YHUBEPSUTET ¥V BEOI'PAIY
MATEMATUYKN GAKVJITET

Jlazap M. Mpxkeina

METAXEYPUCTUYKE METOAE
BUHIEKPUTEPUJYMCKE OITTUMUSALNJIE
N ITPUMEHE HA INCKPETHE
JOKAIUNJCKE ITPOBJIEME

JIOKTOPCKa JucepTallnja

beorpag, 2024.



UNIVERSITY OF BELGRADE
FACULTY OF MATHEMATICS

Lazar M. Mrkela

METAHEURISTIC METHODS FOR
MULTI-OBJECTIVE OPTIMIZATION AND
APPLICATIONS TO DISCRETE LOCATION
PROBLEMS

Doctoral Dissertation

Belgrade, 2024.



MeHTOp:

np 3opuria CTAHUMUPOBUR, pejoBHE ITpodecop

Yuusepsuret y beorpajy - Maremarnukn dpakyarer

YnaHoBM KoMUcKHje:
1np Mupociap MAPUT, penoBau 1mpodecop
YuuBepaurer y beorpajy - Marematnukn dpaxkyarer

np Huna PATOJUYUE MATHWR, nonent

YuuBepaurer y beorpajy - Marematnukn dpaxkyarer

np Tarjana JIABUJTOBUT, HAYYHN CABETHUK

Maremarnukn nncruryr CAHY, Beorpan

Jdatym ogbpaHe: 22.04.2025.



Mojum podumenuma



SATEANHUUE

3axBasbyjeM ce CBOM MeHTOpy npodd. Ap 3opuuy CTaHMMMposuh Ha CTPYYHO]
nomohu, caeeTumMa M O4J/INYHOj capagrW. 3axBaiaH caMm U 4Y/iaHOBMMA KOMUCUje
npod. Ap Mwupocnasy Mapuhy, gou. gp HuHu Papojuumh Matuh u ap TaTjaHu
Jasnosnh Koju cy CBOjUM KOMeHTapuma U cyrectmjama 3HayajHo LOMpPUHeNn Ksa-
NIMTETY OBe gucepTaumje. 3axBasiHOCT Ayryjem v npod. ap MunaHy Ty6u Koju Me je
3aMHTepPecoBao 3a HayKy nucakmem MpBOr paja 3a HayyHy KoHgepeHuujy. MocebHo
caM 3axBasiaH CBOjOj MOPOAUUN, Tj. POAUTE/bUMA U CECTPU Ha HEW3MepPHOj noap-
UM 1 pasymeBamny. Takohe, 3axBanaH caM 1 MOjuUM npujaTes/bMmMa Koju cy ounm ys
MeHe.



Hacnos agucepTtauuje: MeTaxeypucTUUYKe METOAE BULLEKPUTEPUjYMCKE ONTUMM-
3aumje 1 NpUMeHe Ha AUCKPETHe slokaumjcke npobreme

Pe3nme: Y 0BOj AucepTauuju pasmarpaHa Cy [Ba AMCKpPeTHa JioKaumjcka npo-
6rema 1 kKrxoBe ABOKPUTEPUjYMCKe BapujaHTe. Pa3martpaH je npobnem mMakcumall-
HOr MOKpMBama sloKaumja ca npeepeHumjama KopucHMKa U orpaHu4yerbuma bylleta
3a oTBapatbe objekata. OBa BapujaHTa npobsemMa MakCMManHoOr NoKpuBama Huje ao
cafa pasMarpaHa y nutepatypu. 3a pasninKy of Knacu4yHor npobseMa Makcumari-
HOI MOKpMBaka, NpobseM pasmaTpaH y 0BOj AuUcepTaunju yKbyudyje npediepeHumje
KOPUCHMKA Ka NoKauujama, npu Yemy ce CBaku KOPWUCHWUK [0Ae/byje NoKauuju Kojy
HajBuLLE Npedhepunpa, a Koja nma 0TBOPeH objekaT. lMopen Tora, pas3iMumnTe foKaunje
nmajy pasnimymnTe LieHe nocTae/bara 06jekaTa, a pacrnooXKMBK OYLIET je OrpaHNYeH.
OBaj npobnem je pelaBaH MeTOLOM MPOMEH/BUBUX OKOIMHA, & J06MjeHN pe3ynTaTy
Cy ynopeheHn ca pesyntaTMma ersakTHOI pellasada Ha MOAUIMKOBAHUM WHCTaH-
uama un3 nutepartype. JogaTHo, pellaBaHa je M nocTtojeha BapujaHTa npobnema
MaKCMMa/THOI NMOKpMBakba Koja YMeCTO OrpaHuyeHor OylleTa yK/bydyje orpaHuyera
Ha 6poj objekaTa Koje Tpeba OTBOPUTMN.

Pa3vaTpaH je n npob6niem rnocTaB/baka pereHepaTopa y ONTUYKUM Mpe>kama.
Kopg onTuyKux Mpexka KBa/IMTeT CMrHasa onajga ca pactojareM, Te je NoTpedHo rno-
CTaBUTK CKyne ypehaje Koju he onopaBuTy CUrHa/T. Y 0BOj AMcepTaumju pasmartpaH
je noctojehn mogen, rae je CKyn flokaumja 3a rnocTaB/batbe pereHeparopa u ckyn
KOPUCHUYKMX YBOPOBa PasNUUUT M npobsieM ce HasmBa YOMLITEHUM. YONWTeHU
npo6/ieM nocTae/batba pereHepaTopa y onTUYKUM MpeXxama je Takohe pellaBaH me-
TOAOM NPOMEH/BUBMX OKO/IMHA, a pPe3ynTaTu cy ynopeheHn ca Haj6o/bumM LOCTYMHUM
N3 NuTepaType.

LeunHncaHe cy n 4BOKpUTEPUjYMCKE BapujaHTe HaBegeHMX npobnema. Kog npo-
6nema MakcMMasTHOT NMOKpUBaka fiokaumja, npegepeHumnje KOPUCHNKA CY YK/byYeHe
Kao TEXXMHCKM (PAKTOPW Y YKYIHOj MOKPVBEHO] MOTPaXKHK, LITO YNHW NPBY (DYHK-
umjy unba. Opyra doyHKumja npeactaB/ba 6poj HENOKPUBEHUX KOPUCHMKA N TEXU
[la ocTBapv npasu4yHocT y Mogeny. Kog npobnema noctae/barwa pereHeparopa y
ONTUYKMM MpeXKama, NPeTnocTaBka je fa, ycnes orpaHuyeHor oylleta, Huje moryhe
06e36e4MTV HeCMeTaHy KOMYHUKaUMjy n3mehy cBMX napoBa KOPUCHUYKNX YBOPOBA.
CBaku nap uma [ofe/beHy TEXMHY, a Cyma TedXXMHa NoBe3aHWX naposa YMHW MpBYy
hyHKUMjy unba. Adpyra oyHKLMja uuba je LeHa noctae/bakba pereHepatopa. [Bo-
KpUTEPUjyMCKe BapujaHTe Cy peluaBaHe npuiaroheHoM BULLEKPUTEMPUjYMCKOM Ba-



pUjaHTOM MeTo/e NPOMEH/LUBMX OKOMIMHA, a MPUKa3aHW Cy pe3ynTaTy nopefera ca
YOMNLUTEHUM €BOSTYTUBHUM a/ITOPUTMUMA.

KrbyuHe peun: BULLEKPUTEPUjyMCKa ONTUMM3aLMja, NPO6IeM MaKCMMasHor Mno-
KpvBarba fokauuja, npo6sem onTUMasHOI MOCTaB/batba pereHepaTopa, MeTaxeypu-
CTUKE, MeToAa NPOMEH/bMBUX OKO/MHA, €BOSTYTUBHU anropuTMu

HayuHa o61acT: PauyHapcTBO U MHhopmaTuKa

Y>Ka HayuHa o6nacT: PayyHapcka WHTenureHuuja



Dissertation title: Metaheuristic methods for multi-objective optimization and
applications to discrete location problems

Abstract: This dissertation examines two discrete location problems and their bi-
objective variants. The first problem under consideration is the maximal covering
location problem with user preferences and budget constraints imposed on facility
opening. This variant of the maximal covering problem has not been previously
studied in the literature. Unlike the classical maximal covering problem, the variant
proposed in this dissertation includes user preferences for locations, where users are
assigned to the location with opened facility that they prefer the most. Additionally,
diLerent locations have dilerknt costs for establishing facilities, and the available
budget for opening facilities is limited. This problem is solved using the Variable
Neighborhood Search (VNS) method, and the results were compared with the ones
obtained by an exact solver on modified instances from the literature. Furthermore,
an existing variant of the maximal covering problem is also addressed, which imposes
the limit on the number of opened facilities instead of limiting the budget for opening
facilities.

The second problem examined is the regenerator placement in optical networks.
In optical networks, signal quality degrades with distance, necessitating the place-
ment of costly devices to restore the signal. This dissertation studies an existing
model where the set of possible regenerator locations and the set of user nodes are
diLerknt, defining the problem as generalized. The generalized regenerator place-
ment problem in optical networks is also solved using the Variable Neighborhood
Search method, with results compared to the best available solutions from the lit-
erature.

