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DETERMINATION OF EQUIVALENT CIRCUIT PARAMETERS
OF RESISTORS AND CAPACITORS FROM MEASUREMENTS
OF THEIR IMPEDANCE FREQUENCY CHARACTERISTICS

Zygmunt L. Warsza', Jacek Puchalski’

'Polish Metrological Society, Warszawa, Poland
2Central Office of Measures GUM, Warszawa, Poland

Abstract

The paper presents a method for determining parameters of equivalent circuits of resistors and capacitors as connection of
two-terminal elements with single linear resistance, inductance or capacitances. The values and uncertainties of these parameters
are estimated using the least squares method for measurements of the frequency characteristic of the module of impedance. This
task is mathematically complicated, because usually you get a system of nonlinear equations, which is not analytically solvable.
To obtain linear equations, it was proposed to use the method by changing variables. This method was previously developed by
authors for the regression of nonlinear functions and has already been successfully used in metrological tasks.

Key words: equivalent circuits, resistance, capacitance, inductance, frequency characteristic, module of impedance.

1. Introduction

In the design and manufacture of electronic circuits,
it is necessary to know the basic parameters of the
equivalent circuits of the components used in them,
including resistors, capacitors and inductors. Determining
these parameters on the basis of measurements of
frequency characteristics of passive components, even for
their simplified equivalent circuits with ideal resistances,
capacitances and inductances, is a complicated task. A
system of nonlinear equations is obtained, which usually
has no analytical solutions. In the literature on the
analysis of equivalent schemes of these elements, no
methods for estimating the values and uncertainties of
indirect measurement results described by nonlinear
functions have been used, e.g. [2-6].

Equivalent diagrams of a resistor and a capacitor
with 5 ideal linear single-parameters as resistance R,
inductance L and capacitance C were considered by
Kubis and Warsza in papers [7-13]. From measurements
of the modulus of impedance of these schemes at
several frequencies, they determined values of their 5
parameters using the numerical Monte Carlo method,
but without assessing uncertainty.

To determine the values and uncertainties of the
parameters of the equivalent schemes of passive
elements, we propose the use of a method with
linearization of functions by changing their variables. It
simplifies the process of metrological analysis of
systems. The authors presented and discussed this method
at several applications in metrology and measurement
technology at previous national conferences PPM and
MKM and international conferences MathMet, AMCTM
XII and at the IMEKO Congress, and also published [14-
22]. This method will be used below to determine the
values and to evaluate the accuracy of the linear
parameters of the simplified equivalent scheme of the

resistor with only three parameters R, L, C and the square
impedance components of the capacitor with two
capacitances and three resistances.

The examples will use the results of measurements
of the impedance module of both passive components
for n = 10 frequencies. For the resistor, the frequency
responses, nominal and adjusted to the parameters of the
system (WTLS) with an uncertainty corridor and three
parameters of the schematic will be determined. For the
capacitor, the resistive and reactance components of its
impedance are matched, and their uncertainties are
determined by the law of propagation LPU.

2. Description of the variable-change
linearization method

In the linearization method described below, for a
nonlinear function y = f(x) a linear equation is created
in new Cartesian coordinates &, {5, which takes the form
of

Uy, B) = 6:8(x,B) + 6. (1)

After changing the coordinates x,y on &\ can be
adjusted the parameters of the equation (1) using the
linear regression (1) to the measurement data of the
tested points according to the criterion WTLS least
squares. All parameters of the fitted curve are given by
the vector p =[04,0,,B]7. A criterion function is
specified by errors in the new coordinates denoted by n-
dimensional vectors A§and Ay by the covariance
matrix U size of 2n x 2n:

_ (2] A%
e e P!
where: U is the symmetric covariance matrix for the
new coordinates § and .

(1a)

© Zygmunt L. Warsza, Jacek Puchalski, 2025



Metrology and Instruments
General metrology

2/2025

MeTpornorisa Ta npunaam
3aranbHa meTpororis

This matrix is formed by both sides’
multiplication of the covariance matrix for x and y by
diagonal matrices of first n elements as derived values
&' (x, B) and about the next n elements Y'(y, B). Inverse
covariance matrix U~! denoted by elements of this
quadratic matrixes Uqq, Uy 1 Uyy,size of nxn i.e.

Uiy UIZ]

U=
U{Z UZZ

(1b)
A minimum search is a state in new coordinates
that meets the following conditions:

_ 0bey _ o 9Py _ 9bey _
Vip(b&l’ = At =0, 28, =0 and FTN =0. (23, b, C)

The first of these conditions only is analytically
solvable. The local minimum of the inverse of the
effective covariance matrix can be obtained for:

Uyers = Uzp — (UTz + aUz,) T'(Uyp + aUyy), (3)

where T = Uy + 6,(Ul; + Usz) + 6,%Us,
Effective inverse covariance matrix U ,7;” is

diagonal when it is assumed that correlations occur only
between coordinates at measurement points with a
correlation coefficient p. Then the diagonal elements of
Uyess specifying the variance (the square of the
effective uncertainty) are given by the expression:

ugpy = 07U () — 26, pu®uy) + u?W), )
where u(8) = [&'(x, B)[uCx); u(W) = [W'(y, B)lu®).

The criterion function is quasi-quadratic, i.e.:

bys(0,) = 03 (Ssz - S;E) +2(32 -5, 8, + Sy — 55
where: S =1T Ue_flfl =y, Z?:l[u;elff]ij >0,
Se = ¥ Urerr1 = 1TUrld, S = §UvlgfE,
Sy =P Urerrl = 1TUpgp ¥, Sy = PTUres, P,
and 8y = (Sy, — 0; S)/S.

Vectors &, W about the size n x 1 are determined
by the coordinates of the measurement points X =
[x1, .. %], Y = [y4, ..., ] T through transformations of
functions §(x, B), W(y, B) with initial input parameters
B = Byo- It is also assumed that random variables x and
y are not correlated. In cases where the 8 is a one-
dimensional vector with the value f3, a two-dimensional
criterion function is obtained. A typical chart of this
chart is shown in Fig. 1.

A general flowchart for the determination of the
standard and extended uncertainty for the parameterized
curve is given in Fig. 2. In the first phase, the
parameters of the curve are adjusted using the least
squares method, assuming that both the coordinates of
the measurement points and the covariance matrix are
known, in the second phase, by numerical

differentiation of the curve parameters, the covariance
matrix of the parameters is determined.

Fig. 1. Graph of typical criterion function in
two-dimensional input area 84,

From the analytical derivatives with respect to the

parameters of the parameterized curve, the coverage
interval at each point of the adjusted curve is obtained.

e -

|m}::.:] 3 Eﬂv,.l,.,[gﬂ1 7= Foial
(-

I U= 'l-'l.lt-u'?{;i}

-

Fig. 2. Scheme for determining the least squares fit uncertainty
corridor

This diagram shows that it is possible to determine
the standard and expanded uncertainty at any point in the
curve to be fitted. Uncertainty of all m-parameters
P = [p1, ..., Pm]" shall be estimated according to the Law
of Propagation of Uncertainty (LPU), as the product of the
input covariance matrix (generally of the size 2n x 2n)
U;, is multiplied by both sides of the matrix C including
the sensitivity coefficients (generally of the size m x 2n):

Up =CU,CT. (6)

The sensitivity coefficients, as the first derivatives,
are calculated by numerical differentiation of each
parameter p; (i =1,..,m) according to all input
quantities (generally there are 2n differences for each
measurement point x;,y;). The first derivatives are
estimated from the formula:

Ci = ap; - pi(Zj+AZj)—pi(Zj—AZj)
= 5, 28z, ’ )
j j

where: i = 1,...,m, j=1,..,2n, whereas z; is one of
the coordinates of the measurement (x; , y;).

The increment values are selected to meet the
requirements for assessing the values of the first
derivatives with respect to Az; for Az; < z;. When all

© Zygmunt L. Warsza, Jacek Puchalski, 2025
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parameters are directly the actual parameters of the
curve to be fitted, then the standard and extended
uncertainty is obtained from the LPU:

uf(x) =SUpSTand U =t, « _u

e _ )
12,nmy

(8a,b)

9y
P
1 x m containing the sensitivity coefficients.

The sensitivity coefficients are determined
analytically as the first partial derivatives with respect to
the parameters of the system with matched values and for
selected values x.

The diagram in fig. 2 does not include the method of
changing variables used in the analyzed examples,
described above. This method simplifies the adjustment of
the parameters of the curve described by the nonlinear
function, because in the new variables, when the least
squares criterion is used, the criterion function is
minimized.

The equation describing the curve in the new
variables is equivalent to the equation in the original
coordinates x and y. The values of a criterion function
in the new variables are close to the original values of
this function if both new variables are dependent
individually on the original variables according to
formula (1). If each of the new variables depends on
both primitive coordinates, then the new values will be
different from those for the primitive variables.

a . . .
where S = , #] is a vector with a size of
m

3. Parameters of the resistor and their
uncertainties

The subject of the research will be parameters of
the real resistor equivalent circuit shown as diagram in
fig. 3. This circuit consists of two parallel branches. In
the upper one there is a resistance R and two equal
inductances L connected in series with it, each with an
imaginary component of the impedance jwL. The
impedance of this branch is 2jwL + R and it is
connected in parallel with a capacitor with capacitive
reactance 1/jwC.

L
A L % B
o e NV e 1 o W, ¢
C
| |

Fig. 3. Equivalent diagram of the resistor under test

The complex impedance Z the two terminals A B
circuit replacing the actual resistor is:

1 _ 2jwL+R
T 12wllCtjw ®

- jwc+m
Square of the module |Z| of impedance Z is

described by the expression

1Z|2 = 4w2L2+R?
(1-2 w2LC)2%+ w2R2¢c2 "

(10)

The following transformations will be performed:
multiplying both sides of the equation (10) by the
denominator of the left side of equation (9), transferring
the term |Z|?w?R?C? to the right side and dividing both
sides, by the 1-|Z|2w?C?. This gives a linear equation in
the new coordinates of the form:

Y = 0,8+ 0, (11
where: ©, =R?, 0, =L, and for 1 — |Z|*w?C? # 0
new variables 5, & are defined as follows:
4w3L
1-Z|2w2¢c2”’

&(w,Z],0) =

1Z|?(1-2 mzLC)Z

W(,121,L,0) = AL et

(11a,b)

From measurements of the impedance module |Z|;
at n points with a frequency w; = 2mf; (specified for
fi), parameters R, L, C of the equivalent circuit shall be
determined. The parameter to be adjusted is f = C, at
the characteristics of the criterion function are deleted
&gy (0,) containing the local minimum.

Uncertainties of new variables & and |y depend on
the impedance module |Z|, on the frequency of w =
2mf and on the correlation between them determined by
the coefficient p. They are determined from the LPU
uncertainty propagation law in the formula:

E® pu®u@)|_ [uiw@) 0 |
oty i =€ o u2<|Z|>]G

where: G — is the Jacobian matrix of first derivatives —
i.e. the sensitivity coefficients and is of the form

G = [ai/af aE/alll]
op/of oy/a|Z|l”

The uncertainties of the new variables are:

8wL
(1 - [ZPwiC?)?
2|1Z||11 - 2 w3LC
'”—“’l [2(1ZD (1 = 2 w?LC)? +
(1-1z)2w2c?)

+u?()w?C?|Z|12(|Z]>C(1 + 2w%LC) — 4L)?]%5. (14 a,b)

-(12)

(13)

u(®) = Vut(w) +ut(1ZD)|Z[2wsc?,

u(p) =

The covariance part containing the correlation
coefficient is of the form:

puu(®) =

16(1-2 w?LC)w?|Z|2LC
(1—|z|2m202)4

—2 W2LC) + u(w)(|1Z2C(1 + 2w?LC) — 4L)]. (15)

[W*(1ZDw?C(1 -

Used in (4) effective inverse covariance matrix
U;elff is diagonal and the effective measurement
uncertainty is given in the formula:

uZep = 02u (%) — 260, pu®u(y) + u?W). (16)

The nominal values of the equivalent circuit
parameters are as follows: L =1 nH, C =350 pF, R =1 Q,
the data obtained from the measurements are presented
in Table 1.

© Zygmunt L. Warsza, Jacek Puchalski, 2025
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Table 1 — Values of measured frequencies and impedances at
the measuring points

No 1 (213 |4]|5[6]7|8]9]10
f,MHz|145 |160 |175 190|205 |220|235 |250 |265 (280

|Z], Q |3.93 |4.87|5.81(6.2 |5.76 (5.0 |4.23 3.62|3,13|2.75

The  standard frequency  uncertainty is
u(f) = 1/v/3 Hz and the impedance module |Z| is
measured with relative uncertainty 8§(|Z|) = 2 %.

Standard uncertainties for three parameters
v = [R, L, C] estimate by law their propagation LPU

w2W) = T w2 () (5 =% + 02210 G =1 )2 (17,

. . ov ov
where the sensitivity coefficients FY: and P

determined numerically.

As a result of parameter matching 3 = C charts
received ¢y (0;) quasi-quadratic criterion function,
where the global minimum is estimated approximately
as Qg globalmin ~ 0,182 for L = 0,992 nH. It is being
shown on Fig. 4.

Fig. 4. Variable-dependent criterion function ©; = L

Parameter value = C corresponding to the global
minimum of € = 352 pF. The matched value received
C =0,985 Q.

Calculations of mean values of parameters are
performed in EXCEL and in the R environment, and in
addition, the covariance matrix, correlator matrix and
uncertainty are obtained from a properly prepared script
in R. From the numerical experiment the matrix U,
Matching parameters of the form:

1,91 -107*Q% 4,09- 10"*#QH 1,03-10"! QF
U, =(409- 107*QH 43-1072 H* 14107*HF | (18)
1,03 - 107*QF 1,4 10"23HF 6+ 1072*F?
and is bound to the correlator matrix
1 0,45 0,3
v=|o45 1 0,9]. (19)
0,3 0,9 1
From this correlator matrix, it follows that
inductance and capacitance (0,9) are positively

correlated, followed by inductance with resistance (0.45)
and resistance with capacitance correlate weakly (0,3).
Diagonal elements of a matrix U, are squares of
standard uncertainties and hence they follow:

R =0,985 (0,0138) Q, (1,4%);

L =0,992(0,0066) nH (0,66%);

C =352 (2,44) pF (0,7%).

The uncertainty of standard parameters of the
equivalent resistor scheme and their mutual correlations
also results in the standard uncertainty of the frequency
response corridor and the expanded uncertainty
u?(1Z|(w)) = SU,ST, U(1Z(w)) = tl_%’n_mu(|Z|(u))).

Assumed is: a = 0,05, n = 10, m =3,
=2,36.

t1 095103

The elements of the vector were also determined,
which are analytical partial derivatives of the impedance

modulus and sensitivity coefficients § = [M,M,M
R’ L’ aC
with the following formulas:
1Z] _R(1 - 4w?LC)
orR ~ z' ’
01Z]  20w?*(2L — 4w’L*C + R%C)
oL z' '
31z _  0?(4w’L?+R?)(R*C-2L+4w’LC)
= P , (20a,b,c)

where

7 =1Z|[(1 - 2 w2LC)? + w?R2C?2.  (21)

Figure 5 shows respectively: measurement points,
the nominal and matched frequency response of the
impedance module |Z| with corridors of standard
uncertainty u(|Z|) and expanded uncertainty U(|Z|).

Fig. 5. Measuring points, nominal and matched impedance
frequency responses

Figure 6 shows the fitting errors and the standard
and expanded uncertainty corridors in relative units for
the impedance modulus |Z| as a function of frequency
with measurement points.

Fig. 6. Standard and expanded coverage corridor relative
uncertainty and relative error
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The uncertainty corridor of the impedance module
|Z|, over the entire range of characteristics under study
varies from 2,5 % to less than 5 %. Its narrowest width
occurs for the rising edge of the impedance modulus,
i.e. for about 170 MHz, and the widest — for about 220
MHz, i.e. after reaching the maximum value for the
falling edge of the characteristic.

4. Determination of capacitor model
parameters from impedance components

The multi-element equivalent circuits are used in
modeling and descriptions of frequency changes of
components of capacitors’ impedance. Such a scheme
with three ideal resistances and two capacitances is on
the figure 7.

Values R, C do not depend on the frequency. It is
used for AC in the frequency range of 10 Hz to 10 GHz.
Monte Carlo tests with it was made for the range 10Hz -
100 kHz in works [7-13].

Fig. 7. Diagram of capacitor replacement circuit

Impedance Z the two ports A B for each frequency
is described in complex numbers as:

Z = ReZ + jImZ, (22)

where components: resistance ReZ and capacitive
reactance ImZ = —1/wC.

Impedance Z between two-terminals AB shall be
measured directly or shall be determined from the
voltage Uy, current Iy and the angle of their phase
difference at each given frequency.

In our considerations parameters of the capacitor
model were adjusted to the results of measurements of
alternating current components with five frequencies
using the least squares method. Then numbers of the
measured points and their parameters are n = 10 and
m = 5. The results are given in Table 2.

Table 2 — Measurement data of frequency and corresponding
impedance components of the resistor and capacitor schemes

Lp | 1 2 3 41 5 6 7 8 9 |10
ﬂ’z 10' (10 [10° [10* |10° [10° |107 |10% |10° |10'0
ReZ,
kQ
C,
nF|

508,3(65,61 | 1,107(0,0113]0,0003 |0,0002{ 0,0002{ 0,0002{ 00002{ 00002

84761 6,006 | 5,0155,000 |50005| 5,000(5,000 |5,000|5,000| 5,000

The capacitor equivalent circuit from Fig. 7
contains a resistance R; connected in series with
parallel connected resistance R, capacity C, and branch
of connected in serial C; and R4, i.e. of impedance

1 _ 1+](D R]_ Cl
jw €y '

Ry + o

Hence
jo €y

1 1
1+jw Ry Cq

—_—= jo C,
ReZ—-Rg+jImZ ~ R, tjwlo +
After transforming the terms into complex
numbers, i.e. after multiplying the denominators and
numerators by conjugating expressions to their
denominators, we get

ReZ — R, . ImZ _
(ReZ —Ry)? +Imz2 ' (R—Ry)? + Imz?

(23)

1 w?Cc?R . c
=—+—1212+1w(co +ﬁ)-(24)
Ry 1+w2R% (2 1+w?2 R? (2

The equality of the real and imaginary components
of both sides of the expression (24) results in two
equations:

ReZ — Ry _ 1, w? CiR,
(ReZ —Ry)?>+ImZ2 ~ R, "1+ w?R?C?
ImZ 1 1
" " (ReZ—Rg?+Imz2 Cot+ G RZ cZ’ (25a,b)

The equations (25a,b) in the new variables are
linear with the parameters f; = R, and [, = Ry, i.e.:

Y1(B2) = -+ GiE(B)
and

U, (B2) = Co + C18(B1)

The abscissa and elevations in the new variables
are as follows:

(26a,b)

£, = 031'2 C1By
YT 1+ w?p2 CE
and

1

T Tre?pic?’
_ ReZl- - Bz
"~ (ReZ; — B,)? + ImZ?

S2i

(27a,b)

Wy

and
—Ile-/u)i

lIJZL = (REZi _BZ)Z+I le " (28a,b)

From the law of error propagation follows the
propagation of uncertainty according to LPU:

2C. B w;
u(§y) = mu(wi);
2CE By
u(&y) = mu(wi) = C1B1u(E1i),
iP1 ™~
1
u(y) =

[(ReZ; — By)? + ImZ?]?
*{ImZ; — (ReZ; — B,)?*1*u*(ReZ;) +
+ 4ImZ?(ReZ; — B,)*u?(ImZ;)}*%;  (29a,b,c)
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1
w;[(ReZ; — B,)? + ImZ}]?
* (ImZ?[(ReZ; — B,)? + ImZ?]*u?(w;)/w? +
+4(ReZ; — B,)*ImZ?*u?(ReZ;) +
+[(ReZ; — B,)* — ImZ?*u?(ImZ,)}°5.

Assuming that measurements of both components
are subject to uncertainties 6(ReZ;),6(ImZ;) < 1%
(i=1,..,n) and that the uncertainty of frequency
measurement u(f) < 0,58 Hz, criterion functions are
obtained ¢,(C;), $,(C;) shown in figure 8. They are
determined from formula (4), for matrices inverse to
effective covariance matrices for uncorrelated input
quantities  as  ulrr = 07u*(®) +u*(P).  New
variables §;, {; and §&,, y,, despite, that &, and
Y, depend on the w, they are practically uncorrelated.
The global minimum shall be obtained for
B1=R;=1MQ and f;=R;=0,2 Q. Number of
measurement points n = 10, and number of parameters
m = 5. Received:
- minimum values of criterion functions
P1min(C1)< 0,015, Gomin (€1)< 0,0001;
- adjusted parameter values:
Co = 5,000055 nF, Ry = 9,999608 MQ.

u(Py) =

(29d)

C, = 3nF,

a)

b)
Fig. 8. Graphs a) and b) of the criterion function for
equations (26a) and (26b)

The wuncertainties and correlations between
quantities are due to the law of propagation of the
uncertainty of the covariance matrix U, quantities, i.e.

for the parameters of the:

U,(C1, Ry, Co, Ry, Ry) = CU,,CT. (30)

Diagonal matrix U;, has a size3nx3n. For
uncorrelated input quantities, it contains the following
squares of uncertainty as elements: u?(f;) for
frequencies, u?(ReZ;)for the actual impedance
component and u?(Im Z;) for the imaginary impedance
component. Matrix C sensitivity ratios of size m x 3n is
the matrix of Jacobian. It is obtained by numerical
differentiation of all parameters m = 5 due to 3xn
input values. Symbolically, this is written as

acy acy ac; acy ac; acy
ofy " of oRelzl; " ORelzl, a1 |z, T dmiZl,

=l - - .(30a)
Ry aR1 R, R, R,
afy " oy ORelzl; " ORelZlp  drm|zl, : Blm\Zln

Parameter covariance matrix U, (Cy, Ro, Co, Rq, R1)

is both sides product of the correlator V and matrix Q
size of 5x5,1.e.:

Up=Q"VQ, (30b)
where
[uc) 0o 0 0
[0 u(R,) O 0 0 |
0= | 0 0 u(C) 0 o I
0 0 u(Rg) 0 |
lo 0 o 0 uR)l

From this relationship, the values of the elements
of the correlator matrix are obtained V described in the
form of table 3.

Table 3 — Correlator matrix V data

C, R, Co Ry R,
C, 1 0,69 | 008 | 0,013 | 022

R, | 0,69 1 025 | -002 | 064

Co | 0,08 | -025 1 0,035 | -046
R, | -0,013 | -0,02 | 0,035 1 -0,023
R, | 022 | 064 | -046 | -0,023 1

Table 3 shows that measurements of impedance
components as a function of frequency lead to a strong
positive correlation between the resistance R, and
capacity C; (0.69), resistances R, and R, (0.64) and to the
weak correlation between the capacity of the C; and
resistance R; (0.22). A negative correlation occurs
between the capacity of the C, and resistance R; (-0,46)
and as weaker for capacity C, with resistance R, (-0,25).
The other pairs of elements are practically uncorrelated.

The uncertainties of elements of the capacitor
equivalent diagram are described by the formula:

ut(w) = Z[u (ﬁ)( of |f D+
i=1
-|—u2(ReZ )( |ReZ ReZ) +

OReZ

+u2(ImZ)(aI Zl]mZ ImZ) ]

where: w = {Cy, Ry, Cy, Ry, R1}.

The results of measurements of the elements of the
equivalent diagram along with their uncertainties are as
follows:

€3]

10
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Co = 5,000055(0,017) nF (0,34%);
Ry, =9,9996 (0,78) MQ (7,8%);
C, = 3(0,19) nF (6,33 %);
R, = 1(0,016) MQ (1,6 %);
Ry = 0,2 (0,0015) 2 (0,75%).
The standard uncertainty of the impedance

module, i.e. the width of its coverage corridor, is
calculated from the uncertainty propagation law as:

u?(1Z|(w)) = SU,ST, (32)

where: sensitivity vector S size of 1 x m is derived
analytically — see Appendix A.

The expanded uncertainty is described by the
formula:

u(1z|(w)) = tl_%_n_mu(lll(w))- (33)
In the numerical experiment discussed here, the:

@=005,7=10,m=5, t, ous, ( =257.

The frequency characteristics of impedance on the
logarithmic, nominal and fit scales, together with the
measurement points and additionally relative errors, are
given in Figures 9, 10 and 11. Figure 11 shows that the
width of the aisle (expanded uncertainty) is slightly
below 1% in the range 5-(10> — 10%) Hz. At the
beginning of the measurement range, the width is the
largest and decreases from slightly above 5 % to 1 % in
the range from 10 Hz to 500 Hz. In the range from 100
MHz to 1 GHz it increases from 1% to 2 % and up to 10
GHz it is at 2% of the value of the impedance module.

Fig. 9. Frequency impedance characteristics of the capacitor
model with measurement points as nominal and fit curves
(logarithmic scale on the frequency axis)

Fig. 10. Log-log frequency response of capacitor schematic
impedance

Fig. 11. Relative standard errors and the standard and expanded
relative uncertainty of the impedance measurement of the
capacitor equivalent diagram (logarithmic frequency scale).

5. Summary

This article introduces a method for fitting
nonlinear curves to the data for measured points. It uses
the change of variables to obtain linear relationships
fitted according to the weighted least squares criterion
of WTLS. After changing the variables in this way, you
can also use straight line regression. The uncertainty of
the coordinates of the measurement points is also
considered, as well as their correlations, if they occur in
the measurements.

The condition for using this method approximates
the propagation of errors and measurement uncertainty,
acceptable in metrology, using the first derivative of the
transformation function. If the points under study are
not too far from the nonlinear sought function, and the
uncertainty of the data measurement is not too high, e.g.
below 5%, then this method can be used successfully.
The limitations are therefore the same as estimating the
accuracy of measurements by the international GUM
guide [1].

The method also allows to determine the
uncertainty corridor for a nonlinear function fitted to the
measurement data. It has already been used in the
authors' papers [14-20] for several different examples of
measurements with the change of one and both
coordinates of a nonlinear function. Computational
examples of fitting various nonlinear functions to given
measurement points, including implicit functions, are
presented. They showed that the method of changing
variables is universal if the new variables are properly
selected.

In literature, e.g. [2-6], simple examples of
linearization of the function describing measurements
are usually considered. There was no discussion of the
method of fitting nonlinear functions with linearization
by changing variables, nor a discussion of how to
determine the boundaries of their uncertainty band
without correlation and with correlations.

The examples considered in this paper use the
results of measurements of the impedance module of
resistor and capacitor equivalent circuits in n=10
frequencies. From them, the frequency characteristics of
the impedance module were determined, nominal and
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adjusted to the parameters of the system using the The method used in this work for nonlinear
WTLS method along with its uncertainty corridor. For  functions can be fully useful in measurement practice. It
the capacitor, the resistive and reactance components of  is also worth considering the possibility of using it in
the impedance of its equivalent scheme were matched the internationally developed extended version of the
and their uncertainties were determined using the law of ~ GUM guide.

their propagation, i.e. the LPU method.
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Supplement

Below are the analytically determined partial derivatives of the capacitor's equivalent impedance modulus for
all parameters of the equivalent schematic elements. Impedances are represented as a series combination of

1
resistances R; and complex impedance ——:

A+ B
=—+ Al
A+jB A1)
where
_ 1 R1 _ 1 (A)ZC%R]_ _ Cl )
A=t = aramnT W4 B =0 (Co + e (A.2) and (A.3)
w?C%
The partial derivative with respect to R4 for impedance square Z2(Z = |Z|),1.e. ai =2Z ;TZ, where
d
4 1022 _1( A
ot =290 = 7 e + Ra) (A.4)
and similarly, derivatives with respect to Ry, Cy i R;:
oz 1 0z2 1 A+(A%2-B?)Ry
ARy 2Z 3Ry ZRZ (A2+B2)2
oz 1 022 wAB
3o = rae = ~ 7o (3t 2Ra) 4.6
9z _ 1 02* _ w?Ccf(Ra((B*-4%)(1 ~w?CR{)+4ABw 1R1)-A(1-w?C{R 2)+ZBu)C1R1) A
R,  2Z aR1 Z(A2+B2)2(w2C2R?+1)2 (A7)
Derivation of the derivative with respect to C;:
9z _ 19z ZwClRl(Rd(BZ—AZ) —A)—(2ABRg+B)(1-w?Cf R%) A$)

ac,  2zac, Z(A2+B2)2(w2C2R3+1)?2
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BuzHauyeHHs MapaMeTpPiB eKBiBaJIEHTHHX CXeM Pe3MCTOPiB Ta KOHIEHCATOPIB 32 BUMiPIOBAHHSIM YACTOTHUX
XapaKTepPUCTHK iX iMIenancy
3urmynn JI. Bapma, Snek ITyxanbcbkuit

AHoTauis

VY crarTi IOpeACTaBICHO METOI BH3HAYCHHS NApaMeTPiB €KBIBAJEHTHHX CXEM DPE3HCTOPIB Ta KOHIEHCATOPIB MIIIXOM
3'€/IHaHHS JBOBMBIJIHMX €JIEMEHTIB 3 OAMHUYHUM JIiHII{HUM OIOPOM, IHAYKTHBHICTIO 200 €MHICTIO. 3HAUEHHS Ta HEBU3HAYEHOCTI
IMX [apaMeTpiB OIIHIOIOTHCS 3a JONOMOTOI METONy HaiMEHIIMX KBaApaTiB Ul BUMIPIOBaHb YaCTOTHOI XapaKTepPHCTHKH
MoxyJist imrnenaHcy. Lle 3aBnaHHs € MaTeMaTHYHO CKJIaJHUM, OCKUIBKH 3a3BHYail OTPUMYETHCS CHCTEMa HENiHIHUX PiBHSAHB, sKa
aHaJIITUYHO He pO3B's3yeTbcs. I OTpHMaHHs JiHIHHMX pPIiBHSHB Oya0 3alPOINOHOBAHO BHKOPHCTOBYBAaTH METOX 3aMiHM
3MiHHuX. Lleit Meros OyB paHilie po3poOiaeHHid aBTOpaMK ISl perpecii HemiHIHHUX (QyHKII i BXe YCHIIIHO BUKOPUCTOBYETHCS B
METPOJIOTIYHHX 3a]adax.

Kuro4oBi ci10Ba: cxemMu 3aMillieHHs], OTTip, EMHOCTI, iIHAYKTHBHICTb, YaCTOTHA XapaKTEPUCTHKA, MOIYIIb IMIIECIAHCY.
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MAPS CAN SUPPORT QUANTITATIVE EVALUATION OF EARTH’S SURFACE
FEATURES WITH THEIR EVOLUTION IN TIME BETTER THAN GLOBAL
NUMERICAL PARAMETERS
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Abstract

Global numerical parameters are recently preferred in scientific fields to evaluate Earth's surface features, namely in
climate evolution. However, they may not fully represent the complexity of the issue they intend to qualify. The paper
illustrates the fact that the intended aim can be better reached by adding the assistance provided by the evaluation of maps,
especially in the case of Earth’s parameters, a method already common in Spatial Big Data evaluation. Additionally, the fact
that the map graphical representation is intrinsically mediating a parameter that is always associated with each data of
experimental origin, datum uncertainty, so representing a kind of alternative way to model a database. Especially when maps
illustrate a great variety of local situations, the visual (i.e., geometrical) examination offered by maps often allows superior
information, so a more reliable and full evaluation of evolution typically in time. Cases are reported to exemplify these

statements.

Keywords: global numerical parameter; data uncertainty; Earth maps; parameter spatial distribution; qualitative

evaluation; quantitative evaluation.

1. Introduction

In recent years, the almost exclusive use of global
numerical parameters is preferred to characterise trend
changes in time in scientific fields like meteorology and
climate science (see [1] as a reference of basic importance).
The preference arises from the new possibilities allowed by
the systematic use of informatics means to extract the
relevant information from wider and wider databases
having induced the new term ‘Big Data’.!

On the contrary, the present trend of informing
about global changes and related parameters is the one
preferred by all the International Organisations involves
in climate change, namely. [1] It consists in
summarizing the changes via global numerical
parameters, typically assumed to represent the evolution
of the mean numerical value of big datasets correctly.
However, in their synthesis, global numerical
parameters may miss scientist’s understanding of the
existing complexity of the full set of values obtained
from the measured data that they intend to qualify.

On the other hand, the traditional field of using
maps for extended sets of data, namely the spatial one,
was not surpassed in its unique capability to clearly
convey, with its (visual) representation, details on the
significance of the studied phenomena and of their
variations in time, especially when the aim is to forecast
future trends. In some fields, like that of analyses of the
Earth's surface, maps have long since been used (e.g.,
[3-4]) and recently the Food and Agriculture
Organization of the United Nations has also confirmed
its preference for their use. [5] Accordingly, a revamp
of the generalised advantages of visualisation in science
occurred, as found in the literature, especially in

! As a consequence, also a brand-new discipline stepped in,
called ‘dataism’, [2] even assumed in its extreme form to
replace the traditional scientific procedures of metrology to
analyse the quality of datasets.

philosophy of science. [6—8] On the other hand, within
the recent developments of informatics one might also
observe a possible increase of visualised—data
misunderstanding [9-11].

Especially when the maps illustrate a great variety of
situations, a comprehensive geometrical examination is
recognised to report superior information — also
quantitative since maps are graduated. This allows an
overall and more reliable evaluation and its evolution,
typically in time, a possibility that does not introduce any
kind of conflict between mathematical and geometrical
human examination but simply useful complementarities,
already appreciated in the literature [12—13].

The paper will not follow the standard sequence of
sections, due to the complexity of the matter.

In Section 2 it first provides a comprehensive
introduction to the state—of-the art of data collation in
databases and manipulation. Then, in Section 3 illustrates
data visualisation by means of maps, but not from a
cartographic—science ~ viewpoint, instead from the
viewpoint of measurement—science, according to the
Journal readers main interest: this is a multidisciplinary
frame allowing deep analyses of data of various origins
according to the discipline of metrology, author’s main
competence. How the original numerical data can be used
to plot a map is a cartography—science task. Providing
evidence of the main new features introduced by Earth’s
mapping of climate parameters, and of the ways to take
advantage of the different types of representation in the
maps, will be the only author’s aim.

However, the term ‘visualisation’ indicates a great
variety of types of data graphical representation, from simple
graphs, to 3D complex mapping, to its use in simulation.
Therefore, the paper will restrict the subject matter
exclusively to the examination of the mapping of Earth’s
surface — full or partial but never local, and never enter into
the task of map realisation from the original dataset.

It only intends to bring evidence of map superior
content of information: in addition to simple visualisation,
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this paper shows how maps allow to also retrieve
underlying numerical data by means of a computer — based
method recently introduced by the author [15]. It allows
the interested scientist to extend her analysis beyond the
global parameters without the need to retrieve the original
dataset, so paralleling the qualitative analysis obtained by
visualisation with the addition of quantitative analyses.

Some problems, related to the presently dominant
way to get the desired local and overall information in
climate science, are also shortly discussed according to
the relevant literature but without the intention of
making a review paper of those subject matters. The
Global Mean Surface Temperature (GMST, look e.g. at
the term ‘GST’ for its meaning in [16]) will be used as
the single example because of its special importance and
normally consideration by the Intergovernmental Panel
on Climate Change (IPCC) [1] and others Committees,
as one of the most popular parameter.

The basic features of a quantitative analysis of
GMST with the method reported in this paper are fully
reported in [17], so they will not be repeated here in
full, but in Section 3 a flowchart summarises the
procedure. For other popular global parameters: the
show/ice surface annual coverage was already analysed
by the author in [15]; the mean ocean level variation
with time, is not suitable for map analysis.

Finally, qualitative examples of visualisation are
reported in Section 4.1, while detailed quantitative
examples and the related procedure are shortly
introduced in Section 4.2, then, due to their extension,
fully discussed in Appendix A.

2. State of the art of collation and
manipulation of databases in climate science

As introduced, e.g. in [16], any estimate of the
spatial distribution of climate data is affected by the
uncertainty. The level of data wuncertainty is, and
remains, the basic ‘quality factor’ that scientifically
must always be associated to every piece of knowledge.
It can critically affect the overall evaluation concerning
their meaning and use, even making it sometimes
inconsistent or deficient depending also on the type of
chosen data representation.

The evaluation of the effects of data uncertainty
can be insufficient, or even deceiving, when limited to
concern global numerical parameters, namely when they
are intended to cover the whole Earth's surface:
specifically, ”a [data] fit does not obtain the combined
[i.e., total] uncertainty of any summary parameter, but
only part of the random uncertainty components” [17] .

The World Meteorological Organisation (WMO)
[18] is the International Body deputed to measure
hundredths of meteorological parameters, so also forming
the most reputed databases of all World Organisations
dedicated to climate science studies, since WMO also
supplies the accuracy of each datum (see later Foot Note
4). For evaluating the Global Mean Surface Temperature
(GMST), up to millions of WMO weather Stations, of

different models using different methods, all using contact
thermometers, are sparse on most of the ground surface
(see Fig. 1 for the set of Stations in part of Europe); for the
liquid surfaces, namely for the oceans, most results are
today obtained instead from satellite observations, using
total radiation thermometers. Nevertheless, the mean
distance between stations on ground may still be too large,
as shown in Fig. 1, for creating a sufficiently dense overall
network of numerical information forming the climate Big
Data repository:? a subsequent measured data interpolation
is required via mathematical/geometrical means.
Therefore, a set of computed additional values is added to
the set of original experimental values to form the analysed
overall data network. To each of these points, both original
and computed, an uncertainty is necessarily associated—the
computed ones must be integrated by components arising
from the estimated interpolation uncertainty. In addition,
the original experimental data are then subjected to several
critical procedures for completeness of the distribution,
such as ‘cleaning’, etc., called homogenisation, each step
contributing to the total uncertainty.

The public databases are the final version after
the above procedure. Overall, they are very large and
normally not reporting the associated uncertainty.
The set is then numerically treated to get, e.g., the
mean value: for temperature the GMST is such value
for temperature (see [19] for a discussion in the case
of its extrapolation in time).

Instead, a complete scientific treatment should
consist in determining first also the factors
influencing the obtained numerical information and
their effect, namely the systematic ones affecting the
best stability of the chosen measurement procedure,
when building the so—called Uncertainty Budget
(UB), a basic mandatory tool of measurement science
for the estimation of data accuracy.’

However, an analysis deeper than ‘reproducibility’,
i.e. precision, is often not possible, namely for maps, since
the evidence of the systematic components arises from the
process of planning the measurements, not from the results
of the measurements, the data. That is a general difficulty,
if not often impossibility when the original provider of the
results does not provide her own analysis including also
systematic effects evaluation and then this analysis
becomes available to the cartographic scientist — even
though it might have a limited effect on the map
construction.

In addition, in documents like IPCC Guide [20],
the approach is rather more similar to the kind of
uncertainty/quality evaluation typical of the economic
frames, e.g. by using risk factor and similar parameters,

2 For example, weather prediction models for 100 km
operational forecasts are said to need be based on a 9 km grid
spacing.

3 The treatment, performed according to the full methodology
of measurement science, whose most critical goal is to assign
accuracy to the dataset, is intended to provide the complete
detailed description of the procedure used for its estimation—
including the systematic effects. [22]
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and by using words instead of quantitative parameters—

such limitations have already been noticed and
commented, e.g. in [21].
Basically, a simple non-weighted fir of the

manipulated database is generally performed for
representing data accuracy — and incorrectly considered
as such instead of only precision. This fact has been
verified by the author, by making its own fit of some
large databases publicly available from World
Organisations, and then comparing his results with the
corresponding published results. His obtained standard
deviation (s.d., s) of the fits, i.e. the evaluation of data
precision, constantly was of the same order of
magnitude, or even higher, than published ‘uncertainty’
— in one case, even indicated with a 25 confidence limit—
reported as the accuracy of the results.

From that type of analysis, in fact, only a
component of uncertainty is provided: an evaluation of
the consistency/quality of the fitting trend basically
guiding toward the ‘best fit’ — defined as the one
providing the minimum s.d. It is obtained by only
tracking the values of the data, not also their associated
uncertainties (possibly except when providing the
weighted mean). There are also other statistical tools for
a more substantial evaluation, but they are out the scope
of this paper. In all instances, the systematic
components of uncertainty basically remain unexplored:
precision and accuracy are made to coincide. *

3. Plotting data onto a map: from a
numerical to a geometrical representation
of the same data

Like in previous author’s publications on similar
matters, author’s intention is not to go into details of
cartography science, which is not among his scientific
competences, but to illustrate the metrological advantages
of using published maps that are implicit in their kind of
visualisation: ”In such a representation, the measured
values of the parameter(s) of interest are superposed on
the geographical basic information (the map). The most
efficient way, given the subsequent analysis, is generally
not to use a continuous shift of the map colours to
represent values, but to have the colours discretised in
(small) spatial steps” [17]. The result is that a colour/gray
map is formed of regions of different uniform tones. 3

Tones form a scale of those parameters consisting
of discrete contiguous steps representing a (small)
range: e.g., for the GMST a step range of 0.5 °C for the

4 Until recently, WMO assigned to each worldwide
meteorological Station an accuracy of £ 1 °C [23-27]. Then,
since a few years, WMO decided to classify the Stations under
4 classes: #1-2 accuracy + 0.2 °C [28]; #3 accuracy = 0.6 °C;
#4 accuracy = 1 °C. [29] Classes 1-2 are still a minority of the
certifications so far provided

5 Actually most often, in the paper-printed/file representation,
a colour step is actually consisting of a narrow range of
contiguous colours: see later about its handling.

full range from Az = —0.5 °C to Az = +0.5 °C (i.e., 20
steps/colours) is commonly used. °

Note also that, for the geometrical representation,
the same set of numerical data of the database used to
compute the global parameter is obviously used, by
effectively superposing these values of the parameter(s)
in question onto their geographical coordinates of
Earth's surface representation. ’

In summary, after having reported all values
within the range of a single step, the Earth’s coordinates
of all data determine the boundary of each colour/gray
region on the map, not necessarily unique or made of
continuous portions. However, the extension of each
specific colour/gray area is bounded by the most
marginal coordinates of the measured data and must
ensure that no gaps remain between continuous regions
about different steps—i.e. that the set of these regions
covers the full map surface.

In such conditions, the uncertainty affecting values
located marginally of a given colour area of the map
could determine an uncertainty in the correct position of
the boundary of each coloured region. In the vast
majority of cases, such indeterminacy corresponds to
irrelevant changes in the total extension of the surface
attributed to two adjacent steps. In all instances, this fact
can be considered less critical than the effect of the
uncertainty affecting numerical computations based on
the numerical database. A possible more critical issue
may arise when the chosen step/range size is too narrow
with respect to the level of uncertainty assigned to most
data, since it might increase too much the boundary in
the determination or the correct positioning on the map—
however most often not so critical in meteorology. This
might occur, e.g., in the above example, should GMST
steps of 0.25 °C be used instead of 0.5 °C. * Concluding,
a map normally takes implicitly and indirectly into
account also the uncertainty associated with each value
measured inside that single area.

In other words, a map is a consistent visual
representation of the overall variability of the parameter
value across the map dataset (but see later FootNote 9
about the need to use the correct type of map), not
significantly affected by the uncertainty, i.e. about the
exact position on the map, of each single dot—
information. 7

Thus, a picture of the distribution in space of the
dataset is obtained via the visualisation of the measured
values at the correct Earth’s coordinates, independently
from its density. This feature might be considered a
form of averaging over passing the uncertainty of the
numerical values, sufficient in meteorology for the
semi—quantitative analyses generally made. In fact, as it

¢ Note that the GMST is expressed as the temperature change
At of the specific year from the temperature of a (previous)
reference year: At = Tactal —Trefyr , for each determination.

7 Basically a World map is merely a 2-dimensional
representation of Earth features with respect to their
geographical coordinates.
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clearly comes, e.g., from Fig. 2, when iso—regions of the
measured values for the chosen parameters are added to
the map, e.g. uniform regions in 0.5 °C steps, the
criticality of the uncertainty associated with the value
measured by each Station is largely over passed, also
considering that those regions are certainly also
smoothed in mapping. 3

In this way, a geometrical visualisation is generally
quite more informative than a table of numbers or its mere
interpolation, and the needed approximation produced by
such a discretisation is generally sufficiently accurate to
compensate for the lack of a numerical indication on a map
of the uncertainty of the original data.

One might either argue that a map cannot compete
in resolution with a dataset, with possibly the exception
of very extended maps. That is anyway only partially
true: low resolution could generally be enough for the
purpose of a printed map-but, in principle, a map
distance resolution can be, if needed, as precise as 30—
100m when embedding data from satellite
observations. On the other hand, when, for example, the
interest is to track overall surface temperature
variations to compute the GMST, one is certainly not
interested in identifying small details on the map.

Finally, there exists an additional bonus, not to be
confused with the above properties, and normally not
considered in the literature, represented by the reverse
possibility of retrieving, with sufficient precision by
using due techniques, the underlying numerical values
from any published map. Instead, this may become as a
double—check of the consistency level of the original
numerical values—as found in [15, 30], and as later
illustrated in Sections 4.2 and in the Appendix A. See in
[15] how a UB can be estimated when using maps. Also
see in the above references a discussion about the
evaluation of the precision of the reversely computed
numerical data.

4. Using maps for a deeper evaluation
of phenomena in climate science, through
examples

The reported examples, all concerning the surface
temperature distribution bringing to the GMST, are
exclusively intended to discuss how a map conveys
more information than the simple analytical treatment of
the numerical database. For this purpose, a larger set of
these maps is reported in Fig. 3: all taken from the
literature concern the variation in time of the SAMT,

8 In addition, one should also realise that the provided
WMO uncertainty value concerns the punctual local
temperature value assigned (i.e. also corrected for systematic
errors) to the thermometer inside the Station, so
conventionally representing the mean temperature of the
volume of air within the Station at a 2 m elevation from
ground. It is then assumed to be valid for an indefinitely large
volume of atmospheric air in the surroundings—a reason
limiting accuracy.

and show a variety of results. Concerning instead the
parameter ‘seasonal ice coverage’, e.g. see Ref. 15.

All these maps are full-World and of Robinson—like
types (see later when that type of map must be used and
when not), where the colours indicate the distribution of
different levels of temperature variation values with
respect to a previous reference year—not in all the same
reference is used, nor all refer to the same end year of the
period shown: this may contribute to the observed variety
of parameter—value distributions shown in different
maps, but it could instead more likely arise from
differences existing in the collected datasets.

In cases like that of temperature distribution, the
correct map type must be used,” the one with iso—
surfaces, i.e. the Peters’ or the recent Equal Earth one,
[31-32] rarely used in the scientific literature where the
Mercator or Robinson ones are used instead, of the
distance — proportional type.

4.1 Qualitative map analyses: an example

In first instance, maps can be metrologically
analysed to simply detect qualitative features—
something only revealed by the use of maps—such as an
insufficiently univocal estimate of the temperature—
change patterns related to their changes in time in
different maps or different surface portions.

In the case of the GMST parameter, the first basic
feature is its difference between land and water
surfaces, obviously implicitly embedded in the database
and in the GMST computation, amounting to At =
0.5 °C of lower increase in time for oceans, according to
published estimates (e.g. Ref. 20).

That feature, alone, makes a big difference
between partial ‘G(M)ST’s (GST will be used in the
following for such ‘local’ meanings) of what are called
the two ‘land and water hemispheres’ [27], i.e. the
occurring extreme grouping of lands such that the
‘water hemisphere’ surface is instead made of water for
its 89%—while the ‘land hemisphere’ is made of water
for only the 53% (a similar difference exists also for the
North and South hemispheres, somewhat, but not
basically, different). See later the Appendix (d) for a
quantitative evaluation from a map.

As to the land — the portions of Earth's surface
where all humans live—the distribution of the (local)
GST values is extremely varied. In Figs. 2a and 3a the
only regions consistently hotter are in Europe, with an
extension to Siberia on the East if the considered period

° Most of the literature maps use the Mercator/Robinson-type
of Earth’s representation, as it can be appreciated from the
large size of the Polar regions: that means that the maps are
not representing proportionally the different portions of the
Earth surface—differences are listed in Table 1 of [30]. That
is a strong limitation in correctly comparing in the real
proportions the surface (cont) showing different temperature
variations. Note: the NOAA maps used here in Appendix A as
the examples of computation show in gray tone the two Polar
regions, so excluding them from the assignment of
temperature-change colour tones.
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of time is anticipated of 10 years with respect to Fig. 2b.
Total hotter surface is found to effectively increase only
when starting the comparison much earlier, to 1951 as
done in Fig. 3b(ii). However, when comparing identical
periods (2020 situation with respect to 1981-2000) the
differences in Fig. 2a and Fig. 3b(iii) are still
remarkable.

