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Abstract. The estimation of the longitudinal stability and control derivatives
of aircraft mathematical model was performed using the least square method, which
requires the use of numerical differentiation. For the purpose of approximating
the derivatives of pitch rate, the numerical differentiation methods such as: forward
difference method, backward difference method, central difference method,
combination of three finite difference methods “gradient” and Poplavsky method
are applied. Based on the results that demonstrate the advantages and disadvantages
of each of these methods, two approaches are proposed to ensure the improvement
of the accuracy of the parameters estimation. The approach proposed in this paper
combines the results obtained by separately using three finite difference methods
to enhance of the accuracy of parameter estimation. This approach strengthens
efficiency and compensates for weaknesses due to the nature and properties of
finite difference methods.
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Ha OL,eHKY NPOU3BOAHbIX MPOAOJIbHOWU YCTOMYMBOCTU U YNPaBASIE€EMOCTH
MaTemMaTu4ecKkon Mmoaenu netaTtenbHOro annapara
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3asiBiIeHHE 0 KOH(I)J'[I/IKTC HHTEpPECOB

ABTOpBI 3a5BIISIOT 00 OTCYTCTBUH
KOH(IINKTA HHTEPECOB.

Bxkaan aBTopoB

ABTOpBI BHECTTH PaBHOLICHHBIHN BKIIa]
B cOOp W aHANU3 JaHHBIX.

AnzoTanmms. OLeHKa IPOU3BOIHBIX TPOAOIBHON YCTOMYMBOCTH U YIIPaB-
JSIEMOCTH MaTeMaTHYECKOH MOJEIH JIETaTeJIbHOTO ammapara MpoBOAU-
JIOCh METOJIOM HAMMEHBIINX KBaJIPAaTOB, IPUMEHEHHE KOTOPOTO TpeOyeT
UCIIOJIb30BaHMS YNCIICHHOTO T depeHpoBanus. B 1emsx annpoxcu-
MallM¥ IPOU3BOAHBIX YIJIOBOI CKOPOCTH TaHraXka IPUMEHEHbI METOIbI
qrciaeHHOro nudpepeHunpoBaHns, TaKHe KaK METOJl JIEBOCTOPOHHEH
Pa3HOCTH, METO/I TPABOCTOPOHHEH Pa3HOCTH, METO/ JIBYCTOPOHHEW pas3-
HOCTH, KOMOMHAILIMSI TPEX METOJOB KOHEYHBIX pasHocTel «gradienty
u merton IlomnaBckoro. Ha ocHOBaHMM pe3ynbTaToOB, 1EMOHCTPUPYIO-
IIHUX IPEUMYIIECTBA U HEAOCTATKN Ka)KAOTO M3 3TUX METOJOB, pa3pa-
60TaHO ABa MO/X0/1a I 00ecIeYeHNs! TOBBIIIEHHUS TOYHOCTH OLICHHBA-
HUA Kod(durnmentos. [IpeanoxeHHbIi B HCCIEIOBaHUU MOAXO, ITyTEM
KOMOMHAIIN PE3yJIbTaTOB, MOIYYEHHBIX MPU PA3IEIbHOM HCIOIb30Ba-
HUM TPEX METOJOB KOHEYHBIX Pa3sHOCTEH, 00ecreYrBacT MOBHIIICHHUE
TOYHOCTH OLICHHUBaHUSA KOI(D(DUIIMEHTOB 3a CUET yBeiaudeHus 3¢ hek-
TUBHOCTH M KOMIIEHCAIlUd HEAOCTATKOB, OOYCJIOBJIEHHBIX OCOOCHHO-
CTSIMHM U CBOMCTBaMHU METOJIOB KOHEUHBIX Pa3HOCTEH.

KnroueBsble c10Ba: MpOU3BOIHBIC IPOIOJIBHOH YIPaBIIeMOCTH, OLICHKA
IapaMeTpoB, METObI KOHEUHBIX pa3HocTel, merox IlommaBckoro, Kom-
OMHalMs METOA0B, KOMOMHAIMS Pe3yIbTaTOB

DduHaHCUpPOBaHME

HccnenoBanue yacTudHO mojyiepakano Poceuiickum GpoHIoM (hyHIaMeHTalbHbIX ucciienoBanuii, mpoekt 20-08-00449-a.

BaaropapaocTun

ABTOpBI BBIPAXKAIOT TIyOOKYIO NPU3HATEIBHOCTh CBOMM KOJIJIETaM 110 KOMaH[E 3a MOCHIBHBINA BKJIaJl, 00eCHeUNBIIINA
3aBepLICHHE UCCIIeI0BATENbCKOM paboThl. ABTOPHI TAK)KE BBIPAXKAIOT IPU3HATEILHOCTh PELIEH3EHTaM 32 M0JIe3HbIE KOM-
MEHTapUH U NMPEJIOKEHUS, KOTOPBIE TOBBICIIIN KAYECTBO HCCIIEA0BATENbCKON pabOTHI.
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Introduction

Estimating aircraft stability and control deriv-
atives is relevant in aircraft engineering because
these parameters provide crucial information
regarding aircraft performance, stability, and control
[1; 2]. Stability and control derivatives estimation
also plays a significant role in flight testing, aircraft
simulation, and control system design. It helps in
predicting aircraft behavior during various flight
conditions, such as takeoff, landing, and maneu-
vering. Methods for the estimation of these para-
meters are important in flight control system design,
optimization of aircraft design, improvements
in fuel efficiency, enhancement of flight safety,
and help ensure the stability and maneuverability
of aircraft, and these methods have been proposed
in real time in some papers [3-5]. Moreover,
aircraft stability and control derivative estimation
is essential for simulation, aircraft performance
analysis, and optimization, whereas it helps in the
determination of the aircraft’s maximum speed,
range, payload capacity, and fuel consumption [6].
By understanding these parameters, aircraft
operators can make informed decisions on flight
planning, route selection, and operational efficiency.
To estimate the dynamic stability derivatives,
a computational fluid dynamics (CFD)-based force
oscillation method was also applied by engineers
[7]. Therefore, the accurate estimation of the aero-
dynamic parameters, aircraft stability, and control
derivatives is relevant in the field of aircraft
engineering. It is evident that measurement errors
affect the accuracy of aerodynamic coefficient
estimation [8]. There are various forms of input
signals, i.e. the control organs’ deflections, which
also have a significant influence on the estimation
accuracy [9—11]. It was observed that the application
of appropriate methods for signal filtering can
ensure an improvement in the accuracy of the
estimation of the acrodynamic coefficients depending
on the nature of the signals [12—14].

The main purpose of this study is to propose
an approach for enhancing the accuracy of para-
meters estimation by analyzing the effects of
numerical differentiation methods on the accuracy

of estimation performed by the least-squares method
without the application of any methods for filtering
noisy signals. The derivative of the pitch rate is
used as the output variable or the dependent variable
in the least-squares method. Because the output
vector represents the actual output values, its range
and variations can influence parameter estimation
accuracy.

1. Problem statement

In aircraft dynamics, the short-period mode of
aircraft motion refers to the pitch motion, in which
the aircraft rotates around its lateral axis. This motion
includes changes in the pitch angle, pitch rate, and
airspeed. In this short-period mode, the aircraft
experiences rapid pitch angle fluctuations owing
to interference such as turbulence or pilot actions.
The stability and controllability characteristics
of the aircraft in this mode are crucial for flight
safety and efficiency. Therefore, to estimate the
longitudinal stability and control derivatives of the
aircraft mathematical model, the mathematical
simulation of the short-period mode of the aircraft
motion in a longitudinal channel is performed by
applying the aircraft dynamic equations [15].
Because the problem under the current research
focuses on the longitudinal stability and control
derivatives, only the equations for the angle of attack
and pitch rate are used. The elevator deflection was
mathematically simulated, as shown in Figure 1.
The necessary aerodynamic coefficients are deter-
mined to perform a mathematical simulation of the
aircraft spatial motion, and they are estimated after
the measurements.

In this study, the normally distributed random
variables with a zero mean and different standard
deviation values characterize the measurement noise.

The ordinary least-squares method (LSM)
was used to estimate the aerodynamic coefficients.
The derivative of the pitch rate was used to form the
LSM output vector. It is very important to choose
the correct numerical differentiation methods so
that the accuracy of the estimation can be assured,
whereas every numerical differentiation method
has its own distinct effectiveness depending on the
intensity of the measurement noise.
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Figure 1. Angle of elevator deflection
Source: made by O.N. Korsun, M.H. Om, S. Goro

For the simulation, it was necessary to form
the object model and determine the output signals.
To form the object model, the angle of attack and
pitch rate of the aircraft were simulated using
mathematical equations. In this study, integration
was performed by applying simpler Euler methods
for the angle of attack and pitch rate. Usually, it is
convenient and easy to perform simulation and

identification in a discrete form; for this reason,
the simulation of all the necessary signals is per-
formed in a discrete form. The mathematical
formulas in discrete form for the angle of attack

(1) and pitch rate (2) are as follows:

(10 ) = () + A ¥ a(r) + o (1) +(-¥5(1.)) ]: (D)

O, (1)) = 0. (1) + A M2 a(t)+ M0, (1) +M3(1)]. (2)
where oc(t(m)) is the angle of attack for time
instant (t(m)) (rad), o, (t(m)) is the pitch rate for
time instant (t(m)) (rad/s), a(z,) is the angle of

attack for time instant(z,), ®_(¢,) is the pitch rate
for time instant(z,), and Y*, Y, M MO, M

are the aerodynamic parameters.
After the simulation of the short-period mode

of the aircraft motion in longitudinal motion was
performed, it was necessary to proceed with the
measurement of the signals (Figure 2) used in the
process of parameter estimation.
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Figure 2. Measurement of signals: a is the simulated angle of attack; 6 is the pitch rate
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To imitate the measurement mathematically,
the normally distributed random variables with
zero mean and different standard deviation values
were subjected to the measurement noise for every
signal. The values of the standard deviations of
the measurements are listed in Table 1. It is assumed
that the measurements took place under various

intensities of measurement noise (Figure 3); there-
fore, the effectiveness of the estimation will be ana-
lyzed based on the numerical methods applied to
approximate the derivatives of the pitch rate under
the influence of various levels of noise intensity.
In Table 1, Std represents the values of the standard
deviations in degrees subjected to measurement noise.

Table 1
The values of standard deviations subjected to measurement noise
Signal, deg Std, deg Std, deg Std, deg Std, deg Std, deg
Angle of attack 0.02 0.08 0.2 0.4 0.8
Pitch rate 0.02 0.08 0.2 0.4 0.8
Elevator deflection 0.02 0.08 0.2 0.4 0.8
030 |- Alpha, deg - 025 (Omegaz, deg/s
025 - r ' i ] 020 !
020 ", L i
: 0151 |
015 *' ‘ 1
010 0.10 ||
0.05 0.05 ’
0.00 === Angle of attack {5 000 i —-= Pitch rate t 5
] é llt.'l l'lj 2|U 2l5 D 5 JIU 1;5 2I0 2I5
a b

Figure 3. Measurement of signals under the influence of measurement noise:
a — Angle of attack; b — Pitch rate
Source: made by O.N. Korsun, M.H. Om, S. Goro

2. Estimation of stability
and control derivatives

There are many distinct methods for parametric
system identification, and each method has its
advantages and disadvantages depending on the
system itself [16; 17]. These parametric identification
methods are also applicable for detecting dynamic
errors in on-board measurements of aircraft based
on flight data [18].

The least-squares method (1) was used in this
study to estimate the aerodynamic coefficients.
Evidently, the least-squares method is more effective
for linear systems. The mathematical model of an
object can be described as:

Vg =a X, 3)

where Yo is the vector of the output signal, X0

is the vector of the regressors, and @ is the vector

of unknown parameters.
The observation model for N number of
observations can be expressed as

Z() = Yy T & 4)

where ¢ ) denotes the measurement noise.
Therefore, for each of the N discrete time
points at which the measurements are available,
it can be described in matrix notation as:
Y = Xa +e, (5)
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T T
where Y = [y1y2y3w.“.“ J’N] > &5 [818283““.“ 8N]
are Nxl1
N X p matrix of the independent variables:

size vectors and X is the NXp

1 x X X
1t(1) 2t(1) 31(1)
X=|1 x X X
lt(z) 2t(2) 3t(2)
1 x, Xy X3,
L ) ) ™

Unlike the maximum likelihood, in the least-
squares method (6), the parameters to be estimated
must arise in the expressions for the means of the
observations. When the parameters appear linearly
in these expressions, the least-squares estimation
problem can be solved in closed form, and it is
relatively straightforward to derive the statistical
properties for the resulting parameter estimates.
The least-squares method is given by

a=(x"x)" X', (6)

where a is the vector of unknown parameters to
be estimated, X is the matrix of the object model,
and Y is the vector of the output signal.

Only three moment coefficients involved in
the angle of attack and pitch rate were estimated,
whereas the present study focused on analyzing the
effect of numerical differentiation methods on the
estimation. The estimation of three moment
coefficients using LSM requires the derivative of

the pitch rate - for the formation of the output
signal vector Y. The object model matrix X is

formed by the angle of attack o, pitch rate . and

elevator deflection 0. Then, the object model
matrix, output signal vector and vector of
unknown parameters take the following form:

1 a‘m (Dz’m 6’(1)

X=|1 a ® o, |,

‘) 22) (6

fv) vy Tl
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3. Numerical differentiation methods
for the approximation of derivatives

The aerodynamic moments acting on the air-
craft in flight are proportional to the derivatives
of the corresponding angular velocities of the air-
craft, which are usually obtained from the onboard
measurements. Therefore, the numerical differ-
entiation methods that ensure the accurate appro-
ximation of the derivatives are crucial in aircraft
engineering [19].

Generally, differential equations can be
solved analytically; however, significant effort
and effective mathematical theory are often
required, and the closed form of the solution may
be too confusing to be useful. When an analytical
solution to a differential equation is not available,
it is too difficult to deduce, or it takes on a sophi-
sticated form that is unhelpful to apply, an appro-
ximate solution can be considered. There are two
approaches to this purpose. The first approach is a
semi-analytical methods that consider the use of
series, that is, integral equations, perturbation
methods, or asymptotic methods for obtaining an
approximate solution expressed in terms of simpler
functions. The second one is numerical solutions.
Discrete numeric values can represent solutions
with a certain precision. Currently, these numerical
arrays (and their associated tables or graphs) are
obtained using computers to provide effective
solutions to many problems that were previously
impossible to obtain [20].

In this study, to approximate the derivative of
the pitch rate, forward difference, backward differ-
ence, and central difference methods were applied.
The finite difference methods — forward difference,
backward difference, and central difference —
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are used for the numerical approximation of the
derivatives of a certain function. The forward
difference method approximates the derivative of
a function at a particular point by considering the
function values at the very point and a nearby point
ahead of it. This can be expressed mathematically
as follows:

()=t ) ™)

The backward difference method considers
the function values at that point and the nearby
point behind it to approximate the derivatives of a
function at a particular point. This can be
expressed mathematically as follows:

Fi(x)= /i f(xm)_ ®
h
The central difference method takes the
function values at two nearby points, one ahead
and one behind it to approximate the derivative of
a function at a particular point. This can be
expressed mathematically as follows:

; ©)

where f '(x) is the derivative of a function, f(x) is the

function that is differentiated, and / is the step size.

Moreover, the combination of these three
methods “gradient” that is implemented in Python
is also utilized for the approximation of the
derivative of pitch rate. This combination method
“gradient” uses the forward/backward difference
methods for approximating the boundary points
(first and last points) of the signal and the central
difference method is used to calculate the
derivatives of interior points of the signal.

Poplavsky method was also applied in this
study to approximate the derivatives [19].

The approximation polynomials of k degrees
were used to estimate the first derivative. This is
expressed as follows:

S=3" by, (10)
S[5(3m* +6m> ~3m+1) j~7(3m’ +3m-1) /|
b= h(m* =1)m(m+2)(4m* ~1)(2m+3) (11)

where 4 is the sampling interval, and m is the
sliding interval size.

First, the estimation of aerodynamic para-
meters using LSM was performed under noise-free
conditions to clarify how the method functions
without noise. Table 2 presents the results. The
estimation was repeatedly executed 15 times and
the average of the relative errors of the estimates was
calculated.

Table 2

Relative errors of estimates given by numerical differentiation methods under noise-free condition

Method

. o
Relative error M,

. o, . 5
Relative error M, % | Relative error M’ , %

Forward Difference 1.90588286¢ "

8.38218384e™” 3.89965837¢ ™"

Backward Difference 56.54558069

167.07475111 90.06760292

Central Difference 28.27279035

83.53737555 45.03380146

Combination of Methods 1.89378435 1.36827312 0.96303547
Combination of Results 1.89414061 1.36895486 0.96301928
Poplavsky Method_1 8.40614113 28.35047731 14.42287996
Poplavsky Method_2 1.89026931 1.33060582 0.97035183

209



Korsun O.N., Om M.H., Goro S. RUDN Journal of Engineering Research. 2024;25(3):203-215

After obtaining the results calculated by the
forward difference method, backward difference
method, central difference method, and Poplavsky
method, two approaches are proposed considering
the efficiency and weaknesses of these methods.
The first one is Poplavsky methods-2, where the
sample points are cut off along the left and right
edges of the dataset in accordance with the size of
the sliding window used in the Poplavsky method.
The second approach considered a com-
bination of the results obtained by separately using
three finite difference methods.

As shown in Table 2, the forward difference
method demonstrated superior performance com-
pared to the other methods under noise-free
conditions. Combination of methods “gradient”,
Combination of results and Poplavsky method
also demonstrate their effectiveness in providing
satisfactory estimates. The backward difference
method is generally less accurate, and when it
is used for the output vector, which is crucial in
estimating parameters, it provides less favorable
estimates. The results provided by the central

difference method are less favorable because this
method does not accurately approximate the deri-
vatives at the boun-dary points. The results show
that Poplavsky method also provides gratifying
accuracy in the estimation of the parameters under
noise-free conditions.

4. Results and discussion

For better accuracy and reliability of the
estimates of the stability and control derivatives,
the estimation was performed 15 times. For each
execution of the program, whereas the normally
distributed random variables with zero mean and
several values of standard deviation characterized
the measurement noise, the relative errors of the
estimates were calculated. Subsequently, the average
values of the relative errors of the estimates according
to the repeated execution of the estimation are
obtained. The results obtained by the five methods
and two approaches are presented in Tables 3—-9
and their graphical presentation is shown in
Figures (4-6).

Table 3
Relative errors of estimates given by forward difference method
Std, deg Relative error M, % Relative error M, % Relative error Mf , %
0.02 0.15205137 0.86688247 0.29560156
0.08 0.66371885 11.94143302 3.2670063
0.2 3.55255766 69.70950238 18.22990503
0.4 19.66459307 258.66536699 63.01107033
0.8 116.90595768 724.5247589 132.21844664
Table 4
Relative errors of estimates given by backward difference method
Std, deg Relative error M? , % Relative error M? , % Relative error ]\426 , %
0.02 56.46582798 167.64983046 90.18434052
0.08 57.33883809 181.78023716 95.01045211
0.2 58.34679468 250.40740951 116.16826948
0.4 54.42187212 459.89022414 175.76298856
0.8 18.73253971 960.14423628 275.98508977
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Table 5

Relative errors of estimates given by central difference method

Std, deg Relative error M: , % Relative error M? , % Relative error Mf , %
0.02 28.30462418 83.64873361 45.08821755
0.08 28.66114439 83.85506646 45.40073055
0.2 30.98583624 89.82494974 48.79572234
0.4 37.10499183 104.01791904 57.41742689
0.8 48.81781812 117.835604 69.74591019
Table 6
Relative errors of estimates given by combination of three methods “gradient”
Std, deg Relative error M, % Relative error M, % Relative error MZ8 , %
0.02 1.7906732 1.53301677 0.83952767
0.08 1.37399282 3.27782994 1.37076629
0.2 3.40201398 15.52870946 6.96162448
0.4 13.13329098 39.18691594 20.89832966
0.8 36.63975232 85.35310955 51.29733977

Table 7

Relative errors of estimates given by combination of results given by finite difference methods

Std, deg Relative error M, % Relative error M, % Relative error Mf , %
0.02 1.84662819 1.36845403 0.93535781
0.08 1.44177607 3.93460101 1.52677994
0.2 2.89059324 14.78572012 6.41968791
0.4 11.46850026 35.22754859 18.59589663
0.8 35.05152409 87.77718717 51.02816458
Table 8
Relative errors of estimates given by Poplavsky method_1
Std, deg Relative error M, % Relative error M, % Relative error M 25 , %
0.02 8.44056384 28.78966508 14.56942007
0.08 8.18407016 29.35411495 14.57706342
0.2 11.86598703 39.18062433 19.97106469
0.4 22.38493718 65.62501345 35.51506445
0.8 41.11094292 101.28620295 59.36737503
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Table 9
Relative errors of estimates given by Poplavsky method_2
Std, deg Relative error M, % Relative error M, % Relative error M ZS , %
0.02 1.76466215 1.89400133 0.71172912
0.08 1.73815893 7.24275427 3.36221295
0.2 12.51837471 27.97205869 17.2391036
0.4 49.55022288 65.28447612 54.77609201
0.8 79.72952628 90.19302059 83.77492038

In the presented Tables 3-9, the notation
“Std” stands for the values of the standard deviations
that characterized the measurement noise for the
simulation of the measurement of the aircraft per-
formance signals using the mathematical equations
of flight dynamics. The relative errors in the estimates
of the pitch moment coefficient with respect to
the angle of attack, which is a static longitudinal
stability derivative, are shown in Figure 4.
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The relative errors in the estimates of the pitch
moment coefficient with respect to the pitch rate,
which is a dynamic longitudinal stability derivative,
are shown in Figure 5.

The relative errors in the estimates of the pitch
moment coefficient with respect to the elevator
deflection, which is the longitudinal control deri-
vative, are shown in Figure 6.
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In Figures 4-6, the X axes of each figure rep-
resent the values of standard deviations in degrees
that characterize the measurement noise, while the
Y axes represent the relative errors of the estimates
of the longitudinal stability and control derivatives
calculated by the least-squares method, which
requires the derivatives of the pitch rate.

According to the results presented in Tables
3-9 and Figures 4-6, it can be observed that the
backward difference method is less effective for
estimating coefficients. The forward difference
method ensures a good and satisfactory result when
the noise intensity is relatively low; however,
its ability deteriorates with an increase in the noise
intensity. The central difference method provides
moderate and stable accuracy of the estimation
at every level of noise intensity, but it provides
a less accurate approximation of the derivatives
at the boundary points, resulting in a significant
deterioration in the accuracy of the estimation.
Poplavsky method also provides a good accuracy
of the estimates, and it can be observed that this
method is robust and stable despite changes in the
noise intensity. The combination of three finite
difference methods “gradient” ensures gratifying and
stable accuracy for every level of noise intensity.

The forward difference method is efficient for
approximating derivatives at the left boundary, and
the backward difference method is effective at the
right boundary. The central difference method pro-
vides better results than the other two methods, but
itis observed that this method is much more suitable
for finding the derivatives of the interior points.
Based on these advantages and disadvantages,
a combination of three finite-difference methods
was proposed. The three combined methods were
observed to be more efficient in handling different
levels of noise intensity throughout the entire
dataset, as they approximated the derivatives at the
boundary points using the forward and backward
difference methods, which are generally effective
at the boundary points. It also potentially allows
for a more accurate approximation of the derivative
considering the specific characteristics of noise in
different locations.

Nevertheless, in the combination of the three
methods, the central difference method still strugg-
les at the second and second last points of the
processing time because these two points become
the first and last points at the left and right
boundaries, where the method has weakness.

The combination of the results obtained by
separately approximating the derivatives using
three finite-difference methods compensates for
this weakness and ensures the enhancement of the
accuracy of parameter estimation. Poplavsky method
also struggles at the left and right boundaries, but
after cutting off the edges according to the size of
the sliding window, it becomes more efficient under
a low intensity of noise. However, the efficiency
of this approach deteriorates with an increase in
the intensity of the measurement noise.

Conclusion

This study comprehensively analyzed the effects
of numerical differentiation methods: the forward
difference method, backward difference method,
central difference method, combination of finite
difference methods, and Poplavsky method on the
estimation of the longitudinal stability and control
derivatives of the mathematical model of the
motion of the aircraft. Moreover, two proposed
approaches take into account the combination of the
results separately obtained by three finite difference
methods and Poplavsky method-2, where the un-
necessary edges of the dataset at the boundaries are
cut off.

The numerical differentiation methods are used
to approximate the derivatives of the pitch rate that
is necessary for forming the output vector in the
least-squares method. It is important to note that
the choice of method depends on specific tasks and
requirements. All of these numerical differentiation
methods may have advantages depending on the
task. The combination of the results separately
obtained by the three finite difference methods
can be especially useful in practical applications
where noise is present, for example, in scientific
experiments, data analysis, or signal processing.
This method also has the ability to reduce the
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effects of noise and provides reliable estimates of
derivatives, even at high noise levels.

Based on the results obtained in this work,
it can also be noted that every single point of the
dataset is crucial for the parameter estimation, as
the first and last points, that is, boundary points,
significantly affect the accuracy of estimation.
This advantage of the proposed approach enhances
the accuracy and reliability of numerical differ-
entiation methods in various scientific research
fields.
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Il po6acTHasa ycTonuneasa 3KCTPanonsauus CTauMoHapHOro ciy4amnHoro
npouecca c MHTepBaJibHO-OrpaHN4YeHHON aucnepcuen

N.I. Cunopos

MocKOBCKHiT MONMUTEXHUUECKNH YHUBEpCHUTET, Mockea, Poccus
D4 igor8i2016@ya.ru

Hcropus cratbu AnHoranus. [IpeacraBneH mMeron CHHTE3a [ PoOACTHO-yCTOHYUBOIO
TMocrynuna B pexaxiuo: 12 sHaps 2024 1. JMHEHHOTO MUHHMMAaKCHOTO SKCTPANONATOpa CTalHOHAPHOTO ciryvaii-
JlopaGorana: 21 anpesnst 2024 1. HOIO IIPOLIecCca B YCJIOBHUAX MHTEPBAJIbHOM HEONpENEeNeHHOCTU Iapa-
Tpunsita k myGmukamum: 14 mMast 2024 1. METPOB u3MepseMoro cursana. IlokazaHa B KOHCTPYKTHBHOM BHJE

W poOacTHO-YCTOHYMBAs MHHUMAKCHAs SKCTPATIOISIHS KaK IO Pe3yilb-
TaTy, Tak U 1o pemennto. CHopMyaMpOBaHbl U J0Ka3aHbl TEOPEMBI
JETCPMUHHU3ALUHN U PEIYyKINHU CYIIECTBOBAHNS U €JUHCTBEHHOCTH CO-
ABTOp 3asBIISCT 00 OTCYTCTBUM IIIaCOBAaHHON MHTEPBAILHON CEAIOBOM TOUKH B 3a[a4e SKCTPAIIOIISLINT
KOH(IIMKTA HHTEPECOB. C MaJIbIMH HEYETKO-UHTEPBAIbHBIMU OTKJIOHEHUSMH B MPABBIX YaCTAX
OrpaHHYEHHH Ha CHEKTPAIBHYIO IJIOTHOCTh MOIIHOCTH BO3MYILEHHS
M3MepsIeMOT0 CHrHajla B (hOpMe COTNIAaCOBAHHOW MHTEPBAILHOU (yHK-
uu Jlarpanxka. B koHCTpyKTHBHOI (hopMe mpeuiokeH 4-1I1aroBblit
QITOPUTM JETEPMHUHU3AIMH ITOMCKA ONITUMYMa HEIOJIHOCTBIO OIIpe/ie-
JIeHHOTO (YHKIMOHAJIa AUCIIEPCUU ONIMOKHM OLCHWBAHMS K HaXOXJle-
HHIO OTHOMMEHHOTO ONTHMYMA JIBYX IOJHOCTBIO ONPEAEIECHHBIX (JeTep-
MHHHPOBAHHBIX) (YHKIIHOHAJIOB. JTOT MOAXOA, B OTIMYHE OT APYTUX
(Hampumep, BEpOATHOCTHOTO), BCETAa OOECIEeYMBAET CyNIECTBOBAHUE
YCTOHYMBOTO 10 PE3YNbTaTy M PEIICHUIO EAUHCTBEHHOTO ONTHMYyMa
B 33/1a4€ HHTEPBAIBHOI MHHUMAKCHON SKCTPAIOJIALNHN 32 CUET PeryJis-
pH3alKU 110 MAJIOMy MapameTpy MpH HPOU3BOJHON OT COOCTBEHHOI
(DYHKUIMH CHHTYJISIPHO-BO3MYIIEHHOTO HMHTErpo-AuddepeHuaibHoro
YpaBHEHUSI IEPBOTO MOPsIJIKA C MHTErPalIbHBIM OllepaTopoM THa Boib-
Tepa BTOPOTO pOfa, ONpeAesieMbIM CUMMETPHYECKUM, 3aMKHYTHIM
BEIIECTBEHHBIM S1pOM. B OoTIIMUME OT KIaCCHUECKUX METOIOB IPOTHO-
3MPOBaHMS M OLICHUBAHUS IPEAJI0KEHHBIH METO IO3BOJISIET TOJTyYUTh
rapaHTHPOBAHHBIC HHTEPBAJIHHO YCTOWYNBBIE POOACTHBIE OIIEHKH COCTO-
SIHUS TIPH HEKOTOPBIX OTKJIOHEHHSX NEHCTBUTEIBHBIX BEPOSTHOCTHBIX
XapaKTEPUCTHK UCXOMHBIX JAHHBIX OT THIOTETUYECKHUX.

3asBieHne 0 KOHQUIMKTE HHTEPECOB

KiroueBble cjioBa: ceanoBas TOUKA, HEKOPEIUPOBAHHBIN, CLIEKTPaIb-
Hasl TUIOTHOCTb, po0acTHasi YCTOHYMBOCTD, PEryJIsipH3aLus, MUHIMAKC,
SKCTPAIOALMAL
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Abstract. A method for synthesizing p robust stable linear minimax extrapolator of
a stationary random process under conditions of interval uncertainty of the para-
meters of the measured signal is presented. A robust and stable minimax extrapolation
is shown in a constructive form of p, both in terms of the result and the solution.
The theorems of determinization and reduction on the existence and uniqueness of
a consistent interval saddle point in the problem of extrapolation with small indistinct
interval deviations in the right parts of the restrictions on the spectral power density
of the perturbation of the measured signal in the form of a consistent interval
Lagrange function are formulated and proved. In a constructive form, a 4-step
algorithm is proposed for determinizing the search for the optimum of an imperfectly
defined functional of the variance of the estimation error to find the optimum of the
same name for two fully defined (deterministic) functionals. This approach, unlike
others (for example, probabilistic), always ensures the existence of a stable result and
solution of a single optimum in the problem of interval minimax extrapolation due
to regularization by a small parameter with a derivative of the eigenfunction of
a singularly perturbed integro-differential equation of the first order with an integral
operator of the Voltaire type of the second kind, defined by a symmetric, closed real
the core. Unlike classical forecasting and estimation methods, the proposed method
allows us to obtain guaranteed interval-stable robust estimates of the state with some
deviations of the actual probabilistic characteristics of the initial data from the
hypothetical ones.

Keywords: saddle point, uncorrelated, spectral density, p robust-stable, regularization,
minimax, extrapolation
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BBepeHune

HCACTCPMUHUPOBAHHBIC ITApaAMETPhbI, B YaCTHOCTH,
HMH MOTYT OBLITE HHTCPBAJIbHO HCOIIPCACICHHBIC

BoNBIIMHCTBO COBPEMEHHBIX 33Ja4 ONTHMHU-
3allMM peniaeTcs B MPEANOIOKEHUN NETEPMUHU-
POBaHHBIX NTAPAMETPOB ONTUMHU3UPYEMON CUCTEMBI.
OnHako Ha NPAKTHKE CHCTEMBI B TEXHHUKE, SKOHO-
MHKE, COLMOJIOTUHU U T. I. UMEIOT, KaK IPaBUIIO,

napaMeTphbl, TAKHEC KaK CIICKTPAJIbHbIC HHTCPBAJIb-
HBI€ IUIOTHOCTH OIIHOOK HU3MEPCHUA II0JIC3HOI'O
CHATHAjla W/UIA HEU3BECTHOIO HHTCPBAJIbHO-HEC-
YCTKOTI'O BOSMYIICHU:, IPUCYTCTBYIOIICTO B U3MC-
PEHUAX IIOJIC3HOI'O0 CHUIHaAJIa. B sTux YCIIO0BUAX
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MOJTyYUTh aHAJTUTUYECKOE PEIIEHNE ONTUMAJILHOU
3aJa4¥ SKCTPAOJISINY Wi QUIBTPAIMN HE MIPe-
CTaBJIE€TCSA BOBMOKHBIM. /locTarouHo yacto mare-
MaTH4eCKas MOJIETIb CUCTEMBI YIIPABICHUS YUUTHI-
BAeT JIMIIb JIOMyCTUMbIE 00IacT W3MEHEHHs Ha0-
JIOAEMBIX IApaMETPOB YIPABIAEMOW CHCTEMBI
U XapaKTEePUCTHK €€ OTIENbHBIX IEMEHTOB 0e3
KOHKPETU3aLNU CAMHX 3TUX [TapaMETPOB U Xapak-
TEPUCTHK. YKa3aHHbIE 00JIaCTH MOTYT OIpere-
JATHCSI, HAIPUMEP, HHTEPBAIbHBIMU OTPAHUYECHH-
SMH, COOTBETCTBYIOIIMMH 3a/JaHHBIM TEXHHYE-
CKHM JIOITyCKaM Ha cuUcTeMy. Pemenue Takux 3a-
naq TpedyeT CrenHaibHbIX METOI0B, OTIIMYHBIX OT
METO/IOB OOBIYHBIX JIETEPMUHUPOBAHHBIX ypaBHE-
Hu#. B psane pabot rpynmsl aBTopoB [1-4] npen-
JIOKUITH HECKOJIBKO (DYHIaMEHTAIBHBIX TO/IXO/I0B
K PENIEHUIO 33/1a4 JUHEWHOW MUHHUMAKCHOM JKC-
TPANOJISILMN 71 CTALIMOHAPHOTO CITy4aiiHOTO Mpo-
recca, MoJIy4MBIINX PACIPOCTPAHEHHE B HAYYHOU
muteparype B niepuog 1991-2017-x rr. Cpenu Hux
ObUIa paccCMOTpEHa 33/1a9a MUHUMAKCHOM 3KCTpa-
MOJISILMY CTAlIMOHAPHOTO CIy4YailHOro mporecca ¢
HEIPEPBIBHBIM U JUCKPETHBIM BPEMEHEM IIOCTAB-
nena u pemeda O.M. Kypkunsim [1]. 3agaua cun-
T€3a HKCTPANOJSALUN BPEMEHHBIX CTAl[MOHAPHBIX
B IIMPOKOM CMBICJIE BPEMEHHBIX MOCIEI0BATEb-
HOCTEl Ha MHTEPBaJie BPEMEHH HCCIIEOBANIACH B [2].
Heckombko pesynpraroB 0b110 omyderno M. Mok-
lyachuk n A.Yu. Masyutka B [3], B koTopoii ObL1a
pelieHa 3amada JMHEHHONH MUHHMAaKCHO-po0OacT-
HOHW SKCTPAIOJISINNA JIHHEHHBIX (QYHKIIMOHAIOB
JUIS TIPOMYIIEHHBIX 3HAYCHUM CTAaHJAPTHOU BEK-
TOPHOW CTallMOHAPHOW CIy4YallHOW MOCIEI0Ba-
TEJIBHOCTH C OPTOTOHAJIBHBIMU 3HAYEHUSIMH KO-
HEYHOTO paHra. MiMu ObLIO MOKa3aHO, YTO MakK-
CUMaJIbHYIO CPEIHEKBAIPaTHUECKYI0 OIITHOKY B
OIICHKE JIMHEWHBIX (YHKIIMOHAJIOB JTaeT MOJEIb
CKOJB3SAIIET0 CpPEeAHEro InepBoro mopsnaka. Pac-
CMOTpEHA 3aJlaya JTUHEWHOW SKCTPAOIISIIIUN IPO-
recca, Korjaa CeKTpajabHble HHTEPBaIbHbIE IUIOT-
HOCTH OIIMOOK HM3MEPEHHUs] CUTHAIA YJOBJIETBO-
PAIOT MOMEHTHBIM YCJIOBHSIM M U3BECTHBIM allpu-
OPHBIM OTPaHUYCHUAM B (hopMe BEUIECTBEHHO He-
OTPHLIATEIBHO-ONPEIETICHHBIX CAMMETPUYHBIX HH-
TEPBAJIOB 110 OTHOIIECHUIO K 0KHM1a€MbIM HE3aJaH-
HBIM TPaHMIIAM CBOUX OTPAaHUYCHUN TpeOyeMoii
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mupuHBL. PaccMarpuBaeTcs [ poOacTHO-yCTOWYH-
Bas MHTEpBaJIbHAs FapaHTUpPYyIOLIas OLIEHKA, MOJ
KOTOPOM MOHUMAETCs] HaWiIydllas OLEHKa Iapa-
METPOB IOJIE3HOTO CUTHAJIA B CMBICIIE MUHIMYyMa
OIMOOK M3MEPEHUI ¥ BOSMYIICHN C MHTEPBAJIb-
HBIMH CHEKTPAJIBHBIMH IUIOTHOCTSIMU, IIPUHAJIE-
KAIUMH MHOKECTBY HEOTPHILIATENLHO OIPEEIICH-
HBIX TUIOTHOCTEH. | PoGacTHO-ycToiunBas MUHH-
MaKCHasi HKCTPANOJALMS MOHUMAETCs MO Iapa-
METpY | KaK MHOKMTEIO TPH IPOU3BOJHOM OT HC-
KOMO# cOOCTBEHHOW (YHKIIMH B WHTETPATHLHOM
ypaBHeHHH [peHaHnepa, omnpenemnsioneM OITH-
MAJIBHBI MUHUMAKCHBIN 3KCTPANoIATOp, KaK pe-
TyJsipu3anus 3a1a4u, 00ecIeqnBaroias yCcTonym-
BOCTb €€ KaK 10 PEIIEHUIO, TaK U 10 €€ PE3yJIbTaTy.
Pemenne nmpoGnemMbl CBOAMTCS K PEHICHUIO JABYX
MOJTHOCTBIO ONPEIENIEHHBIX 33134 YCIOBHOW OII-
TAUMH3AIUU TOTO e Buja [4]. Ilpu 3ToM ucnons-
3yeTcsl MaTeMaTHyecKas TeOpHsl CPaBHEHHUH HH-
TEPBAJIOB, MO3BOJIAIONIAS 3AMEHUTH CPABHEHUE HH-
TEpBaJIOB CPABHEHUEM UX HUKHHUX U BEPXHUX I'pa-
HUII ¥ BBIJEJINTh MAKCUMAJIbHBINA 1 MUHUMAJIbHBIN
MHTEpBaJl B paMKaxX COXpaHEHHWs L poOacTHOU
YCTOMYMBOCTH 3aJa4y SKCTpamnoyisauu. B uccne-
JOBaHMH ITOKA3aHO, YTO JIMHCHHBINM MUHUMAKCHBIN
WL poOaCTHO-YCTOWYHMBBI WHTEPBAJIBHBIA IKCTpPA-
HOJISATOP COBIAJAET C ONTHUMAJIbHBIM JIMHEHHBIM
HKCTPAIOIATOPOM I 00bEAMHEHHBIX MHOXECTB
BCEX HWKHUX (BEpXHUX) 3HAUEHUH UT'PbI, KOTOPHIE
00pa30BaHbl HIDKHUMHU (BEPXHUMH) 3HAYCHHUSIMHU
JETEPMUHUPOBAHHBIX «TOYEYHBIX» UIP C HHTEp-
BAJIbHBIMU CTPAaTErHsMU WIPOKOB U UX (PYHKIH-
MU BbIArpbima. IlokazaHo, 4TO ONTHMAJIBHBIN
MHTEPBAJIbHBIN 3KCTPAIOATOP COBIAAAET C MUHU-
MaKCHBIM JIE€TEPMHUHHAPOBAHHBIM 3KCTPAMOISATOPOM
B (hopMe COTITacOBaHHON MHTEPBAJIBHON (PYHKITHH
Jlarpanxa 1o ee mepBOld KOMIIOHEHTE HCKOMOTO
3KCTPAIOIATOPA U BTOPOH, CIEKTPAITBHOM, KOMIIO-
HEHTE HauXyJIUIEr0 BO3MYILEHHUS C PETyIspHOU
0071aCThIO TOMYCTUMBIX €€ HWXKHEH (BepXHei)
TPAaHWYHOM 3aJa4u. YKa3aHHBIM IMMOAXOJ IMO3BO-
JSIeT B KOHCTPYKTUBHOM (popme MOCTpouTh 4-11a-
TOBBII L p0OACTHO-YCTOWYMBEIA alITOPUTM pellie-
HHSI MHTEPBAIBHOW 3a71a4ll MUHUMAaKCHOM 3KCTpa-
MOJIALIMM, KOTOPBIM peanu3yeT METOJ JeTepMU-
HU3ALNN.
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1. NocTaHoOBKa 3aga4 MMHUMAaKCHOM
3KCTpanonsuum npm oTCyTCTBMM OLLMOGOK
Nn3mMepeHuil B HerpepbiIBHOM BpeMeHM

[Mpenmnonoxum, 9To GakTHUECKast COCTABIISIO-
1jasi U3SMEPEHHOro CUTrHajla Oblia copMHUpoBaHa
13 OIPEIETIEHHOTO BO3MYIIEHHUS € TOMOIIBIO JUHA-
MUYECKON CUCTEMBI YIIPABICHUS

X(t) = AX(?) + bii(¢). (1)

3/1ech MOCTOSHHAS MAaTpPUIa A Pa3MEPHOCTH
nXxn, te (—oo,+00), X(f)e R" sABIAETCA BEKTO-
POM COCTOSIHUS CUCTEMBI; b — MOCTOSHHBII Bek-
TOp; ii(f) — HEU3BECTHOE MHTEPBATLHO-HEUET-

KO€ BO3MYLIECHHE WJIU YIIPABIEHUE, IPEICTABIISAIO-
I[e€ CKAISIPHBIN CTAllMOHAPHBIN CITy4ailHbIN TPO-
LECC C HYNEBBIM CPEIHMM 3HAYEHUEM C CIUH-
CTBEHHOW MH(pOpMaLUel 0 ero UHTEpBalIbHO HE-
YEeTKOW KOPPEISAIMOHHON (yHKIMU 00 orpaHuye-
HUU HA €r0 MHTEPBAJIBHO-HEYETKYIO JUCIIEPCUIO,
KOTOpast yIOBJIETBOPSAET HEPABEHCTBY

Ei’ (1)< a,

riae E(*) o0o3HavaeT MaTeMaTHYeCKOe OXKHUJIaHUE,
i°(t); @< e — (uKCHpPOBaHHAS MHTEp-
BaJIbHO-HEUYETKAask MOIHOCTh BO3MYIIEHUS U, BO3-
MOKHO, OIpaHUY€HHE Ha 00JacTh KOHLEHTpPAIUU
ero CHEKTPAIbHON IIOTHOCTH — A ())B TOUKE
AeA; A — 3aJaHHOE MOJMHOKECTBO YaCTOTHOM
ocu. M3mepennsiii curnan y(f) mo pesymbraram
HaOJIr0IeHNUI Ha BpEMEHHOM MHTEpBAJIE ! € (—o0, 1)

npeacrTaBuM B BUAC
¥(1) = CTx(1). (2

CrenaeM Clieayromue Mpeanoa0oKeHUsI OTHO-
cuTenbHO Martpul A, b, u C:

1) cucrema «uzmepurenb — o0bek™ (1), (2)
SBIIsIETCA HAOIIOMaeMOil CUCTEMON

rank|(C,A" €, A™) €)=

Ha nporskennn Beeit crareu rank Oyner mart-
PUYHBIM OTIEPaTOPOM TMPHUHSTHUS paHTa HaJl COOT-
BETCTBYIOIIEH COCTABHOW MATPHULIEH:

C,A" C,...,(A") C.

DTO 03HAYAET, YTO €CJIU XOTsA OBl OJUH U3 €r0
MHUHOPOB TOpSAIKA 7 OTIAMYACTCS OT HYJs, MpU
9TOM KaXJIbIii MUHOD TIopsijiKa (7 + 1) paBeH HyITIO;

2) cuctema «u3mepuresab — o0bekT (1), (2)
SBISIETCS «MACKHPYEMOID BO3MYIIIEHHEM, T.€. JTIO-
00e ee coCTosIHNE MOXKHO BCETIIa BBIPA3UTh B BUJIE

X(t) = f A1) dr 3)

00
HJIN SKBUBAJICHTHOC YCJIOBHC
-1
rank (b, Ab,..,A"'b)=n.

Tak xak y(¢) — rayCcOBCKMH CIly4aliHbIA

MPOLIECC, TO HAWIYYIIeHl SKCTparosiiueil sBis-
©TCsl JIMHEWHas SKCTPAIosALus, KOTopasi B JaHHOM
Clly4ae UMeeT BUJL

t
St+T)= [ gt+T-1)y(1)dr,

—00

4TOOBI HaliTH nepexoanyro GyHkuuo g(¢) pusu-

YCCKHU pCAJTIU30BaAHHOIO (bl/Iﬂpra, KOTOpBIﬁ OLICHU-
BacT ponecc

L
s+ T)= | ¢ (t+T—=1)x(1)dr

B MoMmeHT Bpemenu [ +1, T>0,

3neck ¢(t) — 3amaHHast QYyHKIUS «BEKTOP-
CTpOKa» pasMepa n JUHCHHOTO MpeoOpa3oBaHuUs,
KOTOPOE 3371a€TCs CTPOKOHM YaCTOTHBIX XapaKTePH-
CTUK Q(\) IOJE3HOro curHama Xx=x(¢) cramuo-
HApHOTO /7-MEPHOTO Tpoliecca.

Kputepriem kadecTBa SIBISCTCS AHMCIIEPCHUS
OIIMOKHU MPOTHO3UPOBAHUS C TICPUOIOM BPEMCHH
3KcTpanonsaunu 1+
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min max E [§(t0+T)—s(t0+T)] ' =
g u

= min_sup D(G, h), 4)
GeKext /’l g

rie G— nepeaarodHas (QyHKIMA, CBS3aHHas C
byHkumen g(t), h — napaMeTpUYeCcKHil CIeKTp

HEU3BCCTHOI'O0 MHTCPBAJIbHO-HCUYCTKOIO BO3MYIIIC-

ext

HUA (%), K — KJIACC KOMITJIEKCHO3HAYHBIX
JIMHENHBIX KCTPAOIATOPOB, E — KJacc Crek-
Tpa BO3MyLIeHu# = ¢ L (A), Tae L, (A) — Kiacce

aOCONIOTHO MHTETPUPOBAHHBIX BEIECTBEHHBIX
¢byHkuuii Ha A, ompenensemMblil Kak

2={h(.q)e L : I(h=
_ L [0 @< D,. (4a)
2wy

I[n;l q)HKCI/IpOBaHHOI/I CHEKTPAIBLHON TUIOTHO-
CTH h € E ONTHMAIBHBIN JINHEHHBI SKCTPAITOIIS-
T0p G*'(\) HAXOMMTCS IyTEM PEIICHHUs IKCTpe-
MaJILHOH 3a7a4n

min supD(G h) (5)

GeK™ jc2

Takum 00pa3om, 3aa4a CBOIUTCS K HAXOXK-
JICHUIO YaCTOTHBIX XapaKTEPUCTUK IO MUHUMAKC-
Homy kputepuio (4). [lpencrasnsier unTepec pac-
CMOTpPEHHUE CHTYalllii, B KOTOPbIX M3BECTHA TOY-
Has opma CHEKTPaIbHOM TNIOTHOCTH MOIIHOCTH
CUTHaja, HO ¢opMa CHIEKTPaJbHOW TUIOTHOCTH
MOIITHOCTH BO3MYIIEHUS Hew3BecTHa. OTHOCH-
TETLHO HEW3BECTHOW KOMITOHEHTHI ﬁ(k,q) n3-

BECTHO JIMILIb, YTO OHA YAOBJIETBOPSIET YCIOBHUIO
napameTpUueCcKol HHTEPBAIbHOW HEUETKOCTHU:

h(%q)=(1=q) Q) +qh (X), (5a)

rae h(A)— Heu3BeCTHAs OKUIaeMas HIDKHSS Tpa-

HuuHas peanusanust, /1 (A) — HeusBecTHAs OKH-
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JacMasa BEpXHAS I'paHWYHaA HEU3BCCTHLIX IIapa-
METPUYCCKHUX COCTABIAOIIUX CIICKTPAJIbHBIX IJIOT-

Hoctelt A(,q),

M3MEHEHHUHU NApaMeTpa ¢, g e [0,1] — mapamerp,

KOTOPBIC cJ1ab0o MEHSIOTCSI npu

BHHaIOH_[I/Iﬁ BO3MOXKHYIO CTCIICHb ACBHAIIUU pPCa-

n3anuu };(k,q), Ha ee MHTEepBaje HEUYETKOCTH
= =[h(\),h(V)], h(h,q)e £ or ec oxunac-

MBIX TPaHUYHBIX pealh3alui, };(k,q) cocpeio-

TOYEHA Ha 0XKUJAEMOH ITOJI0CE YaCTOT A, :

h(Lq)=0, ecm L A,

TIOJIOKMTENEHOM Mepbl mesA, >0 (BO3MOXHa
u OECKOHEUYHas Mepa), UHTEPBAIbHBII MapaMeTp
D, B mpaBbix YacTsx orpaHuveHuii (4.a) mpen-

CTaBJICH B BUJC CI/IMMeTpI/I‘{HOFO I/IHTepBaJ'Ia
D,=[D,-§,D,+3|

C MaJIbIMU HEOTPHIIATEIbHBIMU OTKJIOHEHUSMU §,
e D < oo — (PUKCHpOBaHHASI MOIIIHOCTH BO3MY-
u

IICHUS, ‘P(X) — HEOTpHULATEIbHAS 3aIaHHAs YET-

Hast (PYHKIHUS 10 9acTOTE A, YIOBICTBOPSIOIIAS

ycaoswuto Ileiinn — Bunepa:
|In lI’(w) |
————dn<eo
j 1+o’ ©)
MpI Oyznem paccMarpuBaTh Z B nabHeiieM
KaK TOAMPOCTPAHCTBO [, ()) THIBOEpTOBA MpO-

CTpaHCTBa KOMIUIEKCHO3HAYHBIX (DYHKIIMA, 3a1aH-
HBIX Ha YaCTOTHOM OCH [—e0, 0], HHTETPUPYCMBIX

10 KBaJpaTy OTHOCUTENHHO Mephl JleGera ¢ mioT-
HOCTBIO f,(x’q) , HepaBHOU HyNIO. byneM cunTarh

Janee, Y4TO MHOXKECTBO CIIEKTPANbHBIX IUIOTHO-
CTCi, 33JaHHBIX B BHJIE (52) U YIOBIETBOPSIOIINX
orpaHnueHUsAM (4a), NMPUHAIICKUT BBITYKIOMY
c1aboMy KOMIAKTY = JONYCTHMbBIX HEOTPHIA-
TEJNIBHO OTPECIICHHBIX CIEKTPAIbHBIX IUIOTHO-
crel Bo3MylleHui nomexu. B [5] BnepBbie npen-
JIO’KSH TaKOW IOIXOJ K 3a/1a4€¢ MHTSPIIOJISIIIH JIIST

CTallMOHAPHBIX IMPOLECCOB. AHaIOTHYHBIN Ipu-
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YUHHBIN cITydail ObIT paCCMOTPEH I HHTEPBAJIb-
HOW HEUETKOCTH JIMHEMHON AWHAMHWYECKOU CH-
CTEMBI C MapaMETPUUECKON HEOIPENEIEHHOCTHIO
cneru(uKali TOJBKO B MATPHIIE COCTOSHUN B
pamkax ¢popmbl H-yCTORYMBOCTH ¢ OrpaHUYCHHOM
JUCIIEpCUEN CIy4allHOTO BO3MYLIEHHUS B IOJIE3-
HOW cOCTaBJsItoIed Mojaenu curHana B [6]. Jlns
9TOM 3a/1a4u Terepb Mbl MOXKEM C(HOpMyTUpOBaThH
CIIEIYIONIYI0 TeopeMy 0e3 OYeBHIHOTO JOKa3a-
TENbCTBA, KOTOPAsl 1a€T METOJIMKY MOUCKA HauMe-
Hee OJIarONPHSTHBIX CIIEKTPOB B OIPEIENICHHBIX
CIIyqasix.

