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Resume

This study proposes an approach to determine transport delays at
unsignalized intersections, according to the theory of stationary Poisson
flow and considering the priority of vehicle traffic in competing directions.
The accuracy of the proposed approach was estimated by comparing the
average values of delays of vehicles performing a left turn from a minor road
and their actual values obtained as a result of processing data from field
studies. The results of the accuracy evaluation at unsignalized intersections
of non-equivalent roads indicate the obtained results' reliability, because the
calculation error does not exceed 10 %, as well as the possibility of using the
developed approach in the process of transport planning and unsignalized
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1 Introduction

In recent years, a constantly rising level of
motorization has caused vehicle congestion in Ukrainian
cities’ road networks, especially their centers. The
central parts of cities are characterized by a high
density of the road network, which provides a convenient
approach to various places of attraction, disperses traffic
and pedestrian flows in space and creates an extensive
network of urban passenger traffic routes. However, the
higher the density of the road network, the more often
traffic and pedestrian flows cross and the non-optimal
regulation negatively affects the economy. Negative
effects in the last decades include a significant increase
in road accidents, increased environmental pollution
and more frequent traffic congestion. To reduce the
impact of a rising level of motorization, it is necessary
to develop the effective measures to improve the road
safety in cities [1-4] avoiding risks [5-6].

The impact of transport on the environment is
primarily determined by the downtime and delays. If
the transport speed is high enough, the environmental
impact is slight, particularly noise pollution. If the
matter concerns the more frequent impact of traffic
flows, we get more serious consequences, up to socio-
economic issues - especially for cities. A delay indicates
excess time consumed by a vehicle, compared to the
control value. It is one of the most widely used criteria
for assessing the quality of traffic management at
intersections and is used in analyzing road investment
[1].

It should also be understood that in most cases,
transport delays are local and private problems that
can be observed and investigated not only in terms of
planning the development of an overall master plan of
the territory but in the small areas, as well. Therefore,
to reduce the vehicle delays on the road network, it is
necessary to determine a rational traffic light cycle at
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regulated intersections and pay special attention to
reducing vehicle delays at unsignalized intersections.
There are controversial issues at such intersections that
cause accidents with actual damages. Thus, the problem
under consideration is technical and socio-economic, as
mentioned above. However, considering the situations
where a delay is temporary and, at the same time, the
geometry and peculiarities of functioning transport
delay areas are diversified, it is necessary to identify the
possibilities of the technique for eliminating delays. This
issue requires development of mathematical models
for determining the transport delays at unsignalized
intersections under different conditions.

2 Literature review

Determining the transport delays at intersections
aims to estimate and develop effective measures to
increase the road traffic efficiency. Methods for estimating
the transport delays at unsignalized intersections can
be divided into two groups: based on empirical studies
and various analytical models. The methods of the first
group allow to solve problems for selected local objects,
but they are specified by sufficiently high accuracy. The
advantages of the second group methods are operational
versatility and flexibility, while the disadvantage is
lower estimation accuracy. The analysis results of the
most widely used approaches to determine delays at
unsignalized intersections are presented below.

The basis for calculating the transport delays at
unsignalized intersections in the post-Soviet space
(e.g., Ukraine, Moldova, Georgia, etc.) are the results
of Kremenets’s studies, [7-8]. He considered that when
crossing an unsignalized intersection with indicated
main and minor roads, time losses occurred in the
secondary direction with the lack of driver priority in
traffic. The study [7] noted that the components of time
losses, even with constant intensities at intersections,
vary over wide ranges and differ for each vehicle.
Considering the impact of many random factors, time
losses are estimated by the average delay of one vehicle
and are calculated with some assumptions. In general,
the expression for determining the average delay can be
written as follows [7]:

tan = btam + tam + tam, (1)

where:
tam 1is the average waiting time for an acceptable
interval, s,
tamzis the average delay associated with staying in a
line of vehicles formed on the minor road, s,
tams is the average delay related to braking the vehicle
before the intersection, s

The following #.m is taken as equal to the ratio
of the total duration of unacceptable intervals to the
number of acceptable ones, [8]. It depends on the

number of vehicles in a line before the main road. It can
be determined using the fundamentals of the queuing
theory, provided that the secondary direction of the
traffic can be represented as a service line with an
exponential distribution of arrival time requirements
and service time. In turn, t.m is defined as the
difference between the time required for braking before
the intersection and the further vehicle acceleration and
its passing time under free conditions.