On the oceans, the blue regions indicating a
lowered GST are also remarkable and quite varying in
time. On land such a lowering on land is much less
extended and frequent, especially in the northern
hemisphere.

Apparently, most of the GMST increase happened
before 1980, as shown in Fig. 3b, apart from the Arctic
region—while the Antarctic hot region disappeared—but
the extension of such areas is altered when choosing
different map types, as commented in Foot Note 9.
Siberia looks like the land region with the most
variability in time.

It is not the aim of this paper to discuss the reasons
for the evident differences between maps shown in
similar periods, but only basically to provide evidence,
from them, of the fact that the evaluation of the
distribution of surface temperature can basically be
insufficiently consistent when expressed by the value of
a single global numerical parameter. 10

On the other hand, the importance of the data
uncertainty of each single measured point constituting
the database is strongly limited in the maps and can
even normally be disregarded—a useful issue when the
uncertainty evaluation might be controversial.

4.2 Examples of computations based on maps:
quantitative retrieval of the original numerical
information for specific evaluation of parts of the
maps

Additionally, the numerical information (not the
original data from a database used to build the map)
underlying a map can be retrieved back quantitatively
from each map [15], obviously affected by an
uncertainty corresponding (at least) to the width of the
colour step due to the discretisation of their
geographical coordinates.

This possibility may be important and useful for
any scientist interested to retrieve of her own
(numerical) information from the surface portions
reported with the same colour and able to compare her
own findings with the ones in the literature. That
possibility necessarily requires, as in the case illustrated
in [17], the use of an iso—surface projection, the Peters’—
resulting more correct than Robinson’s ones (see
Footnote 9): based on it, e.g., the uncertainty of the
GSMT retrieval estimated within =+ 5% was obtained

19 As another example of the need of referring a situation
occurring in specified places of a map, the authors in [21] had
to indicate a feature of the Northern hemisphere only. See
similar situations also in APPENDIX (d).

in [30]. From different map #ypes, instead, differences in
the GMST value of up to =<20% were found to occur. !
The remaining contents of this Section are moved
to Appendix A in order to make evident the fact that a
specific technicality is needed not strictly related to the
normal visual analyses of maps. The author found it
useful in several circumstances, requiring a procedure
that can be found in details in his previous publications
on this subject matter [15, 17, 19, 30], here summarised
in the flowchart of Table la below and with results
reproduced for this paper in Table 2 (see Appendix A).

5. CONCLUSIONS

The retrieval of the numerical value of some global
numerical parameters could now be obtained by starting
from a type of visualisation consisting of maps of the
distribution of the relevant parameter(s) over the
full/partial spatial extension of an Earth map. The
possibility of this retrieval is a new opportunity for the
scientists interested to understand or double—check the
quality of the published analysis results. The uncertainty
of such evaluation may even be comparable to the one
attributed to the parameters by means of a direct
numerical analysis of the databases. This use would limit
the risk of a poor estimation of the uncertainty of the
databases, with the consequence of standing controversy.

Actually, maps additionally allow a more extensive
and complete analysis of the collected information,
qualitative and quantitative, thanks to the visualisation of
the distribution of the information over their whole
extension: e.g., that advantage especially concerns the
evidence of the extent of non—uniformity on the surface of
the values of interest, so making possible the evaluation of
the geographical/’political’ reasons for that [30]. Such
richness of information is lost when summarised in a
single numerical parameter. Maps are less ‘apodictic’ than
global parameters and allow scientists to form their own
diversity of thoughts, which is the basis of science [31].

Similar exercises as the one illustrated above,
made on other maps, would also show a variety of
situations that otherwise may remain implicit or
undetected in a numerical treatment: in the case of
meteorology and climate science, they should be
explored in the context of their spatial distributions.

Concerning the extent of information on the Earth's
surface, a geometrical representation looks superseding
the pure mathematical one, and revealing a possible risk
for the scientific meaning of a global purely numerical
parameter, so becoming significantly weak or even rather
irrelevant. That is particularly important when it is
necessary to avoid such a situation in the case the
analyses are directed to make forecasts. [19].

' In that respect, however, an uncertainty of 20% of the
current GMST value taken as the reference in recent literature,
At = 1.2 °C, would mean an interval of possible values from
At = (+0.9 to +1.3) °C: this is still within the actual uncertainty
of the GMST value according to the correct metrological
analysis based on the WMO indications. [18, 28]
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APPENDIX A

Examples of computation procedures concerning retrieval of quantitative numerical information in maps

The procedure for the computations is summarised in Table 1 of Section 4.2, where the full procedure
flowchart is reported, related to Figs. 2—4 (for full instructions see [15]).

Table 1 — Tabular flowchart showing the procedure to obtain the retrieval of the numerical information (not the original data)
underlying a map.

1.1 Copy on an Excel (or equivalent) a full Earth map of Peters proportional-surface type [31]

The map should have a dimension of 300’000 pixels or more. The background must be white or
colourless, apart the colour—scale strip (see 1.2). Record the total pixel number of the map (i.c.
no borders or other outside the Earth surface)

1.2 Ensure that the map also show (below it, NOT on it) a strip of boxes with the colour coding for the
full parameter range (e.g., 20 boxes each for 0.5 °C from negative to positive values). NOTE: The
box should not be taken from any other file

1.3 Make a check of the colour—tone homogeneity on the recorded file, as follows:

1.31 |Set the colour selection tool for “non contiguous” and “tolerance” = 0

1.32 |Click on one of the colour boxes (i.e., not on the map)

1.33 |Adjust the folerance, by increasing it by steps, until the selected tone box looks (almost)
completely selected

1.34 |Increase a bit the tolerance until some pixels in a contiguous box becomes also selected

1.35 |You will possibly find a (small) range of tolerances in the two cases: if not, use it; if yes, select the
mean tolerance for the subsequent steps

1.36 |All box counts should provide the same pixel count, within a few. That is a component of the total
uncertainty of the procedure. Record the pixel count of each and the tolerance

1.37 |For the computation of the 50% of the pixel distribution use the values in 1.36 as explained in the
text concerning Table 3. VERIFICARE

1.38 |If you are making the comparison of two maps, make the same of above for the second. The
map must be uploaded with an identical dimension in pixels, adjusting it size as necessary, within
1-2%. For its colour scale proceed as in 1.2 and 1.31-1.36

1.4 Now start with the first map and use the colour tolerance selected in 1.36

1.41 |Select both the map and its colour strip, and click on a central-value colour on the trip

1.42 |Different areas on the map will also be selected in addition to the full colour box

1.43 |Open the window showing the pixel count for the selection: record the pixel count and subtract the
count saved in 1.36. That is the value in pixel of the area on the map

1.44 |Do it for all the boxes of the colours trip

1.45 |Sum up all the registered values: the sum should correspond to the total map surface value in
pixel ... but rarely exactly

1.46 |You may repeat the steps of tolerance adjustment above and modify a bit it until get the exact total
value. However this is OK only for very small adjustments (change of £1-3)

1.47 |Double check that no pixels are selected outside the map surface: you can check it by selecting all
colours and check the difference with respect to the value in step 1.1 (and double check its
correctness), with a circular adjustment procedure of all previous steps.

A precision between 2% and 5% is in general satisfactory

1.5 For the adjustment you consider satisfactory, record all the pixel counts for all the colours, and
estimate precision

1.51 |Reduce to 0 (zero) all final counts lower than precision, as they are not significant

1.6 Start with the next map

Partial If you are interested on only a partial surface, upload only that portion of the map, then act as

surface above on it

Ground/ In general, you should find ground and sea naturally separated by their parameter (colour)

water (sea)

differences. Otherwise, you may try to make ticker or with a new colour the boundaries of all
ground portions, in order to be able to select only ground or only water.

Polar To exclude polar regions, if not already greyed as they are in certain maps, you can select their
regions boundaries and change their colour to gray

Comparing You may (visually) compare a map with another map (e.g. of population density), by keeping the
maps superposed upper one of exactly the same dimensions and by making it sufficiently transparent.

This may make easier to retrieve also the data from the latter.
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For the retrieval, the graphical programme
Photoshop has been used by the author, but others can
provide an equivalent suitable tool.!?

Since, in this case, two maps have to be compared,
they are first copied on separate files with the same
dimensions (i.e. number of pixels) to avoid unnecessary
conversion factors. Each map is provided with a colour
scale. As already alerted in [15], one should not assume
that in a scale in 20 steps, from deep blue to yellow and
deep red colours, each step is made of a single pure tone
of the colour scale of 256 total tones: that is the typical
change caused on the original map by its downloading
from a public version—typically from a file reported in a
publication—onto the computer for the analysis.
Therefore, a first necessary alert is that the user must be
aware of the fact that any coloured area representing
‘one tone’ (in the case of the example a temperature
range of 0.5 °C) contains pixels over a small range of
tones: a ‘tolerance’ must then be provided to the tool
selecting the desired tone range. In the present example,
a tolerance of 35 colour tones was found necessary and
sufficient—otherwise not the whole sample area is
selected or, in the reverse case, more than one sample
areas are selected. In this case, the selected sample in
the reported scale corresponded to ~600 pixels for each
sample tone in the 20-tone scale reported below the
map, providing an additional total of 12000 pixels in
the count of the map size, which has to be eliminated
from that count; =600 pixels must be eliminated when
making the count of each colour selection in the map
(the tone—scale must remain visible and selectable, to
visually ensure that the selection of the desired tone on
the map is correct).

On the other hand, the file must contain only the
map and the colour scale on a uniform background,
typically white (or colour absent). The size of the map
must ensure a sufficiently high number of pixels for the
maps to be examined to allow sufficient precision of the
recovery.

Some specific issues are now illustrated.

(a) Total size of the map. The first step consists
of obtaining the total number of pixels of the entire
map, i.e. of the map by excluding the uniform
background: in the present case (Fig. 2) it was
~350°000. In order to compare several maps, it is
better to scale up them to about the same dimension: in
the following, the two maps (a) and (b) differed in the
surface by 2%, almost irrelevant-but the final values
of the parameters were anyway corrected for that small
difference in total surface.

One can notice that in the maps in Fig. 2 the two
polar regions are greyed (the gray being distinct from
the tone scale: probably no data in those regions). That
is good because the map is of the Robinson type, i.e. a
non—iso—surface type. When a Peters’ projection is not
available, like in this case, in first approximation one

121t is easy to anticipate that professional Al may play a useful
future role in patterns recognition on maps.

must halve the surfaces (number of pixels) in the
regions above 60° of latitude of both hemispheres [15]
if they have to be taken into account, to make a
sufficient correction.

In the present case, these gray areas were left out
of the computations, thanks to their specific colour,
except for some final elaborations and considerations
(see later). They represent a different amount of surface
in the map: the North Pole region is 6% of the North
hemisphere, while the Antarctic Pole region is 21% of
the South hemisphere (for map (a), 6% and 19% for
map (b)). They represent in total 14% of map (a)
(actually the 7% after correction), or 12% of map (a)
(actually the 6%): this issue is commented on later and
represents already a relevant difference in the
determination of the GMST.

Thus the colour analysis has been performed on
about 95% of the surface (for a more exact difference in
the surface distribution from the two types of maps, see
[23]), the one where most humans are living.

(b) Colour distribution analysis. Now one can
analyse the coloured portions of the maps, and get a
distribution of the surfaces (measured with the unit
pixel, provided by Photoshop under the ‘Histogram’
tool).

To select a colour for the totally selected map, one
has to click on the sample in the colour—scale,
corresponding to the indicated temperature range: all the
corresponding pixels (within the chosen tolerance, here
of 35 pixels) will be selected and the total reported.
Table 2 reports these values for both maps. Then one
has to subtract 200 pixels from the reported value, for
each interval selected of 0.5 °C '3 (for specific reasons
one could also select more than one sample/interval '4),
getting the correct proportion. Selected values less than
600 pixels should then be zeroed for that interval (e.g.,
as it happens for extreme values of Az >+ 3 °C).

In Table 1 also the fractions in percent of the total
surface are reported.

The so—obtained sum of the surfaces can be
somewhat different from 100% because the pixel
selection feature is not 100% exact, but the difference
between 2% and 5% can be considered acceptable.
Otherwise one can try adjusting the tolerance value (as
done, e.g., in [23]), for the best approximation.

(c) An example of computation of the retrieved
data. The GMST is defined as the mean surface
temperature variation for the whole surface. Therefore,
it corresponds to 50% of the pixel selection. It can be
obtained in different ways: by computation from Table
1 or directly from each map (so also getting an
indication of the precision of the obtained values).

13 Colour intervals equivalent to a temperature range of 0.5 °C
are sufficient for the analysis, though sometimes maps report
colour intervals of 0.25 °C.

14 A two contiguous steps analysis is useful if data uncertainty
is higher than the size of colour steps, in order to check for
possible differences in the surface-attribution evaluation.
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In the present case, one additional issue of interest
is to understand if the two maps bring significantly
different situations, as they report it for periods of time
subsequent by 10 years.

From pixel counts in Fig. 2 one gets GMST values
indicating even a lowering for the period (1991-2020)
with respect to the period (1981-2010), from At =
+0.50 °C to At =+0.34 °C.

The fact that this evaluation does not include the
two Polar regions cannot be considered to significantly
affect the computations, for two reasons: first their real
surface is much smaller (6-7 %) than it looks in the
Robinson type of maps, and these regions are inhabited, a
feature that can basically induce an effect only on the
mean ocean level-namely on the South only, since on the
North the marine-sea ice melt does not produce any
effect on the sea level, and Greenland is responsible for
only a minimal contribution to the total Earth ice amount.

The GMST can also be computed differently: by
plotting the data in the ‘Proportions’ columns, as
reported in Fig. 4a,b. From them, GMST values are
At = +0.56 °C and At =+0.38 °C are obtained, basically
confirming the previous values. The pixel count varies
in dependence of the tolerance assigned to the search of
its best value, i.e., in the Figure the chosen “best
tolerance” is used.

In order to find it (according to steps 1.33—1.36 in
Table 1) you should use the following procedure:

(i) Start from a low tolerance, e.g., 8 pixels, and
make a table of the pixels counted for each and all the
colour steps used in the map on analysis, and compute
their total;

(i) Repeat the operation for increasing tolerance
values in steps, e.g., of 8 pixels: you will get different
values and different totals. Initially the total number
increases, but, above a certain tolerance value you will
find, a decrease—then again a rapid increase;

(iii) That point in general corresponds to near the
50% of the total pixels of the map;

(iv) If you are within a few percent close to 50%
you can stop and record the tolerance.

In Fig. 5 the result is reported for such a search for
Fig. 3a: the optimal tolerance was 16 pixels for the
second trial, being 14 and 32 the adjacent trials. The
corresponding selected pixels were 54’707, 92’640 and
79285, corresponding to 0.47, 0.69, 0.48 for a map of
the Robinson type. However, as already pointed out, the
correct map type is the Peters one, having a different
pixel distribution per latitude (as indicated in Table 2
[17]) therefore the number of counted pixels for
latitudes >60° can simply be divided by 2, as already
suggested. The corresponding counts for a Peters
mapbecome 0.42, 0.55, 0.39, thus tolerance 16 is
sufficiently close to the goal.

(d) More information from maps: polar North—
South hemispheres difference.!> The greyed surface
regions in the two hemispheres are quite different in

15 See also the already cited [15].

size: while the North one is basically limited to the
North Polar Sea and neigh borough lands (a total of
12300/12800 pixels for the two maps, of which sea is
the 91%/92%), the South Polar region exceeds
42000/37000 pixels, not only because the Antarctic land
covers 16000 pixels, but also because the South Polar
sea surface is considered extending for 25000/21000
pixels, about the 60%/56% of the total. The overall
effect is that the map representation is not equivalent for
the two hemispheres, with the whole North colour map
exceeding the South part by about 11°-14° in terms of
latitude in the two maps.

On the other hand, one can certainly appreciate the
fact that the land distribution in the two hemispheres is
substantially different, with most of the human activities
(if assumed to influence the climate) being concentrated
in the northern hemisphere.

It is also possible to make a comparison of the two
hemispheres about the proportion of the temperature
changes, At = (-5-0) °C and At = (0 — +5) °C. The
difference is substantial: the North hemisphere is 40%
higher in temperature increases and very poor in
decreases, while the South hemisphere is 5 times richer
in temperature decreases, basically concentrated on the
oceans, which are predominant in the Southern
hemisphere (where the IPCC estimate of the GMST
increase for ocean water is of only Az = +0.5 °C).

Table 2 — Comparison of the position of the latitudes on
a linear scale and on Peters’ scale ® [17]

Latitude Peters Width Latitude
(degree) Map change | displacement
(degree)

0

(equator) B B B
5 8.4% — +3.4
10 17.7% 9.3% +7.7
15 26.6% 8.9% +11.6
20 34.9% 8.4% +14.9
25 42.8% 7.9% +17.8
30 50.1% 7.4% +20.1
35 57.0% 6.8% +22.0
40 63.3% 6.4% +23.3
45 69.2% 5.9% +24.2
50 74.5% 5.4% +24.5
55 79.4% 4.9% +24.4
60 83.7% 4.3% +23.7
65 87.6% 3.9% +22.6
70 90.9% 3.4% +20.9
75 93.8% 2.9% +18.8
80 96.1% 2.4% +16.1
85 98.0% 1.9% +13.0

90 (pole) - 1.4% -

2 Peters projection is basically the projection of a circle arc
onto the radius.
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Table 3. Quantitative analysis by pixel count for the maps in Fig. 2.
(a) 2022 (ref. 1981-2010).

o 0 Proportions . Progressive
At (°C) N° pixels total Net (pixels) Proportions % coverage Comments
-5.0--3.0 2300 0
-3.0--25 604 0
-2.5--2.0 585 0
—2.0--1.5 593 0 < 600 px/tone
-1.5--1.0 589 0
-1.0--0.5 6384 N o
050 42426 47600 12:4% 12.4% =0°C
0.50°C (50%) | Mean (GMST2022)
0-05 97000 96400 25.1% 37.6%
0-1.0 (202000) (52.4%)
0.5-1.0 141000 140400 36.6% 74.2%
1.0-1.5 27300 26700 43.6% 82.3%
0.5-2.0 (181000) (46.9%) >0°C
1.5-2.0 8400 7800 2.0% 84.3%
20-25 4400 6300
25-3.0 3100 2500
3.0-5.0 6200 3800 1.0% 85.3%
Totals 340880 331500 84% 85.3% Without Poles
(b) 2022 (ref. 1991-2020)
At (°C) N° pixels total|  Proportions Proportions % Progressive
(pixels) coverage Comments
(corrected) !
-5.0--3.0 2100 0
-3.0--25 530 0
-2.5--2.0 550 0 < =600 px/tone
—2.0--15 500 0
-1.5--1.0 3700 3100 0.8% 0.8%
-1.0--0.5 21800 64600 <0°¢
—0.5-0 44000 18% 18.8%
0.34 °C (50%) Mean (GMST2022)
0-05 133000 132400
0-1.0 192500 191900 37% 55.7% 5 0°C
0.5-1.0 105000 104400 53%
1.0-1.5 19300 18700
0.5-2.0 39% 94.6%
1.5-2.0 4300 3100
20-2.5 1100 0
25-3.0 620 0 < ~600 px/tone
3.0-5.0 2100 0
Totals 338600 326800 92% 94.6% Without Poles
! Corrected by = 2% for the total surface difference to (a).
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Figure 1. Map of the WMO stations in a portion of Europe: their data are most of the sources of data
included in the international databases used by IPCC, NOAA, HadCRUT, NASA, etc. [18]
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a) b)
Figure 2. Maps from different periods: (a) 2022 (1981-2010); (b) 2022 (1991-2020). (NOOA)

Figure 3a. Maps from another source: GISTTEMP L-OTI (NASA) [35]: (1) 2022 (ref. 1951-1955); (ii) 2022 (ref. 1951-1980);
(iii) 2020 (ref. 1981-2000); (iv) 2018-2022.

Figure 3b. Maps from another source: HadCRUT [27] (2020), the reference is the same period of NOOA 2(a): 1981-2010.
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(a) (b)
Figure 4. From Fig. 2. The re—computed GMST value (larger gray dot) is reported at the axes crossing (of the graph AT/°C vs
pixel count), here respectively +0.56 °C and +0.38 °C. The continuous curve is the interpolation of the measured pixel counts
(here dots) of Table 3.
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KapTu Mo:KyTh Kpalle NiITPHMYyBaTH KiJbKiCHY OIIHKY XapaKTepHCTUK MoBepXHi 3emuri
3 IX eBOJIIONI€I0 B Yaci, Hi’K I7100a/1bHi YMCJI0BI MapamMeTpu
®panko [lasese

AHoTauis

I'moGanbHi 4MCIOBI MapaMeTpM OCTaHHIM 4YacoM CTald OUIbII MOMYJAPHAMH B HAyKOBUX Taly3sX [UISl OLIHKH
XapaKTEepUCTUK MOBEPXHi 3emii, 30kpemMa B eBojouii kiimary. OfHaK BOHH MOXYTh HE MOBHICTIO BioOpakaTd CKJIaIHICTb
[IUTAHHA, SIKE BOHU MalOTh Ha MeTi KBanli(ikyBaTH. Y CTaTTi LMIOCTPYeThCsl TOH (haKT, IO MOCTaBIEHOI METH MOXKHA Kpale
JIOCSII'TH, JOJABIIN JIONIOMOTY, SIKy HaJa€ OLliHKa KapT, 0COOIMBO Y BUIIAJKYy MapaMeTpiB 3eMili, METOJ, SKUH BiKe MOLINPEeHUi B
OLIHIII IPOCTOPOBUX BENUKUX JaHHX. Kpim Toro, Toil dakT, mo rpadidHe NpeacTaBleHHs KapTH € BHYTPILIIHBO MOCEPEIHUKOM
HapaMeTpa, sIKHi 3aB)IH IOB'I3aHMH 3 KOKHHUMH JaHHMH €KCIIEpHMEHTAIBHOTO MOXO/UKEHHS, HeBU3HAYECHOCTI JIaHHX, TAKUM
YHHOM IIPEACTABIIAIOYM COOOI0 CBOEPINHHMN anbTepHATHBHUK croci®é MmopnemoBaHHS 6asm maHuX. OcoOiIMBO, KOJIM KapTH
UIIOCTPYIOTh BEJHUKY Pi3HOMAaHITHICTH JIOKAJIBHUX CHUTYyalill, Bi3yalbHe (TOOTO reOMETpUYHE) NOCITIIKEHHS, SIKe MPONOHYIOTh
KapTH, 4acTo J03BOJISIE OTPUMATH Kpally iH(pOpMallito, ToMy OUTbII HAJiHY Ta MOBHY OLIHKY €BOJIOLII, K MpaBUIIO, B Yaci.
HaBeneno npukiagy BUIaKIB, MO MiATBEPAXKYIOTh i TBEPAMKEHHS.

KirouoBi ci1oBa: riobanbHu 4MCIOBHH HapaMeTp; HEBH3HAUYEHICTh JaHUX; KapTH 3eMili; MPOCTOPOBHH pPO3MOJILI
rmapameTpiB; sIKiCHA OLliHKa; KibKiCHA OL[IHKa.
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Abstract

Noise filtering is extensively applied in both the theoretical and practical aspects of signal processing. A much smaller
number of scientific works is devoted to the extraction of noise from realizations of random processes in order to analyze them
for specific tasks. The paper presents a method for separating signals and noise in multichannel measurement systems. The
method utilizes the experimental data matrix and employs singular value decomposition (SVD) to analyze both the singular
modes of the matrix and the partial matrices that comprise it. The conditions under which a partial first-order matrix describes
signals in the system channels, and higher-order matrices contain noise components, have been determined. This requires the
cosine of the angle between the data matrix and the first partial matrix must approach unity, and between the data matrix and the
second matrix - to zero. Such conditions are achieved when the signal-to-noise ratio exceeds a threshold value. In some cases, the
extracted noise can be utilized to determine measurement errors.

Keywords: data matrix, multichannel measurement system, noise filtering, singular value decomposition (SVD).

Introduction

In practical applications, multichannel measurement
information systems (MMIS) are extensively used across
various technical objects. These systems are capable of
measuring either homogeneous parameters, such as
pressure, or heterogeneous parameters, such as pressure,
acceleration, and force. In the latter case, all physical
quantities are normalized to ensure that parameters in all
measurement channels are dimensionless. Experimental
results, represented as realizations of random processes,
contain data describing the physical process being
measured, as well as noise. In most cases, the researcher
is primarily interested only in the parameters of the
random process. The presence of noise in measurement
channels distorts the signals; however, in certain cases, its
characteristics can provide useful information. In
practice, it includes both internal and external noises, as
well as random measurement errors, which are generally
difficult to separate from the noise. The ideal situation
would be one in which the main signals, noise, and
measurement errors are fully separated. Measurement
errors and noise characterize the uncertainty in the data.
They are often closely related and may exhibit similar
effects. In general, it is not possible to completely
separate noise from measurement errors. The main
reasons for this are the lack of sufficient information
about the primary sources of errors and noise in the
measurement system. Errors arise due to imperfections in
measuring instruments, measurement methods, and the
influence of external and internal factors. Random errors,
in terms of their characteristics, are very similar to noise.
Noise can originate from various sources (electrical,
thermal, quantum, etc.) and exhibit different spectral
characteristics. It can be either additive or multiplicative.
The presence of nonlinear transformation functions in the
measurement system can further distort the results. Thus,
separating measurement errors from noise is a

challenging task that requires a deep understanding of
both the physical processes generating the data and the
mathematical methods used for data processing. The
choice of an appropriate method depends on the specific
problem and requires experimental validation. In the
following, random measurement errors and noise will be
collectively referred to simply as “noise,” and we will
analyze the possibility of separating the signal from the
noise contained in multidimensional data.

The aim of this paper is to develop a method for

assessing noise in a multichannel measurement
information system based on singular value
decomposition.

Problem Statement

Although complete separation of noise from
measured results is impossible, there are a number of
general methods that can reduce its impact. These
methods include, in particular:

e Identification and analysis of possible sources
of systematic and random errors;

e (Calibration, i.e., comparing measurement
results with reference values to determine and correct
systematic errors;

e Performing repeated measurements and
calculating the mean value to reduce the impact of noise
on the signal;

e Using statistical data processing methods,
including calculation of variance, standard deviation,
confidence intervals to assess measurement accuracy,
evaluation of skewness and multimodality, and
checking distribution laws;

e Filtering to reduce the influence of noise
components on the signal;

e (Creating mathematical models of measurement
processes to evaluate the impact of various factors on
the results;
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e Decomposition of data into empirical modes
for analyzing non-stationary signals;

e Wavelet transforms for decomposing the signal
into components with different frequencies and
localizing signal features in time;

e Using a priori information about the signal and
noise;

e Machine learning for pattern recognition in
data and separating signal from noise;

e Clustering methods for dividing measurement
data into groups with similar characteristics;

e Spectral analysis to identify periodic
components that may be associated with systematic
errors or external disturbances.

In many cases, it is advisable to combine different
approaches and methods.

The general main drawbacks of existing noise
filtering methods are:

e Loss of useful information, especially at low
signal-to-noise ratios;

e Subjectivity in evaluating the quality of filtering
due to the absence of a single universal criterion;

e Dependence of filtering efficiency on the type
of noise present in the signal,

e Complexity in tuning filter parameters;

e Computational complexity, particularly for
large data sets, such as in MMIS.

Each method has its limitations; for example,
adaptive filters require a large amount of training data,
while wavelet analysis is sensitive to the choice of
decomposition basis. Recently, deep learning based on
neural networks and adaptive methods grounded in data
analysis, particularly Data Mining, have been employed.
Analyzing large sets of data and filtering noise in MMIS
requires consideration of alternative approaches, one of
which, based on singular value decomposition, is
presented in this paper.

Analysis of Recent Publications

A large number of scientific works are devoted to
noise analysis in multichannel systems. In [1], a method
for assessing the state of multichannel singular systems
with multiplicative noise was developed based on
singular value decomposition (SVD), taking into account
dynamic and multiplicative noise, as well as
measurement noise caused by measurement errors. The
evaluation of multiplicative noise in the absence of
information about input signals is carried out in [2] using
a filter optimized according to the minimum mean square
error criterion. The Kalman filter is also widely used in
singular systems [3], where measurements consist of
instantaneous and delayed observations, and the system
includes multiplicative noise. In singular systems, the
dynamics are described by a combination of algebraic
and differential equations. The complex nature of
singular systems poses many challenges for both
analytical and numerical treatment of such systems [4].
Uncertainties in measurement systems are considered as

multiplicative noise [5], and the least squares method is
used for sensor optimization. Many articles have
proposed algorithms for noise reduction. In [6], a filter
based on SVD and the minimization of the mean square
error (MSE) between the desired part of the signal and
the sum of the filtered microphone signals is applied to
improve  speech intelligibility.  Singular  value
decomposition and the principal component analysis
(PCA) method have limited noise reduction capabilities
under conditions of strong interference. For such
conditions, multichannel SVD is used in [7] to obtain
multiple signals constructed based on third-order tensors.
Noise reduction is simplified when the system models are
known, for which identification algorithms of
multichannel measurements are developed in [8]. To
reduce impulsive noise, a multichannel system for
estimating damped sinusoids is proposed in [9]. Even a
single-channel measurement system can be transformed
into a virtual multichannel system, and SVD can then be
applied [10] for “blind” signal separation. At the same
time, alongside the use of SVD, it is advisable to reduce
the dimensionality of the data matrix, as done, for
example, in seismic signal processing in [11]. In [12], a
method based on a modified Levinson algorithm is
proposed, which does not require assumptions about the
highest order of measurement channels with a finite
impulse response. To improve the robustness of
multichannel systems against modeling errors, a linear
minimum variance estimator is described in [13]. The
simplification of multivariate time series analysis is
achieved through the use of the variational mode
decomposition algorithm, which allows decomposing
time series into several modes that possess specific spatial
properties characteristic of a particular time series [14].
The SVD method is also applied to Hankel matrix sets for
noise removal and normalization of the corresponding
spaces [15]. To improve noise suppression efficiency in
multichannel systems, the paper [16] proposes
Regenerative ~ Multidimensional ~ Singular ~ Value
Decomposition, which maps measured signals into
multidimensional data. The data is processed using
Independent Component Analysis. Universal methods for
analyzing signals with noise are becoming increasingly
relevant. In [17], approaches for extending the use of
adaptive Fourier decomposition with a predefined basis in
multichannel systems are presented. The approach
proposed in [I18] for “blind” identification of
autoregressive models uses the current autoregressive
information model, which is extracted from correlation
matrices. It does not require the Toeplitz channel
convolution matrix, which is traditionally used in
classical methods. At present, different types of noise are
suppressed separately. In [19], a noise removal scheme is
presented that takes into account their variance and
signal-to-noise ratio. The scheme employs a threshold
wavelet value and adaptive filtering of multi-source noise
based on singular values. To reduce the impact of noise
on deconvolution and improve image resolution, a
multichannel deconvolution method is used [20].
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Noise reduction methods using SVD are widely
applied in various fields. For example, to extract fault
features in technical systems and obtain their
quantitative assessments, [21] proposes an algorithm for
tensor SVD of multidimensional time series. The
extraction of mechanical fault features based on
multichannel —measurement information  systems
(MMIS) is carried out in [22] using an adaptive tensor
estimation model. The detection of damage in vibrating
structures with different degrees of freedom is
implemented in [23] based on recursive singular
spectral analysis combined with autoregressive
modeling. To extract fault signals from noise, [24]
forms a tensor in the phase space and analyzes the
principal components with suppressed noise based on
tensor SVD. In [25], a new multichannel method for
classifying mechanical fault signals is proposed, based
on an extended quaternion singular spectrum. Here,
quaternions are used to link signals from four channels.
To address the mode-mixing problem in
multidimensional empirical mode decomposition, [26]
employs quaternion singular spectral analysis. It
efficiently extracts the characteristic frequency of the
fault from multi-channel signals.

Matrix SVD methods are applied in audio systems.
In [27], a “blind” dereverberation method based on
generalized spectral subtraction is used for noise
suppression to improve speech recognition. To reduce
vocal noise, [28] presents a comparative analysis of
Wiener filtering, spectral subtraction, least squares
methods, and digital filters. SVD methods are
particularly intensively implemented in the medical
field. In [29], it is shown that tensor decomposition of
multichannel electroencephalography data can be used
to analyze epileptic spikes. In [30], a method for
reducing impulsive noise in electrical impedance
tomography is described, replacing linear filters with an
SVD-based decomposition filter. In [31], a model of
multichannel skin conductance recording is developed
for autonomic nervous system diagnostics, along with a
multichannel deconvolution approach for sparse noisy
data to generate reliable conclusions.

Information on blood pressure and other
physiological parameters is obtained using multichannel
sensors. To suppress noise in such systems, [32] proposes
a PCA algorithm with dynamic weighting of signals
across channels. In [33], an approach based on extended
Kalman filtering and SVD is proposed to extract the fetal
electrocardiogram from the maternal cardiogram under
conditions of arrhythmia in both the fetus and the mother.
In [34], SVD is used for the decomposition of extended
multichannel surface electromyography signals based on
minimum MSE estimation and convolution kernel
compensation. A parallel computation method for
determining background noise and detecting lung rales is
presented in [35]. The data matrix is factorized, and the
rale detection problem is solved simultaneously with
noise suppression, maintaining orthogonalization during
simultaneous source separation. Recently, intelligent
methods have been increasingly implemented in all noise

filtering applications. For instance, in [36], deep machine
learning is applied to single-channel systems to estimate
the number of signal sources in the presence of noise.
Thus, the main focus of recent scientific studies on
the topic under consideration is the reduction or
suppression of various types of noise in MMIS. This article
analyzes a method for noise level reduction and also
considers the possibility of using noise in the assessment of
uncertainty or measurement errors in MMIS.
Noise

Problems of Signal and

Separation in Big Data

A multichannel measurement information system
is considered, which measures one or several physical
quantities over a period of time. The experimental
results are recorded in a data matrix, which in some
cases can have very high dimensionality. This raises the
problem: under what conditions and how can useful
signals be separated from noise based on these results?

Let this data matrix A have dimensions mxn,
where m is the number of rows of the matrix, which in
practice corresponds to the number of measurement
channels, and n is the number of time samples, into
which the realization of the random process is divided
over the given time interval.

The experimental data matrix A
represented as [37]

can be

A=UXV’, )

where the unitary matrices U and V contain the left and
right orthonormal singular vectors, respectively, such that
U'U=1 and V'V =1, where I is the identity matrix.
The left singular vectors describe the basis of the row space
of the matrix A . They demonstrate a way of linearly
combining the rows to obtain the principal components.
The right singular vectors describe the basis of the column
space of the matrix and indicate how the columns should
be linearly combined to obtain the principal components.
Geometrically, the left and right singular vectors determine
the directions of maximum data variance in the row and
column spaces, respectively. The singular vectors indicate
the variables (factors) that have the greatest impact on the
output parameters and their interaction patterns. These
vectors can be used to construct a new data basis in which
the data exhibit a simpler structure.

The singular values of the matrix ., characterize the
amount of data compression along each principal
component and essentially serve as an indicator of the
importance of these components. They are always non-
negative and arranged in descending order. Intuitively,
large singular values correspond to the main features of the
measured data, while small singular ones are associated
with noise or less important factors. The larger the singular
value, the more information it contains. By discarding
components with small singular values, one can reduce the
dimensionality of the data without significant loss of
information. If the data contain anomalies, this manifests as
unexpected singular values of the matrix A .
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The equation (1) provides a mathematical
description of the SVD method for the matrix A . If the
dimensionality of the data matrix A is mxn, then the
dimensionality of the matrix U is mxm, and matrix
V is nxn. The dimensionality of the matrix
coincides with that of the matrix A . If the
dimensionality of the matrix A becomes very large,
there exists a method to reduce its order without losing
measurement information. Most singular values are
equal to zero, and this property is used when reducing
the dimensionality of the matrix A . If the matrix U
vectors #, and matrix V vectors v, are known, the

matrix A will be presented in the form [37]
P
A=) ciiy,, 2)
i=1

where p is the number of modes, and o, is the singular

value for the i-th mode. The expression (2) in expanded
form:

— —T - - - —
A=cuy; +0,0, +...+o UV =A+A,+.+A,.(3)

In  practice ©,20,2..20,, and often

6,>0,>..>0,. The first term in relation (3) usually

significantly exceeds the other terms. It is determined by
the basic physical processes occurring at the technical
object whose parameters are being measured. The largest
singular values and their corresponding vectors represent
the principal modes or dominant patterns in the data.
Smaller values correspond to secondary modes that
capture less variance in the data. Some secondary modes
may represent not errors but subtle regularities in the
data. It is important to note that there is no clear boundary
between principal and secondary modes.

The real data contained in the matrix A , describe
the main physical processes as well as noise (including
measurement errors). The matrix can be represented as
the sum of a matrix responsible for these processes and a
matrix whose elements are noise. Therefore, operation (1)
represents the SVD of a sum of matrices, which is
generally a nonlinear operation, since such a
decomposition is not a linear combination of the elements
of the original matrix A . The singular values of the
matrix A , located on the diagonal of the matrix Y, are

the square roots of the eigenvalues of the matrix A”A .
The result of the SVD for the sum of matrices
depends not only on the individual singular values and
vectors of each matrix but also on their interaction.
Computing the SVD for large matrices is a
computationally expensive task, and for a sum of
matrices, this complexity can increase even more. The
singular values of a matrix determine its “importance” in
various subspaces. When we add matrices, their singular
values interact in a complex way: some may be
amplified, others weakened, and new singular values may
even appear. SVD defines orthogonal bases described by
the singular vectors contained in the matrices U and V .
When matrices are added, these bases change because the
new matrix has a different structure. Each singular value

and its corresponding singular vectors in the SVD have a
specific interpretation. For the sum of matrices, this
interpretation can be more complex, as it reflects the
interaction of different components. Because of adding
matrices, there may also be a loss of information about
the structure of the individual matrices, especially if the
matrices have different ranks or their singular values
differ significantly. The rank of the sum of matrices may
differ from the sum of the ranks of the individual
matrices, which also affects the outcome of the SVD.

In practice, decomposing a complex matrix into a
sum of simpler matrices often allows one to simplify the
model and improve its interpretability. However, the
SVD of such a sum is not a simple linear combination of
the SVDs of the individual matrices. In data analysis,
SVD is often used for dimensionality reduction and for
uncovering latent structures. SVD of time series makes it
possible to identify various trend components. Applying
SVD to the sum of matrices is useful for constructing
models that take into account different types of
information contained in the individual matrices.

Thus, the matrix A can be exactly decomposed
into components according to formula (2). This formula
is, in fact, an extended interpretation of formula (1). If
SVD were a linear operator, then in many cases the

matrix A, (i =12,.., p) would correspond directly to the

influence of the i-th factor. Due to the nonlinearity of
SVD, such a conclusion cannot always be made. From a
technical standpoint, operations (1) and (2) describe a
system where the measured data in the form of matrix A ,
is input, and the output consists of the singular values o,

which characterize the energetic properties of the
decomposition modes (3), as well as the orthonormal
vectors i, and V,. The relationship between o, i, V,
and the elements of matrix A is nonlinear. Essentially,
one needs to estimate the measured data contained in A

based on the compressed information o, % and v,. This

problem is extremely broad. In this paper, a method is
developed for partial separation of useful signals and
noise in a multichannel measurement information system
based on information about the singular values and
orthonormal vectors of the data matrix.

The method is based on obtaining the singular modes
and the hypothesis that the first mode, which significantly
exceeds all other modes in terms of energy, contains
information about the main physical process whose
parameters are being measured. Higher-order modes
describe secondary processes, measurement errors, and
noise. Separating them in practice is challenging.
Therefore, we first perform an analysis of the influence of
these factors on the characteristics of the SVD components.
The research plan includes the following stages:

1. Creating models of measurement signals in
MIMS without and with noise, and forming data matrices.

2. Determination of singular values and
orthogonal vectors for all data matrices.

3. Identification of patterns in the behavior of
singular values and orthogonal vectors depending on
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measurement signal models.

4. Development of guidelines for noise estimation
based on SVD and signal-noise separation methods.

5. Experimental verification of the proposed
method.

Signal models

Among the different types of signals, we will first
select the simplest ones, and then test the effectiveness
of the proposed method on more complex models.

Case 1: Constant signals in measurement
channels. There are various variants of constant signals,
one of which is constant signals with the same amplitude in
all channels. This is a special case, while in practice the
signal amplitudes usually differ across channels. Therefore,
to demonstrate the method, we choose signals with the
following amplitudes in five channels: 2; 2.,5; 3; 4; 5. The
application of formula (1) for decomposition gives one
mode with a singular value of 245,5815. If the amplitudes
of the signals in the channels are the same and equal to
two, then the singular value is 141,4920 and only the
nature of the spatial mode distribution changes.

Case 2: Constant signals with noise.
We add identical white Gaussian noise to all signals
programmatically in MATLAB (Fig. 1). Since the signal
amplitudes in the channels are different, the signal-to-noise
ratio (SNR) ¢ also varies across channels. In this example,

the average value of ¢ is 0,836 (the average noise
amplitude is greater than the average signal amplitude).

a)

b)

Fig. 1. Distribution of instantaneous signal values in channels

for SNR ¢ =0,8 (a)and g =41 (b).
Unlike constant signals, decomposition (1) yields
five modes with singular values shown in Fig. 2, where
the index on the x -axis represents the mode number.

Fig. 2. Singular values of the 5 modes for signals with noise at
SNR ¢=0,8

Examples of spatial and temporal modes, determined
from the orthogonal matrices U and V , are shown in Fig.
3. These modes define the spatial configuration of the
matrix A in a multidimensional abstract space.
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Fig. 3. Example of spatial (a) and temporal (b) modes for a 5-
dimensional signal with noise.

The relative energy characteristics of the modes are
shown in Fig. 4. Therefore, the first mode contains about
45% of the energy of all other modes, which are almost the
same and about three times smaller than the first mode.
This indicates the necessity of considering all modes.

The dependence of the largest singular value of the
data matrix and the relative energy of the first mode on
the signal-to-noise ratio is shown in Fig. 5. As the SNR
increases, the singular values stabilize and practically do
not change further. Under these conditions, the energy of
the first mode increases and gradually approaches 100%.

Fig. 4. Relative energy characteristics of the first modes

b)

Fig. 5. Dependence of the largest singular value (a) and the
relative energy of the first mode (b) on the SNR ¢

Partial matrices A, (i =1, 2,...,p) describe the
influence of individual factors on the measured signals.
The similarity of these matrices to the data matrix A in
relation (3) can be assessed using the cosine of the angle
0 between the matrices A and A,, which is given by

the formula [38]

cos@:—<A’Ai> , 4)

where (A, A,.> is the scalar product of the matrices A
and A, , defined by the formula: <A, Ai> = Sp(ATAi) .
Here, Sp denotes the trace of the matrix product in

parentheses, i.e., the sum of the elements on the main
diagonal. The norms of the matrices A and A, are

defined similarly: ||A|| = J(A,A) s ||A|| = J(Ai,Ai) .

The similarity of matrices is an analogue of their
correlation and its description in terms of the cosine of
the angle between the matrices is a convenient tool for
multichannel systems. Figure 6 shows the dependence
of cos@ on the SNR. If the angle 6=0°, and cosO=1,
the matrices coincide; conversely, if 6=90° and
cos0=0, the matrices completely lose similarity.

At low signal-to-noise ratios, the cosine of the angle
between matrix A and the matrices A, A, is
approximately the same. This means that under conditions of
strong noise, the partial matrices A, (i =L2,..., p) do not
resemble the data matrix A ; therefore, their analysis may
lead to incorrect conclusions about the measured data. At
g =~ 5 or higher, the partial matrix closely resembles the data

matrix A (the cosine of the angle O exceeds 0,95).
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Fig. 6. Dependence of the cosine of the angle between
matrices A and A1 (solid line) and between matrices A and Az
(dashed line) on the signal-to-noise ratio ¢

From this, it follows that many conclusions about
the measurement results contained in matrix A , can be
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drawn based on the analysis of matrix A, , which is much

simpler than the full data matrix and, according to (3), is
described by a single mode with singular value o . The
matrix A, contains the measurement data responsible for

the main physical processes occurring in the object whose
parameters are being measured. The matrix A also
contains these measurement data, but they are distorted
by noise. In fact, at high signal-to-noise ratios, the useful
signal is effectively filtered and cleaned of noise.
However, the noise is not lost during this filtering and is

captured in matrices A, (i = 2,3,...,p) . Since under these
conditions ¢, 20, 20, 2...2 0, , from a practical point

of view, it is advisable to analyze the noise using only
matrix A, , but only after ensuring that the experimental

results were obtained under high signal-to-noise
conditions. The principle of separating noise from the
signal can be explained using an analogy.

The matrix A in a multidimensional abstract
space can be mentally visualized as a vector, whose
amplitude is determined by the singular values
concentrated in the diagonal matrix ., and whose
direction is defined by the orthogonal vector matrices
U and V. For clarity, we make a significant
simplification and represent the matrix A as a vector
A on a two-dimensional plane (Fig. 7).

Based on the previous reasoning, this vector can be
approximately decomposed into a vector representing
the signal, and a vector 22 , representing the noise.

As can be seen from Fig. 7, the vector A is

nonlinearly related to the vectors ;11 and ;12 .

-

i x4

i

Fig. 7. Simplified illustration of the principle of separating
noise from the signal

It corresponds to the geometric sum of these
vectors, which is a simplified geometric analogy of
relations (2) and (3) under the condition.

At high signal-to-noise ratios, cos® —1, and the
angle itself 6 —>0° (Fig. 7). As soon as the angle 0

approaches zero, the vectors 4, and 4, become close

to the vector 4, meaning that instead of the nonlinear
operation of forming the geometric sum ;1:;11 +;12
we effectively get an arithmetic sumA ~ A +A,,

which can be performed using a linear operation. From
this, we conclude that the signal and noise behave
additively. The measurement results are contained in a
matrix A , which after transformation (1)...(3), go to

the matrices ;11 and ;12. Analyzing the matrix A,

allows us to obtain information about noise, which
also includes measurement errors. If external and
internal noise is significantly reduced during
experiments, analyzing the matrix A, makes it
possible to estimate measurement errors, which are
often difficult to distinguish from noise. The remaining
challenge is separating noise from the signal at low
signal-to-noise ratios.

Case 3: signals with noise varying across
channels. Now consider an example with a different
data matrix: instead of constant signals in the
measurement channels, there are harmonic signals with
varying amplitudes and frequencies, as well as signals
with linear and nonlinear amplitude modulation, to
which noise is added (Fig. 8).

Fig. 8. Realizations of random signals with noise in five
channels at g=4,18

The average signal-to-noise ratio by amplitude was
4,18.

The distribution of singular values and the relative
energy of the modes are shown in Fig. 9.

At this SNR, the cosines of the angles between the
matrices A, A, and between A, A, are 0,9616 and

0,2202, respectively. These values roughly coincide
with the corresponding values for constant signals.
Similar results are observed for other types of signals at
comparable signal-to-noise ratios. Therefore, the
similarity of the main data matrix A with the partial
matrices A, primarily depends on the energy

characteristics of the modes (i.e. SNR) rather than on
the specific shape of the signals.

Case 4: Analysis of Experimental Studies.
Consider the results of two experimental studies
conducted by the authors.

The first experiment used a measuring complex
containing four digital strain gauges to measure the
deformation of a mechanical installation. Four
realizations of a non-stationary random process were
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obtained (Fig. 10).

a)

b)
Fig. 9. Distribution of singular values (a) and relative modal
energies of the data matrix (b) for the 3rd case

Fig. 10. Time dependencies of the deformations of the
mechanical setup

The cosines of the angles between the data matrix
A and the partial matrices A, according to formula

(4), are:
e Between A and A, :0,7185.
e Between A and A, : 0,6050.

e Between A and A,:0,3391.
e Between A and A, :,.0531.
e Between A, and A, : 1,4664-107"°

The singular values of the modes and their relative
energy are shown in Fig. 11.

b)
Fig. 11. Singular values of the modes (a) and their relative
energy (b) in the first experiment.

