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VYxpainu akanemik bopuc €Brenosuy IMaTon.
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Csitna mam’siTh. ..

The editorial board informs with deepest sorrow that on August 19, 2020, at
the age of 102, the President of the National Academy of Sciences of Ukraine,
Academician Borys Yevhenovych Paton passed away.

The focus of B.E. Paton’s organizing activities as the President of the
Academy was on promoting a broad range of fundamental research, developing
cutting-edge technologies on its basis for large-scale industrial applications, and
guiding Academy institutions towards those goals.

A prominent Ukrainian scientist in the field of metallurgy, metal
technology, electric welding and materials science, science development leader
and statesman, Borys Yevhenovych Paton was one of the greatest personalities
for whom Ukraine is perceived in the world.

May he rest in peace...
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CRITICAL PROPERTIES OF MODERN GEOGRAPHIC INFORMATION
SYSTEMS FOR TERRITORIAL MANAGEMENT

Introduction. The issue of the "geographic information system" (GIS) definition is important
both for the theory and practice of creating modern GIS of large territories. An analysis of
modern studies has shown that most of the currently publicly available GIS definitions don’t
meet the needs of modern territorial GIS.

The purpose of the paper is to prove the claim that for the management of territories in
modern conditions should be used not GIS in the “narrow” semse, but GIS of the new
generation, in particular GIS in the “broader” (extended) sense, for example Atlas
Geoinformation Systems (AGIS), which correspond to a predetermined structure — Conceptual
framework of Atlas Systems of Relational Cartography.

Results. The term Atlas Geoinformation System is defined as GIS of large territories of
a new generation. The concept of Atlas Geoinformation System (AGIS) is described. An
example of AGIS of a certain class is given. We believe that it is important and useful for
practitioners to use the results of this article in the creation of GIS of large territories.
Theorists will get a better understanding of the field of geoinformatics research of the next
generation, which would satisfy the requirements of modern times.

Conclusions. Inductive and/or deductive inferences on the fairness of main critical
properties in modern GIS of large territories are given. In the absence of one of the
properties, we can say that there is a corresponding critical disadvantage of the GIS project
of a large territory. The criticality is that in the absence of an appropriate property, the GIS
project is likely to fail.

Keywords: Atlas geoinformation system, territory management, Conceptual framework,
Solutions frameworks, critical property.
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INTRODUCTION

The article [1] substantiates the need to implement four critical properties (CP)
in geoinformation systems (GIS) designed to manage "large" territories:

e CPl. Availability of education-scientific, production and management
components in each large territorial GIS.

e CP2. Availability of an atlas solution (or Atlas system — AtS), relatively
independent of other elements of the large territory GIS, which could work offline.

e (CP3. Portal as the means of building GIS in some broader sense (GISb)
with GIS in the narrow sense (GISn) and other elements, as well as to provide
on-line teamwork with all elements-systems.

e CP4. GIS of large territory must have a metasystem extension, which must
necessarily include meta-products and meta-processes for their creation. All
elements of the system must be consistent with the particular Solutions Framework
of the project in which the system was created.

In this article, we want to prove that for the management of territories under
modern conditions should not be used “classic” GISn, but GIS of some new
generation. For these GIS, in addition to CP1-CP4, the following critical
property must also be implemented:

e CP5. The need to create in modern conditions not GISn, but GISb and,
in particular, Atlas geo-information systems (AGIS), which correspond to a
certain predetermined structure — Conceptual framework of Relational
Cartography [2], as well as CP1-CP4.

“Classic” GISn refers to systems that are ultimately defined according to
one of four approaches to the definition of GIS, oriented accordingly to:
processes, applications, databases, tools [3]. A process or process-oriented
approach to GIS definition has become the most popular. This is evidenced by
definitions from the Russian [4], Ukrainian [5] and English [6] sectors of
Wikipedia. In the late 1990s, process-oriented definition of GIS became
essential to us thanks to a monograph [7], where GIS was defined as an
information system (IS) designed to work with spatial or geographical data. IS,
in turn, was defined as a set of subsystems that implement data collection and
input processes; their pre-processing; data manipulation; data and information
analysis; generating results. In particular, it was used in the Conception of
Multipurpose National GIS (NGIS) of Ukraine [8].

The terms "in the narrow sense" and "in the broader sense" were defined in
[9] for IS. Since GIS is an IS specialization for us, GISb can be defined through
IS in the broader sense (ISb): “The totality of all formal and informal data
representation and processing activity within an organization, including the
associated communication, both internally and with the outside world”.

To prove the "criticality" of CP1-CP4 for the GIS of “large” territory, we used
the experience of creating the Radioecological GIS (RGIS) and the experience of
coordinating three large projects of the French-German Chornobyl Initiative (FGI) [1].
In general, this is the work of the decade from 1996 to 2005 and this period coincides
with the life cycle of the RGIS. As a result of the Chornobyl accident in 1986,
12 of 25 oblasts of Ukraine are considered to be victims, which is why we have a
“large” territory here. Our method of proof was based on the so-called "abductive"
inferences [10], [11]. To remove possible objections to their correctness, it should be
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noted that RGIS was the first implementation of the GIS of “large” territory (or
national-level GIS), and there are no other such implementations in Ukraine. Because
of this, there are no other abductive inferences for or against, so we believe that in all
GIS implementations, CP1-CP4 must be taken into account for managing large
territories. For our part, we further analyze the current GIS-solutions available to us,
which could be attributed to large territorial ones, to further verify the correctness of
CP1-CP4. To this end, we use the theoretical methods of proof based on inductive and
deductive inferences.

We always perceive territories through spatial phenomena and processes
that allow GIS modeling. In this case, before applying such modeling, we
separate spatial phenomena and processes, which in reality can be represented
by spatial systems or spatial entities. An example of a spatial system is the
hydrography of the Ukraine territory. In GIS, these spatial systems are often
modeled by systems of map layers, and the spatial layers themselves are, in
reality, appropriate to be called in the field. Examples of spatial entities are those
of material cultural heritage. In GIS, these spatial entities are modeled by spatial
objects. It is clear that objects of one type can form map layers, and map layers
can fall into spatial objects of the same type. Because of this, geoinformatics
have even decided to separate the layer and object approaches to GIS.

In the years following the creation and operation of the RGIS and associated
"Chornobyl" GIS, since the middle of the first decade of the 21* century, we
have been implementing GIS mainly in the commercial sectors of the national
economy: oil and gas, telecommunications, banking, transport. In general, these
systems should be called object GISs, even if the object of study is entities
distributed by territory (systems of entities). For example, the spatial entities of
the network of the national telecommunications operator "Vodafone Ukraine"
(VF Ukraine) were modeled using a GIS called the VF Automated Information
System (AIS) (life cycle from 2008 to 2020). It must be acknowledged that not
all CP1-CP4 are valid for such object GISs. For example, the purpose of the VF
AIS was to support the operational state of entities of the VF network, such as,
for example, base stations. Such systems automate predefined business
processes, so CP1 should not be considered, unless the "certainty" of business
processes is questioned. There is no need to consider also and CP2. However, in
our view, the need for CP1 and CP2 for object GIS is explained by the purpose,
which in the case of territorial GIS is different from object GIS.

If we go to the heart of our study, it must be said that most common-sense GIS
definitions now do not meet the needs of current territorial GIS. If we take the
deeper look at the most up-to-date definitions, we will see the following. The
authors of the textbook [12] adhere to the definition of GIS from the textbook [13]:
"information systems providing the collection, storage, processing, display and
dissemination of data, as well as obtaining on their basis new information and
knowledge about spatially coordinated phenomena". Process-oriented definition is
adhered to [14; p. 1]: “A geographic information system (GIS) is a computer system
for capturing, storing, querying, analyzing, and displaying geospatial data”. Shipulin
V. in the textbook [15; p. 29] after considering several variants, the definition goes:
“GIS is a system that:

o first, there is a set of interacting five components, consisting of computer
tools, software, geographic data, regulations and users;
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e second, it performs the functions of input, integrating, storing,
processing, analyzing, modeling and visualizing geographical information”.

It seems that based on the title of the textbook [16; p. 78] Karmanov, et al.
could deviate from the process-oriented definition of GIS. Yes, they initially
consider different types of territorial IS, but in the section "Concept of GIS
territorial management" still define GIS as "a system for management of
geographical information, its analysis and mapping", that is, adhere to process-
oriented definition of GIS. Interestingly, in the next section, called “GIS as a
Distributed System”, they de facto recognized that territorial GISs should be
integral systems made of GIS of several kinds. To do this, use the ecosystem
ArcGIS version 9.x, which is still: 1) dating back to the first decade of the 21%
century, and the textbook cited dates from 2015; 2) as early as the first decade of
the 21* century, it consisted, at least, of desktop, server-based, portal and mobile
elements, each of which could be used to construct an appropriate GIS.

We can state that the definition of GIS from textbooks is different from
professional and scientific definitions. Yes, the current definition of GIS for ESRI
is: «A framework to organize, communicate, and understand the science of our
world. A geographic information system (GIS) is a framework for gathering,
managing, and analyzing data. Rooted in the science of geography, GIS integrates
many types of data. It analyzes spatial location and organizes layers of information
into visualizations using maps and 3D scenes. With this unique capability, GIS
reveals deeper insights into data, such as patterns, relationships, and situations —
helping users make smarter decisions» [17].

Yang, et al. [18; p. 25] recall that, «GIS originates from several domains and
refers to the system designed to capture, observe, collect, store, and manage
geographic data, and to provide tools for spatial analyses and visualization [19]. GIS
can help obtain geographic data to be used for decision making, such as choosing
routes for emergency response». Further Yang, et al. [18; p. 26] indicate that
«Coined by Mike Goodchild, the term GIS can also refer to the field of geographic
information science or GIScience — the study of the scientifically applied GIS
principles and technologies [20]. According to GIS scientists, GIScience involves
remote sensing, global navigation satellite systems, and GIS. Additionally, in
various domains, Geolnformatics may be applied to remote sensing, global
navigation satellite system, and GIS informationy.

Longley, et al. in the second edition of the monograph [21; p. 16] consider, in
contrast to the above definition from the first edition [19], several definitions, among
which are the interpretation of GIS as a Spatial Decision Support System (SDSS).
As a result of the discussion there, the definitions of Longley, et al. [21; p. 31] point
to the importance of the social context, which, in their view, was beautifully
expressed by N. Chrisman in his definition of GIS [22; p. 13]: «The organized
activity by which people: 1) measure aspects of geographic phenomena and
processes; 2) represent these measurements, usually in the form of a computer
database, to emphasize spatial themes, entities, and relationships; 3) operate upon
these representations to produce more measurements and to discover new
relationships by integrating disparate sources; and 4) transform these representations
to conform to other frameworks of entities and relationships. These activities reflect
the larger context (institutions and cultures) in which these people carry out their
work. In turn, the GIS may influence these structures.
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Finally, GIS is synonymous with SDSS, the latter being defined as «computer-
based system that combines conventional data, spatially referenced data and
information, and decision logic as a tool for assisting a human decision-maker. It
usually includes a user interface for communicating with the decision-maker. A SDSS
does not actually make a decision, but instead assists and analyzing data and presenting
processed information in a form that is friendly to the decision-maken» [23].

PROBLEM AND METHODS OF SOLUTION

Consideration of GIS definitions is not a purely academic issue. To explain the
importance of this question both for theory and practice of creating modern GIS
overlarge territories, let us consider the stages of GIS development in general,
which, for example, H. Ottens [24] defined for Europe as follows:

1. Pioneering (innovation): 1965/70 — 1980/85.

2. Maturity (use by specialists and commercialization): 1980/85 — 1990/95.

3. Usage (widespread use and stabilization): 1990/95 — 2000/05.

In article [8], we argued that Ukraine lags behind Europe in terms of GIS
development phases by at least ten years. At the same time, H. Ottens [24] considered
that the countries of Eastern Europe were not less than twenty years behind. However,
there are now signs that even Ukraine has entered phase 3 — the usage of GIS. At the
same time, both in the world and in Ukraine, the necessity of changing the definition of
GIS, which would correspond to the phase of its development, was not given due
consideration. The need for such a change for the usage phase is apparent even from the
analysis of the above definitions. Indeed, all four approaches to the definition of GIS
from [3] relate, in extreme cases, to the first two phases of development and are, in fact,
definitions of GISn. The definitions of GIS in [21; p. 16], [22; p. 13], [23] allow to
depart from the definition of GIS in the narrow sense (GISn). However, Yang, et al.
[18; p. 26] actually reduce geoinformation science (GIScience) to the use of a slightly
extended set of geoinformation technologies. Unfortunately, this is not a mistake. We
also suppose that geoinformation science has not yet been created, as, incidentally,
cartographic science has not been created. There are also no serious arguments to
consider GIS definitions that are different from GISn definitions satisfactory from the
viewpoint of the new generation GIS — or from the GIS phase of usage [24].

We cannot provide a direct and complete argumentation for the absence of
geoinformation or cartographic sciences. Let's just clarify that for [25], each
science has the following components: 1) a domain of inquiry; 2) a body of
knowledge regarding the domain; 3) a methodology (a coherent collection of
methods) for the acquisition of new knowledge within the domain as well as
utilization of the knowledge for dealing with problems relevant to the domain.

According to [26; p. 58], by theory we mean the "'rigid' representation that
comes from classical logic and the theory of knowledge of the XX century.
From this point of view, the theory is a deductively organized set of judgments
formulated in a closed system of concepts. In other words, each theory in its
exact (explicated) form should include at least the following components: basic
undefined notions, derivative motions, axioms (postulates in terms of basic and
derivative notions that are not derived within the framework of this theory) and
theorems, ie, judgments derived by rules from certain axioms".

For partial argumentation of the lack of geoinformation and cartographic
sciences, we use facts for a subset of their common domains of inquiries, bodies of
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knowledge regarding the domains and methodology for the acquisition of new
knowledge within the domain. This subset is defined by the knowledge about Atlas
GIS (AGIS) that can be obtained from the results of the monograph [2]. Since AGIS is
a broader Atlas system (AtSb), the statements made in this monograph are valid,
including statements about the absence (before the monograph [2]) of cartographic
theory and statements about the presence of much weaker forms of scientific
knowledge, which are generally called paradigms. Therefore, it can be argued that
there are no geoinformation theories in the above understanding of Rozov V. [26] that
could possibly be used for AGIS.

The following two examples allow for a better understanding of the above.
In the monograph [2], relatively new mapping phenomena such as geo- or carto-
platforms (the example is OpenStreetMap) have been analyzed. These platforms
do not belong to the field of research in "classic" cartography, which is defined
as "the art, science and technology of making and using maps" [27]. The same
can be said about geoinformatics, which is defined, for example, as "science,
technology and applied activities related to the collection, storage, processing,
analysis and display of spatial data, as well as to the design, creation and use of
GIS" [28]. The point here is the question of the geo-/carto- platforms
themselves: are they GIS and if so, which one? Or maybe they are geo-
information technologies used to create end-user GIS?

Another unclear example is the attempt to identify the geoinformation
products of business firms. The monograph [2] outlines the products of MaplInfo
Corp.: mi-Aware (2003) and MapInfo Envinsa (2006). There these products are
also called platforms. However, in the ESRI definition above, GIS is called "A
framework to organize, communicate, and understand the science of our world".
The term "framework" is not very clear here. Maybe the ESRI framework is a
platform from former Maplnfo Corp. And in general, to what definition of GIS
does ESRI's definition apply?

To finish the description of the problem, let us refer to the article [29] and
Abstract: “Many visions for geospatial technology have been advanced over the
past half century. Initially researchers saw the handling of geospatial data as the
major problem to be overcome. The vision of geographic information systems
arose as an early international consensus. Later visions included spatial data
infrastructure, Digital Earth, and a nervous system for the planet. With
accelerating advances in information technology, a new vision is needed that
reflects today’s focus on open and multimodal access, sharing, engagement, the
Web, Big Data, artificial intelligence, and data science. We elaborate on the
concept of geospatial infrastructure, and argue that it is essential if geospatial
technology is to contribute to the solution of problems facing humanity”. In our
opinion, the cited authors (by the way, very famous persons in the field of GIS)
are talking about the same as we are: modern GIS is a new generation GIS, in
which it is very important to use spatial data infrastructure (SDI) as one of the
elements for the study territory.

The main method of our study is shown in the example of AGIS (Fig. 1.)
The domain of inquiry is "large" territories in which spatial phenomena and
processes are defined (Ph&Pr, which, when used in a GIS, are called
domain/context). These are primarily the relational spaces defined in the studied
territories or their corresponding spatial (territorial) systems, which also include
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the so-called spatial object systems (or models of Ph&Pr spatial entities), if
Ph&Pr is some investigated spatial entity of reality. The "large" territories for us
here are (for example, in Ukraine): country, oblast, community (modern
association of several village councils, which are determined by the current
COATOU), rayon or protected area. However, for territories smaller than the
oblast, another additional integration territorial echelon (or tier/stratum) will
have to be introduced.

The prerequisite of AGIS is the Electronic version of the National Atlas of
Ukraine (EINAU) [31] in broader sense (EINAUb). The concept of "broader sense"
comes from the fact that EINAU, like any spatial information system (SplS),
is a specialization of IS, and IS in the broader sense is defined in [9]. In this case,
the EINAU, which was first produced on CD (EINAU20000onCD) and then on DVD
(EINAU20070nDVD), is IS in a narrow sense [9] — EINAUn. It turned out that the
structure of EINAUD is not arbitrary, but corresponds to the model, which, because
of its repetitiveness in the "atlas" context, is called by the Conceptual Framework
(CoFr) not only for EINAU but also for all Atlas systems [2]. The structure of the
AGIS on the example of EINAU is shown (Fig. 2).

EINAU Atlas GIS (AGIS) is a hierarchical integrated echeloned GIS or a
system of spatial systems where the elements of each echelon (stratum) have the
following meaning:

1. ®oAGIS (Operational AGIS) is a set of (national) electronic atlases (EA) and
other operational models. Examples of EA are EINAU2007onDVD and a pilot
version of EINAU (EINAU2000onCD), known as the Atlas of Ukraine [32]. An
example of an operational model is the EINAU2007onDVD master disk, which is
used for producing the EINAU2007onDVD circulation.

HowToUse
AGIM

Structured information —
how to use AGIM for the
building AGIS

| system-analog or
AGIS mock-
up/prototype

AGIM
‘Instantiation’/
Modernization

AGIS

Feedback

AGIS domain/context final
result

Domain/context development processes.
Instructions, predefined rules, best practices
are used to achieve the desired result

Fig. 1. The process of using AGIM to build AGIS in [30; Fig. 7.1]
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Actuality (SpaSys), modeled/
represented by Atlas GIS (AGIS) EINAU

Datalogics/
Technology

Organization
[Usage

Infologics/
Language

General stratum/echelon YAGIS (theories, paradigms, meta-metamodels)

1 1 ﬁ 1 u
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Fig. 2. Structure of the Atlas GIS on the example of EINAU according to [30; Fig. 7.18]

2. oAGIS (Application AGIS) is a set of Atlas Information Systems (AtIS)
and other application models. An example of AtIS is EINAU2007 Edited,
described in [2]. EINAU2007 Edited is used by the developers of
EINAU20070nDVD to make the latter. An example of an application model is
the AtlasSF (Atlas Solutions Framework). A description of the first and
subsequent versions of AtlasSF (AtlasSF1.0, AtlasSF1.0+) is contained in [2].

3. BAGIS (Conceptual or Infrastructure AGIS) is a set of specialized GISn
and other conceptual models (or application model metamodels). An example of
such GIS is the internal ISGeo system, which is designated AtIS* and was used
to develop and support EA and AtIS. An example of a metamodel is the GeoSF
(GeoSolutions Framework). The standard version of GeoSF (GeoSF0) is
described in [33], [34].

4. yAGIS (General AGIS) is a set of theories, paradigms, and meta-models that
are used in the work with lower stratum/echelon elements. YAGIS refers to the most
complex stratum/echelon of AGIS. It contains both theoretical and practical elements.
An example of a theoretical element is the paradigm of Analytical Cartography [35].
Practical elements are often metamodels of conceptual models.

There are few important remarks according AGIS EINAU shown in Fig. 2:

1. The notion of model and the relation between models/systems is quite
complex. A model here is a simplification of a system built with an intended goal in
mind. The model should be able to answer questions in place of the actual system [36].
We can use the record ®AGIS P aAGIS P BAGIS P YAGIS P SpaSys, keeping in
mind that each relation P is another very general “model-of” relation between the
SpaSys spatial system and its models. Both the elements involved in the relation and
the relation themselves need clarification. Thus, [37] distinguishes such varieties of
models that are present in many shown in Fig. 2 constructions: model-as-example
(model), model-as-type, model-as-exemplar, model-as-mold.
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2. The types of relations in [37]. The relations of these varieties are
included in the sets of relations shown in Fig. 2 by vertical and horizontal two-
way arrows:

e 0 — DecomposedIn, composite/part. A system is very often defined as
a complex set of more elementary parts. This relation represents the
decomposition of systems in subsystems, and so on. For instance, the country
Ukraine is a part of the planet Earth.

e 1 — RepresentationOf, model/sus. A model is a representation of a
system under study (sus for short). This relation is the key of modelling.
Sometimes the distinction is made between specification models, which represent
a system to be build and descriptive models that describe an existing system [38].
These associations could be introduced as specialization of p if required.

e & — ElementOf, element/set. This relation corresponds to the notion of set
in the Set Theory. For instance, Ukraine is an element of the set of all countries.

e y— ConformsTo, metamodel/model. This relation defines the notion of
metamodel with respect to a model. A model must conform to its metamodel. In
fact, y is derived from the p and .

3. The AGIS of EINAU is called and is at present, in fact, a weak
integrated system of systems or models, if the term "system" is left for the
spatial system of reality, and all other structures are called models. Here we are
implicitly using Model-Based Engineering (MBE, [39]). In MBE "everything is
a model", and in systemology [25] "everything is a system". The concept of
"weak integration" is introduced to encompass relation that exist in the IS in the
broader sense but are not implemented in the IS in the narrow sense. For
example, ELNAUonDVD(wAGIS) y» EINAU Edited(aAGIS), that matches
the phrase "EINAUonDVD conforms to EINAU_ Edited". This relation exists,
but it is not implemented in any IS in the narrow sense. In other words, strong
integration between systems is not implemented, so in real time (automated or
dynamic) it is impossible to get one system from another — only by the
developer manually. Moreover, the relation y® in the above example does
indeed consist of the relations puP and &P, which further complicates the
possible strong integration.

4. We pay attention to the captions Datalogics/Technology,
Infologics/Language, Organization/Usage (Fig. 2). They denote, respectively, the
Datalogical Level/Technological Context, the Infological Level/Language Context,
the Organizational Level/World of Usage Context [2]. There are (horizontal) one-way
transformation relation and reverse verification relations between the elements of these
levels. We call these bilateral relations generically transformational.

5. Ttis necessary to emphasize additionally the necessity of using atlas models on
the Operational (Electronic Atlases) and Application (Atlas Information Systems)
Strata. These models somehow model real-world systems with multiple layers of maps.
The preference is given to the so-called "layer" approach, when in the real world they
are looking for explicit or hidden thematic fields. Compared with the more common
object approach used in GIS, the layer approach greatly simplifies the model of the
real system, while still being very powerful. Finally, it must take into account the fact
that well-known geo- and/or carto- platforms (such as Google Maps, OpenStreetMap)
have accustomed humanity to a layer approach, at least in map representation.
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6. The internal nature of strata/echelons is disclosed in [40], as well as their
importance and obligation for modern atlas systems. In particular, the relation
between the elements of the neighboring strata is called epistemological. At the
same time, the knowledge about the modeled spatial phenomenon is realized
from the bottom-up — the higher the stratum, the more we know. In our case,
the phenomenon is the sustainable development of the territory.

EINAU20000nCD and EINAU2007onDVD are AtSn of the classic static
type. They were created in the first decade of the 21* century and earlier. In the
second decade of the 21* century (and beyond), we need to consider AtS (AtSn),
which we might call AtSn of the classic dynamic type. Non-classic type AtS
(AtSn) are too early to consider because there is no relevant theory for this
consideration. Therefore, the CoFr AtSn of the classical dynamic type can be
obtained from Fig. 3 (additional explanations can be found in [2] and further).

Part of reality (geo-system),
Modeled/represented by AtSn

o
[:1]
g
g g Web 1.0x1.0 General stratum
£z
E ki Web 2.0
© E Web 1.0 General | Web 1.0x1.0 Cop . .
1]
¥ % stratum Application
g & |_ stratum
- - ] ¥
g3 Web 2.0
o3 Web 1.0 Web 1.0x1.0 )
g g Conceptual stratum | HHplication stratum Operational
£ - stratum
£ E 1 |
T2
@8 Web 1.0x1.0
';o; Operational stratum
— Web 2.0
eb 1.0 Opera- .
tional stratum Web 1'02(1'0 Formation
Web 1.0 Formation Formation

="

Fig. 3. Classic dynamic type AGIS (highlighted color)
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Diagonal arrow in Fig. 3 shows the so-called evolutionary/devolutionary
relation between classes of systems of different formations. Above we have used
the term "AtS of the classic static type" to identify the class of AtS of Web 1.0
formation. The next evolutionary formation is called Web 1.0x1.0 (Web 1.0%). It
corresponds to the class "AtS of the classic dynamic type". Formation Web 2.0
has been poorly studied, so only the two previous formations are shown in green.
However, elements of earlier formations are "embedded" into later formations.
For example, the CoFr AtSn of the classic static type in the example of EINAU
(Fig. 2) corresponds to the Web 1.0 formation. Using Fig. 3, it is quite easy to
get a representation CoFr AtS of the classic dynamic type. These five-stratum
classic dynamic type CoFr (highlighted color in Fig. 3) are the AGIS models that
are discussed below.

