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ABSTRACT

Context. Modern corporate logistics management systems or tracking systems consist of wireless positioning systems. Typically,
mobile technologies use signal receivers of satellites of GNSS. However, there is the general problem of data transmitting issues to
analytic centers for further in the corporate logistics management systems. The object of the study was to develop the solutions alter-
native to GNSS.

Objective. The goal of the work is the increasing vehicle location access control accuracy, based on the multi-agent authentica-
tion protocols’ analysis.

Method. The study proposes the cloud data fusion platform offers to collect and archive data about all movable objects that can
be on the road between departments inside the same warehouse area. Since there are operations with different wireless base stations'
participation, so, the movable object can don’t enough time for a movement trajectory analysis in real-time. Thus, data processing
must fulfill in the cloud dispatching center and data flow fusion is needed. An equations system that identifies the vehicles' location
based on the method of multi-agent authentication process analysis after the GPS signal loss, was proposed. The multi-sectional con-
figuration of the recursive neural network and the usage of cloud data fusion made it possible to increase the accuracy of vehicle
location determination.

Results. The developed method has been implemented in software and investigated for solving the problems of vehicle location
control accuracy in the corporate logistics management systems.

Conclusions. The conducted experiments have confirmed the proposed approach and allow recommending it for use in practice
for solving the problems of improving the efficiency of vehicle location determination via the role-based access control integrated
with multi-agent authentication service.

KEYWORDS: cloud technologies, data fusion, multi-agent analysis, authentication protocol, recursive neural network, man-
agement system, corporate logistics.

ABBREVIATIONS DF is a data fusion;
AP is an access point; GNSS is a global navigation satellite system;
API is an application programming interface; GPU is a graphics processing unit;
AT is an access token; GRU is a gated recurrent unit;
BS is a base station; LSTM is a long short-term memory;
CDN is a content delivery network; MAAS is a multi-agent authentication service;
CP is a control point; MS is a mobile station;
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NS is a navigation system;

NSA is a navigation system antenna;
RBAC is a role-based access control,
RNN is a recursive neural network;
RO is a resource owner;

RTLS is a real-time locating system;
SSO is a single sign-on;

URI is a uniform resource identifier;
UA is a user-agent.

NOMENCLATURE
Aﬁ? is a set of MAAS agents for serving a protected
resource to which the RO has access using ATs;
AAA% is a set of MAAS agents that verify the validity

of the authorization grant, and then sends the AT to other
agents;

AE% is a set of MAAS agents that provide access to
the protected resource to other agents if AT is validated;
ARA-|§ is a set of MAAS agents that verify the

authorization grant is correct and returns the requested
refresh token to the agent;

A&i is a set of MAAS agents that redirect the RO

using the UA to the authentication interface of the
authorization server;
C, 1s an authorization code;

CngIr‘,pr is a tasks’ log compressed at the vehicle
host’s storage;
DF&?E,KU is a qualitative characteristic of the DF at

the vehicle’s position;

dt is a time offset between the MS and CP;

Gy 1s an authorization grant;

ITE is an access error;

ki | i = 1... N are priority coefficients that are config-
ured according to the vehicles’ tasks;

KPc'ﬁr are key points that planned on the tasks’ route;

p(In, It) is a vehicle’s position during the task comple-
tion;

PCro are credentials;

Pr is a problem range;

Rau is a request to access the required resource;

Rpid s a number of a successful request for data;

Rx is a distance from the satellite to NSA;

rx is a distance from BS to NSA;

Ta is an access token;

Tac is an access token with a long time to live;

Tris a refresh token;

T, is a task route;

Tx is a time of signal arrival on the MS;

tX is a time of signal arrival on the CP;

Vv is a value of the speed of radio waves.
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INTRODUCTION

Modern corporate logistics management systems or
tracking monitoring systems consist of wireless position-
ing systems. Typically, mobile technologies include sig-
nal receivers of global satellites of GNSS. Technical
complexity aims to improve GNSS technology were in-
vestigated. However, it is the general source of data
transmitting issues. The developments with the main goal
of GNSS alternative solutions have been reviewed. Thus,
the cloud data fusion platform offers to collect and ar-
chive data potential techniques from all movable objects
that can be on the road and ongoing processing in the
cloud dispatching center. There are operations with sev-
eral times performance and different base stations' par-
ticipation. The movable object does not have time for a
considerable distance movement between departments
inside the same warehouse area, so data flow fusion real-
time performance is needed.

To automate the determination of mobile object loca-
tion in the corporate logistics management systems, it is
necessary to have an analytic approach of a decision this
task after the GPS signal loss.

The object of study is the process of determination of
mobile object location building by the solutions alterna-
tive to GNSS.

The subject of study is the methods based on the
multi-agent authentication protocols’ analysis.

The purpose of the work is to increase the vehicle
location access control accuracy.