This means that the similarity between the data
matrix A and A, is preserved practically up to the third

partial matrix, while there is no correlation between the
partial matrices themselves. The cosine of the angle
between matrices A and A, is particularly significant. In

the given experimental study, it equals 0,7185, indicating
that one cannot assert a strong similarity between these
matrices, and the partial matrices cannot be attributed with
noise properties, since their correlation with the main
matrix remains high (0,605). All of this reflects the
nonlinearity of the SVD transformation.

In the second experiment, stationary pressure
processes were studied (Fig. 12).

The realizations of this process are described by a
single mode. The cosine of the angle between matrices A
and A, is very close to 1, while between matrices A and

A, it is 0,004. The time dependencies of pressure for

matrix A, practically replicate the previous figure. This
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indicates that matrix A, represents the main physical

processes occurring in the setup. Since the similarity
between matrices A and A, is practically absent, matrix

A, can be considered to represent noise (Fig. 13).

Fig. 12. Time dependences of pressure in three channels of the
measuring information system

Fig. 13. Instantaneous noise values for the second
experiment

Analysis of secondary modes in singular

decomposition of a data matrix

Therefore, the analysis method using SVD allows
us to identify the main modes in the experimental data,
in which a significant part of the energy and information
is concentrated. The main modes are associated with
essential patterns in the data that likely represent real
phenomena under study. However, there are also non-
primary (additional, secondary) modes that are usually
not analyzed in practice.

Can we assume that secondary modes may describe
measurement errors during data collection? There are no
theorems that definitively answer this question. In many
cases, secondary modes with significantly smaller singular
values may characterize noise or measurement errors. The
assumption is that the main signal in the data has a larger
variance than the noise, and measurement errors are
smaller in magnitude than the main components of the
signal. However, it is not always straightforward to
determine the boundary between signal and noise, or
between noise and random errors. It should also be noted
that some secondary modes may occasionally represent
subtle patterns in the measurement data. To reduce the

impact of SVD nonlinearity, it is necessary to ensure a high
value of cos® — 1. For the first experiment, this
condition is not met, whereas for the second experiment, it
is fully satisfied. This is due to the non-stationarity of the
random processes in the first experiment. As a result, it is
impossible to determine the noise in the first experiment
using the proposed method, since it contains components
of the main mode due to SVD nonlinearity. The second
experiment, in contrast, is described by a single mode and
is characterized by weak correlation between the data
matrix and partial matrices with indices 2 and higher. At
the same time, the similarity between matrices A and A,

is very high. Thus, for separating signal and noise, the
described method can be applied provided that cos©

between matrices A and A, or the relative energy of the

first mode exceeds a certain threshold, for example, 0,9 or
90%, respectively. The lower this threshold, the larger the
errors in noise determination. To evaluate these errors, we
obtain the matrix A, at different signal-to-noise ratios.
The matrix A, at SNR g =41 for the second case

considered in the article is taken as the reference, i.e.,

A,=A . For lower SNR 4, new matrices are
calculated and compared with the reference matrix. When
SNR 4 decreases, some real important signal

characteristics may be misclassified as noise if they make a
small contribution to the total variance. Thus, the data
matrix A contains both signals and noise; the first-order
partial matrix A, mainly represents signals, while all

higher-order partial matrices primarily represent noise,
with the highest level occurring in matrix A, . If a low

level of internal noise in the measurement system is
ensured and external noise is absent, matrix A, will
contain information about random measurement errors or
measurement uncertainty. Most systematic measurement
errors are difficult to determine with the proposed method,
as they may appear in the first-order matrix A, . To enable
the separation of signals and noise, an appropriate signal-
to-noise ratio must be maintained. The reference matrix
A, isillustrated by the dependencies shown in Fig. 14.

re)

Fig 14. Time dependencies of the parameters of the reference
matrix Ay at a signal-to-noise ratio of 41
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The of the matrix A,

parameters at other values of ¢ have a similar form. It is
advisable to consider the ordinates on all graphs, as they
characterize the noise amplitudes. If these amplitudes
are large, it indicates that energy is flowing from the
first mode to higher-order modes due to nonlinear
effects in the SVD process. It is not the amplitude of the
noise that matters, but the signal-to-noise ratio.

Fig. 15 shows the dependence of the relative error
in noise estimation on ¢. The relative errors were
calculated as the ratio of the maximum value of the
matrix A, at the corresponding ¢ to the maximum

time dependences

value of the data matrix A .

Fig. 15. Dependence of the relative errors in noise estimation
on the signal-to-noise ratio

Figure 15 shows that for any data matrix, it is
possible to determine conditions under which noise
together with measurement errors will not exceed a
specified level. Separation of noise and measurement
errors in the matrix A, can be done by machine

learning methods or other methods if there are any
differences between them.

It should be noted that SVD is a popular method for
data dimensionality reduction. However, there are other
methods, each with its advantages and disadvantages.
First, there is the Principal Component Analysis (PCA)
[39]. The first few principal components of PCA,
corresponding to the largest eigenvalues of the covariance
matrix, coincide with the first few left singular vectors of
SVD. However, SVD is a more general method and can
be applied to arbitrary matrices. Second, there is Linear
Discriminant Analysis (LDA) [40], which seeks linear
combinations of the original variables that maximize the
separation of different data classes. LDA is effective for
classification tasks when classes are clearly separated but
is less effective for small sample sizes. Third, there is t-
Distributed Stochastic Neighbor Embedding [41], a
nonlinear method that preserves the local structure of data
in a low-dimensional space. This method is often used for
visualizing high-dimensional data, but it can be quite
slow for large datasets, and the results may depend on the
initial initialization.

Fourth, there are machine learning methods [42]
based on neural networks. A hidden layer with fewer
neurons performs the dimensionality reduction. Neural
network-based methods require large amounts of
training data and are prone to overfitting. Each of these
methods has its strengths and weaknesses. The choice of
method depends on the specific task and requires
analysis of the data and research objectives. In some
cases, using a combination of methods may be advisable
to achieve acceptable results.

To determine the role of each partial matrix in
forming noise and measurement errors, a model was
constructed in the form of parallel-connected MMIS and
a reference measurement information system (RMIS),
where measurement errors are approximated as zero.
Partial matrices for MMIS are denoted as A, and for

RMIS as A, . The similarity between the data matrices
A, and A, is already close to one, allowing the

analysis of random processes that determine the
physical properties of the system under different
distributions of noise and measurement errors. The
results are presented for a signal-to-noise ratio of 14.
The similarity (measured via cosine of the angle)
between the matrices A, and A,,, A, and A, , A,

and A,,, A; and A, ranges from 0,6976 to 0,7669.
Cross-similarity, e.g., between A, and A,, A, and
A, is close to zero. The study is conducted for the

case where the level of random errors and noise is
approximately equal.

For comparable noise and measurement errors, we
consider simulation results with different distributions:
noise distributed uniformly, and measurement errors
normally. The mixture of noise and errors already
deviates from a normal distribution. After singular value
decomposition, we obtain practically identical matrices
A, for MMIS and A,, for RMIS, with similarity close

to 1, even at a relatively low signal-to-noise ratio
(Fig. 16).

Fig. 16. Dependence of the similarity of different matrix pairs
on the signal-to-noise ratio
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The similarity between the matrices A, and A, ,
A, andA, , A, and A, , A, and A, atasignal-
to-noise ratio g=14 is in the range from 0,7 to 0,77
(Fig. 16) and increases at higher 4 . Therefore, at high

SNR, the analysis of noise and measurement errors can
be performed using MMIS data alone, without the use
of RMIS. At low g, the matrices A, for MMIS and

RMIS differ, and the similarity between the input data
matrix and the noise matrices is low.

It is important to clarify the physical meaning of the
noise matrices A, , which describe the noise components

in MMIS. Since the input data were generated through
modeling, the noise and measurement errors are known,
and the similarity of matrices A, with the actual noise

can be determined. This similarity is small
(approximately 0,3) and increases only slightly with
increasing ¢. The similarity of these matrices with
measurement errors may exceed 0,4 and decreases as the
SNR grows. The similarity of matrices A, for RMIS with
noise is much higher and can exceed 0,5; it may increase
with increasing ¢ for A, , and decrease for all other A,

Their similarity with measurement errors is
approximately zero, as expected, since measurement
errors were not introduced in RMIS during modeling.
This analysis corresponds to the case of measurement
errors comparable to noise.

For large noise (a third of the average signal
amplitude) and small measurement errors (10 times less
noise), in MMIS the similarity of noise matrices with
actual noise is in the range 0,44-0,47, and in RMIS 0,42—
0,47. The similarity of the noise matrices with
measurement errors is close to zero for SNR of 3.

For small noise, 10 times smaller than the
measurement errors, at a signal-to-noise ratio of 27, the
similarity of MMIS noise matrices with noise is 0,05—
0.08, and with measurement errors 0,42-0,46; for RMIS,
the similarity with noise is about 0,42—0,45 and near zero
with measurement errors, since no measurement errors
were assumed in RMIS.

Thus, the analysis of partial matrices from the
singular value decomposition of the input data matrix
shows the impossibility of clearly assigning these
matrices either to noise or to measurement errors. The
SVD method does not allow determining the
responsibility of the i-th partial matrix (i = 2,...,5) for

forming noise or measurement errors, which in general
cannot be separated using this method. The most
favorable case occurs at high g , when the singular values

of the first matrix A, are much larger than those of the

other partial matrices A, for i=3,...,5. In this case, the
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Merton ouiHIOBaHHS IIYMiB B 0araTokaHa/IbHil BUMiploBa/bHiii ingopmauiiiniii cuctemi Ha ocHOBI AexoMmo3HLii
CHHIYJISIDHUX 3Ha4eHb MATPHI JaHUX
O.B. Iomspyc, O.A. Kosains, 5.C. Mensenoscbka, A.O. Kosaib

AHoTanist

®dinpTpalis MyMiB MIMPOKO BIPOBADKEHA B TEOPIii 1 TEXHilli 0OpOOKM CHrHAaNIB. 3HAYHO MEHIIIA KUTbKICTh HAYKOBUX POOIT
NPHUCBSUEHA BUIIYYEHHIO IIYyMiB 3 peali3aliil BUIaJKOBHX HPOLECIB 3 METOIO X aHamizy mis crneuudidHuX 3aBaaHb. Y CTaTTi
3alpOMOHOBAHO METOJ PO3ALICHHS CHTHANIB 1 MIyMiB y OaraTokaHalbHINH BUMIpIOBalbHIN iH(opMariiiHiil cucremi. J{ns poro
BHKOPUCTOBY€THCS MAaTPHI SKCIICPUMCHTAIBHIX JaHHX 1 33 JOIOMOIOI0 IEKOMIIO3MIII CHHIYJIIPHUX 3Ha4deHb (singular value
decomposition — SVD) 31ilicHIOETbCS aHaNi3 CHHTIYJISIPHHX MOJ Li€i MaTpUIl Ta MapLialbHUX MaTpHlb, SKi € CKIaJOBUMHU
MaTpHIi JaHWX. BusHaueHi yMOBH, IpH SKUX IapliaJbHa MaTPHI MEPLIOro IOPAAKY OyJe ONHCYBaTH CHTHAIM B KaHAJIax
CHCTEMH, & MATPHIIi BUIIUX MOPSIIKIB MICTATh IIYMOBI KOMIIOHEHTH. J{JIst [[bOr0 KOCHHYC KyTa MiXK MAaTPHLCIO JaHHX Ta MEPIIO0
HapIiaJIbHOI0 MATPULICIO ITOBHHEH HAOIIDKATHCS N0 ONUHHIN, a MK MaTpHIEIO JaHHX Ta IPYroro MaTpuieio — 1o Hymsd. Taxi
YMOBHU JIOCSTAIOThCS y BUNAJIKAX NEPEBHILIECHHS MOPOTOBOTO PiBHA BiJHOLIEHHAM cuUrHAN/myM. OTpUMaHi IIyMH B OKpPEeMHX
BHIIAJIKaX MOXKYTh BUKOPUCTOBYBATHCS ULl BUSHAYCHHS IOXHOOK BUMIPIOBAHHS.

KurouoBsi ciioBa: 6ararokaHaibHa BUMiproBalbHa iHpopMaliiiHa cucTeMa, JeKOMIO3HLsE CHHTYJIIPHUX 3Ha4€Hb, MaTPULS
EKCIIePUMEHTAJBHUX JaHUX, QIIbTPaLlisl HIyMy.
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AHoTanist

V cTaTTi pO3IIISHYTO NPOLEAYPY OLIHKM HEBU3HAYEHOCTI BUMIPIOBaHb ITiJl yac KalaiOpyBaHHSA TepMOMETpIB iH(pauepBOHO-
rO BUIIPOMIHIOBaHHS (TIIPOMETPIB) METOAOM Oe3MocepeTHOr0 BUMIPIOBAaHHS TEMIIEPAaTypH, BUKOPUCTOBYIOUH POOOUHIA eTaloH
— unpoMiHioBay Turry AYT. [IpoBeneHo aHali3 HafiKpamux KauiOpyBalbHUX Ta BUMIPIOBAIBHUX MOXIMBOCTEH aKpeIUTOBAHUX
KaniOpyBalbHUX JTabopaTopiii 3 KaniOpyBaHHs mipomerpiB. OmncaHO METOIH OLIHKH JKeped HeBu3HaueHocTi. HaBeneHo mpo-
LeIypy OLIHIOBaHHS HEBH3HAYEHOCTI BUMIPIOBAHb, sIKA BKIIFOUYAE: 3aIHC MO BUMIPIOBaHb, OLIHIOBAHHS BXIIHUX BEJIHYHH Ta
X cTaHIapTHI HEBMU3HAYEHOCTI, OLIIHIOBAHHS PO3IINpPEeHO] HeBU3Ha4YeHOCTi. CKIIaieHO OF0/KET HEBU3HAUCHOCTI BUMIPIOBaHb.

KurouoBi cji0Ba: HEBU3HAYEHICTh BUMIipIOBaHb; pOOOUMI €TAJOH; €IHICTh BUMIPIOBaHb; METOJMKA KaliOpyBaHHS; Mipo-

METp; METPOJIOTIUHA POCTEKYBAHICTb.

1. Beryn

TepmomMeTpu iHGPavYepBOHOTO BHIIPOMIHIOBAHHS
(mipoMeTpH) npu3HaUeHi U1l GE3KOHTAKTHOTO BUMIpIO-
BaHHS TEMIIEpaTypH MOBepXHi 00'ekTiB. Po3BHTOK Tep-
MOMeTpil 3a iHQpaYepBOHUM BUIPOMIHEHHSAM CIPUYU-
HUB NOSIBY Ha PHHKY HIMPOKOI'O aCOPTUMEHTY IMipOMeT-
piB, sIKi 3a3BHM4Yail 3asiBICHI BUPOOHHMKAMH SIK 3aCO0H
BUMIPIOBAaHHS 3 BHCOKOIO IHCTPYMEHTAJBbHOIO TOYHIC-
110, IOPsiAKY Bix 0,3 mo 1%.

HasiBHICTh BENMKOT KIIBKOCTI MPOMO3UILiil Bi BU-
pOOHUKIB pi3HUX KpaiH Ta LiHOBA JOCTYHHICTh HipoMe-
TpiB (y nopiBHsAHHI 3 noyaTtkoM 2000-x pokiB), oco0u-
BO KUTaWCbKHX BUPOOHHKIB, IPHU3BEIO O 30LIbIICHHS
cdep X BUKOPUCTAHHS.

30kpeMa B METaIypriiHiii NPOMHCIOBOCTI B
OCTaHHI POKHM 3pOCia KUJIbKICTh BUMIPIOBAJIBHHUX Mapa-
METpiB JI¢ BHUKOPUCTOBYIOTHCS O€3KOHTAKTHI 3acoOu
BUMIPIOBAaHHS TeMIlepaTypH. TOMy € aKkTyalbHUM pO3-
pOOJICHHSI HOBHX Ta yJIOCKOHAJICHHS ICHYIOUMX METO/IB
KaiOpyBaHH MiPOMETPIB.

3rizHo JICTY 3194:2005 «Metposnoris. JepxaBHa
MOBIpOYHA CXeMa JUlsi 3ac00iB BHMIpPIOBaHb TEMIICPATY-
pu. BeskoHTakTHI 3acO00M BHUMIPIOBAHHS TEMIEPATYPH»
[1] npu noBipui Ta kaniOpyBaHHI MiPOMETPiB BUKOPUCTO-
BYIOThCSI €TAJIOHHI TipoMeTpu. TakuM YMHOM, BiAMOBiJ-
HO J0 ctatTi | 3akony Ykpainu «IIpo merposorito Ta
METPOJIOTIYHY MISUTBHICTEY [2], mipoMeTpu € pobounmu
€TAJIOHAMHM Ta MiJULTaloTh KajdiOpyBaHHIO 3TiJHO CTATTI
27 [2]. KanibpyBaHHs poOOYMX €TANOHIB NPOBOJUTHCS B
HIOPSIZIKY, BCTAHOBJIEHOMY HOPMaTHBHO-IIPABOBHM aKTOM
LEHTPAILHOTO OpraHy BHKOHABYOI Biajay, II0 3ade3re-
qye popMyBaHHS ASprKaBHOI MONITHKH y cdepi MeTpoIto-
rii Ta MeTpoJIOTiYHOI HisiabHOCTI. TakuM HOPMAaTHBHO-
paBoBKM akToM € «[lopsimok kaniOpyBaHHS BTOPHUHHHX
Ta pobounx eranoHiB» [3], 3aTBepmkeHuit MiHicrepcr-
BOM €KOHOMIKHM YKpainu Haka3zom Bix 10.08.2020 3a Ho-

mepom Ne 1518. Bignosiguo no [3] xaniOpyBanHs pobo-
YUX €TaJOHIB IPOBOJAUTHCS:

- HayKOBHMH METPOJIOTIYHMMHM LIEHTPaMH, sKi Ma-
I0Th MDKHApOJHO BHM3HAHI KaniOpyBalbHI Ta BHMIprOBa-
JIBHI MOJKJIMBOCTI 32 BIITIOBITHUMH BUaMH Ta HiJBUIAMH
BUMIpPIOBaHb 13 3aCTOCYBaHHAM HalllOHAJILHUX €TAJIOHIB,;

- HAyKOBHMHU METPOJIOTIYHHUMHU LEHTPAaMH, METPO-
JIOTITYHUMH LEHTpaMH, KaJdiOpyBaJbHUMH JlabopaTopis-
MH, aKpeAUTOBAHHMH HAI[IOHATEHUM OpPTaHOM YKpaiHU
3 aKpeAuTallii.

Aue, [3] ycTaHOBIIOE MPOLEAYPY Ta YMOBH Kaji0-
PYBaHHS TUIBKHA POOOYMX €TANOHIB, SKi BUKOPHCTOBY-
I0Th TIiJl Yac MOBIPKU 3aC00iB BUMIpPIOBAILHOT TEXHIKH
(mani — 3BT), mo nepebyBaroTh B eKCILIyarallii Ta 3a-
CTOCOBYIOThCSL Y chepi 3aKOHOIABYO PETYIILOBAHOI Me-
Tpoutorii. Po6oui eTanoHu, ki BAKOPUCTOBYIOTH IIiJ] Yac
kaniOpysanHs 3BT, siki He 3acTocoBylThCca y cdepi
3aKOHO/IABUO PETyJbOBaHOT METPOJIOTii, KamiOpyIoThes
3rifIHO YacTuHi TpeThoi crtarti 27 [2] BiAMOBIIHO 110
HAIlIOHAIBHUX CTaHJAPTiB, TAPMOHI30BAHUX 3 BiJIOBI-
JHUMHU MDKHapOJIHMMH Ta €BPOIEHCHKMMH CTaHJIapTa-
MU, Ta JOKYMEHTIB, IPUAHATHX MIKHAPOJAHUMH Ta pe-
riOHaJBHUMH OpTaHi3allisiMH 3 METPOJIOTII.

V Toii ke yac, 3a [3] kaniOpyBaHHS poOOYHX €Tayo-
HIB MPOBOJUTHCS 38 METOJMKAMH KaliOpyBaHHs, sIKi Mic-
TATHCS B HAIIOHAIBHUX CTaHIapTax abo po3poOiieHi BU-
KOHABIIMM 3 ypaxyBaHHSM Hal[lOHAIbHUX CTaHIApTIB,
rapMOHI30BaHKX 3 Bi/MOBiTHUMHU MiXKHAPOIHUMH Ta €B-
PONEHCHKUMH CTaHAAPTaMH, Ta JOKYMEHTIB, MPUHHATHX
MDKHApOIHUMHU Ta PEriOHaJbHUMH OpraHi3alisiMU 3 MeT-
posorii. Takum uuHOM, y [3] mOmycKaeThCs MPOBOJUTH
KaniOpyBaHHs 32 METOAMKAMHU KaJiOpyBaHHS, sIKi po3po-
OJICHI BUKOHABLISIMH, PO 1110 Y [2] MOBa He HIEThCSL.

3rizno JICTY EN ISO/IEC 17025:2019 «3aranbHi
BHUMOTH JI0 KOMIIETEHTHOCT] BHIIPOOYBaJIbHUX Ta Kamio-
pyBanbHUX J1abopaTopiii» [4], nabopatopisi MOXKe BHKO-
PHCTOBYBAaTH METOAM, po3pobieHi abo MmonudikoBaHi
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nabopaTopiero, KO 3aMOBHUK HE 3a3HAYAE METOJ JJIS
BUKOpHCTaHHs. TOX, MDKHapoAHWI craHmapt [4], 1o
BCTAQHOBIJIFOE BUMOTH IO KOMIIETEHTHOCTI KasliOpyBajb-
HHUX J1abopaTopiii, 103BOJIsIE BUKOPHUCTOBYBATH METOIHU-
KM KajiOpyBaHHS, po3p00IeHi BUKOHABISIM.

Age, [2] Mae BUILly IOpUAWYIHY CHITY, SIKa TOJISITAE
y TOMY, 11O BCi MiJ3aKOHHI HOPMaTHBHO-IIPaBOBi aKTH
MpuiiMarThCs HA HOTO OCHOBI Ta 3a CBOIM 3MiCTOM HE
MOBHHHI cynepeunts [2]. st momomanus po30iKHOCTI
Mix [2] Ta [3] Tpeba BHOCUTH 3MiHM O OJHOTO 3 LUX
HOPMAaTUBHO-TIPABOBUX aKTiB.

BigcyTHICTh CTaHIAPTU30BaHUX METOMMK KajiO-
pyBaHHS, 10 BU3HAYAIOTH OI[IHIOBAHHS HEBU3HAYCHOCTI
BUMIPIOBaHb, CKJIAQJAHHS PIBHSHHSA BHMIpDIOBaHb IpU
KaniOpyBaHHI, OIHO/DKETY HEBU3HAYEHOCTI BHMipIOBaHb,
HE BinoBigae BuMoram cratti 27 [2], Ta MOXe mpuBec-
TH JI0 TOPYIICHHS €HOCTI BUMIPIOBaHb Y METpPOJIOTiY-
HOI JiSTIBHOCTI, TOMY, PO3pO0Ka HalliOHAJNBHUX CTaHIa-
pTiB (rapMOHI30BaHUX 3 BiJINOBIAHUMU MIKHAPOIHUMHU
Ta €BPONEHCHKHUMHU CTAHIAPTaMHM), sSKi BU3HAYATUMYTb
METOIM KaliOpyBaHHs € TapaHTi€l0 3a0e3NeueHHs €1-
HOCTI BUMIpIOBaHb.

Meta cTaTTi — po3poOKa npoLeaypH OLiHIOBaHHS
HEBM3HAYCHOCTI BHUMIPIOBaHb IpU KaJiOpyBaHHI Tep-
MOMETpIB iH(PaYepBOHOIO BUIPOMIHIOBaHHS (IipoMe-
TpiB) METOJIOM 0€3M0CepeIHLOI0 BUMIPIOBAHHS TEMIIe-
paTypH, BUKOPHCTOBYIOUH POOOYHMIA €TaloH — BUIPOMi-
HIOBay TUIY «a0CoIOTHE YopHe Tino» (nani — AUT).

2. Bukiax ocCHOBHOTO MaTepianxy

2.1. 3abe3nedyeHHs €QHOCTI BUMipIOBaHb Yy cdepi
OE3KOHTAKTHOI TEPMOMETIi.

Jlns 3a0e3reueHHs] €HOCTI BUMIPIOBAHHS TeMIIepa-
Typu B 00nacti Ge3KOHTAaKTHOI TepMoMeTpii, 3rinHo [1] B
VYkpaiHi cTBOpeHi JepxkaBHi nepeuHHi etanonu JJETY 06-
07-04 tTa IETY 06-03-96, 1110 OXOILIIOIOTH [Iiama3oH Bij
692,67 K no 2800 K, siki 30epiratothest y HamioHansHOMY
HayKOBOMY LIEHTPi «[HCTHTYT METpOJIOTii» M. XapKiB.

Jliama3oHn 3Ha4YeHb BIATBOPIOBAHOI  OJMHMII
TeMIlepaTypu  Ta  DPO3LIMpPEHi HEBH3HAYEHOCTI
JETY 06-07-04 cTaHOBJATH HACTYIIHI 3HAYCHHS:

- miamasoH: Bix 692,67 K no 1234,93 K;

- HeBM3HAYCHICTh 3a TUIIOM A (u4): 0,8 °C;

- HeBH3HaYeHicTh 3a oM B (up): 0,21 °C;

- cyMapHa CTaHJapTHA HeBU3HaueHicTh (uc): 0,83 °C;
- posumupena HeBu3HaueHicTs (U): 1,65 °C.

Jlianma3oHn 3Ha4YeHb BIATBOPIOBAHOI  OJMHMII
TeMmInepaTypu Ta po3IIKpeHi HEBU3HAYCHOCTI
JETY 06-03-96 cTaHOBJATH HACTYIIHI 3HAYCHHS:

- miana3oH: Bix 1084,62 °C mo 2526,85 °C;

- HEeBU3HAYCHICTh 3a TUIIOM A (u4): 1,9 °C;

- HeBU3HAYCHICTh 3a TUTIoM B (u35): 0,37 °C;

- CyMapHa CTaH/apTHa HeBU3HaueHIcTh (uc): 1,94 °C;
- posuMpeHa HeBu3HaueHicts (U): 3,87 °C.

BuwmiproBaneHi MoxiuBocti HarioHanbHOro Hay-
KOBOTO LEHTPY «IHCTUTYT MeTpoiorii» B obxacti 6e3-
KOHTaKTHOI TepMomerpii omyOiikoBaHo B 0a3i JaHHX
kirouoBux 3BipeHb (KCDB) Ha caiiti MixxHapoaHoro
6ropo 3 mip i Bar (BIPM).

Ha ueit vac, 3a3Ha4eHi BUMipIOBaJIbHI MOXITHBOCTI
HamnioHanbHOTO HAayKOBOrO LEHTPY «IHCTHTYT MeTpo-
JOTi» He OXOIUIIOIOTH BUMIPIOBAHHS TEMIIEPaTypH Y
niana3oHi BuMiproBanp Hukue 0 °C.

TakuM 4uHOM, KaniOpyBaibHi J1aboparopii He Mo-
XKyTh 3a0€3MEUYUTH METPOJIOTIYHY IIPOCTEXKYBaHICTh
pe3ynbTaTiB CBOIX KasliOpyBaHb pOOOYMX ETaJIOHIB B
o0acTi HU3BKHUX TeMIlepaTtyp B YKpaiHi, Ta BUMYIIEH]
KaaiOpyBaTu po0OoUi €TaJOHM 33 KOPAOHOM y Oprasisa-
LisIX, [0 MAIOTh JOKa3: METPOJIOTIUHOT MPOCTENHYBAHO-
cTi 10 MixkHapoaHOi cuctemMu oauHuib Sl y miamazoHi
BuMmiproBanb Hk4e 0 °C. Hapasi BincyTHI HallioHaJIbHI
CTaHAApTU 3 KaliOpyBaHHA MipOMETPIB, TOMY, KOXHa
KaniOpyBajbHa J1abopaTopis po3pobisie METOIUKH Ka-
nmiOpyBaHHS 32 CBOIM PO3YMIHHSM, LIO HE CHpHSE 3a-
0e3Me4eHHIO €IHOCTI BUMIPIOBaHb.

Ile HaoyHO BUIHO, SIKIIO o3HaomuTHcs 31 «Cde-
pamu akpeauTani» KamiopyBaisHHX Jaboparopiii, ak-
penutoBanux HamioHanbHUM areHTCTBOM 3 aKpeIUTaLlii
VYkpainu Ha kaniOpyBaHHs mipomeTpiB (Tabauus 1).

Ananiz «Cdep akpeauTalii» Mokasye HACTyIHE:

1) neski naGopartopii y rpadi «YcTaTKOBaHHS
(00’exT BUMIpIOBaHb)» BKa3yIOTh KPiM MIPOMETPIB iHIII
3aco0M BUMIpIOBaHHS TEMIEPATYpH, UL SIKUX HaBeIeHI
onHI ¥ Ti cami 3Ha4YeHHS PO3LIMPEHOI HEBU3HAYEHOCTI
BUMIPIOBaHb, 1110 XapaKTepH3ye KaliOpyBaJbHI Ta BUMI-
proBanbHi MoxiuBocTi (Calibration and Measurement
Capability — CMC) nabopatopii; monanHs takoi iHpop-
Manii npo CMC He mae 3MOTH 3aMOBHHKaM IOCIIYT BH-
sHaunTH aificai CMC naboparopii 3 kanmiOpyBaHHS Ti-
pOMeTpiB;

2) yci kaniOpyBanbHi gabopatopii MpoBOAAThH Ka-
JOpyBaHHS 3riJHO 31 CBOIMH PO3POOJICHUMH METO/IH-
KaMH KalniOpyBaHHS;

3) neski kaniOpyBanbHi Jaboparopii 3acTocyBal
Meton i BupakeHHs CMC - niana3oH BUMipIHOBaHHS.
3rigao ILAC-P14:09/2020 «Ilomituka ILAC 1momo
HEBHM3HAYEHOCTI BHUMIpIOBaHb B KajiOpyBaHHI» [5], y
BUIAJKy, KOJIM BHUMIPIOBAHA BEJIMYMHA OXOILUIIOE
3Ha4YeHHs a00 psj 3HaueHb, Ta 3aCTOCOBAHO Jliala3oH
BuMiproBaHHg s BupaxenHs CMC, xkamiOpysaibHa
naboparopisi NOBUHHA 3a0€3MEYUTH HAJICKHY JIHIHHY
IHTEepHnoJIsilio, 1100 3HAWTH HEBHU3HAYEHICTh IPH
CepeqHiX 3HAYEHHSIX.

VY neskux myOmiKaiisx mpo OLiHKY HeBH3HAYEHOC-
Ti BuUMiploBaHb npu KaniOpysanui 3BT, nampuknan y
[6], MOHa BUSIBHTH, 110 BiJjOMa MOTpaBKa Ha CHCTEMa-
TUYHUH e(eKT He 3aCTOCOBaHA /10 3BITHOTO PE3YJIBTATY
KaiOpyBaHHS, a 3aMiCTh L[LOT'O 3p0O0JIcHa CIPoOa BUKO-
PHUCTaHHS LBOTO eeKTy It 301MbLICHHS PO3IIMPEHO]
HEBM3HAYEHOCTI BUMIpIOBaHb.

ABTOpH [6] BBaXAIOTh, SAKIIO KIiHIICBUH KOPHUCTYBaY
3BT, He BUKOPHCTOBYE 3CyB, a OIEpye 3HAUYCHHSIMH, IO
nokazye 6e3nocepenaso 3BT, 6e3 BUKOpUCTaHHS aTHB-
HOi 200 MyJbTUILTIKATUBHOI MOTPABKY, TOMI HA LIl mic-
TaBi, CKJIAJIOBY CTaHIAPTHOI HEBU3HAYEHOCTI, 1110 «00yMO-
BJIEHA 3CYBOM IT0Ka3iB 3BT» TpeGa BHOCHTH 10 3araJibHO-
ro OIOJDKETy HEBH3HAYCHOCTI, M0 HIOMTO TO3BOJHUTH BH-
kxopuctoByBaty 3BT 0e3 momaTkoBHX OOUHCIEHb Pe3yiib-
TaTy BUMIpIOBaHHS.

40

© B.O. Konnparenko, O.A. HoBocsoios, 2025



Metrology and Instruments
Calibration

2/2025

MeTponoris Ta npunagu
KanibpyBaHHs

Lle xubHe TBEpHKEHHSI MOYKE IIPUBECTH IO TOTO, IO
BJIACHUK ITIPOMETpa, KW Oyne aHaIi3yBaTH pe3yJbTaTH
KaJTiOpyBaHHS IOJI0 BiAMOBIAHOCTI MipOMETpPa TEXHIUHIM
crienudikaiii, Moke MPUAHSITH OMHIKOBE PIllICHHS TPO
HOro HeNpUIATHICTh, BPaxOBYIOUH 3asBICHY 30UIbLICHY
PO3LIMpEeHy HEBU3HAYEHICTb.

Tomy, BIacHUKY MipOMETPIB - 3aMOBHHKY KaliOpy-
BaHHS MOTPIOHO 00OB’SI3KOBO BKa3yBaTW Yy CBOIl 3asBllj,
BUMOTH IIOZO HEOOXiTHOCTI 3a3HAYEHHS BHKOHABLIEM Y
ceprudikari KamOpyBaHHS BHCHOBKY IIpO BiANOBIIHICT
mipoMeTpa TexXHIuHIN crenudikarii.

Takoxk, 3 NPUYMHHU BiJICYTHOCTI CTaHAapTU30Ba-
HUX METOJUK KayiOpyBaHHS, 3aMOBHHKY KalliOpyBaHHS

NOTpiOHO BKa3yBaTH y CBOIl 3asBLi, BUMOTH IIOJO
HEOoOXiTHOCTI HaJaHHS BHKOHABLEM MOJCIBHOTO PiB-
HSHHS Ta OOJ/DKETY HEBHU3HAYCHOCTI BHMIPIOBaHb, 3a
SIKHMH BHKOHYBAJIOCh KaJiOpyBaHHS €TaJOHHOTO Iipo-
MeTpa abo eTaIOHHOro BUIpoMiHioBada tiiry AYT.

Ile HeoOXigHO 3aMOBHHKY KaJliOpyBaHHS IS
MPAaBUJIBHOTO CKJIAZAHHS BJIACHOTO OIOKETY HEBU-
3HA4YeHOCTI miA 4ac KaniOpyBaHHS poOOYHMX MipOMET-
piB 1 Ais BpaxyBaHHS yCiX MOXKIHBHX IONPABOK, IO
CTOCYIOTBCSI €TaIOHHOTO HipoMeTpy ado AYT, un Ha-
BIIAKM BHKIIIOYECHHS LMX MOIPABOK i3 BIIACHOTO Olo-
JOKETY, SIKIIO BOHM Bxe OyJiIM BpaxOBaHi BHKOHaBIEM
KaJgiOpyBaHHS.

Ta6muus 1 — Bunucka 3i «Codep akpeauTaniiy kaniOpyBaabHUX J1abopaTopiii 3 KamiOpyBaHHs HipOMETpiB

Io3nauanus
Y CTATKOBAHEST I[iagasoH abo Touka Posmmpena HOPMATHBHHX
Ne | Haimenysanus KJT (067 €KT BHMipIOBAHN) BUMIpIOBaHb, Y AKUX| HEBH3HAYEHICTH | JOKYMEHTIB Ha METOJH
HPOBOAUTHCS BUMIpIOBaHb | KaliOpyBaHHS Ta METOA
KaniOpyBaHHS U (k=2) (mpuHIHMIT)
BUMIpIOBaHHS
1 | AIl «Yxpmerprect- [ipomeTpw, (minyc 30 — 150) °C| (0,75 —-2) °C MKY 520-24/06
CTaHIAPT» TEIUIOBI30pH (260 — 1000) °C (3-20)°C [Mpsimi BUMiproBaHHS
2 JAIT «/dninpo- ITipomerpu indpauepsonoro | (minyc 30 — 500) °C| (0,6 —3,0) °C MK 1 15/62-2021
CTaH/IapPTMETPOJIOT IS BUIPOMIHIOBAaHHS [psimi BUMiprOBaHHS
Ta TEILIOBi30pU 3BipeHHs! 3 €TaJIOHOM
3 JIT «Xapkis- IlipomeTpu minyc 30 — 100 °C 0,7°C COY PV 74.3-
CTaHJAPTMETPOJIOTisD iH(ppagepBOHOTO >100-200 °C 1,1 °C 04725906-0092:2013;
BUIIPOMIHIOBaHHS, >200-300 °C 1,6 °C COY PV 74.3-
TEIUIOBI30pH >300—-400 °C 2,1°C 04725906-0085:2013
> 400 — 500 °C 2,5°C
> 500 — 600 °C 3,0°C
> 600 — 700 °C 3,5°C
>700 — 800 °C 4,0 °C
> 800 —900 °C 4,6 °C
>900 - 1000 °C 52°C
>1000 - 1100 °C 5,7°C
> 1100 - 1200 °C 6,3°C
>1200 - 1700 °C 8,8 °C
4 | Kpusopi3bka ¢inist [Mipomerpu (minyc 10 —300) °C| (0,30-0,31) °C MK-06/05
JIT «ninpo- iH(ppavepBOHi, METUYHI Ta (32-43)°C 0,13 °C [psimi BUMiproBaHHS
CTaHJIAPTMETPOJIOTisD) TEIUIOBi30pU
5 Yepkacbka ¢imist Tepmomerpu minyc 10 — 100 °C 0,61 °C MK 06-06-09
JIT «ITonTaBa- OE3KOHTAKTHI
CTaH/IapPTMETPOJIOTis
6 |III1 «HaykoBo-Bupo0- IlipomeTpu (30-600) °C (0,6 —2,0) °C MK-19
HUYHI HEHTP OLIHKU
BignosigHocTi «FOI»
7 TOB «PIBHE- Tepmomerpu Ge3koHTakTHi, | Minyc 20 - 15 °C 0,1 °C MK-T-04-2021
CTAHIAPT» nipomMeTpH iH(pauepBoHi, 15-30°C 0,12 °C
TEIJIOBI30pH, TEPMOMETPH 30-300 °C 0,14 °C
0E3KOHTAKTHI MeJINYHI
8 | TOB «TECTMETP- | Tepmomerpu indpauepsoni, | Bix minyc 50 °C Big 0,5 °C MK 06-01
CTAHJIAPT» TEpPMOMETpH OE3KOHTAKTHI 110 60 °C 1o 1,65 °C Bix 20.03.2023
Bix 60 °C Bin 0,5 °C Besmocepenue
10 1500 °C 10 1,65 °C 3BIPSIHHS
2.2 Tpouenypa OIiHIOBAaHHS HEBU3HAYCHOCTI BHU-
MIpIOBaHb MPHU KamiOpyBaHHI MipoMeTpiB MeToJ0M Oe3- SA— T ) Te
MOCEPEAHBOT0 BUMIPIOBAHHS TEMIIEPATYPH, BUKOPHUCTO- BHIPOMIHIOBAY Hlp(.)MeTp ’ —»
o . 10 KalmiOpyeThest
BYIOUH poOOUHii eTanoH — BunpominioBad tairy AUT. AUT
KaniGpyBanHs mipomeTpiB MeTogoM Oesnocepen-
HBOT'O BUMIpIOBaHHS MPOBOAMUTHCS BIIIOBIAHO IO CXe- Puc. 1 — Cxema kanibpyBaHHs mipomerpa
MM, HABEJICHOIO Ha puc. 1.
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CKJIa,E[aHHX MOJCJILHOT'O DiBH}IHHH KaHi6DVBaHHH

mipomerpa.
BinxuneHns nokasiB nmipomerpa, o KaiOpyeTbest

T cxnanaeTbes 3:

Te=(T. +8:+8f) — (Ts+ 8 + dar + 8bp), (1)

ne: T — TeMmepaTypa BUMIpsSHA MPOMETPOM, IO Kalli-
OpyeThes; 8. — HONpaBKa, IO BPaXOBYE PO3AIIBHY 34aT-
HiCTb HipOMeTpa, 0 KaliOpyeThest; 8 — HOMpaBKa, 110
BPaxoBYy€ BIUIMB ONTHYHOI PO3AUILHOI 31aTHOCTI Mipo-
MeTpa, 1o Kaniopyerscs; Ty — TeMneparypa 3ajaHa eTa-
JIOHHUM BHIpoMiHIOBaueM tumy AYT; 8, — mompaska,
0 BpPaxOBY€ TOYHICTh €TAJIOHHOTO BHUIPOMIHIOBaYa
tuny AUT i3 ceprudikara xaniOpyBaHHs; ddr — NOMpPAB-
Ka Ha Jnpeid erasoHHOro BunpomiHioBaua tuiy AYT 3
4acy HOro monepenHbporo KaniopyBaHHS; dpp — HOIPaB-
Ka, 110 BPaxOBY€ TEMIIEpaTypHy CTaOiJbHICTb €TaJlOH-
Horo BunpomintoBaya Tumy AYT.

OWiHIOBaHHS BXiTHUX BEIMYHH.

OLiHKOIO TeMmIepaTypd, BUMIPSHOI MIpOMETPOM,
110 KalniOpyeThesl, € cepesHe apupMeTHyHe Horo #. Mo-
Ka3aHb 7_: , °C:

T-137,. @
noig

OLiHIOBaHHS CTAHIAPTHUX HEBH3HAYCHOCTEH BXi-
JIHAX BEIMYHH.

CraHaapTHa HEBU3HAYCHICTD 32 THIIOM A, MOB'A13aHa
3 PO3CISHHSAM TIOKa3aHb MIpOMETpa, IO KamiOpyeThes,
00yMOBIICHA JDKEpelaMd HEBU3HAUEHOCTi, II0 MaroTh
BHUITAIKOBHI XapaKTep, BU3HAYAETHCS 32 (PopMyIIOr0:

T &
n(n—_l);(Tm-—Tc) . (3)

u(T)=

CrangapTHa HEBH3HAYEHICTh 3a THIIOM 32 THIIOM B,

00yMOBJICHa JKepeslaMH, sIKi MalOTh CUCTEMHHH Xapak-
Tep, BU3HAYAETHCA 32 (POPMYJIOIO:

g :\/ué(ﬁc) up(8,)+up(3 4.) 1By (O PENC)

CraHfapTHa HEBU3HAYCHICTh OLIHKU MOIMPABKH,
00yMOBJICHa PO3ZUIBHOI0 3JATHICTIO MipoOMeTpa, IO
KaiOpyeThCsl, XapaKTepU3y€eThC NPSIMOKYTHUM PO3IO-
IITOM 1 pO3paxoBY€EThCS 3a HOPMYIIOH0:

b
8,)=—r
uB( c) 2\/57 (5)

ne b — po3ninbpHA 3AaTHICTH IpoMeTpa, 1o Kamiopy-
€TBCSL.

CraHnapTHa HEBH3HAYCHICTh OILIHKH MOIPABKH,
IO BPaXxOBY€ TOYHICTh BHUIIpOMiHIOBauya Tty AUT pos-
PpaxoByeThCS 32 HOPMYIIOI0:

U
ug(d,)= k_ ; (6)

s

ne: Uy — posmmpeHa HEBH3HAYCHICTh BHIIPOMIHFOBaya
tuty AYT, B3sita 3 ceprudikara npo KamiOpyBaHHS Ui

TOYKH KaJTiOpyBaHHS MipoMeTpa, 0 KaOpyeThes: (SIKIIO
3HaueHHs1 U U1 TOUKH KaniOpyBaHHS Ge3nocepesHbo He
3a3HaueHO y cepTudikari, HOro BU3HAYAIOTH LUIIXOM Ji-
HIWHOT IHTEPIOJIALi MiX IBOMA BIIOMUMH CYCITHIMH 3Ha-
YEeHHSIMH HEBHU3HAYEHOCTI U BIIIOBIZHOTO Jialla3oHy
BUMIiproBaHb BUnpoMintoBada tuny AYT); ks — koedii-
€HT TIOKPHUTTS, B3ATUH 13 cepTudikara KamOpyBaHHs BHU-
npomiHtoBaua tiimy AYT.

CraHnapTHa HEBU3HAUCHICTh OLIHKH IIONPABKH,
obymoBieHoi npefiom BunpominiooBaua Tumy AUT,
XapaKTEePU3YEThCs MPSIMOKYTHHM PO3IMO/IIIOM Ta po3pa-
XOBYETHCS 32 (POPMYJIOHO:

u3<6d,‘>=%, ™

ne ©g- — nornpaBka, 00yMOBIICHA 3MIHOIO 3HaUCHHS POOO-
YOTO €TaJoHy 3 MOMEHTY HOro OCTaHHBOTO Kaniopy-
BaHHJ i3-3a apeidy:

®, = (AT, —ATI)Z—Z; (8)

1

AT, — BiIXWIICHHS TIOKA3iB €TaJIOHA 3 [[IF0Y0ro cepTudikaTy
KamiOpyBanHs; AT1 — BIIXWICHHS ITOKa3iB €TajloHa 3 rore-
peanboro ceprudikary KamOpyBaHHS; #1 — Yac MiX KaJli-
OpyBaHHSIMH; £, — Yac BiJl OCTaHHBOTO KaJIiOpyBaHHS 10O
TIOTOYHO]I JTaTH.

CraHzapTHa HEBU3HAYEHICTh OIL[IHKU IIONPABKH,
00yMOBJICHOT TEMIIEPATYPHOIO CTA0UTBHICTIO €TAIOHHOTO
BunpomiHioBaya tuny AYT, xapakrepusyeTbcsi mpsMo-
KYTHUM PO3IIO/IIJIOM Ta PO3PaxoBY€ETHCS 3a (HOPMYJIOHO:

uB(SM)=S—’§, ©)

NG

ne Spy — TemreparypHa cTaOilbHICTH €TaJOHHOIO BH-
npomintoBada tumy AUT 3 TexHigHOT crienudikarii.

CraHzapTHa HEBU3HAYEHICTh OI[IHKU IIONPABKH,
00yMOBJICHOI BIUTMBOM ONTHYHOI PO3AUIBHOI 3[MaTHOCTI
mipoMeTpa Po3paxoBYETHCS 3a HOPMYIIO0:

T
u (6 ):M, (10)
B\Yf \/3

ze: 7_"{1 — cepeaHe apuMeTHYHE 3HAYCHHS JECATH BU-

MIpIOBaHb TEMIIEPAaTypu NPU MAKCUMAIBHOMY JiaMeTpi
miabpparmm; 7, — cepenHe apuMeTHYHE 3HAYCHHS

JIECATH BUMIPIOBaHb TEMIIEPATYPH IPH MiHIMAIbHOMY
niameTpi aiadparmu.

Meron BU3HAYECHHS NOUPABKU, OOYMOBIEHOI
BIUIMBOM ONTUYHOI PO3/IIILHOT 3/JaTHOCTI MipoMeTpa.

B mnommny mipomerpa, nepex amepryporo AUT,
BCTAHOBJIOEThCS JiadparMa 3 KpyrJIIM OTBOPOM 3MiH-
HOTO JiaMeTpy, LEHTp SKOro 30ira€TbCsi 3 ONTHYHOIO
Biccro. Bizcranp Bim miadparmMu 10 mepemHbOro Kparo
mipoMeTpa TOBHHHA 3a0e3ledyBaTH MiHIMaIbHUNA PO3-
Mip 1oJIst 30py mipometpy (Touka (okyca) skuil po3pa-
XOBYETBCS 3TiJTHO BCTAHOBJICHOTO BHPOOHMKOM MOKa3-
HUKa Bi3yBaHHS (3a3HauvaeThcs B IHCTPYKLIT 3 eKcrurya-
tauii). Ha miadparmi BHCTaBISETHCS MaKCHMAalbHUH

42

© B.O. Konnparenko, O.A. HoBocsoios, 2025



Metrology and Instruments
Calibration

2/2025

MeTponoris Ta npunagu
KanibpyBaHHs

niameTp, sikuid JopiBHIOE (abo Oinblie) miamerpy amep-
Typu AUT Ta BUKOHYIOTBCS AECATh BUMIPIOBAHb TEMIIE-

parypu 7, . lloriM Ha piaparmi BUCTaBISETbCS MiHi-

MaJbHUU JdiaMeTp, SKHil JOPIBHIOE MIHIMAIbHOMY mia-
METpy MOJIs 30py MipoOMeTpy y Toull Horo ¢okyca ta
BUKOHYIOTBCS JIECATH BUMIPIOBaHb TeMiepatypu T,

OO0umCIIEHHS CYMapHOi CTaHAapTHOI HEBHM3HAYE-
HOCTI.