Horizontal arrows in Fig. 3 show the transformation/verification relations
between the elements of the three levels: Datological, Infological and Organizational
(Fig. 2). We will not stay on them further. The vertical arrows show the most
important for us the epistemological/reduction relations between the elements of the
four strata for the class of systems of fixed formation Web 1.0>. We will stay on the
interpretation of these relations in the consideration of AGIS further.

AN EXAMPLE OF A MODERN ATLAS GIS (AGIS)

The concept of AGIS was first introduced in a monograph [30]. It describes the
concept and relation of AGIS with the Atlas geo-information model (AGIM).
This relation is shown in the simplest (slightly modernized) form (Fig. 1), where,
compared to [30; Fig. 7.1], material cultural heritage (CH) has been replaced
with an arbitrary domain/context. In addition, the main result [30] is AGIM-CH,
which can be a model of the system of sustainable development of the country in
the terminology adapted to Ukraine [41].

The description of AGIS, stated above as the Critical property 5 (CP5) for GIS
of large territory, begins with an example of AGIS hypothetical "large" territory
(AGIS-LT, Fig. 4). The structure of AGIS-LT was developed using the method
shown in Fig. 1. There, the EINAU AtSn of classic static type (see the EINAU
image as the AGIM parameter in Fig. 1), was used as an initial model parameter.
The initial model itself is an extension of the EINAU to the EINAUD (AtSb), which
is shown in Fig. 2. Then, the evolutionary relation Web 1.0/ Web 1.0> was used to
obtain the modern structure now the AtSb of the classic dynamic type (Fig. 3). The
final result of the method usage (Fig. 1) (referred to in [2] by the method of AtS
Conceptual Frameworks) is shown in Fig. 4. In addition to the theoretical results
from [30], during the Instantiation/Modernization of AGIM (Fig. 1), the practical
experience of developing the pilot project of the AGIS Cultural heritage (AGIS-CH)
was used [42]. In particular, the domain of inquiry of (physical) reality is replaced.
Instead of (spatial system of) the entities of the material CH, spatial phenomena and
processes of reality (Ph&Pr), which are studied under the jurisdiction of the
organizational structure responsible for the territory, are shown.

Fig. 4 shows five echelons that are called strata from a system perspective.
For a specific AGIS, there are three "own" echelons/strata on which there are
spatial systems such as: AtIS, AtIS* and GIP (geoinformation platform). On the
external Operational echelon EA is shown. On the external Infrastructure
echelon, no SpIS are shown so as not to overload the figure with information
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that we do not need in this article. We hope it is easy to see that Fig. 4
corresponds to Fig. 2, and Fig. 3. The designation “GIP” is used for the Spatial
Data Infrastructure (SDI), which shall exist on the Infrastructure echelon for
each system of AGIS type. We did not use the term GISn here because the
geoinformation platform term is better suited for this subject. Turning again to
the analogy with the base map, we can say that in the Web 1.0* formation it is
necessary not to use separate base maps, but platforms that have to dynamically
connect to spatial systems of the lower echelons.

Other explanations for Fig. 4:

e Development is carried out by phases. The phases consist of stages. The
green and red colors in the AGIS-LT rectangle indicate the elements that are
proposed to be created in the first and second stages of the first phase, respectively.

e “SpaSys” means a Spatial system (SpS) or a Relational space of actuality
modeled using AGIS-LT. In fact, this SpS includes systems of three "worlds":
physical, abstract-physical, and abstract. The abstract-physical world is intended to
describe the SpS that will/can be created in the form of computer systems.

The third arrow from the cloud "Actuality, ..., etc." top-down means that
other information systems of Ukraine already created outside of AGIS-LT
(spatial) information systems (usually referred to as UkrSys) may exist and be
used. For example, these could be NCS (National cadaster system) or arbitrary
AtIS (Atlas information system). This arrow also points to AGIM-LT (see
below), which is an education-scientific component of AGIS-LT.

Actuality modeled/represented by
SpaSys, AGIS-LT, etc.

Notation:
Politician/
Spasys AGIS-LT
2-nd phase -3
anl registry I [ S
Stage 2 of the 1st phase f| |nfrastructure Interaction with AGIS-LT
echelon exte"ﬁ INSPIRE/CIDOC/... ||management ¢ )
1st stage of 1st phase
SpaSys-
Spatial System Infrastructure Target register Provision of
echelon (NSDl IPer’manent record I adminservices
INSPIRE/CIDOC/... @ \ @ @ o /
European projects Arc 't’e“
standards Preliminary record lApplications 5 Q
NSDI - National N Ph&pr AtIS B d
4 e
Spatial Data | i i | / | i i - i i | \/
Infrastructure n R .
Operational ieatiol | = phgpr | [ LT]2tases
echelon _ h&Pr| || pubii ‘{paper and t —
eEistor |e|ectrcni:) I'\)
T J/
Ph&Pr (Ph&Pr) - | t | , GAd
Phenomenaand Operational Object systems and Territorial systems
i data (claim f d data (claim f
processes studied achelon extery a apr&apl: or  an :hl[;r;.m or ﬁ The end

1 I user

Fig. 4. Conceptual structure of AGIS-LT with the notations of the stages of the 1% phase
and user echelons
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“LT atlases (paper and electronic)” are shown outstanding beyond AGIS-
LT, as may include second phase atlases. The atlases of the second and
subsequent phases can be an essential element of the sustainable development
systems of the region, which in this case is the territory domain of inquiry.

e The main elements of the second (and subsequent) phase of AGIS-LT
are the "Interaction with INSPIRE/CIDOC/..." and "AGIS-LT management".
INSPIRE is a well-known regional EU SDI [43]. The CIDOC Conceptual
Reference Model [44] or CIDOC CRM provides an extended ontology for
concepts and information in cultural and museum documentation. It is an
international standard ISO 21127: 2014 [45]. "..." means that there are other
European standards that should be determinative for AGIS-LT.

The first phase of AGIS-LT is the system of recording and protection of spatial
phenomena and processes (Ph&Pr), managed by the responsible organization in
accordance with its provisions. The first stage of the first phase of the AGIS creation
project consists of those shown in Fig. 4 items (bottom-up):

1. "Object systems and data (claim for Ph&Pr)". The object is an information
mapping of the Ph&Pr entity. This element is external to AGIS-LT. It is appropriate
only if AGIS-LT makes significant use of AGIM-LT [30] and the latter includes the
territory's SDI. It can be, in principle, any model of a separate spatial entity of the
territory. The most popular such model is the use of the WGS84 coordinate system for
spatial anchoring of the Ph&Pr. However, it is not yet known in this element whether
the claimed substance is a phenomenon or a process to be studied by an organization
in accordance with its provisions. Perhaps the entity of the object (original) in reality
(actuality) is not a Ph&Pr at this time.

2. "Notification of Ph&Pr". The main difference between the "Ph&Pr
notification" and the "claim for Ph&Pr" is that the notification is an element of
AGIS-LT and is executed, in particular, on a datum controlled topographic map and
corresponds to a known administrative-territorial division up to the address, if any. If
there is electronic pre-recording or permanent recording, then the operator with
verification permission practically immediately sets three options for what it is:
1) Ph&Pr is recorded, 2) Ph&Pr to be pre-recorded and dealt with later, 3) not Ph&Pr.

3. "Preliminary record of Ph&Pr". This is a set of CRUDL (Create, Read,
Update, Delete, List) activities of electronic Preliminary recording of Ph&Pr. In
the AGIS-CH pilot project, this is the Declaration module. It must maintain a
Public register and ensure that the assets are permanently registered. It must be
adapted for use in AGIS-LT.

4. "Permanent record". It is in fact a database of permanently registered
Ph&Pr. To put it simply, only with such Ph&Pr can all other automatic
AGIS-LT operations be performed and perform some automatic data conversion.

5. "Ph&Pr Public Register". It is currently characterized by the Public register
of AGIS-CH and its website [46]. It should be noted that this Public register is an
official “extract” from the Permanent record of the CH. In particular, it is designed to
perform a protective function. Literally, any user must understand that Ph&Pr of the
Public register are protected by a state (or organization managing the territory) and
violation of that protection may result in sanctions.

6. Electronic Atlases of the territory. Here it is proposed to start AGIS-LT
building by creation a dynamic, constantly updated electronic Atlas of the
territory. This Atlas should be extended to AGIS-LT even in the first stage.
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7. Applicationsl. In the 1% stage of the 1% phase this element can be
geoinformation packages such as QGIS, Maplnfo Pro, ArcGIS Pro.

The 2™ stage of the first phase consists of those shown in Fig. 4 items
(bottom-up):

8. "Territorial systems and data (claim for Ph&Pr)". The layer is an
informative reflection of the Ph&Pr field. In other words, this is still the same as
"Object systems and data (claim for Ph&Pr)" with the substitution of
entity/object for field/layer.

9. Provision of administrative services. Accepts different values depending
on the domain/context. The responsible organization, for example, protects the
"entities of the domain of inquiry" from the so-called "stalkers" in the case of the
reserve or the protection of the entities of cultural heritage in the case of the
organization of cultural protection. If a responsible organization exists, we can
now determine the list of administrative services provided by the organization. In
the future, this will include admin services related to the new vision of the territory
management process, for example, scientific research from other institutions (both
national and international) in the territory.

10. Atlases of the territory (paper and electronic). In the 2™ stage of the 1%
phase, this element should be extended with both paper atlases and AtIS.

11. Applications 2. In the 2™ stage of the first phase, a set of applications
should be implemented that realizes the basic functionality of the AGIS-LT for
the Application echelon. In particular, these should be both functional and
cartographic transformations of Infrastructure echelon data for use on the
Operational echelon.

12. Target register. Considering the processes in Ukraine, this register
should be attributed to the 2™ phase and further, as it is likely not to be created
soon. First of all, we have in mind the Draft Law on National SDI, which was
adopted as a basis in the first reading in 2019-Dec-04/05 [47]. A criticism of this
Law is contained in [48], according to which the Law will not work for so-called
protected areas (in INSPIRE terminology).

The Introduction lists all five properties of modern GIS that are called
Critical (CP1-CP5) — those that, in the case of absence in resulting system, will
be among the main reasons for the failure of a GIS project. At the same time [1]
on the example of GIS previously created by abductive inferences, we proved
the criticality of CP1-CP4 for the success of their implementation. In this article,
we justify the Critical property five (CP5):

e In order to solve the problems of managing large territories in modern
conditions it is necessary to create not GISn, but GISb and, in particular, AGIS.

To prove the criticality of CP5, deductive and / or inductive inferences
based on theoretical constructs of Relational cartography are used [2]. In
addition, the criticality of CP1-CP4 for AGIS and, thus, for modern GIS is
further proved. Deductive and/or inductive reasoning is also used for proof. In
general, AGIS is a modern vision of GIS that we define, describe conception
(notion), and give an example of subject. Again, this vision is limited to such
domain of inquiry: spatial phenomena and processes of "large" territory.
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CRITICAL PROPERTY 1 (CP1) IN AGIS: EDUCATION-SCIENTIFIC,
PRODUCTION AND MANAGEMENT COMPONENTS

The conceptual diagram of the AGIS-LT creation process is shown in Fig. 5.
It corresponds to the general scheme shown in Fig. 1. Compared with Fig. 4, in
the right part Fig. 5 shows the Atlas geoinformation model AGIM-LT, which
consists of the GeoSF (GeoSolutions Framework), the AtlasSF (Atlas Solutions
Framework) and Electronic atlases created with AtlasSF that can be used in
AGIS-LT. For example: updated site/atlas of the Nature Reserve Fund
(NRF1+ site, here is an example site for the Kyiv region), updating EINAU to
AtS of the classic dynamic type (EINAU1.0+) etc. It should be noted that
AGIM-LT on the one hand is a method of AtSn (or AGIS) CoFr, on the other —
is a tool that is currently implemented as the so-called Atlas Extender (AtEXx).
Since some elements of AGIS-LT may already exist (for example, a topographic
map of the territory), the creation of AGIS-LT can be called an extension of
several "ordinary" Atlas and Geoinformation systems to GISb of special type —
to AGIS-LT. AGIM-LT elements must be created BEFORE creating the
appropriate AGIS-LT elements. In this sense, AGIM-LT is the education-
scientific component of the AGIS-LT full version. This education-scientific
component is not always shown in the diagrams, but it must always exist.

Atlases

J Spasys AGIS-LT Open ST tender (AtEx)

Infrastructure, Interaction with AGIS-LT
echelon exte INSPIRE/CIDOC/... || management
Infrastructur Target register Provision of
echelon (NSD Permanent record Ldml‘nservices
g $ A
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Preliminary record Applications m A
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—

Fig. 5. Conceptual scheme of AGIS-LT creation
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Production and management components are parts of AGIS-LT.
Conditionally speaking, at the first phase the production component is the left-
hand column of elements that implement the main process of recording and
monitoring of the Ph&Pr state. It starts with the element "Notification" and ends
with the "Target Register" element. The Target register should interact with the
National Spatial Data Infrastructure (NSDI) and adapt the relevant European
project materials. The management component is the right-hand column of
elements that implement two management processes.

The first management process is the Ph&Pr protecting. It should be
implemented first of all in the project of creation of an AGIS type system. The
second process is called "AGIS-LT management", which is shown as a separate
element in Fig. 4 and Fig. 5. This process consists of many elements. They
should be implemented at the second phase of the AGIS creation project, after
implementation of at least permanent recording of Ph&Pr. The "AGIS-LT
management" process is also covered in the next section.

CRITICAL PROPERTIES 2 (CP2 - ATLAS) AND 3 (CP3 - PORTAL) IN AGIS

Critical property 2 (CP2): Availability of an atlas solution (or Atlas system —
AtS), relatively independent of other elements of the large territory GIS, which
could work offline. The name of CP2 is not very good because it allows for
several interpretations. In the form the "relative independence" of the atlas
solution means that it must be able to work separately from the full AGIS. This
means, in particular, that the atlas solution must work offline when the Internet
connection is disconnected (or lost). When connected to the Internet,
synchronization with the full AGIS must take place and the atlas solution should
work online. In essence, "relative independence" has several meanings related to
the essence of AGIS. Consider the options.

The answer, perhaps, to the main question is — why the ATLAS GIS. This
adjective is included in the GIS class name due to the following chain of
conclusions. The first is the claim that National Atlases (NA) are the simplest,
most complete, well-known, and at the same time, sufficiently developed models
of a country. The datalogical similarity of Ukraine and Switzerland NA was
proved in [49]. Thus, there are similarities also between the NA of Ukraine
versions, created at different times (for example, between EINAU2000 and
EINAU2007). There is also a similarity between the NA of Ukraine and the
model of sustainable development of Ukraine, which is determined by the
Decree of the President of Ukraine Ne722/2019 “On the sustainable development
Goals of Ukraine for the period up to 2030 [50]. This statement follows from
the proof of the similarity between the NA of Ukraine and the balanced model of
sustainable development of Ukraine [30], since the Decree Ne722/2019 model
corresponds to the model of sustainable development in [41]. It follows that the
maps of Ukraine's NA, such as the model of sustainable development, can
correspond (model) to the indicators of sustainable development from [41].

Thanks to such transformations, the NA of Ukraine has the opportunity to
"weigh" each "indicator", since it may correspond to some "indicator" map. We
can get a numerical rating of each indicator map and this estimate will be
uniform for all atlas maps. For a "zero" approximation of the estimate, it is
possible to first "weigh" each map by one number. From individual map
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estimates we can get a numerical estimate of the atlas as a whole. This
assessment will be an assessment of the level of sustainable development of the
country at the time the atlas was created. Thus, a relatively independent atlas
solution in AGIS is required in order to be able to obtain an estimate of the level
of sustainable development at this point in time.

An atlas solution of the AGIS Operational stratum is not enough for normal
operation. In order to be able to analyze both structural and thematic indicators of the
AtIS of the Operational stratum, it is necessary to have an AtIS of the Application
stratum, which will be dynamic for the AtIS of the Operational stratum. In Fig. 4
AtIS’=AtISXALIS was used to designate the AtIS Application stratum. This means that
we can change all the components of the AtIS of Operational stratum while remaining,
however, in the same class of AtIS. For example, we can change the structure of an
AtIS contents tree and move a map from one section to another if the map theme
belongs to a new section. We may, for example, change the method of classifying a
choropleth map if the new method allows us to better model the field of a spatial
phenomenon or process from reality. Spatial information systems of Conceptual
stratum are also needed, among them GIP is important (Fig. 4).

In choosing the best option for prioritizing AGIS over blocks of sustainable
development, two fairly obvious theses were used, which in mathematics are
called theses "from the opposite":

1. All 17 sustainable development goals cannot be simultaneously achieved [41],
although their achievement should improve the economic, social and environmental
aspects of Ukraine as part of humanity and our planet. Moreover, it is not possible
to reach at the same time about 300 indicators [41], which measure the progress
of the 17 target areas.

2. Most of these indicators in [41] are in one way or another related to
economic aspects. Given the real economic situation of Ukraine, these indicators
cannot be prioritized.

However, if you follow these two theses, then what? We will analyze several
options to optimize [41] for Ukraine. The remaining options are shown in Fig. 6.

Each of the selected options should be a multigoal-oriented system
according to [25]. We will not build here a generalization of AGIS using the G.
Klir apparatus. However, with the application of generalization, it is possible to
create a whole-directional AGIS, which will consist of three elements:
generating, seeking and implementing of the goal. The goal seeking element can
be formed by the culture indicators. For this purpose, [41] proposed to extend by
the indicators of culture [30]. The number of these indicators will be relatively
small, but they will determine the characteristics and limitations of achieving the
goal. All other indicators will form a goal implementation element. AGIS will be
applied and developed iteratively, most likely in years. During each iteration, the
main steps of the empirical study, which are shown on Fig. 7.
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SOCIETY

establish good health
and well-being

reduce Inequality

guarantee peace, justice,

SUSTAINABLE
DEVELOPMENT
OF UKRAINE

Fig. 6. Two main options for optimal achievement of goals [41] in Ukraine

It should be said that the approach described above is not so unique. We use
works [51], [52], [53] and others for arguments of this statement. We cannot
focus on the differences between the two approaches. If we consider the
similarities of approaches, then we should point to Fig. 8. There are quite
obvious analogies between Inventory Fig. 8 and elements of Inventory echelon
Fig. 4, between the Spatial analysis Fig. 8 and the elements of the Application
echelon Fig. 4. The analogy between Decision making is a little less obvious and
the elements of the Operational echelon Fig. 4, Management Fig. 8 and the
elements of the AGIS-LT management.

In conclusion CP2 analysis we make three important notes:

1. At the beginning of the CP2 analysis we have described in fact the main
steps of empirical research with the help of the AtIS Operational and then the
Application strata, and so it is possible to continue further with the elements of
the Conceptual stratum.
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Fig. 8. Conceptual diagram of the sustainable development AtIS in [53; Fig. 9].
DSS — Decision Support System

2. The process of managing the sustainable development of a large territory that
is a country is described. This is obviously the case for the unification of countries,
which is the Russian Federation. This is also true of any other large territory. This is
because no one will argue that the territory of Ukraine, the protected area or the
territory of the community must be constantly developed. Perhaps, in this case, only
the AGIS-LT model will be simpler than the model [41].

3. We consider the criticality of the atlas solution to be proven for any
modern GIS of large territory management.

Critical property 3 (CP3): Portal as a means of building GIS in some
broader sense (GISb) with GIS in the narrow sense (GISn) and other elements,
as well as to provide on-line teamwork with all elements-systems. At the end of
the first — at the beginning of the second decade, a project was underway in the
Netherlands, which is appropriate to call the "National Atlas of the Netherlands
as a metaphor for the National SDI". This name derives from the title of the
thesis [54]. To explain the term "metaphor" in the context used [54] indicates
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that designers have long used metaphorical references in user interfaces to
facilitate the understanding and use of content by the latter. Moreover,
familiarity and understandability of the original content are critical when
choosing a new metaphor. And users in many countries are familiar with atlases
because they are most likely to use them in high school.

The following substantiates the idea [55; p. 29] that the map is a metaphor in its
own right, because with the help of the map the cartographers suggest that the reader
believes that points, lines and polygons located on paper (or on the screen) are
equivalent to a multidimensional world in space and time. However, to fully
understand this view, readers should refer directly to the reflected real world.
Following the dissertation [54], several articles [55], [56] etc. were published. They
focused on the identified phenomenon — EINAN as a metaphor for the
Netherlands NSDI. What is important to us is the argument that the authors of this
phenomenon used to prove the need to use National atlases in conjunction with NSDI.

In the context of this article, perhaps the first article on the subject should
not be forgotten [57], which states that in some countries the use of portals to
search for geospatial data sets was the result of the implementation of Spatial
Geodata Infrastructures (SGI). The authors of the article cited highlighted two
disadvantages of existing portals: inappropriate navigation tools and a lack of
supports for users' understanding. Therefore, the article proposes a new approach
to developing portals using atlases as metaphors. It allows you to use the atlas
not only to access a set of thematic maps, but also to find sets of data.

«Within the atlas, an information structure plays an important role in organizing the
content. Metadata published by providers are incorporated into this structure as metadata
summaries. Based upon the topical relevancy of the data, each metadata summary is
linked to a specific map within a particular topic. These summaries can be represented as
symbols to support discovery tasks, either loosely or strictly defined. Browsing can be
used to deal with the first via navigations and map interfaces. Searching can be used to
deal with the second via explorer and search presentation interfaces. ..».

In the previous citation the usage of the portals (geoportals), in particular for
SDI, was taken for granted. However, it should be noted that the issue of
geoportals was discussed in detail, a year or two before. For example, the first
issue of Computers, Environment and Urban Systems in 2005 was devoted to the
issue of geoportals. The articles of the issue described both the causes and the
main features of geoportals.

Among the reasons for the emergence of geoportals were the following:
1) “maturing” of GIS — the transition from GIS of individual groups to corporate,
2) implementation of National SDI, 3) the need to use geoinformatics in electronic
governance, 4) the development of information technologies.

Among the main features of geoportals were: 1) organization of content and
services such as directories, search tools, community information, support
resources, access to data and applications, 2) direct access to application services
and metadata records from regular on-line GIS applications, 3) development of
elements of service-oriented software architectures.

Thus, the appearance of CP3 in the created by us GIS of large territories, is
hardly to say a coincidence. Full confirmation of the criticality of CP3 is
provided in the sources cited above.
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CRITICAL PROPERTIES 4 (CP4 — SOLUTIONS FRAMEWORK)
AND 5 (CPS — CONCEPTUAL FRAMEWORK) IN AGIS

In this section, we first present the conceptual structure of AGIS class system (Fig. 9),
which summarizes all that has been said before, and also includes the CP4 —
Solutions Framework (SoFr). Two SoFr — AtlasSF and GeoSF — are shown in
Fig. 5. The more correct entries are aAGIM (AtlasSF, ...) and BAGIM (GeoSF, ...),
since both tAGIM and BAGIM consist of a much larger number of application and
conceptual SoFr, respectively. We have only shown SoFr that have already been
created and used in any version. These SoFr may be enough for beginning the
realization of some AGIS. In addition, there are also operational and general SoFr. At
the same time, Fig. 5 shows us that each SoFr "works" between the elements of two
adjacent strata, with the main triad of SoFr being Products-Processes-Basics(Products,
Processes), and the usage of SoFr is always performed from the elements of the
epistemically higher to the lower strata.

GeoSF SoFr is derived from ProSF (Project Solutions Framework) SoFr.
ProSF was used in [1] to formulate CP4. It describes the use of ProSF SoFr for
three projects of the so-called French-German Chornobyl Initiative (FGI). At the
beginning of the first decade of the 21* century, we found that the activities of
geoinformation enterprises (geo-enterprises) could be divided into project and
everyday activities. In order to put NSDI into practice in Ukrainian geo-
enterprises, we have adapted ProSF to GeoSF. GeoSF SoFr (standard version —
GeoSF0) was implemented as a portal intended for introduction into business
processes of the geo-enterprise.

Let's explain the abbreviations of the “2-dim AGISb” elements on Fig. 9:

e The letters D, I, U from above indicate the levels: D — Datalogics,
I — Infologics, U — Usagelogics. The letters G, C, A, O on the right indicate
the strata: G — General, C — Conceptual, A — Application, O — Operational.

e XYM, where X=D, 1, U; Y =G, C, A, O; stands for XY M(odel). For
example, DCM stands for Datalogical (D) Conceptual (C) Model (M).

e The structure of “2-dim AGISb” corresponds to the structure of the
Conceptual Framework (CoFr) of Relational cartography [2].

e There are two meanings of M: AGIS and AGIM. Between AGIS and
AGIM there exists relation y (conformsTo).

Unfortunately, Fig. 9 is very ambiguous, but we haven't prepared better yet.
The ambiguities (not all) are:

e If we replace the value M=AGIS with M=AGIM, then we will have the
same conceptual structure, but for the AGIM model.

o The entry AGISy»AGIM means that this relation is valid also between
the corresponding elements of both structures. That is, an AtCy® AtlasSF record
is valid. This entry corresponds to the general scheme of Fig. 1. Moreover, AtS
can be created using AtlasSF.

e Atlas general systems on the right reflect the results of [58] usage. These
results, in particular, argue that, in addition to modeling Object stratum models,
the success of an AtIS or GIS creation project must necessarily metamodel and
create metamodels. These metaprocesses and metaproducts are elements of the
aforementioned higher metasystem of metaAtlS or metaGIS and, at the same
time, Metastratum.
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Fig. 9. Conceptual structure of AGIS class systems

dimensional AGIS

A

e  Writing AGISn in a red rectangle and a green arrow from one-dimensional to
two-dimensional IS means that the former can be converted to the second.

Better to describe CP4 and CP5 we are not able due to the limited size of the
article. Additional evidence for the validity of SoFr and CoFr for a large range of
spatial systems is contained in a monograph [2]. This range of systems includes
AGIS, as these systems are considered in the monograph as AtS (AtSb) class .

