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D. GoBov

DEPENDENCIES BETWEEN REQUIREMENTS ELICITATION TECHNIQUES:
A SURVEY STUDY IN UKRAINIAN COMPANIES

The subject of research in the article is requirements elicitation practices in IT projects. The goal of the work is to define how project
context influences requirement elicitation technique selection and identify dependencies between requirement elicitation techniques.
The following tasks are solved in the article: examine the industrial standards and experience of business analysts and requirements
engineers in requirements acquisition activities, create and conduct a survey on practices in requirement elicitation activities
in IT projects, define practitioners’ preferences regarding elicitation techniques, and define how project context influences
requirement elicitation technique selection, identify dependencies between requirement elicitation techniques. The following methods

are used: a survey (N :324) was performed among business analysts and requirement engineers in Ukraine regarding their use

of requirement elicitation techniques and the context of using them. The Chi-Square test of independence and Cramer’s V effect size
measure were applied to define statistically significant dependencies between project context and elicitation techniques, as well as
dependencies between techniques. The following results were obtained: Top elicitation techniques were identified and compared
with other comprehensive studies. Twenty statistically significant associations for pairs “project context — elicitation technique"
and “elicitation technique — elicitation technique” were found (based on the p-value and Cramer’s V effect size measure).
Conclusion: It is concluded that project context influences particular elicitation technique selection in IT projects. There are also
dependencies between requirements elicitation techniques. These dependencies can guide the selection of an initial set of

techniques or adjust a set of used elicitation techniques during business analysis planning and monitoring activities.
Keywords: requirements elicitation techniques; IT project; requirements engineering; Chi-Square test; Cramer’s V.

Introduction

Business analysis is the practice of providing
opportunities for change in the context of an enterprise’s
work by identifying needs and recommending solutions
that bring value to stakeholders [1]. This discipline
broadens the requirements engineering scope and
application areas [2]. Depending on the project
methodology and solution type, there are varying
opinions on the set of business analysis tasks. Overall,
all business analysis tasks can be grouped into six
knowledge areas: Business Analysis Planning, Elicitation,
Requirements Life Cycle Management, Strategy
Analysis, Requirements Analysis and Design Definition,
and Solution Evaluation [3]. Whereas the business
analysis laid the groundwork for all future development
and testing activities, the elicitation provides the baseline
for subsequent requirements analysis, specification and
modeling, verification and validation, prioritization,
maintenance, monitoring [4], etc. Therefore, failure in the
requirements acquisition leads to significant issues with
project outcomes. According to [5], 39% of respondents
identified errors in the requirements gathering phase as
one of the most influential factors that caused software
projects’ failure. Elicitation is not an isolated act.
Information is collected while performing any task involving

interaction with stakeholders and while the business
analyst analyzes existing data. Elicitation may trigger
additional elicitation for details to fill in gaps or increase
understanding. Elicitation activities can be divided into
three tasks: prepare for elicitation, conduct elicitation,
and confirm elicitation results [6]. During the preparation,
the scope of the elicitation should be understood, and
an appropriate set of elicitation techniques selected.
Choosing the proper techniques and ensuring that each
technique is carried out correctly is extremely important for
the elicitation activity’s success. Best practices and
recommendations in the field of elicitation techniques
are defined by international standards [5], industrial
bodies of knowledge [1], [7], [8], and international
empirical studies [9], [10].

Many elicitation techniques have proven themselves
in practice and are recommended in the abovementioned
sources. Each has advantages and limitations and
requires stakeholders’ involvement or availability of
study materials. As a part of the business analysis
approach and business analysis activities plan, a business
analyst must decide which techniques best suit
a particular project. Usually, multiple methods are used
for elicitation. A decision about the set of techniques
depends on time and cost constraints, the types of
business analysis information sources, their accessibility,

© D. Gobov, 2022
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the company’s culture, and the desired outcomes [1].
If elicitation is built based on the collaborative approach
to the stakeholders’ needs, their availability and location
must be considered.

This study was conducted to analyze the current
preferences of business analysts and requirement
engineers regarding selecting elicitation techniques for
software development projects. We also wanted to define
the attributes of project contexts that influence the
probability of choosing a specific elicitation technique.
We studied the experience of practicing specialists
from Ukrainian and international companies using
a questionnaire, experts’ judgment, and simple statistical
analysis in conjunction with the Chi-Square test.

The paper is the extension and continuation of
a paper [11] originally published in the Proceedings
of the Federated Conference on Computer Science and
Information Systems 2020. Research findings have been
expanded by the result of the "technique-technique™
pairs analysis and more detailed statistical analysis.
The association nature’s interpretation was performed
for statistically significant dependencies based on the
Standardized Pearson Residual values. The Chi-Square
based measure of the effect size — Cramer’s V — was used
to define the strength of the found associations.

This article is organized as follows. Section Il
includes a review of related works describing elicitation
activities and technique selection. Section Il is devoted
to the survey results, and section VI includes the result of
statistical analysis. Section V concludes the paper with
a discussion of the findings of our study and future work.

Related works

Most related works focus on analyzing elicitation
activities and elicitation techniques in particular.
Dieste and Juristo [12] performed a systematic review
on requirements elicitation techniques based on
26 empirical studies published until 2005. They aggregated
the results in terms of five guidelines for RE
practitioners. Wong et al. [13] performed a systematic
review on software requirement elicitation activities
based on 35 articles. They defined that most contributions
were focused on the "ldentify Requirements” activity
(91%). Still, other activities are poorly covered: "Acquire
knowledge" (17%), "ldentify sources" (4%), "Defining
technique" (9%), "Document" (9%) and "Refine
requirements” (4%). Pacheco and Garcia [14] performed
a systematic review of stakeholder identification
during requirements elicitation based on 47 primary

studies dated 1984 to 2011. They found that identified
approaches cannot cover all aspects of stakeholder
identification during requirements elicitation. In [15],
authors noticed a need to replicate studies in different
contexts wherein existing requirement engineers’
interventions were evaluated and implemented in
practice. It confirms that most case studies involve
practitioners as participants; there is a need to work
more closely with practitioners. Several studies assess
the effectiveness of elicitation techniques in the context
of a particular project. Hafsa et al. [16] performed
a systematic study on elicitation techniques in a mobile
application development project. Based on the analysis
of 36 selected articles, 22 requirement gathering methods
and eight categories of requirement gathering challenges
for mobile applications were identified. In [17] authors
defined several factors that can influence elicitation
technique selection. This study selected five practitioners
as informants from Yemen’s companies and government
agencies. Dieste and Juristo [18] proposed a framework
to help requirements engineers select adequate elicitation
techniques. The set of attributes is relevant to the
elicitation process’s context and influences the selection
of one or other techniques that were discovered.
Two groups of students were involved in the experiment.
Practitioners did not take part in the experiment.
The author noticed that their results were not
generalizable and should be checked with larger
samples. Wong and Mauricio [19] defined a set of factors
that influenced each activity of the requirements
elicitation process and, consequently, the quality:
learning capacity, negotiation capacity, permanent staff,
perceived utility, confidence, stress, and semi-
autonomous. An empirical study was carried out
on 182 respondents from software development
companies in Peru. The empirical studies’ main
restrictions are the limited number of participants and
low practitioners’ involvement. Last year’s dispersed
team and outsourcing/outstaffing services model has
become a rule rather than an exception. There is a series
of studies devoted to the use of machine learning methods
to select the optimal set of detection techniques [20],
[21], [22]. The main limitation of these studies is
a training sample, which may lose its relevance.

The following sources were used for the elicitation
technique long list creation: "A Guide to the Business
Analysis Body of Knowledge" (BABOK) from the
International Institute of Business Analysis (IIBA),
"The PMI Guide to Business Analysis" from the Project
Management Institute (PMI), a study guide from the
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International Requirement Engineering Board (IREB)
"Requirements engineering fundamentals” and book
"Business Analysis" from British Computer Society (BCS).
The analysis of the contents of these sources gives us a
set of 13 requirements elicitation: Benchmarking,
Brainstorming, Business rules analysis, Collaborative
games, Data mining, Document analysis, Interface
analysis, Interview, Observation, Process analysis,
Prototyping, Questionnaires or Survey, Workshop.

Based on feedback received from business analyst
experts during survey review sessions and survey
structure from [10], the following techniques were added:

e Design thinking / Lean startup [23].

e Reuse database and guidelines (as a subset of
document analysis).

e Stakeholders list, map, or personas.

Survey study

A. Research questions

The primary research objective was to identify
factors that influence elicitation techniques in IT projects.
The first research question (RQ) makes the research
objective explicit.

RQ1: Which elicitation techniques do practitioners
use in their IT projects?

The answer of this RQ provides information about
what specific elicitation techniques are used by
practitioners. It allows to compare technique popularity
in comparison with other researches result.

RQ2: Does the context of the IT project influence
the choice of requirements elicitation techniques?

This RQ is aimed at defining factors that have to be
taken into account during forming the start set of
elicitation techniques in IT projects.

RQ3: Are there dependencies between elicitation
techniques in IT projects?

The answer of this RQ allows us to form
recommendation regarding tailoring a set of elicitation
techniques for projects where start set of techniques
has been already formed.

Questionnaire Design

The literature review has shown that many kinds
of research have been conducted to identify common
patterns and problems in IT business analysis and
requirements elicitation. However, after studying the

existing questionnaires developed for international
surveys, we realized the necessity of adjusting them to
Ukrainian IT companies’ specifics. It was decided to take
the questions’ basis from the NaPIRE initiative [9], [10]
and rework it concerning mentioned above sources
such as [1], [6], [7], [8]. Survey items were carefully
written using the business analysis vocabulary, mostly
from BABOK. The questionnaire’s types of questions
are open-ended, closed-ended (multiple and single
choices), and Likert scale. Details regarding survey
structure and target group are provided in [11].
The overall number of survey participants is 328.
Four participants were filtered out because they were not
involved in elicitation activities and were not in this
research’s target group. English and Ukrainian languages
were used for questionnaires. The questionnaire was
created using Google forms and links to it. It was shared
in the local Business Analysis communities, professional
and social networks, and via personal contacts in TOP 10
Ukrainian IT companies. The answers were collected
in one month. After that, data were merged and coded
for further analysis. The dataset of the survey results
is published in the Mendeley Data repository [24].

B. Survey Results.

The most used elicitation techniques are shown
in fig. 1. Participants were allowed to select multiple
techniques.

Regardless of the context in which the Ukrainian
business analyst is working, we may see the following
most popular elicitation techniques:

e Interview (87.35%)

e Document analysis (85.49%)

e Interface analysis (71.3%)

e Brainstorming (69.44%)

e Prototyping (66.36%)

e Process analysis/Process modeling (66.36%)

The rare techniques are Collaborative games (1.25%)
and Design thinking (13.89%).

In the table 1 we compared our results with the
NaPiRE study, namely, their top 5 elicitation techniques
versus ours. In general, the list of techniques in [8]
was adopted from SWEBOK [25]. The results of NaPiRE
surveys indicate that the most frequently used techniques
are interviews (167 respondents or 73% of the respondents)
and facilitated meetings (153 /67 %), closely followed
by prototyping (132 /58 %) and scenarios (93 /41 %).
Observations were only quoted 62 times (29%).
Additional answers for "others” included "Created
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personas and presented them to our stakeholders",
"Questionnaires" / "Surveys"”, "Analysis of existing
system" and "It depends on the client” [12].

Our survey results demonstrate a slight difference
from the NaPiRE study regarding the popularity of
elicitation techniques. The sample size and uniformity

350
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could explain it, i.e., the number of respondents
in our study is more significant. It is worth mentioning
that the list of proposed elicitation techniques in our
study is not limited to SWEBoK only but refers to
international standards [6] and industrial bodies
of knowledge [1], [7], [8].
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Fig. 1. Elicitation techniques popularity

Table 1. Survey-based comparison of top elicitation techniques

Elicitation technique Gobov, Huchenko (2020) Popularity Wagner et al. (2019)
Interview 283 respondents or 87.35% 167 respondents or 73%
Document analysis 277 respondents or 85.49% 2 -

Interface analysis 231 respondents or 71.3% 3 -

Brainstorming 225 respondents or 69.44% 4 -

Prototyping 215 respondents or 66.36% 5 132 respondents or 58%

Workshop and focus group 102 respondents or 31.48% 10 153 respondents or 67%

Scenarios - - 93 respondents or 41%

Observation 127 respondents or 39.19% 8 62 respondents or 29%
Survey Results. Elicitation Techniques association  between techniques was developed.

Usage Analysis with Chi-Square and Cramer’s V

The questionnaire results analysis checked each
"background factor-elicitation technique" and "technique-

technique"
test of independence,

pair for the association. The Chi-Square
commonly used for testing

relationships between categorical variables, was applied
to examine the differences within a single dependent
sample (population). A set of hypotheses about the

An example of the null and alternative hypothesis is:

HO: There is no association between technique A
and elicitation technique B usage.

H1: There is an association between technique A
and elicitation technique B usage.

After calculating P-Value, which should be less
than 0.05 considering a 0.95 confidence level, the
conclusion about statistical significance was made for
the technique — technique pairs.
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While the Chi-Square test is advantageous for testing
a relationship, it has several weak points. One of the
difficulties with the test is that it does not indicate the
nature of the relationship. It is impossible to determine
how one variable changes as the values of the other
variable change. The only way to do this is to carefully
assess the table to ascertain the relationship between the
two variables. Standardized Pearson Residual (further SPR)
was used to identify those specific cells that contributed
most significantly to the Chi-square test results.
According to [26], a cell-by-cell comparison of observed
and estimated expected frequencies is used to assess the
evidence’s nature. SPR having an absolute value that
exceeds +/— 2 when there are few cells or +/— 3 when
there are many cells indicates a lack of fit of HO in that cell:

e If the residual is less than —2 or -3, respectively,
the observed frequency is less than the expected frequency.

o If the residual is greater than 2 or 3, respectively, the
observed frequency is greater than the expected frequency.

Considering mentioned above, SPRs were used to
interpret the identified dependencies for project factor —
elicitation technique pairs defined in [11] and elicitation
technique — elicitation technique pairs.

The second issue with the Chi-Square independence
test is that the chi-square statistics” value may vary based
on the number of cells in the table. It may be misleading
to compare the chi-square statistics for two tables of
entirely different dimensions (i.e., different numbers
of rows and columns in the table). Cramer’s V —
Chi-square based association measure — was used to
adjust the Chi-Square test results and consider
differences in table size. Different sources give a different
interpretations of Cramer’s V value [27], [28].

As we used the IBM SPSS tool [28] for analysis,
we refer to their stricter definition of effect size, namely:

V <£0.2 — week association.

0.2 <V £0.6 — moderate association.

V > 0.6 — strong association.

SPR and Cramer’s V were also used to adjust the
Chi-Square test results for associations between project
factors and techniques usage defined in [11].

The associations’ analysis is presented below
but only for some techniques where the effect size is
at least more than 0.25.

C. Benchmarking

Twelve statistically significant associations have
been found for benchmarking. Three of them are "project
factor-technique”, and nine are "technique-technique".

e "Project Category — Benchmarking": p-value=0.011,
Cramer’s V = 0.186. Benchmarking is used more
frequently in greenfield engineering projects (SPR=2.9)
and less frequently in product/platform customization
projects (SPR=-2.4). SPRs for user interface engineering
and reengineering projects are 0.6 and —1.4, respectively.

e "Experiment — Benchmarking”: p-value=0,
Cramer’s V = 0.209. Benchmarking is more frequently
used if experiment elicitation sources are used (SPR=3.8)
and less frequently used in the contrary case (SPR =-3.8).

e "Research —  Benchmarking™:  p-value=0,
Cramer’s V = 0.274. Benchmarking is more frequently
used if research elicitation sources are used (SPR=4.9)
and less frequently used in the contrary case (SPR=-4.9).

e Benchmarking is more frequently used if the
following techniques are used as well: Brainstorming
(SPR=2.2), Business rule analysis (SPR=2.3), Interface
analysis (SPR=2.4), Observations (SPR=4.1), Process
analysis (SPR=3.1), Prototyping (SPR=3.9), Stakeholders
list, map, or Personas (SPR=4.7), Survey (SPR=4.7),
Workshop (SPR=2.9).

D. Business rules analysis

Thirteen statistically significant associations have
been found for Business rule analysis. Four of them
are "project factor-technique”, and nine are "technique-
technique”.

e "Company size — Business rule analysis™:
p-value=0.014, Cramer’s V = 0.162. Brainstorming
is more frequently used in companies with over
1500 specialists (SPR=2.4) and less frequently used
in companies with up to 200 specialists (SPR= -2.8).
SPR for a company with 201-1500 specialists is 0.2.

e "Project Category — Business rule analysis™:
p-value=0.024, Cramer’s V = 0.171. Business rule
analysis is more frequently used in greenfield
engineering projects (SPR=1.7) and less frequently used
in product/platform customization projects (SPR= -3).
SPRs for user interface engineering and reengineering
projects are 0.7 and 0.4, respectively.

e "Experiment —  Business rule  analysis":
p-value=0.001, Cramer’s V = 0.177. Business rule
analysis is more frequently used if experiment elicitation
sources are used (SPR=3.2) and less frequently used
in the contrary case (SPR =-3.2).

e "Research — Business rule analysis": p-value=0,
Cramer’s V = 0.246. Business rule analysis is more frequently
used if research elicitation sources are used (SPR=4.4)
and less frequently used in the contrary case (SPR= —4.4).
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e Business rule analysis is more frequently used if
the following techniques are used as well: Benchmarking
and Market analysis (SPR=2.3), Data mining (SPR=2.1),
Document analysis (SPR=2.1), Interface analysis
(SPR=2.8), Observations (SPR=2.3), Process analysis
(SPR=4.5), Prototyping (SPR=2.4), Stakeholders list,
map, and Personas (SPR=3.6), Workshop (SPR=5.4).

E. Collaboration games

Two statistically significant associations have
been found:

e "Industrial Sector — Collaboration games":
p-value=0.001, Cramer’s V = 0.404.
e "Design Thinking - Collaboration games™:

p-value=0.01, Cramer’s V = 0.143.
Unfortunately, too many cells (70% and 25%,
respectively) have an expected count of less than 5.

F. Design thinking

Ten statistically significant associations have been
found for Design thinking. Two of them are "project
factor-technique”, and eight are "technique-technique".

e"Way of working — Design thinking":
p-value=0.001, Cramer’s V = 0.201. Design thinking
is more frequently used in agile (SPR=3.5) and less
frequently used in hybrid projects (SPR= -3.2). SPR
for a plan-driven project is 0.2.

e "Experiment — Design thinking": p-value=0.007,
Cramer’s V = 0.149. Design thinking is more
frequently used if experiment elicitation sources are
used (SPR=2.7) and less frequently used in the contrary
case (SPR =-2.7).

e Design thinking is more frequently used if
the following techniques are wused as well:
Brainstorming  (SPR=3.1),  Collaboration = games
(SPR=2.4), Interface analysis (SPR=2.1), Prototyping
(SPR=2.8), Reuse database (SPR=2.5), Stakeholders
list, map, and Personas (SPR=4.8), Survey (SPR=2.6),
Workshop (SPR=3.4).

G. Document analysis

Nine statistically significant associations have been
found for Document analysis. Two of them are "project
factor-technique™, and seven are "technique-technique”.

e "Industrial sector — Document analysis":
p-value=0.006, Cramer’s V = 0.372. Unfortunately,
64% of cells have an expected count of less than 5.

e "Research — Document analysis™: p-value=0,
Cramer’s V = 0.241. Document analysis is more
frequently used if experiment elicitation sources are
used (SPR=4.3) and less frequently used in the contrary
case (SPR =-4.3).

e Document analysis is more frequently used if the
following techniques are used as well: Business rules

analysis (SPR = 2.1), Interface analysis (SPR = 4.4),
Interviews (SPR = 3.3), Process analysis (SPR = 4.1),
Prototyping (SPR = 2.1), Reuse database (SPR = 3.2),

Workshop (SPR = 2.6).
H. Interview

Eleven statistically significant associations have
been found for the Interview. Two of them are "project
factor-technique”, and nine are "technique-technique”.

e "System  service class -  Interview":
p-value=0.015, Cramer’s V = 0.18. Unfortunately,
50% of cells have an expected count of less than 5.

e "Experiment - Interview"™: p-value=0,
Cramer’s V =0.182.

e The interview is more frequently used by
specialists with experience between 5 and 10 vyears
(SPR=2.1) and less frequently used by specialists with
experience up to 3 years (SPR = -2.2).

e Interview is more frequently used if the following
techniques are used as well: Brainstorming (SPR=2.7),
Document analysis (SPR=3.3), Observations (SPR=2.8),
Process analysis (SPR=3.3), Prototyping (SPR=4.7),
Reuse database (SPR=2), Stakeholders list, map, and
Personas (SPR=2.7), Survey (SPR=2.7), Workshop
(SPR=2.1).

I. Process analysis

Sixteen statistically significant associations have
been found for Process analysis. Six of them are "project
factor-technique", and ten are "technique-technique".

e "Company type —  Process analysis™:
p-value=0.005, Cramer’s V = 0.198. Process analysis is
more frequently used in Non-IT, In-house development
(SPR=3.1) and less frequently in outstaff companies
(SPR = -2.3). SPRs for IT Outsource and IT product
companies are —0.6 and 0, respectively.

e "Experience — Process analysis": p-value=0.014,
Cramer’s V = 0.181. Process analysis is less frequently
used by specialists with experience up to 3 years
(SPR= -3.1). SPRs for 3-5 years, 5-10 years, and over
ten years are 1.8, 1.6, and 0.1, respectively.




Cyuachuil cman HayKogux 00CIIONCeHy ma MexHono2itl 8 npomuciogocmi. 2022. Ne 3 (21)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

e "Project  Category —  Process  analysis":
p-value=0.001, Cramer’s V = 0.227. Process analysis is
more frequently used in greenfield engineering projects
(SPR=3.7) and less frequently used in product/platform
customization projects (SPR= -2.4) and user interface
engineering projects (SPR=-2.3). SPR for reengineering
projects is —0.6.

e "Experiment — Process analysis": p-value=0,
Cramer’s V = 0.202. Process analysis is more frequently
used if experiment elicitation sources are used
(SPR=3.6) and less frequently used in the contrary
case (SPR =-3.6).

e "Research — Process analysis™: p-value=0,
Cramer’s V = 0.256. Process analysis is more frequently
used if research elicitation sources are used (SPR=4.6)
and less frequently used in the contrary case (SPR= —4.6).

e "Elicitation responsibility — Process analysis":
p-value=0.013, Cramer’s V = 0.164. Process analysis is
more frequently used if the business analyst/requirement
engineer has the primary responsibility for the solution
requirements (FRs/NFRs) elicitation (SPR=2.6) and less
frequently used if nor business analyst/requirement
engineer nor Product Owner/Business analyst have the
primary responsibility (SPR= -2.3). SPR for the case
"Product  owner/Business analyst has  primary
responsibility for the solution requirements (FRS/NFRS)
elicitation” =-0.9.

e Process analysis is more frequently used if
the following techniques are used as well: Benchmarking
and Market analysis (SPR=3.1), Business rules analysis
(SPR=4.5), Document analysis (SPR=4.1), Interface
analysis (SPR=2.8), Interviews (SPR=3.3), Observations
(SPR=3.3), Prototyping (SPR=2.1), Reuse database
(SPR=3.1), Stakeholders list, map, and Personas
(SPR=2.8), Survey (SPR=3).

J. Prototyping

Sixteen statistically significant associations have
been found for Prototyping. Four of them are "project
factor-technique”, and twelve are "technique-technique”.

e "Experience — Prototyping": p-value=0.005,
Cramer’s V = 0.2. Prototyping is less frequently used by
specialists with experience up to 3 years (SPR= -3.6).
SPRs for 3-5 years, 5-10 years, and over 10 years
are 1.6, 1.3, and 1.3, respectively.

e "Experiment —  Prototyping”™:  p-value=0,
Cramer’s V = 0.294. Prototyping is more frequently used
if experiment elicitation sources are used (SPR=2.2) and
less frequently used in the contrary case (SPR =-2.2).

e "Research -  Prototyping™:  p-value=0.03,
Cramer’s V = 0.121. Prototyping is more frequently
if research elicitation sources are used (SPR=2.2) and
less frequently used in the contrary case (SPR=-2.2).

e "Elicitation  responsibility = —  Prototyping™:
p-value=0.008, Cramer’s V = 0.171. Prototyping is more
frequently used if the business analyst/requirement
engineer has the primary responsibility for the
solution requirements (FRS/NFRs) elicitation (SPR=2.6)
and less frequently used if neither the business
analyst/requirement engineer nor Product
Owner/Business analyst have the primary responsibility
(SPR= -2.6). SPR for the case "Product owner/Business
analyst has primary responsibility for the solution
requirements (FRs/NFRs) elicitation™ = -0.6.

e Prototyping is more frequently used if the
following techniques are used as well: Benchmarking and
Market analysis (SPR=3.9), Brainstorming (SPR=3.5),
Business rules analysis (SPR=2.4), Design thinking
(SPR=2.8), Document analysis (SPR=2.8), Interface
analysis (SPR=3.6), Interviews (SPR=4.7), Observations
(SPR=3.1), Process analysis (SPR=2.1), Stakeholders list,
map, and Personas (SPR=4.1), Survey (SPR=2),
Workshop (SPR=4.1).

K. Stakeholders list, map, and Personas

Sixteen statistically significant associations have
been found for the Stakeholders list, map, and personas.
Four of them are "project factor-technique"”, and twelve
are "technique-technique".

e "Company size — Stakeholders list, map, and
personas”: p-value=0.017, Cramer’s V = 0.158.
Techniques are more frequently used in companies with
over 1500 specialists (SPR=2.8) and less frequently
in companies with up to 200 specialists (SPR= -2.1).
SPR for a company with 201-1500 specialists is —1.2.

e "Team distribution — Stakeholders list, map, and
personas”: p-value=0.019, Cramer’s V = 0.131.
Techniques are more frequently used in distributed
teams (SPR=2.4) and less frequently used in co-located
teams (SPR=-2.4).

e "Experiment — Stakeholders list, map, and
personas": p-value=0.005, Cramer’s V = 0.157.
Techniques are more frequently used if experiment
elicitation sources are used (SPR=2.8) and less frequently
in the contrary case (SPR =-2.8).

e "Research — Stakeholders list, map, and
personas": p-value=0, Cramer’s V = 0.212. Stakeholders
list, map, and personas are more frequently used
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if research elicitation sources are used (SPR=2.2) and
less frequently used in the contrary case (SPR=-2.2).

e Stakeholders list, map, and Personas are more
frequently used if the following techniques are used
as well: Benchmarking and Market analysis (SPR=4.7),
Brainstorming (SPR=2.3), Business rule analysis (SPR=3.6),
Data Mining (SPR=3.1), Design Thinking (SPR=3.6),
Interviews (SPR=2.7), Observations (SPR=3.1), Process
Analysis (SPR=2.8), Prototyping (SPR=4.1), Reuse
Database (SPR=3).

L. Survey

Thirteen statistically significant associations have
been found for Survey. Four of them are «project factor-
technique», and nine are «technique-techniquey.

e "Project Category — Survey": p-value=0.015,
Cramer’s V = 0.179. A survey is more frequently used in
greenfield engineering projects (SPR=2.6). SPRs for
user interface engineering projects, reengineering
projects, and product/platform customization projects
are 1.5, 0.6, and —1.6, respectively.

e "Experiment —  Survey"™:  p-value=0.024,
Cramer’s V = 0.125. The survey is more frequently used
if experiment elicitation sources are used (SPR=2.3)
and less frequently in the contrary case (SPR = -2.3).

e "Research - Survey": p-value=0.001,
Cramer’s V = 0.188. The survey is more frequently used
if research elicitation sources are used (SPR=3.4) and
less frequently used in the contrary case (SPR=-3.4).

e Survey is more frequently used if the following
techniques are used as well: Benchmarking and Market
analysis (SPR=4.7), Brainstorming (SPR=2), Design
thinking (SPR=2.6), Interviews (SPR=2.7), Observations
(SPR=3.2), Process analysis (SPR=3), Prototyping
(SPR=2), Stakeholders list, map, and Personas (SPR=3),
Workshop (SPR=2.7), Reuse Database (SPR=3).

M. Workshop and Focus group

Fifteen statistically significant associations have
been found for the Workshop and Focus group. Five
of them are "project factor-technique”, and ten are
"technique-technique".

e "Company size — Workshop and focus group":
p-value=0.005, Cramer’s V = 0.181. Workshop and focus
group is more frequently used in companies with over
1500 specialists (SPR=3.1) and less frequently used
in companies with up to 200 specialists (SPR= -2.7).
SPR for a company with 201-1500 specialists is —0.9.

e "Team distribution — Workshop and focus group™:
p-value=0.019, Cramer’s V = 0.156. Workshop and focus
group are more frequently used in distributed teams
(SPR=2.8) and less frequently in co-located teams
(SPR=-2.8).

e "Experience — Workshop and focus group™:
p-value=0, Cramer’s V = 0.265. Workshop and focus
group are more frequently used by specialists with
experience over 10 years (SPR=2.9) and less frequently
used by specialists with experience up to 3 years
(SPR= —4.4). SPRs for 3-5 years and 5-10 years
are 0.6 and 1.9, respectively.

e "Experiment — Workshop and focus group™:
p-value=0.004, Cramer’s V = 0.158. Workshop and focus
group are more frequently used if experiment elicitation
sources are used (SPR=2.8) and less frequently used in
the contrary case (SPR =-2.8).

e "Research — Workshop and focus group™:
p-value=0.038, Cramer’s V = 0.115. Workshop and
Focus groups are more frequently used if research
elicitation sources are used (SPR=2.1) and less frequently
used in the contrary case (SPR=-2.1).

e \Workshop and focus group are more frequently
used if the following techniques are used as well:
Benchmarking and Market analysis (SPR=2.9),
Brainstorming (SPR=3.9), Business rules analysis
(SPR=5.4), Design thinking (SPR=3.4), Document
analysis (SPR=2.6), Interface analysis (SPR=2.2),
Interviews (SPR=2.1), Prototyping (SPR=4.1), Stakeholders
list, map, and Personas (SPR=5.6), Survey (SPR=2.7).

