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The paper analyzes approaches to the design of ontological models of adaptive software systems. To evaluate the quality
of the projected ontologies, specialized groups of metrics are used, which allow us to determine the shortcomings in the structure
and functioning of the model. An analysis of the use of ontological models in the process of designing and developing adaptive
software systems has been carried out. It was established that the ontological approach allows for a more effective presentation of
the subject area, which improves the software configuration process. The use of ontological models allows flexible responses to
changes in user requirements without the need to directly update the source code of the software.

The process of designing ontologies based on classical and abstract approaches is presented. It was determined that the
use of a classical approach to the design of ontological models could complicate the adaptation process due to the need to change
the structure and reconfiguration of the system. To solve this problem, an abstract approach is proposed that ensures the
dynamism of the adaptation process, without the need for a complete reconfiguration of the system.

A set of specialized metrics is defined that allows for the analysis of the ontological model of the software system, the
evaluation of its syntactic and semantic quality, compliance with rules and interoperability, and the possibility of expansion. A
comparative analysis of abstract and classical approaches to the design of ontological models was carried out based on defined
structural metrics, as well as metrics of the scheme and filling of the knowledge base. The obtained values of structural and
hierarchical metrics confirm the quality and effectiveness of the proposed approaches. According to the defined metrics, the
absence of cycles and entanglement in the ontological model indicates the correctness of the construction of the structure from the
point of view of ergonomics and the possibility of further changing the structure and filling of the ontological model. The analyzed
values of the schema metrics and the filling of the knowledge base demonstrate the better effectiveness of the abstract approach in
the process of determining the software configuration, which provides faster and more correct processing of ontological SWRL rules
during adaptation.
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HarionansHuii yHiBepcuTeT «JIbBiBCbKa MOJIITEXHIKA»

AHAJII3 MIIXOJIB MIPOEKTYBAHHS OHTOJOI'TYHUX MOJIEJIEA
AJJATITUBHOI TPOI'PAMHOI CUCTEMH

B poboTi ripoaHasnizoBari rigxoan 40 MPOEKTYBAHHS OHTOJIONYHNX MOJENIEH afanTuBHUX [POrPamMHUX CUCTEM. /1S
OLI/HIOBAHHS SIKOCTI CIIDOEKTOBAHUX OHTOJIONY BUKODHCTAHO CIIELIa/N30BaHI Py METPHK, LYO [O3BO/ISIOTb BUSHAYNTHU HELOTIKU B
CTDYKTYDI Ta QyHKLIOHYBaHHS MOAENI. [IPOBEAEHO aHA/N3 BUKOPUCTAHHS OHTOJIONYHUX MOAENEN Yy MPOLIECI MPOEKTYBAHHSA Ta
PO3PO6KU 3AAMTUBHUX TPOrPaMHUX CUCTEM. BCTAHOB/IEHO, YO OHTONOMYHMY 1iAXig AO03BOJISE Gifibll e@EeKTUBHO PEACTaBATH
NpeaMeTHy 00671acTs, O B CBOK YEpry [IOKPALLyE [IPOLEC KOH@IrypyBaHHS pOrpaMHoro 3abe3rieyeHHs. BukopucraHHs
OHTOJIONYHUX MOAENIEN [O3BOJISIE THYYKO PEAryBaTil Ha 3MiH1 BUMOI KOPUCTYBAaYiB 6e3 HeOOXiHOCTI 6E3T0CEPEAHBOIO OHOBIIEHHS
1104aTKOBOro K04y MporpamMHOro 3ab€e3ne4YeHHs.

[IpeqcTaB/ieHo npoLec MPOEKTYBAHHSA OHTOJIONY HA OCHOBI K/IACMYHOIO Ta A6CTPaKTHOro jgxo4iB. BU3HAYeHo, Lo
BUKOPUCTAHHSI K/IACUHYHOMO 1iAXo4y [0 [POEKTYBAHHS OHTOJIONYHNX MOJEEN MOXE YCKIaAHIOBATU poLec agantauli 4epes
HEOOXIAHICTE 3MiHN CTDYKTYDPU Ta PEKOH@Irypauii cuctemu. /15 BUPILLEHHS AaHOI POB/IEMU 3arIPONOHOBAHO a6CTPaKTHMUA rigxig
KM 386€3reYye AUHAMIYHICTB MpoLecy agantalll, 6e3 HeOGXIAHOCTI MOBHOI PEKOH@IrypaLlii cucTemu.

