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111 HACJIOB JOKTOPCKE JUCEPTAIIUJE:
Pa3Boj, nMIIeMeHTaIja 1 TEOpHjCKa aHaIN3a METaXEeypUCTHYKE METO/E ONTHMHU3AIN]e
KOJIOHHjOM TT4ena.

Il TITLE OF THE DOCTORAL DISSERTATION:
Development, implementation and theoretical analysis of the bee colony optimization
meta-heuristic method.

IV HOPEI'IEJ JOKTOPCKE JUCEPTAIIUJE:
HaBecTu kparak cajipkaj ca Ha3HaKOM Opoja cTpaHa, IIoIIaBiba, CJIMKa, eMa, rpaMKOHa | CII.

Hucepramyja je HanMcaHa Ha eHraeckoM jesuky Ha XV+312 crpana. Campiku 1eceT MmoriaBiba, CIIUCaK
kopuiheHe nuTeparype U qBa npuitora. [lornasiba cy pacnopelena y nsa monyia (ueiune) y cinenehem
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2. Optimization problems and methods / TIpo6iemu 1 MeTo e ONTUMHU3AIIH]E
3. Meta-heuristic methods / Meraxeypuctuike merose
4. Bee colony optimization method / Meroja onTuMu3anuje KOJIOHH]OM T4eia
Module Il — Methodology and contributions / Moy |1 — MeToaoJioruja u JonpuHocu
5. Theoretical analysis of the asymptotic convergence of BCO / Teopujcka ananusa
acrumnrorcke koueprenuuje BCO metone
6. Parallelization strategies for the BCO algorithm / Crpareruje napanenusaiuje BCO
IroOpuUTMAa
7. Methodology of experimental study of BCO / Mertoznonoruja eKCriepruMeHTATHOT
ucnutuBamba BCO meTozne
8. Development and empirical analysis of BCOc / Pa3Boj u emnupujcka ananuza BCOC meTozne
9. Development and empirical analysis of BCOi / Pa3Boj u emmupujcka ananuza BCOI metone
10. Conclusions and future work / 3axksbyuru u qajbu pan
Appendix A. Complementary material / [Tomohuu matepujan
Appendix B. Tables and graphics / Ta6ene u rpaduiu
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caapxe 31 ciuky, 26 rpaduka u 34 tabena. [Ipunosu cagpxke 68 crpana u 4 ciuke, 19 rpaduxa u 35
tabena. Cnucak kopumhene sureparype caapxu 397 oubanorpadckux jeAnHHIA, KOje Cy HaBeACHE y
cKiIany ca BaxxehuM npaBHIMMa 33 LIUTHPAE.

IV OVERVIEW OF THE DOCTORAL DISSERTATION:

Provide a brief overview of the content of the doctoral dissertation, indicating the number of pages, chapters,
figures, schematics, graphs, etc.

The doctoral dissertation contains 312 pages written in English language. The extended abstract in
Serbian contains 15 pages and 3 pictures. The dissertation consists of ten chapters, organized within two
modules on 244 pages, as presented above. The chapters contain 31 pictures, 26 graphics and 34 tables.
In addition, the dissertation contains two appendixes on 68 pages with 4 pictures, 19 graphics and 35
tables. The bibliography contains 397 references, all given in accordance with the current referencing
standards. Furthermore, the dissertation contains acknowledgments, the list of figures and tables as well
as a short abstract in English.

\Y BPEJHOBABE NOJEIMHUX JEJIOBA TOKTOPCKE JUCEPTALUJE:

HacnoB mpemyiosxkeHe MOKTOpPCKe aucepTaldje (GopMmynucaH je jaCHO W TPEIU3HO, OJpakaBa TeMYy H
caipkaj UCTPaKUBAKA.

Y  mpowupenom ancmpaxmy Ha cnpckoMm je3uky (Caxerak) KaHIUAATKHIBA jJacHO JAcQUHHMIIE
MOTHUBAIH]Y 3a UCTPAKHUBAKBEM M MCTHYE PE3YJITATe AUCEPTAIMje BPJIO MPEIM3HO M KOHIM3HO. OmnucaH




je canpkaj M cTpykrypa auceprauumje. McrakHyr je 3Hauaj pasBoja amroputma BCO wmetozme 3a
pemaBame TpodieMa ONTHMHU3ALHWje, TEOPHjCKOT M EMIMPHjCKOT HCIUTHBamkba KOHBEPreHIMje Ka
ONTHMAJHOM pellelkhy, Kao M 3Haya] NMpHUMEHE CTpaTerdja mapajenu3andje ca IujbeM moBehamwa
e(MKacHOCTH aJIrOpUTMA.

V npeom noziasny (YBOI) KaHIUTATKHEbA jJACHO M CHCTEMATH30BaHO IPEACTaB/ba IPOOIEM, MPEIMeT,
UJBEBE U CTPYKTYPY HUCTPaKMBaha U3JIOXKEHe JIucepTalyje. [lornasibe caapku JIMCTY aKTyelIHHX TeMa
y olyacTH MeTaxeypHCTHKa Kao yBOJ Yy MOTHBAlMjy M IMJbEBE HCTpPaXKMBama. Y HACTaBKy Cy
00pa3yiokeHN 3Ha4Yaj TEOpHjCKE M EMIMPHjCKE aHAIN3e METaxXyepHCTHUMX MeToia. Harmamenu cy
HAyYHH JONPHHOCH TPH TeMe Koje ce ONHOCE Ha TEOPHjCKO WCIUTHBAE KOHBEPTeHIIN)E
METaxeypHCTHYKUX METOJld, Pa3Boj CTpaTervja mNapaljeih3aldje TUX MeToJa M EKCIIEPUMEHTATHO
UCIIUTHBamkE YTUIdja METaxeypucTHKa Ha muxoBe nepdopmance. Ha caxer u mpernepaH HauuH
KaH/IWIaTKUIba je OIcana CTPYKTYpy AWCEpTalyje, NpeiCTaBuIa JINCTY PEJIeBaHTHUX IyOJIUKanuja u
JOIIPUHOCE CBAKOT paja.

Y nmpyeom noenaswmy (IlpobieMu U MeTole ONTHMH3AIMje) KAHAWIATKHEbA j€ MpEICTaBMiIa 00JacT
ONTHMH3ALIHje Ka0 BaXKHY HCTPAKUBAUKy TeMy NPUMEHheHe MaTeMaThke. OCHOBHH LMJb OBOT IOTJIaBJba
je yBobheme TepMHHONOTHje KOja ce KOPHCTH y HACTaBKy AMcepTanudje. Y IOrNIaBjby Cy HCTaKHYTE
pasnM4uTe BpCTE MpoOlieMa M METOoJa ONTHMH3alMje, MOCeOHO Xeypuctuuke Mmerone. Iloderak
norsiassba cagpxu onuc NP Temkux mpoGiieMa ca CTaHOBHINTA TEOPHje KOMIUICKCHOCTH alropuTama.
H3510eH je HCTOPHjCKH U TEOPHjCKH IMpEriiea ONTHMH3ALMje, ONTHMHU3aHOHNX NpodieMa H MeTola,
3ajeJHO ca BHUXOBUM MMO3HATUM Kiacupukaiujama. ONTHMH3AIUOHA TPOOIEMHU Cy TOJCJbEHU MpeMa:
TUITy peliewa, AeGUHHULI]H JOIMyCTHBOT NPOCTOpa, Opojy KpUTepujymMa, Opojy ONTHMAHHUX peliemha U
NPUCYCTBY HEH3BEeCHOCTH. MeroJe KOMOMHATOpHE ONTHMH3aludje Cy KiIacu(pUKOBaHE Kao TauHe
(erzaktHe) u mpubmmkHe. Of NPUOMKHUX METofa MOCEOHO Cy WCTAKHYTE XCYPHUCTHYKE |
MeTaxeypucTHYKe MeToje. [IpencTaB/beHd Cy pa3iiMuUTH THIOBU XEYPUCTHYKHX ajiropurama 3a JBa
JeTaJbHO ONMcaHa KOMOMHATOpHA MpoOiieMa KOjU ce Yy OUCepTaldju pa3Marpajy — TmpoOieM
pacniopeljuBama HE3aBUCHUX 3a/1aTaka Ha UACHTHYHE MamuHe u 3-SAT mpobiem.

