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Abstract. The article is devoted to the use of statistical modelling to solve problems related to the
functioning of road transport and mass service systems, such as car service stations. The method
consists in reproducing the process under study using a probabilistic mathematical model and
subsequent statistical processing of data to obtain numerical characteristics of the process. The
purpose of the study is to apply the method of statistical modelling to determine optimal solutions
to problems such as calculating the probability of system states, the average number of occupied
channels, queuing time and other characteristics of the service station. A station with two service
channels and two waiting places is considered as an object of research. The methods of probability
theory, including the law of large numbers and Bernoulli's theorem, have been used to solve the
set tasks. The modelling results show that in the process of station operation the probability of
failure and other characteristics, such as average waiting time, can be accurately calculated using
a statistical approach. The main research method is random variable modelling using uniformly
distributed random numbers and their logarithmic transformations to simulate application arrival
times and service times. The conclusions of the study confirm the high efficiency of the method
of statistical modelling for the analysis and optimization of transport systems and mass service
systems, as well as its possible application for other tasks, such as determining the capacity of
transport interchanges, reliability of technical systems and other logistic processes.

Keywords: statistical modelling, mass service theory, mathematical expectation, probabilistic
models, mass service system, random numbers, service stations.

1. Introduction

Modern transportation systems require process optimization to increase their efficiency and
reliability. One of the methods to achieve this goal is statistical modeling based on probabilistic
and mathematical models. This study examines the application of the statistical modeling method
to solve problems related to the functioning of motor transport, namely, to analyze and optimize
the operation of car service stations. The main task is to determine the numerical characteristics
of the functioning of such systems, including the probability of system states, waiting time, and
the average number of busy service channels. The use of statistical modeling allows not only to
evaluate the efficiency of existing systems, but also to propose solutions to improve their
performance [1, 2].

The purpose of the article is to substantiate the effectiveness of the statistical modeling method
for solving applied problems in the field of motor transport, using the example of using random
numbers to optimize routes, load planning, forecasting the technical condition of vehicles and
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increasing the economic efficiency of transportation.

The scientific novelty of this work lies in the development and adaptation of a statistical model
that takes into account a complex set of factors affecting the efficiency of motor transport,
including variable loads, road and climatic conditions, operating modes and the technical
condition of the fleet. Unlike existing approaches, the proposed method allows for the integration
of stochastic parameters and the use of real statistical data to form optimal management decisions.
The novelty also lies in the application of statistical modeling to assess the sustainability of
transport solutions under changing external conditions and incomplete initial information, which
expands the possibilities of forecasting and optimization in transport logistics [3, 4].

The developed methodology makes it possible to more accurately determine optimal routes,
traffic schedules, loading of rolling stock and vehicle maintenance strategies. This provides a
significant increase in the efficiency of logistics operations, reducing operating costs and
increasing the stability of transport processes in conditions of uncertainty.

2. Materials and methods

To solve the tasks set in the article, the statistical modeling method is used, which includes the
construction of probabilistic mathematical models of the processes under study and repeated
modeling to obtain statistical data. The basis of the method is the law of large numbers, which
guarantees the convergence of the average values of the results of a set of independent tests to the
mathematical expectation of a random variable. As an example, the car maintenance process at a
service station was considered, where the models for the time of receipt of applications and the
time of their maintenance are distributed according to an exponential law. Random numbers
evenly distributed over the interval 0.1 were used for modeling, which made it possible to generate
data for further calculations. Modeling was carried out for several process implementations,
followed by statistical data processing to obtain the average characteristics of the system [5].

The statistical modeling method consists in reproducing the physical process under study using
a probabilistic mathematical model and calculating the characteristics of this process. This method
is based on repeated tests of the constructed model with subsequent statistical processing of the
data obtained in order to determine the numerical characteristics of the process under
consideration in the form of statistical estimates of its parameters. The basis of the statistical
modeling method is the law of higher numbers.

