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1. Introduction

The information analysis system of vehicle-to-infra-
structure (V2I) communication to manage and control 

vehicles [1] in operating conditions is an effective combi-
nation of data and analytical components. The information 
part of the system consists in a connection of the vehicle’s 
onboard control components and information facilities with 
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In connection with the active devel-
opment of information systems in trans-
port, it becomes necessary to integrate 
vehicles, infrastructure and humans 
into a single information network. The 
V2I system of information analysis for 
monitoring and controlling vehicles 
in operating conditions is an organic 
combination of information and ana-
lytical components. The latter includes 
the analysis of information regard-
ing changes in operating conditions. 
The article presents a study that has 
improved the processes of managing 
the operating conditions of vehicles in 
the V2I communication system by using 
simulation modelling. A simulation 
model for choosing the optimal operat-
ing conditions for vehicles is described. 
The model takes into account road, cli-
matic, and transport conditions and cul-
ture of vehicle operation, as well as the 
peculiarities of public transport move-
ment in a transport hub. The objective 
function with the appropriate restric-
tions and the problem of traffic opti-
mization in the investigated transport 
hub were established. Diagrams of the 
processes of the simulation model were 
constructed for various input param-
eters, including the optimal ones, with 
the creation of corresponding agents 
and their populations. Models of pub-
lic transport delays at stops using a tri-
angular distribution were developed, 
and the corresponding hypotheses were 
confirmed by Pearson’s test (χ2). The 
developed models can be used in the 
process of rebuilding a transport hub, 
as well as for modeling traffic when the 
operating conditions of vehicles change 
and for predicting such changes. The 
simulation results can be used in the 
creation and design of intelligent trans-
port systems
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the infrastructure’s elements and systems of receiving and 
transmitting information, analysis, and control [1–10]. The 
analytical part includes software, logistical, and hardware 
components of the vehicle’s board and infrastructure [1–4]. 
An obligatory element in this case is the place of the operator 
of the V2I communication network in the information analy-
sis system for monitoring and controlling vehicles [1, 4, 5, 9] 
under the operating conditions. The components of the sys-
tem as well as its general structure, operation and results of 
its information processing were described in detail in [1–10].

The operating conditions include climatic, road, and 
transport conditions and culture of vehicle operation [1].

The information part of the V2I system provides it with 
information from the vehicle and the infrastructure [1–10]. 
The analytical part of the V2I network processes information 
and controls the vehicle under operating conditions. One of 
the components of the analytical part is the analysis of in-
formation in terms of changes in the operating conditions, 
that is, in climatic, road, and transport conditions [1, 11]. To 
ensure the systemic interaction of operating conditions and 
the vehicle in the described V2I system, the authors of the 
article propose a method for adapting computational pro-
cedures for information processing and traffic management 
using simulation modelling. It is best suited for research and 
management of road and transport operating conditions. It 
can also be used to research and control vehicles when the 
atmospheric and climatic conditions of operation and the 
culture of operation change.

Let us specify the features of the processes of research 
and management of the operating conditions of vehicles 
in the V2I information analysis system using simulation 
modelling.

The transport network is a complex system character-
ized by stochasticity, namely: a random value of transport 
demand, atmospheric and climatic factors, changes in the 
characteristics of the road network, as well as emergency 
situations and wear of the road surface [1, 12]. Therefore, 
the most adequate means of describing and predicting the 
behaviour of the specified object is modelling, the essence of 
which is to replace the real control object with its simulation. 
Any object that reproduces the properties of a real system 
with sufficient accuracy for the user’s purposes can act as 
a model. In recent years, information systems in transport 
have been actively developed. In this regard, it becomes 
necessary to integrate vehicles, infrastructure and humans 
into a single information system. One of the steps to solve 
this problem is to simulate the operating conditions of ve-
hicles and their optimization. This will improve the control 
over vehicle operating conditions in the V2I communication 
system. This is especially useful in the context of the active 
development of intelligent transport systems.

2. Literature review and problem statement

Technical services for the operation of vehicles solve many 
problems in the process of improving the methods of opera-
tional management of vehicle performance. Most of the tasks 
have an information component of the assessment, such as to 
analyse road conditions of the vehicle operation; to predict 
possible emergency situations and transport conditions; to 
forecast atmospheric and climatic conditions, etc. [1, 13–19]. 
The tasks listed and similar to them are still mainly solved 
by outdated methods that no longer provide the required 

quality, rational approach and efficiency [20–22]. Evaluation 
of operating conditions and analysis of road plans and profiles 
are usually performed manually; updates of maps and dia-
grams are extremely rare; data on the state of most objects are 
not systematized and thus difficult to access. This situation 
complicates the task of managing the classification of vehicle 
operating conditions in the information conditions of an ITS.