OCKiIbKM MOJIeNIb BUMIPIOBAaHb HOCHTH JIIHIMHUN
XapakTep, a BKJIAAU BCIiX BXiJHHUX BEJINYHUH HE KOPEIIO-
I0Th OJIMH 3 OJJHMM, CyMapHa HEBU3HAUCHICTh BUMIpIO-
BaHOI NpHU KayiOpyBaHHI IIpOMeTpa po3paxoBYETHCS 3a

OLIHIOBaHHS PO3MINPEHOI HEBU3HAYEHOCTI BUMi-
DIOBaHb.

Po3mrpeHa HeBM3HAYEHICTh BUMIPIOBaHb JUIS KO-
JKHOT TOYKH KaJliOpyBaHHS BU3HAYAETHCS SIK:

U=k-u, (12)

ne k — koeillieHT MOKPUTTS.

VY Bumagkax, KOIM HOpPMajJbHUU (TayCiBChbKuil)
PO3MOALT MOXKHA BiTHECTH 10 BHMIPIOBAHOI BEJIMYMHH 1
CTAaHIapTHa HEBHU3HAYCHICTh, ITOB’s3aHa 3 OLIHKOIO BH-
XiIHOT BETMYUHH, € NOCTATHBO HAMIWHOIO, BUKOPUCTO-
BYIOTh CTaHJAPTHUN KOe]ilieHT MOKpUTTS k = 2, 10
BIJINIOBiIa€ HMOBIPHOCTI OXOIUIEHHSI NPprOInU3HO 95%.

dopmynoro: Ii yMOBH BUKOHYIOTHCSI B O1JIBLIIOCTI BUMAKIB, SKi
3yCTPiYatOThC MiJl yac KaliOpyBaHHS.
U, = /ui +u§ . (11) BromxeT HeBH3HAUEHOCTI BHMIpIOBaHb Ui PO3T-
JISTHYTO1 IPOIETy Py HaBEICHO B TaOmwmili 2.
Tabnus 2 — bro/pkeT HeBU3HAYEHOCTI BUMIPIOBaHb IIPY KaJiOpyBaHHI ipoMeTpa
. 3HaYeHHS CranpgapTHi .. Bxnagun
Bxinna A fap . Koedirientn A .
BXIZHOI HEBU3HAYCHOCTI . HEBU3HAYCHOCTI,
BEJIHYHHA . YYTJIIUBOCTI o
BEJIMYMHH BXIJHHMX BEJUYUH C
T. T, us (T.) 1 3)
d¢ 0 us(5¢) 1 (5)
Ss Us us(8s) -1 (6)
Sur 0 uB(Sar) -1 )
Onb 0 up(dpp) -1 9)
& 0 up(dy) 1 (10)
. 1HKa TaHgapTHA ..
Buxigna On Crannap Koeodimient Pozmupena
pe3yJbTaTy cyMapHa . o
BEIMYMHA . o . o OXOILIEHHS HEBU3HAYCHICTh, °C
BuMiproBaHHs, °C HEBHU3HAYEHICTh, °C
Tx 2) (11) k (12)

iH(pavepBOHOr0 BUIPOMIHIOBaHHS METOJOM 3BIPSHHS 3
BunpoMiHoBaueM Tumy AUT.

3. CknazmeHo OMOJKET HEBH3HAYCHOCTI BHMIpIO-
BaHb KaliOpyBaHHsS TEPMOMETPIB iHPpauepBOHOTO BH-
HPOMIHIOBaHHS METOJOM 3BIPSHHS 3 BHUIIPOMiHIOBaYeM
tuny AYT.

3. BucHoBkHu

1. OnucaHo aHaji3 Ta METOAU OLIHKU MOXKJIMBHX
JOKEpel HEeBU3HAYEHOCTI NpH KaniOpyBaHHI TepMo-
METpIB iH(pPaYepPBOHOTO BUIIPOMIHIOBAHHSI.

2. HaBeneHo mnpoueaypy OLIHIOBaHHS HEBU3HA-
YEHOCTI BUMIpIOBaHb MU KaJiOpyBaHHI TEPMOMETPIB
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Measurement uncertainty evaluation at infrared thermometers calibration
V.0. Kondratenko, O.A. Novosyolov

Abstract

The article considers the procedure for measurement uncertainty evaluation at calibration of infrared thermometers (pyrom-
eters) by direct temperature measurement using a working standard — blackbody type emitter. An analysis of the best calibration
and measurement capabilities of accredited calibration laboratories for pyrometer calibration is carried out. Methods for estimat-
ing uncertainty sources are described. A procedure for estimating measurement uncertainty is presented, which includes: record-
ing the measurement model, estimating input quantities and their standard uncertainties, estimating expanded uncertainty. A
measurement uncertainty budget is compiled.

Key words: measurement uncertainty; working standard; ensuring the unity of measurements; calibration method; pyrome-
ter; metrological traceability.
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A STUDY OF THE METROLOGICAL CHARACTERISTICS
OF MULTISENSOR SYSTEMS FOR MEASURING
EXTERNAL MAGNETIC FIELDS

0O.V. Degtiarov, L.I. Klyuchnyk, I.E. Khoroshailo, V.O. Lutsenko.

Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

Abstract

The paper investigates the metrological characteristics of instruments for spatial harmonic analysis of external magnetic
fields generated by technical objects. Mathematical models of signal conversion are presented, along with relations for
calculating the conversion function, sensitivity, linear-angular, and multipole measurement errors. The influence of the spatial
configuration of the distributed converter system on measurement accuracy and interference immunity is analyzed. The obtained
dependencies can be used to evaluate accuracy and optimize the parameters of spatial harmonic analysis instruments.

Keywords: external magnetic field; spatial harmonic analysis; metrological characteristics; distributed converter system;
conversion function; sensitivity; measurement error; interference immunity.

1. Introduction

Measurement of parameters of external magnetic
fields of technical objects is an important direction of
modern metrology, since magnetic fields accompany the
operation of most electrical, energy and transport
systems. Their control allows to assess electromagnetic
compatibility, equipment condition and impact on the
environment. The increase in the density of electronic
devices, the use of powerful power supplies and
automation systems leads to the need for high-precision
methods of spatial analysis of magnetic fields. This
determines the relevance of creating measuring
instruments with improved metrological characteristics,
capable of selectively determining the parameters of
individual spatial harmonics.

The application of multipole field theory [1,6,7] to
the study of external magnetic fields generated by technical
objects in the surrounding space — according to which the
source field represents a spatial spectrum of individual
harmonics or multipoles — has led to the creation of new
magnetometric methods and measuring instruments
designed for the selective measurement of spatial harmonic
parameters. It is the provision of spatial filtering capability,
i.e., the isolation of any individual component from the
entire multipole spectrum and the determination of its
parameters, that allows these measurement tools to be
classified into a separate group and defined as tools for
spatial harmonic analysis. The issues of assessing and
improving the accuracy of measurement data are urgent,
which requires the study of metrological characteristics.
This issue is a narrow field of measurement and is not
sufficiently covered in publications.

A review of recent publications shows that
considerable attention is given to improving the accuracy of
magnetic parameter measurements for technical objects,
particularly small satellites and elements of electrical

equipment. In study [1], a methodological error of 2% and a
total stand error of 13% were achieved, confirming the
complexity of ensuring high accuracy when reproducing
magnetic moments. In [2], the measurement errors of
magnetic parameters of satellite components were
analyzed, but the methodological error and its estimation
procedure were not specified. The authors of [3, 4]
proposed measurement techniques limited by the
geometry of the objects under test — coil-type or disk-
shaped. Paper [5] focuses on the methodology for

evaluating the uncertainties of magnetic moment
measurements, confirming the need to improve
metrological support in this area. Therefore, the

comprehensive analysis of metrological characteristics of
spatial harmonic analysis instruments remains an
insufficiently studied research direction.

The purpose of the study is to determine and
analyze the metrological characteristics of instruments
for spatial harmonic analysis of external magnetic fields
generated by technical objects, as well as to develop
mathematical models describing their conversion
function, sensitivity, measurement errors, and
interference immunity.

To achieve this purpose, the following objectives
were set:

1) To develop mathematical models of
transformations for distributed converter systems used
in spatial harmonic analysis instruments.

2) To determine the main metrological
characteristics, including the conversion function,
sensitivity, multipole, and linear-angular errors.

3) To assess the influence of the spatial
configuration of converter systems on measurement
results and interference immunity.

4) To generalize the obtained results for further
optimization of the design and parameters of spatial
harmonic analysis instruments.
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2. Research results

The main magnetic parameters of multipoles,
which determine the spatial image inherent only to a
given object and generally constitute its information
field, include, firstly, multipole magnetic moments,
which are considered as sources of the corresponding
spatial harmonics, and, secondly, the level and
distribution of the intensity of the total magnetic field of
the source and each of the multipoles that make it up.

To analyze constant and low-frequency magnetic
fields, under condition rotHd =0, the mathematical
apparatus of multipole field theory can be applied in the
form of spatial series, which for the components of the
tension in the spherical coordinate system R,¢,0 have

the form (1-3):
fZ RM (g, 059+, sinmo)? (cos0), (1)

m=0

ZRn+2 Z &mn sin mp— hnm COSm(p) (e) ( )
H, :72 Z(gnm cosme+ h,, Sinm(p) i (G) 0)
471: n=1 RVHZ m=0 ae

where g,., h,, are multipole magnetic moments,

A-M""!; n is the multipole order or harmonic number,
m is the elementary multipole of the »™ order;
P (cos0) is the adjoint Legendre polynomials.

The solution of the spatial filtering problem
became possible through the application of the principle
of spatial arrangement of sensors, when a certain
number of sensors are simultaneously placed at the
control points around the source of an external magnetic
field (EMF), which are electrically combined into a
system. Such a system of transducers with a certain
spatial configuration is a functionally complete
technical means — a distributed transducer system
(DTS). Since it is the DTS that provides the necessary
functional conversion of magnetic parameters into an
electrical signal, its metrological characteristics (MCh)
determine the properties of a particular means of spatial
harmonic analysis (SHA) as a whole.

Research in this direction has revealed that the
characteristic intended for determining the measurement
results — the conversion function, as well as the
characteristics of the errors of the tool are entirely
determined by the structure of the DTS and the switching
algorithms of the system's converters. Therefore, further,
using the example of analyzing a DTS consisting of eight
sensors located in the equatorial plane around the studied
EMF source evenly on two circles, the axes of which
coincide and the radii R differ, we will determine such
basic MCh of this SHA tool as the conversion function,
sensitivity to the measured magnetic parameters, noise
immunity, multipole and linear-angular errors.

Expressions (1-3) are initial for obtaining
mathematical models of DTS, creation of new DTS tools
and obtaining metrological characteristics noted above.

The eight-point DTS under consideration excludes
the influence on the measurement result of all paired

multipoles of the spectrum (1-3), as well as the third and
some components of the fifth-order multipole and
provides measurement of the parameters of the first
spatial harmonic — dipole magnetic moments.

The three-component DTS sensors are divided into
two bodies of four in each so that sensors 1-4 are located
on a circle with radius R, sensors 5-8 on a circle with
radius R, > R . The distances R and R; are related to the
sensitivity S to the magnetic field strength of sensors 1-4
and the sensitivity S; of sensors 5-8 by the ratio

1/5
R (&
—=|—= . 4
2 (%] @
To obtain the conversion function, we give an
expression for the useful signal E, at the output of

channel X of the eight-point DTS, which represents a
mathematical model of the conversion:

E.=S.(Hi+H,-Hs;—H,)-S,,(Hs + H, — H; — Hy) =

= Sx (HR(R,gu:0°) + H@(R,guzeoc) _HR(R,«p:Ii%O“) - H@(R,(p:270“))_
=St (HR(R.,Q:O“) "'an(Rl 9=90°) HR(Rl,go:ISOC) _HQ(R1,¢:270°)) >
where S,, mV/mOe is sensitivity of sensors 1-4, S|, is
sensitivity of sensors 5-8 of measuring channel X.

Summing up the radial and tangential components
of the EMF intensity determined at the control points
using this algorithm, under condition (4) and without
taking into account the insignificant fraction of non-
excluded multipoles of higher odd orders (n=5, 7...),
leads to the following result:

SX
E, :6811F(1_ks5/2)5 (%)

where k, = S,/S.

The coefficient g;;is in this expression is a
constant value for a given EMF source and is equal to
the dipole moment M .. The value of the electrical
signal at the output of channel X (5) determines the
dipole moment M, ,

1 R?

M,=E, =— —. (6)
(1-k) 685,

Then, based on the obtained expressions for E,
and M.,
expression (5) is the eight-point DTS transformation
function, and expression (6) is the working
measurement formula implemented by the SHA tool as
a whole.

From expression (6) the sensitivity Sy, of channel

for channel X, we can conclude that

X to the dipole magnetic moment M, is determined,
which depends on the sensitivity of DTS converters:

Sir =68 (1-k7"),

Thus, the conversion function and channel
sensitivity can be represented as dependencies:

Mx :f(RaEx)s S[‘\(/I :f(Sanlx)'
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The above dependencies also fully apply to
channels Y, Z of the eight-point DTS. The considered
characteristics are the same for channels X and Y, differ
for channel Z, but have the same structure.

The use of SHA tools is associated with the
procedure of placing transducers at control points in space
with specified coordinates, which, according to the type of
DTS, depend on the selected measurement method.

Due to the fact that the SHA means transformation
function in the form (6), where E. =S, -H(R,p), is

essentially a mathematical model for solving the inverse
magnetostatics problem regarding the determination of
the moment M, , the field source, which by formulation
belongs to the class of incorrect ones, the question arises
about the stability of its solution, that is, whether small
perturbations in the magnetic field strength, which arise
due to inaccurate placement of sensors, correspond to
small deviations of the solution of the problem
regarding the magnetic moment.

Research in this direction has shown that the
problem is stable and errors in installing sensors at
points with given coordinates +AR,+ A@,+ A0 lead to

the appearance of a random linear-angular error. For the
eight-point SHA tool, this error depends on the values
of the distances R and R; to the EMF source, at which
the sensors are installed, and on the magnitudes of the
displacements of each of the spherical coordinates of the
sensor installation points, which are respectively given
by the boundaries *AR,+ Ap,+ A6 .

When finding the limits of the linear-angular error,
its root-mean-square value in relative form for the
measuring instrument under consideration, assuming a
uniform law of deviation distribution, AR,+ A@,+ A6

will be determined by the following formula:

T — (7

where AE, is the absolute error of measurement of the
useful electrical signal by the i sensor of channel X;
E, is the effective value of the useful electrical signal,
which is given in the i sensor of channel X, determined
by formula (5).

The X and Y channels of this device are identical,
so we will now focus on determining the limits of the
linear-angular error of the inaccuracy of the sensor
installation for the SHA device under consideration only
when measuring the moment M, .

When measuring the moment M, with this
device, the sensors of the X channel, the direction of the
magnetic axes of which coincide with or are parallel to
the X coordinate axis, will be affected by the radial H,,

(1) and tangential H,, (2) components of the dipole

component of the magnetic field strength.
Due to the fact that it is planned to use SHA tools to
measure the EMF of electrical equipment that has different

overall dimensions and is in different operating conditions,
i.e. R=var, there is a practical need for an equation that will
allow for a priori calculation of the standard deviation of
the desired error at permissible deviation values
+AR,=Ap,+ A0 for different values of the control

distance R. Thus, such an equation, which is an important
MCh, would be convenient to present in the form of a
functional dependence o, = f(AR/R,Aa) with its

subsequent generalization to other multipointSHA means.
Deviations A@,A0 as quantities of one order of

magnitude, within which the angular coordinates of the
sensor installation point can be located with equal
probability, are denoted as Aa. ,i.e. Ao =Ag = A®6..

To simplify further calculations, let us consider a
real case for a certain DTS configuration, when kg =2 .
In this case, the distances at which the sensors are
located are related as R;=1,15.R. Then, under the
specified  conditions and the  corresponding
transformations of expression (7), after substituting the
components of the intensity of the first spatial harmonic
from the series (1), (2) and taking into account the
deviations +AR,+ A@,+ AD , we obtain:

4-sin’ Aa£3(AR/ R)F
[1£3(AR/R))

L [osin®(Aa/2) £ 3(AR/R)F

[1+3(AR/R)]

7[-sin? Ao+ 2,6 1(AR/R)? N
[1£3(AR/R)P

, L741=2sin*(Aa/ 2)£ 2,6 (AR/R)P "
[1=3(AR/R)P '

It was noted above that the eight-point DTS
according to the given transformation model (5) provides
measurement of the parameters of the first spatial harmonic
with an error caused by the non-excluded elementary
harmonics of the fifth order multipole. This error is defined
as multipole and is the error of the measurement method
implemented by the eight-point DTS.

The noted methodological multipole measurement
error M., M,, M. in relative form is equal to

00=0,43{

5, = £ 10005 = - 20 (igﬂ—gﬁwégﬁ)loo‘%;

E, gnR4 12
E,
8, =—=2100%=— 40 (Lh51—h53+66h55j-100%;
E, h R\ 12
5. =@100%=—i34g50 -100%.
E. gk

where g5, hs,, (m=0,1,3,5)are the fifth harmonic

magnetic moments caused by the displacement of the
magnetic dipole to coordinates x;, vy, Z, -

After substituting the values gs,,, /s, associated with

the overall dimensions of the investigated EMF source,
which is largely convenient from the point of view of
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practical evaluation, for the limiting value of the
methodological error of measuring dipole moments, we
can write:

5, = —0.62(—‘)4 -100%:

L

R
8, = —0.62(%)4 -100%;
5. =—0.44(% ) -100%;

where L,,L,,L, are the overall dimensions of the EMF

source in the coordinate directions X, Y, Z of the
adopted coordinate system, respectively.

The use of distributed systems of transducers with
different sensor configurations in space as part of SHA
tools allows for quite flexible coverage of EMF sources
with different geometries, and, in addition, provides the
opportunity to perform research under operating
conditions of the sources.

In such a formulation, the solution of the problem of
spatial selection of parameters of individual multipoles is
directly correlated with the problem of ensuring the
reliability of measurements under the influence of
magnetic interference fields created by extraneous
sources. The property of SHA means with DTS of a
particular configuration, which characterizes the degree
of influence of interference fields on the results of spatial
measurements, is determined by such an important MCh
as interference immunity. Through this MCh, the additive
component of the error due to the action of magnetic
interference fields can also be determined.

The interference immunity of an eight-point
system and in general of any DTS consisting of a total
number of transducers n, which are located around the
investigated source of the MMF, is defined as the
deviation of the resulting interference signal

E[r = SriHilr >
i=1

where H,;. is the magnetic field strength of the
interference, which affects the magnetic axes of the
transducers of the corresponding channel) at the channel
t1=X,Y,Z output from the basic interference signal
E,., =S.H,,,, which is proportional to the interference

strength H,,, in the center of the DTS:

_ EI‘EO _E[‘E

Al = 100 %. ®)

It

Given the dipole nature of the interference magnetic
field, we will determine the interference immunity of the
eight-point DTS for channel X. Let us assume that the
dipole magnetic moment of the external interference
Mp; =M pyx is located on the X axis and is distant R
from the geometric center SHZ and oriented in the
direction of the component M,. Then the magnetic
potential of the interference dipole will be equal to

Ue MD,E’
4nR®

)

where R = ix+ jk+kz; x,y,zare current coordinates of
the observation point.

To determine the noise immunity A, of an eight-
point DTS, it will be convenient to expand the potential
(9) in the Cartesian coordinate system:
Mppx+Mpry+Mpyz

41R3 '

Based on (10) and taking into account the connection
H,=-0U/0x, the x-component of the magnetic field
strength of the interference H, , which affects the

U =

(10)

magnetic axes of the converters of channel X, is found:
Re(2x? —y?)

Ix0 2(x2 _y2)5/2 >

where H o = M, /21R? is the magnetic field strength of

the interference in the centre of the SHA, the level of
which is taken as the baseline.

The coordinates of points 1-8 of the sensor
location in the form i(x;, y;) are equal to

HIX =

I(Rc + R,0); 2(Rc + R); 3(Re — R,0);4(Rc — R);
5(Rc +R;,0); 6(Rc +R,); T(Rc — Ry, 0);8(Re — Ry).

After performing the summation according to the
DTS transformation model of the components in the form
SyH;., where Sy =S8,,S,,;i is the sensor number,
which is proportional to the interference signal in each of
the converters, we obtain E,, , based on (8), we find A$; :

2 _An2
pe _lyops[#G06+Y  2.64-422
(A2-132) (A2 +1,32)"

1-2)2 }}
+ .
(7\.2 _ 1)3 (kz + 1)5/2

Note that the interference immunity of the
channels X and Y of the DTS under consideration is the
same and, given the relative remoteness of the
interference source A=R./R>10, the interference

2M3+AY)

immunity of the channels exceeds 90 %.
Provided that the dipole moments of the
investigated EMF M, source and the sources of the

interference field M, are known, the error due to the

action of the magnetic fields of interference from
external sources can be determined:

0,52M p,

6/:( = 3
M e

(1-A$)-100, %.

3 Conclusions

1) The main metrological characteristics of
instruments for spatial harmonic analysis of external
magnetic fields have been determined, taking into
account the specifics of spatial filtering when measuring
the parameters of individual harmonics.

2) It has been shown that the conversion function
of spatial harmonic analysis instruments is entirely
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determined by the configuration of the distributed
converter system and the applied switching algorithms.
3) Relationships for calculating sensitivity,
multipole, linear—angular, and interference errors have
been obtained, enabling a quantitative assessment of
measurement accuracy.
4) It has been established that changes in the

metrological characteristics and can be used to
optimize the design of spatial harmonic analysis
instruments.

5) The obtained results provide a foundation for
improving the metrological support of magnetic field
measurements of technical objects under complex
operating conditions.

geometry of sensor placement significantly affect
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XapKiBChKHIA
ORCID:

JloctiizkeHHSl METPOJIOTiYHUMX XapaKTEePHCTUK MYJIbTHCEHCOPHHX CHCTEM /JIsi BUMIpIOBaHHS 30BHIlIHIX MarHiTHUX NOJiB
O.B. Jertspsos, 1.I. Kimounuk, 10.€. Xopomaitno, B.O. JIynenko

AHoTanis:

VY crarTi AOCHIKEHO METPOJIOTiUHI XapaKTepUCTUKM IMPUIIALiB JUIi IPOCTOPOBOTO I'APMOHIYHOIO aHaji3y 3O0BHILIHIX
MarHiTHUX TOJIB, 110 T€HEPYIOThCS TeXHIYHMMHU 00'ekTamu. IlpencraBneHo MaTreMaTH4Hi MOJENI NEPETBOPEHHsS! CHTHANIB, a
TaKOXX CIIBBIIHOIIEHHS Ui PO3paxyHKy (YHKLIi NEpeTBOPEHHs, 4yTJIMBOCTI, JIIHIHHO-KYTOBOI Ta MYJBTHIIOJNBHOI IMOXHOOK
BUMipIoBaHHs. [IpoaHasli3oBaHO BIUIMB IPOCTOPOBOI KOH(Irypauii po3noaineHoi HepeTBOproBallbHOI CUCTEMH Ha TOUYHICTb
BHMIPIOBaHHs Ta 3aBaJIOCTiiiKicTh. OTpUMaHI 3aJIe)KHOCTI MOXYTh OyTH BHUKOPHCTaHI ISl OL[IHKM TOYHOCTI Ta ONTHMIi3allii
rapameTpiB MPHUIAJiB MPOCTOPOBOTO FAPMOHIYHOTO aHATI3Y.

KirouoBi cjoBa: 30BHIIIHE MarHiTHe I0j€; IPOCTOPOBHH TapMOHIUHMM aHalli3; METPOJIOTiYHI XapaKTepPUCTHKU;
pO3MOoIiIEHa CHCTEeMa NIEPETBOPIOBAYiB; (DyHKIIis IEPETBOPEHHS; Yy TIIUBICTh; TOXUOKA BUMIPIOBAHHS; 3aBaJOCTIHKICTb.
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BOJIOKOHHO-OIITUYHI JATYUKHU TEMIIEPATYPU TA BOJIOI'OCTI

M. Komoguit', O.M. Kocrenko?, I'.B. ITaBnuk', T.I'. Poxxuosa®, T.B. UeOukina'

! Hayionanvhuii aepoxocmiunutl ynisepcumem «Xapkiscokutl agiayitinuii incmumymy, m. Xapxie, Ykpaina, kafedraapi@ukr.net
2 Honmaecwvkuii depacasnuil azpapnuii ynicepcumem, m. Ilonmasa, Yrpaina,kostenko@pdau.edu.ua
3 Xapriscoxuti Hayionanonuii ynieepcumem padioenexkmponixu, m. Xapkis, Y«kpaina, tetiana.rozhnova@nure.ua

AHoTanis

AxtyanbHicTb. IIpy po3poOli BOJIOKOHHO-ONTUYHUX JATYUKIB TEMIIEPATYPH Ta BOJIOIOCTI aKTyalbHHUMH € 3ajaui 3a1mo0i-
raHHS B3a€MHOTO BIUIMBY BUMipIOBaHHX [TAPaMETPIB Ha Pe3yJIbTaTH BUMIPIOBAHHSI, PO3LIMPEHHS (yHKI[IOHATBHIX MOXINBOCTEH
JIATYMKIB Ta MiJBULICHHS 1X TeXHOJOri4yHOCTI. Meta. Po3poOka HOBHX BOJIOKOHHO-ONTHYHUX JaTYHMKIB TEMIEPAaTypH Ta BOJIOTO-
cTi. Meronu nocnikeHHs. MeToau aHami3y Ta CHHTE3y, CXEMOTEXHIKH. Pe3yibraTi Ta BUCHOBKH. 3alpOIOHOBAHI BOJOKOHHO-
ONTHYHI JaTYNKH TEMIIEPaTypH Ta BOJIOTOCTI, SKi TAaF0Th 3MOTY BHPIIIUTH ITOCTABIICHI 3a1aui.

Ki11040Bi cJI0Ba: BOJOKOHHO-ONTHUYHHUI JATYHK, TEMIIEPATypa, BOJOTICTh, TEXHOJIOTI4HICTh, B3AaEMHHUIA BIUIUB.

Beryn

CphoroHi po3poOKa BOJIOKOHHO-ONTHYHHX JIaT- Hayk. JInst aHamisy, mpejCTaBiICHOro B Wid CTarTi,

YHKIB € BOXJIMBOW cheporo mociimkeHb. L{opiuHo
nmyOIiKyeThes 0€371iu BIIMOBIJHUX HAYKOBUX CTATCH,
a TaKO’XX 3asBOK Ha MaTeHTH. [IaTeHTH MMPOKO pO3r-
JSTAKOTBCS K MICT MK YCHIIIHUMU JOCIIIPKCHHIMH
Ta po3poOKamy, 3 OFHOTO OOKy, Ta KOMEpUiHUMH
pUHKaMH, 3 IHIIOro. BiAmoBigHO, BUBYEHHS MATCHT-
HHX TOKa3HUKIB Ma€ LEHTPaIbHE 3HAYCHHS VIS JI0C-
JITHUKIB SIK y Tany3i IPUPOTHUYHX, TAK | TEXHIYHUX

BHUKOPHCTOBYBAJIMCS MATEHTHI naHi 31 BcecBiTHBOI
naTeHTHO-cTatTucTHuHOi Ga3zm manux (PATSTAT)
Bepcii 2016b. Anani3 noxasye (1a6mn.), mo 90% ma-
TEHTHUX 3asBOK Ha BOJIOKOHHO-OITHYHI II€PETBOPIO-
Badi 3a TPHM OCTAaHHI POKH MONAIOTHCS BUHAXITHUKA-
mu i3 mectu kpain: CIIA, Kuraro, Pecny6niku Ko-
pes, CayniBcbkoi Apasii, TaiiBanto ta Smowii. bara-
TO TOAETHCS MDKHAPOAHHX 3asBOK.

Tabmuusa — Ilepenik kpaiH, 1110 OTpUMAaIM HAHOUIBINY KiJIBKICTh MMATEHTIB 3a TPU OCTAHHI POKU

Kpaina

Howmep marenty

CIIA

2024060918, 2024068893, 2024090881, 2024093990, 2024118116, 2024125962,
2024133735, 2024133937, 2024151125, 2024151574, 2024160050, 2024210374,
2024210559, 2024230434, 2024235668, 2024237884, 2024239511, 2024263552,
2024272072, 2024280418, 2024302225

117516551, 117589205, 117593925, 117687450, 117705080, 117733321, 117782223,
117824609, 118050078, 118111503, 118144285, 118215432, 118224047, 118258425,
118259048, 118311393, 118369570, 118383756, 118424991, 220542253, 221037448

102633637, 102655811, 20240002019, 20240017284, 20240052106, 20240079104
122440486, 518400001, 521431271, 522440653, 522440748

Kuraii

Pecny0uixa Kopest
CayniBcbka Apasist

TaiiBaHb 202346794, 202416337
SAnoHis 2024019821, 2024037652
MixnapoaHa 2024020362, 2024035271, 2024065259, 2024066948, 2024091833, 2024098245,
3asBKa 2024103160, 2024148777, 2024155951, 2024155954, 2024167948, 2024172782,
PCT 2024177985, 2024187095, 2024187284, 2024205962, 2024206298, 2024206395

[ mpobneMa BHUPILIYEThCS TaKOXK Ha kKadenpi iH-
TENIEKTyalbHAX BHMIPIOBAJBHUX CHCTEM Ta iHXeHepii
skoCTi HallioHabHOTO aepOKOCMIYHOTO YHIBEPCUTETY
«XapkiBCbKUH aBiallilHUI IHCTUTYT» B MPOIECi BHKO-
HaHHS JIOTOBOPY PO HAYKOBO-TEXHI4HE CIIIBPOOITHHII-
TBO 13 MIiHICTEPCTBOM OCBiTH 1 Hayku YKpaiHu Ne
01240002436 «Po3pobka Cy4acHHX BHMipHOBaIbHHUX
HepeTBOPIOBaYiB (i3MYHUX Benuuum». [Ipu oMy mat-
YUKW TEMIEpPaTypH Ta BOJIOTOCTI po3poOiieHi 3a paxy-
HOK BUPIIICHHS HACTYITHUX MOCTABJICHUX 3aj1a4 [1]:

—3ano0iraHHsl B3a€MHOTO BIUIMBY BHMipIOBaHHX
rapameTpiB Ha pe3yJIbTaTH BUMIiPIOBAHHS Ta IiIBUIIEH-
HS TEXHOJIOTTYHOCTI BUTOTOBJICHHS JaTYHKA;

— po3iupeHHs  QYHKIIOHATBHUX MOMIIUBOCTEH
MPOTOTHUILY.

Mera crarti: po3poOKa HOBHUX BOJIOKOHHO-
ONTHYHHX JIATYMKIB TEMIIEPATYPH Ta BOJIOTOCTI HaIpa-
BJICHA HA JIKBIJAIiI0 BHUSABICHUX HEIOJIKIB ICHYIOYHX
aHaJIOTiB.

Buxiaa ocHoBHOro Martepiany

Bigomuii BOJIOKOHHO-ONTUYHUN JAaTYUK KIiMat-
KOHTpOJIIO [2] Mae HACTYIHI HENOJIKH, SIKi 00yMOBIICHI
BUKOPHCTAHHSAM CHIpAbHOI AUISHKH CBITJIOBOAY Ta
OiMeraneBol INIaCTHHU:
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— HEOOXITHICTh TOCTIHHOT KOpEKIlii MIKpOHEIICH-
TUYHOCTEW eopMallii Ta cTapiHHS eJIEMEHTIB Cripani;

—HEMOXUIMBICT, ~ KOMIIEHCamii  JerpajaumifHux
MPOIIECIB, M0 TUIUHYTh 3 PI3HOIO IIBUIKICTIO, Ha BiJb-
HOMY Oolli CBITJIOBOIY Ta Ha 0oL, 10 SIKOrO NpUBapeHa
OiMeTasieBa IIaCTHHA.

Bo00OKOHHO-ONTHYHUI JAaTYUK KIIMAT-KOHTPOJIIO
Ul BUMIPIOBaHHS TeMIlepaTypu Ta Bosiorocti [3] mae
HACTYITHI HEOJIKH, sIKi 00YMOBJICHI HAasIBHICTIO OJJHOTO
KaHaJly BUMipIOBaHHS BOJIOTOCTI Ta TEMIIEpaTypH:

— B3a€MHUI1 BIUTB BUMIPIOBaIbHHUX ITapaMeTpiB Ha
Pe3yJIbTaTH BUMIPIOBAaHHS, [I10 3HIKYE iX TOUHICTB;

— HU3bKA TEXHOJIOTIYHICTh BUTOTOBJICHHS JaTYMKA
4yepe3 HEeOOXIIHICTh 3TMHY CBITJIOBOIY 1 HOro 3akpir-
JICHHS B TAaKOMY IIOJIOXKEHHI.

3 MeToro 3amoliraHHs B3a€MHOTO BIUIMBY BUMIpIO-
BaHMX IAPAMETPIB Ha pe3yJbTATH BHMIPIOBaHHS Ta MiJi-
BUILCHHS TEXHOJIOTIYHOCTI BHTOTOBJICHHS IOPIBHSHO 3
aHajoramMu [2, 3] 3ampoIOHOBaHO BOJIOKOHHO-ONTHYHHNA
JIATYMK JUIl BUMIPIOBAHHS TEMIIEpaTypH Ta BOJIOTOCTI [4].

Ha puc. 1 300pakeHO KOHCTPYKILIIO BOJOKOHHO-
ONTHYHOTO JATYMKA I BUMIPIOBAHHS TEMIIEpaTypH Ta
BOJIOT'OCTI.

13 4 6 8
14 //_ : |
™~ [/ _000] | 0
15
N

/ ivie
s/ ) o))

Puc. 1. KoHcTpyK1isi BOJOKOHHO-ONTUYHOIO AaTYMKA IS
BUMIPIOBaHHS TEMIIEPATYPU Ta BOJIOTOCTI

BoJ0KOHHO-ONTHYHUI MAaTYMK JUIS BUMIPIOBAHHS
TEMIIepaTypH Ta BOJIOTOCTI MICTUTh KouOy 1 i3 KBap1o-
BOrO CKJIa 3 OTBOpaMH nepdopauii 2, 3anmymky 3, no
SIKOT 32 JTOITOMOTOI0 I1J1a3MOBOT'0 3BapPIOBAHHS IPUEIHA-
HO OCHOBHUM 4 1 JOJATKOBUM 5 CBITIOBOJIX 3 BOJOKOH-
HHUMH pO3rajyxyBadamu 6, 7 3 BXigHumH 8, 9 Ta BUXiJ-
wumu 10, 11 ontuyHuMu inbTpamu, MigHy TpyOKy 12,
sIKa KOAKCiaJbHO PO3TAIIOBaHA 10 JOJATKOBOTO CBITIIO-
BOIy 5 1 mpuBapeHa 0 HBOTO, OJOK TirpOCKONIYHOIO
Mmatepiaiy 13, po3TaloBaHuil MK MOBEpXHEO Koiou 1
Ta OCHOBHHMM CBITJIOBOJIOM 4. Ha TopIisx CBIiTIIOBO/IB 4,
5 yTBOpeHi Biga3epkamtoroyi mapu 14, 15.

Bo0KOHHO-ONTHUYHUI MAaTYUK JUIS BUMIPIOBAHHS
TEMIIEpaTypH Ta BOJIOTOCTI NPALIOE TAKUM YHHOM.

ITpr 3MiHI BOJIOTOCTI KOHTPOJILOBAHOTO CEpeo-
BHIIA BinOyBaeThes 3MiHa 00'emy Oi0ka 13 3 rirpocko-
MYHOrO MaTepiajiy, YHACiIOK 4Oro BigOyBalOThCS 3Mi-
HH JIHIHHUX PO3MIpIB sIK OJIOKa, TaK | BEJIMUUHH MIPOTH-
Hy cBiTiIoBoAY 4. TakuM 4MHOM, Yy OCHOBHOMY CBITJIO-
BOJli 4 3ICHIOETHCS MOPYIIEHHS YMOB ITOBHOTO BHYT-
PIIIHBOTO BiOWBAHHS CBITJIA.

ITopynieHHS yMOB HOBHOTO BiIOWBAaHHS CBIiTJIA Y
OCHOBHOMY CBITJIOBOJIi 4 3HAXOIHMTh CBOE BiOOpa)KeH-
HS Yy 3MiHI BEJIMYMHU IHTCHCUBHOCTI CBITJIOBOIO BH-
MPOMIHIOBAHHS, sIKE BiJOMBAETHCS BiJ BiIA3epKaOBa-
npHOTO 1apy 14. BenndnHa 3apeecTpoBaHOTO Ha BHXO-
ni onTugHOTO (inbTpa 10 BOJIOKOHHOTO po3rajiyXyBaya
6 BUIPOMIHIOBaHHS € MPONOPLIHHOI /0 BEIMYHHU
KOHTPOJILOBAHOT BOJIOTOCTI.

ITpu 3MiHI TeMIepaTypy KOHTPOJIBLOBAHOTO cepe-
JIOBUILA BiJOyBAa€TbCs TEIUIOBE PO3LIMPEHHS MiAHOT
TpyOku 12, 3BapeHOi 3 JOJAaTKOBHM CBITJIOBOJOM 5.
3miHa reomerpii TpyOKHM BHUKJIMKaE 3MiHY TeOMeTpii
CBITJIOBO/ly 5, 10 MPHUBOIUTH 1O BTPAT IMOTY>KHOCTI
ONITHYHOTO BUIIPOMIHIOBaHHS. BenmdmHa 3apeecTpoBa-
HOTO Ha BHMXOAi onTuyHOro ¢inerpa 11 BOJIOKOHHOTO
posranyyBaua 7 BUIIPOMIHIOBaHHS € HPONOPLIHHOI0
JI0 BEJIMYUHU 3MIHH TeMIepaTypH.

TakuM YHMHOM, BBEIEHHS IOJATKOBOTO CBITJIO-
BOJY U1 BUMIPIOBaHHS TEMIIEpaTypH KOHTPOIBOBAHO-
r0 CepeloBHINA A€ 3MOTY 3aIl00IrTH B3a€MHOMY BIUTH-
By BHMIpPIOBAaHHMX NapaMeTpiB Ha pe3yJbTaTH BHUMipIO-
BaHHS, OCKUIBKH TeMIIepaTypa Ta BOJIOTICTH BHMIpIO-
IOTBCSI OKPEMUMH HE3aJIeXKHUMH KaHAJTaMH.

ITigBHUINY€ETHCS. TAKOXX TEXHOJOTIYHICTH BUTOTOB-
JIGHHS JaT4YrKa 32 PaxyHOK BUKOPHCTAaHHS 1 pO3MilIeH-
HS IPSMOJIIHIMHUX NIJISTHOK CBITJIIOBOIIB.

HenonmikaMu 0poro Jardymka Uil BHMIPIOBaHHS
TeMIIEpaTypyu Ta BOJOTOCTI [4] €: CKIaIHICTh KOHCTPYK-
ii, HEZOCTaTHS TEXHOJIOTIYHICTh, OOYMOBJIEHAa HaHe-
CEHHSIM BiJJI3€PKAJIIOIOUMX IIApiB HA TOPILEBI NOBEPXHIi
CBITJIOBO/IIB, BUXITHUI CHI'Hal OTPUMYETHCS Y aHAJO-
TOBOMY BHTJISIII.

Binmomuii BOTOKOHHO-ONTHYHUN JaTYUK BOJOTOCTI
[5], Henonikom sikoro € oOMekeHi (PyHKLIOHAIBHI MOX-
JIMBOCTI, OCKIJIBKM BiH HE JIO3BOJISIE BUMIPIOBATH TEMIIE-
patypy cepeloBuUIla, SKEe KOHTPOIIOETHCS.

3 MeTOI pO3MHUpPEeHHS (QYHKIIOHAJIBHUX MOJKIIHU-
BOCTEH npoToTuiy [5] 3a paxyHOK 3a0e3IeYeHHS BUMI-
PIOBaHHS TEMIIEPaTypu CEpeJOBHUILIA 3alpPOIOHOBAHO
BOJIOKOHHO-ONTHYHHUN JaT4YUK Uil BUMIPIOBAHHS TEM-
nepaTypu Ta BoJIOrocTi [6].

Ha puc. 2 300pakeHO CHPOIIEHY KOHCTPYKIIO
BOJIOKOHHO-OIITUYHOTO JATYMKA [UISI BUMIPIOBaHHS Te-
MIepaTypH Ta BOJIOT'OCTI.
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Puc. 2. CripoiieHa KOHCTPYKList BOJOKOHHO-OITHYHOTO
JaTYMKa JUIs BUMiPIOBaHHS TeMIIEpPaTypH Ta BOJIOTOCTi
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Y  mepdpopoBaHoMy Kopmyci | BOJOKOHHO-
ONTHYHOTO JATYHKA JJIsI BUMiIPIOBAHHS TEMIIEPaTypH Ta
BOJIOTOCTI  JKOPCTKO  3aKpilIeHW#  CBIiTIOBOJ 2,
BCTAQHOBJICHUH Yy BTYJKY 3 i3 TirpOCKOIIIYHOTO MaTe-
piany. JlonatkoBuil CBiTIIOBOA 4 3MOHTOBaHHI Ha
KOHCOJILHO 3aKpiIuleHiil y xopmyci 1 Oimeranesiit mpy-
xuHi 5. BxigHi Topui cBiTIOBONIB 2, 4 po3MilleHi me-
pen JKeperoM ONTHYHOTO BHIIPOMIHIOBaHHA 6, a iX
BHXIJHI TOpLIi BCTAHOBIICHI TIepe]l BiANOBIAHUMH (OTO-
npuiivagamu 7, 8. @oTtonpuiiMau 7 mix’€aHAHO A0 HOC-
JIJIOBHO 3'€qHAHUX IMiJCHIOBaya 9 Ta aHaJioro-
uudposoro nepersoproaya 10, a poronpuiimau § — 10
€JIEKTPUYHOTO KOJIa i3 TOCIIOBHO 3'€IHAHUX MiJICHIIIO-
Baya 11 Ta ananoro-un¢posoro nepersoprosada 10.

BoJI0KOHHO-ONTHYHUI MAaTYMK JUIS BUMIPIOBAHHS
TEMIIEpPATYPH Ta BOJOTOCTI IPAIIOE TAKUM YHHOM.

IIpu 3MiHIOBaHHI BOJIOTOCTi C€peJOBHIIA, 0 KOH-
TPOJIFOETHCS, BiIOYBaeThCs 3MiHa 00'eMy BTYJNKH 3 i3
rirpockorniyHoro marepiany. IIpu bOMy 3MiHIOOThCS ii
JHIWHI po3MipH 1 BennvKHa nporuHy ceitiosona 2. Ie,
y CBOIO 4epry, HPU3BOAMUTH 10 3MiHH IHTEHCHUBHOCTI
CBITJIOBOTO TIOTOKY, IO IOMIMPIOETHCS BiJ JKepena
ONTHYHOTO BHUIIPOMIHIOBaHHA 6 1o (oTonpuiimaua 7.
BenuunHa eNeKTPUYHOTO CHTHAIYy 3 BHXOLy (oto-
npuiiMada 7 MICHIIOEThCS Y MACKIIIOBaYl 9 Ta mepeT-
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Fiber-optic temperature and humidity sensors
M.D. Koshovyi, O.M. Kostenko, H.V. Pavlyk, T.G. Rozhnova, T.V. Chebykina

Abstract

Relevance of the work. When developing fiber-optic temperature and humidity sensors, the tasks of preventing the mutual
influence of measured parameters on measurement results, expanding the functionality of sensors, and improving their manufac-
turability are relevant. Goal. Development of new fiber-optic temperature and humidity sensors. Research methods. Methods of
analysis and synthesis, circuit design. Results and conclusions. Fiber-optic temperature and humidity sensors are proposed, which
allow solving the tasks. Results and conclusions. As a result of the research, fiber-optic temperature and humidity sensors were
proposed, for which Ukrainian patents for a utility model were obtained. In further research, differential fiber-optic pressure dif-
ference sensors will be constructed.

Keywords: fiber-optic sensors, temperature, humidity, manufacturability, mutual influence.
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METPOJIOI'TYHI JOCJIJP)KEHHSA BUMIPIOBAJIbHOI CUCTEMUA
JIJI1 MOJIOYHOI TIPOMUCJIOBOCTI

I.B. I'puropenko, C.M. I'puropenxo, C.B. Jlucka, /I.B. Xpons

Hayionanvnuti mexuiunuil ynisepcumem «Xapkiecokuii nonimexuiunuil incmumymyy, M. Xapkie, Ykpaina

AHoTanis

Jlns  3abe3nedeHHs KOHTPOJIO IapaMeTpiB TEXHOJIOTIYHMX MPOMECiB Yy MOJIOYHIM MPOMHUCIOBOCTI HEOOXiAHO
BUKOPHCTOBYBAaTH BHMIpIOBAJIbHI CHCTEMH, IO JAacTh MOXKIMBICTh NIPOBOAUTH BHMIPIOBAHHS BCiX OCHOBHHUX TEXHOJOTIYHUX
IapaMerpiB, HaKONMYyBaTH CTATUCTUYHY iH(opMalilo, aHali3yBaTH OTPMMaHi IaHHI 3 METOI0 MiATPUMKM BHCOKOI SKOCTI
MPOIYKIIii, 10 BUTOTOBISIETECA. Y POOOTI pO3po0IICHO CTPYKTYPHY CXEMY BUMIpIOBaJIbHOI CHCTEMH, 110 37aTHA KOHTPOJIIOBATH
TEXHOJIOTiI0 BUPOOHHIITBA TBEPJOTO CHPY Ha OCHOBHHX eTamax: «PesepByBaHHS Ta J03piBaHHA MOJIOKa», «Iloctepmiisaris Ta
OXOJIOJDKCHHS Monoka», «DopmyBaHHs cupy», «lIIpecyBanns cupy», «Iloconm cupy», «Jlo3piBaHHA CHpPY». 3aBISIKH
BIIPOBA/DKECHHIO PO3POOJICHOT BHUMIpIOBAIBHOI CHCTEMH OIEpKaHI pPe3ylbTaTH BHMIPIOBAHb TEMIICPATypH Ha LICCTH eTarax
TEXHOJIOTIYHOTO ITIPOIECYy BUTOTOBJICHHS TBEPIOTO CHpY. 3aBASKM MPOBEACHHIO JHCIEPCIHHOrO aHalizy BHKOHAHO NEPEBipKy
METpoJIoriuHoi HamifHOCTI AaT4yMKiB TemnepaTypu. CkianeHO OMOKET HEBU3HAUEHOCTI Ta BCTAHOBIEHI Mexi JOBIpYMX

iHTEpBAJiB AJIsI BUTAKOBOI HOXHOKH BUMIPIOBaHb.

Kurouosi cioBa: BUMipIoBaibHa CHCTEMA, JaTUHK, TEMIEpaTypa, JUCIIepCiiHMil aHalli3, HEeBU3HAUECHICTb.

