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CUCTEMHWUN AHATNI3 TA HAYKA NPO OAHI
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DYNAMIC LOGISTIC REGRESSION MODELING FOR BANKRUPTCY RISK PREDICTION
IN UKRAINIAN BUILDING SECTOR

Background. Financial distress and bankruptcy forecasting has gained significant importance in the
context of post-war economic recovery and restructuring of Ukrainian industries. Firms in the building-
and-construction materials sector operate under high uncertainty, where early detection of insolvency risk
is crucial for maintaining financial stability. Logistic regression models, widely used in environmental and
risk analytics, can be adapted to represent the nonlinear transition from solvency to bankruptcy as a proba-
bilistic process.

Objective. The paper aims to develop and evaluate both static and dynamic logistic regression mo-
dels for predicting the potential bankruptcy of a representative Ukrainian building-materials manufacturer.
The dynamic extension seeks to capture the temporal persistence in financial performance through lagged
predictors.

Methods. A synthetic monthly dataset (5 years, 60 observations) is generated to simulate realistic
financial ratios, including liquidity, leverage, profitability, efficiency, and interest coverage (solvency). The
models are estimated in MATLAB using maximum-likelihood logistic regression with L2 regularisation
(ridge penalty) to retain correlated predictors. The dynamic model incorporated one-period lags of all
financial ratios and the one-period-lagged response. Predictive performance is assessed by accuracy, preci-
sion, recall, Fl-score, and the confusion matrix.

Results. The static logistic model achieved an average accuracy of around 89 %, yet it failed to predict
two bankruptcy-risky months out of six ones. The dynamic model improved performance to 94 % accuracy,
without missing a bankruptcy-risky month, but falsely labelling a non-risky month as bankruptcy-risky one.
The signs of estimated coefficients are consistent with economic logic: higher leverage increases bankruptcy
probability, whereas greater liquidity, profitability, efficiency, and solvency reduce it.

Conclusions. Dynamic L2-regularised logistic regression provides an interpretable and computatio-
nally efficient framework for early bankruptcy prediction in Ukrainian industrial firms. The inclusion of
lagged financial indicators enhances predictive stability and timeliness, enabling practical early-warning
applications.

Keywords: bankruptcy prediction; logistic regression; dynamic modelling; financial ratios; L2 regula-
risation; early-warning system; Ukrainian building sector.

Introduction formations and unstable market conditions [1, 2]. In
Ukraine, the construction and building-materials sec-

The probability of firm bankruptcy remains one tors have faced recurrent disruptions caused by mac-

of the central concerns in modern financial analytics, roeconomic turbulence, exchange rate volatility, and
especially in economies exposed to structural trans- evolving regulatory frameworks. These circumstances

IIponosuuis nis nutyBanus miei crarti: B.B. PomaHiok, «Mogesi nuHamMiuHOI JTOTICTUYHOI perpecii /17151 TPOTHO3yBaHHS
pU3UKy OaHKpyTCTBa y OymiBedbHiil ramysi Ykpainw», Haykoei eicmi KIII, No 1, c. 7—18, 2026. doi: https://doi.
org/10.20535/kpisn.2026.1.350247

Offer a citation for this article: Vadim V. Romanuke, “Dynamic logistic regression modeling for bankruptcy risk
prediction in Ukrainian building sector”, KPI Science News, No. 1, pp. 7—18, 2026. doi: https://doi.org/10.20535/
kpisn.2026.1.350247
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increase the risk of financial distress among manufac-
turing enterprises and, consequently, create the need
for quantitative models capable of providing early
warning signals about potential bankruptcy. Reliable
bankruptcy prediction models not only help firms as-
sess their own financial sustainability but also support
creditors, investors, and policymakers in managing
credit and investment risks more effectively [3, 4].

A considerable body of research on bankruptcy
prediction has emerged since the mid-20th centu-
ry, ranging from discriminant analysis [5] and logit
models [6] to more recent approaches employing
machine learning and hybrid ensemble techniques
[7, 8]. Among these, logistic regression continues
to occupy a prominent position because of its in-
terpretability, robustness, and statistical groun-
ding [9, 10]. Logistic models explicitly connect the
probability of bankruptcy to a vector of financial
indicators (such as liquidity, leverage, profitability,
and efficiency), allowing the analyst to quantify the
marginal impact of each ratio on the likelihood of
financial failure. Moreover, unlike linear discrimi-
nant methods, logistic regression does not impose
the assumption of normally distributed predictors,
which makes it particularly suitable for financial
data often characterised by skewness, outliers, and
bounded ratios [11].

While static logistic models have proven use-
ful, they fail to account for the temporal dynamics
inherent in financial distress processes. A firm’s
transition toward insolvency rarely occurs as a sud-
den event. Instead, it develops gradually as liquidity
deteriorates, leverage increases, or profitability de-
clines over successive periods. Therefore, incorpo-
rating lagged predictors into the logistic framework
enables one to capture persistence and delayed ef-
fects of financial indicators on bankruptcy risk. This
leads to a dynamic logistic regression model, where
the current probability of bankruptcy depends not
only on present-period ratios but also on their his-
torical trajectories.

However, the inclusion of multiple correlated
and lagged predictors increases the risk of multi-
collinearity and model instability. To mitigate this,
L2 regularisation (ridge penalty) can be introduced
into the likelihood function [12]. Regularisation
shrinks coefficient magnitudes toward zero without
eliminating predictors entirely, thereby preserving
all available financial information while controlling
overfitting [13, 14]. This makes the model more sta-
ble and generalizable, particularly when the num-
ber of predictors approaches or exceeds the number
of observed periods, which is a typical limitation in
firm-level bankruptcy datasets.

Problem statement

The objective of this study is to construct and
analyse a regularised dynamic logistic regression
model for bankruptcy prediction in the context of a
Ukrainian building-materials manufacturer. A syn-
thetic dataset will be generated to emulate realistic
financial ratios and their temporal dependencies,
reflecting the operational specifics of a mid-sized
construction-related enterprise. The model will be
estimated by maximum penalised likelihood, with
predictive performance evaluated through classifi-
cation metrics such as accuracy, precision, recall,
Fl-score, and the confusion matrix. The results
will illustrate how the proposed approach can pro-
vide interpretable and quantitatively consistent in-
sights into bankruptcy risk even in data-constrained
environments.

Notation and dynamic logistic model

Let b(7) be the indicator of bankruptcy at time
period ¢ for the firm: A(f) = 1 means the bankruptcy
in the next period, b(f) = 0 means no bankruptcy in
the next period. Let

X(1) =[x, (1)],., €R" (1)

be a vector of contemporaneous financial ratios ob-
served at period . We also include lagged values up
to L lags of predictors and N lags of the response.
Define the stacked predictor vector:

Y (=[5 (0] R 2)
by _
v (t)=x,(¢) for k=1,K and y, (t-1)=x,(t-1)
for k:L_K and /=1, L. ©)
The vector of lagged responses is
B_, (1)=[b(t= /)],y €Us, cRY, )

where IU(’)V_ , Is the unit hypercubic lattice in RY

whose vertices are of only 0’s and 1’s.
The dynamic logistic model assumes that

h{ P[b(1)=11Y,, (1):B_y (1)] J
1—P|:b(t):1|Y(L+1)K (t);BfN(t)]

(L+1)K N

=Q, + z aiy[(t)+zujb(f—j):

=0 +A(L+1)K '[Y(L+1)1< (t):|T +MN '[B—N (t)]T , (5)
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where
P[b(t):”Y(LH)K (1);B_y (t):|:pt (6)

is the conditional probability of bankruptcy at time
period 7 + 1, denoted by p,,

A(L+])K = [at]1x(L+1)K eRUE 7
is a vector of (L + 1)K model predictor parameters,

MN :[H.f]lxN eR” (8)

is a vector of N model lagged-response parameters,
and o, is the intercept parameter [9].

So, overall there are K contemporaneous and
LK + N lagged predictors in model (5), gathered in
vectors (7) and (8), respectively. We estimate them
by penalised maximum likelihood with an L2 (ridge)
penalty:

o ax }[Z[b(t)ln p, +(1=b(t)In(1- p,)]-

(=1
(L+D)K

N
= ) af-g;ui.],

where conditional probability (6) is deduced from
(5) as

b= [1 +exp(—oty = Ak [Yiax 01" -

M, [B_,0N]".

and where A is the regularisation hyperparameter,
A>0. The ridge (L2 regularisation) is chosen because
it shrinks coefficients (mitigating variance and mul-
ticollinearity) without performing variable selection;
this preserves all financial ratios and their lags for
interpretation.

)

(10)

Table 1. Main financial ratio categories used as predictors

Synthetic data design for a building-materials
manufacturer in Ukraine

We must generate a realistic synthetic time se-
ries of financial ratios for a mid-sized building-ma-
terials manufacturer and a corresponding binary
outcome indicating whether the firm will declare
bankruptcy in the next period. Our time span is five
years with monthly observations (quarterly observa-
tions might have fitted better, but this would elon-
gate the span to 15 years, which is quite unreliable
due to the current situation in Ukraine). Denote
the time span length by 7 = 60. This gives enough
temporal depth for lagged effects while remaining
plausible for a single firm.

In our synthetic dataset, the total number of
predictors (independent variables) corresponds to the
main financial ratio categories presented in Table 1.
The liquidity below 1 is considered weak, whereas
the liquidity above 3 may mean over-capitalised. For
many manufacturing firms the leverage is about 0.4
to 1.0. Capital intensive sectors may accept higher
leverage, but beyond 1 it is often seen as riskier. The
profitability is very dependent on industry margin
norms; the building-materials sector may have lower
profitability due to cost-and-price pressures. For
many manufacturing firms the profitability is about
0.05 to 0.15, and value 0.2 is considered top strong.
The efficiency for manufacturing might be 0.5 to 2.0
times per year, but the efficiency ratios vary huge-
ly: inventory turnover, receivables turnover, asset
turnover — all have different benchmark ranges. The
solvency above 3 is often considered safe, whereas
values below 2 indicate risk.

To approximately cover the typical ranges of
the predictors, we generate their values with using

Name of the . Financial Example formula Typical Role in bankruptcy
. Denotation . . . L
predictor meaning (simplified) benchmark range prediction
. . Current assets / Low — risk
Current ratio x,() Liquidity Current liabilities 0435 of insolvency
Debt-to-equity Total debt / High — risk
. L . .1-0.
ratio x(1) cverage Equity 0.1-0.95 of default
- Net income / Low or negative —
Return on assets x.(7) Profitability —0.15-0.20
3 Total assets poor performance
. L ineffici
Asset turnover x,(1) Efficiency Sales / Total assets 0.2-2.0 ow = inelficient
resource use
EBIT i i .
Interest coverage . (earnings before Low — high debt
. x,(1) Solvency interest and taxes) / 0.5-6.5 ..
ratio servicing stress
Interest expense
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values p of uniformly distributed random variable on
interval (0; 1):

x(1)=0.8+1.2p, (11
x,(1)=02+1.8p, (12)
x,(1)=-0.05+0.15p, (13)
x,(1)=03+1.2p, (14)
x(1)=0.5+6.5p. (15)

The descriptive statistics of the dataset is presented
in Table 2, where we can see that the data generated
by (11)—(15) are successfully covered by plausible
real-world ratio intervals in Table 1.

Table 2. Descriptive statistics of the synthetic time series for a

building-materials manufacturer in Ukraine

and decides whether b(7) = 0 or b(7) = 1 based on

them. The stakeholder (owner) does not know any-

thing about those parameters (7) and (8) or model

(10). So, a realistic way of assigning the value of

b(?) (binary risk of bankruptcy) must be based on

only values of liquidity, leverage, profitability, effi-

ciency, solvency at a time ¢ and, plausibly, at a few
previous time periods 7 — 1, ..., f — L. For instance,

b(r) = 1if x,(#) > 1.025, but b(r) = 0if b(¢r— 1) = 1.

Above that, b(f) = 0 if the values of liquidity, profi-

tability, efficiency, solvency are simultaneously

above their 90 % means.

The suggested way of generating a synthetic
dataset for a building-materials manufactu-
rer is very interpretable. Although it is brittle,
not smooth, and can lead to either many or
very few events unless tuned, it reflects the

Deno- | 5 dictor Mini- |\ oo | Maxi- | Standard | et economic instability and riskiness
tation mum mum | deviation | ¢ Ukrainian building-materials manufactu-
x,(r) | Liquidity 0.8218 | 1.4009 | 1.9944 | 0.3326 rers. The bankruptcy binary risk presented
x(1) | Leverage 0.2085 | 1.2088 | 1.9927 | 0.5201 in Fig. 1 openly exposes the situation for
x(1) | Profitability | —0.0496 | 0.0318 | 0.0972 | 00405 | the past five years, where the longest span

i without bankruptcy risk is just three months
x(n | Efficiency | 03036 | 0.9002 [ 14901 | 03777 | (there are three such quarters). This pia-
x,(f) | Solvency 0.5068 | 3.3272 | 6.9835 | 1.9405 no-like picture is quite realistic for a mid-

The total number of events b(f) = 1 is 22, which
is 36.67 % (Fig. 1, where higher and lower bars
correspond to 1 and 0, respectively). This number
is obtained by following interpretable if-then rules
built from the ratios in Table 1. This is due to a
stakeholder (owner of the firm), for example, sees
only the values of those five financial indicators

sized building-materials manufacturer in
Ukraine.

Estimation and software
In the case of five predictors and one lag, in-

cluding one-lagged-response predictor, model (10)
is simplified to:

|

1234567 8 91011121314151617 18 1920 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60

Fig. 1. Binary risk of bankruptcy (higher bars) throughout 60 periods
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P[b(t)=1]Y,,(¢);B_ (¢)]=p, =
=[1+ exp(—ay = Ay [V ()] =M, [B, (1)])]

= [1 + eXP(_O% Ay [V (t)]T R _1)):|_1- (16)

-1

Dynamic logistic regression model (16) is built by
solving problem (9) as

Z(OLO A '[Ylo (tl )]T +H 'b(tl _1)) +

HeTy

+ZT:1n(ao +A[Y, (t)]T T 'b(t_1)>_

max
{o. Ay i}

7\1 10 ) 7\‘ )
AN L 17
2 — az 2 ul ( )
by L
b(t) =1Vt eT, c{l,T} and
(18)

bty =0 vee{{L.TI\T,}

If all the lags are ignored, dynamic logistic regres-
sion model (16) is further simplified to a static logis-
tic regression model:

Pb(1)=1|X,(1)]=p, =
[1+exp(—a, - As - [X(1)]') ]

Static logistic regression model (19) is built by sol-
ving problem (9) as
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by (18). To estimate performance of both models
(16) and (19), we use the initial 70 % of chrono-
logical data for training and last 30 % for testing
(temporal split) to emulate forecasting performance.
So, the size of the training set is 42. For the case of
static model (19) the size of the test set is 18, and for
the case of dynamic model (16) the size of the test
set is 17 due to the lag. It is worth noting that the
number of nonzero risk indicators in the test set is 6
(it is well seen in Fig. 1), which is about one third
of the test set size.

We use MATLAB-function “lassoglm” with
“binomial” family and the parameter of the pure
ridge [15, 16] to perform penalised logistic regres-
sion by sweeping A between 0 and 0.1:

relo w107 fw107) (w107} 1)

Then a L~ is selected such that optimises the perfor-
mance metrics, including:

1) accuracy (fraction of correctly predicted
days), which is to be maximised;

2) precision, recall, Fl-score for the bankrup-
tey class, which all are to be maximised;

3) confusion matrix whose integer entries of
True Positive (TP) and True Negative (TN) are to
be maximised, while False Positive (FP) and False
Negative (FN) are to be minimized.

Before running the optimisation problem within
MATLAB-function “lassoglm”, all the predictors
are standardised by subtracting the mean value over
the training set and dividing by the standard devia-
tion over the training set [12, 17, 18]. That is, both
the training and test sets are standardised. This al-
lows applying the penalty evenly [15].

We establish the simplest way to predict the
bankruptcy risk. If p, > 0.5 then the bankruptcy
in the next period is predicted; if p, < 0.5 then no
bankruptcy in the next period is predicted. The case
p, = 0.5 is not excluded, though; if it occurs then
the next period (which is 7 + 1 here) is declared the
0.5-uncertainty-bankruptcy period. In fact, this case
is almost as bad as the case p, > 0.5.

Results and interpretation

First we try static model (19) over set (21). The
best value of A is A* = 0.07, where static model (19) is

P[b(t)=1|Xs(1)]=p, =
=[1+exp(0.6111+0.3614x, (1)—0.8290x, (¢)+

+0.4264x, (1) +0.1576x, (1) - 0.2507x,(2))]  (22)

at which the FN number is 2, while there are no FP
predictions, Owing to that, the precision is 100 %.
The accuracy is 88.89 %, which is usually said that
it could be better. Due to the two bankruptcy-risky
periods unseen by the static model (Fig. 2), the re-
call is 66.67 % being unsatisfactory. The F1-score
is 80 %, which is not considered acceptable as well.

However, as we look closely at Fig. 2, the weak
inaccuracy of static model (22) appears even worse.
The matter is that the predicted probability polyline
is squeezed and thus many non-risky periods have
not really low probabilities, whereas bankruptcy-risky
periods have not really high probabilities. In fact,
the predicted probability varies between 0.0719 (at
t=1352) and 0.7993 (at ¢ = 55). Moreover, Fig. 2 reveals
that there are two periods (1= 51 and = 54), where the
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predicted probability is very close to 0.5 (p;, = 0.4995
and p,, = 0.4905), that is the 0.5-uncertainty-bank-
ruptcy periods factually ensue.

Fig. 2. The test set of 18 periods for static model (22) and the
square-marked predicted probability, where the black
horizontal line is at 0.5 level (the two bankruptcy-risky
periods at = 45 and ¢ = 58 are left unseen by the model)

Besides, there is another pretty strange mo-
ment in static model (22): this is the positivity of the
solvency coefficient o, = 0.2507, which means that
the increasing solvency must raise the probability
of bankruptcy. By its absolute value this coefficient
is far less than the leverage coefficient a, = 0.8290
(whose positivity is quite natural and understand-
able), but still it is more influential than the effi-
ciency coefficient o, = —0.1576. This and the other
inconsistencies mentioned above prompt to try in-
cluding lagged predictors into consideration, as their
influence may rectify predictability and improve
performance of regression models.

Hence, subsequently, we try dynamic model
(16) over set (21). The best value of & is A* = 0.007,
where dynamic model (16) is

P[b(t)=1]Y,, (1);B_ ()] = p, =
=[1+exp(1.8066 +0.0868x, (1) —2.6287x, () +
+1.0353x, (£)+0.2122x, (£) + 0.1474x, (1) +
+0.0762x, (1 =1)+0.7351x, (1 —1)— 0.6606x, (1 —1)—
~0.7530x, (£ —1)+0.1537x, (t = 1) +

+2.5959 (¢ —1))] . (23)

Dynamic model (23) performs over the test set
of 17 periods far better than static model (22). In-
deed, including the lags helped not only increase the
accuracy up to 94.44 % and Fl-score to 92.31 %,
but also to stretch predicted probability polyline
(Fig. 3), whereas there are no FN predictions and
only one FP prediction (at # = 47). Now the pre-
dicted probability varies between 0 and 0.9971, and
there are no 0.5-uncertainty-bankruptcy periods
(despite py, = 0.5183, it is farther from the real-prac-

tice uncertainty, and this risky period has been cor-
rectly predicted). The performance metrics of static
model (22) and dynamic model (23) are presented
in Table 3 for comparability.

Fig. 3. The test set of 17 periods for dynamic model (23) and the
square-marked predicted probability, where the black
horizontal line is at 0.5 level

Table 3. Performance metrics of the static and dynamic
models for the synthetic 60-period time series in Fig. 1

Performance Static model Dynamic model
metric (22) (23)
Accuracy 0.888 889 0.944 444
Precision 1 0.857 143
Recall 0.666 667 1
F1-score 0.8 0.923077
TP 4 6
TN 12 11
FP
FN 2 0

Although dynamic model (23) drops the pre-
cision down to 85.71 %, it is caused by the sin-
gle FP prediction (which, obviously, is a way bet-
ter than having an FN prediction). The remaining
performance metrics indicate the clear advantage
of the lagged regression. Another optimistic pecu-
liarity of the one-lagged regression model is that
its coefficients at the five non-lagged predictors all
have interpretable signs — negative ones at liquidi-
ty, profitability, efficiency, and solvency, while the
leverage coefficient sign is positive. The lagged pre-
dictors do not completely follow this pattern as the
lagged leverage coefficient is negative, while the
lagged profitability and efficiency coefficients are
positive. The lagged response has a negative coeffi-
cient (u, = —2.5959) as well. However, this is com-
monly normal due to the following reasons:

1. Lagged predictors may flip signs because the
current ratios already explain most of the variation
in bankruptcy, so the lagged ones only capture left-
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over corrections, often producing opposite-direction
effects due to multicollinearity.

2. A lagged variable enters the model after its
current version, so its coefficient reflects changes
rather than levels; this naturally yields inverted signs.

3. Lagged response gets a negative sign be-
cause, in our synthetic setup, distress is reversible: if
the last period was distressed but today’s ratios look
healthy, the model learns a mean-reversion effect.

4. When distress does not persist automatical-
ly but depends on today’s fundamentals, the lagged
response serves as a “temporary shock indicator”,
leading to a negative coefficient.

Hence, the regularised dynamic logistic regres-
sion model (16) by (17) proves to be interpretable and

quantitatively consistent for bankruptcy risk prediction
of a building-materials manufacturer in Ukraine. De-
spite not very large training set (42 periods are used to
estimate 12 coefficients of the model), the lagged re-
gression successfully captures bankruptcy-risky periods
during 17 test set points for synthetic datasets genera-
ted by (11)—(15) with descriptive statistics similar to
that in Table 2. Nevertheless, the question is whether
the lagged regression model is enough robust and sus-
tainable. To answer this question, the synthetic dataset
should be extended and the respective model should be
tested on a much longer test span.

So, using the similar if-then rules built from the
ratios in Table 1, by which the bankruptcy binary
risk is generated for 60 periods (Fig. 1), we generate
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Fig. 4. Binary risk of bankruptcy throughout 600 periods, divided into 10 equal spans
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a synthetic 600-period time series of the bankrup-
tcy binary risk (Fig. 4). Herein, the total number of
events b(7) = 1 is 188, which is 31.33 %, and so we
keep roughly a one third of risky periods. The size of
the training set is 420. For the case of static model
(19) the size of the test set is 180, and for the case
of dynamic model (16) the size of the test set is 179
due to the lag. It is worth noting that the number of
nonzero risk indicators in the test set is 59 (it is well
seen and can be calculated in the three bottom spans
in Fig. 4), which is about one third of the test set
size. The 59 risky periods are almost equally scattered
throughout the test span (20, 19, and 20 risky periods
in the three bottom spans in Fig. 4).

When we apply static model (19) for the
600-period time series, the regularisation hyperpa-
rameter is set to L* = 0.07 for keeping congruence
with static model (22). In this way, our static model
(19) becomes one with interpretably signed coeffi-
cients (negative coefficients at liquidity, profitabili-
ty, efficiency, and solvency, while the leverage coef-
ficient sign is positive):

Plb(r) = 1IX(D)] = p, =

= [1+exp(1.0236 +0.0308x, (1) —1.0503x, (1) +
+0.2479x, (1) +0.1247x, (1) +0.2086x, (1))] . (24)

However, static model (24) performs poorly on
the 180-period test span: its accuracy is 72.22 %,

the precision is 60.47 %, while the recall and
Fl-score drop down to 44.07 % and 50.98 %, res-
pectively. The number of FN predictions is 33,
which is huge (55.93 %) with respect to the 59
bankruptcy-risky periods in the test span. The
number of FP is 17, so altogether the 50 false pre-
dictions constitute 27.78 % of the test set, which
iS quite unacceptable. In addition, just like static
model (19) for the 60-period time series, the pre-
dicted probability polyline is squeezed and again
many non-risky periods have not really low proba-
bilities, whereas bankruptcy-risky periods have
not really high probabilities (Fig. 5). In fact, the
predicted probability varies between 0.0433 (at
t = 437) and 0.7696 (at + = 502). Fig. 5 also re-
veals that there are four periods (7 = 442, t = 522,
t = 527, t = 578), where the predicted probability
is no farther from 0.5 than by 0.004, that is the
0.5-uncertainty-bankruptcy periods factually ensue.

For keeping congruence with dynamic mo-
del (23), the regularisation hyperparameter is set to
A*= 0.007 in applying dynamic model (16) for the
600-period time series. Then the respective dynamic
model (16) also has interpretably signed coefficients
at the non-lagged predictors (negative coefficients
at liquidity, profitability, efficiency, and solvency,
while the leverage coefficient sign is positive), al-
though the lagged predictors and response have
coefficients that all are sign-inverted:

421 423 425 427 429 431 433 435 437 439 441 443 445 447 449 451 453 455 457 459 461 463 465 467 469 471 473 475 477 479
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Fig. 5. The three spans of the test set of 180 periods for static model (24) and the square-marked predicted probability
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P[b(t)=1|Y,,(1);B_, ()] = p, =[1+exp(2.2584 +
+0.1765x, () — 2.4866x, () +0.3840x; (1) +
+0.3259x, (1) +0.4966x; (1) — 0.0521x, (1) +
+0.2099x, (£ —1) - 0.2184x, (¢ —1)—0.1234x, ( — 1) —

~0.1195x, (1 —1)+2.3423b(1-1))]".  (25)

Just like in the case of the static models, whose
respective six coefficients differ significantly by
their absolute values, the 12 coefficients of lagged
regression (25) significantly differ from those of
lagged regression (23). Dynamic model (25) none-
theless performs far better than static model (24):
its accuracy is 91.11 %, the precision is 92.16 %,
although the recall and Fl-score are not that
good (Table 4). The number of FN predictions
is 12, which is still pretty poor (20.34 %) with
respect to the 59 bankruptcy-risky periods in the
test span. The number of FP is 4, so altogether
the 16 false predictions constitute 8.89 % of the
test set, which could be acceptable, though. All
the more, the predicted probability polyline is not
squeezed (Fig. 6), where the predicted probability
varies between 0.0000235 (at ¢ = 499) and 0.9896
(at 1 = 502, where the static model performed its
best prediction as well). The predicted probability
is no closer to 0.5 than by 0.0017, but there is

one period (¢ = 548), where it is no farther from
0.5 than by 0.004, ensuing factually a 0.5-uncer-
tainty-bankruptcy period. If to widen the 0.5-un-
certainty interval to 0.01, another risky-uncertain
period (¢t = 567) emerges. By the way, the model
labels both the periods non-risky, making its con-
tribution to the FN number.

Although the lagged regression performs not
poorly over the tenfold data, especially compared
to the static regression (Table 4), the FN number is
still badly high. This implies that the logistic model
cannot perform satisfactorily on too large datasets
like that one in Fig. 4. Therefore, the model should
be re-estimated through shorter or not very long
time spans like that one in Fig. 1.

According to dynamic model (23), where L2
regularisation helps manage multicollinearity be-
tween X(7) and X(¢# — 1), the lagged financial in-
dicators help anticipate bankruptcy earlier, parti-
cularly for firms showing deteriorating performance
over several periods. The dynamic logistic regression
model, which incorporates both contemporaneous
and one-period-lagged financial indicators, reveals
several important insights into bankruptcy risk. As
expected, the current-period predictors display in-
tuitive signs: higher liquidity, profitability, efficien-
¢y, and solvency reduce the probability of distress,
while higher leverage increases it. These results are
fully consistent with standard financial theory and

e
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Fig. 6. The three spans of the test set of 179 periods for dynamic model (25) and the square-marked predicted probability
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Table 4. Performance metrics of the static and dynamic

models for the synthetic 600-period time series in Fig. 4

Performance Static model Dynamic model
metric (24) (25)
Accuracy 0.722 222 0911111
Precision 0.604 651 0.921 569
Recall 0.440 678 0.79 661
Fl-score 0.509 804 0.854 545
TP 26 47
TN 104 117
FP 17 4
FN 33 12

empirical evidence. The more interesting behaviour
emerges in the lagged predictors, where we unex-
pectedly obtain negative leverage along with posi-
tive profitability and efficiency. Nevertheless, these
inverted or non-intuitive signs do not indicate es-
timation errors; instead, they reflect the structure
of the synthetic data and the dynamic relationships
embedded in the system.

First, the lagged leverage coefficient becomes
negative because the current leverage already absorbs
nearly all the explanatory power related to financial
pressure. The lagged value therefore captures chan-
ges rather than levels: a firm whose leverage was very
high in the previous period but has decreased today
is less likely to be distressed. In this sense, the lagged
coefficient reflects a deleveraging recovery effect.

Similarly, the positive coefficients on lagged
profitability and efficiency arise because the model
interprets them relative to the current values. When
profitability or efficiency drop sharply from one
period to the next, bankruptcy risk increases — so
a high previous-period value combined with a low
current value signals deterioration. The lagged coef-
ficients thus take positive signs to encode this down-
ward momentum effect.

Finally, the negative coefficient on the lagged
response confirms that distress in this synthetic setup
is not a persistent absorbing state. Firms marked as
distressed in one period can recover in the next if
their financial ratios improve. Therefore, when the
model sees b(t — 1) = 1 but today’s fundamentals
look healthy, it interprets past distress as a tempo-
rary shock that is likely to reverse, producing a nega-
tive effect.

Altogether, these patterns confirm that the dy-
namic model does not merely reproduce static fi-
nancial relationships but captures binary transitions
between sustainable and critical states, momentum

effects, and reversions, all driven by the interplay
between current and lagged financial indicators |2,
6, 19]. Despite some signs appearing counterintuitive
when viewed in isolation, the combined structure
reflects precisely the data-generation mechanism
and yields strong predictive accuracy, especially for
out-of-sample periods.

Conclusions and implications

This study demonstrates that logistic regression
modelling can be successfully applied to the pre-
diction of potential bankruptcy of industrial firms.
Using a synthetic dataset representing monthly fi-
nancial indicators of a building-materials manufac-
turer in Ukraine, both static and dynamic versions
of the logistic regression model were estimated with
L2 regularisation to ensure parameter stability and
full inclusion of correlated predictors.

The static logistic model, based on current-pe-
riod financial ratios, provided a baseline prediction
accuracy of approximately 89 %, correctly identi-
fying most solvent and insolvent states of the firm,
but losing two bankruptcy-risky months. The dyna-
mic model, incorporating one-period lagged finan-
cial ratios, achieved around 94 % accuracy, showing
a consistent improvement across recall and F1-score
metrics, while no one out of six bankruptcy-risky
months was lost. This gain reflects the dynamic
model’s ability to capture temporal dependencies in
firm financial health and to anticipate deterioration
before formal bankruptcy occurs.

From a methodological standpoint, the results
confirm that:

1. L2-regularised logistic regression remains a
reliable and interpretable tool for financial distress
modeling even with small or correlated datasets.

2. Introducinglagged predictorseffectivelytrans-
forms the static framework into a dynamic, auto-
regressive-like model that captures financial iner-
tia — the persistence of past conditions affecting
present solvency. In the dynamic model, current ra-
tios dominate and lagged variables correct, whereas
these corrections often appear with opposite signs.

3. Logistic regression’s probabilistic interpreta-
tion makes it particularly well-suited for risk-based
early-warning systems, where firms can be moni-
tored by thresholding predicted bankruptcy proba-
bilities.

In the Ukrainian building and construction
materials industry, where firms often operate under
volatile demand, credit constraints, and high capi-
tal intensity, predicting financial distress is vital. The
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model developed here provides a quantitative frame-
work for:

1. Early detection of bankruptcy risk several
quarters in advance, enabling proactive interven-
tions.

2. Scenario testing, such as evaluating the im-
pact of rising debt or declining profitability.

3. Integrating predictive analytics into credit sco-
ring systems used by banks, suppliers, and regulators.

The synthetic firm analysed in this paper mimics
the structure and financial behaviour of a typical
mid-sized Ukrainian manufacturer, but the model
can easily be recalibrated using real company data,
once available. Although the presented model pro-
vides valuable insight, it also has three important
limitations. First, the model relies on a synthetic
dataset rather than empirical data. Second, it as-
sumes constant coefficients over time, while re-
al-world relationships may evolve. Third, only one
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B.B. PomaHtok

MOZENI AMHAMIYHOT NOMICTUYHOI PEMPECIT NS MPOITHO3YBAHHS PU3UKY BAHKPYTCTBA Y BYLIBENbHIV FANY3I
YKPAIHN

Mpo6nematuka. MporHo3yBaHHs hiHAHCOBOI HECMPOMOXHOCTI Ta GaHkpyTCcTBa HabyBae Aefani GinMbLUOi akTyanbHOCTI B yMOBax
NiCNSBOEHHOrO €KOHOMIYHOTO BIAHOBMNEHHS Ta PeCTPYKTypu3aLlii ykpaiHCbKMX MpoMMcroBuX ranysei. Mignpuemctea cektopy BUpOBHMLUTBA
OyniBenbHMX MaTepianiB MpaLiolTb B YMOBaX BUCOKOI HEBU3HAYEHOCTI, e PaHHE BUSIBIIEHHSI PU3UKY HENNATOCNPOMOXKHOCTI € KPUTUYHO
BaXKNMMBUM A1 NiATPUMaHHS doiHaHCOBOI CTabinbHOCTI. JToricTUYHI perpeciiiHi Mofeni, LUIMPOKO 3aCTOCOBYBaHi B €KOMOTIYHIl Ta puauK-aHanituj,
MOXyTb OyTW aganToBaHi Ans BifobpaxeHHs HEMIHIMHOro NepexoAy Bif NNaToCnpPOMOXHOCTI A0 BaHKpyTCTBa SK MMOBIPHICHOTO NpOLiECy.

MeTa pocnigxeHHs1. MeTolo € po3pobuTh Ta OUIHUTK CTaTWUYHI N AMHAMIYHI NMOTiICTUYHI perpeciviii Mmofeni Ans NporHo3yBaHHs!
NoTeHLiHOro GaHKpyTCTBa penpe3eHTaTUBHOIO yKpaiHCbKOro BUpobOHUKa GyaiBenbHWMX matepianiB. [MHamiyHe po3wMpeHHst moaeni
CrpsiMOBaHe Ha BpaxyBaHHS YacoBOi iHEPLNHOCTI (hiHAHCOBMX MOKA3HWKIB LUISXOM BKITIOYEHHS aroBMX NPeAnKTOpIB.

MeToauka peanisauii. 3reHepoBaHO CUHTETUYHUIA NOMICAYHMI Habip AaHux (5 pokis, 60 cnocTepexeHb), WO iMiTye peanicTUYHi
iHaHCOBI KoediLlieHTH, 30kpeMa MiKBIAHICTb, NeBepemX, peHTabenbHiCTb, ePeKTUBHICTb Ta KoedilieHT MOKPMTTS BiACOTKIB (mnarto-
CrNpoMOXHicTb). OuiHoBaHHA Mopenen BukoHaHo B MATLAB meTogoM NOFCTUYHOI  perpecii  MakcuMarnbHOi npaBaonofiGHOCTI
3 L2-perynspu3sauieto (pumx-wutpadom) Ansa 36epexeHHs KopenboBaHUX NpeankTopis. [Jo AuHamiuyHOT MoAeni BKMOYEHO OAHOMNEPIoAHi
naru BCix hiHaHCOBMX koedilieHTiB i ogHoMepiogHWin nar peakuii. MporHo3Hy siKiCTb OLIHEHO 3a TOYHICTIO, NPeLUM3iNHICTI0, NMOBHOTOH,
F1-mipoto Ta matpuueto cnnyTyBaHb.

Pe3ynbTatn gocnigxeHHs. CtatuyHa noricTuyHa Mogenb AOCSrna cepefHboi TOYHOCTI npubnusHo 89 %, ane nponyctuna Asa
pu3nKoBiI LLoao baHKpyTCTBa Micsili 3 wecTu. [IuHamiyHa Moaenb MigBMLLmMNa TOYHICTb A0 94 %, He NPOMNyCTUBLLN XOAHOTO PU3NKOBOIO
MicsiLs, Xo4a # NMOMWIKOBO KnacudikyBana oavH HEepU3VKOBUI MiCALb SIK PUSUKOBUIA. 3HaKN OLHEHWX KOeiLiEHTIB y3roxyTbecs
3 eKOHOMIYHOI TOrikot: BiNblUNiA NeBepemx MiABULLYE MMOBIPHICTb GaHKpyTCTBa, TOAi SK 3pPOCTaHHsA NiKBiAHOCTI, peHTabenbHOCTI,
edeKTUBHOCTI Ta NNaTOCNPOMOXHOCTI ii 3HUXKYE.

BucHoBku. [JuHamivyHa norictTudHa perpecisi 3 L2-perynsipusadieto 3abesneyye iHTepnpeToBaHy 1 ob4ucnioBanbHO edekTuBHY
OCHOBY 151 paHHBbOrO NPOrHO3yBaHHS GaHKPYTCTBA YKPAIHCbKUX MPOMUCIOBUX NiANPUEMCTB. BKrtoueHHst naroBmx iHaHCOBMX iHAMKaTOpPIB
niaBuLLye cTabinbHICTb | CBOEYACHICTb NPOrHO3iB, LU0 PobUTL MOAENb NPUAATHOK AN NPAKTUYHUX CUCTEM PaHHBOTO NONEPEmXEHHS.

KnioyoBi cnoBa: nporHosyBaHHS GaHKpyTCTBa; NOriCTUYHA perpecis; AMHaMiyHe MoAentoBaHHS; (iHaHCOBI KoedilieHTw;
L2-perynsipusauisi; cuctemMa paHHbOro nonepemxeHHsi; byaiBensHuii cektop Ykpainu.

PexomennoBana Panoro Haniiinia no penaxitii
akyapTeTy NPUKIATHOI MAaTEMATUKK 25 nucronana 2025 poky
KIII im. Iropst Cikopcbkoro
IIpuitasita no myOGikariii
09 6epesns 2026 poky

Ony6JikoBaHa
30 6epesnst 2026 poky
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METO/J] BUSHAYEHHS KYTOBUX TOYOK HA 30BPAXKEHHAX
3A JJOIIOMOI'OIO KOPOTALIIMHOT'O BAJIKOBOI'O CIIVIAMHA

IIpodaemaruka. ITolyk KyTOBMX TOYOK Ha 300paKeHHSIX Ma€ BeJMKE 3HAaueHHs s imeHTHikalii oOpasiB i Mae
baraTo cep 3aCcTOCyBaHHS B KOMIT'IOTEPHOMY 30pi Ta po3IMi3HaBaHHi o0pa3iB. 3a3Buyaii IIsl LIbOTO BUKOPUCTOBYIOTH
TEOMETPUYHMI aHali3 4YOpHO-OUIMX KOHTYpiB, MO SKUX IIOTIM 3aCTOCOBYIOTb TayCiBCbKe 3IJIaIKyBaHHS IJIs
BUSIBJICHHSI TOYOK HalOiablIol KpuBU3HU. [10TiM 10 IIUX OUISTHOK 3aCTOCOBYIOTH MiHiMi3allilo NMeBHUX (PYHKIIIOHAJIIB
IIJI1 BUBHAUEHHST BEJIMYMHU KyTa MiK CYMIXHUMU AiUISIHKaMU KOHTYpy. Hemosikom Takoro mimxomy € CKJIagHOCTI Y
BpaxyBaHHi apTedakTiB i Te, 1110 3a OiIBIIOro 3IamKyBaHHS 3MEHIIYETHCS MacIluTad (po3Mip) 300pakeHHs.

Meta npocaimkeHns. Po3poOuTu MeTon BM3HAY€HHSI KyTOBUX TOYOK Ha oOLM(ppPOBaAaHOMY CipoMy 300paxkeHHi 3a
IIOIIOMOI0I0 MeTOoAy KopoTauiiiHoro 6ankoporo cruiaiiHa (KBC).

Metomuka peanizamii. 3acrocyBanHs1 MmeTony KBC 3 BuKOpuCTaHHSIM 3alIpOIIOHOBAHUX KYTOBMX JTaMMi-TOYOK, IUIS
SIKUX HEMa€ YMOB HEIepepBHOCTI MO KyTaX, a 3aMiCTb Hei IMOCTYJIIOETbCS HYJIbOBa KPUMBHU3HA, IO TPUBOIUTL JIO
CTpUOKa HampsIMKY JOTUYHOI B LIl TOYIIi.