Conclusion

A survey study has been undertaken to analyze
the current state and requirements elicitation techniques
in different software project contexts. The survey
structure was built based on the worldwide known
industrial standards. Attributes of project context were
established to analyze their influence on the requirement
elicitation techniques selection. The survey was
conducted among practitioners from Ukrainian IT and
non-IT companies, 328 specialists (mainly business
analysts and product owners) took part in it. The most
used elicitation techniques were identified and compared
with top techniques from the NaPiRE study [10]. Further
analysis was conducted based on the Chi-Square test of
independence to examine the "project context-elicitation
technique” dependencies and possible “technique-
technique” associations. One hundred seventy-nine
statistically significant associations were found (based
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on the p-value). This result was adjusted using the SPR

value for the dependency interpretation and Cramer’s V

effect size measure to define the strength of association.
The pairs for which moderate association has been

found are shown in fig. 2 in yellow (0.25<V <0.3) and

green (O.SSV <0.6) colors. No strong associations

have been found.

These dependencies can guide the selection of
supportive techniques or adjust a set of core elicitation
techniques.

Our study had several limitations. The list of
techniques included in the survey is not exhaustive,
and elicitation techniques may be applied alternatively
or in conjunction with other techniques. Due to
specific project context, business analysts are encouraged
to modify techniques or create new ones. The survey

result gathering was done via a google survey engine
and was intended to be anonymous (requiring personal
data is problematic on legal and ethical grounds).
Therefore, we cannot prove that respondents provided
accurate information about the project context and
used elicitation techniques. Considering that the survey
was limited to one country only, its results cannot be
extrapolated to the worldwide software industry
(even though the IT industry in Ukraine is integrated
into international environments, especially outsourcing
and outstaffing companies, whose employees were
the majority of respondents (65%). Several directions
for future research can be considered. Other business
analysis’ tasks can be analyzed to define dependencies
and recommendations regarding selection techniques
for requirement specification and modeling, validation,
and verification.
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JAJIE2KHOCTI MIK TEXHIKAMU BUABJIEHHSA BUMOTI™:
OI'JISITOBE JOCJIIXKEHHSA B YKPATHCHbKUX KOMITAHISAX

IIpeameroM noCHiIKeHHS B CTaTTi € NPAKTHKU BUsBICHHA BUMOr y IT-mpoektax. Mera po0OTH — BU3HAYUTH, K KOHTEKCT
MPOEKTY BIUIMBAE Ha BHOIp TEXHIK BHUSBICHHS BUMOT, & TAKOXK BH3HAYHMTH 3AJISKHOCTI MK TE€XHIKaMH BHSBJIECHHS BUMOT. Y poOOTi
BUPILIYIOThCS TaKi 3aBAAHHSI: BHBUYCHHS Tally3eBUX CTaHAApPTIB 1 JOCBiMy Oi3HEC-aHANITHKIB Ta iH)KCHEPIB 3 BHMOT Y IisUTBHOCTI
II0ZI0 BU3HAuYeHHs BUMOT y IT-Npo€eKTax; CTBOPEHHS Ta MPOBEACHHS ONMTYBAHHS 3 NPAKTUK BUsBJICHHS BUMoOr y IT-mpoekrax;
BU3HAYEHHS BIONOOAHHS (haxiBHIB-IPaKTHKIB IIOJ0 TEXHIK BHSABICHHS Ta 3’CyBaHHS], SK KOHTEKCT HPOEKTY BIUIMBAE HA BHOIp
TEXHIK BUSBJICHHS BHMOT; BH3HAQUCHHS 3aJICKHOCTI MDK TEXHIKaMH BHSBJICHHS BHUMOT. BHKOpPHCTOBYBAIHMCh Taki MeTOIM:

OTIUTYBaHHS (N :324) Oi3Hec-aHANITUKIB Ta IH)KEHEpIiB 3 BUMOI, IO MPALIOITh B YKpaiHH, IOJO BUKOPHCTAHHS HHUMH

TEXHIK BHSABIECHHS BHUMOI Ta KOHTEKCTY iXHBOTO 3acToCyBaHHs. sl BU3HAYEHHS CTaTHUCTHYHO 3HAYYNIMX 3aJIEXHOCTEH MK
KOHTEKCTOM MPOEKTY Ta TEXHIKAMH BUSBICHHS, a TAaKOX 3aJISKHOCTEH MiX TEXHIKAMH BHSBIICHHS 3aCTOCOBYBAIUCS KpUTEpiit
HE3aJIe)KHOCTI Xi-KBajpar Ta KpuTepii po3mipy V-edekry Kpamepa. Bymu orpumani Taki pe3yJbTaTH: BU3HAYEHO HANUTIOMYJIAPHILIL
TEXHIKA BHUSBIEHHS BHMOT, IPOBEICHO MOPIBHSHHA LUX pe3yJbTaTiB 3 IHIIUMH BCEOIYHMMH HOCHIIKCHHSAMH, BHIBICHO
20 cTaTHCTHYHO 3HAYYIIMX AacOIialiif ms map "KOHTEKCT HPOEKTy — TeXHiKa BUABIEHHA' Ta "TeXHIKa BHUSBICHHS — TEXHIKa
BUSBJICHHS" (Ha OCHOBI p-3Ha4YeHHS Ta MipHu po3mipy V-epekty Kpamepa). BuCHOBOK: Ui HU3KH TE€XHIK BUSIBICHHS BUMOT KOHTEKCT
MPOEKTY ICTOTHO BIUIMBAE Ha iXHE BUKOPHCTAHHS Ul OTpUMaHHs iHpopMmanii B mpoueci [T-npoekTiB. Takoxk iCHYIOTh CTAaTUCTUYHO
3HAYYIIl 3aIeXKHOCTI MK TEXHIKaMHU BHSBJICHHS BEMOT. Lli 3aeXHOCTI MOXYTh OyTH 3aCTOCOBaHi Ui ()OPMYBaHHS II0YaTKOBOTO
HaOOpy TEXHIKH BHSBICHHSA a00 3MiHM Ha0Opy BHUKOPHCTOBYBAHMX TEXHIK BHUSBICHHA IIiJl 4Yac IUIAaHYBaHHS W MOHITOPHHTY
e(heKTHBHOCTI pOOiT 3 Oi3HEC-aHATI3Y.
Konrouosi cioBa: TexHiky BusBineHHs BUMoT; [ T-ipoekTH; imKeHepis BUMOT; KpHuTepiil Xi-kBaapat; V Kpamepa.

3ABUCUMOCTHU MEXJIY TEXHUKAMMY BBISIBJIEHUS TPEBOBAHUMN:
OB30PHOE NCCJIEJOBAHUE B YKPAUHCKHUX KOMITAHUAX

IIpeqMeToM mcCleOBaHUS B CTaThe SBISIOTCS MPAKTUKU BBIABICHUS TpeOoBaHui B |T-mpoekrax. Ileas paGoTsl — ompenenuTs,
KaKk KOHTEKCT MPOEKTa BIMAET HAa BBIOOP TEXHUK BBIABICHHS TpeOOBaHMII, W OOHAPYKUTh 3aBHCHMOCTH MEXTYy TEXHHUKaMHU
BBIIBJICHMST TpeOoBaHM. B paboTe pemarorcs ciemyronye 3agadd: U3yIUTh OTPACIEBBIE CTAHAAPTHI M ONBIT OM3HEC-aHATUTHKOB
U WH)XEHEPOB 10 TPeOOBaHMAM B JEATEIBHOCTH MO cOopy TpeboBanmii B IT-mpoekTax; co3laTe M IMIPOBECTH OMPOC IO NMPAKTHKAM
BBISIBIIEHMST TpeOoBaHmii B |T-mpoekTax; OmpenenuTh MPEANOYTEHUs] NPAKTHUKYIOIUX CIEIHAINCTOB B OTHOIICHHH TEXHHK
BBIIBJICHHSI U ONPENENNTh, KaK KOHTEKCT MPOEKTa BIMSET Ha BHIOOP TEXHHWKU BBISBICHHS TPeOOBAHWIL; ONpPENEIUTh 3aBUCHMOCTH

MEXIy TEXHHKaMH BBUIBICHUS TpeOoBaHMi. Vcmonb3yloTcsi credyiolie MeTOABI: OIpoC (N=324) OW3HEC-aHAIUTUKOB

U WHXCHEPOB MO TpeOOBaHHSAM B YKpaWHE OTHOCHUTEIHHO HCIOJb30BAaHHS WUMH TEXHHK BBISBICHHS TPEOOBAaHUN M KOHTEKCTa
WX WCIONB30BaHUA. NSl ompeneneHHs CTaTUCTUYECKH 3HAYMMBIX 3aBHCHMOCTEH MEXIy KOHTEKCTOM IPOEKTa M TEXHUKaAMHU
BBISIBJICHUSI, @ TAKXKE 3aBUCHMOCTEH MEXAy TEXHHKaMH NMPUMEHSUTHCh KPUTEepUil He3aBHCUMOCTH Xi-KBaJpaT M KPUTEpHil pa3Mepa
V-3¢pdexra Kpamepa. Beumm momydeHbl clenyroniue pe3yJbTaThl: OINpeAeicHb Hanbojee MOMyJSPHbIC TEXHHKH BBISIBICHUS
TpeOOBaHMI, MPOBEACHO CPaBHEHHWE C JIPYTUMH BCECTOPOHHHUMH HCCIENOBAaHMSIMHU; OOHapyXeHO 20 CTaTHCTHYECKH 3HAYUMBIX
accoluanuii  Jys map "KOHTEKCT TPOEKTa — TEXHUKA BBIABICHUS' ¥ "TEXHUKA BBISBICHHS — TEXHHKA BBISBICHUS
(Ha OCHOBe p-3Ha4YeHUs W Mephl pasMepa V-addekra Kpamepa). BoIBoa: Ui psina TEXHUK BBISBICHUS TPEOOBaHUI KOHTEKCT
MPOEKTa CYNIECTBEHHO BIMSACT HA WX HCIIOJIb30BaHHWE JUIA HM3BIedueHHs wHpopmanun B Xoxae |T-mpoekToB. Takxke CymiecTByIOT
CTaTUCTUYECKU 3HAYMMBIC 3aBUCUMOCTU MEXIy TCXHUKaMH BBISBICHUS TPEOOBaHUN. ITH 3aBUCHMOCTH MOTYT OBITh UCIIOJH30BaHBI
s GopMHpOBaHHMS HavalbHOTO HaOOpa TEXHUK BBIABICHHS WM W3MEHEHHS HaOopa WCIONb3YEMBIX TEXHHUK BBISIBICHUS
B XOJI¢ IJTaHUPOBAHHS K MOHUTOPUHTA (P (HEeKTUBHOCTH paboT 1Mo OU3HeC-aHAIH3Y.
KroueBble cJI0Ba: TEXHUKH BBISBIICHUS TpeOoBanwii; [ T-NpoeKkThl; HHKeHepHs TpeOOBaHuUit; kpuTepuii Xi-kBajpat; V Kpamepa.
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DEVELOPMENT OF A VIDEO PROCESSING MODULE FOR THE TASK
OF AIR OBJECT RECOGNITION BASED ON THEIR CONTOURS

The subject of research in the article is the module of automatic segmentation and subtraction of the background, which is created,
based on the sequential application of methods of image preprocessing and modified method of interactive segmentation of images
and implemented in the system of optical monitoring of the air situation. The aim of the work is to develop an image segmentation
module to increase the efficiency of recognition of an air object type on a video image in the system of visual monitoring of the air
environment by means of qualitative automatic segmentation. To solve this problem, a modified interactive algorithm in the mode
of automatic selection of an object in the image, which allows more accurately, without the participation of the operator, to determine
the foreground pixels of the image for further recognition of the type of airborne object. The following tasks are solved in the article:
the analysis of existing methods of binarization of color images for semantic segmentation of images, which are used in image
recognition systems; the development of a pipeline of methods for automatic segmentation of images in the system of optical
monitoring of the air environment. In the work, the following methods are used: methods of digital image processing, methods
of filtering and semantic segmentation of images, methods of graph analysis. The following results are obtained: the results
of image processing with the proposed module of segmentation and background subtraction confirm the performance of the module
procedures. The developed pipeline of methods included in the module demonstrates correct segmentation in 93% of test images
in automatic mode without operator participation, which allows us to conclude about the effectiveness of the proposed
module. Conclusions: The implementation of the developed module of segmentation and background subtraction for the system
of optical monitoring of the air environment allowed to solve the problem of segmentation of video images for further recognition
of aerial objects in the system of optical monitoring of the air environment in automatic mode with a high degree of reliability,
thus increasing the operational efficiency of this system.
Keywords: image segmentation; background subtraction; recognition of air objects; optical monitoring of the air situation.

Introduction case of optical video surveillance, the task of monitoring

the aerial situation becomes a class of tasks that can be

The task of recognition of air objects (AO) as a part solved by methods of digital video image processing

of the task of monitoring the air situation is of great
importance in the combat situation during military
operations. Its solution can also be used in peacetime
to monitor the air situation at airports and protected
facilities. In addition to (or even instead of) classical
radar systems, optical video surveillance systems
are increasingly being used for monitoring the air
situation. This approach makes it possible to increase
the mobility of AO detection systems and to overcome
some known problems of radar monitoring associated
with masking the characteristics of air objects in the
radar detection area.

Information about the type of aerial threat is
necessary for a correct assessment of the air situation
and for making an operational decision. Currently, the
list of types of detected AO has significantly expanded
due to the use of artillery shells, various types of
missiles, unmanned aerial vehicles (UAVs), quadcopters,
helicopters. This has fundamentally changed the range
of detectable AO parameters, from shape and size to the
dynamic characteristics of motion. In this case, in the

and automatic pattern recognition using machine learning
and artificial intelligence.

In the field of automatic image recognition, the
following terminology is adopted to define tasks (Fig. 1).

Classification — definition of a class of one object
on the image with indication of degree of reliability
of the accepted automatic decision.

Classification with localization — classification
of one object and indication of its place on the image.

Detection — definition of a class of each object
on the image.

Video image processing includes a pipeline of
tasks, among which detection of a moving flying
object, determination of AO type, determination of
object characteristics. In the proposed approach, we are
in the framework of the task of determining the type
of AO, pre-detected by the signs of motion and
localized on the digital image. In accordance with
the above terminology, the task of determining the type
of AO refers to image classification problems.

© V. Yesilevskyi, A. Koliadin, O. Sereda, 2022
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Fig. 1. Classification (a); classification with localization (b); detection (c)

Their solution is usually based on the use of deep
convolutional neural networks. Such a solution for
the problem we study is somewhat redundant due to
its universality. Obviously, in the field of AO-type
recognition object contours provide enough information
to solve the problem even without taking into account the
color and texture. In human visual AO-type recognition,
the geometric shape of the object, represented by the
outer contour, is usually a minimally sufficient feature
for recognition even under the condition of geometric
distortion (displacement, orientation, scale).

This problem was solved by the authors in previous
studies [1], where it was assumed that the image of the
object is in some idealized form: not hidden by clouds
and well distinguishable on the background. However,
in such conditions and under different illumination
conditions, the problem of separating the background
of the image from the object under study arises. In the
field of image analysis, this is called the background
subtraction problem, which is part of the broader problem
of semantic segmentation.

This paper discusses the problem of processing
video frames from an air monitoring camera mounted
on a turntable to construct a binary image with the object
under study highlighted. This image is necessary
for further solving the problem of AO type recognition
by the obtained numerical characteristics of its contour.

The problem of applying different algorithms of
segmentation and background subtraction is relevant for
real applications, which is confirmed by the works [2, 3],
which are devoted to the issues of segmentation and
background subtraction for video images, including
the tasks of AO tracking.

Analysis of the problem and existing methods

The problem of optical AO recognition and tracking
is the subject of many years of research due to the interest
in its solution for both civil and military applications [4].
Classical recognition methods were based on comparing

an unknown image or its specific characteristics with
a library of known images [5].

Outstanding results in computer vision related
to deep neural networks and increasing computer
performance have made the task of computer visual
tracking one of the most prominent research topics.
A study [6] provides a detailed review of advances
in the use of deep convolutional neural networks for
arbitrary image recognition.

However, as shown in [7, 8], deep learning methods
require a large number of training sets and significant
computer time to train the network.

The study [9] shows that the use of transfer learning,
based on inexpensive additional training of pre-trained
network, allows solving part of the problems of deep
neural networks. However, at the same time there
remains the problem of redundancy of the universal deep
neural network-based approach in the recognition of
airborne object types. The description of an object image
by its contour is enough for the task of air object type
recognition. In this case, much less redundant information
is used than in the analysis using deep neural networks,
which gives a number of advantages. In addition, as noted
in [2], in the application of image processing algorithms,
there is indeed a gap between the methods used in basic
research and in real-world applications. Recently,
in practical systems, there is an interest in the use of
improved classical image processing methods.

To solve the problem of recognition of types
of airborne objects in the general task of air monitoring,
we use a camera attached to a turntable. Therefore, the
algorithm for the foreground object extraction must take
into account the changing illumination of the object and
the background. This means that the algorithm must be
time-critical in terms of execution time. Classical image
processing methods meet these requirements well [10].
In [11] the use of these methods to recognize types of
air objects is investigated in detail.

In our study, we consider one of the tasks of image
preparation for recognition — the task of image
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segmentation and background subtraction. This problem
is solved after moving objects are detected and localized
in a sequence of video frames by optical flow methods,
based on the study of frame difference [12, 13].

Optical flow is one of the most widely used tracking
algorithms for computer vision. Solutions are known
for background subtraction algorithms in the case of
shooting a fixed scene with a static camera [14].

However, in the conditions of our problem, the
background is constantly changing, which interferes
with the detection of moving targets [15]. Estimates a
nd comparisons for background subtraction methods
are studied in detail in [16], among which weighted
moving mean, Gaussian mixture model (GMM), adaptive
background learning, etc.

Highlighting the previously unsolved parts
of the overall problem. Aim of the work

The system of visual monitoring of the air situation
is an intelligent hardware-software complex, which
includes a camera fixed on a rotating stand, and
a computer control and information processing unit.
The software for information processing consists of
various interconnected functional modules of video
image processing. Among these modules we can
distinguish a pipeline of software modules, which solve

the problem of determining the type of AO as an image
classification problem, as defined in the introduction.
The solution of this problem is based on the input
information received from the moving air object detection
and localization module by optical flow methods,
as already described above.

In an ideal situation, image preprocessing with
localized AO should be reduced to image binarization
followed by contour calculation, as presented in fig. 2.

To obtain the numerical characteristics of a contour,
the localized image (fig. 2, a) must first be reduced to
the black-and-white form (fig. 2, b). Then it is necessary
to select a set of points of a contour (fig. 2, ¢)
and represent it as a sequence of their coordinates.
As a result of such processing the image of an air
object will look like an ordered sequence of

points z(k)=(x, yx)="f(t), k=0,...N-1, which
is a discretized
two-dimensional

representation of a continuous
f(t)cR2, describing the
contour. The further procedure of air type recognition

is described in detail in our paper [1] and is reduced
to obtaining a vector of features based on Fourier

descriptors for the curve f (t). The feature vector is the

curve

input for a pre-trained classifier based on a traditional
multilayer neural network.

a)

b)

c)

Fig. 2. Stages of image preprocessing:
a — initial image of localized object; b — black and white image; ¢ — contour image of object

Generally speaking, a block diagram (fig. 3)
can represent the algorithm of the air object type
recognition procedure.

When implementing this algorithm, a number of
problems arise. The AO image can be obtained with
varying degrees of distortion, which is associated

with the size of the image, its blurring due to the
aberration of light rays (see fig. 4).

In addition, the image of the object may be partially
hidden by clouds or poorly distinguishable against
their background (fig. 5). The task is to automatically,
without human involvement, by means of the software




Cyuachuil cman HayKogux 00CIIONCeHy ma MexHono2itl 8 npomuciogocmi. 2022. Ne 3 (21)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

highlight a clear outline in conditions of visual
disturbances (illumination, cloud cover).

Segmentation of objects and background subtraction
under conditions of changing background and
illumination, occlusion, shape distortion, motion blur,
zooming, etc. are important areas of research in
computer vision.

Source image with
localized AO

The aim of this article is to develop a video image
processing module, which allows to select air objects
for their further classification based on contours and to
increase the efficiency of air object type recognition
in a visual air monitoring system. To solve this problem,
a modified interactive algorithm in the mode of automatic
object silhouette extraction is used.

\_(_

Binarization N

Contour highlighting

|

v

Formation of
a feature vector

Classification

}

drone 0.99
helicopter ©@.004
airplane 0.0007

quadrocopter ©.e003

\/—

Fig. 3. Generalized block diagram of the air object type recognition procedure algorithm

Fig. 4. A good-resolution image of the MQ-9 Predator UAV, the actual image, and its enlarged view

Fig. 5. Image of the MQ-9 Predator UAV in the ideal view for recognition and in conditions of visual interference




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2022. No. 3 (21)

Materials and methods

When preparing an image for outline extraction,
the main focus is on the brightness characteristics
of the pixels in all three color channels of the color
image. The optimal way to simplify this problem is
to reduce the color three-channel RGB image to

a grayscale view (fig. 6). Such a brightness scale
conveys 256 gradations from 0 — black, to 255 — white.
According to [17], the conversion to grayscale is
performed by the formula
y=0,2126 r+0,7152 g +0,0722 b , 1)

where r, g, b are the color components of the original
image, and y is the output value for a pixel of the image
in grayscale.

#° Original image = O

#° Gray image — O X

# " Original image = O

Fig. 6. The result of converting the image to grayscale mode

In an air monitoring system, the camera’s shutter
and iris control system may not have time to respond
to too rapid changes in light intensity when the camera
is rotating on a turntable. Sometimes the contrast range
is too large for the sensors. In addition, it usually
requires different exposure times for dark and light
areas for a "perfect" image. In artistic and special
photography for better transfer of details there is even
a technique of high dynamic range (HDR), which
allows to combine several frames of the object with
different exposures.

In the project that we are implementing, it is
possible to expand the dynamic range of the image and
improve the contrast of the image by applying the
algorithm of histogram correction. For this purpose
a graphical distribution of image intensity in the form
of a histogram is created, which determines the number

of pixels for each considered value of intensity in the
grayscale range from 0 to 255.

With the correction, the original distribution
becomes a broader and more homogeneous distribution
of intensity values, so that they are distributed more
evenly over the entire range. The algorithm normalizes
brightness and increases image contrast (fig. 8).

For contour detection, a good result can be obtained
after conversion to a binary (black and white) image, as
shown above (fig. 1, b). In this case, the boundary point
is unambiguously found by the change in the pixel color.

The binarization transformation can be determined
by assigning a threshold value. The original image
converted to a grayscale view with a pixel brightness
range of 0 to 255 must be reduced to a binary view
(0 or 1). If the pixel value is less than the threshold value,
it is set to 0, otherwise to 1.
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Histogram Different variations of the threshold binarization
Original Noisy Image algorithm (with lower and upper threshold, with double

restriction, incomplete thresholding, etc.) presented in
fig. 9 can be used.

Naturally, the result of the threshold conversion
depends on the value of the threshold. Fig. 10 shows
binarization results for different threshold values.
Original Noisy Image Histogram Using a fixed threshold may not be justified for
different lighting conditions in different areas. In this
case, adaptive threshold setting is used. The algorithm
determines the threshold for a pixel based on a small
area around it. In this way, we obtain different
thresholds for different areas of the same image, which
- ) Histogram gives. better results for images vyith different illumination
Original Noisy Image for different averaging modes (fig. 11).

o . As a binarization method, the adaptive Otsu method
oriented to a bimodal image, in which the histogram
has two distinctly expressed peaks, has proven itself
well. In such images, the optimal threshold is in the
middle of these two values. Otsu method determines
a global threshold value from image histogram.

Fig. 7. Determining intensity histograms Fig. 12 shows examples of the algorithm in the
for grayscale images case of a bimodal image.
" Source image =i O X # Equalized Image - O X

Fig. 8. The result of the alignment of the gray-scale image histogram

Original Image BINARY BINARY_INV

. — __F.ﬁ

Fig. 9. Results of applying different types of threshold conversion
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The disadvantage of finding objects using threshold
filtering is the need to individually select the threshold
value for each image, and even in this case, the separation
from the background is not always possible, as seen
in fig. 12.

It is possible to propose a method that goes through
all possible thresholds and builds a recognition procedure
for each of them. This would be possible when searching
for any one particular contour, which is not suitable,
for air objects having different contour shapes depending
on the position with three degrees of freedom in relation
to the camera.

Research results and their discussion

The recognition of airborne object types is based on
the procedure of object contour extraction on the binary
image obtained as a result of the initial image
preprocessing. In this case, the GrabCut algorithm [18]
is used. In this algorithm, user labeled foreground
and background areas were used to build distribution
histograms for these two classes of areas. The algorithm
itself assumes that the remaining unlabeled pixels have
a distribution similar to one of the two distributions.
The energy functional was constructed based on the
assumption that the pixels in each of the regions are
connected. The assignment of a pixel to one of the
regions was performed as a result of minimization of
the energy functional.

The algorithm is based on the Gaussian mixture
model (GMM), which is used to model the foreground
and background. Depending on the data that represents
the background and foreground areas, the GMM learns
and creates a new pixel distribution. That is, unknown
pixels are labeled either probable foreground or probable
background, depending on their relationship to other,
strictly labeled pixels in terms of color statistics.
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PO3POBJIEHHS MOJYJISI OBPOBKH BIJIEO
JIJISI BABJAHHS PO3II3HABAHHS IOBITPSIHUX OB’EKTIB
3A IXHIMA KOHTYPAMU

IIpeameToM IOCTiIKEHHS B CTaTTi € MOIYJbh aBTOMAaTHYHOI CErMEHTallil Ta BigHIMaHHA (OHY, CTBOPEHHH Ha OCHOBI KOHBEEpa
METOJIB IONEPEeIHBOr0 O00poOJIeHHS 300pakeHHS Ta MOAU(IKOBAHOTO METOAy IHTEPAaKTHBHOI CerMeHTalil 300pakeHsb,
1 BIPOBaKEHUH y CHCTEMY ONTHYHOIO MOHITOPHUHIY MOBITPAHOI 00cTaHOBKU. MeTO0I0 poOOTH € po3poOIeHHS MOl CerMEHTAIli{
300pakeHb I MiABUIICHHS €()eKTUBHOCTI PO3IMi3HABAHHS THITY MOBITPSHOTO 00’€KTa Ha BiJe0300paKeHHI B CHCTEMI Bi3yaJlbHOTO
MOHITOPHHTY IOBITPSHOI OOCTAaHOBKM NIIIIXOM sKICHOI aBTOMAaTHM4YHOI cerMeHTamii. JIas BHpIIIEHHS IIHOTO 3aBJAHHS
BHUKOPUCTOBY€ETHCSI MOIU(IKOBAHHI IHTEPAKTUBHUIT alTOPUTM Y PEXKUMI aBTOMATHIHOTO BHIIICHHs 00’ €KTa Ha 300paXkKeHHi, 1110 Jae
3MOTy TO4YHilIe 0e3 y4acTi omepaTopa BH3HAUaTH IMIKCENi MEPEAHBOrO IUIaHy 300paXeHHs UL MOJANBIIOTO PO3Mi3HABAHHS THILY
HOBITPSIHOTO 00’€kTa. Y CTATTi BHPINIYIOTHCS TaKi 3aBJAHHS. aHAJI3 HASBHUX METOAIB OiHapm3amii KOIbOPOBOTO 300paskeHHS IS
CEMaHTHYHOI CerMeHTallii 300paXkeHb, 10 BUKOPUCTOBYIOThCSA B CHCTEMax poO3Mi3HaBaHHSA 00pa3iB; po3poOIeHHS KOHBEEpa METOIIB
aBTOMATHYHOI CerMEeHTalii 300paKeHb y CHCTeMi ONTUYHOTO MOHITOPHHTY MOBITPSHOI 0OCTaHOBKH. Y POOOTI BHKOPHUCTOBYIOTBHCS
MeToau HdpoBoro oOpobIeHHS 300paXkeHb, GUIBTPAIll Ta CEeMaHTHYHOI cerMeHTanii 300paxeHsb, aHanizy rpadis. OTpumaHo Taki
pe3yJabTaTH. YHACHigOK 0oOpoOJeHHS 300pakeHb 3a JOMOMOrOI0 3alpONOHOBAHOTO MOAYJISA CeTMEHTalii Ta BigHIMaHHA (OHY
HiITBEP/DKEHO Mpale3JaTHICTh Mpolueayp Moayis. Po3po6ieHuit KoHBeep METOMIB, BMILCHUI y MOIy/b, AEMOHCTPYE MPABUIIBHY
cermeHTalio 93% TecToBUX 300paKeHb B aBTOMATHYHOMY PEeXHMi 0e3 ydacTi omepaTopa, IO JO3BOJISIE 3pOOHTH BHCHOBOK IIPO
e()eKTUBHICTh 3aCTOCYBAaHHS 3allPOIIOHOBAHOIO MOXYJ. BHCHOBKH: yHpoBamKeHHS pPO3pOOJICHOr0 MOIYJSl CEMEHTAllii Ta BiJHIMaHHS
(OHY M1 CHCTEMH ONTHYHOTO MOHITOPHHIY IOBITPSIHOI OOCTAHOBKM JJO3BOJIMJIO 3 BHCOKHMM CTYIICHEM JOCTOBIPHOCTI BHPILIMTH
3aBIaHHS CerMEHTAalii BiTe0300pakeHb AJISI MOAANBIIOr0 PO3Mi3HABAHHS IOBITPSHUX 00’€KTIB Y CHCTEMi ONTHYHOI'O MOHITOPHUHTY
HOBITPsIHOT 00CTAHOBKY B aBTOMAaTHYHOMY PEXKUMI, 3aB[SIKM YoMy 30inbImiacs eheKTHBHICT eKCILTyaTalil i€l CHCTEMH.

KurouoBi ciioBa: cermeHTantis 300pakeHb; BiqHiMaHHA (OHY; 00poOIeHHS 300pakeHb; PO3IMi3HABAHHS MOBITPSHUX 00’ €KTIB;
ONITHYHUH MOHITOPUHT MOBITPSTHO 0OCTaHOBKY.

