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1. Introduction

Solving the problem of traffic (TR) control in major cit-
ies requires increased attention because traffic jams remain 
a social and state problem. A decrease in the throughput 
capacity of the traffic network is related to the existence of 
congestions on complex sections of a street-road network 
(SRN) and has certain consequences for the traffic process 
in the cities. In case of an increased density of the urban traf-
fic flows (TF), there is a need to develop control measures 
to ensure the network efficiency and environmental safety 
of cities.

The accumulated world experience in creating and im-
plementing the TR control systems shows their significant 
impact on the TR performance indicators. Namely: decreas-
ing transport delays – 15–40 %; increasing throughput 
capacity of the SRN – 10–15 %; decreasing number of road 
accidents – 15–20 %; reduction of environmental pollu-
tion – 20–25 %.

The most common technologies of TR control (with 
the fixed plans of control and network management) do not 
make it possible to obtain certain results, because spatial 
relations between traffic situations on certain SRN elements 
have a complex character, which depends on the topology of 
the traffic network of cities and parameters of the TF. That 

is why the application of adaptive methods of situational 
control allows a significant reduction of the impact of uncer-
tainty of transport flow parameters on the control quality. 
The most effective method of control in cities is the method 
of dynamic control, which belongs to the technology of situ-
ational control. This method involves controlling the TF mo-
tion to decrease the intensity of problem areas of SRN, which 
will contribute to the elimination of traffic congestion. This 
approach is an alternative to the method of TF control at 
city intersections using a timer, which is not effective in a 
dense flow. Implementation of the TR control method under 
consideration requires the development of a mathematical 
model of the control object to determine the place, time, and 
method to influence it.

Well-known transport models provide an effective result 
under ideal traffic conditions and require improving when 
used for urban traffic. This problem needs to be solved, 
which emphasizes its relevance and expediency in the field 
of urban TR control.

2. Literature review and problem statement

The fight against congestions on urban roads around 
the world is extended under objective circumstances of an 
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increase in the level of population automobilization. The 
methods can be both administrative, and scientifically practi-
cal. The introduction of the passing payment was considered 
the most effective approach in London, Stockholm, and 
Singapore [1]. However, this did not lead to positive conse-
quences, because this controlling measure initially received 
no support, and in subsequent years the state of congestions 
returned to the original level. That is why it is necessary to 
solve these problems based on theoretical research with the 
introduction of their results in the TR process.

The reason for decreasing the efficiency of SRN func-
tioning is the result of the irrational loading of its elements. 
Traffic congestion, which is a queue of road vehicles (RV) on 
the open line of a network, complicates the TF motion and 
increases the level of the SRN load. To ensure the efficiency 
of the transport network functioning, the existing measures 
to prevent the transition of the TF on open lines of the SRN 
into the congestion state, which can be determined by two 
main directions, were identified [2]. These directions con-
tain information on the parameters of the TF, forecasting 
random disturbances or obstacles on a road, and optimizing 
the throughput capacity of the urban traffic network. It is 
this approach that implements the TF control with the help 
of operating control devices on the SRN. They include road 
signs, traffic light devices, and markings. The most common 
measure is traffic light regulation, the parameters of which 
must be consistent with the parameters of the TF on the 
open road line. However, such measures are characterized by 
the complexity of implementation under conditions of dense 
TF, because the direction of the controlling influence on the 
beginning of the TF, that is, its “front”, is not effective in 
control. Then, based on the analysis of measures, it is possi-
ble to conclude that it is necessary to develop a new approach 
to prevent traffic congestion on the SRN.

Congestion states of TR arise for many reasons, the basis 
of which is the inefficiency of traffic flow control. Further 
research is aimed at the analysis of the basic traffic models, 
on which control algorithms are formed. The results of the 
study [3] prove the impact of management strategies on the 
basic TR parameters, the description of which is associated 
with the fundamental diagram of the TF. This relationship is 
major in understanding the relationship between the param-
eters of the TF and the TR control.