CONCLUSIONS

Above, in addition to the abductive reasoning of the [1], inductive and/or
deductive reasoning about the validity of the Critical properties (CP) of
CP1-CP4 in modern GIS of large territories are given. The validity of CP5 is
also given. In the absence of one of the CP1-CP5 properties, we can speak about
the corresponding critical disadvantage of the project of creating GIS over a
large territory. The criticality is that in the absence of a suitable property, the
GIS project is likely to be a failure.

Due to the formulation and proof of CP1-CP5, we believe that: 1) the term “Atlas
geoinformation system” (AGIS) is defined as a GIS of large new-generation
territories, 2) the conception of AGIS is described, 3) an example of AGIS of a certain
class is given. We believe that practitioners will use the results of this article to create
GIS of large territories. Theorists will also gain a better understanding of the next
generation of geoinformatics research that would meet the demands of today. With
this understanding it will be possible to create a geoinformation theory that will
correspond to a "rigid" view of it in [21, p. 58].
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KPUTUYHO BAXJIUBI BJACTUBOCTI CYHACHUX
IF'EOIHOOPMANIMHUX CUCTEM IJIS1 KEPYBAHHS TEPUTOPIAIMU

Beryn. [Tutanns nedininii «reoindopmaniiinoi cucremu» (I'IC) € BaxxiuBUM K 1715 Teopii,
TaKk 1 A TpakTUKU cTBOpeHHs cydacHuX [1C Benwkux TepuTopiif. AHami3 OCTaHHIX
JOCIiJXKEHb II0Ka3aB, IO OLIBIIICTh 3aralbHOAOCTYIHMX Hapasi o3HadeHb [1C He
BIJITIOBI1al0Th TOTpedam cydacHux teputopianbaux ['1C.

MeTo10 CTaTTi € JOBEICHHS TBEPDKCHHS, IO [UIS KEPYBaHHS TEPUTOPLIMH Y CyYacHHX
yMoOBax MaroTh BUKOpHcTOByBatHcs He ['IC y «By3pkoMy» po3yminHi, a ['IC mesikoro HOBOTO
HOKOJiHHS, 30KkpeMa, I'IC y «po3impeHoMy» po3yMiHHI, HAalpUKiIaja, ATIacHi reoiHpopmMaliiui
cucremi (AI'IC), sixi BIANOBIIal0TH NIEBHIM Harepe | BU3Ha4CHiH cTpyKTypi — KoHIenTyaisHOMy
Kapkacy PemnsiiiHoi kaprorpadii.

Pe3yabraTtu. BusnaueHo TepMmiH «ArtiacHa reoinpopmaniiiHa cuctema» sk ['1C
BEJIUKUX TEPUTOPiNi HOBOro HOKOMiHHA. ONHMCaHO KOHIIEMHIi0 ATJIAcHOi reoiHpopMariiHoi
cuctemu (AI'IC). HaBeneno mpuknan AI'IC Bu3naueHoro kiacy. BBaxaemo, o MpaKTHKH
OyIyTh BHUKOPUCTOBYBAaTH pe3yibTaTH Wi€i ctarti y crBopeHHi ['IC BENMKHX TEpUTOPIi.
TeopeTHKH OTPUMAIOTh Kpallle PO3YMIHHS Taly3i JOCTIKEeHb TeoiH()OPMATHKH HOBOTO
HOKOJIIHH, SIKE 3aJI0BONBHATHME BUMOTH CYy4acHOCTI.

BucHoBku. HaBemeno iHOyKTHBHI Ta/abo  JEAyKTHBHI ~ YMOBHBOIU  HIOJO
CIPaBEJIMBOCTI OCHOBHMX BU3HAYECHUX KPUTHYHUX BIacTHBOCTeH B cydacHux I'IC Benumkux
TepuTOpii. 3a BIACYTHICTIO OJHI€] 3 TAaKUX BIACTUBOCTEHl MOXKEMO TOBOPHUTH IIPO
BiJITIOBIIHNN KpUTHYHHUN HeHoiK npoekty crBopenHs ['IC Benukoi teputopii. Kputnunicts
[OJISITa€ B TOMY, IO Y Pa3i BiACYTHOCTI BiAIOBIIHOI BJIACTUBOCTI HPOEKT CTBOPEHHS TaKOl
I'IC naiiimoBipHiIe Oy/ie MPOBAIEHUM.

Knrouosi cnosa: ceoingopmayiiina cucmema, xepysanns mepumopiamu, Konyenmyanonuii
kapkac, Kapxacu piwiens, kpumuuna enacmugicmo.
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CONTROL OF A NONSQUARE MULTIVARIABLE SYSTEM USING
PSEUDOINVERSE MODEL-BASED STATIC OUTPUT FEEDBACK

Introduction. The paper deals with nonzero set-point regulating the first-order linear dis-
crete-time multivariable system. The case where the number of outputs exceeds the number of
control inputs is considered. It is assumed that arbitrary but bounded unmeasurable distur-
bances are present. The assumption that the elements of the matricies arising in the system
equation are unknown. However, their bounds are assumed to be known a priori. From prac-
tical point of view, it is important to design a simple controller similar to reduced-order or
static output feedback (SOF) controllers. A difficulty associated with this problem is in estab-
lishing the existence of SOF control to be able to cope with a given system. The three differ-
ent problems concerning the optimality, ultimate boundedness and robustness features are
stated and solved.

The purpose of the paper is to answer the question: is there the SOF control based on
the pseudoinverse concept to stabilize some first-order multivariable system with nonsquare
gain matrix?
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Methods. The methods based on the theory of matricies are utilized.

Results. The pseudoinverse model-based control leading to static output feedback is
proposed to reject unmeasured disturbances. The optimality and robustness properties of
such controller are established. Numerical examples and simulation results are presented to
support theoretical study.

Conclusion. The paper shed some light on the existence of the pseudoinverse static out-
put feedback controllers which can either be optimal (in the absence of any uncertainty) or
be robust stable against parameter uncertainties dealing with the linear multivariable first-
order discrete-time system in a hard case when its gain matrix is nonsquare (in contrast to
the known results).

Keywords: discrete time, feedback control methods, pseudoinversion, multivariable control
systems, robustness.

INTRODUCTION

A problem of an efficient control of multivariable systems in the presence of
unmeasurable disturbances stated three decades ago in [1] remains a topic of
meticulous attention of many researches until recently. Their results have been
reported in numerous papers and generalized in several books [2—5] et al.

To reject arbitrary bounded disturbances, the so-called inverse model concept
has been proposed by several authors. Since the beginning of the 21* century, a
significant progress has been achieved utilizing this concept [6, 7] and other works.
Most these works except [7] dealt with continuous-time multivariable systems.
However, this approach is quite unacceptable if the systems to be controlled are
either ill-conditioned or nonsquare. Some researches observed that the inverse-based
controller may be also not feasible for designing some process control systems con-
taining ill-conditioned plants since they may become (almost) noninvertible in the
presence of uncertainties [8]. Also, there exist certain difficulties in order to achieve
a perfect control performance in the case where the number of the plant outputs
exceeds the number of its control inputs. Similar problem falling into this category is
the development of the automatic control system for an artificial heart having three
outputs and two control inputs [9].

It turned out that the so-called Moore-Penrose inverse (pseudoinverse) model-
based approach can be exploited to cope with the noninvertibility of singular
square and any nonsquare systems. This approach has theoretically been substan-
tiated in the papers [10—12] which dealt with problems of rejecting any bounded
disturbances for a wide class of discrete-time multivariable noninvertible memory-
less systems.

From practical point of view, it is important to design a simple controller
similar to reduced-order or static output feedback (SOF) controllers. A difficulty
associated with this problem is in establishing the existence of SOF control to be
able to cope with a given plant [ 13—15]. Nevertheless, it turns out that in the case
of the first-order multivariable system, the pseudoinverse model-based approach
leads straight to SOF control.

In last years, various constructive approaches applicable to linear continu-
ous-time and discrete-time systems with possible uncertainties have been ad-
vanced for establishing conditions under which SOF controllers can exist. Also,
different numerical algorithms for designing these controllers have been pro-
posed in [16-22] et al. Among them, the authors of [16] have obtained some
attractive SOF solvability conditions derived from structural properties of the
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open-loop discrete-time systems. Within the framework of these conditions, they
studied the case where there were more outputs than control inputs. Now, the
question that we need to answer is as follows: is there the SOF control based on
the pseudoinverse concept to stabilize some first-order multivariable system
with nonsquare gain matrix?

The paper extends the ideas of [10—12] to nonzero set-point regulating non-
square discrete-time first-order system in which the number of outputs exceeds
the number of its control inputs. The main effort is focused on deriving condi-
tions under which the optimality, ultimate boundedness and also robustness
properties of resulting closed-loop control system can be achieved.

The purpose of the paper is to answer the question: is there the SOF con-
trol based on the pseudoinverse concept to stabilize some first-order multivari-
able system with nonsquare gain matrix?

PROBLEM FORMULATION

Consider a linear first-order multivariable discrete-time time-invariant system
described by the autoregressive moving average exogenous (ARMAX) model of
the simplest form

yn+l:Ayn+Bun+vn+l’ (1)

where y, € R",u, € R” and v, € R" represent the measured output, control

> n
input and the unmeasurable disturbance vectors, respectively. 4 e R™" and
B eR™" are the fixed square and nonsquare matrices, respectively, given as

a™ g™ pa . pn

A= - - . | and B=| - - . |
1 1 (2)

a™ ™ poh L pm

Let

r<m (3)
mean that the number of control inputs is less than the number of system outputs.
The following assumptions are made.

Al. The elements ¢ and ' of 4 and B having the form (2) may be
unknown. However, the bounds

afﬁiﬁa(”)Saﬁx, (i=1....,m,j=1,...,m), 4)
b <p W <pW - (i=1,...,m, j=1,...,7) (5)

on these elements are known a priori.
A2. The each component of v, is an arbitrary, but bounded in modulus va-

riable satisfying

”vn ”S”V”OO<OO vn:laza"', (6)
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where the well-known definition || z| == sup |z, | of the so-called /,-norm
0 <n <o

of any bounded sequence {z,} denotedas | z|, isused.

A3. {y?} is a bounded nonzero set-point vector sequence such that the desired
y?., is always known at each nth time instant implying | y° | #0 (n=1,2,...)
and | y° ||, <oo. Without loss of generality, it is supposed that each component of

»? may remain constant over a time (finite or infinite).
Defining the output error vector

€, =Yy = Vs 7)
introduce the local control performance index

I L e I 1 )
where | z |, denotes the Euclidean norm (2-norm) of a vector z. This criterion
evaluates the capability of a controller to rejecting the bounded disturbances at
the nth time instant in the worst case.

The following three problems are stated and solved.

Problem 1. Suppose matrices 4 and B are known. Noting that J, of the
form (8) depends only on one past u, , (due to (7) together with (1)), devise the
optimal control which minimizes J,,, with respect to all possible bounded u,,s
at the nth time instant producing

J inf .
et > )

Problem 2. Setting A and B be known, establish conditions guaranteeing
the ultimate boundedness of outputs and control inputs in the form

limsup| y, | <o, limsup| u, |<o.
n—o0 n—o (10

Problem 3. Subject to Assumptions A1-A3, devise the control law under
which the requirements (10) will be satisfied for any 4 and B with the ele-
ments given by the interval constraints (4) and (5), respectively, i.e., the robust-
ness of controller will be achieved.

A PRELIMINARY

Consider the system (1) with no uncertainties with respect to the matrices 4 and
B.Moreover, let (for the time being) B be a nonsingular 7 x » matrix implying
that » = m (instead of (3)). Choose the control law

u, =By, B4y, (11)
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in which B~ denotes the inverse of B, to produce e, ,, = —v,
(lleps; =1 v,uq ). This causes
||en+l ”S ”v”oo’ n=0,1,2,... (12)

It can simply be shown that the controller defined in (11), which may be
called the inverse model-based controller, is optimal (in the sense of (9)). Actu-
ally, any other control law may give | e,,, ||,>| v|l., (instead of (12)) if certain

v, satisfying (6) is present at (n+1)th time instant.

At first sight, it seems that if B is noninvertible then B~' might be replaced by
the Moore-Penrose inverse matrix B " defined by the formula in [23, Theorem 3.4]

v T 27 \-1 pT
B —}513(1)(3 B+86°1,)" B (13)
to design the control law

u,=B"y, ~B 4y, (14)

Nevertheless, such a possibility remains without strict substantiations for
the time being since both the optimality of (14) and the stability of the closed-
loop control system (1) exploiting (14) are not guaranteed as yet. Next section
sheds some light on this possibility.

OPTIMAL STABLE CONTROL DESIGN

In this section, Problems 1 and 2 are solved. Namely, the optimality and the
stability (the ultimate boundedness) of the closed-loop control system containing
the plant (1) and the controller (14) are established in the following theorem.
Theorem 1. Subject to (3), and Assumptions (A2) and (A3), if the control
law (14) is applied to the system (1), then:
a) the optimality properties of the closed-loop control system (1), (14) de-
fined in (9) is ensured with

Jn+lg|| ([m _BB+)(yn0+1_Ayn)||2+89 (15)
where
g=sup v, |, (16)

and [, denotes the N x N identity matrix;
b) the ultimate boundedness of {|| y, |} caused by (14) is guaranteed if

with

q=|U,-BB")A|, (18)
where || P| denotes any norm of some matrix P;
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c¢) under conditions (17) together with (18), the sequence {|| u, |} remains
bounded.

Proof. a) Using (1) together with (7), one has e, = yBH -Ay,—Bu, —v,.,
which causes

el <l J’SH —Ay, —Bu, |, + v, - (19)

Since the sequence {v,} does not depend on {y,}, due to (6), (8) and (16),
the inequality (19) yields
Sy < | Y — Ay, —Bu, |, +¢,

giving

n+l

. < 0 _ _
fﬂ.{rJ —uig]{r I i — Ay,]1=Bu, |, +&. (20)

u

Further, utilizing Theorem 3.4 of [23], it can be concluded that there exists a
vector u, satisfying

I[yen—Av,1=Bu,l,= inf [y, =4y, 1-Bx(°.») |,
2 R"XR" > R" (21)

with any vector-valued operator %. By virtue of (21), this vector is determined

as u, =B+[y2+1 —Ay,] leading directly to the pseudoinverse control of the

form (14). Comparing (21) with (20), one can argue that such control is optimal
since it minimizes the upper bound on J,,, among all possible y(-,-) mapping

the pair (y°, »,) onto u,. Substituting (14) into the right-hand side of (20)

gives this upper bound in the explicit form represented by (15). This establishes
statement a).
b) Substituting (14) into (1), one gets

yn+1 = BB+y2+1 + ([m _BB+)Ayn +Vn+1'
By virtue of (6), this equation produces

| Y I S UBB Y 1 + 1 (L, = BBHYAN ]y, [ +1V o (22)

where  the  well-known  properties | BPz|<| AP || z| and
|z, +z, | <l z, || + +] z, ||of the norm of any matrices F,, P, and of any vectors
z,z,, z, have been utilized.

Using (18), we may rewrite (22) as follows:

| vu 11 BB Y I +q ]y I+ V). - (23)

Iterating (23), we obtain
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| 2 1< 1IBB IV Lo+l v, I+ V1L,
<A+q) [ BB 15" o +4” | yua I 40+ D [ V] 5.
SA+g+q’ +.4g" DV UBBN 1Y N +IvI)+q" [ 2o
These inequalities give that if (17) is satisfied, then

. 1
limsup| v, | Sq(ll BB y" . +1vIl.) <oe.

n—>0

This fact proves statement b).
c¢) Since {| y, |} is shown to be bounded, from (14), the validity of this

statement follows immediately. o
Corollary. Let
I4ll,<1, (24)

where |4, denotes the spectral norm of 4 given by

|4],= max 2,(4" ),
i=l,...,m

and where A, (") represents the ith eigen-value of 4" 4. Then, with the require-

ment (17), the boundedness properties given in statements b) and c) of Theo-
rem 1 are guaranteed.
Proof. According to [23, Exercise 3.7.6], it can be established that

| 1,,—BB" |,=1. This yields
q=I(, —BB")Al,<|1, —BB" |, Al,<| 4, (25)

Due to (24), the last inequality of (25) leads to the condition (17) of Theo-
rem 1 proving the result. ]
Remark 1. Note that, the condition

rank B=r, (26)

implying that B has the full rank, is not necessary.

Remark 2. If rank B satisfies (26), then instead of (13), the simple formula
B* =(B"B)'B" taken, e.g., from [23, Exercise 3.5.3] may be used to calculate
B+

Remark 3. The condition (24) means that the open-loop control system (1)
is asymptotically stable since

izrlnaﬁlli(/ﬁl <[4l
holds producing
max |A;(4)|<L.
i=l,...,m
In this case, 4 is said to be the Schur stable matrix. m|
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AN OBSERVATION

It turns out that the asymptotic stability of (1) is not necessary to ensure ¢ <1.
To illustrate this fact that is not obvious, the following numerical example
will be considered.
Example 1. Let

-035 -035 -0.35 1.2 0.1
A=-020 -1.00 -030|, B=|-0.6 09|
-0.20 -0.20 -0.50 0.6 2.1

In this case, rank B=2, and max_ _,|A(4)[~1.24>1 whereas

| 4], = max; [l,r]Z;’i]\ a®’ | =1.55, where | P|, denotes the column norm of P.
This implies that equation (1) describes the unstable system. Nevertheless, the
calculation of ¢ by (18) gives g =|/(/,, —BB")A|,=0.9<1. Hence, the re-
quirement (17) may be satisfied while the plant is actually unstable.

ROBUSTNESS ANALYSIS

In the case of parameter uncertainty given by (4) and (5), we propose replacing
the control law (14) by
0
un:BgynH_B(;rAOyn (27)

with some fixed matrices 4, = (a\"),,., and B, =(b\"),,.. . Their elements are
chosen as a’ e[a?,a ] and bY e[b?,p¥ ], respectively, to obtain
rank B, =r.

The following robustness result is given in the theorem below.

Theorem 2. Let Assumptions Al to A3 be valid. Then the controller de-
fined in (27) will be robust (in the sense that the boundedness of {| y, |} and

{l u,|I} is guaranteed for any matrices 4 and B having the elements which sat-

isfy (4) and (5), respectively), if (17) is satisfied with
g=max| A-BBj4, .

A€z, (28)

BeZ,

In this expression, Z, and Z, are the bounded sets of all matrices

A=@") and B=(b") having the elements a” e[a?,a” ] and

'min® ““max
b e [br(rf{r)‘, br(rl‘?x], and | -| is any matrix norm (as in (18)).

Proof. Follows immediately from Theorem 1. |
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The result given in Theorem 2 may be reformulated in terms of the linear
programming problems similar to that in [11] as follows.
Define the variables

4D =D N R0, i, =1, m, (29)

k=1

where /1 denotes the corresponding element of the fixed matrix H, = B A4,.

Further, d? is the element of D= A— Z}HO, and find
maxd® and mind @ (30)
subject to the constraints
dp<d® <o, HD<HV <l a1

foreach 1<i<m, 1<j<m.

5 ()

Since (29) describes the functions depending linearly on the variables @’ and

I;(”), e H") that are the elements of the ith row of é, and (31) represent the simple

linear constraints, the problems given by (30), (31) are the simplest linear program-
ming problems. They are solved independently for each pair (7, j) taking into ac-

count that each element of the jth column of D depends only on the elements of

each ith row of 4 and B but not on the elements of other their rows with numbers
k=1,...,m, k+#i. Then the following results can be shown to be valid.

Theorem 3. Subject to Assumptions Al to A3, if

m
D max{|mind” |, | maxd? |} <1 Vj=1,....m
i=1

with mind®? and maxd® giving the solutions to the linear programming prob-
lem (30), (31), then the controller (27) applied to the system (1) guarantees that
the boundedness properties (10) will be achieved in the presence of interval
uncertainties defined by (4), (5).

Proof: Follows the lines of the proof of Corollary to Theorem 2 given in [11].
Due to space limitation, the details are omitted. i

Thus, Theorem 3 specifies the sufficient conditions under which the pseu-
doinverse model-based controller (27) employed to regulating the uncertain
system (1), (4), (5) will be robustly stable. It gives an effective solution to Prob-
lem 3 using a simple computation technique.

Example 2. Let the system to be controlled be described by

-020 -0.15 -0.15 1.2 0.1
A={-0.10 =025 -0.10, and B=|-0.6 09|
-0.15 -0.15 -0.16 0.6 2.1
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Assuming that the parameter uncertainty is given as a'"e[-0.28, 0],
ae[-0.2, —0.1], a"Pe[-0.12,0], a*Ve[-0.12,0], a®[-0.28, 0],
aPe[-0.2, -0], a®Ve[-0.2,0], a“Pe[-0.2, —0.1], a®Pe[-0.2, - 0],
b €10.6,1.2], b"? €]0,0.2], b?" €[-0.7,0], b*? €[0.8,1.1],

Y €[0.5,1.2], b©? €[1.9,2.2],
the matrices

-025 -0.10 -0.10 0.8 0.2
A,={-0.15 =010 -0.17| and B,=|-05 1.0
-0.10 -0.15 -0.19 1.0 2.0

yielding (by the formula B* =(B"B)'B" given in Remark 2)

. 1370 -418 172
" 677\-95 272 212

may be chosen to satisfy 4, € =, and B, € 2. Utilizing now Theorem 3 one can

conclude that the value of ¢ determined by (28) via solving the linear-programming
problem is equal to 0.87. This shows that the requirement (17) is satisfied.

SIMULATION

To support the theoretic study, three simulation experiments were con-
ducted. In first simulation experiment, the unstable open-loop control
system with 4 and B given in Example 1 was studied. Its behavior is illus-

trated in Fig. 1, where " =0.1, and «!* =0.1 were chosen.

The second simulation of the optimal closed-loop control system contain-
ing the plant (1) and the controller (14) in the presence of the 1.i.d. pseudoran-

dom ve [~1,1] was conducted. The simulation results for different y’s with
the components determined as y°" =7, »°® =313 =15 at 1<n<40;
y' =2, y@ =7,y =3 at 41<n<60; 'V =3, '@ =7, »* =9 at
61<n <100 are presented in Fig. 2.

00000
1

ey

2-norm-of- ¥,

100000

T T T T — —
0 20 40 ?’I 20 &0 100

Fig. 1. 2-norm of output vector of the open-loop control system releted to Example 1
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.- ol
Control in i
o put i,
=
o
1 L I L 1
0 20 40 N &0 = 100
@ o : 53
Control input u,
o 4
.l.lﬁ -
=
K] T T T T T T
0 20 W 5 60 0 100
8 - Output }'le} and set-point "%
& |
a
L=
e A ] L] ) 1 ] L]
0 20 0 N e 80 100
A - (2 - 2
Output y,~ and set-point y
LT .
o
L= I
T T T T T T
0 20 0 n e 20 100
[ r
o : [(Output }'E;':' and set-point ¥*%
o P"\/‘f\"-’\r—m\"\/\/\v
[
9

1] 20 40 i &0 80 1060

Fig. 2. Control inputs and outputs (solid lines), and set-points (dashed lines) of the
closed-loop control system in the conditions of Example 1
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In the third simulation experiment, the robust closed-loop control sys-
tem with the uncertainties and with the feedback described in Example 2

subject to the same disturbances and y°® =3, »°® =7 %3 =9 was

simulated. Fig. 3 depicts its results. They show that the closed-loop con-
trol system (1), (14) is stable and its performance is satisfactory enough.

=
= : (1
| |C0ntml input u,
L4 )
3
= -
=
T T T T T T
0 2 0 n e 80 100
g T 5
- Control input "
Q
=
<
0 e
]
o -
e -
o . Output },;:11} and set-point y°%
T T T T L] L]
0 20 Ww M e 80 100
L
o -
3 R 3
o Output }'f,::' and set-point v*%
o -
T T T T T T
0 20 Ww ;e 80 100
o |
= -
o -
T 3 . 003
. Output y;” and set-point y"
T T T T T T
0 20 0 M & 80 100

Fig. 3. Control inputs and outputs (solid lines), and set-points (dashed
lines) of the closed-loop control system in the conditions of Example 2
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A DISCUSSION

To compare the pseudoinverse model-based approach proposed above with ex-
isting ones related to the SOF concept, rewrite first the control law (14) as

U, =LegVy = Leg, (32)

selecting the feedforward and feedback terms with gain matrices Ly =B" and
Ly =B A

Now, consider the open-loop discrete-time system described by the standard
state-space model

{xn+l = Ax, + Bu,, +Fvn+l,
(33)

yn zcxn’

where u, e R",y, € R",v, € R” (as before), and x, e R” is the state vector.

AeR”? BeR” I e R and C € R™ are constant matrices. It is not hard

to see that this system reduces to (1) by setting C=1,, ' =1, (p =m).
det (GCA™'B) # 0. (34)

Furthermore, it follows from Theorem 5 of [16] that if (34) together with some
other assumptions hold, and A4 is nonsingular then the SOF control

un Z_LFByn (35)
with

Lz =(GCA™'B)'G (36)

stabilizes the system (33) at yg =[0,...,0]" and minimizes the quadratic criterion
%{_/

m

J=Yy(4)'G"GAy,, 37)

n=0
but not the criterion (8). On the other hand, it can easily be shown that if det 4= 0
and (26) holds (C =1,,) then G may be chosen as G =3B*A4 with an arbitrary f§ >0
to satisfy the requirement (34). According to (36) such a choice of G yielding directly
Lyz =B" A gives that in this case, the SOF control (35) becomes finally the pseudo-

inverse stabilization control having the form (32) in which | y° | =0.

