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1. Introduction

At present, it is necessary to develop and study models
and methods for designing effective data and knowledge
warehouses (DKW) of modern computer systems for in-
tellectual data processing (CS for IDP) at enterprises
and organizations [1, 2]. These models and methodolo-
gies should be combined into an end-to-end methodology
based on a mathematically grounded approach that will
ensure the provability and validity of design results. At
the same time, it is necessary to take into account the
accumulated knowledge of the subject area (SA) of spe-
cialists and knowledge engineers who do not have much
experience in designing the CS, but can formulate a the-
saurus or ontology describing the concepts and relationships
between them. At the same time, the ontological model,
constructed in general form on the basis of accumulated
information about the work of the domain, has a number of
significant drawbacks. When designing it, the analyst does
not have to follow formal rules and restrictions. Despite
the fact that a number of recommendations have been
developed at the moment [3, 4], their value depends on
the effectiveness of applied ontological modeling practices
and is subjective. The most important possibility to intro-
duce mathematical foundations, verification of results and
the demonstrative power of topological design patterns
into the knowledge engineering process is the category
theory (CT). The mathematical apparatus of this theory
makes it possible to develop commutative diagrams, in-
cluding for the formalization of knowledge [5, 6]. Logical
development of the CT — the theory of sketches [7, 8] —
makes it possible to develop mathematical constructions
in the composition of graphs, theories and categorical
models.

The architecture of the projected DKWs in the CS
composition should ensure the requirements of the data-
base design theory [9], which implies the relationship of
the relational data model to the constraints imposed on
them by normal forms. At the same time, the skills and
abilities of the project team members are also related to
the graphical formalization of the results of system analy-
sis using the appropriate diagrammatic techniques. This

formalization of SA knowledge provides an opportunity
to visualize the information received during the analysis,
ensure effective interaction with colleagues and customers,
move on to the following, more formal stages of the CS
development.

Therefore, it is important to study the possibilities and
disadvantages of modern approaches to formalizing know-
ledge about SA, diagrammatic techniques of information
and data modeling in the development of the CS DKW
for IDP. The result of such studies is development of
a design methodology that summarizes the achievements in
this field on the basis of a single mathematical apparatus.

2. The ohject of research
and its technological audit

The object of research is development of a methodology
for designing effective data and knowledge warehouses of
modern computer systems for intelligent data processing
using the categorical-ontological (CO) approach developed
by the author [10]. The use of CO models as a metalan-
guage simulation provides a means for verifying the DKW
design process and its results. SA analysts and DKW
developers during the creation of a CS for IDP usually
use at different stages of work disparate techniques and
technologies for designing and implementing components
of the CS. These techniques and technologies, based on
heterogeneous approaches to formalizing and modeling
aspects of SA, will be considered below. In this case, se-
mantic and linguistic barriers arise in the SA perception,
understanding of problems and methods for their solution,
from the point of view of choosing an effective diagram
technique in the design. Schematically, the nature and
topology of the emerging barriers are shown in Fig. 1.
In addition, the differences are also in the formats and
technologies of data storage and exchange, in the models
for building requests for DKW.

The main drawback of the current theory and practice
of DKW design is that customers, analysts and develo-
pers do not have the opportunity to use one end-to-end
methodology that is suitable for teamwork and knowledge
sharing.
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Fig. 1. Solution of the problem of semantic and linguistic gaps at the stages of implementation and in the process of functioning of computer systems
for intellectual data processing at enterprises and organizations

Such methodology should be understandable and objec-
tive from the point of view of the provability and validity
of models, be suitable for a full range of research and de-
sign work. Models created at different stages of design and
using different methods should, in the framework of such
a methodology, be displayed to each other without loss.
These requirements are not currently met by any applied
technique in itself. It is necessary to integrate them on
the basis of mathematical theory and using the methods of
knowledge engineering, in particular, ontological approach.

3. The aim and ohjectives of research

cused on the representation of attributes in models, is
presented in Fig. 2.