Tpehe nocnasme (MeTaxeypuCTHUKEe MeTo/e) MOCBEheHO je MCTOPHjCKOM pPa3Bojy METaXEeypHUCTHKa ca
HarjackoM Ha MeTOJe MHCIUPUCAHE NMPHPOJHHM MPOLeCHMa W OHUONOTHjoM. Y TIOINIaBJbY je M3BPIICH
nperiie] pa3IMYuTHX THIIOBA METaXEyPUCTHKA NpeMa: HHCIIUPALHjHU 32 Pa3Boj, Opojy pelema Kojuma ce
pacronaxe, HaYMHY H300pa pelema u 00paan pemerna. KanannaTkuma je nana KpaTak OCBPT Ha Pa3Boj
obJlacTH BelTayKe MHTENUICHIMja KOja M3yYaBa METOJe 3aCHOBaHE HAa OWOJOLIKMM HIPHHIMIIMA, Kao
IITO j€ MHTEJIMICHIMja poja. Y HACTABKY j€ YKPAaTKO MPHKA3aHO CeJaM Pa3IHUUTHX METaXCypPHUCTUUKHX
METO/Ia, Tj. ICTOPH]CKH Pa3BOj U OCHOBHH IPHHIIIN Paja 3a: METOJY CUMYJIUPAHOT KaJbetha, TeHETCKUX
aJlropuTamMa, MeToJly ONTHMHU3allMje KOJIOHWjOM MpaBa, METO/IY ONTHMHU3ALMjE POjeM YECTHIA, METOILY
ONTHMHU3AIMjE KOJIOHHWjOM BEIUTAYKHX I4eia, Taly MpeTpaKUBamke U METOJY NMPOMEHUBUX OKOJIHMHA.
KoHauHu 3akipydlld Ha Kpajy IMOTJIaBjba CE€ OJHOCE HAa METOJAE HWHCIMPUCAHE MOHAIAmbeM Muena y
MIPUPOJIH.

YV uemepmom noenasmy (Merona ontTMMu3andje KOJIOHWjOM IUena) je JeTajbaHO ONMCaHa MeToxa
onruMu3zanuje kononujom muena (BCO, enr. Bee Colony Optimization). Ha mouetrky ce pa3matpa
WCIIUTUBAKE [MOHALIAkha IMYeNa y MPUPOJM KOje je MHCIUPHUCAIO pa3BOj OMONOLIKHX airopurama
3aCHOBaHMX Ha IIOTpa3| Imyesia 3a HekTapoM. JletasbHo je oOjammeH npuHuun paga BCO anropurma u
aee Bapujantre BCO anropurma: konctpyktuBHa (BCOC) u Meroma ca mnompaBkama (BCOI).
Kangunatkuma je yBema HoOBe dopmyiie 3a onapehuBame JI0jaJHOCTH BEIITAYKWX ITUela M yBeJa je
TepMUH Qyyuryuje rojarnocmu. J1at je kparak npukas npumena BCO anroputma y nurepatypH.

Y HaBeJeHMM TOIVIaBJbUMA KAaHIAWIATKUEGA YCIIOCTAaB/ba TEPMHUHOJOTH]y 3a TIPUKa3 CBOJHX
HCTpOKUBAYKKX pe3yiaTrara. Ommcana je MaTeMaTHUKy MO3aJuHy JedUHUIUje TpodiieMa W MeTojaa
OoNTHMHM3AIIMje U TIOKa3aia Jia je OBJIajajia OCHOBHUM TEPMUHUMA U TeXHHKaMa KOje c€ y OBOj 00JacTH
Kopucte. VM3HeTH MaTepujasl je TPEACTaB/bCH jaCHO. YOUYBHBO je Ja je KaHIWJAaTKHAA MOCBETHIIA
MOoCceOHY MaXKy IIEJarolIkOM acleKTy yBoJa KpO3 BHCOK HHUBO YHT/BHBOCTH TEKCTa W HAa OCHOBY
omabupa kopumhieHe TUTEpaType W U3IOKCHUX MpuMepa. J[eTalbHO je OmMcaHo CBE HITO JI0 je cana
ypalieHo Ha pa3Bojy BCO MeToJie ¥ MICTaKHYTO KOjU CY TO ACICKTH KOJH 3aXTEBajy JaJba HCTPAKHUBAbA,




a caMUM THUM M MOTHBallMja KaHIUJIATKHILE Ja ce HEKUM OJ] THX aclekara 0aBu y CBOjOj AUCEPTALMjU U
Jia 14 CBOj IONIPUHOC Pa3BOjy OBE M3Y3E€THO 3aHUMJBHBE METOJIE.