In probability theory, the law of large numbers refers to a number of theorems in which, for
certain conditions, convergence in probability of the average values of the results of a large
number of observations to certain constant values is proved. For example, one of Chebyshev’s
theorems is formulated as follows: With an unlimited increase in the number of independent trials,
n, the arithmetic mean, free from systematic errors and equivalent results of observations x; of a
quantity X with finite variance D[x], converges in probability to the mathematical expectation
M|[x] of a random variable [6, 7]:

n .
lim P {|Z—’:nl 5 M

< s} =1, (1)

where € — an arbitrarily small positive value.

Bernoulli’s theorem is formulated as follows: With an unlimited increase in the number of
independent trials under the same conditions, the frequency P*(A) of the occurrence of a random
event A converges in probability to its probability P i.e.:

mr
1imP{|—‘—P| <g}=1. 2

n
Therefore, in order to obtain the probability of an event, for example, the probabilities of the
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queuing system state P(0), P(1),..., P(k), the frequencies P = m]/n are calculated for one
implementation. Next, similar calculations are performed for a number equal to, for example,
n = 1000. The results are averaged, and thus, with some approximation, the desired probabilities
of the system states are obtained. Based on the calculated probabilities P, Py, Py,..., Py,..., By
calculate the mathematical expectation of the number of occupied channels M*[S], the waiting
time for the queue M*[S], the average time spent in the queue t,., ;ime and other characteristics.

3. Results

Multiple statistical observations [8, 9] have established that the time intervals between two
service requests, for example, the time intervals between two cars arriving at a service station (as
well as the service time of these requests), are distributed according to an exponential law:

f(t) =21-e 2,

And that means:
t
y=F(t) = .f A-eM=1-—eH,
0

or:

y=1-e, eM=1-y, 3)
where A — the density or intensity of applications, i.e. the average number of applications per unit
of time.

Logarithming the resulting expression, we get:

2,3

—A-t-lne=In(1—-y), ¢= 7

Ig(1 =y, (4)
where y; — random numbers uniformly distributed in the range [0.1] and stochastically
independent.

Thus, the resulting expression is an algorithm for modeling random variables distributed
according to an exponential law.

The values of y; are usually obtained from a table of evenly distributed random numbers. To
illustrate, Table 1 shows an excerpt from this table.

Table 1. A fragment from the table of uniformly distributed random numbers
27 |76 | 74 |35 |84 | 8 |30 | 18 |8 |77 29|49 06|97 | 14
03 | 54 |51 |43 |38 54|06 61 |52 43|47 72|46 | 67 | 33
80 |21 | 73 162 | 92 | 98 | 52 |52 |43 | 35|24 |43 |22 |48 | 96
10 [ 87 |56 {20 |04 |9 |30 |16 | 11 | 05| 57 |41 | 10 | 63 | 68
54 |12 | 75 | 73 |26 |26 | 62 |91 | 90 | 87 | 24 | 47 | 28 | 87 | 78

All the values of the numbers shown in Table 1 are less than one, so when using the table, you
must put a zero in front. For example, the first number is 0.27, etc.

The operation of a car service station, which has two channels (n = 2) and two places to wait
in line (m =2), is being investigated. The station receives the simplest Poisson flow of
applications with a density of A = 1.5 cars per hour, and the service time of the machines is
distributed according to the exponential law and averages M, , = 2.5 hours per car. Using the
statistical modeling method, it is required to determine the numerical characteristics of the
station’s operation in one 10-hour working day. When modeling the time of receipt of applications,
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we will use row 1 of the Table 1, and when modeling the service time, use row 2 of the same table,
starting, for example, on the third day [10].
First of all, we construct a graph of the system states (Fig. 1).

RIATEID

Fig. 1. Graph of states of a queuing system with waiting, which has
at its disposal 2 channels and 2 places to wait in a queue

Then we simulate the time of receipt of applications. For the first random number y; = 0.27,
we get:

2.3 2.3
t; = —T-lg(l —y) = —Elg(0,73) = —1.531g(0.73). (5)

At the same time 1g0.73 = 1.86 = —0.14; so t; = —1.53 - (—0.14) = +0.21.

Using similar calculations, we obtain the values of the time intervals between two subsequent
(neighboring) cars: t; = 0.95; t3 = 0.90; t; = 0.29 etc.

The obtained values are entered in Table 2.

