tbb.hpp.

4.8.4.4 template<class Type, class Sort > Type priority_queue_tbb< Type, Sort >::top

(J[inline]
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The top operation.
Definition at line 50 of file priority_queue_tbb.hpp.
4.8.4.5 template<class Type, class Sort > bool priority_queue_tbb< Type, Sort >::try_pop (Type
& element)[inline], [virtual]

The try-pop operation.
Implements priority_queue< Type > (p.86).
Definition at line 45 of file priority_queue_tbb.hpp.

4.8.4.6  The documentation for this class was generated from the following file:
e priority_queue_tbb.hpp
4.84.7
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4.9 problem Class Reference

An abstract class for the description of problems solved by the B&B method.

#include <problem.hpp>

Inheritance diagram for problem:

prablem

i
| |

problem_dkp< ValueType = problem_tspy= WalueType =

4.9.1 Detailed Description
An abstract class for the description of problems solved by the B&B method.
Definition at line 7 of file problem.hpp.

The documentation for this class was generated from the following file:

e problem.hpp
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4.10 problem_dkp< ValueType > Class Template Reference

Implements the description of the discrete knapsack problem.

#include <problem dkp.hpp>

Inheritance diagram for problem_dkp< ValueType >:

prodlem

problem_dkp< ValueType =

4.10.1 Public Member Functions
e problem_dkp ()
The default constructor.
e problem_dkp (size_t variableSize)
The main constructor.
e problem_dkp (const problem_dkp &problem)
The copy constructor.
e ~problem_dkp ()
The destructor.
e void initProblem (size_t variableSize)
Initializes the objective and constraint functions factors.
e void setObjFuncFactor (size_t elementindex, ValueType factor)
Sets the objective function factor for a specific item.
e void setConstFuncFactor (size_t elementindex, ValueType factor)
Set the constraint function factor for a specific item.
e void setConstraint (ValueType constraint)
Set the constraint of the problem.
e void sortltems ()
Sorts the items by "value by weight".
o ValueType getObjFuncFactor (size_t elementindex)
Returns the objective function factor for a specific item.
e ValueType getConstFuncFactor (size_t elementindex)
Returns the constraint function factor for a specific item.
e size tgetVariableSize ()
Returns the size of the problem, the number of items.
e ValueType getConstraint ()
Returns the constraint value.
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4.10.2 Detailed Description

4.10.2.1 template<class ValueType>

4.10.2.2 class problem_dkp< ValueType >

Implements the description of the discrete knapsack problem.

4.10.2.2.1 Template Parameters:

ValueType The numeric type of the objective and constraint functions factors.

Definition at line 11 of file problem_dkp.hpp.

4.10.3 Constructor & Destructor Documentation
4.10.3.1 template<class ValueType > problem_dkp< ValueType >::problem dkp () [inline]

The default constructor.
Definition at line 25 of file problem_dkp.hpp.

4.10.3.2 template<class ValueType > problem _dkp< ValueType >::problem_dkp (size_t
variableSize) [inline]

The main constructor.

4.10.3.2.1 Parameters:

variableSize The size of the problem, the number of items.

Definition at line 31 of file problem_dkp.hpp.
4.10.3.3 template<class ValueType > problem_dkp< ValueType >::problem _dkp (const
problem_dkp< ValueType > & problem)[inline]

The copy constructor.

4.10.3.3.1 Parameters:

problem The problem object to be copied.

Definition at line 37 of file problem_dkp.hpp.
4.10.3.4 template<class ValueType > problem_dkp< ValueType >::~problem_dkp () [inline]

The destructor.
Definition at line 43 of file problem_dkp.hpp.

4.10.4 Member Function Documentation

4.10.4.1 template<class ValueType > ValueType problem _dkp< ValueType >::getConstFuncFactor
(size_t elementindex) [inline]
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Returns the constraint function factor for a specific item.

4.10.4.1.1 Parameters:

elementindex The index of the item.

Definition at line 109 of file problem_dkp.hpp.
4.10.4.2 template<class ValueType > ValueType problem_dkp< ValueType >::getConstraint
()[inline]

Returns the constraint value.
Definition at line 120 of file problem_dkp.hpp.
4.10.4.3 template<class ValueType > ValueType problem_dkp< ValueType >::getObjFuncFactor

(size_t elementindex) [inline]

Returns the objective function factor for a specific item.

4.10.4.3.1 Parameters:

elementindex The index of the item.

