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The article proposes an improved model for calculating matrices of passenger correspondences, which takes
into account time limits of travel benefits. The relevance of the study is due to the need to adapt transport
planning to social changes and reduce passenger traffic in conditions of limited funding. Traditional
approaches do not take into account the impact of changes in the time of benefits, which leads to distortion of
modeling results and inefficient use of resources. The proposed model takes into account the temporal
availability of benefits and allows calculating the attraction coefficients between transport areas, taking into
account the periods of paid and free travel. Special attention is paid to the analysis of the dynamics of trips of
persons of preferential categories at different times of the day, which allows correctly considering peak and
interpeak loads. The introduced parameters allow calculating the share of time allocated to each type of travel
and combining the corresponding attraction coefficients. Thus, the model reflects the change in the mobility of
preferential categories of passengers depending on the time of day, which is especially important for cities
with a high share of such passengers. The developed approach also allows assessing potential changes in
passenger flows when adjusting the time limits of the benefits, which can be useful for transport management
bodies. The paper considers various options for the mutual arrangement of the time intervals of the benefits
and the calculation of the corresponding weighting coefficients. The results obtained allow the formation of
more accurate and flexible correspondence matrices that take into account social policy in the field of
transportation, demand reduction and uneven load on the transport network. The proposed approach is
universal in nature and can be adapted to different conditions of public transport operation, contributing to
more effective planning of routes and schedules. In addition, the model can be integrated into existing
transport modeling information systems for automated consideration of preferential factors.
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Introduction. The modern transport system faces challenges related not only to the
technical aspects of transportation, but also to changes in social policy, in particular in the field of
preferential travel. In conditions of limited funding and the need for rational use of resources, the
calculation of correspondence matrices that take into account the time limits of the benefits is
becoming increasingly relevant. Traditional transport planning models are not always able to
accurately reflect the impact of such restrictions on the spatio-temporal structure of passenger
flows, which leads to distortions in forecasting and inefficient transport management.

The need to improve the methods of calculating correspondence matrices is due to the need
to increase social justice, economic efficiency and optimize transport costs. This issue is of
particular importance in cities with a high proportion of passengers using benefits that are limited in
time (for example, only during off-peak hours). In such cases, the structure of demand shifts, which
must be taken into account in analytical models to ensure adequate planning of routes, traffic
schedules and vehicle loads.

Thus, the development of new models capable of integrating time constraints on benefits
into the process of constructing correspondence matrices is not only relevant but also critically
necessary for creating an efficient, flexible, and socially oriented transportation system.

Analysis of recent achievements and publications. Research into methods for generating
and analyzing passenger correspondence matrices is a key area of research in transport modeling,
especially when considering time constraints associated with travel benefits. Different approaches
to calculating such matrices allow us to choose the most appropriate models for specific urban
mobility conditions.
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In the works [1, 3, 4] synthetic and stochastic methods of constructing correspondence
matrices that take into account the structural features of passenger flows are considered. In [3] the
formulation of the problem of random filling of the matrix is proposed, considering the uncertainty
in the initial data, which is especially relevant in the case of preferential transportation, when
accurate observation of the passenger is difficult. In [4] the accuracy of models for small cities is
estimated, where the effects of the influence of privileges can be more pronounced due to the
smaller number of alternative routes.

Interval approaches to modeling that consider ranges of possible values instead of fixed ones
are discussed in [2]. This approach allows for better consideration of temporal variability in
demand, particularly in the case of limited-time benefits.

The works [6, 7, 9] are devoted to modeling the dynamics of transport and pedestrian flows,
as well as determining the passenger waiting time, which is of critical importance for analyzing the
behavior of preferential categories of passengers who may change routes in response to changes in
service conditions. In [6], a model for optimizing the stay of transport at stops is considered, which
allows considering the time component when forming correspondences.

The issue of accounting for preferential passenger categories in urban conditions is partially
considered in [8], which examines the impact of reducing the number of carriers on passenger
correspondence. This allows us to draw conclusions about the flexibility of passenger demand and
changes in the structure of trips due to restrictions on transport supply.

