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Mamemamuune MO0en08aHHA MPAHCNOPMHUX NOMOKI6 | HUHI € 0OCUMb
CKIAOHUM Ma aKmyanibHum 3a80anuam. Haubinow oockonani mamemamuyti mo-
oelli MpaHCROPMHUX NOMOKI6 ONUCYIOMbCSL PIGHAHHAMU MAMEMAMUYHOL Qi3uKku.
3acanvnuti haxm @iominHocmetl 2i0OpOOUHAMIYHUX MOOelel MPAHCNOPMHUX NO-
MOKi6 810 8I0N0BIOHUX 2IOPOOUHAMIUHUX AHANO02I8 NOJISA2AE 8 3aNUci NPaesoi uac-
munu pieHsiHb. Lle cmocyemvbcst KOpekmuo2o 3anucy, sik npasuio, 2inepooiiyHux
cucmem pisHaAHb ma ix ougyziunux ananoeie. CKiaoHowi, wo SUHUKAIOMb 8 ONUCT
MPAHCNOPMHO20 NOMOKY, CXOMHCT 31 CKIAOHOCMAMU, SKI BUHUKAIOMb Ni0 YAC ONU-
cy mypOyieHmHoz2o pyxy piouHu.

Mema cmammi — no6yooga mamemamudHoi Mooeli, YUci08020 Memody, ai-
20pUMMY D038 A3Y8AHHS 3A0ayi Ma CMEOPEHHs NPOSPAMHO20 3aOe3nedeHHs Ol
00CNi0JHCeHHs OUHAMIKYU MPAHCNOPMHUX NOMOKIG. Y cmammi po3ensidaemvcs 3a-
0aua MoOent08anHs MpAHCNOPMHO20 NOMOKY AGMOMOOINIbHUX MPAHCNOPIMHUX 3a-
cobie. [{nsa onucy @izuunozco npoyecy euxopucmauo cucmemy pienaunua Hae'c —
Cmokca. Pospobneno memoouxy, aneopumm po3e a3y8anis 3a0a4i, ma npocpamHe
3abe3neyenus. [ 4UCI068020 THMeSPYBAHHA cucmemu OuQepeHyiarbHux pis-
HAHb BUKOPUCMAHO CKIHYUEHHO-00 emHuti memood. Ilposedeno mecmyeanHs pos-
pobnenoi memoouku. 3a pes3yibmamamu 4UCIO8UX PO3PAXYHKIE NOOYO08AHO
dynoamenmanvry diazpamy mpaHcnopmHo2o NOMoKy.
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KitouoBi crnoBa: mpaucnopmui nomoxu, MakpockKOniuHi Mooeni; 4uciose
Mmooentosanns; pienanna Hae’e — Cmokca.

Mamemamuyeckoe moodenuposanue mpaHCNOPMHLIX NOMOKO8 U Ce200Hs.
A615emcsi 00CMAMmMOYHO CIONCHOU U akmyanbHou 3a0aueu. Haubonee cosepuien-
Hble Mamemamuyeckue Mooenu mpaHCnopmHusblX NOMOKO8 ONUCHIBAIOMCS YPAG-
HeHuaMu mamemamudeckou uzuxku. Oowum paxmom omauyuli 2UOPOOUHAMU-
yecKux mooeneti mpaHCnopmHsulX NOMOKO8 OM COOMEEmMCcmeyouux 2uopoOUHa-
MUYECKUX AHATI0208 3aKI0YAemcs 8 3aNUCU NPAgoll 4acmu yYpasHeHutl. Imo om-
HOCUMCST K KOPPEKMHOU 3anuUcu, KaKk npasuio, 2unepooiudHbix cucmem ypasHe-
HUti u ux oughghyzuonnvix ananozos. CnodcHocmu, KOmMopbwvle 803HUKAOM NpU
ONUCAHUU MPAHCROPMHO20 NOMOKA, NOXONCU HA CIONCHOCHU, KOMOPble GO3HU-
Karom npu onucanuy mypoyieHmHo20 08UNCEHUs HCUOKOCTU.