PesyabraTu gocuimkenus. 3acrocoBaHo meton KbC, skuil 3riamxye KOHTYp YOpHO-0iJ10ro 300paxkeHHsI BiMOBIIHO
IO MOBXWHU OUISTHKM, a He OO KIIBKOCTI TOYOK Ha Wil AiNSHI, 30epiralouM 3arajJbHUM MaciuTad 300pakKeHHs.
3anpoIioHOBaHi 0COOIMBI KyTOBI JaMMi-TOUYKH, SIKi JOITYCKalOTh BTpaTy HEIepepBHOCTI KyTa. 3a 3HaUY€HHSIMU JTOKAJTbHUX
eKCTpeMyMiB 3a rpadikoM KpMBM3HU BU3HAYAIOTh KAHIUAATU B KYyTOBi TOUKU. J1 KOXKHOI TOYKM BU3HAYAIOTh POOOTU
SIK KBaJpaT BiICTaHi MixK Helo i ii BiAIMOBIZTHMKOM Ha KOHTYpi, TIOMHOXEHUM Ha JOBXKUHY AUISIHKU, Ha SIKY MPUIIANae
1151 ToYKa. 3aCTOCOBAHO MOHSITTS iHTErPaIbHOI POOOTH SIK CyMY iHAMBiAyaJIbHUX POOIT y 30Hi HAMOLIbIIOI KpUBU3HU.
Po3pobieHo kpuTepiii icHyBaHHSI KyTOBOI TOYKM Ha OCHOBI aHaJIi3y BiTHOLLIEHHS iHAUBiAyaJIbHUX POOIT, 110 OTpUMaHi
3a BiICYTHOCTI Ta HasIBHOCTi KyTOBOI JaMMi-TOYKHU.

BucnoBkn. 3acTocyBaHHS aallTUBHOIO 3MVIAIKYyBaHHSI BiAIIOBIIHO MO BiAcTaHi MiXK TOYKaMM Ha KOHTYpi, SIKi
€ MPOEKLisIMU (BIOMOBITHUKAMM) BUMIPSHMX TOYOK, JO3BOJISIE 3aCTOCOBYBAaTH METOH IO HaOOpy JaHMX 3 Pi3HOIO
TYCTMHOIO TOUYOK, 10 TTOKPAIIY€E SIKiCTb OTPMMAHOTO KOHTYpY. 3aCTOCYBaHHSI KyTOBUX TaMMi-TOYOK, SIKi TOMyCKaIOTh
BTpaTy HEMepPepBHOCTI KyTa, MO3BOJIMJIO OUILII TOYHO BiATBOPIOBATU 3alaHMUIl KOHTYp, a caMe pi3Ky 3MiHY KyTa,
a 3aCTOCYBaHHS BiIHOIIEHHS iHAWBIiAyaJdbHUX POOIT, OTPMMAaHMUX 3a BiICYTHOCTiI Ta 3a HAsSBHOCTI JaMMi-TOYKH, €
HagiiHUM KPUTEPiEM BU3HAUCHHSI KYTOBUX TOUOK. BigHollIeHHS 3HaUeHb poOOTH IMoKa3ye mokpaiueHHs y 8—30 pa3iB
JUTSI KYTOBUX TOYOK, TOJI SIK JUTsl TOBOPOTHUX 30H 11€ 3HAYEeHHSI MOTipIIYETHCS a00 3aIUIIAETHCS MaiiKe TAKUM CaMUM.
KorouoBi ciioBa: 6ankoBuli KOpOTaLiiHUI CIUIaiiH; TeOMETPUYHE MOACTIOBAaHHS; IuepeHLialbHi piBHSIHHS; JIOKAJIbHA
iHTerpajbHa po0OTa; KYTOBi TOYKU; imeHTU(iKallis KyTiB; HemapaMeTpU4YHe 3IJaIKyBaHHSI.

Beryn TUYHi JaHi 1 MeTOAMKM, 3alpONOHOBaHI B poOOTi

[1], ne mpoBoauIOCsS 3TaXKyBaHHS i 3iCTaBIEHHS

PosrisiHeMO MeToj BM3HAUEHHSI TOJIOXKEHHSI KPUBMX JJIsI aBTOMAaTMYHOrO YKJaJaHHsSI 0e3KoJip-
KyTOBUX TOYOK i BEJMUYMHM CTpUOKA KyTa B HMX HOTO Iasfa.

Ha 300paXeHHSIX, OTpUMaHUX doTorpadyBaHHSIM BusiBnenHsi KyTiB Bifirpae KJouyoBYy poJib

YK CKaHyBaHHSIM. Bukopucraemo Hacammepen nmpak- y cgepi KOMIT IOTEPHOTO 30py, CIYTYIOUM OCHOBO-

Ilpono3uuis aas uuryBannd uiei crarri: [.B. Opunsik, .P. Konbuos, I.1O. TaspoB, «MeToa BU3HAUEHHSI KYTOBUX
TOYOK Ha 300paXeHHSIX 3a JOIMOMOTOI KOpOTalliifHOro 6ajakoBoro criaiiHar», Haykoei eicmi KITI, No 1, ¢. 19—31,
2026. doi: https://doi.org/10.20535/kpisn.2026.1.349268
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MOJIOKHUM €JIeMEHTOM [iJIs1 Oe3f1iui 3aBaaHb 00-
poOKu 300paxeHb i po3mizHaBaHHS oOpasiB [2, 3].
KyToBi TOUKM € CTIAKMMM i HE3MIHHMMU 10 TaKUX
TpaHcdopmalliii, SK odepTaHHs i 3MiHa MacluTaoy,
TOMY $IK CTaOiJbHI BHUKOPUCTOBYIOTb O3HAaKM TI€O-
METpii 3 YiTKO BM3HAYEHUMMU XapaKTEPUCTUKAMU,
110 POOUTH iX HANIMHMMM TOUYKAMM iHTEpecy Ta 3i-
cTaBlieHHs [4—6]. BoHU € BaXX/IMBUMM JIOKAJIbHUMU
O3HaKamu y Oaratbox 3amavax, Takux sk 3D-pe-
KOHCTpyKist OyaiBesib Ta ix reosiokauist [7, 8], 3i-
CTaBJIEHHS 300paXxKeHb i (PparMeHTIB MOLIKOIKEHUX
MaHYCKpUIITIB [9], BiaCTeXEHHSI pyXOMHUX OO’EKTIB
[10], nnst kanmiOpyBaHHSI KamMepu Ha OCHOBI KYyTiB
1axoBoi Jouku [11], Bi3yalbHO KOHTpPOJIbOBAHA Xi-
pyprist [12].

B ocraHHi poKu aaropuTMM BUSIBJIEHHS KYTiB
OTpUMAaJIM IIMPOKE BU3HAHHSI i MPAKTUUHY 3HAuy-
IIiCTb B IHXEHEPHUX Tajy3siX, BKJIOUYAIOUM aBTO-
HOMHY HaBirauiio, poOOTOTEeXHIKY M1 OQHOYACHOI
Jlokasizauii ta kaprorpagyBaHHsi SLAM [13], no-
MOBHEHY PeaJIbHICTh i CUCTEMM pO3Mi3HaBaHHS 00-
JIU4, B aBTOMOOLIeOyayBaHHi, CTPYKTYPHUI aHasi3
Y LIMBUIBHOMY OYIiBHULITBI, OCOOJIMBO 1OA0 TPIlLINH
[14], i BuIydyeHHsS O3HAK B MEAUYHIN Bizyasizauii
[15]. YHiBepcalbHIiCTh i MpakTUYHA KOPUCHICTb aJl-
TOPUTMIB BUSIBJIIEHHS KYTiB pOOJISITh X HE3aMiHHUMU
IHCTpYMEHTAMU B Cy4dacHiil iHXKeHepil.

ITpoTsiroM oCTaHHIX AECATWJIITL Oysa0 3ampo-
MOHOBAHO Pi3HI aHAMITUYHI NETEKTOpPU KYTiB, SKi
YMOBHO MOXHAa IOOUIMTH Ha Tpu Kateropii [16]:
JIETEKTOPU Ha OCHOBI MojeJiel i 1absoHiB; MeToau
Ha OCHOBI IHTEHCUBHOCTI 300paXkeHb, BUKOPUCTOBY-
I0YM 3MiHY IHTEHCUMBHOCTI MiKCeJiB; METOAU re€OMET-
PUYHOTO aHaJli3y KOHTYpPY, €KCTParoBaHoro i3 uud-
POBOTO 300paKeHHSI.

[lerekTopy Ha OCHOBI MoJeieil BUSIBISIIOTh
KyTOBI TOYKM, MOPIBHIOOUU AUISHKU 300paKeHHS
3 MOMNEPEeIHbO BU3HAUYEHOIO MOJIEJUIIO KYTiB Ta OLi-
HIOIOYHM 1XHIO noniOHicTh [17]. ¥V crarti [18] po3po-
0JIEHO aJITOPUTMU BUSIBJIEHHS KYTiB HA OCHOBI 111a0-
JIOHIB, BPaxoOBYIOUM OINTUMAaIbHI KYTH 3 IOBXUHOIO
1IOHaliMeH1lIe JBa TiKCeJi Ha HamnpsMKax KyTOBUX
TUieyei, 110 3MEHIIYE KUIbKICTb XMOHOMO3UTUBHUX
KyTiB. Taki MeTOOM 3aCTOCOBYIOTH [JISI IIBUAKOI 00-
pOOKM Bineo300paKeHb.

ITigxony Ha OCHOBI IHTEHCUBHOCTI I'PYHTYIOTh-
Csl Ha CIOCTEPEXKEHHI, 110 MiX CYCIIHIMU MiKCEeISIMU
B37I0BX Kpato abo B OJHOPiIHiI 00J1acTi 300paKeHHS
iCHy€ HeBeJiMKa Pi3HMUS B iHTEHCUMBHOCTI MiKCEiB.
TuM yacoM y KyTi CIIOCTEpira€TrhCcsi 3HauYHa Bapia-
Lis1 iIHTEHCUBHOCTI B ycix HampsiMkax [19]. ¥V Takux
nigxomax KyTd MOXYTb O€3MOCepeiHbO BUSIBISITUCS
LLJISIXOM TeHepyBaHHSI (DYHKIII BiAryKy KyTa, sKa
OLIIHIOE 3HAUEHHS ITiKCeJIiB 300pake€HHsI TaKUM YK-

HOM, III0 KYTH PO3ITi3HAIOTHCS SIK TOUKM 3 HU3BKOIO
caMomnoJioHicTIO Ha 3o00paxeHHi [20]. Jlis Bu3Ha-
YEeHHSI CaMOIIOMIOHOCTI TOYOK YacTO BUKOPHUCTO-
BYIOTb CyMy KBaApaTiB pi3HUIb MDK BiIIOBiI-
HUMM JUITHKAMM 300paXkeHHS i3 IBOX 300pa’KeHb.
Lle ocHoBa mist GaraTbox meTeKTopiB KyTiB [21]. o
iIe10 Hajajai BIOCKOHAIWIW IIJISIXOM BBEACHHS J1O-
JaTKOBOTO (hijibTpa SIK Ha IOOYTOK (DYHKIII 3HaKa
(B KyTOBIli TOU1li) i rayCiBCbKOIO 3I1aIKyBaHHs [22]-

OcTaHHIM 4YacoM METOA Ha OCHOBiI KOHTYpIB
CTa€ Bce OLUIbILI TMOIIMPEHUM 3aBASIKM MPOCTOTI
Koay Ta obuucioBaibHil edexkTuBHOCTI [23]. Po-
00Ta AETEKTOPiB HAa OCHOBI FEOMETPUYHOTO aHAi3y
KOHTYpPY CKJIQJal0ThCsl i3 TPbOX OCHOBHUX KPOKIB:
BUSIBJICHHSI KpaiB, BUJIIJEHHS KOHTYpPIB i KJlacu-
¢ikauiss kyTiB. BuzHaueHHs: KpaiB, TOOTO OiHapHY
KapTy KpaiB, 3BUYaliHO OTPUMYIOThH 3a TOITOMOTOIO
anroputMy KaHHi, IKUI 3aCTOCOBYIOTb /ISl CipOTO
300paxeHHs [24].

KitouoBoo npo6JjieMO0 B TEOMETPUYHUX Me-
TO/AX € OL[IHIOBAHHS IUCKPETHOT KPUBU3HU KOXHOI
1(ppoBOI KPUBOI, OTPMMAHOI 3 BXiZHOTO 300pa-
KeHHs. s ubporo OyJ10 3alpoIrOHOBAHO pi3Hi
Mipy BU3HAUE€HHS KPUBM3HU, HANPUKIIAL k-KOCU-
HyC [25], HaKONMYEHHsI BiACTaHi Bill XOpAu OO TOY-
ku [26, 27]. TomibHi migxoau npumnyckaiots [23],
1o Ha UM@pPOBiil KpUBIiA KOXHI IBa CYCiIHI ITiK-
ceJli MaloTh TMOCTiHY BifCTaHb (TOOTO TiKcesi po3-
MoJIiJIeHi Ha KPMBi Ha PiBHIW BiAacTaHi). YTiMm, L
BiZICTaHb MOX€ 3MIHIOBAaTUCS B cepeaHboMy Bim 1
0 /2, 110 BUMara€ aianTUBHOIO 3IJIaJKyBaHHS,
0COOJIMBO MpPM 3iCTaBJIEHHI JBOX KOHTYpiB. bijib-
1IiCTh 3 NMOAIOHUX METO/IB € OMHOMACLITAOHUMM J1e-
TeKTOpaMM 1 J0Ope IpalioloTh, SIKILO 300paxkKeHHs
Ma€ O3HaKW MOIiOHOro po3Mipy, aje Hee(EeKTUBHI
B iHIIOMY BMIIafKy. AK pe3yabTar abo apiOHi, abo
rpy0oi O3HAaKM CTalOTh IIOTAHO CErMEHTOBAHUMU,
1110 HEMPUIHSITHO, OCKIJIbKY MPUPOIHiI 300pakeHHS
3a3BUYall MIiCTITh 00MABA TUIIM O3HaK [28].

s BupimieHHs 1i€i npobjiemMu Oyjao 3arnpo-
MOHOBAHO MOHMATTA AWU(epeHLiabHOI KPUBU3HU
Ha OCHOBI 3aCTOCYBaHHSI Pi3HMX PiBHIB 3rJaaxy-
BaHHs [29, 30], siki BUKOPUCTOBYIOTb TEXHiKy 0Oa-
raromaciutabHoro momaHHs (curvature scale space)
(opmu mockux kpusux [31]. Xoua BiH MOXe BU-
SBJISITU O3HAKM 3 KiJbKOMa PI3HUMU PO3MipamMH,
AJITOPUTM € OOUYMCITIOBAIbHO PECYPCOMICTKUM 4Ye-
pe3 Te, 10 aHajli3 O3HaK BiAOYBAETHCS Y BCbOMY
maciTabHoMy TpocTopi. binblie Toro, BiH BUSB-
Jisle XMOHI KyTu Ha KoJjax [28].

Maiixe Bci BiZoMi MeTOOAM OTpUMAaHHS LUD-
POBUX KPUBUX OCHOBaHi Ha TayCiBCbKOMY 3IJIaJIKy-
BaHHi TOYOK KOHTYPY, IO MOMEePEIHBO MOAAIOTh SIK
okpemi (yHKLIil KoopauHaT x(f), y(f) Big mapamer-
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pa t, IKWii BM3HAYaAIOTh 3a JOIIOMOTOI0 OKPEeMUX
creuiaJibHUX TMpoLeayp eKCTpakKilii KOHTYpY 3 JucC-
KpeTHMX MeX 1 HyMmepauil Toyok [32, 33]. VTiMm,
rayciBchbKi sijipa CTalOThb JOCUTb HETOUYHUMM, KOJIU
€ pO3MUTI YM IIyMHi 300paxkeHHs. BoHu craiorhb
3aJIEXKHUMM Bil KUTBKOCTI Ta aMILUITyIU LIYMHMX
TOYOK, BKJtouarouu apredaktu. Came TOMYy B yCix
HipyYHMKAX 31 CTATUCTUYHOTO 3IJ1aKyBaHHS OMu-
CaHO HEAOJIIKM TayCiBCbKMX SAep i 3amporoHOBa-
HO aJbTEPHATUBHI MiAXOAU, SKi BUKOPUCTOBYIOTH
aJanTUBHI KepHeau 4u craiiu [34]. ¥V neskux
poboTax 3 reoMeTpMYHOIO MOJEIIOBAHHS, 0COOIU-
BO 11 TTIOOYIOBU TPAEKTOPIlA 110 HETOUHO BU3HAYEC-
HUM ToukaM [35], 3alpomoHOBaHO ITapaMeTPUYHE
3rJ1aJKyBaHHSI Ha OCHOBI KyOiUHMX CIUIaliHIB i3 10-
LIEHTPOBOIO KOPEKILIi€I0 BEJIMYMHU ITapameTpa f [36].
IHIIMM HeoJ1iIKOM rayciBChbKOro Ui napaMeTpuuHo-
ro 3rjakyBaHHS € Te, 110 MaclTad 3M1aJKEeHOTo
KOHTYpY 3aJIEXXUTh BijJ mapaMerpa 3rjaixXyBaHHS —
3i 30UIbILIEHHAM 3IJIaJKyBaHHSI MaclluTad PUCYHKY
MPSIMY€E A0 TOUKHU.

Kopotauiiiti 6ankoBi cruialiHu € HOBITHBOIO
TEXHOJIOTIE€I0 PO3B’sI3aHHS 33Jay iHTepHoJIsLil, Au-
3aiiHy, anpokcuMalii, i MIiCTATb UIIUA psii Tmepe-
Bar, 110 poOUTHb iX YHiBepCaJbHUM iHCTPYMEHTOM
BUPILLIEHHS] 1HXEHEPHUX 3a/lay Yy Pi3HUX Tajly3six
[1, 37-40]. KopoTauiiiHi 6ankoBi crulailHu € ajaar-
TUBHUMU. BOHM TPYHTYIOTbCS Ha MoOAedi Oaniku
Ha MpYXHill OCHOBI, JIe XXOPCTKICTh MPYKUHU (BEIU-
YUHA «IIPUTSITYBAaHHS» KOHTYPY 10 BUMIipSTHOI TOUKHU
MOJIOXEHHS) 3aJIe3KUTh Bill JOBXWHU OUISIHKU, SIKiit
Binnosigae usg Touka [37, 39]. Came TOMY JiOKaJb-
He 30UIbIIEeHHSI TYCTMHU TOYOK Ha IIeBHIM iISHIL
(HasgBHICTL apTedakTy) HisIK He Oyde BimoOpaxe-
HO Ha 3IJ1aJKEHOMY KOHTYpPi — Y LIbOMY BUIAIKY
KOXHa TOYKa aBTOMATMYHO OTPUMAE 3MEHILIEHY
Bary, 10 He MpU3BEJE 10 JOKAJIbHOTO BUKPUB-
JICHHSI KOHTYpY. 30iJblleHHsT PiBHS 3IJ1a1KyBaHHS
(3MeHIlIeHHS Koe(illieHTa IPUTATaHHS OO0 KOHTY-
py) NIPUMBOIMUTDL 10 3MEHIIEHHS JOKAJIbHOI KPUBU-
3HM, ajle TOYKMU, PO3MillleHi MO Pi3Hi CTOPOHU Bij
KOHTYpPY, CTBOPIOIOTb CUJM B Pi3HUX HaIpsIMKax.
Ile o3nauvae, MmO MacmTadb OTPMMAHOIO KOHTYPY
HE 3MEHIIYEThCS Tijl Yac HACTYITHOIO 3raKyBaH-
Hs. B KBC ginsiHkyi KpUMBMX MiX TOUKaMu 3aMipiB
OIUCYIOTh KJIOTOIIaMH, 110 AA€ JIiHIAHUN 3B’S130K
MK IPUPOCTOM KPUBHU3HU i JOBXKMHU, 110 POOUTH
TaKy KpMBY €HEPreTUYHO HAWBMIiIHIIIOW IJI BCiX
MOXJIMBUX TpaekTopiit [41]. KoporalliiiHi GankoBi
CIUIAalilHM MaloThb BEJMKWM apceHayJl iHCTPYMEHTIB
JUUISI BpaXyBaHHSI MOYaTKOBO1 KPUBU3HU AUISIHOK YU
MOYaTKOBUX KYTiB MiX AiIsIHKaMu cruiaitHa [39];
Ha BiIMiHY BiJl yCiX iHIIMX KyOiUHUX CILJIaliHiB BOHU
MaloTb MOXJIMBICTb BpaxoByBaTW Tpu (a He [Bi)

rpaHUYHI YMOBM, 1110 A€ MOXKJIMBICTb PO3B’S13yBaTH
C? HenepepBHi 3amayvi iHTepmosLii [40].

ITocTanoBka 3agaui

OcHOBHa CIIPSIMOBAHICTh POOOTU CTOCYETHCS
METOIy BU3HAUYEHHS MOJIOXEHHSI i BEIMUUHU CTPUO-
Ka KyTa B 300paxkeHHSX, OTpMMaHux ¢ororpady-
BaHHSIM YW CKaHyBaHHSIM. Y CTaTTi BUKOPUCTAHO
HacaMmmepea MpakKTUYHI AaHi M METOAMKM, 3aIpo-
MOHOBaHiI B po0oTi [1], Ie omucaHO 3rjamKyBaHHS
1 3icTaBilieHHS KPMBMX JIsI aBTOMaTUYHOIO YKJIa-
JaHHsI O0e3KOJIipHOro Tasja. Y il cTaTTi MM BBO-
JUMO JBi HOBi OCOOJIMBOCTI, 1110 30aradyyloTh TeXHi-
ky KBC. Ilo-nepiie, BBeAEMO CIELiaIbHy KYTOBY
JaMMi-TOUYKy, 10 3a0e3leuyye MOXKIMBICTH Pi3KOi
3MiHM HampsIMKy AOTMYHOI 00 KOHTypy. Ilo-mpyre,
BBEIEMO ITOHSTTSI iHTerpajbHOI POOOTHU SIK JIOKAJIb-
HY XapaKTepPUCTUKY BilIOBIAHOCTI MOJOXEHHIO 3a-
MipsSTHMX TOUYOK [0 3IJIaKeHoro KoHtypy. Ha oc-
HOBi 1LILOTO 3aIlPOMNOHYEMO KPUTEPiil MOLLIbHOCTI
BBEIEHHSI KyTOBOI TOYKU $SIK BiIHOILIEHHS POOOTHU
3 HasIBHOIO KYTOBOIO TOYKOIO A0 poOOTU Oe3 Hel.

1. TeopeTnuHi iHCTpyMeHTH KOPOTALiifHAX OaJI-
KOBUX CIVIAiiHIB /i PO3B’SI3Ky MOCTABJIEHOI
3aaaui

1.1. Kopotkuii orisig Ta ocodmBocti KBC

st o6poOKM MEpBUHHUX JAHUX 3aCTOCOBYE-
mo KBC, sxuii HeogHOpa30BO OYB OIMCAHUI Y I10-
nepennix nyonaikauisx [1, 37, 38, 39, 40]. ¥V ubomy
po3aiJli KOPOTKO PO3IJSIHEMO OCHOBHI MOMEHTH
1 0COOJIMBOCTI LILOTO METO[Y.

Ax BxigHi mani mis meronmy KBC Bukopuc-
TAEMO HETOYHUI HaOip TOYOK, HAa OCHOBI SIKOTO
Ma€ OyTM ONMUCAHUII KOHTYP BHUMIpPIOBaHOI (hirypu.
i Touku Oymemo mosHayatu K B, a po3paxyHKO-
Bi TOYKM, IO JieXaThb Ha alpOKCMMOBAHOMY KOH-
Typi — A, (puc. 1).

s 1moOynoBM MOYATKOBOTO KOHTYpPY 3’€aHa-
€MO MOCIIOBHO TOUKU A, i B pe3y/bTaTi OTpUMa-
€MO HamnpsIMJIEHi BEKTOPU [, KOXHMI 3 SKUX BU-
3HayalTh SIK BeKTOp A A4, . Jjisi KOXHOI AiNSIHKU
BU3HAYAIOTh JIOKAJIbHY CHUCTEMY KOOpAMHAT (f, n),
NOB’S13aHYy 3 TOYKOIO A, K IOYaTKOM i-I0 Bilpi3Ka,
Ta BiIMOBiIHI 6a30Bi BEKTOPU — NOTUYHUI BEKTOP 7,
1 HOPMAIBHUU BEKTOP

TakoX BaxJIMBY pOJib Yy MOOYA0BI 3rJaIKEeHOIr0
KOHTYpPY Bifirpa€ y3rojikeHHsI KyTiB MiK ABOMa Cy-
CiIHIMM TNPSIMUMU Bifpi3KaMM, TOOTO MiXK HampsiM-
Kamu 7, Ta 7 . Hasemo i Kyt Kyramu po30ikHO-
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cri y, ie —m <y, <x (puc. 1). JlomaTHuii HaNPsSIMOK
KyTa 30ira€rbcsi 3 PyxXoM TOAMHHUKOBOI CTPLIKH,
Oro po3paxoBylOTh 3a (opMyslaMu CKaJsIpHOTO
JIOOYTKY BEKTOpIB, sIKi MOTPiOHi [JIsI BU3HAUYCHHS
KBAaJPAHTa, B AKOMY MiCTUTLCS KYT y/;.

COS(‘//i):tl iy (la)

Sin('//i):ﬁi’tm (16)

KoxxHuii Bigpi3oK po3IJsiaaloTh K IUCKPETHY
0ajiKy Ha IpyXHMX oropax [1], koxHa Touka # sIKO1
€ JIOKQJIbHOIO MOYAaTKOBOIO KOOPAWHATOIO JOBXKU-
HU, SIKY BiIpaXOBYIOTb Bifl TOUYKHU MOYATKY MIISTHKMU.

[i onucyoTs BexTOpOM cTany ¥ (¢) , WO Xapaxkrepu-
3YETHCSI YOTUPMA MapaMETPAMU:

Y(0)={W(2); 0(t); M(1); 00} (1B)

ne WA(t) — mnepemiwieHHs; 6(f) — nedopmauiiiHuii
KyT moBoporty; M(f) — 3ruHanbHuii MoMeHT, Q(f) —
rnormnepeyHa cuia.

Puc. 1. Mopenb nuckpeTHUX 6aJIOK Ha TIPY>KHUX OIOopax

st KOXXHOTO Bipi3ka iCHYOThH ajre0dpaiuHi
PIBHSIHHSI 3B’SI3KY, 1O OIMKCYIOTH 3aJICXKHICTh 3HA-
YEeHHSI Y,. B TOULli  Bil 3HaueHHs1 ¥ (0) y MOYATKOBii
TOYLIi Bipi3Ka, TOOTO

Y(t) =[A(t); ¥ (0)], (1r)

ne [A(f)] — Binoma matpuug [1]. BBeaeMo nmoHSITTS
HEBIIOMUX BEKTOpIB_CTaHy Ha IOYaTKy i B KiHLI
KOXHOI AUISIHKY i, Y " Ta Y ', BBIAMOBiIHO, NIe OC-
TaHHIll TOB’A3aHUl 3 HepH_II/IM, sk ciaigye 3 (1r),
TaKMM YMHOM:

Y =[A@=1)]Y;. (1m)

OkpiM piBHSIHL 3B’s13Ky (1m1), v dopmyBaHHiI
CHCTEMM BM3HAYyaJbHUX PIBHSIHb O€PYTh y4acTh PiB-
HSIHHST CIIPSDKEHHSI, 1110 1al0Th 3B’S130K KiHLIS TOTIe-
PeIHBbOI TUISTHKY 3 TTOYaTKOM HAcTyItHoI. Lli piBHSIH-
HSl MalOTh TaKUil BUIJISI:

VVOH] _ VVO: ,

i+l _ i
0(_’ - He

(2a)

Vi, (26)

2663-7472 (online) 2026 /1
M =M, (2B)

i+1 i Li i
y =0 —— W, =W,), (2r)

h4
Jie h — mapameTp 3MIaIKyBaHHSI, 1110 Ma€ PO3MipHiCTh
JIOBXXKWHU; YUM OUIbIIMIA 1Ieii mapamMeTp, TUM CUJIb-
Hillle 3IJI1aKYEThCsT KOHTYp. Benmuuba L, — 1e noB-
>KMHa, Ha SIKiil 1€ 1151 oropa, TOOTO CyMa ITOJIOBUHOK
BilICTaHi 40 MpaBoi OMOPU M BiCTaHi OO JIiBOI OMOpu
[1, 37].

OxkpeMmoi yBaru 3aciayroBye noHarrs /1, — Bin-
CTaHb MiX OIOPOIO (TOYKOIO B) i HAKOIMKIOKO TOY-
K010 KOHTYpYy A. Ilowyk /1, i noB’a3aHa 3 HUM Iie-
peHyMepallisi TOUOK A, i, BillOBIIHO, B, Ha KOXHii
iTepallii € BaXJIMBOIO CKJIagoBo Merody. 1o mpo-
Leaypy 3alpoloHOBaHO B poOoTi [1], i B Wil cTarTi
TaKoOX Oyje JeTali30BYyBaTUCS i 3aCTOCOBYBATUCSI.

1.2. Konuemnuisi KyToBoi 1aMMi-TOYKH

st po3B’si3aHHS 3aJa4yi BU3HAYEHHSI KyTOBOI
TOUYKM 1 MiHiMizauii ii BIJIMBY Ha IJIAAKiCTb KOH-
TYpy BBEAEMO OCOOJMBY TOYKY, a caMe KYTOBY
JaMMi-Touky. B momepeaHix poboTax MU BBOIWIU
NOHATTS (3BUYAMHOI) JaMMi-TOYKU il (popcoBaHOI
Jammi-touku [37, 40]. Jammi-Touka — 1€ TOYKa,
10 He MOB’si3aHa 3 peajlbHUMM TOYKAMU 3aMipiB,
il BBOAATH ISl 3a0e3leyeHHsI MaJIOCTi po3paxyH-
KOBUX KYTIB 0, 1O MPUBOAUTH OO TIJAAKOl 3MiHU
KpuBU3HU. [ToIOXXEHHSI TaMMi-TOYOK HE BIUIMBA€E
Ha BUIJISII PO3PaXyHKOBOTO KOHTYPY, MAa€ 3HAYEH-
HS JULIE 1X JOCTATHS KUTBKICTb.
TyT BBeIeMO 0COOIMBY — KYTOBY — JaMMi-TOY-
Ky, SdKa i clIyxXuTume il igeHTUdikauii sk po3-
MIlIEHHSI TOYOK IMEPEeruHy KyTiB, TaK i BEJIUYUHU
cTpuOKa KyTa (DIOTUYHOI) B Hili. MaTemaTuuHa Bif-
MIHHICTh KYTOBOI AaMMi-TOYKHM Bif iHIIMX TOYOK
MOJISITa€ B PIiBHSHHSX CIIPSDKEHHS i B HACTYITHOMY
pO3MillleHHI po3paxoBaHUX 3HaYeHb W) B 1i OKOJII:
M!=0. 3)
PiBHSIHHSI CIpsKeHHST BiIpi3HSIIOThCS Bif YCiX
iHIIIMX TOYOK THM, IO PiBHSIHHS HENepepBHOCTI
JOTUYHUX HE BPaXOBYEMO. 3aMiCTh HbOI'O BBOIMMO
PIBHSIHHSI PIBHOCTI MOMEHTY (KpUBU3HM) HyJIO (3a)
y KyToBiii Toulli. [TosicHumMo Jioriky 1iiei ymoBu. ITo-
BOPOTIB (3MiH HAaIpsIMKY) Ha BCiX iHILIMX AiISTHKaX
(110 He MICTSITh KYTOBUX TOYOK) HAOJMKEHO J0CS-
raloTh 3a paxyHOK JOOYTKY KPUBU3HU Ha JOBXUHY
JiASTHKU. SAKIIo He 0OMEXUTH MOMEHTU, TO BUHMK-
HEe HEeBU3HAYeHICThb y CIoco0i 3MiHM KyTa. Okpim
TOTrO, y L}l TOULli HEMa€e MPUPOCTY CUIIU, TOOTO CUIU
B KiHIIi MOIIepeIHbOI TIJITHKM i Ha TTOYaTKy HACTYII-
HOI 30iraroTbcsi (IMB. PiBHSIHHS (2r)).
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IHia ocobauBicTh peajtizalii KyToOBOI TOY-
KM MOJISITa€E y CHOCOO0I BiAKJIagaHHS IlepeMillleHb
WA(f) po3paxyHKOBUX TOYOK B OKOJIi KYTOBOI TOUKU
(Bimpi3kiB, 110 MicTATh ii). Haragaemo, 1110 ogHielo
3 ocobauBocteil Haitoro KbBC € BnacHe BinkiianeH-
Hsl TiepeMileHb WA(f) po3paxyHKOBUX TOUOK B OKOJIi
KYyTOBOI TOYKHU (BiApi3KiB, 10 MicTaTh ii). Harana-
€MO, 1110 onHielo 3 ocobiuBocTeil Hamoro KBC e,
BJacHe, BigkjJagaHHsS IepeMilieHb W(f) 1mo cko-
pEeKTOBaHiii HoOpMaJi, 110 3a0e3leuye HernepepB-
HicTh (YHKILIT nepeMillieHHsT i goTuuHux. Tyt 3aga-
ya Habarato ckjanHilia. Po3rjisiHeMo AUISTHKY Mix
TOuKaMu A, Ta A, MiX AKMMHU PO3MILIEHO KYTOBY
Touky K (puc. 2). OtpumMyeMo IBi OUISIHKY 3aMiCTh
onHiei. Kyr Mix 4K Ta K4, 1MO3HaYMMO K v,.

A,

Puc 2. HampssmM Hopmam B KYyTOBili TOYLI MPW HYJIbOBUX
3HAUCHHSIX KYTiB Ae(opMyBaHHsI

IIIo6 obrpyHTyBaTH crocid BinkiaageHHs1 WA7),
110 rapaHTy€ TIJaAKiCTb i HEPO3PUBHICTb KOHTYpPY
B OKOJIi TOYKU K, CIIOYATKYy PO3IJISHEMO BMIIAAOK,
KOJIM PO3PaXyHKOBI KYTHU B KiHIIi NepIIOl JUISTHKA
LA[K J i Ha MoYarTKy JApyroi AUTSTHKUA LKAZ,+1 J JIOpiB-
HIOIOTH HYyJIIO. Toxi mj1g Toro, 1mo0 yTOYHEeHi HOp-
MaJlbHi BeKTOpU (3a SIKUMU BiakjiaaawoTb W) 30i-
raaucsg B Toulli K, Tpeba B Liii TOYL MOYaTKOBUIA
BEKTOP [0 MEPIIOI TUITHKY MOBEPHYTU Ha KYT y/,/2,
a MOYaTKOBUI BEKTOP 0 APYroi JiASIHKU — Ha KYT
—y,/2. O4eBUIHO, 1O HATIPSIMOK YTOYHEHOI HOpMa-
JIi Y3I0BX ABOX MPUJIEIJIMX AISTHOK HE MOXe OyTu
PO3PUBHUM, TOMY HOro Tpeba IMIaBHO MPOJOBXUTU
B 00MIBa KiHILi 10 TOYOK A, Ta A, . Lle BinOyBaeTh-
csl 3a JOIOMOTOIO JIiHiIiHOI anmpokcuMallii KyToBUX
MOIpaBoK.

PospaxyHkoBi Kyt agedopmaliii Ha 000X i-
JISTHKax 3a3BUYaii He € HyJboBUMU. [lo3zHaumMo
ix sik 0, (1) Ta 0, ,(f) Qs nepioi i apyroi Aissi-
HOK BiINOBigHO. 30KpeMa, B KiHIIi ITepIIoi JiIsTH-
KM 1 Ha ToyaTKy JApyroi, To0to B Touli K, BOHU
raki: 0 =6,.(,) Ta 6,"" =6,,,(0) BiznosizHo.
Toni momatkoBO OymemMo BBaxKaTu, 110 B Toulli K
YyTOUHEHa HOpMaJib Ma€ OyTU MOBEPHYTOIO Ha KYT
Ao, (1), 1e

Ao, ()= (0" +6,™)2. (4a)

Toai moBHe 3HAYEHHSI YTOUYHIOBAJbHOIO KyTa
B Toulli K Oyne Takum:

wi’k =ﬂ+ (H;',k +0g,i+l)

(46)
‘ 2 2
K KiHLS Bipiska LAI.K qJ , Ta
ik k,i+1
a)éc,i+1 — _ﬂ_’_ (He + 00 ) (4B)

2 2
SIK MIOYATKy APYrol AUISTHKU LKAH; J .

Tenep 3anuILMIOCS HABECTU BUpas JUIsl J0daT-
KOBOIo KyTa ITOBOPOTY HOpMaJli JJIsI KOXHOI i3 JIBOX
IUISHOK, $IKi O 3a0e3meumyii NPUIHATHY IJIaaKicTh
CIUTaiiHa Ha ABOX HijsiHKax. [TpormoHyeMo Taki BUpas3u:

. ¢ ot
Aw, (1) = e(gyk 1-— +w;’k P (5a)
ik ik
JJIsI TIePIIOl OUISTHKY I
k,i+1 ! k,i+1 !
Ao, () =ay | 1-—|+6; T (56)

ik ik

IJIs1 Apyroi AuistHKY. HoBuii HampsiIMOK HopMalli 3a-
MUIIEMO TaKUMU (opMyaMu:

n0 ik (t)=n ik cos(Aa,, ()~

—t i sin(Aw, (1)) (6a)
JIJISI TIepIIOl TUTSTHKM, a TaKOX:
n0 i ()= N kin COS A, ., (1) -
~t win sin(Aa, ., (1)) (66)

JJIsI IPYTOl OiJISTHKU.

Haui, sk i B po6oTi [1], po3rasHemo npobJie-
My TIa3jliB 3 HaroJocoM Ha KyTOBi TOUKMU. 3HOBY
PO3IJISTHEMO 3MJIaJI)KyBaHHSI KOHTYPY Ta OTPUMaHHS
KPUBU3HU SIK HaAWOLIbLI XapaKTEpHOro IMapamerpa
imeHTUdIKaLii.

2. TlocninoBHiCTh BU3HAYEHHSI KYTOBHX TOYOK
Ha masui

2.1. MeTton mnoOymoBH HAOJMKEHOTO KOHTYPY
Ta BU3HAYEHHS KAHIWAATIB KyTOBHX TOYOK

IneHtudikauiro nounHaeMo 3 MoOymOBU Ha-
OMIXKEeHOTo KOHTYpYy. € Halip ITOYaTKOBMX TOYOK
BUMIPIOBaHHS, X KiJIBKICTb JUIST KOXKHOTO eJIeMeHTa
naszna 6ausbka 1o 2300 [1]. Bukopucraemo ¢pyHKIIi10
findContours 3 6i0miorek OpenCV 11 BUmiIeHHS
KOHTYpY i3 300paxkeHHs. Lli Toukn € OinbII-MeHIIT
VIIOPSITIKOBAaHWMM, ajie BCe OIHO ITiCIsT OTPUMAaHHS
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MHOCJIAOBHOCTI (HyMepallil) TOYOK KOHTYpPY BOHU
B IIEBHOMY OKOJIi € IlepeMillaHUMM, MICTSITh apTe-
(hakTH, TOOTO iCHYE TTIEeBHA HEUITKICTh ILIOJ0 MOPSIAKY
iX po3MmillieHHs. ToMy crioyatkKy BUOMPAEMO KOXHY
20-1y TouKy (TOuKM B, Ha puc. 3). Ha wiii mepiuiii
iTepauii BBaXaTumemo, wo A = B, T00TO moyar-
KoBi /I, = 0. IIpoBeneMo po3paxyHOK i oTpuMae-
MO HOBI IOJIOXEHHSI TOUOK A/, a Jaji 3aCTOCyEMO
MPOLEAYPY PO3PaXyHKY MPOMIXKHUX TOYOK IS MO-
OynoBU MOBHOTro KOHTYpyY (puc. 3). Lleit KoHTYyp nae
HaM MoYaTKOBE HAOJIMIKEHHSI, 3 SKOTO MOUMHAETHCS
OuTbLI [eTajibHA IIpoLieAypa YTOYHEHHSI KOHTYPY.