Bi-objective variants of these problems are defined as well. For the maximal
covering location problem, user preferences are included as weighted factors in the
total covered demand, forming the first objective function. The second objective
function represents the number of uncovered users and aims to ensure fairness in
the model. In the regenerator placement problem for optical networks, it is assumed
that, due to budget constraints, uninterrupted communication between all pairs of
user nodes may not be feasible. Each pair is assigned a weight, and the sum of the
weights of connected pairs constitutes the first objective function, while the second
objective function represents the cost of placing regenerators. These bi-objective
variants are solved using an adapted multi-objective version of the Variable Neigh-



borhood Search method, and the results are compared with general evolutionary
algorithms.
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[naBa 1

YBoa

Y MHOIMMM peanHum cuTyaumjama noTpebHOo je onTummu3oBaTu BuLle (MOTEHUM-
ja/THO cynpocTaB/beHUX) PyHKLUM]ja Lmba nctoBpemeHo. Kako Huje moryhe gobutn
je4HO ONTMMasIHO peLlere, Ln/b je NpoHahu CKyn peluera Koja NpeacTas/bajy Haj-
60/b1 KOMMPOMUC U3MeRY CBMX (DYHKLMja Ln/ba U TakBa peLlera ce Hasueajy Ma-
peTo onTumanHa. Kog MapeTo onTUMasTHUX peLlera Huje Moryhe no6ossluatu jeaHy
04, pyHKLUMja uM/ba, a fa ce He noropLua Heka gpyra. Ckyn csux MNapeto ontumar-
HUX peLlera Hekor npobrema Hasmsa ce MapeTo cKyn (ako mocMarpamo npocTop
peluera) nnn Mapeto YPoHT (ako nocMaTpamo NPocTop yHKunja ummsa) [100].

JeHOCTaBHWN HaYMH 3a peLlaBakbe Npobsiema BULLEKPUTEPUjYMCKe ONTUMU3aLuje
npeAcTaB/ba CBONEHE Ha jeJHOKPUTEPUjYMCKY onTuMmu3auujy. Ha npumep, Moxke ce
ONTUMM30BaTU NIMHeapHa KOMOWHauMja PyHKUMja Un/ba ca TEXXUHCKUM KoeduLm-
jeHTma. Kog oBe MeTofe KOPUCHWK Tpeba Aa ogpean Koje he TeXKMHe noctaBuUTu.
IMpoMeHOM TeXXnHa Mory ce J06UTU pasnnumMTa KOMNPOMUCHA peLleHa, anin OBaKas
HauMH MOXKe MPONYCTUTU HeKa peLlera U3 MapeTo ckyna. Jow jegHa MoryhHocT je
N ynotpeba Xmjepapxmnjckor NpuUcTyna, rae KOPUCHUK mopa Aa ofpean npuoputeT
thyHKkumjama unba. BehnHa nocTojehmx ersakTHUX pellaBaya Hy4u OBakBe HauuHe
pewaBawa (GUROBI, CPLEX). Kog oba HaBefeHa HayvMHa, KOPUCHUK Mopa YHa-
npes Aa geouHulle Koja My je oyHKUMja NPUOPUTETHA UK Aa paHrupa yHKuuje
LW/ba Nno NpUopuTeTMAa, a 4a My joL HMUCY Mo3HaTe CBe ornuuje, Tj. cBa KOMMPOMU-
CHa peluerba. Kako 6u ocoba Koja fOHOCK O4/1yKe umasia noTnyHe uHopmauumje o
Moryhum KOMNpoMUCHUM peLleryvMa NOTPeBHO je npoHahu cKyn ceux MapeTo onTu-
Ma/IHUX pellera. Taga ce MOXKe M3abparty jefHO UK BULLIE KOMIMPOMUCHUX peLlera
Y 3aBUCHOCTW 0 NPYMEHE 1 NpuopuTeTa 0cobe Koja oayudyije.

MpoHanaxkewe cKyna cBux MapeTo ONTUMANHUX peLlera MOoXKe 6UTYN BPEMEHCKU



BeOMa 3axTeBHO. Y cnyyajy HIN-Telwkunx npobaeMa n MHCTaHUM BeIMKUX OVMEH3Nja,
ersakTHa peLlerba ce YeCTo He MOry J06UTK Y NPUXBaT/bMBOM BpeMeHy. MeTaxeypu-
CTMYKM anropuTmMmn Mory eoukacHo npoHahu anpoKCMMaTMBHU CKYM peLleHa Koju 'y
peasTHUM cuUTyaumjaMa MoXKe [a ce KOpUcTy yMecTo npasor apeTo ckyna. Y nute-
paTypu ce 4YeCTO KOPUCTE eBOJTYTMBHU a/ITOPUTMU 3a pelliaBake BULLEKPUTEPUjYM-
CKUX npobsema, jep nonynaumja pellera TakBuxX asropMtama npupoagHo oarosapa
anpoKCcMMaTMBHOM CKyNy pellera [23,175,186]. OBn anroputmu cy noctaau u aeo
OKBMpa 3a pa3Boj cothBepa 1 6MbNMoTeKa 3a pa3nnunTe nporpamcke jesuke [20,80].
MehyTum, y HOBUjUM pafoBurMa Ce jaB/bajy Y BULLEKPUTEPUjYMCKE BapujaHTe aro-
pyTama Koju Cy 3aCHOBaH/ Ha JI0OKa/IHOj NpeTpasu, Kao LUTO CYy MeToAa NPOMEH/bUBUX
okonmHa (eHrn. Variable Neighborhood Search, VNS) 1 HacymMn4HO noxsenHa agar-
TBHa npetpara (eHrn. Greedy Randomized Adaptive Search Procedure, GRASP).
OBe MeTofe Aajy Aobpe pesyntate Ha jeAHOKPUTEPUJYMCKUM BapujaHTaMa MHOIUX
AVCKPETHUX NTIOKaUMjCKMX npobsiema, na Hhuxosa NprYMeHa Ha BULLEKPUTEPUjYMCKE
BapujaHTe MOXKe MOTeHUMjasIHO No6osbLIATY peLleHa NnocTojehmx eBosTyTUBHUX asl-
roputama.

Y OKBMpY 0Be AucepTaumje pasmarpaHa cy [Ba foKauujcka npobsiema U HuUxose
BULLEKPUTEPUJYMCKe BapujaHTe: MpobnieM MaKCMMaIHOT MOKpvBaka fiokaumja ca
npecepeHunjama kopucHuka (eHrn. Maximal Covering Loacation Problem with
Customer Preferences, MCLP) n yonwteHn npo6sem nocTaB/bara pereHepaTopa y
onTnykmuMm mpexkama (eHrn. Generalized Regenerator Location Problem, GRLP).

MCLP npegctas/ba NnokKauujckn npobseM vmjn je uub Hahu onTuMasiHe oKa-
unje p objekaTa, Tako da Ce MaKCMMMU3yje MOKPUBEHA MOTpadKha KOpUCHMKa [37].
KopurcHMUM Cy MOKPMBEHW aKo Ce Hanase Ha pacTojakby MaweM 0f yHanpen 3a-
Jator r > 0 Koju ce HasmBa MOyNpPevyHNK MoKpuBawa. Y BapujaHTu npobnema
ca npecepeHUmjama KOpUCHUKA, CBaKM KOPUCHMK UMa npedepeHLmjy Ka ogpeheHoj
nokaumjn. ®PyHKuUMja um/ba je cyma MoKpuBEHE NMOTParKke KOPUCHMKA Kojy Tpeba
MaKCMMN30BaTKW, C TUM LUTO je MpeTrnocTaBka fa Beh MocToje MoCTaB/beHN 00jeKTU
KOHKYPeHLMje, a KopucHuLmM bupajy objekart Ha siokauumjy Kojy BuLle npedepupajy.
Y 0BOj AucepTaumju pasmaTtpaHa je sapnjaHta MCLP koja 60/be ogcnnkaea peasiHe
cuTyaumje. YmecTo chuKcHor 6poja p HoBMX 06jeKaTa Koju ce nocTas/bajy HoBa Bapu-
jaHTa yK/byuyje orpaHnu4eHn ByLIeT 1 pa3/iMunTe LieHe NnocTas/bakba Ha pPa3iMunTum
noKauujama.

Y OKBUpY OBe AucepTaumje, fepmHncaHa je M HOBa BULLEKPUTEPUjYMCKA Bapu-
jaHTa npobnema. MoTuBaLuja je HanaXkewe KoMmnpomuca usmehy MokpriBeHe mo-



TPa>KHe KOPUCHMKA Ca TEXXMHCKNM KoenLMjeHTUMA NPONOPLMOHA/THUM Mpedieper-
LuMjama KOpuCHMKa 1 6poja HermoKpUBEHWX KOpPUCHMKA. Mfeja je fa ce WwTO BuLle
3a[10B0/be npedoepeHLnje KOPUCHNKA ca BEIMKOM NMOTPaXKHO0M U 0CcTBapu WTo Beha
YKyMNHa 33[0BO/beHa NOTPa>KHa, a Aa Ce BOAM pavyHa U O NMOKPWBEHOCTU OCTa/IUX
KOPUCHUKA, Tj. Aa ce y3me Y 063Vp U MPaBUYHOCT MPU O4J/1yUMBaksy.