1 PROBLEM STATEMENT

The problem of each company, which manages a large
number of vehicles, is to ensure the rhythm of transporta-
tion. Besides, goods must be delivered to the destination
at the specified time. To make the dispatching manage-
ment effective, it is necessary to obtain promptly the co-
ordinates (X, y) on the whereabouts of a particular vehicle
at any time and, if necessary, to correct T,. Modern traffic
control systems that use satellite-based coordinates can
allow quick track of vehicles” movement information,
such as forklifts, even without the intervention of drivers.
While, the RX, rx, dt, Tx, t, v are known.

The problem is the low quality of GPS signal during
the management of the barge’s construction in the ship-
yard shown in Figure 1.

Figure 1 — Warehouses where forklifts cannot be identified by
GPS tracked ID

The purpose of the research is to demonstrate the pos-
sibilities of vehicle identification, various methods and
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techniques of database analysis, the geo-distributed data,
and the selection of parameters visualization in particular.

They can be used to reduce ITg and improve the op-
erations of corporate logistics systems via applying of the

MAAS agents AK-? , Aﬁ-? , AE-?— , Aé—? , ASE and others
with analysis of the multi-agent authentication process,

determine their tokens T, , Tr, Tac, etc., and the redefini-
tion T, as a result.

2 REVIEW OF THE LITERATURE

In recent years, the world has been actively conduct-
ing research to improve GPS technology. One of them
related to counteraction to generating noise interference
technologies and anti-satellite weapons (ASAT, etc.) [1].
Research is also underway to improve satellite protection
against space radiation. The development of so-called
“radiation tolerance technologies” contributes not only to
military communication reliability. However, it can also
help to provide missions for commercial use and envi-
ronmental monitoring [2, 3]. There are a lot of military
technologies that lie in civil areas.

In addition to the research aim of GPS improving
technology, there is the main goal to replace it with alter-
native solutions. We should note that such solutions will
differ significantly for indoor or outdoor tasks. In the fu-
ture, external objects can be used for such navigation
Earth's magnetic field space orientation systems as
MAGNAYV, QuASAR, etc. [4, 5]. Nowadays we have
devices, which network user coordinates can have 10 me-
ters accuracy determination [6].

Noise-immune solutions [7, 8] will allow the corpo-
rate networks' objects interaction. They belong to remote
segments connected by heterogeneous solutions [9, 10].
In such a situation, the main issue is the network authenti-
cation of remote corporate clients’ geography. The de-
vices should have a focus on a web interface that does not
have a built-in authorizing. In this case, it is necessary to
develop the OAuth 2.0 [11] authorization standard basis
for a corporate network authentication service.

At the same time, it is important to improve the accu-
racy of determining the location of a network object. Pre-
cise gyroscopes with a nearly symmetrical mechanical
resonator [12] navigation system are the most promising
technology for vehicles. However, this method is neces-
sary for the moving hosts of corporate network special
equipment.

Most smartphones indeed contain gyroscopes, but
their accuracy is low. Therefore, the more relevant and
budgetary solution today is indoor Wi-Fi tracking usage.
In this case, the minor error occurs — from 2.5 mto 1.3 m
[13, 14] — improved with a multi-agent approach [15].

We should take into account the spatial structure of
the internal environment. It has more complexity than the
external one. It occurs due to the potential conception of
people in the premises. In this case, the corporate network
hosts' positioning algorithms should have the ability to
process large amounts of data [16].
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Scientists have systematized user identification, the
same as other ways of protection against unauthorized
access. Such scientists as V. Makhonin, V. Chudnikov,
I. Rudakov have proposed RTLS mobile subscribers co-
ordinates determining method.

To solve the problem of warehouses where forklifts
cannot be identified by GPS the large data sets with the
help of software tools analysis need to be processed. The
developed approach will process the large amounts of
data associated with barge construction scenarios.

The software tools should also be able to work with
fast-flowing large volume data, the same as with struc-
tured and poorly structured data as well. There are a lot of
methods and techniques for big data analysis which we
consider effective, but machine learning and artificial
neural networks will be applied.

3 MATERIALS AND METHODS

The vehicle (car, vessel, drone, etc.) is equipped with
an NSA that is used to receive signals from satellites.

This antenna is covered by an optical casing, sealed,
protected from the weather. The receiver of the NS in-
stalled in the car determines its own coordinates and peri-
odically transmits the data to the CP by the means of the
special radio channel. In addition, a display can be in-
stalled in the driver's cab, which displays a map of the
area of the vehicle's location. In addition, the car position
coordinates and speed vector can be indicated on the map.

The proposed system scheme of the cloud GNSS data
fusion approach is illustrated in Figure 2.

The process of calculating the coordinates and route
displaying is constant, the driver's intervention, as a rule,
is not required. By the way, other information can be
transmitted to the CP along with the navigation data, for
example, information about the fuel level in the tank or
tank, a driver’s workplace presence status or engine con-
dition, whether the engine switched off or started, etc.
Error notification messages can also be displayed auto-
matically, e.g., signals about the unexpected opening of
the vehicle door (while driving), messages about the un-

authorized transported containers.
&
!
|
@

N (D)}
) Internet g Internet é GSM @

Cloud GPS . Navigation
Control Point =
Data Fugion Service onfrol Fom System Antenna
Figure 2 — Graphical scheme of navigational system signal
searching process

Thus, the collecting and archiving data from all vehi-
cles on the road is always processing in the dispatching
center. The dispatcher can determine the location of each
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vehicle at any time, and make the traffic overall picture or
view the schedule of a particular car for any period.