BuzHayeHo Habip CrieLiani3oBaHmnx METpUK, siKi JO3BOJIAIOTE IPOaHAasI3yBaT OHTO/IONMYHY MOAESTb MPOrpPaMHOI CUCTEMY,
OLJiHIOY iT  CUHTAKCUYHY | CEMaHTUYHY SIKICTb, BIAMOBIAHICTL MpaBuiaM, [HTEPONEPAOE/IbLHICTL Ta MOXJ/IMBICTL pPO3LUIMPEHHS.
[IpOBEAEHO NOPIBHA/IbH aHasl3 abCTPaKTHOrO Ta KAaCMYHOro iAX04IB [0 POEKTYBAHHS OHTOJIONMYHUX MOAENEH Ha OCHOBI
BU3HAYEHUX  CTPYKTYDHUX METDUK, A TAKOX METPUK CXemu Ta HaroBHEHHSI 633y 3HaHb. OTDUMAEHI 3HaYeHHSI CTPYKTYPHO-
[EPaPXIYHNX METPUK IMATBEPMIKYIOT SKICTb Ta €QDEKTUBHICTL 3aripOriOHOBaHUX 11i4X04iB. BIANoOBIAHO A0 BUIHAYEHNX METDUK,
BIACYTHICTE UMK/IIB Ta 3aI1/1yTaHOCTI Y OHTOJIONYHIVI MOAESTI BKA3YE Ha KOPEKTHICTE 0GYA0BU CTPYKTYPU 3 TOYKM 30Dy EDrOHOMIKMU
7@ MOXJMBICTL 104A/IbLUOI 3MIHU CTPYKTYPU Ta HAlMOBHEHHS OHTOJ/IONYHOI MOAENI. [1poaHasi3oBaHl 3HaYEHHS METPUK CXeEMU Ta
HAIMOBHEHHS 6a3n 3HaHb [EMOHCTPYIOTb Kpally e@EKTUBHICTE aOCTPAKTHOMO riAxXo4y ¥ [POUEC BU3HAYEHHS KOHQIrypauli
1IPOrPaMHOro 3a6€3reYeHHs], K HAAAaE WBNALLE Ta KOPEKTHILLIE ONpPAaLIlOBaKHHs OHTONOMYHux SWRL ripaswn nijg Yac agantayi.

KIo4oBi C/10Ba; OHTO/IOrIS, afanTuBHE IPorpamMHe 330E3ME4YEHHS, aAarTUBHa CUCTEMAE, METPUKA OHTOJIOr, OLiHKa
OHTOJIOr i

Introduction
Modern software systems are characterized by increased requirements for dynamic software configuration
in accordance with changes in user requirements. One of the methods to solve this problem is the use of semantic
networks and ontological models, which are characterized by universality and flexibility [1, 2]. The use of
ontologies in the development of a software system, its interface, and functional components ensures the
implementation of software adaptability without adjusting the source code based on the formation of a dynamically
changing knowledge base [3].
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The use of ontological models in the process of adapting the graphical interface is a common approach to
creating a personalized user experience depending on the requirements [4]. Most modern systems offer various
configuration options for both individual elements and the overall structure and layout of the graphical interface,
which improves interaction with the software. In this case, in the process of contextual adaptation, the use of a
formalized and standardized structure of ontological models allows us to ensure that the configuration process is
performed regardless of the device [5].

Another important aspect of software adaptability is the ability to personalize functionality to the user's
needs. The use of an ontological approach in the design process provides the possibility of a detailed representation
of objects and connections of the subject area [6, 7]. In addition, it should be noted that this approach allows you to
create smart systems that will be personalized to the needs of the user without the need to pre-install all available
functional components. Thus, dynamically identifying recommended software modules using ontologies reduces the
load on system resources, which in turn reduces hardware requirements.

