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ABSTRACT

Context. Informational systems are very common and use databases to store information that users need. Many different data
models can be used but the relational model is still relevant. The last decade show tendency of using distributed databases while
working with relational data model and this approach requires a specially designed module to synchronize data of all separate data-
bases. Considering optimizing the database structure, researchers didn’t pay much attention to the potential of users’ SQL-queries
history. The optimal structure of all the distributed nodes could reduce the necessity of synchronization while the data access speed
and its actuality would remain stable. The object of the research is the process of optimizing the structure of the distributed database
of corporate information systems, which are based on the relational database’s model.

Objective. The research aims at improving the accuracy of the data representation marker’s value on the distributed corporate in-
formation system’s (DCIS) node, obtained using the analytic hierarchy process by applying the fuzzy logic elements while process-
ing the alternatives’ global priority vector.

Method. The research’s authors in the set of their previous works emphasize the potential of using the collected history of users’
SQL queries. Firstly presented technology of users’ queries parsing. Then, the idea of using the multidimensional database for ana-
lyzing users’ queries by slices of workstation type, application, user, and his/her position was considered. Finally, the authors gave
the full-scaled mathematical model for formalizing database and query models, and criteria of database structure’s optimality.

The current research continues the given sequence and tries to increase the efficiency of the decision support system, by introduc-
ing elements of fuzzy logic to the analytic hierarchy process algorithm. The approach’s main idea is in presenting the global priorities
vector in the form of a series of fuzzy sets of one variable with subsequent transformation to the exact value. This approach made it
possible to maintain the accuracy of the obtained result while decreasing the number of solution alternatives.

For new tuples added to the database’s tables after all calculations had been performed, the classification problem was formal-
ized. After obtaining the probability of a tuple belonging to the class “needed” and performing the normalization of the value, it is
taken as the level of the representation marker. Accordingly, the data is loaded onto the node if this value is greater than the optimal
level of the representation marker for the DCIS node.

Results. After calculating and obtaining the alternatives global priorities’ vector in order to improve the accuracy of the obtained
result, the apparatus of fuzzy sets was used. The obtained vector of global priorities was presented as a vector of fuzzy digits for the
data representation marker with subsequent transformation to the exact value. This approach made it possible to maintain the accu-
racy of the obtained result while decreasing the number of solution alternatives.

Conclusions. While working on the research, the concept of a data representation marker on the DCIS node for the elements of
the SQL query model was introduced. An aggregation function has been developed that allows determining the level of need for
attributes and tuples in the database’s relation for the DCIS node based on the statistics of SQL queries. A model of the dependence
of the database structure’s optimality criteria on the value of the data representation marker is built. Received further development
method of analytic hierarchy process. The initialization of the alternatives’ pairwise comparisons matrix can be performed automati-
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cally according to the obtained mathematical models. Representation of the obtained result in the form of the vector of fuzzy num-
bers with the reduction to the exact value allows increasing the accuracy of the obtained results.

KEYWORDS: corporate information system, database management system, distributed database, SQL-query, data replication,
multicriteria problem, analytic hierarchy process, fuzzy logic, classification problem, naive Bayes algorithm.

ABBREVIATIONS
CIS is a corporate information system;
DB is a database;
DBMS is a database management system;
DCIS is a distributed corporate information system;
ORM is an object-relational mapping;
SQL is a structured query language.

NOMENCLATURE

R is a database relation or database table;

R[P] is a database relation’s or database table’s pro-
jection;

R[S] is a table selection;

tup is a tuple of the relation R;

R" is a result of sequential execution of selection and
projection operations to the base relation (table);

F(tup, S) is a conditional boolean function on the tuple
of the relation;

R ion1s a subset of the relation R that is defined as

the union of R" subsets from the DCIS remote node;

P,.ion 1s @ union of the relation’s R attributes from the
set of projections R[P];

S.nion 1S @ union of the relation’s R selection conditions
from the set of selections R[S];

Roma 18 a set of relations’ attributes;

Rimary 15 @ subset of relations’ attributes that uniquely
identify cortege;

F,(Node, A) is an evaluation function that determines
whether the A attribute is needed on the remote node
Node;

R remote
schema

is a subset of the R, part of relations’ at-
tributes which are presented on the remote node;

Fup(Node, tup) is an evaluation function that deter-
mines whether the fup tuple is needed on the remote node
Node;

remote—dep
Rdata

linked from other relations’ foreign keys;

Q is a set of dimensions of a user’s query;

inner
set

query Q;
s”hema
Mrk is a data representation marker that reflects the
level of data representation necessity at the DCIS node;

node
koef repr

is a set of the relation tuples which are

is a set of inner SQL-queries of outer SQL-

is a resulting relations’ set;

is a data representation’s threshold coeffi-

cient, defined on the range [-1, 1];

Repr(Node,R, A,tup) is a conditional boolean function
that determines the necessity of the data slice <R, A4, tup>
on the remote node Node;

Faiap 1S an estimation function that determines the
value of the data availability criterion (independence from
the central database node);
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F.. 1s a value relative value of remote node’s data-
base size that is the database size criterion;

Fyuenro 18 @ need for data synchronization criterion;

WE°Pl s an alternatives’ global priority vector;

ngl"bal is a global priority vector in case of five al-

ternatives;
u is a belonging function;
a, 1s a center of mass.

INTRODUCTION

Nowadays informational systems are everywhere
around us, and their users to even notice to use them. This
list of examples can be very long, from reading news on
the internet, e-commerce, remote education to e-banking,
accounting systems, decision support, and so on. All these
systems use databases to store information that users
need, process it, and present it in appropriate form. His-
torically several data models are used to present informa-
tional system data among which can be mentioned hierar-
chical, network, relational, object, and document models.
Two of them (relational and document) for the set of rea-
sons are particularly popular [1].

Some works positioned relational model as an old and
irrational way of storing data while document model is
shown to be easily scaled and more productive and suffi-
cient [2]. However, deeper considering which of these
two is the most appropriate to use makes it clear that there
is no precise answer. It depends on many conditions. For
example, among them can be given the necessity of trans-
actional data processing and extracting objects from the
database not only by their unique identifier values [3].

