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1. Introduction

The process of determining the quality of interaction 
of man-machine systems is improved through information 
systems. Instructions on man-machine interaction in a par-
ticular environment including automation in a service field 
are given in [1]. The result of the man-machine interaction 
study consists in the development of new hardware and 
software [2] where the level of interaction increases due 
to designing new or improving existing software architec-
tures [3]. The process of studying the quality of man-ma-
chine interaction involves the study of the structure of 
user-technology interfaces [4]. 

Despite the development of technologies, problems arise 
with the social component of the system where machine op-
erators have different training levels. This factor reduces the 
level of quality of man-machine interaction. This problem 
is solved using the technologies that involve assessment of 
interaction quality, the study of the dependence of quality 
criteria on worker’s (machine operator) skills [5].

At the same time, the proposed scientific and research 
works do not take into account the peculiarities of assessing 
the quality of interaction of the Machine Operator-Machin-
ing Center-Control Program of part making (MO-MC-CP) 
system. Limitations are related to the mathematical appara-
tus and software with functionality that does not take into 
account the interaction of factors of the subsystem elements 
and the synergistic effect.

Therefore, it is important to develop new and improve ex-
isting methods of determining the man-machine interaction 
and their implementation using software means.

2. Literature review and problem statement

The results obtained in the study of determining the 
interaction of complex systems are presented in [6]. It was 
shown that only the psychological state of a man interacting 
with other elements of subsystems is taken into account. 
However, this is not enough to assess the interaction quality 
because assessment of other subsystems is neglected.

The results obtained in [7] make it possible to study the 
dependences of influence of ergatic systems on a personal-
ity condition. However, the paper insufficiently considers 
the study of the impact of assessment results on the deci-
sion-making process.

In addition to psychophysiological properties, the models 
of assessment of the quality of interaction of the subsystem 
elements take into account the number of tasks performed by 
the machine operator [8]. The models proposed in [8] do not 
provide for determining the interaction of the MO-MC-CP 
system using primary estimates and an ordinal five-point scale.

According to the life cycle of the model, the modeled source 
data are used in the process of creating a complex system mod-
el. Only elucidation of general theoretical and methodological 
bases of determining man-machine interaction is a limitation 
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of [9]. It is unclear how the quality of interaction of the machine 
operator with other subsystems of a complex system is assessed.

Models of group interaction of operators of man-machine 
systems by means of tools from the theory of automatic 
control are described in [10]. Since the MO-MC-CP system 
assumes the presence of only one operator, the approach pro-
posed in [10] requires additional studies by modifying the 
MO-MC-CP system which has not yet been fully studied.

Dependence of influence of weight coefficients calcu-
lated using different approaches on the level of a complex 
system index is studied in [11]. Suggestions for calculating 
the index using a model of linear convolution using certain 
restrictions on indicators and weights are shown. The study 
has resulted in the establishment of the subjectivity of expert 
methods which should be minimized. However, the problem 
of determining the weight coefficients, not based on the 
studied sample remained unresolved.

When determining the quality of man-technical means 
interaction, both known models of units and models which 
take into account the time spent on certain operations are 
used in automation [12]. At the same time, other indicators 
of interaction quality are used: reliability, accuracy, read-
iness factor, load factor, queue factor, speed, information 
capacity [13]. The problem of program realization of ideas 
remains insufficiently clear [12, 13].

The issue of assessment of the quality of human opera-
tor-machine interaction with the help of simulation tech-
nologies is considered in [14]. Simulation technologies make 
it possible to obtain just expert estimates which cannot be 
combined into indices or integrated indicators.

A method of using the Industrial Internet of Things is 
proposed in [15] with taking into account peculiarities of 
the Industrial Revolution 4.0. This method collects data 
from humans and automated equipment to study the human 
impact on industrial systems. The technologies described 
in [15] are quite complex and complicate the software de-
velopment process. They insufficiently take into account the 
level of complexity of the production control software.

The study of control and temporal changes in socio-tech-
nical systems was studied in [16]. Theoretical and method-
ological bases of analysis of these systems are offered on the 
example of unmanned complexes where a much wider system 
than MO-MC-CP is considered.

For example, operator interfaces were differentiated de-
pending on the level of the operator’s skills [17] and recom-
mendations on improving the level of man-machine interaction 
were given. This partially copes with the existing difficulties 
in assessing the level of quality of interaction because the 
study [17] did not consider the issue of index assessment.

According to [18], man-automation interaction is asso-
ciated with the influence of subjective factors. The general 
analytical review given in [18] makes it possible to obtain 
certain positive results on the existence of subjectivism but 
does not address the issue of assessing the technologies and 
implementation of these technologies using the software.

According to the results of a study of man-machine in-
teraction, the operator is considered as a head of several ma-
chines and a suitable model is proposed in [19]. The proposed 
model improves the definition of interaction level, however, 
the operator controls several machines but his interaction 
with the information subsystem is not studied.

The issue of improving the algorithms of automatic gener-
ation of minimally mental models using the methods of sup-
porting the design of man-machine interaction systems was 

studied in [20]. The proposed methodology [20] was software 
implemented, however, the mathematical model has limita-
tions regarding the cooperation with social, technical, and in-
formation subsystems of MO-MC-CP systems. The problem 
of improving the index of quality of interaction of elements of 
subsystems of a complex system is also not considered.