The system components: MS, three satellites, and CP.
The coordinates of CP and BS are already known. The
clocks of the MS and the measuring station are not syn-
chronized. The first BS sends a pulse to the NS and the
CP. On NS and CP the time of arrival of a signal is noted,;
the time value specified by the NS is sent to the CP (a
possible option when the calculations are performed on
the NS itself). This operation is performed at least three
times with the participation of different BS. Of course,
everything needs to be done quickly so that the NS does
not have time to move a considerable distance. Once the
signal time data has been collected, calculations can be-
gin. To calculate the coordinates of the subscriber it is
necessary to solve a system of formula (1):

R1-rl=v(T1-tl+dt),
R2-r2=v(T2-t2+dt),
R3-r3=v(T3—-t3+dt).

(1

As we see, in the system there are three unknown
quantities (Rx can be expressed in terms of X, y) — the co-
ordinates of MS (X, y) and dt, so that the calculation of
coordinates becomes a solvable task.

In Figure 3 the diagram demonstrates a general data
flow in the corporate cloud platform with data fusion in-
tegration. Navigation receiver (so-called “AP”) consists
of three main nodes: radio frequency receiver unit;, a
computing unit in which information is processed and, in

—L

Load Balancer (1)

—L

Load Balancer (N)

File File Warchouse
Server (1)~ Server (n) Database (1)

Warchouse
Database (n)

. ) Corporate Multi-agent authentication
CP — Fircwall Cloud Platform service datasets
] |
Data unification Qutliers removal
Load Balancer
" J |

Corporate Robust registration

Cloud Platform based on Adaptive

AP(1) AP(n) Distance Function

fact, finding the coordinates of the receiving point; infor-
mation display unit.

Figure 4 shows cases when Pg of GPS occurred. The
technical characteristics of the navigation receiver have
been influenced by the vehicle’s workflow. Therefore,
currently produced various AP, designed to work in navi-
gation systems and differ in functionality, characteristics,
cost, and appearance. For example, the receivers are
placed in moisture-proof enclosures, the receivers are
additionally combined with a sounder and receivers for
vehicles with space communication devices so that you
can send and receive messages.

To analyze the data fusion process, the surface for-
mula (2) was proposed:

N-1 t
GPS TL A
DFpiin,) = Zki - F(CHempr» KPeur €Tr) + Ky 'ZVTth~ @)
i=1 0

Every vehicle performs current activities as KPCﬁr

that are planned in the Tg.

Figure 5 shows the analytical surface with GPS track-
er signals’ losses.

If navigation receivers are designed to work as part of
more complex systems, they can be made in the form of
boards that are installed in the racks of the main equip-
ment. The specific implementation of such AP depends
on where and by whom they will be operated, and each
customer can choose a receiver based on their own re-
quirements.

To solve the peaks problem the approach based on
analysis of multi-agent authentication protocols was pro-
posed.

Overlapping arca
identification

Data fusion model suitable for
analytical surfaces

Figure 3 — Cloud GPS Data Fusion Service diagram
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Figure 5 — Data fusion surface with peaks when GPS signal lost

4 EXPERIMENTS

The data analysis can be fulfilled via a multi-agent au-
thentication protocols service.

A MAAS is quite complex, but if software architec-
ture to manage the barge’s construction in the shipyard
with many services is complex, then OAuth 2.0 will be a
base when developing the authentication services need to
identify the departments that were involved in the ship-
building process. The problem of authorization in dozens
of services was encountered. This problem was solved
with a MAAS. It helped implement seamless authentica-
tion across various services and migrate observable
agents’ data to separate databases to improve the effi-
ciency of the vehicles monitoring during the barge’s con-
struction.

The MAAS service has three main tasks:

1) Single point authentication (so-called “Single Sign-
On” or SSO) for all system services. Services do not
store credentials but trust this to one dedicated service.

2) Safe and granular access to resources. Safe because
passwords are stored in one place and are as secure as
possible. Granular, since service agents can configure
access to resources, based on the data that came from
the authentication service.

3) Centralized agent and access management because all
information about the agents is stored in the authenti-
cation service.
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The MAAS defines several roles. A resource owner is
an agent that has access rights to a protected resource. An
agent can be a user or some kind of system. A protected
resource is an agent that handles routes of HTTP end-
points, which can be: API endpoint, file on the CDN, and
web service. A resource server is an agent that stores a
protected resource to which the resource owner has ac-
cess. Observer agent is an application that requests access
to a protected resource on behalf of the resource owner
and with his permission — with authorization. An authori-
zation server is an agent that issues a token to a client to
access a protected resource after the successful authoriza-
tion of the resource owner.

Each agent in the interaction can combine several
roles. For example, an agent can be a resource owner at
the same time and request access to their own resources.
In Figure 6 agents’ interaction scheme was considered.

