MPETIOKEHBl PEKOMEHIANNN 110 TOBBIIICHUIO 3(P(EKTHBHOCTH (TOYHOCTH W CBOEBPEMEHHOCTH) cOopa
sputenbHor MHpopManuu (C3U1) n o0paboTku MH(OpPMAIMK, KOTOPHIC MO3BOJISIOT BOIWUTENIIO BHIOMPATH
KOHKPETHBIN "Oe30macHbIi" peskuM BoXKACHUS. [loka3aHo, 4TO MPOIECC yIpaBicHHUs aBTOMOOWIIEM JO0DKEH
OBITH OXapakTepH3OBaHa Kak 3ajada, B koTopoir C3M mmeeT mepBocTeneHHOE 3HaUYeHHE (HE3aBUCHMO OT
BPEMEHH CYTOK).

C yuéroM TIpOBEJCHHOIO aHalM3a, a TaKKEe OCHOBBIBASCH HA pe3yNbTaTax MPeabIAYIINX
WCCIIEIOBAaHUH aBTOPOB, MPEIIONAraeTcs, 4To JabHEHIINE UCCIENOBAHMS JIOJDKHBI OBITh HANpaBlieHbI Ha
MOBBIIIICHAE KOHCTPYKTUBHOW 0E€30MacCHOCTH TPAHCIIOPTHOTO CPE/ICTBA CBSI3aHHOW UMEHHO C €r0 aKTHBHOU U
MACCUBHON 0€30MacHOCTHIO.

KIIFOYEBBIE CJIOBA: BE3OINACHOCTb TPAHCIIOPTHOI'O CPEACTBA, AKTHUBHAA
BE3OITACHOCTb, ITACCUBHAS BE3OITACHOCTbD, CBOP 3PUTEJIbHOM HHOOPMALIMN
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DEVELOPMENT OF METHODS TO IMPROVE THE LOGISTICS IN UKRAINE: PROBING
THE MATHEMATICAL MODEL FOR ROAD TRAFFIC AND FREIGHTS SHIPMENT FLOWS

Gusev O.V., Ph.D.,
Grysjuk Yu.S., Ph.D.,
Kaskiv V.I., Ph.D.,
Kaskiv S.V.

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
queuing 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).

A 4
A 4
A 4

P() < Pl & Pz < P3

u 2p 3p
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-P]
dt

d
gtp1=WP0—WP1+2M-p2—M-p1

d
P2 Pim A P23 Hepy =20

d
—p2=A-p2—3-u-p3
dt

Ad them up with limitation-equation:

potpr+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

t:=0..90
339

and the duration of time for research of QS:



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.

At = |a1 if 30<t< 60 w( = |ul 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(t) - po + u(t) - p1
5
L) -po—A(D)-pp+2-pu()-pp—u(t)-pg
_ S D(t,p) :=
p-= 0 A -pr—A()-p2+3-pu®) - -p3—2-u®-p2
0 L) -p2—3-u(t) p3

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
04 n
7 N e
Z <2> , 2l
------ 021 I’
Z <3> IIl eI T I TS S S s s S e e e -]
----- [
7 <4> :'"l'
-rmsmen 0 - |
] ] ] ]
0 1 2 3 4 5

- (O

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, pul ><pu2:

Al =311 A2 =51 ul :=1.2 u2 =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.

2o |
A(D) = md(m)+7 if 30<t<60 () = md(m)+“7 if 30 < t< 60

A2 otherwise pn2 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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—A(t) - po + 1(t) - p1

S
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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):
7 := 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
0.1210.389| 0.41]0.159|0.042
0.180.349 | 0.392 | 0.193 | 0.067
0.2410.316| 0.38|0.216| 0.088

Al W|IN| 2| 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-(k2—k1) m=a

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:

. 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.