PABPABOTKA MOAYJISA OBPABOTKHU BUJAEO
JJISA 3BAJAYHN PACITOSHABAHMSA BO3AYIIHBIX OFBEKTOB I10 UX KOHTYPAM

ITpeqmMeToM HCCIENOBaHHS B CTAaThe SBISICTCS MOMIYJIb ABTOMATHYECKOW CErMEHTAlMM W BbIYWTaHWS (DOHA, CO3JAHHBIA Ha OCHOBE
KOHBelepa METO/IOB TpeJBapHUTENbHON 00pabOoTKM HM300paKeHUsT ¥ MOIUGHIMPOBAHHOTO METOJd HWHTEPAaKTUBHOW CerMeHTaIlNn
M300paXeHHil, ¥ BHEAPSHHBI B CHUCTEMY ONTHYECKOTO MOHMTOPHHIA BO3MyLIHOH oOcTaHOBKHU. Llenblo paboThl siBisieTcs: pa3paboTka
MOJYJISI CETMEHTALMN U300payKeHHH IS TOBBILEHHS 3P ()EKTUBHOCTH paclo3HaBaHUs THIIA BO3AYIIHOTO OOBEKTa Ha BUACOM300paKEHUH
B CHCTEME BH3yaJbHOrO MOHHMTOPHHIA BO3IYIIHOH OOCTAHOBKH IyTeM KAaueCTBEHHOH aBTOMATHYECKOH cerMeHTanuu. JIIs perueHust 9Toit
3a/1a4M UCTIOJIB3YeTCsl MOAMMDHUIMPOBAHHBIA HHTEPAKTHBHBIN aITOPUTM B PEXKHMME aBTOMATHYECKOTO BBIICICHHST 0OBEKTa Ha N300paKeHHH,
KOTOPBIA MO3BOJIAET TOYHEE O€3 yuyacTHs oOrepaTopa ONpPENeNATh MHKCENM MNEpeAHero IUlaHa W300paKeHHs i JajibHeifero
pacrio3HaBaHKs THIIa BO3IYIIHOrO OObeKTa. B cTaThe peliaroTcs Cienyolye 3aja4yM: aHaIu3 CYLIECTBYIOIIMX METOJIOB OMHApH3ALMK
IIBETHOTO M300pa)KeHHs [UIs CEMAaHTHYECKOW CEerMEHTALlMU N300pakeHHH, KOTOpbIE UCIIOJB3YIOTCSl B CHCTEMaX pPaclo3HaBaHHUs 00pa3oB;
pa3paboTKa KOHBeifepa METOOB /Il aBTOMATHYECKOH CErMEHTAlMH M300paKeHWH B CHCTEME ONTHYECKOrO MOHHUTOPHMHTA BO3YLIHOM
00ctaHOBKH. B pabore wncmoms3yrorcs MeToabl HudpoBoil 00pabOTKM M300paXkeHHH, (IIBTPAIMd W CEMAaHTHYECKOH CErMEHTAIUH
m300pakeHuit, aHamm3a rpados. [TomydeHs! ciemyronue pe3yabTaThl: pe3yIbTaThl 00paboTKN H300paXKEHUH ¢ TIOMOLIBIO MIPEITI0KEHHOTO
MOZYJIS CETMEHTALMM M BBIYMTaHHUSA (DOHA MOATBEPXIAAIOT pabOTOCIIOCOOHOCTH MpOoLEeIyp MOAyJA. Pa3paboTaHHBIN KOHBEHep METOJIOB,
BKJTIFOUCHHBIH B MOJIYJIb, JICMOHCTPHUPYET MPABHIIBHYIO CErMEHTalnio B 93% TeCTOBBIX M300pakeHHWi B aBTOMATHYECKOM pexume 0Oe3
Y4acTHsl OrepaTopa, YTO MO3BOJSIET CleNarh BBIBOJ 00 3((EKTHBHOCTH NMPUMEHEHHUs MPEIOKEHHOr0 MOIyJis. BBIBOOBI: BHenpeHHe
Ppa3paboOTaHHOTO MOJLYJISi CErMEHTAIMK M BBIYMTAHHS (JOHA JUIs CHCTEMBbI OITHYECKOr0 MOHMTOPHHIA BO3MYIIHOH OOCTAHOBKHU TTO3BOJIHIIO
C BBICOKOH CTENECHBIO JOCTOBEPHOCTH PELINTh 3a/1ady CErMEHTAlMH BHACOM300paKeHHH s JalbHEHIIero paco3HaBaHHs BO3IYIIHbIX
061>e|cr013 B CHUCTEMC OINTUYCCKOI'O MOHHUTOPUHIA BOSleLI_lHOf/’I 00CTaHOBKH B aBTOMATHYECKOM PEXKUME, 6nar011ap$[ 4yeMy YyBEINYUIACH
3¢ PEKTUBHOCTD HKCIUTyaTallli JAHHON CHCTEMBI.

KitoueBble cj10Ba: cerMeHTalMsi M300paKeHUH; BhluMTaHHe (oHa; 00paboTka M300paXeHHH; pacro3HaBaHHUE BO3IYILIHBIX
00BEKTOB; ONTHYECKUI MOHUTOPUHT BO3AYIIHONH 0OCTaHOBKH.
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M. KORABLYOV, S. LUTSKYY

SYSTEM-INFORMATION MODELS
FOR INTELLIGENT INFORMATION PROCESSING

The subject of the study is system-information models of processes and systems and their use for intelligent processing
of information in production tasks. The use of intelligent information processing in production management systems is currently
one of the key areas of development of informatics. The aim of the work is to develop system-information models of processes
and systems for intelligent information processing allowing to analyze and solve production problems, in conditions of uncertainty.
In the article the following tasks are solved: to analyze approaches to the definition of information characteristics of processes
and systems; to develop the basis for modeling of system-information processes and systems for intelligent information processing;
to develop system-information models and ways of their application for intelligent information processing in the tasks of production.
The following methods are used: system-information approach to processes and systems; system-information modeling of processes
and systems. The following results were obtained: the analysis of approaches to the definition of information characteristics
of processes and systems; developed principles of modeling system-information processes and systems for intelligent processing
of information; introduced the concepts of system information and information measure; developed system-information
models and methods of their application for the intelligent processing of information in the tasks of production.
Conclusions. The development of methods for solving various classes of practical problems using intelligent information
processing is one of the key areas of research in computer science. The developed system-information models of processes
and systems for intelligent information processing allow analyzing and solving problems. Thereby increase the efficiency of solving
problems of analysis, synthesis and forecasting of production systems and technologies, as well as problems of production
management. The system-information approach to processes and systems operates with new concepts — system information
and information measure, it allowed developing system-information models for intelligent processing of information, as well as
ways of their application at stages of product life cycle, which allowed solving problems of production. System-information models
of processes and systems describe interaction between source and receiver on information level on the basis of sensitivity threshold.
The communication channel between the source and the receiver of information operates, as a rule, under conditions of uncertainty,
which can lead to the loss of information during transmission due to possible changes in the characteristics of the system. To describe
their interaction, some models of intelligent information processing can be used, in particular, neural network models or fuzzy
inference models. Their use will improve the efficiency of receiver state prediction, taking into account the state of the transmitter
and the conditions of communication channel operation. The presented article has shown the relevance of developing
system-information models for intelligent information processing at the levels of data reception, interpretation and communication,
which allows expanding the class of solved production tasks.

Keywords: system-information models; system information; information measure; sensitivity threshold; intelligent
information processing.

Introduction

The development of methods for intelligent
information processing of processes and systems is
currently one of the key areas of development of
computer science.

The definition of the term information plays a key
role in the development of intelligent information
processing methods. Despite its widespread occurrence,
the concept of information remains one of the
most debatable in science, and the term can have
different meanings in different branches of human
activity [1, 2]. The development of approaches to the
definition of the meaning of the term information
allows us to expand the boundaries of the application

of intelligent information processing in specific branches
of human activity.

The systems-information approach to processes
and systems is one of the approaches to defining the
meaning of the term information, and is used in
developing models for intelligent information processing.
As a scientific direction in information theory, it was
summarized in [3, 4]. From the position of the system-
information approach the amount of a priori and a posteriori
information, which the object possesses, as well as the
information process of interaction between objects are
subject to measurement. The model of a priori information
characterizes an object before interaction, the model
of information process — in the process of interaction,
and the model of posterior information — after interaction.

© M. Korablyov, S. Lutskyy, 2022
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System-information models consist of attributes [3, 4]:

1) extent information (space) in three coordinates;

2) duration information (time);

3) intensity information (value) of objects properties.

The above interrelated information attributes represent
a system-information space as a whole. Each manifested
property of a system (internal and external) in the
information space is characterized by the amount of
information. This quantity is determined by a set of
information of intensity, extent and duration of the
system's properties and characterizes the process of
its functioning.

Interaction of system and environment is reflected
by a fragment of reality of manifestation of system in the
information space. The information space structures
attributes by quanta of sensitivity threshold interval of
lower and upper values of intensity of properties, duration
and extent. The change of system state characteristics
depends on the change of attributes and their values that
make up the information space. In this case, the change of
the state of the system occurs in the presence of information
connection between the system and the environment.

The methodology of system-information modeling
of processes and systems is based on the principle of
determining the information measure (number), which
is the ratio of the total (limits of possible) value of
an attribute to its partial (variable) value of sensitivity
threshold. This dimensionless measure indicates the
information of the place of the particular in the general.

The development of system-information models
for intelligent information processing in tasks of various
classes, including production, and is an important
direction in the development of computer science.

Analysis of approaches
to defining information characteristics

The object of research in the science of computer
science is “information". With all the different
interpretations of the concept of information, it is
indisputable that information is manifested in material
and energy form in the form of a "signal”. In its most
general form, a "signal” is understood as a value that
reflects in some way the state of the system. In this sense,
it is natural to consider a signal as the result of some
measurements carried out over the system in the process
of its observation. The signal reflects both the
information of the state of the system and is the cause
of the change in the state of the interdependent system.

Information in general can be structured into the
following main groups:

1) information of non-living matter (physical
information, including technical information),

2) information of living matter
including social),

3) artificial information (coded information), and

4) a combination of information from these three
components.

Each of the presented information groups is
characterized by its own type of information carrier —
«signal», which can be represented in a material-
energetic or immaterial-energetic form.

Material-energy signal is a time-varying physical
quantity described by a function of time and can be
classified:

1) by the physical nature of the information
carrier — electrical, electromagnetic, optical, acoustic
and others;

2) according to the way the signal is defined —
regular (deterministic), defined by an analytical function
and irregular (random), taking arbitrary values at any time.

The apparatus of probability theory is used for
irregular signals. Depending on the function that
describes the parameters of the signal, there are:
continuous (analog), continuous-quantized, discrete-
continuous and discrete-quantized signals.

Intangible-energy signal is a carrier of information,
which so far has not been sufficiently investigated.
An example is a signal, which is a representation
of such phenomenon as entropy of a system, or a signal
in a quantum system.

A special kind of signals are "signs", which, unlike
signals of natural origin, are created by self-organizing
systems and are intended for the transmission and
storage of information. A sign is a material sensually
perceived signal (phenomenon, action), which acts as
a representative of another object of property or attitude.
The science that studies the properties of signs and sign
systems is called semiotics. The subject of semiotics is
the questions of connection of signs with each other,
signs with the phenomena of the external world and
signs with the subjects using them as a tool for the
purposes of communication.

With all the variety, complexity and multi-level
manifestation of information processes, they all contain
the basic components:

1) perception by the system of some phenomenon
as a signal;

(biological,
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2) change of the system'’s state under the influence
of a received signal;

3) spatial and temporal transmission of signals.

These three components of the information
process, which at different levels of forms of
reflection acquire specific characteristics and can be
expressed in such concepts as reception, interpretation
and communication.

One of the important issues in the development
of information technologies that are implemented in
intelligent information processing systems is the
use of the mathematical form of representation of the
processed information. This affects the limitations of
the possible choice of information technology for the
list of the types of tasks to be solved in intelligent
systems, as well as the indicators of the effectiveness
of their application.

Information technologies of intellectual information
processing systems in conditions of uncertainty are
widely used for solving complex tasks that are difficult
to formalize [5]. The lack of a universal approach
to the form of information representation when solving
such problems leads to the need to develop and apply
new methods, information technologies, and their
complex combination with traditional methods of
artificial intelligence.

The main limitations of the known methods and
information technologies currently used in intelligent
systems for solving problems that are difficult to
formalize are due to the methods of information
representation and insufficient efficiency in solving the
problems of learning, adjustment and adaptation to the
problem domain, processing the measured values of
incomplete and inaccurate source information, data
interpretation and knowledge accumulation, uniform
presentation of information coming from different
sources, etc. These limitations can be eliminated on the
basis of using the system-information approach to the
formalization of the measured values of the system
information and promising hybrid methods of soft
computing — Soft computing [6]. With the help of
methods that use a hybrid approach to the representation
of information values, it is possible to generate
new knowledge under conditions of knowledge
deficit and uncertainty, which allows expanding the
logical possibilities of intelligent systems that use
these technologies.

Significant scientific interest and important practical
importance is the development of information models
of the subject area in conditions of uncertainty,

characterized by incompleteness, unreliability, uncertainty
of the initial information, diversity and complexity of the
influence of various factors on the decision process, etc.
Depending on the degree of uncertainty, information
processing tasks can be divided into [7]:

1) tasks, for which an objective assessment of
solution results or comparative assessment of at least
two solutions is possible;

2) tasks for which an objective assessment is
impossible, and it is replaced by expert assessments
of specialists in the subject area under study.

The first type of problems refers to poorly structured
and difficult to formalize problems characterized by
the presence of both quantitative and qualitative
dependencies between the elements of the systems under
study, with qualitative dependencies tending to
dominate. Tasks of this type can be structured as system
information on the basis of the theory of systems-
information approach.

The second type of problems refers to unstructured
(unformalizable) problems whose peculiarity consists
only in a qualitative description of the systems, while
quantitative dependences between the elements of
the system are absent, which determines the necessity
of using expert evaluations [7].

Currently, the most effective models of intelligent
systems, implemented within the hybrid approach for
intelligent information processing, are neuro-fuzzy
models [8], which combine the universal approximating
capabilities of neural networks, as well as the
transparency and interpretability of fuzzy inference
systems. The structures of neuro-fuzzy models of
intelligent systems in most cases are fixed and, as a rule,
redundant, which leads to a decrease in the speed of
learning and adaptation of models when external
conditions change. A way out in this situation is
associated with the possibility of building neuro-phase
models of intelligent systems, in which not only
parameters, but also the structure of the model as
a whole is trained and adapted, which allows to obtain
the most effective hybrid models for specific problems
of intelligent information processing.

The problem arising in the problems of intelligent
information processing in conditions of uncertainty
is the problem of constructing an adequate information
model of the investigated subject area, as well as
the formation of effective models and procedures for
finding optimal or close to them solutions. Methods
for building information models, allowing a reliable
description of design objects and processes occurring
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in them, are determined by the nature of the tasks
being solved. That is why the formation and choice
of this or that information model can be carried out
only after the definition of a particular problem, and
even for the same problem, it is possible to use different
types of models.

The process of finding solutions for a problem
that is difficult to formalize can be represented by
two methods.

The first one consists of the following stages [9]:

1) extraction  (acquisition), representation and
structuring of knowledge about the problem domain;

2) construction of adequate mathematical models
of the subject area;

3) prediction of possible variants of solutions
(search for solutions);

4) analysis and evaluation of effectiveness of
proposed solutions;

5) choice of solution.

Since system information combines quantitative
and qualitative characteristics of objects in the
information description of the elements of the systems
under study, the second method consists in formalizing
the problem on the basis of system-information
models [10] and consists of the following stages:

1) construction of adequate system-information
models of the subject area;

2) analysis and evaluation of the information process;

3) determination of the main characteristics of
information objects.

When  building  system-information  models,
the key issue is to determine the sensitivity threshold
of the subject domain attributes. For example, fuzzy
sensitivity threshold is determined using various expert
methods, including statistical methods.

An information system is characterized by the
presence of internal and external connections, which may
have an energy or material character. A distinctive
property of an information system is that the structure
of energy and material connections is a carrier of
information about the properties of the objects of the
external world and the internal environment of the
system. These links with essential structural features
are information links.

The basis of the classical theory of information is
based on the results of solving a number of problems
on the syntactic level. It relies on the concept of «quantity
of information», which is a measure of the frequency
of use of signs, which in no way reflects the meaning
or importance of the messages transmitted.

The exchange of information between two objects
occurs due to deterministic or stochastic information
process in accordance with the expressions [3, 4]:

X )7
Il =log,—, |=Ilog,*<,
ngX gz(f

1)

X, X y7;
log, i =log, —%, log, % =log, ~%.

AX, 1 0,
where: Ax - sensitivity threshold X, o - standard
deviation, x —expected value.

If the system information is transmitted in error, in
the equations of the information process the sign of

equality (=) is replaced by a sign of approximation (=).

System information is characterized by quantity,
quality and value. The quantity of system information is
calculated as the logarithm of the ratio of the sign value
to the sensitivity threshold in accordance with (1).
The quality of system information refers to information
processes and characterizes the value of possible losses
of received information during the transfer of optimal
values of the quantity of system information. The less
possible losses in the received information, the more
qualitative the received system information, which is
calculated on the basis of a posteriori information [3, 4]:

Y1) =21 () 1), = e

E = Z(“‘ij -U,

where: Ay — sensitivity threshold, U — expanded
uncertainty.
The value of system information refers to

information processes and is characterized by the
efficiency of using the optimal value of the quality
of system information:

'(Xi):gl(yi)

M=

I
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n

1, 3

=1
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)

5 |—

ila(xi)x

=1 =1

where: Ay — sensitivity threshold, U — expanded

uncertainty.

The analysis of approaches to determining the
information characteristics of processes and systems
showed the relevance of developing system-information
models for intelligent information processing at the levels
of data reception, interpretation and communication,
which will expand the class of solved production tasks.
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System-information models and their application
to intelligent information processing

The principles of developing system-information
models are based on the scientific provisions in the field
of information theory outlined in [10]. The significance
of these provisions for science is that they eliminate
the drawback of the modern scientific paradigm —
the desire to describe everything using the language
of dimensionless models, and also allow to reflect such
a property of systems and processes as discreteness
and specify their absolute optimum dimensions.

The information object of research of the system-
information approach is a system — a set of elements X,
which are in relations and information links with
each other, which forms a certain integrity and unity.
System information possessed by elements of the
set X is characterized by the interval between the

upper X,, and lower X, limits of its manifestation,

as well as the sensitivity threshold Ax=(x-X,,)/n,

where X is a discrete variable, n is a multiple

of Ax — sensitivity threshold on the interval X, —X

low *
In this case the sensitivity threshold takes on the
value on the interval X, X

The system information of an object is characterized
by the information measure, which is equal to the
proportion of the ratio of the total value of the
attribute to its private value. The system information
indicates the place of the particular in the general.

low — <%0

The information measure |I(X)| is a function of the

absolute value of the qualitative and/or quantitative
proportion of the ratio

|I(X)|:f(M] @

Ax

where: Ax=x-X,,,/n - sensitivity threshold.

The information measure is a dimensionless
quantity in any system of physical quantities, and is
a number. Information 1(X) is a dimensional value of

a logarithmic function, and is measured in bits.

From the presented function of the information
measure the following tasks are solved.

1. Definition of the discrete variable of a discrete
value x:

_ (Xup _Xlow)Xn

()

Xlow' (5)

2. Determination of the upper limit value of X, :

low* (6)

3. Determination of the lower limit value X, :

low *

Xy =[1(X)|Ax+X

Xigw = Xy —[1(X)| Ax. @)
4. Determination the sensitivity threshold value
Ax = X = Xlow :
n
X =X
Ap =t “low (8)

(X))
5. Determination of the multiplicity n of the
sensitivity threshold Ax in a discrete variable value x:

X=X
n=—>=-, 9
C))
The above formulas of transformation of

information measure are used in intelligent information
processing for tasks of analysis, synthesis of objects
and forecasting based on the methodology of system-
information modeling.

The presented approach to the definition of the
concept of information differs from the generally

accepted one, where numerical values of data X,,, X,

AX, X, but not their relations, are taken as information.

The next step is to formalize the information
connection between elements of the set X, i.e.
the information process of transmission of system
information.

All qualitative and quantitative characteristics
of information assume the presence of a transmitter
and a receiver (sender and receiver) of information,
i.e. in some kind of information interaction of objects.
Formalization of information process of information
transfer from sender to receiver describes the equilibrium
of information measures of interacting objects:

System-information models of the information
process allow us to solve prediction problems on the
basis of knowledge of the information parameters of
causes, which are informationally related to the
information parameters of the receiver. Knowledge of
receiver information parameters is obtained directly
by the measurement method.

The system-information model of the information
process looks like
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FOOI=[1O6)] [1O0O1= £ (X =X ) /),

ftrans(Xiup _Xilow] rec[Xjup_leowJ’
Ax Ax,
X wansyn ~ X (ransyiow X recpup ~ X recyow
AX rans) M)
n:X_X”p, szx_x'°w, (10)
Ax n

( X(trans)up - X(trans)low ) n(trans) _ (X(rec)up - X(rec)low ) n(trans)

X

(trans)

( X(trans)up

(trans)low

-X

(trans)low ) n(trans) _

X(rec) - X(rec)low

log,

(trans)

From the equation of system-information model
of information process on the basis of proportional
ratio of information parameters of attribute (number)
of transmitter and receiver, we get knowledge about
parameters of information transmitted by transmitter
in conditions of uncertainty of sensitivity threshold.

That is, from the equation we determine all
previously unknown knowledge about parameters of
information of the transmitter beyond the limits of
previous experience at this particular moment.

System-information models of processes and
systems describe interaction between source and receiver
on information level based on sensitivity threshold.
The communication channel between source and receiver
of information operates, as a rule, under conditions
of uncertainty, which can lead to loss of information
during transmission due to possible changes in system
characteristics. To describe their interaction, some
models of intelligent information processing can be
used, in particular, neural network models or fuzzy
inference models. Their use will improve the efficiency
of receiver state prediction, taking into account the
state of the transmitter and the conditions of
communication channel operation.

The physical interpretation of the information
transmission process can be represented as follows.
Variable value of the transmitter AX, increases under

the influence of various factors till the moment
of achievement of information connection to the
threshold of sensitivity of its receiver X, . At the
moment of achievement of the threshold of sensitivity
of the receiver to the transmitter the information
resonance occurs between the transmitter and the

(trans)low (rec)

(X(rec)up - X(rec)low ))n(trans)

(rec)low

receiver, at that AX, jumps up to the proportional

value Ax, of the transmitter:

Ax = (Xiup _Xilow)Xij

Xjup_leow
Thus, at the moment of information resonance
between objects, the information of the proportional
ratio of the common to the particular is transmitted

from the transmitter to the receiver. With the known

(11)

information of the transmitter I(Xj) the information

of the receiver 1(X,

) is calculated. With N transmitters

independent of each other the receiver's information is
added and the measures are multiplied:

|(xi):i|(xj), ||(xi)|:]j||(xj)|

= N
A"i [1ax,
i=1
If N transmitters from the set X are interdependent,
then the formula for the information measure of

the receiver when transmitting information from N
interdependent transmitters has the following form

1(x)=31(x,),
ﬁ(ijP _XJ|°W)

|| (X|)|: iup — “ilow _ j:lN , (13)
& [1(ax; +ax))

=L

_XN,jmw)
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In a closed system with a set of X elements
with N — X interdependent elements, Ax — X up,

and 1(X)—0, ie. the system tends to information

zero equilibrium.

The general approach to system-information
modeling has particular cases depending on the kind of
information that is formalized. This occurs when the
value of the set X is an argument function of a particular

particular kind of information B(1,)= fl(X,).

From the general approach, the following private
options can be distinguished.

1. For identification of properties of physical world
mankind uses a principle of information measure, at that
fixes a value of threshold of sensitivity of physical
property in the form of a standard of physical quantity

Ax =1St(standard ), having presented value X, =0,
at that X, =x is discrete variable X, and value of

information measure of physical quantity has a form:

|I(X)|:f(mj (14)

Ax

All natural sciences are built on this principle,
which uses the proportion of the general to the particular
as a generally accepted notion of information.
When solving analysis and synthesis problems in the
traditional way on the basis of a physical quantity
to determine and optimize its place in the system,
various rather complex scientific approaches have
been developed.

The system-information approach greatly simplifies
the solution of analysis and synthesis problems due to the
possession of physical quantity of system information,
which determines the place of the particular in the
general. The equation of the amount of system
information of a physical quantity has the form:

I(X):Iogzi. (15)

where: x — discrete variable of the value X,
Ax — sensitivity threshold.

2. When Ax = f(IT) is a function of the tolerance

on the accuracy of the parameter, then the system-
information model acquires the characteristics of the
information of the accuracy of the parameter. The higher
the IT tolerance on the accuracy of the parameter,
the more complex and costly the technology of its
production. In this case, the system information
characterizes the technological costs of the products.

3.When Ax=f(PL) is a function of the Planck
unit [12], and X, is the sought variable, then the

system-information model acquires the information
characteristics of the Planck units of physical quantities.
Since the values of the Planck units are derived from
the fundamental physical constants, in this case the
information characterizes the equilibrium of the system
at the optimal numerical value of the objects' properties.
4.When Ax=f(U) is a function of the interval

of expanded uncertainty of the value of a physical
quantity, then the system-information model acquires
the characteristics of uncertainty when solving problems
in intelligent systems. In this case the information
characterizes the probability of quality of the system
under conditions of uncertainty.

5.When Ax=f(u,(x)), x€X, where u,(x) -
the membership function, then the system-information

model acquires the characteristics of fuzzy information
in an intelligent system.

6. When Ax=f(p) is a function of probability.

Such an information measure in the form of a ratio was
used by K. Shannon in his formula for calculating

the amount of information: I(p):logZ%, p:%,
1 m-0

|I(p)|=6= p—r ; where: X,,=m, X, =0, x=n,

Ax=n-0, |I(p) - informational  measure,

m — (total) number of attempts, n—(private) value

of realized.

Thus, the characteristic of a particular kind of
information to be formalized depends on the properties
that are attributed to the elements of the information
measure function.

In the transition from the abstract mathematical
formulation to the physical interpretation of system
information the set X is represented by the set of
physical properties of objects that are identified as
physical quantities and their values are estimated due
measurement. The material physical world can be
modeled on the basis of system information of space,
time and physical properties of objects. Each of the
attributes presented can be formalized as a function of
the information measure. The union of these attributes
represents the information space 5D.

The objects of systems-information research are
various systems: physical, chemical, biological, social,
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technical, informational, etc. For each of these systems,
there is both a general and a private information measure
of transformation and development. For each system-
information model of the hierarchical level of a material
object, methods for calculating quantitative values of
information may be different. Numerical methods
for determining the quantity, quality and value of
information are based on the information measure.

The presented analysis of information characteristics
is based on information interaction. The interaction
of objects, leading to a change in knowledge of
at least one of them, is called information interaction.
Despite the nature of the definition of information
interaction, it is useful for analyzing different definitions
of information. Thus, the entropic approach describes
information at the signal level, the algorithmic and
algebraic approach — at the linguistic level, and the
logical approach — at the semantic level.

For information interaction it is not enough only
to transmit a message, it is necessary that the receiver
(addressee) has a possibility to perceive it adequately.
From this follows the thesaurus principle: the importance
of having a priori information, sufficient to decode
and assimilate the message received. This means, in
particular, that participants in information interaction
must have consistent information about the codes,
languages and their semantics being used. This principle
emphasizes the paramount importance for informatics
of linguistic and semantic research in the broad sense
of the word. First of all, we are talking about fragments
of human communication languages and their semantics,
which have become the basis for the development
of human-machine dialogue tools today.

System-information models in production tasks

The product in production is characterized by the
product life cycle (PLC), which includes the following
stages: marketing, research and development, design,
technological preparation of production, production,
quality control, operation, maintenance and disposal.
Each stage of the PLC is an open information system,
in which the information comes from external sources, is
processed and issued to the next stage. At each stage
of PLC both deterministic and stochastic information
processes between objects which possess the certain
information necessary for performance of a concrete
industrial task proceed.

On the basis of the system-information approach
considered, four basic models of information technology
can be distinguished for use in intelligent information
processing systems for product manufacturing [13].

Absolute system-information model (ASIM)

The design of information technology uses absolute
numerical values of system information of the parameters
of design documentation (CD), technological system (TS)
and technological process (TP) on the basis of
deterministic and stochastic system-information models.
ASIM defines: the numerical value of the quantity of
system information of production objects parameters,
which characterizes the complexity of production; quality
of system information parameters, which characterizes
the level of used technology; value of system information
parameters, which characterizes the efficiency of
production. These system information models are used in
the analysis of the state of production in solving
economic and managerial problems.

ASIM are used in the early stages of PLC
in solving the problems of optimizing the redundancy
of both product design and technological process
based on the ratio of the amount of system
information incorporated in the product parameters
to the indicators of technical characteristics of the
technological system and process, as well as to the
parameters of the product service purpose.

Relative system-information model (RSIM)

RSIM characterizes the quality of production
processes in the manufacture of the product and is
equal to the coefficient of information connection
ASIM and KPI (technical and economic indicators)
of production:

KPIOId
ASINIOId , (16)
KPI, =K, x ASIM .

RSIMg,y = (Kinf ) =

RSIM is used in the stages of PLC when
solving problems of optimization and forecasting
of production resources for the manufacture of the
product: energy, time, material and others at the level
of technological equipment, production area, shop and
production as a whole.

Example 1. Conduct a preliminary prediction of

the cost of resources: electrical energy Cg", the time
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of manufacture C," and the estimated cost of Cpnop"

when launching a new (n) product in production

Cold Told
Ky= 5, Ky= P
Id |
Zli(prod) zll(
i=1 i=1

n
Cenl ~ KeI XZ Iirzprod)' Tpnrod ~ KT
i=1

K

communication for existing production technologies;

where: K ., K, — coefficients of information

el 1

OLD - old product, N — new product, I, — system

information of the product parameter according to the
design documentation.

Forecasting tasks according to the given method
to calculate resource costs for launching a new product
have not been solved in production before. The method
is simple and effective using computer technology.
The traditional method of solving such problems
requires a large expenditure of resources, both labor,
time and financial, it consists in the development of
preliminary (approximate) technological processes for
the manufacture of product elements and their assembly
with the calculation of economic indicators.

Equivalent system-information model (ESIM)

One of the conceptual features of the system-
information approach is the possibility to represent
system information of physical quantities on the basis
of Planck units. The values of Planck units (I, — length,

t, —time, m, —mass, E, —energy and other derived

physical quantities are calculated on the basis of the
fundamental physical constants C (speed of light, m/s);

on the basis of existing enterprise technologies in the
manufacture of an old (old) product:

Cold
Kc — - prod ’
Z I Id
e i(prod) (17)

n
n n n
x Z Ii(pl’Od)’ Cprad ~ Kc XZ Ii(prod)'
i=1 i=1

h (Dirac constant,
m®/kg-s®) [12]:

Gh Gh Ch hC®
. = Fm1 t = ES’ my = Ekg 1€p = ?J'

Basic Planck units, as well as fundamental physical
constants, have invariable values of relative uncertainties
and have approximately the same order — 10™ [14].
The value of the information measure is the inverse
of the relative uncertainties of the Planck units and
their numerical values are equal to each other.
Therefore in the system-information approach the
value of Planck units are taken as a threshold of
sensitivity of reference physical quantities. Thus, the
value of the amount of system information of the
reference physical quantity, calculated on the basis of the
Planck unit, can be equivalently expressed through
another physical quantity by means of the coefficient
of agreement between them.

