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Abstract: In many cities of the world, the problem of traffic congestion on the roads remains relevant
and unresolved. It is especially noticeable at signal-controlled intersections, since traffic signalization
is among the most important factors that reduce the maximum possible value of the traffic flow rate
at the exit of a street intersection. Therefore, the development of a methodology aimed at reducing
transport losses when pedestrians move through signal-controlled intersections is a joint task for
the research and engineering community and municipalities. This paper is a continuation of a study
wherein the results produced a mathematical model of the influence of lane occupancy and traffic
signalization on the traffic flow rate. These results were then experimentally confirmed. The purpose
of this work is to develop a method for the practical application of the mathematical model thus
obtained. Together with the obtained results of the previous study, as well as a systems approach,
traffic flow theory, impulses, probabilities and mathematical statistics form the methodological basis
of this work. This paper established possible areas for the practical application of the previously
obtained mathematical model. To collect the initial experimental data, open-street video surveillance
cameras were used as vehicle detectors, the image streams of which were processed in real time using
neural network technologies. Based on the results of this work, a new method was developed that
allows for the adjustment of the traffic signal cycle, considering the influence of lane occupancy. In
addition, the technological, economic and environmental effects were calculated, which was achieved
through the application of the proposed method.

Keywords: traffic flow rate; lane occupancy; signal-controlled intersections; traffic signalization;
neural network technologies

MSC: 76A30; 90B20; 90B22; 93-10

1. Introduction

Increasing the efficiency of traffic organization in cities in terms of economic and
environmental damage remains one of the most pressing transport problems [1]. Finding
an optimal solution to the current situation is an unresolved problem not only for local
governments, but also for research and engineering communities.

In a broad sense, traffic congestion is a consequence of another problem—the constant
increase in the level of motorization, especially in terms of individual cars, and delays
in the development of the urban road network. In other words, it is a consequence of
the disproportion between transport demand and transport supply [2]. At the same time,
global experience shows that transport supply will never be able to satisfy, especially
exceed, transport demand [1]. As a result, traffic congestion is formed when cars move
along the city’s road network. By investigating traffic congestion, the authors of this article
understand the phenomenon in which the traffic flow rate in the subsequent section of the
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road network, for some reason, becomes lower than in the preceding section where these
traffic flows are formed [3,4].

Among the existing approaches to resolving this problem, the most promising is
the use of intelligent transport systems [5–16]. Traffic flow management on the road is
implemented here through automated traffic control systems, some of the main elements
of which are vehicle detectors, specialized software and additional peripheral equipment
such as servers and fiber optic lines, inter alia. The adoption of an operational or strategic
decision on the duration of a permissive traffic light signal for a given traffic flow is carried
out on the basis of constantly incoming data regarding various characteristics of traffic
flows [16–18].

Based on the definition of traffic congestion established by the authors of this work,
it is advisable that flow rate be taken as a key indicator of the traffic flow management
process [3,4]. In general, the traffic flow rate at the entrance of the considered section of the
road network shows the transport demand or “request for traffic” [19] in terms of moving
through this section using various vehicles. In turn, the values of the traffic flow rate at the
exit of the intersection studied represent the amount of transport demand satisfied due to
the adoption of certain traffic management measures.

However, the traffic flow rate indicator alone is not enough to assess the traffic situation
and make a decision to adjust the traffic signal cycle. This is because in the case of measuring
the traffic flow rate using a vehicle detector, its values can tend toward or be equal to zero
not only in the case of traffic congestion, but also in the actual absence of vehicles on the
lane studied [19,20]. In order to resolve this uncertainty, data on the traffic flow rate needs
to be further compared with its concentration either in space or in time [20–22].

Until the second half of the twentieth century, the fundamental theory of traffic flows,
as the main measure of traffic flow concentration, determined only its spatial characteristic—
density [21]. However, thanks to the development of information technologies, it has
become possible to measure traffic flow concentration not only in space, but also in time
via lane occupancy [22–29]. Previously, the author of the current study developed and
experimentally confirmed a two-factor mathematical model of the process of changing
traffic flow rate under the influence of lane occupancy and traffic signal cycle [3]. This
allows us to move on to the next stage of the study, namely, to develop a method for the
practical application of the mathematical model obtained, and to evaluate the effectiveness
of the method.

Literature Review

There are various traffic signal control systems: traditional (using fixed cycles), based
on historical traffic data at a particular intersection; adaptive (using cycle duration variation
throughout the day depending on the traffic flow rate); and intelligent (as an integral part
of the ITS), operating in real-time when the duration of the cycle and its phases varies
depending on the traffic flow rate and the queue of vehicles waiting for a permissive
signal [12,30].

Coordinating traffic light operation can significantly reduce the negative consequences
of an increased number of vehicles on the roads in an urban environment (fuel consumption
and environmental load, car accidents, noise levels, etc.). However, this is sometimes im-
possible due to the different distances between intersections [31]. Drive quality deteriorates
even when the traffic flow rate is low, since the number of stops and waiting times increases.
An extended coordination model was proposed in [31], where the cycle duration was set
taking into account the total capacity of intersections and the distances between them.

In order to optimize traffic light operation, a model of the dynamic sequence of phases
aimed at ordering the phases of a traffic light depending on the traffic flow rate was
proposed in [32]. The traffic flow rate is determined using various types of sensors, and the
choice of their location affects the effectiveness of the results.
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In order to avoid congestion and irregular queues at intersections, a number of re-
searchers propose the automatic setting of traffic light phase duration depending on the
size of the vehicle queues at intersections [33–35].

Traffic flow is characterized by stochasticity and is a complex system in which many
elements interact: drivers, the environment and road conditions. The interaction of these
elements is contradictory. As such, traffic flow does not easily lend itself to traditional
mathematical modeling. In this case, the methods required are those which take into
account the “fuzziness” of the source data. This possibility is provided by fuzzy modeling
methods. Using fuzzy logic methods, researchers have optimized the operation of traffic
lights, thus reducing delay time and queue length at intersections [36–38].

The introduction of new technologies aimed at traffic optimization, reducing the
number of traffic jams and smoothing the movement of vehicles, with a minimum number
of stops and delays on the way, can significantly reduce fuel consumption. As a result, it can
reduce emissions of harmful substances into the atmosphere. Yang et al. [39] calculated that
the implementation of speed-guided intelligent transportation systems (SG-ITS) reduced
emissions of nitrogen oxides, carbon monoxide, total hydrocarbons and particulate matter
in Beijing by 15.9%, 20.5%, 23.9 % and 22.5%, respectively. Alrawi [40] studied the effect of
introducing ITS on environmental problems in the city and found that the widespread use
of ITS throughout the entire road network reduced harmful emissions almost two-fold.

In order to improve the efficiency of traffic lights at intersections, various approaches
and methods are used: optimization, fuzzy logic, linear programming, etc.

Table 1 shows the common methods of regulating the operation of traffic lights.

Table 1. Traffic light control methods and their main results.

