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ABSTRACT

Context. The problem of approximation of empirical data in the decision-making system in safety management.. The object of
the study was to verify the adequate coefficients of the mathematical model for data approximation using information technology.

Objective. The goal of the work is the creation adequate math-ematical model using information technology on the bases analyze
different approaches for approximating empirical data an that can be used to predict the current state of the operator in the flight
safety system..

Method. A comparative analysis of the description of the transformation of information indicators with a non-standard structure.
The following models of transformation of information indicators with similar visual representation are selected for comparison:
parabolas of the second and third order, single regression and regression with jumps. It is proposed to use new approaches for
approximation, based on the use of the criterion proposed by Kuzmin and the Heaviside function. The adequacy of the approximation
was checked using these criteria, which allowed to choose an adequate mathematical model to describe the transformation of
information indicators. The stages of obtaining a mathematical model were as follows: determining the minimum sum of squares of
deviations for all information indicators simultaneously; use of the Heaviside function; optimization of the abscissa axis in certain
areas; use of the linearity test. The obtained mathematical model adequately describes the process of transformation of information
indicators, which will allow the process of forecasting changes in medical and biological indicators of operators in the performance
of professional duties in aviation, as one of the methods of determining the human factor in a proactive approach in flight safety.

Results. The results of the study can be used during the construction of mathematical models to describe empirical data of this
kind.

Conclusions. Experimental studies have suggested recommending the use of three-segment linear regression with jumps as an
adequate mathematical model that can be used to formalize the description of empirical data with non-standard structure and can be
used in practice to build models for predicting operator dysfunction as one of the causes of adverse events in aviation.

Prospects for further research may be the creation of a multiparameter mathematical model that will predict the violation of the
functional state of the operator by informative parameters, as well as experimental study of proposed mathematical approaches for a
wide range of practical problems of different nature and dimension.

KEYWORDS: flight safety system, approximation, least squares method, three-segmented linear regression with jumps,
abscissa optimization of the jump point, linearity test sample, fractal dimension, quality metric, cluster, sample formation.

ABBREVIATIONS Xjumpl > 18 @ 1-st abscissa of the jumps cross sections;
ALo0SP — Acceptable level of safety performance;

AP — Adaptive potential; Xjump2 1S @ 2-nd abscissas of the jumps cross sections,

DF — Factor of destabilization; h(x) is Heaviside function;
EASA — European Union Aviation Safety Agency; n is the total quantity of empirical data.
EC — European Commission;
EPAS — European Plan for Aviation Safety INTRODUCTION
ERCP — European Regional Safety Plan; Statistical analysis, which uses as empirical data
ERCS — European Risk Classification Scheme; information indicators from unstable objects is one of the
ESARR —  FEurocontrol  Safety  Regulatory most difficult tasks [1, 2]. The use of statistical analysis is
Requirement; closely related to the use of mathematical statistics,
KRA — Key risk areas; spectral analysis, regression and variance analysis,
SI — Safety issues; splines, applied geometry, etc. [3—5]. However, the use of
SRM - Safety risk management. empirical data obtained from the transformation of
information indicators of unstable objects often cannot be
. NOM.ENC,LATURE, adequately described using standard methods that are
a is a unknown approximation coefficient; widely used, for example, for stable technical objects.

b is a unknown approximation coefficient;

. S . The object of study is the process of approximation
¢ is a unknown approximation coefficient; J y P PP

of information indicators to determine an adequate model
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that can be used in the decision-making process on the
functional state of operators

The process of deciding on the state of the object takes
a long time due to the need to analyze the information
indicators of different informativeness and is often
subjective. Therefore, to reduce the time of decision-
making and increase its reliability requires the
development of a mathematical model that adequately
describes the state of the object on the information
indicators.

The subject of study is the process of modeling
information indicators that can be used to predict changes
in the functional state of the operator as one of the
triggers of an adverse event in the aviation security
management system.

Due to the variability, unpredictability and instability
of the object from which the information indicators are
obtained, there are many factors influencing the correct
choice of the transformation model and the accuracy of
estimating the coefficients of the mathematical model.
This is due to the fact that such information indicators
have structural features and therefore cannot be
adequately described by standard methods, therefore, for
adequate mathematical modeling it is necessary to
approximate the experimentally obtained data using new
non-standard approaches. The subject of the study is the
process of modeling with non-standard approaches to the
approximation of empirical data..

The purpose of the work is to increase the hang the
reliability of the use of mathematical methods to describe
the functional state change of the operator using
transformation information indicator in decision-making
system.

1 PROBLEM STATEMENT

The purpose of the EPAS (the European Plan for
Aviation Safety (EPAS) — Safety Management at
European Level) is to ensure that the principles of safety
management are applied within the European Aviation
Community so as to continually improve safety
performance. Using the Regulation (EU) 2018/1139,
known as the European Union Aviation Safety Agency
(EASA) Basic Regulation, are fundamental to the
continuous improvement of civil aviation safety [6]. It to
ensure the application of ICAO safety management
principles. The EPAS seeks to anticipate emerging
industry safety risks and make best use of technical,
mathematical resources and information technology for
planning and implementing safety improvement actions.
EASA develops the EPAS in close collaboration with the
Member States and other relevant stakeholders and is
being developed annually and looks ahead to the
following four years. There are determined prioritisation
of issues and evaluates options to address them on based
relevant safety information sources (notably occurrences).
It identifies the main areas of concern affecting the
European aviation safety system, one such problem is the
influence of the human factor [7] (Fig. 1).

