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ORIGINAL RESEARCH ARTICLE

Nadiia Kulbashna - Iryna Lynnyk - Andrii Galkin - Oleksii Prasolenko - Sergii Dulfan

SAFETY ASSESSMENT OF ADJACENT ROADS SECTIONS VIA
MAXIMUM ENTROPY DRIVERS PERCEPTION FIELD

Characteristics have been developed, by which the boundaries of coherence of adjacent road sections are established
in accordance with requirements for the traffic safety. The coordination of adjacent sections of the road is carried out

taking into account the driver’s behavior program, which is presented in the work as a value of the maximum entropy of

his perception field. The choice of this criterion is determined by the possibility of a comprehensive assessment of many

road environment factors that influence the driver. The boundaries of coordination of the maximum entropy values of
adjacent road sections with use of the accident rate are established.
Keywords: adjacent road sections, maximum entropy, matching characteristics, accident rate

1 Introduction

At the present stage of development of transport
engineering, the system arrangement of the road environment
is the main means of ensuring the traffic safety. Approaches
to reducing accidents, due to technical means of organizing
the traffic, have practically exhausted themselves [1]. At
the same time, existing approaches can be improved and
supplemented, taking into consideration the human factor
in assessing their safety [2]. The movement of the driver is
carried out in the road environment, which includes various
elements of engineering and technical support [3]. A drastic
change in traffic conditions, when moving from one section
of the road to another, can negatively affect the functioning
of the driver [4-6]. Constant adaptation of the driver to
changing conditions contributes to development of fatigue,
causes his erroneous actions and as a result, leads to the
creation of emergency situations. Therefore, it is necessary
to organize such traffic conditions that, on the one hand,
would not create undesirable transient phenomena in the
driver’s body and provide all the necessary information
to select the right actions as a result of driving. This
requires a comprehensive assessment of factors of the road
environment acting on the driver and the development of
a method for coordinating traffic conditions on adjacent
sections of roads (Human-Surrounding interface).

The article consists of the following sections: the
first section provides an analysis of the literature and
identifies major shortcomings of existing approaches to
infrastructure design; in the second section is presented
an analysis of scientific researches is revealed, which
revealed shortcomings of certain methods of the traffic
safety assessment; in the third section, for designing the
infrastructure of the road environment, taking into account

the human factor, a method is proposed consisting in
assessing traffic safety by the consistency of adjacent
sections of roads. Maximum entropy is chosen as the
criterion. An accident rate was used to assess the danger
of the road infrastructure, which was determined on the
basis of statistics on road accidents over 5 years and
the volume and composition of traffic flow; in the fourth
section experimental studies were conducted to determine
the values of the maximum entropy, on three roads with
a length of 45 kilometers with participation of 26 drivers.
During the movement of cars, traffic factors and speed
were recorded. During the processing of the survey results,
the length of the driver’s perception field was calculated
according to the empirical formula, depending on the speed
of movement. Within each field of perception, the number
of factors of the road environment was determined by
which the value of the maximum entropy was calculated.

According to dependence of the maximum entropy on
the accident rate, an information content of the maximum
entropy has been proved in terms of traffic safety. To
coordinate adjacent sections of roads, the ratio of values
of the maximum entropy of the previous and subsequent
sections is applied. Dependence of these relations on the
accident rate and application of the hazard limits of the
accident rate, established by the regulatory document of
Ukraine, allowed to establish the limits of the maximum
entropy changes that characterize sections of the road as
safe, low-risk, dangerous or very dangerous.

2  Analysis and statement of the research problem

When examining the road environment, scientists
usually consider the safe combination of the individual
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elements of the plan and profile of the road. Thus, in [7]
the distribution of the roads, according to homogeneous
geometric characteristics and the mandatory reduction of
the deviations of the speeds in the adjacent sections, is
proposed. In [8] is proposed to use the length of the driver’s
perception field as sections of the road, taking into account
variables and constant factors of the road environment.
IInfluence of road gradients on other traffic parameters is
studied in [4]. It is indicated that the value of the vehicle’s
initial speed of entry to an adjacent section of the road is
a significant parameter, changes of which may be a criterion
for the consistency of structures on road sections. The
methods proposed in the works [4, 7-8], despite their
simplicity and practicality, are limited by the number of
criteria and do not contain a systematic assessment.

