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ABTOpPOM paccmaTpuBaloTcs ABa
noaxoaa K MoA4EINPOBAHUIO U aHaNN3y
noBeneHus newexonoB B TUMNYHOM
roposackovi cpeae: B OCHOBe

OAHOIO rPaXkaaHCKNN MHXXUHUPWIHT,

a apyroro — ypbaHuctnyeckas
reorpagus. lNpu aTom purypupyiot
yeTbipe Tuna Mmogesien nosegeHnst
newexogos — ¢n3nKo-MareM3'm-lecxue
Y MHOroareHTHble, B BUZe KJ1IeTOYHbIX
aBTOMAaTOB U MOCTPOEHHbIe Ha Teopun
MaccoBOro o6C/y)XUBaHusl.

HaeTtcs onucaHne ka>xgov N3 Hux,
paccka3sbiBaeTcsi o creynguke
npuMeHeHusl, a Takxe NPUBoAsITCS
npuMepsbl peannsaunv Mmogenen

B nMporpamMmMHbIX NMPoOAJYKTax.

KnrwoyeBbie cioBa: MofgenpoBaHue,
opraHu3aumsi JOPOXHOro ABUXKEHUS,
reLuexonHbIe NOTOKY, MOAEN MOBEAEHUS
reLexoaoB, rPaxaaHCKui MHXUHUPUHT,
ypbaHucTuyeckas reorpagus.

NPOBJIEMBbI YIIPABJIEEIA

OCHOBHbIe NoaxoAabl
K MOA,EeJIMPOBaHMIO ABNKEHUSA
newexoaHbiX NOTOKOB

Sxumoe Muxaua Pocmucaasosuu — dokmop
mexHuveckux Hayk, npogheccop Ilepmckoeo
HAUUOHANBHORO UCCAe008aMENbCK020
noaumexnuueckoeo ynueepcumema, Ilepmo, Poccus.

HaJUTUKW TPAHCTIOPTHBIX CUCTEM,
B 0COOEHHOCTH TOPOJICKUX, CTATKU-
BAIOTCS C CEPhE3HBIMU TPYAHOCTSIMU

mpu (popMannu3auu 1 Mo3NITMOHUPOBAHUN

pe3yJbTaTOB CBOUX MCCJIENOBAaHUI B TIPO-
deccruoHanbHOl chepe. B mepByio ouepenn
3TO CBSI3aHO C TPAKTOBKOI CAMOTO TEpMUHA

«MOJIeJIb» U TIPOIiecca MOJICJIMPOBAHUS B 11e-

JloM. B HacTosiiee BpeMst Ha3peia He00X0-

JIMMOCTb B HEKOEM YTOPSIIOYMBAHUY OCHOB-

HBIX TEPMUHOB U OTIPEIEIEHU, UCTIOTb3Y-

€MBIX TTPU pa3pabOoTKe, OLIEHKE 1 COTTOCTaB-

JIEHUU aJITOPUTMOB MOJEJUPOBAHMUS

TPAHCTIOPTHBIX U TEUIEXOAHBIX TTOTOKOB.

YTto KacaeTcs MEIMIEeXOMHBIX TOTOKOB,

TO 0003HaUYeHHasl MpobjaemMa Kak HUKOTIa

akTyasbHa. [Toaxoabl K aHAIU3y UX JIBUXKE-

HUSI HACTOJIBKO Pa3JIMYHbBI 10 CBOE CyTH,

HACKOJIbKO MO-Pa3HOMY OTHOCSITCS K HUM

1 pa3InyHbIe KAaTETOPUY 3aMHTEPECOBAHHBIX

Jquil (opraHbl BJIAacTHU, TTPOEKTUPOBIIUKH,

00IIIeCTBEHHOCTD, TPOdecCuoHaTbHBIE CO-

obmecTBa). CymecTByeT MOTPEOHOCTH

B YETKOI KiaccudUKAIMKU HE CTOJIBKO ajl-

TOPUTMOB, CKOJILKO OOIIINX ITOJXO/IOB K aHa-

JIN3Yy U MOJIETMPOBAHUIO TBUKEHUS TIEIIIe-

XOJITHBIX TIOTOKOB.

M3BecTHBI MHOTHE JTOCTATOUYHO arpoOu-
pPOBaHHBIE METObI aHAJIN3a U MOJIETUPOBa-
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HUSI TPAHCMOPTHBIX U TEIIEXOAHbIX MOTO-
KOB. B yactu MmoienupoBaHUs MEeUIEX0IHO-
ro aBuxeHus [1—16; 18—21] oHu peanusy-
IOTCSI Ha Pa3HbIX NPUHIUIAX, KOTOPbIE
OIpeeIUIN ABa OCHOBHBIX MOAXO/AA K MC-
CJIeIOBaHUSIM.