1. Beryn

ITpobnemu, 1O MNOB’s3aHi i3 BHUPOOHHIITBOM i
KOHTpPOJIEM SIKOCTi TBEpIOTO CHpPY, SK OJHOTO 3
OCHOBHHMX  BHpPOOIB  MOJOYHOI  IPOMHCIIOBOCTI,
LIKaBJIATh MPOBIHUX BUCHHX YCHOTO CBiTY. Y poOOTI
[1] omineHo ckmax, OioXiMiuHi, TEKCTYpHI Ta
OpraHOJNICNITUYHI ~ MOKa3HHKH  CHpPIB y  Mpoleci
no3piBaHHsS Ta 30epiranHsa. Y gocnmimpkeHHi  [2]
NPOBEJICHO: «BHBYEHHS 3MaTHOCTI pI3HUX INTaMiB
Lactobacillus, mo BHCTYNarOTh SIK 3aXHCHI JOTOMIXHI
KyIBTYpU TPOTH 3pOCTaHHS TIpuOKiB». Y poboti [3]
posnisinyTo: «Sk came Penicillium commune BruiBae
Ha TEKCTYpPHI BJIACTUBOCTI Ta PO3MOALT BOAU Y TBEPAUX
Ta HAATBEpAMX cupax». Y  JociipkeHHI  [4]
CTBEPIKY€EThCS, MO: «CHP — MOJIOYHHH HPOIYKT, LIO
Ma€ TMOTCHLIWHY KOPUCTh AJsi 340poB’si. CHoXHBaHHS
CUPY 3pOCJIO 3aBISIKH 3HAYHIM PI3HOMAHITHOCTI COPTIB,
pi3HOMaHITHOCTI (OpPM BHIYCKY Ta 3MiHaM CIOCOOY
KHUTTS crnoxuBadiBy. Y [5] mnposeneno: «Omsia
KOHCepBallil TBEPAUX Ta HaMiBTBEPIUX CHUPIB: SKICTh Ta
Oe3meka» 3 METOI «OOroBOpUTH HaiieekTHBHilI
MeToAu 3a0e3meueHHsT Oe3MeKH Ta OpPraHOJCHTHIHUX
SIKOCTEH 103pinux cupiB». Y Lill AOCHIAHUIBKIA poOOTI
[5] 3a3HaueHO: «IEPIIOPSAHOI0 METOI0 CHPOBAPIHH
Oyno 30epexeHHs OCHOBHHUX KOMIIOHEHTIB MOJIOKa, i
CHOTOJIHI 3aBISKM BHCOKOMY BMICTy Oiika Ta eHeprii
cup € 30aJlaHCOBAaHMM XapYOBUM PAlliOHOM HABITh JUIS
HeBererapiaHiiB. Y cBiTi BUpoOnsietbest Om3bpko 3000
COpTiB cHpY, fKi KIacU(]IKyIOTbCS SK TBEpAi, AyKe
TBEpi, M’sIKi, HamiBM’sKi, HamiBTBEP[i, 3aJIe)KHO Bif
BMICTy BOJIOTH B cUpi. B ocTaHHI poKH CBITOBHII pUHOK
CHpPY CTaB CBIIKOM 3HAayHOTO 3pPOCTAaHHs, IO
BU3HAYAETHCS PI3HUMHU (DAKTOpPaM¥, BKIIOYAIOYH 3MiHY
nepeBar CHOXKHBA4iB Ha KOPUCTh Oararnx Ha OLIOK,
3pYYHHX BapiaHTiB TKi».

Crnyparoyuch Ha JIOCITIJDKEHHS CBITOBOI HAayKH €
MOXIIMBICTh CTBEp/UKYBATH, IO 3alada 3a0e3NedeHHS
SKOCTI TBEPAOTO CHPY € aKTyalbHOIO 1 moTpebye
MOAJIBIIIOTO PO3BHUTKY Y HAIPSIMKY BH3HaYeHHS 3ac00iB

KOHTPOJIIO SIKOCTI IIpU BUPOOHHIITBI CUDY.

Meta po6otu. PozpoOka BUMiproBajIbHOI cCHUCTEMU
(BC) s TEXHOJOTIYHOTO TPOIECy BUTOTOBJICHHS
TBEpPIOTr0 CHpPY Ta 0oOpoOKa pe3ysbTaTiB BHUMIipIOBaHb
TEeMIIepaTypd Ha OCHOBHHX e€Talax TEXHOJIOT1YHOro
Mporecy Ui THEepPeBIPKH METPOJIOTIYHOI HaAIHHOCTI
BHUKOPUCTAHUX JAaTYHKIB.

2. Po3poOka crpyktypHoi cxemu BC
AJ15 BUPOOHMITBA TBEPAOI0 CUPY

Po3pobka Oynmp sikoi BC 3aBxkmu movuMHaeThes 3
aHaJIi3y TEXHOJIOTYHOTO MPOLIECY Ha NpeMET BUSBICHHS
IUITHOK KOHTPOJIFO 1 pIBHIB mapameTpiB, 1o Tpeba
koHTpOMmoBaty. CTpykTypHa cxema BC oxommoe came Ti
IUISTHKY BUPOOHMIITBA, SIKI MOTPeOyIOTH aBTOMATHIHOTO
koHTpomto. Ockinbku Bech TexHonoriynuii npouec (TIT)
CKIIQMIA€ThC 13 IT'ATHAALUSATH OCHOBHHX CTalliB, aje XK
TUIBKH CIM 13 HUX TIOTPeOyIOTh aBTOMATH3ALlil KOHTPOJIIO
Ul 3a0e3MedeHHs] [IMATPUMKA  TOYHOI — TEXHOJOTil
BUpoOHHNTBa. OTXKE BHIUJIEHO OCHOBHI €Tamy, II0
I JUISATal0Th KOHTPOJIO:

1. Etan «Pe3epByBaHHS Ta IO3piBaHHS MOJIOKa»
norpebdye BUMIPIOBaHHS TeMIIEpaTypH, AKe
3MIACHIOETBCS 3a JIOIIOMOT' 010 MIEPBUHHOTO
BHUMIiproBasibHOTO NIepeTBopioBada (I1BIT) TIBII 1;

2. «Iloctepwizallisi Ta OXOJOPKEHHS MOJIOKa»
BUMIPIOBaHHS TeMIIepaTypu BUKkoHyeThes [1BIT 2;

3. «3ropraHHs MOJIOKa» BUMIpIOBaHHS
TeMIepaTypyu BHKOHYEThCs 3a momomoroto [IBII 3, mo
BUMIPIOE TEMIIEpPATypu SK HpPU 3TOPTaHHI Tak 1 mpu
[IOBTOPHOMY HarpiBi MOJIOKa;

4. «DopmyBaHHS cUpy» BUMIpIOBaHHS
Temmneparypu 3niiicutoe [1BIT 4.

5. «IIpecyBanHs cupy» BUMIpIOBaHHS
temneparypu 3aiticuroe [IBI1 5, a BuMiproBaHHs piBHS
pH Buxonye IIBII 6.

6. «Ilocon cupy» BUMIpPIOBaHHS TeMIlEpaTypu
npoBoAuThCs 3a fonomororo I1BIT 7.
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7. «Jlo3piBaHHA cHpy» BUMIPIOBaHHS TeMIIEpaTypu
y mpumimeHHi cknany Buxonye [IBIT 8, sxwii sBisie
c000t10 cepito 13 I’ ATH JAaTYHKIB, 0 PO3MIIIEHI IO KyTax
MPUMIIICHHS Ta y HOro LEHTpi. BUMiproBaHHS piBHS
BOJIOTOCTI HOBITpsl y npuMitteHHi 3aiiicuroe TIBIT 9 (puc.
1). ¥ cTpyKTypy BXOAWTH TakoX MIKPOKOHTpPOJIEpP, KU
HeoOXimHui s 06poOku iHdopmarlii Ta 3abe3neyeHHs
0oOMiHy maHMMHU 3 meHTpanbHUM KoM totepom (EOM).
Jlns  ctabinmbHOT POOOTH  MIKPOKOHTpOJiepa  JOAaHO
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reHepaTop CHHXPOHI3YIOUMX IMIYJbCiB, 10 Qopmye
HEOOXi/IHI U1t pOOOTH CUHXPOIMITYJIBCU. 3aB/ISKH MYJIBTY
VIpPaBIiHHA BHKOHYETHCS MOYAaTKOBE HaJAIUTyBaHHS
MIKpPOKOHTpOJIEpa, Ta 3a0e3MMeUyeThCsl MOXKIMBICTE HOTO
ckunanHs. [locnminoBHuil iHTepdeiic BHKOPUCTOBYETHCS
Ui OOMiHY JaHMMHM  Mikponporecopa 3 EOM.
Mudposuit  BimrikoBuit mnpuctpii (IBIT) 3xificHioe

BiloOpakeHHsI ~ mOTOYHOI  iH(opMalii  BUMIpSHHX
rapameTpis.
L
-
] Tomr
i
B0

Puc. 1. CTpykTypHa cxeMa BUMipIOBaIbHOI CUCTEMH JJIsi BUPOOHUIITBA TBEPOTO CHPY

3. Iucnepciiinuii aHaniz aaHux Bix
KaHaJiB BuUMipoBanHs Temmneparypu TII
BUI'OTOBJIEHHS TBEPOro CHPY

BupoOHUITBO TBEpHOTO CHPY CKIANAEThCS 13
JICKIIBKOX €TamliB, Ha SKUX HOTPIOHO KOHTPOJIIOBATH
TEeMIIepaTypy, a came:

1. Eran «PesepByBaHHS Ta IO3piBaHHS MOJIOKa»
notpeOye BUMIPIOBAHHS TEMIIEpaTypH y aiamna3oHi (+5
... +12)°C;

2. «Iloctepumizallisi Ta OXOJIO/KCHHS MOJIOKa»
notpedye BUMIpIOBaHHS TEMIIEpaTypH y Aiana3oHi (+71
... +72)°C;

3. «3ropTaHHS MOJIOKa» TOTpeOy€e BHMipIOBaHHS
Temrepatypu y naiamaszoni (+32 +36) °C, a npu
MOBTOPHOMY HarpiBi Moyioka me miamasoH (+40
+42) °C;

4. «DopMyBaHH] cupy» BUMipIOBaHHS
TeMIEpaTypy 3aiiicHIoe y aianasoni (+35 ... +40) °C;
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5. «IIpecyBanHs cupy» norpedye BUMipHOBaHHS
TeMmmepaTypH y miamasoni (+35 ... +40) °C;

6. «Ilocom cupy» morpedye BHMIpIOBaHHSI
TeMmIepaTypH y miamasoni (+8 ... +12) °C.

Ha BCIX LHX eramax BUPOOHHUIITBA
BHUKOPHCTOBY€EThCS ~ Oarato3oHHi  gatumku  1-3DT.
OCKUTBKH BHMIPIOBaHHS TEMIIEPATypH 30IHCHIOETHCS Y
NPaKTUYHO OJHAKOBUX YMOBAaX 1 BHUKOPUCTOBYIOTHCS
JATYNKAMH OJHOTO THITY, TO BUHUKAE 3a/1a4a MePeBipKu
METpPOJIOTIYHOT HaJIHHOCTI JIaTYHKIB 1-30T.
IocraBneny y po0OOTi 3amady AOLIJIBHO BHPIlyBaTH
BHUKOPHCTaHHSAM METOJly JUCIIEPCIHHOrO aHamizy, KU
Jla€ MOJKJIMBICTH IPOBOAMTH IOPIBHSHHS AMCIEPCIH 3
MONANBIIUM  BHIUICHHSM  Oulbnoi  aumcmepcii 13
OaraTbox. 3a3Buuail, U1 MEpeBipKH OJHOPIIHOCTI
nucnepciii  Tppox 1 Oinbie BHOIpOK HaWvacrile
3acTOCOBYeThCs TecT KoxpeHa, skuWii  BHMarae
OJIHAKOBOI KIJIbKOCTI €KCTIEPUMEHTIB y KOXKHii BHOIpIIi.
BiH  BHKOPHCTOBYETBCS: B  EKCIIEPHMEHTATbHUX
MOCHI/DKEHHAX  JUIE  MEPEeBIPKA  OJHOPIAHOCTI, Y
TEXHIYHOMY KOHTpPOJI SKOCTi, Yy CTaTUCTUYHOMY
MOZEIOBaHHI Ul BUSBJIEHHS HECTAaOIIBHUX TpyI, B
aHaumi3i Bapiauiii (ANOVA).

3agada momsrae 'y TOoMy, 00 3’scyBartw,
MOXIJMBO YH Hi BBaXaTH BiAMIHHICTH Oinpmoi 3
OTPUMAHMUX JUCHEpCiii BiA IHIIMX BUIAJKOBHM

SIBHII[EM, 200 I[f0 BiIMiHHICTb CIIiJi BBXKAaTH CYyTTEBOIO
(3HAYYII010).

Jlng BUpIIIEHHS MOCTaBJICHOI 3aJadi BHKOHAHO
KOXXHHM 13 m = 6 natunkiB 1-3@T omHakoBa KiIbKiCTh
BuMmiptoBanb (n = 30). [lami, 3a ymMoBaMH TecTy
KoxpeHa BHKOHYIOTBCS PO3PAaxXyHKH EMIIPUIHIX
gucnepciit  D,..Dy Ta mnopiBHIOEMO Haibinbmry 3
OTPUMAHUX JUCIEPCId i3 CyMOK ycix nucnepciii 3a
dhopmyIoro

D

G= Hax . ()
D, +D,+D3+D,+Ds+Dg

VY BuUnmaaky, sKmo 3HaueHHs y dopmyni (1)
BUABHUTHCS OINBIIUM 32 KPUTHYHE 3HAYCHHS, IO
oTpuMaHo i3 Tabauup TecT-kputepis Koxpena,
BiJIIIOBITHO 1O BCTaHOBJIEHOT'O PiBHS 3HAYYLIOCTI o,

TOAl BIJAMIHHICT MaKCHUMaJIbHOI 34 BEJIUYHHOIO
nucrepceii  Bi  IHIIMX € CYTTEBHUM 1 JATYUK
BB@XA€EThCS METPOJIOTIYHO HEHaMiHHUM 1 HOro

MOTPiOHO 3aMiHHUTH.

4. Pe3yIbTaTH HATYPHUX BHMIpIOBaHb
Temnepatypu Ha etanax TII

I'padix crnocrepexeHb 3a 3MIHOIO TeMIepaTypu
(10,0 £ 0,5) °C na erani «Pe3epByBaHHS Ta TO3piBaHHA
MOJIOKa) IPEJCTABICHO Ha puUC. 2.

I'padix crnocrepexeHb 3a 3MIHOIO TeMIepaTypu
(+71 +72)°C ma erami «IlocTepumizanis Ta
OXOJIO/PKEHHS MOJIOKa» MPEACTAaBICHO Ha pHC. 3.

I'padiuHe 300paxkeHHs CIIOCTEPEIKEHb 3a 3MIHOIO
Temneparypu y aianazoni (+33 +35) °C na erani
«3ropTaHHS MOJIOKa» MIPEICTABICHO Ha pHC. 4.

Puc. 2. I'padik BumiproBanss temneparypu 10,0 + 0,5 °C Ha
etari «Pe3epByBaHHs Ta 03piBaHHS MOJIOKa)

Puc. 3. I'padik 3minu Temnepatypu y aianasoni (+71 ...
+72) °C na etani «IlocTepuiizaiis Ta OXOJIOLKEHHS MOJIOKa»

Puc. 4. I'padix BUMiproBaHHs TeMIiepaTypH Ha eTarri
«3ropTaHHs MOJIOKa

I'padiune 300paxkeHHs CHOCTEPEKEHb 32 3MIHOIO
TemrepaTypu y mianasoui (+35 ... +40) °C wma erani
«®DopMyBaHHS CHpY» NIPEACTABICHO Ha puC. 5.

Puc. 5. I'padpik BUMiproBaHHs TemIepatypH y Aiamasoni (+35
... +40) °C na eramni «DopMyBaHHS CHPY»
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I'padiune 300paxkeHHs CIOCTEPEKEHb 32 3MIHOIO
temneparypu y miamazoni (+38 ... +40) 0C Ha erami
«IIpecyBaHHs cupy» MPEICTABICHO Ha pHC. 6.

Puc. 6. I'papix BUMiproBaHHsI TeMIiepaTypH y Aiana3oHi
(+38 ... +40) °C na erami «IIpecyBaHHs cupy»

I'padiune 300paxkeHHs CIOCTEPEKEHb 32 3MIHOIO
Temnepatypu y aianasoni (+8 ... +11) °C ma erani
«ITocoxn cupy» nmpeacTaBieHO Ha puc. 7.

Puc.7. I'padix BUMipIOBaHHS TEMIIEPaTypH Y Jiana3oHi
(+8 ... +11) °C na erani «Ilocoxn cupy»

5. Aucnepciiifanii  aHagiz 3a TecTOM

Koxpena

Heswmimeny  omiHky  jgucrepcii  pe3ynbTaTiB
6araropa3oBHX BHMIpPIOBaHb TEMIICPATypH Ha OCHOBHUX
eTanax TEXHOJOTIYHOrO  MPOLECY  BUTOTOBJICHHS

TBEPJOr0 CUPY BU3HAUYECHO 32 (POPMYJIOO

D, = ! i(ri—f)z. ®)

n=143

1. «PesepByBaHHA Ta J03piBaHHA

D, =0,085 (C°)

2. «Ilocrepwiizallis Ta OXOJOPKEHHS MOJOKa»
D, =0,12 (C%%

3. «3ropranHs Mosiokay Dy = 0,24 (C%)%

MOJIOKa»

4. «DopmyBanHs cupy» D, =0,3 (C°)%
5. «IIpecyBanns cupy» Ds = 0,29 (C%?
6. «Iocon cupy» D = 0,33 (C%)>.
Bignosinno 10 ¢opmynu (1) 3HaYeHHS cymH BCix
JIUCTIEPCIH TOPiBHIOE
G- 0,33
0,085+0,12+0,24+ 0,3+ 0,29+ 0,33

=0,242.

Kputnune 3HaueHHs BiaxuieHHs G npu J0Bip4ii
iMoBipHocti 0,95, umciny — CTYHEHIB  BUIBHOCTI
m =n—-1=6-1=5 Ta 00’eMy BubGipku m, =k=6,
BU3HAYCHO 32
Gy, =0,4447 .

tabmuuero  G-posnoainy Koxpena

Gy, =0,4447 > G =0,242.

Otpumane 3HaueHHS G € MEHIIUM 3a KPUTUYHE
3HAYCHHS GKp , BIJOBIMHO /O BCTAHOBIIEHOTO pPIiBHS
3HA4ymocTi o =0,05, OTXKe BiMiHHICTh MaKCHMaJbHOT
aucrniepcii Dg = 0,33 BijJ iHIIMX € HECYTTEBOIO 1 TATYUK

BBXKAETHCS METPOJIOTIUHA HA[IHHIM.

6. bBromxker HEBH3HAYCHOCTI It
TeMIlepaTYPHUX KaHAJIIB

Ha gamomy TII BiACyTHS  KOpemsiis  Mix
BelmguHAMH  [6], TOMy  CymapHa  CTaHAapTHa

HEBU3HAYCHICTD, sIKa BPaXOBY€E HASBHICTh HEBU3HAYEHOCTI
3a THmaMH A Ta B BHXiIHOI BeNMYNMHM BH3HAYAETHCS
BiAMOBITHO J10 anroput™My GUM 3a dopmyioro [7]:

()= ﬁufa) = 2O+ . 3)

CrangaptHa HEBH3HAYEHICTh
BUMIPIOBaHb 3a THUIOM A  BXigHOT

pe3yJbTaTiB

BEJIMYMHU  f;

PO3paxoByeTHCS 3a hopMyJIoro [§]

4)

u, (Z) =

J€ n; — KUIbKICTh CIOCTEPEXEHb NPOBEIEHUX HPH
BHMIPIOBaHHI f; .

CraHzapTHa HEBM3HAYCHICTH 3a THIOM B BXimHOi
BENIMYMHM 3aJICKUTh BiI amnpiopHoi iHpopmalii mpo

MIHJMBICTh BXiJHOI BEIMYMHM 1 BH3HAYAETHCS 34
dopmyoro [8]:
b-a
u, () =2=2, )
ai
Je o; — Koe®illieHT, 10 BiNOBifae MPHAHATOMY

3aKOHy PpO3MOAUTy Y CEepefinHi MEX HEBHUKIFOYECHOT
CHCTEMAaTUYHOI TIOXUOKH + (b - a) .

Bro/pkeT HEBH3HAYEHOCTI pPe3yJbTaTiB BUMIPIOBaHb
TeMreparypd IO eTalaM TEXHOJIOTIYHOIO  MpOIeCcy

BUTOTOBJICHHS TBEPAOTO CHPY TPEACTaBIeHO y Tal. 1.
o

I'panuni poBipuoro iHTepBamy Ay BHIAIKOBOT
MOXUOKH 004UCITIOTH 3a hopmyiioro [10]
o
Aﬂ:ikP'Goa (6)
A

ne kp — KBaHTHIIBHHIT KOS]IIi€HT TOBipH.
Hns  nosipuoi iimoBipHocti P =0,9973, a6o
99,73 % [10] bopmyna (6) mpuiiMae BUTIISI

o

Aog973 =% 3-6,. @)
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Tabnuust 1 — Bro/pkeT HEBU3HAYCHOCTI BUMIPIOBAaHb TEMIIEPaTypH
. Buwmipsine HeBusnaueHictsb 3a HeBusnaueHicts 3a CyMapHa cTaHIapTHa Posmmpena
BumiproBana . .
e 3HA4YCHHS, THUIIOM A, THIIOM B, HEBU3HAYCHICTD, HEBU3HAYCHICTD,
> OC OC OC OC OC
f 9,97 u(,)=0,053 u, (1) =0,255 U(t,)=0,51
0 71,50 u 4(t,)=0,063 u.(t,) = 0,260 U(t,) = 0,52
s 3422 u4(t)=0,089 u,(t;) = 0,265 U(t;)=0,53
ug(t)=0,25c
4 38,55 u ()= 0,099 u,(t,)=0,268 U(ty)=0,536
ts 39,27 u4(t5)=0,098 u,(t5) = 0,268 U(ts) =0,536
f6 9,50 u,(t5)=0,1 u,(ts) = 0,269 U(ts) = 0,538
EdexruBHe 4ncio cTeneHiB BUILHOCTI Ve = X
KoedirieHT oxoruieHHs k=2
JlocmipkeHHsT ~ BCTAHOBWJIM,  LIO  JAaTYMKH HA OCHOBHUX eTamax TII BHUTOTOBICHHS TBEPIOTO
TEMIIEpPATYpH Ha yCiX eTamnax TeXHOJIOTIYHOTO MpoIecy  CHPY, IO J03BOJIMIO MPOBECTH AUCHEPCIHHMN aHai3
BUTOTOBJICHHS ~ TBEpAOTO CHPY € MeTposoriuHo  3a tectoM KoxpeHa cepiii criocrepexeHb, SIKUil OBIB,

HaﬂiﬁHHMH, TOOTO BI/IHaZ[KOBi MTOXHOKH BI/IMip}OBaHHH BUKOHAHHS YMOB HC II€PEBUIICHHA KPUTUYIHOI'O
3HAYCHHA 3a BKa3aHUM TECTOM. OTpI/IMaHI/Iﬁ pe3ysbTart

HE MEpPEeBUIIYIOTh BCTAHOBJICHE 3HA4EHHS *1 Cc’ i3 i
MiATBEPAXKYE, IO NATIYUKK Temrepatypu tumy 1-30T,

iMmoBipHicTio P = 0,9973.

SKi BUKOPHCTaHI Ha mectd pmimsHkax TII, €
7B MeTposiorivHo  HagifiHumu.  CkiaseHo — OroJUKeT
- DHCHOBKH HEBM3HAUYEHOCTI  3a  KaHaJlaMH  BUMIpPIOBaHHS

TeMmnepaTypH. BumaakoBi MOXHOKH BHUMIpIOBaHHS IO
TeMIepaTypHUM KaHajam HE MEPEBUIIYIOTh
BCTAHOBJICHE 3HAYCHHS i3 iMOBipHicTIO P = 0,9973.

Po3pobiieHa CTPYKTypHa cXeéMa BHMIipIOBAIBHOI
CUCTEMH  JUIsI  BUPOOHMITBA  TBEPAOr0  CHpPY
OnpanpoBaHO pe3y/bTaTH BUMIPIOBaHb TEMIEpaTypH
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METROLOGICAL RESEARCH OF THE MEASURING SYSTEM FOR THE DAIRY INDUSTRY
L.V. Hryhorenko, S.M. Hryhorenko, S.V. Lyska, D.V. Khrol

Abstract

To ensure control of technological process parameters in the dairy industry, it is necessary to use measuring systems that
will make it possible to measure all the main technological parameters, accumulate statistical information, and analyze the data
obtained in order to maintain high quality of the products being manufactured. The work has developed a structural diagram of a
measuring system that is able to control the technology of hard cheese production at the main stages: «Milk storage and
ripeningy, «Milk sterilization and cooling», «Cheese formationy», «Cheese pressing», «Cheese transfer», «Cheese ripeningy.
Thanks to the implementation of the developed measuring system, the results of temperature measurements at six stages of the
technological process of hard cheese production were obtained. Thanks to the analysis of variance, the metrological reliability of
temperature sensors was checked. An uncertainty budget was compiled and confidence intervals for random measurement error
were established.

Key words: measuring system, sensor, temperature, variance analysis, uncertainty.
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YIOCKOHAJIEHHSI IHOOPMALIITHO-BUMIPIOBAJIBHUX CUCTEM
OBJIKY IMPUPOIHOI'O I'A3Y HA 3ACAJJAX EHEPTETUYHOI
IIHHOCTI

0.€. Cepemtok, M.B. Cmarrok

leano-Dpanxiecokuil HAYIOHANLHUTI MEXHIYHUL YHIgepcumem Hagmu i 2a3y, m. leano-Ppankiecvk, Yrpaina

AHoTanist

BukoHaHMil aHaNi3 HOPMATUBHUX NOKYMEHTIB YKpaiHH, SKi PErJIAMEHTYIOTh aKTyalbHICTh OOJIKY IPHUPOIHOTrO rasy B
OJIMHHUIISIX eHeprii. Po3risiHyTi cyuacHi migxoam Ao peanizamii iHpopmauniliHo-BumiproBanbHux cucteM (IBC) oGuucienus
00’eMy NPHUPOJHOrO ra3y 3 KOHKpeTH3alielo ix HenouikiB. OXapaKkrepu3oBaHi 0COOIMBOCTI po3pobieHoi uenTpanizosaHoi IBC
300py JaHMX 3 By3qiB OOJiKy rasy Ha 0asi po3poOyieHoro mporpamuoro kommiekcy «Bee-UGVy». Bukiameni koHueriii
TexHiuHOi peaumizauii ctBoperoi B AT «Ykpra3sunoOysanus» IBC npu BH3HaueHHI 00’€My, TEIIOTH 3TOPSHHS Ta €HEpril
HIPHPOIHOTrO ra3y B OfHiil 00 JEKIIBKOX TOYKaxX 3a MapIIPyTOM ra30I0CTaYaHH.

Karouosi cioBa: indopmaniiiHo-BUMiploBalbHa CHCTEMA, IPUPOJHUM Ta3, 00’ eM,

MIPOrpaMHUN KOMIUIEKC.

1. Beryn

T'a3oBa mpomucioBicTh YKpaiHU BiIHOCUTBCS 10
YHClla IPAKTUYHO HAWIOTY)XHIMIKMX Y CBITI 32 00csirom
MOXUIMBOCTI TpaH3UTy Ta 30epiraHHs OJaKUTHOrO
najguBa, a TaKoK € OfHI€I0 3 HaAWOIBIIMX B
KOHTHHEHTAJIbHIH €Bpori 3a o0csraMu HOro BIacHOIO
BUioOyTKy Ta posmoxiny. HesBaxawouum Ha e,
CBOTOJIHIIIHIN CTaH eKOHOMIKM YKpaiHM BHMarae
paLioHATEHOTO BHKOPHCTAHHS HaJHBHO-EHEPreTHYHUX
pecypciB, cepen SKUX NPUPOAHUMN Tra3 3aiiMae diIbHE
Mmicme y ©OaratbOX HampsIMKax HOro KiHIIEBOTO
CHOXHMBaHHA. 3a gmaHuMu  JlepkaBHOi  ciyxOu
cratuctukn  Ykpainm 'y 2020 pomi CHOXHBaHHS
po3noAiIsIIoCs: MPOMHUCIOBICTE — 21,3%, TpaHCcOpT —
5%, KOMyHalIbHO-IOOyTOBHH cekrop — 56,5%,
HeeHepreTuuHe BHUKopuctaHHa — 17,2%. Ilpu mpomy
eHepreTHyHuil OanaHc Ykpainu B 2020 poui cTaHOBHB
6nmu3bKo 29,3 mupa. KyO. meTpiB. Xoua Ha TenepilHii
BOEHHHMI 4Yac AaHAJOTI4HI JaHi BIiJCYyTHi, OJHAK
aKTyaJbHICTh  NPAaBWIBHOTO 1  TOYHOTO  OOJIKY
MPUPOHOTO ra3y He 3MEeHLIMIacs.

ToMy BHpilIEHHS 3aBIaHb €KOHOMIi HPUPOIHOTO
razy i3 3aCTOCYBaHHSIM Cy4YaCHUX METOJOJOTITHIX
MiAXOMIB 70 HOro oOIiKy € aKTyaJlbHOK HayKOBO-
MPAaKTUYHOIO 3aayero, sika Mo)ke OyTH BHpillleHa Ha
0a3i  3ampoBa/UKEHHS  CydacHMX iH(popMauiiiHo-
BUMIPIOBAJIBHUX CHCTEM OOJIIKY MPHPOJJHOTO Tasy.

BusHaueHHs oOCSriB  HpUPOJHOrO ra3y mpu
BUI00YTKY, TPaHCIIOPTYBaHHI, pO3MOaiIi Ta 30epiraHHi
Ha JaHWP 4Yac 3MIACHIOETBCA B OJHMHUIIX 00’eMy, a
BHU3HAYECHHS SKOCTI rasy BifOyBaeThCs Ha
razoBuMiproBaibHuX cranuisgax (I'BC) i mynkrax Bumipy
Butparn razy (IIBBI) mnpu iforo mnepemadi Mix
Cy0’€KTaMU PUHKY IIPUPOTHOTO Tasy.

e B 2021 poui B YkpaiHi OyJn0 HNPUAHATO psif
HOPMATHBHUX JIOKYMEHTIB 3 METOI BH3HA4YaHHI

eHepris , (i3uKo-xiMiuHi HapameTpH,

BHYTPILIHBOMY PHHKY J10 HOTO IapaMeTpiB Ha MUTHOMY
KOpAoHI  YKpaiHM 3  JepkaBaMH -  YJICHAMHU
€Bponelicbkoro Coro3y, 110 € HepeyMOBOIO iHTerpaii
PHUHKY OpUPOJHOro Trasy VYKpaiHM 3  pPHHKOM
IPUPOAHOTO razy €Bpormneiicskoro Coro3y.

OCHOBHUM JOKyMEHTOM CTaB 3aKkoOH YKpaiHu
Nel850-1X «IIpo BHeceHHs 3MiH O JCAKHUX 3aKOHIB
VYkpaiHu 100 3apoBaPKEHHS HA PUHKY MPUPOJIHOTO
rasy oOJiKy Ta pO3paxyHKiB 3a 00cirom rasy B
onuHHULAX eHeprii» [1], skuii mependavae mepexia Ha
o0JIIK NPHPOAHOrO ra3y B OIMHHIIX €Heprii Ta 3a
3MiHEHHX CTaHAapTHUX YMOB. 3aKOH mependayae
nepexig Ha METOAUKY OOYHMCIEHHS KiIBKOCTI razy B
KiJIOBaT-roMHAaX 3aMiCTh KyOOMETpiB 3a CTaHAAPTHHUX
YMOB.

CtaHOM Ha  CHOTOIHIIIHIH  J€Hb  METOIH
BU3HAYECHHS KUIBKOCTI MPUPOAHOTrO rasdy B OJUHULAX
eHeprii onucaHi B HOPMATHBHUX AOKyMeHTax [2-5]. B
HHX 3alpOIIOHOBAHO BH3HAYATH KUIBKICTH €Heprii, mio
MICTUTBCS B  3aJaHii  KIIBKOCTI Ta3zy, MLUISAXOM
MHOXEHHS TEIUIOTH 3TOPSHHS IbOro razy Ha HOro
00’eM 3a JIBOMa CHOCOOAMH: HUISIXOM BHMipIOBaHHS
eHeprii abo nuaxom il BuU3HAuUeHHs (OOYHUCIICHHS)
3rigHo [5].

Ha nanuii yac B mIpOMHUCIIOBUX yMOBAax BiJCYTHS
MOJXJIUBICTH  IIPSIMOTO BUMIpPIOBaHHS  €Heprii
npupoAHOro razy. ToMmy KiJdbKicTh HoOro eHeprii
BHM3HAYAETHCS IUIAXOM obOuucienHs. Lle minkpeciroe
HEOOXIIHICTH MO JAJILIIOTO TOCHTIKEHHS
iHdopmauiiiHo-BuMiptoBaibHux cucrtem (IBC) mns
MPaKTHYHOTO BHUpILICHHS 3aBJaHb 001Ky
MPUPOJHOTO ra3y B OJAMHUIAX EHEprii i NOCATHEHHA
MpH IbOMY MiJBHUIIEHHS TOYHOCTI 1 JOCTOBIpHOCTI
TaKoro O0IIKY.

Meto10 cTaTTi € PO3pOOIEHHS YIOCKOHAJIEHOI
IBC o6niky npUpOAHOro rasy B OAWHHULAX EHEprii

BapTOCTI MPHPOIAHOTO Tra3y BUXOIAYM 3 mapamerpip  UUIIXOM  3aCTOCYBaHHA  HOBHX iH(opMmauiiHuX,
HOro sIKOCTI SIK TOBapy (€HepreTW4Hoi IfiHHOCTi) Ta ~ TCXHIYHHX 1  KOHHCNTYaJbHUX  IIAXOMIB UL 11
NMpPUBEJCHHS  MapaMeTpiB  MPHUPOAHOrO rasy Ha  Ppeamsalil
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Puc. 1. Cxema ¢ynukuionyBanns IBC nHa 6a3i «Bee-UGV» 3 Bu3HaueHHs eHepril Ta 0OMiHy JaHUMU

2. BukJjaa 0CHOBHOT0 MaTepiajy

OOuucieHHst eHeprii 0a3yeTbcss Ha OKPEMOMY
BHUMIpIOBaHHI 00’€My a00 Macu HpPUPOJHOIO rasy Ta
HOTrO TETIOTH 3ropsiHHS. 3TiAHO [5] KUIBKICTH €Heprii,
IO MICTUTBCS B 3aJaHiil KUIbKOCTI Ta3y, BU3HAYaAIOTh
MHOXXEHHSIM TEIUIOTH IOro 3ropsHHS Ha BiIHOBiIHY
KUJIBKICTB rasy.

OCHOBHMMH [TOKYMCHTaMH, SIKi pEriaMeHTYIOTh
(GYHKI[IOHYBaHHS ra3oTpaHCIOPTHOL CUCTEMH,
ra30pO3NOAUTEHEX CHCTEM, 'a30CXOBHIL Ta BCIX 1HIIUX
cy0’€eKTIB PUHKY NIPHPOJHOTO rasy, B TOMY YHCIi i B
MUTaHHI OCOONMBOCTEH OOJIKY NPUPOIHOTO Trasy, €
Kogekcu [2-4]. B mux NOKyMeHTax TakoXX 3a3HAYCHO
crnocoOu OOYMCIICHHS eHepril JHIIe NUIIXOM OKPEMOTro
BUMIpIOBaHHA 00’€My TNPHPOJHOTO Tra3y Ta Horo
TEIJIOTH 3TOPSHHS.

3a BuzHauenHsM JICTY EN 1776:2014 [6], ans
BUKOHAHHS  JIOCHTIJPKYBaHOTO  BHAY  BHUMIPIOBaHb
BHUKOPHCTOBYIOTh BUMIPIOBAJIbHI CHCTEMH KIJIBKOCTI
NPUPOAHOTO Ta3y Ta BHUMIPIOBAIBHI CHCTEMH SIKOCTI
MPUPOIHOTO razy.

Jlisi BUMIpIOBaHHS KiJBKOCTI MPHUPOAHOIO Tasy
IPU TPAHCIIOPTYBaHHI Ta PO3MOiIi BUKOPHUCTOBYIOTHCS
IIBBI, sKki 9acTO HOCATH Ha3BY BY3I]iB 00JIKY ra3y.

3rifHo BU3HAYeHHS TEXHIYHOIO periJaMeHTy
3aKOHOJABYO PEryJbOBaHHX 3acO0iB BHMIpPIOBAIBHOI
TexHikH, 3atBepmxkeHoro IlocraHoBoro  KabGiHery
MinictpiB Ykpainu Bing 13 ciunst 2016 p. Ne 94, TIBBI'
BU3HAYAIOTHCS SIK «aBTOMATH30BaHI CHCTEMH KOHTPOIIIO
i oOJiKy eHEpreTMYHHX 1 MaTepialbHUX pPEecypciB
(emexTpuyHOi 1 TemIOBOI eHeprii, ra3y, BOIW,
HaTOMPOAYKTIB, TOIIO) VIS EIEKTPOHHHUX CHUCTEM abo
CHCTEM, IO MICTATH IPOTPaMHHI MTPOIYKTY.

BumMiproBanbHi CHCTEMH SIKOCTI MPUPOIHOTO raszy
BHU3HAyatoTh  (i3uko-xiMiuHi  nokasHuku  (DXII)

MPUPOTHOTO Trasy, sKi € He TUIbKH HOro sKiCHOH
XapaKTepPUCTUKOIO, a TAaKOX HEBiI'€MHOI0 YaCTHHOIO
MpoIiecy BU3HaUeHHs 00’ eMy Tazy.

OCHOBHI KOMIIOHEHTH HPHPOIHOTrO Tasy, II0
BHOCATBCS 10  OOYMCIIOBAdiB  Ta  KOPEKTOPiB
NPUPOJHOTO Tazy Juidi IHOro TNpHUBEAEHHS IO

CTaHAApPTHUX YMOB - I'YCTHHA, BMICT TIOKCHY BYTJIEIIO
Ta a30Ty. 3Ha4YeHHS IUX KOMIIOHEHTIB BH3HAYalOThCS
METO/IOM Ta30Boi xpomartorpadii, 3a JaHUMH SKOi
TaKOXX PO3PAXOBYEThCS 3HAUCHHS TEIUIOTH 3TOPSHHS
npupoHoro rasy 3rigao JICTY ISO 6976:2009 [7].
Omxe, sk 0auMMO 3 HABEIACHUX BHILE MaTepiaiiB,
CTaHOM HAa CHOTOJHINIHIA JEHb JyKe€ CKJIAJHO
3a0e3neunTH OOYMCIICHHS KUIBKOCTI TPUPOJHOTO Ta3y
ICHYIOUMMH BHMIPIOBAJILHUIMU CHCTEMH KUIBKOCTI Ta
SIKOCTI, SIKI PO3POOJSNIMCSA Ul BHUMIPIOBaHHA 00’eMy
MpUpOHOTO ra3y. LIboMy 3aBaxae Tpu CYTTEBUX (HaKTOPH.
Tlepumii, e obuucmroBaui, Burorosneni no 2021
POKY, SIKi HE MArOTh MOXJIMBICTH OOYMCICHHS KiJBKOCTI
MPUPOIHOTO ra3dy B OJMHMILIX CSHEprii Ta 3a 3MIHEHHX
CTaHIapPTHUX YMOB. Ix samina um MOJIEpHi3allis Ha BCiX
TOYKAaX IpUiIMaHHS-NIEpEaBaHHS IIPUPOJHOIO  rasy
razoBoi  MPOMHMCIOBOCTI ~ YKpaiHM  moTpeOyBaTuMe
3HaYHKX (PiHAHCOBHX 3aTpaT. | 116 He BUPILINThH MUTAHHS
MaJINX Ta MOOYTOBUX CIIOKHUBAYIB IPUPOTHOTO razy.
JpyruM  QakTopoM € BIACYTHICTD METOIUKH
MOBIPKH X OOYMCITIOBAYiB ISl BU3HAUYCHHS KiJIbKOCTI
NPUPOAHOTO Ta3y B OIWHMIMX EHEprii, 1o MOxe
NPUBECTH JO HEMOXIJIMBOCTI OTPUMAaHHS HEOOXiTHHX
JOKYMEHTIB JUI BBEICHHS [IUX OOYMCIIIOBAYIB Y CKIAi
BUMIPIOBAJILHUX CUCTEM B KOMEPLIHHY €KCIUTyaTallifo.
Tperiii  Qakrop — 1€ HEBPEryJIbOBAHICTh Ta
BIZICYTHICTh  yHiikamii MapupyTiB MOCTaYaHHS
npupoaHoro razy 3 ganumMu  OXII, a Takox
PO3TanyKeHICTh Ta CKJIaIHICTh FA30BUX MEPEK.

© 0O.€. Cepemox, M.B. Cmarmok, 2025
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HaiimpoctimuM Ta  HaiiiemeBIIUM  pilICHHAM
BOauaeThes ymockoHajeHHs IBC o06iniky mpHpOIHOTO
rasy B OJMHHISIX €Heprii 3a JONOMOTOI0 IPOTrPaMHHUX
komiuiekciB (ITK) aBTromatuzoBaHoro 300py HaHHX 3

BUMIpDIOBAILHUX ~ CHUCTEM  KIJIBKOCTI  Ta  SIKOCTI
MIPUPOJHOTO rasy.
3acrocyBanas IIK  nmo3BomuTs  3abe3neduuTH

omepaTHBHUI 30ip JaHWUX TPO KIJBKICHI Ta SKICHI
MOKAa3HUKU MPUPOAHOIO Tra3y, JacTb MOXJIMBICTb
MOJICIIIOBATH CKJIaJ(HI Ta30B1 Mepexi 3riZHO MapuIpyTiB
MEPEeMIIlICHHsT MPUPOJHOrO Tra3dy Ta IEHTPalTi30BaHe
BiJiIaJicHe OOYMCIICHHS KiJIBKOCTI MPHUPOJHOrO rasy B
OJIMHHUIIX CHEeprii.

3 BpaxyBaHHAM LBOTO B AT
«YKkprazsuio0yBaHHS» PO3pOOJICHO IIEHTpali30BaHy
iH(pOpMaLiiiHO-BUMIpIOBaJIbHY CHUCTEMY 300py JaHUX 3
By31iB 00Ky [9] Ha 0a3i MpOrpaMHOro KOMILICKCY
«Bee-UGV» [10] (ckopoueno IIK «Bee-UGV») (puc.1).

Ha nanwmit yac [IK «Bee-UGV» mae mpomuciose
3actocyBanHss B AT  «Ykpra3sBunoOyBaHHA»  Ta
3abe3neuye:

1. ABromaTtuuHuil Ta pyuHuid 30ip iHpoOpMarii 3
I[IBBI', aBTOMaTHMYHMX TIOTOKOBHX 1 JabopaTopHHX
npunaziB BuzHaueHHs OXII mpupoaHoro rasy.

2. 36epiranns orpumanoi inpopmarii B 6a3i 1aHUX
Ta MOXJIMBICTH OTPUMYBATH I CyMDKHHMH CHCTEMaMH
Ta KOPHCTYBaYaMH.

3. ABTOMaTnHYHE Ta pydYHE BHECEHHS OTPHUMaHOI
inpopmanii npo ®XII npupoxHoro rasy Bij NMpuiajaiB

BusHaueHHss DXII no obuucioBauiB Ta KOPEKTOPIB
BUTPATH IPHPOTHOTO Tasy.

4. ABroMaTHuHe OOYHCICHHS 00’ €My PHUPOIHOTO
rasy 3rigao JICTY 9231:2023 «JliunnbHUKK ra3y
noOyToBi. MeToa nepeTBOpeHHs BHUMIpSHOro 00’emy
MIPUPOTHOTO ra3y 0 CTAHAAPTHUX YMOBY.

5. ABTOMaTH4HE 004HCIIeHHs KITBKOCTI
MPUPOAHOTO ra3y Ha MiJCTaBi 3HAUSHHS BHILOI TEIIOTH
3rOpsIHHS, OTPUMAaHOI BiJ MOTOKOBUX Ta JaOOPAaTOPHUX
NpWJIaAiB BU3HAYEHHS $IKOCTI NPHPOJAHOrO Tasy, Ta
3Ha4YeHHA 00’€My NPHUPOAHOrO Ta3zy, OTPUMAHOrO Bij
o0uuncIoBayis, KOPEKTOPiB Ta JIYMIIBHUKIB
MIPUPOJTHOTO razy.

6. ABTOMaTHYHE BU3HAUYEHHS TEMIIEPATypH TOUKU
POCH 3a BOJIOTOIO Ta BOJIOTOBMICT MPUPOJIHOIO rasy 3a
abcomoTHOTO THCKY 3,92 MI]a.

Hanwmii [TIK no3Bomsie 3abe3meuyBatu 0OYUCICHHS
MPUPOIHOTO Ta3y SIK B OJHIN TOYII, 32 YMOBH HasBHOCTI
Ha [IBBI" moTokoBux npuiani Busnadenns OXII, tax i
LIEHTpaIi30BaHe, BifalicHe, MUCTAHI[IHE OOYUCIICHHS
KUJIBKOCTI HPUPOTHOTO ra3y B OAMHHIMIX €Heprii 3a
YMOBU BHU3HA4Y€HHSA TEIWIOTH 3ropsHHs 1 [IBBT
XIMiKO-aHAII THYHUMH naboparopisiMu Ta
MpUIKHCYBaHHs ii 3rigHo Mapupyty OXII.

Konuenuist TexHivHO1 peanizatii po3poodnenoi IBC
i3 TIK «Bee-UGV» npu BU3Ha4YeHHI 00’€My, TEIUIOTH
3rOpSIHHS Ta eHeprii B OAHIM ToYWi MapiupyTy Ipu
BusHaueHHi OXII XiMiko-aHATITHYHOIO JTabopaTopiero
HaBeJleHa Ha puc. 2.

Puc. 2. Cxema ¢ynkuionyBanss IBC ais 0HOT TOYKM MapIIpyTy OPUPOAHOTO ra3y

Konuenuist TexHiuHOI peanizauii po3pobneHoi IBC
i3 K «Bee-UGV» npu 3ailiCHEHHI mOCTauaHHA

MPUPOJHOTO Ta3y 3a MapuIpyTOM 0araToTOYKOBOTO
kxoHTposto OXII HaBenena Ha puc. 3.
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Puc. 3. Cxema Bu3HaueHHs 00’ €My, TEIUIOTU 3TOPSHHS Ta €HEPTil IPUPOIHOTrO ra3y 3a MapIIpyTOM Ul JEKiIbKOX TOUOK

3. BucHoBKkH XapaKTepU3y€e  HOBU3HY  TEXHIYHOTO  pilICHHS

. ynockonanenns IBC.

Po3pobmena uentpamizoBana IBC 3abesmeuye Jampixn  peamisaii B yjockomanemili  TBC
0.6HiK .npnpom-[oro rasy B OJMHMISX EHeprii, 1o nporpamMHoro  komrmiekcy — «Bee-UGV»  Bmamocs
BIANOBIAA€  CydacHUM  HOPMATHBHHM — IOKYMCHTaM  apromarnsyBaTH IpoLec aBTOMAaTHIHOTO 300y HaHHUX 3
Yipaitn y nii cpepi. iHpopMaIiHHO-BUMIPIOBAaJIbHUX CHCTEM KiJIBKOCTI Ta

Hasmicte y ckmagi  IBC  mporpamHOro  gxocri TIPUPOTHOTO Ta3y Ta aBTOMATHU3yBATH IIPOIEC
koMmmiekcy «Bee-UGV», 3axuuieHoro cpizonTBoM PO3paxyHKy NPHPOIHOTO Tasy B OAMHHISX EHEprii i
NP0  PEECTpalilo  aBTOPCHKOTO TMpaBa HAa TBIP,  oOMiHy iH(pOpMALI€I0 HA PHHKY IIPUPOIHOTO razy.
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Improvement of information and measurement systems for natural gas accounting on the basis of energy value
0.Ye. Serediuk, M.V.Smahliuk

Abstract

The analysis of regulatory documents of Ukraine regulating the relevance of natural gas metering in energy units is carried out.
Modern approaches to the implementation of information and measuring systems (IMS) for calculating the volume of natural gas are
considered, specifying their shortcomings. The features of the developed centralized IMS for collecting data from gas metering nodes
based on the developed software complex "Bee-UGV" are characterized. The concepts of technical implementation of the IMS created
in JSC "Ukrgazvydobuvannya" for determining the volume, calorific value and energy of natural gas at one or more points along the gas
supply route are outlined.