In [1] the condition of the roadway is taken as
a characteristics that affects the accident rate. A systematic
approach was used, consisting in study of relationship of
the four elements: driver’s behavior, vehicle conditions,
roadway bed and environment. In particular, in [9] is
indicated that a modern approach to ensure the road safety
and reduce the risks of traffic participants getting into the
road transport aaccident, is a reconstruction of the road
environment. However, the issue of the traffic safety, which
was considered, does not concern individual sections, but
the road as a whole.

The cluster analysis was used to investigate the traffic
conditions in road sections in [10]. The sections of roads
with similar characteristics were determined and the speed
was used as a criterion. Despite the need to harmonize
adjacent sections of roads, the method has not been
developed.

The closest to solving the problem of ensuring the
traffic safety on adjacent sections of roads is the work by
Babkov [11]. It uses the method of plotting speeds and
defines the requirements for divergence of the safe speeds
on adjacent sections of roads. The criterion is the value of
the safety factor, which is the ratio of the speeds of traffic
in adjacent areas.

A similar approach was considered in [2], where a speed
that correlates well with the driver’s heart rate variability is
selected as an indicator of the driving safety. An assessment
of the conditions is proposed: good consistency, which does
not require reconstruction of the road sections; average
consistency requiring minor adjustments to conditions;
poor consistency with poor road safety, requiring the road
section reconstruction.

In [5] is proved that unsatisfactory traffic conditions
on the road sections cause an increase in the emotional
tension of the driver, which affects the reduction of the
speed of movement.

Based on the principle of interaction between the
driver and the road environment, intelligent systems are
developed to help the driver to ensure the safety of the
vehicle. Thus, the problems associated with implementation
of autonomous vehicles are discussed in [12]. Accounting
for interaction of the driver with the road environment in
the case of vehicle automation was also considered in [13].

A number of key problems are described that arise due to
the fact that automated systems are not always reliable
and the process of error management in the context of
human interaction and automation is not well understood.
Author of [3] proposes implementation and analysis of
algorithms to identify static and dynamic objects of the
road environment using the visual perception module,
which relates to the driver’s assistance system.

Therefore, despite the benefits of the latest means
of driving safety, the task of organizing a human-centered
road environment cannot be overlooked. Orientation
to ergonomic design and reconstruction of the road
environment allows to take into account the psycho-
physiology of the driver and create a comfortable
movement on the road, which, like the vehicle, is the
place of his work.

Research presented in [6] showed that result of the
directional control of the driving conditions is the speed
adjustment, which provides drivers with an opportunity to
choose easier and more convenient driving modes during
driving. The algorithm of regulation of functional norms of
speed of movement by means of the directed influence on
the conditions of movement within each field of perception
of the driver is developed. However, this work does not
consider a modal assessment of changes in these indicators
along the road.

Despite the fact that the speed is a result of the
purposeful activity of the driver in the road environment,
it cannot be considered as a complex criterion. The need
for a systematic assessment arises because it is necessary
to take into account many factors of the road environment
acting on the driver.

The choice of a complex criterion at the present stage
of the study of interaction of the system «driver - vehicle
- road environment» components should be based on
systems theory and theory of information [14]. With the
aim of purposeful optimal control of the complex dynamic
systems, which include, in particular, the road environment,
methods of the system theory evaluate the fundamental
relationships between individual elements and the whole
system, as a whole [15]. This provides an opportunity
to evaluate results of the complex impact of the traffic
environment on the driver of a vehicle.