Meanwhile, most of the accounting systems were his-
torically built on relational database management systems
this fact makes that model particularly useful. The possi-
bility of using object-relational mapping (ORM) tech-
nologies [4] also makes the convenience of the relational
model almost equal to documental while working with
object-oriented methodology.

All this highlighted that the relational model is still
relevant but according to the facts of rising the storage
capacities, increasing data access speed, using of the
ORM technologies, and so on, normalization now is not
the primary trend and data duplication can be justified. In
this context, the question of database structure optimizing
can be viewed from a different angle.

The object of study is the process of optimizing the
database structure of the distributed corporate information
systems based on the relational data model

The key factor influencing the reliability and availabil-
ity of the database is the localization of links. The high
degree of localization of links can be made by the presen-
tation on the node of the data that is needed exclusively
by the current node’s users. Database relations are pre-
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sented at the DCIS node after applying the projection and
selection operations. That is, for optimal presentation of
data it is necessary to use elements of vertical and hori-
zontal data fragmentation.

The subject of study is the analytic hierarchy process
for choosing the best alternative of the DCIS node’s struc-
ture based on the created model of SQL-queries to the
relational database

The method allows picking the most optimal decision
from the set of alternatives. Increasing the number of al-
ternatives can improve the accuracy of the obtained nu-
meric solution but leads to rising the size of the matrices
of pairwise comparison. It was suggested using elements
of fuzzy logic while working with the obtained vector of
alternatives’ global priority.

The purpose of the work is to improve the accuracy
of the data representation marker’s value on the distrib-
uted corporate information system’s (DCIS) node, ob-
tained using the analytic hierarchy process by applying
the fuzzy logic elements while processing the alterna-
tives’ global priority vector.

1 PROBLEM STATEMENT

The last decade shows the tendency of using distrib-
uted databases while working with the relational data
model. And there are several reasons for this. There are
several arias of accounting within one company [5]. For
example, it can be a warehouse, human resource, access
control, and other types of accounting. The attempt of
combining them in one “universal” information system
(corporate information systems, CIS) provides a single
accounting environment and gives access to all company
data for future analysis and decision-making. Neverthe-
less, presenting all data in one database is connected with
the set of potential problems [6], among which productiv-
ity, reliability, and safety should be mentioned first.

To solve part of them, the special accounting systems
can be separated and each of them will use its own data-
base. This technic is also known in modern application
development as the use of the microservices approach in
high-load projects [7]. It is clearly understandable that
this approach requires a specially designed module to
synchronize data of all separate databases.

Company structure also can be geographically distrib-
uted and some parts of data have to be presented locally
so that data consumers won’t rely on the availability of
the remote database server. According to this, the set of
company databases D = {Dy, D,, ... D,}, or its subset
D C D, or maybe some subset of tables R, C Ry =
{R1, Ry, ... R,} should be placed on the local database
server and periodically synchronized with the central da-
tabase version.

Considering optimizing the database structure [8—11],
researchers didn’t pay much attention to the potential of
users’ SQL-queries history. In works [9-11] took into
account increasing productivity by using the materialized
views, database restructuring, and denormalization. But
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the problem wasn’t considered in the context of the single
distributed CIS node.

According to the given above, the tendency of using
the distributed databases is justified and the need for their
parts to be synchronized is clear. And the optimal struc-
ture of all the distributed nodes could reduce the necessity
of synchronization while the data access speed and its
actuality would remain stable. Therefore, the task of op-
timizing the remote node’s database structure is quite
relevant.

While defining the objective function, three optimality
criteria can be defined. These are independence from the
central database node F,,i.p,l0cal database size Fl;,., and
the need for data synchronization Fy,.,. So the objective
function has three input variables Fpecive(Favaitabs Fiizes
Fynenro)- Taking into account the goal of minimizing the
Fyie and Fiye, criteria, and maximizing the Fqia, Ob-
jective function hypothetically can be defined as

Fobjective _ F, availab * Wavailab s max . But
F. xW.  +F xW.
size size synchro synchro

the definition of the weight coefficients could be a very
difficult task for the decision-maker, so the analytic hier-
archy process is considered rational.

2 REVIEW OF THE LITERATURE

The research’s authors in the set of their previous
works emphasize on potential of using the collected his-
tory of users’ SQL-queries [12—15]. The queries should
previously be parsed to extract the sets of entities (table),
attributes (columns), and tuples (rows). Then, this data
can be used to determine the level of necessity for this
data to be presented on the node of the distributed data-
base. And finally after the optimal level of data represen-
tation on the distributed database node will be found the
optimal structure of its database can be built.

In work [12] authors firstly presented technology of
users’ queries parsing. Then, in [13] the idea of using
multidimensional database for analysis users’ queries by
slices of workstation type, application, user and his/her
position was considered. Finally, in [14] authors gave the
full scaled mathematical model for formalizing database
and query models, and criteria of database structure’s
optimality. It was presented the “data representation
marker” term, which determined the level of their need at
the node of the distributed corporate information system
(DCIS). The multicreterial decision support system that
was also presented in [15], searches the optimal value of
data representation marker based on the following crite-
ria: independence from the central node of the database,
the size of the local database and the level of needed data
synchronization.

The current research continues the given sequence and
tries to increase the efficiency of decision support system,
given in [14], by introduction to the analytic hierarchy
process algorithm (that was used previously) elements of
fuzzy logic. The approach’s main idea is in presenting the
global priorities vector in the form of series of fuzzy sets
of one variable. The following representation this set in
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the form of exact value (defasification) will increase the
accuracy of the obtained solution without the necessity of
dividing the range of solution’s valid values to more
number of intervals. Also, in order to reduce the necessity
of re-conducting the analysis after some time passes, the
solution of classification task is considered that will help
to determine the “data representation marker” for the new
data in the database.

3 MATERIALS AND METHODS

While working on [14] authors proposed the model of
users’ SQL-queries according to which subsets of data
can be extracted from the main database to be presented
on the remote node of the DCIS. It was suggested follow-
ing legends: R — database relation (table); R[P] — table
projection; R[S] — table selection; fup —a tuple of the rela-
tion R. Within the SQL-query for data selecting, a number
of relations can be involved, all of which are the result of
sequential execution of selection and projection opera-
tions to the base relation (table). R” = R'[P], where R' =
RIS], i.e. R” = {up[P] | tup[P] € R[Plaua N Fltup, S) =
true} [14]. When working with the sequence of the data-

base’s queries, the subset R),;,, of the relation R was

defined as the union of subsets R’ of each SQL-query that
came from the DCIS remote node. R},;,, = Uln R/, or

=17% >

R,:Im.a" = {tup[Pum'on] | tup[Punion] GR[Punion]data A F(WP;

Suniun) lrue}, where tup[Puniun] :LJ::1 tup[P]> and
_ n

Sum'un - Ui:] Si .