The universal ESIM parameter is the physical
quantity energy, i.e. the quantity of system information
of any physical quantity on the basis of the Planck
unit can be equivalently expressed through the system
information energy.

J-s); G (gravitational constant,

Example 2: Determine the E", equivalent of the
P power value through the energy equivalent using
a matching factor K. (Eq /Ps):

nc® 1 1
Em:\/ G LI (EPL):|092[E—PJ: LSI(PPL):IOQZ(P_Ple

2

P{kg-—:|, log, (P) =log, (m)+2log, (/)-3log, (¢),

1 1 1 1
log,| — |=log,| — |[+2log,| — [-3log, | — |, 18
o o 1o |z, |-t 19

1

Pp, - 2(Iogz(il/mpL)+2logz(]/lpL)—3I0g2(1/[pL)) !

PL PL

[{mmh (i] = M

P ) LSI(Py)

PL

EY E P »
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where: LSI — the logarithmic single index of the Plank

unit of physical value; E,, P, — Plank units of energy

and power; £, — equivalent of the power value in energy

units £, ; P —power, p —power symbol in the equivalent

pl
of energy E,; K, (E, /Py ) —matching factor.

Problems solved on the basis of the ESIM method
refer to engineering problems, both in science and
in production.

Mixed system-information model (MSIM)

System-information  models MSIM  represent
a combination of the above models ASIM, RSIM, ESIM
used for intelligent information processing in solving
a wide range of problems. Economic and social tasks
are some of the complex tasks that are currently being
solved using intelligent information processing
systems. Research of information processes of these
systems and development of information models for
solving problems are labor- and resource-intensive.

When analyzing complex information systems
(e.g., economic or social), MSIMs with limited
information resources are used based on the use of the
three system-information models presented above.
The information elements of the system are modeled
on the basis of ASIM, the information process in the
system is modeled on the basis of RSIM, the system
information for analysis is presented by ESIM. The use
of MSIM allows you to get the most objective result
of the economic task of determining the effectiveness of
processes and systems, which is calculated on the
basis of the ratio of system information result to the
costs of the work done.

In the theory of economics, the task of determining
the efficiency of systems in a strict plan is currently
not solved [15], because the result and cost of work
indicators use different qualitative and quantitative
attributes, measured by different units on different scales.
ESIM eliminates this contradiction, it allows to evaluate
the effectiveness of the system, representing the values
of the result and cost of work in the form of system
information equivalent to the energy measured in unified
units of bits (bits).

Application of system-information models for
intelligent information processing in production tasks

System-information models of production processes
and systems are used to solve production problems.
System-information models for intelligent information

processing, provide the definition of optimal ways in
solving the problems of resource planning and building
a strategy for achieving the goal of production.

To use system-information models for solving
various practical problems, different models based on
the use of certain methods of intelligent information
processing can be applied, the main ones are [16].

1) artificial neural networks (NN), the advantage of
which is the ability to represent some limited continuous
function with any small approximation error;

2) fuzzy logic, which allows inputs or variables
in a decision problem to be represented as people
reason about them;

3) expert systems, used to describe a problem and
using the intelligence of one or more identified experts;

4) evolutionary computing, characterized by the
ability to adapt to adapt to the environment by
modeling the emergence, survival, and improvement
of a population of individuals;

5) multi-agent systems, consisting of groups of
agents with different goals and tasks, with certain
characteristics and which are an active area of research
in complex applications.

For the analysis of system-information models as
objects of information interaction we will use both neural
network approach and fuzzy logic, which are effective
tools for solving a wide range of problems of intelligent
data analysis, which can include and production tasks.

Let us consider some characteristics of functional
dependences of technical and economic production
indicators to the numerical values of system information
() of product parameters DD (design documentation),
TS (technological system) and TP (technological process).
Timely and justified assessment of production indicators
on the basis of information technology provides effective
forecasting and management of the state of production.

1. Any mode of production is displayed through
the system information (I) of the monitored parameters
of the production objects.

2. The parameters of the product, technological
process and system have the final numerical value
of the system information (I) and are the most objective
characteristics of production.

3. Quantitative indicators of resource costs of
material, labor and energy to produce the product is
a function of the numerical value of the system
information (I) of the parameters of DD, TS and TP:

Resource costs (material, labor, energy) =

(19)
= f ( I(DesDoc); I(TechSist); 1(TechProc)).
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4. Technical and economic indicators of production
(KPI) is a function of redundancy or lack of system
information of DD parameters of the product, TS,

KPI = f( I (

5. Production efficiency is characterized as
a function of the ratio of transferred system information
by the technological system and process (costs) to the
received system information by the product (result)
(characteristic of the value of system information in
the production of the product):

Production efficiency = f (Zreproc/Zoespos ). (21)

The presented system-information models and

ways of their use can be applied in systems of

intelligent information processing to solve a wide class
of practical problems.

Conclusion

DesDoc,TechSist, TechPr oc), I

The development of methods for solving various
classes of practical problems using intelligent information
processing is one of the key research areas in computer
science. The developed system-information models
of processes and systems for intelligent information
processing allow analyzing and solving production
problems. Thereby increase the efficiency of solving
problems of analysis, synthesis and forecasting of
production systems and technologies, as well as
problems of production management.

The system-information approach to processes
and systems introduced new concepts of system
information and information measure, which allowed
to develop system-information models for intelligent
information processing.

The concept of systemic information corresponds
to the generally accepted classical definition of
"information™. The information process is based on the
information interaction of system elements, which leads
to a change in their state and is caused by a positive or
negative increase in the amount of system information.
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CUCTEMHO-TH®OPMAIINHI MOJEJI
JIJIA IHTEJEKTYAJIbHOT'O OBPOBJIEHHA IHOOPMAIIIT

IIpenMeToM nOCHi/UKEHHS € CUCTEMHO-iH(OpMamiiiHi MOZENI MpPOLECiB i CHCTeM Ta IXHE BUKOPHUCTAHHS IS iHTEIEKTYaJbHOTO
00pobnenHs iHpopManii y BHUPOOHMYMX 3aBJAHHAX. 3aCTOCYBaHHS IHTENEKTyalbHOTro oOpoOiieHHs iHdopmarii B cucTemax
YIpaBIiHHSI BUPOOHUIITBOM € HHHI OJTHUM i3 KJIFOYOBHX HaNpsMiB pO3BUTKY iHpopMaTuku. MeTa po6oTH — po3po0IeHHs CHCTEMHO-
iHpOpPMaIiiHUX MOJeNel NpOLECiB 1 CHCTEM A IHTENeKTyalbHOro oOpoOJjeHHS iH(opMalii, mo JaroTh 3MOTY aHami3yBaTd U
BUKOHYBAaTU BUPOOHUYI 3aBIaHHSA, SKi BUXOIATh 32 MEXi MOMEPEHBOr0 JOCBiAYy B YMOBaX HEBU3HAUCHOCTI. Y CTATTI BUPILIYIOTHCS
Taki 3aBJAaHHS: aHaNI3 MiIXO/IB JI0 BU3HAYCHHs XapaKTePHUCTHK iH(OpMallii IPOIeciB Ta CUCTEM; PO3pOOIICHHSI OCHOB MOJICTIOBAHHS
CHCTEeMHO-iH(QOPMaLIiifHUX MPOLECIB i CUCTEM ISl IHTENIEKTyalbHOro 00pobaeHHs iH(opMallii; CTBOPEHHS CHCTEMHO-iH(pOpMaIiitHUX
Mozeneil 1 crmocobiB TXHBOTO 3acTOCYBaHHS JUIS IHTENEKTyaJbHOro OOpoOJeHHs iHopMmamil B 3aBJaHHSIX BUPOOHHITBA.
BUKOpUCTOBYIOThCS Taki MeTOAM: CHCTEMHO-iIHGOpPMAIiifHMI MmiAXix JO0 TMpOIeciB Ta CHCTEM; CHUCTeMHO-iH(opmamiiiHe
MOJIeNIIOBaHHs mporieciB i cucreM. OTpHMaHO Taki pe3yJbTaTH: IPOAHATI30BAHO IIXOAW /O BH3HAYCHHS XapaKTEPHUCTHK
iHpopMamii mpoueciB 1 cucTeM; pO3pOONIEHO OCHOBH MOJETIOBAaHHSA CHCTEMHO-iHQOPMALIfHUX TMpOIeciB 1 CHCTeM Ui
IHTENEKTyaIbHOTO 00pOoOIeHHs iH(pOpMaIlii; 3ampoBaIKEHO MOHATTS cHcTeMHOi iHpopMarii Ta iHopManiitHOT MipHu; po3pobieHo
CHCTeMHO-iH(pOpMalliitHi MoJieni Ta CHOCOOM XHBOTO 3aCTOCYBAaHHS JUIsl iHTEIEKTyalbHOro oO0poOieHHs iHdopMalii B 3aBIaHHIX
BUpOOHMLTBA. BHCHOBKH. Po3poOieHHs MeTomiB Al BHPINIEHHS pPI3HOTO Kiacy NPAaKTHYHUX 3aBIaHb i3 BHKOPHUCTAHHSIM
IHTeNeKTyaJ bHOro 00poOieHHs iHdopMamil € OJHMM i3 KIIOYOBHMX HANpsMIB JOCHipKeHb B iH(opmaTuii. CTBOpPEHI CHCTEMHO-
iH(opMaIiifHI MOJENi IPOIECiB I CUCTEM I IHTEIEKTyaIbHOro 00pobieHH s iHpopManii JaloTh 3MOTY aHANI3yBaTH W BHPILIyBaTH
3aBIaHHS, 10 BUXOAATH 32 MEXI ITONEPeTHHOr0 AOCBiAy. THM caMMM BOHHM MiJBUINYIOTH €(EeKTHBHICTh BUPILICHHS 3aBJAHb aHANI3Y,
CHHTE3y Ta TPOTHO3YBAaHHA BHPOOHWYMX CHCTEM 1 TEXHOJOTIH, a TaKoXX 3aBOaHb YIPaBIiHHA BHPOOHUITBOM. CHCTEMHO-
iHpoOpMaLIHUIA MiAXiA ZO MPOLECIB i CHCTEM Olepye HOBUMH MOHATTSIMH — cucTeMHa iHdopmauis” ta “iHdopmauiiina mipa”.
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3aBOsSKH BOMY PO3POOJICHO CHUCTEMHO-iH(opMamiifHi Monelni A iHTEJIeKTyaabHOTO oOpoOiaeHHs iHdopMamii, a TakoX CHOCOOH
TXHBOTO 3aCTOCYBaHHS Ha €TalaxX >KUTTEBOrO LMKy BHUPOOY, IO AaJ0 3MOTY BHpILIyBaTH 3aBAaHHS BUPOOHHITBA. CHCTEMHO-
iH(opMaLiiiHi MOJEi MPOLECiB Ta CHCTEM ONUCYIOTh B3aEMOJIIO [DKepesia Ta npuiiMaya Ha iHpopMaliiiHoMy piBHI Ha OCHOBI opora
qyTauBocTi. Kanan 3B’s13ky MK [pkepenoMm Ta mpuitMadeM iHdopmarliii mpaioe, sik MpaBuio, B yMOBaxX HEBH3HAUCHOCTI, 110 MOXKeE
CIOPUYMHKUTH BTpaTy iH(opMalii i yac nepenadi BHACTIIOK MOKIIMBOT 3MiHH XapaKTePUCTUK CHCTeMH. J[iis onucy iXHBOI B3aeMOii
MOXYTh OyTH BHKOPHCTaHI Ti YM IHII MOJENI IHTEJeKTyalbHOro oOpoGiieHHS iH(popMamii, 30kpeMa HelipoMepexHi mMozeni abo
MOJIelli HEUiTKOTO BHBEJEHHS. IXHE BHMKOPHUCTAaHHS JAacTh 3MOTY TMiJBUIIUTH e(peKTHUBHICTh MPOTHO3YBaHHA CTaHy NpHiiMada
3 ypaxyBaHHSM CTaHy IiepefaBada Ta yMOB (yHKIIOHYBaHHs KaHaly 3B’si3Ky. LI cTaTTs mokasajia akTyalbHICTh PO3pOOIICHHS
CHUCTEMHO-1HQOPMALIHHUX MOJENel Il iHTENeKTyadbHOTro oOpoOieHHs iH(opMalmii Ha PpIBHAX pelemnmii, iHTepruperamii Ta
KOMYHiKalii JaHUX, 10 T03BOJISIE POSIIUPUTH KITaC BUPOOHUYHX 3aBIaHb, IKi BUPILIIYIOTHCA.

KarouoBi cioBa: cuctemHo-iHopMmariiiHi Mozeni; cucTeMHa iH(poOpMauis; iHpopManiiiHa Mipa; MOPIr YyTIHBOCTI;
iHTeNeKTyaabHe 00poOIeHHs iHpopMarii.

CUCTEMHO-UH®OPMAIINOHBIE MO/JIEJIN
JIJISI THTEJUIEKTY AJIbHOM OBPABOTKHA MTH®OPMAIIUA

IIpeamMeToM MHCCIENOBaHUS SBISIOTCS CHCTEMHO-MH(OPMALMOHHBIE MOJENM IPOLECCOB M CHCTEM M MX MHCIOJIb30BaHUE
UL MHTEJUICKTYaJIbHOW 00paboTku MH(pOpPManuy B MPOU3BOACTBEHHBIX 3aJadax. VcHonp3oBaHHE HMHTEIUIEKTYaJbHOH 00paboOTKU
HH(OPMAIMU B CHCTEMaX YIPaBJICHHS IPOM3BOACTBOM SBILSIETCS B HACTOSIEE BPEMsl OJHHUM U3 KIIFOUEBBIX HANpaBICHUI Pa3BUTHS
napopmatruku. Ileas paboTel — pa3paboTka CHCTEMHO-MH()OPMAIIMOHHBIX MOJENEH IPOIeCCOB M CHCTEM [UIS MHTEIUICKTYaIbHOM
00paboTki nH(MOPMAIMH, MO3BOJLSIOIINX AHAJIU3MPOBATh M pEIIaTh NPOU3BOJACTBCHHBIC 3aJa4d B YCIOBHSX HEOMpPEICICHHOCTH.
B cTaThe penaroTcs Cleayroue 3aa4M: IPOBEACHNE aHAIN3a OAXO0/I0B K ONPEACICHHUIO XapaKTEePUCTHK HHMOPMAIMH TTPOLIECCOB
U CHCTEM; pa3paboTKa OCHOB MOACIHPOBAHUS CHCTEMHO-MH()OPMAILIMOHHBIX POLIECCOB M CUCTEM JUISl HHTEIUICKTYaJIbHOH 00paboTKH
uHpOpMaIMy; pa3paboTKka CHCTEMHO-UH(POPMAIIMOHHBIX MOJENeH M ctocoO0B MX NMPUMEHEHUS AJsl MHTEIUIEKTYalbHOU 00paboTKH
uHopMalMu B 3a7adax [POU3BOACTBA. VICMONMB3YIOTCSA CIEIyIONIME MeTOAbI: CHCTEMHO-WH()OPMAIMOHHBIH  IOAXOJ
K IIpOIeccaM M CHCTeMaM; CHCTEMHO-MH(POPMAMOHHOE MOJISIIPOBaHUE MPOIeccoB U cucTeM. [lomydens! cienyronye pe3yabTaThl:
NPOBE/ICH aHaJM3 IOAXOAOB K ONpPEIelIeHHI0 XapaKTepUCTHK HH(GOPMAIWHM IPOLECCOB M CHCTEM; pa3padOTaHbl IPHHIIHIIBI
MOJICIMPOBAHUS CHCTEMHO-MH()OPMALMOHHBIX TIPOLECCOB M CHCTEM Ul MHTEIUICKTyanbHOH 00paboTku MH(OpMAIMH; BBEACHBI
HOHATHSL CHCTEMHOH HH(OpMaumu ¥ MHGOPMALMOHHOW Mepbl; pa3paboTaHbl CHCTEMHO-HH(GOPMAIMOHHBIE MOJETH U CIIOCOOBI
WX TPUMEHEHHs [UId HMHTEIUIEKTyalnbHOW 00paboTku wWHGpOpMamuu B 3aJadax NPOW3BOIACTBA. BbiBoabl. Pa3zpaboTka MmeTomos
JUISL PEILICHUs] Pa3IMYHOrO KJacca MPaKTUYECKHX 33a7ad C HUCIOJIb30BAHMEM HHTEJUICKTYalbHOH 00paboTKH MH(POpMALUM SBISETCS
OJHHM W3 KIIOYEBBIX HANpaBICHUI HccienoBaHuii B uH(opmaTuke. PaspaboTaHHbIE CHUCTEMHO-MH()OPMAIMOHHBIE MOJAECIH
MPOLECCOB U CHCTEM IS MHTEIUIEKTYaJbHOW 00pabOTKM MH(OpMAalUH IMO3BOJSIOT aHAJIM3UPOBAaTh M peIIaTh 3a7add, KOTOpbIe
BBIXOAAT 32 PaMKH MpeIbIIyliero ombita. TeM caMbM OHH TOBBIIAIT 3(P(EKTHBHOCTh pELICHHS 3a/ad aHallM3a, CHHTE3a
U TIPOTHO3WPOBAHUS MPOU3BOACTBEHHBIX CHCTEM M TEXHOJOIMH, a TakKe 3aJad yIpaBIeHHWs IIPOM3BOACTBOM. CHCTEMHO-
WHQOPMAIIMOHHBIA TOAXOA K TMpoIeccaM M CHCTEMaM OINepUpyeT HOBBIMH MOHATHAMH — ''CHCTeMHas HHQpopMamus H
"rHpOpMaIoHHas Mepa". DTO MO3BOJIUIIO pa3padoTaTh CUCTEMHO-MH(GOPMALMOHHBIE MOAETH A MHTEIUIEKTYyadbHOH 00paboTKu
I/IH(bOpMaLIPIl/I, a TaKXe Cl'IOCO6]>I X TPUMCHCHHSA Ha OJSTanax XWU3HCHHOI'0 HHUKJIa H3ACIUd, 4YTO IIOMOIVIO pellaTh 3ada4du
npousBozacTBa. CrcTeMHO-NH(DOPMAIIMOHHBIE MOJIENIN MTPOLECCOB M CHCTEM OINMKCHIBAIOT B3aHMMOJAEIHCTBHE HCTOUYHHMKA M MPHEMHHKA
Ha MH(OPMAIIMOHHOM YPOBHE Ha OCHOBE ITOPOTa YyBCTBUTEILHOCTH. KaHai CBs3M MEXTy NCTOYHHKOM M MPUEMHHKOM HH(OPMaIN
paboTaeT, KaK MPaBUIIO, B YCIOBUIX HEONPEIEICHHOCTH, YTO MOXET IIPUBOIUTH K MoTepe HHOOPMAIMH NPH Mepeade BCICICTBUE
BO3MOXKHOTO H3MEHEHHs XapaKTEPHCTHK CHCTEMBI. J[JIsi ONMCAaHMS MX B3aUMOJCHCTBHS MOTYT OBITH HCHOJIb30BaHbI T€ WM HHBIC
MOJIeNIM MHTEIUICKTYaJlbHOH 00paboTKM HHGOpPMAlWKM, B YAaCTHOCTH HEHPOCETEBbIC MOJEIM WJIM MOJEIN HEYETKOIO BBIBOJA.
HX uCcroap30BaHUE TI03BOJIUT ITOBBICHUTH 3(1)(1)6](TPIBHOCT]> IIPOTHO3UPOBAHUA COCTOSIHUSA NPUEMHHUKA C YYETOM COCTOSAHUA
nepeaaTyiKa ¥ ycIoBruil QyHKIIMOHUPOBaHKs KaHaa CBsi3H. [IpefcTaBieHHas CTaThs MOKa3ajla akTyallbHOCTh Pa3pabO0TKU CUCTEMHO-
MH(OPMAIIMOHHBIX MOJENEH JUIi WHTEIUICKTyalbHOH 00pa0OoTKM HHQOpMalMyu Ha YpPOBHSIX pELEINIMH, WHTEPHIpeTalud U
KOMMYHHKAIUY JAHHBIX, YTO IT03BOJISIET PACIINPUTH KJIACC PELIaeMbIX MPON3BOACTBEHHBIX 3a/1a4.

KioueBble cj10Ba: CHCTEMHO-HH(GOpPMAIMOHHBIE MOJEIH; CHCTeMHas HHpopMauus; HHGOpMAlMOHHAsS Mepa; MHOopor
qyBCTBHUTEIIFHOCTH; MHTEIUIEKTyaIbHas 00padoTKa HH(POPMAIIH.
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O. SOLOVEI

NEW ORGANIZATION PROCESS OF FEATURE SELECTION
BY FILTER WITH CORRELATION-BASED FEATURES SELECTION METHOD

The subject of the article is feature selection techniques that are used on data preprocessing step before building machine learning
models. In this paper the focus is put on a Filter technique when it uses Correlation-based Feature Selection (further CFS)
with symmetrical uncertainty method (further CFS-SU) or CFS with Pearson Correlation (further CFS-PearCorr). The goal of the
work is to increase the efficiency of feature selection by Filter with CFS by proposing a new organization process of feature
selection. The tasks which are solved in the article: review and analysis of the existing organization process of feature selections
by Filter with CFS; identify the routs cause the performance degradation; propose a new approach; evaluate the proposed
approach. To implement the specified tasks, the following methods were used: information theory, process theory, algorithm theory,
statistics theory, sampling techniques, data modeling theory, science experiments. Results. Based on the received results are proved:
1) the chosen features subset’s evaluation function couldn’t be based only on CFS merit as it causes a learning algorithm’s
results degradation; 2) the accuracies of the classification learning algorithms had improved and the values of determination
coefficient of the regression leaning algorithms had increased when features are selected according to the proposed new
organization process. Conclusions. A new organization process for feature selection which is proposed in current work
combines filter and learning algorithm properties in evaluation strategy which helps to choose the optimal feature subset
for predefined learning algorithm. The computation complexity of the proposed approach to feature selection doesn’t depend
on dataset’s dimensions which makes it robust to different data varieties; it eliminates the time needed for feature subsets’ search
as subsets are selected randomly. The conducted experiments proved that the performance of the classification and regression
learning algorithms with features selected according to the new flow had outperformed the performance of the same learning
algorithms built with without applied new process on data preprocessing step.

Keywords: Correlation-based Feature Selection (CFS); symmetrical uncertainty (SU); Pearson Correlation (PearCorr);
merit; accuracy; determination coefficient.

Introduction Analysis of the current state of the problem

and methods of its solution

When data which is gathered for pattern
recognitions or machine learning models includes a lot
of observations and features then it became difficult
to perform effective data visualization; data mining

The techniques to select features for machine
learning model are specified as: wrappers, embedded,
filters, dimensionality reduction and hybrid [3].

or to build a machine learning model with high
accuracy and performance. Therefore, sampling and
feature selections methods are developed to cope with
high-dimensional datasets [1].

Feature selection is a widely used instrument
to remove irrelevant and redundant information from
the dataset to avoid overfitting and reduce memory
usage and computational costs. The goal of feature
selection is to choose an optimal feature subset
according to predefined evaluation criterion [2].
The recent trend to have a small number of samples
in dataset versus a lot of features may cause problems
to machine learning algorithm regarding learning
performance therefore feature selection process plays
increasingly import role while building machine
learning model.

A different Fast Correlation-Based Feature Selection
(FCBFS) algorithm for filter had been considered in
the study [4]. It proposes to use a threshold value &,
which is identified by user e.g. for dataset with N features
and class C when merit, . measures the correlation

between a feature F, and the class C then F; is added
in subset if VR eS’, 1<i<N, merit, >¢5. Formed

in such way subset is processed the 2™ time in order
to retain only predominant feature. After one round
of filtering features, algorithm takes the remaining
features as a new subset and repeat starting to add
a new feature. The algorithm stops when there is no
feature to be removed. The worst case could be none
features are removed. FCBF’s performance for
ten datasets had been compared with wrapper for
two learning algorithms C4.5 and naive Bayes and

© O. Solovei, , 2022
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because FCBF improved the accuracy of both learning
algorithms FCBF was concluded as practical for feature
selection for classification of high dimensional data.

The idea to use Hybrid approach according to which
evaluation strategy uses a filter method and learning
algorithm had been considered in several studies [5-7].
In work [5], it was proposed to form feature subsets using
FBS with CFS and then to use dominance-based rough
set approach (DBRSA) to select the final feature set.
As DBRSA is an extension of the classical rough set
approach (CRSA) which utilizes a decision tree, so
the final feature subset is selected by the means of
the learning algorithm.

Adaptive Hybrid Feature Selection methodology
(AHFS) is proposed in work [6]. It utilizes the fact that
there is no «best of» metric/method to select a feature
subset and the choice of the metric/method can be
realized by using the applied learning algorithm.
AHFS uses SFS to form a subset in each iteration
and iterates through possible evaluation methods to
assign feature subset a set of ranks corresponding
to the method. The final feature subset is selected by
artificial neural networks model.

Hybrid feature selection that significantly reduces
dimensionality of features was proposed in work [7].
The approach uses the combination of ReliefF and
Principle Component Analysis (PCA) algorithms which
are applied in the following sequence: 1) features are
weighted by ReliefF and a candidate feature subsets
are formed from features which weights exceed
threshold; 2) PCA is applied on the candidate feature
subset to reduce the dimension.

Highlight of the earlier unresolved parts
of the general problem.
Aim of the study

a predefined learning algorithm and selected by
evaluation strategy a final feature subset.

This paper proposes to change the organization
process of feature selection by Filter with CFS that will
take into consideration the dependencies between
a predefined learning algorithm and chosen feature
subset. The experiment tests of the new organization
process will be performed for Filter with CFS-SU
method — when dataset has features with discrete values
and for Filter with CFS and Filter with CFS-PearCorr
method — when dataset has features with discrete values.

Materials and methods

FCBF algorithm proposes to solve the first
suggested in this paper problem by adding to evaluation
strategy of feature selection a hyper parameter threshold
o0, which value to be decided by user. It makes
an algorithm dependent on the dataset and considering
possible data variety the chosen value of § may
not be optimal.

Hybrid approaches [5-7] have a common idea that
evaluation strategy couldn’t be based on CFS method
only but requires additional evaluation criteria which
is a learning algorithm. However, in studies [5-7]
are left not considered the dependencies between

All Feature selection techniques have four steps
in common:

1. Starting point — selects the feature from which
to begin the feature selection.

2. Search organization — specify the algorithm
for feature subset identification. Covers a type of search:
exhaustive; complete; random and heuristic. A search
can start by adding a new feature to an initially
empty set and then a feature subset is expanded with
one additional variable in each iteration step is called
Sequential Feature Selection (SFS) or add all features
and start removing irrelevant or redundant features
(backward elimination) or Best First Selection (BFS) —
the search is started with the most predictive feature
according to chosen metric and then in each iteration
step — the most predictive subset is expanded
with a feature.

3. Evaluation strategy — specifies how a goodness
of feature subset to be evaluated. It can be independent
of the machine learning algorithm (common for
filter technique) or by performance metrics of the
learning algorithm (common for wrappers).

4. Stopping criterion — a rule to decide when to
stop searching the feature subsets.

The current study is focused on filter and wrapper
techniques, therefore the details for other techniques
are omitted on purpose.

Wrapper method is aimed to select the feature
subset that will ultimately provide a better estimate
of accuracy. Wrapper uses a predefined machine learning
algorithm to evaluate the quality of a selected feature
subset. In forward selection, it calculates the accuracy
of adding a new unselected feature to the subset and
according to received accuracy decides to keep or remove
the feature. Wrapper method produces good feature
subsets because estimated performance of the learning
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algorithm is the best heuristic for measuring the
goodness of feature subsets, however it computationally
inefficient and it does not scale well to large datasets.

Filter — independent of any learning algorithm
because its evaluation strategy is based on different
statistical measures. When filter uses one of the methods:
Low Variance [8], Fisher Score [9], T-score [10],
distance measure [11], Chi-square [12], information gain
[13], Gini index [14] and others [15] then the features
are ranked and a selection strategy, e.g. "select best
n_features” is applied to extract the final set of features
to be used. Filter methods had been proved as fast
and effective while capturing the relevance of features
to the target, therefore filter methods are chosen when
dataset has a big number of samples. However,
filters with the mentioned methods cannot discover
redundancy among features whereas redundant
features along with irrelevant feature negatively affect
the speed and accuracy of learning algorithm [16].
Another point, which makes filters technique weaker
is that the features are ranked with no consideration
for learning algorithm but different algorithms may
perform better or worse for the same feature subsets [17].
In wok [18] was introduced a new Filter with CFS
method it returns the set of features from which
simultaneously are removed both irrelevant and
redundant features. CFS finds feature subset that is
useful to predict the target variable and do not strongly
interact with other features. The rule is formalized
as specified in equation 1

kr
CFS _score(S) = ———=—u=—, @
k+k(k-1)rg
where CFS score is an evaluation score (further «merit»)

of subset S with k features; E — the average of the

C
correlations between feature subset and target variable;
E — the average feature-feature correlation. In eq. 1

the numerator indicates the predictive power of the
feature set while the denominator shows how much

redundancy the feature set has. Correlations r, and r,

can be calculated using symmetrical uncertainty formula
when features in dataset have discrete values; or
Pearson’s correlation, for features with continuous

values. When Filter uses CFS_PearCorr then E from

eq.1 is the average of absolute values of Pearson
correlations between feature subset and target variable;

E — the average of absolute values of feature-feature

Pearson correlation. As a result of conducted
experiments of features selection based on CFS score
(eg. 1) in study [18] had been concluded that while
solving a classification problem with discrete features
dataset — CFS-SU can be used as a standard.
The effectiveness of CFS-SU was evaluated by
comparing it with wrapper which uses predefined
learning algorithms: naive Bays, C4.5. The Filter with
CFS-SU was organized as:

1. Starting point — from the 1% feature add/remove
features one by one.

2. Search organization — features are added to
subset with SFS technique until merit shows increasing
value five time in sequence. The process is repeated
50 times. The resulted subsets are ordered by merit
in descending order.

