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Resume
The paper presents the results of an experimental study carried out at 
signalized intersections and pedestrian crosswalks in Lviv (Ukraine). The 
study covered intersections with different traffi c conditions. Therefore, the 
intersections were classifi ed into three types. It was found that the share of 
pedestrians who cross the road on the prohibitive traffi c signal varies from 
7% in the central areas to 13% near transport hubs. A methodology, which 
predicts the pedestrian behavior when they make decisions about crossing 
the roadway, is proposed. Recommendations were developed for choosing the 
optimal traffi c light control modes. It was found that increasing the duration 
of the restrictive signal for pedestrians increases the probability of crossing 
the road during the restrictive signal of the traffi c light. It emphasizes the 
need to adjust the duration of the traffi c light cycle in areas with heavy 
pedestrian traffi c.
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The latest technologies, such as adaptive traffi c 
management systems, can be used to solve this problem. 
These systems can analyze data in real-time, predict 
changes in traffi c volumes, and automatically adjust 
traffi c lights to optimize the traffi c and pedestrian fl ow 
[4]. Using detectors and cameras to collect fl ow data can 
also help to create more effi cient and fl exible control 
systems.

2 Literature review 

Pedestrian crosswalks are one of the most dangerous 
places on the road network. Most road traffi c accidents 
occur here. In urban centers, pedestrians crossing 
the road signifi cantly impact the traffi c fl ow. For this 
reason, several approaches have been developed to 
detect traffi c and pedestrian fl ows before traffi c lights 
[5-7]. In general, pedestrians should be given priority 
for various reasons. However, as emphasized in [8], the 
high priority for pedestrians at pedestrian crosswalks 
signifi cantly affects the road network’s capacity. The 
researchers evaluated different distances between 
pedestrian crosswalks, considering their variable nature. 

1 Introduction

Traffi c delays on the road network are one of the 
main problems of modern cities, leading to time loss, 
environmental pollution, and excessive fuel consumption. 
This problem is exacerbated by the constant growth in 
the number of vehicles and the ineffi ciency of traffi c 
management [1]. Traffi c lights that control traffi c at 
intersections should ensure a balance of traffi c and 
pedestrian fl ow without increasing the waiting times, 
queues, and traffi c density [2]. However, due to irrational 
signaling, traffi c lights sometimes become bottlenecks in 
the road network.

Most traffi c lights operate in modes with 
a predefi ned duration or using detectors. Control 
with a predefi ned duration uses fi xed intervals of the 
permissive signals, while control with detectors adapts 
the phases depending on the detection of vehicles and/or 
pedestrians [3]. However, due to the high uncertainty in 
the arrival of vehicles and pedestrians, it is diffi cult to 
determine the long-term optimal values of the phases or 
their extension. As a result, this can lead to queues and 
excessive stops due to irrationally confi gured signals of 
traffi c lights.
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operation and increases pedestrian traffic efficiency and 
safety.

This configuration provides more accurate detection 
of pedestrians on the edge of the sidewalk and in the 
approach zone, significantly increasing the traffic safety 
and efficiency. This approach minimizes waiting time 
for pedestrians, providing them with comfortable road 
crossing conditions. In addition, using such systems 
helps to reduce the number of accidents, as drivers 
receive more accurate data on the presence of pedestrians 
at the crosswalk [24-25].

In [26], an algorithm for the traffic control at 
a signalized intersection using fuzzy logic was developed. 
This algorithm allows reducing the delay of traffic and 
pedestrian flows by adapting the parameters of traffic 
light control to traffic and pedestrian flows` volumes.

This study is aimed at determining the indicators 
or features of traffic flows and pedestrian behavior to 
substantiate the methodology for adaptive traffic control 
at pedestrian crosswalks.