TlepBblii U3 HUX — TPaXKTaHCKU UHXKU-
HUPUHT, KOTOPBI MPpUMEHSIeTCS AJis MO-
CTPOEHUS MOJEJU TPAHCIIOPTHOrO crpoca
U CIyXUT 0a30i mpu MocaeaymieM KOH-
CTPYUMPOBAHUU TPAHCIOPTHBIX MOJEEH
B 1LIEJIOM, TO €CTh MOJejIel B3aUMOJEUCTBUSI
TPAHCIIOPTHOTO CIIPOCa U TPAHCHOPTHOTO
npemioxeHus. Moaeau nogoOHOTO TUla
B I'paXkIaHCKOM MHXWHUPUHIE KUCITOJIb3Y-
IOTCS JJ151 pellleHUs 3a7a4 NPOEeKTUPOBAHUS
HOBOW TPaHCOOPTHOU MHGMPACTPYKTYPHI.
PesynbpTaToM mocTpoeHus MOAEIU TpaHC-
MOPTHOTO CIpoca SIBASI0TCS MaTpulia Kop-
pECIOHAEHIIMI 1 MaTpulia 3aTpar. Adyeiiku
MaTpUIl ONPENeasIoT KOJUYECTBO JIOJEH,
nepeMelaonXcs Mo Pa3JInYHbIM MapIIpy-
tam. [Iporecc MonenupoBaHus repeMeltie-
HUS JII0JIefl OCHOBAH Ha CTAHAAPTHOM YeThI-
pexiaroBoi TpaHcOpPTHOM Moaenu. Takue
MOJEJIM MO XapaKTepy — MakKpOCKOMuye-
CKMe, MOCKOJbKY 2JIEMEHTbl HU3IIETO IMO-
psiiKa B HUX — 3TO JIOKALIMU, TOCEIIEHHBIE
WHIWBUIAMMU, a TAKXKE MapUIPYThl, KOTOPbIE
JUJIS. 3TOTO TIpeHA3HAYEHBI.

BTopoii moaxoa 6azupyercst Ha apXUTeK-
Type U ypbaHucTuueckoii reorpaduu.Ilpu-
BEPKEHIIEB JAaHHOTO MOAXOAa BbIAEISIET
WHTEpeC K TOMY, KaK paclojioXeHUe MecT
MPUTSKEHUS BIUSET Ha MELIeXOAHOE IBU-
KeHue. Takue Mozienu, Kak MpaBUIo, SIBJIsI-
IOTCS MUKPOCKOMUYECKUMHU, C OOJbIIUM
KOJIMYECTBOM JeTaeii. B o01iem ciyyae oHu
pa3pabaTheIBalOTCS 11 HEOOJBLINX TEPPU-
TOPUIA, XOTS MHOTAA MOTYT ObITh 9KCTpano-
JIMPOBAaHbBI U Ha TEPPUTOPHUIO BCETO ropoja.
Psan xe moneneit couetaet B cebe ob6a 000-
3HAYEHHBIX MOAX0/AAa, YTO MO3BOJSIET UM
JNIeMOHCTPUPOBATh JOCTATOYHYIO TMOKOCTh
B OTHOLIEHWU Pa3IUYHBIX TUTIOB TEPPUTO-
puii.

B pamkax moaxomoB, UCCIENYIONIUX PO-
JIeBble 0COOEHHOCTU UHAWBUI0B HA MUKPO-
YPOBHE, MOBEAECHUE KaXAOTO0 OTIEJIbHOrO
neurexoaa MOJeJIUPYeTCsl Ha OCHOBE Mpe/-
YCTAHOBJIEHHBIX O0IIMX MpaBuj. Takas me-
TOAMKA YHUBEpPCalbHA U MOAXOAUT IS
OLIEHKM Pa3JIMYHBIX CUTYallMii: 3aKPBITHIX
NPOCTPAHCTB UM HEOOBIYHBIX MOTOKOB
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JIIOAE, B KOTOPBIX MOBENEHUE OTAEIbHOTO
WHIWBUIA MOJIBEPXEHO CUJIBHOMY BIUSHUIO
reoMeTpUU, Xa0OTUYHOCTHU, COLIMATbHBIX
MPeANoOYTeHU I, TOKAJbHOTO U KOJUIEKTHUB-
HOTO MOBEAEHUS IPYTUX UHIUBUIOB.

COBOKYITHOCTh HAOJI0IaE€MbIX CBOWCTB
Ha MUKPOYPOBHE MOXET B JaJibHEMIIeM
TpaHC(hOPMUPOBATHCI B 11aOJIOH KOJJIEK-
TUBHOTO MOBEJEHUS KaK pPe3yabTaT KOMIIPO-
MUCCa MeXy KOHKYPEHTHBIMU U KOoTepa-
TUBHBIMU AEWCTBUSAMU UHAUBUI0B. Hanbo-
Jiee TUIMTUYHOM SIBJSIETCS CUTYalUsl, B KOTO-
POl ToKaabHBIE ePeIBUXKEHUS KOro-11ubo,
00yCJIOBJIEHHbBIE CTPEMJIEHUEM K OTpele-
JIEHHOM 1IeJTU, TPUBOJAIT K MOSIBJICHUIO HE-
XeJaTeJIbHbIX 0YaroB KOHIIEHTPallUMU JIIO-
neit. [lprueM CKIOHHOCTb UHAMBUIA TOBTO-
pATh AEUCTBUS APYIUX B OTUX YCIOBUSIX
Croco0OHa COpPOBOLUPOBATh JaBKY U BO3-
HUKHOBEHUE MaHUKU. Jpyrumu cioBaMu,
TaKkue NpUEMbI MOJICIUPOBAHUS MTO3BOJISTIOT
OTCJIEXKUBATh CUTYalluU, B KOTOPBIX DIIyK-
TyallUd TMOBEJEHUS WHAWBUAOB B TOJIIE
HE MOTYT ObITh OOBSICHEHBI TPOCTON COBO-
KYMHOCTbIO MHIUBUAYAIbHBIX AEUCTBUN.
bonee Toro, 3T MOMEHTHI KpalitHE TPYAHO
npeayraaaTb Ha UHTYUTUBHOM YPOBHE WU
MPeLyCMOTPETh C BBICOTHI OTIBITA, KAK OTME-
yaet K. KuTtazaBa B 0gHOI U3 cBOUX paboOT
[9].

