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Представлен усовершенствованный метод парных сравнений, в котором посредством табличных
форм систематизированы правила логических выводов при сравнении технических систем и формулы
проверочных значений. Для этого сформулированы рациональные правила логических выводов при пар-
ном сравнении систем. С целью проверки результатов оценки на непротиворечивость введены понятия
количества баллов, набранных одной системой, и коэффициента качества систем, а также разработаны
формулы расчетов. Для целей практического использования данного метода при разработке программ для
ЭВМ предлагаются формализованные варианты взаимосвязанных таблиц: таблица обработки и систе-
матизации экспертной информации, таблица возможных логических выводов по результатам сравнения
заданного количества технических систем и таблица проверочных значений при использовании метода
парных сравнений при оценке качества определенного количества технических систем. Таблицы позволя-
ют более рационально организовать процедуры обработки информации и в значительной степени исклю-
чить влияние ошибок при вводе данных на результаты оценки качества технических систем. Основной
положительный эффект от внедрения усовершенствованного метода парных сравнений состоит в суще-
ственном сокращении времени и ресурсов на организацию работы с экспертами, обработку экспертной
информации, а также на подготовку и проведение дистанционного опроса экспертов по сети Интернет
или локальной вычислительной сети предприятия (организации) за счет рационального использования
исходных данных о качестве оцениваемых систем. Предлагаемый усовершенствованный метод реали-
зован в программах для ЭВМ, предназначенных для оценки эффективности и устойчивости больших
технических систем.

Ключевые слова: усовершенствованный метод парных сравнений, оценка, проверочные зна-
чения, коэффициент качества, таблица, систематизация
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The article describes an improved paired comparison method, which systematizes in tables the rules of
logical conclusions and formulas of checking indices for comparison of technical systems. To achieve this goal,
the authors formulate rational rules of logical conclusions in making a paired comparison of the systems. In
addition, for the purpose of consistency check of the results of the assessment, the authors introduce parameters
such as «the number of scores gained by one system» and «systems’ quality index»; moreover, they design
corresponding calculation formulas. For the purposes of practical application of this method to design computer
programs, the authors propose to use formalized variants of interconnected tables: a table for processing and
systematization of expert information, a table of possible logical conclusions based on the results of comparison
of a set number of technical systems and a table of check values in the paired comparison method used in quality
assessment of a definite number of technical systems. These tables allow one to organize procedures of the
information processing in a more rational way and to predominantly exclude the influence of mistakes on the
results of quality assessment of technical systems at the stage of data input. The main positive effect from the
implementation of the paired comparison method is observed in a considerable reduction of time and resources
needed to organize experts work, process expert information, and to prepare and conduct distant interviews with
experts (on the Internet or a local computer network of an organization). This effect is achieved by a rational use
of input data of the quality of the systems to be assessed. The proposed method is applied to computer programs
used in assessing the effectiveness and stability of large technical systems.
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1. Introduction

Rapid technical development at the beginning of the 21st century has led to a noticeable variety
of composition of technical systems (hereinafter called systems) and to an increase in the degree of
both the mutual influence of quality characteristics of system elements and their joint influence on
functioning of the systems. Thus, nowadays making timely managerial decisions based on a system’s
quality assessment is of primary importance in the process of the system’s maintenance [Билятди-
нов, Меняйло, 2020, p. 199]. In practice, this is implemented in the necessity to solve a variety of
semistructured maintenance problems:

• in the sphere of identification of failures in automated systems;

• when using information systems based on mathematical models in the process of
management [Kalimoldayev, Abdildayeva, Mamyrbayev, 2016];

• when assessing sustainable development and safety, including assessment of cyberthreats, of
maintained and designed automated systems of management [Baker, Henderson, 2017, p. 51];

• when applying artificial intelligence systems, large data and when improving automated
management systems taking into account current trends of development of cyber-physical
systems [Baker, Henderson, 2017; Price, Walker, Wiley, 2018; Segal, 2017; Trevino, 2019];

• when choosing the best system for maintenance under certain conditions [Билятдинов, Меняйло,
2020; Билятдинов, Шлянцев, Меняйло, 2020];

• when increasing the effectiveness of systems’ maintenance [Билятдинов, Меняйло, 2020,
p. 199].

