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MODELS OF ANALYSIS OF DISTRIBUTION
OF PASSENGER TRAFFICS IN ROUTED TRANSPORT SYSTEMS

Abstract. The article considers the mathematical models for describing the processes of movement in cities,
which are necessary for describing the processes of servicing on the routed urban passenger transport and making
decisions to improve the management of traffics. It is proposed to create a database of all permissible movement
paths in the city. There are many competing routes between any pair of city districts. An algorithm for the formation
of paths is proposed, its essence is construction of typical multigraphs of transport links. The developed approach
allows dividing the modelling of the processes of passenger traffic servicing on routes. This, along with the deve-
loped queuing models on the route, allows to obtain more detailed characteristics of the movement processes in the
transport system in comparison with the known methods.

Keywords: urban passenger transport, transport network, route network, route link, movement paths multi-
graph, traffic correspondence, route selection strategy.

Introduction. The purpose of the urban passenger transport system (UPT) is to provide services to
the city habitants by passenger transportation on the basis of efficient and coordinated use of available
transport resources and in accordance with public interests.

Considering the application algorithms characteristic for transport systems, it is possible to single out
a number of characteristic control tasks and corresponding subsystems of automated information resources
[1, 2]. At the first stage of development of such systems, it is important to provide a single formalized
description of the routed transport system [2].

The following formalized description of the transport system can be used for various types of routed
transport. Indeed, in such transport systems there are a number of common basic elements: the transport
network, the route network, the correspondence between the points on the transport network (TN), the
traffic flow on the route network (RN), the routes between the TN, the paths of servicing the traffic flows
in the RN, etc. A universal formalized description of routed transport systems is especially relevant in link
with the development of geoinformation systems [3].

The authors previously developed an algorithm for determining the maximum flow during
distribution in the network [4] and examined the problem of placing the minimum number of cameras in a
given transport network [5]. This scientific work is a logical continuation of the work performed on the
research topic.

Description of the transport network in the form of a graph. The transport network means the set
of points, characterized by a certain location and mutual relations between each other. The TN can be
represented as a graph S (Z, W), where Z is a finite non-empty set of points i € Z, |Z|=n; Wis a set of links
(arcs or edges) - (7, j) € W, whose length corresponds to the distance between points 7 and j, |W|=d, i=; i,j

= 1,7 . Here n, d are, respectively, the number of points and links on the graph S (Z, W).

The RN is specified by the set of transport routes (TR) - {M*}, where k e I*; || = m; I is a set of
indices of all TR-k operating on the RN; m is a number of TRin theRN.
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Each TR-k € Pis described by the sequence of passing the points i*s & = Ln .- that make up the
trajectory of its movement:

k Y Y 4
M " =i iy .. lnk} , (D

where ng is a number of points in TR-k, we should note that in the considered TR - k, the initial and final
points in the trajectory M* are the same, i.e. *; = i fk .

Link(ikg, ik,yis a route link of k-th TR. The set of all route links (ikg, ik,y, ke M k= 1,71 E=n;
& nel?lk on the route network can be represented as an oriented graph M(Z;, W;). Z;is a set of points

i€ Zi, |Z1| = n;, Z; c Z; Wi-is a set of route links (i; i*,) € W;, As the arcs we can consider the time spent
when following from point isto point *,,on TM - k, or distance between i*zand i*,on graph S(Z W)etc. The
number of route links |W;|=dis such that their number - d; , as a rule, is much larger than d, besides, it is
obvious thatn; <n.

On the transport routes k& & P, in accordance with its trajectory M, transport units (TU) move, which
provide transportation to the TR.

The operation of each transport route k is characterized by the set of parameters {¥} =
= {vf1, vha.., yhi), where yf, — is i-th parameter of TM k e P, i=1,1 , [ is a number of parameters i, € .

Note that the type of transport route - k is determined by the type of transport units (TU) - ¢,
functioning on this TR.