3. Evaluation strategy - consists of steps:
1) to merge 1% and 2" best subsets; 2) to calculate
the merit of the new composed subset; 3) if the new merit
is within 10% of the merit of the best subset then accept
the new best subset; 4) form a new subset by merging
the best subset with next not used subset from the
list with 50 subsets.

4. Stopping criterion — repeats steps 2-4 until
the condition in step 3 isn’t met.

The following results from the comparison had
been shared: accuracy of naive Bayes with feature
subset selected by CFS-SU had shown a degradation
for one dataset: audiology (au) from 80.24% to 75.55%.
Accuracy of C4.5 had shown a degradation for five
datasets: mushroom (mu) from 99.59% to 99.37%,
audiology (au) from 78.48% to 77.14%, soybean (sb)
from 89.16 to 86.80, horse-colic(hc) from 84.02 to 78.79,
king-rook vs. king-pawn (kr-vs-kp) from 99.16 to 94.13.

Potentially, there are several problems caused
the accuracy’s degradation:

1. SFS with CFS-SU merit as evaluation technique
doesn’t return the feature subset which is good for
predefined learning algorithm.

2. Merging approach used for final feature subset
works well for naive Bayes but caused the performance
degradation for C4.5 because added redundancies
to the final subset and algorithm C4.5 isn’t efficient
when correlated feature are included. This fact means
that an evaluation of "goodness" of feature subset is
impacted by the chosen learning algorithm but that
impact wasn’t taken into consideration.

Further, in this paper, those
will be verified.

assumptions
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Study results and their discussion

The characteristics of datasets for which
a performance degradation had been captured in
study [18] are specified in table 1. The number of
observations (n_observations) and number of features
(n_features) are different compared to raw datasets

from UCI Machine Learning Repository due to
performed features engineering: 1) “one hot encoding"”
and "label encoding" — in order to adapt categorical
values to CFS-SU method; 2) data clean up -
observations with missing values were removed
in case the majority of feature’s values are missing.

Table 1. The characteristics of datasets with discrete and categorical features

Datasets n_observations | n_features Machine learning Feature Type Missing
- - task Continuous | Discrete | Categorical | values, Y/N?

audiology 194 39 Multi classification + Y
horse-colic 299 12 Binary classification + + Y
mushroom 8124 96 Binary classification + Y
King-rook vs. 3196 35 Binary classification * N
king-pawn

soybean 306 35 Multi classification + + Y

The learning algorithms: 1) naive Bayes was chosen
in study [18] because, its classification accuracy is
negatively affected by present of the redundant
features as break the assumption that feature values
are independent given the class; 2) C4.5 — is a popular
learning algorithm for solving a classification task
therefore an accuracy of C4.5 obtained as a result
of experiments with feature selection approaches
can be considered as a benchmark. In the current
study we will continue to use those learning algorithms
to compare the results and evaluate the correctness
of the new proposals.

To study the result of feature evaluation strategy
based on CFS-SU merit, we will visualize and analyze
relationships between 1) accuracy of learning algorithm
and CSF-SU merit; 2) number of features included in
subset vs CSF-SU merit. To visualize the relationship

(b)

line for each dataset from table 1 we do: 1) randomly
select N feature subsets S’; 2) calculate CSF-SU merit
and accuracy of learning algorithms for each S, 1<i<N .

The results are presented on fig. 1 — fig. 5.

Fig. 1 — on picture (a) the highest accuracy
83.67% corresponds to merit 0.145, calculated with
27 features (picture (c)) and the highest merit 0.181
corresponds to lower accuracy 79.59%. On picture (b) the
highest accuracy 81.63% corresponds to merit 0.119,
calculated for 27 features and the highest merit 0.18
corresponds to lower accuracy 73.47%. Therefore, for
audiology dataset, the height merit of S, doesn’t

correspond to the best accuracy of both learning
algorithms; the number of features can be reduced
from 39 to 27 for naive Bayes and C4.5 algorithms.
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Fig. 1. (a) — accuracy of naive Bayes vs merit of au dataset with S; and target variable; (b) — accuracy of C4.5 vs merit

of au dataset with S, and target variable; (c) — merit vs number of features in S; for au dataset

Fig. 2 — on picture (a) the highest accuracy 82%
corresponds to merits 0.016 calculated with 6 features
(picture (c)) and the highest merit 0.03 corresponds to
lower accuracy 60%. On picture (b) the highest accuracy
85.28% corresponds to merit 0.023, calculated for
2 features (picture (c)) and the highest merit
0.027 corresponds to lower accuracy 76.58%. Therefore,

for horse-colic dataset, the highest merit of S, doesn’t

correspond to the best accuracy of both learning
algorithms and the number of features can be reduced
from 12 to 6 for naive Bayes and from 12 to 2 for C4.5.
Fig. 3 — on picture (a) the highest accuracy
99.7% corresponds to merit 0.027, calculated with
62 selected features (picture (c)) and the highest
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merit 0.03 corresponds to lower accuracy 98.13%.
On picture (b) the highest accuracy 100% the 1% time
corresponds to merit 0.021, calculated for 52 features
and that level of accuracy is kept with further growing
merits. Therefore, for mushroom dataset, the height
merit of S, doesn’t correspond to the best accuracy

of both learning the number of features can be reduced
from 96 to 62 for naive Bayes and from 96 to 52
for C4.5.

Fig. 4 — on picture (a) the highest accuracy 93.24%
corresponds to merit 0.008, calculated with 25 selected

features (picture (c)) and the highest merit 0.014
corresponds to lower accuracy 67.83%. On picture (b)
the highest accuracy 99.62% corresponds to merit
0.009, calculated with 35 features and the highest
merit 0.01 corresponds to lower accuracy 90.99%.
Therefore, for kr-vs-kp dataset, the height merit
of S, doesn’t correspond to the best accuracy of both

learning algorithms, the number of features can be
reduced from 35 to 25 for naive Bayes algorithm
and no feature reduction is expected for C4.5.
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Fig. 2. (a) — accuracy of naive Bayes vs merit of hc dataset with S; and target variable; (b) — accuracy of C4.5 vs
merit of hc dataset with S, and target variable; (c) — merit vs number of features in S; for hc dataset
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Fig. 3. (a) — accuracy of naive Bayes vs merit of mu dataset with S, and target variable; (b) — accuracy of C4.5 vs
merit of mu dataset with S, and target variable; (c) — merit vs number of features in S; for mu dataset
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Fig. 4. (a) — accuracy of naive Bayes vs merit of kr-vs-kp dataset with S; and target variable; (b) — accuracy of C4.5 vs
merit of kr-vs-kp dataset with S; and target variable; (c) — merit vs number of features in S, for kr-vs-kp dataset
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Fig. 5 — on picture (a) the highest accuracy 93.51%
corresponds to merit 0.255, calculated with 23 selected
features (picture (c)) and the highest merit 0.3
corresponds to lower accuracy 88.31%. On picture (b) the
highest accuracy 89.61% corresponds to merit 0.281,
calculated with 27 features. Therefore, for soybean
dataset, the height merit of S, doesn’t correspond

to the best accuracy of both learning algorithms, the
number of features can be reduced from 35 to 23
for naive Bays and from 35 to 27 for C4.5.

The summary from the
(fig. 1 —fig. 5):

— a direct correlation between CFS-SU merit
and accuracy of learning algorithm exists, however
which value of merit corresponds to the beast accuracy
couldn’t be formalized. As a result: evaluation strategy
can’t be based only on CFS-SU merit value.

— both naive Bayes and C4.5 algorithms works
better with different number of features, therefore
feature subset selected with CFS-SU only without
knowing a learning algorithm may also negatively
impact the accuracy of the built model.

conducted analysis
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Fig. 5. (a) — accuracy of naive Bayes vs merit of soybean dataset with S; and target variable; (b) — accuracy of C4.5 vs

merit of soybean dataset with S, and target variable; (c) — merit vs number of features in S, for soybean dataset

To tackle the identified problems, the following

improvements

in organization of feature selection

process by Filter with CFS method are proposed:
1. Starting point: randomly select N feature subsets

S'; calculate CFS merit (M;) for each S;, 1<i<N;
sort a vector with S, by M, in ascending order.

Note: As a result of the sorting the higher accuracy
will likely correspond to subset from the 2" part

of a vector S'.

2. Search strategy: is not required.

3. Evaluation strategy: calculate accuracy A, of

learning algorithm with subset S;, where i=N/2 and
calculate accuracy A, of learning algorithm with

subset S, .

If A, is less than A. then save N ; increment i
by (N —i)divstep ; ENDIF
IF A, is higher than A then save i; decrement N

by 1; ENDIF

IF A, is equal to A§N then save i; increment i
by 1; ENDIF
4. Stopping criterion: repeat Evaluation until

(i islessthan N )or ((N-i)divstep >0)

The above steps 1-4 are formalized on fig. 6 and
a calculation example to illustrate as the "best"
feature subset can be chosen is illustrated in table 2
for horse-colic dataset with 10 feature subsets.

In table 2. CFS-SU merits are marked by bold
to show how start and end indices had been moved:
end index N is always decremented by constant 1 in
order to not miss the feature subset which fits the best
and likely correspond to the higher merit; start index i is

incremented by (N -—i)divstep to make a search

more computationally efficient. Step value o is
a hyper parameter.

Time complexity of algorithm (fig. 2) depends
on values of two parameters: N and ¢ and doesn’t
depend on dataset dimension. In worth scenario its

time complexity is O(ZN_é) At the same time, the

algorithm  (fig. 2) eliminates "search strategy”
from commonly used feature selection process which
reduces over all time and simplifies the process.

To understand whether the new process can be
used when feature is selected by Filter with CFS
and other method from the specified in [15], we include
in the experiments the datasets (table 3) which
features have continuous values.
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Input: S’ : dataset; O
Output: Index of feature subset which predicts the best accuracy

calculate M

sort S by M in ascending order
i = int(len(?)/z)—l

N = Ien(S—’)—l

Divide dataset on train/test.
WHILE True

Fit learning algorithm with train data with features Si' ;

Calculate As‘ ;

Fit learning algorithm with train data with features SN' ;

Calculate A“; ;

IF A, <A, THEN index:=N ; i:=i+int((N-i)/5) ENDIF
IF A, > A, THEN index:=i; N := N -1 ENDIF

IF A, = A, THEN index:=i; i:=i+1 ENDIF

IFi>N or (int(%j ==0) THEN Break ENDIF

ENDWHILE

Fig. 6. Algorithm of the new organization process for feature selection by Filter with CFS

Table 2. Calculation example to illustrate algorithm fig. 6 for horse-colic dataset

Merit 0.002 | 0.003 | 0.005 | 0.007 0.0076 0.013 0.0158 0.0162 0.0175 0.0215
Accuracy 54.67 72.00
Merit 0.002 | 0.003 | 0.005 | 0.007 0.0076 0.013 0.0158 0.0162 0.0175 0.0215
Accuracy 85.33 72.00
Merit 0.002 | 0.003 | 0.005 | 0.007 0.0076 0.013 0.0158 0.0162 0.0175 0.0215
Accuracy 85.33 70.67
Merit 0.002 | 0.003 | 0.005 | 0.007 0.0076 0.013 0.0158 0.0162 0.0175 0.0215
Accuracy 85.33 72.00

Table 3. The characteristics of datasets with continuous and categorical features

. Machine Feature Type Missing
Datasets n_observations | n_features learning task | Continuous | Discrete | Categorical | values, Y/N?

automobile 205 26 Regression + + Y
forecast order 60 12 Regression + + N
rental building 372 108 Regression + + N
boston house 506 13 Regression + + + N
prices
Computer 209 9 Regression + + N
hardware

Experiments on continuous data follow a similar a decision tree learner for regression (C4.5 for

methodology as was applied for dataset from table 1.
The only difference is the learning algorithms — three
algorithms representing diverse approaches to learning
are chosen for experiments with continuous values:

Weighted Linear

regression); Linear Regression (LR) — a linear predictor
function is used to fit a prediction model; Locally
Regression (LWR)
learning algorithm for fitting a regression surface

non-linear

© O. Solovei, , 2022
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to data through multivariate smoothing. The quality of
the built models is evaluated by determination coefficient
(further R? score). The visualization of the relationships
between R’ score of C4.5, LR, LWR algorithms
and CFS_PearCorr merit (fig. 7 — fig. 9) shows
similar tendency as on fig. 1 — fig. 5, i.e. the highest

value of merit doesn’t correspond to the highest value

of R? score which means that an evaluation strategy
can’t be based only on CFS PearCorr merit and
new proposed process is applicable to be applied
to get better quality of machine learning model.

(a) (b) (d) (e)
100
75 1 —— r2_score = r2_score 75{ — r2_score sl r2_score
80 1 50
80 2 "
25
&0 5
0 60 04 40
40 4 -25 25
-50 40 50 4 24
20 1
— r2_score [ 75
T T - T 75 T T T 20 T T T T T 0 T T T
025 050 075 025 050 075 05 06 02 04 06 04 06 08
merit merit merit merit merit

Fig. 7. R? score of C4.5 for regression vs CFS_PearCorr merit with (a) — automobile dataset; (b) — forecast order
dataset; (c) — rental building dataset; (d) — boston house prices dataset; (e) — computer hardware datasets
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Fig. 8. R? score of Linear Regression vs CFS_PearCorr merit with (a) — automobile dataset; (b) — forecast order
dataset; (c) — rental building dataset; (d) — boston house prices dataset; () — computer hardware datasets

(a) (b) (d) (e)
80 1 801 — r2_score 80 { — r2_score 01— r2_score ol r2_score
0
= 70 70
60
40 - 50
60
40 20 100
50
20 4 0 150 0
40
—— 12_score |20 1 Jo0 40
04 : : : T : : 30 : : T : : : :
025 050 075 025 050 075 05 06 04 06 04 06 08
merit merit merit merit merit

Fig. 9. R? score of Locally weighted linear regression vs CFS_PearCorr merit with (a) — automobile dataset;
(b) — forecast order dataset; (c) — rental building dataset; (d) — boston house prices dataset; (e) — computer hardware datasets

In our experiments for datasets from table 1
the algorithm (fig. 2) had been ran with 6=4 and
N =100 and the received results are included in
table 4. Columns: "all features, %" record the accuracy
of naive Bays and C4.5 learning algorithms which
were trained on dataset with all features. Columns:
"Filter CFS_SU, %" record the accuracy of naive Bays
and C4.5 learning algorithms which were trained
on dataset with feature selected by approach from

work [18]. Columns: "novel Filter CFS_SU, %"
record the accuracy of naive Bays and C4.5 learning
algorithms which were trained on dataset with feature
selected by proposed process (fig. 2). Columns
"Number of selected features” record the number
of features selected by process (fig. 2) with regard
to learning algorithm.

Accuracies in table 4 show that there is
an improvement in the performance of naive Bays
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and C4.5 learning algorithms when features are selected
according to the proposed process (fig. 2).

Different numbers of selected features for naive
Bays and C4.5 learning algorithms proved that the same
feature subset fits differently to learning algorithms
and evaluation strategy of the feature selection process
must take this into consideration.

The results of tests of the new flow (fig. 2) for
datasets from table 3 is recorded in table 5. Columns:
"all features, %" record R® score of C4.5, LR and LWR
learning algorithms which were trained on dataset with
all features. Columns: "CFS_PearCorr, %" record R’
score of C4.5, LR and LWR algorithms which were
trained on dataset with feature selected by proposed
process (fig. 2). Columns “Selected features" record

the number of features selected by process (fig. 2)
with regard to the learning algorithm.

R®> scores in table 5 show that there is
an improvement in the performance of C4.5 and LR
algorithms when features are selected according to the

proposed process (fig. 2) for all dataset. R® scores
of LWR algorithm had improved for three datasets
included in the test, however, showed the degradation
for "boston house pricing” and “computer hardware"
datasets. The degradation happened because the values
of hyper parameters of LWR algorithm are changing
when feature subset is changed therefore if new flow
to be used with LWR algorithm, it should have
an additional step "selection of hyper parameters"”
before steps 7 and 9 on fig. 2.

Table 4. Accuracy of learning algorithms for classification

naive Bays C4.5
Filter . Number of all Filter . Number of
Datasets | all fe;}tures’ CFS_SsuU, g%msFth/r selected | features, | CFS_SU, &O:VSEISFJtﬁ/r selected
0 % —> 70| features % % >N 70 features
au 77.55 75.55 83.67 27 71.43 77.14 81.63 27
hc 80 88.76 82 6 76.6 78.79 85.28 4
mu 94.49 97.53 99.7 62 99.7 99.37 100 52
kr-vs-kp 85.48 90.20 93.24 25 99.62 94.13 99.62 35
sb 88.31 91.18 93.51 23 83.12 86.80 89.61 27
Table 5. R? score of learning algorithms for regression
C45 LR LWR
Datasets all CFS_ Selected | all features, CFS_ Selected all CFS_ Selected
features, | PearCorr, features Y PearCorr, features features, | PearCorr, features
% % ° % % %
automobile 84.35 90.55 6 77.41 81.55 8 78.52 87.55 9
Forecast 38 71.66 7 100 100 6 555 81.51 2
order
Residential | g797 | 9948 25 98.23 100 28 6629 | 82.83 23
building
Boston 76.17 86.12 10 68.4 70.95 11 91.9 50.5 9
house prices
computer 87.89 88.5 5 80.45 83.06 5 9222 | 8553 2
hardware

P-value of paired t-test for accuracies from
table 4 are recorded in tables 6 and 7 for naive Bayes
and C45 learning algorithms  correspondingly.
P=0.0049 indicates statistically significant difference
in accuracies of naive Bayes algorithm is obtained
when features are selected by the proposed process vs
accuracies of naive Bayes algorithm with all features.

P=0.018 (table 7) indicates statistically significant
difference in accuracy of C4.5 algorithm is obtained

when features are selected by the proposed process vs
accuracies of C4.5 algorithm with features selected
by Filter with CFS-SU [18].

P-value of paired t-test for R® scores from
table 5 are recorded in tables 8. P=0.03 indicates
statistically significant difference in R? score of Linear
Regression algorithm.
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Table 6. Accuracies and p-value of paired t-test of naive Bayes

Accuracy of Naive Bayes P-value of paired t-test
all features, % 77.55 80 94.49 85.48 88.31 0.0049
novel Filter CFS_SU, % 83.67 82 99.7 93.24 93.51
Filter CFS_SU, % 75.55 88.76 97.53 90.2 91.18 0.49
novel Filter CFS_SU, % 83.67 82 99.7 93.24 93.51
Table 7. Accuracies and p-value of paired t-test of naive Bayes of C4.5
Accuracy of C4.5 P-value of paired t-test
all features, % 71.43 76.6 99.7 99.62 83.12 0.07
novel Filter CFS_SU, % 81.63 85.28 100 99.62 89.61
Filter CFS_SU, % 77.14 78.79 99.37 94.13 86.8 0.018
novel Filter CFS_SU, % 81.63 85.28 100 99.62 89.61
Table 8. R? score and p-value of paired t-test of regression algorithms
R’ score of C4.5 for regression,% P-value of paired t-test
all features 84.35 38 90.91 76.17 87.89 01
CFS_PearCorr 90.55 71.44 99.48 86.12 88.5 '
R? score of Linear Regression,%
all features 77.41 100 98.23 68.4 80.45 0.03
CFS_PearCorr 81.55 100 100 70.95 83.06
R? score of Locally weighted Linear Regression,%
all features 78.52 55.5 66.29 91.9 92.22 0.95
CFS_PearCorr 87.55 81.51 82.83 50.5 85.53

Conclusion and perspectives of further development

This paper has presented new organization process
for feature selection by Filter with CFS. The proposed
process eliminates a time consuming "search strategy”
step which is commonly included in feature selection
procedure but is a time consuming and not always
efficient. Time complexity of the new process (fig. 2)
doesn’t depend on dataset’s dimension which
makes it robust to different varieties of datasets which
is often visible.

The conducted experiments with five datasets which
features have discrete values and two predefined
classification algorithms: naive Bayes and C4.5 have
shown that by using a new process the performance
results of learning algorithms are improved. P-value
of paired t-test records statistically significant difference
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HOBA OPI'AHIBALIA ITPOLECY BUBOPY O3HAK
3A TOMOMOTI'OIO ®LJIbTPA HA OCHOBI KOPEJISALIIT

IIpeqmeTom crarti € MeTomu BUOOpY O3HAK, IO BUKOPUCTOBYIOTHCS Ha €Talli ITONEPETHBOTO OOpOOJCHHS MaHHX IIeper
o0y J0BOIO Mozeneit MAaIIHHHOTO HaBYAHHS. VYBara Ha/Ia€THCS METOAY dinpTpa B pasi
3acTocyBaHHs1 BHOOpY o3Hak Ha ocHoBi kopemiuii (mami CFS) ta merony cumerpuunoi HeBusHaueHocti (mami CFS-SU) a6o
kopensuii Ilipcona (mami PearCorr). MeTorw cTaTTi € mifBUIICHHS €(QEKTUBHOCTI BHOOPY O3HaK 3a JONOMOroK (iabTpa
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3 CFS muraxom HOBOI oprasizamii mporecy BHOOpY O3HaK. 3aBIaHHSA, SKi BHPIIIYIOTBCS B POOOTi: OIIAA Ta aHali3 HAasBHOL
opranizaiii mpouecy BuaiteHHs o3Hak ¢inbTpoMm i3 CFS; Bu3HaueHHS MPUYUH, LIO CHPUYMHSIOTH MHOTIPUICHHS SKOCTI
MOZeNi; PO3pOOJCHHS HOBOTO IIJXOAY; OLIHIOBAHHS 3alpoOIOHOBaHOTrO migxoxy. Jims peamizamii IOCTaBJIeHMX 3aBJaHb
BUKOPUCTOBYBAINCS TaKi MeTOAH: Teopis iH(popMamii, Teopis MPOIECciB, TEOpis aJrOPUTMIB, TEOPis CTATHUCTHKU, METOIN BHOIPKH,
Teopis MOJETIOBAHHS JaHWX, HAYKOBI eKcIepuMeHTH. Pe3yabTaTH. Ha OCHOBI OTpMMaHUX pe3yNbTaTiB HOBeACHO: 1) (yHKIISA
OLIIHKU 00paHOi MiIMHOKHUHHU O3HAK HE MOXKe IpyHTyBaTucs juuie Ha CFS-omiHmi, OCKiIbKY 11e CIPUYUHSE NOTIpIIEHHS Pe3yIbTaTiB
aIrOPUTMY HaBUYaHHS; 2) TOYHICTh AJTOPUTMIB HaBYaHHsS Kiacudikaiii MOKpamuiacs, a 3HAuCHHsA KoedillieHTa AeTepMiHaiii
ITOPUTMIB perpecii 3pociH, KOJIM O3HaKM OOMpalMCs BIOIOBITHO IO 3alpONOHOBaHOTO mpolecy. BucmoBku. HoBuii mpormec
opraHizamii s BHOOpPY O3HaK, HIO MPOMOHYEThCS B I POOOTI, MOEIHYE BIACTUBOCTI (iIbTpa Ta aIrOPUTMy HABYAHHS
B CTparerii OLIHIOBaHHSA, IO Ja€ 3MOTy oOpaTH ONTUMajdbHYy MIJMHOXKHHY O3HaK JUId IONEpPEelHBO BHU3HAYECHOTO
aNroput™My HapyaHHs. OOYMCIIOBaJbHA CKJIQJHICTH 3alPOIIOHOBAHOTO IIAXOAy HE 3aJIeKHUTh BiJ pO3MIpiB Habopy MJaHHX,
0 pOOUTH HOTO CTIMKUM 10 OyIb-SIKMX PI3HOBHMIB JaHUX; 3alIPOIIOHOBAHMI IPOIIEC TAKOXK JIa€ 3MOTY 3a0IaJUTH Jac, HeoOXixHuH
IUIA TIOIIYKY IJMHOXKHH (QYHKIiH, OCKUIBKH TWIMHOKHHH OOHparoThCs y BHIAAKOBHH croci6. [IpoBemeHi eKkcriepuMEeHTH
JIOBENH, IO NPOAYKTUBHICTH AITOpUTMIB Kiacudikauii Ta perpecii MOKpalimiach, MOPIBHSHO 3 MPOSYKTHUBHICTIO THX CaMUX
QITOPUTMIB HaBYaHHs, aje O3 3aCTOCYBaHHs 3alIPOIIOHOBAHOTO MPOLIECY Ha eTalli MOIepeaHbOro 00POOIICHHS aHHX.

Kurouosi ciioBa: BubGip o3Hak Ha ocHOBI kopensii (CFS); cumerpruna HeBusHaueHicts (SU); kopemsmis [lipcona (PearCorr);
KPHUTEPiH SIKOCTI; TOYHICTh; KoeiIlieHT AeTepMiHalii.

HOBASA OPI'AHM3 AU ITPOLECCA BbIBOPA IIPU3HAKOB
C IIOMOIIBIO ®NJIBTPA HA OCHOBE KOPPEJIALINA

IIpenMeToM craThyl SIBISIFOTCS METOJBI BBIOOpA IPH3HAKOB, KOTOPBIE HCIIONB3YIOTCS HA JTale IpeiBapUTeNIbHOW 00paboTKH
JaHHBIX ~ Ilepe]]  IHOCTPOCHHEM  Mojened  MammHHOro  oOydeHws.  Boumanme — ynemsercss  Mmeroqy — (uiubTpa
IpPH HCIOJIB30BAHMM BbIOOpa IPU3HAKOB Ha OCHOBe Koppemsiiuu (mamee CFS) M MeTony CHMMETPUYHOW HEONPEIENCHHOCTH
(manee CFS-SU) mmm xoppemsimuu [Tupcona. Llenblo craThu sBIseTCS MOBBILICHHE 3(QQEKTUBHOCTH BBIOOpA MPU3HAKOB
¢ nomouipio ¢punbrpa CFS-SU mytem HOBoOM opraHu3anuy mporecca BbIOOpa NMPHU3HAKOB. 3ajgayM, pellaeMble B cTaTbe: 0030p
W aHauW3 CyIIECTBYIOIIEH OpraHW3aluM Tmpolecca BbigeneHHs mnpu3HakoB ¢uistpom c¢ CFS; ompenenenue mnpuduH,
BBI3BIBAIOIMX YXy[IIEHHE KauyecTBa MOJENH; pa3paboTka HOBOrO MOAXO[a; OLEHKa IPEAIOkKEHHOro noxaxona. Jlis peanu3anun
MOCTABJICHHBIX 3aJa4 HCIOJIb30BATHCH CIEAYIOIME METOAbI: TEOpHs HH(POPMAIMH, TEOPUs IPOLECCOB, TEOPUS aJITOPHTMOB,
TEOpUsI CTAaTUCTHKH, METOABI BBIOOPKHM, TEOpHUs MOJCIMPOBAHHS NaHHBIX, HaydHble SKCmepuMeHTH. PedyabTaTthl. Ha ocHoBe
MOyYeHHBIX Pe3yJIbTaTOB JOKa3aHO: 1) (YHKIMS OLEHKH BBIOPAHHOTO ITOJMHOXKECTBAa INPHU3HAKOB HE MOXKET 0a3MpoBaThCS
tonpko Ha CFS-oreHke, MOCKONBKY 3TO MPUBOMUT K YXYAIICHUIO PE3yJBTATOB alrOpUTMa OOydeHHs; 2) TOYHOCTb AITOPUTMOB
o0yueHus: KnaccuUKAUMKM YyIy4ylIMIach, a 3Ha4eHHEe KOI(QQUIMEHTa JeTepMHUHALMM AITOPUTMOB PETPECCHH BBIPOCIH, KOTIa
IPH3HAKK BBIOMPAINCh B COOTBETCTBHM C MPEAJIOKEHHBIM mpoieccoM. BbiBoabl. HoBwlil mpouecc opraHuszanuu Ui BeIOOpa
MPU3HAKOB, KOTOPBIA Ipe/uaraeTcsi B JaHHOW paboTe, coyeraeT CBOicTBa (QMIBTPAa W alropuT™Ma oOydeHHs B CTPATETHMH OLCHKH,
YTO TOMOTaeT BHIOPATh ONTUMAIBHOE IOJAMHOXKECTBO NMPHU3HAKOB JUIs IPEIABAPHTEIBHO ONMpPEIEICHHOr0 AIrOpUTMa OO0YyYEHHS.
BrruncnutenbHas CIOKHOCTb MPEAIaraeMoro IMoJAXoja He 3aBHCHT OT pa3MepoB HAOOpa JaHHBIX, YTO JENAET €ro yCTOWYMBHIM
K pasHbIM PasHOBUAHOCTAM JTaHHBIX; TaKXe l'[pe}l_]'lO)KeHHbIﬁ npounecc MO3BOJIAET JKOHOMUTH BpEMs, HeOGXOﬂHMOe
JUIT  TIONCKa TOAMHOXKeCTBa (YHKIMH, IOCKOJNBKY IIOAMHOXECTBAa BBIOMpAIOTCS CIydallHBIM o0OpazoM. [IpoBeneHHBIE
OKCHEPUMEHTBI J0Ka3alH, YTO MPOU3BOMMTEIBHOCTh AITOPUTMOB KIACCH(DHKALMM M PETPECCHH YIy4IIMIACh MO CPaBHEHHIO
C TPOHM3BOJMTENBHOCTBIO TEX JKE aIrOPUTMOB OOydYeHHs, HO 0e3 NpPUMEHEHHs MPEJIOKCHHOro IMpoliecca Ha  JTare
IpeBAPUTEILHON 00paOOTKH JaHHBIX.