MNpobnem onTManHor noctae/batba pereHepatopa (RLP) npeactas/ba nokaumj-
CKVM Npo6/1eM KOjv NOTUYe U3 AM3ajHa ONTUUKNX MpedKa [35]. Y ONTUUKUM MpeXxama,
Mocsie HEKOr pacTojara, KBa/IMTET CUrHasia Harso onaja, Te je noTpe6HO MHCTaNu-
paTtu cKyne ypehaje - pereHepaTope, Ynju je 3afaTak aa ornopase KBa/IMTET CUrHasa.
Kop ocHoBHe BapujaHTe npob6nema (RLP) ckyn noTeHUmjaiHUX noKaumja 3a pere-
HepaTope M CKyn JfloKauuja Kpajux KOPUCHWKA CY WUCTW, LOK CYy KOA YOMWITeHe
BapujaHTe (GRLP) pasnnuutu [34]. Kopg 06e BapujaHte (RLP n GRLP), unmb je
CMakMTK 6poj pereHepaTopa, a npy TOMe 04yBaTW HeCMeTaHy KOMYHUKaLnjy namehy
CBMUX 3afaTuX NapoBa Kpajbux KOPUCHMKA Mpexke. TeXXMHCKa BapujaHTa npobnema
(WGRLP) ykrbydyje pa3imunte LeHe MHCTaaumnje pereHeparopa y 3aBMCHOCTY Of,
NI0Kauuje WTO BULLE O4roBapa peasiHum cuTyalmjama.

Y cnydajy orpaHuyeHor 6ylleta, Huje yBeK Moryhe oCTBapuUTU HeCMeTaHy Ko-
MyHUKaLmMjy n3melly CBMX KpajbuX KOPUCHWKA MyTeM ONTUYKe Mpexke. Crtora je
y 0BOj AucepTaumjn feuHUCaH ABOKPUTEPUJYMCKM MOAEN KOju y3uma y 063up u
TpowKoBe MHCTanauyunje (Tj. TPOLLUKOBE MOCTaB/batba pereHepartopa) M moryhHocT
KOMYHVKaLuje napoBa Kpajibux KOPUCHMKA. Kako CBM MapoBu y npakcu He mMopajy
Ja umajy UCTu NPUOpUTET, 3a APYry (PYHKUW]Y UMba y3uma ce 30Mp TEXKUHCKUX
KoedhmumjeHaTa naposa.

HaseneHun npobnemu cy HIM-Tewku, a y pealHUM cuUTyaumjama Cce jaB/ba BeJIMKU
0poj noTeHUMjaTHUX NoKaumja, Tako Ja er3akTHY pellaBavy He MOry y npuxsat/bu-
BOM BpeMeHy Aa [obujy onTvMasiHa pellera Uan He Mory AaTu Yak HU JOMyCTMBO
peLlere ycpes MeMOPUjCKOr orpaHuyerba. lopes Tora, nNpobsieMn BULLEKPUTEPU-
JyMcKe onTumm3saumje cy jowl 3axXTeBHUjK jep Tpeba npoHahu ckyn cBux lMNapeTo on-
TUMaTHUX peLlersa. CTora, XeypucTuyKe N MeTaxeypucTuyKe MeToze NpeacTas/bajy
edomKacHe HavMHe peluaBarba 0BUX MpobsieMa y npakcu.

OcTaTak fguceprauuje je opraHu3oBaH Ha cnefehn HauvH. Y OKBUPY YBOAHe
rnase 4aTu Cy OCHOBHW MOjMOBY U AedMHULMje Y MaTeEMaTUYKOj ONTUMM3aLMjI, 3a-
TWM je AaT KpaTak onuc 1 Nperneg nokaunjckmx npobnema, kao n Metoga ontTummusa-
LMje 3a HUXOBO pellasare. [1aBa 2 ce 6aBn NPo6/1eMOM MaKCUMasIHOT MOKPVBaHa
/loKauuja ca orpaHuyeHum byLIeTom 1 npediepeHumjama KOpUCHNKa, LOK ce 'y rnasu 3



1.1. MATEMATWYKA ONTVMN3ALINIA

pa3maTpa ABOKpUTEpUjyMCKa BapmnjaHTa 0BOr npobsieMa. Y rnasu 4 je npeasioxeHa
MeToZa 3a peLlaBane YorTeHOor npobsieMa nocTas/bara pereHeparTopa y onTUYKUM
Mpe>kama, 10K ce y rnasu 5 aeonHuULLEe 1 pelLaBa ABOKPUTEPUjYMCKA BapujaHTa 0BOr
npobneMa. 3ak/byyak 0Be gucepTaumje npukasaH je y oKBupy rnase 6.

1.1 MartemaTtnuka ontumMmmnsayuja

Y MHOrum obnactvma, LOHOCUOLM OANyKa MMajy 3afaTak Aa Hahy onTuMasiHo
pelewe Hekor npobremMa M3 AaTor CKyna AONycTUBMX pelewa. MoTuBaumja je
[OHOLWWEeHe of/lyKa Koje he nobosbliaTh eqpMKacHOCT cUCTeMa, CMarUTU TPOLLIKOBE
NNn yHanpeauTn nepgopmMaHce. MatemaTuyka ontTummnsaumja je 06nact npumereHe
mMaTeMaThKe Koja ce 6aBy MpoHanaXkeweM Hajoosber pellera (jeaHor uam BuLle) n3
CKyna [onycTuBux pellera [166]. Cnegehu nojMoBU Cy K/byYHW 3a AeuHMUmnjy
npobseMa maTeMaTUyKe oNnTUMM3aLmje:

e dyHKUMja unmwa: dPyHkumja T(X) kojy Tpeba ontummsosaTtn (6110 MUHK-
MWU30BaTN WM MaKCUMKU30BaTH).

e [NpomeH/bMBE ofslyumBarba: [pomMeHbUBe, MpefcTaB/beHe BEKTOPOM X, Y
3aBMCHOCTY 0Of, KOjUX Ce Mera BPeLHOCT (PYHKUMje unsba.

e OrpaHunyena: OrpaHuyerba NPOMEH/bBUX 0AJTyuYMBatba Koja AeddnHuULLY npo-
CTOp AOMYCTMBUX peluerba S.

Ha ocHoBy gedmHMcaHMX nojmosa onwTa hopma npobneMa MaTemMaTmnyke OnTu-
mu3aumje je:

MuHumMm3oBaTn (M makcummnzosatn) T (x) (1.0
npu orpaHuyerbmma: gi(x) bj; 1=1;:::;m 1.2)
hj(x)=d;; J=1::;p (1.3)

Y HaBefeHoj thopmu, F(X) npeactaBmba (PYHKUM]Y Lu/ba KOjy ONTUMU3YjeMo.
BeKTop X je BeKTOp NMPOMEH/bUBUX 04/ 1y4MBakba, Ynje BPeAHOCTY MOXKEMO 13abpaTiu.
MpocTop gonycTmBuX pellera je gedmHucaH orpaHudersuma (1.2) n (1.3), rge cy
gi(X) orpaHuyerba HejegHakocTu, AoK cy hj(X) orpaHuyerba jefHaKoCcTH. Pellere



1.1. MATEMATWYKA ONTVMN3ALINIA

npob6nemMa je npeacTas/beHo oapeheHM M360poM BPeAHOCTM 3a MPOMEH/bUBE OfY-
ymBaha. Peluere 13 JoMYCTUBOI CKyna pellera Koje aaje Hajmawy (unun Hajsehy)
BpeAHOCT DYHKUMje un/ba NpeacTas/ba ONTUMA/THO peLlerse npobemMa.

Mpobnemu onTvMuK3aumje ce MOry KnacugmkoaTu y 3aBUCHOCTU 0f 0CO6UHA
hyHKLMje unrba n orpaHuydera. PyHKUMja Koja ce ONTUMU3Yje MOXKe BUTU KOHBEK-
CHa WM HEKOHBEKCHA. 3aTuM, MPOMEH/bMBE Of/lyYMBarba MOry y3uMaTu peasiHe
BPe4HOCTM (KOHTMHyaslHa onTUMM3aumja) Wam BpegHOCTU U3 npebpojuBor cKyna
(auckpeTHa onTMMM3almja). Y cny4ajy ga cy orpaHudera U (pyHKumja uuba nmHe-
apHe KoMOuHaunje NPoMeH/bUBKX 0f/TyUYMBakba MMamo Npob/ieM NIMHeapHoOr Nporpa-
MUpama, JOK Y Crydajy KBagpaTHe yHKUMje unba NpobeM ce Hasnea KBaapaTHoO
nporpamupatrse. Npobriemn pelasaHn y 0BOj AucepTauujy cy npobriemmn ANCKPETHe,
Tj. KOMOMHATOpHe onTuMK3aumje, Tako Aa he oBa Knaca npobnema, Kao U mMeTome
HUXO0BOI pellaBarba OUTU feTa/bHNje PasMOTPeHN Y HapeaHUM oferbuuma.

3a thopmasiHy AehUHNLN]Y KOMIIEKCHOCTY peLlaBara npobsieMa KOMoMHaTopHe
onTumMu3auuje Kopucte ce cnegehun nojmosn. Y kniacy HIN npobnema crnagajy oHu
npobsieMun 3a ymje ce 3a4aT0 PeLleHe MOXKe YTBPAUTU Y MOSIMHOMUjaSTHOM BPEMEHY
fa N je TO pellerwe gonyctmso. [Mpobnem A ce MOXKe CBeCTM Ha npobnem b y
MOSINHOMMjaJTHOM BPEMEHY ako MOCTOjU a/iropuTam Koju TpaHcdopmMuLle 6Uio Kojy
MHCTaHLy npobnema A y MHCTaHLy npobnema b, Tako ga pewlerwse npobnema b pe-
wasa 1 npobnem A. lNpobnem A je HIM-Texkak ako 3a cBaku npo6nem b n3 HI
Knace nocToju ceoherwe npobnemMa B Ha npo6riem A y MOSIMHOMWUja/THOM BPEMEHY.
Mpo6nem je HIM-komnneTaH ako je n HIM n HI-Te>kak npobnem.

