MPEII0KEHB PEKOMECHIAIMKM 110 IOBBIMICHHI0 3(P(PEKTUBHOCTH (TOYHOCTH M CBOECBPEMEHHOCTH) cOopa
spurensHor mHbopManmu (C3M) n 06paboTkn mHPOpMAIIH, KOTOPHIC MO3BOJISIOT BOAWTEIIO BHIOHpATH
KOHKPETHBIH "Oe30macHbIi" pexuM BokAeHMs. [loka3aHo, 4TO MpoIecC YIpaBieHusl aBTOMOOMIIEM JIOJDKECH
OBITh OXapaKTepHU30BaHA Kak 3aaaya, B kKoTopod C3M mmeeT mepBOCTENCHHOE 3HAYCHHE (HE3aBUCHMO OT
BPEMEHH CYTOK).

C yuéroM TIPOBEJCHHOTO aHaK3a, a TaKKe OCHOBBIBASCH HA pe3yiabTaTax MPEIbIIyIIHX
WCCJICIOBAHUN aBTOPOB, MPEIOIATaeTCs, YTO JABLHEHININE UCCIICOBAHUS JTOJKHBI OBITH HAIIPaBIICHBI Ha
MOBBIIIIEHIE KOHCTPYKTHBHOM 0€30MaCHOCTH TPAHCIIOPTHOTO CPEICTBA CBSI3aHHOW UMEHHO C €r0 aKTHBHOM U
MMACCUBHON 0€30TaCHOCTEIO.
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Introduction. Needless-to-say that the task of improving the logistics in Ukraine is of great importance
and of high priority. Much is being done in this field by local logistics and transportation professionals,
academics etc. More recently powerful boost to the efforts of significant enhancement of the logistics in
Ukraine was provided by the European Commission via its TEMPUS projects.

For example, in accordance with TEMPUS Project Guideline wider objectives are as follows: - the
improvement of co-operation between universities and companies with respect to education and training
offers of practical relevance, that meet labour markets needs; - transfer and adaptation of European
experiences in e-learning methods to Ukrainian universities. The specific project objectives include: -
composition of a network of Ukrainian and European universities and companies for joined development of
management training courses for transport and logistics; - joined development of management courses for
advanced vocational education and training of Ukrainian specialists and executive staff of the transport and
logistics branch including education of professional trainers, - qualification of university teachers and staff in
positions of responsibility in professional training methods for the education of specialists and executive
staff.

The above objectives are very important, but at the same time one should not underestimate the needs
for development of logistics theory itself (which can later be used as component of training course).

The main goal of this article is the development of logistics mathematical model and specifically the
creation of mathematical model for simulation of highway transportation and traffic flow for the logistics
purposes.

The general formulation of the problem. Let’s discuss the safety of transport logistics at highways.
We’ll consider the strip of highway equalling ,,one automobile + safety distance”. The appearance of
automobile at the entry of the above strip shell be considered as the request for servicing and the coming of
automobile through the strip will mean — satisfying the request. Thus the discussed strip can be considered as
gueuing system (QS) with breakdowns, which structurally can be presented as follows:

The research of such QS with breakdowns by means of classic methods is unsuitable due to high
dynamics of events: statistical indices of the volume of coming-in requests significantly differ from Poisson
distribution. Further more the collisions of vehicles, delays etc. lead to sharp changes of the event’s
dynamics and lead to unpredictable changes in the state of QS with breakdowns. For effectively researching
the dynamics of functioning of considered QS let us create the following mathematical model and the
principles of its research.
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Figure 1. - The block scheme of highway strip, presented as QS

Creation of the mathematical model for QS with breakdowns. Firstly let’s consider the case of ,,calm”
process of satisfying the requests. Let’s compose the following graph of QS states (see Fig. 2).
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Figutre 2. - The graph of QS state with breakdowns

Using the above graph and utilising the Kolmogorov Rule it’s possible to present the mathematical
model for researching the events’ dynamics in QS with breakdowns in the form of the following system of
differential first-order equations.