An abstract sequence diagram of MAAS RBAC of in-
teraction between agents includes several objects. The
Observer agent sends a request Ray to access the required

resource owner agent AE? . The AE? gives back to the
observer agent an authorization grant Gpy, which con-
firms the identity of the Aﬁ? and rights to the resource

that the observer agent is requesting access to. Depending
on the flow, this can be a token or credentials. The Ob-
server agent sends the Gpy obtained in the previous step

to the authorization agent AAATS , expecting an access to-
ken Tac from it to access the protected resource. The
AQ% verifies the validity of the Gay, and then sends the

Tac back to the observer agent. After receiving the Tac,
the observer agent requests the protected resource from

the resource agent AK—?— . The AK—?— verifies the correct-

ness of the Tac and then provides access to the protected
resource. Observer agent as part of MAAS can interact
with another authentication service of another department
inside the same warehouse during the shipbuilding stages.

GPS tracker signal with vehicle identifier is not avail-
able, so in Figure 6 agent interaction includes also the
observer agent coming with a Gpy, to the authorization

agent ARA%; and asks to provide the access token T, and

refresh token Tr. The A,Q‘TS- makes sure that everything is

fine with the Gpy and returns the requested T and Ty to
the observer agent. The observer agent with a T, requests
a protected resource until it receives the first invalid token

error I Tg from ARR$ .
After receiving an access error |Tg, the observer agent
goes to the Aé—? with a Tg and asks to replace the expired

T, with a new one. In response, the observer agent re-
ceives a new Tp, as well as a new Tg, or the lifetime of the
old T is extended.

The observer agent implemented in the vehicle re-
ceives some sort of successful authentication identifier,
such as a string, which is associated with the data in the
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database for further analysis. Grant refers to the data that
represents the successful authorization of the client by the
owner of the resource, used by the client to obtain an ac-
cess token.

There are several ways to get a grant. Authorization
code is used for confidential clients or web services. Cli-
ents’ credentials are used for confidential clients that re-
quest access to their resources or resources previously
agreed with the authorization server. Implicit is used by
public clients that know how to work with redirection the
URIs.

Resource owner password credentials and device au-
thorization are used to authorize devices that can work
over the Internet without browsers.

Proposed MAAS can handle described grant types
shown in Figure 7.

According to the current MAAS RBAC implementa-
tion the first part with resource owner password creden-
tials flow is recommended to be used at agent’s interac-
tions that are purely informational but used as an identifi-
cation criterion of the vehicle inside the warehouse.

Interaction between agents is performed as follows.

Resource owner agent Agg,: passes credentials PCgo to

the observer agent. The observer agent uses PCgro to ob-
tain a T and Tr. The observer agent redirects the resource

owner agent AKgG,: using the agent A&g to the authori-
zation agent A,’:‘(S; and specifies the client ID I¢, and the
redirection URI Ug. Interacting with the A,ﬁ\é through the

" the Abor is authenticated on the Ar. ARG
checks the rights requested by the observer agent and al-

lows issuance. The Agg,: is returned to the observer

agent using the ASE back to the Ug that was specified.
As a query parameter, code Cp will be added. With C,,
the observer agent is sent to the A,ﬁ\é instruction to re-
ceive an access token Tp in response (and a refresh token,
if required). The A,':‘CS; validates the Ca, making sure that

the T is correct, and issues a T and optionally a Ty to the
observer agent. The observer agent will be able to access
the resource that will be used for vehicle location moni-
toring.

The Af.{,_s\ has one requirement: it must be able to

work with HTTP redirects. Without this, the ASGr will

not be able to get to the AQ(S; and return with a grant.

Also, MAAS data analysis can use LSTM. According
to the proposed MAAS RBAC diagrams, the CHCTnlgpr is
described by formula (3):

{RAU Gau Rpid Id}

Gau Tac Tac "

{WA)U(R) Rpig 1Te }
pld

5 5 b}

CH e = i 3)
P PCro Tu®) p ’
Rpig = PCro = "

Ca _Ca Ta__ Rpu
ICL’UR +UA,CA+UR, ICL

aRmd}

where Ryjq needs to be used in LSTM to identify the vehi-
cle’s location.

The block diagram of the algorithm that implements
the proposed approach is shown in Figure 8.

AS s Ob t AS 3 ) AS s Observe AS (
(] [aA] (CRene) [are] (ad] [am] [ an [an ] () [ar ] (At ]
PCRIJ
PCro
G.-’\U N Tu.-\uul(-
Tac '| I, *protected location data
[ Tac Ur L :
| >
G protected location data l | Ua
AL
L Ca
Ty um
T -
protected "
data location| Iy - -
______ e < .
Ty [ protected location data
ITg .
‘ Gau
TU\] U{R)

Figure 6 — RBAC scheme in multi-agent authentication
service
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Figure 7 — Communication process between services to analyze
protected location’s data using MAAS RBAC
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Figure 8 — Block diagram of the algorithm that implements the proposed approach

5 RESULTS

As a result of an experiment, a modification was de-
scribed that solved the problem of long-term memory of
the proposed RNN: when neurons remember recently
received information well, but they can’t store in memory
for a long time something that they processed many cy-
cles ago, no matter how important that information may
be.