Therefore, the issues of improving the index of quality 
of interaction of subsystem elements through the develop-
ment of mathematical tools and software implementation of 
the tools in relevant software remain unresolved. This can 
be explained by the difficulty associated with the lack of a 
perfect mathematical apparatus and software. The models 
of the proposed approaches involve the use of only primary 
estimates or indices that are not unified. Improvement of 
existing tools for determining indices, development of the 
index assessment technology implemented in software may 
be an option of overcoming the existing difficulties.

Such approaches are used in [21]. According to the study 
results, tools of the decision theory and artificial intelligence 
for determining man-machine interaction are given. All of them 
are too complex to study and evaluate the MO-MC-CP system.

The abovementioned suggests that it is appropriate to 
conduct a study to improve approaches to assessing the qual-
ity of interaction of subsystem elements of the MO-MC-CP 
system and other complex systems built on its basis.

3. The aim and objectives of the study

The study objective consists in improving the existing tools 
and creating technology for determining the index of quality 
of interaction of elements of subsystems of the MO-MC-CP 
system and other systems. This will allow industrial enterprises 
to assess the level of quality of interaction of machine operators 
with machining centers and the programs controlling the part 
manufacture and use all this in decision-making processes.

To achieve this objective, the following tasks were set:
‒ improve the existing index of quality of subsystem ele-

ment interaction;
‒ check the adequacy of the proposed index models;
‒ prove the advantages of proposed indices of quality of 

interaction over existing approaches;
‒ develop a technology of index assessment;
‒ experimentally verify the proposed approach.

4. The study materials and methods

The study of the existing index of quality of interaction of 
subsystems elements involved elucidation of the possibility of 
improving the existing index in such a way as to obtain a gain 
in the signs of efficiency. Interaction of the studied complex 
system was considered in the aspects of single, double and 
triple interaction of subsystem elements and synergetic effect.

The mathematical formulation of the problem implies the 
development of a method of describing the MO-MC-CP sys-
tem and other systems to determine the quality of interac-
tion of subsystem elements and has the following conditions.

Condition 1. The system consists of three subsystems: 
social (machine tool operator), technical (machining center), 
and informational (control program of part manufacture). To 
take into account the influences of external and internal fac-
tors, the MO-MC-CP system is modified based on the safety 
and motivation subsystems. In the case of using four sub-
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systems, there is Machine Tool-Machining Center-Control 
Program of parts manufacture-Safe Environment system. To 
study the additional motivational component, a system called 
Machine Operator-Machining Center-Control Program of 
parts manufacture-Safe Environment-Motive was formed.

Condition 2. The above subsystem elements can be as-
sessed using a five-point ordinal scale for which the follow-
ing notation was proposed: Х1, Х2, Х3, Х4, Х5.

Condition 3. The model of linear convolution of the index 
determination where it is necessary to normalize variables 
and determine the weights giving one when added using a 
five-point ordinal is the initial model.

Condition 4. The studied index describing the interaction 
of three subsystems is limited to the use of three primary 
estimates Х1‒Х3 in contrast to the existing complex (ergatic) 
systems where there are two or more operators. Description 
of the interaction of four subsystems is limited to the use of 
Х1‒Х4 estimates and that for five subsystems is limited to the 
use of Х1‒Х5 estimates.

The theoretically described mathematical model of the 
interaction quality index will be subjected to checking for 
adequacy according to the following known subproblems. 
Formulation of the problem. Let IQI1, IQI2,… IQII is a theo-
retical sample. The general problem of the study consists in 
proving the adequacy of indices of quality of interaction of 
subsystem elements (IQI1), (IQI2), (IQI3), (IQI4). To solve the 
general problem, it is necessary to solve its subproblems.

Step 1. Determine the presence of systematic error with 
a confidence level α=0.95.

Step 2. Determine the direction of distribution of index 
estimates.

Step 2. 1. Sort the index estimates of the sample as fol-
lows: IQImin=IQI1<IQI2<…<IQII=IQImax. 

Step 2. 2. Go from the theoretical sample IQI1, IQI2, …, IQII 
to the statistical array of IQI(1), IQI(2), …, IQI(I) in order to form 
an interval array of index estimates.

Step 2. 3. Determine the number of intervals of the stud-
ied index estimates of the theoretical sample.

Step 2. 4. Determine the width of the intervals.
Step 2. 5. Determine frequencies and relative frequencies 

of index assessment using the values of interval width.
Step 2. 6. Construct an empirical distribution function 

for an interval series.
Step 3. Check hypothesis H0 of the distribution type 

(normal, exponential, or other) using appropriate methods 
and construct a histogram of distribution and a probability 
graph of distribution.

Step 4. Determine the mean-square deviation.
It was proposed to prove the advantages of the proposed 

method by comparing the mean-square deviation of the stud-
ied approach and the known method of linear convolution.

To conduct experimental verification, it was proposed to 
use the developed software tool of index assessment.

5. The results obtained in the study of the method of 
index of quality of interaction of subsystem elements 

5. 1. The offered improved indices of quality of inter-
action of subsystem elements

5. 1. 1. Improved indices of quality of interaction of 
elements of three subsystems

The formula of interaction quality index was derived in 
two stages (the years of 2019–2020) with the involvement 

of leading specialists. Two indices were obtained. Symbols 
of indexes were introduced. The index of quality of inter-
action of subsystem elements taking into account single, 
double and triple interaction of integrated indicators was 
marked as (IQI1). The index of quality of interaction of sub-
system elements taking into account the synergetic effect 
was marked as (IQI2).