d
—Po=-A-Po+H-P1
dt

d
Etp1=%po—l-p1+2u-p2—u-p1

d
EtIOz:K-pl—%-p2+3-u-p3—2u-p2

d

—P2="A-p2-3-p-p3

dt

Ad them up with limitation-equation:
Po+pP1+p2+p3=1

The case # 1. Let’s introduce the first set of initial values of automobile traffic volumes at traffic lanes
(the initial values of volume of incoming requests at the entry of QS):

Al:=51 A2:=51 u2 =3 ul =3

and the duration of time for research of QS: t:=0..90
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We’ll add the algorithm with the following two software programs, which will allow to control the
volume of the incoming requests and control the output (volume of servicing the requests) of QS during the
research interval.

A = [A1 if 30<t<60 n(t) ;= |pl if 30 <t< 60
A2 otherwise u2 otherwise
The principles of research. For receiving the solutions for the system of common differential
equations, let’s use the Runne-Kutte method, which can be implemented with the means of MathCAD. For

the later purpose let’s introduce the initial conditions vector — vector of initial unknown values and also the
vector-function D:

—A (1) - po + 1() - p1
A(t) -po—A(t) - pr+2-p(t)-p2—n()- p1
A -pr=A(1) -p2+3-u(t) - p3—2- u(l) - p2
A(t) - p2—3- pu(t) - p3

D(t.p) :=

For solving the system of differential equations we’ll use the MathCAD’s built-in function (application):

Z .= rkfixed (p,0,90,1500 ,D)
The solution for the system of differential equations can be presented in the form of the matrix of
solutions, time graphs and phase-plane portrait — trajectories of QS state changes in phase space:
The matrix of solutions is as follows:

0 1 2 3 4
0 0 0.5 0.5 0 0
7 = 1| 0.06| 0.44| 0.44]0.105 (0.016
2| 0.12{0.389 ( 0.41 (0.159|0.042
3| 0.18 (0.349 (0.392 (0.193 |0.067
4| 0.24]0.316 | 0.38 |0.216 (0.088
I I I I
0.4 I\ .
20
7 (2
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| | | |
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Figure 3. - Time diagrams for solving the system of differential equations
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Figure 4. - Relative dynamics of QS state changes

Analysis of the dynamics of state changes in QS using the results of research for the first set of
volumes (intensities): 81 =82, pl=p2.

The analysis of results, i.e. the dynamics of the events’ development in accordance with time graphs
of differential equations solutions, shows, that in ideal case, when the volume of incoming inquiries has the
constant value, the system behaves “calmly”. The later means that at the beginning of research interval the
system comes to the steady-state process and remains this way until the end of research interval.

The case # 2. Let’s introduce the other set of initial values of automobile traffic volumes at traffic
lanes (the initial values of volume of incoming requests at the entry of QS): 81 >< 82, ul><p2:

Al:=31 A2 =51 pl:=12 p2 =3

and the duration of time for research of QS: t:=0..90
Once again let’s add the algorithm with the following two software programs, which will allow to control the
volume of the incoming requests and control the output (volume of servicing the requests) of QS during the
research interval.

2 1
(1) = rno|(x1)+7 if 30<t<60 pu(t) = |rno|(M1)+'“7 if 30 < t< 60

A2 otherwise u2 otherwise

One should take into account the extreme situations, i.e. the breakdown of vehicles, collision of
vehicles, halt of traffic etc. on one of existing lanes. Thus the need to eliminate the consequences of such
extreme situations during the time period of 30< t < 60 (when the volume and output randomly change)
arises. For this period of time the redistribution of incoming flow will take place (for example, in accordance
with the block scheme shown in Fig.5).