Method Positive Results

Neural network model for controlling traffic signal lights [30] To reduce average delay time

Model of the dynamic sequence of phases [31] To decrease the average number vehicles waiting in queues (by
approximately 21%)

A waiting time model for vehicles [33] To avoid queues that are too long and uneven or unfair at all
lanes of the intersection

Fuzzy logic model [36] To decrease the average waiting time of vehicles
To decrease average queue length

Traffic-actuated optimization signal fuzzy control [37] To reduce queue length
To reduce the overall delay time of vehicles

Agent-based modeling system [38]
To reduce waiting time

To reduce the number of vehicles stopping at an intersection
To increase vehicles’ speed

Speed-guided intelligent transportation system [39]

To reduce the total vehicle-related exhaust emissions of nitrogen
oxide, carbon monoxide, total hydrocarbons and particulate

matter
To alleviate urban traffic congestion

Most recent studies on optimizing the adaptive regulation of traffic light cycles at
intersections are aimed at reducing the queue and delay times of vehicles (Table 1). After a
detailed study of the presented methods, we noted that there is a need to develop a more
effective methodology to solve the existing problems and make changes associated with
the adaptive setting of traffic signalization. The real-time collection of high-quality initial
data is the most important aspect of optimizing the effectiveness of any decision-making
system, and is lacking in most of the previous studies under discussion. The development
of functions and the selection and adjustment of lane occupancy parameters are essential for
increasing the traffic capacity of signal-controlled intersections and reducing the negative
impact of traffic on the urban environment.

This study presents a method aimed at preventing the formation of traffic congestion
on urban signal-controlled intersections. This goal is achieved by managing traffic flows
through the adjustment of traffic light control cycles based on established and experi-
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mentally confirmed mathematical models of the influence of lane occupancy on traffic
flow rate.

2. Materials and Methods
2.1. Influence of Lane Occupancy on Traffic Flow Rate When Moving through Urban
Signal-Controlled Intersections

The problem of traffic congestion formation is one of the most complex problems
for transport systems in many cities and, unfortunately, it is still unresolved. Existing
approaches and numerous attempts to resolve it show that this problem may well remain
unresolved in the near future [1]. However, the resources and efforts of the engineering and
research communities, as well as governments, are currently being employed in a variety
of ways to attempt to at least reduce the negative effects of traffic congestion.

Current scientific and practical experience has shown that the creation of a sustainable
urban transport system, regardless of the chosen priorities (road construction, the develop-
ment of public transport, etc.) is impossible without the use of intelligent transport sys-
tems [5–16]. In terms of traffic flow management, the functionality of these systems is imple-
mented by adjusting traffic light cycles at signal-controlled city intersections [12,16–18,30].

From the point of view of the authors of the current paper, the most significant
indicator in management is traffic flow rate [3,4,19–21]. The authors argue their position by
stating that the formation of traffic congestion, in essence, can be represented as a result of
decreased traffic flow rate in a section of the urban road network in relation to the previous
one [3,4].

However, decreased traffic flow can occur both due to the formation of traffic con-
gestion and due to the actual absence of vehicles on the lane studied [3,4,19–21]. Thus,
uncertainty and an additional problem have arisen which do not allow full implementation
of the process of traffic flow management on the urban road network.

In order to resolve this uncertainty, authors have resorted to using an additional
indicator of the state of the traffic flow—its concentration in time [3,4,20–29].

At the previous research stage, the authors of the current paper managed to establish
the regularity of the influence of lane occupancy on the traffic flow rate at the exit of a
controlled city intersection. This regularity was also found to be described by a quadratic
two-factor mathematical model [3]:

Q = (bθ − aθ2)MSλ, (1)

where Q is the traffic flow rate at the exit of the controlled intersection (cars/hour); θ is lane
occupancy (%); a, b are model parameters (1/%); MS is the saturation flow (the maximum
possible value of the traffic flow rate; cars/hour); and λ is the ratio of the permitting traffic
signal duration to the total duration of the traffic signal cycle.

In order to confirm the mathematical model developed (1), experimental studies were
carried out which allowed us to determine the values of its parameters and verify its ade-
quacy with a probability of at least 0.9. Table 2 presents the final results of the experiments.

Table 2. Results of experimental studies to determine the parameters of the model (1) and verify
its adequacy.

Traffic
Direction

Model Parameters Saturation
Flow MH,
cars/Hour

Optimal θ,
%

Correlation
Coefficient

R

Student’s
t-Test

Determination
Coefficient

R2

Average Ap-
proximation

Error, %

Fisher’s
Variance
Ratio F

a,
1/%

b,
1/%

Left-turn 342 × 10−6 370 × 10−4 1760 62 0.90 12.5 0.82 8.92 2.02
Forward 360 × 10−6 383 × 10−4 1906 48 0.86 9.68 0.74 11.83 1.71

Right-turn 334 × 10−6 364 × 10−4 1695 68 0.82 7.94 0.69 11.97 1.66

Since the mathematical model developed (1) is two-factor, the surface presented in
Figure 1 will be its most visual graphical representation.
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Figure 1. The combined influence of lane occupancy and traffic light cycle on the traffic flow rate:
(a) in a left-turn: (b) forward directions of the traffic flow.

From the point of view of the authors, the following results, obtained at the previous
research stage, are identified as the most significant. By their physical meaning, the values of
the lane occupancy indicator, which is the main and, so far, the only indicator for assessing
the concentration of traffic flow in time, are always strictly in the range of 0 to 100%. When
lane occupancy assumes a minimum allowable value equal to 0%, it indicates that there
are no vehicles in the lane under consideration. On the contrary, a maximum allowable
value of lane occupancy equal to 100% indicates that there are vehicles in the traffic lane
under consideration and that the movement of the traffic flow has been completely stopped
during the entire measurement period. In practice, such a cessation of traffic can occur for a
number of reasons, among which the most common are the formation network congestion
inside an intersection, a vehicle stopping in a traffic lane due to breakdown and, as a result,
blocking the movement of the rest of the traffic flow moving along the same lane, or a
traffic accident, inter alia.

Among the results obtained, the most significant from the point of view of the authors
is that a new optimization criterion was established for managing traffic flows at controlled
city intersections. This criterion is the optimal value of lane occupancy at which the
maximum possible value of the traffic flow rate at the exit of the controlled intersection
is achieved.

This is explained by the fact that as the value of lane occupancy increases, the traffic
flow rate also increases. The joint increase in the values of these indicators occurs only
from zero to the maximum point. Finding the values of the studied traffic flow indicators
in this sector indicates a surplus in the capacity of the section of the road network under
consideration. In the future, this can be used as a reserve for redistributing time between
different directions of traffic flow.

However, after reaching the optimal value of lane occupancy and with its subsequent
increase to 100%, the traffic flow rate only decreases from its maximum to zero. After the
optimal value of lane occupancy is reached, its subsequent increase no longer causes an
increase, but a decrease in the intensity of the traffic flow. This is preconditioned by the
physical meaning of the model (1) and directly affected by the indicator of lane occupancy
itself. In aggregates, this also indicates a decrease in the traffic capacity.