According to the results of the first stage of the study 
carried out in 2019, the index of quality of interaction of sub-
system elements taking into account single, double and triple 
interaction of integrated indicators (IQI1) was determined 
using the objective function (1) from [22]:
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where λ1–λ3 are the weight coefficients of integrated indica-
tors I1I–I3I, respectively;

I1I–I3I are integrated indicators which are determined 
as follows:
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where Х1, Х2, Х3 are initial estimates of social, technical, and 
information subsystems.

The obtained formula makes it possible to investigate the 
quality of interaction of subsystem elements taking into ac-
count the single, double and triple interaction of integrated 
indicators.

According to the study results at the second stage 
(2020), the index of quality of interaction of subsystem el-
ements taking into account the synergetic effect (IQI2) had 
the form (2) from [23]:

1 1 2 2 3 3

4 1 5 2 6 3 7 4

2

,
QII X X X

W W W W

= λ + λ + λ +

+λ + λ + λ + λ    (2)

where λ1–λ7 are values of specific weight of the weight co-
efficients;

X1 is the estimate of the social subsystem;
X2 is the estimate of the technical subsystem;
X2 is the estimate of the informational subsystem;
W1–W4 are the indicators belonging to the set [1, 5].
It was proposed to determine the weight coefficients 

λ1–λ7 regardless of the sample size according to the formed 
criteria using the method of hierarchy analysis [24].

Thus, two indices of quality of interaction of subsystem 
elements describing three subsystems were offered. These 
indices are used separately from each other depending on 
the study objectives.

5. 1. 2. Improved models of indices of quality of inter-
action of elements of four and more subsystems

Taking into account four or more elements of subsystems 
in determining the quality of their interaction gives rise to 
the formation of a new complex system. In this regard, it was 
proposed to take into account the fourth (safety) and fifth 
(motivational) subsystems. The models were found on the 
basis of the existing formula [23].

The model of the index of quality of interaction with four 
subsystem elements (IQI3) was found in (3):
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where λ1–λ11 are the value of specific gravity of the weight 
coefficients;

X1 is the estimate of the social subsystem;
X2 is the estimate of the technical subsystem;
X3 is an estimate of the information subsystem;
X4 is the estimate of the safety subsystem;
W1–W7 are the indicators belonging to the set [1, 5].
The model of the index of quality of interaction with five 

subsystem elements (IQI4) was determined in (4):
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where λ1–λ16 is the value of the specific weight of weight 
functions;

X1 is the estimate of the social subsystem;
X2 is the estimate of the technical subsystem;
X3 is the estimate of the informational subsystem;
X4 is the estimate of the safety subsystem;
X5 is the estimate of the motivational subsystem;
W1–W11 are the indicators belonging to the set [1, 5].
In contrast to the index of quality of interaction of the 

elements of three subsystems (IQI2), the obtained models 
(IQI3), (IQI4) differ in the number of variables and weight 
coefficients. The model (IQI3) has 54=625 possible combi-
nations of estimates Х1–Х4 where each estimate has five 
variants. The model (IQI4) is characterized by the maximum 
number of combinations of estimates Х1–Х5: 55=3125. This 
series of estimates were used to study the adequacy of the 
models.

5. 2. Proof of adequacy of the proposed indices of 
quality of interaction of subsystem elements

5. 2. 1. Proof of adequacy of the proposed indices of 
quality of interaction of three elements of subsystems

The next stage of the model life cycle involves the study 
of its adequacy [25]. Therefore, we will study the adequacy of 
the two proposed quality indices of the interaction of three 
elements of subsystems (IQI1), (IQI2).

The process of identifying the adequacy of the index of 
quality of interaction of subsystem elements involved the pres-
ence of primary estimates of elements of social (machine op-
erator), X1, technical (machining center), X2, informational, 
X3, subsystems. Using combinatorics for the index of quality 
of interaction of subsystem elements which takes into account 
the synergetic effect, the maximum possible number of series 
of primary estimates makes 125 combinations. This number 
of combinations of primary estimates was also used to deter-
mine the index of quality of interaction of subsystem elements 
taking into account single, double and triple interaction of 
integrated indicators. Thus, the quality of interaction of three 
subsystem elements of the MO-MC-CP system was described 
by two proposed indices. Actually, 125 combinations of pri-
mary estimates allowed us to obtain a theoretical sample of 
n=125 of the MO-MC-CP systems, Table 1.

Using the values of indices of quality of interaction of 
subsystem elements of the system (IQI1), (IQI2) from Table 1, 
investigate their adequacy by the methods of mathematical 
statistics [25].

Table	1

Primary	estimates	of	X1–X3	subsystem	elements	and	values	
of	indices	of	quality	of	interaction	of	subsystem	elements	of	

the	IQI1,	IQI2	system	

No. X1 X2 X3 IQI1 IQI2

1 1 1 1 1.00 1.000

2 2 1 1 1.33 1.205

3 3 1 1 1.67 1.410

… … … … … …

124 4 5 5 4.67 4.479

125 5 5 5 5.00 5.000

Consider the steps of solving subproblems, see Steps 1–4.
Step 1. Determining the adequacy of obtained series of 

quality indices of the interaction of subsystem elements of 
the system (IQI1), (IQI2) involves exclusion of systematic 
error.

The presence of systematic errors was identified in this 
study using a known statistical method: single-factor vari-
ance analysis with a confidence level of α=0.95. Solution of 
the formed problem involves checking of two hypotheses: H0 
on the existence of the factor influence on the experiment 
result and H1 on equality of group averages. The results of 
the calculation of one-way variance analysis are presented 
in Table 2.