CylecTBYeT YeThIpe OCHOBHBIX TOAX0a
K MOAETUPOBAHUIO TTOBEACHUS MEIIEX0A0B:
pU3MKO-MaTeMaTUYeCKUe MOJEIU, KJIETOY -
HbIE aBTOMAThI, TEOPUS MAaCCOBOT0 OOCIy-
KVUBaHUS U MHOTOAr€HTHBIE MOJEIIH.

B ocHoBe ¢usuko-mareMaTHyecKux mMo-
nenei jexar MaTeMaTuyeckue u pusude-
ckue ypaBHeHus. K mpumepy, onHa U3 HUX
cTpouTcs Ha husndeckoit Gopmysie 1BUXKe-
HUS, TI€ YCJIOBHBIE MEIIEXOAbl 00JaaloT
TaKUMU XapaKTepUCTUKAMU, KaK TEKYIlee
MECTOITOJIOXEHUE U CKOpOCTh. [ToHsSTUE
CUJIbI UCTIOJIB3YETCS JIS1 OOBSICHEHUS ABU-
XKEeHUs TeliexoaoB. B xony Takue mokasa-
TeJU CWIbl, KaK YCKOpeHue, apdeKkTsl oT-
TaJIKUBAHUS OT FPaHULL U 00BEKTOB, OT APy~
TUX MenexonoB, 3GdOEeKTh NPUTIKEHUST
K UHBIM TPyINaM U 00bEKTaM.

J1. XenOUHT UCTTOb30Ba MMOHATUS MPU-
TSDKEHUSI M OTTAJIKMBAHUS JJISI MOJIEIUPO-
BaHUS MUKPOIIOBEJAEHUS, pa3padoTan KOM-
IUIEKCHbIE YPAaBHEHUS JJISI Pa3IMYHBIX Ba-
PUAHTOB MOBEAECHUS MEUIEX0I0B. DTU pa3-
pabOTKU MOJYYUIU IIUPOKYIO U3BECTHOCTD
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KaK KOHILETUUS «ColualbHbIX cui» [10],
B paMKaX KOTOpPOU Mpu MOAETUPOBAHUU
YUYUTHIBACTCS PsIi BHYTPEHHUX TPEATIOCHI -
JIOK OIpeneJEHHbIX NeHCTBUI (IBUXEHUN)
WHAWBUAA, a TAKXKe UX MOCIeayIolIee BIn-
sSIHUE Ha IMHAMUYECKHe aTPUOYTHI IMEeTIeX0-
OB (CKOPOCTh, YCKOPEHUE, WHTEPBAJIBI)
[11]. OH 3aMeTu, 4YTO MOTOKHU MEIIEXO10B
0071a1a10T CBOMICTBOM COOMPATHCS B TOJIIIHI,
a 3aTeM CHOBA pacliajaThbcsl Ha OTAEJIbHbIE
TTOTOKH.
C. Xyreaaym u I1. BoBu mpuMeHnIN
Te ke 0a3oBble (OPMYAbl IJIsI CO3AaHUS
TPEXYPOBHEBOW MOJENM, OXBAaThIBAIOIIEH
MPOIIECCHI BBIOOpA AeHCTBUSI, OTIpeIeSIeHU ST
TPAaeKTOPUU CJIETOBAHUS U TIEPEIBUXKECHMS
[12]. DTa Mmomens mpexycMaTpruBaeT MUHU-
MU3alMI0 U3IEpXKEK MepeMelleHns, OHa
ObL1a BocTpeOboBaHA MpU aHaIU3e QYHKIUA
MYJIBTUMOAAJBbHBIX TTepecagouyHbIX Y3JI0B.
Eie ogHa mMomenb 3TOTO psila ONMUpPAETCS
Ha CTaTUCTUYECKHME METOJIbI OLIEHKHU TIOTO-
KOB Ha OTIpe/IeIEHHBIX HAIPaBIeHUSX.
DduznKko-MaTeMaTUIeCKNe MOJEIN TIe-
IIEXOHBIX ITOTOKOB PEaan30BaHbl B TAKUX
NpoTrpaMMHBIX NpOAYyKTax, kKak PTV
Vision®, Viswalk, Citilabs Cube Dynasim,
Quadstone Paramics, SIMWALK.
Kierouynbie aBTOMATBI MCTIOJIB3YIOTCS,
KOTJla Ha YCJIOBHOM KJIETOUYHOM IT0JIe KaX-
JIBII TICTIeXO0/ 3aHUMAEeT OJIHY KJIETKY U Tie-
peMeIniaeTcsl B COOTBETCTBUM C PSIIOM TIPO-
CTBHIX TIPABUJ B mpenesiax aToro mous. [To-
JMIOOHBI BapuaHT TPaJAUIIMOHHBIX MoIeJei
KJIETOYHBIX aBTOMATOB (YaCTHBIN cirydyait
MaTPUYHBIX CUCTEM) TIpeAIoaraeT, 4YTo
COCTOSTHUE KaxXIOW KIETKU MU3MEHSeTCS
B 3aBUCUMOCTH OT COCTOSIHUSI OKPY>KAIOIIINX
€€ KJIETOK, TIPUYeM OTCYTCTBYET SIBHOE JIBU-
KeHne. B aTuX MoJesiXx MCIOoIb3YIOTCs
MaTpUIIBI, B KOTOPBIX OJHY SYEHKY MOXET
3aHUMATh TOJIBKO OJWMH WHAUBUJ, & YCIOB-
HO€ KOIMpOBaHMWE OOJBIINX TEPPUTOPUI
TpeOyeT MaTpUIl BHICOKOW pa3MepHOCTH.
BbonbmmHCTBO MOJEIeil, B OCHOBE KOTO-
PBIX JIEKUT NaHHBI TPUHIIUIT, UMEIOT B BU-
ny noaxon Ipeken6epra—Harens aist mo-
JIeTUPOBAHUSI TOPOKHOTO MTOTOKA C TIPUME-
HEHMEM KJIETOYHBIX aBTOMATOB B KauecTBe
0a3oBbIX UHCTpYMEHTOB [13]. B mocnenHee
BpeMsI KJIETOUHBIE aBTOMATHI YaCTO UCTIONb-
3YIOTCS TPU MOJEJIMPOBAHUY ITOCTYIIATEIb-
HOTO ABUWXEHUS TOJIMbI, MOKUIAAMOIIEH
MaccoBbI€ CITOPTUBHBIE MeponpusaTus [14].
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MopenupyemMasi cpena nmpeacTaBisieTcs B BU-
Jie IBYX CJIO€B: CTaTUYECKOTO, Ha KOTOPOM
0TOOpaXarTcs CyHIeCTBYIOIINE BBHIXObI
W3 TOMEIIEHUI U C TEPPUTOPUIA, U TUHAMM -
YecKoro, comepKallero JaHHbe 00 o0IeM
BEKTOPE JABMKEeHUS TOJIbI. Kaxkabrit uHmm-
BUJ TTOTpebJIsieT MH(pOpMaLMI0o HA YPOBHE
CBOEI COOCTBEHHO! KJIETKH, YTOOBI BEIOPATh
BEKTOD HaTbHEHUIIero IBUKEHUSI.

