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ABSTRACT

Context. An application of the method of a “jumping frogs” search algorithm to construct optimal experiment plans for cost
(time) in the study of technological processes and systems that allow the implementation of an active experiment on them
is proposed.

The object of study are optimization methods for cost (time) costs of experimental designs, based on the application of
a “jumping frogs” search algorithm.

Objective. To obtain optimization results by optimizing the search of a “jumping frogs™ search algorithm for the cost (time)
costs of plans for a full factorial experiment.

Method. A method is proposed for constructing a cost-effective (time) implementation of an experiment planning matrix using
algorithms for searching for “jumping frogs”. At the beginning, the number of factors and the cost of transitions for each factor level
are entered. Then, taking into account the entered data, the initial experiment planning matrix is formed. Then, taking into account
the entered data, the initial matrix of experiment planning is formed. The “jumping frogs” method determines the “successful frog”
by the lowest cost of transitions between levels for each of the factors. After that, the permutations of the “frogs” are performed. The
“frog” strives for the most “successful” and, provided it stays close, remains in the location. Then the gain is calculated in
comparison with the initial cost (time) of the experiment.

Results. Software has been developed that implements the proposed method, which was used to conduct computational
experiments to study the properties of these methods in the study of technological processes and systems that allow
the implementation of an active experiment on them. The experimental designs that are optimal in terms of cost (time) are obtained,
and the winnings in the optimization results are compared with the initial cost of the experiment. A comparative analysis
of optimization methods for the cost (time) costs of plans for a full factorial experiment is carried out.

Conclusions. The conducted experiments confirmed the operability of the proposed method and the software that implements it,
and also allows us to recommend it for practical use in constructing optimal experiment planning matrices.

KEYWORDS: optimal plan, jumping frogs search algorithm, optimization, experiment planning, cost, win.

ABBREVIATIONS
MSRF is a mixed solid rocket fuel,;
SRF is a solid rocket fuel.

t; is a time of the i-th factor of the studied process;

b;; is an unknown coefficients of the mathematical
model;

Y;is a process optimization criteria.
NOMENCLATURE

k is a number of object factors introduced into the
study;

t is a program run time, s;

B is a winnings;

N is a number of experiments in the planning matrix
of the experiment and the matrix of costs of transitions
between the levels of factors;

X is a levels of factors;

C) is a total cost of the experiment, conv. units;

ty is a total time of the experiment, h;

C;;jis a cost of the transition from the i-th experience
to the j-th, conventional units;

t;;1s a time of the transition from the i-th experience to
the j-th, conventional units;

C; is a cost of the i-th factor of the studied process;
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INTRODUCTION

The most important part of scientific studies are
experiments. This is one of the main ways to get new
scientific knowledge. The basis of this method is
an experiment, representing a scientifically delivered
experience or observation of the phenomenon under
precisely taken into account conditions, allowing
to monitor its progress, to control it, to recreate it every
time when these conditions are repeated. From ordinary,
passive observation, the experiment is distinguished by
the active influence of the researcher on the phenomenon
being studied.
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Planning an experiment is a section of mathematical
statistics that studies methods for organizing a set of
experiments with different conditions to obtain the most
reliable information about the properties of the object
under investigation in the presence of uncontrolled
random perturbations. The use of experimental planning
makes the experimenter’s behavior purposeful and
organized, significantly contributing to the increase of his
labor productivity and the reliability of the results
obtained. An important advantage of the method is its
universality, suitability in the vast majority of areas of
research.

The object of study is the technological processes
and systems that allow the implementation of an active
experiment on them.

The subject of study is the optimization method for
cost (time) costs of experiment plans, based on the
application of a “jumping frogs” search algorithm.

The purpose of the work is the development of a
method and software for optimization of plans for a full
factorial experiment using the search algorithm for
“jumping frogs”.

1 PROBLEM STATEMENT

Experimental research methods are widely used
to optimize production processes. One of the main
objectives of the experiment is to obtain the maximum
amount of information about the influence of the factors
studied on the production process. Further,
a mathematical model of the object under investigation is
constructed. At the same time, it is necessary to obtain
models with minimal cost and time costs. This is
especially important in the study of long and costly
processes. The task of optimizing plans at a cost (time) of
the experiment is NP-complete, i.e. for its solution takes
time and a large number of computations, rapidly growing
with increasing dimension of the problem. Therefore, a
complete search of all possible solutions is difficult. In
this connection it is necessary to find solutions using
approximate algorithms.

The task of optimizing the design of experiments on
cost costs is NP-complete, i.e. for its solution, it takes
time and a large number of calculations, rapidly growing
with increasing dimension of the problem. Therefore, a
complete enumeration of all possible solutions is difficult.
In this regard, it is necessary to find solutions using
approximate  algorithms, for example, such as
an algorithm of optimization by a swarm of particles.

1. Total cost of the experiment:
k N k
CO = ZCI + ZZCU — min .
i=1 j=li=1
2. Total experiment time:

k. Nk
to=D.t;+ ) > t; > min.