With constant deceleration and acceleration while
changing the speed and with an exponential distribution
of the probability of time intervals occurrence between
cars on the main road, the average delay of a vehicle in
this direction of the minor road can be defined as [8]:

ef\’mnlbrl _ Nmntbd —1

tam = +

Nmn - Nmr(ellhd - Nmntbd - 1) (2)
Vo( 1 1
+75lar 2
where:

N is the main road intensity in both directions, veh./s,
N is the average intensity per one lane of the minor
road in the relevant direction, veh./s, ¢,, is a boundary
interval, s,
a, a,is deceleration and acceleration of the vehicle, m/
s?,
V is the vehicle speed under free conditions, m/s

The average vehicle delay at an unsignalized
intersection is defined as the average value of delays for
all directions of the minor road [8]:

. Z};tAvaj 3)
DN

where:

N, is the traffic intensity on the j-th direction of the
minor road, veh./s,

n is the number of directions on the minor road.

By analogy with the Kremenets’ model, the authors
of [9] have developed a model of the total transport delay
for all possible directions at an X-shaped unsignalized
intersection that can be calculated as:

tabn

T =3 twi+ n(tud + twd, + tud;) + nC, (4)
i=1

where:
t,. is the time spent for the i-th vehicle waiting in a line,
s,
n is the vehicles number per time unit, veh.,
t,» t,.t, is the average time for performing a left turn,
right turn, moving straight, respectively, s,
d,, d_, d_is the share of vehicles moving left, right and
straight, respectively,
C is the time for braking and acceleration, s

It should be noted that the presented model for
calculating the total transport delays is more applicable
for the economic assessment of traffic management
efficiency than the average delay, which mainly specifies
the service quality of a particular vehicle [9].
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The authors of [10] proposed determining the vehicle
delays at an unsignalized intersection based on the
traffic flow field studies. The authors have developed a
software package that allows to calculate the total delay
time, average delay time, the length of a vehicle line and
the number of vehicles that arrived. It should be noted
that the article’s content does not clarify the models,
methods and algorithms incorporated in the software
shell for calculating transport delays at unsignalized
intersections.

The foreign theory (primarily the United States,
Australia, and Eastern European countries) of transport
regulation focuses on estimating delays and lengths
of queues. Transport delays and the vehicle queue
length are the main indicators introducing the concept
of level of service (LOS) and used in assessing the
adequacy of road lane length before the intersection,
fuel consumption and exhaust emissions. Today’s delay
models used for intersections are generally described
from deterministic and stochastic points of view to
reflect both the constancy and randomness of traffic flow
properties [11].

Tanner’s approach is one of the first attempts
to calculate delays at unsignalized intersections for
vehicles moving in a secondary direction [12]. His
approach is based on the following issues: vehicles
arrive at the intersection randomly; the main traffic flow
creates an alternating updating process with the time
spent on crossing the intersection by a group (bunch) of
vehicles, while the time intervals between the groups
(bunches) of vehicles are distributed exponentially; the
vehicles of secondary direction cross the main road at
regular intervals during the presented interval, which
is limited by the arrival time of the next group (bunch)
of vehicles.

In turn, Kimber et al. [13-14] proposed an approach
to estimate delays at an unsignalized intersection
and predicted the length. Authors have analyzed the
correlation between the delay and traffic flow intensity
for minor roads.

In the paper [15], Troutbeck proposed to consider
the following parameters in the model for determining
vehicle delays at unsignalized intersections: an average
delay with a little secondary flow; a degree of the
secondary flow saturation; an indicator that quantifies
the effect of minor flow queuing.

For intersections with the traffic priority,
Heidemann [16] presented a formula for calculating
transport delays on a secondary road as a saturation
function.

For example, in the two-way stop-controlled
intersections, the authors of [17] divided the total
transport delay into queuing and service delays. In this
case, the queue delay is determined by the time from
the arrival of the vehicle at the end of the queue to its
approach to the stop line. In turn, a service delay is a
time between the vehicle’s arrival at the stop line and
its departure.