It is necessary to perform the following tasks to 
achieve the objective of the work:
•	 to analyze the patterns and the main methods of 

studying the indicators of road users used to adjust 
the modes and parameters of traffic signal control 
systems;

•	 to conduct field studies of road users and analyze 
the behavioral characteristics of pedestrians at 
different types of intersections with traffic lights;

•	 to substantiate the mode of adaptive traffic control 
at pedestrian crosswalks, taking into account 
the characteristics of traffic flows and pedestrian 
behavior based on fuzzy logic;

•	 to develop recommendations for selecting the 
effective traffic signal control modes for different 
types of signalized intersections.

3	 Materials and methods

Following the research objective, a  number of 
measurements were made on the streets of Lviv (Ukraine) 
using the technical means of traffic management of the 
Lviv municipal enterprise “Lvivavtodor”. The experimental 
study was conducted at signalized intersections and 
a signalized pedestrian crosswalk outside the intersection 
(Figure 1). Active motion detectors for both vehicles and 
pedestrians were used for this study.

During the measurements, the following indicators 
were determined: width of the pedestrian crosswalk (Bped), 
length of pedestrian crosswalks (street width, Brw); actual 
traffic flow volume through the crosswalk (Na), pedestrian 
flow volume (Nped), the duration of the traffic signal control 
cycle at intersections and pedestrian crosswalks and 
its components (duration of restrictive and permissive 
signals); the number of pedestrians gathered before the 
crosswalk; the number of people who crossed the roadway 
during the restrictive (tr) and permissive (tp) traffic signal.

The analysis in [9] shows that increasing number of 
pedestrians use mobile phones daily. It distracts them 
when they are getting ready to cross the roadway. 
Research [10] points to pedestrians as one of the most 
dangerous road users, with the highest probability of 
severe or fatal injuries in road accidents. That is why, 
there is a need to introduce new adaptive traffic control 
systems at pedestrian crosswalks, which are crucial for 
improving the pedestrian safety [11].

In [12], an algorithm for detecting traffic lights and 
pedestrian crosswalks was developed that successfully 
operates on embedded devices with limited computing 
resources in real time. This approach is based on image 
processing and is characterized by high recognition 
accuracy, although the quality of the results obtained 
may depend on the quality of the input images. 

A high-resolution video surveillance system 
that collects vehicle and pedestrian traffic data at 
intersections is presented in paper [13]. This solution is 
characterized by high accuracy and the ability to collect 
essential data necessary to maintain safety and mobility 
in an urban environment. 

Such systems are becoming an important component 
of modern adaptive traffic management systems. 
However, they do not consider the number of pedestrians 
waiting at the crosswalk [14].

For example, detectors to detect pedestrians on 
sidewalks and signalized crosswalks is proposed to use 
in [15]. Using detectors on sidewalks is challenging 
because it is crucial to ensure the correct shape and 
size of the pedestrian detection area. It is essential 
to identify pedestrians standing along the edge of the 
sidewalk, where an oval shape may be acceptable, as 
well as those approaching or standing on the approaches 
to the sidewalk. 

To achieve this, more sophisticated detectors can 
be used to adapt the shape and size of the detection 
zone to suit specific conditions. It can be implemented 
using two beams directed at the pedestrian waiting 
area [16-18]. The first beam passes along the edge of the 
sidewalk, and the second beam is perpendicular to the 
road, covering the approach area. This allows to create 
a detection zone that better meets the needs of use on 
sidewalks.

This principle of operation allows the detectors to 
detect pedestrians both in the crossing area (detectors 
at the intersection) and in the waiting area on the 
sidewalk (detectors on the curb). Detectors placed on 
the sidewalk can track the presence of pedestrians 
and cancel crossing requests if a  pedestrian has 
already started crossing the roadway [19]. This helps 
to avoid unnecessary delays and increases pedestrian  
safety [20].

