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Cexknus 1. Teopernyeckue 0CHOBbI U METO10JIOTUSI UMUTAIIUOHHOTO
U KOMIIJIEKCHOI'O MOI{CJIHpOBaHI/Iﬂ

OIIEPATUBHOE IINTAHUPOBAHUE U KOMBUHATOPHASA OITUMU3ALIUA B
UMHUTAIMOHHBIX MOJEJIAX TPAHCIIOPTHOM JIOTUCTUKHA
INPOEKTHOI'O YPOBHS

A.I'. Tonax, O.B. Taposuk, A.C. Peyukuii, B.A. Kuceaés (Cankr-Ilerepoypr)

Matematuyeckoe MOJEIMPOBAaHUE JIaBHO U YCIEHIHO MPUMEHsIeTcs Il KOMIUIEKCHOIO
IPEANPOECKTHOTO aHajM3a BHOBb CO3JaBaeMbIX MWINM 3()(EeKTHBHOW HKCIUTyaTallMd CYIIECTBYIOIUX
TEXHUUYECKUX CHCTEM, B YaCTHOCTH — JJI CHCTEM MYJIbTUMOJAJIbHOM TPAHCIOPTHON JIOTUCTUKU
CrouMocTh pa3palOTKM M HCCIEIOBAaHHUA KOMIIBIOTEPHBIX WMHUTALMOHHBIX Mojenen(1udpoBbIx
JIBOWHUKOB) HUYTOKHO MaJla [0 CPAaBHEHHIO CO CTOMMOCTBIO pealIbHOW TPaHCIOPTHON MHPPACTPYKTYPHI
Y MOTEHLUAIBHBIMU TIOTEPSMH OT BO3MOKHBIX OIIMOOK IPU €€ MPOEKTUPOBAHUH.

OCHOBHBIM MPAKTUYECKUM MPUIIOKEHUEM MMUTALMOHHOIO MOJEIUPOBAHMS TIOMUMO OTBETA Ha
TPaJULIMOHHBIM BOIIPOC «4TO OYZAET, eciin?» ABIsAETCs pelieHne o0paTHOM 3a1auM, TO €CTh ONTUMHU3ALIMS
MHTETPAIBHBIX MapaMeTpoB 3((eKTHBHOCTH TMyTeM BapbUPOBAHHUS BHYTPEHHUX OIPEIENISIONINX
apaMeTpoB CUCTEMbI. TUNHMYHbIE METOJMKHA KOMOMHUPOBAHUS METOJIOB ajlre0pandeckoil onTuMHu3anuu
U UMUTAIMOHHOIO MOJEJIMPOBAHMUS PACCMOTPEHBI BO MHOIUX Teopernueckux padorax (Fu, 2002;
Bachelet, Yon, 2007), rae mpuBeaeHbl pa3IudHbIe CXEMbl B3aUMOJCHCTBUS ATUX Tpouenyp. Hambomee
YacTO BCTPEYAIOIIMMCS TPELEeEHTOM SBIISIETCS Cllydail, KOrja ONTHMH3AlUs MPEACTaBiIsIeT CoOOon
BHEIIHUM KOHTYp HaJ JAMHAMUYECKHM HMMMTALMOHHBIM JBUKKOM, TO €CTh OINTHUMAaJbHbIE 3HAYCHUS
[apaMeTpoB MCCIEAYEMOM CUCTEMBI UILYTCS B XOJI€ I1OCIIE0OBATEIbHBIX UTEPALIUil (ITPOTOHOB MOJIENH) B
pamMKax ONTUMHU3ALUOHHOTO BBIUYUCIUTEIHLHOTO SKCIIEPUMEHTA.

