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AnHortanusda. B ctaTbe npencTaBieHbl pa3paboTaHHBIE aBTOPAMU MaTeMaTUYeCKUe U UMUTAIIMOHHBIE
MOJIET MHTEJIEKTYaIbHBIX TpaHCTTOPTHBIX cucteM (MTC) — nuHaMuueckast MOZIeTb TPy30IepeBo-
30K 1 areHTHas Mofenb UTC «MaHxaTTeHcKas pelieTka». M3ydyeHa mpoobieMa palimoHaIbHOTO XKe-
JIE3HOJAOPOKHOTO TIJIAHUPOBAHMSI, OTHOCSIIASICSI K UCCIISIOBAHUIO PEXUMOB I'PY30I1epEeBO30K U CO-
OTBETCTBYIOIIUX UM TPY30MOTOKOB B paMKax ATMHAMUYECKOU cucTeMbl. BhITTOTHEHO MoeTMpoBaHUE
Tpoliecca rpy30mepeBo30K ¢ yUeTOM MeXaHW3Ma B3aUMOIEHCTBHSI OCHOBHBIX JIEMEHTOB XKeJIe3HOIO-
poxxHOI MHDPAcTPyKTyphl. OnpeneneHbl 1uana3oHbl U3MEHEHUS MapaMeTPOB, TTPU KOTOPBIX CUCTE-
Ma Tpy30ITepeB0O30K MOXeT OecriepedoitHo pyHkimonuponath. Ha mpumepe UTC «MaHxaTTeHCKas
peleTka» U3y4eHbl BO3MOXHOCTU UMUTAIIMOHHOTO MOACIUPOBAHUST TPAHCIIOPTHBIX U MEIIEXOTHbBIX
TMTOTOKOB HAa MUKPOYPOBHE C YIETOM CJIOKHBIX B3aMMOIEHCTBUIT MEXIY reTepOreHHBIMU areHTaMu,
B yacTHOCTU TpaHcmopTHHIMU cpenctBaMu (TC) u nemexonamu (V2P), TC u TC (V2V), TC u un-
dbpactpykrypHbiMu 3emeHTamMu (cBetodopamu) (V2I) u T.4. [TokaszaHo, uro UTC ¢ yactuuHo pe-
TYJIMPYEMBIMU TIEMIEXOAHBIMU TIEPEXOaMU UMEET TTPEUMYIIECTBO 1O YPOBHIO CyMMapHOTo Tpaduka
110 CPAaBHEHUIO C HEPETYIMPYEMBIMU TTePEX0IaMu, 0COOEHHO MPY MaJJIOMHTEHCUBHOM M BBICOKOCKO-
pOCTHOM ABMKeHUU. [TpuBeneHHbIE B CTaTbe MO OOBENUHSIET EAMHCTBO UX MHCTPYMEHTAIbLHOTO
onucanus. Jlyist Moneseit mepBoro TUIa BCe ICMCTBUSI HA MUKPOYPOBHE CTPOTO PerJIaMEHTUPOBAHBI.
TToaToMy Takue cucTEMBbI XOPOIIIO XapaKTEPU3YIOT YCTAHOBUBIIIMECS MAaKPOIIOKA3aTeJIn — COCTOSTHUS
KJlacca COJTUTOHHBIX (pellleHuit ThIta Oeryiieit BoJHbI). B Momensix BToporo TuIa Ha MUKPOYPOBHE
CYILIECTBYIOT O0JibllIe (PIYKTyallMl, KOTOPbIe BIUSIOT Ha 0€3011aCHOCTh YYaCTHUKOB IBYKEHUS (00-
pa3oBaHue MPOOOK, aBaApUU U T.J1.). DTUM OOBSICHSIETCS U IPUMEHEHNE areHTHBIX MOJIeJIeit, yIUThIBa-
IOIIMX TIPOLIECCHl HA MUKPOYPOBHE. MaKporoka3aTeiu sIBJISIIOTCSI BAXKHEUIIIMMU XapaKTepUCTUKaMU
JUTSI TIPOBEPKU aIeKBaTHOCTU ar€HTHBIX MOJIEIIEA.
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BBEAEHUE

OnHoli U3 KpynHenmx 6a30BbIX OTpacjeil 5KOHOMUKU J0O0Tro rocyaapcTBa SBJSIETCS TPAHCIIOPT.
OH obecneunBaeT reorparuuecKyro CBI3aHHOCTb TEPPUTOPHUI CTpaHbI U KOOPAMHAIIMIO pabOThI BCeX OT-
paciieit 5koHoMuKHU. TpaHcnopt co3aaeT yciaoBue st 3¢ GheKTUBHOro (GyHKIMOHUPOBAHMS TOCY1apCTBa,
a ero pa3BUTHE SIBJISIETCSI BAXKHEUIIIUM yYCJIOBUEM MOEPHU3AIIMU 9KOHOMUKU. TpaHCIIOPT MoMoraer pas-
BUTHIO MEXKIYHAPOAHBIX 9KOHOMUYECKHX OTHOIIEHU I, OCBOEHUIO HOBBIX 3KOHOMUUYECKUX pailoHOB, 00e-
CITEYEHHNIO 000POHOCIIOCOOHOCTH CTPAHBI.
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l_lpI/I OMMMCaHMHN MHTCJUICKTYAaJIbHBIX TPDAHCIIOPTHBIX CUCTEM BBIICJIAIOT ABE I'PYIIIIbI MOJENEI:

— IWHAMHWYECKNE MOJENU TPAHCIIOPTHBIX CETeMl M MX 3arpy3KM, a TakXkKe MOIEIU TUHAMUKU
IPYy30IePEBO30K;

— areHTHbIe MOJIEJIM MHTEJJIEKTYaIbHbIX TpaHCOpTHBIX cucteM (UTC).

11 Mozeieit TiepBOro THIIA BCe NEUCTBUS HAa MUKPOYPOBHE CTPOTO perIaMEHTHPOBAHBL. Takye CHCTEMBI
XOPOIIIO XapaKTEePU3YIOTCSl YCTAHOBUBILIMMUCS MaKpOMoKa3aTeJisIMA — COCTOSIHUSIMU KJIacca COTUTOHHBIX
peleHuit (pemeHuii Tuna oeryiieit BojaHbl). B Moaensx BToporo Tura HabIoaaTcs 6oJibline QIyKTya-
LIMM HA MUKPOYPOBHE, BIMSIONINE HAa 0€30MaCHOCTh YYaCTHUKOB ABUXKEeHUs (00pa3oBaHMe MTPOOOK, aBapuu
U T.J.). YTOOBI 3TOro M30€XaTh, MPUMEHSIOTCSI areHTHBIE MOJIEIN, YUYUTHIBAIOIIME TTPOLIECCHl HA MUKPOY-
poBHe. Makporoka3aresn — COCTOSTHUS TUTIA COJTMTOHHBIX PEeIICHUN TIPUMEHSTIOTCS JUTsI TIPOBEPKU aleK-
BaTHOCTH areHTHBIX Mozesieit. [1o cyTH, ycTaHOBUBIIMECS COCTOSTHUST TUIIA COIMTOHHBIX PEIIEHMI pac-
CMaTpUBAIOTCS KaK HyJieBOe TTPUOIIDKEHNE NCTUHHBIX COCTOSTHU, W TT0 HUM TTPOMCXONNT BepH(DUKALTHS
areHTHoI Moaenu. B paccMaTprBaeMbIX areHTHBIX MOJIENSIX TPAHCITOPTHBIX MTOTOKOB MEXaHU3M, OMUChIBa-
I0I1IMIA BOSHUKHOBEHUE 3KCTPEMAaJIbHBIX COCTOSIHUI B CUCTeMe, OCHOBaH Ha TTOHSITUY JIMYHOTO MPOCTPaH-
ctBa areHTa. OH 3aBUCUT OT TUIOTHOCTHU OKPY:KaIOILIEero MPoCTpaHCcTBa. JlaHHast XapaKTepucTrKa, BBeleHHas!
aBTOpaMM B paboTax 00 yrnpaBAeHUM IMOBEACHUEM TOJIIIbI B 9KCTPEMAIbHBIX CUTYAIIUSIX, OKa3aiach BeCbMa
TJTONOTBOPHOI TaKXKe M B MOJEJISIX YIIPABIECHUS MOCISACTBUSIMU BEIOPOCOB B aTMOCHEPY, UTO TTO3BOJIMIIO
onucarb rnpoiiecchbl AMOOY3UUn 1 MOMIOLIEHUS B IMHAMUKE aTMOC(HEPHBIX MOTOKOB.

Ilepsas epynna mpancnopmubix mooeseil IpeACTaBiIeHa, B YaCTHOCTH, TAKUMH MOJEISIMU pacueTa Kop-
pecnioHAeHIni, Kak rpaBuTaunonHas (Carrothers, 1956; Wilson, 1971), sarponuitnas (Harris, Wilson,
1978; Popkov, 1995), Mmomenu ceMeiicTBa KOHKypupyrolux 1eHTpoB (Fotheringham, 1986), a Takke pac-
npenesieHus moTokoB 1o cetu (Shvetsov, 2009; Lo, Chen, 2000; Bar-Gera, 2002). OTneabHO clieayeT Bbl-
JETUTh KJIACC TMHAMUYECKUX TPAHCIIOPTHBIX MOEJIeH, Cpeay KOTOPhIX HanboJiee N3BECTHBIMHU SIBIISTIOTCST
MaKpOCKOMUYecKre (TMIpOIMHAMUYEeCKHe), KHHETHYeCKHe (Ta30JMHAMUYECKHE) I MUKPOCKOITMYECKHE.

Makpockonnueckue monenu (Daganzo, 1995; Kuhne, 1984; Kerner, 2009; 'aciukos u ap., 2013) onu-
CBIBAIOT YCPETHEHHbIE XapaKTePUCTUKH TPAHCIIOPTHOTO MTOTOKa. Takue MOoIeIn TakKe Ha3bIBAIOT TH-
JPOIMHAMUYECKUMHU, TIOTOMY YTO B HUX CaM MOTOK YIOA00IsIeTCs BUXKEHUIO HECKUMAEMOM XKUIKOCTH.
MakpocKonuieckue JuarpaMmMbl, 0TOOpakarllre B3anMOCBSI3b MEXIy TTapaMeTpaMy IIPOU3BOAUTEIb-
HOCTH (TTOTHOCTb JBUKEHUS, IOTOK TPAHCIIOPTA U CKOPOCTh IBUKEHUS TPAHCIIOPTHBIX CPENCTB), UC-
MOJIL3YIOTCS JJISI IIPEICTaBICHUS PEXXMMOB IBMKEeHUS 1 HacTpoeK cucteMbl (Daganzo, 2008; Geroliminis,
Sun, 2011; Cassidy, Jang, Daganzo, 2011). Mukpockonun4yeckue MOIEIN OMUCHIBAIOT ABUKEHUE KaXI0TO
TpPaHCIIOPTHOTO cpencTBa. OHM TOUHEE MAaKPOCKOITMYECKIX MOl OTpaXkaroT IBMXKEHNE Ha OTISTbHBIX
ydacTKax TPaHCIOPTHOM CeTH, OMHAKO TPeOYIOT OOIbIINX BEIYMCIUTEIbHBIX MOIITHOCTEIA.