The process under consideration is complex; therefore, 
simulation modelling can be effective. Its main advantage 
is that, in contrast to analytical modelling, simulation mod-
elling helps to repeatedly reproduce the studied complex 
system and determine its optimal performance.

Much research has been done in the field of transport 
modelling. Thus, in [1] an information system of interaction 
between the vehicle and the infrastructure was considered, 
but not enough attention was paid to modelling the trans-
port and road conditions of the vehicle operation. In [2] a 
system of training for and safety of the vehicle in the con-
ditions of intelligent transport systems was considered, but 
little attention was given to the influence of the operating 
conditions of the vehicle on its operation.

In [7] the general concept of developing intelligent 
transport systems was described but with little regard to the 
simulation modelling of the vehicle’s operation under operat-
ing conditions. In [9] attention was paid only to the cyber-
protection of vehicles in the context of intelligent transport 
systems, but the operating conditions of vehicles were poorly 
covered. Study [13] considered analytical models of urban 
transport, but it did not take into account the variety of 
operating conditions of the vehicles. In [19] methods for as-
sessing the index of intelligent vehicles were considered, but 
without due attention to the influence of transport, road and 
atmospheric and climatic operating conditions of vehicles on 
their behaviour. In [23] modelling of road traffic of vehicles 
in the conditions of their operation was considered, but not 
enough attention was paid to the influence of the composi-
tion of vehicles on the adequacy of the traffic models. In [24] 
the issues of modelling the movement of intelligent vehicles 
were considered, but the influence of the culture of operat-
ing vehicles on their movement was not taken into account. 
In [25] the features of dynamic modelling and assessment of 
the state of an intelligent vehicle with several wheels and an 
engine were analysed, but the influence of climatic operat-
ing conditions and operating culture on the operation and 
behaviour of the vehicle was overlooked.

Therefore, it seems rational to conduct a study devoted 
to determining the mechanism for constructing a simula-
tion model for choosing the optimal operating conditions 
for vehicles, taking into account the peculiarities of public 
transport. This will make it possible to use it for solving 
transport problems. In particular, the problem of optimizing 
the movement of vehicles can be solved. Moreover, it will 
be possible to predict the fuel consumption of vehicles with 
changing operating conditions.

3. Research goals and objectives

The aim of the work is to study the possibility of improv-
ing the processes of managing the operating conditions of 
vehicles in the information analysis system of the V2I com-
munication network by using simulation modelling.

To achieve this aim, it is necessary to solve the following 
tasks:
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– to build a dynamic model for determining the optimal 
operating conditions for vehicles in a transport hub;

– to analyse the operating conditions of vehicles in the 
hub for which simulation modelling will be performed; and

– to build a simulation model for choosing the optimal 
operating conditions for vehicles for a section of the trans-
port network.

4. Construction of a dynamic model for determining the 
optimal operating conditions for vehicles in a transport hub

A mathematical model for determining the optimal 
traffic parameters in a transport hub can be described as a 
correspondence between the elements of a set of inputs of 
the system X of ‘possible values’ x and a set T of ‘time points’ 
t, that is, in the form of the following mapping of T→X: 
x(t)∈XT, t∈T.

Considering the output y(t) of the system as its reaction 
to inputs x(t), we can represent the model as a set of two 
processes: XT={x(t)} and YT={y(t)}, t∈T (Fig. 1).

The set of input parameters x(t) is represented by the fol-
lowing parameters: λveh(t) is the traffic intensity of vehicles, 
λpub(t) is the traffic intensity of public transport, λped(t) is 
the traffic intensity of pedestrians, p(t) is the matrix of tran-
sition probabilities, i(t) is the type of vehicles, Dpub(t) is the 

delay time of public transport at stops, Cr(t) is the state of 
the roadway, TCi(t) is the technical condition of the vehicles, 
Pr(t) is the road parameters, CD(t) is the culture of vehicle 
operation, CC(t) is the atmospheric and climatic conditions, 
PI(t) is the infrastructure parameters, and PS(t) is the pa-
rameters of the regulation and control system.