Between points i and j, i, i,j € Z, there are certain movement flows. If these flows can be considered
as stationary, the potential flows between points i/ and j are determined by correspondence that can be
represented as a matrix

A= A ] 2

where A4;1s intensity of the flow from i to j, i=; ije Z ijel, n .

The correspondences A; are distributed on the route network in the form of flows on routes that can
be represented using flow matrices:

X =1l G)

where x*z,is intensity of flow from point&to pointnon the transport route k € I, k= Lm; &n= Ln s TS

a number of points on TR k.

Correspondence A; consists of individual needs for movement, which we will call correspondence
clements. The implementation of correspondence elements can occur in different paths. For example,
individual movement of each element is possible, while restrictions on such movement are superimposed
in the form of its duration over time. Along with individual movement, the correspondence elements can
make movements using one or more transport routes of types ¢, k € F.

In the movement process using TR-k, it is possible to switch from one type of TU - ¢ to another type
of TU- @, s4, , or from one TU to another TU of the same type ¢, which is carried out using individual
movement . Necessity of performing the switch is due to the fact that route links (*z; #*,) do not exist
between all pairs of points 1 and j on the TN. In addition, for different links, certain modes of transport can
have different priorities.

Finding the shortest path. The implementation of movements by correspondence elements, as a
rule, is carried out by several competing (alternative) paths of movement. Most preferable in this case is
the shortest path and near-to-shortest ones. Movement paths consist of a sequence of alternating individual
and route links, and the movement path shall begin and end with individual link. We introduce a more
precise concept of the path of movement between the corresponding points on the transport network.

Path #71;1s k-th path of movement between point si and j on RN of order p, if a number of route links
(i's i',)on the given path is equal top, and a number of switches is less on one. Here / is a route number:
[ € P, Number of route links in the route (number of switches) can be limited byp=15, Sis the given
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allowable number of route links(7 i',)in path /7. As deviation from the shortest path can be considered
only in the allowable limits, then the number of paths between point s i and j; i#; i,je Z, is limited as

well: k= LV
Path /7;;between points i and jon RN can be described in the following way:
Py = {i.]; (W k); P k1 Gr1ps ko, o105 i G .. Ky G 11} 4

where #(h*;) 1s time spent to move on path #7; p is path order; £;is TR index, implementing /-throute

link(&, n)); &u mpare initial and final points in route link(&;, 1), /= Lp .

Further, in terms of abbreviating, instead of#?;; we shall write /.

Usually, in order to determine sensible and reasonable limitations on a number of competing paths /;
between points i and j on TN, the parties use the specified behavior strategy. Such a strategy is set by
probability function of priority p(f;)of movement paths /;, connecting corresponding points i and j:

p(hkl]) :/(‘}{1’ ‘}{2"""}{1): (5)

where V¥,is a value of p-th parameter, which specifies the path /;; p=1,7, [ is a number of parameters.

Probability function of priority (5) allows to make distribution of correspondences; in paths /i
proportionally to probabilities:

X(hig) = Ay plhiy), (6)

where x(/; )is a flow in path /., k=1, N , Nis a number of paths between points 7 and ;.

As distribution of correspondences A; may be fulfilled only in paths 44, connecting points / and j, so
the following equalities are fulfilled:

Zp(hkij)zla (7

hyeHy

Zx(hhj)=kij, ®)

hy;eHy

where H;;is aset of all paths, connecting points i and j.

Let’s consider the proposed approach for the formation of a formalized description of the transport
system with respect to the UPT system.

The transport network for the UPT is a street-road network (SRN) other city which is represented by
the SRN-S (Z, W) graph, where Z is a finite non-empty set of districts (zones) of the city ie Z, |Z] = n,
Wis a set of arcs (often it is possible to consider edges) (i, j) € W, the weight (length) of which

corresponds to the distance between i and j zones of the city on the SRN graph; | |W| =d, i, j=1,n; n, d -
are, respectively, the number of zones and edges on the graph of the SRN of S (Z, W).