[TepBble MUKpOCKOIIMYECKME Monean Obliu npemtoxkeHbl B 1950-¢ ronwr (Pipes, 1953; IIBenos, 2003).
[MpuMepamu TakKuX Mofelieil sIBISIOTCS MOIeun cienoBanus 3a auaepoM (Gazis, Herman, Rothery, 1961;
Brackstone, McDonald, 2000), onrtumansHoit ckopocTtu (Bando et al., 1998; Tomer, Safonov, Havlin, 2000),
Tpaiioepa (Treiber, Hennecke, Helbing, 2000), a Takke Monenu KieTouyHbix aBToMatoB (Cremer, Ludwig,
1986; Chowdhury, Santen, Schadschneider, 2000). KuneTndeckue Monen 3aHIMAIOT IIPOMEXKYTOIHOE Me-
CTO MEXIY MAaKPOCKOMMYECKUMHU U MUKPOCKOITMYECKMMHU MOIEIISIMU. B HUX MOTOK 3a1aeTcs MJIOTHOCTBIO
pacnpenenaeHus: TPaHCIIOPTHBIX CPeACTB B (ha30BOM MPOCTPAHCTBE, MPU 3TOM JAUHAMUKa (ha30BOi MJIOT-
HOCTU OMUCHIBaeTCS KUHETUYECKUM ypaBHeHHeM. OHO MoJTydaeTcsl B pe3y/ibTaTe yCpeaIHEeHUs pe3ybTaToB
B3aUMOJCHCTBUSI MHIUBUAYAJIbHBIX TpaHCHOPTHBIX cpenctB (Helbing, Treiber, 1998; Nelson, 1995).

YKkazaHHbIe BbIllIe MOEIM Haubosiee MPUCIOCOOIeHBI ISl UCClIeOBaHUsI aBTOMOOUIbHOTO TpaduKa.
B HUX TakxKe MPUCYTCTBYIOT CilydaiiHble BO3ACHCTBUSI, CBSI3aHHBIE KaK ¢ OOJIbILIMM YMCJIOM areHTOB B CU-
cTeMe, TaK U ¢ YeJIOBeYeCKUM (haKTOPOM.

s Takoii reorpacduyecKu MpOTSKEHHOM cTpaHbl, Kak Poccusi, 0cobyio posib UTpaeT XeJle3HOA0POXK-
HBIN TpaHcopT. OH obecrieunBaeT HaASXKHYIO 1 2KOHOMUYHYIO TOCTaBKY IPy30B, 0COOEHHO KOraa Tpeoy-
eTcsl ObICTpast AocTaBKa 00JIbIINX 00beMOB. ITy0auKany, moCBsIIIEHHbBIE XKeJIe3HOIOPOKHOI JIOTUCTUKE,
M0 TUITY UCCJIEyEMbIX 3314 MOXHO Pa3leuTh Ha TPU TPYMIIbI.

[lepBas rpyria npeacTasieHa 3agadaMy TPOEKTUPOBAHNUS MHPPACTPYKTYPLI XKeTe3HOTOPOKHOM CETU
(Ferreira, Murray, 1997; Higgins, Ferreira, Kozan, 1995; Kraay, Barker, Chen, 1991).

Bo BTOpYIO IpymITy BOIUIM 3aMayy YIIPaBICHUS MTapKOM JIOKOMOTHBOB 1 BaroHoB. B 3aBucumoctn
OT 0COOEHHOCTEH peryIMpoBaHMs M PBIHKA TSI KaXKIOT0 KOHKPETHOTO PETMOHA MOTYT OBITh TTOCTPOEHBI
CBOM MOJIENH, YIYUTHIBAIONINE X Ty WUIM UHYIO clleinduKy. B KadecTBe mprMepa MOXHO PacCMOTPETh

BSKOHOMUKA U MATEMATUYECKHWE METOJbl Tom60 Ne2 2024



JNHAMUWYECKHWE U ATEHTHBIE MOIEJIN 107

pa6oty (Fukasawa et al., 2002), B KOTOpOii IIpeacTaBicHa MOIEIb, IIpUMeHsieMast OQHMM U3 KPYITHEHIIIX
JKEJIE3HOMOPOXKHbBIX TPAHCTIOPTHBIX OMEPaTOPOB Ha TeppuTopuu JlatmHcKoit AMepuku. JIpyrum rnpume-
poMm saBisieTcst padora (Ceselli et al., 2008), B KoTopoit paccMaTpUBaeTCs Cpa3y HECKOJIbKO MOJEICH OIT-
TUMUW3ALUN JOCTAaBKM TPY30B IIBEHIIapCKOI KeIe3HOIOPOKHOM Tpy30Boii KommaHuei «Cargo Express
Service of Swiss Federal Railways». P nyoaukauuii mocBsileH MOJEISIM, CIIPOEKTUPOBAHHbBIM C Y4ETOM
0co0eHHOCTel phIHKA Ipy30BbIX epeBo30oK B Mramuu (Lulli, Pietropaoli, Ricciardi, 2011; Campetella et
al., 2006). B npyrux paborax MCCIEAYIOTCS MOASIN MUHMMU3ALIMU U3ePKEK TPAHCIIOPTUPOBKY IPY30B
T10 KeJIe3HOJOPOXKHOM CeTH, 0OXBaThIBaIOIE HECKOIbKO eBporieiickux cTpaH (Andersen, 2009; Jeong,
Lee, Bookbinder, 2007). Takxe CylIecTBYIOT MOMAE/IM, CO3MaHHbBIE MJISI POCCUIICKOTO PhIHKA XKEIE3HOI0-
poxXHBIX epeBo3oK (Sadykov et al., 2013; JIazapeB, CagbikoB, 2014).

TpeTbs rpyIima Momeeii MocBsIIeHa 3agadyaM XeJIe3HOTOPOKHOTO ITaHNpoBaHus. [1o HegaBHEro Bpe-
MEHM OHa B OCHOBHOM COCTOsIJIa U3 3a/1a4 (DOPMUPOBAHUS pACITMCAHUS IBUXKEHUST TPY30BbIX TTOE30B
(JIazapesB u ap., 2012; Cacchiani, Caprara, Toth, 2010; Liu, Dessouky, 2017). B mocienHue romsl ee cTaiu
JIOTTOJTHATD MCCIIEIOBAaHMSI, TTOCBSIILIEHHbIE MPUMEHEHUIO MaKPOCKOITMYECKOM TeOpuHr TpaduKa aJIsl OIu-
CaHUs MPOLIECCOB, TPOUCXOISIINX Ha KeJIe3HOAOPOXKHOM TpaHcrnopTe. B pabore (Weik, 2022) npuBeneHo
TeOpeTUUYECKOE UCCIIeIOBaHNE CBOMCTB MOTOKA TpadrKa Ha OMHOHAIIPABICHHBIX XKeJIe3HOIOP OXKHBIX JIU -
Hugx. [TocTpoeHbl MakpocKonmuueckue yHaaMeHTaIbHbIE JUarpaMMBbl U ITOKA3aHO, KaK OHU MTO3BOJIS -
10T OMPEISTUTb PEXUMBI TTOTOKA U pa3IuyHble (ha3bl ABUKEHUS TTOE300B, YTO MOXET OBITh MOJIE3HO IS
MPOEKTUPOBAHUS CUCTEMbI U TUIAHUPOBAHUS SKCIUTyaTalllN.

Ene omHo HampaBieHMe UCCIIeNOBAaHWI, aKTUBHO PAa3BUBAIOIIMXCS B ITOCICTHME TOIBI, CBSI3aHO C TIPO-
THO3UPOBaHKMEM BO3HUMKAIOIIMX B XKEJIE3HOMOPOXKHON cucteme 3aaepxek. [Toe3na B aToil cucteMe cie-
IYIOT 1O 3apaHee OINpeAeJeHHbIM paclCaHUsIM, YTO MO3BoJIsIeT 3(hHEKTUBHO UCTIOIb30BaTh MapIpy-
THI ¥ IyTU. BpeMeHHbIe OTKIIOHEHUS OT TaKOM 3aTUTAHMPOBAHHON PAaOGOTHI SIBJISTIOTCSI OOBIYHBIM SIBJICHM -
eM. OHU NMpUHUMAIOT POopMY 3aJepKeK U CHUXKAIOT 3(P(PEeKTUBHOCTb CUCTEMbI. MaJible 3a/1epKK1 4acTo
MOTIOINIAIOTCSI BCTPOSHHBIMU OydepaMu U TTO3TOMY He BIUSIIOT Ha Tpoliecc repeBo3ok (Zieger, Weik,
Niesen, 2018; Dekker, Panja, 2021). OgHako BpeMsI OT BpeMeHM HapylIeHUs B JOIMCTUKE (4aCTO BHI-
3BaHHbIE TAKUMU BHELTHUMMMU (haKTOpaMu, Kak Moroja) MpuBOJIST K Meperpy3kam WM Jaxe MacluTaOHOM
OCTaHOBKE MEePEBO30K C HETATUBHBIMU MOCJEACTBUSIMU [IJ1s1 001iecTBa 1 a3koHoMukHM (Ludvigsen, Klaboe,
2014; Buchel, Spanninger, Corman, 2020). BoJbIIMHCTBO MOAEei, B KOTOPBIX U3y4alOTCs 3aACPXKKHU,
OCHOBaHBI Ha paclucaHUsIX XKeJIe3HOAOPOKHOM CUCTEMBI, TIIe Toe3/a SIBJISIIOTCS arTeHTaMU, KOTOPbIe MO-
ryT Hectu 3aaepxku (Goverde, 2010; Gambardella, Rizzoli, Funk, 2002; Harrod, Cerreto, Nielsen, 2019).
B nporuBononoxHocTts 3ToMy B padorte (Dekker et al., 2022) 3agepxku (UrypupyoT Kak IepeMeHHbIE,
CBSI3aHHBIC C y3JIaMU (CTAaHIIMSIMU) W peOpaMU XKeJIe3HOTOPOXKHOM CETH, KOTOPHIE OCTAIOTCSI Ha CBOUX
MecTax. PacipocTpaHeHue 3aepKeK MeXI1y 9TUMHU y3J1aMy He 0053aTeIbHO JI0JXKHO OMUCBIBATLCS B TEP-
MMWHaX TMCKPETHBIX TTOE3M0B ¥ COOBITHI, a MOXKET OCHOBBIBAThHCS MCKITIOUUTETHHO Ha TAKKUX OOIIMX (MU
Jlaxke CUCTeMHBIX) BeJIMUMHAX, KaK TOMoJIorus ceTu 1 pacniucaHue. Astopsl (Dekker et al., 2022) npoBo-
JSIT aHAJOTUIO C TUIPOAMHAMUKON: TOrIa KaK TPaaAUuIIMOHHO 3aJePXKKU BOCIIPUHUMAIOTCS KaK JlarpaH-
JKEBBI YACTHUIIBI (T.€. CICAYIOT 3a T0e31aMM KaK XXUIKOCTh, TIEPEHOCSIIAsl YaCTUIIBI), aBTOPHI MPeiararoT
paccMaTpUBaTh MX C DMIEPOBOM TOYKM 3peHUS (T.€. KaK BXOISAIINE W UCXOMSIINE 3aIepKKU B (DUKCH-
POBAHHOI MPOCTPAaHCTBEHHOI cucTteme). Takoe TMpeacTaBieHUe 3aepKeK Ha3BaHO PacIpOCTPaAHEHU -
eM muna oughgyzuu. Ha ypoBHe MUKpomaciuTada cieayeT OKUIaTh, YTO TAKOM HETPaAULIMOHHBINA MO~
XOJII K 00paboTKe 3amepKeK OymeT MeHee TOYHBIM, YeM 0oJjiee TTompoOHbIe MOIE, HO Ha GOJIBIIIOM Mac-
mrtabe Mpou3BOAUTEbHOCTb TAKO MOJEIU MOBBICUTCSA. Moeb COAepKUT TOJIBKO MPOCTYIO UH(pOpMa-
LIMIO O paclucaHuM (HampuMmep, YaCcTOThI IT0E€3I0B U BpeMeHa 1moe3aok). Bes nHdopmalius Monean co-
CTaBJISIET OHY MaTPUILY, YTO OOJIeTYaeT aHaJI13 CBOMCTB CUCTEMBI.