It is interesting to note that, contrary to [16], the pseoduinverse control (32)
may be used to minimize the criterion (8) when A is singular and B has nonfull

rank (Example 1). Nevertheless, the condition | (/,, —BB")A| <1 guaranteeing
the ultimate boundedness of {|| v, |} and {| u, ||} is assumed to be satisfied (in

accordance with Theorem 1 given in [16]). Of course, this condition may not be
satisfied if 4 is not the Schur stable.
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In order to cope with the instability of (1), at least, the two ways may be

proposed. First, if rank B = r, then some » outputs y*, ..., ") might be in-
cluded in the feedback loop to control the system (1) via an inverse model-based

controller similar to (11) with the square submatrix Bl[i,...,i. |1,..., 7] (instead
of B). It can be clarified that remaining outputs will become bounded if and only
if all the m—r diagonal elements of 4 defined as a"“*) with i, #4,, ...,i. satisfy

| @) | <1. Again, this way does not minimize the criterion (8). Second, we may

attempt to design the SOF controller based on the ideas of [16, 19] et al. How-
ever, such way leads to minimization of the criterion similar to (37) but not to
(8) whereas one seems to be more suitable for practical applications dealing with
the problems of the nonzero set-point regulation.

Since most the process control systems remaining stable in their nature and
can be described by model similar to (1) [8], we conclude that the approach pro-
posed here has advantage in comparison with existing ones if the multivariable
systems to be controlled are nonsquare and stable.

CONCLUSIONS

The paper shed some light on the existence of the pseudoinverse static output
feedback controllers which can either be optimal (in the absence of any uncer-
tainty) or be robust stable against parameter uncertainties dealing with the linear
multivariable first-order discrete-time system in a hard case when its gain matrix
is nonsquare (in contrast to the known results).
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KEPYBAHHS BATATOBUMIPHUMU CUCTEMAMM 3 IIPSIMOKYTHHUMU
MATPULIAMU KOE®ILIECHTIB [IJJCUJIIEHHA HA OCHOBI
INICEBAOOBEPHEHOI'O CTATMYHOI'O 3BOPOTHOTI'O 3B’SI3KY

Beryn. CrarTst cTOCy€eThCsI peryJIFOBaHHS Ha HEHYJILOBOMY 3aJIJaHOMY PiBHI JTiHIHHOT TUCKPETHOT
6araToBUMipHOT CHCTEMH TIEPIIOTO MOPSIIKY. PO3IISIIAETHCS BUTIANOK, KOMM KiTBKICTh BUXITHUX
3MIHHUX NEpPEBUIIY€ KUIBKICTb KaHAIIB Nepefayi kepyBalbHUX Iidl. Ilpumyckaerses, Mo HasB-
HHUMH € JIOBUIBbHI, aie 0OMEeKeHi HeBUMIPIOBaHi 30ypeHHs. BBaXkaeThbes, 110 €IEMEHTH MaTpHUIlb,
sIKi QIrypyroTh y piBHSIHHI CHCTEMH, HEBIZIOMI, OJIHAK arpiopi BIIOMUAMH € IXHi MeXi. 3 MpaKkTHI-
HOI TOYKH 30py BOXKIJIMBO PO3POOUTH MPOCTHI PETyNSATOp, MOomiOHMI 0 perynstopa Tuimy SOF
(static output feedback). TpyaHoIi, MOB'I3aHi 3 MM 3aBIAHHSM, MOJSTAIOTH Y BCTAHOBJICHHI
yMOB icHyBaHHs peryistopa tuiy SOF, 31aTHOrO cripaBuTHCS 3 Takor cucremMoro. [loctasieHo
Ta pO3B’SA3aHO TPH Pi3HI 3aB/IaHH, a caMe: 3a0e3MeUeHHsT ONTUMAIBHOCTI, TPAHUYHOT 0OMEKEHO-
CTi Ta poOACTHOCTI 3aMKHEHOT CUCTEMH KEpYBaHHS.

Meta po60TH — JaTH BIANOBIAb Ha 3allUTaHHA: 4d icHye peryisarop Tury SOF, B oCHOBY
SIKOTO TOKJIa/ICHO KOHIICTIIIIFO MICEeBI000CpHEHHS, abu cTalblTi3yBaTH AesKy 0araTOBUMIpPHY CHC-
TEMy TEpIIOro MOPSAIKY 3 MPSMOKYTHOIO MaTpHULICIO KOe(illieHTIB IiICHIeHHs?

MeTtoan. BUKopuCTOBYIOTBCSI METO/IH, OCHOBAHI Ha TEOPil MaTpPHIIb.

Pe3ysbTaTu. AGH NpUIyIIMTH HEBUMIPIOBAIbHI 30ypEHHS, 3aIIpOIIOHOBAHO KEpyBaHHS, SIKE
0azyeThcs Ha MeToi riceBroodepHeHoi Moeni. [leit MeToa ¢popManbHO MPUBOAUTE JIO peatizaril
CTaTUYHOTO 3BOPOTHOTO 3B“SI3KY. BCTaHOBIEHO YMOBH ONTHMAIBHOCTI Ta POOACTHOCTI TaKOro
perynsitopa. JIiist miATBEpPKEHHST TEOPETHYHOTO JIOCTI/PKEHHS HABE/ICHO YKCIIOBI TPUKIIAIN Ta
PE3yNbTaTH MOJIEIIIOBAHHS.

BucHoBok. CTaTTs MpoJMBa€e JIeIKE CBITJIO HA ICHYBaHHS MCEBIOOOCPHEHHX PEryJIsTOPIB,
IO pealli3yloTh CTATHYHUIA 3BOPOTHHI 3B'A30K, SIKi MOXKYTh OyTH a00 ONTHMaJbHUMH (32 BIICYT-
HOCTI OY/Ib-SIKOi HEBH3HAUYECHOCTI), a00 po0ACTHO CTIMKMMH 10 HEBH3HAUCHOCTI BiJHOCHO Iapa-
METpiB JIiHIMHOI OaraTOBUMIpHOI JUCKPETHOI CUCTEMM IEpIIOro MOPSIKY y BHUIAAKY, KOJMH il
Matpuils Koe(illieHTIB MiJICKICHHS € MPAMOKYTHOIO (Ha BiIMIHY BiJ] BIIOMHX pE3yJIbTaTiB).

Kniouoei cnoea: ouckpemmuii uac, memoou KepyeanHsl 3i 360pOMHUM 38 SI3KOM, Nce8000bepHeH-
H3l, 6azamosUMIpHI cucmemu KepyeauHsi, POOACHHICb.
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KOMINEKC MOJERIOBAHHA AMHAMIMHHX KOH®MIKTHMX CHTYALIA
NOBITPAHMX KOPABINIB Y MACITABI PEANBHOIO YACY

Bcemyn. Mooenwosanna nonvomie nosimpsnux xopaonie (IIK) mae b6acamo eupiutenux ma
giokpumux 3aedans. Pozgumox cyuachoi agiayii nemodciusuti 6e3 saKicHux 3acobie Mooenio-
BAHH, A KOJICHA HOBA PO3POOKA, AKY NPONOHYIOMb GUKOPUCTNOBY8AMU, NOGUHHA OYMuU peme-
JILHO npomecmosana. 3asoants nonepedsrcenns kougnixkmis I1K 6 peanvnomy yaci € 00num 3
KTI0408UX ceped npobdrem agiayii, omoce nompedye memoois po3g sazanus ma 3acobie 07
MOOENO8aHH | MeCny8aHH.

Mema cmammi —npoananizyeamu Memoou 6U3HAYEHHs Ma PO38 SA3AHHI KOHGAIKMHUX
cumyayiii ITK, po3pobumu npoepamHuii KOMniexc 0Jiss MOOeNO8AHHS OUHAMIYHUX KOHGIIKM-
HUX cumyayiu y macumadi peanbHo20 4acy.

Memoou. Ilpozpamne po3pobreHHs KOMIAEKCY 6a3YEMbCs HA MEMOOax CMamucimuito-
20 I IMIMmayitino2o KOMN I0mMepHo20 MOOeNI08an s, 00UUCTIOBANbHOT 2eomMempii ma mamema-
muuHo2o aunanizy. /s usHayenus ma po3e a3auHA KOMQIIKMHUX cumyayii 6UKOPUCMAHO
Memoou meopii agmomMamuuno20 Kepyeanhs, Hagieayii ma iHmeneKmyanrbHo20 Kepy8anHsi.

Pesynomamu. Po3poOaenuii KoMnieke MoOentoganus 0ac 3mocy OYiHumu KiltbKicHi no-
KA3HUKU CUMYAAYIT NOBIMPAHUX KOpAOI6 y 32eHEPOBAHOMY NPOCMOPI ma O00CHiOdNCysamu
ocobnusocmi gupiwenus Kongrikmuux cumyayin. IIposedeno modenosanus nepemiujenns,
63aemo0ii ma manespyeantns IIK. V po3e’szamni KOH@UIKMHUX cumyayill 3anponoHoeana
excnepumenmanvbHa cucmema oyna egpexkmusHiuioro 3a wunny cucmemy TCAS 11

Tecmysannsi po3poorIeHO20 KOMNIEKCY MOOeN08aHHA Ma BUKOPUCIIAHUX AN2OPUMMIE 6U-
3HaUeHHA | P36 A3aHHA KOHGUIKMHUX cumyayiti 0Y10 NpoeedeHo 3 GUKOPUCAHHAM MUNOGUX
OQOCTIOHUX CYEeHapIis, NOYUHAIOYU 8i0 NPocmux KoHgikmis mixe 0soma IIK do epanuuno cknao-
HUX, 34 yuacmi ¢ 00HOMY KoH@ikmi 3naunoi kinbkocmi IIK. OcnogHuMu noKasHuKamu onmuma-
JIHOCIE PO36'53aHHsL KOHMIIKMIE NPULHAMO KITLKICMb Ma 008ICUNY MAHEeEDI6 YHUKHEHHS! KO-
JIKMHOI cumyayii 3a YMOGU PI3HOI 3a8aHMANCEHOCNI NOBIMPAHO20 NPOCMOPY, 34 PI3HUX MUNie
KOH@IIKIMHUX CUMYayitl, N0g 3aHuX 3 NOPYUEHHSMU HOPM eUleTIOHY8AHHS.

© BOJIKOB O.€., [TABJIOBA C.B., CIMAXIH B.M., CEMEHOT P.B. 2020
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BucHoBku. Ompumanuii KOMIIEKC MOdiCe 3acmoco8y8amucs O O0CHIONCEHHS 63a€-
MO0ii 6acamvox IIK 6 OunamiuHOMy cepedosuiyi, po3pobieHHs ma Mmecmy8anHs Memooie
po3s’azannsa Kougnikmuux cumyayii. Moodynenicms KOMRAEKCY MAKodc 0a€ 3M02Y GUKOHY-
8amu MOOeNI0GANHS THUUX eleMeHmMI8, MAKUX AK CUcmemu nepeoadi OaHux.

Knrwuoegi cnosa: ingopmayiiina mexnonozis, agiayis, Komn 'iomepre MoOen08aHHs, KOHPi-
KMHa cumyayis, nogimpsauutl kopabenw, cucmema.

BCTYR

KinbKicTh aBiamepenbOTiB MIOPOKY 3pOCTAE 31 MIBUAKOK AMHAMIKO. 3TifHO 3i
craructukoro opranizanii EUROCONTROL, y 2012 poui KifbKicTh MEpenboTiB
Yy €BPOIEHCHKOMY TOBITPSHOMY IPOCTOPi CTaHOBWJIA 9,5 MINBHOHIB Ha PiK, a ¥
2018 poui — 11 minbitoniB. Y uepsHi 2019 poky Oyio 3apeecTpoBaHO PEKOPIHY
KUTBKICTh TIEPeNbOTIB Ha JIeHb — Oijbine 37 THCSY, a 3arajJbHe 3pOCTaHHS Kilb-
KOCT1 y NepIlii MoJIOBUHI poKy ckiaio 1,7 % BIAHOCHO aHAJOTIYHOI'O TOTOPiY-
HOTO IePiojy Yacy.

3abe3nedeHHst Oe3meku MoiboTiB MOBITpsAHUX Kopabdmis (I1IK) € ocHoOBHEM
3aBJaHHSAM KOXHOI OpraHizallii, Ipu4eTHOi 0 OOCIyroByBaHHS, OpraHizamii,
BUKOHAHHS Y¥ MOHITOPUHTY HOBITpsiHOrO pyxy. Koopmunamis B3aemonii 1K y
HOBITPSHOMY Ta Ha3eMHOMY IIPOCTOpax 3a0e3NedyeThcss aBTOMATH30BaHOIO
poboTOI0 0araThOX MPOTPAaMHUX 1 amapaTHUX CHCTEM, a TaKOX OIEepalisiMH
JIFOJICEKOTO TIepCOHAaNy. 3a pimeHHsIM MiKHapoaHOI opraHi3allii IUBUIBHOI aBi-
amii (IKAO) ans nonpotis 1K 3 macoro 6inbiroro 3a 5700 kr abo ceprudikona-
HUX Ui TiepeBe3eHHs 19 1 Ounble macaxupiB, 000B’I3KOBUM € HASIBHICTH CHC-
temu nortepemkenHs 3iTkHeHHsT TCAS (Traffic Alert and Collision Avoidance
System) [1]. OmHak cucTeMa Mae JOCTATHIO KiUIBKICTh HENOJIKIB, Cepel SKUX
BHCOKOBApTICTHICTh Ta HEOOXiMHICTh HAsABHOCTI IepenaBaviB Ha KokHoMy [1K
IUTSL KOPEKTHOT pOoOOTH Ta 00MEKEHICTh PO3B’sI3aHHS KOH(IIKTIB JIAIIE 3 BUKO-
PHCTaHHSIM BEPTHKAIBHOTO enleloHyBaHHS. OKpiM IIbOTO, OpraHd KepyBaHHS
noBiTpsHUM pyxoM (KIIP) MoXyTh aBTOMaTHIHO OTPUMYBATH iH(OPMAIIiIO TIPO
pekoMeHalii 3 BHUpilIeHHS cuTyalii 3iTkHeHHs, BunmymieHux TCAS, Tinbku
KOJIM TIOBITPSIHE CyTHO 3HAXOMHUTHCS y 30HI Iil pexuMmy onutyBaHHi Mode-S
aBiallifHOrO PaJIi0JIOKAIITHOTO BiAMOBigauYa ab00 MepeKi aBTOMATUYHOTO CIIO-
crepexenHs ADS-B (Automatic Dependent Survillance — Broadcast). B iammx
BUITAIKaX IUCIETYEPH MOXYTh HE 3HATH NPO PEKOMEHJAIil BUPIMICHHS TaKHUX
curyauniii Ha ocHoBi TCAS a0o HaBiTh HaJaBaTH CylepewInBi iHCTPYKUil (KO
tineku wienn KIIP sBHO HemoiH(oOpMOBaHiI WieHaMH eKilmaxy Mpo peKoOMeHa-
1ii, siki HagaHo TCAS y cuTyallii BHCOKOTO HaBaHTaXCHHS), 1110 MOKE MTPHU3BEC-
TH J10 JOAATKOBOTO 301IbIIEHHS pOO0OUOT0 HaBaHTaKEHHS M1JIOTA.

Po3pobnenHss Ta BOpOBaKeHHS HOBUX METOIB ITONEPEKEHHS 3iTKHCHD
IIK mnorpebye 3acToCyBaHHA TPOrPAaMHUX KOMIUIEKCIB JJIi MOJEIIOBAHHS
MOJIBOTIB, AKiI MalOTh 3MOTY KoH(pirypysaru napametpu 1K, 6opToBi cucremu ta
0COOJIMBOCTI TPAEKTOPIl Ta HABKOJIHUIIIHLOTO CEPEIOBHIIIA.

CHCTEMA NONEPEIKEHHA SITKHEHD TCAS

3rinHo 3 nmpasuiioM IKAO, koxen [1K Mae Oyt obnagHaHUM CHCTEMOIO MOTEpe-
JUKCHHS 3ITKHEHB. BimmmoBigHO 10 pimreHHS €Bpomeichkoi ATeHii ABiamiifHol
Besnexn Bix 2012 poky, 060B’si3koBuM € Brkopuctanus TCAS II Bepcii 7.1 [2].

50 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 3 (201)



Komnnexc mooenioganns OuHAMiYHUX KOHDIIKMHUX CUMYaYiil NOGIMPIHUX KOpabie

Bepcis TCAS 1 € nmepiimM MOKOJIHHSAM CHCTEMH, 10 BUKOPUCTOBYBAJacs 0
1989 poky i 3a neskux 00cTaBUH MOKe OyTH BUKOpHCTaHa 3apa3. BoHa BUKOHY€E oc-
HOBHI 3aBIaHHSA, TaKi K MOHITOPHHT TOBITPSHOTO TPOCTOPY Y pafiyci 65 KM Ta Ha-
JaHHS iHpopMaii oo nexeHry i Bucoty iHmmx 1K y Takomy paniyci. Takox cuc-
TeMa TMOBIIOMITSIE TIPO MOKIIMBICTP 3ITKHEHHs y BUIIIAI «PexoMerpartii mozo tpadi-
ky» (Traffic Advisory, TA). TA nomnepemxaroTs miioTa npo 3HaxopkeHHs [1K B He-
Oe3mevHoMy pafiyci, ane He MPONOHYIOTh 3aC00IB po3B’si3aHHS KOHQKTY. [limoT
caMoCTiiHO ab0 3a CIIPUSHHSA Ha3eMHHX JHICIICTICPIB BUPIIIYE, SKi MTi1 BUKOHYBATH.
Konu 3arpo3a MuHya, cucteMa onosimiae noBigomineHHsM «Hemae KOHQITIKTY».

Onosnena Bepcist TCAS 11 BuxopucroBye yci ¢ynkiii TCAS 1 Ta, okpiM HuX,
Ma€ HU3KY BIOCKOHaIeHb. CHCTeMa MPOIOHYE IMJIOTOBI YiTKi TOJNOCOBI iHCTPYKIIT
JUTsl yHUKHeHHsI HeOesnekun — «KoHcynpranii mono Bupimensas» (Resolution Advi-
sory, RA). 3amporonoBana it MOKe OyTH KOPUTYBIBHOIO 200 IMPEBEHTHUBHOIO.
KopurysasbHa iHCTpYKIIis Tiepeadadae 3MiHy BEpTHKAIBHOI IIBUAKOCTI. BrkopucTo-
BYIOTh TIOBioMIeHHsI «CImyck, ciryck», «[limiiom, mimiiom» abo «PerynroBaHHs Bep-
THKAJTLHOI MIBUAKOCTI». [IpeBeHTHBHI 1HCTPYKIIT NOMEpeKAIOTh TJIOTIB PO HE00-
XIJTHICT BIIXWIIUTUCS BiJl iX MOTOYHOI BEPTUKAIBHOI IIBUIKOCTI, OroJoinyodn «Bi-
JICITITKOBYBATH BEPTUKAILHY IIBUAKICTE» a00 «IlinTpuMyBaTH BEepTUKAIHHY ITBH-
KicTh, [linTpumyBaTtuy. [lepen moaadero KOMaH;I MijIoTaM BiOYBA€THCS CHHXPOHI3a-
1ist pekoMenpaniit Mixx cucremamu TCAS Il koXHOTO JliTaka-ydacHUKa KOH(ITKTHOT
curyartii. OTKke, SKIIIO OMHOMY JITaKy Jal0Th HACTAHOBY CITyCTHTHCS, 1HITIOMY 3a3BH-
Yaii BKa3yrTh MiJHATUCS, 10 MAKCUMAIILHO 30UIBIINTE BiICTAHL MiX JIBOMA JIiTaKa-
mu. TCAS Il ogHO9acHO MOke BinmcTexyBaTd 10 30-TH TOBITPSIHUX KOPAOIiB 1 1
TPHOX OJIHOYACHO BHUABATH KOMAH/IH 3 PO3B’si3aHHs KOH(IIKTHOI CUTYAITii.

TCAS moxe B3aemopistu ymmie 3 [IK, Ha SKkuX BCTAaHOBJIEHO aKTUBHUH pa-
nmioyokamivaui Bignosigad pexumy C abo S. Koxkrnomy IIK, mo Mae pamioso-
KalliiHUH BIAMOBIAAY pEXHUMY S, MPHUCBOIETHCS YHIKATbHUN 24-OiTHUH i/cH-
tudikarop. I1ig gac B3aeMomii 3 miTakaMu cucTeMa reHepye TPUBUMIPHY Mary y
MOBITPSIHOMY TipocTopi 3amanoro paniycy. Koxnuit [1IK Ha mami xapakrepusy-
€TbCS TPbOMA OCHOBHMMH IIOKa3HWKAaMH: BiICTAaHHIO, BUCOTOIO Ta IIEJICHIOM.
BincraHb oTpUMy€ThCS 3 3aTPUMKH Yacy Iepeaadi 3amuTy 1 BiAMOBiIl; BHCOTY
BU3HAYAIOTH 3T1JHO 3 OBIJOMJIEHHSIM OTIMTYBAHOTO JIITAKa; MEJICHT BU3HAYAETh-
Csl HaIPSMKOM HaxoJUKeHHs aHTeHU. CHucTeMa BU3HAUYa€, UM € MOTEHIiHA 3a-
rpo3a 3iTKHEHHS, BUKOPHCTOBYIOUM METOJM €KCTPANOJISLii IIMX XapaKTePUCTUK
Ha OYiKyBaHHI MaiilOyTHI 3HaYEeHHS.

Ilix yac moOymoBM Mamy Ta OOYHMCIEHHI MOKIIMBHX 3arpo3 CHCTEMH IIOTIe-
peILKeHHs 3iTKHEHHS BPaXxOBYIOTh 00’ €M MOBITPSHOTO MPOCTOPY HABKOJO Biac-
Horo [IK. Po3mip Takoro mpoctopy 3ajieXuTh BiJ BHCOTH, IIBUAKOCTI 1 Kypcy
JiTaka, sIKMii Oepe ydacTb B 3iTKHeHHI. Ha pucyHky 1 HagaHO IpUKIIa] TUTIOBOTO
3aXHIICHOTO MPOCTOPY AJIs JiTaka, odnaaHaHoro cuctemoro TCAS 117.

IIpuammmn podotu TCAS 11 (puc. 1) 3acHOBaHO Ha BU3HAYEHHI Yacy TONBOTY
1o Toukd Haiibinbmoro 30mmkeHHs CPA (Closest Point of Approach) 3anexHo Big
Jiarna3oHiB BUCOT (piBeHb YyTIHMBOCTI). Y pexkumi 1-cexynmHoro ukimy TCAS 11
BIJICTE)XY€ IHIII MOBITPsIHI KOpaOii, 3alUTYOUH IXHI MPUHOMO-TIepeiaBadi, a KOJIH
nepeBipka JaTbHOCTI Ta MepeBipka BUCOTH JalOTh MO3UTHUBHUE pesynbrar, TCAS
BHJIA€ TIOTIEpeMKeHHS Tipo Hebesmeune 30mmwkeHHs TA (Traffic Advisory) a sixmio
JTaKk TPOAOBXKYIOTH 30JIMKYBaTUCS, TO eKinmax orpumye nosigomieHHs TCAS
po HeoOXiHICTh PO3B’s13aHHA KOH(IIKTHOT cutyarlii RA (Resolution Advisory) i
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KOMaH/Ty Ha BUKOHAHHS MaHEBPY 3HIKEHHS («3HIKEHHD», «Descendy») abo Habopy
Bucotu («Habip Bucotn», «Climby). Skmo cucremamu TCAS II Bepcii 7.1 ocHa-
IeHO 0OH/IBA JIITaKH, TO BOHH OOMIHIOIOTECS 1H(OpMAaITi€to JuIst 3armo0iraHHs o/jHa-
KOBUX MaHEBPIB PO3XOKEHHS (pHC. 2).

OcHoBHOIO ocobnuBicTio apyroi Bepcii TCAS € BUkopuCTaHHS BEpPTHUKAIb-
HOTO eIlejoHyBaHHA. lle omHOUYacHO € i1 mepeBaroro, i HEAOJIKOM, OCKUIBKH
OKpIM BEPTUKAILHOTO EIIEIOHYBaHHS BUAUISIOTH MOB3J0BXKHE Ta OiuHe. 3 cepe-
muHE 1990-X poKiB po3po0IIsIiCsS KOHIENTH TPEThOI Ta YeTBEPTOi Bepciil cuc-
temu TCAS, sixi 6 BpaxoBYBaJIM IHITI METOIN €NICTIOHYBAHHSI, TIPOTE iXHE PO3-
pobnenns Oyno 3amoposkeHo. OcTaHHI po3poOKH B raiy3i mepenadi JaHUX MOC-
TaBWIH i CyMHIB JOUIJIbHICTh BUKOPUCTAHHS OKPEMHUX KaHATIB 3B’SI3KYy IS
nonepemkerns KoHQuikTiB. Texnomnorist ADS-B (Automatic Dependent Surveil-
lance — Broadcast, ABTOMaTHYHE 3aJI€)KHE CIIOCTEPEKEHHS — PaJiOMOBHE) J1a€
3Mory Bu3HadaTH nojoxeHHs 11K 3a qomoMororo cuctem CymyTHHKOBOI HaBira-
1ii Ta mepenaBaTH Woro uepe3 OopToBi BiamoBiaayi [3].