The application of intelligent systems for passenger flow forecasting is presented in [11],
where electronic ticket data is used to model passenger flow during special events. Such approaches
can be adapted to model the behavior of preferential passengers depending on the time of day or
calendar day.

Special attention is paid to modern works that combine methods of network analysis and
transport geography [10, 14, 15]. It is shown how weighting factors in complex networks allow
considering real passenger traffic, which can also be used to analyze the impact of time restrictions
on the activity of preferential categories of transport users.

In [12], a method for integrating ticket sales and passenger registration data to construct
dynamic OD matrices was developed. This approach is extremely promising in the context of
studying preferential travel, when taking into account the time of day is of fundamental importance.
And in [13], optimization of transport frequency is considered, considering new restrictions that
arose during the pandemic; similar methods can be applied to adapting transport to the time frame
of the benefits.

Thus, the analyzed sources form a comprehensive picture of modern approaches to modeling
passenger correspondence, especially in conditions of time and social constraints. The proposed
study is a logical continuation and expansion of the above approaches, aimed at taking into account
the specifics of the action of travel benefits in the temporal aspect.

Goal and problem statement. The aim of the work is to develop a model for calculating
correspondence matrices that takes into account restrictions in the form of time changes in the
validity of travel privileges. This approach involves the development of methods for adapting to
reduced demand, optimizing the frequency of flights, and maintaining the efficiency of transfers
between different modes of transport.

Presentation of the main research material. Consider the transport network of a
hypothetical city, which consists of separate transport districts or zones, between which there is
intensive daily movement of passengers. This movement is carried out using public road transport,
which provides a connection between residential, business, educational and other functional zones
of the city. The transport network is considered as a system that includes nodes (transport districts)
and connections between them (public transport routes), along which passenger flows move.

To simplify the analysis and focus on key aspects related to the impact of restrictions on
benefits, it is advisable to introduce a generalization: consider public transport as a homogeneous
system, represented by one type of vehicle — for example, buses. This allows us to abstract from
technical and technological differences between modes of transport and focus on the basic patterns
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of passenger flow formation and their change due to the action of social restrictions. This approach
does not reduce the generality of the model, but on the contrary — it allows us to identify universal
dependencies that can be further adapted to broader conditions.
Let us consider the construction of a generalized model that allows calculating the matrix of
passenger correspondences taking into account the time limits for the validity of travel privileges.
The model parameters are presented in Table 1.

Table 1 — Model parameters

. . Unit
Designation
No. Parameter name measurement
parameter
parameter
Model input parameters

Number of passengers in preferential

1 N categories traveling within the transport Persons
network
Statistical constant reflecting the ability of

2 p persons from privileged categories to travel for -
a fee in the transport network

3 to Time of entry of vehicles onto the transport Time units
network route

4 t Time of return of vehicles to the depot (end of Time units
route)
Start time of free travel for preferential

5 ta1 categories of passengers traveling in a given Time units

transport network

Expiration time of free travel for preferential

6 tn2 categories of passengers traveling in a given Time units

transport network

7 [titz] The  time perio_d _ over which  the

' correspondence matrix is calculated

8 t Current time Time units
Intermediate model parameters

Gravity coefficient taking into account

9 Cij1 passengers of preferential categories during -

paid travel

Attraction coefficient taking into account

10 Cij2 passengers of preferential categories during —

free travel

Percentage coefficient of finding the time

11 ®1 period on which the calculation is made in -

paid parts of the day

Percentage of finding the time period on which

12 2 the calculation is made in free parts of the day B

In modern conditions, society is increasingly faced with the influence of various external
factors that significantly change the usual rhythm of life. One of such factors is the epidemiological
situation, which can lead to restrictions on the activities of certain areas of social functioning, in
particular, transport. In such conditions, optimization of transport connections and management of
passenger flows becomes of particular importance. One of the most relevant restrictions that affect
the formation of transport demand is the limitation of the duration of travel privileges for certain
categories of passengers.

