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MODELLING OF ENERGY CONSUMPTION OF
THE BATTERY ELECTRIC VEHICLE

Jamshid Mavlonov1 ∗, Sanjarbek Ruzimov2 and Akmal Mukhitdinov3

Turin Polytechnic University in Tashkent, Kichik khalka yuli 17, Tashkent, Uzbekistan1 2

Tashkent state transport university, Adilkhodjaev street 1, Tashkent, Uzbekistan3

*Corresponding author email: j.mavlonov@polito.uz

Abstract– Battery electric vehicles (BEVs) are gaining large mar-
ket share. Accurate computation of the BEV’s energy consumption
is important to avoid running out of energy while driving. There-
fore, it is important to develop a model which estimates the energy
consumption of the BEV. This article describes a model that eval-
uates a BEV’s energy consumption. The aim of this paper is mod-
eling of BEV using MATLAB/Simulink software based on a real
BMW i3 BEV 2014 data. The model consists of vehicle dynam-
ics, single-speed transmission gearbox, electric machines and bat-
tery blocks. The detailed analysis on each block is performed and
the governing equations for each block is derived taking into ac-
count both traction and regeneration modes. Moreover, constraints
in terms of limitation in power for each block is considered. Fi-
nally, the results of the model are compared with the experimental
data which obtained from Argonne national laboratory database in
EPA Urban Dynamometer Driving Schedule (EPA UDDS) driving
cycle.

Key words– BEV, EM, MATLAB, simulation, electric battery,
UDDS

I INTRODUCTION

One of the main cause of environmental degradation
around the world is global warming. CO2 and other gases
exhausted by systems are main causes of global warming
[1]. Therefore, the main goal of car manufactures all over
the world is to develop zero-emission vehicles. On the other
hand, measures are being taken to regulate the usage of nat-
ural resources. In this context, electrified vehicles are seen
as the suitable solution [2]. One of the main advantage of
BEV is the regenerative braking feature. However, still the
market share of BEVs is not very fast. The main reasons
for that are some limitations on charging stations, batteries
cost and their life. The assessment of BEV’s energy con-
sumption has become an important task. The literature de-
voted to estimation of energy consumption of the electrified
vehicle. Miri et al. used the MATLAB / Simulink based

simulation modeling and estimation a BEV. The BEV en-
ergy consumption was modeled using longitudinal dynamics
[2]. Synák et al. has used a dynamometric stand to deter-
mine the energy consumption of the BEV, experimentally.
Dynamometer generates the mechanical energy transmitted
through the car wheels to the traction motor and records the
results using sensors connected to different parts [3]. Experi-
menting using this stand will also incur additional costs. The
same dynamometric roller has also used in the work done by
Konzept at al. The purpose of their work was to predict en-
ergy consumption of BEV in different driving cycles. In the
end, the results were compared with a real driving speed pro-
file and energy consumption recorded by an onboard com-
puter of the vehicle [4]. The article does not take into ac-
count the influence of weather conditions and battery degra-
dation. Thus, it can be concluded that vehicle modeling is
the highest priority in the analysis of energy consumption. In
an article presented by Suvak and Ersan, BEV was simulated
in the MATLAB/Simulink program. Their article provided
an analysis of the EM torque and power changes during the
driving cycle. In addition, the power and torques generated
by the wheels during the movement of the car was analyzed
[5]. Simple yet efficient model for estimation of energy con-
sumption of the BEV is missing. This article focuses on the
analysis of energy consumption of the BEVs. The work de-
scribes a backward model to estimate energy consumption
of BEV on different driving cycles. The model is validated
using publicly available data from ANL [6].

II VEHICLE MODELLING

In this section, full model of the BEV has been described.
This analysis performed in the MATLAB / Simulink soft-
ware and EPA UDDS drive cycle selected as the cycle of ac-
tion which has shown in Figure 3. Simulated results are also
compared with the experimental results in the section of RE-
SULT. A detailed description of the measurement process has
also given. In addition, the formulas used to calculate the ve-

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 7-13



MODELLING OF ENERGY CONSUMPTION OF THE BATTERY ELECTRIC VEHICLE 2

hicle’s electric motor and battery parameters are given. The
full model of the BEV has shown in Figure 1. This model
allows to determine the state of charge (SOC) of the battery
and energy consumption of BEV.

Fig. 1: Data flow for Backward model of BEV [7,8]

1 VEHICLE SPECIFICATION
BMW i3 BEV 2014 was selected for further analysis as

the main technical specifications of the vehicle is publicly
available and the most complete. The technical specifications
of a vehicle are given in Table 1.

2 VEHICLE MODEL
Since this article focuses on evaluating the energy con-

sumption of BEV, the following power analyzes are impor-
tant for the implementation of this model:

• Analysis of the power from the battery to the wheels for
the moving the vehicle

• Analysis of the power as a result of the regenerative
braking of the vehicle

• Auxiliary power required to turn the additional equip-
ment in the vehicle (air conditioning, etc.) and its anal-
ysis.

The data flow along each block is depicted in the Figure 1
are described sequentially.

3 DRIVE CYCLE
Drive cycle - is a time history of the vehicle speed. The

drive cycle is used for vehicle testing and simulation as a
standard form. Specifically, it is used to predict the perfor-
mance of a vehicle’s dynamics, emissions and comfort.

VEHICLE BODY
Curb weight,

(kg)
1443.3

Aerodynamic
drag coefficient

0.3

Frontal area,
(m2)

2.38

POWERTRAIN
Motor

operating range,
(rpm)

0-11 400

Maximum power
kW / @ rpm

125 / @ 4777

Maximum torque
Nm / @ rpm

250 / @ 0-4475

TRANSMISSION

Type
Single-speed automatic

transmission
Final gear ratio 8.2:1

Front/rear
tyres radius, (m)

0.3290 (175/70 R19)

BATTERY
Chemistry Lithium-ion

Battery
configuration

8 Modules
(96 Cells Connected

in Series)
Nominal cell
voltage, (V)

3.7

Nominal cell
capacity, (Ah)

60

Nominal battery
pack voltage, (V)

355.2

Nominal battery
pack capacity, (Ah)

60

Nominal battery
pack energy, (kWh)

22

TABLE 1: BMW I3 BEV 2014 SPECIFICATIONS [2,6,9]

Fig. 2: Driving cycle model

The plot of the change in speed shown in Figure 3 and
these values loaded into the block diagram in Figure 2. This
block can also be used to represent the time dependence of a

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 7-13
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vehicle’s acceleration (Eq.1.). Both experimental and theo-
retical data can be loaded into the driving cycle.

ax =
dV
dt

(1)

Fig. 3: Vehicle speed on EPA UDDS driving cycle

4 VEHICLE DYNAMICS

Fig. 4: Vehicle dynamics block

Vehicle dynamics - block studies the factors (angular ve-
locity, forces, torque, etc.) that affect the movement of the
vehicle and it is made up of forces that resist movement. Ve-
hicle dynamics block is shown in Figure 4. The forces play
a key role for driving the vehicle. This means that while the
forces help the vehicle to move, they also resist the move-
ment. These forces are transmitted from the electric motor to
the wheels by means of a propulsion device to move the vehi-
cle. The motion of a vehicle consists of the following forces
that affect it: rolling resistance, aerodynamic drag force and
the force generated by linear acceleration. The vehicle has
to overcome resistance forces to move. Total force (Ft ) de-
termined by sum of the rolling resistance force (Fr), aerody-
namic resistance force (Fa) and linear acceleration resistance
force (Fm).

Ft = Fr +Fa +Fm (2)

Fr = fr ·M ·g (3)

Fa =
1
2
·ρ ·Cx ·A f ·V 2 (4)

Fm = M ·ax (5)

The output results from this block are shown in figure 4.
They are angular speed (ωw), angular acceleration (ω̇w) and
torque (Tw) in the wheels. Delivered power (Pw) to the wheel
can determined by using Eq.9.

ωw =
Vx

R
(6)

ω̇w =
ax

R
(7)

Tw = Ft ·R+ ω̇w ·4 · Jw (8)

Pw = Ft ·Vx (9)

The output from this block to the GEARBOX block are
the wheel torque Knowing (Tw) which depends also moment
of inertia of the wheel (Jw) (Eq.8), wheel angular speed (ωw)
and acceleration (ω̇w)

5 GEARBOX
In the Gearbox the angular speed and the torque generated

from the vehicle’s engine/motor are increased or decreased
by a certain amount equal to transmission ratio (Fig.5.). In
previous section, it was mentioned that the considered vehi-
cle has a single – speed transmission. Hence, the value of
the angular speed and the angular acceleration are changed
while passing through the gearbox. These parameters are
multiplied by the final gear ratio (U f ). U f and efficiency of
a gearbox (ηw) do not change due to the reason of single –
speed transmission is used. One of the main functions of the
transmission system is increasing of the torque between the
electric motor and the wheel. The efficiency of the gearbox
in the traction and braking mode can be inverted. For finding
the torque and the efficiency of the gearbox, in the traction
and braking modes approach proposed in [7] have been used.

The resulting equations are input parameters for the elec-
tric motor. It is necessary to determine the direction of power
flow and this block is divided into two sub-blocks which are
traction and braking modes. Depending on the movement of
the vehicle, traction or braking mode is activated. The deter-
mined parameters are realized by the following equations 10
and 11.

ωem = ωw ·U f (10)

ω̇em = ω̇w ·U f (11)

Power mode block contains of following structure [7]:

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 7-13
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Fig. 5: GEARBOX block

Tem =

{ Tw
ηgb·U f

– Traction mode
ηgb·Tw

U f
– Braking mode

(12)

Where,
ωem - angular velocity of electric machine [rad/s]
ω̇em- angular acceleration of electric machine [rad/s2]
ηgb - efficiency of a gearbox [-]
The transmission model is determined based on the fol-

lowing equation:

Tem = Ftr ·R ·U f ·ηgb (13)

Where,
Ftr – Traction force [N]

6 ELECTRIC MACHINE
Electric machine – is a machine which can convert electri-

cal energy to mechanical energy when it works as a motor.
In electric machine block, electric power can be determined
from the electric motor torque and angular speed. The elec-
tric machine acts as a generator during the regenerative brak-
ing mode.

In backward model, Electric machine block demands an
electric power from the battery packs. In general, the electric
power from the battery is delivered to the electric motor. The
movement of a vehicle is ensured as a result of the transmis-
sion through the gearbox to the wheels. The angular velocity
and the torque can determine by using the Eq.10 and Eq.12.
By using these parameters the electrical power (Pem) is deter-
mined. The auxiliary power (Paux) is used by auxiliary com-
ponents (air conditioner and etc.) of the BEV. It should be
noted that the value of Paux varies depending on the climate.

Fig. 6: Electric Machine block

For example, on a hot ambient temperature, more power is
required as a result of using the air conditioner. So, the to-
tal electric power is determined by using the Eq.14. Model
of the electric machine aims in calculating power demand
from battery pack for given mechanical power, i.e., torque
and speed of the electric machine at its output shaft. Scheme
of this block is shown in Figure 6.

Pem = ωem ·Tem +Paux (14)

In this case, the maximum characteristic of the operation
of electric machine is used in determining the minimum and
maximum torque [8].The limits of Tem are following:

Tmaxem < Tem < Tminem (15)

Fig. 7: BEV motor efficiency [2]

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 7-13
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The efficiency of the electric motor (ηem) is formed as a
function of the angular velocity (ωem) and torque (Ttotem ) de-
fines as follows:

ηem = f (ωem,Tem) (16)

Ttotem = Tem + Jem · ω̇em (17)

where,
Jem - moment of inertia of electric machine [kg ·m2]

7 BATTERY
Battery – is the main source of the vehicle to power the

electric motor. Battery block analyses the required electric
current and voltage during the driving cycle. In addition, it
can study variation of state of charge (SOC).

Fig. 8: Battery electrical circuit model (Thevenin model)

Thevenin model it can be used to model Open circuit volt-
age (OCV), charging (Rchg) and discharging (Rdchg) resis-
tance as functions of SOC:

OCV = f (SOC), Rchg = f (SOC), and Rdchg = f (SOC)
(18)

The SOC of the battery is if charge and discharge modes
are calculated in the following equation:

SOC =

SOCi −
∫ t

o Idchgdt
Qnom

– Traction mode

SOCi +
∫ t

o Ichgdt
Qnom

– Braking mode
(19)

Where,
SOCi – initial value of state of charge [-]
Qnom – nominal value of the battery capacity [Ah]
Idchg – value of discharge current [A]
Ichg – value of charge current [A]
By knowing the value of charging (Rchg) and discharging

(Rdchg) resistances and OCV it should be evaluated the Idchg
and Ichg by solving the following quadratic equations:

Idchg = SOCi −
OCV −

√
OCV 2 −4 ·Rdchg ·Pbat

2Rdchg
(20)

Ichg = SOCi −
−OCV +

√
OCV 2 −4 ·Rchg ·Pbat

2Rchg
(21)

There are restrictions on the battery performance in terms
of maximum charging and discharging currents values. It
is therefore important to ensure that the current discharged
from the batteries does not overcome the limiting conditions.

Ichg < Ichgmax and Idchg < Idchgmax (22)

Where,
Ichgmax - maximum value of charge current [A]
Idchgmax - maximum value of discharge current [A]
From the Thevenin model battery power (Pbat ) also anal-

ysed for the given components. Power balance equation is
applied to equivalent circuit[11].

Pbat =

{
Idchg ·OCV − I2

dchg ·Rdchg – Traction mode
Ichg ·OCV + I2

chg ·Rchg – Braking mode
(23)

The OCV relative to SOC has illustrated in Figure 9a. It
can be seen from the graph that the voltage has nearly lin-
ear dependence from SOC in the region of interest (0.1 –
0.9). The internal resistances of the battery in charging and
discharging phases are shown in Figure 9b and Figure 9c re-
spectively.

Fig. 9: OCV, Rdchg and Rchg analysis by SOC

The main purposes are changing values of SOC, current
and voltage by time during driving cycle and these can be es-
timate by the battery model in MATLAB/Simulink. Battery

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 7-13
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Fig. 10: Battery model

model is illustrated in Figure 10. It can be seen the elec-
tric battery can take electric power from the electric machine
block and works in charging/discharging mode.

Electric battery part separates charging and braking mode
which is shown in Figure 11. Electric battery polynomials
used to find OCV and finally get a SOC, these values are
calculated by equation 18 and 19 respectively.

Fig. 11: Working principle of charging/discharging of the battery

III RESULTS

When the model is launched, several results can be ob-
tained. Electrical energy is converted into the mechanical
energy to generate mechanical torque and angular velocity
on the wheels. Power loss from the battery to the wheels
through the gearbox is in the range of 5 - 10 kW. Compar-
ison results between the mechanical and electrical power is
shown in Figure 12.

SOC of the battery has been simulated theoretically and
illustrated in blue dotted line in Figure 13. This theoretical
graph was compared with the result of real experimental data
available from [6]. The difference between them is marginal.
This may be due to the fact that complete data (i.e., rolling re-
sistance coefficient, aerodynamic drag coefficient, auxiliary

Fig. 12: Comparison of the electric and mechanical power time
history over UDDS cycle

Fig. 13: SOC during the drive cycle

power) are different from these used in experiment.

IV CONCLUSION

The purpose model is a complete model of BEV and con-
sists of several blocks. These blocks include: Driving cy-
cle, vehicle dynamics, gearbox, electric machine and battery
blocks. The drive cycle is represented by a data of the chang-
ing vehicle speed over time and the UDDS drive cycle was
used during the testing of this model. The SOC of the battery
was compared with the experimental results.

Mechanical power is slightly less than electric power,
where the difference is around 5-10 kW. These losses oc-
cur mainly in the motor and gearbox block. The charge level
of the car differs by a small amount compared to the exper-
iment. The main reason for this is the lack of data on auxil-
iary power, rolling resistance, aerodynamic drag coefficients.
The model results show good correlation with experiments.
The future work will analyse the influence of the motor, bat-
tery characteristics on the energy consumption calculation
results.
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Abstract—In this paper, a method and algorithm for solving the
non-stationary problem of optimal placement of heat sources of
minimum power in the space have been developed. As a result, the
temperature in the space is within the specified limits and the value
of the functional is minimized. The mathematical model of the pro-
cess is described by the heat conduction equation with a variable
coefficient. The numerical model of the problem is constructed us-
ing implicit conservative difference schemes. To solve the problem
of thermal conductivity control, a linear programming problem was
used. Software for numerical modeling has been developed. The
results of a computational experiment are presented.

Keywords—optimal placement; heat sources; integro-
interpolation method; conservative schemes; Big M method.

I INTRODUCTION

One of the most common objects in various fields of hu-
man activity is the system of heat sources, the heat balance
in heated rooms. Mathematical modeling of such systems
poses the problem of optimal placement of heat sources in
heated rooms, which is associated with resource-saving en-
gineering technologies. The task of optimal placement of
heat sources in heated areas has always been relevant in de-
sign work in construction, greenhouses and other technical
and technological areas.

The heat transfer process can be controlled in different
ways. The process is often controlled by the placement
of heat sources or changes in ambient temperature. The
problems of controlling the process of heat propagation un-
der various conditions were studied by A.G.Butkovsky [1],
J.L.Lions [2], Yu.V.Egorov [3], A.I.Egorov [4], as well as
by other authors, and important results were obtained. Their
work forms the basis of this work. In the work [5] the prob-
lem of optimal control of processes described by the heat
equation was studied. The control parameter is set in the
boundary condition and has reached the minimum of the

functional given by the integral quadratic expression. A
method for finding an admissible control that gives a mini-
mum to the functional is shown. In the paper [6] the third
boundary value problem of parabolic type was considered.
The right side of the boundary condition contains controls in
additive form. The problem of transferring an object from the
initial state to the zero state in a conflict situation is solved.

In the work [7], the differential-difference problem of con-
trolling the diffusion process was studied, an analogue of the
maximum principle was obtained, which makes it possible to
determine the moments of switching on and off the source of
maximum power. The paper [8] proposes a solution to the
problem of optimal placement of sources in inhomogeneous
media, in which scalar stationary fields are described by el-
liptic equations. The algorithms for solving the problem are
based on methods for estimating the values of the functional
on the set of possible locations of sources, which makes it
possible to choose the optimal variant by implementing the
branch and bound method. The paper [9] considers the prob-
lem of optimizing the density of heat sources in stationary
processes described by elliptic equations given by the third
boundary condition. In the work [10], the minimax prob-
lem of the optimal placement of sources in the processes
of heat propagation described by equations of elliptic type
was numerically solved. To find the extremum of the objec-
tive function depending on the location of the sources of the
physical field, the minimax method of mathematical model-
ing was used. The proposed approach made it possible to
find a numerical solution to the boundary value problem in
terms of the source carrier placement parameters. In works
[11, 12, 13], a method for the numerical solution of the non-
stationary problem of optimal placement of heat sources with
a minimum power in processes described by parabolic type
equations is proposed. An algorithm and a set of programs
for the numerical solution of non-stationary problems of op-
timal control of the location of heat sources and visualization
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of the results obtained have been developed.
In the work [14], the problems of optimal space heating

based on the Pontryagin maximum principle are considered.
The paper [15] considers the problem of energy-efficient heat
supply of a building in a central heating system.

In this paper, we consider the problem of heat conduction
control based on the optimization of a linear objective func-
tional, taking into account constraints, which is solved on the
basis of approximation and reduction to a linear program-
ming problem. The paper proposes a technique and algo-
rithm for solving the non-stationary problem of maintaining
the temperature inside the region within the given limits, by
optimally placing heat sources in a parallelepiped. Software
was developed for carrying out computational experiments.

II STATEMENT OF THE PROBLEM AND ITS
CONSERVATIVE APPROXIMATION

In the domain D = {a ≤ x ≤ b, c ≤ y ≤ d, p ≤ z ≤ q, 0 ≤
t ≤ T}, it is required to find a function f (x,y,z, t) ≥ 0 such
that for any t the linear functional

J{ f}=
b∫

a

d∫
c

q∫
p

f (x,y,z, t)dzdydx →min, (1)

reaches a minimum and satisfies the following conditions:

∂u
∂ t

=
∂

∂x

(
χ

∂u
∂x

)
+

∂

∂y

(
χ

∂u
∂y

)
+

∂

∂ z

(
χ

∂u
∂ z

)
+

f , x ∈ (a,b), y ∈ (c,d), z ∈ (p,q), t ∈ (0,T ],
u(x,y,z,0) = u0(x,y,z),

u(a,y,z, t) = µ1(y,z, t), u(b,y,z, t) = µ2(y,z, t),
u(x,c,z, t) = µ3(x,z, t), u(x,d,z, t) = µ4(x,z, t),
u(x,y, p, t) = µ5(x,y, t), u(x,y,q, t) = µ6(x,y, t),

(2)

m(x,y,z, t)≤ u(x,y,z, t)≤ M(x,y,z, t), (x,y,z, t) ∈ D, (3)

where u = u(x,y,z, t) is the temperature at the point (x,y,z)
of the parallelepiped at time t; χ = χ(x,y,z) is the ther-
mal conductivity coefficient; u0(x,y,z), µ1(y,z, t), µ2(y,z, t),
µ3(x,z, t), µ4(x,z, t), µ5(x,y, t), µ6(x,y, t), m(x,y,z, t),
M(x,y,z, t) are given functions. The functions m(x,y,z, t) and
M(x,y,z, t) are the minimum and maximum temperatures de-
fined in the domain D. f = f (x,y,z, t) is the heat source de-
fined in the space L2(D).