In paper [4], when studying congestions on the SRN, the 
author proposed the concept of a “synchronized flow” and 
based on it, separated two qualitatively different TF states 
(phases): the phase of so-called “synchronized traffic” and 
the phase of “wide moving traffic jams”, which should be 
distinguished in the congested mode of the traffic flow. The 
main statement of the concept of a “synchronized flow” is 
the hypothesis about the existence of a stable state of the TF. 
This means that in the areas of the TF stability, all vehicles 
move to keep a safe distance and at the same constant speed, 
which is chosen relative to the flow density, without taking 
into consideration a set of current speeds of the RV. This ap-
proach provides the direction and grounds for theoretical re-
search into the physical nature of processes in the TF. How-
ever, the issues of practical determining the TF parameters 
remained unresolved. Analysis of the TF models revealed 
two approaches for the description of traffic congestions:

1. Based on the properties of the TF itself according to 
the classification of phase transitions [4], as well as the clas-
sification proposed by scientists at the Los Alamos National 
Research Center [5].

2. Based on external reasons – the influence of different 
“bottlenecks” [6]. By bottlenecks, the author implies the com-
bination of SRN sections with a different number of traffic 
lanes and, consequently, with different throughput capacity. 
Thus, the theory of bottlenecks was developed to construct 
their classification, which determines the need to study the 
problem of “reverse phase transition” to the TF. However, this 
is related to objective difficulties, because traffic congestion 
occurs quite quickly, and dissipates slowly and uncontrol-
lably. That is why the way of preventing congestion will be 
more effective than its elimination. To do this, it is necessary 
to consider the models of the TF by the following features: 
application area; the level of detailing a simulation object; 
deterministic or stochastic; continuous or discrete [6].

Deterministic models include the models based on func-
tional dependences between the basic parameters of the 
TF – intensity (N), speed (V), density (q) and the distance 
between the RV while moving in a flow. In stochastic 
models, the process of the TF motion has a probabilistic 
character of the description of the interaction of the basic 
parameters, which makes it difficult to use them in the TR 
control algorithms.

The main requirements for the application of models in 
the TR control systems are the adequacy of models to the 
control object and the promptness of their implementation.

When choosing control models, well-known transport 
models of the TF are preferred. This approach is used in pa-
pers [7, 8]. The description of the first macroscopic models 
(hydrodynamic), in which the TF is treated as a similar flow 
of compressed liquid, deserves attention [7, 8]. The first mi-
croscopic models (following the leader), describing the motion 
of each car and the model of cell machines, are also known [9]. 
In today’s practice of modeling traffic flows, commercial soft-
ware products based on micromodels [10], which are mostly 
represented by modifications of the “following the leader” 
model, have become widely spread. It should be noted that the 
latest studies have fundamental violations of the continuity of 
the LWR models for different transport flow states [11, 12]. 
The variant to overcome these violations may be the descrip-
tion of the state of a transport flow in general based on macro 
models of the TF. However, in well-known transport models, 
there is no description of the TF transition from the stable 
state to the probabilistic in the event of a congestion TR 
state [13]. In addition, the description of parameters of motion 
of a separate RV in a high-density flow requires more accura-
cy and promptness according to the basics of micro-models of 
the RV during the motion in the TF.

All this suggests that it is necessary to apply deterministic 
models for the TR control algorithms because they are the basis 
for mathematical maintenance of the control system. However, 
it is advisable to obtain a description of the causes of “shock 
waves”, while the issues of their consideration in control algo-
rithms to prevent congestion on the SRN remain unresolved. 
This approach requires the development of a description of the 
TF congestion state. All this makes it possible to state that it is 
necessary to formalize the description of the interaction of the 
TF parameters under conditions of urban traffic taking into 
consideration the identified difficulties in modeling.

3. The aim and objectives of the study

The aim of this study is to develop a model of interac-
tion of the TF parameters for dynamic TR control in urban 
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environments. This will provide an opportunity to prevent 
congestion to increase the throughput capacity of the RSN.

To achieve the aim, it is necessary to solve the following 
tasks:

– to develop the model of dynamics of a change in param-
eters of a transport flow during formation of a “shock wave” 
under complicated urban traffic conditions with carrying 
out the experiment;

– to substantiate the appropriateness of implementation 
of dynamic traffic control on open road lines by means of 
modeling the influence of a change in the traffic motion 
speed on intensity.