The route network of the UPT consists of a number of routes. Routes in the city are of different types.
The type of the route is determined, as a rule, by the type of transport units carrying out the transportation
on the route.

Each k-th route of the UPT is described by the sequence of passing the zones iz &= U@kin the

. . -k .
forward direction before returning to the parking point M *© = {llk ,lf bl fk } . Note that #*; = 7 n, - that is,

the initial and final zones in the description of route k coincide, since the path of any route M* is a route
round trip. Route numbers form a set: £ € I, m is a number of routes in the UPT network.

Each route of urban passenger transport £ € P/ is characterized by a certain set of parameters. These
include, first of all, general parameters: this is a number of transport units carrying out transportation on
the route - ax; the time interval between transport units -7;; the length of the route -Li (sometimes, in the
case of routes with a complex configuration, it is more convenient to consider the length of the round trip).
The second group is formed by the parameters characterizing the means of transport that carry out the
transportation on the route - this is primarily the type of transport - ¢, the operational speed of transport
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on the route -7 (except for the operational one, more detailed parameters of the speed of movement can be
considered); capacity of transport units - iNj.

The transport interlink of districts of the city is characterized by potential flows of inhabitants moving
between zones 1 and j of the city, such flows are usually called potential correspondence. The intensity of
correspondence is given in the form of a matrix:

A = || A || where4;is the intensity of movement from zone i to zone j, i, j = 1,n, i, j € Z.
The intensity of passenger flows on the transport route is also specified in the form of matrices.
Elements of these matrices are real passenger traffic on each of the UPT routes - k& X* = || x*¢, ||, where

x'eyis the intensity of the passenger traffic from zone i to zone j on the route &; & 17 = 1,1, ; nxis a number

of zones in the trajectory of the route k I/
Elements of correspondence in the city are separate movements. Passengers when traveling between
areas of the city use walking (individual) movement, as well as movement using the routes of the UPT.
Route links on the UPT network will be denoted by /"y =(i"s i*,), k € I, E=; Em = 1,n, . If we

consider the route links of all routes cumulatively, then they form a multigraph of non-circular route links
M(Z;, W), where Ziis a set of city zones i € Z;, |Z| = ni, Zic Z; Wiis a set of direct route links (¥*; i*,) € W,.
The arcs of graph M(Z;, W;) can be associated with weight values that express certain characteristics of
the corresponding route link. The main characteristic is the time of travel. The total number of route links
in the city will be denoted by |W;| = d..

Since in general the routes cannot pass through all zones of the city i €Z, then n;<n. The power of the
set of direct links, in sufficiently developed networks of UPTs, considerably exceeds the power of the set
of links on the SRN, that is, d/ >> d.

The passenger during his movement also makes possible switches, which is due to the lack of direct
links between all pairs of zones i and j of the city on the SRN.

Basic parameters. Considering the movements picture in general, it can be said that the movement
of passengers between the zones of the city is carried out along competing routes (4) in accordance with a
specific strategy of behavior (5). It is possible to single out a number of basic parameters of the paths of
movement, that affect son choosing them by the population during their travels. This is, first of all, the
time of movement, which includes time for walking and departure from the beginning and end of the
movement; time for switch, time of travelling on the TU, time of waiting for maintenance. The second
most important parameter of the path of movement is a number of switches that has to be made during the
movement. In addition to these two parameters, the size of the payment for travel, the comfort of the
vehicle that carries out transportation, security, etc. are included in the characteristics of the travel path.

The procedure for the free distribution of correspondence A; to the RNUPT is performed in
accordance with (6).