Bmopas epynna mpancnopmubix moodeaeii TIpeCcTaBieHa areTHBIMU MOJEISIMU MHTEIEKTYaIbHbBIX
tpaHcnopTHbIX cucteM (UTC). Tak, Hanpumep, umutauuoHHbie monean MTC knacca «MaHX3TTeHCKOM
pelIeTKu» ObLIU IpeniokeHbl B padoTax (Brassil, Choudhury, Maxemchuk, 1994; Heywood, Richmond,
Maddock, 2015; Akopov, Beklaryan L., Beklaryan A., 2020; Sarma et al., 2021). ITpu 3ToM 0OCHOBHOE BHU-
MaHME B 3TUX paboTax yaessioch MPEeMMYIECTBaM U HeIoCTaTKaM TOPOXHOM ceTH Ha OCHOBE «MaHXaT-
TEHCKOM pelleTKu» 1 Topoaa, npodjaeMam (hopMUPOBaHKS TPOOOK U ONTUMU3ALUU TpaduKa, ClieHap-
HOMY MOIEIMPOBAHUIO PA3BUTHUS JOPOKHOM CUTYALIMH UTSI MUHUMU3AIIUA PUCKOB Bo3HUKHOBeHUs I TT1
U yBeJW4YeHUs TpaduKa BbIXOAHOIO MOTOKA U .

B HacTosiiiee BpeMsi BO MHOTHUX KPYITHBIX TOPOJICKUX arioMepaliusix HaOJoaaeTcsl CylleCTBEHHOE
yBeIMUeHUe Tpaduka TOpOXKHOTO U TEIIEXOTHOTO TTIOTOKOB, TPEOYIOIIErO MOCTPOCHUS MHTEUIEKTYalb-
HBIX CHCTEM, B TOM YHUCJIE C NCITOJIb30BAaHNEM Ha3eMHBIX OCCITMIOTHBIX TPAHCIIOPTHEIX CpeAcTB (Akopov
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et al., 2022; Axonos, beknapsiH, 2022), «<ymHbIx cBeToopoB» (Akopov, Beklaryan, 2024; bekiapsiH A.,
bexknapsn JI., Akorios, 2023) u npyrux peuieHuii, HampaBJIeHHBIX Ha ONTUMMU3aIuIo Tpaduka. YBeau-
YeHMe MTPOOOK Ha TOpOTax HAHOCUT CYILIECTBEHHBIM yIiepd 9KOHOMUKE TOpoja, B YAaCTHOCTH MPUBOAUT
K POCTY PacXoJ0B Ha Irpy30MepeBO3KU, HepallMOHAIbHOMY PacX0Oay BpeMEHU CO CTOPOHBI 3KOHOMUYECKU
AKTUBHOTO HacCeJeHUs, YXYIIIEHUIO 9KOJOTUYECKO 0OCTAHOBKU C OTPULIATEIbHBIMU MOCIEACTBUSMU JIJIsT
3II0POBbST HACETICHMS, CHIDKCHUTO TIPOU3BOIUTEILHOCTH TPYIa M 3aMEIJIEHNI0 9KOHOMHUYECKOTO poCcTa
(Sweet, 2014; Samal, Mohanty, Santhakumar, 2021). YnydieHre MOOMIBLHOCTU BOAUTEIICH U TTEIIEXON0B
Ype3BbIYaliHO BaXKHbI JJIS1 9KOHOMUKHW TOPOJia: TOBBIIIAETCSI JOCTYITHOCTh Mara3uHoB, TOPTOBBIX U pa3-
BJIEKATEJIBHBIX IICHTPOB, OOBEKTOB COIMAIEHON MHMPACTPYKTYPHI U T.J1. B pe3ynbrare Kaxkmblii 4eToBeK
3a JIEeHb yCIieBaeT MOCETUTh OOJIbIlIee YHUCIIO 1IEIEBBIX OOBEKTOB, MPUOOPECTH 0OJIbllIee YMCIO TOBAPOB
U ycayr u T.4. [ToaTomy B npeanokeHHOH HaMU UMUTALIMOHHON MOJieJIu paBHOE BHUMaHME YAEISETCs T1-
HaMMKe TPAHCIOPTHBIX U TIELIEeXOAHbBIX TTOTOKOB, KOTOPbIE TOJKHBI ObITh MakcuMU3upoBaHbl. dnsg UTC
TaKKe M3yJaloTcs MaKporoKa3aTelqn B QopMe YCTAaHOBUBIITMXCS COCTOSTHUM KJTacca COTUTOHHBIX pellie-
Huii. Takre Moaenn UMEIOT CTeTeHb AeTal3allMy TOTOKOB pa3HbIX ypoBHeEl. B ncxomHoit Makpomomenu
(Akopov, Beklaryan, 2024; Beklaryan A., Beklaryan L., Akopov, 2023) B y3nax «MaHX3TTeHCKOI1 pelier-
KW» 3a/1aeTcs BEIMUYMHA BCETO IMTOTOKA Oe3 MeTalM3aluy HallpaBIeHW TBIDKEHUST areHTa.

1. MOJEJIN T'PY3OITEPEBO30K

He MeHee BaxxHOIM 1Tpo0JieMOIi XKeJ1e3HOJOPOXKHOTIO TJIAHUPOBAHUS SIBJISIETCSI UCCIIeOBAaHUE PEXU-
MOB I'pY30II€PEBO30K M COOTBETCTBYIOIINX UM TPY30IOTOKOB B paMKaX JUHAMUYECKOU CUCTEMBI, OITU-
CBIBAIOIIIEH MPOIIeCC IPY30IePEBO30K B BUAE B3aUMOACHCTBUSI OCHOBHBIX 3JIEMEHTOB 3KEJIE3HOIO0POXK-
HOI MH(}PACTPYKTYphl, B MEPBYIO ouepenb cTaHLMii. Takas mpobjema Hallljla oTpaxkeHHue B paboTax
(Beklaryan, Khachatryan, 2006; Bexnapsin, Xauatpss, 2013; XauarpsH, 2013; Khachatryan, Akopov,
2017; Khachatryan, Akopov, Belousov, 2018; Beklaryan, Khachatryan, Akopov, 2019; Khachatryan, 2020;
Khachatryan, 2021; XauatpsH, beknapsH, 2021; Khachatryan, 2022). B Hux npencTaBiieHbl IMHaAMU4e-
CKMe MOJIEJIU, B KOTOPBIX MPOLIECC OPraHU3alU Ipy30MepeBO30K (hOPMUPYET TPY30MOTOK HA OCHOBE
B3auMoeiicTBU cTaHLmii. [IpaBuia B3anMOIECTBHS CTAHIIUI 3aBUCAT OT XapakKTepa cIipoca Ha Tpy30-
nepeBo3ku. [1pyu cTabUILHO BHICOKOM CITPOCE Ha IPy30MePEeBO3KM OHU HAMpPaBJIEeHbI HA UCITOJIb30BaHUE
B MMOJIHOM 00beMe TEXHUUYECKUX BO3MOXHOCTeM ctaHuuii. [Tpu oTCyTCTBMM cTaOMJILHO BHICOKOTO CIIpOCa
OCHOBHOI 3a7a4eil B3aMOAEHCTBUS CTAHIIUI SBJISIETCS CHHXPOHM3AIUS BXOIHBIX M BHIXOJHBIX TTOTOKOB,
YTO II03BOJISIET OoJiee 3(P(PEKTUBHO OCYIIECTBISITh TPY30NEPEeBO3KMA, MUHUMU3UPOBATh 3aACPXKKU U 00e-
CIIEUMBATh TUIABHBIN I'PYy30MOTOK.

PaccMoTpuM oTIenbHO Kaskablil ciyJaii.

B ciryyae cTabMIIbBHO BBICOKOTO CIIpOCa Ha TPY30MepeBO3KH HEOOXOIUMO 00eCIIeYnTh 3arpy3Ky oIpe-
JeJICHHOTO YKCJIa TyTel Ha CTAaHIIUSIX, KOTOPOE TIPEACTABIsAET COO0M MaKCMMAaTbHO BO3MOXHOE YUCIIO
3a/1eICTBOBAHHBIX MyTEN Ha CTAHIIMAX, TIPU KOTOPOM rapaHTUPOBAHHO MOXHO OpPTraHM30BaTh Oecrepe-
OOIHBIN rpy30M0TOK. JIJIst UCKITIOUEHUST CUTYALIWI, MPUBOISIINX K COOI0 B CCTEME TPY30IepEBO30K, IMPU
3arpyske CTaHIMI CBepX YKa3aHHOIO YPOBHS HEOOXOIMMO YacTh IPY30B OTIIPABIIAThL Ha BpEMEHHOE Xpa-
HeHue. JIIst 3TOro MpeanoaraeTcs Co3arh CrieluaabHble 30HbI XpaHEHUS MEXIY CTAaHLIMSIMMU.

OnHoli U3 BaXKHBIX 3a[1a4 SIBJISICTCSI OpraHu3alus cucTeMbl KOHTpoJis. OHa Mpu3BaHa 00eCneYnThb Bbl-
BOJI TPY30B U3 30H BpEMEHHOI0 XpaHeHusl. PaccmaTpuBaeTcss HECKOIBKO KOH(MUTYpallMii ydacTKa Xe-
JIe3HOOOpOXKHOM cetu. [lepBast KoH(GUTrypalus MpeacTaBiaseT cOO0i MPOTKEHHBIN YYaCTOK KeIe3HO-
JOPOKHOI CETU U TOAXOAUT JIJIsl ONMUCAHUSI TPAHCHALIMOHAJIBHBIX MEPEBO30K (HallpuMep, MepeBO3KU
no TpaHCcCUOUPCKOI XKeJe3HONOPOXKHOM MarucTpaau NpoTsSKEHHOCThIO OoJiee 9 Thic. KM). BTopas KoH-
(burypanysi— 3amMKHyTasl LieTouKa CTaHLIUIA, TPEThsl — XKEJIe3HOMOPOXKHAS IMHUSI MEXIY NBYMSI Y3JIOBbI-
MU CTaHIUSIMU. Mozenu, onuCchIBalole MPOoLecC OpraHn3ay rpy30IepeBO30K, 3a0al0TCs KOHEYHO
Pa3HOCTHBIM aHAJIOTOM HEJIMHEMHOTO MapaboIMYecKoro ypaBHEHUS U HeJIOKAJIbHBIMU JIMHEHHBIMU Orpa-
HUYEHUsIMU (cUcTeMa KOHTPOJIsSI).

