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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
Central 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

V(,B) = 6:8(x, B) + Bo. (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 =1[0,,0,,B]". 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:

_ [8%]" ;o128
oeo = [ag] v |ag)
where: U is the symmetric covariance matrix for the
new coordinates § and .

(1a)
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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, U1z 1 Upy,size of nxni.e.

Ui UIZ]

U= :
Ul; U

(1b)

A minimum search is a state in new coordinates
that meets the following conditions:

9Pgy _ o Pbzw

¢z
‘ bgy = anE ' 80,

=0 and ‘“_o (2a, b, ¢)

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 + alyz,) T2 Uy, + alsyy), (3)
where T = Uyy + 0,(UT, + Uyz) + 6,%U3,

Effective inverse covariance matrix U ;elff 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
Uyesy specifying the variance (the square of the
effective uncertainty) are given by the expression:

ugry = 07u?(%) — 26, pu®u) + u? W), (4)
where u(§) = [§'(x, B)|u(x); u) = [W'(y, B)lul).

The criterion function is quasi-quadratic, i.e.:
st SgS 52
Gys(0) = 0 (S5 = %) + 2 (5 =55y ) 0, + Sy =% (5)

where: S =1T U;1,1 =X, Xioa uyerrlij > 0,

Sg = EUperpl = 1"UyepsE,  Sge = & Uyeps%,
_ -1 4 _ -1 = -1
Sy = WTUyeppl = 1TUygr W, Syy = W Uyeyy W,

Vectors & W about the size n x 1 are determined
by the coordinates of the measurement points X =
[x1, . %17, Y = [yy, ..., y,]T through transformations of
functions &(x, B), Y(y, B) with initial input parameters
B = Bo. It is also assumed that random variables x and
y are not correlated. In cases where the  is a one-
dimensional vector with the value 3, 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.

We(B1,B)

PR

.

245 5504
Fig. 1. Graph of typical criterion function in
two-dimensional input area 6,, 3

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.

[gi,(]' Ut [i‘;] — min

of of T [P1, .. pml
ui(x,p) = [@] Uplp=p [5

U -l Byl
plp=p AX'"AY AX'AY

‘ u,= tl—f—j,n—m uy(x,p)‘

=|
I
|
-:l

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 = CUinCT. (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:

C 61 pi(zj+Azj)-pi(zj-4z)) 7
i a ZAZ]' >

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
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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:

u2(x) = SUpST and U = tl—%,n—mul” (8a,b)
dy Ay 1 . . .
where § =[—,.., —] is a vector with a size of
op1 0Pm

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 wvariables 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.

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 R n B
ot NWVe 1o MWWy o
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
Z=- c+— L 1-z2w?LctjwRC ©)
Jo 2jwL+R J

Square of the module |Z| of impedance Z is
described by the expression

272 2
|Z|2 _ 4w?L%+R
(1-2 w2LC)2+ w2R2C?

(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|?2w?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:

_ 40%L
E(U),|Z|,C)—m,
2(1_> 27\
Yo, 12],L,¢) = U202 (11,

1-1Z|2w2c?

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 = C, at
the characteristics of the criterion function are deleted
¢y, (01) containing the local minimum.

Uncertainties of new variables § and {r 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:

wO QU] i) 0
puuW)  w(W) 0wz

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

G = [ai/af 6E/OIZ|]
ay/of oy/o|Z|]”

The uncertainties of the new variables are:

8wl
(1 - 12w
2|1Z||1 - 2 w?LC
'”—“’l [2(1ZD(1 - 2 w?LC)? +
(1-121202C?)

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

]GT, (12)

(13)

u(® = Juz(o) + u2(1ZDIZ]2wsC*,

u(y) =

The covariance part containing the correlation
coefficient is of the form:
16(1-2 w?LC)w?|Z|2LC

pu(pu(e) = 2T

—2 W?LC) + u?(w)(|Z]2C(1 + 2w2LC) — 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 = 07u*(8) — 20, pu@u) + 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.
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Table 1 — Values of measured frequencies and impedances at
the measuring points

No 1 |23 |4]|5]|]6|7 |89 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 |4.233.62 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 6(|Z|) = 2 %.

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

u?(v) =3, uz(ﬂ)(g—;b:fi)z + u2(|Z|i)(% l1z1=121,)*(17)

%and v are
af a|z|

where the sensitivity coefficients
determined numerically.

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

Dy
4.0
3.5
3,0
2,5
2,0
1,5
1,0
0,5

0
0,975

0,980 0,985 0,990 0,995 1,000 L,nH

Fig. 4. Variable-dependent criterion function ®, = L

Parameter value 3 = C corresponding to the global
minimum of € = 352 pF. The matched value received
C =0,985 0.

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 - 1074QH 1,03 - 107 14QF
U, =|409- 107**QH 43- 1072 H?  1,41072°HF | (18)
1,03 - 10~ ™QF 1,4 10~ 23HF 6- 10724F?
and is bound to the correlator matrix
1 0,45 0,3
v=1045 1 09|. (19)
03 09 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,LST, U(I1Z|(w)) = tl_;n_mu(lll(u))).

Assumed is: a = 0,05, n = 10, m =3,
t,_oos

1-=5210-3 =2,36.

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

o : _ [0zl olzl ozl
modulus and sensitivity coefficients § = [ 3R’ oL ac
with the following formulas:
d1Z] R(1—4w?L0)
R z '
01Z]  2w?(2L — 4w’L*C + R*C)
aL z '
9|z 2(4w2L%+R?)( R?C—2L+4w?L2%C
% =_2 (40 )(Z, © ), (20a,b,c)

where

7 = |Z|[(1 - 2 w2LC)? + w?R2C%J2.  (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|).

1], @
X~
6,0 - g
X b

55 o ‘\

5.5 A N

. o Y

5 4

50 ".X ‘.\

45 e ¥ measurement points \X

4.0 A == |1L|1?|1nkll ::hnraclferi‘suc A

- - fitting characteristic .
35 - X‘\
r -
30 Ut RS
i
2.5
145 165 185 205 225 245 265 f, MHz

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.

8(14), %
5
4 ¥ measurements pl)i:\lb —lr
3 —relative error —-
2 R
=i T
0 e R N—y——
-1 e
I D T ee——
3
-4
-5 - - -
145 165 185 205 225 245 265 f, MHz

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].

A 1
Rq

L ||R

0 —p—

Bo 1

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 Uyp, current I,z 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

Lpl1 23] 4][s5]e6]7]8]9]10
If{; 10' [10* [10° |10* |10° [10° [107 [10® [10° [10'
ReZ,
kQ
C,
nF|

508,3(65,611,107]0,0113(0,0003 | 0,0002| 0,0002(0,0002| 0,0002| 0,0002

8,476 | 6,006 | 5,015 (5,000 |5,0005] 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 Cy and branch
of connected in serial C; and R;, i.e. of impedance

3aranbHa meTtpororis
1 1+](1) R1 Cl
R1 - = -
jw Cq jw Cq
Hence
1 1 . jo C
——=—+jw (), +—— (23)
ReZ—Rg+jImZ Ry 1+jw Ry Cq
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 —R? +Imz? ' (R—Rp? + Imz?
1 w? C? R, . ( Cq )
" Ro t e R? C? tjol G+ 5 RZ c2) @49

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

ReZ — R, 1 L C w? CiR,
(ReZ —Ry)? +ImZ> R, ‘1+w?2R2C?
_mz___ 1

® (ReZ—Rg)?+ImZ?

1
= C0+ Clm (25a,b)

The equations (25a,b) in the new variables are
linear with the parameters f; = R, and 8, = Ry, i.e.:

Yi(B) = -+ Cita(By)
and

W, (B2) = Co+ C15:(B1)

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

(26a,b)

£, = ‘Dzz C1B4
T TY ot 2
and

1

T lrerpic?
" (ReZ; —B,)? + ImZ?

€2i

(27a,b)

Yy

and

_ —-ImZ;/w;
P2

" (Rez; —B2)2+ImZ? " (28a,b)

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

2C,B1w;
u(®yy) = mu((ﬂi),
2C2 2 ;
W) = (s 4o = Gt
1
u(Pyy) =

[(ReZ; — B)? + ImZ?)2
* {[ImZ; — (ReZ; — B)*1*u*(ReZ;) +

+ 4ImZ?(ReZ; — B,)*u?(ImZ;)}>5;  (29a,b)
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1
wil(ReZ; — B)? + ImZI2
* {ImZ?[(ReZ; — B,)? + ImZ?|*u?(w;) /w? +
+4(ReZ; — B,)*ImZ*u*(ReZ;) +
+[(ReZ; — B,)? — ImZ??u?(ImZ;)}*>. (29¢.,d)

u(Py) =

Assuming that measurements of both components
are subject to uncertainties 8(ReZ;),8(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  ul;; = O7u*(®) + u*(P).  New
variables &, y; and &,, Y,, despite, that &, and
P, depend on the w, they are practically uncorrelated.
The global minimum shall be obtained for
Bi =R, =1 MQ and f,=R;= 0,2 Q. Number of
measurement points n = 10, and number of parameters
m = 5. Received:
- minimum values of criterion functions
G1min (€1)< 0,015, dopmin (€1)< 0,0001;
- adjusted parameter values:
Co = 5,000055 nF, Ry = 9,999608 MQ.

d1(Ch)
0,5

C, = 3nF,

0.4
0,3
0,2

0,1

0

2.8 2.9 3,0 3.1 C1, nF

$2(Ch)
0,10

0,08
0,06
0,04

0,02

0
2,8 2,9 3.0 3.1

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

C]. IIF

The uncertainties 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,(Cy,Ro, Co, Ry, Ry) = CU, CT. (30)

Diagonal matrix U;, has a size 3nx3n. 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 € 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

ac, ac, ac, ac,y aCy acy
afn " 0fa dRe|Z|, ORe|Zl, dIm|z|, T dImiZl,
9Ry Ry ORy ORy AR, Ry
af, " ofy dRe|Z|, ORe|Zlp, 0Im|Z|, aIm|z|,

Parameter covariance matrix U, (Cy, Ry, Co, Rg, R1)
is both sides product of the correlator V and matrix Q
size of 5x 5, i.e.:

Up = QTVQ, (30b)
where
uc) 0 0 0 0 ]
[0 u(Ry) O 0 0 |
Q=lo 0 u(Cy) 0 o |
0 0 0 u(Ry) 0
0 0 o0 0 u(Ry)

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, C, Ry R,
C, 1 0,69 | 008 | -0,013 | 022
R, | 069 1 025 | -0,02 | 064
C, | 008 | -025 1 0,035 | -0,46
R, | -0,013 | -0,02 | 0,035 1 -0,023
R, | 022 | 064 | -0,46 | -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:

- ow
2 — 2
wwW) = ) () (57

i=1

d
+u? (Rezi) (BRMe/Z |ReZ=ReZi)2+

|f=fi)2 +

a
N - |

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

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

€2))

10
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C, = 5,000055(0,017) nF (0,34%); 82, %
Ry, =9,9996 (0,78) MQ (7,8%); 6|
C, = 3(0,19) nF (6,33 %); 5
R, = 1(0,016) MQ (1,6 %); 4

R; = 0,2 (0,0015) Q (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 § 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(lZl(w)). (33)
In the numerical experiment discussed here, the:
a=0,05,n=10,m=35, t =2,57.

The frequency charactenstlcs 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.

005

|Z2], MQ
2,0 .
v ¥ measurement points
l‘. ---nominal curve
L5 - - fitting curve
y U+
\ U-
Lop
\
050\
\x\
\-
1

01()1 102 10* 104 10° 10° 107 10% 10° f Hz
Fig. 9. Frequency impedance characteristics of the capacitor
model with measurement points as nominal and fit curves
(logarithmic scale on the frequency axis)

1Z], Q
109 \_\‘X. X measurent points
10° -+« nominal curve
X, fitting curve
104 U/ - uncertainty corridor
103 X U + uncertainty corridor
X
102 .
X..
10! ~
%,
1 s
b i s
10" )
10 102 10 10* 105 10% 107 10% 10° f Hz

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

— relative error, %
3 — relative standard uncertainty
— relative expanded uncertainty

0t 102 100 104 10° 108 107 108 10° f,Hz

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

© Zygmunt L. Warsza, Jacek Puchalski, 2025

11



Metrology and Instruments 2/2025 MeTponoria Ta npunagu
General metrology 3aranbHa meTtpororis

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+jB’
Z=—2 +R (A1)
TA+jB Y '
where
1 Ry, 1 w?CR, _ ( ¢y )
A= R + REt 21C2 =x + S?2CRI+T and B =w(Cy + S2C7RIT1 (A.2) and (A.3)
ooty
The partial derivative with respect to R, for impedance square Z2(Z = |Z|), i.e. Z% =27 —, where
oz 10z2 1 A
s = 2798 = 7 Grape *+ Ra) Aab
and similarly, derivatives with respect to Ry, Cy i Ry:

0z 109z* _ 1 A+(A*-B*)Rq

— == — et (A.5)
O0R, 27 aR0 ZR§ (A%+B?)?
oz 1 0z2 wAB
ac,  220C, | 2(a*+B2)? ( + ZRd) (A0
0z _ 198z%2 _ 0?CZ(Ra((B?-A?)(1 —w?C{R)+4ABwC R1)-A(1 —w?C{R)+2BwCR,) A
R, 2Z R, Z(A2+B2)2(02C2R%+1)2 - (AT)
Derivation of the derivative with respect to Cy:

0z _ 1977 2wClR1(Rd(BZ A%)-A)—(2ABRg+B)(1- wzclRf) AS)

ac1 27 ac, Z(A2+B2)2(w2C?R?+1)2
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BusnaueHHs napaMeTpiB eKBiBaJICHTHHX CXeM Pe3HCTOPIiB Ta KOHAEHCATOPIB 32 BUMiPIOBAHHAM YaCTOTHHX
XapaKTepHUCTHK iX iMnegancy
3urmyHt JI. Bapma, Suexk [lyxanscpkuit

AHoTamuist

V crarTi mpeacTaBIeHO METO[ BH3HAYCHHs IapaMeTpiB CKBIBAJICHTHHX CXEM PE3HCTOPIB Ta KOHACHCATOPIB ILIIXOM
3'€THAHHS TBOBHUBITHHUX €JICMCHTIB 3 OMHHYHKM JIIHIHHHM OITIOPOM, 1HAYKTHBHICTIO 200 €MHICTIO. 3HAYCHHS Ta HEBH3HAYCHOCTL
[UX TapaMeTpiB OLHIOIOTHCS 3a JOMNOMOIOK METOMy HailMEHIIHMX KBaJAparTiB AJis BUMIPIOBaHb YAaCTOTHOI XapaKTEPUCTHKU
MozyJs imnenadcy. e 3aBoaHHs € MaTeMaTHYHO CKJIaJHUM, OCKIIBKU 3a3BHYail OTPUMY€ETHCS CHCTEMa HEIHIHUX PiBHSHD, SIKa
AQHAJITHYHO HE pO3Bs3yeThes. [ oTpuMaHHs JiHIHHMX pIBHSAHB OyJI0 3alpOIOHOBAHO BHKOPHCTOBYBATH METOJ 3aMiHH
3minnux. Lleit meTon OyB paHiie po3pobieHuii aBTropamMu AJIst perpecii HemiHiHHIX QYHKIIN 1 B)ke YCIIIHO BUKOPUCTOBYEThCS B
METPOJIOTIYHMX 3a7adax.

Ku1rouoBi cjioBa: cxemu 3aMilIeHHS, OIip, EMHOCTI, iIHAYKTHBHICTD, YaCTOTHA XapaKTEPUCTHKA, MOIYIIb IMIICIAHCY.
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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 uncertainty 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.

? 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 fit 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. >

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 recentlyy, 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

3 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 At = -0.5 °C to At = +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. ’

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 = T,qal —Treryr , for each determination.

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. *

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,

¥ 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. '°

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 [I5], 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

10 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 types, 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.e.
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 tolerance, 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
surface

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

Ground/
water (sea)

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

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

Comparing
maps

You may (visually) compare a map with another map (e.g. of population density), by keeping the
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 " (for specific reasons
one could also select more than one sample/interval %),
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 At >+ 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.

4 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 (67 %) 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;

(il) 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
79°285, 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 At~ +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 displaceme
nt (degree)

0

(equator) 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% —

* 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).

At (°C) N°© pixels total II\)Ire(ip((l))?;glns § Proportions % Pzz%r;i;ze Comments
—5.0--3.0 2300 0
3.0--25 604 0
—25--20 585 0
-2.0--1.5 593 0 < 600 px/tone
—15--1.0 589 0
—1.0--05 6384 .
~05-0 0426 47600 12.4% 12.4% <0°C
0.50°C (50%) | Mean (GMST2022)
0-0.5 97000 96400 25.1% 37.6%
0-1.0 (202000) (52.4%)
05-1.0 141000 140400 36.6% 74.2%
1.0-15 27300 26700 43.6% 82.3%
05-20 (181000) (46.9%) >0°C
1.5-2.0 8400 7800 2.0% 84.3%
20-25 4400 6300
2.5-3.0 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
e o
2.0--15 500 0
-15--1.0 3700 3100 0.8% 0.8%
~1.0--0.5 21800 64600 <0°C
—05-0 44000 18% 18.8%
0.34 °C (50%) Mean (GMST2022)
0-0.5 133000 132400
0-1.0 192500 191900 37% 55.7% .
05-1.0 105000 104400 539% >0°C
1.0-1.5 19300 18700
0.5-2.0 39% 94.6%
1.5-2.0 4300 3100
2.0-2.5 1100 0
2.5-3.0 620 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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Land & Ocean Temperature Departure from Average Jan-Dec 2020
(with respect to a 1981-2010 base period) Land & Ocean Temperature Departure from Average Jan-Dec 2022

Data Source: NOAAGIobalTemp v5.0.0-20210106 (with respect to a 1991-2020 base period)
p— ~ = Data Source: NOAAGIobalTemp v5.0.0-20230108

- e e

-
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GHCAM A1 02101 s Pryoction: Rotarson GHCNM w401 20230167 0 ap Prcjocton: Robinson
January-December 2020 Blended Land and Sea Surface Temperature January-December 2022 Blended Land and Sea Surface Temperature
Anomalies in degrees Celsius Anomalies in degrees Celsius
a) b)
Figure 2. Maps from different periods: (a) 2022 (1981-2010); (b) 2022 (1991-2020). (NOOA)
July 2022 L-OTI(=C) Anomaly vs 1951-1980 031
August 2023 L OTI("C) Anomaly vs 19511955 0.86

B, I S —
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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.

Temperature difference between Jan-Oct 2020 and 1981-2010

C

05 3 -2 1050051 2 3 510“

(a)
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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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.

References

1. IPCC (2021) Summary for Policymakers. In: Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Masson—Delmotte, V, Zhai
P, Pirani A, Connors SL, Péan C, Berger S, Caud N, Chen Y, Goldfarb L, Gomis MI, Huang M, Leitzell K, Lonnoy E, Matthews
JBR, Maycock TK, Waterfield T, Yelekgi O, Yu R, Zhou B (eds.)]. Cambridge University Press.

2. Pavese F. Big Data and Dataism: some metrological reflections. On AMCTM XIII (Pavese F Bosnjakovic F, Alves
Sousa J, Eichstddt S, Forbes AB, Eds.) 13. Series on Advances in Mathematics for Applied Sciences. World Scientific, 2024.
Singapore. pp. 119-129.

3. Amr Magdy (2019) Spatial Big Data management: a brief history, state and applications, pp. 1-136. Report slides.
University of California. www.cs.ucr.edu/~amr .

4. Shah P (2019) Developing Big Data Analytics Architecture for Spatial Data. Proceedings of the VLDB 2019 PhD
Workshop. August 26th. Los Angeles. California. www.eur—ws.org/Vol-2399/paper03.pdf .

5. Morales C, Sanchez—Paus Diaz A, Dionisio D, Guarnieri L, Marchi G, Maniatis D, Mollicone D (2023) Earth Map: A
Novel Tool for Fast Performance of Advanced Land Monitoring and Climate Assessment. J Remote Sensing (3) Article 0003.
https://doi.org/10.34133/remotesensing.0003.

6. Bolinska A (2016). Successful visual epistemic representation, Studies in History and Philosophy of Science Part A, 56
pp. 153160. https://doi.org/10.1016/j.shpsa.2015.09.005 .

7. Kulvicki J (2010). Knowing with images: Medium and message. Philosophy of Science, 77 pp. 295313.
https://doi.org/10.1086/651321 .

8. Jebeile J (2018). Explaining with simulations. Why visual representations matter, Perspectives on Science, 26:2,
https://doi.org/10.1162/POSC_a_ 00273 .

9. https://www.interaction—design.org/literature/book/the—encyclopedia—of-human—computer—interaction—2nd—ed/data—
visualization—for-human—perception .

10. Unwin A (2020). “Why Is Data Visualization Important? What Is Important in Data Visualization?’. Harvard Data
Science Review. 2 (1). https://doi.org/10.1162/99608192.8ae4d525.

11. Kuorikoski J (2011) Simulation and the Sense of Understanding. In Humphreys & Imbert (eds.), Models, Simulations,
and Representations. Routledge.

12. Borner K (2010) Atlas of Science: Visualizing What We Know. Book pp. 288. Mit Press.

13. Corné van Elzakker PJM (2004) The use of maps in the exploration of geographic data, Netherlands Geographical
Studies 326, Dissertation pp. 208. Koninklijk Nederlands Aardrijkskundig Genootschap/ Faculteit Geowetenschappen,
Universiteit Utrecht / International Institute for Geo—Information Science and Earth Observation. ISSN 0169-4839

14. T. Nocke, T. Sterzel, M. Béttinger, M. Wrobel (2008) Visualization of Climate and Climate Change Data: An
Overview. Computer Science, Environmental Science, Digital Earth summit on geoinformatics, pp. 226-232.

15. Pavese F (2020) Graphic method for retrieval of quantitative data from computer—-mapped qualitative information. With
a NASA video as an example. ESIN 13 pp.655662.

16. Wikipedia, Global surface temperature. https://en.wikipedia.org/wiki/Global surface temperature. Consulted on June
9,2024

17. Pavese F. A metrological reflection on uncertainty about the use of maps instead of global parameters // Ukrainian
Metrological Journal, 2023, No 4, pp. 49-54. https://doi.org/10.24027/2306-7039.4.2023.298672.

18. WMO (2018) Guide to Instruments and Methods of Observation. Volume I —Measurement of Meteorological
Variables. WMO N° 8. Ed. ISBN 978-92—-63—10008-5. http://public.wmo.int/en/resources/.

19. Pavese F (2022) U Uncertainty in case of lack of information: extrapolating data over time, with examples of climate
forecast models // Ukrainian Metrological Journal, 2022, No 3, 3-8. https://doi.org/10.24027/2306-7039.3.2022.269537.

20. Mastrandrea MD, Field CB, Stocker TF, Edenhofer O, Ebi KL, Frame DJ, Held H, Kriegler E, Mach KJ, Matschoss
PR, Plattner G-K, Yohe GW, Zwiers FW (2010) Guidance Note for Lead Authors of the IPCC Fifth Assessment Report on
Consistent Treatment of Uncertainties. Intergovernmental Panel on Climate Change (IPCC).

24 © F. Pavese, 2025



Metrology and Instruments 2/2025 MeTponorisa Ta npunaam
General metrology 3aranbHa meTponoris

21. Rehg W, Staley K (2017) ‘Agreement’ in the IPCC Confidence measure, Studies in History and Philosophy of Modern
Physics 57 pp.126—134. http://dx.doi.org/10.1016/j.shpsb.2016.10.008 .

22. Grégis F. Do quantities have unique true values? The problem of non—uniqueness in measurement // Measurement,
2023, 221 pp. 113498. https://doi.org/10.1016/j.measurement.2023.113498.

23. Leroy M (2913), Sustained Performance Classification for Surface Observing Stations on Land (in WMO, 2013).

24. Lacombe M, Bousri D, Leroy M, Mezred M (2011) Instruments and Observing Methods report No. 106 WMO Field
Intercomparison of Thermometer Screens/Shields and Humidity Measuring Instruments, WMO/TD- No. 1579, IOM Report No.
106, World Meteorological Organization, Geneva Switzerland.

25. Leroy M (2010) Instruments and Observing Methods Report No. 104, in: Papers Presented at the WMO Technical
Conference on Meteorological and Environmental Instruments and Methods of Observation (TECO-2010).

26. Leroy M (1999) Technical Note No. 35: Site Classification, Meteo France.

27. World Meteorological Organization (1998) WMO Intercomparison of Present Weather Sensors/Systems: Final Report
(Canada and France, 1993-1995) (M. Leroy, C. Bellevaux and J.P. Jacob). Instruments and Observing Methods Report No. 73,
WMO/TDLNo. 887, Geneva.

28. World Meteorological Organization (2020) Siting Classification for Surface Observing Stations on Land.

29. Private Communication from a WMO Officer.

30. Pavese F (2023) The choice of cartographic system on the calculation of Earth's surface parameters from maps, namely
of the GMST. ESIN 16(4): 1-7 https://doi.org/10.1007/s12145-023-01061-0 .

31. Wikipedia (2023) Gall-Peters Pd. Accessed 1 March 2024.

32. https://www.esri.com/about/newsroom/arcuser/equal—earth/ .

33. Frank P. (2010) Uncertainty in the global average surface temperature index: a representative lower limit. Energy
Environ 21 (8): 21.

34. Pavese F., De Biévre P (2014) Diversity of thought in measurement. On Advanced Mathematical and Computational
Tools in Metrology and Testing X, 10 (Pavese F, Bremser W, Chunovkina AG, Fischer N, Forbes AB, Eds.), Series on Advances
in Mathematics for Applied Sciences vol. 86, World Scientific, Singapore, 2015, pp 1-8. ISBN: 978-981-4678-61-2.

35. NASA (2023) GISTEMP v4 Figures. https://data.giss.nasa.gov/gistemp/ .

Hani#inna (Received) 23.10.2025
Mpwuiinsita no apyky (accepted for publication) 15.11.2025

BIZAOMOCTI ITPO ABTOPIB/ABOUT THE AUTHORS

IIaBe3e ®panko — PhD., HezanexHuili HaykoBelpb, (KoaumHiA aupekrop 3 gociimkenb y CNR) m. Typin, Itamis; e—mail:
frpavese@gmail.com, ORCID: 0000-0001-9261-6862.

Pavese Franko — PhD, Independent Scientist (former Researc Director at CNR), Torino, Italy; e-mail frpavese@gmail.com, ORCID:
0000-0001-9261-6862.

Kaptu MoxyTh Kpallie NiATpMMYyBaTH KiJIbKICHY OLIHKY XapaKTepUCTHK NOBepXHi 3emi
3 IX eBOJIIOLII€I0 B Yaci, Hi*k I7100aJIbLHI YHCI0Bi NapamMeTpn
®panko [1aBese

AHoTanis

I'moGanpHi YHMCIOBI MapaMeTpH OCTAaHHIM YacoM CTadd OUIbII TOMYJSIPHUMH B HAYKOBHX Taly3sX Ui OLIHKH
XapaKTePUCTUK MOBEPXHI 3eMili, 30KkpemMa B eBoOJomii kiaiMaTy. OZHAaK BOHM MOXYTh HE MOBHICTIO BiZoOpaXkaTu CKIIaIHICTh
IUTaHHS, SIKE BOHM MalOTh Ha METi KBaliikyBaTH. Y CTaTTi LIIOCTPYEThCS TOH (hakT, IIO IOCTaBJICHOI METH MOXHA Kpalie
JOCSITTH, JIOJABIIH JIONIOMOTY, SIKy HaJla€ OILiHKA KapT, 0COOJIMBO Y BUINAJKY IapaMeTpiB 3eMili, METOA, SIKHH BiKe MOMMPEHHH B
OLHIII MPOCTOPOBUX BEJIMKUX HaHuX. Kpim Toro, Toi ¢akr, mo rpadivyHe mpeacTaBIeHHs KapTH € BHYTPIIIHBO NOCEPEIHUKOM
napaMmeTpa, sIKMi 3aBXI¥ IOB'S3aHUI 3 KOXKHUMH JaHUMH €KCIEPUMEHTAIBHOTO MOXO/UKEHHS, HeBU3HAUCHOCT] JaHUX, TAKHM
YUHOM MPEACTABISAI0YM COOOI0 CBOEPIAHHMN anbTepPHATUBHUI croci® MopemtoBanHs 6a3u nanux. OcoOMHBO, KOJIM KapTh
UTIOCTPYIOTH BEJIUKY Pi3HOMAHITHICTh JIOKAIBHUX CUTYalil, BidyanbHe (TOOTO reOMETpHYHE) MOCIHIKEHHS, SIKe MPOIOHYIOTh
KapTH, YacTO IO3BOJIIE OTPUMATH Kpally iH(opMmamito, ToMy OifbII HaZiifHy Ta MOBHY OLIHKY €BOJIIOILIi, K MPaBHIIO, B Yaci.
HaBeneHno npukiaay BUMAAKIB, IO MiATBEPIKYIOTH i TBEPIKCHHS.

KonrouoBi cioBa: rio0anbHHH YHCIOBHI TapaMeTp; HEBH3HAUCHICTh NAaHUX; KapTH 3eMili; NPOCTOPOBHH pPO3IOILI
mapaMeTpiB; sSKiCHA OIIiHKa; KUIbKiCHA OIIiHKa.
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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 (alibration, 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 [18] 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=UYV", (D

where the unitary matrices U and V contain the left and
right orthonormal singular vectors, respectively, such that
U'U=1I 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 U, and matrix V vectors V, are known, the

matrix A will be presented in the form [37]

A=) oV, )

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:

A=00V +6,00, +..+0,0V, =A +A,+..+A_ . (3)

In  practice ©6,20,2..20,, and often

6,>0,>..>c, . 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 ., are

the square roots of the eigenvalues of the matrix ATA .
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=1,2,...,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 U; and V,. The relationship between o, U, 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, U; 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) Q also varies across channels. In this example,

the average value of Q is 0,836 (the average noise
amplitude is greater than the average signal amplitude).
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Fig. 1. Distribution of instantaneous signal values in channels

for SNR q=0,8 (a)and q =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.
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Fig. 2. Singular values of the 5 modes for signals with noise at
SNR g=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%.
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Fig. 4. Relative energy characteristics of the first modes
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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)

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]

describe the

(AA;)
cosf=p——~5 4
[l

where (A, Ai> is the scalar product of the matrices A
and A, , defined by the formula: (A, A;) = 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]=(A,A), [A]=(A,,A,).

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 =12,..., 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 A; (solid line) and between matrices A and A,
(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

© O. Poliarus, O. Koval, Ya. Medvedovska, A. Koval, 2025

31



Metrology and Instruments
General metrology

2/2025

MeTponoria Ta npunagu
BaranbHa MeTponoris

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 0, > 0, >0, >...>2 o, 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 2., 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 AZ , representing the noise.
As can be seen from Fig. 7, the vector A is
nonlinearly related to the vectors Al and AZ

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 6

approaches zero, the vectors Al and AZ become close
to the vector A, meaning that instead of the nonlinear
operation of forming the geometric sum A= Al +A2
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 '5‘1 and AZ 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).
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Fig. 8. Realizations of random signals with noise in five
channels at g=4,18

1200

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).
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Fig. 9. Distribution of singular values (a) and relative modal
energies of the data matrix (b) for the 3rd case
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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, : 1,4664-10™"°

The singular values of the modes and their relative
energy are shown in Fig. 11.
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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).
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Fig. 12. Time dependences of pressure in three channels of the
measuring information system
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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 6

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 (~41 for the second case
considered in the article is taken as the reference, i.e.,

A,=A, . For lower SNR q, new matrices are
calculated and compared with the reference matrix. When
SNR q 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.
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Fig 14. Time dependencies of the parameters of the reference

matrix A at a signal-to-noise ratio of 41
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The

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 of the matrix A,

value of the data matrix A .
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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).
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The similarity between the matrices A, and A, ,
A, andA; , A, and A, , A; and A, ata signal-
to-noise ratio =14 is in the range from 0,7 to 0,77
(Fig. 16) and increases at higher q . 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

5n >

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 oniHIOBaHHS IIYMIB B 0araTokaHa/bHili BUMiploBaJbHii iHdopmaniiiniii cucremi Ha ocHOBI KexoOMIIO3H LT
CHHIYJIIPHHMX 3HA4YeHb MATPHLI JaHUX
O.B. omsapyc, O.A. Koais, 5I.C. Mensenoscbka, A.O. Kosaib

AHoTanis

®inprpamis MIyMiB IIHPOKO BIPOBAKEHA B Teopii 1 TexHili 0OpoOky curHaiiB. 3HaYHO MEHIIA KiJIbKiCTh HAyKOBUX POOIT
NpPHUCBSYEHA BIUIIYYEHHIO IIyMIiB 3 peaiialliil BUIAJKOBUX HPOIECIB 3 METOIO 1X aHaii3y I crenu(pivHuX 3aBHaHb. Y CTaTTi
3aIPOIIOHOBAHO METOJ| PO3/LICHHS CUTHAJIB i IIyMiB y OaraTokaHaNbHIM BUMIipIOBaNIbHIN iHGOpManiiHiil cucremi. s mporo
BUKOPUCTOBYETHCSI MAaTPHIL €KCIIEPUMEHTAIBHAX JAHMX 1 32 JOMOMOTOI0 AEKOMIIO3UIIi CHHTYJISIPHUX 3HaueHb (singular value
decomposition — SVD) 3xificHIOETbCS aHAII3 CHHTYJISIPHUX MOJ Li€l MaTpumi Ta HapuialbHUX MAaTPHIb, SKi € CKJIAJOBUMHU
MaTpHli AaHUX. Bu3Ha4eHi yMOBH, NpHU SKHX HapliialbHa MaTpPHI IEPIIOro MOpsaKy Oy/e OMMCyBaTH CHIHAJIM B KaHalax
CHCTEMH, @ MAaTPHIIi BUIIUX HOPAIKIB MICTATH IIyMOBI KOMIOHEHTH. J{JIs1 IOTO KOCHHYC KyTa MK MaTPHLECIO TaHUX Ta MEPLIO0
MapIiagbHOI MAaTPULCIO MOBUHEH HAOIMKATUCS OO OJMHUIN, a MK MATPUIEI0 JaHUX Ta IPYror0 MaTpHLEo — A0 Hyls. Taki
YMOBHU JIOCSATAIOTHCSL y BUMAIKaX MEPEBHIICHHS IMOPOTOBOTO PiBHA BiAHOMICHHSAM CUrHAN/IryMm. OTpuMaHi OIyMH B OKpEMHX
BHUIIAJIKaX MOXKYTh BUKOPHCTOBYBATUCS JUISl BUSHAYCHHS [TOXUOOK BUMIPIOBAHHS.