Thus, the results obtained at the previous stage of the study established that a further
increase in the efficiency of the traffic organization of city road networks will be associated
with the management of traffic flows by optimizing the operation of controlled intersections
according to the criterion of the optimal value of lane occupancy.
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2.2. Main Methodological Stages of Further Research and Their Rationale

Since the purpose of this study is to develop a practical application for the established
patterns and subsequent evaluation of the effectiveness of the measures proposed, from the
point of view of the authors, the main stages of the study should be as follows:

1. Determining the area of practical application of the mathematical model (1), which
describes the process of changing the traffic flow rate under the influence of lane
occupancy at urban controlled intersections. First of all, this stage implies general
analysis of existing methods for the development of traffic light control cycles. Based
on the results of the analysis, an existing method is selected, which can serve as a base
for further research.

2. The next stage, from the point of view of the authors, should be aimed at improving
the basic method, taking into account the mathematical model (1).

3. This stage, according to the authors, will consist in determining the sequence of the
main stages of the proposed method, taking into account lane occupancy.

4. The final stage of this study will be an assessment of the effectiveness of the pro-
posed method.

2.3. Determination of the of Practical Application Area of the Research Results

Traffic flow management in cities is carried out by changing the duration of traffic
lights at signal-controlled intersections. Therefore, the main area for practical applica-
tion of the results of the study is the adjustment of the traffic signal cycles of controlled
intersections, taking into account the different incidences of lane occupancy.

Currently, there are various methods for developing and adjusting traffic signal cy-
cles [11,41–44]. The F. Webster method can be considered the main method for designing
the operation of signal-controlled intersections.

The main steps of this method are:

1. Collecting the initial data on the existing traffic organization scheme and the geometric
characteristics of the intersection, including traffic and pedestrian flow monitoring.

2. Analyzing the data obtained, and developing and adjusting the traffic management
scheme and the scheme for the traffic priority of vehicles and pedestrians.

3. Determining the saturation flow MS (cars/hour).
4. Determining the values of the phase coefficients y.
5. Determining the duration of the intermediate timings tinterm (s).
6. Determining the duration of the traffic signal cycle TC (s).
7. Determining the duration of the main timings tmain (s).
8. Checking the results obtained in paragraphs 5 and 7 according to compliance with

the minimum required time for the movement of pedestrian flows, and adjusting the
results obtained, if necessary.

The method [44] is adequate and quite applicable in the initial design of traffic lights.
However, in situations where, due to an excess of lane occupancy, there is a decrease in
traffic flow rate at the exit of the controlled intersection [3,4], it is not possible to adjust the
traffic signal cycle according to the existing F. Webster method [44].

In this regard, in order to develop a new method, the existing procedure for deter-
mining the traffic signal cycle needs to be analyzed and improved, taking into account the
results of the study.

2.3.1. Initial Data Collection

Street video surveillance cameras were used as road detectors [45], since they provide
a larger viewing angle to detect vehicles in the entire functional area of the intersection
and adjacent road sections under dynamic conditions (Figure 2). Street cameras are usually
located on the facades of residential buildings with an elevation angle of 30–60◦ to the
horizon and a height of 14–40 m. The video streams of these cameras support a resolution
of 1920 × 1080 pixels and provide stable transmission at 25 frames per second. The
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determination of the occupancy and traffic intensity along the lanes from the video stream
provides a solution to complex problems arising from the non-perpendicular direction of
the camera view center and the large number of possible traffic scenarios. We used an
optimized YOLOv4 recurrent neural network and the open-source Sort library to process
the video streams, in order to detect and track multiple objects in video sequences [16].
In order to detect vehicles in control zones, we applied a method based on mapping
coordinates from the camera image onto the space of the geographical coordinates using
perspective transformations [46,47]. As a result of the experiment, we determined that the
maximum time spent detecting a vehicle for one frame was 0.066 s.

Mathematics 2022, 10, x FOR PEER REVIEW 7 of 26 
 

 

8. Checking the results obtained in paragraphs 5 and 7 according to compliance with 

the minimum required time for the movement of pedestrian flows, and adjusting the 

results obtained, if necessary. 

The method [44] is adequate and quite applicable in the initial design of traffic lights. 

However, in situations where, due to an excess of lane occupancy, there is a decrease in 

traffic flow rate at the exit of the controlled intersection [3,4], it is not possible to adjust 

the traffic signal cycle according to the existing F. Webster method [44]. 

In this regard, in order to develop a new method, the existing procedure for 

determining the traffic signal cycle needs to be analyzed and improved, taking into 

account the results of the study. 

2.3.1. Initial Data Collection 

Street video surveillance cameras were used as road detectors [45], since they provide 

a larger viewing angle to detect vehicles in the entire functional area of the intersection 

and adjacent road sections under dynamic conditions (Figure 2). Street cameras are 

usually located on the facades of residential buildings with an elevation angle of 30–60° 

to the horizon and a height of 14–40 m. The video streams of these cameras support a 

resolution of 1920 × 1080 pixels and provide stable transmission at 25 frames per second. 

The determination of the occupancy and traffic intensity along the lanes from the video 

stream provides a solution to complex problems arising from the non-perpendicular 

direction of the camera view center and the large number of possible traffic scenarios. We 

used an optimized YOLOv4 recurrent neural network and the open-source Sort library to 

process the video streams, in order to detect and track multiple objects in video sequences 

[16]. In order to detect vehicles in control zones, we applied a method based on mapping 

coordinates from the camera image onto the space of the geographical coordinates using 

perspective transformations [46,47]. As a result of the experiment, we determined that the 

maximum time spent detecting a vehicle for one frame was 0.066 s. 

 

Figure 2. An example of processing an input image and marking the boundaries of the control 

zones. 

In order to assess the occupancy and traffic intensity along the lanes, we determined 

the time when the vehicle entered the control zone and calculated the accumulated 

distance i
d  before it left the measured zone at each i-th step of obtaining a frame from 

the video stream (Figure 3). The first step is to get the coordinates of the screen from the 

tracker. The second is the transformation of coordinates into geographical and calculation. 

Figure 2. An example of processing an input image and marking the boundaries of the control zones.

In order to assess the occupancy and traffic intensity along the lanes, we determined
the time when the vehicle entered the control zone and calculated the accumulated distance
di before it left the measured zone at each i-th step of obtaining a frame from the video
stream (Figure 3). The first step is to get the coordinates of the screen from the tracker. The
second is the transformation of coordinates into geographical and calculation.
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control zone, where ai is the coordinates of a specific vehicle; di is the distance between two points;
and ti is the time between frames.

The processing of each video stream frame while updating the data on the distance
traveled by the vehicle allows use of the proposed method in real-time traffic control tasks
(Figures 4 and 5).
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In order to assess the occupancy and traffic intensity along the lanes for each vehicle,
we calculated the total time of its stay in the control zone (Figure 4). To this end, the location
of the vehicle in the control zone was determined at each time interval. If the current (xi, yi)
and the previous coordinate (xi−1, yi−1) are located in the zone, the time spent in the zone
is taken as equal to the time between frames ti and considered in the total time (Figure 5).
If one of the coordinates, (xi, yi) or (xi−1, yi−1), is beyond the control zone, the speed of the
vehicle in this section is calculated using the formula:

ui =

√
(xi − xi−1)

2 + (yi − yi−1)
2

ti
. (2)

The time spent by the vehicle in the zone is calculated using the formula:

t′ =

√
(xi
′ − xi−1)

2 + (yi
′ − yi−1)

2

ui
, (3)

where (x′, y′) are the coordinates of the intersection of the travel path and the zone.
Lane occupancy is calculated using the following formula:

θ =

n−k
∑

i=1
ti +

k
∑

j=1
tj
′

T
, (4)

where θ is lane occupancy (%); n is the number of frames during which the vehicle was
partially or fully in the control zone; k is the number of frames during which the vehicle was
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partially in the control zone; ti is the time between frames (s); tj
′ is the time during which the

vehicle was in the control zone between frames, (s); and T is the measurement duration (s).