The principles of research. For receiving the solutions for the system of common differential
equations, where the unknown factors have the form of functions, which includes the random component,
which, in turn, allows considering the spontaneous redistribution of automobile flow at the entry of the QS,
again we’ll use the Runge-Kutte method. The later can be implemented with the means of MathCAD. For
this purpose, once again, let’s introduce the initial conditions vector — vector of initial unknown values and
also the vector-function D:
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Figure 5. - The block scheme for highway strip in extreme situation, which is presented as QS with
breakdowns
For solving the system of differential equations we’ll again use the MathCAD’s built-in function
(application):
Z = rkfixed (p,0,90,1500 ,D)

As before, the solution for the system of differential equations can also be presented in the form of the
matrix of solutions:

0 1 2 3 4
0 0.5 0.5 0 0
0.06 | 0.44 | 0.44]0.105|0.016
0.12 10.389 | 0.41]0.159 |0.042
0.18 {0.349 |0.392 |0.193 |0.067
0.2410.316 | 0.38 0.216 |0.088

hlwN]| ]| O

The length of traffic jam section, i.e. the number of automobiles m, which were rejected to be
serviced and which are being accumulated at the entry of QS for the period of 30< t < 60:

ta := 30 m:=ta- (A2 - A1) m=

Relative dynamics of trajectories in phase space has the following shape (see Fig. 7).

Analysis of the results, i.e. the dynamics of events development using the time graphs of differential
equations solution, shows that in the case when the volume of incoming requests has the random component
(for example, after the collision or breakdown of vehicles), then the system behaves adequately. The later
means that at the interval of time 30< t < 60 the system passes to unstable state and remains this way until
the end of time interval (until the elimination of extreme situation and restoring the flow of vehicles). The
dynamics of trajectories in the phase space (Fig. 7) confirms the complexity of road traffic control for
logistics purposes.
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Figure 6. - Time diagrams for solving the system of differential equations, which allow consider the
random component at the time period of 30<t < 60

The conclusions:

o the mathematical model of QS with breakdowns, which allows considering the random
component belonging to the volume of requests for servicing flow and the volume of servicing, is presented,
° the principles of the research of QS mathematical model, which allow considering the

random QS components, were developed.
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Figure 7. - Relative dynamics of trajectories in the phase space, which allow to consider the random
component of volume of incoming requests and the volume of requests satisfaction

. the mathematical model and the principles of the research can be used for simulation of
random markovian processes and dynamics of functioning for other QS classes for various logistics
applications.