The higher-level modeling technologies used in the de-
sign of the knowledge warehouse (KW), however, using the
combined (RoA-AoA) approach, are the Entity-Relationship
Diagrams (ERD) model [4, 9], and the framework Semantic
Web, the Resource Description Framework (RDF) [13].
The ontology of these simulation technologies of the SA
in the DKW design, more oriented to the representation
of relations in models, is shown in Fig. 3.

Attribute-oriented
Approach

The aim of this research is improvement of the
DKW design process by developing a methodology
for their design based on the ontological approach

Entity-Relationship-

/O

Attribute (ERA)

to modeling the subject area of data processing auto-
mation and data analysis.

To achieve this aim it is necessary to:

1. Analyze the existing models and methods of
formalizing knowledge about the SA of CS operation
for IDP and DKW design, perform their classification,
determine the features and possibilities of integration.

2. Develop a methodology for the DKW design
and its formal categorical-ontological (CO) model, on
the basis of which to justify the required procedure
for applying the methodologies included in the uni-
fied methodology.

(Name

4. Research of existing solutions
of the prohlem

Traditional approaches to the conceptual modeling and
design of DKW can be classified as such that formalize,
basically, Relational-oriented Approach (RoA), Attribute-
oriented Approach (AoA) attributes and objects (Object-
oriented Approach — OoA). And most of the design tech-
nologies are of a mixed nature. Thus, the technology using
Entity-Relationship-Attribute (ERA) Diagrams [11] and
Anchor technology [12] represent a combined (RoA-AoA)
approach, and only the design based on the Functional
Dependencies Diagrams is attribute-oriented (AoA). The
ontological model of this group of technologies, more fo-

Diagrams
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com)

\

Relation-oriented ¢
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Fig. 2. Ontology of domain modeling technologies for the design of data
warehouses and knowledge, more focused on the presentation of attributes

Historically, one of the first technologies for modeling
software for designing a DW is to consider Object Role Mode-
ling (ORM). Based on the ORM, the Integration DEFinition
for information modeling (IDEF1X) technology, which is an
integral part of the family of IDEF diagram techniques, was
then developed (in the direction of the reduction presented
in the knowledge models) to formalize various aspects of
the SA. The result of the merging of a large number of
similar approaches to modeling and formalization, as well as
the design of hardware and software systems, was the Uni-
fied Modeling Language (UML) modeling technology [14],
which provides ample opportunities for modeling classes,
their instances and relationships between them.
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for presenting rules for complex SA of operations of en-

Relation-oriented . . .
terprises and organizations.

Entity-Relationship ~

Diagrams (ERD) Approach
Thus, in order to overcome the considered semantic
p— and linguistic barriers, it is necessary to integrate diverse
p— il design methods based on ontological models verified on
=\ = the basis of category theory to construct an effective,
" theoretically grounded methodology, based on:
— possibilities of the theory of categories and sket-
Resource
Description ches [5-8];
Framework (RDF) — approach to categorical-ontological modeling of the
Attribute-oriented SA and the processes that take place in them [10];
Approach — methods for the mutual mapping of ER and FDs
diagrams [4] for the joint use of information and data
models in the design of databases;
— methods for presenting queries to databases and
Fig. 3. Ontology of domain modeling technologies for the design of data knowledge, usually formalized in different query lan-
warehouses and knowledge, more relationship-oriented guages (SQL, DL Query, SPARQL, SQueryWRL) [13],
using a subject-oriented language based on categorical-
However, to represent business rules and ontological models.
interaction algorithms in objects, it was neces-
sary to develop a specialized language based Object-oriented
on UML diagrams — Object Constraint Lan- Approach
guage (OCL) [14]. The use of OCL made it Object Role /
possible to use for this purpose expressions Modeling (ORM)
that are close in expression to first-order logic,

but specific and complex from the point of
view of specialists in the PR. The ontology
of the considered simulation technologies of
the SA in the design of the data warehouse,
oriented to the representation of objects and
relations, is shown in Fig. 4.