The set of output parameters of the model is represented 
by the following parameters: p1(t), p2(t), pi(t), which are 
optimized parameters of vehicle operation.

The model can be used to develop a smart city transpor-
tation system to integrate the software into the infrastruc-
ture of the transport network.

5. Analysis of the researched transport hub and the 
operating conditions of its vehicles

Study [23] shows the cyphergram of the traffic flows in the 
transport hub (coordinates by Google Maps: 47°57’31.6”N 
37°48’22.6”E). There, the traffic intensities were reduced. 
Based on the cyphergram, a graphical model of the move-

ment of vehicles in the consid-
ered transport hub was built 
in the form of a graph of states 
with the probabilities of transi-
tions from one state to another.

However, for modelling the 
movement of vehicles in the con-
sidered hub, as close as possible 
to the real one, it is necessary to 
select from the total number of 
public transport those vehicles 
that move within a given section 
with stops. Moreover, the article 
considers optimization of road 
and transport operating con-
ditions as the most significant 
strategy. Other operating condi-
tions are assumed constant.

Fig. 2 shows the trans-
formed cyphergram for vehi-

cles moving through the hub without stopping.
Fig. 3 shows a model of the movement of public trans-

port with stops within the considered transport hub.

Fig.	1.	A	dynamic	model	for	determining	the	optimal	operating	conditions	for	vehicles	in	a	
transport	hub:	setting	the	process	at	the	inputs	and	outputs	of	the	system
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Fig.	2.	The	cyphergram	of	traffic	flow	intensities	in	the	transport	hub	after	the	transformation
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On the graph, the state-based transition displays the move-
ment of public transport with stops within the considered hub 
in certain directions (Table 1), and states 5, 10 and 14 denote 
public transport stops.

Table	1

Transition	through	the	graph	states	for	public	transport	
routes

Transition through the 
graph states

Vehicle route

   1–2–3–4–5–6
   Trolleybus routes 17 and 21

Bus route 17

   7–8–9–10–11–12
Trolleybus routes 17 and 21 

(reverse direction)
Bus route 17 (reverse direction)

    12–14–15–2–3–16 Bus routes    37, 50, 79, 80, and 80А

   12–14–15–2–3–4–5–6 Bus route 53

The matrix of transition probabilities for the reduced 
graph has the form

The matrix of transition probabilities (1) was construct-
ed for vehicles moving without stopping (i.e., for all vehicles 
except public transport) in the considered transport hub 
according to the model shown in Fig. 2.

6. Construction of a simulation model for choosing the 
optimal operating conditions for vehicles for a section of 

the transport network

To model the movement of vehicles, a safe distance 
model based on Gibbs’ reflective model was used [26, 27]. 
In this model of following the leader, vehicles are of two 
types: without restriction and with restriction by the ve-
hicle in front (the leader). If a vehicle has a leader, it will 
adapt its speed to maintain a safe distance from the leader. 
In other words, the safe distance is determined so that the 
vehicle can avoid a collision with any adequate actions of 
its leader. If there is no restriction for the vehicle, then its 
speed is limited by the desired velocity and the maximum 
possible acceleration.

The speed of the n-th vehicle in the time interval [t, t+T] is 
determined as follows

( ) ( ) ( ){ }min , ,a b
n n nv t T v t T v t T+ = + +    (2)

where T is the driver’s reaction time, which is equal to one 
step of time simulation.

The maximum velocity 
,a

nν  that a vehicle can de-
velop in a time step is de-
termined by the following 
expression:

( ) ( )

( )

( )

max2.5

1

0.025 ,

a
n n

n

n
des
n

n
des
n

v t T v t

a T
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+ ⋅ ⋅ ×

 
× − ×  

× +   (3)

where max
na  is the maximum 

value of acceleration of the 
n-th vehicle during its acceleration, and des

nv  is the desired 
velocity of the n-th vehicle.

The safest velocity b
nν  of the n-th vehicle, taking into 

account the leading vehicle, is determined by the formula

Fig.	3.	The	model	of	public	transport	movement	in	the	transport	hub	with	stops
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where max
nd  is the maximum value 

of acceleration of the n-th vehicle 
during its braking, xn is the coor-
dinate of the n-th vehicle, sn-1 is 
the effective length of the (n–1)-th 
vehicle, which is determined by 
the length of the vehicle and the 
parameter that sets the minimum 
distance between vehicles, and 

1
ˆ

nd −  is the estimate of the maxi-
mum acceleration of the (n–1)-th 
vehicle during its braking.