The ability of a person to make erroneous or illogical
decisions in specific situations, which is referred to as a
human factor is associated with limitations or errors that
are characteristic of any person moreover psy-
chophysiological characteristics of a operator do not
always correspond to the level of complexity of the tasks
or problems to be solved. The resolution adopted by the
ICAO Assembly on flight safety and the role of the
human factor in the interaction with equipment,
processes, the environment and interaction with each
other is to identify features of human factor assessment as
a source of risk [8]. This assessment should be based on a
practical solution to safety problems, based on the
analysis of erroneous actions of all participants in the
human-machine system, which led or could lead to
accidents [8]. The goal of a pro-active approach to the
human factor is to minimize aviation accidents through
erroneous or illogical decisions in non-standart situations
human fault. In this regard, the ideology of risk
management is developed, which directs the search for
ways and determines the early detection of hazards and
dangerous factors that occur in the form of certain events,
predictors of Fig. 1. [9]. Given that due to a number of
circumstances due to the complexity of the process to
quickly identify hazards associated with the human factor,
proactive approach to assessing the current functional
state of the operator will allow to reduce the development
of adverse events. The use of mathematical methods to
describe and formalize the current functional state of the
operator will allow on the basis of the obtained
mathematical model to predict the imbalance of the
operator, which can cause erroneous decisions. But the
mathematical description of such a complex object has a
number of difficulties [10]. Often, empirical data obtained
in the process of measuring various information indicator
describing the current state of the operator rarely have a
pronounced pattern and are characterized by a limited
amount of data, which complicates the formalization
process.

2 REVIEW OF THE LITERATURE

Analysis of literature sources [10-23], specializing in
statistical analysis allows us to draw conclusions about
the active use of researchers to build multi-segment
mathematical models with jumps.

Thus, in [23], researchers used a mathematical model
of two linear regression lines for one data set, but the
peculiarity of this use was the fact that empirical data
were clearly divided into clusters. Based on the research
conducted in [23], the author developed a method for
constructing two regression lines, but this method has a
number of technical difficulties in its practical use for
engineering problems.

In books [15, 16] the authors solve the problem of
constructing a multistage regression using a fictitious
variable. The peculiarity of this study is that the author
considers an option in which there is only one jump.
While often empirical data may contain a certain number
of jumps.
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Figure 1 — The place of the human factor in aviation safety management methodologies

So, the results of modern research show that although
jump regressions are used, the problems of optimizing the
abscissa of the jump point and constructing models with
multiple jumps have not been given enough attention.

Therefore, this article solves the urgent scientific,
technical and practical problem of constructing a multi-
segmented regression with jumps with optimization of the
jump point abscissa and using the Heaviside function to
obtain the general equation.

3 MATERIALS AND METHODS
The functional purpose of the decision-making system
is to ensure the maximum completeness of obtaining
information about the parameter of the object by

controlled physical quantities correlated with this
parameter.
The fact that the primary information after

transformation takes the form of quantitative judgments
about the state of the object does not prevent us from
considering any multi-parameter diagnostic system as an
information system.

If we consider a complex object characterized by the ¥
parameter, then Xj,..., X; are measured physical quantities
that reflect the properties of a physical object. Often, Y
must be considered as a random variable in a certain
sense, which is due to the lack of the possibility of an
accurate, metrologically justified reproduction of its given
value in the range of A4, of all its possible changes.
However, the dispersion of the Y value at any point in the

range is a constant value (cf, =const ).

Moreover, at the functional level, there is an a priori
unknown relationship between the mean value Y and {X;}:

M[Y]=F(M[X;1],..M[X}]).

In addition, for any of the controlled values there is a
conditional density f(X;Y|Y;,{X, [}{C,l #1i) in addition,

for any of the controlled values there is a conditional
density, which reflects the stochastic relationship between
the X; value and the remaining controlled values, provided
that (¥ =Y; =const,j=12...). All quantities belong to

the set of real numbers, and their number is theoretically
considered unlimited, although for technical reasons, the
condition k& < oo takes place.

The generalized decision-making structure based on
the transformation of measurement information about the
Y value based on the measurement of the values of
controlled quantities, Fig. 2.

X1
measured ision-
S| [T mesued || decision .
Y=Yi converts vatue making -y y;: ¥ =Yj
Xe conversion unit
f (w) f {a. b3

Figure 2 — The generalized decision-making structure

According to the structure in Fig. 2, in order to make a
decision about the state of a complex object, it is
necessary at the first stage to obtain the value X;*,. X *
by primary converters, which at the second stage are
converted into an estimate Y* of the value of the
parameter Y-

Y* :ﬁ(Xl,...Xn‘al,...aP)9
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where ay,...a, — are the coefficients of the mathematical
model of transformation. The coefficients ay,...q, are
estimated at the stage of studying the object according to
the sample data of size n for each of the fixed values

Y;,j=1m of the levels of parameter Y (training stage).

Decision making selects one y; {al,bc};” from the set

m
{YI }1
with the decision selection rule

of decisions about the value of Y in accordance

vy*[Y* e(a;,b)—>Y" eYjJ

Figure 2 {y } indicates the factors that affect the

correct choice of the transformation model F() and the
accuracy of estimating the coefficients ay,...a, of this
model.

The estimate of the amount of information about the
parameter Y (assuming that the width A of the tolerance

intervals (a /,bj), j=1,k is the same, and their total

number is equal to k) is determined by the difference
between the initial H(Y) and the conditional entropy
HY| Y;):

I=H(Y)-HY| Y)).