Some part of data can be presented locally to avoid the
necessity of remote queries and another part is placed at
the remote node to reduce the amount of data that should
be replicated between the nodes. The subset of the base
relation R that describes the relation of the remote node

was represented as follows: R = {4 | A € Ryma »

schema
R remote
schema

Rovimary < AE R imary V Fo(Node, A) = truej.

And the set of table’s tuples was determined by the for-

remote __ remote—dep
mula R = { tup | tup € Rausa » UPprimary € Rjppy %

Fyup(Node, tup) = true}. The need for the data on the re-
mote node is determined mostly by the evaluation func-
tion Fy,,(Node, tup).

The model of SQL-queries supports further classifica-
tion according to belonging to the workplace, location,
user role and other potential dimensions Q = <Workplace,
User, Application, Rlomq, O™
Riy = { R"| {tup[P] | tup[P] € RIPliua N Fltup, S) =

true } — is the resulting relations’ set; Q" — the nested

>. In this formula

queries’ set. Based on this query model the multidimen-
sional database [13] was created. It has the following set
of dimensions: <DateTime, WorkplaceType, Location,
UserRole, Application, R, A, tup>. Then, the term of data
representation marker was proposed that reflects the level
of data representation necessity at the DCIS node. For
each dimension’s element value of the marker is deter-
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mined from the following set: {“obligatorily”, “neces-
sary”, “neutral”, “not required”, “forbidden”}. After been
converted to a numeric values (“obligatorily” — “2”, “nec-
essary” — “17, “neutral” — “07”, “not required” — “-1”,
“forbidden” — “-2"), it was defined the aggregation func-
tion for the marker:

2,if IMrk; =2
Aggr!L \Mrk; =3 -2, if IMrk; = -2 A AMrk; =2. )

vol;
z;’zl (Mrk; X_Z” iy

i vol;

The decision about the necessity of the data slice <R,
A, tup> on the remote node is made according to the fol-
lowing condition:

Repr(Node, R, A,tup) = X
= Aggr” (R, A,tup)Mrk, > koef "™ Q)

repr

where koefr’gﬁe — the data representation’s threshold co-

efficient, defined on the range [-1, 1].
The optimality of the koef"°“ is defined by three cri-

repr
teria. These are independence from the central database
node, local database size, and the need for data synchro-
nization. The value of each criterion is defined by (3), (4),
and (5) accordingly

n
> it Favaitar (Qn)
=14 availab\<n
Fovaitab = : " > ®)

_n size(R))
E?ize - zl':l RDBMS) b (4)
)

size(
mod if’

p
Fsynchro = tode (5)
Prode

A deeper explanation of given formulas can be found
in [15].

The obtained multicriteria problem was solved using
the analytic hierarchy process. When compiling the hier-
archy, the following relationship between the levels’ ele-
ments was used: goal — stakeholders — criteria — alterna-
tives. The value of the data representation marker (alter-
native) is a real number in the interval [—1, 1]. It leads to
the potentially large number of alternatives at the 4th
level of the hierarchy and therefore the matrices of pair-
wise comparisons by criteria can become very big. This
complicates the estimation process for the decision-
makers. It is proposed to simplify the task by reducing the
number of alternatives to 5: “low” (L) — “—17, “lower
them medium” (LM) — “-0.5”, “medium” (M)— “07,
“higher then medium” (HM) — “0.5”, and “high” (H) —
“1”. The level of “decision-makers” is represented by the
elements “Owner”, “Database Administrator”, “Database
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Developer”, and “CIS Operator”. The obtained hierarchi-
cal model is shown in Fig. 1.

When splitting the set of alternatives of the data repre-
sentation marker’s value (determined on the set of real
numbers in the interval [-1; 1]) into a larger number of
intervals, it is possible to increase the accuracy of the ob-
tained solution.

Based on the difficulties of the larger number of inter-
vals implementation and the need to improve the accuracy
of the method, it was suggested to use the elements of the
fuzzy logic apparatus [16—-19]. This makes it possible to
obtain the same result’s accuracy as in the case of the
larger number of alternatives, using a fewer number of
intervals of the data representation marker.

In the theory of sets, an element either belongs to the
set or not. A fuzzy set is defined using a membership
function that corresponds to the concept of a characteristic
function in classical logic. The membership function can
take any form, but the piecewise linear form is used most
often to represent it. Piecewise linear membership func-
tions are traditionally used for several reasons: they are
characterized by simplicity; they contain points that allow

defining areas where the concept is true and where it is
false, which simplifies the system’s description [17].

In Fig. 2 the selected intervals of the data representa-
tion marker level values (“low”, “lower than medium”,
“medium”, “higher than medium”, “high”) are presented
in the form of a series of fuzzy sets of one variable with
piecewise linear membership functions.

The classical process of fuzzy inference consists of the
following stages: fuzzification (presenting the exact nu-
meric value in a fuzzy form), fuzzy inference itself, usu-
ally based on a set of rules, and defuzzification (numerical
expression of a fuzzy result) [20].

In our case, the solution of the multicriteria analysis
problem was performed previously using the analytic hi-
erarchy process method, and the following vector of al-
ternatives’ global priorities was obtained (10).