2.3.2. Analysis of the Data Obtained, Adjustment of the Scheme of Traffic Organization and
Traffic Priority of Vehicles and Pedestrians

The traffic priority of vehicles and pedestrians, the maximum permitted speed and the
direction of movement of vehicles in lanes, as well as the location of pedestrian crossings,
are significant factors affecting the level of road safety. Therefore, in order to further
develop the method to prevent reductions in the level of road safety, the authors introduce
an additional restriction in terms of changing the traffic organization scheme and traffic
priority of vehicles and pedestrians at a signalized intersection.

2.3.3. Determination of the Saturation Flow and Phase Coefficients

Saturation flow MS is determined by a calculation method based on the geometric char-
acteristics of the considered intersection. The calculation method is adopted to determine
the value of MS, which also allows it to reflect the effects of the geometric characteristics of
the road network [19,41].

Further, the obtained calculation results will allow for determination of the coefficient
y for each phase of the traffic signal cycle as the ratio of the traffic flow intensity to the
value of the saturation flow.

2.3.4. Determination of the Duration of Intermediate Timings

The duration of intermediate timings in each phase of the traffic light cycle is deter-
mined according to the formula [11,19,41,44]:

tintermi =
ua

7.2 · aT
+

3.6(li + la)

ua
, (5)

where tintermi is the duration of the intermediate timing of the i-th phase of the traffic signal
cycle (s); ua is the average speed of vehicles on the approach to the intersection without
braking (km/h); aT is the average deceleration of the vehicle when the prohibiting signal is
turned on (m/s2); li is the distance from the “stop line” road marking to the farthest conflict
point moving in the direction in the i-th phase of the traffic signal cycle (m); la is the most
common value of the length of the vehicle in the flow (m); and the constants 7.2 and 3.6 are
necessary for the transition to common measurement units of distance and time.

In practice, aT can be considered a constant in a range of values from 3 to 4 m/s2. The
values ua, la and li are also considered constants within each phase of traffic signal control.
The key operation in performing calculations is the correct determination of the distance li.
Unlike the durations of permitting (prohibiting) traffic signals, which can dynamically
change throughout the day according to changes in transport demand, the duration tintermi
primarily depends on the geometric characteristics of the road network. Therefore, tintermi
can be considered constant and independent of the transport demand at the controlled
intersection under consideration.

2.3.5. Determination of the Duration of the Traffic Signal Cycle

Based on the values obtained of the phase coefficients and the duration of the in-
termediate timings, we can calculate the optimal duration of the traffic signal cycle as
follows [11,19,41,44]:

TC =
1.5TL + 5

1−
n
∑

i=1
yi

, (6)

where TC is the duration of the traffic signal cycle (s); TL is the total duration of the lost
time in the cycle (s); yi is the phase coefficient of the i-th phase of the traffic signal cycle; n is
the number of phases in a traffic signal cycle; and the coefficients 1.5 and 5 are the reserve
of the traffic light cycle time and the green signal according to [44,48–52].
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2.3.6. Determination of the Duration of the Main Timing of the Traffic Signal Cycle

The obtained value of the cycle duration allows us to determine the duration of the
main timing of each phase of the traffic signal cycle [11,19,41,44]:

tmaini =
(TC − TL)yi

n
∑

i=1
yi

, (7)

where tmaini is the duration of the main timing of the i-th phase of the traffic signal cycle (s).

2.3.7. Verification of Calculations, Taking into Account the Movement of Pedestrian Flows

According to (5) and (7), the calculations for traffic flows must be compared with
the minimum required duration of the main and intermediate timings for pedestrian
flows [11,19,41,44]:

tintermi,ped =
BWi,ped

4uped
, (8)

tmaini,ped =
BWi,ped

uped
+ 5, (9)

where tintermi,ped is the minimum required duration of the intermediate timing for the
pedestrian direction in the i-th phase of the traffic signal cycle (s); uped is the speed of the
pedestrian flow (m/s); BWi,ped is the width of the carriageway crossed by pedestrians in
the i-th phase of the traffic signal cycle (m); tmaini,ped is the minimum required duration
of the signal of the main timing for the pedestrian direction in the i-th phase of the traffic
signal cycle (s); 4 is used to correct the speed of pedestrian traffic in order to have time
to leave the carriageway during the green signal; and 5 is the additional time laid down
to minimize the influence of possible additional factors on the change in the speed of
pedestrian flow [11,19,41,44].

For the values obtained according to (5) and (7), the following conditions must
be satisfied:

tintermi ≥ tintermi,ped, (10)

tmaini ≥ tmaini,ped, (11)

Satisfying the conditions in (10) and (11) is necessary to ensure the safe movement of
pedestrians. Therefore, if the results of calculations according to (5) and (7) do not satisfy
conditions (10) and (11), the duration of the main and intermediate timings for traffic flows
are taken to be equal to (8) and (9), respectively.

2.3.8. Evaluation of Signal-Controlled Intersection Efficiency

A technological indicator of signal-controlled intersection efficiency is the average
delay of vehicles when passing through the intersection [11,19,20,41,44]:

dj =
TC(1−λi)

2

2(1−λixj)
+

x2
j

2Qj,enter(1−xj)
− 0.65( TC

Q2
j,enter

)
1
3 xj

2+5λi ,

xj =
Qj,enter
MSijλi

.
(12)

where dj is the average delay of each vehicle in the j-th direction of movement (s/car); TC
is the duration of the traffic signal cycle (s); λi is the ratio of the permitting traffic signal
duration to the total duration of the traffic signal cycle of the i-th phase of the traffic signal
cycle; xj is the degree of saturation of the j-th traffic direction; Qj,enter is the car traffic flow
rate of the j-th direction at the entrance of the controlled intersection (cars/hour); MSij is
the saturation flow in the i-th phase of the j-th traffic direction of vehicles (cars/hour); and
2, 1 and 0.65 are the coefficients that were obtained by F. Webster [44] based on analytical
and experimental studies. The first term in (12) takes into account the regularly arriving
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part of the traffic flow. The second term additionally takes into account the random nature
of the arrivals. The third term adjusts at least 10% of the possible error in the calculation of
the delay compared to the actual experimental values.

The average delay d represents the average time that each vehicle is forced to remain
idle when passing through the intersection due to the operation of the traffic signal controls.

2.4. Development of a Method for Improving the Efficiency of Traffic Management at
Signal-Controlled City Intersections, Taking into Account Lane Occupancy

Based on the results of the analysis of the method [44] for the development of the
operating mode of the controlled intersection and taking into account the restrictions
introduced to prevent a decrease in the level of road safety, the key stages of the developed
method will be to adjust the following parameters of the traffic signal cycle: the phase
coefficients y, the total duration of the traffic signal cycle TC and the duration of the main
timings of the cycle phases tmain.