4. Development of the models of interaction of 
parameters of a transport flow under complicated urban 

traffic conditions

The processes that take place in a TF at passing through 
“bottlenecks” were studied. At a slight loading of the RSN 
section, when the TF motion occurs in the unrelated mode, 
each driver has an opportunity to choose the motion speed 
within the speed range permitted in this section. However, 
at an increase in loading of the RSN section, the TF density 
increases and transfers into an interrelated mode of motion. 
At the same time, each RV driver obeys the conditions of the 
TF motion, which affects the lack of possibility of choosing 
the speed of motion and implementation of maneuvers on 
a driveway. An increase in the TF density is not a problem 
until the moment when flow intensity reaches the maximum 
value. At the same time, the level of RSN servicing under 
specific road conditions changes, after which there is a de-
crease in the speed of traffic motion and the transition of 
the TF to an unstable state. This leads to a change in the 
conditions of the RV motion and the occurrence of features 
of a dense TF state, which affects the motion cessation and 
transition to the traffic congestion mode. Traffic congestion 
on the local RSN section may cause congestion spreading 
around the network if the intensity of the RV arrival at a 
complex section does not change.

Analysis of continuous models revealed contradictions 
that imply that TF speed V (x, t) at point x and in time t is 
density function P (x, t). Then

( ) ( )( )=, , ,V x t V p x t      (1)

where V (р(x, t)) is the speed of flow motion at density р (x, t).
Apparently, the speed of flow motion under normal con-

ditions approaches V(p). However, this conclusion does not 
correspond to the situation in the transport network when 
there are congestion states of a transport flow, where the TF 
speed is equal to 0, and density acquire the maximum value, 
which contributes to the process of formation of a “shock 
wave”, which requires additional research.

Comparative analysis of continuous and discrete models 
allowed the identification of the complexity of the presenta-
tion of analytical continuous models for control algorithms, 
so it is necessary to improve the known models in the process 
of research.

We formed an approach to the construction of a macro 
model of a TF, which is aimed at a formalization of the inter-
action of macro-parameters of the TF to describe a “shock 
wave” formation in the TF, because this process complicates 
traffic, reduces the throughput capacity of the SRN and in-

creases transport delays during the motion. The TF motion 
under difficult conditions for traffic control systems was 
formalized as follows [14].

The RV mode of motion is stable on the SRN section in 
the absence of any external influences, including controlling 
influences. If there are regulation facilities in the section, 
the transport flow is subject to their influence, the result of 
which is a change in the motion mode. Taking into consid-
eration the continuity of the TF parameters, their relations 
in a specific cross-section x of the SRN open road can be 
described by a known dependence [15]:

( ) ( )= − ⋅max  ,V x V k q x     (2)

where V(x) is the TF speed on cross-section х of the SRN 
section, m/s; Vmax is the maximum permitted speed of motion 
on the given SRN section, m/s; k is the coefficient that char-
acterizes a change in the speed of motion in the section from 
V(max) to V(x) at maximum density from q(x) to q(max):

−
= max min

max

 ,
V V

k
q

    (3)

where q (x) is the TF density in cross-section х of the SRN 
section, cars/km.

Then, by differentiating (2), we determined the TF 
density in a certain cross-section of the open road line. It is 
carried out by the following dependence:

( ) −−ρ⋅ −= ⋅
7 210 ( )

max  ,x Sq x q e     (4)

where qmax is the maximum TF density, which corresponds to 
throughput capacity of the SRN section, car/km; e is the base 
of natural logarithm; S is the length of the SRN section, m; x 
is the coordinate of a cross-section in the SRN section; ρ is the 
coefficient determined by boundary values of the TF density 
on the SRN section that can be determined from the following 
expression

 
 
 
 

⋅
ρ =

7max

min
2

ln 10
 ,

q
q

S
    (5)

where qmin is the minimal TF density that corresponds to 
minimal flow intensity on this SRN section, cars/km.

Subsequently, to determine the character of a change 
in intensity, density, and speed of the TF along the length 
of the open road, the following boundary values of the TF 
density were accepted: qmin=5 cars/km; qmax=100 cars/km. 
It is necessary to study a change in TF density on the SRN 
section of the length of 1,500 m (maximal length of the open 
road section by normative documents), where a traffic light 
device was eventually installed. The diagram of a change in 
the TF density according to (4) throughout the SRN section 
takes the following form (Fig. 1).