KurouoBi ciioBa: 6aratokaHaipHa BUMipIOBanbHa iH(OpMaliiiHa cucTeMa, IEKOMIO3HUIIS CHHTYIIPHUX 3HAYCHb, MATPULI
EKCIEePUMEHTAJIbHUX JaHUX, QIIbTpaLis mymy.
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OIIHIOBAHHSA HEBU3HAYEHOCTI BUMIPIOBAHb
NI YAC KAJIBPYBAHHSA TEPMOMETPIB IH®OPAYEPBOHOI'O
BUITPOMIHIOBAHHSA

B.O. Kongparenko, O.A. HoBocbosoB

Xapxiecvkuil HayionanvHull yHieepcumem padioenekmponixu, M. Xapxie, Ykpaiua,

AHoTanis

VY crarTi po3mIsIHYTO MpoLEeAypY OLIHKK HEBU3HAYEHOCTI BUMIPIOBAHB I1iJ] Yac KajiOpyBaHHS TEPMOMETPIB iH(ppauepBOHO-
ro BUIIPOMIHIOBAaHHS (TIipOMETPiB) METOJOM Oe3M0CepeAHBOr0 BUMIPIOBaHHS TEMIIEPaTyPH, BUKOPHCTOBYIOUH POOOYHI eTaloH
— sunpoMinroBau Tury AUT. [IpoBeneno aHati3 HaKpaIux KaaiOpyBalbHUX Ta BUMIPIOBATBHUX MOXKIIMBOCTEH aKpeIUTOBaHHX
KamiOpyBabHHUX JabopaTopii 3 KamiOpyBaHHS mipoMmeTpiB. OmIcaHO METOIHW OILHKH JKepesl HeBU3HaueHocTi. HaBexeHo mpo-
Leaypy OLIHIOBaHHS HEBU3HAUCHOCTI BUMIiPIOBAHb, sIKa BKIIIOYAE: 3allC MOJENI BUMIiPIOBaHb, OL[IHIOBAHHS BXiJHHUX BEJIHMYUH Ta
X cTaHZapTHI HEBU3HAYCHOCTI, OI[IHIOBaHHS PO3IINPEHOI HeBU3HaUeHOCTi. CKIIaeHo Or0/PKeT HeBU3HAYEHOCTI BUMIPIOBAHb.

KniouoBi cj10Ba: HEBH3HAUCHICTH BHMIPIOBaHb; POOOYHI €TANOH; €IHICTh BUMIPIOBAHb; METOJUKA KalliOpyBaHHS; Mipo-

METp; METPOJIOTiYHA IIPOCTEXYBaHICTb.

1. Beryn

Tepmomerpu iH(pauepBOHOrO BUIPOMIHIOBAHHS
(mipomeTpu) mpu3HauYeHi Al OE3KOHTAKTHOT'O BHUMIpIO-
BaHHS TeMIIepaTypH MOBEpxHi 00'ekTiB. Po3BHuTOK TeEp-
MoOMeTpii 3a iH(QpauepBOHIM BUIIPOMIHEHHSIM CIIPUYH-
HUB TIOSIBY HA PUHKY IIMPOKOTO aCOPTHMEHTY MipOMET-
piB, sKi 3a3BWYall 3asiBJICHI BUPOOHHMKAMH SIK 3aCO0H
BHUMIPIOBaHHS 3 BHCOKOIO IHCTPYMEHTAJIBHOIO TOYHIC-
T10, TIOpsIKy Bix 0,3 mo 1%.

HasiBHICTh BENMHMKOI KUTBKOCTI TIPOTO3HUIIIN BiJ BU-
POOHUKIB pi3HUX KpaiH Ta I[IHOBa JAOCTYITHICTh MipoMe-
TpiB (y mopiBHsHHI 3 moyatkoM 2000-x pokiB), ocoOnu-
BO KUTaHCHKHX BHPOOHHUKIB, IPU3BEINIO 10 301IbLICHHS
cep X BUKOPUCTAHHSI.

30kpeMa B METaIypriliHIA IPOMHCIOBOCTI B
OCTaHHI POKHU 3pociia KiJIbKICTh BUMIPIOBAJIbHUX Mapa-
METpIB 1€ BHUKOPHUCTOBYIOThCS OE3KOHTAKTHI 3aco0u
BUMIpIOBaHHA TemIiepaTypu. ToMy € akTyaJbHHUM pPO3-
pOOIIEeHHSI HOBHX Ta yJOCKOHAJICHHS ICHYIOYHX METOIIB
KaiOpyBaHHs MIPOMETPIB.

3riguao JACTY 3194:2005 «Mertpouoris. Jlep:xaBHa
MOBIpOYHa cxeMa Juisi 3aco0iB BUMIPIOBAaHb TeMIIEpary-
pu. Be3KkoHTaKkTHI 3ac00M BHUMIPIOBAaHHS TEMIIEPATypH»
[1] mpu noBipui Ta KaniOpyBaHHI TIPOMETPIB BUKOPHUCTO-
BYIOTbCSl €TAJIOHHI MipoMeTpH. TakuM YMHOM, BiAIOBiI-
HO po crarti 1 3akoHy Ykpainu «IIpo merposorito Ta
METPOJIOTIYHY AISUTBHICTEY [2], MpoMeTpu € poOoInMu
€TaJIOHAMH Ta MiIJIATAI0Th KaiOpyBaHHIO 3TiITHO CTATTi
27 [2]. KanibpyBaHHS poOOUYNX €TaOHIB MPOBOAUTHCS B
HOPSIAKY, BCTAHOBJICHOMY HOPMAaTHBHO-IIPABOBHM aKTOM
LEHTPAJIbHOTO  OpraHy BHKOHABUOi  BIAad, IO
3abe3neuye (hOpMyBaHHs JEp’KaBHOI TOJITUKH y cdepi
METPOJIOTIT Ta METPOJIOTIYHOT MisUTbHOCTI. TakuM HOpMa-
TUBHO-TIPaBOBUM akToM € «[lopsiok xanmiOpyBaHHS BTO-
PUHHHX Ta poOOUMX eTayioHiBy» [3], 3aTBepkenuit MiHi-
CTEPCTBOM €KOHOMiKH YkpaiHu HakazoM Bixn 10.08.2020

3a HomepoMm Ne 1518. Bigmosinxo 1o [3] xamibpyBanHs
pOOOYHNX €TATIOHIB POBOAUTHCS:

- HayKOBHMH METPOJIOTTYHHMH LIEHTPaMH, sIKi Ma-
I0Th MDKHApO/IHO BH3HaHI KajiOpyBajbHI Ta BUMIpIOBa-
JIbHI MOKIMBOCTI 3a BIAITOBIAHUMY BHIAMH Ta MiABALAMU
BUMIPIOBAHb 13 3aCTOCYBaHHSM HAIllOHAJHHUX €TAJIOHIB;

- HayKOBMMH METPOJIOTIYHUMH LIEHTPAMH, METPO-
JIOTIYHUMH IIEHTpaMH, KalliOpyBaIbHUMH J1abopaTopisi-
MU, aKpEJIUTOBAHUMH HAI[IOHAILHUM OpPraHOM YKpaiHu
3 aKpeIuTaIlii.

Ane, [3] ycTaHOBIIOE TIPOIIEAYPY T4 YMOBH Kai0-
pyBaHHS TiIbKH pOOOYMX €TANOHIB, sIKI BUKOPHUCTOBY-
IOTh il 9ac MOBIPKH 3ac00IB BUMIPIOBIBHOT TEXHIKH
(mani — 3BT), mo nepedyBatoTh B eKclulyarauii Ta 3a-
CTOCOBYIOThCS y cepi 3aKOHOJaBYO PerysbOBaHOI Me-
Tposorii. Poboui eTanonu, ki BAKOPUCTOBYIOTh ITiJ] 4ac
kamiOpyBanus 3BT, ski He 3acrocoByroTeesi y cdepi
3aKOHOJIaBUO PETYJIHOBAHOI METPOJIOTii, KamiOpyloThCs
3riIHO YacTuHI TpeThoi crtarti 27 [2] BigNOBIgHO 1O
HAIlOHAIFHUX CTaHAAPTiB, TAPMOHI30BaHUX 3 BIMIOBI-
JHUMHU MDKHAPOJHUMH Ta €BPONEHCHKHUMHU CTaHIapTa-
MU, Ta JOKYMEHTIB, MPUAHATUX MDKHAPOJHUMH Ta pe-
TIOHAJTLHUMH OPTaHi3aIisIMKi 3 METPOJIOTIi.

VY T0if e 4ac, 3a [3] xanibpyBaHHS poOOYHX eTaio-
HiB TIPOBOUTHCS 32 METOJMKAMH KasliOpyBaHHS, sIKi Mic-
TATHCSI B HAIIOHAIBHUX CTaHAapTax abo po3poOlieHi BU-
KOHABISIMHM 3 ypaxyBaHHSM HalliOHaJbHUX CTaHJIAPTIB,
rapMOHI30BaHUX 3 BIJNOBIAHUMU MIXHAPOAHUMH Ta €B-
PONEHCHKUMH CTaHAapTaMH, Ta JOKYMEHTIB, IPHUHHATHX
MDKHApOJHUMHM Ta PETiIOHAILHUMH OpraHi3alisiMH 3 MeT-
posorii. Takum grHOM, y [3] IOMYyCKA€THCS TPOBOIUTH
KaxiOpyBaHHS 32 METOAWKAMH KalliOpyBaHHS, SKi pO3po-
OJIeHI BUKOHABIISIMY, TIPO 110 y [2] MOBa He WAEThCA.

3rigno ICTY EN ISO/IEC 17025:2019 «3aranbHi
BAMOTH J0 KOMIIETEHTHOCTI BUIPOOYBaIBHHUX Ta Kaio-
pyBaJbHHX JTabopatopiit» [4], mabopaTopis MOXKE BHKO-
PHCTOBYBAaTH MeETOAM, po3pobieHi abo moxamdikoBaHi
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nabopaTopi€ero, SKIIO 3aMOBHUK HE 3a3Ha4a€ METO JIst
BUKOpUCTaHHA. TOX, MiXHapogHHNA cTaHmapt [4], mo
BCTaHOBJIIOE BUMOTH 10 KOMIIETEHTHOCTI KasliOpyBasb-
HUX J1a00paTopii, J03BOJISIE BUKOPUCTOBYBATH METO/H-
KH KamiOpyBaHHS, po3p0o0JIeHI BHKOHABISIMH.

Agne, [2] Mae Bullly IOpUAWYHY CUITY, SIKA MOJISATae
Yy TOMY, IO BCi MiJ3aKOHHI HOPMATHBHO-IIPABOBI aKTH
NpUiMaloThesl Ha HOTO OCHOBI Ta 3a CBOIM 3MIiCTOM He
MOBHHHI cymnepeunty [2]. ns momomanHs po30iXHOCTI
Mix [2] Ta [3] TpeOa BHOCHTH 3MIiHM IO OJHOTO 3 IHUX
HOPMATHUBHO-IIPaBOBHUX aKTiB.

BigcyTHICTh cTaHIApTH30BaHUX METOAMK Kaulio-
pyBaHHS, IO BU3HAYAIOTH OIIHIOBAHHS HEBU3HAUYEHOCTI
BUMIpIOBaHb, CKJIAJIaHHSl PIBHSHHS BUMIPIOBaHb IPH
KaniOpyBaHHI, OFO/KETy HEBH3HAYEHOCTI BHUMipIOBaHb,
HE BiJOBigae BuMoram ctarti 27 [2], Ta Moxe mpuBec-
TH [0 TOpPYIIEHHA €IHOCTI  BHUMIpPIOBaHb
METPOJIOTIYHOT JisUTBHOCTI, TOMY, pO3pO0Ka HallioHaJb-
HUX CTaHAapTiB (TapMOHI30BaHMX 3 BiAMOBITHUMH MiX-
HApOJHUMH Ta €BPOICUCHKUMH CTaHIApTaMH), sSKi BU-
3HAYaTUMYTh METOAM KaJliOpyBaHHS € TapaHTI€I0 3a-
Oe3redeHHs €THOCTI BUMIPIOBaHb.

Merta craTTi — po3poOKa MpoIeTypH OLiHIOBaHHS
HEBU3HAUCHOCTI BUMIPIOBaHb MPH KamiOpyBaHHI Tep-
MOMETpIiB iH(PaYepBOHOTO BUIIPOMIHIOBAHHS (IipoMe-
TpPiB) METOZOM Oe3I0CepEeJHHOr0 BUMIPIOBAHHS TEMIIE-
parypH, BUKOPHUCTOBYIOUM POOOUYMI €TaJIOH — BUIIPOMI-
HIOBau TUIy «abcomntoTHe YopHe Tino» (mami — AUT).

2. BukJjiajg oCHOBHOT0 MaTepiay

2.1. 3abe3neueHHs] €IHOCTI BUMIpIOBaHb y cepi
OE3KOHTAKTHOI TEPMOMETPIi.

Jns 3abe3neyeHHst €JHOCTI BUMIPIOBAHHS TeMIepa-
Typu B 001acTi 6e3KOHTaKTHOI TepMoMeTpii, 3rigao [1] B
VYxkpaiHi cTBopeHi aepxkasHi nepsunHi eranonn AETY 06-
07-04 ta IETY 06-03-96, 1110 OXOILIIOIOTH JIialla30H BiJl
692,67 K no 2800 K, sxi 30epiratorsest y HarionansHoMy
HAyKOBOMY LIeHTpi «[HCTHTYT MeTpoJIorii» M. XapkiB.

Jiana3oHM 3HA4YeHb BIATBOPIOBAHOI  OJMHMII
TeMIepaTypH Ta po3ImmpeHi HEBU3HAYEHOCTI
JETY 06-07-04 cTaHOBNATH HACTYIIHI 3HAYCHHS:

- miamas3oH: Big 692,67 K no 1234,93 K;

- HeBU3HAYEHICTh 3a TUIIOM A (u,): 0,8 °C;

- HeBM3HAYEHICTh 3a TUTIOM B (u3): 0,21 °C;

- CyMapHa CTaHJapTHa HeBU3HAUCHICTh (uc): 0,83 °C;
- posmupeHa HeBu3HaUeHicTh (U): 1,65 °C.

Jiama3oHu 3HAuYeHb BIATBOPIOBAHOI  OIMHUIL
TeMIepaTypH Ta  pO3IIHUpEHi HEBU3HAYEHOCTI
JETY 06-03-96 cTaHOBNATH HACTYIHI 3HAYCHHS:

- mana3oH: Big 1084,62 °C no 2526,85 °C;

- HEBU3HAYEHICTh 3a TUIIOM A (1,): 1,9 °C;

- HeBM3HAYCHICcTh 3a TUIIOM B (u3): 0,37 °C;

- CyMapHa CTaHAapTHa HeBU3HAUCHICTh (uc): 1,94 °C;
- po3mupeHa HeBu3HaueHicTh (U): 3,87 °C.

BuwmiproBanibHi MosximBocTi HauionanbHoro Hay-
KOBOTO TIeHTpY «lHCTHTYT MeTpoJorii» B obmacti 6e3-
KOHTaKTHOI TepMoMeTpii omyOiikoBaHo B 0a3i JaHMX
kimovyoBux 3BipeHb (KCDB) Ha caifiti MixnapomHOTO
6ropo 3 mip i Bar (BIPM).

Ha meii yac, 3a3HaueHi BUMipIOBaJIbHI MOMJIMBOCTI
HamionanbsHOro HaykoBOro LEHTpPY «IHCTHTYT MeTpo-
JoTi» HE OXOIUTIOIOTh BHUMIPIOBAHHS TEMIEPaTypH Y
niarma3oHi BuMiproBaHb Hrxue 0 °C.

Takum grHOM, KamiOpyBanbHi 1abopaTopii He MO-
JKYTh 3a0€3MEYUTH METPOJIOTIYHY HPOCTEXKYBaHICTh
pe3yNbTaTiB CBOIX KaliOpyBaHb POOOYUX ETAJOHIB B
00JacTi HU3BKUX TEMIepaTyp B YKpaiHi, Ta BUMYIICHI
KaniOpyBaTH po0OdUi eTalloHH 3a KOPAOHOM Y OpraHi3a-
IisAX, [0 MAIOTh JOKa31d METPOJIOTIYHOT IPOCTEIKYBAHO-
cti 1o MixnaponHoi cuctemu oauHUNG Sl y miamazoHi
BuMiptoBanb Hk4e 0 °C. Hapasi BijcyTHI HallioHalIbHI
CTaHIApTH 3 KajmiOpyBaHHS MipOMETPiB, TOMY, KOKHA
KaniOpyBajbHa JabopaTopis po3po0ssie METOIUKH Ka-
nmiOpyBaHHS 3a CBOIM PO3YMIHHSAM, IO HE CIIPHIE 3a-
0e3re4eHHIO €THOCTI BUMIPIOBAHb.

e HaowHo BHUIHO, KO o3HaoMuTHCcs 31 «Cde-
paMu akpenuTanii» KaniOpyBanbHHX Jlaboparopiii, ak-
penuToBaHuX HarlioHaTEHUM areHTCTBOM 3 aKpeauTarlii
VYkpainu Ha KaniOpyBaHHs nmipomeTpiB (Tadbmuns 1).

Amnai3z «Cep akpenuTanii» mokasye HacTyITHE:

1) nesxi mabopatopii y rpadi «YcrarkoBaHHS
(00’€exT BUMIpIOBaHb)» BKa3yIOTh KPiM MIPOMETPIB iHIII
3aco0M BUMIPIOBaHHS TeMIIEpaTypH, JUlsl IKUX HaBelleHi
OIHI ¥ Ti cami 3HAYCHHS PO3IIHUPEHOI HEBHU3HAYEHOCTI
BUMIPIOBaHb, 1110 XapaKTepHU3ye KaniOpyBaibHi Ta BUMi-
proBanbHi MoxximBocTi (Calibration and Measurement
Capability — CMC) naboparopii; noganHs takoi idop-
Marii mpo CMC He Jae 3MOTH 3aMOBHHKAM MOCIYT BU-
3naunTH aiiicai CMC nabopatopii 3 kaniOpyBaHHs ITi-
pOMeTpiB;

2) yci kanibpyBanbHi JabopaTopii MpoBOJATH Ka-
niOpyBaHHS 3TiAHO 31 CBOIMH pPO3POOJICHUMH METOAH-
KaMU KaJliOpyBaHHS;

3) neski xaniOpyBasbHI JlabopaTopii 3acToCyBalu
Meton aiist BupakeHHss CMC - miama3oH BUMIpIOBaHHS.
3rigno ILAC-P14:09/2020 «Ilomituka ILAC mono
HEBM3HAYEHOCTI BUMIpIOBaHb B KanmiOpyBauH» [5], y
BUIAJKy, KOJM BHMIpIOBaHa BEJIMYMHA OXOIUIIOE
3HaueHHS abo0 psAI 3HA4YeHb, Ta 3aCTOCOBAHO Jiara3oH
BuMiptoBaHHsl Uit BupaxeHHs CMC, xaniOpyBasibHa
naboparopisi TMOBHHHA 3a0€3MeYUTH HAICXKHY JiHIHHY
IHTepIONAIi0, MO0 3HAWTH HEBU3HAYCHICTh MPHU
CepeHIX 3HAYCHHSX.

VY neskux myOJTiKamisx Mpo OI[IHKY HEBU3HAYCHOC-
Ti BEMipIoBaHb npH KamiOpysanni 3BT, Hampukmax y
[6], MOkHA BUSBUTH, IO BiJjOMa IOMPaBKa Ha CHCTEMa-
THYHAN e(DeKT He 3aCTOCOBaHA M0 3BITHOTO PE3yNbTaTy
KaiOpyBaHHS, a 3aMiCTh 1IbOT0 3podJieHa crpoba BUKO-
pUCTaHHS IHOTO e(peKTy A 30UIbIIEHHS PO3IIHPEHOT
HEBH3HAYEHOCTI BUMIPIOBaHb.

ABTOpH [6] BBaXKAFOTH, SAKIIO KiHIIECBHUI KOPHCTYBAaY
3BT, He BUKOPHCTOBYE 3CYyB, a OIEpyE 3HAYECHHSIMH, 110
noka3ye Oe3nocepenapo 3BT, Oe3 BUKOPUCTaHHS aiTHB-
HOT a00 MYJIBTHILTIKATUBHOI MONPABKH, TOAI Ha IiH mijc-
TaBi, CKJIJJOBY CTaHIAPTHOI HEBU3HAYCHOCTI, III0 «00YMO-
BJIeHA 3cyBOM I10Ka3iB 3BT» Tpeba BHOCHTH 10 3arajibHO-
T0 OFO[DKETy HEBM3HAUCHOCTI, IO HIOWTO JO3BOIUTH BU-
kopucroByBat 3BT 0e3 nonaTtkoBux 0OYMCIIEHb pe3yilb-
TaTy BIMIPIOBaHHSL.

40

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



Metrology and Instruments
Calibration

2/2025

MeTponoria Ta npunagm
KanibpyBaHHs

Lle xubHe TBEPIHKEHHS MOXKE MPUBECTH 110 TOTO, 110
BJIACHUK ITpOMETpa, KUK Oyie aHamizyBaTH Pe3yJbTaTd
KasTiOpyBaHHs 110/I0 BIMOBIIHOCTI MpOMETPa TEXHIYHIi
crerpdikarii, MOXe MPUAHSITH TOMUJIKOBE PIIICHHS PO
HOro HeNpHIaTHICTh, BPaxOBYIOYM 3asiBJCHY 30UIbLICHY
PO3IINPEHY HEBU3HAYCHICTb.

Tomy, BacHHKY ITIPOMETPIB - 3aMOBHHUKY KaJiOpy-
BaHHs MMOTPIOHO OOOB’S3KOBO BKa3yBaTH y CBOiHM 3asBlIi,
BUMOTHU IIIOZI0 HEOOXiIHOCTI 3a3HauYeHHS BUKOHABLIEM Yy
ceprudikari KamiOpyBaHHS BHCHOBKY IPO BiATIOBIIHICTbH
nipoMerpa TexHiuHil crienuikarii.

Takox, 3 TPUYUHU BIICYTHOCTI CTaHAapTHU30Ba-
HUX METOJWK KarmiOpyBaHHSA, 3aMOBHHKY KaliOpyBaHHS

moTpiOHO BKa3yBaTH y CBOIM 3asBIli, BUMOTH IIOJIIO
HEOOXiTHOCTI HAJaHHS BUKOHABIEM MOJEIBHOTO PiB-
HSHHSL Ta OMOJDKETY HEBH3HAYEHOCTI BUMIPIOBaHb, 3a
SKMMH BHKOHYBAJIOCh KaiOpyBaHHS €TaJIOHHOTO Iipo-
MeTpa abo eTaloHHOTO BUNIpoMiHIoBada tuiry AYT.

e HeoOXigHO 3aMOBHMKY KajiOpyBaHHS s
MPaBUJIbHOI'O CKJIaJaHHA BJIACHOTI'O 6}0)1)1<eTy HCBU-
3HAYEHOCTI i Yac KaniOpyBaHHs poOOUYMX MipoMeT-
piB 1 A7l BpaxyBaHHS yCiX MOMJIMBUX IIOIPABOK, IO
CTOCYIOTbCSl €TajloHHOoTo mipomerpy abo AUT, um Ha-
BIIAKM BHKJIIOYEHHS LMX IIONPABOK i3 BJIACHOTO Ol0-
JDKETY, SKIIO BOHU BXe Oy BpaxoBaHI BUKOHABLEM

KaniOpyBaHHS.

Ta6muus 1 — Bunncka 3i «Cdep akpeauTariin» kaniopyBanbHUX 1adopaTopiii 3 KaxiOpyBaHHS MipOMETPiB

[To3nayanHs
Y CTaTKOBAHHS JIialea30H a0o Touka Posumpega HOPMATHBHHX
Ne | Haitenysanns KJT (06" €XT BUMIPIOBAHD) BUMIpIOBAHb, Y AKHX| HEBH3HAYCHICTh | JJOKYMCHTIB Ha METOIH
HPOBOJUTHCS BUMIpIOBaHb | KaJiOpyBaHHS Ta METOJ
KasiOpyBaHHS U (k=2) (pHHIAT)
BHMIPIOBAHHS
1 | AII «YxpmerprecT- [Mipomerpu, (minyc 30— 150) °C| (0,75-2)°C MKY 520-24/06
CTaHIApPT» TEITIOBI30pH (260 — 1000) °C (3-20)°C [psmi BUMiproBaHHS
2 JTIT «Juinpo- [ipomerpu inppauepBoHOro | (Minyc 30 — 500) °C| (0,6 —3,0) °C MK [T 15/62-2021
CTaHJAPTMETPOJIOTIsD» BUIIPOMIHIOBaHHS [psiMi BUMiprOBaHHS
Ta TEIJIOBI30pU 3BipeHHS 3 eTaJIOHOM
3 JIT «XapkiB- Iipomerpu Mminyc 30 — 100 °C 0,7°C COVY PY 74.3-
CTaHIaPTMETPOJIOTIsD» iH(ppauepBOHOTO >100-200 °C 1,1 °C 04725906-0092:2013;
BUIPOMIHIOBaHHS, >200 - 300 °C 1,6 °C COY PVY 74.3-
TeIIoBi30pU >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 | Kpusopisbka dimis Ilipomerpu (minyc 10 —300) °C| (0,30-0,31) °C MK-06/05
AIT «/Trimpo- iH(ppadepBOHi, MEINYHI Ta (32-43)°C 0,13 °C [psmi BUMiproBaHHS
CTaHIAPTMETPOIIOTis» TEIIOBI30pH
5 Yepxacbka ¢imis Tepmomerpu minyc 10 — 100 °C 0,61 °C MK 06-06-09
JIT «ITontaBa- OC3KOHTAKTHI
CTaHIAPTMETPOIIOTisD»
6 |IIIT «HaykoBo-BHpoG- Iipomerpn (30 -600) °C (0,6 —2,0) °C MK-19
HUYHUA IEHTP OLIHKA
BigmoigHOCTI «FOI'Y
7 TOB «PIBHE- Tepmomerpu Oe3konTakTHI, | MiHyc 20 - 15 °C 0,1 °C MK-T-04-2021
CTAHJAPT» mipoMeTpu iH(ppadepBoHi, 15-30°C 0,12 °C
TEIIIOBI30pH, TEPMOMETPH 30-300°C 0,14 °C
0E3KOHTAKTHI MEMYHI
8 | TOB «TECTMETP- | Tepmomerpu indpauepBoni, | Bix minyc 50 °C Big 0,5 °C MK 06-01
CTAHIAPT» TEPMOMETPH OE3KOHTAKTHI 1o 60 °C 1o 1,65 °C Bix 20.03.2023
Big 60 °C Big 0,5 °C Besnocepenne
1o 1500 °C 1o 1,65 °C 3BIpSHHS
2.2 Tlpouenypa OIHIOBaHHS HEBH3HAYCHOCTI BH-
MipIOBaHb IpU KaniOpyBaHHI MipoMeTpiB MeTooM 0e3- FEranonmmuii T . T,
MOCEePETHHOT0 BUMIPIOBAHHS TEMIEPaTypH, BUKOPUCTO- BHIIPOMIHIOBAY HlngeTp’ —»
o . 10 KaniopyeTbes
BYIOUYM poOoumii eranoH — BunpominioBay tuiry AYT. AUT
KanibpyBanus mipomeTpiB MeTomoMm Oes3mocepen-
HBOTO BUMIipIOBAHHS IPOBOIWUTHCS BINMOBITHO IO CXe- Puc. 1 — Cxema kaniGpyBaHHs mpoMeTpa
MU, HaBEIECHOIO Ha puc. 1.
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CkJlafaHHs MOJENHHOTO PiBHAHHSA KaldiOpyBaHHS

mipomerpa.
BigxuiieHHs mokasiB mipoMeTpa, 10 KaniopyeTbes

T, CKnagaeTnes 3:
Tx:(Tc+55+5f)7(Ts+5s+6dr+6bb)» (1

ne: T. — Temneparypa BUMIpsiHa ITIPOMETPOM, IO Kali-
OpyeTncs; O, — MOIpaBKa, 0 BPaXxOBY€E PO3ILUIBHY 3/1aT-
HiCTb IipoMeTpa, 10 KalibpyeThes; 67 — HOIpPaBKa, IO
BPaxoOBY€ BIUIMB ONTHYHOI PO3IUIBHOI 3aTHOCTI Mipo-
MeTpa, 1o KamopyeThest; Ty — TeMIepaTypa 3aj1aHa era-
JIOHHMM BumpoMiHtoBaueMm Tuny AUT; §; — mompaska,
II0 BPaxOBY€ TOYHICTb E€TAJOHHOTO BUIPOMiHIOBaYa
turry AUT i3 ceptucdikara kaniOpyBaHHS; 04y — IOIIPaB-
Ka Ha Jpeid eTasoHHOro BUnpominioBaua tuiy AUT 3
Yacy #oro nonepeaHboro KajiiopyBaHHs; Opp — MOIPAB-
Ka, II0 BPAaXxOBYE TEMIIEPaTypHy CTaOiLIbHICTh €TaJOH-
HOTO BUnpoMiHfoBada tumy AUT.

OLliHIOBaHHS BXIJIHUX BEJIUYHUH.

O1iHKOI0 TeMIepaTypH, BHMIPSHOI HipOMETPOM,
10 KaJliOpyeThCs, € cepeHe apudpMeTudne Horo s, Mo-
kazanp 7, °C:

_ 1
T = 2 T, . (2)
OIiHIOBaHHS CTaHJIAPTHUX HEBH3HAYCHOCTEH BXi-
JIHUX BEJIVYHH.
CraHgapTHa HEBU3HAYCHICTD 3a TUIIOM A, TIOB's3aHa
3 PO3CISHHSAM TIIOKa3aHb MIPOMETpa, IO KamiOpyeThes,
0o0yMOBJICHA JDKepellaMyd HEBH3HAYEHOCTi, IO MaloTh
BUII4/IKOBUI XapaKTep, BU3HAYAETHCS 32 (POPMYIIO0:

L _Sa-1y. 0

“alle)= n(n—1)3

CrangapTHa HEBU3HAYEHICTD 32 TUTIOM 3a THUTIOM B,
00yMOBJICHA JPKEPEIaMu, SIKi MarOTh CHCTEMHHUH Xapak-
TEp, BU3HAYAETHCS 32 (POPMYJIIOO:

g :\/ué(56)+u§(8x)+u123(6 dr)+u§(6bb)+u§(6‘ PR

CranpapTHa HEBHU3HAYEHICTh OI[IHKM IIONPABKH,
00yMOBIIEHa PO3IUTFHOIO 3[JATHICTIO MIpOMeTpa, IIIo
KaTiOpyeThCs, XapaKTePU3YEThC MPSIMOKYTHHM DPO3MO-
IIIIOM 1 pO3paxOBYETHCS 32 POPMYIIOI0:

b
8,)=—r
ug(d,) Nk (5)

ne b — po3ainbpHA 3MATHICTH MipOMETpa, 10 Kamiopy-
€THCA.

CranjapTHa HEBHU3HAYEHICTh OI[IHKU IIONPABKH,
110 BpPaxoBYy€ TOYHICTh BunpominioBaya tuiry AUT pos-
PaxoBYETHCS 32 POPMYIIOI0:

1y (3,) =(k]— ©)

s
nme: Uy — po3mmpeHa HEBH3HAYCHICTH BHUIIPOMIHIOBAYa
tuy AUT, B3sTa 3 ceprudikara mpo KadiOpyBaHHS IS

TOYKH KaJliOpyBaHHS MpOMETpa, M0 KamiOpyeThes (SKIIO0
3HaueHHS U 11 TOUKH KaniOpyBaHHs Oe3ocepeHp0 He
3a3HA4YeHO y cepTH(ikari, HOro BU3HAYAIOTH IIIIXOM JIi-
HIMHOT IHTEePIIOJIALIT MK IBOMA BiZIOMHUMH CYCIHIMH 3Ha-
YEeHHSIMHA HEBM3HAYEHOCTI [UIsl BIATOBIJHOTO [Tiara3oHy
BUMIipIoBaHb BurnpomiHtoBaya tuiy AUT); k, — xoedii-
€HT TIOKPUTTSI, B3ATUI 13 ceprudikara KaniOpyBaHHS BHU-
npominioBaua tuiry AUT.