In addition, particular detectors are used at 
crosswalks that automatically adjust the duration of 
the pedestrian phase. This allows sufficient time for safe 
crossing, especially when many pedestrians move slowly 
[21-23]. Using such detectors optimizes traffic lights’ 
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and the effectiveness of traffic management systems.
The sample size for traffic and pedestrian flow, 

required to ensure the representativeness of the data, 
was determined following the methodology outlined in 
[27]:

n
E

Z p p1
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-^ h
,	 (1)

where n - necessary sample size for traffic and 
pedestrian flow; Z - value for the selected significance 
level (1.96 is taken for 95%); p - the expected proportion 
(0.5 is assumed if there is no previous measurement 
data); E - is the permissible error (0.05 is taken).

Based on the calculations, the minimum number 
of situational interactions between the traffic and 
pedestrian flows, to be conducted at each type of 
intersection (crosswalk) to ensure a  representative 
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During the study, various parameters were analyzed 

During the research, the effectiveness and adequacy 
of the proposed solutions for the traffic control at 
pedestrian crosswalks was evaluated. This evaluation 
included checking how well the new control systems can 
control pedestrian and vehicular traffic, ensuring safety 
and convenience for all road users.

All these crosswalks can be conditionally divided 
into three types, depending on their location in the city 
(Table 1).

The research was conducted during the day in good 
weather conditions. The study tested several working 
hypotheses:
1. 	 Different types of intersections and pedestrian 

traffic conditions require different durations of 
traffic signals to meet the needs of pedestrians to 
improve traffic safety.

2. 	 As the traffic volume and length of the crosswalk 
decrease, pedestrians are more likely to try to cross 
the roadway when the traffic light is red.

3. 	 The purpose of pedestrian movement can influence 
pedestrian behavior, changing their decisions about 
crossing the roadway.
This will provide more accurate information about 

the impact of different conditions on pedestrian behavior 
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Figure 1 Situational schemes of formation of the traffic and pedestrian flows, where experimental measurements were 
carried out: a - signalized crosswalk of type I (signalized pedestrian crosswalk with a dividing traffic lane);  

b - signalized crosswalks of type II (four-way intersection with four pedestrian crosswalks); c - signalized  
crosswalks of type III (combined four-way intersection with three pedestrian crosswalks)

Table 1 Types of intersections and pedestrian crosswalks in terms of their location in the city

Type of 
intersection

Location on the territory of 
the city

Features of 
pedestrian flows Features of traffic flows Availability of a flow 

generation center

I Near transportation hubs

Constantly intense 
during the peak 

periods;
targeted towards 
and away from 

generation centers

High heterogeneity of traffic 
flow (up to 70% of passenger 
cars); a significant share of 

freight traffic and urban public 
transport, maneuverability in 

parking lots

Shopping centers, bus 
and train stations

II Central zone Constantly intense 
throughout the day

Significant homogeneity of 
the traffic flow (up to 95% of 

passenger cars)

The distribution of 
pedestrian flows across 
the territory is uniform

III Residential area
Variable, 

unidirectional in the 
entire zone

The share of passenger cars 
is 80 - 85%, urban public 

transport - up to 10%; freight 
traffic is practically absent

Stopping points of urban 
public transport
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the design of traffic control modes should consider 
the specifics of different types of intersections and 
pedestrian traffic conditions. These differences are 
determined primarily by the behavior of pedestrians at 
junctions, which depends on their psychophysiological 
characteristics and the purpose of their movement.

Therefore, to ensure the safety and efficiency of 
pedestrian traffic, it is necessary to develop adaptive 
and flexible solutions for different types of intersections. 
This includes planning crosswalks and managing the 
traffic signal control modes, which must be customized 
to specific conditions and behavioral patterns. 

Thus, a more individualized approach to designing 
pedestrian crosswalks and controlling pedestrian flows 
would help to improve overall safety and comfort for all 
road users.