Definition at line 103 of file problem_dkp.hpp.
4.10.4.4 template<class ValueType > size_t problem_dkp< ValueType >::getVariableSize
()[inline]

Returns the size of the problem, the number of items.
Definition at line 115 of file problem_dkp.hpp.
4.10.4.5 template<class ValueType > void problem_dkp< ValueType >::initProblem (size_t

variableSize) [inline]

Initializes the objective and constraint functions factors.

4.10.4.5.1 Parameters:

variableSize The size of the problem, the number of items.

Definition at line 49 of file problem_dkp.hpp.
4.10.4.6 template<class ValueType > void problem_dkp< ValueType >::setConstFuncFactor
(size_t elementindex, ValueType factor)[inline]

Set the constraint function factor for a specific item.

4.10.4.6.1 Parameters:

elementindex The index of the item.

factor The factor value.

Definition at line 62 of file problem_dkp.hpp.
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4.10.4.7 template<class ValueType > void problem_dkp< ValueType >::setConstraint (ValueType
constraint) [inline]

Set the constraint of the problem.

4.10.4.7.1 Parameters:

constraint

The constraint value.

Definition at line 68 of file problem_dkp.hpp.

4.10.4.8 template<class ValueType > void problem dkp< ValueType >::setObjFuncFactor (size_t

elementindex, ValueType factor)[inline]

Sets the objective function factor for a specific item.

4.10.4.8.1 Parameters:

elementindex

The index of the item.

factor

The factor value.

Definition at line 56 of file problem_dkp.hpp.

4.10.4.9 template<class ValueType > void problem_dkp< ValueType >::sortltems () [inline]

Sorts the items by "value by weight".
Definition at line 74 of file problem_dkp.hpp.

4.10.4.10 The documentation for this class was generated from the following file:

e problem_dkp.hpp
4.104.11
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4.11 problem_tspv< ValueType > Class Template Reference

Implements the description of the travelling salesman problem.

#include <problem tspv.hpp>

Inheritance diagram for problem_tspv< ValueType >:

problem

problem_tspy< ValueType =

4.11.1 Public Member Functions

e problem_tspv ()

e problem_tspv (size_t verticesNum)
The main constructor.

e problem_tspv (const problem_tspv &problem)
The copy constructor.

e ~problem_tspv ()
The destructor.

e void initProblem (size_t verticesNum)
Initializes the problem.

e void setEdgeWeight (size_t source, size_t dest, ValueType weight)
Sets the weight of an edge.

o ValueType getEdgeWeight (size_t source, size_t dest)
Returns the weight of an edge.

e size tgetEdgeDest (size_t source, size_t index)
Returns the i-th closest destination vertex to a source vertex.

o ValueType getShortest\Weight (size_t source)

Returns the weight of the shortest edge starting from a source vertex.

e size tgetVerticesNum ()
Returns the number of vertices.

4.11.2 Detailed Description

4.11.2.1 template<class ValueType>

4.11.2.2 class problem_tspv< ValueType >

Implements the description of the travelling salesman problem.

4.11.2.2.1 Template Parameters:

ValueType The numeric type of the objective and constraint functions factors.

Definition at line 11 of file problem_tspv.hpp.




4.11.3 Constructor & Destructor Documentation
4.11.3.1 template<class ValueType > problem_tspv< ValueType >::problem_tspv () [inline]

Definition at line 23 of file problem_tspv.hpp.
4.11.3.2 template<class ValueType > problem_tspv< ValueType >::problem_tspv (size_t

verticesNum) [inline]

The main constructor.

4.11.3.2.1 Parameters:

verticesNum The number of vertices in the graph.

Definition at line 29 of file problem_tspv.hpp.
4.11.3.3 template<class ValueType > problem_tspv< ValueType >::problem_tspv (const
problem_tspv< ValueType > & problem) [inline]

The copy constructor.

4.11.3.3.1 Parameters:

problem The problem object to be copied.

Definition at line 40 of file problem_tspv.hpp.
4.11.3.4 template<class ValueType > problem_tspv< ValueType >::~problem tspv () [inline]

The destructor.
Definition at line 46 of file problem_tspv.hpp.

4.11.4 Member Function Documentation

4.11.4.1 template<class ValueType > size_t problem_tspv< ValueType >::getEdgeDest (size_t
source, size_t index)[inline]

Returns the i-th closest destination vertex to a source vertex.

4.11.4.1.1 Parameters:

source The source vertex.

index The index.

Definition at line 83 of file problem_tspv.hpp.
4.11.4.2 template<class ValueType > ValueType problem_tspv< ValueType >::getEdgeWeight
(size_t source, size_t dest)[inline]

Returns the weight of an edge.
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4.11.4.2.1 Parameters:

source The source vertex.

dest The destination vertex.