Table	2

Summary	results	of	calculation	of	one-factor	variance	
analysis	with	confidence	probability	α=0.95	of	a	number	of	
estimates	of	indices	of	quality	of	interaction	of	elements	of	
subsystems	of	the	system	(IQI1),	(IQI2)	obtained	on	the	basis	

of	combinations	of	primary	estimates	X1–X3

The studied values of the index of quality of interaction of 
subsystem elements taking into account single, double and triple 

interaction of integrated indicators (IQI1)

∑IQIi QII 2
QIijI∑ SAll SF

375 3.0 1208.34 83.34 0 83.34
2
fS 2

rS Fn fk at α=0.05 –

0 0.67 0 3.84 –

The studied values of the index of quality of interaction of subsys-
tem elements taking into account the synergetic effect (IQI2)

∑IQIi QII 2
QIijI∑ SAll SF Sr

315.72 2.52 880.36 82.9 0 82.9
2
fS 2

rS Fn fk at α=0.05 –

0 0.66 0 3.84 –

According to the results of the study of the single-factor 
variance analysis, it was found that the group averages differ 
slightly at a confidence level α=0.95. Therefore, the hypoth-
esis of the existence of factor influence on the experimental 
result was omitted and the hypothesis of equality of group 
averages was accepted. That is, the presence of systematic 
error in the studied series of estimates of quality indices of 
the interaction of subsystem elements of the system (IQI1), 
(IQI2) was not detected.

Step 2. The absence of systematic error is a prerequisite 
for determining the direction of distribution of the studied 
sample of index estimates by constructing an empirical func-
tion of distribution, see Steps 2. 1–2. 6.
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Step 2. 1. The subproblem 2. 1 is solved by sorting 
index estimates from IQImin to IQImax separately of two 
series of indices (IQI1), (IQI2). The obtained series of 
sorted index estimates are used to form a statistical 
series.

Step 2. 2. To solve subproblem 2. 2, take into account 
the content and structure of the statistical series. So, 
as there is a question of the creation of intervals of the 
investigated sample, we will group them and obtain the 
grouped statistical series (interval series).

Step 2. 3. Determine the number of studied groups 
separately for the two studied indices of quality of in-
teraction of the subsystem elements according to the 
Sturges formula 1+3.322log(125)=8. Having obtained 
the number of studied groups of MO-MC-CP systems 
described by the indices of quality of interaction of 
subsystem elements, the interval width can be determined.

Step 2. 4. Since we have a five-point ordinal scale, then the 
width of the interval can be determined where h=5–1/8=0.5. 
The obtained value of the interval width is used to form actual 
intervals of index estimates.

Step 2. 5. Subproblem 2.5 regarding the definition of 
intervals, frequency, and relative frequency is solved as 
follows, Table 3.

Table	3

Determining	the	intervals,	frequency,	and	relative	frequency	
of	the	studied	indices

The studied 
intervals

(IQI1) (IQI2)

Fre-
quency

Relative fre-
quency

Fre-
quency

Relative fre-
quency

1.0–1.5 4 4/125=0.032 11 11/125=0.088

1.5–2.0 6 6/125=0.048 26 26/125=0.208

2.0–2.5 25 25/125=0.2 32 32/125=0.256

2.5–3.0 18 18/125=0.144 23 23/125=0.184

3.0–3.5 37 37/125=0.296 15 15/125=0.12

3.5–4,0 15 15/125=0.12 10 10/125=0.08

4.0–4.5 16 16/125=0.128 6 6/125=0,048

4.5–5.0 4 4/125=0.032 2 2/125=0.016

Total 125 1.00 125 1.00

The defined studied intervals, frequencies, and relative 
frequencies form the basis for constructing the empirical 
function of the distribution of both indices.

Step 2. 6. Subproblem 2. 6 regarding the construction of 
the empirical function of the studied distribution is solved 
as follows, Table 4.

Empirical functions of distribution of indices (IQI1), 
(IQI2) indicate the existence of directionality of the normal 
distribution law for series of index estimates.

Step 3. Support of the normal distribution condition for 
the theoretically formed sample n=125 units of estimates of 
indices of quality of interaction of subsystem elements (IQI1), 
(IQI2) is determined according to the Kolmogorov-Smirnov 
criterion. The following results were obtained using initial 
estimates of the indices (IQI1), (IQI2) given in Table 1 where 
the significance level α is greater than 0.2. Therefore, the 
hypothesis of normality of distribution is not rejected, Fig. 1.

Fig. 2 shows the results of studies of the index of interac-
tion quality which takes into account the synergistic effect 
of IQI2 of the theoretical sample with n=125 units where the 
probability distribution graph is constructed.

The probabilistic graph of distribution, Fig. 1, confirms 
support of the normal distribution condition. However, 
small spikes are observed in the lower and upper parts on the 
probability graph in Fig. 2. They are associated with errors 
in input estimates.

Step 4. Mean-square deviation of estimates of indices 
of quality of interaction of the subsystem elements (IQI1), 
(IQI2) is determined Estimates of mean-square deviation are 
S(IQI1)=0.82; S(IQI2)=0.073, respectively.