MK nopywHuk

Bnacunn MK

O06nacTe HeoGXigHOCTI
po3B'sAA3aHHA
(Resolution Advisory)

06nacTb NoNepeXKeHHn

: ' (Traffic Advisory)

6 kM - 40 cek

4 kM - 25 cek

40 kM

Puc. 1. llpuxnan 3axumieroro npoctopy s [TK

"Habip Bucotn" (RA)
s \ —
rd

TCAS II v7.1: BuAaBneHo
HENOTPUMaHHA HeoOXIAHOTO MaHeBPY "Habip Bucotn" (RA)
NOPYWHWUKOM, BHAAHA NPOTUNEXHA
KoMaHna RA

MinoT He QOTPUMYEThCA KoMaHaK RA, abo
TCAS II v7.0: HemMae .
= SR nitak He obnagHaHo cucteMoto TCAS, abo
AUHAMIMHOI 3SMIHM KOMaHg

ninoT BUKOHYE KoMmanam YIMNP

Puc. 2. Cxematuure 300paxeHHs podotu cuctemu TCAS y pasi kondiikry nsox ITK
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HOPMH ELIENOHYBAHHA STIIHO 3 IKAO

Hopwmu emenonysanus Oyno BeeneHo IKAO mns posnoziny I1K y moBiTpsiHOMY
HPOCTOPI Ha BCTAHOBJICHI IHTEPBAIM 331aHOT BEJIMYMHU 3 METOIO IOTIEPEKEHHS
KoH(DIIKTHUX cuTyariii. Bonn mommproroTecs Ha Bei I1K, ki MaroTh HalioHa-
JbHI 3HAKM Ta peecTpamiiiHi 3Haku aepxkaB-wieHiB IKAO. B Ykpaini Hopmu
elIeNonyBaHHsA Oyso 3aTBepakeHo HakazoM «[Ipo 3arBepmkenns [IpaBun eme-
JIOHYBaHHS i Yac 0OCIyTOBYBaHHS IMOBITPSHOTO pyXy» MiHicTepcTBa TpaHC-
nopTy Ta 3B’s13Ky Ykpainu Bin 29.09.2010 [4].

Bepmuxansnum ewienonysannam Ha3UBAIOTh PO30CEPEIKEHHS TMOBITPS-
HUX CYJCH Ha PIi3HUX piBHAX (EIIeNI0OHax) 3a BUCOTOI. PiBHI BepTHKAIBLHOTO
eIeNIonyBaHHs Mmo3HavaoThes abpesiaryporo FL (Flight Level), 3a sxoro 3a3Ha-
Ya€eThCS HOMEp CIICTIOHY, 1[0 BU3HAYAETHCS BUCOTOI y COTHAX QyTiB. Hampu-
knax, FL20 — e piBens Ha BucoTi 2000 ¢yTi (600 meTpiB).

BepTukanbHe emenonyBaHHS 3a3BUYAN 3MIMCHIOETHCS Y HAIIBKPYTIINA CHC-
TEMI CIIeJIOHYBaHHS: JUIsl MOJIBOTIB 3 ICTHHHUMU IUISXOBUMHU KyTamu Bin 0 110
179° BubGupaeTbcss HenapHuil necsatkoBuil emenon (10, 30, 50, ..., 490); mis
MOJILOTIB 3 iICTUHHUMH HUISXOBUMHU KyTaMu Bix 180 mo 359° BuOupaerscs map-
HUU pecstkoBuit emrenon (20, 40, ... 500). MiHIMyM BEpTHKaJIBLHOTO CIICTIOHY-
BaHHSI TOBUHEH CTAHOBHUTH:

1) sominambHO 300 M (1000 dyTiB) — must emenonis, HUx4IMX 32 FL290 Ta
HoMmiHampbHO 600 M (2000 ¢yrtiB) — mna emenony FL290 Ta Bumie, kpim
HAaCTYIHOI yMOBH;

2) 300 M (1000 ¢yri) mixk emenonamu FL290 ta FLA10 BrIrOUHO, 32 YMOB
BHUKOPHCTAHHS CKOPOYCHOTO MIHIMyMy BepTHKaIbHOTO emenonyBaHas (RVSM,
reduce vertical separation minima), Ta HomiHambHO 600 M (2000 QyTiB) BHIIE
emenony FL410.

biune ewenonysanna nonsrae B po3noAiIeHH] 3aIUTAHOBAHMX MapIIPYTiB TaK,
o0 BiICTaHh MK IXHIMU TUITHKAMH HIKOJIM He OyJia MEHIIIOO 3a JIesKi BU3HAYCH]
JWCTAHIIiIO 1 po3Mip BcTaHOBIeHOTo Oydepa. Bigcranp Mixk MOBITPSHAMHU Tpacamu
MOBMHHA OyTH He MeHIIow 3a 50 kM. Y pasi MmojpoTy 1o3a Tpacor OiYHa BifCTaHb
Mk TIK, ki mersaTh B ogHOMYy ab0 TPOTHIIEKHOMY HAlpsMKaxX, He TIOBHHHA OyTH
MeHmow 3a 10 kM. MiHiMaibHa JMCTaHIis OIYHOTO emeNOHYBaHHS y pa3i po3Xxo-
JDKEHHSI B yMOBax 0e3[epepBHOTO PalioNOKalitHOr0 KOHTPOIIIO 3TIHO 3 MPaBHIAMU
TIOJIBOTIB 3a TPUJIaIaMH CTAHOBHTB He MeHIIe 3a 20 KM.

Toukamu GIYHOTO elIENIOHYBaHHS Ha3WBAIOTh TOYKH BXOAY y PaiioH 3 OiUHOIO
BIJICTAHHIO, MEHIIIOIO 32 HEOOXiIHWI MiHIMyM, Ta BUXOAY 3 HBOTO IS TPEKIB, SIKi
nepeTrHaroThes. [Tnonmna, oOMekeHa TouKamMu OIYHOTO eIIeTOHYBAHHSI, Ha3HBAETh-
cs parioroM KoH(TiKTY. Touku OGIYHOTO eIeNOHyBaHHs OOUYHCITIOIOTH 32 (POPMYIIO0

l = L
. bl
sin (u )
ne | — BiicTaHb Bij mEpeXpecTs 10 TOUKH OIYHOrO EIeIOHYBaHHS; S , OlyHa

BiZICTaHb MiX JIHISIMH IIUIIXY, IO JOPIBHIOE MiHIMyMy OIYHOTO €IIeIOHYBaHHSI,
U — KyT MiX JiHisMH 01Xy, CXeMy po3paxyHKOBHX TOYOK OIYHOTO eIIeloHy-
BaHHS 1 30HU KOHQUIIKTY 300paskeHo Ha pHC. 3.
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3oHa koHdnikTy

>
o~

A Touku 6iYHOrO eleToHYBAHHA

Puc. 3. Touku 614HOTO €LIETOHYBaHHS 1 30HU KOHDIIIKTY

VY pasi no63006x3cHb020 ewienonysanns THTEPBA MIX PO3TallyBaHHIMHU
MOBITPSHUX KOPaOJiB HIKOJU HE MOBHHEH OyTH MEHIIMM 332 BCTAHOBJICHUH Mi-
HimyMm. [ToB3mosxHe emenonyBanas Mixk [1K, gxi npsMytoTs 3a momyTHUME 200
NPOTHICKHUMHU TPEKaMH, MOXKe OYTH BUTPUMAHO NUISXOM 3aCTOCYBaHHS Kepy-
BaHHSI IIBUJIKICTIO, BKJIFOUAIOYH BUKOPUCTAHHS MeTony unciia Maxa. MiHiMyMH
MOB3/I0BKHBOTO EIICTOHYBaHHS MOXYTh 0a3yBaTHCS:

e Ha yaci;

® Ha 4aci — 3 BUKOPUCTAaHHSAM METOAy uncia Maxa;

® Ha BiJICTaHi — 3 BUKOPHUCTaHHIM BCEOIYHO HANPABICHHUX JaJCKOMIpHUX
pamiomaskiB Ta/abo GNSS;

e Ha BiJCTaHI — 3 BUKOPUCTAHHSIM 30HAJIBHOI HABITaIlii, 3 BHKOPHUCTAHHIM
Meroay uucia Maxa;

e Ha BIJCTaHI — 3 BHUKOPHCTAaHHSIM 30HAJbHOI HaBiramii, y Micusx, e
BCTaHOBIICHI MOTPiOH1 HaBiramiiHi XapaKTepUCTUKH.

CTPYKTYPA KOMNNEKCY MOJIENIOBAHHA NK

Cucremy s cuMysisiii mosboTiB 1K peanizoBaHO 3 BUKOPHCTAHHAM YOTHPHOX
MPOrpaMHUX MOIYJIB (puc. 4). BiibIIiCTh MOAYIIB € HE3AICHKHUMH OJIUH Bij
OJTHOTO Ta MOXKYTb KOMOiHYBaTHCS AJIs1 BAKOHAHHS OKPEMHUX €TarliB CUMYJIALII.
Mopnynb reHeparii 3a/1iTHO Ha MOYaTKOBOMY €Tarli pOOOTH KOMILIEKCY MO-
nemoBaHHs. Bin ctBoproe 6a3zoBy 3D many 3 nanmmadToM, CEKTOpaMH 1 Ha3eM-
HUMH O0’€KTaMH Ta MOAEISIMU IOBITPSHUX KOPaOIiB, sIKI PO3TAIIOBYIOTHCS Y
cTBopeHiit mami. [loBiTpsiHUI TpocTip mogaHo y Burisini rpada. BepmmHamu
rpada € HazeMHi 00’€kTH, peOpaMu — ONTHMAaNbHI TpackTopii. Mama po3miis-
€TBCSl HA CEKTOPU YOTHUPHOX THUIIIB: HEHTpalibHa 30Ha; 30Ha, Ne [IK mMoxe B3ae-
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MOJIIATH 3 Ha3eMHUMHU 00’ €KTaMM; 30HA ITiIBUIICHOT HeOe3meku Ta 3a00poHeHA
JUTS TOJILOTIB 30HA. CTBOPEHHS MAIU € MOXKJIMBUM Y PYYHOMY, YaCTKOBO aBTO-
MaTUIHOMY Ta ITOBHICTIO aBTOMATHYHOMY pexumax. [enepamis momeneit [1K
BiZIOyBa€ThCS 3TiJTHO 3 BCTAHOBJICHOIO KUIBKICTIIO Ta 3a/JlaHUMU XapaKTepHCTH-
KaMu 13 0a3u J1aHux.

ITouatkoBa reHepartis Tpaekropiit IIK BigOyBaeThcs 3a TOTIOMOTOI0 MOTYJIS
IUTaHyBaHHS MONBOTIB. TakoXk 1el MOJYJIb € OB’ I3aHUM 3 rpadoM MOBITPSHOTO
MPOCTOPY, 32 JIOIIOMOTOI0 SIKOTO BHOUpPAE ONTUMAIIbHY IMOYAaTKOBY TPAEKTOPIIO,
0a3yrounch Ha KpUTEPIisAX BijcTaHi, epeKTHUBHOCTI, Yacy Ta iHIIIHX.

Monys nepeMillieHHs BAKOHY€E OCHOBHY CHUMYJIAIIIIO YCI€l cUcTeMH, 10 3Aikic-
HIOETHCS TIOTAKTOBO 13 CHHXPOHi3arliero B3aeMoii Beix [1K Ta ixHix okpemux eneme-
HTiB. Tak, Hanpukian, oOMiH moBimomieHHsMH Mibk cuctemMamu TCAS npox TIK
3aiiMae | TakT, a B3aeMOis 3 HA3EMHUM JUCTIETYCPCHKAM IIEHTPOM 3aiiMa€e TpHHA-
MHI 10 TaxTiB, OCKUIBKH BPaxOBY€ETHCS Yac peakilii JIFOJCHKOTO TIEPCOHAITY Ta OOMIiHY
ronocoBoro iHdopmartiero. KoopnuHatiiss B3aeMozil mepeMillleHHs BUKOHYETHCS 3a
JIOTIOMOTOIO0 MOJTYJIiB IIaHYBaHHS Ta 00UMCIeHHs. [|01aTKOBO BHKOHYIOTHCS 00UMC-
JIGHHS TPAEKTOPIi PyXy Ta 32 HEOOXITHOCTI X ONTHMI3aIIisL.

Monyns reaeparrii

Monynb
reHepalrii Manu

Monyib
rerepairii [1K
Moy monsoTy OO0unCIIOBAILHUN
MOJTYJTb
Moaynb
™ Moxynb %

_»| DPO3B’s3aHHsA

|1, mmaHyBaHHs / KOH(JIKTIB
Monynb

Monyms & .

) = OIITHUMI3AIlll
nepeMileHHs (€ |
7 TPAEKTOPIl

Mopyne noct-
00poOIeHHs

Puc. 4. Opranizaiis KOMIUIEKCY MOJICIFOBaHHS TUHaMivHUX KOHQikTiB [TK
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Jlyis HaZlaHHS KOPUCTYBady CUCTEMH iHGOpMaIIil Ipo MpoIec Ta pe3yIbTaTH
pOOOTH BUKOPHCTOBYETHCS rpadiunuil iHTepdeiic. ¥ Momyss mocT-00poOIeHHS
MOCTIHHO HAAXOMUTH HeoOXimHa iH(oOpMalis BiJ yCiX aKTUBHUX MOIYJIB Ta
TEeHEPYEThCS 300pakeHHSI. 3a paxyHOK BHUKOPHCTAHHS 30BHINIHIX PO3IIAPEHB
JUTSE MOJZTYJIsl € MOXIIMBUM aJalTyBaTH CUCTEMH JI0 BeO-iHTepdeiiciB, 10 KOMaH-
JTHOTO PsiIKa 9¥ IO MOOITBHUX JOAATKIB.

MORYNb TEHEPALIT

[ToyaTkoBUM €TaroM BUKOHAHHS CHMYJISIIII € CTBOPEHHS TPUBUMIPHOTO IPOC-
Topy. OCHOBHaA yBara NpUAUISETHCS ABOMipHiH miomuHi XY, sfiKa MICTHTB OC-
HOBHI HEOOXi/IHI eeMeHTH. Y TPEeThOMy BHUMIpi Z (BUCOTa) TEHEPYIOTHCA JIUIIIE
eJIeMEHTH JIaHImadTy, TaKi K TIPChbKi MaCHUBH, Ta BUKOHYETHCS PO3TOIIT BUCOT
Ha emenonu 1o FL920 BxmrouHo.

I'enepanis ronmau XY pO3MOYMHAETHCS 31 CTBOPEHHS KOOPAWHAT Ha3eM-
HUX OO0’€KTIB: HACENICHWX ITYHKTIB, aepoJpOMiB, Ha3€MHUX CTAHIIH 3B’s3KY,
LIEHTPIB 30H 3a00POHEHUX JIJIS MOJILOTIB Ta IHIIMX. KOOpAMHATH TOYOK reHepy-
I0ThCS 32 paBUIIoM po3nofiny bokca-Mromiepa [6]:

—x —2*In(R) - —2*ln(R)’

R R

xe R=x"+ yz, X Ta y — He3aJeXHI BUNAIKOBI BEIHYUHHU 3 Biapisky [-1, 1].

Ha ocHOBi mpocTOpoBOTO PO3MOALTY BHKOHYETHCS arperarisi Ta po3Ioaia
3reHepOBaHMX TOYOK 3a BCTAHOBJICHHMHU IpaBHJIaMu. Tak, HalPUKIIAZ, TOYKH
aepoAPOMIB HE MOXKYTh PO3TAIIOBYBaTHCS Jy>Ke OJIM3BKO OJHA 1O OJHOI, HE
MOJKe OyTH OUTBIIIE TBOX a€POAPOMIB Y OJHOMY MICTi, 3a00pOHEHI /ISl IOJIBOTIB
30HMA 3 OLTBIIOI0 BIpOTIMHICTIO PO3TAIIOBYIOTHCS Ha BIJICTaHI Bill HACEICHUX
MYHKTIiB. 3aJIe)KHO BiJl pO3Mipy T€HEpOBaHOI TUIOIIMHH, BUKOHYIOTHCS JNEKLIbKa
[UKJIIB PO3IMOMAITY TOYOK JJISi BiAIOBIIHOCTI BCTAHOBIIEHHM IpaBWJIaM Ta Ha-
OJIMDKEHHIO IO 3aKOHY HOPMAJIBHOTO PO3IOILTY.

JIy1is pO30MTTS IJIOUIMHKE Ha CEKTOPH BUKOPHUCTOBYETHCS JACKOMITO3uIist Bo-
ponoro 3 anroputMoM @opuyHa [7]. Llel migxin nae 3MOry OTpUMAaTH CEKTOPH,
MeXi SKHX € PIBHOBIIAAJNICHHNMH BiJ BEpIIMH Tpada IMOBITPIHOTO IMPOCTOPY.
JlomaTkoBO TSI IEKOMITO3HINII BUKOHYETHCS TIEPEBipKa Ha BiAMOBITHICTE Tpa-
BUJIaM PO3OUTTS CEKTOPIB.

Mopemni I1IK cTBOpIOIOTHCS BIAMOBITHO IO 337aHOI KiIBKOCTI YM BUMIAIKO-
BuM uuHOM. Ili 9ac reHeparlii BOHU pO3MIIITYIOTHECS B a€pOIOPTax UM y IMOBIT-
psHOMY TipocTopi. [t TEXHIYHMX XapaKTEPUCTHK B3SATO 332 OCHOBY iH(opMaIliro
3 BiiKkpuTuX 0a3 manux npo 50 HAUNOMYJISPHINIUX MACAXKUPCHKUX Ta TPAHCIIOP-
THUX JiTakiB. [ani 36epiratotecs y dopmarti CSV (puc. 5). @i3udHI TOKa3HUKH
K, sixi 3MiHIOIOTBCS B IMOJILOTI, 33JaI0ThCSI PIBHAHHSAMH BIAMOBIAHUX PO3ALIIB
¢i3uku Ta apiarrii.
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id name type dimensions weights flight_perf engine hardware
(Int) (String) (String) (Int Array) (Int Array) (Array) (Array) (Array)
length empty max_speed | |
(Int) (Int) (Int)
height max || economy_ ||
(Int) (Int) speed (Int)
wing_span current || max_range
(Int) (Int) (Int)
ecomony_ ||
range (Int)

Puc. 5. Hananns xapakrepuctuk I1K B mporpaMHOMYy KOMIUIEKCI

MOJLYNb OBYMCNEHHA

Moy 009nCITIEHHS] BUKOHYE JBi OCHOBHI (pyHKIIIT — po3B’si3aHHs KoH(ikTiB [TK
Ta ONTUMI3AIIII0 TPAEKTOPIT U1l YHUKHEHHS KOHQIIKTIB. Y SKOCTI OCHOBHOTO TIPH-
CTPOIO TS BUSIBJICHHS Ta po3B’si3aHHs KOHOIIKTIB [TK BUKOPHUCTOBYETHCS cHcTEMA
TCAS II. AnpTepHaTHBHO OYJI0 peani3oBaHO €KCIIEPUMEHTAIBLHY CHCTEMY TapaH-
TOBAHOTO PO3B’sI3aHHS AWHAMIYHMX KOH(JIIKTIB MOBITPSHUX KOpaOiiB y Macmradi
peanbpHOro yacy [8, 9].

Posrnsinemo mpuHIun pobotu Moayns oduucienHs EC 3rimHo 3 anroput-
MOM, SIKAH 300pakeHO Ha puc. 6. Moaynp Npallfoe MHKIIYHO, Oe3rnepepBHO
OTPUMYIOUM JIaHi 3 0araTthoX JKEpesd CBOTO JiiTaka Ta Beix iHmmx 1K, mo 3Ha-
XOJIATHCS B TIEBHIN 3a/aHill 0OMeXeHill YaCTHHI IPOCTOPY, MepeNatoyu pe3yib-
tatn obunciens Ao inmux 1K, cucrem cBoro I1K i HazeMHUX cITy>k0 Ta CHCTEM.
JlaHi MOCTIHHO NPUHMAaIOTHCS Ta 00POOIIAIOTHCS, YaCTHHA 3 HUX 32 HEOOXITHOCTI
Moe 30epiraTucs Ui BAKOPUCTaHHS B HACTYITHUX 1HTEpBajax 4yacy.

o o

] v ]
36ip mamx mpo ceii IIpriioM TaHHX 1IPO TTopieusauag obnacTeii OG9IHCIeHET eKOHOMITHHX
IIK immi ITK B paziyei aii KepopaHocTi Beix ITK MOKA3HHEKIB cBoro ITK
[ \l/ ] [ w ]
BH3HadeHHA Bubip maxoasmoro THIIy
KOOpIHHAT iHmHX [TK MaHeBpY
Pospaxynox 30H BH3HageHHA
HEeBH3HAYEHOCTL TPAEKTOPLI MAHEBPY
[porHo3yBaHHEL BH3HaUeHHsS MAHEBPY I [IOBEPHEHHT
TpaeKTopit Ha TI0YATKOBY TPAEKTOPiD

U

Tlepenaya naHex GopToBHM cHeTeMaM ceoro [TK,
immeM [TK B pagiyci Ta HazeMHHM CHCTEMaM

o

Puc. 6. Anroput™ poOOTH MOy O0UUCIICHD
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[Micns mpuitoMy Ta 0OpOOJICHHS JaHUX BiOYBA€ThCS aHANI3 3arpO3H 3ITKHEHHS
Ha OCHOBI MpOrHO3iB Tpaektopiil pyxy IIK B 3amaniii 30Hi, ki 06a3yl0Tbcs Ha
KOOpAMHATAX, MIBUAKOCTI, MPUCKOPEHHI, Kypcl Ta MOXJIMBUX JI0JaTKOBUX IIa-
pamerpax MaremaTtuyHux mozeneit pyxy IIK. JlonatkoBo, Ajisi BU3HAYEHHS KO-
opauHar ycix 1K Ha mpocTopoBO-4acoBiii KOOpAWHATHIN CITII BPaxOBYEThCS
iH(opMaIis mpo Tak 3BaHI «30HM HEBH3HaueHOCTI». Ha ocHOBI oTpuMaHuXx na-
HUX Ta MPOTHO30BaHWX TpaeckTopiid 1K mpoBoaMThCS aHami3 Ta MOIETIOBAHHSI
JUIs. BU3HAYEHHsI HMOBIpHOCTI 3arpo3u 3itkHeHHs [1K y 3amawniii obnacti mpoc-
Topy. SIKIIo 3arpo3a 3iITKHEHHS BiICYTHS, MiJICKCTEMA MOBEPTAETHCS OO MOYaT-
KOBOTO CTaHy i MUKJIIYHO IIPOJIOBKYE aHAII3.

3a HasBHOCTI 3aTrpO3H 3ITKHEHHS PO3MOYMHAETHCS PO3PAXYHOK MapamMeTpiB Ma-
HEBPYBaHHS, OCHOBHMM 3aBJaHHAM SIKOTO € BH3HAUCHHS ONTHMAJIBHOI TPAEKTOPil
MaHEeBpY U1 YHUKHEHH 3iTkHeHHs. CyKyIHa iH(pOopMaIlis mpo IMpOrHO30BaHi Tpa-
€KTOPii BUKOPUCTOBYETHCS 11 BU3HAUCHHsI oOnacteii kepoBaHocTi [1K B 30Hi KOH-
(TIKTHOT CcUTYallil Y KOKeH MOMEHT 4acy. JI0JJlaTKOBO BPaXOBYHOTHCS €KOHOMIiYHI
noka3auky BiacHoro 1K, a came 3MiHa MapLIpyTy MaHeBpYy 3a BiICTaHHIO Ta 4a-
COM, €KOHOMISI TTAJIMBA, 3PYUHICTh TIEPEeBE3EHHS TTacaXupiB 1 6araxy Tormo. 11i mo-
Ka3HHUKH Ta KPUTEPIii HaJani BpaXoBYIOThCS B O0OUMCIICHHSX IS BU3HAUCHHS TPACK-
TOpi# BigxwuiaeHHs1. Ha ocHOBI iH(opMallii, OTpuMaHOi Ha MonepeJHiX eTanax o0un-
CIIeHb, BUOMPAETHCS BINMOBIIHUIA TUI MaHEBPY, SKUH HaHOLIBINE MiAXOAUTH I
PO3B’s13aHHS 3a/1aHOi KOH(QUIIKTHOI CHUTYyaIlii, pO3paxOBy€ETLCS TPAEKTOPIST MaHEBPY
YXUJICHHS Ta KPOKU /IS TIOBEPHEHHS Ha MOYATKOBY TPAEKTOPIIO MICNISl YXUIICHHSL.
KosxeH 3 OTpUMaHUX pe3ylbTaTIB € BUXITHOK iH(POPMAIIEI0 MOIYII, SKa Imepeaa-
€THCS JIO IHIIHX OB’ I3aHUX MOYJIIB.

Hnst hopmyBaHHS KepyBaJbHIX KOMaH]| Ta IUKITYHOI POOOTH LIOTO MOJY-
11 indopmarnis 30epiraerbcs y BHyTpilHiX cucremax cBoro [IK. 3a momomororo
CHCTEM 3B’s3Ky Ta Iepeladi JaHWX MOMAYJb Tepenac iHdopMalliro mpo BIacHi
MaHeBpH Ta Tpaektopii iHmmM [1K y 3amaHiii yacTHHI TpocTOpy, a TaKkoX, 3a
MOXJIMBOCTI, 10 HA3€MHUX CHUCTEM, TAKUX SIK JUCIETYEPCHKi MyHKTH, Pagiono-
KallifiHl CUCTEMH Ta MUJIOTAXXHO-HABIralliiiHi KOMIUIEKCH.