To ensure that managerial decisions within the research area are made, it is rational to continue
improvement of the paired comparison method for implementation in computer programs applied
to assess the systems’ quality when using expert information [Изергин, Таров, 2017; Путивцева
и др., 2017; Черкашин, 2020]. The research in this direction and the above-mentioned approach
are motivated by the results of recent studies [Calabrese, Osmetti, 2019, p. 1059] and by enhanced
requirements for effective and sustainable functioning of systems and mitigation of risks for the systems
when making managerial decisions [Pačaiová, Sinay, Nagyová, 2017, p. 288]. This is of particular
significance for large technical systems [Билятдинов, Меняйло, 2020, p. 204], [Shafik, Chen, Rashed,
2020] containing automated control systems.

Numerous recent studies are devoted to various issues of the improvement and application of the
paired comparison method [Изергин, Таров, 2017; Исаев, 2016; Кривулин, Агеев, 2019; Путивцева
и др., 2017; Тихомирова, Сидоренко, 2012; Черкашин, 2020]. The review of these works has allowed
the authors to outline the main trends of the research area.

Izergin and Tarov [Изергин, Таров, 2017] describe a methodology which consists in defining
a problematic situation and establishing factors that influence the making of rational decisions and the
choice of methods ensuring a successful completion of the set task. This approach is supported by the
comparative analysis of application of multicriterion methods [Путивцева и др., 2017].

A similar problem is studied in the work [Тихомирова, Сидоренко, 2012] assessing innovative
projects. To achieve this objective, the authors concentrate on the choice of a method for formation
of criteria’ weights necessary for the assessment in the process of expertise. They suggest using
a modification of the method of hierarchies’ analysis of T. Saati, which considers the specification
of its application in the sphere of innovative projects’ management. The modification of the method is
based on the change of the assessment scale of criteria.
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In addition to the review of the article by Tikhomirov and Sidorenko [Тихомирова, Сидоренко,
2012], it is necessary to mention another direction of similar research [Исаев, 2016]: modification
of the paired comparison method of Saati based on the use of the alternative assessment scale of
superiority. Isaev reveals and demonstrates advantages of the alternative scale over the classical one in
the context of the task of setting weights of indistinct cognitive maps.

However, the article by Cherkashin [Черкашин, 2020] outlines the results of the study of the
mathematical justification of the scale of judgements based on interconnected observations, paired
comparisons of factors, criteria and alternatives, calculations of priorities and their synthesis into final
judgements. It is of particular importance that this work demonstrates within what limitations of the
procedures of hierarchies’ analysis it is possible to calculate priorities and choose a necessary decision
if one has the matrix of the paired assessment.

Finally, Krivulin and Ageev [Кривулин, Агеев, 2019] study the problem of assessing
alternatives’ ratings based on the data of paired comparisons of alternatives in accordance with several
criteria and on paired comparisons of the criteria. To achieve this objective, the authors propose
a procedure of making decisions on the basis of Chebyshev’s approximation in a logarithmic scale
of matrices of paired comparisons inversely to symmetrical matrices of single ranks, which define
elements of vectors of weights of criteria and alternatives’ ratings.

Thus, despite the importance of the reviewed studies, it is still necessary to further improve
the program implementation of the method of paired comparison for the purpose of increasing the
management effectiveness. Furthermore, the requirement to check upcoming expert information for
consistency also motivates the development of the improved method of paired comparison for the
assessment of systems’ quality during their maintenance (hereinafter called the method). The method
is aimed at rational application in computer programs irrespective of the programming language. In
practice, the method can have a wider application in assessing the quality of various objects and
processes.

2. Objective and essence of the method

The objective of the method is to decrease the labor involved in designing computer programs
when applying the paired comparison method, to sufficiently decrease the time needed for processing
of expert information, to ensure understandability and simplicity of the program implementation of
assessment of systems’ quality on the basis of the paired comparison method.