While stating the positive aspects of using ontological models in the process of creating software systems,
it should be noted that it is necessary to check and control the quality of the created model. Therefore, in the process
of designing ontologies, it is important to track their compliance with a certain goal. For this, a certain set of criteria
or metrics is used that form an assessment of the quality of the ontology [8]. The ontology quality assessment
process is a complex task, which is based on determining the key properties of the ontological graph and the
interaction between its vertices.

Existing software quality models focus on the study of the characteristics of the software code, as well as
on the processes associated with its development, modification, support, and maintenance. At the same time, the
presented quality assessments cannot be applied directly to ontological models, since they fundamentally differ from
programs not only structurally or functionally, but also have significant differences in the processes of design,
development, and support [9]. In such cases, unified quality methodologies should be used, based on existing criteria
or metrics that are defined in ontology engineering in combination with quality criteria according to software
engineering theory [10].

Therefore, taking into account the indicated problems and challenges in the creation of adaptive software
systems, the purpose of this work is to reveal approaches to the design of ontological models and assess their quality
based on a set of specialized metrics.

Description of approaches to designing ontological models of software systems

The process of designing an ontology depends on the implementation of components of a certain subject
area. Therefore, an important task is to correctly define a set of concepts and relationships, which will allow the
knowledge base to be qualitatively filled with instances and axioms. In addition, when designing an ontology, it is
necessary to ensure that the resulting model meets the following requirements [11, 12]:

— the model must be defined in a standardized formal language (e.g. OWL, RDF, etc.);

— the concepts of the ontological model must be expressed through axioms;

— the model must conform to the previously formed requirements specification for the relevant subject
area.

The process of designing and developing an ontological model classically involves several stages [12]:
Selecting a subject area;

Defining the core elements of a subject area and designing based on concepts and classes;
Defining properties for each generated class;

Creating instances of designed concepts.

Designing connections between ontology concepts and creating axioms.

DeS|gn|ng an ontological model of a software system in accordance with the specified sequence allows you
to control its quality and characteristics. In addition, the model formed in this way will provide the ability to add
semantic rules in the future. The presence of these rules will ensure the execution of the semantic decision-making
mechanism to obtain new concepts or ontological connections.

In a formalized form, the ontological model of a software system can be represented as a combination of
four sets:

abrwnPE

Osystem = <Csystem ' Rsystem ' Propsystem ! Fsystem > | (1)

where C — a set of entities of the subject area of an adaptive software system containing information

system
about users and possible configurations;
R — set of relations between entities of the subject area;

Prop . — set of properties and attributes of subject area entities;

F
It should be noted that the ontology design process according to the classical approach is effective only for

system

system — S€L OF functions of interpretation of concepts of the ontological model.
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systems with clearly defined objects of the subject area. In the case when the ontological model is used for adaptive
software systems, its structure will change in accordance with the filling of the software with functional and
graphical components. This will impair the efficiency of the adaptation process, because after adding new modules,
it is necessary to add new concepts and relationships between elements, and for the software system - to do a
complete reconfiguration and redeployment.

This problem, which arises when using the classical approach to designing an ontological model for an
adaptive software system, can be illustrated using the example of software for helping people with cognitive
impairments [13]. In accordance with the requirements, such software must respond to changes in the user needs and
take into account various types of health disorders, in particular: impaired vision, and hearing, as well as cognitive
changes.

So, according to the classical process of designing an ontology, first, the objects of the subject area are
identified in the form of concepts of the corresponding model (Fig. 1.a): "Modules”, "Impairment"”, "Software",
"User Interface", etc. After the objects are created, appropriate connections are established, in particular: “uses”
denotes the connection between the user and the used software configuration; “needElement” and “needModule” —
indicate the software module or graphical element required for installation or modification. The developed model
met the basic requirements. However, in the process of further improvement of the structure of the ontological
model in accordance with the adaptability requirements (adding new concepts of the ontological model: a software
module or a user interface element), such changes led to discrepancies in the knowledge base scheme, which in turn
created a problem of timely and correct migration of the ontological model versions. In addition, in the case of
software adaptation, a new ontological rule had to be created for each new element, which also caused problems at
the software support phase.

The solution to the problem of adapting the software system to the updated requirements based on the
ontology is the use of an abstract approach to the design of the ontological model [14].