CraHzapTHa HEBH3HAYCHICTh OLHKH IIOIPAaBKH,
obOymoBieHo1 npeiipom BunpomiHtoBada Ty AYT,
XapaKTepU3YETHCS NPSIMOKYTHUM PO3IIOIUIOM Ta po3pa-
XOBYETBCS 32 (POPMYIIOFO:

uy(8,)= . ™)
3

ne 0, — nonpaska, 00yMOBJIEHa 3MiHOIO 3HAYE€HHS pO0O-
YOro eTajoHy 3 MOMEHTY HOro OCTaHHBOTO Kalliopy-
BaHHS 13-3a JApeidy:

®, = (AT, —An)’ti; (8)

1

AT, — BITXWICHHS MOKA3iB €TAJIOHA 3 JiF040ro cepTrdikary
KaiOpyBaHHs; AT| — BIAXWIICHHS TIOKa3iB €TajloHa 3 IoTe-
peanboro ceprudikaTy KamiOpyBaHHS; f| — 4ac MK Kali-
OpyBaHHSMHU; £, — Yac BiJl OCTAHHBOTO KaliOpyBaHHS /10
IIOTOYHOI JaTH.

CraHzapTHa HEBH3HAYCHICTh OLHKHA IIOTPAaBKH,
00yMOBIICHOT TEMITEPaTypHOIO CTAOUTHHICTIO €TAJIOHHOTO
BunpomiHioBada tury AUT, xapakTepu3yeTbes IpsSMO-
KYTHHM PO3IIOJILIOM Ta PO3PaxOBYETHCS 3a (POpMYIIOI0:

uk(s%)=s—b§, ©)

NE

ne Sp, — TemIeparypHa CTaOUIbHICTh €TaJOHHOTO BH-
npomiHtoBaua Ty AUT 3 TexHiuHoi crierudikarii.

CraHmapTHa HEBHU3HAYCHICTH OLIHKK IIONPABKH,
00yMOBJIEHOT BIUTMBOM ONTHUYHOI PO3ZLIBHOI 31aTHOCTI
mipoMeTpa pO3paxOBYETHCS 32 (HOPMYIIOHO:

_L, T,
uy(By) == e (10)

ne: T‘d — cepemHE apuPMeTHYHE 3HAYCHHS JCCATH BH-

MIpIOBaHb TEMIEPATYPU MPU MaKCUMAaIBHOMY JiaMeTpi

miapparmu; 7, — CcepejHE apUpMETHYHE 3HAYCHHS

JIECATH BHUMIPIOBaHb TEMIEPATypH IPH MiHIMaIbHOMY
nIiameTpi miadparMu.

Meron  BU3HAYEHHS _ IONPABKH, 0OYMOBIEHOI
BILIMBOM ONTHYHOI PO3JIILHOT 31aTHOCTI IipoMeTpa.

B mmommnby mipomerpa, nepen anepryporo AUT,
BCTaHOBIIIOETHCS Aiadparma 3 KpyrJIMM OTBOPOM 3MiH-
HOTO JiaMeTpy, LEHTp SKOro 30iraeTbcsi 3 ONTHYHOO
Biccto. Bincranp Bij nmiagparMu A0 NEpeAHBOrO Kparo
mipoMeTpa IOBHMHHA 3a0e3redyBaTdH MiHIMAJIbHUHA PO3-
Mip ToJist 30py mipoMeTpy (Touka (okyca) sKuil po3pa-
XOBYETBHCS 3TiJJTHO BCTAHOBJICHOTO BHUPOOHHMKOM ITOKa3-
HUKa Bi3yBaHHS (3a3HAYa€ThCA B IHCTPYKIII 3 eKCIUTya-
tamii). Ha miadgparmi BHCTaBISA€TBCS MaKCUMAaIbHHUN
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nIiamerp, Akuil nopiBHIOE (abo Oinpmie) miameTpy armep-
Typu AUT Ta BUKOHYIOTBCS IECATH BUMIPIOBaHb TEMIIE-

parypu 7, . IloriM Ha niapparmi BUCTaBIISETbCS MiHi-

MAJIGHUHA JiaMeTp, KU TOPIBHIOE MiHIMaJIbHOMY Jia-
METpy IOJIsl 30py MIpOMETpy y Todli Horo Qokyca Ta
BUKOHYIOTBCS JIECSTh BUMIpIOBaHb TeMIepaTypu 7,

OOuucrneHHs cyMapHOi CTaHJapTHOI HEBH3HAUe-
HOCTI.

OCKiJIbkM MOJIeNIb BUMIPIOBaHb HOCHTH JIHIHHUI
XapakTep, a BKJIaJ1 BCIX BXIJHMX BEJIWYUH HE KOPEIIO-
I0Th OIUH 3 OJJHUM, CyMapHa HEBH3HAUCHICTh BHUMIpIO-
BaHOI NpH KajiOpyBaHHI MipOMETpa pO3pPaXxOBYETHCS 3a
hopmyoro:

» MA+MB.

(11)

OuiHOBaHHg PO3IIMPEHO]I HEBU3HAYEHOCTI BHMI-

pIOBaHB.
Po3mpena HeBU3HAYCHICTh BUMIPIOBAHb /IS KO-

’KHOT TOYKH KaJTiOpyBaHHS BU3HAYAETHCS SIK:
U=k-u,

(12)

1e k — KoeIIiEHT MOKPUTTSL.

VY BunajKax, KOJIu HOPMaJIbHHI (rayCiBCbKHI) po-
3MOAIT MOXKHA BIIHECTH 1O BHMIPIOBAHOI BEIUYMHM 1
CTaHIapTHA HEBU3HAUYCHICTh, IOB’s3aHA 3 OIIHKOK BH-
XIiIHOT BEJIMYMHH, € JOCTATHHO HAIIMHOI, BUKOPHCTO-
BYIOTb CTAQHJApPTHUH Koe(]illieHT MOKpUTTS k = 2, 110
BiJIITOBi1a€ IMOBIPHOCTI OXOIUICHHSI PUOIU3HO 95%.

L1i yMOBHM BHKOHYIOThCS B OUIBIIIOCTI BUITAJKIB, SIKi
3yCTpi4atoThCs Mif 4ac KamiOpyBaHHSI.

Bromxker  HEBHM3HAUEHOCTI  BHUMipIOBaHb
PO3TIIIHYTOI IPOLIEAYPH HABEICHO B TAOIHII 2.

IS

Tabnuust 2 — bro/pkeT HeBU3HAUSHOCTI BUMIPIOBaHb ITPY KalliOpyBaHHI mipomMerpa

Bxiamna 3Ha'qu}.1.;1 CrangapTHi ' Koediuientu Bxnagn '
BXI1HOT HEBHU3HAYEHOCTI . HEBHU3HAYEHOCTI,
BEJIMYHHA . Yy TJIMBOCTI o
BEJTUYUHHI BXIJHUX BEJIMYMH C
T. T. ua(T,) 1 ©)
d¢ 0 up(dc) 1 )
ds Us up(Js) -1 (6)
Sar 0 up(day) -1 (7
Opp 0 UB(ébb) -1 (9)
Or 0 up(dy) 1 (10)
Buxinna Ouinka Crannaprha KoedirmienTt Pozmupena
pe3yneTary cyMmapHa . o
BEJIMYHHA . o . o OXOIUIEHHS HEBU3HAYEHICTh, °C
BuMiproBaHHs, °C | HEeBU3HAUEHICTh, °C
Ty 2) (11) k (12)

3. BucHoBKHM

1. Omnuca”o aHaimi3 Ta METOOM OIIHKH MOKIMBHAX
JoKepell HEBH3HAYCHOCTI NpU  KamiOpyBaHHI TepMO-
MeTpiB iHPPAUYESPBOHOTO BUTIPOMIHIOBAHHSI.

2. HamemeHno mpormenypy OLIHIOBaHHS HEBH3HA-
YEHOCTI BUMIPIOBaHb TIPH KaliOpyBaHHI TEPMOMETPIB

Chnucoxk Jitepatypu

iH(PaYepBOHOTO BUIPOMIHIOBAHHS METOJIOM 3BIPSIHHSA 3
BunpoMiHioBaueM tuiry AYT.

3. CxiameHo OODKET HEBHU3HAYEHOCTI BHMIpIO-
BaHb KaliOpyBaHHS TEPMOMETPIiB iH(payepBOHOIro BHU-
MPOMIHIOBaHHSI METOJIOM 3BIpSIHHS 3 BHIIPOMIHIOBaueM
tumy AUT.
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Measurement uncertainty evaluation at infrared thermometers calibration

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
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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
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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 rotH =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):

H,= Z RM z g, Cosme+h,, sinme)P" (cos6), (1)

m=0
- 4 s Rm2 4 Z &m SlIlI’)’I(p Py COSm(p) n (9) ,(2)
n=1
Pm(e)
- nm COS —+ hnm Sln n 3
47 ;Rnumz_;, & mo m(P) . 0

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

AM" n s the multipole order or harmonic number,
m is the elementary multipole of the n™ 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

R1_ i1/5
7‘(5] ' @

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.(H+H,-Hs—H,)-S8.(Hs+Hs—H; - Hyg) =

= SX (HR(R,q):O") + Hq)(R,q):90°) - HR(R,q):]XO") - H(p(R,q):27O")) -
_Slx(HR(Rl,gu:O“) +H¢(R.,¢:90°) _HR(R,,LP:ISO") _H(p(Rl,gD: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:

S,
E, = 6g11 R %)

wherek, = 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, ,

M,=E, =;R—3 (6)
(1-k37) 68,

Then, based on the obtained expressions for FE,
and M,, for channel X, we can conclude that
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 Sj; of channel
X to the dipole magnetic moment M, is determined,
which depends on the sensitivity of DTS converters:

S}{l = 6Sx (1 - kA\'Z/S )s

Thus, the conversion function and channel

sensitivity can be represented as dependencies:

M. = f(R,E.); Si; = [(S:,80).
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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,0), 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,= A0 .

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,+ Ap,+ A0

will be determined by the following formula:

> g2
)

C1,73-E,

Gy

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,£ AD 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 = A = A0..

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* Ao £3(AR/ R |
[1+£3(AR/R)P

[osin(Aa/2) £ 3(AR/R)P

[1+3(AR/R)P?

_7[-sin® Aa+2,61(AR/R)
' [1+3(AR/R)P

1,74[~2sin*(Aa/2) £ 2,6 (AR/R)F |
[1+3(AR/R)J '

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{

E 40 1
szilooo/:— — g — +66 -100%;
“TE, o g R’ (12 851 — &3 gssj o

E
sy:_y5100%:_ 40 [ihﬂ—h53+66h55]~100%;
E, R\ 12
S, =&100%=—i34g50 -100%.
E, iR

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,, o,z -

After substituting the values gs,,,4s,, 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:

8, =-0.62(%)"100%;
8, =-0.62(%) 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]‘E =Srzn:Hi1‘r s
i=1

where Hj;,.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:

EIIO - E11:

A}, = 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 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

=

U_MDI

 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+Mpyy+Mpz

4nR? ’

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

U:

(10)

strength of the interference H, , which affects the
magnetic axes of the converters of channel X, is found:
R (2x* —y?)
&0 2x% — )2 >
where H, = M, / 2nR2 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

Hlx =

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

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

2 _An2
pr o[ 90.96+0) | 2.64-4)
(02 —-132° (A2 +1,32)"

N 1-22
(kz _ 1)3 (xz + 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

20(3+1%)

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,

61){ 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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JocitzkeHHS MeTPOJIOTIYHIX XapPaAKTEPUCTHK MYJIbTUCEHCOPHUX CHCTEM /IJIsl BUMIPIOBAHHSA 30BHILIHIX MArHITHUX MOJiB
0.B. Jlertsapros, I.I. Kitounuk, F0.€. Xopomaiino, B.O. Jlyuenko

AHoTanis:

VY crarTi IOCHiIKEHO METPOJIOTIUHI XapaKTePUCTHKH MPHIANiB JUIS MPOCTOPOBOTO TAPMOHIYHOTO aHANI3y 30BHINIHIX
MarHiTHUX MOJIB, IO T'€HEPYIOThCS TeXHIYHMMHU 00'ekramu. IlpencraBieHo MareMaTHdHI MOJENI IEPETBOPEHHS CUTHANIB, a
TAKOX CITIBBIAHOLICHHS JUIS PO3paxyHKy (YHKIIi NepeTBOPEHHS, YyTIMBOCTI, JIIHIHHO-KYTOBOI Ta MYJbTHIIONbHOI HOXHOOK
BuMiproBaHHs. [IpoaHasi3oBaHO BIUIMB HPOCTOPOBOI KOHGQIryparii po3momiiieHol MepeTBOPIOBAIBHOI CHCTEMH Ha TOYHICTH
BUMIPIOBaHHSI Ta 3aBaJOCTIHKiCTh. OTpUMaHi 3aJeKHOCTI MOXKYTh OyTH BHKOPHUCTaHi [UIsl OL[IHKM TOYHOCTI Ta ONTHMIi3amii
mapaMeTpiB IPUIAiB MPOCTOPOBOTO TAPMOHIYHOTO aHAII3Y.

KnrouoBi cioBa: 30BHIIIHE MarHiTHE II0J€; INPOCTOPOBHM TapMOHIYHUM aHAIi3; METPOJIOTIUHI XapaKTepPHUCTHKH,
po3MoiNeHa CHCTeMa IIepeTBOPIOBaYiB; (DYHKILisl IEPETBOPEHHS; Yy TIINBICTh; HOXUOKA BUMIPIOBAHHS; 3aBaOCTIKICTb.
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BOJIOKOHHO-OIITUYHI JATYUKHU TEMIIEPATYPU TA BOJIOI'OCTI

M. KomOBI/Iﬁl, O.M. KOCTCHKOz, I'.B. HaBJ‘II/IKI, T.I. P0>1<H013a3, T.B. UeGukina'
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AHoTanist

AxTtyanbHicTh. [Ipu po3po0ili BOJIOKOHHO-ONTHYHHX JATYHKIB TEMIEPATypH Ta BOJIOTOCTI aKTyaJbHUMH € 3aj1aui 3amo0i-
raHHS B3a€EMHOT'0 BIUIMBY BUMIPIOBAHHX ITapaMETpiB HA PE3yJIbTATH BUMIPIOBAHHS, PO3IIMPCHHS (YHKIIOHATBHUX MOXKIUBOCTEH
JATYMKIB Ta MiABUIICHHS iX TexHosoriuHocti. Mera. Po3poOka HOBHX BOJIOKOHHO-ONTHYHUX JATUYUKIB TEMIIEPATypH Ta BOJIOTO-
cTi. Meroau JociimkeHHs. MeToau aHaiizy Ta CHHTE3y, CXeMOTEXHiKH. Pe3ypraTi Ta BUCHOBKH. 3alpONOHOBAHI BOJOKOHHO-
OINITUYHI TATYUKH TEMIIEPATYPH Ta BOJIOTOCTI, SIKi JAIOTH 3MOTY BUPIIIUTH IIOCTABJIEH] 3a1adi.

Ku1r04o0Bi cj10Ba: BOJOKOHHO-ONTHYHHHN TATYUK, TEMIIEPATYPa, BOJIOTICTh, TEXHOJIOTIYHICTh, B3a€EMHHI BILTHUB.

Beryn

CporosHi po3poOKa BOJOKOHHO-ONTHYHKX JaT-
YHKIB € BaXJHMBOI cdeporo mociimkeHs. [llopiuHo
myOMiKY€eThCs O€3I1iY BiIMOBITHIX HAYKOBHX CTaTCH,
a TaKoXX 3asfBOK Ha MaTeHTH. [[aTeHTH IUPOKO PO3T-
JSAAIOTHCS K MICT MK YCIIITHUMHU JOCIIPKEHHIMA
Ta pPo3poOKaMH, 3 OTHOTO OOKY, Ta KOMEPUiHHUMH
pUHKaMH, 3 iHImOro. BinmoBigHO, BUBYEHHS MATEHT-
HUX [TOKAa3HUKIB Ma€ [EHTPAJIbHE 3HAYCHHS ISl JOC-
JITHUKIB SIK Y Tay3l IPUPOJAHUYHX, TaK 1 TEXHIYHUX

Hayk. Jnms aHamily, NpeAcCTaBICHOTO B Il CTaTTi,
BUKOPHCTOBYBAJIMCSI NAaTeHTHI aaHi 31 BcecBiTHBOI
naTeHTHO-cTaTucTuyHOoi Oasu  manux (PATSTAT)
Bepcii 2016b. Ananiz nokasye (tabdin.), mo 90% na-
TEHTHHX 3asIBOK HA BOJIOKOHHO-ONITHUYHI MEPETBOPIO-
Bayi 3a TPU OCTaHHI POKHU MOJAFOTHCS BHHAXITHHKA-
mu 3 mectu kpain: CIHA, Kuraro, Pecrryomiku Ko-
pest, Caynicekoi Apasii, TaiiBanto Ta Snonii. bara-
TO MOAETHCS MKHAPOIHUX 3asBOK.

Tabmunst — Ilepenik kpaiH, 0 OTPUMaK HAHOLIBLIY KUTBKICTh IIATEHTIB 3a TPU OCTAHHI POKH

Kpaina

Homep narenty

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

Kurait

Pecny6uika Kopest

CayniBcbka ApaBis 122440486, 518400001, 521431271, 522440653, 522440748
TaiiBanp 202346794, 202416337
Snonis 2024019821, 2024037652
MixxHapoaHa 2024020362, 2024035271, 2024065259, 2024066948, 2024091833, 2024098245,
3asBKa 2024103160, 2024148777, 2024155951, 2024155954, 2024167948, 2024172782,
PCT 2024177985, 2024187095, 2024187284, 2024205962, 2024206298, 2024206395

L5 mpobiema BupinIyeThCs TAKOXK Ha Kadeapi iH-
TEJIEKTYJIbHUX BUMIPIOBAJIbHUX CHCTEM Ta IH)XeHepil
sikocTi HarioHaJIbHOTO aepOKOCMIYHOTO YHIBEPCUTETY
«XapKiBChbKUil aBiallifHUH IHCTUTYT» B MPOLECI BHKO-
HaHHS JJOTOBOPY MPO HAYKOBO-TEXHIUHE CIIBPOOITHUII-
TBO i3 MiHicTepcTBOM OCBiTH 1 Hayku Ykpainu Ne
0124U002436 «Po3pobka cy4acHHX BUMIpIOBAJILHHX
nepeTBOproBaYiB GisudHUX Benuuuny. [Ipu npoMy nat-
YUKH TEMIIEpaTypH Ta BOJOTOCTI po3poOieHi 3a paxy-
HOK BHIIIEHHS] HACTYIIHUX ITOCTaBJICHUX 3amadq [1]:

—3armo0iraHAs B3a€MHOTO BIUIMBY BHMipIOBAaHIX
mapaMeTpiB Ha pe3yIbTaTH BUMIPIOBAHHS Ta ITiIBUIICH-
HS TEXHOJIOTTYHOCTI BUTOTOBJICHHS 1aTUNKA,

— po3uMpeHHs  (YHKI[IOHAJbHUX MOXJIMBOCTEH
MPOTOTHITY.
Mera crarti: po3poOka HOBHX BOJIOKOHHO-

ONTHYHMX JIATYMKIB TEMIIEPaTypu Ta BOJIOTrOCTI Harpa-
BJIEHA Ha JIIKBIJALil0 BUSBJICHUX HEJOJNIKIB iCHYIOYHX
aHaJIOTiB.

Buxkiax ocHOBHOTO MaTepiay

Bigomuii BOJOKOHHO-ONTHYHHUN HATYMK KiIIiMaT-
KOHTPOJIIO [2] Mae HACTYIHI HEJOJNIKH, IKi 00yMOBIIEHI
BUKOPHCTaHHSIM CHIpaJIbHOT JUISSHKH CBITJIOBOLY Ta
OiMeTaeBol MIACTUHH:
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— HEOOXIIHICTh MOCTIHHOI KOPEKIii MiKpOHEIICH-
TUYHOCTEH JteopMartii Ta CTapiHHS €IEMEHTIB CITipai;

— HEMOJKJIUBICTh ~ KOMIIGHCAINl  JerpamaiiiiHux
MPOIIECiB, MO IUIMHYTH 3 PI3HOI MIBHIKICTIO, HA BiJb-
HOMY OOIIi CBITJIOBOAY Ta Ha 0OIIi, 10 SKOTO IMpHUBapeHa
OimMeTaneBa IUIACTHHA.

BoOKOHHO-ONITHYHMNA JAaTYMK KJITIMAT-KOHTPOJIO
JUIs BUMIPIOBaHHS TeMIeparypu Ta Bojorocti [3] mae
HACTYIHI HEJIOJIKH, SKi 00YMOBIICHI HasiBHICTIO OJHOTO
KaHaJTy BUMIipPIOBAHHSI BOJIOTOCTI Ta TEMIIEPATyPH:

— B3a€MHUI1 BILUTUB BUMIipIOBAJIbHUX IMapaMeTpiB HA
pe3yabTaT BUMIPIOBAHHS, 10 3HIDKYE X TOYHICTB;

— HU3bKA TEXHOJIOTIYHICTh BUTOTOBJICHHS JaTYMKA
Yyepe3 HeOOXIJHICTh 3THHY CBITJIOBOJAY 1 WOr0O 3aKpill-
JICHHSI B TAKOMY TMOJIOXKEHHI.

3 MeTor0 3amo0iraHHs B3a€EMHOTO BIUIMBY BHMIpPIO-
BaHMX TapaMeTpiB HA Pe3yNbTaTH BUMIPIOBAaHHS Ta IIij-
BHUIIEHHS TEXHOJIOTTYHOCTI BHUTOTOBJICHHS IIOPIBHSHO 3
agaoramu [2, 3] 3ampONOHOBAHO BOJOKOHHO-ONTHYHUI
JIATYUK JUTs1 BAMIPIOBAHHS TEMIIEPATypH Ta BOJIOTOCTI [4].

Ha puc. 1 300pa’keHO KOHCTPYKIIIO BOJOKOHHO-
ONITHYHOTO JIaTYHMKa JUIS BUMIPIOBAHHS TEMIIEpATypH Ta

BOJIOT'OCTI.
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Puc. 1. KoHCTpyKIisl BOJIOKOHHO-ONITHYHOTO TaTYHKA JUIS
BHMIPIOBAaHHS TEMIIEPaTypH Ta BOJIOTOCTI

o

BooKOHHO-ONITHYHMIA NaTYMK JUII BUMIPIOBaHHS
TEMIIepaTypyu Ta BOJIOTrOCTi MiCTUTH K00y 1 i3 KBapmo-
BOTO CKJa 3 oTBOpamm mepdoparii 2, 3araymky 3, 1o
SIKOT 3a JJONOMOT'OI0 TUIA3MOBOTO 3BapIOBAaHHS MPHEIHA-
HO OCHOBHHH 4 1 JOJATKOBHUHA 5 CBITJIOBOAH 3 BOJOKOH-
HUMH po3raiyxyBadamu 6, 7 3 BxiHumu 8, 9 Ta Buxin-
Humu 10, 11 ontuaauME GinbTpaMu, MigHY TpyOKy 12,
sIKa KOaKCiaJIbHO pO3TalllOBaHa JI0 JI0JIaTKOBOTO CBITJIO-
BOAY 5 i mpuBapeHa 10 HBOTO, OJOK TirpOCKOIIYHOTO
Mmarepiany 13, po3raiioBaHuii Mik OBEpXHEIO Kouou 1
Ta OCHOBHHM CBITJIOBOJOM 4. Ha TOopmsax cBitimoBoxis 4,
5 yTBOpEHi Bini3epkaitoroui mapu 14, 15.

BoJIOKOHHO-ONTHYHUN AATYUK JJIsI BUMIPIOBaHHS
TEMIIEPaTypH Ta BOJIOTOCTI MPAIIOE TAKUM YHHOM.

IIpu 3MiHI BONOTOCTI KOHTPOJIBOBAHOTO CEPEIO-
BHUIIA BiOyBa€eThCs 3MiHa 00'eMy Osioka 13 3 rirpocko-
MIYHOTO MaTepially, YHACIIIOK YOT0 BifOYBaIOTHCS 3Mi-
HU JIHIHHUX PO3MIpiB sIK OJIOKa, TaK 1 BEJIMYMHH MPOTHU-
Hy cBiTiIOBOMy 4. TakuM 4MHOM, Y OCHOBHOMY CBITJIO-
BOJIi 4 311MCHIOETHCS HOPYIIEHHS! YMOB IIOBHOTO BHYT-
PIIIHBOTO BiMOWBAHHS CBiTIA.

[MopymeHass yMOB TOBHOTO BiIOWBaHHS CBiTIA y
OCHOBHOMY CBITJIOBOJIi 4 3HaXOOWTH CBOE BiIOOpakeH-
HS Yy 3MiHI BEJIMYMHHM IHTEHCHBHOCTI CBITJIOBOTO BH-
MIPOMIHIOBAHHS, SIKC BIZOMBAETHCS BiX Biaa3epKaioBa-
npHOTO mapy 14. BenndmHa 3apeecTpoBaHOTO HA BHXO-
Il onTUYHOTO (PisibTpa 10 BOJIOKOHHOTO PO3rayKyBaua
6 BHIIPOMIHIOBaHHSI € IPOMOPLIIHOI JI0 BEIWYHUHH
KOHTPOJILOBAHOT BOJIOTOCTI.

[Ipn 3MmiHI TemIlepaTypu KOHTPOJIbOBAHOTO Cepe-
JIOBUINA BiOyBAETHCS TEIJIOBE PO3MIMPEHHS MiJHOT
TpyOkn 12, 3BapeHOl 3 JOAATKOBHM CBITJIOBOJOM 5.
3miHa reomeTpii TpyOKH BHKIHKAaE 3MiHYy TeoMeTpil
CBITJIOBOLY 5, IO TPWUBOIUTH IO BTPAT MOTYXHOCTI
OINITHYHOTO BUIIPOMIHIOBaHHs. BenmunHa 3apeectpoBa-
HOTO Ha BHXOAI ONTHYHOro (inbTpa 11 BOJIOKOHHOTO
posrajy)kyBaya 7 BHUIIPOMIHIOBaHHSI € TMPOIOPIIIHOO
JI0 BEIMYMHU 3MiHH TEMIIepaTypH.

TakuM 4YHMHOM, BBeJIEHHS [0JaTKOBOTO CBITJIO-
BOJly Ul BUMIPIOBaHHS TEMIIEPAaTypH KOHTPOJIbOBAHO-
TO CEepeAOBHIIA A€ 3MOTY 3al00IrTH B3a€EMHOMY BILTH-
By BHMIpIOBAaHMX IapaMeTpiB Ha pe3yJbTaTH BHUMIpIO-
BaHHS, OCKUIBKM TEMIlepaTypa Ta BOJIOTICTH BHMIpIO-
IOTBCS] OKPEMUMH He3aJIe)KHUMH KaHaJTaMH.

[TigBUIIy€e€TBCS TAKOXXK TEXHOJOTIUHICTH BUTOTOB-
JICHHS JAaTYHKa 332 PaXyHOK BUKOPUCTAHHS 1 PO3MIIICH-
HS TIPSAMOJIIHIHHUX IUISTHOK CBITIIOBO/IIB.

HenomikamMu 1bOro JAaTdyuka Uil BHMipIOBaHHS
TEMIIEpaTypu Ta BOJIOTOCTi [4] €: CKIaJHICTh KOHCTPYK-
i, HeMOCTATHS TEXHOJIOTIYHICTh, OOYMOBIICHA HaHe-
CEHHSIM BiJJI3ePKATIOI0YMX IIapiB HA TOPILEBI MOBEPXHI
CBITJIOBOJIIB, BUXIJIHUH CHTHAJ OTPUMYETHCS y aHAJO-
TOBOMY BHUTJISII.

BigoMuii BOJOKOHHO-ONITHYHUN JATYHUK BOJIOTOCTI
[5], HenonikoM sikOro € OOMeXeH1 PyHKIIOHAIbHI MOX-
JUBOCTI, OCKIJIBKH BiH HE JJO3BOJISIE BUMIPIOBATH TEMIIC-
paTypy cepeloBHINa, SIKe KOHTPOIIOETCS.

3 METO pO3MHPEHHS (QYHKI[IOHATHHUX MOXKIH-
BOCTEH TPOTOTHIY [5] 38 paxyHOK 3a0e3INeueHHs] BUMi-
PIOBaHHS TEeMIIEpaTypH CEpefOBHINA 3alPOIIOHOBAHO
BOJIOKOHHO-ONITHYHHUH JNATYUK JUIS BUMIPIOBaHHS TEM-
nepaTypH Ta BOJIOTOCTi [6].

Ha puc. 2 300pakeHO CHPOIICHY KOHCTPYKIIIIO
BOJIOKOHHO-OIITHYHOTO JaTYMKa ISl BUMIPIOBAHHS Te-
MIIepaTypH Ta BOJOTOCTI.

AN |

S .

s

Puc. 2. CipolieHa KOHCTPYKIisi BOJTOKOHHO-ONITHYHOTO
JaTYMKA JUIsl BUMIPIOBaHHS TEMIIEPATypH Ta BOJIOTOCTI
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Y mepdopoBaHomMy Kopmyci |  BOIOKOHHO-
OINITHYHOTO JaT4YMKa JUIs BUMIPIOBaHHS TEMIIEPaTypH Ta
BOJIOTOCTI  JKOPCTKO  3aKpilUICHWHA  CBITIIOBOH 2,
BCTAHOBJICHWI y BTYJKY 3 i3 TirpOCKOIIYHOr0 Mare-
piamry. JlomaTkoBHWil CBITJIIOBOJ 4 3MOHTOBaHHHM Ha
KOHCOJILHO 3aKpiluieHild y kopmyci 1 Oimeranesiii npy-
*uH1 5. BximHi Topui cBiTi0BOAIB 2, 4 po3MilleHi Ie-
pel JKepesoM ONTHYHOrO BUIPOMIHIOBaHHS 6, a ix
BUXI1JIHI TOPIIi BCTAHOBJICHI Mepe/ BIAMOBITHUME (HOTO-
npuiiMadamu 7, 8. @oronpuiimMay 7 mia’eIHaHO 0 TMOC-
JIOBHO 3'€MHAHUX IiACWIOBa4a 9 Ta aHaJoro-
mudpoBoro mnepersoproBada 10, a ¢poronpuitmad 8 — 110
€JIEKTPUYHOTO KOJIa i3 MOCIiJOBHO 3'€ THAHUX ITiJCHITIO-
Baya 11 Ta amanoro-mmdpoBoro nepersoproBada 10.

BooKOHHO-ONITHYHKMIA NaTYMK I BUMIPIOBaHHS
TeMIIepaTypu Ta BOJIOTOCTI IPALIOE TAKUM YHHOM.

IIpu 3MiHIOBaHHI BOJIOTOCTI CEpPEIOBHILA, 110 KOH-
TPOJIIOETHCS, BIOyBa€eThCsl 3MiHa 00'eMy BTYJIKH 3 i3
rirpockoniyHoro mMatepiaiy. [Ipu upomy 3miHIOOTBCS 11
JiHIHHI po3MipH 1 BEIMUMHA NPOTHHY cBiTiIoBoza 2. e,
Yy CBOI 4Yepry, MPHU3BOIUTH O 3MiHHA IHTCHCHUBHOCTI
CBITJIOBOTO TIOTOKY, IO TOLIMPIOETHCS B JKepesa
ONTUYHOTO BHIIPOMIiHIOBaHHA 6 1m0 (oTompuiimaua 7.
BenyunHa €IEKTPUYHOTO CHUrHalIy 3 BUXOAy (oToI-
puiiMada 7 MiACHITIOETHCS y MiICHITIOBadi 9 Ta mepeTBo-
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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 JOC/IIKEHHS1 BUMIPIOBAJIbHOI CACTEMHU
JJIA MOJIOYHOI ITPOMUCJIOBOCTI

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

Hayionanvnuii mexuiunuil ynisepcumem «Xapriscokuil norimexuiynuil incmumymyy, m. Xapkie, Ykpaina

AHoTanist

Jnst  3a0e3nedeHHs KOHTPONIIO IIapaMeTpiB  TEXHONOTIYHHMX IIPOLECIB Yy MOJOUYHIH IIPOMHCIOBOCTI HEOOXiTHO
BUKOPHCTOBYBAaTH BHMIpPIOBAJIbHI CHCTEMH, IO JAaCTh MOXKJIMBICTh IPOBOAWUTH BUMIPIOBAHHSI BCiX OCHOBHHX TEXHOJIOT1YHHX
napaMerTpiB, HAKONMYyBaTH CTaTHCTHYHY iH(OpMallilo, aHaJi3yBaTH OTpPUMaHI JaHHI 3 METOIO MiATPUMKH BHCOKOi SIKOCTI
HPOJYKIIT, [0 BUTOTOBISIETHCS. Y POOOTI PO3pOOICHO CTPYKTYPHY CXEMy BHMIPIOBAIbHOI CUCTEMH, 10 3[[aTHa KOHTPOJIIOBATH
TEXHOJIOTF0 BUPOOHUIITBA TBEPIOrO CHPY Ha OCHOBHHX eTamax: «PesepByBaHHs Ta 103piBaHHS Mojokay», «Iloctepmmisaris ta
OXOJIOIDKEHHsT Moiokay, «PopmyBaHHs cupy», «IIpecyBanHs cupy», «Ilocon cupy», «Jlo3piBaHHA cHpy». 3aBIsSKd
BITPOBA/DKEHHIO PO3pOOIEHOI BUMIPIOBAIBHOI CHCTEMH OJEPXaHI pe3ylbTaTH BHUMIPIOBaHb TEMIIEPAaTYypH Ha MIECTH eTarax
TEXHOJIOTIYHOTO IIPOLECy BHUTOTOBJICHHS TBEPJOTO CHUpY. 3aBISKH MPOBEACHHIO IWCIEPCIfHOrO aHaNi3y BHKOHAHO IEpEeBipKy
METpPOJIOTIYHOI HAiHHOCTI JaT4mkiB Temreparypu. CkiaseHO OIO/pKeT HEBH3HAYEHOCTI Ta BCTAHOBIEHI MeEXi JOBIpYHX

IHTEepBAJIiB JUIS BUTIAIKOBOT MOXUOKU BUMipPIOBAHb.