Teopema 1. /Jaunas 3a0aua umeem ceono-
8Y10 MOYKY 6 CUTLY MO20, YMO KpUmepuii oyeHusa-
HUAL (G, k) A6TIACMCS TUHEUHBIM (QYHKYUOHATOM

no h u mmoxcecmso scex h(\,q) ¢ oepanuuennoil

uHmepsaIvLHOU ducnepcuet
1 %~ ~
— [ hO.)P(1) <D,
2n 2

SABNAEMCS BLINYKIILIM, C1AO0 KOMNAKIMHBIM U QYHK-
YUuoHan ebLuzpblula (G, h) A6IAEMCsL K6AOpamuy-

HbIM N0 G U TUHEUHbIM NO f. YCn06us 6bInyKio-
CMU-802HYMOCMU, KOMmMopvle mpebyromcs npu
UCNONL306AHUU U3BECTNHBIX MeopeM U3 meopuu
uep [7], svinoamsemcs kiaccuueckoe yciogue
CyuWecmeo8anust Ce0io80ll MOUKU U Mbl UMeeM CO-
omeemcmsyloujee coomuoulenue, onpeoensujee
Ce0NI08YI0 MOYKY:!

min max D(G,h) =

GeK®™' el

= Imax min D(G,h)=D,,. (7)

Takum oO6pazom, mpodemMy clieyeT HHTep-

MPETHPOBaTh KaK aHTAarOHUCTUYECKYIO HWIpYy

I(D,=,K*"), rae gpynkuuonan smrpeima D(G, h)
CBSI3aH C COOTBETCTBYIOLIMMH CTPATETHYCCKHUMHU

MIPOCTPAHCTBAMHU JIByX WIPOKOB: IIPOCTPAHCTBO
HepBOr0 UIPOKa, HA3BAaHHOTO IPUPOJION, CTpeMs-

nierocst MakcumusupoBatb D(G, ), u mpocTpas-
cTBO BToporo K  urpoka, Ha3BaHHOTO HCCIEI0BA-
TeneM, cTpemsiierocst MuauMusuposars D(G, h).

OTMQTI/IM, 9TO B ﬂaHHOﬁ MaTeMaTHYeCKOl mocTa-

HOBKE aJITOPUTMA FapaHTUPOBAHHOIO PELICHUs
WHTEPBAIBHON 3ala4u [L poOaCTHO-yCTOWYHUBOM
JUHEWHOW MMHUMAKCHOM 3KCTPArosiuu COOIIO-
JaloTcsl BCe TpeOOBaHMs MO OOECIEYEHUIO €Tro
BO3MO)XHOCTH IIMPOKOrO MPUMEHEHMsI Ha MpaK-
TUKE [8] — 10 ONTUMAaJIBHOCTHU, OJHO3HAYHOCTH,
HECMEIIEHHOCTH M cxoaumocTu. OJHO3Ha4-
HOCTbH M HECMEIIEHHOCTh AJITOPUTMA TapaHTHPO-
BaHHOTO HMHTEPBAJIBHOIO [ pOOACTHO-yCTOHYU-
BOIO IIPOTHO3a OYEBU/HA. YKA3aHHBIN aJrOPUTM
TaKXe U ONTHMAJIEH B TOM CMBICJE, YTO DKCTpE-
MaJjbHbIE MOJMHOMBI Ha MHTEpBaje MpOruosa I’
BBIJICIISIOT U3 BCETO MHOYKECTBA peanm3armii y(f) ,

te (—oo, t,+7T) o0nacTb, COAEPHKALIYIO TOIBKO

TaKWe peaau3alui, KOTopble MO Obl HaOJIro-
JaThCsi Ha MHTEPBAIC te (—oo, £,) HPH YCIOBHH,

9T0 OMmMOKa U3MEPEHUH &(¢) ISKUT B HEKOTOPBIX
npenenax g(t) € [A, (1), A,(¢)], T. €. 006m1acTsb, orpa-
HUYEHHAsl SKCTPEMAJIbHBIMU MOJMHOMAMU Ha MH-
TepBae 7, sIBIsieTCs] HAMMEHbILEeH U3 BO3MOXKHBIX,
B KOTOPOW HAXOAUTCSI TapaHTUPOBAHHO MCTUHHAS
peanuzanus y(f). OnTumanabHas OlleHKa, XapaKTe-
pu3yIollas TOYHOCTh TapaHTHUPOBAHHOIO IIPO-
THO3a, MOYKET OBIThH 3alMcaHa KaK
* .
¢ ()= min max | y(¢) — y(t 7a

( ) Vo pEN Vel |y( )a y( )B |’ ( )

rie N — MHOXeCTBO, cojepiKaliee Ha HHTEp-

Basie 7 TONBKO Takue peanusanuu y(t), KOTopbie
JIe)KaT B HWHTEpBaJie W3MEPEHUM [z(t)— Al (1),

z(¢)+ A, ()], tie z(r) — pe3ynbTaTh Habmroze-

HUH peain3aiuy ciydaitHoro mporecca y(f). Acum-
NTOTUYECKasi CXOAUMOCTh PacCMaTpPUBAEMBIX all-
TOPUTMOB TPOTHO3a BBITEKAET M3 CBOWCTB IKCTpPE-
MaJIbHBIX TIOJIMHOMOB, HarpuMmep nonruHoMoB Kap-
nuHAa [7], 1 MOXeT ObITh JOKa3aHa ¢ UCIOJb30Ba-
HUEeM TeopeMsl 2.4 [7] B cMmbicie kputepus (7a).

CucremMa COOTHOLUEHMI, ONPEeRESTTIOLUNX
cenqiIoByrO TOYKY B 334a4€ MUHUMAKCHOWH
IKcTparnoaayunu

Teopema 1 MoxxeT ObITH IPUMEHEHA 151 HAXO-
KIACHUA pemeHHf/i 3aa4y SKCTPAIosiuuu 4Jist CTa-
[IMOHAPHOTO CITy4aiHOTO MPOIIecca B CIIyJae CIeK-
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TPaJIbHON HEOIPEeNCHHOCTH, KOT/Ia CIIEKTPasb-
Hasl IJIOTHOCTH BO3MYIICHHUSI TOYHO HEM3BECTHA.

CnekrTpanbpHasl IJIOTHOCTh CUTHaja u3 (2)
MOKET OBITh MPE/ICTaBICHA B BUJIE

X,(Lg) =T +h(hq), (76)

IJle U3BECTHA HEOTPHUIATEIbHAs COCTaBIAIOIIAs
T'()\), ynosieTBopsitomas ycnosuro [eiinn — Bu-

ext

Hepa (6) H h(h,g)e K ABISETCA HEU3BECTHOMH
COCTaBJISIONICH B cCrieKTpe curHaia. Pemenue 3a-
na4u (5) MOKHO HAMTH IS 3TOTO CiIydast, puMe-
HUB pe3yNbTaThl [1] OTHOCUTENHHO CBSI3U 3aJa4U
MUHUMaKCHOW (pUIbTpanMy C peLeHHeM Mpo-
O71eMbI MAPKOBCKHUX MOMEHTOB [9].

IIycts T(A)=0, TOIga cucreMa COOTHOLIE-

HUH, ONIPENEISIOINX CEAJIOBYIO TOUKY B 3TOM CITy-
qae, onpezaensercs GopMyIamMu

YN =loM) [ ®)

+oo

[omxi (o)) |

9

s at'(A)
= f ©)
ax, (t.q) = [ K (1,E)X; (&) d&;

min[#;7—-&]
K(t,&) = P(t—t)a(t+&)dt.  (9a)
e [OVXOLg) ]
M W

_ X:(hg) -
O —fi. i\ D)oty (10
O = [ X;(x,q)q)() (10)

rjie 0 — MHTepBalbHBIN K03 uuuent Jlarpanxa,
YAOBJIETBOPSIOIINI CUCTEME COOTHOILICHHH, Onpe-
JEJSAIOIUN CeUIOBYI0 TOUKY MHUHHUMAKCHOTO JKC-

Tpanonsropa [1, mynkr 3. 6. 1] X (¢,q) — dynx-

sl OPUTHHAI H300pakeHus X ; Nq),P(t) —

opurunain uzobpaxenust 1/ (A); a(t) — opu-
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ruHa n3o0paxeHus (Q(A)Ha OTpe3Ke BpEeMEHH
0<t<T; o) — pesyaprar (haKTopu3aLUuu

T =0T (0" 0 (1) =07 ()5 Ay

MaKCHMaJIbHOE HEYETKO HHTEPBAIbHOE COOCTBEH-
HO€ 3Ha4Y€HHE, COOTBETCTBYIOLIEE COOCTBEHHOMU
bynxuun X (A, g) B OIHOPOIHOM HHTErPATBLHOM
ypaBuenuu ['penanzepa [10]. ucnepcuio omumoku

AKCTPANOSAUHN C NEPUOAOM BPEMEHH IKCTPAIo-
JSUUU MOXKHO B 3TOM CIIydae MPeJCTaBUTh B BUJIE

Eext (7\’, q) —
=L 1600 - 00 H0u )= a7 - (1)
21 2.

B coornomenusix (9), (10) u nanee noxpasy-
MEBAETCsl HCIIONb30BaHUE O -ypOBHEBOTO MPHH-
1umna 0000IIeH!sT ¢ HHTEPBaIbHOU apu(METHKOU
JUIS BBITIOJTHEHUSI anreOpanyeckux U apudmeru-
YeCKMX OMNepaluii C HEYSTKHMMH YWCIaMHU WIH
¢byukuusmu [ 10], cumBoitbl B ypaBaeHuUsX (9), (10)

anst ynkuumid u cumBonsl A4, (M) u A_(A) Obun
BBE/ICHBI KaK COOTBETCTBYIOIME ONEpALUU Pa3-
nenenust GyHKIuM A(A) B HIDKHEH M BepxHeH

aHAJIUTHYCCKOMN MOJIYIIJIIOCKOCTHU, COOTBECTCTBCHHO

A (A), A (\)u ABISIOTCA TPUYMHHON U HETpH-

YUHHOW YacCTSMU yIOBIIETBOPSIIONICH GakTopr3a-
unu pynxiuu A(L) = A (M)A (L), upu puxcn-

posannoii G(A,q), E(k, q) SBIISETCS PEIICHHEM

3a1aun npobieMbl MOMeHTOB Mapkosa [9], kaca-
IOIIEICST BO3BMYILIEHUS! CIIEKTPAIbHOM MJIOTHOCTU
(TOYHO HEW3BECTHOM), CBSI3aHHOW C KpUTEpUEM
MUHUMAaKCHON CpeIHEKBaAPAaTUYHON OMINOKY (4).

2. |l po6acTHO-YCTONYMBAs MUHUMAKCHas
3KCTPanoasuus rno pe3ynbTaTy N peLueHUIo

s Toro 4toObI MPOAEMOHCTPUPOBATH pas-
pabOTKy METOJWKH, MBI TpEAjaraeM paccMoT-
peTh IIepexo/1 OT HHTETPaIbHOTO yYpaBHeHUs (9.1)
K KBMBAJEHTHOMY CUHTYJISIPHO BO3MYIIEHHOMY
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UHTETPO-Tu(GEepeHITATBHOMY YpaBHeHHIO [12]
MEPBOr0 MOPSAJKA C MHTErPaJbHBIM OINEPaTOPOM
tuna BonbTepa Broporo pona, onpeaensieMbIM CUM-
METPUYECKUM, 3aMKHYTHIM BEIIECTBEHHBIM SIIPOM
K (t,§), comepaimiM Maiblii mapameTp Ll Kak
MHOKHTEIb TIPH TPOU3BOMTHONH OT COOCTBEHHOM
(yskumn X . (¢, q) - Takas npouesypa BIOJIHE KOp-
PEKTHa | 1iesiecooOpa3Ha npy HaJTMYUU HE3HAYU-
TEJIbHBIX MAJIBIX BO3MYIICHHUH, HEM30€KHO BO3HH-
KaIOUINX, HAIPpUMep, TPH HOSBICHUN HEOOIBIINX

M3MEHEHUI B IpaHUIAX W3MEHEHUs MapaMeTpoB
MOJIENH TSl TAHHOM 3a]1auil B BEPXHE OIICHKE d

nucnepcun Bo3Myulenus U(f) B ypaBHEHHH 00b-

ekta (1). Pemienwe WHTErpajsbHOTO YpaBHEHUS
BTOPOTO pojia (B OTIMYME OT YPaBHEHUS MEPBOTO
pona) — KoppeKTHas 3aja4a. B pesynbsrare Takoro
Mepexo/ia MbI MOJTyYUM SKBUBAJICHTHOE B YKa3aH-
HOM BBIILIE CMBICIIE PABHOCHIIBHOE UHTErPO-1U(-
(epeHImanbHOE YpaBHEHHE B HEUETKO-UHTEPBAIIb-
HOM BHIE

WX (1.q) = —V& X, (t.q)+

T
+£ K(t,9)X; (€ q)ds+ f(1), (12)
X (0.q.1) = X, . (13)

rae gynkunuto f(¢) € L,, cormacuo nemme 1,
OyJileM CUYUTaTh OPTOTOHAJIHLHOW BCEM COOCTBEH-
HBIM QyHKIHSIM coto3Horo siapa K (§,1) ypaBHe-
Hus (12), oTBEYaAIOMUM TOMY K€ COOCTBEHHOMY

YHCITY A =+a . Jlemma 1 «o 6osmodncHOM Bbi-
bope opmoconanvho ghynkyuu f(t) Kk cobcmeen-
Holm ynryusm sopa K (&, 1) » npuBeacHa B TIPH-

noxeHuu. B aToMm ciyuae, kak u3zBectHo [12, Teo-
pema 6.7]), CyLIECTBYET PETYISIpU3UPYEMOE perie-
Hue ypaBuenus (12). [lpu manom napamerpe pery-
JSpU3alMU L CBSI3b MEXKAY PEIICHUEM YPaBHEHHUS

(12) u corwo3HBIM, OTHOPOJHBIM K HEMY ypaBHE-
HUEM YCTAaHaBJIMBACTCS anbmepHamueou Dpeo-
2onvbma (pa3pelIiMOCTb MU JIF000H f'(¢) U3 riiib-

OeproBa mpoctpanctBa) [13]. Sapo K (§,7) B
ypaBuenuu (12) obnanaet coiictBom K (§,¢) = 0

npu t > &, 10 ecth ypaBHeHue (12) siBiseTcs

ypaBHeHHEM Tura Bonbsreppa, mosToMy B CHITY
Teopemsl [13, c. 461] mist Hero Bcerzia UMeeT Me-
CTO TIEPBBIN Cilydall anbTepHaTUBBl Dpearoapma.
s ypaBHenus (12) cripaBenyiuBa TeopHsi, pa3BH-
Tas B [14].

Jlokaxxem TeopeMy 00 yCTOWYMBOCTH 3a/1a49u
SKCTPAIOJISIIMN OTHOCHTEIIFHO OMMOOK BBHIYHCIIE-
HUs QyHKIu X i (t,g) m pesynprata 3aaa4u

ext
D™ (A, q), xotopas yKa3blBacT COOTHOLICHHE
MEXy TTapaMeTpOM PEryJisipu3aniu L ¥ BbIYUC-
JMTENFHON MOTPENIHOCThI0 €, 0OecreunBaronee
CXOZMMOCTh BBIYHCIICHHOTO TapaHTUPOBAHHOTO
pe3yJbTara K HCTHHHOMY.

B nmanpaeiimem 3amady skcTpamossiiuu (5)
Oynem Ha3bIBaTh 3aaueii (£), a 3amaqy 3KCTparno-
asiuud (5) ¢ ManbIMH HEYEeTKO-WHTEPBAIbHBIMU
OTKJIOHECHHUSIMHU B TPABBIX YaCTAX OTPaHUYCHUU
Ha CIIEKTPAJIbHYIO IUIOTHOCTh MOIIIHOCTH BO3MY-
wenns B knacce (5a) sagaueii (E;). Uncno &

OyZIeM WHTEpIpPETHPOBaTh KaK HHTEPBAIbHYIO
HOTPEIIHOCTh ONpEAEICHUs MapaMeTpa B 3a7ade

(E 5) W CUMTAaTh, YTO CIPABEMJIUBO B HEUETKO UH-

~ <& o
TCPBAJILHOM CMBICJIC HEPABEHCTBO | D, — D, [< €.
BBenem ompeneneHus poOacTHOM yCTOWYH-

BocTH 3a1aun ( £ : ) IO Pe3yJIbTATY U MO PEIICHHIO.

Onpeoenenue 1. 3anaua (Eg;) Ha3bIBaeTCA

po0acTHO-yCTOMUNMBON 1O pe3yabTary, €clld
Hailzercs Takoe MHTEPBAJbHO-HEYETKOE YHUCIIO

€, > 0,uronpu Bcex € < g 3az[aqa(E§)pas-

0
peiiMa W JIA JF000i IOCJICAO0BATCIbHOCTH

{€,} = 0 cymectsyer npesien lim EZ‘I = Eop .

koo

Onpeodenenue 2. 3anaqa (EE) Ha3bIBaCTCSA
pOOACTHO-YCTOMYMBOM MO PEIICHUI0, €CIIU IS
1100010  MHTEpBaIbHO-HEeUeTKOoro uuciaa O > 0

HaiijieTcs Takoe £, > 0, 4TO IpH Beex € < €y 3a-

nava (E) paspemnMa u MHOXECTBO €€ PeLICHHH

223
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MPUHAIICKUT UHTEPBAJIbHO-HEUYETKONH OKPECTHO-
CTH MHOKeCTBa pernenuii P 3agaun (£).

Teopema 2. J[ns pobGacTHOW yCTOWMYMBO-
CTH 3a7a4H ( E‘§ ) IO pe3yabTaTy HEOOXOUMO U J10-
CTaTO4YHO, YTOOBI OHA ObLIa POOACTHO-YCTOWYH-
BOH 10 pEelIeHHUIO.

JlokazaTeabCTBO:

1) Zlocmamounocms. 3anaiumM IPOU3BOIIBHOE

nHTepBaTbHO-HedeTkoe O > 0. TTycts & , TaKoBO,
~ _ o~ ~ g
4TO NPH BCEX € < € < @ pElICHUs Xﬁ (¢) mpu-

HaJUIe)KaT @ — OKPECTHOCTH MHOXKECTBA pellle-

Huii P3anaun (E). Torma cormacHo ypaBHe-
auto (11)

D Dk =@l -
opt opt 1™ max

2 ~ 72

max |= akk -0

max

—(@+& )

npu {€, } = 0, IOCKONBKY SIpO K (¢,&) ypaBHe-

HUs (12) B 3TUX YCIOBUSAX HE U3MEHUIIOCH, HE W3-
MEHHMJIOCh U MaKCHMAJIbHOE€ MHTEPBAIbHO-HEUET-
KOE COOCTBCHHOC 3HAYCHHE ) s/APA K (1,&) -

3ameuanue 1. OTMeTrM 0€3 JOKA3aTeIIbCTBA,
YTO B YCJIOBI/IHX He6OHBHIOFO NU3MCHCHUA Hz[pa
K (t,&) TIO MaloMy BO3MYILIECHHIO f (¢) ypaBHe-

Hus (12), mOCTaTOYHOE YCIIOBHE TEOPEMBI 2 TaKKe
BEPHO.

2) Heobxooumocme. Tlycts 3anava ( E;) po-

6acTHO yCTOMYHMBA MO pe3yNbTaTy, O Ompeaese-
HUIO 2 UMEEM § o > 0 TaKoe, YTo NPU BCEX € < g

BBITTOJTHUMO YCJIOBHC
| D, = D; IS

Omnpenenum HEOOXoAMMOE YUCHO £(J) IO
HPOU3BOJIIBHOMY YHCITy §, JUISL KOTOPOTO JOJKHO

COOMIONIaThCS YCIIOBUE
X7 (1,.0)= X" (1.) IS 3(2).
u u

U3 ypaBuenus (11) umeem

224

| Dy ()= (hg) =
1 e S
=—— [ 1GLg)-0(M)"| (h(h. q) —
2w —eo

0 g)an < 5. (14)

BrineceM 3a 3Hak uHTerpana B (14) makcu-

- 5z
MyM QyHKUHU h(A,q) — h (Sk)(x,q) , mocien-
HUW JIOCTUTAeTCs B CHIIy TIPUHAJJICKHOCTH
bynxwan 7 (A, q)
byHKIMi, nHTErpUpYyeMBbIX 10 Jlebery BMecTe ¢

KJIacCy IOJOXHUTCIIBbHBIX

KBaApaToM MOAyJNsa (QYHKIUI L, (A), 3a1aHHBIX

Ha W3MEPHMOM MOAMHOXKecTBe A neiicTBUTE b-
HOW MpsAMOM, U 0003HAYMM 3HAYECHUE MHTErpaa

2 +jw|G(7wqr)—Q(7x)I2d7» depes M (q) mpu
T —oo

(UKCUPOBAaHHOW  YACTOTHOH  XapaKTepUCTHKE
¢uisrpa-3KkcTpanonAaTopa G (A, q) , TOraa Momy-
4UM OLEHKY CBEpPXY JUIsl aOCONIOTHOrO U3MEHEHHUs
ucKkoMoit dyHKImu /(A g) B BUIE

~ ~x 1
sup | h(q)— h" (hq) | ———%,.

—co )\ <00 M (q)
~ 1 5
Breibupas § (e . ) paBHBIM — & P
M (q)

OyaeM UMeTh ycTounBocTh 3a1aun ( £ ) o pernre-
~ opt
HUIO IIpU {€, } — (0 M B OpUTHHAJC X~p (t,q),
u
MOCKOJIbKY BBIIIOJTHUMO paBeHCcTBO [lapceBasis

[13], cBs3bIBaroliee Majble M3MEHEHHS (PYyHKIMU
h(\,q) CMaIbIMH U3MEHEHHSIMH €€ OPUTHHANA

opt
X" (¢,q), BHIIONHUMBIMH HE TONBKO B IIPO-
CTpaHCTBE (YHKLHMHA C CyMMUPYEMBIM KBaIPaTOM
L,[—m,n] na otpeske [—m,m] wiu B IpocTpan-
ctBe (YHKUMIA C CYyMMHDPYEMbIM KBAIparoM

L,(—o0,+oo)Ha Beel npamoit (—o0,400), HO U

JUIE TIPOCTPAHCTBA OOOOIIECHHBIX (YHKITHIA S:,
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COOTBETCTBYIOIIETO IPOCTPAHCTBY (yHKIMHA S _,

06ecKoHeuHO AU PepeHINpPyEMbIX U YOBIBAIOIINX
Ha OECKOHEYHOCTH BMECTE CO CBOMMM ITPOU3BO/-
HBIMHU OBICTpEe, ueM Jirobas crerneHs [13], Bkitro-
Yarouiero 1 0000IIeHHY0 (PYHKIIMIO ITyTEeM BBe-
JICHUS TIOHATHA TIpeoOpazoBanns Dypwe st 0000-
LIEHHBIX (PYHKIMH C COXpaHeHneM paBeHcTsa [ Inan-
HIepeIs:

[170u.q) =" (q) FdhA =
= [1x" .- x," (g,

& —

crleioBaTeNbHoO, uncao O(€ k) =
M(q)
Takke MPUEMIEMO U I HCKOMOH (YyHKIHH

X" (t,q) - Teopema nokasaHa.
u

[Tpumep 1. PaccmoTpum 3KkcTpanomisiuio Ha
OJIVIH ILIaT BIEpe B TUCKPETHOM BPEMEHHU B COOT-
BeTCTBUH ¢ ypaBHeHueM (12). lucnepcust ommOku
SKCTPAIOJISILIUY B 3TOM CITy4ae UMEET BbIPAKEHHE,
AQHAJIOTMYHOE BBIPAKEHUIO ISl 3TOM BEIMYUHBI,
noJlyueHHOMY B [1]

D, = 2nezB°,

exi

a HaMEHee ONarompusTHAs CIEKTPaJIbHAS TUIOT-
HOCTD T0JIE3HOTO CUTHAJIA pean3yeT pelIeHue 3a-
auu

Bo =By (f.q) =

_ ! Tf In[A(X, ) + T(\)]dL =
4 —m

— max; ﬁ(k,q)e =.

B wactHocTh, Korma 7'(A) = 0,

- 1T
Bo(h)=— [ In[h(A,q)]dA.
A7 —1

OrmeTnm, 4TO BO C TOYHOCTBIO 10 ITOCTOSIH-

HOTO MHOXHTEJISI COBMaJaeT ¢ (PyHKIIMOHATIOM
yIeTbHONW SHTPONUM HAOIIOaeMOro Mpolecca,

iA
nostomy B ciydae J(A) =1;€ maumenee Gna-

TONPHUATHAS CIIEKTpaJIbHas MJIOTHOCTb MOJIE3HOTO
CUTHaJIa JOJDKHA MaKCUMHU3UPOBATh (yHKIIMOHAI
YAETBHOM SHTpONUU HabMromaemoro nporecca [15].

[Tokaxkem, uTO 3amaya pobAacTHO ycToilumBa

Mo pe3yibTary. 3aJaauM Mpou3BoiibHOE € > 0 .
ITycTs }Zé(k,q) HNPUHAJIEKUT € -OKPECTHOCTHU
pelieHus  3aJa4yu byHKIIN

h(h,q)>0:

OKCTparosinnunu

1A% (M qg) = h(h,q) < &,

B cuy HepaseHcTBa In(1+ x) < x, x> 0, mo-
JyYUM BEPXHIOIO OIICHKY I'PAaHUIIBI B M3MEHEHHUU
pe3ynbrara 3a7a4t O(€) B 3aBUCHMOCTH OT 3aJIaH-

HOI'0 MaJIOTO MOJIOKUTEIBLHOIO YUcia € :

lni;‘g’(l,q)—ln};(k,q)‘ﬁ

<|In(h(r,q)+&)—In };(X,q)‘ -
| A0+ _
h(k,q)
[ 145 <& —5@) -
h(hq) ) h(hq)

Crnywaii oOpameHuss B HONb  (YHKUIUH
h(\,q) TPU | & |- oo YUUTBIBACTCS C YYETOM

aBCOMIOTHO HHTErpUpyeMOCTH QYHKIMHI /1 (A, q) ,

a 3HA4uT, U yHKIUHU K ‘ (A, q) Ha yCTOMYUBOCTH
M0 pe3yabTaTy B CHUJIY BBIOJHUMOIO BBILIE yKa-
3aHHOTO JIOrapU(PMHUUYECKOrO HEPAaBEHCTBA IS
MaJlbIX 3HAYCHWH TTOJIOKUTENBHON  (YHKIIMH
h(h,q) =0 TpuL 2 A, A —> oo,

KpallHUe UHTETpabl

MOCKOJIBKY

_}“0 ~

| ln[h(k,q)]dk,T ln[l;(k,q)]dk
—oo Ao
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Ipu | A |— eo B PA3IOKEHUN MCXOAHOTO MHTE-

rpana B mapamerpe B, (h)

too =X -~
| ln[ﬁ(k,q)]dk= [ In[A(X,q))d\ +

+A
o [ I[AO. )]dh +
Y

0

+ T In[A(X, ¢)]dr
+A

OyayT B 3TOM ciyyae cTpeMuthbes K 0, a cpenHuit
thy

HHTErpai j ln[ h(x, q)]d?» OILICHUBACTCS 110
_)\’0

PaccMOTPEHHOMY BBIIIIE CIIOCOOY OLIEHKU U3MEHe-

HUSI pe3yJibTara 3a/1aud B 3aBUCUMOCTH OT MaJIoro

HOJIOKUTENIBHOTO YHCIIA € , 33/Ial0IIEro Majible U3-

MEHEHHUsI pEIICHUS 3a1a4uu.

CrnenoBarenbHO, 3a7jadya SKCTPANOISALUN Ha
OJIMH TIar BIEpe]l B HENPEPHIBHOM BPEMEHH PO-
06acTHO yCTOMUYMBA MO Pe3yJbTaTy, a 3HAYUT, KaK
ObUIO MOKa3aHO BBIIIE, M 0 PEIICHUI0. MOXKHO
MOKa3aTh, YTO AHAJIOTUYHBIN pe3yIbTaT UMEET Me-
CTO W TPH MPOU3BOJIHHOM YHCIIE IIIaroB BIIEpen
KaK B JIUCKPETHOM, TaK M B HEMPEPHIBHOM Bpe-
MEHH, YTO OY€Hb BaYKHO MPHU PEUICHUH MPAKTHIE-
CKMX 3aJad IMPOTHO3MPOBAHMS Ha KpaTKo- HIIU
CPEeIHECPOUHYIO IEPCIEKTHUBY, B YACTHOCTH B Pa3-
JUYHBIX cepax ynpapieHHs SKOHOMUKON U ¢u-
3UKO-TEXHUYECKHX 3a7a4ax, B MPUCYTCTBUU HEU3-
OEKHBIX MaJIBIX BO3MYIIICHUN B CHCTEME «HU3MEPHU-
Tenb — 00BeKkT» (1), (2) uccnemyeMoit Momemn.

3. CtaTuctuyeckaa podbacrtHas
YCTOMYMBOCTb 3a4a4M 3KCTPpanonsauum (Eé)

no Manomy napameTpy perynspusauum L
Teopema 3. Ilpu focraroyso ManbIx p <
nus pemenus y °! (t,q,p) 3a1a4u (Eé) Ha cer-
i

MeHTe —T0 < ¢ < U CIpaBeyTUBO TPEICTABICHIE
(ananor getkoro npeacrtasieHus us [13])

226

Xg(t7QaH)=Xg(t>q)+H0+R1(t9q9u')9 (15)

rie | R, |€ Cu (C — He 3aBucsImas ot [L nocro-

STHHAS).
HokazarenbcTBO. [logcTaBUM BBIpaKEHHE

ans X (¢,q,1) BBune (15) B (12) u (13). Jns mio-

CTPOEHUSI aCUMIITOTHYECKON (HopMyJbl, KOTOpas
JaeT paBHOMEPHOE MPUOIIDKEHHE, HYXHO K pe-
HICHUIO BBIPOXKJCHHOW CHUCTEMBI MPUOABUTH TaK
HA3bIBAEMYIO0 IMOTPAaHUYHYIO (YHKIHIO, KOTOpas
onpenensieTcs nuddepeHIanTbHbIM ypaBHEHUEM

drl,
t

= Vam, =5 (16)
d 1l

IIPU YCIIOBUU

,._,= X - X.(0).

I5=0
B sBHOM Bui€ BbIpaXKeHHE UMEET BH]L

~ X

I,=[X'-X.(0)e * a7

OTMeTuM, 4T0 HEOOXOMMOE YCIIOBHE YCTOM-
YUBOCTHU JJIs1 IPEAEIILHOTO Mepexoia

npu 0 < ¢t < T, KOTOpO€ B JHAaHHOM Cly4dae

umeer Bux —\ 0 < 0, Bemonneno. CBoiicTBa Rl
MMOKa HEU3BECTHBI, MBI MPOCTO TMEPENLIA K HOBOM

HEM3BECTHOU (DYHKIIUU Rl . YuuTsIBas onpezaene-

e X i (t ,q) u I1,, momyaum mns Rl ypaBHe-

HHUC

dR =
w7 = VAR (g

T

+[ K (£,E) R (s.q.1)ds +F (t,q, 1), (18)

0

rIe

r t dX,
F(t,q,n)=|K(t,5)11, (,q]ds—u L.
-([ ‘L dt
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[Tonw3ysich (17), HETPYAHO MOTYYUTH TIPU

JIOCTATOYHO MaJIBIX U < L OLEHKY

| F(t,q,1) < Cp, (19)

rie C,HexoTOpas He 3aBHCAIIAS OT | MOCTOSH-
Hoi. HayayisHoe yciioBue 11 R, (t, q, },L) CIenyIo-

mee:
R] (03 q» “‘) = 0 (20)

U3 (18), (20), uaTerpupys ypaBuenue (18)
Kak nudepeHIaIbLHOE ¢ HEOTHOPOIHOCTHIO

T

j )ds+F,

0

nMeeM
T —?(T—é) 16
R(tgpn)=]e" e [KESR(s,qn)ds+
0 0
T £(T £)
+e' fF@qu)&

0

N3MeHss B MOTyYEHHOM BBIPAXEHHUH B IEp-
BOM CJIaraéMOM IOPSIOK UHTETPUPOBAHHUS, MOITY-
YUM

T
R (T,q,1) = [R(T,5,0)R (5,q,W)ds + F (T, q.),
0

rac

L e g
v

[Tonp3ysick ycnoBueM YCTOWYHMBOCTH — o, < 0

pemenus ypaBHeHus (12) u onenxoit (19), ne-
TPYJHO MOJyYUTh HEPABEHCTBA

‘I%(T,s,u)‘ < K = const,

7 (T, q.1)| < G

Orcrona oLeHka |R1| < G, nomy4aeTcsi TOUHO

TaKuM ke crmocodoMm, kak u B [13, ¢. 202]. Jloka-
3aHHAas TeopeMa CBUJCTEIBCTBYET O TOM, UYTO BbI-
pakeHue

— t
X, (t,q)+11, ;,q

SBJICTCS. ACUMIITOTHYECKON (HOpMyJIOii 1yist pertie-
Hust 3a1a9u (12), (13) ¢ ocraroyHbM WieHOM. MOXHO
MOJTYYHTh O0Jiee TOYHYIO aCHMITOTHYECKYIO (op-

MyJly C OCTaTOYHBIM HYJICHOM Rﬂ(z,u)=0(u”),
n=1.

Jloka3zaHHas Bbllle TeopeMa | MoOKa3bIBaeT
YCTOWYHMBOCTH perienus ypaBaenus (12) mo Jlsmy-
HOBY M aCHMIITOTUYECKYI0 YCTOHYMBOCTH MO Ma-

JIbIM H3MEHEHUSIM napamerpa W < |, B 3a1a4e £ .

CywecTtBoBaHne n egUHCTBEHHOCTb
COrJ1acoBaHHOM MHTEPBaJIbHOU Cea/10BOV TOYKU

B3agayve ( E g ) MUHUMAaKCHOM 3KCTparnoaaymm

Crnenys [17], MOXXHO J0Ka3aTh TEOpEMy, aHa-
JIOTUYHYIO T€OpeMe JAETePMHUHM3AIMU JIJIs pele-
HUSI HHTEPBAIBHOM 3a7]a9 WHTEPIIOJISAIIUH.

Teopema 4 (merepmunusanuu). st Toro
4TOOBI BBIITYKJIasi HHTEpBAJIbHAS 33/]1a4a HKCTPario-

TSN Eg C PETYISAPHON 0OJACTHIO JTOTYCTHUMBIX
pelIeHNI TPaHUYHBIX 33/1a4 JIUHEWHON MUHUMAaKC-

HOW aKcTpanonsaiuu (4a), (5) uMena peuieHue G’ ,

hO ~(

, 0" HeoOXOJUMO M TOCTaTOYHO, YTOOBI €€
HUKHSISL M BEpXHISl TPaHUYHbIE 3a7a4U UMEJTU CO-
rnacoBanHble (pyHKUIMK Jlarpanika ¢ cornacoBaH-

. . ~0 770

HOM napoi ceuioBbIX Touek [ 18-23] Buza G , h ,
0 0 =0

a ; G , h , Ol c UHTEpBaJIbHBIM MHOXKUTEIIEM

~0
Jlarpanxka o,
(4a). CripaBeniBa Takxke Teopema (0 pedykyuu) o
CBEJICHNH ONTHUMAJILHOW 3aJa4d WHTEPBAILHOU

COOTBETCTBYIOIIIMM OI'paHUYCHUTIO

MUHHMAKCHOM poOacTHO# skcTpanonsiiun E

OrpaHUYEHUSIMH K 3aj7jade £ 0Oe3 orpaHMYeHHH.
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Teopema 5 (o pexyxuumn). B Beimykoii us-
TEpBAJIbHOM MUHUMAKCHOM 3ajiadye 3KCTparossi-
nuu (4a), (5) ¢ peryyisspHON OOJNACTBHIO JOIYCTH-
MBIX PEIICHUH COTIaCOBAaHHBIX TPAHWYHBIX 3314

~0 7.0 ~0
touka G, B, Ol sBuseTcs peleHHEeM TOrIa
U TOJNBKO TOIJA, KOTJA CYIIECTBYET MHOKHTEIb
~(0 o ~0 7.0 ~0
Jlarpamxa 0. = 0 rakoit, uro G, b, 0 —
CcOITacOBaHHAs MHTEPBAIbHAs CETOBAs TOUKA HH-

TepBanbHON (yHKIMM Jlarpamka 3agauu (4a), (5).
OtmetuMm, 9To MHOXHUTenu Jlarpamxka

0 _.0
o (O) B HIDKHUX M BEpXHHUX I'DaHUYHBIX 3a7a-

4ax pobacTHON sKeTpanonsiuuu E; onpenensior

CeIUIOBbIe TPAaHUYHbIE TOUKU. B cuimy crnaboit im-
HEWHOM 3aBUCUMOCTH OT IIapaMmeTpa ¢ CIIEeK-

TPAJILHOM IIJIOTHOCTH BO3MYyIeHHUs (5a) WHTEp-
BaJIbHbII JIMHEHHO 3aBUCHUMBII OT Hee LEeJIeBOU

(YHKIMOHA BBIUTPHIIIA D u cesannas ¢ HAM
uHTepBaibHas QyHKIMs Jlarpanxka mpeacTaBuMBbl
B BUJIE JIMHEHHON KOMOMHAIINH WX TPaHHMII B 3aBH-
cumocTH OT ¢g. Kak M3BecTHO, B 3TOM ciydae
yTBepkeHue u3 § 4. 3. 2 B [24] peumieHus HUxXHEH
U BEpXHEW IpaHMYHBIX 33]a4 ONTHUMM3ALHUM Tpa-
HUYHBIX QYHKIMN (3KCTpeMalbHBIX (PyHKIUI) 11e-
7eBOro (P)YHKIIMOHAJA BBIUTPHIIIA 33/1a41 OIITUMH-
3allMd M CBA3aHHOW ¢ HUM (QyHKIMU Jlarpamxa

F (G, h, ) Hepa3mu4nMBl, €CIIM UX HHTEPBaJIbHBIC

OLICHKH BJIOKEHBI JIpyr B Apyra. OueBUIHO, YTO
3TO ycioBUe cobmonaercs B 3agade (4a), (5), Tak
KakK B MpeIeIbHOM Cilydae, Korma o — 0, pere-

HUE HIKHEW U BEpXHEH rpaHUYHbIX 3a/1a4 COBIIA-
naroT. Takum 00pa3oM cripaBe/JIuBa CleAyoIas
TeopeMa.

Teopema 6. PerieHne MHTEpBAJIBHOU 3a-

Jaqu p06aCTHOI>'I SKCTpannosinguu E g BCCT/la Cylie-

CTBYCT B IPCACIbHOM ClIy4dac, KOTAa IapaMcTpbl
B IIPaBbIX YaCTAX MOMCHTHBIX OFpaHI/I‘IeHI/Iﬁ 3aJa4u

pobacTHoI SkcTpanoxsauun (4a) § — 0, u mpe-

CTaBIAETCS B BHJIE TIEPECEUCHHUS PENICHUI ee HIK-
Hei {MH (Go,ho,g)} W BepXHeil {M@ (Go,ho,g)}
TPaHUYHEIX 33724

228

(6°0°)={m, (¢". 1, a)fN{m, (G, ", w)}, @)

T, (@) =| min Y@, min Y@ |

sup D(G, k) = Y(), sup D(G,h) = Y(a).

he= heZ

4. Anroputm getepMuHusaumm

st perienust uHTEpBaIbHOM 3a1aun (4a), (5)
MeTosioM nerepmuHuzanuu [23-30] HEeoOXoaumo
JICHCTBOBATH IO CIICAYIOLIEMY aJTOPUTMY.

Illaz 1. Victionb3yst hopMysIbl HHTEPBAIBHON
apu(METHUKH, BbIpa)KaIOLINe dJIeMEHTapHbIE Ipe-
oOpa3zoBanus natepsaios [21-30], npeacrasnseMm
1eneBol (DYHKIIMOHA HaIled 3a7add B HWHTEP-
BaJIbHOH (hopMme

B(G".h)=[D(6".i*).D(G".i")].

a JIMHelHble (PYHKLINOHAJbI B JIEBBIX YacTAX Orpa-
HUYeHUH (5a) 1 TapaMeTpsl B IPABbIX YACTAX B BUIIE
HHTEPBAJIOB

I=| L), 1) .
(GO,}E”) =M, (G".h°,a—8) "M, (c*h° 5+d).

Illaz 2. Vicnonw3ysi moflydeHHbIe Ha mmare 1
npeacTaBiieHus, GOpMUPYEeM HIKHIO TpaHWY-
HYI0O U BEPXHIOI0 TPAHWYHYIO 33Ja4d pPeuIaeMoi
HaM{ UHTEPBAIBHOMN 33/1a4M yCIIOBHON ONTHMM3a-
MU — JIMHEMHON MUHUMAKCHOW 3KCTPaIoIsIUn

(5), (5a):
D(G°,h(V)) = minsup,
D(GOJ_Z (k)) = minsup;

LT hwod <a-s:

2T —oo

LT HOVYAMIL < a + §;

2T —oo

VGe K h=h(\)eE h=h(\e

[I]z
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Hlaz 3. PemmaeM HUKHIOIO U BEPXHIOIO T'pa-
HUYHYIO 331841 MHTEPBAJIBHOM 33a[]aul SKCTPAIIo-
7MY, cOPMUPOBAHHBIC HA MPEIBIAYIIEM Ilare
MPOrpaMMUPOBAHMSL, MTOJIyYaeM PELICHUS] HUXKHEH
Y BEepXHEU rpaHUyHbIX 3aj1ad. [Ipu s3ToM MHOXKe-
CTBO TOYEK PELICHUS] HUKHEW IPaHUYHON 3a7a4H,
Ha KOTOPOM ee 11€1€BOl (PyHKIIMOHAJ BBIMIPHIILIA
JOCTUTaeT CBOETO HUKHETO ONTUMYMA, U MHOXKE-
CTBO TOYEK PELICHUs BEPXHEH IPaHUYHOM 3a7a4H,
B KOTOPBIX €€ 11eJ€BOM (PYHKIIMOHAJ BBIMIPHIILIA
JOCTUTAET CBOETO BEPXHETO ONTUMYMa UMEET BUJ

(GO0) = M,y (G0.0.05) M, (GO0 +5).  (22)

IIpu 5TOM B KaueCTBE ONTUMAJILHOTO 3Haye-
HUS 1LIeJeBOro (pyHKIMOHana OepeM HHTepBa
D(GO,}I) = [Q(Go,ﬁo),ﬁ(éoﬁo)} OT ONnTUMyMa
1eneBoro (PyHKIMOHANA HUKHEH IPaHUYHON 3a-

0
nadd [ 10 ONTHUMyMa IIeJIeBOro (DyHKITHOHAIa

BepXHeW rpaHuYHON 3amaun [ 0 Iepexo K mpe-
JICJIBHOMY Clly4aro, Koraa § — (0, JaeT Ipea-
CTaBJIEHUE UCKOMOT'O PELLIECHUS B BUJIE

(GO,EO) _ (éojﬁo) _ (GO,EO).
[Ipumep 2. PaccmorpuM 0OBEKT 2-r0 TmO-
psaka

x,(n)=x(n-1)+ x,(n);

x,(n)=x,(n—-1)+u(n);,

Mi*(n) < a;

a=[a-9d,a+9d]. (23)
Tycts

s(n) = x,(n) + &n),n < N,ME" =o”.
Torna

v 31— ™) P=16sin*(1/2).

Io pesynsraram HaOmonenust s(n), n < N,

Tpebyercs oneHuTh s(N + 2), Q(A) = ezi}”-

B o603nauenunsx reopemsr 3.8 [6, c. 140]
TA)=0,A=[-nn],n=1.

3aI[aI[I/IM IMPOU3BOJILHOC MaJIO€  YHCIIO
€ > 0, Ha KOTOPOC MOT'YT OTIIMYAaTbCA 'PaHUYHBIC

OILICHKH CIIeKTpanbHOi motHocTH /1 ° (A, q)

o0 =nr" () + e, (24)

TOTJIa C yY4ETOM MOJTYYEHHOTO U3MEHEHHUS IPAHHMIL
CHEKTPAJILHOM IIOTHOCTH BO3MYIIeHust 1 (71) mo-

JYYUM BCPXHUC OLICHKM B M3MCHHBUIMUXCS IIapa-
MCTpax ONITUMH3AUA MHHHUMAaKCHOM IKCTpPAIIoJIs-

uuy 3axaun Ey — d,,d ,BO,Bl:

d, = e o d, = —eﬁoﬁl;

N .
Bo=— I In[i(rg)]dr<

41t —n

1] =
<— [ n[h(V)+e]dh;
47'[ _T

.1
B, =— | Inh(X,q)cosrd <

21 —n

_ ] =
<B, =— [ In[A(hqg)+e]coshdr. (25)
2T —n
Tpu ouenusannu S(N +2), 0(%) = ™
B MHTEPBAIbHOM 3anade K, comiacHo [1, c. 140]

CHCTEMAa COOTHOLIEHUI, ONpeNeNsoIuX CelJIo-
BYIO TOYKY B WIPE AKCTPANOJALMU, NPUHUMAET
BEPXHUH (HWKHUN) PaHUYHBIN BUJL

Foo d’ +d’ +2dd,cosh A

[ {max 0, 1 Ll —16sin* = |d\=(a + 8);
—0c0o L o 2_

ot [ a2edd+addgcosn 40

| {max| 0;——— —— —16sin” — |d\=(a - ).
oo a 2
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Bripaxkenus mis 3HaueHud MHOxutTens Jla-
~0 —
rpaHxa 0. = [go, ao] B HIDKHUX M BEPXHUX I'pa-

HUYHBIX 33Jja4axX SKCTPANoOJSIUN OyayT ompee-
JATHCSI U3 BBIPAKEHUS ISl CIIEKTPA BO3MYLICHHUS

u(n):

0,| L[>

h(k.q) = -
(q tz[E[HBf—ZBIcoskj—16sin4()»/2)}|)»|S .

-2 0 |~
/ Q-
Ortcroga Hax0IMM ONTUMAIbHYI0 HUXKHIOIO U

BEPXHIOIO IPAHULIBI JU1st MHOXKHUTENs JIarpamxka:

riae koncranra C umeer Bug C = €

o = h(A)
7 {(HB%—ZEI cosk)—16sin4(k/2)} ,
0 h(L) +¢

v [(”Elz ~2B; cos 7v)—16sin4(X/2)} - (26)

Kak BumHO u3 BeIpakeHus (26), B mperene
npu 0 — 0 mMHOXwmTEnHM Jlarpansxa CKOIb yrOIHO
OM3KK TIpH JIF0O0OOM 3aJaHHOM MajioM 4ucie &.
Cnenoarensho, npu 0 — 0 cormacho (24) BbI-
IIOJIHUMO U COOTHOIIICHHE

h(k)=h()=h"(R)

" MnpeaciibHad OUC€HKa MCKOMOTI'O (byHKHHOHaHa B

0 0

Touke (° = @’ = o’ NpH HamxymmeMm Bo3My-

uiennu i (n) = const Oyner paBHa
D(¢%i%)=D(¢%i%)=a" (1+v2)’,

~

rae O ompeaensercs W3 COOTHOIIEHUs (28),
TTOCKOJIBKY TIEPECeUCHNE MHOXKECTB PEIICHUA HUX-

Heit {MH(GO,@O ,g)} U BepxHei {MB(G‘O,EO,&)}
IpaHMYHBIX 33/1a4 B 3TOM CJIydae HeMycTo, B COOT-

BETCTBUM C TEOPEMOI 7 pelieHrne UHTEPBAILHON
3a/1a4 CYLIECTBYET U IPUHUMAET BUJ

230

3+2/\/&70—Z(2+1/\/&70j

G () = - z=e
1+z/+a
Ae[-mm];
0 0,/ A[>n
h(Aq)= - .
) ' [E(HB%—ZBlcoskj—16sin4(7u/2)},
A< Aps
0 7’ (%, q)
§° =

RS {1 (l+[~312—2[§1cos7»)—16sin4(k/2)} |

BI)II/IrpI)IIH B TOYHOCTH OIICHKHU HpOFHO3a
HaOJIIOIEHUS COCTABIAET

[3/(1+ﬁ )—1} £100% = 25 %,

Ha puc. 1. npuBeneHs! rpadyku BECOBBIX (DyHK-
2

unii g (n) sKkcrpamoisiuu npu k = ° - 1,05;
a

0,95, k=1ud=0,05.

Puc. 1. Tpaduku BeCOBbIX GyHKUMIA G (1)

3KCTPANONALMUN NPU PasHbIX 3HaYeHMsaX napameTpa k
M cTo4HMK: BbinonHeHo WN.I. CnpgopoBbiM

Figure 1. Graphs of g (n) extrapolation weight

functions for different values of the k& parameter
Source: made by l.G. Sidorov

[Tpumep 3. [TokaskeM BO3MOXHOCTH TPAKTH-
YEeCKOTo MPUMEHEHHUsI JaHHOW METOIUKU poOacT-
HOM 3KCTpanoJsIMKA Ha NPUMEPE MPOrHO3MPOBa-
HUSl CE30HHOIO CIIpoca B 3aJadax ¢ 3KOHOMHUYEC-
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KUM COJEpKaHWEM TP OKCTPANOISAIUA Ha
N<N o 1Iaros, rze N0 — IIEpUOJ CE30HHBIX KO-

ne0anui CIipoca. HYCTI: IIOJIC3HaA COCTABJIAIOIIAsA

§(n) = % (n) + 2(n),

e X, (1) — «perynsapHas COCTABIIAIOMAs, OTHO-

CUTEJIBHO MEJIEHHO M3MEHSIONIAsCs BO BPEMEHU
(MHepLUUOHHAs); Z(n) — «CE30HHAs» COCTaBIIAIO-

m1as, OTHOCHTEIBHO OBICTPO HM3MEHSIOUIAsCS BO
BpemeHHu. Ilycth X,(n) OMHUCHIBAETCS yPAaBHEHH-

MU 00BEKTa 2-TO TIOpsI/IKA:

X (n)=x,(n-1)+x,(n-1);
)Ez (n)= 722 (n) +u(n);

Mii(n) = 0.

Z(n) onMceIBaeTcs ypaBHEHHEM 00beKTa 1-ro mo-

pAAKa, YYUThIBAOIIUM CE30HHOCTD,

Z(n)y=2z(n—-2)+v(n);
Mv(n)=0.

3nece u(n), V(n) — HEUETKO-MHTEPBAIIb-

HbI€ BO3MYIICHUSA, IHUCIIEPCUU KOTOPBIX MOIYT
OBITH OIICHEHBI CBEPXY:

Mii* (n) < a@,; MV* (n) < @, ;

a, =[a, —9,a, + 9],

a, =la, —9,a, +9].
Tpebyercst ouenuts 3nauenne S(N +1) mo
pesynbraTaM HaOnmrofeHus npouecca S(7) Ha uH-

tepsane Bpemenn (—oo, N'|. [lnst cuntesa poact-

HOTO MHUHHUMAKCHOTO yCTOMYMBOTO (MIBTpa BOC-
MOJIB3yeMCsl CUCTEMOM cooTHommenuit [1, c. 157—

~

158]. Ilo 3TUM COOTHOIICHUAM HaHIEM 7\,r 13

ypaBHEHUs

g’ | = L

PemmB 310 HEueTKO-MHTEPBAJIBbHOE ypaBHE-
HUE, MOJIy4YUM

2%, /G, npu M <A,
h; (M) = —

0 npu |A| > Xr

criekTp nportecca U#(n);

mpu |A| < )
hy (1) = [
2(n—A)/a, mpu [A| =X,

criexTp npouecca V(7).