The essence of the method is ensuring automatic filling of the majority of cells of the specifically
designed table for processing of expert information (Table 1) with a minimum participation of an
expert, which is based on rational rules of logical conclusions in the process of paired comparison of
systems and systematization of these rules in Table 2. In order to check the results of assessment for
consistency and to counteract input of false information, the method contains concepts of the number
of scores gained by one system z (Bz) and systems’ quality index (Kz). In addition, checking Table 3 is
designed and calculations formulas Bz and Kz are created.

The area of application of the method includes: design of computer programs aimed at processing
of expert information, assessment of systems’ quality in the process of their maintenance and checking
of the results for consistency.

3. Rules of logical conclusions

This section outlines the rules of logical conclusions in the paired comparison of systems for the
purpose of the automatic filling of the table comparing systems (Table 1), which uses the information
put by an expert (an official).

КОМПЬЮТЕРНЫЕ ИССЛЕДОВАНИЯ И МОДЕЛИРОВАНИЕ



Совершенствование метода парных сравнений 1129

Rule No. 1. In the case of comparison of a system with itself (Rnn), the result of the comparison
always equals 1 (one) score, Rnn = 1, i. e., the program automatically puts «1» in corresponding cells
in the diagonal of the table of comparison (Table 1). Rule No 1 is performed automatically by the
program without participation of an expert.

Table 1. Table of processing and systematization of expert information in assessing the quality of n number of
systems using the paired comparison method

Expert
number Systems K Number

of
scores,

Bn

Check

Systems 1 2, . . . , z, . . . n − 1 n

1 2 . . . n n + 1 n + 2 n + 3 n + 4
1 1 R1z R1(n−1) R1n K1 B1

2 2 − R12 T 2 T 2 T 2 K2 B2
3 2 − R13 T 2 T 2 T 2 K3 B3

2, . . . , z, . . . 2 − R1z 1 T 2 T 2 Kz Bz

n − 1 2 − R1(n−1) R(n−1)z = 2 − Rz(n−1) 1 T 2 K(n−1) B(n−1)

n 2 − R1n Rnz = 2 − Rzn 2 − R(n−1)n 1 Kn Bn

Total:
Results of checking data for consistency:

Comment: «T 2» means that this cell is filled by the program automatically on the basis of the rules systematized in Table 2.

Rule No. 2. If system (n − 1) equals system n, both systems get 1 (one) score and the expert
puts «1» in a corresponding cell, as a result, the program automatically fills the cell of Table 1, where
it is required to put the result of comparison of system n with system (n − 1), with the same score «1»,
R(n−1)n = Rn(n−1) = 1.

Rule No. 3. If system (n−1) is better than system n by a chosen indicator of the system’s quality,
system (n − 1) gets 2 (two) scores and the expert puts «2» in a corresponding cell, R(n−1)n = 2. Then
system n gets 0 (zero) scores when compared to system (n − 1), according to formula (1):

Rn(n−1) = 2 − R(n−1)n. (1)

Accordingly, using formula (1), the program automatically fills the cell of Table 1, where it is
required to put the result of the comparison of system n with system (n − 1), by putting «0» in it,
Rn(n−1) = 0.

Rule No. 4. If system (n − 1) is worse than system n by a chosen indicator of a system’s quality,
system (n − 1) gets 0 (zero) scores and the expert puts «0» in a corresponding cell, R(n−1)n = 0. As
a result, similarly to rule No. 3, a logical conclusion is made that system n should get 2 (two) scores
when compared to system (n − 1), according to formula (1), i. e., Rn(n−1) = 2 (Table 2).

Comment: for further program realization of the implementation of the functions of the systems’
comparison, it is necessary to draw a possible logical conclusion from Table 2, on the basis of the
data received when the expert filled the first line of Table 1 by rules Nos. 1–4 and implementing rules
Nos. 5–10 (hereinafter referred to as the rules). The rules are systematized in Table 2.

