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6DAHWDN

Problem usmjeravanja vozila (eng. Vehicle Routing Problem VNUDUHQR 953 MH MHGLEL
QDMSRSXODUQLMLK SUREOHPD X NRPELQDWRUQRM RSWLPL]DF
QD LVWUDALYDQMH QHNROLNR HJ]DNWQLK L KHbodksxoLpNLK U
VORAHQRVWL SULSWGEBNYKXSUREOIBPD 953 LPDva@antN®R OLNR UL
REJLURP QD YUVWX L EURM RJUDQLpHQMD D RGDEad& YDULMD
SRNXabDYD ULMHaALWL 8 GDQDaQMHP VYLMHWX X NRMHPX WUD
953 SRVWDMH VYH YHUL SUHGPHW LVWE¥U DijéneY D QWdrd radu FLOMHP
najprie MH REUEBM&ANRB-D L QMHJRYLK YDULMDQWL V WHRULMVNRJ
Nakon toga su navedeni SULVWXSL QMHJRYRP UMH&ADYDQMX -HGDQ R
PHWDKHXULVWLpPpND RSWLP L ]@rigL AMDCHNARYOGOi2dtRiP R/WL/DDLIHQ R
ACO), u kojoj su glavha komponenta umjetni mravi koji postupno grade optimalno
UMHAHQMH $&2 WDNRYHU LPD UD]JOLpLWH YDULMD®isti NRMH |
R SUREOHPX NRML VH ¥dRd\j¥ aPEDD YWHvVEPadtd WIAX-MIN mravljeg

sustava (eng. MAX-MIN Ant System VNUDUOUHQR 00%$6 NRMD VH SRND]DOD G|
UMHAHQMD ]D YHOLNL VNXS YUKRYD L GRYiRgeMd®@ard{ERM LWHU
UMHAHQMH ]D SURE O hdzilaXs/ &gvCHULIpHQNHP N D S DJapanitetdD HQJ
VRP VNUDUHQRS&FRBiIX 00$6 YDULMDQWH PUDYOMHJ POJRULWE
SRGYUJQXWD WHVWLUDQMHP QDG UD]OLpLWLP LQVWDQFDPD
S R G H a p&dntetrima. Na temelju izlaznih podataka testiranja, provedenaje VWDWLVWLpND
analiza SUHPD NRMRM MH GRQHVHHIQN P/DQBRMWADND OJRULWPD L
SREROMaDQMLPD

.OMXpQH Brbbehh pgmjeravanja vozila, VRP, Problem usmjeravanja vozila s
RJUDQLpHQMHP N D Sidtah®utistikd Optirdizaija kolonije mrava, ACO, MAX-
MIN mravlji sustav, MMAS
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1. Uvod

3UHPD SRGDFLPD L] (XURSVNH XQLMH WUDQVSRUWQH XV
XNXSQLK WURANRYD FLMHOH (XURSHNUD®IGD MR UELWH@G XWKXS DN
SURL]YRGQMH MHGQRJ NODVLPQRJ SURL]YRGD XWHMHpH FLMHQD ¢

IDSUHWNRP WHKQRORJLMH UDpPpXQDOR MH SRVWDOR QHL
poslovnome VYLMHWX SRQDMSULMH L] UD]JORJD &WR RPRJXUDYD \
SRMHGLQLK SURFHVD 3UHPD LVWUDALYDQMLPD SURYHGHQLP
NRULAZWHQMH UDpXQDOQLK RSWLPL]DFLMV MtpiikeSE¥RUKUMIRD RP R JX
W UR &N R Y@njs$ RV OR

U ovome radu o E U Dy HeQt®@ma problema usmjeravanja vozila, koja upravo ima
YDaQX XORURQXVSRUWQLP XVOXJDPD SRSXW ORJLVWLNH L GLVW!I
SUREOHPD VH WHPHOML QD RSWLPL]DFLML L NRPELQDWRULFL
SRNXADYD GRELWL GRYROBMIR st@ambry K YLNMHHANMXOQ MADNDRMM.OR YULMH
WUDQVSRUWD 6DP SUREOHP VH QDMpH&aUH XVSRUHYXMH V SR]QD
DOL X] GRGDWQH SDUDPHWUH L RJUDQLpHQMD NRMH JD pLQH
RJUDQLpHQMD SUREOHP XVPMHUDYDQMD YR]LQ#@ijapteMH MHGLQVV

1DNRQ WHRULMVNH L PDWHPDWLpPpNH REUDGHjamiDPRJ SURI
nastavku se XVUHG@RWORPD QMLKRYR UM H adptihidzQceHnr&amRkdlohijom.
.DNR QH EL J]DQHPDULOL L RVWD&rbmQdodgidvijuHopidaviitta D ¥rigQ M D
SULVWXSL NRML PRJX.GDWL GREUR UMHaAHQMH

U sklopu ovoga rada, implementirano e UMH&a&HQMH ] DsngdvaRdnj@ koRila s
RIJUDQLpHQMHP NDSDNWAXWIHWDaviERPREXWDYD REMddtdah® Nad
UD]J]OLpLWLP LQVWDQFDPD SUREOHPD NDR L QD UD]JOLpPpLWLP X
UMHANQ@MDWDWLVWLpPpNL RE U Ddpbivghin rézul@® denesPrH©® MBNOMXpDN
LVWUD&aPRDABBEROMADQMD DOJRULWPD



2. Problem usmjeravanja vozila

8SUDYOMDQMHP GLVWULEXFLMRP L ORJLVWLNRP VPDWUD VH
VYLMHWX 8 VDPRM VUAaL UMHADYDQMD ]DGDWDND QDOD]L V
6YDNRGQHYQR EURMQD SRGX]HUD L RUJDQL]DFLMH VXGMHOXMX
usluge te ljudi. .DNR VYDNR SRGX]HUH SRVOXMH QD VYRM QDpLQ RGQ
YODVWLWH FLOMHYH RJUDQLpHQMD L GD UD]JOLpLWH YDULMDE
UD]J]ORJD @&WR SUDNVD SRND]XMH YHOLNL EURMXUP]®UBOQWIK B U SE
univerzalno teoretsko UMHANRMH EL SRNULOR VYH VOXpDMHYH

1IDMYHUL SRPDN X LVWUD&ALYDQMX RYRJ SUREOHPD QDSUDY
GYD DPHULPND PDWHPDWLPND JQDQVWYHQLND *HRUJH 'DQW]LJ L
objavLOL pOD QD Ntr@ disgatiching*A 8QXWDU pODQND L]QHVHQR MH QH
RSUHQLWRJ SUREOHPD |D NRMH VX SUHGORAHQH VQDA&QH I
LVWUDALYDQMLPD L DOJR URaWiRLhPD i Bréjrid REUBIRK Fal vbbleme s
UWVPMHUDYDQMHP YR]LOD pLMH MH LVWUD&LYDQMH SRWDNQXOR
kojima VH SHUIRU P D Q Vjtk@&Rantié mapbijediti. [3]

2YR SRJODYOMH MH XVPMHUH Qprobienia isSjardv@rijaWezil) D]UD G X
GHILQLUDQMH QMH]LQRJ PDWHPDWLpPpNRJ PRGHOD NDR L QD SR«
najpoznatijim varijantama. Osim toga, u nastavku slijedi kratak uvid u povijest prvih
LVWUDALYDQMD L SRWUHEH ]D V YeddovetolidoRaydjaRvembeistikdliHP  aWR
EURMQLK DOJRULWDPD SRPRUX NRMLK MH PRJXUH GRUL GR UMHa

21. .UDWND SRYLMHVW LVWUDAaLYDQMD

.DR 4WR MH YHU SUHWKREBQYRDAERPHXWRUREOHPD XVPMH
]JDSRpLRBEWD Y RP p O D Q NTuck Dispatehigk Pédblem 3 JRGLQH yODQDN VI
EDYLR PRGHOLUDQMH SUREOHPD NDNR EL IORWD KRPRJHQLK ND
QDIWRP SUHPD UD]JOLPpLWLP EHQJLQVNLP SRVWDMDPD L] VUHGL:E
SsLURYLQD X JRULYR V PLQLPDOQRP SULMHYHQRP XGDOMHQRVWL
ULJKW JHQHUDOL]LUDMX RYDM SUREOHP NDR SUREOHP OLQHD
VXVUHUH X GRPHQL ORJLVWLNH L WUDQV SRUWDskugkijer@@®,SULPMHU
JHRJUDIVNL UDVSU&GHQLK RNROR VUHGLaAaQMHJ VNODGLaAWD NR
kapaciteta. Od ovoga trenutka, ovaj problem postaje poznat kao problem usmjeravanja
vozila (eng. Vehicle Routing Problem, VNUD MRB)Rednaod nDMALUH SURXpDYDQLK W
SRGUXpMX RSHUDFLMVNLK LVWUDALYDQMD > @



Trenutni VRP modeli uvelike se razlikuju od prethodno spomenutih, ponajprije iz
UD]JORJD @&WR QDVWRMH XNOMXpLWL VORAHQH YDULMDEOH L] V\
RYLVQLK RWMAEFDMXSURPHWQH JX4YH YUHPHQVNH LQWHUYDOH
L GLQDPLpNL PLMHQMDQMH SRGDWDND WRNRP YUHPHQD QSU !
:ULJKW QDSUDYLOL SUHNUHWQLFX SULPMHQRP HIHNWLYQRJ SRK
dRQRVH ]QDWQX YHUX VORAHQRVW 7DNR WHW@BADNS53 UFREHGTP
QHGHWHUPLQLVWLPNL X SROLQRPNRMHQ®RR WIJGFHINKL VHH AN W Q L
SULPMHQMLYL MHU QMLKRYD HILNDVQRVW RSDGD V EURMHP LC
SULNODGQLML KHXULVWLpNL L PHWDKHXULVWLPpNL DOJRULWPL >