YacToTHass XapaKTEpPHUCTHKAa MHUHUMAaKCHOTO
HEYETKO-UHTEPBAIBHOTO POOACTHOTO yCTOWYH-
BOT0 (WIIBTPAa MMEET BHUJ MPHU JHOOOM 3alaHHOM
MaJIOM 4Hciie HedeTkocTh 6 — 0 B aucmepcusix
HEYETKO-UHTEPBAJIBHBIX BO3MYILIEHUN

G =[e" - / X (W)];
~ 1 T v+ .
B, = j InX " (L)d\;
X (0 =h, (M) +h,(L);
() =Y he™.

Otcrona 3HaueHHs] MHTEPBAJIBHO HEUYETKOM
BECOBOM (QyHKIIMU (HIBTpa

~ bn+l
n)=——-
g(n) i
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Jlns aucnepcuy OMMOKY OICHUBAHUS CIIpa-
BeTMBO cooTHomeHue [1, (3.167), c. 157]

~ 2"'
D =2ne.
XapaKTepHo, qTOo HaH6oanee 3HAYCHUC BC-

coBast GyHKIMA g (n) AOCTUTAeTIpu n=1,T. €.
MHTEPBaJIbHBIN IPOTHO3

s(n+1)= E g(k)y(n—-k)
k=0

nponecca §(n) ¢ HauOOJIBIINM BECOM BXOIHUT HE
«uzmepenue» j(n), a y(n—1) — «uszmepenue»
npoiecca §(n) 3a MPEAbIAyIui «ce30n». Ha
puc. 2. ToKazaHbl TpapUKHA BECOBOH (DYHKIIUU
g,(n)
TOJILKO BO3MYIIEHMS I/ W JJIs CIlydasl OJIHOBpE-
MEHHOTO BIMSHHS 000MX BO3MYILEHUH U UV .

OKCTparoaIAnu JJjid  Cioydas BJIMAHHA

oy
e
o

oo =t oy o

LeLeL

0 1 9.3 456 7 8 9 10

Puc. 2. Mpaduku BecoBOM dyHKUmM Z. (71) aKCTpanonsumm:

a— Ang cny4as BNMaHNA TOJIbKO BO3MYLUEHUSA u;
6 — onsa cJlydas OAHOBPEMEHHOr 0 BJINAHUA

o6oux BoamywieHuii U n V
McTouyHUMK: BbiNonHeHo WN.I'. CnpopoBbiM

Figure 2. Graphs of the ga (I’l) extrapolation weight function:

a— for the case of influence only L~l perturbations;
6 — for the case of simultaneous influence

of both 1/7 and 17 perturbations
Source: made by l.G. Sidorov

3aknioyeHve

B wuccrnenoBaHnM nokasaHo, 4Tto IpobieMa
UHTEpBaJIbHOHN L -poOaCTHOI HeueTKo! TMHEHHON

MUHHUMAaKCHOM SKCTPAINOJIIIWNU B YCJIIOBUAX UHTCP-

232

BAJILHON HEOINPEIEICHHOCTH MapaMeTpoB JI0CTa-
TOYHO IPOCTO pa3pelIuMa, €Cli HCHOJb30BaTh
KOHCTPYKTHBHYIO TEOPHUIO CPABHEHUS] HHTEPBAJIb-
HBIX BEJIMYMH, KOTOPas CBOAUT YKA3aHHOC CpaBHE-
HUE K CPAaBHEHUIO OJHOMMEHHBIX HEH3BECTHBIX
TPaHMIl YTUX WHTEPBAIOB C HMCIIOIB30BAHUEM [l

pobacTHON perynsapHu3aluy B 3a/1a4€ IKCTPAITOIH-
POBaHMsI CTALMOHAPHOIO CIy4allHOTro Impolecca ¢
YYETOM MHTEPBAIHBIX MOMEHTHBIX OTPaHHYCHUI,
KOTOPBIM Y/IOBIIETBOPSIFOT HEU3BECTHBIE MapaMeT-
pHUECKUE COCTABIISIIOINE CIIEKTPAJIBHBIX IJIOTHO-
CTeH IOJIE3HOM cocTaBisAonlel U moMexu. Tem ca-
MBIM [IOUCK ONITUMYMa HEMOJIHOCTBIO ONPEEIICH-
HOTO (pyHKIIMOHAJIA JUCTIEPCUU OIINOKH OLIEHUBA-
HUS MOXHO CBECTH K HAaXOXXICHHUIO OJHOMMEH-
HOTO ONTUMYMa JIByX TOJHOCTBIO OIPEIeTIeHHBIX
(1eTepMHHUpPOBaHHBIX) (pyHKIMOHATIOB. Ham ne-
TEPMUHM3ALMOHHBINA TOJIX0J] IIpUMeYaresIeH TeM,
YTO TO3BOJIIET BIIOJIHE CTPOTO CBECTH ONTHUMH3a-
LU0 HEMOIHOCTBIO OIPEJENICHHBIX COIIACOBaH-
HbIX (pyHKIMH JlarpaHka K XOpOIIO U3BECTHBIM U
3¢ (GEKTUBHBIM METO/IaM ONTHMH3AINH YXKE TION-
HOCTBIO OIIPEETICHHBIX COINIACOBAHHBIX (DYHKIMI
Jlarpanxka. OTOT MOAXOJ, B OTIAMYUE OT JIPYTUX
(HarmpuMep, BEpOSATHOCTHOTO), BCeraa obecredn-
BAaeT CyLIECTBOBAaHUE YCTOMYMUBOIO MO PE3YJIBTATY
U PELICHUIO €MHCTBEHHOIO ONTHMYyMa B 3ajade
MHTEPBAJIbHOW MUHUMAKCHOM 3KCTPAMOJISILUK 32
CUET PEryJIIpU3aALIMU IO MaJIOMy MapaMeTpy L pu

MIPOM3BOHON OT COOCTBEHHOW (DYHKITMM CHHTY-
JSIPHO-BO3MYIIIEHHOTO MHTETPO-IuddepeHIraIb-
HOTO YpaBHEHMsI IEPBOT0O MOPSIKA C UHTErpajib-
HBIM OIIEpaToOpoM THIa Bonsreppsl BToporo poaa,
ONpeNeNsieMbIM CUMMETPHUUYECKUM, 3aMKHYTHIM
BEILIECTBEHHBIM siipoM. [IpennaraeMblii moaxon
MOXXHO OO0OOIMTh W Ha HECTAIMOHAPHYID —
c1abo CTAIMOHAPHYIO0 TUHAMUYECKYIO JTHHEHHYIO
CUCTEMY C MEJIEHHO M3MEHSIOIUMUcS Kodhdu-
[IUEHTAMHU JIMHENHON CHUCTEMBI OOBEKT — H3MeE-
pUTEINBY, B NMPEAINOIOKEHUH BBIIIOJIHUMOCTH aHa-
J0roB ciaboi podactHoi Teopembl B.JI. Xapuro-
HOBA JJI1 HETIPEPBIBHOTO CIlIydasi U AUCKPETHOTO
cnydaeB. PaccMOTpeHHBIM MUHUMAKCHBIN TTOAXOJ]
K PEIICHHUIO POOACTHO YCTOMYMBOM JTMHEHHOM JKC-
TPAIOJISIIIMK TIPOIECCA 110 Pe3yAbTaTy U PEIICHUIO
10 MAJIOMY [TapaMeTPy PEryIspU3aLiH [ IBISETCS
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KpaifHe akTyaJbHBIM B CBOEM NPHMEHEHHH B 00-
JaCTSAX aBTOMAaTUYECKOTO YIPABJICHUS, PaIHOTEX-
HUKH, PaJNOTIOKallui, B MaTeMaTHYECKUX MOJe-
751X 00pabOTKH c1ab0CTPYKTYpPHPOBaHHON HHPOP-
MaIi O COCTOSIHUU TapaMeTpOB JBIKCHHUS BO3-
AYIIHOTO CYJHA U X ONIEpaTHBHOIO MOHUTOPHHIA,
pa3paboTKH M HKCILUTyaTallii CUCTEM aBTOMAaTU3H-
POBAaHHOTO KOHTPOJIS M TUarHOCTUPOBAHUSL, B IKO-
HOMHKE B OTCYTCTBHE JOCTOBEPHBIX CTaTUCTHYE-
CKHUX MO)ICHGP’I CHUTHAJIOB U IIOMEX B OYCHb MHO-
I'UX CTOXaCTHYECKHX M3MEPHUTENIbHBIX CHCTEMaXx,
HEOOXOAMMBIX JIJIsl UCIIONIb30BaHUs 0aileCOBCKHIX
anroputmoB tuna Bunepa — Konmoroposa, Kai-
MaHa.

MpunoxeHune

Jlemma 1 (0 BO3MOXXHOM BbIOOpE OpPTOTrO-
HabHON QyHKIMK f (¢) K COOCTBEHHBIM (yHK-

THSIM Xﬁ (t,q) smpa K (&,t) B ypaBHeHHH
(12) B 3anaue (Eé ).

OyHKIUSA f(t) OyZeT opToroHaiabHa K c00-
CTBEHHbIM QYHKIHIM X p (t,q) B TOM ciyuae,
3TOU

ecmn  Pypbe-u300pakeHue byHKIIH

E,AM)=E,(M)/ X, (\,q) sBnsercs ananu-

TUYECKOH B BEPXHEU IMONYIUIOCKOCTH (DYHKITHCH,
TaKOW 4TO B COOTBETCTBUU ¢ Teopemoit 1.1 (em. [1,
c.21]) BbIOMHSETCS YCJIOBHE ONTUMAJIBHOCTHU
(GUIBTpa-3KCTPANONATOPA, KOTOPOE MOXKHO 3aIlH-
caThb B ClIy4ae BO3MOXKHOM (akTopuzanuu (yHK-

i X - (A) BBHUIE

XTI (G (M q) = 0() =& (M) X, (),

X (A, q) = h(\,q) nm B crydac HeBOIMOKHO-

ctu akropusauu pynkimn X (A, q) B Buze

X (g (G (A, q)— O(L) =&, (M),

rae fo (A) — HexoTOpas aHANMTUYECKAsS B BEPX-

HEH MOMYIUIOCKOCTH (PYHKITHSL.

HdoxazatenbcTtBO. IlOCKONBKY HHMKaKUX
JIOTIOJTHUTENIbHBIX YCJIOBUHA aHAJIMTHUYHOCTU Ha

dynakuuto P (L) = 1/ ¢ (L) B3amade E; He

HAKJIa/IBIBAETCSI, TO YCIIOBHUS ONITUMATBHOCTH JKC-
TpamnossATopa B COOTBETCTBUM ¢ Teopemont 1.1 [1,
¢. 21] 3aKI109ar0TCs B BBIIOJHCHHH COOTHOIICHUS

(c yuerom orpannyenus T (1) = 0 B3agade E):

X; )G (hg) = O(W) = &, (M)

Wi ¢ ydeToM  (akTopuzauuu  QyHKIHUU

X.(hg)=X](rq)X(1,q) 9TO COOTHOLIE-

HHUEC MOKHO IIEPEIIUCAaTh B BU/IC

X7 (L) (G (bg)— 0() =&, (1) / X7 (,9),

IOpH OTOM CKaJAPHOE MPOU3BEIAECHHE (YHKIUH
So(M) =5, (M)/ X7 (hgq) ©
¢byuxmun X ; (A,q) Oyner paBHO HyImO:

COOCTBEHHOM

[ @©0) X7 Gog)X o) -
T[ —oco

= [ rox,c.pa=o

Oto cnenyer u3 Teopemsl [Inanmepens [15,
c. 431], uto u TpeboBanoCh AoKa3aTh. Jlemma 1 n1o-
Ka3aHa.
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3asBJeHne 0 KOH(JIUKTE HHTEPECOB

ABTOpHI 3a5BJISIIOT 00 OTCYTCTBHH
KOH(IINKTA HHTEPECOB.

Bxkaan aBTopoB

Hepasnenbﬂoe COaBTOPCTBO.

AHHoTanusa. PaccmarpuBaercss 3ajjaua CTaTUCTHYECKOTO MPHEMOY-
HOT'O KOHTPOJISI Ha/Ie’KHOCTH CIIOKHBIX CUCTEM KOCMHYECKON TEXHUKH
(KT) B 1ByXypOBHEBOI HEPAPXUUECKON CTPYKTYpE: IIPH IMPOU3BOJICTBE
m3penuit KT, cocraBmstronux nepapxuueckyro cucteMmy KT, u mpous-
BOJICTBE CHCTEMBI B LiesioM. Pa3paboTaHa martemaTHdeckas MOJEIb
1 aNTOPUTM OTPEJIENICHNS] ONTUMAJIbHBIX IIJIAHOB KOHTPOJISI HA/IE)KHO-
CTH B 3TOH cTpykType. [lmaHbl KOHTPOJIS B3aWMOCBSI3aHBI W OITH-
MaJIbHBI C TOYKHM 3pEHHS MUHHUMYMa LIeJIeBBbIX (YHKIMHA 3KOHOMHYE-
CKHUX 3aTpaT Ha KOHTPOJIb U NOTEPb, CBA3AHHBIX C PUCKAMH IIPUHITUS
OMMOOYHBIX PEIICHNH, KOTOpBIE SBISIOTCSA yCEeUeHHBIMU. Mozens n
ANTOPUTM TO3BOJISIOT YUECTh PE3yJIbTaThl KOHTPOJIA HAIEKHOCTH U3-
JIENTNH, COCTaBIIAIOIINX CHCTEMY, NP IUIAHUPOBAHUU ONTHUMAIBHOTO
KOHTPOJISl HaIe)KHOCTH CUCTEMBI B IIEJIOM, YTO OOECIICUUT CHIDKCHHE
SKOHOMMYECKHUX 3aTPaT Ha KOHTPOJIb U IOTEPh NPU MOATBEPKICHUU
BBICOKMX TpeOOBaHUil, MPEIbIBISEMBIX K HAJEKHOCTH CIOXKHBIX
cucteM KT B yciioBusIX HEIOCTaTKa CTATUCTUIECKONH MH(OPMAITHH.

KuaroueBnie cioBa: kocmuueckas texanka (KT), cuctema KT, mpous-
BoactBo KT, xonrposs mapamerpoB cuctembl KT, HaleKHOCTh CH-
crembl KT, pucku 1-ro u 2-ro posa, 53KOHOMUYECKHE 3aTPAThI, SKOHO-
MHUYECKHe TIOTepH
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Abstract. The problem of statistical acceptance control of reliability of
complex space technology systems in a two-level hierarchical structure is
considered: in the production of space technology products that make up
the hierarchical system of space technology, and in the production of the
system as a whole. A mathematical model and algorithm for determining
optimal reliability control plans in this structure have been developed.
Control plans are interrelated and optimal in terms of minimizing the target
functions of the economic costs of control and losses associated with the
risks of making erroneous decisions, which are truncated. The model and
algorithm make it possible to take into account the results of reliability
control of the products that make up the system when planning optimal
reliability control of the system as a whole, which will reduce the economic
costs of control and losses when confirming the high requirements for
reliability of complex space technology systems in conditions of lack of
statistical information.
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OT MPOBEACHMS KaKUX-THO0 BUOB IPUEMOYHOTO
KOHTPOJIS € L€ IKOHOMHH JE€HEKHBIX CPENICTB
BBI3bIBAET ONMACCHNS BOSHUKHOBEHHUS OTKA30B B KOC-
MHUYECKOM MPOCTPAHCTBE, aBapuil B MOJIETE U T.1.,
KOTOpBIE MPHUHOCST CYIIECTBEHHbIE (PUHAHCOBBIE
U IpecTXkHbIe TToTepu 11 Poccun.

Bonee Toro, coBpeMeHHOE COCTOSIHUE U TIEep-
criektuBsbl pazButust KT xapakrepusyrorces cieny-
IOIIMMH OCOOCHHOCTSIMH:

® BO3pacTaHMEM CIEKTpa 3ajady, BbIOIHsE-

BBepeHue

Kak u3BeCTHO, 3TaIl NPOU3BOICTBA SABIAETCS
Ba)KHEHUIIIMM ITANOM CO3/1aHHsI KOCMHUYECKON TeX-
Huku (KT). I[Ipu 3ToM 0cOOEHHOCTBIO MPOU3BO/-
ctBa cucreM KT sBisiercsa ero MeakocepuitHOCTb,
a CHUCTEMBI, KOTOpbIE U3TOTOBIISIOTCS IO KOMMEP-
YEeCKHUM 3aKa3aM, BOOOIlE HE UMEIOT CepUITHOCTH,
TO €CTh U3TOTOBJISAIOTCS B €AMHUYHBIX 3K3EMILIs-
pax. Kpome Toro, TpeboBaHusl, penbsBIseMble B

TEXHUYECKOU JOKyMEHTAIMX K HaJIeXKHOCTH CUCTEM
KT, oueHb BBEICOKHE, UTO BJICUET 32 COOOI 3HAYM-
TeJIbHbIE SKOHOMUYECKHE 3aTPaThl HA KOHTPOJIb BbI-
noysiHeHus1 3Tux Tpebosanuii [1]. [Ipu s3Tom oTkaz
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MBIX B KOCMOCE 3a CUET BHEJIPEHUS HOBBIX TEXHO-
JIOTH;

® yBEIIMYCHUEM KOHCTPYKTHBHOW U (DYHKIIH-
OHAJILHOM cinokHOCTH cucteM KT
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e JaJbHEHUIINM MOBBIICHUEM TpeOOBaHUH,
npenbsBisAeMbIX K HagesxxHocTu cucreM KT;

® YBEJIMYEHHEM SKOHOMHUYECKHUX 3aTpar Ha
MIPOM3BOZCTBO U KOHTPOJIb 3a/JaHHBIX TPEOOBAHMIA;

® YBEJIMYEHHEM IOTEPH, CBA3AHHBIX C PHUC-
KaM{ TPUHATHS OMIMOOYHBIX PEIIeHU MpU KOH-
TpPOJIE BBHITIOTHEHHS 33JJaHHBIX TPEOOBAaHMIA B yCIIO-
BUSIX MEJIKOCEPHUITHOTO NMPOU3BOICTBA.

Bce ot 0coGeHHOCTH M TEHIIEHIIUH TMPUBO-
JIAIT K enie OoNbIIeMy YBEIIMYEHUIO CTOMMOCTHBIX
3arpar Ha co3nanue KT.

[IpoBenennblit aHanu3 [2] mokasai, 4YTo Mpo-
n3BoAcTBO cucteM KT uier no ypoBHsAM uepapxum,
€ro CJIEAyeT paccMaTpuBaTh Kak €IMHBINA IpoLecce
U YUYUTHIBATh MOCTOSIHHOE U3MEHEHUE W HaKoILIe-
HUE CTAaTHCTUYECKON MH(OPMAITUH O pe3ybTaTax
MIPUEMOYHOI0 KOHTPOJIS HAJAEKHOCTH Ha KaXKIOM
YPOBHE MEpapXuM IS MOBBIIIEHUS TOCTOBEPHO-
CTH KOHTPOJIS BBIIIOJIHEHHS 3aJIaHHBIX TpeOoBa-
HHM.

AHanu3 NpakTUKA ¥ 0COOCHHOCTEN pUeMoy-
HOTO KOHTPOJISI HAJIEAKHOCTH TAKUX CUCTEM TaKXKe
noKasai:

® KOHTPOJIb B OOIIEM CiIy4ae HOCHUT BBIOO-
POYHBIN XapakTep;

® IIPUEMOYHBIA KOHTPOJIb HU3IIUX YPOBHEU
HEepapXHH, TO €CTh M3AEIHM, COCTABISIOMINX CH-
CTEMY, Ha HX 3aBOJAX-WU3TOTOBUTENSAX, IpeluIe-
CTBYET KOHTPOJIIO CUCTEMBI B IIEJIOM IOCTIE €€ U3-
TOTOBJICHHSI HA COOPOYHOM MPENPUATHH-U3TOTO-
BUTEJIE;

® pe3yibTaThl KOHTPOJS HUBIIMX YPOBHEH
CHUCTEMBI CBHUJIETEIBCTBYIOT HE TOJBKO O COCTOS-
HUU JAHHOTO YPOBHS, HO ¥ HECYT OIIPEAEIICHHYIO
JI0JTI0 MH(OPMAIIHIO O HAJIEKHOCTH CHCTEMBI B I1e-
JoM. B yclioBUSIX €IMHMYHOIO M MEJIKOCEpPUH-
Horo npousBojacTBa cucteMm KT, koTopoe xapakre-
pHU3yeTCsl HEJOCTATKOM CTaTHCTHYECKOW HH(Op-
Maluu OJs1 TOCTOBEPHOIO MOATBEPKICHUS 3aaH-
HBIX TpeOOBaHMil, ITO JOIKHO YUYUTHIBATHCS MPU

IUTAHUPOBAHUM U MPOBEIECHUU KOHTPOJIsS Oosee
BBICOKHX YpOBHEH. To eCTh CTaTHCTHYECKHE TIaHbI
KOHTPOJISI 3TUX TEXHUYECKUX OOBEKTOB JOJIKHBI
OBITh B3aUMOCBSI3aHBI.

AKTYyalbHOCTb M BaKHOCTbH MPOOJIEMbI KOH-
TpoJisi KauecTBa U HajgexHocTH KT Hamuum otpa-
JKEHUE B TpPyJaX MHOTHUX POCCHHCKUX YYEHBIX,
Hanpumep: C.H. lllepuenko [3—6], }O.B. borna-
HoBa, C.B. Vnesrosa, /[.A. [Ty3ans [7], B.A. ['eun,
P.H. bap6yna, H.1. Cunnsesa, FO.U. byrenko [8],
IO0.H. lopoxuna, N.A. Kpyrnosa, 10.B. Kpyrio-
Boii [9], A.IO. Komno6ora, FO.A. [Terposa [10],
.M. Kpusonanona, A.E. /laBeinoBa, P.H. bap0y-
na [11], C.B. Kyapsisuesa B.M. Pozosenko [12],
B.B. Jlam3un, B.A. Jlam3un [13], B.M. Makaposa
[14; 15], B.A. MunoBanoBa [16], N.A. CoukoB
[17]. 3a pyGeskoM BOTIPOCY KOHTPOJISI HAZISKHOCTH
KT Taxoke yaenseTcs mpucTanbHOE BHUMAaHHUE KaK
yuenbimH [18; 19], Tak 1 npakTHYecKuMU crienua-
nmuctamu [20].

OcHoBHBIE TpeOOBaHUS, a TAKXKE MOPSIOK U
npaBmiIa 00eCTeYeHHsT KOHTPOISI HAIeKHOCTH U
0€30MacHOCTH KOCMUYECKHX CUCTEM, KOMILJIEKCOB
¥ aBTOMAaTHYECKUX KOCMHUYECKHX aIlapaToB €/u-
HUYHOTO (MEIKOCEPUIHOI0) U3rOTOBICHUS C JIH-
TEJIbHBIMU CPOKAaMHU aKTUBHOTO CYIIECTBOBaHUS
permaMeHTHpoBaHbl HaloHanpHBIMU  CTaHAAP-
tamu Poccuiickoit @enepanuun 'OCT P 56516-
2015' n TOCT P 56526-2015°.

1. MaTepuanbi u MeTOAbl

B 10 € BpemMs IPOBEIECHHBIN aHAJIN3 OCHOB-
HBIX CYIIECTBYIOUIMX METOJOB CTaTUCTUYECKOTO
BBIOOPOYHOr0 KOHTPOJIs, Hanpumep [ 1], mokasau,
YTO OHM OCHOBAHBI Ha UCIIOJIb30BAHUU CTAaTUCTH-
YeCKHX IUIaHOB KOHTpons Buaa (n,a.fB,c=0).
3nech n — 00beM KOHTpPOJIS, o U 3 — Oe3ycioB-

HbIE pUCKHU 1-T0 1 2-r0 poza (3a0pakoBaTh rOHOE
U3JeNe U TPUHATH Ae(EKTHOE, C TOYKH 3PEHHS

'TOCT P 56516-2015. Tlops0k 1 npasuiia 06ecIIeYeH|st KOHTPOJIS HAIEKHOCTH M O€30MIACHOCTH KOCMUIECKHMX CHCTEM, KOM-
IUICKCOB U aBTOMATHYECKUX KOCMHYECKHX alIapaToB eAMHNYHOTO(MEIKOCEPHITHOT0) N3TOTOBICHHUS C JUTUTEIBHBIMU CPOKAMH aKTHB-

Horo cymecTtBoBanus. M.: Cranpapturdopm, 2016. 32 c.

2TOCT P 56526-2015. TpeGoBaHus HaJeKHOCTH U GE30MACHOCTH KOCMUYECKUX CHCTEM, KOMILIEKCOB U ABTOMATHUYECKUX KOC-
MHYECKHUX allapaToB eANHUIHOTO (MEIKOCEPHHHOTO0) H3TOTOBIICHHUS C JUINTENFHBIMU CPOKAMH aKTUBHOTO cyInecTBoBanus. M.: CraH-

nmaptuapopm, 2016. 50 c.
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BBINIOJIHEHHS 3aJaHHBIX Tpebosanuii), ¢=0 —
MPUEMOYHOE YHCIIO TIIaHa KOHTPOJIS. DTH METOJIbI
HE YYMTBHIBAIOT BHUJIBI KOHTPOJIIS 110 UEPAPXHUH H3-
rotoBienust cucteM KT B nmpousBoacTBe, UCHONb-
3YIOT Pa3jWYHbBIE IIeJIeBble (YHKIIMU IS y4eTa
SKOHOMHUYECKUX COCTABJISIONIUX KOHTPOJIS, OpHU-
SHTHPOBAHBI Ha 3HAYNTEIIbHBIC 00hEMBI CTaTHUCTH-
YECKUX JAHHBIX, KOTOPbIE MPU MPOU3BOJICTBE OT-
CYTCTBYIOT.

Kpowme toro, ncmnons3zoBanue BEpOSTHOCTHO-
CTaTUCTUYECKUX METOOB TEOPUHU HAJIEKHOCTH,
OCHOBAHHBIX Ha OMPECIICHUH OIEHOK BEPOSTHO-
cTell 0e30TKa3HOW pabOThI M3/ICIHIA U CUCTEMBI B
1IEJIOM, TaK)Ke 3aTPYIHUTEIHHO, TOCKOIBKY OIIEHKH,
MOJIyYeHHBIE TI0 OTpaHUYEHHOMY O00BEMY CTaTH-
CTUYECKHX JJAHHBIX, SBIISIOTCS CITy4YalHBIMH BEJTH-
YUHAMH, 00J1a/Ial0T HEAOCTATOYHOH JOCTOBEPHO-
CTBIO, YTO MOXKET ITPUBECTHU K OMTHOOYHBIM PE3YITb-
TaraM.

Takum 00pa3oM, B COBPEMEHHBIX YCIOBHSIX
BEChMa aKTyaJbHOW SBISETCA 3ajada MOJATBEP-
KJICHUS TOCTOSHHO BO3PACTAIONIMX TPEOOBAHHIA
K HaJiexxHOCTH clokHbIX cucteM KT, B ycrmoBusax
HEIOCTaTKa CTaTUCTUYEeCKOM MH(OpMAIIH, XapaK-
TEPHBIX JJI1 SAUNHUIHOTO U MEJKOCEPUUHOTO MPO-
W3BOJICTBA, OOCCIICUNBAs TIPU ATOM MHHHUMYM 3a-
TpaT Ha KOHTPOJIb ¥ IOTEPh, CBI3aHHBIX C PUCKAMH
MPUHATUS OMTUOOYHBIX PEIICHUI O BBINOJIHCHUH
9TUX TPeOOBaHUH.

2. O6cyxpeHue

Jls1 perienus mocTaBICHHOM 3a1a4H PacCMOT-
pum cucremy KT, koTopast COCTOUT U3 COBOKYITHO-
CTH S He3aBUCHUMBIX m3aenuil (moacucrtem). Kax-
JI0€ U3/IeTTe U3TOTOBIISIETCSl HA COOCTBEHHOM Mpe/-
MpUSATUU-U3TOTOBUTENE. Jlanee roroBble U3AENHS
MOCTYNAIOT HA TOJIOBHOE COOPOYHOE MpenrpHsi-
THE, TJE€ U3 HUX U3TOTOBIISIETCS CUCTEMA B LIEJIOM.

Kontpons 3agaHHbIX TpeOOBaHMN K HaJexk-
HOCTH B nporecce npousBoactsa cucteM KT ocy-
LIECTBIISIETCA [0 YPOBHSIM HEpapXuu UX co3za-
HUSI U IPOBOJUTCS MPHU CIEAYIOIUX BHUJaX KOH-
Tpous [1]:

— IIpY 3aBOACKUX UCIBITAHUSAX Ha MPENNpusi-
TUSIX-U3TOTOBUTEIISAX MTOCIIE M3TOTOBJIEHUS KaXK10T0
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j-ro m3nenusi, j=1,5,13 KOTOPBIX COCTOUT CH-

CTEMA;

— [P TPUEMO-CHATOYHBIX HCIBITAHUAX CH-
CTEMBI B LIEJIOM IIOCJIE €€ U3TOTOBJICHUS HA I'OJIOB-
HOM COOPOYHOM NPEIIPHUITUH.

Peannsanus >TUX BUIOB KOHTPOJIS TIO3BOJISET
OLICHUTH B3aUMOJCHCTBHE U B3aMMOBIHUSIHHUE OT-
JEIbHBIX U3JEJINI Ha HAaJIe)KHOCTh CUCTEMBI B 1iE-
JIOM.

BwMmecte ¢ Tem, Kak OTMEYanoCh, MOCKONBKY
roroBas cucrema KT umeer onpeneneHHyo CTpyK-
Typy HOCTPOCHHMS U3 H3JIEIMH U KOHTPOIb HUX
HaJIe’KHOCTH TIPEAIECTBYET KOHTPOJIIO HAJIEKHO-
CTH CHCTEMBI B LIEJIOM, TO PE3YJIbTaThl 3TOI0 MpPe-
HIECTBYIOLIETO0 KOHTPOJISL OyIyT HECTH HE TOJIBKO
UH(OpMaLMIO 0 HAZEKHOCTU CaMHX U3ZENUH, HO
U 107110 UH(GOPMAIMU O HAJIeKHOCTH CUCTEMBI B
nenoM. MccnenoBanus nokasanu, 4To aHAJIUTHYE-
CKU 3Ty MH(pOpPMALMIO NPU IUIAHUPOBAHUU KOH-
TPOJII TOTOBOW CUCTEMBI MO>KHO Y4€CTh Ha yPOBHE
BEPOSITHOCTEN, TO €CTh PUCKOB 1-ro u 2-ro poxa,
BXOJSIIUX B CTAaTUCTUYECKUN IUIAH KOHTPOJIS
HaJEKHOCTH cuctemsl. To ecTh pucku 1-ro u 2-ro
poZa, BO3HHMKAIOIIME IPU KOHTPOJIE HAICKHOCTH
TOTOBOM CUCTEMBI, OyyT QYHKIUSIMH PUCKOB 1-T0O
U 2-T0 pOoAa, BO3HUKAIOUIMX MPU MPEAIIECTBYIO-
IIEM KOHTPOJIE HA/IeKHOCTH M3JENINHI, U3 KOTOPBIX
COCTOUT cucTeMa. PU3NYECKH 3TO O3HAYAET, YTO
PUCKU NPUHATHUS OMINOOYHBIX PELIEHHH MPU KOH-
TpoJie HaleKHOCTH roroBod cucremsl KT sBmus-
I0TCSl HE TOJIBKO (DYHKLUSIMM 33JaHHBIX TpeOoBa-
HUHM K ee Ha/JIeXKHOCTH M 00beMa KOHTPOJSI 3TOU
cucteMbl. OHU TaKKe SIBISIOTCS (QyHKIUAMH CO-
OTBETCTBYIOIUX PUCKOB 1-ro u 2-ro pona, KOTo-
pbIe BO3HUKAIOT IIPH MIPEALIECTBYOLIEM KOHTPOIIE
U3IEINHA C y4eTOM Pe3yabTaToB 3TOT0 KOHTPOJIS.
A TOCKOJIBbKY KOHTPOJIb HAIEKHOCTH U3AEIHH KaK
COCTaBHBIX 4acTed uepapxuueckoil cucremsl KT
NPEAIECTBYET KOHTPOIIO €€ HAJIEKHOCTH IOCIIEe
U3rOTOBIIEHUS, 3Ty HH(OpMaLMI0 HEOoOXOIUMO
YUUTBIBATh MPH IUIAHUPOBAHUU KOHTPOJISI TOTOBOM
cuctemsl. To eCTb IUIaH KOHTPOJIS HAZEKHOCTH I'0-
TOBOH CHUCTEMBI JIOJDKEH OBITH CBSI3aH CO CTaTH-
CTUYECKMMH IUIAHAMHU IPEALIECTBYIOIEr0 KOH-
TPOJIA U Pe3ylbTaTaMu KOHTPOJIS HaJEeKHOCTH H3-
JeTNHA, COCTaBIAIOIIUX CUCTEMY, YTO OCOOEHHO
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Ba)XHO B yCJIOBHUSIX HEJOCTATKA CTATUCTUYECKOU
“H(GOPMAITUH TSI TOCTOBEPHOTO MOATBEPIKIACHHUS
3a/TaHHBIX TPEOOBAHUH.

B pabotax [1; 2] mist onTUMH3AIMH TIJITAHOB
KOHTpOJIsSI Mepapxuueckux cucreM KT Obutm mc-
MOJIb30BaHbI TUTAHBI KOHTPOJS, OCHOBaHHBIC Ha
MUHUMH3AIIH [eJIEeBbIX (QYHKIMNA 3aTpaT Ha KOH-
TPOJIb U MOTEPb, CBSI3aHHBIX C PUCKAMH TPUHSITHS
OIIMOOYHBIX PEIICHUH. DT 1ieieBble ()YHKIIMU TEO-
peTnyecku 000CHOBAHBI C MCIIOJIB30BAaHUEM arTa-
para anreOpbl COOBITHIA 1 TEOPHH TIPUHSATHS periie-
HH U BBITEKAIOT U3 CAMOU CTaTUCTUYECKOUN CTPYK-
Typbl KOHTPOJIsl. OHU UMEIOT CIIEAYIOUTNI BHUI:

— JJ1s1 KOHTPOJIA HaJIEKHOCTH U3/ICTNH TIPH 3a-
BOJICKUX MCIBITAHUAX Ha MPEAIPHUSITHIX-U3TOTO-
BUTEJISIX MTOCJIC U3TOTOBIICHUS KaXI0TO j-TO M3J1e-

aust, j=1,S, U3 KOTOPBIX COCTOUT CUCTEMA:

C,=C,+C B, +Cy n,, (1)

— JI1 KOHTPOJII HAACKHOCTU IIPU IIPHUEMO-
CAATOYHBIX UCIIBITAHUAX CUCTCMBI B LICJIOM ITIOCJIC
€€ U3roTOBJICHUA Ha TOJIOBHOM C60p0‘lHOM Inpea-
IPpUATUHA:

Cc = Clcac + C2ch + Cchnc’ (2)

rae C10 — MareMaTu4ecKoe OKUIaHUE YKOHOMHU-
YECKUX MOTEPh (MHAEKCHI OIMYIIEHBI) 3a cyeT Opa-
KOBKH T'OTHOTO U3JICTTUS MITH CHCTEMBI, T.€. Y/IOBIIe-
TBOPSIOINX 33/IaHHBIM TPEOOBAHHSIM K HaJI€)KHO-
cTH (00 — Oe3ycIoBHAas BEPOSTHOCTH 3a0pakoBaTh
TOHOE HM3/enue (CUCTeMY), T.€. PUCK 1-To poma);
(2 — maremaruueckoe OXHJAHHE SKOHOMUYE-
CKHUX TIOTEPh 3a CUET MPHUEMKH JIe(hDEKTHOTO U3/Ie-
7ust (CHCTEMBI), T.€. HE YIOBJICTBOPSIONINX 33 aH-
HBIM TpeOOBaHUAM K HaJIS)KHOCTH (3 — Oe3yciioB-
Hasi BEPOSTHOCTb MPHUHATH JAe(PEKTHOE H3/eNne
(cucremy), T.e. puck 2-ro poma); Ci, C2, Cik —
CpeIHHe MOTEPH U 3aTpaThl (MaTeMaTHYECKHUE OXKH-
JlaHWs) Ha KOHTPOJIb HAJCKHOCTH U3JEIus (CH-
CTEeMBI) B T€UCHHE BPEMEHH HCIBITAHUU; 1 —
00beM KOHTPOJIS, MOMJISKAIUN OMPEISTICHHIO
(KOJTMYECTBO LIUKIIOB KOHTPOJIS, CBSI3aHHOE C Bpe-
MEHEM HCITBITaHUH | T.]1.).

[Tpu sTOoM pucku 1-ro u 2-ro poma ompesue-
JSIFOT JOCTOBEPHOCTH KOHTPOJISI HAJIS)KHOCTH.

Paccmotpena nambonee oOmas OMHOMHAIB-
Hasl cXxeMa KOHTpPOJIs, ¥ B padorax [21] ObLIM 110-
Jy4eHbl MaTeMaTU4ecKHe 3aBUCHMOCTH  JUIs
OLICHKH PUCKOB 1-r0 U 2-10 poza, KOTOpbIE OIpe-
JEIISIFOTCS] HA OCHOBE MCTIOJIb30BaHMUs allPHOPHOTO
pacrpeneneHysl, CONpsHKEHHOI0 OMHOMHUAIBHOMY
TUTaHy KOHTpOJIA [22], cienyromuM o0pa3om:

a='|.1PTP(1—P”)f(P)dP=

F(a+b) J-l
T'(a)T(b)

(1-P")P*"'1=P)"'dP, (3)

PTP

p=["Ps(P)dP=

I'(a+b) cry
— ( ) J. Pn+b l(l_P)a ldP, (4)
T'(a)T(b)~°
rae I'(...) — monHas ramma-QpyHKITUS WIH WHTeE-
rpai Diinepa BToporo poaa; P, — 3aJaHHOE 3Ha-
YCHUE BEPOSTHOCTH O€30TKa3HOM PabOThI M3ICIIHNS;
P — ucTtuHHOE 3HAYEHNE ITOKA3aTENS HAEKHO-
CTH M3JCINS, TPAKTYeTCS KaK CIIy4aiHasl BEIIH-
yuHa (B 0ali€COBCKOM CMBICIIE), MMEOIas TUIOT-
HOCTb OeTa-pacrpeesieHHs

3 F(a+b)
TP

371€ech UCTIONB30BaH U3BECTHBINA pe3ynbTar [22],

P (1-P)“. (5)

YTO COINPSKEHHBIM PACHPEAEICHUEM 110 OTHOIIE-
HUIO K ONHOMMAJIbHOMY IUIaHY KOHTPOJIS SIBJISIETCS

anpuopHoe Oeta-pacnpezaeneHue (5).

[TapameTpsl a 1 b anpuopHOTO OGEeTa-pacrpe-
JIENICHHSI OMPEACTISIOTCS 110 HAKOTUICHHOM CTaTH-
CTHUYECKON MH(OpMAIMK 0 HAJASKHOCTH 1O Pop-
Mynam [23]:

a=Ny(1-P)+1, (6)

b=(NP+1), (7)

rac P — pcajn3oBaBIIasACsa OLUCHKAa MaKCUMaJlb-
HOTroO HpaBI[OHOI[O6I/I$I IIOKa3areciisd HAAC)KHOCTH U3-

my

Nens P=1-—;. m

Ny ¢

— KOJIMYCCTBO OTKa3aB-
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LIMX W3JETIHH, ONPEIEICHHOE 0 MPEABAPUTENb-
HOW HaKOIUIEHHOM HH(popMmammu o pe3ylbraTax
KOHTPOJISL U MCIBITAHUHM COBOKYNHOCTU Ny H3[e-

JMI-aHAJIOTOB Ha MPEIIECTBYIONINX 3Talax KOH-
TpoJIs (MM KOJIMYECTBO OTKA30B OJHOTO U3JIEIHs
npu Ny MCHBITAHUSAX).

[Tpu 3TOM ecnu HakoIIEHHAs HHPOPMAIHS O
HaJIeKHOCTH CTaTUCTHYECKU HEOTHOPO/IHA, TO PH-
BJIEKAIOTCSI METO/IbI 00pabOTKU TakoM HH(popMa-
UM, W3J0KEeHHBIC, Hampumep, B [21]. Ilostomy
3HayeHus My U Ny B 0OILIEM CiIydyae MOTYT OBbITh

HEIEIOYUCIICHHBIMU. J1J151 X OTnIpesieNieH s, Hapsay
C caMOH OIIEHKOW MaKCHMAaldbHOTO MPaBIOIOI0-
OWsI, IICTIONTB3YETCSI ¥ CpeTHEE KBAaIPATUIECKOE OT-
KJIOHEHUE CIy4YallHOW BETUYUHBI P OTHOCUTEIBHO

A

peanu3oBaBiIelics oreHku P -

o (P1- 1|1+ NP) (14 N, - N, P)

= +
Ny +2 Ny +3

+(2P-1) . @®)

Takum oOpazom, nenesas ¢pynkuus (1) mms
KOHTPOJISL HAJICKHOCTH W3JEIUN TPU 3aBOJCKHX
UCTIBITAHUSAX HA MPEINPUATHAX-U3TOTOBUTEISX U
neneBast GyHKIus (2) ISt KOHTPOJISI HAJASKHOCTH
NP TPUEMO-CIATOYHBIX UCTIBITAHUSAX CUCTEMBI B
IIeJIOM IOCJIE €€ M3TOTOBJIEHUS Ha TOJIOBHOM c00-
POYHOM TPEANPHATHU COACPKAT B Ka4eCTBE CO-
ctaBisomux BeipaskeHus (3)—(8). [Ipu aTom B pa-
Oortax [24; 25] moka3aHO, YTO PUCKU TPHUHSATHS
OMIMOOYHBIX PEIICHHI O BBIMOJHCHUN 33JJaHHBIX
TpeboBaHmil Kk HajexHocTH (3) U (4) ¢ yBenude-
HUEM 00beMa KOHTPOJISI U3MEHSIIOTCS B TIPOTHBO-
MOJIOKHBIX HAIPaBJICHUAX: PUCK 1-To pona BoO3-
pacraer, a puck 2-ro poja yObIBaeT, a 3aTpaThl Ha
KOHTPOJIb JINHEIHO BO3pacTaioT. To ecTh IesieBbIe
¢ynkuuu (1) u (2) 10TKHBI UMETh MUHUMYM, KO-
TOPOMY COOTBETCTBYET ONTHMAJIbHBIN IJIaH KOH-
tpoisi. Kpome Toro, dynkmuu (1) u (2) moryt
OBITH BO3PACTAIONINMH U YOBIBAIOIIIMMHU.

Ecnu ¢yHKUIMU SBISIOTCS BO3pACTAIOIIMMU,
TO KOHTPOIb HAJIEKHOCTH MPOBOAMUTH HeIlele-
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c000pa3Ho, MOCKOJIBKY 3TO MPUBEAET K yBEIHYe-
HUIO S5KOHOMUYECKHUX 3aTPaT U MOTEPh, CBA3AHHBIX
C pUCKaMH IPUHATHUS OIIMOOYHBIX pereHuid. Ecnu
(bYHKIMU SBISIOTCS YOBIBAIOIIUMU, TO HEOOXOTUM
CTOIIPOLIEHTHBI KOHTPOJIb BCEX M3MEIHI MapTUu
(ecnmu paccMarpuBaeTcs NapTUs W3IACNIUN) WU
KOHTPOJIb HAJEKHOCTH u3aenuil u cucremsl KT B
npezenax 3aaHHOl HapaboTku. U, HakoHen, ecnu
(GYHKIIUM UMEIOT MUHUMYM, TO KOHTPOJIb CIIETyET
MPOBOIUTH MO ONTHUMAJbHBIM IJIaHAM. TO €cCTh
caMma 1esneBasi QyHKIUS SBISCTCS Kak Obl MHJIN-
KaTOpOM HEOOXOAMMOCTH TIPOBEACHUS HCIIBITA-
HUW U KOHTPOJIS [2].

Teneps nepeinemM K pacCCMOTPEHUIO AlIPUOP-
HBIX pUCKOB 1-ro u 2-ro pona (3) u (4). Kak BugHo
U3 ATUX BBIPAXKEHUH, PUCKU YUUTHIBAIOT allpHOp-
HyI0 MHGOpPMAIMIO O HAJIEKHOCTH C y4ETOM €€
CTaTHUCTUYECKON HEOIHOPOTHOCTU HE HANPSIMYIO,
a TOJILKO uepe3 mapameTpsl a u b GeTa-pacmnpere-
nenus (5). To ecTb 00MacThIO OMpeeTICHUS BO3-
MOJKHBIX 3HAYEHUU IOKa3aTedsl HaJaexkHOCTU P
sBisieTcst oomacts 0 < P < 1. Takas oGmacTthb onpe-
JICJICHUST TIPEJICTABIISIET cO00M HamOosee OOITHiA
CIIy4ail U OrpaHUYHMBAET UCIOJIL30BAHUE JAHHOTO
MOAXO/A.

B 10 e BpeMs IpakTHKa NOKa3bIBAET, YTO UC-
MOJIb3yEMBIE B HACTOSIILEE BPEMs M3AEIUS U CH-
crembl KT 00nagaroT 10CTaToquHOM CTENEHBIO Mpe-
€MCTBEHHOCTH U 11O HUM HAKOILJIEHA I0CTaTOuHas
anpuopHas MHpoOpMaIMs O HAJCKHOCTH Ha pas-
JUYHBIX dTanax >KM3HEHHOTO IHKJIA (TIPOEKTUPO-
BaHUe, 0TpaboTka). C y4eToM yKa3aHHBIX 00CTOs-
TEJIbCTB OBUIM NPOBEIEHBI UCCIEAOBAHNUSA U KOH-
KPETU3UPOBAHBI TPAHUIBI 00IACTH BO3MOXKHBIX
3HAUEHUU MOKa3aTels HAAEXKHOCTH P, KOTOPHIH
TPaKTyeTCsl KaK CilydaiiHasi BEIMYMHA B 0aliecoB-

CKOM cMeIcie, B Bune [} < P < P, [24; 26].

Uccnenosanue ocHoBaHo [27] Ha mpecTaB-
JIEHWY TUITOTETUYECKOTO MHOXKECTBA U3CINM (TH-
MOTETUIECKAs TeHEepaTbHAs COBOKYITHOCTB ), KOTO-
poO€ YCIOBHO OBLIO pa3zeiieHO Ha JIBa MOJMHOMKE-
CTBa:

— TIOAMHOXKECTBO HM3JIETHNH, YIOBIETBOPSIO-
MUX TPeOOBaHMUSIM K HAJICKHOCTH f; > PTP (rom-

HOC HOI[MHO)KGCTBO);
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— IIOZIMHOXXECTBO M3JICTINii, HE YIOBICTBOPS-
ronmx TpeboBanusaM K Hanexuoctun F < B, (ne-

(heKTHOE MTOIMHOKECTBO).

B kauectBe rpanun P1 U P> ObUIM IPUHATHI
HX OLICHKH, BBIPAKCHHBIC UCPE3 MATCMATUUICCKHUC
OKUJIAaHUSI TIOKa3arelsi HaJeXHOCTH P u3jenuit
COOTBETCTBEHHO IE€PBOTO U BTOPOTO MOAMHOMKE-
cTBa. MexaHu3M mnepexona Oera-pacnpenesieHus
ot obmactu0 <P < 1 x obnactu P1 <P < P> cBs-
3aH C yCEUYEeHHEM alpHOPHOM INIOTHOCTH pacrpe-
nenenus (5) mo 3Toi obmactu. Mcnonb3yst 00mryto
MPOLIEAYPY YCEUECHHUS TUIOTHOCTU PacIpeeIeHUs
[28] u BoIpakeHus (3) u (4), MOIyYEHBI CIEIYIO-
e GOpMYIIBI IJIsl OTIPENIEIICHUS] YCEUYSHHBIX PUC-
kOB 1-ro u 2-ro poza:

a=j;(1—P”)f(P)dP=

_M 2 _ pn b-1c1 _ a-1
_F(a)F(b)IPTP(l P")P"'(1-P)""dP, (9)

p=["P"s(P)dP=

_F(a—+b) P b1 _ a-1
_F(a)l“(b)J. P (1- Py dP, (10)

1

rae P u P2 onpenensiorces CIeayomuM 00pa3oM:

b 1y, (b+1,a)‘

P=m[P]= : 1

1 m[ 1] b+a [PTP (b,a) ( )
1-71, (b+1,a

T ML L/ A Cai L) oS
b+a [I—IPTP(b,a)]

rie m|[B]u m[P,] — MaremMatndeckue oxuia-

HUS; TWIOTHOCTH OeTa-pacipe/ieieHus yceueHa 1o
obmactu [R,P,], a I, (..) — uenonnas Gera-

¢bynkus [21; 29; 30].

YcedeHHBIC PHUCKH, BXOMSIIME B IICTICBBIC
(YHKIMH, B 3aBUCUMOCTH OT 00BEMOB KOHTPOJIS
MOHOTOHHO HW3MEHSIOTCS B IPOTHUBOIIOJIOKHBIX
HanpaBleHUsX (puc.).

A
1,0
0, Ol
> '//
///
\\
~—_
\‘
N Bja BC
/ N
N
0 nj, e "
A
1,0
o, Ol
s '//
//
7
CA
\\\
/ \\ Bj’ BL’

0 nj, ne

XapakTep 3MEHEHUS YCEHEHHbIX PUCKOB
1-roun 2-ro poga @, &, u B, B. B 3aBMCUMocTy

OT 06bema KOHTPONS j-ro N3LENNS U CUCTEMbI B LIESIOM
McTouHUK: BbiNonHeHo M.LL. HacubynuHeim,
B.B. PynakoBbiM

The nature of the change in the truncated risks
of the 1st and 2nd kind @, @, and B;, B. depending on the

scope of control of the j~-th product and the system as a whole
Source: completed by M.Sh. Nasibulin, V.B. Rudakov

[IpoBeneHsl MCCNEnOBaHUS CUCTEMBI IENe-
BbIX QyHkuui (1) u (2) Ha HamM4Ke TII006ATHLHOTO
MuHHEMYyMa. VcclieoBaHre 0CHOBAaHO Ha MCIONb-
30BaHUM CTII0CO0a MHUHMMH3AIMHA (PYHKIUH C TI0-
MOIIbIO YACTHBIX MPOU3BOIHBIX 10 MEPEMEHHBIM

n, W n;, ToJaras UX HENPEPHIBHBIMU IICPEMEH-
HBIMHU, W UCTIOJB30BAHUU OOOOIICHHON TEOPEMBI
0 cpeaHeM ompeeneHHoro uaterpana [29]. pu

3TOM YCTAHOBIIEHO, YTO II00aJIbHOTO MUHUMYyMa
HE CYyIECTBYET, a CyIIECTBYET yCIOBHBIH MHHHU-
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MYM CHUCTEMBI IIeJIeBBIX (PYHKIIMIA, TO €CTh YCIIOB-
HBIi BEKTOp pELICHHUH, KOOPAMHATBI KOTOPOTO
MOXKHO ONpEAETuTh cienyromumM odpasom. CHa-
Yama HEOOXOAMMO OIPEACTUTh ONTUMAIbHBINA
00BbeM KOHTPOJIS HaJISKHOCTH KaXJIOTO j-TO M3Ze-

* . .
s n;, =1,8, ucxons u3 mij., U COOTBET-

* *
CTBYIOIIIUC PUCKH O ., U D ., BXOOAAIIUC B LICJIICBYIO
J J?

¢ynkmro (1). 3aTem cremyeT OnpeneiuTh ONTH-
MaJIbHBIA 00BbEM KOHTPOJISI HAaJC)KHOCTH CUCTEMBI

* * *
B IIEJIOM 7, U PUCKH O, U [ ,KOTOpbIE JOCTaB-
JSET YCIOBHBIH MUHUMYM TienieBoit GyHKImu Ce

*
(2) npu (QUKCHPOBAaHHBIX ONTHUMAIBHBIX 11,

j =1,8. DTH pe3ynbraTsl HOATBEPKAAIOTCS MPAK-
TUKOU MIPOBEACHUS KOHTPOJISL.

OpHako TMpH TakoOM IOAXO/E B3aUMOCBS3b
TUTAHOB KOHTPOJISI U3JEIUNA U CHUCTEMBI B II€JIOM
o0ecreunBaeTcsl TOJIBKO CTPYKTYPOH MOCTPOEHUs
nepapxuueckoil cucremsl KT n3 nznenuii. B to xe
BpeMsi, KaKk OTMEYaloCh, KOHTPOJIb HaJEKHOCTH
W3JENUNA TPEAIIECTBYET KOHTPOJIO HaJAEKHOCTH
CHUCTEMBI B LIEJIOM, M PE3yJbTaThl 3TOr0 Ipe/IIe-
CTBYIOILIIETO KOHTPOJSI HEOOXOIMMO YYUTHIBATH
npy TJIAaHUPOBAHWM KOHTPOJS HAAECKHOCTH CH-
CTEMBI B IICJIOM.