OpHako mpu CO3JAaHMM M TOCIEAYIOIIEW MapaMEeTpPUYECKOW ONTUMHU3ALMM HMHUTALUOHHON
JUCKPETHO-COOBITUHHOM ~ WJIM ~ areHTHO-OPUEHTUPOBAHHOM  MOJENM  CIIO)KHOH  TPaHCIOPTHO-
TEXHOJIOTUYECKOM  CHCTEMBl ~ 4YacTO  BO3HUKAeT  HEOOXOIUMMOCTh  QJE€KBAaTHOTO  y4yera H
«UHTEJUIEKTYaJIbHBIX» AacleKTOB ee Oyayuiero (yHKIMOHMPOBAHHWS HA YPOBHE OINEPAaTUBHOIO
ynpaBieHus. JleficTBUTeNbHO, peanbHas SKCIUTyaTalus JH00ro MHOrO(YHKIHMOHAJIBHOIO OO0BEKTa
(mopra, KOHTEHHEpHOTO TepMUHAaa, HeTeaoObIBarOmIeH TIaTGOPMBI) MPEATIONIAraeT HATMIHUE CITYKOBI
JOKaJbHON JAMCHEeTYepU3alUU sl pa3pellieHus] BOSHUKAIOUIMX HHIMJIEHTOB PA3JIMYHOTO XapakTepa U
IPOTHBOPEUYHMBBIX ~ MHTEPECOB CYOBEKTOB PAa3HOrO ypoBHA opraHm3anud. Hawmbomee dacto
BCTpEYaroLIiecs 3aJaud, /s peHIeHUs KOTOPBIX MCIIOJB3YeTCs Takas JAuCHeTdepu3alusi, 3TO
ONpE/ICNICHUE OYEPEIHOCTU OOCIYKMBAaHUSI BCEX TEKYIIMX WJIA IPOrHO3MPYEMBIX Ha KOPOTKOM
BPEMEHHOM HMHTEpBaJle 3asBOK Ha OOCIYKMBAHUE M YINPABIECHUE OIPAaHHMUYEHHBIM 00BEMOM HMMEIOIINXCS
pecypcoB. Cnenyer OTMETUTb, YTO AITOPUTMbl U KOMIIBIOTEPU3UPOBAHHBIE CHUCTEMBI aBTOMATU3ALUU
KaJIeHJJapHOTO IUIAaHUPOBaHUA pabOT U/WIIN pacrpeeIeHus PeCypcoB, O€3yCIIOBHO, OTHOCATCS K IPyrOMy
(omepaTUBHOMY) YpPOBHIO YIPABJIEHUS, HEXENIN MPEANPOCKTHBIA aHaAIU3 U3ydyaeMoi cuctembl. OJHAKO
npeHeOpekeHNe ATHUMHU AacleKTaMM B MMMTALMOHHOW MOJEIH, TO €CTh OTCYTCTBME B HEH HEKOro
«MHTEJUIEKTYaJIbHOTO» MOJYJs, OTBEYAIOIIEr0 3a ONEpaTHMBHOE IUIAHMPOBAHME U MEPEIJIaHUPOBAHUE
TEKyLeH 3arpy3Kd B 3aBUCUMOCTH OT CKJIAQJbIBAIOIIEHCS CUTYallMM, MOXKET IOBJIE€Yb CYLIECTBEHHYIO
HEJIOOIEHKY MHTETpalibHbIX TOKa3areneld 3((EeKTUBHOCTH M MPOIYCKHOW CIIOCOOHOCTH HCCIEIyeMOn
CUCTEMBI.

Yacro 1 pa3pelieHus 3TOro NpOTUBOPEUMsI UCIIOIb3YETCSl YIPOLIEHHBIN MMOAXO0/, CBA3aHHBIN C
3alaHieéM B JIOTUKE MOJIEIM [POEKTHOIO YPOBHS HEKHMX JKECTKUX MpaBUI  HCIOJHEHUs
MIOCJIEIOBATEILHOCTHU 3asiBOK Ha 00CIYXKMBaHUE («IIEPBBIM IMPHILEN — HEPBbIM ymen» u T.11.). [IpakTuka
NOCTPOEHHUS U aHallM3a MOJENeN JUIsl Pa3IMYHBbIX TPAHCIIOPTHO-TEXHOJOTHMYECKUX CUCTEM (HMX KpaTKUU
nepevyeHb NPUBEACH HIWXKE), IMOKAa3blBAET, UYTO JIOObIe IMOJOOHBIE YIPOLICHUS YacTO OKa3blBalOTCA
BHYTPEHHE MPOTUBOPEUYMBLIMU U HE IMO3BOJISIIOT MOJIYYUTh HE TOJBKO aJCKBAaTHBIE UMCIIEHHBIE OLICHKU
3¢ (EeKTUBHOCTH KOHKPETHOM KOH(UIypalMu CUCTEMBI, HO JaXKe cleJlaTh 0OOCHOBAHHBIA BBIBOJ O TOM,
KakKasl U3 3TUX CPABHUBAEMBIX KOH(MUTYPAIMI MTPEIIOYTHTEIbHEE.

Takum 00pa3oM, €IMHCTBEHHBIM pELICHUEM, TapaHTHPYIOLIUM IOJIyY€HUE aJleKBaTHbIX
pe3yJIbTaTOB, CTAHOBUTCSl pPEaju3allis 3JIEMEHTOB HHTEIJIEKTYaJIbHOTO OIEPaTUBHOIO YIPABIICHUS
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HEITOCPEJICTBEHHO BHYTPH JIOTUKM MMHUTAIMOHHON Mozend. Kak rmpaBuiio, MareMaTH4ecKuM amnmapaTom
TaKOW «BHYTPEHHEH» ONTHUMM3ALUU BBICTYNAIOT aJITOPUTMBI U METO/Ibl KOMOMHATOPHON ONTUMU3AIMH U
MaTeMaTHYeCcKoro mnporpammupoBanus. [Ipm 3ToM CTpyKTypHas cxema B3aMMOJEWUCTBHS IPOLEAYD
MMHUTALMOHHOTO MOJCIMPOBAHUA M ONTHUMM3aLUM HAa YPOBHE IIPOECKTHOIO aHalIW3a TPaHCIOPTHBIX
CUCTEM MPUOOpETaeT TPEXYPOBHEBBIN BUJ, ITPE/ICTABICHHbIN Ha puc. 1.