KaroueBnie cioBa: BeiOop mnpusHakoB Ha ocHoBe koppemsiiuu (CFES); cummerpuunas HeomnpeneneHHocTh (SU);
koppersiuus [Tupcona (PearCorr); kpurepuii kKaduecTBa; TOYHOCTH; KOI(DMUIMEHT AeTepMUHAIIH.
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METHODS AND MODELS OF RESEARCH
OF INVESTMENT ATTRACTIVENESS AND COMPETITIVENESS
OF PROJECT-ORIENTED ENTERPRISE
IN THE PROCESS OF CREATING INNOVATIVE HIGH-TECH

The subject of the research is the investment attractiveness of enterprises producing competitive products with modern component
architecture. The aim of the article is to develop complex methods for research of investment attractiveness of projects on creation
of new high-tech products with component architecture. Tasks to be solved are: to use component method for the analysis
of innovativeness of created high-tech products; to study investment attractiveness of an innovation project with the use of expert
assessments and the method of planning experiments; to substantiate the composition of a diversification project portfolio
for investment taking into account the limited possibilities of the enterprise based on the method of integer optimization; to study
the performance of the project portfolio using agent-based imitational modeling. Methods used are: system analysis, component
design, multi-criteria optimization, expert assessment and agent-based simulation modeling in the form of applied information
technology. The results have been obtained: the analysis of investment attractiveness of projects on creation of new high-tech
products with component architecture is carried out. The architecture of a complex product built with components from previous
positive development experience is investigated. A classification of possible components in the architecture of a complex product
is created. A set of indicators for assessing the investment attractiveness of an innovative component-based product is formed.
The qualitative assessments of experts for the main indicators of the component composition of the product in the form of linguistic
variables are proposed. The use of multifactor experiment to assess the investment attractiveness of a project to create a complex
product with a component-based architecture is proposed. An optimization model for selecting the rational composition
of components in an innovative product is developed. An agent-based simulation model is built to study the performance of work
on the preparation of production of innovative products on a component basis. Conclusions: The use of a set of developed methods
and applied information technology for the creation of high-tech products with component-based architecture allows you to plan
a diversification portfolio of projects with investment attractiveness and competitiveness of products.

Keywords: component architecture; innovation components; investment attractiveness; diversification project portfolio;
optimization of key project indicators; agent-based simulation model of design work.

Introduction

The interest of investors often depends on the
innovativeness and competitiveness of the products
that an enterprise can produce. It is relevant for
an enterprise to form a new, diversified portfolio of
projects in order to attract finances from possible
investors. Innovativeness of a product is determined
by the novelty of its components. That’s why the research
of innovativeness of high-tech products, based on the
component architecture of the products, is relevant, which
allows investors in the process of forming a promising
diversification project portfolio by the enterprise to
assess the possibility of its financing.

Increased competition between manufacturers
of high-tech products, as well as the unstable behavior
of sales markets leads to the need for innovative
development of enterprises, diversification of their
activities, and the formation of a portfolio of future
projects that are of interest to investors. The transition

to new innovative production technologies that fully
meet the requirements of Industry.4.0 depends on the
influence of risks of political and economic nature.
Consequently, there is a contradiction between the desire
of developing enterprises to implement innovations and
the lack of scientific justification for the diversification
of their production activities to attract investment.
There is a difficult scientific and technical problem of
a compromise nature associated with the formation of
such a diversification project portfolio of the developing
enterprise, which, on the one hand, is interesting to
investors due to its innovative attractiveness and possible
competitiveness in the market of high-tech products
consumption, and on the other hand, the increase in terms
due to possible risks, as well as unjustified economic
costs in the process of creating innovative products.

Therefore, the development of methodological
support for scientific justification of investments
in innovative development of the enterprise is
an urgent task.

© 0. Fedorovich, V. Kosenko, L. Lutai, I. Zamirets, 2022
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Analysis of recent research and publications

Materials and methods of the study

To date, the component approach in the creation
of new complex mechanical engineering products
exists in practical developments [1-3]. But the works
do not pay enough attention to the systematization and
formalization of the component approach with the
identification of its qualitative characteristics [4, 5].
Explicitly there is no classification of components
with components from development experience and
new innovative components [6, 7]. Not enough attention
has been paid to the evaluation of the component-based
performance of a complex product project [8-10].
There is no formal synthesis of the component
architecture of complex products based on the use
of new and old components [11]. The search for a rational
ratio of "new" and "old" components in the composition
of a complex product has not been given proper
attention [12, 13]. The innovativeness of component-
based complex products has not been analyzed [14, 15].
Optimization of the component product structure has not
been explicitly performed [16-19]. The investment
attractiveness of component-based innovative product
projects was practically not considered [20-22].
The process of creating an innovative component-based
product has not been modeled [23]. There are practically
no publications for expert evaluation of the component
architecture of a complex product using linguistic
variables [24, 25].

The aim of the article

The aim of the article is to develop a set of
methods to study the investment attractiveness of
projects to create new high-tech products with
component architecture.

Problems being solved:

e to use the component method to analyze the
innovativeness of created high-tech products;

e to research investment attractiveness of
an innovation project using expert assessments and
the method of planning experiments;

e justify the composition of the diversification
project portfolio for investment, taking into account
the limited opportunities of the enterprise based on
the method of integer optimization;

e to simulate the implementation of the project
portfolio using agent-based information technology.

The component method is based on the breakdown
of the architecture of a high-tech product into
components that have a modular structure and the
possibility to combine them with each other to create
new products. The basic platform simultaneously consists
of many basic components and is developed by a separate
group of highly qualified designers with the prospect
of forming a new family of competitive products.
The selection and structuring of basic components
with their possible adaptation to the requirements to
the technical characteristics of a new product is carried
out for a specific project.

In the component representation of a complex
high-tech product, as mentioned earlier, the following
components can be distinguished:

— simple components used at the lower levels of the
product architecture;

—complex components, which are structurally
related simple components;

— components of previous experience with positive
experience in a number of product generations;

— new components, previously used and which need
to be developed, i.e. a full life cycle of creation.

It is important to note that in the creation of new
components it is possible to increase the design time,
retraining of personnel and new technological equipment.
The more new components there will be in the
architecture of the new product, the design time as well
as the cost of creating the new product will increase
significantly. In addition, the risks of creating the
product are likely to increase, which affects the
possible risks of attracting investors.

To assess the capabilities of the developing
enterprise and conducting diversification to perform
new innovative projects, we will use component
architecture in the representation of a complex product,
which can contain both "old", known, components that
need to adapt (change) to the technical requirements of
the new product, as well as new, innovative components
that give investment attractiveness due to the possible
competitiveness in the market of high-tech products.

To evaluate the creation of a new product we will
apply the following key indicators:

— percentages of new and old components — P(%);

— innovation attractiveness (as a level or qualitative
estimates) — Q;

— costs of creating a new product — W;

— terms of creation of a new product — T;

— risks of creating a new product — R.
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To investigate the innovativeness of an individual
project we will use the opinion of experts, formalized
in the form of a set of estimates and presented by
means of a multifactor experiment plan.

A complete factor experiment allows us to evaluate
the innovativeness of the product by changing the
values of the factors. Individual components of
the product in the form of new or "old" components
can be used as factors.

Let the singular component as a factor x; have

the value:
x; =L if the j-th component is innovative, i.e. it is new;

x; =0 if the ] -th component is taken from the previous

experience (in the form of "old") with possible
further adaptation to the technical requirements of
the new product.

Full factor experiment (FFE) contains a complete
enumeration of the values of all factors and three
components in the composition of the new product and
has the form (fig. 1).

to use simultaneously quantitative and qualitative values
of indicators. For the quantitative values of indicators,
it is possible, based on the results of the study conducted
with the participation of experts, to construct a regression
dependence and identify significant factors (components)
influencing the investment attractiveness. Let us give
an illustrated example of using FFE for expert evaluation
of possible modifications of AN-178 (fig. 2).

Ne | x1 | x2 | x3 |P%®)| Q | W | T R
1 0 0 0 0 1 AlALA
2 0 0 1 10 2 B B | A
3 0 1 0 10 3 B C C
4 0 1 1 20 5 C C C
5 1 0 0 10 4 B D C
6 1 0 1 20 6 C D C
7 1 1 0 20 7 D D D
8 1 1 1 30 |10 | E E E

z
>
[N
>
N
x
w

P QW[ T]J|R

o|~N|o|o|s|w|N|-
Rk k|k|lo|lo|lo|lo
Rk lo|lolk|k|lo|lo
ROk |lo|lk|lo|lk|o

Fig. 1. Full factor experiment

The combination 010, for example, means that
as part of a new product, the first and third components
were taken from previous experience, and the second
is a new component. As an example, we can consider

different models of the AN-178 aircraft family
being created, where x1 - fuselage; x2 - engine;
x3 — avionics can be considered as the main

components. Then 111 means complete innovation
of the product containing new components. On the right
side of the FFE plan there are "feedbacks" of the
research, which are expert evaluations of innovativeness
as values — P (%), and also evaluations on investment
attractiveness — Q, costs of creation — W, terms
of production — T, risks of product creation — R.

Such a plan of experiment is multivariant and allows
estimating simultaneously the indicators of interest:
P (%), Q, W, T, R. As estimates of experts, it is possible

Fig. 2. lllustrated example
of a multiple recall complete factor experiment

In this example, P (%) corresponds to the
percentage ratio of "new"/"old" components,
Q - quantitative assessment on a ten-point scale of
investment attractiveness; W, T, R — costs, manufacturing
time, risks, presented in a qualitative scale:

A — the best value of the indicator;

B — excellent value of the indicator;

C — good value of the indicator;

D — good value of the indicator;

E — satisfactory value of the index.

FFE allows, using the standard calculation
technique, to obtain the following regressive dependence
with the help of quantitative values of investment
attractiveness indicators:

Q=Db, +bx +b,x, +b,x, +b,x X, +
+ b13X1X3 +b23x2x3 +b123X1X2X3'

In the process of calculations for FFE it is necessary
to represent zero as the lower value of the factor "-1",
and one as the upper value of the factor "+1".

Since we are interested only in the linear part
f the regression dependence to estimate the importance
of the factors, we obtain:

y =b, +bx +b,X, +b,X; = 4,75+ 2%, +1,5X%, + X,.

Hence, we see that for the proposed illustrated
example of assessing the investment attractiveness of the
AN-178 aircraft, the factor in the form of the fuselage
modification is important, the engine modification is
less important, and the avionics is the least important.




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2022. No. 3 (21)

To choose the model of the aircraft of interest to
investors it is necessary to take into account the values
of all indicators P (%), Q, W, T, R both in quantitative
and qualitative forms of representation.

Let us use the lexicographic ordering of qualitative
values of indicators. To do this, we must place the values
of the indicators as a series, with the most important
indicator on the first place, and the least important
indicator on the last.

Let the row of importance of the indicators look
like this:

QW TR
Then estimates of all possible options for
modernizing the AN-178 can be presented as a set:
1L.1,AAA
2.2,B,B,A
3.3,B,C,C
4.5C,C,C
5.4,B,D,C
6.6,C,D,C
7.7,D,D,D
8.10,E, E, E.
Let us order the variants of the aircraft modification
lexicographically. We get:
8.10,E,E, E
7.7,D,D,D
6.6,C,D,C
4.5C,C,C
5.4,B,D,C
3.3,B,C,C
2.2,B,B,A
1.1,AAA.

The investment attractiveness will be the highest
in option 8. But this option has the worst values of all
the last characteristics (W, T, R). In order to select
a compromise option, we will use the "threshold" value
of the indicators, set by the experts in the form of

a "word"|5, B, B, B|. Let’s place this "word", taking

into account lexicographic ordering, in the obtained
ordered list of aircraft modification variants. We get:
8.10,E,E, E
7.7,D,D,D
6.6,C,D,C

4.5.C,C,C
5.4,B,D,C
3.3,B,C,C
2.2,B,B,A
1L1,AAA.

From here we see that the compromise option with

innovative appeal is placed in the set:
8.10,E,E E
7.7,D,D,D
6.6,C,D,C.

Given the values of indicators W, T, R, it is
reasonable to invest the project of modernization
7.7, D, D, D with good values of indicators W, T, R
and good enough investment attractiveness.

To form a diversification portfolio of projects
of a developing enterprise, it is necessary to take into
account the possible large dimensionality of the problem,
which is associated with both the number of components
in the architecture of innovative products, and the number
of projects in the portfolio itself. Therefore, to solve this
problem we will use the methods of integer (Boolean)
programming. Let us introduce the variables x,;, where:

1, if the k-th product will use

the j-th innovative component;

0, if the k-th product will use

the j-th component from a previuos experiment.

X4 =

Then w, — the cost of creating the j -th innovative
component in the k -th product;
W,

; — costs of adapting the j-th component, taken

from previous experience, to the technical requirements
of the k -th product;

t,,— time of creation of the j-th innovative component
for the k -th product;
t,;j— time of adaptation of the j-th component, taken

from previous experience, to the technical requirements

of the k -th product;
i

innovation component of the k -th product;

— risks associated with the creation of the j-th

rk'f risks of adaptation of the j-th component, taken

from previous experience, to the technical requirements
of the k -th product.

In this case, the cost of implementing a diversified
project portfolio containing N projects (products) has
two components:

N N N N
UEDINESHIVEDIPIIR
k=1 j=1 k=1 j=1
where (1—xkj)w'kj— costs associated with the use
(adaptation) of the j-th component, which was taken

from previous experience, to the technical requirements
of the k -th product;
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X W, — costs associated with the creation of

an innovative component in the k -th product.
For the timing of the project portfolio, we obtain:
T= Z;le(l xkj) y +ZZxkl
=1]j
For the risks of |mplement|ng a diversified
portfolio of projects, we will have:
N N N g
EDI IS ADIPIN I
k=1 j=1 k=1 j=1
The main criterion related to the investment
attractiveness of a diversification portfolio of N projects
(products) will be as follows:

Q= ZZ(l Xk,)qkﬁZZij Oy

k=1 j=1
where qkj— investment attractiveness of the k -th project,
which uses the | -th component taken from the previous
experiment;
g,— investment attractiveness of the k-th project,
which uses the j -th innovative component.

It is necessary to maximize the investment
attractiveness of a diversified portfolio of projects:

maXQ Q ZZ(]' ij)qk] +szk] qkj

k=1 j=1 k=1 j=1

At the same time, it is necessary to meet the
constraints on costs, timing of the project portfolio
and risks:

W <W,W = 22(1 xk])wkj+22xk] ‘W,

k=1 j=1 k=1 j=1
N N : N N
T<T,T =;§(1— X )t +;§xk, "

=

N N
(l ij)rkﬁz X Ty

j=1 k=1 j=1

|/\
;U
Mz

=
Il
5N

where W — acceptable costs associated with the
implementation of a diversified portfolio of projects;

T — acceptable terms of implementation of the
diversification portfolio of projects;

R — acceptable risks associated with the implementation
of a diversified portfolio of projects.

To model the diversification portfolio of projects,
an applied information technology of agent-based
simulation modeling was developed. The modeling
will allow to take into account the time of the project
portfolio implementation, as well as the impact of
risks on the timing and implementation of projects.
Fig. 3 shows a block diagram of the agent model for
the implementation of a diversification portfolio of
projects of a developing enterprise.

1. Project generation agent

10. Product architecture
description agent

10. Product architecture
description agent

1. Project generation agent

9. Agent MONITOR

+ Y \

11. Agent of simulation 2. Agent of previous 2. Agent of previous
results works " works

3. Agent of the work on the creation of a new 4. Agent of works on
component components adaptation

L T |

5. Agent of logistics 6. Agent of preparation 7. Agent of assembly 5. Agent of logistics
actions of assembly production production actions

- 8. Risk simulation agent

Fig. 3. Block diagram of agent-based simulation of the diversification portfolio of enterprise projects
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In order to simulate the implementation of
a diversified portfolio of enterprise projects, it is
necessary to use the following types of agents:

1. Agent for generating the start of project execution.

2. Agent of preliminary work related to the
preparation of the production of a product component
("new" or "old").

3. Agent of the execution of work on the creation
of a new component.

4. Agent of works on adaptation of the component,
which was taken from the previous experience, to the
technical requirements of the new product.

5. Agent related to the logistics of moving the
component that has been produced to the assembly
production.

6. Agent for the preparation of the assembly
production of a new high-tech product.

7. Agent of the assembly work on the manufactured
new product.

8. Agent of simulating the risks of performing
work to create a new product.

9. MONITOR agent to manage the process of
simulation event modeling.

10. Agent for describing the component architecture
of a new product.

11. Agent of simulation results.
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METOJU TA MOJAEJI JOCJIJUKEHHS
IHBECTULIIITHOI MIPUBABJIMBOCTI TA KOHKYPEHTOCIIPOMOKHOCTI
MPOEKTHO-OPIEHTOBAHOI'O MIANIPUEMCTBA
ITPA CTBOPEHHI IHHOBAIIIMHNX BUCOKOTEXHOJIOTTYHUX BUPOBIB

IIpenMeToM foCHiIKEHHS € IHBECTHIifHA NPUBAOIMBICT MIANPHUEMCTB, IO CTBOPIOIOTH KOHKYPEHTOCIPOMOXKHI BHPOOH
i3 Cy4acHOI0 KOMIIOHEHTHOIO apXiTeKTyporo. MeTa cTaTTi — po3poOJIeHHS METOIY IOCHTI/DKEHHsS 1HBECTHIIHHOI MPHBaOIMBOCTI
MPOEKTIB 31 CTBOPEHHS HOBUX BHCOKOTEXHOJIOTIYHMX BHPOOIB 13 KOMIIOHEHTHOIO apXiTeKTypor. BupimryBaHi 3aBIaHHSA:
BHKOPHCTaHHS KOMIIOHEHTHOTO METOJy JUIsl aHali3y IHHOBAI[IHHOCTI CTBOPIOBAHMX BHMCOKOTEXHOJOTIYHUX BHUPOOIB; JOCIIKCHHS
IHBECTHMIIIHHOI ~ TPUBAONIMBOCTI  IHHOBAILIfHOTO  TNPOEKTY 3  BUKOPUCTaHHSAM  €KCIIEPTHUX  OIIHOK 1  METody
IUTaHYBaHHS €KCIIEPUMEHTIB; OOTPYHTYBaHHS CKJIay OUBEPCH(IKAIIIHHOTO MOPTHENIO0 MPOEKTIB I IHBECTYBaHHS 3 ypaxXyBaHHIM
00OMEKEHHX MOKJIMBOCTEH MiANPHEMCTBA Ha OCHOBI METOIY IIJIOYMCENBHOI ONTHMi3alii; JOCHIIKEHHS BUKOHAHHS MOPTdenro
IPOEKTIB 3 BUKOPUCTAHHSAM areHTHOTO  IMITaliifHOro MojenroBaHHs. MeTOOM, 10  3aCTOCOBYIOTHCS:  CHCTEMHHIA
aHali3, KOMIIOHCHTHE TMPOEKTYBaHHS, OaraTOKpUTepiajbHa ONTUMI3allisl, CKCICPTHE OI[IHIOBAHHS Ta AarcHTHE iMiTalliiiHe
MOZENIOBAaHHS y BHIJLIAI NpUKIanHOi iHpopMamiiiHoi TexHosmorii. OTpuMaHi pe3yJbTaTH: IPOBEICHO aHANI3 IHBECTHIIHHOI
MpUBaOIMBOCTI TPOEKTIB 31 CTBOPCHHS HOBHX BHUCOKOTEXHOJOTIYHHX BHUpPOOIB i3 KOMIIOHEHTHOIO apXiTeKTyporo. JlocmimkeHo
apXiTeKTypy CKJIaJHOro BHpOOy, ska MoOyIOBaHAa 3a JOIOMOrOI KOMIOHEHT i3 MHHYJIOTO IIO3UTHBHOTO JIOCBily PpO3POOOK.
CrBopeHo Kiacu(iKalilo MOXIMBHX KOMIIOHEHT B apXiTeKTypi ckiagHoro BupoOy. C¢hopMOBaHO MHOXHHY IOKa3HUKIB
JUISL OLIHIOBAHHS IHBECTHIIMHOI NMPUBAOIMBOCTI IHHOBAIIHHOTO BHPOOy Ha KOMIIOHEHTHill OCHOBIi. 3alpOIIOHOBAHO SIKICHI OLIHKH
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EKCIIePTiB IJIsl OCHOBHMX IIOKa3HUKIB KOMIIOHEHTHOTO CKJIaxy BUpPOOYy y ¢(opmi IJHIBICTHYHHX 3MiHHHX. 3alporioHOBaHO
BUKOPUCTaHHSI 0araro()akTOPHOTO EKCHEPHMEHTY JUIs OLIHIOBaHHS IHBECTHULIMHOI NpUBAOIMBOCTI INPOEKTY 31 CTBOPEHHS
CKJIQJIHOTO BHUPOOYy 3 KOMIIOHEHTHOIO apXiTeKTyporo. Po3poOiieHo omnTuMizamliiiHy Mojens INOJ0 BHOOPY pamiOHAIBHOIO
CKJIaqy KOMIIOHEHT B iHHOBamiHOMY BHpOOi. [1o0ymoBaHO areHTHy iMiTalliiiHy MOIENb AJS JOCTIDKEHHS BHKOHAHHS POOIT i3
MiATOTOBKM BHUPOOHHUIITBAa 1HHOBAIlIfHUX BHPOOIB HAa KOMIIOHEHTHI OCHOBi. BHCHOBKM: BHUKOPHCTaHHS 3allPOIIOHOBAHOTO
METOJy, IO MICTUTh KOMIUIEKC pO3pOOJEHHX MoJeled Ta NpHKIagHy iHGOpMaliliHy TEXHOJOTiI0, IS CTBOPEHHS
BHCOKOTEXHOJIOTIYHUX BHpPOOIB i3 KOMIIOHEHTHOIO apXITEKTypOolO JO3BOJISIE IUIAaHYBaTH JUBEpCHUdIKamiiHuK mopTdens
MIPOEKTIB 3 iIHBECTHILIHHOIO IPHBAOIUBICTIO Ta KOHKYPEHTOCTIPOMOXKHICTIO BUPOOIB.

KiouoBi cioBa: KOMIIOHGHTHa apXiTeKTypa BHpOOy; 1HHOBAIliifHi KOMIOHEHTH; IHBECTHUIiifHA TNPHUBaOINBICTH;
nuBepcudikaiiauii  mopTdens MPOEKTIB; ONTHMIi3allis OCHOBHHMX IIOKa3HHWKIB IIPOEKTY; arcHTHa iMmiTaliiiHa MoJeib
MPOEKTHUX POOIT.

METOABI U MOAEJIN UCCJIIENOBAHUA
WHBECTUIIMOHHOUN MPUBJEKATEJIbHOCTHA U KOHKYPEHTOCIHHOCOBHOCTHA
IMNPOEKTHO-OPUEHTUPOBAHHOI'O INTPEAIIPUATUA
IIPU CO3JAHUHA NTHHOBAIIMOHHBIX BBICOKOTEXHOJIOT MYECKWX U3JIEJIUI

IIpenMeToM wHccienoBaHUS SIBISETCS WHBECTUIMOHHAS IIPUBIEKATENFHOCTh HPENNPHATHH, CO3JAIOINX KOHKYPEHTOCIIOCOOHBIE
U3IETHS C COBPEMEHHOI KOMITIOHEHTHO# apxutektypoil. Ilesib cTaTbu — pa3paboTka METOAA HCCIICIOBAHHS HHBECTULMOHHOM
NPHUBJICKATEIBHOCTH IPOCKTOB MO CO3/aHUI0 HOBBIX BBICOKOTEXHOJOTMYHBIX M3JCIUA C KOMIIOHCHTHOH apXHUTEKTypOil.
Pemaemple 3agauM: HCHOIB30BaHNE KOMIIOHEHTHOTO METOZA JUIsl aHaInu3a MHHOBALIMOHHOCTH CO3JaBaeMbIX BBICOKOTEXHOJIOTUUHBIX
W3JIeNNi; TIpOBEICHHE WCCIENOBAHHMS WHBECTHUIIMOHHOHN IIPHUBIEKATENFHOCTH HHHOBAMOHHOIO MPOEKTa C HCIIOJIHb30BAHHEM
9KCIEPTHBIX OLICHOK M METO/a TUIAaHUPOBAHMS SKCIIEPUMEHTOB; 0OOCHOBAHHE COCTaBa JAMBEPCH(HMKALMOHHOTO MOPTQENs MPOSKTOB
JUIL  MHBECTUPOBAHMSA C YYETOM OIPaHMYEHHBIX BO3MOXKHOCTEHl TNpPEANPHATHS Ha OCHOBE METOZa  IIEJIOYHCIICHHOIT
ONTHMH3ALMH; HCCIEIOBAaHNE BBIMOJHEHUS MOPTQEIs HPOSKTOB C HCIOIb30BAHUEM areHTHOIO MMHTAIMOHHOTO MOJICITHPOBAHUSL.
Vcrionp30BaHHBIE METOABI: CHCTEMHBIH aHaIN3, KOMIIOHEHTHOE TIPOEKTUPOBAHNE, MHOTOKPUTEPHAIbHASL ONTHMH3AIHs, IKCIIEPTHBIE
OLICHKH M areHTHOE MMHTAL[IOHHOE MOJICIMPOBAaHNE B BUJIE PHUKIAAHON HHQOPMALMOHHON TeXHOIOTHHU. [ToyueHHbIE pe3yIbTaThI:
IPOBEJICH aHAIN3 HMHBECTHLHOHHON IPUBIIEKATEIILHOCTH IPOSKTOB II0 CO3JaHUI0O HOBBIX BBICOKOTEXHOJIOTMYHBIX H3JCNUHA C
KOMIIOHEHTHON apXUTeKTypoi. MccnenoBana apXUTEKTypa CIIOXKHOTO U3JENHs, KOTOopas MOCTPOCHA C MOMOIIbI0 KOMIIOHEHTOB M3
MPOIIIOTO IMOJOKHUTEIBHOTO OMBbITa pa3paboTok. Co3gaHa KiaccH(UKanus BO3MOXKHBIX KOMIIOHEHTOB B apXHTEKTYpe CIIOXKHOTO
m3nenusi. CHopMUPOBAHO MHOXKECTBO MOKa3aTeNel JUlsl OLIEHKU MHBECTHIMOHHON NMPUBICKATEIbHOCTH HHHOBALIMOHHOTO M3/IENHs Ha
KOMIIOHEHTHO# ocHOBe. IIpeasyiokeHbl KaueCTBEHHBIC OLCHKM HSKCIIEPTOB JUII OCHOBHBIX IOKa3aTeleil KOMIOHEHTHOTO COCTaBa
W3eNusl B BHJAE 3HAUCHUI JIMHIBHCTHYECKHX HEpPEeMEHHBIX. [Ipe/uio’KeHO HCIOIb30BaHHE MHOTO(AKTOPHOTO AIKCIEPHMEHTa II0
OLICHKE WHBECTHI[MOHHOW TMPHBIICKATEIFHOCTH IPOCKTA IO CO3JAHHIO CIIOKHOTO H3JETIHS C KOMIOHCHTHOH apXHTEKTYpOil.
Pa3paboraHa ONTHMMH3AIMOHHAs MOJENb 110 BHIOOPY ONTUMAIBHOTO COCTAaBa KOMIIOHEHT B MHHOBAIIMOHHOM M3ZenuH. IlocTpoeHa
MMUTAIMOHHAsI areHTHAs! MOJEIIb JUIsl HCCIISIOBAHMS BBIIOIHEHUs paboT MO MOArOTOBKE MPOU3BOICTBA HHHOBALMOHHBIX U3/ICIUI Ha
KOMIIOHEHTHOH OCHOBE. BBIBOABI: HCIOJIB30BaHHE MPEATIOKEHHOIO METOJa, BKJIIOYAIONIET0 B ceOs KOMIUIEKC pa3paboTaHHBIX
MozieNiell W NPHKIAAHYI0 HH(GOPMAIMOHHYIO TEXHOJIOTHIO, JUISl CO3JAaHHs BBICOKOTEXHOJIOTMYHBIX H3JENHH C KOMIIOHEHTHOW
APXUTEKTYPOH I03BOJIACT IUIAHMPOBATh AWBEPCH(HKAIMOHHBIA MOPT(Enb MPOEKTOB € MHBECTUIMOHHOH IPHBIEKATEIbHOCTHIO
¥ KOHKYPEHTOCIIOCOOHOCTBIO U3,

KiioueBble  c0Ba:  KOMIOHEHTHAas  apXWUTEKTypa  WM3JeNHs; HHHOBALMOHHBIC  KOMITOHEHTHI;  MHBECTHI[HOHHAS
NPHBIIEKATEILHOCTD; JUBEPCUPUKAIMOHHBII MOPT(Ens NPOSKTOB; ONTHMH3AlMs OCHOBHBIX IIOKa3areieil NpOeKTa; areHTHas
UMHUTALMOHHAS! MOZIENIb IPOESKTHBIX paboT.
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K. YUVCHENKO, V. YESILEVSKYI, O. SEREDA

HUMAN EMOTION RECOGNITION SYSTEM
USING DEEP LEARNING ALGORITHMS

The subject of research in the article is the software implementation of a neural image classifier. The work examines emotions
as a special type of mental processes that express a person’s experience of his attitude to the surrounding world and himself.
They can be expressed in different ways: facial expressions, posture, motor reactions, voice. However, the human face has the greatest
expressiveness. Technologies for recognizing companies to improve customer service use human emotions make decisions
about interviewing candidates and optimize the emotional impact of advertising. Therefore, the purpose of the work is to find
and optimize the most satisfactory in terms of accuracy algorithm for classifying human emotions based on facial images.
The following tasks are solved: review and analysis of the current state of the problem of “recognition of emotions"; consideration
of classification methods; choosing the best method for the given task; development of a software implementation for
the classification of emotions; conducting an analysis of the work of the classifier, formulating conclusions about the work
performed, based on the received data. An image classification method based on a densely connected convolutional neural network
is also used. Results: the results of this work showed that the method of image classification, based on a densely connected
convolutional neural network, is well suited for solving the problems of emotion recognition, because it has a fairly high accuracy.
The quality of the classifier was evaluated according to the following metrics: accuracy; confusion matrix; precision, recall, f1-score;
ROC curve and AUC values. The accuracy value is relatively high — 63%, provided that the data set has unbalanced classes.
AUC is also high at 89%. Conclusions. It can be concluded that the obtained model with weights has high indicators of recognition
of human emotions, and can be successfully used for its purpose in the future.
Keywords: object detection; classification of objects; supervised learning; recognition of emotions.

Introduction People always try to hide or even falsify their true facial

expressions. The huge challenges in facial expression

Emotion is a special type of mental processes that ~ recognition are finding and understanding facial

expresses a person’s feelings and attitude to the world
around him or her. Emotions can be transmitted in
different ways: facial expressions, posture, motor
reactions, voice. However, the most expressive is the
human face. Technologies for recognizing companies
to improve customer service use human emotions
make decisions about interviewing candidates and
optimize the emotional impact of advertising.

Using facial emotion recognition, businesses
can process images and videos in real time to monitor
video streams or automate video analytics, thereby
reducing costs and making the lives of their users better.

Recognizing human emotions in an image with
complex background structure is the first and main
challenge in solving the emotion recognition task.