There are several approaches 
to assessing the acceleration of the 
leader when it is braking. First, it 
can be assumed that the driver can 
accurately estimate the leader’s 
deceleration, thus assuming that

1 1
ˆ ,n nd d− −=    (5)

where dn–1 is the acceleration of 
the (n–1)-th vehicle during brak-
ing. Second, the deceleration es-
timate of the lead vehicle can be 
calculated as the average between 
the acceleration of the lead and 
follower vehicles:

1
1

ˆ .
2

n n
n

d d
d −

−
+

=   (6)

An algorithm is thus suggested 
for the development and verifica-
tion of a simulation model for op-
timizing the operating conditions 
of vehicles in the transport hub, 
which is shown in Fig. 4.

At the next stage of developing the simulation model, a 
road network of the researched transport hub was created 
on the basis of a real scheme, and a process diagram of the 
simulation model was constructed according to [23].

Next, the process diagram was developed for the sim-
ulation model of the movement of public transport vehi-
cles in the researched hub, running with stops according 
to the previously developed model shown in Fig. 3.

Thus, Fig. 5 shows the process diagram for public 
transport going in the following directions (Fig. 3): 
12–14–15–2–3–4–5–6 to simulate the movement of 
route taxis on route 53; 1–2–3–4–5–6 to simulate the 
movement of trolleybuses on routes 17 and 21, as well as 
route taxis on route 17.

Fig. 6 shows    the process diagram for public transport 
going in the direction 7–8–9–10–11–12 to simulate the 
reverse direction of trolleybuses on routes 17 and 21, as 
well as route taxis on route 17.

Fig. 7 shows the process diagram for public transport 
going in the direction 12–14–15–2–3–16 when simulat-
ing the traffic of route taxis on routes 37, 50, 79, 80, and 
80A and buses on route 80.

The resulting process diagram of the simulation mod-
el to optimize the traffic in the transport hub is shown 
in Fig. 8.

Fig.	4.	The	flowchart	of	the	algorithm	of	the	simulation	model	for	choosing	the	optimal	
operating	conditions	for	vehicles	in	the	transport	hub
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Fig.	5.	T		he	process	diagram	of	the	simulation	model	for	public	
transport	running	on	routes	12–14–15–2–3–4–5–6	and	

1–2–3–4–5–6

Fig.	6.	The	process	diagram	of	the	simulation	model	for	
public	transport	running	on	routes	7–8–9–10–11–12
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In the process of constructing the process diagrams of 
the simulation model, the following blocks were used:

– CS_1, CS_4, CS_7, and CS_8 are the incoming 
streams for the model of the considered transport hub for the 
graph points 1, 4, 7, and 8, respectively;

– SO_2, SO_3, SO_4, SO_5, SO_7, and SO_8 are the 
blocks intended for dividing the flows entering them into 
two streams for the model of the considered transport hub 
for the graph points 2, 3, 4, 5, 7, and 8, respectively;

– CMT_9, CMT_10, CMT_11, and CMT_12 are the 
blocks displaying outgoing flows for the model of the con-

sidered transport hub for the graph points 9, 10, 11, and 
12, respectively;

– CS_mb53, CS_mb17_1, CS_mb17_2, CS_mb37, 
CS_mb50, CS_mb79, CS_mb80, and CS_mb80А are the 
incoming flows for the model according to Fig. 3 for point 
13 of the graph for route taxis on routes 53, 17, 17 (reverse 
direction), 37, 50, 79, 80, and 80A, respectively;

– CS_tb17_1, CS_tb21_1, CS_tb17_2, and CS_
tb21_2 are the incoming flows for the model according to 
Fig. 3 for points 1 and 7 of the graph for trolleybuses on 
routes 17, 21, 17 (reverse direction), and 21 (reverse direc-
tion), respectively;

– CS_b80 shows the incoming flows for 
the model according to Fig. 3 for point 13 of 
the graph for the bus on route 80;

– CMT_bS1_mb53, CMT_bS1_mb37, 
CMT_bS1_mb50, CMT_bS1_mb79, CMT_
bS1_mb80, CMT_bS1_mb80A, and CMT_
bS1_b80 are the blocks leading to a stop 
corresponding to point 14 of the graph ac-
cording to the model shown in Fig. 3 for 
such vehicles: route taxis on routes 53, 37, 
50, 79, 80, and 80A and buses on route 80, 
respectively;