This turns out to be convenient when several vehicles
are simultaneously located within the same warehouse. In
LSTM networks, internal neurons are equipped with a
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complex system of gates, as well as the concept of a cell
state, which is a kind of long-term memory. The gate de-
termines what information will enter the cellular state,
what will be erased from it, and what will affect the result
that the RNN will give at an iteration.

In Figure 9 the inputs of the raw_LocCruteria section
described the raw quantitative values refers to agents’
interactions during the vehicles’ activities on the planned
in the tasks’ route Tr. The section relationCruteria in-

cludes samples with CHgn';pr .
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Figure 9 — Recursive neural network layers for searching
vehicle’s location based on MAAS protocols logging

LSTM networks are trained using the backpropagation
through time algorithm, the idea of which is to expand the
computation graph in time. From LSTM networks, we can
build multilayer neural networks, passing the output se-
quence of the next layer to the next one.
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Figure 10 — The accuracy plot of the agent’s classification
models (a) and smoothed activities surface (b) of forklift vehicle

It should be noted that such active attention to the
considered family of models is currently due, in particu-
lar, to their high performance in many tasks. Like other
recurrent neural networks, LSTM and GRU, especially
two- and multilayer ones, are characterized by a rather
complex learning procedure. The GPUs can significantly
speed up the learning processes of deep neural networks,
which is clearly demonstrated by the active implementa-
tion (and optimization) of the described recurrent models
for GPU computing.
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The location identifying uses the proposed method
based on analysis of the multi-agent authentication proc-
ess. As a result, shown in Figure 10b, the analytical sur-
face has the following smoothed form without peaks.

6 DISCUSSION

As evident from Figure 10, the multi-sectional con-
figuration of the recursive neural network and the usage
of data made vehicle location possible to achieve an accu-
racy of 97.8% (Figure 10a) of the classification of forklift
vehicles in the warehouse. Current MAAS uses the
RBAC scheme, which is based on roles. Usually, the
agent’s role is given full access to a specific service, in-
stead of being tied to specific functionality. A multi-agent
authentication service describes how communication be-
tween services should be implemented to ensure secure
authorization. Many nuances are described in sufficient
detail, for example, the flow of interaction of nodes with
each other, but some are left to the mercy of a specific
implementation.

We should also note that a significant number of mobile
technical systems include various positioning systems.
Typically, mobile technologies include signal receivers of
GLONASS/GPS navigation systems global satellites.
There are several Earth orbit satellites of the satellite navi-
gation system. They include ground system management
and subscriber devices (so-called “APs”) as special naviga-
tion receivers. Their main task is to receive signals from the
satellite and determine the distance to the one. Subscriber
receivers measure the distance to several currently visible
satellites. Their coordinates are extremely accurate and can
be reached at any time. The coordinates have equal dis-
tance surfaces intersection point calculation.

Three satellites’ distance makes possible a single point
of Earth’s surface coordinates’ determination. In this case,
the receiving device’s three equation data is very important.
The subscriber receiver performs instantly automatic meas-
urements and calculations. It increases the calculating of
the coordinates’ receiving point accuracy.

The proposed system uses several additional measures.
This study investigated an equations system, which is used
to calculate the current position of a moving object in real-
time. As the input data for the calculations, the coordinates
of the three satellites relative to the Earth and their distance
to the desired object are used. The accurate determination
of the moving object coordinates requires the real-time data
constantly coming from NS, which is not always feasible
due to possible signal interruptions.

Separating the entity of the agent and the application
requesting access allowed to analyze data fusion ability.
According to asynchronous interactions, developed soft-
ware can manage vehicle navigation system rights sepa-
rately from agents’ rights. Instead of the credential, which
has a certain set of rights and lifetime, we get access to
metadata resources generated during the vehicle’s move-
ments between departments inside the same warehouse
during one technological process, e.g., vessel building
stages.
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In this context, the research should also take into ac-
count, signals from satellites are emitted at two frequencies.
If we compare the time of receiving signals, we can deter-
mine and take into account the ionosphere radio signals’
delay. They increase the accuracy of measurements. The
potential accuracy of determining the coordinates can be
increased to several tens of centimeters. Modern navigation
receivers can have 12 or more operating channels. They do
not only increase the accuracy of coordinate determination
but also speeds it up. As a rule, such receivers calculate the
speed and direction of movement of moving objects.

However, the large amounts of traffic, receiving sig-
nals’ difficulties, or data absence can cause functionality
losses. Therefore, such conditions (long-distance industrial
facilities, quarries, mines, areas with complex terrain, etc.),
alternative positioning methods are needed to determine the
coordinates and identify mobile objects. One of them is the
reception of the signals from the fourth satellite. It can help
to eliminate the systematic receiving device and satellite
time difference error.

CONCLUSIONS

The actual problem of mathematical support develop-
ment has been solved to automate defining the trajectory
in real-time of the movable object during movement be-
tween departments inside the same warehouse area.