Buwekputepmnjymcka ontumMmmsaugmja

Mpo6neMun 13 Npakce YeCTO YK/byuyyjy BuLle LubeBa (KpuTepujyma), Koju mory
O6uUTK cynpocTas/beHn. Ha npumep, nobosbluarwe BPeAHOCTU jefHe (PyHKUMje Unba
MOXKe [JOBECTU [0 NoropLuaka BpeaHOCTU Heke apyre qyHKUmMje uumba. JoHocumoum
O4/lyKa Tafia TpaXke peLlera Koja NnpefcTaB/bajy Komnpomuce namehy pasimumtunx
(pyHKumja ynba. OBakaB BWA ONTUMM3aALMje Ce Ha3MBa BULLEKPUTEPUjyMCKa Orl-
TMMmM3aumja. Y cnydajy da noctoje TayHO ABa CyrnpocTaB/beHa Lu/ba, NpobsemM ce
Ha3nea [ABOKPUTEPUjYMCKMM. CNNYHO Kao M Kof npobriema ca jefHOM (DYHKLMjOM
LW/ba, Y 3aBUCHOCTK 04 Moryhrx BpeAHOCTM 3a NPOMEH/bUBE O4J1yUMBatba, MOXKEMO
nmatun npobsieme KOMOMHaTOpPHE (AUCKPETHE) M HenpeknaHe (KOHTUHYaslHe) ONnTu-
Musauuije [41].



& ei04daé0eaid 140148, Eia aideide 1aoiaa, eal 8acoeoao iaoiad alaejai
jaail daed»a é1ja Tadiaada i8aoaddioejaia aiiineivoa iaeoea. ia i8eids,
oo6iévejaia 6e8a fa i1ad aiaaeeoe odeeeid e iiaa fioeieciaaoe odeeeifiéa

1801 Tae6-2aard) 4854 BAZA»A &lja 16 fajatoa Taaiaasa. Ei-
It 5 &ifReToa 148684 6 fial I5T0an Tioeiecaeja & i5a-

8 :filx) fi(x9e9 :fj(x)<

@aédeoadejoinéia 1o

1Aee00a41 146807 (1848-1923) ja 4ei eoaeejaifiée eieed»ad, Aoeisls, aélinenca & oe-
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T X = (Xq;X2;:10; Xn) AAé010 181idigeaes faed+edara
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1.2. EIEAOEJNEE DIAEAIE

"~ Aaléseodsejoinee idiagal  p-idaejaia na fianiel 1ajaéoeia: Odaaa ii-
ficadeoe oa+il p Tajaéaoa @Ol aasga ia éioenieéa, a 6 enol asaia e gof
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dawadada»a i614edia 1ad aenadoaceja iiao na éivencedce 6 1éaedod éliadoejae-
ied0 dagaaa+a, éal gol 6 IBM ILOG CPLEX, LINGO, FICO Xpress, Gurobi

i +6iaj6 ia 1iitaé
dagadara daeaénedaiia idiaeadia, oj. 16laedia 4aa na aicaigada aa adaaiinoe
iofiaigeaed ia a6ad vaeiaasijia [182]

140784 adaia»a & 1afdvara (aidé. branch-and-cut) idaafioaasa iais-
ga»a iaolad ddaia»a e Tadaié+ada»a, 0aél gol na ia Tiifad iifaeia afo-
fioéaia i6ifioida daga»a 6alad dadie 1andda»a éija 16aancaasgajo ifaa 1ada-
ie+&»a [182]. E4dja j& 4a na fioce i8I0 dasd»a dacaénedaila istagaia oa-
€1400ji1a eeidasiia idiasaiedara. 1aa 140i4a fa +anol éidenoe 6 1éaedo
gliadoejagied adcaéoied dagada+a

140784 Adaia»a & 16a»eadara (i&é. branch-and-price) idaafoaasa aa-

anaca»a (aiaé. branch-price-and-cut).

13
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iffoedieod 1adiaioajotel oa-

488l fa jaail 66ieoejil 6esa. Tigoe Tasee iiasdia élje fa daeaaa iail
18014l
ieigieciaaoe  fi(x)
Iaé Téééié-é»éié fl(x) "I’ | = 2’ 3’ - ’ M,
Adaaiifioe -
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3efi0eea j4 12 140148 Aa jAaie) 53e8»ai (3i4e. single-solution based) & 140144 f
iliogaoejii ddeé»a (aidé. population based) [173]. 140ad408ef0eéa fa 0aéica

AN AN ANAAAN NN N N AmA L~ o~

ifad éeanedeéiaaoe e ia Tiifad ascaed édeoadejdia, ia ideiad: aaoadie-
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1aa 1401aa 184arioaasa figoe 164ed ca éliaeiiaa»a 6aca eiéasia ida-
00aada e daca fioidafioe+éa ioiiaia ddeara. li+aoit daga»a Na adidoeea
fa fieo+ajai fa+ei eee iaéli 6460eMn0eét, a caoel Na 1d6eia»oja eiéaeia

CAZAAA AA

N A AN N N NN N e A . Y

ifeed idedaaceoe éée 1aaave

~ o N

éa8a»a (&idé. Simulated Annealing - SA) [103]: 1aa i4014a
aeje, 433 na iacaee ¢addaaajo, a ¢

(@}
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:
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&
& 287 fia T Tcia=eil 084I6016 0aiiada0606, a fid  E = f(x9 f(x) da-



aaddiaaoii£a i6edaadara da+oia ia nedaaLe ia+ei
8
< aéljd E< 0
P( ET)=
e BT aélja E O
Da4b 15805454 (Aiae. Tabu Search - TS) [76]: Tilaia eaaja 148 186144 j&
+0aa»a dagd»a (€ée »adiaed aeaiadiaoa, 0j. a0deadoa) 6 oaas eenoe, aél

dagara. Daga»a eeé »esdiae agaidioe fia +6aajd 6 eenoe 1acacaie adij
e0ddaceja, @0l 16dancaasa jdaai ia iadaidoada iaoiad. Aodzeeia 0aad
a

\\\\\\

N~ A N NN
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1.4. TAOAOAODENOEXEA 1AOIAA

AN AN AN N

»0ja Na 46044 6aca &ija ilédrada 4a 1Maigea 08ai00iT 5agd»a. Oeieesl
ja aigél &t iai8para daga»a, 00aid0iT 0dea»a fia aseddeda iiaei, a
idaodada fa iafioaa igleeie. O ndiaioi aa fa fafoaasa

6 NEAAALN] 1616eie. Eaél ja iaotaa idNiaigeaed ieleeia degEdia 6
Talj aenadoadeje, aaoasgieje Tier 14 1a0iaad & »aied aadejaioe aao ja 6
jafioaaéo.

140a0408e10e6a canifaaia ia iiogaceje daed»a daaa iaa fiéoii

fiodiai aedaonedeéaseja idaodadd ol ifadfada gaina ca ecaadadar»a éiéagied
fioeioia [173]
O iafioadeos ja iaddadi esacaé i6aaeda +anoi e1deeLaies mosaseiied ia-
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1.4. TAOAOAODENOEXEA 1AOIAA

\\\\\\

il i+aea (aidé. Bee Colony Optimization - BCO):
&1ieja i+46a ofeh 110544 ca 664
iejaia, ddgd»a na adaaa

adacaied i~aéa ifeed 60evaoe ia ecaid aeaia-

NAA O O AN s
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S N N

Aédideoal 1 Iiifaia 1aoia
1. Input:  Xo; Kmax

2: Output:  x
3: X Xo
4. while stopping criteria not met do
5: k 1
6: while k <Kk nax do
7: x%  Shakegx; k)
8: x%  LocalSearch(x9
o: if f(x% <f (x) then
10: x X9
11: k 1
12: else
13: k k+1
[i+-40iT ddgd»a fad ileed daiddenace ia neod+ajai ia+ei eeeé 1deiadill idéa

o Py

i10&diia 6aodenoeéd ¢ néeaad fa éadaéoadenoeéaia dagaaaiia idiaedia. Oaca
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fia ileed adgeoe ia dacée+eod ia+eia, ia 16eiad nodacaae;ii idaia eee iajal-
843 Tlai8para. Eiéagia i0a0dada ileed 4a fa adwe 6 181ecaisiij 1eleeie
N (x), facaaediii 1a 1€iééia ca 6acod dacidaada»a. Eiéaeia i6acdada i+é»a
4 DArara 414ejaila ec 6aca dacidaddara. Eidaé éiéaeia i0aodadd fia iied
eiiedidioedace eai Aeaideoai 2, 43 na éidenoe nodacdaeja ivaia imaisgara
dagara eee eai Aeaideodal 3, 434 fa éldenoe nodacaaeja iajaisaa inaisgara
Aédideoal 2 Eléaéia 10d0dada fia i0aéil naisgarai

1. procedure LocalSearch (x)

2: improvement  true

3 while improvement do

4: improvement false

5: for x°2 N(x) do

6: if f(x9<f (x)then

7: x X9

8: improvement  true

o: break

10: return x
Aédideoal 3 Eiéasia idaodada fia iajaigel aiggarai

1. procedure LocalSearch (x)

2: improvement  true

3: while improvement do

4: improvement  false

5: best neighbor x

6: for x°2 N(x) do

7: if f(x9 <f (best neighbor) then

8: best neighbor  x°

o: improvement  true

10: X  best neighbor

11: return x

l164a Tiifaia, 1Mfoija & addaa aadejaioad 1aoiaa idlaigeaed 1éiéeia. ba-

138Ra»A 8184 6 &c Aeaideoia 1).