The initial entropy depends on the distribution density
f(y) of the value Y in the range 4,

k bj b/
HY)==Y| [f()dy |In| [ f()dy |

J=1 a; aj;

We find the conditional entropy by the conditional

probability P(Y; | Y;) that the true value of M[Y] =Y,

while the result of the solution y; gives the value Y=Y :
k
H(Y[Y)) ==Y PHY)n PE|Y ).
i=1

Assuming the model £()is represented by linear
multiple regression
k
P=ag+Q ax
i=l1
estimation of the coefficients aq... a;, to give an
adequate mathematical model based on empirical data.
However, empirical data that can be used to assess the
functional state of the operator often have structural
features and therefore cannot be adequately described by
standard methods.

4 EXPERIMENTS

The construction of a mathematical model was based
on empirical data. When it comes to empirical data
obtained from biological objects, obtaining the amount of
data necessary for reliable statistical processing is always
difficult. Therefore, the use of methods that show good
predictive performance on small samples are necessary.
Also, finding mathematical approaches tested for
adequacy based on real data is the main step in the
decision-making system. Empirical data were used in the
work, which described the dependence of systolic blood
pressure and anthropometric characteristics, among which
body weight was chosen. The measurements were carried
out in male operators of the age group from 25 to 30
years. The measurement results are presented in Table 1.

Table 1 — Empirical data

the first nine
X 143 149 155 158 159 | 165 | 167 | 168 |169
Y 124 125 128 | 133 128 | 130 | 133 | 132 |135
another nine
X 170 172 174 175 180 | 180 | 183 | 187 [190
Y 150 153 149 | 146 156 | 156 | 158 | 159 [I50
the rest
X 192 195 200 | 210 | 212 | 215 | 235 | 240
Y 160 163 148 140 151 150 | 165 | 170

Based on the measured values, a graph was
representation for visual interpretation of their results
Fig. 3.
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Figure 3 — Distribution of input data into clusters

According to Fig. 3, after visual analysis of the initial
data, the following conclusion can be drawn. The
distribution of the initial data has a non-standard form,
which causes difficulties in their description. Such a
description of a single functional dependence with
satisfactory accuracy is hampered by the presence of
several clusters, which are clearly visible in Fig. 3.
(indicated by a dash-dotted line).

As can be seen from Fig. 3, one of the clusters is
shifted up relative to the linear trend, which forces to
choose non-standard approaches for approximation. One
such approach is to use the Heaviside function together
with the criterion proposed by Kuzmin [25]. Kuzmin’s
criterion [25] is used to determine nonlinearity, but in this
paper the authors used it to test the mathematical model
for adequacy.
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Several hypotheses have been put forward in the paper
to determine the most adequate mathematical model.

5 RESULTS
Hypothesis 1. Using a simple linear regression.
The least squares method for approximating the
function of one variable was used, which allowed to
obtain the following regression equation:

3(x)=69.104+0.419x .

Visualization of the obtained regression equation to
approximate the data is shown in Fig. 5.

180

Vi

Xi
150 200 250

Figure 5 — Approximation by linear regression

100

The nonlinearity test conducted in this work provided
an opportunity to conclude that it is impossible to
approximate the data in Table 1 using a single regression
line. A sequence of deviations of the data from the line
found by the least squares method was found.

The cumulative residual curve is defined as the sum of
deviations of data from the line obtained by the method of
least squares. Visualization of the results is presented in
Fig. 6. Features of the use of the cumulative curve are
given in [25].

sof-CSFi

Cumulative sum of residuals

_ 50 Xi

140 160 180 200 220 240

Figure 6 — The cumulative curve of residues (deviations)

Calculation results: range of cumulative residual
curve: 101.7; relative range (range to standard deviation
ratio): 11.4. Using the table of critical values [26], the

limit value is 10.44 (for a probability of 0.99). Carrying
out calculations makes it possible to draw a conclusion
about the nonlinearity of data and the impossibility of
their approximation by a single linear regression: that is,
Hypothesis 1 is rejected.

Hypothesis 2. Using the second order parabola.

The second hypothesis suggests the possibility of
using as a mathematical model to approximate the data of
the parabola function of the second order:

y(x)=ag+amx+ a2x2 R

where ay, a;, a, are unknown coefficients of the

mathematical model.

Using empirical data using the least squares method,
the unknown coefficients of the mathematical model were
determined, which allowed the equation to be written as
follows:

P(x)=-112.77+2.36x-5.09-10 x> .

The results of the second-order
approximation are shown in Fig. 7.

As can be seen from Fig. 7, the curve tends to
decrease after passing the extremum, while this
contradicts the nature of the change in empirical data. An
analysis of the results obtained indicates the need to build
a more accurate approximation. Hypothesis 2 is rejected.

parabolic

80 150 200 250

Figure 7 — Approximation by the second order parabola

Hypothesis 3. Using the third order parabola.

An analysis of the results obtained in the study of the
second hypothesis allows us to put forward a new
hypothesis about the possibility of using a third order
parabola to describe empirical data:

y(x)=ag+ayx+ a2x2 + a3x3 ,

where ag, a;, ay, a3 are unknown coefficients of the

mathematical model.
Similarly, the unknown coefficients of approximation
are found. As a result, we obtain the equation

P(x)=—1112+18.48x—0.09x% +1.49-107*x3 .
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The results of the third ordera parabolic approximation
are shown in Fig. 8.

Yi

160|

140

150 200 250
Figure 8 — Approximation initial data by the third ordera
parabola

Visual analysis of the graph in Fig. 8 shows the
discrepancy between the obtained approximating curve
and the empirical data. This discrepancy is especially
manifested at the beginning and at the end of the graph,
which does not correspond to the physical properties of
changes in systolic pressure. All this does not allow us to
accept the hypothesis about the possibility of using the
third-order parabola function as a mathematical model for
describing the change in the values of the processed
empirical data. The data approximation curve using the
third-order parabola function is shown in Fig. 8

Hypothesis 4. Using of a three-segmented linear
regression with jumps.