Ilemo noenaswe (Teopujcka ananuza actuMmnrorcke koHBepreHuuje BCO merone) canpku OCBpT Ha
TEOpUjCKe pe3yiITaTe acHUMIITOTCKE KOHBEpreHIHje CTOXAaCTHYKUX [poleca M ajlropurama Ka
ONTHMAJHOM pellery, OWTHUM 3a MpHKa3 pe3yinTaTa KaHIUOATKUEE OCTBAPCHUX Ha Ty Temy. Y
MOYETHOM JeNy IIOrJIaBJba H3JIOKEHA je MOTHBalMja 32 TCOPHjCKY aHAJIHM3y METaXeypUCTHUKHX
anropuTaMa, Kao W KOPHUCT OJ IPHMEHE TEOPHMjCKUX pe3yinTata y mnpakcu. IIpencrasibern cy Beh
MMO3HATH PE3yNTaTH TEOPHjCKe BepU(HKaIMje KOHBEPTEHINj€ MO3HATHX METAaXCYPUCTHUKUX METOJA.
OmnmcaHa cy IBa THUIIa KOHBEPTEHIIM]e KOjU ce pa3MaTpajy 3a METaxeypHCTHYKE aITOPUTME Ca OCBPTOM
Ha peJICBaHTHY JHTeparypy. Y JApYyroMm Jelly T[OrJiaBjba Cy H3HETH pe3yiaTaTH M JONPUHOCH
KaHIWJaTKHIbe Ha TeMy acumnrorcke kouBepreHnuje BCO wmerome. Pasmarpajy ce nBa Tumna
KOHBEpIeHIMje: KOHBEPreHIMja TPEHYTHO HajOoJber pellema M KOHBepreHIuja no Moaeny. Onmucal je
renepuukn BCO amroputaMm ¥ uAEeHTH(OHUKOBAaHM Cy OWTHM JEJIOBH METOJE KOjU YTHUYY Ha
KOHBEpreHIM]y Ka onTuManHoM peuewy. Ilopen HaBegeHor, pasmatpajy ce BCO anropurmu
pa3BpCTaHM MpeMa HauMHy KOHCTpyKUHWje/Momudukanyje peuiewa. VaeHTH(UKOBaH je W APYrH THII
moJieNie KOjU pas3NdKyje alTOpHTME YHje Cy WTepalije HEe3aBUCHE M alTOPUTME KOJA KOJHX MOCTOjH
pa3MmeHa 3Hama Mel)y utepamnujama. [log HaBeneHNM KiracHUKaIwjaMa, HAICHTH(PUKOBAHU Cy MTOTPEOHU
1 10BOJbHU ycioBH 3a koje BCO meroma xoBeprupa ka riio0aHOM ONTHMAlHOM pemewny. [IpBo je
MIpeCTaBIbEH JO0Ka3 KOHBEPTEHINje TPEHYTHO HajOosker pemera BCO amroputma. Pasnukyjy ce nmBa
J0Ka3a: 3a Clly4aj TOe cy HTepaldje He3aBHCHE W 3a Clydaj IIe IOCTOjH pa3MeHa 3Hama Mely
utepauyjama. Ko mpBor Tuma anropurMa norpedaH u J0BOJbaH YCJIOB je Jla CBAKO PEIleHhe UMa CTPOTro
MO3UTHUBHY BepoBaTHONy aa he Outu mponaljeHo, omHocHO P*>0. Kox anropurama ca rio0agHUM
3HambEM MOTPeOHO je 00e30euTH MUHMMAIHY BepoBaTHONY Pmin>0 3a kojy Baxku P*(1)> pmin>0. Ha
OCHOBY TpHKa3aHE JIUTEPaType 3a KOHBEPICHIMjy IO MOJEIY HCOMXOIHO je Ja airopuram Oyje
JM3ajHUpaH TaKo Jia IMoceyje KOMIIOHEHTY yuerma. Y CKIaly ca THME, KaHAWAATKUbA je MPeoKuiIa
HEKOJIMKO TpaBHJIa KOHCTpYKIHje/Moaudukanuje, Te je KoHBepreHuuja mo momeny BCO amropurma
pa3MarpaHa 3a pa3lM4YHMTe THIOBE MpoOiieMa onTHMu3anuje. [IpennsHuje, W3JIOKEHH Cy IOKasH y
CiIydajeBuMa Kaja Cy IpaBHIIa 3a U300p KOMIIOHeHTH/Moaudukanyja nedpuHmncana 3a: 1. mpodieme Kox
KOJHX CBE KOMIIOHEHTE NpoliieMa HE NMPUIAAAjy ONTHMAIHOM peuiemy; 2. IpodieMe KOA KOjUX CBe
KOMETOHEeHTe MpoblieMa NPHIaajy ONTUMAIHOM peniewny. Pesynrartu cy nokasanu y koM kopaky BCO
METOZe je MOTPeOHO YKJBYYHTH KOMITHCHTY ydYerha W Ha KOjHU HadWH, Ja Ou ce oOe30emmia meHa
KOHBEpIreHIHja 1o MOJIeNy.

KanpnpaTkuma je M3BpUIMIA AETajbHY aHANIM3y W CHCTEMaTH3alMjy METoJa M HaydyHHX pesynrara y
00JIacTH TEOPHjCKE aHAIM3e METaxeypUCTHYKUX aaropuraMa. Ha oCHOBY aHanmu3e akTyeJHOT CTama y
0BOj 0o0yacTH, KaHIUJAaTKUba ce (POKycHpasa Ha JBa TUIa KOHBEPreHluje 1 lbuxoBy npumeHy na BCO
Mmerony. JoOujeHu pe3yiaTaTd HOKa3yjy Aa pa3MaTpaHa MeTaxeypHCTHKa KOHBEPrHpa Ka ONTUMAIHOM
peleny, y HajoONIITHjeM ClIy4ajy, YKOJIMKO KOPUCTH III00ATHO 3Hakhe U elieMEHTe yuema. [loka3aHo je
Takohe Ja ce eduKacCHOCT mperpare pasMaTpaHOM METaXCypHCTHKOM MOXE IOCICLIMTH YKOJIHKO CY
3aI0BOJbCHHU OJIr0Bapajyhin yciioBr u30opa KOMIOHEHTH pellieha KOjH 3aBHCE O] THIA Ipodiema.

Llecmo noenasmwe (Ctpatermje mapanenmzanuje BCO anropurma) je moceheHo mapanemmsanmju
METOJIe ONTUMHM3AIMje KOJOHUjoM muerna. L{ibeBr neTpakuBama Cy NMpennu3HO AeUHHUCAHHU, Y CKIaILy
ca IOCTaBJbEHOM MOTHBAILIMjOM HCTPaKUBaWka, M JONPHHOCE JIOHOLICHY KOHKPETHHX 3aKJbydyaka.
Kannunatkuma je mpencTaBwia TpW CTpaTervje Mapaleiu3alije W omucaiga MeT oJAroBapajyhux
AMITJIEMEHTaIlMja 32 padyHape ca aucTpuOynpaHoMm memopujoM. CBe mmiiemenrtanuje kopucre MPI
oubnunorexky (enr. Message Passing Interface). Ilpsa cTparermja ce 3acHMBaA Ha HE3aBHCHHM
M3BpIIaBam-MMa Mpolieca Ha (| mporecopckux jenuanna. CTpaTernja je UCIMTaHa Kpo3 UMILIEMEHTAIIH]Y
rae cBaku BCOQ anropuram pacrnonaxe pasiMuuToM KOH(HrypanujoMm maposa mapamerapa B u NC.
HonpuHocn nucepranuje ce Takohe orienajy y pa3Bojy HOBHUX CHHXPOHHUX M aCHHXPOHHUX
KoomnepaTtuBHHX cTpareruja. O0Oe crTpareruje cy 3acHOBaHE Ha KOHTPOJIM YYECTAIOCTH KOMYHHMKAIHje
n3mel)y pasnmuuuTHX Mpouecopa U pa3InunTHX KoHuUrypamuja naposa napamerapa B u NC. Cunxpona
cTparervja ce aHanu3upa rnomohy JBe MMIUIEMEHTAIMje: Kaja je y4ecTaJlocT pa3MeHe Mopyka usmely
npoueca yHanpen ¢ukcupana (y oBoM ciydajy 10) u kaga 3aBucu oJ1 6poja uckopuirheHHux mporecopa.
YcnoBu cTyauje Cy 1a CBH NPOIIECH NMajy T10JjjeTHaKO BpeMe W3BpllaBama, 0e3 030upa Ha (. Pesynraru




aHaM3e MMIUIEMEHTAlNje CHHXPOHE CTpaTeryje Ha MOTIIYHO [T0BE3aH0j apXUTEKTYPH Cy IOKa3ajH Ja ce
pelema BHCOKOT KBAJIUTETa IMOCTHXKY 3a Kpahe BpeMe y OJHOCY Ha CEKBEHIMjaJHO H3BpIIABAHHE.
AcCHHXpOHA CTpareruja je TeCTUpaHa Ha 3Be3JacTO M NPCTEHACTO IOBE3aHWM apXHUTEKTypama Mpexe
Ipolecopa 1 MOCTHKE OJUIMYHE pe3yiiTaTe y 0JJHOCY Ha aApyre aBe cTpareryje. [IpenusHuje, nokasaHo je
na o0e IMIIEMEHTAlHje aCHHXPOHE CTpaTerdje HONPHHOCE MOOO0JbIIaky KBANTETA pellekha y OJHOCY
Ha HMCTO BpeMe H3BpIIaBamba CEKBEHLMjAIHOT airopurMa. KaHanmmaTkuma je M3BpLIMIA M JIOAaTHA
TecTHpama Tae cy ynopehern HoBu cekBeHjanrau BCO anropuram ca BHIEe padyHapCKOT BpeMeHa
(60*q cexynmm) ca Haj6ossOM yTBpheHOM Bep3ujoM mapanenHe umiuieMmentanuje BCO anropurma.
HoOujeHn pe3yaTaTH M Ha OBOM IIPEUMEpPY IPUKa3ald Cy OIPaBIaHOCT IPHUMEHE TEXHHKa
mapajenmn3aiyje Ha padyHapCKAM CHCTEMHMa ca TUCTPHOYHpaHOM MeMOpHjoM. 3akipydak je na je BCO
TIOTO/IaH 32 MapajeIn3alyjy.