B pa6orax [1; 27] ycTaHOBIEHO clemylomiee
CBOMCTBO PUCKOB 1-r0 U 2-10 poja, KOTOpOE Mo3-
BOJIAET y4Y€CTb ATH pe3yibrarsl. Eciu KOHTPONIb
HAQ/ISKHOCTH j-TO W3ICNUS HE TPOBOIUTCS HIN
KOHTPOJIb YK€ MPOBENIEH U U3ACTUE MPUHSITO IS
JTANbHENIIEro UCMOIb30BaHus, TO pUCK 1-ro poaa
0,; B BBIpOXKCHNH (1) CTAaHOBHUTCS PaBHBIM HYIIIO,

o A
a anoCTEPHOPHBIA puck 2-ro poxa B coBnanaer

C BEPOATHOCTHIO TOTO, UTO H3JAEIHUE SABISETCS
ne(eKTHBIM, TO €CTh HE YIOBJIETBOPSET 33 JaHHBIM
TpeOOBaHUAM K HAZEKHOCTH. TO €CTh alpHoOpHBIE

pucku 1-ro u 2-ro poma o, u B, BXOISIIHE B 11e-

JeBYI0 (QYHKIHIO (2) A7 ONTHUMAJIbHOTO TUIaHH-
pOBaHHS KOHTpOJs HangexHocTH cuctembl KT
B I1€JI0M, OyIyT 3aBHCETH TOJBKO OT pEaTn30BaB-

A
WIMXCsl aIOCTEPHOPHBIX PUCKOB B JUTs Beex m3jie-

it j =1,§, cOCTaBIAIONIMX CHCTEMY, TO €CTh

o, =a, (B )up, =B, (B7).
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Ha ocHoBe ucIonp30BaHus ammapara ajreopsl
COOBITHI M U3JI0)KEHHOTO CBOWCTBA PUCKOB TOJTY-
YEeHbl MATEMAaTUYECKUE 3aBUCUMOCTH UL OIIpEe-
JICHUS allpUOPHBIX PUCKOB 1-ro u 2-ro poxa uis
ONTUMAJIHOTO IIAHUPOBAHMS KOHTPOJIS HaleXK-
HocTH cucteMmsl KT B 1enom ¢ ydyeroM pesyibra-
TOB MPEAIIECTBYIOIEr0 KOHTPOJII HaJCKHOCTH
nznemmit KT, kotopeie onpenensitorces o hopmy-
Jam:

o, =T [1-B/][, (1-P") s (P)aP. (3)

p={1-T.[1-p; ]}, P s (Pap, ()

rne f(P)— onpenensiercsi Boipakenuem (5);

A
B — amoctepropHbIE PUCKH 2-TO pOJIa, € KOTO-

PBIMH IPUHATO KaXJI0€ j-€ U3JIeJIne M0 pe3yibTa-
TaM HUCIBITAHUN HAa MX NPEANPHATUAX-U3TOTOBH-

Tensax, j=1,5 onpenenstoTcs Ha OCHOBE BhIpaKe-

Hust (10) ¢ yderoM pe3ylbTaroB KOHTPOJS HX
HAJIS)KHOCTH TP 3aBOJICKHX UCIBITAHUSIX:

B/ =],"P"s(P)aP, (15)

O060011as1 BCce U3JI0KEHHOE, a TAaKKEe YUUThI-
Basi BeIpakeHus (1), (2), (5)—(15), maremarnye-
CKYIO MOJIEJIb ONITUMAJIBHOTO KOHTPOJISI Ha/IeKHO-
ctu uepapxuyeckux cucrteM KT B ycnoBusix eau-
HUYHOTO M MEJIKOCEPHHHOTO TPOU3BOACTBA
MOXHO 3aIliCaTh B CIIAYIOIIEM BHIE:

— HAWTH YCIIOBHBIM BEKTOP

—

Y ={minC,,minC,}, (16)

(m20,B, ). o (B)-B (B) -

A€ NO-IIPC)KHEMY

C,=C,0,+C,;B,+Cy;n,, (17)

1y
C. =C.a, (Bg ) +C,. B, (Bg ) +Cy.n.; (18)

— pucku 1-ro u 2-ro poza o, 1 B ; OIIPEJICIUTD

Ha ocHOoBe hopmyi (9)—(12) ¢ yueToM ux yceueHus
u dpopmyisl (15);
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A
— B} — amoctepuopHsie pucku 2-ro posa,

C KOTOPBIMHU IIPUHATO KaXKXI0€ j-e H3OCIINE 110 pe-
3yanaTaNIHCIHJT&HHﬁIﬂiHXJIpeHHpHﬂTHHX-H3FO-

TOBUTENSIX, j=1,5, ompenensrorcs Ha OCHOBE

(15) mnu (10), (11) ¢ yueTom noay4EHHBIX PE3YIIb-
TaTOB KOHTPOJIS HAJIE)KHOCTH;

— pucku 1-ro u 2-ro pona st IIaHUPOBAHUS
KOHTPOJISI HAJIS)KHOCTH CUCTEMBI B LIEJIOM IOCIE
€€ M3TOTOBJIEHUS Ha COOPOYHOM MPEANPHUSTHHU C
YYeTOM PE3yJIbTaTOB MPE/IIECCTBYIONIETO KOHTPOJIS
HA/IKHOCTH W3/CIMNA BBIYUCISAIOTCS HAa OCHOBE
(13) u (14) B oGmactu, KOTOpas ONpenesieTcs He-
paBEHCTBAMH:

0<n, <N, 0<x<S§, 0sn <N,
a,20,8,>0,0, 20,84 >0,
a, 20,8, >0,

j=L5. (19)

JIjis IpakTHYEeCKOro MCHONIb30BaHus (opma-
JM30BaHHOM MMocTaHOBKH 3anaun (16)—(19) HeoO-
XOIMMO pa3paldoTaTh aIrOPUTM, KOTOPBIH obecre-
YUT pealM3alMi0 ONTHUMAJIBHOIO IJIaHUPOBAHMS
KOHTPOJISl HAJIEKHOCTU HMEPAPXUUYECKUX CHUCTEM
KT c yderom pe3ynbraroB NpeaLIECTBYIOLIETO
KOHTPOJISI HAJIS)KHOCTH BXOJSIINX B HUX U3JIEITHIHA.
UToOBI pemIuTh 3TOT BaXKHBIA BOMPOC, MOCTYIHM
CIJIEIYIOIIUM 00pa3oMm.

Paccmorpum nenesyro gynkmnuto (17) ¢ yue-
TOM BXOISIIMX B HEe PUCKOB l-ro m 2-ro poxa.
Bce, uto Oyzner U3/I0)K€HO HMKE, OTHOCUTCS U K
ueneBor pyHkmu (2):

¢,=C, [ (1-P") £ (P)dp,+
B,y
+C21J'R]}3'f(z3)dpj +Cyny (20)

IJ1e TUIOTHOCTH OeTa-pactpeneiaeHust | (P]) orpe-

nensercs Ha ocHoBe (popmynsl (5) B ycedeHHOM
obmactu Plj < PTPj < sz_ , a IMmapameTpbl pacrpene-

JICHUSI BBIYUCIISIOTCS Ha ocHOBE (6)—(8) B cimyuae
OJTHOPOJIHOM CTaTHCTUYECKON HHPOpPMAIIH O Ha-

nexxHocTr o0 o popmynam [21] B cirydae cra-
TUCTUYECKU HEOJHOPOIHON HHPOPMALIUY.
Kak ormeuanocs Bblilie, py pa3IUuHbIX 3HA-

YEHUAX BEIUYMH PTP/_ ;0 /,B i Clj , Cz/. ,C, x, Lieme-
Bast pynkuus C; B 3aBUCUMOCTH OT MEPEMEHHOM

n; MOXeT ObITh yObIBAIOLICH, BO3pacTarOLICH

(dyHKIHEH 3TOro apryMeHTa Wik UMETb MUHUMYM.

Ecnmu ¢yHKIIMS MMEIOT MUHHMYM, TO KOH-
TPOJIb CIEAYET NPOBOAUTH IO ONTUMAIBHBIM ILIaA-
HaM [24].

3. Pe3ynbTaTthbl

HccnemoBanus mokas3ajid, YTO aHATUTAYCCKHU
OTIpEICTIUTh MUHHMYM JTOH IICJIEBOM (YHKIIHU
C, = Cj COOTBETCTBYIOIIHIA ONITHMATBHOMY TUIAHY

* * *
KOHTPOJISI (n/,,(xi,Bi,c = O),He yJlaeTcs, 4To CBs-

3aHO C HaJJMYMEM MHOTHX MTapaMeTPOB U CIOKHBIX
cBsa3ed Mexay Humu. OfHAaKo NaHHYIO 3amady
MOYKHO PEUIUTh YHUCICHHO, MOCKOJIbKY BEIMYMHA
n; SBISIETCS JUCKPETHOH U MPUHUMAIOT 3HAYCHHUSI

0,1, 2, ..., To eCTb U3MEHSIETCS 1IEIOYHUCICHHO.

OnpenenyM ycrnoBusi, HEOOXOMMBIE UISl CY-
IIECTBOBAHUSI MUHUMYMa LiejeBod pyHkuu (20),
OITyCKasl HH/IEKCHI.

[MockonmbKy (GyHKIUS SIBISIETCS BBITYKIIOH,
OUYEBHUIHO, YTO B J1000M Touke 7 > (), OHa JOKHA
UMETh XOTA Obl OJTHO 3HAUEHHE MEHBIIIE, YeM €€
3HaueHus B Toukax 71 = 0, 1 ObITH TOCTATOYHO y/a-
JICHHOM OT HyJIsl TOUKOH n = N (BenuuuHa N ompe-
JeNseTCsl U3 MPAKTUIECKUX COOOpaykeHUH, HarpH-
Mep, U3 3aJaHHOTO KOJIMYECTBA IIUKIOB KOHTPOJIS
JUTS TIONTBEPXKICHHS TPeOOBaHHIA K HaJIE)KHOCTH B
Te4eHue 3ajjaHHoro Bpemenn). [loaTomy cHauvana
cilenyeT ompeaenuTh 3HadeHus ¢yHkuuu (20) B
Toukax n =0 u n= N.3aTeMm onpeneiauTh 3Haye-
HUs QYHKIIMU B TOYKax, Omu3kux K 7 = 0, u B TO4-

Kax, OMu3kux K 7= N, T.€., HAapUMep, B TOUKE
n =1,C(1), uBTOUKE n=N—1, C(N—l). Ecnu
Opyd 5TOM OyleT BBINOMHATHCS CHCTEMa Hepa-

BCHCTB
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C(0)>C(1)
) (21)
C(N-1)<C(N)
To pyHKIU (20) IMEET MUHUMYM BHYTPH HHTEP-
Buta 0 <n< N.

Ecnu (21) He BBINONHSETCS, TO CYIIECTBYET
TIBa pe3ynbTara:

1. Ecin 3nauenue uenesoit ¢yukimu C(0),

MeHbie, yeMm ee 3HaueHue C(N), TO KOHTPOIb

HaJICKHOCTH TPOBOIUTH HEIETIecO00pa3Ho, IMo-
CKOJIBKY 9TO IIPUBE/IET K YBEIIMUICHHIO SKOHOMHYE-
CKHX 3aTpar Ha KOHTPOJIb U MOTEPh, CBI3aHHBIX C
NPUHATHEM HETPABWIBHBIX peIIeHuid. B sToM
cllydae JOCTAaTOYHO KOHTPOJHPOBATh CTAOMIIb-
HOCTh ITPOM3BOJICTBA.

2. Ecnu 3nauenue nesneBoit pynkmuu C(0)

oonbiie, yem ee 3uadenue C(N),To 1emecoo6-

pPa3HO MPOBECTU BEChb OObEM KOHTPOJI B TEUCHUE
3aJJaHHOTO B JIOKYMEHTAIIMU BPEMEHH HCTIBITaHUi1,
MOCKOJIBbKY MOTEPH YMEHBILIAIOTCS.

[IpoBeneHHbIE HCCIENIOBAHUS — MTO3BOJUIH
pa3paboTarh anroOpuT™M ONTHUMAIBHOTO IUIAHUPO-
BaHUS M TIPOBENCHHUS KOHTPOJS HAIEKHOCTU
nepapxuueckux cucreM KT. OcHoBHOE ero conep-
KaHHUE COCTOUT B CIIEAYIOIIEM.

[ar 1. OnrtumanbHOE MJIAHUPOBAHHUE U ITPO-
BEJICHHE KOHTPOJIS HAJICKHOCTH KaXJIOTO j-TO H3-
JIeNns 10 pe3ysibTaraM 3aBOJICKUX UCIIBITAHUN Ha

MIPEINPUATHAX-U3TOTOBUTENAX, j =1,S.

st aTOTO MCMoONB3yeTcs IeneBast QyHKIUSI
(20).

1.1. Ilpu BeImonueHnun ycioBuit (21) 3ana-
eMCsl TIEpBBIM 3Haue€HHEM oO0beMa KOHTPOJIS

n; =An; (An,— war usmeHenus n;). Jlist BbI-

OpanHoro obvema 7, =An, (00buHOAR; =1)
pacCUUTHIBAEM BEITMYMHBI YCEUCHHBIX PHCKOB 1-T0
u 2-ro pona o u B mo dpopmymnam (9)—~(12) u pac-
CUMTHIBACM TAKXKe BEJIMYHMHY MOTEPh MO IEICBOU
¢ynkuun (20).

1.2. 3amaeMcsi BTOpPBIM 3Ha4Y€HHEM OObEeMa

n; =2An, 1 MPOBOAMM pacyeThl MO TeM xke Pop-

MyJIaMm.
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1.3. Ananoruusbie BHIYUCICHNS (C BETUIMHON

mara An;) BEAyTCs IO TEX 1Op, IIOKA BEIMYHHA

C, He HayHeT Bo3pacTarh. COOTBETCTBYIOLIEE MU~
*

HuMyMy C; 3HaYeHHE 00bEeMa KOHTPOJIS H3ACIHs

*
l’lj , 4 TAK)KC 3HAYCHUA YCCUCHHBIX PUCKOB l-ton

2-ro pona mpu NpUEMOYHOM uucie ¢ =0 mnpea-
CTaBISIOT cOOOM ONTHUMANBHBIE XapaKTEPUCTUKU
TJTAHOB KOHTPOJISI HAJIGKHOCTH j-TO U3EIH.

1.4. ITpoBoIUTCSt KOHTPOJIb HAJIEKHOCTH KaXK-
JIOTO WU3JIEHsI B COOTBETCTBHM C ONTUMAaJIbHBIMHU

* * *
IJIaHAMH KOHTpOJ'ISI(I’lj,U,f, sC= 0).

1.5. o pe3ynbsraraM KOHTPOJIS OCIIE MPUHS-
THUS KaKAO0TO U3ENUs Ha UX MPEANPUSITHIX-U3T0-
TOBUTEJISIX OMPEACIISIFOTCS allOCTEPUOPHBIE PUCKU

A
2-T0 poaa Bj , C KOTOPBIMU IMPHUHATO KaXX10€ U31C-

ame, ¢ ydeToM HH(popManuu, MoaydeHHO! 10 pe-
3ynbTaTaM KOHTpons. J[Is 3Toro B KayecTBe OC-
HOBBI HCTIONB3yeTcs hopmyna (15) ¢ yuetom yce-
YCHHUS.

[Tar 2. OnTuManbHOE NJIAHUPOBAHUE KOH-
TPOJISt HA/ICKHOCTH CUCTEMBI B IIETIOM TOCHIE €€ H3-
TOTOBJICHUSI HA COOPOYHOM MPEIIPHUSITHH C YIETOM
PE3yJIbTaTOB KOHTPOJIS, MOJYYCHHBIX Ha mmare 1.

2.1. Onpenensiercss ONTUMANIbHBIN IJIaH KOH-
TPOJIL HAJSKHOCTH CHUCTEMBI B II€JIOM IIPU TNPH-
€MO-C/IaTOYHBIX HCIBITaHUsIX. [t 9TOrO MpuMe-
HseTcs meneBas QyHkus (17), a Takxke pUCKU

1-ro u 2-ro poza o ¥ 3., KOTOpbIC BBIUHCIIOTCS

¢ ydyeroM ux ycedeHus mo dopmynam (13)—(14),
a TaKXKe C y4eTOM peaM30BaBIIUXCS 3HAUYCHUU
aroCTEPUOPHBIX PUCKOB 2-T0 poaa Bf, C KOTOPBIMH
MPUHSTHI U3 110 PE3YNIbTaTaM MPEAIECTBYIO-
IIEr0 KOHTPOJS UX HaJAEKHOCTH IMPU 3aBOICKHX
WCIBITaHUAX HA NPEANPUATUAX-U3TOTOBUTEIAX.
2.2. IlpoBoauTCST MUHHMMU3AIUS LEJEeBON
¢byHKIUN oTepsb (17) B COOTBETCTBUH C U3JI0KEH-
HOM BbILIE MPOLEAYPOH, IyHKTHI 1.1-1.3. Pe3yns-
TaTOM SIBJIIETCS ONTHUMAJIBHBIM IUTAH KOHTPOJIS

* * *
HaJIEKHOCTH (nc ,0.,B.,c= 0) cucrembl KT B 11e-

JIOM TOCJIE €€ U3TOTOBJIEHHS Ha COOPOYHOM Mpe.-
HPUSTHN.
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AHann3 akTUBHOCTU 3€MHOM KOPbI C UCMOJIb30BaAHNEM CMYTHUKOBbIX
nsobpaxeHunit Sentinel-1 n rexHonorun INSAR:
nccnegosaHue KOHKpeTHoro cny4as B okpyre KepH, KanugopHus

J. Xaramuadxynex

Poccuiickuii yHHBEpCHTET APYKObI Hapo0B, Mockea, Poccus
D4 khatamiafkuiekh d@rudn.ru

Hcropus craThu AnHOTanus. M3y4eHbl 3akOHOMEPHOCTH CMELIEHHS TPYHTA B OKpYTe
IMocTynuna B pexakimio: 10 mast 2024 . Kepn, Kanmudopuus ¢ ucnonb3oBaHWEM CIYTHUKOBBIX CHHMKOB
Jlopaborana: 27 utons 2024 . Sentinel-1 u TexHuKy MHTEP(HEPOMETPUYECKOTrO pasapa ¢ CHHTE3UPO-
Tpunsra k my6mmkaunu: 12 arycra 2024 r. BaHHOH aneptypoil (InSAR). Jlna u3ydeHus JMHAMHMKHM CMEILEHMS

rpyHra ¢ mpumeHenuem noaxona Small Baseline Subset (SBAS-InSAR)
OB BBITIOJIHEH aHAJIN3 BPEMEHHBIX psitoB. JJIs aHAIN3a CITy THUKOBBIX
nmaHHBIX Sentinel-1, cobpannsix B iepuoz ¢ 2014 o 2022 r., Hemoib-
30BaIoch nporpammuoe odecreuerne LicSAR (Comet Portal) u Habop
oubmmotek Liscbas. st Bocxozsiield opOUTHI epHo HaOIOACHUs
cocTaBWI MpHOIU3UTENBHO 6,6 Toga. Habop maHHBIX aist ucciienoBa-
HUS BKITIO9aeT 256 m3obpaxenunit u 1499 nuarepdpeporpamm. Hucxoms-
mass opOuTa OXBaThIBAJA CEMWJISTHWH IEpUOA, BKIOYaia B ceds
266 u3obpakenuit 1 954 unTepdeporpammel. JlaHHbIe ObUIM pasiio-
KEHBI Ha BOCXOSIINE M HACXOJSIINE OPOUTHI ISl ONIPEICICHUS KaK
BEPTUKAJIBHBIX, TAK M TOPU30HTAJIBHBIX Mojenei cMemenust. OueHka
TOYHOCTH ObUIa IIPOBeJIeHa C Kcnoib3oBanueM 85 cranumii GPS B 1en-
TpanpHOd Kamidoprun. s rOpu30OHTaIBHBIX MOJIENEH CMEIIeHHs
RMSE cocraBuna 1,89 u 3nauenue R-kanpata 0,9, s BepTHKAIb-
HbIx Mojener cmemenuss RMSE 2.4, R-xkaapat 0,94, uyTo yka3biBaeT
Ha BBICOKHMI1 YPOBEHb TOUHOCTH. DTH PE3YJIbTAThl IEMOHCTPUPYIOT 3(h-
¢dextuBHOCTH INSAR B cocTaBneHMHM Mojenell aKTHBHOCTH 3€MHOM
KOpBL. B mpencraBieHHOM HCCIEIOBAaHUU TaKXke OOCYXKIArOTCS Ipe-
HMYIIECTBAa U OrpaHUYCHMs ucrHoib3oBaHus InSAR nm1s oTcnexuBa-
HUSI aKTUBHOCTHU 36éMHOM KOPBI M JAIOTCSI PEKOMEHJALUH JUTS Oy Ay X
HCCIIeIOBAaHUH B TaHHOM MPEAMETHOHN 001acTH.

3asiBjieHHe 0 KOHGUINKTEe HHTEPECOB

ABTOp 3asBIISET 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

KaioueBblie ciioBa: cMmenieHre 3eMin, HHTepPepoMeTpUIECKUi CHH-
Te3upoBaHHblii paguonokatop (InSAR), Sentinel-1, okpyr Keph.

BaaropapHocTn

ABTOp BBIpa)KaeT UCKPEHHIOK 0JIaroIapHOCTh BCEM YUPEKACHUSIM M YaCTHBIM JIMIIaM, KOTOPbIE BHECIIH CBOM BKJIa]
B 3aBeplilieHne 3Toro uccnenoBanus. Ocobas OiaaromapHocth komanae LicSAR (moprama Comet) u Liscbas toolbox
3a MPeIOCTaBIeHUEe HEOOXOMUMBIX TAHHBIX U TEXHHYECKYIO TIOAJICPIKKY ISl aHauu3a. TakKe BhIpakaeT MPHU3HATEIb-
HOCTb JieTIapTaMeHTy BOJAHBIX pecypcoB Kamudopuuu u ['eonornueckoii cinyx6e CILIA (USGS) 3a ux ueHnyro uHpop-
Maluro U JOCTYIl K JaHHBIM GPS, HUCIIOJIb30BAHHBIM B OTOM HUCCJICJOBAHUU.

JJast uuTupoBanus

Hatamiafkoueieh J. Analysis of land displacement utilizing Sentinel-1 satellite imagery and InSAR technique: A case
study in Kern county, California // BecthHuk Poccuiickoro ynusepcurera apyx0s1 Hapono. Cepust: MHxeHepHbIe
uccienoBanus. 2024, T. 25. Ne 3. C. 251-262. http://doi.org/10.22363/2312-8143-2024-25-3-251-262
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Introduction

Land displacement and ground deformation
present significant risks to infrastructure, natural
resources, and communities, particularly in regions
with extensive industrial activities such as oil and
gas extraction [1]. The extraction of subsurface
resources can lead to changes in land elevation,
causing subsidence or uplift that may result in
damage to roads, pipelines, buildings, and natural
habitats [2]. Monitoring these patterns of displace-
ment is crucial for understanding the impacts of
industrial activities on the environment and for
developing effective mitigation strategies to protect
infrastructure and local communities [3].
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Traditionally, ground-based monitoring tech-
niques, such as leveling and GPS, have been used
to measure land displacement. While these methods
can provide accurate data, they are often limited in
spatial coverage, labor-intensive, and costly when
applied to large areas [4].The advent of satellite-
based Interferometric Synthetic Aperture Radar
(InSAR) technology has significantly improved
the ability to monitor land displacement over wide
geographic regions with high precision [5]. InNSAR
uses radar signals to detect changes in the Earth’s
surface, as shown in Figure 1, making it an effective
tool for identifying even subtle shifts in terrain that
would otherwise be difficult to detect with ground-
based methods [6].

Figure 1. Geometry of Synthetic aperture radar
Source:made by A. Ferretti et al. [6]

Sentinel-1 satellite imagery, when combined
with the Small Baseline Subset (SBAS-InSAR)
approach, provides a robust solution for capturing
both temporal and spatial variations in land
displacement [7]. This study utilized Sentinel-1
satellite data and the SBAS-InSAR technique to
investigate land displacement patterns in Kern
County over an 8-year period from 2014 to 2022.
By analyzing data from ascending and descending

orbits, the study aimed to identify both vertical and
East-West horizontal displacement components,
providing a comprehensive view of ground defor-
mation across the region. Figure 1 depicts the geo-
metry of real aperture radar, which serves as the
foundation for the InSAR technique. This research
aims to demonstrate the effectiveness of InSAR
technology for monitoring land displacement and
to provide valuable insights into the impacts of
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such displacement on infrastructure and natural
resources in Kern County. The findings contribute
to a better understanding of ground deformation
processes and offer data-driven guidance for
managing and mitigating the effects of land
displacement in affected areas.

1. Methodology

The Sentinel-1 satellite imagery, combined
with the SBAS-InSAR approach, was employed to
monitor land displacement in Kern County,
California [7]. This technique enables continuous
tracking of ground deformation, allowing for the
analysis of long-term trends and sudden changes in
the landscape. Sentinel-1 data were processed
using the LICSAR (Comet Portal) and LISCBAS
toolbox to investigate land displacement over
the 8-year observation period. The data were
decomposed into ascending and descending orbits
to identify both vertical and East-West horizontal
displacement components, providing a detailed
picture of ground deformation across the region.

1. 1. Case Study Kern County

Kern County is situated in the southern
portion of the Great Valley in California, bordered
by the Coast Ranges, Sierra Nevada, and Transverse
Ranges [8]. This unique geographic setting contri-
butes to the complexity of land displacement
observed in the region. The study area is depicted
in Figure 2, which illustrates the monitored regions.

1.2. GPS

To ensure the accuracy and validation of the
InSAR measurements, GPS stations were utilized.
These GPS stations provided critical ground-based
data that allowed for the comparison and validation
of the displacement measurements obtained through
the Sentinel-1 satellite data. This integration of GPS
data is vital for confirming the reliability and
precision of satellite-based displacement monitoring.

The GPS stations shown in Figure 3 cover a
broad area across central California, including
Kern County. They served as a key reference for
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evaluating the accuracy of the InSAR-derived
displacement data, ensuring the robustness of the
study’s findings.
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Figure 2. Kern County oil and gas fields
Source: made by K. Okamura, A. Quandt [8]
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1.3. Data Acquisition and Processing

The Sentinel-1 satellite imagery, combined
with the SBAS-InSAR approach, was employed to
monitor land displacement in Kern County,
California [7].This technique enables continuous
tracking of ground deformation, allowing for the
analysis of long-term trends and sudden changes in
the landscape. Sentinel-1 data were processed
using the LICSAR (Comet Portal) and LISCBAS
toolbox to investigate land displacement over
the 8-year observation period. The data were
decomposed into ascending and descending orbits
to identify both vertical and East-West horizontal
displacement components, providing a detailed
picture of ground deformation across the region.

1.4. Sentinel- 1 Satellite Data Analysis

The Sentinel-1 satellite data were collected
and processed using the SBAS-InSAR technique

+
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Products: 1499
| Q | Epochs processed (%).79

Mazximum network length (years).6.5
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Download:Link
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-

to monitor land displacement in Kern County,
California, from 2014 to 2022. The LicSAR (Comet
Portal) and Liscbas toolbox were employed to
analyze the data. The ascending orbit (LiCSAR
frame ID 137A_05534 131822) covered an obser-
vation period from January 31, 2015, to August 15,
2021, consisting of 256 images and 1.499 inter-
ferograms over approximately 6.6 years, as shown
in Figure 4. The descending orbit (LICSAR frame
ID 144D 05501 131413) covered the period from
November 8,2014, to November 7, 2021, with 266
images and 954 interferograms over 7 years,
as shown in Figure 5.

The acquisition interval was primarily 24 days
before February 18, 2017, and reduced to 12 days
afterward due to the increased observational capacity
from the availability of Sentinel-1B, even though
all the data were acquired by Sentinel-1A. It is
worth noting that the acquisition start dates are not
consistent for all frames because of the non-
uniform observation strategy of Sentinel-1.
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1.5. The LICSAR Processing Chain

The LiCSAR (Lithuania’s SAR) Processing
Chain was utilized for the processing of Sentinel-1
data' [9]. This automated workflow extracts and
merges bursts covering a frame into Single Look
Complex (SLC) mosaics for each acquisition
epoch. The SLC mosaics are then coregistered and
resampled to match the geometry of a primary
SLC acquisition, which is determined during the

Prepare Stack of UNW Data
COMET-LICS web portal

U 7))/ Con. )
GeoTIFF [/ GeoTIFF/%’y
+

0-1. Download

0-2. Convert
(& Downsample)

initialization of the frame. The resampled SLC
data are subsequently used to form interferometric
products, including wrapped and unwrapped
interferograms and coherence maps, by combining
the new Resampled SLC (RSLC) with, by default,
four preceding RSLCs. This process is designed
for efficient batch processing in computer clusters,
ensuring that large datasets are handled effectively
[9]. Figure 6 shows the general flowchart of the
LiCSAR processing chain.
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71.6. The LISCBAS toolbox

The LISCBAS (LiCS Basic Analysis Soft-
ware) toolbox is another essential tool used for
processing Sentinel-1 data and for monitoring
ground displacement [10]. The toolbox provides a
comprehensive workflow for InSAR data process-
ing, facilitating the generation of high-quality
displacement maps and time series. It is designed
to manage the complexity of InSAR data process-

ing, ensuring accurate and reliable results for
ground deformation studies. The workflow of the
LISCBAS toolbox is illustrated in Figure 7.

The data were decomposed into ascending
and descending orbits to identify vertical and East-
West horizontal displacement patterns. An accuracy
evaluation was conducted using measurements
from 85 GPS stations across central California
[11]. The SBAS-InSAR technique, as processed
through the LiCSAR and LISCBAS tools, proved

I'LiCSAR Project Team. LiCSAR Processing Chain Documentation. 2018. Available from: https://comet.nerc.

ac.uk/COMET-LiCSAR (accessed: 30.05.2024).
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to be a robust method for detecting ground
deformation, utilizing multiple satellite images
taken over time to identify subtle changes in the
Earth’s surface. The dual-approach allowed for the
decomposition of displacement vectors into
vertical and East-West components, providing a
more accurate representation of the deformation
process.

2. Results and analysis

The SBAS-InSAR technique was instrumental
in providing a comprehensive analysis of land
displacement patterns in Kern County, identifying
regions with significant deformation rates that

required further investigation. This approach
allowed for the detection of both subsidence and
uplift trends across various areas, offering a clearer
understanding of the deformation dynamics at
play. To enhance the analysis, the SBAS-InSAR
method was used to construct detailed connection
networks for both the ascending and descending
orbits. The connection network for the ascending
orbit, as shown in Figure 8, illustrates the relation-
ships between interferometric pairs generated
during the observation period in a similar fashion,
the connection network for the descending orbit,
depicted in Figure 9, provides a complementary
viewpoint.

Figure 8. SBAS connection network of the Ascending
S ource: made by J. Hatamiafkoueieh

Figure 9. SBAS connection network of the Descending
S ource: made by J. Hatamiafkoueieh

The decomposition of ascending and descend-
ing orbit data allowed for the separation of different
deformation components occurring on the Earth’s
surface. Generally, ascending data is more sensitive
to vertical deformation, while descending data
better captures horizontal deformation. By analyz-
ing both components, this study effectively
identified the distinct types of deformation affecting
the region, revealing displacement patterns in
two primary directions: vertical, as shown in
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Figure 10 and horizontal (east-west), as shown in
Figure 11.

The analysis revealed significant and varied
patterns of land subsidence across multiple areas
within Kern County, providing a comprehensive
understanding of the spatial and temporal dynamics
of ground displacement in the region. The most
pronounced subsidence was detected in the South
Belridge area, where ground displacement rates
reached up to 20 mm per year, indicating severe
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subsurface deformation likely linked to intensive
extraction activities and groundwater depletion.
This high rate of subsidence suggests that the
underlying geological structures in this region are
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Figure 10. Descending Horizontal (East-West)
Displacement Velocity Map
S ource: made by J. Hatamiafkoueieh

In contrast, the North Belridge and Lost Hills
regions displayed subsidence rates ranging from
10-15 mm per year, which, although lower than the
rates observed in South Belridge, still represent
significant ground displacement over time. These
rates of subsidence indicate that while the extraction
activities in these areas may be less intensive or
distributed differently, they still contribute to
noticeable ground deformation. The continuous
monitoring of these areas is essential, as even
moderate subsidence can have long-term impacts
on infrastructure, water resources, and overall land
stability.

The Midway-Sunset region exhibited a more
complex pattern of land subsidence, with moderate
deformation rates that fluctuated throughout the

particularly susceptible to changes resulting from
human activities, such as oil and gas extraction,
which can lead to the compaction of sediment
layers and subsequent ground lowering.
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Figure 11. Vertical Displacement Velocity Map
S o urce: made by J. Hatamiafkoueieh

observation period. These variations suggest that
subsidence in this area might be influenced by a
combination of factors, including variable extraction
rates, groundwater management practices, and
natural geological processes. The presence of
fluctuating subsidence rates underscores the
importance of long-term monitoring to capture the
full extent of deformation dynamics and to
understand the interplay between human activities
and natural environmental factors.

Interestingly, the study also identified areas
experiencing uplift, which is the opposite of
subsidence. This phenomenon is likely attributed
to natural aquifer recharge following periods of
drought, causing the ground to rise as water is
reintroduced into the subsurface layers. Such uplift
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suggests that the region's hydrogeological system
is dynamic and responds to changes in water
availability, highlighting the potential for land
recovery in areas where extraction pressures are
reduced or managed more sustainably.

Accuracy assessment

The accuracy evaluation of the InSAR data
using GPS measurements demonstrated a strong
correlation between the two data sets. The Root
Mean Square Error (RMSE) and R-squared values
for the east-west direction were 1.89 and 0.9,
respectively, indicating a strong agreement between

the SBAS-InSAR and GPS measurements. The
results suggest that approximately 90% of the
variation in the GPS data in the east-west direction
can be explained by the SBAS-InSAR data, as
shown in Figure 12, a — East-West Direction
displacement and East-West Direction movement
in GPS, where y represents the linear regression of
the displacement data, and R*> denotes the
coefficient of determination, and in Figure 12, 5 —
Vertical Direction displacement and vertical
movement in GPS, where y represents the linear
regression of the displacement data, and R* denotes
the coefficient of determination.
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Figure 12. Chart of Registration Between SBAS INSAR And GPS:
a — East-West Direction; 6 — Vertical Direction
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In the vertical direction, the RMSE was 2.4,
and the R-squared value was 0.94, signifying
a high degree of accuracy in the InSAR data when
compared to the GPS measurements. This means
that around 94% of the variations in the GPS data
in the vertical direction were captured by the SBAS-
InSAR data. Together, the RMSE and R-squared
values suggest that the InSAR technique is a
reliable method for measuring ground deformation
in both horizontal and vertical directions.

Conclusion

The findings of this study underscore the
significant role of oil and gas extraction, ground-
water pumping, and natural sedimentary com-
paction in contributing to land displacement in Kern
County, particularly in the oil fields. The South
Belridge region exhibited the highest rates of
subsidence, reaching up to 20 mm per year, high-
lighting the critical impact of resource extraction
activities on ground stability. These results are
consistent with previous studies conducted in other
oil-producing regions, where similar subsidence
patterns have been linked to intense extraction
activities, indicating that the extraction processes
are a primary driver of land deformation. The
integration of Sentinel-1 satellite imagery and the
SBAS-InSAR technique proved highly effective
in detecting land displacement at a high spatial
resolution, allowing for a detailed analysis of sub-
sidence patterns over time. By decomposing the
displacement vectors into vertical and east-west
components through the dual-orbit (ascending and
descending) approach, this study offered a more
accurate representation of the deformation processes
occurring in Kern County. This method enabled
the identification of not only subsidence but also
uplift in certain areas, likely due to natural aquifer
recharge following periods of drought, suggesting
that natural geological processes also play a role
in the observed deformation patterns. The study
revealed a strong correlation between the spatial
distribution of subsidence and the locations of active
oil extraction wells, indicating that subsurface
pressure changes from oil and gas production
activities significantly influence land deformation.

Groundwater extraction, which often accompanies
oil production, also contributed to the observed
subsidence rates. The North Belridge and Lost Hills
fields experienced subsidence rates of 10-15 mm
per year, while the Midway-Sunset field displayed
more moderate and fluctuating displacement rates,
further demonstrating the complex interplay between
human activities and natural processes in influenc-
ing ground deformation.
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3asBieHne 0 KOH(JIUKTE HHTEPECOB

ABTOpHI 3a5BJISIIOT 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

AnHotanus. B Hacrosee Bpems, B 3py WHPOPMAIIMOHHBIX TEXHOJIOTHH,
WHTEJUICKTYAIbHBIE METOIBI 00pabOTKU TaHHBIX 3aHUMAIOT BaXKHOE MECTO
B Pa3IMYHBIX chepax KU3HU. ITH METOMBI, COBMECTHO C COBPEMEHHBIMU
ITOPUTMAMH U KOMIBIOTEPHBIMU MOJIENSIMH, TIO3BOJISIIOT U3BJIEKATDH LIEH-
Hy0 HH()OPMALUIO U3 OTPOMHBIX 00BEMOB CHIPHIX TAHHBIX, a TAK)KE aHa-
JIU3UPOBATh U IPOTHO3UPOBATH PA3INYHEIC BJICHUS U TpeH Ibl. PaccMoOT-
PEHBI KJIIOUEeBble KOHLENIIMU U MPUHIUIIEI paboThI BeiBIIET-IpeoOpa3o-
BaHUS U CTOXaCTMYECKUX METOJIOB, a TAKXKE UX B3aUMOCBS3b U BO3MOXK-
HOCTH KOMOMHHPOBaHHOTO IIPUMEHEHHUS B PELISHUH 33134 110 00paboTke
naHHBIX. McenenoBanbl HHTEIUIEKTYalbHbBIE METOBI 00Pa0OTKH JaHHBIX,
COCpeIOTOUYCHHEIE Ha BEHBIET-IPe0Opa30BaHUN U CTOXAaCTHUECKHAX Me-
TOAaX, KOTOpPBIE CTAld HEOTHEMJIEMON YacThIO COBPEMECHHBIX OWM3HEC-
MIPOLIECCOB, MPEAOCTABIISS IPOrHO3bL, CYIIECTBEHHBIE JJIS1 B3BELIEHHBIX
pemeHuii. B nccnenoBaHNM HCIONB30BANOCH BEHBIET-TIpeoOpa3oBaHue
U CTOXaCTHYECKHE METO/IbI, TIO3BOJISIOMNE OOHAPYKUBATh CKPBITHIC ITaT-
TEPHBI ¥ TEHACHIINU B JTAHHBIX. DTH METOJBI IPEIOCTABIIN BO3MOXHOCTD
aQHAJTM3UPOBATH JaHHBIE PA3IMYHON CTPYKTYpHI M MaciiTada, BKIoYast TeK-
CTBI, U300paXKeHusl, 3BYK U BHIE0. BeliBier-npeodpa3oBanue odecneynsio
3¢ (GeKTUBHOE TPEACTABICHUE JIAHHBIX M MHOTOMACIITAOHBIH aHAJIH3,
B TO BpeMs KaK CTOXaCTHYECKHE METOAbl HUCHOIb30BAIUCH [l MOJIEIIU-
pOBaHMS HEONPEAEICHHOCTH U NPOBEACHUS BEPOATHOCTHOIO aHAIIU3A.
[TporeMoHCTPHPOBAHO, YTO ITPUMEHEHHUE BEHBIICT-IPE0Opa30BaHuUs CIIO-
cOOCTBOBANIO BBISIBIICHUIO 3HAYUMBIX OCOOCHHOCTEH B aHAM3UPYEMBIX
JAHHBIX, TOT/Ia KaK CTOXACTUYECKHE METOIBI 00CCIICUNBAIOT HAICKHBIC
IIPOTHO3bI Ha OCHOBE CTaTUCTHUECKUX Mogneneil. [Ipaktuyeckoe npume-
HEHHE dTHX METOJI0B Ha IIPUMeEpax U3 Pa3IMIHBIX 00IacTell MoKa3ano ux
BBICOKYIO 3()(peKTHBHOCTH ¥ 3HAYMMOCTH B HAYYHBIX U MPUKIATHBIX IPH-
JIOKEHUSIX, YTO MOATBEPHKAATI0 aKTyaJIbHOCTh U MEPCIEKTUBHOCTD Jallb-
HEHIIero u3y4eHus: 1 pa3BUTHUS HHTEIUIEKTYAIbHBIX METO/I0B 00pa0OTKH
naHHbIX. [loATBEepkIeHA BaXKHOCTh BEHBJICT-IPEOOpa30OBaHUs M CTOXA-
CTHYECKHX METOJIOB B KOHTEKCTE aHajH3a OOJIbIINX O0OBEMOB JIaHHBIX
U IpEeACKa3aHus pa3IUYHBIX SIBICHUM.

KiroueBble cioBa: BelBieT-ipeoOpa3oBaHKe, BEHBIETHI, CTOXaCTHYE-
CKHe METOJIbl, CTATHYECKHI aHaIn3, JIEKTpo3HIEedaIorpaMma
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Abstract. Nowadays, in the era of information technology, intelligent data processing
methods play an important role in various spheres of life. These methods, together
with modern algorithms and computer models, allow extracting valuable information
from huge volumes of raw data, as well as analyzing and forecasting various
phenomena and trends. The key concepts and principles of operation of the wavelet
transform and stochastic methods, as well as their interrelation and possibilities of
combined application in solving data processing problems are considered. Intelligent
data processing methods focused on the wavelet transform and stochastic methods,
which have become an integral part of modern business processes, providing
forecasts essential for informed decisions, are investigated. The study used the
wavelet transform and stochastic methods to detect hidden patterns and trends in
data. These methods provided an opportunity to analyze data of various structures
and scales, including texts, images, sound and video. The wavelet transform
provided efficient data representation and multiscale analysis, while stochastic
methods were used to model uncertainty and perform probabilistic analysis. It was
demonstrated that the use of the wavelet transform contributed to the identification
of significant features in the analyzed data, while stochastic methods provided
reliable forecasts based on statistical models. Practical application of these methods
on examples from various fields showed their high efficiency and significance in
scientific and applied applications, which confirmed the relevance and prospects of
further study and development of intelligent data processing methods. The
importance of the wavelet transform and stochastic methods in the context of
analyzing large amounts of data and predicting various phenomena was confirmed.
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BBepeHue

B coBpemenHOM HMH(}OpPMAIIIOHHOM 0O1IIe-
CTBE TPOILIECChl 00PaOOTKH JAHHBIX U aHAIM3A HH-
(opManu CTaHOBATCS BCE O0Jiee BAKHBIMU H aK-
TyaJbHbIMHA. B 3TOM KOHTEeKcTe OOJbIIOE 3HAYe-
HHE MNpPUOOPETAIOT HMHTEIUICKTyaJbHbIE METOIbI
00pabOTKH TaHHBIX, TAKUE KaK BeiBiIeT-1IpeoOpa-
30BaHUE M CTOXaCTUYECKUE METONBI. DTH METOJIBI
MO3BOJISTIIOT 3P GEKTUBHO 00pabaThiBaTh U aHAJIH-
3UpOBaTh pa3HOOOpa3HbIE AaHHBIE, YTO MMEET
MpsIMOE OTHOIIEHWE KO MHOTHUM O0JIacTsIM HayKH
U TIPAKTHYECKOH JIeATETHHOCTH.

OnHoli U3 BaKHEUIINX 3a/1a4, CTOALINX Tie-
pel COBpeMEHHOH HayKo, SBIseTCs pa3padoTka
3 PEKTUBHBIX METOJIOB 00pabOTKHY U aHAH3a 00JTh-
mux 00beMoB AaHHbIX. C pa3BuTHEM HH(pOpPMAIIH-
OHHBIX TEXHOJOTUH OOBEMBI JaHHBIX MOCTOSHHO
pacTyT, ¥ BO3HHKAET HEOOXOAUMOCTh B CO3/IaHUH
WHHOBAIIMOHHBIX MMOJXOMOB JJIsl MX aHanmu3a. Beii-
BJICT-TIPEOOpPA30BaHNE U CTOXACTHYECKHUE METOIBI
IPEJICTaBISIIOT COO0I MOIITHBIE HHCTPYMEHTBI, CII0-
cobnbIe 3 heKTUBHO paboTaTh ¢ pa3HOOOpa3HBIMU
TUIAMU JJAHHBIX U BBISBJISTH B HUX CKPBITBIC 3aKO0-
HOMEPHOCTH U CTPYKTYPBI.

Coueranue BeWBIET-IPeOOPa3OBaHUSA, CTO-
XaCTHYECKUX METOJOB U KIIFOUEBBIX HAYYHBIX U
MPAaKTUYECKHUX 3aja4 3aKJII0YaeTCsl B UX CIIOCO0-
HOCTHU TPOBOJUTDH aHAJIH3 JAHHBIX HA PA3IUYHBIX
YPOBHSX JETaTU3aIMH. DTO MO3BOJSET BBIBIATH
KaK CJIOKHBIE 3aKOHOMEPHOCTH, TaK U MEJIKHE 0CO-
OEHHOCTHU, KOTOPBIE MOTYT OBITh YITYIIICHBI IIPH HC-
MOJIb30BaHUM TPAJAMIIMOHHBIX METOJOB aHaJH3a,
YTO JIENIAeT JIaHHbIE METOJIbI BOCTPEOOBAHHBIMU
B Pa3JIMYHBIX 00JIACTSAX HAYKH, HAYMHAsS OT 00pa-
OOTKHM CHTHAJIOB U M300pa)KeHH /10 aHamM3a O1o-
MEIUIIMHCKUX JTAHHBIX.

B maHHOM HcClie0BaHUH ITPE/ICTABICHbI aHA-
JU3 KIIOYEBBIX METOJOB BeHBIET-IpeoOpa3oBa-
HUS U CTOXaCTUYECKUX METO/IOB, UX B3aUMOCBS3b,
a TaKXke 3HAYMMOCTh MX NMPHMEHEHHS B Pa3liny-
HBIX 00MacTsIX HAayKW W TpakTHKH. llpuBeneHs!
MPAaKTUYECKHE MPUMEPHl UX TPUMEHEHUS IS Jie-
MOHCTPALUH BYKHOCTH U PE3YJIBTATUBHOCTH 3THX
METOJIOB.

1. MeToabl

BeiiBneT-ipeoOpa3oBanue SBISETCS OTHUM
u3 HauboJjee HIMPOKO MPUMEHSIEMBIX METOI0B 00-
pabOTKH JaHHBIX. JJaHHBII METOI OCHOBAH Ha HJIE0-
JIOTUM PA3JIOKEHUs CUTHAJla Ha Habop »JIeMeH-
TapHBIX BEUBIET-QYHKIUNA pa3HbIX pa3MepoOB U
4acTOT. DTOT METOJ MO3BOJISIET 0OHAPYKUBAThH
U aHaJU3UPOBATh YACTOTHBIE KOMIIOHEHTBI CHUT-
HaJla ¢ pa3IM4HOM pa3pelaronieil CnocoOHOCThIO.
OH Hamen npuMEHEHHEe BO MHOTHX O00JacTsX,
BKJIIOYasi METUIUHY, (PUHAHCHI, 00pabOTKy M300-
paxeHui u 3ByKa [1].

CroxacTu4eckue MeTO/Ibl, MIIM METOJIbI CTaTH-
CTHUYECKOT0 aHaJln3a, MPEACTaBISAI0T co00i Bax-
HBI KJacC MHTEJJICKTYalbHBIX METO0B 00pa-
060TkM JaHHBIX. OHU OCHOBAaHBI HA IPUMEHEHUH
CTaTUCTUYECKUX MOJENEN JUIsl ONMCAaHUs U aHa-
JM3a JIaHHBIX. DTHU METOb! IO3BOJIAIOT U3y4aTh
Ciy4aifHble TPOLIECCHI, BBISABIATh 3aBUCUMOCTHU
U TIPOTHO3UPOBATh OyAyIine 3HAUYEHHs JIaHHBIX.
OHU HIUPOKO UCHONB3YIOTCSA B (PMHAHCOBBIX aHa-
JM3ax, MPOrHO3UPOBAHUN IKOHOMUYECKUX IOKa-
3aTesneil, aHajau3e BpeMEHHBIX PSJIOB U JPYTUX 00-
nactax [2].

2. MogenupoBaHue

Haunewm c BeliBnet-npeodpazoBanusi. ITo Me-
TOJ aHaJIM3a CUTHAJIOB, KOTOPBIM Oa3zupyeTcs Ha
WCIIOJIb30BAaHHUH CTICIMATBHBIX (PYHKIINH, HAa3bIBa-
€MBIX BeWBIIeTaMH. BelBIeTs IpeacTaBisAioT Co-
00# (DyHKIMH, KOTOpBIE MOTYT OBITH aIarTHpO-
BaHbl K pa3jMyYHbIM MacliTabaMm U CABHIaM CHUT-
Haia 17 0OHApY)KEHHUS €ro JIOKAJTbHBIX OCOOCH-
Hocreit [3].

OaHMM M3 MONYJISPHBIX THIIOB BEHBJIETOB
ABJIAETCS BeiBIeT-QyHKINs MeKcuKaHCKas nuisina
(Mexican Hat), nony4uBias Ha3BaHHE H3-3a CBO-
€ro BHEILIHET0 BUJia, KOTOPBI HAIIOMUHAET LISy
C LIMPOKUMHU IOJISIMU U y3KOU BepIIMHOM BeliBier.
MexkcukaHcKasi nuisina MUPOKO MPUMEHSETCS B
00paboTKe CHUTHAJIOB M M300paKeHHH, 0COOSHHO
B 3aJayax JETEKIMH KpPaeB M LIyMOIIO/aBICHHUS.
Ee dopma mo3Bosser 3 heKTHBHO 0OHAPYKUBATh
pE3KHe Mepernajsl U Kpasi B CUTHAJIE.
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Eme onHuM pacnipocTpaHEHHBIM THIIOM BEH-
BieTa siisercs Beiiier Mopie (Morlet). Beiiner
Mopiie SBAsSE€TCS KOMILUIEKCHBIM BEUBIETOM, KOTO-
pBIii coyeTaeT MOIYIISIIMIO TApPMOHUYECKO (PyHK-
MU C TayCCOBBIM OTHOAIONIMM. DTO JENaeT ero
0Cc000 TOJIE3HBIM I aHaJIh3a CUTHAJIOB, COJEP-
JKaIUX TMEPUOANYECKUE KOMIIOHEHTHI, TAKHE KaK
BPEMEHHBIE PSIbl WK JICKTPOIHIEPaTOrpaMmMBbl
(23T'). Beiiner Mopie o0magaeT XopomuM Bpe-
MEHHBIM M YaCTOTHBIM pa3pelieHrueM, YTo JeTacT
€ro NpeANnOYTUTCIIbHBIM BApHUAHTOM JJISI aHaJIn3a
CUTHAJIOB, BKJIIOYass OKOHHBIA aHalu3 U JOJTO-
CPOYHYIO CHEKTPaIbHYIO OLIEHKY.

BeiiBner-npeoOpazoBaHue ¢ BEHBICTaMH, Ta-
KHMH Kak MeKkcrKaHcKas msina uiai Mopiie, mo3-
BOJISIET aHAJM3UPOBATH CUTHAJIBI HA PA3HBIX Bpe-
MEHHBIX M YaCTOTHBIX MacmTadax. ITo 1aeT BO3-

MOXXHOCTh OOHapYKHUBaTh JIOKAJIbHBIE OCOOCHHO-
CTH CHTHAJIa, TAKUE KaK MePeraibl, Kpasi, IPEXO/Ibl
MEXY COCTOSIHUSIMH, a TaKKe BBISIBISATH HEPHO-
JIMYECKUE KOMIIOHEHTHI. BelipneT-npeoOpa3oBanue
HAIIUIO MPUMEHEHHE BO MHOTUX OONacTAX, BKIIO-
yast 00paboTKy M300paxeHuH, aynno-aHaiu3, Ouo-
MEIUIIMHCKYIO TIMarHOCTUKY M MHOTOE Jipyroe [4].