After carrying out the analysis and analysis of
hypotheses 1..3, the authors is a precondition for choosing
of a three-segment linear regression with lines for
approximating empirical data.

i=1 i=1 i=1

i=1 i=1 i=1 i=1

i=1 i=l i=1

i=1 i=1 i=1

where n is the total quantity of empirical data.

The solution of system of normal equations allows to
determine unknown coefficients.

As can be seen from Fig. 3, the first cluster is clearly
defined, and the abscissa of the cross section of the first
Jump x5, can be calculated as the sum of the two limit

values of the first and second clusters:
200 _1695.

Xjumpl =

As shown in Fig. 3 empirical data can be divided into
three clusters. The first cluster is filled by points 1 to 9
(Table 1). But the second and third clusters have a
questionable point with coordinates (200; 148). The
importance of the correct hit of the point in the
corresponding cluster significantly affects both the
accuracy of the approximation and, accordingly, the
quality of the forecast, which will be carried out
according to the obtained mathematical model. To
determine the location of this point in the corresponding
cluster, the following calculations were performed.

Due to the lack of data for calculating the angle of
inclination within each segment, it is assumed that these
angles are the same, which simplifies the calculations
when building a mathematical model.

Incorrect assignment of questionable point to any
clusters can significantly affect the approximation
accuracy, as well as the prediction quality. We make the
assumption that the slope angles inside each segments of
the poly-segmented regression are the same to simplify
the calculations when constructing a mathematical model.
General view of the equation of three-segment linear
regression with jumps:

y(x)=ag+ax+arh(x— Xjump1) + azh(x - Xjump2)s

where ay, a;, a,, a; are unknown coefficients of the

mathematical model, x Xjumpz are abscissas of the

jumpl »
jumps cross sections, /(x) is Heaviside function.

The system of normal equations for finding the
unknown approximation coefficients is given below:

n n n n
a0n+a12x[ +azzh(x—xjump1)+a32h(x—xjump2):Zy,-,

i=1

n n n n n
2
gD X a1 X"+ ay D xih(X = Xjump1) + a3 D X (X = Xjump2) = DXV

i=1

(M

n n n n n
aozh(x_xjumpl) + alzxih(x_xjumpl) + aZZh(x - xjumpl) + a32h(x _xjumpz) = Zyih(x _xjumpl)»

i=1 i=1

n n n n n
aozh(x_xjumpz) + G1inh(x _xjumpz) + aZZh(x_xjumpZ) + GSZh(x_xjumpZ) = ZJ’ih(x_xjumpZ)~

i=1 i=1

The stages of optimization calculations to determine
the boundary between clusters are given below.

Step 1. The calculation of five options for the abscissa
of the second jump. To do this, determine the limit of
change of the abscissa axis. Based on the visual analysis,
the boundary of the abscissa variation Xj,,,, change is

determined, and the abscissa of the second jump section
has the following values
Xjump2 = {188,194, 200, 206, 212.
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Step 2. The calculation of the unknown coefficients of

the regression model aq, a;, a,, as for the values of
obtained abscissa variation Xjy,, in stage 1 is

performed. The results of the calculations are shown in
Table 2.

Table 2 — Calculations of approximation coefficients

Xjump2 188 194 200 206 212
ay 83.13 | 7151 46.16 58.23 113.89
a 0293 | 0366 | 0.525 0.449 0.100
a, 18.21 16.21 12.99 13.46 20.22
as —7.61 | -1122 | -19.99 | -16.43 461

Step 3. The sum of squares of deviations for each
variant of three-level regression with jumps according to
the following formula is calculated:

n n n
Sy = ZJ’iz — 4 ZJ’i - alzx,-y,- -
i=1 i=1 i=1

n n
_aZZyih(x_xjumpl) - aSZyih(x _xjump2)~
i=1 i=l

The obtained data are given in Table 3.

Table 3 — The sum of the squared deviations for various variants
of the approximation function

X jump2 188 194 200 206 212

641.642 | 322.882 | 531.575 | 807.057

Sy 721.028

Step 4. The optimization of the data values from table
3 is performed on the basis of the least squares method
[27]. The resulting equation has the form:

Sy (Xjump2 ) = 9841 —980.863x jympn + 2~455xjump22 :

The optimal abscissa of the second section of the jump
has the following form (in the case when the first
derivative of this equation is zero):

Xjumpzopt = 199.7896..

It can be concluded that the 2Ist point (with
coordinates (200; 148)) of empirical data belongs to the
third cluster. This partition optimization technique can be
usd as a special approach to data clustering.

As a result of using the usual least squares method, the
final optimal three-segment linear regression with jumps
is searched for. We obtain the final equation:

1(x) =46.160 +0.525x +
+12.997h(x —169.5) —19.992A(x —199.79).

A graphical representation of the final approximation
is shown in Fig. 9.

1

Vi

Xi
150 200 250

Figure 9 — Approximation by the final three-segmented linear
regression with jumps

A comparative analysis of the four approximation
methods considered above is performed. The coefficient
of adequacy and standard deviation values were
calculated to determine a mathematical model that
adequately describes the empirical data of Table 1 and
can be used in the decision-making system.

Calculating the amplitude of the cumulative residual
curve and the standard deviation is the relative maximum
range, which is defined as the adequacy factor. Despite
the fact that criterion [25] is used to verify the data on
nonlinearity in this article, it was used for testing
adequacy. was originally planned to test empirical data
for non-linearity. However, studies have shown that in
some cases it can be used for testing adequacy, it was
done in this article.