KoHtyp anre6panueckoii ont ] TPOB CTPYKTYpb!

WmuTaumoHHan m
. moaens
WmepayuoHHeil
s Jlozuka [ paonvn onepatusHoro
anzopumm ucnosnHeHua
NNaHMpOBaHUA

noucka naaHa

Puc. 1. TpexypoBHeBas cxema B3aUMOJICHCTBHS ONTUMHU3AIMH U UIMUTAIIMOHHOTO MOJETHPOBAHHUS B
3aJjayax MPOEKTHOTO aHaIN3a TPAHCIOPTHO-TEXHOIOTMUYECKUX CUCTEM

Marepuaibsl 1 METObI

B kauecTBe MpoCTON W HArJSIMHOW MEMOHCTPAIMHA BAXXHOCTH Y4YeTa DJIEMEHTOB OIEPAaTUBHOTO
IUITAHUPOBAHMS B UMUTALIMOHHBIX MOJIEJSIX MPOEKTHOI'O YPOBHS HaMM ObLIa MOCTPOEHA U HUCCIIEZOBAaHA B
cpeae WMHTAIIMOHHOTO MoxenupoBaHusi Anylogic, mokanyi, camast dJeMEHTapHas W3 BO3MOXHBIX
JMCKPETHO-COOBITHIHAS MOJEIb CUCTEMBbl OOCIIY)KHBAaHUS aJIbTEPHATUBHBIX 3asBOK C pa3AesieMbIM
nepeMeniaeMbiM pecypcoM (puc. 2). 3asBKu (Hampumep, €AUHMUIBI TPY30BOTO aBTOTPAHCIIOPTA)
MOCTYNAIOT C 3aJaHHOM HHTEHCHUBHOCTBHIO (IIyaCCOHOBCKHI MOTOK) Ha OOCIYXHBaHME BO BXOJHYIO
oOnactb. B 3aBucuMocTH OT THmHa MpHILEIeNd 3asBKU (MOJAEIMpPYETCs CilydallHbIM 00pa3oM) oHa
JMOJKHA OBITh OOCITy)XK€Ha Ha OJHOM W3 JABYX IICHTPOB OOpaOOTKH, OTBEYAIOIIMX, HAmpuMep,
MECTOHAXOXICHUIO XPAHWIHIIA COOTBETCTBYIOMIETO rpy3a. [Ipu 3TOM MMeeTcs: BCero 0JJuH MOOMIIBHBIH
pecypc rpy3000paboTku (IOTPy34YHMK WM PUUCTAKEpP), U JJIs1 00eCredeHUs] BO3MOKHOCTH OO0CTYKHBAHUS
TPY30BHKOB B pa3HBIX JIOKAlUsAX TpeOyeTcss BpeMs OT BPEMEHHU IMepeMelaTh €ro MeXIy OSTHMH
neHTpamu. TpeOyeTcsi OLEHUTh MPOMYCKHYIO CIHOCOOHOCTh CHUCTEMBI B 3aBHCHUMOCTH OT BBIOpPaHHOM
HOJUTHUKUA UHTEJUICKTYaTIbHOTO YIPABJICHUS U INIAHUPOBAaHUS pabOTHI pecypca.

[IpouieccHast nuarpaMma HCHOJHEHHUS 3asBOK COJIEPXKUT B cebe HECKOJbKO allbTePHATUBHBIX
BETOK, COOTBETCTBYIOIIMX pPAa3JIMYHBIM H3Y4aeMbIM peXuMaM. B dyacTHocTH, ObUIM HCCIEIOBaHbI
cnenyromue BapuanThl (Tonax u ap., 2019):
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Puc. 2. JleMoHCTpanimoHHass JUCKPETHO-COOBITUITHAS MOJIENIb 00paOOTKHU 3asBOK C pa3AeasieMbIM
pecypcom

[TocnenoBarenbHOE HCIIOJIHEHUWE NPUILEAMIMX 3a8BOK B IOPSJAKE TMOCTYIJIEHUsS. 3ampoc
CBOOOJHOT'O pecypca OCYILECTBIISETCS TOJIBKO MOCHe AOCTHKEHHsI 3asBKOM COOTBETCTBYIOLIETO IEHTpPA
00paboTKH (3as1BKA KAET pecypce).