4	 Results of theoretical and experimental 
studies

For effective planning of signalized pedestrian 
crosswalks on the road network, it is necessary to study 

using video recordings made at the study sites, including 
vehicle and pedestrian characteristics, duration of the 
traffic signal for vehicles and pedestrians, geometric 
parameters of the road network, duration of the traffic 
light cycle, duration of pedestrian crossing, etc.

The graphical results of the study of pedestrian 
behavior at signalized crosswalks are shown in Figure 2.

Based on the results of the analysis presented 
in Figure 2, it was possible to confirm the working 
hypothesis 3. In particular, it was found that the share of 
people who violate traffic rules at signalized pedestrian 
crosswalks is 9% in residential areas. In the city’s 
central areas (type II), this indicator is somewhat lower 
- 7%, while near the transport hubs (type I) it is up to 
13%. The working hypotheses 1 and 2 were confirmed 
as well: to improve traffic safety at different types of 
intersections, traffic lights appropriate for pedestrian 
traffic should be used, as pedestrians are more likely 
to ignore the restrictive signals when the traffic volume 
and crossing lengths decrease.

Based on the results of these studies and previous 
ones, it can be concluded that the regulatory approaches 
to the arrangement of pedestrian crosswalks and 
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Figure 2 Results of pedestrian flow studies: a - signalized crosswalk of type I; b - signalized crosswalks of type II; 
c - signalized crosswalks of type III; 1 - the total number of pedestrians who crossed the crosswalk (on the restrictive 
and permissive traffic signal) and those who were waiting for the permissive traffic signal; 2 - pedestrians who were 

waiting for a permissive signal; 3 - pedestrians who crossed the crosswalk on a permissive signal; 4 - pedestrians who 
have crossed the crosswalk on a restrictive signal
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safer crossing in different traffic conditions. Figure 3 
shows a block diagram of the automated traffic control 
system at a controlled crosswalk considering pedestrian 
behavior.

The main point of the above scheme is that 
intersections are equipped with an automated traffic 
control system (vehicle detectors), which takes into 
account fixed-time conditions (planning and geometric 
parameters of the roadway) and variable conditions 
(characteristics of traffic flows, road, and climatic 
conditions, and the number of waiting pedestrians).

As shown in Figure 3, the input variable in the 
proposed system is a  group of pedestrians standing 
before the traffic light and preparing to cross the road. 

and simulate traffic flows and pay due attention to 
pedestrian flows. It is essential to analyze pedestrian 
behavior depending on the roadway’s geometric 
parameters and the crosswalk’s location. 

When developing a methodology for adaptive traffic 
control at pedestrian crosswalks, it is necessary to 
consider not only the psychophysiological and physical 
capabilities of people, but to predict the behavior of 
pedestrians when making complex decisions, as well. 
One of the main psychophysiological factors is the 
natural tendency of people to save effort and time by 
choosing the shortest route between destinations.

Predicting pedestrian behavior allows to adapt 
infrastructure and controls to minimize risks and ensure 

Presence of parking

ADAPTIVE CONTROL AT PEDESTRIAN CROSSWALKS

UNCHANGED CONDITIONS 
AND PARAMETERS

Location of public transport 
stopping points
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Figure 3 Block diagram of adaptive traffic control at a controlled crosswalk considering pedestrian behavior
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a  small number of pedestrians, which reduces the 
time of the green phase of the traffic light;

•	 medium level: the membership function adjusts 
the time of the green phase of the traffic light 
accordingly based on the moderate number of 
pedestrians;

•	 high level: the membership function provides 
a  longer green phase time for a  large number of 
pedestrians waiting to cross the road.
The controller’s input data relating to the number 

of pedestrians is distributed over these membership 
functions, with the range of pedestrian counts ranging 
from 0 to 200.

These membership functions are applied to the 
traffic light cycles (green, amber, and red) for the traffic 
light control. The controller output values are directly 
related to the setting of the duration of each traffic 
light cycle and of each traffic light phase. This allows 
adapting the time of green, amber, and red lights to the 

Various methods can be used to identify and count the 
size of a group, allowing to detect both static and moving 
groups of people.