The calculation results are given in Table. 4. As can
be seen from table 4, linear regression with jumps has
lower values of standard deviation and adequacy ratio: for
example 3.6 and 4.05 compared to 7.5 and 8.4 (compared
to single third order parabola).

It indicates that the special approximation proposed by
the authors in the form of a three-segmented linear
regression with jumps is the is a more reliable
mathematical model for describing studied variant
empirical data.

Table 4 — Comparative table of approximation results

Approximation Coefficients Standard Adequacy
type number deviation coefficient
Single ~lincar 2 8.920 11.420
regression

Single  second 3 3.097 3.744
order parabola

Single third 4 7558 8.396
order parabola
Three segmented
linear regression 4 3.668 4.050
with jump

At the same time have proposed a special

approximation in the form of a trisegment linear
regression with stripes, which is promising for selection
in the formalization of the process of describing of
biological parameters.
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6 DISCUSSION

As can be seen from Fig. 1, real empirical data
obtained from non-standard objects with stochastic
influence are difficult to approximate by standard
methods. So, using 3 methods of linear regression, it was
not possible to achieve an adequacy coefficient below 8.3.

This gave impetus to finding standard approaches for
approximating empirical data. The importance of a
reliable approximation of empirical data obtained from
real biological data is related to the content in these values
of an important component that can serve as an indicator
of a violation of the functional state of a biological object
and plays an important role in making a decision about
the state of the operator as a possible trigger in aviation
safety management.

The use of standard methods leads to the formation of
approximation functions, which often contradict the
physical processes that form empirical data obtained from
biological objects or inaccurately describe the pattern of
their behavior (Fig. 5, Fig. 7, Fig. 8). This is due to the
fact that the distribution of values obtained from
biological objects often cannot be described by standard
mathematical models, because the behavior of parameter
values that describe biological objects is influenced by
many factors of both external and internal nature.
Therefore, the description of such complex objects must
be carried out with the maximum similarity of the
approximating curve to real values. Also, a feature of the
empirical data of biological objects is their non-linearity.
The use of data clustering methods also has its own
difficulties in determining the belonging of doubtful
points that can be attributed to different classes (suspected
point Fig. 3).

Another reason may be that points located on the outer
boundaries of classes, but not important for the separation
of adjacent classes, can be recognized as individually
significant if their belonging to classes is neglected. Point
characterize separately the properties of an instance as
informative with respect to external and internal
boundaries which is their specific in tasks of visualization
and data analysis.

It should also be noted that obtaining adequate
coefficients of a mathematical model significantly affects
its reliability. It has been established that an increase in
the coefficients of mathematical models of various forms
of approximation increases the value of the adequacy
coefficient.

The methodology for calculating the information
content indicators of individual specimens not only
quantitatively, but also qualitatively affects the formed
sample. Therefore, the paper presented a methodology for
determining the boundaries of clusters, which should be
performed taking into account the complexity of
describing specific empirical data.

The closest analogue of the proposed method is the
nonlinearity test proposed in [25]. In contrast to those
proposed in this paper, this technique was also used to
check for the adequacy of the approximation of the
mathematical model.

At the same time have proposed a special
approximation in the form of a trisegment linear
regression with stripes, which is promising for selection
in the formalization of the process of describing of
biological parameters.

CONCLUSIONS
The article is devoted to the approximation of
empirical data. In general, four data approximation
options were considered: a single linear regression, the
second order parabola, the third order parabola, three-
segmented linear regression with jumps.

Analysis of empirical data obtained from biological
objects indicates their unusual structure, which cannot be
correctly described by standard methods, which became a
prerequisite for the use of non-standard approximating
function — three-segment linear regression with jumps.

The equation for three-segment linear regression with
jumps was obtained using the following methods: using
the Heaviside function, determining the minimum sum of
squares of deviations for the whole set of empirical data
simultaneously, optimizing the abscissa cross section,
using the linearity test.

The scientific novelty of obtained results is that the
method of approximating empirical data was previously
proposed, which characterizes the relevance of the
biological parameters of the operator for the three-
segment linear regression with lines. The use of this
method allows us to take a more reliable result of the
formalization of the fallibility of biological parameters,
which was demonstrated on specific butts. The variation
of the optimization of the position of the sections can
serve as a new approach to the clustering of data and it
allows to take into account the fallow of the empirical
data. Data can be compared to change the parameter of
the cardiovascular system according to changes in
anthropometric data for the prognosis.

The calculations showed that the standard deviation
and the adequacy coefficient for a three-segmented linear
regression with jumps are more than two times better than
other approximation methods. This corroborates the
necessity for a three-segmented linear regression with
jumps.

The results of the study can be used during the
construction of mathematical models to describe
empirical data of this kind.

The practical significance of obtained results is that
the software realizing the proposed indicators is
developed, as well as experiments to study their
properties are conducted. The experimental results allow
to recommend the proposed indicators for use in practice,
as well as to determine effective conditions for the
application of the proposed indicators.