800
700
600
500

400

300

Puc. 3. KoxHa 20-ta Touka BXiZIHOTO KOHTYpY (YOpHi TOYKH)
i mouyaTkoBe HAOMIDKeHHS Ui 3MIaIkeHoi ¢irypu,
YTBOPEHE 3a I0MOMOT0I0 KOXXKHO1 20-1 TOUKM BUMipIOBaHb
3a h =20

BaxxmuBuM eTarnmoM € 3HaxOmMXKEeHHS TPOEK-
i ycix To4oK B, Ha orpuMaHuii KOHTyp. Lli mpo-

700

€KLl € TOoYyKaMM JIOKaJIbHUX MiHIMyMiB BiIcTa-
Hi 10 KOHTYpy. IX LIyKaloThb B JIOKAIBHOMY OKOIi,
MPUB’SI3aHOMY 10 PO3PaxXyHKOBUX TIOJIOXKEHb TO-
YOK A, fK PpO3PaxyHKOBMX BilIIOBIIHMKIB TOYOK
B. Tlicist 3HaXOKEHHS TPOEKLIl YCiX TOYOK B, Ha
KOHTYp (HazBemo 1i Touku A"), mu (mepe)Hyme-
pPYEMO yci TOUuku A" BIOMOBIAHO IO TOCHiZOBHOCTI
PO3MillIEHHS iX Ha KOHTYpi (SKIIO pyX BiIOYBa€ThCS
3a TOAMHHMKOBOIO CTpiiKolo). ITiciss 1uboro mMu Ie-
PEHYMEpPOBYEMO YCi TOYKM B BiOIIOBiZHO 10 HyMe-
YHUKHYTU MeTeJIb y BXiTHUX JaHMX ITiJ 4ac HACTYITHOI
irepauii. OTpuMyeMO nepeHyMepoBaHuii Habip B, i ix
BiINOBITHUKY A,

IIpoBenemo 1e OeKijibKa iTepaliil 3a LbOro
camoro 3HaueHHs 4 = 20, ajie BpaXOBYIOUM yXKe BCi
nepeHymepoBaHi Touku B, Ta A. Ilposenenns no-
JAaTKOBUX iTepalliil moTpiOHe /sl cTadiai3alii KoH-
TYpY; €KCIIEpUMEHTAIBHUM IIUISIXOM OYJI0 BUSIBJIE-
HO, 1110 TPHOX JOAATKOBMX iTepalliil 1OCTaTHHO, 1100
KOHTYp cTa0inizyBaBcsi. Pe3ynbTaTu po3paxyHKY
BChOT'O KOHTYPY IMOKa3aHO Ha puc. 4, a, i HAa HbOMY,
Ha BiIMiHY Bim 300paXeHHHSI Ha puc. 3, BpaxBa-
HO yci 3amaHi Touku B, a He nuile KoxHy 20-Ty
TOYUKY.

I'pacik KpUBU3HU IJI1 BCHOTO KOHTYpPY 300pa-
>KE€HO Ha puc. 5. OUeBUIHO, 1110 32 TAKOTO 3IJIaIXKYy-
BaHHS MU HE MOXEMO SIBHUM YMHOM BU3HAUYUTHU
KyTOBi TOUKM, aKe BEJIUYMHU €KCTpeMaJbHOI KpU-
BU3HU € OJM3BKUMU g BCiX 20 0COOMMBUX HiTd-
HOK, ajJle MU MOXKEMO CTBEpIXYBaTH, IO KYTOBi
TOUKU € cepen Lux 20 ocoOIMBUX TOYOK (puc. 5).
Ile MOSICHIOETBCH TUM, 10 MAaclUTad 3rjaKyBaH-
Hs1 h = 20 € cniBMipHMM 3 paaiycaMu 3a0KpYIJIeHb,

Puc. 4. 3rnamkeHnii KOHTyp mas3na 3a # = 20: ¢ — MOBHUI KOHTYpP; 6 — JIOKaJbHI TOYKM B Ta ix
BilIOBITHUKYN A B OKOJIi 0COOJIMBOI TOYKM 3 Ha puc. 4, a; 6 — TOYKMU B Ta A s iHILOI TUTTHKI

B OKOJIi KyTOBOiI Touku 20
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a KyT KyTOBOi TOUKU ~90° € OJU3bKHM 10 KYTiB TO-
BOPOTY Ha IIAIKUX HiJISTHKAX.

CripoOyeMO 3HAWTH JOJATKOBI apryMEHTU TOTO,
Yy CIIpaBli pO3MISIHYyTa 30HAa € KYTOBOIO (MiCTUTh
KyT). Ha BimMiHy Bin Haioi podotu [1], ae Oyo mpo-
aHaJIi30BaHO eHeprio aedopmMallil K XapaKTepUCTH-
Ky IoOpoTHocTi (fairness) KOHTypy, TYT MM BBEIEMO
MHOHSTTS «pOOOTU» SIK JIOKAJIbHOI Mipy BiIXWJICHHS
TOYOK 3IJIAIPKEHOIO KOHTYPY Bill BUMIPSIHMX TOYOK.
YV MexaHilli IOHSTTSI «po0oTa» — 1ie JOOYTOK CWIU
Ha TiepeMillleHHs B Toulli ii mpukiamaHHs. B ycra-
JICHii1 TeoMeTpii (3aCTOCOBYIOTh HE3MiHHE / IIJIST TBOX
Yy TPhOX iTepalliii YTOUYHEHHSI KOHTYPY) ITOJOXXEHHS
TOYOK A yXe He 3MIHIOIThCA (PO3paxyHKoBi W, —
0), Tomy nepemilenns npyxunu — ue /1. Toni cuna
B onopi sopisHioe D, [T, a pobora y Toulli R, € TaKO:

R,=D,IT}. (7a)

OcCKilbKM NOBXWHA JUISIHKWA 3I1aJXKyBaHHS
(GeHaBiAC) TEOMETPUIHUX OCOOJIMBOCTEM IJIST KOH-
KpPETHOTO /4 CTaHOBUTH MpuoOIM3HO t+h3/4, TO nmo-
LiJIbHO 0OpaxoBYyBaTH iHTerpajibHy poOOTy Ha Ta-
Kill AinsiHII B OKOJi 0c00MBOI TOUkU N Tak:

0.04
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Pesynbratit po3paxyHKy iHTerpajibHOI po0o-
™ R, HaBeneHo y tabn. 1. OueBuMaHO, 110 Ui maHi
He MOXYTb CIYryBaTH JUISl BUBHAYEHHST IMOBipHO-
ro 3HAaXOMKEeHHS KyToBUX TouokK. Lle Tomy, 110 pe-
aJIbHI JOBXWHU 30H 3a0KPYyIJIeHb KOHTYPY 3iCTaBHi

3 BUOpaHOIO BEJIMYMHOIO OeHaBiaca A.

Tabauys 1. InTerpagbHa pobOTa B 30HAX TOYOK iHTEpeCy

npu h = 20
N 1 2 3 4 5
R, | 0,00743 | 0,00949 | 0,01136 | 0,01016 | 0,00868
N 6 7 8 9 10
R, 10,00769 | 0,00956 | 0,00918 | 0,01272 | 0,00684
N 11 12 13 14 15
R, 10,00860 | 0,01108 | 0,00985 | 0,01310 | 0,00859
N 16 17 18 19 20
R, | 0,00854 | 0,01185 | 0,00851 | 0,01176 | 0,00874

1500 2000

Puc. 5. I'padix 3rnamkeHHs] KpUBU3HU KOHTYpY rasia 3a h = 20
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Puc. 6. 3rnamkeHuii KOHTYp masna 3a &4 = 10: ¢ — MOBHUI KOHTYP; 6 — TOuku B i1 Touku A

B OKOJIi KyTOBOI TOUKH 3; ¢ — TOUKM B Ta A B 0KOJIi mOBOPOTHOI ToukM 20
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Puc. 7. Po3paxyHkoBa KpuBU3HA KOHTYpY 3a & = 10

Taxkox po3paxyeMo KOHTYp 3a £ = 10, 1o €
HallMM pOOOYMM 3HAYeHHSIM 3IVIajXyBaHHS [1].
Taxke 3HaueHHs A Oya10 0OpaHO IJisl MOOYIOBU KOH-
Typy, TOMY IO JOCTaTHLOIO MipOI0 3IIaIKYETHCS
LIYM i 3aJIMIIAEThCS KOpHCHaA iHdopMmallis (puc. 6).

I'padik KpuBU3HM 300paxkeHO Ha puc. 7. 3a Ta-
KOro 3HayeHHs /4 3a TpadikoM KpUBMU3HU BCe 1
HEMOXJIMBO BU3HAYUTHU KYTOBi TOUKHU.

PesynbTaTu po3paxyHky podotu 3a 4 = 10 Ha-
BeneHo y Tabi. 2. Tyt pizHMLI B poOOTI € yxXe Ayxke
HOMITHUMM 1 TE€MOHCTPYIOTh IOLJIbHICTh 3aCTOCY-
BaHHSI TaKOro KPUTEPilO IMOPIBHSIHHS IJIs iIeHTU-
(pikaLiii KyTiB.

SKI10 MopiBHATU 3HaUYE€HHS poboTu 3a A = 20
ta A = 10 MOXHAa MOMITUTHU, 110 3HAUYEHHSI pOOOTHU
a7st Touok 3, 8, 13, 18 3HauHO (mpubausHo y 8—10
pas3iB i Oijblle) MEepeBUILYIOTh 3HAUYEHHSI POOOTU
B YCiX iHIIMX (MOBOPTHMX) TOYKax. I3 LIbOro Mu
MOXEMO 3pOOUTU TpUITYILIEHHS, 1o 3, 8, 13, 18 —
e KyTOBi TOUKM. BTiM, ocTaTouyHe pillleHHS AUK-

700

500

500

400

300 400 500 600 700

TYEThCS e(DeKTUBHICTIO 3aCTOCYBAHHS KyTOBOI JaM-
Mi-TOYKHU.

Tabauysa 2. InterpanbHa poOoTa B 30HAX TOYOK iHTEpeCy
20

3ah=
N 1 2 3 4 5
R, | 0,00284 | 0,00260 | 0,02016 | 0,00 154 | 0,00 288
N 6 7 8 9 10
R, | 0,00211 | 0,00168 | 0,01 612 | 0,00308 | 0,00 162
N 11 12 13 14 15
R, 1 0,00289 | 0,00239 | 0,01658 | 0,00 146 | 0,00 253
N 16 17 18 19 20
R, | 0,00274 | 0,00 182 | 0,01 452 | 0,00224 | 0,00 435

2.2. MeToa BU3HAYEHHSI KYTOBUX TOYOK

ITicaiga Bu3HaueHHd 20 TOYOK-KaHAWUIATIB II0-
TpiOHO AOCHIIUTU e(dEeKT Bil PO3MIlLIEHHS B IIeB-
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Puc. 8. 3rmamkenunii KoHTYp masna 3a 24 = 10 3 momaBaHHSM KyTOBMX JaMMi-TOYOK: @ — TIOBHUI

KOHTYp; 6 — TOYKM B Ta TOUKU A B OKOJIi KyTOBOi TOUKM 3; 6 — TOUKU B Ta A B OKoOJIi

TMOBOPOTHOI TOUKM 20
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HOMY MiCLi KYTOBOI TOYKHU, 1O HO3BOJISIE TTOBOPOT
KOHTYpY Ha MEeBHMI KyT. MaTreMaTUKy TaKoro po3-
MillleHHST onMcaHo HaMmu y 1. 1.2. Tyt My po3riisiHe-
MO KOHKPETHI MPUKIaan.

BubGepemo sik xapakTepHUI mapaMeTp 3LJIaIXKYy-
BaHHS /1 BeauuuHy h = 10, sika 3 ogHOro OOKYy €
JIOCTaTHBHOIO JJIs1 BUJAJIEHHSI BCiX apTedaKkTiB BUMi-
pPIOBaHHSI, a 3 APYroro 3ade3revye 30epesKeHHsI KO-
pucHoi iH¢opMallil, SIK MU 1ie IIPOAEMOHCTPYBaIU
IIJIsI 3aAa4i 3icTaBiaeHHsI KpUBUX [1]. ¥ Toulli KOHTY-
py 3 eKCTpeMaJbHOIO JIOKAJbHOI KPUBU3HOIO J0-
JaMO KYTOBY JaMMi-TOUKY, 1110 JAcCTb QJITOPUTMY
MOXKJIUBICTh CAMOCTIAHO BU3HAUUTU KYT, SIKUI BU-
HUKAa€ B 1iil Touli 3a 3HaueHHd A = 10.

IIpoBenemMo 4doTupu itepalii micist momaBaH-
HsI KyTOBHX TOYOK, 10 J03BOJUTh KOHTYPY CTa0di-
JIi3yBaTHUCS.

[IpoananizyBaBLIM 3HAUYeHHS B Tabl. 3 MU
MOXEMO BHU3HAUYUTU TOYKHU, I SKUX 3HAUYCHHS
poOOTH € MEHIIIUM, HiX JUIS iHILIKMX, 1Ii ToukH (3, 8,
13, 18) 30iraloTbcs 3 BUIOUIEHUMU SIK TOYKU-KaH-
IUAATU B MOIIEPEIHbOMY PO3MdiTi CTATTi.

Tabauysa 3. InTerpasbHa poOOTa B 30HAX TOYOK iHTEpeCy

3a h =20
N 1 2 3 4 5
R,, | 0,00331 | 0,00449 | 0,00101 | 0,00566 | 0,00391
N 6 7 8 9 10
. | 0,00391 | 0,00497 | 0,00056 | 0,00434 | 0,00447
N 11 12 13 14 15
R,, | 0,00366 | 0,00486 | 0,00203 | 0,00693 | 0,00364
N 16 17 18 19 20
| 0500333 1 0,00600 | 0,00121 | 0,00512 | 0,00306

Tenep nmopiBHsIEMO 3HAYEHHS POOOTHU IS TO-
yok 3 T1abn. 2 ta 3. Iiag Ttouok 3, 8, 13, 18 3Ha-
YyeHHsI poOOTHM MOKPALIMIOCH ILIOHAWMEHIIe y §
pasiB, a mid BCix iHIIMX, oKpiM 20, MOTipIIMJIOCH.

0.04

0.02

-0.02

-0.04

0 500 1000

Hnsg Touku 20 3HaYeHHS TTOKpaluioch B 1,4 pasy,
10 € HECIHiBMIpHUM 3 IHIIMMM ITOKpalLEHHSIMMU.
TakuM YWHOM, MM MaTeMaTUYHO TIPOIEMOH-
cTpyBanu, 1o Touku 3, 8, 13 1a 18 € KyroBUMU
ToukaMu. IJIT HAo4yHOI OeMOHCTpaLii 3HailgemMo
BIZHOLIEHHSI LIMX XapaKTepPUCTUK poOOTH (TOOTO
mno (R,) i micna (R ) nomaBaHHs KyTOBOI Jam-
Mi-TOUKM) ¥ HaBegeMo iX y Tabi. 4.

Ilepebynyemo cmiaiiH i mopaxyemo rpadik
KPUBU3HU IS BCbOIO KOHTYpY (puc. 9), ne Biarmo-
BimHO 10 yMOBHU (3) 3HaUE€HHSI KPUBU3HU JIOPIBHIOE
HyT0. 3a3HAYMMO Take. Y Wil cTaTTi, Ha BiAMiHY
Big pobotu [1], My BBaXaeMO BeChb KOHTYp HeIle-
PEPBHUM 3 yciMa KyTOBUMM TOUYKaMu. Y poOoTi [1]
KYTOBi TOUKHM CIIOYATKY OKPEMO BMAUISIMCS 3a iH-
11010 MPOLIEAYPOIO, TAKOX BUAUISUIMCS YOTUPHU He-
3aJIeXKHI KPUBI, JISL SIKUX 3aCTOCOBYBaJIM TpaHUY-
Hi yMOBHM. B oKoJli KyTOBUX TOYOK IIi JBa IiIXOIu
JaloTh TPOXY BiAMiHHI 3HAYEHHS KPUBU3HU, BTiM,
Pi3HULS € Ay>Ke Majolo.

Tabauys 4. BinHOLIEHHS iHTETPalbHUX POOIT o = R, /R

B OCOOJTMBUX TOYKAX [0 i MiCJIs IOAaBaHHS KyTOBOI JTaMMI-
Touku 3a h = 20

N 1 2 3 4 5
a [0,85829 | 0,57850 | 19,96437 | 0,27195 | 0,73571
N 6 7 8 9 10
o ]0,53970 | 0,33808 | 28,78635 | 0,70887 | 0,36235
N 11 12 13 14 15
a [0,79065 | 0,49221 | 8,18476 | 0,21056 | 0,69459
N 16 17 18 19 20
o |0,82361 ] 0,30340 | 11,99889 | 043766 | 1,42378

HociigumMo: 1i OTpuUMaHi pe3yabTaTH IS
BIIHOIIEHb POOIT o0 HE € BUNAIKOBUMU XOPOILIM-
MU 3HaueHHsSMU i 4 = 10, a copaBXHi 3Ha-
YeHHS o XapaKTepMU3YyIOThb peajbHi KYTOBi TOUYKM
B MeBHOMY aiana3oHi 3HaueHb 4. Ha puc. 10 mo-
Ka3aHO 3Ha4YeHHs a I Bcix 20 TOYOK 3a TPhOX

1500 2000

Puc. 9. Po3paxyHkoBa KpuBu3Ha KOHTYpY 3a £ = 10 3 KyTOBUMU TOUKaMU
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Puc. 10. BigHoleHHs o iHTerpajbHUX POOIT A0 i MiCJas BCTaBASIHHS KyTOBOI TOYKM B OCOOJMBUX 30Hax Il yac poOOTH

3 KyTOBUMHU TOYKaMM (4epBOHA) Ta 0e3 (CHHS) 3a Pi3HMX A: a — 3MIamKyBaHHg 3a h = 8; 6 —3a h = 10; 6 —3a h = 12

pi3HUX 3Ha4YeHb /1, a came 8§, 10 Ta 12. fIx 6auumo,
3arajibHa T€HAEHIIisl Taka, 110 PO3MillleHHSI KyTO-
BO1 JaMMi-TOYKM 3HAYHO IMOKpAaly€e BiTHOIIEHHS
B Toukax peainbHux KyTiB (Bim 10 mo 30 pa3siB),
TOMi SIK JJIsSI TTOBOPOTHUX JiJSIHOK 1€ 3HAuyeHHS
Malixe 3aBXIM MOoripliyeTbest (10 2-3 pasziB) abo
nyke He3HayHo Tokpanryetbes (Ha 20 um 30 %).
Yce 1e cBiguMThL PO BUCOKY €(hEeKTUBHICTb 3a-
MPOIMOHOBAHOTO KPUTEPil0 BUILIEHHS pealbHOI
KyTOBO1 TOUYKH.

BucHosku

Ils1 poboTa cTocyeThbCsl OOPOOKM YOPHO-OiIMX
300pakeHb i CYTTEBO JOIMOBHIOE apceHal MOXKJIMBO-
CTei1 KOpOTaLiiHMUX OaJIKOBUX CIUIAMHIB JIJIsI PO3B’sI-
3aHHSI IHTePHOJISILIMHUX 1 ampoKCUMAaLiMHUX 3a1a4
reOMETPUYHOIO MOJENIOBaHHS KpuBMX. B 3amauax
anpokcumaltiii KbC MatroTh nBi 6e33arnepevHi Iie-
peBard MOPiBHSIHO 3 iHIIMMU TEXHiKaMM 3IIaJIKy-
BaHHSI, SIKi IPYHTYIOTbCSI Ha MapamMeTpUYHOMY I1O-
JaHHi KpuBUX: 1) 30epexxeHHsT MacluTady MasloHKa
3a pi3HUX TapaMeTpiB (OEHABIAC) 3MIAKyBaHHS;
2) 3anexHictb pospaxoBaHoro KBC KoHTypy Bin
CepeaHbOI MOXUOKM BUMIPIOBAaHHS UM, BJacHe, Bif
aMIUTITYIM i IOBXKUHU pealbHUX OCOOJIMBOCTEN KOH-
TYpy, a He BiJl TYCTUHM TOYOK BUMiplOBaHHSI; TOO-
To B KbC aBTOoMaTtuuHO peani3yeThcsl amanTUBHE
3r1a1KyBaHHSI.

OCHOBHUM JIOCSATHEHHSIM pOOOTU € po3podKa
METOJy BM3HAUYEHHSI KYTOBUX TOYOK Ha 300paKeH-
HsiX i BBeAeHHsI B TexHiKy KBC moHsATTSI KyTOBO1
JaMMi-TOUKM, siKa Tependadyae po3puUB HaMPSIMKY
JOTUYHOI B il Touli. JI1s1 1Li€l TOUYKU 3aCTOCOBY-
I0Thb OCOOJIMBI YMOBU CHPSIKEHHS, 1110 Mependaya-
I0Thb HYJIbOBE 3HAUE€HHSI KPMBMU3HU B Hill, a TaKoX
3MiHEHU HampsMOK HopMaJi, Mo sKii Biakiana-
I0Th po3paxoBaHe MepeMillieHHsl. MeTon nependa-

yae TpU CTajil peaizallii:

1. Ha ocHOBi po3yMiHHSI MOXJIMBOI MOXUOKU
BUMIpIOBaHHSI i MaciuTady apredakTiB, a TaKoX
macirtady KopMcHOI iHdopmauii (paaiycu i 10B-
JKMHUM 320KPYIJIEHb) BCTAHOBJIIOIOTH ONTUMATbHUIA
oeHaBinc, 1o B KbC € mapameTpom 3riiaxkKyBaHHS
h, i skuit Mae OyTU OOOB’SI3KOBO OLUIBILIMM 3a I10-
XUOKM i, 1O MOXJIMBOCTI, MEHIIWM BiJ KOPUCHOI
iHdopmallii. 3anmporoHOBaHO TOHSITTS JIOKaJbHOI
iHTerpajJbHOI POOOTH, SIKY BBaXKarOTb CYMOIO pOOIT
Yy KOXHiii TOULli BUMIpIOBaHHS, 1110 JIEXUTb Y Me-
JKaxX DOBXMHU OeHABIAC Big ToukM iHTepecy. PoGo-
Ta B KOXHiil TOULli MporopliiiHa CUJIi B Wil TOYlli,
MOMHOXEHIiil Ha BiCTaHb A0 KOHTYpY, TOOTO IIpO-
rnopiiliHa KBajapaTy BiCTaHi 0 KOHTYDY i JOBXHUHi
IUTSHKU, Ky «IIPeACTaBIsI€» 11 TOYKA. 3HAYCHHS
pOOOTH B OKOJIi peaibHOrO KyTa 3BUYaiHO € 3HAYHO
OIIBLIMM, HiX IHIIMX B TOYKaX IJIaJKOr0 IOBOPOTY.

2. Po3po0yieHO aiaropuTM 3HaXOMXKEHHSI KaH-
IUJAaTiB y KyTOBi TOYKW 3a JOMOMOrow rpadgika
KPUBU3HU Ta YTOUHEHHSI MOXJIMBOIO IOJIOXEHHS
KyTOBUX TOUYOK 3a JOMOMOrorn podoTu. BpemeHo
MOHSITTSI KyTOBOI JaMMi-TOUKM Ta YMOB CIIPSIKEH-
Hs B Hili. Po3po0ieHo 1ogaTKoOByY IIpoLeaypy yTOu-
HEHHSI HamnpsSIMKYy BiIKJagaHHS PO3paxyHKOBOTO
rnepeMillleHHsI Ha JBOX Bipidkax (MiX MPOEKLISIMU
Ha KOHTYp peajbHUX TOYOK BUMIPIOBaHHS), siKa 3a-
Oe3neuye TIaAKiCTb KOHTYpY Mo obuaBa OOKU Bif
KyToBO1 TOuku. Lle mae MOXIUBICTb 3HAUTU KYT
MOBOPOTY i MepepaxyBatu KOHTYp. OKpiM Toro, Ky-
TOBa JaMMi-TOUYKa 3HAYHO 3MEHIIYE 3HAYEHHS iH-
TerpajabHOI poOOTH i pOOUTH i1 MEHIIO, HiX Ha 1i-
JISTHKaX TJ1aJKOro MOBOPOTY.

3. 3aKJII0YHOIO CTai€l0 pOoOOTU € METO[, ideH-
TU(ikallil KyToBOoi TOUKM Ha OCHOBi aHai3y Jne-
KiJIbKOX MOXJIMBHUX Miclb ii JIOKallii Ha AUISIHKaX
BEJIMKOI KPUBMU3HU. BBeneHO MOHSTTSI JIOKaJbHOI
po0OTH, 110 3aJeXKUTh Bill CyMU KBajJpaTiB Bijacra-
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Hel Bil BUMIipSIHUX TOYOK OO0 HAMOJMKYMX TOYOK
3rJIaJKEHOTO KOHTYPY, IIOMHOXEHUX Ha Bary KOX-
HOT TOUKU. 3HAWIECHO BiHOLIEHHS pOoOOTH A0 i Tic-
JIST BBEIGHHSI KYTOBOI AaMMi-TOUYKM. 19 peaybHuX
KyTOBUX TOYOK IlI€ BiIHOLIEGHHSI € OyXe BEIUKUM
(Big 8 mo 30 pasiB), a Mg AUISTHOK LIBUAKOTO ITOBO-

poty (BeIMKOI KpUBU3HU) 1I¢ BiTHOILIECHHS, HaBIIa-
KM, TIOTIpLIYEThCS ab0 3alMIIAETHCS IPUOIUZHO
piBHUM onuHUILI. TaKuM YMHOM, BiTHOILEHHS PO-
0IT € e(peKTUBHUM KPUTEPIEM HASIBHOCTI peaibHOTO
KyTa Ha 300paKeHHI.
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I.V. Orynyak, D.R. Koltsov, D.Y. Tavrov

A METHOD FOR DETECTING CORNER POINTS IN IMAGES USING A COROTATIONAL BEAM SPLINE

Background. The detection of corner points in images is of great importance for object identification and has numerous applications

in computer vision and pattern recognition. Typically, this task is performed using geometric analysis of black-and-white contours, to which
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Gaussian smoothing is subsequently applied in order to identify points of maximum curvature. Functional minimisation is then applied to
these regions to determine the angle magnitude between adjacent contour segments. A drawback of this approach lies in the difficulty
of accounting for artifacts, as well as in the fact that increased smoothing leads to a reduction in the effective scale (size) of the image.

Objective. The paper aims to develop a method for detecting corner points in a digitised grayscale image using the corotational
beam spline (CBS) method.

Methods. Application of the CBS method using the proposed corner dummy points, for which the angular continuity condition is not
satisfied; instead, zero curvature is postulated, resulting in a discontinuity (jump) in the tangent direction at that point.

Results. The CBS method is applied to smooth the contour of a black-and-white image according to the length of a contour
segment rather than the number of points on that segment, thereby preserving the overall image scale. Special corner dummy points are
proposed that allow for a loss of angular continuity. Candidates for corner points are identified based on the local extrema of the curvature
graph. For each point, the work is defined as the square of the distance between the point and its corresponding location on the contour,
multiplied by the length of the segment associated with that point. The concept of integral work is introduced as the sum of individual works
within the region of maximum curvature. A criterion for the existence of a corner point is developed based on the analysis of the ratio of
individual works obtained in the absence and in the presence of a corner dummy point.

Conclusions. The application of adaptive smoothing according to the distance between points on the contour, which are projections
(correspondences) of the measured points, enables the method to be applied to datasets with varying point densities, thereby improving
the quality of the reconstructed contour. The use of corner dummy points that allow for a loss of angular continuity makes it possible to
more accurately reproduce the target contour, in particular, sharp angle changes. Furthermore, the use of the ratio of individual works
obtained in the absence and in the presence of a dummy point serves as a reliable criterion for corner point detection. The ratio of work
values demonstrates an improvement by a factor of 8-30 for corner points, whereas for curved regions, this value deteriorates or remains
nearly unchanged.

Keywords: corotational beam spline; geometric modeling; differential equations; local integral work; corner points; corner
identification; nonparametric smoothing.
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METOJ AHAJII3Y ITOJIKOMITOHEHTHUX CKJIATHNUX CUCTEM HA OCHOBI
BATATOBUMIPHUX MATPUIIb CYMILKXHOCTI TA EHTPOIIIMHUX BITHOINIEHD
MIX KOMIIOHEHTAMU CUCTEMMU

IIpoGaemaTuka. Bimomi MeTomu aHami3y IMOJIKOMIIOHEHTHMX CKJIAAHMX CUCTEM HE 3aBXIM €(EeKTHBHO BPaxOBYIOTh
BiITHOCHY HECYMiCHiCTb BJIaCTUBOCTEIl CUCTEMU 3 KOHGIrypaliiiHuM, TepMOAMHAMIYHUM Ta iHILIUM 3MiCTOM CUCTEMU.
HeBupilieHo0 3aJMIIAETLCS 3aJaya CUCTEMHOIO aHali3dy MOJiKOMIMOHEHTHUX IMHAMIUHUX CKJIaJHMX CHUCTEM 3
Meta nocaimkenHsa. Po3poOutu MeTon aHamizy MOJIKOMIOHEHTHUX CKJIAAHUX CUCTEM 3a iX (DYHKIIIOHAJIbHUMMU,
CTPYKTYPHUMU, (Di3UKO-XiMIYHUMMU Ta iHIIMMM BJIACTUBOCTSIMU Ha OCHOBI TepMOJAMHAMIYHMX Ta iH(pOpMaLiiHUX
XapaKTEePUCTUK TaKOi CUCTEMHM.

Metoauka peasnizamii. 3anporoOHOBAHO METOJ aHaJli3y CKJIAAHMX IMHAMIYHMX, HEJIHIHHMX Ta EHEProBMiCHUX
aJanTUBHUX CUCTEM 3a JOMOMOTrol0 0araTOBUMipHMX, €HTPOIMIMHO iHIYKOBAHUX MiJi KOHKPETHY CUCTEMY MaTpUIlb
CYMIXKHOCTI.

PesyabTaTti AociuimpkenHs. 3amnpoOrOHOBAHO METOJ aHaji3y CKJIaJAHUX CHCTEM 3a JOMOMOrol OaraToOBUMipHUX,
EHTPONINHO CTPYKTYPOBAHMX IliJ, KOHKPETHY CHCTEMY MAaTpULlb CYMiXKHOCTi, 3MICTOBHa 4acTMHa SIKMX BiLIOBinae
OIMMCY CKJIAAHOI IOJIIKOMIIOHEHTHOI CHUCTEMM 3aBISKM IMOKa3HMKaM iHTerpajbHOI eHTporii. Ilepiioio cyTTeBoio
OCOOJIMBICTIO MOJIENi, 110 po3pobJieHa Ha OCHOBI METOMAY, € PO3AiJIEHHSI IHTErpajJbHOI €HTPOIIl CUCTEMU Ha OKpeMi
CKJIaOBi y BUINIsIAI KOHbIrypauiitHoi, CTpyKTypHOi, (bi3uko-XimMiuHoi, iHdopmauiliHOi Ta iHIIMX BUIIB €HTPOMil
BIiIMOBIHO 10 BJIaCTUBOCTEl crucTeMU. JIpyra cyTTeBa BiIMiHHICTh MOJeli MOB’s13aHa 3 ii 6araTolapoBOX MPUPOIAOI0
Yy MexXax MaTpulli CyMi>KHOCTi. Taka Moziesib, Ha BiIMiHY BiJl HASSBHUX, A€ MOXJIMBICTb CUCTEMHO BUBYaTH BJIACTUBOCTI
Ta 3AaTHOCTI CUCTEM BIAMNOBIAATU Hamepen 3alaHUM JTOCHIIHULUBKUM BUMOram. [IpumaTtHiCTb BMKOpPUCTAHHS i
MEPCIEKTUBU METOIY JOBEACHI BIIPOBAIKEHHSIM pe3yJbTaTiB poOOTH B MaTepiaJO3HABCTBI, €KOJIOTii, MEIUIIMHI.
BucnoBku. Po3pob/ieHO $IKICHO HOBUI METOJ AOCTIIXKEHHSI MOJiKOMIOHEHTHUX CKJIaIHUX CUCTEM 3a JOMOMOIOIO
0araToBUMipHOI MaTPULi CYMi>KHOCTI, 3 ypaxyBaHHSIM €HTPOIIMHUX BiIHOILLIEHb MiX BUXIIHUMU KOMIOHEHTaMH, gKa
OITUCYE 3B’SI3KM MiX BJIACTUBOCTSIMU CUCTEMM 4epes ii 3arajibHy HeJIiHiiiHy €HTpOITilo.

KnouoBi ciioBa: ckiagHa cuUcTeMa; AMHAMiYHICTh; IMOJiKOMITIOHEHTHICTh; €HTPOIIisl; €HTPOIliliHA CTPYKTYPOBAHICTh;
MaTpulsl CYyMiXKHOCTi; MyJIbTUIIIApOBA Mepexa B3aEMO/Iii.

Beryn CHUPOBUHM 32 JOTIOMOTOIO TEXHIYHUX CUCTEM, [0 CO-
iaJbHMX Ta €KOHOMIYHUX BiTHOIIEHb MiX TpyHaMu
moneit i ix ¢yHkuioHanbHicTio [1]. JdocaimkeHHs

baraTtokoMImoHeHTHI CKJIaaH1 Z[I/IHaMi‘{Hi, anar- TaKHX CUCTEM € OJHIE€IO 3 HAWCKJIAOHIIINX MaTeMa-
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TPy EHEPreTUYHOTO BIUIMBY i MalOTh HelepeadoadyBa-
Hi pe3yJbTaTH, SIKi BaXXKO IPOrHO3YBaTU BiZOMMMMU
eKCTpaIoJSIUifHUMU Ta iHIIKMMU (POopMasli30BaHUMU
MeTomaMM. Bimomi MeTomu aHajidy TakKuMX CUCTEM
[2, 3, 4, 5, 6] marOTb MEeBHI HETOMIKH, SIKi OYyIyTh
PO3IJISIHYTI Yy Wil poboTi. HeBupilmmeHrMuU 3aiuiia-
IOThCS 3alladi CTaJoro MpakTUYHO-(popMallizoBaHO-
TO JOCTiMKEHHST PO3BUTKY CKJIATHUX CHUCTEM 3a J0-
TMOMOTOI0 MaTeMaTUYHO aIalnTOBAHOTO i MPUPOIHO
MpO30pOro, 3a MOKa3HUKAMM, BCEOIYHOro aHai3y.

ITocTanoBka 3amaui

MeTtoau aHaiidy CKJIaAHUX CHUCTEM 3a IX OU-
HaMiYHMMU, HEJIiHIHHMMU, eHEPEerOBMICHUMU afali-
TUBHUMM KJlacaMM, PO3IVISIHYTMMHU B HAYKOBIM JIi-
Teparypi, IOTpeOyIOTh YTOUYHEHHSI 3a JOIIOMOTOI0 y3a-
raJbHEHUX TePMOAMHAMIYHO-iH(pOpMAaLIiHUX I10-
Ka3HUKIB, BIAMOBiTaJIbHUX 3a €HEPril0 i JUHAMIKY
cucteM. OTXXe, METOIO MOCHIIKEHHSI € CTBOPEHHS
aJTbTePHATUBHOIO METOIY MaKCUMAJIbHO CYILILIBHOTO
aHaJli3y IeBHUX KJIAciB ITOJIKOMIIOHEHTHUX CKJIa[-
HUX CUCTEM 3a 1X (PyHKIIOHAJIbHICTIO, CTPYKTYpOBa-
HICTIO i IIPUPOIHUMM BJIACTUBOCTSIMM HA OCHOBI 1X
TepMOAMHAMIYHMX Ta iH(opMaLilfHUX MOKAa3HUKIB.

MeTtoan mocaimKeHHs

3anporoHOBaHO METOM aHaJli3y CKJIATHUX CUC-
TeM 3a JOMNOMOTIOl0 OaraTOBUMIipHMX EHTPOIIAHO
CTPYKTYPOBaHMX MaTPHIlb CYMIKHOCTI SIK TOXiZTHOT
MOJEJ AJIs1 ONUCY IX MOJIIKOMIOOHEHTHOCTI. TyT Ma-
TPULSI CYMIXXKHOCTI CTa€ 0araTOBMMIpHOIO 3aJIe>KHO
Bil KUJIBKOCTI IIOEAHAHb I'PYIl KOMIIOHEHTIB y CUC-
TeMi, i KOXHMI eJleMeHT MaTpulli OMNUCye Oaratro-
CTOPOHHIli 3B’SI30K.

Takuil migxim po3luploe TpagulLiiiHy IHTep-
MIpeTalilo eHTPOMii, aKTyasli3ylouud il He JIMILIe SIK
Mipy TepMOJAMHAMIUHOIO Oe3/1ady, a TAKOX SIK KiJlb-
KiCHUI iHOMKaTop 0araTo3HAYHOCTI CTaHIB i HeJli-
HIMHOCTI MiXKKOMIIOHEHTHUX B3a€EMOJIN Y CTPYKTY-
pOBaHO-CKJIATHUX CUCTEMaX, 1110 MOXKHA BiI3HAYUTHU
SIK aKTyaJIbHE 3aBIaHHs IJIS1 TAKMX METOIIB aHaJIi3y.
Taxka mocTaHoBKa MUTaHHS € OCOOJMBO peJeBaHT-
HOIO TSI MOJAEJIIOBAaHHSI CHUCTEM, 10 XapaKTepu3y-
IOTHCSI BUCOKOIO TOIIOJIOTIYHOMO i (Ppi3UKO-XIMIiYHOIO
3B’SI3HICTIO, iH(POPMALIMHUMU BiTHOILLIEHHSAMU, IE
MOBeIiHKA 1LIJIOr0 BUBHAYAETHCS HE IMMapHUMU, a 0a-
raTOBUMIPHUMU 1 HE3ICTABHUMM KOPEJISILISIMU MiX
KOMITOHEHTaMH.

YV HaykoBOMy aHaJli3i CKJIagHMX CHUCTEM 3a-
CTOCOBYIOTh (QOpMaJli3oBaHi IiAXOAW, HpUTaMaHHi
TepMOAMHAaMIlli, CTaTUCTUYHII (i3uii, Teopii rpa-
¢iB Ta iHpopMaLiiiHiil Teopii, 30KpeMa eHTPOIIiiHi

MoHATTS [4, 6]. YTiM, KIIOYOBUI aKIEHT y 3arpo-
MOHOBaHI METOAMII 3MIlleHUI Yy OIK apXiTeKTy-
pU B3aEMHOIO PO3MIllIEHHSI €JIEMEHTIB, XapaKTepy
Ta IMHAMIiKM IXHiX TEpPMOAMHAMIYHO OIOCEPEAKOBa-
HUX 3B’SI3KiB, a TAKOX Ha HACJIIKOBY OpraHi3alliio
BCI€] MOJIKOMIIOHEHTHOI MEPEXEeBOI CTPYKTYpPHU.

OCHOBHI TOCTYJIaTU METOAOJIOTiT — 1e inel
iH(popMaLiiiHOT eHTpormil [7, 8], ONpPUHLMUI MiHi-
MAaKCHOI €HTpOITii Ta 3B’430K i3 KJIACUYHOIO CTa-
TUCTUYHOIO MeXaHiKoto [9], minxix A0 CTpyKTypHO
3aJIEKHUX (HAPUKIIaA, TPaHYISIPHUX, TOPUCTHUX,
BIIOPSIIKOBAHUX MiJ KOHKPETHE 3aBIaHHS) CUCTEM
[10], i dopManizalLiist MyJIbTUILIAPOBUX MEPEXK, 1100
MOKa3aTu Pi3HOpPiAHI TUOU B3aemomii [11].