Let us consider in more detail the representation of the elements which form the travel paths #y;, k=
1, N, Nis a number of paths between the zones of the city 7, j. Let’s give the definition of the basic
clements of the movement path. The pedestrian link between zones i and j on the TN reflects the
possibility of the corresponding type of movement, when the correspondence clements 4; are
implemented. The main parameter of such a link is the time of movement. We will denote the pedestrian
(individual) travel routes by

Wiy =g i j=1,n ijeZ, )

where /s the time of individual movement from point ito point j; #/; = oo, if between points i and ; there
is no possibility of walking in the TN. One can limit the possibility of walking movement, first of all, by
allowable distance between the corresponding zones.

Between the zones 7 and j on the TN, in the general case, there can be several individual links, so we
will consider the set of individual links:

HHI']'.' thj EHHj]'. (10)
The individual relationship #”; = {i, i; #*;}defines the possibilities of get the route stops in zone i;
1".is the average time get the TN stop in zone i, i=1,n , ie Z.
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The route link /", = (i*z i*,)corresponds to a trip made by correspondence elements on a certain
transport route - k without a switch, we will denote it by

Rey =tk & m; Miz), (11)

whereé and n are the numbers of the initial and final zones of the k-th route; /zyis the travel time on
link(& 7). Let’s denote by H"; the set of all route links between zones 7 and j with use of all possible
routes: 1'%z, eHY.

The route-individual link between the zones of the city 7 and j is a link that is a combination of some
route link /s, i = i*;and then an individual link /47

g =& ji Mg k& m, (12)

where %} is time of movement on the route-individual link /#**";; & and 7 are initial and final indices of
the points of direct route link(&, 7);; &k is a number of the TR that performs the link (£ 7). Walking
movement is implemented between points# and j, information about the possibility of such movement is
given by the element 4" is an individual link between pointsz and ;.

Let’s denote by H*"; the set of all route-individual links connecting the zones / and j of the city in
TN, ij=Ln, i#j ije Z.

In general, between the zones 7 and j of the city there are several individual, route and route-indivi-
dual links.

We denote the set of individual links between all pairs of points i and j by

H" =|JH] (13)
i

a set of route (direct) links between all pairs of points Sand 7by

HszHgg (14)
)

a set of route-individual links between all pairs of points £ and j by
HY =) HM (135)
£
Let’s denote the set of admissible movement paths between zones i and j with a given number of

switches (of order p) by H f . To determine such paths, we introduce a special operation for gluing

together the paths -® [10]. The non-transfer paths between zones i and j - /7 ,; (p = 1) will be determined
by gluing together individual and route-individual links:

1 b MH
H,=H,®H,., . (16)
In case if we form the movement paths of s-th order between all pairs of vertices 7, Z- H |, , we
can obtain movement paths of orders+ /by scheme:
s+1 s M
H;” =H;®H_./ . a7n

Thus, relations (16) and (17) define a recurrent scheme for obtaining movement paths between
vertices i,jeZof any order. For real transport systems, the permissible travel routes are of limited order.
For example, for the UPT system, it is practically possible to consider paths of traveling above the 4th
order (having three switches). We denote the higher order of the considered paths ¢, then the whole set of
movement paths connecting the vertices 7 and j is defined as
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M

. o n U S|, (18)

S

I
[*] A
11

but the whole set of paths is
H = H, (19)
i,

We now define the gluing operation by ®, used to form the movement paths in the city. To generate a
database of transportation routes, the street-road network graph and information on the routes of the UPT
are used. At the preparatory stage, the graphs of pedestrian and route-pedestrian links in the city are
formed.