Ceomo nocnasme (Mertomonoruja ekcnepuMeHtanHor ucnutuBama BCO Mmerozne) canpxu mperien
pelieBaHTHE JMTEparype W3 O00JacTH eMIHpHjcKe aHanu3e (MeTa)XeypHCTHYKUX —aJropuTama.
Kannnnatkuma je mokasana ja je oBiagana obnamhy najyhu, He camo mperiien JuTepearype, Hero u
HEeJarolKy BeoMa no0ap MpHKa3 METoJa EKCIICPHMEHTAlHE AaHalM3e CTOXacCTUYKUX ajIropurama.
Hcrakia je ycioBe eKCHepUMCHTANHE aHanmm3e yrumaja mapamerapa BCO wmetome Ha meHe
nepdopMaHce W3BpIIABaKka 3a Ba NPoOiIeMa KOMOMHATOPHE ONTHMH3ALMje, Ka0 M 3HAa4aj HEKOIUKO
METOMOJIOIIKMX MHTaka: PENpoNyKIHja pe3yirarta eKCHePHMEHTAIHHX TECTOBA, NpPaBHIaH H300p
METOZa 3a aHaNIu3y pesyirara, Mepe nepopMaHcH W ylasHHUX nojaTaka. Yak W y OBOM MperieJHOM
MIOTIaBJbY KaHIMIATKUA Jaje JOIPUHOC Yy BUAY XHjepapxujckor amjarpama mapamerapa BCO merone
ca HArJackoM Ha HHXOBY y3ajaMHY IIOBE3aHOCT. Moxe ce 3aKk/bydUTH Ja Cy jacHO IIpUKa3aHU
MOTHBaLlMja U INJbEBU UCTPAKUBAMKa Yy TIOTJIaBJbUMa Koja ciele.

Y ocmom noenaswy (PazBoj m emnmpujcka ananmuza BCOC metone) mnpukazaHu cy pe3ynraTu
SKCIICPUMCHTAJIHE aHAIM3e yTHUIlaja mapamerapa Ha edukacHoct u nepdopmance BCOC anropurma
MPWIKKOM pelllaBamka jeAHOT KOMOWMHATOpHOT TpoOieMa. 3a aHanu3y je wusabpaH mpobiieM
pacnopehrBama He3aBHCHUX 3amataka Ha uaeHTHuHe nponecope (P||Crax). Pesynrtatu u3BpiuaBama cy
AHAM3HPaHH IOMONY CTaTUCTHYKMX TeCcToBa M rpaduukux mnpukaza. CTaTUCTHYKHA TECTOBH CYy
3aCHOBAaHM Ha INIPOBEPH jEIHAKOCTH KBaJIWTETa pellerha. [lokasaHo je Ja IpaBWiiHa KOH(Urypamwuja
KBaHTUTaBHUX Tapamerapa B m NC 3aBucu on koH(Urypaiyje KBAIMTATHBHUX (aKTOpa, (QyHKIHjE
JI0jaJIHOCTH | eBanyandje. KaHAnAaTKHba je yTBpAWIA 13 je 32 KOHKPETaH ONTUMHU3ALUOHH IPoOiIeM,
n300p Gopmyte 3a QYHKIH]Y JI0jaTHOCTH HAjyTUIAJHUjH TapaMeTap KOju TOTPHUHOCH e(hUKACHOCTH paja
BCOc anropurma. [pyru mo 3HauajHOCTH je QyHKIHMja eBadyalje. Moxe Ce 3aK/byUHTH Ja Cy aHAJIU3e
U pe3JIyTaTH jaCHO NPHKA3aHU U MOTITYHO Pa3yMJbUBH.

Y oOesemom nocuasmy (Pa3Boj u emmnmpujcka aHanmuza BCOI Merome) cy H3I0KEHH pe3yiTaTH
ekcriepuMmenTaine ananuse BCOI anroputMa mpuMemeHOr Ha mpoOiieM 3aJ0BOJBUBOCTH, OJHOCHO, 3-
SAT npobnem. Kanmunatkuma je ymopeauia Tpu elieMeHTapHa cosisepa 3a 3-SAT u mokaszanma na
coducturmpan walksat anropuram pemiaBa 3ajaTe WHCTaHIEe npobiema 3a 3HaTHO Kpahie Bpeme y
OJIHOCY Ha JIB€ BapHjaHTe anroputMa ciydajaor xoja (rand). [Totepauia je Tymaduema u3 JuTeparype u
MoKasajia Jia peceToBame mocie 3N Kopaka KOJ[ alrOpUTMa CIIy4ajHOT XOja He MPO3BOJM KBaJIUTETHA
pemema. Jla Ou mokaszaja yCHEIIHOCT M MPEJHOCT pajia ca MOMYIAljOM pPelieha, KaHAUIATKUbA je
nmmnementupania BCOi anropuram. 3a TpaHcdopmanujy peliema airoputaM KOPHCTH TEXHUKY
ciyyajHor xozaa. Pesynaratu cy mokaswiam ga BCOi anropuram mocTke 3HayajHO 0OJbE pe3yiTaTe y
nopehemy ca rand anropurmom. Mcrinrane cy u apyre Bapujanrte tTpanpopmaimja yayrap BCOI. YV dasu
JieTa yHanpe] yrnorpedsbeH je copucTuimpan aaropuram, Walksat. OBa Bep3uja anropuTma je ucrnuTaHa
ca JiBeMa UMIUIeMeHTaIujaMa QyHkinuje epanyanuje. [IpBa ce 3acHuBa Ha Opojy HE3aJ0BOJLEHUX KIIay3a;
Jpyra, Hanpenauja GyHKIMja, KopucTh TexHuke Walksat-a u xBajguTeT periema Mporemyje Ha OCHOBY
BpenHoctd npomensbuie break. ITokasano je na apyra (yHKOHja eBajyanuje nocreimyje nephopmaHce
BCOi anroputma, anu na pe3yiaratu Hucy 00sbH o came walksat xeypucruke.

Hecemo noenasme (3akbydni W JaJbW paj) CaApKH JMUCKYCH]y O NpHUKa3aHUM pe3yiTraTiMa M
npexacTaBiba Moryhe mpasue Oynyher ncrpakuBama. J{uckycuja je cBeoOyxBaTHa M jaCHO HallMCaHa.
OOpaznoxema Cy y cKilaJy ca caBpeMEHUM HaydHUM ca3HamHMa. KaHaunaTkuma je mokasaia 3aBHIHO
MI03HABaWkE JINTEpaType y OKBUpPY 00JacTH KOjoM ce 0aBM JicepTanyja, y3 YBEpJbMBE M KPUTHUKH




onabpaHe nurepaTypHe mojartke. Komucuja HHje yTBpIuia HEJIOTMYHOCTH M CMaTpa Ja je AUCKycHja
Npel3Ha, CBeOOYyXBaTHA M Jia JIOTIPUHOCH 3HA4ajy AUCEpTaLje.