Prospects for further research are to study the
proposed set of indicators for a broad class of practical
problems.
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AHOTAIIA

AxTyanbHicTh. [Ipo6iema anpokcumariii eMImipuyHUX JaHUX Y CHCTEMI NPUHHATTS pillleHb B ynpapiiHHI Oe3nekor. O6’exTom
JociijpkeHHss Oyia mepeBipka afeKBaTHUX KOeQIli€HTIB MaTeMaTHYHOI MOJeNi Ui ampoOKCHMAllii JaHHX 3a JOIMOMOTOI0
iHpopmaliiftHuxX TexHoJoriil. Merolo poOOTH € CTBOPEHHS aJeKBAaTHOI MAaTeMaTHKO-MaTHYHOI MOJENi 3 BHKOPHUCTAHHSIM
iHpOpPMaIifHUX TEXHOJOTIH Ha OCHOBI aHaNi3y pI3HMX MiAXOMIB OO0 ampOKCHMAIli eMIIpMYHUX MAaHUX, SKi MOXYTh OYyTH
BHKOPHUCTaHI IS TPOTHO3YBaHHS MOTOYHOTO CTaHy OIepaTopa B CUCTEMi Oe3MeKH MOIbOTIB. AHAII3 JiTepaTypH MOKa3as, [0 METO.
HaWMEHIINX KBAJIPaTiB YaCTO BUKOPUCTOBYETHCS B 33j1auax alpoKCHUMalil HaBiTh Y THX BHIIAJKaX KOJIH JOCIIDKYBaHHI HaOip AaHUX
pi3KO 3MIHIOE T€OMETPHUHY CTPYKTYpy VY CTaTTi aHANi3yIOThCS CTAQTHCTUYHI JaHi 3 HE3BHYaHHOIO CTPyKTyporo. s moOynosu
MaTeMaTH4YHOI MOZEINI Ul IX OIMCY BHCYBAIOTHCS YOTHPH TiNIOTE3M: ONKUC 3a JOIOMOIOI0 OJHI€l JiHIHHOI perpecii, mnapabooro
JIPYroro MOpsAKy, Mapabojiol TPEeThOro MOPSIKY, TPHCErMEHTHOI JiHiHHOI perpecii 3i crpuOkamu. IIpoBeneHi po3paxyHKH Ta
Bi3yalbHMI aHaji3 BIAXWIM MEpIIi TPH TiMOTE3U Ta YeTBEpTa TiloTe3a Mpo MOXKIUBICTh ONMUCY EMIIPUYHUX JaHUX 33 JAOIMOMOTO0
TPU CEerMEHTHOI JiHiiHOI perpecii Oyna aeranspHO po3risiHyTa. Ilig yac moOy0BH TPHCErMEHTHOI JIiHIMHOT perpecii 31 cTpubkamMu
onTuMi3yBaln abcuuc mepepizy crpubka. OTpUMaHHS aHATITHYHOTO BUpa3y A TPUCETMEHTHOI JIiHiMHOI perpecii 31 cTpuOkaMu
CTaJl0O MOJKJIMBUM 3aBASKH BHKOPHUCTaHHIO (yHKLIi XeBicaiima. AHalli3 IOKa3aB NepeBary TPHCETMEHTHOI JiHiMHOI perpecii 3i
CTpHOKAaMHU 3 TOUKH 30py TOYHOCTI alpoKCHMaii Ta HaAiifHOCTI nependadeHHs.

Merton. [IpoBeneHo nmopiBHSUIBHMIL aHami3 onucy TpaHchopmanii iHpopMaifHIX MMOKAa3HHUKIB HECTAHAAPTHOI CTPYKTYypH. s
TIOPIiBHSHHS BUOPAHO TakKi MOJENI NepeTBOPEHHs iHGOpMaNifHAX MOKAa3HUKIB 3 MOAIOHNM Bi3yalbHHM BiJOOpaXEHHSIM: Mapaboin
JPYToro i TpeTboro MopsaKy, OAMHOYHA Perpecis Ta perpecis 3i crpubkamu. 3alpONOHOBAHO BUKOPHCTOBYBATH HOBI MIAXOAW VIS
arnpoKcHMalii, 3aCHOBaHi Ha BUKOPUCTaHHI KpHUTepiro, 3anporoHoBanoro KyssMinum, Ta ¢yHkuii Xesicaiina. 3a HUMH KpUTEPiIMH
OyJI0 IepeBipeHo aJeKBaTHICTh alpOKCHMAaLlil, 110 J03BOJIMIO BUOPATH aJeKBATHY MAaTeMaTHYHy MOJENb IJIi ONKCY NEepPEeTBOPEHHS
iHpopmaniifHix nmoka3HuKiB. ETanu oTpHMaHHS MaTeMaTHYHOI Mojelni Oyiy TaKMMHU: BU3HAYCHHS MiHIMalbHOI CyMH KBaJpaTiB
BIIXWJICHB 3a BciMa iH(GOPMAaLifHUMH NOKa3HUKaMH OJHOYAcHO; BUKopHcTaHHsA (yHkmii XeBicaiiga; onTuMizamis oci abciuc Ha
OKpEMUX IiISTHKaX; BUKOPUCTAHHS TECTy Ha JiHIHHICTE. OTprMaHa MaTeMaTHYHa MOJIENb aeKBaTHO OMHUCYE MPOIEC TEPETBOPEHHS
IHpOpPMaIifHNX TOKa3HUKIB, IO JO3BOJHThH 3JAIHCHIOBATH IPOIEC NPOTHO3YBAaHHS 3MiHU MEAUKO-010JIOTIYHUX TIOKA3HUKIB
eKCILTyaTaHTIB IIPH BUKOHAHHI NpoQeciifHnx o00B’s3KIB B aBiamii, Ik OAWH i3 METOJIB BU3HAYEHHS JIFOJICHKOTO (haKTOpa B aBiarlil.
IHILaTUBHUHI HiAXiJg 10 O€3MEKH MMOILOTIB.