To increase the level of abstraction in
modeling and automating the CS develop-
ment, in recent years, the Meta-Object Faci-
lity (MOF) initiative has been developed and
is being implemented [15]. MOF involves the Relation-oriented
use of a standard for model-driven develop- Approach
ment prepared by the Object Management
Group (OMG) on the basis of UML. The
analysis shows that this approach is a meta-

Integration DEFinition
for information
modeling (IDEF1X)

Unified Modelling
Language (UML)

UML + Object
Constraint Language
(ocCL)

model over UML and has no other useful Fig. 4. Ontology of domain modeling technologies for the design of data warehouses
properties for the tasks solved in this paper. oriented to the representation of objects and relations

Preferred as the basis for the developed
methodology are technologies based on the Category-oriented

models, usually expressing the subjective point

categorical approach to the SA modeling, since Approach
. e . . Category Theory
this approach allows verification of information (CT) Models /

of view of their authors, on the basis of a formal ho

mathematical apparatus. These technologies, i

based both on the representation of attributes W OLOG Diagrams

and on the approach of category theory, in- / (based on CT)

clude Olog Diagrams [6] and Sketches, which Attribute-oriented - - -

are the development of ERA technology [11]. Approach aphone mbe | —— [ e code ] Skelches
The authors of these technologies have deve- } (based on
loped languages and means of automating the “'Hdmmpwm e ERA and CT)

obtaining of database schemas from diagrams,
respectively, Algebraic Query Language (AQL)
and EASIC (graphical modeling of EA sketches
and views). The ontology of modeling tech-
nologies for the design and development of
attribute-oriented DKWs and the theory of
category theory is presented in Fig. 5.

The disadvantage of these technologies is Fig. 5. Ontology of domain modeling technalogies for the design of data warehouses
the absence in their composition of means and attribute-oriented knowledge and category theory approach

eeeeee

AQL (Algebraic
Query Language)

EASIC (graphical
modeling of EA
sketches and views)
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5. Methods of research

In this paper, a categorical-ontological approach is used
to SA modeling, in which the generic ontological model
is mathematically rigorous, by imposing constraints on
the objects and morphisms of the category theory on the
concepts and relationships that are presented. The one
shown in Fig. 6 the diagram is a commutative diagram
of the category theory constructed in accordance with
the graph in sketch theory [16].

Since the arrows in category theory are function-
transformations (mappings) of some objects into others,
commutativity means the equality of paths (compositions
of morphisms) by means of which the results of transfor-
mations are achieved.

implies .
IDP purpose Solution of the

IDP task

achieved-with- o
help

formulated-for- includes

achieving

P
System effect Action on data

requires-for-achievement

Fig. 6. Commutative diagram of category theory for a fragment
of an ontological model for solving the problem of intelligent
data processing

The imposition of the requirements of commutati-
vity and the use of concepts in category theory made
it possible to reveal for the given diagram a topologi-
cal template mathematically described and justified as

Generic
Subject Area (SA)
Ontology Model (OM)

Objoct
> i
Hypothesis [“Propeny |

L

necessary for the given semantics of the domain, namely
pushout, denoted in the diagram as «PO». The formu-
lation of such restrictions corresponds in the theory of
sketches to the development of cones and cocones for
the diagram and their introduction into the composition
of the sketch [17].

A generalized diagram of the methodology developed
by the author for the DKW design based on categorical-
ontological models is shown in Fig. 7. Fig. 7 shows succes-
sively the stages of transformation of a generic ontological
model into a categorical-ontological (CO) model, that
is, SA model, verified on the basis of category theory.
On the basis of this model, further design procedures are
performed: joint information (in the form of an Entity-
Relationship — ER diagram) and a datalogic (in the form
of Functional Dependencies — FDs diagram) are developed.
This joint approach allows to supplement and justify both
diagrams using the provisions of the theory of relational
database design. And also build on their basis a conceptual
model (relational schema) of the database, close to optimal
from the point of view of the absence of problems leading
to data integrity violation during operation.