Jlnst naneHelei paboTel oTpeboBaNIOCH 3a-
rpy3uth aiin popmara EDF. D10 peanbHas 3anuch
nayeHTa, MOJydYeHHas C TMOMOIIBI0 CHCTEMBI
Nihon Kohden u npeo6pazoBannas 8 EDF-dopmar.
3amuch B3sTa € caiTa MPo(heCcCHOHANTBHOTO MHKe-
HEpa 10 AJIEKTPOHHKE C OTBITOM paboThl B 00J1aCTH
NPOEKTUPOBAHUS MEIUIIUMHCKUX YCTPOUCTB IS
D3I u DK™, 3anuck conepkuT 37 yHUIONAPHBIX
curHainoB. Ha puc. 1 BbIBezieHO H300paskeHne 3THX
CUTHAJIOB.
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Puc. 1. M3o6paxeHne MHorokaHanbHoi 3anncu 33I, cogepxaweics B EDF-daiine
M cT0o4HunK: BoINONHEHO B.B. TonmaHOBOM Ha A3blke NporpaMmmmposaHms Python
Figure 1. An image of a multichannel EEG recording contained in an EDF file
Source: made by V.V. Tolmanova in Python programming language

! Some EDF/BDF testfiles. URL: https://teuniz.net/edf bdf testfiles/ (accessed: 10.03.2024).
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Ha narHOoM n300pakeHrH BBEpXy BHIIHO II€-
pedrciieHre Bcex KaHajloB. B TaHHOM citydae yuciio
OTUETOB TIO BpPEMEHHOMY psay paBHO 363 620.
Bri6pas unTepBan yrenus ¢ 1500 mo 200.000,
3a/1aB BpeMsi, KOJINYECTBO CUTHAJIOB U B3SB IIsi-
THI KaHall, CMOTPHM, KaK BBITJISAMT HAll Tpa-
¢uxk (puc. 2).

Ilpeobpazosanue @ypve HCTIONB3YETCS IS
MPEACTaBICHUSl CHTHAJA B YaCTOTHOW OOJNACTH.

OHo pa3znaraer CUrHaj Ha CHHYCOHU/IAJIbHbBIE KOM-
MOHEHTHI Pa3HBIX YaCTOT, a TaKKe JaeT HHpopMa-
IIUIO O TOM, KaKH€ YacTOThI MPUCYTCTBYIOT B CHUT-
HaJie, HO He JaeT HH(OopMaIHI0 O BPEMEHHOM WK
MPOCTPAHCTBEHHOW CTPYKTYpE CUTHAJA. JTO MOA-
XOIUT ISl aHAJIM3a TIEPUOANYECCKIX MM CTAIHO-
HapHBIX curHanoB. Ha puc. 3 nmpencrasneH rpa-
(bUK, TOTYyYCHHBINH C TOMOIIBIO TIPe0Opa30BaHUS
Dypre.

IS
L

Awmmutyaa / Amplitude

100 t(cex)/ ¢ (s) e

Puc. 2. 'paduk curHana Bo BpeMeHN
M cT0o4HunK: BbINONHEHO B.B. TonMaHOBOM Ha A3blke NporpaMmmuposaHmg Python
Figure 2. Graph of the signal in time
Source: made by V.V. Tolmanova in Python programming language
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Cnexrp ®ypse / Fourier spectrum
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—— FFT npeo6pa3oBaHue / FFT conversion
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Puc. 3. PesynbTat npeobpasoBaHunsa Oypbe
M c T 04 HWUK: BbINOAHEHO B.B. TonmMaHOBOM Ha A3bike NporpaMmmupoBaHmsa Python
Figure 3. The result of the Fourier transform
Source: made by V.V. Tolmanova in Python programming language
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ITocTpoenne creKkTpa MJIOTHOCTH MOLIHO-
cTi. CIIeKTp IIIOTHOCTH MOIITHOCTH — 3TO Tpadu-
YECKOE IPEACTABICHUE PACIPENCIICHUS MOIIHO-
CTH CUTHaJIa 10 ero yactoraM. OH I03BOJIAET Ha-
TJIITHO YBUJIETh, KAKUE YaCTOTHI BHOCST HAaUOOIb-
LIMH BKJIaJ B OOIIY0 MOLTHOCTb CUTHaia. YToOs!
BBIYMCIIUTH CIIEKTP INIOTHOCTH MOILITHOCTH, OOBIYHO
WCTIONB3YIOT METO/IbI, OCHOBaHHBIE HA TIPE0Opazo-
Banuu dypoe.

[Toctpoen rpa¢uk, Moka3bpIBalOIIUN, KAKOTO
puTMa Ha gaHHOU 3anmucu DOI GompIe Beero. J{is
3TOTO HEOOXOIUMO OBLIO MOCYUTATH SHEPTHIO IS

KQKJIOTO0 PUTMa, 4TO SBJAETCSA BAXKHOMU 3amadeu
JUIS U3y4YEeHUs1 aKTUBHOCTH MO3Ta M XapaKTepu-
CTHK €ro coctosHus. Kax/iplii puT™M COOTBETCTBYET
OTIpe/IETICHHOMY JIMana30oHy 4acTOT U UMEET CBOU
ocobOeHHoCTH [5; 6].

Panee npumeneno npeobpazosanue dypbe
K curHaity D3I, 94ToObI IEpeBeCTH €ro B 4acTOT-
HYIO 00J1aCTh, YTO O3BOJIHIIO PA3JIOKHUTh CUTHAI
Ha YacTOTHbIE KOMNOHEHTHI [7]. Temepr MOXHO
OIICHUTH PHEPTUIO KAKJOTO PUTMA, UCTIONIB3Ys pa3-
JUYHBIE METObI, HAIIPUMEDP BBIUYHUCIECHHUE CIIEK-
TPaIbHOM MIOTHOCTH MOITHOCTH (puc. 4).

le-11 CnekTpaibHas WIOTHOCTH MouHocTH / Power Spectral Density

Oueprus/ Yacrora (ab /T'u) /
Power / Frequency (dB/ Hz)

o 100

200 30'0
Yacrora (') / Frequency (Hz)
OHeprus B pa3iuyHbIX Juanasonax 4acror / Power in Different Frequency Bands

400 500

Oueprus/ Power

Delta Theta

Alpha Beta Gamma

Tonoca wactor / Frequency Band

Puc. 4. [NocTpoeHne SHeprnmn B pas3nnyHbiX HaCTOTHbLIX Auana3oHax
M cTOoYHMK: BbINONHEHO B.B. TonMaHOBOW Ha 93blke NporpaMmmMmnpoBaHns Python
Figure 4. Construction of energy in various frequency ranges
Source:madebyV.V. Tolmanova in Python programming language

[TponucaH nepedyeHb BEWBIIETOB, YCTaHOB-
JIEHO MaKCUMaJlbHOE 3HAaYEHUE CABUTa U MOCTPO-
€HO BEUBIIET-MPeoOpa3oBaHNe OTHOCUTEIILHO Mac-
mrada MaTepuHCKOTO BeiiBiera [8]. BeliBner-npe-
o0pa3oBaHME — ATO METOJ aHajIW3a CUTHAIA,
OCHOBaHHBIN Ha MCMHOJIb30BAHUH BEUBIETOB. Beii-
BJIETHI IPEACTABIIAIOT CO00H (PyHKIMHU, KOTOpBIE
OTMCHIBAIOT KaK JIOKAJIbHBIC, TaK M TIIO0AThHBIE
OCOOCHHOCTH CHTHAJIA.

MacmtabupoBanne MaTepUHCKOTO BEHWBIIETa
SIBIISIETCS] BAYKHBIM aCIIEKTOM BEHBIIET-TipeoOpa3o-
BaHUsA. MaTepUHCKUN BEUBIET — 3TO OCHOBHAA
(hyHKIIHS, KOTOpask KCTIOIb3yeTCs sl pacCMOTpe-
HUSI Pa3JIMYHBIX MacIITaboB curHaia. Macmrabu-
pOBaHME MaTEPUHCKOTO BEBIIETA TTO3BOJISIET a/1all-
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TUPOBaTh €r0 K Pa3jIMYHBIM YAaCTOTHBIM KOMIIO-
HEHTaM CHUTHala.

[Ipu mocTpoeHny BelBIET-MPEe0OpPa3OBAHUS
MCIIOJIb3YETCsl MacIITaOMPOBaHUE MaTEPHHCKOTO
BEIBJIETa OTHOCUTENHLHO €T0 MIUPUHBL. ITO TO3BO-
JISIET U3MEHSATH pa3Mep BeHBIICTa, YTOObI JTydIlIe aHa-
JIM3UPOBATh pa3IM4HbIE YacTOTHl cUTrHana. Mac-
MTaOUPOBAHUE MOXKET TIPOMCXOINTH IIYyTEM YBEITH-
YCHHSI WJIM YMEHBIIICHUS MaciuTada BeliBieTa [§].

MacmtabupoBaHre BeWBIIETa JTa€T BO3MOXK-
HOCTB TIOJIyYUTh HH(OPMAIIHIO O YACTOTHBIX CBOM-
CTBax CUTHaJIa Ha pasHbIX MacmrTabax. [Ipu ana-
JIM3€ CUTHAJIA ¢ UCTOIh30BAaHUEM BEHBIET-TIPE00-
pa3oBaHMs MOKHO OOHApYXHUTh PETHOHBI C BBICO-
KOM WM HU3KOM 3HEPrHeil Ha pa3HbIX 4acTOTax
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1 MacmTabax, 94To MoJIe3HO [T HCCIICIOBAHMS pas3-
JIWYHBIX 0coOeHHOCTel curnana [10].
BeiiBner-npeoOpazoBanue ¢ MmacmTabupoa-
HUEM MaTEepPUHCKOTO BEWBJIETA MO3BOJIAECT aHAJIU-
3MpPOBATh CUTHAJIBI HA PAa3HBIX YPOBHSX JIETaIH3a-
LIUH, YTO JIeTAET €0 MOIIHBIM HHCTPYMEHTOM ISt
00pabOTKH M aHajHM3a CUTHAJIOB BO MHOTHX 00a-

CTSIX, TAKUX Kak 00paboTKa H300pakeHHH, ayIno-
aHanu3 u T.14. (puc. 5) [11].

[Tony4eHn rpaduk, KOTOPBIH CTPOUT CBS3KY
9acTOThl ¥ MaciuTaba. C IOMOIIBIO MOTy4YEeHHOTO
rpaduKa MOKHO Cpa3y YBUIETh Ha KaKoi 4acToTe
U B KaKO€ BPEeMs BO3SHUKAET BCIUIECK aKTUBHOCTHU

(puc. 6) [12].

Yacrora (I'm) / Frequency (Hz)

225.5 1
201.0
176.5 A
152.0 A
127.5 4
103.0 4
78.5 1
54.0 1
29.5 1
5.0 1

10 59 108 15.7 20.6

T T T
255 304 353 402 451

Puc. 5. Macwtab B BeliBnet-npeobpazoBaHnmn
M CcTOYHMK: BbINONHEHO B.B. TonMaHOBOW Ha S3blke NporpaMmmMmmpoBaHns Python
Figure 5. Scale to wavelet transform
Source:madebyV.V. Tolmanova in Python programming language
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Puc. 6. BeiiBneTt-npeobpasoBaHne
M cTo4HMK: BeINONHEHO B.B. TonmaHoBOI Ha A3blke NporpaMmmuposaHms Python
Figure 6. The wavelet transform
Source: made by V.V. Tolmanova in Python programming language
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Kinaccuueckue MeTobl 00padOTKH CUTHA-
J0B [13]. 910 HaOOp aNTOPUTMOB U TEXHUK, KOTO-
peie OBLTM pa3paboTaHBl TEepea MOSIBICHUEM CO-
BPEMEHHBIX METOJOB Ha OCHOBE MAIIMHHOTO 00Y-
YCHUSI U MCKYCCTBEHHOTO HMHTEIUICKTa. JTH Me-
TOZBI IIUPOKO NMPUMEHSUIUCH B 00paboTKe CUrHa-
JOB Ha TMPOTSDKEHHH JIECSITUICTUH M OCTArOTCS
3HaUUMBIMU 10 cuX mop. [Ipumepamu kiaccuue-
CKUX METOJOB OOpabOTKM CHUTHAJIOB SBISIOTCS
(buIIbTpaIysl, KOPPEJsIIKs, CIICKTPAILHBINA aHATN3
M CTOXaCTHYECKHil aHaau3 [14].

Qunempayusi — Tporecc 00padOTKH CHT-
Hama JUisd yAaJeHHUs HEeKeNaTeNbHBIX IITYMOBBIX
KOMIIOHEHT, YCHUJICHUS CUTHAJIa WK IpeoOpa3oBa-
HUS €0 CHEKTPaIbHOW XapaKTEPUCTUKU. DTO MO-
XKeT OBITh JOCTHUTHYTO C IMOMOIIBIO PAa3IMYHBIX
(WIBTPOB, TaKUX KaK HHU3KOYACTOTHBIA (DUIIBTD,
BBICOKOYACTOTHBIN (PHIIBTP, MOJIOCOBON (pHUIIBTP H
(WIBTP C OTKJIMKOM Ha HMITYJIbC.

Koppenayus — meTon aHami3a CUTHAJIOB 1S
OIIpE/IeIICHHsI CTETICHH CBSI3U MEXKITy JAByMSs CHUTHa-
JIaMH WIH [T 0OHApY>KeHUs TATTEPHOB H MEPHO-
augHOCTel B curHanax. Koppemnsinus moxer ObITh
UCTIOJIb30BaHa, HATPUMED, JIs1 OOHAPYKEHUS CHH-
XpOHM3AIMM CUTHAJIOB, pAacro3HaBaHHUS OOpPa30B
WA KOMMYHHKAIIWH.

Cnexkmpanousiti anaiu3 — METOJ aHalu3a
CIIEKTPAIbHBIX XapaKTEPUCTHK CUTHAJIa, TAKUX KaK

4acTOThI U aMIUIUTYAbI. OH MO3BOJISIET ONPEICITUTD
CIEKTpaJIbHBIE CBOMCTBA CHUTHAJA, TAaKUE Kak Tap-
MOHHUYECKHE KOMIOHEHTBI, THUKU WM LIYMOBBIE
uckaxeHus. CreKTpaiabHbIA aHAJIU3 MOXKET OBbITh
JOCTUTHYT, HAIIPUMEP, C MTOMOIIBIO IpeoOpa3oBa-
Hust Dyphe nin BelBIET-IpeoOpa3oBaHMsL.

CToxacTUYeCKHI aHaJIN3 — METOJ aHaJIu3a
CHUT'HAJIOB, OCHOBAaHHBIM Ha CTaTUCTHYECKHUX CBOM-
ctBax. OH MO3BOJIIET MOJIETUPOBATh U AaHATTU3UPO-
BaTh CJIy4allHbIC CUTHAJIBI WJIM CUTHAJIbI, KOTOpBIE
MOYHO MPEACTAaBUTh B BUJIE CIIYYaHOTO MpoLecca.
CTOoXacTUUECKUI aHaJM3 MCIOJIB3YeTCsS B Pas3iny-
HBIX 00JIacTsX, BKJIIOYAs] CTATUCTUKY, TEOPHIO WH-
dopmanum, 06paboTKy CHTHAJIOB M MAIITMHHOE 00Y-
yenue [15].

[TpumMeHeHne cTOXacCTHYECKOTO aHajm3a B 00-
paboTKe CHTHAJIOB MOXKET BKJIIOYATh MOJEIHPO-
BaHUE CITy4YailHBIX ITYMOBBIX UCKXCHUN, aHATTU3
CIIy4aifHbIX CHTHAJOB, TAKUX KaK 3JEKTPOIHIIE-
danorpammel (33'), unu npenckazanue OyayHIMx
3HAYEHUI CUTHaJia Ha OCHOBE MPEbLAYILUX HA0MI0-
nenuil. CTOXacTUUECKUN aHalu3 TaKXe MOXET
BKJIIOYATh HCIIOJIb30BAaHHE BEPOATHOCTHBIX MO-
JeTield JUIsl ONUCAHUS M MPEACKA3aHHs MOBEICHHS
CUTHAJIOB B CIIy4ailHBIX ycloBusx [16].

Ucnonwzys tot xe daitn EDF, u300pazum
HAIIl CUTHAJI C TIOMOIIIBIO Tpaduka (puc. 7).
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t — IOPANKOBBIH HOMEP U3MEpeHHs /
t — serial number of the measurement

Puc. 7. M3obpaxeHune curHana
M cTOo4YHMK: BbINONHEHO B.B. TonmaHoBown, nporpamma Python
Figure 7. Signal image
Source:madebyV.V. Tolmanova in Python programming language
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Maremaruaeckoe OXUIaHHe
CpenHeKBanpa'rmecxoe OTKIIOHCHHC

Mathematical expectation
Standard deviation

-4.486130228055224e-05
= 0.000

-4.486130228055224e-05
.000

Puc. 8. Pe3ynbTarthl pacyeToB
M CcTOYHMK: BbINONHEHO B.B. TonMaHOBOW Ha S3blke NporpaMmmMmmpoBaHns Python
Figure 8. Calculation results
Source:madebyV.V. Tolmanova in the Python program

Y — 3KCIICPHUM CHTAJIbHbIC H3MCPECHI C ].[IyMOM/
y— experimental measurements with noise

9.0 9.5 10.0

t — IOPSAKOBBIE HOMEP U3MEPEHHS /
t — serial number of the measurement

Puc. 9. 1306paxeHune cpegHero 3Ha4eHns Ha rpaduke
M cTOoYHMK: BbINONHEHO B.B. TonMaHOBOW Ha S3blke NporpaMmmMmmpoBaHns Python
Figure 9. Shows the average value on the graph
Source:madebyV.V. Tolmanova in Python programming language

Paccuntano maremaTnueckoe OXXKHIaHHE U
CpeIHEKBaJpaTHIeCcKoe OTKIOHEHHE (pHC. 8).

MaremaTnyeckoe O:XKUJaHUE Ha rpajduxe.
BHeceM HekoTOpbIE yTOYHEHUS: KPACHOH (CILIONI-
HOW) NMHUEH Ha Tpaduke M300pakeHa CPEeIHSS
JIMHHUSA, CEPBIM [[BETOM CPEIHEKBAIPATUIECKOE OT-
KkJoHeHue (puc. 9).

Asmoxkoppenayus. Panee naBanock omnpene-
JICHHUE TIOHSATHUS «KOPPEISIHS», OJJHAKO B TAHHOM
ciydae OyJeM HCHOJIb30BaTh UMEHHO aBTOKOppe-
JISIIINTO. Ot JBa IMOHATUA CBA3aHbI C UBMCPCHUEM
CTETIEHH B3aMMOCBS3U MEXIy IBYMsS WM Ooiee
nepeMeHHbIMH. Pa3zHulla MeXIy HUMH 3aKiroda-
€TCsI B TOM, YTO KOPPEJIALIUS UCTIONIB3YETCs IS U3-
MEpPEHUS CBSI3H MEX/Ty JIByMs Pa3HBIMH IT€pPEeMeH-
HBIMH, B TO BpeMsI KaK aBTOKOPPEJISIUS UCTIONb3Y-
€TCA JIs1 U3MEPCHUS CBA3U MCKAY pPa3/IMUHbIMU
3HAUEHUSIMH OTHOW W TOW K€ NMEPEMEHHOU B pa3-
HBIE MOMEHTBI BPEMEHH.

Koppenayus — 310 craructuyeckas mepa,
MMOKA3bIBAOIIAs CTEIECHb JIMHEWHOW CBSI3U MEXKILY
JIByMsl iepeMeHHbIMU. OHa TIO3BOJISIET ONTPE/ICIINTD,
HACKOJIBKO OJ[HA MEePEeMEHHAas U3MEHSETCS TIPH 13-
MeHeHnH npyroit. KoaddunmenT xoppensmmun mo-
JKeT IPUHUMATh 3HadeHus oT —1 g0 1. 3nadenne 1
O3HaYaeT MOJIOKHUTEIBHYIO JINHEHHYIO CBS3b, 3HA-
yeHue —1 — OTpHIATEIbHYIO JIMHEWHYIO CBSI3b,
a 3HaueHrue ) — OTCyTCTBUE TUHEHHOMN CBSI3U.

ABTOKOpPEISAIHS, C IPYTON CTOPOHBI, H3yvaeT
CBSA3b MEXK/Y PAa3TMUYHBIMHU 3HAYCHUSIMU OJHOU U
TOM k€ TIEPEMEHHOM B pa3Hbie MOMEHTHI BPEMEHH.
OHa CIY»KUT TSl OTpeACTICHUS HAJIMYUs CHCTEMa-
TUYECKUX 3aBUCUMOCTEN 3HAaUECHUSIMU [IEPEMEHHOMN
B IPONUIOM U HactosmieM. OTpHiareibHas aBTo-
KOppeJIsius, paBHas 1, CBUACTEIBCTBYET O TOM, UTO
CBSI3b MEXJy CUTHaJlaMU JIMHEWHas. ABTOKOppe-
nsiuus, paBHasi 0, CBUJIETEIBCTBYET O TOM, YTO B3a-
UMOCBsI3W HeT. OTpuiareiabHas aBTOKOPPEIISIIH
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CBUJCTEIBCTBYET O TOM, UYTO CBSI3b OOPATHO MPO-
nopuvoHaigbHas. [pyrumu cioBaMu, aBTOKOppe-
JISIMSL TOKA3bIBAET JINHEHHYI0 B3aMMOCBSI3b.

Takum oOpa3om, KOppessius U3y4aeT CBsI3b
MEXy IByMS IEPEMEHHBIMH, B TO BpEMsI KaK aB-
TOKOPPEIISALUS U3y4YaeT CBA3b MEXKAY PA3INUHBIMU
3HAQUYEHUSIMU OJHOW IEPEMEHHON B Pa3HbIE MO-
MeHTHI Bpemenu. Ha puc. 10 mokasan rpaduk aBTo-
KOppesLuu.

Cronwssiwee cpeonee. IT0 METOIT aHAJIM3A BpE-
MEHHBIX PSAJI0B, KOTOPBIM UCIOJIB3YETCS VISl CIvia-

’KMBaHUS JAHHBIX U BBIBICHUS TpeHA0B. OH npea-
CTaBJISIET COOOM BBIYMCIIEHUE CPEIHETO 3HAYEHUS
C OIpe/eJICHHBIM OKHOM WJIM MHTEPBAJIOM, KOTO-
PO€ «CKOJIB3UT» 110 BDEMEHHOMY PsITy.

[Ipouecc BbIYMCIEHUS CKONB3SAIIETO Cpel-
HEro HauMHAeTCsl C BBIOOpA pa3Mepa OKHa, KOTO-
poe omnpezesnseT KoIU4ecTBO HaOIOeHUH, ydacT-
BYIOIIUX B pacyeTe CPEIHEro 3HA4YCHHs. 3areM
OKHO TEpEe/IBUraeTcs M0 BPEMEHHOMY DSy, MPH-
MEHsIsSI OTIEPALIUIO CPEHETO 3HAUCHUS K KaXKIAOMY
NOAHA00PY TaHHBIX, OXBATHIBAEMOMY OKHOM.
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Puc. 10. AsToKoppensaumsa
M cTo4HunK: BINONHEHO B.B. TonMaHOBOM Ha A3blke NporpaMmmumpoBaHms Python
Figure 10. Autocorrelation
Source: made by V.V. Tolmanova in Python programming language

Cxonp3diiee cpeHee UMeeT HECKOJIBKO MPH-
MeHeHHil. Bo-nepBbIX, OHO MOMOTaeT CIiIaJuTh
IIYMBI ¥ BEIOPOCHI B JTaHHBIX, MTO3BOJISISI COCPEIIO-
TOYNTHLCA Ha OOIMX TPEHAaX W MarTepHax. Bo-
BTOPBIX, OHO MOYKET UCIIONB30BAThCS ISl OOHAPY-
JKEHUSI M aHalu3a JOJITOCPOYHBIX U KPaTKoCpoy-
HBIX TPEH/IOB B JaHHBIX. CKONB3SIIEe CpeIHee TaK-
K€ MOXKET OBITh MOJIE3HBIM IS TPOTHO3UPOBAHUS
OyIyIIux 3HAYCHUI Ha OCHOBE MPOIUIBIX JaHHBIX.

Cy11ecTBYIOT pa3IUYHbIE BUJIBI CKOJIB3SIIIETO
CpeIHEero, BKIIIOUast MPOCTOE CKOJB3AIIEE CPEIHEee
(Simple Moving Average), B3BEIICHHOE CKOJb-

272

3see cpennee (Weighted Moving Average) u skc-
MIOHEHIMaIbHOE CcKonb3siee cpeanee (Exponential
Moving Average). Kaxxgoe u3 HUX UMEET CBOU
NPEUMYIIECTBA M IOAXOIUT ISl PA3THYHBIX CUTY-
aluu.

B memom ckomp3simiee cpemHee SBISETCS
MOIITHBIM HHCTPYMEHTOM JIJISl aHAJM3a BPEMEHHBIX
pAAOB U MPEAOCTABIACT IMOHATHYIO U IUIABHYHO
BEPCHUIO JAHHBIX, O0eryas BHISBICHUE TPEH/IOB U
MaTTePHOB.

JU71s1 3a1aHHBIX TTaApaMETPOB CKOJIB3SIIIee CPel-
Hee MpeJICTaBIeHO Ha puc. 11.
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Figure 11.The graph of signal and moving average
Source:made by V.V. Tolmanova in Python programming language

Iokazamenv Xépcma. OCHOBaH Ha TEOpUU
JOJITOBPEMEHHOMN aMATH, KOTOpasi yTBEPKIaeT,
YTO BPEMEHHBIE PAJIbI MOTYT BBIPAXKATh CTPYK-
TYPHYIO 3aBUCHUMOCTb B Pa3JIMYHBIX BPEMEHHBIX
macmrabax. [lomyuwmn cBoe Ha3BaHUE B YECTh MH-
s)keHepa ['aponbra Xépcra. BriepBbie 310 moHATHE
HCIOJB30BAJIOCH B THUAPOJIOTUN B MPAKTUUECKUX
HENAX JJIS ONpeieNieHUs] pa3MepoB IJIOTUHBI Ha
pexe Hun B yCnoBUsX HeNpencKazyeMbIX JOXKIEH
U 3aCyX, HaOJIOIaeMbIX B TEUEHUE JJIUTEIBLHOTO
BPEMEHH.

KiroueBas uaest nokazarenst Xépcra 3aKiro-
YaeTcsl B M3yYEHUU MAacCIITaOUPYIOIMIMX CBOMCTB
BpeMeHHOro psga. OH aHaNU3UPYET, KaK U3MEHe-
HUS BO BPEMEHHOM psIJIe paclpOCTPaHIIOTCS Ha
Pa3HbIX ypoBH:X AeTanu3anuu. C MOMOLIbIO 3TOr0
aHaJIM3a MOXKHO OIICHUTh HAJIMYUE KOPPENALUU
WA CaMOTI01001s BpDEMEHHOTO psfa.

s BerumcieHnd mokaszarensa Xépcra uc-
MOJIb3YETCsl METO/IMKA, Ha3bIBaEMasi aHAJIM30M pa3-
Maxa-pe3koctu. [lepBoHauasbHO BpEMEHHOM DSt
pa3buBaeTcs Ha pa3IMIHbIC BPEMEHHBIC MacIITaObI.
3areM s KaKJOro maciuTaba OLIEHHWBAETCS U3-
MEHYHMBOCTD Psiia. DTO JETAeTCs C MOMOIIBIO BbI-
YHCIIEHHUS Pa3HOCTH MEXIY BBIOOPKaMH Ha TEKy-
1IeM MacITade U UX CPeTHUM 3HAYEHHUEM, a 3aTEM

HAXOXKJACHUS CPEIHEKBAAPATHUYHOTO OTKIOHEHHUS
MOJIyYeHHBIX pa3HocTel. B pesynbrare nonyya-
eTcsi Habop 3HAYEHHH, KOTOPbIE MPEICTABISIOT
M3MEHUYMBOCTh BPEMEHHOIO psiia Ha Pa3IUYHbIX
Macmrabax [17].

3arem nokaszatenb XEpCTa BRIYUCISIETCS ITy-
TeM JIorapu(MHUPOBAHMSI 3HAYCHUSI H3MEHUHUBOCTH
U Jorapu(MUpPOBaHUS COOTBETCTBYIOIIETO Mac-
mrada. 3aTeM IpOU3BOANTCS JIMHEHHAS perpeccus
MOJTYYEHHBIX JIOTapU(PMUIECKUX JaHHBIX U MOKa-
3arenp XEpcTa OnpeessieTcsl Kak HaKJIOH MPsIMOi,
MIOJy4YEHHOU B PE3YJIbTaTe PErPECCHH.

3HayeHHe Moka3atens XEpcra MOXKHO HH-
TEPIPETUPOBATH CIETYIOIUM 00pa30M:

— 3Ha4yeHue Menblue 0,5 ykas3bIBaeT Ha TO, YTO
YpOBEHb MOO0US, TO €CTh XaOTHUYHOCTh, yBEIH-
YUBaeTCs;

—3HaueHue 0,5 yka3blBaeT Ha TO, YTO MBI
UMeeM JIeJI0 C OPOYHOBCKUM JIBUKEHUEM;

—3HaueHue Oompiie 0,5 yka3plBaeT Ha TO,
YTO MPUCYTCTBYET TPEH]I, TO €CTh 3aBUCUMOCTbH OT
IPEIBITYIIUX 3HAYCHHUH.

Taxum oOpa3oM, nmokazarenb X&pcra Mo3BO-
JISIET OLEHUTH CTENEHb 3aBHCHUMOCTH BO BpEMEH-
HOM DsIJIe€ ¥ TIPE/ICKa3aTh €ro JOJITOCPOYHBIE TPEH-
JIbl. DTO OYEHbD MOJIE3HBI MHCTPYMEHT IS IPOTHO-
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3UPOBAaHMS W aHAJIM3a BPEMEHHBIX PsJIOB B pas-
JUYHBIX o0nacTsax uccnenoanuii. Ciemys Bbliie-
MIEPEUMCIIEHHBIM IIaram, c/ieJaHa MoMnbITKa BEICUH-
TaTh Nokazarenb XEpcra. i 3Toro cHavana mo-
crpoeH rpaduk «CpeqHee 3HaYeHHe (MaTeMaTnyie-
CKO€ OXKUJIAHUE).

Ha rpaduke cruomnas mpsimasi TUHUS —
3TO MaTeMaTHYeCKOe OKUIAHHE; CEPhIM IIBETOM

MOKa3aHO Cpe/iHee KBaJpaTUYEeCKOe OTKIOHCHHE;
CHHUM I[BETOM — cama 3aBUCHUMOCTH (puc. 12).
Ha 31011 5)xe 3aBUCUMOCTHU BBIICJICHO MATh Y4acT-
KOB. JIJIst Ka)A0T0 U3 ATUX YYACTKOB BHICYUTAHO
MaTeMaTU4YeCKOe OXKHMJIaHUE M CPEIHEKBaIpaTh-
yeckoe oTkioHeHue. U3 atoro rpaduka craHo-
BUTCSI IOHSTHO, YTO B 3aBHCUMOCTH OT y4acTKa
cpemHee 3HadeHHE MeHseTcs (puc. 13).

M cTo4HunK: BbINONHEHO B.B. TonMaHOBOI Ha a3blke NporpaMmmmpoBaHms Python

t — TIOPAKOBBIH HOMEp H3MepeHHs /
t — serial number of the measurement

Puc. 12. CpegHee 3HavyeHme (MatemMaTU4eckoe OXnaaHue)

Figure 12. The average value (mathematical expectation)
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Puc. 13. CpenHee 3Ha4yeHMe (MaTeMaTU4ecKoe OXMaaHne) Ha KaxaoM 13 5 y4acTkoB
M cTOoYHMK: BbINONHEHO B.B. TonMaHOBOW Ha S3blke NporpaMmmMmpoBaHns Python
Figure 13. The average value (mathematical expectation) for each of the 5 plots
Source:madebyV.V. Tolmanova in Python programming language
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Figure 14. Cleared from the average value of the series
Source:made by V.V. Tolmanova in Python programming language

Jlaniee moNydeH OYMILNECHHBIA OT CPEIHEro
3HaueHUs psifl. [ 3TOT0 BBITIOJHEHBI CIICAYIOIIHNE
JICUCTBHS: B3AT CHTHAl y, OT HEro OTHHUMAETCs
CpemHsisl BEJIMYMHA, B pPE3yJIbTare 4ero MoJy4eH
CHTHAJI C HYJICBBIM MaTeMaTHYCCKHM OXKHIaHHCM.
Jlanpliie CI0KEeHO KaXKI0e CIICAYIoNIee 3HAYCHHUE C
npeapaymuM. CMOTPUM, KaKO# MOJYyYUTCS OYH-
IICHHBIA OT CPEJHEro 3HAYCHUS Psif, €Ciu Oyaer
CKJIa/IbIBaThCA Kaxaoe 3HaueHue (puc. 14).

Hanee mocTpoeH rpaduk cpeaHeKBaapaTu-
YECKOTO OTKJIOHEHUS B 3aBUCUMOCTH OT 3HAYCHHS
MOPSIKOBOTO HOMepa m3Mepenust. [IpuHiun nox-
cdeTa aHAJIOTUYEH NPEAbIAYyIIEMY: CHa4Yajla CUH-
TAeTCs CPETHEKBAIPATHYHOE OTKIIOHEHHE IS OfI-
HOTO YHCIIa; Janee Oepercss BTOPOE 3HAYEHHE U
CUNTAETCS CPEIHEKBAAPATUUYECKOE OTKIOHCHHE
JUTSL PsiZia, COCTOSIIETO U3 TIEPBOTO M BTOPOTO 3HA-
YeHMii U Tak ganee (puc. 15).
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Puc. 15. CpegHekBagpaTtnieckoe OTKJIOHEHNE OT OYULLLEEHHOIO OT CPEeAHEro 3Ha4YeHus psaa
M cTO0o4HKNK: BoINONHEHO B.B. TonMaHOBOM Ha A3blke NporpaMmmuposaHms Python
Figure 15. The standard deviation from the cleared average value of the series

Source: made by V.V. Tolmanova in Python programming language
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B pesynbrare moiay4msiocs J1Ba BPEMEHHBIX
pana. IlepeiimeM Kk pacuery cienyrOLIEH Bed-
yuHBL. PazMax gBiseTcd Ba)XKHOM XapaKTEpUCTH-
KO BpEMEHHOTO Psi/1a, UCIIOIb3yEMOU JUIsl OLIEHKU
€ro CTEelNeHW W3MEHUYMBOCTH Ha Pa3HBIX BpPEMEH-
HBIX MaciuTabax. Pazmax ompenensier pa3HOCTb
MEXIy MaKCUMaJIbHBIM U MUHUMAaJIbHBIM 3Haue-
HUSIMU psJla B 33JJaHHOM HHTEpBAJIe.

IIpu ananuze pa3maxa aig mokasarenst XeEp-
CTa BPEMEHHOI1 psAJ pa30uBaeTcs Ha pa3Hble Mac-
mTadbl, TO €CTh HA pa3INYHbIC BPEMEHHBIE HHTEP-
BaJbl. 3aTeM JUIsl KaXKIOr0 MHTEpBaia BBIYMCIS-
eTCsl pa3Max IIyTeM HaXOXIECHUS Pa3HOCTU MEKIY
MaKCHMaJIbHBIM 1 MUHUMAJIbHBIM 3HAYEHUSIMHU psiaa
B JaHHOM MHTepBasie. [lonyueHHble 3HaUeHus pas-
Maxa TMPEeJCTABISAIOT CO00H Mepy M3MEHYHBOCTU
psiza Ha COOTBETCTBYIOIIeM Maciitade [18].

Ananu3 pazMaxa Ha pa3JIMYHBIX MacmTadax
MO3BOJISIET BBIIBUTh HAJIUYUE WJIM OTCYTCTBHUE
CTPYKTYPHOM 3aBUCHUMOCTH B Psily Ha pa3HbIX Bpe-
MEHHBIX YPOBHAX. B KOHTEKcTe nmokaszarens Xépcra
pa3Max MCHOJB3YETCs IJIsl ONpPEAESICHUs MaclITa-
OUPYIOUINX CBOMCTB BPEMEHHOTO psAla U OLEHKHU
€ro CaMOIoA00OusI.

YroObI BEIYUCIUTH Pa3Max B paMKax IMoKasa-
Tenst XEépcTa, MpeaBapUTEIIbHO HEOOXOMUMO pas3-
JI€IUTh BPEMEHHOM psii HA MHTEPBAJIBI Pa3HOM
JUTMHBIL. 3aTeM JJIs KaXX[0ro HHTEpBaia HaXOAsTCs
MUHUMAaJbHOE M MAaKCHUMaJbHOE 3HAYEHHS psAa.

Pa3HOoCTh MEXIy MakCHUMalbHbIM M MHUHUMAaJb-
HBIM 3HAUYEHUSAMU U1 KaKI0T0 HHTEpBAJIa U SIBJISI-
€TCsI pa3MaxoM Ha COOTBETCTBYIOIIEM MaciiTade.

AHanu3 pazMaxa psa Ha pa3HbIX MacIlTa-
0ax MO3BOJISIET YBHJIETh, KAK M3MEHEHHUS B pAJE
pacnpoCTPaHsAIOTCA Ha Pa3IMYHbIX YPOBHSX Jle€Ta-
JIM3alUU U BBIIBUTH HAJIMYME KOPPEISIUH WIH ca-
Momonooust B psze. [Tokazarens XEpcra MCTIONb-
3yeTrcsl A CUCTEMAaTUYEeCKOr0 H3yYeHUs STHUX
MacCIITa0OUPYIOIIMX CBOMCTB BPEMEHHOTO psla U
MOXET OBITh MOJE3HBIM MHCTPYMEHTOM JUIs TPO-
THO3MPOBAHMS U aHaJIM3a pa3jiMyYHbIX BUJIOB JIaH-
HBIX (puc. 16).

Teneps OepeTcst pa3mMax U JEIUTCA Ha Cpell-
HEKBa/IpaTudeckoe oTKIoHeHue. [lomydyennbie 3Ha-
YeHUS N300paKeHBI B JIOTApH(PMUIECKOM MacIiTade
Y TIOJTy4eHo cienytoniee (puc. 17).

Ha nannom rpaduxe opanxeBast IUHUAS —
nokasaresb Xépcra. [Toa rpadukom BEICUMTAHO €T0
sHaueHue (H = 0,966).

3HaueHre mokazarensi XEpcTa MOXKHO WH-
TEPHPETUPOBATH CIETYIOIIUM 00pa30oM:

— 3HadeHue MeHblIe 0,5 yka3bIBaeT Ha OTPH-
LATEIbHYI0 KOPPEJALMIO UIH aHTUIIEPUOIUYHOCTD
psna;

—3navyenue 0,5 ykaspiBaeT Ha CIy4yalHOCTh
WM OTCYTCTBHE KOPPEIISLIUU B PAJIE;

— 3HaueHue Oonpine 0,5 yka3plBaeT Ha MOJIO-
YKUTEITbHYIO KOPPEIISLMIO WK NEPUOIMYHOCTD Psia.

—
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Puc. 16. Pa3zmax OT O4MLLLEHHOIO OT CPEOHEro 3Ha4YeHns psaa
M cTo4HunK: BbINONHEHO B.B. TonMaHOBOM Ha A3blke NporpaMmmupoBaHmg Python
Figure 16. The span of the row cleared from the average value
Source: made by V.V. Tolmanova in Python programming language
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M cT0o4HunK: BoINnONHEHO B.B. TonMaHOBOM Ha A3blke NporpaMmmmposaHms Python
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Source: made by V.V. Tolmanova in Python programming language

HpI/IMeHeHI/IC OTUX HHTCIUJICKTYAJIbHBIX MC-
TOOB 00paOOTKM JaHHBIX CIIOCOOCTBYET MOJTyYe-
HUIO 0O0JIee TOUHBIX Pe3yJbTaToOB B aHAIN3E U MPO-
THO3WPOBAHUU NJAHHBIX. OHH ITIOMOTarOT BBISIBJIATH
CKPBITBIE 3aKOHOMEPHOCTH, ONPENENATh Ba)KHBIC
KOMITOHEHTBI CHTHaJa, YIydllaThb KayecTBO JaH-
HBIX U 00JIerdarb MMPUHATHEC peIHeHI/Iﬁ Ha OCHOBE
MOJIy4eHHBIX pe3ynbratoB [19].

3aknioyeHve

HccnenoBaHo /1Ba MHTEUIEKTYaJIbHBIX Me-
Toma 0OpabOTKM JaHHBIX: BEHBIET-TIpeoOpa3oBa-
HUE M CTOXaCTHUYECKUE METOJbl, KOTOpbIE IMpen-
CTaBISIIOT COOOM 3 PEeKTUBHBIE METOABI, IpUMe-
HSIEMbIE /IS aHAJIN3a CUTHAJIOB M BPEMEHHBIX psi-
JIOB, a TaKkKe Ui 00pabOTKH Pa3TUYHBIX THUIIOB
JAaHHBIX.

BetiBner-npeobpa3zoBanue — 3TO METO/I aHa-
JM3a CUTHAJIOB, KOTOPBI OCHOBAH HA JIEKOMITO3H-
MU UX Ha CyMMY Oa3UCHBIX (DYyHKIMI, Ha3bIBae-
MBIX BEHBIIETAMH, U MPEIOCTABISIET HH(OPMALINIO
0 YaCTOTHBIX COCTAaBJIAIOLINX CUTHAJIA B 3aBUCH-
MOCTH OT BPEMEHHU. DTOT METOJ II03BOJISIET U3BJIE-
KaTh 3HAYUMBbIC HaCTOTHBIC KOMIIOHCHTHI CUT'HAJIa

U ONpeNeNsTh UX BpPEeMEHHbIE MoyiokeHus. Beit-
BJICT-TIpE0Opa30BaHKE IUPOKO IPUMEHSIETCS B 00-
nacTv 00pabOTKM N300paKEHUM, CIKATUS JaHHBIX,
oOHapy)KeHHUsI aHOMaJIMI 1 APYTUX 3a]1a4.

CroxacTudeckre METOAbI, B CBOIO OYepe/ib,
0a3MpyIOTCSl Ha CTATUCTUYECKOM aHAJIN3€ TaHHBIX
Y MOJICITUPOBAHUM CIIyYalHBIX TIporieccoB. OHH
TIO3BOJISTFOT MOJISTTUPOBATH M TIPOTHO3UPOBAThH Bpe-
MEHHBIE PSBI C UCTIONB30BAHUEM BEPOSITHOCTHBIX
Mozenel. CToXaCTUYECKHE METO/IbI IIIMPOKO MTPH-
MEHSIOTCSI B ()MHAHCOBOW aHAUTHKE, POTHO3M-
POBaHUM PHIHKA, YIPABICHUN PUCKAMHU U JPYTHX
o0macTsx, TJie BAKHO MOJICITMPOBAHHE CITyYaiHBIX
SIBJICHHI.

OnHako cieayeT OTMETHTh, YTO BBIOOP TOI-
XOJAIIET0 METO/Ia 00pabOTKM NaHHBIX 3aBUCHUT
OT KOHKPETHOM 33/1a4i M XapaKTEPUCTUK JaHHBIX.
B HEKOTOpBIX CITydassx MOXKET OBITh TIOJIC3HO KOM-
OMHHUPOBATH PA3TUYHbBIE METOIBI IJIS TOCTHKEHUS
ONTUMAaJBHBIX PE3YJIHTATOR.

Takum 00pa3oM, HHTEIJICKTYaIbHBIE METOJIBI
00pabOTKHU JaHHBIX, TAaKHE KaK BeHBIIET-Ipeodpa-
30BaHME M CTOXaCTUYECKHE METOJIbI, MPEICTaB-
JSI0T c000# 3D (PEeKTUBHBIE CPECTBA I aHAIN3a

277



Tolmanova V.V., Andrikov D.A. RUDN Journal of Engineering Research. 2024;25(3):263-279

1 NPOTHO3HUPOBAHUA PA3IUYHBIX THIIOB JaHHBIX.
WX ucnonbp3oBaHHE MOXKET MOBBICUTH 3(1)(1)€KTI/IB-
HOCTBb U TOYHOCTB aHaJIn3a, 4YTO ABJIACTCA BaXXHBIM
B YCJIOBUAX COBPEMCHHBIX I/IH(bOpMaHI/IOHHBIX TEX-
HOJIOTHH U OTpOMHOTO obobpeMa JaHHBIX.
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MuHuMusauua onnartbl N0 Tapudy 3a CETEBYIO SHEPIUIO
B YCJIOBUSIX 3a4aHHO AUHAMUNKM ee NOTPeOsieHUs NpU HaNIn4YMKn akKymMmynaropa
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I/ICTOpnﬂ CTaTbH AnHoTanms. HeraTuBHBIC ITOCIIEACTBUS THKOBOTO 0T60pa CETEBOTO IIPO-
HOCTyHI/IHa B pEAAKIIHIO: 30 anperns 2024 1. JAYKTa: 3JICKTPOOHEPTUH, BOJAHBIX, I'a30BbIX U APYTUX PECYPCOB, BKIKOYAs
Hopa6OTaHa: 17 uronst 2024 r. pacnpeacicHUC BpEMCHU B KOMIIBIOTCPHBIX IIporpaMmmax, 3aCTaBJIAIOT I10-

Ipursita K nyGmuKaumn: 23 nromst 2024 1. CTABLIMKA BBOAUTH TapU(HYIO NOBPEMEHHYO OILIaTy. Kak MUHIMH3HPO-
BaTh OIUIATY MPHU 33JaHHOM PEKHME MOTPEOJICHHS MPOAYKTa NP HaJU-
YHUU CHCTEMBI €r0 HAKOIUICHHS ISl MOTPEOUTENs, TIPOILE TOBOPS HAKOIIH-
Tens (aKKyMyJISITOpa, XPaHHIIHILA), BOCIIOJIHSS HJIH PacXO.ys ero 3armachl
ABTODBI 3asIBJISIIOT 00 OTCYTCTBHH COOTBETCTBEHHO B MOMEHTBHI HU3KOW M BBICOKOH TapudHoi neHsbr? s
KOH(IMKTa HHTEPECOB. ATOTO HEOOXOAMMO IOMBITATHCS Pa3yMHO HCIIONB30BaTh HAKOIHATEIH
(XpaHWIHUIIA) pECypCcoB, U3 KOTOPBIX MOXKHO YepIaTh PECYPChI B IEPUOABI
BBICOKHUX TapH(OB OILIATHL, @ TOT/A, KOTa IOTPEOHOCTh B HUX CHHIKACTCS
U, COOTBETCTBEHHO, HU3KU TapHU(Bbl OILIATHI, NONONHATE XPaHUINIIA pe-
cypcamu. C 370l nenbo GopMyIupyeTcs COOTBETICTBYIOIIAS MaTeMaTH-
yeckasi 3aj1a4a, OTHOCSIIAsICS K BONPOCY MUHMMH3AIMU OILIATHI 3@ MO-
TpeOieHre JICKTPHUYCCKON DHEPTUH W YYUTHIBAIONIAsl IKCIUTyaTaI[HOH-
HbIC XapaKTCPUCTUKH HAKOIMTENS U PA3IUYHbIC PEXKUMBI MOTPEOICHUS
sHeprud. [lokazaHo, 4To 3Ta MaTeMaTnyecKas 3a/1a4a Ha MUHIMYM MOXET
OBITh pellIeHa C MMOMOIIBI0 CTaHIAPTHOT'O JIMHEHHOTO MpPOrpaMMHpPOBa-
Hus. [IpuBeieHBI pe3yIbTaThl YACICHHBIX PACYUETOB OILIATHI ISl KOHKPET-
HOTO MPEANPUATHS KaKk 0e3 HAKOIUTENs, TaK ¥ C UCIIOJIb30BaHHEM HAKO-
nuTens. Bemrpeim B oruiate cocrasiser nopsiaka 20 %.
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Abstract. The negative consequences of the peak selection of network products
(electricity, water, gas, and other resources, including time distribution in computer
programs) force the supplier to introduce tariff-based time payments. Thus, the
question arises as to whether the consumer’s payment can indeed be minimized at a
specific mode of product consumption if there is a system of its accumulation, that is,
capacitor or storage, which replenishes or consumes its reserves at times of low and
high tariff prices. To achieve this objective, it is necessary to make optimal use of
accumulator resources, which can be drawn upon during periods of high tariffs and
replenished when the need for them is less urgent and tariffs are lower. To achieve
this, an appropriate mathematical problem is formulated (for the purposes of
concretization, relating to the question of minimizing the payment for electricity
consumption) that considers the operational characteristics of the storage and the
different modes of energy consumption. This mathematical problem for the minimum
can be solved using standard linear programming. The results of the numerical
calculations of payments for a particular enterprise both without storage and with the
use of capacitor are presented. The gain in payment was approximately 20 per cent.

Keywords: Time-based payment, energy charge minimization, capacitor, linear
programming
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BBepeHue

BaJibl U T.1. HOo 4TOOBI HE 3arpOMOXKIaTh H3JI0XKE-
HUE MHOTOYPOBHEBBIM pa30MEHHEM BPEMEHHOTO

CeTeBOH NMOCTaBIUK 3HEPTUU, HATIPUMED,
JIEKTPUUYECKOM, 3aNHTEPECOBAH B TOM, YTOOBI 10-
TpeOHUTEH, IPEX/IE BCEIO KPYIHbIE TPOMBIIIIIEH-
HbIE NPEIIPUATHS, HE CO31aBaIM IMKOBOTO 0TOOPA.
B cBsI31 ¢ 3TUM MOCTABIIUK YHEPTHU OOBIYHO B3H-
MaeT IUIaTy ¢ IOTPeOUTENs B 3aBUCUMOCTH OT JH-
Hamuku Q:t — ((¢) orbopa 3HEpruu U3 CETU 3a

TOT WJIM MHOW BpeMeHHOH mepuoxa 7. DTOT me-
puon moapaszzensercs Ha N paBHBIX WHTEPBAJIOB
JUTUTENIbHOCTU T, pa3/IelIeHHbIX MOMEHTaMHU Bpe-
menn ¢, =nt, n=0,12,...,N. MaTepBan T Taxxke

MOJKET OBITh pa3aciicH Ha OJMHAKOBBIC ITIOABIHTCP-

nepuosa T (Toj, MecsI, CyTKH, MUHYTBI, CEKYH/IBI ),
OTpaHUYUMCS 3]IeCh JIUIIL pazoueHuem 7' Ha TpU
ypOBHS (CYTKH, 9achl, MUHYTBI). DTOTO OOBIYHO
JIOCTAaTOYHO NTa)kKe B HamOoJiee THUIHMYHOW CHUTYya-
UM, KOT/Ia IJ1aTa 3a OTOMPaeMyI0 SHEPTHIO OepeTcs
MTOMECSIYHO, TIOCKOJIBKY ()yHKIIMOHUPOBAHUE UME-
IOIIeHCs Yy TPEANpUsSTHS CUCTEMbl HAKOTUICHHS
(HaKoTHMTESI PHEPTHH, Ta3a, BOJIBI U JIp.), KakK Ipa-
BUJIO, OJTAHAKOBO W B JAJBHEUIIEM (111 KOHKpE-
TH3AIUHU TOCTAaHOBKY 3a[a9H ¥ TTPOCTOTHI U3JI0KE-
Hus) Oyaem cuutarh, 94to 7 = Nt — 3TO OJHU
CyTKH, @ T — 3TO OAMH 4ac, T.e. N = 24.
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OnHOM U3 BO3MOXKHBIX (JOPMYJI OIUTATHI B Te-  BaJlaMH MOCTOSHCTBA, ONPEACISEMBIMU V31aMU
yeHue neproa 7 (OIHHU CYyTKH) 32 OTOMpaeMyTo 13 m
CETH PHEPTHIO sBJIsieTcs cieayromas’ [1-9]: fim =1% M
S=S 485,45, (1) 3ameuanue 1. OueBuHO, YTO 3apﬂzu<a/pa3:
psIIKa HAKOIUTEINS, XapakTepusyemas (QyHKIuen
e 0, He TOJDKHA TIPOUCXOUTH Yalle MUHIMAIbHOTO
S, =K, I O(t)dt, MHTEpBaJla U3MEHEeHUsT (PYHKIH TOTpedneHus P.
7 [ToaToMy miKaa pa3oHeHHs BpEMEHHOTO MIeproIa
t2y T (ron, Mecsill, CYyTKH, 4aChbl, MUHYTBI, CEKYHJIBI) IS
S, =K, J O(r)dt, @) ynkuun norpebaenns P MoXKeT 1ub0 COBNaaaTh,
fy

b0 ObITh OOJiee MENKOW, yeM y (YHKIHH OT-
6opa Q. s Gombliiel 0OLIHOCTH PacCMOTpPEHUs
3/1eCh BbIOpaH BTOPOM BapuaHT: i P TpexypoB-
HEBBIN (CyTKH, YaChl, MUHYTHI), a UIs1 O IBYXYPOB-
rae K, j=1,2,3, — tapudHbie Ko3hPUUMEHTbI,  HeBbIH (CyTKH, 4ackl). Bripouem, B pacueTax GbuI

tn+l
S; = Ky maxg J. O(t)dt,

t

n

a dpynkuus Ot — O(f), xapakrepusyiowas no- BT ABYXYPOBHEBbIH (cyTkm, 4acel) Kak aus P,
TaK ¥ i O, 9YTO COOTBETCTBYET PEabHOM CUTYya-
IIMY 110 IaHHBIM NTOTPEOJICHUS AIEKTPOIHEPTUH Ha

KOHKPETHOM INPOMBINIJICHHOM IIPOU3BOACTBE.