Apparently, the TF density increases from the begin-
ning of the section and reaches the maximum value at the 
cross-section with the coordinate of 1500 m. At this cross-sec-
tion, there is a decrease in the TF density, which actually 
characterizes the process of vehicles passing one another in 
the RV queue, which accumulated before the intersection. 
The graph of changes in the motion speed along the length of 
the open road line in the presence of traffic light regulation, 
according to (2), takes the following form (Fig. 2).
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The obtained results show that at distance from the begin-
ning of an open road section, the motion speed decreases to 
the minimum value. Thus, the TF density and its speed along 
the length of the SRN are non-uniform and characterized by 
“critical” values in a certain section. At the same time, the 
minimum motion speed and the maximum flow density, which 
can be observed in the section, are characteristic of the con-
gestion state of the TF. The obtained result corresponds to the 
actual behavior of the TF, as congestions occur at the end of 
the open road line and spread towards oncoming traffic flow. 

Then, based on determining the TF density and speed on 
the SRN section (2), (4), the TF intensity was obtained as 
the product of these parameters:

( ) − −−ρ⋅ ⋅ − − ⋅ρ⋅ ⋅ −= ⋅ ⋅ − ⋅ ⋅
7 2 7 210 ( ) 2 10 ( )

max max max  .x S x SN x V q e k q e   (6)

Graphical interpretation of dependence (6), a change 
in TF intensity along the length of section (S) takes the 
following form (Fig. 3).

The determined nature of a change in the TF inten-
sity along the length of the open road line differs from 
the known models of changes in TF density and speed. 
At fixed parameters of the SRN area, an increase in the 

TF intensity is observed 500 m before its completion and 
begins to decrease further in the flow direction. This fact 
proves the assumption that regular traffic congestions, 
which are accompanied by the accumulation of RV on the 
SRN section, are formed at the end of the SRN. Thus, the 
obtained model of determining the transport flow inten-
sity in a dense flow (6) is adequate for actual processes on 
the SRN.

Further studies are related to the impossibility of 
determining the speed of the TF motion at its maximum 
density by means of macro modeling. That is why it is nec-
essary to proceed to the micro models of car motion. It is 
possible to determine the number of cars that are at a given 
moment of time in the SRN open line, having length S, by 
integrating expression (4). Then, the number of cars (n) is 
determined as:

( )= ∫
0

d ,
S

n q x x       (7)

where S is the length of the SRN section, m.
RV accumulation on the SRN section leads to a change 

in TF density over time at each point. To determine the na-
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Fig.	1.	Change	in	the	TF	density	on	the	SRN	section
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Fig.	2.	Change	in	TF	speed	in	the	SRN	section
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ture of the RV accumulation on the SRN section, 
differentiation of density by time was carried out. 
It was accepted in the research that the number of 
the RV accumulated on the SRN section is deter-
mined by the TF intensity at its inlet and outlet:

( ) ( ) ∆ = − + ∆ ⋅ ∆  ,n N x N x x t     
(8)

where Δn is the magnitude, by which the number 
of the RV on the SRN section will change, cars; 
N(x) is the TF intensity at the section inlet with 
coordinate x, cars/h; N(x+Δx) is the TF intensity 
at the outlet of the section with coordinate x+Δx, 
cars/h; Δt is the time measurement pitch, s.

Then according to (4), the TF intensity can be 
expressed by the product of its density by speed;

 
( ) ( ) ( ) ( ) ∆ = ⋅ − + ∆ ⋅ + ∆ ⋅ ∆  ,n V x q x V x x q x x t   (9)

where q(x+Δx) is the TF density in the cross-section of the 
line with coordinate x+Δx, cars/km.

If the TF speed can be determined by dependence (2), 
then the number of the RV accumulated on the SRN section 
can be determined as:

( )( ) ( )
( )( ) ( )

( ) ( )
( ) ( )

 − ⋅ ⋅ −
 ∆ = ⋅ ∆ =
 − − ⋅ + ∆ ⋅ + ∆ 

 ⋅ − ⋅ −
 = ⋅ ∆
 − ⋅ + ∆ − ⋅ + ∆ 

max

max

2

max

2

max

.