. the mathematical model and the principles of the research can be used for predicting the
overall transport loading factor for farther road pavement strength and design procedures.
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VY cTaTTi po3risAAalThCs MUTaHHS PO3POOKH MATEMATUYHOT MOJIEII ISl aBTOMOOITBHUX 1 BAHTAKHHUX
MOTOKIB JAJIS WiJied BAOCKOHAJCHHS JIOTICTHKHM Ta EKCIEAMPYBaHHS BaHTaXiB B YkpaiHi. [IpononoBanmii
MaTeMaTHYHHUH ITiX1]1 JO3BOJISIE, HA TyMKY aBTOPIB, ICTOTHO MiJBUIIUTH €(eKTUBHICTH JIOTICTHYHUX PilllEeHb
1, sIK OKpEeMUH HAINpsSIMOK, OTPUMATH 1HCTPYMEHT JUIsl OOJIKY i PO3paxyHKy TPaHCHOPTHOTO HaBaHTaKEHHS
Ha O0'€KTH JOPOXXHBOI 1HPPACTPYKTYpH Ta AOPOKHBOTO MOKPHUTTS. JOCHiIKEHHS PO3TISAHYTUX CHCTEM
MacoBOTO OOCITyTOBYBaHHS 3 BiIMOBAaMH 3a JOIIOMOTOI0 KJIACHYHMX METOJIB HE MIAXOIUThH Yepe3 BHCOKY
TUHAMIKH TOAIM B TPAHCIIOPTHUX 1 BaHTAXHUX MOTOKaX. B pe3ynbTari CTAaTHCTUYHI MMOKA3HWKH MIUTBHOCTI
TPaHCHOPTHUX Ta BAaHTAKHUX IOTOKIB ICTOTHO BiJPI3HAIOTHCS Bix posmoniny I[lyaccona. binmbm Toro,
3aTPUMKH TPAHCIIOPTHHUX 3aCO0IB Ta 3aTPUMKH TPAHCIIOPTHUX MOTOKIB (SIK HACTIAOK Pi3HUX MPUYHH, B TOMY
YHCII 1 Yepe3 3iTKHEHHS Ta BiJIMOBU TPAaHCIOPTHHX 3aCO0IB), MPU3BOMATH IO PI3KUX 3MIiH AMHAMIKH TOIIH 1
MPU3BOJIATE 0 HemepeadadyBaHWX 3MiH y CTaHi CHCTEMH MAacOBOTO OOCIYrOBYBaHHS 3 BiJIMOBaMHU.
3anponoHOBaHO MaTeMaTHYHY MOJICNIb CHUCTEMH MacOBOTO OOCIIyrOBYBaHHS 3 BiJIMOBaMH, SIKa JIO3BOJISIE
PO3paxoByBaTH BUMAIKOBI CKIIAZIOBI 00CSTY 3asSBOK Ha OOCITYTOBYBaHHS IOTOKIB i 00CATIB 00CITyrOByBaHHS.
Bynu po3po0iieHi Ta 3arponoHOBaHi OCHOBHI MPUHIIMITK JOCITIDKCHHS CUCTEM MacOBOTO 00CITyrOByBaHHS Ta
MaTeMaTHYHI MOJIENI, SIKi JO3BOJISIOTH BPaXOBYBaTH BUIAIKOBBICTh CHCTEM MacOBOT'O OOCITyTOBYBaHHS Ta iX
KOMIOHEHTIB. [Ipeacrapneni MaTeMaTHdHa MOJENH Ta TIPUHITAIH JOCIiPKEHHS MOXYTh OyTH BUKOPHCTaHi
JUTS MOJICNTIOBaHHS BWITAJIKOBMX MAapKOBCHKHX IIPOIIECIB Ta MUHAMIKK (DYHKI[IOHYBaHHA IHIIUX CHCTEM
MacoOBOI'0 OOCJIyrOBYBaHHS Il PI3HHMX 3aBJaHb ITOB'S3aHHUX 3 YJAOCKOHAJICHHSIM JIOTICTHYHHX IPOIIECIB.
Kpim Toro, MmaremaTn4Hi MOJETI Ta MPUHIIUIIH JOCIPKEHHSI MOKYTh OyTH BUKOPHCTaHI JIsl TPOTHO3YBaHHS
TPaHCHOPTHOTO HABAHTAKEHHS Ha JOPOTy Ta JOPOKHE MOKPUTTA. [l OTpuMaHHS PIlIEHHS CUCTEMH
3BUUYAHUX AuQepeHIliaibHUX PIBHSAHB, JI¢ HEBIIOMI YMHHMKH MAalOTh BUTIIAN (DYHKIIN, SKUH BKJIIOYAE B
cebe BWIIQJKOBY CKIAJOBY (siKa, B CBOIO 4Yepry, J03BOJISIE PO3MIISAATH BHIAJKOBE IEPEPO3NOJIiI
ABTOMOOIUTFHUX MOTOKIB Ha BXOi CHCTEM MacoBOTO OOCIYrOBYBaHHS), OyJIO 3alpOTIOHOBAHO 3aCTOCYBaTH
meroa Pynre-Kyrra.

KJIFOYOBI CJIOBA: JIOT'ICTUKA, MATEMATUYHA MO/JEJIb, ABTOMOBIJIbHI [TOTOKHW,
BAHTAXHI I[TOTOKH, BUITA AKOBI ITPOLLECHU, MAPKOBCBKI ITPOLUECHU, MOAEJIb MACOBOI'O
OBCJIYI'OBYBAHHA, AMPEPEHLIAJIBHE PIBHAHHS, BEKTOP-®YHKIIA, METO/] PYHIE-
KYTTA.

ABSTRACT

Gusev O.V., Grysjuk Yu.S., Kaskiv V.I., Kaskiv S.V. Development of methods to improve the
logistics in Ukraine: probing the mathematical model for road traffic and freights shipment flows / Alexander
Gusev, Yuriy Grysiuk, Vladimir Kaskiv, Svetlana Kaskiv // Management of projects, system analysis and
logistics. — K.: NTU —2012. Vol. - 10.