Time units
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Such restrictions lead to a change in the nature of movement of preferential categories of
citizens, causing uneven load on the transport system at different times of the day. In this regard,
traditional approaches to the formation of correspondence matrices — one of the main tools of
transport modeling — need to be adapted and improved. In particular, it is advisable to introduce a
variable attraction coefficient, which depends on the presence or absence of privileges in a specific
period of time. This will allow for a more accurate account of the change in demand due to time
restrictions on free travel.

Let to and tx denote the start and end times of the public transport route, respectively. In this
case, the time interval from ti to t. denotes the range of validity of the preferential travel — that is,
the period during which passengers of preferential categories have the right to free travel. It is
obvious that if the moment of the trip does not fall into this interval, the probability of the trip for
the beneficiary decreases, which must be reflected in the model by means of an appropriate
adjustment of the attraction coefficients in the correspondence matrix.

Let's create a system:

( tl;t2 <t
n Di—n ’ a1
Cij1 = ﬁ P+ %' (tzt-s™1), akmo ; (1)
J J t>ty
1
ty <tl
n Di—n =
Cijz = HH (g h) + % (t;t-s71), akmo i ) (2)
\ / J t2 <t

That is, during the period of the benefits, when travel for certain categories of passengers is
free, the attraction coefficient cij between districts i and j for such passengers does not depend on
the cost of the trip. During this period, only the spatial and temporal characteristics of the route
remain decisive factors — distance, duration of the trip, frequency of transport, etc. At the same
time, when a trip for preferential categories becomes paid, that is, it goes beyond the allowed free
period — there is a decrease in the mobility of this group of passengers. In such cases, the attraction
coefficient is no longer neutral, but has a conditionally constant weight, which can be denoted as a
statistical constant p, which characterizes the willingness of passengers of preferential categories to
make paid trips.

In other words, during the time of the benefit (for example, during off-peak hours of the
day), the demand for trips from benefit holders remains high, while at other times of the day — in
particular during rush hours or late at night — this demand decreases significantly. The reason for
this is not only financial, but also a change in motives for travel — many benefit holders plan their
trips taking into account the time of free travel.

In this regard, for the correct calculation of the correspondence matrix with the participation
of passengers of preferential categories, it is necessary to take into account the time limits of the
validity or absence of privileges. That is, it is necessary to know exactly for what period of time the
matrix is calculated, as well as what proportion of this interval falls on periods of free or paid travel.
Otherwise, the model will lose its adequacy and will not be able to correctly reflect the real
behavior of passengers, which will lead to data distortion and errors in transport planning.

That is why the following variable parameters are introduced:

®1— shows the part of the time period that is in the paid part of the day,

®2— shows the part of the time period that lies in the free part of the day.

Let us consider all possible options for calculating the variables ®1and @2 .

Under the condition tu, t2, ta, t € [ty; t,] then we will compose the systems.

|

to to1 t) &%) b tx

Figure 1 — The first option for the mutual arrangement of time intervals travel benefits
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When performing conditions:

{tz > tJ‘[Z
ty >t
we get:
t t
@1 — 2 n2 ,
t =t
0,=1-0,.

to t th L W

Figure 2 — Second option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 2):

t, <t
{tl <t ’
we get:
t.1—t
@1 — al 1 ’
=t
@2 = 1 - @1.
I | | I 1 l
1 1 1 | 1

Figure 3 — Third option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 3):

t, >t
{tl >t
we get:
@1 = 1 y
@2 - 0
1 1 ] 1 I |
I 1 y ! (I |
to 1 b b tn T

Figure 4 — Fourth option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 4):

L, <t
{tl <t,’
we get:
0,=1,
0, = 0.
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Figure 5 — Fifth option for the mutual arrangement of time intervals travel benefits

When performing conditions (Fig. 5):

{tz > tJIZ
ty <ty
we get:
0 :tﬂl_t1+t2_tn2
! tp—t;  t,—t
@2 == 1 - @1.

l 1 | | 1 I

I I 1 | l |

to L1 b &2 tnz tK

Figure 6 — The sixth option for the mutual arrangement of time intervals travel benefits
When performing conditions (Fig. 6):

{tz < tJIZ
>t

we get:
@1 = 0 )
@2 = 1.