In addition, the CO model of SA allows directly
obtain the knowledge base model for the projected SA,
in the form of OWL DL axioms and SWRL rules [13].
Obtaining the conceptual DKW models based on the CO
model of SA guarantees the completeness and correct-
ness of the entities (classes) and relations of the PR that
are represented. The general scheme of the methodology
also includes the additional possibility of reduced models
obtaining on the basis of the CO model for simulating
the SA operation (system dynamic models, Petri nets, fuzzy
cognitive maps). The technology of simulation using fuzzy
cognitive maps is developed in [18].

Category Theory
(CT) Models

ho
f el h
O—>0—>0—>0

studying-
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Fig. 7. Generalized scheme of the methodology for the design of data and knowledge warehouses
for computer systems based on categorical-ontological models
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6. Research resulis

For the categorical-ontological representation of the
developed methodology and the sequence of transforma-
tions performed on the data, a corresponding model is
developed, which is shown in Fig. 8.

This model also represents the formalization of SA pro-
cedural models (business logic) during the CS for IDP
design, the rules for the SA operation, the requirements
and restrictions imposed on the DKW contents. The model
reflects the following features of the implementation of the
developed methodology. The categorical-ontological model
COM™¢ is the result of computing the pushout (PO) object:

COM™* = Ont ™ 11 e CTMM 1 e FRCY, (1)
which simulates the process of mapping knowledge about
the SA K™ into the COM™* model by building a generic
ontology Ont™ verified on the basis of the category theory
model CTM™, taking into account the SA requirements
and constraints (business logic) FRC™*. Also the model
in Fig. 8 represents the process of obtaining a relational
schema of data stores of a projected CS, close to optimal.
This process is implemented on the basis of the joint use
of the <entity-relationship> (ER) model and the model
based on the concept of functional dependencies (FDs)
EFM™ and using the UML+OCL model UOM . The data
warehouse schema is derived from EFM™* and UOM™ on
the COM ™ basis, calculating the corresponding PO object:

RSMet = EEM ™ 1] e UOM M. (2)

Other square faces of the cube on the right side of
the model are not PO objects, since the model of the SA
rules in the form of statements of first-order logic RM ™
is constructed not only on the basis of the model UOM ™,
but also directly on the basis of FRC™*. RM™ model
is then used to build the KW, in particular, using rules
in the language of SWRL or in the form of processing
algorithms implemented in the Stored Procedure Language.
This restriction is due to the fact that not all business
logic of SA can be expressed by means of the language
of Object Constraint Language in the model UOM ™M,

The result of applying the developed methodology is
the construction of data warehouses and knowledge of
the projected CS with a structure close to optimal by
computing the coproduct object:

KW Met = DM Met HRIMez HRSM"! ) (3)

The result KW is the final stage in the DKW con-
struction for the information support of the CS operation
for IDP, the structure of which is stored in them, the
formalized ontological SA model and the business rules for
data collection and processing represent the accumulated
knowledge of the SA.

This result is obtained on the basis of the categorical-
ontological model COM™* as the nodal stage of mode-
ling and design within the framework of the developed
methodology.

7. SWOT analysis of research resulis

Strengths. The strengths of research are that, as a result
of the development and application of this methodology,
semantic and linguistic barriers have been overcome in
the CS design. Customers, analysts and developers have
an opportunity to use an end-to-end methodology, suit-
able for collective work and knowledge sharing, that is
understandable and objective in terms of the provability
and validity of models. This methodology can be used
for a full range of research and design work, regardless
of the formats of data presentation and diagrammatic
techniques for formalizing the SA knowledge. Categori-
cal-ontological approach to modeling and design makes
it possible to formally substantiate subjective results
of knowledge engineering and use objects of category
theory in the form of design patterns at a high level
of abstraction.

Weaknesses. Weak sides of research results are an
increase in the requirements for the level of abstract
thinking of analysts engaged in SA ontological modeling.
When using the developed methodology, they must master
the mathematical foundations of the theory of categories
and sketches and the skills of using their positions when
presenting the results of knowledge engineering. As with

any method of formalization
of knowledge, qualitative re-

KME[ CTM ™ EFM Met Md. sults can be obtained only
knowledge ———————= CT model ER+FDs 'rm’;!:omnegtgns on the basis of experience of
mOde| $QL/SWRL long practical application of

the developed methodology.