V k q x q x
n t

V k q x x q x x

V q x k q x
t

V q x x k q x x
 (10)

Based on the fact that a change in the number of RV on 
the open road line leads to a change in the TF density on the 
same section, it is possible to write down: 

( ) ( )
( ) ( )

 ⋅ − ⋅ −
 ∆ ⋅ ∆ = ⋅ ∆
 − ⋅ + ∆ + ⋅ + ∆ 

2

max

2

max

.
V q x k q x

q x t
V q x x k q x x

 (11)

After algebraic transformations, we have: 

( ) ( )

( ) ( )

∆ ⋅ ∆  = ⋅ − + ∆ + ∆
 + ⋅ + ∆ − 

max

2 2
;

q x
V q x q x x

t

k q x x q x   (12)

( ) ( )

( ) ( )( ) ( ) ( )( )

∆ ⋅ ∆  = ⋅ − + ∆ + ∆
 + ⋅ + ∆ − ⋅ + ∆ + 

max

.

q x
V q x q x x

t

k q x x q x q x x q x   (13)

Then:

( ) ( )( )
( ) ( )( )( )

∆ ⋅ ∆
= − + ∆ ×

∆
× − ⋅ + ∆ +max  ;

q x
q x q x x

t

V k q x x q x    (14)

( ) ( )( ) ( ) ( )( )( )+ ∆ − ⋅ ⋅ + ∆ + −∆
=

∆ ∆
max

;
q x x q x k q x x q x Vq

t x  
(15)

( ) ( )

( ) ( )( )

+ ∆ −∆
= ×

∆ ∆
× ⋅ + ∆ + − max  .

q x x q xq
t x

k q x x q x V    (16)

The resulting expression (12) determined a change in 
the TF density in time on a certain cross-section of the 
open road line. Considering the infinitely small magnitude 
of the cross-section of the open road line Δx→0, we ob- 
 tained d d

q
x  at q(x+Δx)=q(x), instead of the first fraction 

in the right part of the equation. In fact, magnitude d
d

q
x  

is the characteristic of the rate of a change in the TF den-
sity in cross-section х of the SRN section. To determine it, 
carry out differentiation (13):

( ) −− −ρ⋅ ⋅ −= − ⋅ ⋅ρ⋅ ⋅ − ⋅
7 27 10 ( )

max

d
2 10 .

d
x Sq

q x S e
x

  (17)

The result of a change in the rate of the TF density for the 
SRN section was obtained in the form of the graph (Fig. 4).

To plot the graph of the resulting dependence (Fig. 4), we 
used the normalized values of function [–0.1; 0.1], which reflect 
the rate of a change in density along the length of the SRN 
section and detect its non-uniformity. Then, the highest rate of 
density increase is observed not at the outlet of the section, but 
closer to the traffic lights location (1500 m). This makes it pos-
sible to argue that in case a congestion formation starts, the RV 
queue will be accumulated as quickly as possible not at the end 
of the road open line, but at a distance from it. It is likely that 
this is the place on the open road line, where the flow density 
starts to increase, and the speed is not yet decreased. After the 
boundary of the SRN section, the rate of a density increase at 
a certain point in time is negative in character, which indicates 
that the RV queue dissipates within some time and the TF den-

sity decreases. After determining d
d

q
x  using expression (17), 

expression (16) takes the following form:

( )( )∆
= ⋅ ⋅ ⋅ −

∆ max

d
2 .

d
q q

k q x V
t x

   (18)

Transition to infinitely small time interval Δt→0 makes 
it possible to obtain a derivative of density by time, deter-
mined by the following dependence:

( )( )= ⋅ ⋅ ⋅ − max

d d
2 .

d d
q q

k q x V
t x

   (19)

When replacing the term of expression Vmax – k∙q(x) 
with the TF speed in the specified cross-section of the SRN 
area, we obtained:

( ) ( )( )= ⋅ ⋅ −
d d

.
d d

q q
k q x V x

t x
  (20)

Fig.	3.	Graph	of	change	in	the	TF	intensity	on	the	SRN	section
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Thus, we determined the density change rate on the 
SRN section, the graph of which is shown in Fig. 5.

The obtained result is the macro model of change in 
the main parameters of the transport flow at the motion in 
a dense flow based on determining the TF density change 
rate at the transition to the traffic congestion mode.