Further, the found vector of global priorities is repre-
sented as a vector of fuzzy numbers for the data represen-
tation marker. That is, to obtain the numerical value of the
data presentation marker’s optimal level, should be ac-
complished mapping of the results with the next defuzzi-
fication phase. Defuzzification is the process of trans-

Optimizing
the Database
structure

DB creator
(CIS creator)

-~ ’ e
The need for data Independence from the
synchronization central database node

. R
o ///

Data

Criteri Local node
fitefia database size
o
Data representation Data regs
Alternatives - marker level marker level
Low LOWER then MEDIUM

Data representation
marker level
HIGH

marker level
MEDIUM

marker level
HIGHER then MEDIUM

Figure 1 — Hierarchical model of the distributed CIS node structure optimization problem

1 1
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0,6 0,6
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-1 -0,5 0 0,5 1 -1 -0,5
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1
0,8
0,6
0,4

0,2

-1 05 1] 0,5 1
=——Higher then medium
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1] 0,5 1 -1 -0,5 0 0,5 1

—Medium

-1 -0,5 0 0,5 1
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Figure 2 — The series of fuzzy sets for describing the data representation marker’s level
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forming a fuzzy number to its exact numeric interpreta-
tion. In the theory of fuzzy sets, defuzzification is similar
to finding characteristics of the random variables’ posi-
tion (mean, mode, median) in the theory of probability.
Among the defuzzification methods, there is the choice of
an exact number with the maximum value of the member-
ship function. Alternatively, it can be methods based on
the idea of finding the point of concentration (center of
mass) of the area located between the membership func-
tion’s graph and the abscissa axis. This is done in order to
"average" the possible values taken by a fuzzy number,
taking into account the belonging function value.

Among the most common methods is the center of

mass method a, = I::;Xup (u)du / | ;‘;" 1, (u)du and the
€

median method a,. : J:lix up (w)du = J:lix pe (u)du .
€

In the process of using the described technology, there
is a problem related to adding new tuples to the database
tables. The level of data presentation’s need is determined
in accordance with the accumulated statistics of SQL que-
ries and the range of primary keys that meet the selection
condition. The range of the primary key of the recently
added to the database tuples was not available during the
analysis. Therefore, they were not marked according to the
statistics of queries in the database. For these tuples, there
is no value for the level of the need to represent data in the
DCIS node. The simplest solution to the problem is to rep-
licate all new data to the remote DCIS node (since there is
no data about the degree of their usefulness for the node),
that is, setting for them the value of the need for presenta-
tion at the level of “obligatory”. This approach is not fully
justified, because, firstly, it does not take into account the
influence of data (added and specially modified) rows on
other rows due to their intersection within the same query
(software or host type). In addition, when the amount of
data reaches the critical point, based, for example, on load
during selecting or data synchronization operations, there
comes a time when it is necessary to re-initialize the multi-
dimensional database of SQL-queries and update the data
of using the attributes and tuples of the database tables by
the DCIS node [13, 21].

Accomplishing the complete analysis of using the at-
tributes and tuples of database tables is a resource-
expensive operation and cannot be performed frequently.
Therefore, the given above approach is unacceptable for
large and frequently changing databases. At the same
time, secondary and subsequent monitoring of the data-
base users’ activity is complicated by the fact that the
database of the remote node is already in use, and re-
quests to it must also be taken into account.

In most cases, the main influence on the level of rep-
resentation in the analysis of user queries to the database
makes the combination of the attributes’ values of the
relation’s tuple. Taking into account this fact, it is pro-
posed to present the problem with determining the repre-
sentation marker’s level of the new data in the form of a
classification problem. The input parameters are the name
of the table (relationship) and the list of tuple attributes’
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values and the result will be a decision of presenting the
tuple for the DCIS node.

Among the many algorithms for solving the classifica-
tion problem by means of machine learning, the most
popular approaches are identified, including linear and
logical regression, discriminant analysis, decision trees,
the Naive Bayes algorithm, k-nearest neighbors, and the
use of various types of neural networks [22]. Linear and
logical regression are some of the most well-known
methods, but according to the non-numerical characteris-
tics of most of the input variables (table attributes), they
are not optimal in this case. For the same reasons, and
also because of the complexity of determining the dis-
tance, the k-nearest neighbors aren’t considered either.

The use of neural networks is now the most popular
direction in solving the classification problem [23-24].
However, not all tables contain a sufficient number of
rows to carry out a high-quality training stage (insuffi-
cient amount of data for training and testing the results).
In addition, each table (relation) has a different number of
attributes, and each of them is defined on its own domain.
Based on this, the problem of classifying new data for
each relation must be solved using a separately trained
neural network. According to the given above, the use of
neural networks isn’t also the appropriate approach.

To solve the problem, the Bayes naive algorithm [25]
was used, which is simple but effective and allows to
quickly determine the probability of an object belonging
to a particular class. The algorithm is known to be based
on the assumption that each input variable is independent,
which is often not true. But production versions of the
relational databases in most cases are in the 3rd normal
form, which indicates the absence of transitive dependen-
cies inside the relation [26]. This fact allows asserting that
the main part of the input variables corresponds to the
basic algorithm’s assumption.

The algorithm is based on Bayes’ theorem, which al-
lows calculating the probability of an object belonging to
a particular class [25]. For the current task, the probability
that the tuple X is needed to be presented at a remote node
according to the value of the i-th attribute x;, was found

using the following formula:
P(x; | needed) x P(needed)

P (needed | x;) = P(x) ) (6)

where P(needed) — the total probability of the relation
that the tuple has to be represented on a remote node;
P(x,) — the probability of the x, value of the i-¢h attrib-
ute; P(x, | needed) — the probability of the x, value of the

i-th attribute on the subset of the relation’s tuples of the
remote node.

Also, the same way calculate the probability that the
tuple X is not needed to be presented at a remote node:
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P(x; | not needed) x P(not need
P(x;) (7

P (not needed | x;) =

After obtaining probabilities P, (not needed | x;) for

all tuple’s attributes based on (6) and (7), the calculation
of the probability that the whole tuple will be needed is
performed:

P (needed | X) =
H?:] P (needed | x;) (8)

H?:] P (needed | x;) + H?:]

P (not needed | x;) .

If the value, obtained according to (6) is greater than
the optimal value of the data representation marker, then
the tuple is accepted as the one that has to be presented on
the remote node of the DCIS:

true, > P(needed | X)
Fneeded _ ] (9)
ko igirip +1
false, T, S < P(needed | X)

So, using (8) and (9) it is possible to make a decision
about presenting a new table’s tuples on the remote node
of DCIS without the necessity of re-processing the SQL-
queries statistic. It simply can be done based on the data
for which the decision about its presenting on the remote
node was already made.

4 EXPERIMENTS
Using SQL-queries statistics and models (1-5) the
global alternatives’ vector was obtained:

0.000
0.273

welobal _| 334 |

(10)

While working with pairwise comparison matrices the
ranges of available values of optimality criteria were also
taken into account. The full description of obtaining the
given result can be found in [15].