2.4.1. Adjustment of Phase Coefficients, Taking into Account Lane Occupancy

Taking into account (1), Formula (7) will have the form:

yiθ =

{
max(Qik,enter/MSik), when θj < θj,opt
max(Qik,enter/Qijθ,exit), when θj,opt ≤ θj < 100′

(13)

where yiθ is the phase coefficient of the i-th phase of the traffic signal cycle, taking into
account lane occupancy; Qik,enter is the traffic flow rate at the entrance of the controlled
intersection in the i-th phase along the k-th car traffic lane (cars/hour); Qijθ,exit is the traffic
flow rate at the exit of the controlled intersection in the i-th phase along the j-th car traffic
lane, influenced by the occupancy of the j-th lane (cars/hour); MSik is the saturation flow
in the i-th phase of the k-th traffic direction of vehicles (cars/hour); θj is the occupancy of
the j-th lane at the exit of the signal-controlled intersection (%); θj,opt is the optimal lane
occupancy at which the maximum value Qij,exit is realized in the i-th phase along the j-th
lane, determined as a result of theoretical and experimental studies [1] (%).

It should be noted that a special case for (13) is a situation in which θ = 100% for the
traffic lane under consideration at the signal-controlled intersection. Based on the results of
theoretical studies in [1], it was found that this situation indicates a complete cessation of
traffic flow along the lane under consideration. The value of the traffic flow rate at the exit
of the signal-controlled intersection along this lane will be equal to zero, which was also
revealed as a result of theoretical studies and was experimentally confirmed. Therefore,
when such a situation occurs, the cycle should be adjusted, taking into account the exclusion
of this lane from the calculations based on the complete loss of its functionality.

2.4.2. Determination of Optimal Traffic Signal Cycle Duration, Taking into Account
Lane Occupancy

The values of the phase coefficients, adjusted for lane occupancy, make it possible to
determine the optimal duration of the traffic signal cycle:

TCθ =
1.5TL + 5

1−
n
∑

i=1
yiθ

, (14)

where TCθ is the duration of the traffic signal cycle, taking into account lane occupancy (s),
and yiθ is the phase coefficient of the i-th phase of the traffic signal cycle, taking into account
lane occupancy.

An Additional Problem in Determining the Optimal Duration of the Traffic Signal Cycle
and a Method of Solving It

The results of the analysis showed that at present, the movement of traffic flows on
the road networks of cities is characterized by a significant excess of transport demand in
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relation to transport supply. This indicates that, according to the F. Webster method [44], the

calculated value
n
∑

i=1
yi ≥ 1. If

n
∑

i=1
yi → 1 according to (7), the duration of the traffic signal

cycle TC → ∞ , and if
n
∑

i=1
yi > 1 the value of TC < 0 at any TL, which makes it unusable

for further practical application. In order to confirm this argument, a process occurs that
involves changing the value of the optimal duration of the traffic signal cycle depending
on the lost time and the sum of the phase coefficients; this is shown in Figure 6.
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on the values of the sum of the phase coefficients and the lost time.

Thus, an additional task arises to determine the boundaries of the values of the
minimum and maximum duration of the traffic signal cycle.

Determining the minimum allowable duration of the traffic signal cycle does not cause
any difficulties. The structure of any traffic signal cycle can be represented as follows:

TC =
n

∑
i=1

tmaini + TL, (15)

As indicated earlier, the value of TL largely depends on the geometric characteristics
of the street intersection, is not subject to constant and dynamic change and it is directly
related to the level of safety of road users. In this connection, the value of TL within the
framework of a single traffic signal cycle can be considered a constant. Therefore, the
structure of the minimum allowable duration of the traffic signal cycle can be represented
as follows:

TC,min =
n

∑
i=1

tmaini,min + TL, (16)

where TC,min is the minimum allowable duration of the traffic signal cycle (s); and tmaini,min
is the minimum allowable duration of the main timing of the i-th phase of the traffic
signal cycle (s).

In turn, tmain,min in each phase can be limited by the minimum required duration
tmain,ped of the signal of the main timing in the pedestrian direction, which is determined
according to (9). If in the phase under consideration, only the transport is moving, tmain,min
should be at least 7 s. This is due, firstly, to the purpose of ensuring the passage of at
least one vehicle, which may be randomly present at the controlled intersection. Secondly,
it is necessary to maintain the priority of traffic and pedestrian flows at the controlled
intersection in order to ensure the safety of vehicles and pedestrians.
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When determining the minimum allowable duration of the traffic signal cycle, there
is no need to provide any reserve; this is because a situation where the duration of the
traffic signal cycle is minimal is rather typical for inter-peak time, when transport demand
tends to zero and there is no need to provide any time reserve. Therefore, it is also
advisable to consider the formula for determining the minimum duration of the traffic
signal cycle [11,19,41,44]:

TC,min =
TL

1−
n
∑

i=1
yi

, (17)

Thus, based on (16) and (17) and taking into account (13), when adjusting the traffic
signal cycle, taking into account the influence of lane occupancy, the value of the sum of
phase coefficients must at least satisfy the condition:

n

∑
i=1

yiθ ≥ 1− TL/(
n

∑
i=1

tmaini,min + TL ), (18)

According to (14), it is also possible to determine the boundaries of the maximum
allowable values of the sum of the phase coefficients:

n

∑
i=1

yiθ ≤ 1− (1.5TL + 5)/TCθ,max, (19)

where TCθ,max is the maximum duration of the traffic signal cycle, taking into account
lane occupancy (s).

Based on the results of the analyses of previously performed studies, the authors of
this work have not been able to find a single approach that guarantees a positive result for
determining the optimal duration of the traffic signal cycle for a fully loaded, and especially
overloaded, controlled intersection.

Therefore, for the developed method, the authors of this paper propose considering
TCθ,max as a constant that is determined by engineers and researchers independently based
on their goals and priorities, as well as available reserves and resources.

In this paper, the authors decide to limit the maximum allowable duration of the traffic
signal cycle TCθ,max to 160 s. This limit was set by Tyumen traffic engineers so that the
waiting time for traffic in pedestrian flows in any redistribution of time in the traffic signal
cycle does not exceed 120 s (2 min) and does not provoke pedestrians to violate traffic
rules [47].

Thus, the duration of the traffic signal cycle should be within the following limits:
TCθ,min ≤ TCθ ≤ TCθ,max,

1− TL/(
n
∑

i=1
tmaini,min + TL ) ≤

n
∑

i=1
yiθ ≤ 1− (1.5TL + 5)/TCθ,max,

TCθ,max := const.