Rule No. 5. If system (n − 1) is better than system n (R(n−1)n = 2), while system (n − 1) is equal
to system (n+ 1) (R(n−1)(n+1) = 1), then system n is worse than system (n+ 1), Rn(n+1) = 0, formula (2):

If R(n−1)n = 2 and R(n−1)(n+1) = 1, then Rn(n+1) = 0. (2)

2021, Т. 13, № 6, С. 1125–1135
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Table 2. Possible logical conclusions of the results of expert comparison of system n with system (n + 1)
(Rn(n+1)), depending on the results of comparison of system (n − 1) with system n (R(n−1)n) and system (n − 1)
with system (n + 1) (R(n−1)(n+1))

Results of comparison
of system (n − 1) with

system (n + 1)
(R(n−1)(n+1))

Results of expert comparison of system (n − 1) with system n (R(n−1)n)

R(n−1)n = 2,
system (n − 1) is

better than system n

R(n−1)n = 1,
system (n − 1) equals

system n

R(n−1)n = 0,
system (n − 1) is

worse than system n

R(n−1)(n+1) = 2,
system (n − 1) is better
than system (n + 1)

?∗ Rn(n+1) = 2 Rn(n+1) = 2

R(n−1)(n+1) = 1,
system (n − 1) equals

system (n + 1)
Rn(n+1) = 0 Rn(n+1) = 1 Rn(n+1) = 2

R(n−1)(n+1) = 0,
system (n − 1) is worse
than system (n + 1)

Rn(n+1) = 0 Rn(n+1) = 0 ?∗

∗ Comment: «?» means that it is impossible to make a logical conclusion; the expert has to identify the value of Rn(n+1) on
one’s own.

Rule No. 6. If system (n − 1) is better than system n (R(n−1)n = 2), while system (n − 1) is worse
than system (n+1) (R(n−1)(n+1) = 0), then system n is worse than system (n+1), Rn(n+1) = 0, formula (3):

If R(n−1)n = 2 and R(n−1)(n+1) = 0, then Rn(n+1) = 0. (3)

Rule No. 7. If system (n − 1) equals system n (R(n−1)n = 1), while system (n − 1) is better than
system (n + 1) (R(n−1)(n+1) = 2), then system n is better than system (n + 1), Rn(n+1) = 2, formula (4):

If R(n−1)n = 1 and R(n−1)(n+1) = 2, then Rn(n+1) = 0. (4)

Rule No. 8. If system (n − 1) equals system n (R(n−1)n = 1), while system (n − 1) equals sys-
tem (n+ 1) (R(n−1)(n+1) = 1), then system n equals system (n + 1), Rn(n+1) = 2.

If R(n−1)n = 1 and R(n−1)(n+1) = 1, then Rn(n+1) = 1. (5)

Rule No. 9. If system (n − 1) equals system n (R(n−1)n = 1), while system (n − 1) is worse than
system (n + 1) (R(n−1)(n+1) = 0), then, system n is worse than system (n + 1), Rn(n+1) = 0.

If R(n−1)n = 1 and R(n−1)(n+1) = 0, then Rn(n+1) = 0. (6)

Rule No. 10. If system (n−1) is worse than system n (R(n−1)n = 0), while system (n−1) is better
than system (n + 1) (R(n−1)(n+1) = 2), then system n is better than system (n + 1), Rn(n+1) = 2.

If R(n−1)n = 0 and R(n−1)(n+1) = 2, then Rn(n+1) = 2. (7)

Rule No. 11. If system (n − 1) is worse than system n (R(n−1)n = 0), while system (n − 1) equals
system (n + 1) (R(n−1)(n+1) = 1), then system n is better than system (n + 1), Rn(n+1) = 2.

If R(n−1)n = 0 and R(n−1)(n+1) = 1, then Rn(n+1) = 2. (8)

Rule No. 12. It is impossible to draw a logical conclusion without an expert’s participation when
comparing system n with system (n + 1) (Rn(n+1)) in two cases (two variants of input data):

КОМПЬЮТЕРНЫЕ ИССЛЕДОВАНИЯ И МОДЕЛИРОВАНИЕ
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• if system (n − 1) is better than system n (R(n−1)n = 2), while system (n − 1) is better than
system (n + 1) (R(n−1)(n+1) = 2), i. e., when R(n−1)n = 2 and R(n−1)(n+1) = 2;

• if system (n − 1) is worse than system n (R(n−1)n = 0), while system (n − 1) is worse than
system (n + 1) (R(n−1)(n+1) = 0), i. e., when R(n−1)n = 0 and R(n−1)(n+1) = 0.

