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ABSTRACT 
Context. An application of the method of searching for schools of fish 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. 
Object of study. Optimization methods for cost (time) costs of experimental designs, based on the application of a school of fish 

search algorithm. 
Objective. To obtain optimization results by optimizing the search for schools of fish 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 schools of fish. 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. The school of fish search 
method is based on the rearrangement of the columns of the experiment planning matrix, based on the sum of the costs (times) of 
transitions between levels for each of the factors. Fish schools are formed according to the following principle: fewer schools of fish 
where the sum of the costs (times) of transitions between levels of factors is greater. Then, rearrangements of schools of fish located 
nearby in the experiment planning matrix are performed. 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 experi-
ments 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. 
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NOMENCLATURE 
k – the number of object factors introduced into the 

study; 
t – program run time, s; 
B – winnings; 
N – the number of experiments in the planning matrix 

of the experiment and the matrix of costs of transitions 
between the levels of factors; 

Stotal – total cost of the experiment, conv. units; 
Sij – the cost of the transition from the i-th experience 

to the j-th, conv. units; 
Xi – the value of the i-th factor of the studied process; 
Сconv – conversion cost matrix; 
Х – initial plan of the experiment; 
l – number of iterations of the algorithm;  
lit – specified number of iterations of the algorithm; 
aij – the value of the i-th factor in the j-th experiment; 
Cij – installation cost of the i-th factor in the j-th ex-

perience;  
С0 – total cost of the experiment. 
 
 

INTRODUCTION 
The most important part of scientific studies are ex-

periments. This is one of the main ways to get new scien-

tific knowledge. The basis of this method is an experi-
ment, 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 ex-
periment is distinguished by the active influence of the 
researcher on the phenomenon being studied. 

Planning an experiment is a section of mathematical 
statistics that studies methods for organizing a set of ex-
periments with different conditions to obtain the most 
reliable information about the properties of the object 
under investigation in the presence of uncontrolled ran-
dom perturbations. The use of experimental planning 
makes the experimenter's behavior purposeful and organ-
ized, 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 appli-
cation of a school of fish search algorithm. 
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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 fish 
schools. 
 

1 PROBLEM STATEMENT 
Experimental research methods are widely used to op-

timize 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. Significant disadvantages in 
their applications are: low speed, not the exact solution is 
always found, but you can find the solution is only close 
to optimal. 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 ap-
proximate 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 ap-
proximate algorithms, for example, such as an algorithm 
of optimization by a swarm of particles. 
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2 REVIEW OF THE LITERATURE 
There are examples of constructing multifactor ex-

perimental plans that are based on the use of the following 
optimization methods: analysis of permutations [1]; 
method of successive approximation [1]; method of 
branches and boundaries [1]; random search (permutation 
of the rows of the planning matrix) [1]; the simplex 
method [2]; ant algorithm [3]; genetic algorithms [4]; 
annealing method [5]; greedy algorithm [6]. The effec-
tiveness of the use of methods is also shown in the study 
of various objects – technological processes, instruments 
and systems [1, 7–10].  

All these methods have both advantages and disadvan-
tages. 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 fac-

tors k. 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 fish 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. 
 

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 school of fish has been developed. 

The essence of the application of the search algorithm 
for schools of fish is as follows: 

Step 1. At the beginning of the algorithm  is entered 
the number of factors k. 

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

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

Step 4. Calculation of the initial cost Cinit of the ex-
periment. 

Step 5. Generate the matrix of the sum of the values of 
the transitions between the levels for each of the factors. 

Step 6. Sort the indexes and generate an array of in-
dexes for the sum of the values of the transitions between 
the levels for each of the factors. 

Step 7. Permutation in the columns in accordance with 
the array of indices for the sum of the values of the transi-
tions between the levels for each of the factors. 

Step 8. Separation of the experiment planning matrix 
into blocks in accordance with the array of indices for the 
sums of the values of the transitions between the levels 
for each of the factors whose dimension is calculated by 
the formula 

 

 12 +N
blocks =N , 

 

where N – index (0…3). 
Step 9. Calculation of the local minimum cost of the 

experiment when the blocks are rearranged. 
Step 10. For each column, the permutations of the lo-

cal blocks of the experiment planning matrix are gener-
ated with the calculation of the minimum local sum of the 
values for each of the columns. 