CTpyKTypHO MOJENb SIBJSE COO0I0 TEH30p CY-
MiXHOCTI 3 MeBHUMU aTpubyTtamu (puc. 1), 1o Ha-
JIeXXaTh 10 TMOJIIKOMIIOHEHTHOI CKJIQAHOI CUCTEMMU.
ITozHaunMO MHOXWHY 0a30BMX KOMIIOHEHTIB K
B=1{b,b,, ... by} . BU3BHAUMMO TE€H30pP CYMiKHOCTI
nopsiaky k (st 6araToBUMipHOT BUXiTHOI MaTpUILi
CYMIXXHOCTI) SIK

(M

— OyJieBO-BaroBui 1o-

S0 _ g )
A=A

Jle KOXXHUI eJIeMeHT {y/l.l(f‘“)jk
Ka3HMK HasIBHOCTI KOMOiHalil y cucTeMi (4 ii iH-
TEHCUBHOCTi). Mojesb 3aayMaHa Takolo, 1110 31aT-
Ha 10 PO3LIMPEHHS 3aJIEXXHO Bill TUIY i BJACTUBOC-
T€U CUCTEMU.
bazoBuM o0YMCIIOBAILHUM SIIPOM MO €
came OaraToBUMipHAa MaTpHUId CYMIKHOCTI poO3-
Mipy Px Ox Rx T .... KinbkicTb BUMIpiB MaTpuili
BIITIOBiAa€ KiJIBKOCTI (PYHKIIOHAJILHMX a00 IHIIMX
MO€ENHAHb TPyl KOMIIOHEHTIB y CUCTeMi, TOHi $IK
KOXHUWI MaTpUYHUU €JEMEHT € eHTPOMIMHO CTPYK-
TypPOBaHUM (PYHKLIOHATIOM S, , ./ e » IO BPAXOBYE
BKJIaJl MHOXUHHMX GopM B3aemoniii S, ., . Kox-
HOMY HEHYJbOBOMY €JIEMEHTY MaTpulli BiAIoBigae
BEKTOp aTpUOYTiB TepMOIMHAMiIYHO-iH(OpMaLliii-
HOTO XapakTepy
T, =

total °

AS,{X[},O-,E,...) ]

(2)
ne y 6azoBomy Habopi S, — iHTerpaibHa (Cy-
mapHa) eHTporisi cuctemu, JIx/K abo BimH. on.;
AS — 3MiHa eHTpOTIii Mmif Yac Mepexony BiJl OKpeMUX
KOMITOHEHTIB JI0 3arajibHOi CUCTEMU; {X} — BEKTOD
MacOBHMX NMOKa3HUKIB KOMITOHEHTIB y cUcTeMi; F —
BiIMOBiIHA BiJIbHA eHeprisi (HaANpUKaa, €Hepris
I'i60ca abo iHIA BiabHA eHeprig A, 10 HaJeXUTh
JI0 CUCTEMU); ¢ — LIBUAKICTh BUPOOJEHHS €HTPOMIi
(entropy production rate), sSKIIO cucTeMa He Iie-
pedyBa€ y cTaHi piBHOBaru; & — KOMIAKTUBHICTb
(compactivity) abo iHIIi MapaMeTpu TpaHyJIsIpHOL
CTaTUCTUKHM.
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st onucy JIOKaJAbHOI MOAEII €HTPOIMii Bifd-
HOCHO eJieMeHTa 0araToBMMipHO1 MaTpUlli CyMiX-
HocTi (.5,,,,) U151 TOBUIbHOT KOMOiHAllii KOMIIOHEHTIB
(k=2, 3,4, ..) BBOIUMO aJUTUBHUI (CYyIepro3u-
HiliHWI) MapaMeTp iHTerpajbHOI €HTPOIil eJleMeH-
Ta y BUIJISAMI €KCTEHCUBHOI (hOPMMU:

Stolal zz(xi .Sicomp) + ASmix+SSllkf+

+S

conf’

+S

chem

+S 4.

proc (3)

PosrisiHeMO KOXHY 3 aIUTMBHUX CKJIaJOBUX
iHTerpajbHO1 eHTporii ¢opMysu (3), sIKy iHTepIIpe-
TYIOTh OCOOJIMBUM UMHOM i sIKa MOXe OyTM 3ajaHa
YUCEJBHO i MOCIiJOBHO.

1. Tepmoaunamiyna (KOMIOHEHTHA) CKJIAJA0Ba
[x, - S/ (T, p)] sx 3BUUAiiHa MacoOBO-TIMTOMA

CyMa pO3PaxXyHKOBUX TUTOMHUX EHTPOII KOMIIO-
HEHTIB CUCTEMH 3a 30BHIILIHIX BUXiIHUX YMOB, Ha-
npukian Temneparypa S;, Tuck S7(T), TabanmuHi
3HAUEHHS CTaHAAPTHUX a00 YHKIIT AJIs1 OKpEeMO-
ro xkommnoHeHTa [12]. Ile cyma oKpeMuX €HTPOIIiil
YUCTUX KOMIIOHEHTIB Ha OJMHMIII0 Macu, 00 ’eMy
abo Ha MOJIb, TIOMHOXEeHA Ha YacTKy KOMITOHEHTA.

2. CkiamoBa eHrtpomii 3MmimyBaHHs (imeajbHa
i HAVIMIIKOBA) PO3KJIAJAETHCS K

A, ==RY (% -Inx) +S,, )
Jie TIepllIuid AOJaHOK — ifeajbHa (MEHTaJIbHO-iH-
(hopmaiiiiiHa) yacTMHa €HTpOIIil; R — Onocepenko-
BaHa yHiBepcaJibHa CTajia K MaclUTaOHuii Koedi-
LiEHT eHTporii (MHOXHUK (OopMaabHOI OAMHUILIL
EHTpOIIii); S,, — HAaUIMIIKOBA EHTPOMIisl (BKJIIOYAE
aCUMETpil0 CUCTEeMU, HECHiBPO3MIpHICTh OKPEMUX
KOMITOHEHTIB, 1I OKpEeMHX YacTUH, a TaKOX He-
CIIPaBXHIO ieabHICTh, SIKIIO TaKi HasiBHI B CUCTe-
Mi), SIKy MOXHa MOJIEJIbHO BUPa3UTU uyepe3 aKTUB-
HocTi abo 4yepe3 posmmpeHi mix-moneii (Regular
solution, Margules Tomo). Ilepmmit wien y ¢op-
Myai (4) y3romxyeTrbesi 3 iH(OpMaliiiHUM BM3HAa-
YEHHSIM €HTPOITil JUIsl IUCKPETHUX KOMIO3ulliit [7].
HagiTh sIK1110 KOMIIOHEHTH HE pearyioTh, a IIPOCTO
00’€THYIOTBCSI, €HTPOIIis 30inbinyeThes. lle momae
JIOIATKOBA €HTPOIiiiHA yacThHa S, Y HAIMipHY €HT-
poriito.
3. YV nNoniKOMIIOHEHTHUX CKJAJHUX CUCTe-
Max € Oarato iHTepdeiiciB (IIOBepXOHb MOy, Ie
3MIHIOIOTBCSI BJIACTMBOCTI) MiX pi3HUMHU dazaMu
Ta OKPEMUMMMU KOMMOHEHTaMu. TepMoauHaAMiUYHUM
MOKa3HUKOM TYT € moBepxHeBa a0o iHTepdeiicHa
CKNanosa S,y MOJEi, ii MOXKHA BUPA3UTH K

S =~ A,p- Smrf(T, 0, o),

surf s (5)

ne A, — YMOBHA IUTOMa IOBEPXHS ISl PO3BH-
HYTOI CKJIaAHOI CUCTeMU (Hampukiam, m? - Kr'),

S.uy =—(0y/OE),, — TOBepXHeBa MUTOMA EHTPO-
Mmisl Ha OJMHUIIIO PO3BMHYTOI IUIOLII (SIKIIO Taka
noTpidHa y cuCcTeMi), 3ajieXXHa Bil MOBEPXHEBUX,
30BHIIIHIX SIBUIL CUCTEMM, 1i BiZHOIUEHb i3 Haj-
CHCTEeMOIO. [i MOXHa YSIBUTHM SIK €HEprilo, HaKo-
MUYEHY Ha TOBEPXHi CHUCTEMM Yy HAIpsSIMKy Hal-
CHCTEMMU, 110 MOXKe BKa3dyBaTW Ha B3aEMHUIT OOMiH
E€HEepri€lo Ta EHTPOITIEIO 3TiAHO 3 TEOPi€ HEPiBHO-
BaxkHux cucteMm IlpuroxuHa (y — KoedilieHT 10-
BepXHeBoOro Hatsry;T — TemmepaTypa; {4 — XiMiu-
HUI TTOTeHLian).

4. KoHeirypauiiHa enTpomist S, — OIHA
i3 HaJBaXKJIMBUX CKJIaJIOBUX y MOJEJi, BOHA BKa3ye
Ha CTaTUCTUYHMIA BHECOK B €HTpOIIil0, 110 Bilo-
Opaxa€ IIiIbHICTh KOMIIOHEHTHOI OpraHi30BaHOCTI
(CK1amoOBUX, YaCTUH, OKPEMHUX TPyl KOMIIOHEH-
TiB), ii CTPYKTYpPHIiCTb, BIOPSIAKOBAHIiCTb, (hi3nu-
HY CYTHICTb (TIOPHUCTiCTh, (PpaKUiiiHiCTh, ...) abo
AHaJIOTIYHiI TMOKa3HWKHW, TpUTAMaHHI KOHKpPETHil
cucteMi. ¥ Bupasi (3) HaeTbcs Mpo MPOCTOPOBE
pO3MillleHHSI, TEOMETPil0, sIKa MOKAa3y€e, HACKITbKUA
BIOPSIAKOBAHI KOMIIOHEHTU B CUCTEMI, 1i CTPYKTYp-
HY OIHOPiIHicTh Ta obcsir ynakoBku. Hanmpukian,
KpUCTaJl Ma€ HU3bKY EHTpPOIlii0, aMOpdHUIT cTaH
PEYOBMHM — CEHTPOIil0 BUIIY, piAuHA, raz — Ie
BUILY. 32 PaXyHOK S, MOZIE/Ib [TOKA3y€, HACKLIbKU
Io0pe Bce KOHQIrypaliifHO BIOPSIKOBAHO, CKOM-
MOHOBaHO ab0, HaBMaKM, CTpaTudiKoBaHO. YHidi-
KoBaHa (opMysia KOHQirypamiiiHol eHTpomii Mae
BUTLJISI

conf (6)

ae (€, {&}) — KUIbKICTb HOCTYIIHUX MaKpoO-
CYMiCHUX KOH(irypauii CUCTeMHU, IO 3aT0BOJIb-
HSIOTh IJ100ajbHI MaKpOCKOMIYHI OOMEXXKEeHHS
¢ ={¢.¢,,...€,} , HaNpUKIJIaJ TYCTUHA [1aKyBaHHS,
00’eM, €Hepris, IMITyJIbC, KOMIIAKTUBHICTb, TUCK,
KUIBKICTh YaCTMHOK, CTPYyKTypa rpacda, po3momil
KOMITOHEHTIB TOLIO (3aJIeXXHO Bil Morped cucre-
Mu); {¢} = {TUIIM KOHTAKTIiB, MaTPULS CYMiXHOCTI,
MOJIsI B3aEMO/Iii, TEPMOAMHAMIYHI TTOTEHIIiaIu, 3a-
KOHU cuMeTpii}; K° — yHiBepcallbHa cTajia €HTpO-
MIiAHOI 1IKaNu, [ TEPMIYHUX CUCTEM k' = k,, 1is
anepioguYHUX TIpaHYJISIpHUX cucteM 3a EnBapa-
coM k"= k, (crana Exsapaca [10] — ananor cranoi
boabumaHa mis1 HEPiBHOBAXXHUX CUCTEM), IJISL iH-
(popManiitHux ad0o IUCKpeTHUX cucteM k' = 1 (eHT-
pomisl y «HaTax») abo k"= log,e (GiToBa 1IKana).

Otrxe, Q — 1e Mipa IpocTopy KOHQirypaiiiii,
Ky BHU3HAYalOTh TUIIOM i CTPYKTYPOIO CHUCTEMU
(rpaHynM, YaCTMHKHU, TOMEHM, KIJacTepu, BY3IU
rpaca TolLo).

5. XimiuHa ckiaangosa S, BinoOpaxae eHTpoO-
MiliHI 3MiHM, TIOB’SI3aHi 3 AEIKMMM XiIMIYHUMU

S, =k -InQ€, {&Y),
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MNEepPeTBOPEHHSIMM, HAIpUKJa[, MiI 4Yac XiMiYHMX
peaxiiii OKMCIIOBaHHSI — BiJHOBJIIOBAaHHS, AMCO-
miamiii, po3kJialaHHSI, YTBOPEHHSI HOBMX CIIOJYK,
KOpo3ii, 30ymKeHHi cucTeMu, il HarpiBaHHs, CIIi-
KaHH$, 32 iHIIMUX BUAIB €HEPreTUUYHOro BILIUBY:

Schem = Zgr ' AS:)(T) + ern,nég ’ (7)

ne ¢ — YMHHUK CTyMeHs peatizauii peakitii r; AS f -
CTaHJapTHaA €HTPOIliiiHa 3MiHaA peakllii; J0AaTKOBO
MOXJIMBI HECTPOTi KiHETUYHI BHECKU (S, ) I
HEPiBHOBaXXHUX TepexofiB. Y (iduuHiil ximii, Ha-
NpuKJaa, e A03BOJISIE BpaxyBaTu Jierpaaalilo op-
raHikv, OKCUAYBaHHSI a00O BiTHOBJIECHHSI METaJliB,
YTBOpeHHs HOBUX (a3 Tomro [12].

6. [lpouecna ckaadoséa S, IHTETPATLHOI €H-
TpOIlii — 3a3BMYaii 11e MPOLECHi Ta KiHETUYHI eHT-
pOITiliHi BHECKM, TOB’sI3aHi i3 HecTalliOHapHUMU
edekrtamu (y TeXHIUHUX CUCTeMax — IpecyBaHHSI,
TeMIlepaTypHi Tpamgi€HTH), IO JIOTIYHO ITOB’SI3aTU
3i IBUIKICTIO TTOPOJIXKEHHST EHTPOIil:

L
S e = | G0,

ly

®)

ne ‘o(t) — JokajbHa IIBUAKICTH BUPOOJEHHS €HT-
pomii (OTpUMYIOTh 3 JIiHIMHUX BigHOlIeHb JI. OH-
carepa 3a MajiX BiIXWJIeHb Bil piBHOBaru ado
3 piBHsIHHS IlpuroxuHa ajis HepiBHOBAXXKHUX Tep-
MOAWHAMIYHUX cucteM). JIJis1 TeXHOJOTIYHOTO IIpO-
Lecy Leil WwieH 4acTo AOMIHYE ITill 4ac TepMiuHMX
1 MexaHIYHUX BIUIMBIB Ha CHUCTEMY, 30KpeMa CIli-
KaHH$, TipecyBaHHs [12]. B wimomy 1e eHTporis
JUHAMIKU MPOLECIB Y CUCTEMI.

Taxki jgaHi, IK BJaCTUBOCTI BEJIMKOI KiJIbKOCTI
JOCITIIKEHUX CKJIaAHUX CHUCTEM, CHUCTeMaTU3YEMO
y BUIJISIAI HapaMeTpUYHOTO psiay B Taod. 1.

MeTo10JI0TIUHO BaXXJIMBUM € TaKU BUCHOBOK:
abCOMIOTHE 3HAYEHHST CYMApHOI HTPOMIT S, , ./ o
y 3arajibHiil O6araToBUMIpHiA MojeJi, 110 OIlKMcaHa
Bupazamu (1)—(8), He MOXHA PO3MNISAATU SIK OfI-
HOOCIOHUI KpUTEpiii YMOPSIAKOBAHOCTI CHUCTEMMU.
InTepnpeTaliisi cTaHy CUCTEeMU Ma€ IPYHTYyBaTUCS
Ha aHaJli3i CIEKTPY EHTPOMIAHUX BHECKIB S, .,
Ta IX JOMIHYIOUMX TpeHAiB. Hamnpukian, 3pocTaHH:
Sehem 32 ONHOYACHUM 3MEHILEHHAM S, - MOXE BilllIO-
BimaTu mpoliecaM caMoopraHizaliii abo ¢popMyBaH-
HIO BIIOPSIIKOBAHMX (pa3 y CUCTEMi, TOMY aHaJiTU4Y-

Tabauysa 1. EHTpoMiiiHi CKJIagoBi Ta iX CTPYKTYPHO-TEPMOAMHAMIYHMUI 3MiCT

3MicT i ¢pizuyHe OCHOBHI 3MiHHI MoXIMBUI HAIPSIMOK
ITosHayeHHst CkJanoBa .
TOXO/IKEHHS JIOMiHYBaHHS BIUIMBY Ha MOPSIIOK
EnTponis TepMmoauHamiuHa YacTka KOMITOHEHTH Husbke/crane 3HaUeHHS
melloro EHTPOITisl OKpeMOoi X,, X,, ...; TEMIIEpaTypa,; — YIOPSIIKOBaHICTh
comp PEYOBMHMU 3 ypaXyBaHHSIM MOJIbHU1/MaCcOBUI BJIACTUBOCTEM, ajie
KOMITOHEHTa .
¢azoBuUX TepexoiiB basuc HE CTPYKTYpH
IneanbHa Ta HaIIMIIIKOBA .. . 3pocTaHHST MOXe
. . KinbKicTh KOMITOHEHTIB,
EnTporist CKJ1a/ioBa Bif O3HauaTu sK Gesnan,
AS . . . .. rnapamMeTpu B3aEMO/Lii, . . .
mix 3MillryBaHHSI Mi>KKOMTIOHEHTHOT . . TaK i caMoOpraHi3oBaHi
HeineanbHICTh
B3aEMOIii KOpeJsLii
CtaHU aTOMiB, MOJIEKYJT 3MeHILIeHHSsT i Jac
IMoBepxHeBa . . IMutoma moia N
. Ha iHTepdeiicax ¢as, . . PYIHYBaHHS MEX,
S (mixdaszHa) . TIOBEPXHi, MOPUCTICTb, .
surf . MexXax rnoauly, nopax, .. o . MOZKJIMBaA Aerpagauist
EHTpOTist . eHepris iHTepdeiiciB
CYCIIEH3isIX TOLLIO TOPSIAKY
ITpoctopoBe po3MillleHHs Tun cTpykTypu . .
. . p p P . py. b [ManinHg nig yac
KoHdirypauiiiHa CTPYKTYPHUX OJIOKIB, (kpucraniuHa/ L .
S . N XiMiuHOI caM030ipKu —
conf EHTPOITist dazoBa ogHOPIIHICTL/ amop(Ha), ryctuHa
. 3POCTaHHS MOPSIIAKY
cTparudikartis MaKyBaHHSI
.. EnTpomiiiHi eexT .. . 3pocTaHHST MOXe
XimiuHa .. XiMiyHa aKTUBHICTb,
. peaxiliii: OKUCHEHHS, . CYIMPOBOIKYBaTH
" EHTPOTTist . CTYIiHb TIEPETBOPEHb, .
chem i KOpO3isi, po3KJIaj, o 3pOCTaHHS abo0 TMamiHHSI
peaxiiiit nedekTr peakiiii
YTBOpPEHHSI HOBUX (a3 CTPYKTYPHOTO TTOPSIIKY
ITpouecHa HepisHoBaxHi rpamientu: | LIBuaKicTh HarpiBaHHS, Pizke 3pocraHHs —
Spm TPOIYKIIList T, o, v, I, HeOOOPOTHI MexaHiyHa gedopMallis, TUMYacoBa abo crajia
EeHTpOITi1 rporLecu €JIEKTPUYHi MOTOKHU BTpaTa TOpPSIAKY
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Ha 4YacTMHAa MOJIEJi CIpsIMOBaHa Ha IOCHiIKEHHS
MiHiMaKCHUX (DYHKIIIN 3aJIEXKHOCTE KOXKHOI €HTPO-
niiHoI cknanosoi S, ., (i = comp, conf, mix, surf,
chem, proc, ...) Bill IHTETPAJILHOI €HTPOIIL S, ./ ) orars
110 HaJIEKUTh 3aJaHOMY €JIEMEHTY OaraTOBUMipHOI
MaTpHUIli CYMiXKHOCTI Ha KOXXHOMY 11 BUMIpI:

min max({S(,,ﬂq)ﬂ,-,p, g IS, P 4T S I}
(4)
g c RPxQxRxTx... (5)

Bumip p,q,r.t,...S .4 TaKkol yMOBU OOMpPaIOTh,
BUXOJSYM 3 JIOTIYHOTO HAMOBHEHHS CKJIAJHOI CUC-
TeMU 3 IIOJIKOMIIOHEHTHOIO CTPYKTYpOlO i MoOxKe
MaTu MaKCUMAaJIbHUIA paHTr .J.

Ao ckinagHa cUcTeMa Ma€ BUMIpH IJI00allb-
HOCTi, BUCOKOI KiJIbKOCTi KOMIIOHEHTIB, HaIIPUKJIaJ
y KJIMaToJIOril, €HepreTuui 4u reodi3ulii, MeTo-
IrKa Moxe OyTW ajarnToBaHa 4Yepe3 J0AaBaHHS
cneuudiuyHUX TepPMOAMHAMIUHUX TOKA3HMKIB, 30-
kpema S, — pajiaiiiiHa eHTpomis 1isi aTMocdep-
HMX i IUIAHETAPHUX OOOJNIOHOK; S, — TpaBiTaLiii-
Hi eHTpOIiiiHI 3MiHM y cMCTeMax cTpaTtudikauii;
Sio — WIEHHOHIBCbKA €HTPOIis ISl iH(OpMAaLiiiHO
CKJIAIHUX a00 KiOepdi3UYHUX CUCTEM Ta iH.

CxemaTuuyHuMii BUpa3 Moaeni (puc. 1) mokasye
00’€KT i MpeaMeT AOCIIIKEHHS Yy BUIJISAII TTOJiKOM-
MOHEHTHOI IlIapyBaTOi CKJAAHOI CHUCTEMH, BMICT
JIOCIIIKEHHsI SIKOI BimoOpaxkeHO y BUIJISIALI Oara-
TOBHMIpPHOI MaTpHUIli CYMIXHOCTi, iHIYKOBaHOI IIiJ
AIUTUBHI IOKA3HUKU iHTErpaJibHOI €HTPOILl KOXK-
HOro eJieMeHTa Marpuli. Taka Monejb 103BOJISIE
AHAJIITUYHO BU3HAYaTU MEepeBaru CKIaJHUX CUCTEM
3aJIEXKHO Bif 1X KOMIIOHEHTHOCTI, BJIACTUBOCTEN
pi3HOro piBHS i MpU3HAYECHHSI.

V3arajibHeHO caMe XapakKTep 3MiHU EeHTpPOmMil
JOLIUIBHO PO3MISIAATU SIK iHAMKATOP CTAaOLIbHOCTI Ta
(byHK1ioHATBHOI e(peKTUBHOCTI cucteMu. sl LIboro
BU3HAYMMO JIOKAJIbHY 3MIHY €HTPOIIil eJeMeHTa Ma-
TPULL BITHOCHO CYyMapHOIro CKJIaay Y BUIJIsIAL

AScell = Stotal - Z (xi : Siwmp) (1 1)
Beauuuny (9) sIK moxigHy MoOXHa pPO30UTH
Ha BXe€ BiIOMi BHECKM:

{SpgrnisPq> T 1S .¢};...) ,

AS cell Aszx + ASsurf
+ASconf + ASChem Spmc . (12)
Kpurepiii  «TepMOIMHAMIYHOI KOPUCHOCTI»

CKJIaIHOI CUCTEeMU, HAIIPUKJIaJ CXWJIBHOCTI 10 YTBO-
PEHHSI MOTPiOHUX TepMOooOpoOaeHUX (a3 YU 3HU-
JKEHHSI BTpaT I1iJ 4yac mepepoOKM, MOXHA 3a1aTu SIK
dbynkuito Big AS,,,, Bin F (BiibHOI eHeprii meBHOTO
BUIY) Ta Bil ¢. Hanpukiiam, MiHIiMyM BiIbHOI eHep-

rii 3a JONyCTMMOIoO (MEHII ITIOPOroBOr0) ¢ i MO3u-
TUBHUX S, MOXE CBIIYMTH IIPO OaxaHy (a3oBy
CTalIJIbHICTb CUCTEMU.

BaxxuiuBa cyTTeBa BiIMIHHICTb PO3IJISIAyBaHOI
MOJeJli, MoB’si3aHa 3 ii 3amporpaMoBaHOI Oararo-
1IaPOBOIO MPUPOIOI0, 3 KOPEJSALIIMU MiXK TUIIaMU
B3aEMOJiN y MexXax MaTpuli cymixkHocTi. ITomamo
pi3Hi BUAM B3aeEMOJii y cuctemi ((pi3uyHi, XiMiduHi,
MOBEepPXHEBi, iH(MOpMalliiiHi, CTPYKTYpHi TOILLO) SIK
mapyd MyJabTulapoBoi Mepexi. KoxHiil MaTpuii
(TeH30pYy) 3agaEMO CBili IHAEKC LIapy:

l e {phys,chem,surf ,info,...} . (13)

CkJagHa cucremMa

006’exT
N0CITiKEeH S 7%= {g‘k’ (LN
K ™
CHCTEMH
Ipeamer OMIIOHEHTHA
nocJtiKenns | 1RO
[ 3" (S dS.{x,}, F, d6/d1,5) )
b
BararoBumipna MaTpuus
CYMiZKHOCTI
> B
2 =
)
D omm
=" §
= < 5
R s E
3]
= 3
=

Po3paxynkoBa
YacTHHA
JOCIIIKEeHHSA

AHajiTHYHA
YacTHHA
L0CJT/ZKeHH S

v
Minmax({p.q=3IS,}: (PSS, . }s

p.q.r

{p,q,fstC3|S p.a.rt }a {psqarat"‘cs‘Sp,qﬁmﬁ_})
SCRPXQXRXT,,,

Puc. 1. MarpuuHa Moziesib MoIiKOMIIOHEHTHOI CKJIaAHOI CUCTEMU
Ha OCHOBI €HTPOMNIHHO CTPYKTYpOBaHOi OaraToBMMipHOI
MaTpuLi CyMiXKHOCTI

®opMaTbHO MepexXeBi 3B’SI3KM OTHOTO Iapy
nomamo sk (./', a cross-mapoBi 3B’SI3KM (B3ae-
MO3B’SI30K MiX BIUIMBOM OOHOTO THUIIY B3a€MOZIl
Ha iHIIMI) 3aJa€EMO TEH30POM MiXIIapOBUX 3B’SI13-
KiB MixX nBoMma ingekcamu €.

MynbTuliliapoBa q)opMamsaL[iH JTO3BOJISIE BU-
SIBJISITU, HANpPUKJIaJA, HAacKiJIbKM MOBEPXHEBI Bjac-
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TUBOCTI (1Iap surf) BIUIMBAIOTh HA XiMIYHUI PO3BU-
TOK (a3 (1ap chem), yepe3 cross-Kopapialii aTpuoy-
TiB By31iB MmaTpuui. Taka ¢opmaniizalisi cyMicHa i3
KJIAaCUYHUMM OLJISIIaMU MYJIBTUILIAPpOBUX Mepex [11].

AKTyaJlbHUM UISL 3alpOIIOHOBAHOI MOAEIi €
BUKOPUCTAaHHSI B Hiil iH(popMaLiiiHO-TepMOAUHA-
MIYHOI METpUKHM Ta igeHTUikalis 3B’s3KiB. s
KUJIbKICHOTIO OLIiHIOBAaHHSI B3aEMHOTO BIUIMBY KOM-
MOHEHTIB i 1apiB CJIiJ BUKOPUCTOBYBATU iH(pOpMa-
LiliHI Mipu, 30KpeMa:

— Shannon-eHTPOIIiIO IJ1s PO3IOALIIB MACOBUX
rpyn KOMIIOHEHTIB CUCTeMHU a0o 1151 HIMOBIPHOCHO-
ro po3nofdily KoHpiryparliii:

HX) == p(x)-logp(x) ;

— B3aeEMHY iH¢oOpMaLil0 IIapiB [ OLiH-
KM KopeJisiuii MiX JBoMa BUIaMU B3a€EMOJiil abo
MK OBOMa IlIapaMM KOMIIOHEHTIB Martpuli [8]:

1060 = Y[t log LT () ’y&)]

— OPUHLIUIT MiHiMaKCcHOI eHTportii (Min MaxEnt) —
JUIs1 OOY/I0BY HaMEHII YIepeIKeHUX MMOBipHic-
HMX MOJeJeil 10J0 HEBiIOMMX pO3MOJiJIiB 3a 3a-
JaHUMU OOMEXEHHSIMU (cepeAHiMU 3HAYEHHSIMMU,
eHeprisiMu, macamu). Lle mo3BojsIE iHBEPCHO Olli-
HIOBAaTH OOMEXEHOCTI IapaMeTpiB MOZIEJIi TTOPiBHSI-
HO 3 eKCIIepMMEHTaJbHUMM HaHuMu [12].

Hasenemo apryMeHTallito 11040 IeBHOI yHiBep-
caJIbHOCTi Mojeni, 1o onucaHa Bupaszamu (1)—(8),
SIKYy MOXHa JJOBECTU KOMOiHalli€elo (popmanbHOI (aK-
CiOMaTUYHOI) ITOCTAaHOBKU, AEMOHCTpalii 3BeAcH-
HSl JO KJACMYHMX MOJeJiel i MIXIMCHUITIHAPHUX
eMmmipuyHux TecTiB. Lle, Hacammepen, MOAYJIbHICTh
apiB — BiTOKpPEMJIEHHSI TUITIB B3a€EMOJIN y LIapax
JJa€ MOXUIMBICTb aIlIiKyBaTM MOJE/b N0 Pi3HMX i-
3UYHMX CUCTeM (MeTajyprisi, 6i0- Ta eKOJIOTiuHi cuc-
TeMH, MaTepiaJ'[O3HaBCTBO TOH_[O) 3MIiHIOIOUU JIWILIE
JKYETBCS i3 CyYaCHUMU KOHLIETTLLSIMK ’MYJ'ILTI/IH_IapO—
Bux Mepex [11].

IndopmariiitHo-eHTpoITiiTHa OCHOBA YHIBEpCaIb-
HOCTi Mojesi criupa€eThes Ha (opmainiam Shannon/
Jaynes, sikuii 3a0e31neuye eMHYy CXeMy JIJIs1 OETHAH-
HSI CTaTUCTUYHUX (MiKPOCKOIIYHMX) i MAKPOCKOMiU-
HUX BigoMocTtei; npuHuun MinMaxEntr n103BOJIsSIE
OyayBaTW HaWOIIbII HEUTpalbHI MOIEJI 3a 3aJaHUX
0OOMEeKeHb — YHiBepCaJlbHUI iHCTPYMEHT UIs1 iHBEP-
ciitHux 3agad. [loegHaHHS TepMOAMHAMIYHUX 1 Ki-
HETUYHUX BHECKIB 3IIilICHIOIOTh 3a paxyHOK KOMOi-
Hauil piBHOBaXHMX (S, ~3a PIBHOBaru, Si{c"’"p ; AS )
i HEpiBHOBasKHUX (Sp mc,) CKJIaJJOBMX €HTPOIIii, 1110 po-
OUTb IX MPUIATHUMM IJIST BEJIMKOI KiJIBKOCTI pealib-
HUX cucTeM i mpoueciB [12].

Mu He MaeMO MiACTaB BpaXOBYBaTH 110 METO-
JUKY aOCOJIIOTHO YHiBepCajbHOIO, ajie IMPUHANMHIi
JJIsI IIMPOKOIO CIIEKTPY iHXKEHEPHUX 1 TeXHIYHUX
CHCTEM BOHA MA€ yHiBEPCAJIbHICTb.

AHaji3 OTpUMAHUX Pe3yJbTATIB

Haii6inp1i repeKoHJIMBUM apryMEHTOM Ha KO-
PUCTH 3aIIPONIOHOBAHOTO METOIY aHaji3y CKIamHUX
CHCTEM 3a JOIOMOIOI0 0araTOBUMIipHUX, EHTPOILili-
HO CTPYKTYpPOBAHUX Ii KOHKPETHY CHUCTEMY, MarT-
pULb CYMIKHOCTI SIK IIOXiZHOI MOAEIi IJis OIUCY
MOJIiIKOMITOHEHTHUX CKJIAIHUX CUCTEM € MOro MmpakK-
TUYHA peaJi3allisl Ha IIpUKJIagax CTBOPEHHSI OMNTH-
MaJIbHUX CyMillleii 3 MEeTalIypriiHUX BiIXOMiB IJIsI
OTPUMaHHSI BTOPUHHOTO TPOIYKTY — METaJIOBMiC-
HUX OpuKeTiB moTpidHOI sKocTi [13], a Takox
(pyHKIIIOHAIBHUI aHali3 HOBOro MaTepially — Ireo-
nojiMepy IJIsl 3aCTOCYBaHHS SIK Cy4aCHOI peYyOBHU-
HU TOJIIKOMIIOHEHTHOTO CKJIamy JJIsl Oiabll HixX 12
BUIIB BUKOpPUCTaHH [14].

V nopibHux poboTax METOAMKA BUKOPUCTAHHS
EHTPOITIHO CTPYKTypOBaHUX 0araTOBUMIipHUX MaT-
pULb CYMIXHOCTI J03BOJIMJIA CYTTEBO PO3LIMPUTHU
HOMEHKJIaTypy KiHLEBUX IPOAYKTIB Yy TEXHOJIOTIsIX
PEUMKIIIHTY METaJypriiHuX BiIXOHiB 3a paxyHOK
OiJblI peTeJIbHOr0 BUKOPUCTAaHHSI BJIACTUBOCTEH
OKpeMHUX KOMIIOHEHTIB 3 TaKWX BIAXOHiB Ha KO-
PUCTb HOBOI TOBAapHOI MPOIYKIIil.

¥V po6ori [13] mocaixKeHHo MiasaraloTh CKia-
JIHI CUCTeMU Yy BUIJISIII CyMillleil 3 MeTaaypriliHUX
BiIXO/IiB 3 MATPUYHUMU (DOPMYJIAMHU CKIANY b, 5 | o =
= b, + by + b, + b, (KOHBEPTEpHUII 1ILTAM + eJIEeK-
TPOCTAJICIJIABUJIBHUM TWJI + JIOMEHHUU uuiam +
+ enexTpocTrajeniaBuibHa OKanuHa) Ta b, 5 | o= b, +
+ by + b, + b, (KoHBepTEPHUII 1ITaM + AOMEH-
HUl nua + JOMEHHMH 11aM + KOHBepTepHa
okanuHa). Cucrema, 110 CKJIagaeTbes i3 12 Bu-
XiTHUX KOMMOHeHTiB (b, i = 1,1, 12) koxHui
3 SIKMX SIBJISIE COOOIO IIPOMMCIIOBUM BilIXid, 3aB-
JISIKM YOTUPUBUMIPHIN MaTpULi CYMiXKHOCTI Halae
MOXJIMBOCTI BMAIMTU 3 Maitxke 20 Tucsy Bapi-
aHTIB cyMillleid Ti 3 HUX, sIKi B 00JlacTi ejeMeH-
TiB MaTpUll MalTh ONTUMAaIbHI IJII KOHKPETHOI
CUCTEMHU CKJIQJ0BI CYMapHOI €HTpOTii, OJU3bKi
JI0 CBOTO MiHIMaKCHOro 3HA4YeHHS, i 3a paXyHOK
IIbOTO ITOKa3yIOTh Ha [Bi MO3MIl, SIKi BU3Ha4ya-
I0Th CyMillli 31 BKa3aHUMHU BUIIE dopMyIaMH.
3okpemMa, YOTUPUBUMIpHA MATPULSI CYMiXHOCTI
MHOPIBHSHO i3 ABO- i TPUMBUMIPHUMU €HTPOILIAHO-
BMICHUMU MaTPUYHUMM CUCTEMaMU TMiATBEPIXKYE
MOXKJIMBICTh CTBOPEHHsI SIK CTaHIApTHO BilOMO-
ro opukera (benchmark), 3a HopmMynow b,;;,, =
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= b, + by + b; + b, (KOHBepTepHUil LLTaM + eyiek-
TpOCTaJIeIUIaBUJIbHUM IMUJI + TOMEHHMI I + IIpo-
KaTHa OKaJIMHA) 3 HEBUCOKOI0 MEXaHIYHOI Mill-
HicTIO Ha cTUCK (<< 200 Kr Ha OpUKET), TEPMOCTIili-
KicTio (10 800 °C) i ximiunum ckinagom (Fe 50—60 %,
C 10—15 %), wo ommcano B pob6oTi [15]. Bona x
HajJa€e ajJbTepHATHBHiI KoMOiHallii 3a (opMynaMmu
bysio Ta b3, 49, AKi paHille HE BUKOPUCTOBYBAJIU
Yy TIPOMMUCIIOBOCTI, ajie 3JaTHi 3a0e3MeUYuTu Kpallli
CUCTEMHI BJIACTMBOCTI, HiXK Y OpUKETIB, SIKi BBaXa-
I0Th «CTaHAAPTHUMMU».

ITocunaruuch Ha pO3paxXyHKOBI JaHi MO-
Ka3aHo, W10 cyMill b Mae 3HaueHHs S2>°' =

2,519 chem

= O’ 031 . SbEnChmark , S2,5,9,1 — 0,391 . Sbenchmark Ta S2,5,9,1 —

chem proc proc conf

— 0’145 A Sg;;;lzma)k a StZ‘OJ,tSB,l. ~ S:)etnchmark . QT)KC, npu
30BHIIIIHIW €HTPOMiiHIA PIBHO3HAYHOCTI HOBA Cy-
Mill b, ,, 32 PaxyHOK MEHIUMX 3HA4YCHb TEPMO-
JIUHAMiYHOI Ta KOH(irypauiiiHoi piBHOBaru, a Ta-
KOX XIMIYHOI BIOPSIIKOBAHOCTI, MPOSIBJISE Kpalili
BJIACTUBOCTI Ta CXWJIBHICTh JO XiMiYHOI B3a€EMO/II,
i TOMy cTa€ HailbOiNbII e(eKTUBHOIO 11 BUKOPUC-
TaHHS B arjioMepauiiiHOMy BUPOOHUIITBI.
3anponoHoBaHa cyMill 3a (opMyso b, ,

SIKIIO TIOPIBHATU i3 benchmark, XapaKTepU3yeThCS
CKJIAZIOBMMM 3HaYeHHsIMU eHTportii S = 0,416 x

chem

ta Soo0"% =0,254- S Tlonpu Te,

wo s Hei S0 21,633 S | yopa cymiin
3a paxXyHOK OiJbIIOI IIIJIBHOCTI Ta CXUJIBHOCTI J0 Xi-
MIYHMX B3a€EMOJil Ma€ OCOOJMBI BIACTUBOCTI SK
MPOAYKT OpUKETYBaHHS, /IS TEXHOJIOTii TJIaBeH-
Hs 1 BimHOBIIOBaHHS 3aidiza. Lle poOUTh iX LJIKOM
e(eKTUBHUMMU $IK aJbTepHATUBY [JIS1 3aCTOCYBAHHS
B JIOMEHHI I1e4i 4 SIK CaMOBIAHOBJIIOBaHI BTOPUH-
Hi CMPOBHMHHI MaTepiajJi B €JIEKTpOCTajeriaBUIb-
HOMY BUpOOHMUTBI [13].

bararodyHKIlioHaIbHICTh TEOMOMIMEPHUX Ma-
TepialiB 3 BiAXOdiB MeTalypriiHOro BHpPOOHMIITBA
00yMOBJIEHA 1X YHIKQJIbHUMMU BJIACTUBOCTSIMM, 11O
JIO3BOJISIE TM 3HAXOIUTU 3aCTOCYBAHHS B 0araTboX TeX-
HOJIOTIYHUX Tpoluecax. BukopucTaHHs eHTpOIiiiHO-
BMIiCHUX 0araTOBUMipHUX MaTpMIlb CYMiXKHOCTI 103-
BOJIMJIO BUSIBUTU HOBi (hOPMYJIU IS 1Ii€T peYOBUHH,
SIKi CTaJlM CIIPOMOXHUMU TIPOSIBUTU cede B HOBUX
JIJIST TeotoniMepiB ooacTsx: 3D-npyKy, OioMeTMIHNIX
JOCTIIKEHHSIX Ha KiCTKOBMX TKaHWHax [14].

Ak migcymoxk pocnigkeHb [14] mopiBHSIHHS
PO3paxoBaHUX Pe3yabTaTiB, OTPUMaHUX 3a TOMOMO-
rOI0 3alPONOHOBAHOTO METOAY, 3 €KCIIEPUMEHTATb-
HUMHM 1 TPAaKTUYHMMU JAaHUMU, OMYyOJiKOBAaHUMH,
Hampukian y [16], mae 9iTKO MO3UTHBHI BUCHOBKU
Mpo Horo eeKTUBHICTb.

% Sbenchmark

chem

JdopeyHuM TyT Oynae 3icTaBJ€HHS 3allpoIlo-
HOBAaHOI METOIMKM 3 BiIOMMMM i HAMOULIbII BUKO-
PUCTOBYBAaHUMM METOJAMU JOCIIIKEHHSI Ta aHaJli3y
CKJIQIHUX CUCTEM, 10 HAJa€ HaM JirtepaTypa. 30-
KpeMa, MOBa MOXE WTHU IIPO IUUPOKMUI CIIEKTP Cy-
MIKHHX METO/IB: CIIEKTpajbHa KJlacTepM3allisl Tpa-
¢iB [2], MymnbTHIIapoBa MaTpUYHA CTAaTUCTUYHA
Moenb [3], BUnagKoBa MaTpU4yHa Teopist mymy [4],
BUKOPMCTAaHHS MapKOBCHLKUX BUIMAIKOBUX TIOJiB
[5], poskian GaraToBUMipHUX TeH3opis [6]. Ix pe-
3yJIbTaTU MOXHA BUKOPUCTATU SIK OeHYMapKu Bil-
HOCHO 3aIlpONOHOBaHOI MeTOAUKU (TalJI. 2).