In accordance with the abstract approach, when creating concepts and connections of the ontological model
between elements, abstractions of domain elements are created. Each abstraction can be expanded using entity
instances, which in turn provides the ability to dynamically add new elements to the ontological model. In the case
of software adaptation, three main abstractions are allocated that directly concern the adaptation process:
"Component", "Functional component" and "Graphic component" (Fig. 1.b). In accordance with such a division, the
main relationships and adaptation rules are established for the "Component"” concept and apply to all subclasses and
instances. In this way, the dynamism of the adaptation process is ensured, without the need for a complete
reconfiguration of the system.

Ontological models built on the basis of classical and abstract approaches are presented in Figure 1.
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Fig. 1. Designed ontological models: a) classical approach; b) the proposed abstract approach

Comparing the models created according to both approaches, it should be noted, in particular, that the
connections defined in the abstract approach provide a higher level of flexibility. In particular, the "needModule"
and "needElement" relationships have been replaced by the "need configuration" relationship. The corresponding
changes ensure the formation and preservation of different configurations of the software system in the knowledge
base, depending on the presence of elements in the given version of the software. It also helps to reduce the number
of ontological rules, since concept abstractions and updated relationships allow defining a single rule that will cover
all possible configurations (using the has requirement - to identify user requirements and requires solution - to
define required components).
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To compare the correctness and efficiency of using ontological design for adaptive software systems
according to the classical and abstract approaches, we used a quality assessment technique based on the use of
specialized metrics.

Metrics for evaluating the quality of the ontological model of the software system

Considering the complexity of designing and developing ontological models of adaptive software systems,
it is advisable to use specialized metrics to assess their quality, which, in general, can be divided into two categories:
hierarchical and relational. The first group allows you to evaluate ontologies from the point of view of the hierarchy
of subject area concepts and their properties. The second category allows you to investigate the relationship between
the concepts of the ontological model. Metrics also allow you to analyze specific aspects of the ontology, since, in
most cases, the method for constructing an ontology largely depends on the area in which it is developed or will be
used [15].

In addition, it is advisable to carry out the process of assessing the quality of the designed ontological
model in accordance with three main groups of metrics: structural, functional, and usability profile metrics [16].
These groups of metrics allow you to analyze the ontology according to such attributes as: syntactic quality;
compliance with the rules; richness and semantic quality; interpretability; sequence; clarity and pragmatic quality;
comprehensiveness, accuracy, and relevance [17].

The analysis of the characteristics of the ontological model should start with the basic structural metrics,
which will allow, in combination with the scheme metrics, to determine the qualitative attributes of the created
model. The mentioned metrics make it possible to identify ergonomic and structural-hierarchical errors in the
ontological model at the initial stages of design.

Since the ontological model is the basis for the creation of a graph and a knowledge base, the initial
assessment of the structural and hierarchical properties of the model is carried out using the metrics of depth, width,
complexity of the ontology, and the presence of cycles [18]:

Absolute depth (Adeptn) is defined as the sum of the lengths of all paths, where a path is a sequence of
vertices from the root to the leaf vertex of the ontological model graph (1):

P
Adepth = Zi Ii ' (2)
where P —is the set of all paths of the ontological graph;
|, - the length of the i-th path from the total set P .

Average depth (Avgeeptn) Characterizes the ratio of the absolute depth of the ontological graph to the total
number of paths:

et
AVg depth — —= ' ®3)
n
p
where Ay, — the absolute depth of the ontological graph;

N, —the total number of paths from the root element to the leaf vertices.

Absolute breadth (Apreadtn) determines the number of classes at each level of the ontological model

hierarchy:
L
Abreadth = Zi Ni ' 4)

where L — is the set of all levels of the ontological graph;
N, — the number of vertices at the i-th level of the ontological graph.

Average breadth (Avgoreasin) Characterizes the ratio of the absolute width of the ontological graph to the
total number of levels of the ontological model hierarchy:

Avgbreadth = % ’ (5)
L

where A, — the absolute breadth of the ontology graph;

N, — the total number of hierarchy levels in the ontological graph.