V EVALUATION OF THE INDIVIDUAL PARTS OF THE DOCTORAL DISSERTATION:

Title of the doctoral dissertation is formulated with clarity and precision and it precisely reflects the
subject of the conducted research.

In the extended abstract in Serbian language (Caxerax) the candidate has clearly defined motivation of
the research and has stated the results of the dissertation precisely and concisely. The content and the
structure of the dissertation are described. The significance of the studied topics (development of the
BCO method's algorithm for solving optimization problems, theoretical and empirical exploration of
convergence towards optimal solution, and development of parallelization strategies for the sake of
increasing efficiency) has been pointed out.

In the first chapter (Introduction) the candidate has clearly and systematically presented the problem, the
goals and the structure of the research in the dissertation. The chapter contains a list of the current topics
in the field of meta-heuristics as an introduction to the motivation and the goals of the research. Further
on, the significance of theoretical and empirical examination of convergence of meta-heuristic methods
is explained. The scientific contributions of the three subjects are pointed out: (a) theoretical exploration
of convergence of the meta-heuristic methods, (b) development of the parallelization strategies of those
methods and (c) experimental examination of influence of meta-heuristics parameters on their
performance. In a concise and accessible way the candidate has described the structure of the
dissertation, presented a list of relevant publications and the contribution of each paper.

In the second chapter (Optimization problems and methods) the candidate has presented the field of
optimization as a significant research topic in applied mathematics. The principal goal of this chapter is
introduction of terminology used in the remainder of the dissertation. The chapter reviews different types
of optimization problems and methods, with the focus on heuristic algorithms. The beginning is devoted
to description of NP and NP-hard problems from the point of complexity theory of algorithms. Along
with known classifications of optimization problems and methods, the candidate describes their historical
and theoretical background. Optimization problems are classified by: the types of variables, definition of
the feasible space, number of optimization criteria, number of optima and presence of uncertainty. The
combinatorial optimization methods are classified as: exact and inexact (approximate) methods. Among
approximate methods, special attention is given to heuristics and meta-heuristics. The candidate provides
in detail a description of two combinatorial problems: problem of scheduling of independent tasks to
identical machines and satisfiability problem 3-SAT.

Chapter three (Meta-heuristic methods) is dedicated to historical development of meta-heuristics with
emphasis on nature- and bio-inspired methods. The candidate has reviewed various types of meta-
heuristics according to: origins of the algorithm, number of solutions used during the search,
randomization and manipulation over solutions. She has provided a brief overview of the development of
artificial intelligence, focusing on the methods inspired by biological processes, such as swarm
intelligence. The rest of the chapter contains descriptions of seven meta-heuristic methods: simulated
annealing, evolutionary computation and genetic algorithms, ant colony optimization, particle swarm
optimization, artificial bee colony, tabu search and variable neighborhood search. Final remarks are
focused on methods inspired by behavior of bees in nature.

In the fourth chapter (Bee colony optimization method) a detailed description of the bee colony
optimization method (BCO) has been presented. The candidate has reviewed relevant literature about
observed behavior found at bees while searching for nectar and used as the inspiration for development
of various bio-inspired algorithms. With great details, two variants of the BCO algorithms are described:
constructive (BCOc) and improvement BCO (BCOQi). The candidate has introduced a concept of loyalty
function and new formulas for deciding on loyalty in the phase of the backward pass.




In the presented chapters the candidate has introduced terminology important for the presentation of the
research results. She has provided mathematical background of optimization problems and methods and
has demonstrated that she mastered the basic terminology and techniques in the field of optimization.
The stated material is presented clearly. It is evident that the candidate devoted special attention to the
pedagogical aspect of the Introduction based on the high level of readability, the selection of literature
and of appropriate examples. Development of the BCO is described with the high level of detail, and all
the aspects that require further research are highlighted. In addition, the candidate has expressed the
motivation to expand on the current work and contribute to the development of this exceptionally
interesting method.

Chapter five (Theoretical analysis of the asymptotic convergence of BCO) contains overview of the well
known theoretical results of asymptotic convergence of stochastic processes and algorithms, essential for
presentation of contributions of the dissertation. In the initial part of the chapter the motivation and the
relevant literature for theoretical analysis of meta-heuristics are reviewed, as well as the benefit from the
application of these results in practice. Two types of convergence have been considered: best-so-far and
model convergence. Theoretical understanding of the BCO method is elaborated in the second part of the
chapter. Generic BCO algorithm is described and important segments of the method that influence the
convergence of the algorithm towards the global optimum have been identified. The candidate has
considered different instances of the BCO algorithm with regard to construction/modification of (partial)
solutions. A different classification is used to distinguish algorithms: with independent iterations and
with a global knowledge exchange. For all the considered classifications, necessary and sufficient
conditions for which the BCO algorithm converges towards the global optimum have been identified.
The candidate has presented the proof for best-so-far convergence of the BCO algorithm with
independent iterations and, then, for algorithm with the global knowledge exchange. The former needs to
implement construction/modification rules that allow the generation of an optimal solution with
probability strictly larger than 0, i.e. p*>0 with p* being the probability that any bee generates the
optimal solution. In the case when iterations are not independent, the necessary condition is the existence
of strictly positive bound ppi,>0 for which it holds p*(t)> pmin>0. According to reviewed literature, for
the model convergence it is necessary to design an algorithm with learning component. Therefore, the
candidate has identified and presented several constructive/modification rules and, as a result, the model
convergence of BCO is considered for different types of optimization problems. More precisely, proof of
model convergence is given for: 1. problems when all components are not included; 2. problems when all
components are included in the solution. The results of the theoretical analysis have shown in which step
of the BCO method the learning component should be incorporated to satisfy conditions of the model
convergence.

The candidate has performed detailed analysis and systematization of methods and research results in the
field of theoretical analysis of the meta-heuristic algorithms. Based on analysis of actual state of the
field, the candidate has focused on two types of convergence and their application to the BCO method.
The obtained results have demonstrated that, in the most general case, the considered meta-heuristic
methods must use global knowledge and components of learning in order to converge towards optimal
solution. The candidate has shown that certain criteria and conditions that depend on the type of the
considered optimization problem need to be satisfied in order to increase efficiency of the search.

The sixth chapter (Parallelization strategies for the BCO algorithm) is dedicated to parallelization of
BCO. Goals of the research are precisely defined, in accordance with the stated motivation of the
research, and are conductive to arriving at concrete conclusions. The candidate has presented three
parallelization strategies and five corresponding coarse-grained implementations for distributed memory
multi-processor architecture under the Message Passing Interface (MPI) communication protocol. The
first strategy is based on independent executions on q processors. The strategy is further investigated
through implementations of the BCO algorithm with 6 different configurations of pairs of parameters B
and NC. Contributions of the dissertation are reflected in the development of new synchronous and
asynchronous cooperative strategies. Both strategies are established on a control of frequency of
exchange of data among different processes and different configurations of pairs for parameters B and
NC. The synchronous strategy has been analyzed through two implementations: when exchange
frequency is fixed (in this case to 10 iterations) and if it depends on the value of g. Analysis has been




conducted under condition that all process have equal amount of time. Results of the analysis, related to
completely connected network of processors, have shown that, compared against the best performing
sequential BCO algorithm, the higher quality solutions are produced by the synchronous strategy.
Asynchronous strategy has been tested on the master-slave multiprocessor architecture and on a
unidirectional processor ring. The results have show that the asynchronous strategy produces higher
quality solutions compared to the other two strategies. In particular, for the same amount of time, the
candidate has demonstrated that both asynchronous implementations improve the quality of the solution
compared to the sequential algorithm. The candidate has executed additional tests where the sequential
BCO algorithm (maximal CPU is scaled by 60*q seconds) is compared against the best parallel
implementation of BCO. Once more, the results have justified the utilization of parallelization techniques
for distributed memory processors. The main conclusion is that BCO is suitable for parallelization.