Let Lu=
∂u
∂ t

− ∂

∂x

(
χ(x,y,z)

∂u
∂x

)
− ∂

∂y

(
χ(x,y,z)

∂u
∂y

)
−

∂

∂ z

(
χ(x,y,z)

∂u
∂ z

)
. The operator L defined in L2(D) has an

inverse L−1. Here L−1 is an integral operator with a con-
tinuous kernel (Green’s function). Using it, we can write

problem (1)-(3) in the following form:

m(x,y,z, t)≤ (L−1 f )(x,y,z, t)≤ M(x,y,z, t),
f (·, ·, ·, ·) ∈ L2(D), f (x,y,z, t)≥ 0. (4)

We will solve this problem in a complete mathematical
formulation by the integro-interpolation method on a uni-
form grid.

Introduce in D a difference grid uniform in four variables
ω

τ
h1h2h3

=ωh1 × ωh2 × ωh3 × ω
τ ={(xi,y j,zk, ts): xi = ih1,

y j = jh2, zk = kh3, ts = sτ , i = 0,N1, j = 0,N2, k = 0,N3,
s= 0,N4} with steps h1 = (b−a)/N1, h2 = (d−c)/N2, h3 =
(q− p)/N3, τ = T/N4.

To obtain conservative difference schemes, we use the
integro-interpolation method. To obtain a difference equa-
tion, we write an integral heat balance equation on a paral-
lelepiped xi−1/2 ≤ x ≤ xi+1/2, y j−1/2 ≤ y ≤ y j+1/2, zk−1/2 ≤
z ≤ zk+1/2 for time ts ≤ t ≤ ts+1 [16]:

xi+1/2∫
xi−1/2

y j+1/2∫
y j−1/2

zk+1/2∫
zk−1/2

(u(x,y,z, ts+1)−u(x,y,z, ts))dzdydx =

ts+1∫
ts

y j+1/2∫
y j−1/2

zk+1/2∫
zk−1/2

(W (xi−1/2,y,z, t)−W (xi+1/2,y,z, t))dzdydt+

ts+1∫
ts

xi+1/2∫
xi−1/2

zk+1/2∫
zk−1/2

(W (x,y j−1/2,z, t)−W (x,y j+1/2,z, t))dzdxdt+

ts+1∫
ts

xi+1/2∫
xi−1/2

y j+1/2∫
y j−1/2

(W (x,y,zk−1/2, t)−W (x,y,zk+1/2, t))dydxdt+

ts+1∫
ts

xi+1/2∫
xi−1/2

y j+1/2∫
y j−1/2

zk+1/2∫
zk−1/2

f (x,y,z, t)dzdydxdt.

Here W (x,y,z, t) is the heat flux, W (x,y,z, t) =
−χ(x,y,z)gradu.

We approximate the integrals included in the balance
equation by approximate formulas

xi+1/2∫
xi−1/2

y j+1/2∫
y j−1/2

zk+1/2∫
zk−1/2

u(x,y,z, ts+1)dzdydx ≈ h1h2h3us+1
i jk ,

ts+1∫
ts

y j+1/2∫
y j−1/2

zk+1/2∫
zk−1/2

W (xi−1/2,y,z, t)dzdydt ≈ τh2h3W s+1
i−1/2 jk,

ts+1∫
ts

xi+1/2∫
xi−1/2

zk+1/2∫
zk−1/2

W (x,y j−1/2,z, t)dzdxdt ≈ τh1h3W s+1
i j−1/2k,
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ts+1∫
ts

xi+1/2∫
xi−1/2

y j+1/2∫
y j−1/2

W (x,y,zk−1/2, t)dydxdt ≈ τh1h2W s+1
i jk−1/2,

ts+1∫
ts

xi+1/2∫
xi−1/2

y j+1/2∫
y j−1/2

zk+1/2∫
zk−1/2

f (x,y,z, t)dzdydxdt ≈ τh1h2h3 f s+1
i jk ,

W s+1
i−1/2 jk =−χi−1/2 jk

us+1
i jk −us+1

i−1 jk

h1
,

W s+1
i j−1/2k =−χi j−1/2k

us+1
i jk −us+1

i j−1k

h2
,

W s+1
i jk−1/2 =−χi jk−1/2

us+1
i jk −us+1

i jk−1

h3
.

In this case, χi−1/2 jk, χi j−1/2k, χi jk−1/2 and f s+1
i jk are defined

by the equalities

χi−1/2 jk = χ

(
xi + xi−1

2
,y j,zk

)
,

χi j−1/2k = χ

(
xi,

y j + y j−1

2
,zk

)
,

χi jk−1/2 = χ

(
xi,y j,

zk + zk−1

2

)
,

χi jk = χ(xi,y j,zk), f s+1
i jk = f (xi,y j,zk, ts+1).

The implicit conservative difference scheme for problem
(2) has the form:

us+1
i jk −us

i jk
τ

=

[
χi+1/2 jk

us+1
i+1 jk−us+1

i jk

h2
1

−

χi−1/2 jk
us+1

i jk −us+1
i−1 jk

h2
1

]
+

[
χi j+1/2k

us+1
i j+1k−us+1

i jk

h2
2

−

χi j−1/2k
us+1

i jk −us+1
i j−1k

h2
2

]
+

[
χi jk+1/2

us+1
i jk+1−us+1

i jk

h2
3

−

χi jk−1/2
us+1

i jk −us+1
i jk−1

h2
3

]
+ f s+1

i jk , i = 1,N1 −1,

j = 1,N2 −1, k = 1,N3 −1, s = 0,N4 −1,
u0

i jk = u0(xi,y j,zk),

us+1
0 jk = µ1(y j,zk, ts+1), us+1

N1 jk = µ2(y j,zk, ts+1),

us+1
i0k = µ3(xi,zk, ts+1), us+1

iN2k = µ4(xi,zk, ts+1),

us+1
i j0 = µ5(xi,y j, ts+1), us+1

i jN3
= µ6(xi,y j, ts+1),

i = 0,N1, j = 0,N2, k = 0,N3, s = 0,N4 −1.

(5)

Let us introduce the notation

XY Z =

(
1
τ
+

χi±1/2 jk

h2
1

+
χi j±1/2k

h2
2

+
χi jk±1/2

h2
3

)
,

X+ =−
χi+1/2 jk

h2
1

, X− =−
χi−1/2 jk

h2
1

, Y+ =−
χi j+1/2k

h2
2

,

Y− =−
χi j−1/2k

h2
2

, Z+ =−
χi jk+1/2

h2
3

, Z− =−
χi jk−1/2

h2
3

.

Consider the matrix

A =



XY Z Z+ 0 ... 0 Y+ 0 ... 0 X+ 0 ... ... 0

Z− XY Z Z+ 0 ... 0 Y+ 0 ... 0 X+ 0 ... 0

... ... ... ... ... ... ... ... ... ... ... ... ... ...

0 ... 0 X− 0 ... 0 Y− 0 ... 0 Z− XY Z Z+

0 ... ... 0 X− 0 ... 0 Y− 0 ... 0 Z− XY Z


.

We get
G = A−1.

We approximate problem (1)-(5) in the form of a lin-
ear programming problem. We divide the region D by
x,y,z, t into N1, N2, N3, N4 equal parts, respectively: D =
N4⋃

s=1

N1⋃
i=1

N2⋃
j=1

N3⋃
k=1

Ds
i jk, where Ds

i jk = {(x,y,z, t), xi−1 ≤ x ≤ xi,

y j−1 ≤ y ≤ y j, zk−1 ≤ z ≤ zk, ts−1 ≤ t ≤ ts}, i = 1,N1,
j = 1,N2, k = 1,N3, s = 1,N4. In the space L2(D), the
functions f (x,y,z, t) = f s

i jk, (x,y,z, t) ∈ Ds
i jk (i = 1,N1 −1,

j = 1,N2 −1, k = 1,N3 −1, s = 1,N4) are defined as piece-
wise constant functions. From here we get f (x,y,z, t) ≈
N4

∑
s=1

N1−1

∑
i=1

N2−1

∑
j=1

N3−1

∑
k=1

f s
i jk.

Let grw = G, ms
i jk = m(xi,y j,zk, ts), Ms

i jk = M(xi,y j,zk, ts),
f̃ s
w = f s

i jk, r = w, w = (i−1)(N2 −1)(N3 −1)+( j−1)(N3 −
1)+k, N = (N1−1)(N2−1)(N3−1), r = 1,N, i = 1,N1 −1,
j = 1,N2 −1, k = 1,N3 −1, s = 1,N4. We substitute the ex-
pression f (x,y,z, t) into (1) and replace inequality (4) with
grid functions.

After that, we get the following linear programming prob-
lem:

Js{ f}=
N1−1

∑
i=1

N2−1

∑
j=1

N3−1

∑
k=1

(mesDs
i jk) f s

i jk → min,

ms
i jk ≤

N

∑
w=1

grw f̃ s
w ≤ Ms

i jk, r = 1,2, ...,N,

i = 1,N1 −1, j = 1,N2 −1, k = 1,N3 −1, s = 1,N4,
f̃ s
w ≥ 0, w = 1,2, ...,N, s = 1,2, ...,N4.

(6)

Problem (6) is solved by the big M method [17, 18]. The
numerical solution of problem (2) is found using us

i jk =
N

∑
w=1

grw f̃ s
w. The found f̃ s

w is a function that gives a minimum

to the functional (1).
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III DESCRIPTION OF THE ALGORITHM AND MODELING
RESULTS

For an approximate solution of problem (1)-(6), software
in the C# language has been developed. It allows you to rep-
resent all the necessary input data: constants, coefficients,
grid parameters, as well as temperature functions, initial and
boundary conditions, in the form of scripts. Graphical mod-
ules have been developed to present the results.

The flowchart (Fig. 1) shows a general algorithm for the
numerical solution of the non-stationary problem of control-
ling the optimal location of heat sources.

Fig. 1: Flowchart of the general algorithm for solving the problem

Computational experiment. Find the optimal location of
heat sources with the minimum power cubed. The problem
was solved with the following values of input parameters:
x,y,z ∈ [0,1], thermal diffusivity χ(x,y,z) = x2y2z2 m2/s, the
initial and boundary conditions are determined by the func-
tions: u0(x,y,z) = 2+ x2 + y2 + z2 m/s, µ1(y,z, t) = 2+ y2 +
z2+ t2 m/s, µ2(y,z, t) = 3+y2+z2+ t2 m/s, µ3(x,z, t) = 2+
x2+z2+t2 m/s, µ4(x,z, t)= 3+x2+z2+t2 m/s, µ5(x,y, t)=
2+ x2 + y2 + t2 m/s, µ6(x,y, t) = 3+ x2 + y2 + t2 m/s, the
minimum and maximum temperatures are given by the func-
tions m(x,y,z, t) = 1 + x2 + y2 + z2 + t2 K, M(x,y,z, t) =
4+ x2 + y2 + z2 + t2 K, end of time T = 1. Computational
grid with the number of sources (N1 − 1)×(N2 − 1)×(N3 −

1)×N4 = 6×6×6×7. The minimum value of the functional
in the numerical solution is Jmin = 14.35 K·m/s. On fig. 2
presents the results of the numerical solution of problem (6).
Results are shown with minimum (borders in blue, below),
maximum (borders in red, above), and approximate (green,
middle) temperature values. On fig. 3 shows the optimal lo-
cation of heat sources with a minimum power in the form of
a bar graph.

Fig. 2: Graph of the solution of problem (6) at x = 0.5, t = T

Fig. 3: Optimal placement of heat sources f (x,y,z, t) at x = 0.5,
t = T
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IV CONCLUSION

As you know, the construction of the Green’s function for
problems in partial derivatives, in fact, means finding a solu-
tion in an explicit form. When applying numerical methods,
the values of the Green’s function are presented in the form of
a matrix, which is inverse to the matrix composed of the co-
efficients of the system of linear algebraic equations. Thus,
it is possible to indicate the values of the desired function
at the nodal points of the partition. After substituting these
values for the conditions-restrictions of body temperature,
taking into account finding the extremum of the functional,
a linear programming problem is obtained, for the solution
of which the standard algorithm big M method is used. A
technique and algorithm for solving the non-stationary prob-
lem of ensuring the temperature inside the region within the
given limits by optimal placement of heat sources in a par-
allelepiped are proposed. The results of this computational
experiment show that the functional reaches its minimum.
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Abstract– Broadband networks, especially Long-Term Evolution
(LTE)/LTE Advanced (LTE-A), are in high demand due to their
high-speed wireless data transmission, the coverage of the base sta-
tions used, and the complexity of the protocol software. In such
cases, the efficiency of the network depends mainly on two impor-
tant features, which are the reliability and viability of the network.
The LTE architecture and network structure should be taken into
account to improve reliability and viability. This paper develops
reliability assessment models based on the structure architecture of
LTE/LTE-A networks. Analytical expressions of reliability assess-
ment based on the developed models are given. In addition, the LTE
network is digitally analyzed using these models and analytical ex-
pressions.

Key words– LTE/LTE-A networks, reliability, viability, reliability
assessment model.

I INTRODUCTION

The advantages of Long-Term Evolution (LTE) and LTE
Advanced (LTE-A) technologies are high-speed data trans-
mission, spectral efficiency, and low latency [1]. However,
factors such as changes in antenna position, software errors,
and changes in the environment, hardware and software fail-
ures, and power outages are among the causes of network
inefficiency [2]. Improving network reliability and viabil-
ity in the LTE/LTE-A network, as in all modern systems to-
day, is a key requirement. Understanding the LTE architec-
ture and defining the network structure is important in de-
termining these indicators [3, 4]. [5] presents an analytical
model for analyzing the performance of the VANET system
for LTE mobile networks. [6] discusses an architecture-based
approach to assessing the reliability of software components.
This article discusses the processes of component failure, re-
pair, and replacement to analyze the reliability of LTE/LTE-
A networks. For LTE/LTE-A networks, reliability attributes
such as reliability, availability, and viability were analyzed.

II MATERIALS AND METHODS

LTE architecture. The LTE network is an Internet Proto-
col (IP) based network that effectively supports packet trans-
mission. The structure of the LTE architecture is shown in
Fig. 1.

Fig. 1: LTE architecture structure

The LTE system architecture is divided into two parts:

• Evolved Universal Terminal Radio Access Network (E-
UTRAN);

• Evolved Packet Core (EPC).

E-UTRAN consists of the following components:

• User equipment (UE). The main function of the UE is to
save, add and delete connections, configure the network
according to the needs of users;

• NodeB (eNB). eNB is a base station that controls all
functions related to radio communication. eNB is dis-
tributed across network coverage;

• Mobile main network (Evolved Packet Core - EPC).

Its main functions are to manage mobility and provide se-
curity. It consists of the following components:

1. Service Gateway (S-GW). S-GW performs the function
of general routing of packets.

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 19-23



LTE NETWORK RELIABILITY ASSESSMENT MODELS AND ANALYTICAL EXPRESSIONS 2

2. Mobile Management Entity (MME). Responsible for
signaling processes between UE and S-GW.

3. Home Subscriber Server (Mobile Management Entity -
HSS).

4. Packet Data Network (PDN) gateway (P-GW). A gate-
way connects the UE to external packet data networks
such as the Internet and IMS4.

To fully describe the reliability attributes of an LTE sys-
tem, it is important to consider reliability, availability, and
viability models simultaneously. To study the reliability at-
tributes based on the LTE architecture, it is necessary to ana-
lyze the following features of the system:

• Software architecture;

• Equipment architecture;

• Failure and repair process.

In this study, component failure is considered in terms of
reliability or failure rate, the failure of all components is con-
sidered independent of each other, and the failure rate and
repair rate of the same type of components are the same.

Here are some definitions of the concepts used in the work.
Reliability is the ability of a component or network to per-
form a set of functions under certain conditions for a specific
operating time. Mathematically, reliability can be expressed
as the probability that a component or system failure time is
greater than or equal to the specified time (t):

R(t) = P[T ≥ t] (1)

To model the reliability of the system, it is necessary to
determine the probability of failure of components and the
state of interconnection of system components [14-16].

Survival is the ability of system components to perform
their functions at any time under certain conditions.

We express viability through the following function:

X(t) =
{

1, t − time system f unctions
0, otherwise (2)

In t > 0, existence is represented by A(t):

A(t) = Pr[X(t) = 1] = E[X(t)]. (3)

III RESULTS AND DISCUSSIONS

Defects occur in the LTE system due to the implementa-
tion of the handover process, connection errors, failure to en-
sure uninterrupted power supply [7, 8], and component fail-
ure [17-19] [9-13].

The LTE network system consists of two main parts: E-
UTRAN and EPC. E-UTRAN consists of eNBs connected to
each other via an X2 interface. Each eNB consists of up to
three RRHs (Radio Heads) and one BBU (Baseband Unit).
RRH is used to transmit and receive wireless signals. The
simple structural structure of eNB is shown in Fig. 2 and the
relationship between RRH and BBU is shown in Fig. 3.

Fig. 2: The simple structural structure of eNB

Fig. 3: Structural model of connection of elements on reliability of
RRH and BBU system

The total reliability value of the eNB system shown in Fig.
3 is determined by the following expression:

ReNB(t) = [1− [1−RRRH(t) ·RBBU (t)]] =

= [1− [1− e(−λRRH ·t)]3] · e(−λBBU ·t). (4)

Here RRRH(t) – is the reliability of RRH, RBBU (t) – is the
reliability of BBU, λRRH – is the failure rate of RRH, λBBU –
BBU is the failure rate of BBU.

EPC (Enveloped Packet Core) consists of MME, S-GW
and P-GW. These components can be interconnected in vari-
ous combinations:
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• The relationship between MME, S-GW as a single com-
ponent and P-GW as a separate component. This con-
nection is especially useful on 3G networks;

• Bind MME, S-GW and P-GW as separate components.
Fig. 4 shows a structural model of the connection of the
elements of the system under consideration for this case
in terms of reliability.

Fig. 4: Structural model of element connection of MME, S-GW
and P-GW in terms of reliability

We enter the following definitions and determine the reli-
ability of the system in Fig. 4 using formula (5). In this case,
RMME(t) – MME reliability, R(S−GW )(t) – S-GW reliability,
R(P−GW )(t) – P-GW reliability, λMME – MME failure inten-
sity, λ(S−GW ) – S-GW failure intensity and λ(P−GW ) – P-GW
failure intensity.

RePG(t) = RMME(t) ·RS−GW (t) ·RP−GW (t) =

= e(−λMME ·t) · e(−λS−GW ·t) · e(−λP−GW ·t). (5)

The reliability of an LTE network depends on the likeli-
hood that the network will support the required functions in
the event of a random component failure. Communication
between eNBs is important for the reliability of the LTE net-
work.

The viability of an LTE network is the total network band-
width available to route traffic.

If we assume that all eNBs are the same and their faults
differ from each other, the reliability of the LTE network de-
pends on the number of eNBs. Therefore, the more eNBs in
a network, the more reliable the network is.

The reliability of an LTE network connected on the basis
of a mesh topology, consisting of K eNBs and in the K/2 eNB
state, is determined by expression (6).

Rnetwork(t) = [1− [1− (ReNB(t))2]
K
2 ] =

[1− [1− e(−2λeNB·t)]
K
2 ] (6)

The average LTE network downtime (MTTF) (7) and net-
work downtime (8) are determined by the expressions:

MT T Fnetwork =
∫

∞

0
Rnetwork(t)dt (7)

λnetwork =
1

MT T Fnetwork
(8)

IV CONCLUSION

The reliability of the eNB and LTE / LTE-A network is
shown in Fig. 5 and Fig. 6, respectively. These results were
obtained on the basis of expressions (4) and (6).

Fig. 5: eNB reliability
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Fig. 6: eNB reliability
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As can be seen from Fig. 5 and Fig. 6, the reliability
of eNB decreases at different values of λRRH and λBBU over
time.

As can be seen from Fig. 7 and Fig. 8, the reliability de-
creases as the component failure rate increases. It should be
noted that the reliability of the LTE / LTE-A network is sig-
nificantly affected by changes in the failure rate of the eNB
component.

Fig. 7: LTE network reliability
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Fig. 8: LTE network reliability
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Abstract– Data augmentation is a strategy for creating synthetic
data from existing data by adding slightly changed copies of cur-
rent data to expand the amount of available data. When training a
machine learning model, it functions as a regularizer and helps to
reduce overfitting. This work will discuss the improved neural net-
work performance with the data augmentation method employing
Gaussian white noise.

Key words– Gaussian White Noise, Neural Networks, Data Aug-
mentation Techniques

I OBJECTIVE

Training neural network models on additional data can en-
hance their capacity to generalize what they have learned to
new data. Augmentation techniques can provide variations
of datasets that can improve the fit models’ ability to gen-
eralize what they’ve learned to new unseen data. We will
use data augmentation strategies to improve model inference
generalization robustness when training neural networks in
this paper.

II INTRODUCTION

Data augmentation refers to a set of strategies for creat-
ing new training samples from existing ones by introducing
random variations and disturbances, ensuring that the data is
not destroyed. Our purpose is to boost the model generaliz-
ability using data augmentation. We discuss the generation
of augmented sets with the addition of Gaussian white noise
to original data. We are exploring human indoor localiza-
tion in a restricted area because it is trendy in the fields like
energy management, health monitoring, and security. The
purpose is to explore cheap but efficient techniques for in-
door localization because for outdoors person tracking, there
exists GPS technology that can quickly determine a person
location through the wearable tag or cell phone. At home
or inside a room, a person is not always carrying a phone;

that is why we should search approaches for tagless localiza-
tion. Four sets of experimental data are collected in a 3x3
meter room for a short period. A 4x4 pixel Omron D6T-44L-
06 thermopile infrared sensor is installed on the ceiling of a
room, and the person reference location is collected with an
ultrasound-based tag of the Marvelmind Starter Set HW v4.9.
Each tuple of experimental data has 18 elements: 16 pixels
of the infrared sensor (IR) plus the X and Y coordinates of
the person representing the label.