(aid8. Skewed VNS) A8ge Aa i5e6a20a»8 & &108jad 0Asara ~&ja jA ASAAT
: iifoe 06iedeja vesa 0d&IGOI

4661aaa aadejaioa (3ia8. Reduced VNS) fid ai4eja

22



Agdideoal 4 Aaaioéaia iaciaa 1571aig8eaes iéiéeia
1: Input:  Xo; Kmax ;
2: Output:  Xpest
3: X Xo
4: Xpest Xo
5. while stopping criteria not met do
6: k 1
7: while k <K max dO
8: x%  Shakegx; k)
o: x%  LocalSearch(x9
10: if (X% <f (Xpest) then
11: Xpest X%
12: if f(x% d(x; x% < f (x) then
13: x x%
14: k 1
15: else
16: k k+1

an
S‘D:
<
)
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QD
o
(¢
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: Q@
o (Q
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o
o
o
v
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>y N
(@)
(¢}
>
o
—
(0]

1 Input:  lmax; X

2: Output: X

3| 1

4: while | <| nax dO

5.  x% best solution fromN,(x)
6: if f(x9% <f (x)then
7: x X

8: I 1

9: else

10: I 1+1

11: return X
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148 cafitaaia ia VNS-6 fio Ofiagil i6eia»aid ia dacee+eo0a éieasejied
8146414 [43,53,94, 115, 161], 6880+6j0Le & 15146414 Rée+id MCLP [44,47,129].

gada (iaioeidd éal aeiadie iég), a éia Tiigi)
Oodiéveja ivesaaicaiinoe 1adacoja éicedt ja idea jaaeiéa aiada e 1ae+ii a-
d1aada 06ieoeje vesa eee »aiij ilaecedaceje. Aedidedal ii+e»a ia eieoe-

Agaideoai 6 Adidonée aeaiseoai
1: Input: initial population of individuals
2: Output: best tted individual
3: while stopping criteria not met do
Select parents based on their tness
Perform crossover
Perform mutation
Evaluate the population
Select individuals for the next iteration (replacement)

S

\N7s7n 0O

A
Eia 80840M64& Nacacoeja 4461aa011£a e¢aida jaaeied ja i6Tidoe
i ifioe 04 jAaeied. ideaja P = f

fiaéia 60ié-
PL; P2 i pag TTiGEA0GEJAa N ja-
daeiéa i jaaiaéa f (p), fiaa na aaai-
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k fa ia Taaj ia+ei ilaed 1adaceaaoe ja+éia, 0j. ideoefaé nacaéoe
j& 60e+4 ja 46eeaniino dagadara. | j
a

S Y-

Ane A NN A

iadaidoad 6ianoi adée+eid oodieda éije idaancaasa aeasgaio io
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1208476 aa1A5a08]6, TAIAI 1Ta6 TMoeasejo jaaeiee. Teeoeea caiaia AAia-
aoeja ileed cia-ajit 60eva0e a A0SEARITHO Asalsedia, Of. »Aalad &iials-
A8i68j6. TiOTjA dacee-eoe fa~eié ca eiieaiaioase|s 1a1a &idaea, ia 15eiad
cAldia 6364 AAIAGAORJA T1A8] GAsA»eia, caldia nall iAsieed iajieaasjes
3308 ‘ 1 3A30ara iBAIIAe 6 NEAAAES AA-

iinoé e fee~it [130]. lifidaai i61aédl idaanoadsa 1adaeada»a afionoeainoe
daga»a, jaaia 1a ia+éia ja iMidaadéa iiaia daea»a ai aliofoeaia

aé T fajilicéadieja 1acadadoenoe+ea iaoiaa ca 6a-
gada»a idiaéadia aegaédeodadejoinéa Tioeiecadeja 6 €e0ddaodoe 6 aegaéde-
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aa aenasoaceja iveeaaicai
6iTdACATS Fa BAga»eia Alaejaiel dacasja

iii 1a0ian 167iaiseaed éieeia
NSGA-II [51] - Iddafioaasa 6iaidacaio aadcejo NSGA (Non-dominated Sorting
Genetic Algorithm) agaideoia [168] & éidenoe aéeoecal éal e aoeéanii idanie-

iedajoLa fidoeda»a. NSGA-II idddaceeace i61aéaia 1oedeiagila agaioeoia

\\\\\

fiacaeoeja, Gagara Na 110344
distance). Oe§ éidegLara

»edial daailiadit dafitdaceaa»a it 681i006.
Ca 4307 8308»4 1, 1800863 (8afidijard) alieeara d A3 Ba+6ia ia fAedaace
ia+ei:
RO P (R VIR ETUNE
I f max  f min '
m=1 m m
444 ja
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“fm(i+1) efm(i 1) A6 ABAANHOS O6IE6SJA 688 T ca GAgAra efiidda ¢
&ca 5Ap&»A i 6 Befie DAra»a MB0SdAN fa TRITAG 66ie0eja 6e8a  fm
~pmax g fmin fG j38AGIAGIA & 181RIABIA ABAANAOS O6I6RjA 688a T fa

0ael] imoeaceje.

......

SPEA-II [187] - O 14iifi6 ia 16eaeéiagié SPEA (Strength Pareto Evolutionary
Algorithm) aeaideoai [188], 6 SPEA-II 6é86+06j6 fia alaaoie aéaidioé: oeia

/
>
>
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> .
ox

é0eja 6e8a ofa dagara.

SMS-EMOA (S-Metric Selection Evolutionary Multiobjective Optimization
Algorithm) [17] - Eila 7414 agaideoia na a4&oa | ' |
daga»a (&idé. hypervolume - HV). 11884018 faeaeoeja
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a
a1 NSGA-1l & ia 85aj6 A 666a»a jAadiea &c iiieaa»aa 651ioa &ija fajiara
afioefine adaaiifoe HV. i51a35aaa f& 44 ée ja ABAANNO HV A4 iTioeaseja
A3£a eee jAaiaca i6A0GIAN. (A 1aacaa fa+el AA TAACAACHjA Aa AGAAITHO HV
ieéaa 14 fiaaa 6 fialj a&iddaceje
"_MOEA [50] - 140744 j& cafiiiaaia ia &livaios  "-afiefaiofifioe éc daaa
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A8 STéacejiéla iofaedia ddc éaiadeddoa e fa idadadaicejaia
éioenieéa. Karasakal & Silav [98] fi6 i0daéiaeée ecid»aieé SPEA-II agaideoai
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aéai daniloaceaara ia jaai e
ja dagaaai 6 6aad [9]. Aooide daaa [108] N6 dagadace idTaeal asieas
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Agadideoal 7 161aada Maisgara dawd»a ca Aewaédedadejoinée idiacai
1: procedure MO-Improvement (E;E?9
2. forall e2 E%do
3 if e2E ~: Dominated(e; E) then
4: return True
5 return False

jii 6e8a, oéieeél @&l ai Mai8gara iiaa na acafa ia 1646 1éieeio,

éia+a na eaa ia NeadaaLs. 16ivaaddaUpdate aseddeda 00ai60iT daga»a E 0aél
gOl alaaja i1ad idalieiedaia aeaidiod ec EC a égdandja iia éijé fo inoaee
aneiedaie

33



1.4. TAOAOAODENOEXEA 1AOIAA

A~

Agdideoal 8 Aewgaédeoaddejoinéa idiiaia iéieeia
1: procedure MO-NeighborhoodChange (E;E%k)
2. if MO-Improvement (E;E9 then

3: k 1

4: E Update (E;E9
5: else

6: k k+1

S N N

Agdioeoai 9 Aegdédeoddejoifiéa 6aca dacidaada»a
1. procedure MO-Shake (E;k)

2: EO ;

3 forall e2 E do

4: e’ Shake (e;K)
5 EC E°[f &y
6 return E°
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Agdideoal 10 Aégaédeoadejoiniéa 6aao
1. procedure MO-RVNS (E; Kmax; tmax)

2: EO

3:  repeat

4: k 1

5: repeat

6: E® MO-Shake (E;k)

7: E  MO-NeighborhoodChange (E;E%Kk)
8: until K = Kmax

9: t CpuTime

100 until t>t e
11: return E©°
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daga»a S. 1816aa06a Select aéda ia neo+ajai ia+ei 4eaidio éije aaf igj
1adacai 6 14itnd ia 42006 06ieévejd vesa. 181vaacda MO-ObijectiveChange
€  MO-NeighborhoodChange  18i6dadda, aaa na

6 fie6+ajo ifai8para adaLa ia idad 66i6ejé 6e8a e aseddeda 00aid0iT 04ad»a

Qo

Agdideoal 11 Aegaédeoadejoinée id
1: procedure MO-VND (E; k.. M)

2: St S G un S

3: i 1

4: repeat

5: repeat

6: e’ Select (EnS)

7 Ei VNDi(e%k,,)

8: Si Si[ Ei

o: unti EnS = ;

10: MO-ObjectiveChange (E;S;i;i)

11: until i>r
12: return E
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1.4. 1AOAOAODPENOEXEA 1AOIAA

~

Agdideoai 12 Aegdédeoadejoifiéa Tigoa 1aoia

a
1: procedure MO-GVNS (E; Kmax; M; k2 tmax)
EC ;
3 repeat
4 k 1
5: repeat
6: E® MO-Shake (E;k)
-
8
9