The scientific novelty of obtained results is that the
method of data flow fusion real-time performance is first-
ly proposed. An equations system that identifies the vehi-
cles’ location based on the method of multi-agent authen-
tication process analysis after the GPS signal loss, was
proposed. The multi-sectional configuration of the recur-
sive neural network and the usage of cloud data fusion
allow increasing the accuracy of vehicle location determi-
nation.

The practical significance of obtained results is that
the efficiency of the role-based access control integrated
into multi-agent authentication service was improved. as
well as experiments to study their properties are con-
ducted. The experimental results allow us to recommend
the proposed approach for use in practice, as well as to
determine vehicles’ location in the warehouse with an
accuracy of 97.8%. The location of the forklift is deter-
mined by a cloud-based GPS fusion service. Time esti-
mates of the costs of sending data to data centers in com-
parison with the costs of processing, archiving, and merg-
ing these data will be approximately equal. Time costs for
data transfer will not take up most of the time, since the
cloud infrastructure will be deployed for the local enter-
prise territory. Local computing and storage resources
will be enough to locate the forklift in a time range of up
to 15-20 minutes after the GPS signal has been lost.

Prospects for further research are to study the pro-
posed cloud data fusion about the location of vehicles,
being at various territorially remote warehouses but pro-
viding material support for a common logistical chain.
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XMAPHMI IIJXIJT 3JTUTTA JAHUX GNSS HA OCHOBI MYJIbTUATEHTHOI'O AHAJII3Y ITPOTOKOJIIB
AYTEHTHU®IKAIII B KOPIIOPATUBHUX JIOTICTUYHAX CUCTEMAX YITPABJITHHS

Bypuaauenko 1. C. — crapmmii Bukinagau xadenpn koM’ 1oTepHoi imxeHepii HOpHOMOPCHKOrO HAlliOHAIBHOTO YHIBEPCHTETY
imeni [Terpa Morunu, Mukonais, Ykpaina.

CaginoB B. 10. — kaun. TexH. HayK, JOIEHT Kadeapu KoMl IoTepHol imkeHepii YOPHOMOPCHKOT0 HalliOHAIBHOTO YHIBEPCUTETY
imeni [Terpa Morunu, Mukonai, YkpaiHa.

Toroes O. P. — acmipanTt xadenpu KoM I0TepHOI iHxkeHepii YOpHOMOPCHKOTO HaliOHAIBHOTO YHiBepcuteTy iMeHi Ilerpa Mo-
ruii, Mukonais, Ykpaina.

Kypascbka I. M. — 0-p TexH. Hayk, npogecop, npodecop kadenpu KoM 10TepHOI imkeHepii YopHOMOPCEKOr0 HAI[lOHAIEHOTO
yHiBepcurety imeHi [lerpa Morunn, Mukonais, Ykpaina.

AHOTAIIA

AxTyanbHicTh. Cy4acHi KOPHOPATUBHI JOTICTUYHI CHCTEMH YIPaBIiHHS a00 CHUCTEMH CTEKEHHS 32 MOJIOKESHHIM CKIIAJAI0ThCS
3 0e3ApOTOBHMX CHCTEM IO3MLIOHYBaHHs]. SIK TpaBWiIo, MOOUIBHI TEXHOJOrii BHKOPHUCTOBYIOTH MpHUIMAayi CHTHAIB CYIMyTHHKIB
GNSS. Opnak, icHye 3aranbHa mpoOiieMa mepefadi JaHuX A0 aHAJITHYHUX LEHTPIB AJS MOAANBLIOr0 BUKOPHCTAHHS y CHCTEMax
KOPITOPaTUBHOI JIoTicTUKU. 00’ €KTOM IOCITIKEHHS € MPOIIeC pO3pOOKH pillicHb, anbTepHAaTHBHUX 1 GNSS.

Mera. ITigBUIIEHHS TOYHOCTI KOHTPOJIIO JOCTYIY [0 MiCHE3HAXO/PKCHHSI TPAHCIIOPTHOIO 3ac00y Ha OCHOBI MYJIBTHAr€HTHOTO
aHaJi3y MPOTOKOJIIB aBTEHTU(IKAIII.

Meton. Y H0CHiKEHHI 3alPOIIOHOBAHO XMAapHY IIATGOPMY 3IUTTS JaHHX, sKa Tependavae 30upaTH Ta apXiByBaTH JaHi Mpo
BCI pyXoMi 00’ €KTH, [0 MOXYTh 3HAXOJUTHCS Ha JOPO3i MiXK BiJIiIaMK BCEpEAUHI OHIET CKIIAAChKOT TepuTopii. OCKIIbKH iICHYIOTh
oreparlii 3 y4acTio pi3HuUX 6e31poToBHX 0a30BUX CTAHIIIH, TOXK, PyXOMOMY 00’€KTYy MOXKE HE BUCTAUUTH 4Yacy JJIs aHaAIi3y TPaeKTopil
pPyXy B pexxumi peanbHoro yacy. Takum 4mHOM, 00poOKa JaHMX NMOBMHHA BUKOHYBAaTHCS B XMApHOMY JIHCIICTYEPCHKOMY LIEHTPI, i
HEOOXiHE 3JIUTTS MOTOKIB JaHWX. 3alPOIOHOBAHA CHCTEMa PiBHSHb, SKa BU3HAYA€ MiCLE3HAXOPKEHHS TPAHCIIOPTHUX 3ac00iB Ha
OCHOBI METOJly MYJIbTHareHTHOTO aHajli3y mpouecy aBTeHTH(iKamii micast BTpatu curnany GPS. baratocekmilina koHpiryparis pe-
KypCHBHOI HEHPOHHOT MEpexki Ta BUKOPUCTAHHS 3JIUTTS XMapHUX JAHUX JO3BOJIWIIH ITIIBUILUTH TOYHICTh BU3HAYCHHS MiCLIE3HAXO-
JDKEHHS TPAHCTIOPTHOTO 3ac00y.