Table 2. Calculation of the time of arrival of vehicles at the service station
Car number 1 2 3 4 5 6 7 8 9 10 | 11
Random numbers 0.2710.760.74|0.35/0.84/0.30/0.18 | 0.89 10,77 0.29 | 0.49
The time interval between two 1 5116 951090029 122|126 024 0.13 | 1.47|0.98|0.23
machines, At;
The moment of arrival of the car 0.21]1.16]2.06|2.35|3.57/4.83|5.07|5.20|6.17|7.65|7.88

To determine the moments of arrival of cars at the service station, we summarize the calculated
time values:

ty = t, +t] = 1.16 + 0.90 = 2.06, etc.

The obtained values of the time points of arrival of cars at the service station are postponed on
the graph (Fig. 2).

Next, using Eq. (4), we simulate the time spent on servicing each regular machine. The random
numbers y; corresponding to the second row of Table 1 are: 0.51; 0.41; 0.38, etc.

To do this, we first calculate the density or intensity of the service:

B Mtserv. 2.5 -

u 0.4.

Now let’s use the Eq. (4):

1 0.23
Aty = —‘l—l- 23lg(1 —yy) = ng(l —0.51) = 5.751g0.49 = —5.75(—0.31)
= 1.7825 ~ 1.78.
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Received time values At;* = 1.78 is entered in Table 3. Similarly, we calculate the value of
the service time for the remaining machines. Taking into account the time of arrival of the cars

and the time spent on their maintenance, we calculate the start and end times of service for each
of the cars (Table 3).

s ©-0--0-0-0-0-0-0-9-0

The number of the 1 2 3 4 5 6 7 8 9 101112 13
arriving car and the
time of arrival ,
0 J'dﬂ 2,06 57 483 507 3 &17 765 ?ﬁww

The system is in the
X state (full idle
station)

The system is in the
X; state (one channel
is occupied)

The system is in the
X; state (two
channels are
occupied)

The system is in the
Xj state (two
channels are busy and
one machine is in the
queue)

X3 e

.

The system is in the
X, state (two
channels are busy and
two machines are in
the queue)

LI

One implementation > -\\\§.%.\\ .. \- S /
of a random process .g;z%\‘\-\?////f\ ’jii\%é
Fig. 2. A graph for calculating the state time of a queuing system with

two channels and two places to wait in a queue (4 = 1.5 cars/hour and Mg, = 2.5 hours)

%

4.
B
7
\\; ™

Based on the graph, we calculate the frequencies of system states obtained based on a single
implementation for a 10-hour working day (T;,; = 10):

T, _0.21+0.33

p. = =
0 Teot 10

= 0.054,

where P, — the probability of complete station downtime) and:

Ty 0.95+0.07+031+0.78+0.24 235
T Tt 10 10

P, = 0.235,
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T, 083+029+07+015+0.13+047 2.57

P, = =0.257

27 Toot 10 10 0 57,

b = T, 0.21+097+028+023+123 292 0.292

2 Ter 10 T D
T, 073+089 162 0162

YT Ter 10 100 T

where P, — the probability of a fully loaded station, also known as the probability of failure.

Table 3. Calculation of the moments of the beginning and end of car maintenance at the service station

Car number 1 2 3 4 5 6 7 8 9 10 11 12
Random numbers, y; | 0.51|0.43/0.38]0.54|0.06]0.61]0.5210.430.47| 0.72 | 0.46 0.67
Service time, A7 | 1,78| 1.4 | 1.2 [1.94]0.15/2.35|1.83| 1.4 | 1.59] 3.18 | 1.54 2.77
Start of service, 15111 16]2.06|2.56|3.57 483|507 | 69 |7.18| 83 | 877 | Refusal
tistart issued
End of service %, |1.99]2.563.26| 4.5 |3.72/7.18| 6.9 | 8.3 |8.77|11.48|10.31 l?:sf;l:gl

We check the correctness of the calculations performed:

n
P; = (0.054 + 0.235 + 0.257 + 0.292 + 0.162) = 1.
1

i=

We determine the probability of system failure. Of the total number of cars arriving at the
station during the 10-hour working day (13 cars), the 12th and 13th were refused. Therefore, the
probability of failure is [11]:

2
Pfail. = E = 0154
Calculating the average number of busy channels:

n m
M[k]zz kPk+nZ Pn+S=1'P1+2'P2+2'(P3+P4)
k=0 s=1
=1-0235+2-0.257+2-(0.292 + 0.162) = 1.657,
m=2
M[s]:z S Ppe=1:Py+2-P,=1-0.292+20.162 = 0.616.
1

S=
We calculate the average waiting time in the queue for cars located in the waiting room:

Ty + 2T, 2.92+2-1.62
taver.time = N — Nf = 13 =2
ail.

= 0.56 hours.

We determine the total average time spent by the application in the system:
tiot. = taver.time T My, = 0.56 + 2.5 = 3.06 hours.

It should be noted that the obtained characteristics correspond to one implementation of the
process, i.e. correspond to one working day of operation of the station. To obtain more accurate
results, depending on the required accuracy, the number of implementations should be increased
to 100-1000 implementations. Then, averaging the obtained frequencies Pj, Pj,..., P;, more
accurate values of the mathematical expectation of the number of occupied channels, the
mathematical expectation of the queue length and other characteristics are obtained.

392 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479



APPLICATION OF STATISTICAL MODELLING METHOD FOR DETERMINATION OF OPTIMAL SOLUTIONS OF ROAD TRANSPORT PROBLEMS.
AIDARALI TULENOV, YERMEK BAUBEKOV, BAURZHAN SHOIBEKOV, GABIT BAKYT, GABIT BEKBOLATOV, OLEG ABLYALIMOV

4. Discussions

The results obtained during the application of the statistical modeling method to analyze the
operation of a car service station demonstrate the high effectiveness of this approach in solving
the problems of queuing theory. The method made it possible to accurately calculate the numerical
characteristics of the system's functioning, such as the probability of states, the average number
of busy channels, the waiting time in the queue, and the average time an application stays in the
system [12].

One of the main conclusions of the study is that statistical modeling makes it possible to
identify not only general trends in the system, but also potential problems, such as a high
probability of failure, which can significantly affect the system’s throughput. In the studied model
for a car service station, the probability of failure was 15.4 %, which indicates possible capacity
problems with an increase in the number of requests, especially in conditions of a limited number
of service channels and waiting areas.

In addition, the results obtained confirm that in order to obtain more accurate characteristics
of the system, it is necessary to carry out several modeling implementations. In this case, the study
was based on a single process implementation, which yielded average results for one working day
[13]. However, in order to increase the accuracy of calculations and obtain more reliable statistical
estimates, it is necessary to increase the number of implementations to 1000 or more, which will
reduce errors and provide more reliable conclusions about the functioning of the system in real
conditions.

The statistical modeling method has also demonstrated its versatility. It can be used not only
to solve problems in queuing theory, but also for other areas such as assessing the reliability of
technical systems, calculating the capacity of transport interchanges, determining the optimal
number of spare parts for maintaining transport and tractor fleets, and analyzing other complex
logistics processes. This opens up prospects for a wide application of the method in various fields
related to transport and maintenance.

Thus, the results of the study confirm the importance of statistical modeling as a powerful tool
for optimizing the operation of transport systems, increasing their efficiency and reliability.

5. Conclusions

According to the stated purpose of the article, the effectiveness of the statistical modeling
method was proved using the example of using random numbers. The results of this study will be
the initial stage as a method for determining the traffic flow and allows for further research based
on experimental data.

In conclusion, we note that the statistical modeling method can be used not only to solve
problems in queuing theory, but also for other tasks, for example: 1) to determine the reliability
of complex technical systems; 2) to determine the capacity of transport and logistics centers,
specialized international customs control posts; 3) to determine the optimal number of spare parts,
components and assemblies necessary to maintain a given automotive and tractor fleet in good
condition; 4) to determine the capacity of highways, transport interchanges and for solving other
tasks.

Thus, a well-founded statistical modeling method covers both operational management tasks
and strategic planning, which provides an opportunity for further research, taking into account the
results of experimental and field studies at the landfill.
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