8 SURWHNORP GHVHWOMHUX EURM PHWRGD-3dDvadéhiHaDYDQM
X DNDGHPVNX OLWHUDWXUX EU]R MH QDUDVOD 1DSUHGDN UDpX
brzine obrade i kapaFLWHWD VDGDaQMLK UDpXQDOD RPRJXULOR MH UM
VRP-D &dWR UH]XOWLUD SRYHUDQMH LVWUDALYDQMD L UD]YRMD V
'DQDV 953 VRIWYHUH NRULVWH W L\NCYdarCols Entevphises. BIHYy X NRMLPD M
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22. .ODVLpQL SUREOHP XVPMHUDYDQMD YR]LC

Problem usmjeravanja vozila (eng. Vehicle Routing Problem VNUDUOUHQR 953 MH MH
RQ QDMSRSXODUQLMLK SUREOHPD X NRPELQDWRUQRM RSWLPL]L
na LVWUDALYDQMH QHNROLNR HJ]DNWQLK L KHXULVWLPpNLK UMHAF
MH MDNR VOLpPpDQ SUREOHPX WIuav&ivgDSaksnhn FProvleghl N\DN UHDQIH Q R
763 V GRGDWQLP VORAHQLP RJUDQLpHQMLPD RWR JPRAWPIRIDNR
UHUL GD 953 JHQHWBO®ISRNRADEBD GDWL RGJRYRU QD SLWDQMH A
SXWHYD ]D JUXSX YR]JLOD X FLOMX LVSRUXNH UREH RGUHYHQF
optimalnog odgovara na navedeno pitanjeje NP +WHAaDN SURERPWHPR RFRGOR MH WHAaNF
GR RSWLPDOQRBP UMHAHQMD

3RG NODVLpPpQLP SUREOHPRP XVPMHUDYDQMD YR]JLOD VPDWU
problema kojimaje cilf SURQDUL QDMERNORGIUHMH@RPR MHNXSLQRP YR]JLOD N
GHILQLUDQRJ VNODGLaAawD RELUL VYH NOLMHQWH X] XYMHW GD V
GD VH QD NUDMX VYD YR]LOD YUDWH KRG MH QIN/HDE&H) M N O@IEN B W
VWYDUQRP SULPMHUX NRML VH SRNXaDYsp ULMHALWL D QHNL RG
OLQLPL]JLUDWL JOREDOQH WURANRYH SULMHYR]D QD WH]I
X MinimiziratiborRM YR]LOD SRWUHEQR ]D XVOXALYDQMH VYLK N
6PDQMLWL YDULMDFLMX X YUHPHQX SXWRYDQMD L RSWt
6PDQMLWL SHQDOH ]D OR&X NYDOLWHWX XVOXJH

x

x

x

x

Maksimizirati profit

Slika2 .ODVLpQL SUREOHP XVPMH&DYDQMD YR]JLOD 95:¢

4



23. ODWHPDWLpPpNL PRGHO

.ODVLpPQL @53 RRSULN Dgmjerchor® WHALQVNR)PLIBE LXdjeje 8 L
< &&é)=skup vrhova. Svaki vih ED 8 3 =predstaYOMD NXSFD NRMLMI(PD SRWUD:
NROLpLQX GREDUD NRMD SUHGVWDYOMD SR]JLWLYDQ EURM GF
RGQRVQR VNODGL&a&WHADB=DL ¥EP NEF £ 84HD Fje povezan s putnim
WURGNRMIFEANRML PRIJIX SUHGVWDYOMDWL FLMHQX UXWH XGDOM!
UD]PDN L VOLPQR 6YH VH FLMHQH PRJX L]JUD]JLWL SRBRUX VLPH\
%pdok se na dijagonali nalaze vrijednosti 3L % yL r. Skupinaod | LGHQWLPQLK YR]LC
svako vozilo s vlastitim kapacitetom 3 X SRpHWNX VH QDOD]L X VIEHGLAWX RG
953 IDKWLMHYD RGUHyYyLYDROWDB YBAMIBDVRA&ENXSQL WUREANRYL SXW
PLQLPXP L GD ]D VYDNL7Y¥ULMHGL VOLMHGHUH

1. Svakiklijentjie SRVMHIHQ WRpQR MHGQRP UXWRP

2. 6YDND UXWD ]DSRpLQMH L |IDYUAGDYD X FHQWUDOQRP VUHC

3. 8NXSQD SRWUD&AQMD XVOXAaHQLK NXSDFD XQX3WDU UXWH Q

4. Ukupna duljina rute svakog vozila QH SUHOD]L XQDSULMHG SRVWDYOMI
(opcionalno + QSU VOXpDM X NRMHPX EULGRYL SUHGVWDYOMI
XNXSQD UXWD QH VPLMH SUHOD]LWL YLA&H RG VDWL RGQF

5MHAHQMH VH PRA&H SURPXWY NRMING RMHNXE IDMHGQLPNL YUK VN

ODWHPDWLpPNL PRGHO
6 tredoslijed isporuka vozila E
6y tVvrijednost polja isporuka vozila Eha Fndeksu

6 3;tukupna duljina rute vozila E
Ay vD < &=x0 ne postoji brid, 1 brid postoji : EM REFD < &4 &8881=;

Cilj
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2.4. Varijante problema

SBULOLNRP PRGHOLUDQMD SUREOHPD XVPMHUDYDQMD YR]LOD
VXVUHVWL V UD]QLP RJUDQLpHQMLPD L YDULMDWEGEKRD .DNR
NDWHJRUL]JLUDQ SUHPD RGUHYyHQRM XVOX]L NRMH UMHADYDMX R
VX QDVWDOH L UD]J]OLpLWH SR]QDWH YDULMDQWH 953 1D QMLKRY

MH PDSD SR]QDWLK WLSRYD 953 W H i jpavezaq,DodhbBid kakd X SRMHG
MHGDQ WLS SUREOHPD SURALUXMH GUXJL

/ \ Ogranitena duljina
rute
|. CVRP _ > VRPE

.
£
o¥t

v
Vremenska
ograni¢enja

VRFB VRPFD

VRPBE VRPB

Slika 3. Varijante problema usmjeravanja vozila

U nastavku je opisana pojedina varijanta problema V GHWDOMQLMLP RSLVRP 953 V R
NDSDFLWHWD 8SUDYR L] UDJORJD daWR MX YHULQD RVWDOLK SL
VOLNH D Qd: jsv@N RWHHRIHOM X WH YDULMDQWH LPSOHPHQWLUDQR U

2.4.1. Kapacitativni VRP

Kapacitativni problem usmjeravanja vozila (eng. Capacitated VRP, V N U D U0 68\WRR)

XWHPHOMHQ MH QD RJUDQLpHQMX NDSDFLWHWD D VPDWUD VF
usmjeravanja vozila. Unutar problema definirani su klijenti koje WUHED SRVOXAaLWL ]DMt
VYRMLP SRWUDALYDQMLPD LVND]DQLP X NRKdrigtik&pna foezind, REH L Y|
NDSDFLWHW L VO 6YDNR YR]JLOR X SRpHWNX VH QDOD]JL X FH
SUHPD NOLMHQWLPD -HGLQR RJUDQLpHQMH NRMH SRVWRML MH

7



QDMEROMH UMH&EGHQMH NRMD QNHHRYN WSKXQRUI DN DWRUREBEQDPLIRGOYRVQR S
VYDNR SRMHGLQR YR]JLOR QD WDNDY QDpLQ GD VYL NRULVQLF]
QDPLQ 8NXSDQ WUR&GDN GRELYD VH NDR VXPD ¥YNXSQRJ WURA&ND

Kako se CVRP zapravo smatra osnovnim oblikom VRP-D VYL XYMHWL RJUDQLDpI
LGHQWLPQL NOXVEPQRIPWKARBD UDJ]ORJD PDWHPDWLpPNL PRGHO RE
SRIODYOMXY W.IMN-RZJIHU |D ROY S R@QPYLFR NRUL&AWHQMHP WHRULMH
VNODGL&AWH RVWDWDN VNXSD 'SUNMGS/WRNEGVID NRUEXLQDNWHGHQL
Za lukove :EF P' VH ]DSUDYR YHA&H QH Q R)Eoj predsavijg phjavdd
LIPHYX NR WA V@ phrbkBi se ne koriste lukovi : EE i pretpostavlja se da cijena takvog
luka 3¢ E» za sve ED 8 Prilikom implementacije, W Wdridprijevoza se zapisuju u
PDWULFX WUWRIENRYaRadli jednostavnosti u lukove :EE umjesto E» upisuju se
QXOH $NR QD * JOHGDPR NDR XVPMH@N®LDMLFPIHW D WD B DWNJURLAR
QD RYDNDY &953 QD]JLYD DVLPHWULpPQL 953 V ARyneDQIMRRQMLPD NI
VNUDUHQR $&9PDWHNRD WURANRYD L]JQRIGCDzQMak) L' GD VX
WDGD VH SUREOHP QD]JLYR MLPOMWICHDLLP B5 Bl C5Prdekic WHRR,D HQJ
VNUDUHQR 6&953 2SUHQLWR NDGD ND&HPR &953 RQGD VH SRC
SCVRP. [5] [8]

8QXWDU &953 WDNRYHU VH SURQDOD]L SUREOHP PLQLPDC
ukupnog kapaciteta svih vozila potrebnih da se mogu ispuniti zahtjevi prema svim
korisQLFLPD L QD WDM QDpLQ XVSMHAQR ULMHALWL &953 .DNR
REUD]J]ORALPR L RYDM SUREOHP V PDWHPDWLpPNH VWBDDQH 6Y
FHQWUDOQR VNODGL&A&WH VH @RNWeD IDskup 3 kad WoHSK@PLS | © EWMHY
ukupni zahtjev skupa odnosno zahtjev svi klijenata izgleda ovako:

@5 LI @
ubl

8 VNODGLaAWX VH X SRpHWNX QDODLGNMQWS fREA K YRGEHI DQ MYMWLNI
kapacitetom % NRML PRaH ELWL LVWR ]D VYDNR YR]JLOR LOL UD]OLpPL
izvedivo, mora vrijediti @ Q %za svaki ED s&&&J=Kako MH YHU SR]QDWR VYDNR YR]L
LIYHVWL QDMYLaAH MHGQX U XnwexmaBjibl W § REjis\® Y; @ Mebninatkas D
PLQLPDOQL EURM YR]LOD SRWUHEQ Ldalj&de pitamhoXkekd odxedlititay YL NR UL
minimalni broj vozila -3y34 3RVWRMH UD]JOLpLWL DOJRULWPL ]D WR D
UMHADYDQMH SURENRFEDg. BD RaddilgPkoilem VNUDUIHQR %33 NRML F



