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The development of the infrastructure of transport interchange 
hubs is currently necessary to meet the growing demand for 
passenger services and to prevent infrastructural constraints on 
technological modernisation of entire transport system. Large-scale 
infrastructure projects are of a pronounced complex nature, 
involving many related industries in their sphere, which ultimately 
leads to an additional increase in GDP. A modern transport 
interchange hub is a public and business centre that ensures the 
quality of services, safety, technological reliability and creates an 
active business environment based on development of passenger 
infrastructure. Considering the latest global trends in the field of 
passenger transportation that englobe multimodality, speed, comfort 
and safety of passenger transportation, there is a pronounced need 
to develop modern transport interchange hubs.

Minimisation of passenger transfer time between interacting 
modes of transport at TIH can be achieved by coordinating contact 

timetables of different modes of transport. To do this, it is necessary 
first, to solve the problem of determining the optimal mode of 
interaction between ground urban passenger and rail transport.

The objective of the study described in the article is to 
determine the mode of supply of the units of ground urban 
passenger transport, which ensures the minimum time for 
a passenger to stay at TIH in accordance with the timetable of 
electric trains regarding the considered TIH. To reduce the 
dimension of the problem, it is assumed that all electric trains will 
have the same composition.

The methods of scheduling theory were used to solve the 
problem in the context of the study that resulted in a formalised 
problem of determining the optimal mode of interaction between 
ground urban passenger transport in transport interchange hubs 
illustrated by the example of interaction of rail and urban road 
transport and considering all existing constraints.
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INTRODUCTION
The infrastructure of the transport interchange 

hub (TIH) is an important part of national 
passenger system [1] . TIH as the most important 
element of the transport infrastructure, providing 
passenger transportation, is of great socio- 
economic importance [2–4] . Modern TIH can 
and should be considered as a point of growth of 
social and business activity of the population . 
The international practices of TIH have 
contributed to cumulate a wealth of experience 
in creating multifunctional public and business 
facilities [5–7] . We see examples of such TIHs 
in Europe, Asian countries, and the USA .

A significant aspect of improving the quality 
of passenger service in TIH is minimisation of 
the passenger transfer time between interacting 
modes of transport [8], which can be achieved 
by coordinating contact timetables for different 
modes of transport . First, it is necessary to solve 
the problem of determining the optimal mode of 
interaction between ground urban passenger 
transport (GUPT) and rail transport [9; 10] using 
the methods of scheduling theory [11–13] .

STATEMENT	OF	RESEARCH	OBJECTIVE
Let us formulate the problem of determining 

the optimal mode of interaction between modes 
of transport in TIH using the example of 
interaction of rail transport and GUPT (buses, 
trolleybuses, trams, fixed- route taxis (jitneys), 
taxis, personal vehicles) .

Electric trains arrive at TIH with passengers 
changing to GUPT with further destination at n ∈ 
[1…N] points, while the location of the considered 
TIH is denoted by n0 = 0 . Passengers arrive at TIH 
from each of these points to transfer to the electric 
train . The capacity and parameters of the considered 
TIH, the number of urban transport routes 
interacting in the TIH, the composition of electric 
trains for various purposes are known .

The objective of the study is to determine the 
mode of supply of vehicles of urban passenger 
transport, which ensures the minimum time for 
a passenger to stay at TIH during the planning 
period t ∈ [1…T], divided by ϑmax equal intervals, in 
accordance with the established mode of traffic 
(timetable) of electric trains for the considered TIH .

RESULTS
Mathematical Formulation of the Problem

To formalise the problem, we describe the 
operation of each mode of transport and of the 
TIH in the form of a system of constraints .

The Operation of Rail Transport
Let there be a characteristic of the selected 

time periods pt1, pt2, … ptϑ, … ptϑmax, pt ∈ N, where the 
length of the characterised period depends on the 
discretisation value of the problem, each of which 
is a reduced estimate of T/ϑ, min, of the considered 
period of TIH operation . Each ptϑ is characterised 
by the moment of the beginning of the interval 
tϑ

i and by the moment of its end tϑ
i+1 .