To verify the correctness of theoretical research and 
the adequacy of the resulting macro models, we developed 
a simulation model of traffic flow motion for the simula-
tion experiment. Software for the simulated model of the 
TF behavior was implemented in the integrated environ-
ment of application development Delphi 7.0. The open 
road section of the thoroughfare in the city of Kharkiv 
(Naukova Avenue), Ukraine, was chosen as the object of 
experimental research. The section parameters are the 
following: section length – 380 m; section width – 28.0 m; 
road cover state – excellent; curves in the plan – absent; 
longitudinal slopes – 41 ‰. The selected open road line 
has unsatisfactory motion parameters in rush hour – at 
the TF intensity on the section of 3,286 cars/h, the sec-
tion passing time is 526 s, which results in the formation 
of congestion modes of TF motion. Experimental mea-
surements of the TF intensity on the open road line were 
carried out by the field method on weekdays during the 
morning and evening rush hours.

The TF parameters, at which there are unsatisfactory 
conditions of passing the section with the congestion for-
mation, were selected for the experiment. Increasing TF 
intensity at the constant regulation cycle leads to RV ac-
cumulation at stop-lines, and they do not pass each other 
during the permitting traffic light signal (Fig. 6), which 
results in the formation of the RV queue.

Comparative analysis of values of section passing time, 
obtained by experimental research on the actual SRN and 
by means of simulation is shown in Table 1.

The obtained result proved the adequacy of the devel-
oped simulation model for determining the RV speed in 
a flow, because the mean relative deviation of the values 
of the time of passing the studied SRN section does not 
exceed 5 %. Consistency of empirical and theoretical (by 
the model) distribution was assessed for confidence prob-
ability P=0.95 and permissible error α=0.05 [16]. Thus, 
the proposed simulation model can be used to determine 
the parameters of the “shock wave” formation process.

This approach provides an opportunity for further 
research of spatial-temporal changes in the basic param-
eters of the TF motion under urban conditions. All this 
suggests that the density change rate, rather than density 
itself describes adequately the TF behavior in the congest-
ed motion mode.

Fig.	4.	Graph	of	change	in	density	on	the	SRN	section
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Fig.	5.	Graph	of	density	change	rate	on	the	SRN	section
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5. Substantiation of the feasibility of introducing a 
change in the high-speed motion mode of traffic flow in 

the urban street-road network

The resulting macro model of the TF proves that it is 
necessary to influence the TF parameters at the end of a 
“shock wave” (at the beginning of an open road line), rath-
er than at its beginning (at the end of an open road line). 
This provides an opportunity to determine correctly the 
controlling actions of the automated TR control system 
to prevent the occurrence of the traffic congestion mode, 
which is formed at an increase in the TF density. Thus, the 
effect of a “shock wave” in relation to the TF implies a sharp 
speed decrease on the lane at shortening the safety intervals 
between cars. That is, the resulting description of the TF 
motion in a dense flow differs from the well-known models 
of the column mode of the TF motion. The determined dif-
ference affects the congestion and shock waves formation.

The determined control parameters have the features of 
directed control, so the situational TR control technology 
has a number of advantages related to the prediction of a 
change of the SRN state [17]. The dynamic traffic control has 
the same principle. The efficiency of the transport network is 
ensured by means of prevention of negative situations. The 
presented approach does not require a response to the situa-
tion by means of local control. It is necessary to implement the 
method of dynamic control, in which the traffic motion mode 
changes by the TF intensity or density, based on a closed 
control circuit. The controlling impact under this method is 
the determined speed of motion at the beginning of the SRN 

open line. The introduction of dynamic 
control is an alternative to the SRN 
expansion and affects the improvement 
of the safety and efficiency of the traffic 
process in general [18]. That is why it is 
proposed to change the TF speed mode 
on the SRN section to restrict access to 
the RV accumulation place and prevent 
the “shock wave” formation.

The merits of using dynamic control 
were identified by applying the methods 
of road traffic simulation. At the same 
time, the impact of a change in the speed 
of motion on the TF intensity on the 
RSN section was explored. To deter-
mine the speed of the RV approaching 
a complex area, we selected the macro 
model of the TF motion [19, 20], which 
includes controlling parameter (u) de-
termining the value of the TF motion 
speed on the SRN highway:

( )
  +− ⋅  = ⋅ ⋅

2

max

1
4

max, ,
q u

qV q u V u e  (21)

where ( )Î 0;1u  is the level of the con-
trolling parameter influencing the speed 
of motion. 