Chapter seven (Methodology of experimental research of the BCO method) contains a survey of the
relevant literature in the field of empirical analysis of (meta)heuristic algorithms. The candidate has
shown that she has mastered the field by giving not only the literature, but also a highly pedagogical
exposition of the methods of experimental analysis of stochastical algorithms. She has pointed out the
conditions for experimental analysis of the influence of the BCO method's parameters on its execution
performance for two combinatorial optimization problems, as well as the importance of several
methodological issues: reproduction of the results of experimental tests, a correct choice of methods for
the analysis of the results, as well as a correct choice of performance measure and of the input data. Even
in this chapter the candidate has made a contribution in the form of a hierarchical diagram of parameters
of the BCO method, emphasizing their interrelation. We can conclude that this chapter clearly lays out
the motivation and the aims of the research presented in the following two chapters.

Chapter eight (Development and empirical analysis of the BCO method) exposes the results of
experimental analysis of the influence of the parameters on the efficiency and the performance of the
BCOc algorithm applied to a combinatorial optimization problem. The particular problem is the problem
of scheduling independent tasks to identical machines (P||Cnax). The results of execution have been
analysed through statistical tests and visual analysis. The statistical tests are based on equivalence of
means. It has been shown that the correct configuration of the quantitative parameters B and NC depends
on the configuration of qualitative factors: the loyalty function and the evaluation function. The
candidate has determined that for this particular optimization problem the choice of the formula of the
loyalty function is the most influential parameter contributing to the efficiency of the BCOc algorithm,
and the next in importance is the evaluation function. It can be said that the analyses and the results have
been stated in a clear and fully comprehensible form.

In Chapter nine (Development and empirical analysis of BCOi) the results of the experimental analysis
of the BCOi algorithm applied to the satisfiability problem (3-SAT) are being exposed. The candidate has
compared three elementary solvers for 3-SAT and has shown that the sofisticated walksat algorithm
solves the given instances of the problem in considerably shorter time than two versions of the random-
walk algorithm (rand). She corroborates the interpretation found in the literature showing that a reset
after 3n steps in the random-walk algorithm does not produce high-quality solutions. In order to show
applicability and advantage of working with a population of solutions, the candidate has used BCOi. The
implemented algorithm applies the random walk technique to transform solutions. The results have
shown that BCOi algorithm achieves significantly better results than the stand-alone rand algorithm.
Other kinds of transformations within the BCOi have been examined too. In the forward-pass phase a
sofisticated algorithm has been used, walksat. This version of the algorithm has been examined with two
different evaluation functions. The first one is based on the number of unsatisfied clauses; the second,
more sofisticated one, employs the walksat techniques and estimates the solution's quality based on the
value of the variable break. It has been shown that the second evaluation function improves the BCOi's
performance, however, the results do not exceed those of the walksat heuristic itself.

Chapter ten (Conclusions and future work) presents a discussion of the attained results and sketches
possible directions of future research. The discussion is all-encompassing and clearly written. The
conclusions fit well with the contemporary scientific views. The candidate has demonstrated outstanding
familiarity with the literature in the field this dissertation deals with, the references are convincing and




critically chosen. The Committee has not found any inconsistencies and considers the discussion
comprehensive and contributing to the significance of the dissertation.

VI CIIMCAK HAYYHHUX U CTPYYHHUX PAJOBA KOJH CY OBJAB/BEHH WJIHN
IIPUXBAREHU 3A OBJAB/BUBAIBE HA OCHOBY PE3YJITATA UCTPAXKHUBAIA Y
OKBHPY PAJIA HA TOKTOPCKOJ JUCEPTALINJN / LIST OF PUBLICATIONS THAT ARE
RESULTS OF THE PHD THESIS

1. Tatjana Jaksi¢ Kriiger, Tatjana Davidovi¢, Dusan Teodorovié, Milica Selmi¢: The Bee Colony
Optimization Algorithm and its Convergence., Special Issue on Theoretical Analysis and
Benchmarking of Nature-Inspired Algorithms, 8(5), pp. 340-354. Inderscience, 2016. (M21a)

2. Tatjana Davidovi¢, Tatjana Jaksié¢, Dusan Ramljak, Milica Selmié, Dusan Teodorovié:
Parallelization strategies for bee colony optimization based on message communication protocol,
Optimization, 62(8), pp. 1113-1142. Taylor & Francis, 2013. (M22)

3. Tatjana Jaksi¢ Kriger, Tatjana Davidovi¢: Sensitivity analysis of the Bee Colony Optimization
Algorithm. Proceedings of the 7th International Conference on Bioinspired Optimization Methods
and their Applications (BIOMA 2016), pp. 64-80, Bled, Slovenija, Maj 18-20, 2016. (M33)

4.  Tatjana Jaksi¢ Kriger, Tatjana Davidovi¢: Empirical Analysis of the Bee Colony Optimization
Method on 3-SAT problem, Proceedings of the 43th Symposium on Operations Research (SYM-
OP-IS 2016), pp. 297-301, Tara, Srbija, Sep. 20-23, 2016. (M63)

5. Tatjana Jaksi¢ Kriger, Tatjana Davidovi¢: Model convergence properties of the constructive
bee colony optimization algorithm. Proceedings of the 16th Symposium on Operations Research
(SYM-OP-IS 2014), pp. 340-346, 2014 (M63)

6. Tatjana JakSi¢ Kriiger: O konvergenciji metaheuristicke metode optimizacije kolonijom pcela,
Zhornik IV simpozijuma "Matematika i primene", pp. 176-188, Beograd, 2014. (M63)

Vil 3AK/bYYIIH OJHOCHO PE3YJTATHU HCTPAJKUBAIBA

Hucepranuja caapxu cinenehe pe3ynTate HCTpaKHBamba:

1. [oka3 acuMNOTOTCKE KOHBepreHmuje Hajoosser pemema BCO amropurmMa ka riobamHOM
ontumymy. IlpencraBibeHa cy nBa Joka3a KoHBepereHuuje. [IpBo je moka3aHa KOHBEpreHIMja
HajOosber peniewa 3a BCO anropuram ca He3aBUCHUM UTepanujama, a 3atuM 3a BCO anropuram
ca II00ATHUM 3HAKBEM.

2. Jloka3 xouBepreniuje mo moaeny BCO anropurma. [IpeactaBibeHa Cy qBa J0Ka3a KOHBEPICHIIH]C
W 4YeTHpH NpaBwiia Moaudukanuje. 3a 1Ba IpaBuia MOAU(HKAIM]e H3JI0KEHH Cy JOKa3u
KOHBepreHije KoHCTpykTuBHe Bep3uje BCO amroputma (BCOC) 3a nBa Tima mpobiema
ontumu3anmje: (a) mpodiemMe KoA KOjUX CBE KOMIIOHEHTE MpoliieMa He MPUIAAajy ONTHMAaTHOM
pemewy; (0) mpobiemMe KOl KOjHX CBE KOMIIOHEHTE MpodiieMa MPHUIaajy ONTUMAITHOM pelleYy.
3a Bapujanty anroputma ca nomnpaBkama (BCOi) cy mpencrassbena ojaroBapajyha mpasuia
MoIu(HKaIFje 3a ABa HaBeleHa TUIIa podIema.