Lenvio cmamvu aen1saemca nocmpoenue Mamemamuieckou Mooenu, Yucio-
8020 Memooa, ar2opumma peulenus: 3a0a4u U Co30aHus NPoSpaAmMMHO20 obecne-
YyeHusi 01 UCCIe008aHUsl OUHAMUKU MPAHCNOPMHBIX NOMOKo8. B cmamuve pac-
cmampueaemcs 3a0aya MoOeIuposanuss mpaHcnopmuo20 NomoKd agmomooub-
HbIX MPAHCNOpMHbIX cpedcms. [ onucanus guzuuecko2o npoyecca Ucnob3o-
sana cucmema ypasvenus Hasve — Cmoxca. Pazpabomana memoouka, aieopumm
peutenus 3a0ayu u npoepammuoe obecneverue. /s YUCIEHHO20 UHMESPUPOBAHUSL
cucmemvl OuhepeHyuanIbHbIX YPasHeHUll UCNOIb308AH KOHEYHO-00beMHblI Me-
moo. Ilposedeno mecmuposanue paspabomannot memoouxu. Ilo pesyromamam
YUCTEHHBIX PACYemo8 NOCMPOEHA (QYHOAMEHMANbHASL OUazpamma mpaHcnopm-
HO20 NOMOKA.

KittoueBble ciioBa: mpancnopmmuvie nOMOKU, MAKPOCKONUYECKUEe MOOenu;
yucnennoe mooenuposanue, ypasnenus Hasve — Cmokca.

A mathematical modeling of traffic flow for today is rather intricate and ac-
tual problem. The most perfect mathematical models of traffic flow are described
by equations of mathematical physics.

In the theory of traffic flow there are various approaches to classification of
their mathematical models. One of widespread is classification on macroscopic
models and microscopic models. The whole group of transport vehicles, that is
described by the corresponding parameters of motion, is examined in macroscop-
ic models. Microscopic models are based on conception of safe distance to the
leader. The most known models are: model of optimal speed, following by a lead-
er model, Treibe’s model of clever driver.

Historically one of the first macroscopic models is a model of Lighthill —
Whitham — Richards (LWR). In it the stream of motor-car transport vehicles is
considered as an unidimensional stream of compressible liquid. In a model LWR
is accepted, that an unambiguous interconnection exists between speed and fluid
flow density, and the laws of maintenance of mass are satisfied.

22 ISSN 2521-6643 Cucremu Ta texnoorii, Ne 1 (61), 2021



Other macroscopic models based on analogues of a traffic flow to the hydro-
dynamic features of compressible liquid flow exist. It is a model of Tanaka, Whitham.
Payne et al. The model of Helbing Eeler Navier Stokes is proposed in 1995. In this
model to the system of Payne’s equations the third equation that represents the law of
conservation of energy for variation of speed is added. In the second equation (law of
momentum conservation) an additional component is considered that allows to take
into account variation of speed. It should be noted that for the system of Navier —
Stokes equations it is not known how to formulate the initial Cauchy boundary value
problem in order the global solution is unique for all times.

The main difference between the hydrodynamic models of traffic flows from
the corresponding hydrodynamic analogs is the formation of the right-hand side
of the equations. This refers to the correct notation, as a rule, of hyperbolic sys-
tems of equations and their diffusion analogs.

The difficulties arising in the description of the traffic flow are similar to
those that arise in the description of the turbulent motion of a liquid.

The aim of work is a construction of mathematical model, numerical meth-
od, algorithm for obtaining numerical solutions and creation of software for stud-
ying the dynamics of traffic flows.

The task of modeling of traffic flows of motor-car transport vehicles is ex-
amined in the article. For description of physical process the system of equations
of Navier — Stokes is used. Methodology, numerical algorithm, and software, is
worked out. For numerical integration of the systems of differential equations,
finite volume method is used. The developed methodology was tested. Based on
the results of numerical calculations, a fundamental traffic flow diagram has been
constructed.

Key words: traffic flow; macroscopic models; numerical simulation; equa-
tions of Navier — Stokes.

IMocranoBka npo0aeMu. MatemMaTHuHEe MOJEIIOBAHHS TPAHCIIOPTHUX I10-
TOKIB 1 HMHIIIIHFOTO Yacy € JOCHTh CKJIAJIHUM Ta aKTyalbHUM 3aBaaHHsaM [1-5, 8].
HaiinockoHaminn MareMaTH4HI MOJEINI TPAHCIIOPTHUX TIOTOKIB OMHUCYIOTHCS PiB-
HSHHSMH MaTeMaTHYHOT (Pi3UKH.