Key words: information and measuring system, natural gas, volume, energy, physicochemical parameters, software complex.
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10. B. Xowmsx, T. B. Ipo3nosa, I. K. Kopues, M. C. Hockos

Hayionansnuii mexniunutl ynisepcumem «Xapkiecokuii nosimexiunui incmumymy, Xapkis, Yxpaina

AHoTanisn

VY cTaTTi HpeiCTaBIeHO pPe3yNbTaTH TEOPETHYHOIO IOCIIDKCHHS B3aeMoAil BHXOpOCTpyMOBoro mepersoproBaga (BCII) 3
(hepOMarHiTHUM 3pa3KoM, IIO MICTUTh IIOBEPXHEBY TpIllMHY. AKTYyaJbHICTb DPOOOTH 3yMOBJIEHa HEOOXIIHICTIO ITiIBHIIEHHS
JIOCTOBIPHOCT] Ta CEJNEKTHBHOCTI BHXOPOCTPYMOBOIO HEPYHHIBHOIO KOHTPOJIO METAIEBHX BUPOOIB, OCOOIMBO Yy BHIAJKaxX, KOJIH
wiacuuHi BCIT neMOHCTpYIOTh HM3BKY CTIHKICTB [0 BIUIUBY 3MiH 3a30py, MAarHiTHOI IPOHHKHOCTI Ta €JIEKTPOIPOBITHOCTI 00’€KTa
KOHTpOJTO. {7151 yCyHEHHs IMX HEJOJKIB aBTOpaMHU pO3pO0JICHO OPTOrOHAIBHUI BUXOPOCTPYMOBHIA IIEPETBOPIOBAY, SIKHH 3a0e3medye
IPOCTOPOBE PO3JIiIeHHs (yHKLIH 30y[KeHHS Ta peecTpauii cHrHay. 3alpoloHOBaHO MareMaTHuHy Mojenb Biaemonmii BCII i3
MOBEPXHEBOIO TPIIIMHOO, II0 BPaXOBY€E MOBEPXHEBHIl XapakTep BHXPOBUX CTPYMIB Ta iX Opi€HTalit0 B3IOBX Aedexty. Y momeni
0OMOTKHM TIepEeTBOPIOBaYa MOJAHO Y BHUIVIAAL i/leali30BaHMX IPOBITHUKIB, IO JIO3BOJISIE AHANITUYHO OIMCATH BIUIMB I€OMETPHYHMX
napametpiB BCI i 3pa3ka Ha BuxigHuit curtan. OTpruMaHo 3ae)XHOCTI aMILTITY M CUTHAJTY BiJl KyTOBOTO MOJIO>KCHHS [IEPETBOPIOBaYa,
po3mipy TpiuwHy, 3a30py Mik BCIT i moBepxHeto, a TakoK BiJl CITIBBIIHOLICHHS pO3MIpiB 30Y/IKyBajbHOT Ta BUMIPIOBATEHOI O0OMOTOK.

Kiwou4oBi cioBa: BUXOPOCTpYMOBHI MEpETBOPIOBaY, BHMIipIOBalbHa OOMOTKa, aedekT, (epoMarHit, maremMaTHiHe
MOJICIIOBAHHS, TPII[MHA, KOHTPOJIb EJICKTPOMArHiTHa MPOHUKHICTh, TEOMETPHUYHI TApaMETPH.

1. Beryn

CyuacHi BUXOPOCTPYMOBI nedexrockonu
HepEeBaKHO OCHaIIIeH] BHUXOPOCTPYMOBUMH
neperBoproBauamu (BCII), siki oHOUaCHO pearyroTh Ha
MOYaTKOBE EJIEKTPOMArHiTHE TI0Jieé Ta Ha MOJe,
3yMOBJICHE HAsBHICTIO Ae()EKTIB, — TaK 3BaHI «KJIACHYHI
BCII» [1,2]. Taki mnepeTBOproBadi BHKOHYIOTH JBi
OCHOBHI (YHKILII: CTBOPIOIOTH 30y/DKyBajlbHE TIOJIE Ta
3MICHIOIOTh ~ PEECTPALlil0  BHXPOBUX CTPyMiB Yy
KOHTpOJIbOBaHOMY  00’ekti.  OpmnHak 00’ emaHaHHS
npoueciB  30y/[pkeHHS i BUMIpIOBaHHS B OJHIH
KOHCTPYKINi He 3aBXIU € TepeBarow. Y OifbLIOCTi
BUIAAKIB 1€ HEIONIK, OCKUIbKM He  JO3BOJISE
ONTUMAJBHO PO3TAIyBaTH BHUMIPIOBAIbHY OOMOTKY
BITHOCHO JpKepena 30yIKEeHHs, 0 MOTJIO O IiJBHIIUTH
CEJIEKTHBHICTH MeTony [3].

3 METOIO I IBUILICHHS e(eKTUBHOCTI
BHXOPOCTPYMOBOI JeeKToCcKoii MeTanoBUpOOiB
aBTOpaMH OyIo CTBOPEHO OPTOrOHAJIBHUN
BHUXOPOCTPYMOBHH TepeTBopioBad [4]. Bukopucranus

TaKOro IPUCTPOIO @€ MOJMKIMBICTH OTPHMATH OiNbII
JIOCTOBIpHY ~ iH(pOpMalilo 1po AedeKTH, OAHOYACHO
KOMIIEHCYIOUH BIUTMB HeOakaHNX (haKTopiB: 3MiHH 3a30pY,
MarHiTHOI ~ NIPOHHWKHOCTI ~ Ta  EJEKTPOIPOBITHOCTI
KOHTpPOJIOBAHOTO 00’ €KTa TOLIO.

Mera cTaTTi — JOCHIIKEHHS MaTeMaTU4HOL
MOJIeJIi B3a€EMOIii BUXOPOCTPYMOBOTO IE€PETBOPIOBAYA 3
(hepOoMarHiTHUM 3pa3KoM i3 TPIIIUHOTO.

2. BukJjaJ 0CHOBHOI0 MaTepiaiy

Jnst  MaTeMaTHYHOro OmMCY mpoleciB  Oyio
3anpornonoBaHo Mojenb B3aemoii BCII 3 06’ extom, 1110
MICTHUTh MOBEPXHEBY TPILIMHY.

VYV Mexax 1€l Mozeni BBOMSTECS TNPHITYIICHHS Ta
OOMEXEHHS: BHUXpOBI CIpyMH B Marepiani MarTh
TIOBEPXHEBHH XapaKTep Ta NMepeBaKHO OPIEHTOBaHI B3IOBXK
nepexry. TakuM YMHOM, TpIIMHA PO3IVIANAETHCS SIK

BI/IPI30K 17I€aJTbHO TOHKOTO TIPOBIHKKA, TI0 SKOMY IPOTIKa€e
ctpyM. OOMOTKM TI€peTBOPIOBaYa y MOAENI MOIAFOTECS Y
BUIJISTI HECKIHYCHHO TOHKHX MPOBITHUKIB, KOHTYPHU SIKHX
BiITBOPIOIOTH (popMy BUTKIB (puc. 1).

B poGoti [8] 3milicHEeHO TEOPETUUHMI aHAII3
(GYHKLIOHYBaHHS ~ HAKJIAJHOTO  TPaHC(OPMATOPHOrO
BUXOPOCTPYMOBOTO  IepeTBOptoBaya. [lokasaHo, 1110
BuxinHa Hanpyra BCIT Bu3HauaeThCst sIK QyHKIIS JOOYTKY
B3a€MHHUX 1HIYKTHBHOCTEH HOro OOMOTOK 3 00’€KTOM
kontporo (OK).

2z

b1 b

\7Q\

—

—_
V —
= -

7

¥,

a — HIDKHSI JIUISTHKA 30y/KyBajIbHOT OOMOTKH; b — HYKHS
JISHKAa BUMIPIOBaJIbHOI 0OMOTKH; a1 — GiuHa CTOpOHa
30y mxKyBabHOI 0OMOTKH; b1 — GiuHA CTOPOHA BUMipIOBAJILHOI
00MOTKH; @’ — BepXHsl JUISTHKA 30y KyBaJIbHOI 0OMOTKH;
b’ — BepxHs IiIHKAa BUMIPIOBAIBHOI 0OMOTKH; € — Ne(heKT;
X, Y — KOOpJJHHATHU IPOEKIii IEHTpaIbHOI YaCTHHU
nepeTBopIoBaya; h — BiicTaHb MiXK IUIOIMIUHOIO Ae(eKTy Ta
MIEPETBOPIOBAYEM; (@ — KyT MK IepeKTOM 1 JIISTHKOIO
30y UKyBaIBbHOI OOMOTKHI

Puc. 1. Po3paxynkoBa mozeins B3aemozii BCII i3 TpinuHOH0O
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2 2 2 2 2.
U :f(MIZ 'Mzz)a (1 Kee _Dlzm +D21m _Du(,(. _Dzzm.’ (®)

Ae U- CHTHAJl BUMIPIOBAITLHOT oOMoTKH; M2 — B3aeMHa 242 ( Dzz1 _ D121 _ Cz) + kjc ( Dlz2 _ D121 _az)
IHOYKTHBHICT MDX 30y/UKyBaJIBHOIO OOMOTKOIO Ta A = — :(9)
o6’ektrom  komtpomo (OK); M, -  B3aemHa 4cta” —k,
IHIYKTUBHICTb MIXK BuMlpfOBe.mbHO%o"06M0TK(.)ko ta OK. 202 ( Dlz2 _ D121 g ) n kazC ( Dzz1 _ D121 _ Cz)

3 momepenHboro aHamizy uie€i mozmeni (puc. 1) Y, = « T « ; (10)
BUIUIMBAE, 100 OivHi [iIAHKK 30y/UKYBalIbHOI Ta 4cta” —k,
BI/IMipEOBa.JleO’l' 061\{[0TOK. (a1 1 by) MaoTh  HyJIbOBY X, :le te Y, =Y, T4 (11)
B3a€MHY IHIYKTHBHICTh i3 Je(EKTOM, OCKIIbKH BOHH
Opi€HTOBaHi MEPNEHAMKYISIPHO 10 Hporo. Tomy 4 =arctg %, th, T, tg(p +arctg %o, TV, Th0, tg(p
NOJANbIIUA  PO3JIAN  30CEpeMMO Ha  B3aEMHHX “ h 2 h 2
iHIyKTUBHOCTSIX M., M., M., M}, ninsHok a, a’, b, X +y n +Y
b’ 3 nepexrom c. Tomi _arag[lz}z”g(;} arctg[ZIh‘"tg ] (12)

M,=M,-M,  My,=M, -M,, )

a'e?

BusHaunmo 3a3HaueHi B3aeMHI IHIYKTHBHOCTI 3a
METOAMKOW  [9], BHKOPUCTOBYIOUHM  TI'€OMETPHYHI
napamerpu BCII ta koopauHaTH BiANOBIIHO 10 puc. 1.

M, :%cosq) ¥, arth - +7, arth — |-
T “ '

Dy 4Dy, ) " Dy, *Dy,
arth < +—h
X, - - a |?
Dy, +Dy, Dy, +D,, ) sno
3)
ne 7y, — BIICTaHP NATBHBOTO KiHIS BiApi3Ka c¢ 10

CIIUTBHOTO TEPNEHMKYNsApa 3 a; 7y, — BiACTaHb Bifj

JIAIBHBOTO KiHLIA BiIpi3Ka ¢ A0 CIIIBHOTO MEePHEeHIUKYILIpa
3¢, y, — BiACTaHb BiJ OMIKHBOTO KiHI Bifpi3ka c¢ 10

CMUTBHOTO TIEPIICHIUKYISpa 3 4, BilICTaHb BIX

N,
ODKHBOrO  KIHIM  Bipi3ka @ OO  CIUIGHOTO
HEpIeHINKYIApa 3 ¢; D, — BiACTaHp MK OMIKHIMH
KIHIAMM BIfIpI3KiB @ i ¢; D,, — BIICTaHb MK OJMIKHIM
KiHLIEM Bifipi3ka ¢ 1 JanbHIM KiHIEM Biipiska a; D, —
BIICTAaHb MK OJIVDKHIM KiHIIEM BifIpi3Ka ¢ 1 JANbHIM KiHIIEM
Bimpiska ¢; D,, — BiACTaHb MK JaNbHIMH KiHI[AMH
BiIpi3kiB @ ic; A, —Koe(illieHT BILTHBY 3a30py /.
[Tepemniveni BEJINYUHU
dopmynamu (4-12):

D, = \/(x——coupj +(y——sm(p] +h @)
D, = \/(x-ﬂ——cosq)j +(y —sm(p} +h*; (5

2
c— x+—cosq)) +(y——sm(pj +h*; (6)

BHU3HAYAKOTHCA 3a

2
. \/(c x——COS(pj +(y+—sm(pj +h*; (7

AHAJNOTIYHO I B3a€EMOIHIYKTHBHOCTI MiXK &’ Ta € 3
ypaxyBaHHIM TOTO, 10 a’ = a:

Ho - artl :
M, =0 cos arth) —————+7,, D, +D,
e m P XZa 9 D. +D YZa ¢ Dﬂam +D12[,‘(

22111 2 lu‘L

_Xla'carth L _'Yla'carﬂ/1 L +MAZZ'(: > (13)

Oy, +0, Oy, +0, ) sne
aE  Yogre BiJICTaHb JaJeKOr0 KiHI BiJpi3Ka JI0
3aralnpHOrO MepHeHIuKyIipa 3 a’; Y,,..— BiJICTaHb
AJIeKoro  KiHIA ~— Bifpi3ka a [0  3arajbHOro

BiZICTaHL OJMKHBOIO KIHIIST

7111'(' -
BiICTaHb OJINKHBOTO KiHIS BifIpi3Ka a’ JI0 3arajbHOro
HEpNeHANKyIApa 3 ¢; D, — BiAcTaHb MK ONMKHIMH

NePUCHAUKYIAPA C; ¥ —

Bi/Ipi3Ka 0 3arajbHOTO NEPIEHAUKYIpa 3 d

KIHIIMH BifIpi3KiB a”ic; D,, ~— BiACTaHb MK OIIIKHIM

KiHIIeM BifIpi3Ka 3 JlaJeKuM KiHLEM Bifpiska a’; D,
BiJICTAHb MDX OJIFDKHIM KiHIIEM Bipi3ka a’ 1 JajeKkum
KiHIEM Bigpiska c¢; D,,  — BiACTaHb MDK JaJbHIMH

KIHIIAMH BiIpi3kiB a’ i ¢; A,, — Koe®illieHT BILIHBY

3a3opy htaj.
Iepenivueni BenuunHU nepedyBaloTh 3a HOpMyJIaMH

(14-22):
\/(x__cos(pj (y—%sin(pj +(h+al )2 ; (14)

Z 2
\/x+ cosQ (y+%sin(p) +(h+a1)2; (15)

2 2
D, :\/(c—x+§cos<pj +(y—gsin(p] +(h+a1)2; (16)

2 2
c— x—COS(p] (y+2sm(pj (h+a1) 17)

k.. =Dy (18)

124

2 2 2 .
+D;,, —Dy, —D,

24(D5, D5, —¢ )+ Dy, D,
he Ac’d’ -k,

-a)
% ¢ (19)
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202 e 2 2 2 2 2 +D
y X (2%, =1, az): . 4<D B )a; (20) 4, =arctg{x“ D T e ( H
4ca’ -k, 2
Yoy =Ko, ¥C Yo, =Ty, ta @1 +arctg{xzh Yz;l + Dy, (%_ gﬂ

+y, +D, +y, +D,
4, = arctg[Xl‘“ Y, TP, tg(gj"' arctg[Xg“ Y, T, tg(Pj_

h+aq,

— X, TV, +QZW tg9 — Y, th, t +D, 2, t L (22)
h+a 2 h+a, 2

Jlnst B3a€MOIHAYKTUBHOCTI MiX Bifipi3kamu b Ta c,

3aMMIIEMO:
b c
_ +y2,‘anh _
. T, Dzz, +D12,

Ko
M, =—sin arth
P (PI:)Q, [ D D
b c h
—y, arthl ———— |—y, athl —— |+——4, |, (23
K [Dll,,( +D12,xj e [Dn,x +D21,XJ COS(PAM‘| @)

h+aq, 2

22,

e Y~ BIICTAaHb JAJIGKOTO KIiHI BiApi3Ka JI0
3araJbHOr0 NEPHeHAMKyIsipa 3 by y, — BiacTaHb
JAJICKOr0  KIHI  BiApi3ka b [0  3arajpbHOro

NEPIICHAMKYJISPA 3 ¢ ), — BIACTaHb OJIMKHBOTO KiHLLs
BiZ[pi3ka 10 3arajpHOrO MNEpHEHIMKYJsipa 3 b; ",
BIJICTaHb OJIMKHBOTO KIiHI BiApi3ka b 70 3arajibHOTrO

NEePICHAUKYIApa 3 ¢; D), — BiACTaHb MiX OIMKHIME

KIHIIIMU BiIPI3KiB b 1 ¢; D121 — BIACTaHb MK OJIMIKHIM

KiHLeM BiJpi3Ka 3 JaJeKuM KiHLeM Biapiska b; D, —
BiZICTaHb MDK OJIMXKHIM KiHIIEM BiIpi3ka b 1 JaleKuM
KiHLeM BiApi3ka c¢; D,, — BiACTaHb MiK JaibHIMH

KiHIAMH BinpiskiB b i ¢; A4,, — kxoedirieHT BIIMBY

3a3opy h.
TTepeniveni
bopmynamu (24-32):

b ’ b ’
D, :\/[X—Esin(p] +(y+gsin(p] +h* (249
b ’ b ’
D, :\/()H—Esin(pj +(y—5sin(pJ +h7; (25)
b ’ b ’
D, :\/(c—x+ESiHQJ +(y+55in(pj +h*;(26)
b ’ b ’
D, :\/[c—x—asin(pj +(y—5sin(pj +h*;(27)

BEJTMUUHUI nepeOyBarTh 3a

ky. =Dp, +D; +Djy =D, (28)
2w’ (D3, -}, —¢)+k. (D), D, 1)
X, = 4 — k/i ¢ (29)
2 2 2 2 2 2 2 2
b = 2c (Dlz,,( _D11,M ;izlzj—kZ;Dﬂm —D“m —C )b; (30)
X, =X, TC Yo, =Yyt (€2))

+D
—arctg[XI'“ Y;; She T Bt (%—% J

+vy, +D
—arctg[—xz”‘ YIZ 2l tg(% — %D

AHAJIOTIYHO JUTS B3aEMOIHIYKTHBHOCTI MixK b1 ¢ 3
ypaxyBaHHSM TOTO, 0 b = b:

L +y arth # —
» +D21HL e Dzzh“ +D12h.‘

D,
b c h+
=, arth) ———— |-y, arth) ———— 7171 4.1, (33)
Du,,(. +D12,,‘C Du, +D21, cosQ

22,
— BIJICTaHb TAJICKOTO KIHIIS Bi/Ipi3Ka JI0 3arajbHOro

(32)
M, = H sin(p{x2 “arth (
27.C be

AC X,
NepIeHMMKyIsipa ¢ b vy, — BIACTaHb JAneKkoro KiHi
BiIpi3ka b’ 10 3araJbHOrO MEPHeHIUKYJIpa 3 C; X, ~

BIICTaHb OIIIDKHBOTO KIHI[I BIipi3Ka [0 3arajJbHOro
MepreHAnKyspa 3 b’ Y, — BiJICTaHb OJIMYKHBEOTO KIHIISK
Binpiska b’ 10 3aranbHOr0 NEPICHAMKYISpa 3 ¢; Dy, —
BIICTaHb MK OMWKHIMU KiHUSMM BIAPi3KiB b1 ¢; Dy, —
BIJICTaHb MDK OJIMDKHIM KiHLIEM BifIpi3Ka 3 JJaJIeKUM KiHIEM
BiIpi3Ka b’y D, ~— BIICTaHk MiK OJIWKHIM KIHLEM Bilpiska

b’ 1 pamekum KiHIIeM Bifpi3Ka c; D, - BIICTaHb MDK

JanbHIMM KIHIAMH BiIpiskiB b” 1 ¢; A,, — xoedirieHT
BIUTUBY 3a30py h+b;.
[epemniueni BEITHMUUHHI nepeOyBalOTh 3a

¢dopmynamu (34-42):

b . : b . ? 2

D, = x> sing + y+5s1n(p +(h+b,)"; (34)
b . Y b Y )

D, = x+sing | +| y——sing +(h+b)"; (35)

b. Y b. Y
D, :\/(c—x+2sin(pj +(y+2sin(p) +(h+b,)’;  (36)

D, :\/{c—x—isin(pj2 +(y—gsinq)j2 +(h+bl)2; (37)

ki. =D}, +D;, +Dj -Di ; (38)
25(D2, ~Di ~c)+ ke (D, - D7, )

T = 40—k, s (9
20D}, -0}, ~b')+ ks (D3, ~D}, —¢)

T A7 —k), ¢ (40)

Yo, =Xip, TG Vo =V, +h 41)
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p
]
Ay = arctg[XI’ 1”’ Du, [ - gﬂ + ar
D e
+ +

+arctg Xz’ LEN 22 n —9 r
h+b 4 2 &
—arctg Lo TV F Py D'Zh E _ 9 gt
h+b, 4 2 bl

X, +v, +D bt |

_arct 2, 1y 21, ( j (42) .

e g{ h+b, i
i

OtpuMani aHamiTHuHI Bupasu (2-42) IO3BOJNSAIOTH
BHU3HAYUTH QYHKIIIO TeoMeTpruHuX napamerpis BCII
Ta KOOpAWHAT:

U (M M 2:)

u=U—v=(Mlz“Tﬂ)’=f(a,b,c,al by, x,y.h,0), (43)

ne u — HopMoBaHa amiutitya curnany BCIL, Buxoasuu
3 (1); a,b,c,a,,b, — reomerpruni mapamerpu BCII ta
Aedexry;  x,,h,¢

nedexry (puc. 1).
Jlis y3araJlbHEHOrO JIOCHIJDKEHHS 3aJIe)KHOCTEH
BuxigHoro curHamy BCII Oyno o0paHO mOOIMHOKI

koopaunat BCIT BigHOCHO

BiJpi3kH, MponopuiiiHi po3mipam o6mortok BCII.
PospaxyHok Mozmemi Ta moOynoBa  3aieKHOCTEH
3OIHCHIOBAIMCSL 13 3aCTOCYBaHHSM  IIPOTPaMHHX

npoayktiB MS EXEL, MATLAB, Advanced Grapher.
AHali3 OTpUMaHNX aHATITHIHUX BHPa3iB MOKA3Ye, 110
ocoomusictio BCIT [4] € 3aleXHICTh KOPHUCHOTO CHUTHAITY
Bl KyTa MDK AedektoMm i 30ymmBoro obOmotkoro. Lle
JIO3BOJISIE 1CHTH(IKYBATH OPIEHTALIIFO MPOTSHKHOT TPILIIMHK.
Ha puc. 24 HaBeneHo pesysbTaTH MOJETIOBAHHSA
3aIKHOCTI CUTHATY BiJl @ IS PI3HUX JOBXKHUH Je(eKTy,
3a30py Ta CIIBBIIHOIIEHHS po3MipiB oomoTok BCIL
BcraHoBi1€HO HasBHICTD YCYHEHHS MAKCUMYMY CHTHAITY
NPH PI3HUX CHIBBIIHOIICHHAX PO3MIpIB 30y DKyHOHOi Ta
BumiptoBanbHOT oOmotok BCIT (puc. 4). lle nae
MO>KJIMBICTb KOPUTYBaTH Aiarpamy cripsimoanocti BCIT.
Ha puc. 5 HaBeneHo 3anexHicth curtainy BCIT Bix
JIOBKUHH TPIIUHYU d TpH pi3HHUX 3a30pax /. BuaHo, mio
npu Bemukux Tpinua curdan BCIT mano 3anexuTs Bif X
JTOBXHHH, TPOTE 31 30UIBIICHHSIM 3a30py YYTJHBICTH J0
PO3MIpY TPIllIMHK 30UTBIIYETHCS. 3aJIeKHICTH HOPMOBAHOT
aMITTITYM CUTHAJTY Bif 3a30py Mpe/CTaBlIeHa Ha puc. 6.

.] —

I LI T RO L IR T TR L T Y ] B~ TR

gL aspligt.

T rEAmrum sAnem

FRTE-F - RN RN N[5
Puc. 2. BanexxHicTh HOPMOBAHOI AMIUTITY/IU U BiJ KyTa @ TIpH

B TR NNDENRSNEEATTER SR

Puc. 3. 3anexHicTh HOPMOBAHOT aMILTITY/H U Bifl KyTa @ IPH
pizHux 3a30pax (— h=0;—— h=0.05; —— h=0,1; s h=0,5)

: - =
Frms = o d s Stadhyres=[ e b oo

E 1
Y

. ]

K
b=

A ?—-u-udl-h HIHrI-_.u..?.i-H--I Hl |H-h-|.i. ,.i...

5 HFNSHNBFONUSMHMERNBNT R En
Puc. 4. BanexHicTh HOPMOBaHOT aMIUTITY/IU U BiJ KyTa @ MU
pi3HUX BigHOCHHAX NOBXUH 00MoTOK BCII (— a/b=1,;

———a/b =10; —— a/b =0,1)

R 3 IS -
RSP Y S Y

\r

- 228220 2L2 ..

[T ST L

P -

RG] TR

|1 —-Fxmi o LT imp-
H

1
..I.--u..-:

tEELEREEE ™

o3 IJ L L L L 3! 3-.5 “"w o s
Puc. 5. 3anexHicTh HOPMOBAHOI AMILTITY/IM U BiJl JOBKUHH
TPILIMHE d TIPH Pi3HUX 3a30pax (— h=0; ——h=0,1; ——h =0,25;
essees h:O’S)

N EE IR TE]
=
]

e &

R e & 4 AT GF A7 A

Puc. 6. 3anexHicTh HOPMOBaHOI AMILTITY/IH U BiJI 3a30py /4 3a

Pi3HUX JIOBXHHAX Aedekty (— c=1;—— ¢>10; —— ¢=0,5; pisHuX noBKUHAX TpiwmHK (— c=1;—— ¢=10; —— ¢=0,5;
...... ¢=0,1) e =0,1)
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3 aHanmilzy JaHUX HABEJCHHUX HA PHC. 6 CIif, L0
YyTIMBICTh /0 BIUIMBY IHPOMDKKY OUIBII iCTOTHA ISt
KOPOTKHUX TPIIIUH.

J11st OLiHKY BIUTMBY 3a30pY 3a Pi3HHX PO3MIpiB ai, by
(mB. puc. 1) pgingHok obmoroxk BCII  orpumani
3aJIe)KHOCTI, TpencTaBieni Ha puc. 7-8. [Ipn HeBenmkmx
3a3opax BUOIp pO3MIpiB @i, by HE KPUTUYHMH, NpOTE
curdan BCIT MOHOTOHHO 30UIbLIY€EThCS 31 30UIBLICHHAM
a1 1 by mponopuiitHo 3a30py. ToOTO 3a3Ha4eHi po3Mipu
HEOoOXiTHO BHOHMPATH 3 YpaxyBaHHSIM MOXKJIMBHX pOOOYHX
3a30piB 200 TOBIIMHH HEEIEKTPOIPOBIAHUX TIOKPHUTTIB.
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Puc. 7. BanexHicTh HOPMOBAHOI aMIUTITY/AN U BiJ 3a30py A
IpH Pi3HHUX A0BXKKHAX 0OMoTok BCII
(——a1=b1=1; ——— a1=b1=2; —— — a1=b1=0,5)

Puc. 8. 3anexHicTh HOPMOBAHOI aMILTITYI! ¢ BiJl BIHOIIICHHS
ai/h pu pi3HUX 3a30pax
(——h=1;———h=0,5; —— — h =0,1)

Sanexnicte ammuityau curnany BCII  Big
MEepEeMILIEHHS] B3JIOBXK KOPOTKOTO i JOBroro jae(eKxriB
HaBeneHo Ha puc. 9. Toukm meperuny rpadikiB
BIJMOBIIaI0Th Kparo nedekTiB. Y pasi 30inblIeHHS
3a30py YYTJIHUBICTH [0 HEpPEMILlEHHS IOOJIU3y Kparo
neeKTy 3MEHIIYEThCS.

Ha puc. 10-11 mnpencraBneHi 3anexHOCTI
kopucHoro curaany BCII Bii BiTHOCHOTO MEpeMIileHHS
x/c (0 BimnoBimae cepenuni nedekry, 0,5 — kparo) mis
TpIiUMH Pi3HOI NOBXHMHH. UyTIMBICTh O MEpEMillIeHHS
nobuu3y kpato nedekrtiB mponopuiiiHa ix posMipam,
TOOTO AJIs MPOTSKHUX e(EKTIB MOXKIMBE O1IbLI TOUHE
BU3HAYEHHS MEX IPH CKaHyBaHHI.
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‘ £ - L e - Ll E -
[-.r w1l mmr oals In_ - ||:. iu
“ . [ 1'-: nl o A .I:":I
- : ¥
&y : I
B [ - L - - feg
F - : _ L ;
“ i
& -
(118
al
¥

uuuuuuﬂuuw

Puc. 10. 3anexHicTb ¢ Bi/I BIHOLICHHS X/c pa PI3HUX JOBKHHAX

TpiuHl — ¢=1; —— ¢=0,5; —— ¢=0,25; +=+ ¢=0,1
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Puc. 11. 3anexHicTh ¢ BiJ] BIJHOLICHHS X/C 3a PI3HUX
JOBXKHHAX TPIUHA —— c=1; — — ¢=5; ——* ¢=10; *=+++ ¢=25
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Jlnst Bu3HaueHHs curHany npu nepemimienHi BCIT
BiJI cepeTMHU eeKTy B3IOBXK Y po3paxoBaHi 3aJ1€XKHOCTI
pi3HUX po3MipiB TpimuH (puc. 12) i 3a30pis (puc. 13).

Jis po3risiHyTOi MOAeNni OTpUMaHi HPOCTOPOBI
posmoniny curHany BCII mpu ckaHyBaHHI 3paska 3
[IOBEPXHEBOIO TPIIIMHOIO, pHC. 14.

) }
-2 A Al 3 0 A3 0 0E B B
Puc. 12. 3anexHicTh ¢ BiJf KOOPJUHATH Y 32 PI3HUX JTOBXKHHAX
TpimuHE—— c=1; ——¢>10; —— ¢=0,5; <+ c=0,1

a) c=10, h=0; 0) c=10, h=0,5;
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Puc. 13. 3anexHicTh « Bil KOOPAUHATHU y PI3HHUX 3a30pax
——h=0; ———h=0,1; ———h =0,25; < —h=0,5

B) c=1, h=0; r) c=1, h=0,5

Puc. 14. IlpocTtoposuii po3noxin curuary BCIT

3. BucHoBKH

VY wiii poOOTi OTpUMaHI aHANITHYHI 3aJIEKHOCTI
curHaniB BCII Bin KOHCTPYKTMBHUX Ta IPOCTOPOBHX
IapaMeTpis, M0 JT03BOJIIIOTh PO3IIUPHUTH YSBIECHHS IIPO
3aKOHOMIPHOCTI poboTu OpPTOTOHAIBHOTO
BHUXPOCTPYMOBOTO IEPETBOPIOBada. 3a JIONOMOIOI0
po3pobnenoi mojeni BcTaHoBieHo, 1o curHan BCII
Mae MakcumyM mpu =45°, 135°, 225°, 315°, a dopma
3aJI)KHOCTI  BU3HAYAETHCS BEIMYMHOIO JedexTy i
3a30py. Ilpu pi3HHX CHIBBIIHOIIEHHAX PO3MIpIiB
30ymKyrodoi Ta BuUMiptoBambHOI obOmorox BCII
CIIOCTEPIraeThcsi YCYHEHHS MakCUMyMy CHTHAlIy [0
+10°. Ilokazano, mo ayst Benukux TpimmH curaanx BCIT
MAJIo 3aJISKUTh BiJl IX JOBXHHH, IPOTE 31 301IbLICHHSIM

Cunucok Jgitepatypu

3a30py YYTJIMBICTH J0 PO3MIpPY TPIilMHU 301IBIIYEThCS,
a YyTIMBICTh J0 3a30pYy BIUIMBY iCTOTHA JJIsi KOPOTKUX
TpinmH. [lpu HeBenMKHX poOOYMX 3a30pax BHUOIp
po3MipiB a1, b1 He € KpuTU4HUM, npote curHan BCIT
MOHOTOHHO 30i7bLIyEThCS NpU 30UIbIIeHHI @ 1 b
MpoNopLiifHO 3a30py. Y pas3i 30UIbLIEHHS 3a30py
qyTauBicTe 10 mnepemimenHs BCII mobmusy kpato
nedexry 3MeHIyeTbes. JlocmimpKeHa MOIenb T03BOJIsE
3HAXOJIUTH MPOCTOPOBi posnoxaiau curHaay BCII mix
4yac CKaHyBaHHA 3pa3Ka 3 IOBEPXHEBOIO TPILIHHOIO.
BuxopucroByloun pesyinbTaTH i€l poOOTH MOXKHA
3aifichuTn BuOip mapametpiB oproroHambHoro BCII
JUISL BUPIIIEHHS KOHKPETHHX 3aBJaHb BHXPOCTPYMOBOI
Ie)eKTOCKOTIIT.
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Mathematical modeling of a layered orthogonal eddy current conversion
Y.V. Khomyak, T.V. Drozdova, I.K. Kornev, M. S. Noskov

Abstract

The article presents the results of a theoretical study of the interaction between an eddy current probe (ECP) and a
ferromagnetic specimen containing a surface crack. The relevance of the study stems from the need to improve the reliability and
selectivity of eddy current nondestructive testing of metallic components, particularly in cases where conventional ECPs exhibit
low resistance to variations in lift-off distance, magnetic permeability, and electrical conductivity of the test object. To address
these limitations, the authors have developed an orthogonal eddy current probe that provides spatial separation of the excitation
and signal detection functions. A mathematical model of the ECP—crack interaction is proposed, taking into account the surface
nature of eddy currents and their orientation along the defect. In the model, the probe coils are represented as idealized
conductors, enabling an analytical description of the influence of geometric parameters of both the ECP and the specimen on the
output signal. The obtained analytical relationships describe the dependence of the signal amplitude on the probe’s angular
position, crack size, lift-off distance between the ECP and the specimen surface, as well as on the ratio of the excitation and
sensing coil dimensions.

Key words: eddy current probe, sensing coil, defect, ferromagnet, mathematical modeling, crack, inspection,
electromagnetic permeability, geometric parameters.
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V]IK 681.625.92 DOI: 10.30837/2663-9564.2025.2.10

JOCJIJPKEHHSI CTYNEHSI 3AJIOBOJIEHHSI BUMOT 3/10BYBAYIB
BUILOI OCBITH SIKICTIO METOJUYHOI'O 3ABE3INEYEHHS
OCBITHHOT'O IMMPOLIECY B YHIBEPCUTETAX
3A JIOTMIOMOT' OO METOIY QFD

1.O. Momenxko, O.B. 3anopoxens
\Xapxiecokuii nayionanshuil ynisepcumem padioenexmponixu, Xapkie, Ykpaina

AHoTanist

SIKk IOBOAATH pE3yibTaTH ONMTYBaHHsA 3100yBaduiB BHINOI OCBITH, HAsBHICTh SKICHOTO HABYAIBHO-METOJHYHOIO
3abesneuenns (HM3), € oaHiero 3 HalBaXIHBILIMX CKIaJOBHX 3araibHOi SKOCTI OCBITHBOTO mporecy. OcoOIMBOro 3Ha4YCHHS
HasIBHICTb 3PO3YMIIOr0, Cy4YacHOTO, BIIIOBIZHOTO MOJOXKEHHSAM OCBiTHBOI mporpamu HM3 HaOyBae B ymoBaxX OH-JaiiH
HaBYaHHS IiJl YaC BOEHHOTO CTaHy B YKpaiHi, KOJM He 3aBXIH y 3/00yBadiB € MOXIHMBICTb 0E3MIOCEPEAHBOTO CIIUIKYBaHHS 3
BUKJIaJa4eM B MOTpiOHUH i nporo vac. Tomy croxuBui xapakrepuctuku HM3, ski peamizyloTbcsi uepe3 (yHKIIOHAIIbHI
BHMOTH, MOTPEOYIOTh PETEILHOTO JTOCTIKEHHS, BUIICHHS OKPEMHX CKJIQJIOBUX Ta aHAJ3y CTYNEHIO 1X BaXXJIMBOCTI came JUis
3000yBauiB BHILOI OCBITM Ta CTEHKXOJIEPIB OCBITHBOTO IpoLecy. MeTor [OCIIKEHHS € po3poOka alropuTMy aHalisy
CHOXKMBYMX 3amHTIB 37100yBaviB BuiIoi ocBith sikicTio HM3 Ha ocHoBi meromy posropranHs ¢yHkimii skocti (QFD) Tta
npioputusanis GyHKLIiOHaNbHUX XapakTepucTuk HM3 3 MeTolo HiJBMILEHHs 3aJ0BOJEHOCTI CIIOXKMBAYiB OCBITHIX IOCIYT B
YKpalHCBKUX YHiBepcuTeTax Meroonorisi focmijpkeHHs 0asyerbess Ha 3actocyBaHHi Merony QFD. Craructuuna oOpoOka
pe3yNbTaTiB AOCITIIXKEHHS 31HCHEHA 3 BUKOPHCTAHHSAM METOIIB po3paxyHKy koediuienTy Anbpa Kponbaxa, aucnepciiinoro
aHali3y, KopelsIiiiHoro aHamisy, Meroxy Ilapero. B pesynbrari JocmiukeHHS COPMOBAHO ITOPUTM 3aCTOCYBaHHS METOIY
QDF pms migBuiieHHs SKOCTI HaJ@HHS OCBITHIX MOCIYT, SKHH BpaxoBye crenudiuHi 0COOIMBOCTI Cy4acHOTO OCBITHHOTO
cepenoBuiia B Ykpaini. KoMmruiekc po3poOSieHMX CHOXHBYMX Ta (YHKIIOHANBHHX XapakTepucTuk HM3 3 BuzHaueHUMH
BaroBUMH KoedilieHTaMH MOXe OyTH 3aCTOCOBaHUM JUIS IiJBHIICHHS 3aJOBOJICHOCTI CIOXHBAdYiB OCBITHIX IMOCIYT SIKICTIO
HM3, sxi oTpHMYIOTH OCBITY 3a raimy3sio 3HaHb G IHxeHepis, BUpOOHHLTBO Ta OyIiBHULTBO, a 3arajlbHUN alrOpUTM — s
MTOKpAICHHS SKOCTI OCBITHIX MOCIYT B yCiX yHiBepcuTeTax YKpaiHH.

KurouoBi cioBa: posropraHHs (yHKUIi SKOCTI, aJaNTOBaHUH aNrOpUTM, CTATUCTHYHUNA aHaii3, KopelsuiiiHui aHami3,
CTaTHCTHYHA 00pOOKa pe3ybTaTiB, PyHKIIOHAIBHI BUMOTH.

1. Beryn MiHIMaJIbHIl BUTpaTi pecypciB, 1m0 HaOyBae 0coOIMBOL

) ) aKTyaJbHOCTI B YMOBAaX €KOHOMIil pecypciB mia Hac
Ilpusnmma  3aGesnedyeHns  AKOCTI  OCBITHBOTO  poenporo cTamy B YKpaiHi.

TPOLECY B 3aKIalaX BULIOL OCBiTH (SBO). 0asyroThes Ha OnuuM 3 HaiibiIb eheKTHBHUX iHCTpyMeHTIB LSS
HACTAHOBAX MIKHAPO/IHMX CTAHJAPTIB, AKI BUPOBAIUKEHO ¢ veon Posropramms Mymuii Slxocti a6o Quality
B YKpaiHi B AKOCTi HamioHambHmX, a came: JICTY ISO  punction Deployment (QFD), sixuii  mo3Bousie
21091:2019 OCB.iTHi opranizanii. CucTeMH ynpaBJliHHS B TpaHCOPMYBATH 3AIMTH T4 NOGAKAHHS CIIOKUBAYIB B
OCBITHIX Opramisauisx. Bumornm Ta HACTAaHOBM MONO  gypxpionanshi BuMorn (®B) 710 OCBITHIX mOCHYT Ta
sacrocysanna (SO 21001:2018, IDT), JICTY ISO  pponykris B 3BO. CkepoanicTs mpoiecy 3a0e3mneyeH s
9001:2015 Cucremu ympaBiiHHS SKiCTIO. Bumoru (ISQ sKocTi came Ha mpioputerHnx @B fornomarae I0CsrTH
9001:2015, ) IDT)  Ta _ HOPMAaTHBHOMY  TOKYMCHTL  y1ij50B1x moOKasHHKIB SIKOCT] Ge3 BUTPATH pecypciB Ha He
CranzapTy i pekoMeH ALl 1o/10 3a6e§neqem-m AKOCTL B ysie BaXKIIMBI CIIOKKBYI BJIACTHBOCTI OCBITHIX MpoLEciB
€Bp9PeﬁCbK0My MIPOCTOP1 BHUIIOL ocBiTH (ESG). Ynnni g 37100yBaYiB BHIIO} OCBITH.

BEpPCIl HX  HOPMATHBHHX JIOKyMCHTIE DEKOMCH/IyIOTh Texuosnoris QFD e my»e BiIOMOK Ta IIONYJISPHOIO
TOPST i3 TPATUIHHIME METO/IAMU 320€3MeUeHHs SKOCTI g ¢hepi ynpaBIIiHHS SKICTIO i LUPOKO 3aCTOCOBYETHCA 3
OCBITHBO-HAYKOBUX MpOLECiB Ha ocHOBi Moxemi Total  \ieroro aHAJIi3y CIIOKMBYMX 3amATIB B cepi OCBITH, 110
Quality Management (TQM) sacTocoByBatu mHMPOKHH  pjijrpepkyerbess — HAsBHICTIO  BeHKOi  KiIBKOCTI
IHCTpYMEHTapiil Cy4yacHUX MOJENEH yNpaBiliHHS SIKICTIO, JOCITiKEHb HAYKOBILB y BCbOMY CBiTi. AJle IepeBaXKHa
AKi paHillle BBAXAIUCh CYTO BUPOOHHYOOPI€HTOBAHUMH 1inpKicTh paik 30CEpE/PKeHa caMe Ha JOCIIDKeHHI
(merononorist  ynpasninus sikictio Lean Six Sigma  jarampmoi 3a/I0BOJICHOCTI ~ 37100yBauiB  OCBiTH  0e3
(LSS)). ri6p”ﬂﬂa MeTOIlQHOFi” LSS wmicrurb B cBOEMY KOHKpETH3allii OKPEMHX KIIFOUOBHMX MPOLECIB OCBITHBO-
ApCCHaIL  BEJIMKY KUIBKICTB  IPAKTHIHO  CKEPOBAHMX  yaykopoi misuibHocTi 3BO Ta OpieHTYeThCs HAa OCBIiTHI
CydacHuX  IHCTPYMCHTIB  YIPaBMHHA  SKICTIO, SIKI  ynopy meBHHX KpaiH, sSKi CYTTEBO BiAPI3HSIOTHCS Bij
30CEPE/UKCH HA 3aJOBONCHHI BUMOT CIOXMBAYiB NPH  yioaipcpkux peariii. ToMy BKIHBOK 3a/au€r0 € AHATI3
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SKOCTI  KJIFOYOBHX — TporeciB  mismbHOcTi 3BO 3 MOXIMBICTH 32 MOTpeOOI0 CIJIKYBAaTUCh OCOOHMCTO 3
ypaxyBaHHSIM  OCOOJMBOCTEH  HOPMATHBHO-NIPAaBOBOI  BHKJIanadeM. TOMy Ba)<IMBOIO IPUKIAJHOIO 337a4e€l0 €

opraHizallii OCBITHBOTO MPOIECY Ta PEANTbHUX YMOB
HaBYaHHS 3100yBayiB B Cy4acHOMY YKpaiHCHKOMY
OCBITHBOMY CEpEIOBHILL.

Oco0nuBoi akTyasbHOCTI HaOyBae aHalli3 SIKOCTI
HABYAIbHO-METOJTYHOTO 3a0e3neYeHHs (HM3)
OCBITHBOTO IpolLiecy B YKpaiHi uepe3 CKIaaHI yMOBH
opraHizallii HaBYaHHS B yYMOBAaX BOEHHOIO CTaHy, IO
miiKpectoeTbest B 3akoHi Ykpainu «[Ipo BHECEHHS 3MiH
1o 3akoHy Ykpainu «IIpo ocBiTy» 1110/10 BAOCKOHAJICHHS
HayKOBO-METOJUYHOIO 3a0e3IIE€UeHHs] OCBITH Ta SKOCTI
HaBYAJIBHOI Jiitepatypu» Bia 2023 poky.

2. AHaJgi3 ocTaHHIX JocCJaigKeHb i

nyO0sikanii

BBaxaeTbcs, 110  Bhepuie  3anpoNOHYBaB
3acrocoByBaTH Metox QFD mis mokpameHHS SKOCTI
HajaHHs ~ OcBiTHIX mocmyr M.Kneiiton.  HMoro
JOCITIKEHHST OTPUMAH TMPUKIAIHE BIPOBA/DKCHHS B
Aston University, England B pamkax BmpoBajKeHHS
KOMIUIEKCHOI Mojeni ynpaBiiHHg skictio TQM [1].
Iopanbmii  po3BigKM  HAYKOBIIB  CKEpOBaHI  Ha
JIOCITI/PKEHHI  3arajibHOT  3aJI0BOJICHOCTI  CIIOXKHMBayiB
OCBITHIX TOCIYT SIKICTIO OCBITHBOTO mporecy [2-4].

HactymauM ~ KpokoM B pO3BUTKY  3acaj
Bukopuctanuss QFD B 3BO cramu pociimkeHHs,
CKEpOBaHI Ha MiJBHIIEHHS SKOCTI OKPEMHUX IPOLECIB
nisbHOoCcTi 3BO. 3rigHO 3 MPUHIMIAMH MPOLECHOTO
MiIXOMy NHTAaHHS IOKPAIICHHS KIIOYOBUX IIPOIECiB
nisuibHOCTI 3BO  mpoaHanizoBaHo B psi  HAYKOBHX
nyOnikanii  [6,7], Tomo. IlikaBicTh  BHUKJIHKa€E
(byHIaMeHTaIbHe TOPIBHIBHE OIJIAAOBE IOCIIDKEHHS
HayKoBHUX myOuikaniii konneniii meroay QFD [8].

B nmocmimkennsx 2020-x pokiB yBara HayKOBIIiB
CKOHIICHTPOBaHA Ha aHali3l 3amuTiB CHOXHBa4iB
OCBITHIX TIOCIYT B yMOBax OH-JaifH HABYAHHS Y 3B’SI3KYy
3 maugemiero COVID-19 [9,10]

Oxpemoi yBarm 3aciIyroBYIOTh JOCIHIIKECHHS,
MPUCBSYEHI PO3pOOLI Ta MOKPALICHHIO HaBYaIbHUX
mianie B 3BO [11-13]. Ane B nux poOoTax akUeHT
pPOOUTECST HA BUBUYEHHS 3aJOBOJICHOCTI 3100yBauiB Ta

cTelfikxonaepis came HepeikoMm HaOyTHx
KOMIIETEHTHOCTEH Ta AMCLMIUIIH, IO BUBYAIOTHCS, JUIS
OKpeMoi  CremialpHOCTi.  BaXimBHUM  aclekToM

MOKpAIleHHs] HaJaHHS OCBITHIX IIOCIYyr Ul BCIX
CTEHKXONaepiB, a came: 3100yBadiB BHIOi OCBITH, 1X
0aThKiB, HayKOBO-Tearoriysoro mnepconany (HIIID),
po0OTOAABIIIB Ta CyCHiILCTBA B3aradi, € aHaii3
cnoxkuBuMx xapakrepuctuk HM3 mpouecy 3acBoeHHs
(axoBUX 3HAHb Ta YMiHb, IO 1 € HEOOXIHOK YMOBOIO
e(eKTUBHOrO HaOyTTd 3100yBauaMu 3aTpeOyBaHHX
CcTeHKXo0JiepaMi KOMIETEHTHOCTEH.