UMHADYD SUREOHP RGUHYLYDQMD P LQ L9%pbtRi&)zaEispRijénjy R]LOD N
svih zahtjeva @ Kako se BPP smatra NP-WH&a&NLP SUREOHPRP QMHJRYR UN
SRSULOLPQR NRPSOHNVQR SD VH X WRPH VOXpDMX ]D PDQML E
VWRWLQD SUHSRUXpXMH NRUL&AWHQMH QHNH GUXJH SR]QDWLE

optimalno UM H a B H

Solution Unpacked items
- 2
3

51| 3
6 6

5 5

5 || 4 m |4 - |

Clgged O;en

Sika4 3ULND] UMHa@PPQMD %33

U literaturi postoji nekoliko varijacija ovog problema. Prva varijanta odnosi se na broj
UDVSROMBzA Y NIRML MH XH{4AWB EL ]QDPLOR GD SRVWRML PRJIXUQF
YR]LOD RVWDWL QHLVNRULAWHQD 6PDQMHQMH nmidiniR@Ned VH PRa
XNXSQH FLMHQH UXWD VYLK YR]JLOD VPDQML L EURM NRUL&WHC
WURANRYLPDDYXJLRDUDQLPpHQMH NDSDFLWHWD ]JDPLMHQLPR V R
puta ili vremenskog trajanja, VRP dobivamo varijantu koju zovemo problem usmijeravanja
YR]JLOD RJUDQLpPpHQ X @ tarddd QoRsirdided MRPJ VNUDUHQR Takéid
udaljenost (iliviMHPH R]QDpmRYdiesu VEE D8 D X SUDYLOX RQD QH VPLMH
od maksimalnog dozvoljenog prevaljenog puta na ruti odnosno vremena provedenog na ruti
6 $NR MH GXOMLQD OXNRYD LJUDAHQD NDR YULMHPH BXWRYDQ
YULMHPH SRVEOXRIMHD QNHD SULGUX&HQR ]DE & prédst&vla Wietdd V QLN D
]DGUADYDQMD YR]JLOD NRG NRULVQLND RGQRVQR YULMHPH L]JUD
QD OXNX EH] YUHPHQD ]DGUA&DY D QM Of] {tadaCukNfRaMri}érQel iean@a | Q D p L P R
QD OXNX L]P HBFEXDBYadébemo prema formuli [8]:

@ E &

Ryl BvE



Do sada smo uvijek govorLOL R YDULMDQWDPD JGMH MH VYDNR YR]L
SRVWRML YDULMDQWD X NRMRM VYD YR]JLOD QLVYKzawbBztaQDND Y F
odnosno vremena definirana kao 6,za svako G[8]

Varijjanta CVRP-D JGMH VX SULVXWQD GYD RJUDQLpPpHQMD RJL
RJUDQLpHQMH PDNVLPDOQH GXOMLQH UXWH ]J]RYHPR SUREOHPF
XGDOMHQRA&UX L NDBEdfdanteVCondtriied EMRP VNUDUHQR [58953

7TDNRYyHU X OLWHUDWXUL QLMH VWURJR QDYHGHQR NDNR V
CVRP modela, odnosno MH OL NDPLRQ RGOD]L L] VNODGLaAWD GR VYDNR
roou LOL VNXSOMDMXuL UREX DOL X NRQDpQLFL UMH&HQMH VH VY|

Slka5 953 V RJU D QKapadit@th! [Hap

242. 953 V YUHPHQVNLP RJUDQLpHQMLPD

BUREOHP XVPMHUDYDQMD YR]JLOD V ¥rigHWRPQtN[ilMe RJUDQLp
Windows, VNUDUMOGR7: SUHGVWDYOMD SURGLUHQMH &953 JGMH
RJUDQLpHQMD VYDNRJ YR]LOD SRVWRMH L YUHPHQVND RJUDQL
3RVOXALYDQMH VYDNRJ NRULVQLND PRUD ]D=5RD&iVetiloXaYUHPHQ\
YULMHPH SRWDBAVOBOEMWX GD YRJLOR GRVH GR =)\WHIL}EQLND SULI
SUDYLOX GR]YROMHQR GDyypNENDBDGRRWH HQISWINDWL SRVOXALYDC
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YUHPHQD |DGDQR MH L YULMHPH NDGD YR]JLOR L]OD]L L] VNODG|
svakom od lukova Ryv EF; B 8 [5]

S8RELpPDMHQR MH GD VH PDWULFD WURANRYD L PDWULFD SX\
YUHPHQVNL SURJRUL NRULVQLND WDNR GHILQLUDQL GD VH SUFL
skkkGLAWH X YUHPHQVNRRGWQRQXWRNMXUHQMH RJUDQLpHQMD V RE
XYMHW SRVOXAaLYDQMD VYDNRJ NRULVQLND X WRBE@ERURGUHYHQ

kojemu je vozilo zaustavljeno s obzirom na definirano vrijeme Ry[8]

Slika6 3ULND] 953 V YUHPHQVNMI® RJUDQLpHQMHP

2.4.3. VRP s povratom

Problem usmjeravanja vozila s povratom (eng. VRP with Backhauls, V N U D (VREBR
MH SURGLUHQMH &953 JG M8 3M HpolijEipErs ndN &) pad€kupgd.DU prvom
podskupu #nalazise JNRULVQLND NRML |DKWLMHYDMX RGUHVYHQH NROL
podskup $ VDGUALRULVQLND NRG NRML NRMLK VH |JDKWLMHYD SULN?
robe. .RULVQLFL VX LQGHNVLUBQLS&MAODH LI BEAGBKE | =
3UHPD QDYHGHQRP 953 V SRYUDWRP QLMH ED& QDMSUHFL]QLM
SRYUDWX UREH QHJR L SRMDPXALYDQMX NRULVQLND

8QXWDU 953% SURQDOD]L VH GRGDWQR RJUDQLpPHQMH SUHC
svi korisnici skupa # PRUDM X SRV O X aL W$skopal NekegstRii ralitjevi Ngidvakog
YUKD LPDMX GYRVWUXNR JQDpHQMH RYLVQR UDGL OL VH R SRV
SULGUXAaXMH |LNA BYoQdirorhDnd VEWRRYY 953% PRAaH GHILQLUDWL GYD
RJUDQLpHQMD NDSDFLWH3WPRGD EBDWQIR YM&KRIEODBDMXMBBMHGLQDD(

11



zahtijeva klijenta iz oba podskupa #i $ NDR L RJUDQLpHQMH GD X VYDNRM UXW
iz podskupa # VX SRVOXAaHQL SULMH N RsEdkoVEQQIN\DHLE SRI®DVINXERS 8RELD

se smatra da podskup #nije prazanskup D LPSOLFLWQR VH SUHWSRVWDYOMD
klijente iz oba podskupa. [11]

A
1
:
i
’.

@ Linchaul customers ¢ Backhaul customers

Slika 7. Prikaz VRP s povratom [12]

2.4.4. VRP s prikupljanjem i dostavom

Problem usmjeravanja vozila s prikupljanjem i dostavom (eng. VRP with Pickup and
Delivery, skra i H Q/RPPD) predstavlja problem u kojem je svaki korisnik Epovezan s dvije
vrijednosti: zahtjevom za dostavu @i zahtjevom za prikupljanje iste robe Ly 8 YHULQL
VOXpDMHYD NRULVWL VH VERRQ@M H&ZO Bvakoy IkdtishBa) E\kdja
predstavlja razliku zahtijeva dostave i prikupljanja. Kako zahtjevi korisnika za prikupljanje
PRJX ELWL YHiUL RG ]DKV@WBN RYHU GHEMAMEMWDE vrijednosti. Svaki
]JDKWMHY VDGUAL SRGDWNH R PMHVWX SULNXSOMDQMD PMHV\
transportirati. Zahtjevi su unaprijed definirani za svakog korisnika E kao podaci o mjestu

dostave 1 mjestu prikupljanja &; X VO XpDM&@WD/ X SRpPHWQR3VNODGLAWH

12



SULOLNRP UMHADYDQMDHWSRVWDYOMD VH GD MHijeYR]JLOR L
SRVMHWX PMHVWD SULNXSOMDQMD 8] GR VRO preberoseDUGQD R
SURGLUXMH V GYDBJQRYD XYMHWD

X Za svakog korisnika Epostoji u istoj ruti korisnik 1p(mjesto dostave koje se
UD]J]OLNXMH RG VNODGLAWD NRMHXEWUHED SRVOXALWL ¢

X Za svakog korisnika Bpostoji u istoj ruti korisnik & (mjesto prikupljanja koje se
UD]JOLNXMH RG VNODGLAWD NRMHJ WUHED SRVOXAaLWL ¢

1DMpHagéntrelhd VNODGLaAWH X]LPD NDR L]YRU L RGUHGL&AWH ]D
o varijanti VRP za sa simultanom dostavom i prikupljanjem (eng. VRP with Simultaneous
Pickup and Delivery VNUDUHQR 9[B]363"

. Origin depot O Delivery customer

‘ Pick-up customer A1 Vehicle route

Slika 8. Primjer jedne rute vozila za VRPPD [13]

2.4.5. Izvedene varijante

8 SUHWKRGQLP SRJODYOMLPD REMDAaQMHQMH ¥X pHWLI
XVPMHUDYDQMD YR]JLOD pLMH NRPELQDFLMH QDMpHa&aUH WYRUH
GYLMH QDMpHaUH NRPELQDFLMH NRMH VH VXVUHUOX X YHUOULQL OL\

1. SBUREOHP XVPMHUDYDQMD YR]LOD V SRYUDWRYRRW{UHPHQVN

Backhauls and Time Windows VNUDUHQR 953%7:

2. 3UREOHP XVPMHUDYDQMD YR]LOD V SULNXSOMDQMHP L GRYV

(eng. VRP with Pickup And Delivery and Time Windows VNUDUHQR 9533'7:

13



.DNR VYDND YDULMDQWD SUREOHPD RYLVL RMVSHIFM HHpLQRIP W
SRVWRMH L EURMQD GUXJD RJUDQLpHQMD 8 YHULQL VOXpDMHYLCL
953 V NDSDFLWDWLYQLP RIUDQLpHQMLPD D QDMSR]QDWLML WDN

1. 3UREOHP XVPMHUDYDQMD YR]L ONltigle Yepptd VRROD A UDWBQRIQJ

MDVRP) [14]
2. Otvoreni problem usmjeravanja vozila (eng. Open VRP VN UD iU H Q Ru Rgendu
VH YR]LOD QH PRUDMX N®)DUDWL X VNODGLaWH
3. Problem XVPMHUDYDQMD YR]LODVRP YithAMultlglX Wips HVQNJUD UHQR
VRPMT) X NRMHPX VH XNLGD RJUDQLpHQMH GD YR]JUIBR PRAaH RC
4. SUREOHP XVPMHU D Ydla eogd Mastiit MR L K/ NYU D U-MRPR u(zadnje
YULMHPH VYH SRSXODUQLML 953 D NDR JODYQR RJUDQLpH
RJUDQLpDYD QNMIAHJRY X WXUX

.RQVWDQWQL L]D]JRYL L SURPMHQH X GLVWULEXFLML L WUDQV!
time dolazi do stvaranja i pojave novih modela problema usmjeravanja vozila, koji se sve
YLAH SRMDYOMXMX XQXWDY DQWORMWYHORN WD/MXJUBUHGPHW SUF
obrazovanju.

25 3ULVWXSL UMHaGADYDQMX SUREOHPD XVPMI

6XYUHPHQL SULVWXSLPBWHAMHY BRGXMIHBBLWL SUHPD UD]JOLPpLWL
aW Rorikhkenona VOLMHGHUORM VOLFL

EGZAKTNI HEURISTICKI METAHEURISTICKI

pristup zasniva se na modelima pristup zasniva se na heuristickoj ~ PriStup zasniva se najcesce na

protoka vozila, protoka tereta ili SP konstrukciji ruta lokalnoj pretrazi vodenoj procesima
madelu koji su preuzeti iz prirode

GRANAJ | REZI CLARK AND WRIGHT SIMULIRANO KALJENJE
GENERIRANJE STUPACA SWEEP GENETICKI ALGORITMI
LAGRANGE-OVO OPUSTANJE CHRISTOFIDES MIGNOZI TOTH KOLONIJA MRAVI

Slika9 3ULVWXSL UMHADYDQMX SURHESHPD XVPMHUDYDQ
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3UYL SULVWXS UMH&G&DYDQMD MH SRWSDRIEOQOBPBJ]BMDMNILPP
SULPMHQD RYRJ SULVWXSD YUOR MH RJUDQLPHQD JERJ VYRMH ¢
=D YHuUL EUBMMHXRRD XUH RPpRIWDMDSWLWVWXS JHQHULUD UMH&EHQ
UHDOQRP YUHPHQX NRMD VH |IDKWLMHYDMX X SUDNVL 8 VSHFLM
VNXS PRJIJXULK UMHEHQMD pHVWR VH N RdhbbshVand ddt?] baumQL DO JRL

generation 3 laghange relI D[ D W.I[SR Q3

+HXULVWLpPpNL SULVWXS SUHGVWDYOMD NRULAWHQMH LVNXYV
UMHEGDYDQMD QHNRJ SORMXHP® HIDDNWRLK PHWRGD KHXULVYV
predstavljaju znanje o strukturi ili odnosima unutar modela problema koji rMHADYDPR QHJR
SUHGVWDYOMDMX SUDYLOR L]JERUD ILOWULUDQMD L RGEDFLY
konstrukciji ruta gdje se konsWUXLUDQMH L SREROMaA@DYDQMH UXWD V RE]LU

iterativno. [8]

IDMQRYLML SULVWX-SNHENWHED SWREDHP® NRPELQDWRUQH
PHWDKHXULVWLPpNL NRML VH X SUDNVL GHILQLUD NDR VNXS DC
YLAH UD]J]OLpLWLK RSWLPL]DFLMVNLK SUREOHPD JGighdstvoH VDPR D
SUREOHPX NRML VH UMH&ADYD yHVWR VH ]DVQLYD QD ORNDOQR
preuzeti iz prirode poput simuliranog kaljenja, JHQHW L p N L K idbife thkaw. [BP D

BULOLNRP UMHADYDQMD SUREOHPD XVPMHNRYDRIWIDQ YRH
PHWDKHXUVWLpPpNL SULVWXS XWHPHOMHQ QD NR@RREHWIERQDYD
RSWLPL]DFLMD SRPRUKakNRRBIRKQ p M\M DPAUHDO' D P R Jkagijd wo&al)edD NaH SUL
implementacie UMH&aHQMD

15



3. Optimizacija kolonijom mrava

Optimizacija kolonijom mrava (eng. Ant Colony Optimizaton VNUDUOUHQR $&2 MH
metaheuristka NRMD VH NRULVWL ]D UMHGDYDQMH WHAaANLK RSWLI
kombinatornih optimizacijskih problema koji pripadaju klasi NP-WHAaNLK S UREOOH P D
]QDpDMND DOJRULWPD M tnjstoifurbranv, Xdj Qdgtipny hrxds Dovoljno dobro
UMHEHOMHEHQMH VH RpLWXMH NDR QDMEBROML SXW QD WHALQVN

5D]YLMDQMH L SURXpDYDQMH RYDNYH YUVWH RSWLPL]DFLMH
.RORQLMD PUDYD SUHGVWDYOMD XVSMHaQX L NRPSOHNVQX RU
VXUDGQMH PUDYD 8VSMHAaAQRVW VH Rapataka k& hojX pbjediki &da¥ DQM X V C
QLMH X VWDQMX VDP ULMH&ALWL *OHGDMXuUL V ELRORAaANH VWUD
VDPR GMHORPLPQR UD]JYLMHQD GRN VX QHNH YUVWH L SRWSXC
mrave GRND]DQR MH GD VH YWMH QDPNRPXRULNDFLRVWYDUXMH L
IHURPRQD .UHWDQMHP RG PUDYLQMDND X SRWUDI]L ]|D KUDQRP |
RVWDYOMDMX WUDJ IHURPRQD .ROLpLQD IHURPRQD NRMH RVWD
EURMX PUDYL NRML VX VBUBRIPR QNDWVRHGHEBEQPILQL NYDOLWHWL 1
pronalaze u navedenoj ruti. Ostali mravi mogu namirisati feromone i slijediti njegov trag do
KUDQH 3ULOLNRP RGDELUD SXWD NRMLP 348HOH LUL GR KUDQH
YHURP NRQMRPWIHNRPRQD 8SUDYR RYDNDY QDpPpLQ NRPXQLNDFL

GD SURQDYX awWwR NUDUL SXW L]JPHYNMRKEID @RWYPGDRLRWDIDNDR IF
mravi, Deneubourg je razvio eksperiment dvokrakog mosta. [19]

»
o ) » *
e ﬁ" : e
(a) i Food
Nest ¥
* source
M
* % %
o o o ® Mo W g
(b) il L
Nest LIE Food
source
::%*
(c) o * e o W ok g
source

Slika 10. Prikaz motivacije za optimizaciju kolonijom mrava [20]
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$&2 DOJRULWPL NRULVWH VH ]D UMHADYDQMH VWDWLpPNLK L
5DJOLND MH X WRPH &WR VWDWLPNL SUREOHPL VX GHILQLUDQL V
QMHJRYRJ UMHADYDQMD GRN VX GEQHPLPMKINLGH MHQ UMD Q@D N R H
PLMHQMDMX GLQDPLNX LVKRGL&QRJ FLOMD 8 VWDWLpPNH VH P
WUJRYDpNRJIDSKWOUNPMHU GLQDPLpPNRJ SUREOHPD XVPMHUDYDC

UDp X QIBO D

3.1. ACO Metaheuristika

1D YHURM UD]LQL DSMWVIRONPFLMAH V$H&PRAH REMDVQLWL SRPRIU

pseudokoda:

Algorithm 1 The Ant Colony Optimization Metaheuristic
Set parameters, initialize pheromone trails
while termination condition not met do

ConstructAntSolutions
ApplyLocalSearch (optional)
UpdatePheromones

endwhile

Slkall 2SuUuD PHWDKHXULRWLND ]D $&2

U glavnoj while petlji nalaze se tri glavne komponente ACO algoritma: konstruiraj
PUDYOMH UMHAHQMH SULPMHQL ORNDOQR SUHWUDALYDQMH I
SRVWXSDN QH RGUHYyXMH GLUHNWQR KRUH OL QDYHGHQH NRP
paralelnom, nego je autor aOJRULWPD LPD VORERGX VDP RGDEUDWL
karakteristike problema. [18]

3ULMH JHQHULUDQM @hilg NEHAHONHD RXOXNEDUMH MH SRWUHEQR
SUREOHPD SULSUHPLWL RGJRYDUDMXUH VWUXNWXUH SRGDWDI
KHXULVWLpPpNH YULMHE Qaranetre (dvisBdrov/ Werijaxitl &gbritva). Nakon toga
]DSRpLQMH UDG SHWOMH 8YMHW ]DXVWDYOMDQMD SHWOMH W
VOXpDMHYD SUHGVWDYOMD RGDEUDQL EURM LWHUDFLMD GR]

GRYROMQR G &.R21]UMH & H

U nastavku je ukratko opisana pojedina metoda koja se ponavlja unutar petlje.
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3.1.1. . RQVWUXLUDM PUDYOMH UMH&GHQMH