The analytic hierarchy process method that was given
in [14], was used to obtain the optimal solution from 5
and 21 alternatives (intervals of the data representation
marker’s values). For the case of 21 alternatives the task
has to be simplified, so no restrictions on the optimality
criteria were introduced and a three-level hierarchical
model without the “stakeholder” level was used. As a
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matrix of pairwise comparisons of optimality criteria, the
matrix that was filled by the “Owner” person was taken
[15]. Also, the initial state of the alternatives’ advantages
matrices according to the optimality criteria, which were
obtained in accordance with the mathematical models (3),
(4), and (5) is accepted as final.

Taking into account the introduced simplifications of
the model, the calculation of the global priorities’ vector
for five alternatives (“low” (L) — “—17, “lower than me-
dium” (LM) — “=0.5”, “medium” (M) — “0”, “higher than
medium” (HM) — “0.5”, and “high” (H) — “1”) gives the
following result with the optimal alternative “high”,
which corresponds to the level of the data representation
marker equal to “1”:

nglobal _ (1)

coooo
WW— OO
~N O LN \O O

After dividing the range of marker’s values into 2/ in-
tervals with a step of 0.1, the 21 alternatives were ob-
tained. The set of the data representation marker’s values
is following: 4 = {-1.0; —0.9; —0.8; —0.7; —0.6; —0.5; —0.4;
-0.3; -0.2; —0.1; 0; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8;
0.9; 1.0}. The obtained alternatives are designated as A/,
A2, A3,..., A21. After calculating the values of the opti-
mality criteria, according to (3), (4), and (5), normalizing
the obtained values, filling in the matrices of pairwise
comparisons, and calculating the vector of global priori-
ties in accordance with VVi:ksizeX VVsize,i+ kavailabX Wavailab,i+
kgnenro* Wpnenro; and Barkly’s formula [16], the corre-
sponding value of the alternatives’ global priorities vec-
tor, given in Table 1, was obtained.

In this case, the decrease of the interval’s step and, ac-
cordingly, an increase in the accuracy reveals the alterna-
tive A18 as the best. It corresponds to the data representa-
tion marker’s value = 0.7. However, the use of this ap-
proach leads to the need for further filling of the pairwise
comparisons’ matrix of size 21x21 by the decision-maker,
i.e. requires to perform 210 operations of pairwise com-
parisons of alternatives for each criterion of optimality by
each decision-maker. In addition, it is very difficult for a
person to prioritize alternatives with insignificant changes
in their qualitative characteristics.

In Fig. 3 is shown the graphical representation of the
fuzzy numbers’ vector. This vector was obtained for the
simplified version of the problem and given in the form of
the global priorities matrix (11) for the data representation
marker.
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Table 1 — Alternatives’ global priorities vector for 21 intervals of the data representation marker’s values

Alternative Al A2 A3 A4 A5 A6 A7 A8 A9 | A10 | All
Data representation marker -10 | -09 | 08 | 0.7 | -0.6 | 05| -04 | =03 | =02 | -0.1 | 0.0
Priorities vector’s element 0.008 | 0.012 | 0.009 | 0.013 | 0.01 | 0.012| 0.009 | 0.01 | 0.013 | 0.021 | 0.034
Alternative Al12 | A13 | A14 | AL5 | Al6 | Al7 | A18 | A19 | A20 | A2l -
Data representation marker 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 -
Priorities vector’s element 0.05 | 0.054 | 0.063 | 0.076 | 0.082 | 0.101 | 0.117 | 0.111 | 0.103 | 0.093 -

1 1 1 1 1

038 0,8 038 0,8 0,8

0,6 0,6 0,6 0,6 0,6

0.4 0.4 04 0,4 0,4

02 0,2 0.2 0,2 0,2

0 0 - 0 0 0
1050051 1050 05 1 1 05 0 05 1 -1 05 0 05 1 1050 05 1

—low —1Lower then medium —Medium ——Higher then medium —High

Figure 3 — Fuzzy numbers’ vector of alternatives’ global priorities

After performing the aggregation and defuzzification
operations of the obtained results, the data representation
marker’s value at the DCIS node at the level of 0.7 was
received (Fig. 4).

The obtained optimal solution is the same as for the
case of 21 intervals of the data representation marker’s
values (table 1). According to the received results, it can
be concluded that it is possible to use elements of fuzzy
inference to increase the solution accuracy with a small
number of intervals of the data representation marker’s
value. The “elements of fuzzy inference” mean the repre-
sentation of the alternatives global priorities’ vector in the
form of the fuzzy numbers’ vector with subsequent ag-
gregation and defuzzification of the result.

5 RESULTS

After making sure on test solution that method works
the research applies the modified method to the alterna-
tives global priorities’ vector that was got after solving
the task with all available value’s area restrictions and
filling pairwise comparison matrix by the decision-
makers. In Fig. 5 shows the result obtained previously
according to the data of the alternatives global priorities’
vector (10) and additionally processed using fuzzy logic
elements. According to it, the optimal value of the data
representation marker of the DCIS node for the work’s
implementation subject area of the results is obtained at
the level of 0.2.

Consequently, the use of the analytic hierarchy proc-
ess method based on a limited set of alternatives makes it
possible to construct advantages matrices and perform the
necessary calculations to obtain the values of the alterna-
tives’ global advantages. At that, in some cases with the
involvement of a decision-maker, and in some cases using
mathematical models of optimality criteria presented pre-
viously. Using elements of fuzzy logic, specifically the
defuzzification of the fuzzy numbers’ vector for the data
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representation marker (vector of global priorities), makes
it possible to increase the accuracy of the result while
determining the optimal value of the data representation
marker’s level.

6 DISCUSSION

To select the best alternative of the data representation
marker’s level the analytic hierarchy process was used.
To construct matrices of the alternatives’ advantages,
their set was reduced to five alternatives. The matrix of
the optimality criteria’s advantages was obtained classi-
cally with the involvement of a decision-maker and sub-
sequent concordance index estimation. The matrices of
the alternatives’ advantages were filled in automatically,
without the participation of a decision-maker, based on
the models of optimality criteria. Also, restrictions for the
range of valid values of the optimality criteria were intro-
duced. Were presented maximum and minimum values
for each criterion, which leads to reducing the number of
alternatives at the last level of the hierarchy model.