ITocnenoBarenbHOe MCIOJHEHME NPULIENIIMX 3asBOK B IOpPAAKE IOCTYIUIEHHUsS. 3ampoc
CBOOOJHOTO pecypca OCYLIECTBISETCS Cpa3y IpH MOSABICHMM 3asBKM B CTAapTOBOM TOYKE, HO OHA
HAuMHAeT JBWKEHHE K LEHTPY O0OpabOTKM TOJBKO IOCIE TOro, Kak OOEIlaHHBIA el pecypc JOCTHUraer
TOYKH 00paboTKH (pecypc KAET 3asBKY).

ITocnenoBarenbHOE MCIOJHEHME NPULIEIINIMX 3asBOK B IOpPAAKE IOCTYIUIEHHUsS. 3arpoc
CBOOOJHOTO pecypca OCYHIECTBISIETCS Cpa3y IMpH TOSBICHUU 3asBKM B CTAPTOBOM TOYKE, MPU ITOM
JIBIDKEHUE K IEHTPY OOpabOTKH 3asiBKM M pecypca MPOUCXOAUT HE3aBUCHUMO (YIPEXKTAOIINI 3ampoc
pecypca).

Hcnonp30BaHre MIIaHUPOBAHUS JJIsl YIIOPAIOUYMBAHUS MOCIEI0BATEIbHOCTH UCIIOJIHEHUS 3asBOK.
Kak u U Bcex paHee pacCMOTPEHHBIX ClIy4dacB, BHOBb IIOCTYNMBIIHME 3asBKU 33JCpPKHUBAIOTCS B
CTapTOBOW  00lacTH HaA  3aJaHHBIE  MPOMEXKYTOK BpeMeHHM (3TUM  (aKTOM  SMYIUpPYETCs
3a0J1arOBpEeMEHHOCTh MIPOTHO3a O MOCTYIIEHMH 0YepPEeHOr0 TPAHCIIOPTHOTO CpeACcTBa Ha 00padoTky). U
MOCTYIIEHUE KaK/10i HOBOM 3asiBKM MHUIMHUPYET MEeperIaHupOBaHKE, TO €CTh NEPEYNOPsSA0UCHHE BCEX
3aBOK, HaXOMSIIUXCS B «ITyJIe OKUAAHUA», TO €CTh HE HAUaBIIMX JBI)KEHHUE K LIEHTpY o0paboTku. [Ipu
3TOM, B CBOIO OUYEPE/Ib, PEATM30BAHO HECKOJIBKO BAPHMAHTOB JIOTMKHU TAKOTO MJIAHUPOBAHUS:

[Tnan ucnonnenus Gpopmupyercs no npuniuny FIFO (nepBeiM npuiien — nepBbiM yiesn). MokHO
MI0Ka3aTh, YTO IPHU 3TOM JIOTUKA CUCTEMBI B TOUHOCTH OTBEUYAET BapUaHTY 3.

[Tnan ucnonnenus popmupyercs no npunuuny LIFO (rmocnennum npuiien — nepBbM yIen).

[Tnan ucnonHeHus: popMupyeTcs 1Mo CAy4aliHOMY MPHHLUMY (CIIydaifHOE MepeyrnopsIouyuBaHie
HIOCJIEI0BATEILHOCTHU OIepaLuil).
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[Tman wWCHONHEHWsST BBIUUCISACTCS B pe3yjbTaTe MPOLEAYPHl CTpPOrod ontuMu3anuu. s
PaccMOTPEHHOM OYeHb MPOCTOM MOJENU ATY KOMOMHATOPHYIO ONTUMH3AIMIO OKA3bIBAETCS BO3MOXKHBIM
3 PEKTUBHO OCYIIECTBUTH METOJOM IIOJHOTO TMepedopa BCEX BO3MOXKHBIX ITOCIEIOBATEILHOCTEH
TEKyILero myja OTJOXKEHHBIX 3asiBOK. B KauecTBe KpUTEpUs ONTUMAIBHOCTH BBIOMPAETCS MOMEHT
BpPEMEHU OKOHYAHWSI UCTIOJTHEHHUST BCEX MMEIOIINXCS B «ITYJI€ OKUIAHUS) 3asBOK.

[Tnan ucnonHeHus BEIYUCISAETCA B pe3ysbTaTe MPOLEeAypbl CTPOroi ONTUMHU3AIMH, HO, B OTJINYHE
OT PAaCCMOTPEHHBIX BHIIIIE BAPHAHTOB, MPOLIEAYPA MEPETUTAHUPOBAHIS «ITyJIa 0XKUJAHHS 3AITyCKaeTCsI He
C KaXJJOW BHOBb ITOCTYIAIOLIEH 3as1BKOM, @ C HEKOM TUCKPETHOCTHIO (B pacCMaTpUBAEMOM CJIydae TOJIBKO
JUTSL KQXKOU MSATON U3 HUX).