To provide a correct input value for adaptive traffic 
control at pedestrian crosswalks, this paper uses 
a  methodology based on using pedestrian counting 
detectors, which allows for an accurate assessment of 
the number of people in the area before the traffic light.

After describing the proposed scheme of an adaptive 
traffic control at a  controlled crosswalk, it is advisable 
to focus on the aspects of fuzziness of the inference 
system that determines the phases of traffic lights. In 
particular, it is crucial to characterize the membership 
functions used in this system briefly.

The proposed detector, which includes a fuzzy logic 
controller, uses three basic membership functions to 
process the input data and control the output. These 
functions represent the three levels of volume: 
•	 low level: the membership function corresponds to 
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Figure 4 Triangular membership functions for the number of pedestrians

Table 2 Recommendations for selecting the rational traffic signal control modes depending on the traffic delays and 
pedestrian behavior

Volume-capacity ratio, z

Recommended duration of traffic light cycle, sec

Type of intersection I Type of intersection II Type of intersection III

2 phases

z < 0.2 adaptive adaptive adaptive

0.2 ≤ z ≤ 0.45 25 - 40 adaptive adaptive

0.45 ≤ z ≤ 0.7 30 - 50 40 - 60 40 - 60

0.7 ≤ z ≤ 1.0 40 - 60 45 - 70 50 - 70

3 phases

z < 0.2 adaptive adaptive adaptive

0.2 ≤ z ≤ 0.45 40 - 60 50 - 70 50 - 70

0.45 ≤ z ≤ 0.7 50 - 70 60 - 80 60 - 80

0.7 ≤ z ≤ 1.0 60 - 90 60 - 90 60 - 90

4 phases

z < 0.2 adaptive adaptive adaptive

0.2 ≤ z ≤ 0.45 60 - 80 60 - 90 60 - 90

0.45 ≤ z ≤ 0.7 80 - 90 90 - 100 80 - 100

0.7 ≤ z ≤ 1.0 90 - 100 100 - 110 100 - 120
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I with a road-capacity ratio of 0.35, the total cycle time 
of the traffic signal can be from 25 sec (7 sec green, 13 
sec red, and 5 sec amber) to 40 sec (22 sec green, 13 sec 
red, and 5 sec amber). This cycle of 25 to 40 seconds is 
the basic cycle for a traffic light and is not an input or 
output parameter of a fuzzy logic controller.

The output of the fuzzy logic controller detects 
variations in these parameters, increasing or decreasing 
the duration of the green and red traffic lights according 
to the existing volume-capacity ratio on the road 
network. Pedestrian phases are dynamically updated 
based on membership functions (Table 3).

For example, for a  25-second cycle, the standard 
durations for the green, amber, and red traffic lights (at 
low traffic levels) are 7 s, 5 s, and 13 s, respectively. If 
the value of the membership function falls in the middle 
range, the duration of the green traffic signal increases 
by about 33% with a  constant cycle time. In the high 
range, the increase in the duration of the green traffic 
signal can reach about 66%.

A  similar mechanism for adjusting the duration 
of green, amber, and red traffic lights is implemented 
for a  40-second cycle. It allows dynamically adjusting 
the traffic light phases to optimize the traffic flow and 
improve pedestrian safety in different conditions.

Since the input data in the mechanism of logical 
conclusion are fuzzy variables, the fuzzy logic controller 
must convert these fuzzy outputs into clear values 
through defuzzification. It allows the actual system to 
process the result (Table 4).

As shown in Table 4, the output values of the fuzzy 
logic controller are determined based on six fuzzy rules 
using the “IF-THEN” construct. For example, if there is 
a peak period and the number of pedestrians is low, the 

actual situation on the road, including the number of 
pedestrians waiting to cross.