Definition at line 77 of file problem_tspv.hpp.
4.11.4.3 template<class ValueType > ValueType problem_tspv< ValueType >::getShortestWeight
(size_t source)[inline]

Returns the weight of the shortest edge starting from a source vertex.

4.11.4.3.1 Parameters:

source The source vertex.

Definition at line 89 of file problem_tspv.hpp.
4.11.4.4 template<class ValueType > size_t problem_tspv< ValueType >::getVerticesNum
()[inline]

Returns the number of vertices.
Definition at line 95 of file problem_tspv.hpp.
4.11.4.5 template<class ValueType > void problem_tspv< ValueType >::initProblem (size_t

verticesNum) [inline]

Initializes the problem.

4.11.4.5.1 Parameters:

verticesNum The number of vertices in the graph.

Definition at line 52 of file problem_tspv.hpp.
4.11.4.6 template<class ValueType > void problem_tspv< ValueType >::setEdgeWeight (size_t
source, size_t dest, ValueType weight) [inline]

Sets the weight of an edge.

4.11.4.6.1 Parameters:

source The source vertex.
dest The destination vertex.
weight The weight of the edge.

Definition at line 65 of file problem_tspv.hpp.

4.11.4.7 The documentation for this class was generated from the following file:
e problem_tspv.hpp
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4.11.4.8
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4.12 solver< ProblemType, NodeType, ValueType > Class Template Reference

Implements the Branch and Bound method.
#include <solver.hpp>

4.12.1 Public Member Functions

e solver ()
The default constructor.

e solver (std::shared_ptr< ProblemType > problem, tbb::concurrent_queue< NodeType * >
*spareNodes)
The main constructor.

e ~solver ()
The destructor.

e void solve (size_t threadsNum, queues queueType=tbbPriorityQueue, sorts sortType=upperBound,
strategies parallelType=sharedNodes)
Solves the problem.

e void test (std::ofstream &resStream, std::ofstream &statsStream, size_t threadsNum, queues
queueType=tbbPriorityQueue, sorts sortType=upperBound, strategies parallelType=sharedNodes)
Solves the problem and collects benchmark information.

4.12.2 Detailed Description

4.12.2.1 template<class ProblemType, class NodeType, class ValueType>
4.12.2.2 class solver< ProblemType, NodeType, ValueType >

Implements the Branch and Bound method.

Implements various functions that solve suitable problems with the Branch and Bound method in
a shared memory system.

4.12.2.2.1 Template Parameters:

ValueType The numberic type of the upper and lower bounds.
NodeType The tree-node type.
Queue The type of the elements in the priority queue.

Definition at line 41 of file solver.hpp.

4.12.3 Constructor & Destructor Documentation

4.12.3.1 template<class ProblemType, class NodeType, class ValueType> solver< ProblemType,
NodeType, ValueType >::solver () [inline]

The default constructor.
Definition at line 971 of file solver.hpp.
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4.12.3.2 template<class ProblemType, class NodeType, class ValueType> solver< ProblemType,
NodeType, ValueType >::solver (std::shared _ptr< ProblemType > problem,
thbb::concurrent_queue< NodeType * > * spareNodes) [inline]

The main constructor.

4.12.3.2.1 Parameters:

problem Pointer to the problem object.

spareNodes Pointer to a queue storing node objects for recycling.

Definition at line 982 of file solver.hpp.
4.12.3.3 template<class ProblemType, class NodeType, class ValueType> solver< ProblemType,
NodeType, ValueType >::~solver () [inline]

The destructor.
Definition at line 997 of file solver.hpp.

4.12.4 Member Function Documentation

4.12.4.1 template<class ProblemType, class NodeType, class ValueType> void solver<
ProblemType, NodeType, ValueType >::solve (size_t threadsNum, queues queueType =
tbbPriorityQueue, sorts sortType = upperBound, strategies parallelType =
sharedNodes)[inline]

Solves the problem.

412.4.1.1 Parameters:

threadsNum Number of threads to spawn.

queueType The priority queue implementation to be used. Default is
tbb::concurrent_priority_queue.

sortType The sorting method to be used. Default is sorting by best upper bound.
parallelType The parallelization strategy to be used. Default is the shared queue
strategy.