– CMT_bS2_tb17,     CMT_bS2_tb21, and 
CMT_bS2_mb17 are the blocks leading to 
the stop corresponding to point 5 of the graph 
according to the model shown in Fig. 3 for such 
vehicles: trolleybuses on routes 17 and 21 and 
route taxi on route 17, respectively;

– CMT_bS3_mb53, CMT_bS3_mb17, 
CMT_bS3_tb17, and CMT_bS3_tb21 are 
the blocks leading to a stop corresponding to 
point 10 of the graph according to the model 
shown in Fig. 3 for such vehicles: route taxis 
on routes 53 and 17 and trolleybuses on route 
17 and 21, respectively;

– D_bS1_mb53, D_bS1_mb37, DTo_
bS1_mb50, D_bS1_mb79, D_bS1_mb80, D_
bS1_mb80A, and D_bS1_b80 are the blocks 
that set the delay time at the stop corre-
sponding to point 14 of the graph according 
to the model shown in Fig. 3 for such vehi-
cles: route taxis on route 53, 37, 50, 79, 80, 
and 80A and buses on route 80, respectively;

– D_bS2_tb17, D_bS2_tb21, and D_
bS2_mb17 are the blocks that set the delay 
time at the stop corresponding to point 5 
of the graph according to the model shown 
in Fig. 3 for such vehicles: trolleybuses on 
routes 17 and 21 and route taxis on route 17, 
respectively;

– D_bS3_mb53, D_bS3_mb17, D_bS3_tb17, and D_
bS3_tb21 are the blocks that set the delay time at the stop 
corresponding to point 10 of the graph according to the 
model shown in Fig. 3 for such vehicles: route taxis on route 
53 and 17 and trolley buses on routes 17 and 21, respectively;

– CD is the block that removes vehicles from the system.
While implementing the model, new types of agents were 

created for a vehicle (Car), a route taxi (MBus), a bus (Bus) 
and a trolleybus (TBus) with parameters reflecting the time 
spent by each agent in the system, t_bs_с, t_bs_mb, t_bs_b, 
t_tb, respectively, and also the corresponding populations 

Fig.	7.	The				process	diagram	of	the	simulation	model	for	public	
transport	running	on	routes	12–14–15–2–3–16

Fig.	8.	The	process	diagram	of	the	simulation	model	to	optimize	the	traffic	
in	the	transport	hub
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of the agents (cars, mBuses, Buses, and tBuses) that were 
added to blocks of the carSource (CS) type.

To collect data on the travel time of the agents of the 
transport hub, the travel_time element was created, which 
estimates the difference between the current time () and the 
time when the agents appear in the system, that is,

( )
( )
( )
( )

_

. _ .  ()  _ _

. _ .  ()  _ _
.

. _ .  ()  _ _

. _ .  ()  _ _

travel time

main travel time add time t bsс

main travel time add time t bs mb

main travel time add time t bs b

main travel time add time t bs tb

=

 −
 

− =  
− 

 − 

 (7)

The duration of the traffic light phases was set by the 
parameters p1 and p2 with default values of 37 and 25, re-
spectively.

To display traffic light regulation, four Traffic Light 
blocks were added to the system. In the Properties of these 
blocks, the operation modes of the traffic light objects for the 
specified stop lines were set. The blocks were divided into 
groups of directions of movement (Fig. 9). The modes of op-
eration of the traffic light objects were expressed in general 
terms through the parameters of the duration of the phases 
of the traffic light objects p1 and p2, taking into account the 
transient modes for the possibility of further optimization of 
road traffic in the hub under consideration.

To optimize traffic in the transport hub, an experiment 
‘Optimization’ was created based on the model in Fig. 1. The 
optimization problem was reduced to minimizing the objec-
tive function travel_time (p1, p2), that is,
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∑

∑

∑

∑  (8)

where i is the parameter characterizing the type of agent in the 
simulation model, j is the parameter characterizing the number 
of the i-th agent in the population of the model agents, and ki is 
the number of i-th agents in the population of the agents.

.

Car

MBus
i

Bus

TBus

 
 
 =
 
  

 (9)

The restrictions imposed on the model are reduced to 
the system:

min max

min max

1 ,
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1 1 ,

2 2 ,

,
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i
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i n

j k

p j p

p j p

k ko

£ £
 £ £
 £ £

£ £
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∑

 (10)

where p1min, p2min, p1max, and p2max are, respectively, the 
minimum and maximum values of the parameters p1 and p2, 
and ko is the total number of agents in the model.