The triangular membership functions for the 
number of pedestrians are shown in Figure 4, where the 
road network’s volume-capacity ratio (z) is expressed by 
normalized values in the range from 0 to 1. This allows 
to clearly define how a  specific value of the number of 
pedestrians affects the control of the traffic light. As 
for the time of day, unlike the number of pedestrians, 
obtaining a  continuous numerical range is impossible. 
Instead, the time of day is divided into peak periods 
(07:00 - 09:00; 13:00 - 14:00; 17:00 - 18:00) and off-peak 
periods, which have different effects on the level of 
traffic on the road network. 

Thus, recommendations are proposed for choosing 
the rational traffic signal control modes depending on 
the traffic delays and pedestrian behavior (Table 2).

The adequacy of these recommendations is checked 
next. It is taken, for example, a signalized crosswalk of 
type I (two-phase control). The width of the roadway is 
24 m (11.25 m in each direction and a 1.5 m wide dividing 
lane). The total traffic volume at the crosswalk is 1695 
veh/h (volume-capacity ratio - 0.35). Based on the fact 
that a large share of violators (13%) is observed at the 
studied facility under existing traffic conditions with 
a traffic light cycle duration of 78 seconds, it is possible 
to implement the traffic signal control for intersections 
of type I  with a  traffic light cycle duration of 25-40 
seconds. For such traffic conditions at intersections of 
type II and III, it is necessary to implement adaptive 
traffic control since, in a fixed-time mode, there will be 
a large share of pedestrians crossing the roadway when 
the traffic signal is red.

For the two-phase control for intersections of type 

Table 3 Variation of traffic light modes of the fuzzy logic controller

Membership function Duration of green signal, sec Duration of amber signal, sec Duration of red signal, sec

Traffic light cycle duration - 25 sec

Low level 7 5 13

Medium level 9 (increase of the phase by 33%) 5 11

High level 12 (increase of the phase by 66%) 5 8

Traffic light cycle duration - 40 sec

Low level 13 5 22

Medium level 18 (increase of the phase by 33%) 5 17

High level 22 (increase of the phase by 66%) 5 13

Table 4 Recommendations for selecting the rational traffic signal control modes

Time of the day Level of pedestrians Duration of traffic light phase

Peak period Low Medium

Peak period Medium Medium

Peak period High High

Off-peak period Low Low 

Off-peak period Medium Medium

Off-peak period High High
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approach to the intersection was set at 800 p.c.u./h. 
This value corresponds to ideal traffic conditions, which 
are characterized by a homogeneous traffic flow (100% 
passenger cars), good driving conditions and high-
quality road surface.

Traffic and pedestrian flows were simulated using 
various simulation methods, including the static setting 
of traffic light cycle times. The traffic light system was 
implemented with one group of signals, and its cycle time 
was 120 seconds, with alternating red and green signals. 
The share of the restrictive signal per lane in the traffic 
light cycle was determined by the ratio /t Tr rb=  and 
varied from 10 to 105 sec. The regulatory limitation 
on the duration of the traffic light cycle (25 < Tc < 120) 
was also considered, and the value of the main phase 
duration for transport was not less than tp  = 7 sec. 
In addition, the installation of surveillance cameras 
was simulated through the external interface module 
provided by the PTV VISSIM program to implement the 
controller based on fuzzy logic. Even in this case, the 
fuzzy logic approach proposed in this article was applied 
to 25-120 sec cycles, which could dynamically change 
depending on the situation.

As for the pedestrian phases, the geometric 
parameters of the intersection did not change, and the 
duration of the transition interval was calculated taking 
into account the average speed of cars approaching the 
stop-line without braking. It made it possible to optimize 
the conditions for the safe passage of vehicles through 
the intersection and ensure the efficient use of traffic 
signals.

The results of the study, which reflect the change in 
the maximum queue length, depending on the volume-
capacity ratio of the intersection before the stop-line 
and the share of the duration of the restrictive signal 
in the traffic lane in the control cycle for three types of 
intersections, are shown in Figure 5.