Pe3yasTaTn. Po3pobiennii MeTox peanizoBaHuil MporpaMHO Ta MPOBEAEHI JOCIILKEHHS U BUPIMIEHHS Mpo0JieM TOYHOCTI KO-
HTPOJIIO PO3TAIlyBaHHS TPAHCIIOPTHOTO 3aCO0Y B KOPIIOPATHBHUX JIOTICTHYHMX CHCTEMax yIpaBJiHHS.

BucnoBkn. Ilig yac mocmimkeHHs eheKTHBHICTh BH3HAYCHHS MiCIIe3HAXOKEHHS TPAHCIIOPTHOTO 3aco0y Oyia mokpaiieHa 3a
JOTIOMOTOI0 KePYBaHHS JOCTYIIOM Ha OCHOBI poJiei, iIHTErpOBaHOI0 3 MyJIBTHAreHTHOIO CIIyK0010 aBTeHTH(iKaLil.

KJIIOYOBI CJIOBA: xmapHi TeXHOJIOTIl, 31UTTS JAHWX, MYyJIbTHArCHTHUI aHati3, MPOTOKON aBTEHTU(IKaLil, peKypcuBHa
HEHpOHHA MeperKa, CHCTeMa YIIPaBIiHHSA, KOPIIOPATUBHA JIOTiCTHKA.
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cuteta umenu [lerpa Moruinel, Hukonaes, Ykpauna.

CasunoB B. 0. — kanj. TexH. HayK, TOUEHT Kadeapbl KOMIBIOTEPHOH HHXKEHEpHH YepHOMOPCKOro HAIIHOHAIBHOTO YHUBEPCH-
teta uMeHu [lerpa Morunsl, Hukonaes, YkpauHa.

Toroes A. P. — acnmpanT xadenpbl KOMIBIOTepHOH HHXeHepHrn UepHOMOPCKOTo HAI[MOHAIBHOTO YHHBepcuTeTa MMeHH [lerpa
Morunsl, Hukonaes, YkpauHa.

Kypasckasi . H. — n-p texn. Hayk, npodeccop, npodeccop kadenpbl KOMIBIOTEPHOH HHKeHepHH UepHOMOPCKOTo Haluo-
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© Burlachenko I. S., Savinov V. Yu., Tohoiev O. R., Zhuravska I. M., 2021
DOI 10.15588/1607-3274-2021-4-9

104



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasminss. 2021.

Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 4

AHHOTAIUA

AKTyanabHOCTh. COBpeMEHHbIE KOPIIOPATUBHBIE JIOTHCTUYECKHUE CUCTEMBI YIIPABICHUS HIIM CHCTEMBI CICKEHHS 32 ITOJI0KEHHEM
COCTOSIT U3 OECIPOBOAHBIX CUCTEM MO3UIMOHUPOBaHUs. Kak mpaBuiio, MOOWIILHEIE TEXHOJIOTUH MCIIOIB3YIOT IIPUEMHUKH CUTHAJIOB
cnyTHHKOB GNSS. OznHako, cyniecTByeT o0Imas npodsiemMa nepeaady JaHHbIX B aHATUTUYECKUE LEHTPBI I JAIbHEHIIEero UCIOJIb-
30BaHUA B CUCTEMAaX KOPIOPATUBHON JTOrUCTHKU. OOBEKTOM HCCIEIO0BAHU SABIAETCS MPOIECC pa3pabOTKH peLIeHHH, aTbTepHATHB-
Heix it GNSS.

Lesb. [ToBbImIeHre TOYHOCTH KOHTPOIS AOCTYMAa K MECTOHAXOXKACHHUIO TPAHCIOPTHOTO CPEICTBA HA OCHOBE MYJIBTHATEHTHOTO
aHaJM3a IPOTOKOJIOB ayTEHTU(QHUKAIINHL.