Then the final formula for calculating the gravity coefficient is in case of limiting the
validity period of travel benefits will be found using the expression:

Cij = 017 Cij1 + 0y Cyja, 4)

where: ¢;;; is calculated by formula (1), ¢;;,by formula (2) .
Then, considering

n, Dj—n, __  _
Cij=®1-<3j-p+ D, -(tn1-51)>+
J1 — D'_JI — —
+@z-<§-(tn1)+;—?-(tn1-s 1)). (5)
J J

Conclusions.

1. Thus, the paper proposes a model for calculating passenger correspondence matrices that
considers time restrictions on travel privileges. Such solutions will provide more accurate
forecasting of passenger flows and more efficient use of limited transport network resources,
considering the decrease in demand for certain routes and the limited number of available carriers.
The model allows you to optimize the frequency of flights by changing the intervals between trips,
as well as redistribute passenger flows between different routes, which allows you to maintain a
high level of service under conditions of reduced transportation.

2. Taking into account the time limits of travel benefits in the process of constructing
correspondence matrices is an important stage in improving transport modeling. This allows for a
more accurate reflection of the real conditions of passenger flow, taking into account social factors
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and changes in the demand structure. The development and implementation of new models taking
into account such restrictions contributes to increasing the accuracy of forecasting, optimizing
transport planning, as well as a more rational allocation of resources. This approach ensures not
only the economic efficiency of transportation, but also contributes to the formation of a more fair
and adaptive transport policy focused on the needs of different categories of the population.

Prospects for further research. Further research consists in expanding the proposed model
by including additional socio-demographic parameters of passengers, as well as taking into account
seasonal and daily fluctuations in demand. It is advisable to investigate the possibility of integrating
the model with real-time operational monitoring systems of passenger flows for adaptive
management of the route network. Special attention should be paid to the development of
algorithms for automatic adjustment of travel intervals based on predicted changes in the structure
of preferential transportation. Further research may focus on a comparative analysis of the
effectiveness of the model in conditions of different types of urban transport systems.
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Cnaeuu B. II. MOJIEJIb TA METOJI PO3PAXYHKY MATPUILIb KOPECIOHJEHLIIM 3
YPAXYBAHHSIM YACOBUX OBMEXEHbD I [TPOI3HUX ITIJIbI