Step 11. Construction of the optimal experiment plan-
ning matrix. 

Step 12. Calculation of the total cost of the experi-
ment. 

Step 13. Calculation of the value of winnings B as the 
ratio of the initial cost of carrying out the Cinit experiment 
to the cost of the experiment Cmin. 

Step 14. Calculation of the time t spent on optimizing 
the plan of the full factorial experiment using the search 
algorithm for fish schools. 
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4 EXPERIMENTS 
Verification of the efficiency of the developed method 

and software for optimizing the plans for a full factorial 
experiment was carried out on a number of practical prob-
lems. The system for determining fuel consumption in 
internal combustion engines was studied. At the same 
time, fuel consumption q in milliliters was considered as 
an optimization criterion. Factors that affect this indicator 
were selected: Х1 – number of revolutions n of the engine 
per minute, rpm; Х2 – engine temperature T, оС [1]. 

The cost of changing the values of the levels of factors 
are given in table 1 [1]. 

The initial plan of the full factorial experiment (k = 2) 
and the optimal experiment cost plan, developed using the 
method of searching for fish by the school, are given in 
table 2. 
 
 

Table 1 – Costs of changing values of factor levels 
Notation 
factors Cost of changing levels of factors, 

conv. units 
X1 X2 

from «–1» to «+1» 0,32 0,16 
from «+1» to «–1» 0,22 0,48 

 
 

Table 2 – The initial plan of the full factorial experiment and the 
optimal design of the experiment, developed using the method 

of searching for fish 
Initial plan Optimal plan 

Notation 
factors 

Notation 
factors Number of 

experience 
X1 X2 

Number of 
experience 

X1 X2 

1 –1 –1 1 –1 –1 

2 +1 –1 2 +1 –1 

3 –1 +1 4 +1 +1 

4 +1 +1 3 –1 +1 

 
The cost of the optimal experiment plan obtained by 

the method of searching for fish by the school is 0.7 conv. 
units, and the cost of the plan, obtained by the method of 
full search, is also 0.7 conv. units [1]. 

The search for the optimal experimental plan (k = 2), 
obtained by the method of searching for fish by the 
school, was realized in 0.013 seconds. 

The win in comparison with the initial planning matrix 
is 1.46 times, in the work [1] the gain is also 1.46 times. 

A study was carried out of the technological process 
of welding plates of small thickness, in which an experi-
ment was carried out to determine the optimal mode of 
spot welding of plates of small thickness. The factors con-
sidered were: Х1 – capacitor capacitance, μF; Х2 – coeffi-
cient of transformation, Х3 – force at the electrodes, N [7]. 

The cost of changing the values of the levels of the 
factor are given in table 3 [7]. 

The initial plan of the full factorial experiment (k = 3) 
and the optimal experiment cost plan, developed using the 
method of searching for fish by the school, are given in 
table 4. 

 
 

 

Тable 3 – Costs of changing values of factor levels 
Notation factors Cost of changing 

levels of factors, conv. units X1 X2 X3 
from «–1» to «+1» 2.5 2.0 1.5 
from «+1» to «–1» 3.0 2.5 2.0 

 
 

Тable 4 – The initial plan of the full factorial experiment and the 
optimal design of the experiment, developed using the method 

of searching for fish 
Initial plan Optimal plan 

Notation 
factors 

Notation 
factors Number of 

experi-
ence 

X1 X2 X3 

Number of 
experience 

X1 X2 X3 

1 –1 –1 –1 1 –1 –1 –1 

2 +1 –1 –1 5 –1 –1 +1 

3 –1 +1 –1 7 –1 +1 +1 

4 +1 +1 –1 3 –1 +1 –1 

5 –1 –1 +1 4 +1 +1 –1 

6 +1 –1 +1 8 +1 +1 +1 

7 –1 +1 +1 6 +1 –1 +1 

8 +1 +1 +1 2 +1 –1 –1 
 

 
The cost of the optimal experiment plan obtained by 

the method of searching for fish by the school is 14 conv. 
units, and the cost of the plan, obtained by the method of 
full enumeration, is also 14 conv. units [7]. 

The search for the optimal experimental design (k = 3) 
by the method of searching for fish was realized in 0.05 
seconds. 

The win in comparison with the initial planning matrix 
is 1.93 times, and in the work [7] the gain is also 1.93 
times. 