\ / RM Met // Opportunities. Additional

= Categorical- Rules / opportunities that arise in

generlc ontological ~ —7———=modelin achieving the aim of this study
ontology model = FoL / are solutions of the problems
Oont" 7 / \ of intellectualizqtion of com-

/ Relational = CS DKW pute.r systems, improve the

/ —  Scheme for IDP quality of development and

Eormaliz e/d sA RS Mer et the effectiveness of using such
requirements and // KW systems based on the me-
restrictions —_— UML+C/)CL OWL{:)L thods of.knowledge enginee-
FRCM model model ring. Thls allows to devel'op
UOM M ODM ™ productive CS for IDP, which

Fig. 8. Categorical-ontological representation of the developed methodology and sequence

of transformations performed on data

perform the tasks of prompt
and relevant data processing,
effective knowledge enginee-
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ring and extraction of adequate models from data sets.
Components of such CSs are implemented at a number
of industrial enterprises, in scientific activity and edu-
cational process.

Threats. The difficulties in implementing the obtained
results in the CS design are related to the following factor.
Specialists who apply a technique or design methodo-
logy for a long time and receive satisfactory results may
have corresponding biases to the developed methodology
and doubt its practical utility. However, the increasing
complexity of CS for IDP and the tasks solved with
their help, increasing competition in the field of infor-
mation technologies, require the development of new
approaches to design based on modern achievements of
scientific thought.

1. Comparative analysis and ontological modeling of
approaches and techniques used in the design of data and
knowledge warehouses in computer systems are performed. It
is determined that the models created at different stages of
design and using different techniques do not allow performing
their mapping without losses. It requires the development
and application of an end-to-end methodology suitable
for collective work and knowledge sharing, integrating
existing techniques and based on a unified mathematical
apparatus.

2. A methodology is developed for designing data and
knowledge warehouses for solving data processing and
analysis problems based on categorical-ontological models.
This methodology unites, in contrast to existing methods,
design using information and data models with various
diagrammatic techniques and modeling languages. This
approach has helped to eliminate shortcomings and to
supplement the merits of different design approaches and
to obtain a storage structure close to optimal.

As a result of the development and application of this
methodology, the semantic and linguistic barriers that
arise between the members of the project team during
the CS design have been overcome. Using a categorical-
ontological approach to modeling and design makes it
possible to formally substantiate the subjective results of
knowledge engineering and use the objects of category
theory in the form of design patterns at a high level of
abstraction.
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PA3PABEOTHKA METOJAO/IOI'HMH NMPOEKTHPOBAHKUA XPAHHTHLL
HOAHHBIX W 3HAHMI KOMNLIOTEPHLIX CHCTEM ANA
MHTENNEKTYANLHOK OEPAEOTKH AAHHLIX

Paspaborana METOOJIOTUS TIPOCKTUPOBAHUS XPAHUJIKIIL JaH-
HBIX U 3HAHWUIT 75T pelenust 3aa4 06pabOTKI 1 aHAII3a TaHHBIX
Ha OCHOBE KaTeropruajbHO-OHTOJIOTHYECKUX Mojiesieil. Metonomorus
00BEIMHSAET POEKTUPOBAHNUE C MCIIOJIb30BAHNEM PA3JIUYHBIX MA-
TPAMMHBIX METOJMK U S3BIKOB MOJEIMPOBAHUSA. JTO ITO3BOJINJIO
YCTPAHNUTh HEJOCTATKH U JIOTOJHUTH JOCTOMHCTBA Pa3JIMYHbIX
TIO/JIX0/I0B K MTPOEKTHPOBAHNIO M MOJYYUTH CTPYKTYPY XPaHWJIUIIL,
GJIMBKYI0 K ONTHMAJIbHOM.

Kmouesrte cnoBa: KOMITBIOTEPHAS CUCTEMA, XPAHUJIUIIE TAHHBIX
¥ 3HAHNI, KaTerophuaJbHO-OHTOJIOTHYECKAsT MOJEb.
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