Definition at line 1013 of file solver.hpp.
4.12.4.2 template<class ProblemType, class NodeType, class ValueType> void solver<
ProblemType, NodeType, ValueType >::test (std::ofstream & resStream, std::ofstream &
statsStream, size_t threadsNum, queues queueType = tbbPriorityQueue, sorts
sortType = upperBound, strategies parallelType = sharedNodes)[inline]

Solves the problem and collects benchmark information.
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4.12.4.2.1 Parameters:

resStream File stream to write the benchmark results in detail.
statsStream File stream to write the statistics of the benchmark results.
threadsNum Number of threads to spawn.

queueType The priority queue implementation to be used. Default is

tbb::concurrent_priority_queue.

sortType The sorting method to be used. Default is sorting by best upper bound.
parallelType The parallelization strategy to be used. Default is the shared queue
strategy.

Definition at line 1039 of file solver.hpp.

4.12.4.3 The documentation for this class was generated from the following file:
e solver.hpp
4.12.4.4
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4.13 sort_depth< Type > Class Template Reference

Implements std::less functionality for the tree-node classes, based on (primary) the depth and
(secondary) the best upper bound.

#include <sort.hpp>

4.13.1 Public Member Functions
e sort_depth ()
The default constructor.

e bool operator() (Type *Ihs, Type *rhs) const
The () operator.

4.13.2 Detailed Description
4.13.2.1 template<class Type>
4.13.2.2 class sort_depth< Type >

Implements std::less functionality for the tree-node classes, based on (primary) the depth and
(secondary) the best upper bound.

Definition at line 26 of file sort.hpp.

4.13.3 Constructor & Destructor Documentation

4.13.3.1 template<class Type > sort_depth< Type >::sort_depth () [inline]

The default constructor.
Definition at line 31 of file sort.hpp.

4.13.4 Member Function Documentation

4.13.4.1 template<class Type > bool sort_depth< Type >::operator() (Type * lhs, Type * rhs)
const[inline]

The () operator.
Definition at line 36 of file sort.hpp.

4.13.4.2 The documentation for this class was generated from the following file:
e sorthpp
4.13.4.3
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4.14 sort_upper_bound< Type > Class Template Reference

Implements std::less functionality for the tree-node classes, based on the best upper bound.
#include <sort.hpp>

4.14.1 Public Member Functions
e sort_upper_bound ()
The default constructor.

e hool operator() (Type *lhs, Type *rhs) const
The () operator.

4.14.2 Detailed Description

4.14.2.1 template<class Type>

4.14.2.2 class sort_upper_bound< Type >

Implements std::less functionality for the tree-node classes, based on the best upper bound.
Definition at line 8 of file sort.hpp.

4.14.3 Constructor & Destructor Documentation

4.14.3.1 template<class Type > sort_upper_bound< Type >::sort_upper_bound () [inline]

The default constructor.
Definition at line 13 of file sort.hpp.

4.14.4 Member Function Documentation

4.14.4.1 template<class Type > bool sort_upper_bound< Type >::operator() (Type * |hs, Type
rhs) const [inline]

The () operator.
Definition at line 18 of file sort.hpp.

*

4.14.4.2 The documentation for this class was generated from the following file:
e sort.hpp
4.14.4.3
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4.15 statistics Class Reference

Calculates and handles various statistics on a set of benchmark objects.

#include <statistics.hpp>

4.15.1 Public Member Functions

e statistics ()

The default constructor.

e void add (std::vector< benchmark > &bench)
Adds a benchmark object to the set.

e voidcalc ()

Calculates statistics on the set.

e void write (std::ofstream &fileStream)
Writes the statistics to a file stream.

4.15.2 Detailed Description
Calculates and handles various statistics on a set of benchmark objects.
Definition at line 9 of file statistics.hpp.

4.15.3 Constructor & Destructor Documentation
4.15.3.1 statistics::statistics () [inline]

The default constructor.

Definition at line 23 of file statistics.hpp.

4.15.4 Member Function Documentation
4.15.4.1 void statistics::add (std::vector< benchmark > & bench) [inline]

Adds a benchmark object to the set.

4.15.4.1.1 Parameters:

bench

The benchmark object to be added to the set.

Definition at line 30 of file statistics.hpp.
4.15.4.2 void statistics::calc () [inline]

Calculates statistics on the set.
Definition at line 56 of file statistics.hpp.

4.15.4.3 void statistics::write (std::ofstream & fileStream) [inline]

106




Writes the statistics to a file stream.
Definition at line 77 of file statistics.hpp.