Database of transportation routes. For the further formation of the database, a multigraph of route-
pedestrian links is used, the arcs of which are “glued together” with pedestrian paths, and then with paths
of the first and any other order. Thus, the arcs of the movement paths multigraph are formed between all
pairs of vertices corresponding to the transport zones of the city. The set of these arcs can be significantly
limited, taking into account the actual behavior of the population of the city when traveling. First of all,
the path of movement can be considered permissible if the number of switches performed on it is not
greater than a certain maximum value of ¢". In developed urban transport systems, ¢ can be taken as
equal to two for cities up to a million inhabitants and equal to three for large cities. It is a quite justified
requirement that the travel time #; shall be different from the minimum possible travel time between
zones I and j - /;by not more than « times: #;<or*’;. It is also necessary that the routes sequence used in
the travel route is elementary (the UPT route numbers should not be repeated). The path shall also be
clementary, however, pedestrian transitions within one zone are permissible. This means that the
following equalities are possible:

j:‘fb U1:§l+1>l:1>q_1> nq:j

Obviously, for the sequencei.&,,7,,...&,.n,,j. we can formulate a number of other natural

limitations that describe the processes of movement in a particular city and which are in fact constants of
self-organization of the transport system of the city[4].

In order to obtain a set of arcs 5” , aggregates are taken and route-pedestrian links from the

collection are attached to them. The gluing operation ® can be defined as follows:

I,&t:q kynkys S8, m)®EL T 1 k) =
(13]7 [s+[y; q+17 kl:"':kq:ky; fl:ﬂ]:"':?q:nqagany)a Z](‘
(20)

g+1<g™ A 1, +1,< 05[24 A (ky,...k, k) — elementary sequence

N (iaégl:nl:"':égq:nq:ég:nv:j) - elemen[ary pa[h

& — otherwise .

The final stage in the formation of a database of movementpaths is the unification of data on the paths

contained in arrays of pedestrian, non-stop and other paths: H), H; , H;., H ;’ H ;‘ , and the creation of

an array H = {H ; }, records of which describe the arcs of the multigraph of links between the transport

zones of the city.

—— 273 =——



N E W S of the Academy of Sciences of the Republic of Kazakhstan

Conclusion. The proposed method for describing the transportation process in a routed transport
system, whose main c¢lement is formation of the database of transportation routes in the city, it makes
possible to divide the modeling of the processes of servicing passenger traffic on routes. This, along with
the developed queuing models on the route, allows to obtain more detailed characteristics of the
movement processes in the transport system in comparison with the known methods.
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B. B. SIBopckmii, U. T. Yrendeprenos,
0. K. Mambip6aes, A. T. AxmenmsipoBa

AKIMaparThIK jKOHE €CETITEY 1M TEXHOJIOTHIap HHCTUTYThI, AnMarsl, Kazakcran

KOJIIKTIK )KXYUE BAFBITTAPBIHJIA
KOJAYHIBLIAPABI YIECTIPYAI TAJJJAY YJAI'LIEPI

Annotamusa. Makajgaga Kaxagarsl sKOJAyIIbUIAp KOJiri MapImpyThIHAA KBI3MET KOPCETY MPOLCCTCPIH CHIAT-
TayFfa KOHC KOJ KO3FaJbICHIH OacKapyabl )KaKCAPTy TYpPabl MCIIIM KaOBLIIAYFA KAKSTTI KAlIaaapaarsl KO3FAJIBIC
MPOILIECTEPIH CHNATTAYFAa APHAIFAH MATEMATHKAIBIK MOJACIBACP KapacTeIpburaabl. Kamazma skon >KypeTiH OapibIK
PYKCAT ETUITCH MApIIPYTTAPABIH JCPEKKOPBIH KYPY YCBHIHBUIAABL. KanaHBIH Ke3-KEITCH ayJaHJApPBIHBIH apachlHAA
KenTereH 0acekenec MapmpyTTap 6ap. ¥ ChIHBIIFAH JKOIJAPAbI KANBIITACTHIPY ANITOPUTMIHIH MOHI KOMIKTIK Oaina-
HBICTAPJBIH THNTIK MyJIbTHTPAQTApbIH KYpy OOIBII TAOBUIAABL O3IpICHICH TOCLT MApmIpyTTap OOMBIHINA >KOJAY-
IIBUTAPFA KBI3MET KOPCETY IMPOLECTEPIH MOJCHBACY Il AKbIpaTyFa MYMKIHIIK Oepeni. By mapmipyTrarsl skanman
KbI3MET KOPCETYIiH JaMbIFaH YITUICPIMEH KaTap, OCuriii 91iCTepMEH CAIBICTBIPFAH/IA, KOIK KYHECIHACTI KO3FaIbIC
TIPOIIECTEPIHIH CHITATTAMANIAPBIH aTyFa MYMKIHIIK Oepeti.