To reduce the dimension of the problem, we 
assume that all electric trains will have the same 
composition [14–16], then the maximum number 
of passengers that can arrive by an electric train 
will be denoted by g, the time of boarding and 
disembarking from the electric train will be τ . As 
an additional constraint, we accept that boarding 
an electric train of one and the same destination 
can only begin after passengers have disembarked 
from it [17–19] .

We formulate these constraints as follows:  
10 i it t Tϑ ϑ

+≤ < ≤ , ( )1 2i it tϑ ϑ
+ − ≥ τ  .

GUPT Operation
Let us use the following designations: τn –  the 

travel time of a vehicle of urban passenger transport 
towards point n, min; as s ∈ [1…S] –  the total number 
of the units of rolling stock of urban passenger 
transport going to point n during the period T under 
consideration; 

bus

s
g nτ  –  time of boarding/disembarking 

for GUPT at point n ; ( ) ( ){ }i n iQ t q tϑ ϑ=  n  ∈ 1,�N   –  

the vector of presence of passengers to be delivered 
to TIH; ( )n iq t ϑ  = 1, if there are passengers at point 
n who can be delivered to TIH at time tϑ

i and ( )n iq t ϑ   = 
0 otherwise;  s

nM –  the maximum number of GUPT 
vehicles’ (s) journeys from TIH to point n; P –  TIH’s 
transit capacity to process GUPT vehicles . Urban 
transport vehicles going to point n have different 
capacity s

nh  .
Let’s create a system of constraints that 

describes the transport process using Boolean 
variables:

 1, if at the moment tϑ
i an urban transport vehicle s during ms

n journey

0 ( )
s
nsm

n iU t ϑ  =  moves with passengers from TIH to the point n; (1)
 0 otherwise.

{
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( ) ( ) ( )
s s s
n n nsm sm sm

n i n i n iW t Z t Z tϑ ϑ ϑ= + ;  (11)
0 0 0

0 0 0( ) ( ) ( )
s s ssm sm sm

i i iW t Z t Z tϑ ϑ ϑ= +  .  (12)
At any moment tϑ

i during the interval ptϑ 
under consideration, any vehicle s can only be 
in one of the following eight states: in motion 
from TIH to point n making a journey ms

n with 
or without passengers; in motion from point n to 
TIH making a journey ms

0 with and without 
passengers; at TIH after journey ms

0 under 
embarkation and under disembarkation; at point 
n after journey ms

n under embarkation and under 
disembarkation .

For each type of GUPT, at any two consecutive 
times tϑ

i, tϑ
i+1 ∈ 1,T , only one of eight situations 

occurs when moving along the connected route 
at the time:

• tϑ
i and tϑ

i+1: a vehicle moves to the point n 
from TIH .

• tϑ
i and tϑ

i+1: a vehicle moves from the point 
n to TIH .

• tϑ
i: a GUPT vehicle moves to the point n 

from TIH and at the moment tϑ
i+1 it is at the 

point n .
• tϑ

i: a GUPT vehicle moves to TIH from the 
point n and at the moment tϑ

i+1 it is at TIH .
• tϑ

i and tϑ
i+1: a GUPT vehicle is at the 

point n .
• tϑ

i and tϑ
i+1: a vehicle is at TIH .

• tϑ
i: a GUPT vehicle is at the point n and at 

the moment tϑ
i+1 it moves to TIH .

• tϑ
i: a GUPT vehicle is at TIH and at the 

moment tϑ
i+1 it moves to the point n .

For a GUPT vehicle s to be in only one of 
eight listed situations at every two successive 
moments tϑ

i and tϑ, the following constraints are 
necessary and sufficient:

( ) ( )0 0 1
1 1

1( )

( )

s s
n n k ss

n kn

s s
n n k

M M
smsm

n i n k i
m m

V t V t
+

+

+

ϑ ϑ
+ +

= =

+ ≤∑ ∑ , (13)

 1, if at the moment tϑ
i an urban transport vehicle s during ms

n journey

0 ( )
s
nsm

n iU t ϑ  =  moves without passengers from TIH to the point n; (2)
 0 otherwise.

 1, if at the moment tϑ
i an urban transport vehicle s during ms

0 journey
0

0 ( )
ssm

n iU t ϑ  =  moves with passengers to TIH from the point n; (3)
 0 otherwise.