Considering the results of driver behavior
observations, Horowitz [18] improved the queue-waiting
model for all-way stop-controlled intersections. The
authors of [19] developed a probabilistic model of delays
representing the driver’s behavior when deciding on
manoeuvring that applies to describing a right turn at
a T-junction.

In the study [20], three existing models of delays
at unsignalized intersections were compared: the HCM
94 model, the Akcelik-Troutbeck model and the SIDRA
5 model. The differences in the calculation results are
presented in the paper and these models are improved
based on the simulation results. The total delay at
unsignalized junction with relative priority under [21]
has four components: delay to deceleration (braking);
queue delay; delay in waiting for the possibility to turn
(waiting time for a break in the main flow); acceleration
delay (running-away).

The authors of [22] propose models for estimating
queuing delays and service delays at the two-way
stop-controlled intersections, where the service delay
is calculated as a function of the degree of competing
flows. In turn, the average value of the service delay and
its variance are used as input parameters for the delay
estimation.

Kaysi and Alam [23] used a simple simulation
model to study the traffic service quality at unsignalized
intersections with priorities. The developed simulation
model reflected drivers’ behavior and the traffic flow
interaction process. The authors concluded that the
basic models considering the peculiarities of driver’s
behavior (driver learning and impatience, aggressive
driver attitudes) and the interaction of traffic flows
differ from the simple perception of critical gaps at
unsignalized intersections.

In most cases, to clarify behavior
characteristics on highways, it is necessary to conduct
time-consuming real-field investigations (video
surveillance, survey) with subsequent processing,
verification and calibration of obtained results. The
question of studying drivers’ behavior at both signalized
and unsignalized intersections has been given numerous
research papers. The main issues that are considered in
these scientific publications are the following: studies
of an acceptable critical interval for various maneuvers
implementation at intersections [24-25]; cross-roads
capacity studies [26]; studying reasons for making false
decisions when crossing intersections [27], etc. It should
be understood that there are many examples when
drivers of conflicting flows at unsignalized intersections
cooperate. An example of such cooperation is the
provision by main road drivers of ways right for the
secondary road drivers in various congestion (critical)
situations. Such cooperation is a positive from the
viewpoint of secondary flows since delays at intersections
are reduced for them. On the other hand, even a slight
speed decrease in driving in main directions reduces
intersection throughput. The best way to define truth in

drivers’
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this matter may be using software complexes of traffic
modelling.

Based on the simulation modelling results by
AWSIM, the authors of [28] developed empirical models
for estimating delays and queue lengths at all-way-
stop-controlled intersections. A better correlation than
exponential form models characterizes the proposed
generalized form of the delay model. In the paper [29],
Luttinen studied the relationship between the delay and
a traffic on minor roads.

Cvitanic et al. [30] developed a new model for
estimating the total delay at unsignalized intersections
using the queuing theory. Brilon in [31] tried to test
methods for calculating delays based on the queuing
theory. The author developed a technique using Markov
chains to obtain numerically accurate results. Stochastic
modelling and empirically obtained data were used to
assess the accuracy of obtained approximating models.
The author has developed equations that can be used to
calculate the value of delays at unsignalized intersections
under the free traffic conditions.

Chandra et al. [32] developed a service delay model
and conducted a microscopic analysis of delay in mixed
traffic. The study revealed a significant impact of the
share of heavy vehicles in the conflicting flow on the
value of service delay.

The Transportation Research Board presented a
procedure for estimating transport delays at unsignalized
intersections in HCM [33]. In this case, delays are
estimated separately for each secondary direction flow
and left-turning flows of the main direction. According to
this study, a delay is the time from when a vehicle stops
at the end of the queue to when the vehicle leaves the
stop line. A similar approach is used in the Malaysian
HCM [33].

3600 Ve
D=<¢..t QOOT[ Cor 1T

iy B

450T
where: D total delay, s/veh.,
V_ - flow speed for traffic direction x, veh./h,
C,,. - throughput of direction x, veh./h,
T - period of analysis, h (T' = 0.25 for a 15-min period).

In turn, the average delay for the secondary
direction is estimated as a traffic capacity function and
a saturation degree, where the capacity is expressed as
a function of the degree of the conflicting flow.

The author of [34] proposed a new approach to
determine delays at unsignalized intersections that
allows one to estimate the change in the average
delay depending on the previous queue and variable
throughput. The advantage of this approach is the
possibility of obtaining sufficiently accurate results for
an extended period, for example, a day.