ITpuBeneM onucaHue 3TUX MOJEJEN IS TpeX KOHMUTypallnii Kele3HOAOPOXHOMN CeTH, MpencTaB-
JIeHHoM B pabotax aBropoB (Beklaryan, Khachatryan, 2006; Beknapsia, Xauatpsia, 2013; Khachatryan,
Akopov, 2017; Khachatryan, Akopov, Belousov, 2018). Baxcubim u Ho6biM 30€Ch SIBIISICTCS IIpOTpaMMHast
(MMUTALIMOHHAS) pealn3allisl YCTAHOBUBIIUXCS PEXKUMOB IPY30IePEBO30K U U3YYEHUE UX 3aBUCUMOCTH
OT TIApaMETPOB CUCTEMBI.

Hust nepeoii konghueypayuu MOaeab UMeeT BUI:

BSKOHOMUKA U MATEMATUYECKHWE METOJbl Tom60 Ne2 2024



JNHAMUWYECKHWE U ATEHTHBIE MOIEJIN 109

3(t)=0z, —20z,+0z, +9(z), i€Z, te[0,+w); (1)
7 ()=z,,(t+1), ieZ, 1[0, +c), ()
rIe z, (t) — YMCJI0 33IeICTBOBAHHBIX TyTeil Ha CTAHLIMKU { B MOMEHT BPEMEHH f; 0L — MapaMeTp, ornpene-
JISIIOIIMI B3aMMOJEMCTBUE COCETHUX CTAHLIMI; T — MapaMeTp, XapaKTepUu3yIolluii CUCTEMY KOHTPOJIS.
B ypaBHeHuu (1) rpy30moToK pasaeieH Ha IBe cocTaBisomue — aug@y3noHHYI0 U KOHBEKTHUBHYIO.
Huddy3roHHas cocTapsonias MoToka (JIMHeiiHas1 yacTh ypaBHeHus (1)) orpenensieT MopsaoK nepepac-
MpeaeieHrs TPY30B MEXIY COCEIHUMU CTAHIUSIMM JUTSI CITaXKUBaHUS TToToKa. KoadhduuueHT o oTBevaeT
3a HOPMAaTUBHI Tlepeajapecalii rpy30B MeXIy COCEIHUMU cTaHuusIMU. Eciu yuciio 3aneiicTBOBaHHBIX
nyTeit Ha cTaHIMU [ — | 6oJIbLIe, YeM YKCIIO 33J1eiiCTBOBAHHBIX MyTel Ha CTAHLIUM i, TO i TPUHUMAET TPY3bl
CO CTaHUMU i —1 C UHTEHCUBHOCTbHIO (x(zH -z, ) B npoTtuBHOM ciyyae cTaHUMS i ¢ UHTEHCUBHOCTbIO
oc(zi -7, ) OTITPaBJISIET TPY3bl B 30HY BPEMEHHOTro XpaHeHus. Eciau uncio 3aaeiicTBOBaHHBIX MyTel
Ha CTaHIMMU i OOJIblIE YMCa 3a1eiCTBOBAHHBIX MyTEl HA CTAHUIMU i + 1, TO i OTHpaBSET TPY3bl HA CTAH-
1110 i + 1 ¢ UHTEHCUBHOCTBIO oc(zl. -7, ) B npotuBHOM cilyyae cTaHIIMS i C UHTEHCUBHOCTBIO oc(zm -z, )
TMPUHUMAET IPY3bl U3 30HBI BpDEMEHHOTO XpaHeHus. [TapaMeTp T onuChIBaET BpeMEHHOI MHTEPBAJI CIIBUTA
eIMHOr0 3aMepa MoToKa Ha BceX cTaHIusIX. OueBUIHO, UTO BeJIMUMHA TlapaMeTpa T J0JKHA ObITh COMO-
CTaBMMa CO BpEMEHEeM IepeMelleHHUs IPy30B MEXKAY COCEAHUMU CTAaHIMSIMU. DTa BeIMUMHA HE JOJKHA
OBITh CJMILKOM OOJIBIIION, TaAK KaK MOAOOHbI KOHTPOJIb IPY30IMOTOKOB MOXET 0Ka3aThCsl HeaKTyalbHBIM.
TToaTOMYy OnHOI M3 3aaay SIBJsIETCS] ONpee/ieHUe 1Mana3oHOB U3MEHEHUSs TlapaMeTpa T, MPU KOTOPOM
BO3HUKAET YCTAHOBUBILIMICS IPY30MOTOK C 3aJaHHON CUCTEMOI KOHTPOJIS.

KoHBekTHBHas cocTaBisiolasi (HeJuHelHasl yacTh ypaBHeHUsI (1)) onmuchIBaeT IBUXKEHUE TPY30B
C YYETOM 3arpy>keHHOCTU CTaHIIMI 1 OCHOBaHa Ha B3aMMOAECTBUY CTAHIIUM C COCEIHUMM 30HAMU Bpe-
MEHHOTO XpaHeHMs Tpy30B (puc. 1). Jlo Tex mop moka 4mciio 3aaeiicTBOBaHHBIX Ha CTAHIINHY TTyTeil He TIpe-
BBIIIIAET KPUTUIECKOTO 3HAUEHNS A, KOHBEKTHBHAsI COCTABJIAIONIAsI TPY30ITOTOKA TTPUMEHSIETCS TS TIPY -
€Ma TPy30B M3 30HBI BPEMEHHOTO XpaHEeHUsI, pacTIOJIOKEHHOTO 10 CTaHIIMK. Kak TOJIBKO YUCIIO0 3ameii-
CTBOBAHHBIX MNyTell HayMHAET IPEBBLINIATH
3HauYeHUe A, KOHBEKTUBHAs COCTABJISIONIAs TPy30-
MOTOKa NMPUMEHSIETCS 111 5KCTPEHHOT0 BbIBO3a ya- q,
CTU TPY30B B 30HY BpEMEHHOTO XpaHEeHUsl, pacrio-
JIOXKEHHYIO MOCJe CTaHIIUHU.

OtmeTuM, 4yTo PyHKUUS @(-) HA MOJIYIIPSIMOK
[A,+<>o) SIBASIETCS JIMHEMHO yObIBamwIein (cm.
puc. 1) u, cienoBaTeJbHO, BIBO3 ITPY30B B 30HY
BPEMEHHOI'O XpaHEHUs OCYIIECTBIISIETCS] C UHTEH-
CHUBHOCTbIO TIPSIMO MPOMOPLUMOHATBHOMN MpeBbILe- _
HUIO KPUTUUECKOIO 3HAYEHUSsT YKUCTia 3a1eiCcTBO- Z A
BaHHBIX myTeil. Pemenus cucremol nuddepeHm-
aJbHBIX ypaBHeHUU (1), ymoBiieTBOpsIOlINe
ycinoBuio (2) (pemrenust cuctemsl (1)—(2)) Ha3biBa-
IOTCSI pellIeHUSIMU TUIIa Oeryiieit BOJHbI (COJTUTOH-
HbIe pPelIeHUs)), U ONIPENEISIOT PEXUMbI Tpy30Tie-
PEBO30K ¢ 3alaHHOI cucTeMoil KoHTpoJs1. Jlokaza-
HO, YTO CyILIECTBYeT TaKOW Auara3oH U3MEHEHUS
XapaKTEPUCTUK CUCTEMbI KOHTPOJIS T, YTO JJIs1 KaXKIOTO 3HAYEHUS XapaKTePUCTUKU CUCTEMbI KOHTPOJIS
W3 3TOTO AMaIia30Ha MMEETCS eIMHCTBEHHBIN PEXKUM TPY30TIepeBO30K, YIOBICTBOPSIONINIA 3aMaHHOM CH-
creme kKoHtposs (Beklaryan, Khachatryan, 2006).

A 4

Puc. 1. ['padyk KOHBEKTUBHON COCTaBISIOIEH
rpy30II0TOKA

Jnis emopoii koHpueypayuy Xeae3HOAOPOKHOM CeTH (3aMKHYTasl LIeMoYKa, COCTOSIIAst U3 7 CTAaHLIMIA)
MO/Ie]Th, OMMCHIBAIOIIAST TTPOLIECC IPY30MEPEBO30K € 3aaHHOM CUCTEMOI KOHTPOJISI, UMEET BUI:

z’l(t)z(xzn—2oczl+(xz2+q>(z1), 1€[0,4+c); 3)
z'i(t)zoczi_l—2oczi+0czi+l+(p(zi), i=2,...,n-1, 1€[0,+o); 4
¢ (f)=0z, ,—20z,+07,+¢(z,), 1€]0, +co); ®)
zi(t)zzi+1(t+r), i=1,.., n-1, te[0,+oo); (6)
zn(t)zzl(t+‘c), te[0,+<>o). (7)
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——,

—_—,

Puc. 2. CxonuMoCTb K CTallMOHAPHOMY PELICHUIO

[TokazaHo, 4TO BCsIKOE pellieHne cucteMbl auddepeHIalbHbIX YpaBHeHU (3)—(5), yaoBaeTBoOpsitolee
ycroBusM (6) u (7), siBisieTcs TiepuoandeckKuM. OIHUM U3 TaKUX pelIeHUH SIBIISICTCS CTallMOHApHOE pe-
1IeHue (A, A, ..., A). 1151 BBISIBJICHUS IPYTHX PEIIeHUI N3yYeHBI BCe PEIICHUST CUCTeMBI T depeHIINATb-
HbIX ypaBHeHU (3)—(5) (T.€. HE TOJBKO pellIeHUs TUIA Oeryiieii BOJHBI, YIOBICTBOPSIOIINE YCIOBUSIM
(6)—(7)). Oka3zanoch, 4TO CTALIMOHAPHOE PEIIEHNE (A, A, ..., A) I100aJIbHO aCUMIITOTUYECKU YCTOMUYMBO
B KJ1acce Bcex pelneHuit cuctemsl (3)—(5) (beknapsin, Xauatpsid, 2013). Takum oopazoMm, cuctema (3)—(7)
HE UMEET APYroro peeHusl, OTJIMYHOIO OT CTALlMOHAPHOTO PEILLIEHUS (A, A, ..., A), OIHAKO JII000¢e pelie-
Hue cucteMbl (3)—(5) co BpeMeHeM CTaHOBUTCS CKOJIb YTOIHO OJIM3KUM K HeMy (puc. 2). DTo o3HayvaeT,
YTO OpraHu3alvs Tpy30MepeBO30K M0 3aMKHYTOI 1IeMOYKe CTaHLIMI 11O OTpene/IeHHbIM BhIle MTpaBuiaM
B3aMMOJIEICTBUSI CTAHIIMI BCeraa MPUBOAUT K YCTAHOBJIEHNIO MAKCUMaJIbHO BO3MOXKHOTO CTallMOHAPHO-
TO TPY30IMOTOKa. BpeMs ycTaHOBIEHUS TaKOTO peXrMa 3aBUCUT KaK OT HOPMAaTUBHOTO KO3 UIIMEeHTa
B3aMMOIEHCTBHS COCETHMX CTAHIINM (TapaMeTp 0.), TaK ¥ OT UHTEHCUBHOCTH TIPUBJICUCHUS KOHBEKTHB-
HOI COCTaBJISIIOLIEH IJIsI 9KCTPEHHOTO 0CBOOOXIEHUS CTAHIIUIA.