Thus, according to the experimental results, adequacy of 
the indices of quality of interaction of elements of three subsys-

Table	4

Empirical	function	of	distribution	of	indices	(IQI1),	(IQI2)

The empirical function of distri-
bution of the index (IQI1)

The empirical function of distribu-
tion of the index (IQI2)

*
( )

0, 1,

0 0.032 0.032, 1.5,

0.032 0.048 0.08, 2.0,

0.08 0.2 0.28, 2.5,

0.28 0.144 0.424, 3.0,

0.424 0.296 0.72, 3.5,

0,72 0,12 0.84, 4.0,
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0.968 0.032 1.0, 5.

x

х

х

х

х

F х

х

х

х

х

=
 + = =
 + = =
 + = == + = =
 + = =

+ = =
 + = =
 + = = 0

*
( )

0, 1,

0 0.088 0.088, 1.5,

0.088 0.208 0.296, 2.0,

0.296 0.256 0.522, 2.5,

0.552 0.184 0.736, 3.0,

0.736 0.12 0.856, 3.5,

0.856 0.08 0.936, 4.0,

0.936 0.048 0.984,

0.984 0.016 1.0,

x

х

х

х

х

F х

х

х

х

=
 + = =
 + = =
 + = == + = =
 + = =

+ = =
 + =
 + =

4.5,

5.0х

=
=

Fig.	1.	The	results	of	studies	of	the	index	of	quality	of	
interaction	of	the	subsystem	elements	taking	into	account	

single,	double	and	triple	interaction	of	the	integrated	
indicators	IQI1	of	a	theoretical	sample	with	n=125	units
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Fig.	2.	The	results	of	studies	of	the	interaction	quality	
index	taking	into	account	the	synergistic	effect	of	IQI2	of	a	

theoretical	sample	with	n=125	units
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tems, (IQI1), (IQI2), was proved. This is evidenced by the equal-
ity of group averages and the existence of a condition of normal 
distribution. Estimate of standard deviation will be used as a 
criterion for determining the accuracy of developed indices of 
quality of interaction of subsystem elements, (IQI1), (IQI2).

5. 2. 2. Proving the adequacy of models of indices of 
quality of interaction of four or more subsystem elements

Adequacy of indices of quality of interaction of four or more 
subsystems was prooved using the technology applied to the in-
dices of quality of interaction with three subsystems [25]. Since 
these indices (IQI3), (IQI4) have a different maximum number of 
estimate series (625 and 3125, respectively), individual diagno-
sis of adequacy should be performed for each.

According to the results obtained in the study of sys-
tematic error, step 1, by the method of single-factor variance 
analysis with confidence probability α=0.95 for the indices 
(IQI3), (IQI4), it was not detected.

Step 2. The determined empirical functions of distri-
bution of indices (IQI3), (IQI4) demonstrate the vector of 
distribution directionality. For the samples of (IQI3), (IQI4) 
estimates, the condition of normal law is supported which is 
confirmed at the level of significance α greater than 0.2 by 
the Kolmogorov-Smirnov criterion, step 3.

Step 4. The value of standard deviation S(IQI3)=0.695; 
S(IQI4)=0.618 is established.

5. 3. Proof of the advantage of indices of quality of 
interaction of subsystem elements over known integrated 
indicators

5. 3. 1. Proof of the advantage of indices of quality of 
interaction of three subsystem elements

Advantage of the indices of quality of interaction of sub-
system elements, IQI1, IQI2, Table 1, over known integrated 
indicators was proved according to the criterion of minimum 
standard deviation. The model of linear convolution (5) [24] 
was chosen as the basis of the model of known index: 

y=k1xi+k2yi+k3zi,    (5)

where k1–k3 are variables; хi, yi, zi are weight coefficients.
Variables k1–k3 of linear convolution were calculated on 

the basis of primary estimates of the subsystem elements, 
X1–X3, Table 1. Weight coefficients хi, yi, zi were chosen by a 
known enumerative technique in the coordinate plane where 
the sum of specific weights of the weight coefficients is equal 
to 1.0. Possible values of specific weights of the weight coef-
ficients are given in Table 5.

Table	5

Combinations	of	specific	weights	of	weight	coefficients	хi,	yi,	zi

i хi yi zi i хi yi zi

1 0.2 0.2 0.6 6 0.4 0.4 0.2

2 0.2 0.4 0.4 7 0.4 0.6 0

3 0.2 0.6 0.2 8 0.6 0.2 0.2

4 0.2 0.8 0 9 0.6 0.4 0

5 0.4 0.2 0.4 10 0.8 0.2 0

The combinations of specific weights of weight coeffi-
cients given in Table 5 were alternately substituted in the 
model of linear convolution. However, the fourth, seventh, 
ninth and tenth combinations of specific weights were not 

used because one of the specific weights is zero. Values of the 
indices obtained using the method of determination of linear 
convolution are shown in Table 6.

Table	6

The	series	of	indices	obtained	on	the	basis	of	initial	
estimates	of	the	subsystem	elements,	X1–X3,	and	various	

combinations	of	numerical	values	of	specific	weights

No. I1 I2 I3 I5 I6 I8

1 1 1 1 1 1 1

2 1.2 1.2 1.2 1.4 1.4 1.6

… … … … … … …

124 4.8 4.8 4.8 4.6 4.6 4.4

125 5 5 5 5 5 5

∑ 375 375 375 375 375 375

Mean-square deviation

S 0.94 0.85 0.94 0.85 0.85 0.94

As can be seen from Table 6, when values of coefficients of 
specific weight change, the index formula changes, and new 
values of index estimates are formed. The total value of the 
series of indices found using the method of linear convolution 
is the same, amounting ∑y=375. However, values of the mean-
square deviation differ for each series of indices. The smallest 
value of the mean-square deviation S=0.85 was achieved for 
indices I2, I6 when numerical specific weight values of 0.2; 0.4; 
0.4 and 0.4; 0.4; 0.2, respectively, were used. Indices I1, I3, I8 
had the greatest value of mean-square deviation at weight 
coefficients 0.2; 0.2; 0.6; 0.2; 0.6; 0.2 and 0.6; 0.2; 0.2.