4.15.4.4 The documentation for this class was generated from the following file:
e statistics.hpp
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5 File Documentation

5.1 benchmark.hpp File Reference
#include "stdafx.h"

5.1.1 Classes
e class benchmark
A benchmarking class.
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5.2 BranchBound DKP.cpp File Reference

#include "stdafx.h"

#include "node dkp.hpp"

#include "priority queue tbb.hpp"
#include "problem dkp.hpp"
#include "solver.hpp"

#include "sort.hpp"

5.2.1 Typedefs

typedef boost::multiprecision::number< boost::multiprecision::cpp_int_backend< 4096, 4096,
boost::multiprecision::unsigned_magnitude, boost::multiprecision::checked, void > >
checked_uint4096_t

typedef checked_uint4096_t bigint

5.2.2 Functions

int getNumberOfCores ()
int main (int argc, char *argv[])

5.2.3 Typedef Documentation
5.2.3.1 typedef checked _uint4096 _t bigint

Definition at line 36 of file BranchBound_DKP.cpp.
5.2.3.2 typedef boost::multiprecision::number<boost::multiprecision::cpp_int_backend<4096,

4096, boost::multiprecision::unsigned_magnitude, boost::multiprecision::checked, void>
> checked _uint4096 t

Definition at line 35 of file BranchBound_DKP.cpp.

5.2.4 Function Documentation
5.2.4.1 int getNumberOfCores ()

Definition at line 11 of file BranchBound_DKP.cpp.
5.2.4.2 int main (int argc, char * argv[])

Definition at line 38 of file BranchBound_DKP.cpp.
5.2.4.3
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5.3 BranchBound TSP.cpp File Reference

#include
#include
#include
#include
#include
#include
#include

"stdafx.h"

"node tspv.hpp"

"node tspe.hpp"
"priority queue tbb.hpp"
"problem tspv.hpp"
"solver.hpp"

"sort.hpp"

5.3.1 Functions
o template<class Type > bool read TSP (std::shared_ptr< problem_tspv< Type >> problem, std::string

fileName)

e int main (int argc, char *argv[])

5.3.2 Function Documentation

5.3.2.1 int main (int argc, char * argv[])

Definition at line 94 of file BranchBound_TSP.cpp.

5.3.2.2 template<class Type > bool readTSP (std::shared_ptr< problem_tspv< Type >> problem,

std:

Definition at line 13 of file BranchBound_TSP.cpp.

5.3.2.3

:string fileName)
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5.4 node.hpp File Reference
#include "stdafx.h"
5.4.1 Classes

e class node< ValueType >
The basic tree-node class.
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5.5 node_dkp.hpp File Reference
#include "stdafx.h"
#include "node.hpp"
#include "problem dkp.hpp"
5.5.1 Classes

e class node_dkp< ValueType >
The tree-node class for the DKP.
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5.6 node_tspe.hpp File Reference
#include "stdafx.h"

#include "node.hpp"

#include "problem tspv.hpp"
5.6.1 Classes

e class node_tspe< ValueType >
The tree-node class for the TSP.
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5.7 node_tspv.hpp File Reference
#include "stdafx.h"

#include "node.hpp"

#include "problem tspv.hpp"
5.7.1 Classes

e class node_tspv< ValueType >
The tree-node class for the TSP.
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5.8 priority_queue.hpp File Reference
#include "stdafx.h"

5.8.1 Classes

e class priority_queue< Type >

The basic priority queue class.
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5.9 priority_queue_sorted _array.hpp File Reference

#include "stdafx.h"
#include "priority queue.hpp"

5.9.1 Classes
e class priority_queue_sorted_array< Type, Sort >
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5.10 priority_queue_tbb.hpp File Reference
finclude "stdafx.h"

#include "priority queue.hpp"

5.10.1 Classes

e class priority_queue_tbb< Type, Sort >
Implements the basic priority queue class using tbb::concurrent_priority queue.
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5.11 problem.hpp File Reference
#include "stdafx.h"
5.11.1 Classes

e class problem
An abstract class for the description of problems solved by the B&B method.
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5.12 problem_dkp.hpp File Reference
#include "stdafx.h"

#include "problem.hpp"

5.12.1 Classes

e class problem_dkp< ValueType >
Implements the description of the discrete knapsack problem.
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5.13 problem_tspv.hpp File Reference
#include "stdafx.h"

#include "problem.hpp"

5.13.1 Classes

e class problem_tspv< ValueType >
Implements the description of the travelling salesman problem.
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5.14 solver.hpp File Reference

#include "stdafx.h"

#include "benchmark.hpp"

#include "priority queue sorted array.hpp"
#include "priority queue tbb.hpp"

finclude "sort.hpp"

#include "statistics.hpp"

5.14.1 Classes
class solver< ProblemType, NodeType, ValueType >
5.14.2 Implements the Branch and Bound method. Enumerations

e enum strategies { sharedNodes, privateNodes, privateNodesStealing }Enumaration of the different
parallelization strategies.

enum queues { sortedArray, tbbPriorityQueue }

enum sorts { upperBound, depth }

5.14.3 Enumeration Type Documentation

5.14.3.1 enum queues

Enumerator
sortedArray Sorted array implementation.
tbbPriorityQueue tbb::concurrent_priority_queue implementation.