CpaBHeHHE BceX PACCMOTPEHHBIX BapMAHTOB MPOM3BOJWIOCH B paMKaX CEPHM CTaTUCTHUYECKHX
HKCIIEPUMEHTOB BapbUPOBAHMS MApaMETPOB C peruuKanusMu. Jis Kaxaoil KoH(UTrypauuu MOJelb
IPOTOHsJIaCh B CTOKPATHOM IOBTOPHOCTH C (UKCAallMell OCHOBHBIX CTaTUCTHYECKUX IIOKa3aTesneil
3¢ dexkTUBHOCTH. B dYacTHOCTH, mocje KakJoro MpOroHa 3allOMHHAINCHh CpPEeIHUE M MaKCHMalbHbIE
BpeMeHa OOCIY)XKMBAaHUS €JUHUYHOM 3asBKU. BpeMeHHBIM TOpHU30HTOM MOJETUpPOBaHMS BbIOMpacs
NepuoJl, 32 KOTOPBIA MPOU3BOAMIIOCH OOCTY)KMBAaHHUE OJHOW THICSYM BXOJAIIMX 3aiBOK (mocie
JOCTHKEHUSI BXOJSIIMM IOTOKOM JAaHHOTO 0ObeMa IOCTYIUIEHHE HOBBIX 3asBOK IPEKpPaIaIoch).
JUTUTENPHOCTH TIEPEXOJ0B BCEX 3asBOK OT CTapTOBOM TOYKM 1O OOOMX IIEHTPOB OOpabOTKU H
HepeMEeIeHHs pecypca MEXAY LEHTpaMH Kak M JUIMTENbHOCTb MOTPY3KH ObUIM BbIOpaHbl paBHbIMU 10
yacaM. IHTeHCUBHOCTB CITy4aifHOTO Mpoliecca MoCTyIIeHNUs HOBBIX 3asBOK — 0.1 3asBKa B yac.

PesynbTaTh!

Bbi0opouHble pe3ynbTaThl CEpPUU MPOBEIECHHBIX KOMITBIOTEPHBIX 3KCIIEPUMEHTOB INPHUBEICHBI B
tabnuie 1. HerpyaHo 3aMeTHTh, 9TO €CITH MHHAMAIIbHAS «MHTEIUICKTYIN3alUsDy MPoIecca UCTIOTHEHUS
3asBOK (aBaHCHUPOBAHHBIM 3alpoc pecypca C MapajuleibHbIM JBI)KEHHEM €ro M 3asBKM K LEHTPY
00paboTKM) HE JaeT HHUKAKOTO 3aMETHOTO BBIUTPHINIA B HMHTETPATBHBIX IMOKA3aTENSAX MPOIYCKHOM
CIOCOOHOCTH IO CPAaBHEHUIO C «HYJIEBBIM» BApHUAHTOM, TO MOJKIIOUEHHE 3MYJATOpPA CUCTEMBI
OTIEPATUBHOTO TUIAHMPOBAHUS TTO3BOJIIET KAYECTBEHHO TOBBICUTH 3()()EKTUBHOCTH cUCTeMBI. [Ipnyem
CYIIECTBEHHOE MOBBbIIEHNE 3(()EKTUBHOCTH HaOIIOAaeTcsl Jake MPHU CPaBHUTEIbHO HU3KOM yacToTe
neperuiaHupoBanus. JIIOOONBITHO Takke, YTO YBEIHUYEHHE IUCKPETHOCTH TNEpEeIUIaHUpOBAHUS HE
IPUBOJIUT K MOBBILIECHUIO BEIYUUCIUTENbHON 3P PEKTUBHOCTH.

Tabmuua 1. [Tokazarenu 3pPpeKTUBHOCTH CHCTEMBI OOCITYKUBAHUS IS PA3IMYHBIX KOH(PUTYpanuit

[Tokazarenu 3¢ (heKTHBHOCTH
Bapuant Bpewms pacuera Cpennee Bpems
MaxkcumanabHOE Bpemst
KOHGHUTYPALMH | enpppaHOro IIPOrOHa 00CITy>KUBaHUS
obcmyxuBaHus (4ac)
(cek) (qac)
1 0.167 2536 5032
2 0.177 7535 15040
3 0.209 2551 5098
4.1 0.210 2515 4997
4.2 0.237 7349 20768
4.3 0.207 2811 13124
4.4 1.023 420 2346
4.5 1.147 502 2824

B nmanHOM cnyuyae 3TO OOBSCHSETCS T€M, YTO XOTS YHUCIO aKTOB ONTHMHU3ALMU IUIaHA 3a
JKU3HEHHBI LMK MOJEIH MPU 3TOM M YMEHBIIAETCS, HO MPONOPLMOHAIBHO BO3pPACTAET PA3MEPHOCTH
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KOKJ0M pa3oBOM 3a/llauyd ONTUMH3ANUU (YUCIO OXHUAAIONIUX OOCIY)KHMBAaHUS 3asBOK, TPEOYIOITUX
YIOPSI0YUBAHUS TOCIEIOBATEILHOCTH UX UCIIOJIHEHUS ).