Proces konVWUXLUDQMD UMHaAHQMD VYDNH LWHWDOE|EeMH RGUDY)
oznaka za ukupan broj mravi, definiran prilikom inicijalizacije parametara te ostaje
NRQVWDQWDQ SULOLNRP L]YUaDYDQMD FLMHORJ DOJRULWPD
neovisno o drugim mravima, ali pritom koristi matricu feromonskih tragova i heuriVWLpNH
vrijednosti koje dijele svi mravi u koloniji. U jednoj iteraciji ACO algoritma, | mravi pronalazi
ukupno I UMHAHQMD 5»@NR@v AW MHAQR SAYRYDHY B Mdka@ seQtiv
UMHGAHQMH VPDWUD GRYROMQR GREULP Rapfelonjdnsk&tMdgdr)N R U D N X
DaXULUD PDWULFX IHURIPRQVNLK WUDJRYD

.RQVWUXLUDQMH UMHAHQMD PR&H VH RGYLMDWL UHGRVOLMI
implHPHQWDFLMH VYDNL PUDY NRQVWUXLUD VYRMH UMH&AHQMH M
QH SURQDYX VYRMH SDMBDHDHDWMHRP NRQVWUXLUDQMX UMHEHQMD
GUXJLP PUDYLPD NRQVWUXLUD UMHGHQMH NRUDNaS®abhiBUDN 8 V
MHGQX NRPSRQHQWX UMH&AHQMD L] VNXSD VYLK NRPSRQHQWL
KHXULVWLpNH LQIRUPDFLMH .RPSRQHQWH NRMH LPDMX MDpL
vrijednost LPDMX YHUX @aDQVX ]D RGDELU DOL Wa&jalvarpaNte REQVL L R S
DOJRULWPD 2YDM SRVWXSDN VH SRQDYOMD VNUR] GRN PUDY QI
PRJXUH NRPSROQMHRMVMHRIXULK NRPSRQHQWL YDULUD RG SUREOHPL
ILNVQH LOL YDULMDELOQH YHOLMKEH QWL PRI B QIRV N R QN R/ UoeLW| |
LlyuabYDQMD SURJUDPD NDGD VH NRPUVWL YLAHGUHWYHQR L]JYR

312. 3ULPMHQL ORNDOQR SUHWUDAaALYDQMH

1IDNRQ NRQVWUXNFVRMHMHEHIZEQLPMHQD ORNDOQRJ SUHWU
SREROMADOH FMHORNXSQH SHUIRUPDQVH DOJRULWPD /RNDOQR
VH HILNDVQR SU H VWrigDanoy ¥ MEKMMIHVEL V FLOMHP SURQDODVND MR
RELPQR MH QLVNH UDpXQDOQH VORAHQRVWL NDNR QH EL GR&OF
,DNR VH RYDM NRUDN X YHULQL VOXpDMHYD RGQRVL QD ORNDOQ
zove i metoda centralnih akcja L] UDJORJD 4WR VH RGYLMDMX DNFLMH SRS
LQIRUPDFLMD NRMH VH PRJX NRULVWLWL NRG RGOXpLYDQMD R
[18] [21]
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3.13. $aXULUDM IHURPRQH

Matrica feromoQD VPDWUD VH QDMELWQLMRP NRPSRQHQWRP $&2
QMH]LQH YULMHGQRVWL LPDMX XWMHFDM QD UMHAHQMH NRMH i
*ODYQL FLOM RYH PHWRGH SRYHUDWL XWMHFDM NRPSRQHQWL
ujecDM ORELK NRRIRQAWABWMH IHURPRVQNLK WUDJRYD DOJRULWD
SUREOHPD NRMX SRNXaDYD ULMHALWL QD QDpLQ GD XPMHWQL
WUDJRYD NDNR EL GRELOL 1QDQMH L LVNXVWYR SUth @CAONRP SRW
DOJRULWPD LPD VYRM QDpLQ ]D DAXULUDQMH IHURPRQVNLK W
VOLMHGH{U®NRUDNH

1. . GHQWLILFLUDM QDMEROMH NRQVWUXLUDQR UMH&EHQMH
2. Primjeni isparavanje feromonskih tragova
3. ,]JYUGL RGODJDQMH IHURPRQVNLK WUDJRYD GREULK NRP

SBRpPHWQH YDULNMDQWHDEKMDMNRUDN RGODIJDQMD IHURPRQVNLK V
]ID VYDNR NRQVWUXLUDQR UMH&HQMH X WUHQXWQRM LWHUDF
NRPSRQHQWH IHURPRQVNLK WUDJRYD VDPR ]D MHGQR NRQVWUX
UMHGAHQMH &AWRR/HWNBRNIREUD SUDNVD =D QDMEROMH UMH&EHQ
UMHGAHQMH WUHQ®W QB M BRHQUNMHELMREDOQR UMHAHQMH RG SRpH

do trenutne iteracije). [22]

3.2. MAX =MIN mravlji sustav

Kao AWR VPR GR VDGD VSRPHQXOL RYLVQRmpevéRiRAtpgeDinNRML GH
dijelovi ACO metaheuristke LQLFLMDOL]DFLMD IHURPRQVNLK WUDJRYD QI
UMH&AHQMH LVSDUDYDQMH IHURPRQD SUDY.), Od2like@® xIJDQMD I}
glavne varijante [18]:

1) Mravlji sustav (eng. Ant System VNUDUOHQR $6

2) Sustav mravlje kolonije (eng. Ant Colony System VNUDUHQR $&6

3) MAX-MIN mravlji sustav (eng. MAX-MIN Ant System VNUDUHQR 00%$6

2VLP JODYQLK YDULMDQWL SRVWRMH L EURMQH GUXJH L]YH

Najpopular QLMD YDULMDQWD $&2 DOJRULWPD ]D UMHADYDGQMH VWDQ
0086 NRMD V YHULP EURMHP LWHUDFLMD [2GJRayh VéAoDa@DMH QDM
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upravo MMAS odabran |D LPSOHPHQWDFLMX UMHaHQMD 953 t&/jeRJUDQLPp

R E U D y he&avku ovog poglavlja, dok su ostale varijante samo navedene.

MAX -0,1 PUDYOML VXVWDY QDSUHGQLMD MH YHU]JLMD PUDYO
ULMHALWL UDQLMX Vaikivap DriehdvizamNdrilddanjaV fdromonskih tragova.
00%$6 VH UD]JOLNXMH X WUL NOMXpQD RYSHNWD RG VYRMLK SUHW|
1) Nakon svake iteracije samo jedan mrav dodaje feromonski trag: mrav koji je
SURQD&DR QDMEROMH UMHAHQMH WUHQXWQH LWeHUDFLMH
RG SRpHWND DOJRULWPD W]Y JOREDOQL PUDY
2) .DNR EL VH LIEMHJOD VWDJQDFLMD SUHWUDAaLYDQMD UDV
VYDNRM NRPSRQHQWL MH RAAUAQRLPHQD LQWHUYDORP
3) Prilikom inicijalizacije, namjerno postavljamo feromonske tragove na i3¢s
SRVWLaXuL QD RYDM QDpLQ YHUH LVWUDALYDQMH QD SRpt

1DNRQ VYDNH LWHUDFLMH DOJRULWPD MHGDQ PUDY DaxulL
feromonskih tragova odvija se prema formuli:

NeoY“E2)
igyL TgvE ¢igy ®e

gdie je 109 2, R ?FRAH SUHGVWDYOMDWL GXOMLQX WOFUH QDMER
WRP V OuXjpdd Mif2 IEI—“, ili duljinu ture najbolieg mrava u iteraciji (%’fPpa je ¢i39 =L

1/91U|mplementacLMDPD 00$6 VH NRULVWH RED SUDYLOD Da&XuLuUDQM
relativne frekvencije kojom se ta dva pravila primjenjuju ima utjecaj na to koliko je algoritam

SRKOHSDQ .DGD DAaXULUDQMH IHURPRQD XYLMHN SULPMHQMX
S U H Wabj® @brzo fokusirano oko 6° %ure, a ako IHURPRQH DaXuULUD QDMEROML P!
wWDGD MH EURM EULGRYD NRML GRELMX IHURPRQH YHOL L S
(NVSHULPHQWDOQL UH]XOWDWL SRND]XMX GD MH ]@ndeDOH SU
feromona od mrava najboljeg u iteraciji, a za velike probleme najbolje performanse daje

GLQDPINNR\MELQDFLMD QDMEROMHJ JOREDOQRJ L QDMEROMHJ X L

IUHNYHQFLMH XpHVW BOBSYL [BPMEROMH WXUH

Neovisno o tome koMX GXOMLQX WXUH PUDYD RGDEHUHPR ]D D&
WUDJRYD SRWUDJD ]D UMHAHQMHP L GDOMH PR&H VWDJQLUDWL
NDGD MH IHURPRQVNL WUDJ JQDWQR YHUL ]D MHGRIiMONRPSRQH
RGDELUD LGXGHQWRRSX NRQVWUXLUDQMX UMHEHQMD PUDY
NRPSRQHQWX UMH&HQMD QDG VYLP RVWDOLP DOWHUQDWLYDPD
iH VYDNX LWHUDFLMX NRQVWUXLUDWL LVWR UMHAHQMH WH X
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PRIXUQRVWWMR EL VH LIEMHJDR RYDNDY VFHQDULM SRVWDYOMD
IHURPRQD ]D VYDNX NRPSRQHQWX UMH&HQMD 5DVSRQ VH RGUH
gornja granica 1334 iace 2YDNYH JUDQLFH LPDMX HIHNW R &ydlapipDYDQMD
grada Fkada se mrav nalazi u gradu Ena interval >y £36s79djeje r O €354 Q €68 Q
sal1DNRQ VYDNH LWHUDFLMH L]YU&GDYD VH SURYMHUD YULMHGQR)
je 1gyP 156& postavija se vrijednost iyl 1365 odnosno ako je iyvO 15 spostavija se
VOLMHGHUD IYWLM&ELGC.QORRWRGUHYLY DQ Mk s Uk MAth@Qavokvia

ovoga rada, formule za njih dane su u nastavku [24]:
. S
laoe L Ze
s F Yraw
=RGE s; @Yraw

laval Taoe

gdieje = RGURVMHPDQ EURM UD]OLPLWLK L]JERUD GRVWXSQ@LK PUDY
J ukupan broj komponenti odnosno broj gradova u problemu usmjeravanja vozila (za