Optimization of the model consists in the sequential perfor-
mance of several runs of the model with different values of the 
parameters and finding the optimal values of the parameters for 
the given task. It is necessary to estimate the best values of the 
model parameters taking into account the given constraints. 
By combining heuristics, neural networks and mathematical 
optimization, the values of the model parameters corresponding 
to the maximum or minimum of the objective function were 
found, both under uncertainty and under constraints.

The interface of the optimization window of the simula-
tion model was created, in which its number, functionality 
and parameters p1 and p2 were displayed in the form of a 
table for the current and best values of the iteration.

7. Results of modelling and optimizing vehicle operating 
conditions for the researched section of the transport 

network

In the optimization process, a triangular distribution 
was used to model public transport delays at stops. A tri-

Fig.	9.	Operation	modes	of	traffic	light	objects	for	specified	
stop	lines:	а – trafficLight_1_2_5_6;	b –	trafficLight_7_8;	

c –	trafficLight_3;	d –	trafficLight_4

а 
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Stop line_2 
Stop line_5 
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sec 
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Stop line_8 
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sec 
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Stop line_4 

b
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angular distribution is a continuous distribution bounded 
on both sides. It is often used when there is little or no 
information available and can rarely accurately represent 
a set of values. Despite this, due to its ease of use, it is 
applied as a functional form of representing areas with 
fuzzy logic.

The function of the distribution density of the triangular 
distribution (Fig. 10, a) is
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( )( )
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mod max
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The distribution function of the triangular distribution 
(Fig. 10, b) is
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The triangular distribution was specified by the trian-
gular (double min, double mode, and double max) function, 
which generated the x value according to the triangular 
distribution (Table 2). For the delay (D) blocks, the cor-
responding parameters of the triangular distributions are 
given in Table 3.

Table	2

Description	of	the	parameters	and	result	of	the	triangular	
(double	min,	double	mode,	and	double	max)	function

Name Type Description

Parameters

min Double the minimum value of x

max Double the maximum value of x

mode Double the most likely value of x

Result

X Double generated value

Table	3
Parameters	of	the	triangular	distributions	

for	the	delay	blocks	(D)

Block D Delay time distribution function

D_bS1_mb53 triangular(0, 8, 20)

D_bS3_mb53 triangular(5, 8, 15)

D_bS3_tb17 triangular(7, 12, 20)

D_bS3_tb21 triangular(5, 10, 19)

D_bS3_mb17 triangular(0, 9, 12)

D_bS2_tb17 triangular(7, 13, 15)

D_bS2_tb21 triangular(6, 13, 16)

D_bS2_mb17 triangular(5, 8, 15)

D_bS1_mb37 triangular(5, 7, 14)

D_bS1_mb50 triangular(7, 9, 14)

D_bS1_mb79 triangular(0, 7, 10)

D_bS1_mb80 triangular(6, 9, 11)

D_bS1_mb80A triangular(0, 6, 10)

D_bS1_b80 triangular(5, 12, 16)

During the optimization experiment, the parameters p1 
and p2 were varied in the range from 20 s to 40s with a step 
of 1 s.

Table 4 and Fig. 11a show the results of the simple experi-
ment ‘Simulation1’, which simulated traffic in the considered 
transport hub with the current values of p1=37 s and p2=25 s 
with the given vehicles according to the model in [23].

Table 4 and Figs. 11, b, 12, a show the results of the 
simple experiment ‘Simulation2’, which simulated traffic 
in the considered transport hub with the current values of 
p1=37 s and p2=25 s. However, it takes into account pub-
lic transport stops according to the model in Fig. 3 and 
the matrix of the transition probabilities *

ijp  (1).
The results of traffic optimization in the considered 

transport hub are shown in Fig. 13.
It was found that for a given objective function (7), the 

optimal phase values were p1=37 s and p2=20 s, which were 
obtained for the sixth iteration. In this case, the average 

travel time of a vehicle through the hub under con-
sideration was about 117 s, and the average relative 
error of real tests with the simulation modelling re-
sults was 3.2 %. The maximum error value was 4.3 %.