Definition at line 20 of file solver.hpp.
5.14.3.2 enum sorts

Enumerator
upperBound Sorting by best upper bound.
depth Sorting by (primary) depth and (secondary) best upper bound.

Definition at line 27 of file solver.hpp.

5.14.3.3 enum strategies

Enumaration of the different parallelization strategies.
Enumerator
sharedNodes Share queue strategy.
privateNodes Private queues strategy.
privateNodesStealing Private queues with node stealing strategy.

Definition at line 12 of file solver.hpp.
5.14.3.4
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5.15 sort.hpp File Reference
#include "stdafx.h"
5.15.1 Classes

e class sort_upper_bound< Type >

o Implements std::less functionality for the tree-node classes, based on the best upper bound. class
sort_depth< Type >

Implements std.::less functionality for the tree-node classes, based on (primary) the depth and

(secondary) the best upper bound.
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5.16 statistics.hpp File Reference
#include "stdafx.h"
#include "benchmark.hpp"
5.16.1 Classes

e  class statistics
Calculates and handles various statistics on a set of benchmark objects.
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5.17 stdafx.h File Reference

#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include
#include

<stdio.h>
<algorithm>
<atomic>
<cassert>
<iomanip>
<iostream>
<fstream>
<memory>
<mutex>
<numeric>
<limits>
<random>
<thread>
<vector>

<boost/circular buffer.hpp>
<boost/dynamic bitset.hpp>
<boost/lockfree/queue.hpp>
<boost/multiprecision/cpp_ int.hpp>

<tbb/tbb.h>
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6 Index

~node_dkp

node_dkp, 74

~node_tspe

node_tspe, 78

~node_tspv

node_tspv, 82
~priority_queue_sorted_array
priority_queue_sorted_array, 87
~priority_queue_tbb
priority_queue_thb, 90
~problem_dkp

problem_dkp, 94
~problem_tspv

problem_tspv, 98

~solver

solver, 102

add

statistics, 106

B&B. See Branch and Bound

benchmark, 60

benchmark, 63
getBoundTime, 63
getBranchTime, 63
getComplexity, 63
getFathomedNodes, 63
getMemoryTime, 64
getNodesCreatedNum, 64
getNodesStolenNum, 64
getQueueMaxSize, 64
getQueuePopsNum, 64
getQueuePopsTime, 64
getQueuePushesNum, 64
getQueuePushesTime, 64
getSolutionChecksTime, 64
getSolutionSwapsNum, 64
getSpareNodesUsedNum, 64
getThreadTime, 65
getTotalTime, 65
incBoundTime, 65
incBranchTime, 65
incComplexity, 65
incFathomedNodesNum, 65
incMemoryTime, 65
incNodesCreatedNum, 65
incNodesStolenNum, 65
incQueuePopsNum, 65
incQueuePopsTime, 65
incQueuePushesNum, 66
incQueuePushesTime, 66
incSolutionChecksTime, 66

incSolutionSwapsNum, 66
incSpareNodesUsedNum, 66
incThreadTime, 66
incTotalTime, 66
lessThan, 66
max, 66
min, 67
operator+, 67
operator+=, 67
operator=, 67
print, 67
reduction, 67
setBoundTime, 68
setBranchTime, 68
setComplexity, 68
setFathomedNodesNum, 68
setMemoryTime, 68
setNodesCreatedNum, 68
setNodesStolenNum, 68
setQueueMaxSize, 68
setQueuePopsNum, 68
setQueuePopsTime, 68
setQueuePushesNum, 68
setQueuePushesTime, 69
setSolutionChecksTime, 69
setSolutionSwapsNum, 69
setSpareNodesUsedNum, 69
setThreadTime, 69
setTotalTime, 69
updateQueueMaxSize, 69
write, 69
benchmark.hpp, 108
Best First Search, 11
BestFS. See Best First Search
bigint
BranchBound_DKP.cpp, 109
branch
node, 71
node_dkp, 74
node_tspe, 79
node_tspv, 82
Branch and Bound, 9
BranchBound_DKP.cpp, 109
bigint, 109
checked_uint4096 t, 109
getNumberOfCores, 109
main, 109
BranchBound_TSP.cpp, 110
main, 110
readTSP, 110
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calc