B VYkpaini myOmikarii, npucBsdeHi J0CIiHKEHHIO
ocobmBocteil 3acrocyBanHs QFD B 3BO, BincyTHi,
X04a caMmMe 3apa3 B YMOBaxX IEpEeBaKHOIO OH-JAiH
HaByaHHs B Oarathox mnposigHux 3BO VYkpainn, HM3
OCBITHBOTO TIpoLiecy HaOyBa€ OCOONMBOIO 3HAUCHHS,
OCKINIbKM 3/100yBaui BHIINOI OCBITH HE 3aBXIW MalOTh

SK JOCHIPKEHHS 3arajbHOI 3aJ0BOJIEHOCTI CIIOXKHMBAdiB
OCBITHIX MOCIYr B CKIQJAHUX CYYaCHUX yMOBax
YKpaiHCBKOTO  OCBITHBOTO  CEpEAOBHINA 3  METOI
MOKpAIICHHS Pe3yJIbTaTiB HABYaHHS Ta HAOYTTs (paxoBUX
KOMIICTCHTHOCTeH  uisl  mojanbliol  mpodeciitHol
peamizaiii 3100yBa4yiB BHIIOI OCBITH, Tak 1 OUIBII
KOHKPETHE 3aBJaHHA — JOCTIIPKCHHS CIIOXKHMBYHX
XapaKTepPHUCTHK KIIOYOBOTO Tponecy AistibHOcTi 3BO
«Po3podka HM3 ocBiTHROTO IpoIECy», BHOKPEMIIEHOTO
B po0oTi [14], ocKiIbKM came Liel MpoLec Mae CyTTEBY
cnenugpiky B YKpaiHi, MOPIBHAHO 3 3aKOPJOHHUMH
YMOBaMH, yepes 0co0IMBOCTI HOPMAaTHBHO-
METO/IONIOTIYHOT 0a3u, OCBITHI Tpaauiil YKpaiHCHKHX
3BO ra ycknaaHeHi ymoBH (QyHKUioHyBaHHs 3BO B
YMOBaX BOEHHOT'O CTaHy.

3. Mera crarTi

MeTor0 JOCIIKEHHS € aHali3 CIIOKUBUYMX 3aIIUTIB
3n100yBauis 3BO no HM3 ocBiTHROro mpouecy 3a

JIOTIOMOTO0 METOAY QFD; imeHTUdIKaIi A
(GYHKLIOHATBHUX XapaKTEPUCTUK MPOLECYy PO3POOKU
HM3, BpaxoByroun 0COONMBOCTI  YKpaiHCHKOTO
OCBITHBOTO cepeoBuIIa, K1 MaKCHUMAaJIbHO

3aJI0BOJIGHATE BUMOTHM 3100yBadiB BHINOi OCBITH Ta
BpaxyloTh 3allUTH CTEHKXOJJepiB; po3poOKa 3axoniB
HaOMMmKeHHsT QYyHKI[IOHATBHUX XapakTepructik HM3 1o
iTbOBUX 3HaUeHb. OTpUMaHi Pe3yabTaTH AOCHIHKSHHS
MOXKHa OyJe BHKOPUCTOBYBAaTH Il 4ac IOKpaIICHHS
npouecy po3pobku HM3 nns 3mo0ysauis 3BO ramysi
3HaHb G [HxeHepis, BUPOOHUUTBO Ta OyAiBHULITBO. A
MPOLEAYPHUM DE3yJbTaTOM JOCITIJDKEHHS MOBHUHHA
CTaTH pO3pO0Ka NPHKIATHOTO QITOPUTMY Il Ui
BCTAQHOBJICHHS (GYHKIIOHATBHUX XapaKTEepPUCTUK
kommiekcy HM3 (KHM3) 3po6ysauie 3BO pisHuX
raixyseil 3HaHb, SKUH BpaxoBye crenudiky HeoOXiTHHX
(haxoBHX KOMIIETCHTHOCTEH.

4. MeTtoaxoJorisi

Merox QFD sk BHPOOHMYOOpPiIEHTOBAHHI
IHCTpyMeHT TpaHchopMmallil 3amuTiB  CHOXHBadviB B
TEXHIYHI XapaKTEepUCTUKH MPOIYKTy OyB pO3pOOICHUI B
1960-x pokax B SInonii. Xouya BBaXKa€TbCS, IO METOJ
QFD po3pobnennii B paMKax METOROJIOTII yNpaBIiHHS
skictio TQM, mpo mo cBiguuTh mnepiua myOikanis
Mizuno & Akao, 1978 poky, mpuCBsiYeHA ILOMY METOLY,
«An Approach to Total Quality Control» added to
«Quality  Function Deployment», ane odiuiiina
HanexHicte Merony QFD mo iHcTpymMeHTapito came
meromonorii LSS,  minTBepmKyeThcs  BHAAHHAM
MikHapoaHoro ctanmapty ISO 13053-2:2011 Quantitative
methods in process improvement Six Sigma - Part 2:
Tools and techniques, B IKOMy 33[0KyMEHTOBAaHO YMOBH
Ta aropuT™M 3actocyBanHs Meroxy QFD 3 meroro
BU3HAYEHHS TOJIOCY CHOXXMBa4iB Ha etami Define nukiy
DMAIC [15], a nepmmit cTanmapT, IPUCBSIUEHUH METOLY
QFD, a came ISO 16355-1:2015 Application of statistical
and related methods to new technology and product
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development process — Part 1: General principles and
perspectives of Quality Function Deployment (QFD)
(unnHa Bepcis cranmapty ISO  16355-1:2021), 6ys
Busanui Tinbku 2015 poky [16].

QFD otpumaB mHpOKe 3aCTOCYBaHHS U aHATIZY
CHOKMBYMX 3aIUTIB y cepi OCBITHIX MOCIYT BHACIIIOK
HOro THYYKOCTI, VYHIBEpPCAIbHOCTi, HAOYHOCTI Ta
MPOCTOTI 3aCTOCYBaHHS.

Ooiuiiine BuszHaueHns merony QFD, HaBenmene B
MikHapoaHoMmy crangapTi ISO 16355-1:2021, HocuTh
3aranbpHUil xapakrtep: «Quality Function Deployment
QFD — wme ympaBmiHHS BciMa OpraizaliifHUMH
GyHKIisIME Ta TponiecaMH sl 3a0e3MeUeHHsT SKOCTI
npoaykty» [16]. Texnomnorieto peanizanii meroxy QFD
e House of Quality (HoQ), skuii npencrasise co0oro
KOpeJSLiiHy MaTpHLIO SKOCTI, sKa IIOB’A3yE MIX
cO00I0 CIOKHMBYI Ta TEXHIUHI XapaKTEPUCTUKH 00’ €KTa
JIOCITI/PKEHHS, BPaXxOBYIOYHM BCi 3alliKaBJICHI CTOPOHH
BBC/ICHHSIM BaroBux KOoe(ili€HTIB.

Po3po6iieHo mporpaMHi cepBicH, siKi T03BOJISIOTH
aBTomMaru3yBath  1modOymoBy  HoQ.  HaiiGinbmioi
MOMYJSIPHOCTI  HaOyJM  cremiani3oBaHi  mporpamHi
mpoayktd QFD Designer Ta Qualica, a Takox
yHIBEpCaJIbHI NpOrpamMHi cepBicM A HOOYAOBH
niarpam ta matpunpb EdrawMax, Creately, i SmartDraw,
SIKI JTO3BOJISIIOTH OTIOCEPEAKOBAHUM YUHOM OyIyBaTu
HoQ. Ane nmpo0nema OTpUMaHHS SKICHUX, aKTyalbHHUX
Ta Y3TODKEHUX BXIJHHX JaHUX, a TaKOX BPaxyBaHHS
BCIX MOXJIMBHUX BIUIMBIB Ha PE3yJIbTATH 3aCTOCYBAHHS
METOJy € TeXHIYHMM BHKIMKOM 1o QFD-mporpamuoro
3a0€e31e4YEHHS.

Auroput™ peanizaiii QFD Ha erarmi ruianyBanis @B
00’€KTa JOCIIIKEHHS CKIIaIAEThCS 3 HACTYIIHUX €TalliB:

1) Iouytu ronoc crnoxusaua (I'C).

2) CraructuuHa 00poOKa  pes3ynbTariB  3a
JoroMororo aucnepciHoro ananizy ANOVA (Analysis
of Variance).

3) Busnauenns ¢yHkuionansHux Bumor (OB).

4) Po3paxyHOK KopensuiiHoT MaTpuii 38’ s13ky I'C
Ta OB.

5) PospaxyHok omgHO(MaKTOPHOL
matpuii OB.

6) [ToOynosa HoQ.

7) Po3paxyHnok Ta npioputusanis OB.

8) BripoBaykeHHS KOPEryrouux 3aXo/iB.

PamxyBanns @®B 3a npiopurerHicTiO peanmizawii
BiZOyBa€ThCs Ha OCHOBI PO3paxyHKYy aOCOJIOTHHX Ta
BiZTHOCHMX 3HA4€Hb MPIOPUTETIB TEXHIYHHUX PIIICHb, SKi
BpaxoBYIOTh KoedilieHT B3aeMo3B’s3Ky i-toro I'C Ta j-
toro @B, BaroBi koedimieatn I'C, Ta Barosi
koeillieHTH,  AKi  XapaKTepHU3yHTh  CKJIAJHICTh
peanizauii ®B a6o BaxknuBicTh peamizaiuii @B 3 Touku
30py KOHKYPEeHTO31aTHOCTI. BpaxyBaHHs ocoOiuBoCTel
OCBiTHbO-HAayKoBHX mnpoueciB B 3BO  Bumarae
KOperyBaHHs KJIacu4HOi (GOpMyJH po3paxyHKy [16]
[UIIXOM BBEJCHHSI KOS(II[iEHTYy BaXIUBOCTI pearizallil
®B mns cretikxonnaepis (['onoc creiikxonepa (I'Cr)):

KOpensLiitHoT

1 =2(RH,S,); M

ne I; - abcomoTHa BaXIMBICTb j-Toi OB, 1 - KiNBKICTh
I'C, P - Barosi xoedinientn i-toro I'C, H,,j -
KoedilienT B3aemo3s’s3Ky i-toro I'C ta j-Toi OB, S, -

BaroBi koediuienru I'Cr j-toi OB.
BianosinHo, g0 TpaauuiitHoro amroputmy QFD

JIOJJAHO  eTan  BHU3Ha4YeHHd BaxumBocTi OB mis
cretikxonzaepis — «Ilouytu I'Cr».

Ha erami «Ilouytu T'C» gus  QopmyBaHHS
KOMILIEKCY XapaKTEePUCTHK, 10 BHU3HAYAIOTh

3aJI0BOJICHICTh 31100yBaviB BHIIOi OCBiTH sikicTio HM3
HaBYAIBHUX AWCLUILIIH, BUKOPHCTOBYBaJIach METOAHMKA
HedPerf (Higher Education Performance) i HopmarusHi
BUMOTH 1O SKOCTI HaBYalbHOI JITepaTypu SK
OCBITHBOTO MPOAYKTY [17].

Jns aHaJI3Y pe3yJbTariB OITUTYBaHHS
3acTOCOBYBaBCs Aucrepciinmii anamz ANOVA ta meron
po3paxyHKy KoeditieHty y3rompkerocti Anbpa Kponbdaxa.

s aHalizy B3a€MO3B’SI3KiB MiX
XapaKTepUCTUKAMHU 3aCTOCYBAaBCS METOJ
KOpEJISLIHHOTO aHami3y.

Juns pamwxyBanHs @B 3a mpioputerHicTio OyB
BUKOpHCTaHUH MeTox aiarpamu [lapero.

5. PesyabTaT

IMepeBaxkHa OLTBIIICTE HAYKOBHX Ta NPUKIATHUX

JIOCTIIKEHb, 1o CTOCYIOTBCS T IBHILCHHS
3aJI0BOJICHOCTI CIIO)KHBAYIB OCBITHBO-HayKOBOTO
NPOAYKTY,  CKEpOBaHI  Ha  NOJIMIIEHHI  piBHA

3aJI0BOJICHOCTI 3arajibHUM OCBITHIM mpoiiecoM B 3BO.
Ilin vyac  BH3HAUeHHS  KIIOYOBHX  CIOXKHBYUX
XapaKTePHUCTHK OCBITHBHOTO MPOIECY aKIEHT POOUTHCS
caMe Ha 3arajbHe CIPUHHATTA 3000yBayaMH piBHA
SIKOCTI  OCBITHIX mocCiyr. [ myxke omocepeaKoBaHO
BPaxOBYIOTHCS IIUTAHHSI, TIPUCBSYCHI TAKOMY BaXKJIMBOMY
KII04YoBOMY mporecy aisuibHocTi 3BO sk mpouec
po3pooku HM3. Tomy 3actocyBanus metony QFD nns
MiIBUIIEHHSI PIBHS 3aJI0BOJICHOCTI CIIOXKUBAYIB OCBITHIX
MOCIIYT B paMKaxX BIIPOBA/DKECHHS KOMIUICKCHOI MOZENi
ymnpaBininHs skictio LSS [14, 18, 19] € BaximuBuM
NPaKTHYHUM 3aBJIaHHAM yIpaBiiHHA sKicTio 3BO.
Ipioputnzaniss OB KHM3 sk pesysibraty
KII040BOr0 mpotecy misuibHocti 3BO «Po3pobka HM3
OCBITHBOTO IPOLECY» 3 METOI MAaKCUMaJbHOrO
3a70BOJICHHS  3amuTiB  3100yBayie  3BO Tta 3
ypaxyBaHHSIM IOTped CTeHKXoJmepiB 3aificCHeHa 3a
a/IaniTOBaHUM aBTopamMu anropurMom QFD.

1) lMouytu I'C.

Ockinbku ~ po3poOKa  Ta  BIPOBADKEHHS B
HaBuanbHUit mpouec HM3 € 0oaHOYACHO CYKYMHICTIO
PO3pOOKH OCBITHBO-HAYKOBOTO IPOAYKTY Ta HaJaHHS
OCBITHBOI MOCIYT'H, TO I pPO3POOKH HEperiKy
xapakrepucTuk ['C BHKOpPHCTOBYBAIUCh AK METOJIUKH
BU3HAYECHHS KIIIOYOBHX CIHOXXHUBYHMX XapaKTEPUCTHK
mocayr B cdepi ocBitu (ServQual, ServPerf, HEdPerf),
TakK 1 3arajbHi Cy4acHi MiIXOAM IO OLIHIOBaHHS SIKOCTI
HaBYAJIBHOI JITEpaTypu SK OCBITHBOIO INPOIYKTY. B
pe3ynbTaTi  JOCHI/DKEHHS, IPOBEJEHOT0  CYMICHO
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BUKJIaJadyaMd Ta 3mo0yBauamu ocBitm kadexpu  ¢axropy. Ilpomemypa  obumcineHs — moisirae B
iHpopmaniiiHo-BuMiptoBanbHuX ~ TexHonorii  (IBT), 3HaxomkeHHi qucnepcii BCixX iHAMBiAyanbHUX OalbHHX
XapKiBChKHUH HalliOHAJbHUH VHIBEpCHTET  OI[IHOK 3a KOXHHM 3aBJAHHSAM 13 TOJAJIBIINM
pamioenektponiku  (XHYPE), BuokpemseHo 18  miacymMoBYyBaHHSM — LMX  JMCHepcii  3a  BciMa

kimrouoBux  xapakrepuctuk ['C  sikocti KHM3 sk
6a3oBoro 1 00OB’SI3KOBOTO komnoneHtry HM3
HaBYAJIbHUX IUCIUILIH B 3BO:

1) TlIposopict 1  3po3yMmiTicTh
ouiHIOBaHHSA 3HaHb cTy eHTiB (I'C1).

2) 3po3yMuIICTh 3MICTy Ta pe3yJbTaTiB HaBYaHHS
TcC2).

3) YiTKicTh, TPaMOTHICTh Ta IOCTYIHICTh TOJAaHHS
matepiaiay B8 KHM3 (I'C3).

4) BinnosigHiCTh uacy, HEOOXiTHOTO
3aCBO€HHS MarepiainiB Ta okpemux TeM (I'C4).

5) BinnoBigHICTH 3MIiCTy OCBITHBOI HpoOrpamu
(OII) (I'Cs).

6) BigmoBimHiCT  TeM  NPakTHYHHUX  Ta
nabopaTopHUX 3aHSATH JieKIiitHoMy MaTepiany (I'C6).

7) PiBHOMIpHICTE po3moniny Marepially Mix
temamu (I'C7).

8) BucBiTieHHS  cydYacHHX
npukiIagHux gociimkens (I'CY).

9) Haseuictre KHM3 y BinmbHOMY pocTymi B
eNeKTpOoHHi# 6ibmioreni o nouatky Kypey (I'C9).

10) HaouHicTh Ta CTPYKTYPOBAHICTh TMOAaHHS
marepiainis (I'C10).

11) Axryamizaimiss 3MiCTy TeM 3 YpaxyBaHHIM
Bumor raiysi (I'C11).

12) IIpakTuyHa CrIpsIMOBAHICTh MoJayi Marepiany
3 HaBEJCHHSM Ta TIIyMadeHHsIM NPAKTHYHHX MPUKIAIIB
(T'C12).

13) CrpykrypoBaHicTh
cxinagnocri (I'C13).

14) Jloriuni B3aemo3B's3ku Mix Temamu (I'C14).

15) 'nyuka opranizanis nogaui marepiaiy (I'C15).

16) HasBHiCTP METOAMYHHX PEKOMEHAAIN st
BUKOHAHHS MPAaKTHYHHX Ta JabOpaTOPHUX 3aBIAaHb

KpHUTEiiB

ISt

HAaYKOBUX Ta

3aBlaHb 3a PpiBHEM

3aBraHHsMH. [loBHa ¢opmyna koedimienta AJsbda
Kponbaxa mae Takuii BUTIIS:

k
2
oa,.=|—— = s
¢ (k—lj SD?
ae  SD, CTaHJapTHE BIIXWICHHS CyMapHHX
k
MOKa3HUKIB  ONHUTYBaJbHUKA; Z(SDI.Z) — cyma

i=1
nUcTepciit 0ambHUX OI[HOK 32 KOXHHAM MUTAHHSIM
ONUTYBAJBHHMKA;, kK  —  KUIBKICTP NHUTaHb Yy
OIMUTYBAJIBHUKY.

VY 3arazpHOMy Burpini, koedimient KponbOaxa
BU3HAYAETBCS K  OIIHKA  KOpeNslii  JaHOro
OIIUTYBAJbHUKA 3 IHIIUM ONUTYBAJIHHUKOM TaKOi camoi
JOBKMHH 3 OIHi€l TeHepalbHOI CYKYNHOCTI 3aBHaHb. 3
¢dopmysim  koedinienra KponOaxa MokHa 3poOUTH
BUCHOBOK, III0 HaJiifHI OMHUTYBAJbHUKH MAIOTh OLIBILY
JWCTIepCil0  OaJbHUX OLIHOK 3a KOXKHUM 3aBIaHHSIM
onuTyBaNbHUKA (i, OTKE, € OB TUCKPUMIHATHBHUMH),
Hi)K HeHafiiHi onutyBanbHukU. Came Asbgha Kponbaxa
SIK TIOKA3HHUK HAIHOCTI OOUHCIIOETHCS Ta Iy OIIiKY€EThCS

Ui TECTIB  HAIIOHAIBHOTO  MYJIBTHUIPEIMETHOTO
tecryBanns (HMT) B YkpaiHi.
Pesynbrat  BusHauenHs ~ Anbda  KponbOaxa

po3pobnenoro kommwiekcy I'C KHM3 3a momomororo
nucnepciitnoro aHanisy ANOVA HaseneHo B tabnui 1.

Tabmuus 1 — /IBodakropHuii tucnepciinuii anainis 6e3
perutikariin ANOVA I'C (3nauymicts o =0,01)

(I'C16). XapaKT;gHCTHKH Cepenne Jucnepcis
. 17) HasBnicTb nepeniky JOJaTKOBUX Icl 3.571429 0285714
JmiTepaTypHMX T4 ~ HOPMATUBHHX  JDKEpen IS ) 3714286 0.571429
norim6eHoro BuB4deHHs TeM (I'C17).
18) KowmrmuiekcHuii  migxii 3  IHTErpariero Ircs 4,571429 0,285714
cymixaux aucuumuiid (I'C18). I'C4 2,714286 0,238095
3mo0yBaui  ocBiTHIX mocnyr kadempu IBT I'Cs 4,428571 0,285714
OIIHIOBAJIN BaXKJIMBICTh XapakTepucTuk I'C 3a MmIKaior I'ce 3,571429 0,285714
Jlaiikepra (Big | — HaliMeHII BayKJIMBa 10 5 — HAMOLIbII rcr 2,285714 0,571429
BRXJIMBA), a TaKoX oImiHoBamu skicte KHM3 3a Ics 4,285714 0,571429
KBaJIMETPUYHOIO IIKaJIOK (BiJ 1 — 30BCIM HESIKICHO JI0 rco 4,571429 0,285714
10 — myske sIKiCHO). r'C10 3,571429 0,285714
2) CraructuyHa  00poOKa  pes3ysbTariB _ 3a I'Cl1 3,714286 0,238095
IIOTIOMOT 010 aucrepciiinoro ananisy ANOVA. rciz 4,714286 0,238095
Jlns migTBEepIUKEHHS BIACTHBOCTI C(OPMOBAHUX I'C13 2,571429 0,285714
xapaxkrepuctuk ['C sxocti KHM3 3a0e3neuyBaTu cTiiiki rci4 3,285714 0,238095
Ta JOCTOBIpHI peakiiii 3700yBaviB mia yac ManOyTHIX I'C15 4428571 0,285714
OMHTYBAHE OyB BHUKOPHCTaHHH METOA pPO3PaXyHKY ICl6 2.857143 0,142857
Kog(b}memy Anbda K_p0H6axa, SIKAN BBAXAETECA rci7 3.571429 0.285714
Hag6mbm eq)eKTHBHITIM M 9ac BU3HAUCHHS HATIHHOCT] rCIs 2.428571 0285714
OLIHKM BAWXKJIMBOCTI OKPEMHX aclleKTiB 0a30BOro
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Cyma Mean Kpurepiit 3) 3abe3meveHHss  MPAaKTUYHO!  IMiATOTOBKH
Jlxepeno . P- . .
sapiawii [<BAAPATiB|  Square F dimepa 37100yBauiB 3 METOIO HaOyTTs (baxoBux
piami 3HA4YCHHA - .

(85) (MS) Fer KOMIIETEHTHOCTEH i3 BpPaxyBaHHAM BUMOT
Panku | 74,159 | 43622 |13,326,78E-19| 1,7238 CTEUWKXONAepiB 13 ~ BHUKOPHUCTAHHSIM  NPHUKIIAMIB
Cros6ui | 0,6032 | 0,1005 [0,3070| 09320 | 2,1887 npaKkTHIHON AiAnbHOCT] (PB3). . _
Toxnoxa | 33.397 0327 4) BignoBigHicTh (OpM Ta METOMIB HABYAHHS, SIKi
BUKOPUCTOBYIOTbCS B KHM3, BUMOTraM
Yeporo | 108,16 CTYJICHTOLIEHTPOBAHOIO ~ MiJXOAY Ta  IPUHLMIEAM

Anbda akagemiuHoi cBoOou (PB4).
0,9249 . P
Kponb6axa 5) Haseuicte B KHM3 3posyminoi indopmarii

3nauenHs Anbpa KponbOaxa 0,92>0,9 Bimnosimae

BUCOKOMY  pIBHIO  BHYTpPIIIHBOI  y3rOJDKEHOCTI
pe3ynbTaTiB OITUTYBaHHS. Tomy pe3ysbTaTn
BU3HAYCHHS  BAXJIMBOCTI  XapaKTEPUCTUK  MOXKHA

BUKOPUCTOBYBATH JuIsl o gaismoro QFD.

HopmoBani Barosi koegiuieHTn xapaxrepuctuk I'C
Oynu BH3HAYEHI 3a pe3yjbTaTaMM ONUTYBaHHA Ta
IUCTIepCiitHoro aHaiizy (tabin. 1) Ta HaBeneHi B TabmuLi 2.

Tabnuus 2 - HopmoBasi Barosi koedimieHTu
xapakrepuctuk I'C

Hopmosani
XapakTepucTHKU .
rc marosi
Koe(ilieHTH
I'Cl 0,055066
rc2 0,057269
I'C3 0,070485
I'C4 0,04185
I'Cs 0,068282
I'Cé6 0,055066
Ic7 0,035242
I'C8 0,066079
I'Cco 0,070485
Iclo 0,055066
I'Cl1 0,057269
ICil2 0,072687
I'Cl3 0,039648
I'Cl4 0,050661
I'C15 0,068282
I'Clé 0,044053
I'c17 0,055066
I'C18 0,037445

3) Busnauenns OB.

®B po KHM3, BuUKOHAHHS SKUX JO3BOJIUTH
MakCUMaJpHO  edexktuBHO  3azoBosbHMTH  ['C,
po3pobiieHi 3 ypaxyBaHHSM HOPMAaTUBHUX BHJaHb
«PekoMeHaalii  1mOJ0  3aCTOCYBaHHS  KPHUTEPIiB
OIIIHIOBaHHS SIKOCTI OCBiITHBOI mporpamu» (2020 p.),
«Po3’sicHeHHs  momo  3actocyBaHHS — KpwurepiiB
OLIIHIOBAHHS SIKOCTI OCBITHBOI IPOTpaMu: METOANYHHMI
nociouuk» (2024 p.) Ta BHYTPILUIHBOTO JOKYMEHTY
XHYPE «llonoxeHHss Mpo KOMIUIEKC HaBYalbHO-
METO/IMYHOrO 3a0€3MeUeHHS] HABYAIbHOI AUCIUILTIHI:

1) BiamosigHicte 00csary watepiany KHM3
o6csry, nependageHomy OIT (PBI).

2) BianosigHicTh CTPYKTYpH
HapuansHomy miany ta 3micty OIT (PB2).

KHM3

LI00 1ijIeH, 3MICTy Ta TpPOrpaMHUX pe3yJbTaTiB
HaBuauHs (DBS).

6) Bignosignicte 3mictry KHM3  cyuyacHum
HayKOBUM JIOCSITHEHHAM Ta npakTukam (OB6).

7) YiTkicTh Ta 3p0O3yMiNicTh (OPM KOHTPOJIBHUX
3axoiB Ta KputepiiB onintoBanus (OB7).

8) Odopmiennss KHM3 srigno 3 Bumoram JICTY
3008:2015 «Iudopmarliis Ta JOKyMeHTAIlsl. 3BITH Y
chepi Hayku 1 Ttexniku. CrTpykTypa Ta IpaBuia
odopmmoBanus» (DBY).

9) BigmoBimHicTe  wacy — po3poOku  Ta
onpuwnogHenHs KHM3 Bumoram Hakazy XHVYPE Ne
170 Bix 02.06.2021 «ITpo HOpMH HYacy ISl TUIAHYBaHHS
i oOmiKy HaBYaJbHOI, METOIUYHOI, HAYKOBOI,
oprasizauiiHoi pobotu HayKOBO-TI€IarOTiYHAX
npauiBuukiB XHYPE» (©B9Y).

10) HocrtymHicTh MIPOrpaMHAX 3aco0iB,
HEOOXiMHUX JUIS BUKOPUCTaHHS MPAKTHYHUX Ta
naboparopuux poodit (PB10).

11) HasBHicTh cHalA-JEKIi, CTPYKTypa SKHX
BinoBifae BUMOTraM JOKyMeHTy «[lomoxkeHHst mpo
KOMIUIEKC  HAaBYAJIbHO-METOJUYHOTO  3a0e3MedeHHs
HaB4aiIbHOI Aucrumutim (OB11).

12) Onosnenns 3mictry KHM3 He piae 3a 1 pa3 Ha
5 pOKH, a BHECEHHS KOPEKTHUB, SIKI BPaXOBYIOTb HOBITHI
TTOCSITHEHHS HAYKH Ta MPaKTUKH, - KOXKHOTO poky (DB12).

4) Po3paxyHOK Kopessiiiaoi Matpuii 38’ s3ky ['C
Ta OB.

Jlns po3paxyHKy Marpuii B3a€MO3B 3Ky OyJo
npoBeJeHHsT onuTyBaHHs 83 3m00yBauiB kadenpu IBT
mono ouinku I'C ta 10 BukiazaviB-excneptiB Kadeapu
IBT momo ominku OB. OO6’exktaM OIHIOBaHHS
uctymu 25 KHM3, BnpoBamkennx Ha kadenpi IBT.
3a pesyiapTaTaMu JOCHIIKEHHS Oyl po3paxoBaHi
koeoimientu xopesnii I'C ta ®B 3a popmynoro:

N'Z(xiyi)_(zx[ 'Zy[j
r, = =] 2 (=] =] : 3)
Nlez _[inj ’ Nzyxz _szij

ae x; — ®Bi-roro KHM3, y, —I'Ci-toro KHM3, N -
kinpkicte KHM3, N =25.

I'paHnuHe 3Ha4YeHHS KoedilieHTa  KOpEsIil
MMipcona ans N =25 Ta piBHa 3Hauymocti o =0,01
craHoButhb . =0,51.

xycr
PesynbraTii po3paxyHKy KOeQilli€HTIiB KOpesil
HaBeJeHO B Tabuuii 3.
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Tabmuns 3 — Kopemsuiitaa matpuist ['C Ta OB
(HaBeIeHO TIIBKU PE3yJIbTATH 31 CTATHCTUYHO 3HAYYIIOK KOpEJsiiero 3 piBHeM 3Hauyocti oL =0,01)

®Bl | ®B2 | ®B3 | ®B4 | ®B5 | ®B6 | ®B7 | ®B8 | ®BY | ®BIO | ®BII | ®BI2
rcl 053 | 055 - 0,58 | 0,86 - 0,92 - R - B -
rc2 | 058 | 062 | 066 | 052 | 0,93 - 0,76 - - - 0,53 -
rc3 B 053 | 0,64 | 084 | 078 - B 0,57 B - 0,76 B
rca | 089 | 077 - 0,58 - - - - - - 0,71 -
Ics 089 | 0,84 - - 0,56 - 0,61 - - - - 0,52
I'Ce - 0,65 | 0,67 | 036 - 0,70 - - - - - -
rc7 | 067 | 056 - 0,59 - - - - - - - -
rcs - - 0,92 | 0,61 - 0,88 - - - 0,64 - 0,86
rco - - - 0,68 - - - - 0,93 - - 0,67
IC1o - 057 | 091 | 0,79 | 053 | 081 - - - 074 | 0,66 | 0,61
rcil - 052 | 09 | 056 | 055 | 087 - - - 0,77 - 0,84
rci2 B - 0,96 | 0091 - 0,81 B - R 092 | 053 | 0,77
rci3 - 0,56 - 0,87 | 0,69 - 0,53 - - - - -
rCl4 - 0,64 - 0,58 | 0,61 | 0,63 - - - 0,58 -
ICl5 - - 0,58 | 0,87 - - - - - 075 | 0,69 -
ICl6 087 | 0,77 - 0,69 | 0,66 - 0,95 - -
rci7 0.85 0,84 0,62 - - - 0,56 0,66
rcis - 073 | 0,77 | 071 0,53 0,78 - 0,53

5) Po3paxyHOK 0AHO(AKTOPHOI KOpEeasIiiHOT

Matpuii OB.

st BCTaHOBJCHHS IUIbOBHX 3HaueHb DBy
HEOOXIZIHUM € BpaxyBaHHS HAsSBHOCTI BHYTPIIIHIX
KOpeNSIiHUX 3B SI3KiB  MDK  BCIMa  TEXHIYHUMU

xapakrepuctukamu KHM3 (®B;j). 3a pesynsratamu
ekcrieptHoro omiHoBaHHa 25 KHM3 Bukiamauamu
kapeapu IBT Oyno po3paxoBaHO  KOpEISIiHHY
Matpuiiio 3a Gopmynoto (3) (tadi. 4).

Ta6muus 4 — Kopensiuiitna matpuist @B (HaBeeHO TifbKU pe3yJbTaTH 31 CTATUCTHYHO 3HAYYILIOK KOPEISIIEI0 3 piBHEM
3Hauymocti o =0,01)

®B2 | ®B3 | ®B4 | ®B5 | ®B6 | ®B7 | ®BS | ®B9 | ®BI0 | ®BIl | ®BI2
OB 0,62 - - - - - 0,52 - - - -
®B2 - - 0,66 0,58 - - - - 0,78 -
®B3 0,77 - 0,84 - - - - - 0,81
®B4 - 0,69 - - 0,64 0,57 - -
®B5 - 0,66 0,59 - - - -
®B6 - - - - - 0,87
®B7 0,59 - - - -
®B8 - - - -
®B9 - - -
®B10 - 0,76
®BI1 | 0,61

6) Iouytu I'Cr.

Jdymky creiikxongepie ['Ct Oyno BpaxoBaHO
po3paxyHkoM BaroBux koe¢iuientie I'CT mas koxHOT
¢byHkiioHanbHOT xapakrepuctukn KHM3, BH3HaYCHUX

Pesynpratn Bu3HauenHs Anbda Kponbaxa I'Ct
KHM3 3a nonomoroto aucnepciiiHoro ananizy ANOVA
HaBEJeHO B TabuuIi 5.

3unauennst Anbdpa Kponbaxa 0,97>0,9 Bimnosimae
BUCOKOMY  DIBHIO  BHYTPINIHBOT  y3TO/DKEHOCTI

32  pe3ylNbTaTaMH  €KCIIEPTHOrO  ONHUTYBaHHS  § . . Ker
NPeJICTABHUKIB  CTeliKXONjepiB  Ta  cratucTuyHo  PE3YIBTaTiB omutyBanns. Tomy Barosi koeimienTu
oGpoGnennx 3a merogom ANOVA s pospaxymkip | CT  MOXKHA BUKODHUCTOBYBAaTH ISl IOAAJIBIIOTO
3rizHO 3 opMmyIoro (2). po3ropTaHHs GyHKIT AKOCTI.
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Tabmuus 5 — JIBodakTopHuii AucniepciitHuii anami3z 6e3

peruikanit ANOVA I'Cr (3Hauymticts o0 =0,01) Cyma Mean Kputepiit
Hoepeno kBazpatis | Square | F P- dimepa
Xapax;eé);lcmm Cepenne Jucnepcis papia (SS) (MS) SHAHCHIBT  Fer
I'Crl 1,714286 0,571429 Psnxu 132,13 | 12,01 | 32,42 [2,17E-22| 2,5290
[Cr2 3,285714 0,571429 Cros6ui | 3,8333 [0,6389| 1,72 | 0,1291 | 3,0883
I'Cr3 5 0
I'Cr4 1,571429 0,619048 Hoxubka | 24,452 | 0,3705
I'Crs 2,285714 0,571429 Veboro 160,42
I'Ct6 4,714286 0,238095 Ansda
I'Cr7 2,428571 0,285714 0,969
ICr8 1,571429 0,285714 Kponbaxa
I'Ct9 2,571429 0,619048 .
TCrl0 4,285714 0’571429 7) HO6VHOB8. House of Oualltv.
ICrll 2714286 0,238095 3a pe3ynbraTaMH TMPOBEACHHUX JOCTIKECHb 1
Ir'Crl2 4,857143 0,142857 po3paxynkiB 6yayemo HoQ (puc.1).
Hanpsi nozimuens (1,0,]) (S N I I N S O S N I (O O
1: HU3bKHH, 5: BUcOKui | DPyHKIiioHanbHI BuMorH (PB) ®BI
. .. OBl | B2 | ®B3 | ®B4 | ®BS | ®B6 | ®B7 | ®B8 | ®BY (®B10|DB11
Barosuii koedinienrI'C| T'onoc cnoxusaua (I'C) 2
3,57 I'Cl 0,53 | 0,55 0,58 [ 0,86 0,92
3,71 rc 0,58 | 0,62 | 0,66 | 0,52 | 0,93 0,76 0,53
4,57 IC3 0,53 | 0,64 | 0,84 | 0,78 0,57 0,76
2,71 Ic4 0,89 | 0,77 0,58 0,71
4,43 Ics 0,89 | 0,84 0,56 0,61 0,52
3,57 Irce 0,65 | 0,67 0,7
2,29 rcer 0,67 | 0,56 0,59
4,29 T'C8 0,92 | 0,61 0,88 0,64 0,86
4,57 rco 0,68 0,93 0,67
3,57 I'C10 0,57 { 0,91 | 0,79 | 0,53 | 0,81 0,74 1 0,66 | 0,61
3,71 I'Cll 0,52 [ 09 [ 0,56 | 0,55 | 0,87 0,77 0,84
4,71 ICi12 0,96 | 091 0,81 092 | 0,53 | 0,77
2,57 I'C13 0,56 0,87 | 0,69 0,53
3,29 ICl4 0,64 0,58 [ 0,61 | 0,63 0,58
4,43 I'C15 0,58 | 0,87 0,75 | 0,69
2,86 I'C16 0,87 | 0,77 0,69 | 0,66 0,95
3,57 Irc17 0,85 0,84 0,62 0,56 0,66
2,43 I'C18 0,73 | 0,77 | 0,71 0,53 0,78 0,53
IiboBe 3HAUEHHS 100% [ 100% | 100% | 100% [ 100% | 100% | 100% | 100% | 100% | 100% | 100% [ 100%
1: HU3BKMIA, 5: BUCOKHI Barosi koe¢iuientn I'Cr 1,71 | 3,29 5 1,57 [ 229 471 | 243 | 1,57 | 2,57 | 429 | 2,71 | 4,86
AOCOJIIOTHA BaXKJIUBICTh 38,27 [ 120,8 [ 1943 | 61,5 [ 68,62 144,7| 51,8 | 26,9 | 40,7 | 120,5[82,24| 132
BigHocHa BasJMBICTB, % 3,53 | 11,17 117,96 5,68 | 6,34 |13,37] 4,79 | 2,49 | 3,76 [11,13| 7,6 | 12,2
IIpioputet 11 4 1 8 7 2 9 12 10 5 6 3

Puc. 1. HoQ KHM3

8) Po3paxyHok Ta npiopurnsamis OB.
AOGCOJIIOTHA BaXKJIMBICTh Ij. koxxHoi @B KHM3

po3paxoBaHa 3a Gpopmyioro (1).

Bignocna BaxImBiCTh 3a

9,

po3paxoBaHa
(dbopmyoro:

100% , “4)

{
Qli = ]
21
j=1
ne L - kinbkicts @B KHM3.
CroBmuMKoBa Aiarpama Koe(ilieHTiB BaXXJIMBOCTI,
po3paxoBaHuX 3a (popmyioro (4), HaBeeHI Ha puc. 2.

o
(=]

—_
W

—
S

W

(=)

BITHOBHA BaXKJIUBICTH, %

FR1
FR2
FR3
FR4
FR5
FR6
FR7
FR8
FR9
FR10
FR11
FR12

Puc. 2. Koediuientn Baxansocti @B KHM3
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3 piarpamu (puc. 2) MOXXHA 3pOOUTH BUCHOBOK,
II0 BaYKIUBICTh TEXHIYHUX XapaKTEPUCTHK PO3IOIIICHA
HepiBHOMIpHO. Tomy motpibHO Bu3HaunTH @B KHM3,
SKi  NOTPeOYIOTH  HEpIIoYeproBoi  yBarkm  IIOJO
HaOJIIDKEHHS 0 [IJIbOBUX 3HAYCHb.

[pioputnzaniss ®B KHM3 3xiiicHeHa 3rigHo 3
npuHiunomM [Tapero (mpunuun «80 Ha 20%») (puc. 3).

Puc. 3. [liarpama ITapero BaxnuBocti @B KHM3

Jo mnpioputethux OB, ski B meprry uepry
MOTPIOHO TOJNIMIIYBAaTH JJsl JOCSTHEHHS IUTHOBUX
3HAY€Hb, BIIHOCATHCS:

®B3 - 3ale3medyeHHs MNPAKTUYHOI IiATOTOBKHU
3100yBauiB 3 METOI0 HaOyTTS (axoBux
KOMIIETEHTHOCTEH i3 BpaxyBaHHIM BUMOT
CTeHKXONJepiB i3  BUKOPHCTAHHSIM  MPHKIA/IB

MPaKTHYHOT isIbHOCTI.

®B6 - Bigmosiguicts 3Mmicty KHM3 cyuacHum
HAayKOBHMM JIOCSITHEHHSIM Ta IPaKTHUKAM.

©®BI12 - Onosiennst 3micry KHM3 we pinre 3a 1 pa3
Ha 5 POKH, a BHECEHHSI KOPEKTHUB, SIKi BpaXOBYIOTh HOBITHI
JIOCSITHEHHST HAYKH Ta TIPAKTHKH, - KOXKHOTO POKY.

®B2 - Bianosiguicte crpyktypu KHM3
HapuansHomy niany Tta 3micty OIIL

®BI10 - J[locTymHICTP TpOTrpaMHUX 3aco0iB,
HEOOXiTHUX JJIsI BHUKOPHCTaHHS MNPAaKTUYHUX Ta

n1abopaTopHUX POOIT.

®BI11 - HasiBHicTh craiin-nexIii, CTpyKTypa sIKHX
BiANIOBimac BUMoOraM JoKyMeHTy «IlolokeHHS Tpo
KOMIUIEKC ~ HAaBYAJIbHO-METOAUYHOTO  3a0e3nedeHHs
HaBYAIBHOT JUCLMILTIHN.

®BS5 - Hassaicts B KHM3 3po3yminoi inpopmarii
LI0I0 1iJIeH, 3MICTYy Ta NpOrpaMHUX pe3yJbTaTiB
HaBYaHHS.

9) BpoBajpkeHHS KOPEryIoUuuX 3aX0/1iB

MeToI0 3ampOBaJKEHHS PETYIIOIOYNX 3aXONIiB €
MaKkcUMayibHe HaOmwkeHHs mnpiopureTHnx OB 1o
LJILOBUX 3HadeHb, sKi craHoBiusath 100 %. Amaimi3
B3aeM03B’ 513Ky @B ofHa 3 0HOIO J03BOJISIE 3rPYIMyBaTU
peryiomui 3aXxoAd B 3aJEKHOCTI BiJl 3HAYYNIOCTI
KOeQII[IEHTIB KOPETISIIii.

[lepma rpyma ®B ckepoBana Ha 3abe3nmeueHHS
SIKICHOT MPaKTHYHO-OPi€EHTOBAHOT MiATOTOBKA
3000yBadiB 3 MaKCHMaJbHUM YpaxyBaHHAIM BHMOT
CTEHKXONJepiB Ta PO3YMIHHSAM OCTAHHIX HayKOBHUX Ta
MPUKJIATHUX TOCATHEHb Y HaBUYaJIbHIA qucuuriiau. J{o
Hei Bxomsath ®B3, ®B6 Ta ®BI2 (koediienTn
Kopensuii € 3HauymmMmu i cranoBnsate 0,84, 0,81 Ta

0,87, BiAmoBimHO). 3axomd  MIONO  TOKpAIICHHS
MOTOYHOTO CTaHy Iiei rpynu OB:
- TPOBOAWTH HAYKOBO-TIPAKTHYHI  CEMiHapH

kadeapH 31 CTEHKXO0JIepaMy Ha PETYJISPHINA OCHOBI,

- 3BiTyBatu npo oHoieHHs KHM3 pa3 Ha pik Ha
3acizaHHi Kadenpu 3 HaBEIEHHSM IEpPeNiKy HOBITHBOI
HaBUYAJIBHOI JIiTepaTypH Ta (axoBHUx myOIiKalriii;

- 3BiTYBaTH TNpO BIAacHi myOiikamii B (axoBHX
XKypHayax 3a HAyKOBHM HaIpPSIMOM IHCLHMIUTIHM.

Hpyra rpyma OB (©®B2, ®BI1 ta ®B5 3
koediuientamu kopessinii 0,78 Tta 0,66) crocyerbcs
BiIOBIHOCTI OB KHM3 peKOMEHIAIIISIM
HamioHanbHOro areHTcTBa i3 3a0e3MEYeHHS SIKOCTI
Bumioi oceith (HA3SIBO) «Po3’sicHeHHs 110110
3acTocyBaHHsi KpuTepiiB OLIHIOBAHHS SKOCTI OCBITHBOI
nporpami» (2024 p.)», BHYTpILIHBOI JOKyMEHTAii
XHVYPE «llonoxkeHHsI NpO KOMIUIEKC HaBYaJIbHO-
METO/IMYHOTO 3a0e3NeUeHHs HaBYAIBHOI JAMCIUILIIHI
Ta ocBiTHbO-mIpodeciiiHoi mporpamu OOIl  «SkicTb
NPOIYKILii, MPOLEciB Ta HMPOrpaMHOTO 3a0e3MeueHHs
neporo (6akanaBpcbkoro) piBHsa Buiioi ocsity i OOIT
«3abe3neueHHs]  SKOCT» APYroro (MaricrepchbKoro)
piBHA BHUIIOI OCBITH. 3aX0QW IIOAO ITOKPALICHHS
norouHoro crany ®B npyroi rpymu:

- po3pobutu Ta BrnpoBaautH Ha kKadenpi IBT
KOHTpOJIbHY (hopMy 3BIiTHOCTI Tpo BimnosigHicTe OB
LIIFOBUM 3HAYCHHAM 3a Moze/uto camoorinku JJCTY
ISO  9004:2018  Vmpapninus  sikicTio.  SIKiCTb
opranizanii. HacTaHOBM IIOKO MOCATHEHHS CTAJIOrO
yemixy (ISO 9004:2018, IDT);

- 3a pesynbratamu 3BiTy HIIII moBuHeH 3poOuTu
JIOTIOBI/Ib HA 3acifiaHHi KadeapH.

3axonu, CKEpOBaHI Ha JIOCSITHEHHS IIJIbOBOTO
sHaueHHs ®B10 - JlocTymHicTh MpOrpaMHUX 3aco0iB,
HEOOXiMHUX JUIS BUKOPUCTaHHS MPAaKTHYHUX Ta
11abopaTopHUX POOIT, HACTYIIHI:

- 000B’s13k0BO BBecTH B cTpyKTYpy KHM3 po3ain
mix  HazBoro  «PekoMmeHpamii 3 BUKOPHCTaHHS
iHpOPMALIHHUX TEXHOJIOT1i», B IKOMY HABECTH IEpeIIiK
MporpaMHUX  3aco0iB,  IHTEPHET-CEpPBICIB,  IHIINX
iHpopMaIIHHIX pecypcCiB, sKi 3HAXOAATHCS Y BUIBHOMY
JOCTYIi, KOPIOPaTUBHUX NPOTPAMHUX IPOAYKTIB
XHYPE, 0e3K0IITOBHOTO MPOrpaMHOro 3a0e3neyeHHs,
HEoOXimHMX a00 pEeKOMEHAOBAaHHMX U1 3aCBOEHHS
MaTepiany HaBYaJIbHOT TUCIIUILITIHH;

- HaBEeCTH pEKOMEHJalii II0JO 3aCTOCYBaHHSI
MepeNliueHnx  MpPOrpaMHUX 3aco0iB  Ta  iHTEpPHET-
pecypciB i3 mpuUKIaJaMu ~ BUKOPHCTaHHS  JUIS
PO3B’s13aHHS 3aBaHb HABYAIHHOI JUCIHUILTIHN.

[IpononoBanuii aganrroBanuii anroput™ QFD Mosxe
3acrocoByBaTHCh Ui 3BO Beix nmpodineit HaBuaHHs, ane
SIKIIO JUT CIeniabHOCTeH Taiy3i 3HaHb G «lHxeHepis,
BHPOOHHNTBO Ta OyIiBHHUIITBOY» KOMIUIEKC CHO>KHBYUX
xapakrepuctuk KHM3 3 pospaxoBaHumMu BaroBuUMu
koedilieHTamMu Ta KOMILIIEKC BHOKPEMIICHUX
npiopuTeTHHX ~ (QyHKHiOHANbHUX BuMOr g0 KHM3
CITIIBIIAJIA€ 3 HABEJEHUM B CTATTi, TO JUIsl CIEI[ialbHOCTEM
IHIINX Tayy3ed 3HaHb IOTPIOHO NPOBENEHHS OKPEMHX
JIOCTIIDKEHb 32 PO3POOJICHOI0 METOIUKOIO VISl TIOBHOTO
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BpaxyBaHHs crHelu(piYHMX OCOOJIMBOCTEH HpolLecy
HaOyTTA CTYZICHTaMH KOMIIETEHTHOCTEH, 110
BI/IMOBIIAIOTH PI3HUM Taly3siM 3HaHb.
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6. BucnoBxku

CrarTd NpUCBSYEHA JOCITIIKSHHIO MOXIMBOCTEH
IIBUIIEHHS  SKOCTI  CIIOXKHUBYMX  XapaKTEPHUCTUK
KIIIOYOBOTO TMPOIIECY OCBITHRO-HAYKOBOI MisUTBHOCTI
3BO «Po3pobka HM3 ocBiTHROrO mporecy» 3a
JIOIIOMOTOI0 IHCTpYMEHTY ynpapiiHH sikicTio QFD.