=l j=li=l
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2 REVIEW OF THE LITERATURE

Combinatorical optimization methods are known
[3-8], but they are not used for constructing multivariate
experiment plans that are optimal in cost and time costs.
There are also known examples of constructing multi-
factorial design of an experiment described in, based on
the use of the following optimization methods: analysis of
permutations; sequential approximation method; branch
and bound method; random search (permutation of rows
of the planning matrix); simplex method; ant algorithm;
genetic algorithm; annealing method; greedy algorithm;
swarm of particles; jumping frogs [12]; monkey
search [13]; search for a school of fish [16].

The effectiveness of the use of these methods is shown
in the study of various technological processes, devices
and systems. These methods have both advantages and
disadvantages. For example, with a large number of
factors, a complete search of all the rows of the
experiment planning matrix requires a considerable length
of time, while other methods make it possible to obtain an
optimal experiment design for a limited number of factors
k. With a large number of factors, the optimization results
only approach the optimal experimental design. To solve
the problem of constructing optimal experimental designs,
it is advisable to use the “jumping frogs” method
developed by the authors to compare optimization results.
Based on this method, the technological process of
manufacturing SRF was investigated and optimized.

All these methods have both advantages and
disadvantages. For example, with a large number of
factors, a lot of time is required for a complete search of
all the rows of the planning matrix, and other algorithms
allow obtaining an optimal experiment plan for a limited
number of factors £. With a large number of factors, the
optimization results are approximated to the optimal
experiment plan. In view of this, it is advisable to use the
search algorithm for “jumping frogs” by a school
to compare the results. Optimization of experiment cost
plans full (time) costs by exhaustive search at the current
level of computing techniques can only be solved for the
number of factors k& < 3. Therefore, the problem of
reduction many plans for a multivariate experiment with
minimum number of transitions of factor levels to search
for the optimal cost (time) the cost of its implementation.

There are methods based on the determination of the
content of liquid-viscous components, the effect of
products on the physicochemical properties of MSRF [3].
In well-known sources [4], mathematical models of the
influence of the fractional composition of the SRF on the
characteristics of MSRF are not given explicitly.

3 MATERIALS AND METHODS
A method and software for optimizing the plans for a
full factorial experiment on cost (time) costs using the
search algorithm for a “jumping frogs” has been
developed. The essence of the application of the search
algorithm for “jumping frogs” is as follows:
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Step 1. At the beginning of the work, the number of
factors k is introduced.

Step 2. Enter the cost of transitions between levels for
each of the factors.

Step 3. Depending on the selected number of factors,
an experiment planning matrix is constructed.

Step 4. Calculation of the initial cost of the
experiment.

Step 5. Generation of the cost matrix of transitions
between levels for each of the factors.

Step 6. Sorting the indices and generating an array of
indices for the cost of transitions between levels for each
of the factors.

Step 7. Rearrangements in the columns in accordance
with the array of indices for the cost of transitions
between levels for each of the factors.

Step 8. Enumerating between all blocks of columns
(“memeplexes” in which the “frog” moves).

Step 9. Determining the starting point for further
enumeration, based on the least sum of the cost of
transitions between levels for each of the factors.

Step 10. Performing a search within the column block
in which the “frog” is located by the minimum value of
the sum of the costs of transitions between levels for each
of the factors.

Step 11. Go to the next row of the planning matrix and
compare with the previous one. A search is performed in
the column block with the lowest value of the sum of the
costs of transitions between levels and the establishment
of the corresponding block (interchanging in the planning
matrix of the experiment).

Step 12. Construction of an optimal experiment
planning matrix.

Step 13.
the experiment.

Step 14. The calculation of the magnitude of the gain
B as the ratio of the initial cost of the Cj,;; experiment to
the cost of implementing the optimal planning matrix of
the experiment Coy.

Calculation of the total cost of

C

B= init
Copt

Step 15. Calculation of the time t spent on optimizing
the design of the full factorial experiment using the
“jumping frogs” method.

4 EXPERIMENTS

Practical experiments implemented in this article were
carried out as part of the study of the technological proc-
ess of manufacturing solid rocket fuel (hereinafter
referred as SRF). Existing types of mixed solid rocket fuel
(hereinafter referred as MSRF) have a specific
impulse of < 250 s, with an average pressure in the com-
bustion chamber p, = 70-100 atm. and the degree of ex-
pansion of the nozzle (the ratio of the nozzle exit cross-
sectional area to the critical nozzle cross-sectional area,
hereinafter referred to as S,/Sy,) S./Si: < 10, however, the
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modern space-rocket industry requires the creation of
MSREF recipes with an increased impulse of > 265 s.

The work presented in this article was performed to
optimize the formulation with a thermodynamic
estimation of parameters, which consists in finding the
optimal formulation of solid rocket fuel with optimization
criteria: specific impulse, fuel density.

The following components were used to model the
formulation: product 28, aluminium powder A-4, product
14 and binders based on modified rubber of the type with
technological additives. The use of such substances in the
manufacture of SRF allows you to create formulations
with a high level of energy and acceptable performance
characteristics at the stages of manufacturing SRF,
product operation, etc. It is also necessary to measure the
pressure in the combustion chamber of the engine.