TTpoGiema Moaeeit KIeTOYHbIX aBTOMA-
TOB 3aKJIIOYAETCs B HEONPEAeTEHHOCTH
NEeUCTBUI B cllyyae BOBHUKHOBEHMUS CTOJ-
MOTBOPEHUS, TaK KaK TaKOe COCTOSIHME
HE TIPEJICTABJICHO B TPAAUIIMOHHBIX MOJIE-
Jis1x. KieTouHbie aBTOMAThI TPOJEMOHCTPU -
poBasii cBOt0 3 PEKTUBHOCTD IIJISI 1e3arpe -
TUPOBAHHBIX MOJIeJIell ¢ MUHUMAaJIbHOI Ba-
PUATUBHOCTBIO BbIOOpA AeiicTBUil. Monenb
Alp-Sim coBMelaeT NoaxoJ KJETOYHBIX
aBTOMAaTOB C COBOKYITHBIM MOJICJIMPOBaHUEM
cpenbl, YTOOBI MOJYYUTh TIPEeUMYIIecTBa
3a CYET OTOOpaXeHUs pa3IUYHBIX TUITOB
JAaHHBIX B BUe Habopa KapT, BOCOOEHHOCTH
JUTSI 1IeJieil TUTaHMpoBaHUs 00Jiee BHICOKOTO
YPOBHSI, TI€ OJHUX KJIETOUYHBIX PEIIETOK
HenpocTatouHo [15].

Psan uccnenoBarteneit mobuiics 3HaYM-
TEJbHBIX YCIIEXOB B 3TOW obiaactu. Tak,
B. biito rcrnoib30Bal MPUHIMI KJIETOYHBIX
aBTOMATOB JIUISI CO3aHUsI MOJIEJIM TIEIIEXO] -
HBIX TIPOXOJIOB C ABMKEHUEM B IBYX HAIpaB-
neHusix [16]. TlomydeHHBIE UM Pe3yJNBTaThI
CBUIETEIBCTBYIOT O TOM, YTO Jaxe Masiblid
Habop npaBuwi cnocobdeH 3¢hGhEeKTUBHO Me-
penaTh MoBeJAeHUE TelIeX010B Ha MUKPOY-
posHe. dpyroii crieumanuct, C. Capmanu,
COBMECTHJI ITOBEACHUYECKYIO MOJIENIb, CUMY -
JIUPYIOIIYIO IeHCTBUSI OTAEIbHBIX TEIIeX0-
JI0OB, U MOJIEJIb KJIETOYHBIX aBTOMATOB, CH-
MYJUPYIOIIYIO TepeMellleHre TeIIeX0a0B
Ha MaJIbIX ITpocTpaHcTBax [18].

TpeTunii BapyaHT MOJIETMPOBAHUS TTETIIE -
XOJTHOTO JBMKEHUST OIMMPAETCs] Ha TEOPUI0
MaccoBOTo 00CTyKUBaHUA. 3/1€Ch IMPUHSTO
JIOITYIIIEHUE, YTO BCE TEIIEeXO0Ibl HAXOISITCS
IMOJT KOHTPOJIEM CYObEKTa, KOTOPBIN yKa3bl-
BaeT UM BpeMsI U HaIlpaBJICHUE ABUKECHMUSI.
Taxkoit mpuéM mnojeszeH ajs 0000IIEHHBIX
MOJeJieid, MTOCKOJIbKY MO3BOJISIET CBECTHU
BOEAWHO BCE HEOOXOAUMBbIE JaHHbIE. B mo-
JIOOHBIX MOJIEJISIX [IJIST YCJIOBHOTO TTPEICTaB-
JIEHUSI cpeJibl 0epyTCst OCHOBHBIE JIEMEHTHI
Teopuu rpacoB, Iie BO3MOXHbBIE KOPUIOPBI
JIBUXEHUS MpeacTaBlieHbl B Buie peéodep,
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a TOUYKY TIPUHSATHUS pellleHUsT — B BUIIE Bep-
IIWH.