(20)

Therefore, if the sum of the phase coefficients obtained on the basis of (13) exceeds the
maximum allowable value, it is necessary to forcibly limit it according to (20) and adjust
the value of each phase coefficient. To do this, in the opinion of the authors, it is advisable
to identify the specific weight of each phase coefficient of the total amount:

αi =
yiθ

n
∑

i=1
yiθ

, (21)

where αi is the specific weight of the phase coefficient of the i-th phase of the traffic signal
cycle, taking into account lane occupancy.
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The value of αi will be applied as a correction factor and will allow us to save the
specific weight of each phase coefficient, the value of which will be forcibly limited if
additional adjustment is necessary:

n
∑

i=1
yiθ :=

n
∑

i=1
yiθ,cor, when

n
∑

i=1
yiθ > 1− (1.5TL + 5)/TCθ,max,

n
∑

i=1
yiθ,cor = 1− (1.5TL + 5)/TCθ,max,

yiθ,cor = αi
n
∑

i=1
yiθ,cor,

TCθ,max : = const.

(22)

where yiθ,cor is the corrected value of the phase coefficient of the i-th phase of the traffic
signal cycle, taking into account lane occupancy.

The dependence of the maximum value of the sum of phase coefficients on lost time
in a traffic signal cycle, with a different limit set on the maximum duration of the traffic
signal cycle, is shown graphically in Figure 7.
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the maximum duration of the traffic signal cycle.

2.4.3. Determination of the Duration of the Main Timings of the Traffic Signal Cycle Phases,
Taking into Account Lane Occupancy

The obtained values of the duration of the traffic signal cycle and the phase coefficients
will allow us to determine the duration of the main timing of each phase of the traffic signal
cycle, taking into account the influence of lane occupancy:

tmainiθ =
(TCθ − TL)yiθ

n
∑

i=1
yiθ

, (23)

where tmainiθ is the duration of the main timing of the i-th phase of the traffic signal cycle,
taking into account lane occupancy.

3. Results
3.1. Determination of the Main Stages of the Method for Improving the Efficiency of Traffic
Management at Signal-Controlled Urban Intersections, Taking into Account Lane Occupancy

Ultimately, the developed method will include the following key stages.
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1. Collecting the initial data:

The initial experimental data were collected during working hours on weekdays,
taking into account several requirements and restrictions. In order to achieve maximum
purity of the experiment, we chose a signal-controlled intersection where the movement of
trucks is prohibited and priority lanes are provided for the movement of shuttle buses. The
movement on the remaining lanes is organized strictly in one of three possible directions,
i.e., only straight, only to the right, or only to the left. There are no conflict points at the
studied intersection during the forward movement and turning of traffic flows. The conflict
or collision of vehicles and pedestrians at a workable traffic light is not possible, since a
separate movement phase is provided for pedestrians. In addition, we took into account
the limitations regarding the usability of the model (1) [3]: the initial data were collected in
the absence of any precipitation and with clear visibility during daylight hours.

According to the technology developed for initial data collection, data were obtained
on the occupancy of lanes and the traffic flow rate at the intersection under study. The total
sample is presented in Figure 8.
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and (b) forward directions of traffic flow.

2. Determining the minimum allowable duration of the main and intermediate timings
and the boundaries of the duration of the traffic signal cycle.

At this stage, we calculated the values of the intermediate timings and the minimum
duration of the main timings for the vehicle and pedestrian directions (tinterm, tmain,min and
tinterm,ped, tmain,ped, respectively). A decision was made to choose the minimum allowable
duration of the intermediate and main timings of each phase in order to ensure the safety
of all road users. A calculation was conducted and a limit was introduced on the minimum
and maximum allowable duration of the traffic signal cycle (TC,min and TC,max, respectively).

3. Predicting the maximum possible traffic flow rate at the exit of the signal-control-
led intersection.

At the same time as the previous stage, we calculated the value of the saturation flow
MS and the share λ of the permitting signal for the vehicle directions of the current traffic
signalization cycle. Based on the results of the calculations, as well as the data collected
on occupancy θ, the maximum possible value of the traffic flow rate for each of the lanes
at the exit of the controlled intersection Qexit was predicted. In order to do this, for each
operating mode of traffic lights, the experimental data were grouped according to Sturges’
formula [53,54] for the number of intervals k within a range δ of lane occupancy θ (%).
Within the range, the type of distribution was determined [55], which, in most cases,
corresponded to the normal distribution (Figure 9a). Using the least-square method [54,56],
the regularity of the influence of lane occupancy on the traffic flow rate was established,
the graphical representation of which is the regression line in Figure 9b.
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Figure 9. The histogram and the corresponding distribution function. (a) The regularity of the
influence of lane occupancy on the traffic flow rate. (b) For the traffic lights’ operating mode from
09:00 to 15:00 and from 19:00 to 23:00, λ = 0.38.

Similarly, the initial data were processed for the other modes of operation of the
controlled intersection under study, operating on weekdays during the working hours
of the day. Thus, for each operating mode of the controlled intersection, the maximum
possible values of the traffic flow rate in the directions of movement and the optimal values
of lane occupancy were predicted.

4. Determining the efficiency of traffic management at the controlled intersection with
an active traffic signal cycle.

Taking into account the authors’ notion of the definition of such a phenomenon as
traffic congestion, in this work, it is recommended that the traffic flow rate be taken as a
key indicator to assess the effectiveness of traffic management. From the point of view of
the authors, it is obvious that during the formation of a traffic jam, the value of the traffic
flow rate changes at the entrance and exit of the considered system of transport nodes.
Therefore, within the boundaries of the controlled intersection under consideration, the
following statements are true: {

Qenter ≥ Qexit,
Qenter, Qexit ≥ 0.

(24)

where Qenter and Qexit are, respectively, the traffic flow rates at the entrance and exit of the
controlled intersection (cars/hour).

It is also obvious that in the most favorable outcome, the traffic flow rate at the exit
of the controlled intersection tends to the value of the flow at the entrance, but under no
circumstances can it be greater. This observation allows us to represent the desired objective
function of maximizing the flow rate in relative terms:

E =
Qexit
Qenter

→ max, E = [0 : 1] (25)

The value E = 1 indicates the full satisfaction of the transport demand at the consid-
ered controlled intersection. Therefore, the current traffic signal cycle is optimal and no
adjustment is required. In this case, the movement of traffic flows needs to be remonitored,
in order to update the data on lane occupancy θ and traffic flow rate on the approach to the
intersection Qenter, and then, returned to the predicting stage. When E < 1, there is a risk
of traffic congestion; to prevent this, it is necessary to adjust the traffic signal cycle.

A special case for (25) would be a situation in which there is no traffic demand at all
on the approach to the controlled intersection under consideration. In this case, according
to the theory of limits, the efficiency value obtained by (25) is considered to be undefined
on the entire number line [53]. In such a situation, the duration of the main timings of the
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phases of the traffic signal cycle should be adjusted to the minimum allowable duration,
the values of which are determined considering the limits identified earlier in this paper.

5. Finding reserve adjustments.

An analysis was conducted of the data on lane occupancy at the exit of the controlled
intersection. A decision was made on the further expediency of adjusting the traffic signal
cycle. This requires that at least one of the traffic lanes in each direction be less than 100%
occupied. Otherwise, it is not advisable to adjust the traffic light cycle. In order to prevent
the formation of traffic congestion, the movement of vehicles at the previous controlled
intersection needs to be limited by increasing the duration of the prohibitory signal or
reducing the permitting signal to the minimum allowable value in directions that can
facilitate the inflow of vehicles to fully occupied lanes. After that, additional monitoring
of the movement of traffic flows needs to be carried out. The traffic flow rate data on the
approach to the intersection Qenter and lane occupancy θ also need to be updated, and then,
returned to the prediction stage.