The binder content is taken in the amount of 11%,
since the results of laboratory studies have shown that
such a quantity of binder is necessary to achieve the
required rheological characteristics of the mixture in the
manufacture of SRF. However, the use of modern
substances in the manufacture of binders for SRF allows
to increase the degree of filling of SRF with solid
substances, due to a decrease in the content of
liquid-viscous components to 10% — 9% — 8%, which
theoretically allows us to expect an increase in specific
impulse by 1% — 2% — 3%. In this case, it is necessary
to monitor performance at an acceptable level. Since the
basic formulation has a relatively low oxygen balance, an
equivalent increase in the degree of SRF filling with sol-
ids, due to a decrease in liquid-viscous components,
should be performed in favor of an oxidizing agent
(product 28).

We take energy components in such quantity:

— product 28 — 35% — 70%;

— aluminum A-4 — 9% — 44%;

— product 14 — 10% — 45%.

The range of variation of energy components is 35%,
which is necessary for the formation of experimental
plans and allows you to cover a wide range of SRF reci-
pes. The approach used to optimize the prescription com-
position of SRF is based on the construction of
optimal experimental plans and allows one to determine
with high accuracy the optimal composition of SRF
according to optimization criteria.

The experimental design was optimized using this
method. A full factorial experiment was conducted to
study the formulation with thermodynamic evaluation of
the parameters, on the basis of which recommendations
were made regarding the influence of the formulation on
the energy characteristics of the rocket engine and
component content. Mathematical models are constructed,
the coefficients of which characterize the influence of the
recipe content on acceptable operational characteristics at
the stages of manufacturing SRF.

We determine the factors by which it is possible to act
on the optimized object. The choice of factors is a very
crucial step in preparing for the planning of
an experiment, the success of optimization depends on
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their successful choice. Factors affecting the energy
characteristics of the MSRF were selected: X, is the
content of the product 28 component; X is the content of
the aluminium component A-4; X; is the content of
component product 14.

The polynomial model of the process under study,
which we will use at the first stage of the planning of the
experiment, is an incomplete quadratic function:

Y =bo+ b X; + bXo+ bsX5+ b X X, + bisX X5 +
+ b3 X5X3 + b 123X X0 X5,

where by, by, by, bys, b3, by, biz; are the unknown coeffi-
cients of the mathematical model.

The first stage of planning an experiment to obtain a
mathematical model is based on varying factors at two
levels: “+1” — the upper limit of the range of component
content; “—1” is the lower limit of the range of component
content. The process optimization criteria are as follows:
Y, — specific impulse, s; Y, — density, kg/m3. Based on the
results of the experiment, we will find the values of the
unknown coefficients of the model and the optimal ratios
of the components. The planning matrix of the initial
experiment is given in table 1.

Table 1 — Initial experiment planning matrix

Initial plan
Experience Destination of factors
number X, X, X5
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1

The costs of changing the values of factor levels in the
study of energy components by specific impulse are given
in table 2. The natural values of the levels of factors in the
study of energy components depending on the content of
the binder components are given in table 3. The cost of
changing the values of factor levels in the study of energy
components by fuel density are given in table 4.

Table 2 — Costs of changing factor level values in the study of
energy components by specific impulse

Cost of Designation of factors
chan-

ging va- [ The content of | The content of | The content of | The content of
lues of | the binder com- | the binder com- | the binder com- | the binder com-
lfact?r ponents 11% ponents 10% ponents 9% ponents 9%
evels,

conv. | X; | Xo | X | Ko | X | X | Xo [ Ko | X | X | X | X
units
from
“-1” |15.8]10.5({11.5{16.5|10.5[11.5|16.8|10.5|11.5|17.2(10.5[11.5
to “+1”
from
“+1” [27.0(32.5(33.5|27.4(32.5|33.5/28.0(32.5|33.5|33.6(32.5|33.5
to “-1”

© Koshevoy N. D., Muratov V. V., Kirichenko A. L., Borisenko S. A., 2021

DOI 10.15588/1607-3274-2021-1-6

60

Table 3 — Natural values of factor levels in the study of
energy components
Destination of factors
The content of the binder components 11%

Factor levels

Xi X X3

Product 28, % | Aluminium A-4, % | Product 14, %
“1” 35 9 10
“+1” 70 44 45

Destination of factors
The content of the binder components 10 %

Factor levels

X X, X5

Product 28, % | Aluminium A-4, % | Product 14, %
“1” 36 9 10
+1” 71 44 45

Destination of factors
The content of the binder components 9 %
Xi X X3

Factor levels

Product 28, % | Aluminium A-4, % | Product 14, %
“—1” 37 9 10
“t+1” 72 44 45

Destination of factors
The content of the binder components 8 %

Factor levels

Xy X, X5

Product 28, % | Aluminium A-4, % | Product 14, %
“1” 38 9 10
“+1” 73 44 45

Table 4 — Costs of changing factor level values in the study of
energy components by fuel density