 1, if at the moment tϑ
i an urban transport vehicle s during ms

0 journey
0

0 ( )
ssm

n iU t ϑ  =  moves without passengers to TIH from the point n; (4)
 0 otherwise.

0 0 0( ) ( ) ( )
s s s
n n nsm sm sm

n i n i n iV t U t U tϑ ϑ ϑ= + ;  (5)

0 0 0
0 0 0( ) ( ) ( )

s s ssm sm sm
n i n i n iV t U t U tϑ ϑ ϑ= + ;  (6)

 1, if at the moment tϑ
i an urban transport vehicle s after ms

n journey
( )

s
nsm

n iZ t ϑ  =  is under embarkation at the point n; (7)
 0 otherwise.

 1, if at the moment tϑ
i an urban transport vehicle s after ms

n journey
( )

s
nsm

n iZ t ϑ  =  is under disembarkation at the point n; (8)
 0 otherwise.

 1, if at the moment tϑ
i an urban transport vehicle s after ms

n journey
0

0 ( )
ssm

iZ t ϑ  =  is under disembarkation at TIH; (9)
 0 otherwise.

 1, if at the moment tϑ
i an urban transport vehicle s after ms

n journey
0

0 ( )
ssm

iZ t ϑ  =  is under disembarkation at TIH; (10)
 0 otherwise.

{
{
{

{
{
{
{
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while 1,s S∀ ∈ , 1,n N∀ ∈ , ∀ tϑ
i, 1 0,i Tt ϑ

+ ∈ ,
where k is a variable characterising the difference 
in the serial number of the point n and all other 
points under consideration in the array (k ≠ n; 
k ∈ [1 –  N; N –  1]; 0 < n +k < N; k ∈ Z) .

These constraints prohibit the situation in 
which a vehicle s moves from TIH to two 
different points at two consecutive times .

Constraint

( ) ( )0 0 1
1 1

1( )

( )

s s
n n k ss

n kn

s s
n n k

M M
smsm

n i n k i
m m

V t V t
+

+

+

ϑ ϑ
+ +

= =

+ ≤∑ ∑ , (14)

prohibits the situation in which a GUPT vehicle 
s moves to TIH from two different points at two 
consecutive times .

Constraint

( ) ( )
1

1
11 1

1
s
n

s s
n n

s s
n n k

s
n kM

sm sm
n i

m

MN

n k i
k N m
k n

W t W t
+

+

ϑ ϑ
−

+ +
= −= =
≠

+ ≤∑ ∑ ∑ ,  (15)

prohibits the situation in which a vehicle s at two 
consecutive times is at different points .

Constraints

( ) ( )00

1

0 1
1 11 1

1
s
n

s s
k

s s

s
n

n n k

M
sm sm

n i n k i
n

n

MN N

k Nm m
k

V t W t
+

+
ϑ ϑ

+ +
= = −=

≠

−

=

+ ≤∑∑ ∑ ∑ , (16)

( ) ( )
1

0 1
1 11 1

1
s
n

s s
n

s s
n n

s
n k

n

k

M
sm sm
n i n k i

n
n

MN N

k Nm m
k

V t W t
+

+
ϑ ϑ

+ +
= = −=

≠

−

=

+ ≤∑∑ ∑ ∑ ,  (17)

prohibit the situation in which a GUPT vehicle 
s at the moment tϑ

i moves from the point n to 
TIH, and at the next moment tϑ

i+1 is at the point 
n+k and when at the moment tϑ

i moves from TIH 
to the point n, and at the moment tϑ

i+1 is at the 
point n+k .

Constraints

( ) ( )0
0

1 1 1

1
s
n

s s
n

s s
n n

s
nM

sm sm
n i i

n m

N

n
m

M

U Zt tϑ ϑ

= = =

+ ≤∑∑ ∑ ; (18)

( ) ( )0
1 1 1

1
s
n

s s
n

s s
n n

s
n

n

M
sm sm
n i i

n m

N

n
m

M

U Zt tϑ ϑ

= = =

+ ≤∑∑ ∑ ,  (19)

prohibit the situation in which a GUPT vehicle 
s moves at the moment tϑ

i to the point n (to TIH) 
with passengers, and at the moment tϑi+1 is under 
embarkation at the point n (in TIH) .