TIporpamma PAXPORT, pa3pabotanHas
KOHCaJATUHIOBOMW (upmoii Xajikpoy, uc-
M0JIb30BaIACh U1 MOIETMPOBAHUS TTepeMe-
1IeHUd JI0ell B aaporopTax, Ha KeJle3HO-
JIOPOXKHBIX BOK3aJlaX M CTAHIIUSIX, B MECTax
MPOBEACHUST MACCOBBIX CITIOPTUBHBIX MEPO-
OpusaTUiA [cM., Hamp., 17]. OHa oToOpaxaeT
arperupoBaHHbIC TaHHBIE O TIOTOKE U YPOB-
HE OpraHu3alyy TeIIeX0IHOTO ABMXKEHMS
B paMKax npuémoB Teopuu rpados. CTout
OTMETHUTH, OJTHAKO, YTO METOJBl TEOPUU
MAacCOBOTO OOCITYXMBaHUS, KAK U METOJIbI
KJIETOYHBIX aBTOMATOB, HE HAIIUIU TUPOKO-
ro MpUMEHEHUsT B KOMMEPUYECKUX MPO-
rpaMMHBIX ITPOIYKTaX.

YeTBepThIll BUI MOAETUPOBAHUS JIBU-
JKEHUST MEelIeXOIHBIX TTOTOKOB — MHOTO-
areHTHble Modenau. [[JIsT HUX XapakKTepHa
OlIEHKa B3aMMOJECTBUS ONpene I HHbIX
WHAWBUIOB MeXay COOOU B 3aJlaHHOI cpe-
ne. DTW MHAMBUIBI B MOJEJN — YCJIOBHbBIE
areHThbl, KOTOPbIE 00T1agal0T BOCIIPUUMYHN -
BOCTBIO, CITOCOOHOCTBIO TPUHNUMATh pellie-
HU, NeCTBOBATh M IMOJydyaTh 3HAHUS
U3 CpeIbl.

TToaxonm McTIONB3yeTCS IS SKOHOMUYE-
CKOTO0, COLIMATIbHOIO, 1eJI0OBOTO U JIOTUCTU-
YeCKOTO MOJEJMPOBaHUS, Te UWHIAUBUI
MMOCTOSIHHO B3aMMOJIEICTBYET C BHEIIHEH
cpenoi M IpyrMMy MHIMBUIAMU, a TaKKe
o0y1anaeT CrmocoOHOCTHIO CaAMOCTOSITEIbHO
MPUHUMATh CJIOXHBIe pemieHusi. M. bartu
BBIABUHYJI MPEAMOJI0XKEeHNE, YTO MHOTO-
areHTHbIE MOJIEJIN TMOSIBUJINCH KaK CephE3-
Hasl aJibTepHaTHBa 00Jiee CITOXHBIM U Te0-
METPUYECKUM TTOIX0/IaM K TIPOCTPAHCTBEH -
HoMY MonenupoBaHuio [19]. Mx Bo3HUKHO-
BeHME 00YCIIOBIEHO MHOXECTBOM TIPUYMH,
B TOM 4YUCJie BBUIY TOBBIIIEHUST KauyecTBa
MMEIIINXCS TaHHBIX O CYIIECTBYOIIEM
3eMJICTIOJIb30BAaHUU, PA3TUYHBIX BUIAX JE-
SITEJIBHOCTHU U IMTOTOKAX TIEIIEX00B.

MHoroareHTHbIE MOJIEIM pacCMaTpUBa-
IOT TelIexoa B KauecTBe aOCOMI0THO He3a-
BUCUMOTO CyOBbeKTa, 06J1aal0Iero Crocoo-
HOCTSIMU K TMO3HaHUIO U usydyeHuio [20].
CpaBHUTEJIBHBIN 0030p Pa3IUYHBIX TTOIX0-
JIOB K KOMTIBIOTEPHOMY MOJIEJIMPOBAHUIO
MOBEIEeHUs Macc JIIoJiell BO BpeMs dBaKya-
IIUU B YCJOBUSIX YPE3BbIYANHBIX TTPOUCIIIE-
cTBUll nipenctasieH B padotax C. [BaiiHHa
u coaBTopoB [21], a . XenOuHT nenaet
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aKIIeHT Ha XapaKTep TaKUX HaOJIIomaeMbIX
SIBJIGHUI B TIOBEJIEHUHU JIIOJeH, KaK CJIea0-
BaHME NIPYT 3a JPYTrOM MO KOPUAOpPAM WU
KOJIebaHMsI Macc B MECTax Cy>XKeHUsI KOpH-
IOPOB («OYTBUIOYHBIX TOPJIBIIIKAX»), IPU
BO3HUKHOBEHUM 3aTPYIHEHUN U qaxe 0J10-
KUPOBAHUS NBUXEHUS B Ype3BbIYAMHBIX
cutyaumsx [11].

