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DETERMINATION OF THE IMPACT
OF TRAFFIC DELAYS AT SIGNALIZED
INTERSECTIONS ON THE TRAVEL
TIME OF A FIRE ENGINE TO THE
PLACE OF A CALL

The paper outlines the problem of the influence of various factors, in particular traffic delays at signalized intersections, on the move-
ment of a fire engine to the place of a call. The object of research is the process of queue formation of vehicles at a signalized intersection,
which leads to delays of a fire engine during its response. The conditions for queue formation at signalized intersections were identified,
under which the queue may reach its maximum value or remain in a continuous growth mode. Thus, prerequisites for further research were
established, and the maximum traffic flow intensity of 1000 passenger car units was selected. Using simulation modeling in the PTV Vissim
environment, a model of a signalized intersection with a two-lane approach was developed. This model enables simulation of intersection
crossing by varying traffic flow intensity, signal cycle length, and the proportion of green time within each cycle. Experimental studies of the
maximum queue length were conducted using the full factorial experiment method. A relationship was obtained to determine the maxi-
mum queue length at a signalized intersection as a function of traffic flow intensity, signal cycle length, and the proportion of green time
in each cycle. The magnitude of the influence of each identified parameter on queue formation at the intersection was analyzed separately.
It was established that increasing the proportion of the green signal from 0.20 to 0.50 reduces the queue length by approximately 35-40%.
An increase in traffic intensity from 200 to 1000 passenger car units per hour leads to an approximately fourfold increase in queue length.
The obtained relationships can be further used in the development of new or the improvement of existing models for determining optimal
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response routes of emergency vehicles to the place of a call, taking into account possible delays at signalized intersections.
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1. Introduction

It is known that one of the key factors in effective fire extinguishing
is the fastest possible arrival of fire and rescue units to the place of a call.
This issue is also relevant for other operational services, where speed of
action and arrival to the place of a call are important. The relevance of the
outlined issue is also confirmed by the results of the study [1], which em-
phasizes the critical importance of the time of arrival of special vehicles to
the place of a call. Vehicles of such services enjoy a number of advantages
when driving on the city’s street and road network. Of course, other road
users are obliged to give priority to such vehicles. However, in practice,
the effects on special vehicles in the "road conditions — traffic flows" sys-
tem are often noticeable. A heavy-duty fire tanker will not always be able
to bypass a traffic jam, unlike smaller vehicles (for example, a light-type
special emergency rescue vehicle, etc.). Therefore, when choosing the
optimal route for special vehicles to the place of a call, it is worth con-
sidering such a factor as a potential delay at a controlled intersection. It
is here that a queue of vehicles in the traffic flow can form, waiting for the
traffic light signal and the opportunity to continue moving.

The issues of minimizing travel time and optimizing routes for spe-
cial vehicles are addressed in one way or another in a number of scientific
publications. In [2] it is shown that even a slight delay in the arrival of
a fire truck can cause a significant increase in the burning area. Here,

a graph model for choosing the optimal route to the place of call is pro-
posed. At the same time, such a model is static in nature and does not take
into account the real parameters of traffic flows and the structure of the
street and road network, which limits its practical application in modern
urban traffic conditions. In addition to increasing the burning area, the
speed of arrival at the place of a call will also contribute to increasing
the efficiency of evacuation, which can be ensured by fire and rescue
workers [3].

An adaptive graph approach to routing evacuation flows is proposed
in [4]. It involves dynamic change of traffic directions on sections of the
street and road network in order to reduce the total evacuation time. The
methodology is based on iterative analysis of the network state and recon-
figuration of traffic directions depending on the current load.

In [5], the issue of ensuring the accessibility of fire and rescue units
to historical wooden sacral buildings in rural areas of eastern Slovakia
was investigated. The main attention is focused on the analysis of the
condition of access roads, the availability and parameters of sites for the
deployment of fire equipment, as well as the time of arrival of fire units
to cultural heritage sites.