Yacoeoul OTOOpP SHEPTHH U3 CETH, SBISETCS CTY-
MeH4aToi (MHaye roBopsi, KyCOYHO-IOCTOSIHHOM ):

OHa MPUHUMAET HEKOTOPOE TIOCTOSTHHOE 3HAYCHHE 5
Ecnu npennpusitue nmeer Hakonurens- [ 10—

O(t)=u, mpu telt,.t,,) 12], To mpu 3adannoil Ounamuxe TOTPEOIICHUS
n n2“n+l1/2

3)
n=0.12....N-1. sueprun P:t —Pf) npennpusrie MOXET CHU3HUTE

IJ1aTy 3a 0T6I/Ipa€My10 N3 CCTU SHEPIrHUIO 3a CUCT

Yepes fnm Oymem 0003HAUYaTh MOMEHT Bpe-  CHIDKEHMs OTOOPA CETEBOW YHEPTUM B KaXKIbIH I1e-
MEHH /1 YaCOB U /M MUHYT, CUHUTAsl, YTO tnM = tn+10,  puop [t ,t ., ] (0<n < N —1) 10 HEKOTOPOTO UC-
rnen=0,1,... N-1,N=24um=0,1,2,...,. M,

M = 60 KOMO20 YpOBHA U,, KOMIICHCHpYS €€ Hemo0op

dukcupoBaHHas Ul JAHHOTO MPEIIPUATHS max {P(t) —u
GYHKIMS noMuHymHo20 TIOTPEOJIEHUS DHEPrUU  CUCTEMbl HAKOILUICHUS, 3allaCeHHOI paHee, Koria
P: t >A({) Toxke ABNACTCA CTYNEHYATOM C MHTEP-  MakcumyM P(f) 6bu1 Menbiue u, . Takum o6pazom,

0} B mepwon [?,,¢,,,) SHepruei us

nd

' Cm.: Apkruk-3HEpro. [11aHoBBIE Yachl MMKOBOM HAarpy3ku 1o Mecsanam 2022 1. URL: http://www/arctic-energo.ru
(mata oopamenwust: 22.03.2024); DHKOCT. S suepretuk. Kak nepeiiti Ha 00Jiee BHITOAHBINA Tapud 10 3JEKTPOIHSPIHU.
URL.: https://encost.com/publikacii/cenovye-kategorii/ (nara oopamenus: 22.03.2024); O6 ycTaHOBICHHH SAUHBIX (KOT-
JIOBBIX) Tapu(OB HA YCIYTH MO Mepeaade MIEeKTPHIecKoi dHepTruH 1o ceTsM T. Mocksel Ha 2022 1. URL: https://www.
mos.ru/depr/documents/tarifnaia-politika/pa-v-sfere-gosudarstvennogo-regulirovaniya-tarifov/view/263421220/ (nara
obpamienus: 22.03.2024); IIpenenbHble YPOBHH HEPETYIHPYEMBIX IIEH Ha 3JCKTPHUSCKYIO SHEPTHIO (MOIIHOCTH), MO-
craBsgemyto AO «Mocaueprocosi» notpedutensm. C. 2, 30. URL: https://www.mosenergosbyt.ru/legals/tariffs-n-prices/
between-670kW-10MW .php (mata obpamenus: 22.03.2024); Lenossie kateropun. URL: https://encost.com/publikacii/
cenovye-kategorii/ (mata oopamenns: 15.03.2024); HackoapK0 BBIPACTyT TapUQBI Ha SJIEKTPOIHEPTHIO IS IPEATIPHSATHI
B 2024 romy? URL: https://encost.com/publikacii/na-skolko-vyrastut-tarify-na-elektroenergiju-dlya-predpriyatij-v-2024-
godu/ (nara obpammenus: 22.03.2024).

2 CereBble HakonuTenu sHeprun Jlnorex // CeTeBble HakomuTeNu sHeprun. Xapakrepuctuku. URL: https:/www.li-
otech.ru/products/nakopiteli-i-ibp/setevye-nakopiteli-energii-01/ (zara oopamenus: 23.03.2024);

Li-ion mst npennpusituit — NEOSUN Energy // Axkymynsaropasie 6araper NEOSUN — NS48112-S n NS48112-P.
Www.so-ups.ru https://neosun.com/ru/industrial-ess/ (mata odpamenus: 12.03.2024).
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HagIo HaWTH 3HAUCHUS U ,, » 1P KOTOPBIX BEJIMIMHA

S, ompenensemass ¢opmyinoi (1), Oyner MuHU-
ManbHa. Kak MOXHO 3TO chenarb, H3JI0KEHO
HIDKE.

1. MaTemaTtnyeckas nocTaHOBKa 3apaim

3aMeTHM, YTO IOMCK MHHUMyMa TpeOyeMoi
BEJINYMHEI
DH-(2) 23
= Ku,+ KZZ”U + Kymaxg .o U,

n=0

OKBUBAJICHTCH IMOUCKY MHWHHUMYMa q)YHKHI/II/I, JIN-
HEMHO 3aBUCANIENH OT KOMIIOHEHT BEKTOpA

U= Uy, Uy, Uy, ylUyy),

a IMEHHO (pYHKIIMU

23
u—Su)=Ku,+ Kzzun + Ku,, 4)

n=0

IIpHu OTpaHUYCHUAX, 3aJaBACMbIX JIMHEHUHBIMU HE-
PaBE€HCTBaAMH

def
un < u24 = maXSS:SW us ’

n=38,9,...,19,
T.€. HEpaBEHCTBAMU

Ug S Uy Uy Sy, Uy Sy, g S

)

S Uy Uyg Sty

[Tpu 3TOM HEOOXOMMO YUUTHIBATH, YTO CYyM-
MapHOE MOTpeOJIeHHE YHEPTUN HE MOKET MPEBbI-
1aTh OTOUPAEMYIO U3 CETH SHEPTHIO, T.€. JOIKHO
OBITH BBITOJIHEHO HEPABEHCTBO

ZZP@»—<Zu (6)

Kpowme Toro, mpu 3KcITyaTaliui HaKOMUTEIs
JIOJIKHO OBITH BBIIIOJHEHO OIPAHUYEHHE

W <W(@)<w* (7)

Ha eMKOCTb Hakonurtens W (t

n,m

) B MOMEHT

n,m

m
t, =n+ I (n yacoB ¥ m MUHYT), IPEJCTABIICH-

HY10 GOpMYJIOH

t

n,m

(M)Iwm+jgmm—ijm ®)

+
A€ KOHCTAHTHI w 3aaHbl HM3TOTOBUTCIIEM,

a W(0) norpeburenem.
Ilpu stom 0<n<N-I,
0<sm<M-1, M =60.
[TocKONMbKY KyCOYHO-TIOCTOSIHHASE (DYHKIIHS
notpedieHust P 3axaHa nomurymno 3HaYSHUSIMU
P(t,,), a NICKOMBIH nouacoeoi OTOOP SHEPTHH

N=24 u

3)
onpenensercs 3HaueHusiMu J(¢) = u, npu

t, <t<t, =t +1,

rne t=T7/N =1 (ubo B paccMaTpUBacMOM Bpe-
MEHHOM Tiepuojie 7 poBHO NN 4acoB), TO

1

n,

3

P(t)dt j P(t)dt + j P(t)dt =

O ey

n—=1 M-1 1 m—1 1
Pt )—+> Pt )—,
(k"])M JZO (n,])M

k=0 j=0

n m

j O(t)dt jQ(z)dH j O(t)dt =

(7
Ye[W ,W'] na

CMKOCTb HAKOIMUTECIIA IPUHUMACT BUJ

[ostomy ycnosue W(t,,,

n—1
w-< W(O)+Zuk +u, ——

ot ol 1 f 1
P, )—=) P(t, )—<W", (9)
=0 j=0 M =0 TIM
n—1 -1
rzae A n = 0 OIyCKarTCsl CyMMBI Z=Z
k=0 k=0

Kpome Ttoro, B kaxaplii MOMEHT BpEeMEHH
t= (n 9yacoB ¥ m MUHYT) CKOPOCTb U3MEHEHHUS

ﬂ m
E€MKOCTH HAKOIUTEIIS IMMUTHUPYETCS TTapaMeTPOM
P, >0, a umenno
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~P. <u,-P(t,,)< P,
n=0,1,..,N-1, (10)
m=0,1,...,M -1,

rae napametp P. 3amgaercsd TpeOOBaHUSAMHU K KC-

IyaTauuud Hakomutens, a N =24 (B cyTkax
24 gaca) u M = 60 (B oqHoM yace 60 MUHYT).

Takum obOpazom, moiydaeM 3ajiady JTUHEH-
HOro mporpammupoBanus [13] o MUHUMHBAITUH
dhyHKIIHA

) 23
S:u—Su)=Ku, +Kzzun +Ku,,,

n=0
JIMHEHHO 3aBUCSIICH OT KOMIIOHEHT BEKTOPa
U= (Ups Uy, Uy oy Uy Uy ),

KOTOPLIC TMMOJYUHCHBI JIMHEWHBIM HEPABCHCTBaAM
(5), (6), (9) m (10). OTH HEpaBEeHCTBA 33aI0T B 25-
MEepHOM IIPOCTPAaHCTBE R> BEKTOPOB 1 BHIMYKJIbIH
MHOT'OTPAHHUK, B OJJHOW U3 BEPLUIMH KOTOPOTO JIH-
HeiiHass (YHKIUS JOCTHraeT HMCKOMOIO MHHHU-
MaJbHOTO 3Ha4YeHHs. OHO MOXKET OBITh Hai/IeHO,
HaIpuMep, ¢ TIOMOIIBIO MPOrPAMMHOTO MaKeTa’.

P, xBr/kW

A
8000

6000

4000

2000

Puc. 1. NoyacoBoe notpebneHue
M C T 0OYHMUK: BbINONHEHO
A.C. lemnposbim, A.C. KouypoBbiM
Figure 1. Hourly consumption
Source: made by A.S. Demidov, A.S. Kochurov

» ¢, yac/h

2. YncneHHble pe3ynbTaThl

Ha puc. 1 npencTaBieHsl nouacogule TaHHbBIE
P(¢,) nuHamuKu NOTpeOIEHUS OJHOTO U3 Ipej-

npusTHil. JlnarpamMa no4acoBoii omarel 3a 0TOu-
paemyro U3 ceTu sHepruto no Tapudy (puc. 2),
COOTBETCTBYIOIIEMY KO3 dummentam [5; 6]

Ki1=45y.e./kBt/y,
K>=2y.e/xBt/y,
K3=45,8 y.e./xBt/4

TI03BOJIAET HAM MPEATIOIOKHTE, YTO ¢ HACTYILIE-
HUEM CTaOMIIM3aIMK OIUIATHI 32 OTOUPAEMYIO W3
CETH SHEPTHIO MOCJIE 3aBEPIIEHNS aKTUBHOMN (pasbl
ee moTpebieHus I0DKHA Hadathes (asa mojsa-
PAJIKK CUCTEMBI HAKOIUIEHUS. DTO «(DH3UYECKOM
CTPOTOCTHY» TIPEITONIOKEHNE B IIEIOM COOTBET-
CTBYET CTPOrO0 MATEMATHYECKH OOOCHOBAHHBIM
YUCJIEHHO TOJYYEHHBIM 3HAYEHHAM (DYHKIHH
Q:t = O(t) nouacosozo orbopa CceTeBOM 3HEP-

THH, KOTOPBIC TIPEICTABJICHBI HA PHC. 3 JUIS CIICTy-
IOIUX YUCIIOBBIX 3HAUCHUH [3; 4]:

W~ =229,2 kBr/u, P.=2292 kBr,
W*=12292 xBr/4, W(0) = 229,2 kBt/u.

Ss=
265

S1=185

S»=281
17 18 19 24

Puc. 2. lnarpamma novacoBow onnatel S+ S,+ S;
M C T 0 YH U K: BbINOJIHEHO
A.C. lemnposbim, A.C. KouypoBbiM
Figure 2. Hourly payment diagram S, + S,+ S,
Source: made by A.S. Demidov, A.S. Kochurov

3 Linear Program Solver (LiPS) — GecIuIaTHbIi ONTUMHU3AMAOHHBIN MAKET, IPEIHA3HAYCHHBINA I PEMIEHAS 3a1a4
JIMHEHHOTO, LIEIOYUCIIEHHOTO U 11eeBoro nporpammupoBanus. URL: https://linexp.ru/mathematic-modeling-algorithms/

lipside.html (naTa obpamenus: 12.03.2024).
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0, kBT/KW
A

8000

6000

I

4000

2000

» t,4ac/h

5 10

15 20

Puc. 3. lNoyacoBo 0TOOP SHEPrM U3 CETU NPU HANNYUN HAKONUTENS
M cT04HuKK: BoinonHeHo A.C. lemuaoBbiM, A.C. KouypoBbiM
Figure 3. Hourly extraction of energy from the network in the presence of a battery
Source: made by A.S. Demidov, A.S. Kochurov

CyMMmBbI
SB1=288336, SB2= 281181, Bs =370583,
SB = SB1+ SB2+ SB3 =940 100

B YCJIOBHBIX €IMHHIIAX, COOTBETCTBYIOIIHE PEXKUMY
notpebsieHus 6e3 aKKyMyJIsITOpa, OIIYTUMO BBITIIE
(12 22 %) cymm

S1=185196, $2= SB>= 281 181,
$3=265 609, S =851+ 5>+ 8§3= 731 986,

COOTBETCTBYIOUINX PEXUMY IOTPEOJICHUS C HC-
M0JIb30BAaHUEM HAKOIIUTEISL.

3ameuyanmue 2. I137105k€HHBII QJITOPUTM pelLIe-
HUSI UICXOJTHOM 3aJ]auu MPEATONAraeT, 4YTo alpruopu
u3BecTHA QYHKIUSA P Ui JaHHOTO BPEMEHHOTO
nepuona 7, B KadyecTBE KOTOPOTO BBIIIE ObUIH
B3sTHI 24 yaca. Ecniu Takas anpuopnas nndopma-
LIUsSI OTCYTCTBYET, TO MOXHO, Kak M B CiIy4yae C
MIPOTHO30M IMOTOJIbl, ClIeJaTh OPUEHTUPOBOUYHBIE
OIIEHKU Ha CJIETyIOUIUH JIeHb, UCIIONb3Ys JaHHBIE
«METEOCTaHIIM B BUJIE CIIyYalHBIX €-BO3MYILlE-
HUM, 100aBJIAIONINX CITy4aifHbIM 00pa3oM K QyHK-
uun P ogHo u3 Tpex 3HaueHuit —¢, 0, +€. Ecnu
npu 3ToM GyHKIHS (J, COOTBETCTBYIOIIASI 3TOMY
€-BO3MYIICHHUIO, OYIET «Majo» OTIUYATHCS OT HE-
BO3MYIIEHHOM, TO MOXHO TpeJIonaraTb, 4To Ha
cnenyromuid neHb GyHkius ( TMOYTH HE U3Me-
HUTCSI.

B kauectBe mpumepa ObUIM B3SITHI «METEO-
CTaHIIMM» Ha IBYX BPEMEHHBIX y4aCTKax ¢ alpuo-
pu Hamboyiee HEMPEICKa3yeMO «IOToI0i» IMOT-
pebiieHus Hepruu. B utore OBIIM MPOCYUTAHBI
9 = 3”2 ciyyaiiHbIX U3MEHEHUH OTpeOIeHUs FHEP-

UM, TaKUX, 4TO |P€-"—P|/PS0,05, j=1,2.

Ecnu cunrath, 9T0 TaKMMHU HanboJiee HeTpecKa-
3yeMbIMHU BPEMEHHBIMH Y4YaCTKaMH SIBISIIOTCS
t1=8u =12, To, KaKk OKa3aJI0Ch, COOTBETCTBYIO-
I[UEe CyMMbI HE3HAYUTEIBHO U3MEHWINCH OT MIPH-
BeaeHHo# Beimie S = 731 986. A uMeHHO OHU JIJIA
HNPOCYUTAHHBIX 9 = 3”2 ciryyaeB ObLIM TaKOBBI:

736 266, 738 471,
max = 756 249, 752 379, 728 867,
min = 708 296, 733 733, 720 571, 740 248.

3akoyeHume

1. Bomrae oueBHAHOM ABISCTCS M CHU3UTD
TUIaTy 3a MOTPEOIsIeMbIE PECYpPCHI B YCIOBUSX TT0-
BBINIIEHHOW Tapu()HOM TUIATHI B IEPHOBI ITMKOBBIX
notpedseHni. 11t 3Toro HeoOX0IMMO TTOTTBITATHCS
pa3yMHO HCIIOJIb30BaTh HAKOTUTEH (XPaHIITHINA)
pecypcoB, U3 KOTOPBIX MOKHO YepIiaTh Pecypchl
B TICPUOJIBI BBHICOKHMX Tapu(OB OIUIATHI, a TOT/A,
KOTJ1a MOTPEOHOCTh B HUX CHIDKAETCS M, COOTBET-
CTBEHHO, HU3KH TapH (bl OTUIATHI, TIOMOJTHATH Xpa-
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HWINIIA pecypcamu. B paboTe nmoka3zana BO3MOX-
HOCTh MUHUMM3ALMH OIUIAThI ¥ IPEACTABIIEH MPO-
CTOM METOJI peAIM3alNK 3TON BO3MOKHOCTH. [1o-
Ka3aHO, KaK Takas 3a/1a4a MUHUMHU3ALH CBOJIUTCS
K CTaHJAPTHOW 3aJ1aue JIMHEWHOTO MPOTPaMMHUPO-
BaHUS.

2. Xors B paboTe mpobieMa MUHUMH3ALUU
AILTFOCTPHUPYETCS JIMIIE Ha IPUMEPE IMPOMBIIIUIEH-
HOTO TOTPEOICHUS CeTEBOM AIIEKTPOIHEPTUH, O~
HaKO NPEIJIOKEHHBI METOJ MUHHUMH3ALUU MO-
XKeT OBITh IPUMEHEH BO MHOTHX JIPyTUX 00J1acTsX,
r7ie UMEIOTCS MMKOBBIE HArPY3KU KaK Pa3iuvHbIX
MaTepUaIIbHBIX, TaK U BPEMEHHBIX PECYPCOB, Ha-
MpUMEp TPHU paclpeiesieHUd BPEMEHU B CyIep-
KOMITbIOTEPAX.
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TouHble N YacTHble peLwieHus B popme BbiNyKIibiX YeTbIPEeXyrosibHUKOB,
B3aUMOAENCTBYIOLLMX MO 3aKOHY YeTbIpex Ten

DX

1O.B. Ilepenenxkuna

Bceepoccuiickuii HHCTUTYT Hay4HOH 1 TexHuuyeckoil unpopmanuu PAH, Mockea, Poccus
< amadeycity@yandex.com

I/ICTOPHH CTAaTbH AH]—[OTaHI/lﬂ. I[OKaSaHO CymCCTBOBAHUC TOYHBIX YaCTHBIX pCIHeHI/Iﬁ B

TocTynuna B peaakuuo: 22 mapra 2024 . (hopMe BBIYKJIBIX YETHIPEXYTOJBHUKOB B OOIEH 3a/1a4ye YeThIpex Tell,

Hopa6orana: 8 urons 2024 . B3aUMOJICICTBYIOIIMX 110 MPOM3BOJIBHOMY 3aKOHY ~ 1/7", tae k > 2.
IpunsTa k nyonukanuu: 22 uioas 2024 r. 18 kaXgoro GUKCHPOBAHHOTO k > 2 HalWJIEHBI pacCTOSHUA MEXIY Te-
JJaMHU U COOTBETCTBYIOMIUEC UM COBOKYIMHOCTH YCTBIPEX MacCC, ONIpCaCIIs-
3asBiaeHHe 0 KOH(INKTE HHTEPECOB IOIIMX YacTHBIE pelIeHu: B hopMe KBajapara, poM0a, AeIbTOUAa U Tpa-
nenuu. Ha ocHOBe MeTo10710rMM paboT KIIaCCHKOB BBIBEACHBI YPaBHEHHMS
JIBIDKEHHS B IepeMeHHBIX Payca — JlsmyHoBa B 00mieit 3agaue yeTsipex
TeJI, B3aUMO/ICHCTBYIOIIUX 110 COBEPIICHHO NPOU3BOJILHOMY 3aKOHY, KaK
3TO MMEJO0 MECTO IPH JI0Ka3aTeNbCTBE JlarmmacoM CyIiecTBOBAaHHS TOU-
HBIX YaCTHBIX TPEYTOJBHBIX PELICHUH 00IIeH 3a/1aun TpeX Tel C IPOU3-
BOJIbHBIMH MaccamH. [IpuBeneHo oObscHeHME MpPOOIEMBI CyNIECTBOBA-
HUSI JAHHOTO TUIIA PEIeHHH, 00yCIOBIEHHOH, B 4aCTHOCTH, 00JIee CIOXK-
HOW IeOMETpPUEN YEThIPEXYTONbHBIX PELICHUN 10 CPaBHEHUIO C Tpe-
YTOJIBHBIMH, CYIIECTBOBAaHHE KOTOPBIX JOKa3aHO B OOLIEH 3agaue Tpex
TeJI KJIacCUKaMu HeOeCHOW MEeXaHHKHU. Bricka3biBaeTCst IpeIosIoKeHue,
YTO €CJIM MPOHU3BOJIBHOCTh 3aKOHA B3aUMO/ICHCTBUSI HECKOJIBKO OrpaHu-
YUTh, MO’KHO YHCJIIEHHBIMHM METO/IaMH JIOKa3aTh CYIIECTBOBAHNUE TOUHBIX
YacTHBIX PEIICHUH IMPH pa3IM4HBIX (UKCHUPOBAHHBIX 3HAYECHUSX k > 2
Y HEpPaBHBIX 3HAYEHUSX MacC YEThIPEX Tell.

ABTOp 3asBIISET 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

KiroueBble c1oBa: HeOecHas MEXaHHUKa, 3a/laya YeThIpeX Tel, HepeMeH-
Hble Payca — JlanmyHOBa, 4acTHBIE pELICHMs, 3aKOHBI B3aUMOJEHCTBU,
OTPaHUYCHHBIC 3a/1a4U
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Abstract. We prove the existence of exact partial solutions in the form of convex
quadrilaterals in the general problem of four bodies mutually acting according
to an arbitrary law ~ 1/ 7", where k> 2. For each fixed k£ > 2 the distances between
the bodies and their corresponding sets of four masses are found, which determine
private solutions in the form of square, rhombus, deltoid and trapezoid. On the
basis of the methodology of classical works the equations of motion in Raus —
Lyapunov variables in the general problem of four bodies interacting according to
a completely arbitrary law are derived, as it took place when Laplace proved the
existence of exact partial triangular solutions of the general problem of three bod-
ies with arbitrary masses. An explanation of the problem of existence of this type
of solutions is given, due, in particular, to the more complicated geometry
of quadrangular solutions in comparison with triangular ones, the existence of
which is proved in the general three-body problem by the classics of celestial me-
chanics. It is suggested that if the arbitrariness of the interaction law is some-
what restricted, it is possible to prove by numerical methods the existence of exact
partial solutions at different fixed values & > 2 and unequal values of the masses
of the four bodies.

Keywords: celestial mechanics, four-body problem, Raus — Lyapunov variables,
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(JrTarpaH)XeBbIX) M MPSIMOJIMHENHBIX (SHJIEPOBBIX).
Mosxe Jlanac® qokasai, 4TO U MPAMOYTONbHBIE
U TPEYroJbHBIC PEIICHUS B ITOH 3amaye Cylie-

BBepeHue

Knaccuku HeGecHOM MeXaHWKH, B YaCTHOCTH
J1. Ditnep' u k. Jlarpamsk®, 10Ka3any CyIecTBo-
BaHME B HEMHTETpUpyeMoil 0011ielt 3a1aue Tpex B3a-
UMOJICHCTBYIOIIMX TI0 3aKOHY MpUTshKeHUs Hbro-
TOHA TEJI-TOYEK (TO €CTh B €€ KJIaCCHYEeCKOM BapH-
aHTE) TOYHBIX YACTHBIX PEHICHUH — TPEyTOIbHBIX

CTBYIOT HE TOJIBKO B KJIACCUYECKOM CITy4ae HbIOTO-
HOBCKOT'O TIPUTSDKEHUS, HO U MPH MPOU3BOJIBLHOM
3aKOHE B3aMMOJICHCTBUS, 3aBUCSILEM KpOMe Macc
T€J JIMIIb OT PAaCCTOSHUN MEXAy TelnamH (ToY-
kamu). [loaToMy TpeyrojbHble pelIeHus 3a1adu
TpeX Tell B Cllydae OTIMYMUS 3aKOHA B3auMOJIEH-

! Evlero L. Formvlae Generales Pro Translatione Qvacvngqve Corporvm Rigidorvm // Novi Commentarii Academiae

Scientiarum Imperialis Petropolitanae pro Anno MDCCLXXYV. 1760. Vol. XX. P. 189-207. URL: http://www.17century
maths.com/contents/euler/e478tr.pdf (accessed: 12.03.2024).

2 Lagrange J.-L. Essai sur le probléme des trois corps // Oeuvres de Lagrange. Gauthier-Villars. 1772. Vol. 6 (II).
P. 229-334. URL: https://gallica.bnf.fr/ark:/12148/bpt6k229225j/f231.image.r=Oeuvres+de+Lagrange.langFR (accessed:
12.03.2024).

3 Laplas P.S. Traite de Mecanique celeste. Paris, 1805. Vol. 4. P.307-313. URL: https://archive.org/details/
traitdemcaniO1lapl/page/n7/mode/2up (accessed: 15.03.2024).
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CTBUSI OT HBIOTOHOBCKOTO HA3bIBAIOTCS TAKXKE JIaIl-
JIACOBBIM.

Urto kacaercst mpobOIeMbl YCTOWYNBOCTH BbI-
MIEYTIOMSIHY THIX PEIIEHUH, TO €€ PEeIIeHUEM 3aHu-
MaJicsi He TOJIBKO cam Jlarmac, Ho ¥ HECKOIBKO IO~
clemoBaTeNiei dTOW TeopwuH, Hanboliee H3BECT-
HBIMH U3 KOTOpBIX ObuTH JInyBwuis [ 1] u Payc [2].
[TocnenHuii BHEC B TCOPUIO HAMOOJIBIITNI BKJIA C
TOYKH 3PCHHS MaTreMaThdeckor Qopmanuzanuu
3aJa4M, 00OOIMB KPUTEpUN YCTOMUUBOCTU Tpe-
YIOIbHBIX PELICHHH B 3a1a4e Tpex Ten M ,m,m’,

JUIS 3aKOHA MPUTSHKEHUS MPONOPLUUOHAIBHOTO
1/7*, pacCMOTPEHHOTO paHee Ha Cilydai 3aKoHa

B3aUMOJICHCTBUSI, MPOMOPLUHOHAIBHOTO 1/7°.
3aTem, IpU YIPOLIAIOIUX TPEANOI0KEHUAX, YTO
paccMaTpuBaeMbIil TPEYTOJIbHUK MOXKHO TPHHSITh
KaK PaBHOCTOPOHHHMH U YroJl MEXIYy €ro CTopo-
HaMHK ONMU30K K T/3, a Takke cymTas Maccy
M =1 wnenoxswxHoU, Payc BbIBen ypaBHEHUs
JIBHKEHHS JIBYX OCTAIbHBIX T€X m ,m’ OTHOCH-

tenbHO Tena M . B Tpynax Obuto OTMEYEHO, YTO
MpeIOKEHHBIE TIEPEMEHHbBIE U CUCTEMa ypaBHe-
HUH 3a[a4y TpeX Tel UMEIOT 3aMETHBIE IIPEUMy-
IIECTBA TEepel CUCTEMOW YpPaBHEHUW NIBUKEHUA,
3alMChIBAEMON OTHOCHUTENIBHO LIEHTpa Macc CHU-
CTCMHI.

Hanee A.M. JIsmynos [3] pa3Bun meton Pa-
yca, CHSIB YIOMSHYTBIE YIIPOIIAIOIINE IIPEAII0I0-
JKCHUS, HO COXpaHUB IOAXOA K BbBIBOAY CUCTCMbI
YpaBHEHUI IBUKEHUS 1 OCHOBHYIO YacTh 0003Ha-
yeHwuid. [lepeMenHbIe U popMa ypaBHEHUH JIBHIKE-
HUSI OKa3aJIMCh BEChMa yIOOHBIMH, MHOTHMH HC-
II0JIb30BAJIMCh U IOJyYMJIM HA3BAaHUE YpPaBHEHHU
u nepeMeHHbIX JlsmyHoBa win Payca — JldmyHoBa.

B 1960-1970 rr. x mpoGieme 0600meHms
KJIACCUUECKHX 3a/1a4 HeOeCHON MeXaHUKH, M0 KO-
TOPBIMH 3/1€Ch OyyT MOHUMAThCS] BAPUAHTBI, B KO-
TOPBIX HE IMPENIOJAraeTcs BbIIIOJHEHUE TPETheil
AKCMOMBI MEXaHUKHU (1€CTBHE B CUCTEME B3aUMO-
JIEUCTBYIOIINX TEJI HE PaBHO MPOTHUBOACUCTBUIO),
obparmics ["H. Iy6omun [4]. CHagana uM pac-
CMOTpEH CiIyYaii, KorJa Ka)able Be TOUYKHU B3au-
MOJICHCTBYIOT IO 0COOOMY 3aKOHY M MpeArnoiara-
€TCsl, UTO TPEThs aKCMOMa MEXaHUKHU BBITIOJHEHA.
Jloka3aHO, YTO JlarpaHXeBbl PELICHUs B 3a4a4e
TPEX TeJl CYIIECTBYIOT TOJBKO B CIy4yae €IUHOrO
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JUTSL BCEX Tpex Tel (OJHAKO TMPOM3BOJIBHOTO) 3a-
KOHA B3aUMOJICICTBYSI, B TO BPEMsI KaK dMJIEPOBBI
pEIlIeHUsT MOTYT CYIIECTBOBaTh U B CIIydae Tpex
pa3IMYHbIX 32aKOHOB B3aUMOJICHCTBUSI.

Hanee I'H. Jly6omun paccmoTrpen Haubosee
o0t ciryyaid, IpH KOTOPOM JIEUCTBYIOIIUE MEXKTY
TpeMs TeJIaMH CHJIbI ONPENEIISIOTCS IECTBIO MPO-
W3BOJIBHBIMU (DYHKIMSIMU U, TAaKUM 00pa3oMm, Tpe-
ThSl aKCMOMa JAMHAMHUKHU HE CUMTAJIaCh BBHIIIOJIHEH-
HOH. IIpoaHanmm3upoBaHbl pa3IUYHBIE BapHAHTHI
JEHCTBYIOLIMX CHJI M CIIy4aH, KOrJa CUCTEMBI CO-
OTBETCTBYIOILIMX YpaBHEHUI AOMYCKAaIOT YaCTHbIE
peuieHusl.

Onnaxko ¢ xoHna XIX B. Ha4aIMCh IIOUCKHA HO-
BBIX YaCTHBIX PEIIEHUH, MOJOOHBIX YIIOMSIHYTHIM
3MJIEPOBBIM, JIATPaHKEBbIM U JIAIlJIaCOBBIM pelie-
HUSM B 00IIeH 3aa4e Tpex Tei [5—7], a UMeHHO B
o0mmx 3amadax 4-x [8], 5-tm [9-11], ..., n Ten
[12—14]. bbin HaliIeHbI CTPOTHE YACTHBIE pellle-
HUS IIEHTPaATBHBIX KoHpuUryparwmii [15-17]. B me-
PEUYMCIIEHHBIX MYOIMKALUAX UCIOJIBb30BAINChH YPaB-
HEHHS IBKECHUS B OAPUIIEHTPUIECKIX UITH TeJIHO-
[EHTPUYECKUX OTHOCUTEITLHBIX BPAIIAFOIIIUXCS CH-
CcTeMax KOOPAMHAT, YTO SIBJISJIOCH BIIOJHE €CTe-
CTBEHHBIM, U B OOJIBLIIMHCTBE U3 NEPEUHCICHHBIX
myONUKanuid paccMaTpUBaiICs JTUIIb 3aKOH MPUTSI-
xeHus HprotoHa.

1. YpaBHeHus ABMXEeHU S B o0LLeli 3apaye
yeTbipex Ten B popme Payca — JisnyHoBa

Bocnonb3yemcest moaxoaoM M ypaBHEHUSIMHU
Payca — JIsanmyHoBa, HCIIOIb30BaHHBIMU MU B 00-
el 3ajmade tpex ten [2; 3]. YpaBHeHUs U mepe-
MeHHbIe JIsmyHOBa OBUTM BBEICHBI MOCICAHUM B
ero paboTe Mo UCCIIeI0BAHUIO YCTOHUMBOCTH JIall-
JIACOBBIX PEIICHHUI B o0mIei 3amade Tpex Ten (1o
€ro COOCTBEHHOMY YTBEP)KIICHUIO OHU TOJOOHBI
ypaBHEHHSIM U NepeMeHHbIM Payca) u okazamiuch
JIOCTATOYHO YNOOHBIMHU TaK, YTO OHM HCIIOJNIB3Y-
IOTCSI MHOTUMH HCCIIEIOBATEIISIMU 110 CEH JICHb.

Pucynka B paborax Payca E.Jlx. u A.M. Jla-
IIYHOBA HE ObUIO, PAaBHO KaK U B MOCIIEIOBABIINX
3atem uccienoBanusax [ H. [lybommna B 3amade
Tpex Ten [4]. D10, mO-BHIUMOMY, OOBICHSICTCS
HPOCTOTOI COOTBETCTBYIOIIEH reOMETpUN — Tpe-
YTOJBHUK BPAIIAETCS OTHOCUTEIBHO OHO U3 eTo
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BEpLINH (TPH PACCTOSHUS U TpH yria). PHcyHOK
nosiBwiIcs mo3xke B pabdore I.H. lybommHa mo
00001IeHHOM 3a/1a4e TpeX Tedl.

MBp1 06001TMIIM YTIOMSHYThIN PUCYHOK Ha CITy-
Yaii 001Iel 3a1a4n YeThIpex Tel JJs J0Ka3aTelb-
CTBA TEM K€ METOJIOM CYILECTBOBAHUS YK€ YEThI-
pexyroipHbIX pemieHuit (cMm. puc.). HeobOxomm-
MOCTb TAKOI'O PUCYHKA OYEBHJIHA: JUISl ONTUCAHUS
TFEOMETPUH YETBIPEXyTrOolbHUKA TpeOyeTcs yike
6 paccTOsIHMI U 8 yIIIOB.

z
M
A23 2
M, o
P ?, ®
9,
] ry Aqp
Ag
[0 r ,
? X
| ,
M W‘V ry M1
0O,
Q2 y
N

padunyeckasn nuTepnpeTauunsa 3agadm 4 ten
M c T o4Hunk: BbinosHeHO KO.B. MNMepenenknHoi

Graphic visualization of the 4-body problem
Source: compiled by Yu.V. Perepelkina

BBeznem crenyromue 0603HauYeHNS 151 BHYT-

pennux yroB yetbipexyronsauka M M M, M,

y=L(1,n), V=~L(nn),
0, =Z(As,1), (PI =Z(A,A);

?, :4(A1zarz)’ (P’z :L(AB,VZ) ,
(p3 :4(A237A13), (P; ZZ(AB,}%).

3anuieM cucteMy TudQepeHaIbHbIX ypaB-
HEHUI JBWKCHHUS OOIICH 3a7add 4eThIPEX Tel B
¢dopme Payca — JlsmyHoBa.

Bmecto dacto wucmonb3yembix B HeOECHOM
MexaHuKe KoopauHar i, 1 s W, 1, P (Q —

y3€J BOCXOJISIIET0 y3/Ia IUIOCKOCTH OpouT, I —
HAKJIOH TIOCKOCTH OPOUT U & — yroi cOOCTBEH-
HOTO BpAIlleHHs] COOTBETCTBEHHO), OIPEEIISIO-

MIUX TOJIOKEHHE TIOCKOCTH (PUTYPHI (TPEYToib-
HUKa) B HEMOJBMKHBIX OCSIX U MOJOXKeHue ¢u-
Typsl (TpeyroibHUKa) B ee Imiockoctu, A.M. Jls-
MYHOB MPEUIOKUII IPYTYIO CUCTEMY ITePEMEHHBIX,
a mmenno 1,7,Y,0,,0,,0; B koropoi

®=(w,,0,,0;) — BeKTOp YIIOBOIl CKOPO-
ctu Bpamenns Tpudnpa M ENG u ero mpoekium:

®1 —HaoChb M§; @, —HAOCL MM, ®», —Ha
och MG,

Takast 3amMeHa BrosiHE 00BSICHIMA, TOCKOIBKY
KJIIOYEBBIMU YPaBHEHUSIMH B JI0Ka3aTEJIbCTBE CY-
IIECTBOBAaHUS TE€X WM MHBIX YAaCTHBIX pEIICHUN
(cTanMOHApPHBIX PEIICHNI WM LIEHTPAJIbHBIX KOH-
¢burypanmii B Apyroii TEpMHUHOJIOTHH) SIBISIOTCS
YPaBHEHHUs, COAEprKalllle MOMUMO IeoMeTpuye-
CKHUX ITapaMeTPOB COOTBETCTBYIOIIUX PUTYp KBaI-
paThbl YIJIOBBIX CKOPOCTEH BpallleHUsl pajinyC-BeK-
TOPOB TEIl.

Beinuinem koopauHaTel T€1 M, M ,, M , B

ABYX CUCTEMAX KOOpAWHAT:

M, : élzrl’ =0, ¢ =0
M,: &, =rcosy, mn,=rsiny,
6, =0;
M,: & =rcos(yty’),
M; =0 Sin(‘lH'\V’): G; =0; (D
M,: x =a,n, y =a,n, z,=a,n;

M,: x,=a,r,cosy+a,rsiny,
Yy =ay1, COSY + a1, SIny,
Z, = a5, COSY + ayr, siny,
M, xy=a,rcos(y + \If,) +
+ ay,r; sin(yhy),
y; = ayrycos(y + y')+
+ ay,rsin(y+y),
zy =ayrcos(y + ) +
+a,ry sin(yHy). (2)
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VpaBHEHHS IBUKEHUS YETBHIPEX TEII B TEJINO-
LEHTPUIECKON CHCTEME KOOPANHAT (OTHOCUTENFHO

texa M c maccoit m, ) Gepyrest u3 pabor [18; 19].

[IpeoOpasyem ux ¢ y4eToM SIBHBIX 3HaUE€HHI KOOp-
quHaT Ten u reomerpuu (puc. 1). Umetor mecto
CJIE/IYIOIINE COOTHOIICHUS:

Lt m)
h

XX+t 22

1 , 1
= — finyr;| 5 cos(@,+ @) +—5cosy |-
AIZ 7’2

1 1 ,
—fmsr | —-cos @, +r—ZCOS(\|I Ty s
13 3

+f(m0+m2)=

r

X, X, + 1,y + 2,2,

1 , 1
=—fmr, | —-cos @, +r—2cosw -
12 1

1 1 ,
— fm;r, —-COS@P, +—cosy’ |;
13 r

S (m, + m3):

n

XX, + YV + z3Z, +

1 , 1 ,
=—fmry| —-cos @y +—cos(y + ') [—
Al i

1 , 1 ’
—fm,ry| —=-cos(p; + @3)+—cosy |,
23 r

U3 KOTOPBIX MOJIYYUM IepBbie TpHU qupdepeHIu-
aJbHBIX YPaBHEHUS U3 JIEBATH, OMHUCHIBAIOIIUX
JIBIDKCHUE YETBIPEX Te:

d’r f(my,+ m,)
dtzl_rl(mg"'wg):_ (;12 -

1 1
—fm,| —-cos(¢,+ ¢,) + —cosy |-
L B2 )

1 1 ,
— finy| —-cos @, +—cos(y + ) |;
| A3 n
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d*r m,+ m
22_’,2((0/22_’_&)22 :_f( 02 2)_
dt 7

1 , 1
—fm | —-cos@, + —cosy |-
12 1

1 1 ,
—fmy| —-cos(@, + y) + —cosy’ |;
Ay n

d*r S (my+ m,)
ir 1 (0f + o) =~ Orf o

1 ’ 1 ’
—fm, A2 Cos 9 +r—2005(\|/ ) |-
13 1
. . 3)
—fim, | —5-cos(@; + @) +—cosy’|,
23 h
e O = (®,,®,,0,) — yroBas CKOPOCTh Bpallle-

HUS HEU3MEHSIEMOM CHCTCMBI, OHpeﬂeﬂﬂeMOﬁ,

npexe Beero, Touxoit M), nanpasienunem MM, ,

riockocThio uethipexyromsuuka (M MM, M)

nu HpOCKHHCfI, COOTBCTCTBCHHO Ha HAIIPABJICHHUC

MM, , Ha HanpaBieHKe NepeHuKysapa Kk M M,

s mockoct (MMM, M, ), cocrarmsiomee oct-

pbIi yron ¢ Hanpasinenuem M M, , u Ha Hanpas-

JICHUE TEPIEHIUKYIAPa K IUIOCKOCTH YETBIPEX-
YTOJIbHUKA.
Jlns nByX AOpYTrHX YIJIOBBIX CKOpPOCTEH, a

umenno @ =(0,0,00;) u @ =(0,0,0),

HMCIOT MCCTO aHAJIOTUYHBIC TICOMCTPUYCCKUC

onucanus s Hanpasnenuit MM, , M M, coot-

BE€TCTBCHHO, KOTOPBLIC MbI HC ITPUBOAHM. OTMeTuM

Mk, 4T0 0ch M M, BTOpOW CHCTEMBI KOOPIU-

HaT NOBEpHYTa B HAIIPABJICHUU IIPOTUB YaCOBOMU

CTPENKM Ha yron \J OTHOCHTENbHO ocu M M,

IIEpBOM CUCTEMBI KoopamHart, a oce M M, Tpe-

Theil — Ha yron ' orHocutenbHO ocu MM,

BTOPOW CHCTeMbI KoopAuHAT. CBs3b MEXKIY KOM-
[IOHEHTaMH TPEX YIIOBBIX CKOPOCTEH @, ®’, @~

3aj1aeTcs CIeayIONMMH H3BECTHBIMU (POPMYITaMu:
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o, =sin®PsinJ - Q + cosP-J ;
©; =, Cos Y + , siny;
”__ ’ 4 4 3 ’,
®, =, cosy + o, siny’;
®, =cosPsinJ - Q —sind-J;
®, =—0, siny + ®, cos \; “4)
4 ’ . ’ ’ 4
0, =—, siny + o, cosy’;
o, =cosJ-Q + O;
7’ .
0y =0; +
4 ’ ./
0, =0, + .
Janee nomydaem erie mectb AuQQepeHIu-
aJIbHBIX YPaBHEHUI:

1 d(o.r’
_M.F r]o)lcoz —_ —
rnodt

1 . 1 . ,
—fm, _zsm\V_A_zsm((P1+(Pl)

l"2 12

1 . , |
— fim, —2sm(\|1+w)—A—2s1n(|)l ;

K 13

r, dt
1 . 1 . ,
— fin, | — siny ——-sin (@, +¢’) (-
7 A

1 12

1
. Vi .
—fmy| —siny ——-—sinQ, |;

n 23
’7 2
1 d(w2rz) ,
——— - KLow; =0;
r dt
”_ 2
1 d((l)3l"3 ) N4
—— =+ ne, =

7 dt

1 . R T
— fm, | —sin(y + y')— —-sing] | -
h Aj
— fin Lsin '—Lsin( +05) |;
2 rzz b4 A; ¢ TQs5) |5

1 d(@)r) e
——= — ro,on, =0. 5
7'3 dt 3F13 ( )

O6wvenuuenue ypaBaenuit (3) u (5) gaer cu-
CTEMy M3 JEBATH OOBIKHOBEHHBIX AU (depeHIu-
aJIbHBIX ypaBHEHHH, OMMCHIBAIOIINX JBM)KEHHE B
paMKax oOuiel 3aaa4u 4eTbIpex Tell, B3auMOoJeii-
CTBYIOLIMX, BOOOIIIE TOBOPSI, IO 3aKOHY 00paTHbBIX
kBazpatoB. s 000O0IIeHNsT YpaBHEHUI IBHXKe-
HHSI Ha CIy4ail B3aMMOJEHCTBHS TEN IO MPOU3-
BOJIbHOMY 3aKOHY, 3aBUCSIIEMY JIUIIb OT PaccTos-
HUM MeX]y TeJlaMH, HE0OXOIUMO pa3OoUTh KOMIIO-
HEHTHI CHJI B MPAaBBIX YacTsIX ypaBHEHHH Ha JBe
HOAKOMITIOHEHTHI Kakayro. Hanpumep, eciu

finy = > fny (Fy() + Fy (1))
12

2
Toraa
d’y
ar’
+m [Fﬂl(rl)iF‘Zl(A?.l)cos((pl*— (p:)*F;l(ASI)COS‘pl] +
+m, [E)z(’z)cos‘l’_Ez(Alz)Cos((PlJr @)+ F, (A ) cos(p, — ‘V)]+
+ m;y [ Fyy(r)cos(y + y') = F,(A;) cos ¢, = Fyy(A,) cos(p, — ‘V)] =
1d

__t(rlzm3 )+ RO, +myF, (r;) siny —

nd

(@3 + 02) + my [Fy(7) + Fy(r3) 008y + Fyg (1) cos(y + y)] +

—F,(A,)sin(e,+ (P;) +myF(A)sing, =0,
1d

e ) rm,0, =0,

rldt(l 2) 10,03

dzrz n, on

7 =1 (@] +0})+my [Foo (1) + Fy (1) cos y+ Fyy (1) cos y'] +
+m [E)l(rl)COS\V"'Fﬂ(Alz)COS((P,2+‘V)_F;l(A31)COS((P1+‘V)]+

+m, [Fl)z (1) + F,(A))) cos(9y T W) — Fyy (Ay) cos ¢, ] +

+ my [Fbs(”s)cosw,_ﬁs (Au)COS((ler‘V)_Fzs(Azs)COS(Pz] =0,

1 d(oir;
L) ) 00, - fml siny +
r, dt s

| ,
+fm1 A_ZSIH((P2+ (Pz)_

12

1 .
—ﬁn3 —siny’+ fin,—-sing, =0,
3 13
1 d(olr
Laorn) 00, =0,
rnoodt
dzr

rs((ﬂz + o] )+m0[ Fo(ry)+m Fy () cos(y + y') + 2(J(r7)005‘|’]+

+m [ (1) cos(y + ‘l/) —F, (A,)cos(p, + ‘l/) —F(A;)cos (P;] +
G )COS((P’z + ‘V,) = F,(A,;)cos(p,+ (P; )] +
+ my [E)z (1) + F5(A;) cos @ + Fy (Ay;) cos(p,+ ¢ )] =0,

dZ

+m,[Fy(r,)cosy, + F,
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——(Ko))-row, =0,
p G
L) | o in LosinGy + )+
r I
1 .
+fm1A_2$m(P1 fmz Sm(q)z \V)_
13
_fmz 7-sing, =0. (6)

23

B cnydae o,=0,=0, O;=0+y (U3 cooT-
HomeHuit (5) ciuexyer
’__ ’ ”_ ”__ 0
0=0,=0,=0,=V,
’r_ .
W, =0;=0+y
U BpalleHHe OCYIIECTBISETCS JUIIb B MIIOCKOCTH
¢burypsl) cucreMa ypaBHEHH (6) YIIPOCTUTCS:

d’y
ar
+ml|:FZ)l r]

—ho +mo[ )+1720(V2)C°S‘V+F;0(’3)C°5(\V*‘V,)]"'
)= Foi (A1) cos (0, ¢7) = F; (A )COS(Pl]"'
,(Ay)cos(o, — :|+

+mz|:Fn3(r3)COS(‘V*‘I’)_FM(AG)COS‘P]_sz( zz cos (Pz ] 0,

1d,,
7, dt

1

+m, |:FUz (ry)cosy—F, (A,)cos(¢,+ ¢7)+F

)+ m,Fyy () siny —

—F,(A,,)sin(o, +(P;) +myF5(A;)sing, =0,

2

r 7’
L [Fy )+ F () cosy 4y () cosyJ+
+m [F;)l(ﬁ)COS‘V+}721(A12)COS ((PIZJFW)_F}1(A31)COS((P1+‘~V)]+

+ m, [E)z(rz)+F{2(A12)COS((P;+\|/)_F}z(Azs)cos‘Pz] +

+ my I:EB(}@)COS\U'—E} (A13)COS((P1+‘V)_Bz(A23)COS@2] =0,

1 d(

r, dt
—m F,(A,)sin(o,+ (P;)"'

)= m Fy (7)siny -

. . 4

+ myFy, (Ayy)sin g, —my Fry (1) siny” = 0. (7)
Ha ocHOBaHMM aHaTUTHYECKUX PACUETOB

MOYKHO TIPEAIONAararh, YT0 €CIIU MPOU3BOILHOCTD

3aKOHa B3aHMMOJICHCTBHS HECKOIBKO OIPaHUYHTH,

HampUMep, BMECTO MPOU3BOJILHOU (QYHKIUH pac-
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crosanit F(r) B3aTs Gynkumo F(r)~1//, k > 2,
TO MOYKHO YHCIICHHBIMU METOJAMH JI0Ka3aTh CyIle-
CTBOBAaHHME TOYHBIX YAaCTHBIX PCLICHHH MpPHU pa3-
JUYHBIX (PUKCUPOBAHHBIX 3HAYCHUSX k > 2 U (UK-
CHUPOBaHHBIX HEPABHBIX 3HAYCHHUSAX MACC YETHIPEX
Ted.