Constraints

( ) ( )00
0 0 1

11

1][
s
n k

s s

s
n k

sm sm
n i n i

mj

N M

V t V t
+

+

ϑ ϑ
+

==

+ ≤∑ ∑ ; (20)

( ) ( )0 0 1
11

1][
s
n k

s
n
s

n

s
n k

sm sm
n i n i

mn

N M

V t V t
+

+

ϑ ϑ
+

==

+ ≤∑ ∑ , (21)

prohibit the situation in which a GUPT vehicle 
s at two consecutive moments makes different 
journeys from TIH to any of the points .

Constraint

( ) ( )1
11

1][
s
n k

n

n
s s

n

s
k

sm sm
n i n i

mn

N M

W t W t
+

+

ϑ ϑ
+

==

+ ≤∑ ∑ , (22)

prohibits the situation, in which an urban 
passenger transport vehicle s at two consecutive 
moments is (after different journeys) at any point .

At each moment 0,it Tϑ ∈  the number of 
GUPT vehicles, being at TIH, should not exceed 
its capacity to process GUPT vehicles:

( )0
0

1 1

n
s

s
n

s

sm
i

s

S

m

M

W t Pϑ

= =

≤∑∑  . (23)

The condition for transporting passengers 
prohibits the situation when a GUPT vehicle 
leaves the point n with passengers at the moment 
tϑ

i+1, and at the previous moment at the point n 
there were no passengers to be taken to TIH .

This condition is written as:

( ) ( )0
0 1

1 1

1,
s s
n n

s s
n

s s
n n

M M
sm sm
n i n i

m m

Z t U tϑ ϑ
+

= =

+ ≤∑ ∑  (24)

∀ it
ϑ , n , ( ) 0n iq t ϑ =  .

Initial and final conditions are set by fixing 
all variables:

0 0 0 00 0( ), ( ), ( ), ( );
s ss s
oj ojn n

Sp Spsm sm
n n j jV V T U U T

0 00 0( ), ( ), ( ), ( ).n
s s s
n n

s
nsm sm

n
sm sm

nW W T W W T

TIH Operation
Let us introduce the following designations: 

Ω(ti
ϑ) –  the number of passengers being at TIH 

at the moment tϑ
i; Ω0 –  the number of passengers 

being at TIH by the moment t = 0; g –  the 
maximum number of passengers who can arrive 
with an electric train; hs –  the maximum number 
of passengers who can be transported by urban 
transport s; Ωmax– the maximum number of 
passengers who can be simultaneously at TIH .

The following ratios are to be met:

( )� it
ϑW ≤ maxW  ∀ it

ϑ  ∈ [0, T], (25)

( )� it
ϑW ≤ maxW – g ∀ it

ϑ ∈

∈ [ 1 2, , ,
max

pt pt pt ptϑ ϑ… … ], (26)

( ) ( ) ( )

( )

0

0

1 0
1 11

0
1 11

� � � *

* ���,

s
n

s

s
n

s
n

s
i

s
n

MN S
sm s

i i i
n sm

MN S
sm ts s

i g
n sm

t t Z t h

Z t h g
ϑ

ϑ ϑ ϑ
+

= ==

ϑ

= ==

 
W = W + −  

 
 

− γ + γ  
 

∑∑∑

∑∑∑
 (27)

where sγ  is the factor of occupancy of an urban 
vehicle, γs ∈ [0; 1];

it
g

ϑ

γ  –  the factor of occupancy of a suburban 

electric train arriving or departing at the moment 
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148 tϑ
i, [ ]1 1;it

g

ϑ

∈ −γ , if at the moment tϑ
i, the train does 

not depart 0it
g

ϑ

γ =  .
Thus, the considered problem can be 

mathematically formulated as finding the 
minimum 

0
( )

T

i
t

f t ϑ

=

= W∑  f → min subject to respect 

of all the above constraints .

REFERENCES
1 . Kozlov, P . A ., Vakulenko, S . P ., Kolokolnikov, V . S . 

The problem of the single transport system organisation . 
Vestnik Rostovskogo gosudarstvennogo universiteta putei 
soobshcheniya, 2017, Iss . 3 (67) . –  С . 96–101 . [Electronic 
resource]: https://www .elibrary .ru/item .asp?id=30102272 . 
Last accessed 15 .11 .2022 .