It is known from the theoretical and methodological 
premise of the study that indices with minimum mean-
square deviation show more accurate results. The indices I2, 
I5, I6 had minimum mean-square deviation S=0.85. There-
fore, to compare the index calculated based on the method 
of linear convolution with the index of quality of interaction 
of subsystem elements, it is advisable to choose a series of 
values of one of the indices I2, I5, I6, Table 7.

Table	7

Comparative	analysis	of	the	known	index	calculated	by	the	
method	of	linear	convolution	and	the	proposed	indices	of	
quality	of	interaction	of	subsystems	elements	based	on	

standard	deviation

Index name
Mean-square 

deviation

The known index calculated on the basis of the 
method of linear convolution

S=0.85

The index of quality of interaction of subsystem el-
ements taking into account single, double and triple 

interaction of integrated indicators (IQI1)
S=0.82

The index of quality of interaction of subsystem ele-
ments taking into account the synergetic effect (IQI2)

S=0.073

As can be seen from Table 7, the proposed indices 
(IQI1), (IQI2) prevail (based on standard deviation) over 
the known index.

5. 3. 2. Proof of the advantage of indices of quality of 
interaction of four and five subsystem elements

Two different sets of estimates were used to prove the 
advantage of the proposed index models describing the inter-
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action of four and five subsystem elements. Initial estimates 
of X1–Х4 (625 series) were used for the index of quality of 
interaction of four subsystems (IQI3) and estimates of X1–Х5 
(3125 series) were used for five subsystems (IQI4).

The specific weight of weight coefficients for the indices 
of quality of interaction of four (IQI3) and five (IQI4) subsys-
tem elements was taken averaged.

Values of 0.1; 0.2; 0.3; 0.4; 0.5 were chosen as a basis of 
the coefficients of specific weight of the known integrated 
indicator when all possible options of their placement were 
identified. Standard deviation of the known integrated 
indicator was S=0.849 at values of weight coefficients 0,1; 
0.3; 0.1; 0.5.

Table	8

Comparative	analysis	of	the	models	of	indices	of	quality	of	
interaction	of	four	and	five	subsystem	elements	with	a	known	

integrated	indicator	based	on	standard	deviation

Index name
Mean-square 

deviation

Known index describing the interaction of four 
subsystems calculated on the basis of the meth-

od of linear convolution
S=0.849

Index of quality of interaction of four subsystem 
elements (IQI3)

S=0.695

Known index describing the interaction of five 
subsystems calculated on the basis of the linear 

convolution method 
S=0.633

Index of quality of interaction of five subsystem 
elements, (IQI4)

S=0.618

According to the results of the comparative analysis 
of indices (Table 8), there is an advantage of the proposed 
models over the known ones.

5. 4. Technology of index assessment of machine tool 
operators

A technology of index estimate was proposed. Its pur-
pose consists in estimating the indices of quality of inter-
action of subsystem elements (IQI1), (IQI2), (IQI3), (IQI4). 
The indices were measured on a five-point ordinal scale. 
Estimates of social, technical, informational, safety, and 
motivational subsystems were the initial estimates for 
starting this technology. Each index has its own features 
consisting of variables and weights which are determined 
separately. Weight coefficients of the index (IQI1) are de-
termined by the enumerative technique in the coordinate 
plane and depend on the sample size. Weight coefficients 
of indices (IQI2), (IQI3), (IQI4) are determined by the 
method of analysis of hierarchies [24] irrespective of the 
sample size. A formed table of index estimates of systems 
is the final result of determining the indices (IQI1), (IQI2), 
(IQI3), (IQI4). The block diagram of the index assessment 
is given in Fig. 3.

The diagram structure provides for 18 components (blocks).
Block 1. The input of initial estimates of Х1–Х3 and Х4, 

Х5 if any. Objective characteristics are also recorded and the 
studied samples are formed from the set of entered estimates.

Block 2. Choice of a method of calculating the quality 
of interaction of three subsystem elements, (IQI1), (IQI2), or 
quality of interaction of four or more elements, (IQI3), (IQI4).

Block 3. Choice of a method of (IQI1) or (IQI2) calcu-
lation.

Block 4. Determination of the index of quality of inter-
action of subsystem elements taking into account single, 
double and triple interaction of integrated indicators (IQI1) 
provides calculation of variables I1I, I2I, I3I and weight coef-
ficients λ1, λ2, λ3. The sum: λI=1.

Block 5. Checking objectivity of the calculated index 
(IQI1) estimates. If the calculation results satisfy the deci-
sion-maker, the calculation is considered complete. Other-
wise, go to block 3 where another sample of machine opera-
tors is selected.

Block 6. Determination of weight coefficients λi by the 
method of analysis of index hierarchies (IQI2) according to 
the formed criteria C1I, C2I, C3I…Cni, Table 9.

Table	9

Matrix	of	pairwise	comparisons	of	combinations	of	
subsystem	elements	according	to	Ci criteria

CI S1 Т2 I3 SТ4 ТI5 SI6 SТI7

S1 X11 X12 X13 X14 X15 X16 X17

Т2 X21 X22 X23 X24 X25 X26 X27

I3 X31 X32 X33 X34 X35 X36 X37

SТ4 X41 X42 X43 X44 X45 X46 X47

ТI5 X51 X52 X53 X54 X55 X56 X57

SI6 X61 X62 X63 X64 X65 X66 X67

SТI7 X71 X72 X73 X74 X75 X76 X77

The determined weight coefficients are used in the (IQI2) 
index formula. 