PeanbHi TpaHCIIOPTHI NOTOKM aBTOMOOLIBHUX TPAHCIOPTHUX 3aCO01B CKIIajl-
Hi Ta CTBOPIOIOTH NMPOOJIEMU TPAHCHOPTHOTO CHOJMY4YeHHs B MicTax. PizndHe n10-
CJIIJDKEHHS IIUX MPOIIECiB OB’ A3aHE 31 3HAUHUMH MaTepiaJbHUMU 1 (PIHAHCOBUMHU
3aTparaMy. 3aCTOCYBaHHS MaTeMaTHYHOTO MOJCTIOBAHHS JJIs JOCIHIHKEHHS TPo-
LIECIB Y TPAHCIOPTHUX MOTOKAX € €PEKTUBHUM IHCTPYMEHTOM PO3B’SI3yBaHHS MO-
CTaBJICHUX 3aBJIaHb Ta MOUIYKY €()EeKTUBHHUX LUIAXIB MOKPAIIAHHS BUKOPUCTAHHS
TpaHcnopTHOI iH(ppacTpykTypu. Ilpore iXx MaTemMarnyHe MOJAETIOBaHHS i J0Ci
3aJIUIIAETHCS CKIAAHOK MPOOJIEMOI0 00UHCTIOBAIBHOI IUHAMIKM TPAHCIOPTHHUX
MOTOKIB.
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AHaJi3 ocTaHHIX JoCaiTxKeHb i myOJaikaniii. Y Teopii TpaHCIIOPTHHUX TTO-
TOKIB ICHYIOTh PI3HOMaHITHI MiAX0aU 10 Kiacuikalii iX MaTeMaTHYHUX MOJIe-
nei. OnHi€r0 3 NOUIMPEHHX € Kiacu@ikallis Ha MaKpOCKOIIYHI MOJIEJi Ta MIKpO-
CKOMIYHI MoJieNi. B MakpOCKOMIYHUX MOJAENSAX PO3TIISIIAETHCS 1Iijia Tpymna TpaHC-
MOPTHUX 3aC00IB, SIKa OMHUCYETHCS BIAMOBIIHUMU MapameTpamMu pyxy. Mikpocko-
MIYH1 MOJIENI IPYHTYIOTHCS Ha KOHUENIIT TIATPUMKY O€3MeYHOi BiICTaH1 A0 Jijie-
pa. HaitGinpin BiTOMUMH MOJEISIMU € MOJIETbh ONTUMAJIBHOI IIBUAKOCTI, MOJIEIb
CJTITyBaHHA 3a JIIepOM, MOJIeTIb PO3YMHOT0 Boiis Tpaitbepa [6].

OpnHi€ro0 3 MepIIMX MaKPOCKOIMIYHUX Mojienelt € Mmoaensb JlaiTximuia — Bize-
Mma — Pivapaca (LWR). VY Hiif moTik aBTOMOOUTEHUX TPAHCTIOPTHUX 3aC00IB PO3-
TIIAJAETHCS K OJHOMIPHHM MOTIK CTHCIUBOI piguHu. B mogeni LWR npuiima-
€THCA, 110 ICHYE B3aEMHHUI OJHO3HAYHUU 3B 30K MOMDK IIBHUAKICTIO Ta TYCTH-
HOIO TIOTOKY, i BUKOHYIOTHCS 3aKOHH 30€peKEeHHS MaCH.

[ToTiM 3’sIBUJTKCS 1HIIIT MaKPOCKOITIYHI MOJIE, 1110 IPYHTYBAJIMCS HA aHAJIO-
rax TPAaHCHOPTHOTO MOTOKY TiIPOAMHAMIYHHUM OCOOJIMBOCTAM TeYil CTUCIUBOL
pimuan. Lle monens Tanaka, Bizema, [leiina Ta in. Y 1995 p. 3’sBunacst MoJienb
XennOinra — Eitnepa — Has’e — Ctokca. B miit moneni g0 cucremu piBHsAHb [leii-
Ha JIOJA€ThCS TPETE PIBHSHHSA, IO BioOpa)kae 3aKOH 30€peXeHHsI eHeprii uis
Bapiallii mBUAKOCTI. B apyre piBHAHHS (3aKOH 30€peKEHHS IMITYJIbCY ) BBOAUTHCS
J0JIaTKOBA CKJIAJ0BA, 110 YMOXJIMBJIIOE BPaxOBYyBaTH Bapialito mBuaKocTi. Crig
3a3HA4YMTH, 10 Ui cucTeMu piBHsAHb Hap’e — CTOKca He BiIOMO, SIK ITOCTaBUTH
MOYaTKOBY KpaioBy 3amauy Ko, abu riobanbHUil po3B 30K OyB €IMHUM 3a
BCIX 3Ha4YeHb yacy. 3a po3B’sA3aHHs Li€l npolieMu MaTeMaTUYHUi 1HCTUTYT Kies
CHIA y 2000 p. mpu3HauMUB MPEMir0 B OJIMH MUIBHOH J0J1apiB