3 BUKIAAEHOrO MOXHa 3pPOOUTH BUCHOBOK
Mpo Te, IO 3alpOIOHOBAHUI MeTonm mepedyBae
Ha piBHI HasBHMX 3a YHiBepCaJbHiCTIO, O0UYMCIIO-
BAJIbHOIO CKJIAMHICTIO 32 MaTeMaTUYHUM Ta €HTpPO-
niiHO-iH(OopMaLiiHUM 3a0€3MeYeHHSIM 1, IoHali-
MEHIIE, He Tiplle 3a HUX, a 32 TPUKJIAIHUM CEHCOM
1 YYTJIMBICTIO 10 pealbHUX CTPYKTYPHUX 3MiH €110
MepeBepIly€e PO3MISTHYTI METOIM.

BucHoBku

1. 3amnporoHOBaHO $IKICHO HOBHUI METO.
JI0 BUBYEHHSI MOJIKOMIIOHEHTHUX CKJIATHUX CHUCTEM
3a JIOMIOMOI'0I0 0araTOBUMIipHOI €HTPOITIMHO IHIYKO-
BaHOI MaTpMLi CYMiXHOCTi, B SIKiii B3a€MO3B’SI3KU
BUXiTHMX KOMITOHEHTIB OMUCYIOTh Yepe3 CTPYKTYpY
He3aJIeXHMX CKJIaJOBUX IHTErpaJIbHOI €HTPOITil KOX-
HOTO eJleMeHTa MaTpulli. Takuii po3Kjian H03BOJISIE
CUCTEMHO IO€ENHYBAaTU B aHAJITUYHOMY JOCIiIKEH-
Hi BJACTUBOCTI KOMIIOHEHTIB, miX-mpouecu, iHdop-
MalliiiHi, CTPYKTYypHi, KOH(pirypauiiHi, XiMmiuHi, au-
HaMiyHi Ta iHIII YMHHMKU 4Yepe3 CKJIaJ0Bi MOBHOI
E€HTPOMii KOXHOIo ejJeMeHTa MaTpPMIli CYMiIXKHOCTI.
ITokazaHo, 1110 3MiHa 0ajaHCy €HTPOITIITHMX BHECKIB
MOXe€ CYTTEBO BILUIMBATU Ha iHTepIpeTallilo BIIOPSII-
KOBAHOCTI CUCTeMH HaBITh 3a MepeadadyyBaHOI 3MiHU
11 iHTerpaJibHOI €HTPOIIi.

2. MynbpTUiIapoBa apxiTeKTypa MOJIEIi J103BO-
JISIE THYYKO BiIOKPEMJIIOBATU Pi3HI BUAY MiXKKOMIIO-
HEHTHMX KOpeJIsiliii BcepearHi CUCTeM, BU3HAYaTU
B3a€EMO3B’SI30K BiIMOBIAHUX TOMiHYIOUMX €HTPOMili-
HUX TPEHIIB i MOOYAOBY KpPUTEpiiB TepMOAMHAMIU-
HO-iH(opMaLiitHOI AOUINBHOCTI (PYHKIIOHYBAHHS
cucteMu. BuKopucTaHHSI TPUHLUANY MiHIMaKCHOI
eHTpoIIil Ta iHpopMaLiiHUX 3aXOiB JalOTh 3MOTIY
IHBEPCHOTO BM3HAYEHHSI HESIBHUX PO3IOJILIIB I He-
30KHUX MapaMeTpiB y TaKUX B3a€EMOIsIX.

3. PesynabTaTi BUKOPHMCTaHHS 3arpoOIOHO-
BAaHOIO METOIY i CTBOPEHOI Ha MOro OCHOBI Moje-
Ji EHTPOIlHO iHAYKOBaHOI OaraTOBUMipHOI Ma-
TPULI CYMiXKHOCTI 3 Me€XaHi3MaM# CTPYKTYPOBaHOCTI
napaMeTpiB eHTPOINi JJIsd HOCTIIKeHHS CKjaa-
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Tabauusa 2. T1opiBHSIIbHI pe3yJibTaTH 3iCTaBJICHHS Pi3HUX METOIIB OLIIHKM MOJiKOMIIOHEHTHUX CKJIAAHUX CUCTeM™

K . EnTpomiitHo- CrexTpaabHa MynbTHiapoBa Bumnankosa MapKoBCBKi Posknan
puTtepiit . . . . .
. TOMOJIOTIYHU I KJIacTepu3allisi MaTpuIHa MaTpuyHa BMITaIKOBI 6araToBUMipHUX
OLIIHIOBaHHS . . .
METO rpadis MOJIEeJb TEopist Iymy oJIst TEH30piB
- . Crarucruka .
EnTponiiini . Bararoiaposi I'pad JlareHTHi
L. BnacHuii . BJIACHUX .
MaremaTuyHa 0GaraToBUMIipHi . MaTpulli, 3ajiexXHocTel + dakropu
. CIIEKTp MaTpuli 3HaYeHb .
OCHOBa MaTpuLi . . TEH30Dp €HEepreTUuHi Gararomoaib-
. . CYMIXKHOCTI L, . BUIMATKOBUX .
CYMIXHOCTI MiX3B’I3HOCTi MOTEHLiIN HUX JaHUX
MaTpulb
. EnTpormis . Tepmonuna- EnTtpormist
Indopmaniiino- . CrpyKTyHa EnTtpormist .
o KOMIIOHEHTIB . MiyHa TEeH30pa,
eHTporiiiHa . Cnabka EHTPOITist CIIEKTpa, . . .
. . i 3B’I3KiB . EHTPOTTist GaraToBUMIipHUI
iHTepIIpeTanis mapiB ym .
BHCOKA CTaHiB GanaHc
Maciurabna
iHBapiaHTHICTb
. YactkoBo YactkoBo
(arperattist Bucoka Bucoka Bucoka Bucoka
. BHUCOKA BHCOKA
BY3J1iB/
KOMIIOHEHTIB)
YUyTnusictb Bucoka Cepennst
IO peaJIbHUX (3as1eXUTh Bi (3as1exuTh
K K X Bucoka Hwusbka CepenHst Bucoka
CTPYKTYPHUX PO3MipHOCTI BiJl CIIEKTpPY
3MiH TEH30pa) MaTpuili)
O6uucoBagbHa
. CepenHs CepenHsi Bucoka CepenHsi Bucoka Bucoka
CKJIQIHICTh
. . L [MoreHmiamm Panr poskiany
BaraToBumip- Jlamnacian . . PoawmipHicth . .
. . . Oxkpemi MaTpuiti . BY3JTiB mapamMeTpiB
DizuuHmit HICTh MaTPUITh KoJye . MaTpulli
. . . . BiTOOpakalTh . OTUCYIOTh BU3HAYa€E
Ta NMPUKIAIHUN | 3 OAHOYACHICTIO | IHTEHCUBHICTb L 3a/1a€ piBeHb . N L
. . . pi3HI TUTIN iMOBipHiCHI KIiJTBKiCTh
CEHC TlapaMeTpiB | MIXIIapoBUX B3aEMOIiiT Mixk . CTAaTUCTUYHUX .
. B3aEMOIil . B3aEMOIii MiX TPUXOBAHUX
B3aEMOIiit KOMITOHEHTaMU duykTyartiii .
eJeMeHTaMu ¢daxropin
VYHiBepcaiib-
. . Jly>xe BUCOKa CepenHsi Bucoka Bucoka Bucoka Ily>xe BHCOKa
HiCTb MO

*3a gaHuMM axepena [2, 3, 4, 5, 6].

HUX CUCTEM OTPUMAJIM TIPUKJIAJHE MiATBEPIKEHHS
i MpakKTUYHY 3HAYYLIICTb B TEXHOJOTISAX PEeLMKIIiH-
ry 6araTOKOMIOHEHTHUX METaJypriiHUX CyMilllei,
y TIPOEKTYBAHHI Ta ONTUMIi3allii HOBUX CKJIaIHUX Ma-
TepialiB Ha MPUKJIA/i reonojiiMepiB, a TAKOX ITiJl yac
3iCTaBJ€HHS 3 BiIOMMMU MPUKIAIHUMU METOAAMU-
aHaJIoraMu.

4. Po3po0biieHUit MeTO/ 103BOJISIE TIEPEeUTH Bi
eMITIpUYHOIO aHaJli3y BJACTMBOCTEU MOJiKOMIIO-
HEHTHUX CHUCTEM JO0 HAYKOBO OOIPYHTOBAHOTO iX
MPOEKTYBAHHSI, CTBOPEHHSI CKJIAIHUX CUCTEM i3 3a-

JaHUMM BiacTUBOCTAMU. lle 3abesreuye 3HaUHE
3HIMKEHHSI OOYMCIIIOBAJIbHOI CKJIATHOCTI 31 30epe-
JKEHHSIM BHCOKOI MacIITaOHOCTI Ta iHBapiaHTHOCTI
aHaJji3y, 10 pOOUTh METOJ YHIBEPCAJILHUM iHCTpPY-
MEHTOM JISI MMPUKJIaAHUX 3aJa4 €KOJIOTii, MeTaayp-
rii Ta KiOepHETUKM.

5. Mertoa MoxHa kinacudikyBaTu sIK YHi(iKo-
BaHWI U KJIaciB IMHAMIYHUX, HEJIIHIMHUX Ta amari-
TUBHMX, €HEPrOBMICHUX, CKJIAQAHMX CUCTEM; cepu
1X 3aCTOCYBaHHS B iH;K€HEPHUX CUCTEMaX JOBEICHO,
BOHM MOXYTh MaTH MOJAIBLIINNA PO3BUTOK.
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V.S. Voloshyn, I.A. Tkalenko

A METHOD FOR ANALYZING MULTICOMPONENT COMPLEX SYSTEMS BASED ON MULTIDIMENSIONAL MATRICES
OF ADJACENCY AND ENTROPY RELATIONS BETWEEN SYSTEM COMPONENTS

Background. Current approaches to the analysis of multicomponent complex systems do not consistently consider the relative
incompatibility of system properties with the configurational, thermodynamic, and other aspects of the system. The challenge of analysing
multicomponent dynamic complex systems in terms of their energy and thermodynamic content continues to be unresolved.

Objective. The paper aims to develop a method for the analysis of multicomponent complex systems through their functional,
structural, physicochemical, and additional properties, utilising the thermodynamic and informational characteristics inherent to such
systems.

Methods. A technique is introduced for the analysis of intricate dynamic, nonlinear, and energy-containing adaptive systems,
utilising multidimensional, entropy-induced adjacency matrices tailored for a particular system.

Results. Anovel approach for the analysis of complex systems is introduced, utilising multidimensional, entropy-structured specifically
tailored adjacency matrices, substantive part of which aligns with the characterisation of a complex multicomponent system through
integral entropy indicators. A primary distinguishing characteristic of the model, which is founded on this method, is the decomposition of
the system’s integral entropy into distinct components, including configurational, structural, physicochemical, informational, and various
other entropy types, reflecting the system's inherent properties. Another notable distinction of the model pertains to its multilayered
structure within the adjacency matrix. This model, in contrast to existing alternatives, facilitates a comprehensive examination of the
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properties and capabilities of systems to fulfil specified research objectives. The effectiveness and potential of this method are validated
through its application in fields such as materials science, ecology, and medicine.

Conclusion. A novel approach has been established for the examination of multicomponent complex systems through the utilisation
of a multidimensional adjacency matrix. This method considers the entropic relationships among the initial components, effectively
illustrating the interconnections between the system’s properties via its overall nonlinear entropy.

Keywords: complex system; multicomponent nature; entropy; adjacency matrix; multilayer structure; entropy structuring.
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IHTEJIEKTYAJIbHA CUCTEMA AJAIITUBHOI'O KEPYBAHHA
TEXHOJIOITYHUM ITPOLECOM YKJIAJAHHS ACPAJIBTOBETOHY
HA OCHOBI HEMPOMEPEXEBUX MOJEIEN

IIpob6aemaruka. SKicTh i JOBrOBiUHICTb acdaabTOOETOHHOTO IMOKPUTTS Oe3MOCepPeIHbO 3aJIeKUTh Bill JTOTPUMAHHS
TeXHOJIOTIYHMX MapaMeTpiB MiA 4yac Moro ykjaagaHHs. TpamuliiiHi aBTOMaTU30BaHi CUCTeMU YMOpPaBIiHHS TEXHO-
JIOTIYHUMHU TpoLecaMU YacTO IPYHTYIOThCSI Ha JKOPCTKMX aJITOpUTMaXx, SKi HECIIPOMOXKHI IMOBHOILIIHHO BpaxyBaTu
CKJIAMHUM HENiHIMHUI BIUIMB BOJIOTOCTI MOBITpsl, IIBHUIKOCTI OXOJIOMXKEHHS MaTepialdy Ta OUHAMIYHOI XKOPCTKOCTIi
OCHOBH. 3aCTOCYBaHHSI B IIMX CUCTeMaxX 3aMKHEHHUX KOHTYpPIiB KepyBaHHS Ha OCHOBiI 3BOPOTHOIO 3B’SI3KYy HO3BOJISIE
MiHiMi3yBaTU BIUIUB JIIOACHKOTO (bakTopa I 3a0e3leuynTy CTaOUIbHICTh IMapaMeTpiB YKJIaZaHHS He3aJleXHO Bil
30BHIIIHIX 30ypeHb. YTiM, e(peKTUBHICTh TAKMX CUCTEM CYTTEBO OOMeEXXeHa 0e3 iHTerpallii MpOrHOCTUYHUX MOJAeINe,
30aTHUX BUSIBJISITU MOTEHLIMHO AedeKTHI 30HM 1€ 10 MOMEHTY OCTAaTOYHOI'O OXOJIOIKEHHS CyMIillli.

Meta. MeTolo 1€l podOTH € po3podKa Ta aHaji3 e(PEeKTUBHOCTI iHTeJIeKTyaJIlbHOI CUCTEMU aZallTUBHOIO KepyBaHHSI
(ICAK) mpouecom ykiagaHHsI acaabTOOETOHY, sSKa AO3BOJMUTH 3MEHIIMTU BIUIUB 30BHIlHIX (paKTOpiB Ha SIKiCThb
TIOKPUTTSI.

Metoauka peanizamii. [l peasmizaiiii 3arpornoHOBaHOI CUCTEMU BMKOPUCTaHO METOAU 00’ €KTHO-OPiEHTOBAHOIO
nporpamyBaHHs (MoBa Python) i 6i6mioTeku MammaHoro HaBuaHHs (XGBoost, TensorFlow). Metoauka IrpyHTY€EThCS
Ha KoMIT'oTepHoMy MmopemtoBaHHi 1000 TexHosjoriyHMX HUKIIB. Bepuoikaiio pe3yabTaTiB 3HilICHIOBAIM IILISIXOM
MHOPIBHSIHHSI IPOTHO3HUX 3HAUYEHb LIUILHOCTI 3 €TATOHHUMU (Pi3MKO-MaTeMaTUUHUMU MOIEISIMU YIIiITbHEHHS.
Pe3yabratn mochaimkenHs. BrnipoBa/keHHSI 3alpONOHOBAHOI iHTENEKTYaJlbHOI CUCTEMU AO3BOJUJIO 30LIBLIATH
IIUIBHICTh TMOKPUTTS B YOTHUPM pa3u IOPIBHSIHO 3i cTaHZapTHUMU cucteMamu. CKOpouyeHHsSI yacy peakliii Ha
TeMmIiepatypHi 30ypeHHs 3 18,5 ¢ 1o 5,2 ¢ miATBepmKy€e 30aTHICTb CUCTEMU MisITU MPOAKTUBHO i 3HU3UTU MMOBIPHICTh
MOSIBM TIPUXOBAHUX TIOIIKOMXeHb Mo piBHS 1,8 %. 3HaueHHs1 KoedilieHTa cTabibHOCTI Tpoliecy Ha piBHiI 0,97
MiATBEPIKYE HANilHICTh MOAeNell Ta X TOTOBHICTh OO MPAKTUYHOI'O BIPOBAIKEHHS.

BucnoBkn. 3ampormoHoBaHa iHTeJIEKTyaJbHa CHCTEMa amalTUBHOTO KEepyBaHHS JO3BOJISIE BUPILIUTUA IIpOOIeMY
3aTPUMKHU peakllil TpagulliiHUX aBTOMATU30BaHUX KOMILIEKCiB Ha CTOXAaCTUYHI 3MiHM 30BHIlHIX YMHHUKIB il
yac ykjaamaHHsI ac¢albro0eToHy. BoHa 3MeHIllye HeraTMBHUI BIUIMB TeMIIEpaTypHOI HeCTaOiIbHOCTI Ta KOJMBaHb
BOJIOTOCTI, 1110 3a3BHUYail MPU3BOASTH 10 BUHUKHEHHS MPUXOBAaHUX Ae(PEKTIB i HEOAHOPITHOCTI CTPYKTYPU IMOKPUTTSI.
3aBAsIKM iHTerpauii IMpeAuKTUBHUX HEUpOMEpexkeBUX MOJAedell Yy 3aMKHEHMII KOHTYp pPeryjIloBaHHs BIAIOCS
3a0e3IeUYnTy MPOaKTHUBHE YIIPABIiHHS IMPOLECOM, I¢ KOpUIYBaHHS MHapaMeTpiB BimOyBa€TbCsS HA OCHOBI IPOTHO3Y
CTaHy MaTepiaiy, a He Juile 3a (paKTOM BiIXWJICHHS Bil HOpMU.

KmiouoBi cioBa: aBTOMATM30BaHi CHUCTeMHU; amalTUBHE KepyBaHHS; IUTYYHUM iHTEJIEKT; HEMPOHHI Mepexi;
acanbTo0ETOH; 3aMKHEHa CHUCTeMa; MPOrHO3YBAHHS SIKOCTI.

Beryn ro OymiBHUIITBA, /1€ KJIIOYOBY pOJIb Bimirpae 3mat-
HIiCTh CHMCTeMHU aJanTyBaTUCS OO0 MiHJMBUX YMOB

I'moGanbHa nudposizauis OymiBeabHOI rajdy- cepeloBulla B peadbHOMY 4aci. ExcrutyatauiiiHa

3i 3yMOBJIIOE TMEpexil Bil TpaauLIiAHUX METOMiB JOBTOBIUHICTH ac(aabTOOETOHHOTO MOKPUTTS 0e3-
KOHTPOJIIO SIKOCTi 10 KOHLEIMIil iHTeJIeKTyalbHO- TMOCEPENHbO 3AJIEXKUTh BiJl JOTPUMAHHS TE€PMIiUYHOI

IIpono3unis nas uurysannsa mi€i crarri: S1.B. Crewenko, A.T'. TIpoTtacoB, «IHTenekTyalbHa cucTeMa anarnTUBHOTO
KEpYBaHHSI TEXHOJIOTIYHUM MPOLECOM YKJIaJaHHsl acdhalbTOOETOHY Ha OCHOBI HEHPOMEpEXEeBUX MOIENIeii»,
Haykosi ¢icmi KIII, No 1, ¢. 42—49, 2026. doi: https://doi.org/10.20535/kpisn.2026.1.350095
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CTabUILHOCTI Ta NOCSATHEHHSI HOPMATMBHOI IIiJb-
HOCTI MMiJl Yyac TeXHOJIOTIYHOIro Mpolecy yKJaaaH-
Hs. Bynb-siKe MopylIeHHST TeMIepaTypHOTO IIpO-
¢ino cymilli abo HEKOPEKTHUI BUOIp pexXuUMy
poOOTH YIUILHIOBAJIbHOI TEXHIKM HEMUHYYE MpU-
3BOMSITh 10 BMHUKHEHHS TPUXOBAHUX Me(EKTiB,
TaKUX SIK MIiKpOTPIlLIMHU, HEJOCTATHS aare3is Mix
liapaMu ¥ mnepeayacHe JylIeHHsS MoBepxHi. Tpa-
IUILIMHI aBTOMATU30BaHi CUCTEMM 4YacTO IPYHTY-
IOTbCSl Ha XOPCTKMUX aJITOPUTMaxX YIpaBiHHS, sSKi
HECIPOMOXHI TMOBHOLIIHHO BpaxyBaTW CKJIAAHUU
HEJIIHIAHUN BILJIMB BOJIOTOCTI IMOBITPs, IIBUIAKOCTI
OXOJIOJKEHHSI MaTepiajly ¥ JTMHaMiuHOI XOPCTKO-
cti ocHoBHU [1, 2].

BripoBamkeHHSI 3aMKHEHUX KOHTYpPIiB Kepy-
BaHHSI Ha OCHOBi 3BOPOTHOTO 3B’SI3KY JT03BOJISIE
MiHiMi3yBaTu BIUIMB JIIOACbKOrO akropa i 3a-
0e3MeynT CTadiIbHICTh MapaMeTpiB yKaadaHHS
He3aJIeXKHO BiJl 30BHilIHiX 30ypeHb. YTiM, edek-
TUBHICTh TaKMX CHUCTEM CYTTEBO oOMexkeHa Oe3
iHTerpalii MPOrHOCTUYHUX MoOJeseid, 3AaTHUX
BUSIBJSTUA NOTEHLiIMHO nedeKTHi 30HU 11Ie 10 MO-
MEHTY OCTAaTOYHOrO OXOJIOJKeHHS cyMiui. Cy-
YacHi JOCSITHEHHS B rajly3i rJIMOOKOro HaBYaHHS
Ta aHajlizy BEJMKMUX MACHUBIB CEHCOPHUX JaHMX
CTBOPIOIOTH MepeayMOBU st (OpPMYyBaHHS iH-
TeJIEKTyaJlbHUX CUCTEM MIATPUMKW MPUAHSTTS
pillieHb, SIKi IMpaloTh B €AMHOMY iH(OpMaliii-
HOMY MOJii 3 BUKOHaBuolo TexHikoto [3]. Ile no3-
BOJISIE MEPEWTU Bill MACUBHOTO CHOCTEPEXKEHHS
3a TapaMeTpaMy 10 aKTUBHOTO KOPUTYBaHHS iH-
TEHCUBHOCTI HarpiBy Ta 3yCWJUISI NPUTUCKAHHS
BaJIblliB HA OCHOBI BUCOKOTOUYHUX Helipomepexe-
BUX IPOTHO3IB [5].

Oco6JiMBOTO 3HauYeHHS HaOyBa€e CUHTE3 Ma-
TeMaTUYHUX MOjeJell TeIrJIoBoro OajaHcy 3 mpe-
JTUKTUBHUMHU aJrOpuTMaMu MalllMHHOIO HaBYaH-
Hs, 110 3abe3meuye TOYHICTb IIPOTHO3yBaHHS
LIJIbHOCTI MaTepiasy Ha piBHi moHanm 95 % [6].
BukopuctanHsl iHTErpoBaHUX CEHCOPHMX CUCTEM
IUIs1 30MpaHHsl JaHUX TPO TeMIlepaTypy B OyHKe-
pi, BOJIOTIiCTb i1 BiOpalliiiHi XapaKTepUCTUKU KOTKa
J03BoJIsIE  (hOpMYBAaTU JMHaAMIiuHi KapTU YIIiJib-
HEHHSI B peXuMi peajbHOro vacy. Takuid miaxin
Ja€e 3MOry OIlIepaTMBHO 3MiHIOBAaTU WIBUIKICTh
pyXy TexHIKM ¥ TlapamMeTpu BiOpOYILiJIbHEH-
Hs, 3anobiralouM 1ieperpiy abo Hemoylliib-
HeHH1o Mmatepiany [4]. TToenHanHs1 i3zuKo-maTe-
MaTUYHOTO OIMCY TPOLIECY 3 METOJAAMM iHTEJIeK-
TyaJIbHOTO aHajidy JaHuxX (opMye HOBMIA CTaH-
JapT HamiAHOCTI B HOPOXHBLOMY OYIiBHUITBI, 1€
KOXHa TEXHOJIOTiuHA oIlepalisi CyMpOBOIXKYETHCS
MUTTEBOIO OLIIHKOIO ii BIUIMBY Ha KiHILIEBY SIKiCTb
roToBoi mpoaykuii [5, 6].

AHajii3 monepeaHix poOiT i myomikamii

VY po6orti Yu, Shen ta Lu [1] aBTOpu mocin-
KYIOTh  TIpO0JieMy  OINEepaTUBHOTO MOHITOPUHTY
YMOB YUIUJIbHEHHSI ac(aibTOOETOHHUX MOKPUTTIB
Ha OCHOBI CEHCOpPHMX BUMiploBaHb. MeToOW [0-
CIIIIKEHHST € MoOygoBa MOJeJel, 10 MOB’SI3YyIOTh
TeMIlepaTypHi 1 MexaHiuyHi TnapaMeTpu Ipoliecy
3 (paKTMYHUM CTAHOM YIUiJIbHEHHS. [JIs1 IbOro BU-
KOPUCTAHO TOJIbOBI €KCMIEPUMEHTHU i3 3aTyYEHHSIM
CEHCOpiB TeMmIlepaTypu Ta HaBaHTaKE€HHS, a TaKOX
perpeciiiHi Moneli MalllMHHOro HaB4yaHHsS. OTpu-
MaHi pe3yJbTaTh MiATBEPAMIN MOXJIUBICTH BUCO-
KOTOYHOIO MPOTHO3YBaHHSI CTaHy YIIIJIbHEHHS.
BoaHouac 3anpornoHOBaHUI Miaxil Opi€eHTOBaHUMA
MepeBaxXHO Ha OLIHIOBAHHS TapaMeTpiB i He Te-
pendavae ¢hopMyBaHHS KepyrOUUX BILUIMBIB Y peasib-
HOMY 4aci.

V crarti Xue, Cao, Liu, Ren ta Wu [2] Bu-
pILLIYETBCS 3a7avya HEMPOMEPEXKEBOI OLIIHKU SIKOCTi
YIUIJIbHEHHS rapsiuux acajbTOOETOHHUX CyMillleid.
ABTOpH TPOBEJIU CEPil0 EKCIIEPUMEHTIB i3 peecTpa-
Li€l0 TeMnepaTypy CyMillli, LIBUAKOCTI pyXy KOTKa
Ta napaMeTpiB BiOpauii. {1 oOpoOKu maHuX 3a-
CTOCOBAaHO OaraTolIapoBy IUTYYHY HEHPOHHY Mepe-
Ky. Pesyabratu mokasaim BUCOKY TOUHICTb OILIiHIO-
BaHHs KoeillieHTa YIIUIbHEHHS, 10 MiATBEPIXKYE
e(eKTUBHICTb HEHPOMEPEKeBOIro MiAXoMy sl He-
JIIHIHHUX TEeXHOJOTiYHUX TpolieciB. BogHouac mo-
JieJIb BUKOPUCTOBYIOTh BMKJIIOUYHO $SIK iIHCTPYMEHT
OLIIHKM, BOHA HE iHTErpoBaHa B CUCTEMY adallTUB-
HOTO KEpYBaHHSI.

Majidifard, Adu-Gyamfi Ta Buttlar [3] 30ce-
peIKyIOTh yBary Ha 3aJadi OLIHIOBAaHHSI CTaHy ac-
(hanbTOOETOHHUX TOKPUTTIB Ha eKCILTyaTaliiHii
cTajii. ABTOpY 3ampoIOHYBaJIM HOBUM iHAEKC cTa-
HY MOKPUTTS, MOOYIOBAaHMII Ha OCHOBI INIMOOKMX
HEMPOHHUX MEpEeXK, 10 aHATI3YyIOThb BEJIMKiI MacHu-
BU JaHUX AiarHOCTUYHUX 0OcTexeHb. OTpuMaHi
pe3yabTaTh 1eMOHCTPYIOTh TiABUIIEHY YYTIUBICTb
JI0 paHHiX cTaaiil aerpagaiiii mokputts. OOmexeH-
HSIM JOCJTIIXKEHHSI € BiJICYTHICTb aHaJli3y TEXHOJIO-
riYHOro eTary ykJjaagaHHs Ta yUliIbHEHHsT acdalb-
TOOETOHY.

V po6oti Karballaecezadeh Ta cniBaBTOpiB [4]
PO3MJISIHYTO 3aCTOCYBAaHHS TiOpMIHUX MOAEICH Ma-
IIIMHHOTO HaBYaHHS ISl iHTEJIEKTYalbHOI AOPOXK-
HbOI iHcnekii. JIocmiIKeHHs cripsiMOBaHe Ha Tpo-
THO3YBaHHS TEXHIYHOIO CTaHYy JOPOXHIX MOKPUTTIB
y MeXax CHUCTEM <«PO3YMHOI» TPaHCHOPTHOI iH-
¢dpacTpykTypu. ABTOpU MOEAHAIN Pi3HI AITOPUTMU
MAIIMHHOTIO HAaBYaHHS IJId ITiABUILIEHHS TOYHOCTI
nporHo3iB. BogHouyac y po0OOTi BiICyTHili 3B’S130K
MiX MPOTHO3YBAaHHSIM CTaHy MOKPUTTS i KepyBaH-
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HSIM MapaMeTpaMy TEeXHOJIOTiYHOIo Mpouecy I
yac OymiBHUIITBA.

YV poboti Leukel, Scheurer Ta Sugumaran [7]
MPOBENEHO CUCTEMATUUYHUM OIS CydaCHUX METO-
JliB MallIMHHOTO HaBYaHHS, $IKi 3aCTOCOBYIOTb [UIsI
MNPOrHO3yBaHHSI (Pi3MKO-MeXaHiUHUX BJIACTUBOCTEH
Yy OOPOXHBOMY OYHiBHUUTBI. ABTOPU BUPILIYIOTh
npobiaemMy (hparMeHTapHOCTI HAYKOBUX AOCJIiIXKEHb,
aHaIi3ylouu TOHA TPUALSATH MyOsiKalliid, MpuCBs-
YEHUX MPOTHO3YBAHHIO 1IiJILHOCTI, MilLIHOCTi, MOJy-
JIsl IPY>KHOCTI Ta IOBTOBIYHOCTI achaJbTOOETOHHUX
matepiaiB. JlocaiikeHHsT BUKOHAHO MLISIXOM I1O-
PIBHSUILHOTO aHali3y pi3HUX KJaciB Mojesei, 30-
KpeMa ITYYHUX HEUPOHHUX Mepexk, aHcamOJjeBUX
AJITOPUTMIB i METO/1iB OMTOPHUX BEKTOPiB. 3a pPe3yJib-
TaTaMu OIJIsIly BCTAHOBJIEHO, 1110 Helpomepexesi
MOJIeJIi IEMOHCTPYIOTh HAWBUIILY TOYHICTb Y 3aja4ax
3 HEJHIMHUMU 3aJIeXKHOCTSIMU MiX MapaMeTpaMM.
BonHoyac aBTopu Big3HauyalOTh BiICYTHICTb POOIT,
y SIKMX TPOTHO3HI Mojesi 6e3rmocepeHbO iHTerpo-
BaHi B alaliTUBHI CUCTEMM KEepyBaHHS TEXHOJIOIiY-
HUM TIPOLIECOM YKJIaJaHHs, 110 OOMEXY€E MpaKkTUy-
Hy peali3allilo OTpUMaHUX Pe3yJIbTaTiB.

V crarTi Al-Ammari, Dong, Nasser ta Al-Maswa-
ri [8] po3mIsiHyTO 3a/1a4y NPOTrHO3YBaHHS ONTUMAJIb-
HOTo BMicTy 06iTyMy B acgaabTOOETOHHUX CyMmillax
Ha etami Marshall-nmpoekTyBaHHSI 3 BUKOPUCTAHHSIM
METO/iB MallMHHOTO HaBYaHHS. ABTOpPU IPOBEIU
cepilo eKCNepuMEHTAbHUX AOCiIKEeHb, ChOpMY-
BaJIM HaBuYaJibHi BUOIpKM 3 TapaMeTpiB IpaHyJo-
METPUYHOTO CcKJaay Ta (Pi3UYHUX BJIACTUBOCTEU
martepiaiB i 3acTocyBaiu Kijibka ML-ajiroputmis
JUISl TIOPiBHSIBHOTO aHanizy. OTpuMaHi pesyJsibTaTv
nokasaju, 1110 iHTeJeKTyaJIbHi MOJIeJli 3a0e3MevyoTh
BUILY TOYHICTb MPOrHO3YBaHHS IMOPIBHSIHO 3 KJla-
CUYHUMM EMIipUYHUMHK MeTojaMu. Pasom 3 TuUM
JOCTIIKEHHSI OOMEXYETbCSl €TarlOM MPOEKTYBAHHS
CKJaly cyMillli 1 He BpaxoBYE BIUIMBY pealbHUX
TEXHOJIOTIYHUX YMOB YKJaJaHHS Ta YIIIJIbHEHHS
Ha KiHIIEBY SIKiCTb IOKPUTTSI.

V crarri [5] 3amponoHoBaHO aB-
TOMAaTU30BaHy CHUCTEMYy KepyBaHHS
TEXHOJIOTIYHUM TIPOLIECOM YKJIaJlaH-
HS1  achaIbTOOETOHHOTO TOKPUTTSI. ;
ABTOpY BUPILIYIOTh 3agady cTabifi- !
3alil TeMmepaTypHUX 1 TEXHOJIOIiu- i

|
|
1]

HUX PEeXUMIB IUISIXOM BITPOBAIKCH-
HSI 3aMKHEHOTO KOHTYPY KepyBaHHSI .

3 BUKOPUCTAHHSIM CEHCOPHUX HAHUX. oo
IIposeaeHuit aHai3 mokazaB edek-
TUBHICTh aBTOMAaTHU3allil 3 TOYKU 30Dy
3MEHIIIEHHsI BIUTMBY JIFOICHKOTO (haK-
Topa. BogHouac cuctema rpyHTy€EThCSI
TepeBaKHO Ha AeTePMiHOBAHUX aJlrO-

|
CeHcopy 3BOPOTHOTO 3B'A3KY:
| (H, o, Tepmorpacis)

puTMax i He MIiCTUTb MPOTHO3HOTO MOJYJs, 3AaT-
HOTO aJanTyBaTU KepyBaHHS 10 HEJiHIMHUX 3MiH
30BHIIIIHIX YMOB.

VY poGorti [6] pO3MISHYTO 3aCTOCYBAaHHS Me-
toniB wTydyHoro iHrtenekty (LI) nng peanizauii
HEPYHHIBHOIO KOHTPOJIIO i MPOTHO3YBaHHS SIKOCTI
matepialiB. ABTOpU AOCHIAMIM MOXJIMBOCTI MilBU-
1IeHHs e(eKTUBHOCTI BUKOPUCTAHHS Helpomepe-
JKeBUX MOJIEJe Ul MPOrHO3YBaHHS TMOKa3HUKIB
SIKOCTI Ha OCHOBiI OTpMMaHUX 300paxkeHb 00’€KTa.
Pesysnbrat miaTBepAWSaMd TEPCHEKTUBHICTb iHTe-
JIEKTYyaJIbHOTO aHaJli3y MaHUX Il BUSIBJIEHHSI MO-
TeHUiMHMX nedekTiB. PazoM 3 TMM 3ampoIlOHOBaHi
MoJiei (PYHKUIOHYIOTh SIK OKpPeMUU aHaTITUYHUUI
IHCTPYMEHT 1 He iHTerpoBaHi 0e3IocepeaHbO B KOH-
Typ KEpYBaHHS TE€XHOJOTTYHUMMU MPOLIECAMM.

3 ypaxyBaHHSIM pe3yjbTartiB pooit [1, 2, 3, 4,
6, 7, 8], a TakOX BJIACHUX IOCTIIKEHb [5], MOXHA
3p00MTH BMCHOBOK, III0 Cy4YacHi HAyKOBI MigXomu
OXOILTIOIOTh OKPEMi acrekTh KOHTPOJIO, MPOrHO3Y-
BaHHSI a00 aBTOMAaTU3allil TEXHOJIOTIYHOTO MPOLIECY
yKJIagaHHsl acajbTOOeTOHY. YTiM, Opakye KOMII-
JIEKCHUX pillleHb, B SIKUX HEWpoMepexeBe MPOrHo-
3yBaHHsSI SIKOCTi 0e3IocepeIHbO BUKOPUCTOBYIOTH
U1t (hopMyBaHHSI aganTMBHUX KEPYIOUMX BIUIMBIB
y peajnbHOMy 4aci. Came HEOOXiIHICTh 00’€nTHaHHS
JIETEPMiHOBaHUX CUCTEM KepyBaHHS [S5] 3 iHTeseK-
TyaJIbHUMU IIPOTHO3HUMU MOIEISIMU [6] 3yMOBIIIOE
aKTyaJlbHiCTb po3po0sieHHs iHTerpoBaHoi [CAK Tex-
HOJIOTIYHUM MPOLIECOM YKJIaJaHHs ac(ajbTOOETOHY.

Marepiaau Ta pe3yJabTaTH A0CJiIKEHHS

OCHOBHUM TpPaKTUYHUM PE3YyJIbTaTOM pOOOTH €
PpO3pobKa iIHTErpOBaHOI iHTEJEKTYabHOI MJ1aT(hOPMHU,
10 O0’emHyE amapaTHy 4YacTUHY 3aMKHEHOIO Kepy-
BaHHS 3 HEWPOMEPEKEBUM MOJYJIEM IMPOTHO3YyBaH-
Hsl. ApXiTeKTypy pO3pO0JIEHOI CUCTEMM 300pakeHO
Ha puc. 1. BoHa BKJtoyae 00K BHUMipIOBaHHS Mep-

PIBEHb MOHITOPUHIY TA 350PY [IAHUX
EtanouHi 6aan AaHux: }
(HopmatveHi TY)

* IHTENEKTYAMNLHE SIIPO CUCTEMM (ALDRIVEN)

i Bnok W Moayne aHaniay 1 ]’ Anroputm
06poBikM cHrHanis (MLP / XGBoost) J

’l a7anTUBHWX YCTAHOBOK

BxiaHi napamertpu:
(Ta, Tb, V)

" BUKOHABYMI PIBEHb TA MPOLIEC

|
TexHONOMYHUI NpoLiec Brok perynsTopis:
yKnaziaHHs actansTobeToHy (Harpis, Tuck, V) !

|

Puc. 1. CTpykTypHa cxeMa iHTEJIEKTyaJlbHOI CUCTEMHM aJalTUBHOIO KepyBaHHS
MPOLIECOM YKJIaJaHHs ac(halbTOOeTOHHOIO MTOKPUTTS
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BUHHUX XapaKTepUCTUK, MOJYJIb 300py OrnepaTUuBHUX
JaHUX 1 MiACUCTEeMy MPUIHSTTS pillleHb, Ka (opmye
BUIIEpeXKaJIbHI KOMaHAU JJIs1 OJIOKa PeryysiTopiB.

s KibKiCHOI OLiHKK e(eKTUBHOCTI 3anpo-
noHoBaHoi ICAK Oysio mnpoBeneHO KOMIT' IOTepHE
imiTauiline moaemoBaHHsl 1000 TeXHOJOTIYHUX LK1-
KJIiB, 1O AO3BOJIMJIO O0’€OHATU MEXaHi3MHU 3aMK-
HEHOro PEeryJloBaHHS 1 MPEeIWKTUBHI MOXJIMBOCTI
HEMPOHHOI MepexXi. Y3arajibHeHi MOKa3HUKM Po-
00TH CTaHZAPTHUX aBTOMATU30BAaHMX CHCTEM Ke-
pyBaHHs (ACK) Ta pospobsieHoi ICAK 3a pizHumu
clieHapissMU{ HaBeJeHO y Tab. 1.

€Heprii Ha MiATPUMKY TeIUIOBOTO OajlaHCy cymillli
Ha 14,5% 3a paxyHOK BHUKJIIOUEHHS HaIJIMLIKOBOIO
HarpiBy matepiaiy.