1 1 1 1 1 1 1 1
0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

7z (D

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 cTatrTi po3rIAIaroThCs MUTAHHS PO3POOKH MaTEeMAaTHYHOT MOJIENI [T aBTOMOOUTBHUX 1 BAHTAXKHUX
MOTOKIB JUIS IiJied BJOCKOHAJECHHS JIOTICTUKM Ta EKCIIeAWPYBaHHsS BaHTaxXiB B YkpaiHi. [IponoHoBaHmMit
MaTeMaTHYHUN MiIX1] T03BOJISIE, HA YMKY aBTOPIB, iCTOTHO MiIBUIIUTH €()EeKTHBHICTH JIOTICTUYHUX PIllICHb
1, SIK OKPEeMHUI HaINpPsIMOK, OTPUMATH THCTPYMEHT JIsl OONIKY 1 pPO3paxyHKy TPaHCIOPTHOT'O HaBaHTAKEHHS
Ha 00'€KTH JOPOXKHBOI IHPPACTPYKTYPHU Ta JOPOKHBOIO MOKPUTTSA. JIOCHIIDKEHHS PO3TIISHYTHX CHCTEM
MacoBOI'0 OOCITYrOBYBaHHS 3 BiIMOBaMH 3a JIONOMOTOI0 KIIACHYHUX METOAIB HE MiIXOAUThH 4Yepe3 BUCOKY
JMHAMIKW TIO/II B TPAHCIIOPTHUX 1 BAaHTAXXHUX MOTOKaX. B pe3ynbTaTi CTAaTHCTHYHI MOKa3HUKH MIUTBHOCTI
TPaHCMOPTHUX Ta BAaHTAXHUX IOTOKIB ICTOTHO BiAPI3HAIOTHCA Binm posnominy I[lyaccona. Bimbm Toro,
3aTPUMKH TPAHCIIOPTHHUX 3aCO0IB Ta 3aTPUMKH TPAHCIOPTHHUX MOTOKIB (SIK HACHIZOK PI3HUX MPUYWH, B TOMY
4HCii 1 yepe3 3ITKHEHHS Ta BiZIMOBH TPAHCIIOPTHUX 3ac00iB), PU3BOIATH JI0 PI3KUX 3MiH JUHAMIKU MOJIH 1
MPHU3BOAATH JIO Hemepen0dadyyBaHWX 3MiH y CTaHI CHCTEMH MAacOBOTO OOCIIyrOBYBaHHS 3 BiIMOBaMH.
3anponoHOBaHO MaTEeMaTHYHY MOJENb CHCTEMH MAacOBOrO OOCIyrOBYBAaHHS 3 BIIMOBAMH, SIKa JIO3BOJISIE
PO3paxoByBaTH BHIIAJKOBI CKIIAJ0BI 00CSTY 3asBOK HA OOCIYrOBYBaHHS MOTOKIB 1 00CATIB 00CITYTrOBYBaHHSI.
Bynu po3po0iieHi Ta 3arporoHOBaHi OCHOBHI MIPHHIIAITN AOCIIDKEHHS CUCTEM MacOBOI'O 0OCIYyTOBYBaHHS Ta
MaTeMaTHYHI MOJIENI, SIKi JIO3BOJISIFOTh BPAXOBYBATH BUIIAIKOBBICTh CHCTEM MacOBOTO OOCITYTOBYBaHHS Ta iX
KoMIToHeHTIB. [IpeacraBieHi MaTeMaTH4YHa MOJICNb Ta MPHUHIUIN JOCTIHDKEHHS! MOXYTh OyTH BUKOpPHCTaHI
JUIST MOJICTIOBAHHS BHIIJIKOBUX MAPKOBCHKHX IPOIIECIB Ta JAWHAMIKH (YHKI[IOHYBaHHS 1HIIUX CHCTEM
MacoBOTI'0 OOCTYTOBYBaHHsSI JUIS PI3HWUX 3aBAaHb IOB'SI3aHHUX 3 YJAOCKOHAJCHHSM JIOTICTUYHHX MPOIIECIB.
Kpim Toro, MaTeMaTH4Hi MOJIENI Ta MPUHIIUIH JOCITIKEHHS MOXKYTh OYyTH BUKOPUCTAaHI JJIsl IPOrHO3yBaHHS
TPAHCIOPTHOTO HABAHTAXKEHHS Ha JIOPOTY Ta JIOPOXKHE IMOKPUTTA. s oTpuMaHHS pIMICHHS CHUCTEMH
3BUYAHHUX TU(EPEHIIATbHUX PIBHAHB, ¢ HEBIIOMI YMHHMKH MAalOTh BUIIIAN (PYHKIIH, SKAH BKIIOYA€E B
ceOe BHIAJKOBY CKJIAJOBY (sIKa, B CBOIO 4Yepry, JO3BOJSE PO3IISAATH BHIIAJKOBE IEPEPO3NOJILT
ABTOMOOLIBLHMX IOTOKIB Ha BXOJI CHCTEM MacoOBOT0 OOCIYroBYBaHHs), OyJ0 3alpONOHOBAHO 3aCTOCYBATH
meron Pynre-KyrTa.

KJIFOYOBI CJIOBA: JIOT'ICTUKA, MATEMATHUYHA MOJEJIb, ABTOMOBUIbHI ITOTOKU,
BAHTAXHI ITOTOKMH, BUITAAKOBI ITPOLECU, MAPKOBCHKI ITPOLIECH, MOAEJIb MACOBOI'O
OBCJIIYTOBYBAHHS, AU®EPEHUIAJIBHE PIBHSAHHS, BEKTOP-®@YHKILIA, METOJl PYHIE-
KYTTA.

ABSTRACT

Gusev 0O.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.

PEDEPAT

I'yces A.B., I'pucrok 10.C., Kackus B.U., Kackus C.B. Pa3zpaGoTka METOZ0B yCOBEPIICHCTBOBAHUS
JIOTUCTHKH B YKpauHe: HUCCIICOBAHHE MAaTEMaTHYECKONH MOJIEIH aBTOMOOHWIIBHBIX U TPY30BBIX IOTOKOB /
Anekcannp ['yce, HOpuit I'puctok, Bnagumup Kackus, Ceernana Kackup / YmpaBieHue mpoeKTaMu,
cuCTeMHBIN aHanmu3 u jJoructuka. — K.: HTY —2012. Beim. — 10.