Block 7. Calculation of variables and the entire (IQI2) 
index formula using the values of weight coefficients deter-
mined in the previous block.

Block 8. if the obtained values are calculated objec-
tively and do not need any adjustments to the weight 
coefficients or initial estimates, go to the next Block 9, 
otherwise, go to Block 3.

Block 9. Choice of the method of calculating the quality 
of interaction of the elements of four (IQI3) or five (IQI4) 
subsystems.

Block 10. Similar to block 6, weight coefficients for the 
(IQI3) index are determined.

Block 11. Calculation of the index of quality of interac-
tion of four subsystem elements according to formula (3).

Block 12. If the calculated value of the (IQI3) index 
satisfies the decision-maker, then go to Block 11, other-
wise Block 9.

Block 13. Similarly to Blocks 6, 10, weight coefficients 
are determined for the (IQI4) index.

Block 14. The index of the quality of interaction of five 
subsystem elements is calculated according to formula (4).

Block 15. If the calculated value of the (IQI4) index sat-
isfies the decision-maker, then go to Block 16, otherwise, go 
to Block 9.

Block 16. The determined index estimates are displayed 
on the user interface.

Block 17. Enables moving to Block 18 where a report 
is generated or to Block 1 if adjustments of input estimates 
Х1–Х5 are required.

Block 18. Generation of a report on the assessment of 
machine tool operators (Table 10).

If it is necessary to make comparisons, a summary ta-
ble of all indices (IQI1), (IQI2), (IQI3), (IQI4) is generated, 
Table 11.
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Table	10

The	results	of	index	assessment	of	machine	tool	operators	
according	to	one	of	the	studied	indices

No. Complex system Level of index (IQII)

1 System 1 IQII11

2 System 2 IQII12

3 System 3 IQII13

… … …

n System n IQIIn

Thus, the reporting tables of the determined indices are 
generated in this way.

Table	11

Summary	table	of	the	results	of	index	assessment	of	
machine	operators	according	to	the	studied	indices	(IQI1),	

(IQI2),	(IQI3),	(IQI4)

No.
Complex 
system

Level of in-
dex (IQI1I)

Level of in-
dex (IQI2I)

Level of in-
dex (IQI3I)

Level of in-
dex (IQI4I)

1 System 1 IQI111 IQI211 IQI311 IQI411

2 System 2 IQI112 IQI212 IQI312 IQI412

3 System 3 IQI113 IQI213 IQI313 IQI413

… … … … … …

n System n IQI1n IQI2n IQI3n IQI4n

Fig.	3.	Block	diagram	of	the	index	assessment	algorithm
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5. 5. Experimental verification of the obtained results 
of index assessment

5. 5. 1. Preparation of software means of index as-
sessment

Experimental verification of the results obtained in 
the study involved the design and implementation of the 
proposed ideas of carrying out tests. For this purpose, the 
proposed algorithm was implemented in the php program-
ming language using the MySQL database where the quality 
of interaction of subsystem elements was assessed by index 
methods for (IQI1), (IQI2), (IQI3), (IQI4).

The software functional involves determining the spe-
cific weights of weight coefficients λI and indices according 
to the criteria Ki. For example, the following criteria were 
proposed for (IQI2) (Table 12).

The list of criteria that was formed, Table 12, is recorded 
in software means and used to determine specific weights 
of weight coefficients. The obtained values of the specific 
weight of the weight coefficients λi are given in Table 13.

Table	12

The	list	of	the	formed	study	criteria	for	determination	of	
weight	coefficients	λi	of	the	index	(IQI2)	by	the	method	of	

analysis	of	hierarchies

Criteria Criterion content

C1
Which of the subsystems, social or technical, affects the 

quality of interaction more significantly?

C2
Which of the subsystems, technical or informational, 
affects the quality of interaction more significantly?

C3
Which of the subsystems, social or informational, 

affects the quality of interaction more significantly?

C4

Is the impact of the interaction of social+technical 
subsystems more significant than the impact of each 

subsystem separately?

C5

Is the impact of the interaction of technical+informa-
tional subsystems more significant than the impact of 

each subsystem separately?

C6

Is the impact of the interaction of social+informational 
subsystems more significant than the impact of each 

subsystem separately?

C7

Is the impact of the interaction of social, technical+in-
formational subsystems more significant than the 

impact of each subsystem separately?

Table	13

Indicators	of	specific	weight	calculated	on	the	basis	of	the	
method	of	analysis	of	hierarchies	used	in	the	formula	of	the	
index	of	quality	of	interaction	of	subsystem	elements	(IQI2)

Indicator X1 X2 X3 W1 W2 W3 W4

Weight  
coefficient

λ1 λ2 λ3 λ4 λ5 λ6 λ7

Value 0.051 0.03 0.028 0.216 0.154 0.113 0.402

Thus, the following values of weight coefficients will be 
used in block 6 (Table 13). If necessary, it is possible to adjust 
criteria (Table 12) or values of the specific weight of weight co-
efficients (Table 13) at any stage of the study. Criteria for other 
indices (IQI3), (IQI4) are generated in a similar way.

5. 5. 2. Experimental verification of the proposed ap-
proach of index assessment

Experimental verification of the assessment technology 
involved the use of the model of the general set of MO-

MC-CP system, N=541, generated at the previous stage of 
study [25]. A representative sample (nd=225) of the studied 
MO-MC-CP systems was formed with a confidence proba-
bility of 95 % and a confidence interval of ±5 % [26].