The task of emotion recognition is very relevant
today in various fields, including medicine (helps people
with autism to recognize the emotions of others and
establish normal communication), sociology, robotics,
marketing, psychology, etc.

Face recognition is still a challenging problem due
to the variety of head poses and background settings.

expressions. Over the past few years, science has made
sufficient progress, and tasks such as landmark detection,
object modeling and much more can be performed
using computer vision.

However, researchers usually pretended that their
systems should work in a controlled environment.
In other words, the face and background should not be
difficult to identify. Meanwhile, other scientists are
recognizing facial expressions in the wild using deep
neural networks so that the machine can react like
a human to various factors without limitations, such
as dynamic lighting, head position, etc.

In the nineteenth century, one of the most important
works on the analysis of facial emotions, which is directly
related to the modern field of automatic facial expression
recognition, was the work of Charles Darwin [1].
In 1872, the scientist wrote a dissertation on this
problem. This laid the foundation for general provisions
for determining the emotions of humans and animals.
Darwin  grouped the names of  emotions.
The classification looks like this:

— bad mood, anxiety, grief, despair and despair;

— joy, elation, love, tender feelings and devotion;
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— reflection, meditation, irritability and gloom;

— hatred and anger;

— contempt, scorn, disgust, guilt and pride;

— surprise, amazement, fear and terror;

— attention to oneself, shame, bashfulness and modesty.

Darwin also classified the facial changes that
occur for each of the above classes of expressions.
For example, "“clenching of the muscles around the eyes
in case of sadness”, "tight closing of the mouth during
contemplation”, etc.

Another important milestone in the study of facial
expressions and human emotions was the work of
Paul Ekman and his colleagues from the 1970s.
Their work had a huge impact on the development
of modern automatic facial expression recognizers.

Suwa et al conducted the earliest study of automatic
facial expression recognition in 1978. As a result,
a model was created to learn facial expressions from
a sequence of images using 20 tracking arguments.
Research has been conducted since the late 1980s and
early 1990s, when mobile computing power of the
economy became available. This helped to develop face
detection and tracking algorithms in the early 1990s.
At the same time, research on human—computer
interaction (HCI) and affective computing (AC)
began [2].

The aim of this work is to find and optimize the
most satisfactory in terms of accuracy algorithm
for classifying human emotions from face images.

Analysis of recent research and publications

FaceReader

Many researchers have turned to using automated
facial expression analysis software to more objectively
assess emotions. FaceReader is used worldwide in over
1000 universities, research institutes and companies in
most industries. The consumer and psychological benefits
of FaceReader and its usability are being researched.

FaceReader software is fast, flexible, objective,
accurate and easy to use. It immediately analyzes your
data (live, video or still images), saving valuable time.
The ability to record audio and video allows you to hear
what people say, for example, during human-computer
interaction or while viewing stimuli. FaceReader uses the
following emotion categories: joy, surprise, sadness,
anger, disgust, contempt, fear. Ekman [3] described these
emotional categories as basic or universal emotions.
Obviously, facial expressions vary in intensity and are

often a combination of several emotions. In addition,
there are quite a few interpersonal varieties.

FaceReader works in three stages:

1) Face detection. FaceReader uses the popular
Viola-Jones algorithm [4] to detect the presence of
a face in an image.

2) Accurate face modeling using an algorithmic
approach based on the Active Appearance method [5]
described by Cootes and Taylor [6]. At this stage, the
model is trained using a database of annotated images.
This method describes over 500 key points on the face
and the facial texture, e.g.:

a) points that cover the face (the part of the face
analyzed by FaceReader);

b) points on the face that are easy to recognize
(lips, eyebrows, nose and eyes).

3) The actual classification of facial expressions is
performed by training an artificial neural network [7].
More than 10000 manually annotated images were
used as training material.

Texture is also important as it gives additional
information about the state of the face. The key points
only describe the general position and shape of the face,
but do not provide any information, for example, about
the presence of wrinkles and the shape of eyebrows
(such features, although they may seem less important,
play a significant role in the classification of facial
expressions). FaceReader works in three stages:

1) Face detection. FaceReader uses the popular
Viola—Jones algorithm [4] to detect the presence of
a face in an image.

2) Accurate face modeling using an algorithmic
approach based on the Active Appearance method [5]
described by Cootes and Taylor [6]. At this stage, the
model is trained using a database of annotated images.
This method describes over 500 key points on the face
and the facial texture, e.g.:

a) points that cover the face (the part of the face
analyzed by FaceReader);

b) points on the face that are easy to recognize
(lips, eyebrows, nose and eyes).

3) The actual classification of facial expressions is
performed by training an artificial neural network [7].
More than 10,000 manually annotated images were used
as training material.

Texture is also important as it gives additional
information about the state of the face. The key points
only describe the general position and shape of the
face, but do not provide any information; for example,
about the presence of wrinkles and the shape of




ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2022. No. 3 (21)

eyebrows (such features, although they may seem less
important, play a significant role in the classification
of facial expressions).

EmoDetect

This is the name of the program that helps to
determine the psycho-emotional state of a person by
a sample of images by identifying six emotions: happiness,
surprise, sadness, anger, fear, disgust. EmoDetect program
contains the principles of coding facial expressions
FACS Action Units, developed by Paul Ekman.

During the study, a person is shown various stimuli
on a monitor, and a camera is located in front of the
test participant, which shoots video.

The system processes the video according to the
following algorithm: the image of a person whose
facial expression is to be classified is captured. Then the
face is extracted from the image using the Jones method
to determine the elements. Next, the algorithms extract
the corresponding elements from the cropped image
of the face. Trained classifiers match these features with
the corresponding emotions.

The code is implemented using OpenCV, an open
source computer vision library.

The final stage is the fixation of emotions with
reference to the time of demonstration and visualization
of the results in the form of graphs and tables.

Viola—Jones method

The Viola—Jones method is used to detect objects
in images. This method can recognize different classes
of images, but the main task in its creation is face
recognition. The algorithm of this method is able to
detect objects very reliably and quickly enough to
work in real time.

The Viola—Jones detector is a cascade of classifiers.

It has the following features:

— Haar features are used;

— images are presented in a holistic form;

— boosting is used.

Haar feature is a rectangular primitive. From the
very beginning, the authors proposed the main four
primitives, but the OpenCV library uses additional
primitives that improve the quality of recognition
with additional tests from non-standard points of view.

Each feature is paired with a threshold, and the
decision of the feature is determined by comparing
its value with the threshold. The Viola-Jones method
implements a fast way to calculate attribute values

that uses the integral representation of the image.
The integral representation of an image is a matrix that
has the same dimensions as the original image. The value
of its elements is defined as the sum of ridge intensity
peaks located on the left and top. In such a matrix,
the sum of pixel values in an arbitrary rectangle is
calculated for a constant time.

The detection process is performed by sliding the
detection window over the entire image. A cascade solution
is calculated for each window. In the case of a positive
answer, it is assumed that the desired object is located inside
the window. After one pass of the image is completed,
the window size is increased. The window size is
increased until the predefined size is reached. A smaller
percentage of magnification improves the detection rate
but increases the overall processing time [8].

Materials and methods

Nowadays, with the spread of artificial intelligence,
such fields as machine learning and its branches, deep
learning and neural networks have gained immense
popularity. Learning requires software and tools such
as classifiers that feed huge amounts of data, analyze
it and perform useful functions. The goal of the
classification process is to categorize all pixels of
a digital image into one of several classes. Usually
multispectral data is used to perform the classification.
Indeed, the spectral pattern present in the data for each
pixel is used as a numerical basis for categorization.

Image classification is probably the most important
part of digital image analysis. Classification between
objects is a complex process, so it is an important task for
the field of computer vision. The essence of image
classification is that an image is labeled and put into
a number of predefined classes. There are potentially
classes to which an image can belong. Manually checking
and classifying images can be a tedious task, especially
if there are a large number of them. Therefore, it is very
useful if it is possible to automate this whole process
using computer vision.

The algorithm for performing image classification
consists of four stages.

— Image preprocessing, which aims to improve the
image data (features). To do this, unwanted aspects are
removed and some important features of the image
are enhanced so that computer vision models can use
this enhanced data to work. The image preprocessing
steps include reading the image, resizing the image, and
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enhancing the data (gray-scaling, reflection, Gaussian
blur, histogram, alignment, and rotation).

— Object detection. This stage localizes the object,
that is, the image is segmented and the position of
the object is determined.

— Feature extraction and training. This is a crucial
stage where statistical or deep learning techniques are
used to identify the most interesting patterns in the image,
features that may be unique to a particular class and
that will later help the model to discriminate between
different classes. (The process where a model learns
features from a dataset is called model training.)

— Object classification. In this step, the detected
objects are grouped using an appropriate classification
technique that compares the image patterns with the
target patterns.

In recent years, the application of machine learning
techniques in everyday life has become commonplace.
Many modern websites and devices use machine learning
algorithms, ranging from automatic recommendations
for watching movies, ordering food or buying groceries,
to personalized online radio broadcasts and recognizing
human emotions in an image.

Machine learning can be broadly defined as
computational techniques that use experience to improve
performance or to make accurate predictions. Since the
success of a learning algorithm depends on the data
used, machine learning is closely related to data analysis
and statistics. In general, machine learning methods are
data mining techniques that combine fundamental
concepts of computer science with statistics, probability,
and optimization [9]. It consists of the development
of efficient and accurate prediction algorithms, and
if more time is devoted and more input samples of
documents are specified for training, then the predictions
of such models will be better. As in other areas of
computer science, some critical indicators of the quality
of algorithms are their temporal and spatial complexity.

Neural networks are widely used to classify
emotions from facial expressions. They employ both
supervised (training with a teacher) and unsupervised
(training without a teacher) neural architectures for
emotion classification.

In this paper, a supervised learning algorithm
is used to perform the image classification task.

Supervised (learning with a teacher) classification
is based on the idea that the user can select samples
of pixels in the image that are representative of certain
classes, and then the software processes the image using
training sites to classify all other pixels in the image.

The training sites (also known as test sets or input
classes) are selected based on the user’s knowledge.
The user also sets boundaries on how similar other
pixels must be to be grouped together. These bounds
are often set based on the spectral characteristics of the
training region. The user also defines the number of
classes to which the image belongs.

The main goal of emotion recognition is to identify
human emotional states based on face images. Deep
convolutional neural network (DCNN) architectures have
been successfully used for image classification [10, 11].
As the network deepens, the input information (or back
propagation gradient) passes through many layers
and may disappear by the time it reaches the end of
the network. Several DCNN architectures have been
proposed to address this problem. Highway Networks [12],
ResNet (Residual Neural Network) [13] and DenseNet
169 traverse the signal from one layer to another
by identifying intermediate connections between layers.
FractalNets [14] repeatedly combines multiple parallel
sequences with different numbers of convolutional units
to obtain a large nominal depth while maintaining
many short paths in the network. Although these methods
differ in terms of network architecture and learning
strategy, they all share a key characteristic: creating short
paths from earlier layers to later layers. The DenseNet
169 model has slightly higher overall accuracy than
the ResNet and FractalNets models. It will be used
in this paper.

In 2017, DenseNets [15] was proposed at the CVPR
2017 conference. They started by trying to build a deeper
network based on the idea that if a convolutional network
has shorter connections between its layers close to the
inputs and outputs, then this deep convolutional network
can be more accurate and more efficient for training.
Unlike ResNet, which adds a skip connection that
bypasses the nonlinear transformation, DenseNet adds
a direct connection from any layer to any subsequent
layer. Hence, a | layer receives the feature maps of

all former layers from x, to x,

X =H, ([X % -0 X4]),
where [X,, X, ..., X_,] belongs to the spectrum of the

feature map taken from the layers 0,1, 2, ..., I -1,

Fig. 1 shows the architecture of a five-layer tightly
coupled block.

Table 1 shows the proposed architecture of the
DenseNet 169 network.
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Fig. 1. Architecture of a five-layer densely connected unit of the neural network

Table 1. Architecture of DenseNet 169 network

Layers Output size DenseNet 169
Convolution 112x112 7x7 max. value, step 2
Association 56 x56 3x3 convolution
Dense Block (1) 5656 {hl}x 6

3x3
Transition layer (1) 56x56 1x1 convolution
28x28 2x2 mean value, step 2
[1x1]
Dense Block (2) 28x28 3x3] x12
.. 28x28 1x1 convolution
Transition layer (2) 14x14 2x2 mean value, step 2
1x1
Dense Block (3) 14x14 3x3] x32
Transition layer (3) 14x14 1x1 convolution
=7 2x2 mean value, step 2
Dense Block (4) Tx7 FXl}xSZ
3x3
Classification layer 1x1 7x7 total mean value, step 2_
1000 1000D full-coupled convolution

Let us build an algorithm for solving the problem
of recognizing human emotions from a face image.

At the first stage, a set of data is collected for
training and testing the classifier. In our case, we
use FER2013 (Facial Expression Recognition 2013
Dataset) [16]. The dataset contains 35685 examples
of 48x48 pixel grayscale face images divided into

training and testing sets. The images are classified
based on the emotions manifested in facial expressions

(happiness, neutrality, sadness, anger, surprise,
disgust, fear).
The second stage involves data processing,

i.e. splitting the dataset into training, validation
and testing samples, as well as preprocessing the
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images themselves: bringing them to the same size
(48x 48 pixels) and color model (RGB).

At the third stage, we build a neural network model.
First, we use the previously trained on ImageNet dataset
DenseNet169 for feature extraction. Next, we create
a classifier, the set of layers of which is shown in fig. 2.
We train the model on a previously prepared training set
with the following parameters: optimization — stochastic
gradient descent, loss function — cross entropy and

def classifier(inputs):

x = tf.keras.layers.GlobalAveragePooling2D() (inputs)

metric — accuracy (to assess the quality of the classifier).
Also, in order to improve the accuracy of the model,
we use one of the transfer learning methods — Fine
Tuning (“pre-training”, "fine tuning™). After all training
processes, we evaluate the quality of the model using
appropriate metrics.

As a result of this algorithm, a model will be
built that will be able to recognize human emotions

with high accuracy.

x = tf.keras.layers.Dense(256, activation="relu”, kernel_regularizer = tf.keras.reqularizers.12(8.81))(x)

x = tf.keras.layers.Dropout(8.3)(x)

x = tf.keras.layers.Dense(1824, activation="relu", kernel_regularizer = tf.keras.regularizers.12(8.81))(x)

x = tf.keras.layers.Dropout(8.5)(x)

x = tf.keras.layers.Dense(512, activation="relu”, kernel_regularizer = tf.keras.regularizers.l12(8.81))(x)

x = tf.keras.layers.Dropout(B8.5) (x)

x = tf.keras.layers.Dense(NUM_CLASSES, activation="softmax"”,

return x

name="classification”)(x)

Fig. 2. Software implementation of the image classifier

Research results and their discussion

The program for solving problems of human
emotion recognition is implemented in Python
programming language. The code is completely written
in one interactive web notebook with a runtime based
on Google tensor processors on the Kaggle platform.

This application classifies human face images into
seven different emotional states: happiness, neutrality,
sadness, anger, surprise, disgust, fear. That is, the purpose
of this program is to build and train a classifier that

would presumably tell us what emotion a person is
depicted in the photo.

To train the classifier, we used the FER2013 dataset.
We loaded it into the runtime environment, pre-processed
the images, and generated training and test sets.
We selected the optimal parameters, such as the number
of training epochs — 30, the number of fine-tuning
epochs — 20, the standard image size — 48x48 pixels and
the battle size (number of objects in one iteration) — 64.
We analyzed the training sample for distribution by
classes, the visualization of the graph is shown in fig. 3.

Train Data Distribution
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Fig. 3. Distribution of images of the training sample by classes
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Further in the program, based on the pre-trained
neural network DenseNetl69, a model for feature
extraction was obtained. A classifier with tightly
connected layers was built. To improve the accuracy
of the model and reduce the probability of overfitting,
the Fine Tuning method was used. After training
the model, we evaluated the quality of classification
on a test sample.

We used Pandas libraries for data processing,
NumPy — for matrix computations, Matplotlib and
Plotly — for visualization, scikit-learn and TensorFlow
(Keras) — for deep learning model development.

To classify emotions, depending on the input data
and compare the results, a deep learning model was built
to which the faces of people in the image were applied.
The model built for this study is based on a densely
connected convolutional neural network (DCCN).

The quality of the classifier is evaluated by the
following metrics: accuracy (fig. 4); confusion matrix
(fig. 5); precision, recall, fl1-score (fig. 6); ROC curve
and AUC value (fig. 7).

The accuracy value is relatively high — 63%,
provided that the dataset has unbalanced classes.
AUC also has a high value — 89%.

Accuracy ve Number of Cpochs

variable
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g +— BCCUTACY
.65 e
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£l II |
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I
4
Ly Jl
3 a 20 25
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Fig. 4. Distribution of accuracy value by epochs
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Fig. 5. Image of the matrix of inconsistencies
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Fig. 6. Values of precision, recall, f1-score metrics
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Fig. 7. Graph of the ROC curve

Conclusions and prospects for further development

In this paper, the methods of emotion classification
are considered in detail and the best method for
the purpose is chosen. Using the FER2013 dataset, the
software implementation of the selected neural network
was successfully trained and tested. The quality of the
classifier was tested on a large number of different
metrics: accuracy, precision, recall, f1-score, confusion
matrix, ROC-AUC. Given the indicators, we can say that
this work corresponds to the current level of scientific
and technical knowledge in the field of deep learning.
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CHUCTEMA PO3II3HABAHHS EMOIIIN JIIOUHA
3 BUKOPUCTAHHSAM AJII'OPUTMIB I'VNIMBOKOT'O HABYAHHSA

IIpeameToM JOCHIDKEHHS € TpOrpaMHa peajisailis HEHPOHHOro Kiacudikaropa 300pakeHb. Y CTaTTi PO3MIAHYTO EMOIIii
SIK 0COONMBHH BUJI IICUXIYHUX IIPOIIECIB, IO BUPAXKAIOTh MEPEKUBAHHS JIIOAWHH, 11 CTaBICHHS JI0 HABKOJIMIIHBOTO CBITY Ta JI0 cebe.
EmomniitHa cepa Moxe BHpaxxaTHCsl PI3SHHMH CIIOCOOaMU: MIMIKOIO, 03010, PyXOBUMH peakIisiMu, rosocoM. Ilpore HanbinbIry
BUPa3HICTh Mae o0nnu4s JIoAWHH. TeXHoJorii A po3Mi3HaBaHHS JIIOACBKUX EMOLIH BHKOPHCTOBYIOTHCS IUISL IOJIIIICHHS
00CITyTOBYBaHHS KJIE€HTIB, NPHUAHATTSA pIMICHHS IIicis coiBOecimn 3 KaHAWOAaTaMH, Ui 30UTbIICHHS EMOLIWHOTO BIUIUBY
pexiamu Tommo. ToMy MeTor poOOTH € 3HAXOMKEHHS Ta ONTHUMI3allisi HaWOUIBII 3aJ0BUTBHOTO, 3 TOTIISAAY TOYHOCTI, alTOpUTMY
kinacugikamii eMoUiil JNIOAUHU 13 300pakeHHSIM oOnM94s. Y CTaTTi BHUPILIYIOTbCA Taki 3aBAAHHS: OIJLII 1 aHANi3 Cyd4acHOTO
cTaHy "pO3Mi3HaBaHHS €MOLIi"; po3risa MeToniB Kiacugikaimii; BuOip HaHKpamoro MeToxy Ais IOCTAaBICHOTO 3aBAaHHS;
po3pobiieHHsT mporpamMHoOi peainizamii A7 Kiacuikamii emouiil; mpoBeAeHHs aHamizy poboTH kiacudikaTopa, (HOpMYITIOBaHHS
BHUCHOBKIB MO MPOBEACHY pPOOOTYy HA OCHOBI OTPUMAaHHMX [OaHUX. Y CTaTTi TaKOXX BHUKOPHUCTOBYETHCS METON KiacHdikarii
300pakeHb, OCHOBAHUI Ha LIIJIBHO 3B’sI3aHiil 3ropTKOBiN HelpoHHIN Mepexi. OTprMaHi pe3yJIbTaTH JOBEIH, IO Ul BHPILICHHS
3aBIaHb PO3IMi3HABaHHI eMOLiH To0pe MiIXOIuTh MeTo] Kiachdikarii 300pakeHb, OCHOBaHMH Ha IIUTGHO 3B’s3aHIH 3rOPTKOBIl
HEWPOHHIH MepeXi, OCKUIBKM 3a3Ha4eHHH METOJ] Ma€ IOCHTh BHCOKY TOuHicTh. OIliHeHa sKicTh KiIacH@ikaropa 3a TaKUMU
MeTpukaMmu: accuracy; confusion matrix; precision, recall, fl-score; ROC-xpuBa Ta 3HaueHHs AUC. 3HaueHHs accuracy
BiTHOCHO BHCOKe — 63%, 3a ymoBH, mio Habip maHux mae He3bamaHcoBadi kimacu. AUC Takox Mae BHUCOKe 3HaueHHA — 89%.
BucnoBku. OtTprMaHa MoOAETh Ma€ BHCOKI TOKAa3HWKH pO3MI3HABAHHSA €MOIH JIIOAWHH Ta HAaJali MOXKE YCITIIHO
BUKOPHCTOBYBATHCS 32 IIPU3HAYCHHSIM.

KurouoBi ci10Ba: BUsBICHHs 00’ €KTiB; Kiaacupikallis 00’ €KTiB; HABYAHH 3 YIUTEIEM; PO3Mi3HABAHHS SMOILIiii.

CUCTEMA PACIIO3HABAHMSI SMOIIMIA YEJIOBEKA
C UCITIOJIb3OBAHUMEM AJITOPUTMOB I'VIYBOKOI'O OBYYEHUA

IIpenmeToM wcclenmoBaHHUS SBISETCS IpOTrpaMMHAs peanu3anus HeHpOHHOTo Kiaccupukatopa wu3o0paxeHnii. B paGorte
pPaccCMOTPEHBI AMOIMK KaK OCOOBIH BHJ IICHXHYECKHX MPOIECCOB, PACKPHIBAIOIINX IEPSKMBAHHUS UYEJOBEKA, €ro OTHOIICHHS
K OKpY’KalolleMy MHUpY U caMoMy cebe. OMOIMU MOTYT ObITh BBIPaXKEHBI Pa3HBIMH CIIOCOOaMH: MHMHKOH, 1T030H, ABUraTelbHBIMU
peakiusamy, ronocoM. OfHAakKO HAMOONBIIYI0 BBIPA3UTEIBHOCTh HMEET IIMIO 4YeNOBeKa. TEeXHOJNOTMH JUIS pacHO3HABAHMS
YEJIOBEYECKHX dMOLHUI NCTIONB3YIOTCS GUPMaMH ISl yIydIIeHHs1 00CITyKMBAHMS KIHEHTOB, IPUHSITHS PELICHHH 0 cobeceoBaHIN
C KaHauaaTaMM U Jid ONITHUMHU3AIUMH 3MOIIHOHAJIBHOT'O BOSﬂeﬁCTBHﬂ PEKIIaMBbI. HOSTOMy neJbro pa6OTbl ABJIACTCA HaAXO0XICHUC
U OITHMH3ALUA HanOoee YAOBJIETBOPUTEIBHOI'O, € TOYKH 3pEHUSI TOYHOCTH, aJIropuTmMa Knaccn(bnxaunu 3MOLLI/II>'I YCJIIOBCKaA
¢ wmu3o0paxxeHHeM Jmna. B crarthe pemaroTcs cliepyomue 3agadd: 0030p W aHAIM3 COBPEMEHHOTO COCTOSHHMS 33/1a4u
pacro3HaBaHMsl SMOILMIL; PAcCCMOTPEHHE METOAOB KiIacCH(HKAIMK; BHIOOp HAWIy4HIero crocoba Ui MOCTAaBICHHOW 3aadvd;
pa3paboTKa IporpaMMHOM peamu3anuy Ui KIacCHHUKAIMM OSMOIMH; TpPOBENEHHWE aHamm3a paboThl KiaccHUduKaTopa,
(opMyIHpoBaHHE BBIBOJIOB O MPOJETaHHOW paboTe Ha OCHOBE IIOMYYEHHBIX NAaHHBIX. B craTee Takke HCHONB3YeTCS METOX
KJIacCU(UKAUN W300pakeHHd, OCHOBAHHBII Ha IUIOTHO CBS3aHHOH CBEPTOYHONW HEHpOHHOU ceTH. Pe3ynbTaThl moka3aiu, 4TO
JUIL  pemIeHus 3afad paclo3HABAaHMS SMOIMH XOPOIIO MOAXOAUT METOJ KiIacCHuKanuuum n300pakeHUHd, OCHOBAHHBIN
Ha IUIOTHO CBA3aHHOM CBEPTOYHOW HEHPOHHOM CETH, MOCKOJIbKY OH MMEET JOCTATOYHO BBICOKYIO TOYHOCTb. [Ipon3BeneHa oneHka
KauecTBa Kiaccu(ukaTopa MO CICAYIOLIMM MeTpukam: accuracy; confusion matrix; precision, recall, fl-score; ROC-kpuas
n AUC. 3HadyeHue accuracy OTHOCHTENBHO BBICOKOE — 63%, MpH yCIIOBUH, YTO HAOOp JaHHBIX UMeeT HecOalaHCUPOBaHHBIE KIIACCHI.
AUC Trake uMeer BbicOkoe 3HaueHHe — 89%. BwiBoawl. [lomyueHHass MoJenb MMeEeT BBICOKHE MOKAa3aTelH paclo3HABaHHUS
SMOLMH YeJIOBeKa U B AaNbHEHIIeM MOXKET YCIIEIIHO NCTIOIb30BAThCS 110 Ha3HAUCHUIO.

KoroueBrble ciioBa: oOHapyskeHHE 00BEKTOB; KiaccuduKkanys 00beKTOB; 00y4eHHe ¢ YUIUTEeJIeM; Paclio3HaBaHHe SMOLIHH.
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A. ANDRUSEVICH, S. OMAROV, N. STARODUBCEV, V. NEVLIUDOVA

STUDY OF THE INFLUENCE OF THE MODERN ROBOTISATION LEVEL
ON THE CHALLENGES AND RISKS
OF THE ECONOMIC SECURITY OF AN INDUSTRIAL ENTERPRISEG

Industry 4.0 envisages a comprehensive transformation of all industries by combining digital technologies and the Internet
with traditional industries. It is important to emphasize that Industry 4.0 relies heavily on robotics. Robotization opens up
new opportunities for an industrial enterprise, completely transforming the technologies and organization of its production
process and business model. Many of today’s threats to the economic security of an industrial enterprise can be mitigated
due to digitalization and flexible robotization of production and promotion of goods. But at the same time, processes related
to the robotization of the economy create new threats to economic and social security. The consequences of their influence
and the mechanisms of their leveling are the subject of research. The goal of the work is to study the impact of robotics
on the economic security of an industrial enterprise. The following tasks are solved in the article: an overview of the areas
of application and trends in the development of industrial robots; overview of the robotics market; analysis of risks and threats
to the economic security of industrial enterprises arising as a result of robotization. The methods of system analysis, graphic
generalization and classification are used. The results of the work include an analysis of the current state of robotics
and the introduction of industrial robots in production, a brief analysis of the robotics market and a study of external
challenges, uncertainties and risks arising from robotics: political-economic, technological, financial and environmental.
Conclusions. The development of robotics is a priority direction for innovative industrialization not only in the long term,
but also in the short term. Robotics can also become a locomotive for general economic growth, given that the most
advanced developed countries are currently creating their own robotic enterprises and transferring production from
developing countries to them. However, in the context of robotization, it should be taken into account that these processes,
along with potential benefits for the industrial enterprise, can also create new threats to economic and social security.
Keywords: Industry 4.0; robotics; digitization; risks; economic security; industrial enterprise.

Introduction

Today, the creation and implementation of robotics
is recognized as one of the priority areas of industrial
development. More than a thousand modern companies
develop and produce industrial work. All large companies
are beginning to invest in the production of industrial
robots. New companies specializing in these products
are being created, as well as intermediary companies
for the introduction of industrial robots. All developed
countries have created national associations for
industrial robotics, and in some countries, activities
in this area are the priority of the state program.

The term Industry 4.0 means the fourth
industrial revolution, which involves a comprehensive
transformation of all industries by combining digital
technology and the Internet with traditional manufacturing.
All production links (suppliers, manufacturing companies,
distributors, the product itself) are combined, based
on the digitalization of processes, into an integrated value
chain. Industry 4.0 envisions: a change in the production
process (integration of machines, warehouse systems
and production facilities into cyber-physical systems,

a significant increase in flexibility, efficiency and
productivity in "smart" enterprises), and a change in
the nature of work in enterprises (workers are expected
to be freed from routine tasks and perform work that
requires creativity) [1, 2]

The implementation of Industry 4.0 is based on
the development of the following areas: information
and communication technologies (ICT), providing
digitalization of all stages of product creation and
use both inside and outside companies; cyber-physical
systems for control and management of physical
processes and systems (in particular, integrated sensors,
smart works, 3D-printed devices, etc.); network
communications (wireless and Internet technologies
for communication of machines, products, systems
and people); modeling and virtualization in product
development and production processes; systems
for collecting, processing and using large amounts
of information and cloud computing; augmented reality
tools and intelligent systems [3].

As a result, it is expected to increase productivity
by significantly reducing the time between the
development of a new product and its delivery to the
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consumer, increasing efficiency, saving energy, ensuring
competitiveness in the global market, etc.

Central to Industry 4.0 is cooperation and work
in the industries of the future, where new generations
of robots with a high degree of artificial intelligence
and humans will become equal partners. Industrial
work will help workers with various tasks, and the quality
of production and production processes will improve.
In this case, different products can be produced on
the same production equipment, making it possible
to produce small batches thanks to the ability to
quickly reconfigure the equipment [4].

However, with the current level of robotization of
enterprises, it is necessary to take into account that these
processes, along with the potential benefits for industry,
can cause new threats to economic and social security.

Industrial robots and the advantages
of their introduction into production.
The relevance of robotics

The number of robots installed in industry
worldwide has more than tripled in the last ten years.
Robotics is a new tool for the comprehensive
mechanization and automation of production, a technique
of the latest generation that gives high efficiency.

The industrial robot is another step in the
development of flexible automation to optimize
production with the ability not only to constantly
repeat the same operations with guaranteed accuracy,
but also with the possibility of easy reprogramming
when the user’s production program changes.