The movement of special vehicles on main sections of the street
and road network is considered in [6]. It is devoted to the development
of a strategy for preliminary lane clearing to give priority to emer-
gency vehicles through cooperative interaction with connected vehicles.
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In [7], an approach for dynamic route design of special vehicles is
proposed, which takes into account intraday fluctuations in travel time on
the street and road network. This approach combines a model of dynamic
traffic flow distribution and the problem of dynamic vehicle routing, link-
ing them through short-term forecasting of travel time on network sections.

An autonomous traffic control system for priority passage of spe-
cial vehicles at controlled intersections is considered in [8]. The key
feature of the outlined approach is the dynamic use of the side lane for
temporary redistribution of traffic flows and algorithmic prioritization
of special vehicles depending on the type and criticality of the call, as
well as the distance to the place of a call.

Work [9] provides the reader with a systematic review of fore-
casting methods used in emergency management systems, includ-
ing natural and anthropogenic disasters. Here, the authors classify
approaches based on statistical methods, machine learning models,
artificial intelligence, and simulations. They also summarize their
application to predict the occurrence of emergency events and the
need for resources, and highlight the main limitations and directions
for future research in this area. In [10], the issue of rapid response to
emergencies is considered in the context of optimizing the placement
of relevant units, as well as routing to ensure the delivery of necessary
resources in the event of an emergency under limited time windows
and spatial constraints. In [11], an overview of modern approaches to
the management of isolated intersections in the context of the use of
connected and automated vehicles is provided. Attention is focused
on two key areas: traffic trajectory planning and joint management
of intersections and vehicles. A comprehensive review of the issue of
optimizing traffic routes and priority in traffic for special vehicles is
given in the publication [1]. In [12], intelligent traffic management at
intersections using connected and automated vehicles is considered
to increase throughput and reduce vehicle delays.

In [13], a two-level routing system is proposed to facilitate the rapid
passage of special vehicles through the street and road network. Here,
the upper level provides global route planning taking into account
road conditions and delays, and the lower level adapts local decisions
at intersections to minimize travel time. This, in turn, allows for coop-
erative decision-making between the general network and local traffic
light objects, thus reducing delays and increasing the efficiency of the
process of following special vehicles to the place of a call.

Traffic light object management to optimize the passage of inter-
sections by special vehicles is considered in [14]. Here, in particular,
the queue length management algorithm is considered to ensure that
excessive queues at the intersection will not impede the prompt pursuit
of special vehicles.

The analysis shows that many solutions for optimizing the duration
of the pursuit of special vehicles involve the use of a number of additional
traffic control systems, the use of road controllers and traffic detectors, etc.
Such approaches require additional implementation, a number of techni-
cal components and software. The analysis shows that the issue of interac-
tion of special vehicles in the road conditions — traffic flows" system in the
context of identifying possible causes of potential delays of such vehicles
when passing controlled intersections still remains relevant.

The object of research is the process of formation of a queue of ve-
hicles at a controlled intersection, which leads to a delay of a fire truck
in the process of its pursuit to the place of a call.

Therefore, the aim of research is to reveal the features of the forma-
tion of a queue of vehicles at controlled intersections and their impact
on potential delays of a fire truck.

To achieve the outlined aim, the following objectives were set:

- to determine the conditions for the formation of a queue of ve-

hicles at controlled intersections;

- to perform experimental studies of the queue length at a con-

trolled intersection using a simulation model built in the PTV Vis-

sim environment;

- to obtain an experimental dependence for determining the
maximum queue length at a controlled intersection, on the basis
of which to analyze the influence of factors on the formation of
a queue of vehicles.

2. Materials and Methods

When conducting research, simulation modeling was used in the
PTV Vissim environment (PTV Group, Germany). The method-
ology combined the construction of a micromodel of a controlled
intersection, the performance of a full factorial experiment and sta-
tistical processing of the results obtained with the construction of
a regression model.