6. Adjusting the traffic signal cycle.

Based on the results obtained at the previous stages, the phase coefficients yθ were
determined, as well as the duration of the traffic signal cycle TCθ and the duration of the
main timings of the phases tθmain, taking into account the actual influence of the occupancy
of the lanes. The adjusted cycle was put into action.

7. Analyzing the results of the adjustment.

After the cycle was introduced, the proposed adjustment was assessed. The change in
the efficiency of traffic management, i.e., the difference ∆E between the value of the share
of satisfied transport demand after and before the adjustment, was analyzed. The value of
∆E > 0 indicates that there has been an increase in the efficiency of traffic management E
and, therefore, the adjustment has been successful. If the proposed measures did not bring
the expected result, like in paragraph 5 of this method, arriving vehicles at the approach to
the intersection need to be limited and additional monitoring of the movement of traffic
flows carried out. The traffic flow rate data on the approach to the intersection Qenter and
lane occupancy θ need to be updated, and then, returned to the stage of predicting the rate
of the outgoing traffic flow.

In contrast to the existing recommendations on the development of the operating
modes of controlled intersections, when developing a traffic signal cycle according to
the method proposed, not only is the presence of reserves due to incomplete loading of
the road network taken into account, but it is also predicted that the maximum possible
traffic flow rate at the exit of controlled intersections will decrease due to the influence of
lane occupancy.

3.2. Evaluation of the Efficiency of the Developed Method
3.2.1. Evaluation of Technological Efficiency

When analyzing formula (12) to determine the average delay of the basic method
of F. Webster [44], it should be noted that the product MSλ in the denominator of the
degree of saturation x reflects the capacity of the controlled intersection, and hence, the
maximum traffic flow rate Qexit at the exit from it. Taking into account the results of the
study [1], when determining the delay, we must also take into account lane occupancy,
since the limitation of Qexit occurs not only due to the presence of traffic signalization
means, but also due to the influence of lane occupancy θ. Thus, the determination of
the degree of saturation and the average delay of vehicles passing through a controlled
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intersection, taking into account the limitation of the maximum Qexit due to the influence
of lane occupancy, will have the form:

djθ = TCθ(1−λi)
2

2(1−λixjθ)
+

x2
jθ

2Qj,enter(1−xjθ)
− 0.65( TCθ

Q2
j,enter

)
1
3 xjθ

2+5λi ,

xjθ =


Qj,enter
MSijλi

, when θj < θj,opt
Qj,enter

(bθj−aθ2
j )MSijλi

, when θj ∈ [θj,opt : 100)

(26)

where dθ j is the average delay of each vehicle in the j-th lane, taking into account lane
occupancy (s/car), and xθ j is the degree of saturation of the j-th lane, taking into account
lane occupancy.

A special case for determining the degree of saturation would be a situation in which
θj = 100%. In this case, the movement of vehicles along the lane is completely stopped.
In other words, Qexit = 0 veh./h. Therefore, when such a situation occurs, it is proposed
to exclude the lane from the calculations, and redistribute the incoming traffic evenly to
the remaining lanes, along which the direction of movement of cars corresponds to the
direction of movement along the fully occupied lane.

The determination of the average movement delay for each vehicle, performed ac-
cording to (26), will determine the total delay for all vehicles passing through the control-
led intersection:

TDθ =
n

∑
j=1

djθQj,enter, (27)

where TDθ is the total delay in the movement of cars passing through the controlled
intersection, taking into account lane occupancy (s).

The value of TDθ can be interpreted as the total idle time or the total time loss for
cars, caused by the operation of traffic signalization at the intersection. Therefore, the
technological effect of the application of the developed method will be as follows:

∆TD = TD − TDθ (28)

where ∆TD is the technological effect of reducing the total delay in the movement of cars,
obtained as a result of applying the developed method (s), and TD is the total delay in the
movement of cars at the controlled intersection with the current traffic signal cycle before
the application of the developed method (s).

Figure 10 graphically presents a comparative analysis of the current operating mode of
the signal-controlled intersection and the results of adjusting the traffic light cycle according
to the methodology developed, using one of the working days as an example.

3.2.2. Evaluation of Economic Efficiency

In the opinion of the authors, the economic effect of the application of the developed
method will primarily be expressed in decreased fuel consumption in the idle mode of the
engine, which will be realized due to a reduction in the downtime of cars when passing
through a controlled intersection:

G∆TD = Gidle∆TD, (29)

where G∆TD is the total fuel consumption at idle for the time period ∆TD (l), and Gidle is the
nominal fuel consumption of an idle car (L/hour).

3.2.3. Evaluation of Environmental Efficiency

The authors believe that the environmental effect of the application of the developed
method will be expressed as a reduction in emissions of the harmful substances CO, CH,
NOx and SO2, which will be implemented by reducing downtime at idle speed of the
car engine when driving through a signal-controlled intersection. Based on the results of



Mathematics 2022, 10, 4829 19 of 24

studies previously conducted in this area [57–66], it seems possible to assess the expected
environmental effect as follows:

m∆TD =
n

∑
i=1

gi,idle∆TD, (30)

where m∆TD is the total reduction in emissions of the harmful substances CO, CH, NOx
and SO2 over a period of time ∆TD(kg); gi,idle is the specific emission of the i-th harmful
substance (CO, CH, NOx or SO2) (kg/h); and ∆TD is the technological effect of reducing
the total delay in the movement of cars, obtained as a result of applying the developed
method (hours).
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resolving signal of the left-turn direction; (b) the total average delay of vehicles.

Table 3 presents an example of evaluating the efficiency of the proposed solutions for
one of the studied days of the week when the initial data were collected.

Table 3. Comparative analysis of the efficiency of the signal-controlled intersection under the current
operating parameters of traffic lights and the adjustment of the cycle according to the developed
methodology using an example of the left-turn direction of traffic flow.

Time
Total Average Delay (h) Economic Losses due to Fuel

Consumption (USD) Pollutant Emissions (kg)

Before After ∆ Before After ∆ Before After ∆

7:00 26.74 14.86 11.88 15.23 8.47 6.77 1.99 1.10 0.88
10:00 52.01 39.89 12.11 29.62 22.72 6.90 3.86 2.96 0.90
13:00 86.50 58.42 28.08 49.27 33.28 15.99 6.43 4.34 2.09
16:00 69.32 40.34 28.98 39.48 22.98 16.51 5.15 3.00 2.15

The data presented in Table 3 show that the application of the proposed methodology
will improve the efficiency of signal-controlled intersections in all respects by an average of
35% compared to the current mode.

According to preliminary calculations, the adjustment of traffic signal cycles at the
regulated intersection will reduce the total average delay in the movement of vehicles
by about 127 h per working day of the week. Thus, with an average fuel cost of 95, or
USD 0.64, per 1 L in Tyumen (price for the first quarter of 2022 [56]), the expected economic
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effect if this methodology will be more than USD 70 per 1 working day of the week. For
signal-controlled intersections that are not equipped with the necessary equipment to apply
the developed method, the payback period will be approximately 3.5 calendar years. The
estimated reduction in emissions of harmful substances, in total, will be more than 1.6 kg
for one working day of the week.