In these cases the question mark («?») is put in the corresponding cell of Table 2 (Table 1),
and the expert needs to compare system n with system (n + 1) on one’s own and put the result of this
comparison Rn(n+1) in the table’s cell.

The rules enable a program realization of the automatic implementation of logical conclusions
in the real time regime when comparing system n with system (n + 1). In other words, they allow one
to reasonably and objectively get the value Rn(n+1) in the case where reliable input data are received
after two paired comparisons of the systems:

• system (n − 1) with system n, R(n−1)n;

• system (n − 1) with system (n + 1), R(n−1)(n+1).

Moreover, the analysis of formulas (1)–(8) and Table 2 shows that there are only 7 (seven)
possible variants of the results of logical conclusions of the comparison of system n with system (n+1)
(Rn(n+1)) when using initially received input data of the results of comparison of system (n − 1) with
system n (R(n−1)n) and system (n − 1) with system (n + 1) (R(n−1)(n+1)). All these seven variants do not
require participation of an expert in the comparison of system n with system (n + 1) (Rn(n+1)).

To summarize, the systemic application of the rules and Table 2 in the paired comparison method
(Table 1) considerably decreases the amount of time and resources needed to process information,
moreover, it ensures consistency of the results of the quality assessment.

4. Verification of the results of the paired comparison

This section describes the process of verification of the results of the paired comparison of
systems (Table 1) for consistency, for the purposes of the rational program realization of the method
and/or complex methodology of quality assessment [Билятдинов, Шлянцев, Меняйло, 2020, p. 9],
based on this method.

Within the method, the verification is performed by calculating the number of scores gained by
one system z (Bz) and indices of the systems’ quality (Kz).

It is proposed to use the following formulas (9)–(14) for the calculations:

Bz =

n∑

i=1

Rzn, (9)

where n is the number of the systems compared, z is the number of one of the systems compared,
within the scope of integral numbers from 1 to n:

Kz =
Bz

n2
. (10)

In what follows, the verification of the expert information for consistency and control of
the operator’s errors (prevention of false information input) in Table 1 is done through the use of
formulas (9)–(14) and Table 3.

The verification for consistency is performed within a paired comparison of systems by following
the rules and making calculations by formulas (1)–(8) in columns 2–(n + 1) of Table 1.
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The value of the systems’ quality index (Kn) in the column (n + 2) of Table 1 is checked for
consistency by following the normalization rules, i. e., the sum of values Kn should be equal to 1,
otherwise the program will issue an error report. The messages appear at the bottom of the column (n+
+ 2) of Table 1.

The value of the systems’ quality index (Kz) in the column (n + 2) of Table 1 is checked for
consistency line-by-line by simultaneously fulfilling two conditions:

• the first condition, comparison of Kz of each system with the minimum possible value Kz min,
detected by the formula

Kz min =
1

n2
. (11)

If Kz < Kz min, then the program issues an error report, in all other cases the values conform to
the norm;

• the second condition, the maximum possible Kz max is calculated by the formula

Kz max =
2n − 1

n2
. (12)

Thus, if Kz > Kz max, then the program issues an error report, in all other cases the values conform
to the norm.

The messages appear in the corresponding cell (n + 4) of Table 1.
The examples of values Kz min and Kz max are given in Table 3.
The value of the sum of scores of one system (Bz) is checked for consistency line-by-line by

simultaneously fulfilling two conditions:
The first condition, by comparing Bz with a minimum possible value of the sum of scores of one

system z, Bz min = 1, i. e., system z is worse than all other systems by the chosen characteristic.
Thus, if Bz < 1 or Bz < Bz min, then the program issues an error report, in all other cases the

values of Bz conform to the norm.
The second condition, by comparing Bz with a maximum possible value of the sum of scores of

one system z:
Bz max = 1 + 2(n − 1). (13)

Thus, if Bz > Bz max, i. e., Bz > 1 + 2(n − 1), then the program issues an error report, in all other
cases the values of Bz conform to the norm.

The messages with the result of the verification appear in the corresponding cell (n + 4) of
Table 1.