It was assumed that the maximum length of the queue of vehicles
ata controlled intersection significantly depends on the duration of the
traffic light regulation cycle, the proportion of the permitting signal and
the intensity of the traffic flow. And the corresponding dependence can
be adequately described by a regression model obtained on the basis of
a full factorial experiment.

A simulation model of a controlled intersection with an approach
to it in two lanes was built. The model made it possible to vary the fol-
lowing factors:

- intensity of the traffic flow;

- duration of the traffic light regulation cycle;

— proportion of the permitting signal in each of such cycles for

a certain phase of traffic.

During the research, the following assumptions were made:

- trafficlight objects at the intersection operate in the "hard regula-

tion" mode;

- stochastic nature of traffic flows and behavioral factors of drivers

in the context of the simulation model;

- road accidents, emergency situations and blocking of the inter-

section from other directions are not taken into account;

— there are no technical means to provide priority passage for spe-

cial vehicles;

— traffic flow intensity is reduced to aggregate units;

— the effects of pedestrian phases are not taken into account.

Planning and implementation of experimental studies were carried
out using the method of a complete orthogonal factorial experiment
of type 23 with repetitions at each point. The levels of change of fac-
tors were taken within the following limits: traffic flow intensity from
200 to 1000 pass. units/h; duration of the traffic light regulation cycle
from 60 to 120 s; the fraction of the permitting signal is from 0.2 to 0.5.

At each point, 5 studies were performed according to the experi-
mental plan in order to take into account the stochastic nature of the
traffic flow and ensure the statistical reliability of the results. The
natural values of the factors were converted into dimensionless coded
variables. For further construction of the power model, logarithmic
transformation of variables was used. The coeflicients of the regression
model were determined by the least squares method. The significance
of the coeflicients was checked using the Student test. The homogene-
ity of the variances of the experimental data was assessed using the
Cochrane test. The adequacy of the obtained model was checked using
the Fisher test at a confidence level of 0.95.

The processing of the obtained results and the construction of
graphical dependencies were performed using standard means of nu-
merical data processing.

3. Results and Discussion

3.1. Determining the conditions for the formation of a queue of
vehicles at controlled intersections

The route of a fire engine in urban conditions, in particular in
large and significant cities, was considered. It is obvious that in most
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cases, while driving to the place of a call, such a vehicle will interact
with other road users in the system "road conditions — traffic flows".
Such interaction can have a significant impact on the time of arrival of
such a vehicle to the place of a call. Among other factors, there may be
an impact of trafhic delays at a controlled intersection, where a queue
of vehicles of the traffic flow can form, waiting for the traffic light signal
and the opportunity to continue driving.

This problem is exacerbated in sections of the street and road net-
work, where the entrance to the intersection has one or two lanes of
trafhic, which, in turn, due to limited space sometimes makes it impos-
sible to create a so-called "corridor” for special vehicles. Therefore,
first of all, in the context of this problem, it is possible to consider the
dynamics of queue accumulation at such intersections.

It is known that one of the key factors characterizing the traffic
flow is the intensity of the traffic flow N. Let’s consider this factor in the
context of units reduced to a passenger car Npg, since the composi-
tion of the traffic flow can vary. Also, in addition to the traffic intensity,
controlled intersections are characterized by the total duration of the
traffic light regulation cycle T and the number of phases in it. Under
ideal conditions, the queue of vehicles will accumulate depending on
the share of the permitting signal A in each of such cycles for a certain
phase of traffic.

The queue size Qy,; in a certain period of time at a certain entrance
to the intersection can be described by the dependence

Qi1 = Q+ Pada = Ap (1

where Qj — the queue size of vehicles, passenger car units, (pass. units)
at the beginning of the k-th cycle of traffic light regulation; P,4q — the
number of vehicles (pass. units) that arrived during the k-th cycle of
traffic light regulation; A, — the number of vehicles (pass. units) that
passed the intersection during the k-th cycle of traffic light regulation.