TECTYBAHHA KOMNNEKCY MOAENIOBAHHA TA OLINIOBAHHA PE3YNbTATIB

[Iporec MoaentoBaHHs 3B’S3KIB Ta BIACTUBOCTEH aBialliiHUX CHCTEM, elie-
MEHTIB Ta MPOLECiB a€ 3MOTY OLIHUTHU IXHiH cTaH, 3pOOMTH MPOTHO3, MPUHHATH
0o0TpyHTOBaHE pIllIeHHs, TEPEBIPUTH TOYHICTH 1 MPAaBHIBHICTH MOJETI TOIIO.
CTaTUYHUMU CKIAAHUKaMK Mojielli BUCTynaroTh [1K, koxeH 31 CBOIMU CTaluMu
(Gi3MYHUMH XapaKTEepUCTUKAMH Ta BEKTOPOM 3aIllIaHOBAHOTO pyXy. JuHamiu-
HUM CKJIQJHUKOM MOJeNi € mpouec (yHKLUIOHYBaHHS 1 PO3BHTKY CTaTHYHUX
€JIEMEHTIB, TOOTO XapaKTEpHUCTUKH Ta TOKA3HWUKH IOJEOTY, TPAEKTOPIH, IO
3MIHIOIOThCS Y yaci. [Io4aTKOBUMU TaHUMH ISl POOOTH KOMILIEKCY €:

- kinmekicTh I1K, siKi 3HAXOAAThCA y IEAKil YaCTHHI TIPOCTOPY;

- KUIBKICTh Ha3eMHHX 00 €KTIB, SIKi 3HAXOATHCS Y ACSIKIH 9aCTHHI TIPOCTOPY;

- mouaTtkoBi koopauHatu [1K Ta Ha3eMHUX CTaHIIH;

- He3MiHIOBaHI Qi3umuHi mokasHuku KoxkHoro IIK (po3mipm, Bara,
MPIOPHUTET TOIIIO);

- 3MiHIOBaHI (i3u9HI ToKa3HUKH KoxkHOro 1K (mBUaKicTh, BHCOTA, 3armmac
MajiMBa TOIIO).
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[ponec MoxenroBaHHs 3AIMCHIOETHCS 3 AUCKpeTH3auiero nepemimenns [1K
3 IEBHUM IHTEPBAJIOM 4acy 3a JONOMOTOI0 CHHXPOHi3auii FTOJMHHUKA CUCTEMU 3
ronuaarKamMu [1K Ta Ha3eMHHMX cTaHIIiA. 3TiAHO 3 TOYaTKOBUMH KOOpIMHATAMH
Ta TpaekTopiero pyxy [IK mepeMilryroTbcs B IesKii BU3HAYCHIW TPUBUMIPHIM
wromuHi. Koxawmii [IK y peanpHOMy daci, 3riHO 3 peai3alli€clo aaropuTMmy
mepenadi JaHUX IJa 9ac pyxy, oOMiHroeThes iH(popmamicro 3 inmumu I1IK Ta
BUKOHY€E MPOTHO3YBaHHsI 3arpo3u 3iTKHEHHsS B JIEsKil BU3HAYEHiH 30HI. Y pasi
BUHHUKHEHHS! KOH(QumikTHOI curyanii [IK BHKOHYIOTH pO3paxyHOK HapameTpiB
MaHEBPYBaHHsI Ta IICJI MAaHEBPY MOBEPTAIOTHCS HA MONEPEAHIO TPAEKTOPIIO.

Po3pob6nennit mporpaMHUi 3aCTOCYHOK BUKOHY€E TOTAaKTOBE MOJIENIOBAHHS 32
BKa3aHUMHM YMOBAaMH Ta MOYATKOBUMH IMapaMeTrpamu. OCHOBHE BIKHO MICTUTB Ipa-
(hiuHe MmoJaHHA Many 30HA CUMYJISMIT Y TppoX BUTIsAaax: Pagap (puc. 7), [leperisin
3a BUCOTOIO Ta Marma. O0acTh y TpaBiii 9acTHHI BiKHA MPOTPaMH A€ 3MOTY TIeper-
JSIIATH CUCTEMHI TIOBIIOMJICHHS TPO BUKOHAHI [Iil, MaHeBpH Ta cutyamii. Y ¢oHo-
BOMY PEXFMIi 3/IIHCHIOETBCS 30ip JaHUX TPO YHCIIOBI XapaKTEPHCTHKH KOXKHOTO
00’€KTy CHCTEMH MOJIEIIOBAHHS, sIKi 30epiraroThes y (aitr. HamamryBaHHs moyar-
KOBHX YMOB i1 TipocTopy, [1IK Ta TpaexTopiii € MOXKIIMBUM y PYYHOMY Ta aBTOMa-
THYHOMY peKuMax (puc. 8 a, 8 0).

% KOMRNEKE MOAENKBAHHRA NACHCTEMI AMHAMIUHOND PO3S A3aHHA KOHAIKTY X
Cumynauin
1Takr | | 10 Taktie Mocnigoexa cumynALiA: | 3anyctu 10 2| Takr/eex May3a Cron & Hanawrysanua “ [fonomora

000 010 Antonov An-148E v
A 020

0: Initiamnizania [TK3 "Antonov An- 148E".

350
3450 i
330 030 . .
1: Pyx mo 3anasiit Tpackropi
320 . 040 1: OBmin morimommerram i3 TIK 1, TIK2!
q 2: Pyx o 3anaHiii TpackTopi
e 050 2: Obmin mosimommerran i3 TI1, TIK2
3: Pyx o 3anaHiii TpackTopi
3 3: Obmin noeinomnensEamu i3 TIK 1, TIK2!
340, D60 . o L
4: Pyx no 3amaniii TpackTopi
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TecTyBaHHS pO3pOOJICHOTO KOMIUICKCY OYJIO MPOBEICHO MEKITbKOMA CepisiMH
JUIL BUSIBJICHHS TIOKa3HHKIB 3arajbHOI 3aBaHTAXKEHOCTI MOBITPSHOIO MPOCTOPY
(Puc. 9a) i #ioro okpemux cextopiB (puc. 90). Ha prucyHkax mokazaHo cepe/Hi 3Ha-
YeHHS IS Cepii TeCTyBaHb 3a I’ STH PI3HNUX MOYaTKOBUX YMOB, 3a/IaHUX BHIIATKOBAM
yrHOM. BepTukaibHi JiHil BKa3zytoTh Ha fomyctame (55 %) Ta kputnune (70 %) 3Ha-
YEeHHS 3aBaHTAKEHOCTI MPocTopy. OKpiM IBOTO, BUKOHAHO OOYHCIICHHS 3aJI¢KHOCTI
KUIBKOCTI Ta IOBKHHHM MaHEBPIB BiJl 3aBAaHTAKEHOCTI IPOCTOPY Ta KUTbKOCTI KOH(Ii-
KTHUX cHTYyalii (puc. 98 Ta 9r). 3pocTaHHs 3aBaHTaXXEHOCTI TPOCTOPY CIIPUYHHSIE
SKCTIOHCHIIIHY 3aJIe)KHICTh KUTLKOCTI Ta JTOBYKIHH MaHEBPIB.
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Puc. 9. PesynbraT MoemoBaHHg KoH(IiKTHUX cutyaniil [IK: a) 3aranpHa 3aBaHTaXeHICTh
MpOCTOpy; 0) 3aBaHTAKEHICTh CEKTOPIB MPOCTOPY; B) KIIBKICTh KOH(DIIKTHUX CUTYyallii Ta
BUKOHAHMUX MaHEBPIB 3aJIE)KHO BiJl 3aBAaHTa)XEHOCTI; T') KUIBKICTh Ta JOBXHHA BUKOHAaHUX
MaHEBpIB 3aJIC)KHO BiJl 3aBAHTAXKEHOCT1
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Puc. 10. TlopiBHsnbHUI Tpadik MOJAETIOBaHHS 3 BHKOPHCTAHHSAM EKCIEPHMEHTAIBHOT
CHCTEMU PO3B’sI3aHHs KOH(MIIKTHUX cuTyanii Ta cuctemu TCAS 11

Ha ocHOBI OTpUMaHHX pe3yNbTaTiB MOXKHA BUKOHYBATH OIIHIOBAHHS 3T€HEPO-
BaHOI MOJIEJTi Ta MOPIBHSAHHS 3 IHIIMMH aHAJIOTIYHUMH MOJAEIISIMU Ta 3 TaHUMU pea-
JBHUX MONBOTIB. ['padiku 3aBaHTaKEHOCTI MOBITPSHOTO MPOCTOPY BiANOBINAIOTH
JMIUHAMIII TTOKa3HUKIB TpadikiB YHUKHEHHS KOHMIIKTHUX CHUTyamid. Y pasi 3poc-
taHHs KinbkocTi [IK Ha omuHWINO TUTONTI BHHWKAE OUThIE KPUTUYHHUX CHTYAIIiH,
10 B CBOKO Yepry CHPUYHUHSE 30LUTBIICHHS OOMIHY IMOBIJOMIICHHSMH MK yciMa
00’eKTaMH B pajliyci BUHUKAIOUMX KOHQIIKTIB. 3a 3HauHOI KiibkocTi [IK BuHMKAE
TIEPEHABAHTAKEHHSI CHCTEM PO3B’s3aHHA KOH(MIIKTHUX CHTyalii Ta YHUKHEHHS
KOH(QIIKTIB CIIPUYMHSE YTBOPEHHSI HOBHX KOH(mikTiB. Ha puc. 9r nokaszano, 1o 3a
BEJTMKOT 3aBaHTaKEHOCT1 YTBOPIOBAIMCS KOH(IIIKTHI cUTyarii Mixk O6ararema (I’ sTh
ta Outeie) [1K Ta miciast BUKOHAHHS MaHEBPIB YXWICHHs YTBOPIOBAINCS HOBI KOH-
(utikTH, sIKi TOTpeOyBay OLTBIIIOT JOBKIUHU TPAEKTOPI MaHEBPYBaHHS.

Jnst nocmimkeHHs SKocTi ekcriepuMenTanbHoi cuctemu (EC) rapanroBano-
ro po3B’si3aHHs AuHaMiuHUX KoHQUiKTIB [1K y MacmTabi peaspHOro acy OyIo
BHKOHAHO 30ip Ta aHaJi3 JaHWX IIOA0 THIIB KOHQIIKTHUX CHUTyaIliil 3TiIHO II0-
PYIICHb HOPM €IICTOHYBAaHHS T4 BUKOHAHO TMOPIBHSAHHS i3 YHHHOI CHCTEMOIO
po3B’sizannst koHIikTiB TCAS II (puc. 10).

Bruzbko 85 % koH()IIKTIB Oyiio OTpEMaHO Yepe3 MOpYILIEHHS HOPM BEpPTH-
KaJIbHOTO €IIEIIOHYBaHHS Y B KOMOIHAIlT KIJTbKOX THIIB. BimoBimHO MOBXKHHA
MaHeBpiB y Takux KoH(piikrax Oyrna 3HauHO Oinmbmior. Cuctrema TCAS riprme
PO3B’s3y€ KOHPIIIKTU Y pa3i MopymieHHs OIYHOTO Ta MOB3IOBXKHBOTO CHICIIOHY-
BaHb, OCKUIBKH BOHHM BUPIIIYIOTHCS IIPABUIAMH BEPTUKAIBLHOTO €IICTIOHYBaHHS.
Haromicte EC po3B’s3anHs KOH(MIIKTIB Kpalle BIopaaacs 3 po3B’I3aHHIM KOH-
GiKTHUX cUTyalil, a 11 eekTuBHICTH BUIIA Ha 18,2 %.
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Po3BuTOK cydacHOi aBiamii € HEMOXKIUBUM 0€3 SKICHUX 3ac00iB MOJEITIOBaHHS,
a KO’KHa HOBa po3po0Ka, SIKy MPOMOHYEThCS BUKOPUCTOBYBATH, IIOBUHHA OyTH
PETENbHO MPOTECTOBaHA. 3aBIAHHS MOIEPEIKEHHS KOH(QUIIKTIB IMOBITPSHUX
kopabiiB (I1IK) B pealbHOMY Yaci € OTHUM 3 KIIFOYOBHX cepei MmpodiieM aBiarii,
a oTke morpedye po3poOIeHHST METOMIB PO3B’sA3aHHs Ta 3acO0IB AT MOZEIIO-
BaHHS Ta TecTyBaHHs:. B po0OTi mpoaHani3oBaHO mepeBard Ta HEJOJTIKH YMHHOI
cuctemu monepemkeHHs KoHikTHUX cutyamiii TCAS Il Ta HopMu emrenony-
BanHs [1K 3rigHo 3 pexomennartissmu ICAO.

Po3pobnenuii koMIieKe U1 MOAEIIOBaHHS JUHAMIYHUX KOH(IIKTHUX CHTY-
amiit [IK y macmrabi peansHOTO 9acy jJa€ 3MOTY OIIHHTH KiJbKIiCHI TTOKa3HHKH
cumymnii pyxy [IK y 3reHepoBaHOMY IIPOCTOPI Ta pO3IIISAATH OCOOTHUBOCTI BU-
pimenHs koHGQIKTHUX cutyariid. YuaHa cucreMa TCAS 3acTocoByeThesi BiKe
Oinmbire 20-Tu POKIB Ta Ma€ AEsKi CYTTEBI HEMONIKU. Pe3ynbTaTu MoJenbHIX eKC-
NEPUMEHTIB [I0Ka3yI0Th, 10 PO3POOJICHUI KOMIUIEKC KOPEKTHO MOJEIIOE Iepe-
MillleHHs, B3aeMOil0 Ta MaHeBpyBaHHS [IK, a ekcrepumeHTanbHa cucTemMa
PO3B’sI3aHHS TUHAMIYHUX KOH(QIIKTIB € eEeKTUBHIIIONI 32 YMHHY cucTeMy TCAS
11 3a psimoM MTOKa3HUKIB.

Or1iHI0BaHHS €PEKTUBHOCTI (PYHKITIOHYBAHHS PO3POOJIEHOTO KOMILICKCY MO-
JETIIOBaHHS T4 BUKOPUCTOBYBaHUX alTOPUTMIB BUABICHHS 1 BUPIILICHHS KOHQITIK-
THHUX CHUTYyalill MpoBoxMJIacSd 3 BHUKOPUCTAHHSAM THUIIOBHX JOCIHIAHUX CLEHApIiiB,
MTOYMHAIOYM Bi MPOCTHUX KOH(MIIKTIB Mix aBoMma I1K mo rpaHWdHO CKIamHUX 3a
y4acTi B OMHOMY KOHQUIIKTI 3HauHOi KijgbkocTi [TK. OCHOBHMMH TOKa3HUKaMH
e(eKTUBHOCTI PO3B'sI3aHHs KOH(IIKTIB MPUHHATO BBAKATH KIBKICTh Ta TOBXHHY
MaHEBpiB YHUKHEHHs KOH(]IIKTHOI cUTyalii 3a pi3HOI 3aBaHTAXKEHOCTI MOBITPSI-
HOTO TIPOCTOPY, 32 Pi3HUX TUMIB KOH(IIKTHUX CHUTYAaIlii, IIOB’I3aHHUX 3 TIOPYLICH-
HSIMU HOPM €IIETOHYBaHHSL.
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COMPLEX FOR MODELING AIRCRAFTS’ DYNAMIC
CONFLICT SITUATIONS IN REAL-TIME

Introduction. Aircraft flight simulation has many solved and open tasks. The development of
modern aviation is impossible without high-quality modeling tools, and every new proposed
development must be thoroughly tested. Real-time aircraft conflict prevention is one of the
key tasks in aviation, and therefore requires solutions and tools for modeling and testing.

The purpose of the paper is to provide brief information on identifying and resolving
aircraft conflict situations methods, to develop a software package for modeling dynamic
conflict situations in real-time.

Methods. Software development of complex is based on the statistical and simulation
computer modeling, computational geometry and mathematical analysis methods. The theory
of automatic control, navigation and intelligent control methods are used to identify and
resolve conflict situations.

Results. The developed modeling complex allows evaluating the quantitative indicators of
aircraft simulation in the generated space and examination the features of conflict situations resolu-
tion. Modeling of movement, interaction and maneuvering of the aircraft is carried out. In conflict
resolution, the experimental system was more efficient than the current TCAS II system.

Testing the developed modeling complex, detecting and resolving conflict situations al-
gorithms was performed using typical research scenarios, ranging from simple conflicts be-
tween two aircraft to extremely complex, involving a significant number of aircrafts in a
single conflict. The main indicators for the optimal resolution of conflicts are the number and
length of maneuvers to avoid a conflict situation with different airspace congestion, with
different types of conflict situations associated with violations of the separation rules.

Conclusions. The proposed complex can be used to research the interaction of numer-
ous aircrafts in a dynamic environment, the development and testing of conflict situations
resolving methods. The modular structure of the complex allows performing simulations of
other elements, such as data transmission systems.

Keywords: information technology, aviation, computer simulation, conflict situation, aircraft,
TCAS system.
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HIERARCHICAL SIMULATION. ALGORITHM FOR PREDICTION
OF GLYGEMIC PROFILE FOR DIABETES

Introduction. Diabetes mellitus, a common chronic disease, requires lifelong treatment and,
like any chronic disease, requires regular monitoring and self-control at home.
Revolutionary changes in glycemic control in diabetic therapy have occurred thanks to the
development of sensors for continuous glucose monitoring (CGM), which can, almost
continuously, measure the concentration of glucose in the subcutaneous tissue. The most
common barriers to CGM use are related to high device costs and lack of insurance
coverage for their purchase, alleged sensor inaccuracy, anxiety, which is associated with

© KIFORENKO S.I, VASYLIEV LYu., ORLENKO V.L., IVASKIVA K.Yu., OBELETS T.A., 2020
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dislike of wearing the device. Thus, sensors are good but expensive, not affordable for
everybody and could be uncomfortable. Therefore, the constant search for alternative
solutions remains an important challenge.

The purpose of the paper is to show the possibility of using hierarchical modeling
technology to develop and study glycemic profile prediction algorithm as, to some extent,
alternative to continuous monitoring sensors in a context of limited irregular measurements.

Results. The program-algorithmic structure for realization of the concept of
hierarchical simulation is developed. The possibility of conducting research on models of
varying complexity is shown. An algorithm for insulin-glucose tolerance test was synthesized.
A procedure for predicting the daily glycemic profile by analytical formulas has been devel-
oped, which provides an opportunity to assess the trend of glycemic dynamics as an addition
to the irregular glucose measurements with a glucometer. A simulation study, the result of
which is the visualization of glycemic profile in a context of expected food intake schedule
and compensating insulin doses obtained by the analytical algorithm, was conducted.

Conclusions. The proposed hierarchical modeling technology, based on the use of
mathematical models of varying complexity, allows to conduct a complex of simulation stud-
ies to correct glycemia in diabetes at the preclinical and pre-ambulatory stages. During the
simulation of forecasting procedure, configuration discrepancies of the glycemic profile
obtained from different models were detected, but they are within the margin of error and
reproduce the main trend in the dynamics of glycemia during meals and insulin injections.
The calculated bolus doses of insulin are almost identical to those used by insulin-dependent
patients. The simplicity of calculations using analytical formulas can be a prerequisite for
the implementation of the algorithm in a special-purpose portable autonomous devices or in
applications for Android OS.

Keywords: digital medicine, hierarchical simulation, glycemic control system, identification
algorithms control, forecasting, simulation preclinical trials.

INTRODUCTION

Diabetes mellitus (DM) is a chronic disease that manifests in a persistent eleva-
tion in blood glucose level caused by absolute or relative deficiency of insulin, a
hormone that stimulates glucose transport from the blood stream into cells, pro-
viding the body with the main energy resource.

The problem of diabetes is becoming increasingly important due to the ever-
growing number of patients in all countries and on every continent. To date, the
number of patients on the planet is more than 180 million people, the current num-
ber of which, according to WHO estimates, will almost double by 2045 [1]. Cur-
rently, this disease is a global medico-social problem. This is not only because of
progressive increase in the number of patients with diabetes, but also because of the
extremely high risk of complications that lead to loss of working capacity, disability
and mortality in this group of patients. Consequently, at present, the main focus of
diabetic patient treatment is the development of methods and programs aimed at risk
reduction of micro- and macrovascular complications of the disease [2].

Diabetes mellitus, as a chronic disease, requires lifelong treatment. The goal
of treatment is "disease compensation”, i.e. achievement of glycemic indicators
that are close to normal values, since glycemic indicators that go beyond certain
limits cause complications. This remains one of the main tasks to prevent their
appearance and progression.

Diabetes, like any other chronic condition, requires regular monitoring and
self-control at home. Unconditionally, it is very important to measure blood
glucose level regularly — the main indicator that describes the state of
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carbohydrate metabolism and the diabetic status of an organism. To address this
issue, the modern industry produces affordable glucometers, using of which the
patient can take measurements, if necessary, few times a day, that contributes to
a better quality of glycemic self-control.

Despite the various etiologies of the existing types of diabetes and the
peculiarities of the course, their therapy pursues a common goal — the normalization
of glycemia, the elimination of symptoms associated with high blood glucose level,
the reduction of risks of hypoglycemia and the prevention of complications.

One of the methods of treatment for diabetes with endogenous insulin
deficiency is intensive hormone therapy based on repeated daily injections,
which include one or two long-acting hormone injections per day to create a
basal concentration of glucose in the blood (fasting glucose level is an indicator
for this) and additional fast-acting hormone injections before each meal in an
amount that depends on glucose component.

To avoid complications, it is very important to choose an adequate insulin
dose, consistent with the carbohydrate component in the food. Insufficient
insulin dose can lead to hyperglycemia. And if this happens regularly, it could
cause severe vascular complications such as retinopathy, nephropathy,
neurological damage and diabetic foot syndrom. They are the cause of disability
and increased mortality. On the other hand, an overdose of insulin can cause
hypoglycemia which leads to loss of consciousness and if it is not compensated
immediately, even to death. As a result, diabetics should monitor glucose
concentration during the day and adjust insulin therapy accordingly.

An insulin pump is used to improve injection therapy in modern diabetic
practice. This is medical device that injects fast-acting insulin into abdominal
subcutaneous tissue during the day at a constant rate to ensure glucose levels in
the permissible background range. Additional insulin doses are injected before
meal to ensure its utilization. Many papers, for example [3], outline the
effectiveness of insulin pump usage, which, compared with injection therapy,
improves glycemic control.

But despite continuous improvement of insulin administration methods, all
patients on insulin therapy should conduct self-control of blood glucose (SCBG),
which is an integral part of effective therapy. For many patients, this will require testing
6-10 times a day. Glycemic control in diabetic therapy has been revolutionized by the
development of sensors for continuous glucose monitoring (CGM), which can measure
glucose concentration in the subcutaneous tissue almost continuously (eg. Every
5 minutes) [4, 5]. The results of studies on the use of these devices provided in a review
paper [6]. The result of their use in combination with intensive insulin therapy regimens
is a decrease in HbAlc levels and the frequency of hypoglycemic events [7, 8].
However, the CGM sensors usage remains limited for a large segment of the
population with diabetes, mainly for patients with type 1 diabetes [9]. More recent data
show that even in highly developed countries only 17 % — 25 % of patients use CGM
[10, 11]. The use of CGM is even less widespread among patients with type 2 diabetes
[12—14]. The most common barriers to CGM use were related to high device costs and
lack of insurance coverage for their purchase [15, 16]. The most common reasons for
stopping CGM use were cost, anxiety, alleged sensor inaccuracy, and dislike of
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wearing the devices. Thus, sensors are good but expensive, not affordable for
everybody and could be uncomfortable. Therefore, the constant search for alternative
solutions remains an important challenge for researchers.

Diabetes is a complex metabolic disease that requires involvement of specialists
from many related disciplines: pathophysiologists, pharmacologists, technicians etc. In
modern society, the technology of mathematical modeling is practically an essential
component that accompanies almost all branches of activity. State-of-the-art
information technologies that are based on mathematical modeling can be an effective
auxiliary decision support tool in many segments of endocrinology at various stages of
diagnostic processes and diabetes treatment. A person with diabetes has to perform
many routine calculations forming a diet that is aligned with physical activity and
therapeutic measures. Daily glycemic profile of the patient is an indicator of the
adequacy of interactions of therapeutic measures and harmonization of dietary
exposure and vigorous activity. There is a large segment of users who are not able
regularly use continuous glycemic monitoring devices (CGM).

The purpose of the paper is to show the possibility of using hierarchical
modeling technology to develop and study glycemic profile prediction algorithm
in a context of limited irregular measurements.

EVOLUTION OF MODELLING

Currently, a large number of mathematical models are known. Information about them
can be found in review publications [17-21], devoted to the study of various aspects
of glycemic regulation, the dysfunction of which is the cause of diabetes mellitus.

In case of an advanced system of models, it is advisable to structure their set
according to the principle of hierarchy, the basis of which is a different level of
abstraction during the imitation of functional features of investigated system. In
this paper, for the synthesis of the algorithm and evaluation of its effectiveness
hierarchical modeling technology was used, which envisages the usage of
models of varying complexity from the most complex systems of nonlinear
differential equations, that with some degree of approximation try to recreate
systematicity, complexity and functionality of real physiological regulation to
the simplest minimal models used in autonomous technical devices [22].

The evolution of study of dynamic properties of the physiological system of
glycemic regulation using mathematical modeling methods began with an analysis
of the interaction of insulin-glucose bonds and has now moved on to a large-scale
simulation studies in silico, which are reported [19-23] and which enable to conduct
a number of different studies of the functioning of the system at the preclinical stage,
including engineering tests of glycemic control devices by using closed-loop
artificial pancreas.

Minimal models. Methodological analysis and examples of the use of
minimal modeling approach conducted in [24, 25, 26]. The key requirements for
minimal models are that they must have a minimum number of parameters that
must be identified by a single dynamic response under a limited number of system
measurements and at the same time satisfy the purpose for which it was created —
to reproduce the basic intended functionality of the system regulation. Further
developed class of this type of models is based on classic Bolie model, 1961 [27].
This is a system of differential equations that has 2 compartments and
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describes the linear nature of glucose-insulin interaction in the zero-order ap-
proximation. Various modifications and examples of its use are provided in pa-
pers [28-31]. The general view of this type of model can be written in the
system of equations:

dx
E: ay F(x,y)+a,F, (x,y)+G,

d
d—);: ay, Fy(x,y)+a,F,(x,y)+1,,

where x, y — blood glucose and insulin concentrations, F,(x,y) — delivery

rate and utilization rate of glucose and insulin as a result of metabolic
transformations resulting from homeostatic regulation, G,, I, — the rates of

external influence of factors that increase or decrease the level of glycemia (it
can be glucose in a food or injections / infusions of insulin).

There is a known methodology for constructing models based on the criterion
of dynamic equilibrium of glucose and insulin flows in the body as in an open
system [32-33]. A model of this type was developed by Russian scientists
Novoseltsev V.N., Orkina E.L., Kuchkarov Z.A. etc. and described in [24].