Cc?sn()f Designation of factors

ngegs‘c]»af- Thtiec%r;rtlzr;trof The content of | The content of | The content of

factor components the binder com- the binder the binder com-

levels 1p1°/ ponents 10% | components 9% |  ponents 9%
) 0

conv.

wits | X1 [ X [ X [ X | X | X | X | X [ XXX X

from

“-1” |13.8(9.5110.5(14.5| 9.5 |10.5{14.8| 9.5 [10.5[15.2] 9.5 [ 10.5

to +1

from

“+1” [25.5|31.5(32.0|24.8( 31.5 [32.0{26.0(31.5]|32.0(31.5|31.5|32.0

to“_1”

5 RESULTS

A method and a program have been developed
optimization of plans for a full factorial experiment using
the search algorithm for a “jumping frogs”. Their
operability and efficiency on some examples of research
of systems and technological processes are proved.

The search for the optimal or close to the optimal plan
obtained by this method is realized in a short time of the
account. It is shown that in order to optimize the plans for
a full factorial experiment, it is expedient to use the
method of searching for a “jumping frogs” by research in
objects with the number of factors 2 <k < 4.

The optimal experimental design and research results
are given in tables 5-8.

The optimal experimental design and research results
for the content of the binder components of 11% are
presented in table 5.

For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 5. The
initial cost of the experiment is 515 conv. units The gain
and cost of implementing the optimal experimental design
obtained as a result of optimization using the “jumping
frogs” method are shown in table 10.
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Table 5 — Optimal experimental design and research results
(binder content 11%)

Specific impulse Density

Expe- Designation of Experi- | Designation of

rience factors ence factors

number| X, X, X5 Y, |number | X; | X, | X5 | Y,
1 +1 -1 -1 ]260.65 1 +1 -1 -1 1.76
2 +1 -1 +1 |218.03 2 -1 +1 -1 1.94
3 +1 +1 +1 [260.73 3 +1 +1 -1 1.70
4 +1 +1 -1 |257.66 4 -1 -1 +1 1.85
5 -1 +1 -1 [261.37 5 +1 —1 +1 1.73
6 -1 +1 +1 |249.26 6 —1 +1 +1 1.81
7 -1 -1 +1  |264.68 7 -1 -1 -1 1.80
8 -1 -1 -1 [261.20 8 +1 +1 +1 1.75

The optimal experimental design and research results
for the content of binding components of 10% are
presented in table 6.

For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 6. The
initial cost of the experiment is 548 conv. units The gain
and cost of implementing the optimal experimental design
obtained as a result of optimization using the “jumping
frogs” method are shown in table 10.

Table 6 — Optimal experimental design and research results
(binder content 10%)

Specific impulse Density
Experi- | Designation of Experi- | Designation of
ence factors ence factors

number | X, X, Xs Y, number | X X | X5 Y,
1 -1 +1 -1 [267.88 1 —1 +1 -1 [ 1.79
2 -1 +1 +1 |225.87 2 +1 -1 -1 1.93
3 +1 +1 +1 [268.34 3 +1 +1 -1 | 1.83
4 +1 +1 -1 [267.44 4 -1 -1 +1 | 1.77
5 +1 -1 —1 [268.84 5 -1 +1 +1 | 1.72
6 +1 -1 +1 [258.84 6 +1 -1 +1 | 191
7 -1 -1 +1 |271.85 7 -1 -1 -1 1.76
8 -1 -1 -1 |268.57 8 +1 +1 +1 | 1.72

The optimal experimental design and research results
for the content of the binder components of 9% are
presented in table 7.

For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 7. In
this case, the initial cost of the experiment is 570 conv.
units The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the“jumping frogs” method are shown in table 10.

The optimal experimental design and research results
for the content of the binder components of 8% are

presented in table 8.
Table 7 — Optimal experimental design and research results
(binder content 9%)

Specific impulse Density
Experi- | Designation of Experi- | Designation of
ence factors ence factors

number | X, | X, X5 Y, [ number | X; | X5 | X5 | Y,
1 -1 -1 +1  [268.14 1 -1 -1 +1 1.72
2 +1 -1 +1  [227.63 2 -1 +1 -1 1.93
3 +1 +1 +1  [269.99 3 -1 +1 +1 1.75
4 -1 +1 +1 269.22 4 +1 -1 -1 1.73
5 -1 +1 -1 [269.89 5 +1 -1 +1 1.72
6 +1 +1 -1 [262.12 6 +1 +1 -1 1.73
7 +1 -1 -1 [271.83 7 -1 -1 -1 1.76
8 -1 -1 -1 [269.26 8 +1 +1 +1 1.72
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For the costs of changing factor levels in the study of
energy characteristics by specific impulse, presented in
table 2, the optimization results are shown in table 8. In
this case, the initial cost of the experiment is 610 conv.
units. The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

Table 8 — Optimal experimental design and research results
(binder content 8%)