Thus, in the work [16], on predictability of driver’s
behavior in certain road conditions, forecast models for
reducing congestion in urban roads were developed. The
speed of movement on individual sections of roads is
also used as a criterion and information entropy, which
characterizes the time series of speeds on each section
of the road, was used to quantify the speed uncertainty.
To determine the state of traffic, it is proposed to use the
random entropy, which takes into account the number
of speed states [15], temporary entropy to estimate the
probability of not exceeding the speed and the actual
entropy that establishes the sequence of states of the
road section [17]. In [18] are evaluated regularities of the
influence of the information flow on the driver’s work in the
“ «driver - vehicle - road environment»» system. However,
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studies do not address the issue of consistency of the

entropy parameters in adjacent sections of roads.

The most productive for harmonizing the parameters
of adjacent sections of the road is the concept presented
in [19]. The concept is based on coordination of the drivers
behavior programs, which are carried out by selecting values
of the next section’s setting. Coordination of programs’
means that it is necessary to select such elements of
the traffic environment in another section, which, at the
moment of transition from section to section, will not
lead to undesirable transients. According to the proposed
concept, in [20] the behavior programs on adjacent sections
of the road were presented in the form of harmonization
of entropy parameters. This approach makes it possible to
take into account the states and components of the «driver
- vehicle - road environment». But the proposed concept
does not have a developed method, so it needs further
study.

Thus, research has shown that the available methods
of assessing the road safety do not sufficiently take into
account influence of all the factors of the road environment
on the driver. A systematic approach to determining the
driver’s interaction with the road environment has not been
developed and, therefore, they may not be basic to ensure
the road safety.

Therefore, there is a need, on one hand, to evaluate
the influence of road factors of road sections on the driver
by complex indicators. On the other hand, according to the
indicators obtained, it is necessary to resolve the issues
of coordination of sections of the road environment when
moving a vehicle from one section of the road to another.

The purpose of this article is to develop an assessment
of the safety of adjacent road sections by the maximum
entropy of the driver’s perception field.

To achieve this goal it is necessary to solve the
following problems:

e draw up a coordination plan for adjacent sections
of roads on the information links of the driver’s
interaction with the road environment;

e to offer the criterion of complex information influence
of the road environment on the driver;

e based on the experimental studies to determine
dependence of the accident rate on the maximum
entropy of the field of perception of the driver;

e to develop an assessment of the coordination of traffic
conditions on adjacent road sections by the maximum
entropy of the driver’s perception field.

3 Materials and methods

3.1 The coordination scheme of adjacent sections
of the road

The harmonization process of adjacent sections
of roads is performed according to connections, which
are schematically shown in Figure 1. Considering the
subsystem «driver - road environment» in the general
system «driver - vehicle - road environment», it is necessary
to ensure coordination, which is in accordance with the
information characteristics of the driver’s perception
field to his requirements of comfort and safety. For this
purpose, connections 1 and 2 must be realized (Figure 1).
That is, through these connections, the driver’s activities
are consistent with the road environment of a certain
section of the road. Moving to the next section, the driver
interacts with another road environment (connections
3 and 4, Figure 1), which has a new information load.
These new informational impacts should also be consistent
with the driver’s activities. To coordinate conditions of
the road environment in adjacent areas, connections 5
and 6 are used (Figure 1). Based on these connections,
information parameters of adjacent sections are brought
into correspondence; they were previously aligned with the
requirements of the driver.

Therefore, in order to coordinate adjacent sections of
roads, it is first necessary to select the parameter according
to which the activity of the driver is consistent with the road
environment and then proceed to the coordination of this
parameter in the adjacent sections.

It is proposed to use the maximum entropy of the
driver’s perception field as a criterion for providing the
necessary conditions for the traffic on the road sections
[19]. The driver’s behavior program on adjacent sections of
the road is considered while driving in a column when the
driver’s coordinates are unchanged and can be expressed as:

VU — Vil =0; VP — V) =0, ¢))
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and in free mode (overtaking) when the driver’s coordinates
change. Then the behavior programs can be expressed as
follows:

XV — Xl =05 X - X =0, @
where:

XU, X - the actual distances from the vehicle to the edge
of the roadway in the cross section of the road in the first
and second sections, respectively;

V@ V& - the actual vehicle speeds in the first and second
sections, respectively;

21;)1, X(Z[-)[ - individual norms of the provisions of vehicles
in the cross section of the road of the first and second
sections, respectively;
ng),, V‘f), - individual norms of speeds of movement of the
first and second sections, respectively.