3aranpHui (aKT BIAMIHHOCTEH TiIPOJAMHAMIYHUX MOJENeH TPaHCIIOPTHHUX
MOTOKIB BiJ BIAMOBITHUX TiAPOJWHAMIYHHMX aHAJIOTIB IMOJSTae B 3alUCi MpPaBoi
YacTUHM PiBHAHB. Lle cTOoCyeThCs KOPEKTHOTO 3alucy, K MpaBuilo, rinepoosiy-
HUX CHCTEM PIBHSHB Ta iX JU(Y31HHUX aHAJIOTIB.

Criz 3ayBaXKWTH, 10 CKJIAAHOIII, SKI BHHUKAIOTH ITiJT Yac OMUCY JUHAMIKA
TPAHCIOPTHOTO TOTOKY, CXOXKI1 31 CKIQAHOCTSIMU, 1[0 BUHUKAIOTH MiJ 4ac OMUCY
TypOyYJIEHTHOTO PyXy CTUCIHUBOI piauuu [6, 7].

Merta crarTi. JlocnipkeHHsT TUHAMIKH TPAHCIIOPTHUX MOTOKIB — Iie eek-
TUBHUM IHCTPYMEHT JJIs MiJBUIIEHHS MPOITyCKHOI CIIPOMOKHOCTI aBTOMaricrpa-
Jei Ta moKpamaHHs Oe3mneku pyxy. Po3poOka HOBMX MaTeMaTHYHHX MoOJeneit
TPAHCMOPTHHX IPOIECIB € aKTyaJIbHUM Ta BOXJIMBUM 3aBIaHHSIM. MeTa cTaTTi —
noOy0Ba MaTeMaTUYHOI MOJIEN, YUCIIOBOTO METOy, aJTOPUTMY PO3B’S3yBaHHS
3a/a4l Ta CTBOPEHHS MPOrpaMHOro 3a0e3MedyeHHs s AOCTIKEHHS TUHAMIKU
TPAHCIOPTHUX MOTOKIB HA OCHOBI T1IPOAMHAMIYHOI aHAJIOTI].
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Buxaan ocHoBHOro Mmarepiaiy. /[ po3s’s3yBaHHs 3a7a4 T1APOAMHAMIKH
HaWHAIIWHIIIIMHA € METOIH, 10 0a3ytoThes Ha piBHAHHSIX HaB’e — Ctokca. B ne-
KapTOBIl CHCTEMI KOOpAMHAT cucTema piBHsHb HaB’e — CTokca 3anmuimieTbes
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BenuuuHy THUCKY B TedisX CTHCIMBOI PIAMHU 3HAXOJATh 3 PIBHAHHS TaKOIro
BUTJIAY:

p=(y—1)[Et —%p(uz V2 +w2)] ()

ae y = Cp / Cv — BIJHOIIIEHHS TUTOMUX TEIIOEMHOCTEMN.

CHiBBi}IHOI_HCHHH AJI1 BUSBHAYCHHA TCMIICPATYpPU Ma€ TaKWi BUTIIS,

T:Civ{%—%(u2+v2+wz)] (5)
1
ne C, =———~—
y(y ~1Mg

M, =U,/a, — xapakTepHe uucio Maxa,;
a,— 130€HTPOIIYHA IBUIKICTb 3ByKYy B HE30ypPEHOMY MOTOLIL.