KorouoBi ci1oBa: BIMipIoBajibHA CUCTEMA, JAaTYHK, TEMIIEpaTypa, TUCIepCiiHuil aHali3, HeBU3HAUCHICTb.

1. Beryn

IIpobnemu, mo moOB’sA3aHi i3 BHUPOOHUIITBOM i
KOHTPOJIEM SKOCTI TBEPHAOTO CHPY, SK OTHOIO 3
OCHOBHHX  BHpPOOIB  MOJOYHOI  IPOMHCIIOBOCTI,
LIKaBJATh MPOBIIHUX BYEHUX YCHOTO CBITY. Y poOOTI
[1] omineno ckmam, GioxiMiuHi, TEKCTypHi Ta
OpraHOJICNTHYHI  TOKa3HWKW CHpIB Yy  TIpoleci
Jno3piBaHHs Ta 30epiraHHs. Y  JOCTiKeHHI [2]
MIPOBEICHO: «BHBYEHHS 3IaTHOCTI PpI3HUX IITaMiB
Lactobacillus, mo BHCTYHarOTh SK 3aXUCHI JTOTIOMIXKHI
KyJIBTYpH TPOTH 3pOCTaHHs TpHOKiB». Y poboti [3]
posmanyTo: «SK came Penicillium commune BniBae
Ha TEKCTYpPHI BIaCTHBOCTI Ta PO3IOALT BOAM Y TBEPANX
Ta HAATBEPAMX cHpax». Y  gocmimkenHi  [4]
CTBEPMXKY€EThCs, MO: «CHpP — MOJIOYHHMH NPOIYKT, IO
Ma€ TOTEHIIHY KOPHCTh i 340poB’s. CHoKWBaHHS
CHpY 3pOCIIO 3aBISAKK 3HAYHIN PI3HOMAHITHOCTI COPTIB,
pi3HOMaHITHOCTI (opM BUITyCKy Ta 3MiHam cHocoOy
KUTTSA crnokuBadiBy. Y [5] mposereno: «Onimsg
KOHCepBallii TBEPANUX Ta HAINIBTBEPAMX CHPIB: SKICTh Ta
Oe3rmeka» 3 METOK «OOroBOpuUTH HaleeKTUBHILI
Meroau 3a0e3rnedyeHHs Oe3NeKH Ta OpraHoJIENTHYHHX
SIKOCTEH JTO3pIINX CUpiBY». Y IiH JOCTiTHUIBKII poOoTi
[5] 3a3HayYeHO: «IEPLIOPSTHOIO METOK CHPOBapiHHS
Oynmo 30epeeHHsST OCHOBHHUX KOMIIOHCHTIB MOJIOKA, 1
CHOTO/IHI 3aBISKH BHUCOKOMY BMICTy OinKa Ta eHepril
cHp € 30aJaHCOBaHMM XapyOBHM DAIliOHOM HABIThH IS
HeBereTapiaHmiB. Y cBiTi Bupobmserscst 6mu3pko 3000
COpTIB CHpY, SKi KIACH(IKYIOTBCS SK TBEpIi, IykKe
TBEpIi, M’ AKi, HaIiBM fKi, HaIiBTBEpIi, 3aJEXKHO Bif
BMICTY BOJIOTH B cHpi. B ocTaHHi poku CBITOBHH PUHOK
CUpy CTaB CBIZIKOM 3HA4HOTO 3POCTaHHS, IO
BU3HAYAETHCS PI3HUMHU (DaKTOpaMH, BKIFOYAIOUH 3MiHY
nepeBar CIIOKMBadiB Ha KOPHCTh OaraTMx Ha OUIOK,
3pY4HHUX BapiaHTIB DKi».

Crniparoynch Ha JOCHIPKEHHSI CBITOBOi HayKH €
MOXJIMBICTh CTBEP/DKYBaTH, IIO 3ajava 3a0e3ledeHHS
SKOCTI TBEpAOTO CHpYy € aKTyaJbHOIO 1 HOTpelye
MOJAJIBIIIOTO PO3BHUTKY Y HANPSAMKY BH3HA4€HHs 3ac00iB

KOHTPOJIIO SIKOCTI MPX BUPOOHUIITBI CUPY.

Meta po6oTu. Po3poOka BUMipIOBAIBHOT CHCTEMHU
(BC) s TEXHONOTIYHOTO MPOIECY BHUTOTOBJICHHS
TBEPIIOTO CHPY Ta OOpoOKa pe3yibTaTiB BUMIPIOBAHb
TEMIICpaTypu Ha OCHOBHHUX cCTallax TeXHOHOFi’{HOFO
nporecy JJuisi TIePEeBIPKM METPOJIOTIYHOT HaIiHHOCTI
BUKOPHCTAHUX JATYHKIB.

2. Po3podka cTpykTrypHOi cxemn BC
AJ1s1 BAPOOHUIITBA TBEP/AOI0 CUPY

Po3pobka Oyms sikoi BC 3amxknm modnHAaeThCA 3
aHaI3y TEXHOJIOTIYHOTO MPOLIECY Ha MPEAMET BUSIBICHHSA
JMUITHOK KOHTPOJIO 1 pIBHIB MapamerpiB, o Tpeda
kouTposroBat. CtpykrypHa cxema BC oxorutioe came Ti
JIISIHKA BUPOOHUIITBA, SIKI OTPEOYIOTh aBTOMAaTHYHOTO
koHTpoiro. Ockinbku Bech TexHonoriunui mnponec (TII)
CKJIQIA€ThCS 13 T SITHAUATH OCHOBHMX €TalliB, alie X
TUIBKH CIM 13 HUX MOTPeOyIoTh aBTOMAaTH3allii KOHTPOIIO
JUIT  3a0€3MCUCHHST IMIATPUMKH TOYHOI — TEXHOJOTIi
BupoOHHMITBa. OTXKE BUAUICHO OCHOBHI €Tamy, IO
MiIATaf0Th KOHTPOJIIO:

1. Eran «Pe3epByBaHHS Ta OO3piBaHHS MOJIOKa
motpedye BHUMIpIOBaHHS TeMIeparypH, SIKE
3IIHCHIOETCS 3a JIOTIOMOT 01O MIEPBUHHOTO
BUMiproBasibHOTO NieperBoproBaua (I1BIT) TIBIT 1;

2. «llocTepuiizailisi Ta OXOJOMKEHHS MOJIOKa)
BUMIpIOBaHHS TemIieparypy Bukonyerscest [1BI1 2;

3. «3ropTaHHs MOJIOKa BUMIpIOBaHHS
TeMIepaTypu BUKOHYeThCs 3a gomomororo [IBII 3, mo
BUMIPIOE TEMIIEpaTypH sIK NPH 3TOpTaHHI Tak 1 TpH
MOBTOPHOMY HarpiBi MOJIOKa;

4. «PopmyBaHHA CHpY» BHUMIpIOBaHHS
temneparypu 3aiticaroe [1BIT 4.
5. «IIpecyBanus CHPY» BUMIPIOBaHHS

temneparypu 3mivicatoe [1BIT 5, a BuMiproBaHHS piBHS
pH Bukonye I1BII 6.

6. «llocom cupy» BHUMIpPIOBAaHHS TEMIIEPATypH
poBOANTHCS 3a Jonomoroto I1BIT 7.
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7. «Jlo3piBaHHsI CUpPY» BUMIPIOBaHHS TEMIIEpaTypu
y npuminieHHi ckiany BukoHye [IBIT 8, skwuit siBise
c00010 cepiro i3 I’ SITH AATYHKIB, 10 PO3MIIIIEH] IO KyTax
NpUMIIIEHHS Ta y Horo 1eHTpi. BumiproBaHHs piBH
BOJIOTOCTI TOBITps Y IpuMineHHi 3aificHioe [1BIT 9 (puc.
1). VY cTpyKTypy BXOIMTH TaKOX MIKPOKOHTPOJIED, SKHi
HeoOXiHui 171t 00poOku iHpopMarii Ta 3abe3neyeHHs

TEHEpaTop CHHXPOHI3YIOUMX IMIYJBCIB, MO (OopMye
HEeoOXiIHi Iy pOOOTH CHHXPOIMITYIIBCH. 3aBISKH ITyIETY
YIpPaBIiHHA BHKOHYEThCS II0OYATKOBE HAJIALITYBAaHHS
MIKPOKOHTpOJIEpa, Ta 3a0e3Meuy€eThCsl MOMIIUBICTh HOTO
ckunanHs. [lociinoBHuil iHTEpdelic BUKOPHCTOBYETHCS
Ui oOMiHY JaHuMH — Mikpomporecopa 3 EOM.
[udposuit BimmixoBuit npuctpiit (LUBII) 3gificHioe

0oOMiHy JTaHUMH 3 LeHTpasbHUM Komm'totepoM (EOM).  BigoOpaxeHHss  mnoTtoyHoi  iHpopmamii  BUMIpSHHX
Jis  crabinpHOT pOOOTH MIKPOKOHTpONepa JOAaHO  MapameTpiB.
==
|
1 |
N
| 1=(5 - 12)°C —»| [IBIT 1 |—>
1 |
i PezepeyBanHs Ta |
H J103piBAHHA MOJIOKA :
e _ _ e ___ ——1
~r————>F—"""—">"">"~>""™>"™"™"™"™"™>"7 -7
! .- IN:
H t=(71-72)'C —»| [IBI1 2
1 |
H [Tacrepunizanis i :
H OXOIOIKEHHA MOITOKA !
1 oxomo ADRCHI MOTOKa LBII
TR
I t=(32-36) IC IN; T
! L > 1IBII3 —
: =40 42) o ! Myer
Jlpyruii Harpis 1 le—| A
H I YIPaBIiHHA
| 3ropraHHs MOJIOKa :
pCTTTTIoCToICITIICIIIIIIE
! IN &
H 1s=(35 - 40)°c —>{ TIBI1 4 =
! o ,
i PopMyBaHHA CHPY : & s10 EOM
e | = [ lnrepdeiic
o m e - ﬁ S)
! INs =
i ts=(35- 40)0c —»| 1IBII'5 = &
i I =
| N E
! (52-59pH —» IIBIl 6 i > Ferl:paTop .
1 CHHXpOl]\;‘[IJ}"JIhCIB
i [pecyBaHHs cHpPY l
_______________________ 4
[ e I
1 |
1 IN?
| B=E-12)C—s| BN 7 [
1 |
H Tocon cupy |
T T TETE s s s s EEEEEEEEmEm T T T 1
! Ny
| tg= (10— 12 )0c —»| TIBI1 § +——»
1 |
i N,
1 (80 —90) % RH —»| TIBIT 9 —
1
1 |
H Ho3apiganus cupy i
e -
v

Puc. 1. CtpykTypHa cxeMa BUMipIOBaIbHOI CHCTEMH AJIsl BUPOOHUITBA TBEPIOTO CHPY

3. lucnepciiinuii aHagiz paHmx Bix
KaHaJiB BUMipoBaHHsa Temmnepatypu TII
BHUI'OTOBJICHHSI TBEPAOI0 CUPY

BupoOGHHIITBO TBEPAOTO CHPY CKIAHAETHCS 13
JICKUIBKOX €TalliB, Ha SKHX IMOTPIOHO KOHTPOJIOBATH
TeMIIepaTypy, a came:

1. Eran «Pe3epByBaHHS Ta HO3piBaHHS MOJIOKay
NoTpedye BHUMIPIOBAHHS TeMIEpaTypH y AiamasoHi (+5
... +12) °c;

2. «[locrepmmizalmiss Ta OXOJOIKEHHS MOJIOKa»
notpedye BUMIpIOBaHHS TEMIIEpaTypH y Jiamna3oHi (+71
... +72) °C;

3. «3ropTaHHSA MOJIOKa» IMOTpeOye BUMipIOBAHHS
Temriepatypu y miamasoni (+32 +36) °C, a mpm
MOBTOPHOMY HarpiBi Moiyoka e miama3zoH (+40
+42) °C;

4. «DopmyBaHHA cupy» BUMIpIOBaHHS
TeMIepaTypH 3aiiicHioe y mianasoni (+35 ... +40) °C;
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5. «IIpecyBanHs cupy» NOTpeOye BHUMIPIOBAHHS
Temneparypu y aiamasomi (+35 ... +40) °C;

6. «llocon cupy» moTpedye BUMIpPIOBaHHS
TeMmrepaTypH y aiamnasoni (+8 ... +12) °C.

Ha BCIX LUX erarax BUPOOHUIITBA
BUKOPHCTOBY€ThCs ~ Oararto3onHi  patumku  1-3DT.
OCKUIbKM BUMIPIOBaHHS TEMIIEPATYPH 3/IHCHIOETHCS Y
MPaKTHYHO OJHAKOBHUX YMOBaX 1 BHUKOPHCTOBYIOTHCS
JIaTYMKaMH OJTHOTO THITY, TO BUHHUKAE 33/1a4a IepEeBIpKU
METPOJIOTIYHOT HaIIMHOCTI IaTYNKIB 1-30T.
ITocraBneny y poOoTi 3amady MOUITHHO BUPINTyBAaTH
BHUKOPUCTaHHSIM METOJy AWCIEPCIHHOrO aHamizy, SKUi
JTa€ MOXKITUBICTH TPOBOAWTH THOPIBHAHHA TUCTIEPCIH 3
MOJAIBIIAM  BHUAUICHHSAM  Oimpmioi  mucmepcii i3
OaraThoxX. 3a3BWYal, IUII TEPEBIPKA OFHOPITHOCTI
JMcrepciii  Tppox 1 Oinblie BuOIpOK HaivacTime
3acTOCOBY€eThCsl  TecT KoxpeHa, skl  BUMarae
OJTHAKOBOI KUTBKOCTI €KCIIEPUMEHTIB Y KOXKHIH BHOIpII.
BiH  BHKOpUCTOBYETHCS: B  EKCIIEPUMEHTAJIbHUX
JOCHI/DKEHHSIX ~ JJISl  TEPeBIipKM  OJHOPIAHOCTI, Yy
TEXHIYHOMY KOHTPOJi SIKOCTi, y CTaTHCTHYHOMY
MOJICITIOBaHHI JUIS BUSIBIICHHS HECTAOUTPHHUX TPYII, B
aHaiizi Bapianiit (ANOVA).

3amaua TmomATae |y ToOMy, MO0 3’sCyBaTH,
MOXJIMBO YW HI BBa)XKaTW BiIMIHHICTH OUIBLIOT 3
OTpUMAHUX JUCHEpPCidH BiA IHIMHAX BUIAJAKOBHM
SIBUINEM, a00 ITI0 BIAMIHHICTH CIiJ{ BBaXaTH CYTTEBOIO
(3HA9yMI010).

Jns BupimeHHS IMOCTAaBJICHOI 3a/Ja4yi BHUKOHAHO
KOXHHM 13 M = 6 natumkiB 1-30T ogHakoBa KiIbKIiCTh
BumiptoBanb (N = 30). Jlami, 3a ymoBaMH TecTy
KoxpeHa BHKOHYIOTBCS PpO3paxyHKH EMIIPUYHUX
mucnepciii  D;..Dy Ta mopiBHIOEMO Halb6impmIy 3
OTpUMaHUX JAMCHepCiil i3 cyMoro ycix aucrepciit 3a
hopmynoro

G= Dmax . (1)
D; + D, + D3+ Dy + Dg + Dg

Y Bumagky, fSKkmo 3Ha4YeHHS y Qopmym (1)
BUSIBUTHCA OUTBIIUM 3a KPHUTHYHE 3HAYCHHS, IO
oTpuMaHO 13 Tabmumpe TecT-KpuTepis Koxpena,
BI/IMOBITHO JO BCTAHOBJICHOTO PiBHS 3HAYYIIOCTI «,

TOAl BIAMIHHICTE MAaKCHUMAaJbHOI 34 BEJIMYUHOIO
mucrepcii  Big IHIIMX € CYTTEBHM 1 JaT4dK
BBa)XA€ThCS METPOJIOTIYHO HEHAIIHHUM 1 H#oro

MOTPiOHO 3aMiHUTH.

4. Pe3yJabTaTH HATYPHMX BHMipHOBaHb
Temneparypu Ha eranax TII

I'pagix cmocrepekeHp 3a 3MIHOIO TEMITEPaTypH
(10,0 + 0,5) °C Ha erami «Pe3epByBaHHs Ta J03piBaHHS
MOJIOKa) IIPECTaBICHO Ha PHC. 2.

I'padik crmocrepekeHb 3a 3MIHOK TEMIEPaTypu
(+71 +72)°C ma erami «Iloctepumisamis Ta
OXOJIO/IKEHHSI MOJIOKay TIPEJICTaBICHO Ha puc. 3.

I'padiune 300pakeHHsT CIIOCTEpEXEHb 332 3MIHOIO
TemrepaTypu y naiamna3zoni (+33 +35)°C ma erami
«3ropraHHs MOJIOKay MPECTAaBICHO Ha PHUC. 4.

10,8
10,6

10,4

e
k=
o]

Temneparypa,’C
‘_lD —
o« =

L
[

]
=

o
o

i 5 10 15 20 25 30 35 40

Touxu sumiploBaHs

Puc. 2. Tpadix BumiproBanns temueparypu 10,0 + 0,5 °C na
etami «Pe3epByBaHHS Ta 103piBaHHS MOJIOKa

Temneparypa,’C

i 5 10 15 20 25 30 35 40

Touxu srmipoBanb

Puc. 3. I'pacix 3minu Temnepatypu y nianasoni (+71 ...
+72) °C na erani «[TocTepuisaliist Ta OXOIOIKEHHS MOJIOKAY

35,4
35,2

35
34,8
34,6
£ 344
& 34,2

34
338
336
334
33,2

patypa,°C

Temn

o 5 10 15 20 25 30 35 40

Toukn BHMIpHOBaHL

Puc. 4. I'pacdik BuMiproBaHHs TeMIEpaTypy Ha eTari
«3ropTaHHs MOJIOKa)

I'padiune 300pakeHHsT CIIOCTEPEXEHb 332 3MIHOIO
Temneparypu y mianasoni (+35 ... +40) °C ma erami
«DopMyBaHHS CHPY» MPEACTABICHO HA PUC. 5.

39

Temnepatypa,’C
s
w 8
o0 1%y

o 5 10 15 20 25 30 35 40
Touxu eMmiploBaHb

Puc. 5. I'padik BumiproBanHs TemnepaTypH y aiarnasoni (+35
... +40) °C Ha erami «@opMyBaHHS CHPY»
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I'pagiune 300paskeHHS CIIOCTEPEKESHb 33 3MIiHOIO
Temneparypu y miamazosi (+38 ... +40) 0C Ha erami
«[IpecyBaHHs cupy» NpeCcTaBICHO Ha pHC. 6.

40,2
40

o s 10 15 20 25 30 35 a0
ToukK BUMipIOBaHL

Puc. 6. 'padix BUMiproBaHHS TeMIIepaTypH y Jiarna3oHi
(+38 ... +40) °C ua erani «IIpecyBanus cupy»

I'padiune 300pakeHHsT CIIOCTEPEKEHb 332 3MIHOIO

Temneparypu y mianasoni (+8 ... +11) °C ma erami
«Ilocon cupy» npencrasiaeHo Ha puc. 7.

Temneparypa,®C
o

4] 5 10 15 20 25 30 35 a0
Touru eMmiploBaHb

Puc.7. I'padix BUMiproBaHHs TeMIepaTypH y Aiana3oHi
(+8 ... +11) °C ua erani «ITocon cupy»

5. lucnepciiinnii aHaji3 3a TecTOM

Koxpena

Heawmimeny  omiHky  aumcoepcii  pe3ylsibTaTiB
GaraTopa3oBUX BUMIipPIOBaHb TEMIEPAaTypPH HA OCHOBHHUX
crarmnax TeXHOJ’IOFi‘-IHOFO npouecy BUI'OTOBJICHHA

TBEPJIOTr0 CUPY BU3HAYCHO 32 POPMYIIOI0
1 < _\o
D =2 (-, @

1. «PesepByBaHHs Ta [03pIBaHHS MOJIOKa»

D, =0,085 (C%%

2. «Ilocrepumiizallis Ta OXOJIOJKEHHSI MOJIOKa
D, =012 (C%%

3. «3ropranHsa Mosoka» Dy =0,24 (CO)Z;

4. «DopmyBanHs cupy» D, =0,3 (C%)%

5. «IIpecyBanns cupy» Dg =0,29 (C%);

6. «ITocon cupy» Dy = 0,33 (C%).

BianosinHo 1o dopmynu (1) 3HaYeHHS CyMHU BCiX
JICIIEPCii JOpiBHIOE

G- 0,33

0,085+0,12+0,24+0,3+0,29+0,33

=0,242.

Kputnune 3nauenss BigxwineHas G mpu moBipuiit
iMoBipHocTi 0,95, u9mcay  CTymHeHiB  BUTBHOCTI
m=n-1=6-1=5 Ta 00’eMy BHOiIpkH M, =k=6,
BU3HAYEHO 32
Gy, =0,4447 .

tabiuuero  G-posmoxinny  Koxpena

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

Otpumane 3HaueHHS G € MCHIINM 3a KpUTHYHE
3HAYCHHS GKp , BIINOBIZHO 10 BCTAHOBJICHOTO PiBHS
3HauyniocTi o = 0,05, 0OTXKe BIAMIHHICTh MAKCUMAJIBHOT
aucriepcii Dg = 0,33 Bif iHIIMX € HECYTTEBOIO i AATUUK
BBXKAETHCS METPOJIOTIYHA HATIHHUM.

6. Bromker HEBU3HAYEHOCTI
TeMIIePATYPHUX KAHAJIIB

A

Ha pganomy TII BiacyTHS  KOpemsmisi — MDK
BemumHamu  [6], ToMy ~ cymapHa  CTaHmapTHa
HEBHU3HAYEHICTD, KA BPAXOBYE HASBHICTH HEBU3HAYECHOCTI
3a TumamMu A Ta B BUXiTHOT BEIMYMHMA BU3HAYAETHCS
BinoBiaHO J0 anropurmy GUM 3a dopmyiioro [7]:

OB XHCEN ORI O N

CranngapTtHa HEBU3HAYCHICTh
BUMIPIOBaHb 3a THUIOM A  BXiIHOI

pe3yJIbTaTiB
BeIMYUHU
PO3paxoByeThCs 3a popmylioro [8]

u, (D = 4

Je N; — KUIBKICTb CHOCTEpPEXEHb IIPOBEAEHUX IIPU
BUMIPIOBaHHi {; .

CraHaapTHa HEBH3HAUCHICTh 3a THIIOM B BXimHOT
BENIMUMHN 3aJIOXHUTH Bif anpiopHoi iHpopMarii mpo
MIHJIMBICTG BXIZIHOI BEIMYMHA 1 BH3HAYAETHCS 34
(dopmysoro [8]:

b-a
ug (t) =——, ®)
0
e o; — KoeQillieHT, 10 BiATOBifae NPUHHATOMY
3aKOHY pO3MOAUTY Y CEPeluHI MEXK HEBHUKIFOUCHOT

cucremarmanoi oxu6ky + (b—a).

Bropker HEBHM3HAUEHOCTI pe3yJIbTaTiB BUMIPIOBaHb
TEMIIEPaTypyd MO erarmaM TEXHOJOTTYHOTO MPOIECY

BUTOTOBIICHHS TBEPOTO CHpPY MpeCcTaBeHo y Taour. 1.
o

I'pannmi nmosipworo iHTepBany Ay BHIIAAKOBOI
MOXHOKH 0GUHCITIOTH 3a hopmystoro [10]
0
A};[:ikp'ccl (6)
A

Je Kp — KBaHTWIBHUH KOe(iLieHT TOBIpH.

Ins  gosipuoi #mosipuocti P =0,9973, abo
99,73 % [10] hopmyna (6) mpuitmMae BUTIISIT
0
Ao,9973 =1 3G, . )
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Tabnuus 1 — Bro/pkeT HeBU3HAYEHOCTI BUMIpPIOBaHb TEMIIEPATYPH

BuMiniosaii Buwmipsine HeBun3znavenicts 3a HeBu3HaueHicTh 3a CyMapHa craHgapTHa Po3mmmpena

pro ao é 3HAYCHHSI, THIIOM A4, THIIOM B, HEBU3HAYCHICTB, HEBU3HAYCHICTH,
BEJINYMHA, oC e °c o°c

t; 9,97 u (t)=0,053 U () =0,255 U(t) =051

t, 71,50 u (t,)=0,063 U (t,) =0,260 U(t,) =0,52

t 34,22 u (t;)=0,089 U, (t3) = 0,265 U(t;) =053

’ . ug(t)=0,25 °c -

ty 38,55 u ,(t,)=0,099 Uc(t,) = 0,268 U(t,)=0536

ts 39,27 u (ts)=0,098 Ug(ts) = 0,268 U (t5) = 0,536

to 9,50 u,(ts)=01 U, (ts) = 0,269 U (ts) = 0,538
EdexTuBHE 4uCII0 CTENEHIB BUIBHOCTI Veff —> ®

Koeoiuient oxorureHHs k=2
JociijkeHHsT  BCTaHOBUWIIH, o0  JaT4MKM Ha OCHOBHMX eramax TII BHUrOTOBIIEHHS TBEpAOIO

TEMIIEpaTypy Ha YCIX eTanax TEeXHOJOTIYHOrO IpoLecy  CHPY, IO JO3BOJHIIO NMPOBECTH AMCHEPCIHHMIA aHaNi3
BUTOTOBJICHHS TBEPAOTO CHPY € METPOJIOTIYHO 3a TecToM KoxXpeHa cepiif CocTepekeHb, KU JIOBIB,
HATIHHUMY, TOOTO BHIIQJKOBI NMOXMOKM BHMIPIOBAaHHS  BHUKOHAHHS yMOB HE TICPCBUIICHHS KPUTHYHOTO
HE IePEBHULLYIOTh BCTaHOBIEHe 3HaueHHs+1CC j3  3HAUCHHA 3a BKA3aHHM TECTOM. OTpuMaHU# pe3ynbTaT
MiATBEPIKYE, IO AATIYUKU Temreparypu Tumy 1-3DT,
SKi BHUKOpPHCTaHI Ha mectn pauistHKax TII, €
MeTposioriuno  HamidHuMH.  CkIageHo  OroKeT
HEBM3HAYEHOCTI  3a  KaHAJIaMHU BHMipIOBaHHA
PospoGrena CTPYKTYpHa cxeMa BHMipioBampHoi — TEMIepaTypu. BumagkoBi moXuOKHM BHMipIOBAaHHS 110
CHCTEeMH Ui  BUPOOHHMIITBA  TBEpAOro  cupy  TEMICPATypHUM KaHaJlam HE IIEPCBHUILYIOTh
OnparpoBaHO Pe3ylbTaTH BHMIPIOBAHb TEMIepaTypi  BCTAHOBICHE 3HA4YCHH: i3 iMoBipHicTio P = 0,9973.

imoBipHictio P = 0,9973.
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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
ripening», «Milk sterilization and cooling», «Cheese formation», «Cheese pressing», «Cheese transfer», «Cheese ripening».
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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YJIOCKOHAJIEHHS IH®OPMAIIIMHO-BUMIPIOBAJIBHUX CUCTEM
OBJIIKY NPUPOJHOI'O I'A3Y HA 3ACAJAX EHEPI'ETUYHOI
HIHHOCTI

0.€. Cepenrok, M.B. Cmarmiok

leano-Dpanxiscvruii HayionanbHull mexHiyHuil ynigepcumem nagmu i 2asy, M. leano-Ppankisecvk, Yrpaina

AHoTanis

BukoHaHuWii aHaji3 HOPMATHBHHX JOKYMCHTIB YKpaiHH, sKi PErJIAMEHTYIOTh aKTYaJbHICTh OOJIIKY MPHUPOIHOrO rasy B
ONMHULIAX eHeprii. Po3risHyTi cydacHi migxoaum oo peanizauii iHpopmauiitHo-BumiproBaiabuux cucteM (IBC) oGumcienHs
00’eMy NPUPOIHOIO raszy 3 KOHKpeTH3alli€elo iX HemoiikiB. OxapakTepu30BaHi 0COOIUBOCTI po3pobieHoi nenTpaizoanoi IBC
300py IaHUX 3 BYy31liB OOJIKy ra3y Ha 0a3l po3poOieHoro mporpamaoro kommiekcy «Bee-UGVy». BuxmageHi xoHmemmii
TexHiyHOi peamizamii ctBopeHoi B AT «VYxprassunoOyBanas» IBC mpu Bu3HaueHHiI 00’eMy, TETJIOTH 3TOPSHHS Ta EHEPrii
HPHUPOJHOTO ra3y B OfHIM a00 NEKIIPKOX TOYKax 3a MapuIpyTOM ra30I0CTa4yaHHs.

Kuniouosi cioBa: indopmariiiHo-BUMipIOBanbHa CHCTEMa, IPUPOHUI ra3, 00’ eM,

MIPOrpaMHUNA KOMILIEKC.

1. Beryn

TazoBa mpoMuCIOBICTh YKpaiHH BiJHOCHUTHCS 10
qrca MPaKTHYHO HAHIOTYXXHIMUX Y CBITI 3a 00csAToM
MOJKJIMBOCTI TPaH3UTy Ta 30epiraHHs OJaKHUTHOTO
MajuBa, a TaKoX € OJHICI0 3 HaWOUILIKUX B
KOHTHUHEHTaJIbHIN €Bpomi 3a o0csraMu HOro BJIacHOTO
BUoOyTKy Ta posnoainry. Hespaxkaroun Ha 1e,
CBOTOJHIIIHIM CTaH EKOHOMIKM YKpaiHM BHMarae
panioHaAILHOTO BUKOPHUCTAHHS TaJIMBHO-CHEPTeTHYHHUX
pecypciB, cepenl SKHX MPUPOJHHNA Ta3 3aiiMae YilbHE
Micile y ©OaraTbox HampsMKaX HOTO KIHIIEBOTO
CHOXMBAaHHA. 3a gaHmMu  JlepkaBHOI  Ciry:xOm
cratucTuku Ykpaiam y 2020 pomi CIoXHBaHHA
posmoinsuiocs: npoMucioicts — 21,3%, TpaHcmnopt —
5%, KOMyHalbHO-OOyTOBHUH cekTop — 56,5%,
HeeHepreTuuHe BUKOpUCTaHHA — 17,2%. Ilpu 1mpomy
eHepreTnuHuil Oananc Ykpainu B 2020 poli cTaHOBHB
6mmu3bKo 29,3 Mupa. Ky0. MerpiB. Xoda Ha TenepilHii
BOEHHUI 4Yac aHaJOTIYHI JdaHI BIJCYyTHi, OIHaK
aKTyaJIbHICTh ~ NPAaBWJIBHOTO 1  TOYHOTO  OOJIKY
MPUPOIHOTO ra3y He 3MEHIINIIACS.

Tomy BupimeHHS 3aBIaHb €KOHOMii IPUPOIHOTO
razy i3 3acCTOCYBaHHSIM CYYaCHHX METOIOJIOTITHHX
MIAXOMIB /10 HWOro OONIKY € akKTyajJbHOK HayKOBO-
IPaKTUYHOIO 3aJadyero, sika Moxke OyTH BHpillleHa Ha
0a3i  3ampoBajuKeHHs — cy4yacHUX  iHpopmamiitHo-
BHUMIPIOBAJIbHUX CUCTEM OOJIIKY MPHUPOIHOTO Tasy.

BuzHaueHHst 00CATiB NPUPOIHOrO ra3y NpH
BUI00yTKY TpaHCHOPTYBaHHI, po3nojini Ta 30epiraHHi
Ha JaHWUH 4Yac 3JIMCHIOEThCS B OJUHHUIIX 00’€My, a
BU3HAYGHHS  SIKOCTI  ra3y  BinOyBaeTbcs  Ha
razosuMiproBanbHUX cTaHmisx (I'BC) i myHKTax BUMIipY
Butpatn razy ([IBBI') mpm #oro mepemadi Mix
cy0’eKTaMu pUHKY TIPUPOIHOTO Ta3y.

e B 2021 poui B YkpaiHi Oyno mpuiHATO sl
HOPMaTHBHUX JOKYMEHTIB 3 METOH BH3HAYaHHSI

eHeprist , (hi3UKO-XIMI4HI TapameTpu,

BHYTPIIIHBOMY PHUHKY J0 HOT0 IapaMeTpiB Ha MUTHOMY
KOpAOHI  YKpalHM 3  JepKaBaMH -  YICHAMH
€pporeiicekoro Coro3y, IO € MepeIyMOBOIO iHTErparil
PUHKY OPUPOJHOTO Trazy VYKpailHU 3  PUHKOM
MPUPOIHOTO ra3zy €Bporeiicbkoro Coro3y.