2 . Tuominen, A ., Rehunen, A ., Peltomaa, J ., Mäkinen, K . 
Facilitating practices for sustainable car sharing policies –  An 
integrated approach utilizing user data, urban form variables 
and mobili ty patterns .  Transportation Research 
Interdisciplinary Perspectives, 2019, Vol . 2, art . no . 100055 . 
DOI: 10 .1016/j .trip .2019 .100055 .

3 . Gonzalez- Urango, H ., Pira, M . L ., Inturri, G ., 
Ignaccolo, M ., García- Melón, M . Designing walkable streets 
in congested touristic cities: The case of Cartagena de Indias, 
Colombia . Transportation Research Procedia, 2020, Vol . 45, 
pp . 309–316 . DOI: 10 .1016/j .trpro .2020 .03 .021 .

4 . Cramer, V ., Torgersen, S ., Kringlen, E . Quality of life 
in a city: The effect of population density . Social Indicators 
Research, 2004, Vol . 69 (1), pp . 103–116 . DOI: https://doi .
org/10 .1023/B: SOCI .0000032663 .59079 .0b [paid access for 
subscribers] .

5 . Pacione, M . Urban environmental quality and human 
wellbeing –  A social geographical perspective . Landscape 
and Urban Planning, 2003, Vol . 65 (1–2), pp . 19–30 . 
DOI: 10 .1016/S0169-2046(02)00234-7 [limited access for 
subscribers] .

6 . Liya Yao, Lishan Sun, Zhiyong Zhang, Shuwei Wang, 
Jian Rong . Research on the Behavior Characteristics of 
Pedestrian Crowd Weaving Flow in Transport Terminal . 
Mathematical Problems in Engineering, 2012, art . no . 
264295 . DOI: 10 .1155/2012/264295 .

7 . Li, Shaowei; Chen, Yongsheng . Passenger Flow 
Forecast Algorithm for Urban Rail Transit . TELKOMNIKA 
Indonesian Journal of Electrical Engineering, February 2014, 
Vol . 12, No . 2, pp . 1471–1479 . DOI: http://dx .doi .
org/10 .11591/telkomnika .v12i2 .3810 .

8 . Kozlov, P . A ., Kolokolnikov, V . S ., Kopylova, E . V . 
About simulation modelling and simulation systems 
[Ob imitatsionnom modelirovanii i imitatsionnykh sistemakh] . 
Transpor t  Urala ,  2019 ,  I s s  .  1  (60) ,  pp  .  3–6  . 
DOI: 10 .20291/1815-9400-2019-1-3-6 .

9 . Evreenova, N . Yu ., Kalinin, K . A . Passenger traffic 
management of the largest TPUS . Vestnik Rostovskogo 
gosudarstvennogo universiteta putei soobshcheniya, 2021, 
Iss .  3 (83),  pp .  105–113 . DOI: 10 .46973/0201-
727X_2021_3_105 .

10 . Vlasov, D . N . Integration of railway transport into 
the intermodal transport system of the city . Promyshlennoe 
i grazhdanskoe stroitelstvo, 2021, Iss . 9, pp . 31–38 . 
DOI: 10 .33622/0869-7019 .2021 .09 .31-38 .

11 . Rezer, S . M . Interaction of transport systems 
[Vzaimodeistvie transportnykh sistem] . Moscow, Nauka 
publ ., 1985, 248 p . [Electronic resource]: https://www . 
s t u d m e d  . r u / r e z e r - s - m - v z a i m o d e y s t v i e - 
transportnyhsistem_6f97cd56303 .html . Last accessed 
15 .11 .2022 .

12 . Lazarev, A . A ., Musatova, E . G ., Gafarov, E . R ., 
Kvaratskhelia, A . G . Scheduling theory . Tasks of Railway 
Planning: Monograph [Teoriya raspisanii. Zadachi 
zheleznodorozhnogo planirovaniya: Monografiya] . Moscow, 
IPU RAS, 2012, 92 p . ISBN 978-5-91450-102-7 .