Specific impulse Density
Experi- | Designation of Experi- | Designation of
ence factors ence factors

number | X, | X, | Xj Y, number | X; | X, | X5 | Y,
1 -1 +1 -1 |267.90 1 +1 -1 —1 1.72
2 -1 +1 +1  |228.75 2 -1 | -1 +1 | 1.93
3 +1 +1 +1 |271.45 3 +1 | -1 +1 | 1.75
4 +1 +1 -1 ]269.71 4 -1 | +1 -1 | 1.75
5 +1 -1 -1 ]270.64 5 +1 | +1 | -1 | 1.76
6 +1 -1 +1 1265.79 6 -1 | +1 | +1 | 1.70
7 -1 -1 +1 |271.50 7 -1 | -1 -1 | 1.75
8 -1 -1 -1 |269.58 8 +1 | +1 +1 | 1.73

The experiments carried out confirmed the efficiency
of the “jumping frogs” method. The coefficients of
mathematical models and the optimal ratio of components
are given in table 9. They indicate the influence of factors
on optimization criteria.

6 DISCUSSION

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 5. The initial cost of the experiment is 475 conv.
units The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 6. The initial cost of the experiment is 500 conv.
units The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 7. The initial cost of the experiment is 526 conv.
units. The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.

When studying the energy characteristics of fuel
density, the cost of changing factor levels is presented in
table 4, and the obtained optimization results are shown in
table 8. The initial cost of the experiment is 552 conv.
units. The gain and cost of implementing the optimal
experimental design obtained as a result of optimization
using the “jumping frogs” method are shown in table 10.
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Table 9 — Mathematical models and optimal component ratios

C.r terion Mathematical model coefficients Optimal ratios
optimization components
The content of the binder components 11%
by = 90.625; by =13.125;
Specific b, =8.125; b; =-0.125;
impulse b, =7.375; bz =8.375; Product-28 = 49%
by; =—10.625; b1p3 =6.125 Aluminium A-4 =
by = 50.625; b, =5.25; 18%
Density by, =6.15; b3 =-0.75; Product-14 = 22%
b12 = 037, b13 = 2375,
b23 = *065, b123 =0.5
The content of the binder components 10%
by= 100.65; b, = 18.12;
Specific b, =10.15; b; =-0.15;
impulse by, =9.375; b3 = 11.35;
by; =—8.25; b1p3 =7.5 Product-28 = 50%
Aluminium A-4 =
by = 60.625; b, =8.25; 18%
Density by =7.15; b; =-0.25; Product-14 =22%
b]z = 075, b13 = 375,
b23 = *025, b123 =0.95
The content of the binder components 9%
by = 115.65; by =22.12;
Specific by, =14.15; b; =-0.1;
impulse by, =11.75; b3 = 14.5; Product-28 = 45%
byy =—6.5; b3 =9.75 Aluminium A-4 =
bo= 70.625; by =9.5; 16%
Density by =8.65; b3 =-0.2; Product-14 = 30%
b, =0.925; b3 =4.65;
b23 =*0.2; b[z} =1.75
The content of the binder components 8%
by= 125.85;b, =25.70;
Specific by =16.45; by =-0.04;
impulse b1, =15.25; b3 =17.125; Product-28 =44 %
bys =—3.25; b3 = 11.675. Aluminium A-4 =
by = 80.25; b, =10.275; 19 %
Density by =9.125; by =-0.125; Product-14 =29 %
b12 = 1625, b|3 = 5785,
b23 =*0135, b[z} =2.95.

Table 10 — The results of the optimization of the experimental
plans in the study of the energy characteristics of the prescrip-

tion composition

Criterion | Cost of sales | Cost of sales Program
opti.miza- experime_nt, optimal pl_an, Win account time. s
tion conv. units conv. units ’
The content of the binder components 11%
Specific 515 198 2.60 0.02
impulse
Density 475 196 2.42 0.01
The content of the binder components 10%
Specific 548 210 241 0.01
impulse
Density 500 200 2.53 0.01
The content of the binder components 9%
Specific 570 218 2.62 0.01
impulse
Density 526 198 2.67 0.01
The content of the binder components 8%
Specific 610 226 272 0.02
impulse
Density 552 208 2.65 0.02
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CONCLUSIONS

In this work, the wurgent task of developing
a prescription composition with a thermodynamic
assessment of the parameters and manufacturing
technology of MSRF, obtaining a sequence of
experiments during the experiment, optimized by the
method of “jumping frogs”, ensuring the minimum cost of
its implementation, is solved.

A method and software have been developed that
implement the optimization of multifactorial design of
experiments using the “jumping frogs” algorithm. The
experiment plans that are optimal in terms of
implementation cost are obtained, and also the winnings
in the optimization results are shown compared to the
initial cost of the experiment. The workability and
effectiveness of the proposed method are proved by the
examples of the study of the recipe composition with the
thermodynamic estimation of parameters according to the
energy characteristics of solid mixed rocket fuel. The
study showed that the search for an optimal or close to the
optimal design of the experiment using the method of
“jumping frogs” gave good results. The gains obtained as
a result of optimization using this method are significant.
The application of the developed method and software
based on the use of the “jumping frogs” algorithm is ef-
fective for a number of factors
k > 3, since this method significantly reduces the number
of permutations of the experiment planning matrix.