E® MO-VND (E%K%, ;M)
E  MO-NeighborhoodChange (E;E%k)
: until kK = Kmax
10: t CpuTime
11: until t>t qax
12:  return E°
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if0daee»a. liodase»a €10
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filadadaa 14 14jaéoa éije ja ia »ada 6aa8ai ia aewd 14 cas
aa»a. O 8aao6 [125] aiéacail ja 4a ja MCLP [l-o4seaé.
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2.1. TiEN IDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA
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AN 72 A

EidenoaLe iaddaaio ifoacejo, istagai na ileed caieface 6 aéao H6a&iad
ia idiadaia (aide. Integer Linear Program - ILP) [37]:

At A

._
—
n

X
max a Yy (2.1)
i
i0é onétaeia Xi = p; (2.2)
i21 X
IZSJ'
xi2f0;1g;, 8i 21 (2.4)
yj 2f0;1g; 8 2J (2.5)
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2.1. TiEN IDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA
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43 8 1aefeiecoja Adj TedeAdied eidefieca. lsaiadia 4adejaioa MCLP-
a éco-aAaia jA 6 daaiasia |

xxxxxxx
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aa onedaeied daioada, éai é idaoiiioaaéa 1T 6ejadaddejnéij 6da-
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~N AN AN
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2.1. TiEN IDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA

3346 [138]. A&oasa
6 [67] & [165].
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2.1. TiEN IDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA

N AN N e

a0 naijed ivaoadaiveja. ia ideiad, Casas-

Ramirez & fiad. 6 6 daas [28] baaee aaifoaiaieé MCLP (aiaé. bi-level MCLP), daa
fia daciaoda fed+aj 6edia éija sedée aa idiiaca eiéacej 2 ]|
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aéie oacoeoaoe idaanoaasaie 6
VNS & RVNS-TS-VNS idefiodia dagada»6 dagiaodaia aadejaio

Tajaea0a 8lja 00844 GRITROAAOE, GATAe A IDA0ITROAARA 4a &liialeja &lja ecaace
ia 05eeep0a &ia fadaie+al 46140 ca OITHOAASA»A T4j46a04. NAAET iT0ai6ejas-
fij sleaseje 41a486j6 RA Geefie 05Tgeiae ca 10aa0a»A T4jAe0a &ijé Tadaceaadjo
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ja+ei:
X X
max Dj Xjj (2.6)
i211j23(i)
i0e onéiaeia
X
GYi B; (2.7)
X I2|1
Xj =1 8 23J;; (2.8)
i§(l(j)
Xj 1 8 2Jq; (2.9)
i21()
Xj Yy 8i2lj 23(); (2.10)
yi=1l 8i2l;,; (2.11)
i3¢i)i
Xigj + ¥, 1 8 2%k2Lusjl()i 1; (2.12)
s=k+1
yi2f0;1g 8i21; (2.13)
Xj 210,19 8i21;j 2J: (2.14)

|
140ai6+a»81 (2.7). Eioefieed edeasid iinojace: 14jaeof ec I, 6fiedasja
oA+ jaaal 14j86a0 (2.8). Eidefiese éije iefd iledeadie iMoTALe! fajae-
ogia 1146 aeoe AlaA8ae fajaced jaaim Mafl 14j206 éc I, (2.9). 1a0aie-
+&»3 (2.10) T43CAACG[6 4a RO &idefilese Afaasaie Rait 10ATSAIe) 14480814,

43



2.3. T1AOIAA DTIAIFEAEO TEIEEIA CA DAGAAAA TDIAEAIA
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jaailj eféaceje éaiagaaca caidaada»a idjaéoa. Aélja sol(i)=1,i 2 14, oi ciaxe
da ja1ajaéao o6iiiioaasai ia eiéaceje i, aié sol(i) = 0 icia+ada aaieja. baga»a
fia filaoda alionoeael aél caed odigéiaa ¢ 10aidaied Tajaéaoa ia idacace aaoe
aa1ao

44



2.3. T1AOIAA DTIAIFEAEO TEIEEIA CA DAGAAAA TDIAEAIA

noaa8a»a 1ajaéaoa, icia+ai éal candidates 6 11+40&6
ja jaaiaé |1,. Ca faaéo éiéavejoi ec candidates 18i0dadda ecda+bdiada aiaaoio
if0dase»6 éiderieéa éija ae ifaca aéoe iiédeadaia iaéli 10dadar»a 1ajaéoa ia
i. Ecda-6iaoa Ad4AINT0 j& Tgia+aia 8al iTodioejasie  gain (414e0) 616a68j4 éai-
aéaaoai. 14jaéao na onilioaasa ia &ieaceje im. éija éia iaéneiagai 1aiin
] élaa gain=q, daac 19dafoaasa 0digéiaa foaada»a 1ajaéoa ia i

Aédideoal 13 lidediia élifiodoéseja dagara
1: Input:
2: Output:  sol
3:so0l O
4: candidates |4;
5. while solution sol is feasibledo
6: for i in candidatesdo
7 gain;  the demand that would be covered
8: if a facility is opened at locationi;
9: I max location with maximal gain to cost ratio;

=
e

SOl(imax)  1;
11: remove locationi ., from candidates

12: return sol
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2.3. T1AOIAA DTIAIFEAEO TEIEEIA CA DAGAAAA TDIAEAIA
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~ liadaceja Tadéee (3i4é. Delete) cadaada idA0GIAN OfiTioAASATE T4j3680
ia e1eaceje i 2 1, 6 dagé»6 sol. 16leeia  NZ(sol), k 2 N Aafofje fid ia
FAed dasara A148jAied cadaada»al k 14j46a0a 6 sol

AAZA N X L A s Nt

6 TiaaajoLal oaai I
foaioaiia 1ajaéoa éije 08ai60IT 6fiedaesdja éidenicéa .

|5eeeél cacaadara 14jadéoa ia eieaceje i 2 1,, 6édiia Meseaaia imoda-
a@»a fa fia»6ja aél a) idia 104i6aila 14jaéoa ec |, &ije iieed iiédece éide-
fiieéa éija o 16a0siail aeée Tiédeaaie 14jaéadil ia eiéaoeje i, eeé b) éive-
fiieoe 16a00iall aiad8aie eléaceje i 10a0a0edajé 1ajaéao éije fio Toaioeee
&lié6daioe 6 1aiiio ia aeél éije addae oniiioaasaie 14jaéao ec |, &ije ileed
ifeaeoe ifiacdaid éioenieéd. Noiaa, iaéli cadaadara 1ajdéoa ia éleaveje
i, 41ai8il ja daciiodeoe naii éigenieéd éije no aiaasgaie iai 1



2.3. T1AOIAA DTIAIFEAEO TEIEEIA CA DAGAAAA TDIAEAIA

144630 k 6 Asafiea0as &f
sloefieea |
isecesl 10aadara 14jaéc iifo 06ie6eja 6esa &

A NN A

Oejaia éioenieéa 10danoaasai ja Aeaiseoiii 15. 16ae

ii6eaiia éiinodoéoeja daga»a élja adata ii+aoit daga»a sol. Efifiodoenail
i+a0i1 64@d»4a iTfioaja 084i6oil, éija 4a8a deace 6 181644606  Dbacidaadara.

181644a68a Dacidaadara 0ede aadeienaid
16leeia nedaaLel 6aainedai. 10al na enodasesjo ;
oeiefiaid Tiddacejii  caiaie , caoei 1éiéeid N, k = 0;:::;k, &l4ejaiad ecaica-

»al ladaoeja Tadewge é aiaa) .
k = 0;::;ky TiaAa8a»ai 1iadaceja  aiaaj
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2.3. T1AOIAA DTIAIFEAEO TEIEEIA CA DAGAAAA TDIAEAIA

sAA A

iBIREACE]A 5168a058 ca TBeaill M5aa8a»a 6asa»a &ija ja
3eoiil 14.
5168460 T1+&»Aa T4 13aTi6f0

(04

sieaoeja (i;j ), aadi;j 2 1., oa
\\\\\\ . N . . T . AN79 -

gefoa ja icia+aia éai pairs (iad

Agaideoal 14  liGeaiit 1
Input: sol
Output: feasable solutiorsol

1: while solution sol is infeasibledo

2 pairs  the list of all location pairs (i;j ): sol(i) =1, sol(j) =0, ¢ <cj;
3 if pairs is not empty then

4 for (i;j ) in pairs do

5: demand;;, total demand ofsol if swap is performed on andj;
6:

-

8

9

cosl;;y total cost of sol if swap is performed on andj;

(i%j9  pair with maximal demand to cost ratio;
swap pair (i%]9;
else
10: I max locationi: sol(i) = 1, closingi results in maximal demand to
cost ratio;
11: SOl(imax) O
12: return sol
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2.3. T1AOIAA DTIAIFEAEO TEIEEIA CA DAGAAAA TDIAEAIA

D
(@}
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gy
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QIJ/

f6acd Dacidaadara, it
Sfi0daceadral »44144 T616eid Ni(sol). Eaaa i idiiaca

N s~ NN A

jeeie Ni(sol.