3. Pa3Boj crparermja mapanemusammje BCO anroputma mocnemryje e(pHUKAacHOCT MPIITHKOM
n3BpuIaBama. Ha pauyHapmma ca muctpuOynpanoM MemopujoM u y3 momoh MPI 6ubmmoteke,
MOKa3aHo je Jia ce KOHCTPYKTHBHA Bep3uja BCO anropurma, npuMeneHa Ha pelaBambe npodiaeMa
pacriopehuBama P||Crax, MOXe MOOOJBIIATH MPUMEHOM CHHXPOHHX M ACHHXPOHHX CTpaTerwja
napajenn3anmje.

4. MW 3ioxeHH Cy pe3yliTaTh eKCIePUMEHTAITHOT ucuTHBamba o0e Bapujante BCO anroputma Ha 1Ba
koMOuHaTOpHa InpoOiema. CTaTHCTMYKAa M BH3yelHAa aHanmu3a Cy IIOKa3ale Ja je KOA
KOHCTPYKTHUBHE BapHjaHTe (YHKIMja JIOjaTHOCTH Haj3HadajHHju ¢aktop. Kom BapmjanTte ca
nonpaBkama je yrepheHo na ¢pyHKIMja eBaryanyje nMa 3HadajaH yruuaj. [lapamerpu metone B n
NC ce koH(}urypHmry nomTo je u3BplIeHa paBUIHA CENIEKIIN]ja KBAJIMTAaTUBHUX Mapamerapa.

Ha ocHOBy mpencraBibeHHX pe3ysiTaTa MOXE C€ 3aKJbyYWTH Ja je KaHAWAATKUIba Jajia 3HadajaH
JIONPUHOC pa3BOjy M aHAJIM3U METOJE ONTHMHU3AIMje KOJOHH]jOM IT4ena. Pe3ynrtatu cy M TEOpHjCKOT U




EKCIIEPUMEHTAJIHOT KapakTepa M NPaKTUYHO Cy NPHUMEHJbUBHM KOJ| MMIUIEMEHTAIMje OBE METOJE 3a
NIPUMEHY Ha pa3He ONTHMHU3alMoHe pobneme. Jucepranuja npencraBiba HajcBEOOYXBaTHHUjH JOIPHHOC
pa3Bojy BCO metozne u cagpu HEKOJMKO KOPHCHHMX CMepHMIa OynyhuM HCTpakmBauuma y OBOj
o0JacTH.

VIl CONCLUSIONS AND RESULTS OF THE RESEARCH

The following results are presented:

1. Proof of the best-so-far convergence of the BCO algorithm. Two proofs have been presented. The
proof for best-so-far convergence of the BCO algorithm with independent iterations is presented
first, and then, for the algorithm with the global knowledge.

2. Proof of the model convergence of the BCO algorithm. Two proofs and four modification schemes
have been presented. The two proofs correspond to the constructive BCO algorithm (BCOc) for
two types of optimization problems: (a) problems when all components are not included; (b)
problems when all components are included in the solution. Modification schemes for the
improvement version of the BCO algorithm (BCOi) are given for the same two types of
optimization problems.

3. Development of parallelization strategies of the BCO algorithm increases the efficiency of its
performance. Parallel implementation of BCO have been developed for distributed memory multi-
processor architecture under the MPI communication protocol and it is shown that the parallel
BCO algorithm performs better than the sequential version for P||Cn.x if Synchronous and
asynchronous cooperation strategies are implemented.

4. Results of analysis of the both variants of the BCO algorithm are presented. Statistical and visual
analyses have shown that loyalty function is the most significant factor for constructive BCO
variant. For the improvement variant evaluation function exhibits the highest impact on the
performance of the BCO algorithm. Once these qualitative parameters are determined, the
quantitative ones, B and NC, should be configured.

Based on the presented results it can be concluded that the candidate has significantly contributed to the
development and analysis of the bee colony optimization method. The contributions are of theoretical
and experimental nature and are valuable and applicable in implementations of the method for variety of
optimization problems. The dissertation represents a most comprehensive contribution to the
development of the BCO method and contains several helpful directions for future researcher in this
field.

VIl OLIEHA HAUYMWHA MPHUKA3A U TYMAYEBA PE3YJITATA HCTPAXKUBAIbA
EKCIUIMITNTHO HaBECTH MO3WTHUBHY WIM HETaTHBHY OIICHY HAa4YMHA MNpHKa3a M TyMauema pe3yirara
HCTPaKUBambA.

Kangunatkuma Tatjana Jakmuh Kpyrep je y 1ienoctu obaBuiia HCTpakMBama mpeBuljeHa mIaHoM JaTHM
y NpUjaBu JOKTOpCKe nucepranumje. Jucepranyja je HanucaHa mperjie/Ho, Ha jacaH U pa3yMJbUB HauuH. Ha
OCHOBY IIOCTaBJbEHHX LMJbEBA MCTPAXKMBambha, NOOMjEHH Cy PE3yNATaTH KOjU JONPHUHOCE JIaJbeM pa3Bojy
METO/Ie ONTUMHM3AIM]je KOJOHHjOM Iuesia. Pe3ynTaTi cy NpouCTakiIM U3 OPUTHHAIIHO ITOCTaBJbEHHUX INJbEBa
YCMEPEHHX Ka TEOPHjCKOj BEpHU(PUKAIMjH aCUMIITOTCKE KOHBEpreHnyje 1 rmodospinamy nepdopmancu BCO
anropurMa. HaunH npukasa u Tymaueme pesynrara Cy jacHHU, IPEUU3HH U afekBaTHU. Ha ocHOBY yBumaa y
KopuiheHy JUTepaTypy, jacHo je Ja je KaHAWAAT YIIO3HAT ca HayYHUM CTaBOBHUMA y 00JIaCTH NCTa)XXHBamba.

Kommucuja onemyje TOKTOPCKY T€3y HO3UTUBHOM OLIEHOM.

VIII EVALUATION OF THE PRESENTATION AND INTERPRETATION OF THE
RESEARCH RESULTS

The candidate Tatjana Jaksi¢ Kriiger has fully conducted the research stated in the plan given when
submitting the topic of the dissertation. The dissertation is written clearly, precisely and in understandable




manner. Based on the objectives of the research, the obtained results contribute to further development of
the BCO method. The results originate from originally posted goals directed towards theoretical
verification of the asymptotic convergence and towards improving of the algorithm’s performance. The
presentation and the interpretation of the results are clear, precise and adequate. Based on the used
literature, it is clear that the candidate is familiar with scientific ideas in the area of the research.

The Committee gives a positive assessment of the doctoral dissertation.