The article deals with the questions of the development of mathematical model for road traffic and
freights shipment flows for the purposes of logistics and forwarding of freights in Ukraine. The proposed
mathematical approach allows, in the view of the authors, to substantially enhance the logistics solutions
and, as the separate direction, to estimate the transport load factors on the road infrastructure and the
pavement. The research of such queuing systems with breakdowns by means of classic methods is unsuitable
due to high dynamics of events: statistical indices of the volume of coming-in requests significantly differ
from Poisson distribution. Further more, the delays of vehicles etc. or even the collisions, lead to sharp
changes of the event’s dynamics and lead to unpredictable changes in the state of queuing systems with
breakdowns. The mathematical model of queuing systems with breakdowns, which allows considering the
random component belonging to the volume of requests for servicing flow and the volume of servicing, is
presented. The major principles of the research of queuing systems mathematical model, which allow
considering the random queuing systems components, were developed. The mathematical model and the
principles of the research can be used for simulation of random markovian processes and dynamics of
functioning for other queuing systems classes for various logistics applications. Also the mathematical model
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and the principles of the research can be used for predicting the overall transport loading factor for farther
road pavement strength and design procedures. For receiving the solutions for the system of common
differential equations, where the unknown factors have the form of functions, which includes the random
component, which, in turn, allows considering the spontaneous redistribution of automobile flow at the entry
of the queuing systems, the Runge-Kutte method was used.

KEY WORDS: LOGISTICS, MATHEMATICAL MODEL, TRAFFIC FLOWS, FREIGHT FLOWS,
RANDOM PROCESSES, MARKOVIAN PROCESSES, QUEUING SYSTEMS MODEL,
DIFFERENTIAL EQUATION, VECTOR-FUNCTION, RUNGE-KUTTE METHOD.

PE®EPAT

I'yceB A.B., I'puctok 10.C., Kackus B.U., Kackus C.B. Pa3zpaboTka MeT0J0B yCOBEPIIEHCTBOBAHUS
JIOTUCTUKH B YKpawWHe: UCCIICAOBAHHE MATEMAaTHYECKOW MOJCIH aBTOMOOWIIBHBIX M TPY30BBIX MOTOKOB /
Anekcannp I'yces, IOpuii ['puctok, Bmagumup Kackup, Ceernana Kackup // YnpaBieHue mpoekTamu,
CUCTEeMHBIN aHanu3 u jgoructuka, — K.: HTY — 2012, Beim. — 10.