s mpemovelil KoHgueypayuu Xene3HoA0POXHON ceTr (KeJIe3HOAOPOXKHASI IMHUST MEXIY NBYMSI Y3J10-
BBIMM CTAHLIMSIMM) MOJIEJIb TPY30IIEPEBO30K C 3aJaHHOI CUCTEMOI KOHTPOJIS UMEET BU/:

G(0)=w,(1)-az +oz,+9(z,). 1€[0,+e); ®)
z'i(t)zoc 7, ,—20z,+00 7, +(p(zi), i=1,..., m, te[O, +oo); ©)]
Zm+1 (t)=0c Z,0Z,.,~V, (t)+(p(zm+1)’ IE[O, +°°); (10)
zi(t)zzi+l(t+r), i=0,...,m, te[O,—i—oo). (11)

DyHKLIMA @, () OIMMCHIBACT BTOPYIO TEXHOJIOTMIO HAa HAaYaJIbHOI y3710Boi cTaHuu. Ha Heil Bropast TexHO-
JIOTUSI UCITOJIB3YETCST TOJIBKO IJISI pa3rpy3Ky M IMMO3TOMY OHA 00JIaaeT CIeAyIOIMMI CBOMCTBAMU: Ha I10-
JIyIpSIMOIA (—oo, A] TOXIECTBEHHO paBHa (), a Ha MOJIyIIPSIMOIA (A, + oo) SIBJISIETCSI JIMHEMHO yObIBAIOIIEH.
DyHKuM ¥ () PEACTaBIAET COO0M MHTEHCHBHOCTD MOAYM IPY30B Ha HAYaJIbHYIO Y3JIOBYIO CTAHILIMIO
(ompenensieT B3auMoIeiCTBME HayaJbHOM Y3/I0BOI CTaHIIUU C XKEJIE3HOMOPOXHBIMU HAIlPaBJICHUSIMUA,
NPUMBIKAIOIMMU K HEi), a GYHKIUSA () — MHTEHCUBHOCTb PACHPE/IEIEHNs TPY30B C KOHEYHOM Y3710~
BOM CTaHLMHU (B3aUMOAEHCTBME KOHEYHON y3JIOBOM CTAHLIMM C IMyHKTaMU IoTpebieHus rpy3oB). Kiacc
peueHuit cucremsl (8)—(11) upesBbiuaiiHo y30k — cuctema (8)—(11) He uMeeT pelleHus 3a UCKIoUe-
HUEM cly4ast, Korna GyHKIUK | () ny, () TOXIECTBEHHO paBHBI Hymo. McciiemoBaHMs IToKa3aau He-
BO3MOXKHOCTh OpraHM3alliy IPy30II0TOKAa B paMKaX 3K30Ir€HHOI0 B3aMMOIEHCTBIS HA4aIbHOI 1 KOHEY-
HO Y3JI0BO#A CTAHIIMI C COOTBETCTBYIOIIMMHU OOBEKTAMU (TTPH 3aIAaHHBIX 9K30TCHHBIX QYHKIMSX | ()
ny, ()) DTO MPUBOIUT K HEOOXOOAUMOCTH KOPPEKTUPOBKHU JUOO MpaBUJI B3aUMOACHCTBUS HadaJlbHOI
CTaHIMU U KOHEYHOI Y3JIOBBIX CTAHILIMM C COOTBETCTBYIOIIUMU OOBEKTaMU, JIMOO CUCTEMbBI KOHTPOJIS.
Kak B mepBoM, Tak ¥ BO BTOPOM ciiyyae (hopMaJIbHO pedb UIET O NMPaBUJIbHOM pacIlIMpeHUH Kiacca pe-
meHuit cucremsl (8)—(11), koTopble Ha30BeM KBa3upelleHUsIMU. PaccmaTtpuBaeTcst 1Ba TUMa KBa3upe -
eHui. [TepBbiil TUIT peATIONaraeT SHAOTCHHBIEe 3aMaHust DYHKIMT () ny, (), HayMHasi C MOMEHTa
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10,8
10,6
10,4
10,2
= 10
Lo9g
9,6
9,4
9,2

Puc. 3. KBazupelieHus nepBoro Tumna

A F'y
v, (0) +6

v,,(0)
()

vi(0) § UTA0)] I Cee——

Puc. 4. UMmnynbcHOe u3MeHeHUe GyHKIUK v, () B HAYAIBHBIA TIEPHOI BpEMEHU

BPEMEHH, paBHOTO XapaKTePUCTUKE CUCTEMbI KOHTPOJISI, M JOMYCKaeT pa3pbIBHbBIE pellieHus (puc. 3), BTO-
PO TUII 1OMyCKaeT MaJjible HapyILIEHUSI B CUCTeME KOHTPOJIS (T.€. BbIIloJHeHUe yciaoBusl (11) ¢ HeKoTopoii
MOIPEIIHOCTHIO).

B pa6ote (Khachatryan, Akopov, 2017) uccneqoBaHa 3aBUCMMOCTb BEJIMUMH Pa3pbIBOB KBa3WpeIIeHUI
cuctemsl (8)—(11) mepBoro Tura oT mapamMeTpoB MOIENH (0., T, TapaMeTpOB (GYHKIMI | (), v, (), 0, (), (p(~)).
JlokazaHo, 4TO 3TH Pa3pbIBBI MOXKHO cleaTh CKOJIb yromHo MaiasiMu (Beklaryan, Khachatryan, 2006). s
9TOTO HEOOXOMMMO UMITYJIbCHO M3MEHUTD DYHKIMIO Y (-) B HAYAIbHBI IEPUOL] BpEMEHHU (PHC. 4).

WccnenoBanue kBa3upelleHUit BToporo Tuna npuseacHo B padbote (Khachatryan, Akopov, Belousov,
2018). ITokazaHo, Kak yIpaBJsisl TapaMeTpaMy MOJEIN, CASAATh MOTPEITHOCTh B BHINIOJTHEHUU YCIIO-
Bust (11) CKOJIb YTOMHO MaJloii.

Tlepeitnem K ciyyaio OTCYTCTBUSI clabUAbHO 8bICOKO20 Cnpoca Ha TPY30IIepeBO3KHU, TTPU KOTOPOM HET
He0oOXOIMMOCTH B IIOJIHOI Mepe 3alIeiiCTBOBATh IMMOTeHIAI CTAHIMI 1 (POPMUPOBAHUS HATUYNS CIICIIU-
aJIbHBIX 30H MEXIY CTAaHLIMSIMU U1 BpeMEHHOTO XpaHeHMsI YacTy Ipy30B. B Takoii cuTyaliuy BaskHO CUH-
XPOHU3UPOBATh BXOJHBIC 1 BHIXOAHBIE MOTOKM Ha cTaHusax. B padorax (Khachatryan, 2021, 2022) mo-
CTPOEHBI MOJIC/IM OPTaHU3alM1 I'PY30IIEPEeBO30K MEXIY ABYMS Y3JIOBBIMU CTAHIIMSIMU, OIMCBHIBAIOIINE
JaHHYI0 npoojeMy. OCHOBHOM XapaKTepUCTUKOI cTaHLUU ¢ HOMepoM i, i =0,..., m+1 (0 — Homep Ha-
YyaJbHON Y3JI0BOM CTaHILIMM, a M+ 1 — HOMEp KOHEYHOH Y3/I0BOM CTAaHIIMM) B MOMEHT BPEMEHH f SIBJISIETCS
CTeNEeHb HECOITTaCOBAHHOCTU MEXIY MPHUEMOM U OTIpPaBKOIl I'py30B, KOTOpas ompenelisieT aucoanaHc
MeXTy 00beMOM BXOIHBIX ¥ BBIXOIHBIX IPY30B U 3a/1aeTCsl (PYHKIMEH Z,, 3HaUCHWsI KOTOPOI TIpUHAUIEXAT
OTPE3KY [O, 1]. HauanbHast y310Basi CTaHIIMs MPUHUMAET I'Ppy3bl B 3aBUCMMOCTH OT CIIPOCa Ha MEePeBO3KU
U CBOEro TEXHWYECKOTo MOTeHIIMaa. 3aTeM OTIpaBJsieT Ha CJIEAYIOIIYIO CTAHIIMIO B 00beMe €€ TeXHUYe-
ckoro noreHuuana. Kaxnas U3 mpoMexXyTOUHbIX CTaHILIMI MPUHUMAET Ipy3bl B 00beMe CBOETO TeXHUYUE-
CKOTrO IOTEHIIMAJIa U OTIIpaBJIsIieT B 00beMe TEXHUYECKOI0o MOTeHIIMAaa clieaytonleil ctanunu. Koneunas
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y3JI0Basl CTaHIIMS IPUHUMAET TPY3bl B paMKaX CBOEro TeXHUUECKOTo MOTeHIIMala U pacnpenensieT B He-
KOTOpOM pexkuMe. TeXHUIECKN TOTeHIIMAI CTAHIIUKM C HOMEPOM i XapaKTepr3yeTcs] MAKCUMAaJIbHO IT0-
MYCTUMBIM MIPUPOCTOM CTEIIEHU HECOMTACOBAHHOCTU MEXIY MTPUEMOM U OTIPABKOIl I'Py30B M 3aJaeTCsI
byHkMEH @, (z), MEHSIOIIECS Ha OTPE3KE [0, 1} 1 YIOBJICTBOPSIIOIIEH YCIOBUIO @, (1) =0.

Korz[a TEXHUYECKHUE TTOTCHLIMAbl BCEX CTAHLIMI OOWHAKOBbBI, MOIECIb UMECT CJTCZ[Y}OH_II/Iﬁ BUO:
2, () =min(d;,0(z, (1))~ 2oz, (1)), €[, +); (12)
(0= o(z,())-0(z., (1) ], i=L.om, te[t,+eo); (13)
- (t)zl(p(zmﬂ (t))_dmﬂ’ te[to’ +°°); (14)
0<z,()<1, i=0,1.., m+l, te[t,+e), (15)

rne d;>0,0<A<I,d  >0— napametpbl MOIeIU; d — XapaKTEPUCTHKA CIIPOCA Ha MEPEBO3KU; A — Xa-
PaKTEPUCTUKA CTETIEHU MCTIOJIb30BAHUSA TEXHUYECKOIO MOTEHIIMAIA CTAaHLMiA; d | — XapaKTepuCTHKa
pexuma pacrnpeneseHus rpy30B ¢ KOHEYHOU Y3JI0BO# CTaHIIUM.

1

B (Khachatryan, 2022) onpenefieHbl 11ara3oHbl U3MEHEHUS MapaMeTpOB MOJEIU, MPU KOTOPBIX CU-
cTeMa I'py30IlepeBO30K MOXeT Oecriepe0oitHO (byHKLIMOHUPOBATh, T.€. Korga cuctema (12)—(15) umeer
peireHue. MccnenqoBaHa 3aBUCUMOCTD PELIEHUI OT apaMeTpOB MOIEIN.