The graph in Figure 5 shows that increasing the 
duration of the pedestrian restrictive signal affects 
the share of pedestrians who cross the roadway at the 
restrictive signal, especially for the intersections of type 
I. It emphasizes the need to adjust the duration of the 
traffic signal cycle in areas with heavy pedestrian traffic. 
In addition, shortening the duration of the pedestrian 
signal reduces vehicle waiting time. If the traffic volume 
exceeds 500 veh/h per lane, this can lead to queues 
of vehicles longer than 90 m with a restrictive signal 
duration of 40 sec. 

duration of the traffic light phase will be average. Since 
the results of logical conclusion are fuzzy variables, 
a fuzzy logic controller converts these fuzzy outputs into 
clear values using the defuzzification method for the 
actual system to use them.

For example, in the case of a traffic light cycle (25 or 
40 sec), if the result of defuzzification (i.e., a numerical 
value, not a  linguistic value) falls in the middle range, 
the values for the green, amber, and red light times will 
be as follows: for a 25-sec cycle: the green phase lasts 9 
sec, the amber phase - 5 sec, and the red phase - 11 sec; 
for a 40-sec cycle: the green phase lasts 18 sec, the amber 
phase - 5 sec, and the red phase - 17 sec.

These values adjust the duration of the traffic light 
phase according to the existing traffic conditions.

Thus, defuzzification ensures that the controller’s 
fuzzy results are converted into specific, clear values 
that can be used to control the traffic signal, ensuring 
that the duration of the traffic signal phases is 
optimized to match the existing traffic conditions at the  
intersection.

5	 Discussion 

Creating a  simulation model to study the rational 
mode of control at pedestrian crosswalks is critical 
in determining the optimal conditions for pedestrian 
and vehicle traffic at such crosswalks. The aim of this 
process is to ensure the maximum safety and efficiency 
in managing pedestrian flows.

Based on the results of studies of traffic and 
pedestrian flows, as well as the parameters of the 
road network, the optimal control parameters were 
substantiated. The following main indicators determined 
the optimal mode of traffic signal control: the level of 
roadway congestion, the maximum length of the queue 
of vehicles approaching the stop-line, and the share of 
time when the restrictive signal is lit for the lane during 
the traffic signal control cycle. The applicability of these 
indicators was tested using the PTV VISSIM software. 
In addition, the pedestrian behavior was taken into 
account for three types of intersections, depending on 
the characteristics of traffic on them.

At the initial research stage, PTV VISSIM software 
was used to model the traffic flows. For this purpose, the 
initial conditions were set at which the traffic volume 
varied from 50 to 700 p.c.u./h. The lane capacity on the 

Table 5 Dependencies of changes in the maximum queue length depending on the volume-capacity ratio and the share of 
the restrictive signal in the lane in the control cycle

Type of 
intersection Formulas Coefficient of 

determination, R2

I . . . . . .L z z z156 42 265 018 675 696 117 453 915 616 563 626r
2 2$ $ $ $ $ $b b b= - - + + + 0.73

II . . . . . .L z z z162 123 120 5 7 45 432 50 987 200 346 30 2116r
2 2$ $ $ $ $ $b b b= + + - + - 0.72

III . . . . . .L z z z112 852 115 568 47 901 55 436 198 765 28 346r
2 2$ $ $ $ $ $b b b= + + - + - 0.70
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a)

b)

c)

Figure 5 Change of the maximum queue length depending on the volume-capacity ratio of the roadway and the 
share of restrictive traffic signals: a - signalized crosswalk of type I; b - signalized crosswalks of type II; c - signalized 

crosswalks of type III
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- intersections in residential areas where the traffic 
volume is lower, but still many pedestrians cross 
roadways near schools, parks, and residential areas.