statistics, 106
calcBounds

node, 71

node_dkp, 75

node_tspe, 79

node_tspv, 83
checked_uint4096_t

BranchBound_DKP.cpp, 109
depth

solver.hpp, 121
Depth First Search, 11
DFS. See Depth First Search
eager, 11
empty

priority_queue, 85

priority_queue_sorted_array, 88

priority_queue_tbb, 90
getBoundTime

benchmark, 63
getBranchTime

benchmark, 63
getChildNodesNum

node, 71

node_dkp, 75

node_tspe, 79

node_tspv, 83
getComplexity

benchmark, 63
getConstFuncFactor

problem_dkp, 94
getConstraint

problem_dkp, 95
getDepth

node, 71

node_dkp, 75

node_tspe, 79

node_tspv, 83
getEdgeDest

problem_tspv, 98
getEdgeWeight

problem_tspv, 98
getFathomedNodes

benchmark, 63
getLowerBound

node, 71

node_dkp, 75

node_tspe, 79

node_tspv, 83
getMemoryTime

benchmark, 64
getNodesCreatedNum

benchmark, 64
getNodesStolenNum
benchmark, 64
getNumberOfCores
BranchBound_DKP.cpp, 109
getObjFuncFactor
problem_dkp, 95
getQueueMaxSize
benchmark, 64
getQueuePopsNum
benchmark, 64
getQueuePopsTime
benchmark, 64
getQueuePushesNum
benchmark, 64
getQueuePushesTime
benchmark, 64
getShortestWeight
problem_tspv, 99
getSolutionChecksTime
benchmark, 64
getSolutionSwapsNum
benchmark, 64
getSpareNodesUsedNum
benchmark, 64
getThreadTime
benchmark, 65
getTotalTime
benchmark, 65
getUpperBound
node, 71
node_dkp, 75
node_tspe, 79
node_tspv, 83
getVariableSize
problem_dkp, 95
getVerticesNum
problem_tspv, 99
incBoundTime
benchmark, 65
incBranchTime
benchmark, 65
incComplexity
benchmark, 65
incFathomedNodesNum
benchmark, 65
incMemoryTime
benchmark, 65
incNodesCreatedNum
benchmark, 65
incNodesStolenNum
benchmark, 65
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incQueuePopsNum
benchmark, 65
incQueuePopsTime
benchmark, 65
incQueuePushesNum
benchmark, 66
incQueuePushesTime
benchmark, 66
incSolutionChecksTime
benchmark, 66
incSolutionSwapsNum
benchmark, 66
incSpareNodesUsedNum
benchmark, 66
incThreadTime
benchmark, 66
incTotalTime
benchmark, 66
initProblem
problem_dkp, 95
problem_tspv, 99
isLeaf
node, 71
node_dkp, 75
node_tspe, 79
node_tspv, 83
lazy, 11
lessThan
benchmark, 66
main
BranchBound_DKP.cpp, 109
BranchBound_TSP.cpp, 110
max
benchmark, 66
min
benchmark, 67
node
branch, 71
calcBounds, 71
getChildNodesNum, 71
getDepth, 71
getLowerBound, 71
getUpperBound, 71
isLeaf, 71
printSolution, 72
node.hpp, 111
node_dkp
~node_dkp, 74
branch, 74
calcBounds, 75
getChildNodesNum, 75
getDepth, 75
getLowerBound, 75

getUpperBound, 75

isLeaf, 75

node_dkp, 74

operator=, 75

printSolution, 76
node_dkp.hpp, 112
node_dkp< ValueType >, 73
node_tspe

~node_tspe, 78

branch, 79

calcBounds, 79

getChildNodesNum, 79

getDepth, 79

getLowerBound, 79

getUpperBound, 79

isLeaf, 79

node_tspe, 78

operator=, 80

printSolution, 80
node_tspe.hpp, 113
node_tspe< ValueType >, 77
node_tspv

~node_tspv, 82

branch, 82

calcBounds, 83

getChildNodesNum, 83

getDepth, 83

getLowerBound, 83

getUpperBound, 83

isLeaf, 83

node_tspv, 82

operator=, 83

printSolution, 84
node_tspv.hpp, 114
node_tspv< ValueType >, 81
node< ValueType >, 70
operator()