An example of the most minimal model, that in its structure has only one
glucose compartment, is a physiologically adequate mathematical model of
glycemic regulation, developed by Ukrainian scientists, in the form of a first-
order differential equation with a delayed argument, which makes it possible to
reproduce the dynamics of the glycemic curve under various external influences
quite accurately. The structure of the model has allowed the authors to conduct a
series of studies taking into account the peculiarities of glucose absorption from
the intestinal lumen, improve the detection of latent forms of diabetes mellitus
and simulate the calculated optimal regimen of insulin therapy for an automated
dispenser [34-35].

Maximal models. Mathematical modeling technology is constantly being
improved by creation of new tools and methods available for biomedical
modeling. Furthermore, the demand for theoretical simulation studies of various
hypotheses verification of functioning of carbohydrate metabolism regulation
system and also for quantitative assessment of elements interconnection in a
complex biological systems is not decreasing. This led to the creation of
computational structures that facilitate comprehensive analysis of theoretical
ideas about holistic biological system functioning [36].

The basis of these computational complexes are mathematical models with
advanced link architecture, that describe in more detail the set of physiological
mechanisms of glicemia metabolic regulation. They represent the systems of
high-dimensional differential equations with many nonlinearities and unknown
parameters, which illustrate (even if only hypothetically) a wide range of
possible interactions in a real physiological system. Such models enable the
creation of various modeling scenarios with which it is possible to conduct
analysis of the effectiveness of various treatment strategies without spending
resources on real research.
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It should be noted that the identification of such models is a complex issue,
which is analyzed and discussed in [37, 19, 25]. The problem of identification of
these models is reduced through the use of real functional dependencies obtained
in a special physiological experimental studies that are included in a complex
simulation model by separate modules [38]. Partially, the solution to the problem
of identification and complex models was proposed by Novoseltsev V.N. back to
1991 [21]. This approach consists in the fact that a minimal parametric structure is
allocated in a complex model, that permits an identification computational
procedure according to the available data of specific measurements. The last part
of the unknown parameters is verified based on fundamental functional
dependencies known in physiology and a priori personal information about a
particular patient. It should be noted that the problem of complicated
identification of such models is also reflected in forecasting since these models
reproduce the population tendency of the dynamic properties of a real
physiological processes. However, the role of such mathematical objects, which
have accumulated many years of knowledge about functioning of the regulatory
system, encoded in mathematical structures and parameters, which are used in the
educational process as textbooks is difficult to overestimate [39, 40].

Such models enable stimulation of different scenarios of occurrence, course and
treatment of the disease, followed by assessment of treatment measures by using
possibility, unprecedented in clinical practice, of repeatedly renewing clinical
situations. Complex of models equipped with a specialized interface is a kind of “vir-
tual clinic” which includes the subsystems “virtual diagnostics” and “virtual therapy”.

This entire arsenal of tools can be a clear illustration of the treatment process in
teaching, can serve as a guide for classroom training on the one hand, on the other —
allows medical students to be active participants in many stages of the treatment proc-
ess, to offer and to check using virtual objects — models — their options of condition
assessment, therapeutic effects, recommendations. Undoubtedly, the main form of
accumulating practical experience is a clinical practice under the guidance of a
teacher. However, the effectiveness of this form of training can be significantly
improved with the involvement of new computer technologies.

Simulation studies on complex models are provided in publications [38—40].
They are used when it is difficult and risky to conduct studies of the
effectiveness of therapeutic measures in a real conditions or they require
valuable costs. In this case, simulation studies on complex models perform the
function of preclinical trials. In foreign papers these studies are published under
the term "in silico". In silico research has become especially relevant in the
study of the effectiveness of not only feedback control algorithms directly, but
also their technical implementation with all their problematic attributes related
to the accuracy of measurements, testing the accuracy of algorithms to ensure
infusion of insulin into the body etc.

For example, in paper [41], the model for such studies consists of
13 differential equations, has 35 parameters and is able to simulate the personal
variability of the main metabolic parameters of the regulatory system, which is
observed in type 1 diabetes, in virtual space. The feasibility of using this
approach is confirmed by the fact that the FDA [45-47] has adopted simulation
tests in silico with a global model as a necessary step in replacing preclinical
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animal trials before authorized permission for clinical trials directly on humans.
Such large-scale studies are also reported in [48—54] publications.

ALGORITHM SYNTHESIS

The synthesis of the algorithm was performed directly on the model of minimum
complexity MINIMODEL, which can be used to obtain analytical solutions of
the problem. The model of greater complexity MIDIMODEL is used to compare
numerical solutions with analytically obtained formulas and then these variants
of algorithms are tested on a more complex model MAXIMODEL, which
simulates a real object.

The main technological stages of using mathematical modeling to obtain
information tools for visualization of glycemic profile and the possibilities for its
correction:

1 stage — mathematical structure for problem solutions on analytical formulas;

2 stage — development of an insulin-glucose tolerance test for identification of
parameters;

3 stage — obtaining analytical solutions of identification tasks, prediction and
optimization of the compensating insulin dose within the limitations;

4 stage — formation of a common fundamental structure and software
implementation of the algorithm simulation studies using hierarchical simulation
technology.

Model for analytical solutions. A simple mathematical model is proposed,
which provides the identification of unknown parameters by analytical formulas
and with limited number of blood sugar measurements, which allow to estimate
the dose of insulin for utilization of the amount of carbohydrates taken with food
while preventing glycemia to exceed the specified range:

dl
0= k-y,) - M+ 5,G(1), y(0)=y,

dl
—=-b,1,100)=1,,
t 1 () 0 (1)

Gy, 2t1<t<9

¥ { 0,1<9

where y — current blood glucose level (mg %), y, — initial glucose level, y, —
fasting glucose level, /) — insulin dose before meal, /(z) — insulin, which is
absorbed into the blood from the site of subcutaneous injection, Gy — the rate of
carbohydrate absorption from the gastrointestinal tract into the bloodstream,
k, A, b;, b, — coefficients of dimension and proportionality, 2t — the moment of
the beginning of food intake, 3 — duration of absorption of carbohydrates taken
with food into the blood.

Identification. Insulin-glucose tolerance test. The identification of
personal characteristics of the dynamics of glycemia is based on the data of
insulin-glucose tolerance test. The detailed measurement of glucose on the
background of injected insulin before meals, in which the amount of
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carbohydrate component is known, may serve as this test. The fasting blood
sugar test is taken — 1y, (0). For example, a patient is injected subcutaneously
with insulin in the amount of Io units in the morning (for us it is z = 0). Before
the first meal it is necessary to perform a second measurement y; (t ) through t
(min.) and at the time of eating a third measurement y, (2t). The last
measurement in the test a while after eating — y; (2t + 0). It is desirable to
choose the length of the interval 6 so that the process of absorption of
carbohydrates received with food almost ended. This is necessary in order to
assess the magnitude of the maximum rise of glycemia level in the background
of food intake. The carbohydrate content in the test breakfast should be
regulated. The parameter b;, which characterizes the type of insulin — its
dynamic properties, is introduced. The rate of absorption of carbohydrates from
the gastrointestinal tract — G, is defined by physiological data, this is an
average of 1 g / kg / h, the amount of insulin injected subcutaneously before
breakfast, /[, — the amount of insulin before a meal, Dg — the amount of
carbohydrates in the breakfast, T — discreteness of measurements (min), value
of 2 t + 8 — time of the maximum ( min). The unknown parameters & , b, i A
that need to be found in the identification process characterize the user's
individual sensitivity to the procedure. The structure of the test study is shown
schematically in Fig. 1.
The procedure for calculating the unknown parameters is following.
Let’s we write the solution of equation (1) on the background of insulin action:

vy = e (k) exp(—he ) @

Substituting the values of glucose measurements at times t and 2 t: y; (1)
and y, (21) in this equation, the following system is obtained:

Ab I
=y, =—2 [exp(—kt )—exp(—b)]
k—b,
Ab I, ©)
¥y =3, = 2 [exp(~2ke)—exp(~267)]
1

Substituting the values of glucose measurements at times t and 2 t: y; (1)
and y, (21) in this equation, the following system is obtained:

—_ P yZ _yn _ _
k=-1/1 ln{—yl_yn exp( bl‘c)} (4)

- (k=) (», - 3.)
b, [exp(—Zkt)—exp(—%lt)] " (%)
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Fig. 1. The structure of the test study

Formulas for calculating unknown parameters & i A are obtained by solving
the above mentioned system.

To find the unknown parameter b, we use the solution of equation (2) on the
background of absorption of carbohydrates from the gastrointestinal tract:

Ab I,
k—b,

y-y,= [exp(—kt)—exp(—b1)]|+ bz% [1—exp(—k(t-21))], 1>2T (6)

Using the measurements of glucose at the point of the expected maximum-—
y3 (21 + 0), formula for calculating the coefficient b, is obtained:

by =k*| y; =y,
(7
G, [1-exp(-k9)].

These parameters are used in the calculation of the predicted glycemic
curve at given glucose loads. It should be noted, that their identification can be
carried out not in a special test study, but in the context of normal breakfast, in
which the amount of carbohydrate component in food is known.

Control problem. In determining the control problem under the conditions
of standard injectable insulin therapy, it is necessary to take into account that the
main task is to choose insulin dose that would facilitate the absorption of food
nesessary to compansate energy consumption, for adequate vital activity of a
particular patient and which whould ensure glycemic variability in the
acceptable limits. The entire control process is divided into as many cycles as
number of meals and insulin injections expected. One cycle from the moment of
the initial injection to the next one is divided into three intervals. The first
interval [0, 1,] — the period of time from the start of injection to the food
intake, the second interval [t;, 6, ] — duration of assimilation of i-th food
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intake, the third interval — [86,,1;,; ] — the duration of time between

assimilation of food intake and subsequent food intake, or by injection of insulin
depending on the intended regulation.
The solution of equations at these three intervals has the form:

Ab 1
y=y,=(yy=y,)exp(=kt) + ﬁ(exp (—kt) —exp(=h1)),

1

®)

Ab, 1,
k—b,

€))
ﬁ(l —exp(—k(t-1,)), 1,<t<39,

y=y,= =y, )exp(=kt) + (exp(—kt) —exp(=b1)) +

Ab, I,
k—b,

y=y,=(y,—y,)exp(-kt) + (exp(—kt) —exp(-bt)) —
bG (10)
zk O (exp(—k(t—1,) —exp(—k(t-9,)), 9,<t<1,,.

To obtain the formula for calculating insulin dose Iy in injection before
meal, in order to prevent glycemia level from going beyound the acceptable
limits on the background of food assimilation, the solution of an equation on the
food assimilation interval (9) is used, according to which:

I = k_bl *A(yo_y,1)+B*b2G¢)/k _(ym_yn) s
° b, C-4 (11)

where A=exp(~k(r +D/G, )); B=l-exp(-k*D/G, );
C=exp(-b,(r +D/G, ));ym — the upper limit of control range,

According to the described algorithm on the basis of the previous insulin-
glucose testing, it is possible to obtain a daily prediction of the glycemic profile,
taking into account the expected diet and insulin therapy. The input data is the
fasting glucose concentration and glucose concentration before meal, its
carbohydrate component, the upper limit of glucose level, the time interval over
which after insulin injection it is necessary to take food. As a result, the
predicted value and insulin dose are calculated.

It should be noted, that extremely complex processes that occur in the body
with impaired carbohydrate regulation can not be accurately described by formal
mathematical procedures, especially linear ones. The patient's sensitivity to
insulin can vary over fairly short periods of time due to the influence of various
external unforeseen factors that are difficult to take into account, such as
quantitative and qualitative food composition, variety of physical activity,
emotional component, other random disturbances that undoubtedly affect the
glycemic variability, which couldn't be accurately considered using irregular
measurements, even with the help of more detailed models. Actually, long-term
forecasting for the whole day can reflect only a fundamental trend in the
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dynamics of glycemia on the background of planned treatment and food
regimens. In the presence of a glucometer, the correction of bolus dose before
meal according to the described algorithm can be carried out not based on
predicted glycemia level, but using real measurements. However, the algorithm
allows to take into account the carbohydrate component, the level of glucose
before eating and the limitations of maximum rise on the background of food
intake that cannot be exceeded.

At the same time, if glycemic value predicted by the algorithm lies within the
margin of error of the received from glucometer usage, the correction does not
occur. If the obtained value is out of the acceptable range, finding the solution to the
task continues with the new obtained initial value. Therefore, it is advisable to
provide additional correction of insulin doses before meals by attracting discrete
feedback from glucose measurements using glucometer. In this case, it can be used
to prevent hypoglycemia in calculation of the predicted glycemic value during
insulin injection before the next meal, when the effect of the previous meal is
already over, and the previous insulin still continues to fulfill its function.

Thus, the synthesis of program perturbation control is implemented when
the carbohydrate component in the food is taken into account, with discrete
feedback connection by including in the algorithm the predicted glycemia value
by the model or measurements by glucometer. The tight control by which the
compensating insulin dose is calculated on condition that raising of glycemia to
the upper limit is limited, can be somewhat mitigated by a higher assignment of
the upper acceptable limit, which occurs at a lower dose values.

SOFTWARE IMPLEMENTATION

The developed algorithm for identifying the parameters of model equations and
calculating the insulin dose, that compensates the amount of carbohydrates in
the food, is implemented programmatically in Matlab environment. The central
role in the program is taken by the module which implements an algorithm for
selecting doses of insulin injections before meals and calculating the daily
dynamics of blood sugar levels. This algorithm is based on dividing the entire
daily interval into a sequence of food intake cycles. Under the food intake cycle,
within the framework of this formalism, is taken to be a set of processes
proceeding from one insulin injection to another. The algorithm includes
procedures for calculating the required insulin dose, calculating the insulin
dynamics between the moment of insulin injection and the beginning of food
intake, calculating the glycemia dynamics during the intake of carbohydrates
from the gastrointestinal tract into the bloodstream, and calculating the glycemia
dynamics after the end of glucose intake from the gastrointestinal tract,
calculating the predicted value at the time of the next injection and continues as
many times as number of meals expected.

Simulation study of the algorithm was performed on models of different
complexity: 1) on the model, that has analytical solutions — one compartment —
MINIMODEL, that imitates glucose dynamics, regimen of meals and control actions of
insulin 2) on the two-compartment model — MIDIMODEL, that includes insulin-
glucose interconnections, 3) on the complex model — MAXMODEL, which simulates
a virtual patient. This is a model of the type [38], adapted for use in our conditions. In
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this model, the glucose balance in the body is realized through the insulin regulation
subsystem and the counterinsular subsystem. It has seven differential equations, 15
nonlinear functional dependencies of sigmoidal type and more than 40 parameters. The
structure of the model consists of insulin-dependent and non-insulin-dependent tissues,
synthesis and secretion of insulin in the pancreas, insulin dynamics in the liver, in the
intercellular fluid, dynamics of glucagon are simulated.
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Fig. 2. The structure of the simulation study
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Fig. 3. Predicted glycemic profile obtained using the analytical solution of the control problem
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Fig. 4. Predicted glycemic profile (controlled / uncontrolled) obtained using a numerical
algorithm for solving the control problem using two-compartment Midimodel

Software interface provides user-friendly navigation in terms of developed
technology, in particular, model selection on which the appropriate stage of the
work is currently being performed, analytical solution of the problem, numerical
integration, identification, forecasting, graphic visualization.

The process of simulation research took place as follows. First, test insulin-
glucose load was applied to the virtual patient model, key test points of
measurement were applied to the MINIMOD and MIDIMOD models, by which
their parameters were identified. Then their solutions with identical scheme of
food intake per day were compared with compensating insulin doses calculated
according to the appropriate algorithm on condition.

Figure 3 illustrates the glycemic profile forecast obtained by analytical formulas,
in which six meals with compensating injections of insulin are planned.

Numerical algorithm. To simulate the process of glycemia correction in a
model that takes into account glucose-insulin bonds, for which the analytical
solution is problematic, the search for the optimal insulin dose was performed
using a numerical algorithm by multiple integration of the corresponding
equations. The optimal dose is the one at which the maximum level of glycemia
reaches the upper permissible limit set by the user. The corresponding graphical
illustration of the glycemia dynamics is shown (Fig. 4).

The simulation study of the algorithm obtained by the analytical solution
was performed on models of different complexity. The optimal insulin doses
obtained by this algorithm were applied to a model that simulates only glucose-
insulin bonds and to a model that has a significant number of nonlinearities in its
structure and simulates a real object — a virtual patient. The corresponding
glycemic profile at different values of the upper permissible limit and various
amount of carbohydrate components in the food are shown (Fig. 5 a,b), where
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Fig. 5, a, b. Glycemic profiles obtained on models of varying complexity

solid curve — the solution using a complex model with a large number of
nonlinearities Maxmod, dashed curve — a model that simulates only the
glucose-insulin interaction — Midimod, dash-dotted curve — analytical solution
of the problem — Minimod.
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Small discrepancies in the solutions of the forecasting problem obtained on at
MAXMOD (virtual patient) model and MIDIMOD, an approximation model
reproducing glucose-insulin bonds, indicate that it reproduces dynamic
properties, even in the zeroth approximation. The profile obtained by analytical
formulas differs more significantly, especially on the decline of the glycemic
curve. But, in the key points, highs and lows, these discrepancies are not
significant and are within measurement errors. This expected result can be
considered a disadvantage, but it is compensated by a fairly simple
computational procedure for obtaining compensatory doses of insulin, which are
virtually indistinguishable from those used by insulin-dependent patients.

CONCLUSIONS

The proposed hierarchical modeling technology, based on the use of
mathematical models of varying complexity, allows to conduct a complex of
simulation studies to correct glycemia in diabetes at the preclinical and pre-
ambulatory stages. During the simulation of forecasting procedure,
configuration discrepancies of the glycemic profile obtained from different
models were detected, but they are within the margin of error and reproduce the
main trend in the dynamics of glycemia during meals and insulin injections. The
calculated bolus doses of insulin are almost identical to those used by insulin-
dependent patients. The simplicity of calculations using analytical formulas can
be a prerequisite for the implementation of the algorithm in special-purpose
portable autonomous devices, or in applications for Android OS.
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IEPAPXIYHE IMITALIIHE MOJIEJTIOBAHHS. AJITOPUTM ITPOTHO3YBAHHSA
I'IKEMIYHOTI'O ITPO®UIIO V PA3I JIABETY

Bcmyn. 1yxpoBuit niaber (pO3MOBCIOMIKEHE XPOHIUHE 3aXBOPIOBAHHS) MOTPEOYE MOXKHUTTEBOTO
JIKYBaHHA 1 K Oy/b-SKe XPOHIUHE 3aXBOPIOBAHHS BUMAarae perysipHOro KOHTPOIIIO i CAMOKOHT-
POJIIO Y JIOMAIIHIX YMOBaX. PeBOMOLiHI 3pylIeHHS Y KOHTPOJIIOBaHHI TIIiKeMil y Jia0eTuuHii
Teparii BiOy/ucs 3aBASKU pO3pOONICHHs aBauiB Oe3NepepBHOIO MOHITOPUHTY IVIIOKO3H KPOBi
(BMTI'K), siki MOKyTh Maiibke Oe3repepBHO BUMIPIOBATH KOHIICHTPAILIIO TIFOKO3M y T IIIKIpHIH
kiiTkoBUHI. Haifnmommpenimi nepemkoay Ha nuiaxy BuxopuctaHHs BMI'K e mos'sanumu 3
BHUCOKHMH BHTpaTaMy Ha TPUCTPOT 1 BIICYTHICTIO CTPAaXOBOIO MOJICY Ha iX 3aKYIIBIIO, epeada-
YyBaHa HETOYHICTh JlaBaya i BTOMaA Malli€HTa BiJ TPHBOTH, SIKA TIOB‘53aHa 3 HEIPHUS3HIO 10 HO-
cinHs npuctpoiB. OTxe, 1aBadi — 1€ 100pe, ajie BOHH € JOPOTMMH, HE3PYUYHHUMH 1 HE BCIM J0C-
TynHUMH. T0X BaXIMBUM 3aBIaHHAM 3THLIAETHCS TOCTIMHUIA TOLIYK aNbTePHATHBHUX PIlICHb.

Mema poboTH — IOKa3aTH MOXIIUBICTh BUKOPHUCTAHHS TEXHOJOTi 1€papXi4YHOTO0 MO-
JICNIIOBAHHSI /ISl PO3POOJICHHS 1 JOCHIDKCHHS aJrOpPUTMYy MPOTHO3YBaHHS TIIIKEMiYHOTO
mpodiIro K, IEBHOIO MipOI0, albTEPHATUBH JaBadaM HENEPEPBHOTO KOHTPOIIO 33 YMOBH
00MEKEeHHX HEePETYJSIPHUX BUMipPIOBaHb.

Pezynemamu. Po3pobneHo IporpaMHO-aIrOPUTMIUHY CTPYKTypy Ul peali3alii KOHLeHLii
iEpapXivyHOro MoJemoBaHHs. [Toka3aHO MOXKIIMBICT TIPOBENICHHS JIOCHIHKEHb HA MOJICIISIX PI3HOT
ckmagHocTi. CHHTE30BaHO aJIrOPHTM 1HCYJIIHO-TIIIOKO30-TOJIepaHTHOro Tecty. Po3pobieno mpore-
Jypy TPOTHO3YBaHHS TOOOBOIO IJTIKEMIYHOTO MPO(MLTIO 32 aHATITHYHUME (POPMYJIaMH, sKa Hasiae
MOKJIMBICTb OLIIHUTH TEHJICHIIIFO TMHAMIKH TJIKEeMIl sIK JIOOBHEHHS 10 HEPETyJIAPHUX BUMIPIOBAaHb
TJIFOKO3HU TJTFoKoMeTpoM. [IpoBezieHO iMiTartiiiHe TOCHiKEHHS, Pe3yJIbTaTOM SIKOrO € Bi3yami3arlis
DJIKEMITHOTO TPOodiTFo Ha TJ1i TIepeidavyBaHOro periiaMeHTy MPHIoMY DKi 1 OTpIMAaHUX 3a aHalli-
THYHHM QJITOPUTMOM KOMITCHCYBAJIBHUX JI03 IHCYJTiHY.
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Bucnoeku. 3arpornoHoBaHa TEXHOJIOTIS 1€papXidYHOrO MOJEJIIOBAHHS, sKa 0a3yeThCs Ha
BUKOPHUCTAHHI PI3HMX 3a CKJIAJHICTIO MaTeMaTHYHHX MOJEJCH, Jae 3MOry MpPOBOAUTHA KOM-
IUIEKC IMITallifHUX JOCIIDKEeHb KOpeKIii riikemii y pasi niabeTy Ha JOKJIHIYHOMY i JoamOy-
JIATOPHOMY eTarax. BHacmijgok imitamii mporeaypyd HNpOrHO3YBaHHS BHSIBJICHO PO301KHOCTI
KOH(QIrypamii TIiKeMiYHOro MpoQiiaro, OTPUMAHOTO 32 pisHHMH Mojemsmu. Lled ovikyBaHumit
pe3yIbTaT KOMIICHCYEThCS 38 PaXyHOK JJOCUTH MPOCTOi OOUYHCIIOBANBHOI MPOLIEAYpPH OTPHMaH-
HSI KOMIICHCYBJIBHUX 103 1HCYIIHY, SIKi IPAKTUYHO HE BiIPi3HAIOTHCS Bij THX, IO 3aCTOCOBY-
I0Th IHCYJIIHO3QJISKHI mamieHTH. [IpocToTa 00uKCIeHb 32 aHATITHYHUMH (HOPMYJIAMH MOXKE
OyTH meperyMOBOIO JUIsl pealtizallii aITOPUTMY B MMOPTATUBHUX aBTOHOMHHX IPHUCTPOSX CIELli-
aIBLHOTO TpU3HaYeHHs ab0 y cMapT3acTocyHkax mijg OC Aumpoin.

Kniouoei cnosa: yughposa meouyuna, icpapxiune MOOen068aHHA, cucmema peyiayii enikemii,
aneopummu i0eHmupikayii, npocHO3YBaAHH S, KepyB8arHsl, IMIMAayitiHi OOKIIHIUHI 6UNPOOYBAHHS.
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INFORMATION TECHNOLOGY FOR FORMING A PERSONAL MOVEMENT
REHABILITATION PLAN AFTER A STROKE

Introduction. Stroke ranks second in the list of major causes of death and is the leading
cause of disability in Ukraine. Synthesis of innovative technologies that help to movement
restoration after stroke is an urgent scientific and practical task.

The purpose of the paper is to synthesize the information technology for forming a per-
sonal movement rehabilitation plan after a stroke on the basis of quantitative assessment of
movement deficit according to the evidence criteria.

Results. The technology for information support for forming a movement training personal
plan to restore movements after a stroke has been developed. This technology is implemented by
the specialized software module "MovementRehabStroke 1.0" for information and consulting
support to the physician in determining the plan: movements, programs, movements training
duration based on electromyostimulation and / or biofeedback.

The structural and functional model of the operator (physician) and sofiware module "Move-
mentRehabStroke 1.0" interaction has been developed. This module consists of a graphical interface
and basic information modules: Database, Module "MovementTestStroke 1.1" for quantitative as-
sessment of movement deficit and Module for forming the personal movement training plan. The
interface provides the interactive mode of work with information modules for operator.

An algorithm has been developed for the operation of specialized sofiware module
"MovementRehabStroke 1.0" in researching on the formation of a personal training plan for
patient movements based on indicators of quantitative assessment of movement deficit, which
is provided by the information module "MovementTestStroke 1.1" and information received
from a personal electronic medical record (EMR) of the patient: indicators of neurological
status, concomitant diseases etc.

Conclusions. The obtained results will contribute to the creation of a new class of mo-
bile means of digital medicine — mobile applications installed in the structure of the smart-
phones for movements assessment after a stroke, forming the personal rehabilitation plan,
and assessment of rehabilitation results.