A study of the technological process for the produc-
tion of parts by hot stamping was carried out. On the basis 
of a priory information, the thickness of the part was cho-
sen as the criterion for optimizing the process hdet, and the 
following are the dominant factors: Х1 – billet heating 
temperature, оС; Х2 – billet heating time, min; Х3 – tem-
perature of die heating, оС [1]. 

The time for changing the values of the factor levels is 
shown in table 5 [1]. 

The initial plan of the full factorial experiment (k = 3) 
and the experimentally optimal plan for the experiment, 
developed using the method of searching for fish by the 
school, are given in table 6. 

The time of realization of the experiment, obtained by 
the method of searching for the fish by the school, is 74.5 
minutes, and the time according to the plan obtained by 
the full-scan method is 72 minutes [1]. 
 
 
 

Table 5 – Time of changing values of factor levels 
Notation factors Time of changing 

levels of factors, min X1 X2 X3 
from «–1» to «+1» 30 22 3.75 
from «+1» to «–1» 25 5 7.5 
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Table 6 – The initial plan of the full factorial experiment and the 
optimal experimental design, developed using the method of 

searching for fish 
Initial plan Optimal plan 

Notation 
factors 

Notation 
factors 

Number 
of ex-
peri-
ence X1 X2 X3 

Number 
of ex-
peri-
ence X1 X2 X3 

1 –1 –1 –1 2 +1 –1 –1 

2 +1 –1 –1 6 +1 –1 +1 

3 –1 +1 –1 8 +1 +1 +1 

4 +1 +1 –1 4 +1 +1 –1 

5 –1 –1 +1 3 –1 +1 –1 

6 +1 –1 +1 7 –1 +1 +1 

7 –1 +1 +1 5 –1 –1 +1 

8 +1 +1 +1 1 –1 –1 –1 
 

The search for the optimal experimental design (k = 3) 
by the method of searching for fish was realized in 0.051 
seconds. 

The gain in comparison with the initial planning ma-
trix is 3.33 times, in the work [1] it is 3.37 times. 

A study of a section of a machine tool shop with nu-
merical program control was carried out. As a criterion 
for optimization, the total operating time of numerical 
program management machines was chosen. The domi-
nant factors that affect this indicator were selected: Х1 – 
time of the prevention tn, h; Х2 – number yc of machine 
tools with numerical program management; Х3 – machine 
hours during the day tc, h; Х4 – periodicity of prevention 
t0, h [1]. 

The time for changing the values of the factor levels is 
shown in table 7 [1]. 

The initial plan of the full factorial experiment (k = 4) 
and the experimentally optimal plan for the experiment, 
developed using the method of searching for fish by the 
school, are given in table 8. 
 

Table 7 – Time of changing values of factor levels 
Notation factors Time of changing 

levels of factors, h X1 X2 X3 X4 
from «–1» to «+1» 7.0 6.0 16.0 100.0 
from «+1» to «–1» 3.0 2.0 12.0 50.0 

 

The time of realization of the optimal experiment ob-
tained by the method of searching for fish by the school is 
136 hours.The search for the optimal experimental design 
(k = 4) by the method of searching for fish was realized in 
0.14 seconds. 

The gain in comparison with the initial planning ma-
trix is 1.85 times, and in the work [1] the gain obtained by 
the limited search method is 1.17 times. 

Thus, as a result of the study of the selected objects, it 
was shown that the method of searching for fish by the 
school gives results close to optimal or optimal, both in 
the method of full search, but in less time in view of the 
smaller number of necessary transformations. 

 
5 RESULTS 

A method and a program have been developed optimi-
zation of plans for a full factorial experiment using the 

search algorithm for schools of fish. 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 fish by research in objects with 
the number of factors 2 ≤ k ≤ 4. 
 