BaxumBuM KpuTepieM IepeBipKu Mpaie3aaT-
HOCTIi 3alpOIIOHOBAHOI CUCTEMH € OLliHKa 3I1aTHO-
CTi CUCTeMHU MiATPUMYBATU 3aJaHi SIKiCHI ITOKa3HU-
KU B YMOBax HEIepepBHOIO TEXHOJIOTIYHOTO IIUKITY.
OCKiTbKY KiHIIEBa MIlIHICTh TIOKPUTTS Ge3mocepe/ -
HbO 3aJICKUTh Bil OTHOPIAHOCTI PO3MOALTY IUiTb-
HOCTi, OyJI0 MpoBeneHO iMiTalliliHe MOJETIOBAHHS
MIpoLeCy VIUIJIbHEHHSI Ha JOMCTaHLil YyKJIaJdaHHS
100 M. 3aBOaHHSIM LBOrO eTamny JOCHTiIKEeHb OyJo
3iCTaBJIeHHSI POOOTU CTaH-
JapTHOI aBTOMAaTU30BaHOI CU

Tabauys 1. TlopiBHSUTbHI TIOKa3HUKMU €(MEKTUBHOCTI iHTEIEKTYyaJIbHOI CHCTEMU
agaliTUBHOTO KE€pyBaHHs CcCTeEMU KepyBaHHﬂ, ]_uo rpyH'
TYETbCSI Ha MPOIOPLIiiiHO-
okas ecbe octi Pyune CrangaptHa | IHTenekTyanbHa {HTerpanbHO-MIbepPeHIIATb
Ka3HUK KTUBHOCT . -
kepyBaHHs | ACK (6e3 LUI) | /ICAK/ (i3 1I)

Hux perynsaropax (ITII-pe-
CepenHst moxubKa JTOCSITHEHHS 25 49 L1 IyJIITOpax), i3 3alporoOHOBa-

. . . , , , .

LIbOBOI IIIBHOCTI, % HOIO IHTEJIEKTYAJIbHOXO MO-
MIMOBipHiCTh BUHMKHEHHS 1.4 6.8 18 JIEJJII0, s1IKa BUKOPUCTOBYE
NPUXOBaHUX nedeKTiB, % ’ ’ ’ BUIIEPEIXaJbHI TMPOTHO3U

UYac peaxiiii crctemn 45.0 53 ) HEpPOHHOI Mepexi ISt KO-
Ha 30BHIllIHI 30ypeHHsI, C ’ ’ > pexuii 3ycuwiid BaibliB. Ha

— - - puc. 2 TIOmaHO pe3yJabTaTh
KoediuienT crabiapHOCTI . .
. 0,62 0,81 0,97 TMOPIBHSJIBHOTO aHAMI3Y -
TexHoJioriyHoro mpouecy Rl . . . .
: : HaMIiKM 3MiHUY IILJILHOCTI BiJl-
ExoHoMist eHepropecypcis - 5.0 14.5 HOCHO HOPMAaTMBHOIO 3Ha-
Ha peryJIioBaHHS Harpisy, % ’ ’ YeHHSL.

AHaini3z gaHux T1aba. 1 cBimYMTH, 11O BIpOBa-
JUKEHHSI iHTeJIEKTYaJlbHOTO MOJYJSl B KOHTYpP Kepy-
BaHHs1 3abe3reuye paauKaibHe TOKpalleHHS BCiX
TEXHOJIOTIYHUX TTOKa3HUKiB. TOUHICTb JAOCSATHEHHS
LJIbOBOT WIUJIBHOCTI 3pocjia Maixke B YOTUPHU pas3u
MHOPIBHSIHO 3i CTAaHAAPTHUMU CUCTEMaMM, SIKi IPyH-
TYIOTbCSI Ha KJIACUYHUX aJlrOpUTMax 0e3 MeTOdiB
MalIMHHOro HaByaHHs. CKOpOUYEHHSI 4acy peaxilii
Ha TeMrepaTypHi 30ypeHHs 3 18,5 1o 5,2 ¢ minTBep-
JIKYE 3MaTHICTb CUCTEMU IisITU

2.6

IIpouec ¢dopmyBaHHSI
LIIBHOCTI  acgaJbTOOETOHHOTO 1apy OIUCYIOTh
HeJiHIMHOIO (DYHKIIIEIO YUIIJIbHEHHS, sSIKa BPaXxOBY€E
€HEepril0 KOTKYBaHHS 1 B’SI3KICTb CyMilli uepe3 1i
TeMIIEpaTypHUIl CTaH.

MarteMaTuyHa MOjeJb YUIIJIbHEHHS, BUKO-
pucTtaHa ISl MOJEIIOBaHHS, TPYHTYEThCSI Ha €KC-
MOHEeHLianbHil Moaeni ywinbHeHHs1 Delgadillo
Ta Bahia [9]. Mogenb Oyna aganToBaHa UIISIXOM
BBEJIEHHS CTOXaCTMYHOI CKJIaJ0BOI BUMAIKOBUX

npoakTuBHO. Taka IIBUAKICTh
BIITYKY [JIO3BOJISIE HiBeJIOBaTH
pu3uKM AedeKTiB Ha eTari mpe- 23]
JUKTUBHOTO aHajli3y, 110 BiJ0-
Opaxka€TbCsl y 3HIMKEHHI MMO-
BIDHOCTI MOSIBU  IIPUXOBAHUX
MOLIKOMKEHb 10 piBHd 1,8 %.
3HaueHHs1 KoedillieHTa cTabijib-
HocTi mpouecy Ha piBHi 0,97 2s
HiATBEPIXKYE HAOIMHICTD MOJe-
JIe Ta iX TOTOBHICTb /0 Mpak-

~
Y

LWinbHicTb p, ricm®
N
w

2.1

— = HOpMaTUBHa WINLHICTL
CrarnapTHa ACK (6e3 LLI)

—— IHTeNleKTyaNbHa aQanTuBHa cucTema (LLI+ACK)
30Ha Aonycky

TUYHOro BHpoBamkeHHs. OKpiMm
TEXHOJIOTIYHOI SIKOCTi, CHCTeMa
3a0e3neyunsaa 3HUXEHHSI BUTpAT

20 40 60 80 100
BincTaHb vknananHa, M

Puc. 2. [NopiBHsUIBHUI aHaTi3 CTaOUTBHOCTI IIUTBHOCTI achaTbTOOETOHHOTO TTOKPUTTS
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3aBajl € Ui PO3paxyHKy IOTOYHOI IIUIBHOCTI p
1 Ma€e BUTJIAL,

B B 2
p(L) = Pmax (1 - e*(l'P(L)) e Pl ~Tpcs)) +e-

ae p,. — MakCMMajbHa TEOPETHYHA LUUIBHICTH
matepiany; P(L) — TUCK yUIiIbHEHHSI Ha BijacTa-
Hi L; T(L) — dakrnyHa rtemreparypa CyMillli,
o Ta B — eMmIipuuHi KoedilieHTH, 110 XapakTe-
PU3YIOTb BJACTUBOCTI KOHKPETHOTO TUMY CYyMi-
wi; (L) — BUMagkoBa BeJMYMHA, 1110 MOJAEIIOE
HEOJHOPIIHICTh MaTepialy 1 30BHIlIHiI 3aBajM.

Hns crangaptHoi ACK THUCK P € KOHCTaHTOIO
a00 3MIHIOETHCS i3 3ali3HEHHSIM, 110 Ipu (IIyK-
TyalisiX TeMIIepatypy 7, MPU3BOAUTL 1O 3HAYHMX
BiIXWJIEHDb WIUILHOCTI Bill HOPMATUBY, SIK ITOKa3aHO
cipolo JiHi€w. B iHTenekTyallbHill cUCTeMi peai-
30BaHO aJITOPUTM aZalTUBHOTO BUOOpPY TUCKY [9]:

B (L)=fu(T, . H.V)=

=arg minp ||ptarget —p(P,Tp)| .

3aBIsiKi TIPEAUKTUBHOMY PO3pPaxyHKy OMNTHU-
MaJIbHOTO TUCKY P, uepe3 HeilpoMepexeBy MOZe/ b
f,, cucTema HiBeIIO€ TeMIIEpaTypHi KOJMBaHHS,
1110 3a0e3reuye cTabiIbHICTh CMHBOI JiHil Ha Tpadi-
Ky B MeXaxX 30HU AOIYCKY.

MatemaTruyHa MOJeJb YILiJIbHEHHSI, BAKOPUC-
TaHa JJIsl TOOYI0BU PUC. 2, TPYHTYEThCS HA KJacHUu-
Hill eKCITOHEHLIIaIbHI MOIeJTi KoMIaKkilii acanbTo-
0eToHHUX cyMilueii. OCHOBHY (hopMyJTy 3a1e3KHOCTI
LIUTBHOCTI Bim e€Heprii KOTKyBaHHS Ta TeMIlepaTyp-
HOro CTaHy BMBEJEHO Ha OCHOBI (DyHIaMEHTaJIbHOI
npaui Delgadillo R. Ta Bahia H.U. [9], ne netanbHo
JOCJIIXKEHO BIUIMB TUCKY Ta B’SI3KOCTi OITYMHOTIO
B’SI3KYyYOTO Ha MiICYMKOBY I'YCTUHY. ABTOpaMu OyJ10
MOIU(DIKOBAHO 110 MOJENb LIJISIXOM J0JaBaHHS
CTOXaCTUYHOI CKJIaA0BOi 3aBajl, 110 J03BOJUJIO iMi-
TyBaTW peajibHi YMOBHU Oy[iBeJIbHOTO MaligaHuuKa
y OpOrpaMHOMY CEepeIOBUILII.

AHali3 oTpuMaHuUX rpadiyHux

JOYIIiIbHEHHST a00 mepeylliIbHeHHSI MaTepiaiy.

HaroMmicTb iHTenekTyajlbHA agalTMBHA CHUCTE-
Ma 3a0e3nedyye yTpUMMaHHSI MOKa3HMKa IIIbHOCTI
B MexXaxX BY3bKOIO Jialla3oHy 3 MiHiMaJbHUM Ce-
PeIHbOKBAIPAaTUYHUM BiIXuieHHSIM. BuKopucTtaHHs
MNpPEeIUKTUBHOIO aHali3y J03BOJISIE CUCTEMI 3a3malie-
riIb KOPUTYBAaTU TUCK YIIIJIbHEHHSI Y pa3i BUSIBICH-
HsI TEHIEHLIM H0 OXOJIOMKEHHS CyMillli abo 3MiHMU
ii B’a3kocri. lle 3a0e3reuye BUCOKY PiBHOMIpHICTb
CTPYKTYpU MOKPUTTS IO BCili OOBXWHI HUISIHKU,
10 € KPUTUYHO BaXKJIMBUM IS 3aIlOOiraHHsI Iie-
pemyacHOMY pyMHYBaHHIO TOPOXXHBOTO TTOJIOTHA TIifT
BIUIMBOM TPAHCIOPTHUX HaBaHTaXeHb. OTpumaHi
JaHi MiATBEePIKYIOTh, 1110 CUHEPris 3aMKHEHMX CHUC-
TeM KepyBaHHS Ta aJITOPUTMIB IIMOOKOIro HaBYAHHS
JIO3BOJISIE TOCSITTU HOBOT'O PiBHSI TOYHOCTI B TOPOXK-
HbOMY OYIiBHMLITBI.

J1st miaTBepIXKEHHSI amallTUBHUX BJIACTUBO-
cTeil po3po0bieHOl cucTeMu Oyjao IIPOBEAEHO
JOCIIIKEeHHsI 1l CTIMKOCTI OO pi3KMX 3MiH YMOB
HaBKOJIMIIHLOIO CepeaoBHIla. Y JOPOKHHOMY Oy-
OIBHULTBI Taki cuTyalil BUHMKAIOTh IPU pamnTo-
BUX IOpUBax BIiTpy ab0 3MiHi BOJOIOCTi ITOBITpS,
11O CIIPUYMHSIE iIHTEHCUBHE OXOJIOMKEHHS achalib-
TOOCTOHHOI cymilni. Ha puc. 3 mogaHo pesynbraTu
MOJIEIIOBAaHHS IIepeXiAHUX IIPOLIECIB Yy KOHTYPI Tep-
MOPErYJII0BaHHS B pa3i BUHUMKHEHHS 30BHILIHHOTO
30ypeHHsI Ha JBAAUSTIA CEKyHIiI TEXHOJOILIYHOrO
mukiy. ITopiBHSIHHSI MPOBOOWJIM MiX KJIaCMYHUM
I1I/I-KoHTpoJiepoM, SIKMi1 pearye Ha (paKTUYHE Bifl-
XWICHHSI TeMIlepaTypH, i 3alIpOrIOHOBAHOIO CHUCTe-
MOIO iHTEJIEKTyaJIbHOTO MPEAUKTUBHOIO KOHTPOJTIO,
1I0 TPYHTYETHCS Ha HEMpoMepexkeBOMY IPOTHO3i
CTaHy Marepiainy.

JuHamika 3MiHM TeMmIepaTypu acgaaibToOeTOH-
HOI CyMillli B Yaci / y pa3i BUHMKHEHHsI 30BHIILIHIX
30ypeHb OIMCYIOTh AuepeHLiaJbHUM PiBHSIHHSIM
HECTalliOHAapHOro TEIUIOBOro OajaHCy, IO IpyH-
TYETbCSI HAa 3aKOHI 30€peXeHHsI eHEprii Ta 3aKOHi

3aJIEKHOCTE  JIO3BOJISIE  CTBEPIXKY-

BaTW, 1110 BIIPOBAJ)KEHHSI iHTEJIEeK-
TyaJIbHOTO KOMIIOHEHTa B KOHTYp
YIIpaB/IiHHSI CYTTEBO ITiJBUILYE CTa-
OIJTbHICTH TEXHOJIOTIYHOIO IIPOIIECy.
CranpgapTHa cuUcTeMa aBTOMaTH3allil
JeMOHCTPYE 3HAYHI aMIUTITYIHI KOJIN-
BaHHSI 1IIJIBHOCTI HABKOJIO LiJIbOBOTO
MoKasHuKa 2,35 1/cM?, 1110 3yMOBJIe-
HO 3alli3HEHHSIM peakliii peryasiTopiB
Ha 3MiHYy TeMrepaTypu cyMilli. Y je-

Temnepatypa cymiwi Tp, °C
=3 G
3 9

=
=
3

146

----- 30BHLLHE 30y petHs (0XONOMKeHHS)
—=- CTaHgapTHuii MiG-KOHTponep
—— IHTENeKTYaNbHIA NPEAVKTUBHUI KOHTPOA (LLI1)

SIKUX TOYKax BiIXWUJIEHHSI BUXOISITh
3a MeXi ONTUMAJIbHOI 30HU JOITYCKY,
110 CTBOPIOE PU3MK MOSIBU 30H HE-

10 20 30 0 50 60
Yac, ¢

Puc. 3. IlepexinHi npoiiec B CUCTEMi TEPMOPETYJIIOBAHHS 3@ 30BHIlLHIX 30ypeHb
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KOHBEKTUBHOro TeruioooMiHy HrbloroHa-PixMaHa.
AparnrTaliito bOro piBHSHHS IJIs1 IMHAMIYHOI MOAEi
acanpToyKJIagaabHUKaA JETANIbHO OIMUCAIM aBTOPU
y npaui [5]:

dT
C-m- f}.’ac d_tp = Qheater (1/[) - Qloss (Tp ’ ]—;1 ’ Vwind) ’

ge C — muToMa TeIJIOEMHICTh, m — Maca CyMillli;
0,0 (4) — TEIUIOBMIA TIOTIK Bill Harpisaya, 11O 3a-
JIEXUThb Bill Kepylodoro curHany u, a Q, — BTpa-
TH TeIIa B HABKOJIMIITHE CEPeIOBUINE, BU3HAYCHI
3aKOHOM KOHBEKTHBHOTO TeIT00OMiHy HproTOHa—
Pixmana: nme 4 — KoedilieHT TeruioBigmayi, SIKWi
Pi3KO 3pocTaE€ i yac 30ypeHHsT (0OXOJIOIKEHHS).

Crangaptauii ITII-xkoHTponep ¢dhopmye cur-
HaJl Up;(f) 32 KITACUYHUM 3aKOHOM:

Upp () =K, -e(t) + K _[ e(t)dt+K, dfz(tt) :

ne e(f) = T, — T(1). Yepes iHepuiiiHicTh cucTeMu
1 4yac 3ami3HeHHS HarpiBaya BUHMKAE TJIMOOKa Ipo-
cajgka Temrieparypu (IyHKTUpHa JIiHisg). [HTenekTy-
AJIbHUI MPEAUKTUBHUI KOHTPOJIb NOAAE 10 3aKOHY

KEPYBAHHS YIIEPELKYBAIbHY CKIANOBY Uy,

Uy () =tpp () + Ky - pt+ A1),

ne p(f + Af) — mporHo30BaHa HEMPOMEPEXKEIO 1IiJIb-
HicTb (200 TeMnepaTypa) Ha HaCTYITHUI KPOK yacy.
Mopaynap I ineHTHdiKye TpeHO TaaiHHS TeMrle-
paTtypu 1e 10 TOro, siK MoxuOka e(f) cTaHe Kpu-
TUYHOIO, i Mojae (opcoBaHUI IMMYJIbC HA Harpi-
Bau. [le 103BOJIsSIE OOMEXUTU TTaliHHS TeMIIepaTypu
i 3HAYHO LIBM/ILLIE TOBEPHYTU CUCTEMY JI0 LI TbOBOTO
3HaueHHs T, 110 Bi3yali30BaHO CHUHBOIO JIHIEIO
Ha puc. 3. TakuM YMHOM, HayKOBa HOBM3HA MiAXO-
Jly TIOJISITAa€E Y TMEPETBOPEHHI PeakTUBHOI CUCTEMU
Ha TIPEeIUKTUBHY uyepe3 MaTeMaTUUHYy iHTerpalito
nporHoziB Il B nuHamMiuyHy Moje/ib KepyBaHHS.

PiBHsIHHST TemsoBoro OajaHcy, IO JIEXUTb
B OCHOBI puUC. 3, IPYHTYETbCS Ha 3aKOHi 30€peXKeH-
HSI €Heprii Ta 3aKOHi KOHBEKTHMBHOTO TEILIOOOMi-
Hy HbloToHa-Pixmana. Ili Bupa3u € 6a30BUMHU 15
TEXHIYHOI TepMOJAMHAMiKM i Teopil TernaoMacoo0-
MiHy. AmanTaliilo LUX PiBHSIHb IJI JTMHaMiYHOTO
00’eKkTa KepyBaHHS (achaybToyKagadbHUKa) i BU-
BeIEeHHs KOe(ILi€EHTIB TEIJIOBUX BTpaT uepe3 Ha-
rpiBaHHS CyMillli Oyjio BHeplle MOJaHo i AeTaJbHO
po3nucaHo y Tepliil crarti aBropiB [5]. Tam ke
Oys0 oOrpyHTOBaHO BUOip cTpykTypu ITII-peryns-
TOpa Ha OCHOBi KJIACMYHOI Teopil aBTOMaTUYHOTO
KepyBaHHs 3a Orara.

I'pacdiuHi 3a7eXHOCTI JIE€MOHCTPYIOTb TPUH-
LIMTIOBY PI3HUILIIO SIK PETYJIOBAHHS ITiJl 4ac BUKO-
PUCTaHHS PI3HUX TMiAXOAIB. Y pa3i BUHUKHEHHS

30ypeHHsI CTaHIAPTHUM aBTOMaTUYHMIA KOHTPOJEP
JEeMOHCTPY€E 3HAYHY IHEPLIMAHICTD, 110 MPU3BOIAUTH
IO TIadiHHS TeMIIepaTypu CYMillli HUXKYe KPUTUY-
Hoi nmo3Hauku 150 °C. IIpouec NoBepHEHHS CUCTe-
MU [0 LiTboBOro 3HaueHHs1 155 °C tpuBae moHan
20 ¢, 10 B peaJlbHUX YMOBaX MOX€ CIPUYMHUTU
VKJIadaHHS JUISHKYA 3 HEeIOCTaTHIMM aiare3iiHuMu
BJIACTUBOCTSIMU.

Ha BinMiHY Big KJIaCMYHOTO ITiAXOMy, iHTEJIEeK-
TyaJbHa CHCTEMa, BUKOPUCTOBYIOUU TIPEAUKTUB-
Hi MOXJIMBOCTI HEUPOHHOI Mepexi, imeHTudikye
3arpo3y OXOJIOMKEHHSI Malike MUTTEBO. 3aBISIKU
MIPEBEHTUBHOMY 30UIbLICHHIO IOTYKHOCTI Harpi-
BaJIbHUX €JIEMEHTIB BHAEThCS MiHIMi3yBaTW aMIl-
JIITyny TeMIlepaTypHOl IIpocagkKd A0 KPUTUYHO
Majiux 3HauyeHb. Yac crabijmizallii MoKazHUKa CKO-
POYYETHCSI y TPU pasu, 110 3abe3rneuye Oe3nepepB-
HICTh MIATPUMKM ONTUMAJILHOTO TEILUIOBOrO OajlaH-
cy. e minTBepmkye, mo iHTerpauis Il B KoHTYyp
VIIpaBJIiHHS JO3BOJISIE CUCTEMi IisITU IIPOAKTUBHO,
HIBEJIIOIOYM BIUIMB HECHPUSTAMBUX (PAKTOPIiB 1e
10 MOMEHTY 1X KPUTUYHOIO BIUIMBY Ha SIKiCTh HO-
POXHBOTO MOKPUTTA. Takuit xapakTep peryaroBaH-
HsI TapaHTYy€E CTPYKTYPHY LUIICHICTh 1Iapy ¥ BUCOKY
TOYHICTh AOTPHMMAHHSI TEXHOJOTIYHUX PEIIAMEHTIB
y IMHAMiYHMX YMOBaX OydiBeJIbHOTO MaliJaH4YMKa.

CuHTe3 3aMKHEHUX KOHTYPiB KepyBaHH: 3 TIpe-
OUKTUBHUMU MoneiasiMu 111 103BOJIMB CTBOPUTH
cUCTeMy, 3[aTHY HiITA IIPOAKTHMBHO i HiBEJIIOBAaTU
BIUIMB 30BHIIlIHIX 30ypeHb 1€ OO0 iX KPUTUYHOTO
BIUIMBY Ha S$KiCTb IOKpUTTSA. PesyibTat Mome-
JIIOBaHHSI TiNTBEPAWIM, IO BMKOPHUCTAHHS Heii-
poMepexKeBUX IMPOrHO3iB 3a0e3Ieuye CTaOUIbHICTD
MOKa3HMKa IIIJIBHOCTI Ha piBHI 98 %, 1110 3HAYHO
MEPEeBUIIYE MOXJIMBOCTI CTAaHAAPTHUX AJITOPUTMIiB
aBToMmaTu3allii. CKOpOUYEHHS 4acy peakilii Ha TeM-
nepaTypHi KOJIMBaHHS y TPU pa3u i 3HUXKEHHS MMO-
BIpHOCTI BUHUKHEHHSI IPUXOBAHUX AC(PEKTIiB A0 Mi-
HiIMaJbHUX 3HAY€Hb JOBOMSATH BUCOKY HaHiliHiCThb
3alpoIIOHOBAHOIO IMiaxomy. BropoBamXeHHsI Takoi
IHTeJIeKTyaJlbHOI IUIaT(OPMM TapaHTYyE BilMOBimI-
HIiCTb JTOPOXHBOTO MOJOTHA HOPMATUBHUM BHMO-
raMm i 3abes3neuyye CyTTEBUII €KOHOMIYHMU edeKT
3a paxyHOK OINTUMi3allil eHeproBUTpAT i MiABUILIEH-
HsI TOBrOBIYHOCTI TPAaHCIOPTHUX CIIOPY/I.

BucHoBku

1. Po3po0ieHa iHTeneKkTyalbHa CUCTeEMa ajar-
TUBHOTO KEpPYBaHHS JI03BOJISIE PO3B’s13aTH MpooJIe-
My 3aTPUMKHU peakilii TpaauliiiHUX aBTOMaTU30Ba-
HUX KOMIUIEKCIB Ha CTOXaCTUYHI 3MiHM 30BHIlIIHIX
YMHHUKIB MMiJ Yac yKjagaHHs acgaabTooeToHy. 3a-
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MIpOIIOHOBaHA y Wi poOOTI cUCTeMa, IO IPYHTY-
eTbcs Ha iHTerpauii III-npeaukropa y 3aMKHEHUIA
LIMKJI, 3MEHIIYE HETaTUBHUI BIUIMB TeMIlepaTypHOI
HecTabUTBHOCTI Ta KOJIMBaHb BOJOTIOCTI, 1110 3a3BU-
Yyail TpU3BOISITh 10 BUHMKHEHHS MPUXOBAHUX JE-
(beKTiB i HEOTHOPIAHOCTI CTPYKTYPU MTOKPUTTS. 3aB-
JISIKM iHTerpauii NpeaIuKTUBHUX HEUpoMepexXeBUX
MoJeJIell Y 3aMKHEHUII KOHTYpP PEryJlOBaHHS Baa-
JIOCs1 3a0€3IeYUTH MPOAaKTUBHE YIIPaBJIiHHS IIPO-
LIeCoM, JIe KOpUTYBaHHSI IMapaMeTpiB BilOyBa€TbCs
Ha OCHOBI IIPOTHO3Y CTaHy MaTepiajay, a He JIuIle
3a (DaKTOM BIiIXUJICHHS Bil HOPMM.

2. ¥ npoiieci OCTiIXKeHHSI OTPUMAHO Pe3yJib-
TaTU, 110 IiATBEPIXKYIOTh BHUCOKY €(EKTUBHICTb
pO3pO0JIEHUX aJITOPUTMIB NPEIUMKTUBHOIO Kepy-
BaHHsSI. TOYHICTh MPOrHO3YBaHHSI MOTEHLIMHO 1e-
dexTHUX 30H nocsmia 96 %, a KoedilieHT cTabiab-
HOCTi MOKAa3HMKA IIJIbBHOCTI B3AOBX YCi€l AMCTaHILIii
yknagaHHs ckiaaB 0,97. BrineHHsa uiei cuctemu
JO3BOJIMJIO y TPU pa3u CKOPOTUTH 4Yac peakilii
Ha TeMIlepaTypHi 30ypeHHs i 3HU3UTU UMOBIpHICTb
MOSIBU 30H HENOYIUITbHEHHSI 10 KPUTUYHO HU3b-
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Y.V. Steshenko, A.G. Protasov

INTELLIGENT SYSTEM FOR ADAPTIVE CONTROL OF THE TECHNOLOGICAL PROCESS OF LAYING ASPHALT CONCRETE
BASED ON NEURAL NETWORK MODELS

Background. The quality and durability of asphalt concrete pavement directly depend on compliance with technological parameters

during its laying process. Any violation of such parameters inevitably leads to the appearance of hidden defects. Traditional automated
technological process control systems are often based on rigid algorithms that are unable to fully take into account the complex nonlinear
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effects of air humidity, material cooling rate and dynamic base stiffness. The implementation of closed-loop control loops based on
feedback ensures the stability of the laying parameters regardless of external disturbances. However, the effectiveness of such systems
is significantly limited without the integration of predictive models that can detect potentially defective areas even before the final cooling
of the mixture.

Objective. The purpose of the study is to develop and analyse the effectiveness of an intelligent adaptive control system (IACS) for
the asphalt concrete paving process, which integrates a predictive neural network model into a closed-loop control loop.

Methods. To implement the system, object-oriented programming methods (Python language) and machine learning libraries
(XGBoost, TensorFlow) were used. The methodology is based on comparative computer modelling of 1000 technological cycles. The
results were verified by comparing the predicted density values with reference physical and mathematical models of compaction.

Results. The implementation of the proposed system allowed for an increase in the coating density by 4 times compared to
standard systems. The reduction of the reaction time to temperature disturbances from 18.5s to 5.2s confirms the ability of the system
to act proactively and reduce the probability of hidden damage to the level of 1.8 %. The value of the process stability coefficient at 0.97,
validates the dependability of the models and indicates their preparedness for practical application.

Conclusions. The proposed intelligent adaptive control system allows solving the problem of delayed response of traditional
automated complexes to stochastic changes in external factors during asphalt concrete laying. The proposed approach eliminates
the negative impact of temperature instability and humidity fluctuations, which usually lead to the appearance of hidden defects and
heterogeneity of the coating structure. Thanks to the integration of predictive neural network models into a closed control loop, it was
possible to provide proactive process control, where parameter adjustment occurs based on the forecast of the material state, and not
only on the fact of deviation from the norm.

Keywords: automated systems; adaptive control; artificial intelligence; neural networks; asphalt concrete; closed system; quality
prediction.
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BAPIOJITH3U AK HEPYXOMI EJIEMEHTU ZOOM-OIITUYHUX CUCTEM

IIpobGaemaTuka. 3amporOHOBAHO MOJAEPHI3allil0 Ta CTPYKTYpHE YOOCKOHAJIEHHSI ZOOM-ONTUYHUX CHUCTEM LLIJISIXOM
3aCTOCYBaHHSI B HUX HEPYXOMUX €JIeKTPUYHO UM MEXaHiYHO KepOBaHUX BapioJiH3.

MeTta nociaimkennsa. [IpoBectu oriisia i mpoaHaiizyBaTu OJOCSITHEHHS Y cdepi po3poOOK Ta yIoCKOHaJeHb adanTUBHUX
BapioJIiH3 i3 30BHIIIHBO KEPOBAHOIO ONTUYHOIO CUJIOIO, IMPU3HAYEHUX JJISI BUKOPUCTAHHS B 3yM-OINTUYHUX CUCTEMax
SIK HEepyXOMUX KOMIIOHEHTIB. 3’SICyBaTW IPUYMHU, IO MOXYTb MPU3BOAUTH OO HECTAOUILHOCTI ITOJOXKEHHS
KapaWHAaJIbHUX TOYOK ONTUYHOI CUCTEMU BapiosiH3.

Metomuka peaJizamnii. [IpoaHanizoBaHo (i3M4YHiI OCHOBU il Cy4aCHUX 30BHIIIIHHO KEPOBAaHUX BapiOiH3 3 PO3MISIAOM
YMOB, 10 3a0€3MeuyloTh 3MiHY ONTUYHOI CUJIM BapiojliH3. BuKopucTraHo 3arajbHi MOJIOXEHHSI TeOpil ONTUYHUX
CUCTEM IJIs OLiHIOBAaHHS BIUIMBY 3MiHM T€OMETPUYHOI (DOPMU i MOJOXKEHHS MOBEPXHi MOy poOOYMX ONTUYHUX
CepeloBUII BapiojliH3 Ha 3HAUYE€HHS ix onTU4YHOI cuiau. IIpoaHamizoBaHO i cucTeMaTH30BaHO OaHi, MpeacTaBlIeHi Ha
caiiTax BUpOOHUKIB Ta y BiIKpUTUX iH(POpMaLiHUX IKepenax i myOsiKalisgxXx po3poOHUKIB BapiojliH3, 110 CTOCYIOThCS
BJIACTUBOCTEM KOHCTPYKIIil X peaJlbHUX MOMAEIEH.

Pe3yabTaTu nocaimkenns. AHATITUUHUIA OIJIsL MPOLIECiB, 110 OOYMOBJIOIOTh 3MiHY ONTUYHOI CUJIM MEMOpaHHUX Ta
eJIEKTPO3MOYYBAaHUX BapioliH3, MOKa3aB, 110 Bapiallili 3HaueHb X ONTUYHOI CUJIM 3a0e3IMeUyIOThCs K 3MiHaMU pafiyca
KPMBM3HU ITOBEPXHi, 1110 pO3aiJisi€ poOOYi ONTUYHI CepeloBuIla, TaK i 3MiHOIO IMOJIOKEHHST BKa3aHOI ITOBEPXHI Y3I0BX
onNTUYHOI oci. HaciigkoM 1IbOro € 3CyB Y3IOBX ONTUYHOI OCi BapioliH3K KapAMHAJIbHUX (TOJOBHUX i By3J10BUX) TOYOK
BapioIiH3 i BIAMOBIIHUI 3CYB iX TOYOK (hOKYCIB.

BucnHoBku. Y po3riasgHyTuX MeMOpaHHUX Ta €JeKTPO3MOUyBaHUX BapiojliH3aX 3MiHa Te€OMETPUUYHUX (POpM IPOCTOPY,
SIKMIA 3aIlOBHIOIOTH POOOYI ONTHUYHI CepeloBHIlA, BIUIMBAE HE TILIbKM Ha ONTUYHY CWIY, aje i Ha IIOJOXKEHHS
KapauHaJIbHUX TOYOK BapiojiH3. ToMy B ZOOmM-ONTUYHUX CHCTeMax BapiojliH3UM HE MOXHAa BBaXKaTU HEPYXOMUMU
ONTUYHUMU KOMIIOHEHTAMH, XOua IIOJIOKEHHSI iX KOPIIYCiB y KOHCTPYKIII cucteM (HakTUYHO € (hiKCOBAHUMHU.
dakrop 3CyBy KapAMHAJIBHUX TOUYOK BapiojliH3 MOTpeOye AETaJbHOTO MOMAJbIIOTO JOCTIIKEHHS i BHU3HAYCHHS
(YHKIIIOHAJIBHOI 3aJIeXKHOCTI MiXXK BKa3aHMM 3CYBOM 1 3HAQUEHHSIMU OIITMYHOI CUJIM BapiojiH3u. IlpaktuyHe
BUKOPUCTaHHS PE3YJbTaTiB LMUX JOCTIIKEeHb JO3BOJUTh BIOCKOHAJIUTU aJITOPUTM TapaMeTPpUYHOTO CHHTE3y ZOom-
ONTUYHUX CHCTeM i3 BOYZOBaHMMM B HUX BapiojiH3aMM, a TaKOX HOO3BOJUTH MATM TEOPETUUYHE IATIPYHTS IJIS
OLIBII TOYHOTO IPOrpaMyBaHHsI PiBHS KEePYIOUMX €JeKTPUUYHUX CUTHAJIB, sSIKi MOMAIOThCS Bil MiKPOKOHTPOJIEPIB Ha
BapioniH3u. lle cnpustuMme 3amobiraHHIO I 4yac (PYHKIIOHYBAaHHS ZOOM-ONTUYHUX CHUCTEM IIKiIJUBUX OCHOBUX
3CyBiB C(h)OPMOBAHUX HUMU 300paxkeHb (IehOoKyCyBaHHS 300paXkeHb) i MOpYLIEeHHs abepalliiiHOl KOPEeKIii CUCTEMMU.
KmouoBi cioBa: MeMmMOpaHHiI BapiosliH3M; €JIEKTpO3MOUYBaHi BapioiH3M; KapAWHaJIbHI TOYKM BapioyiH3; 3CyBU
KapIUHaJIbHUX TOYOK BapioJiiH3.

MU IIPEIMETIB Ta iX 300paXkKeHHSIMU, 1110 c(popMOBa-
Hi ONITMYHUMH CHUCTEMaMHU.

Betyn

ITornepeuHe, KyTOBe i TO3MOBXHE 301IbIIEHHS
300paxeHb, COOPMOBAHUX ONITUYHUMU CUCTEMAMU,
€ X BaXJMBUMU (PYHKUIOHATbHUMU TapaMeTpaMM.
VYV Bunaaxky cucTeM Bi3yaJIbHUX ONTUYHMX MpuJja-
IiB 1O BKa3aHUX ITapaMETPiB 1€ JO0JAal0Th BUIUME
30iIbIIEHHS. YCi BOHU XapaKTepU3ylOTh CIiBBiAHO-
LIEHHST MiX JIIHIWHUMHA Y¥ MiX KyTOBMMM po3Mipa-

Bkazani mapameTpu BiTHOCSTb IO TUILYy HapaKci-
JIbHUX, @ TOMY X BU3HAYalOTb HA OCHOBI TayCiBCbKOI
ONTUKHU Ta FOJIOBHUX (hOPMaJTi30BAHUX TOJIOXKEHD TEO-
pil ineabHOI ONTUYHOI CUCTEMU — piBHSIHb HbloTOHA
i Tayca, 3 sIKMX BUIUIMBA€E, 10 3HAYEHHSI BUILEBKA-
3aHUX MapaMeTpiB 3ajiexaTh Bill (DOKYCHOI BiACTaHi
ONTUYHOI CUCTEMM i AMCTaHLIii O TUIOLMHU OO’ €KTIB.

IIpono3umisi nasa muryBanHa miei crarric [T Ywmk,

«BapiosiH3uM K HEPyXOoMi eJeMEHTU ZOOMm-OINTUYHUX
cuctem», Haykoei eicmi KITI, Ne 1, ¢. 50—59, 2026. doi: https://doi.org/10.20535/kpisn.2026.1.353417

Offer a citation for this article: 1.G. Chyzh, “Vario-lines as fixed elements of zoom optical systems”, KPI Science
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V mepeBaxHiil OIMBLIOCTI ONTUYHUX CHUCTEM
iX ¢okycHa BiACTaHb € BEJUYMHOIO HE3MiHHOIO.
VTiMm, icHye moTpeba B ONTUYHUX CUCTEMAaX, B SIKMX
3a (hiKCOBaHOI BiJICTaHi 0 O0’€KTIB CIIOCTEPEKEHb
(hokycHa BiicTaHb MOBUHHA AMCKPETHO, ab0 Oe3re-
PEpPBHO 3MiHIOBaTUCS B MOTPiOHOMY Jjiana3oHi 3Ha-
YeHb, YUM JOCITAIOTh BiAIIOBIAHOI 3MiHM MacIITaly
300paxeHb. BiamoBigHO, MpU LIbOMY 3MiHIOIOTHCS
1 po3Mipu TIOJiI 30py Takux cucteM. B cywachiit
TepMIHOIOTII TakKi OINTWUYHI CHCTEeMU Ha3MBaIOTh
ZOOM-CHUCTEMaMHU.

Ako zoom-cucrema nodbyaoBaHa 3 BUKO-
PUCTAaHHSIM ONTUYHMX €JIEMEHTIB UM KOMIIOHEHTIB
3 HE3MIHHMMM KOHCTPYKTMBHMMM THapaMeTpaMu,
00 iX BUTOTOBJISIOTH i3 TBEPAMX OINTUYHO OMXHOPIMI-
HUX MaTepiaiiB, TO IJISI TOCSATHEHHSI ZOOm-e(peKTy
noTpiOHa 3MiHA IX B3aEMHOTO PO3MIIIEHHS B3IOBXK
OITUYHOI OCi. Y IMX BUMNAgKax BUKOPHUCTOBYIOTh
MEXaHi3MU 1 TPUBOAM, SIKi HO3BOJSIOTH IIEPECY-
BaTU 1Ii €JIEMEHTM BiINOBIIHO OO BCTAHOBJICHMX
U1 HAX (DYHKIIOHAJIbHUX 3ajiexkHocTei. [lum 3a-
0e3neuyloTb TMOTpiOHY 3MiHY (DOKYCHOI BiAcCTaHi
i 30iblIeHHST C(POPMOBAHUX ONTUYHUX 300pakeHb.
3po3yMisio, IO MeXaHi3MM 1 IIpUBOIM 3a3BUYail
CYTTEBO YCKJAQJHIOIOTh KOHCTPYKLiIO ONTUYHOI
CUCTEMM, 30iIbLIYIOTh 11 rabapuTu i coOiBapTICTD,
iHOZI HE JO3BOJISIIOTh MaTU MOTPIOHY IIBUAKOIIIO.

IIpuponHo, 1110 BUILIeBKAa3aHiI HEIOJIKM TaKUX
ZOOM-CHUCTEM MOTHUBYBaJM 0 TIOLIYKiB i BMHAXO-
IiB aganNTUBHUX OITUYHHUX €JIEMEHTIB, SIKi Oyiau O
3/1aTHI MaiiXke MUTTEBO 3MiHIOBAaTU CBOIO (DOKYCHY
BiZICTaHb (YM ONTUYHY CUJIY SIK BEJIMYMHY, 3BOPOT-
Hy (OKycHili BiacTaHi), MpU LbOMY 3aJUIIAIOUYNCH
Yy CUCTEeMi HEPYXOMUMM.

BukopucranHs amanTUBHMX ONTUYHUX €JIe-
MEHTIB, 0€3yMOBHO, CIIPUSIE CYTTEBOMY CIIPOILLIEH-
HIO KOHCTPYKIIii CUCTeMHM, 3MEHIIIEHHIO 11 TadapuTiB
i 30i7IbILIIEHHIO LIBUAKO/II afarTailii, YoMy CYTTEBO
CIpUSIE €JIEKTPOHHE KepyBaHHS BapiOKOMIIOHEHTa-
MU, Ta 1X KOMIT'IOTepHE iHTerpyBaHHSI.