Ontology entanglement (Tang) indicates the presence of multiple inheritance: the lower the entanglement
value, the better the projected ontology from the point of view of cognitive ergonomics. The entanglement metric is
defined as the ratio of the number of classes having more than one parent class to the total number of classes of the
ontological model:
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Tang = L, (6)
g
where t — number of vertices having more than one parent (multiple input connection is-a);
Ny — the total number of vertices in the ontological graph.

Ontology cyclicity (Acce) is an indicator of the presence of cycles used to determine the quality of the
projected ontological model. The degree of cyclicity of an ontological graph is defined as the ratio of the number of
cyclic connections to the total number of vertices in the ontological model:

Nyl
Agoe = (7)
Ny
where NCycle — the number of vertices included in any cycle of the ontological graph;

ng — the total number of vertices in the ontological graph G.

The results of the evaluation of software system ontologies for classical [13] and abstract [3] approaches
based on basic structural and hierarchical metrics of ontological models are presented in Table 1.

A comparison of the basic structural and hierarchical metrics for the proposed ontology design approaches
shows that the values of the depth and breadth indicators of the ontology model are better for the abstract approach.
Improvement of these metrics ensures faster and more correct processing of ontological SWRL rules in the
adaptation process.

Metrics of entanglement and cyclicity of the ontological model allow us to determine the structural and
functional errors in the process of designing the ontological model. In accordance with their semantic content, the
higher the value of these indicators, the worse the structure of the model from the point of view of further
modification.

Table 1.
Evaluation results of designed ontologies based on basic structural and hierarchical metrics
Metric _ The value of the metric
Classical approach | Abstract approach
Depth metrics
Absolute depth (Ageptn) 25 27
Average depth (AVQueptn) 25 2,07
Breadth metrics
Absolute breadth (Apreadtn) 15 13
Average breadth (Avgpreadtn) 3,5 2,6
Entanglement and cyclicity metrics

Ontology entanglement (Tang) 0,0 0,0
Ontology cyclicity (Acycie) 0,0 0,0

In addition, the presence of cyclic dependencies can cause problems and slow down the work during the
processing of ontological rules to determine the adaptive configuration. It should be noted that for both approaches
the metrics of entanglement and cyclicity are equal to zero, which confirms the syntactic correctness and quality of
the designed ontologies from the point of view of cognitive ergonomics and, accordingly, the expediency of using
the ontological approach in designing the architecture of adaptive software systems in general.

In order to further assess the quality of the projected ontological models, an analysis of the taxonomy of
subject area concepts was carried out. The quality assessment of the generated taxonomy was carried out on the
basis of scheme metrics [19, 20]. These metrics allow you to analyze the fullness of instances, connections, and
concepts, namely:

— attribute richness metric (AR) shows the distribution of functional properties among the projected
classes of the subject area. This characteristic is defined as the ratio of the total number of ontology
attributes to the total number of ontology concepts/classes:

|ATT|
cf
where ATT — is the total number of ontology attributes;
C — the total number of ontology classes.

AR ®)

— relationship richness metric (RR) shows the distribution of properties that establish relationships
between the concepts of the ontological model among the projected classes of the subject area.
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Relationship richness is defined as the ratio of the number of non-inheritance relationships between
ontology objects to the total number of ontology relationships:

P
[P[+[H]
where P — the number of relationships that do not include relationships is-a;
H — number of inheritance relationships (relationships is-a).

RR = 9)

— class-attribute ratio (ACR). This metric analyzes the relationship between classes containing properties
and all classes in the projected ontological model:

N
ACR = % (10)

where |Ncl+att| - number of classes containing properties;
C — the total number of ontology classes.

The specified basic metrics and metrics of the scheme allow to evaluate the structure and relationships of
the ontological model in order to determine the correctness of the construction of the model of the subject area.
However, it should be noted that these metrics do not allow us to fully assess the informativeness and filling of
entities with specific objects.

Since the main goal of building ontological models is to represent knowledge about the subject area,
metrics that allow you to evaluate the quality of the ontology in the process of further expanding the knowledge base
are also important characteristics. In this case, the placement of data in the ontology is analyzed with the help of
appropriate metrics of the population of the ontology knowledge base: the average population of classes and the
metric of class richness.