Aediseoal 15 163aéieedié VNS

1: Input: | max ; Kmax

2: Output:  sol

3: sol  Greedy Solution Construction

4: | count 0

5: while lcount Imax doO

6: k 1

7 while k  Kkmnax do

8: sol® randomly generated solution fromN(sol) . Shaking step
9: if sol®is infeasiblethen

10: sol® Greedy Solution Repair Gol9

11: while true do . Local Search step
12: sol® the rst feasible solution from Ni(sol9 better than sol°

13: if sol%exists then

14: sol®  sol%

15: else

16: break

17: if obj(sol% > obj (sol) then . Move or Not step
18: sol  sol®

19: k 1
20: I count 0
21: else
22: k k+1
23: | count lcount +1
24: return sol

Abeéaniino aseddedara 60ieveja H6e8a ja aiaaocii iTaiseaia a6eeanii
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2.3. 1AOIAA DTIAITEAEO IEIEEIA CA DAGAAAA TDIAEAIA
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sieaneja j 4dc OfilNOAASANTA T4j460a 0287 44 £& T0AAdA»4 144604 1A | ATA&f0e
41 Tai80a»a ABAAITH0E 60186eja 688a. Nail 6 Ae6+ajo 0aeaa &iéaseja ii-
Rolje, adee fia TA0A08ja caldie ca éleassjdi e j. a 1aaj fa~ef A ecalddaaajs

S
Q:
QD
QD
(@)
ox
QJ/
V)
m/
VQ;
ox
Q:
Q)/
o
g_)/
M
Q)/
=5
. I .
(0 d
M
Qo
-
Q:
Z
s
~
(%]
=
\../
< O
N
9\
=
o

O sy AN A

Dacidaddara na ianoaaga oN(sol). Agaaia
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SVNS) ca daciaodaié MCLP Tadaie+aiia aéTaoa fia idadadaivejaia éidenieéa.
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ilj Aéadideoiii 15, a daceeéa ja 6 idadeés ca idedaada»a daga»a. [6ddecieja
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ddga»a sol.
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2.3. 1AQIAA IDTIAITEAEOD TEIEEIA CA DAGAAAA TDIAEAIA

Aéaideoal 16 Aaaioeaie VNS
Input:  I'max; Kmax
Output:  best

sol  Greedy Solution Construction
best sol

=

I count 0
while lcount Imax do
k 1
while kK Kkmax do
sol®  Shaking in Ni(sol)
sol®  Local Search inNi(sol9
if obj(sol®§ (1+ d(sol; sol’§ > obj (sol) then . Move or Not step
sol  sol®
k 1
if obj(sol° > obj (bes) then
best sol®

©CeNOR DN

e e s ol el

I count O
else
k k+1
19: I count lcount +1
20: return best

B
® N

— A

Eiéagie Tioeioi sol”’Ad i6edaana a

obj(sol®y (1+  d(sol;sofY > obj (sol):

1aa& d(sol; soPy icia=aaa Oaieiaial danoijara eciacs &iaiaa 5agana, i-
438411 fia ASTjAI 1T0AI6ejasies slcadeja  m [116]. 1adaiaoad  &lje 5aaceend
65e0458j61 i066aa0a»a j& ITaasal Aehiadeiaioasi (aeadoe 1aa8ae 2.4). Ei-



2.4. AENIADEIAIOAEIE DPACOEOAOE

idaanoaasa 1810aiooaeit Madfa»a 1a ii+aoid adadaiinoe aofaoa B. loi-
0aadda éieaeid 16a0daad enodazedja éieeid Ni(sol) e aideja na 1odoejaeit
iTaigoail ddwéd»a&  sol. A0Ta0B fia i1ad£ada ca %, a i5i6aaoda iédwada

~O N~

0
anonoeaia daga»a na énodaaesja, a dacoeoojoLe é

Agdiseoal 17 Eiéacia 16a0dada fna nodacas
Input:  sol;
Output:  improved solution sol
1: sol  Local Search inN{(sol)
2: repeat
increase budget by %
sol®  Local Search inN{(sol)
restore original budget value
sol®  Greedy Solution Repair col%
sol®  Local Search inN{(sol9
if obj(sol% > obj (sol) then
o: sol  sol®
10: until  obj(sol%  obj(sol)
11: return sol

N gOR®

GB RAM iadiideja. O 086 aiaejara Tioéiaeied dagad»a, iacdiace+éa 616-
ibéaoeja ioiaéadia
[8daéieedia VNS eligdidioaceja, é

Hoeeaoejl, eiiedidioedaie o ¢ i51adaiNéN jaceeo C++. Ecadgdie fio
idaeeieiadie aéniadeidioe éaél ae fa idiiagal agaaéaaoal daaifieaa enoda-

+0iadod fa Intel Xeon E5-2640@2.5 GHz e 64
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ssoAs NN

Tajdéaca. Ec 1aia ifaiaiaejaila nédia ecaadail ja 10% +aidiaa éije idaanoa-
48aj0 &ieaveja na aaf ofilnoaasaiel 1ajdéoeia. Adee+eid isiaedia n mga
30014 ecia»aied einoaioe >ojioe, Aaiien, Nai Odaiverél & Eeidn Ao nea-

48£4: 2442 271, 3456 383 4624 513¢ 6957 773 0A4Aa84INN0 ec¢iacd aaa
éléaceja ecoa+oiaoa ja ioegLa»ai 4aiadaonéed élidaeiaoa, éal 6 6aas [123].

fle6ida=iee ifeoeaara ja efde ca Raa eff ]
(R = 4000; 5000 600Q 7000, &é A4 A6TA0 Al4eja eal adij ~ai5iaa T0daE»a
n 10 Tlodace»a faaeia +aida ja jaaiaca adee+eie MMiceaoeja 6 Tali ~aid6

~ AN A7
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glie - avg gag%). 16iia+it addia iieda-
ia 6 éfjal ja VNS iiioeaal iajaisa ddega»a 6 fnaaél |

s30a8a &lje fia eloeRoe 6 idaseIeiadiel A6MIABEIAI0SIA. TTREAA»E ~A085e
sleiia Oaddsa 2.1 faadeed iBIRA+al 43T] iTaiSoara iBTacaied 6 Teieeiaia
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5814 Taaoeia ideeacaiel 6 Oaddse 2.1, Ba05aead»A T6ieeia iT GAAT-
AE&AON 1 N4 N 3; N2 414861 j& 41 (2jA4E4 A5A41TTH0e 66i86&ja 6e8a (6 IBTRAEH)
& 1aaj 5341 S1080£AT 6 6AIR0AGST AefiAdeiaioeia. Taieeid N1 & N*

A



~ o

Oaddea 2.1: bacoeoaoe idaéeieiadied aéniadeiaiaoa na oaaineaan 1éieeia
baaineaa avg best  avg gaf?) avg t(s) | idifd+ai adij iiaisgar»a
NI N2 N3 N4
N1 NZ2N3N* | 405190.89 0.044 1.19 | 3.29 0.63 0.87 1.03
N1 N2N4N23 | 405257.50 0.045 1.07 | 3.13 0.47 058 1.55
NINS3N2N* | 405164.89 0.037 1.30 | 3.32 0.66 0.82 1.13
NIN3N4N2 | 405292.11 0.042 1.03 | 3.47 058 0.82 1.29
N1 N4 N2 N3 | 405347.39 0.071 125 |3.18 058 074 1.26
N1 N4N3NZ2 | 405174.00 0.053 1.40 | 3.24 050 0.71 1.63
N2NIN3N* | 405123.06 0.034 1.19 | 1.95 140 153 1.08
N2N1N4N23 | 405153.89 0.037 1.72 | 216 140 155 1.63
N2N3NIN“ | 405180.00 0.061 1.63 |1.21 190 2.05 1.37
N2N3N4N? | 405164.89 0.061 1.42 | 0.74 187 2.05 2.26
N2N4NIN23 | 405009.94 0.039 144 | 1.16 1.37 155 295
N2N4NS3N?! | 405021.78 0.038 1.33 | 0.76 1.42 158 2.79
N3NINZ2N* | 405147.17 0.033 099 [1.95 158 1.84 1.00
N3NIN4N2 | 405168.56 0.025 099 [1.71 142 190 1.32
N3N2N1IN* | 405085.56 0.021 095 | 097 1.76 1.92 1.13
N3N2N*4N?! | 405162.94 0.038 1.37 | 0.47 1.87 2.00 1.92
N3N4NINZ2 | 405189.00 0.041 1.23 | 0.71 142 1.87 245
N3N4N2N?1 | 405198.61 0.029 1.02 | 042 161 197 2.26
N4N1IN2N3 | 405197.50 0.052 1.25 | 0.74 058 0.76 3.66
N4 NINS3N? | 405170.94 0.053 1.20 | 0.87 050 0.76 4.18
N4N2NIN3 | 405291.83 0.053 1.37 | 0.97 0.42 0.68 3.82
N4N2N3N? | 405285.83 0.051 1.34 | 0.92 0.58 0.82 3.90
N4 N3NIN?2 | 405288.28 0.053 1.32 | 0.90 055 0.74 4.32
N4N3N2N?! | 405193.39 0.032 1.42 | 0.92 0.45 0.74 3.87
1oihdé: | 1.63 1.06 1.29 2.24
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Oaddea 2.2: bacoeoaoe idaeeieiadied aéniadeiaiaoa na adee+eii iéleeia
efeeid avg best avg avg |1éiéeid avg best avg avg
gap(%) t(s) gap(%) t(s)