Another group includes approaches to determine

(5)
+5,

2
1) +

delays at unsignalized intersections based on applying
micro-modelling and regression dependencies. Particular
attention should be paid to Caliendo’s work [35]; the
presented models of the delay time, downtime and
peak queue were developed using AIMSUN and can be
used for decision-making by transport infrastructure
designers and road operators.

One of the recent studies should be emphasized [36],
where modelling the transport delays at unsignalized
intersections, using an artificial neural network was
carried out using Malaysia as an example. Obtained
results showed that the neural network, could predict
the delay at unsignalized intersections more accurately
than the approaches presented in the Malaysian HCM
and HCM 2010. The accuracy of the developed models
was estimated based on the field study results at three
intersections with different configurations.

In addition to traffic flows, the transport delays
amount within a coverage area of unsignalized
intersections is impacted by pedestrian crossing
presence. Pedestrian flows create additional obstacles to
traffic and can be accident reasons since it is extremely
difficult consider the pedestrians’ behavior by drivers
driving through the unsignalized intersections. The
study of accounting challenges for pedestrians and
drivers’ behavior within unsignalized intersections is
described in many scientific publications. Turner et al.
[37] evaluated various engineering measures that could
be used to improve pedestrian safety within unsignalized
intersections and formulated recommendations on the
feasibility of using them at various kinds of unsignalized
intersections. In the investigation [38], a large volume
of real-field observations of transport and pedestrian
flow interaction, within unsignalized intersections, were
carried out. The obtained results are more aimed at
accounting for pedestrian behavior for delays in mixed
traffic conditions. Moreno et al. [39] designed a model
predicting the pedestrian behavior at an unsignalized
intersection at different locations around it. The results
show that the model can provide crossing intentions
within a 3-second time window. In addition to the
above, a separate component of traffic participants can
be considered categories of persons with special needs,
which include blind, elderly, children and people with
limited mobility, which significantly affect the traffic
conditions and efficiency at unsignalized intersections.
For such person categories, engineering structures are
developed and information tools are introduced based
on smart technologies that increase the driving safety on
street and road networks. Information to these persons
about the current traffic functioning can be obtained
through the corresponding applications in smartphones,
as well as smart bracelets [40-41].

It should be noted that most of the analyzed
studies were performed in countries where the traffic
management at unsignalized intersections, their
geometric parameters, drivers’ behavior and traffic rules’
abidance are significantly different from Ukrainian
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realities. Almost all the considered approaches for
determining the transport delays refer to unsignalized
intersections of two types: two-way stop-controlled and
all-way stop-controlled, that indicates development
of models for determining delays at unsignalized
intersections, with an organization that differs from the
worldwide traffic, for example, unsignalized intersections
of equivalent roads are often found on the territory of
Ukraine. The priority in developing a new approach
should be given to analytical modelling, allowing one
to obtain universal models, which will be possible at
unsignalized intersections of any type. The developed
approach will be based on the principles of the simplest
flow, which will allow for taking into account the priority
of vehicles passing in conflicting directions.

3 Purpose and objectives of the study

A general scientific challenge addressed in this
study is improving the road traffic efficiency in urban
areas. Herewith, the study object is traffic flows through
unsignalized intersections. This problem cannot be
considered as well-studied, confirmed by numerous
research and design works analyzed in this field. In
such cases, various approaches are used to determine
the transport delays - from analytical models to applying
specialized software, for example, VISSIM or others [42-
43]. It should be understood that the software tools for
modelling the transport flows allow specialists to obtain
an important data set for analyzing and predicting
traffic, including the transport delays. However,
information completeness received ensures applying
only the commercial versions of such a software, which
is not always accessible to Ukrainian transportation
planning and modelling experts because their costs
are high. The main focus of the paper is on designing
analytical models for determining transport delays
at unsignalized intersections.The main focus of the
paper is on designing analytical models for determining
transport delays at unsignalized intersections The main
model advantage is the possibility to accurately assess
received calculations based on empirical results of traffic
observations at these road infrastructure objects.