AHamiz  ocraHHiX myOmikamiif, MPHUCBAYCHHX
3acrocyBaHHIO MeToy QFD 11 mokpaiieHHs mpouecy
HAJaHHS  OCBITHIX  MOCIYr, JIOBIB  BIJICYTHIiCTh
JIOCTIDKEHb YKpaiHCHKMX HAyKOBIIB, CKEPOBaHUX Ha
ITiIBUIIEHHS SIKOCTI SIK OCBITHHOTO IPOIIECY B3arali, Tak
1 OKpeMHuX KIFOUOBHX MpoiieciB missibHOCTI 3BO, siki 6
BpPaxoBYBaJM OCOOJIMBOCTI YKpPaiHCHKOTO OCBITHBOT'O
cepemoBuiia. JloBeneHa — BaXIJMBICTH  JeTajizamii
CHOXHBYMX  XAPAKTEPUCTHK  KOXKHOTO  KIFOYOBOTO
mporecy 3BO, 3o0kpema, mponecy «Po3pobka HM3
OCBITHBOTO TIPOLIECY».

O6rpynroBano 3actocyBans wmeroxy QFD, mo
6azyeTbcs Ha TexHouorii no0ynosu HoQ, aist BUsIBIEHHS
Ta npioputH3alii  (YHKIIOHAIBHUX  XapaKTEPUCTHK
KHM3, ski MaroTh HaiOiIbII TICHUH KOpENSIiiHUIA
3B’A30K 31 CIHOXKHMBUMMH  XapaKTepHCTHKaMH. B
knacuuHuil  anroput™  Metony QFD  nomaHo eranm
«[louytn Tomoc credkxonaepiBy, MIO  JIO3BOJISIE
BpaxyBaTH 3allMTH CTECHKXOJAepiB M0N0 HABYAIBHO-
METOMYHOTO Matepially, SKUM KOPHCTYIOTECS 3100yBadi
BHUIIOT OCBITH U1 HAOYTTS (PaXOBHX KOMIIETEHTHOCTEH,
BOXJIMBHX U1l MaOyTHBOT poeciiiHOl AisIbHOCTI.

CdopmoBaHo  koMmMIUlekC 3 18  KIHOYOBHX
croxuBYMX xapaktepuctuk KHM3 3a pesynpratamu
onuTyBaHHs crydeHTiB  kadeapu IBT (XHVYPE).
JloBEeAEGHO  Y3rOKEHICTh C(OPMOBAHOIO MEpENiKy
CHOXXHUBYMX XapaKTEPUCTHUK 3a JIOTIOMOTOI0 PO3paxyHKY
koediumienty Anbdpa Kponbaxa (0,92>0,9 nnst piBHs
sHauymocTi o0 =0,01). 3 ypaxyBaHHSIM HOPMAaTHBHHX
BUMOTI CKCIIEPTHHM METOJOM BH3HAUCHO IIEpelliK
¢yHnkuionansHUX BUMor 1o KHM3 s MakcumanbHOTO
3aJI0OBOJICHHSI TNOOaXaHb 3700yBaviB BHIIOI OCBITH.
BcTaHOBNIEHO TICHOTY KODEALIMHOTO 3B S3KYy MIX
(GYHKLIOHANBHUMH Ta CHOXKUBYUMH XapaKTEPUCTUKAMHU
KHM3. BBeneHo Ta po3paxoBaHO BaroBi KoeQillieHTH
(byHKIIOHATBHUX XapaKTePUCTHUK KHM3 3a

pe3ynbTaTaMi ONMTYBaHHS cTeikxomnuepiB  (Anbda

Kponbaxa 0,97>0,9 nns piBHs 3HauymocTti o0 =0,01).
3actocoBaHo TexHOmorilo HoQ st BU3HaYeHHS

BXJIMBOCTI (yHKIIOHAIBHUX XapakTepuctuk KHM3. B

pe3yabTaTi  OTPUMAaHO  KOMIUIEKC  HPIOPUTETHUX
¢byHkuionanbHuX xapakrepuctuk KHM3, BuokpemiieHnx
3rigHo 3 mpuHuunoM  [lapero.  3amporoHOBaHO
perymorodi  3aXomm g HAaOMWKEHHS  3Ha4eHb

(GYHKITIOHATIBHUX XapaKTePUCTHK JI0 LIbOBHX 3HAYCHb.

TakuM 4MHOM, pPO3pPOONEHUI aNropuT™M I €
e(eKTUBHUM IHCTPYMEHTOM ISl TMIJIBUIIEHHS SIKOCTI
KIIFOYOBHMX IMOKa3HUKIB fisumbHOCTI 3BO, a BuM3HAucHMIA
KOMIUIEKC CTIOKMBYMX 1 (DYHKI[IOHAJIBHUX XapaKTEPHCTHK
Ta 0e3nocepeaHbo pe3yJbTaTu PO3paxyHKiB
MPHUKJIAAHOTO JOCTIHKSHHS MOYKHA 3aCTOCOBYBATH IS
MOKpAIICHHS PIiBHSA 3a0BOJICHOCTI 3100yBayiB BHILOL
ocitTn sikictio HM3 mist Bcix (aXxoBHX HaBUAJIbHHX
JMCLMIUTIH raity3i 3HaHb G [HxkeHepisi, BUpOOHUITBO Ta
OyaiBHUITBO. 1151 cHieliaIbHOCTEH 1HIKX raTy3el 3HaHb
MOTPIOHO  MpOBEAEHHS  OKPEMHUX  JOCII/DKEHb 32
PO3pOOJICHOI0 METOJMKOI I HOBHOTO BpaxyBaHHS
cnenupiuHUX ~ ocoOnmMBOcTel  mpouecy — HaOyTTA
CTyJIEeHTaMH KOMIICTEHTHOCTEH, 110  BiAIOBIZAIOTH
PI3HUM ray3sM 3HaHb.

7. IlepcrieKTUBH NMOAATBIIUX AOCTiTKEHb

[lepcniekTUBM AOCHIIKEHb B JAHOMY HAalpsIMKY
BOAYaIOTBCSI B IIPOBEJCHHI OKPEMOTO JIOCIIKEHHS
LIOI0 BHM3HAYEHHS KOMIUIEKCHOI'O MOKa3HUKA SKOCTi
KHM3 3 touku 30py 3100yBadiB BHIIOi OCBITH, SKE
BM3HAUNTh  skicte KHM3 1o  BupoBakeHHS
3aIlPOIIOHOBAHHMX PETYIIOIYMX 3aXOJiB, Ta ICIA
peanizauii 3axoxiB QFD. Mertoro pociipkeHHs Oyne
MiATBEPIKESHHS e(eKTUBHOCTI aJlanTOBaHOTO
anroputmy QFD s nokpamenns skocti HM3 B 3BO
Vkpainu. JIoBroTepMiHOBI MEPCHEKTUBU JOCIIIKCHb B
JTAHOMY  HANpsMKY TIOJATalOTh Yy  NOJAJIBIIOMY
BIPOBA/DKEHHI  IHCTPYMEHTIB  MOJEJl  yHpaBIliHHA
sikicTro LSS asst miABUIICHHS SIKOCTI MPOIIECIB B paMKax
CTBOPEHHS KOMIUIEKCHOI CHCTEMH YIIPABICHHS SIKICTIO
3BO Ha 6a3i pexkoMeHHaIiil Cy4yacHHX MiKHAPOIHUX
CTaHJaPTIB.

Chnmucok Jitepatypu

1. Clayton M. Treading the quality path: a progress report ®Bom Aston University. In Total Quality Management.
Springer Netherlands, 1995. http://dx.doi.org/10.1007/978-94-011-0539-2_79
2. Ermer D.S. Using QFD becomes an educational experience for students and faculty. Quality Progress, 1995. P. 131-

136.

https://asq.org/quality-progress/articles/using-qfd-becomes-an-educational-experience-for-students-and-

faculty?id=1b8d243a6d70458b9aef956e9923bfdd&srsltid=AfmBOoqM6wpbs0-O975H]-

3ZdugdKaE4OVHuY2iX6_deP9TOt60U915v

3. Pitman G., Motwani J., Kumar A., Cheng C.H. QFD application in an educational setting: A pilot field study.
International Journal of Quality & Reliability Management. 1996. 13(4). P. 99-108. DOI:10.1108/02656719610114434
4. Hwarng, H. B. & Cynthia, T. Translating customers’ voices into operations requirements A QFD application in higher

education.  International  Journal
DOI:10.1108/02656710110379075

of Quality &  Reliability =~ Management.

2001.  18(2). P. 195-225.

5. Kumar M., Umar B. M., Tersona R. Higher Education in India Using Quality Function Deployment. Journal of
International Law and International Relations. 2012. 2(1). P. 1111-1118. DOI:10.5829/idosi.mejsr.2023.12.8.1639

6. Karanjekar, S.B., Lakhe, R.R. and Deshpande, V.S. A QFD ®Bamework for translating customer requirements into
key operational activities in technical education sector. International Journal of Engineering Research & Technology. 2013.

2(10).  P.  712-7I8.

https://www.ijert.org/research/a-qfd-®Bamework-for-translating-customer-requirements-into-key-

operational-activities-in-technical-education-sector-IJERTV2IS100267.pdf
7. Raissi N. Using QFD method for assessing higher education programs: An examination of key stakeholders' visions.
International Journal of Management in Education. 2018. 12(1). P. 70-86. DOI:10.1504/1JMIE.2018.088386

80

© 1.0. Momerko, O.B. 3amopoxens, 2025



Metrology and Instruments 2/2025 MeTtponoria Ta npunagu
Qualimetry and quality assurance KBanimeTpisi Ta 3abe3neyeHHs SKOCTi

8. Chan L.-K., Wu M.-L. Quality Function Deployment: A Comprehensive Review of Its Concepts and Methods. Quality
Engineering. 2002. 15(1). P. 23-35. DOI:10.1081/QEN-120006708

9. Raza, S. A., Qazi, Z., Qazi, W., & Ahmed, M. E-learning in higher education during COVID-19: Evidence ®Bom
Blackboard learning system. Journal of Applied Research in Higher Education. 2022. 14(4). P. 1603-1622.
https://doi.org/10.1108/jarhe-02-2021-0054

10. Rashid J., Amuthakkannan R. Implementation of Quality Function Deployment to Improve Online Learning and
Teaching in Higher Education Institutes of Engineering in Oman. International Journal of Leaning Teaching and Educational
Research. 2025. 23(12). P. 463-486. DOI1:10.26803/ijlter.23.12.24

11. Jnanesh N. A., Hebbar C. K. Use of Quality Function Deployment Analysis in Curriculum Development of
Engineering Education and Models for Curriculum Design and Delivery. Proceedings of the World Congress on Engineering and
Computer Science 2008 WCECS 2008. https://www.iaeng.org/publication/WCECS2008/WCECS2008 pp574-577.pdf

12. Mou N., Mahfuzul R. Curriculum Development Through QFD for Business School: A Structured Literature Review.
The Jahangirnagar Journal of Business Studies. 2018. 7 (1). P. 49 — 62. https://ssrn.com/abstract=3281878

13. Kanango J., Bhatnagar A., Gupta R., Kashiyap V. Designing a short-term training course curriculum using the quality
function deployment (QFD). International Journal of Quality & Reliability Management. 2023. 40 (9): 2247-227.
https://doi.org/10.1108/IJQRM-05-2022-0150

14. Moshchenko 1.0O., Nikitenko O.M. Value Stream Map Optimization Model in the Field of Educational Services.
Collection of scientific works of the Odesa State Academy of Technical Regulation and Quality. 2023. 2(23). P. 6-15.
https://doi.org/10.32684/2412-5288-2023-2-23-6-15

15. ISO 13053-2:2011 Quantitative methods in process improvement - Six Sigma - Part 2: Tools and techniques.

16. ISO 16355-1:2021 Application of statistical and related methods to new technology and product development process
— Part 1: General principles and perspectives of Quality Function Deployment (QFD).

17. Po3’sichenns wooo 3acmocyeanns Kpumepiie oyiniosanHs sSKocmi 0ceimuboi npoepamu: METOIWYHUE MOCIOHHK
[Enexrponne Bunanns] / A. Byrenko, I'. [lenuckina, O. €pemenko, O. Kuanm, 1. Cimmar, O. Tpebenko. Kuis : Hanionansae
areHTCTBO i3 3a0e3meuenns SKOCTi BUIoi ocsith, 2024. 127 c.

18. Moshchenko 1.O., Zaporozhets O.V. Technology for implementing the Lean Six Sigma” quality management model in
higher education institutions. Part 1: Identification and measurement of the educational process critical to quality characteristics.
Metrology and Instruments. 2024. 1. P. 51-58. https://doi.org/10.30837/2663-9564.2024.1.10

19. Moshchenko 1.0., Zaporozhets O.V. Technology for implementing the “Lean Six Sigma” quality management model in
higher education institutions. Part 2: inconsistencies analysis, educational process improvement and control of improvements
sustainability. Metrology and Instruments, 2024. 2. P. 56-63. https://doi.org/10.30837/2663-9564.2024.2.11

Hapifinna (Received) 05.10.2025
Tpuitasra no npyky (accepted for publication) 25.10.2025

BIAOMOCTI [TPO ABTOPIB / ABOUT THE AUTHORS
Momenko IHHa - KaHAWAAT TEXHIYHMX HayK, AOIEHT Kadenpu [HPOpMAaIiHO-BUMIPIOBATBHUX TEXHOJOTIH, XapKiBChKHi
HaLllOHAIIBHUH YHIBEpCUTET pajioeneKTpoHiky, e-mail: inna.moshchenko@nure.ua, ORCID: https://orcid.org/0000-0002-2738-
0037.
Moshchenko Inna - PhD, Associate Professor, IMT Department, Kharkiv National University of Radio Electronics, e-mail:
inna.moshchenko@nure.ua, ORCID: https://orcid.org/0000-0002-2738-0037.

3anopoxenb OJier - KaHIUIAT TEXHIYHUX HaykK, MOUEHT Kadeapu [HpopmauiiiHO-BUMIpIOBAIBHUX TEXHOJIOTIH, XapKiBChKHUii
HaLllOHAIIBHUM YHIBEPCUTET paioeNeKTpoHikH, e-mail: oleg.zaporozhets@nure.ua, ORCID: https://orcid.org/0000-0002-7831-
8479.

Zaporozhets Oleg - PhD, Associate Professor, IMT Department, Kharkiv National University of Radio Electronics, e-mail:
oleg.zaporozhets@nure.ua, ORCID: https://orcid.org/0000-0002-7831-8479.

Research on the degree of satisfaction of the requirements of higher education applicants with the quality of
methodological support of the educational process in universities using the QFD method
1.O. Moschenko, O.V. Zaporozhets

Abstract

As the results of the survey of higher education applicants prove, the availability of high-quality methodological support is
one of the most important components of the overall quality of the educational process. Since currently in Ukrainian educational
environment a significant part of the country's leading universities operates remotely, the issue of accessible and understandable
methodological support is one of the most important factors in obtaining a quality education. The purpose of the study is to
develop an algorithm for analyzing consumers’ requests of higher education applicants by the quality of methodological support
based on the Quality Function Deployment (QFD) method and prioritizing the technical characteristics of methodological support
in order to increase the satisfaction of consumers of educational services in Ukrainian universities The research methodology is
based on the application of the QFD method. Statistical processing of the results of the study was carried out using the methods
of calculating the Alpha Cronbach coefficient, analysis of variance, correlation analysis, and the Pareto method. As a result of the
study, an algorithm for applying the QDF method to improve the quality of educational services has been formed, which takes
into account the specific features of the modern educational environment in Ukraine. A list of developed consumers’ and
technical characteristics of methodological support with defined weights can be applied to increase the satisfaction of consumers
of educational services with the quality of methodological support who to get an education in the field of knowledge G, and the
general algorithm — to improve the quality of educational services in all universities of Ukraine.

Keywords: quality function deployment, adapted algorithm, statistical analysis, correlation analysis, statistical processing
of results, functional requirements.
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METHODS FOR IMPROVING PRINT QUALITY FOR
KONICA MINOLTA 6085 DIGITAL PRINTING PRESS

0.V. Vovk, I.B. Chebotarova, D.O. Donskiy, R.I. Chebotarov

Kharkiv National University of Radio Electronics, Kharkiv, Ukraine

Abstract

The paper examines the use of different raster structures with different dot shapes, taking into account the typical
recommendations of printing press manufacturers and the features of the Konica Minolta 6085 printing press to improve the
quality of printed products. The use of various rasterization technologies allows solving not only the classic problems of moir
formation, graininess, improving the smoothness of halftone printing, etc., but also more specific problems. The use of different
forms of raster dots in digital printing can be used to expand the color gamut; the combination of stochastic rasterization,
different forms of dots and high-precision line screen allows you to simulate various printing processes and make better quality
color proofs. Based on the results of the evaluation, recommendations were developed for the selection of types of rasters

according to the types of originals and materials.

Key words: digital printing; assessment; quality; stochastic; raster; rasterization; line screen.

1. Introduction

Improvement of printed product quality is an
important issue for printing enterprises. At the same time,
quality control in digital printing companies is usually
carried out only by the print operator, visually based on
the principle of “like/dislike” or “close to the layout”, as
there are no clear, officially recognized criteria for
evaluating digital print quality. A relevant issue is the
study of methods for improving print quality for digital
printing press. One of these approaches is to use various
methods of rasterization with a specified line screen.

The purpose of the work is to investigate ways for
improving print quality for the Konica Minolta 6085
printing press through additional rasterization
capabilities.

In order to achieve the goal, it is necessary to
perform the following tasks:

— investigate the characteristics of digital printing
that may influence print quality;

— develop test images for experimental printing;

— select digital printing quality indicators;

— select printing materials for studying the
quality of digital printing;

— conduct an evaluation of the prints;

— develop recommendations for choosing types
of rasters based on types of originals and materials.

The study was conducted at the printing company
LLC «Drukarnia Madrid» in Kharkiv, Ukraine on the
Konica Minolta 6085 printing press, using the most
popular printing materials at the company.

2. Digital image parameters that affect
print quality

Due to the absence of national standards for digital
printing, the analysis of its quality is subjective. The
engineering evaluation of digital printing quality is
carried out using the international standard ISO/IEC
24790:2017 [1], which assesses the accuracy of font,
line, and spot reproduction. This document applies to
human-readable monochrome documents produced by

printers and copiers. However, the standard does not
address the quantitative values within which
measurements are to be made, does not provide a
methodology for creating a test object, calibrating
equipment, or a list of parameters necessary for
evaluating different printing technologies.

The concept of quality implies a set of properties
or characteristics, and is therefore defined by a single
value [2]. The quality assessment of a printed image is
most often carried out by experts, who draw conclusions
by combining technical data with their subjective
evaluations [3]. Digital printing is a reproduction of the
original, which allows for the selection of reference
values for the test-object indicators, specific to each of
the chosen parameters. In order to calculate the quality
indicator and then the overall quality index, each print
quality parameter on the test strip will correspond to its
own test object. According to the analysis of works
[2,4-16], the quality of digital image printing is
influenced by parameters such as resolution, dot shape,
line screen, raster rotation angle, etc.

1. Resolution.

The selected resolution affects the file size on the
disk, the speed of processing the document in the image
editing program, and the time it takes to print.

The resolution at which the image is to be sent to
the output device is called the output resolution and is
determined by the spatial frequency of the raster. In the
field of digital prepress, there is an empirical rule stating
that the output resolution should be equal to twice the
line screen of the raster (300 ppi (Pixels Per Inch) for a
raster with a line screen of 150 lIpi (Lines per inch)).

2. Raster Line Screen.

The number indicated in the printing press
specifications as the resolution is the number of real
dots that the machine prints per inch (for example, 600
or 1600 dpi (Dots Per Inch)). The number of raster dots
per unit length is referred to as the line screen. The line
screen is measured in Ipi.

The ratio of the output device’s resolution to the
raster line screen determines the size of the raster cell's
sides, measured in printer dots. The maximum number
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of dots in a printing press that form a raster dot equals
the square of the cell's side length.

The quality of halftone reproduction depends on the
tonal range. However, at least 150 shades of gray are
required for this, while high-quality printing requires a
much larger number of halftones to be rendered (Table 1).

Table 1 — Recommended line screens for printing

lin/em | lpi Publication type

12-24 | 30-61 raster images of printers

24-48 | 61-122 illustrations in newspapers

48-60 122-152 | magazine illustrations

60-80 152-203 advertising and artistic publications
80-120 | 203-305 special editions and stereo printing

The sharpness and clarity of the image improve
with an increase in line screen, and the visibility of the
raster decreases. However, the number of reproduced
gradations and the smoothness of tone reproduction are
reduced if the line screen is increased without a
corresponding reduction in the level of inherent visual
noise in the platemaking and printing processes. The
choice of line screen value can be considered correct if
it ensures an optimal balance between different quality
indicators, such as image sharpness and tone
smoothness. A  quantitative expression of this

compromise ratio is the value of the relative areas of the
minimal dots and spaces [2, 15]. Additionally, the line
screen should be selected in accordance with the
material on which the printing is performed.

3. Dot Shape.

Ensuring the accuracy of reproducing print
elements and minimizing the size of gaps is a
fundamental criterion for optimizing the process of
raster image printing. At the same time, originals may
vary significantly in nature. Some may primarily
contain fine details and contours with an absence of
background, while others may require accurate tone
rendering without noticeable transitions, rather than fine
details in the images. It’s clear that for the first type of
images, where small details predominate, a higher line
screen is used, as suggested by the aforementioned
standard method. On the other hand, for “soft” images,
it is desirable to slightly reduce the line screen while
simultaneously maximizing the number of shades that
can be reproduced. Therefore, in order to improve print
quality, various dot shapes can also be used depending
on the type of images and materials on which the
printing is performed. The main types of raster
structures for Konica Minolta 6085 printing press are
shown in Figure 1 [6, 11, 17].

Limb X

Fig. 1. Types of raster structures for Konica Minolta printing press

Following control tools are used for quality control
during the prepress stage and printing process [18, 19]:

a) TECHKON SpectroPlate Digital Microscope is
used for checking the shape of raster dots. It is designed
for measuring the parameters of analog and CTP plates,
printing films, and printed impressions;

b) X-Rite 518 Spectrodensitometer is used for
monitoring the printing process and determining print
quality parameters. Its functions include measuring
optical density, dot gain, area of raster dots, contrast,
trapping, etc.;

¢) Eye-One Pro UV Cut Spectrophotometer is used
for controlling color reproduction accuracy and creating
printing profiles. It is designed for measuring the
spectral characteristics of light and provides the ability
to obtain color information in various color systems.

3. Quality indicators of digital printing

The purpose of the research is to select technological
parameters for improving the quality of digital printing in
the context of an operating enterprise. Therefore, a
simplified scheme of comprehensive analysis is entirely

acceptable, where individual quality indicators that are
specific to this production are analyzed. After calculating
the quality indicators, the obtained values are compared
with the reference value, and conclusions regarding quality
are made. A comprehensive quality assessment includes
visual evaluation by the consumer, instrumental evaluation,
and the use of physical quality indicators of prints obtained
through printing on Konica Minolta 6085 printing press.

It is necessary to investigate the impact of various
image parameters (resolution, line screen, dot shape,
etc.) on the quality of digital printing.

As mentioned earlier, the quality of digital printing
results is usually evaluated visually, as there are no clear,
officially regulated evaluation criteria. Therefore, the issue
of assessing print results is particularly relevant, especially
in cases where printing is done with non-reference
parameters. That is, each printing press has settings
recommended by manufacturers for the most common
materials, such as offset or coated paper, etc. However,
more than half of the jobs are performed on other
materials, such as design papers, printing films, self-
adhesive materials, etc. Developing quality indicators that
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account for additional settings in digital printing, as well
as recommendations for using additional printing modes
for different materials, is a crucial task for a printing
company that aims to attract and retain its clients [20].

There were 12 parameters identified during the
analysis of works devoted to the quality of digital
printing  [6, 10, 11, 14, 15], according to which
researchers evaluated digital printing (see Table 2).

Table 2 — Digital printing evaluation criteria

No |Evaluation criteria

Print characteristics

Absence of excessive background optical density

The background should be clean

Overall print uniformity

1t should not contain poorly printed, overly light or dark spots

Normal optical density of the image

The print should not appear overloaded or oversaturated

Clear gradation reproduction

All transitions should be clearly visible

Satisfactory image resolution

Small details should be clearly noticeable when examined closely

Sufficient print resolution

The print should appear sharp, with no blurring of contours

N[N || (W N —

Font reproduction quality

Reproduction of the smallest font sizes and high-quality letter
elements

8 |Gloss

Distributed evenly across the entire print area

9 |Degree of toner adhesion to the substrate

The ink should not flake off or wash away with water

10 |Color gamut

A high-quality print should include all colors from the layout

11 [Reproduction of memorable colors

Memorable colors should be reproduced realistically

12 |Image contrast

Reproduction of the lightest and darkest shades

According to the set task, it is not necessary to
consider all the indicators for quality assessment.
Indicators related to background density or print resolution
are not critical, as high-quality printing equipment and
materials are used for the experiment. Therefore, some
indicators will not be calculated, but their visual
examination will be conducted in order to gather
information for developing recommendations for printing.

After analysis, items 6 and 9 from Table 2 were
excluded from consideration, as printing is carried out
using high-quality printing press with high resolution,
which ensures both sufficient print resolution and good
adhesion. Item 1 (background optical density) will be
investigated to confirm the quality of the printing
materials, but this parameter will not be considered for
the overall assessment. Instead, it is proposed to calculate
image contrast as the difference between the maximum
and minimum optical densities of the image. Increasing
the line screen leads to the reproduction of a more
saturated image, thus increasing the contrast. Therefore,
this indicator has been included for consideration. Item 8
(gloss) will be assessed visually. Printing is performed on
materials with different surfaces, so this indicator is not
always necessary. It is suggested to add gray balance,
which provides an understanding of the consistency of
primary and auxiliary color triads (their overlaps) in
highlights, halftones, and shadows, i.e., the image’s
balance in the achromatic component. Its reproduction
also depends on the set line screen and dot shape, so it
will be evaluated visually, and the analysis of this
indicator will be considered in the recommendations. The
evaluation of the uniformity of solid print area is
especially important when printing images with large
solid areas. This parameter should be controlled, which is
confirmed by many researchers of print quality.

The following final nomenclature of indicators has
been chosen for the study:

— halftone reproduction (print linearity);

— optical density of the image;

— font reproduction quality;
— contrast;

— color deviation;

— print uniformity;

— color gamut.

4. Development of a test image for
assessing the quality of digital printing

Test images were developed based on the analysis
of various test images recommended in the literature
[3,21] and used in production for digital printing
testing. Based on the print format, two layouts were
designed — the first one is for the analyzing and visual
evaluating the images, and the second one is for
determining the main indicators for assessing digital
print quality. The test objects were divided into two
categories in order to conduct both subjective and
objective analysis of digital print quality. The subjective
evaluation was performed by experts and then compared
with quantitative indicators.

Accordingly, the developed test images included
test objects for the quantitative assessment of quality
indicators (print uniformity, print linearity, contrast,
color gamut, color deviation) and elements for visual
evaluation by experts (images in RGB and CMYXK color
systems for assessing the reproduction of memorable
colors, a scale for evaluating gray balance, test objects
for font quality control, and objects with gradient fills
for visual assessment of print linearity).

The developed test images with control elements
were printed on selected materials with specified line
screen parameters and different dot shapes, as shown in
Figure 2.

Linearity, as one of the most important quality
indicators, was assessed by the number of halftones
reproduced. A scale with various relative dot sizes
ranging from 0 to 100% was used. The scales were
designed for both primary and secondary colors (see
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Figure 2.1). For visual control of gradient linearity,
scales with linear and radial gradients were used (see
Figure 2.2). In order to assess color reproduction
accuracy, the Ugra/Fogra Media Wedge V3 control
scale was used (see Figure 2.3).

The reproduction of memorable colors is crucial
for accurate color representation in paintings and photo
reproductions. It was controlled based on the
corresponding images (see Figure 2.4). Another
indicator is gray balance (see Figure 2.5).

Fig. 2. Test images

The test object for determining print uniformity
consists of printed solid areas of primary colors, placed
both along the length and width of the print. They are
also used for controlling text “reversal”. Four optical
density measurements were made in both the horizontal
and vertical directions (see Figure 2.6).

Contrast is defined as the difference between the
maximum and minimum optical densities of the image.
In order to calculate contrast, scales are required to
control light and dark shades with maximum and
minimum optical density values (see Figure 2.2).

5. Selection of printing materials

Materials used at the enterprise were considered
for the experiment. The analysis of orders allowed for
the selection of materials most commonly chosen by
customers:

1. Coated paper, glossy surface, density 170
g/m?;

2. Coated paper, matte surface, density 150 g/m?

3. Coated cardboard, matte surface, density
300 g/m?;
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4. Linen embossed textured cardboard, linen,
density 230 g/m?;

5. Constellation Snow Lime textured cardboard,
dot, density 280 g/m?;

6. Plike White design paper, smooth texture
(properties similar to plastic), density 330 g/m?;

7. Self-adhesive paper.

All of these materials above are classified as high-
quality papers. Design paper and textured cardboard
were selected for studying the potential for improving
print quality on these materials.

Printing was carried out with line screens of 150,
200, and 300 lpi during the experiment. After analyzing
the screening technologies and the characteristics of
raster structures, the following dot shapes were selected:
Round, Square, Rhomboid, Line, Double Dot.

6. Print Quality Evaluation

After printing the samples, a preliminary expert
evaluation of the prints was conducted.

Considering the tasks set for the research, five
experts working in digital printing companies were
selected: a designer, a technologist, a manager, a print

operator, and a head of the production department. The
main criteria for selecting experts included options as
formal indicators (e.g., position, years of experience in
the industry, etc.), success in previous evaluations (clear
understanding of the tasks set, adequate and fair
assessment), and familiarity of the expert with other
group members (trust in the results of other experts,
personal responsibility to other participants). Expert
assessments are required for comparison with the results
of instrumental control and calculations. An expert
survey was conducted for the visual evaluation of the
obtained images, in which experts determined the
nomenclature of quality indicators for digital printing.

Taking into account the experts’ level of expertise,
the ranking method was preferred. For each expert, the
task was to number the prints on different materials
from 1 to 7, where 1 represents the worst quality, and 7
represents the best one. In doing so, experts assessed
both objective indicators (e.g., gradation characteristics,
print uniformity, gray balance) and subjective quality
indicators (reproduction of memorable colors, gloss and
texture of the surface, etc.).

The expert evaluations of the prints on different
materials are shown in Table 3.

Table 3 — Evaluation of material samples by experts

Printing Material Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Sum | Rank
Designer | Technologist | Manager | Print operator | Head of Prod. Dept.
Coated paper, glossy surface 7 5 7 6 6 31 2
Coated paper, matte surface, 5 6 5 5 5 26 3
Coated cardboard, matte surface 6 7 6 7 7 33 1
Textured cardboard, linen 1 1 2 1 1 6 7
Textured cardboard, dot 2 2 1 2 2 9 6
Design paper 4 3 4 3 3 17 5
Self-adhesive paper 3 4 3 4 4 18 4

The lowest scores were given to textured printing
materials (highlighted in bold). According to the
experts, the additional rasterization capabilities could
not improve the print quality on these materials. Thus,
they will not be used in further research.

After the preliminary analysis, key indicators that
have a significant impact on the quality of digital
printing with additional settings were identified, shown
in Table 4.

Table 4 — Results of refining the nomenclature of print quality indicators

Print quality indicator Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Sum | Rank
Designer Technologist | Manager | Print operator | Head of Prod. Dept.
Halftone reproduction 6 7 5 7 6 31 2
Optical density of the image 1 1 2 2 9 6
Font reproduction quality 2 1 2 1 1 7 7
Contrast 3 4 4 4 4 19 4
Color deviation 7 5 7 6 7 32 1
Print uniformity 5 6 6 5 5 27 3
Color gamut 4 2 3 3 3 15 5

Experts survey results in Table 3 illustrate that the
optical density of the image and font reproduction
quality received the lowest scores and were excluded.
The maximum optical density is measured and affects
the image contrast. Therefore, only this indicator was
left. Font reproduction quality will be evaluated
visually. This parameter is of interest in terms of
reproducing finer line screen or other dot shapes, but it

does not impact the final print quality. Each of these
indicators has a threshold value, and exceeding it
indicates a defect. The baseline and threshold values of
the parameters [2,5, 6, 15] are determined based on
practical recommendations from printing equipment
manufacturers and print regulatory documentation (see
Table 5).
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Table 5 — Baseline and threshold values of individual indicators

N Print quality indicator Baseline (reference) value Th.reshold value of indicator
min max
1 Gradations of reproduction 71 50 —
2 Contrast 45 30 —
3 Color gamut 11511 9750 —
4 Color deviation 3 _ 4
5 Print uniformity 0,017 — 0,024

Gradation reproduction or print line screen can be
assessed by the number of halftones reproduced during
printing. For this purpose, a scale with varying relative
sizes of the halftone dot from 0 to 100% is used. The
analysis was conducted using a method based on

calculating the thresholds of lightness difference in each
area and took into account the tonal reproduction
characteristics at different parts of the gradation curve
(highlights, halftones, and shadows) [11] (see Table 6).

Table 6 — Results of optical density measurement and line screen calculation

Dot Shape Line Screen Dbackground Dasw D75% Dioo% N
150 Ipi 0,07 0,24 1,61 2,57 88,7
Round 200 Ipi 0,07 0,23 2,28 2,59 119,5
300 Ipi 0,08 0,24 2,41 2,61 125,2
150 1pi 0,07 0,3 2,1 2,69 115,0
Line 200 Ipi 0,08 0,29 2,36 2,61 125,3
300 Ipi 0,07 0,27 2,53 2,61 1333
150 Ipi 0,07 0,26 2,35 2,63 124.4
Square 200 Ipi 0,07 0,23 2,39 2,57 124,6
300 Ipi 0,08 0,24 2,6 2,74 134,5
150 Ipi 0,07 0,25 1,76 2,64 96.4
Rhomboid 200 Ipi 0,08 0,25 2,39 2,62 124,8
300 Ipi 0,08 0,25 247 2,67 128,7
150 Ipi 0,07 0,21 2,51 2,67 129.5
Double Dot 200 Ipi 0,07 0,14 2,48 2,64 124,5
300 Ipi 0,07 0,13 2,5 2,66 125,0

Line screen for all prints meets the specified
evaluation criteria, i.e., it exceeds the reference value.
However, visual assessment shows better results for
lower line screen. As the line screen increases, the
amount of ink also increases, which expands the
dynamic range but results in too dark areas. In order to
improve this parameter, it is necessary to create specific
printing profiles that compensate for this non-linearity.

In order to analyze the print contrast on selected
print materials, the relative contrast indicator was used. It
provides a balance between the maximum optical density
in solid print areas and the minimal dot gain in the image.
To determine the relative contrast value in digital
printing, the relative area of the 75% halftone field is
measured, as this field lies on the critical boundary of the
“gray” zone, where most halftones are located.

Below are the values of relative contrast for digital
printing on various materials, determined experimentally
and recommended in regulatory documents [22]:

— plain paper — 23-25;
calendered paper for offset printing — 30-35;

— coated paper for offset printing — 40-45;
printing film — 35-40.

The contrast of coated paper is taken as the
reference value. Contrast of calendered paper for offset
printing is taken as the limiting value (see Table 7).

A zero contrast value indicates complete ink spread
in the 75% halftone field, which, in turn, signifies the
“loss” of all details in the dark part of the image.

The obtained results show a very low relative
contrast value for prints with screen rulings of 200 and
300 Ipi. This is explained by the high ink coverage at
higher line screens. It is recommended to use a line
screen greater than 150 Ipi, along with compensation
curves and appropriate profiles. The best contrast values
were shown by prints with Round and Rhomboid dot
shapes. The worst results were observed for the Double
Dot shape. Color gamut allows for the assessment of the
maximum number of colors that a digital printing press
can reproduce on selected substrates (print color gamut)
with specified additional parameters.

During subtractive synthesis, which is applied in
ink and toner printing, the color gamut is formed in the
shape of a hexagon. The vertices of this hexagon
correspond to the primary process colors (cyan,
magenta, yellow) and the colors resulting from their
pairwise overlaps (blue, green, red). Increasing the
color gamut area enables the reproduction of a wider
range of colors.

We will calculate the color gamuts of the
selected print material with different dot shape
settings at the maximum line screen. Having
mathematically calculated the projection area of the
color gamut onto the a*b* plane, we will compare the
color gamuts for different dot shapes and draw
conclusions regarding the quantitative evaluation of
the color gamut as the result of the experiment (see
Table 8).
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Table 7 — Calculation of relative print contrast

Dot Shape Line Screen Di0o% D75% K
150 Ipi 2,57 1,61 37

Round 200 Ipi 2,59 2,28 12
300 Ipi 2,61 2,41 8

150 Ipi 2,69 21 22

Line 200 Ipi 2,61 2,36 10
300 lpi 2,61 2,53 3

150 Ipi 2,63 2,35 11

Square 200 Ipi 2,57 2,39 7
300 Ipi 2,74 2,6 5

150 lIpi 2,64 1,76 33

Rhomboid 200 Ipi 2,62 2,39 9
300 lpi 2,67 2,47 7

150 Ipi 2,67 2,51 6

Double Dot 200 Ipi 2,64 2,48 6
300 Ipi 2,66 2,5 6

Table 8 — Calculation of color gamut

Dot Shape Line Screen 8
Round 300 Ipi 13387,52
Line 300 Ipi 13768,16
150 lpi 13301,06
Square 200 Ipi 13393,918
300 Ipi 14037,56
Rhomboid 300 Ipi 13486,49
Double Dot 300 Ipi 12569,05

According to the calculated results of this
parameter, the largest color gamut is observed in the
print with the Square dot shape. We will calculate the

gamut for screen rulings of 150 Ipi and 200 Ipi for this
dot shape.

As seen, the difference between these values is
quite small (see Table 5), so it can be concluded that
printing with a lower screen ruling will also give
satisfactory results.

The best values for this parameter are found in the
Square and Line dot shapes. The lowest value is
observed for the Double Dot shape.

The calculations of the projected areas of the color
gamuts are presented in Table 9. We will also determine
the projected area of the color gamut for the reference
sample (see Table 10).

Table 9 — Color coverage values for coated cardboard

Color/ Round Square Rhomboid Line Double Dot
Dot Shape L a b L a b L a b L a B L a b
Cyan 46,5| -26 | -59,2 | 46,2 | -26,5 |-59,6 | 46,4 | -26,4 | -59,5 | 46,4 | -25,9 | -59.4 | 46,4 | -26,4 | -59,5
Magenta 46,4 744 | 4,5 | 46 75,6 | 4.8 46 75 -4,7 1465 1743 | -48 | 46 75 -4,7
Yellow 89,11-10,2 | 954 | 89,4 | -1042| 97,3 | 89,6 |-103 | 97 | 89,1 [-10,2] 959 | 89,6 | -10,3 | 97
Black 8,81 -031]-03 1] 69 -0,2 0 81 ]1-021-02 | 87 |-021]-03 | 81 |-02]-02
Red 47,71 63,4 | 52,7 | 46,6 65 53,7 | 46,8 | 63,3 | 53,9 | 47,7 | 63,4 | 53,1 | 46,8 | 63,3 | 53,9
Green 41,9(-668 | 194 | 41,2 | -69,6 | 20,7 | 41,5 | -68,1 | 20,9 | 40,9 | -65,8 | 19,3 | 41,5 | -68,1 | 20,9
Blue 19,1 196 | 42,6 | 178 ] 20,9 | 433|185 | 20 |-43,5] 182 | 20 |-423| 18,5 | 20 |-435

Color coverage area 13387,52 14037,56 13486,49 13768,16 12569,05
Table 10 — Lab coordinates of the reference sample gamut (greater dynamic range). This allows for printing
Color L e bF with photorealistic quality as well as reproducing bright
Cyan 67 36 45 and saturated colors. A comparison of these gamuts
Magenta 61 66 3 with the offset printing range for coated paper shows a
Yellow 9 6 38 very close match. The only noticeable difference is in
Black 7 5 21 the yellow colors. The saturated and bright colors are
Red 57 65 43 well reproduced during printing, which is also
Green 61 -61 28 confirmed by visual evaluation.

Blue 39 11 -44 Color deviation is a property of the system to
Color gamut of the reference 11511 reproduce colors, where the degree of match between

The color coordinates of the reference value were
obtained by measuring the Lab coordinates of the
original file of the developed test image in Adobe
Photoshop. The analysis performed shows that all
samples exceed the reference value. Printed prints with
square and linear dot shapes have the widest color

the original colors and the print ones is proposed to be
evaluated using the color difference metric, AE. Two-
tone or three-tone scales can be used for color control.
The color differences are shown in Table 11.

Calculation of color reproduction accuracy showed a
mismatch of this criterion for all prints with higher line
screens. Negative results will be considered when
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developing recommendations for improving the printing
process quality. The best color difference value can be noted
for prints with linear and round dot shapes at 150 Ipi line
screen. The poorest result was observed for the double dot
(16.32), which significantly exceeds the threshold limits.

Table 11 — Color deviation

Dot Shape Line Screen AE
150 lpi 2,82
Round 200 Ipi 3,5
300 Ipi 7,2
150 lpi 2,57
Line 200 Ipi 4,34
300 Ipi 9,86
150 lpi 2,9
Square 200 Ipi 4,6
300 Ipi 10,08
150 lpi 3,5
Rhomboid 200 Ipi 5,02
300 lpi 11,2
150 lpi 8,7
Double Dot 200 Ipi 11,15
300 Ipi 16,32

Print uniformity is an indicator, which allows the
assessment of the uniformity of solid area, that is
particularly important when printing images with large
solid areas. Although modern digital printing usually
handles solid print area well, this parameter should still be
monitored, as many print quality researchers confirm [23].

Print uniformity is calculated as the arithmetic
average of the macro-heterogeneity of printing in both
horizontal and vertical directions, which corresponds to
the standard deviation. The obtained print uniformity
values are summarized in Table 12.

All obtained values meet the specified quality
criteria. Results indicate that modern digital printing no
longer exhibits the defect of print uniformity issues, as it

did previously. In order to fully represent the printing
features with additional settings, a visual assessment of
font quality, gray balance, etc., is required.
Additionally, expert evaluation of the printed samples
should be conducted in order to check the reproduction
of memorable colors, line resolution, and other
indicators that can be visually assessed.

Table 12 — Print uniformity indicators

Dot Shape Line Screen M
150 Ipi 0,0096
Round 200 Ipi 0,0020
300 Ipi 0,0082
150 Ipi 0,005
Line 200 Ipi 0,0058
300 Ipi 0,005
150 Ipi 0,0058
Square 200 Ipi 0,002
300 Ipi 0,0096
150 Ipi 0,0082
Rhomboid 200 Ipi 0,0058
300 Ipi 0,002
150 Ipi 0,0058
Double Dot 200 Ipi 0,005
300 Ipi 0,0096

After performing instrumental analysis of the
quality indicators, the following ranking of prints by dot
shape can be established:

— 1 —-Rhomboid;
— 2 —Line;

— 3 —Round;

— 4 —Square;

— 5 —Double Dot.

In order to confirm the obtained results, visual
evaluation of the prints was conducted by a group of
experts for print sets with different dot shapes. Their
ranking corresponds to the results obtained (Table 13).

Table 13 — Results of refining the nomenclature of quality indicators

Dot Shape Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Sum | Rank
Designer Technologist Manager Print operator Head of Prod. Dept.
Round 3 2 2 3 4 14 3
Line 5 3 4 5 3 20 2
Square 2 4 3 2 2 13 4
Rhomboid 4 5 5 4 5 23 1
Double Dot 1 1 1 1 1 5 5

7. Conclusions

The research conducted in this work allows to
draw conclusions and recommendations regarding the
successful use of various raster structures and additional
settings of digital printing presses in order to enhance
print quality and expand printing capabilities.

The analysis of different raster structures usage
demonstrated that various forms of raster dots can produce
a microrelief visible to the naked eye on the print’s surface.
This can simulate a textured material on ordinary coated
cardboard. This approach can partially solve the problem
of printing on textured materials. Printing of solid areas or

fine image details on textured cardboards is not possible
without a loss of quality. Therefore, clients of digital
printing companies can be offered the option to use regular
materials with raster simulation, for example, for creating
covers. Additionally, these materials are significantly
cheaper than design cardboards.

Experiments  with  different line  screens
demonstrated that usage of higher line screens
significantly expands the color gamut and increases
image contrast. However, without specially created
profiles, this leads to considerable color reproduction
distortions. We obtain very saturated and vivid colors but
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with unsatisfactory color accuracy. This factor must be
taken into account when fulfilling orders where precise
color reproduction is required by the client. In such cases,
it is recommended to reduce the screen ruling to 150 Ipi,
as opposed to the standard settings. This will somewhat
reduce the color gamut coverage but will achieve the
necessary color accuracy. Additionally, it is advisable to
create printing profiles for the most commonly used
materials (especially textured ones) for further work.

The use of high line screens is recommended when
the client requires so-called “acid” shades, which are
very popular colors nowadays.

The obtained results also confirmed that fonts look
good on almost any background up to 4-point size. A 2-
point font size looks clearly only on a white background
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Crnoco6m migBUILEHHS SIKOCTI APYKY AJisi nudpoBoi Apykapcebkoi Mamunu Konica Minolta 6085
0O.B. Bosk, I.b. Ueboraprosa, /1.0. {oucekuii, P.1. UeboTapsos

AHoTauis

B po6oti mpoBeseHO MOCITIIKEHHS OCOOIMBOCTEH BHKOPUCTAHHS DPI3HHX PAcTPOBHX CTPYKTYp 3 Pi3HOIO (PopMOIO
TOYKH 3 ypaxyBaHHSM THIIOBHX PEKOMeHJaliil BUPOOHMKIB JPYKAapChKUX MAIIMH Ta OCOOIMBOCTEH ApYKapchbKoi MallMH{
Konica Minolta 6085 mns migBuIneHHS SKOCTI JPYKOBaHOI MPOAYKuii. 3aCTOCYBaHHs PIi3HMX TEXHOJIOTIH pacTpyBaHHSI
JI03BOJIAIOT HE TUIBKM BUPIIIYBAaTH KIACH4HI IPOONEMH YTBOPEHHS Myapy, 3€pPHHCTOCTI, MOJIMIIEHHS IUIABHOCTI
JIPYKyBaHHSl HaMIBTOHIB TOLIO, ane # Oingblr coemudivni 3amadi. 3actocyBaHHS pi3HHX (OPM PAaCTPOBHX TOYOK B
nupPOBOMY APYLi MOXKHA BUKOPHCTOBYBATHU UL PO3LIMPEHHS KONIPHOI raMM; KOMOIHAIlisS CTOXAaCTHYHOI'O PacTpyBaHHS,
pi3HEX (OpM TOYOK Ta BHCOKOI JHIATypH IO3BOJSIE IMITYBaTW pi3HI APYKapchKi mmporuecd i poOiTh Okl sKiCHI
KOJIbOPONPOOH. JIJIst OLIHKHK SKOCTI APYKY PO3POOIEHO MOKa3HUKHU SIKOCTI IU(POBOTrO APYKY Ta 3p00OJIeHO KBaTiMETPUUHE Ta
€KCIIepTHE OLIIHIOBAaHHS 3pa3KiB. 3a pe3ysibTaTaMiy OLIHIOBaHH: po3po0ieHi peKoMeHIallii 11010 BUOOpy BHJIB pacTpiB 3a
BUJIAMH OPUTiHAIB Ta 3a MaTepianamu.
KumouoBi ciioBa: nudposuii; Ipyk; OLIHKa; SKICTh; CTOXaCTUYHUIN; PacTp; pacTpyBaHHS; JiHiaTypa.
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