OO6cyxnenune

KoneuHo, paccCMOTpeHHBIH BBIIIE MPUMEP HOCUT YHCTO MIUTFOCTPATUBHBIN Xapaktep. OH, TeM He
MEHEe, HarJIHO JEMOHCTPHPYET MOTCHIUAIbHYI0 BaXXHOCTh HAIMYUS B MMHUTAIMOHHBIX MOJEIISAX
pealbHbIX  TPAHCIOPTHO-TEXHOJOTUYECKUX CHCTEM MOAyJIed U  ajIrOpUTMOB, OIMHCHIBAIOIINX
MHTEJUICKTyaJ bHBIE IPOIECCHl YIpaBICHUS MMU B XoJe (PaKTWYecKod SKciuryatauuu. B mpakTuke
UCCJIEJIOBAHUSI TTOJIOOHBIX CUCTEM METOJIaMU TMHAMUYECKOTO0 UMUTAIIMOHHOTO MOJAEIUPOBAHUS aBTOpaM
HEOJHOKPATHO TPHXOJIMIOCH CTAJKMBATHCS C YHOMSHYTOM MpoOJIeMOi W WCKaTh aJeKBaTHBIE H
SKOHOMMYHBIE CMOCOOBI ee paspenienus. Hribke mnepeuncrieHsl Hambojee HHTEpecHbIe MOJ00HbBIE
IpeeICHTHI.

1) HmuTanmoHHble MoOJAETW padoThl M cHaOkeHus HedTenoObIBarOmMX 1iarhopm  u
HedTeneperpy30ounbix komriekcoB (Taposuk u ap., 2017). B kadecTBe OCHOBHOTO acrekTa
ONEepaTUBHOTO IUJIAHUPOBAHMS 3/€Ch BBICTYNAeT I[OCTOSHHOE HaxoXkJaeHue OajaHca MexIy
00CITy’)KUBaHHEM TPAHCIIOPTHBIX CYJOB OCHOBHOTO MPOM3BOJICTBEHHOTO KOHTYpa U KOHKYPUPYIOLIHX C
HUMHU 3a TMpUYalibHble MecTa CYAOB CHaOXeHHUs. A omnpefensomuMu (pakTopamMu TpU NPUHATUU
OTIEpaTUBHBIX PEIICHHUI BBHICTYIMAIOT TEKYIIHE YPOBHU HATIOJTHEHHOCTH XPAHWIUII PA3UYHBIX TPY30B U
crenupuUHbIe ISl CYA0B Pa3HbIX THIIOB «OKHA MOTOIBI».

2) Mozenu apKTHYECKHUX TPAHCIIOPTHBIX MOPCKHUX KOPHAOPOB. CYIIECTBEHHBIM aCIIEKTOM YPOBHS
ONEPATUBHOTO TUIAHUPOBAHUS, TPEOYIONIMM aJCKBAaTHOTO ydeTa B HMMHTAIMOHHOW MOJENH, 3/eCh
BBICTYNaeT MpoOJiieMa ONTHUMAIbHOM MAapuIpyTU3allMd CYAOB JEIOBOTO IUIaBaHUS B CYIIECTBEHHO
HECTaIlMOHAPHBIX YCIOBUAX OoKpyxatomei cpensl (Topajetal., 2019).