That is why the main focus of the paper is to create
the main paper aims to create mathematical models
for calculating transport delays at various types of
unsignalized intersections: with equivalent and unequal
traffic directions. Therefore, the priority study objectives
are the following:

* Theoretical aspects are designing analytical
models of average transport delays at unsignalized
intersections with different priorities;

¢ Experimental studies conduct and process the traffic
flow video surveillance results at unsignalized
intersections. The proposed approach assesses the
accuracy of results of calculating the transport
delays according to developed analytical models

based on data obtained during the empirical

observations.

It should also be noted that the proposed models are
being created for the first time.

4 Study materials on vehicle delays
at unsignalized intersections development
of analytical models of vehicle delays
at unsignalized intersections

4.1 Unsignalized intersection with equivalent
directions
Suppose that Ai,A. are the intensities of vehicles
approaching an unsignalized intersection from competing
directions, s, A1, Ay - time to pass the intersection by
vehicles moving in competing directions time to pass the
intersection by vehicles moving in competing directions,
s Then congestion of the directions will be determined
as:
e for direction 1

P1 = 2,1 A, (6)
e for direction 2
pz= A2 A, (7

In turn, the average duration of the loaded period
for each direction is determined as follows:
e for direction 1
A

A=124 (®)

e for direction 2

_ A
[)‘ZilipZ. (9)

In this case, the total congestion of both directions
of the equivalent unsignalized intersection will be
determined as the sum of Equations (6) and (7)
p=p1t+p: (10)
and the total intensity of vehicles approaching to an
unsignalized intersection of equivalent directions is:
A=A+ 2. (11)

Using Equations (10) and (11), will make it possible
to determine the average passing time of the dynamic
dimensions of a vehicle across an equivalent unsignalized
intersection in Equation (12) and the average duration

of the loaded period when vehicles cross a two-way
intersection in Equation (13):

0

A=7, (12)
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pP= ﬁ. (13)

If the total intensity of vehicles approaching to an
unsignalized intersection of equivalent directions is
known, it becomes possible to determine the average
free time If the total intensity of vehicles approaching
to an unsignalized intersection of equivalent directions
is known, it becomes possible to determine the average
free time:

The average passing time of vehicles from each of
the equivalent directions of an unsignalized intersection
is determined based on the values of the average
duration of the loaded period for vehicles crossing the
intersection:

e for direction 1

__p
Ti=pgrpP, (15)

e for direction 2

72

L=p+nl

(16)
Here is used an assumption of the stationary flow
of vehicles approaching to an unsignalized intersection.
It follows that a vehicle arriving at an unsignalized
intersection can get into three probable states:
{0} - free intersection;
{1} - the intersection is loaded with vehicles moving from
the first direction;
{2} - the intersection is loaded with vehicles moving from
the second direction.
Taking into account this fact, the stationary
probability of an arriving vehicle getting into the
corresponding state will be determined as:

T

D=L T an

Given the assumption stated in the work, as well
as taking into account the equation for calculating the
average waiting time of Zilbertal [44], the conditional
average delay time of vehicles of the i-th direction got
into the delay state can be defined from Equation (18):

Bi

T = 25i=12,

o (18)

where:

B, is the second moment of the loaded period of passing

the i-th direction of an unsignalized intersection (the

mathematical expectation of a squared random variable).
Within the limits of this work, the second moment

of the loaded period of passing in each direction is

calculated as:

e for direction 1

2
B = ﬁ’ (19)
e for direction 2

2
B; = ﬁ (20)

The average vehicle delay for each equivalent
direction of an unsignalized intersection is calculated
based on Equations (17) and (18):

e for direction 1
[ ]

_ 70 _ , By _ B, _
W= bl =Py = 5T+ T+ 1)
Aj @1
_ (1—ps)
AT+ T+ T
e for direction 2
_ o_, B _ B _
We=b0I0 =Dy = 5k L+ D)
A} (22)

_ (1—p)
AT+ T+ T

In turn, the average vehicle delay at an unsignalized
intersection of equivalent directions can be calculated
as:

MW+ AW

W=

(23)

4.2 Unsignalized intersection with
non-equivalent directions (relative priority)

The first direction has a relative priority compared
to the second direction (allowing them to complete the
movement of a vehicle arriving at the intersection from
the second direction).