Cnyuaii, Korjga TeXHU4eCcKHe MOTeHIIMaIbl CTAHLIMI pa3anJyaioTes, onucaH B pabore (Khachatryan,
2021). ITokazaHo, Kak, yIpaBJsis IapaMeTpaMu, XapakKTepu3ylOlIMMU CTeeHb UCII0JIb30BaHUs TEXHU-
YeCKOTo IMOTeHIMala CTAHLIMI U PEXUM pacIipefe/icHUs IPy30B ¢ KOHEYHOM Y3JIOBOM CTAHLIMK, MOXHO,
KakK ¥ B cllydyae UISHTUYHOCTU TEXHMUYSCKUX IMOTEHIMAIOB CTAHLIMIA, JOOUTHCSI CHUXKEHUS nucbaiaHca
MEXy BXOAHBIM U BBIXOAHBIM ITOTOKAMM 0 Haubosiee MprueMIeMbIX YPOBHE Ha BCeX CTAaHIUSIX LS.

s 1eTanbHOTO UCCIENOBAHUS CBOMCTB yKAa3aHHBIX MOJEIE CO30aquM UMUTALIMOHHYIO MOJEb,
BOCMPOU3BOJSIIIYIO MPOLIECC IPY30IEepeBO30K B paMKaxX YKa3aHHBIX KOH(UTypaluii Xeae3HOI0POXKHOM
ceTu. J1JIs1 2TOTO BOCHOIb3yeMCs ITAKETOM CUCTEMHO-IMHAMUYECKOTO BU3YaJIbHOTO MOACIUPOBAHUS
Powersim. Mojenu cTposiTcst 110 TiepeMeHHbIM YeThIpeX TUIIOB: BpeMsl, ypOBEeHb, TEMIT U BCIIOMOTaTe/b-
Hble IepeMeHHbIe. [lepeMeHHasT «6pemsa» TeHeEpPUPYeTCd CUCTEMHBIM TaUMEPOM U M3MEHSIETCST TUCKPET-
HO, T.€., HAUYMHAas C HEKOTOPOro HAYaJbHOTO 3HAUEHMSI, OHO 32 KaXKIblil TAKT YBEJIMUMBACTCS HA 3aJaH-
HYIO BEJIMYMHY, KOTOpast CIYKUT MOIeIbHOM enuHuUIeii. [TlepeMeHHast TUIIA «yposeHb» paBHA 00beMY
HEKOTOPOTO MPOAYKTA, HAKOINIEHHOTO B HEKOTOPOM XpaHUJIUIIE 3a BpeMsI XKU3HU MOJEIU C HAYaJIbHO-
ro I0 TeKYILINii MOMEHT. [IpoayKT MOXKET IMOCTyIaTh B XpaHUJIMIIE U U3BJIEKAThCA U3 HEro. 3Ha4YeHUe
«YPOBHSI» B TEKYIIMII MOMEHT BpEMEHU BLIYMCISIETCSI KAK CYyMMa ero 3Ha4eHUs B ITPEAbIIYIIAI MOMEHT
¥ BEJIMUUHBI, PABHOM Pa3HOCTU BEJIWUYMH BXOASIIEr0 U BHIXOASIIETO MOTOKOB MPOAYKTA 3a €AUHUILY
BpeMeHU. [lepeMeHHas TuIa «memn» paBHa 00beMy MPOAYKTA, KOTOPHIM MOCTYIIAET WJIM U3BIEKAETCS
13 COOTBETCTBYIOILIETO YPOBHS B €IMHUIY BpeMeHU. 3HAUCHUE DTOM MePEMEHHON MOXET U3MEHSIThCS
B 3aBUCMMOCTH OT BHEIIHUX BO3AeiicTBUIl Ha Hee. [ToMUMO ypoBHEIl M TEMIIOB, MPU MOCTPOSHUN MO-
JeJieit TMHAMUYECKMX CUCTEM MCITOIL3YIOTCS BCIIOMOTaTeIbHbIE IIepeMeHHbBIe. DTU IIepeMeHHbIE MOTYT
OBITh KOHCTAHTAMU WJIM MaTeMaTUYeCKUMU (PYHKIUSIMU OT APYTUX IMepeMeHHbIX. B yacTHoCTH, ¢ MX
MOMOIIIbIO 331a0TCSI TapaMeTPhbl MOACIIN.

ITpuBenem pe3yabraThl UMUTALIMOHHOTO MOJEJUPOBAHUS Mpollecca rpy30MnepeBO30K CUCTEMBbI
(12)—(15), B KOTOpO¥ TeXHUUYECKMI MOTEHLMANd CTAaHLUU SBAsSETCS (QyHKIUEH (p() BUIA
(p(z) = a(l - z), a>0c xapakrepuctukamu d ud  :d =ua, O<u<l,d  =vya, y>0.Takum obpasom,
HMeeM CIIeAyIolre mapaMeTpbl MOIEIu W, a, A, ¥: W (0<u<1) — nMamna3oH crpoca Ha IepeBO3KH, KO-
TOPBI MOXET OBITh YAOBJIETBOPEH MPU UMEIOIIEMCS TEXHUYECKOM MOTeHLMaae cTaHuii; a (a>0) —
BO3MOXHOCTb CTAHIIMM HapalIuBaTh rpy301oTokK; A (0 <A <1) — cTernmeHb UCITOIb30BaHMS TEXHUIECKOTO
MoTeHLMana cTaHIuii; y (Y >0) — pexuM pacrnpeneaeHus Tpy30B ¢ KOHEUHO y3/10BOI CTaHLIMMU.

B pa6ore (Khachatryan, 2022) noka3aHo, 4TO AJisl IPOXU3BOJIBHOIO 3HAYEHUSI CIIPOCA HA NIEPEBO3KMU L,
KOTOPBIA MOXET OBbITh YAOBIETBOPEH MPU UMEIOIIEMCS] TEXHUUYECKOM TTOTeHIIMalle CTaHLIMI 1 comIaco-
BAHHOTO C HUM peXWMMa pacrpene/eHrs TPY30B ¢ KOHEUHOU Y3JI0BOU CTaHLINU (7Y), CYIIECTBYET quara-
30H MU3MEHEHUsI CTEIICHHM MCIT0JIb30BaHUsI TEXHUYECKOTO MOTEHIIMAaIa CTaHIIMiI (A) ¢ HaYaJIOM B TOYKE
L — TaKoii, 4TO TpU JIOOOM 3HAYEHUU A M3 3TOTO JMara3oHa MOXHO OPraHW30BaTh OecrepeOoHbIi
rpy3omnotok. [TokazaHo, 9TO ¢ TOUKU 3pEHMS MUHUMU3AIMU CTETIEHU HECOTIIACOBAHHOCTH MEXKIY ITPH-
€MOM M OTIPABKOI IPy30B Ha CTAHLIMSIX MapaMeTp Y LieaecooO0pa3Ho B3sITh paBHBIM NapaMeTpy . Ox-
HaKo 3aBUCUMOCTb YKa3aHHOTO BhIllle JUara3oHa OT UHBIX apaMeTpOB MOJEIH, a TaKXe Psil APYTrux
BaXXKHBIX CBOMCTB MO/ OCTABAJIUCh B 3TOM paboTe HEeM3yUYeHHBIMMU.
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Morok IMoTtok ot cTanuuu 1 [ToToK OT cTaHLMK 2
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= K CTaHLIMU
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‘ ‘ o cranumn 5
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. KCTaHLIMK 6
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BrixonHoit moTox - Z ToToK ot cTanumu 6
C KOHEYHOM y3/10BOit Zy [ToTok OT cTaHIMK § 2 IToTok ot craHumm 7 K cTaHumm 7

CTaHLMN K Y3710BOI CTAHLINN K CTaHIMK 8

- TlepeMeHHbIE THTIA «<YPOBEHb» . TlepeMeHHbIE THIIA «TEMIT» <> IMapameTpbl MozeH

Puc. 5. /IlnarpaMma MUMUTALIMOHHOW MOJEIN

0,35
<03
Ha puc. 5 npencrapieHa guarpaMma mocTpo- z

€HHOl UMUTALIMOHHOU MoAenu cuctembl (12)— g 0,25 /
(15). B pamkax Takoil Moaesin, B YaCTHOCTHU, yla- E 0,2 /
eTCsl OTIPeNe/IUTh AUara3oH U3MEHEHUS mapamMe- g 0,15
Tpa A B 3aBUCHMMOCTHU OT ITapaMeTPOB MOJIEIH. g0 /
MHoTOYMCIeHHBIE SKCITepUMEHTHI ITOKa3aJIu, 9TO 5 ' /
STOT AWala30H He 3aBUCUT OT MapameTrpa a. Kak 0,05
OBLJIO OTMEYEHO paHee, MUHUMAJIbHBIA YPOBEHD 0 N

CTETICHN HECOTIACOBAHHOCTU MEXIY IPUEeMOM
¥ OTIIPAaBKOM I'Py30B HA CTAHIIUSIX DOCTUTACTCS
npu W=7y. Ha puc. 6 npuseneH rpaduk 3aBucu-
MOCTH IMalna3oHa A oT mapametrpa (L. OTMeTHM,
YTO MOCTPOEHUE UMUTALIMOHHBIX MOZEJIeH O3B0~
JIsieT KOHCTPYUPOBAaTh CI0XKHYI0 KOH(DUTrypaluio
peabHBIX NEMCTBYIOIIMX CUCTEM I'PYy30MePEBO30K.

01 02 03 04 05 06 0,7 08 09 1

0

Puc. 6. 3aBucumocTs auana3oHa napamerpa
A cylecTBoBaHUS perneHus 3agaun (12)—(15)
OT MapamMeTpa L

2. ATEHTHBIE MOJIEJIU UHTEJJIEKTYAJTbHOW TPAHCIIOPTHON CUCTEMbI

2.1. IIpumep «MAaHX3TTEHCKOIl pelIETKH»
PaccMmatpuBaeTcsl TpaHCIIOpTHAS CHCTEMa THIIA

«MaHxaTTeHcKas pemerka» pazMepHocTd N X N |

rae N — 49ucio Y3JI0B. HpI/I 9TOM B Ka>XIOM TaKOM
y3Ji1e o0OecrieunBaeTCsI BO3MOXHOCTD IBUKEHUS

TPAHCIIOPTHLIX CPEACTB U IICIIEXOJ0B PUC. 7.

PazpaboraHHas MHUTALIMOHHAsA MOJIEJIb OCHO-

BBIBAaETCSl HA paHee MpeaIoXXeHHOM (peHOMEeHOJI0- Sl S

TMYECKOM IMOAXO0OC K M3YUYCHUIO MOBCACHUA «TOJI-

IIbI», YYUTBIBAIOIEM MEXaHNU3M MHANBUAYAJIbHOTO
IIPUHATUSA peHJCHI/Iﬁ KaXJ10ro arcHra 1mpmu B3anMo-

Puc. 7. Cxema mocTpoeHUsT TPAHCTIOPTHOM CUCTEMBI

NEeHCTBUSIX C APYTUMHU areHTaMu (AKOMOB, BeKa-  1ypa «Manxarrenckas peretka» ¢ peryiupyeMbiMi
paH, 2015). I1pu 3TOM pacimmpsieTcsl COCTaB areH- THeLIEXONHBIMU MepexonaMH (CIipaBa MPUBENeH
TOB (K IelexonaM J00aBiIsIIOTCSI TPAHCIIOPTHBIE YBEIMYEHHBII ()parMEeHT PELIETKM)
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Puc. 9. MUnmoctpamust paznmunoro noseneHust TC Ha peryaupyeMom
(a) u HeperynupyeMmoM (0) TeleXoqHOM Tepexoaax

CpelCTBa), YIMTHIBAIOTCS HAIIpaBJICHWS ABVIKCHUS, 3a1aBaeMble KOH(MUTyparueil udpoBoil TOPOKHOM
CETH, U PETYIHUPYIOLIEe BO3AEICTBUE CBETO(OPOB.