Tyiiin ce3aep: KalambIK KOJIAYIIBUIAP KOJITi, KONiK jKeIiCi, MAPIMIPYTTHIK KEJIi, MAPIIPYTTHIK OaHIaHBIC, KO3-
FaJIBIC OAFBITTAPBIHBIH MYJIBTHIPA(BL, KOIIKTIK MAJIIMET aIMAacy, MapPIIPYTTHl TAHAAY CTPATETHACHL.

B. B. SIBopckmii, U. T. Yrendeprenos,
0. K. Mambip0aes, A. T. AxmenmsipoBa

HHCTRHTYT HHPOPMATMOHHBIX M BHIYHCINTEIBHBIX TEXHOJOTHH, AMarel, Kazaxcran

MOJAEJHA AHAJIN3A PACIIPEJAEJEHHUA NACCAKUPCKHUX TPA®UKOB
B MAPIIPYTHBIX TPAHCIIOPTHBIX CHCTEMAX

AnnoTtamusi. B cratbe paccMaTrpHBarOTCd MATEMATHYECKWE MOJENH UL OMUCAHHS HMPOLECCOB ABIDKCHHSA B
ropoax, KOTOPbIC HEOOXOMUMBI I OIUCAHMA MPOLECCOB 00CIIY KUBAHUA HA MApPIIPYTHOM TOPOJICKOM IAacCaKUP-
CKOM TPAHCTIOPTE W NMPHHATHSA PEHICHHH IO COBEPIICHCTBOBAHWIO YIIPABICHHSA ABIDKCHHEM TpaHcmopTta. [Ipemna-
raeTcs co37arh 0a3y JAHHBIX BCEX AOIYCTHMBIX IMYTECH IBH)KCHHA B TOpoac. ECTh MHOTO KOHKYPHPYIOIIMX MapII-
PYTOB Mekay OO0 mapod ropoackmx panoHOB. [IpemmoskeH anroputM (JOPMHPOBAHHUS MyTEH, CYTh KOTOPOTO
3aKIFOYACTCSI B MOCTPOCHUH THIOBBIX MYJbTHTPAa()OB TPAHCHOPTHHIX CBA3CH. PazpaboTaHHBIA MOIXOX IO3BOJIIET
pa3aeauTh MOJCIHPOBAHUE IPOLECCOB OOCIIYKUBAHUS IMACCAHKUPCKUX IEPEBO30K HA MapHIpyTaX. JTO, HapAdy C
pa3paboTaHHBIMH MOJCISIMH MACCOBOIO OOCIY’KHBAHHMA HA MApLIpyTe, MO3BOIACT IOJYyYUTh OOJee ACTAIbHBIC
XAPAKTEPHUCTHKH IPOIICCCOB IBIKCHIS B TPAHCIIOPTHON CHCTEME TI0 CPABHEHHUEO C M3BECTHBIMH CITOCOOAMHU.

K/nroueBble cj10Ba: TOpoCcKOi MAaCCAKUPCKUK TPAHCIOPT, TPAHCHOPTHAS CETh, MAapLIPyTHAs CEThb, MApIIPyT-
HAsI CBSI3b, MyJIbTUTPA( IMyTEH IBIKCHUS, TPAHCIIOPTHAS MIEPEIMCKA, CTPATET M BHIOOpA MapIIPyTa.
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