After calculating and obtaining the alternatives global
priorities’ vector in order to improve the accuracy of the
obtained result, the apparatus of fuzzy sets was used. The
obtained vector of global priorities was presented as a
vector of fuzzy digits for the data representation marker
with subsequent transformation to the exact value. This
approach made it possible to maintain the accuracy of the
obtained result while decreasing the number of solution
alternatives.

For new tuples added to the database’s tables after all
calculations had been performed, the classification prob-
lem was formalized. This task assumes determining the
belonging of the new tuple to, one of two classes —
“needed” at a remote node and “not needed”. After com-
paring the most popular approaches to solving the classi-
fication problem, the Naive Bayes algorithm was chosen,
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Figure 4 — Stage of aggregation and dephasification
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Figure 5 — Aggregation and dephasification of the obtained results

since, in the absence of transitive dependencies (the re-
quirement for the third normal form of a relational data-
base), all the attributes of the relation are independent.
After obtaining the probability of a tuple belonging to the
class “needed” and performing the normalization of the
value, it is taken as the level of the representation marker.
Accordingly, the data is loaded onto the node if this value
is greater than the optimal level of the representation
marker for the DCIS node.

While working on the research, the concept of a data
representation marker on the DCIS node for the elements
of the SQL query model was introduced. An aggregation
function has been developed that allows determining the
level of need for attributes and tuples in the database’s
relation for the DCIS node based on the statistics of SQL
queries. A model of the dependence of the database struc-
ture’s optimality criteria of the DCIS node on the value of
the data representation marker is built. It, in contrast to
existing approaches, allows determining the optimal value
of the marker based on the statistics of SQL queries. Re-
ceived further development method of analytic hierarchy
process. The initialization of the alternatives’ pairwise
comparisons matrix can be performed automatically ac-
cording to the obtained mathematical models. Representa-
tion of the obtained result in the form of the vector of
fuzzy numbers with the reduction to the exact value al-
lows increasing the accuracy of the obtained results.

CONCLUSIONS

While resolving the problem of optimizing the struc-
ture of the database node in the corporate information
systems solved the urgent problem of determining the
optimal value of the data representation marker on the
DCIS node. Due to the use of fuzzy logic elements in
solving the problem by the analytic hierarchy process, the
accuracy of the obtained result is increased without the
need to increase the number of solution alternatives.

The scientific novelty of obtained results is that the

concept of data representation marker of DCIS node for
© Dvoretskyi M. L., Savchuk T. O., Fisun M. T., Dvoretska S. V., 2022
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dimension’s elements of SQL-query model was firstly
introduced with following developing of the aggregation
function, presenting the model of dependence of DCIS
node’s database structure optimality criteria on the data
representation marker’s value.

The analytic hierarchy process has received further
development. It happened due to the automatic initializa-
tion of the alternatives’ pairwise comparison matrix ac-
cording to the received mathematical models. The vector
of alternatives’ global priorities was given in the form of
the vector of fuzzy numbers with the future reduction to
the numeric value, which increased the accuracy of the
obtained value.

The practical significance of obtained results is that
the software supporting the decision-making in determin-
ing the representation of data on the DCIS node was de-
veloped. It allows optimizing the structure of the database
node. Developed models and information technology
were implemented at “Elite Building TOV” to identify the
dependence of the optimal database structure’s criteria
and the level of data representation marker. The effect of
the implementation is to increase the speed of requests’
execution by 14%

Prospects for further research are to study the re-
sults of experiments of implementing the suggested modi-
fication in the analytic hierarchy process on different sub-
ject areas. It is also will be interesting to try the model on
the DCIS with no central data node.
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AHOTALISL

AxTyanbHicTb. [HQOpMaLiiiHi cucTemMu ayxe NOIIMPEHi 1 BUKOPUCTOBYIOTh 0a3u JaHUX Julst 30epiranHs iHnpopmarii. s BUKOpHCTaH-
HS IOCTYIIHI Pi3Hi MOZeN JaHUX, alie pelsliiiHa MOJEIb 3aIUIIAETHCS TOMyIIIPHO0. OCTaHHE NECATHNITTS IEMOHCTPY€E TEHICHIIO BUKO-
pHCTaHHS PO3MOAUICHUX 0a3 IaHHX IiJ 4ac PoOOTH 3 PENSAIIHHOI MOJEIUIIO, 1 el MifXiJ BUMarae CIieliaibHO pO3pOOICHOTO MOIYIIS JUIs
CHUHXpOHI3alii JaHuX ycix okpemux 4dactuH B/l. OnrumanbHa cTpyKTypa BCiX pO3NOAUICHUX BY3JiB MOrjia 6 3MEHIIMTH HEOOXiAHICTh CHH-
XpOHIi3alii, a MBUAKICTH JOCTYIY IO JaHUX Ta I aKTyal bHICTh 3aJIMIIATNACA 6 CTaOLIBHIMH.

Meroa. ABTOpH JOCIIIKCHHS B Cepii CBOIX MOMEPEAHIX POOIT aKIIEHTYIOTh yBary Ha MOXJIMBOCTI BUKOPUCTAHHs 3i10paHoi icropii SQL-
3anuTiB KOpHCTyBadiB. CriouaTKy MpeJCcTaBlIeHa TEXHOJIOTis po30opy 3anuTiB KopucTyBauiB. [ToTiM Oyna po3risHyTa inest BAKOPHCTaHHS
0araToBHMIpHOI 0a3 JaHUX JUIL aHAJI3y 3alUTiB KOPHCTYBAYiB 3a 3pi3aMH THITy po0O0Uol CTaHIIi{, IporpamMu, KOpUCTyBada Ta H{oro mocau.
Takosx aBTOpH HaJaIM MaTeMaTHYHY MOJienb (opMmaltizamii Mozeni 0a3u JaHMX 1 3aIUTIB, @ TAKOXX KPUTEPil ONTHUMAIBHOCTI CTPYKTYpH 6a3u
nanuX. JlocmikeHHs POJOBKY€E HABEICHY MOCIIOBHICTh 1 HAMAraeThCsl MiIBUIIUTH €(EKTUBHICT CHCTEMHU MIATPUMKH MPHHHATTS Pi-
LICHb UISIXOM BBEJCHHS B METOJ| aHATI3y i€papxiil eleMeHTiB HewiTKoI soriku. OCHOBHA iJies MiJIXO/Ly IOJISTa€e B MPEACTABICHHI BEKTOPY
r100aIBHOTO TPIOPUTETY Y BUTIISL Cepii HEUITKUX MHOXHH OJHI€l 3MIHHOI 3 MOAATBIIMM MIEPETBOPEHHSAM 10 TOYHOTO 3Ha4YeHHs. [ Ho-
BHX KOPTEXIB, JOJAHUX 70 TaOIHIb Oa3K JaHUX MiClsi BAKOHAHHS BCiX 0OYUCIIeHB, Oyia copMynbpoBaHa 3aa4a Kiacudikarii.