III MAIN PART

The first set of experimental data is used for the
model training in a 60/20/20 ratio representing train-
ing/validation/test sets. The other three sets are used only for
inference because our purpose is to improve the model gen-
eralization, which refers to model performance for unseen
data. Since the amount of training data is small, we generate
synthetic data by adding Gaussian white noise. Noise has a
normal distribution with zero mean and finite variance

f (x) =
1

σ
√

2π
e−

1
2 (

x−µ

σ )
2

. (1)

Function f(x) is the probability density, σ is the standard de-
viation, µ is the mean.
Experimental analysis
For the Gaussian white noise, the standard deviation param-
eter allows modulating the noise amplitude. That is why the
first experiment trains the model with the following values
{0.01, 0.11, 0.21, 0.31, 0.41, 0.51, 0.61}. Table 1 represents
the output of the model for each white noise parameter. For
each white noise amplitude in the range {0.01, 0.11, 0.21,
0.31, 0.41, 0.51, 0.61}, based on the best training giving
the smallest Overall_Performance, obtained MSE metrics for
sets A, B, C and D are given in the table 1.

Now we can compare the model results trained on aug-
mented data with our baseline. Let us represent the model
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Noise Amplitude MSE_A MSE_B MSE_C MSE_D

Baseline 0.001565 0.040742 0.113454 0.080686

0.01 0.001904 0.037636 0.033084 0.062054

0.11 0.002187 0.055132 0.053950 0.068099

0.21 0.001810 0.052376 0.054861 0.075765

0.31 0.001577 0.055950 0.075206 0.090898

0.41 0.002161 0.070060 0.051307 0.077119

0.51 0.002728 0.068208 0.040365 0.085448

0.61 0.002427 0.076800 0.035568 0.093364

TABLE 1: MODEL TRAINING RESULTS AT DIFFERENT WHITE

NOISE AMPLITUDES ARE COMPARED TO THE BASELINE. FOR

EACH NOISE PARAMETER CORRESPONDING MSE METRICS FOR

SETS A, B, C, D ARE SHOWN.

results in a graphical way so that we can easily extract the
features. Figure 1 shows that for set A, the model behav-
ior fluctuates in an interval. For smaller values of the noise
amplitude, the model output seems to have smaller MSE val-
ues, while for higher noise values, MSE is also increasing.
Overall results show that model training with augmented sets
does not improve with respect to the baseline. The model
shows a more coherent behavior for the set B. The MSE is
steadily rising for increasing amounts of noise, showing im-
provements in a neighborhood of 0.01 noise standard devi-
ation. Set C is the only one fully improved by the training
with augmented data. It has smaller MSE values compared to
baseline over the whole noise range. Finally, set D expresses
better model improvement up to noise standard deviation 0.5
except for the peak around a point 0.3 and increasing MSE
for higher noise standard deviations. Since we are interested
in overall model generalization quality, we should merge all
independent results of the four sets. In the noise amplitude
under the exploration, all sets show different characteristics,
one showing very significant improvement while others with-
out any improvements. When we sum MSE metrics, signif-
icant improvements of one or two sets could exceed losses
in other sets, so it could be a misleading point to decide as
a better model generalization. To avoid these kinds of "mis-
leading" points after generating the overall sum of MSEs, we
extract the areas with smaller MSE sum values with respect
to the baseline(obtained without augmentation). We should
further inspect extracted areas for each set independently. If
at least three sets have improvements in these intervals, we
can decide that the model has improved generalization for
all sets. Suppose less than three sets show more extensive
improvements that surpass the unsatisfactory results of other
sets. In that case, these noise intervals are not considered as a
noise range with better generalization quality. Going back to
our results in the figure 2, we have overall model results for
all sets. It is showing improvement in a total interval of inves-

Fig. 1: Model output MSE values(red line) obtained by
augmentation with white noise amplitude range [0; 0.6], for data
sets A, B, C and D. Blue line represents the model MSE baseline

obtained without augmented data.

tigated noise standard deviation. However, it is not enough to
decide on the improved generalization. We go back to inde-
pendent plots of sets and search for the areas with more than
two sets showing smaller MSEs than the baseline. It gives
the range roughly around zero.

We perform another experiment in the same interval, but
with a higher resolution. White noise standard deviations,
which are directly proportional to white noise amplitudes, are
chosen as follows: {0.01 0.06 0.11 0.16 0.21 0.26 0.31 0.36
0.41 0.46 0.51 0.56 0.61}. When we analyze the results for
every 30 trainings best model is chosen near to 200 epochs,
which means that the model was still able to learn. Accord-
ing to the second experiment, model training with specified
noise parameters (by performing 30 trainings for each noise
value and choosing the best one) generates the following re-
sults given in Table 2. Since the resolution of the given inter-
val is higher than the previous experiment, we can precisely
extract the sections of the range with better model generaliza-
tion. Let us visually analyze the model output with graphs to
determine the most promising areas in Figure 3.

Mean square error loss function values for set A show
smoother behavior in this experiment. MSE value is slightly
higher than the baseline at the beginning of the noise range.
Then it gradually decreases below the baseline, demonstrat-
ing model improvement until around 0.3. After that, it con-
tinuously increases with increasing noise amplitude. It is ev-
ident that more significant noise amounts does not help the
training generate improvements for set A. Analyzing the plot
of set B, we can say that set B is less resistant to noisy data
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Fig. 2: The model overall inference generalization obtained by
white noise augmentation.

Fig. 3: The second experiment. Model output MSE values(red
line) with augmented data generated in white noise amplitude

range [0; 0.6], for data sets A, B, C and D. Blue line represents the
model MSE baseline obtained without augmented data.

Noise Amplitude MSE_A MSE_B MSE_C MSE_D

Baseline 0.001565 0.040742 0.113454 0.080686

0.01 0.0016 0.039653 0.049996 0.065936

0.06 0.001485 0.040832 0.041435 0.062892

0.11 0.001424 0.04568 0.037765 0.063757

0.16 0.001463 0.050361 0.043676 0.069003

0.21 0.001434 0.05065 0.05417 0.068153

0.26 0.001488 0.066244 0.060627 0.062341

0.31 0.001564 0.067676 0.066316 0.06029

0.36 0.001637 0.093435 0.070558 0.05868

0.41 0.001805 0.099847 0.057439 0.056119

0.46 0.001938 0.117797 0.050876 0.071523

0.51 0.002039 0.142877 0.072843 0.084473

0.56 0.002214 0.141222 0.076763 0.087068

0.61 0.002502 0.196399 0.072507 0.137806

TABLE 2: RESULT OF THE MODEL TRAININGS AT DIFFERENT

WHITE NOISE AMPLITUDES. FOR EACH NOISE PARAMETER

CORRESPONDING MSE METRICS FOR SETS A, B, C, D AND

BEST TRAINING ARE SHOWN.

showing slight improvement of the model for small amounts
of noise approximately up to 0.05. After that point, the model
MSE value starts to increase gradually as for set A. Set C
has total improvement in this range, as in the previous ex-
periment. Considering the graph of set D, we can say that
we could generate more stable and understandable behavior
with respect to the previous experiment. It shows model im-
provement in a noise range of [0; 0.5], which is the same as
the initial results. After noise amplitude 0.5, the MSE starts
to increase abruptly.

Now we can generate a plot to check model overall im-
provement. The sum of the MSE values for all sets is repre-
sented on the vertical axis in Figure 4, while on the horizontal
axis, noise amplitudes are described. Overall model behav-
ior shows a gradual MSE increase for increasing amounts of
noise amplitude. Up to 0.45, MSE is below the baseline,
which means the model has overall improvement. However,
Figure 4 is not enough factor to decide on model general-
ization quality because we should further check the plots of
each set to avoid points in which improvements of one or
two sets are big so that it surpasses the destructive results of
other sets. At the upper end of the noise interval, the over-
all model characteristic shows higher MSE values than the
baseline, which means the model has poor performance.

IV CONCLUSION

The model overall generalization quality is determined
both by the improved MSE sum of all sets and individual im-
provements of at least three sets. Based on Figure 4, it is ob-
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Fig. 4: The model overall inference generalization obtained by
white noise augmentation (the second experiment).

vious that MSE sum is below the baseline in a noise range of
[0; 0.45]. In this range sets C and D have total improvement.
Fields of improvement for sets A and D are smaller than [0;
0.45]. Set A starts to go above the baseline after point 0.3,
which means that we should reduce our initial range from
[0; 0.45] to [0; 0.3] to have at least three sets with individ-
ual improvements. For set B, noise amounts in the range [0;
0.3] could result in MSE values above and below the base-
line. However, we can accept this range as a reasonable in-
terval giving better model generalization quality since at least
sets A, C, D are performing adequately. The last experiment
is accomplished to precisely determine the noise amplitude.
All the sets have simultaneous improvement concerning the
corresponding baselines and improved overall model gener-
alization. We will not explicitly state the resulting table and
plots here. The noise amplitude in the interval [0; 0.046]
gives the best model inference generalization quality with all
sets individual improvements.
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Abstract—In present work we study general properties of con-
tinued fractions and the return times for circle homeomorphisms
with irrational rotation number. Consider the set X of all orienta-
tion preserving circle homeomorphisms T with one break point and
irrational rotation number. There are given proof of the main theo-
rem for return time using visualizations and constructed example to
computing return time for irrational rotation number.

Keywords—circle homeomorphism, break point, rotation number,
continued fractions, return time.

I INTRODUCTION

This paper is devoted to study general properties of con-
tinued fractions and return times for circle homeomorphisms
with irrational rotation number in dynamical partitions. Con-
tinued Fractions are important in many branches of mathe-
matics. They arise naturally in long division and in the the-
ory of approximation to real numbers by rationals. These
objects that are related to number theory help us find good
approximations for real life constants. In A. Khinchin’s clas-
sic book on continued fractions [1], he defines two notions
of being a “best approximation” to a number. The first is the
easier one to describe: a fraction c/d is a best approximation
to a number a if c/d is closer to a than any number with a
smaller denominator. That is, if |a−c/d|< |a− p/q| for any
other fraction p/q where q < d. Khinchin calls this a best
approximation of the first kind. The fraction c/d is a best
approximation of the second kind for a number a if for ev-
ery other fraction p/q with q < d, |da− c| < |qa− p|. It’s a
similar relation as the first kind, but we multiply through by
the denominator on both sides. All best approximations of
the second kind are best approximations of the first kind, but
not all best approximations of the first kind are best approx-
imations of the second kind. Convergents of the continued

fraction for a number are best approximations of the second
kind, and they’re the only numbers that are best approxima-
tions of the second kind.

One of the important problems of ergodic theory is to
study the behaviour of return times. D.H.Kim and B.K.Seo
in [2] investigated return time and waiting time for parti-
tion Qn of same first n digits in binary expansion, i.e. Qn =
{[0,2−n), . . . , [1−2−n,1)}. We consider return time in more
general partition, which is called dynamical partition (See
Section 3). Let (X ,B,µ) be a probability measure space and
T : X >X be be an orientation preserving homeomorphism of
the circle S1 = R1/Z1 ≃ [0,1) with irrational rotation num-
ber θ . Let µ be the unique invariant probability measure of
T. Consider the measurable subset E ⊂ X , µ(E) > 0 and a
point x ∈ X which returns to E under iterations by T , we de-
fine first return time RE on E by the following way:

RE(x) = min{ j ≥ 1 : T jx ∈ E}.

Kac’s lemma [3] states that
∫

E RE(x)dµ ≤ 1. If T is er-
godic, then the equality holds.

A.Dzhalilov and J.Karimov studied the entrance times for
circle homeomorphisms with one break point and “golden
mean” rotation number (ρ = [1,1, . . . ,1, . . .] =

√
5−1
2 ) and

universal renormalization properties [4].

II CONTINUED FRACTIONS. PROOF OF GENERAL
PROPERTIES

In this section we prove the general properties of continued
fractions for irrational number.

1. Let

θ = [a0,a1,a2, . . . ,an] = a0 +
1

a1 +
1

a2+
1

...+ 1
an

, n ∈ N
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and pk

qk
= [a0,a1,a2, . . . ,ak], 0 ≤ k ≤ n, k ∈ N.

The following equations are satisfied for all i such that 0 ≤
i ≤ n, i ∈ N:

pi = ai pi−1 + pi−2, qi = aiqi−1 +qi−2.

We also have p−2 = 0, p−1 = 1,q−2 = 1,q−1 = 0.
Proof. Let S−1 = 1 and S0 = an:

[an−1,an] = an−1 +
1
an

=
an−1an +1

an
=

an−1S0 +S−1

S0
.

Let S1 = an−1S0 +S−1. Then we will have

[an−1,an] =
S1

S0
.

We can see that

Sk = an−kSk−1 +Sk−2, (1)

and
[an−k,an−k+1, . . . ,an] =

Sk

Sk−1
.

We have θ = [a0,a1, . . . ,an] = [an−n,an−n+1, . . . ,an]. Thus
we obtain k = n. Then θ = Sn

Sn−1
. We know that θ = pn

qn
.

From that
pn

qn
=

Sn

Sn−1

We cannot say pn is the same as Sn because of S0 = an and
p0 = a0 are not equal at the all time.

Let’s do some substitutions on Sn. From the equation (1)
we obtain

Sn = a0Sn−1 +Sn−2 = a0(a1Sn−2 +Sn−3)+Sn−2 =

= (a1a0 +1)Sn−2 +a0Sn−3

Let T−1 = 1 and T0 = a0. Then

Sn = (a1T0 +T−1)Sn−2 +T0Sn−3

Let T1 = a1T0 +T−1. Then

Sn = T1Sn−2 +T0Sn−3

Therefore

Sn = T1(a2Sn−3+Sn−4)+T0Sn−3 =(a2T1+T0)Sn−3+T1Sn−4

Similarly consider T2 = a2T1 +T0, then:

Sn = T2Sn−3 +T1Sn−4

We can see that
Tk = akTk−1 +Tk−2

and
Sn = Tk−1Sn−k +Tk−2Sn−k−1.

If n = k then

Sn = Tn−1S0 +Tn−2S−1 = Tn−1an +Tn−2

But it is known that Tn = anTn−1 + Tn−2. Thus Sn = Tn.
Therefore pn = Tn. If we look at p0 = a0 and T0 = a0, we can
obtain that they are equal. So, pn is the sequence as same as
the sequence Tn. Then we can conclude that pn also has the
same recurrence equation:

pi = ai pi−1 + pi−2

We can prove qi = aiqi−1 +qi−2 using above method. In this
case, we should substitute S1 instead of S0.

2. For all n ∈ N, following equality holds:

pnqn−1 − pn−1qn = (−1)n−1

Proof. We use the 1st property and obtain

pnqn−1− pn−1qn =(an pn−1+ pn−2)qn−1− pn−1(anqn−1+qn−2)=

= an pn−1qn−1 + pn−2qn−1 −an pn−1qn−1 − pn−1qn−2 =

= pn−2qn−1 − pn−1qn−2 = (−1)(pn−1qn−2 − pn−2qn−1).

We obtain

pnqn−1 − pn−1qn = (−1)k(pn−kqn−k−1 − pn−k−1qn−k).

Let k = n+1.

pnqn−1 − pn−1qn = (−1)n+1(p−1q−2 − p−2q−1).

It is known that p−2 = 0, p−1 = 1, q−2 = 1, q−1 = 0. Thus

pnqn−1 − pn−1qn = (−1)n−1.

3. For all n ∈ N the following equality holds:

pnqn−2 − pn−2qn = (−1)nan.

Proof.

pnqn−2− pn−2qn =(an pn−1+ pn−2)qn−2− pn−2(anqn−1+qn−2)=

= an pn−1qn−2 + pn−2qn−2 −an pn−2qn−1 − pn−2qn−2 =

= an pn−1qn−2 −an pn−2qn−2 = an(pn−1qn−2 − pn−2qn−2).

From the 2nd property, it is known that

pn−1qn−2 − pn−2qn−2 = (−1)n−2 = (−1)n
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So,
pnqn−2 − pn−2qn = (−1)nan

Before starting the proof of the next properties, consider
some important notations:

a) Let k be non-negative number such that 0 ≤ k ≤ n:

a′k = [ak,ak+1, . . . ,an]

So, we can easily see that

θ = [a0,a1, . . . ,ak−1,a′k]

Also, it is necessary to show the following equations:

p′k = a′k pk−1 + pk−2 (2)

q′k = a′kqk−1 +qk−2 (3)

Thus, we can write θ as:

θ =
p′k
q′k

b) For all x ∈ R, we define the distance to the nearest inte-
ger as following:

∥x∥= min
n∈Z

|x−n|

From that we can say that ∥x∥ ∈ [0;0.5]
4. For all i ∈ N such that 0 ≤ i ≤ n:

θ − pi

qi
=

(−1)i

qiq′i+1

Proof. Let

θ =
p′i+1

q′i+1

Thus,

θ − pi

qi
=

p′i+1

q′i+1
− pi

qi
=

p′i+1qi − piq′i+1

qiq′i+1

By the equations (2) and (3), we can write the equality above
as following:

θ − pi

qi
=

(a′i+1 pi + pi−1)qi − pi(a′i+1qi +qi−1)

qiq′(i+1)
=

=
a′i+1 piqi + pi−1qi −a′i+1 piqi − piqi−1

qiq′i+1
=− piqi−1 − pi−1qi

qiq′i+1

We use the 2nd property:

θ − pi

qi
=− (−1)i−1

qiq′i+1
=

(−1)i

qiq′i+1

So,

θ − pi

qi
=

(−1)i

qiq′i+1

We can conclude that the signs of the sequence {θ −
pi/qi}∞

i=0 alternate.
5. For all i ∈ N such that 1 ≤ i ≤ n:

1
qi+1 +qi

< ∥qiθ∥<
1

qi+1

Proof. Let’s consider previous property:

θ − pi

qi
=

(−1)i

qiq′i+1
=⇒ |θ − pi

qi
|= 1

qiq′i+1

We know q′i+1 > qi+1 and if i ≥ 2, then qi ≥ 2. Then

|θ − pi

qi
|< 1

qiqi+1
=⇒ |qiθ − pi|<

1
qi+1

≤ 1/2

Because of that, we can say |qiθ − pi|= ∥qiθ∥. Thus

∥qiθ∥<
1

qi+1

It is known |qiθ − pi|= 1/q′i+1. Now we prove that

1
q′i+1

>
1

qi+1 +qi

Then

1
q′i+1

>
1

qi+1 +qi
=⇒ q′i+1 < qi+1 +qi =⇒

=⇒ a′i+1qi +qi−1 < ai+1qi +qi−1 +qi =⇒ a′i+1 < ai+1 +1

We have

a′i+1 = ai+1 +
1

a′i+2

Thus

a′i+1 < ai+1 +1 =⇒ ai+1 +
1

a′i+2
< ai+1 +1 =⇒ a′i+2 > 1.

The last inequality is true for all 1 ≤ i < n.
6. For all i ∈ N such that 1 ≤ i < n, if k ∈ N such that

0 < k < qi+1, then:

∥kθ∥> ∥qiθ∥

Proof. Let ∥kθ∥= |kθ − l|. Then we have:

|kθ − l|> |qiθ − pi|
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We can set up the following equation system [5]. Here, x and
y are some variables:{

pi+1x+ piy = l
qi+1x+qiy = k

=⇒

{
x = lqi−kpi

pi+1qi−piqi+1

y = lqi+1−kpi+1
pi+1qi−pi+1qi

By the 2nd property:{
x = (−1)i(lqi − kpi)

y = (−1)i(lqi+1 − kpi+1)

x and y cannot be zero. Since l,k are natural numbers then
x and y are integer numbers. Thus |x|, |y| ≥ 1. We have
qi+1 > k. Then x and y should have opposite signs. Also us-
ing the 4th property, θ − pi/qi and θ − pi+1/qi+1 have oppo-
site signs. Thus, x(qi+1θ − pi+1) and y(qiθ − pi) have same
sign. Then

kθ − l = (qi+1x+qiy)θ − (pi+1x+ piy) =

= x(qi+1θ − pi+1)+ y(qiθ − pi) =⇒

=⇒ |kθ − l|= |x(qi+1θ − pi+1)+ y(qiθ − pi)|=

= |x(qi+1θ − pi+1)|+ |y(qiθ − pi)|> |y(qiθ − pi)|=

= |y||qiθ − pi| ≥ |qiθ − pi|

The last inequality above implies the following:

|kθ − l|> |qiθ − pi|

or
∥kθ∥> ∥qiθ∥.

III DYNAMIC PARTITION. RETURN TIME

Let T (x) = {x+θ} and θ is any irrational number on the
interval (0;1). We can write θ as continued fraction:

θ =
1

a1 +
1

a2+
1

a3+...

Let x0 is any real number on (0;1) and T (x0) = x1,T 2(x0) =
T (T (x0)) = x2, . . . ,T n(x0) = T (T n−1(x0)) = xn.

Properties:
1. xqn is located nearer to x0 than any xi such that qn > i. If
n is even, xqn is located on the right side of x0, else xqn is
located on the left side of x0
2. Small distance between x0 and xqn is ∥qnθ∥
3. The following equality holds:

∥xm − xn∥= ∥xk − xl∥

if m−n = k− l.

Now we consider “dynamic partition” of T (x) = {x+θ}.
Consider the right neighborhood of x0 and let there be

some xqn :

According to our condition, xqn is located on the right
side of x0. By the 1st property, xqn+2 is also located on the
right side of x0. Main thing is that xqn+2 creates the interval
(x0;xqn+2) with a new length which is smaller than length of
previous intervals:

Now define number of intervals which is formed between
xqn+2 and xqn . xqn+1 also creates smaller interval than previous
ones. Thus the intervals created by xqn+1 ,xqn+1+1, . . . ,xqn+2−1
are smallest until xqn+2 creates a new interval. Using the 2nd
and 3rd property:

∥xqn+1 − x0∥= ∥xqn+2 − xqn+2−qn+1∥.