It was proved in the work [20] that individual rate
norms can be expressed in terms of the maximum entropy
H_, then for matching the adjacent sections it is necessary
to satisfy the condition of equality of the maximum
entropies of the first and second sections. In 20] was also
indicated that for coordination of the adjacent sections it
is not necessary to provide the same road parameters. It is
enough that their total informational impact on the driver
in the second section is equal to the informational impact
in the first section.

Therefore, harmonization of adjacent road sections
implies that the maximum entropy of the next section

H and the previous H . is minimized.
m(n+1) m(n)

3.2 Estimation of the consistency of adjacent
sections of the road

The length of the field of perception was determined by
the empirical formula in different sections [21]:

L=15+43"V, 3)

where: L - length of the driver’s perception field, m; V - car
speed (actual entry speed), km/h.

During the processing of the experimental data, the
maximum entropy of the driver’s perception field was
estimated by formula [22]:

Hyune = n”. @

where:
H,une - maximum entropy of the field of perception;
n - the number of objects in the field of perception.

When processing the experimental data, it was also
necessary to estimate the maximum entropy in terms of
the traffic safety. For this purpose, the influence of accident
rate on maximum entropy was estimated.

It is a common method of estimating the risk of
a section of a road by the number of traffic accidents (road
accidents), so during the data processing of the experiment

the data on road accidents that happened over five years
were used.

Based on the number of accidents, the aaccident rate
was calculated according to the following formula [23]:

_ 1%z
Ko =365 1, 7 ®)
where:
K,y - accident rate coefficient, accidents/1 million auto/
km mileage;

Z - number of accidents during the year;
I - average annual daily traffic volume in both directions,
auto/day;
Ly - length of the road section, km.

The volume and composition of the movement
were estimated using the moving observer method [23].
According to this method:

ne + (ns — nar)

===+ ©

where:
I - traffic volume, auto/h; 7. - number of oncoming cars;
ns - the number of cars overtaking the experimental
vehicle;
nyu - the number of cars overtaken by the experimental
vehicle;
¢, - travel time in the forward direction, hrs;
t, - travel time in the opposite direction, hrs.

The obtained values of the accident rate with use of
Equations (5), (6) were used during the processing of the
experimental data.

4 Results
4.1 Results of experimental research

The experimental races were carried out in the
field conditions on three roads with length of 20, 15, 10
kilometers, respectively:

e Road 1. The width of the roadway ranges from 7.0 to
10.5m, the road has two or three lanes, axial marking
is applied. The coefficient of adhesion of the car wheel
with road surface is 0.39-0.41, the volume factor is
1.03-1.27,

e Roads 2 and 3. The width of the roadway is 7.0m,
the width of the roadbed is 12.0m, the height of the
embankments and the depth of the notches do not
exceed 1.0m; there are two lanes, there is an axial
marking.

Experimental studies in the field conditions were
conducted in the summer in the same weather conditions
(dry, sunny, air temperature in the cab - 22-26 °C).

The studies used passenger cars. Test drivers with
3-7 years of experience and aged from 25 to 45 years were
involved in the field experiments. In the course of the
experimental races, the actual speed of movement, the
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Figure 2 Fragment of a linear graph of the road 1
Table 1 Assessment of experimental data on the road 1
The length of the Volume of daily Number of road
Section field of perception, V, km/hrs n nc " traffic, aut/h; accidents for 5 Kny
m years
325 72 6 36
1 344 76.5 7 49 44.67 2107 5 13
331 73.5 7 49
316 70 10 100
221 48 5 25
2 52.5 1154 4 1.9
230 50 7 49
258 56.5 6 36
303 67 7 49
3 325 72 11 121 73 548 8 2
350 78 7 49
368 82 6 36
4 288 63.5 5 25 41.67 884 3 1.86
273 60 8 64
252 55 7 49
20 252 55 9 81 48.7 945 3 1.74
253 55 4 16

travel time of the sections and their length, as well as the
factors of the road environment, were recorded.