PesyabTaTn. Pesynbraté DOCHiKEHHS MOXYTh OyTH BHKOPHCTaHI IIiJ yac MOOyJOBM MaTeMAaTHYHHX MOJENEH Ui OmHCY
eMIIPUYHHX JIaHUX TAKOTO POJY.

BucnoBku. ExcniepuMeHTanbHi JOCHIIKSHHsS JOBEIH MOXKIIUBICTH BHKOPHUCTaHHS TPbOXCErMEHTHOI IiHiiHOI perpecii 3i
CcTpUOKaMH SIK aJeKBaTHOI MaTeMaTHYHOI MOJENi, sika MOke OyTH BHKOpPHCTaHa Ui (opMaii3amlii OMUCy EMITIpUYHUX AaHUX 3
HECTaHJAPTHOI0 CTPYKTYpOIO Ta MOXKe OyTH BHKOPHCTaHa Ha TIPakTHLi Juii HOOYZOBM Mojeieil s INpOrHO3YBaHHS
(DYHKIIOHAIFHOTO CTaHy OIlepaTopa sIK OJHi€T 3 IPIMYMH HECIIPUSATIMBUX MOJIH B aBiamil.

TepcrieKTHBaMH MOJANBIINX JOCII/DKCHb MOXKEe OyTH CTBOPEHHs OaraTornapaMeTpUYHOI MATEMaTHYHOI MOJEII, siKa J03BOJIUTh
MIPOTHO3YBAaTH MOPYLICHHS (YHKLIOHAJBHOTO CTaHy oOllepaTopa 3a iHPOPMATHBHUMH INapaMeTpaMH, a TaKOX EKCIICpHMEHTalbHE
BHBYCHHS 3a[IPOIIOHOBAHNX MAaTEMaTHYHUX ITIIXOIB JJIs ITUPOKOT0 KOJIa MPAKTUYHHX 33124 Pi3HOTO XapaKTepy Ta pPO3MipHOCTI.

KJIIOYOBI CJIOBA: cucrema 0e3rnekd IOJIBOTY, ampOKCHMAIllis, METOA HAWMEHIIMX KBaapaTiB, TPHCETMEHTHA JiHiliHaA
perpecist 3i ctpubKaMu, ONTUMI3allis TOYKH CTpHOKa 1Mo abciucax, TECTOBHI 3pa3oK JIiHIHHOCTI, ppakTaibHa PO3MIPHICTh, METPHKA
SIKOCTI, Ki1acTep, (GopMyBaHHS BUOIpPKH.
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AHHOTANUA

AKTyanbHOCTb. [IpoGiiema anmpokcHManyM SMIMPUYECKHX JaHHBIX B CHCTEME IPHHATHS PpEIICHUH B YIpPaBICHUH
0e301acHOCThI0 1To1eTOB. OOBEKTOM HCCIICI0BAHNUS ABISETCS IPOBEPKA HA a/IeKBATHOCTh KOA(Q(HULEHTOB MaTeMaTHYECKOH Moenn
JUISL amnMpoOKCUMAIMK JAHHBIX C TOMOIIBIO MH(OPMAIMOHHBIX TexHonoruil. llenbio paboThl sBiIsSETCS pa3paboTKa ameKBaTHOM
MaTeMaTHIeCKOH MOAENM C HCIOIb30BAaHHEM HH(POPMAIMOHHBIX TEXHOJIOTMH Ha OCHOBE aHAlM3a pasHBIX IOAXOIOB K
aNMpOKCUMAIMY SMITUPHIECKUX JaHHBIX, KOTOPBIE MOTYT OBITH UCIONB30BAHbI ISl IPOTHO3UPOBAHHS ()yHKIMOHATBHOTO COCTOSIHUS
oreparopa B CHCTeME O€30IMacCHOCTH MOJICTOB. AHAIM3 JIMTEpaTyphl IIOKa3ad, 4YTO METOJ HAWMEHBIINX KBaJpaToB dYacTo
HCTIONB3YETCs B 3a7a4axX alIPOKCHMAINN JaXke B TeX CIIydasx, KOTrJa MCCIeayeMbIi HaOOp TaHHBIX PE3KO MEHSET FeOMETPHIECKYIO
CTPYKTYpy. B craThe aHamM3MpyroTCsi CTaTUCTUYECKHE AaHHBIE 3 HEOOBIYHOH CTPYKTyporo. [ljisi MOCTpOEHHs MaTeMaTHYeCKON
MOJIEJIH JUIS VX ONMCAHHS BBIABUTAIOTCS YETHIPE TMIIOTE3bl: OIMCAHHE C IIOMOLIBIO IPOCTOH JIMHEHHON perpeccuel, mapaboioio
BTOPOT'O MOpsAAKa, Napaboyior TPEeThEero MOpsiKa, TP CErMEHTHOW JMHEHHOW perpeccuu co ckaukamu. IIpoBeneHHbIe pacdeTsl U
BU3yallbHbII aHAJIN3 ONPOBEPT MEPBHIE TP THIIOTE3bI, a YETBEPTAs TMIOTE3a PO BO3ZMOXKHOCTD OMHCAHUS SMIUPUUECKHX JAHHBIX C
MTOMOIIBIO TPH CETMEHTHOW JIMHEHHOI perpeccuy ObUI JeTanbHO paccMOTpeH. Bo BpeMs MOCTPOSHHS TpU CETMEHTHOH JIMHEWHON
perpeccun co cKaykamu OblLIa ONTHMH3HPOBaHa abcuucca cedeHns ckadka. [1omydeHHbI aHaTNTHIeCKUH BU IS TPUCETMEHTHON
JIMHEHHON perpeccHuH CO CKayKaMH CTajl BO3MOXKHBIM OJlaromapsi MCIOib30BaHHMIO (yHKIMH XdBHcaina. [IpoBeneHHbIH aHanmu3
MOATBEPAMII TUIIOTE3y O BO3MOXHOCTU HUCIIOJIb30BAHUS TPUCEIMEHTHOW PETrPEeCHH CO CKaYKaMU B CPABHEHHMU C PACCMOTPEHHBIMU
NIePBBIMU TpeMsl TUIOTe3aMu. AHaNIU3 10Ka3aB IPEUMYIIECTBO UCIIONb30BaHUs TPU CETMEHTHOMN JIMHEHHON perpeccuu co cKaukamu
3a HapaMeTpaMH TOYHOCTH allIPOKCUMAIMU U IPOTHO3a.