Then the point on the right side of xqn+2 is xqn+2−qn+1 :

We can continue by this way:

∥xqn+1 −x0∥= ∥xqn+2 −xqn+2−qn+1∥= ∥xqn+2−qn+1 −xqn+2−2qn+1∥

= ∥xqn+2−(an+2−1)qn+1 − xqn+2−an+2qn+1∥

But qn+2−an+2qn+1 = qn. There is an+2 point between xqn+2
and xqn . The graph is the following:

We can illustrate whole graph by that rule.
Now we formulate the theorem on “return time” for circle

homeomorphisms with irrational rotation number in dynam-
ical partitions. It is known that the first return time RE of an
irrational rotation T has at most three values if E is an inter-
val ([6], [7]). We present a proof using illustrations of dy-
namical partitions. Since T is invariant translation, we may
assume E = [0,b).
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Theorem. Let T (x) = {x+θ} and b ∈ (0;∥θ∥]. Let i ≥ 0
be an integer such that ∥qiθ∥< b≤∥qi−1θ∥ and K an integer
which satisfies

K = max{k ≥ 0: k∥qiθ∥+∥qi+1θ∥< b}
If i is even, then

R[0;b](x) =



qi,

if 0 ≤ x < b−∥qiθ∥,
qi+1 − (K −1)qi,

if b−∥qiθ∥ ≤ x < K∥qiθ∥+∥qi+1θ∥,
qi+1 −Kqi,

if K∥qiθ∥+∥qi+1θ∥ ≤ x ≤ b.

If i is odd, then

R[0;b](x) =



qi+1 −Kqi,

if 0 ≤ x < b−K∥qiθ∥−∥qi+1θ∥,
qi+1 − (K −1)qi,

if b−K∥qiθ∥−∥qi+1θ∥ ≤ x < ∥qiθ∥,
qi,

if ∥qiθ∥ ≤ x ≤ b.

Proof with illustrations.
Let x0 = 0 and i be even. Let’s consider the interval [0;xqi−2).
We know that xqi is nearer to x0 than xqi−2 and xqi−qi−1 is the
nearest point to xqi and the length of the interval (xqi ;xqi−qi−1)
is ∥qi−1θ∥. Also, we have ai intervals between xqi and xqi−2
that their length is also ∥qi−1θ∥:

Let’s consider the interval [0;xqi−qi−1) only. The point
xqi+1+qi−qi−1 takes the place that nearer to xqi−qi−1 . So, there
will be ai+1 intervals between xqi and xqi+1+qi−qi−1 that their
length is ∥qiθ∥ which is the same as distance between x0 and
xqi :

We know that smallest interval here is
(xqi+1+qi−qi−1 ;xqi−qi−1) and its length is ∥qi+1θ∥. Let’s
take the point b that is located on (0;xqi−qi−1):

Important note is that b is not on (xqi−qi−1 −
∥qi+1θ∥;xqi−qi−1) because in this case K will be ai+1.
If K = ai+1, then:

ai+1∥qiθ∥+∥qi+1∥< b =⇒∥qi−1θ∥< b

since ai+1∥qiθ∥+ ∥qi+1θ∥ = ∥qi−1θ∥. But we have the
condition

∥qiθ∥< b ≤ ∥qi−1θ∥.

In this case, we should say that qi+1 + qi − qi−1 = (ai+1 +
1)qi. Also, b cannot be located on [0;xqi), because of the
condition above. Then 0 ≤ K ≤ ai+1 −1.

Now consider case when x0 ∈ [0;b]. Let’s consider the
interval [0;b−∥qiθ∥) first. If x0 is on this interval, xqi is the
1st point located on [0;b]:

Let’s illustrate the graph of (xqi−1 ;1] for x0 = 0:

Let x0 ∈ [b−∥qiθ∥;K∥qiθ∥+ ∥qi+1θ∥). In this case, the
1st point located on [0;b] is xqi+1−(K−1)qi . We use the previ-
ous graph to illustrate it:

Let x0 ∈ [K∥qiθ∥+∥qi+1θ∥;b]. In this case, the 1st point
located on [0;b] is xqi+1−Kqi :

We state that the formula is true for K = 0. Let K = 0.
b will be on the interval (xqi ;xqi + ∥qi+1θ∥). If x0 ∈ [0;b−
∥qiθ∥) or x0 ∈ [K∥qiθ∥+ ∥qi+1θ∥;b], it’s easy to see that
R[0;b] = qi or R[0;b] = qi −qi−1. We should proof that R[0;b] =
qi+1 +qi, if x0 ∈ [b−∥qiθ∥; K∥qiθ∥+∥qi+1θ∥). Let’s draw
the graph and fill it with other points:
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From the graph, you can see that xqi+1+qi is the 1st point
located on

[b−∥qiθ∥;K∥qiθ∥+∥qi+1θ∥).

The theorem is proved for even i.
Let i be odd. Let’s move the main graph by 1 to the left

side. Then we have the interval (xqi−1 − 1;0] and let −b be
located on that interval but b ̸= 0 and ∥qiθ∥< b ≤ ∥qi−1θ∥.
For this condition, we have following return time:

R[−b;0](x)=



qi+1 −Kqi,

if −b ≤ x <−K∥qiθ∥−∥qi+1θ∥,
qi+1 − (K −1)qi,

if −K∥qiθ∥−∥qi+1θ∥ ≤ x <−b+∥qiθ∥,
qi,

if −b+∥qiθ∥ ≤ x ≤ 0.

If we shift the interval by b to the right side, then we have:

R[0;b](x) =



qi+1 −Kqi,

if 0 ≤ x < b−K∥qiθ∥−∥qi+1θ∥,
qi+1 − (K −1)qi,

if b−K∥qiθ∥−∥qi+1θ∥ ≤ x < ∥qiθ∥,
qi,

if ∥qiθ∥ ≤ x ≤ b.

The proof has completed.
Now we compute return time of circle homeomorphisms

using above theorem for exact irrational rotation number.
Let θ =

√
2−1. Its continued fraction form is the follow-

ing:

θ = [2,2, . . . ,2, . . .] =
1

2+ 1
2+ 1

2+...

Let’s calculate return time for it:
Let ∥qiθ∥< b ≤ ∥qi−1θ∥. Consider the interval [0;b]:
We know that

0 ≤ K ≤ ai+1 −1

but have ak = 2 for any k ∈ [1;∞). So ai+1 = 1. Thus, K can
be 0 or 1.
Let K = 0:

In this case, b cannot be greater than ∥qi+1θ∥+ ∥qiθ∥
since K will be 1. Then b ∈ (∥qiθ∥;∥qi+1θ∥+∥qiθ∥].
If i is even:

R[0;b](x) =


qi, 0 ≤ x < b−∥qiθ∥,
qi+1 +qi, b−∥qiθ∥ ≤ x < ∥qi+1θ∥,
qi+1, ∥qi+1θ∥ ≤ x ≤ b.

If i is odd:

R[0;b](x) =


qi+1, 0 ≤ x < b−∥qi+1θ∥,
qi+1 +qi, b−∥qi+1θ∥ ≤ x < ∥qiθ∥,
qi, ∥qiθ∥ ≤ x ≤ b.

Let K = 1. Then b ∈ (∥qi+1θ∥+∥qiθ∥;∥qi−1θ∥].
If i is even:

R[0;b](x) =


qi, 0 ≤ x < b−∥qiθ∥,
qi+1, b−∥qiθ∥ ≤ x < ∥qiθ∥+∥qi+1θ∥,
qi+1 −qi, ∥qiθ∥+∥qi+1θ∥ ≤ x ≤ b.

If i is odd:

R[0;b](x) =


qi+1 −qi, 0 ≤ x < b−∥qiθ∥−∥qi+1θ∥,
qi+1, b−∥qiθ∥−∥qi+1θ∥ ≤ x < ∥qiθ∥
qi, ∥qiθ∥ ≤ x ≤ b.
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Abstract– The article presents the results of an experimental study
to determine the influence of such factors as the feed speed, the
pressing force of the squeezing rollers on the amount of residual
moisture content in the semi-finished leather product after the liq-
uid chrome tanning operation. The experiments were conducted
using a cermet base plate, on which one layer of the folded wet
leather semi-finished product was previously put and fed vertically
between rotating squeezing rollers. The D-optimal method of math-
ematical planning of the experiment with the K. Kano design matrix
was used to conduct experiments. As a result of the study, a math-
ematical model was obtained for the dependence of the feed speed
and the pressing force of the squeezing rollers on the amount of
moisture extracted from a wet leather semi-finished product. The
analysis of the results of experimental study showed that the use of
a base plate made of cermet during squeezing a wet leather semi-
finished product increases the efficiency of moisture extraction in
comparison with a metal base plate.

Key words– experiment planning; wet leather semi-finished prod-
uct; ceramic-metal base plate; squeezing rollers; pressure; speed;
experiment.

I INTRODUCTION

The quality of the finished leather is influenced by all tech-
nological stages of processing, therefore, after the realization
of each of them, it is necessary to analyze the condition of the
leather semi-finished product [1,2,3]. In [4], the influence of
the number of layers of leather and moisture-removing ma-
terials on the process of extracting moisture during their feed
to a metal base plate made of steel 3 was investigated.

Experimental research in the leather industry is aimed at
solving complex multifactorial problems, the result of which
is determined by rational modes of technological processes
for treating leather raw materials. The physical and mechan-
ical properties of semi-finished leather products vary depend-
ing on their moisture content. Consequently, the process of

extracting excess moisture from a semi-finished leather prod-
uct after liquid processing substantially affects the quality
of subsequent technological processes, for example, planing,
splitting, drying [5-8].

This article is devoted to an experimental study of the ef-
fect of a cermet base plate on the efficiency of extracting
moisture from a wet leather semi-finished product.

II METHODS AND RESULTS OF EXPERIMENTAL
RESEARCH

The experiment was conducted on a special test bench,
where the squeezing rollers were installed horizontally, and
the base plate was made of porous cermet material PP64S-
250-25-76-40, 0.015 m thick, mounted on a metal guide rod,
0.1 m wide and 0.3 m long (Fig. 1). In the present study,
a base plate made of porous cermet material was used. The
base plate was turned from an abrasive wheel of the PP64S-
250-25-76-40 brand of a universal, straight profile, based on
silicon carbide. The percentage of the volume of abrasive
grains per unit volume of the wheel is 40. The used material
has a 20% porosity, which, at a certain feed rate is sufficient
to extract moisture from the inner side of wet leather.

For engineering reasons, the minimum thickness of the
base plate was calculated and chosen to be 0.015 m to ensure
the required strength under the high pressure of the squeeze
rollers. It should be noted that in industrial conditions, after
each work shift, the cermet base plate should be rinsed with
a pressure of warm water, just as the permeable coatings of
the squeezing rollers are washed.

For the experiment, we took a bovine hide of medium
weight, splitted, after chrome tanning. According to the
International Standard ISO 2588-85, the required size of a
leather semi-finished product was selected by the following
formula

n = 0,2
√

x (1)
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where x is the number of semi-finished leather products
for the experiment; 2500 pieces were taken from the batch,
so, n=10 pieces. From these 10 samples, 0.05×0.25 m strips
were cut out with a cutter across the spine line; the numbered
strips were assembled into groups of 5 pieces according to
the scheme given in [9].

During the experiment, a wet leather semi-finished prod-
uct 0.004 m thick was hung folded on a cermet base plate.
Before and after squeezing, the samples were weighed on
a VLTE-500 laboratory balance with discreteness of 0.01 g
(ISO-9001).

The second-order D-optimal planning method with the K.
Kano design matrix [10] was used.

Fig. 1: Fragment of pressing machine for a semi-finished leather
product on an experimental test bench: 1 – bed frame, 2 -
squeezing rollers, 3 - roller coatings (monchon BM), 4 -

semi-finished leather, 5 - cermet base plate, 6 - springs, 7 - tension
nuts

On the basis of prior information, the process of moisture
extraction was studied considering the following factors:x1 -
pressure intensity P, kN/m; x2 - feeding speed V, m/s. Based
on the analysis of various squeezing machines, the pressure
range was selected from 32 to 96 kN/m; the rotation speed
of the squeezing rollers was taken from 0.17 to 0.34 m/s; the
number of semi-finished leather products was one.

The diameter of the squeezing rollers was 0.2 m and they
were coated with 0.01 m thick moisture-removing material
made of BM brand felt. Before conducting the experiment,
the required number of measurements (the number of repli-
cates) was selected by the methods of mathematical statistics,
which ensured the required accuracy.

The working matrix was drawn up according to the K.
Kano plan matrix for a two-factor experiment. Factors were
encoded according to the formula

xi =
ci − ci0

t0
(2)

where xi is the coding of the factor values; ci, ci0 are the
natural values of the factor at the current and zero levels; t0
is the natural value of the factor variation interval. The levels
and intervals of variation of experiment factors are shown in
Table 1.

Index Coded value of factors Natural values of factors
x1, kN/m x2, m/s

Upper level + 96 0.340
Zero level 0 64 0.255
Lower level - 32 0.170
Variation interval 32 0.085

TABLE 1: LEVELS AND INTERVALS OF VARIATION OF

EXPERIMENT FACTORS

Target functions are approximated by a polynomial

y = b0 +
k

∑
i=1

bixi +
k

∑
i, j=1

bi jxix j +
k

∑
i=1

biix2
i (3)

where y is the amount of removed moisture in coded form;
b0, bi, bi j, bii are the regression coefficients.

The homogeneity of the variance was realized using the
Cochran test [10-12] at a confidence level of α = 0.95.
Knowing the total number of variances estimates N and the
number of degrees of freedom f=k–1 from Table 3 [10], we
determine GT = 0.358, for N=9; f=k–1=5–1=4; k is the num-
ber of parallel experiments.

S2
er =

∑
n
1(y− ȳ)2

n−1
(4)

N

∑
1

S2
i =

∑
N
1 ∑

n
1(y− ȳ)2

N(n−1)
(5)

Gcal =
S2

max

∑
N
1 S2

i
=

0.4153
1.7555

= 0.2365 < GT = 0.358 (6)

Consequently, the study results are reproducible.
We determine the regression coefficients b0, bi, bi j, bii

from Table 4 [10].
For a semi-finished leather product in coded form they are

b0 = 18.3372; b11 = 1.0867; b22 = ˘0.8083; b1 = 3.7063;
b2 = ˘2.7359; b12 = ˘0.3. We get the following coded regres-
sion equations: for semi-finished leather

y = 18.34+1.0867x2
1 −0.8083x2

2+

+3.7063x1 −2.7359x2 −0.3x1x2 (7)
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TABLE 2: EXPERIMENT PLANNING MATRIX

№ P, x1 V , x2
Measurement results, in %

∑
n
1(y−ȳ)2 S2

er ycal ȳ-ycal (ȳ-ycal)2
y1 y2 y3 y4 y5 ȳ

1 0 0 18.53 18.61 18.36 18.20 18.55 18.50 0.1311 0.0327 18.34 0.16 0.0256
2 + + 19.39 18.77 18.78 20.11 19.47 19.30 1.2444 0.3111 19.29 0.01 0.0001
3 - + 11.65 13.13 13.02 12.26 12.45 12.50 0.4499 0.1124 12.48 0.02 0.0004
4 - - 17.15 17.5 17.53 16.95 17.86 17.40 0.6035 0.1508 17.30 0.1 0.001
5 + - 26.33 25.55 25.26 24.98 24.89 25.40 1.3435 0.3358 25.36 0.04 0.0016
6 + 0 22.62 23.23 23.36 23.10 22.98 23.06 0.3205 0.0801 23.13 0.07 0.0049
7 0 + 14.16 15.60 14.46 14.86 14.68 14.75 1.1563 0.2891 14.80 0.05 0.0025
8 - 0 15.60 15.63 15.80 15.43 15.44 15.60 0.1114 0.0278 15.72 0.12 0.0144
9 0 - 20.74 20.18 20.57 19.09 20.02 20.12 1.6614 0.4153 20.27 0.15 0.0225

∑7.022 ∑1.755 ∑0.082

Substituting x1 =
P−64

32 , whereP is the pressing force of the
squeezing rollers and x2 =

V−0.255
0.085 , where V is the feed speed

of wet leather semi-finished products between the rotating
squeezing rollers, we obtain the equations for the amount of
moisture removed from wet leather semi-finished products
between the rotating squeezing rollers in a natural form.

After the implementation of the working matrix, the arith-
metic mean values were obtained (Table 2).

III ANALYSIS OF THE RESULTS

The hypothesis of the adequacy of the equations obtained
was tested using Fisher’s variance ratio at a confidence level
of α = 0.95 [10-14].

Fcal =
S2

ad
S2 {y}

< FT (8)

where S2
ad is the residual variance or the variance of ade-

quacy; S2 {y} - is the variance of reproducibility.
S2

ad and S2 {y} are defined from Tables 1, 2, and 3.

S2
ad =

∑
N
1 n(ȳ− y)2

N−(x+2)(x+1)
2

=
5 ·0.082

3
= 0.1366 (9)

S2
{y} =

∑
N
1 ∑

n
1(y− ȳ)2

N(n−1)
=

7.022
36

= 0.1950 (10)

Fisher’s variance ratio of the model adequacy is:

Fcal =
S2

ad
S2 {y}

=
0.1366
0.1950

= 0.70 < FT = 2.880 (11)

where N – is the total number of experiments; k is the number
of factors; n is the number of experiment repetitions; yi is the
result of a separate observation; ȳ is the arithmetic mean of
the results of the experiment; yp is the calculated values of
the criterion according to the regression equation.

So, the regression equation can be considered suitable with
a 95% confidence level, which in the named form after de-
coding has the following form: for semi-finished leather:

△W = 10.006+0.001P2 −111.875V 2 −0.0403P+

+17.8165V −0.1102PV (12)

A dependence graph of the amount of extracted moisture
△W (12) from a wet leather semi-finished product in per-
centage at different feed speeds V and pressing forces P (Fig.
2) is built.

Comparative analysis of the efficiency of pressing a wet
leather semi-finished product on a porous cermet base plate
versus a metal base plate showed the difference in the amount
of removed moisture △W by an average of 7%.

Fig. 2: Dependence of the amount of extracted moisture △W on
the feed speed V of the semi-finished leather product with the
following values of the pressing force of the squeezing rollers:

P=32 kN/m, P=64 kN/m, P=96 kN/m

Consequently, in this case, it is possible to reduce the val-
ues of the pressing force between the squeezing rollers and it
is recommended in vertical squeezing roller machines to use
base plates made of hard porous materials in order to increase
the productivity of the technological process.
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TABLE 3: DETERMINATION OF REGRESSION COEFFICIENTS

№ P, x1 V , x2
Coefficient multipliers

b0 b11 b22 b1 b2 b12 ȳ
1 0 0 0.5772 -0.3234 -0.3234 0 0 0 18.50
2 + + -0.1057 0.1691 0.1691 0.1961 0.1961 0.25 19.30
3 - + -0.1057 0.1691 0.1691 -0.1961 0.1961 -0.25 12.50
4 - - -0.1057 0.1691 0.1691 -0.1961 -0.1961 0.25 17.40
5 + - -0.1057 0.1691 0.1691 0.1961 -0.1961 -0.25 25.40
6 + 0 0.2114 0.1617 -0.3383 0.1078 0 0 23.062
7 0 + 0.2114 -0.3383 0.1617 0 0.1078 0 14.750
8 - 0 0.2114 0.1617 -0.3383 -0.1078 0 0 15.60
9 0 - 0.2114 -0.3383 0.1617 0 -0.1078 0 20.12

IV CONCLUSIONS

Analysis of the experimental results (Fig. 2) shows that it
is possible to increase the productivity of moisture extraction
from semi-finished leather products by increasing the extrac-
tion speed on a base plate made of porous cermet material
PP64S-250-25-76-40. The results of the experiments show
that the removal of moisture at the pressing force P=32 kN/m
of the squeezing rollers, the maximum feed speed is slightly
less than V =0.34 m/s. At the pressure of the squeezing rollers
P=64 kN/m, the maximum feed speed is more than V =0.34
m/s. At the pressure of the squeezing rollers of a roller ma-
chine P=96 kN/m, the feed speed is substantially higher than
0.34 m/s. The experiment showed that the moisture removed
in excess of the required 13% is from 6 to 1.75% of the initial
weight of the leather semi-finished product. Consequently, it
will be possible to squeeze out moisture from wet leather
semi-finished products at the feed speed of more than 0.34
m/s with the pressing force of the squeezing rollers from 64
to 96 kN/m.

In the future, the maximum speed of moisture extraction
from semi-finished leather products of more than 0.34 m/s
will be experimentally determined with the proposed design
of the base plate in the form of a cermet material PP64-250-
25-76-40 with a thickness of 0.015 m and at pressing forces
from 64 to 96 kN/m.

The use of the proposed structure as a base plate made
of porous cermet material provides moisture removal with-
out fibrous porous materials that wear out quickly. This will
increase the efficiency of the technological operation of ex-
tracting excess moisture from the wet leather semi-finished
product.
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Abstract– An analysis of the hydrodynamic development of the
filtration process of liquids and gases in the porous medium, a math-
ematical model of the filtration process of gases in dynamically
porous media, a finite difference method for solving the boundary
value of gas motion in a porous medium and its algorithm consid-
ered.