The data of the experiment were analyzed and processed
in acomplex on the linear graphs of the investigated roads.
A fragment of the linear graph of the road 1 is shown in
Figure 2.

While processing the experimental results, the road
was divided into sections that were equal to the length of
the driver’s perception field.

Due to the fact that for an assessment of each driver’s
perception field H  there are insufficient statistical data
on road accidents, 3-4 perception fields were combined so
as to obtain sections of the same length (approximately
one kilometer), and the maximum entropy of the driver’s
perception field was taken as the average of the totality
of these values on the site H,uc . Assessment of the road
sections 1 is presented in Table 1.
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Figure 3 Dependence of the accident rate on the maximum entropy of the driver’s field of perception.
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Figure 4 Dependence of the accident rate coefficient on the ratio of values of the maximum entropy of adjacent areas

4.2 Processing the data

According to results of Table 1, as well as results of
evaluation of roads 2 and 3 (which are not presented),
dependence of the accident rate Knp on the maximum
entropy of the field of perception of the driver H, (Figure
3) is estimated, which estimates the degree of danger of the
conditions of road sections.

Analysis of the empirical data proved the curvature
of the nature of the relation K o= J(H,) (Figure 3). The
following regression equation was obtained by processing
the experimental data using the method of least squares:

K,y = 0.0007H;, — 0.056H,, + 2.4. )

A correlation index of 1’=0.851 indicates a high bond
density, the probability of which was estimated by the
Student’s t-test. The quadratic error m,; = 0.085, the
reliability criterion ¢,=10.01 is greater than the tabular
t, = 2.7 for 0.01% coverage, which indicates the reliability
of the correlation index. Thus, the maximum entropy of the
driver’s perception field is an indicator of the traffic safety
on adjacent road sections.

The relation (H,, o )/Hm (e )), where H | w andH (ne1) AT€
values of the maximum entropy of the field of perception
of the previous and next sections, respectively, was used
to harmonize adjacent road sections in the free mode.
This ratio is in line with the accident rate. Analysis of
the empirical data proved the curvature of the bond
Knp =ft(H /H - 1)), which is presented in Figure 4.

m(n) m
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Table 2 Estimation of indicators of the traffic conditions consistency on adjacent sections of roads by the driver’s perception

Jfield maximum entropy

Section safety assessment

Value of the accident rate, according to

Ratio of the maximum entropy ~ Assessment of sections

[24] values consistency
Dangerous 1.71...1.96 Less than 46% Aligned
Low-risk 1.45...1.71 46 ... 52% Aligned
Safe Less than 1.45 52 ... 78% Aligned
Low-risk 1.45...1.71 78 ...84% Aligned
Dangerous 1.71...1.96 84 ... 8% Not aligned
Very dangerous More than 1.96 More than 87.0% Not aligned

Processing the experimental data using the least
squares method allowed us to obtain the following
regression equation:

Koy = 0.0016( Hyuin)/ Honin 1)) —

8
— 0.214(Hyn)/ Hun+ 1) + 8.081. ®

The density of the relationship between the accident
rate and the ratio H W/Hm ey Was estimated by the
correlation index 1" = 0.785. Since the value of v is large,
the hypothesis that there is a close bond Knp =f (Hm(n)/
H, (e )) is confirmed. The reliability of the correlation index
was evaluated by the Student’s t-test. Quadratic error was
my = 0.103, with the reliability criterion ¢, = 7.62. Since
the calculated values of ¢ are larger than the table values
t, = 3.65 for 0.001% coverage, it can be considered that the
calculated correlation index is quite reliable.