The concept begins with simple workstations
where the robot is equipped with a positioner to place
devices and position parts at two or more stations for
an entire robotic production line, where the function
of the devices, in particular the loading and unloading
of parts, is handled by robots. Important helpers in the
world of modern automation are auxiliary systems that
are widely used, such as imaging systems or cameras
that allow robots to remove and manipulate large parts.

However, the reliability of robots, their software,
high productivity and ease of operation are necessary
prerequisites for the proper functioning of these devices
and systems.

The level and methods of production automation
significantly depend on its type and scale, and if in mass
and large-scale production the use of automatic lines is
most justified, then in medium-scale, small-scale and single-
piece production complex automation is implemented

by means of computer technology, machines with
numerical program control. (NPC) and industrial robots.

On the basis of NPC technological equipment and
industrial robots, multi-nomenclature lines, sections,
workshops are composed, which are called flexible
automated production. The basic principle of such
flexible production is modularity. The automation of
flexible production develops from simple to complex —
first, flexible production modules (FPM) are created
and implemented, on their basis flexible production
complexes (FPC) are built, and, finally, flexible
automated production (FAP). However, the reliability
of robots, their software, high productivity and ease
of operation are necessary prerequisites for the proper
functioning of these devices and systems.

Their further development is practically unmanned
automatic production, where flexible automated production
is supplemented by systems of automated product design
(APD) and technological preparation of their production,
planning and dispatcher control (AEMS). The basic
structural unit of flexible production modules of any
complexity are robotic technological complexes (RTC),
which can be formed on the basis of one industrial
robot providing individual or group maintenance of the
equipment connected to it or a complete product processing
cycle (for example, welding), or on the basis of several
industrial robots performing interrelated operations.

Versatility of the majority of industrial robots
allows their wide application as a part of robotic
technological complexes for different kinds of production.

Modern industrial robots can be used in many
machining operations such as milling, grinding,
polishing, trimming, deburring and cutting. They can be
used in all industries and are also available to small
and medium-sized businesses, allowing them to grow
with a small investment.

Today, the most common area where industrial
robots are used is in repetitive operations on production
lines: welding, moving parts, assembly, painting, etc.
On these lines, robots operate in a cyclic manner and
carry out the same operations, replacing routine human
labor. This makes it possible to increase labor
productivity, reduce the factor of human error and
injuries and automate the process as much as possible.

When creating parts, industrial robotic systems
(IBS) can save a significant amount of materials and
raw materials (with a rational organization of the work
process) [5]. But this is not the limit: more expensive
robotic systems can perform multi-axis movements along
the desired path thanks to the six-step freedom of the
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robot. This makes it possible to perform any machining
operations that were previously only performed
on specialized machines.

When properly organized, all of these operations
are controlled by a single operator. The IBS makes it
possible to carry out work where it is difficult and
dangerous for humans. They are precise, error-free
and fast. They can work 24 hours a day with the lowest
lighting and the lowest temperature in the shop, thereby
saving on utility costs [6].

Thus, the intensive use of industrial robotics
at present and in the future is due to a number of reasons.

First of all, creation and wide introduction of
industrial robots and manipulators, allowing intensifying
various technological processes and operations, makes it
impossible to use manual low-skilled and monotonous
labor, especially in heavy, dangerous and hazardous
conditions for humans.

In the coming years, a significant increase in output
in industry must be ensured through the introduction of
new types of machinery and progressive technologies.
Although the share of manual labor in industry has
declined, millions of people in the world are still engaged
in manual labor today.

Numerous surveys of working conditions show that
about 30% of workers are adversely affected by noise,
30% have to work according to a regimented schedule,
25% are exposed to damp, heat or cold, 20% work
in physically uncomfortable positions or in conditions
of smoke and fumes. % have to expend a lot of physical
effort, and 15% work at night.

These stressors often act in combination, so about
40% of workers are simultaneously affected by two
and about 25% by three or more factors. Accordingly,
the use of robotics contributes to a significant reduction
in the proportion of manual, heavy, harmful and tedious
work (social factor). In addition, industrial robots have
very high positioning accuracy, and repeatability allows
achieving the desired level of product processing
while reducing production defects. By avoiding the
human factor in technological processes, the percentage
of work errors is significantly reduced. This approach
has a positive effect on the growth of enterprise
performance and overall industry performance [7].

In addition, the nature of production has changed —
about 80% of products are produced in small batches.
Production automation is one of the significant levers
to increase labor productivity in small batch production
(economic factor).

Robotics makes it possible to solve the problems
of two- and three-shift work, increase the equipment
load factor and rhythm of its work, improve the
quality of products and reduce their cost, especially
in small-scale production.

Robotics creates prerequisites for transition to
flexible automated production systems that allow
for quick changeover for operations with a different
sequence and nature of actions and with minimal
human involvement.

The main technical characteristics of industrial
robots are related to the sphere of application and
production conditions for which they are designed.

Research shows that when used in individual
operations, one industrial robot, depending on the
variability of the work, replaces 1-3 workers, increases
labor productivity by 60-80% and reduces the cost
of production preparation by 45-50%.

When using industrial robots in groups, the
efficiency of industrial robots increases dramatically:
the productivity increases at least 3-5 times, and in
some cases 8-10 times, capital investment and
maintenance costs decrease, the intensity and rhythm
of production, shiftiness, product quality increase,
the number of defects decreases.

Among the directions of reduction of manual and
heavy physical labor, in addition to robots, an important
place also belongs to the simplest devices — manipulators
as a means of complex mechanization of production.

In the production, where there is no need for
human protection from the environment and frequent
loading and unloading of equipment, manipulators
with command control, characterized by the fact that
a man-operator sequentially turns on the drives of
each link, have become widespread.

Such robots-manipulators are the simplest in design
relatively cheap and their use does not change the
technological process, because they easily fit into the
existing technology. Versatility, low cost and high
efficiency on loading and unloading operations are
their special qualities.

Many types of work, in particular, mechanical
assembly, construction and finishing, lifting and
transporting, storage and repair, can be mechanized
in the near future just with the help of manipulators.

According to calculations, the satisfaction of
industrial needs in the work of manipulators will
reduce the number of manual labor in more than
30 professions: mechanics by 4%, repairers — by 3%,
packers — by 5%, storekeepers — by 2.5%, transport
operators — by 3% and loaders — by 5%.
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As a result of innovations in networking technology,
many sectors in manufacturing have only recently begun
to embrace automation. Examples include the food and
beverage, textile, wood and plastics industries.

Until recently, a number of safety and accident
prevention measures accompanied the use of standard
types of industrial robots. Therefore, the use of
"collaborative" robots or "cobots" is a justified solution.
Research and development of “collaborative™ robots
initially focused on the safety of use and at the same
time the possibility of their integration into working
lines with human operators.

The design of the robot has limited power and
a function that immediately stops work when a collision
is detected, which can be done in several ways. In many
programs, this robot can be used without a guardrail.

Modern robotics manufacturers can offer their
customers a type of robot that meets a clear requirement
for its characteristics and at the same time has a number
of other advantages, among which can be highlighted
the following:

— simultaneous operation with a human operator;

— space saving;

— easy setup;

— high productivity

—accuracy;

— reliability.

Instead of a worker performing the same task
for many hours, it is relatively easy to implement
a "collaborative" job in its place due to simple
programming and setup and without all of the safeguards
required for traditional industrial robots. For the same
reasons, the "collaborative" robot is also much more
affordable (not only the cost of the job is lower, but
also the installation cost, which is achieved by
eliminating the time required for technical support
and configuration of the "robotic cell” equipment), and
therefore it is easier to justify financially.

The best examples of successful implementations
of such robots are manufacturing facilities where
there are multiple stations performing the same type
of process, such as manufacturing processes with
multiple NPC machines.

Robotics market survey

Recent growth trends in the robotics market are
due to its significant penetration into the economy,
particularly in the service sector; technical improvements

in "collaborative" robots designed to interact with
humans in a shared workspace; and cheaper
manufacturing of robots. As robotization accompanies
the digital transformation of the enterprise, the
digitalization of the economy also stimulates the
development of robotics. At the same time, robotization
and the widespread use of robots in the enterprise
entails new risks to its security — human, technical-
technological, financial, etc. The economic security
of an industrial enterprise is understood as such a state
of its production, labor, management, information,
creative structures, which provides a timely and adequate
response of the enterprise to the emergence and
development of external and internal risks and threats.

Depending on the field of application, it is
customary to distinguish between industrial and
service robotics. At present, this division is rather
arbitrary due to the mutual penetration of industrial
and service technologies. To assess the dynamics of the
industrial robotics market, the indicator of the number
of installed industrial robots over a certain period
of time is used. According to estimates of the
International Federation of Robotics, 422,000 industrial
robots were installed worldwide in [8], 2018, which is
6% more than in 2017. Although there has been
an increase in this number since 2012, its rate is not as
high and steady as many analysts expected. Experts
are unanimous that the market for industrial robots
will grow; only the estimates of the rate of this growth
as well as its structure are different. For example, experts’
expectations that one of the key robotics trends
will be wide implementation of "collaborative" robots
("cobots") did not come true.

Asia is the largest and fastest growing market
for industrial robots. The share of this region in
global demand is about 68%, while Europe’s share
is 18% and America’s is 14% (fig. 1).

Asia 68%

Fig. 1. Structure of the industrial robots market
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According to forecasts by experts from the
International Federation of Robotics [9], further growth
in demand for industrial robots will be provided
by the Asian region, primarily China. Regarding the
breakdown by country, 74% of industrial robotics sales
in 2018 came from five countries: China (154,000 units),
Japan (55,200 units), the United States (40,400 units),
South Korea (37,800 units) and Germany (26,700 units).
Taiwan, Italy, France, Mexico, Spain, India, Singapore,
Canada, Thailand and the Czech Republic are followed
by a large margin (fig. 2).

Most of them are also leaders in the indicator
characterizing the intensity of the use of industrial
robots — robot density, that is, the number of robots
per 10,000 workers. In 2018, the highest value of
this indicator came from Singapore and South Korea
(831 and 774 robots per 10,000 workers, respectively).
Germany (338 robots per 10,000 workers), Japan (327),
Sweden (247), Denmark (240), Taiwan (221), the United
States (217), and Italy (200) followed by a wide
margin (Table 1). At the bottom of the ten leaders

is Belgium with 188 robots per 10,000 workers, and
in China this indicator reached 140. Note that the global
average is 99 robots per 10,000 workers.
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Fig. 2. Volumes of industrial robotics sales
by leading countries

Table 1. "Top ten" countries in the intensive use of industrial robots

Ranking Country Number of robots per 10,000 workers
1 Singapore 831
2 South Korea 774
3 Germany 338
4 Japan 327
5 Sweden 247
6 Denmark 240
7 Taiwan 221
8 USA 217
9 Italy 200
10 Belgium 188

Among the main areas of the economy in which
industrial robots are in demand are the automotive
industry, which accounts for about 30% of global
demand, electronics manufacturing (25%), machine
building, metallurgy, chemical and pharmaceutical
industries, and the food industry, which has shown
a steady growth in its share in recent years. The industrial
sector has high potential for further automation
and robotization, as a number of industries still have
a high share of manual labor. However, the ratio
of the average cost of manual to robotic labor reduces
the incentive to robotize industry.

Risks and threats to the economic security
of industrial enterprises caused by robotization

Along with the increasing opportunities arising from
robotization, there are also growing threats, primarily to
the economic security of the industrial enterprise [10].
The introduction of intelligent robots is a crucial part
of the digitalization of industry, which faces many
external challenges related to uncertainty and risk:

— political-economic,

—technological,

— financial,

— environmental.
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These risks are becoming pervasive, many of
them unpredictable. As an example, the consequences
of a pandemic are changing the social and economic
landscape of today’s world. The mass suspension of
production, the shift to telecommuting, the disruption
of supply chains (especially international supply chains),
and the movement of some business processes into
the digital world have demonstrated the benefits
of robotization.

While experts call sustainable competitive
advantage the main factor determining the state of
a firm’s economic security, and nowadays successful
enterprises are those that in these conditions preserve
production and ensure the safety of workers — online
services, autonomous production and warehouse
complexes, etc. [11].

The service robotics segment has received a new
impetus for development. Many countries have faced
a shortage of personnel providing care for the sick
and elderly, as well as problems with ensuring the
safety of workers. Compensating for their shortage by
replacing them with robots offers benefits for the
safety of staff and people in need of care. Robots can
deliver food, medications, and take temperature and
pulse. Their use provides safety for medical personnel
by limiting the possibility of spreading a virus, since
robot bodies are easier to disinfect and cannot be carriers
of disease. In other areas of the economy, the demand
for non-contact service delivery by service robots is
also increasing. Businesses that are unable to adapt to the
new environment face the risk of economic loss.

Consequently, one of the key competitive
advantages of the industrial enterprise in modern
conditions is its adaptability. Flexible automation
of production based on the introduction of industrial
robots contributes to the adaptability of enterprises
through rapid retooling and changing programs of the
means of production. Industrial automation uses
both robots that have a material shell corresponding
to their functions and those that do not.

The processes of digitalization, automation and
robotization of industry cover all stages of production,
from obtaining and analyzing data on trends emerging
in the markets, automated design and engineering,
robotization of logistics and the production process
itself, to digital positioning and sales tools. These
processes are associated with an increasing number
and variety of external and internal risks and threats to
the industrial enterprise, and the effective robotization
and digitalization of foreign competitors generate threats

to the domestic real sector. Many challenges and threats
to national and economic security can be timely detected
and neutralized at the enterprise level. Threats to the
economic security of wvarious industrial enterprises,
acquiring a stable, regularly recurring nature, it is
legitimate to consider as potential threats to the
economic security of the industry, and in conditions
of a developed system of division and cooperation
of labor — and as potential threats to the economic
security of the country.

The key problem in the context of robotics
economy scientists and experts call the impact of
new technologies on labor markets. The transformation
of labor relations and changes in the structure of
employment as a result of mass automation and
robotization occupy a significant place in the scientific
economic discourse [12]. On the one hand, robots,
replacing human labor, leave a large number of workers
without work, forcing them to change their profession
or place of work. The literature on this point notes that
"if the use of robots continues to expand and automation
increases, given advances in artificial intelligence research,
worker participation is expected to be limited to making
decisions about plant prospects within a human-designed
strategy” [12]. Among the advantages of replacing
manual labor with robotic labor the most frequently cited
is that robots can work virtually without interruption,
do not need vacations, sick leave, cannot quit,
require higher wages, comfortable working conditions
(temperature, lighting, convenient location, etc.), and are
flexible in terms of the volume of products produced.

In addition, robotization is stimulating the
emergence of a significant number of new professions
and jobs in science, engineering, and analytics.
The growing dynamism and flexibility of labor markets
requires the workforce to adapt to new conditions.
In order to maintain their competitiveness a person
must improve their professional competencies throughout
their life. Moreover, high qualifications do not guarantee
sustainable competitive advantages. Along with the
developed professional skills, a modern worker is
expected to have a set of personal qualities, which
allow effective interaction with colleagues and partners
in the process of labor activity. All these requirements
of the labor market necessitate the configuration of
approaches to personnel training.

Mass robotization entails a likely polarization
of jobs, with medium-skilled workers at risk of being
displaced. Robotization of functions requiring low-
skilled labor is less economically advantageous,
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because the average cost of manual labor is lower or
at the same level (depending on the country and industry)
as the average cost of robotic labor. Highly skilled labor
is still difficult to replace with robots and artificial
intelligence. In the end, this creates risks of increasing
property differentiation in society. "The likely result
of robotization could be an economy where high
wages go to a few people with exceptional talent,
while most other workers receive low wages" [13].
In terms of the evolution of economies and labor markets,
changes in employment patterns can be expected.
"Opportunities to reduce risk and maximize profits as
a result of technological advances depend on accurate
forecasting of what skills will be needed in the future,
as well as the alignment of educational policies and
strategies" [13]. However, at the macro- and micro-levels,
transformations in the structure of employment will be
accompanied by social instability and changes
in income distribution. In this regard, C. Webster and
S. Ivanov rightly emphasize the presence of reasonable
concerns  "among  researchers,  politicians and
representatives of the real sector about how people,
companies, economies, governments and society should
adapt to the new technological, economic, social
and political realities that robonomics will create” [14].
This leads to social risks related to the ethical limitations
of the use of robots, the increase of social class
differentiation, the competition for jobs not "man with
man" but "man with robot".

Changes in the structure of employment at the
micro level, consisting in the transformation of the
organizational structures of the enterprise, leads to the
emergence of personnel risks. Personnel risks appear at
two stages: first, at the stage of providing enterprises with
specialists possessing modern competences that meet the
modernization policy of the enterprise; second, at the
stage of retention of such specialists. Ensuring personnel
security is one of the most important components of the
economic security of an industrial enterprise.

Robotization and digitalization transform not only
economic, industrial and labor relations, but also the
entire set of social relations, namely consumer behavior,
which is becoming more varied due to the influence
of new social and functional innovations, reducing
the effectiveness of traditional mechanisms of
promotion, in particular advertising. Complication
of the management mechanisms of consumer choice
requires the most adequate response from the producers.
With the demand now being personalized, the
manufacturer is forced to determine the features of

the manufactured product in direct coordination
with the consumer. Information service providers, who
create platforms for contact between producers and
consumers, are beginning to play a role no less than
traditional trade intermediaries do. IT-companies create
new structures in the society and in the economy,
in which users are grouped on different grounds.
In such structures new nodes of relations have taken
an obvious form around which the global economic
networks have developed [15, 16]. Such platforms
are electronic platforms for the promotion and sale
of goods, social networks, virtual systems, which
allow partially automating the process of consumer
choice. This makes it necessary to take measures
to integrate virtual elements into real production and
business processes. Information technology is a tool to
optimize their efficiency by increasing flexibility and
responsiveness to consumer demands and changing
trends (behavioral, technological, raw material trends).

The digitalization and robotization of the industry,
with the accelerated development of information and
communication technologies and the integration of
virtual and real business processes, cause a shift in
the centers of profit capitalization in value chains.
If in the second half of XX century observed their
movement from the direct material production
to design, marketing and logistics, then they are shifting
to the creation and maintenance of computer systems
to manage business processes and process control
systems use of big data. The acceleration of production
cycles necessitates the intensification of product
development processes, management decision-making,
raw material renewal, innovation activity, interaction
with partners and improvement of information exchange
within the enterprise and with the external environment.
Cost-effective shortening of production cycles and
increasing the flexibility of production systems based
on digitalization, automation and flexible robotics
will enable the transition to small batch production
and frequent renewal of the assortment.

At present, the undermining of the competitiveness
of industrial enterprises, the disruption of the normal
economic reproduction cycle can be carried out without
explicitly violating the laws. In the conditions of
expansion of information space, elimination of economic
relations in the Internet and transformation of economic
competition with the help of socially functional
technologies aimed at the task of the enterprise-
competitor both economic and reputational losses, the
risks of assumption of wvarious forms of unfair
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competition (discredit, delusion, incorrect comparison,
illegal use of results of intellectual activity, creating
displacement, illegal actions with secrets protected by
law) increase. Along with the listed forms of unfair
competition prohibited by law, in practice there are
common situations when: firstly, formally the actions
of a competitor do not relate to prohibited forms of
competition or in practice it is not proved (for example,
implicitly  discrediting a  competitor,  business
intelligence); secondly, it is difficult to identify the source
of aggression (for example, many negative reviews of
"consumers” of goods / services, spread negative opinion
about the company’s products, particularly by bots
forming public opinion) and, consequently

Digitalization and robotization of industry entail the
emergence of fundamentally new risks associated with
the spread of the industrial Internet of Things, which
increases the risk of cyber attacks aimed at disrupting
production processes and illegally obtaining commercial
information (industrial espionage) [17, 18]. Additional
risks arise from the use of industrial works, mainly
imported production. In the process of using foreign
software solutions in control systems there is a risk
of vulnerabilities in them that can be used for cyber
attacks, which entails economic losses.

Consequently, the current level of robotization
poses a threat to the emergence of such social risks
affecting the economic security of the enterprise:

— changes in labor markets as a result of
new technologies;

— increase of property differentiation in society;

— social risks associated with moral constraints,
with an increase in social class differentiation
and competition;
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The article analyzes the current state of robotics
and the introduction of industrial robots into production.
A systematic review of the current world market of
robotics is made. External challenges, uncertainties
and risks arising from robotization are investigated.
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analysis of the risks caused by robotization will
be conducted and recommendations for their elimination
will be given.
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JOCJAIKEHHSA BILIUBY PIBHSI CYUYACHOI POBOTU3AIIIL HA BUKJIUKH
TA PUBUKU EKOHOMIYHOI BE3NNEKH NPOMUCJIOBOI'O NIJINPUEMCTBA

Industry 4.0 mepenbavae KOMIUIEKCHY TpaHC(OpMALIiFO BCiX Taidy3eil MPOMHCIOBOCTI LUBIXOM TMO€THAHHS LU(POBHX TEXHONOTIH
Ta IHTEpHETY 3 TPaJWIiHAUMU BUPOOHHITBAMH. BaxkmBo Haromocutw, mo Industry 4.0 Garato B 4oMy CIIMpaeThcs Ha POOOTH3ALLIO.
PoboTn3aris BigkpuBae HOBI MOMUIMBOCTI JUTS TIPOMHUCIIOBOTO HiAIIPHEMCTBA, TIOBHICTIO TpaHC(HOPMYIOUH TEXHOJIOTII Ta OpraHizamiro Horo
BUPOOHHYOTO Tpoliecy i Gi3Hec-Mozenb. barato 3 HasiBHUX 3arpo3 I eKOHOMIUHOI O€3MeKH MPOMHUCIIOBOTO HiANPUEMCTBA MOXYThb OyTH
MOMSIKIIIEHI 3aBASKH LUppoBizamii Ta THyUKOoi poOOTH3allii BUPOOHUIITBA Ta MPOCYBAHHS TOBApiB. AJie OHOYACHO MPOLIECH, MOB’S3aHI
3 poOOTH3ALIIEI0 EKOHOMIKH, CTIPUYHHSIOTH HOBI 3aTpO3H JUIsl EKOHOMIYHOI Ta colliabHOi Oe3mekn. Hacmigku IXHpOro BIUIMBY i MEXaHI3MH
iXHBOTO HIBENIFOBAHHS € MPEIMETOM JIOCIiDKCHHA. MeTow poGoTH € IOCTIDKEHHS BIUIMBY pOOOTH3AIlii HA E€KOHOMIYHY Oe3reKy
MPOMHUCIIOBOTO ITiMIPUEMCTBA. Y CTaTTi BUPIIIYIOTECS TaKi 3aBAAHHS. O cep 3aCTOCYBaHHS I TEHICHIIH PO3BHTKY HMPOMICIOBHX
PpoOOTIB; OIS PUHKY POOOTOTEXHIKH; aHAJIi3 PH3HKIB Ta 3arpo3 JUlsl eKOHOMIUHOI Oe3eKH IPOMHUCIOBHUX MiANPHUEMCTB, 10 BUHUKAIOTH
yHacImgok poboru3amii. 3acTOCOBYIOTHCSI METOAM CHCTEMHOIO aHajidy, rpadiuHoro ysaraipHeHHs Ta Kiacuikarii. PesyabraTu
JIOCTIDKEHHS MICTATB. aHaJi3 Cy9acHOTO CTaHy POOOTOTEXHIKH Ta BIPOBAIKEHHS IIPOMICIOBUX pOOOTIB Ha BUPOOHHMIITBI, CTUCIMIA aHAII3
PHHKY pOOOTOTEXHIKM ¥ BHBUCHHS 30BHIIIHIX BUKIUKIB, HeBU3HAUYEHOCTEH 1 PH3HIKIB, [0 BUHUKAIOTh YHACIIIOK POOOTH3ALLii, — MOJIITHKO-
CKOHOMIYHMX, TEXHOJNOTIYHMX, (PIHAHCOBUX Ta EKOJOTriYHMX. BHCHOBKH. PO3BUTOK pOOOTOTEXHIKM € TIPIOPHUTETHHM HAIpsSIMOM
JUI 1HHOBALiiHOI iHAOycTpiami3alii He TUTBKM B JOBIOCTPOKOBIH, anme W y KOPOTKOCTPOKOBiM mepcrekTuBi. PoOoToTexHika Moxke
CTaTH JIOKOMOTHBOM 1 JUIS 3arajbHOTO0 E€KOHOMIYHOTO 3pPOCTaHHS, YpPaxXOBYIOUH, IO HaHOLIBII TepemoBi Ta pPO3BHHEHI KpalHM HHHL
CTBOPIOIOTH y ce0Oe poOOTH30BaHI MiANPUEMCTBA I MEepeBOIATh 10 cebe BHpOOHMITBA 3 KpaiH, IO po3BHBAIOTHCS. OfHaK B yMOBax
poGoTu3auii HEOOXiTHO BpPAaXOBYBaTH, IO Ii MPOLECH, OAHOYACHO 3 TOTCHLIHHUMH BUTOJaMH IS TPOMHCIIOBOTO IIiNPHEMCTBA,
MOXKYTh CIIPHYMHATH H HOBI 3arp0O3H I EKOHOMIYHOI Ta COLIAIBHOT Oe3MeKH.
Kuarouosi ciioBa: Industry 4.0; poboTu3attis; nndpoBizallis; pU3UKH; €KOHOMIUHA Oe3eKa; MPOMHUCIOBE MiIIPHEMCTBO.

WCCJIEJJOBAHUE BJUSHUA YPOBHSI COBPEMEHHOM POBOTHU3AILIAN
HA BbI3OBBI 1 PUCKHW SKOHOMMYECKOM BE3OINACHOCTH
IMPOMBIIIVIEHHOT O ITPEANIPUATUA

Industry 4.0 mozpazymeBaeT KOMIUIEKCHYO TpaHC(OPMALIHIO BCEX OTpaciel IPOMBIIUICHHOCTH ITyTeM COYeTaHUs LU(POBBIX TEXHOIOTUI
U WHTEpHETa C TPaJWLIHOHHBIMU ITIPOW3BOACTBaMH. BaxkHO momuyepkHyTh, uto Industry 4.0 Bo MHOroM ommpaercss Ha pOOOTH3ALMIO.
PoGoTu3anms OTKPBIBaCT HOBBIE BO3MOXKHOCTH [UIsl TPOMBILIUICHHOTO MPEANPHSTHS, IOJTHOCTBIO TPaHCHOPMHPYS TEXHOJIOTHH
W OpraHM3allMIo ero IPOM3BOJCTBEHHOrO Ipoliecca M OM3Hec-Mozenb. MHOTHE M3 CYLIECTBYIOIMX CErOfHS Yrpo3 SKOHOMUYECKOH
6€30IM1aCHOCTH TIPOMBIIUICHHOTO MPEANPUATHS MOTYT OBITh CMSTYEHBI 33 C4eT HU(POBH3ALMH M THOKOH pOOOTH3ALMK MPOM3BOACTBA
W TIpOJBWKEHHs ToBapoB. Ho OFHOBpeMEHHO IIPOIECCHI, CBSI3aHHBIE C pPOOOTH3AIMEN SKOHOMHKH, IOPOXIAIOT HOBBIE YIPO3bI
IKOHOMHYECKON M CO]_[I/I&J'[bHOﬁ GCSOHaCHOCTI/I. nOCJ’le)ICTBl/Ifl UX BJIMAHHUA W MEXAHU3Mbl WX HHUBCIUPOBAHUA SABJIAIOTCA HNPEAMETOM
uccienoBanus. Lleas paboThl — HccreaoBaHue BIAMSHUS POOOTH3AMH Ha SKOHOMHYECKYIO 0€30MacHOCTh TPOMBILIICHHOTO MPEINPHSATHS.
B crarpe pemarorcs cnemyronye 3agaum: 0030p o0aacTel MpuMeHeHNs U TEHICHIMI pa3BUTHS MPOMBIIIIIEHHBIX pOOOTOB; 0030p PHIHKA
pPOOOTOTEXHHKH; aHAIM3 pHCKOB M  YIrpo3 OSKOHOMHYECKOH OE30MacHOCTH TNPOMBINUICHHBIX —NPEANPUATHH, BO3HHMKAIOLIMX
B pe3yJbTare podoTH3anuy. VCones3yroTess MeTOObI CUCTEMHOTO aHalIN3a, rpadideckoro o0o0menns u knaccuduranmy. PesyabTarTsl
BKJTFOYAOT B ce0sl aHAJIM3 COBPEMEHHOIO COCTOSIHUS POOOTOTEXHUKU M BHEIPESHHE TPOMBILLICHHBIX POOOTOB Ha MPOU3BOJACTBE, KPATKHUiA
QHAIM3 PBHIHKA POOOTOTEXHMKHM M HCCICIOBAHMS BHEIIHMX BBI3OBOB, HEOIpPEIENCHHOCTEH M PHCKOB, BO3HMKAOIIMX BCIICACTBHE
poOOTH3AINH, — TMOIUTHKO-3KOHOMHUYECKHX, TEXHOJOTHYECKUX, (DMHAHCOBBIX M JKOJIOIHYECKHX. BbIBOABI. Pa3BHTHE POOOTOTEXHHKH
SIBJISIETCS IPHOPUTETHBIM HAIpPaBICHUEM JUIsI WHHOBALMOHHOM WHIYCTPHAIM3allMK HE TOJBKO B JOJITOCPOYHOM, HO M B KPAaTKOCPOYHOM
IEPCIIEKTUBE. Po0OOTOTEXHIKA MOKET CTaTh JOKOMOTHBOM H JUIA O6Ll.leFO OKOHOMMYECKOI'0 pocCTa, YyUUThIBas, YTO Han60nee NEPEAOBLIE U
pa3BUTBIC CTpaHbl B HACTOALIEE BPEMs CO3JAIOT Yy ceOs poOOTH3MPOBAHHBIE MNPEANPUATHS M INEPEeBOAAT K cebe IpOM3BOICTBA
U3 pa3BUBAIOLIMXCS cTpaH. OfHaKO B YCIOBUSAX POOOTH3ALMHM CIEAYET YIUTHIBATH, YTO 3TU MPOLECCHI, OJHOBPEMEHHO C MOTCHIMATBHBIMU
BBITOZIAMH JUTSI IPOMBIIIIEHHOTO MIPEIIPHSTHS, MOTYT IIOPOXKIATh U HOBBIE YTPO3bI SKOHOMHUUECKOH 1 COLIMATIEHON G€30MacHOCTH.

KiroueBble cioBa: Industry 4.0; poGoTusaumsi; undpoBHU3aLus; PHUCKH, 3KOHOMHUYECKash OE30MacHOCTh; MPOMBIIUICHHOE
IPEaNPUATHE.
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