Table 8 – The initial plan of the full factorial experiment and the 
optimal design of the experiment, developed using the method 

of searching for fish 
Initial plan Optimal plan 

Notation 
factors Notation factors 

Num-
ber of 
experi-

ence 
X1 X2 X3 X4 

Num- 
ber of 
experi-

ence 
X1 X2 X3 X4 

1 –1 –1 –1 –1 5 –1 –1 +1 –1 

2 +1 –1 –1 –1 13 –1 –1 +1 +1 

3 –1 +1 –1 –1 7 –1 +1 +1 –1 

4 +1 +1 –1 –1 15 –1 +1 +1 +1 

5 –1 –1 +1 –1 8 +1 +1 +1 –1 

6 +1 –1 +1 –1 16 +1 +1 +1 +1 

7 –1 +1 +1 –1 6 +1 –1 +1 –1 

8 +1 +1 +1 –1 14 +1 –1 +1 +1 

9 –1 –1 –1 +1 2 +1 –1 –1 –1 

10 +1 –1 –1 +1 10 +1 –1 –1 +1 

11 –1 +1 –1 +1 4 +1 +1 –1 –1 

12 +1 +1 –1 +1 12 +1 +1 –1 +1 

13 –1 –1 +1 +1 3 –1 +1 –1 –1 

14 +1 –1 +1 +1 11 –1 +1 –1 +1 

15 –1 +1 +1 +1 1 –1 –1 –1 –1 

16 +1 +1 +1 +1 9 –1 –1 –1 +1 

 
6 DISCUSSION 

In the study of the system for determining fuel con-
sumption in internal combustion engines for the value of 
the cost of changing the levels of factors given in table 1, 
the results of optimizing experimental designs by methods 
of searching for schools of fish were obtained (table 2). 
The gain in optimization results when using the school of 
fish search method is the same as when using the exhaus-
tive search method. The speed of calculations when using 
the school of fish schools is higher than when using the 
exhaustive search method. 

Based on the study of the system of the technological 
process of welding plates of small thickness for the value 
of the cost of changing the levels of factors given in table 
3, the results of optimizing experimental designs by 
searching for schools of fish were obtained (table 4). The 
gain in optimization results when using the school of fish 
search method is the same as when using the exhaustive 
search method. The speed of computing when using the 
school of fish search method is higher than when using 
the exhaustive search method. 

Due to the study of the technological process of 
manufacturing parts by hot stamping for the values of the 
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times of changes in the levels of factors given in table 5, 
the results of optimizing experimental designs by search-
ing for schools of fish were obtained (table 6). The gain in 
optimization results when using the school of fish search 
method is the same as when using the exhaustive search 
method. The speed of calculations when using the method 
of searching for schools of fish is higher than when using 
the method of exhaustive search. 
In the course of the study of the section of the workshop 
of machines with numerical program control for the val-
ues of the times of the change in the levels of factors 
given in table 7, the results of optimizing experimental 
designs by searching for schools of fish were obtained 
(table 8). The gain in optimization results when using the 
school of fish search method is the same as when using 
the exhaustive search method. The speed of calculations 
when using the method of searching for schools of fish is 
higher than when using the method of exhaustive search. 
 

CONCLUSIONS 
In the work, the urgent task of obtaining a sequence of 

experiments when conducting a full factorial experiment,  
ensuring its minimum cost or time of the experiment, was 
solved. 

Methods and software have been developed that im-
plement the optimization of multifactor design of experi-
ments using the algorithm of searching for schools of fish. 
On the examples of technological processes, the effi-
ciency and effectiveness of the proposed method is 
proved. The study showed that the search for an optimal 
or near optimal experiment design using the school of fish 
search method yields good results. Also, this method has 
high performance indicators. The gains obtained as a re-
sult of optimization using this method are significant. 
Application of the developed methodology and software, 
based on the use of a school of fish search algorithm, it is 
effective for a number of factors k ≥ 3. 

The scientific novelty of the work is that for the first 
time a method is proposed for constructing optimal plans 
for multifactor experiments, based on the use of a school 
of fish search algorithm, which will make it possible to 
build optimal combinatorial plans without exhaustive 
search of experiment permutation options. 

The practical significance of the results of the work 
lies in the fact that software has been developed that im-
plements the proposed method, as well as experiments 
have been carried out that have confirmed its efficiency 
and allow scientists to recommend it in practice when 
constructing optimal planning matrices for experiments. 

Prospects for further research are the application of 
the developed software on a wider range of practical 
tasks, in particular for the study of three-level plans for a 
multifactor experiment, as well as second-order composi-
tional plans. 
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AНОТАЦІЯ 
Актуальність. Запропоновано застосування методу пошуку косяком риб для побудови оптимальних планів 

експериментів за вартісними (часовими) витратами при дослідженні технологічних процесів та систем, що дозволяють 
здійснювати над ними активний експеримент. 