OcTaHHIM YacoM CIIOCTEepPIira€TbCcsl TMOMITHE
3pOCTaHHSI 3aCTOCYBaHHSI afalTUBHUX ONTUYHUX
€JIEMEHTIB, OCOOJIMBO B TaKMX IMPUCTPOSIX, SIK Ka-
MepU MOOIIbHMX TeaedOHIB, BeOKaMepu, MiHi-
MPOEKTOPU, TEXHIYHUU 3ip, oKyasipu, 3D-mucrei
Ta iHwe. Haliimumpiioro BUKOpUCTaHHS i HAWOLIb-
1IOTO PO3BUTKY CEpeJl HMX OTpUMMau BapioyiH-
3u [1, 2, 3, 4]. O3HalioOMJIEHHSI IIMPOKOIO KoOJja
CMeLiaJlicTiB 31 CBITOBUMU JOCATHEHHSIMU y cdepi
PO3pOOKM HOBOI €JIeMEHTHOI 0a3u ZOOMm-ONTUYHIX
CHUCTEM, J0 SIKO1 BXOASITh €JEKTPUYHO KEpPOBaHi Ba-
piOJIiH3M, a TaKOXK aHaji3 CTa0LIbHOCTI MOJI0XEHHS
IX KapauHaJbHUX ONTUYHMUX €JIEMEHTIB 3i 3MiHOIO
OINTUYHOI CWJIM € METOIO 1Ii€l POOOTH.

ITocTranoBka 3amaui

3aBOaHHSAM 1Ii€l poOOTH € 3MilICHEHHS OTJIsI-
Iy OOCSITHEHb y cepi po3po0OK Ta YIOCKOHAJICHb
aZarTUBHUX BapioJliH3 i3 30BHIllIHHO KEPOBAHOIO
OINTUYHOIO CUJIOI0, MMPU3HAYEHUX MIJISI BUKOPUCTAH-
HSI B ZOOM-OINTUYHUX CHUCTEMaX SK HEPYXOMMUX
KOMITOHEHTIB, 3 BUSIBJICHHSIM MPUYMH, 110 MOXYTb
MPU3BOAUTH IO HECTAOIIbHOCTI KapANHAJIBHUX €JIe-
MEHTIB ONTUYHOI CUCTEMHM BapioJIiH3.

Ornisia ajanTUBHUX BapioJiiH3

IMowmyk mpuHUMITIB Aii JiH3, 3MaTHUX IIiI 30B-
HillIHIM €JIEKTPUYHUM KE€pPyBaHHSIM 3MiHIOBAaTH CBOIO
ONTUYHY CUJTy, 3aJUILIAYMCh MPU 1IbOMY MPOCTO-
pPOBO HEPYXOMMUMM, MPUBIB [0 MOSIBU JEKiIbKOX
TUIIIB BapioyliH3, B SIKMX JJIs1 1X (DYHKIIIOHYBaHHS
BUKOPHUCTOBYIOTh pi3Hi (izuuHi epexTtun. Jlo Takux
JIiH3 BigHOCSTH [1]:

— MeMOpaHHi BapioJiH3u;

— BapioMiH3M Ha OCHOBI e(eKTy eJIeKTPO3MO-
YyBaHHS;

— JieJeKTpoOopeTUUHi BapioliH3u;

— PIIKOKpHUCTaJIiuHi BapiosiH3U.

IMpyHumm nii, SKuii € 3arajJJbHUM 10 BCIiX X
JIIH3, MOJISITA€ Y 30BHILIHbO KEePOBaHill 3MiHi KOH-
CTPYKTUBHUX MapaMeTpiB iX ONTUYHUX CEPEIOBUIILI.
Ho HuX HajexaTb paliiyc MOBEpPXHi, 110 PO3ALIsIE
po0oYi ONTUYHI CEpeaOBHINA JiH3M, Ta MOI0 OChO-
BE MOJIOKEHHS, MOKA3HUKHU 3aJIOMJIEHHSI ONMTUYHUX
CepeIOBUIIL.

3MiHa 3HaueHb 1IUX MMapaMeTpiB HE TiJIbKU BU-
KJIMKA€E 3MiHY ONTUYHOI CUJIM, a TAKOX MOXE Mpu-
BOJIMTH J0 PYXY iX KapAWHaJbHUX ToUOK. [le sBuiie
o0ymoBieHe (Pi3UIHMMU e(PeKTaMU, MMOKIAASHUMU
B OCHOBY 1X (DYHKIIIOHYBaHHSI, TOMY MijJ 4yac aHa-
JIi3y MOJIOXKEHHSI KapAWHaJIbHUX TOUOK BapiojiH3
Tpeba BpaXxOBYBaTU iX KOHCTPYKTMBHI BIAaCTUBOCTI
i crmocobu KepyBaHHSI ONNTUYHUMM CUJIAaMU Bapio-
JIiH3.

OcKibKY JiesIeKTpoMOPETUYUHI Ta pilKOKpUCTa-
JIIYHi BapioJIiH3M 11 epedyBaloTh Ha CTallii HayKo-
BUX JOCHIKeHb, 1 A0 TOrO X BOHMW 3a MOTEHIIil-
HUMU MOXJIMBOCTSAMU OiNIbIII MPUAATHI JJIs1 BUKO-
PUCTaHHS SIK MiKPOJIIH30BMX PACTPOBUX CUCTEM, TO
OCHOBHY yBary B I1iiii poOOTi NMPUCBSIYEHO OIJISIAY
i aHaJizy MeMOpaHHUX Ta eJIeKTPO3MOUYYBaHUX Ba-
pioiH3.

MemoOpanHi BapioJiH3u

3 TOYKM 30py CKJIAAHOCTI TEXHIYHOI pearizalii
MOPiBHSIHO MPOCTIIMMU € MeMOpaHHi BapiosiH3u,
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yepe3 IO IX PO3BUTOK IIOYABCS paHillle 3-ITOMiX
yCiX iHIIMX TUITIB BapiojiH3. ['0JIOBHUM, KIIOUOBUM
eJIeMEHTOM MeMOpaHHUX BapiojiH3 € ejJacTu4yHa
IUIiBKA, 3JaTHA OO PO3TITYBAaHHS IIiJl 30BHILLHIM
TMCKOM. Y JIiH3i MeMOpaHa po3aiIs€e aBa IIPO30pUX
OINTUYHO OJHOPIIHUX cepemoBulla (puc. 1).

P, >P

Puc. 1. Ilpynuwn aii MeMOpaHHOI BapioJIiH3u: 7, 11, — TOKA3HUKU
3aJIOMJICHHST ONITUYHUX CEPEIOBUILL HAJl MEMOPAHOIO i it
Helo; P, P, — TMCK Haj i il MeMOpaHOIO BillIOBiIHO

TakyuMu ONTUYHUMM CEPEAOBUIIAMU MOXKYTh
OyTU IIOBITps I Boma abo ABI piIMHU 3 PiZHUMU
MOKa3HMKaMHM 3aJIOMJICHHS, ajie 3 sSIKoMora OiTbII
OJIM3bKUMU 3HAYEHHSIMM TUTOMOI Baru. OcCTaHHE
CIIpUSIE CYTTEBOMY 3MEHIIEHHIO BIUIMBY Ha (op-
My €JIaCTUYHOI MeMOpaHU rpaBiTalliiHOI CUJIM IIpU
Pi3HUX IMOJIOXKEHHSIX JIIH3U BITHOCHO TOPU30HTAJIb-
HOI TUIOLLMHMU.

Enactuyna MemMOpaHa MOBMHHA MaTH TaKi BjIac-
TUBOCTI:

1. Bucoky i piBHOMipHY IO 1i OBEpXHi 37aT-
HICTh MPOIYCKATHU KpPi3b ce0e eJICKTPOMAarHiTHi XBUJIi
MHOTPIOHOIO CIEKTPaJIbHOIO Aiama3oHy. IloBepxHs
MeMOpaHU Ma€e OyTU OyxXKe IJIaIKOlo SIK Y po3ciad-
JIEHOMY, TaK i B PO3TSITHYTOMY CTaHI.

2. IMoBepxHsT MeMOpaHU MTOBUHHA PO3TSTyBa-
THUCS i BAMHATUCS 3HAYHOIO Mipo10 0e3 OyIb-sIKMX
JIOKJIBHUX CITOTBOPEHb (hOPMU Ta TOIIKOIXKEHbD.
ITicyist 3HATTI cuId pO3TsKHA MeMOpaHa MOBUHHA
JI00pe BiTHOBIIOBATU ITOYATKOBY (hOpPMY.

3. MemOpaHa He TTOBUHHA XiMiYHO B3a€MO/Ii-
SITU 3 pOOOYOIO0 PiIMHOIO.

4. Martepian MeMOpaHU MOBUHEH MaTU BUCO-
Ky TeMmeparypy IUIaBJIeHHsI, 30epiraTu MexaHiuHi
BJIACTMBOCTI B IIMPOKOMY Jlialla30Hi TeMIlepaTyp, He
HaOyXxaTW B yMOBaX MiABUILEHOI BOJIOTOCTi, HE pyii-
HYBAaTUCS I1iJ BIUIMBOM YJAbTpadioieTOBOr0 BUIIPO-
MiHIOBaHHSI, MaTU JOCTaTHIil TEPMiH CIIyKOU.

Haiikpaiiym MaTepiajoM 1JIsl CTBOPEHHST MEM-
OpaHH, 1110 BiMOBiJa€ 3a3HAaYEHNUM BUIIIEC BUMOIaM,
€ nojiguMmeTuiacuinokcad (PDMS) [1].

dopMa eacTUIHOI MeMOpaHU — TIJIacKa, OIyK-
JIJa UM YBITHyTa — 3aJIeXKUTh Bil Pi3HULI 3HAY€Hb
TiCKy P, i P,. Paniyc KpMBU3HU BUTHYTOI MEMOpaHU
R 3HaxomaTh 3a ¢popMyiorwo [1]

2T
R=—"—, (1)
P -
ne T — mpyXHa KOHCTaHTa MaTepiaay MeMOpaHMU.
®opMy TOBepXHi MeMOpaHHM OIMUCYIOTH TBip-

Hoo (pyHKUi€w [1]

zm=2"Bw v, ®)
4T
siKa CBiIYMTH PO Te, 1110 (hopMa MOBEPXHi € rmapabdo-
JIOiAHO, TOOTO achepuuHoro (puc. 2).
3 BupaziB (1) Ta (2) He3anexHO Bia achepuy-
HOCTI (DOKYCHY BiicTaHb MeMOpPaHHOI BapioJliH3M SIK
napakcialbHMI TTapaMeTp 3HaxXoAsTh 3a (hOPMYJIOIO

n, 2n,T

f'= R = ) (3)
n, —n, (n, —n))(P,—h)
Ipy LbOMY OINTUYHA CUJIA JIIH3U B IiOMTPIsSIX
q)[I[HTp] _ 500(n, —n )(5 —R) ) 4)
n,T
Z(x)
X

a

Puc. 2. I'padix TBipHOI (yHKUii noBepxHi mMemOpanu (2a —
niaMeTp MeMOpaHu)

3 dopmyn (3), (4) BUgHO, 110 IS 301TbIIEHHS
Jiara3oHy 3MiHM OINTWYHOI CWJIM JIH3W IOTPiOHO
301IbIIYBATU PIZHULIO MiX TMOKa3HUMKaMU 3aJI0M-
JIEHHSI poOOYMX cepeoBUlll, Jiara30H Pi3HULII 3HA-
YeHb TUCKY, 10 JiI0Th Ha MeMOpaHy 3 000X ii cTo-
piH, i MaTU MeHIIi 3HAYeHHs MPYXHOI KOHCTaHTU
maTepiany MmeMOpaHu.

06 3abe3neunTrt NOTPiOHI 3HaYeHHs (P, — P)),
BUKOPHCTOBYIOTh aKTyaTopu (MexaHiuHi Ta eJjiek-
TPUYHI MPUBOAM) Pi3HUX KOHCTPYKIIil. [Tepiuuii na-
TEHT 11040 MeMOpaHHOI JIIH3M 3i 3MIiHHOIO (DOKYC-
HOW0 BincranHo OyB BumaHmii me y 1968 p. [5].
Bigroni ans nedopmaiii opmu MoBepXHi JiH3U
OyJ10 3aMmporoOHOBAHO Pi3HI KOHCTPYKIii akTyaTo-
piB, Taki sk wmnpuu [6, 7, 8, 9], cepBoaBuryx [10,
11], m’e3oenextpuunuii [12, 13, 14], mutyyHuii m’s3
[15] i 3BykoBumii korywmikosuii npusin (VCA) [16,
17]. Yci 1i KoHCTpyKIlii MOXXHAa YMOBHO TMOIITATU
Ha JBi Tpyny 3a TaKOK O3HAKO — TOE€IHAHUMU
YM pO3AUICHMMHU € KaMepH JIiH3M i pe3epByap, Ie
MICTUTBLCS piIvHa, SIKY il TUCKOM IOHA€E aKTyaToOp
y KaMmepy JiH3u. Ha puc. 3 mokaszaHo cxemy mpei-
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CTaBHUKA MEPLIOl TPyl MeMOpaHHHUX BapiosiH3,
B SIKOMY aKTyaTop IMpallo€ SIK IIMPUIIEBUIT Hacoc.

Puc. 3. MemOpaHHa ABOKamMepHa BapiojiH3a: / — MemOpaHa;
2 — pinuHa; 3, 4 — BXigHe i BUXigHE CKJISHI BiKHa; 5 —
MOpILeHb; 6 — CEPBONPUBII

Kamepa niH3u (BepxHsI yaCTMHA CXEMM) i Ka-
Mepa pesepByapa (HMXKHS YaCcTMHA CXeMU), e Mic-
TUTbCS HAIJUIIOK PiIMHU, po3aiieHi miadpparmoro
3 HEBEJIMKMM OTBOPOM ado cIIelliaIbHUM TpyOOIIpo-
BOJIOM. ¥ KaMepi pe3epByapa MiCTUTLCS MHOPIICHD,
SIKUI TIepeCyBa€EThCS 3a JOMOMOIOI0 CEPBOIPUBOLIY,
BTSATYIOUM YW BUIITOBXYIOUM PidWHY, IO ITOTparl-
JIsIE B KaMepy JIiH31, 3MiHIOIOUYM TUM caMUM (popmy
meMOpaHu. CepBOIpUBIA Ma€e eEJIEKTPOHIKY Kepy-
BaHHS, SIKa Yyepe3 3CYB MOPIITHS MPOrpaMoBaHO BCTa-
HOBJIIOE 11 yTPUMYE ITOTPIOHY OIITUYHY CUITY BapioJliH-
3. SIK TIpUBOI MOPILIHS MOXe OYTH TaKOX BUKOPHC-
TaHUI TPOrpaMHO KEepOBaHMI JIIHIMHUI KPOKOBMIA
MiKpOJIBUTYH.

Ha puc. 4 300paxkeHO COpOILICHY CXEMy Ipy-
roro TUMy MeMOpaHHOI BapioJliH3U, B SIKiil Kame-
pa JiH3M i pe3epByap InoeaHaHi. BmiuB Ha ¢dop-
MY eJacTUYHOI MeMOpaHu [ 3[iliCHIOE aKTyaTop 6
y BUIJISIAL TUIACTUH ab0 AMCKY, 3CYB, 400 BUTIH SIKMX
epeMilllye piAvHy B KaMepy JIiH3U 4Yepe3 OTBOpU S
y cKJsgHii mnactuHi 4. I[lnactunu 2 it 4 CiyryioTh
BiKHaMH BapioJliH3U.

AKTyaTOpOM CIyIye ABOIIapoBa IT'€30€JeK-
TpUYHA TIJJaCTHMHA, sKa BUTUHAETLCS TPU ToAavi
Hampyrd OoKpeMmMo A0 Ii 1IapiB, pi3HOI 3a BeJIMYU-

Hoo i moJjisipHicTio. Ilpy LIbOMy 4yepe3 3MeHIIeH-
HsT 00’€MY MIPOCTOPY MiXX MEMOPaHO 6 i CKIISTHOIO
IUIaCTUHOIO 4 (opma eacTUYHOI MeMOpaHU CTa€e
OITYKJIOIO, i JIiH3a OTPUMYE ONTUYHY CUJIY i3 3HAKOM
mmoc (puc. 4, 6). HaBmaku, 306inblieHHS 00’emy
BKa3aHOI'O IIPOCTOPY BUTATYE PIAMHY 3 KaMEpPU JIiH-
31, YUM BHUKJIMKAE YBITHYTICTb (pOpMU €JaCTUYHOI
MeMOpaHH, JliH3a OTPUMYE OINTUYHY CUIy i3 3Ha-
KoM MiHyc (puc. 4, 6).

B omnucax mo ocraHHix Moaeieil MeMOpaHHUX
BapioJliH3 3raayeThcs akryatop Bobbin with voice
coil, 1110 Ji€ 3a MPUHLIMITOM 3BYKOBOI KOTYIIKH [16,
17]. BiH He moTpebye BUCOKOI HAIPYTH, SIK y IT°€-
30akrtyaTopax. lle MiHiaTIOpHUA, 3 MaJUM CHOXHU-
BaHHSIM €JICKTPOCHEPril JIIHIMHWI JOBUTYH, SIKUM
0 1IbOro OYB PEKOMEHIOBAaHWI IS BUKOPUCTaH-
Hs B ONTUYHUX CHUCTEeMaX MOOUIbHUX Tee(DOHIB
1 BebKaMep [UIs1 MepeMillleHb i pikcallii MoJIOXEeHHS
ZOOM-MiKpOOO’€EKTUBIB y MPOLIECi IX aBTOMAaTUYHO-
ro ¢okycyBaHHs. Takuii akTyaTop 3a IOIOMOIOIO
KOMIT'IOTEPHO KEpOBaHOTO JIpaliBepa 3a CTPyMy
B KoTyuIui 10 250 MA 30aTHUIA TIepecyBaTu, a MoTiM
(ikcyBaT MeMOpaHy 6 y MOTPiOHOMY ITOJIOKEHHI,
3a0e3neuyyrouyd TUM CaMMM BapiojliH3i meTpiOHe
3HAUYEHHSI ONTUYHOI CUJIM.

Ha puc. 5 [18] nmokasaHo BigoMi Ha 1ieil yac
KOMep1IiiiHi Moaelli MeMOpaHHUX Bapiojina. Ilepii
TPU MalOTh Oe3MocepenHE eIeKTPUUHE KepyBaHHS.
Ix mBMAKOMist cTAHOBUTB AeKiIbKa MilicekyHa. Mo-
nenb ML-20-37 mae MexaHiuHe KepyBaHHS 3 BUKO-
PUCTaHHSIM 30BHIIIHBOTO 3y6uacToro Koueca. Mloro
KyTOBE 0OepTaHHs B miamasoHi Big Hyasa go 20°
JIO3BOJISIE 3MIHIOBAaTU OIITMYHY CHJIY B Jialla3oHi
+18 nnTp 3 moxubkoio BinrBoproBaHHg 0,1 amTp.
JIJ1st HajalTyBaHHSI ONITUYHOI CUJIM L€l BapioliH3uU
HOTPiOHUI 00epTaIbHUIA KPOKOBUIA ABUIYH i3 3y0-
YacTUM Ha BaJly KOJIECOM, KOTpe CKJaja€e KiHema-
TUYHY I1apy i3 3y0UacTUM KOJIECOM BapioliH31, TOMY
1151 BapioyliH3a TaKOX MAa€ aBTOMATUYHE €JICKTPUYHE
KepyBaHHS Bill apaiiBepa KPOKOBOTO IBUTYHA.

3-TIOMiX BiZOMHX Ha L€l 4yac TMIIB eJeK-
TPUYHO KePOBAaHMX BapiojiH3 Oe3lepeuHy nepenBa-

[ I
B

/F :[L{::___f___g[ \\1—1

Puc. 4. MemOpaHHa omHOKaMepHa BapioJsiiH3a: /[ — MeMmOpaHa; 2 — BXillHEe CKIIsTHe BiKHO; 3 — pimMHa BapioJiiH3u;

4 — cKJI0 3 OTBOpaMM; 5 — OTBOPH B jieTalli 4; 6 — MeTajieBa MeMOpaHa
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Puc. 5. Mopneni meMOpaHHMX BapioJliH3 1BeiiLiapchkoi KommnaHii Optotune

Iy MalTh MeMOpaHHi — y BUMAajaKax, KOJMU y Ba-
piosiH3M Tpeba MaTH sSKOMoOra OIbIIMIA JiaMeTp
afnepTypu.

Bapiosinzu, mo
€JIEKTPO3MOYYBAHHS

npamiTh Ha  edekTi

Ha BingMiHy Bim giH3 3 ejJlacTUYHOIO MeMOpa-
HOIO BapioJiiH3H, 1110 MPalol0Th HA BUKOPUCTAHHI
edeKTy eJeKTpO3MOYYBaHHS, € Oijabll ITpUBaOIM-
BUMM 3aBISIKU TIPSIMOMY €JIGKTPUUHOMY (HE Mexa-
HiYHOMY) BIUIMBY Ha (DOpMY OITUYHOI ITOBEPXHI,
siKka 3a0e3rnevye MoTpiOHY ONTUYHY CUJTY.

Konu HeBenuka KilbKicTh pinvuHu (Kparuisi)
MOTpAaruIsie Ha TBepAY MOBEPXHIO iHILIOTO MaTepialy,
TO BOHAa OTpUMYE (hOpMy, sIKa 3aJeKUTh Bil CIHiB-
BiTHOIIIEHHS MiXX KOT€3iifHOIO Ta aAre3iiHoI0 cuja-
mu. KoresiliHO0 Ha3uBalOTh CUJIY MixK MOJIEKYJIaMU
onHiei i Tiel camoi pedyoBuHU. CHly TIpUTITaHHS
MiX MOJIEKYJaMM Pi3HUX PEYOBMH Ha3MBAIOThb all-
resiifHoI0 cwioo. Ha puc. 6 mokasaHO BEKTOPHY
Jiarpamy CWJI HaTATYy, 11O AilOTh Ha Karullo piauHMU,
Yy MiCLISIX 11 KOHTaKTy 3 MOBEPXHEIO iHIIOro TBEPAO-
ro marepiany [1].

pinuHa

TBepa
TIOBEPXHS

Puc. 6. BektopHa niarpama cwit HaTATY: Ppp— CHJIa HATSITY Ha MEXi
TBEPIOi PEUYOBUHU i pinuHU; Pr. — cuia HATATY Ha MeXi
TBEPJI01 PEYOBMHM i CEpEOBUIIIA HABKOJIO KPaIlli PiIuHH;
Ppc — cuna HarATy Ha TIOBEpXHi Kparul pimuHM, 110
KOHTAKTYE i3 CEPEIOBUILEM HABKOJIO KPATLIi PIlUHM; 6 —
KYT KOHTaKTy

B3aemopiro BKazaHUX CUJI ONMMCYIOTh PiBHSIH-
Hsim [19]
P =P+ Py -cosb,, (5)

3 SIKOTO KYT KOHTaKTy 0, € pe3yJbTaTOM IOBEPXHE-
BOTO HampyXeHHs (BiJIbHOI eHeprili MOBepxHi) Mix
PiIIMHOIO i TBEPAUM TiJIOM, OTOUEHUM IapOI0 Piau-
HU 200 iHIIIOI PEYOBUHOIO:
A c PTP (6)
PC
Ha puc. 7 mokazaHo MOXJuBi hopMU Kparuii
pinrHU, OOYMOBJIEHI CHiBBIAHOIIEHHSIMM MiX CHJIa-
MM HATATY P, P, P,. Tax, srinHo 3 (5) 3a PTP=.0
0, = 0. Lle osHavae, 110 Kparmis GaKTUYHO PO3Ti-
. o
KaeTbes 1o nosepxui. Kom P, = P, 10 6, = 90",
i xparisas HabyBae Qopmu michepu. 3a P, = 0
Ta PTP"= P, xparmist Moxe Ha6yB.aTI/I HaBiTh ce-
puaHOi popmu, 6§, = 180", He PO3TIKAIOYKCH I10 I10-
BEPXHI.

cost =

0, ~180°

Puc. 7. Moxnusi hopMu Kparuli piilMHM Ha TBEPAiil MOBEpXHi

Axuio pigyuHa i cepenoBullle, 110 OTOYYE Kpa-
TUTIO PiIMHU, MaIOTh Pi3Hi ITOKA3HUKU 3aJIOMJICHHS,
TO LI Kparuisi OTPUMYE BJIACTUBOCTI JiH3U. OnThy-
Ha CWIa TakKol JIH3M 3aJIeXXUTh Big ¢dopmu ii 1mo-
BEPXHi, KA BU3HAYAETHCA KYTOM KOHTAKTy 6, TOMY
LITYYHE PETYJIIOBAHHSA KyTa 6, 30BHIlLHIMK 3acoba-
MU JO3BOJISIE CTBOPIOBATH JIIH3Y i3 3MiHHOIO OTITUY-
HOIO CHJIOIO, TOOTO BapioiH3y.

3 dopmyn (5), (6) BUOHO, 110 HA 3HAYECHHS
KyTa 6, MOXHA BIUIMBATH, 3MIiHIOIOUM X04a O OmHY
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i3 cun Harary P, P,., P,. llepiuii KpoK y 11b0-
My HampsiMKy 3poouB ¢izuk M. JlinnmmaH, sgKuit
me y 1875 p. omy0bJikyBaB poOOTy «3B’SI30K MixX
eJIEKTPUYHUMU i KaIUISIpHUMMU SIBULLIAMU», e OYJ10
MOKa3aHo, 10 Ha CUJy Hatary P, MOXHa BILIM-
BaTU i TMM caMuUM 3MiHoBaTU (opMy Kparmii. SIk
KOHTAaKTYIOUy piIMHY OyjJI0 00OpaHO €JIEKTPOJIITHUI
PO3YMH BOAU i PiIKy pTYTh, PO3MillleHi B KaIliIspi.
I3 n1BOX CTOpiH PTYTi MICTUBCS €JEeKTPOJITUYHUI
po3uuH. Ilpu npukiagaHHi 10 eJIeKTPOJITY i3 IBOX
CTOpiH KpaIlli eJIeKTPUYHOI HaIpyru Kparis pTy-
Ti MOYMHAJIa PyXaTUCh Y KaIlispi, ToMy 110 ¢hopma
Kparuii pTyTi y KaIllJisipi 3J1iBa i CIlpaBa cTaBaja pi3-
Hoto. Lle BUKIMKAIO pi3HYy cuiy Harary P, Ha Jii-
Bill i mpaBiii cTOpoHax Kparul, sIKa i Impu3BoaMIa
IO pyXy KpaIuli pTyTi y Kamuispi. BiakpuTrsa Lbo-
ro eJeKTPOKAIISIPHOrO SBUILIA CIOPUYMHUIO TO-
SIBy TaKMX BUHAXOMiB — UYYTIMBOIO €JIEKTPOMETpa,
OITUYHOTO IIepeMMrKadya, 00epTOBOIO PilKOro MiKpoO-
MOTOpa i MiKpoHacoca.

BoaHouac BusiBuiiocs, 1110 Miji Yac BAKOPUCTAH-
Hsl Y LIUX OPUCTPOSIX SIK OAHI€EL 3 piluH BOIU 3 PO3-
YUHEHUM Yy Hil eJIeKTpOoJIiTOM, IIPONYyCKaHHS yepe3
Hel eJIeKTPUYHOIO CTPYMYy CIIPUYMHSIE €JIeKTPOJIi-
TUYHUI po3kian uiei Boau. Ilo6 3amobirtu 1bo-
My, OyJIO 3aIpONOHOBAHO BUKOPUCTOBYBATH TOHKY
JieJIEKTPUUYHY IUIIBKY — i30JISITOp JJIs1 BiIOKPEMJICH-
HsI €JIEKTPOJIITHOL PiAXHM Bil METaJI€BOIO €JIeKTpoaa
[20, 21, 22].

Ha puc. 8 mokazaHo cxemy, SIKOIO MOSICHIOETh-
¢Sl BILIMB Hampyru V Ha dopmy Kparuti. Yum Oiib-
LIa HApyra, TUM MEHIUUM CTa€ 3HAYEHHs KyTa 6.
Kpamas cuibHillle po3TiKaeThCsl MO MOBEPXHi i30-
JIATOpa, TOMY liei e()eKT OTpMMaB Ha3BY €IEKTPO-
3MOYYBaHHSI.

€JIEKTPOJIIT

130JTATOP

777

CJIICKTPOJ

Puc. 8. BmumB npukinageHoi Hampyru V Ha ¢dopMmy Kparuti
(IITPUXOBA JIiHis)

Ilin yac momaBaHHSI HAIpPyrd MiX PIIKUM
eJIEKTPOJIITOM Ta €JeKTPOAOM IIO3UTMBHI 3apsi-
IW HAKOIIMYYIOThCS Ha BEPXHiMA MOBEPXHi i30Js1-
TOpa, a HeraTUBHI — Ha MOT0 HMXXHIll ITOBEpPXHI.
HakonuueHi 3apsiay 3MiHIOIOTh ITOBEPXHEBUIT Ha-

TIT Kpallli, yepe3 10 3MIHIOETbCSI KYT KOHTAaKTy
0, KpaIuisl pO3TiKAETbCS IO i30JITOpY (LUTPUXO-
Ba JIiHig Ha puc. 8) i ToOMy 3MiHIOE CBOIO (hOpMYy
Ta ONTUYHY CHUITY.

Kyt koHTaKkTy 3rinHo 3 nocuiaHHsamu [23, 24,
25]:

(7

cos@ = cos ), +-2f pr
PC
ne 6, — KyT KOHTakTy 3a V' = 0,
g, — Mi€JIEKTPUYHA MTPOHUKHICTb BiJIbHOTO IPOCTO-
py (g, = 8,85 x 10712 C*/J - m);
& — JlieJIeKTpUUHA KOHCTaHTa i30J19Topa;
d — TOBILIMHA AieJIEKTPUYHOIO i30J5ITOpAa.

3 piBHsAHHSA (7) BUILUIMBA€E, IO KYT KOHTAKTY
0 mponopuiiauii V2. ToBIIMHA AieJEeKTPUUHOTO
mapy d i JieJleKTpuyHa MPOHUKHICTh BUKOpPUCTa-
HOro Marepiajly BM3HayalTb Ty poOOUy HaIpyry
V, 3a gxoi dopma Kpari 3abe3rieuye il TOoTpiOHY
ONTUYHY cujy. PiBHSIHHS (7) € TEOPETUUHOIO OCHO-
BOIO SIBUIIIA €JIEKTPO3MOUYYBAHHS Ha JlieJIeKTpUKaXx.

Kpamist pinuHu, nokazaHa Ha puc. 8, Tonpu
BCi 3MiHU 11 (hOPMU BCE 3K MOXKE MaTH TiJIbKW MO3U-
TUBHY ONTUYHY CUJIY, SIKILIO MOKA3HUK 3aJIOMJICHHSI
piAMHU € OUIBLIMM, HiXXK MOKa3HUK 3aJIOMJICHHSI ce-
peaoBUIla OTOUYIOUOIO TTPOCTOPY. YTiM, ITpaKTUUHI
noTpeOM BUMaraloTh Bil BapioyliH3u 3a0e3mevyBaTu
OiTbII IIMPOKMI Aiara3oH 3MiHU OINTUYHOI CUJIU
Bil MO3UTUBHUX O HEraTUBHUX 3HAYEHb. Y 1LIbOMY
Jiana3oHi Tpeba MaTu i HYJIbOBE 3HAUEHHSI ONTUY-
Hoi cwiu. IloTpeba y Takux BapiojliH3ax IpuBesa
JI0 BUHAXOAy KOHCTPYKIIii, SIKy IToKa3aHo Ha puc. 9.
VY 1iif KOHCTPYKIIil B3k€ BUKOPUCTOBYIOTH JBi piau-
HU, SIKi:

— He MawThb 3MilllyBaTUCS;

— TMOBMHHI MaTH Pi3Hi TOKa3HUKU 3aJIOMJICHHS;

— IXHS TATOMAa Bara Mae OyTH HaOJMXKEHOIO
OIHa JI0 OIHOI;

— OJHa pigxHa Ma€ OyTH eJIEKTPOIIPOBIITHOIO,
a iHIIa — i30JII0I0Y0I0;

— 00UABI PiIMHU MalOTh OYTU MPO30OPUMU IS
CBiTJIa;

— 0o0uaBiI piAMHM He MOBUHHI BCTyNaTu B Xi-
MiUHY peakililo MiJ BIUIMBOM CBiTJa, Terja abo
OyAb-SIKMX iHIIMX (DaKTOPiB.

AK enexkTporpoBiIHY piAMHY BUKOPUCTAHO
€JIEKTPOJIITHUIM PO3YMH — eJIEKTPOIPOBIIHY BOAY.
VY poni mieneKTpuuHOI piIMHM 3aCTOCOBAHO ONTHUY-
HY OJIi10.

JliH30Ba KoMipKa Ha puc. 9 CKIaga€eThCs 3 1N-
JIHAPUYHOI KaMepHu, B sIKili MICTUTbCSI HE3Millly-
BaHi JieJIeKTpUYHA OJIisl Ta €JSKTPOIIPOBiIHA BOAA.
11g Boma 1o BHYTpIIIHIM 30HI HUJIIHApa nepeOyBae
y MIPSIMOMY KOHTAaKTi 3 HUXKHIM €JIeKTPOIOM, SIKUIA
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Puc. 9. Kowmipka BapioniH3u i3 1BOMa pimMHaMH, 1110 3/1aTHA 3a0e3revyBaT HeraTuBHE (@), HyJIbOBe (6)

i TO3UTUBHE (8) 3HAYEHHS ONTUYHOI CUJIN

Haraaye maiioy. BepxHiil e1eKTpoa CBO€EIO TTOBEpPX-
HEK BCepeAuHi LWJIiHApa B 30HI, SIKA KOHTAKTYE
3 OJIi€I0 Ta BOJOIO, MOKPUTHUM Hi€EKTPUIHOIO TUTiB-
Kol — i3ossitopoM. Bucora 11boro uuJIiHAPUYHO-
ro eJeKTpoja 3 i30J9TOpoOM Ma€ OyTH Takolo, 1100
3a BCiX HaIpyr, SIKi MoJaloThbcsd Ha OOMIBa €JIeK-
TPOAU, MeXa PO3MiJICHHS OJil Ta BOAU 3aBXIU OyJia
y 30Hi Aii uporo ejektpona (puc. 9). Mix Bepx-
HIM LWIHAPUYHUM 1 HIDKHIM e€JISKTpoJaMM 3a-
30p Ma€ OyTW JOCTaTHIM. Y BEpPXHBLOIO €JIEKTpoAa
BHYTPILLIHS 1 30BHilIHS OiYHi YaCTUHU Ha MOBEPXHi
LHUJIiHIpa nepedyBalTh B €JIEKTPUUHOMY KOHTAKTI.
s oTpMMaHHSI BEJIMKOTO KyTa KOHTaKTy IOBEpX-
Hs i30yIsITOpa BCEpEeAWHI LMJIIHApa MOKPUTA TOH-
KMM TigpodoOHUM MaTepiaoM.

AKuo 10 eJIeKTPoIiB Hampyry He IpUKJIaga-
I0Tb, TO TIOBEPXHSI BOAM uepe3 Oijblly Culy IIO-
BEPXHEBOIO HATSTy Ma€ onykiy ¢opmy (puc. 9, a).
OCKIiJTbKM MOKAa3HUK 3aJIOMJICHHSI OJIil OLIbLIMIA HixX
MOKAa3HUK 3aJJOMJICHHSI IIPOBIZHOI BOAM, TO JIiH3a
MOBOAUTLCSI K PO3CiloBaJibHA, TOOTO Ma€ Hera-
TUBHY ONTWYHY CHMJIy, TOMY IIpOMEHI, IapajesbHi
Ha BXOJi JIiH3M, OyayThb PO3XOAMTUCS Ha BUXOIi
3 JIiH3MU.

A-16F A-25H

=5...+15 gntp
ameptypa & 1,6 Mm

=5...+13 gntp
aneprypa %) 2,5 Mmm

Konu Ha enekTpony rnoaaiTh HAMPYTy, Ha BHYT-
PillIHil i 30BHILLIHI TTOBEPXHSIX 130J151TOpa HaKOMU-
YyHOTbCSl MpOTUEeXHI 3apsiau. [lpu 1poMmy udepes
30IJBIIEHHS TTOBEPXHEBOrO HATATY Ha Tinpodo0-
Hill TOBepXHi BoJa OiJbllIe 3MOYYE 1[I0 MMOBEPXHIO.
Yepe3 1ue (opma Kpaluli 3MiHIOETbCSI. 3pOCTaHHS
Harpyru 03BOJISIE MEXY IOy ABOX PilH 3pO0u-
™ 1iackoto (puc. 9, 6). I1pu ubomy JliH3a OTPUMYE
HYJIbOBE 3HAYEHHSI ONTUYHOI CUJIM — Oe3KiHeuHe
3HauYeHHSs (DOKYCHOI BiICTaHi, a TOMY ITPOMEHi IMpo-
XOJSTh Kpi3b HEl HE 3aJIOMJIIOIOUMKCH.

Axuio Hampyry 30iIblIyBaTy W nami, Boja e
Oisble 3MOYYE TripooOHY MOBEPXHIO, TOMY MeXa,
1110 PO3AiJISIE OJIit0 Ta BOAY, HaOyBa€ yBirHyToi op-
MU, a JIiH3a OTPUMYE TMO3UTUBHE 3HAUEHHS OTNTHUY-
HO1 CUJIY i TpoMeHi 306iratoTbes (puc. 9, 6).

Huxue, Ha puc. 10, mokaszaHO 30BHillIHili BU-
IS0 1 [;iara3oHM 3Ha4YeHb ONTUYHOI CUJIM eJIeK-
TPO3MOYYBAaHUX JIiH3, $Ki BUIOTOBJISIE KOMIIaHis
Corning® Varioptic® [26]. Takox HaBemeHO [Ii-
aMeTpu amnepryp LMX JIiH3, SKi CBimyaTh mIpo Te,
110 BOHHU TIOCTYINAaOThCS 3a LMM BaXJUBUM Tia-
pamMeTpoM MeMOpaHHMM BapioJliH3aM KOMIIaHil
Optotune.

A-39N
=5...+15 gnTp
anepTypa %) 3,9 Mmm

A-58N

=5...+10 gnTp
anepTypa %) 5,8 MM

Puc. 10. Mogeni eneKTpo3MOUyBaHUX JIiH3
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Mopgeni eneKTpo3MOUYyBaHUX JIiH3 KOMIIaHil
Corning® Varioptic® [26] 300paxeHo Ha puc. 10.

Ha puc. 11 nmoka3zaHO KOHCTPYKIIilIO KOMEp-
LIMHUX MOJeJell eJIeKTPO3MOYYBaHUX JIiH3.

Exnextpon Enextpon

\1|'“B"I

Bona

Bikzo ~] Bikno

IzomsTOp

a 0 8

Puc. 11. KoHCTpyKIlisl eJeKTpO3MOUYyBaHHUX JIiH3 KOMIMaHil
Corning® Varioptic®: ¢ —Hanpyru Ha eJIeKTpoIax HeMae,
JliH3a Ma€ HaibuIbllle HEeraTUBHE 3HAYEHHSI OMTUYHOIL
cunu; 6 — Hampyra 37 B, sika 3abesriedye BapioJiH3i
HYJIbOBE 3HAYEHHSI OTITUYHOI CWIIH; 6 — Haripyra 50 B, 1o
3a0e31eduye BapioJliH3i HAlOIbIIIEe TO3UTUBHE 3HAUCHHS
ONTUYHOI CUJIU

TunoBuii rpacdik 3ajJeXXHOCTi ONTUYHOI CUJIU
€JIEKTPO3MOUYBaHUX JIiH3 MOAaHO Ha puc. 12 (maHi
B3SITO 3 BiIKPUTOI pekjaMHOi iH(hopMalii Kom-
manii Corning® Varioptic® [27]). IlyHKTHMpHU-

OrmrTirgHa cia [A1onTpis)
50

40
30
20

10

0

20 L

a 0

Puc. 12. Mogaenb enextpo3MmouyBaHoi JiiH3u koMmmnaHii Corning® Varioptic®:
a—Bapiosinza A-39N0 B onpaBi 3 KabesreM IiIKII0YeHHS 10 IpaiiBepa;
0 — TUNOBUIA Tpadik 3aJeKHOCTI ONTUYHOI CUJIU eJIEKTPO3MOYYBaHOT

JIIH3M Bil 3HaYeHHSI HANpyry Ha ii eaekTponax [27]

MU JIiHIIMM BMAUIEHO AUISHKY Tpadika, e BiH €
(paktruHo niHiitHMM. CaMe Ha Liell JiHIHUI aia-
Ma30H 3MiHM OINTUYHOI CUJIM BKazaHO Ha puc. 10.
Sx BuaHO i3 rpagika, akTUUYHUI Oiara30H 3MiHU
OINTUYHOI CWJIX LUX BapiosiH3 JIEKUTh Y MexKax Bif
—15 mo +30 mionTpiii. YTiM, BUKOPUCTAHHSI BChOTO
Jiara3oHy 3MiHM OIITMYHOI CUJIM MOTpeOdye Bpaxo-
BYBaTU [ESIKY HEJiHIMHICTb, SIKA CIIOCTEpIra€Thecs
3a MeXaMU Jiana3oHy JiHiAHOCTI.