Average class population metric (AP) allows you to evaluate the distribution of entity instances among all
classes of the ontology. A higher value of this metric indicates a better population of the knowledge base. Average
class population is defined as the total number of instances in relation to the total number of classes of the
ontological model:

|
AP = H (11)

where | — the total number of entity instances;
C — the total number of ontology classes;

Class richness (CR) indicates the degree of connectivity of concepts and instances of entities of the
ontological model and is defined as the ratio of the number of non-empty classes to the total number of classes of
the ontological model:

c

non—empty ‘
€]

— the number of classes that have at least one instance

CR = (12)

where Cron—empty

C — the total number of ontology classes

The determined metrics of the scheme and filling of the knowledge base for the projected ontological
models for the classical and abstract approaches are presented in Table 2.

Table 2.
The results of the evaluation of the designed ontologies based on the metrics of the scheme and filling of the
knowledge base

Metric The value of the metric
Classical approach | Classical approach
Schema metrics
Attribute richness (AR) 1,33 1,38
Relationship richness (RR) 0,294 0,285
Class-attribute ratio (ACR) 0,53 0,46
Knowledge base population metrics
Average class population (AP) 110 127
Class richness (CR) 0,67 0,69
18 MDKHAPOJTHUI HAYKOBHI XYPHAJI
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According to the evaluation results, the values of the attribute richness metric and the relationship richness
metric are approximately the same in both cases. Consequently, for both methods, an equivalent distribution of
functional properties among the designed classes and properties establishing relationships between the concepts of
the ontological model is achieved. However, it should be noted that the value of the scheme metrics for the classical
approach is not stable, since new classes will be created in the process of software adaptation, which will affect the
average richness of classes with attributes.

Analysis of approaches to ontology design based on knowledge base filling metrics proves that for the
abstract approach richness indicators and average class population increase. Such values indicate greater
informativeness of the ontological model designed according to the abstract approach, its semantic quality and
interoperability, as well as the possibility of its further expansion.

Thus, the determined values of the specialized metrics for both approaches allow us to assert the
compliance of the designed ontologies with the requirements in terms of the model structure and dependencies
between components, as well as the equal distribution of the functional properties of the classes. From the point of
view of the further development of the ontology and the filling of the knowledge base, the speed and correctness of
processing the ontological SWRL rules in the process of adaptation, the results of the evaluation of specialized
metrics prove the advantages of using an abstract approach in the design of ontological models for adaptive software
systems.

Conclusions

An analysis of research aimed at designing adaptive software systems using ontological models has been
carried out. It was established that the use of ontologies in the process of software configuration allows to improve
the adaptation mechanism due to the use of a formalized and standardized description of the subject area. Such a
solution allows to reduce the load on system resources, which, in turn, reduces the requirements for hardware.

The process of designing ontological models based on classical and abstract approaches is presented. It is
established that when using the classical approach to designing ontologies, problems of migration and updating of
software modules arise during the software adaptation process. The solution to this problem is an abstract approach
to designing an ontological model, according to which abstractions of objects of the subject area are distinguished
and created. Such a solution provides the possibility of further expansion of the model by an instance of ontological
concepts without the need to reconfigure the software system.

A set of structural and hierarchical metrics for evaluating the syntactic and semantic quality of ontological
models is defined. A comparative analysis of approaches to the design of ontological models based on the defined
metrics of the scheme and the population of the ontological knowledge graph was carried out. The obtained values
of the structural and hierarchical metrics confirm the quality of the designed models and their compliance with the
requirements for software adaptation. The metrics of entanglement and cyclicity defined for both approaches are
zero, which indicates the syntactic correctness of ontology design from the point of view of cognitive ergonomics.
This provides the possibility of further modification of the models and confirms the expediency of using the
ontological approach in designing the architecture of adaptive software systems in general.

The improved values of the specialized metrics of the scheme and the population of the knowledge base of
the ontology developed on the basis of the abstract approach confirm its higher efficiency in the design of
ontological models, as it ensures faster and more correct processing of ontological SWRL rules in the adaptation
process. The defined metrics indicate greater informativeness of the ontological model designed according to the
abstract approach, its semantic quality and interoperability, as well as the possibility of its further expansion.
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