TpaHCTIOPTHUH MOTIK PO3MIISIIAETHCS SIK AHAJIOT TIOTOKY CTUCIIMBOI PiJIUHU.
[Ipote psan ¢i3UYHKUX SBUII, IO XapaKTEPHI JJIsl CTUCIMBOI PIAMHU B TPAHCIIOPT-
HOMY IIOTOLll, HE XapaKTepH1 /Ul IUHAMIKH PyXy TPaHCIIOPTHOTO MOTOKY. B meB-
HOMY HaOJIMKEHHI MOTOKOM TPAHCHOPTHHUX 3ac00iB A0 MOTOKY DPIAMHU MOKHA
3HexTyBaTu. OfHAK Y po3poOJIeHiii METOAMIII HE BPaXOBY€EThCS PIBHSAHHSA 30epe-
JKEHHsl eHeprii, TEH30pU HaAIPyKEHb Ta BEKTOPH TEIUIOBUX MOTOKIB. Buxoasuu 3
LIbOT'O Ta BPaXOBYIOUH T€, 1110 TPAHCIOPTHI 3aCO0M PyXarOThCs B OJIHIM IUIOIIUHI,
3aJjauy MOXKHA 3BECTH 10 JABOBUMIpHOI. BpaxoByroun Te, 10 THUCK € (DYHKIII€O
BiJl TYCTUHH MOTOKY (4), CHIBBITHOMIECHHS JJIsl TUCKY CIIiJ] BU3ZHAYATH K (PYHKIIIIO
BiJl TYyCTUHH MTOTOKY.

3 ypaxyBaHHSIM MPUAHATHX JOMYIICHb CHCTEMa PiBHSAHB ISl TPAHCIIOPTHHUX
MOTOKIB Ha OCHOBI TiJPOIMHAMIYHOI aHAJIOTIi 3aITUCYEThCA TaK:

0Q JE OJF
— 4t —4—=

—=0. 6
ot ox oy ©)

3 ypaxyBaHHSIM NpUHHATHUX AomylieHb BekTtopu Q, E, F, G, H Bu3HauaroTs-
Csl TAKMMH CITIBBITHOIIICHHSIMU:

p pu ol
Q=|pu|, E=|[puw+pl|, F=| pw | (1)
el pu V4D

ne p=f,-p.
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YucaoBuii Meroa. [yl YUCIOBOTO PO3B’SI3yBaHHsS CHUCTEMH PiBHSHBL (6)
BUKOPHCTAaHO METOJl KOHTPOJIBHOTO 00°’eMy. OCHOBHI 3acagyl METOy KOHTPOJIb-
Horo 00’emy (MKO) nonsiratots y TOMY, 10 PO3TISAAAI0THECS KIACHYHI PIBHSIHHS
Oanancy neskoi BennunHA Q B KOHTPOJIBHOMY 00’eMi V, 0OMekeHOMY TIOBEpX-

Hew S = Zsk 13 30BHIITHBO0 HOpMaLTio .

CKiHYEHHO-PI3HULIEBUI aHAJOT AU(epeHIiaTbHUX PIBHAHB (6) 3aMUCYETHCS
32 KOHTPOJIBHUM 00’€MOM MOAIOHO J0 TOTO, SIK BUKOHYETHCS 3aIUC IS TiIpOIH-
HaMivHOI 3aaui [6, 7].

Otpumana cuctema ainredpaiuHux piBHSHBb PO3B’si3yBajiacsi MmeronoM Efine-
pa. Po3pobniena meronuka, anropuT™ Ta IMporpamMHe 3a0e3NMeueHHs] TECTYBaIoCs
Ha psilli CTaHIAPTHHUX 33]a4.