N{ N7 N2 N3|405347.39 0.071 1.25N} N{ NZ N3 |405441.06 0.027 2.14
N1 NZ N2 N3|405262.56 0.023 2.16N} NF N2 N3 405464.33 0.032 1.84
N1 N$ NZN3|405488.17 0.034 2.65N} NF N2 N3 405519.72 0.029 2.64
NiNFNZN3{405369.28 0.041 2.33Nj} N7 N2 N3 405461.44 0.028 2.37
N{ N2 N2 N3|405527.94 0.043 2.92N} N& N? N3 |405489.67 0.031 2.75
N1 Ng N2 N3 405488.17 0.042 2.32N} N& N2 N3 405540.11 0.026 2.81
N2 N# N2 N3|405453.33 0.044 1.94N2 N{ N? N3 |405555.67 0.028 2.77
NI N NZ N3{405291.00 0.036 2.02N& NF N2 N3 |405435.33 0.029 2.73
NZ N3 N2 N3|{405519.17 0.036 2.93N2 N§ NZ N3 |405540.11 0.015 3.48
N2 NF N2 N3|405499.33 0.030 3.15Nd N7 N2 N3 405509.11 0.019 2.69
N2 N4 N2 N$|405505.50 0.035 2.44N% N& N? N$|405576.06 0.026 2.75
N1 Ng& NZ N3}|405499.44 0.040 2.76N& N& N2 N3 |405519.72 0.033 3.12
N3 N7 N2 N3|405441.06 0.032 2.41N& N{ NZ N3 |405540.11 0.020 3.11
N2 NJ NZ N3|405464.33 0.032 2.48N& NF N2 N3 405540.11 0.023 2.9C
N2 N$ NZ N3|405529.50 0.038 2.51N& NF N2 N7 405540.11 0.027 2.84
N3 N NZ N3|405453.56 0.032 2.58N& N7 N2 N3 |405462.06 0.026 2.88
N3 N2 N2 N$|405519.72 0.032 2.91N& N& N? N3 |405540.11 0.038 2.73
N2 Ng N2 N3|405497.22 0.038 2.34N& N& N2 N7 |405540.11 0.018 3.08
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Oaddea 2.3: Pacoeoaoe idaeeieiadied aéniadeidiadca na iadaiaodi aeai-
déoia SVNS
avg best avg gao) avg t(s)
0.1 | 405540.111 0.010 2.724
0.2 | 405540.111 0.004 2.178
0.3 | 405576.056 0.015 2.199
0.4 | 405576.056 0.012 2.845
0.5| 405576.056 0.008 2.757
0.6 | 405576.056 0.013 2.638
0.7 | 405576.056 0.005 2.884
0.8 | 405518.167 0.009 2.598
0.9 | 405574.500 0.011 1.968
Oaddéa 2.4: Dacgoeoaoe idaéeieiadied aéniadeidiaca na iadaiaodn aeai-
deodia VNS-SO
% avg best avg gago) avg t(s)
10 | 405540.111 0.003 2.709
15 | 405540.111 0.006 2.633
20 | 405576.056 0.008 2.656
25 | 405576.056 0.009 2.358
30 | 405576.056 0.009 2.591
35 | 405576.056 0.006 2.740
40 | 405540.111 0.003 3.174
45 | 405540.111 0.004 2.972
50 | 405540.111 0.005 2.576

SVNS & VNS-SO 140iaa ia idah Recio eifioaioe. Ca 1ad ifioaida, Gurobi 34-
pada- j& 1A0AIe+4T 1A 1 AA0 ecadraddxa. 1a5ai4030 8580458j61a CAOR0AASA»A
lmax CA A& VNS 120144 &ia a0241TR0 m=10, 444 jam 431 1ToAl6ejasies &iea-
6eja Tajacaca. 1543 efelia Oaalsa 2.5 faadeee Tciadd daciaddaid eifioaisa 6
6151406 N m  k, A3&n  m iciaraad A&se-ei6 idTAe&Ia, & k = 1;::::10
j3 401j 414A841 TRiA0Bal] eifidaive 6 1aaTAadAj6ET 406ie. NEAAAEA Aa4 &1-
5118 118AcGj6 A0RAIMO 60IEGSJA 688A TiOSIAETA 5aga»a Opt e&e ABAAIIM0
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2.4. AENIADEIAIOAEIE DPACOEOAOE

(407] Tajaca0a &fje £2 4eoe iTH0aasAIe) 514841 RaTae 1A MCLP aadejaios &c
daaa [52]. Efda MCLP aadejaioa ja daciaddaia & 6 5aaé [133], 444 ja idaasieeal
deadeaie RVNS-TS-VNS agaideoal éai i8efiodi dagada»o idtaédia.

i5eeaaicada»a VNS, VNS-SO & SVNS éiiedidioaceja 16daeisedied 6 1ai]
aeRA00A0Rje ca BAgaad»d MCLP aadejaiod ec [52] e [133] ja jRailfoaall. Ai-
aisil ja éidenoeoe fail 1éieeia alaejaia ia itao iadaceja caiaie . O1ai
fied+ajo, daca dacidaada»a ia idiecaiae idalionoeaa daga»a, noida 16i6aadcda
ioeai
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GRASP-TS-a € RVNS-TS-VNS-a fi6 fiéaéedaia & ideéacaia na caacaeoi, oj.
tot:t . Oaéoid neaeedara ja ecoa+oiad 6idesLa»ai jaailieoiia  PassMark da-
coeodaoa é¢ dacavww.cpubenchmark.comGRASP-TS ja oafoedai ia Intel Xeon

ja 11édaiéo ia AMD A6-3670
APU @ 2.7 GHz i816aiia0, aié o iiaéoeéiaaia VNS iaoiaa ecadgaia ia Intel

Xeon E5-2640 @ 2.5 GHz i816aiiid06. [8aia ifaaceéia é¢  www.cpubenchmark.com
jaaitieoia asaaiiioe PassMark dacéeoaoa ca 1aa 0dé da=6iada fié 1526, 1123 e
1348, dafidéoeail. Noiaa f S ¢ca GRASP-TS ecda+odiada éai
tot:t tot:t  1526=1348 &ié fia féaeedail adadia ca RVNS-TS-VNS aiaeja éai
tot:it = tot:it 1123-1348

DPacogoace iddanoaasaie 6 Oaadee 2.11 i
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A\ O \ \ 7 [e]
éeoadaonododa
O 1471 11462480 3ACIa0dAia j& Aadejaioa 4A163e0A58j0IRéa MCLP-a fia
i320484i68jala eideniees, &ija ja idae 160 i38aM0AA8AIA 6 8aad [135]. Osa-
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caoeja aodija iaileoeadied éeioenieéa éia
MCLP dagaaaia ja 6 daad [136] ¢ €ijai 6 idaasieadia 006 adeéafiia iaoiaa
aegaédedadejoinéa fioeiecadeja canitaaia fa iaoiae idliaigeaed éieeia
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3.1. TiEN iDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA
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3.1. TiEN iDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA
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0dase»a éidenieéa, a adoae oes iaéneie-
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3.1. TiEN iDIAEAIA E IDAAEAA DAEAAAIOIA EEOADAOODA
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objective basic VNS, MO-BVNS), aégaédeoadejoiiée daad
multi-objective reduced VNS, MO-RVNS) e aégaédeoadejoifiée
(aidé. multi-objective generalized VNS, MO-GVNS).
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0
gioefiieéa | 2 J aa aa ineodeesja 0aidad i

aoai X X
max 9i Dj Xi (3.1)
i21 j23(i)
X X
min iJj Xij (3.2)
j23 i21()

i



i0e onéiaeia
X
Yi=Pp; (3.3)
X i21
i21(j)
Xj yi 8i2l;)23(3); (3.5)
i3
Xigg + Vi, 1 8 23k2Lu5jl() 1 (3.6)
s=k+1
yi210;1g 8 21; (3.7)
xj 2f0;1g 8i21;) 2J: (3.8)

A

éidefieéa, 1aiinii 1ied éije n

laéneiecadeja. Addaa o6ieseja vesa (3.2) iddanoassa adij idileseadied
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(a) Eifidaioa 1aee6 adiaicéjaia jlj=3 &  (b) 145407 Tioeiaell daga»a. OAidad ja ii-

Jj=2. ficaa8ai ia i;. Addaiifioe 6oiéseja 6ega fo:
Fq :800;F2 =1.

(c) Tadaoi Tiogiaeii daga»a. O4aivad ja ii- (d) Dagé»a ieja 1asaoi Tioeiaeii. Oaioas ja

fi0aa8ai ia i,. Adaaiifioe 060iéseja 6e8a fo: ifoaa8aiia iz. Adadaiinoe 60ieveja 6esa io:

F1=260;F,=0. F1 =140;F, =1.

\\\\\\\\\\

7 14jaéoa e 15a0adaiveja éidenieéa i iifo 06iéveja vesa
FieF,
0adeda 6aioasd i, (I640adaiceja j, éai; éciiiie 0.8). Ideidoell aa éidenieé
j» fia 140 160a 1ax»1i 1iodasex»il 6 Taiiid ia j1 ThOAja i&ileseaai. O 4864l
ladaot Toieiagili daga»6 ideéacaiii ia neece 3.1 (c), 10aidaie vaicas ia
i, Médeaa 1aa éidenieéa |, ej,. la 86ajo, neeéa 3.1(d) idééacoja dasd»a éija
ieja ladaot Tiogiaeii, 18é +aid ja vaioad 6nilioaasai ia +aido is. Oddaa



~&7¢ 84l 16aae eB641a8) Ta &1jed jA 10% ecaadail ca Toaioejasia &
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1.
s = [0100110000]

A - e

16ieeid fa canieaajo ia fiddaceje caidia (aias. swap),
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