Y pobomi 3anpononosano dockonaneny mooeisb po3paxyHKy Mampuyb nNaAcadCupcbKux KOPecnoHOeHyil, uo
8PAX08YE 4ACO8I 0bOMednceHHs. Oii Npoi3HUX ninve. AxmyanbHicmv O0CHIOJNCEHHS 3YMOGIEHA NOmpehoio
adanmayii MpaHcnopmHo20 NIAHYBAHHA 00 COYIANbHUX 3MIH MA 3MEHUWEHHS NACANCUPONOMOKY 8 YMOBAX
obmediceno2o pinancysanus. Tpaduyitni nioxoou He 8paxo8yms 6NUE 3MIH Yy Yaci Oii ninve, Wo NPU3800UMd
00 BUKDUBTIEHHS Pe3yIbmamie MOOeN08aHHsA mMa HeeheKmMUBHO20 BUKOPUCIAHHI pecypcis. 3anponoHoeana
MOOeNb 8paAXo8ye 4acosy OOCHYNHICMb RNilbe | 0036058€ PO3PAXOBY8AMU KOeDIYIEHMU MANCIHHA MidiC
MPAHCNOPMHUMU PAUOHAMU 3 YPAXYBAHHAM Nepiodie NAamuo2o ma 6e3KoumosHo2o npoizdy. Ocobaugy ysazy
NpuoiNeHo ananizy OUHAMIKU NOi300K 0Cib Nib208UX Kame2opitl Y pi3Hi 200UHU 000U, WO 003801AE€ KOPEKMHO
8paxyeamu nikoei ma Mixcnikoei HaeanmasicenHs. Beedeni napamempu 00360410Mb PO3PAXOBYEAMNU YACNKY
uacy, wo Npunaodde Ha KOdcen Mmun npoizdy, ma KoMOIHysamu 6i0nogioHi koegiyicnmu msxcinus. Taxum
YUHOM, MOOETIb 8I000PANCAE 3MIHY MOOLIBHOCII NIILEOBUX KAMEe20Pill NACANCUPIE 3ANLENHCHO 810 4acy 00bu, wo
0COOIUBO BANCIUBO O/t MICI 13 BUCOKOIO YACMKOI MAKUX nacaxcupis. Pospobnenuil nioxio maxoaic oae 3mozy
OYIHUMU NOMEHYIUHI 3MIHU NACANCUPONOMOKIE NPU KOPUSYBAHHI 4ACO8UX Medic Oii nilbe, wo modce Oymu
KOPUCHUM OJiA Op2aHié YNpaeniHHs mpaxcnopmy. Y pobomi po3eisiHymo pIi3HI 6apianmu  83aEMHO20
po3mauilysants inmepeanié uacy Oii nilbe ma po3paxyHKy 6ION0SIOHUX 6acosux Koegiyieumis. Ompumani
pe3yrbmamu 0036010Mmeb hopmyeamu Oibls MOYHI MA SHYUKI Mampuyi KOpeCnoOHOeHYIl, Wo 8Paxo8yms
coyianvHy noaimuxy y cghepi nepeseseHvb, 3MeHWIeHHs NONUMY MA HEPIBHOMIPHICMb HABAHMAICEHH HA
MPAHCNOPmMHY Mepexcy. 3anponoHosana mMooeib Modice Oymu 6UKOPUCAHA OJi1 ONMUMI3ayii po3Knadie pyxy
agmooycig y 200uHU 3 NIOBUUEHUM NONUMOM ceped Rilbe08UX Kame2opill (Hanpukiao, paHkosi 200uHU O/
NeHCioHepis), 0 NPOSHO3YBAHHSA 3MIH HABAHMANCEHHS HA MAPWPYmMu y pasi KopeKyii noaimuxu niib208020
npoiz0y (Hanpukiaod, cKkacy8anHs Niibe y NiKOGi 200UuHU a0 86e0eHH s OOMENCEHb Y GUXIOHI OHL), A MAKOIC 0I5
ananizy eghexmueHoCmi UKOPUCMAHHS MYHIYURAILHUX CYOCUOIll HA NepeseseHHs y PisHull yac 00ou ma OHi
muodicnsi. Modenv makooic 00380a5€ 00TpYHmMY8amu HeoOXIOHICb 3aNyCcKy 000amKo8ux peucie abo 3miHumu
MApuipymu 3 ypaxy8aHHsiM 3MIH Y NO6eOIiHYI Nibe0BUX NACANCUPIS, Wo cnpusimume OLbul 30A1aHCO8AHOMY
HABAHMAIICEHHIO HA MPAHCNOPMHY Mepedicy. Bona modce 6ymu Kopucnow npu @opmyeanHi coyianrbHO
OpIEHMOBAHOI MapughHol NOIMUKU, KA 8PAX08YE Yac 000U ma Kkamezopii nacaxcupie, 3abesneuyoyu il
payionanvHe gukopucmaunts pecypcis. Kpim moeo, mooens modice bymu inmezpoeana 6 Has6Hi iHopMayiiini
cucmemu MpaHCROPMHO20 MOOETI0B8AHHL OJis AGMOMAMUZ0BAH020 8PAXYE8AHHS NIIbEOBUX PaKmMOpIs.

Kntouoei cnosa: nacasicupcoki nepesesents, Mampuys KOpecnoHOeHYill;, Mapupymui nepeee3eHHs, niibe06utl
npoi30; MpaHcnopmHe MOOENOBAHHA, NACANCUPONOMIK, UYACOBI 00MedCeHHA, KoepiyieHm MANCIHHA,
2POMAaOCLKULL MPAHCNOPM, OUHAMIKA NOI300K,; NAAHYE8AHHS Nepege3eHb.
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