GRGDWQD REMDAQMHQMD NDNR VX GRELYHOBD QECNHNGANH IRUP X
Systemu pDVR SXWKXUH *HQHUDWLRQ &RP SXW,Hzbrg24)WHPV 7 6WeW]OF

8 0086 DOJRULWPX SRpHWQL IHURPRQVNL WYHRIOWVWRVWDYOI
YUVWD LQLFLMDOL]DFLMH MH RGDEUDQD L] UDAOWRRB®RAEWHU RM D\
UMHAHQMD X SUYRM ISURYVWRUWVWISEBHWWD SIRYHUDR BSDARYWRMDSU
puteva koji imaju malu vjerojatnost da budu odabrani, u praksi se trag feromona ponovno
LQLFLMDOL]LUD 3RQRYQD LQLFLMDOL]DFLMD RNLGD VH NDGD \
XYMHW MH GHILQLUDQL EURM LWHUD &RMDBRDMHIUIBMARDHI@EMNDR M H
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4. Implementacija ACO za CVRP

SUREOHP XVPMHUDYDQMD YR]LOD V RJUDQLpPHQMHP NDSDFL\
L] UDJORJD @&WR MH RYDM SUREOHP RVQRYQL SUREOHP WH MH
SUHNR QMHJD XYRGHUL GRGDWQR RJUDQLpHQMH .DR &aWR MH .
UMHAaDY D Q-MdtlaBrarm3e MAX-MIN varijanta mravljeg sustava, za koju je dokazano u
ub]QLP OLWHUDWXUDPD GD GDMH QDMEROMH UH]XOWDWH 1D
NRQVWUXNFLWRMUMHEISEMOXALR NDR VPMHU Qalgei@m&ULOLNRP LP S

1. while not terminated

2. for each ant in the colony

3. set all nodes as unvisited

4. while number of unvisited nodes > 0 do

5. compute ant’s probability of going to
unvisited nodes

6 select a node according to the probability

7. if ant.load + node.load > ant.capacity then

8 return to the depot

9 else

10. visit the selected node

11. return to the depot

12. save the best solution if found

13. evaporate pheromone trails

14. update pheromone trails

15. return the best solution

Slika 12. Pseudokod algoritma ACO za CVRP [25]

Uvjet za zaustavljanje whie SHWOMH MH RGUHYHQL EURM LWHUDFLMD
PUDYL NRQVWUXLUDMX UMHAHQMH 8QXWDU NRQVWUXNFLMH UMt
JUDID NRML SUHGVWDYOMDMX JUDGRYH Qi Ratljsl kbjadadukjet=DWLP V!
ima ][ DXVWDYOMDQMH NDGD VH SRVMHWH VYL JUDGRYL 7HPHOMQL
metaheuristici upravo se odvija unutar ove petlie. Tako se najprije za trenutnog mrava
UDpXQDMX YMHURMDWQRVWL RGODVND X LmeXdd kdbpHSRBWMBMH UOHQL
RGDELUH VH YUK NRML UH SULSDVWL NRPSRQHQWL UMHAHQMD 8
CVRP-a, gdje se mora provijeriti je li trenutni kapacitet mrava dovoljan (maniji ili jednak) da se
SRVMHWL GRELYHQL RGDEUDQL JUDG mr8v YoOafep ddiXu &@u XYMHW
NRPSRQHQWX UMHAHQMH X SURWLYQRP VH YUDUD X FHQWUDOC
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VYH JUDGRYH SRNUHUX VH PHWRGD VWDWLVWLNH NRMD ]DSLVX
s obzirom na ostale iteracije provjeravajeli WDNYR UMHAHQMH XMHGQR L QDMERO|
Zadnje metode unutar iteracije koje su ostale prate pseudokod ACO metaheuristike,
RGQRVQR DaxXuULUDMX VH IHURPRQVNL WUDJRYL

Potrebno je naglasiti da pojedini mrav ovdje ne predstavlja jedno vozilo, nego
]JDSUDYR NRQVWUXLUD F3WakiOrRaN WDGERJ VIMBEMQ@MHY R]LOD RGUHYHQ
8QXWDU NRQVWUXNFLMH UMHaAHQMD PUDWH BUHWWLRMHBQRpMR)
CVRP-a uzima druge voziOR L] OLVWH DNR WUHQXWQR QH VDGUAL GRYF
SRVMHWLWL RGDEUDQL JUDG =DPMHQD YR]LOD VH YUAaL SULOLN
7TDNDY SRVWXSDN VH SRQDYOMD VNUR] GRN VH QH RELYX VYL JUI

%DDDDDDBDQ
2D [0} 5 (1) o)
2D (o e —{o]
2D o o)

Slika 13. Prikaz izgleda UM H & H Q M Dg &nRl&mextec{ibm

U nastavku ovog poglavlja opisani su detaljno koraci koje je potrebno napraviti da bi

se implementirao MAX-0,1 PUDYOML VXVWDY ]D &953 SUHPD X]RUX QD RE

,PSOHPHQWDFLMD U4H VH RGYLWL X M H-ptjsnkrarBiWpKRiQia, SUHP D F

NRULVWHuUL RGUHYHQH ELEOLRVUHKNjmMdD UDG V PDWHPDWLpPNLP
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4.1. Metode i tehnike rada

Za prethodno LV W U 2 ddoheBBKQdvdijela problema usmjeravanja vozila, kao i opisa
optimizacije mravljom kolonjom NRUL&AWHQL VX VYL VDGUaADML GRVWXSQL Q
]QDQVWYHQLK pODQDND

Za mplHPHQWDFLMX DOJRULWPD L UMH&ADYDQMD MHGQH YDL
YR]LOD NRULAWHQR MH SVigudllsR@idy Cole R jeikdr RyghbhHKako su u
SRMHGLQLP NRUDFLPD UMHaGaDYDQMD DOJRULWPD NRUL&GWHQH
SRGDWDND NRULAaW N@npy Wttps:FiuByloRAVNRBD VDGUAL EURMQH IXQ
UubG V PDWULFDPD 7DNRYHU |D GRGDWQXOIRYISWBDFNRXL8§WIHQ

NRPELQDFLMD UD]OLpLWLK SVHXGRNRGRYD GRVWXSQLK QD LQ
preuzimanja.

Na kraju je izvedena statistika na temelju samoga rada algoritma, poput analize
LIPHYyX GHILQLUDQLK SDUDPHWDUD LnodfiM Hla@datvbDda instdit®® HQV NH
SUREOHPD QD NRMRM MH L]YUAHQR WHVWLUDQMMHa PrikaztX]HWD M
YUKRYD L DQDOL]X UXWD NRULAWHQD GdadGtbra RQOLQH
(https://lwww.geogebra.org/classic?lang=en 6WDWLVWLND M HuS&rditahiDthbliaD SRP R U
L JUDIRYD LJUDYHQLK X SURJUDPX 06 ([FHOX 3RMHGLQD VWDW|
QD]QDpHQD GD VH QH UDGL R YODVWLWLP LIPMHUHQLP SRGDFLP]|
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4.2. Dijagram klasa

,PSOHPHQWDFLMD UMHaAHQMD VDVWRMULWHD]RGH SEW WONMDNGF
dijagramu:

Data.py

fileName : Siring

saveToCsv()
readXmi()
AntSystemAlgortihm. py Ant.py
Vehicle py
parameters | Data tour_length : Double
. capacity - Integer
anis . List=Ant= . | tour: Array
1 11l vise 1 1 ili vige-| tour_length - Double
visited - Amray

constructSolution() tour - Array
antLoad : Integer ’

updateStatistics() used - Eoolean
vehicles - Vehicle
pheromoneUpdate()
] empfyVehicleMemory()
emptyAntMemory()
placeAntinDepot()
Main.py

object : AntSystemAlgaorithm

main()

Slkali14 'LMDJUDP NODVD LPSOHPHQWDFLMH UMH&HQN

Klasa Main.poy VDGUA&L VDPR JODYQX PHWRGX ]D SRNgd&WDQMH S
VOLPQR NDR SVHXGRNRG ]D $&2 PHWKHXULVWLNX

def main():
#lnicijalizacija podataka
antSystemAlgorithm = AntSystemAlgorithm(Data(sys.argv[1]))
i =0
while(i < broj Iteracija ):

antSystemAlgorithm.ConstructSolution()
antSystemAlgorithm.UpdateStatics()
antSystemAlgorithm.ASPheromoneUpdate()

i =i + 1
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Klasa Data.py VD GU aL uPJHDWRLGNV D Q Mikkz ki \dabkaFpLMH VH LPH XQHVI
SUHNR DUJXPHQWD SULOLNRP SRNUHWDRQWBtodUR Jdcem&rz 7DNRYH
dobivene statistike unutar .csv datoteke. Osim toga, unutar nje se definiraju vrijednosti
SDUDPHWDUD SRWUHEQLK ]D UMHAaDYD® MW DDUDJ UL WRIDQ R XIQMRH/G
EL VH RODNA&DOR WHVWLUDQMH ]D UD]OLpLWH NRPELQDFLMH

Klasa Antpy VOXaL ]D NUHLUDQMH LVWLK PUDYD RYLVQR R GHIL
SDUDPHWDUD 2EMDaQMHQMH QMH]LQLK DWULEXWD GHILQLUDQR

Tablica 1. Prikaz atributa klase Ant

Atribut 2EMDaAQMHQMH
tour_length 'XOMLQD WXUH NRMX MH SUR
vrijednost postavljena na -1,
tour OHPRULMD PUDYD NRMD SDP

prevaljeni put, odnosno polie koje VDG
SRVMHUHQH JUDGRYH

visited 3ROMH YK @tlp jeQ B broj gradova. Svaki
LQGHNY SROMD R]QDpDYD R NR
60XaL ]D SSBRY®HNXP RGDELUD
mrav posjetit i implementaciju uvjeta da se svaki
YUK PR&H SRVMjddidmWIhicijsliibPsve
vrijednosti polja su postavljene na False.

antLoad 2]1QDpDYD NROLNR MH PUDY
BULOLNRP SRVMHWD RGUHYH
YULMHGQRVW VH UDpXQD VXPD
DWULEXWD L NROLpLQH"SRMU
=JP HKE®v 7TDNRYyHU VOXAalL
RJUDQLpHQMD NDSDFLWHWD Y
grada. Inicijalno je vrijednost postavljena na 0.
vehicles SWULEXW NRML VDGU &dzila OV

programskom smislu, Vehicle objekata). Broj -
RYLVL R LQVWDQFL SUREOHP ]
kako je u instanci definirano

vehiclelnUse Objekt tipa Vehicle u koji se sprema vozilo koje se
trenutno koristi. Inicijalno se postavlja kao prvo

vozilo iz liste vozila.