OCHOBHUM [IOKyMEHTOM CTaB 3aKoH YKpaiHH
Nel850-IX «IIpo BHECEHHsS 3MiH OO ICAKHX 3aKOHIB
Ykpainu oA0 3aIpOBa)KEHHSI HA PUHKY IIPUPOJIHOIO
razy oOJiKy Ta pO3paxyHKiB 3a 00csirom rasy B
onuHULSAX eHeprii» [1], skuil mependayae mepexia Ha
oOJIK TPUPOAHOro razy B OJUHMISIX EHEprii Ta 3a
3MIHEHMX CTaHJapTHUX YMOB. 3akoH Iependayae
nepexii Ha METOJMKY OOYHMCICHHS KUIBKOCTI rasy B
KUJIOBaT-TOAMHAX 3aMiCTh KyOOMETpIiB 3a CTaHIAPTHUX
YMOB.

CraHoM Ha CBHOIOIHIIIHIA  J€Hb  METOIH
BU3HAYECHHS KUIBKOCTI HPUPOJHOTO Ta3y B OAMHHILX
eHeprii, onMcadi B HOPMATUBHUX JOKyMeHTax [2-5]. B
HUX 3alPOIOHOBAHO BHM3HAYATH KUIBKICTH CHEPTii, II0
MICTUTBCA B  3aJaHii  KUIBKOCTI Ta3y, ILISIXOM
MHOKCEHHS TCIUIOTU 3rOpsAHHA LIbOro rasy Ha Horo
00’eM 3a ABoMa crioco0amy: HUISXOM BHMipHOBAaHHS
eHeprii abo mwumsxoM ii  BU3HAYCHHs (OOYHCIICHHS)
3rigHo [5].

Ha nanuit vac B NpOMHCIOBHX yMOBAax BiJICYTHS
MOXIIUBICT  TIPSIMOTO BUMIPIOBaHHA  €Heprii
npupogHOoro raszy. ToMmy KimbKicTh HOTO eHeprii
BHU3HAYAETHCS MIIAXOM obOumcieHHs. Lle mimkpecitoe
HEOOX1AHICTH MOIAIbIIOTO IOCIIIKEHHS
iHopmarliiiHo-BuMiproBanbHuX cuctem (IBC) s
MPaKTHYHOTO BUPIIICHHS 3aB/IaHb 00Ky
MPHUPOJHOTO Ta3y B OJUHHISIX €HEPTil i JOCATHEHHS
MpU I[bOMY MiJBUIICHHSA TOYHOCTI 1 JTOCTOBIPHOCTI
TaKoro oOJiKYy.

Meto10 cTaTTi € pPO3pOOJICHHS YyIOCKOHAIEHOI
IBC o00niky npHpoOmHOrO Ta3y B OJWHHUIAX CHEprii

BAapTOCTi NPUPOJHOrO rasy BUXOAsSYM 3 mHapamerpip  HUIAXOM  33CTOCYBAHHA — HOBHX .IHCI’O'PMaHIHHHX,
Horo sKkocti sk ToBapy (eHepreTMyHol wLiHHOCTI) Ta ~ TEXHIYHMX 1 KOHLCHTY&JIPHHMX INAXOMB  JUIA 11
NpPUBEIEHHS  [apaMeTpiB  IPUPOJHOTO rayy Ha  Pcalsalll
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KoHTRa rexT

Puc. 1. Cxema ¢ynkiionysanus IBC na 6a3i «Bee-UGV» 3 BH3Ha4YCHHS eHEprii Ta 00MiHy TaHUMHU

2. BukJyiag 0OCHOBHOI0 MaTepiajy

OOuucneHHst eHeprii 0a3yeTbCs Ha OKPEMOMY
BUMIpIOBaHHI 00’eMy ab0 Macu NPHUPOAHOIO rasy Ta
HOro TEMIOTH 3rOpsHHS. 3TigHO [5] KUIBKICTH €Heprii,
IO MICTHTHCS B 3aJlaHiil KiJIBKOCTI a3y, BH3HAYalOTh
MHOXKCHHSIM TEIUIOTH HOro 3rOpsiHHS Ha BIAMOBIAHY
KUIBKICTh rasy.

OCHOBHUMH [IOKYMEHTaMH, SKi PErlIaMeHTYIOTbh
(bYHKUIOHYBaHHS ra30TpaHCHOPTHOI CHCTEMH,
ra30pO3MOAUTFHIX CHCTEM, ra30CXOBHUIII Ta BCIX 1HIIHX
Cy0’€KTIB PHHKY NPHUPOAHOIO Ta3zy, B TOMY YHCIi 1 B
MUTaHHI OCOONMBOCTEH OOJIIKY TPHUPOIHOTO Tazy, €
Komekcn [2-4]. B mmx MOKyMEHTax TaKOXX 3a3HA4YEHO
crocoOu OOYMCIIEHHS €HEepril JIUIIe MIIIXOM OKPEMOTO
BUMIPIOBaHHA 00’€My TPHPOJHOTO Ta3y Ta HOro
TEIUIOTH 3TOPSHHS.
3a usnavuennsM JICTY EN 1776:2014 [6], mist
BUKOHAHHS JOCIIPKYBAaHOTO BUy BUMIPIOBaHb
BUKOPHCTOBYIOTh BUMIPIOBAJIbHI CUCTEMH KiJIbKOCTI
MPUPOJTHOTO ra3y Ta BUMIpIOBaIbHI CUCTEMH SIKOCTI
MIPUPOJTHOTO razy.

Jnst BUMIpIOBaHHS KUIBKOCTI HPHPOJHOTO Trasy
MIPYU TPAHCIIOPTYBAHHI Ta PO3MOiIi BHKOPHCTOBYIOTHCS
IIBBT, siki 9acTo HOCATH HAa3BY BY3IiB OOIIKY Tazy.

3rigHo Bu3HA4eHHS TeXHIYHOTO perJIaMeHTy
3aKOHO/IaBYO PEryJbOBaHMUX 3aCO0IB BHUMIPIOBAIBHOT
TexHikM, 3arBepikeHoro IlocranoBoro  KabOinery
MinictpiB Ykpainu Big 13 ciuns 2016 p. Ne 94, [IBBI'
BU3HAYAIOTHCS SIK «aBTOMATU30BaHI CUCTEMHU KOHTPOJIIO
i oONiKy eHEepreTMYHHX 1 MaTepiaibHUX pecypciB
(emexTpu4yHOi 1 TEIUIOBOi eHeprii, ra3y, BOJH,
Ha(TONPOAYKTIB, TOIIO) IS €IEKTPOHHUX CHCTEM abo
CHCTEM, 1[0 MICTSTh IPOTPaMHUI MPOIYKT.

BumiproBasbHI cHCTEMHU SKOCTI MPUPOAHOIO raszy
BU3HA4YalOTh  (i3uko-xXiMiuHi  mokazHukH  (DXII)

NPUPOJIHOTrO Tra3dy, sIKi € He TUIBKM HOro SKiCHOO
XapaKTEPUCTUKOI, a TaKOXK HEBII'€MHOI0 YaCTHHOIO
IpoLecy BU3HAYEHHs 00’ €My rasy.

OCHOBHI KOMIIOHEHTH HPUPOJHOTO Trazy, IIo
BHOCATBCS 1O  OOYMCIIOBAYiB Ta  KOPEKTOPIiB
OPUPOAHOTO Ta3y JUIi HMOro TNpPHBENCHHS IO

CTaHIAPTHUX YMOB - I'yCTHHA, BMICT TIOKCHIY BYTIJICLIO
Ta a30Ty. 3HAUCHHS IIMX KOMIIOHEHTIB BH3HAYAIOTHCS
METOZOM Tra30BOi xpomarorpadii, 3a maHUMH SKOT
TaKOXX PO3PAaXOBYETHCS 3HAUCHHS TEIUIOTH 3TOPSHHA
npupoaHoro razy 3rigao ACTY ISO 6976:2009 [7].
Omxe, sk 0aunMO 3 HaBEAEHUX BUIIE Marepiajis,
CTaHOM Ha CBOTOJHIIIHIA JICHb Jy)X€ CKJIATHO
3a0e3neynTH OOYKCIICHHS KUTBKOCTI HPHPOJHOTO Tazy
ICHYIOUMMH BUMIPIOBIbHUIMH CHCTEMH KUIBKOCTI Ta
SKOCTI, SIKI PO3pOOISUIHCS ISl BUMIDIOBAaHHS 00 €My
HpHUPOAHOro razy. LpoMy 3aBaxkae TpH CYTTEBUX (HAKTOPH.
[epmmii, me obumcmroBavi, BuroToBieHi no 2021
POKy, sIKi HE MalOTh MOXJIUBICTH OOYMCIICHHS KLTBKOCTI
NPUPOAHOTO ra3y B OJUHHUIIAX €Heprii Ta 3a 3MiHeHHX
CTaHIAPTHUX YMOB. Ix 3amina un MozmepHi3amis Ha BCix
TOYKaxX MNpUHMaHHS-TIepeJaBaHHd IPUPOIHOTO Taszy
ra3oBoi  MPOMHUCIIOBOCTI  YKpaiHM  moTpeOyBaThMe
3HAYHMX (iHAHCOBMX 3arpar. | e He BUPIMINTD MUTaHHS
MaJIMX Ta TOOYTOBHX CIIO’KMBAiB IIPUPOJHOTO razy.
Jdpyrum ¢dakTopoM € BIICYTHICTH METOAMKH
MOBIPKH I[MX OOYMCITIOBAYIB JUIsi BUSHAYCHHS KUTBKOCTI
NPUPOAHOTO Ta3y B OAMHHILIX EHEprii, L0 MOXKe
MPUBECTH 10 HEMOXIJIMBOCTI OTPHUMaHHS HEOOXiTHHUX
JIOKYMEHTIB ISl BBEICHHSI IIX OOYMCIIOBAYIB y CKIAIi
BUMIPIOBATLHUX CHCTEM B KOMEPIIIHHY eKCILTyaTalliio.

Tpertili ¢akrop — 1Le HEBperyabOBaHICTh Ta
BiZICYTHICTh  yHiikamii MapripyTiB MOCTaYaHHs
npupoaHoro rasy 3 gamuMu  OXII, a Takox

PO3TaTy>KEHICTh Ta CKIIQJHICTh TA30BUX MEPEK.
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HafinpocrimmmM Ta HaAACIICBIIMM  PIIICHHAM
BOauaeThest ynockoHanenHss [IBC 00Ky npupogHOro
rasy B OAMHHLAX €HEprii 3a JOIOMOIOI0 MPOrPaMHHX
komiuiekciB (ITK) aBTomarmsoBaHoro 36opy naHux 3

BUMIPIOBJIBHMX  CHCTEM  KUIBKOCTI Ta  SKOCTI
MPUPOJHOTO Tazy.
3acrocyBanns [IK  go3BonuTh  3a0e3mednTH

OlepaTHBHUI 30ip JaHMX IIpO KUIBKICHI Ta SIKICHI
MOKAa3HUKH MPUPOJHOTO Ta3y, MAacTb MOXKJIHMBICTb
MOJICITIOBATH CKIIAJIHI Ta30Bi MEpEeXki 3TiTHO MapuIIpyTiB
MEepeMIlIeHHs] TPUPOJHOTO Ta3zy Ta IEHTpali30BaHEe
BiJIaJieHe OOYHUCIICHHS KITBKOCTI MPHUPOIHOTO Ta3y B
OJIMHHUIIAX SHepril.

3 BpaxyBaHHSAM OO B AT
«Yxpra3BunoOyBaHHS» pO3pOOICHO IICHTPATI30BAHY
iH(hOpMaIlIHHO-BUMIPIOBAJIbHY CHUCTEMY 300py MaHHX 3
By3IliB 00;iky [9] Ha 0a3l HporpamMHOr0 KOMILIEKCY
«Bee-UGV» [10] (ckopoueno 1K «Bee-UGV»). (puc.1)

Ha pannii yac I1IK «Bee-UGV» Mae npomuciose
3actocyBanH B AT  «YkprasBumoOyBaHHS» Ta
3abe3neuye:

1. ABromatndHUi Ta pyuyHHiA 30ip iHpOpMamii 3
[IBBI', aBTOMaTHYHMX IOTOKOBHX 1 JabopaTOpHUX
npunanis BuzHaueHHS OXII mpupogHOTro Tazy.

2. 30epiranHs oTpuMaHoi iHGopMarii B 0a3i qaHUX
Ta MOKJIMBICTH OTPUMYBATH i CyMDKHHUMH CHCTEMaMHU
Ta KOPUCTYBa4yaMH.

3. ABTOMaTH4YHE Ta py4HE BHECEHHS OTPUMaHOL
inpopmanii npo ®XII npupoaHoro raszy Bin MpuiIaziB
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BusHayeHHss DOXII 1o oOumciIOBadYiB Ta KOPEKTOPIB
BUTPATU NPUPOAHOTO Tasy.

4. ABToMaTHyHEe O0YHCIEHHS 00’ €My MPHUPOIHOTO
razy srigmo JICTY 9231:2023 «JliuMibHUKH ra3y
noOyToBi. MeToa NepeTBOPEHHs BUMIPSIHOTO 00’eMy
MIPUPOJTHOTO ra3y JI0 CTaHAAPTHUX YMOBY.

5. ABTOMaTH4HE 00YHCIICHHS KUTBKOCTI
MIPUPOJIHOTO Ta3y Ha IiJICTaBi 3HAUYCHHS BUILOI TEIIOTH
3TOpSIHHSI OTPUMAHOI BiJl MOTOKOBHX Ta J1a0OpPaTOPHUX
MpUaniB BHU3HAYCHHS SAKOCTI IPUPOTHOTO Tazy Ta
3HAaYCHHSA 00’€My MPHPOJHOTO Ta3y OTPHUMAHOTO Bif
00YrCIIOBaYiB, KOPEKTOpiB Ta JTYATHHAKIB
MPUPOJIHOTO rasy.

6. ABTOMaTHYHE BU3HAYCHHS TEMIIEPATYPU TOUKH
POCH 3a BOJIOTOIO Ta BOJIOTOBMICT IPHPOIHOTO ra3y 3a
abcomnrotHoro THCKY 3,92 MIla.

Hanwmii TIK no3Bossie 3a0e3neuyBatu 00UMCIICHHS
MIPUPOJTHOTO ra3y SIK B OJHIH TOYIli, 33 YMOBH HasIBHOCTI
Ha [IBBI" morokoBux npunaaiB BusHadeHHs OXII, Tak i
[EHTpali30BaHe, BiJJIajicHe, JUCTAHIIAHE OOYMCIICHHS
KUTBKOCTI TPUPOJHOTO Ta3y B ONUHHMIIX CEHEprii 3a
YMOBM BHM3HAU€HHA TEIUIOTH 3ropsiHHs Juis [IBBIT
XiMIKO-aHATI THIHUMH nmabopaTopisMu Ta
npunucyBaHHs ii 3rigao mapupyty OXII.

Konnemnmist TexHigHO1 peatizarii po3podienoi IBC
i3 TIK «Bee-UGV» mnpu Bu3HaueHHI 00’€My, TEIJIOTH
3rOpsSiHHS Ta €Heprii B OJHIM TOYIl MapupyTy NpH
BuzHaueHHI OXII XiMiK0-aHAITHYHOK J1TAOOPATOPIED
HaBeJleHa Ha pucC. 2.

K «Bee-UGV» E(Mx)

Vpy,dP, P, T

BrMiproBallbHIIT TPYGOIPOBII

IIBBI”

Puc. 2. Cxema dpynkuionyBanss IBC st oqHOT TOUKH MapIIpyTy IPHPOIHOTO ra3zy

Kownmemnis TexHigHO1 peamizarii po3podienoi IBC
i3 IIK «Bee-UGV» mnpu 3aificCHEeHHI IOCTadyaHHS

MPUPOTHOrO Ta3zy 3a MapuIpyToM O0araTOTOYKOBOTO
koHTpoio ®XII HaBeneHa Ha puc. 3.

62

© 0.€. Cepenrok, M.B. Cmarmiok, 2025



Metrology and Instruments 2/2025 MeTponoria Ta npunagu
Measurements BumiptoBaHHSA

BunpofyBatbHa
nmadopatopis abo
MOTOKOBHH

XpoMmaTorpag
N
H | P.CO2N2,} H:./ ITIK «Bee-UGV» EMIx)
(MJTx) ’
N N
z| e =T -
g WE, 4 p A\
0 o af |~
a Z L]
N L e
o| |&
(=1
1(M3 -
Q1(m3) | 2 g
/ g &
(=% o1 —
Q2(:3) 512
< <
(=%
Touxa ' ¥ 7
Binbopy \/
npob
IToTiK IPHPOIHOTO Ta3y — e Q3(m3)
] 7
. Qi(M3)

Puc. 3. Cxema Bu3Ha4eHHs 00’ €My, TEIUIOTH 3TOPSHHS Ta CHEPTii MPHUPOJHOTO ra3y 3a MapLUIPYTOM JUIS AEKUTBKOX TOUOK

3. BucHoBKH TEXHIYHOTO pirieHHs yaockoHaieHHs [BC.

Pospobiiena uentpanizoBaHa IBC 3abesmneuye 3apmsiki  peanmizaumii B ymockonanmeniii  IBC
OGJK NPHPONHOrO rady B ONMHMISX eHeprii, mo HporpamHoro  xommiekcy —«Bee-UGV»  Bramocs
BI/NOBIZA€ CyYacHUM HOPMATHBHMM JOKyMeHTaM  ABTOMATH3YBATH MPOIEC ABTOMATHIHOIO 300py DaHHX 3
Ykpainu y wiii chepi. iH(pOPMAIIfHO-BUMIPIOBAJIBHUX CHUCTEM KUIBKOCTI Ta

HasBricTs y ckmani IBC mporpamsoro kommiexcy — AKOCTI IMPHPOITHOTO rasy Ta aBTOMAaTH3YBATH MpOLEC
«Bee-UGV», 3aXMILEHOro CBiIONTBOM IIPO peecTpanito ~ PO3PaxyHKy IPHPOAHOIO rasy B OAMHHIAX eHeprii i
aBTOPCBKOTO IpaBa Ha TBIp, XapaKTepU3ye HOBHU3HY 00MiHy iH(OpMALi€l0 HA PHHKY IIPUPOIHOTO rasy.

Cnucok aitepatypu
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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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MATEMATHUYHE MOJIEJIIOBAHHA HAKJIAJHOTI'O
OPTOI'OHAJIBHOI'O BUXOPOCTPYMOBOI'O IEPETBOPIOBAYA

1O. B. Xowmsk, T. B. JIpo3noga, 1. K. Kopues, M. C. Hockos

Hayionanohuti mexniunuil ynisepcumem «XapKiecbkuti noiimexniunuti incmumymy, Xapkie, Yxpaina

AHoTanis

VY crarTi IpeACTaBiICHO pe3yJbTaTH TEOPETUYHOTO JIOCIIDKEHHS B3a€MOZil BHXOpOCTpyMoBoro meperBoproBada (BCII) 3
(hepoMarHiTHUM 3pa3KoM, IO MICTHTH IOBEPXHEBY TPILIMHY. AKTYalIbHICTH POOOTH 3yMOBJEHAa HEOOXITHICTIO ITiIBHUIICHHS
JIOCTOBIPHOCTI Ta CENCKTHBHOCTI BUXOPOCTPYMOBOIO HEPYHHIBHOTO KOHTPONIO METAalIeBUX BUPOOIB, OCOONMBO Yy BHIIAJKAX, KOJIH
xinaciyHi BCII neMOHCTpYIOTh HM3BKY CTIMKICTB 10 BIUIMBY 3MiH 3a30py, MAarfiTHOI IIPOHUKHOCTI Ta €JIEKTPONPOBIAHOCTI 00’ €KTa
KOHTpOJIIO. JI1s1 yCyHEHHS LIMX HENOJIIKIB aBTOpaMH PO3POOJICHO OPTOrOHAIBHUN BUXOPOCTPYMOBHIT IEPETBOPIOBAY, KU 3a0e3neuye
MPOCTOPOBE PO3IiNCHH (YHKIIH 30Y/DKCHHS Ta PEECTpallii CHrHATy. 3ampOolOHOBAHO MareMartuuHy mozeib B3aemonii BCIT i3
MOBEPXHEBOIO TPIIIMHOIO, 110 BPaXOBYE MOBEPXHEBUI XapakTep BUXPOBHX CTPyMIB Ta iX Opi€HTaLil0 B3OBK aedekty. Y Mozemi
0OMOTKH IepeTBOpIOBaYa MOJAHO Y BUIVIAAI i€ali30BaHUX MPOBIOHMKIB, IO JIO3BOJIIE QHATITHYHO OIMCATH BILUIMB I€OMETPUYHHX
napametpis BCII i 3pa3ka Ha BuximHuii curHan. OTpUMaHO 3aJISKHOCTI aMILTITY I CHTHATY Bill KyTOBOTO TIOJIOKEHHSI TIEPETBOPIOBAYA,
po3mipy TpimuHK, 3a30py Mk BCII i moBepxHero, a TaKOXK Bill CIIBBiJHOIIEHHS pO3MipiB 30y1KyBaIbHOI Ta BUMIPIOBAJIEHOT OOMOTOK.

KnrouoBi cioBa: BHXOpOCTPYMOBHH NepeTBOpIOBadY, BHMIpIOBaJdbHa OOMOTKa, Ae(eKT, (epoMarHiT, MaTeMaTH4He
MOJIENIOBaHHS, TPILIUHA, KOHTPOJIb €IEKTPOMATrHITHA IPOHUKHICTD, TEOMETPHYHI ITapaMeTpH.

1. Beryn

CyuacHi BHXOpPOCTPYMOBI nedeKkTocKkonu
MePEBAKHO OCHaIIeH] BHUXOPOCTPYMOBHUMH
neperBopioBauamu (BCII), siki ofHOYaCHO pearyloTh Ha
MOYAaTKOBE EJIEKTPOMArHITHE II0Jie Ta Ha TIOJe,
3yMOBJICHE HAsIBHICTIO 1E(EKTiB, — TaK 3BaHI «KJIACHYHI
BCII» [1,2]. Taki neperBopioBaui BHUKOHYIOTH IBi
OCHOBHI (YHKIIi{: CTBOPIOIOTH 30y UKyBajJbHE IIOJIE Ta
3MIHCHIOIOTh  PEECTPAIlil0  BUXPOBHX  CTPYMIB Yy
KOHTpPOJIbOBaHOMY  00’ekTi.  OpmHak 00’ €THAHHS
npoueciB  30y/DKeHHsST 1 BHUMIPIOBaHHS B  OJHIi
KOHCTPYKIIi HE 3aBXAHW € TepeBaror. Y OUIBIIOCTI
BUIIAJKIB II€ HEIOJIK, OCKUIBKM HE J03BOJISIE
ONTHUMAIBHO pPO3TAllyBaTH BUMIPIOBAJIbHY OOMOTKY
BIZIHOCHO JpKepelia 30y DKEHHS, 1110 MOTJIO O IMTiABUIIUTH
CeNeKTHBHICTh MeToxy [3].

3 METOIO T IBHIIEHHS e(eKTUBHOCTI
BHUXOPOCTPYMOBO{ JeheKTocKorTii METaJOBUPOOIB
ABTOpaMH Oyi0 CTBOpPEHO OPTOTOHATEHUIH

BUXOPOCTPYMOBHI mepeTBopioBay [4]. Bukopucranus
TaKOTO TPUCTPOI0 Ja€ MOXIIMBICTH OTPHMATH OiTBII
JIOCTOBIpHY iH(opMauito 1po nedeKTH, OIHOYACHO
KOMITCHCYIOUH BIUTHB HeOakaHUX (haKTOPiB: 3MIHH 3a30pY,
MarHiTHoI ~ TPOHMKHOCTI ~ Ta  €JIEKTPOIPOBIIHOCTI
KOHTPOJIEOBAHOTO 00’ €KTa TOIIO.

Merta crarTi — JOCHIIKEHHS MaTeMaTHYHOI
MOJIeINi B3a€EMOIii BHXOPOCTPYMOBOTO TIEPETBOPIOBAYA 3
(hepoMarHiTHAM 3pa3KoM i3 TPILIMHOIO.

2. BukJiag 0CHOBHOIO MaTepiajy

Jlis  mMaremMaTHYHOTO ONHCY TMpoIreciB  Oyro
3anpornoHoBaHo Mozeib Bzaemonii BCII 3 00’ exToMm, 110
MICTHTb ITIOBEPXHEBY TPIILIHHY.

VY Mexax 1ii€i Mojen BBOASTHCS NPUITYILEHHS Ta
OOMEXeHHS: BHXPOBI CIpyMH B MaTepiaji MaroTh
MOBEPXHEBUIA XapaKTep Ta MEPeBaKHO OPIEHTOBAHI B3OBK
nedexry. TakuM YHMHOM, TpINMHA PO3IILINAETHCT  SK

BiZIPI30K iZlealbHO TOHKOTO TIPOBIHHUKA, TIO SIKOMY TIPOTIKae
ctpyM. OOMOTKH TIEPETBOPIOBAYA y MOJEHI IOJAIOTHCS Y
BUIJISI HECKIHYCHHO TOHKHIX IIPOBITHUKIB, KOHTYPH SIKHX
BIITBOPIOIOTH (hOopMy BUTKIB (pHcC. 1).

B poGoti [8] 3milficHEeHO TEOPETUYHMI aHali3
(DYHKIIIOHYBaHHS ~ HAKIIAJHOTO  TPaHC(HOPMATOPHOTO
BHXOPOCTPYMOBOTO  II€pETBOpIOBada. IloKazaHo, IO

BuxinHa Hanpyra BCII Bu3HavaeThes K QyHKINA JOOYTKY
B3a€MHHUX IHIYKTUBHOCTEH #HOro OOMOTOK 3 00 €KTOM
koHTpoo (OK).

2z

a
b} bI

Y,

a — HYDKHSI AUISHKA 30y 1KyBaJIbHOT OOMOTKH; b — HIDKHS
TUISTHKA BUMIPIOBaJIbHOT 0OMOTKH; a; — Oi4HA CTOpOHA
30y mKyBaJIbHOI 0OMOTKH; b; — 6iYHA CTOpPOHA BUMIiPIOBAIBHOT
00MOTKH; 2" — BEepXHsI AUISIHKA 30y 1KyBaIbHOI OOMOTKH;

b’ — BepxHA ANSMHKA BUMIPIOBAIEHOI OOMOTKH; C — IEEKT;
X, Y — KOOPIUHATH MPOEKIii IEHTPAIbHOI YaCTHHH
IepeTBOpIoBaya; h — BifICTaHb MK INTONMMHOIO edekTy Ta
NIEPETBOPIOBAYEM; (0 — KYT MIXK JIe(heKTOM 1 JUISTHKOIO
30y KyBaJIbHOT 0OMOTKH

Puc. 1. Po3paxynkoBa monens Bzaemopii BCII i3 TpimuHOIO
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3 momepeanHsoro amamisy miei mozeni (puc. 1)y, = Zee o L 2 o - (10)
BUIUIMBAE, 10 OiuHi JiIsAHKM 30yIDKyBaJbHOI Ta dc’a” ~k,,
BUMIpIOBaNbHOI OOMOTOK (a; i b;) MarTh HyIBHOBY Yo, =Ko FC Vo =Y, Fa (11)

B3a€EMHY IHIYKTHUBHICTh i3 A€()EKTOM, OCKIIbKA BOHH
OpIEHTOBaHI MEPIEHAMWKYIAPHO JO HBOTO. Tomy
NOMANBINMNA  PO3IJIA]  30CepeMMO HA  B3aEMHHX
IHAYKTUBHOCTAX M., M., My., My, DinsHoOK a, a’, b,
b’ 3 nedpexrom c. Tonmi

M,=M,-M, A My,=M,-M,, ©)

a'c?

BuznaunMo 3a3HaveHi B3a€MHI iHIYKTHBHOCTI 3a
METONUKOW  [9], BHKOPHCTOBYHOUH  T€OMETPHYHI
napametpu BCII Ta koopauHaTy BinoBigHO 10 pHc. 1.
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JTATTbHBOTO KiHIIA BiIpi3Ka @ JI0 CIUTLHOTO MEPIICHANKYILIpa
3¢, y, — BiACTaHb BiAl OMIDKHBOIO KiHII BipizKa ¢ 10

CIIUIPHOTO TEpHEHAUKYIsipa 3 a; 7Y, — BIICTaHb Bif

OMDKHBOTO  KIiHI  Bifpi3ka @ 10  CIUIGHOTO
HepHeHauKyaapa 3 ¢; D, — BiICTaHb MiK ONMKHIMU
KIHIIAMM BIIPI3KIB @ 1 ¢; D,, — BLICTaHb MDK OMMDKHIM
KIHLIEM BifIpi3Ka ¢ 1 JaNbHIM KiHIEM Bifpi3ka a; D, -

BiJICTaHR MK OJIDKHIM KiHIIEM BiIpi3Ka @ 1 JaTBHIM KiHIIEM
Bipiska ¢; D,, — BiACTaHb MiK JaNbHIMU KiHLIMU

BIIPi3KiB @ i c; A, —KoedillieHT BIUTHBY 3a30py /.