IX KOHAYHA OILIEHA JTOKTOPCKE IUCEPTAIIMJE/ FINAL EVALUATION OF THE
DOCTORAL DISSERTATION:
EKCHJ‘II/IHI/ITHO HaAaBECTHU JOa JIK z[McepTaqua jeCTe niIn HPIje HanMcaHa Yy CKJaay c¢a HaBCIACHUM
06pa3ﬂ0)1<eH>eM, Kao U Ja JIU OHa CaJpXU WJIM HE CaJpiKU CBC OWUTHE E€JIEMEHTE. ﬂaTI/I jaCHe, Opeuur3He U
KOHIM3He oxroBope Ha 3. m 4. murame / Explicitly adduce if the dissertation is or is not written in
accordance with the above explanation, as well as if it contains or does not contain all the important
elements. Provide clear, precise and concise answers to questions 3 and 4:

1. Jla Jiu je nucepTamyja HaMMcaHA y CKJIaay ca o0pa3iioixemheM HaBeleHUM y IpHjaBu Teme?

Kowmucuja cmaTpa Ja je JOKTOpCKa IHCepTaldja HalmkcaHa y CKIaLy ca o0pasiioKeHheM HABEICHHM Y
TIpHjaBU TEMe.

Is the dissertation written entirely in accordance with the reasoning given in the application?

The Committee concludes that the dissertation is written in accordance with the reasoning that was set up in
the application of the research proposal.

2. Ja jau aucepTanmja caap:Ku cBe OUTHE eleMeHTe?

JlokTOopcka nucepTalja CaApXKH CBe OUTHE €JIEeMEHTe Hay4HO-UCTPaKHMBAUKOI pajia: IMPENU3HO Cy
nebUHUCAHN TpPeIMeT, LMJBEBU M 3aJlalld MCTPAXKHMBama HA OCHOBY KOjUX OM Ce MCTPaKHBaEkbe MOIJIO
TOHOBHTH M NMPOBEPUTH. J[eTalbHO je aHAIM3MPaHO CTame y OOJNACTH MCTpaKHBama JHCEepTalHdje Kao U
JI0OMjeHH pe3yJTaTH, ITUCKYCHja U KJbyYHa pasMarpama. KaHmunaTkuma je M3JI0KHiIa HCLpPHaH CIIHCAK
pelleBaHTHUX pedepeHIy, KOju cBeoYe 1a je yrmo3Hara ca o0nanhy ucTpaxnBama.

Does the dissertation contain all the relevant elements?

The dissertation contains all relevant elements of scientific research: precisely defined subject, objectives
and tasks of the research upon which the research could be repeated and confirmed. A detailed analysis of
the current state in the field of research of the dissertation is provided, as well as result, discussion and key
considerations. The candidate has presented a comprehensive list of relevant literature, which testifies to
the fact the candidate is familiar with the research field in question.

3. ITo yemy je qucepTalmuja OPUTHHAIAH JONPHHOC HAYIH ?

JlokTopcka nucepTrandja KaHIUIATKHIGE MPEACTaBsba JIONPUHOC HAYIM 110 CBOM HCIPIIHOM INPHUCTYIY Y
obnacTi OnepalMoOHMX HCTPaKUBAmba: TEOPHjCKM JIOKA3 AaCHMIITOTCKE KOHBEPreHIUje, H3ydaBame
cTparervja mnapajeinsalyje U eMIUpPHjcKa aHallM3a Pa3IMuuTHX MMIUIEMEHTAlllja METO/IEe ONTHMHU3alNje
KOJIOHHjOM IT9eIa.

Teopujcka aHanM3a METaXEypUCTHKA je AYTH HU3 TOJMHA IpEACTaBJbaja M3a30B 32 MHOTE HCTPaKMBade
yclenl CTOXacTHUKe Mpupoje aropuTama. KopekTHOCT MeTo/ie ONTHMH3AIHje KOJOHHMjOM ITdelia je MPBU
IyT J0Ka3aHa y OKBHPY HCTPAKUBama OBE JOKTOPCKE auceprammje. Ja Om KOHBeprupao Ka ONTUMATHOM
pemwewy, BCO anropuram Mopa Ja 3a10BOJbU HEONXOJHE YCIOBE KOjU TapaHTy]y acHMIITOTCKY
KOBepreHnujy. Pesynratu oBOr McTpakMBama yKa3yjy Ha 3Haudaj TII00AHOT 3Hama W MpaBHIaH HU300p
KOMITOHEHTH pellea.




[Mapanenu3zanuja MeTaxeypucTuka je Takohe mocebaH MCTpaXKMBAa4YKH M3a30B 300T CTOXAacCTHYKE MPUPOJIE
anropurama. Kanaunatkuma ce U ca TUME yCIEITHO YXBaTHiIa y KOUITAIl M OCTBapuIIa pe3yiraTe KOju MOTy
Ja Oyay of MPakTUYHOT 3Hayaja, Tj. Aa ce KOPUCTE MPUIIMKOM MMIUIEMEHTalnuje mapanennux Bepsuja BCO
MeToJIe.

JomnpuHoc KaHOUTATKUERE eMiupujckoj aHammsu BCO anropmrMa je on BeIHMKOT 3Haudaja 3a CBE HOBE
UMIUTEMeHTaIuje oBe Merone. CBOjUM pe3ynraThMa KaHTUAATKHbA je IMOCTABWIIA CTaHAape Mo KojuMa
Tpeba TomemIaBaTH MapaMeTpe W EBAIYHpaTH HWMIUIEMEHTAaIMje Mpe Hero Imro ce ¢opMupa KOHAYHA
BapHjaHTa MeToje Koja he mocTuzatu HajOoIBe IEppOpMaHce.

In what way the dissertation provides original scientific contribution?

The doctoral dissertation of the candidate is a contribution to science for its thorough approach in the field
of operations research: theoretical proof of asymptotic convergence towards optimal solution, study of
parallelization strategies and empirical analysis of various implementations of the bee colony optimization
method.

Theoretical analysis of meta-heuristics has presented a challenge for researchers for many years due to the
stochastic nature of the algorithms. The correctness of BCO has been first time demonstrated as a result of
research in this doctoral dissertation. In order to converge towards an optimal solution, the BCO algorithm
must satisfy necessary conditions. Results of this research highlight the importance of global knowledge
exchange and of a proper selection of solution components.

Parallelization of meta-heuristics also presents a special challenge due to stochastic nature of the algorithm.
The candidate has successfully tackled this topic and has successfully produced results of practical
significance, i.e., to be utilized within implementations of parallel versions of the BCO method.

The contribution of the candidate to empirical analysis of the BCO method is of great importance for all
new implementations of the method. With her results, the candidate has set the standard for parameter
tuning and evaluation of the implementations before the final version of the method is formed that will
produce the best performance.

4, Henocrauu qucepranuje v lbUXOB YTHIIAj HA Pe3YJTAT HCTPAKMBaha

Ha ocHOBY neTajbHMX yBH/A M IPETXOAHO U3HETHX MUIIBEHA, KOMHICHja KOHCTATYje J1a JUcepTanyja Hema
HeJlocTaTaka Koju OM, eBeHTYaJIHO, yTHIAIN Ha pe3yiITaTe NCTPaXXNBamba y TOKY HhEeHE H3paje.

The dissertation shortcomings and their impact on research results

Based on insights and above judgments, the Commission finds that the dissertation has no shortcomings
which might, eventually, influence results of the research during its preparation.




X OPEAJIOT / EVALUATION RECOMMENDATION:

Ha ocHOBY yKyITHE oIleHe AHCEepTaIHje, KOMHCH]ja TpeIaxe:

- [I1a ce JOKTOpCKa JucepTanyja mpuxsatd, a Kauaugatkumu Tatjanu Jakmmh Kpyrep omo6pu
onOpaHa

- to accept the doctoral dissertation, and to approve defense to the candidate Tatjana Jaksi¢ Krliger
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