It is clear from Figure 4 that with increase in difference
of values of the maximum entropy of adjacent areas, the
accident rate decreases, but only to a certain limit. This
is due to the fact that the accident rate is defined in the
areas where the driver is in adaptation state and the road
environment is considered comfortable. The subsequent
increase in the entropy divergence in adjacent sections
(Figure 4) leads to an increase in the relative accident rate
on the road.

4.3 Safety assessment of the motion conditions by
maximum entropy

Using values of the accident rate (represented by
certain intervals) and the corresponding safety assessment
of the section, established by the normative document [24],
taking into account all the accidents (with victims and
material losses), on the basis of dependence (Figure 4),
estimation of change in the maximum entropy of the
driver’s perception field in adjacent sections of roads is
proposed. The assessment of the sections’ safety is given
in Table 2.

Analysis of the output data of Table 1 and developed
estimation of indicators of consistency of traffic conditions
on adjacent sections (Table 2) shows that out of 45
kilometers 10 sections are safe, which is 22.2% of the total
number of considered sections, 9 sections (20%) belong to

the unsafe, dangerous - 11 (24.4%) and very dangerous 15
(33.4%).

Assessment of the traffic conditions by the maximum
entropy of the perception field allows to characterize
the consistency of adjacent sections of roads based on
indicators that guarantee the safe working conditions for
the driver. Conditions on adjacent sections of roads are
considered aligned if the maximum entropy values vary
from 46% to 84%, which when moving to the next section
creates safe or low-risk driving modes. Adjacent sections,
where the maximum entropy value changes by less than
46%, are considered as consistent, as well, if they contain
the number of road objects that are optimal for the driver
to perceive. If the value of the maximum entropy is more
than 84%, the movement is considered dangerous or very
dangerous, which indicates the inconsistency of the traffic
conditions in the sections.

At the same time, results of the study are valid for
drivers who have undergone measurements (26 people),
an increase in the number of drivers with different
psychological types [6, 8] can refine the results obtained
and take into account their peculiarities when assessing the
safety of adjacent road sections. The study used passenger
cars for research purposes. Under these conditions, the
factors characterizing «vehicles» and «drivers» in the “
driver - vehicle - road environment» system remained
unchanged or less changed. At the same time, additional
experiments on trucks, buses, special vehicles will expand
the data obtained and adjust the results of the study. In
general, these refinements do not affect use of the developed
method and evaluation of the road characteristics and will
further diversify the road infrastructure for different users.

The obtained modal evaluation of the characteristics
of traffic conditions allows to conclude on the safety of
passage of adjacent sections. From a practical point of view,
the characteristics presented make it possible to determine
road safety during their design and operation.

5 Conclusions
The paper proposes a method for improving the traffic

safety on adjacent sections of roads, which takes into
account the human factor when assessing the environment.
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The maximum entropy of the field of perception is chosen
as a criterion of the complex information influence of
the road environment on the driver. The dependence
of the aaccident rate on the maximum entropy of the
driver’s perception field is established. It is proved that
the maximum entropy of the driver’s perception field is
an indicator of the of traffic conditions’ safety on adjacent
sections of roads.

The coordination scheme of adjacent sections of roads
on the information links of the driver’s interaction with
the road environment is presented. For the first time, an
estimate relate traffic conditions on adjacent sections of
suburban roads by the maximum entropy of the driver’s
perception field was obtained. It is established that the
conditions of motion in adjacent sections are considered

consistent if the maximum entropy values differ by no
more than 84%. The practical value of the obtained modal
assessment of the traffic conditions is that it allows to
conclude that the passage of adjacent sections of roads
is safe during their design and operation. In the case of
discrepancy with the characteristics proposed in the work,
in practice, the design of the road environment should
be changed or its reconstruction made by reducing or
increasing the number of elements on the road, combining
them, reinstalling them and the like.

Results presented in thise paper can be used in the field
of traffic organization and safety, namely in design of the
road infrastructure, taking into account the human factor
with which the driver perceives the environment (external
environment).
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