3aknioyeHve

CdopmymupoBaHa o01mias 3a1aqa 9eThIpex T
B nepeMeHHbIX Payca — JlanyHoBa. BriBeneHbl
OJTHOMMEHHBIE YPaBHEHHUsI JIBUKEHUS B IIPEIIOINO-
KEHHUH B3aUMOJICHCTBUS TEJ 10 COBEPLIEHHO MPO-
W3BOJIBHOMY 3aBUCSIIEMY, KPOME Macc Tell, JHUILb
OT PAacCTOSHUM MEXIy Tenamu 3akoHy. [lomyden
o0l B ypaBHEHHUH ABMKEHUS YETHIPEX TEll,
PAacHoOJIOKEHHBIX B BEPILIMHAX BBIIYKIOTO YEThI-
PEXYTOJNIbHUKA, U MX YAaCTHBIA BHJI, BHIBEJICHHBIM
JUTSL CTy4asi KBaJAPaTHON KOH(UTYpAIHH.
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OU,eHKa npPuMeHMMOCTN N Warn BHegpeHnd metToaa «lWecTb curm»
B CUCTeMy MeHeKMeHTa Ka4yecTBa aaoANTUBHOIo npomn3dsoacTtea

N.C. Kymnup ™™, A.IL. Angpuiuna®, T.A. JleBuna

MockoBckui NOIUTEXHUUECKUH yHUBepcuTeT, Mockea, Poccus
D} kushnlr_ivan@mail.ru

HcTtopus cratbn AnnoTaums. HecmoTps Ha noBcemecTHOe BHeApeHue 3D-neyatu Ha Ma-
TMocTynuia B peakuuio: 6 Mapra 2024 r. LIIMHOCTPOUTENBHBIX TPOM3BOICTBaX B pamkax uayctpuu 4.0, kauecTBo
JlopaGoTana: 23 uroms 2024 . M3TOTOBIICHHOH MPOAYKINHU HAa JaHHBIH MOMEHT TpeOyeT periiaMeHTaluu
1 YCOBEPIICHCTBOBAHMA. 111 yMEHBIIEHNS 00BeMOB Opaka W MMOBBIIICHHUS
OTKa30yCTOHYMBOCTH MPOYKTA, YIIyUIICHUS COCTOSHHS Paboyero Mecra,
y100CTBa TPYAa, yueTa TOTOBBIX H3JENIUi U JPYTHX HEMaJOBAXKHbBIX (hak-
TOpPOB Ka4€CTBEHHOTO IIPOU3BOCTBECHHOTO IHKJIA CYIIECTBYET TOCTATOU-
HOE YHCJIO METO/IOB U MPAKTHK, MPHUMEHSIEMBIX BO MHOTHX c(epax (aBTo-
MOOWIIbHAS, MAITUHOCTPOEHHUE, DHEPreTHKa U T.1.). OUH U3 dTUX METO-
o — DMAIC (OMACK), npearionararonwii BHSIPEHUE B TEXHOJIOTHYE-
CKyI0 cepy YIpaBICHUs] KAYeCTBOM MPOIYKIMU AAUTHBHOTO MPOHU3BOI-
CTBa METO/a 6 CHI'M C IIEJIBIO MOBBIIICHHUS €€ KaueCTBa HA TAHHBIX MPEAIPH-
sTustx. LK «onpeaennTs — U3MEepHTh — aHATU3HUPOBATH — YITyUIIUTh —
KOHTPOJIb)» UCIIONB3YETCsl aBTOPOM B KOHTEKCTE IAHHOTO UCCIICIOBAHMUS TS
HpOBe[leHI/DI aHaJIn3a BOSMO)I(HOﬁ ONITUMMH3ALINN HpOI/I3B0}ICTBeHHI)IX npoue—
IIyp Ha TPENPUATHAX aJAUTUBHOTO MIPOU3BOACTBA METOJIOM CEJIEKTUBHOTO
nazepHoro masieHus (SLM). AHaimm3 mpon3BOICTBEHHBIX MIPAKTHK H TIPE-
JIOKCHHUA 110 ynyl{meHmo KauyeCTBa U3T OTOB.]'IeHHOfl HpOI[yKLII/Il/I, OCHOBAH-
ueie Ha Metoge OMACK, mo3BOJISIOT YCOBEPIICHCTBOBATh HBIHEIITHHE TIPO-
LIECCHI a[IUTUBHOTO MPOU3BOACTBA Ha KPYITHBIX TEXHOJIIOTUIECKHX IIPEATIPH-
SITUSIX M CMOTYT TTOJIO’KUTEITHHO MOBJIUSATE Ha KAYECTBEHHBIC XapaKTePUCTHKA
m3nenuid. C MOMOIIBI0 TEXHOJIOIMYECKOTO TOAX0/1a Ha OCHOBAHHHM ITHUKJIA
DFSS, 6nmaromapsi nprMeHEHHIO TOCIEOBATENHHO KAXIOTO U3 IIIaroB, BO3-
MOXHO 3 ()EeKTHBHOE N3MEHEHHUE B TIOJIOKUTEIFHYIO CTOPOHY KAauecTBa KaK
CaMoro Mporecca MPOU3BOJCTBA: BBIPACTACT TOYHOCTh M3rOTOBJICHHS HA
Ka)KJJOM 3Tarle, MpoIecc MOASPHU3UPYETCS C KaKIHIM HOBBIM IIMKJIOM Ha OC-
HOBE TIPEIBITYIIHX PE3YJILTaTOB, TAK U TOTOBOW MPOYKIMU: YMCHBIIIACTCS
KOJIMYECTBO OpaKa, YITydIarTCsS MEXaHMICCKHUE XaPAKTEPUCTUKH H3ICIIHIA.

[punsra k my6mukammu: 30 urons 2024 r.

3asiBiIeHHE 0 KOH([)J'[I/IKTC HHTEpPECOB

ABTOPBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(DIUKTa HHTEPECOB.

KiaioueBble ciioBa: AJJAUTUBHBIC TCXHOJIOTUH, YHPABJICHHUE Ka4C€CTBOM,
I/ICKyCCTBCHHHﬁ WHTEIJUIEKT, MU TAIIMOHHOE MOJICTITNPOBAHNE
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Abstract. Despite the widespread introduction of 3D printing in machine-building
industries within the framework of Industry 4.0, the quality of manufactured
products currently requires regulation and improvement. To reduce the volume of
defects and increase the fault tolerance of the product, improve the condition of the
workplace, work convenience, accounting for finished products and other important
factors of the high-quality production cycle, there are a sufficient number of
methods and practices used in many fields (automotive, mechanical engineering,
energy, etc.). One of these methods is DMAIC, which involves the introduction
of the 6 sigma method into the technological sphere of additive manufacturing
product quality management in order to improve its quality at these enterprises.
The “define-measure-analyze-improve-control” cycle is used by the author in the
context of this study to analyze the possible optimization of production procedures
at additive manufacturing enterprises by selective laser melting (SLM). The analysis
of production practices and suggestions for improving the quality of manufactured
products, based on the DMAIC, method, will improve the current additive manu-
facturing processes at large technological enterprises and will be able to positively
affect the quality characteristics of products. With the help of a technological
approach based on the DFSS cycle, through the application of each step sequentially,
an effective change in the positive side of quality as the production process itself is
possible: the manufacturing accuracy increases at each stage, the process is
modernized with each new cycle, based on previous results; as well as finished
products: the number of defects decreases, the mechanical characteristics of products
improve.

Keywords: additive technologies, quality management, artificial intelligence,
simulation modeling
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BBepeHue

Buenpenue agnutusHOro ponssoactsa (All)
Kak Ipoliecca B HaIlly KU3Hb IIPOU3BEIIO PEBOJIIO-
IIMI0 BO MHOT'MX CHCTEMax IPOM3BOJCTBA KakK B
HNPEANPHUATUSAX, TaK U IPU CO3AaHUU MEJIKOCEepHii-
HBIX JleTaneil g (yHIaMeHTaIbHBIX OTpaciei.
Co3nanue HOBBIX MPOIYKTOB, CUCTEM M Ipolec-
COB Ha MPOU3BOJICTBAX IOJpPa3yMeBaeT yIpaBie-
HUE MX Ka4eCTBOM KakK KIIHOUeBOW (akTop s
(GbopMHpOBaHUs perIaMEHTalluU JUIsl BBIXOIHOTO
U3/1eNHs, a TAKOKe PabOThI IPeAPUATHS — OT IPO-
M3BOJICTBA JI0 LIEMOYKH 1T0CcTaBOK. OCHOBHAs 0CO-
OEHHOCTB, KoTopyto npemiaraeT All, 3akmodaercs
B BBICOKOW THOKOCTH JM3aifHa W pacHIMpEeHHOU
(YHKIHMOHAIBHOCTH, IPU YCIIOBUU COKPAIEHHOTO
BpPEMEHH BBITIOJTHEHUS paboThl Haja aetanbio. [un-
pOKOE TPUMEHEHHUE AJTUTHBHOTO IPOU3BOJCTBA
OTPaHUYEHO M3-32 TEXHUYECKUX Mpo0IIeM, CBSI3aH-
HBIX C yIIPaBJIE€HUEM KauecTBOM npouecca. [is uz-
MeHeHHui B otpacyi All MBI ipeutaraeM UCIOJb-
30BaHUE METO/A IecTh curM (6S), KOTOPHI Tpo-
JIEeMOHCTPHPOBAJ POPHIBHOM 3 dekT B Tpaauiu-
OHHBIX NPOU3BOJCTBEHHBIX OTPACIAX, HAIIPUMEP
B IOJIYIIPOBOAHMKOBON M aBTOMOOUIIBHOM Mpo-
MBIIIUIEHHOCTH [ 1], Onaromapst msTy 1maraMm MeTo-
nonorur DMAIC, Bxitrouatoiero B ce0s onpese-
JIeHWe, U3MEpEeHNne, aHAIIN3, YITyqIlIeHHe U KOHTPOJIb,
KOTOpO€ U siBisieTcss ocHoBoW aist 6S. Tlo mHe-
Huto Giovanni Condé u ap. [2], «...KoHUenmus Oe-
PEXITUBOTO MPOU3BOACTBA ,,IIECTh CUTM™ CUUTA-
eTcsl ONHUM U3 Hanbosee 3 (HEeKTUBHBIX MOJIXO0-
J0B K TpaHcdopmMalui. B nmpoekre, onucaHHOM B
9TOM HCCIIEI0BAaHNH, HCTIOIBb30BATIACH METOIOIOT S
DMAIC n1s n3y4enus nepBoNpHIUH JePEKTOB, a
TaKXe Mpe;yIarajiuch peleH s o UX yCTPaHEHUIO
JUI TOCTHXKEHUS LIENH MPOEKTa, OPUEHTHPOBAH-
HOM Ha COKpalleHne 1e(QeKToB B MPoIeccax JIUThs
IO/l JIaBJIEHUEM AaJIOMHHHUEBBIX aBTOMOOMIIBHBIX
neraneil u MexaHndeckoil 00paboTku. Vcnonbs3ys
metononoruio DMAIC, komanna pa3paboTuHKOB
JIOCTUIJIA LIEJIU [IPOEKTa...». B KoHTeKkcTe anauTiB-
HOTO IIPOM3BOJICTBA COCPEIOTOYEHHOE HCIIOJIB30-
BaHME JAHHOW METOIOJIOTUU M3 BCEBO3MOXHBIX
CHCTEM YIpAaBJICHUS Kaue€CTBOM OTCYTCTBYET, He-
CMOTpsI YCIIEIIHOE BHEIPEHHE METOAa B YCTOSB-
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MHAXCs OTpacisax (TPOU3BOICTBO, 3APaBOOXpaHE-
HUE, JIOTUCTUKA U T. 1.). OJHUMH U3 TIEPBBIX, KTO
OTIHCAJT IPUMEP BHENIPEHHUS 6 CUTM KadeCcTBa, ObLTH
R.R. Delgadillo, K. Medini, T. Wuest [3]. bsuu
MPUBEICHBI CTPYKTYypa W IIaru peann3aiuu Me-
TO/la Ha OCHOBE aJJIMTHBHOTO NMPOW3BOJCTBA U
OTIMICaHa MpaKTHKa MPUMEHEHHUS Ha MpUMepe, To-
Ka3aBIlleM, YTO ISl CO3/IaHMs TIOOOHBIX PeIICHHIA
HeoOXOoMMa KOMaH/1a aHATMTUKOB U COTPYIHUKOB
BBICIIIETO 3BeHa. Ha ocHOBaHWMM aHaimM3a STHX U
MHOTHX JPyTUX UCTOYHUKOB B JJAHHOH CTaThe T0-
cTapaeMcsi ONHCaTh OCHOBHBIC IIard BHEIPEHUS
Meroma 6 curm B 3D-mevaru, pyKOBOJICTBYSCH
TaK)Xe OTMBITOM WHOCTPAHHBIX KOMITAHUW 3 JPY-
TUX cdep MPONU3BOICTBA.

1. MeTop «LLlecTb cUrmMm» 1 ero npumMmeHeHune
B aAAUTUBHbIX TEXHOJNIOMUSX

[IpenarcTBueM 1S IUPOKOTO MPUMEHEHUS
TexHosioruu All B IpOMBIIIJIEHHOCTH SBISIOTCS
TEXHUYECKHE MPOOIEMBI B YIIPABICHUH Ka4ECTBOM.
Hanpumep, cioxHbIE U TPYZHO MOIEIHPYEMbIE
TEXHOJIOTUYECKHE SIBJICHUS, TAKUE KaK TepMUYe-
ckre 3P(PEeKTh U 0CTaTOYHBbIE HANPSKEHUS, BIIU-
SIOT HA MUKPOCTPYKTYPY M MEXaHHUYECKHE CBOM-
ctBa cOopok AIl. B pesynbrare BOZHHKAIOT CKPbI-
ThI€ BHYTpEHHHE J1e(heKThI, KOTOPHIE YXY/IIAIOT Ka-
YECTBO JETANICH U MPUBOIAT K BEICOKOMY YPOBHIO
Opaka, 0cOOEHHO B cilyyae €JUHHYHOTO MPOM3-
BozcTBa [4]. PeanbHble mpuMepbl MOKa3bIBAIOT,
YTO JI€TaJIU, CO3[]aBa€Mble OJJHOBPEMEHHO Ha Of-
HOM aJIUTHBHOM CTaHKE C OOHOU U ToH xe CAD-
MOJIENIbIO, MOTYT UMETh pa3Hble Pe3yJIbTaThl Ka-
yectBa. Ha puc. 1 nmokaszan npumep, rae U3 ceMu
JieTajel, MPoU3BEeIEHHBIX OJHOBPEMEHHO Ha OJI-
HOM KOMMEPYECKOM a/ITATHBHOM CTAHKE C HCTIOJb-
3oBanueM onHo CAD-Moaenu, TOIbKO IBE U3 HUX
HE UMEIOT JePEeKTOB. BRICOKHI TIPOIIEHT OTKa30B
B Ipoiiecce npous3BoAcTBa faeraneit AIl u ces3an-
HBIE C 3TUM 3aTparhbl MPEMATCTBYIOT 0oJiee MIHPO-
KOMY HCIIOJI30BaHUIO JAHHOM TEXHOJIOTHH.

Meton mectu curM (6S) — mpakTHka, M-
pPOKO TIpUMEHseMas B TPaIUIIMOHHBIX MPOU3BOI-
CTBEHHBIX OTPACJIAX, TAKUX KaK MOJIYTIPOBOJAHUKO-
Basi NMPOMBIIUIEHHOCTh, IUIAHUPOBAHUE KA4eCTBa,
oOecreueHus KauecTBa, KOHTPOJISl KaueCcTBa U Hell-



Kywrmup U.C., AgbimHa A.11., JlesuHa T.A. BectHuk PYOH. Cepusi: MiHxeHepHble nccnenosanus. 2024. T. 25. Ne 3. C. 296-307

PepBIBHBIX ynyuieHui [5; 6]. [Is aToro 6S BKITIO-
yaet metojosoruto DMAIC, ocHoBaHHYIO Ha JjaH-
HBIX, KOTOpasi COCTOUT U3 ATANOB ONpEAeTICHHUS,
W3MEpEeHUs, aHAIIN3a, YAYUIICHHUS U KOHTPOJIS.
Oran «ompeeneHue» 3aKkiodaeTcs B Gopmy-
JUPOBKE MPoOIeMbl Ka4eCTBa Ha OCHOBE TEXHHUYE-
CKOTO 3a/laHus KineHToB. Ha stamne «u3mepenue»
TIPOM3BOAMTCS COOP AaHHBIX 00 OCHOBHBIX IEpe-
MEHHBIX MTPOLECcCca U3 MPOU3BOJICTBEHHBIX CUCTEM.

e3 gedekTos

Puc. 1. CeMb geTanei n3 HepxasetoLLen ctanu,
NOCTPOEHHBIX HA KOMMepYeckon cucteme All,
YCJI0BUSI MPOLIECCa KOTOPbIX MAEHTUYHbI
M ¢ T04Huk: BbinonHeHo U.C. KyluHnpom

JlaHHbBIE 1IaTY HANpaBJICHbI HA BBIABICHUE U
yCTpaHEHUE OCHOBHBIX IIPUYMH JIEPEKTOB C LEIBIO
MOBBIIIECHNS Ka9€CTBAa KOHEYHOM MPOIYKINH. XOTA
3Ta METOJO0JIOTHUS 100UIach 3HAYMTEIbHBIX yCIe-
XOB BO MHOXKECTBE 00J1acTell, HaYMHasi OT IPOU3-
BOJICTBA, 3/[paBOOXPAHEHHUS U JOTHUCTHKH, HEOOXO-
JIUMO TPOBECTH JONOJHUTEIbHBIE UCCIEIOBaHMS,
YTOOBl MHUIIMHPOBATH MPAKTUKY YIpPABICHUsS Ka-
4eCTBOM 6S B KOHKpPETHOM KOHTekcTe All

Mertozp! 6S O6buH pa3paboTaHbl AJ1st OOHAPY-
KEHHsI U YCTPAHEHHUSI OCHOBHBIX MPUYMH Jieek-
TOB C LIEJIBIO YITYYILIEHUS Ka4eCTBAa KOHEYHOM Mpo-
Iyknuu. HecMoTps Ha ycrexu 3TOM METOIOIOTHH
B pa3IM4YHBIX 001acTsAX, BKJIOYasi MPOU3BOJICTBO,
3JIpaBOOXPAHEHHE U JIOTHCTHUKY, TpeOyeTcst poBe-
J€HHE JONOJHUTEIbHBIX UCCIEOBAHNN JUUIsl BHE-
PEeHMS IPAKTUKHU YIIPABIECHUS KaY€CTBOM 6S B KOH-
KpeTHBbIX ycnoBusx Al

[Mocrenennstit mogxon k All co3maer cepbes-
HBIE IPOOIEMBI JIJ1s1 00eCTIeueHUsT M KOHTPOJIS Ka-

«AHan3y» — 3TO 3TaIl U3BJICYCHHUS OJE3HOMN HH-
dbopmariu u3 mporiecca, CBI3aHHOM ¢ pakTopamu,
BIUSIOIIUMH Ha JIePEKThI. «YIydllIeHUuEe» — pas-
paboTKa MPOEKTHBIX PEIIEHUH U METOIOB ISl yBe-
JUYCHUS KauyecTBa TPOM3BOJICTBECHHONH CHCTEMBI.
U na sTamne «KOHTPOJbY CO3AA0TCS IJIAHbI YIIPaB-
JIEHUS TPOIIECCaMH U ONTUMAJbHON CTpaTeruu
KOHTPOJIS B CITydae €ro TOTePH HaJl IIPON3BOJICTBEH-
HOM CHCTEMOIA.

cracks

deformation

Figure 1. Seven stainless steel parts built
on a commercial AP system,
the process conditions of which are identical
Source:made by l.S. Kushnir

yecTBa. B 4acTHOCTH, pY KCIIOIB30BaHUU METAJI-
JMYECKOH MyAphl ee MEXaHnYeCKue U (pusndeckue
napaMeTpsl (popma U pa3Mep 4acTHIl) MOTYT Ba-
pPBUPOBATHCS OT MAPTHH K NAPTUH, PA3INYUS B UH-
TEHCUBHOCTH U TUAMETPE JIa3epPHBIX U IEKTPOH-
HBIX JIy4el JakK€ BHYTPHU OAHOUW IPOU3BOACTBEH-
HOM MalllMHBI MOTYT CO3/1aBaTh JAETANU C pa3iny-
HBIMU OTKJIOHEHHUSIMU OT MEPBOHAYAILHO CIPOEK-
tupoBaHHOM CAD-monenu. IlosTromy kaxkablil na-
paMmeTrp, BIMSIOLMHA Ha HTOTOBBIM pe3yibTar
npoliiecca, 10JKeH ObITh aIalTUPOBAH K UCIONb-
3yeMbIM Marepuaiam [7].

Kpome Toro, cucrema aiiuTHBHOTO IPOU3BOI-
CTBa MOXKET UCIOJIB30BaTh PA3JIMUHYIO TOJIIIUHY
cl10sl IpU co3faHuu netaneid. Hanpumep, o6bexT
BBICOTOM 5 CM, CO3/TaHHBIM C MCIIOIH30BaHUEM CIIOS
tommuHoK 100 MxM, otpedyet 500 cioeB. Ecim
TOJILIMHA cJ10s cocTaBisieT SO MKM, TO KOTMYECTBO
cioeB Oymet coctaBisath 1000. Kaxmprit u3 stux
CJIOEB MOXKET UMETh CBOM JieeKThl. Jlaxe ecin y
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OJTHOTO CJIOS €CTh MaJeHbKasl BEPOSATHOCTh HaJIH-
qus nedexra, 11t 001Ieit COOPKH BEICOKA BEPOSIT-
HOCTb UMETh 110 KpaiiHei Mmepe oauH fedekt. YToObl
IPOWJUTIOCTPUPOBATH FPPEKTHI U TPOOIEMBI MHO-
TOCJIOWHOTrO MPOU3BOACTBA, PACCMOTPUM CIIEIYIO-
LIMH IpUMEp.

1. Ecnu BepoATHOCTh Hanu4usl /1e(heKTOB B
cioe paHa 0,0114, To KakoBa BEpOSITHOCTH TOTO,
YTO 3TOT CJIOM He OyJeT UMETh AePeKTOB?

1-0,0114 = 98,86 %;

2. KakoBa BEpOSITHOCTH OTCYTCTBHS Je(eK-
ToB 1151 cOopku co 100 crosimu?

(1-0,0114)'®= 31,77 %;

3. KakoBa BEepOSITHOCTb HAJIMUUS XOTS ObI 0/1-
HOTO nedekra st coopku co 100 cmosmu?

1 —(1-0,0114)'*= 68,23 %;

4. Ecniu BEpOsSITHOCTB TOTO, 4TO cOOpKa Oyzer
cozepikath AedekTrl, ykazana kak mexee 10 %, To
KaKOBa JIOJDKHA OBITh BEPOATHOCTH TOTO, YTO CIIOU
Oynet uMeTh 1eeKThI?

1 —(1-x)""=10 % =>x= 0,0011.

BaxHo oTMeTUTH, YTO B JIaHHOM TNpHUMEpPE
MPEANoaraeTcs, 4YTo KX bl CIION sBIsSeTCS He-
3aBHCHMBIM OT OCTaNbHBIX. OMHAKO aJIUTHBHOE
MIPOU3BOJICTBO UMEET CHITLHYIO KOPPEISIIUIO MEXKITY
YPOBHSMH, T.€. 1e(peKThl, 00pa30BaHHBIC B OJTHOM
clioe, MOTYT OBITh MCIIpaBIIEHBl IpU 00paboTKe
MTOCJIEYIOIIETO CJIOS JINOO MOTYT HETaTUBHO CKa-
3aThCsl HA BEPXHUX YPOBHSIX U OKa3bIBATh BIHSIHUE
Ha BCE MOCJEAYIONINE CIION. DTO aHATOTHYHO MHO-
TOCTYII€HYaTON COOPOYHON JIMHUM B TPaTUIHU-
OHHOU MPOU3BOACTBEHHOM mapaaurme. B aBTo-
MOOUITLHOM MPOMBIITUIEHHOCTH COOpKa Ky30Ba aB-
TOMOOMJISI YaCTO BKITFOUAET B Ce0sI MOCIIeI0BATEb-
HOCTh COOPOYHBIX onepanuii. Bapuamnuu Ha oHOM
aTane cOOpPKU MOTEHIIMAIBHO MOTYT MPUBECTH
K IIOTOKY BapHalMil Ha Cleqyrouux dramnax [8].
OpHako ¢u3MKa orepanuii MHOTOATAITHOW COOpKU
otinuvaercs oT MHorocnoiroro All ¢ HI® B kax-
JIOM CJIO€.

300

2. dTtanbl U BHegpeHne metona DMAIC

Ha stane «u3zmepenue» npousBoguTcs coop
JTAHHBIX IO KIIIOUYEBBIM MEPEMEHHBIM, CBA3aHHBIM
C IPOIIECCOM aJTUTHUBHOIO MPOU3BOJCTBa. Bxoa-
HBIE IEpEMEHHBIE IIponecca: (PU3MIeCKUe U XUMU-
YEeCKHE XapaKTEPUCTUKU METAJUTMYECKUX TTOPOIII-
KOB U mapaMeTpsl KoHCTpykuuu moxenu CAD.
CutyaTuBHBIEC IEpEMEHHBIE: HACTPONKU MAIlIMHBI,
oTtoOpaxkeHue ciioeB. BbIxoHbIe TepeMeHHbIE TPO-
1ecca: KOHTPOJIbHbIE TOYKU mocie cOopku. Jlms
yCTpaHEHHsI BBICOKOTO YPOBHSI CIIO)KHOCTH B MOHH-
TOPHUHIE KaueCTBa Ha MPOTSHKEHUH BCETo Mpolecca
Ha npennpuatusax All, a Takxke NOBBIIICHUS MPO-
3payHOCTH M aKTyaJbHOCTU MH(OPMALIUU O KIIIO-
YEeBBIX MEPEMEHHBIX COBPEMEHHBbIE MPOU3BOJI-
CTBEHHBIE OTPACIM AKTUBHO MHBECTUPYIOT B IIe-
pENOBBIE CUCTEMBI U3MEPEHUH.

N3-3a noctynHocTH OOIIMPHBIX TaHHBIX HA
stane «M3MepeHue» 1no aaIuTUBHOMY MPOU3BO/-
CTBY Ha 3Tarne «AHalu3» CTAaHOBUTCSI BO3MOKHBIM
pa3paboTaTh 6ojee r1y0okoe MOHMMAaHUE TEKY-
HIET0 COCTOSHUSA M MPOU3BOJUTEIBHOCTU MPO-
necca. OTU JJaHHbIE MOTYT OBITH COOpaHbl JINOO
B IpolIecce MOCIONHOTO N3rOTOBIICHHS, JTUOO B aB-
TOHOMHOM DPEKUME — XapaKTepPUCTUKH MaTepH-
arna nepea cOOpKOi WK KOMIIbIOTEpHAsi TOMOTpa-
¢us nocae cOOpKU. ABTOHOMHBIE H3MEPEHUS 1103-
BOJISIIOT MMPOBOJIUTH IMMPOBEPKY KaueCTBA, HO UMEIOT
OrpaHUYEHHbIE BO3MOXHOCTU JJIsi MCIPABJICHUS
WJIM PEMOHTA B MPOIIeCcCe, MOCKOIbKY 1e(EeKThI ya-
CTO YK€ BCTPOEHBI B COOPKY.

Jannble, coOpanHble Ha 3Tane «3mepenuey,
MOTYT OBITh BU3YaJIM3UPOBaHbI Pa3IMYHBIMU CIIO-
co0amu 17151 IpeAOCTaBICHHs HAaIsAHOM uHpOp-
MalUy O MpOIecCe aJAUTHUBHOIO MPOU3BOJCTBA.
[IpumepamMu TakuX BHU3yaJU3alUil MOTYT OBITh
CTeKU M300pa’keHuil, TpeXMepHbIe 00aKa TOYeK,
TUCTOTPaMMBbl, CE€TEBBIE MPEICTABICHHUS, a TaKKe
npeobpazoBanus Oypbe uinu BeiBieT-npeodpaszo-
BaHUs. DPPeKTUBHAS BU3yaTU3ALUS TAKKE TIOMO-
raeT Ha 3Tarne «AHajlau3» OLICHUTh U BBIICIUTH CY-
IIECTBEHHbIE OCOOCHHOCTH H3MEHUYMBOCTH IPO-
necca win nedekro nponykra. [lociaenosarens-
HOCTb LIaroB I peaju3aluy 3TOW CUCTEMBI MO-
Ka3aHa Ha puc. 2.
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OIIPE/IEJTHTH PI3MEPI/ITI> AI}AJIPIS
TpeOOBaHHS K Ka4eCTBY U MeTpororus, big data, moxydeHHol HHGOpMALIIH K
pebor MOHHTOPHHT JIHarHOCTHKA TIEPBOIPHYNH
HaJI&KHOCTH H3/IENHS N
TI0Ka3aTenei JaTIIKoB
KOHTPO.Ib YIYUIIEHUE

HaJIE&KHOCTH KOHCTPYKIHH

Iponecca, IIIaHupOBaHUE U

OIITUMAJIbHOC YIIPaBICHHE

¥ HHTEIUTeKTYallbHbIX
PpeIIeHHit

Puc. 2. LLlarn no ynpaBneHunio ka4eCcTBOM METOA0M 6 curm
M ¢ T0o4HwMK: BbinonHeHo U.C. KywHnpom

DETERMINE
the requirements for the
quality and reliability of the

MEASUREMENT
metrology, big data,
monitoring of sensor

ANALYSIS
of the information received
and diagnosis of root causes

product indicators
CONTROL IMPROVING
planning and optimal design reliability and
management intelligent solutions

Figure 2. Steps for quality management using the 6 sigma method
S ource: made by I.S. Kushnir

W3Bneuennas monesHas nH(GopMaIus u3 mpo-
necca (OHJAWH- W/HIM OQJIaiiH-TaHHBIC C JaTYH-
KOB) Ha 3Tale «M3MEPEHNE» OTHOMACIITA0HO HC-
MOJIb3yeTcs Ha 3Tane «aHanu3». OCHOBHaA 1Elb
JIAaHHOTO ATaIla 3aKII0YaeTCs B HCCISAOBAHNH B3a-
UMOCBSI3ell MEXTy KIIFOUEBBIMU TEPEMEHHBIMU B
nporuecce (T.e. BXOJAHBIMHU JaHHBIMH TpOILIEcca,
BBIXOJHBIMH JaHHBIMA W BHYTPHUIIPOIIECCHBIMU
TIePEMEHHBIMH ), MOZICTTMPOBAHUYU TPUIUHHO-CJIIC/T-
CTBEHHBIX CBSI3€H MEX]ly STUMH NTEPEMEHHBIMH U
nmpoOJeMaMu KadecTBa, a Takke pa3paboTke HO-
BOTO TOHMMAHHUS WX BIUAHHSA Ha W3MEHUYMBOCTH

nporecca 1 AeeKTs! MpoayKTa. AHaINU3 TOMOTaeT
ONpENETUTh CllydallHble U ONpeAesieMble IpH-
YHUHBI IPOOJIEM C Ka4€CTBOM B IpOLIECCe MOAEIH-
poBaHus. Eciu B mporecce NpUCyTCTBYIOT TOJIBKO
CiydaiiHble NIPUYMHBI (T.e. HeompeaensieMble (ak-
TOpPBIL, HEUJACHTU(DULIUPYEMBIE), TO paclpeiesicHIe
JOJDKHO OBITh HOpMaJIbHBIM. OHAKO €CIU €CTh
onpezensieMble NPUYUHBI, TO UHCTPYMEHTHI aHa-
JIM3a MOMOT'al0T OTCIIEANTD, KOT/Ia U KaK OHU BIIU-
SI0T Ha TPOU3BOIUTEIBHOCTH TPOIECca, U BhI-
SIBUTb BO3MOKHbBIE IPUUMHBI ISl UX YCTPAHEHMUS,
YTOOBI BEPHYTHCSI K HOPMAJIbHOMY ITPOU3BOCTBY.
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Koneunsie pesynbTarhl MPOU3BOICTBEHHOTO
npouecca All, Takue Kak BHEITHUN BU M KA9€CTBO
cOOpKH, YacTO 3aBHCAT OT HACTPOCK MAIIMHBI, Ta-
KHX KaK TPOCTPAHCTBO JUIS IITPUXOBKH, MOII-
HOCTb JIa3€pa U CKOPOCThb ckaHupoBaHus. B AIl Bcé
Yale UCTIONb3YIOTCS PAaCIIMPEHHbIE TATYUKH IS
MTOBBIIICHUS HATJIATHOCTH HHPOPMAIIUX 1 OOPHOBI
CO CIIOKHOCTBIO B3aUMOICWCTBUS MAIIMHBI U TIPO-
1ecca, 4To B pe3ylbTare MPUBOAUT K T€HEepaluu
OoNbIIMX OOBEMOB JAHHBIX, TAKUX KaK ONTHYE-
ckue nzobpakenus u KT nocne c6opku. OnHako
JUISL peann3aliy BCEro MOTeHINAala 3THX JaHHBIX
JATYNKOB HEOOXOMMBI HOBBIE METOJbI CTAaTHCTH-
YeCKOoTro KOHTpOJs kKadecTBa (Statistical Quality
Control — SQC).

Cymectsyromue metoasl SQC, pa3paboran-
HBIC JUTSl TPAJUIIMOHHBIX TPOU3BOJICTBEHHBIX MIPO-
1eccoB, OOJbBIIE OPUEHTUPOBAHBI Ha KOHTPOJb
KITIOUEBBIX XapaKTEPHCTUK TOTOBOW MPOMYKIIUH,
TaKUX KaK TOYHOCTH pa3MepoB U NpOQHIIH, a HE HA
MHOTOMEpHBIE JaHHBIC JaTYHKOB. MccnenoBanus,
MIPOBOAMMBIE B 00JIACTH a1 TUTUBHOM TEXHOJIOTHH,
BKJIIOYAIOT B €0 CEHCOPHYIO METPOJIOTHIO IS
KOHTPOJIS KauecTBa Ha MecTe. TakyKe UCIOJb3y-
FOTCS TPAJUIIMOHHBIC METOJIbI, TAKHE KaK TeOMET-
pudecKas METPOJIOTHs TTOBEPXHOCTH M OIpee-
nenue pasmepoB u nomyckoB (GD&T), B ocHOB-
HOM OPHEHTHPOBAHHBIC Ha €BKJIHMJIOBBI XapaKTe-
PUCTHKH TOTOBBIX M3/ENUH, a HE HAa KOHTPOIb
BHYTpeHHUX JedekroB B netansax All co cinoxHOU
reomerpuei [7].

CrarucTiuuecKoe yrpapieHHe KadeCTBOM ISt
AIl — Ttekymue moaxoasl K MOHUTOPUHTY Kade-
CTBa SABJISIFOTCS aBTOHOMHBIMHU, OCHOBAaHHBIMH HC-

KJIFOYMTENBHO Ha METO/IaX, YIPaBIAEMbIX JaHHBIMU
(HEHpOHHBIE CETH, CMEIIAHHOE T'ayCCOBCKOE MOJIE-
JUpPOBaHUE M CTAaTUCTUYECKHUI aHau3), Win Gop-
MYJIHPOBKaX C COCPEAOTOUYEHHBIMH Maccamu [9].
N3yuenune ynpasinenus kadectsoM All ¢ ucnons-
30BaHMEM aHAJIMTHYECKUX MOJIENIEH HAa OCHOBE J1aT-
YUKOB ¥ MHOTOYpOBHEBBIX cTpareruii AIT QA/QC
B JJAHHBIH MOMEHT BCE €ellle SBIIETCSI TEMOU HOJI-
TMX M IYOOKHX HMCCIeIOBaHMA. MECTHBI MOHH-
TOPUHT IPEJOCTABISAET BOZMOKHOCTb YCTPAaHEHHS
nedexroB All B mporecce, T.e. HE3aMEHUM IS
MIPOM3BOJICTBEHHBIX OTpaciel, TPeOyIOIIIX CTPO-
TUX CTaHJapTOB Ka4yeCTBA U 3CTETUKU MPOTYKIHH.

CrnenoarenbHO, IEPBBIM I1ArOM SIBJISIETCS U3-
BJICYCHUE MOJIe3HON MH(POPMALINU U3 TaHHBIX J1aT-
yukoB All, a 3aTem orieHka ypoBHe# 1eeKToB Je-
tanu. Ha puc. 3 noka3an BepxHuii cnoi neranu All
B pa3HBIX MaciiTabax, Te B HEKOTOPOH CTETNeHH
MOKHO HaOJI01aTh MHOTOMAcIITabHOE CaMOTIOI0-
oue. [[pyrumu cioBamH, IeTaIU3UPOBAHHBIE H300-
paxenus noctpoeruit All yacro moryt orobpa-
XKaTh MYJIBTH(PAKTAIBHBIE XapaKTEPUCTHKH B pa3-
JUYHBIX MacmTabax. OrpaHuyeHHbIE BO3MOXKHO-
cTH 00paboTKHU (PpakTaIoB C MPUCYTCTBUEM HEIH-
HEWHOCTH U HEPETYISIPHBIX Y30pOB Ha H300pake-
HUSX IPU TPAAULUOHHBIX TUHENHBIX METOAX SIB-
JAIOTCS TIABHBIM IOJBOIHBIM KaMHEM JaHHOTO
crnioco6a. [Ipu ananuse (pakranoB u3BIEKaeTCS
JIMIIb OHO (ppaKTAIBLHOE H3MEPEHUE, KOTOPOE OTTH-
ChIBaeT MaclITaOHO-UHBApUAHTHOE MOBEJIECHHUE
(b pakTagbHBIX 00BEKTOB, HO HE MOXKET MOJTHOCTHIO
0XapaKTepru30BaTh MYIbTH(paKTaTbHbIEC TTATTEPHBI,
KOTOpPBIE YacTO MPOSBISIOTCA B OOBEKTaX peajb-
Horo mupa [10].

Puc. 3. MynbtudpakTanbHble naTTepHbl B npodunax naobpaxeHnin aetanm All
M ¢ T0o4HwMK: BbinonHeHO U.C. KywHnpom
Figure 3. Multifractal patterns in the image profiles of the AP part
Source: made by l.S. Kushnir
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[ar «ymy4imTs» UCIONIb3YEeT 3HaHUSA, OCHO-
BaHHBIE HA JIaHHBIX, JUIS IOMCKA U3MEHEHUH WM
apaMeTpoB, KOTOPbIE MOYKHO BHECTH B IPOLIECC
MIPOU3BOJICTBA, /ISl YIyUIIEHUS TPOU3BOUTEIBHO-
ctu. Ha srane «M3mepenus» co3maercs 6aza 00-
LIMPHBIX TaHHBIX O IVIaBHBIX IEPEMEHHBIX IS 10-
BBIIICHHS HAIVISITHOCTH MH(OPMAIH B IpoIiecce
npousBoicTBa. Ha sTane «ananusza» M3 JaHHBIX
W3BIIEKACTCS ToJIe3Hasi HHPOPMAIHS U BBITIOTHS-
eTCs MPUYMHHO-CIICICTBEHHBIM aHaIN3 MEXIY
3TUMU KIIIOYEBBIMU MIEPEMEHHBIMU ITpoliecca.

Jnst u3yueHus u MOHMMaHUs B3aUMOCBSI3Ei
1apaMeTpoB, NIEMEHTOB U NEPEMEHHBIX B IPO-
necce All coznaercst enrHass BBICOKOYpOBHEBAs
KapTa — OoHToJIoTHs. /{15 onucaHus BXOIHBIX U
BBIXOJIHBIX TMAapaMeTpPOB MPOXKUTAIOIIETO Ja3epa,
MEXaHUYECKUX, TEIUIOBBIX U MHBIX MUKPOCTPYK-
TYpPHBIX CBOWCTB JETaJleldl aIJUTUBHOIO IIPOU3-
BOJICTBA MOT'YT OBITh HCIIOJIb30BAaHBI JIECATKU TEP-
MHWHOB-HAaMEHOBAaHWW BHYTPU 3TOM OHTOJIOTHH.
JlaHHBIE OHTOJIOIMYECKHE MOJENIN UCHONb3YIOTCS
JUIS IEPENPOEKTUPOBAHUS Mpoliecca, BbIOopa 1aT-
YUKOB U YIIy4lICHHs Ka4eCTBa, TAaKXKe OHH IpUMe-
HSIOTCS JJIS CBSI3U XapaKTEPUCTUK MAaTepHalioB U
apaMeTpoB Ipouecca.

Jlns HarsgHOTO MpUMeEpa B Ipolecce Mpo-
M3BOZICTBA JIa3ep BIUSAET Ha TEIUIOBOE MOBEJECHUE
1 DBOJIIOIUIO0 MUKPOCTPYKTYpHI Aetanu [11], a Ten-
JIOBOE pacrpeiesieHe HCTOYHUKA OKa3bIBaeT BO3-
JIEHICTBHUE Ha NTOBEJIEHUE €€ MUKPOCTPYKTYPBI U Me-
xaHnveckue cBoicTra [12]. Ciayyalinble Win Ha3Ha-
yaeMble IPUYMHBI U3BMEHYMBOCTH B IIPOLIECCE NPO-
M3BOJICTBA ONPEIEIAIOTCS Ha 3TAle «aHaIUu3a».
Ha stane «ymydmieHus» nossisieTcsi BO3MOKHOCTD
9KCIEPUMEHTUPOBATh C UCIOIb30BAHUEM PA3HBIX
ypoBHEH (aKTOPOB C MOMOIIBIO CTATUCTUYECKUX
IUIaHOB (HApUMep, CIy4aiHbIH 11aH 6J0KoB, (hak-
TOPHBIN IUTaH U JU3aiH MOBEPXHOCTH OTKIINKA),
UCCIIEZIOBATh BIMSHUE STHX (DAKTOPOB HA KaY€CTBO
porecca Mpou3BoACTBa Aetanel. Camoe IIaBHOE,
MOKHO OTIPEJIETIUTH ONTUMAIIbHbIE HACTPOUKH (paK-
TOPOB, YTOOBI TAPAHTUPOBATH TOCTHKECHUE HKella-
€MO# Ipou3BoAUTENBLHOCTH Ipouecca All, koro-
pBIi YCTOMYUB K HEKOHTPOJIUPYEMBIM (aKkTopam
W/WIIH CITyYalHBIM IIIyMaM.

JUia ynydmeHusi Tpou3BOIUTENILHOCTH TPO-
IIECCOB U KadyecTBa JieTajlell IpUBEICHHbIE BBIIIE
HKCTIEPUMEHTHI MOTYT MPOBOAUTHCS HA (U3UUE-
ckux mamuHax All, a Taxke Ha MOJENAX KOMIIb-
IOTEPHOTO MOZAEIUPOBaHUS. AHAIIN3 MOJIEINPOBa-
HUS BKJIIOYAeT pa3paboTKy KOMITbIOTEPHBIX dKCIIe-
PUMEHTOB, KOTOPBIE YaCTO BBIIOIHAIOTCS OBICT-
pee U Jelesne, 4eM (pU3NIECKUE SKCIIEPUMEHTHI.
Ilepen mpoBeneHHEM JOPOTOCTOAIIMX HKCIIEPH-
MEHTOB Ha MallMHaX aJJUTHBHOIO MOJEINPOBa-
HUS aHAJU3 C IOMOIIbIO MOJIEIMPOBAHUS MOXET
MIOMOYb IIPOBEPUTH IIEPEMEHHBIE IPOLIECCA, YMEHD-
IIMTH KOJIMYECTBO (pakTopoB U pazpaborars Oosee
HKOHOMHYECKU 3((PEeKTUBHBIC IKCIICPUMEHTHI Ha
sTane «yiaydiieHus». Eciau nponecc All He coot-
BETCTBYET KEJIAEMOMY YPOBHIO IIPOM3BOIUTENb-
HOCTH M MPUBOIUT K OOJBIIOMY KOJIMYECTBY Je-
(bekTHBIX COOPOK, MOXKET MOTPEOOBATHCS OTKA3 OT
CTaporo Mpolecca U NepernpoeKTUPOBAHNE HOBOTO
nporiecca All. Takum oO6pazom, B momxone DMAIC
9Tl «yIYUIICHUs» IPEBPAIIAECTCS B ATAI IIPOEK-
TUPOBAHUSD).

W Ha 3aKIH0YUTENBHOM 1Iare «KOHTPOIIbY MPO-
W3BOJMTCS U3yYEHUE U ONTUMHU3ALUS CTpaTeruii
JEUCTBUM 1715 alAUTUBHOTO MonienpoBanus (AM),
KOTJ[a COCTOSIHHE COOPKH JMHAMHUYECKH MEHSETCS
OT OZIHOTO YPOBHS K ipyromy. [lockonbKy oTaenka
Ka)JI0TO cJ10s1 Oy/IeT BIUATH Ha CIEIYIOUIUA U Bce
MOCJIEAYIOIHUE CIIOU, 3TO TUIHMYHAs MporpamMma
MOCJIEZI0BATENILHOTO MPUHATHS PELICHU B yCIo-
BUSX DPEAJbHOM HEONpeAeNeHHOCTH (Hampumep,
CITy9JaifHBIX BapHaIyii, BO3MYIIEHUH W OIMTHOOK
U3MEPEHM, HACTPOEK MAIIUHBI, YCIOBHH OKpYy-
JKaIoUIe cpesibl U CTaTUCTUYECKUX JaHHBIX).

Kpaiine BaxHo, uroObl Mamuubel Al mMorin
YCTpaHsATh 3apoxxaaroniiecs nedexrsl. [ nopuaHbie
MAaIIMHbI KaK ¢ aJJINTUBHBIMH, TaK U C CyOTpak-
TUBHBIMH TIPOU3BOJICTBEHHBIMH BO3MOXKHOCTSIMH
MO3BOJISIIOT NPEANPUHUMATE  KOPPEKTHPYIOIINE
JIEWCTBHSI U BBIMIOJIHATH MOCJIOWHBIA PEMOHT, TEM
caMbIM peasiu3ys HOBYIO Mapajaurmy oOe3nedext-
Horo AIl. Hanpumep, ananutudyeckue METOAbI Ha
OCHOBE JaTYMKOB IIOMOTal0T 0XapaKTepU30BaTh
U OLIEHUTbH COCTOSIHHE JA€(PEKTOB B KaXKJIOM CJI0€
c6opku All. Ecnu cioif orieHnBaeTcst Kak UMEI0-
MM HeOOJIBIY IO BEPOITHOCTD COJEPKATh Ae(eK-
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TBI, TIPOLIECC TPOU3BOJICTBA OyJET MPOIOIKATHCS
1 He Oy/IeT NpeANPUHUMATh HUKAKUX KOPPEKTUPY-
OIIKX AeicTBUl. BMecTe ¢ TeM eciu cioil umeeT
BBICOKYIO BEPOSITHOCTD, YTOOBI IMETh BCTPOCHHBIE
nedexrsl, npouecc All mpruocTaHOBHUTCS M TIpe-
MpUMET JACUCTBUE MO YAAJIEHUIO 3TOr0 JAE(EeKT-
HOTO cJ10s. KonnuecTBo AOCTYNHBIX AEHCTBUN BO
MHOT'OM 3aBHCHUT OT TEXHOJIOTUYECKOI0 ITporpecca
ruOpuIHbIX MaluH. Eciu nocie noctpoeHus Kax-
JIOTO CJI0S1 TOCTYITHO OOJIbIIe IeUCTBUH, TO TUHA-
MUYECKHE TEPEXObl MEX1y IMapaMHu COCTOSHUE—
JIeiCTBUE CTaHyT OoJiee CIOKHBIMU. B 0CHOBHOM
9TO CBSA3AaHO C TeM (haKTOM, YTO YPOBHH aJIJIUTHB-
HOT'O MOJEJIMPOBAHMS HE SIBISAIOTCS HE3aBUCHU-
MBIMH, @ CKOpEE CHJIbHO B3aUMOCBSI3aHBI JPYT C
npyrom. Kpome Toro, cyniecTByroT MOrpeurHoCTH
B M3MEPEHUAX HATYMKOB, HACTPOMKAX MAIWHBI,
OKpY>KaroIei cpese, olieHKe Ae(eKTOB U Mepexo-
Jax oT cios K cior. HoBas cTpykrypa nocieno-
BaTEJIbHOM ONTHMU3ALMU JO0JKHA YUUTHIBATh He-
OIpENIETICHHOCTh B Mpoleccax aJJUTUBHOIO J0-
CTyNla U PEIN30BBIBATh AITUTUBHOE YIIPABICHHE
6e3 1edeKTOB MyTeEM MUHUMH3AIUN OXKHIaeMbIX
COBOKYITHBIX 3aTpaT B KOHLIE, KOI7Ia BCE yPOBHHU Oy-
IyT 3aBEPIICHBI.

CrpyKTypa nocsue1oBareabHOro NpUHITHS pe-
meHui s uaTeuiekryanpHoro All copmymm-
pOBaHa Kak MOZEJIb MapKOBCKOT'O Mpolecca Mpu-
Hatus pemenuit (Markov decision process —
MDP). Meronx MDP mupoko ucnonb3yercs u J10-
KazaJj CBOIO 3(p(peKTHUBHOCTH B YIIpaBICHUH HHKE-
HEpHBIMU CHCTEMaMH, OJTHAKO HEOOXOTUMBI COOT-
BETCTBYIOIIUE UCCIEAOBAaHUSA M IKCIIEPUMEHTHI
JUIsl IPOBEPKH pabOThI JTaHHOTO Mpoliecca Jis pe-
anu3anuu uaresektyaabHoro All ¢ ucnonb3osa-
Huem MDP.

3. Pe3ynbTaTtbl M 06CcyXaeHue

CymiecTByeT JOCTaTOYHOE KOJIMYECTBO IIPH-
MEpOB MPUMEHEHHSI METOJIOB IIIECTH CUTM BO MHO-
rux cgepax npoussoscrsa. P.B. Ranade, G. Reddy
B CBOCH paboTe MpeICTaBUIIN MTOKa3aTeH, MOJTY-
YUBIIMECS B Pe3yJbTare MPUMEHEHUS CHUCTEMBI
DMAIC x necuanomy nutbio [13]. Uccrnenona-
HUSI TTPOBOJMIINCH B JTUTEHHOM IIeXe Ha OCHOBE
noaxoaa Taryuu JJisi ONTUMU3AIMH TTapaMETPOB
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npouecca JuThs B necyanbie Gopmbl. CTPyKTy-
PUPOBAHHBIN MOAXOJ CHUIM KayecTBa MOMOT pe-
HIUTh MPOOJIeMy CHUKEHHUS KOJIudecTBa aedek-
TOB C TIOMOIIBIO TaKMX WHCTPYMEHTOB KadecTBa,
Kak ructorpamma, nuarpamma Ilapeto, KOHTpOIIb-
Hasl KapTa, [uarpamma MpuYuH U clieacTBuid. Pe-
3yJIBTAT, MTOMyYEHHBIN B XO/IE TPOBEPOYHBIX IKCIIE-
PUMEHTOB C HCIIOJIb30BAHUEM ONTHUMAJIBHON KOM-
OMHAIMK MapaMeTpoB, MOKa3aJl OTJIMYHOE COIlIa-
CHE C TIPOTHO3UPYEMBIMHU PE3yJIbTaTaMU MPH MPO-
€KTUPOBKE IIPOLECCA METOIOM LIECTH CUTM.
Baxxno monumarh, 4To HE BCe OpraHU3aIH,
HMEIOT BO3MOKHOCTB BHEIPUTH METO/I IIIECTH CUIM.
HexBarka cpeacTB, BpeMEHHU U OIIbITa MOJKET CTaTh
MPENATCTBUEM JJI1 BHEAPEHUS 3TON METOIOJIOTHIA.
PeanbHOCTH TakoBa, YTO MHTETPAIMS LIECTU CUTM
HE SBJIIETCS PaCIPOCTPAHEHHBIM SIBICHUEM CPEIH
npousBozacTB U MCII (manoe u cpenHee npeanpu-
HUMarenbCcTBO) [14]. BepoarHo, uTo HexBaTka pe-
CYPCOB SBJISIETCS IPUUMHON HEBO3MOKHOCTHU BHE-
peHUsI METo/Ia IIeCTH CUTM. TeM He MeHee, HEeKO-
topsie MCII noOunmck ycrexa B mociae1oBaTeib-
HOM BHEJpPEHHUH JlaHHOro Metoza [15]. dakruye-
cku S.S. Chakravorty mokasan, 4To MIECTh CHUTM
MOTYT OBITh YCHEIIHBIMH, €CIH JOMOTHUTEIHHO
BHEIpsIETCSl «OepeXIIMBOE MPOU3BONCTBO» [16].
Opnako, kak 3asgsuin M. Kumar u ap. [17], pyxo-
BOJICTBO OTHOCHTEJIBHO TOTO, C KAKOH METOIOJIOTHH
HAYMHATh U KaK W3HAYaJIbHO BHEJPSTh METO0JIO-
THIO, HESICHO M HE CONepKUT moapobHocTeit. He-
SICHO, SIBJISIETCS JIM TOAXOASAIIEH OTIPAaBHOM TOY-
KoM OepexIJIMBOE MPOM3BOACTBO WJIH IIECTh CUTM,
WIM UHTETPUPOBAHHASI BEPCHSl TOTO U JIPYroro.
3T0 Ba)XHO, MOCKOJIbKY HEKOTOPbIE OpraHU3alluy He
YBEPEHBI B TOM, KaKH€ NMPAKTUKHU YIy4IIEHUS COB-
MECTHMBI ¢ OM3HECOM U cpeio opranm3anuu [18].
Taxxe cienyeT OTMETUTh, YTO CYLIECTBYET
Majioe KOJIMYECTBO MCCIEIOBaHUM, WILTIOCTPUPY-
IOLUX yCHeX BHEAPEHUS IIECTU CUTM B CUCTEMY
MEHE/DKMEHTa KayecTBa aJJIMTUBHOTO MPOU3BO/-
ctBa. CneoBaTenbHO, NPEANPUATHS, HA KOTOPbIX
M3TOTaBIMBAETCS MPOAYKT CIIOCOOOM CENEeKTHB-
HOTO JIa3€pHOTO CIUIaBJICHUS, JOJKHBI OLICHUTh
CBOU PECypCHl U KpUTHUECKHE (aKTOPBI [T BbI-
0opa 1aHHOM MeTO10JI0THH, 3P(PEKTUBHOTO U -
CTBEHHOTO BHEIPEHHUS B IMPOLIECC MPOU3BOACTBA,
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OCHOBBIBAsCh Ha pe3yiIbTaTax HcclieJoBaTeNei B
CMEKHBIX OTPaCIIsAX MPOU3BOJICTBA.