The examples of values Bz max are given in Table 3.
The value of the sum of scores Bn (the value is located in the cell (n + 1; n + 3) of Table 1) for

all compared systems of n number is checked for consistency by fulfilling one condition: the sum of
scores of the comparison results should be equal to the check number calculated by the formula

Bn = n2. (14)

If Bn = n2, then the value of Bn conforms to the norm, in all other cases the program issues an
error report.

The messages with the result of the verification appear in the cell (n + 1; n + 3) of Table 1. The
examples of check values Bn are given in Table 3.

Based on the results of the calculations by formulas (9)–(14), Table 3 systematizes the maximum
check values of the systems’ quality indices (Kz max), of the sum of scores for one system (Bz max) and
the maximum values of the sum of scores of all compared systems (Bn) depending on the number
of chosen systems (n) (from 2 to 20 in the table, as an example) when using the paired comparison
method.
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Table 3. Check values in the paired comparison method of 2 to n systems

Number
of

systems n

Maximum possible values of: Minimum possible values of: Check values
of the sum of
scores of all
compared
systems

(n number),
Bn = n2

the sum of scores of
one system, z

Bz max = 1 + 2(n − 1)

the system’s
quality index
Kz max =

2n−1
n2

the sum of scores
of one system, z

Bz min = 1

the system’s
quality index

Kz min =
1
n2

2 3 0,75 1 0,25 4
3 5 0,55555 1 0,111111 9
4 7 0,4375 1 0,0625 16
5 9 0,36 1 0,04 25
6 11 0,305555 1 0,027778 36
7 13 0,265306 1 0,020408 49
8 15 0,234375 1 0,015625 64
9 17 0,209877 1 0,012346 81

10 19 0,19 1 0,01 100
11 21 0,173554 1 0,008264 121
12 23 0,159722 1 0,006944 144
13 25 0,147929 1 0,005917 169
14 27 0,137755 1 0,005102 196
15 29 0,128889 1 0,004444 225
16 31 0,121094 1 0,003906 256
17 33 0,114187 1 0,00346 289
18 35 0,108025 1 0,003086 324
19 37 0,102493 1 0,00277 361
20 39 0,0975 1 0,0025 400
...

...
... 1

...
...

n Bz max = 1 + 2(n − 1) Kz max =
2n−1

n2 1 Kz min =
1
n2 Bn = n2

5. Conclusion

In practice, the method is used within the complex methodology of technical systems quality
assessment in the process of their maintenance [Билятдинов, Шлянцев, Меняйло, 2020, p. 10–11].
The proposed improved method is implemented in two computer programs: «Analysis and assessment
of the systems’ effectiveness» (Certificate of the state registration of software No 2020610389,
14.01.2020) and «Assessment of systems’ stability» (Certificate of the state registration of software
No 2020615328, 21.05.2020).

It is worth noting that the main positive effect of the development and application of the
method within the complex methodology of quality assessment [Билятдинов, Шлянцев, Меняйло,
2020, p. 12] and the above-mentioned computer programs consists in a considerable reduction of time
and resources needed to organize experts’ work, to process expert information and prepare and conduct
distant interviews with experts (on the Internet or a local computer network of the organization). This
effect is achieved by a rational use of input data of the quality of the systems to be assessed.

Additionally, we recommend using Table 3, which contains systematized data of check values in
the application of the paired comparison method of 2 to n systems, for the development of computer
programs aimed at collecting and processing statistical data. Moreover, it is rational to use this
method when preparing technical requirements specifications for design of computer programs aimed at
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completing a variety of tasks in the sphere of systems’ quality assessment, comparison and information
processing.

The demonstrated method possesses a certain universality and can be successfully applied not
only to assess technical systems in the process of operation, but also to assess the quality of other
objects and processes.

Finally, it is obvious that nowadays the effectiveness of systems’ management primarily depends
on timely managerial decisions made on the basis of systems’ quality assessment. The improvement of
interactive procedures of quality assessment [Gerami, 2019, p. 37–38] substantiates the possibility of
further successful program realization of the method in the real-time mode with the use of statistical
and expert information received from internal and external sources.
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