Hns MoaenupoBaHus ABUXKeHUSsT TpaHCTIOPTHBIX cpeAcTB (TC) u neliexoqoB NpocThie MpaBuia, oc-
HOBaHHbIEC HA aHaJIM3€e TeKYIIero curuaja ceerodopa («K — KkpacHblit», «K — XenThlil» uin «3 — 3ee-
Hbli») 11 TC 1 neiexonoB, HAXOASAIIMXCS B paanuyce ero JeCTBUS U TPUHUMAIOIIMX UHIUBUIYaTbHbIE
pelIeHMST IBUTAThCSI MJIM OCTAHOBUTHCS (pucC. 8).

Ecnu areHtsl-TC HaxonsiTcsl B 30HE 1€MCTBUSI BKIIOUEHHOTO (eiicTByOIIero) ceerodopa (T.e. BOJIU-
31 PEryJupyeMoro fneuexoaHoro nepexoaa (puc. 9a), oHU BHIOUPAIOT MUHUMAJIBHYIO 30HY 0030pa 1is
OIIEHKU TIJIOTHOCTH TOPOXKHOTO U TIEMIEXOMHOTO TTOTOKOB, YMEHBIIIAast TEM CaMbIM PaJINyC JUIHOTO TIPO-
crpancTBa. Ecnm arenTsl-TC HaxomsTcs B 30He JEHCTBHST BHIKITIOUEHHOTO cBeTodopa (T.e. BOIM3U
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HEPEryJInupyeMoro MeliexoaHoro nepexoaa (puc. 96)), OHU CTPEMSITCS CYLIECTBEHHO YBEIUYNUTh 30HY 00-
30pa, 4TO OOYCIOBJIEHO IMTOTPEOHOCTHIO B OOJIBIIIEM BpeMEHM TS TIPUHSITUS PEIICHUI O TOPMOKCHWH,
TEeM CaMBIM YBEJTMYMBAsT PaINycC JIMIHOTO IMPOCTPAHCTBA.

[1pu aTOM HanboJIee BAXKHBIMU YIIPABJISIOIIMME ITapaMeTpaMyu B paCCMaTPUBAEMOI MOMIEIU SIBJISIIOTCS:

— COCTOAHMUSA BKIIIOYEHHBIX CBeTO(i)OpOB, ONnpeacaArOIre BINMOJHEHUE MMU PETYINPYIOIINX Q)YHKHHVI
Ha IICIEXOOHbIX IMMEPEXOaax,

— IUINTETBbHOCTU (Pa3 cBeTO(POPOB, 3HAYCHUST KOTOPBIX JOJKHEI YIOBICTBOPSITH TPEOOBAHUSIM TpaHC-
MOPTHOI 0e30macHOCTH (YTOOBI TEeIIeX0Abl YCIIeBaIu IePETH JOPOry) 1 00ecIrieunBaTh BHICOKYIO IIPO-
nyckHyto cnocodbHocTs UTC nisg TC u nemexoaoB ¢ y4eTOM IMJIOTHOCTU COOTBETCTBYIOIIMX ITOTOKOB.

Bsenem o0o3HaueHUs:

=T={tt .., |T |} — HabOp MOMEHTOB BpeMEHU (MUH), |T |— oOl11iee YMCII0 MOMEHTOB BpeMeHH, 7, € T,

t\T\ €T — HavaJibHbIE ¥ KOHEYHbIE MOMEHTHI BpEMEHMU;
—1={i, .., [} — Habop uHaekcoB areHToB (TC u memniexonos), rue |1 | — o0111ee YMCII0 YYaCTHUKOB
JOPOXKHOTO IBIXKEHUS;

— L={l,, ..., I} — naop nnzexcos caetoopos, rie |L| — obwee uncio ceetodopos;
—{x,(,), y ()}, i€l — xoopauHaThl areHTa i B MOMEHT #, (¢, €T);
—v, (¢t _,), i€l — npennoyntaemasi CKOPOCTb IBUXEHUsI areHTa i B MOMeHT 1, (f, € T);

—w/(t,_)e{-1 0,1}, iel— mapamerp, 3anarolnii LieNeBOE HATIPABICHNE IBVXCHUSI areHTa i B «MaH-
X3TTEHCKOM perietke» B MOMeHT ¢, (7, €T);

—B, (), iel, jeli:i# j}— yronobbe3na (00xona) areHTOM i OIMXKANIIETO TIPENATCTBUS (IPYrOro
areHTa), pacrioJIOKEHHOTO Ha eTo MyTH IO X0y IBVXeHUs (AkoroB, beknapsH, 2015) B MOMeHT 7,
(1, €T);

— y,.j(tkfl), iel, jeli:i# j} — yroi, yKa3blBawollIuii HallpaBjieHNe IBMXKEHMS areHTa | — MPOTUBO-
MOJIOXKHOE OTHOCHUTEIbHO OJIMIKAIIEro NpensarcTBust B MoMeHT 7, (7, €T);

— ?l.j(tk_l), iel, jeli:i# j}— yron, yKa3plBalollluii HallpaBJeHUE areHTa [ Ha OuKaliiiee mpersiT-
CTBHUE, PACIIOJIOKEHHOE 10 XOMY IBMXECHUS WK COOKY B MOMeHT 7, (¢, €T);

— dij(tk—l)’ iel, jeli:i# j} — paccTosiHME OT areHTa i 10 OJMXKalilllero areHTa-npensTCTBUS;

—d (1, ), iel, el — paccTosHue OT areHTa i 10 OJmKaiiero cBetoopa ¢ 3aaHHbIM PaTnyCoM

neiicteus R, (Akopov, Beklaryan, 2024);
—r(t,_ ), i€l — pamnyc IMYHOTO MPOCTPAHCTBA areHTa B MOMeHT 7, (¢, €T);

—s,(t,_)ell, 2, 3}, I e L — cocrosttus a3 cetobopa / B Moment £, (¢,  €T):s,(¢,_)=1— 3amnperia-
IOIIMI CUTHAN cBeTOdopa («KpacHbIi»), s (¢, ) =2 — Tpeaynpexaaoni curian ceetodopa («wken-
ThIi»), s,(f, ) =3 — paspelnaioumii curHaa cBetodopa («3eeHblii»);

— A — KO3 DULIMEHT, 3a1aI0LI1IA COOTHOIIIEHNE MACIITAOOB PeaIbHOIO U MOJAEIBLHOTO BPEMEHH;

— ¢ — KO3 DULMEHT, ONMPEANSIOIINI TPeaeIbHYI0 CKOPOCTh ABMKEHMS areHTa B TPOTUBOIIOIOXKHOM
OT OJIMZKAMIIero MpersTCTBUS (IPYroro areHTa) HarpaBiICHUM;

— & — KO OUILMEHT, UCTIOJb3YEMBbIi TSI OLIEHKU PACMOIOXEHUS MPETSTCTBUS Mepe] areHTOM
110 X0y €0 ABUKEHUS (Majoe YUCIIO).

[IpoctpancTeenHas nuHamuka TC v neniexonoB B MOMEHT BpeMeHu 7, (7, € T') 3amaeTcst cucteMoi
KOHEYHO-Pa3HOCTHBIX YpaBHEHMI C MEPEMEHHOM CTPYKTYPOIi:

x,(t,_)+w(t,_ )\, (), ecin BoinosHseTcs I,

x(f,_ )+Av.(1, )cos(iBl.j(tk_1 )) + ﬁcos(yij(tk_1 )), ecu BoiroaHsercs 11,
A

X (1,)= (16)

¢
x(t, )+ mcos(yij (t )), ecu Bermosasercs 111,

x,(t, ), ecnu BoinonHseTcs 1V,
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(&, )+w(,_ DAt ), eciu BeimosHsieres |,

Yt )+ (8, )sin(+B (2, )+ d( 3

y.(t,)= (17)
y.(t,_)+————sin|y (¢ )|, ecnu Bemmonnsiercs 11,
k-1 d ( ) ( )

y.(t, ), ecnu BbinosHsietcs 1V,

sm(y (7, )), ecJiv BoinoJiHsietcs 11,

MPU CIACAYIONIUX YCTOBUSIX.

I. d (#, )>(r(t )+r(t )) Vjelizi# j} ws,(¢_)=3 s Onuxaiuiero /€ L, 4T0 03Ha4aeT 4To
Ha nym areHTa i (i e 1 ) HeT MPeNsATCTBUS (z[pyroro y‘IaCTHI/IKa JIOPOXKHOTO NBUKEHUS) U MIPU HAXOXKIe-
HUM areHTa Ha peryJMpyeMOM YyJ4acTKe TOPOru AeHCTBYET pa3pellalolnii curHai ceetogopa (cMm. puc. 2);

I1. dij(tk—l) < (;’l.(t,ﬁ1 )+ r'j.(z‘lﬁl )) u \?ij(tb1 )‘ <& s 6mvkaiiiero je{i:i# jiu s,(¢,_,) =3 s 6imxaiiiiero
[ € L, 4T0o 03HAYyaeT YTo Ha MyTHu areHTa i (i € [') eCTb NPEMSITCTBUE, PACTIONOXKEHHOE MO XOIY ero JIBUXKe-

HUs (MaHeBp OOroHa), M MPY HAXOXICHUU areHTa Ha PeryImpyeMoM y4acTKe JOPOTH JAeHCTBYeT pa3pe-
LI CUTHAII CBeTO(Oopa;

Hl. d, (t )<(r(t )+r (,_ )) u ‘y (7, )‘>§LUI${ Omvkaiiiiero je{i:i# j}u s, (¢, ) =3 s 6imxaiiie-
rolel, yuto 03HaqaeT 4T Ha nyTu areHTa i (i € I') ecTb O0KOBOE MPEMNsATCTBUE, Tpe6y10mee CMECTUTBCS
B IPOTMBOTIOJIOKHOM HaIpaBJIeHUU (MaHEBP CMEIIEHHUS), a TP HAXOXKIEHUU areHTa Ha peryJnupyeMoM
yJacTKe JOPOru ACKCTBYET pa3pellalolinii CUrHaa cBeTogopa;

IV.d,(t,_ )< R wus/(t_)=1mnsa 6muxaiitiero / € L, 4T0 03HAYaeT YTO areHT / (i € I) HAXOoUTCsS Ha pe-
TYJIMPYEMOM YJacTKe TOPOTU U JeHCTBYeT 3anpelialiuii curdai ceetodopa.

Cuctema (16)—(17) T103BOJISIET BBIYUCIUTD IMIPOCTPaHCTBEHHBIE KoOpanHAThl TC U TeIIexoaoB 1 oIpe-
IenuTh Tpaduk BerxogHoro nmoroka MTC Tumna «MaHXxaTTeHCKas pelreTka». B yacTHocTH, TpahHK BBIXO/I-
HOTO TIOTOKA MOXET OBbITh OLIEHEH Kak cymMmMapHoe yuciao TC U meiexonoB, TOCTUTIIMX CBOMX 1ETeBBIX
KOOpIMHAT, TNO0 KakK CyMMapHOe YUCJIO arTeHTOB, HOpPMUPOBAHHOE Ha YMCJIO TIPOMICHHBIX UMK (par-
MeHTOB peleTku (Akopov, Beklaryan, 2024).