3) Mogenn KOHTEHHEPHBIX TepMHUHANIOB. Haubonee 3HAYUMBIA AaCMEKT OMNEPaTUBHOTO
IUIAHUPOBAaHHUS W YIPABJICHUS B JaHHOM CIy4ae CBS3aH C ONTHMAIBHBIM pa3MelleHHeM W
mTadenupoBaHNEeM KOHTEHHEPOB Ha BPEMEHHBIX TUIOMIAIKaX XpaHEHUs 7S 00ecTieueHrss MUHUMAIIBHOTO
KOJIMYeCTBa orepanui mo ux mnepemenieHuto u neperpyske (Hyxknos, FOpko, 2014). K ocobeHHo
UHTEPECHBIM IOCTAHOBKAM 3/1€Ch MPHUBOJUT HCIIOJNB30BAHME B KAYECTBE IMOTPY30UHO-PA3TPY30YHOU
TEXHUKHU TEJIECKOMMMYECKUX MOTPY3YHKOB (pHUCTaKepoB). J[eJ0 B TOM, UTO CYIIECTBEHHBIC OTpaHUYCHUS,
HaKJa/JbIBa€Mble TE€OMETpHUEW CTpelabl W chopeAepa MOrpy3dMKa JJaHHOTO THIA, NPUBOIAT K
HEOOXOUMOCTH COOIIOJICHUSI 0COOBIX TPaBUi (OPMUPOBAHUS MTAOETS W OCYIIECTBICHUS OOJBIIOTO
KOJIMYECTBA BCIIOMOTATENIbHBIX MEepPEeMEIICHUN AJs «pacKambIBaHUS» HYKHOTO KOHTeiHepa. YUér u
TUTAHUPOBAHKE 3TUX BCIIOMOTATeNbHBIX omnepanwmii (T.H. ContainerRelocationProblem) B onepaninoHHOU
NESTENIbHOCTH PEabHBIX MYJIbTHUMOAAIBHBIX KOHTEWHEPHBIX TEPMUHAJIOB SIBISETCS HCKIIOUYUTEIBHO
HeTpuBHaNbHOU 3amaueii (Galle, 2018). MccnenmoBaHue 4yBCTBUTEIHPHOCTH WHTETPABHBIX MMOKa3aTemneit
3¢ ()EeKTUBHOCTH M  MPOMYCKHOM CHOCOOHOCTHM KOHTEWHEPHOIO TEpMUHANA TPHU  Pa3IMYHBIX
NpeONpeeICHHBIX MpPaBWiIax paboThl KO3JIOBBIX KpPAaHOB M PHUCTAKEPOB C MHOTOYPOBHEBBIMU
mradesnsiMi KOHTEHHEPOB MPOBOAMIIOCH ABTOPAMH B paMKax padoT 10 UMUTALIMOHHOMY MOJEIUPOBAHUIO
IIPOCKTUPYEMON 3alaJHOM IUIOIIAJKH XPAaHEHHs TPAHCIIOPTHO-JIOTMCTHYECKOro ueHrpa «dDpeir
Buwmamk Kanyra Cesepy» (Kamykckast 007acTh).

4) VmutanuoHHble MOAeNnu paboThl mopTa. B maHHOM ciydae OJIOK SMYJNSIIIMM ONEPATHBHOTO
IUIAHUPOBAHUS TIOPTOBBIX OINEpAIlMii C YYEeTOM OTPAaHWMYECHHOCTH CTAMOHAPHBIX W JIBMDKYIIUXCS
pecypcoB (mpuyainbl, OYKCHUpBI, XpaHWIWIIA, OYHKEpOBILUMKHU CpPEJCTBA TIPy3000pabOTKH M T.1.)
BBICTYIIAeT YyTh JIM HE TJIABHBIM JJIEMEHTOM HMMHTAIIMOHHOW Mojenu. B olmem ciydae momydaemas
MOCTaHOBKA MOXET ObITh OTHECEHA K Kilaccy NP-momHbIX mpoOieM, 1 OJHUM U3 CTaHIAPTHBIX CIIOCOOOB
€e pEUICHHs CIy)KUT CBEACHUE 3anaud, cHopMyTUpOBaHHON B TepMHHAX IPEJAMETHON 00JacTu, K
(hopManbHOI MaTeMaTUYeCKOW MOCTAHOBKE 3a/1a4M yJOBJIETBOPEHHUS 1IEJIOUNCICHHBIX OTPAHUYCHUH U ee
pellIeHNe ¢ MCIIOJIb30BAaHUEM CIIEIUANIN3UPOBAHHBIX BHEITHUX PEIIATeNeH U ABIKKOB.

OTMeTuM, YTO [OMOJHHUTEIbHAS CIOXHOCTh M OTIMYME OT OOBIYHBIX 3a7ad KaJeHIapHOTO
IUIAHUPOBAaHMUS B JAaHHOM CJy4ae COCTOMT B TOM, 4YTO B OOIIeM ciydae s KaXKIOW OIlepanuu
HEU3BECTHO, OyJET TU OHA TOYHO 3a/IEHCTBOBaHA B ONTUMAILHOM PEIIeHHH, a €CITH U OyJIeT — TO CKOJIBKO
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pa3. Tak, cyaHO MOXET NPULIBAPTOBATHCS/OTIIBAPTOBATHCA K OJHOMY MpPHUYay HECKOJIbKO pa3 —
Harpumep, npyu He0OXOAMMOCTH YCTYHHTb MECTO JAPYrOMY CYAHY, MOIBO3SILEMY HYKHBIA Ipy3 HIU B
cllydyae MpepbIBaHUs OIEpalu Ipy3000padOTKH H3-3a IMpEeKpalleHusi «OoKHa moroabh». [[ns pemieHus
npoOJeMbl C HEU3BECTHBIM 3apaHee YHUCIOM HK3EMIUIIPOB KaXKIOW MNpeAonpeeeHHONH MOPTOBOM
orepalnyy aBTOpaMy ObUT IPEUIOKEH CIIEIYIOMIMM MOIX0] — BECh PECYpPC BPEMEHH B I'paHUIAX OT HYJSA
(Tekyumii MOMEHT TeperuiaHupPOBaHUs) MO KOHIlAa TOPU30HTA MJIAHUPOBAaHUS pa30MBaeTCsl Ha paBHBIE
Y4acCTKH, COOTBETCTBYIOILIHUE 10 JJIUTEIbHOCTH BEIOPAHHOMY JIEMEHTAPHOMY «KBAaHTY BpeMeHu». B ero
KayecTBe pPa3yMHO BBIOpaTh TaKyl BEJIMYUHY, YTOOBI €ii ObUIM KpaTHBI BCE XapaKTepHbIe BpeMeHa
orepanuii, onucaHHblx B 3aj1ade. C y4yéToM NpOBENEHHOIO ‘“KBAHTOBAHUS BPEMEHHON OCH B KayeCTBE
HabOpa OCHOBHBIX IMEPEMEHHBIX 3aJa4d ONTHUMM3AIMU NMPUHUMAIOTCS (PaKThl TOTO, BBIMOJIHSETCS U
orepalus JaHHOTO TUIA B JaHHBIN KBaHT Bpemenu (Kucenés u np., 2019).