Key words– linear law, quasilinear method, Sweep method

I INTRODUCTION

Based on data on the movement of liquids and gases in
the real layer, some complex problems of underground hy-
draulics are studied and their solutions are found using math-
ematical methods. The movement of liquid and gas in the
natural subsurface begins with the extraction of oil and gas.
This movement is completely different from the movement
of a pipe or an open well with its own characteristics.

At present, the design and operation of new oil and gas
fields and the operation of wells cannot be imagined without
the application of the laws of underground hydraulics. How
to place the wells in a given layer; how many wells are in
the stratum and in what order they should be included; what
mode of operation should be maintained in them; how much
water needs to be pumped into the layer to maintain pressure;
it is necessary to direct and adjust the movement of liquid or
gas in the formation, and many such questions are solved on
the basis of the laws of underground hydraulics.

If we look at the history of underground hydraulics, the
development of this science was founded in the middle of the
XIX century by the French engineer G. Darcy. In 1856, he
studied filtration phenomena experimentally and developed
his own Darcy Law.

Slixter contributed to the development of underground hy-
draulics. He introduced the concepts of ideal and fictitious
(artificial) soil, showing that the porosity of fictitious soil
does not depend on the diameter of the particles of volumet-
ric and surface voids, but on their location in the surface.

L.S. Leibenzon was the first to develop a differential equa-
tion of gas and gas motion in a porous medium based on the-
oretical and experimental research. He made a mathematical
analysis of the methods of calculating oil and gas reserves in
the strata, the problems of oil and gas extraction by water.

Further development of oil and gas underground hydrome-
chanics acad. L.S. Leibenzon’s students contributed. In the
development of the theory of filtration in the oil and gas
aquifer, Acad. S.A. Christianovich, professorial- B.B.Lapuk,
I.A.Charny, V.N.Shelka - chev, K.S Basniyev. G.B. The
Pikhachevs made a significant contribution.

II MAIN PART

Knowledge of their properties in porous or cracked envi-
ronments is essential for the efficient operation of oil and gas
fields. We consider the problem of non-stationary filtration
of gas in two interconnected layers in a porous medium.

The following non-stationary filtration processes are as-
sumed to be:

• Gas layers consist of inhomogeneous porous media;

• The lengths of the gas layers are the same distance;

• In the initial state, the layers are at the same pressure;

• The motion of a gas in both layers obeys the linear law
of Darcy;
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• The properties of the gas in both layers do not change
over time.

Based on these requirements, it is necessary to determine
the change in pressure function in both gas layers over time.
At this time, the flow rate of gas wells varies, and they can
be located anywhere in the gas layer (Fig.1).

Fig. 1: Gas layers with poor permeability.
I - the first gas layer; II – poorly conductive layer III – the second

gas extraction layer.

In the design and analysis of the operation of multilayer
gas fields in the filtration processes of gases in a porous en-
vironment, it is necessary to take into account the presence
of hydrodynamic connections between the layers. In this
case, the use of highly efficient methods in the mathematical
modeling of the gas filtration process in two-layer systems
is required, because the corresponding system of equations
is nonlinear and cannot be solved by analytical methods. If
both layers are the same in collector properties, the problem
can be expressed in a one-dimensional or two-dimensional
boundary matter. In this case, the mathematical model of the
one-dimensional mass can be thought as a system of equa-
tions of the nonlinear parabolic type.(1)


∂

∂x

[
k1(x)

∂P2
1

∂x

]
= 2µa1m1

∂P1
∂ t − kΠ

hΠh1
(P2

2 −P2
1 ),

∂

∂x

[
k2(x)

∂P2
2

∂x

]
= 2µa2m2

∂P2
∂ t + kΠ

hΠh1
(P2

2 −P2
1 )−Q,

0 < x < L (1.1)

Initial and boundary conditions

P1(x) = P1H(x) P2(x) = P2H(x) at t = 0

(1.2)

−k1h1
∂P1

∂x
= α(PA −P1);

−k2h2
∂P2

∂x
= α(PA −P2) x = 0

(1.3)

−k1h1
∂P1

∂x
= α(PB −P1);

−k2h2
∂P2

∂x
= α(PB −P2) x = L

(1.4)

∫
S

kihi

µ

∂Pi

∂n
ds =−qi(t); i = 1,2

(1.5)

The following symbols are accepted in the system of equa-
tions and boundary conditions:

• P1, P2 - lower and upper layer pressures, respectively;

• PH - initial layer pressure;

• k1 and k2 – layer permeability in the lower and upper
layers, respectively;

• kP – permeability coefficient of weak conductivity
layer;

• h1 va h2 - the thickness of the bottom and top layer,
respectively;

• hP - weakly conductive layer thickness;

• µ – gas viscosity coefficient;

• q(t) – bottom layer well flow;

• m1, m2 – porosity of the lower and upper layers, respec-
tively;

• si – well contour;

• n1 - number of wells.

To include dimensionless variables in the system of equa-
tions and in boundary conditions, we include the following.

x∗ =
x
L

; k∗1 =
k1

kx
; k∗2 =

k2

kx
; k∗P(x) =

kP

kx
;

P∗
1 =

P1

Px
; P∗

2 =
P2

Px
; τ =

kxPxt
µL2 .
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By performing these changes in the system and dropping
the asterisk for convenience, we come to the following di-
mensionless problem:


∂

∂x

[
k1(x)

∂P2
1

∂x

]
= 2α1m1

∂P1
∂ t − kp

hp
L2

h1
(P2

2 −P2
1 ),

∂

∂x

[
k2(x)

∂P2
2

∂x

]
= 2α2m2

∂P2
∂ t +

kp
hp

L2

h2
(P2

2 −P2
1 )−δq(t),

0 < x < 1 (1.6)

Initial and boundary conditions

P1(x) = P1H(x) P2(x) = P2H(x) at t = 0

(1.7)

−k1h1
∂P1

∂x
= α(PA −P1);

−k2h2
∂P2

∂x
= α(PA −P2) x = 0

(1.8)

−k1h1
∂P1

∂x
= α(PB −P1);

−k2h2
∂P2

∂x
= α(PB −P2) x = 1

(1.9)

∫
S

kihi

µ

∂Pi

∂n
ds =−qi(t); i = 1,2

(1.10)

Limited difference method and its algorithm for
solving the boundary value problem of gas motion in a
two-layer porous medium

We use the non-disclosed finite difference method to solve
the dimensional boundary value problem above (1.6) - (1.10)
(7).

To solve the problem using this numerical method, we
construct a grid of equal steps in the field

{0 < x < 1, 0 ≤ t ≤ 1}

.

whτ =

{
xi = ih, i = 0,1, ...,n, h =

1
n
, t j = jτ, j = 0,1, ...

}
and by approximating the system of equations in the grid, we
obtain the following finite difference scheme (1).

k1i−0.5P2
1i−1 − (k1i−0.5 + k1i+0.5)P2

1i + k1i+0.5P2
1i+1−

−h2

τ
2α1m1(P1i − P̂1i)+

h2kPi

hP

L2

h1
(P2

2i −P2
1i) = 0;

k2i−0.5P2
2i−1 − (k2i−0.5 + k2i+0.5)P2

2i + k2i+0.5P2
2i+1−

−h2

τ
2α2m2(P2i − P̂2i)−

h2kPi

hPi
L2

h2
(P2

2i −P2
1i) = 0;

The obtained differential equations are not linear with re-
spect to the pressure function P, so the iteration method
based on the quasilinear functions of nonlinear method is
used. According to these methods, the nonlinear members
of finite difference equations are presented as follows:

ϕ(P) = ϕ(P̃)+(P− P̃)
∂ϕ(P̃)

∂P
. (1.11)

Here, P is the approximate value of the P̃ function deter-
mined during the iteration process

P̃ = P(S)
i , and P(0)

i = P̂i.

The iteration process continues until the following condi-
tions are met

maxi, j

∣∣∣P(s)
1i −P(s−1)

1i

∣∣∣≤ ε, maxi, j

∣∣∣P(s)
2i −P(s−1)

2i

∣∣∣≤ ε.

(1.12)
Here:

ε – iteration accuracy, a small amount known in advance;
s - number of iterations.

If formula (1.11) is written for a nonlinear pressure
function, we have the following formula

P2 ≈ 2P̃P− P̃2.

Then, after applying the method of quasilinear functions
of nonlinear terms, the coefficients of these quasilinear dif-
ferential equations are as follows:

ai = 2P̃1i−1k1i−0.5; ci = 2P̃1i+1k1i+0.5;
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bi = ai + ci +
h2

τ
2α1m1 +

h2kΠi

hΠ

L2

h1
;

di =
h2kΠi

hΠ

L2

h1
;

fi =
h2

τ
2α1m1P̂1i + k1i−0.5P̃2

1i−1−

−(k1i−0.5 + k1i+0.5)P̃2
1i + k1i+0.5P̃2

1i+1;

a′i = 2P̃2i−1k2i−0.5; c′i = 2P̃2i+1k2i+0.5;

b′i = a′i + c′i +
h2

τ
2α2m2 +

h2kΠi

hΠ

L2

h2
;

d′
i =

h2kΠi

hΠ

L2

h2
;

f ′i =
h2

τ
2α2m1P̂2i + k2i−0.5P̃2

2i−1−

−(k2i−0.5 + k2i+0.5)P̃2
2i + k2i+0.5P̃2

2i+1;

We use the sweep method to solve this finite separation
system. Then we have this system of finite differences above
and the system of finite differences below the boundary con-
ditions.

aiP1i−1 −biP1i + ciP1i+1 +diP2i =− fi; (1.13)

(3k10h1 −2hλα)P10 −4k11h1P11 + k12h1P12 = 2hλαPA
(1.14)

(3k1nh1−2hλα)P1n+4k1n−1h1P1n−1−k1n−2h1P1n−2 =−2hλαPA
(1.15)

a′iP2i−1 −b′iP2i + c′iP2i+1 +d′P1i =− f ′i ; (1.16)

(3k20h2 −2hλα)P20 −4k21h2P21 + k2h2P22 = 2hλαPA
(1.17)

(3k2nh2−2hλα)P2n+4k2n−1h2P2n−1−k2h2n−2P2n−2 =−2hλαPA
(1.18)

i, j = 1,2, ...,N −1.

The solution of this finite distribution system (1.13) -
(1.18) is determined from the following formulas

P1i = AiP1i+1 +BiP2i+1 +Ci (1.19)

P2i = A′
iP2i+1 +B′

iP1i+1 +C′
i (1.20)

i = 1,2, ...,n−1.

Here:

Ai =
ci(b′i −a′iA

′
i−1)

Ri
; Bi =

c′i(aiBi−1 +di)

Ri
; (1.21)

A′
i =

c′i(bi −aiAi−1)

Ri
; B′

i =
ci(a′iB

′
i−1 +d′

i)

Ri
; (1.22)

Ci =
(aiBi−1 +di)(a′iC

′
i−1 + f ′i )+(aiCi−1 + fi)(b′i −a′A′

i−1)

Ri
;

(1.23)

C′
i =

(a′iB
′
i−1 +d′

i)(aiCi−1 + fi)+(a′iC
′
i−1 + f ′i )(bi −aiAi−1)

Ri
;

(1.24)

Ri = (bi −aiAi−1)(b′i −a′iA
′
i−1)− (aiBi−1 +di)(a′iB

′
i−1 +d′).

i = 1,2, ...,n−1.

Acta of Turin Polytechnic University in Tashkent, 2022, 31, 39-45



ONE-DIMENSION OF NOSTATSIONAL FILTRATION PROCESS OF GAS IN A TWO-LAYER POOR ENVIRONMENT MATHEMATICAL MODEL AND NUMBER OF

METHODS OF SOLVING IT 5

Here A0; B0; C0; A′
0; B′

0; C′
0; s values are determined from

the boundary conditions

A0 =
(b1 −4c1)k11h1

a1k12h1 − (3k10h1 −2hα)c1
; (1.25)

B0 =− d1k12h1

a1k12h1 − (3k10h1 −2hα)c1
; (1.26)

C0 =
f1k12h1 +2hαc1

a1k12h1 − (3k10h1 −2hα)c1
; (1.27)

A′
0 =

(b′1 −4c′1)k21h2

a′1k2h22 − (3k20h2 −2hα)c′1
; (1.28)

B′
0 =− d′

1k22h2

a′1k22h2 − (3k20h2 −2hα)c′1
; (1.29)

C′
0 =

f ′1k22h2 +2hαc′1
a′1k22h2 − (3k20h2 −2hα)c′1

. (1.30)

using formulas (1.13 and (1.16) (for i = n − 1), the right-
hand boundary conditions (1.15) and (1.18) and the formulas
(1.19), (1.20) (for i = n−1) on the ng side P1n va P2n we find.

After the reorganization, we obtain the following systems
of equations, two of which are unknown P1n and P2n:

[
(3an−1 − cn−1)− (4an−1 −bn−1)An−1 −dn−1B′

n−1
]

P1n+

+
[
(4an−1 −bn−1)Bn−1 −dn−1A′

n−1
]

P2n =

=
[
dn−1C′

n−1 + fn−1 +(4an−1 −bn−1)
]

;

[
(3a′n−1 − c′n−1)− (4a′n−1 −b′n−1)A

′
n−1 −d′

n−1Bn−1
]

P2n+

+
[
(4a′n−1 −b′n−1)B

′
n−1 −d′

n−1An−1
]

P1n =

=
[
d′

n−1Cn−1 + fn−1 − (4a′n−1 −b′n−1)
]
.

From these systems P1n and P2n, Depending on the solu-
tion we get:

P1n = (S2 ·S′3 −S3 ·S′1)/(S1 ·S′1 −S2 ·S′2); (1.31)

P2n = (S3 ·S′2 −S1 ·S′3)/(S1 ·S′1 −S2 ·S′2); (1.32)

Here:

S1 =
[
(3an−1 − cn−1)− (4an−1 −bn−1)An−1 −dn−1B′

n−1
]

;

S2 =
[
−(4an−1 −bn−1)Bn−1 −dn−1A′

n−1
]

;

S3 =
[

fn−1 +dn−1C′
n−1 +(4an−1 −bn−1)C′

n−1
]

;

S′1 =
[
(3a′n−1 − c′n−1)− (4a′n−1 −b′n−1)A

′
n−1 −d′

n−1Bn−1
]

;

S′2 =
[
−(4a′n−1 −b′n−1)B

′
n−1 −d′

n−1An−1
]

;

S′3 =
[

f ′n−1 +d′
n−1Cn−1 +(4a′n−1 −b′n−1)Cn−1

]
.

Conducting computer experiments and their analysis

The program was developed based on a mathematical
model and a computational algorithm. The software consists
of a block of input data, a block of calculation of the main
indicators of gas field operation and a block of output of nu-
merical results. The numerical results of the calculated indi-
cators are presented to the user in visual form in tabular and
graphical form. Calculation experiments were performed on
different values of well debits and formation parameters.

These parameters and their values are given below:

• n = 101 - number of steps for a discrete field;

• h = 0.01 - step;

• pn1 = 200 atm. - pressure in the first layer;

• pn2 = 200 atm. - pressure in the second layer;

• Lesson k1 = 0.01 - the coefficient of permeability of the
first layer;

• Lesson k2 = 0.01 - the coefficient of permeability of the
second layer;
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• Lesson kp = 0.0000001 - sluggish layer permeability co-
efficients;

• µ = 0.02 spz - gas viscosity coefficient;

• m = 0.2 - porosity coefficient;

• xl = 10000 meters - the length of the layer;

• q = 1000000 m3/day - flow rate of wells;

• nt = 720 days - calculation time;

• h1 = 10 meters - the thickness of the first layer;

• h2 = 10 meters - the thickness of the second layer;

• hp = 1 meter - the thickness of the permeable layer.

Computational experiments were performed mainly on
different values of stratum permeability, gas viscosity and
well flow rate. Fig. 2 and 3 show the pressure drop in the
wells and the pressure changes in the layers as a result of
720 days of operation of the field. There are two wells near
the center with a flow rate q = 1000000 m3/sec. The results in
these figures show that the pressure drop in the upper layer at
the initial time is very small and the pressure drop stabilizes
over time. This process is clearly seen in Fig. 2. The reason
for the extraction of gas from the bottom layer is that here the
pressure drop in the wells decreases rapidly at the beginning
and then stabilizes.

Fig. 2: Graph of pressure changes in the upper and lower layers
(kp = 0.0000001 lessons)

Fig. 3: Graph of pressure drop in the well and at the corresponding
point in the upper layer (kp = 0.0000001 lesson)

III CONCLUSION

The methods and techniques developed to calculate the
key performance indicators of two-layer gas fields, as well
as the software can be used in process analysis and design,
as well as in the operation of multi-layer oil and gas fields.

Using the proposed numerical method, the solution of sys-
tems of equations can be easily generalized for a system of
three or more equations. The results obtained are useful for
analyzing the development of multilayer gas fields in the dy-
namic relationship between layers.
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Abstract– Nowadays, the use of innovative intelligent technologies
in the control of industrial robots is becoming increasingly popular.
This article discusses the use of television systems in measuring
and controlling the coordinates of industrial robots. It is possible
to control the object of movement and speed parameters of the ex-
ecutive element of the industrial robot through television systems.
With the information detected by the television measurement sys-
tem, broader possibilities of robot control are provided by flexible
modification of control programs in real time. Using monocular
television camera systems to measure the coordinates of industrial
robots, it is possible to study space and underwater systems, detect
errors that occur during manipulation. The structural and geometri-
cal dimensions of the monocular television measuring camera sys-
tem, the functional scheme of the correlation optical measurement
system to account for velocity in moving positions, the functional
scheme of the differential correlation optical measurement system
and their use, and mathematical models of calculating detected er-
rors are given.

Key words– Industrial robot, coordinate measurement of industrial
robots, television measuring system, monocular television measur-
ing camera system, industrial robot control, mobile robots, correla-
tion optical measurement.

I INTRODUCTION

In many industrial robots, it is necessary to determine
the position of a controlled object or its individual points
in three-dimensional space. Either the simplest technical
vision system TVS designed to solve such problems are
built according to the classical stereoscopic scheme, or they
use a two-dimensional flat image analyzer, for example, a
coordinate or matrix photodetector in combination with a
rangefinder [1,2]. Let’s consider some ways of using the
survey television systems of the robot to determine the spa-
tial coordinates of objects. Such systems, in particular, have

found application in supervisory control systems for robots.

II METHODOLOGY

A monocular television system can be used to determine
the polar angles of objects (Fig. 1). In the coordinate system
associated with the camera, the polar angles of point N on
the object surface are determined by the formulas:

αNk = arctan
xN∃

k(F +δCM)
; βNk = arctan

k(F +δCM)

zN∃ cosαNk
; (1)

where k – is the image magnification factor equal to the ra-
tio of the image size on the screen to the size of the image on
the photo target of the transmitting tube with the coordinate
system Zmish Omish Xmish; xN∂ ,zN∂ - coordinates of the image
of point N on the screen (relative to the center of the screen);
F - focal length of the lens; δsm - linear displacement of the
lens [1,3].

To measure the third coordinate - range - the method of
automatic optical focusing (AOF) can be used. The distance
to a given point on the screen is determined by the lens shift
δsm, which ensures maximum image detail in a small neigh-
borhood of this point on the photo target of the transmitting
television tube [3, 4]. The measurement error of the angular
coordinates of the considered system is determined by the
nonlinearities of the sweeps of the transmitting camera and
the television receiver. The error in determining the range
by the AOF method for the same setup also reaches 10%.
The described television system for measuring coordinates is
used in target designation systems for space and underwater
robots.
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Fig. 1: Scheme of measuring the coordinates of the target using a
monocular television camera.

III MONOCULAR TELEVISION COORDINATE
MEASUREMENT SYSTEM

The error in measuring the coordinates of objects can be
reduced if the objects are indicated not in the space of im-
ages, but in the space of objects (Fig. 2, a) using a direc-
tional light source. Television systems for measuring coordi-
nates with one transmitting tube and a source of directional
light are similar in principle to the active optical rangefinder
described above [5]. The TVS camera (Fig. 2, a) is located
in the receiving branch, and the directional light source with
the guidance drive is placed in the transmitting branch of the
rangefinder. The distance from the emitter to the target (Fig.
3, b) is determined by the following expression:

li =
d sinβts−k

sin(βts−i −βts−k)
(2)

where the angle βts−k is determined by the formula (1), the
angle βts−i is the angle of rotation of the emitter, d is the base
of the rangefinder. Here, the angles li, a and β are taken into
account to determine the Cartesian coordinates of the point
being measured:

x1 = li cosβ sina; x2 = li cosβ cosa; x3 = li sinβ . (3)

The Cartesian coordinates of the target in the camera co-
ordinate system can be calculated using (3). The relative
measurement error of the angular coordinates in the coordi-
nate system associated with the light source is determined by
the error of the devices for measuring the rotation angles of

Fig. 2: Schemes of a monocular television system for measuring
coordinates with a source of directional light: a) - structural;

the light source pointing mechanism. For example, when us-
ing precision potentiometers, this error does not exceed 0.3%
[6,7].

Fig. 3: Schemes of a monocular television system for measuring
coordinates with a source of directional light: b) - geometric.

The error in measuring the range with a basic geomet-
ric rangefinder depends on the error in measuring the target
viewing angles and the parallax angle, which in our case is
equal to:

γ = βts−i −βts−k

Range measurement error at lk ⩾ d

∆lk =
d
γ
(cosβts−i∆βts−i)+ sinβts−iδγ (4)

The determining factor in this amount is the measurement
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error of the television receiver, so the error in measuring the
range to the target does not exceed 10%.

IV ANALYSIS AND RESULTS

The papers describe devices for determining the spatial co-
ordinates of objects with two transmitting cameras. It points
out the difficulties of the pointing purpose associated with the
identification of the characteristic points of an object when
working with separate images, as well as with the complexity
of introducing an electronic label into a stereoscopic image
and managing it. This problem is solved quite simply if the
objects are pointed with a directional light source (Fig. 4).
Target coordinates can be calculated using formulas similar
to those given for the single camera and emitter method.