T		able	4

Results	of	simulating	travel_time

Parameter
Duration 

for “Simula-
tion1”

Duration 
for “Simula-

tion2”

Duration 
for “Simula-

tion3”
Number of vehicles 

passing through 
the hub

1,160 1,147 1,096

Average       trav-
el_time, s

136.846 131.283 117.088

Minimum travel_
time, s

15.766 15.66 15.66

Maximum travel_
time, s

1,182.576 646.449 612.859

Standard deviation 
of travel_time, s

148.766 106.978 105.796

Confidence interval 
of travel_time, s

8.561 6.191 6.264

Total travel_time, s 158,741.588 150,581.158 128,326.621

Fig.	10.	The	f		unction	of	the	triangular	distribution:	a	–	the	function	
of	the	distribution	density;	b	–	the	distribution	function
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Fig.	11.	The	histogram	of	the	probable	travel_time	distribution	for	the	experiments:	a	–	‘Simulation1’;	b	–	‘Simulation2’;	
c	–	‘Simulation3’
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Fig.	12.	The	map	of	traffic	jams	in	the	simulation	model	for	the	experiments:	а	–	‘Simulation2’;	b	–	‘Simulation3’

а b

Fig.	13.	The	results	of	traffic	optimization	in	the	transport	hub
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Table 4 and Figs. 11, c, 12, b show the results of the sim-
ple experiment ‘Simulation3’, which simulated road traffic 
in the considered transport hub with the optimal values of 
p1=37 s and p2=20 s and taking into account public trans-
port stops according to the model in Fig. 3 and the matrix of 
transition probabilities *

ijp  (1).
Fig. 11–13 show that the selection of public transport 

vehicles from the total number, taking into account their 
stops at stopping points, affects the modelling of traffic 
in the hub.

8. Discussion of the results of modelling and optimizing 
the vehicle operating conditions

Based on the comparison of the average relative error 
of real tests with the simulation modelling results, it can be 
concluded that the simulation model adequately describes 
real processes. At the same time, the maximum error value 
of 4.3 % is due to the fact that, as a result of simulation mod-
elling, the selected vehicle movement model slightly differs 
from the real one. This is due, inter alia, to the culture of 
operating the vehicles. As a measured parameter, we took the 
average travel_time of the vehicles in the transport hub. The 
measurements were performed at the same points at which 
the vehicles entered and left the transport hub according to 
the simulation model.

Thus, as the optimization result, the average travel time 
through the considered transport hub was reduced by 10.8 % 
(Table 4), and the number of vehicles in traffic jams was re-
duced by 11.5 % (Fig. 12), which shows the effectiveness of 
the developed models.

The developed simulation models can be used in the pro-
cess of rebuilding a transport hub to simulate traffic under 
changing operation conditions for its vehicles and to predict 
them. They can also be effective in the process of managing 
the operating conditions of vehicles in the information anal-
ysis system V2I of monitoring and control proposed by the 
authors.

The implementation of the described method for man-
aging vehicles with changes in the atmospheric and climatic 

conditions of operation and the culture of operation requires 
further research.

The study took into account changes in transport and 
road conditions for the operation of vehicles. The influence 
of public transport on the results of the simulation modelling 
presented in the work was also researched. At the same time, 
the atmospheric and climatic conditions of operation and 
the culture of operation of vehicles were taken constant, al-
though they had been included in the model. In the future, it 
is planned to take into account the influence of these factors 
in dynamics.

9. Conclusions

1. A dynamic model has been built for determining the 
optimal parameters of the operation of vehicles in a trans-
port hub, which takes into account a large number of factors 
affecting the process of movement. The model can be used in 
the formation of an intelligent transport system of a city to 
integrate the software in the infrastructure of the transport 
network.

2. The operating conditions for vehicles in the researched 
transport hub were analysed. Graphic models of the move-
ment of the vehicles in it were built and the influence of 
public transport on the process of movement in the hub 
was considered. The obtained models and the values of the 
vehicle operation parameters were taken into account when 
performing the simulation modelling.

3. A simulation model has been created for choosing 
the optimal operating conditions for vehicles, taking into 
account the peculiarities of public transport, which can be 
used to solve the problems of optimizing the movement of 
vehicles. The model was tested on a section of a transport 
network. Its adequacy was confirmed by appropriate cal-
culations. As a result of the optimization, the average travel 
time through the considered transport hub and the number 
of vehicles in traffic congestion were reduced. The developed 
simulation models can be used in the process of rebuilding a 
transport hub to simulate traffic under changing operation 
conditions for its vehicles and to predict them.
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