Mertoa. Ilpennararorcsi 4eTblpe BapuaHTa allpPOKCUMAlMM JaHHBIX C HECTAHAAPTHOM CTPYKTYpPOM, a MMEHHO: OJMHOYHAas
JHUHeHHas perpeccus; mapaboia BTOpOro MoOpsjaka; mapabona TPEThEro MOpsIKa; TPEeXCErMEHTHas JMHEHHas perpeccus co
ckaukamu. [Ipemmaraercsi HCIOIB30BaTh HOBBIE IOAXOMBI IS ANIPOKCHMAIMH, OCHOBAaHHBIE HA WCIIOIB30BAaHUH KPHUTEPHS,
npemnoxkenHoro Kyspmunsiv, u gysknun Xssucaina. IIpoBepka ageKBaTHOCTH amIIPOKCHMAIMU IO STHM KPHTEPHSAM IO3BOIHT
ONPENENIUTh AaJeKBATHYI0 MAaTeMaTH4eCKyl0 MOJAENb JUIl ONHCAaHUS HWH(GOPMANMOHHBIX mapaMeTpoB. /[l momydeHms
MaTeMaTUYECKOM MOJENU UCIIONb30BAUCh CIEIYIONINE TOAXO0bl: OIpEIe/IeHNEe MUHIMAJIBHON CyMMBI KBaJpaTOB OTKJIOHEHUN I
Bcero Habopa JaHHBIX OJHOBPEMEHHO; MCHONB30BaHME (DYHKIMM X03BHCai/a, ONTHMH3AIMS OCH a0CIHCC MPBDKKOBOTO YYacTKa,
HCIOJIb30BaHUE TECTa Ha JMHEHHOCTh. JlaHHas MaTeMaTHyecKass MOJENb II03BOJUT OCYILECTBISATH IPOLIECC POTHO3UPOBAHUSA
HU3MEHEeHUH (YHKIIMOHAIBHOIO COCTOSHHMS JKCIUIAHTATa IPH BBINOJHEHUH NPO(PECCHOHANBHBIX OOS3aHHOCTE B aBHMAlMH, Kak
OCHOBHOT'O TPUITEpA YeJIOBEYeCKOro (akropa B mapagurme Ipo akTHBHOTO MOJX0/1a B 0OecriedeHnH 0e30I1aCHOCTH T10JIETOB.

PesynbraThl. PesynbraTel MccnefoBaHMs MOTYT OBITh HCHOJIB30BaHBI IPU TOCTPOGHMM MAaTEMaTHYECKMX MoJenel s
OTIMCAHMS SMIUPUIECKHUX JAHHBIX IOZO0OHOTO POfa.

BbIBO/IBI. DKCIIEPUMEHTHI TIOATBEP/ N aA€KBaTHOCTD NCIIOIB30BAHUS TPUCETMEHTHOH JIMHEHHON PEerpeccui Co CKadKaMH JUIs
3aJa4d ONKCAHUS SMIMPHYCCKUX JAHHBIX C HECTAHAAPTHOW CTPYKTYpOH U NO3BONMIM PEKOMEHIOBATh €€ K HCIIOJIb30BAHUIO HA
MIpaKTHKE JUIS pelieHHs 3agad (OopMalM3alyiM ONHMCAHUS W3MEHEHUH (YHKIMOHATIHHOTO COCTOSIHUS. SKCIUIyaTaHTa KaK dYacTh
YeJI0BEUECKOro (hakTopa B CHCTEME OE301aCHOCTH MOJICTOB.

IepcriekTrBaMu IajbHEWIINX HCCIEAOBAHMH MOXET OBITh CO3JaHHE MAaTeMAaTH4ECKOH MOJENH IPOTHO3UPOBAHUS W3MEHEHHUS
(YHKIMOHAIBHOTO COCTOSIHHS ONEpaTopa MPU Pa3IUYHbIX AeCTAOMIH3UPYIOUMX (PakTopax, a TaKKe 3KCIHEPUMEHTANbHOE H3yUeHUE
MIPE/ITOKEHHBIX TTOKa3aTesel Ha 6oliee CI0XKHBIX MPAKTHYECKUX 3a7adax Pa3HOTO XapaKkTepa U pa3sMEpHOCTH.

KJIFOUYEBBIE CJIOBA: cuctema 6€30MacHOCTH MOJETOB, alIPOKCHMAIIHS, METOJ HAUMEHBIINX KBaAPATOB, TPEXCETMEHTHAS
JUHEHHasT perpeccust cO CKadyKkamW, aOCIMCCHas ONTHMH3AIMs TOYKH CKadka, TECTOBas BBIOOpKAa JIMHEHHOCTH, (paKTanbHas
pa3MepHOCTb, METpHKa KadyecTBa, Kiactep, (POPMUPOBAHUE BEIOOPKHL.
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