[Mepemniueni BEJINYNHH BU3HAYAIOTHCS 3a

thopmynamu (4-12):
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a c
e e P e Ve
T 22u‘[,+ 21, 2, + 12,
a c (h+a1)
_lezz'carth _’Yla'canh . ac > ( 3)
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IE  Ypue BiICTaHb JAJIeKOro KiHLA Bigpizka Jo
3aralbHOrO MEpHeHAUKyIsipa 3 a’; Y,,.— BIICTaHb
JAIEKOTO  KIiHIM ~ BiOpi3ka a’ [0  3arajlbHOTrO

BiZICTaHb OJIDKHBOIO KIHILST

}/ la'c —
BiZICTaHb OJIMDKHBOTO KIiHIIA Bifpi3ka ¢  JO 3araJkHOTO
HepreHuKyIapa 3 ¢; D,, — BiACTaHb MDK OMMKHIMM

HNEPIEHINKYISpa C; ¥y, —

BiJIpi3Ka 0 3arajbHOrO MepreHIUKyIsipa 3 a’;

KIHIAMU BifIpi3KiB a"ic¢; D,, — BiACTaHb MiXk OJIIKHIM

KIHIIEM BiZpi3Ka 3 JaJeKUM KiHIeM Binpiska a’; D, ——
BIJICTAHb MDK OJIMDKHIM KIHIEM BifIpi3ka a’ 1 JaJeKkum
KiHIleM Bijapiska ¢; D,, — BilICTaHb MDK JanbHIMU

KIHISIMA BLOpI3KiB a” 1 ¢; A, — Koe(ili€HT BILIUBY
3azopy h+aj.
[epeniveni BenmumHu TIepeOyBaloTh 3a hopMyIamMu

(14-22):

J(x__cm) [+-ine] treat

2 2
x+ 5 08O [y+%sin(pj +(h+a,)2; (15)

2 2
c— x——COS(pJ +(y+§sin(pj +(h+al)2; 17

\/c X+— coscpj +[y—gsin(pj +(h+611)2; (16)

= D o+ D;“,‘ - Dflm - Di E (18)
2a2(D§1M —Dﬁm —c2)+kj,C(sz“ —Dﬁw —az)
Xluu = 402 az _ k4 (e (19)

a'c
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2 _ _ 2 _ _p? +v, +D,
. 2 (Db, -Di, a2 ):rkc,;(D2 D, —c )a; 20) 4, =arctg mtg[ﬁ_ﬁj +
e 4a* — Ik, h 4 2
X2, =X, TE6 Ya,. =Y, T4 21)

+y, +D, +y, +D,
Aa'c —arclg X, Y, 11, tg(_P tarctg X, T2, 20 tg(_P _
+a 2

h h+a, 2

2 h+a,

Jist B3a€MOIHYKTHBHOCTI M)XK Binpiskamu b Ta c,

3alIMIeMo.
_K b ¢
M, =—sin arth) ———— |+ arth) ———
" on (pl:xz'” [D +D, } Ta. {Dzzm, +D, j

2,
—y, arth L —y, ath| ——— +—Abc (23)
%, Dn, D T Du +D21 coso

BIICTaHb MJAJEKOTO KiHIM Bifpi3Ka [0

+y, +
B arCtg(Xl“ Y, 0,

P
tg— | (22
h+a, g2] 22)

e %y, —
3arajibHOTrO MNEpHNEHAUKYJApa 3 b, YZ, — Bi,HCTaHI)

MAJIEKOr0  KIiHI  Bigpiska b 10  3arajabHOro
NEPICHIUKYISPA 3 ¢; ), — BIACTaHb OIIKHBOTO KiHIUS

BiJpi3Ka JI0 3arajbHOrO NEpHeHAMKyIsipa 3 b y, —

BiJICTaHb ONIKHBOTO KiHIA Bif[pi3Ka b O 3arajbHOTO
NEpICHAUKYIsIpa 3 ¢; D, — BiACTaHb MK OMMKHIMH
KIHIIIMH BiIPi3KiB b 1 ¢; DIZ,, — BiacTaHb MK OJIMIKHIM
KIHIIEM Biapi3Ka 3 JaJCKHM KiHIEM Bifpi3ka b; DZlh -

BiJICTaHb MK OJIFDKHIM KiHIIEM Bifpi3ka b i JajeKkum
KIHIIEM BiApi3Ka c; Dzz’f BiACTaHp MIX JAIBHIMU

KiHISAMM BiApi3KiB b 1 ¢; A,, — KOE]ILi€HT BIUIUBY
3a3zopy /.
Iepeniveni BEJTMYMHA epe0yBalTh 3a

thopmynamu (24-32):

b ’ b ’
b =[x one) oo fone] oo
b ’ b ’
L
b . Y b . Y

D, :\/[c_HESin(Pj +(y+58in(p] HESER
b ’ b ’

Dzzm :\/(C_X_ESin(pj +(y—zsin(pj +h%;(27)

kzi- = Dlzz +D221 +D121 D222 > (28)
sz(Dzzlhc _l)lzlb( - )+kb2L( 12, 1)1211 _bz)
X = ab k. & ()
B 26 (D}, ~D}y =B )+ki (D}, ~D}) )
T, 4 kL b; (30)

Yo, =Ko, TC Vo =71, +b; 31

X, + Vs, + Dy T P
+arctg| —— e tol ——— | |—
g{ h g[4 2)}
X, tVa, T D0 T ¢
—arctg| e e tgl —— L ||~
g( h g(4 2

—arctg[ X,

+vy, +D
TV, 21, te T 9 )
h 4 2

AHAJOTIYHO IS B3aEMOIHITYKTHBHOCTI MiXk b1 ¢ 3
ypaxyBaHHSIM TOTO, 10 b = b:

Yy . b c
M, ., =—SIn arth) ———— |+ arth) ——— |-
b'c ZTC (p[XZh. ” [ - + DZIM ] 'YZH( [ D + Du, J

D
b c h+
1, ) S s
Ql,, Qz, Dll,,[, +D21,,.‘ CcoSp

— BIICTaHb JATEKOro KiHIII Bifpi3Ka JI0 3arajJbHOTO

(32)

AC Aa,,
MePIICHANKYIsIpa ¢ b Vs, BIJICTAHb JAJEKOro KIHIA
Bifipi3ka b’ 10 3araJbHOrO TMEPICHIUKYIIpa 3 C; X1,

BiZICTaHP OMIDKHBOTO KIiHI Bipi3ka 1O 3arajabHOTO
MePIICHAUKYIsIpa 3 b T, — BIZICTaHb OMVKHBOIO KIHIIST

BiIpiska b’ 10 3aranbHOro mepreHmyKymspa 3 ¢; Dy, —
BificTaHb MK GIIDKHIMH KIHLIWIMM BiAPi3KiB b" 1 ¢; D), —

BIJICTaHh MDK OJIFDKHIM KiHIIEM BiZpi3Ka 3 MajIeKM KiHIIEM
Binpizka b ; 21 — BiJICTaHb MXK OJIVDKHIM KiHIIEM BiJpizka

b’ 1 mamekuM KiHIIEM Bifpi3Ka c; Dzzh, — BIJICTaHb MDK

JalbHIMU KIHISIMU BigpiskiB b’ 1 ¢; A,,, — KoeQilieHT
BIUTUBY 3a30py h+b;.
[epemniveni BETTMYNHI epe0yBaoTh 3a

opmynamu (34-42):

b. Y b . Y 2

D, = x—Esm(p + y+Esm(p +(h+b1) ; (34)
b . Y b . Y 2

D, = x+Esm(p + y—Esm(p +(h+b)"; (35)

2 2
D, :\/(c—x+§sin(pj +(y+§sin(pj +(h+b,)’;  (36)

b. Y b. Y 2
D, = c—x—zsm(p + y—Esm(p +(h+bl) ;0 (37
kp, =D}, +D; +Di —Dj ; (38)
(D5, -0, —¢)+k, (D}, —Di, -b)

Xl,,,(. 4czb2 —k:.( & (39)

2c (Dlzzh D12 b2)+k/)2c( 21, D121,,,‘ _cz) .
’Yl,,.c = 4C2b2 _k;C (en (40)
Aay =X, TC Vo, =Y, (41)
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X, TV, + D, T
4, = arctg| —r——=>——tc tg(——— +
h+b,

(42)

OtpuMani aHaniTH4YHI BHpa3u (2-42) 103BOJISIOTH
BU3HAYMTH (QYHKI0 reomeTpuuHux mnapamerpis BCII
Ta KOOPJIMHAT:

= U _ (Mlz'Mzz)

U _(M12'M23)

max

= f(a,b,c,a,,b,,x,y,h,¢0), (43)

Jie ¥ — HOpMOBaHa aMIutiTyaa curnaixy BCII, Buxoastun
3 (1); a,b,c,a,,b, — reomerpuuni napamerpu BCII ta
nedekry; X, y,h,¢

nedekty (puc. 1).
Jnst y3araJbHEHOTO JOCIHIDKEHHS 3aJIe)KHOCTEH
BuxigHoro cur"ainy BCII Oyino oOpaHO mOOAMHOKI

koopaunatu BCII BimHOCHO

BiZIpi3KK, MpomopliiHi po3Mipam obmortok BCII.
Po3paxyHok wmomeni Ta moOymoBa 3aleKHOCTEH
3MIACHIOBANMCS 13 3aCTOCYBaHHAM  IPOTPAMHHX

npoxaykriB MS EXEL, MATLAB, Advanced Grapher.
AHaJi3 OTpHUMaHNX aHAJIITUYHNX BUPa3iB MOKA3YeE, 1110
ocobnmusicTio BCII [4] € 3anexHICTh KOPUCHOTO CUTHAITY
Bil Kyra MDK zaedexkrom 1 30ymmBoro oOMoTkoro. Lle
JI03BOJISIE iIEHTU(]IKYBATH OpIEHTALIIFO TPOTHKHOT TPILIMHH.
Ha puc. 2-4 HaBemeHO pe3ysibTaTH MOJETIOBAHHS
3QJIOKHOCTI CHTHAILY Bill (0 UL PI3HUX JOBXHUH JE(EKTy,
3a30py Ta CIIiBBiHOIIEHHS po3MipiB ooMoTok BCIL
BcTaHOBIEHO HASIBHICTh YCYHEHHSI MAKCHMYMY CUTHAILY
TpH PI3HUX CIIBBITHONIEHHSAX pO3MIPIiB 30y/DKyrodol Ta
BuMiproBaibHOI  00MoTOoK  BCIT  (puc. 4). Ile nae
MOXKITMBICTH KOPUTYBATH Jliarpamy crpsimoanocti BCIL.
Ha puc. 5 naBeneno 3anexHicts curnany BCII Bix
JIOBKUHK TPIIIUHN d MPU PI3HUX 3a30pax A. BumHo, mio
npy Benukux TpinmH curaan BCIT mMaiio 3amesxuTs Bif X
JIOBXKUHHM, MPOTE 31 30UIBIICHHAM 3a30py YYTJIMBICTH 110
PO3MIPY TPIIIHUHU 30UIBIIYETHCS. 3aTI€KHICTh HOPMOBAHOT
aMILTITY/IM CUTHAITY BiJl 3a30py MpPECTaBIICHA Ha puC. 6.

0,9
0,8 fmi-
0,7
0,6
0.5
0.4
03

02| ff
0.1
0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85¢.°

Puc. 2. 3anexxHicTh HOPMOBAHOI aMIUTITYIU U Bifl KyTa @ IpH
pizHux posxkuHax gedekry (— c=1;—— ¢>10; —— ¢=0,5;
...... ¢=0,1)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85¢.°

Puc. 3. 3anexHicTh HOPMOBAHOIT AMILTITYIX ¢ B KyTa ¢ IPH
pizaux 3a30pax (— A=0; —— ~=0.05; —— h=0,1; = h=0,5)

u

T —— ==

0.8
0,8
0.7
0.6
0.5
04]
03,3

0.2
0.1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85¢.°
Puc. 4. 3anexxHicTh HOPMOBAHOI aMIUTITYIU U Bifl KyTa @ TpH

pi3HUX BizHOCHHAX NOBXHH 00MOTOK BCII (— a/b=1;
———a/b =10; —— a/b =0,1)

0

u
0.9 bt
os| T
0,7
0.6
0,5
04
03
0,2
0.1

0 05 10 15 20 25 30 35 40 45 d
Puc. 5. 3aexHiCTh HOPMOBAHOT aMILTITY/TH U Bl IOBKUHH

TpituHY d npy pizHuX 3a3opax (— h=0; ——h=0,1; ——h =0,25;

...... h=0.5)
i — ——
0,9
0.8
0.7
0.6
0.5
0.4
03
0,2

0 01 02 03 04 05 06 07 08 09 h
Puc. 6. 3anexHicTh HOPMOBaHOT aMILTITYIH ¥ Bift 3a30py /1 3a
PI3HUX JOBXUHAX TpinmHA (— c=1;—— ¢=10; —— ¢=0,5;
e 0=0,1)
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3 aHami3y JaHUX HaBEJEGHUX Ha pHUC. 6 ciix, mo
YyTIUBICTh 0 BIUIMBY HPOMDKKY OUIbII iCTOTHA AJIst
KOPOTKHX TPIIIKH.

Jlist OLiHKY BIUIMBY 3a30py 32 PI3HUX PO3MIpIB ay, b
(muB. puc. 1) nginsHok obmorok BCII  orpumani
3aJIeKHOCTI, TIpe/CcTaBieHl Ha puc. 7-8. Ilpu HeBenmMkux
3a30pax BHOIp pO3MIpiB a;, b; HEe KPUTHYHHH, IIpOTE
curHai BCII MOHOTOHHO 30LMBIIYETHCS 31 30UIBIIEHHAM
a, 1 b; mpornopuiiino 3a3zopy. ToOTo 3a3HayeHi po3MipH
HeoOXiZTHO BUOMpATH 3 ypaxyBaHHIM MOXIIUBHX POOOUNX
3a30piB a00 TOBIIMHH HEETIEKTPOIIPOBIIHUX MOKPUTTIB.

0.5
0.4
0.3

02

0.1

0 01 02 03 04 05 06 07 08 09 )
Puc. 7. 3anexxHicTh HOPMOBAHOT aMILTITYAX U Bifl 3a30py /1
IpH pi3HUX A0BXUHAX 00MoTok BCII

(—-a=b=1; - ——a;=h=2; —— - a,=b;=0,5)

ol chanbontinladio o iilodendp i Rl
0,7
0,6

0 0,1 02 03 04 05 06 07 08 09 ah
Puc. 8. 3anexxHicTh HOPMOBAaHOI aMILTITYAX U BiJ BiTHOIICHHS
a,/h mipu pi3HUX 3a30pax
(—-h=1;—-—=h=0,5,———-h =0,1)

3anexHicte ammuityaun curHany BCII  Big
MEPEMIIICHHST B3IOBXK KOPOTKOTO 1 JOBroro Jc(exTiB
HaBegeHo Ha puc. 9. Toukm mneperuny rpadikis
BiJINIOBIafOTh Kparo jAedektiB. Y pasi 30iIbIICHHS
3a30py 4YyTJIMBICTH 0 TEPEMIIEHHs I00NH3y Kparo
TeeKTy 3MEHIITY€ThCSL.

Ha pwmc. 10-11 mpencraBmeHi —3aJeKHOCTI
kopucHoro curHairy BCII Bix BimHOCHOTO TiepeMileHHs
x/c (0 Bimnosinae cepenuni aedekry, 0,5 — kparo) s
TPILIMH Pi3HOT AOBXWHH. UyTIUBICTh 0 MEpeMillieHHs
nobsmu3y kpato AedekTiB mporopuidiHa iX po3Mipam,
TOOTO JJIsI MPOTSHKHUX JIEPEKTIB MOXKIIMBE OB TOUHE
BU3HAYECHHS MEX NIPU CKaHyBaHHI.

0 01 02 03 04 05 06 07 08 09 x

© 91 02 03 04 05 06 07 08 09 x
6)
Puc. 9. 3anexxHicTh U Bif MepeMilIeHHS X B3IOBXK TPIIIHHY C
3a pi3Hux 3a3opax (— h=0; — — — h=0,5): a) c=1; 6) c=10

u = T TR

09
0.8
07}
0.6

0 01 02 03 04 05 06 07 08 09 ¥
Puc. 10. 3anexHiCTh ¢ BiJl BIHOLICHHS X/C Ppa PI3HUX JOBKUHAX
TpitpHl — ¢=1; — — ¢=0,5; —— ¢=0,25; = ¢=0,1

0,6
0,5

o4
03
0,2
0.1

[

o 0,1 02 03 04 05 06 07 08

09 x/c

Puc. 11. 3anexHicTh u BiJ BITHOIIECHHS X/C 33 PI3HUX
JIOBXHMHAX TPIUHA —— ¢=1; — — ¢=5; —— ¢=10; *==* c=25
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Jnst Bu3HaueHHs curHainy npu nepeminieni BCIT
BiJI cepeHu Ie(eKTy B3I0BK Y po3paxoBaHi 3aIe)KHOCTI
pi3HuX po3mipiB TpimmH (puc. 12) 1 3a30pie (puc. 13).

u

0,9
0,8
0,7
0,6
R
0.4
0,3

0,2

0

Puc. 12. 3anexHicTh ¢ BiJi KOOPAUHATH Y 32 PI3HUX JOBKHHAX
TpimHA— c=1; ——¢>10; —— ¢=0,5; <= c=0,1

a) c=10, h=0;

0) c=10, h=0,5;

-1,0 -0.8 -06 -04 -02 0 0.2 0.4 06 08 ¥

Jnst po3riisiHyTOl MOJIeNli OTpUMaHi MPOCTOPOBI
posnoginy curnany BCII mpu ckanyBaHHI 3pa3ka 3
MTOBEPXHEBOIO TPILTUHOIO, pHC. 14.

U : ; "
08
0,7
0,6
0,5
I
0,3

-0 -08 -06 -04 -02 0 02 04 06 08 v

Puc. 13. 3anexHicTh u Bil KOOpAWHATH Y Pi3HUX 3a30pax
— —h=0; —=—h=0,1; —— —h=0,25; e —h=0,5

1 4

r) c=1, h=0,5

B) c=1, h=0;

Puc. 14. IIpocroposuii po3noxin curnary BCIT

3. BucHoBkM

VY wiit poboTi oTpMMaHiI aHANITHYHI 3aJEKHOCTI
curHanie BCII Big KOHCTPYKTMBHHX Ta IPOCTOPOBHX
apameTpiB, 10 A03BOJSIFOTH PO3LIMPHUTH YSABICHHS PO
3aKOHOMIPHOCTI pobotu OpPTOrOHAIBHOTO
BUXPOCTPYMOBOI'O MEpPETBOpIOBaYa. 3a JOHNOMOIOO
po3polbsieHoi Mozeni BcTaHOBIeHO, mo curaan BCII
Mae MakcumyM mpu =45°, 135°, 225°, 315°, a ¢opma
3aJIOKHOCTI BM3HAYAETHCS BEIMUMHOIO AedekTy i
3a3opy. Ilpu pi3HUX CHIBBIAHOWIEHHSX PO3MIpiB
30y/[Kylo4oi Ta BuUMiproBadbHOI oOMoTok  BCII
CIIOCTEpIraeThcsl YCYHEHHS MaKCUMyMy CHTHAly JI0
+10°. TTokazaHo, mo ans Benukux TpimmH curaan BCIT
MAJIO 3aJIeXKUTH BiJl iX JOBXHHH, IPOTE 31 30UTBIICHHIM

Chnucoxk Jitepatypu

3a30py YyTJIMBICTH JI0 PO3MIPY TPILIMHU 301IBIIYETHCS,
a YyTIUBICTH JI0 3a30py BIUIMBY ICTOTHA JJIsi KOPOTKUX
TpimmH. [lpn HeBenukux pobOoumx 3a3opax BHUOIp
po3MmipiB ai, by He € KpuTudHUM, npote curaan BCII
MOHOTOHHO 30UTBIIY€ThCA TpH 30UTBIICHHI a; 1 b
NpOMOpILIHHO 3a30py. Y pasi 30UIbIIEHHS 3a30py
gyTauBicte 1Mo mnepemimenHs BCII mobmm3y kpato
nIepeKTy 3MeHIyeThesa. JlocmimkeHa MoIenb T03BOIISIE
3HaXOJUTHU MPOCTOpPOoBi po3mnoxainu curnany BCII mia
yac CKaHyBaHHsS 3pa3Ka 3 MOBEPXHEBOK TPIIIMHOIO.
BukopucroByroun pesynbratd 1ii€i  poOOTH MOKHA
3nificHuTH BHOiIp mnapameTpiB oproroHansHoro BCII
JUTS. BUPIIICHHS KOHKPETHHX 3aBJIaHb BHXPOCTPYMOBOI
Je(PEKTOCKOITIT.
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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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JOCJIJIKEHHSI CTYNEHS 3AJIOBOJIEHHSI BAMOT 3/I0OBYBAUIB
BUILOI OCBITH SAKICTIO METOJANYHOI'O 3ABE3NEYEHHS
OCBITHBOI'O ITPOLIECY B YHIBEPCUTETAX YKPATHU
3A IOIMIOMOI'OI0 METOAY QFD

[.O. Momenko, O.B. 3anopoxers
1Xapki60bkuﬁ HayioHaneHull yHigepcumem paodioenekmponixu, Xapkis, Ykpaina

AHoTauis

SIK OBOIATH pE3yJbTaTH ONMTYBaHHA 31400yBadiB BHINOI OCBITH, HAasABHICTh SKICHOTO HaBYaJbHO-METOJMYHOIO
3abe3neyenns (HM3), € oxHielo 3 HaAWBaXKIUBINIMX CKJIAJ0BHX 3arajbHOI SIKOCTI OCBITHBOTO mporecy. OcobiarBOro 3Ha4eHHs
HasBHICTH 3pPO3YMLIOr0, CyYacHOTO, BiANIOBITHOTO IOJIOXKCHHSAM OCBiTHROI mporpamum HM3 HaOyBae B ymoBax OH-JaiiH
HaBYAHHA ITiJl YaC BOEHHOTO CTaHy B YKpaiHi, KOJM HE 3aBXKAU y 3100yBadiB € MOXIHUBICTH 0€3MIOCEPEIHBOTO CHUIKYBAHHS 3
BUKJIaJlaueM B MOTPiOHMIT 11 mporo dac. Tomy cmoxuBai xapaktepucTuku HM3, siki peamizyroTecs depe3 (yHKIIOHAIBbHI
BUMOTH, ITOTPEOYIOTh PETEIBHOTO JOCTI/DKCHHS, BUIUICHHS OKPEMHX CKJIQJIOBUX Ta aHANI3y CTYICHIO IX Ba)XKIMBOCTI caMe JUIs
3100yBaviB BHIOi OCBITH Ta CTCHKXOJJEPIB OCBITHHOrO Mpoliecy. MeETOK JOCHIKCHHS € po3poOKa ajropuTMy aHali3y
CIIO’KMBYMX 3aIlUTIB 37100yBadiB BHIIOI ocBiTH skictio HM3 Ha ocHoBi Meromy posropranus ¢yskiii skocti (QFD) Ta
npiopuTH3alis (yHKUiOHATBHUX XapakTepucTHk HM3 3 MeToro miIBHIICHHS 3aJ0BOJICHOCTI CIIOXKHMBAdiB OCBITHIX MOCIYT B
yKpalHChKHX yHiBepcuTetax Meromosoris gocmimkeHHs 0azyerbest Ha 3actocyBanHi metomy QFD. Crarucrudyna oOGpobka
pe3yIbTaTiB JOCHIIKEHHS 3/iCHEHa 3 BUKOPHCTAHHSAM METOHIB po3paxyHKy Koedimienty Anbdpa Kponbaxa, nucmepciitHoOro
aHawi3y, KopeJsmiiiHoro aHami3zy, metony [lapeto. B pesynpraTi mocmimkeHHsS cHOPMOBAHO alITOPHTM 3aCTOCYBAHHS METOIY
QDF juis mifBUINEHHS SKOCTI HAJAHHS OCBITHIX IOCIYT, SKUH BpaxoBye CHeHU(iYHI OCOOIMBOCTI CYy4acHOTO OCBITHBOTO
cepenoBumia B YkpaiHi. Kommekc po3poONeHHX CIIOKHMBYMX Ta (YHKIIOHANBHUX XapakTepuctnk HM3 3 BH3HaueHUMH
BaroBUMH KoeQilieHTaMn Moke OyTH 3aCTOCOBAaHMH JUIS IiJBUIIECHHS 3aJ0BOJICHOCTI CIIOXHMBAUiB OCBITHIX IOCIYT SIKICTIO
HM3, siki oTpuMyIOTH OCBIiTY 3a rainy3ssto 3HaHb G ImxeHepis, BUpOOHUITBO Ta OyAIBHMIITBO, a 3arajbHHH AITOPUTM — JUIS
MOKpAIEHHS SKOCTI OCBITHIX HOCIYT B yCiX yHIBepcuTeTax YKpaiHu.

KorouoBi cioBa: posropranus (QYHKIT SKOCTi, aJanTOBaHUI aarOPUTM, CTATUCTHYHUI aHaNi3, KOPENALiHHUN aHai3,
cTaTHCTHYHA 00pOOKa pe3ysbTatiB, GYHKIIOHAIbHI BHMOTH.

1. Beryn MiHIMaNbHIF BHTpaTi pecypciB, mo HaOyBae 0COOIHBOI

] ) aKTyaJbHOCTI B YMOBaxX €KOHOMii pecypciB MijJ dac
Ilpunmynm  3a0€3ME€YeHHS  AKOCTI  OCBITHBOIO  poeunoro craty B Ykpaiti.

TpoLecy B 3aKiaiax BHIIOi OCBITH (SBO). 0asyroThCs HA OnHKM 3 HaMOIBII e(peKTHBHUX 1HCTpyMeHTIB LSS
HACTAHOBAX MDKHAPOJHHX CTAHJAPTIB, AKi BIPOBAIUKEHO ¢ yreton Posropramns ®ynkmii Skocti a6o Quality
B YKpaiHi B HKO.CTi. HaI_liOI-.IaHL.HI/IX, a came: IICTY ISO  Function Deployment  (QFD), skuit  mo3BoIsE
21091:2019 OCB'ITHI. opranizanii. CHCTeMH yIpaBIIiHHS B TpaHc(OPMYBATH 3aIATH Ta TOOWKAHHS CIIOKUBAYIB B
OCBITHIX OpraHisauisX. Bumorn Ta HaCTaHOBM IMONO  hvpyrionanshi Bumorn (®OB) 70 OCBITHIX moCTyr Ta
sactocyBanns  (ISO 21001:2018, IDT), ZCTY 1SO npoxayktiB B 3BO. CkepoBaHICTh mpoliecy 3a0e3neyeHHs
9001:2015 Cucremn ympaBmiHHSA sKicTIO. BuMmorn (ISQ sKoCTi came Ha mpioputeTHnx OB nomomarae 1oCArTH
9001:2015, IDT) Ta HOpMATMBHOMY  JMOKYMEHTI  yiijpoBnx MOKasHMKIB SAKOCTI Ge3 BUTPATH PecypeiB Ha He
CTaHﬂalzTH | peKoMeHaL{ 1010 3ae3MeueHHs AKOCTI B vy paymiBi CHIOKHMBUI BIACTHBOCTI OCBITHIX MPOLECIB
€Bp(?.l.'IeI/ICI)KOMy TPOCTOPi BHIIOI OCBiTH (ESG). Yunni JU1s 37106yBatiB BUILOT OCBITH.

BEpCll IUX HOPMATHBHMX TIOKYMEHTIB PEKOMEHIYIOTH Texuomorist QFD € my»e BiOMOIO Ta MOIMYJISPHOO
NOPsJL i3 TpAAMUIMHAMI METOaMH 3a0€3IIeUCHHS AKOCTI b chepi ynpaBIiHHS AKICTIO | IMPOKO 3aCTOCOBYETHCA 3
OCBITHBO-HAyKOBHMX HpPOLECiB Ha OCHOBI mozeni Total |\ oroi0 aHAI3y CIIOKMBYMX 3aIuTiB B cepi OCBITH, 1O
Quality Mana%ement (TQM) 3aCTOCOBYBATH WHPOKMA  pjinrpeppkyeThesi  HASBHICTIO  BONMKOL  KiIBKOCTI
THCTPYMECHTAPIN CYyHaCHUX MONCICH YIPABIIHEA AKICTIO,  nocyipkeHs HAYKOBIIB y BChOMY CBITi. Alle mepeBaxkHa
SKI paillle BBAKATNACH CYTO BUPOOHMYIOOPIEHTOBAHUMH  yinpxicrh mpams 30CEPEUKEHA caMe Ha JOCHIDKEHH
(Meronororis  ympaeniHHA skicTio Lean Six  Sigma 3arajbHOi  3a/I0BOJICHOCTI 3100yBadiB  OCBiTH 03
(LSS)). ri6pHIlHa Me.TOﬂQHOFi’I LSS mictuts B cBOEMY KOHKpETH3allii OKPEMHX KITFOUOBHMX IIPOLIECIB OCBITHLO-
apCCHaIl  BEIHKY KUIBKICTb IPaKTHIHO CKEPOBAHMX  gaykopoi misutbHocTi 3BO Ta Opi€HTYEThCS HA OCBITHI
CydacHux  IHCTPYMEHTIB  YNPaBIIHHA ~KICTIO,  AKI  yyopy meBHUX Kpaid, sKi CyTTEBO BiAPi3HSIOTHCS Bil
30Cepe/DKeHI Ha 3aJI0BOJICHHI BHMOI CHOKHBAYIB NPH  yypafrcpkux peartiil. TOMy BaXTHBOIO 3a7a4eio € aHATI3
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SKOCTI  KJIFOYOBUX mporeciB  misutbHOCTi 3BO 3 MOXIMBICTE 32 MOTPEe0OIO CIUTKYBAaTHCh OCOOMCTO 3
ypaxyBaHHSIM  OCOOJMBOCTEHl  HOPMATHBHO-NIPABOBOT ~ BHKJIamadeM. TOMy Ba)KIMBOIO MPHUKIATHOIO 3aadyecio €

opraizamii OCBITHBOTO IIpOLIECYy Ta pEabHUX YMOB
HaBUaHHSA 3/100yBadiB B CY4aCHOMY YKpPaiHCBKOMY
OCBITHBOMY CEPEIOBHIIII.

OcobnmBoi akTyanbHOCTI HaOyBae aHaii3 SKOCTI
HaBYaJIbHO-METOIUYHOTO 3a0e3IeUCHHS (HM3)
OCBITHBOTO TIpOIleCY B YKpaiHi depe3 CKIagHi YMOBH
opraHizamii HaBYaHHS B yYMOBaX BOEHHOTO CTaHy, IO
MiAKpecTroeThes B 3akoHi Yipainu «IIpo BHeceHHS 3MiH
10 3akoHy Ykpainu «IIpo ocBiTy» 10710 BIOCKOHAJICHHS
HayKOBO-METOJNYHOTO 3a0e3MeYeHHsI OCBITH Ta SKOCTI
HaBYaIBHOI JtiTeparypu» BiJ 2023 poky.

2. Amnani3
myOJikanii

OCTAHHIX JOCHITKEeHL i

BBaxaeTbcsi, 1m0  BIepiie  3alpoONOHYBaB
3actocoByBatd Meron QFD s mokpamieHHsS SKOCTI
HajaHHS  ocBiTHIX mocayr  M.KunelToH. Horo
JOCTIDKCHHST OTPUMAH TMPUKIAJHE BIPOBAJDKCHHSI B
Aston University, England B pamkax BHpoBamKeHHs
KOMIUIEKCHOI Mozeni ympaBiiHHS skictio TQM [1].
[Momampmmri  pO3BIAKM  HAyKOBHIB  CKEpOBaHI  Ha
JOCTIKCHHI 3arajbHOI 3aJI0BOJICHOCTI CIIO)KHBAYiB
OCBITHIX TIOCITYT SKICTIO OCBITHBOTO TIpotiecy [2-4].

HactymanM  KpokoM B PO3BUTKY  3acal
BukopuctanHs QFD B 3BO cramm pocmimkeHHS,
CKEpOBaHI Ha IIJBUIICHHS SIKOCTI OKPEMHUX IPOICCIB
nisiteHOCTI 3BO. 3rimHo 3 NpUHOMIIAME TIPOLECHOTO
MiIXOAy THTaHHS TOKPALICHHsS KIIOYOBUX MPOLECIB
nmisuteHOCTI 3BO  mpoaHamizoBaHO B pAOi HAYKOBHX
nyomikauid  [6,7], Tomo. IlikaBicTh  BUKJIMKa€e
(hyHIaMEHTANbHE MOPIBHSUIBHE OTJISAIOBE JOCIIIKCHHS
HayKOBHUX myOuikamniii kouuenmii meroxy QFD [8].

B mocmimkennsax 2020-x pokiB yBara HayKOBIIB
CKOHIICHTPOBaHAa Ha aHaJi3l 3alHTiB CIIOKHBAYiB
OCBITHIX TIOCITYT B YMOBaX OH-JIai{H HABYaHHS y 3B’ SI3KYy
3 ma"gemiero COVID-19 [9,10]

OxpeMoi yBarm 3aciyroByIOTh JIOCIIDKEHHS,
MPUCBAYCHI PO3pOOIl Ta MOKPAMICHHIO HaBYAIBHUX
wranis B 3BO [11-13]. Ane B mmx poboTax akIEeHT
pOOUTBCS Ha BHBYEHHS 3aJOBOJICHOCTI 3100yBadiB Ta

CTeHKXOonIepiB came nepesikoM HaOyTHX
KOMIETEHTHOCTEH Ta MUCLMIUIIH, IO BUBYAIOTHCS, AJIA
OKpeMoi  cremiajgbHOCTI.  BakimBUM  acnekToM

MOKpAIIeHHs! HaJaHHA OCBITHIX MOCIHYT [UIA BCIX
CTeHKXoJyepiB, a caMe: 3700yBayiB BHIIOI OCBITH, iX
OarpkiB, HayKoBo-TiemarorigyHoro mepconany (HIIID),
poOOTONABIIIB Ta CYCHUIBCTBA B3araji, € aHaii3
CHOXXMBUMX XapakTepucThk HM3 mporecy 3acBoeHHA
(haxoBHX 3HaHb Ta yMiHb, 11O 1 € HEOOXIJIHOK YMOBOIO
eekTHBHOTO HaOyTTs 3700yBadaMu 3aTpeOyBaHHX
CTEHKXOJAEPaMU KOMIIETEHTHOCTEH.

B Vkpaini myOnikanii, TprCBsUeHI JTOCIIIHKEHHIO
ocobmmBoctelr 3actocyBanHs QFD B 3BO, BincytHi,
Xoua came 3apa3 B YMOBax IIEPEBOKHOTO OH-JaHH
HaB4YaHHs B Oarathox npoBimHux 3BO VYkpainu, HM3
OCBITHBOTO TIpOIleCYy HaOyBae OCOOJMBOTO 3HAYEHHS,
OCKUTBKH 37100yBadi BHUINOi OCBITH HE 3aBXKIH MAalOTh

SIK JTOCIIIDKEHHS 3arajbHOl 3aJ0BOJIEHOCTI CITOXKHMBAYiB
OCBITHIX TOCIYT B CKIaJHAX CYYacCHHX yMOBax
YKpaiHCBKOTO ~ OCBITHBOTO  CEPEIOBHINA 3  METOIO
MOKpAILEHHsI Pe3yJIbTaTiB HaBUaHHs Ta HAOYTTs (paxoBUX
KOMITETEHTHOCTEH  JsI  HOoJajiplioi  mpodeciitHol
peamizamii 3m00yBaviB BHINOI OCBITH, TaK 1 OUIbII
KOHKPETHE 3aBJIaHHS — JIOCHI/DKEHHS  CIIOXKHBYHX
XapaKTepPUCTUK KIFOYOBOTO IMpouecy misuibHocTi 3BO
«Po3podka HM3 0CBITHBOTO MPOIIECY», BHOKPEMIICHOTO
B po0oTi [14], OCKinbKH came IIel MPOIEC Ma€e CYTTEBY
crermgpiky B VYKpaiHi, HOpIBHSHO 3 3aKOpJAOHHUMH
YMOBaMH, gepes 0co0mBOCTI HOPMAaTHBHO-
METOMOJIOTIYHOT 0a3W, OCBITHI Tpajuiii YKpaiHCHKHX
3BO Ta yckmamHeHni ymoBu ¢yHKIioHyBaHHS 3BO B
YMOBax BOEHHOTO CTaHy.

3. Mera crarri

MeToro TOCTIIKEHHS € aHaII3 CIIOXKUBYUX 3aIlATIiB
3n00yBauis 3BO no HM3 ocBitHbOro mnpouecy 3a

JIOTIOMOT 010 MeTony QFD; inmeHTu(IKaIisA
(DyHKIIOHATBHUX XapaKTepUCTHK MPOLECY PO3pOOKH
HM3, BpaxoByloum O0COONMBOCTI  YKpaiHCBKOTO
OCBITHBOTO CepeoBHIIIA, AKi MaKCUMAJIbHO

3aJJOBOJIGHATH BUMOTH 3100yBadiB BHIIOI OCBITH Ta
BpaxymOTh 3allUTH CTEUKXOJAEpiB; po3poOKa 3axoiB
HaOmMIDKeHHs PYHKLIOHATBHUAX XapakTtepuctuk HM3 o
UTbOBUX 3HaueHb. OTpUMaHi pe3yIbTaTH AOCHIIHKEHHS
MOXKHa OyJlle BHKOPHUCTOBYBATH IIiJ| 4Yac MOKPAIICHHS
nporecy po3podbkun HM3 mis 3m00yBauiz 3BO raimysi
3HaHb G [HXeHepisi, BAPOOHUITBO Ta OyIiBHHLTBO. A
NPOLEAYPHUM Pe3yJbTaTOM JIOCIHIJ)KEHHS ITOBHHHA
CTaTH po3poOKa TNPHKIAJHOTO AITOPUTMY Iill s
BCTaHOBJICHHS (byHKIIOHATIBHUX XapaKTEepUCTHK
kommuiekcy HM3 (KHM3) 3x006yBauis 3BO pisHnx
rairy3eil 3HaHb, KU BpaxoBye crienn@iky HeoOXiTHUX
(haxoBHX KOMITETEHTHOCTEH.