In order to verify the assessment objectivity, estimates 
of X1–X5 of the MO-MC-CP systems obtained in the first 
diagnostic section of 2021 were used and seven indices were 
experimentally determined on their basis (four proposed 
software implemented (IQI1), (IQI2), (IQI3), (IQI4) and three 
known ones), Table 14.

Table	14

Experimental	verification	of	the	studied	indices	on	the	basis	
of	standard	deviation

Index name
Mean-square 

deviation

Known index calculated based on the method 
of linear convolution

S=0.947

Index of quality of interaction of subsystem 
elements taking into account single, double and 
triple interaction of integrated indicators (IQI1)

S=0.812

Index of quality of interaction of subsystem 
elements taking into account synergetic 

effect (IQI2)
S=0.271

Known index describing the interaction of 
four subsystems calculated on the basis of the 

method of linear convolution
S=0.833

Index of quality of interaction of four subsys-
tem elements (IQI3)

S=0.675

Known index describing the interaction of 
five subsystems calculated on the basis of the 

method of linear convolution
S=0.594

Index of quality of interaction of five subsys-
tem elements (IQI4)

S=0.57

The calculated indices of interaction quality, Table 14, 
and their comparative analysis on the basis of standard de-
viation experimentally prove the superiority of the proposed 
indices over the known ones. This is confirmed by the value 
of standard deviation which is minimal in the proposed indi-
ces of interaction quality (IQI1), (IQI2), (IQI3), (IQI4) in con-
trast to the known ones. Thus, the software implementation 
of the index assessment technology was tested.

6. Discussion of the results obtained in the study of the 
index assessment technology

The experimental results obtained in the study of the in-
dex of interaction quality (Table 13) indicate a significant im-
provement of efficiency of quality assessment by means of im-
proving the mathematical apparatus of index determination.

In contrast to the known indices [24], the mathematical 
apparatus of the proposed indices takes into account single, 
double and triple interaction of integrated indicators (IQI1) 
and the synergistic effect (IQI2), (IQI3), (IQI4). The study 
featured the use of four indices describing the quality of 
interaction of subsystem elements. Two indices describe the 
quality of interaction of three subsystem elements (social, 
technical, and informational). The next two indices define 
the quality of interaction of four or more subsystems (taking 
into account the safety and motivation subsystems).

Due to the use of combinatorics elements, the indices 
(IQI2), (IQI3), (IQI4) have a different maximum number 
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of theoretical combinations of estimate series: 125, 625 
and 3125. In addition, an increase in the number of subsys-
tems complicates the procedure of determining the weight 
coefficients.

In the process of checking the adequacy of the proposed 
indices on the basis of theoretical estimates, the existence of 
insignificant deviations of estimates from the study scope 
was established. This is especially true for the models that 
describe four or more subsystem elements. Therefore, when 
examining experimentally these indices, one should be more 
careful in determining the proportion of weights that pro-
vide flexibility of formulas.

Due to taking into account the synergetic effect, an 
advantage over existing approaches was revealed when de-
termining the quality of interaction of subsystem elements. 
The decrease in the mean-square deviation compared to the 
existing data is a sign of index efficiency. Due to this, there 
were almost no permanent deviations during the experi-
ments.

A software implemented technology of index assessment 
was offered. In contrast to the previous study stage [22, 23], 
the improved technology of index assessment was offered. 
It enables obtaining of four separate estimates of indices of 
interaction quality.

The use of the proposed approach only for operators of 
machining centers or NC machine tools using a five-point 
scale is a limitation of this study.

Insufficient perfection in determining the weight co-
efficients is a disadvantage of this study. In the future, the 
determination of weight coefficients can be eliminated by 
eliminating the subjective factor of personality.

Further study development involves the use of index 
estimates for decision-making on recruitment, solving the 
classification problems and forecasting.

7. Conclusions

1. The problem of improving the method of index as-
sessment was solved by mathematical analysis of variables 
taking into account single, pairwise and triple interaction of 
integrated indicators and synergetic effect for the first (IQI1) 
and other (IQI2), (IQI3), (IQI4) indices, respectively.

2. The problem of proving the adequacy of the proposed 
indices was solved by establishing the equality of group av-
erages by the method of single-factor variance analysis with 
a confidence level α=0.95 where the similarity of group aver-
ages was established. According to the Kolmogorov-Smirn-
ov criterion, normality of distribution was established where 
α was more than 0.2.

3. The issue of determining the advantage of the proposed 
technology over existing ones was solved for a theoretical 
sample based on mean-square deviation. This was achieved 
by comparing the values of mean-square deviation S(I)=0.85 
for the known index and S(IQI1)=0.82; S(IQI2)=0.073 for 
the proposed indices of quality of the relationship of three 
subsystems. Besides, compare S(I)=0.849; S(I)=0.633 for 
the known indices and S(IQI3)=0.695; S(IQI4)=0.618 for the 
proposed indices of relationship quality with four and five 
subsystem elements, respectively.

4. The proposed technology of index assessment differs 
from the existing ones by using improved indices as the method 
of assessing the quality of interaction of subsystem elements.

5. The proposed technology was experimentally veri-
fied by comparing the values of the standard deviation of 
the known indices S(I)=0.947; S(I)=0.833; S(I)=0.594 
with the proposed ones: S(IQI1)=0.812; S(IQI2)=0.271; 
S(IQI3)=0.675; S(IQI4)=0.57, respectively. This verification 
confirms the effectiveness of the proposed software which 
implements the technology of index assessment.
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