PesyabTaTu. Ilicns po3paXxyHKy Ta OTPUMaHHs BEKTOpPY IJI00aJIbHOIO MPIOPUTETY aJIbTEPHATUB 3 METOIO MiJABUIIEHHS TOYHOCTI OTPH-
MaHOTO pe3yJbTaTy OyJI0 BUKOPHUCTAHO anapaT HewiTKUX MHOXHUH. OTpUMaHU BEKTOp INI0OANbHUX HPIOPUTETIB OyB IPEACTaBICHUI y BU-
VA1 BEKTOPY HEUITKMX MHOXMH JUIS MapKepa IPEeACTaBIeHHs JaHHX 3 MOJAIbLUIMM MEePEeTBOPEHHAM 10 TOYHOro 3HaueHHsA. Takuii miaxin
JI03BOJIUB 30€perTH TOUHICTh OTPUMAHOI'O PE3YJIbTATy IPU 3MEHILICHH] KiJIbKOCTI aJIbTePHATUB PiLLICHHS.

BucnoBku. I1ix gyac po6oTu Haj HOCIIPKEHHAM OyJI0 BBEICHO IIOHATTS MapKepa IpeacTaBiIeHHs JaHux Ha By3ni PKIC it enemenTiB
mozeni 3amuty SQL. Po3pobneno ¢yHkuito arperauii, sika Ha OCHOBI CTaTUCTUKH SQL-3amuTiB 103BOJISIE BU3HAYUTH PiBEHb HEOOXITHOCTI
aTpuOyTiB 1 KOPTEXIB BigHOIIEHHs 0a3u naHux Ha By3ii PKIC. [ToOynoBaHO MOJIemb 3a1€KHOCTI KPUTEPIIB ONTUMAIILHOCTI CTPYKTYpH 0a3n
nannx Bysna PKIC Bix 3Ha4eHHS Mapkepa IpeCcTaBIeHOCT] faHUX. OTpUMaB MOJANBIINIT PO3BUTOK METOJ aHANi3y iepapxiil. IHimiamisaris
MaTpHIi ONAPHUX IOPIiBHAHD aIbTEPHATHB MOXE BUKOHYBATHCS aBTOMAaTHYHO BiJIOBiTHO JO OTPUMAaHUX MaTeMaTHYHHX Mojeined. IIpen-
CTaBJICHHS OTPUMAHOTO PE3yJbTaTy Y BUIVIAI BEKTOPY HEUITKHX YHCel i3 IPUBEAEHHSM A0 TOYHOIO 3HAYEHHs J03BOJE MiABUIIUTU TOY-
HICTh OTPUMaHUX PE3YJIbTATIB.

KJIFOUOBI CJIOBA: xoprnoparuBHa iH(poOpMalliiiHa cucTeMa, CHCTeMa ympaBiiHHS 6a3aMu JaHHX, po3mojineHa 6a3a maHux, SQL-
3aIuT, peruTikallis AaHuX, OaraTOKpUTepianbHa 3aja4ya, METO]] aHalli3y iepapXiil, HediTKa JIOrika, 3amada kiacugikaiii, HaiBHUIA alIrOpPUTM
Baiieca.

VJIK 004.658.3
HCIOJIb30OBAHUE METOJA AHAJIN3A UEPAPXUI U SJJEMEHTOB HEYETKOM JIOTUKHA JJ151 ONTUMM3BALIANA
CTPYKTYPbI BA3bI JAHHbIX

JBopeuxuii M. JI. — kaHI. TeXH. HayK, H.0. JOLEHTA Kaenpbl HHKEHEPHH NPOrpaMMHOro obecredeHus, YepHOMOPCKHH HalMOHAIIb-
HbI yHUBepcuTeT uMeHH [lerpa Morunsl, Hukomnaes, Ykpauna.

CaBuyk T. A. — kana. TexH. HayK, npodeccop, npodeccop Kadeapbl KOMIBIOTEPHBIX HayK, BUHHHUIKNIT HAIMOHAIBHBIA TEXHUYECKUN
yHHBepcuTeT, Bunnuna, Ykpanna.

®ucyn H. T. — 1-p TexH. Hayk, npodeccop, nmpodeccop Kaheapbl HHKEHEPHH TPOrpaMMHOT0 obecrieueHust, YepHOMOPCKHH HaIMO-
HaJbHBIN yHHBepcuTeT nMeHu [letpa Morunsl, Hukomnaes, Ykpauna.

JBopenxkasi C. B. — crapmmii npernoiaBarenns Kapeapsl HHXCHEPUHU IPOrpaMMHOTro obecrieueHus, YepHOMOPCKHH HalMOHAIIBHBIH YHU-
BepcuTeT uMenH Iletpa Morunsl, Hukonaes, Ykpanna.