sort_depth, 104

sort_upper_bound, 105
operator+

benchmark, 67
operator+=

benchmark, 67
operator=

benchmark, 67

node_dkp, 75

node_tspe, 80

node_tspv, 83
print

benchmark, 67
printSolution

node, 72

node_dkp, 76
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node_tspe, 80
node_tspv, 84
priority queue, 12
priority_queue
empty, 85
push, 85
size, 86
try_pop, 86
priority_queue.hpp, 115
priority _queue_sorted_array
~priority_queue_sorted_array, 87
empty, 88
priority_queue_sorted_array, 87
push, 88
size, 88
try_pop, 88
priority_queue_sorted_array.hpp, 116
priority_queue_sorted_array< Type, Sort >,
87
priority_queue_tbb
~priority_queue_tbb, 90
empty, 90
priority_queue_tbb, 90
push, 90
size, 90
top, 90
try_pop, 91
priority_queue_tbb.hpp, 117
priority_queue_tbb< Type, Sort >, 89
priority_queue< Type >, 85
privateNodes
solver.hpp, 121
privateNodesStealing
solver.hpp, 121
problem, 92
problem.hpp, 118
problem_dkp
~problem_dkp, 94
getConstFuncFactor, 94
getConstraint, 95
getObjFuncFactor, 95
getVariableSize, 95
initProblem, 95
problem_dkp, 94
setConstFuncFactor, 95
setConstraint, 96
setObjFuncFactor, 96
sortltems, 96
problem_dkp.hpp, 119
problem_dkp< ValueType >, 93
problem_tspv
~problem_tspv, 98
getEdgeDest, 98

getEdgeWeight, 98
getShortestWeight, 99
getVerticesNum, 99
initProblem, 99
problem_tspv, 98
setEdgeWeight, 99
problem_tspv.hpp, 120
problem_tspv< ValueType >, 97
push
priority_queue, 85
priority_queue_sorted_array, 88
priority_queue_tbb, 90
queues
solver.hpp, 121
readTSP
BranchBound_TSP.cpp, 110
reduction
benchmark, 67
setBoundTime
benchmark, 68
setBranchTime
benchmark, 68
setComplexity
benchmark, 68
setConstFuncFactor
problem_dkp, 95
setConstraint
problem_dkp, 96
setEdgeWeight
problem_tspv, 99
setFathomedNodesNum
benchmark, 68
setMemoryTime
benchmark, 68
setNodesCreatedNum
benchmark, 68
setNodesStolenNum
benchmark, 68
setObjFuncFactor
problem_dkp, 96
setQueueMaxSize
benchmark, 68
setQueuePopsNum
benchmark, 68
setQueuePopsTime
benchmark, 68
setQueuePushesNum
benchmark, 68
setQueuePushesTime
benchmark, 69
setSolutionChecksTime
benchmark, 69
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setSolutionSwapsNum
benchmark, 69
setSpareNodesUsedNum
benchmark, 69
setThreadTime
benchmark, 69
setTotalTime
benchmark, 69
sharedNodes
solver.hpp, 121
size
priority_queue, 86
priority_queue_sorted_array, 88
priority_queue_tbb, 90
solve
solver, 102
solver
~solver, 102
solve, 102
solver, 101, 102
test, 102
solver.hpp, 121
depth, 121
privateNodes, 121
privateNodesStealing, 121
queues, 121
sharedNodes, 121
sortedArray, 121
sorts, 121
strategies, 121
tbbPriorityQueue, 121
upperBound, 121
solver< ProblemType, NodeType, ValueType
>, 101
sort.hpp, 122
sort_depth
operator(), 104
sort_depth, 104
sort_depth< Type >, 104
sort_upper_bound
operator(), 105
sort_upper_bound, 105
sort_upper_bound< Type >, 105
sortedArray

solver.hpp, 121
sortltems
problem_dkp, 96
sorts
solver.hpp, 121
stack, 12
statistics, 106
add, 106
calc, 106
statistics, 106
write, 106
statistics.hpp, 123
stdafx.h, 124
strategies
solver.hpp, 121
tbbPriorityQueue
solver.hpp, 121
test
solver, 102
top
priority_queue_thb, 90
Traveling Salesman Problem, 9
try_pop
priority_queue, 86
priority_queue_sorted_array, 88
priority_queue_tbb, 91
TSP. See Traveling Salesman Problem
updateQueueMaxSize
benchmark, 69
upperBound
solver.hpp, 121
write
benchmark, 69
statistics, 106
Avw Kal Katw opla, 9
AwokAadwoe kot Ppage. See Branch and
Bound
OUPA MPOTEPALOTNTAG. See priority queue
NpdBAnua tou MAavodiov NMwAntr. See
Traveling Salesman Problem
otoifa. See stack
XaAdpwon, 10
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