If

Ap= Puga )
then the size of the queue at the intersection will not grow. If the condition

Ap < Pugas 3)
then with each cycle the queue at a constant or increasing traffic inten-
sity N will grow.

Since the analytical determination of the length of the queue at the
intersection will not allow taking into account the stochastic nature

Intergreens:

None

of traffic flows and behavioral factors of drivers, it is advisable to use
simulation modeling for such studies.

3.2. Experimental studies of the queue length at a controlled
intersection

To carry out the research, let’s use simulation models obtained in
the PTV Vissim environment. For this purpose, a model of a controlled
intersection with a two-lane approach to the intersection was built.
It allows for simulation modeling of intersections by changing the traffic
flow intensity N, the duration of the traffic light regulation cycle T, and
the proportion of the permitting signal A in each of these cycles for
a certain phase of traffic.

Experimental studies of the maximum queue length Q were per-
formed based on the full factorial experiment method 23. The aim
was to establish the influence on Q of the traffic flow intensity N, the
duration of the traffic light regulation cycle T, and the proportion of the
permitting signal A in each of these cycles for a certain phase of traffic.

The levels of change of factors were taken within the following limits:

1. The duration of the traffic light regulation cycle T is from 60 to
120 5. This range is most often found in practice.

2. The share of the permitting signal A from 0.2 to 0.5. Such values are
inherent in existing traffic light regulation cycle diagrams in a strict mode.

3. Traffic flow intensity N from 200 to 1000 pass. units/h. The
traffic flow intensity was immediately taken in units reduced to
a passenger car, which allows to implement the resulting simulation
model. Also, previous experiments made it possible to establish that at
N <1000 pass. units/h, condition (2) is met, which will allow to obtain
an adequate model.

Fig. 1 shows a fragment of the window for setting the cycle of regu-
lation of traffic light objects of the studied simulation model of a con-
trolled intersection (with the studied approach to the intersection in
two lanes).

The specified factors were encoded by converting natural quanti-
ties into dimensionless ones. This information, as well as the levels of
factor changes, are given in Table 1.

Based on Table 1, a planning and results matrix of the full factorial
experiment 23 was constructed, which indicates the results of experi-
mental studies. Each experiment was performed 5 times to obtain more
accurate results.

The results of the experimental studies are given in Table 2.

The values obtained in Table 2 indicate that the discrepancy in the
results of the studies of the queue length Q in cycles is due to the real-
ism of the simulation model. Otherwise, all values for each experiment
would be the same.

Signal group Signal sequence

Fig. 1. Fragment of the traffic light adjustment cycle settings window for an intersection modeled in the PTV Vissim environment,
where 7= 120s,and 1 = 0.2
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Table 1
Levels of factor changes
Factor level Cycle duration, 7 s Part of the enabling signal, 1 Intensity, N, pass. units
Name Coded value X InX, X InX; X; InX;
Top +1 120 4.7874 0.5 -0.6931 1000 6.9077
Main 0 90 4.4998 0.35 -1.0498 600 6.3969
Low -1 60 4.0943 0.2 -1.6094 200 5.2983
Table 2
Experimental study of the maximum queue length for a lane when approaching a controlled intersection with two lanes
Series |  Cycle duration, 7, s | Part of the enabling signal, 4 Intensity, N pass. units Resuls iorfz;scizzc(}i f?))t};eagliﬁtl:ngth Q Qo pass.
No. units
Code Value Code Value Code Value 1 2 3 4 5
1 -1 60 -1 0.2 +1 1000 8 9 6 10 7 8.0
2 +1 120 -1 0.2 +1 1000 19 16 17 14 16 16.4
3 -1 60 +1 0.5 +1 1000 6 5 2 5 3 42
4 +1 120 +1 0.5 +1 1000 10 12 11 8 9 10.0
S -1 60 -1 0.2 -1 200 1 3 1 3 1.8
6 +1 120 -1 0.2 -1 200 3 4 S 3 2 34
7 -1 60 +1 0.5 -1 200 1 1 2 1 1 1.2
8 +1 120 +1 0.5 -1 200 2 2 5 3 1 2.6