AHHOTADIUA

AkTyanbHocTh. H(pOpManmoHHbIE CHCTEMBI IMPOKO PaCcHpOCTPAHEHB! M HCIIONIB3YIOT 0a3bl JAHHBIX Ul XpaHeHus! nHpopmaruy. J{is
HCTIOJIB30BAHUS IOCTYIIHBI pa3HbICe MOJIENHU JaHHBIX, HO PESIMMOHHAS MOJIENb OCTaeTcs Moy sipHoil. [locnennee necsaTuneTne NEMOHCTPH-
PYeT TeH/SHIMIO UCIOJIb30BAHUs PAcIpe/ieNieHHbIX 0a3 TAHHBIX MPU paboTe ¢ PEIILHOHHON MOJICINIBIO,  9TOT HOAXO0/ TPeOyeT CHeHaIbHO
pa3paboTaHHOrO MOJYJIS JJI CHHXPOHU3ALMK JAHHBIX BCEeX OTAENbHBIX yactell bJl. OntuManbHas cTpykTypa BceX pacrpesiesieHHbIX Y3/I0B
Moria ObI CHU3UTH HE00XOIMMOCTh CHHXPOHHU3AIMH, & CKOPOCTh JJOCTYIIA K JJAHHBIM H €€ aKTYaJIbHOCTh OCTABAJIUCh ObI CTA0MIIBHBIMHU.

MeToa. ABTOpBI HCCIICIOBaHUS B CEPUH CBOUX MPEABIAYIIMX Pa0OT aKIEHTHPYIOT BHUMaHHUE HA BO3MOXKHOCTH HCIOJIb30BAHUS COOpaH-
Hoit ucropuu SQL 3ampocoB nonb3oBareneil. [lepBoHauanbHO MpeacTaBieHa TEXHOIOTHS pa3dopa 3ampocoB MoOJb30BaTeNeil. 3ateM ObLia
paccMoTpeHa ujiest MCIIOIb30BaHUsT MHOTOMEPHOH 0a3bl JaHHBIX JUIS aHAJIN3a 3alPOCOB MOJIB30BATENeH MO cpe3aM THIa pabouel cTaHIuy,
MIPOrpaMMBl, NOJIB30BATENS U €ro JOKHOCTH. Takke aBTOPbI MPEJOCTABIIIM MAaTEMAaTHYECKYI0 MOZeNb (hopManu3aluy Mojeny 0a3bl 1aH-
HBIX U 3aIIPOCOB, a TAK)KE KPUTEPHU ONTHMAIBHOCTH CTPYKTYphI Oa3bl qaHHBIX. MccnenoBanne MpomoinkaeT NpUBEACHHYIO TTOCIEI0BATEb-
HOCTB U IIBITAETCsl TOBBICUTH AP (HEKTUBHOCT CUCTEMBI MOIJICPIKKH NPUHATHS PEIICHUH ITyTeM BBEAEHUS B METOJ| aHAJIM3a MepapXHi die-
MEHTOB HEUeTKOH Joruku. OCHOBHAs HJes [T0IX0/1a 3aKIF0YaeTCs B MPEICTABICHUH BEKTOPA TII00aIEHOTO IPHOPUTETA B BHJIE CEPUH HEUET-
KHX MHOJKECTB OJTHOM MEPEeMEHHOH C TOCIEIyIOMNM peBpalleHHeM B TOYHOE 3HaYeHHUE. [y HOBBIX KOpPTEXeH, JOOaBICHHBIX B TaOIHIIBI
0a3bl JAHHBIX TIOCIIC BBIMOIHEHUS BCEX BBIUMCIICHHUH, ObLIa CHOPMYIHPOBaHa 3a/1aua KIIaCCU(PUKAIIHH.

Pe3syabTatsl. [locne pacyera v nonydyeHus BeKTopa Ii100aJbHOrO PUOPUTETA aTbTEPHATUB C LIENIBIO HOBBILIEHUS TOYHOCTH MOJIyYeH-
HOTO pe3yibTaTa ObUI MCIOJIB30BAaH aIlapaT HEYETKHMX MHOXECTB. [10oydeHHBIH BEKTOp IIIOOABHBIX NPUOPUTETOB OBUI MPEICTaBIICH B
BHJIE BEKTOPA HEUETKUX MHOXECTB JUI NPECTaBICHNS JAaHHBIX MapKepa C IMOCIEAYIOIUM IIPEBPALICHIEM B TOYHOE 3HaueHne. Takoi moa-
XOJ1 TTO3BOJIMJI COXPAHUTh TOYHOCTD I10Jy4aeMOro pe3ysbTaTa IIPH YMEHbLICHUH KOJIMYECTBA AIbTEPHATHB PELICHHUSI.

BeiBoabl. [Ipu paborte Haja MccienoBaHHEM OBUTO BBEICHO MOHATHE MapKepa mpezicraBieHus naHHbIX Ha y3ine PKUC s anemeHToB
mozenu 3anpoca SQL. Paspaborana ¢yHkuus arperanuu, KOTopas Ha OCHOBE CTaTHUCTHKU SQL-3anpocoB MO3BOJISIET ONPENEIUTh YPOBCHB
HEO0OXOJUMOCTH aTPHOYTOB U KOpTeXei oTHOMIeHust 6a3bl qaHHbIX Ha y3ne PKUC. [loctpoena Monenb 3aBUCHMOCTH KPUTEPHEB ONTUMAIIb-
HOCTH CTPYKTYpbI 0a3bl qaHHbIX y31a PKUC ot 3HadeHusi Mapkepa MpeJCTAaBICHHOCTH JAaHHbIX. [lomy4un aanbHeiilee pa3sBUTHE METOJ
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aHanu3a uepapxuil. MHuIManu3anus MaTpUIbl HONAPHBIX CPABHEHUH aJIbTEPHATHB MOXKET BBINOIHATHCS aBTOMAaTHYECKH B COOTBETCTBHHU C
OJIy4eHHBIMH MaTeMaTHYeCKUMU MOoAeIM. [IpesicTaBieHne OTy4eHHOTO pe3yIbTaTa B BUIE BEKTOpa HEUETKUX YHCEN C IPUBEICHHEM K
TOYHOMY 3HAYEHHUIO II03BOJIAET MOBBICUTh TOYHOCTh IIOJYYEHHBIX PE3YJIbTaTOB.

KJIFOYEBBIE CJIOBA: xopriopaTuBHas WH()OpPMaLMOHHAs CUCTEMa, CUCTEMa yIpaBiieHHs 0a3aMM JaHHBIX, pacnpejeneHHas 0aza
JaHHBIX, SQL-3ampoc, peruikanus JaHHBIX, MHOTOKpPUTEpHAIbHAs 3a/a4a, METO]| aHaIN3a HepapXHii, HeueTKas JIOTHKa, 3a]a4a KiIaccudu-
Kallud, HauBHBIN anroput™ baiteca.
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