Ampobanusi NpeAsoKEHHOTO  METOJa HMHTerpallMd  KOMOMHATOPHOTO — IUIAHUPOBAaHUSA B
UMHTAMOHHBIE MOJIEIH paboOTHl MopTa ObUIa MPOBEIACHA B PaMKax BBHIMOJHEHHUS Pa0dOT IO 3aJaHHIO
MuHnuctepcTBa MpOMbIIICHHOCTH U TOproBiu P® (tema «I'MT-Jloructuka»). B gacTtHoCcTH, HAa OCHOBE
U3JI0KEHHOTO TOAXOoJa OblIa pealn30BaHa KOMIUIEKCHAs MOJeNb TIpy3000pab0TKHM U OyHKEPOBKHU
ra30MOTOPHBIM TOIUIMBOM TPAaHCIOPTHBIX cynoB B mopTy Cankrt-IlerepOypr. B kauecTBe BHemHIHEro
pemaTens mpoOiIeMbl YA0BIETBOPEHHs LEeJIOYHCICHHBIX orpannuenuit (Constraint satisfaction problem,
CSP) wucnonb3oBajach OTKpbITas miarpopma MiniZinc. VYkpymHeHHas CTPYKTypHash —cXxema
COOTBETCTBYIOILIEr0 IPOrPaMMHOI0 PELIEHUs IPUBEIEHA HA puUC. 3. i

BxoaHble aaHHbie . XML
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Puc. 3. CtpykTypHas cxema KOMIIJIEKCHOW MOJEIIH IMTOPTOBBIX OIEpaIiii 1o rpy3000padboTke u
OYHKEPOBKE CYJI0B CKMKEHHBIM IPUPOIHBIM I'a30M
3aKIro4YeHne

OCHOBHBIM OTpaHUYEHUEM, IPEMATCTBYIOUIMM LIMPOKOMY BHEAPEHUIO IPOLEAYp U MOAYJei
KOMOMHATOPHOM ONTHUMM3ALUHU B IPAKTUKY UMHUTAL[HIOHHOI'O MOJEIUPOBAHMS, BBICTYIIAIOT COOOPaKEHUs
BBIUMCIUTENbHOU 3 dexTuBHOCTU. TemM He MeHee, OONMBIIMHCTBO BHICOKOYPOBHEBBIX Cpell U MIaTGopM
MMUTAIMOHHOTO MOJIEIMPOBAHMS YXKe ceiluac BKIIOYAIOT B CBOM COCTaB MOIIHBIE ONTUMHU3ALNOHHbBIE
JBWKKM, B (DYHKIMOHAJIBHOCTH KOTOPBIX IOMHMMO CTaHJAPTHBIX MpOLEAyp ainredpandeckoit
ONTUMU3AIMU MaJIOM Pa3MEPHOCTH 3aJI0KE€Hbl M METOJbl MHOIONApaMEeTPUYECKOr0 MaTeMaTHUYecKOro
nporpaMMupoBaHus. B kauecTBe mpumepa MOXKHO yka3aTh npodeccroHanbHblil pemarens IBM ILOG
CPLEX®©, wuHTerpupoBaHHbli ¢ Tuiatpopmoii AnyLogistiX, WJIM pacIIMpPEHHBI MPOTPaMMHBIH
uHTepdeiicontumuzatopa OptQuest©, Kk KOTOPOMY MOXKHO OOPAaTUTHCS HANPSIMYIO U3 KOJOB MOJEIH
AnyLogic. IlpeacraBnsercs, yTo AajbHElIIee pacIIMPEeHNe CPEICTB UHTErPalluy CHEeLUAIN3UPOBAHHBIX
JIBUKKOB KOMOMHATOPHON ONTHMHU3ALlMM U MMUTALMOHHBIX MOJENEH JIOJKHO IOMOYb B pa3pelieHuu

YKa3aHHOTO IIPOTUBOPEYHS.
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