Hanee mpuBeneM MpuMep YUCIEHHBIX 9KCTIEPUMEHTOB, BBITTOJHEHHBIX C UCTIOJIb30BaHUEM pa3pabdo-
TaHHOU nmMuTaoHHoi moaenu UTC Ha ocHOBe «MaHX3TTeHCKON pelIeTKN», pealu30BaHHON B CUCTeE-
Me KpynHomaciiutabHoro areHTHoro moaeiaupoBanuss FLAME GPU2 (Richmond et al., 2021).

2.2. PesyabtaThl yuciaeHHoro mozaeaupoBanus NUTC

YuciaeHHbIe dKCIIEPUMEHThI MPOBOIMJINCH Ha cynepkoMmnbiotepe LIODMU PAH DSWS PRO
supercomputer (2x Intel Xeon Silver 4114, 1 x NVIDIA QUADRO RTX 6000) Ha orpaHU4eHHOM WHTEP-
Bajie BpEMEeHU |T| =1000 c.

Ha puc. 10 1 11 nokazaHsl mpumepsl pacuetoB Tpaduka MTC tuna «MaHXaTTeHCKasl peleTkas ¢ Wi-
JIIoCTpalueil MpOCTPaHCTBEHHON NMHAMUKM areHTOB TMPpU YeThipex cleHapusx peanusauuu UTC:

— cuenapuii 1 — manounteHcuBHoe (1 TC/mMuH u 1 meir/MuH) 1 BeIcCOKOCKOpocTHoe (80 Km/4) 1BU-
JKEHUST B TPAHCIIOPTHOM cucTeMe Tuna «MaHX3TTeHCKasl pelIeTKa» C HOAHOCHbI0 pecyaupyembimu Tiellie-
XOIHBIMU TIEPEXOIaMHU.

— cuenapmii 2 — ManouHTeHcuBHOe (1 TC/MuH u 1 meir/MuH) 1 BBICOKOCKOpOCTHOE (80 KM/4) 1BU-
xeHns B LIJIC ¢ nepeeyaupyembimu TIeIIeXOTHBIMU TIEPEXOIAMH.

— cuenapmii 3 — BeIcOKonHTeHcHUBHOE (10 TC /MuUH 1 5 Trenr/MuH) 1 cpemHecKopocTHoe (60 KM/9)
nerekenust B LIILC ¢ uacmuuno peeyaupyemvimu NelieXoqHbIMU MEPEXONaMMU.

— cuenapmii 4 — BeicokonHTeHcHUBHOE (10 TC /MUH 1 5 Trenr/MuH) 1 cpemHecKopocTHoe (60 KM/9)
nerekenus B LIILC ¢ wepeeyaupyembimu TelIeXOMHBIMM TIEPEXONAMMU.

Hns onenku Tpaduka MTC B Kaxkablit MOMEHT MOACIBHOIO BpEeMEHHU BBIYUCIISIETCS YMCJIO 3BEHbEB
«MaHX3TTeHCKOM pelIeTKM», IpoiiaeHHbIX areHTaMu-1C u nemexogaMu. [1omoOHBINM KpUTEPUl HAMITYY -
KM 00pa3oM xapakTepusyeT NpornyckHyto crocodHocth MTC tuna «MaHX3TTEHCKON pelleTKr», Tak
KaK yYMTBhIBAeT BJIUSIHME €e MacllTaba Ha MOBeJAeHUEe areHTOB, B YACTHOCTU OTCYTCTBUE SIBHOW MOTPeO-
HOCTH Yy ar€HTOB TIPOe3:KaTh BCE UMEIOIINECS MePEKPECTKN 1 MPOXOIUTD BCE TEIIEXOMHbIE TTEPEXOIbI.
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Puc. 11. IIpoctpaHcTBeHHast nmHaMuKa areHToB 111 UTC ¢ MoJIHOCTBIO peTyaupyeMbIMU, YaCTUIHO
PETYJIMPYEMbIMU U HEPETYIMPYEMbIMU MELICXOAHBIMU TEPEXOIaMu

TpaHcnopTHas cucteMa Tuia «MaHXaTTeHCKas pellieTKa» ¢ YaCTUUHO PETYIUPYEeMbIMU TIELIEXOJHBIMU
nepexonaMu AaeT MpeuMyllecTBo Mo ypoBHIo Tpaduka TC (olleHuBaeMOro no CyMMapHoOMY YUCIY 3Be-
HbEB, NPOMAEHHBIX areHTaMu) 110 cpaBHeHUIO ¢ UTC HeperynmnpyeMbIMU IepexogamMu, 0OCOOEHHO IIpU
MaJIOMHTEHCUBHOM U BBICOKOCKOPOCTHOM JIBUKEHUZ (CM. clieHapuil 1 B CpaBHEHUU CO CLieHapueMm 2).
ITpu BBICOKOMHTEHCUBHOM M CPETHECKOPOCTHOM TpaduKe OTKa3bIBAThCS OT CBETO(GOPOB TaKxkKe Helle-
Jecoo0pa3Ho, TaK KaK BO3MOXHO (pOpMUpPOBaAHUE TPAHCIIOPTHOIO KOJLIanca, OTPULIATEbHO BAUSIOLIETO
Ha TPAHCIOPTHBIN MOTOK (CM. CLIeHApUil 3 B CpaBHEHUU CO CLieHapueM 4).

SAKJIFIOYEHUE

B naHHoIi paboTe mpeacTaBiieHbl MPENJIOXKEHHbIE aBTOpaMU MaTeMaTUYeCKrue U UMUTALlMOHHbIE
(areHTHBIE) MOIENIM MHTEISKTYallbHbIX TpaHcnopTHBIX cucteM (MTC). B wacTHocTH, paccMoTpe-
HbI MOJIEJIU, TIpeIHa3HAYEHHbIE JJIs1 UCCIIeAOBAHUSI PEXKMMOB I'Py30TIEPEBO30K U COOTBETCTBYIOIIMX UM
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IrPy30MOTOKOB B paMKaxX AUHaMU4ecKoil cucteMnbl, a Takke MTC tuna «MaHX3TTeHCKasT pelIeTKa»,
npegHa3HayeHHas I U3y4eHUs aBTOMOOMJIBHOTO U TelIexXoaqHoro Tpaduka. PazpadboraHHble MOJAEIN
HMCIONB3YIOT CUCTeMBbI AU depeHIInaabHbIX 1 KOHEYHO-Pa3HOCTHBIX YPaBHEHMI ¢ IIEpEMEHHOI CTPYK-
Typoii. [TomoOHBIN MOAX0M, B YaCTHOCTH, IIO3BOJISIET OIPEASINTh YCTAHOBUBIIINECS PEXMNMBI TPYy30I10TO-
KOB TP pa3IMuYHON KOH(MUTYypaLUK XKeJIe3HOAOPOXKHOMN CEeTU, U3YYUTh pa3JIMYHbIE CLIEHApUK B3aMO-
JIeicTBUs areHToB, HanpuMmep V2V, V2P, V21 u np., onpeneautsb onTuMaibHble XapakTepucTuku UTC.

[TepBas rpyria Moaeneii MocBsieHa TPaHCIIOPTHBIM CUCTEMaM C KEeCTKOU perjiaMeHTalel B3anuMo-
JIECTBUIA BO BCex ee IoacucTeMax. st Taknx cucTeM HaOJIiogaeMbIMM BETMYMHAMU, HA OCHOBE KOTOPBIX
(dopMupyeTcs cTpaTerusi ynpasieH s, SBISIOTCS YCTaHOBUBIIHMECS MaKpOIIOKa3aTeIM—COCTOSIHUS Kjlacca
COJIUTOHHBIX pelleHU (peleHus TUMa «oeryiieil BoJaHbI» ). Takie MaKpoIoKa3aTe/Iu I03BOJISIIOT BEpU-
(rumpoBaTh UMUTALIMOHHbBIE MO MTPOLIECCOB BHICOKOM CIIOXKHOCTHY M AeTaln3aluun. Bropas rpyria
MoJieJieil XapaKTepu3yeTcsl BRICOKMM YPOBHEM (DIIIOKTYallMii HAa MUKPOYPOBHE, UTO IIPUBOAUT K HEOOXO-
JIVUMOCTH MCITOJIb30BaTh areHTHbIE MOJIEJIN, CITOCOOHBIE UX YYUTHIBaTh. MaKpOoroKa3aTeIM—COCTOSTHUS
KJ1acca COJIMTOHHBIX PELIeHU TPUMEHSIOTCS 3aech MIsl BepubuKaluii areHTHLIX Mozeeii. OcHOBHas
TPYAHOCTh B U3YYE€HUU JAHHBIX CUCTEM CBSI3aHa U C BHIYMCIUTEILHOM CJIOKHOCTBIO TaKUX 3aj1a4, a uX
pelieHre — ¢ co3gaHueM 3¢ OEKTUBHBIX TeHETUUECKMX aJITOPUTMOB 1 YCIIEIITHOM KJIacTepu3alueil n3y-
yaeMoro OOJIbIIIOro aHcaMOJIsT areHTOB.

B pabGote npencraBiaeHbl YMCIEHHbIE TPUMEPHI, MMOATBEePXKIalole BO3MOXHOCTh UMUTALIMOHHOTO
moaenupoBaHusi KpynmHoMacTabHbIx MTC ¢ MHOXECTBEHHBIMU B3aMMOICHCTBYIOIIIMMU areHTaMU TIpU
CJIOXXHOI KOH(UTYpalluy TOPOXKHOM CETU U Pa3IMYHbBIX CLIEHAPHBIX YCJIOBUSX. A TaKKe OINpPEaeIeHbBI Xa-
pakrepuctuku UTC, ipu KOTOpbIX obecrieunBaeTcs yaydlieHue (cTabuimnsanusi) Tpaduka TpaHCIOPT-
HOTO U IMEIIEXOIHOTO TTOTOKOB.
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Abstract. The authors present mathematical and simulation models of intelligent transportation
systems (ITS). The models of two types are considered: the dynamic model of cargo transportation and
agent-based model of the ITS — the ‘Manhattan grid’ type. The problem of rational railway planning
related to research of cargo transportation models and corresponding cargo flows within the dynamic
system is studied. The process of cargo transportation was modelled considering the mechanism of
interactions with major railway infrastructure elements. The variation ranges of parameters at which
cargo transportation system can be consistently active are defined. Possibilities of simulation modelling
transportation and pedestrian flows at the micro-level considering complex interactions between
heterogeneous agents, in particular, vehicles-to-pedestrians (V2P), vehicles-to-vehicles (V2V), vehicles-
to- infrastructure elements (traffic lights) (V2I) etc. using the case study as the ITS belonging to the
“Manhattan grid” type studied. As a result, it is shown that ITS with partially controlled pedestrian
crossings have advantage by the level of the total traffic in comparison to the ITS with uncontrolled
crossings, especially with low-intensity and high-speed traffic. The two types of models are united by
the unity of their tool-making description. For models of the first type, all processes at the micro-level
are strictly regulated. Therefore, such systems are well characterized by established macro-indicators —
states of the soliton solutions class (i.e. the solutions of travelling wave type). In models of the second
type, there are large fluctuations at the micro-level that affect the safety of road users (e.g., traffic jams,
accidents, etc.). This explains the use of agent-based models that consider processes at the micro-level.
At the same time, macro-indicators are the most important characteristics for checking the adequacy
of agent-based models.
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