The approach to determining the vehicle delays
at an unsignalized intersection with non-equivalent
directions and the assumption that the flow of vehicles
approaching the intersection is stationary is identical as
for the case 4.1. The main difference is the consideration
of vehicles manoeuvring at unsignalized intersections
with relative priority. So, the average delay for vehicles
of the main (first) direction is calculated as follows:

__MiAf
2(1 —p1)°

The average delay of the secondary (second)
direction vehicles is calculated as a matter of necessity
for the mandatory passing of vehicles moving along the
main (first) direction:

W (24)

_ MAT+ A A
2(1—p)(1—p1—p2)°

W, (25)
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Additionally, the average vehicle delay at an
unsignalized intersection with non-equivalent directions
is calculated similarly to Equation (23).

5 The field study results of transport delays
at unsignalized intersections

The developed approach for determining delays at
unsignalized intersections was tested on the example
of two T-junctions with a relative priority (unsignalized
intersection with non-equivalent directions), where the
delay was determined for vehicles performing a left
turn from a minor road. To obtain the initial data
(traffic intensity in directions, passing the time of the
dynamic dimensions, the actual time of vehicle delay)
for calculating vehicle delays, video monitoring of traffic
flows was carried out at unsignalized intersections in
Kharkiv: Les Serdyuk St. -Novo-Solonetskaya St. and
Saltovskoye Shosse St. - 7th Gvardeyska Army St.

Video monitoring was organized in such a way as
to have the possibility to record vehicle movement in all
directions. Current traffic monitoring was carried out in
the morning peak period (7.30 - 8.30 a.m.) on weekdays
(from Monday up to and including Friday). As a result of
processing the field study materials of traffic at selected

intersections, the average values of traffic intensity for
the morning peak period on weekdays have been defined.
The results are shown in Figure 1.

Based on the results of traffic studies at selected
intersections, the average values of the actual vehicle
delay, when performing the left turn from a minor road,
are determined: it is 37.9 s for the intersection of Les
Serdyuk St. -Novo-Solonetskaya St., it is 27.3 s for the
intersection of Saltovskoye Shosse St. - 7th Gvardeyska
Army St.

Based on the obtained values of the traffic
flow intensity and passing time of vehicle dynamic
dimensions, the delay values for vehicles performing
the left turn from a minor road are calculated using
Equations (6) - (20), (24), (25) (direction 2-3, Figure 1).
Thus, the estimated delay values for vehicles performing
a left turn from a minor road are 34.2 s for the
intersection of Les Serdyuk St. -Novo-Solonetskaya St.
and 24.8 s for the intersection of Saltovskoye Shosse St.
- Tth Gvardeyska Army St.

Estimating accuracy of calculation for average values
of transport delays, defined with designed analytical
models is carried out by their comparison to empirical
delay values of vehicles performing a maneuver to turn
left from the secondary road. For both unsignalized
intersections selected as objects of experimental studies,

495 e, K
-

112

;94

]

> 1032

110

118
o ]
> 294

b
Figure 1 The cartogram of vehicle traffic intensity: a - the intersection of Les Serdyuk St. -Novo-Solonetskaya St. b - the
intersection of Saltovskoye Shosse St. - 7th Guardeyska Army St.
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Les Serdyuk St.

Figure 2 Visualization of Vehicle Routes at Les Serdyuk St. Intersection - Novo-Solonetskaya St.

using VISSIM

calculation according to the
proposed approach

modeling in Vissim

field surveys

32 33

342

379

34 35 36 37 38 39
Transport delay, sec

Figure 3 Results comparison of calculating vehicle delays turning left from the minor road to the main traffic
direction at unsignalized intersections Les Serdyuk St. - Novo-Solonetskaya St.

the average relative deviation does not exceed 10 %: for
the intersection Les Serdyuk St. -Novo-Solonetskaya
St. - 9.8 %; for the intersection Saltovskoye Shosse St. -
7th Gvardeyska Army St. - 9.2%. The obtained results
indicate a relatively high accuracy of modelling the
transport delays at unsignalized intersections using
designed analytical models and the possibilities of their
application in practice.