13 . Pazoisky, Yu . O ., Shubko, V . G ., Vakulenko, S . P . 
Passenger transportation in railway transport (examples, 
tasks, models, methods and solutions) [Passazhirskie 
perevozki na zheleznodorozhnom transporte (primery, 
zadachi, modeli, metody i resheniya)] . Moscow, TMC RT 
publ ., 2009, 342 p . ISBN 978-5-89035-566-9 .

14 . Timukhina, E . N ., Kashcheeva, N . V ., Okulov, N . E ., 
Lesnykh, V . V . Problems of functioning of transport hubs in 
Russia and abroad [Problematika funktsionirovaniya 
transportnykh uzlov v Rossii i za rubezhom] . Vestnik 
transporta Povolzhiya, 2022, Iss . 3 (93), pp . 65–72 . 
[Electronic resource]: https:// www .samgups .ru/upload/
iblock/4bb/r9kdz1wdm83u5nrqdn0v2v2 sftxd6bax .pdf . Last 
accessed 15 .11 .2022 .

15 . Rakhmangulov, A . N ., Mishkurov, P . N ., 
Aleksandrin, D . V . Simulation models in digital twins of 
railway stations [Imitatsionnie modeli v tsifrovykh dvoinikakh 
zheleznodorozhnykh stantsii] . In: Academician Vladimir 
Nikolaevich Obraztsov is the founder of transport science. 
Proceedings of international scientific- practical conference, 
devoted to the 125th anniversary of the university . Moscow, 
2021, pp . 574–582 . [Electronic resource]: https://www .
elibrary .ru/item .asp?id=48361972 . Last accessed 15 .11 .2022 .

16 . Baranov, L . A ., Sidorenko, V . G ., Safronov, A . I . 
Trains traffic control automated scheduling specifics inside 
the urban rapid- transit smart control systems in intensive 
traffic conditions . In: Intelligent transport systems. 
Proceedings of scientific- practical conference . Moscow, RUT 
(MIIT), 2022, pp . 59–70 . [Electronic resource]: https://www .
elibrary .ru/item .asp?id=48449551 . Last accessed 15 .11 .2022 .

17 . Baranov, L . A ., Safronov, A . I ., Sidorenko, V . G . 
Train planning in intelligent transport systems [Planirovanie 
dvizheniya poezdov v intellektualnykh transportnykh 
sistemakh] . Nadezhnost, 2022, Vol . 22, Iss . 3, pp . 35–43 . 
DOI: 10 .21683/1729-2646-2022-22-3-35-43 .

18 . Vakulenko, S ., Evreenova, N . Transport hubs as the 
basic of multimodal passenger transportation. Proceedings 
of 2019 12th International Conference «Management of 
Large- Scale System Development», MLSD 2019 . 8910964 . 
DOI: 10 .1109/MLSD .2019 .8910964 .

19 . Danilina, N ., Vlasov, D ., Teplova, I . Social- oriented 
approach to street public spaces design . IOP Conference Series: 
Materials Science and Engineering, 2021, Vol . 1030 (1), art . 
012059 . DOI: 10 .1088/1757-899X/1030/1/012059 .

Information about the authors:
Vakulenko, Sergey P., Ph.D. (Eng), Professor, Director of the Institute of Management and Digital Technologies of Russian University 

of Transport, Moscow, Russia, vakulenkosp@mail.ru.
Evreenova, Nadezhda Yu., Ph.D. (Eng), Associate Professor at the Department of Management of Transport Business and Intelligent 

Systems of the Institute of Management and Digital Technologies of Russian University of Transport, Moscow, Russia, nevreenova@mail.ru.
Kalinin, Kirill A., Ph.D. (Eng), Senior Lecturer at the Department of Management of Transport Business and Intelligent Systems of 

the Institute of Management and Digital Technologies of Russian University of Transport, Moscow, Russia, kalinin.k.a@mail.ru.

Article received 10.10.2022, approved 16.11.2022, accepted 18.11.2022.

 •

• World of Transport and Transportation, 2022, Vol. 20, Iss. 5 (102), pp. 144–148

Vakulenko, Sergey P., Evreenova, Nadezhda Yu., Kalinin, Kirill A. Optimal Mode of Interaction 
between Rail and Ground Urban Passenger Transport within the TIH