B dopmanuzoBaHHOM BUAE MOAEIb CO-
CTOUT U3 TPEX OCHOBHBIX KOMIIOHEHTOB:
OKpYXeHUe MHIUBUIA, MEXaHU3M OOHOBJIE-
HUS, TTIoBeeHue Tiemexoaa. Kaxmast u3 atux
COCTaBJISIIONINX CYIIECTBYET B BUIe (hopMa-
JIN30BaHHBIX TTOKa3aTesieit, hopMyJI U JIOTHU -
yeckux BbIpaxkeHuit. K mpumepy, okpyxe-
HUE UHIWBUA, TO €CTh BCE TPOCTPAHCTRBO,
B TIpe/iesiax KOTOPOTO MOTYT MPOUCXOJAUTh
B3aMMOJICICTBUS, TIPEJCTABIIsIET COOOI ceT-
Ky M3 KJIeTOK (cTopoHa KieTku — 40 cm).
JIt00ast U3 KIeTOK XapaKTepu3yeTcs Ompee-
JIEHHBIM COCTOSTHMEM, KOTOPOE yKa3bIBaeT
Ha 3aHSITOCTh MM HE3aHSITOCTh KJIETKHU
MeriexoaaMy WIN pa3IndHBIMU TIPETISITCT-
BUSMU:

State (c): Cells — {Free, Obstacle, OnePedi)
T woPedsij}. (1)

JIBa mocyienHUX ToKa3artesis B hopmyie
yKa3bIBalOT Ha KOJMYECTBO IEIIEX0I0B
B TIpe/iesiax OHOM KJIeTKu. Eciu nmemexonoB
JIBOE, TO 3TO TOBOPUT O BBICOKOH 3arpyXeH-
HOCTHU TEPPUTOPUU — HATUINUU CTOJITOTBO-
peHUsI, KOTa MJIOTHOCTD ITOTOKA BHINIE, YeM
6,25 yen0BeK Ha KBaJpaTHBIA METP IUIOLIA-
. ATEHTBI, TO €CTb MEIeX0bl, 3aKOIUPO-
BaHBI B BUe HAOOpa orpeae € HHBIX YCIOB-
HBIX 0003HAYEHMUIA:

Ped = Id, Group, State = position, oldDir,
Dest, )
rne Id — uneHTUu(UuKauIMOHHBI HOMEp areH-
ta; Group — TpyIima, K KOTOpoii OHU OTHO-
caTca (ecau TakoBasi cpopMuUpoOBaHa);
State — coctosinue areHra; Position — TeKy-
mee rojioxkenue arenrta; OldDir — mipeabi-
nylee aeiicTBue areHTa; Dest — IMyHKT Ha-
3HAYEHUs, KOHEUHAs 11eJib COBEPIIaeMbIX
areHTOM JIEVCTBUM.

OnvH U3 MPUMEpPOB MPUMEHEHUS] MHO-
roareHTHbIX Mojaeneir — «Legion» — 3ama-
TEeHTOBaHHOE TIPOTpaMMHOE obecTiedeHue,
crienMaIu3upylolieecs Ha MOJeIMPOBAaHU YT
noBefaeHUs Macc Joaeil. OHo ObLIO pa3pa-
0oTaHO KaK MOJENIb «BXOJa U BBIXOHa».
Kaxaprit vHAMBWI B HEll ITpeICTaBIeH B BU-
e BUPTYaJIbHOTO CyObeKTa, CIIOCOOHOTO
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BOCTIPUHUMATH OKPYKAIOIIYIO CPEly U B CO-
OTBETCTBUM C ITUM MPUHUMATh PEIICHUS
B OTHOIIIEHWM HaMpaBJeHUs NadbHEUIIeTro
JIBUXEHUsI. Monielib, B YaCTHOCTH, MCTIOJTb-
3yeTCsI LTS aHaIM3a CUTYallil Ha KeJIe3HO-
JIOPOKHBIX CTAaHIMSIX, CIIeHApHUeB dBaKya-
uuu. boyiee Toro, oHa OblJIa MpUMeHEHa
B XONle TTOATOTOBKU OJIUMIUNCKUX UTP
B Cunnee [17]. Ipyrum 4acTo MCIOJIb3Yye-
MBIM ITPOTPAMMHBIM ITPOAYKTOM JJISI aT€HT -
HOTO MOJICJIMPOBAHUS TEIIeXOTHOTO JIBU-
JKEHUS ocTaeTcs «Steps» komnaHuu Mott
MacDonald [22].

BblBOAbI

B cTaTbe paccMOTpeHBI pa3iuyHbIe O -
XOJIbl K MOJEJMPOBAHUIO MTOBEACHUS MEllle-
XOJIOB B Pa3UYHbIX ycaoBUsIX. bblia mpea-
JIOXEHA KJIaccu(uKalusg METOIOB aHaIu3a
U MOJEJMPOBAHUS MEUIEXOIHbIX TOTOKOB,
B paMKax KOTOPOUW BCE MOJAEIU IBUXECHUS
TaKUX MOTOKOB pa3feieHbl Ha MUKPO- U
MaKpOMOJIEIH.

JaHa olieHKa CyIIeCTBYIOLIAM MTOIX0AaM
W aJITOPUTMaM MOMAECIUMPOBAHUS, a TaKXe
WCIOJIb3YeMbIM TIPU 3TOM ITPOTPAMMHBIM
nponyktam PTV Vision®, Viswalk, Citilabs
Cube Dynasim, Quadstone Paramics,
SIMWALK.

Ha ocHBoe cienaHHOTO aHaIM3a Uccie-
JIOBATeJIM MOTYT BbIOpATh T€ WJIM UHbIE ajl-
TOPUTMBI U TIPOTPaMMHbBIE TIPOIYKTHI JJIsI
pelIeHUs pealbHOU MHXEHEPHON 3a1a4uu.
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GENERAL APPROACH TO MODELING OF PEDESTRIAN FLOWS

Yakimov, Mikhail R., National Research Polytechnic University, Perm, Russia.

ABSTRACT

The author considers two approaches to modeling
and analysis of pedestrian behavior in typical urban
environment. One approach is based on civil engineer-
ing, the other one is focused on urban geography.
Those two approaches are described by four models

of pedestrian behavior, which are described respec-
tively by physical and mathematical terms, by multi-
agent, cellular automata, and queuing theory. A de-
scription of each of them is given, the specifics of the
application are described, and examples of models
implementation in software products are provided.