TakuM 9MHOM, T TIPOTHO3YBAaHHS TPAHCHIOPTHHUX ITOTOKIB PO3POOIICHO METO-
JIMKY PO3PaxyHKY, &ITOPUTM Ta HAIMCAHO IporpaMHe 3ade3redeHnst. [y anpokcu-
Malrlii KOHBEKTUBHHX CKJIAJIOBUX BUXITHOTO PIBHSHHS ITEPEHOCY IMITYJILCY BUKOPHUC-
TaHO MOAM(IKOBAaHY MPOTUIIOTOKOBY cXeMy. BiAmoBigHO, po3po0iieHO MeXxaHizM
arnpokcuMallii 3Ha4eHb MYKaHUX (QYHKLIH HA TPaHsIX KOHTPOJIBLHOTO 00’eMy, SIKMA
rapaHTye YHUKHEHHS HEKOPEKTHHX HETaTUBHUX IIBHIKOCTEH TPAHCIIOPTHUX 3acCO-
0iB. AropuTM pO3pO0IIEHO TaK, 00 320€3MEYNTH BUKOHAHHS 3aKOHIB 30epeyeHHSI
(puc. 1). Unenn piBHSHD NpaBoOi YaCTWHH TIEPEHOCY IMITYJILCY 3a3BHYAi alpOKCH-
MYIOThCS 32 TICHTPAIIbHO-PI3HUIIEBOIO cxeMoro. Di3nuHi nporecu GopMyBaHHS TEH-
30py HaNpyXKeHb TUHAMIKH CTHCIHMBOI PIMHA BiIPI3HAIOTHCS Bif (DI3MIHUX TIPOIe-
CiB y TOTOIll aBTOMOOUIBHUX TPAaHCHOPTHUX 3aco0iB. L[ ocobmuBicTh ypaxoByBa-
JIack MiJT 9ac po3paxyHKy MPaBUX YaCTHH PIBHSHB IEPEHOCY IMITYIILCY.

3a pe3yiabTaTaMu TPOBEICHUX YUCIOBHX PO3pPaxyHKIB MOOYIOBAaHO 3aJIeK-
HOCTI iIHTEHCHBHOCTI PyXy TPaHCIIOPTHUX 3ac00iB SIK (PyHKIIiIO BiJl TYCTHHHU MOTO-
Ky. Ha puc. 2 300paxeno rpadik oTpuMaHuX 3alexxHocTeld. BujHO, 1110 pe3ynbratu
PO3paxyHKIB y3TrO/KYIOThCS 3 JaHUMH (DyHIaMEHTAIbHOI aiarpamu mparii [8].

[ ITOYATOK ]

BBEJIEHHS
BXIJTHUX
JAHUX

HOBY JOBA
TEOMETPIT
PO3PAXYHKOBOI
OBJIACTI

BBEJIEHHS
ITOYATKOBHUX
YMOB
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[ KIHELb ]

Puc. 1. Anroput™m po3B’si3yBaHHS 3a1aui
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Puc. 2. dynnamenrtanpHa giarpama
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BucHOBKH 3 1aHOTO0 JOCTi/I:KEeHHS | NePCNEeKTUBH MOJAJbIINX PO3BII0K
y JaHOMY HANpsiMi. Y cTaTTi pO3rISHYTO 337a4y MOJEIIOBAHHS TPAHCIOPTHOTO
MOTOKY aBTOMOOUTHPHHMX TPAHCIOPTHUX 3aco0iB. s ommcy (i3muHOTO TpoIecy
BUKOpPUCTaHO cucTeMy piBHsAHHA HaB’e — Ctokca. Po3po0ieHo MeToauky, airo-
PUTM PO3B’sI3yBaHHs 3aj]ayi, Ta MporpaMHe 3abe3nedeHHs. J{Jis yuciaoBoro iHTe-
IpyBaHHs cHCTeMHU JAU(EpeHIiabHUX PIBHSAHb BHKOPUCTAHO CKIHYEHHO-
00’emuuit Meroa. [IpoBegeHo TecTyBaHHS pO3pO0IECHOT METOIUKH. 3a pe3yJibTa-
TaMM YUCJIOBUX PO3pPaxyHKIB MOOYA0BaHO (yHAAMEHTAIBHY JllarpaMy TPaHCHOPT-
HOTO TIOTOKY, IKa Y TIOJAJBIIOMY MOKe OyTH a/JlanToBaHa 0 3MiHIOBaHUX I1apa-
METPIB TPAHCIIOPTHUX MOTOKIB HANPYXKEHUX MICBKUX Marictpaieil.
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MODELS AND METHODS OF IMPROVING THE EFFICIENCY
OF WIRELESS ACCESS OF TELECOMMUNICATION SYSTEMS
AND NETWORKS

The peculiarities of construction of complex information and telecommuni-
cation systems of special purpose are researched in the work, the general and
special requirements to the applied telecommunication technologies are substan-
tiated on the example of the automated territorially distributed system of the uni-
form regional operative and dispatching centers. To take into account certain
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