	 It was found that in residential areas (type III), the 
share of pedestrian traffic violations is 9%, possibly 
due to fewer cars and a lower level of control. In the 
central areas of the city (type II), this indicator is 
somewhat lower - 7%, as traffic volume increases 
and people are less likely to ignore traffic signals 
in a  fast-paced environment. Near transport hubs 
(type I), the share of violators reaches the highest 
level - 13%, possibly due to the large number of 
pedestrians and high level of haste.

3. 	 The method of adaptive traffic control at pedestrian 
crossings has been improved. It considers not only 
the physical and psychophysiological capabilities 
of pedestrians but the factors that influence their 
behavior when deciding to cross the road, as 
well. The method includes elements of predicting 
pedestrian behavior based on previous observations 
and can be adapted to specific conditions of an 
intersection or crosswalk.

4. 	 Based on the collected data and conducted research, 
recommendations were developed for choosing the 
optimal traffic signal control modes at different 
types of intersections. It takes into account traffic 
delays, pedestrian volume, and the level of traffic 
violations. It was found that:

	❑ for the two-phase control, the optimal cycle time 
should be between 25 and 70 sec, depending on 
the driving conditions;

	❑ for the three-phase control - from 40 to 90 sec, 
taking into account the needs of both vehicles and 
pedestrians;

	❑ for the four-phase control - from 60 to 120 sec, 
which provides the most comprehensive approach 
to control different flows.

These recommendations allow for flexible 
adjustment of traffic signal modes, which helps to reduce 
delays, increase safety at intersections and pedestrian 
crosswalks, and improve overall traffic efficiency in 
urban areas.
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After processing the modelling results, an empirical 
dependence was obtained of the maximum queue length 
on the volume-capacity ratio and the share of the 
restrictive signal in the traffic lane in the traffic light 
cycle (Table 5).

According to the modeling results, the 
maximum queue length of vehicles before 
the stop-line is the longest for intersections 
of type I  located near transport hubs and reaches  
504.6 m at a  volume-capacity ratio of intersection 0.88 
and share of a restrictive signal in the traffic lane 0.83. 
In comparison, for type II (in central areas) and type III 
(in residential areas) intersections, the queue length is 
reduced to 403.7 m and 317.9 m, respectively

These results indicate that at intersections of type 
I, where the traffic load is highest, the traffic signal 
control modes need to be optimized especially carefully 
to prevent the excessive vehicle delays. Reduced queue 
length at intersections of type II and III indicates that 
less stringent regulatory mechanisms can be applied in 
less congested areas.

The proposed approach allows reducing vehicle 
delays effectively and considers pedestrians’ needs in 
traffic signal control systems. It can be especially 
useful in developing the optimal control strategies at 
intersections with high traffic volumes and significant 
pedestrian activity.

6	 Conclusions

1. 	 The analysis of patterns and methods for studying 
the behavior of road users revealed that optimization 
of traffic signal control modes and parameters 
depends on a number of factors, such as pedestrian 
and traffic volumes, waiting time, queue length, and 
the number of crossing violations. The main research 
methods used to set up the traffic signal control 
systems are observation, mathematical modeling, 
and statistical data analysis. These methods make 
it possible to adapt traffic light cycles to real traffic 
conditions to improve the safety and efficiency of 
traffic flows.

2. 	 An experimental study was conducted at signalized 
intersections and a midblock signalized pedestrian 
crosswalk in Lviv. For signalized intersections with 
different traffic and pedestrian flow conditions, 
it was found that these conditions depend on the 
location in the city. Based on this, the intersections 
are divided into three types according to the traffic 
characteristics: type I - intersections near transport 
hubs where there is a  high traffic volume and 
a significant number of pedestrians, especially near 
train stations, bus stations, and other main urban 
infrastructure facilities; type II - intersection in 
the central area of the city, where traffic flows are 
quite intense, and pedestrian traffic is generated 
mainly by commercial and business centers; type III 
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