Taking into account the results of the study (table 10),
when optimizing the cost of specific impulse and fuel
density using the obtained coefficients of mathematical
models, we can draw the following conclusions on the
optimal ratios of the components of the MSRF:

— for the content of the binder components 11%:
the content of the components should correspond to:
product-28 — 49%, A-4 — 18%, product-14 — 22%;

— for the content of the binder components 10%:
the content of the components should correspond to:
product-28 — 50%, A-4 — 18%, product-14 — 22%;

— for the content of the binder components 9%:
the content of the components should correspond to:
product-28 — 45%, A-4 — 16%, product-14 — 30%;

— for the content of the binder components 8%:
the content of the components should correspond to:
product-28 — 44%, A-4 — 19%, product-14 — 29%.

It should be noted that with an increase in the average
pressure in the combustion chamber of the engine, it is
advisable to increase the degree of expansion of the
nozzle in order to achieve a higher specific impulse,
however, this will lead to a significant increase in the
design of the nozzle block, which will reduce the weight
ratio of the product.

With a decrease in the binder content of more than
1%, the increase in specific impulse is less than 1%,
which is insignificant. However, a decrease in the binder
content in the SRF formulation to a level of less than 10%
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product operation, etc. minimum number of transitions of levels of factors, Radio
The scientific novelty of the work is that for the first Electronics, Computer Science, Control, 2019, No. 2, pp.

53-59. DOI:10.15588/1607-3274-2019-2-6

10. Halchenko Y. Ya., Trembovetska R. V., Tychkov V. V.
Development of excitations structure RBF-metamodels of
inoving concentriced dycurrent probe, Electrical engeneer-
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V]IK 519.24

3ACTOCYBAHHSA METOAY «CTPUBAIOYUX KAB» JJIA JOCILKEHHSA
TA ONTUMIBAIIT TEXHOJOTTYHOT O ITPOIECY

KomoBuii M. JI. — 1-p TexH. Hayk, npodecop, 3aBiayBad kadeIpH iHTeICKTyalIbHUX BUMIPIOBAIbBHUX CHCTEM Ta IH)KeHepil sIKo-
cti, Hamionanbsauit aepoxocMiunmii yHiBepcuteT iM. M. €. JKykoBcbkoro «XapKiBcbkuil aBiarifHui iHCTHTYT», XapkiB, YKpaiHa.

MyparoB B. B. — acmipant kadeapu iHTeleKTyaJbHHX BHMIPIOBAIbHUX CHCTEM Ta imkeHepii skocti, HauionambHuii
aepokocMidHUH yHiBepcuTeT iM. M.€. XKykoBcbkoro «XapkiBchKkuit aBiamiitHuil iHCTUTYTY, XapKiB, YKpaiHa.

Kupnuenko O. JI. — xaHa. TexH. Hayk, rojoBHMEH TexHousor, [lepxasHe [linnpuemcrBo «HaykoBo-BHpoOHHMYE 00’€1HAHHS
«[laBmorpaacekuii XiMiuHMiA 3aBo», [laBnorpan, Ykpaina.

Bopicenko C. A. — kepiBHuk rpymnu, Jepxasue [linnmpuemctro «HaykoBo-BupoOHuue 00’ enHanHs «[laBaorpaachKuii XiMiuHMiA
3aBo1», [laBnorpan, Ykpaina.

AHOTALIA
AKTyaJIbHICTB. 3aIIpONOHOBAaHO 3aCTOCYBaHHS METOLY «CTPUOAIOUUX kab» [uist MoOYA0BH ONTUMATBHHX IUIAHIB €KCIIEPUMEHTIB
3a BapTiCHUMHU (YaCOBMMHM) BUTPATAMH IIPHU JOCIHIIKEHHI TEXHOJOTIYHUX IMPOIECIB Ta CHCTEM, IO TO3BOJIAIOTH 3IMCHIOBATH HAal
HHMH aKTHBHHII EKCIIEPUMEHT.
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O0’exkr. Meroau onTuMizauii 3a BapTiCHUMH (4aCOBMMH) BUTPAaTaMH, OCHOBaHI Ha 3aCTOCYBaHHI ajirOPUTMY MOLIYKY
«cTpubardnx xKaom.

MeTo10 po6oTH € OTpUMaHHA Pe3yJbTaTiB ONTHMI3Allil NUITXOM ONTUMI3alii 32 JOMOMOTOI0 AITOPUTMY «CTPHOAIOYHX ka0 3a
BapTICHUMH (4aCOBHMH) BUTPATaMH IUIaHIB HOBHOTO ()aKTOPHOTO €KCIIEPUMEHTY.