There are certain conditions to 
observe during simulation: the val-
ue of the maximum density of the TF 
qmax=50 cars/km [21], and the speed 
of free motion Vmax=60 km/h (permit-
ted speed of motion in a city [22]). A 

change in the TF, depending on the density at different 
levels of the controlling parameter is shown in Fig. 7.

The model was implemented under the condition that 
the level of controlling parameter implies that a decrease in 
motion speed on the open road line is not more than 20 km/h 
from the permitted [22]. Simulation results were obtained 
at three levels of the controlling parameter u=1.0; 0.83; 
0.67, which corresponds to motion speed Vmax=60 km/h; 
Vmax=50 km/h; Vmax=40 km/h (Fig. 7).

Analysis of obtained simulation results proves that 
the controlling parameter makes it possible to change the 
existing high-speed mode on the SRN section only at a 
certain TF density. Thus, at a flow density of 100 cars/km, 
the action of the controlling parameter loses its influence 
on the TF speed, and then the SRN density increases, and 
the speed drops to zero. The obtained result is explained 
by the existence of mutual obstacles when drivers are 
forced to reduce sharply the speed of motion. Thus, the 
connected and the congested modes of TF motion appear.

To determine the TF intensity taking into consideration 
the selected macro model (21), we obtained the analytical 
dependence of intensity on the influence of the controlling 
parameter u on the TF speed (V):

( )
2

1
4, .к

q u
qN q u q V u e

  +− ⋅  = ⋅ ⋅ ⋅  (22)

Fig. 8 shows the graph of change in TF intensity, de-
pending on density at qk=50 cars/km at different levels of 
controlling parameters u.

Fig.	6.	Formation	of	a	shock	wave	in	a	transport	flow

Table	1

Comparative	analysis	of	section	passing	time	in	the	maximum	traffic	loading	period

No. of experimental 
measurement of the 

passing time 

Time of section pass-
ing (experimental 

studies), s 

Time of section 
passing (simula-

tion model), s 

Absolute 
devia-
tion, s

Relative 
devia-
tion, %

1 546 543 3 0.55

2 542 524 18 3.32

3 611 522 89 14.57

4 484 514 30 6.20

5 602 547 55 9.14

6 538 535 3 0.56

7 547 546 1 0.18

Mean values 552.86 533.00 19.86 4.93
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Analysis of the results allowed arguing that the con-
trolling parameter of a change in the speed of motion also 
has an impact on intensity when the SRN density changes 
in the range of 0–100 cars/km. A further increase in den-
sity leads to the TF transition to a congested state and 
it is no use changing the speed because intensity drops 
rapidly to 0. This proves that it is necessary to control 
the TF intensity by changing the speed mode of motion 
on the road line sections, where the TF density is not yet 
critical. Such values of the TF intensity are observed on 
approaches to the congestion place. That is, we obtained 
an effective method to prevent the formation and propa-
gation of a “shock wave”. This proves the appropriateness 
and necessity of developing the dynamic control of the TF 
by means of reducing its speed on the SRN sections with 
complicated traffic conditions.

The resulting models belong to the type of continuous 
macro models of the TF, according to which the TF “tail” 
has a lower density at a higher speed. There are difficulties 
in determining the parameters of dynamic control be-
cause, at an insignificant time interval (<30 s), the chang-
es in parameters are so significant that their derivative is 
not obtained analytically. That is why there is a need to 
develop micromodels of the RV motion in the flow of high 
density in the presence of “bottlenecks” on the SRN.

6. Discussion of the results of 
simulation of the TF parameters to 

prevent congestion on the SRN

The study resulted in obtaining a 
description of a change in speed and 
intensity depending on the TF density 
(2), (4), (6), Fig. 1–3. At the same time, 
the length of the SRN section, at the end 
of which there is a traffic light device, 
was taken into consideration. The nature 
of a change in parameters indicates that 
there are certain maximums and mini-
mums of density and speed functions at 
the end of the section. The determined 
nature of a change in intensity along 
the length of the section differs from the 
known models because it makes it possi-
ble to determine the distances, at which 
traffic congestions begin to form.