Keywords: modeling, traffic management, pedestrian flows, patterns of pedestrian behavior, civil engi-

neering, urban geography.

Background. Analysts of transport systems,
particularly urban systems, face serious difficulties
in formalizing and positioning of their research in
the professional field. This is primarily due to the
interpretation of the term “model” and the model-
ing process in general. Currently, there is a need
for some ordering of key terms and definitions used
in development, evaluation and comparison of
algorithms for simulation of transport and pedes-
trian flows. With regard to pedestrian flows, the
designated problem is as relevant as ever. The
approaches to the analysis of their movements are
so different in nature, as different are attitudes
towards them of different categories of stakehold-
ers (authorities, planners, public and professional
communities). There is a need for a clear classifi-
cation of not so much algorithms as of common
approaches to the analysis and modeling of pe-
destrian traffic.

There are quite many proven methods of
analysis and modeling of transport and pedestrian
flows. With regard to simulation of pedestrian traf-
fic [1-16; 18-21], they are implemented using
different principles, and the least have identified
two basic approaches to research.

The first of them is civil engineering, which is
used to build a model of transport demand and
serves as a base during subsequent construction
of transport models in general, that is, models of
interaction between transport demand and trans-
port supply. Models of this type in civil engineering
are used to meet challenges of designing new
transport infrastructure. The result of the construc-
tion of transport demand model is a matrix of cor-
respondence and a matrix of costs. Cells of matri-
ces determine the number of people traveling by
different routes. The process of modeling the
movement of people is based on a standard four-
step transport model. Such models are macro-
scopic in nature, as lower-order elements in them
are locations, visited by individuals, as well as
routes that are designed for this purpose.

The second approach is based on the archi-
tecture and urban geography. Adherents of this
approach have the interest to understand how the
location of places of attraction affects foot traffic.
Such models are generally microscopic, with more
details. Generally, they are designed for smaller
areas, although sometimes can be extrapolated to
the territory of the whole city. Some models com-
bine also two approaches identified, allowing them
to demonstrate sufficient flexibility with respect to
different types of territories.

Within approaches, exploring role-based fea-
tures of individuals at the micro level, the behavior

of every single pedestrian is modeled on the basis
of pre-defined general rules. This methodology is
universal and suitable for evaluation of different
situations: closed spaces or unusual flow of peo-
ple, in which the behavior of an individual is heavily
influenced by geometry, randomness, social pref-
erences, local and collective behavior of other
individuals.

Objective. The objective of the authors is to
consider approaches to modeling and analysis of
pedestrian behavior and to generalize the methods
which are commonly used for different purposes.

Methods. The author uses general scientific
and engineering methods, simulation, modeling,
comparative analysis, assessment.

Results. The totality of observed properties at
the micro level can be further transformed into a
pattern of collective behavior as a result of a com-
promise between competitive and cooperative
actions of individuals. The most typical is the situ-
ation in which the local movement of people
caused by the desire for a particular purpose, lead
to the appearance of unwanted crowded places,
and the tendency of an individual to repeat actions
of others can lead to stampede and panic. In
other words, these modeling techniques allow
monitoring the situation in which growing crowd
fluctuations cannot be explained by a simple set
of individual actions. Moreover, these issues are
extremely difficult to predict by intuition or to
specify at a height of experience as K. Kitazawa
says in one of his works [9].

There are four basic approaches to modeling
pedestrian behavior: physical and mathematical
models, cellular automata, queuing theory and
multi-agent models.

The basis of physical and mathematical
models is mathematical and physical equations.
For example, one of them is built on the physical
formula of movement where conventional pedes-
trians have such features as current location and
speed. The concept of power is used to explain
movement of pedestrians. Such indicators of force
are used as acceleration, effects of repulsion from
borders and objects, from other pedestrians, ef-
fects of attraction to other groups and objects.

D. Helbing has used concepts of attraction and
repulsion for modeling microbehavior, developed
complex equations for different behaviors of pe-
destrians. These developments have been widely
known as the concept of «social forces» [10], in
which the simulation takes into account a number
of internal prerequisites for certain actions (move-
ments) of the individual, and their subsequent
impact on dynamic attributes of pedestrians
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(speed, acceleration, intervals) [11]. He remarked
that the streams of pedestrians have the ability to
gather in the crowd, and then split into separate
streams.

S. Hoogendoom and P. Bovy used the same
basic formula to create a three-level model cover-
ing processes of action selection, determination
of the trajectory of movement [12]. This model is
aimed at minimizing travel costs, it has been
claimed in the analysis of functions of multimodal
interchange hubs. Another model of this series is
based on statistical methods for estimating flows
on certain routes.

Physical and mathematical models of pedes-
trian flows are implemented in such popular soft-
ware products, such as PTV Vision® Viswalk, Citi-
labs Cube Dynasim, Quadstone Paramics, SIM-
WALK.

The second model is based on the use of cel-
lular automata when in a conventional cellular
field each pedestrian takes one single cell and
moves in accordance with a number of simple rules
within this field. Variant of traditional models of
cellular automata (special case of matrix systems)
suggests that the state of each cell varies depend-
ing on the state of the cells surrounding it, with no
apparent movement. These models use a matrix
in which one cell can be occupied only by one in-
dividual but conditional coding of large areas re-
quires matrices of high dimensionality.