Klasa Vehicle.py VOXaL ]D NUHLUDQMH YR]LOD RYLVQRi ngho@hnILQLUDQ

kapacitetima 9%jgdje je Hedni broj vozila). Ove vrijednosti ovise o instanci problema za koju
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VH DOJRULWDP SULPMHQMXMH 6YDNL 2FEMDYE QNDIS@QNM H OMALX XY
Vehicleepy QDOD]L VH X VOLMHGHURM WDEOLFL

Tablica2. 2EMDaAaQMHQMH DWULEXWD NODVH 9HKLFOH S

Atribut 2EMDAQMHQMH
capacity 2GUHYyXMH NDSDFLWHW YR]L
SUREOHPD ]D NRMH VH WUD ¢
tour_length 'XOMLQED WXUH NRMX MH SU
vrijednost postavljena na -1,
tour OHPRULMD YR]JLOD NRMD SEC

SUHYDOMHQL SXW RGQRV(
SRVMHUHQH JUDGRYH

usedVehicle Atribut NRML VOXaL NDR BoQean) N
MH OL WUHQXWQR YR]JLOR

postavljeno na vrijednost False, a vrijednost

mijenja kada se vozilo zamjenjuje s

trenutnim.

Klasa AntSystemAlgorithm.py VDG U AL JODY Q H s ptiljeEhjajt uhuRIMIAX-MIN
mravljeg sustava |D UMHaD Y D @M Hor&® paBlatke iz klase Data.py, koje po potrebi
GRGDWQR REUDYXMH

IDNRQ 4WR VPR REMMIMMQVIUKD SRMHGLQH NODVH X QDVWDYN.

metode iz klase AntSystemAlgorithm.py. 3SR&AW XM XuL $&2 PHWDKHXULVWLNX NUH
SUYRJ YDaQ RJnitij&lizhBijdl ibdataka i parametra algoritma.
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4.3. Inicijalizacija parametara | feromonskih tragova

OHWRGD LQLFLMDOL]DFLMH DOJRULWPD PRAaH VH SRGLMH
SUHGVWDYOMDMX JRWRYH YULMHGQRVWL UXpQR XQHVHQH LOL
YULMHGQRVWL NRMH WUHED L]U D Po@Qarahtetr® digbNtRa Xroebdro. K SRG D\
Udléibrojmravi ;1 ; 2YH YULMHGQRVWL VH RGUH y XtHor8tlem&@KkojiY OD VW L\
VH UMHADYDHPHQRP LVNXVWYX SULOLNRP LPSOHPHQWUUDQMD V
raznim literaturama postoje SRQXVHQH Y ULM paa@&avaNd ekspyerikentalno je
GRND]DQR GD GDMX .JrB Wbhaprirgjdd, HalbtiQost&metri za algoritam MMAS
SULOLNRP UMHADYDQMD SUREORP.D WUIJRYDPNRI SXWQLND VX

x UL s

x UX LOQOWHUYDOX L]PHyX L

X € L rat

X Brojmrava (1) = Broj gradova :J;

Kada bi CVRP-u maknuli RJUDQLpHQMH NDSDFLWHWD L SRVWDYLOL VI
QMLK YL&H |]DSUDYR ELVPR GRELOL SUREOHP WUJRYDpPNRJ SX
vrijednosti parametra PRJX ELWL GRYROMQR GREU Ha.Tij¢kmwmudstienaY DQMH &
algoritma za pronaODAHQMH GREULK UMH&AHQMD SDUDPHWUL VX
HNVSHULPHQWLUDQMHP L NRPELQDFLMDPD R pHPX UH YLaH ELW
LVWUDALYDQMD

Ulazne podatke instance problema potrebno je obraditi kako bi se dobile vrijednosti
poput XGDOMHQRVWL L]JPHYyX JUDGRYD SRWUDaQMH SRMHGLQRJ
NDSDFLWHWD WH LQLFLMDOL]DFLMH SRpHWQLK IHURPRQVNLK WU

8GDOMHQRVWL L]PHYX JUDGRYD VH ]DSLVXMH JXgdei@HWULPpQ.
Q EURM JUDGRYD X lKAkD QURyiad&\d b Instancama problema definirani kao
YUKRYL X NRRUGLQDWQRP VXUWDYXND RGORPIQR XNGHDRINSEH Q RV W L
SLWDJRULQ SRXpDN

@0580¢; L ¥ ToF 58 E: W F W6
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A u programskom kodu to izgleda ovako:

def CalculateDistanceMatrix(self):

distanceMatrix = np.zeros(
(self.numberOfCities, self.numberOfCities))
for i in range(self.numberOfCities):
for j in range(i, self.numberOfCities):
distanceMatrix[i][j] = math.sqrt((self.coordinates]i][0] -
self.coordinatesJj][0]) o2+ (
self.coordinates]i][1] - self.c oordinates[jJ[1]) ** o 2)
distanceMatrix[j][i] = distanceMatrix[i][j]

return distanceMatrix

JHURPRQVNL WUDJRYL VH WDNRYHU JDSLVXMX JXaliMibPHWULDC
QMH]LQRJ L]JUDPpXQD VH GRODIDMDUPRB RVW FHEARWYMEL@R L]UDpPpXQL
gradova odnosno J JH EB? L F koja nam daje indeks k-WRJ JUDGD QDMEOLA&HJ JUL
SURJUDPVNRP NRGX NRWump Hbjézing HEKCijuRaAgsbN X QD ODJDQL QDpL
pronalazimo listunaMEOLALK[28UDGRYD

def findNearestNeighbourList(self):

listOfNeighbour =
for i in range(self.numberOfCities):
listOfNeighbour.append(np.argsort(self.distanceMat rix[i]))

return  listOfNeighbour

8 LGXUHP NRUDNX MH SRWUHEQR L]JUDpXQDWL GXOMLQX
QDMEOLAHJIDAY X|@BPEDPR OL SXW JHQHULUDQ KHXULB4,WLNRP QD
svakoj iteraciji se odabire vrh od ukupnog broja vrhova J N R M Lij@é/diaur® 6; takav da je
QDMEOLAL |DGQMHP GRIs&bIR rhsée dodajeu turu 6yte se ovaj postupak
ponavlja skroz dok svi vrhovi nisu dio ture 65 %% MH QD NUDMX VXPD VYLK EULGH

susjeda navedene ture. [27]
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def NearestNeighbourHeuristic(self):
set()

visited_cities
current_city =0
visited_cities.add(0)
distance_passed =0
i =0
while i < self.numberOfCities:
for city in self.findNearestNeighbourList()[current_city]:
if city not in Vvisited cities:
distance_passe d = distance_passed +\
self.distanceMatrix[current_city, city]
current_city = city
visited_cities.add(current_city)
break
=i +1

return  distance_passed

Kako RYDM DOJRULWDP LPSOHPHQWLUD 00%$6 YDULMDQWX S
vrijednosti gornje i donje granice, odnosno i3¢si laua -DR aWR MH SUHWKRGQR REM
00$6 YDULMDQWL SRpHWQD YULMH G QRsVKako Wilalgaritaml H grkRdP RQD L] Q
LWHUDFLML LVWUDALYDRUE&EMHG QRNNMW DSR PWWAHQNRDN QMH L GRQM

SRPRiUX IREBPXOD

Sve varijable unutar formula su nam poznate pa VDGD PRAHPR L]JUDpPpXQDWL S

feromonsku matricu:

def InitializePheromoneTrail(self):

self.trail_max =1/ (selforho * self.Near estNeighbourHeuristic())
self.trail_min = self.trail_max / (2 * self.numberOfCities)
self.pheromoneMatrix = np.full(

(self.numberOfCities, self.numberOfCities), self.trail_max )
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Osim inicijalizacije navedenih parametara i obrade ulaznh SRGDWDND WDNRYyHU
inicijalizirane varijable koje pXYDM X S RaGobradiN btatistike, kao nprr UMHAHQMH VYDNE
LWHUDFLMH QDMEROMH UMH&GHQMH GR VDGD Y Udj#BHIPH SRWUHE(

44. RQVWUXLUDQMH UMHaAHQMD

.RQVWUXNFLMD UMHaAaHQMD VH VDVWRML RG QHNROLNR NRUDND

1) Najprije je potrebno isprazniti memoriju svakog mrava i vozila QD QDpLQ GD VH RplL
VYH WXUH WH YR]LOD R]QDpH NDR QHNRUL&AWHQD

# SUDaQM HigMdije mrava
for k in range(self.numberOfAnts):

for i in range(self.numberOfCities):
self.ant[k].visited]i] = False

self.ant[k].tour.clear()

self.ant[k].antLoad =0

# pr D&Q M H @nenhbrije  vozila

for v in range(self.numberOfVehicles):
self.ant[k].vehicle[v].vehicleTour.clear()
self.ant[k].vehicle[v].usedVehicle = False

2) 6YL PUDYL VH SRVWDY OM D M&X s&Xuibibl/DzdoQzRisté Ma2ia G L a W H
SRVWDYOMD |]D NRULaAWHQMH