B cratbe paccMaTpuBaroTcs BOMPOCH pa3pabOTKU MaTEeMaTHYeCKOW MOJENH Ul aBTOMOOHIIBHBIX U
IPY30BBIX TOTOKOB JUIS II€JICH COBEPIICHCTBOBAHHUS JIOTUCTHMKU M SKCICAMPOBAHMs TIPy30B B YKpauHe.
[Ipemmaraemplii MaTeMaTHYECKHUH ITOAXOJ II03BOJIAET, [0 MHEHHIO aBTOPOB, CYIISCTBEHHO IOBBICUTH
3¢ ()EKTUBHOCTD JIOTMCTUYCCKMX PEIICHUH W, KaK OTACIbHOE HAlpaBjCHHUE, MONYYHTh HHCTPYMEHT IS
yuéra M pacuéra TPaHCIOPTHOH HArpy3KH Ha OOBEKTHI JIOPOXKHONH HHQPPACTPYKTYPHI H JIOPOXKHOIO
NMOKpBITHS. VccnenoBanrue paccMaTpUBaEMbIX CHCTEM MAacCOBOTO OOCIYKMBAHHS C OTKa3aMH € TIOMOIIBIO
KJIACCMYECKUX METOJIOB HE MOAXOIUT M3-3a BBICOKOH JMHAMUKUA COOBITUH B TPAHCIIOPTHBIX M T'PY30BBIX
norokax. B pe3ynbraTe CTaTUCTUYECKHE IOKA3aTeNd TUIOTHOCTH TPAaHCIOPTHBIX IMOTOKOB CYIIECTBEHHO
OTIIMYarOTCsl OT pachpenenenus [lyaccona. Bomee Toro, 3ajep>Kkd TPaHCHOPTHBIX CPEJACTB U 3aJIePIKKH
TPAHCIIOPTHBIX IOTOKOB (KaK CIIEACTBUE PAa3HBIX MPUYMH, B TOM 4YHCIE€ M H3-3a CTOJIKHOBCHHS
TPAHCIOPTHBIX CPEIACTB), NPUBOAAT K PE3KUM H3MEHEHHSIM JMHAMHUKH COOBITHH W TNPHUBOIAWT K
HEMpeNCcKa3yeMbIM HW3MEHEHUSM B COCTOSHHUU CHCTEMbl MAacCOBOTO OOCTYXHBAaHHS C OTKa3aMH.
[peanoxena MaTeMaTHUeCKast MOJIENTb CHCTEMBI MacCOBOTO OOCITY)KHBaHHS C OTKa3aMH, KOTOpasi TIO3BOJIsIET
pacCUMTBIBATh CIlydaiiHbIE COCTaBJISAIOIIME OObeMa 3asiBOK Ha OOCTY)XMBaHHE IIOTOKOB M OOBEMOB
obcmyxuBaHus. beun pa3paboTaHbl ¥ MPEATI0KEHBI OCHOBHBIE TPUHITUITBI HCCIICIOBAHHUS CHCTEM MACCOBOT'O
00CITyXKMBaHHS U MATEMATHUECKHE MOJICIH, KOTOPhIC TIO3BOJISIOT YUUTHIBATH CIIyYaiHbIM CHCTEM MACCOBOT'O
00CITy)KMBaHMSI KOMIIOHEHTOB. [IpencraBicHHbIE MaTeMaTW4yecKas MOJACAb M IPUHLUIBI HCCIEIOBAHUS
MOTYT OBITh HCIOJIB30BaHBI I MOJCIMPOBAHUS CIIydalHBIX MApPKOBCKHX IIPOLIECCOB M JUHAMHUKHU
(YHKIIMOHUPOBAHUS JPYTrHX CHCTEM MACCOBOrO OOCHY)KMBaHHUS JUIA Pa3IUYHBIX 3aJad CBA3aHHBIX C
COBEpPILICHCTBOBAHMEM JIOTUCTHYECKUX MpoiieccoB. KpoMe Toro, MaTeMaTH4YeCKHE MOJICIH M TMPUHIIUITBI
HCCIICIOBAHMS MOTYT OBITh HCIOJIB30BAaHBI i IIPOrHO3UPOBAHUS TPAaHCIOPTHOM HAarpy3KH Ha JOPOry U
JOPOXKHOE MOKPBITHE. [1JIs MONydeHUs PEICHHUS CUCTEMbl OOBIKHOBEHHBIX AU(PEepeHIIMATBHBIX YPaBHCHUH,
IJie HeM3BECTHBIE (PaKTOPBI UMEIOT BUJ (DYHKIUI, KOTOPBIA BKIIOYAET B ce0sl CIIyYaHHYIO COCTaBIISIONIYIO
(koTOpasi, B CBOIO Odepeib, MO3BOJSIET paccMaTpUBaTh CIy4aiHOE IepepacipeseleHne aBTOMOOMIBHBIX
MOTOKOB Ha BXOJIE CHCTEM MAacCOBOT'O O0CTYKHBaHUs), ObLIO IPEIOKEHO MPUMEHHUTh MeTof] Pyrre-Kyrra.
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