Most of the models, which are based on this
principle, mean Schrekenberg-Nagel approach for
modeling traffic flow using cellular automata as the
underlying instruments [13]. Recently, cellular
automata are often used in the simulation of trans-
lational motion of the crowd, leaving the mass
sports activities [14]. Simulated environment is
represented in the form of two layers: static, which
displays the current exists of the premises and
territories and dynamic, containing data on the
total vector of the crowd motion. Each individual
consumes information at the level of its own cell
to select a further motion vector.

The problem of cellular automata models is the
uncertainty of action in case of crowds, since such
a state is not represented in traditional models.
Cellular automata have demonstrated their effec-
tiveness for disaggregated models with minimal
variability of choices. Model Alp-Sim approach
combines approach of cellular automata with a
combined simulation of environment to get be-
nefits due to display of different types of data as a
set of maps, especially for planning purposes at a
higher level, where block lattices are not enough
[15].

Several researchers have made significant
progress in this area. V. Blue used the principle of
cellular automata to create a model of pedestrian
walkways his movement in two directions [16]. The
results of his work suggest that even a small set of
rules can effectively convey the behavior of pe-
destrians at the micro level. Another expert,
S. Sarmady, combined behavioral model simulat-
ing the actions of individual pedestrian and model
of cellular automata simulating the movement of
pedestrians in small spaces [18].

The third variant of modeling the pedestrian
traffic is queuing theory. /It is assumed here that
all pedestrians are controlled by a subject which
indicates them time and direction of movement.
This technique is useful for generalized models,

® \WORLD OF TRANSPORT AND TRANSPORTATION, Vol. 13, Iss. 4, pp. 166—173 (2015)

as it allows bringing together all necessary data.
In such models for a schematic representation of
the environment the basic elements of graph
theory are taken, where the possible movement
corridors are presented in the form of ribs and
decision points — in the form of the vertices.

Program PAXPORT, developed by Halcrow
Group Limited was used to simulate the movement
of people at airports, railway stations and stations,
in the places of mass sports activities [see, e.g.,
17]. It displays aggregate data on flow and level of
organization of pedestrian flow within techniques
of graph theory. It is worth noting, however, that
the methods of queuing theory, as well as methods
of cellular automata, are not widely used in com-
mercial software products.

The fourth kind of modeling movement of pe-
destrian flows is multi-agent models. They are
characterized by evaluation of the interaction of
certain individuals to each other in a given environ-
ment. These individuals in the model are conven-
tional agents who possess susceptibility, ability to
make decisions, to act and to receive knowledge
from the environment.

The approach is used for economic, social,
business and logistics simulation, where the indi-
vidual is constantly interacting with the environ-
ment and other individuals, and also has the abil-
ity to make difficult decisions. M. Batty, suggests
that multi-agent models appeared as a serious
alternative to the more complex and geometric
approaches to spatial modeling [19]. Their appear-
ance was caused by many reasons, including due
to improving the quality of existing data on the
existing land use, different activities and pedes-
trian flows.

Multi-agent models consider a pedestrian as
a fully independent subject with an cognitive and
learning abilities [20]. A comparative overview of
different approaches to computer modeling of the
behavior of the masses of people during an evac-
uation in emergency incidents is presented in the
works of S. Gwynne and coauthors [21], while
D. Helbing focuses on the nature of these phenom-
ena observed in the behavior of people like follow-
ing each other through the corridors or fluctuations
in the masses in places of corridors narrowing
(«bottlenecks»), when difficulties arise, and even
blocking of traffic in emergency situations [11].

In the formalized form a model consists of three
main components: environment of the individual,
update mechanism, behavior of pedestrians. Each
of these components exists in the form of formal
parameters, formulas, and logical expressions. For
example, the environment of the individual, that is,
all the space within which the interaction can take
place, is a grid of cells (cell side is 40 cm). Any of
the cell is characterized by a certain condition,
which indicates occupancy or non-occupancy of
a cell by pedestrians or different obstacles:

State (c): Cells — {Free, Obstacle, OnePed,
TwoPeds}. (1)

The last two indicators in the formula indicate
the number of pedestrians within the same cell. If
there are two pedestrians, then it indicates a high
load of area — the presence of pandemonium when
the flux density is higher than 6,25 people per
square meter. Agents, i.e. pedestrians, are en-
coded as a set of specific symbols:
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Ped = Id, Group, State = position, oldDir, Dest,(2)

where Id is identification number of the agent;
Group is a group to which they belong (if formed);
State is state of the agent; Position is current
position of the agent; OIdDir is previous action of
the agent; Dest is destination, the ultimate goal of
agent’s actions.

One example of the practical application of
multi-agent models is «Legion» — proprietary soft-
ware, which specializes in modeling the behavior
of the masses of people. It has been developed as
a model of «input and output». Each individual is
presented in the form of a virtual subject to per-
ceive the environment, and in accordance with
this, to make decisions about the direction of
further movement. The model is particularly useful
for analyzing the situation in railway stations,
evacuation scenarios. Moreover, it has been ap-
plied in the preparation of the Olympic Games in
Sydney [17]. Another commonly used software
product for agent-based modeling of pedestrian
traffic is «Steps» of company Mott MacDonald [22].

Conclusions. The article deals with different
approaches to modeling of pedestrian behavior in
various conditions. Classification of methods of
analysis and modeling of pedestrian traffic flow
was offered, in which all models of the movement
of the relevant flows are divided into micro and
macro models. The article offers an assessment
of existing approaches and algorithms of modeling
of the movement of pedestrian flows, as well as of
relevant software products PTV Vision® Viswalk,
Citilabs Cube Dynasim, Quadstone Paramics,
SIMWALK.

Using the proposed analysis the researchers
can select algorithms and software products of
their choice which are most suitable for the solu-
tion of a real engineering problem.
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