6 Discussing the study results of transport
delays at unsignalized intersections

Currently, the main way to represent the traffic flow
is through traffic simulation on streets and highways. In
this study, VISSIM was used to evaluate the proposed
analytical models for determining delays at unsignalized
intersections and to assess the effect of increasing the
traffic intensity on main and minor roads on its value.
For the unsignalized intersection Les Serdyuk St. -

Novo-Solonetskaya St., a simulated traffic model was

designed according to the following data (Figure 2):

e traffic flow intensity - average weekdays peak values
are considered (Figure 1);

e traffic composition: on the main road (Les Serdyuk
St.) - cars 94 %, trucks (lorries) 5%, buses 1%; by
minor road (Novo-Solonetskaya St.) - cars 98%,
trucks (lorries) 2 %;

* permitted speed - up to 50 km/h;

e overall vehicle dimensions - cars: length up to 5m;
width up to 2.1m; trucks: length up to 11m; width
up to 2.5m; buses: length up to 12m, width up to
2.5m.

According to the simulation results, the average
delay values of vehicles turning left from the minor road
to the main road and general delays at the intersection
were set. The results confirm the preliminary conclusion
on a sufficiently high accuracy of delay calculation
based on the proposed analytical models (Figure 3). It
should also be noted that the deviation of the results
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Figure 4 Effect characterization of traffic intensity change on average vehicle delays turning left
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Figure 5 Effect characterization of traffic intensity change on values of total vehicle delays at unsignalized
intersections Les Serdyuk St. - Novo-Solonetskaya St.

in calculating delay average values of vehicles turning
left from the minor road to the main traffic direction
obtained using Vissim (35.2 s) from their empirical
value (37.9 s) is about 7 %. This percentage characterizes
the obtained transport model as suitable for the initial
assessment of traffic terms at unsignalized intersections
and for providing a simulation experiment.

A good opportunity is having a simulation model
at one’s disposal. It helps to study the nature of impact
of the amount traffic intensity changing in different
directions on delay values at selected unsignalized
intersections. This study analyzed the effect in traffic
volumes changes (increase in intensity from 5% to 25 %)
separately on the main and secondary roads on vehicle
delays turning left from the minor road to the main one
(Figure 4) and total delays (Figure 5).

The obtained data indicate a significant impact on
delay values in traffic intensity in the main direction
(main road). This influence is especially noticeable
with an increase in intensity on the main road by more
than 10-15%. With a further increase in intensity, the
appearance of congestion is observed.

It should be noted that factors affecting the transport
delay value quantity at unsignalized intersections and

which researchers are actively using are the next:
intersection geometry, traffic intensity, dynamic
vehicle characteristics, traffic composition (most often
represented through freight transport share), pedestrian
traffic intensity (if pedestrian crossings are within the
intersection), as well as drivers’ behavior. Analytical
models, based on the proposed approach for determining
delays at unsignalized intersections, consider most of the
above factors. They can be used to preliminary assess
the traffic conditions at unsignalized intersections.

It should be added that when calculating delays
from designed analytical models, empirical data
on passage time of intersection vehicles were used
(averages: the main road is 2 s; the minor road is 8 s),
characterizing the specific intersections and specific
time periods during which it was recorded, which may
affect calculation accuracy of the transport delays under
other conditions and other unsignalized intersections.
To improve the calculation accuracy of transport delays
according to designed analytical models, it is necessary
to consider the stochastic characteristics of parameters
for process variables during appropriate maneuvers
implementation (mergers, crossing) at unsignalized
intersections. With this parameter, a critical time
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interval can be chosen between cars (critical gap), which
can be determined by several approaches [24, 45-49].

Given the traffic management similarity at
unsignalized intersections and exits from adjacent
areas to city highways, it is advisable to consider the
possibility of adapting designed analytical models for
determining the transport delays at entrances (exits)
from such urban road network elements.

7 Conclusions

The analysisresults of current methods for estimating
transport delays at unsignalized intersections indicate
the limited capabilities of models based on empirical
data and a relatively low accuracy of calculations using
analytical models.

The developed approach to determine delays at
unsignalized intersections is based on the principles of
a queuing system, considering the priority of traffic in
competing directions.

The findings of evaluating the accuracy of calculating
the delays of vehicles performing a left turn from a minor
road using developed analytical models, at selected
unsignalized intersections, indicate their reliability and
objectivity (divergence is not higher than 10 %), as well
as the possibility of their use for preliminary assessment
of traffic conditions at unsignalized intersections. The
traffic simulation results in Vissim confirm the high
accuracy of the delay calculation using the proposed
approach.
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