Fig. 4: Scheme of a stereoscopic television system for measuring
coordinates with a source of directional light.

Measuring the range to the target by the methods described
above gives low accuracy. This drawback can be overcome
if, instead of a directional light source, special range-finding
devices, such as laser or ultrasonic, are used. The latter
should also be equipped with directional light sources that
provide visual registration on the TVS screen of the moment
the rangefinder is pointing at the object. The rangefinder is
guided using an optical-mechanical or mechanical scanner
(scanning device), the rotation angles of which determine
the polar angles of the target. Distance measurement error
when using ultrasonic rangefinders is 5 · 10−3, and for laser
rangefinders −10−3. At the same time, there is no need for
calculations inherent in the geometric method. Another fea-
ture of the stereoscopic television system for measuring co-
ordinates with a directional light source is the measurement
of the correlation of the robot’s speed [8, 9].

The correlation method of measuring this speed is based
on the automatic calculation of the correlation function of
the reflected signals received from two points on the surface
relative to which the movement occurs, and on determining

the time shift between these signals. The positive qualities of
correlation velocity measurements are their non-contact and
high measurement accuracy [1,2,10].

Considered in Fig. 5 is a functional diagram of the corre-
lation optical meter of the speed of the robot. Two sources
of light strokes L1, L2, focused on the surface, are located
one after the other at a distance l along the longitudinal axis
of the robot. During its movement, due to structural hetero-
geneity and surface roughness, the brightness of the strokes
changes. The stroke image is perceived by the receiving op-
tical system and fed to photodetectors FP1, FP2. Since the
second stroke is displaced relative to the first in the direction
of movement by a distance l, then the signal f1(t), charac-
terizing the brightness of the first stroke, will be repeated on
the second stroke with some delay τT , i.e. the second sig-
nal f2(t) will be close in shape to the first signal through τT :
f2(t)≈ f1(t − τT ).

Cross-correlation function of these two signals:

R(τ) = M [(t − τ) f2(t)] = lim
T→∞

1
T

∫ T

0
f1(t − τ) f2(t)dt =

= f1(t − τ) f2(t) = f1(t − τ) f1(t − τT ) = A(t − τT ) (5)

The function R(τ) has a maximum at τ = τT . where τ

- is the introduced adjustable delay. It can be implemented
using the multiplication block f1(t − τ) and f2(τ) followed
by smoothing (integrating filter IF). The speed of movement
of the robot υ = l/τT .

Fig. 5: Functional diagram of a correlative optical speed meter.
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One of the most effective methods for constructing an au-
tomatic correlator is the method of double relay correlation
functions based on the replacement of continuous functions
f1(t), f2(t) by relay functions (signum functions) [1,11,12].
This method makes it possible to find, using rather simple
hardware, the position of the maximum of the correlation
function of a random continuous signal on the time delay
axis. The double relay autocorrelation function is determined
by the formula:

A(τ) = lim
T→∞

1
T

∫ T

0
sign [ f (t)]× sign [ f (t + τ)]dt (6)

In this case, the multiplier device in the correlator circuit
is reduced to a simple coincidence circuit.

Considered in Fig. 6 shows a functional diagram of a dif-
ferential correlation speed meter. Signals f1(t), f2(t) come
from the amplifiers U1, U2 to the shapers of the signum sig-
nals SSSh1, SSSh2. From the output F1, the sign signal f

′
1 is

fed to the converter of the sign signal into pulses correspond-
ing to the zero values of the sign signals. From the output of
the converter C, the signal f

′′
1 is fed to the coarse delay circuit

τ
′
, the delayed signal τ

′
is fed to the fine delay circuit τ .

Fig. 6: Functional diagram of a differential correlation speed
meter.

The delayed signal is divided into two channels. One
channel carries out a delay for time τ1, and the second - for
τ2. Delays τ1, τ2 are necessary for the implementation of the
differential circuit of the automatic fine delay controller. The
signals delayed by τ1, τ2 are fed to the generating triggers
T1, T2, and then to two matching circuits CS1, CS2, which

control the electronic key. In the emitter of the electronic
key there is an integrating capacitor, the charge on which is
determined by the time of the on state of the electronic key
[3,13,14]. The voltage accumulated on this capacitance con-
trols the precise delay circuit τ . At the same time, this ten-
sion, proportional to the speed of the robot, enters the navi-
gation system of the robot.

V CONCLUSION

All the researches and analyzes considered show that the
use of television systems in increasing the functionality of in-
dustrial robots will help to bring the management to the level
of intelligence. The article fully explains the use of televi-
sion systems in measuring and controlling the coordinates
of industrial robots on the basis of mathematical expressions
that can control the object of movement and speed parame-
ters of the executive element. The structural and geometric
dimensions of the television measuring camera system were
analyzed in depth. The functional scheme of the correlation
optical measurement system, the functional scheme of the
differential correlation optical measurement system and the
methods of their use, taking into account the speed of move-
ment, were analyzed in depth. From the research reviewed,
it can be said that the use of television systems in measuring
and controlling the coordinates of industrial robots allows for
higher efficiency and improved quality performance.
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Abstract– A study of the traffic flow of one of the busiest central
streets of the city of Jizzakh – I. Karimov Avenue. A complete de-
scription of the intersections of this transport highway is given. To
perform the calculations, observations and counting of the number
of vehicles crossing intersections were carried out. The calculation
of the amount of exhaust gas emissions into the atmosphere was
made.

Key words– Road transport, motorway, vehicle emissions, inter-
section, structure of the flow of vehicles.

I INTRODUCTION

Automobile transport has become the most serious source
of atmospheric air pollution in our time. This is especially
noticeable in large cities.

The main consequence of the increase in the number of
vehicles is the increase in anthropogenic impact on the envi-
ronment and, above all, on the atmosphere of built-up areas.
Car emissions, first of all, are dangerous because they enter
directly into the surface layer of the atmosphere, where the
wind speed is negligible and therefore gases are poorly dis-
persed [1,2,4,6].

The purpose of this work is to identify the maximum
possible concentrations of pollutants emitted by vehicles on
I.Karimov Avenue in the city of Jizzakh. During the opera-
tion of transport, a huge amount of dust and toxic substances
contained in the exhaust gases of power plants enter the at-
mosphere, high noise levels are created, air, soil, water bod-
ies are polluted as a result of the discharge and spillage of
fuels and lubricants, many other substances harmful to the
natural environment and humans are formed. The level of
gas contamination of highways and adjacent territories de-
pends on the intensity of car traffic, the width and relief of
the street, wind speed, the share of freight transport and buses
in the total flow, and other factors. It is difficult to disperse

car emissions on cramped streets. As a result, almost all res-
idents of the city experience the harmful effects of polluted
air.

In the period July – August 2021, a study of the traffic
flow along the entire length of I. Karimov Avenue (Jizzakh)
was conducted. This urban transport highway was chosen as
the busiest, connecting the main transport overpasses of the
city of Jizzakh, both intra-city routes of motor transport and
intercity routes pass through it.

The total length of I.Krimov Avenue is 7197 m. The width
of the roadway is 23 m.. The number of traffic lanes in each
direction is 3. There are six regulated intersections: from
Mustakillik Street, Baynaminal Street, Khamrakulova Street,
Shifokorlar Street, Kalia Street, Tashkent Street.

The need to divide I.Karimov Avenue into separate sec-
tion is caused both by the presence intersections of various
types and by the different nature of traffic flow throughout
the avenue.

The following division of I. Karimov Avenue into section
was carried out (the approximate length of each section was
determined using a navigator), the frequency of traffic light
was determined for regulated intersections, taking into ac-
count the effect of prohibiting ("red" and 2 "yellow") and
permitting ("green") traffic light signals. During the research
work, the "Methodology for determining vehicle emissions
for conducting summary calculations of urban air pollution"
was used to estimate the values of emissions of pollutants
into the atmosphere by motor vehicles on urban highways[3].

II CALCULATION OF EMISSIONS OF MOVING VEHICLES

The emission of the i-th pollutant (g/s) by a moving mo-
tor vehicle flow on a motorway (or its section) with a fixed
length L (km) is determined by the formula:
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MLi =
L

3600
∗

k

∑
1

Mm
k.i ∗GK ∗ rV k,i (1)

where:
Mm

k.i (g/km) is the mileage emission of the i-th harmful sub-
stance by k-th group cars for urban operating conditions;

k - number of groups of cars;
GK (1/hour) - the actual highest traffic intensity, i.e. the

number of cars of each of the k groups passing through a
fixed section of the selected section of the motorway per unit
of time in both directions along all lanes;

rV k,i - correction factor taking into account the average
speed of traffic flow on the selected highway (or its section);

1/3600 - conversion factor "hour" to "sec";
L (km) - the length of the motorway (or its section)

from which the length of the queue of cars in front of the
forbidding traffic light signal is excluded and the length of
the corresponding intersection zone (for intersections where
additional surveys were conducted)[4].

Calculation of vehicle emissions in the area of a regu-
lated intersection.

When calculating the levels of air pollution in the inter-
section zones, it is necessary to proceed from the highest
values of the content of harmful substances in the exhaust
gases characteristic of the modes of movement of cars in the
area of the intersection of highways (braking, idling, accel-
eration). The release of the i-th pollutant (g/min) in the inter-
section zone at a traffic light prohibiting signal is determined
by the formula:

MCi =
P
40

Ncycle

∑
n−1

Ngroups

∑
k−1

(MCi,k ∗Gk.n) (2)

where:
P (min) is the duration of the prohibiting signal of the traf-

fic light (including yellow);
Ncycle - the number of cycles of the forbidding traffic light

signal for a 20-minute period of time;
Ngroups - number of groups of cars;
MCi (g/min) is the specific emission of the i-th pollutant by

cars of the k-th group that are in the "queue" at the forbidding
traffic light signal;

Gk.n is the number of cars of group k that are in the "queue"
in the intersection area at the end of the nth cycle of the traffic
light prohibiting signal.

Thus, for a motorway (or its section) in the presence of a
regulated intersection, the total emission M will be equal to:

M =
n

∑
1
(MC1+MC2)+ML1+ML2+

m

∑
1
(MC3+MC4)+ML3+ML4

(3)
where:
MC1, MC2, MC3, MC4 is the emission into the atmosphere

by cars located in the intersection zone with a forbidding traf-
fic light signal;

ML1, ML2, ML3, ML4 - emission into the atmosphere by
cars moving along this highway during the time period under
consideration;

n, m - the number of stops of the traffic flow before the in-
tersection, respectively, on one and the other streets forming
it for a 20-minute period of time;

indexes 1 and 2 correspond to each of the 2 directions of
traffic on a highway with a higher traffic intensity, and 3 and
4 correspond respectively for a highway with a lower traffic
intensity[3].

As initial data for calculating vehicle emissions into the
atmosphere, the results of field surveys of the structure and
intensity of traffic flows with a subdivision for the main cat-
egories of vehicles were used[6].

Emission calculations were performed for the following
harmful substances entering the atmosphere with the exhaust
gases of cars:

- carbon monoxide (CO);
- nitrogen oxides NOx (in terms of nitrogen dioxide);
- sulfur dioxide (SO2);
To determine the characteristics of traffic flows on the se-

lected sections of I. Karimov Avenue, the accounting of pass-
ing vehicles in both directions with a subdivision by groups
was carried out, Table 1.

This table shows the number of vehicles passing through
the corresponding section of I. Karimov Avenue for 1 hour
of observation time on this section. The observation time is
selected - the summer period, the observation hours are 11-
00 to 14-00, the days of the week are Saturday and Sunday,
since during this period there is a maximum load of motor
traffic on the selected overpass of the city.

A preliminary analysis of Table 1 allows us to identify the
most loaded sections of the highway.

In our case, this is the intersection with Mustakillik Street
and the intersection with Tashkent Street. There is the great-
est movement of vehicles here – up to 1,500 cars per 1 hour
(during peak hours). A significant load of the intersection
with Tashkent Street is due to the fact that this intersection is
a link between intra-city transport networks and intercity.

The analysis of Table 1 by groups of vehicles allows you
to specify the type of vehicles represented on the streets of
the city in greater numbers - passenger vehicles - about 88%
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TABLE 1: ACCOUNTING OF MOTOR VEHICLES

I. Karimov Avenue
Vehicle group Intersection with

Mustakillik Street
Intersection with

Baqnaminal Street
Crossroads with
Shifokors’ Street

Intersection with
Kaliya Street

Intersection with
Tashkent Street

P - passenger car 1282 658 782 721 1498
T<3 t - trucks 52 87 53 76 86
T>3t trucks 6 1 1 1 16
B - the buses 48 33 29 32 83
DT – disel trucks 13 0 0 0 26
Total 1401 779 865 830 1709

of the total number of passing vehicles on the studied street,
4% - buses of the "Isuzu" type.

In the study of regulated intersections, the length of the
queue of standing vehicles for a forbidding traffic light signal
is taken into account, the data obtained is supposed to be used
to calculate the dispersion of emissions in the direction of
residential areas.

The calculation of emissions of pollutants by vehicles at
each allocated site was carried out with the distribution by
groups of vehicles for both moving and standing vehicles at
regulated intersections according to the above methodology,
Tables 2-4, Fig. 1-3.

Name of the
intersection Mass emission, g/s g/s per 1 m

Mustakillik Street 5,281 0,021
Street B a nominal 1,400 0,006
Shifokors’ Street 0,414 0,007

Kaliya Street 1,493 0,008
Tashkent Street 4,596 0,021

Total 13,184 0,063

TABLE 2: CALCULATION OF CO EMISSIONS (TOTALS)

A preliminary analysis of CO emissions allows you to
specify the areas (for this substance) with the highest val-
ues – the intersection with Mustakillik Street and Tashkent
Street.

Fig. 1: Emission of CO g/s per 1 m. of linear sections

Name of the
intersection Mass emission, g/s g/s per 1 m

Mustakillik Street 0,204 0,000917
Street B a nominal 0,089 0,000413
Shifokors’ Street 0,055 0,000379

Kaliya Street 0,078 0,000419
Tashkent Street 0,230 0,001921

Total 0,656 0,004049

TABLE 3: CALCULATION OF NOx EMISSIONS (TOTALS)

A preliminary analysis of NOx emissions allows you to
specify the areas (for this substance) with the highest values
– the intersection of Mustakillik streets and Tashkent streets.

Fig. 2: NOx emission g/s per 1 m. of linear sections

Further analysis of the tables will make it possible to de-
termine such positions as the most polluted section of I. Kari-
mov Avenue, "the type of vehicles that have the greatest neg-
ative impact on the OS", "the concentration of harmful sub-
stances mg/m3 from vehicles", the dependence of the emis-
sion of harmful substances on the mode of movement of ve-
hicles and the type of vehicles, etc.[5].

The city of Jizzakh is characterized by compact urban de-
velopment, the main highways run through all residential ar-
eas and vehicle emissions have a direct negative impact on
the health of the city’s population. Therefore, the issue of
the impact of vehicle emissions on the health of the popu-
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lation for our city is relevant, requires its study and making
important decisions.

Name of the
intersection Mass emission, g/s g/s per 1 m

Mustakillik Street 0,00677967 5,74087E-05
Street B a nominal 0,004817484 2,23032E-05
Shifokors’ Street 0,00143092 2,55522E-05

Kaliya Street 0,004913175 2,64149E-05
Tashkent Street 0,006289401 5,87794E-05

Total 0,01923065 0,000190458

TABLE 4: CALCULATION OF CO2 EMISSIONS (FINAL VALUES)

Fig. 3: CO2 emission g/s per 1 m. of linear sections

As a result of the conducted field surveys of urban high-
ways, streets and intersections with increased traffic intensity
were identified. A study of the traffic flow of one of the bus-
iest central streets of the city – I. Karimov Avenue.

III CONCLUSION

The analysis of the collected and calculated data made it
possible to identify the busiest sections of the considered ur-
ban highway, classify the traffic flow, identify groups of vehi-
cles that make the greatest contribution to the pollution of the
city’s atmosphere (taking into account the traffic flow mode).
The practical work carried out will make it possible to use
the data obtained in the future to compile summary reports
on emissions, specific calculations on atmospheric air pol-
lution and subsequent assessment of the impact of polluted
air on the population living along urban highways, as well as
to give some recommendations on the organization and reg-
ulation of vehicle traffic within residential areas of the city:
the creation of additional road interchanges, redirection of
freight transit vehicles to bypass residential areas, etc.
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Abstract– The article analyzes the state of the road network in
Urgench. The importance of the organization of highways in im-
proving the future road network of the city will be considered as
a key issue. It covers the results of studies on the organization of
the process of safe traffic and improving the capacity of the road, as
well as suggestions and recommendations for solving existing prob-
lems. The proposed measures will significantly alleviate congestion
on the city street network without disrupting transport links within
the city.

Key words– urban road network, infrastructure, urban public
transport, capacity of road, congestion, results, analysis, traffic flow.

I INTRODUCTION

An increase in traffic intensity, traffic flows and, as a re-
sult, congestion, excessive pollution and increased noise lev-
els due to long stays at intersections, public transport delays
due to disruption of public transport schedules, as well as an
increase in traffic accidents has become a actual problem in
the city of Urgench, along with other large cities. Therefore,
the search for a modern solution to the problems of the city’s
transport complex, the development of transport infrastruc-
ture and the development of the road network remains rele-
vant.

It is known that a rapid increase in traffic intensity on the
road network of the city of Urgench is accompanied by an
increase in traffic intensity due to a decrease in the capacity
of streets and the speed of vehicles (especially cars). The
main reason for these problems is due to the rapid increase
in the number of vehicles on urban streets. Competent or-
ganization of the urban street and road network will largely
achieve the reliability of the entire urban transport system,
the quality of service and the adoption of the necessary en-
gineering and technical solutions, including the reduction of
traffic accidents.

In accordance with the Decree of the First President of the
Republic of Uzbekistan dated December 6, 2012 No. DP-
1874 “On measures to implement the master plan for the city
of Urgench, to fundamentally improve the improvement and
water supply of the population of the Khorezm region”, De-
sign Institute “Uzshaharsozlik LITI” developed a program
for the development of the road network until 2030 and is
gradually implementing it [1].

However, it should be noted that in addition to the achieve-
ments in the industry, there are many problems that have yet
to be solved. The fact that the indicators set by the current
regulations in the field of urban transport exceed the norma-
tive indicators requires scientific research and the develop-
ment of necessary measures in this area.

II MATERIALS AND METHODS

Scientists from a number of CIS countries and the world
in their works, monographs and scientific articles gave a lot
of information on the development of the urban street and
road network, made important scientific and practical con-
clusions. But the vast majority of researchers have set them-
selves the task of finding options for optimizing urban trans-
port and the road network in large cities [2-6]. Currently,
traffic congestion and the associated increase in road traffic
accidents are also increasing in cities with less than 100,000
inhabitants.

It is no secret that the development of transport infrastruc-
ture plays an important role in the development of economic
sectors. In this regard, in accordance with the “Strategy of
Actions”, initiated and implemented by the President of the
Republic of Uzbekistan Sh. Mirziyoyev, a specific action
plan has been defined and is gradually being implemented in
five priority areas of development of the Republic of Uzbek-
istan. Including, in paragraph 4.3. noted that "...development
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and modernization of road transport, engineering, communi-
cation and social infrastructure to improve the living condi-
tions of the population..." [7].

III RESULTS AND DISCUSSION

In particular, the number of private vehicles in the city
of Urgench in 2009 increased by 789 vehicles compared
to 2008, and in 2010 this figure was 836 vehicles. As of
November 2010, the total number of private vehicles in Ur-
gench reached 13,242 units. In other words, in 2009 the
number of vehicles registered in the city increased by 6.9%
compared to 2008, and by 2010 this value had changed by
13.9%. As of January 1, 2020, more than 137,000 vehicles
were registered in the Khorezm region, of which the num-
ber of vehicles registered in Urgench in 2017 was more than
20,429,000 vehicles. This means that the number of private
vehicles in the city of Urgench has increased by 75.8% over
the past 8 years. The graph of the steadily growing number
of vehicles and population growth in the city (by years) is
shown below (Fig. 1, 2).

Fig. 1: Forecasting the growth of vehicles in the city of Urgench
(by years). Source: compiled by the author based on research

results.

It should also be noted that the city has not only vehi-
cles registered in the area, but also traffic entering the city.
According to the Urgench MDIA, 1,092 vehicles enter and
leave the city daily. There are currently 10,125 vehicles in
Urgench, including 8,775 personal and 1,350 company vehi-
cles.

Based on modern urban planning concepts, measures are
planned to improve the transport system of the city of Ur-
gench, increase the capacity of the street and road network,
as well as create a modernized, more convenient scheme of

Fig. 2: Diagram of population growth in the city of Urgench (as of
January 1, 2020)1. Source: compiled by the author based on

research results.
1Data of the Khorezm Regional Department of Statistics

the transport system to create a modern image of the city, can
be divided into organizational and road construction. Study-
ing the methods for solving transport problems applied to the
street networks of developed cities, as the most optimal solu-
tions, presenting the following solutions in the development
of the street network in Urgench (Fig. 3):

Fig. 3: The proposed solution to existing problems in the road
network of the city of Urgench.

- On the development of the road network of the city of
Urgench:

Development of public transport.Today, the fact that pub-
lic transport in the city is only motor transport, including per-
sonal vehicles, due to the expansion of the urban area due to
population growth, the construction of new streets and roads,
makes urban public transport inefficient, modes of transport
also require changes by examining the effectiveness of exist-
ing routes.