4. MeTtonmoJiorist

Meron QFD sk  BUPOOHHYOOPIEHTOBAHUI
[HCTpyMEHT TpaHCQopMamii 3aluTiB CIOXHBAdiB B
TEXHIYHI XapaKTePUCTHKU MPOAYKTY OyB po3poOieHH B
1960-x poxax B Snomnii. Xo4ya BBaKaeTbCs, L0 METOJ
QFD po3poOiieHnii B paMKax METOMOJOTI] YIpaBIiHHSI
skicTio TQM, mpo 10 CBITYMTH TMepina MmyOJTiKaris
Mizuno & Akao, 1978 poky, IpHCBAYCHA ILOMY METOY,
«An Approach to Total Quality Control» added to
«Quality Function Deployment», ane odiuiiina
HanexHicTh Metony QFD  no iHcTpyMeHTapiro came
METOHOJIOTIT LSS, MATBEPIKYETHCS BUJIAaHHSM
MixHapoaHoro cranaapty ISO 13053-2:2011 Quantitative
methods in process improvement Six Sigma - Part 2:
Tools and techniques, B IKOMy 3aJJOKyMEHTOBaHO YMOBH
Ta amroput™M 3actocyBaHHs Mmeronmy QFD 3 metoro
BU3HAYEHHS TOJIOCY CIIOKMBaviB Ha erami Define mukiry
DMAIC [15], a mepumii cTaHAapT, IPUCBSUCHAN 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)
(unnna Bepcis cranpapry ISO 16355-1:2021), Oys
Buanui Tutbku 2015 poky [16].

QFD otpumaB mupoke 3acTOCYBaHHS JUIsl aHAli3y
CIHOXKMBYMX 3aIUTIB Y cepi OCBITHIX MOCITYT BHACITIOK
HOro THYYKOCTi, YHIBepCaJbHOCTi, HAOYHOCTI Ta
MIPOCTOTI 3aCTOCYBAHHSI.

Ooimiitne BuzHaueHHs merony QFD, HaBeneHe B
MbkHapogHoMmy ctaHmapti ISO 16355-1:2021, HOCHTH
3aranpHuil Xxapaktep: «Quality Function Deployment
QFD - wue ynpaBmiHHA BCiMa oOpraizamiiftHUMH
(yHKIiSIMA Ta TIpolecaMy UIs 3a0e3MedeHHS SKOCTi
nponykty» [16]. TexHonoriero peanizamii metoay QFD
€ House of Quality (HoQ), sikuii npezncrasisie coboro
KOPEJLIIIHHY MATpPHUII0 SKOCTI, SKa IIOB’S3y€ MK
co0O0I0 CIIOXKHMBYI Ta TEXHIYHI XapaKTEPUCTHKH 00’ €KTa
JIOCII/PKEHHS, BPaxOBYIOYM BCi 3allikaBJIEeHI CTOPOHU
BBE/ICHHSIM BaroBUX KOe(illi€HTIB.

Po3pobneHo mporpamMHi cepBicH, SKi TO3BOJSIOTH
aBToMaru3yBatn  noOymoBy  HoQ.  HaiiGinbmoi
MOMYJISIPHOCTI  HAOyNMM  CHeLialli3oBaHi  IpOrpamHi
npoayktd QFD Designer Tta Qualica, a Takox
VHIBepcaJlbHI TIpOorpaMHi cepBicH s TOOYIZOBH
nmiarpam ta matpuns EdrawMax, Creately, i SmartDraw,
SKi JJO3BOJISIIOTH OIOCEPEIKOBAHMM UYHWHOM OyIyBaTH
HoQ. Ane mpobnema oTpUMaHHS SKICHUX, aKTyaJIbHUX
Ta Y3TOMKCHUX BXITHHMX JIaHWX, @ TaKOXX BPaxyBaHHSI
BCIX MOXJIMBUX BIUIMBIB Ha pe3yJbTaTH 3aCTOCYBAaHHS
METOJy € TeXHIUHUM BHKJIUKOM 10 QFD-mporpamuoro
3a0€e3MeueHH.

Auroputym peanizanii QFD na erami manysanns ®B
00’eKTa IOCIIPKEHHS CKJIaJIA€Thesl 3 HACTYITHHX €TalliB:

1) [Mouytu ronoc cnoxuBaya (I'C).

2) CraructiyHa 00poOKa  pe3ynbTaTiB  3a
Jornomororo aucrepciiinoro ananizy ANOVA (Analysis
of Variance).

3) Busnauenns dynkitionansaux Bumor (PB).

4) Po3paxyHOK KopensiiHoi Marpuii 38’ s3Ky I'C
Ta OB.

5) PospaxyHok omHO(AKTOPHOL
marpuui OB.

6) ITo6ynosa HoQ.

7) Pospaxynok Ta npioputusaris OB.

8) BripoBa/KeHHS KOPETYIOUHX 3aXO0iB.

PamwxyBanus ®B 3a mpiopuTerHicTiO peamizarii
BiZIOYBa€ThCS HAa OCHOBI PO3paxyHKy aOCOJIOTHHUX Ta
BIZITHOCHUX 3HaueHb NMPIOPUTETIB TEXHIYHUX PIlIEHb, SIKi
BpaxoBYIOTh KoeQilieHT B3aeM03B 513Ky i-Toro I'C Ta j-
toro @B, Barosi koegimieatn I'C, Ta Barosi
KoeQillieHTH, SKi  XapaKTepU3yHTh  CKJIAIHICTh
peamizarnii @B abo BaxknuBicTs peamizanii @B 3 Toukn
30py KOHKYPEHTO31aTHOCTi. BpaxyBanHs ocoGnuBocTei
OCBITHBO-HayKOBHUX TpomeciB B 3BO  Bumarae
KOperyBaHHs KiacuuHoi Qopmynu pospaxyHky [16]
IIJSIXOM BBEJIEHHSI KOE(IlliEHTY BaXIIMBOCTI peasizalii
OB s creiikxonnepis (I'omoc creiikxonepa (I'Cr)):

KOPESLiAHOT

n

L =2(R-HyS)): @

i=1

ne | i - abCcoIOTHA BXKIIHMBICTH j-Toi @B, n - KUIBKICTH
Ic, P

} - Barosi koediuienrtn i-roro I'C, H; -
KoediuienTn B3aemo3s’ 13Ky i-roro I'C ta j-toi @B, S, -

Barosi koedirienara ['Cr j-Toi OB.
BinmosimHo, mo TpaaumuiiiHoro anroputmy QFD

IOJAHO eTanm BU3HAYeHHST BaxkiauBocti DB mua
creiikxonaepiB — «[loaytu I'Ct».

Ha erami «louyru T'C» pns  dopmyBanHs
KOMIUIEKCY  XapaKTepPHCTHK, 110 BU3HAYAIOTh

3aJI0BOJICHICTh 3700yBaviB BHUINOI OCBiTH skicTio HM3
HaBYAJIBHUX AMCIMIUIIH, BAKOPHCTOBYBAIACh METOIMKA
HedPerf (Higher Education Performance) i HopmatusHi
BUMOTH [0 SKOCTI HAaBYAIBHOI JUTEpaTypu SK
OCBITHBOTO MPOIYKTY [17].

Js aHAIIzy pe3yJbTaTiB OIMUTYBaHHS
3acTocoByBaBcs Aucriepeiitnuii ananis ANOVA Ta meron
PO3paxyHKy KoeillieHTy y3romkeHocTi Anmbda Kponbaxa.

Hns aHaIizy B32€MO3B’SI3KiB MiX
XapaKTEePUCTHKAMHU 3aCTOCYBaBCS METOJ
KOPEJLIIHHOTO aHaITi3Y.

Hns pamxyBanns ®B 3a mpioputerHicTioO OyB
BHKOPHCTaHHUH MeTox miarpamu [lapero.

5. PesyabTaTtun

[lepeBakHa OiMBIIICTP HAYKOBHUX Ta NPHUKIATHUX

JIOCIiKEHB, 1o CTOCYIOTBCS ITiIBUIIICHHS
3aJI0BOJICHOCTI CIIO’KMBa4iB OCBITHBO-HAYKOBOT'O
NPOMYKTy,  CKCpOBaHI  HA  MOJIMIICHHI  PIBHS

3aJI0BOJICHOCT] 3arajbHUM OCBITHIM mpouecoM B 3BO.
IMlin vac BHU3HAYeHHS  KIIOYOBHX  CIIOKMBYHX
XapaKTEPUCTUK OCBITHBOTO IPOLIECY AKIEHT POOUTHCA
caMe Ha 3arajbHe CIPUHHATTS 3100yBayaMu piBHA
SKOCTI OCBITHIX TOCIHyr. [ nmyXe omocepeaKoBaHO
BPaxOBYIOThCS INTAHHS, PUCBAYEHI TAKOMY BaXKIIBOMY
KIII0YOBOMY mpouecy misiibHocti 3BO sk mpomec
po3pookun HM3. Tomy 3actocyBanus merony QFD mms
TiIBUIIEHHS PIBHA 33JOBOJICHOCTI CIIOKMBAYiB OCBITHIX
MOCIYT B paMKax BIPOBAKCHHS KOMIUIEKCHOI MOJEi
yrpasninas sikictio LSS [14, 18, 19] € BaxiuBum
MPaKTUYHUM 3aBJaHHAM yhpaBiinHs sikicTio 3BO.
Ipioputuzamis  ®B  KHM3 sk pesyasrary
KIIIOYOBOTO Tporecy aisbHOCcTI 3BO «Po3podbka HM3
OCBITHBOTO  IPOIIECY» 3 METOK MaKCHMalbHOTO
3a70BOJIEHHS ~ 3amuTiB  3100yBauiB  3BO  Ta 3
ypaxyBaHHSIM II0Tpe0 CTeWKXoijepiB 3JiiicHeHa 3a
aJanToBaHuM aBTopamu aaropurmom QFD.

1) Houytu I'C.

Ockimbku  po3poOKa Ta  BOPOBaKEHHS B
HaB4yanbHHUN mporec HM3 € omHOYacHO CyKyIHICTIO
PO3pPOOKH OCBITHBO-HAYKOBOTO TPOAYKTY Ta HaaHHs
OCBITHBOT TOCIYTHM, TO JJIsi PO3POOKH MEperiKy
xapakrepuctuk ['C BHKOPHUCTOBYBAIUCH SIK METOJMKH
BU3HAYCHHS KJIIOYOBHX CIOXHBUMX XapaKTECPUCTHK
nocnyr B chepi ocsitu (ServQual, ServPerf, HEdPerf),
TakK 1 3arajbHi Cy4YacHi MiJIXOJU /IO OIIHIOBAHHS SIKOCTI
HAaBYAJBHOI JITEpaTypu SK OCBITHBOTO MPOAYKTY. B
pe3ynmpTaTi  OCTIMKCHHS, MPOBEACHOTO  CYMICHO
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BUKIaJadyaMd Ta 3700yBauamu ocBiTm Kadeapu  ¢akropy. Ilpoumeaypa  oOuYMCICHb — MMOJSTae€ B
iHpopMariiHo-BuMiptoBabHUX  TexHousorii  (IBT),  3HaxomkeHHI mucriepcii BCiX IHAMBIAyalbHUX OaJIbHUX
XapkiBChKUI HallOHAJILHUI VHIBEpCHUTET  OI[HOK 32 KOXXHUM 3aBIaHHAM 13  [OJAJBIINM
panioenextponikn  (XHYPE), Buokpemseno 18 migcymMoBYBaHHAM  IHMX  JHMCHepCciH  3a  BciMa

kmoyoBux xapaktepuctuk ['C  sxocti KHM3 sk
6a3oBoro 1 00OB’SI3KOBOTO komnoHeHTy HM3
HaBYAILHUX quciuIutid B 3BO:

1) IIpozopictb i 3po3yMimicTh
omiHtoBaHHs 3HaHb cTyaeHTiB (I'CL).

2) 3po3yMiNTiCTh 3MICTy Ta pe3yJIbTaTiB HaBUAHHSI
(re2).

3) UiTKiCTh, rPaMOTHICTh T& AOCTYIMHICTh MOZAAHHS
marepiany B KHM3 (I'C3).

4) BinnowigHicTe Yacy, HeOOXiZHOTO
3aCBOEHHS MaTepiaiB Ta okpemux tem (['C4).

5) BignoBiaHICTE 3MICTY OCBITHBOI TPOTpaMu
(OIT) (I'C5).

6) BinmosigHicTs TeM  MOpakTUYHHX  Ta
7abopaTOPHUX 3aHATH JeKiiiiHoMy MaTepiany (I'C6).

7) PiBHOMIpHICTH pO3IONLTY MaTepiary Mixk
temamu (I'C7).

8) BucBiTieHHS  cydYacHHX
npuknagaux gociimkeds (I'C8).

9) Hassuictre KHM3 y BimpHOMY HOCTYIi B
CNIEKTPOHHI# 6ibmioTerri g0 mouatky kypey (I'C9).

10) HaouHicTh Ta CTPYKTYpOBaHICTh IOJIAQHHS
marepianis (I'C10).

11) Axrtyamizamis 3MIiCTy TeM 3 ypaxyBaHHSIM
Bumor raiysi (['C11).

12) [IpakTHyHa CHpsSMOBaHICTh 10/1a4i MaTepiary
3 HaBEJCHHSM Ta TIYMayeHHSM IPaKTHYHUX MPUKIIAIB
(rci2).

13) CTpyKTypOBaHICTbH
cximannocti ([C13).

14) Jloriuni B3aemMo3B's3ku Mixk Temamu (I'C14).

15) Tuyuka opramizamis mogaui marepiany (I'C15).

16) HasBHICTP METOOUYHHUX PEKOMEHAAINN ISt
BUKOHAHHA MPaKTHYHHUX Ta JIaOOpaTOpHHX 3aBIaHb

KpHUTEpiiB

JJI

HayKOBUX Ta

3aBJlaHb 3a piBHeM

3apmaHHsAMA. [loBHa ¢opmyna koedimieHTa Ambda
Kponbaxa mae Takuii BUTIISII

o =(kk1] 20 , @

SD;

ne SD, - BIIXUIICHHS

k

2.(s07) -

i=1

CTaHJapTHE CyMapHHX

MOKa3HUKIB  ONHTYBaJbHUKA; cyma
qucrepcii  OanbHHUX OIIHOK 3a KOXXHAM IUTAHHAM
ONUTYBaIbHUKA; K  —  KUIBKICTB — [UTaHb  y
ONUTYBAJIbHUKY.

YV 3zaranmpHOMY BHTILII, KoedimieHT Kponbaxa
BU3HAYAEThCA  SIK  OI[IHKA  KOpEJsIiii  JaHOro
ONMUTYBAJIbHUKA 3 IHIIUM ONHTYBAaJbHHUKOM TaKoi camoi
JIOBXKMHHU 3 OJHIE] TCHEPAIbHOI CYKYIHOCTI 3aBOaHb. 3
dopmymn  koedimienta KponOaxa MoxkHa 3poOHTH
BHCHOBOK, IO HaJil{HI ONMUTYBaIbHUKHA MAalOTh OLIBIIY
JWCTIepCifo OaJbHUX OIIHOK 32 KOXKHUM 3aBIaHHSIM
ONMUTYBABHUKA (i, OTXKE, € OUTHII AUCKPUMIHATHBHAMH),
HDK HeHaailHi onutyBanbHUKH. Came Anbda Kponbaxa
SIK TTOKa3HUK HaJIHHOCTI OOYHCITIOETCS Ta My OTIKy€ThCS

UL TECTIB  HAIIOHAJBHOTO  MYJBTHIPEIMETHOTO
tectyBanus (HMT) B VkpaiHi.
Pesynprat  Bm3HaueHHs ~ Amnbpa  KponOaxa

po3pobienoro kommuiekcy I'C KHM3 3a momomororo
qucnepciitnoro ananizy ANOVA HaBezneHo B Tabiui 1.

Tabmums 1 — JIBodakropauit mucniepciitauii anamis 6e3
perutikanit ANOVA I'C (3nauyicts o =0,01)

(C'C16). Xapam;:gmcmm Cepenne Hucnepcist
. 17) HasiBHicTb nepeiky JTIOJTAaTKOBHUX Icl 3571429 0285714
normiGeroro s 1o (IC17). rez 3714286 | 0571429
18) KommuekcHwid minXix 3  IHTErparier Ics 4,571429 0,285714
cymikaux mucuuruiig (I'C18). rca 2,714286 0,238095
3mo0yBadui  ocBitHiXx mocmyr Kadeapu IBT r'cs 4,428571 0,285714
OIIHIOBAIIN BAXIIMBICTH XapakTepucTuk ['C 3a mkanoro I'Cé 3,571429 0,285714
Jlaiikepra (Big 1 — HaliMEHIII BaXJIMBa JI0 5 — HAWOLIBII rcr 2,285714 0,571429
BAOXJIMBA), a TakKoX oOIiHoBamu skictb KHM3 3a Ircs 4285714 0,571429
KBaJIIMETPUYHOIO IIKaJIO0 (Bix 1 — 30BCiM HESKICHO 110 rco 4,571429 0,285714
10 — nyxe sKiCHO). r'C10 3,571429 0,285714
2) Craructuuna  00poOKa  pe3ynbTaTiB _ 3a ICll 3,714286 0,238095
ZOTIOMOTOI0 JIUCTIepCiiiHoTro ananisy ANOVA. rci2 4,714286 0,238095
Jns migTBEpIKEHHS BIIACTHUBOCTI C(OPMOBAHUX rci3 2,571429 0,285714
xapakrepucTtk I'C skocti KHM3 3abe3nedyBatu CTiiKi I'cl4 3,285714 0,238095
Ta JOCTOBIpHI peakmii 3100yBadiB mix 4ac ManOyTHIX 1C15 4,428571 0,285714
ONHUTYBAHD OyB BHKODHUCTAHHIl METOJ PpO3PaXyHKY IC16 2857143 0,142857
KO?d).IHICHTy Anbpa KPOH6axa, SIKUH BBaXKAETHCA C17 3571429 0285714
HaWOTBII e()EKTUBHUM i/l Yac BU3HAYCHHS HAIIMHOCTI rCis 2428571 0285714

OIIIHKH BA&XJIMBOCTI OKPEMHX aCIHCKTiB 0a30BOTO

© 1.0. Momenko, O.B. 3amopoxens , 2025
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Cyma Mean Kpurepiit 3) 3abe3medeHHs ~ MPAaKTHYHOI  MiATOTOBKH
Jxepeno . P- . .

papianii [<P¥PaTIB Square F lsnauenns| Piepa 3100yBadiB 3 METOI0 HaOyTTs baxoBHx
(SS) (MS) Fer KOMIIETEHTHOCTEH i3 BpaxyBaHHIM BMMOT
Panku | 74,159 | 4,3622 |13,32|6,78E-19| 1,7238 CTEHKXONIepiB i3  BUKOPUCTaHHAM  NPHUKIAIIB
Cros6ui | 0,6032 | 0,1005 [0,3070| 0,9320 | 2,1887 MPaKTHIHOT JisutbHOCTI (DB3). . .
Toxutxa | 33,307 0.327 4) BignoBigHicTh (OpPM Ta METOZIB HABYAHHS, K1
BUKOPUCTOBYIOTHCS B KHM3, BUMOI'aM
Yeporo | 108,16 CTYICHTOIIEHTPOBAHOTO  MIAXOMy Ta  NPUHIHIAM

Anbda akageMiuHoi cBobomu (DB4).
0,9249 . R
Kpon6axa 5) Hassricte B KHM3 3posyminoi indopmarii

3unauenns Anbgpa Kponbaxa 0,92>0,9 Bianosigae

BHCOKOMY  DIBHIO  BHYTPIIIHBOI  y3TOKCHOCTI
pe3ynbTariB OIIUTYBaHHSI. Tomy pe3ynbTaTtu
BU3HAUCHHS  BAXIMBOCTI  XapaKTEPUCTHK  MOXKHA

BUKOPUCTOBYBATH [uIs mogansioro QFD.

HopmoBani Barosi koediuientu xapakrepuctuk I'C
Oynu BH3HAueHI 3a pe3yJbTaTaMH OIUTYBaHHA Ta
JcriepciitHoro aHamizy (Tadn. 1) Ta HaBeneHi B TaOmi 2.

Ta6nuws 2 - HopMoBani Barosi koedirieHTH
xapaktepuctik ['C

Hopmosani
XapaKkTepUCTUKH .
rc parosi
KoeQilieHTH
Ircl 0,055066
rcz 0,057269
Ic3 0,070485
rca 0,04185
I'c5 0,068282
Icé 0,055066
rcy 0,035242
rcs 0,066079
rco 0,070485
rc1o 0,055066
rcii 0,057269
rci2 0,072687
rci3 0,039648
Irci4 0,050661
rcis 0,068282
Ic16 0,044053
rciz 0,055066
rcis 0,037445

3) Busnauenus OB.
®B 1o KHMS3,

BUKOHAHHsA AKHX JO3BOJIMTH

MakCUMaJIbHO  edekTuBHO  3amoBonbHUTH  [C,
po3pobneHi 3 ypaxyBaHHSAM HOPMAaTHBHHX BHAaHb
«Pexomenpmamii om0  3aCTOCYBaHHS  KpUTEpiiB

OIIIHIOBAaHHS SKOCTI OCBiTHROI mporpamm» (2020 p.),
«Po3’sicHeHHs ~ momo  3acTocyBaHHS  Kpwurepiis
OIIIHIOBAHHSA SIKOCTI OCBITHBOI IPOTpaMu: METOTUIHUI
mocioHnk» (2024 p.) Ta BHYTPIIHBOTO TOKYMEHTY
XHVYPE «llonoxeHHS MNpO KOMIUIEKC HAaBYaJIbHO-
METOJIUYHOTO 3a0e3MeYeHHs HABYATbHOT TUCIUILTIHN:

1) Biamosignicth o00csry wmarepiany KHM3
obcsry, nependaueHomy OIT (OB1).

2) BignosinHicTe CTPYKTYpH
HapuaneHoMy 1utany Ta 3micty OIT (PB2).

KHM3

IOI0 1ijied, 3MIiCTy Ta MpOrpaMHHUX pe3yJIbTaTiB
naByanus (OB5).

6) Bimnosignicte 3micty KHM3  cyuacHum
HayKOBHM JIOCSITHEHHAM Ta IpakTikaMm (DB6).

7) YiTkicTh Ta 3pO3yMITICTh (HOpPM KOHTPOIHHHUX
3aX0[iB Ta KpuTepiiB ouiHroBanHsA (DB7).

8) Odpopmnernns KHM3 3rigao 3 Bumoram ACTY
3008:2015 «ludopmaniss Ta moKyMeHTauis. 3BITH Y
chepi Hayku 1 texHiku. CTpykTypa Ta MpaBHia
otopmtoBanns» (OB8).

9) BigmoBimHicte  Wacy — po3poOkm  Ta
onpuwntogHeHHss KHM3 Bumoram Hakxazy XHVYPE Ne
170 Bix 02.06.2021 «IIpo HOpMH Hacy Ui IUIAHYBaHHS
W 00Ky HaBYaJIbHOI, METOJUYHOI, HAYKOBOI,
oprasizamiiHoi pobotu HAYKOBO-TIEIar OT19HIX
npanisaukis XHYPE» (®B9).

10) JocTymHicTh TIPOTPaMHHX 3aco0iB,
HEOOXIMHMX JJsl BUKOPUCTAHHS IPAaKTUYHHX Ta
naboparopuux pobit (PB10).

11) HasBHicTh cnaiia-JIeKIii, CTPyKTypa SKHX
BiZIMOBilae BUMoOraM JOKyMeHTY «llooxeHHs mpo
KOMIUIEKC  HaBYaJbHO-METOJIUYHOrO  3a0e3redeHHs
HaBYAILHOT quctumtinmy (GB11).

12) Onosnenns 3micty KHM3 we pimme 3a 1 pa3 Ha
5 pokH, a BHECEHHS KOPEKTHB, SIKi BPaXOBYIOTh HOBITHI
JIOCSITHEHHST HAYKH Ta TPaKTHKH, - KOKHOTO poky (PB12).

4) Po3paxyHOK KopensaniiHoi Marpuni 38’sa3Ky I'C
Ta OB.

Jdnst po3paxyHKy MarpHili B3a€MO3B’s3Ky OyJi0
NpoBeJIeHHs onuTyBaHHs 83 3100yBaviB kadenpu IBT
mozo omiaku I'C ta 10 BuKiIagagiB-excepTiB Kapeapu
IBT mono ouminku ®OB. O0’ekramMu OLIHIOBAHHS
Buctynunu 25 KHM3, BrnpoBamkenux Ha kadenpi IBT.
3a pesynbraraMH JIOCTIDKEHHS OYyJlIM po3paxoBaHi
koedimientn kopemsamii ['C Ta @B 3a popmymoro:

i1 i i
= 3

B CER e

ne X — @B i-roro KHM3, y, —I'C i-roro KHM3, N -
kinpkicte KHM3, N =25.

I'pannuHe 3HaueHHs KoedilieHTa  KOpesil
IMipcona mast N =25 Ta piBasg 3Hauymocti o =0,01
crangosuts I, =0,51.

Xy cr
PesynbraTil po3paxyHKy KOe(IIliEHTIB KOPEJIil
HaBEIEHO B TAOIMIN 3.
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Ta6muus 3 — Kopemsiniitna matpuns I'C ra @B
(HaBeIeHO TINBKH PE3yJIbTATH 31 CTATUCTHYHO 3HAYYIIOK KOPEIIALIE 3 piBHeM 3HauymrocTi O =0,01)

©Bl | ®B2 | ®B3 | ®B4 | ®B5 | ®B6 | ®B7 | ®B8 | ®BY | ®BI0 | ®BIL | ®BL2
rcl 053 | 055 - 058 | 0,86 - 0,92 - - - - -
rc2 | 058 | 062 | 066 | 052 | 0,93 - 0,76 - - - 053 -
I3 - 053 | 064 | 084 | 0,78 - - 057 - - 0,76 -
rca | 089 | 0,77 - 0,58 - - - - - - 0,71 -
rcs | 089 | 084 - - 0,56 - 0,61 - - - - 0,52
I'ce - 065 | 067 | 036 - 0,70 - - - - - -
rc7 | 067 | 056 - 0,59 - - - - - - - -
rcs - - 092 | 061 - 0,88 - - - 0,64 - 0,86
rco - - - 0,68 - - - - 0,93 - - 0,67
rcio - 057 | 091 | 079 | 053 | 081 - - - 074 | 066 | 061
rcil - 052 | 090 | 056 | 055 | 087 - - - 0,77 - 0,84
Ici2 - - 096 | 0,91 - 0,81 - - - 092 | 053 | 077
rci3 - 0,56 - 087 | 0,69 - 053 - - - - -
rcla - 0,64 - 058 | 061 | 063 - - - 0,58 -
ICis - - 058 | 0,87 - - - - - 075 | 0,69 -
ICl6 : 087 | 077 i - 069 | 0,66 - 0,95 - -
rci7 0,85 : 0,84 0,62 i - - 0,56 0,66
rcis - 073 | 077 | 071 0,53 078 - 0,53

5) Po3paxyHOK 0aHO(AKTOPHOI KOPEIALINHOI

marpuii OB.

Jis  BCTaHOBJICHHS LIBOBUX 3HA4YEHb
HEOOXITHUM € BpaxyBaHHS HAasBHOCTI
KOPEJLSIIMHUX ~ 3B’S3KIB  MDK  BCiMa

OB,
BHYTPIIIHIX
TEXHIYHUMU

xapakrepuctukamy KHM3 (®Bj). 3a pesynsTaTamu
excrieptHoro omiHoBanHA 25 KHM3 Buxmagagamu
kadpenpu IBT Oyno po3paxoBaHO  KOpPEIIIHHY
MaTpHuIlo 3a Gpopmyiioro (3) (tadi. 4).

Tabmuus 4 — Kopemsiiitna marpurs @B (HaBeaeHO TiNBKU pe3yIbTaTH 31 CTATHCTHYIHO 3HAYYIOI0 KOPEILSIIEIO 3 PIBHEM
3Hauymocri o0 =0,01)

®B2 | ®B3 | ®B4 | ®B5 | ®B6 | OB/ | ®B8 | ®BY | ®B10 | ®BIl | ®BI2
®BL | 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 R 0,66 0,59 R - - -
DB6 - - R - - 0,87
®B7 | 0,59 R - - -
®B8 R - - -
B9 - - -
®B10 - 0,76
®BI1 | 061

6) Moyt I'Cr.

Hdymky creiikxonnmepiB I'Ct Oyno BpaxoBaHO
po3paxyHkoM BaroBux koedimieHTiB ['CT 1iisi KOXKHOT
¢yHnkiioHansHoi xapakrepuctuku KHM3, BuzHaueHnx
3a  pe3yiabTaTaMH  EKCIIEPTHOIO  ONMTYBaHHA  §
NIPE/JCTAaBHUKIB  CTEHKXOJJEpiB Ta  CTaTUCTUYHO

Pesynpratn BusHaueHHs Anbdpa Kponbaxa I'Cr
KHM3 3a momomororo aucnepciitaoro ananizsy ANOVA
HaBeJCHO B TaOJHII 5.

3nauenns Anbda Kponbaxa 0,97>0,9 Bimmoimae
BUCOKOMY  DpIBHIO  BHYTPIIIHBOi  Y3TOJUKEHOCTI
pe3ynpTaTiB ONUTYBaHHA. 1OMY BaroBi KoeQiIlieHTH

00po6nennx 3a mertonom ANOVA s pospaxymkip 1 CT MOXHA  BHKODHCTOBYBATH JUIsi  TOJAJIBIIONO
3riano 3 hopmystoio (2). po3ropTaHHs HYHKIIT AKOCTI.
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Tabmuus 5 — JIBoakTopHuil qucnepciituuii ananiz 6e3

perutikaniit ANOVA I'Cr (3Hauymiicts o =0,01) Cyma Mean Kpurepiit
Jlxepeno . P- .
= . |kBagparis | Square F dimepa
Xapax?%);/lcmm Cepenne Muctepcist paptai (SS) (MS) SHACH Fer
I'Crl 1,714286 0,571429 Pankn 132,13 | 12,01 | 32,42 | 2,17E-22| 2,5290
?gg 3285714 0-573429 Cros6ui | 3,8333 06389 | 1,72 | 01291 | 3,0883
[ Cr4 1,571429 0,619048 Hoxubka | 24,452 | 0,3705
I'Cr5 2,285714 0,571429 Veporo | 160,42
I'Cr6 4,714286 0,238095 Amn(a
Ir'Cr7 2,428571 0,285714 Kponbaxa 0,969
I'Cr8 1,571429 0,285714
r'cr9 2,571429 0,619048
TCr10 4,285714 0,571429 7) To6ynioa House of Quality.
Cril 2714286 0,238095 3a pesymbTaTaMH MPOBEACHUX JOCIIIKEHb 1
r'Crl2 4,857143 0,142857 po3paxyHkiB Oynyemo HoQ (puc.1).
Hanpsiv noninmenns (1,0,]) 1 1 1 7 T 1 T 1 T 1 T T
1: Hu3pKHH, 5: Bucokuil | @ynkiionansHi BuMoru (PB) ®BI
. L. ®B1 | ®B2 | ®B3 | ®B4 | ®B5 | ®B6 | ®B7 | ®B8 | ®BY |®B10|DBI11
Barosuii koediniearI'C| T'onoc cnoxkusaua (I'C) 2
3,57 I'clt 053 [ 055 0,58 | 0,86 0,92
3,71 recz 058 | 062 | 0,66 | 0,52 | 0,93 0,76 0,53
4,57 res 053 [ 0,64 | 0,84 | 0,78 0,57 0,76
2,71 rca 089 [ 0,77 0,58 0,71
4,43 Ircs 0,89 [ 084 0,56 0,61 0,52
3,57 rce 0,65 | 0,67 0,7
2,29 rcr 0,67 [ 056 0,59
4,29 I'cs 0,92 | 0,61 0,88 0,64 0,86
4,57 rco 0,68 0,93 0,67
3,57 I'C10 057 [ 091 | 0,79 | 053] 0,81 0,74 1 0,66 | 0,61
3,71 Ir'Cl1 052 ( 09 | 056 |055] 087 0,77 0,84
4,71 I'Ci2 0,96 | 0,91 0,81 092 ] 053 | 0,77
2,57 Irci3 0,56 0,87 | 0,69 0,53
3,29 ICl4 0,64 0,58 | 0,61 | 0,63 0,58
4,43 Ir'C1s 058 | 0,87 0,75 | 0,69
2,86 I'Cle 087 | 0,77 0,69 | 0,66 0,95
3,57 rci17 0,85 0,84 0,62 0,56 0,66
2,43 I'Cis8 0,73 | 0,77 | 0,71 0,53 0,78 0,53
1inboBe 3HAYCHHS 100% | 100% [ 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100%
1: HU3BKHIA, 5: BUCOKHUIT Barogi koe¢imientn I'Cr 1,71 | 3,29 5 157 1229|471 243|157 2571429 271|486
AOGCOJIFOTHA BXKIIHBICTH 38,27 | 120,8 | 194,3 | 61,5 [68,62|144,7] 51,8 | 26,9 | 40,7 | 120,5]| 82,24 | 132
BimHocHa BaXIMBICTB, % 353 [1117[1796| 568 | 6,34 | 1337 4,79 | 249 [ 3,76 [11,13[ 7,6 | 122
I[pioputer 11 4 1 8 7 2 9 12 10 5 6 3

Puc. 1. HoQ KHM3

8) PospaxyHOK Ta mpioputusanis OB.