Heo0xoanmo npoBecTy miIaHUpOBaHUE Kade-
CTBa, YTOOBI ONPEIEIUTh MOTPEOHOCTH KIMEHTOB
B TOYHOCTH F'OTOBOIO M3/IEJIMS, OLIEHUTH KOJIMYE-
CTBO JIe(hEKTOB, ICTETHUECKYIO U TEOMETPHUICCKYIO
TOYHOCTH MPOAYKTa, 1 HEOOXOIUMOCTh MPOBEJIE-
HUS TUTAHUPOBAHMS KauyecTBa, OCHOBBIBASChH Ha
MPEANOYTEHUSX KOHEYHOTO 3aKa34ynKa.

3aknioyeHve

TakuM 006pa3oM, OCHOBBIBAsICh Ha BBIIIECKA-
3aHHOM, MBI JIEJIaeM BBIBOJ, 4TO 3P (eKTUBHOE yII-
pasienue kauectBoM All Tpebyet peanmsanuu psiia
MEpOIPUATUH, OPUEHTUPOBAHHBIX Ha KadecTBO.

JisRINIIZ) KauecTBO MaTepHaa

IMPOLECC

KauecTBO cCHCTeMBbI

HeoOxoqumMo mpoBecTH IUIaHUPOBAaHHUE KauecTBa,
4TOOBI OIIPEAETUTH TOTPEOHOCTH KIIMEHTOB B ITPO-
JYKTaX, OLIEHUTh KOJIMYECTBO IE(EKTOB, 3CTETU-
YEeCKYyI0 U T€OMETPUYECKYIO TOUHOCTh IPOIYKTa.
YuuThIBas pecypebl, KpUTHUECKUE (haKTOPbI U MHE-
HHE KJIMEHTOB, POU3BOAUTENH MPOIYKIMH B chepe
aJIMTUBHOTO NPOM3BOJCTBA CMOT'YT pa3paboTaTh
IPaBUJIbHBIN CTpAaTErNYeCKU MIaH [UIS yiTyullie-
HHsI KauecTBa BbIITyckaeMol npoaykiuu. O6par-
Hasl CBSI3b IOMOXET COKOHOMUThH BPEMs U CHHU-
3UTh 3aTpaTbl Ha 00pabOTKY BO3BPATOB MPOIYK-
IIUH, TapaHTUHHBIE MJIATEXKH U K00kl MOKyIa-
TeleH, a Takke choKyCHpOBaThCS HA yMEHbBIIEHHH
M3MEHYMBOCTH IIpoIlecca U IrapaHTUPOBATh COOT-
BETCTBHUE KaueCTBAa KOHEUHBIX COOPOK CTaHJapTaM
U crielupUKaIHsIM.

KauecTBO HCIIOJIHeHHS

o CraHaapTHBIE METOIBI o JlocTaToyHOE MOHHMAHHE o Kpurepun s¢pdextnBHOCTH
onpeaeneHua TX nopomka mpouecca o  TeXHOTOrHH KOHTPOIA

o TX nopomxka o BszaHMOCBA3H MEXIY o IMoct-TepMuueckan

o TpeboBanHA K peakipeii B MaTepHaTe obpaboTka
MOCTABIIHKAM ITOPOIIKA o UHcIeHHOE MOIETHPOBAHHE o ®dunHampHaA 00pabOTKA

o IlpakTHka IIOBTOPHOTO o  CeHCOpHBIC TEXHOIOTHH mocJIe mpolecca
HCIIOIb30BAHHA MOPOIIKA o MoHHTOpHHT mpouecca o JlaHHBIE O CBOHCTBAX A4

TIPOCKTHPOBAaHHA H

BepHHKALHH TpoLiecca

Puc. 4. LLinpokoe npepcraeneHme notoka ksanmoukaumm Al o matepurane, NpoLecce n npoaykre
M cT04HwuMK: BeinonHeHo WN.C. KywwHnpom

MATERIAL

PROCESS

PRODUCT

DESIGN The quality of the material System quality Quality of execution

+ Standard methods for the o Sufficient understanding of o Performance criteria
determination of powder’s the process o Control technologies
TC o The relationship between the o Post-heat treatment

»  powder’s TC reaction in the material o Final processing after the

» Requirements for powder o Numerical simulation process
suppliers o Sensor technology o Property data for process

+  The practice of reusing o The processes monitoring design and verification

powder

Figure 4. A broad representation of the AP qualification flow about the material, process and product
Source:made byl.S. Kushnir
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Hepemennsie mpo0iemMsbl, CBsI3aHHbBIE C Kayde-
ctBoM All, npuBenyT kK COXpaHEHUIO IPUMEHEHUS
TPAJULIMOHHBIX U XOPOUIO 3apEKOMEH/I0BABIIHNX
cebs MeTo10B pou3BoAcTBa. OIHAKO C YyUETOM
BAJXHOCTH HMMIIOPTO3aMEILEHUs], CTpaTernyecKom
BBITOJIBI 1 SKOHOMUYECKOH 3(PEKTUBHOCTH BO3HH-
KaeT Bc€ OombImasi ToTpeOHOCTh B PEIICHUH TIPO-
O7eMBl KauecTBa B aJJJATUBHOM IPOU3BOCTBE,
a TaKXKe B YMEHBUIEHUU U3MEHUYHUBOCTH Ipolecca
Y TIOBBILIEHUH €r0 BOCHPOU3BOAUMOCTU. Cxema-
TUYHOE MPE/ICTAaBICHNE MTOTOKA JaHHBIX TPU BHEI-
peaun DMAIC B anauTrBHOE MPOU3ZBOACTBO MPE/-
CTaBJICHO Ha pHuC. 4.

[Monxox DMAIC no3BosisieT KOMITAaHUH OTpe-
JeTUTh (PaKThl TEKyIIeH MPoOIeMbl U IPEATIOKHUTH
peleHre, OCHOBaHHOE Ha (akTax, a He Ha PEATo-
JIOKEHUSX, YTO TIOCJIEIOBATEIbHO IPUBEAET K I10-
BBIILICHUIO TIOKa3aTesiel KauyecTBa, 3HaYUTEIbHOMY
yayuiieHuto nepenektusbl All B macitabax npo-
W3BOJICTBA M JaCT BO3MOXXHOCTH 3(PPEKTUBHO UC-
II0JIb30BaTh 3TY TEXHOJIOTUIO B HAIIEH CTpaHe.

Kpome Toro, ctpykrypa Obliia H3ydeHa TOJIbKO
B IPOM3BOJCTBEHHOM cekTope. bynymue uccueno-
BaHUSl MOTYT TaK)K€ pacCMOTPETb METOIbl WHTE-
rpauuu Mexanu3smoB u moaened DMAIC B cye-
CTBYIOLYIO CTPYKTYpY JJIsl HOBBILIEHHS IPOU3BO-
JUTENLHOCTH COTPYIHUKOB Ha npeanpustusx All,
BOBJICUCHHUS KIIMEHTOB U CTPEMJICHUS K UHBECTH-
UM B COOOIIECTBO JUIsl MOJMYYCHUs] Ka4eCTBEH-
HOH U KONIMYECTBEHHOW OLIEHKH yiy4iieHnid. Hako-
HEll, UCCIIEIOBaTEeNM U MPAKTUKU MOTYT U3YyUHTh
BKJIIOUEHHE JTAHHOTO METOZA B CTPYKTYpPY B ILIYJSAX
yAy4IllIeHHUs YIpaBieHUs paboueld cuioil u iayu-
Iero KOHTPOJISI/MOHUTOPUHIA IPOLECCOB 0e3-
OIIACHOCTH PaboYnX KaJpOB Ha MPOU3BOJICTBE.
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Abstract. Population growth and urbanization have resulted in land use/land cover
(LULC) changes and affect land surface temperature (LST), which contributes
to global warming. The study aimed to detect the LULC changes across Mendefera,
Eritrea, from 2002 to 2022, and examine their impacts on LST. Two Landsat-7 ETM
and One Landsat OLI TRI-8 images from 2002, 2012 and 2022 were utilized.
A supervised vector machine algorithm was used to classify LULC. Overall accuracy
and Kappa coefficient were calculated. Linear regression was performed to show
the relationship between Normalized Difference Vegetation Index (NDVI) and LST.
The study found remarkable LULC changes in the study area 2002-2022. Built-up
and agricultural areas increased by 113.5 and 64.4% respectively, whereas natural
vegetation and open areas decreased by 77.6 and 24.8%, respectively. The highest
and lowest mean LST were recorded in built-up (35°C) and natural vegetation
(29.7°C) areas, respectively. Generally, mean LST decreased by 3.3°C in the study
area from 2002 to 2022, and a negative correlation was observed between NDVI and
LST. Thus, the study concludes that urbanization causes vegetation degradation,
abrupt built-up growth and urban heat islands. The study will help planners and
decisions-makers in planning appropriate mechanisms in land use planning and
climate change mitigation.

Keywords: land use/land cover, land surface temperature, overall accuracy, Kappa
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HcTopust cratbu

[Moctynuna B penaknuto: 12 mapra 2024 T.
Jopaborana: 21 urons 2024 r.
[punsTa k myonukanuu: 3 utons 2024 r.

3asBileHHE 0 KOH(PJIUKTE HHTEPEeCcoB

ABTOpBI 3asIBISIIOT 00 OTCYTCTBUHU
KOH(IUKTa UHTEPECOB.

AnHoTauus. Poct Hacenenus u ypOaHu3alus MpuBeId K U3SMEHEHUSIM B pac-
TUTEIILHOM MOKPOBE, KOTOPBIE BIMSIOT HA TEMIIEPATYPY MOBEPXHOCTH CYIIH,
YTO CIIOCOOCTBYET II00anbHOMY noTteruieHuto. Llens ucciaenoBanus — BbIsAB-
JIeHWEe M3MEHEHHH B pacTUTEIbHOM IMOKpoBe B MeHnedepe, Dpurpes, 3a me-
puon ¢ 2002 mo 2022 . 1 u3y4yeHue UX BIUSHUE Ha TEMIIEPaTypy MMOBEPXHOCTH
cym. beutn ucnons3oBaHbl 1Ba cHuMKa Landsat-7 ETM u oauH CHHUMOK
Landsat OLI_TRI-8, cnenannsie B 2002, 2012 1 2022 rr. dns knaccupukayuu
W3MEHEHUH B PAaCTUTEIHLHOM IOKPOBE MPHMEHEH ajJrOpUTM YIIpaBIsieMON
BEKTOPHOI 00paboTKu. PaccunTanbl K03 PULIHEHTHI JOCTOBEPHOCTH U KO3(-
¢unment Kanmna. /{ng oroOpakeHus B3aUMOCBSA3H MEXIY HOPMaIH30BaHHBIM
BEreTallMOHHBIM HH/IEKCOM U TEMIIEPAaTypOi MOBEPXHOCTH CYIIH CIeHEPHPO-
BaHa JIMHEWHas perpeccus. B xoze uccinenoBaHust OTMEUEHbl 3HAYUTEIIbHBIE
W3MEHEHHS PaCTUTEIHLHOTO MOKPOBa B Uccienyemoit oonactu B 2002—2022 rr.
IInomaap 3acTpoiiky U CENbCKOXO03SIMCTBEHHBIX yToAUK yBenuumiack Ha 113,5
u 64,4 % COOTBETCTBEHHO, B TO BpeMs KaK €CTECTBEHHAs pAaCTHUTEIbHOCTh
U OTKPBITHIE IPOCTPAHCTBA COKpATUINCh Ha 77,6 1 24,8 % COOTBETCTBEHHO.
Camblii BBICOKMI M caMblii HU3KHI CpellHUe 3HAYCHUs W3MEHEHUH B pacTH-
TEJIHLHOM NIOKPOBE OTMEYEHHI B HaceJIeHHBIX MyHKTax (35 °C) u ecrecTBeHHOH
pactutensHOCTH (29,7 °C) COOTBETCTBEHHO, HO B II€JIOM CPEJAHHE 3HAUCHHS
W3MEHEHUH B PacTUTEIHLHOM MOKpPOBE CHM3WINCH Ha 3,3 °C B mcciexyemoit
obnactu ¢ 2002 nmo 2022 r., u HabmOAaNach OTPULATENbHAS KOPPESLU
MEXJly HOpMaJIM30BaHHBIM BET€TallMOHHBIM UHJIEKCOM U U3MEHEHHSMH B pac-
TUTEJILHOM MOoKpoBe. TakuMm 00pa3oMm, clienaH BBIBOJ] O TOM, YTO ypOaHU3aIHs
TIPUBOJAMUT K JIETPa/lallii PACTUTEIbHOCTH, PE3KOMY POCTY 3aCTPOUKHU U MOSB-
JICHHIO TOPOJICKUX OCTPOBOB Tema. MccnenoBanue moMoxeT crieruaiucTam
IO IUTAHUPOBAHUIO U JIMIaM, IPUHUMAIOIINM PEIIeHHUs, Pa3paboTaTh COOTBET-
CTBYIOLIME MEXaHU3MBI JJIs IUIAHUPOBAHUS 3€MJICTIONB30BAaHUS U CMSATUCHHUS
MOCJIEICTBUI U3MEHEHHS KIIMMaTa.

KuroueBble clioBa: 3eMIICTIONB30BaHKE, TEMIIEPATYPa MOBEPXHOCTH 3eMIIH,
o01ras TO9HOCTh, K03 urnent Kanma
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Introduction

Since the second half of the 20™ century, the
world population has shown rapid increase from
2.6 billion to 7.7 billion and likely to reach around
9.9 billion by the year 2050 [1]. Different studies
revealed that about 66% of the global population
is expected to be stacked in urban areas in 2050
[2; 3]. Population growth and urbanization are
among the prominent factors that affect land surface.
The major driving forces for the changes that
happened to land use land cover changes (LULCC)
are mainly due to anthropogenic activities [4],
which may also affect LST and global warming.
Therefore, LULC change detection could help
understanding LST changes [5; 6] and take proper
actions to mitigate global warming. The application
of Remote Sensing and GIS in LULC changes
detection 1is effective, appropriate, ultimate, and
timely. Different techniques and algorithms have
already been developed for LULC classification,
including support vector machine (SVM), maxi-
mum likelihood (ML), random forest/random tree,
deep learning, etc. SVM is one of the powerful
classification algorithms for identifying the boun-
daries of features by dividing and screening the
classes [7], solving different problems in relation
to regression and groups [8], and arriving at
conclusions with limited training samples [9; 10].
Suggests that [8] reported that SVM classifier in
both ArcGIS Pro and Google Earth Engine exhi-
bited the best performance compared to the
maximum likelihood, random forest/random tree,
classification and regression trees, and minimum
distance classifiers.

In urban areas, LULC change due to rapid
urbanization is the main reason for the increased

LST [4]. Suggests that [2] analyzed the dynamics
in LULC change and its impact on LST for Galle
City, Sri Lanka, and reported that built-up area
increased by 38%, whereas vegetation and non-
built-up area reduced by 26% and 12%, respecti-
vely, and LST increased by 3.2°C from 1996 to
2019. Suggests that [11] studied the spatiotem-
poral relations between LULC change and LST
for Tehran, Iran, and they found that impervious
surface area increased by 48.27%, vegetated land
decreased by 7.10%, and mean LST has increased
by 2-3°C at the city center and 5-7°C at the
periphery between 1988 and 2018. Also reported
[12] notable rise in mean LST of 4.5°C (summer)
and 5.7°C (winter) in Sialkot city, Pakistan, due to
urbanization from 1989 to 2020. On the contrary,
[13] reported that LST decreased by 0.56°C from
2000 to 2020 across the Kanyakumari district,
India. Linear regression was performed to show
the correlation between LST and NDVI [6]. Nor-
malized Difference Vegetation Index (NDVI) is one
of the frequently used vegetation indices, which is
calculated from multispectral bands using red, and
near infrared and provides useful information for
environmental monitoring, ecosystem conservat-
ion, urban green infrastructure, and others [14].
Correlation graphs between LST and NDVI have
indicated negative relationship among them [6].
Eritrea is one of the six fastest urbanizing
country in Africa and the ten fastest in the world.'
More than 65% of Eritreans live in rural areas,
while its annual urban population growth was 6%
for the years 2000—2005 [15], and the numbers are
expected to increase. In many areas of developing
countries, rapid population increase has often
resulted in LULC change [9; 15]; approximately
90% of population growth has been observed in

! United Nations. UN Department of Economic and Social Affairs Divisions. World Urbanization Prospects. The

2018 Revision: New York, USA, 2018.
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Asia and Africa [16]. Studies on LULC dynamics
and their impacts on LST are crucial in developing
countries such as Eritrea for informed-policy
decisions for land use planning and climate-change
mitigation; however, there are no such studies in
Eritrea. Thus, this study was carried out in Greater
Mendefera to detect the dynamics of LULC changes
and their associated impacts on LST between 2002
and 2022.

1. Materials and Methods
1.1. Study Area

Greater Mendefera, with geographic coordi-
nates of 14°53'8”’N and 38°48'59°E (its center),
is located 54 km south of Asmara in Zoba Debub,
Eritrea, within the moist highlands agroecological
zone of Eritrea with 17.35°C mean monthly air
temperature, 549 mm average annual rainfall and

1462.44 mm yr’! potential evapotranspiration rate.
Greater Mendefera includes the Mendefera city and
surrounding villages. The government of Eritrea has
provided a master plan for the Greater Mendefera
20 years ago, and the city expanded through different
infrastructure projects. Mendefera city is the capital
for both Zoba Debub and Sub-Zoba Mendefera.
The settlers of the city are engaged in different
economic activities, trade, services, farming, and so
on. Mendefera, having favorable climatic conditions
and fertile black soils in its surroundings, is known
for its agricultural and dairy activities that produce
different cereals, peas, beans, vegetables, and dairy
products. Small-scale irrigated agriculture is com-
mon at the periphery and within the city. Many
nearby farming villages surround the city. The sur-
rounding area is highly populated because of its
fertile black soils (Figure 1).

1800N Eritrea

16°00'N

14°00N <

1200'N |

T T T
38°00°E | 4000E 42°00'E

Mendefera-Study Area

Relief of the Study Area
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Figure 1. Location, DEM and slope of the study area
Source: made by T.E. Sereke
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1.2. Data and Methodologies

To examine LULC changes, three Landsat
images Combination-2 Level-2 of Landsat 8
OLI_TRI for 2022 and Landsat 7 ETM+ for the
year 2002 and 2012 with WRS Path 169, Row 050
were downloaded from United States Geological
Survey Earth Explorer. Composite Bands from
Landsat images were analyzed to classify LULC.
Thermal bands that are Band 6 for 2002 and 2012
and Band 10 for 2022 were extracted and analyzed
to calculate LST of the study area. NDVI was
calculated using Band 5 and Band 4 for Landsat 8,

whereas Bands 4 and 3 were used for Landsat 7.
Vector layer for the study area was extracted from
the country’s shape file that was obtained from
EMIC-Eritrean Mapping and Information Center.
In addition, ASTER-DEM was used to calculate
the slope and Digital Elevation Model. All the
spatial data were geo-referenced using UTM zone
37 N based on global WGS 84. All the images were
preprocessed, processed and analyzed using ENVI
5.3, ArcGIS 10.8.2 and QGIS 3.28. The overall
methodologies and procedures used in this study
are shown in the flowchart in Figure 2.
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Figure 2. Flowchart showing the methodologies
Source: madebyT.E. Sereke



Cepeke T.3., Tecgavi T., bparkos B.B. u ap. BectHuk PYAH. Cepusi: iHxeHepHble nccnegosanus. 2024. T. 25. Ne 3. C. 308-318

1.3. Land Use / Land Cover Classification
and Accuracy Assessment

LULC classification scheme proposed by
AfriCover was adopted [17], and four dominant
LULC classes were chosen in the study area: built-
up, agricultural, natural vegetation, and open areas.
The major LULC classes and their simplified ex-

planations for the study area are listed in Table. In
order to achieve high precision of LULC classi-
fication for the study area, composite bands with
ancillary data were utilized. SVM algorithm was
employed for LULC classification as it has many
advantages [7-10], and the overall accuracy and
kappa coefficient were culculated to assess the
LULC classification accuracy.

Major LULC classes in the study area and their simplified explanations

No. LULC Classes

Simplified Explanation

Built-up Areas

Industrial, commercial and public built-ups; transportation and others

Agricultural Areas

Any kind of rain-fed agriculture and irrigation

Natural Vegetation

Seasonal wetlands, artificial trees and natural bushes and trees

Eall I A

Open Area

An area left for fallow, grazing and other purposes

1.4. Land Surface Temperature Computation

Images for 2002, 2012, and 2022 were captured
on 29 September 2002; 24 September 2012; and 28
September 2022 respectively. All images were
captured in September to reduce variability.

LST for the year 2002 and 2012-Landsat 7.
For Landsat 7, LST was estimated using Thermal
Band 6. The following steps were used to convert
Band 6 of Landsat 7 from DN to LST:

1. Conversion of DN to Radiance [18]

LMAX, —LMIN,
L =( )
QCALMAX - QCALMIN

QCAL-QCAIMIN)+IMIN;, (1)

where Ly is Spectral radiance, QCAL is Quantized
Calibrated Pixel value in DN, LMAX, is Spectral
radiance scaled to QCALMAX in (Watts/
(m*xsrxum)), LMIN; is the spectral radiance scaled
to QCALMIN in (Watts/(m*xsrxpum)), QCALMIN
is the minimum quantized calibrated pixel value
(corresponding to LMIN;) in DN and QCALMAX
is the maximum quantized calibrated value (corre-
sponding to LMAX;) in DN.
2. Conversion of Radiance to BT [19]

— K onis, )

In(—+1
nC -+

'\

BT =

where BT is Brightness temperature, which is
effective at satellite temperature in Celsius, K>
is Calibration constant 2, K is Calibration con-
stant 1, and Ly is the spectral radiance in (Watts/
(m?xsrxpm) from (Equation 1).

1.5. Land surface temperature
for 2022—-Landsat 8

For Landsat 8, LST was estimated using
thermal Band 10. The following steps were used to
convert Band 10 of Landsat 8 from DN to Land
Surface Temperature (LST):

TOA (Top of Atmospheric) spectral radiance
was calculated using Equation 3 [19]

TOA(L)=M,-Q,,+A,, 3)

where M. refers to Band-specific multiplicative
rescaling factor from the metadata (RADIANCE
MULT _BAND x, where x is the band number),
Qca refers to quantized calibrated value and Ar
refers to Band-specific additive rescaling factor
from the metadata (RADIANCE _ADD BAND x,
where x is the band number).

The radiance values were converted into
brightness temperature. It was calculated using
Equation 4 [6]

T,=(K,/In(K,/L)+1)-273.15,  (4)
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where 75 is brightness temperature in Kelvin;
K1 refers to Band-specific thermal conversion
constant from the metadata (K1 CONSTANT
BAND_x, where x is the thermal band number), K>
refers to Band-specific thermal conversion constant
from the metadata (K2 CONSTANT BAND x,
where x is the thermal band number) and L refers
to TOA from (Equation 1).

The normalized difference vegetation index
(NDVI) was calculated using Equation 5[2; 5]

_ (NIR-RED)

NDVI = :
(NIR+RED)

)

where NIR and RED in Landsat 8 refer to the
surface reflectance values of Band 5 and Band 4
respectively.
Proportion of vegetation was calculated using
Equation 6 [2; 4]
)2

.

where Py is the proportion of vegetation, NDVI
refers to normalized difference vegetation index,
NDVlImnin refers to the minimum values of NDVI
and NDVImax refers to the maximum values of
NDVIL.

Land surface emissivity was calculated using
Equation 7 [2]:

NDVI-NDVI_
NDVI__ —NDVI_

(6)

e={mP, +n}, (7

where ¢ is the land surface emissivity; m and n
are the functions of soil emissivity and vegetat-
ion emissivity, respectively, for m = 0.004 and

n=0.986%[3]; and P, is the amount of vegetation
(Equation 4).

Land surface temperature was calculated using
Equation 8 [2; 4]

LST =T,/1+(\-Typ) Ine, (8)

where 75 — brightness temperature in Celsius;
A — is the central-band wavelength of emitted
radiance (10.895 um for Band 10 [2]; p is & X ¢/o
(1.438 x 102 m K), where o is the Boltzmann
constant (1.38 x 10-23 J/K), h is Planck’s constant
(6.626 x 10—34 Js), and c is the speed of light
(3.0 x 108 m/s!) [4]; ¢ is land-surface emissivity
estimated from (Equation 6) [2].

2. Results and Discussion

2.1. LULC Change Dynamics

The total study area was 2536 ha. In 2002,
the areal coverages for open, agricultural, natural
vegetation and built-up areas were 47.4, 28.3,
17.8, and 6.5%, respectively, whereas in 2022, they
were 35.7, 46.5, 4.0, and 13.9%, respectively
(Figure 3). The study noted remarkable LULC
changes between 2002 and 2022. Built-up and
agricultural areas increased by 186.8 ha (113.5%)
and 461.8 ha (64.4%) and while natural vegetation
and open areas decreased by 349.9 ha (77.6%) and
298.6 ha (24.8%), respectively (Figure 4). Natural
vegetation was cleared for agricultural and con-
struction activities, and open areas were converted
to agriculture and infrastructures owing to populat-
ion growth and urbanization. These findings are
supported by reports that built-up area increased
rapidly but vegetation area decreased [2; 11].

Area of Land Uses, ha, in 2002, 2012 and 2022

Built-up Area

Natural Vegetation

Agricultural Area

Open Area

0o 200 400

2022

600

800 1000 1200 1400

2012 =2002

Figure 3. Land uses and their area, ha, in 2002, 2012 and 2022
Source:madebyT. Tesfay
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LULC Changes, %, from 2002 to 2022
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Agricultural Area

2002 - 2022

Figure 4. LULC changes, in 2002-2012, 2012-2022 and 2002-2022, %
Source: made by T. Tesfay

From 2002 to 2012, built-up, open, and agri-
cultural areas increased by 128.5ha (78.1%),
96.4 ha (8%) and 52.9 ha (7.4%), respectively, but
natural vegetation area decreased by 277.8 ha
(61.6%) (Figure 4). The high increase in build-up
and high decrease in vegetation areas indicates that
vegetation was cleared for construction purposes.
Since the loss in the natural vegetation was greater,
it is clear that vegetation was also cleared for
agricultural and energy purposes, as an energy crisis

Land Use Land Cover-2002

is common in the study area. From 2012 to 2022,
natural vegetation and open areas decreased by
72.1 ha (41.6%) and 395.0 ha (30.4%) while agri-
cultural and built-up areas increased by 408.9 ha
(53.1%) and 58.3 ha (19.9%), respectively (Figure 4).

The LULC classification was performed with
good accuracy and precision. The overall accuracy
and Kappa Coefficients for 2002, 2012 and 2022
were 89, 91 and 89%, and 0.84, 0.85 and 0.85,
respectively (Figure 5).

Land Use Land Cover-2012

LEGEND

Class

|| openares
- Natural Vegetation
|:| Built-Up Area
’—l Agricuhural Area

Figure 5. SVM classification of LULC map
Source:madebyT. E. Sereke
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2.2. Land Surface Temperature

The mean LST for the years 2002, 2012, and
2022 were 35.1, 30.2 and 31.8°C, respectively, and
the minimum and maximum ranges were 25.9—40,
2.2-39.6 and 23.7-38°C, respectively (Figure 6).
The mean LST decreased by 3.3°C from 2002
to 2022 in the study area. Decreased mean LST
was also reported by [9], but [2; 11; 12] reported
increased mean LST due to built-up area increase.
The overall mean LST in natural vegetation, agri-

cultural, open, and built-up areas were 29.7, 32.8,
32.9 and 35.0°C, respectively (Figure 7).

The built-up area recorded the highest mean
LST, indicating the urban heat island effect [11;
12]. Natural vegetation had the lowest mean LST,
which can be attributed to a cooling effect of
vegetation.

The regression analysis showed that there was
a negative correlation between NDVI and LST for
the three years with R? values of 0.3041, 0.1038, and
0.4978 for 2002, 2012, and 2022, respectively.

Land Surface Temperature-2002

LEGEND
LST_2002
<VALUE>
I 259 - 30.7
[ 308-33.1
[ J332-35
[ 35.1-36.8
B 359 -40

Land Surface Temperature-2012

LEGEND
LST_2012
<VALUE>

| PFET
[ 16.1-248
[ l2a9-287
[ 288 - 321
B 322-396

LEGEND
LST-2022
<VALUE>
I 237287
[ 288-3086
[ J307-323
[ 32.4-341
B 32-38

Where 0 — Open Area, ] — Natural Vegetation,
2 — Built-Up Area and 3 — Agricultural Area

Figure 6. Spatial distribution of LST with LULC for 2002, 2012 and 2022
Source:madebyT. E. Sereke

LST (°C) of Land Uses in 2002, 2012 and 2022

Built-up Area

Agricultural Area

Natural Vegetation

20,0 25,0 30,0 35,0 40,0

Mean =2022 =2012 =2002

Figure 7. LST °C of Land Uses in 2002, 2012 and 2022
Source: made by T. Tesfay
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Conclusion

The study employed remote sensing data and
GIS techniques to examine, analyze and process
the dynamics of LULC and evaluate their associated
impacts on LST in Greater Mendefera, Eritrea,
in 2002, 2012, and 2022. This study noted consider-
able LULC changes from 2002 to 2022 in the study
area. Between 2002 and 2022, built-up and agri-
cultural areas expanded by 113.5 and 64.4%, and
on the contrary, natural vegetation and open areas
shrank by 77.6 and 24.8%, respectively. The built-
up area recorded the highest mean LST (35°C),
whereas the natural vegetation area had the lowest
(29.7°C). The mean LST decreased by 3.3°C from
2002 to 2022 in the study area. This study could
help policy makers in planning sustainable urban
development to minimize urban heat island and
global warming effects.
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Abstract. The article discusses various methods for creating decision support systems
to determine the technical appearance and design characteristics of multi-apartment
residential buildings at the pre-construction stage. To solve this problem, structural
optimization is used, which includes determining the number of elevators, the height
of the building and the number of floors, orienting the building to the cardinal
directions, determining the parameters of engineering communications and the
investment attractiveness of new housing. The advantages and disadvantages of
machine learning methods and various types of logical inference in expert systems
for determining the technical appearance and design characteristics of multi-
apartment residential buildings are analyzed. A comparative analysis of the various
approaches has led to the conclusion that the tools of expert systems based on fuzzy
logic are the most advisable. This paper presents an overview of the fundamental
principles underlying the operation of fuzzy expert systems. It also offers a critical
assessment of their potential for universal applicability and versatility in addressing
design challenges related to construction projects.

Keywords: decision support systems, expert systems, structural optimization,
machine learning methods, technical appearance, engineering concept, fuzzy logic
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MocTaHoBKa 3apa4mn onpeaeneHns TeXHUYEeCcKoro oonmka
M KOHCTPYKTUBHbIX XapaKTePUCTUK MHOTOKBaPTUPHbIX XXUJbIX 30aHUIA
Ha OCHOBE MeToA,a 3KCNEepPTHbIX CUCTEM

A.A. Mepkyaos*“™, FO.H. Pazymubiii*”, O.A. CanrbikoBa®”, U.B. Crenansin®

?Pocculickuil yHUBEpCUTET ApY>KObI HapoaoB, Mockea, Poccus
" Mucturyt mamunoBeaenus uM. A.A. Bnaronpasosa PAH, Mockea, Poccus
<1 amerkulov@levelgroup.ru

Hcropus cratbn AHHOTanms. PaccMOTpeHs! pa3InuHbIE METO/IbI CO3IaHUsI CUCTEM MOJ-
JEPAKKU MPUHATHS PELICHUH s ONpeAesIeHUs TEXHUUECKOro 00I1Ka
Y KOHCTPYKTHBHBIX XapaKTEPUCTHK MHOTOKBAPTUPHBIX KMJIBIX 30aHUH
Ha 3Talne MNOATOTOBKU K CTPOUTENBCTBY. I pelreHus 3Tod 3anadu
UCIIOJIB3YEeTCS CTPYKTYPHAsl ONITHMH3ALINsI, KOTOPAasi BKIFOYAET B ce0s
OIIpeJieTIeHNE KOJIUYeCTBa JIN(TOB, BBICOTHI 3JaHUS U KOJIMYECTBA ITa-
JKEH, OPUEHTALUIO 3/1aHKs 10 CTOPOHAM CBETA, OIPEeNICHHE TapaMeT-
POB MHXKEHEPHBIX KOMMYHUKAIUHA U UHBECTULIUOHHON NIPUBJIEKATEIb-
HOCTH HOBOTO KWIbA. [Ipoananm3upoBaHbl NMPEUMMYILECTBA U HENO-
CTaTKH METOJI0B MAIIMHHOTO 00YYEHHsSI U Pa3JINYHbIX TUIIOB JIOTHYE-
CKOTO BBIBOJA B 3KCIIEPTHBIX CHUCTEMAaX Ul ONpEAEICHUsI TeXHUYE-
CKOT0 00JIMKa W KOHCTPYKTHBHBIX XapaKTE€PHUCTHK MHOTOKBapTHp-
HBIX >KHMIIBIX 37aHuii. Ha OCHOBE CpPaBHMTEIBHOTO aHAIM3a Pa3JIny-
HBIX TIOZIXOJIOB CJIEJIaH BBIBOJ O 1I€JIECO00Pa3HOCTH HUCIOIb30BAHUS
MHCTPYMEHTOB JKCIIEPTHBIX CHCTEM, OCHOBAaHHBIX Ha HEUETKOI JIOTHKE.
ITokazaHbl OCHOBHBIE NPUHIUIBI PAOOTHl HEUETKUX IKCHEPTHBIX
CHCTEM U CAEJaH BBIBOJ 00 X YHUBEPCATLHOCTH U IIEPCIIEKTUBHOCTH
B 33/1a4aX NPOEKTHPOBAHMS CTPOUTENIBEHBIX 0OBEKTOB.

[ocrynmina B penakmuio: 24 asrycra 2024 r.
Jlopabotana: 12 okts10ps 2024 .
[Mpunsrta k myonukanuu: 27 okTs0ps 2024 r.

3asiBjieHHe 0 KOHGUINKTEe HHTEPECOB

ABTODBI 3asIBJISIIOT 00 OTCYTCTBHH
KOH(DIUKTa HHTEPECOB.

Bxkaan aBTopoB

Hepasﬂenbﬂoe COaBTOPCTBO.

KiroueBble cj10Ba: CHCTEMBI MOAACPIKKU HPUHATHUA pemeHI/Iﬁ, OKCHIEPT-
HBIC CUCTEMBI, CTPYKTYpPHas ONTUMU3alUsA, METOAbl MAILIMHHOT'O o6yl1e-
HHA, TEeXHUYCCKUI O6J'II/IK, WHXXCHCPHAaA KOHICTIUA, HCUCTKAsA JIOTUKa
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C. 319-329. http://doi.org/10.22363/2312-8143-2024-25-3-319-329

Introduction struction project with the set goals and objectives.

The problem of determining the technical appearance

The technical appearance of an apartment
building is determined during the design stage,
which represents its conceptual engineering model.
This model describes the tasks, structure, and main
design characteristics of a multiapartment residen-
tial building. The model must consider the main
elements that determine the compliance of a con-
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of an apartment building is solved using structural
and parametric optimization [1].

Structural optimization of the technical appear-
ance of an apartment building involves determining
the composition and interrelation of the elements
of the designed construction project, and parametric
optimization involves choosing the values of its
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parameters [2]. In relation to the problem being
solved, structural optimization includes the deter-
mination of the following characteristics:

* Number of elevators in an apartment building;

* Building height (number of floors) of an
apartment building;

* Orientation of an apartment building accord-
ing to cardinal directions;

* Determination of engineering communication
parameters;

* Determination of the investment attractive-
ness of a building (important for construction
planning).

The technical appearance of an apartment
building and its design characteristics should be
determined by considering the restrictions imposed
on the construction site (cost, parameters of the
construction site, etc.), as well as available resources
(financial, material, technical, etc.).

The purpose of this study is to determine ways
to solve the problem of parametric optimization of
the technical appearance and design characteristics
of multi-apartment residential buildings and to
justify the choice of the solutions obtained.

1. Analysis of experience in solving design
problems in the field of construction using
intelligent systems

The analysis and optimization of the technical
appearance of an apartment building are usually
carried out using various methods, including mathe-
matical modeling, system analysis, simulation, and
optimization. Currently, machine learning methods
are extensively used to solve design problems in
the field of construction. For example, in [3], where
three-dimensional models of buildings were built
using a deep learning neural network (Figure 1).

ib)‘

L )
| B
e
7

Figure 1. Three-dimensional models of residential buildings obtained using a deep learning neural network
Source: made by H. Fan et al. [3]

The open-source project” combines parametric
modeling tools, data preprocessing scripts, and
deep neural network models and provides the
technical ability to differentiate the generalized

unlabeled 3D geometry of a building in the form
of informative three-dimensional models consisting
of highly detailed architectural components (roofs,
windows, facades, walls, chimneys, etc.). This tool
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allows automatic segmentation and detailed 3D
building models to be segmented more efficiently
and quickly than the traditional and manual soft-
ware tools. An example of how the system works
to detail a building model in an entire city is shown
in Figure 2.

Simultaneously, the use of machine-learning
methods, including neural networks, requires a large

It should be noted that there are artificial
intelligence systems based on expert decisions
(expert systems) rather than statistics (such as
machine learning). Their essence is to use expert
knowledge instead of statistical data. A comparative
analysis of the neural network and expert systems
for determining the physical forms and design
characteristics of multiapartment residential build-

training sample.
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Figure 2. Coverage map:

ings is presented in Table 1.

a— the scale of the Montreal city model; b— an example of a neural network reconstruction of one city fragment
Source: Figure is taken from 3D Building Classification & Segmentation Pipeline.
Available from: https://github.com/michaelhasey/3D-Building-Segmentation (accessed: 07.01.2024).

Table 1

Comparative analysis of the neural network method and logical inference rules
for the design of decision support systems in construction problems

Attribute Neural network approach Expert systems
« Neural networks are capable of learning from large ° 'N€inference rules ofan expertsystemare easy to
amounts of data and automatically extracting patterns. mteg;l)ret anﬂ exp.la.ln. This makes the(rjn suntak()jlehfor
* Neural networks can solve problems of classification, problems where itis nggessary to understand how
Advantages the system makes decisions.

regression, generation, and natural language processing.
The ability to adapt to changing data and conditions
without the need to directly specify rules.

Expert systems built on rules have predictable
behavior, and changes to the knowledge base can
be made through a knowledge filling block.

Restrictions

Areas of use
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* Neural networks can be difficult to interpret and their
decisions can sometimes appear to be a “black box”,
making their decision making less transparent.

« Training neural networks requires a massive amount of
data, and in some areas the data may not be sufficient.

It is used in tasks that require analysis of large amounts of
data, pattern recognition, natural language processing,
and in tasks where patterns are difficult to formalize with
rules.

Constructing rules and formalizing knowledge can
be a difficult task, especially in complex scenarios.
Inference rules cannot learn from data in the same
way as neural networks. They depend on the manual
creation of rules by experts.

It is effective in scenarios where transparency and
interpretability of decisions are important, as well as
in areas where knowledge is easily formalized, which
is convenient for construction engineering problems.
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An analysis of the literature has shown that
a significant proportion of expert systems for con-
struction problems is based on the mathematical
apparatus of fuzzy logic [4—17]. Knowledge engi-
neering methods have been used to develop expert
systems.

Knowledge engineering is a field of artificial
intelligence that studies the application of methods
for organizing, collecting, analyzing, representing,
storing, and using knowledge in expert systems [18].
It includes methods of acquiring, structuring, storing,
retrieving, retrieving, and applying knowledge.

A knowledge engineer (cognitologist) plays
a significant role in creating an expert system. The
task of a knowledge engineer is to acquire and
formalize knowledge in one or another formalism
(logical, production, frame, and other models of
knowledge representation) with the subsequent
setting of a task for programmers. To solve this
problem, it is advisable to use logical-inference
systems.

A comparative analysis of crisp and fuzzy
logic in the design of expert systems for construction
is presented in Table 2.

Table 2

Comparative analysis of crisp and fuzzy logic in the design of expert systems in construction

Attribute Crisp logic

Fuzzy logic

Works with precise, discrete values and rules. All
knowledge and rules are expressed using strictly @ fuzzy rules. Provides tools for describing uncertainty

Basic principles
defined conditions and actions.

Allows you to work with fuzzy values, as well as

and fuzziness in data.

* In expert systems based on fuzzy logic, rules

In expert systems based on clear logic, rules and
knowledge are formulated in an explicit, logical
form. An expert system is capable of making
decisions when knowledge and input data exactly
match specified conditions.

Expert systems built on the basis of clear logic work
well in tasks where rules and knowledge are strictly
defined. They are easy to develop and provide

and knowledge can be expressed in natural
language. An expert system based on fuzzy
logic is capable of making decisions even if the
data is fuzzy or inaccurate.

Fuzzy logic expert systems can handle complex
scenarios where data is fuzzy and are suitable
for problems where expert knowledge can be
expressed using linguistic variables and fuzzy

Application in expert
systems

accurate results.

Simple to consider and implement, but it is not always
possible to take into account the uncertainty and
fuzziness of the data. It works when tasks and rules

Advantages and
Limitations
are clear and strictly followed.

inference rules.

Allows to take into account and handle fuzziness,
which makes it useful in real-world situations
where data is often imprecise. However, it may
require more complex knowledge engineering.

Determining the input and output parameters
serves as the initial stage in the formation of the
knowledge base underlying an expert system. These
data were structured, systematized, and adapted for
use by the logical core of the expert system. Text
documents and standards contain a significant
amount of information that should become part of
the knowledge base, providing the expert system
with a set of key factors for analyzing input infor-
mation and making decisions.

To formalize expert knowledge, the mathema-
tical apparatus of fuzzy logic was chosen based on
the analysis in Table 2. This apparatus is more
flexible than traditional (crisp) logic and allows the
construction of multidimensional response surface

functions, which resemble hypersurfaces reproduced
by neural networks during the learning process on
the training set. Mamdani’s algorithm allows us to
reconstruct a response surface function that pro-
jects the hypersurface into a space consisting of n
dimensions, where n represents the number of factors
that influence the phenomena under study. This ap-
proach allows for a more complete and accurate
representation of the relationships and dependencies
between various variables in a fuzzy system. This
analysis is the basis for making recommendations
aimed at improving the system efficiency. In par-
ticular, this is important for determining defuzzifi-
cation methods, the shapes of membership function
curves, and other parameters. The response surface
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allows customization of the operation of the system
and increases its accuracy and predictive ability.
Systems based on fuzzy logic operate with
linguistic variables, each of which has its own spe-
cified membership functions. In the context of fuzzy
logic, a variable may not only be classified as
belonging or not belonging to a specific set, but it
may also be assigned a degree of membership
according to the membership function associated
with that set. For example, a variable temperature
of +10 °C may belong to the set “warm” with a mem-
bership of 65% and the set cold with a membership

of 20%. An example of this function is shown in
Figure 3.

Thus, fuzzy logic makes it possible to take
into account and model uncertainty, fuzziness and
variability in the parameters, which seems to be
a significant aspect in the construction industry.
The use of fuzzy logic in expert systems allows
flexible modeling of various scenarios, which helps

to increase the efficiency and accuracy of decisions.
The Mamdani inference system uses member-
ship functions to express fuzzy rules and logical
connections between inputs and outputs in accor-
dance with the diagram shown in Figure 4.

This algorithm for a conditional expert sys-

tem consisting of three rules is shown in more detail
in Figure 5.
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Figure 3. Fuzzy membership function of the satisfaction evaluation variable.
The abscissa axis shows the score in points, the ordinate axis shows the level
of membership in the range of possible values from0to 1 S
Source: figure was taken by |. lancu [19]
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Figure 4. Schematic diagram of expert systems with fuzzy logic
So ur c e: figure was taken by A.M. Abadi [20]

3
D R N



Mepkyios A.A., Pasymbivi KO.H. u 4p. BectHuk PYOH. Cepusi: iHxeHepHble nccneposanus. 2024. T. 25. Ne 3. C. 319-329

2. Apply
- fuzzy 3. Apply
1. Fuzzify inputs. operation implication
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If service is poor or food is rancid then tip = cheap
‘ average, |
2 n rule 2 has |
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good oninput 2 | |
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5. Defuzzify
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Figure 5. Mamdani algorithm
So ur c e: figure is taken from Mathworks. Help Center. Mamdani and Sugeno Fuzzy Inference Systems.
Available from: https://www.mathworks.com/help/fuzzy/types-of-fuzzy-inference-systems.html
(accessed: 07.01.2024).
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Figure 6. lllustration of methods of defuzzification: sdm, centroid, mom, lom

S ourc e: figure is taken from Mathworks. Help Center. Mamdani and Sugeno Fuzzy Inference Systems. Available from:
https://www.mathworks.com/help/fuzzy/types-of-fuzzy-inference-systems.html
(accessed: 07.01.2024).
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The final step of this algorithm is to reduce the
clarity (defuzzification) of the fuzzy output values.
This process is schematically shown in Figure 6.

The Mamdani algorithm has a high degree of
rule interpretability. Owing to the use of fuzzy sets
and rules that constitute the knowledge base, this
algorithm has some degree of resistance to noise in
the data, similar to neural networks. Mamdani's
algorithm includes the following steps:

* Fuzzification. The process of transforming
input variables from numeric values into fuzzy sets
using membership functions. Each input variable
is associated with a fuzzy set that describes the
degree to which it belongs to each term (category).

* Definition of fuzzy rules based on linguistic
variables and terms that have been defined in
fuzzification. The rules describe the logical relation-
ships between the input and output variables in
terms of “if-then” in a fuzzy form.

* Rule aggregation. By combining the output
values of the fuzzy rules for each variable, union
operations are used to obtain a common fuzzy
output.

* Defuzzification converts the fuzzy inference
result back into numeric values based on the
membership function.

* In the last stage, the system makes a decision
based on the numerical values obtained after
defuzzification (control signal or recommendation).

Any expert system specializes in a narrow
problem area and is based on a knowledge base built
based on the interaction of a knowledge engineer
with sources of information, including experts [18].

In the design and construction of buildings,
where fuzzy and weakly formalized rules operate,
fuzzy logic provides flexibility in describing the
conditions and relationships between variables.
This is useful in situations where precise numerical
values may be difficult to determine, or where there
is a significant degree of uncertainty. The knowledge
base of an expert system based on the Mamdani
algorithm includes rules, facts, procedures, and
logic specific to solving problems associated with
specialized aspects of construction and is a repo-
sitory of information that covers key aspects and
expert knowledge in the field of construction. The
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generalizing properties of a knowledge base allow
us to analyze and solve problems efficiently and
accurately, thereby providing recommendations and
solutions to the end user.

Main types of defuzzification:

» Center of Gravity (COG, Centroid): the
weighted average of all elements belonging to the
fuzzy set.

* Maximum Method (Max-Min Method): the
element with the highest degree of membership in
the fuzzy set is selected.

» Weighted Average Method: Each element
belonging to a fuzzy set is weighted according to its
degree of membership; subsequently, these weighted
values are averaged.

* Quasi-average Method (Modified Center of
Sums, MCS): a weighted average of all elements,
with the weight of each element defined as the sum
of the degrees of membership of all elements that
are greater than or equal to that element.

* Averaging the Maximum of Maximums
(AMOM): The average values of the elements with
the maximum membership degree at each iteration
are calculated. The defuzzified value is the result
of the last iteration.

* LOM (Largest of Maxima): the element with
the highest degree of membership in the set is
selected.

* SOM (Smallest of Maxima): the element with
the smallest degree of membership in the set is
selected.

* Bisector: an element that divides a fuzzy set
into two equal parts (the defuzzified value is exactly
in the middle of the set).

2. Statement of the problem of parametric
optimization of the technical appearance
and design characteristics of multi-apartment
residential buildings using the method

of expert assessments

A comprehensive study of literature and open-
source information allows one to explore the theo-
retical foundations and standards in the construction
industry, as well as familiarize oneself with current
research and best practices, which is very important
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for the formation of basic knowledge and under-
standing of what is already known in the field.

To enrich the system with more practical and
expert methods, it is also important to interact with
subject matter experts in the construction industry.
Experts can gain valuable practical knowledge and
experience that can be incorporated into the system
to accurately and realistically simulate the situations
encountered in the field.

Thus, the combined approach of collecting
knowledge from literature sources and interacting
with professional experts provides a comprehensive
and reliable knowledge base for creating a prototype
expert system for problems in the construction
field. As arule, the process of developing an expert
system begins with communication between a know-
ledge engineer and experts in order to adopt their
experience, knowledge, and decision-making
methods. A knowledge engineer identifies the key
aspects, rules, and contexts that experts use to solve
problems in their field. The knowledge engineer
then transforms this knowledge into the form of
rules that can be perceived and used by the expert
system. The initial stage of expert system develop-
ment establishes a fundamental framework that
facilitates subsequent advancements, encompassing
the capacity to accommodate novel data and re-
visions to building standards. Filling the know-
ledge base with logical inference rules plays a
decisive role in the successful implementation of
an expert system since the accuracy and complete-
ness of the knowledge base directly affects the
system’s ability to adequately analyze data and
make informed decisions. The rule-filling module
provides a mechanism for systematizing, structuring,
and entering acquired knowledge into the expert
system. Objects, their attributes, and relationships
are defined in accordance with the accepted know-
ledge engineering methods used for the design and
creation of expert systems [18]. Once a model is
developed, it must be tested on the test data to
evaluate its accuracy and efficiency.

As a result of this research, a primary proto-
type of an expert system was created in the form
of a software platform with a user interface. In
accordance with the developed architecture, the

expert system consisted of separate specialized
modules. Each module performs its own tasks and
is designed based on expert knowledge. It should
be noted that when developing an expert system,
the number of knowledge bases may not coincide
with the number of calculation modules that use
these bases.

Conclusion

The research presented in this paper represents
the development of a methodology for automated
engineering decision support systems in the con-
struction industry based on the theory of expert
systems and the theory of fuzzy sets. The use of the
logical inference apparatus in the architecture of an
expert system allows one to navigate engineering
problems associated with design and construction
and represents a new, innovative approach to solving
engineering problems.

The automation of decision support processes
in the design of building placement on a construction
site is an important component of the construction
industry. This approach helps improve housing
infrastructure based on expert knowledge and
increases investor appeal and the overall quality
of construction projects. Automation of decision-
making in the design process allows you to take
into account various parameters, ranging from the
orientation of the building to the cardinal directions
and ending with engineering requirements. An ap-
proach to automating decision support for multi-
apartment residential construction problems has
the potential to speed up construction processes,
increase the level of safety, ensure the sustainability
of structures, and ultimately improve the overall
quality performance of construction projects.

Based on the calculated numerical values, it is
possible to build a 3D model of the house on the
construction site. It is also possible to add infor-
mation regarding nearby gas pipelines, parking
lots, trees, and other information to determine the
required setbacks from the site boundaries.

The implementation of the proposed metho-
dology opens up new prospects for the use of expert
systems for the design of housing facilities and
stimulates further research in the field of develop-
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ment of intelligent information systems to determine
the technical appearance and design characteristics
of multi-apartment residential buildings. Overall,
decision-support automation in design and con-
struction contributes to the development of the
construction industry.
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