B crathe paccmaTtpuBaroTCs BOMPOCH! Pa3pabOTKH MaTeMaTHYECKOW MOJETH ISl aBTOMOOMIBHBIX U
TPY30BBIX TOTOKOB ISl II€Nieil COBEPIIEHCTBOBAHUS JIOTUCTHUKH W OKCIEAMPOBAHUSA TPY30B B YKpawHe.
[Ipennaraemplii MaTeMaTHYeCKHH IOIXOJ TO3BOJSET, [0 MHEHHUIO ABTOPOB, CYIIECTBEHHO IOBBICHUTb
3¢ (HEeKTUBHOCTh JOTHUCTUYECKUX DEIIeHWH W, KaK OTAENbHOE HANpaBieHHE, MONYYATh WHCTPYMEHT IS
yuéra w pacu€ra TpPaHCIMOPTHONW HArpy3ku Ha OOBEKTHI JOPOXKHONW HH(PPACTPYKTYPHI H JOPOKHOTO
MOKpBITHS. VcclieioBaHne pacCMaTpUBaEMBIX CHCTEM MAaccOBOTO OOCITY>KMBaHHS C OTKa3aMH C MTOMOIIBIO
KJIACCHYECKUX METOAOB HE MOJIXOAUT HM3-32 BBICOKOW AMHAMHUKH COOBITUH B TPAHCHOPTHBIX M IPY30BBIX
MmoTokax. B pe3ynmpTaTe cTaTHCTHYECKHE IMOKA3aTeNd IUIOTHOCTH TPAHCIIOPTHBIX TOTOKOB CYIIECTBEHHO
oTanyaroTcs oT pacnpeneneHus llyaccona. bonee Toro, 3aiep’KKu TPaHCIIOPTHBIX CPEACTB M 3aJEPKKU
TPaHCHOPTHBIX TOTOKOB (KaK CIIEACTBUE pAa3HBIX TPUYMH, B TOM YHCIE M H3-32 CTOJKHOBCHHS
TPAHCIIOPTHBIX CPENCTB), NPUBOAAT K PE3KUM H3MEHEHUSM JWHAMHUKH COOBITHH W TIPUBOIUT K
HEMpeICKa3yeMbIM H3MEHEHUSM B COCTOSIHUM CHCTEMBI MacCOBOTO OOCITYy)KMBaHHA C OTKa3aMH.
[Ipennoxena maremaTHuecKas MOJI€Ib CHCTEMBI MacCOBOTO OOCTYHBAHHS C OTKa3aMH, KOTOPas MO3BOJIIET
paccunThIBaTh CIIyYailHbIE COCTaBJSIONIME OObeMa 3asBOK Ha OOCIy)KMBaHHE IOTOKOB U OOBEMOB
oOcyxuBanus. beun pa3paboTaHbl M MPEAI0KEHBI OCHOBHBIE TIPUHITUIIBI UCCIIEIOBAHUS CUCTEM MACCOBOTO
00CITy’)KUBaHUSI M MaTEMaTHYECKHE MOJIENTN, KOTOPBIE TTO3BOJISIOT YUYUTHIBATH CTyYalHBIM CICTEM MacCOBOTO
00CITy’)KUBaHUsI KOMIIOHEHTOB. [IpejicTaBlieHHbIE MaTeMaThieckas MOJENb M TPUHIUIBI HCCIIEOBAHUS
MOTYT OBITh WCIONB30BaHBl [JII MOJEIHPOBAHUSA CIYYalHBIX MAapKOBCKHX TMIPOIECCOB W JAMHAMUKHU
(OYHKITMOHUPOBAHUS JPYTUX CHCTEM MAacCOBOTO OOCITY)KWBaHUS JUIS Pa3UYHBIX 3a/la4 CBS3aHHBIX C
COBEpILIEHCTBOBAHUEM JIOTUCTHYECKHX MpoleccoB. Kpome Toro, maremarmdeckue MOJACIH M MPHHIUIIBI
WCCIIEIOBAHNUS MOTYT OBITh WCIOJB30BaHBI JIsi IPOTHO3UPOBAHUS TPAHCIOPTHON HArpy3KH Ha JOPOTY U
JOPOXKHOE TIOKpBITHE. /ISl ToTydeHuns pemeHusl CUCTeMbl OOBIKHOBEHHBIX AU QepeHIInanbHbIX YPaBHEHHH,
rJie Heu3BecTHbIe (pakTopbl UMEIOT BUJA (QYHKIWH, KOTOPBIA BKIIOYAET B ce0sl CIyYaiiHYIO COCTABIISIOINLYIO
(xoTopasi, B CBOIO O4Yepe.b, IMO3BOJISIET pacCMaTpUBaTh CIydailHOE MepepacrpeesieHHe aBTOMOOMIBHBIX
ITOTOKOB Ha BXOJIE CHCTEM MacCOBOTO 0OCTYXUBaHWsI), ObLIO MPEIOKEHO TPUMEHUTh MeTo1 Pyrre-Kyrra.

KIIFOYEBBIE CJIOBA: JIOTUCTUKA, MATEMATUYECKASA MOJEJIb, ABTOMOBUJILHBIE
[IOTOKU, TPY3OBBIE IIOTOKU, CJIYUAWHBIE IIPOLIECCBI, MAPKOBCKHUE IIPOIECCHI,
MOJIEJIb MACCOBOI'O OBCIIYKNBAHUA, ANODPEPEHIIMAJIBHOE YPABHEHUE, BEKTOP-
OYHKIMA, METO/] PYHI'E-KYTTA.
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