3.3. Construction of a regression model and analysis of the in-
fluence of factors on the queue length

The dependence in the code variables with the introduction of
terms that take into account the interaction of factors for the experi-
ment of class 2 will have the form

Y= b() + b1X1 + bzXz + b3X3 + b12X1X2 +
+b13X1X5 4+ 023X0Xs + b1asXiXoXs, (4)

where by, by, by, b3, b1, bys, bys, bz — the coefficients of the regression
equation.

It was assumed that InX; = &, InX; = &, InX5 = &;. Then, accord-
ing to the results of mathematical processing of the results of the full
factorial experiment based on Table 1 and Table 2, the model (4) took
the form

Q =595+ 2.1551 - 1.4552 + 370{; - 035{152 + 1.405153 -
- L10&G - 0306166, @)

Taking into account Table 1, as well as performing mathematical
transformations, a model was obtained for natural variables for determin-
ing the maximum queue length for a lane when approaching a controlled
intersection with two lanes

Q =993. 10—57”1.080/170.495]\]0.880. (6)

After analyzing the model (6), the response surfaces of the influence
of factors on the maximum queue length Q for a two-lane approach to
a controlled intersection were obtained, when condition (2) is met. In
this case, the constant values of the factors were taken in accordance
with the basic level according to Table 1.

The obtained response surfaces allow for a more detailed analysis
of the level of influence of factors on the queue formation process when
approaching a controlled intersection.

Fig. 2 shows the graphical dependence of the maximum queue length
on the values of Tand A.

Having analyzed the graphical dependence shown in Fig. 2, it can
be concluded that at N = 600 pass. units/h the length of the vehicle

queue increases significantly with increasing T and decreases with in-
creasing A. When T increases by two times, the length of the vehicle
queue will increase by more than two times, which indicates the influ-
ence of continuous waiting time on the formation of the queue. At the
same time, increasing A from 0.20 to 0.50 allows to reduce Q by ap-
proximately 35-40%, but this decrease is not enough to fully compen-
sate for the negative impact of long cycles. Thus, at a fixed N, it is T that
is the determining factor in the accumulation of the transport queue,
while an increase in the share of the green signal plays an auxiliary, but
limited compensatory role.

Q, pass. units
~

Queue length, pass. units

60
70

80

0 100
Ts 110

120
Fig. 2. Dependence of Q on the values of 7°and A at N = 600 pass. units/h

Fig. 3 shows the influence of T'and N on the maximum queue length.

Based on Fig. 3, it is possible to conclude that at A = 0.35 the value
of Q increases both with increasing N and with increasing T. More-
over, the most dramatic increase is observed with simultaneously
high values of both factors. An increase in the value of N from 200 to
1000 pass. units/h (5 times) leads to an increase in Q approximately
4 times, i. e. N is the key factor in queue formation in this graph. Here,
as in the previous graph, it is possible to see that with an increase in T'
by 2 times, the length of the queue of vehicles will increase by more
than two times. Therefore, it is possible to see that at larger values of N,
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an increase in T can increase the risk of forming a significant queue in
front of a controlled intersection.
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120
Fig. 3. Dependence of Q on the values of 7'and N at 4 = 0.35

Fig. 4 shows the dependence of Q on the values of N and A at
T = 90 s, where it is possible to see that the efficiency of increas-
ing A significantly depends on N. For relatively small values of N
(about 200-300 pass. units/h), increasing A from 0.20 to 0.50 allows
to reduce Q by approximately 40%, which indicates the presence of
significant capacity reserves. However, when N reaches a value of
800-1000 pass. units/h, the decrease in Q due to increasing A does
not exceed 15-20%, i. e. the compensatory effect of the green signal
is significantly weakened.