© VOVK M.L, KUTSIAK O.A., 2020
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INTRODUCTION

Up to 150,000 strokes occur each year in Ukraine and more than 100,000 people
die from cerebrovascular disease and stroke. This disease can cause disorders or
loss of movements, vision, speech and mental functions. In addition, stroke dra-
matically increases the risk of dementia. Of particular concern the increase in
stroke rates among people of working age: about a third of all strokes occur before
the age of 60 and only a small proportion of stroke survivors return to work.

The World Health Organization (WHO) estimates that stroke events in EU
countries are likely to increase by 30% between 2000 and 2025 [1]. In Europe
the Stroke Action Plan 2018-2030 was approved.

The experience of many countries shows that quality care for stroke patients
can significantly reduce the risk of premature death or acquired disability.

The relevance and social significance of scientific researches, which results are
presented in the paper, are determined by the synthesis of innovative technologies,
methods and means that contribute to the movements’ rehabilitation after a stroke.

PROBLEM STATEMENT

The main purpose of the rehabilitation process is applying the methods and
means that mobilize, launch and enhance patient’s reserves, aimed at restoring
the affected or lost functions adequately to their state at each rehabilitation stage
taking into account the general patient’s state, conco-mitant diseases etc. Stroke
care should be a continuous sequence of individual treatment and rehabilitation
measures up to the maximum restoration of affected or lost functions. Therefore,
the movement deficit diagnostics after stroke at each rehabilitation stage, the use
of methods and means for quantitative assessment of motor dysfunctions, which
make it possible to perform an in-depth analysis, to identify the specifics and
secondary prevention of motor dysfunctions as well as assessment of the effec-
tiveness of rehabilitation, play an important role.

Quantitative assessment of movement deficit, which is built using modern
intelligent information technologies (IIT) based on evidence criteria, plays an
important role in digital medicine. This assessment supports the physician to
reduce the error in assessing the course and effectiveness of rehabilitation proc-
ess. And it is the basis for synthesis of the mobile means for information and
consulting support the physician in formation and adjustment of personal plan
for affected movements’ restoration at each rehabilitation stage.

The quantitative assessment of hand movement deficit during purposeful
find motor hand training to restore speech is of particular importance. It makes it
possible to study and compare the restoration dynamics of affected fine motor
hand movements with the restoration dynamics of speech in case of motor or
motor-sensory aphasia after a stroke.

The clinical testing results of proposed new technique for quantitative as-
sessment of movement deficit [2] in the study of their restoration dynamics by
TRENAR® technology became the basis for a specialized digital medicine’s

88 ISSN 2663-2586 (Online), ISSN 2663-2578 (Print). Cyb. and comp. eng. 2020. Ne 3 (201)



Information Technology for Forming a Personal Movement Rehabilitation Plan after a Stroke

software module "MovementTestStroke 1.0" for movements diagnosing [3].
This module is made in the software environment Visual Studio 2013, pro-
gramming language — C#. It is installed in the PC structure [4].

The purpose of the paper is to synthesize the information technology for
forming a personal movement rehabilitation plan after a stroke on the basis of
quantitative assessment of movement deficit according to the evidence criteria.

INFORMATION SUPPORT FOR FORMING A PERSONAL MOVEMENT
REHABILITATION PLAN AFTER A STROKE

Information support for forming the personal movements trainings plan with the
purpose of their restoration is implemented by the specialized software module
"MovementRehabStroke 1.0" for information and consulting support to the
physician in forming such a plan: movements, programs and movements training
duration, which is based on methods of electromyostimulation and / or
biofeedback by “TRENAR™ technology. The basic factors in forming the
personal movement training plan are informative indicators of quantitative
assessment of movement deficit, muscle tone, which are determined by a
specialized "MovementTestStroke 1.1" software module, as well as indicators of
the patient's neurological status, information on concomitant diseases. These
indicators determine the movements to be trained, their training duration, as well
as the permission / limitation for training the forced muscle contractions by
program electrical stimulation method or for training the voluntary contractions by
biofeedback method.

The structural and functional model of interaction of the operator
(physician) and specialized "MovementRehabStroke 1.0" software module for
information and consulting support to the physician in forming the patient’s
personal movements training plan after a stroke is presented (Fig. 1).

The software module "MovementRehabStroke 1.0" consists of the graphical
interface and the software module objects — the basic information units: I — Database,
IT — Module for quantitative assessment of movement deficit "MovementTestStroke
1.1", Il — Module for forming the personal movement training plan (Fig. 1).

These information modules are designed as separated units with complete
functionality and are directly connected with the graphical interface. The inter-
face provides the interactive mode of work with information modules for opera-
tor. The software implementation of "MovementRehabStroke 1.0" is the
Microsoft Visual Studio 2013 environment, C # programming language. It is
installed in the PC structure.

Information module [ "Database" consists of two main components:
"Patients list" and "Patient’s account (personal electronic medical record)". It is
designed to store the information about each patient who has already passed or is
passing the rehabilitation for the first time.

The "Patients list" component contains a tabular list, in which each patient is
represented by express information record (hospitalization date, patient’s sur-
name-initials-sex, medical record number, physician's surname).

The operator checks (1) on the interface the presence of the right patient in
this list by the object-oriented programming (OOP) methods. In case of patient’s
absence the operator adds to this list patient’s express information from the
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- the prohibitions / limitations for movements training (e.g., acute period of
illness, diabetes mellitus on decompensation, the artificial cardiac pacemaker

The component "Patient’s account" receives the specialized information:
presence, etc.), marked by the operator;

patient", and also inputs all information from this medical record (neurological

medical record according to standard — form 003/0 "Medical card of the in-
status, concomitant diseases etc.) to Database’s component "Patient’s account".
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- initial expert assessment of movements deficit and results of quantitative
assessment of movement deficit before and after rehabilitation from information
module Il (Module for quantitative assessment of movement deficit);

- the personal plans for movements rehabilitation (recommended and generated
by the operator) from the information module III (Module for forming the per-
sonal movement training plan). This information is also stored in relevant clusters
of the Database’s patient's personal electronic medical record (EMR).

At the request of the operator (1), the interface displays (4) complete
information from the patient's personal EMR — information from the medical
card and specialized information.

Information module II — Module for quantitative assessment of movements
deficit "MovementTestStroke 1.1" contains tables for expert assessment of move-
ments deficit of upper and lower limbs at the individual joints level according to the
main evidence criteria (muscle strength, movement’s volume) [5]; for assessment by
additional evidential criteria of fine motor hand (contrasting the thumb, flexing the
hand’s fingers in fist, the hand’s main motor function (capturing), the hand’s fingers
extension) [3, 6] (Table 1) and walking (walking shape); as well as for assessment of
muscle hyper- or hypotone [3, 5, 7] according to the Protocol for quantitative assess-
ment of movements deficit of patient after a stroke [3].

The difference in fine motor hand assessment is in introduction of additional
evidence criterion — the hand’s fingers extension, which is important both for form-
ing the personal plan of its training and to assess the fine motor hand restoration,
associated with the speech restoration [8] according to the Table 1. These relevant
changes are introduced in the previously developed Protocol [3]. It is this introduc-
tion of additional evidence criterion that differs the information module for quantita-
tive assessment of movement deficit "MovementTestStroke 1.1" from the previ-
ously developed "MovementTestStroke" [3].

Expanding the criteria number for deficit assessment of affected hand sup-
ports the in-depth analysis of deficit. It is important for forming the personal fine
motor hand training plan and for restoration of various aspects of its function,
including speech restoration in case of motor or motor-sensory aphasia. Move-
ment restoration of affected hand is of particular importance, after all most
common deficit after a stroke is hemiparesis of contralateral upper limb, with
more than 80 % of stroke patients experiencing this condition acutely and more
than 40 % chronically [9].

The operator calls (2) on the interface the relevant expert assessment tables
and performs with their application the initial expert assessment of patient's
movement deficit according to the evidence criteria, expressed in points.

The operator receives (5) the results of quantitative assessment of patient's
movement deficit (integrated quantitative assessment of the deficit, paresis de-
gree, value and gradation of movement restoration efficiency) according to the
OOP methods based on initial expert assessment from the information module
II (Module for quantitative assessment of movement deficit).

The initial expert assessment and the results of quantitative assessment of move-
ment deficit are stored EMR clusters ("Initial expert assessment of movements deficit"
and "The results of quantitative assessment of movements deficit") in Database.
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Table 1. The fine motor hand assessment by criteria

. . Flexion of the The hand’s main The hand’s
Points / Contrasting of s motor function
o . hand’s fingers . . fingers exten-
Criterion the thumb . (grasping and holding .
in fist . sion
objects)
Reaches the base Fpll ﬁngers The main function is Full fingers
5 flexion in formed :
of all fingers fist saved completely extension
Grasping and holding Significant
Reaches the base Full fingers of big objects are fingers exten-
4 of all fingers flexion in saved, grasping of sion. The open
(without holding slightly opened small objects (with no fist volume is
the base) fist hold function) is avail- | 75-90% of the
able norm.
. . Moderate
Limited fingers Grasp e an.d h°1f1mg fingers exten-
. of big objects is . .
3 Reaches the base flexion in mod- available. oraspine of sion. Hand is
of fourth finger erately opened > rasping in the half-
small objects is com-
fist . opened fist
plicated
form.
Grasping of big objects Slight fingers
Moderate fingers | without their long and extension.
Reaches the base . . L . ..
2 of third finger flexion without strong holding is avail- | Hand is in the
& fist formation able, grasping of small slight-opened
objects is impossible fist form.
Grasping and holding
both big and small Partial fingers
. objects are impossible; extension.
1 %?izlzziéhgr?a:f Sh%l; fii:)lfers the additional function Hand is in the
& X of supporting and closed fist
pressing the object is form.
saved
Fingers exten-
. Grasping and holding sion is impos-
0 Cx“s:;%‘%els No ﬁni%)e;s flex- both big and small sible. Hand is
P objects are impossible in the closed
fist form.

Information module III "Module for forming the personal movement training
plan" is designed for information and consulting support to the physician in forming
the personal movements training plan, which is most effectively activates the addi-
tional reserves of the patient's organism to restore the movements.

This information module receives information on concomitant diseases, the emo-
tional and volitional sphere state and prohibition / limitation factors of movements
training from the relevant clusters of patient's EMR in Database, the initial expert
assessment of movements deficit and the patient’s paresis degree from module for
quantitative assessment of movements deficit "MovementTestStroke 1.1".

This module contains OOP methods, which determine the permission / limi-
tation / prohibition for movements training based on certain factors, and permit-
ted movements, methods, programs and movements training duration based on
the initial expert assessment of patient's movement deficit; adjust these indica-
tors based on concomitant diseases and the emotional and volitional sphere state;
distribute methods, programs, movements and their training duration by priority
according to the relevant decision rules.
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Submitting the priority to method, training program comes from the princi-
ple of activating the additional reserves of organism for movement restoration at
the current patient’s rehabilitation stage. The priority for movement depends on
motor disorders depth, but if patient has motor aphasia elements, then fine motor
hand movements training gets a higher priority. The main factors of training
duration are the patient’s general condition, concomitant diseases, individual
sensitivity to electrical stimulation, emotional and volitional sphere state etc.

The operator is issued (3) by notification and the patient’s session ends in
case of movements training complete prohibition factors are present in patient.
In case of movements training limitations, the program continues to work with
taking it into account.

The recommended personal rehabilitation plan according to priority of its
components (methods, programs, movements and their training duration) is out-
put for the operator on the interface (3) and also recorded in EMR cluster "Rec-
ommended personal rehabilitation plan" (Database).

The operator checks (3) the recommended personal plan and optionally calls
up complete patient information, which is displayed (6) on the interface. Opera-
tor marks (3) in this plan concrete movements, programs and movement training
duration, i.e. forms a personal plan for movements training at this rehabilitation
stage. Using OOP methods, the personal plan is generated by the operator to the
EMR cluster "Personal plan for rehabilitation, generated by operator" (Data-
base) and also is displayed as a text file on the interface (6).

The operator begins training the patient's movements at certain rehabilita-
tion stage according to generated personal rehabilitation plan. After completing
the movement training sessions, the operator diagnoses the patient's movements
and determines the rehabilitation effectiveness.

ALGORITHM FOR FORMING A PERSONAL REHABILITATION PLAN

Algorithm for operation of specialized software module "MovementRehabStroke
1.0" for information and consulting support to the physician in researching for form-
ing the patient's personal movements training plan based on expert and quantitative
assessment of movements deficit, determined by specialized "MovementTestStroke
1.1" software module, with taking into account patient’s neurological status, con-
comitant diseases, emotional and volitional sphere state etc. (Fig. 2).

According to the structural and functional model (Fig. 1), the module opera-
tion begins with loading the patients list, checking the presence of right patient
in the list by the operator. If the list is not yet been created or no such patient
exists, the operator inputs express information from that patient's medical record
to create or update the patient list. At the same time, a personal electronic medi-
cal record (EMR) of the patient is created. After data input, the operator returns
to the updated patients list.
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YES ¢
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End the patient’s NO Continue?
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O ©

Fig. 2a. Algorithm for forming a personal movement rehabilitation plan: description of the
patient’s general state, assessment of movement deficit and rehabilitation effectiveness

Forming the patient’s personal movements’ rehabilitation plan begins with
input of the information by the operator from the patient's medical record: neuro-
logical status, emotional state, concomitant diseases, as well as marking the pro-
hibitation / limitation factors of movements training. The information is recorded
in the patient's EMR.
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YES Is there prohibition of
EMR movements training?
NO
Determining of the allowed movements, programs and
EMR duration of their training, their distribution by priority
Formation of the recommended EMR
personal movements training
plan A
>
-
Is it necessary to review the NO
complete patient’s
i ion?
information? YES
EMR Dlsp_]ay ,OT.th? complete
patient’s information

A 4

Adjustment of the recommended
personal plan by operator

v

The personal plan
generated by operator

Is the plan NO

approved?

NO
End the program

Is it necessary to end
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Fig. 2b. Algorithm for forming a personal movement rehabilitation plan:
recommended and finally generated by operator plans

The next step is the movement deficit diagnostics. The operator inputs the
initial expert assessment of movement deficit of patient’s upper and lower limbs’
selected departments at joints level, hand and walking. The program calculates
and displays the results of quantitative assessment of movement deficit to the
operator. The obtained information is recorded in the patient's EMR.

The rehabilitation effectiveness is quantitatively assessed at the end of pa-
tient's rehabilitation course. The operator is provided with quantitative and ver-
bal characteristics of efficiency.

The patient session ends if only a quantitative assessment of movement
deficit is required.

In case of forming the personal movements’ rehabilitation plan there is a
check of the permission / limitations / prohibition to perform the trainings based
on prohibition / limitation factors of movements’ trainings. If there is a move-
ment training prohibition, the patient session ends, the operator is given the pro-
hibition notice, which is recorded in the patient's EMR.
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Forming the personal movements rehabilitation plan continues in case of training
permission. The recommended personal movements’ rehabilitation plan — permitted
movements, methods, programs and movement training duration, which are distrib-
uted by priority, is output to the operator. This plan is recorded in the patient's EMR.

The operator after reviewing the plan adjusts it by marking the concrete
movements, methods, programs and movement training duration. At the same
time, operator’s choice is based on complete information on the patient, which
he can view optionally. The personal plan generated by the operator is also re-
corded in the patient's EMR and is displayed to the operator in the text file form.
If the operator doesn’t approve this plan, it is possible to correct it with rewriting
in the patient's EMR. Finally the patient's personal movements training plan
generated by the operator is that plan, according to which the movements are
trained at this rehabilitation stage.

Then the operator either ends the session with the current patient or ends the
program.

The patient's rehabilitation course ends with a diagnostics — the quantita-
tive assessment of rehabilitated movements deficit with the rehabilitation effec-
tiveness assessment.

It should be noted that the formed personal movements training plan at a
certain rehabilitation stage needs to be updated at the following stages.

CONCLUSIONS

Theoretical and practical bases of synthesis of information technology for
forming a personal movement rehabilitation plan for patients after a stroke have
been developed. The information technology is implemented by the specialized
tool of digital medicine — software module "MovementRehabStroke 1.0".

This module consists of a graphical interface and basic information modules:
Database, Module "MovementTestStroke 1.1" for quantitative assessment of
movement deficit and Module for forming the personal movement training plan. The
software implementation of modules of both the "MovementRehabStroke 1.0" and
"MovementTestStroke 1.1" is the Microsoft Visual Studio 2013 environment,
C# programming language. They are installed in the PC structure.

The information module for quantitative assessment of movements deficit
"MovementTestStroke 1.1" implements in an interactive mode a complete com-
putational research algorithm of motor dysfunctions after a stroke. It provides
the operator with distributed and integrated quantitative assessment of deficit of
limb movements, their departments, fine motor hand, walking, muscle tone on
the main and additional evidence criteria. The proposed approach in digital for-
mat provides an opportunity to perform the in-depth analysis, identify the disor-
ders specificity for forming the personal rehabilitation plan, secondary preven-
tion of disorders, rehabilitation effectiveness assessment.

The module operation is verified in clinical settings (23 patients after
ischemic stroke). Expanding the range of additional evidence-based criteria for
fine motor hand function assessing — the hand’s fingers extension is important
both for formation of the personal training plan and for assessing the recovery of
fine motor hand, which is associated with speech restoration.
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The recommended personal rehabilitation plan by priority of its components
(methods, programs, movements and their training duration) provides the opera-
tor with information and consulting support in formation (determination) of the
personal movement training plan, which most effectively activates additional
reserves of the organism to restore the movements, affected by pathology, at a
certain rehabilitation stage and doesn’t harm the general patient’s condition.

Storing the complete patient’s information — information from the patient's
medical record and specialized information (quantitative assessment of move-
ments deficit, movements’ restoration personal plans — recommended and gen-
erated by the operator) — in the personal electronic medical record provides an
opportunity to assess the rehabilitation effectiveness and its in-depth analysis.

The movements training personal plan needs to be regularly updated at vari-
ous rehabilitation stages for the purpose of maximum or full restoration of motor
and speech functions. The speech restoration in case of motor or motor-sensory
aphasia is dependent on training and restoration of affected fine motor hand.

The obtained results will contribute to the creation of a new class of mobile
means of digital medicine, installed in the structure of the smartphones for
movements’ assessment after a stroke, forming the personal rehabilitation plan
and assessment of rehabilitation results.
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IHOOPMAILIHA TEXHOJIOTIS1 ®OPMYBAHHS I[IEPCOHAJIBHOI'O IIJIAHY
PEABUTITALIIT PYXIB ITICJIA ITHCYJIBTY

Bcmyn. IHcynbT nocifae apyre Miclie y Nepelliky roJOBHUX YHHHUKIB CMEPTI 1 € IPOBIIHOIO
MPUYMHOK 1HBATIMHOCTI B YKpaiHi. CHHTE3 IHHOBAI[IHHUX TEXHOJIOTIH, SKi CIPUSIOThH BiJHO-
BIICHHIO IIOPYIICHUX ab0 BTpayeHHWX BHACTIJOK IHCYJIBTY PyXiB — akTyalbHEe HayKOBO-
TIPUKIIAIHE 3aBIaHHS.

Memor cmammi € cuHTe3yBaHHS iHPOpMaIiitHOT TeXHOJIOTIT ()OPMYBaHHS MTEPCOHAIB-
HOTO TUIaHy pealdiniTamii pyXiB MicJis iIHCYIbTY Ha 0a3i KiIbKICHOTO OI[IHFOBaHHSA iX AedinuTy
3a JI0Ka30BUMU KPUTEPiIMH.

PesyabTaTu. Po3po0iieHo TeXHOJIOTiH0 iHPOPMALIIIHOTO CYNPOBO/DKEHHS (POPMYBaHHS Tep-
COHAJIBHOTO IUIaHy TPEHYBaHb PyXiB 3 METOIO X BiJHOBJICHHSI IICIIA iHCYJIBTY, SIKy peasliye crellia-
Ji30BaHUN mporpamHuii Moayis «MovementRehabStroke 1.0»  iHdopMaliiiHO-KOHCYIBTALIHOT
JIOTIOMOTH JIIKAapIO Y BU3HAUYCHHI IUIAHY: PYXH, METOJH (EJIEKTPOMIOCTUMYJISIIIis Ta / 200 Giosoriv-
HHH 3BOPOTHHH 3B SI30K), POTpaMH, TPUBATICTh TPCHYBAHHSI.
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Po3pobieHo cTpykTypHO-(hYHKIIIOHATIEHY MOJIENb B3aEMOIIi oreparopa (Jikaps) 3 Iporpam-
HuM MoaysieM «MovementRehabStroke 1.0», skuii cknagaetbest 3 rpadiuroro iHtepdeiicy Ta romno-
BHUX iH(popMaliiiHux MomyniB: basu nanmx, KinbkicHoro ouiHioBaHHS fAedilmTy pyXiB
«MovementTestStroke 1.1», dopMyBaHHS NMEPCOHATLHOIO IUIAHY TPEHYBaHHS pyXiB. [HTepdeiic
3a0e3redye oreparopy JIaJloroBHi PeXKUM poOOTH 3 iHPOpMALIITHIMU MOJTYJISIMH.

Po3pobneno  anroputM  poOOTH  CIEIiai30BAHOTO  MPOTPAMHOTO  MOJIYJIS
«MovementRehabStroke 1.0» y mpoBeneHHi JociipkeHb 3 (OpPMYyBaHHS NEPCOHAIBLHOTO
IUIaHy TPEHYBaHb PyXiB IAlli€HTa 3a NOKAa3HUKAaMH KUIbKICHOIO OLiHIOBaHHA AehilUTY py-
XiB, siki Hazmae iHopmaiiHuit Mmoayse «MovementTestStroke 1.1», Ta iHpopMmariii, o Haa-
XOIUTH 3 IEPCOHANBHOTO EJIICKTPOHHOro MeamdHoro 3amucy (EM3) mamieHTa: IMOKasHHKH
HEBPOJIOTIYHOTO CTATyCy, CYMyTHI 3aXBOPIOBAHHS TOIIIO.

BucHoBku. OTprMaHi pe3ysbTaTd CIPUATUMYTH CTBOPEHHIO HOBOTO KIIACY MOOLTEHHX
3ac00iB U(PPOBOi MEAUITMHE — MOOUIBHUX 3aCTOCYHKIB Y CTPYKTYpi CydyacHUX cMapT(OHIB
JUI TIarHOCTUKM PYyXiB IICIs 1HCYNBTY, (DOPMYyBaHHS NEPCOHAIBHOrO ILIaHYy peabimiTamii,
OLIiHIOBaHHS 11 €()eKTHBHOCTI.

Knrwwuosi cnosa: ingopmayitina mexnonozis, yupposa meouyuna, npocpamHi Mooyui, iH-
cynvm, pyxu, oiazHocmuka, peabinimayis, nepcoHAIbHUL NIAH, CMPYKMYPHO-QYHKYIOHATbHA
MoOenb, aneopumm, eleKmpocmumynayis, 6io102iuHull 360pOMHULL 36 'SI30K.
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J10 YBATH ABTOPIB!

Y xKypHaii HalaHO pe3yJIbTaTh AOCHIKEeHb y raiy3i Teopil Ta MPaKkTHKH 1HTEIEKTY-
aNbHOTO KepyBaHHA, iH(GOpMAaTHKH Ta iH(GOpMamiHHUX TEXHONOTIH, a TaKOX
OiooriyHOT 1 MEIMYHOIT KiOEpHETHKH.

LinsoBa aynuTopisi — HAyKOBLI, 1H)XEHEPH, acCHipaHTH 1 CTYJEHTH BHUIIHMX
HABYAJIbHUX 3aKJIaJiB BiIMOBITHOTO (axy.

Bumoru 1o pykonucis crareii

1. Pykomnmc HajmaroTh Ha mamepi y ABOX IpPUMIpHHKax (MOBa — aHTIIHCBHKa,
yKkpaiHcbka, 17-22 c.) Ta elekTpoHHa Bepcis. Jlo pyKOIUCY A0Aal0Th:

* aHOTalii — YKpaiHCHKOIO Ta AaHITIMCHKOI MOBaMHU (IIpi3BHINE, iHIiIliaIH
aBTOpa/iB, Miclie poOOTH, MiCTO, KpaiHa, Ha3Ba cTarTi, TekcT 250-300 ciB,
3 BUIUICHHSIM PYOPHK: BCTYII, METa, pe3yIbTAaTH, BACHOBKH, KITFOYOBI CJIOBA);

* CIIMCOK JIITEPaTypyd MOBOIO OPHTIHAIY — Y TIOPSIIKY 3TaJyBaHHs Y TEKCTi, 3a
craggaprom JJCTY 8302:2015;

* CIIMCOK JIiITepaTypu — MepeKiiaj] HKepesl aHIIiHChKOI0 MOBOIO, MPi3BUILA Ta
iHiI[iaK aBTOPIB — TpaHCIITepallis:

* JTIEH3IHHMI JOTOBIp;

* BIIOMOCTI NIpO aBTOpa/iB yKpaiHCHKOIO Ta AHIJIHCHKOI MOBaMH TOBHUHHI
mictutu: I1Ib, BYeHHH CTymiHb, HAYKOBE 3BaHHS, MMOCajaa, BiIJALI, Miclie PoOOTH,
MOIITOBA ajpeca opraHizanii, Tenedon (s 3B’ 43Ky penakropa), E-mail, aBTopchbki
inentugikaropu ORCID a6o ResearcherID.

2. TekcT cTaTTi MOJAETHCSA 3 OOOB'I3KOBUMHU PyOpHKaMH: BCTYII, MOCTAHOBKA
3aBJIaHHS/IPOOIEMH, METa, PE3yJIbTATH, YITKO CHOPMYITHOBaHI BUCHOBKHU.

Bumorn 10 TekcToBOro paiiny
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