# Postaviti mrave u depot
for k in range(self.numberOfAnts):
self.ant[k].tour.append(self.depot)

self.ant[K].visited[self.depot] = True

# Postaviti prvo vozilo za NRULAWHQMH
self.ant[k].vehicleInUse = self.ant[k].vehicle[0]
self.ant[k].vehicleInUse.usedVehicle = True

self.ant[k].vehiclelnUse.vehicleTour.append(0)
3) Svaki mrav konstruira kompletan put dok ne posjeti sve gradove. U svakom koraku

NRQVWUXNFLMH PUDY SULPMHQMXMH PHWRGX SUDYLOD RGI

Metoda pravila odabira kao argumente prima indeks trenutnog mrava Gi indeks trenutnog
NRUDND NRQVW U Xske LbMsd maodlioHsazthaiM Bojem se gradu Erenutno nalazi
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mrav G 1DNRQ WRJD VH UDpXQD YMHURGIDWaQREZW RISEODOWNNHDIIPQD Y
gradove Fprema formuli [27]:

dyg diyg
Ay 9dug g

L5 (L & GRAF6(Ba
gdje je:
X RywHXULVWLPND YULMHGQRVW NRMD VH UDpXQD NDR UHFLSL

. 5
prema formuli f3;yL —,
X060

x (BVNXS GRSXAWHQLK Voigsldd D PUDYDN
x igd HURPRQVNL WUDJ L]PHyX JUDGRYD
x UiUGYD SDUDPWHUD NRML RGUHyXMX UHODWLYDQ XWMHFDM

vrijednosti

.DR aWR MH YLGOMLYR L] IRUPXOH RGDELU YUKD YHULQRP R)
heuristike. U programskom kodu, metoGD ]D LJ]UDpXQ YMHURMDWQRVWL L]JOHGLEL

def CalculateProbability(self, current, choice, Kk):
probability = 0.0
brojnik = self.pheromoneMatrix[current][choice] **  gself.alpha * o\
(1 / self.distanceMatrix[current][choice]) **  self.beta
nazivnik = 0.0
for i in range(self.numberOfCities):
if self.ant[k].visited[i] == False :
nazivnik = nazivnik  + self.pheromoneMatrix[current][i] ** g
elf.alpha * o\
(1 / self.distanceMatrix[current][i]) **  self.beta
probability = brojnik  / nazivnik

return  probability

1D WHPHOMX LIWDRMOQWWRKWM SULPMRQDM ¥NMNRMD RIDWER GID ASULC
GD VH QDMSULMH LJUDPpXQD NXPXODWLYQD VXPD VYLK YMHUF
XQLIRUPQR GLVWULE X INZDn@endl® XfEE?MDIQUBUBRMID aWR NXPXODWL)Y
]DY UAaD Yilijednosti 100% odnosno jedan. Na kraj se odabire onaj grad kojemu je
YULMHGQRVW NXPXODWLYQH VXNRY YHUD LOL MHGQDND EURMX
Prije samo odabira grada, odnosno dodavanja vrha turi mrava, potrebno je provjeriti uvjet
RJUDQLpHQMD NDEMBFBWHMIDMRMLSVHXGRNRGX DOJRULWPD 8
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]IDGRYROMHQ PUDY VH SRPLpH X RGDEUDQL JUDG L R]QDpXMH VF
VH YUDUD X FHQWUDOQR VNODGL&aWH

def DecisionRule(self, k, step):
«
cumulativ. = np.cum sum(selection_probability)
r = np.random.uniform(O0, 1)
i 0
p cumulativfj]
while(p <= r):
=i +1
p = cumulativ[j]
if(self.ant[k].antLoad + self.demands]j -
1] > self.ant[k].vehicleInUse.capacity):
self.ReturnToDepot(k)

else:
self.ant[k].tour.append(j)
self.ant[K].visited[j] = True
self.ant[k].antLoad = self.ant[k].antL oad + self.demands|j -

1]

self.ant[k].vehicleInUse.vehicleTour.append(j)

4) 1D NUDMX PUDY VH YUDUD QDWUDJ X SRpHW®H VH DUD pXNUDR
GXOMLQD XNXSQRJ SULMHYHQRJ SXWD

self.ant[k].tour.append(self.ant[k].tour[0])

self.ant[k].vehicleInUse.vehicleTour.append(self.ant[k].tour[0]

OHWRGD NRMD UDpPpXQD XNXSQL SULMHYHQL SXW PUDYD

def ComputeTourLength(self, k):

tour = self.ant[K].tour

numOfVisitedNodes = len(tour)

tour_length =00

for i in range(humOfVisitedNodes -1):
indexSource = tour]i]
indexDestination = tour[i+1]
tour_length = tour_length +\

self.distanceMatrix[indexSource][indexDestination]
return  tour_length

2YL NRUDFL VH SRQDYOMDMX WROLNR GXJR GRN PUDYL QH ]JDYU?Z
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45 $aXULUDQMH IHURPRQVNLK WUDJRYD

$aXULUDQMH PDWULFH IHURPRQVNLK WUDJRYD MH SRVOMFE
prema MMAS varijanti sastoji se od tri dijela: isparavanje feromona za parametar €

odlaganje novih feromona te provjere gornje i donje granice feromona.

def MMAS8heromoneUpdate(self):
self.Evaporate()
self.DepositPheromone()
self.CheckPhermoneLimits()

U postupku isparavanja feromona, vrijednost traga feromona iyvse smanjuje za

konstantni faktor éprema formuli [27]:

ilgyL s F é;ijjy

(@t

7TDNR GD PHWRGD L]JOHGD SRSULOLpPpQR MHGQRVWDYQR

def Evaporate(self):
self.pheromoneMatrix = (1 - selfrho) * self.pheromoneMatrix

Odlaganje novih feromona je postupak pri kojemu se dodaju novi feromoni na bridove
NRML VX NRQVWUXLUDOL PUDYL X VYRMLP WXUDPD 8 SRJODYO
RGODJDQMD IHURPRQD D X RYRM LPSOHPHQWDFLML UMH&AHQML
QDMEROML PuWine fe@orizad implementaciji, odlaganje feromona globalno

najboljeg mrava izgleda ovako:

def DepositPheromone(self):

deltaTau = 1 / self.bestAnt.tour_length
numberOfVisitedNodes = len(self.bestlterationAnt.tour)
for i in range(humberOfVisitedNodes - 1)
j = self.bestlterationAnt.tourfi]
| = self.bestlterationAnt.tour[i + 1]
self.pheromoneMatrix[j][I] = self.pheromoneMatrix[j][l] + delta

Tau
self.pheromoneMatrix[j][l]

self.pheromoneMatrix[l][j]
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Zadniji korak u MMAS varijanti je provjera gornje i donje granice feromona, koja kontrolira da

UMHAHQMD EXGX XQXWBYAY4LPAHQH JUDQLFH

def CheckPhermoneLimits(self):
for i in range(self.numberOfCities):

for j in range(i):

if self.pheromoneMatrix[i][j] < self.trail_min:
self.pheromoneMatrix[i][j] == self.trail_min
self.pheromoneMatrix[j][i] == self.trail_min

elif  self.pheromoneMatrix[i][j] > sel f.trail_max:
self.pheromoneMatrix[i][j] == self.trail_max
self.pheromoneMatrix[j][i] == gelf.trail_max

2YLP NRUDNRP ]DYUAGHQD MH FMHORNXSQD LPSOHPHQWDFL!
UMHGHQMD GRELYHQXuUSRSBJ]OWLY OMHLGHGLQD PHWRGD NRMD
DaXULUDQMH VWDWLVWLNH L] UDJORJD aWR RQD RYLVL R SUREC(

QH XWMHpiHH QN DWVGRVW UMHAHQMD
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5. (NVSHULPHQWDOQR LVWUDAaLYDQMH

(NVSHULPHQWDOQR LVWUDALYDQMH SURYRIGaaD ROOY H QD LQV
Set A s izvora [30]. Posebno je odabrana instanca problema A-32-k05.xml na kojoj je
LI YHGHQ HNVSHULPHQW V UD]OLpLWuUkBpnS B \kakhbirvahijB) kDji s DUDP HW L
QDYHGHQL X VOLMHGHURM WDEOLFL

Tablica 3. Postavke parametara za testiranje

» Ya E Broj iteracija Broj mravi Broj gradova
1) 1 2 0.02 1000 32 32
2) 1 4 0.02 1000 32 32
3) 1 2 0.02 500 64 32
4) 1 2 0.1 1000 32 32
5) 1 2 0.1 1000 32 32

Instanca problema A-32-k05.xml VDGUAL XNXSQR JUDGD L YR]JLOD VYDNR
NDSDFLWHW NRML L]QRVL SRMHGLQL JUDGRYL SULND]DQL VX

slici:

Slika 15. Prikaz vrhova instance problema
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Svaki od ukupno32 JUDGD LPD VYRMH [DKWMHYH SULND]DQH X VOLMHGF

Tablica4 3ULND] SRWUDAQMH ]D SRMHGLQL JUDG

Rbr. | 3RWULO Rbr. SRWUDO Rbr. | 3BRWULO Rbr. 3RWUL
grada grada grada grada

0 0 8 6 16 18 24 24

1 19 9 16 17 19 25 24

2 21 10 8 18 1 26 2

3 6 11 14 19 24 27 20

4 19 12 21 20 8 28 15

5 7 13 16 21 12 29 2

6 12 14 3 22 4 30 14

7 16 15 22 23 8 31 9

,] WDEOLFH PRaAHPR SULPLMHWLWL GD MH FHQWUDOQR VNODGLaA
L] WRJD UD]JORJD QMHJRYD SRWUDAaQMD L]JQRVL

.DR QDMEROMH PRJIXiUH UldMiind pu@aMdH782 MnprRKBdmetarh), a svaka ruta
YR]LOD UiikdZaheQevi® VOLMHGHURM VOLFL

Slika 16. Prikaz optimalnog U M H & H Q-BREX5]XInl §31]
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=D VYDNX NRPELQDFLMX SDUDPHWDUD HNYVSHRKPIRIQW MH SF

VX VH SRGDFL R QDMEROMHP UM MaHegbdljX dobenk Hodawikd,UD FL M H
SURYHGHQDNDHDQWOWDp SUL NRMRPLWP HWILDpIN