10

Q, pass. units

o
Queue length, pass. units

Fig. 4. Dependence of Q on the values of Nand A at 7= 90 s

The queue formed by vehicles in front of a controlled intersection
will have a direct impact on the duration of the special vehicles journey
to the place of a call. Because even if there is a priority in trafhic, such
vehicles will be forced to either spend additional time waiting for the
creation of a "corridor’, or, in the absence of such an opportunity, move
as an element of a possible queue in narrow places of the street and road
network. In this context, the length of the queue can be considered as
an integral indicator of the potential delay of a fire truck, which allows
to link the obtained dependencies with the actual time of its movement
in the conditions of the city street and road network.

Known approaches to optimizing the duration of the journey of
special vehicles involve the use of a number of additional traffic control
systems, the use of road controllers and transport detectors, etc. Some
approaches are static in nature [2]. At the same time, the proposed
model allows to directly evaluate the change in the queue length when
varying the parameters of traffic light regulation. This, in turn, expands

the possibilities of practical application of the results for the analysis of
traffic conditions of fire engines and other special vehicles.

3.4. Research limitations and directions of its development

In conditions of martial law, periodic restrictions in the operation of
transport infrastructure elements, in particular traffic light facilities, often
occur due to emergency power outages. In this regard, the work considers
the basic mode of operation of controlled intersections provided that tech-
nical means of road traffic management are in good working order. The
results obtained can be used for analysis and planning of traffic under the
conditions of restoration of the regular mode of operation of such means.

The obtained dependencies can be further used in the development
of new or improvement of existing models [2, 15] for determining the
optimal routes of special vehicles to the place of a call, taking into ac-
count possible delays at controlled intersections. Promising directions
of research in the outlined area in the future may be obtaining similar
models using the methodology disclosed here. This will be relevant for
different intersection configurations, taking into account the direction
of traffic along the lanes and the number of these lanes, the influence of
pedestrian crossings, as well as the accumulation of queues at unregulated
intersections. Of interest to researchers should be the issue of revealing
the features of the formation of a "corridor” in the queue modeled in this
article in front of a two-lane intersection, etc.

4. Conclusions

1. The condition for the formation and accumulation of a queue of
vehicles at a controlled intersection is outlined. It is shown that if the traffic
intensity exceeds the capacity of the control phase, the queue accumulates
with each subsequent cycle. The choice of a traffic intensity range of up to
1000 pass. units/h is justified to ensure correct simulation modeling,

2. Based on the simulation model of a controlled intersection built
in the PTV Vissim environment, experimental studies were performed
using the full factorial experiment method 2*. The dependence for deter-
mining the maximum queue length for a controlled intersection on the
traffic flow intensity, the duration of the traffic light control cycle, and the
share of the permitting signal in each of such cycles was obtained.

3. The magnitude of the influence of each of the outlined para-
meters on the formation of a queue at the intersection was analyzed sepa-
rately. It was found that when T increases by two times, the length of the
vehicle queue will increase by more than two times, which indicates the
influence of continuous waiting time on queue formation. At the same
time, increasing A from 0.20 to 0.50 allows to reduce Q by approximately
35-40%, but this decrease is not enough to fully compensate for the
negative impact of long cycles. Increasing the value of N from 200 to
1000 pass. units/h (by 5 times) leads to an increase in Q by approxi-
mately 4 times, i. e. N acts as a key factor in queue formation at A = 0.35.
For relatively small values of N (about 200-300 pass. units/h), increas-
ing A from 0.20 to 0.50 allows to reduce Q by approximately 40%, which
indicates the presence of significant capacity reserves. The obtained
dependencies can be further used in the development of new or im-
provement of existing models for determining the optimal routes of
special vehicles to the place of a call, taking into account possible delays
at controlled intersections.
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