Об’єкт дослідження. Методи оптимізації за вартісними (часовими) витратами, основані на застосуванні алгоритму по-
шуку косяком риб. 

Мета роботи. Отримання результатів оптимізації шляхом оптимізації за допомогою алгоритму пошуку косяком риб за 
вартісними (часовими) витратами планів повного факторного експерименту. 

Метод. Запропоновано метод побудови за вартісними (часовими) витратами реалізації матриці планування експеримен-
ту з використанням алгоритму пошуку косяком риб. На початку вводиться кількість факторів і вартість переходів для кож-
ного рівня факторів. Потім з урахуванням введених даних формується початкова матриця планування експерименту. Метод 
пошуку косяком риб заснований на перестановці стовпців матриці планування експерименту на основі суми вартісних (ча-
сових) витрат суми переходів між рівнями для кожного з факторів. Косяки риб формуються за таким принципом: менше 
косяків риб там, де більша сума переходів між рівнями факторів. Потім виконується перестановка косяків риб, розташова-
них поблизу в матриці планування експерименту. Також розраховується виграш порівняно з початковою вартістю (часом) 
експерименту. 

Результати. Розроблено програмне забезпечення, що реалізує запропонований метод, який використовувався для про-
ведення обчислювальних експериментів для вивчення властивостей цих методів при вивченні технологічних процесів і сис-
тем, що дозволяють здійснювати над ними активний експеримент. Отримані результати оптимальних планів експериментів 
за вартісними (часовими) витратами порівнюються з початковою вартістю експерименту та розраховується виграш у 
порівнянні з початковим планом експерименту. 

Висновки. Проведені експерименти підтвердили працездатність запропонованого методу та програмного забезпечення, 
яке його реалізує, а також дозволяє рекомендувати його для практичного використання при побудові оптимальних матриць 
планування експериментів. 

КЛЮЧОВІ СЛОВА: оптимальний план, пошук косяком риб, оптимізація, планування експерименту, вартість, виграш. 
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AННОТАЦИЯ 
Актуальность. Предложено применение метода поиска косяком рыб для построения оптимальных планов эксперимен-

тов по стоимостным (временными) затратами при исследовании технологических процессов и систем, позволяющих осуще-
ствлять над ними активный эксперимент. 

Объект исследования. Методы оптимизации по стоимостным (временным) затратам, основанные на применении алго-
ритма поиска косяком рыб. 

Цель работы. Получение результатов оптимизации путем оптимизации с помощью алгоритма поиска косяком рыб по 
стоимостным (временными) затратами планов полного факторного эксперимента. 

Метод. Предложен метод построения по стоимостным (временными) затратами реализации матрицы планирования экс-
перимента с использованием алгоритма поиска косяком рыб. В начале вводится количество факторов и стоимость перехо-
дов для каждого уровня факторов. Затем с учетом введенных данных формируется начальная матрица планирования экспе-
римента. Метод поиска косяком рыб основан на перестановке столбцов матрицы планирования эксперимента на основе 
суммы стоимостных (временных) расходов суммы переходов между уровнями для каждого из факторов. Косяки рыб фор-
мируются по такому принципу: меньше косяков рыб там, где большая сумма переходов между уровнями факторов. Затем 
выполняется перестановка косяков рыб, расположенных поблизости в матрице планирования эксперимента. Также рассчи-
тывается выигрыш по сравнению с начальной стоимостью (времени) эксперимента. 
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Результаты. Разработано программное обеспечение, реализующее предложенный метод, который использовался для 
проведения вычислительных экспериментов для изучения свойств этих методов при изучении технологических процессов и 
систем, позволяющих осуществлять над ними активный эксперимент. Полученные результаты оптимальных планов экспе-
риментов по стоимостным (временными) затратами сравниваются с начальной стоимостью эксперимента и рассчитывается 
выигрыш по сравнению с первоначальным планом эксперимента. 

Выводы. Проведенные эксперименты подтвердили работоспособность предложенного метода и программного обеспе-
чения, которое его реализует, а также позволяет рекомендовать его для практического использования при построении опти-
мальных матриц планирования экспериментов. 

КЛЮЧЕВЫЕ СЛОВА: оптимальный план, поиск косяком рыб, оптимизация, планирование эксперимента, стоимость, 
выигрыш. 
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