Also creating a separate lane for public transport. In this
case, the outer lane is reserved for public transport. This,
in turn, prohibits private vehicles from driving in that lane,
or may also allow it to run during certain hours. During rush
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hour, this lane serves only public transport. Also, when trans-
ferring public transport to immovable minor roads, the lane
can be redirected through traffic signs.

Fig. 4: Arrangement lane reserved for public transport

Organization of vehicle parks. It should be noted that
the problem of vehicle parking has become relevant for the
streets of Urgench in recent years. In particular, in the city of
Urgench there is a large shopping center "Urgench Farmer’s
Market", "Urgench Clothing Market", "Central Department
Store" (CDS), densely populated places (parks, squares, en-
tertainment centers, squares, etc.). The main reason for the
problem of congestion on the streets of Al-Khorezmi, A. Ba-
hodirkhan, Gurlan, Dusov, Khudaibergenov, P. Mahmud is
that the throughput of the parking system does not meet the
requirements or there is insufficient capacity (35-50 places).
Therefore, in order to effectively serve the population of city
streets and roads, it is necessary to create modern multi-
storey vehicle parks and a complete ban on parking on the
main streets that form the basis of the city’s street network,
and temporary parking on local streets. It is also possible to
study the specific geology of the city of Urgench and the ra-
tional use of underground urbanization, the introduction of
the construction of underground parking lots (Fig. 5)

Fig. 5: Traffic jams in front of the Central Farmer’s Market in the
city of Urgench

Vehicles left in the outer lane have a negative impact on
traffic flow, especially during rush hours, causing traffic con-
gestion and reducing road capacity. In many cases, due to the
lack of permanent parking lots for vehicles in the city of Ur-
gench, drivers mainly stop on the carriageway of the main
streets adjacent to the markets, thereby creating an emer-
gency situation in these sections. Therefore, the design and
construction of modern parking lots is one of the main tasks

facing the urban planning activities of the city of Urgench.
To solve the problem, the following was identified:

- Expansion of paid parking lots in the central districts of
the city;

- Construction of short-term parking lots that do not inter-
fere with traffic, including interchanges;

- Construction of parking lots for permanent storage of
vehicles.

System "Permanent traffic". It is known that the non-
intersection of pedestrian and vehicle traffic on the roads
serves to increase the throughput of the road. At intersections
where pedestrians are not moving, it is necessary to regulate
the "red light", i.e. optimize their work (for example, reduce
the burning time). The solution to the system of "permanent
traffic" is the introduction of underground and surface routes
of movement.

The intersection of pedestrian and vehicle traffic on the
streets and roads of the city of Urgench at the same level
leads to a decrease in the throughput of the road. To improve
traffic at urban intersections, it is necessary to introduce a
system of “permanent traffic” and regulate the “red light” of
traffic lights at pedestrian crossings, i.e. optimize their work
(for example, reduce the burning time) [8]. In connection
with this study, it was revealed that there are 46 traffic lights
on 86 streets of Urgench, of which 15 traffic lights do not
meet the established requirements. For this reason, the use
of a circle instead of a traffic light, that is, the introduction of
a traffic rule in a self-regulating frame due to the fact that the
traffic light can be turned off, is effective when using solar
panels for lighting. (With the cost of one traffic light at least
16 million, the number of violations, such as crossing the red
light, as well as vehicle accidents, the consumption of cash
and electricity will be reduced).

Moto- and velo- transport. From the experience of devel-
oped countries, it is known that the development of cycling
in cities will solve a number of problems associated with ur-
ban transport. A bicycle is an environmentally friendly and
convenient form of transport. The organization of bike paths
requires no more money than roads: it works without fuel,
does not harm the environment with harmful gases and traf-
fic noise, and also has a positive effect on the health of urban
residents [9].

The city of Urgench has great potential to develop safe cy-
cling on city roads and streets, as the city has dense housing,
smooth roads and a mild climate zone that is conducive to
cycling. A dense network of various road surfaces, including
settlements, will help the development of cycling infrastruc-
ture. In this sense, it is necessary to take targeted measures
for the use of this mode of transport.

Development of the street and road network. In order to
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develop the road network of the city of Urgench, the follow-
ing have been determined:

- Construction of a ring road to ensure uninterrupted traffic
in the city, i.e. in the general plan of the city of Urgench, cre-
ate a complete ring of the city, which will be transit through
the city streets with the routes of Khanka, Chalysh, Gurlan,
Shavat, Khiva, Yangiarik and Yangibazar;

- Reconstruction of the street and road network in order to
ensure the priority of public transport;

- Arrangement of sidewalks that do not impede traffic;
- Application of local measures to improve traffic capacity

and traffic safety;
- Construction of transport hubs.
Development of non-motorized transport regions. Of

course, it is gratifying that bicycle paths have been built on
new roads in our country in recent years. This is due to the
fact that bike lanes not only eliminate the congestion of the
street network, but also serve to improve the urban environ-
ment. Therefore, in the city of Urgench -

- Organization and development of bicycle paths in the city
center;

- Formation of a pedestrian zone around historical build-
ings and densely populated areas of the city;

- It is necessary to limit and control the use of transport in
the recreational areas of the city.

Analyzing the situation and problems in the street-road
network of the city of Urgench, using the existing transport
scheme of the city of Urgench, sections were identified where
it is possible to design high-speed roads and roads leading to
high-speed roads.

The main traffic flows entering the city of Urgench pass
along the following routes:

1. 4R-156 - the automobile road of national impor-
tance "Urgench- Khanka -Khazarasp-Republic of Turk-
menistan" approach to the city from the south-west,
from the east along the ring road crossing the city in
latitude.

2. 4K-931 - district traffic crosses the village of Chotkopir,
and then the Shovot district. The road is of the II tech-
nical category and consists of an asphalt concrete pave-
ment. Currently, the intensity of traffic from Khozarasp
to Urgench is 15,089 vehicles per day.

3. 4P-157 - The Urgench-Yangiaryk automobile road of
national importance of category I enters the city from
the south, crosses the ring road in the meridional direc-
tion and exits along the overpass to Khanka Street. The
intensity of traffic on this route is 8955 vehicles per day.

4. 4R-158 is the national automobile road of the II cate-
gory "Urgench-Khiva", entering the city from the north-

west, in the direction of the meridian. The traffic inten-
sity is 18,504 vehicles per day.

5. Two automobile roads of republican significance, con-
necting from the north-west of the city, i.e. 4P-159
- "Urgench-Shavat" and 4P-160 - "Urgench- Gurlan".
The intensity of traffic on these roads is 100,578 and
14,806 vehicles per day, respectively.

6. 4P-162 - automobile road along which all traffic along
the routes Shovot, Gurlan, Khiva, Yangiarik, Chalysh
and Khazarasp pass. Today it is the busiest, I and II
technical category, asphalt concrete urban road. Its traf-
fic intensity exceeds 16,100 vehicles per day, including
1,325 trucks.

7. 4P-162A automobile road - a meridional route passing
through Al-Khorezmi street, connecting the city with
Urgench airport and railway station. This is the cen-
tral street of the city leading to the railway station. The
number of vehicles registered in this direction per day
amounted to 7295 units.

Currently, the number of registered vehicles in Urgench is
more than 20,429, and the number of vehicles entering the
city is more than 1,092, which carries about 10,125 passen-
gers through the streets of the city daily (2,286 vehicles: 246
buses, 595 taxis and 1,445 fixed-route taxis), including 8775
private and 1350 official vehicles. Recent studies show an
increase in the congestion of the street and road network in
the city of Urgench, a decrease in the capacity of the street
and road network. Of course, a number of measures have
been taken to implement the Decree of the First President of
the Republic of Uzbekistan dated December 6, 2012 No. PP-
1874 “On measures to implement the master plan for the city
of Urgench, to radically improve the improvement and wa-
ter supply of the population of the Khorezm region” [10]. In
particular, during the years of independence, the roads that
make up the street network of the city of Urgench have been
improved. Many roads, overpasses and bridges, transport in-
terchanges have been built. However, based on today’s ob-
servations of the city’s street network, it can be said that this
street network is weak enough to solve problems. That is,
despite the fact that many automobile roads of the city have
sufficient street sizes in accordance with current regulations,
the width of the carriageway does not always correspond to
the existing traffic intensity. The city has not yet formed a
complete outer road ring that can cope with the flow of tran-
sit traffic, all external automobile roads flow into city streets.
As a result of this distribution of traffic flows and the fact that
many city automobile roads are 2-3 lanes wide, long traffic
jams are observed at intersections and streets even during the
peak period.
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It should be noted that the main cause of the problem in
the road network of the city of Urgench is the flow of trucks,
vehicles and route vehicles from the main roads entering the
city not only for any purpose in the city, but in many cases to
close the road and save time unintentionally merges into the
internal traffic flow of the city due to the lack of ring roads,
overpasses, high-speed roads that cross the city.

Therefore, in the general plan of the city of Urgench, it
is advisable to create a complete ring of the city, which will
pass through the streets of the city in the direction of Khanka,
Chalysh, Gurlan, Shavat, Khiva, Yangiaryk and Yangibazar.

In turn, the creation of a motor road to the "Big High-
Speed Ring Road" in the city of Urgench in the future will
increase the capacity of the city road and transport network,
reduce the congestion of city roads, and increase freight and
passenger traffic. Below is a perspective diagram of the city’s
automobile roads (Fig. 6).

Fig. 6: Scheme of " Ringroad" of the city of Urgench.
Note: where green lines are the proposed ring road and high-speed

roads leading to the city of Urgench, yellow lines are part of the
high-speed road leading to the city center, and red lines are roads

leading to the high-speed road.

Considering that the intensity of traffic on the Ringroad
around the city in the future will be about 20.0 thousand per
day, the project proposes to build 14 intersections and 4 over-
passes to ensure traffic and pedestrian safety.

And roads can be designed as 4, 6 or 8 lanes, depending
on the speed of traffic. According to SHNK 2.05.02-07 "Au-
tomobile roads" of the Republic of Uzbekistan, roads should
provide a speed of 120-100 km/h [11]. The connection of the
rolling stock must be carried out through intersections at dif-
ferent levels and junctions at the same level (without crossing
the flows of the direct direction), located at a distance of at
least 3 km from each other.

According to the main objective of the study, in the master
plan of the city of Urgench, evaluating the economic effi-

ciency of creating a complete ring of the city of Urgench,
which will pass through the streets of the city with the routes
Khanka, Chalysh, Gurlan, Shavat, Khiva, Yangiarik and Yan-
gibazar.

1. The loss of time of various vehicles (cars, trucks and
buses) "Before and After" from the event is determined.
To do this, first of all, the travel time of various vehicles
(buses, trucks and cars) is determined as follows [12]:

t =
S
V

S- measurement distance, m;
V - speed of various vehicles - m/s;
t- transit time, s.
Cars:

t1 =
9.3

22.15
= 0.42s t2 =

9.5
79

= 0.12h

Trucks:

t1 =
9.3
18.6

= 0.5s t2 =
9.5

47.5
= 0.2h

Buses:

t1 =
9.3

20.2
= 0.46s t2 =

9.5
79

= 0.12h

2. The time of vehicles is determined during a certain
movement:

∆t = ta f ter − tbe f ore s;

ta f ter - in this case, the passage time after the event has
occurred, s; tbe f ore - time of passage before the event, s.
Cars:

∆t = ta f ter − tbe f ore; ∆t = 0.3s;

Trucks:
∆t = 0.3s;

Buses:
∆t = 0.3s;

3. Determining the annual loss according to the specific
loss time using the following formula [12]:

Tl = (N · ∆t
3600

)tc ·305 h;

Tl - time of loss of various vehicles during the year,
hours;
N - traffic intensity, units /day;
∆t - time lost by various vehicles, s;
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ts - daily working hours, 10 hours, 305 working days a
year.

Tl = (21550 · 0.3
3600

) ·3050 = 5477.3 h;

Tl = (2000 · 0.3
3600

) ·3050 = 508.4 h;

Tl = (1520 · 0.3
3600

) ·3050 = 386.3 h;

Thus, the amount of lost time for the year was 5477.3
hours for cars, 508.4 hours for trucks and 386.3 hours
for buses. Naturally, there will be material damage due
to lost time. Therefore, based on the data presented in
Fig. 7, calculating the average cost by type of vehicle
for 1 hour [12]:

Fig. 7: Calculating the average cost by type of vehicle for 1 hour

4. Determine the cost of lost time (in money) of various
vehicles using the following formula:

C = Yl ·Cc sum;

Average cost of Cs - vehicles for 1 hour work, thousand
sum. The sum of these costs is presented in Fig. 7.

Cars: S = 5477.3 · 35 000 = 191 705 500 sum;

Trucks: C = 508.4 · 12 500 0 = 63 550 000 sum;

Buses: C = 386.3 · 98 000 = 37 857 400 sum;

General costs: ∑ = 293 112 900 sum;

5. The total cost of the trip is determined as follows:

Ctot =Ccons.+Ctr.c +Ctrav.ex

Here:

Ccons.v- cost of road construction;

Ctr.c- transportation costs (due to lost time);

Ctrav.ex - travelling expenses;

Calculate the total cost of travel along Al-Khwarizmi
Street:

Ctot =Ccons.+Ctr.c+Ctrav.ex = 0+32679212+50000000

Ctot = 82679212 sum;

10 years later: with capital repairs

Ctot = 826792120+700000000= 1+526792120 sum;

Calculating the total travel costs for 1 km of the pro-
posed Big High-Speed Ring Road of the city of Ur-
gench:

Ctot =Ccons.+Ctr.c +Ctrav.ex

Ctot=1 bln.sum + 0 + 10 000 000 = 1 bln. 10 mln.sum
After 10 years:
Ctot= 100 mln. sum + 1 bln = 1 blm. 100 mln. sum

1,526,792,120 sum, for 1 km of the projected Big High-
Speed Ring Road and 1 bln 100 mln. Economic effi-
ciency per km amounts to 426,792,120 sum with a pay-
back period of capital investments of 10 years.

IV CONCLUSIONS

The existing problems in the street and road network of
the city of Urgench, the causes of which are being studied on
the basis of specific evidence, and the proposed optimal ways
to solve them - organizational measures to improve the road
network of the city, the priorities for solving problems in the
transport system and according to the calculation schemes
are as follows general conclusions:

- The current issue in the street-road network of the city
of Urgench, in particular, the low capacity of the street-road
network at the appointed time, the need for unregulated in-
tersections of different levels, city highways;

- Identified the need to study the state street and road net-
work of the city of Urgench and development of proposals
for their improvement.

- Insufficient attention to the use of public transport in the
city’s road network was revealed and the necessary recom-
mendations were developed;

- In order to further improve the density of the street-road
network of the city of Urgench, it is necessary to take mea-
sures to regulate traffic on existing roads in some districts.

- In the master plan of the city of Urgench, proposals and
recommendations have been developed for creating a com-
plete ringroad of the city, which will reduce the transit of city
streets, and its economic efficiency has been determined.
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Abstract– The article describes the organizational framework for
improving marketing strategies in the automotive industry. The five
main organizational parts of the marketing efficiency of the auto-
motive industry or its division are explained. Emphasis is placed on
using mathematical models to study market conditions in the auto-
motive industry.
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I INTRODUCTION

Benchmarking systems used in the country’s automotive
industry take into account the automotive industry’s charac-
teristics and reflect the automotive industry’s benchmarking
strategy. It is difficult to find a complete answer to an ex-
isting problem in formulating a benchmarking strategy. It
depends on several factors, including the relationship be-
tween the economic and financial condition of enterprises,
the emerging market situation, the type of product, competi-
tion, and the process of improving the product by changes in
market requirements of the enterprise.

Complex forms of implementing a benchmarking strategy
are used in processes where, for various reasons, enterprises
are unable to adapt to existing market conditions or lose their
market position.

There are many strategies in the benchmarking system,
and achieving benchmarking goals in the automotive indus-
try allows you to choose the market and product type that
meets the general requirements. The organizational basis of
this strategy is:

• improving the organizational structure;

• business development (entry into new markets, intro-
duction of new products into old markets, formation of
new market segments based on market innovations);

• reduction of the production of harmful goods (exit from

some markets and concentration of forces for promising
markets);

• formation of joint activities with a foreign partner.

The organizational framework of the benchmarking strat-
egy of the automotive industry will be improved in the long
or short term, depending on market conditions. In the auto-
motive industry, using mathematical models of market con-
ditions or studying the strategy in terms of game theory, they
are selected as "mini-max" (maximum expediency regardless
of risk), "max-min" (minimum bet regardless of practicality),
or a combination of the two.

The following factors are essential in this process:

• segmentation of the markets in which the automotive in-
dustry operates (or expects to operate) so that the same
attitude usually distinguishes the segments in different
markets for advertising, product promotion, and other
benchmarking activities;

• the system of selection of the optimal segment should
be based on the provision of the complete leadership of
the automotive industry (sufficient capacity, favorable
prospects, a minimum or even zero level of competition,
the level of unmet needs);

• method of entering the market with a new product, the
full compliance of the product with the capacity with
consumer characteristics, the reputation of the enter-
prise in the consumer market, as well as the scale of
demand for the product;

• consideration of unfavorable market conditions in en-
suring the continuity of the new product on the market.

The effectiveness of benchmarking of the automotive in-
dustry or its division depends on the following five main or-
ganizational components of the line of business:

• customer focus;
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• benchmarking integration;

• degree of data processing and assimilation;

• strategic orientation;

• fast efficiency.

Japanese automotive enterprises have a strong position in
improving the benchmarking strategy of the automotive in-
dustry, and the benchmarking platform of the automotive
industry of this country plays a unique role in new mar-
kets. The country’s automotive industry is using a strategy
of gaining a foothold in the needs of non-domestic countries
and then using the experience gained to test themselves in
other markets ("laser beams"). For example, Japan has only
been operating in Finland, Norway, Denmark, and Ireland
for several years to enter the markets of only Western Eu-
ropean countries with its cars. After the companies gained
a high reputation in these countries, they joined more com-
plex needs in Belgium, the Netherlands, Switzerland, Swe-
den, and Austria.

The very long-term consistency inherent in the activities
of the Japanese auto industry is noteworthy, as it is essential
to own the most popular, cheapest cars accordingly, to meet
the needs of smaller buyers.

II ANALYSIS OF THE RELEVANT LITERATURE

To increase the benchmarking system’s efficiency, foreign
scholars conducted extensive research, such as Bankin A.,
Bekvit G., Berdyshev S.N., Bojuk S., Gorshteyn M., Karasev
A., Fathuddinov R., Harding G., Shkardun V., and others.

Local economists, such as Ergashkhodjaeva Sh., Shar-
ifkhodjaev U.U., Ikramov M.A, Abdukhalilova L.T., Nabieva
N.M., Salimov S.A., T.A. Akramov, G.B. Muminova and
others made a research on the formation and systematic map-
ping of benchmarking strategy of industrial enterprises in
Uzbekistan.

The primary purpose of the above research is to increase
the efficiency of enterprises through the formation of bench-
marking strategy for industrial enterprises, the systematic
study of the dependence of benchmarking process on com-
petitive enterprise advantage, consumer and competitor ori-
entation. However, given the role of international compe-
tition and national production in the activities of industrial
enterprises, in particular, the automotive industry, the pro-
cess of improving the benchmarking strategy of enterprises
has not been studied as an object of independent research.

Resolution of the President of the Republic of Uzbek-
istan dated July 18, 2019y PQ-4397 "On additional measures
for the accelerated development of the Republic of Uzbek-
istan" and its practical implementation ensured the acceler-
ated development of the automotive industry. In addition,

it increased its investment attractiveness, positively impact-
ing the automotive industry’s market activity by introducing
mechanisms and management methods

III RESEARCH METHODOLOGY

Comparative analysis, logical and abstract reasoning,
monographic observation, and other methods were widely
used in the research process.

IV ANALYSIS AND RESULTS

In the modern benchmarking system, the benchmarking
strategy of automotive companies with great success is based
on scientific and technical innovations and consistency in the
process of overcoming competitors.

However, the full standardization and unification of the au-
tomotive industry structure do not meet the constant goal of
the benchmarking strategy. Therefore, the system of standard
indicators used to develop the plan includes the following:

• the expected market share;

• the volume of its production, taking into account the
differentiation of passenger cars, market share, and the
description and forecast of the target market;

• projected profit and its growth rate;

• the structure of financial costs (development of passen-
ger cars, logistics, sales and promotion, advertising, ser-
vices);

• calculation of production costs for one car;

• determination of profit (gross, net, gain from the sale of
each product);

• evaluation of the effectiveness of car sales;

• evaluation of production profitability and other indica-
tors.

The benchmarking complex can be studied as an integral
part of a product or manufacturing department benchmarking
program and a separate type of benchmarking program that
aims to develop a decision based on the company’s market
policy direction. The model structure of a similar program
consists of the following sections:

• forecasting the development of the target market (seg-
ment);

• the general strategy of the firm about the target market;

• commodity policy;
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• communication policy;

• sales policy;

• pricing policy;

• sources of financing and budget for the implementation
of the benchmarking complex;

• monitor the implementation of the program.

In developing the benchmarking strategy of GM Uzbek-
istan CJSC, it is advisable to take into account the following
recommendations:

1. Strategy, in the section "Forecasting market devel-
opment" the following recommendations are given,
namely:

• the volume of domestic production of similar
goods;

• market share calculation;

• sales volume;

• sales infrastructure structure;

• the level and dynamics of solvent demand;

• the expected price level;

• requirements for the quality and technical level of
the car;

• purchase motives and behavioral characteristics;

• level of service demand;

• average volume of one purchase.