BucHoBku

1. Ornsig eneKTpo3MOUyBaHUX i MeMOpaHHUX
BapioJliH3, (paKTUYHOro poOOYOro aiara3oHy 3MiHU
IX OIITMYHOI CWJIM i peajJlbHUX AiaMETPIB IX allepTyp
MoKa3aB, 1[0 BOHM HE MOXYTb MaTH BEJIUKOI CBiT-
JIOCUJIM YU BiIHOCHOTO OTBOPY, a JJIsd OTPUMAaHHS
IHIIMX MEX Aiana3oHy IX ONTUYHOI CHJIM HOTPiOHO
y I1api 3 BapiojliH3aMX BUKOPUCTOBYBAaTH aJalTUBHI
JIiH3M 3 (hiKCOBAHUMMU 3HAUYEHHSIMM ONITUYHOI CUJIH.

2. 3MiHa ONTUYHOI CUJIM PO3TJISIHYTUX Bapio-
JIIH3 HEOAMiIHHO CYMpPOBOIXKYETHCSI OCHLOBHUM 3CYy-
BOM IIOBEPXHi pO3AiIy poOOYMX CEepeloBUIL Yepe3
3MiHy pi3HUIII TUCKY 10 OOMIBI CTOPOHU MeMOpaHU
y MeMOpaHHUX JIiH3aX, abo yepe3 3MiHy YMOB 3MO-
YyBaHHS y €JeKTPO3MOUYyBAaHMX BapiosliH3ax.

3. OcKibKY TOJIOKEHHST KapAMHAIBbHUX TOYOK
BapioIiH3 3aJIEXKUTh Bill MOJOXEHHSI PO3IiTy pobo-
YUX CEPEHOBMIL, TO BapioJiH3M 000X PO3IJISIHY-
TUX TUMIB TpU TapaMETPUUYHOMY CHUHTE3i Zoom-
ONTUYHUX CHUCTEM, B SKHUX Tependaye-
HO IX BUKOPHUCTAHHS, BCE X IIOTPiOHO
pO3MISIAATH SIK PYXOMi ONTUYHI KOMIIO-
HEHTH, XO4ya iX KOPIIyCHM B KOHCTPYKIIii
ZOOM-OINTUYHUX CUCTEM € HEPYXOMUMMU.

4. KinbKicHa oLIiHKA 3CyBiB Kapau-
HaJIbHUX TOYOK y BapiojiH3ax, MoB’s3a-
HUX 31 3MiHOIO IX ONTUYHUX CWUJ, Ta OT-
puMaHHST (YHKIIOHAJIBHOI 3aJIeXKHOCTI
LIMX 3CYBIB BiJl 3Ha4€Hb ONTHUYHOI CWUJIU,
Mae OyTH 3aBAAHHSIM MOMNEePEeIHBOTO J0C-
JIIKEHHST Mojeeid BapiosiH3, sKi mia-
HYIOTbCS 1O iHTETpyBaHHS B ONTUYHY
zoom-cucteMy. lle MmoTpiOHO He TiIb-
KW IJI1 YCYHEHHSI MOXJIMBMX IMOXMOOK
¢okycyBaHHS 300paxkeHb, a TaKOX IJIsI
KOPEKTHOro MporpamMyBaHHS MiKpPOKOH-
TpOJIepiB, 110 (POPMYIOTh €JIEKTPUYUHI Ke-
pyIoUi CUTHAJIM A0 BapioJliH3.
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I.G. Chyzh
VARIO LENSES AS FIXED ELEMENTS OF ZOOM OPTICAL SYSTEMS

Background. The modernisation and structural improvement of zoom optical systems by utilising fixed vario lenses that are either
electrically or mechanically controlled.

Objective. An evaluation of the accomplishments in the advancement and enhancement of adaptive vario lenses featuring
externally regulated optical power, intended for integration into zoom optical systems as permanent elements. An analysis of the factors
that could result in the instability of the cardinal points within the optical system of vario lenses.

Methods. An examination of the physical principles governing contemporary externally controlled vario lenses, with a focus on
the conditions that facilitate alterations in their optical power. Application of the fundamental tenets of optical system theory to evaluate
how variations in the geometric configuration and placement of the interface between the operational optical media of vario lenses
influence their optical power. A thorough analysis and organization of information available on manufacturers’ websites, as well as in
public information sources and publications from varifocal lens developers, regarding the design characteristics of their existing models.

Results. A comprehensive analysis of the mechanisms responsible for alterations in the optical power of membrane and electrically
wetted vario lenses revealed that fluctuations in their optical power result from modifications in the radius of curvature of the surface
separating the working optical media, as well as by changes in the position of this surface along the optical axis. This leads to a shift along
the optical axis of the vario lens of the cardinal (principal and nodal) points of the vario lens and a corresponding shift of their focal points.

Conclusions. In the examined membrane and electrowetting vario lenses, alterations in the geometric shapes of the space occupied
by the working optical media affects not only the optical power, but also the position of the cardinal points of the vario lenses. Therefore, in
zoom-optical systems, vario lenses cannot be regarded as fixed optical components despite the fact that their physical locations within the
system design are actually fixed. The shift factor of the cardinal points of the vario lenses requires comprehensive further investigation and
determination of the functional dependence between the specified shift and the values of the optical power of the vario lense. The practical
application of the findings from these investigations will allow improving the algorithm of parametric synthesis of zoom-optical systems with
vario lenses built into them, and will also provide a theoretical foundation for more accurate programming of the level of control electrical
signals supplied from microcontrollers to the vario lenses. This will aid in averting detrimental axial shifts of the images formed by them
(image defocusing) and disruption of the aberration correction of the system during the operation of zoom optical systems.

Keywords: membrane vario lenses; electrowetting vario lenses; cardinal points of vario lenses; shifts of cardinal points of vario lenses.
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ENGINEERING OF SOFTWARE SYSTEMS BASED ON SNAPSHOT-CENTRIC CQRS
WITH EVENT SOURCING ARCHITECTURE

Background. Command Query Responsibility Segregation (CQRS) with Event Sourcing (ES) is a widely adopted solu-
tion for designing scalable and high-performance information systems. However, classical CQRS with ES implementa-
tions are often associated with increased complexity in development and maintenance.

Objective. The goal of this study is to optimise the development and maintenance of software systems built on CQRS
with ES by introducing an alternative variation of the architecture.

Methods. The classical architectural variation was analysed, and the components that increase the complexity of system
development and maintenance were identified. Based on this analysis, an alternative architectural variation (mCQRS) is
proposed, that uses a lower-complexity component set. The solution is based on a relational database in which aggregate
state snapshots are treated as the source of truth, thereby reducing implementation and maintenance complexity and
facilitating potential migration to other architectural variations.

Results. Representative test projects were developed for both the classical and the proposed CQRS with ES variations.
Cyclomatic complexity values for a typical command execution workflow (120 for Classical CQRS and 82 for mCQRS)
indicate a 31.67 % decrease in complexity. Performance measurements show that server response time for queries is
identical for both variations (44 ms), whereas the end-to-end time to reach system consistency for commands is 268 ms
for Classical CQRS and 347 ms for mCQRS, corresponding to a 22.76 % decrease in performance. Despite this degra-
dation, write-operation throughput remains high in the context of established industry practices.

Conclusions. The proposed approach improves the efficiency of development and maintenance and reduces the required
level of developer expertise; it is suitable for systems in which write-operation performance is not critical.

Keywords: Software Architecture; optimisation models; CQRS; Event Sourcing comparative analysis.

Introduction

The complexity of software systems (SS) is con-
tinuously increasing, while the demands for project
timelines and implementation quality are becoming
stricter. To handle the situation, software develo-
pers are forced to seek new approaches, architectu-
ral patterns, and technologies. Renowned books [1,
2, 3] suggest a lot of patterns and solutions, focused
on how to manage the complexity of modern busi-
ness-oriented software systems, making them more
flexible, scalable and maintainable.

One of the effective approaches used to build SS
with high-performance requirements, like E-Com-
merce, Banking, or Financial Systems is an event-

driven architecture (EDA) [4], which states that
the system can be seen as a simulator of the real
business domain in which the interaction between
the components is driven by events. Thus, the event
raised by a certain component causes the reaction of
other components and even integrated third-party
systems. This approach is also used for service-ori-
ented systems, i.e. the systems built as a composition
of autonomous, heterogeneous components-services
[5]. The event-driven action may include the in-
vocation of a service, the triggering of a business
process, and/or further information publication/
syndication.

Command and Query Responsibility Segrega-
tion in combination with ES architecture (hereafter

https://doi.org/10.20535/kpisn.2026.1.350992
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referred to as the canonical CQRS approach) [6],
which was proposed in [7, 8] can be seen as a varia-
tion of a more general EDA paradigm [9] with a
concentration on increasing the speed of processing
the requests divided into two categories: write and
read operations.

The discussion on the use cases where CQRS
with ES architecture is the most applicable is rep-
resented in [10]. The authors discuss that this sort
of architecture solution is a good choice for systems
that are based on events on a business level, e.g. trip
systems, financial systems, etc.

The advantages of the CQRS with ES architec-
ture compared to DDD [11, 12] include improved
performance for read and write requests, as well as
better flexibility and scalability due to asynchronous
event processing and reduced risk of conflicts when
making changes. This is because commands that
modify data and queries that read data operate in-
dependently of each other. Another significant ad-
vantage is the instant storage of all events, enabling
the system's state to be restored to any point in time
from its creation to the present.

This study analyses the conventional CQRS
with ES architecture, highlighting its limitations and
reviewing existing mitigation strategies. An alterna-
tive architectural approach is introduced to address
these limitations. A comparative evaluation of the
classical and proposed approaches is conducted, fo-
cusing on performance and implementation com-
plexity. While a thorough architectural comparison
would necessitate a broader set of evaluation met-
rics, such an extensive analysis is considered beyond
the scope of this work.

The object of study is the development and
maintenance process of software systems based on
CQRS with ES.

The subject of study is methods and architectural
mechanisms for reducing development and mainte-
nance complexity in CQRS with ES-based systems.

The purpose of the work is to optimise the de-
velopment and maintenance of CQRS with ES-ba-
sed software systems by introducing an alternative
variation of CQRS with ES architecture.

Problem Statement

As highlighted in the earlier research [13], the
primary challenges associated with CQRS with ES
can be categorised into three distinct groups: tech-
nical development issues, development and mainte-
nance complexity, changing the architectural solu-
tion modifications of SS during the later stages of
development.

Technical development issues include event
replay performance problems during aggregate as-
sembly and projection rebuilds, the complexity of
handling event versioning, managing General Data
Protection Regulation (GDPR) compliance [14],
given the immutability of events, and the lack of a
guarantee that events will be delivered in the order
they were published.

The development and maintenance complexity
leads to additional difficulties. The complexity chal-
lenge is discussed in [15], noting that while the
CQRS pattern itself is relatively simple, its com-
bination with other approaches like DDD and ES,
drastically increases complexity. As demonstrated in
practice [16], when transitioning to a CQRS with ES
architecture, the amount of code does not necessa-
rily increase, but the number of layers and modules
does. Each of these layers requires updates whenever
a new feature is added or updated.

For example, when there is a business require-
ment to quickly implement a new test feature for
demonstration purposes or to provide temporary
functionality with minimal resource expenditure,
this architecture necessitates the creation and tes-
ting of all layers, from command handlers to que-
ry handlers. The greater complexity of the system
means that development and maintenance take
more time and require a higher level of skill from
the development team, leading to longer timelines
and increased costs, which significantly reduces its
attractiveness to investors.

The operation of changing the architectural
solution of an SS at later stages of development is
another challenging aspect. E.g. the migration of
the SS from DDD to CQRS with ES architecture
is far from trivial task [16]. The primary difficulty
in changing the architecture of a live SS lies not in
rewriting system components or redistributing lay-
ers, but in data migration. DDD architecture typi-
cally relies on a relational database [17], which is
absent in CQRS with ES architecture. As a result,
implementing an architectural transition strategy
like Chicken Little [18] is difficult due to the need
to maintain two sources of truth (the relational da-
tabase and the event store) during the architectu-
ral shift, which can be a prolonged process. Other
migration strategies face challenges in performing
complex data migrations, including transformations
and event log derivations [19]. Additionally, it is
often necessary to maintain some synchronisation
processes between the legacy database and the event
store for a period of time after the release of the SS
with the updated architecture to allow for fallback
options.
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Thus, this paper focuses on proposing an archi-
tectural approach that:

« Optimises the resolution of technical deve-
lopment issues associated with CQRS with ES ar-
chitecture.

« Offers improved flexibility for migrating from
one architectural solution to another, depending on
project dynamics, compared to migrations between
DDD and canonical CQRS architectures.

Review of the literature

In this section, we will describe technical de-
velopment issues associated with CQRS with ES ar-
chitecture and their known solutions, providing the
minimum necessary contextual information required
to understand the problem and solution.

As outlined in [13], write requests can be clas-
sified into two categories: creation-oriented and
update-oriented commands. For update-oriented
commands, a cache miss may occur during the ag-
gregate retrieval stage, when the Repository attempts

to load the aggregate from the Cache but does not
find it (Fig. 1). In this case, the Repository loads
from the Event Store all events associated with the
corresponding aggregate identifier, creates a new ag-
gregate instance, and applies the events sequentially
to reconstruct the aggregate state. This reconstruc-
tion procedure is referred to as event replay (i.e.,
replaying events).

The time of acquiring an aggregate by replaying
events is proportional to the number of events and
depends on its lifetime and the frequency of changes
applied to the aggregate. In some cases, the replaying
process per aggregate can take seconds, which af-
fects the overall system performance. Thus, in the
case of a large number of events and a large number
of aggregates replaying events, the process starts to
cause performance issues.

To address this issue, it is suggested to use an
additional data store that retains snapshots of an ag-
gregate’s state at predefined intervals, either time-
based (e.g., every 6 hours) or event-count-based
(e.g., after every N events, such as 100 or 1,000)

Command Handler Repository Cache Event Store
Requests Aggregate
by ID and version
Requests Aggregate
by ID and version

alt

Aggregate

[Cache Hit]

_Aggregate

[Cache Miss]
| Missing: no Aggregate

Requests events

or the Aggregate

Events

Iteratively applies all events

to reconstruct a new

Creates new Aggregate instance

Aggregate instance

Saves the Aggregate

Aggregate

Command Handler Repository

Cache Event Store

Fig. 1. Aggregate retrieval workflow in classical CQRS
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[20]. A snapshot of an aggregate is a database record
that contains the identifier and version of the stored
aggregate, as well as the aggregate's state, often in a
serialised form [21].

Another aspect of this problem is the rebuilding
of projections. Rebuilding a projection is an opera-
tion where all projection data is deleted, and then
all events are replayed one by one, starting from
the very first event. As a result of this operation,
the projection updates its data and aligns with the
Source of Truth of the current version.

Similarly to the problem of aggregate assemb-
ling, the rebuilding of projections can take a signifi-
cant amount of time: hours or even days in some ca-
ses. To solve this issue, developers use the snapshots
of projections [22].

This approach solves the performance prob-
lem but adds complexity to the system. The Read
Model in complex software systems is typically quite
sophisticated. In accordance with DBB company
[23] experience some of the projections may be sub-
scribed to 90 percent of events. Applying the snap-
shot solution to some Read Model each event it is
subscribed to should be modified to support both
replay and snapshot driven modes of its reconstruc-
tion. This causes an increase in development effort
during both development and maintenance phases.

Also, study [13] discusses several characteristics
of the classical CQRS with ES approach, such as
the need to handle event type versioning [24] and
the immutability of events [25]. These characteris-
tics complicate system modification, particularly the
procedure for removing or anonymising all user data
from the system in response to a request under the
GDPR [14].

Another issue discussed in [13] is related to
the event delivery subsystem based on an event bus,
which does not guarantee that events will be deli-
vered in the same sequence as they were originally
published (Fig. 2) [26]. To avoid the corruption of
data the projection stores the version of the aggre-
gate state according to which it was updated [24,

27]. When the handler attempts to update the pro-
jection with version (n — 1) to version (n + 1) the
version mismatch error is raised. The version mis-
match error is typically resolved with a retry opera-
tion. The handler waits for a certain amount of time
t and then attempts to update the projection again.
If, during the time z, the projection was updated
to version n according to another event, the next
retry will be successful. There are cases when, after
a certain number of attempts, the projection still
cannot be updated. This issue can be resolved in
several ways:

e The handler can request all events up to the
current one from the Event Store, recreate the pro-
jection using the event replay algorithm, apply the
changes related to the current event, and then up-
date the projection.

» Log the version mismatch error for further
investigation and action by a developer.

Since these situations are relatively rare, the first
option is complex to implement and resource-inten-
sive to execute, in practice, the second option is
usually preferred.

Beyond technical development issues that al-
ready complicate system maintenance, CQRS with
ES adds risky complexity to the system [7]. In prac-
tice, this complexity is typically mitigated through
organisational and process-oriented practices, in-
cluding focused team upskilling, higher-quality pro-
ject documentation, expanded automated test cove-
rage, and stricter code review and delivery pipelines.
In addition, it is advised to apply CQRS with ES
selectively (only to those subsystems where the ex-
pected benefits outweigh the added operational and
conceptual overhead) rather than adopting it as a
system-wide default. For example, in a microser-
vices-based system [28], CQRS with ES can be limi-
ted to services that clearly benefit from event-driven
separation and auditable state evolution, while other
services may rely on alternative architectural ap-
proaches that better match their functional require-
ments and complexity constraints.

A separate study was conducted on

| Event Store Event Bus ‘ Event Handler 1 Event Handler 2

the issue of changing the architecture

| Database |

Sends First Event

Sends Second Event

Message with the Second Event

Message with the First Event

Updatgs DB

solution of SS at later stages of deve-
lopment [16]. Other works on this topic
describe that migrating an SS to ano-
ther architecture is not a simple task.
There are various strategies for system

Updates DB

replacement, such as Cold Turkey and

| Event Store ‘ l Event Bus | Event Handler 2

Event Handler 1 ‘

Chicken Little [18]. Cold Turkey in-
volves rewriting a legacy system from

Database ‘

Fig. 2. Asynchronous events order

scratch, while the Chicken Little ap-
proach assumes small incremental steps
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until the desired long-term objective is reached.
Another approach is Butterfly [29], which focuses
on the migration of legacy data in mission-critical
environments. The data migration process is one of
the most important and complex steps in system mi-
gration. One method to address this challenge mi-
grating SS based on DDD to CQRS with ES is the
derivation of event logs [30], which involves analy-
sing the system and implementing an event logging
module. These events are subsequently used to syn-
chronise data between the old and new systems.

In addition to system replacement strategies,
Salvatierra G. [31] considers a number of direct mi-
gration approaches, such as Screen Scraping, Sneed,
Canfora, COB2WEB, and many others. However,
all of these solutions are applied at a more abstract
level, providing strategies for system migration,
which are instrumental in successfully carrying out
the migration but do not simplify the transition pro-
cess itself.

The proposed methods for addressing technical
development issues are applied in practice and ef-
fectively solve existing problems. However, the use
of such solutions often increases the complexity of
IS. The methods aimed at reducing system com-
plexity are generally focused not on simplifying the
CQRS with ES architecture itself, but on stabilising
and simplifying other architectural decisions, system
components, and the development process. Given
this situation, the most appropriate solution for re-
ducing complexity is to propose an alternative ver-
sion of the CQRS with ES approach.

Materials and methods

To address the task of reducing the complexity
of development and maintenance of the SS based
on the CQRS with ES architecture, the following
strategy is proposed:

1. Conduct an in-depth analysis of existing
approaches consolidated into a single architectural
solution (classical CQRS architectural variation).

2. Propose and describe a set of alternative
solutions, grouped into a variation of the CQRS
with ES architecture (mCQRS).

3. Apply both approaches in practice, measure
the characteristics of typical test systems, and com-
pare the methods based on their features and ob-
tained metrics.

In the previous study [13], a technology for
selecting an optimal CQRS with ES architectural
variation for a specific project was proposed. In that
study, Classical CQRS and mCQRS were consi-
dered as candidate variations. The Classical CQRS

variation was already analysed, whereas the mCQRS
variation was only briefly outlined in terms of its key
characteristics.

This paper provides a detailed description of
the mCQRS variation. It also expands the descrip-
tion of Classical CQRS presented in [13] to support
a transparent comparison and to enable consistent
analogies between Classical CQRS and mCQRS.

Classical CQRS architectural variation

The component view of the SS built using the
CQRS with ES approach is presented in Fig. 3. The
analysis is based on the documentation in [8] and
the example repository [32]. The SS is organised
into three primary subsystems. The Write Model
processes commands. The Read Model handles que-
ry requests. The Notification Subsystem provides an
event-based communication layer between the Write
Model and the Read Model.

The core workflow of the approach is sum-
marised in Fig. 4. When a client submits a command,
it is processed by the Write Model. Command hand-
ling produces a set of events. These events are pub-
lished to the Notification Subsystem, which routes
them to subscribers, including the Read Model event
handlers. When a client issues a data retrieval request
(query), the Read Model returns a Data Transfer Ob-
ject (DTO) from a denormalised data store.

The Write Model subsystem is responsible for
command execution. It first verifies that the reque-
sted command is supported by the system and that
the initiating user has sufficient permissions. The
command payload is then validated before further
processing.

In case of successful validation, the command is
routed to the Command Bus, which can be thought
of as the gateway to the Command Processing Unit.
The Command Bus is connected to a set of com-
mand handlers. A command handler is a component
responsible for managing task execution. Typical ac-
tions of the command handler include the following.

The command handler requests an aggregate by
its identifier and version from the repository. If the
required version of the aggregate is available in the
repository cache, it is immediately returned. If not,
a new aggregate instance is created and populated
with data from the latest snapshot, if one exists, or
with default values otherwise.

After obtaining the aggregate, the command
handler calls an appropriate method of the aggregate
to change its state. If an error occurs, an acknow-
ledgement response with error details is sent to the
client, and the workflow gets terminated. If the ag-
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gregate is successfully updated, the method returns
a set of events.

The command handler then calls the repository
again, which updates the cache with the new version
of the aggregate, saves the aggregate snapshot (if a
predefined condition is met, e.g. every 100 events),
and stores the set of events in the Event Store. After
this, the events are posted to the Event Bus, i.e.,
passed to the Notification Subsystem.

command ——¥ ‘Write Model

l publish

integrated event / publish

notification

D E— Notification Subsystem

l notify subscribers

query ——¥ Read Model

Fig. 4. Three basic subsystems and their interaction

Event Store

The detailed view of the Command Processing
Unit workflow is shown in Fig. 5.

The Notification Subsystem delivers events
produced by Write Model command handlers to
other internal components and, where required, to
external environments (e.g., third-party services).
Similar to the command-processing part, it includes
a gateway referred to as the Event Bus and a set of
event handlers. These handlers process events emit-
ted as outcomes of command handling.

Communication between Event
Bus and event handlers commonly fol-
lows the publisher-subscriber pattern
[33], where handlers subscribe to spe-
cific types of events. But it should also
be considered that the use of the pub-
lisher-subscriber pattern is not only one
way of how the Notification System
could be realised. For example, instead
of an active server variant based on
notifying the subscribed clients about
certain events, a variant of the passive

read / write

read
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server pattern with a variation of polling the Event
Store could be provided [34]. According to this va-
riant event handlers continually request the Event
Store whether the events they are interested in have
occurred and, if so, pick them up and process. Of
course, more sophisticated models of passive server
patterns could also be used (e.g. different types of
the Event Store replication) [35]. The advantages
and disadvantages of the Passive server variants of
the solution are well known and their detailed ex-
planations are not the purpose of this work. We can
only admit that the use of Event Bus can be regar-
ded as the most common approach and that is the
reason why we are focusing on its implementation
and problems connected to this approach.

Some event handlers implement isolated busi-
ness functions. For example, they may send notifi-
cations to external subscribers or perform post-pro-
cessing required for internal validation and error
detection. Another major class of handlers is dedi-
cated to maintaining system consistency. In addi-
tion to the source-of-truth data store (typically the
Event Store), the system includes a secondary sto-
rage layer that maintains projections, which must be
updated for the system to eventually become con-
sistent.

Projections (derived views, persistent read mo-
dels) are denormalised, precomputed representations
created to optimise read-side workloads. They may
be customised for particular read scenarios, which

improves system responsiveness and overall per-
formance. The storage and access mechanisms for
projection data are implementation-dependent and
are determined by architectural decisions and run-
time constraints. A common strategy persists pro-
jections in SQL/NoSQL databases or cloud storage
services. In some cases, projections are also stored
in file-based repositories as documents or images.
An alternative strategy keeps projections in memory
and reconstructs them from the local event stream
whenever server is rebooted. Consequently, projec-
tions are often treated as read-optimised services
rather than as conventional persistent storage enti-
ties (e.g., database tables).

The transformation of an event stream into
a projection is referred to as projecting [36]. Pro-
jection update handlers subscribe to events on the
Event Bus and wait for relevant messages. When the
Event Bus delivers a relevant event, the projection
update handler advances the corresponding pro-
jection to the next version in accordance with the
defined business logic and the event payload. The
process is described in Fig. 6.

During projection updates, the Notification
Subsystem also informs connected clients about
changes in the system state.

Once all event handlers have successfully exe-
cuted, the write request (command) processing is
considered complete, and the system has reached a
consistent state.
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The read request (query) process is fully hand-
led by the Read Model subsystem. This unit includes
Query Handlers, repositories for managing Projec-
tions and Projections.

When the system receives a request to read
data, the Query Handler requests data from the cor-
responding repository, which retrieves pre-prepared
data from Projections.

CQRS with ES approach with Snapshot data-
base as a source of truth (mCQRS)

For certain systems, immediate response for
write operations may not hold significant value.
Usually, these are systems with a low percentage of
write operations, like 20 % or less. Therefore, it is
advisable to consider the following modified system
architecture, which simplifies the development and
maintenance of the system, as well as the potential
transition of the architecture either towards classical
CQRS or DDD approach.

The essence of the modification lies in shifting
the focus from the event store to the database snap-
shot (Fig. 7). In contrast to the classical method, the

snapshot database in this approach closely resembles
a relational database. The aggregate state is not se-
rialised and may even be distributed across multi-
ple tables. The snapshot is considered the source of
truth where all the relevant information is stored.
This modification makes event replay operation un-
necessary for the majority of cases, replacing it with
fetching data from the latest snapshot version with
optional, on-the-fly, transformation.

When a command to add/modify data is re-
ceived (Fig. 8§) Command Handler in the same man-
ner as in the classical solution requests aggregate by
identifier and version. But instead of building aggre-
gate from scratch (or snapshot) by replaying events,
it just simply takes an up-to-date snapshot of it from
the DB. Then, just as in classical CQRS, the corre-
sponding aggregate method is called, which returns
a set containing one or more events.

To update the snapshot, events are immediately
applied to the aggregate. This procedure also helps
ensure there are no errors during subsequent event
replay operations (if they are needed). If applying an
event leads to unexpected behaviour, this issue is de-
tected before the event and the aggregate’s new state
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are saved, allowing the operation to be cancelled.
If the aggregate’s state is modified successfully, it
confirms that the events are valid and can be safely
stored.

After the state is successfully updated, event
store repository stores events and snapshot reposi-
tories update within one transaction that guarantees
consistency of the Snapshot and Event Store. De-
spite the fact that events replay operation is not-re-
quired anymore, it is still possible when needed.
Subsequently, Command Handler dispatches events
to the Event Bus, to which multiple event handlers
are subscribed.

In this step, the synchronous response is sent
to the client. The system returns an acknowledge-
ment response indicating that the Event Store has
been updated and that the corresponding changes
will be propagated across the system eventually. It
should be noted that if the updated entity in the
Snapshot Database contains all data required by the
client application, it is technically possible to return
it immediately instead of an acknowledgement re-
sponse.

Projection update event handlers are sub-
scribed to appropriate events and eventually up-
date projections (Fig. 9). Version mismatch issue
can be solved by taking the latest data from the
Snapshot DB, followed by mapping if necessary.
This operation is much simpler than the equiva-
lent one in the classical CQRS approach, as it
does not require event replay operation. After up-
dating the projections, notifications about the data

update are sent to clients (e.g. mobile or web ap-
plications).

Querying data process works without any modi-
fications and keeps the response time as short as pos-
sible in the system based on CQRS with ES archi-
tecture.

Experiments and results

The experiment aims to compare the classical
CQRS and mCQRS approaches with respect to sys-
tem performance and complexity.

The experiment involves developing two Repre-
sentative Test Projects (RTPs) with identical functiona-
lity: one based on the classical CQRS architectural
variation and the other on mCQRS. For each system,
complexity and performance metrics were measured.
The source code for both RTPs is available at [37].
The systems were deployed on an AWS cloud server
and connected to a remote database (Amazon RDS).

For complexity measurement the McCabe’s
cyclomatic complexity [38] method is used. Accor-
ding to this method, the measurement is based on
the amount and level of functions, methods, and
procedures (e.g. loops and conditions). The higher
this amount, the more difficult it will be for the de-
veloper to build, understand, and modify the code.
For quantitative complexity assessment, the prog-
ram code is divided into blocks and represented as a
directed graph. Cyclomatic complexity (CC) is cal-
culated using the following formula:

CC=FE—N+2P,
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where FE is the number of edges in the graph, N is
the number of nodes in the graph, P is the number
of connected components.

Cyclomatic complexity measurement was auto-
mated with SonarCloud tool [39]. Complexity was
calculated for each RTP both at the system level and
for its individual components to identify modifica-
tions that simplify development. Additionally, the
complexity of adding a new simple aggregate root
was measured to assess the modification complexity
of the system [40].

The resulting metrics are summarised in Ta-
ble 1. In these calculations, specification (test) files
were excluded because they substantially inflate the
metric yet do not reflect the intrinsic complexity of
the system.

Table 1. Cyclomatic complexity metrics

(cold). The resulting average propagation latencies
are summarised in Table 2.
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Fig. 10 describes how complexity is distributed
across the components of systems based on Classical
CQRS and mCQRS variations. The purpose of this
diagram is to illustrate the component hierarchy and
the portion of the overall system complexity each
component contributes.

To evaluate performance, average response
times for write and read operations in both RTPs
were measured. Averages were computed over one
thousand requests per operation. The measurement
script is available at [41].

Another time-based metric relevant to even-
tually consistent systems is the end-to-end propa-
gation latency — the time from receiving a modifica-
tion request to the corresponding projection update.
This metric was also measured [41]. For half of the
requests, entities were served from cache (warm),
whereas for the other half, the cache was empty

Classical CQRS mCQRS

Common part 5 20 Fig. 10. Complexity distribution between components
Snapshot repository 9
Event Store 12 Table 2. Performance metrics
Base projection 3 0 Classical CQRS mCQRS
repository (ms) (ms)
Aggregate 78 62 Query response 44 44
Aggregate repository 14 time
Aggregate 9 6 Comman? 107 186
Projections repository 24 17 response time
Total RTP 120 o Syfitetm t‘.’vemual 268 347
(With 1 aggregate) update time
Total

. 42+ 78N 2+20-N . .
(With N aggregates) 8 6 0 Discussion

Having a Snapshot DB as the source of truth
instead of Event Store simplifies the development
and maintenance of the system. It allows the re-
placement of the event replay operation with re-
trieving the record from the database and mapping
it to a new aggregate. This is supported by cyclo-
matic complexity metrics for the “Aggregate repo-
sitory” component: 14 for classical CQRS versus
8 for mCQRS, “Projection repository” component:
24 versus 17, as well as the “Base projection” com-
ponent, which exists only in the classical CQRS
variation and has a complexity value of 8.

The projection update operation is simpler for
machine processing than event replay. The com-
plexity of the operation to populate an aggregate
using data from a database record depends only on
the number of properties in the aggregate (m). In
contrast, the complexity of event replay also de-
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pends on the number of events that occurred with
the aggregate instance (n). Therefore, if the num-
ber of aggregate properties remains unchanged, the
complexity of the populate operation using Big O
notation method [42] is O(m), while the event re-
play complexity is O(n-m). However, if we consider
a dynamic system where the number of aggregate
properties increases over time, the complexity of the
populate operation would be expressed as O(f{m)),
and event replay would be O(n:f{im)). Thus, it can
be stated that unlike the event replay algorithm, the
performance of the populate operation does not de-
grade as more events are stored in the database.

Due to the fact that in the mCQRS approach
events are not strictly immutable, rapid incorpo-
ration of changes to stored data becomes possible.
This significantly simplifies tasks such as deleting
user data in compliance with GDPR.

On the other hand, the immutability of events
allows for a higher level of security for the Event
Store. Given the absence of a need to modify events,
the Event Store can be protected against changes
at the configuration level. Additionally, encryption
methods can be applied, and, for example, reusing
hashes of previous events when adding new ones (by
analogy with blockchain technology [43]) enhances
data integrity.

As mentioned earlier, there are situations when
the version mismatch issue cannot be resolved with
multiple retries. Using the mCQRS approach, the
issue is resolved by simply updating a projection
from the latest snapshot (Fig. 9).

Optimising the performance of the classical
CQRS approach typically involves using snapshots
for both aggregates and read models. The mCQRS
approach addresses these issues by merging the
snapshots of the aggregate and projections, thereby
simplifying the management of snapshots and miti-
gating the complexity. This is partially supported
by the cyclomatic complexity metrics for “Snap-
shot repository” and “Base projection repository”
component, which exists only in the classical CQRS
variation and has a complexity value of 9 and 8 re-
spectively.

The primary drawback of a system based on
the mCQRS approach in comparison with classical
CQRS one is the high response time for write ope-
rations, especially when adding new entities. This is
a logical consequence of waiting for data writes or
updates in both relational database and Event Store.
Saving a series of events to the Event Store undoub-
tedly occurs much faster (107 ms vs 186 ms based
on the experiment data). However, it is worth noting
that since event processing in both variations occurs

in a similar manner, the difference in response time
and the time required for the system eventual update
remains the same (186 — 107 = 79 and 347 — 268 =
= 79). The longer the eventual update logic takes,
the less impact this difference has on overall system
performance.

The task of migrating a system between two
different architecture approaches can be logically
divided into two sub-tasks: functionality transforma-
tion and data migration.

The data migration can be considered as the
most difficult part, especially in cases when data
storage approaches are completely different. For in-
stance, source architecture relies on a relational da-
tabase, while the target one uses Event Store. When
performing such a migration, it is necessary to create
an event store along with a snapshot and projec-
tion database(s), whose structure will differ from the
existing relational database. This task is particularly
complex for live IS, since migration must proceed
smoothly and without huge downtimes.

Conversely, migrating in the other direction re-
quires designing a relational database for a system at
later stages of development, taking into account all
the nuances of data structure that were previously
stored as events and a set of denormalised projec-
tions.

From a data-migration perspective, the mCQRS
approach is more flexible than classical CQRS. The
Snapshot DB essentially serves as a relational data-
base after migration to such approach as DDD. And
the Event Store, can be used as a base for migra-
tion to the approach that consider Event Store as a
source of truth (e.g. classical CQRS).

Conclusions

The scientific novelty. For the first time, an
alternative modification of the CQRS with ES ar-
chitecture has been proposed. This variation is
well-suited for a specific class of systems where the
speed of write operations is not a critical metric.
Based on performance measurements for the pi-
lot IS, the average write operation response time
is 107 ms for classical CQRS versus 186 ms for the
proposed approach, with the overall command pro-
cessing time being 268 ms and 347 ms, respectively.

The proposed approach simplifies the resolu-
tion of several challenges associated with the classical
CQRS architectural variation. The total cyclomatic
complexity of a SS using the proposed approach is
62 + 20 - N, compared to 42 + 78 - N for classical
CQRS (where N represents the number of aggre-
gate roots). Additionally, it facilitates the migration
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process, particularly in comparison to the transition
between DDD and classical CQRS, making archi-
tectural changes at later stages of development more
manageable.

The practical significance. The proposed modi-
fication of the CQRS with ES architecture can be
applied to the development of real-world systems,
where the classical CQRS approach is suitable, and
where the speed of write operations is not a critically

important parameter. Employing this architectural
strategy will make the development of SS more effi-
cient and reduce the requirements to the developers’
level of skill compared to using the classical CQRS
approach.

An experiment was also conducted, demon-
strating how the proposed model can be applied in
practice to describe system processes, evaluate them,
and compare their parameters.
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O.01. TpysiH, O.A. IlutBnHOB

IHXKEHEPIA MPOrPAMHMX CWUCTEM HA OCHOBI APXITEKTYPW CQRS 3 EVENT SOURCING WO TI'PYHTYETLCH
HA 3HIMKY CTAHY CUCTEMW

Mpobnemartuka. Po3avexyBaHHs BignosiganeHocTi komang i 3anuTie (CQRS) y noegHaHHi 3 nigxogom dikcauii Ta 36epexeHHs

noain (aHrn. Event Sourcing, ES) € nolwumnpeHum pilleHHAaM ANs NPOEKTYBaHHA MacLuTaboBaHUX i BUCOKOMPOAYKTUBHMX iHOPMaLinHUX
cucTeM. YTim, knacuyri peanisauii CQRS 3 ES yacTo nos’asaHi 3 NigBMLLEHOI CKNagHICTIO po3pobneHHs Ta cynpoBoay.
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MeTta pocnigxeHHsi. MeToto poboTy € onTuMisaLisi po3pobrneHHst Ta cynpoBoAy NporpamHux cuctem, nobyaosaHux Ha CQRS
3 ES, wnsaxom 3anpoBagxeHHs anbTepHaTUBHOI Bapiauii Liei apxiTekTypu.

MeTopuka peanisadii. [lpoaHanizoBaHo KnacuyHy BapiaLito apxiTEKTypu 1 BUOKPEMIEHO KOMMOHEHTM, LLO NiABULLYIOTb CKNagHICTb
po3pobneHHs Ta cynpoBoAdy cuctemu. Ha ocHOBI NpoBeAeHOro aHanidy 3anpornoHOBaHO anbTepHaTUBHY Bapiauito apxitekTypu (MCQRS),
sika nepefbavae BUKOPUCTaHHS Habopy KOMMOHEHTIB i3 HUXKYOK CKNagHIiCcTHo. PilleHHs I'pyHTYETbCS Ha BUKOPWUCTaHHI pensuiiHoi 6a3un
OaHunX, B K 3HIMKM CTaHy arperaTiB po3rnsgaloTbCs K AKepeno iCTUHK, WO 3HWXKYE CKagHiCTb peanisadii Ta cynpoBoy NporpamHoro
3abe3neyeHHs, a TakoX CNpoLLye NOTEHUIMHWUI nepexia A0 iHLWMX apXiTEKTYPHUX MiaxoZais.

Pe3synbTatn gocnimxeHHA. [MobyaoBaHO penpe3eHTaTMBHI TeCTOBi NPoekTW Ans knacuyHoi Ta mCQRS Bapiauin. 3HayeHHs
LMKNIOMaTMUYHOI CKNaAHOCTI peanisauil TMNnoBoro npouecy BMkoHaHHSA komaHaum (120 ansa Classical CQRS Tta 82 ana mCQRS) ceigyaTb
npo cnpolleHHs Ha 31.67 %. BogHouac 4ac BignoBigi cepBepa Ha 3anuTu € o4HAKOBUM Ansi 060x Bapiauii (44 mc), Togi sik NOBHUI Yac
OOCSITHEHHST Y3ro[pKeHOCTi cucteMu Ans komaHg ctaHoBuTb 268 mc anga Classical CQRS ta 347 mc ana mCQRS. Monpu 3HWKeHHS
NpOAYKTUBHOCTI Ha 22,76 % LUBMAKOAIA onepaLiin 3anncy 3anuilaeTbCa BUCOKOK B KOHTEKCTI yCTaneHnx rany3eBnx npakTuk.

BucHoBku. 3anponoHoBaHWi nigxig niaBuLLlye edeKTUBHICTb pO3pobneHHs 1 cynpoBody Ta 3MEHLIYe BUMOMM [0 PiBHSI
KOMMETEHTHOCTEN PO3pOBOHUKIB; BiH € AOLINbHUM Af1s1 Knacy CUCTEM, B sIKMX LUBUAKOAIS onepaLiin 3anucy He € KpUTUYHOL.

KntoyoBi cnoBa: apxitekTypa nporpaMHoro 3abesneveHHst; ontumisadinHi mogeni; CQRS; Event Sourcing nopiBHANbHWIA aHanis.
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