4. Discussion

The authors of this study suggest that one of the ways of resolving the problem of
traffic congestion is through the management of traffic flows at signal-controlled intersec-
tions that are equipped with automated traffic control systems [16–18] and form part of a
single urban intelligent transport system [5–16]. Decision-making regarding the particular
duration of traffic signals in this concept will be based on the initial data of traffic flow
rate, obtained in real time using street video surveillance cameras and neural network
technologies [3,4,9,16,41].

However, the use of the traffic flow rate indicator alone is not enough to implement
the control process, since both in the case of a traffic congestion and in the event of an
actual decrease in transport demand in the studied lane, the detector will record a drop in
the traffic flow rate value. This leads to uncertainty and does not allow the implementation
of the control process. In order to resolve this uncertainty, the authors use an indicator
of the concentration of traffic flow in time—lane occupancy. This indicator is essentially
an indicator of the state of traffic flow, embodying the specific amount of time, from the
total time resource of the lane, that the traffic flow spends on moving along the city’s road
network, including acceleration, movement, deceleration and stopping [3].

The lane occupancy indicator was determined as the most useful. At the previous stage
of the work, the authors conducted a study wherein the results established and experimen-
tally confirmed a two-factor mathematical model of the effect of lane occupancy and the
traffic signal cycle on the traffic flow rate [3]. The authors acknowledge that, like any other
results of the study, the mathematical model obtained also has a number of limitations, and,
for example, does not take into account the negative impact of environmental conditions
and the quality of the road surface. However, from the point of view of the authors, the
mathematical model developed is significant and allows us to continue studying both its
refinement in terms of factors previously unaccounted for, and its practical application.

As a basis for developing a method for the practical application of the previously
obtained mathematical models [31], the method presented in the works of F. Webster [44]
was chosen. Based on the results of a detailed analysis of the method of F. Webster,
a drawback was identified which does not allow for the application of this technique in
modern conditions. Thus, if the transport demand exceeds the capacity of the road network,
a traffic signal cycle cannot be developed using the original method. In this situation, the
estimated duration of the cycle either takes on an infinitely large and unrealizable value in
practice, or has no physical meaning at all, taking on a negative value. This drawback is
clearly presented by the authors in Figure 6. Unfortunately, according to the authors, it is
not possible to find an absolutely ideal solution in this case. As one of the solutions, the
authors proposed consideration of the maximum allowable cycle duration as a constant
value to be determined by an engineer or researcher, depending on the available reserves
and resources, as well as their goals and objectives. This decision can be justified by the
fact that in the current traffic conditions in cities, in the event of traffic congestion and the
absence of any reserves for the redistribution of time in the traffic signal cycle, it will still
not be possible to satisfy the entire transport demand in the road network. The authors
suggest that a definitive solution to this problem is possible only when the complete
redistribution of transport demand, from individual transport to alternative modes of
transportation, is taken into account. However, this approach, firstly, requires long-term
strategic decisions, and secondly, it still does not exclude the formation of traffic congestion
due to stochastic factors, which also requires prompt adjustment of the traffic signal cycles
of controlled intersections.
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The authors also acknowledge that the achievement of the indicated effects of the
application of the developed method can be guaranteed only if it is subject to a number of
limits. These limits were justifiably introduced at the previous stage of this study during
the development of the mathematical models [3]. In this regard, the positive effect of the
application of the method can be realized under the condition that vehicles are moving on
a dry road surface, in the absence of ice, precipitation and fog.

Vehicles moved at the intersection in strictly defined directions, where traffic flows
were homogeneous and consisted only of cars. At the same time, the movement of vehicles
was organized in such a way as to exclude conflict points for traffic flows moving forward
and turning. Thus, the use of the proposed methodology at urban signal-controlled inter-
sections with traffic conditions that differ from those presented in the study may require
additional calibration of the mathematical models.

Therefore, improving the obtained method—taking into account the influence of
various environmental conditions, the state of the road surface, the priority of public
transport and other factors that can be established in the aggregate—will be an area of
further research in the near future.

The prospects of the proposed methodology can be achieved through the proposed
neural network technology for collecting and processing the initial data. Depending on
the viewing angle, outdoor cameras track and classify vehicles within road sections of up
to 500 m. Precise and informative monitoring of the dynamic parameters of traffic flows
and lane distribution enables proactive adjustment of traffic lights, taking into account the
individual characteristics of intersections.

5. Conclusions

The proposed method, developed on the basis of F. Webster, enables changes in traffic
flow rate due to the influence of lane occupancy at urban controlled intersections to be taken
into account. The developed method is based on mathematical models [3] which allow
significant advancement of the existing fundamental provisions for designing operating
modes for controlled intersections.

Firstly, the new method, in contrast to the existing one, takes into account the change in
the maximum possible value of the traffic flow rate at the exit of the controlled intersection
due to the deviation of lane occupancy from its optimal value [3,4]. In turn, this indicates
either a shortage or a surplus in the traffic capacity of the road network and allows prompt
real-time adjustment of the traffic light cycle at the controlled intersection in question.

Second, a detailed analysis of the basic method of F. Webster also revealed that it
has another significant drawback which, in principle, does not allow its use it in modern
traffic conditions in cities. With all the coherent logic of the original methodology, the
calculation results obtained by it are inadequate or completely devoid of physical meaning
for controlled intersections with high traffic demand. This drawback was eliminated by
introducing a limit on the maximum allowable duration of the traffic light control cycle,
determining the specific weight of each phase coefficient and adjusting their values, taking
into account the indicated limitation.

Thirdly, in order to collect initial data on the required characteristics of traffic flows,
the authors proposed an approach that consists of processing a video image received in real
time from street surveillance cameras using an optimized recurrent neural network. The
advantage of this approach is significant reduction in the monetary costs required for the
collection of the initial data, since each street video surveillance camera is able to replace
all the necessary vehicle detectors. In addition, reducing the time required to process video
information makes it possible to increase the efficiency of not only monitoring the initial
situation itself, but also managing traffic flows in real time.

Fourthly, it was not possible to adequately assess the efficiency of the traffic light cycle
using the basic method of F. Webster, since Formula (12) for determining transport delay
also did not take into account the decrease in the maximum possible traffic flow rate due to
the influence of lane occupancy. In this regard, the original formula for determining the
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transport delay was also refined (29). This allowed for correct assessment of the efficiency
of the proposed solutions. According to the preliminary results, the application of the
proposed method will make it possible to realize positive technological, economic and
environmental effects at urban controlled intersections.

Ultimately, a new method was developed and presented, aimed at improving the
efficiency of traffic management at urban signal-controlled intersections through the real-
time adjustment of traffic light cycles.

Meanwhile, we note that the accurate and situational assessment of lane occupancy
is essential to ensuring effective traffic control at signal-controlled intersections. These
preliminary experimental studies have shown that even when taking into account the
introduced restrictions, the use of the proposed methodology can reduce the total delay of
vehicles by an average of 3%. Therefore, in our future research, we will obtain more suitable
parameters for adjusting traffic lights, taking into account the individual characteristics
of intersections.
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