Metoa. 3anponoHOBaHO MeTOA MOOYAOBH 3a BapTICHUMU (YacOBHMHM) BHUTpaTaMH peaimizalii MaTpuIi IUIaHyBaHHS
EKCIIEPUMEHTY 3 BUKOPHCTaHHSIM QJITOPUTMY «CTpHOarouux >xad». Ha moyatky BBOOMTBCS KUTBKICTH ()akTOpPIB 1 BapTICTh IEPeXoiB
JUTs KOXKHOTO piBHsI (hakTopiB. [10TiM 3 ypaXyBaHHSM BBEJCHHUX JaHHX (OPMYETHCS TOYATKOBA MATPHIIA [UIAHYBAHHS CKCIICPHMEHTY.
Merox «cTpubarounx xab» BU3HAYAa€ HAMOUIBLI «yCIilIHy kaby» Ta HAWMEHILY BapTiCTh MEPEXOMiB MiX PIBHSIMH ISl KOXKHOTO 3
¢axropiB. Ilicist 1bOro BUKOHYIOTHCSI NMEPECTAHOBKU «Kaby. «YKaba» mparHe 10 HaHOIIbLI «yCHIIIHUX» i, 332 YMOBH, IO BOHA
3aJIMIIAEThCA TOPYY, 3AIUINAETHCS HA Micli. TakoX pO3paxOBYEThCS BUTPALl IMOPIBHSAHO 3 MOYATKOBOIO BapTICTIO (Yacom)
CKCICPUMCHTY.

PesyabTaTn. Po3pobieHo mporpamHe 3a0e3ledueHHs, IO peajli3ye 3alpOlOHOBAHWI METOH, SKUH BUKOPHCTOBYBABCS IUIS
MPOBEJCHHS O0YHCIIOBAIbHUX CKCIIEPHUMEHTIB IS BUBYCHHS BJIACTHBOCTEH LMX METOJIB IPH BUBUYCHHI TEXHOJOITYHHUX IPOLECIB i
CHCTEM, MLIO J03BOJSIIOTH 3AIHCHIOBAaTH HaJl HUMH aKTHBHHI excnepuMeHT. OTpUMaHi pe3yJbTaTH ONTHMAaJbHUX IUIaHIB
CKCIICPUMEHTIB 32 BapTICHUMH (4aCOBUMH) BUTPATAMH MOPIBHIOIOTHCS 3 MOYATKOBOK BAPTICTIO EKCHIEPUMEHTY Ta PO3PaXOBYETHCS
BHUIpall Y MOPiBHSAHHI 3 HOYaTKOBHUM IUIAHOM CKCIIEPHUMEHTY .

BucHnoBkn. [IpoBesieHi eKCriepUMEHTH MiATBEPIHIIN IPALE3aTHICTh 3a[POIIOHOBAHOIO METOLY Ta IPOrPAMHOT0 3a0e3NeUeHHs,
sKe HOro peaisye, a TaKoX JO3BOJISIE PEKOMEH/IyBATH HOTro I IIPAaKTHYHOT0 BUKOPHCTAHHS NPH 100y I0BI ONTUMAIBHUX MAaTPHIb
IUIAHYBaHHS KCIICPUMEHTIB.

KJIFOYOBI CJIOBA: ontumansHHl IIaH, aTOPUTM «CTPHOAOUNX jKad», ONTUMI3alis, IJIaHyBaHHS €KCIIEPUMEHTY, BapTiCTh,
BUTpaL.

VK 519.24

INPUMEHEHHUWE METOJA «[IPBII'AIOINUX JIAT'YIHEK» AJI1 HCCJIEJOBAHUS
N ONITUMU3ALIMU TEXHOJIOI'HMYECKOI'O ITPOLECCA

Komepoii H. /I. — n-p TexH. Hayk, mpodeccop, 3aBenyroummidi kadeapoil HHTEICKTYyalbHBIX W3MEPUTEIBHBIX CHCTEM H
HH)XEHepuH KadecTBa, HaumonanbpHbIl aspoxocmuueckuif yHuBepcureT uM. H. E. JKykoBckoro «XapbKOBCKUI aBHAllMOHHBIN
HMHCTUTYT», XapbKOB, YKpauHa.

MypartoB B. B. — acrimpanT kadeapsl HHTEIUICKTYaIbHBIX M3MEPHUTEIBHBIX CHCTEM M HHKEHEepUH KadecTBa, HanmoHanbHBIHA
aspokocMuueckuil yausepcuteT uM. H.E. J)KykoBckoro «XapbKOBCKHI aBHAIIMOHHBIH HHCTUTYT», XapbKOB, Y KpauHa.

Kupuuenko A. JI. — kaHA. TexH. HayK, IJIaBHBIA TexHoior, I'ocynapcrBeHHoe mpeanpusarue «HaydHo-mpou3BoAcTBEHHOE
obwsenunenue «llaBnorpagckuii xummudeckuit 3aBoay, [lasnorpaa, Ykpauna.

Bopucenko C. A. — pykoBoauTens rpynnsl, ['ocynapctBeHHoe npennpusitue «HayuHo-npousBoacTBeHHoe o0bennHeHne «Ilas-
JIorpajicKuil XuMudeckui 3asox », [TaBnorpan, Ykpausa.