. 20
AbcomorHa BaxmBicTs |; koxHoi @B KHM3 s
A
pospaxoBana 3a popmyioro (1). 515
Bignocna Baxuicts Q, pospaxoBaHa 3a glo
dbopmymoro: b
]
Ii 0 4 g5
Q; =———-100%, 4) 5
2 =0
-1 E I N M T 0O © I~ 00 OO O «+H N
FrErrcEEEEZER
e L - xinekicts @B KHM3. L o 0w
CroBImunKoBa JiarpaMa KoeQillieHTiB BaKIIUBOCTI,
po3paxoBaHuX 3a Gopmysioro (4), HaBeJeHi Ha puc. 2. Puc. 2. Koedinientn Baxusocti B KHM3
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3 ngiarpamu (puc. 2) MOXHa 3pOOHMTH BHCHOBOK,
[0 BAXKITUBICT TEXHIYHUX XapaKTEPUCTHK PO3MOIiICHA
HepiBHOMipHO. Tomy motpibHO Bm3Hauntn ®B KHM3,
AKi  TMOTpeOyIOTh  NEpIIOYeproBoi  yBarm  WLIOJO
HAOIDKEHHS /IO [UTEOBUX 3HAYCHb.

[piopuruzamnis ®B KHM3 3gilicHeHa 3rigHO 3
npuniunomM [lapero (mpuammm «80 Ha 20%») (puc. 3).

20 o 100%
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80%
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60%

50%

40%

BIMIHOCHA BaM

HaKoNHYeHa Aona BipcoTkie, %

FR3 FR& FR12 FR2 FR10 FR11 FRS FR4 FR7 FR9 FR1 FRE

Puc. 3. iarpama ITapeto BaxsmBocti @B KHM3

Hdo npiopurethux OB, ski B mnepury uepry
MOTPIOHO TOJNIMITYBaTH JUIi JOCSATHEHHS IUTHOBHX
3HAYEHb, BiIHOCATHCS:

®B3 - 3abesneueHHs NPAKTHYHOI MiJITOTOBKH
3100yBauiB 3 METOI0 HaOyTTS (haxoBux
KOMIETEHTHOCTEH i3 BpaxyBaHHAM BUMOT

CTeWKXOmaepiB i3
MPaKTHYHOT iSUTBHOCTI.
®B6 - Bimnosignicts 3micty KHM3 cyuacHum
HayKOBHM JIOCSITHCHHSM Ta IPAKTHKAM.
®B12 - Onosnenns 3micty KHM3 He piarire 3a 1 pa3
Ha 5 POKH, a BHECEHHS KOPEKTHB, SIKi BPaXOBYIOTh HOBITHI
JOCSITHEHHS HAYKH Ta MPAKTHKH, - KOYKHOTO POKY.

BUKOPHCTaHHSIM  TPHUKJIAIB

®B2 - BignoBigHicte crpyktypu KHMS3
HapuansHomy 1uiany Ta 3micty OIT.

®B10 - JlocTynHicTh NpoOrpaMHHUX 3acoOiB,
HEOOXIZHMX JUIi BUKOPHCTaHHA INPAaKTHYHUX Ta

J1a00paTOPHUX POOIT.

®B11 - HasBHICTb claiii-IeKIiH, CTPYKTYpa SKHX
BiAMOBiae BUMoOraM JOKyMeHTY «lloyoxeHHS mpo
KOMIUIEKC ~ HaBYAJIbHO-METOIMYHOTO  3a0e3NeyeHHs
HaBYAIbHOT JUCIUILTIHIY.

®B5 - Hassricte B KHM3 3po3yminoi inpopmariii
o0 1IIiJIed, 3MICTy Ta IIPOTpaMHHUX Ppe3yJbTaTiB
HaBYaHHS.

9) BripoBajKEHHS KOPETYIOUUX 3aXO0/IiB

MeTor0 3ampOBaKCHHS PETYJIIOI0YNX 3aXOJiB €
MakcHMMallbHe HaOmmkeHHs mpiopuretHux DB 1o
LUILOBUX 3HAauyeHb, sKi craHoBiaaTe 100 %. Amaimis
B3aeM03B’s13Ky @B oz1Ha 3 0J1HOIO 03BOJISIE 3TPYIyBaTH
pETyoloYi  3aX0aM B 3aJEKHOCTI Bil 3HAYYMIOCTI
KoeiIieHTIB KOpesIii.

Ilepma rpyma ®B ckepoBana Ha 3a0e3nedeHHS
SKICHOT MIPaKTHIHO-OPi€EHTOBAHOL MiATOTOBKA
3100yBadiB 3 MAaKCHMaJbHUM ypaxyBaHHSM BHMOT
CTEHKXOJIZIEPIB Ta PO3YMIHHSIM OCTaHHIX HAyKOBUX Ta
NPUKITaIHAX JOCSATHEHb Y HaBYaNbHIlM nmucuumuiing. J{o
Hei Bxomate ®B3, ®B6 Ta ®B12 (koediuieHTH
Kopessiii € 3Hauymumu i craHoBiate 0,84, 0,81 Ta

0,87, BigmoBimHO). 3axomM MmOA0  MOKpAIICHHS
MOTOYHOTO CTaHy wiel rpynu OB:
- TPOBOAWTH HAYKOBO-TIPAKTHYHI  CEMiHApPH

Kadenpu 31 cTeHKXoNIepaMul Ha PeryJsIpHiA OCHOBI,

- 3BiTyBaty npo oHoBieHHs KHM3 pa3 na pik Ha
3acigaHHi kadenpu 3 HaBEIEHHSM IEepeNiKy HOBITHBOT
HaBYaJILHOT JIiTepaTypu Ta (paxoBUX MyOJiKarliii;

- 3BiTYBaTH ITIpO BiacHi myOumikamii B daxoBux
JKypHaJIaX 332 HAYKOBHM HaIPsSIMOM JTUCLUILIIHY.

Hpyra rpynma ®B (®B2, ®Bll Ta ®B5 3
koedinientamn xopemsimii 0,78 ta 0,66) crocyerbes
BIAITOBIIHOCTI DB KHM3 PEKOMEHIAIIAM
HamionanpHOro arenrcrBa i3 3a0e3NEUeHHs SIKOCTI
Bumoi ocBitn (HA3SBO) «Po3’scHeHHS 1040
3actocyBaHHS KputepiiB OLiHIOBaHHS SIKOCTI OCBITHBOI
nporpamm» (2024 p.)», BHYTPIIHBOI IOKYMEHTAIIil
XHYPE «llonoxkeHHss mNpo KOMIUIEKC HaBYaJIbHO-
METOAUYHOTO 3a0€3[eUeHHs HAaBYAIbHOI IUCLUILIIHUY
Ta OCBITHRO-Ipo(eciiinoi mporpamu OOIl  «SkicTh
NpPOJYKLii, MPOLECIB Ta MPOrpaMHOro 3abe3reueHHsD
nepiuoro (6akanaBpcbkoro) piHs Buinoi ocsitu i OOI1
«3abe3neyeHHs.  SKOCTI» Jpyroro (MaricTepchbKoro)
piBHA BHIIOi OCBITH. 3aX0aW MO0 HOKPAIIEHHS
norouHoro crany ®B apyroi rpynu:

- po3pobutu Ta BmpoBazuTH Ha Kadenpi IBT
KOHTPOJBHY (popMy 3BiTHOCTI mpo BiamoimHicTh OB
IJTHOBUM 3HAYEHHSAM 3a MOJACIII0 camoominku JJCTY
ISO  9004:2018  VmpammiHHa  sKicTIO.  SIKiCTB
opranizamii. HacTaHOBH MIOAO MAOCSATHEHHS CTAaJIOTO
yemixy (ISO 9004:2018, IDT);

- 3a pesyneraramu 3BiTy HIIII moBmHEH 3poOuTn
JIOTIOBI/Ib Ha 3acifaHHi Kadeapu.

3axomu, CKepoBaHI Ha JOCATHEHHS IILOBOTO
3naueHHs ®B10 - [loctynHicTh mporpamHux 3acoOiB,
HEOOXiMHUX JJIsi BHUKOPUCTAHHS IPAaKTUYHHX Ta
nabopaTopHUX poOIT, HACTYIIHI:

- 000B’513k0BO BBeCTH B cTpykTypy KHM3 po3uin
mix  HazBoro  «PexkoMmeHpmamii 3 BHKOpHCTaHHA
iHpOPMAIIHHIX TEXHOJIOTIH», B SKOMY HAaBECTH IEPEIIiK
NporpaMHUX  3aco0iB,  IHTEpHET-cepBiciB,  IHIINX
iH(pOpMAIIfHIX PEeCypCiB, SKi 3HAXOAATHCS Y BUTEHOMY
JOCTYTi, KOPIIOPATUBHUX MPOTPAMHHAX MPOIYKTIB
XHYPE, 6e3K0mTOBHOTO MPOTpaMHOTO 3abe3IedeHHS,
HEOOXigHMX a00 PEKOMEHAOBAHHX JJIS 3aCBOEHHS
Marepianry HaBYaJIbHOT TUCIUILIIHU;

- HaBeCTH pEeKOMEHAaWii INoJ0 3acTOCYBaHHA
MepeiueHnx MPOTPaMHUX  3aco0iB  Ta  IHTEpHET-
pecypciB 13  NpUKIaZaMHd  BHKOPUCTAHHS  JJIs
PO3B’sI3aHHS 3aBJaHb HABYAIBHOT TUCIUILTIHU.

IIpononoBanuii agantoBanuii anroput™ QFD moxe
3actocoByBaTHCh Ju1st 3BO BCix npodiieil HaBUaHHS, aje
SIKIO JUIS CHeIialTbHOCTEH ranmy3i 3HaHb G «[mKeHepis,
BHPOOHUUTBO Ta OYAIBHUIITBO» KOMILUIEKC CIIOXKHUBYHX
xapakrepuctTik  KHM3 3 po3paxoBaHMMH BaroBUMH
KoedirieHTaMu Ta KOMITJICKC BHOKPEMIICHHX
npiopuTeTHUX (yHKIiOHambHUX BuMor a0 KHM3
CIIBIIAJA€E 3 HABEJAECHUM B CTATTi, TO IJIs CHEIaIbHOCTEN
IHIIUX Taimy3edl 3HaHb MOTPIOHO MPOBEINCHHS OKPEMHX
JIOCITI/DKCHD 32 PO3PO0JICHOI0 METOAUKON ISl TIOBHOTO

© 1.0. Momenko, O.B. 3amopoxens , 2025

BpaxyBaHHSl Crelu(piYHAX OCOOJIMBOCTEH  MpOLECy
HaOyTTs CTyZleHTaMHU KOMITIETEHTHOCTEH, 110
BI/INOBIAIOTH PI3HUM TAITy3sIM 3HaHb.
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6. BUCHOBKH

CrarTsi TIpUCBSY€Ha JIOCHTIPKCHHIO MOXIIMBOCTEH
MIIBUIICHHS]  SKOCTI  CHOKHUBYMX  XapaKTEPUCTHUK
KIIIOYOBOTO TPOIECY OCBITHRO-HAYKOBOI isITBHOCTI
3BO «Po3pobka HM3 ocBiTHROTO mpomecy» 3a
JIOTIOMOT'OI0 IHCTPYMEHTY yrpaBiinHs skicTio QFD.

AHami3 OCTaHHIX MyOmiKamid, MPUCBIICHUX
3acTocyBanHio Metoay QFD nnst mokparieHHs mpouecy
HaJlaHHS  OCBITHIX  TIOCIYT, JOBIB  BiJICYTHICTb
JIOCHI/DKEHb YKPATHCHKUX HAYKOBIIB, CKEPOBAHUX Ha
T ABUINEHHS SKOCTI K OCBITHBOTO MPOIIECY B3araii, Tak
1 OKpeMHX KIIFOUOBHX IpolieciB aisuiibHOCTI 3BO, siki 6
BPaxOBYBaIl OCOOJHMBOCTI YKPaiHCHKOI'O OCBITHBOTO
cepenoBumia. JloBemeHa  BaKIUBICTh  JeTajizarlil
CIIOKMBYHX  XapPaKTEPHCTHK KOXKHOTO  KIFOYOBOTO
mpouecy 3BO, 3o0kpema, mporecy «Po3pooka HM3
OCBITHBOT'O TIPOLIECY.

OoOrpynroBaHo 3actocyBanus wmerony QFD, 1o
0azyeTncst Ha TexHOJoTii To0ymoBr HoQ, 1iist BUsBICHHS
Ta npiopuTh3alii  QYHKUIOHATBHUX  XapaKTEPUCTHK
KHM3, ski MaroTh HAWOUIBII TICHUH KOPENAIIHHUI
3B’S30K 31 CIOKMBUMMH ~ XapakTepUCTHKamMu. B
knacuyHuii - anroputm  Metony QFD  gomano eran
«ITouytm Tomoc  credkxomimepiB», MO0  IO3BOJIIE
BpaxyBaTH 3allUTH CTEHKXOJJEPIB IIOJ0 HaBYajbHO-
METOIMYHOTO MaTepiaiy, SKHM KOPHCTYIOThCS 3000yBadi
BUIOT OCBITH JUIsl HAOYTTS (paxOBHX KOMIIETCHTHOCTEH,
Ba)XJIMBUX JJIS1 MaiiOyTHBOT IIpoQeciitHOT qisUTHHOCTI.

ChopmoBaHo  koMIDIEKC 3 18  KIIIOYOBHX
cnoxuBunx xapakrepuctuk KHM3 3a pesymbratamu
ormutyBaHHs cTyzAeHTiB  kadeapu IBT (XHVYPE).
JloBeneHO  y3TOIDKEHICTh  C(OPMOBAHOTO MEPEIiKY
CHOKUBYMX XapaKTEPHCTHK 32 JOIIOMOTOI0 PO3pPaxyHKY
koedimieaty Anpda Kporbaxa (0,92>0,9 mma piBHS
snagymocti o0 =0,01). 3 ypaxyBaHHSIM HOPMATHBHHX
BUMOI' EKCIIEPTHMM METOJOM BHM3HA4YEHO IEpeliK
¢yHKIioHaNBHUX BUMOT 10 KHM3 11 MakcHManbHOTO
3aJI0BOJICHHS] TNO0aXaHb 3/100yBadiB BHIIOI OCBITH.
BcraHOBICHO TICHOTY KOPETSIIHHOTO 3B’S3Ky MK
(YHKI[IOHAJIbBHUMH Ta CIIOXXMBYMMH XapaKTEPUCTUKAMH
KHM3. BBeneno ta po3paxoBaHO BaroBi KOCQIIiEHTH
(bYHKIIOHATTbHUX XapaKTepUCTHK KHM3 3a

pe3ynpTaTaMH ONWTYBaHHS cTeikxonaepiB (Anbda

Kpou6axa 0,97>0,9 must pisust 3Hauymocti o =0,01).
3actocoBaHo TexHoNoriro HoQ i BU3HAYCHHS

BaXJIMBOCTI (yHKIIIOHaTBHUX Xapakrepuctuk KHM3. B

pe3ynbrari  OTpUMaHO  KOMIUIEKC  IPIOPUTETHHX
¢yukioHansHuX Xapakrepuctuk KHM3, Buokpemnennx
srigno 3 npuHiunoMm  Ilapero.  3ampornoHOBaHO
perymoroui  3axomu Uil HAOMIKEHHS  3HA4YCHBb

(YHKIIOHATBHUX XapaKTEPUCTHUK 0 HITLOBUX 3HAYCHb.

TakuM dYHWHOM, pO3POOJICHWH aNropuT™M MOill €
e(EeKTUBHUM IHCTPYMEHTOM JUIS IIIBHILEHHS SIKOCTI
KJIIOYOBHX ITOKa3HMKIB misiapHOCTI 3BO, a BHM3HaueHuid
KOMILJIEKC CTIOYKUBUHX 1 (DYHKIIIOHAIBHUX XapaKTePHCTUK
Ta Oe3mocepeHpo pe3ynbTaTn PO3paxyHKIB
MPUKIIATHOTO JOCIIDKEHHSI MOXKHA 3aCTOCOBYBaTH IS
TOKPAIICHHS PIiBHS 3aJ0BOJICHOCTI 3100yBadiB BHIIOT
ocBitTn skictio HM3 s Beix (axoBHX HaBYAIBHHX
JTUCIUILTIH Tany3i 3HaHb G [mKeHepis, BUPOOHUIITBO Ta
OymiBHUITBO. J[)Is crieriaIbHOCTEH HINKMX raiy3ei 3HaHb
NOTPiIOHO  TPOBENICHHS ~ OKPEMHX  JIOCHIUKEHb  3a
PO3pOOJICHOI0 METOJIMKOIO JUIsi TOBHOTO BpaxXyBaHH:
crempiuHUX ~ ocoOnMBOCTEl  mporiecy  HaOyTTA
CTYJICHTaMH  KOMIICTCHTHOCTEH, 10  BiANOBIIAIOTH
PI3HUM TaITy35IM 3HaHb.

7. llepcnieKTUBY NMOJAJIBIIUX JTOCTIIKEHb

[epcriekTUBH AOCTIIKEHb B JaHOMY HANPSIMKY
BOQYalOThCSI B TPOBEICHHI OKPEMOTO JIOCIIIKECHHS
100 BU3HAYEHHS KOMIUIEKCHOIO IIOKa3HHMKa SKOCTI
KHM3 3 Touku 30py 3m00yBaviB BHINOi OCBITH, SKe
Bm3HaunTh  sAkicte KHM3  1mo  BmpoBamkeHHsS
3allPOMOHOBAHMX PETYIIOIOYHMX 3aXOJ(iB, Ta MiCHs
peamizamii 3axoxiBe QFD. Meroro nocmimkenas Oyne
MiATBEPIKCHHS e(heKTUBHOCTI aanTOBAaHOTO
anroputMmy QFD nns mokpamenns sikocti HM3 B 3BO
VYkpainu. JIOBroTepMIiHOBI MEPCIEKTUBU JOCITIIKCHD B
JAHOMY  HANpsIMKy  [OJSITAlOTh Y  TOJANIBIIOMY
BIIPOBA/DKEHHI  IHCTPYMEHTIB ~ MOJIeNIi  YIpPaBIiHHS
skicTro LSS 1y migBuIeHHs SKOCTI IPOIIECiB B paMKax
CTBOPCHHS KOMILICKCHOI CHCTEMH YIPABJICHHS SKICTIO
3BO nHa 06a3i pekOMeHHaIiii cy4acHHMX MiKHApPOIHHUX
CTaHIAPTIB.
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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
1.0. 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, [.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 Ipi (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 | Ipi 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
Simple Dot Cosine Dot
-
Inverted Simple Dot | g | Double
A a4
Double Dot >4 Inverted Double
-
Inverted Double Dot .8 Line
LN

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].

&
- Line X
-
- Line ¥ f—
-
Round

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.;

c¢) 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

It should not contain poorly printed, overly light or dark spots

Normal optical density of the image

The print should not appear overloaded or oversaturated

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

1
2
3
4 |Clear gradation reproduction
5
6
7

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 CMYK 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).
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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).
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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

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?;

control light and dark shades with maximum and 3. ZCoated cardboard, matte surface, density
minimum optical density values (see Figure 2.2). 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 Ipi 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, 6 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 3 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

Ne Print quality indicator Baseline (reference) value Threshold 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 DbMOund Dzs% 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 Ipi 0,07 0,3 2,1 2,69 115,0
Line 200 Ipi 0,08 0,29 2,36 2,61 1253
300 Ipi 0,07 0,27 2,53 2,61 133,3
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 lpi, 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 DIOO% D75% K
150 lIpi 2,57 1,61 37

Round 200 Ipi 2,59 2,28 12
300 Ipi 2,61 2,41 8

150 Ipi 2,69 2,1 22

Line 200 Ipi 2,61 2,36 10
300 Ipi 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 Ipi 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 Ipi 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 |-5921] 462 | -26,5 |-59,6 | 46,4 | 264 -595| 46,4 | -259 [ -59.4 | 46,4 | -26,4 | -59,5
Magenta 46,4 744 | 45 | 46 75,6 | -48 | 46 75 -4,7 | 46,5 | 743 | 4,8 | 46 75 -4,7
Yellow 89,1(-10,2| 954 | 89,4 | -10,42| 97,3 | 89,6 |-103| 97 | 89,1 [-10,2| 95,9 | 89,6 | -10,3 | 97
Black 881 -03 1] -03 1] 69 -0,2 0 81 |1-02|-02| 87 |-021]-03] 81 |-02]-02
Red 47,7] 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 419]-66,8| 19,4 | 412 | -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] 19,6 | -42,6 | 17,8 | 20,9 | -433 | 18,5 | 20 |-43,5| 182 | 20 |-423| 185 | 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 oF with photorealistic quality as well as reproducing bright
Cyan 67 36 45 and saturated colors. A comparison of these gamuts
Magenta 61 66 5 with the offset printing range for coated paper shows a
Yellow % 3 38 very close match. The only noticeable difference is in
Black 7 5 71 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 Ipi 2,82
Round 200 Ipi 3,5
300 Ipi 7,2
150 Ipi 2,57
Line 200 1pi 4,34
300 Ipi 9,86
150 Ipi 2,9
Square 200 Ipi 4,6
300 Ipi 10,08
150 Ipi 3,5
Rhomboid 200 Ipi 5,02
300 Ipi 11,2
150 Ipi 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 lpi 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

References

but it almost blends into the colored background on the
reversal. However, this should not be considered as a
disadvantage, since in practice, texts printed in fonts
smaller than 6 points size are very rarely used — they are
difficult to read, especially with the naked eye. It is
recommended to use higher line screens and additional
font customization options for reproducing microfonts.

Additionally, for more effective collaboration with
clients, it is also recommended to develop a catalog
showcasing examples of advanced printing capabilities.

Usage of different raster structures with various
line screen options is one way to improve print quality
without additional financial costs, while simultaneously
expanding the product range and attracting consumer’s
interest.

1. ISO/IEC 24790:2017. Information technology — Office equipment — Measurement of image quality attributes for

hardcopy output — Monochrome text and graphic images.

2. Jypusk B.B., Tkauenkxo B.II., YeGoraproBa .b. Ctanmaptu B momirpagii Ta BUIaBHHYIHM crpaBi: HoBiTHUK. JIbBiB:

VAL, 2011. 320 c.

3. Chebotarova I., Vovk O., Chebotarov R., Mendiclieva M., Manakov V., Trunova T. Using the Delphi Method for
Expert Evaluation of Digital Images by Lightness. ACIT'2025 — 15th International Conference on Advanced Computer
Information Technologies. 2025. C. 55-58. DOI: https://doi.org/10.1109/ACIT65614.2025.11185761.

4. Bosk O.B. Opranizanis BupoOHIYOr0 mporiecy Ha moiirpadigaomy mignpueMcTsi «Popmar-Xapkisy. [lomirpadivmi,
MyJIbTHMeiiHI Ta web-Texnoorii. [aroBamii: Mmonorpadis. Xapkis: TOB «pyxapas Manpuny, 2022. C. 5-36..

5. Boek O.B., UeboraproBa Lb., ITonenox [I.B. JlocnimkeHHs ocoOaMBOCTel KOJIHOPOBIATBOPEHHS Ha MiANIPUEMCTBI

TOB «HAPI'YC». Radiotekhnika. 2022. Ne 209. C. 226-238.

6. TI'aepumr €.B., I'purop’eB O.B., YebGoraproBa I.b. Ominka skocti mmpoxodopmatHOro npyky. [loriepaciuni,

mynbmumeoitini ma web-mexnonozii. 2020. T. 2. C. 87-89.

7. T'purop’es O.B., BoBk O.B. Metposnoriuse 3a0e3rnedeHHs sIKOCTI mojirpadivnoi npoaykiti. [loniepagiuni, mynemumeoiiini

ma web-mexnonoeii. 2022. T. 1. C. 16-17.

8. TI'purop’ee O.B., BoBk O.B., Ilerperko A.l. Merponoriuyne 3abe3nedcHHs BHUPOOHHLTBA B YKpaiHi. [lonizpaghiumi,

MyremumeOitini ma web-mexronoeii. 2022. T. 1. C. 20-21

9. Tpurop’es O.B., Iloxun A.B., Boek O.B. Buau Ta 3aco0n BUMIpIoBaHb y MiCISAPYKapChKHUX Tporecax. Ilonizpagiuni,

MynbmumeOitini ma web-mexnonoeii. 2023. T. 1. C. 12-13.

10. JHoucekuit J.0. [ocmimkeHHs Crmoco0iB MiABHIICHHS SKOCTI ApyKy i tmbposoi Mmammuu Konica Minolta.
Ingpopmayiiini mexronozii 6 cyuacnomy ceimi: 0ocniodtcenns monooux eyenux. 2024. C. 116.
11. Kyns6uu LK., Jloronpka O.1. Oninka sikocTi BiOUTKIB npu muppoBoMy Apyui. Texnonoeia i mexuika Opykapcmea.

2013. Ne 4. C. 25-39.

12. ManakoB B.I1., YeGotaproBa 1.b., UeborapsoB P.I., MypagiioBa A.B. Po3pobka Ta anpo0ariis METOUKNA KOMILIEKCHOT
OLIIHKH PIBHS SIKOCTI (PIICKCOAPYKY EKCTPY31HHOT0 akoBaHHSA. [raektorid Nauki = Path of Science. 2016. Tom 2. Ne 4 (9), C. 18-32.

13. Tomenox /I.B., BoBk O.B. Cranmaprusarisi KOIbOpPOBIATBOPEHHS Ha IPYKApCHKUX MigmpueMcTBax 3 (uexcorpadii.
Toniepagiuni, mynemumeOiiini ma web-mexnonoeii. 2022. T. 1. C. 42-43.

14. Txauenko B.I1., Manakos B.I1. I{ludposuii onepatuBHuii 1pyk: HaB4. nmocioHuk. Xapkis: XHYPE, 2007. 236 c.

15. Tkauenko B.II., YeGoraproBa 1.b., Kupuuok I1.O., I'puropoBa 3.B. EHumkioneniss BUIABHHYOI CHpAaBU: HaBY.

nocioauk. X.: XHYPE, 2008. 320 c.

16. Uebotaprosa [.b., Manakos B.II. [locmimkeHHs 3aco0iB Ta METOJIB yNpaBIiHHSA SKICTIO Ha HmiAnpueMcTBi «BypyHIH i
K». [Tonirpagiuni, MyasTuMeiiiai Ta web-texHouorii: MoHorpadis. Xapkis: TOB «pykapus Manpumy, 2021. C. 164-188.

17. Kynunuenko ML.IL, 3yGuenko M.I'., Yaban M.A., UeGorapeBa I.b. Texmuoioris Flat Top Dots y BuroroBHHi
(hrexcorpadcrku qpykapcbkux Gopm. bionika inmenexmy. 2016. Ne 1(86). C. 149-154.

18. Ansystem. ilBasic Pro UVcut

(Eye-One

Basic Pro uv Cut). URL:

https://www.ansystem.com/gretagmacbeth/?code_no=2731559#description (nara 3seprenns 22.08.2025 p.).

19. Ansystem. X-rite 518 SpectroDensitometer.
3sepHeHHs 22.08.2025 p.).

URL: https://ansystem.com/gretagmacbeth/?code no=5602106 (mata

20. Khlynyna S., Vovk O., Chebotarova 1. Prospects for using artificial intelligence for book layout. Jovenes en la ciencia.
2024. Ne 26. https://www.jovenesenlaciencia.ugto.mx/index.php/jovenesenlaciencia/article/view/4236/3717.

21. AccurioPress  C6100/C6085

COLOUR PRODUCTION  PRINTING

SYSTEM QUICK GUIDE. URL:

https://tilematikidirect.gr/wp-content/uploads/accuriopress-c6100-c6085_quick-guide en 1-1-0.pdf (zata 3Beprenus 22.08.2025 p.).

22. lurenektyanpHUil KOHTponb sAkocti 3 1Q-501.

3BepHeHHs 22.08.2025 p.).

URL: https://www.konicaminolta.ua/uk-ua/solutions/iq-501

(mata

23. Sharma G. The Digital Color Imaging Handbook. New York: CRC Press. 2003. 764 p.

Haniiitma (Received) 05.09.2025
Ipwuitnsta no aApyky (accepted for publication) 20.09.2025

90 © 0O.V. Vovk, 1.B. Chebotarova, D.O. Donskiy, R.I. Chebotarov, 2025



Metrology and Instruments 2/2025 MeTponoria Ta npunagm
Qualimetry and quality assurance KBanimeTpisi Ta 3ab6e3ne4eHHst AKOCTi

Bigomocrti nnpo aBTopiB / About the authors
Bosk Onexcanap BosoanmupoBuy — KanaunaT TeXHIYHUX HayK, JOIeHT Kadenpu MeniacucteM 1 TexHoorid XapKiBChKuit
HAIllOHAJILHUH YHIBEPCUTET pajioenekTpoHiku, E-mail: oleksandr.vovk@nure.ua, ORCID: https://orcid.org/0000-0001-9072-
1634
Vovk Oleksandr — PhD, Associate Professor, MST Department, Kharkiv National University of Radio Electronics, E-mail:
oleksandr.vovk@nure.ua, ORCID: https://orcid.org/0000-0001-9072-1634

YeboTaproBa Ipuna BopuciBHa — cT. BuKiL. xadenpu MeaiacucteM i TeXHONIOTIH XapKiBChKUI HAIIOHATBHUHN YHIBEPCUTET
panioenexrpoHniky, E-mail: iryna.chebotarova@nure.ua, ORCID: https://orcid.org/0000-0003-0105-4484

Chebotarova Iryna — Sr. Lecturer, MST Department, Kharkiv National University of Radio Electronics, E-mail:
iryna.chebotarova@nure.ua, ORCID: https://orcid.org/0000-0003-0105-4484

Jonchkuii JImutpo OunexcanapoBuy — acmipant kadpeapun MeniacucteM 1 TexHojoriii XapkiBCbKuil HaliOHaIbHUI
yHiBepcuTeT pamioenekrponiku, E-mail: dmytro.donskyi@nure.ua

Donskiy Dmytro — PhD Student MST Department, Kharkiv National University of Radio Electronics, E-mail:
dmytro.donskyi@nure.ua

Yeborapnos Pycian Iroposud — acnipant, kadeapu Meniacucrem i TexHosoriii XapKiBCbKHIl HalliOHAJTBHUN YHIBEPCUTET
panioenekrponiky, E-mail: ruslan.chebotarov@nure.ua, ORCID: https://orcid.org/0000-0002-1191-775X

Chebotarov Ruslan — PhD Student MST Department, Kharkiv National University of Radio Electronics, E-mail:
ruslan.chebotarov@nure.ua, ORCID: https://orcid.org/0000-0002-1191-775X

Cnoco0u nmiiBUILEHHS AKOCTI APYKY MJis Hupposoi apykapcebkoi mamunu Konica Minolta 6085
0O.B. Bogk, I.b. YeboraproBa, /[.0. loucekuii, P.I. YeGoTaproB

AHoTamuist

B po6oTi mpoBeneHO AOCIHIIKEHHS OCOONMBOCTEH BHUKOPHCTAHHS PI3HUX PACTPOBHX CTPYKTYpP 3 PI3HOK (HOPMOIO
TOYKH 3 ypaxyBaHHSM THUIIOBHX PEKOMEHIAIil BUPOOHUKIB JPYKApPCHKUX MAIIMH Ta 0COOJMBOCTEH APyKapChKOI MaIlHMHU
Konica Minolta 6085 mis miaBUINEHHS SIKOCTI APYKOBaHO! NMPOXYKLil. 3acTOCYBaHHsS PI3HUX TEXHOJOTIH pacTpyBaHHS
JIO3BOJISIIOTh HE TUIBKM BHPILNIYBaTH KJIACHYHI HPOOJIEMH YTBOPEHHS Myapy, 3€pHHMCTOCTI, IOJINIIEHHS IUIABHOCTI
NpYKyBaHHs HAamiBTOHIB Tomlo, ane i Ounblr crermbiuHi 3amadi. 3acTocyBaHHs Pi3HHX (OPM pacTPOBUX TOYOK B
u(ppPOBOMY YL MOXXKHA BUKOPHCTOBYBAaTH JUISl PO3LIMPEHHS KOJIPHOI ramMu; KOMOiHALis CTOXacTHYHOrO PacTpyBaHH,
pi3HEX (OpM TOUOK Ta BHUCOKOI JiHIaTYypH MO3BOJISIE IMITyBaTH pi3HI JOPyKapchKi IMpomecd i poOiTH OimbIn sKiCcHI
KOJIbOponpoOu. J1is OIIHKH SKOCTI APYKY Po3poOIeHO MOKa3HUKH SIKOCTI HUPPOBOTO APYKY Ta 3p0OJICHO KBaTiIMETPUIHE Ta
EKCIIepTHE OLIHIOBAHHS 3pa3KiB. 3a pe3yJIbTaTaMH OLIHIOBAaHHS PO3pOOJIeHI peKkoMeHaamii Moo BUOOpy BUAIB pacTpiB 3a
BUJIaMH OPUTIHAJIB Ta 32 MaTepialaMi.
KurouoBi ciioBa: undposuii; IpyK; oLiHKa; SIKICTh; CTOXaCTHYHUIL; pacTp; pacTpyBaHHs; JiHIaTypa.
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