The model of a change in the TF density on 
a certain SRN section (17), Fig. 4, was obtained 
by means of mathematical transformations (11) 
to (16). This innovative approach allowed the 
development of a model of a density change 
rate (20), Fig. 5, depending on the speed of the 
TF motion by differentiating (18), (19). Theo-
retical and experimental studies indicate that 
a “shock wave” begins its formation at the dis-
tance equal to a third of the road section. The 
simulation experiment, conducted on the simu-
lation model, proves the correctness of obtained 
theoretical results. When developing models, 
we determined the coordinate of a change in 
the rate of TF density equal to 1,000 m (at the 
section length of 1,500 m), and in the simula-
tion experiment – 220 m (at the section length 
of the 380 m). The adequacy of the simulation 
model was obtained based on the indicator of 

the relative deviation of the actual section passing time 
from the model one (5 %). That is why to prevent the oc-
currence of a “shock wave”, it is necessary to direct the con-
trolling influence not to its beginning, but rather to its end.

To implement this approach to the prevention of the 
“shock wave” formation, it was proposed to apply dynamic 
control of the speed of TF motion to reduce the intensity 
of the approach to a high-density section. The impact of 
a decrease in speed on intensity was proven (21), (22), 
Fig. 7, 8. This proves that the controlling influence should 
be formed and directed to the TF when intensity changes 
in the range from 8 cars/km up to 100 cars/km, that is, at 
the beginning of the section.

However, it should be noted that this approach has 
certain limitations, which are related to the necessity to 
install additional technical regulation devices Today, such 
devices include controlled road signs with variable infor-
mation of the determined level of motion speed of motor 
vehicles. No shortcomings of the application of dynamic 
control were identified.

It is planned to develop this research in the area of the 
introduction of dynamic control in the TF control systems 
in cities. The prerequisite for the implementation of dy-
namic control is mandatory approbation of the procedure 
for determining its parameters [23]. At the same time, it 
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Fig.	7.	Graph	of	change	in	the	motion	speed	and	flow	density	at	different	levels	of	
controlling	parameter	u
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should be obligatory to take into consideration the length 
of the SRN road line and the duration of the traffic light 
cycle at an intersection.

7. Conclusions

1. The obtained results of simulation of dynamics of 
a change in basic parameters of the traffic flow allowed 
revealing not only the nature of the “shock wave” for-
mation in the congested traffic mode but also the place 
of their occurrence. The simulation was carried out at a 
fixed length of the section based on determining the in-
teraction of speed, density, and intensity. The complexity 
of their interaction during the motion in urban conditions 
is related to a change in safety distance between the road 
vehicles and appearance of congested traffic mode. The 
emergence of a “shock wave” is the cause of unjustified 
traffic flows stops on the street-road network. The de-
scription of the process of the “shock wave” formation was 
obtained based on determining the density change rate. 
The simulation experiment of the traffic flows motion on 
the street-road network section of Kharkiv was carried 
out and proved the adequacy of the developed simulation 
model (5 %).

2. Modeling the results of the controlling parameter 
on the traffic flow in the form of decreased speed of mo-
tion prove the adequacy of applying dynamic control with 
a change in the traffic flow motion mode. The proposed 
approach to the realization of dynamic adaptive control in 
the case of the traffic congestion mode has the features of 
situational management. A series of advantages in case of 
prevention of the unstable traffic flow state influence an 

increase in the throughput capacity of the street-road net-
work and a decrease in the road vehicles downtime. Ap-
plication of dynamic traffic control as a part of the traffic 
control system in cities is an alternative to the street-road 
network expansion in order to organize a stable mode of 
traffic flow motion. The implementation of dynamic con-
trol is based on measuring the traffic flow parameters by 
transport detectors in real time. Information on a change 
of the traffic mode should be sent to traffic participants by 
applying multi-position road signs.

The proposed approach to increasing the throughput 
capacity of the street-road network makes it possible to 
improve the components of traffic efficiency. A decrease 
in time of road vehicles traveling around cities without 
stopping is of strategic importance for the logistic process 
of passengers and cargo delivery. Formalization of con-
trolling influences on reducing the traffic flow intensity 
and speed has a positive effect on traffic safety. Thus, 
the introduction of the proposed solutions to the traffic 
control system in cities is a promising direction for the 
improvement of the transportation process.
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