AHHOTANUA

AKTyalbHOCTB. [IpeiyoxkeHO NIpUMEHEHHE MEeTOAa «IPBITAOLMX JIATYHIeK» Ui IOCTPOCHUS ONTUMAJIBHBIX ILIaHOB
9KCTIEPUMEHTOB TI0 CTOMMOCTHBIM (BPEMEHHBIMM) 3aTpaTaMH MpPH HCCIEA0BaHUM TEXHOJIOTMYECKHX IPOIECCOB U CHCTEM,
MO3BOJISIOIINX OCYIECTBIIATh HaJl HUMH aKTUBHBIA SKCIIEPUMEHT.

O0bexT. MeTobl ONTHMHU3AINK [0 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM, OCHOBAaHHBIE HAa NPUMEHEHHH AJTOPHTMA IOMCKA
«HPBITAIONIHUX JISTYIICK.

Leabio padoThl SBISETCS TOMyYEeHHE PE3yIbTATOB ONTHMHU3AINM ITyTeM ONTHMHU3AIUH C IIOMOIIBIO AITOPHTMA ITOHUCKA
«IPBITAIOIINX JITYIICK» 110 CTOMMOCTHBIM (BPEMEHHBIMH) 3aTpaTaMy INIAHOB MTOJTHOTO (PaKTOPHOTO SKCHEPUMEHTA.

Mertoa. IIpemtoxeH MeTOx IOCTPOSHUSI MO CTOMMOCTHBIM (BPEMEHHBIMH) 3aTpaTaMH pealH3allid MaTpHIbl IUIAHHPOBAHUS
9KCHEPUMEHTA C UCIOJIb30BaHUEM AJTOPUTMA «IPHITAIOIIHNX JIATYIIeK». B Hauaie BBOXUTCS KOINUECTBO (PAKTOPOB U CTOMMOCTH IIepe-
XOJIOB JUIsl KQXKJIOTO YPOBHS (haKTOPOB. 3aTeM C y4ETOM BBEICHHBIX IaHHBIX (POPMUPYETCsl HadalbHasi MAaTPULA TTIAHUPOBAHUS JKCIIe-
pHUMeHTa. MeToJ| «IIpBITafouX JISTYIIEK» OMPEENsieT YCIENIHYO JISTYIIKY» 110 HAUMEHbIIEeH CTOMMOCTH HEPEX0A0B MEXIY YPOBHSI-
MH 110 KaK10My U3 (GakTopoB. TTocie 3Toro BEIMOIHAIOTCS EPECTAHOBKHU IATYIIEK. «JIAryIiKa» cTpeMHuTes K Hanboiee «yCrenHon
1, TIPH yCJIOBUHM, YTO HAXOIHUTCS PAIOM, OCTaeTCs Ha MecTe. TakKe PacCUUTBHIBACTCS BBIMTPBHIII 10 CPABHEHUIO C HAYAIBHON CTOMMO-
CTBIO (BPEMEHH) SKCIIEPUMEHTA.

Pe3yabsTarsl. Pa3paborano mporpaMMHoe obOecrieueHne, peann3yiomiee IpeyIoKEHHBI METOJ, KOTOPBIH HCIOJIB30BANICS IS
IIPOBEICHUS BEIYMCIUTEIILHBIX SKCIIEPUMEHTOB JUI U3YyUYEHUS CBOICTB ATUX METOAOB [P U3yUCHUU TEXHOJIOTHUYECKUX IIPOLECCOB U
CUCTEM, IO3BOJIOIIUX OCYLIECTBIATh HAJ HUMU AaKTUBHBIA 3kcnepuMeHT. IlomydeHHble pe3yJsibTaThl ONTHMAJIBHBIX IUIAHOB
9KCIIEPUMEHTOB [0 CTOMMOCTHBIM (BPEMEHHBIMH) 3aTpaTaMH CPAaBHHBAIOTCS C HAYaJbHOW CTOMMOCTBIO OJKCIEPUMEHTa U
PaCCUUTBIBAETCS BHIUTPBIII 110 CPABHEHHUIO C MIEPBOHAYATIBHBIM INIAHOM 3KCIEPUMEHTA.

BeiBonabl. IIpoBeneHHBIE 3KCHEPUMEHTHI MOATBEPAHIM PAOOTOCHOCOOHOCTH MPEUIONKEHHOTO METOJa M MPOrPaMMHOTO
obecredeHns, KOTOpOe €ro pealnu3yeT, a TAKXKE IO3BOJISET PEKOMEHA0BATh €0 A IPAKTUYECKOTO HCIOIB30BAHUS IIPH IIOCTPOSHUHT
ONTHMAJIbHBIX MAaTpPUII INTAHUPOBAHUS IKCTIEPUMEHTOB.

K/IIOYEBBIE CJIOBA: ontuManbHBIl IJIaH, aIlOPUTM «IPBIFAIONIMX JIATYIIEK», ONTUMM3ALuUs, IUIAHUPOBaHHE
9KCIIEPHUMEHTA, CTOUMOCTb, BBIUTPBIIIL
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