2. The section "Enterprise market strategy" assesses the
possibility of sales in the selected market by identifying
the main competitive advantages of the transport enter-
prise. The following descriptions are essential for this:

• expected profitability of activity in the selected
target market;

• the planned volume of car sales of the enterprise;

• dynamics of market share of the enterprise;

• expected profitability of activity in the selected
target market;

• the planned volume of car sales of the enterprise;

• dynamics of market share of the enterprise;

• demand dynamics and potential demand measure-
ment.

The company’s competitive advantages are described in
terms of product, price level, range of services provided,
the efficiency of the sales channel, compliance of com-
munication policy with current conditions, and popular-
ity of its brand among potential buyers.

This section of the strategy must assess the availability
of resources (financial, production, benchmarking, hu-
man) in the selected market. The following information
is taken into account in the development of product pol-
icy:

• level of novelty of the product;

• assortment of products;

• the number of similar goods or substitute goods in
the market segment;

• the degree to which the market segment meets the
needs of specific customers;

• car quality;

• technological complexity;

• level of requirements for pre-sale and after-sales
service;

• expediency of standardization or brand flexibility;

• patent protection and patent purity for a new car

• the compatibility of the existing organizational
structure of the company with the new production;

• the cost of creating a new car;

• mandatory car certification in the target market;

• profitability of production and sale of new cars in
the target market;

• the repayment period of the investment;

• the timing of the development of a new range and
its optimization;

• costs for one car, etc..

The following should be taken into account when devel-
oping a sales policy:

• application of the market segment to the sales net-
work;

• organizational structure of sales of the enterprise
and the number of qualified sales staff;;

• assessment of the company’s experience in the
market segment;

• assessment of the appropriateness of using the ser-
vices of intermediaries;
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• opportunities to increase sales with the help of in-
termediaries;

• a policy of intermediaries towards the enterprise;

• availability of financial resources for the creation
of a sales system;

• comparative assessment of the profitability of the
individual sales system and alternative offers;

• delivery of cars to the market;

• number of potential customers;

• the nature of the order distribution;

• geographical concentration of sales;

• habits and preferences of end consumers;

• divisibility of the car;

• variability and instability of the car;

• the struggle of the company’s management;

• control of the sales channel, etc.

It is useful to consider the following parameters when
developing a pricing policy:

• selection of a method of price organization by the
capabilities and objectives of the enterprise, taking
into account the practice of competitors;

• price level for one car;

• price dynamics corresponding to the stage of the
car’s life cycle;

• price ratio in the range (nomenclature) on the level
of novelty, quality differences, and technical level
of the car;

• price level relationship with analog competing in
the target market;

• degree of elasticity of demand;

• level of functional and pure competition;

• selection of a price strategy for the release of a new
car on the target market;

• service policy, the degree of popularity of the
brand, the length of the sales channel and the type
of sales intermediaries, terms of delivery, discount
system, etc.

3. In the section "Communication policy" it is recom-
mended to allocate the budget to the individual orga-
nizers of the policy of moving the car to the market
and justify their choice, to address the issue of means
of communication.

To decide on an advertising company, the following
needs to be analyzed:

• features of advertising policy;

• advertising arguments;

• plan of the advertising company;

• targeted and practical advertising tools in the mar-
ket segment;

• the number of advertising costs;

• methods of assessing the effectiveness of advertis-
ing;

• conformity of advertising to the nature of the prod-
uct;

• the relationship of advertising activities with the
period of life of the product;

• assessment of the main types of fairs and exhibi-
tions and the possible effects of their participation;

• selection of incentives for end-users and sales in-
termediaries;

• methods of allocating funds for sales promotion,
fixed interest, determining the percentage of profit,
the volume of sales in the future or the past, etc.

In the process of implementing the benchmarking strat-
egy, it is necessary to consider the following by deter-
mining the budget:

• the total amount of costs for the implementation
of all benchmarking measures provided for in the
strategy;

• marketing research costs;

• costs of benchmarking research;

• costs of forecasting market development;

• expenses for studying the individual production
and sales capabilities of the enterprise;

• the cost of creating a benchmarking program;

• expenses for salaries of employees of the bench-
marking department of the enterprise;

• the cost of paying for the services of special
benchmarking and advertising organizations;

• costs of paying for the services of trade intermedi-
aries;

• expenses for preliminary and final evaluation of
the effectiveness of the benchmarking program;

• Costs and monitoring to control over the imple-
mentation of the benchmarking program.
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Supposed that the primary goal of GM Uzbekistan CJSC is
to make a profit, it is necessary to increase sales of profitable
goods and increase their share. These, in turn, lead to several
tasks. These tasks are benchmarking studies and require the
development of a benchmarking strategy.

The development of benchmarking strategies requires ad-
dressing key issues in identifying the potential of automotive
enterprises and defining appropriate strategies, determining
the extent to which selected and structured factors have been
formed in the automotive industry of Uzbekistan to deter-
mine the company’s future goals.

According to the proposed model of determining the ca-
pacity to develop benchmarking strategies in the automotive
industry, all the selected factors are interrelated and can be
expressed in terms of multivariate function:

INN(F) = f (Fn)→ max, (1)

whereas: INN - the potential to develop a marketing
strategy;Fn – a group of n factors that form the basis for de-
veloping a marketing strategy.

According to the results of the standard model (F1), the
lack of an effective benchmarking environment for enter-
prises in the automotive industry does not allow to determine
the main directions for the development of benchmarking
strategies in enterprises. Consumption-oriented, competitive
environment in the automotive market of Uzbekistan limits
the ability of enterprises to develop and implement bench-
marking strategies, ie, the coefficient W(F1)=-0,03.

All the necessary measures aimed at creating a competitive
environment in the automotive market of Uzbekistan limit
the activities of enterprises in developing effective bench-
marking strategies.

The use of benchmarking (F2) in the automotive industry
positively impacts the development of production and mar-
ket opportunities in them. That is, the availability of bench-
marking databases used in the practice of enterprises, the
longevity of target plans, and the fact that enterprises are ade-
quately equipped with modern information and communica-
tion technologies to increase the capacity to develop bench-
marking strategies, and its value is W(F2) = 0,02.

Factors strongly influencing the development and im-
plementation of benchmarking strategies in the context of
Uzbekistan are participation in the value chain in the auto-
motive industry (W(F2)= 0,97). According to the results, the
scope of internal and external benchmarking of enterprises,
and the scope of use of benchmarking services can be identi-
fied as the most important factors in increasing the capacity
to develop benchmarking strategies in enterprises.

Based on the study of the capacity of the automotive mar-
ket, its growth dynamics are assessed, which is the basis for
the formation of production capacity and the structure of the

distribution network for the sale of goods. Keeping in mind
that applying the results of market activity should guarantee
the planned profit, covering the costs associated with operat-
ing in the market.

The study of the attractiveness structure of the automotive
segment includes the analysis of the level of competition, the
competitiveness of existing products, customer attitudes, the
sustainability of the segment’s demand for offered and exist-
ing goods, and the need and opportunity to market an entirely
new product. In addition, revenue is a critical factor in strat-
ifying customer attitudes.

In the domestic car market of Uzbekistan, it is expedient
to segment consumers by income into three groups.

In practice, the first group, the highest-income buyers,
make up 10% of the total buyers. They buy the highest qual-
ity goods, these premium cars in the automotive industry,
and their group’s purchasing power and self-esteem allow it.
Such groups exist in every country, and the amount of their
income depends on the country’s total wealth.

In Uzbekistan, this group of consumers has an annual fam-
ily income of 50 million soums. They buy Captiva and Mal-
ibu cars.

Goods Markets
Current New

Current

Deep market
penetration strategy:
- acceleration of sales;
- search for new customers;
- breaking competitors;
- expansion of car
consumption

Market development
strategy:
- new markets;
- new sales areas;
- international markets;
- creation of new areas
of car use.

New

Car development:
- production of a new car;
- development of transactions;
- license;
- skilled sales.

Diversification:
- horizontal;
- vertical;
- concentric.

TABLE 1: CAR MARKET MATRIX

The second group includes the average income earners in
each country, and their number is very high, although, in this
group, there is a more specific stratification; in general, they
are the primary buyers of gross goods, which sets the avail-
able standard of the market in this country. For example, in
Uzbekistan, the annual family income of this group of con-
sumers is 40-50 million. They buy Lacetti, Cobalt, and Spark
models.

The third group consists of buyers who receive a minor
income per person. They often use various forms of social
security, spending about 80% of their income on basic needs.

In times of crisis, the production of products based on the
needs of consumers increases the competitiveness of the en-
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terprise in the market. It allows it to carry out its activities ef-
fectively. Research shows that when there are problems with
financial resources for technological innovation, innovative
benchmarking is a critical driver in an enterprise’s competi-
tive struggle. The activity of an enterprise in a market envi-
ronment is determined by its customers. If customers value
the enterprise’s products and services more than the cost of
creating them, the business will thrive. Otherwise, it will
need outside help, or such an enterprise will face a crisis.

According to the analysis of the activities of enterprises,
the use of innovations in benchmarking allows to meet con-
sumer demand and conquer new markets fully.

Scientific research has shown that innovation can be di-
vided into two groups according to its importance:

1. Innovation by form: product innovation (the material
result of innovative activity), innovative services (in-
tangible effect), process and technological innovation
(technology change), personnel innovation, and new or
improved production systems.

2. Innovation according to the level of novelty: incre-
mental (lower, increasing), modular, architectural, and
radical (upper).

Consequently, innovation involves changes in products,
services, and processes that characterize creation and
make it effective. Studies show that technology devel-
opment must go hand in hand with innovation manage-
ment and benchmarking. These include:

(a) Forms of technological innovation and the acqui-
sition of new markets;

(b) Develop new ways to stimulate consumer activity;

(c) Combined innovative benchmarking.

When studied from a macroeconomic perspective, several
problems can be solved with the help of innovations. Un-
til recent years, firms have been increasing their revenues
through extensive development, in other words, increasing
the number of goods produced. While the cessation of popu-
lation growth in developed countries requires the widespread
and effective use of innovations in the economies of these
countries, another factor is the rise in prices for raw materi-
als, which is an important impetus for accelerating the inno-
vation process.

The innovative product, in turn, is characterized by phys-
ical and informational factors. An innovative brand that the
modern consumer studies as a set of specific physical fea-
tures are not attractive to consumers, so the demand for them
is not high.

The consumer must first accept the general concept of the
product, which expresses his desire for several features of the

Fig. 1: Innovative benchmarking complex

product, such as physical, informational, and delivery terms.
Then, to satisfy consumer expectations, an expanded product
concept will be developed to provide additional benefits.

Research shows that innovative benchmarking is the ba-
sis of market research and the search for a competitive strat-
egy for the enterprise. Therefore, the approach to innovation
management through benchmarking is studied comprehen-
sively. It is considered mainly from the point of view of both
producer and consumer.

Innovative benchmarking, in turn, consists of seven main
stages, including the development of an innovation strategy,
market analysis, and operational benchmarking.

One of the primary forms of innovative benchmarking is
strategic and operational benchmarking.

One of the main directions of strategic innovation bench-
marking is to develop a strategy for introducing innovations
to the market:

• development of programs and plans for innovative
benchmarking activities;

• development of benchmarking innovations and monitor-
ing of their application;
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Fig. 2: Structural features of the innovative marketing process

• implementation of a single innovative policy from prod-
uct development to customer service;

• coordination of innovative activities at the enterprise
and abroad;

• ensuring continuous improvement of the practice of de-
veloping benchmarking innovations with the help of
qualified personnel;

• formation of target groups for a comprehensive solution
to the problems of innovative benchmarking.

The main tasks of the enterprise’s innovation activity are
to formulate an essential innovation benchmarking strategy
with top management, define its location in the market seg-
ment, appoint executors, and set a deadline for the imple-
mentation of a specific practical directive for each partici-
pant in the market relations. Therefore, strategic benchmark-
ing research includes critical structural features of innovative
benchmarking processes that are part of an enterprise’s inno-
vation policy.

According to research, the strategy and tactics of innova-
tion entry into the market are essential for benchmarking ac-
tivities. It includes a competitive innovation strategy based
on the placement of new products in markets and the forma-
tion of sales paths.

V CONCLUSION

In conclusion, innovative benchmarking is an activity of
an enterprise based on improving production and influencing
market conditions. According to research, each stage of the
innovation life cycle requires different benchmarking meth-
ods and approaches, strategies, and tactics.

The system of innovative benchmarking measures is inex-
tricably linked not only with the modernization of production
but also with the dynamics of capital accumulation and flow.

Innovative benchmarking is important for businesses that
want to make more money than their competitors and form a
superior competitive strategy based on innovation and inno-
vation. Innovative benchmarking also involves not only the
sale of a new product or an existing product in the market but
also the sale of licenses for inventions and know-how on a
new product or technological process and the improvement
of equipment for its manufacture.

The effectiveness of reforms related to the radical im-
provement of the automotive industry in our country requires
increasing the work and market activity of the industry. The
work and market activity of the industry is directly related to
the investment process, its efficiency, and capacity, which is
reflected in the mass placement of shares of joint-stock com-
panies in the domestic and international stock markets.

Market activity in the automotive industry requires in-
creasing production efficiency and quality, increasing the
export potential of enterprises, and increasing competitive-
ness in international and national markets through a market-
oriented benchmarking strategy.

Since establishing the automotive industry in Uzbekistan,
the industry has been provided with significant benefits.
Measures have been identified to support the initiative. Over
the past years, due to several reforms, the sector’s exports
have increased. However, due to the failure of benchmarking
to assess the effectiveness of benchmarking in the automo-
tive industry, the processes of their formation, the behavior
of dominant consumers in the market, the level of profitabil-
ity, exports of passenger cars in 2017-2018 decreased from
130.2 million USD to 29.3 mln. USD., maintaining a pos-
itive growth rate of truck and bus exports with an average
relative growth rate of 20 percent.

In the future, measures will be taken to improve the bench-
marking of the industry, including the organization of pro-
duction of new models of cars on a single unified platform,
the development of targeted programs to attract investment
and drawing concessional credit lines from foreign banks and
export credit agencies to finance localization projects. - It is
expedient to implement measures systematically.

Based on the above, to improve the benchmarking system
of the automotive industry in our country, it is expedient to
implement the following:

1. Due to the insufficient use of benchmarking-mix ele-
ments in domestic automotive companies’ development
of benchmarking strategies, it is necessary to ensure the
active participation of existing automotive enterprises
in the "global value chain (GVCs)" as effective bench-
marking strategies.
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2. Since the development of benchmarking strategy in the
automotive industry reflects the company’s capabilities,
its current market position, the direction of develop-
ment, taking into account the factors affecting the in-
ternal and external environment in the risk environ-
ment, the decision to choose a benchmarking strategy
is individual for each enterprise. Therefore, a detailed,
clear benchmarking plan should be developed and im-
plemented rather than identifying specific enterprise ac-
tivities using particular internal parameters.

3. Competitiveness of the automotive industry, first, the
superiority of the company’s products in many respects
over other competitors; secondly, it is necessary to en-
sure the competitiveness of the enterprise through prod-
uct competitiveness, as the enterprise is based on the im-
plementation of clear competitive advantages that allow
it to sell its products in the market on the most favorable
terms for itself.

4. As a result of the development of benchmarking strate-
gies for benchmarking research in the automotive in-
dustry and benchmarking strategies to bring new prod-
ucts to market, it is desirable to improve the enterprise
benchmarking system and increase the volume of prod-
ucts on the market.

5. It is proposed to diversify regions, products, and their
transportation in the automotive industry, implement
benchmarking strategies based on the establishment of
new initiatives, to increase production and export poten-
tial in the regions while providing priority strategies for
diversification, focus and cost.
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Abstract– In this article, the assessments of the technical condition
of the metal structure of the weighing wagon 640-VPV-277 were
studied. When wagon carrying out calculations of the metal struc-
ture of a weight-checking wagon, the wall thickness will be taken
taking into account its decrease by the average wear value to deter-
mine whether the strength of the wagon structure complies with the
required standards.

Key words– Freight wagon, six-axle wagon, railway pivot beam,
end beam, longitudinal beam.

I INTRODUCTION

One of the main conditions for the gradual development of
the railway transport of the independent Republic of Uzbek-
istan is the renewal and replenishment of the fleet of freight
and passenger wagons with modern domestically produced
wagons that meet international standards, as well as extend-
ing the service life of existing wagons for their optimal use
in operation [1-3].

In order to increase the efficiency and volume of rail
freight transportation in the absence of other ways to increase
the throughput and wagon carrying capacity of wagon-
intensive sections, as well as with limited lengths of receiv-
ing and departure tracks at stations, the most promising is
the introduction of wagons with heavy axle loads [4]. In this
case, to determine the weight of the rolling stock in the rail-
way industry of the republic, weight-checking wagons used
for periodic checks should be operated.

Mechanized checking of all types of wagon scales that re-
quire periodic checks is provided by weight checking wag-
ons. The weighing wagon performs mechanized verification
of various types of wagon scales, thereby ensuring the accu-
racy and fidelity of the readings of weight measuring instru-
ments.

At the moment, it is required to design and manufacture
new and modernized weighing wagons to replace the old
ones with an expired service life, but this takes a lot of time.
In other words, before the release of new models of weighing
wagons, as well as to achieve optimal performance indicators
for currently used wagons, it is required to increase their ser-
vice life. Increasing the service life of these wagons requires
an assessment of the current technical condition and residual
resources of these wagons [5-6].

At the first stage of the analysis of the technical condition
of the metal structures of the 640-VPV-277 weighing wag-
ons, it is necessary to identify faults that affect their service
life by visual inspection.

At the second stage of the analysis, it is necessary to deter-
mine the wear values for the elements of the metal structure
of the 640-VPV-277 weighing wagon for comparison with
standard indicators and taking them into account when con-
ducting strength studies.

For this purpose, a survey and analysis of the main load-
bearing elements and structural parameters of the bodies of
weighing wagons 640-VPV-277 was wagon carried out.

The weighing wagon model 640-VPV-277, located at re-
gional railway junction Karshi, was built in 1966. The date
of the last depot repair is 28.10.11. The weight of the wagon
is 126 tons.

When checking the bodies from the outside, it was deter-
mined that there was corrosion on the side wall skins under a
layer of paint. In this case, it is required to clean the bodies
of the existing paint and weld the rust spots with new sheets.
In the end walls and pillars of the body as a whole, there are
no serious defects.

Welds of studs to side wall skins and welds from cross
beam to stud welds need to be checked and re-welded.

During the inspection inside the weighing wagons, it was
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revealed that the wooden floor needs to be completely re-
placed, the monorail (I-beam) needs to be repaired.

It is necessary to restore the supporting part of the mono-
rail by applying corner No. 50. Due to wear, it is necessary
to replace the rollers of the bogie hoist inside the wagon.

The metal plates of the weighing wagon model 640-VPV-
277 in the area of the junction of the transverse beams with
the center beam are destroyed by corrosion. At the time of
inspection, the thickness of the metal lining is thirty percent
of the nominal. It is necessary to install wear-resistant pads
on the sides of the bogies of weighing wagons.

A survey of the technical condition of the main load-
bearing elements and structural parameters of the body of
this weighing wagon was wagon carried out. The measure-
ment results are shown in figures (8–12).

II METHODS

Prior to determining the wear values of the body elements
of the weighing wagon 640-VPV-277, schemes of measure-
ment sites were drawn up, shown in Figures (1-7).

Fig. 1: Measurement of the center beam of the frame of the
weighing wagon 640-VPV-277

Beam measurements were performed by the experimental
method [7].

Based on the results of measurements of wear thickness
hi, the value of the average thickness hi

cp is calculated taking
into account the tolerance "δ=0.2 mm" for cleaning, which
is determined by the formula

H i
mid =

1
n

H i
mid −0,2

where n - the number of measurements.
Let us determine the average value of wear of sheets for

the elements of metal structures of the weighing wagon ac-
cording to the formula:

Hmid =
1
n

n

∑
i

H i
mid

The results of the average wear values for the beams of
the weighing wagon are summarized in figure 12.

Fig. 2: Scheme of measuring the thickness of wear sheets on the
center beam of the frame of the weighing wagon

Fig. 3: Measurement of the pivot beam of the frame of the
weighing wagon 640-VPV-277

Fig. 4: Scheme of measuring the thickness of wear sheets on the
pivot beam of the frame of the weighing wagon
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Fig. 5: Measurement of the end beam of the weighing wagon
frame

Fig. 6: Scheme of measuring the thickness of wear sheets on the
end beam of the frame of the weighing wagon

Fig. 7: Scheme of measuring the thickness of wear sheets on the
longitudinal beam of the frame of the weighing wagon

III ANALYSIS OF THE RESULTS

At the analysis stage, it is necessary to determine the wear
values for the elements of the metal structure of weighing
wagons for comparison with standard indicators and taking
them into account when conducting strength studies [8-9].

Fig. 8: The results of measurements of the wear thickness of
sheets on the center beam of the frame of the weighing wagon

Fig. 9: The results of measuring the wear thickness of sheets on
the pivot beam of the frame of the weighing wagon

IV CONCLUSIONS

In the future, when calculating the strength of the mechan-
ical parts of weighing wagons, it is required to take the wall
thickness, taking into account its reduction by the value of
the average wear indicators [10]. In other words, the value
of the average wear must be subtracted from the value of the
element sheet thickness. At the same time, it will be possi-
ble to find out whether the structural loading strength of the
weight-checking wagon 640-VPV-277 is sufficient with the
existing load wear required by the standards.
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Fig. 10: The results of measuring the wear thickness of sheets on
the end beam of the frame of the weighing wagon

Fig. 11: The results of measurements of the wear thickness of
sheets on the longitudinal beam of the frame of the weighing

wagon

Fig. 12: The results of the average wear thicknesses for the
elements of the weighing wagon 640-VPV-277
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