Metoa. B nccinenoBannu npeyioxkeHo o6iavHyro miaTopMy CIUSHHUS JaHHBIX, NPEJI0KEHO COOMpaTh M apXUBHPOBAThH JaH-
HbIe 000 BCEX JBIKYIIUXCS 00BEKTaX, KOTOPbIE MOTYT HaXOJUThCS Ha JOPOre MEXIy OTJeIaMH BHYTPH OJHOW CKIIaJICKOH TeppHTO-
pun. IToCKOJIBKY CYIIECTBYIOT ONEPAIMU C YYaCTHEM Pa3JINYHbIX OSCIPOBOIHBIX 0Aa30BBIX CTAHIMI, II09TOMY, HOABIKHOMY OOBEKTY
MOXKET He XBaTUTh BPEMEHM Ul aHalM3a TPACKTOPUM JABWIKEHHUS B PEKUME peanbHoro BpemeHH. IlosTomy 06paboTka AaHHBIX
JIOJI)KHA BBIMOJIHATHCSA B 00JJAYHOM JMCIIETUYEPCKOM LIEHTPE, U HEOOXOAMMO CIHSHUE MOTOKOB NaHHbIX. [Ipennoxkena cucrema ypas-
HEHHUH, KOTOpasi ONpPEAeNseT MECTOHAXOXKAECHHE TPAHCIOPTHBIX CPEICTB Ha OCHOBE METOAA MYJIBbTHAr€HTHOTO aHAIHM3a Iporecca
ayTeHTH(UKAIMU TIocie noTepu curaana GPS. MHorocekunoHHast KOHQUTYpalus peKypCHBHOW HEMPOHHOM CETH M UCTIOIBb30BAHUS
CIUSTHUS 00JIAYHBIX JAHHBIX ITO3BOJIMIIM IIOBBICUTE TOYHOCTh ONPEAEIICHNSI MECTOIIOIOKEHHS TPAHCTIOPTHOTO CPE/ICTBA.

Pe3yabsTarsl. Pa3paboTaHHEI MeTO] pealM30BaH HMPOrPaMMHO, IIPOBEACHBI MCCIICIOBAaHUS IS PeNICHHs Mpo0IeM TOYHOCTH
KOHTPOJISI MECTOIIOJIOKEHHUSI TPAHCIIOPTHOTO CPEACTBA B KOPIIOPATUBHBIX JIOTUCTHYECKMX CUCTEMaX YIpPaBICHHS.

BruiBoasl. B xozxe uccnenoBanust 3peKTHBHOCTE ONpPEAEICHHs] MECTOIOIOKEHHUS TPAHCIIOPTHOTO CPECTBA ObUIa yIIydIlleHa C
TIOMOILBIO YTIPABJIEHUS JOCTYTIOM HA OCHOBE POJIEH, HHTETPUPOBAHHOTO C MyJITUATEHTHON CITy>KOO0H ayTeHTH()UKALUH.

KJIFOYEBBIE CJIOBA: o6na4yHble TeXHOJIOTHH, CIUSHUE TAHHBIX, MyJIbTHAT€HTHBIH aHAIN3, IPOTOKOJ Ay TCHTU(DHUKALIUH, Pe-
KypcHBHasl HEHpOHHAS CeTh, CHCTEMa yIIPABICHNUS, KOPIIOPATHBHAS JTOTHCTHKA.
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TEXHOJIOT'IS BI3YAJIBHOI CUMYJIALI MACAXKHUPOIIOTOKIB Y
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Mamneaiox F0. P. — wmarictp kadenpu «ludopmariitHi cuctemMn Ta Mepexi», HalioHambHUIA yHiIBEpCHTET

«JIpBiBCBKA MOMiTEXHIKaY, JIBBIB, YKpaiHa.

AHOTANIA

AxTyanbHicTs. Ha choronuinmiii geHp npobiiemMa BizyanbHOI CHMYIIAIIT ITacaXXHPOIIOTOKIB y cepi POMaFCEKOr0 TPAHCIIOPTY
€ BOXJIMBOIO IIPU CTBOPEHHI iH(pOpMauiiiHuX cucteM miis po3BHTKy cydacHux Smart City. B ymoBax Industry 4.0 BaximBuM €
CTBOPEHHsI TEXHOJIOTI, 3ac00iB Ta IHCTPYMEHTIB IJIsl BIPOBA/DKEHHS €IMHOI CaMOPEryJIbOBaHOI IHTENIEKTyalbHOI CUCTEMU OOMiHY
JaHUMHU [pPU HaJaHHI BIAMOBIAHMX MOCIYr HEpeBe3eHHs HacaxupiB y cdepi rpomancbkoro TpaHcnoprty. Hampukiazn, HaouHO
BifmoOpakatu mpobsieMHi AimsiHkM Ha Mapiupytax B Smart City, ¢popMyBaTH MHOXHUTH Ta iHASHTH(]IKyBaTH OCHOBHI 3yNHHKH B
YacOBHX 3pi3ax 3 HAHOLIBIINM macakupooOMiHOM, (GOPMyBaTH MPOMO3HUIIIT MO0 NOTpedr MOAEpHi3alii MapIIpyTiB 3 BpaXxyBaHIM
30UTBIICHHSM 3aBaHTAXXCHHOCTI TPOMAICHKOTO TpPAaHCIOPTY Ha MeBHHX AursHkax Smart City Ta OTpUMyBaTH pe3yJbTaTd
MIPOTHO3YBaHH AaCAKUPOIOTOKIB IIPY BHECEHHI BiJIIOBIJHUX 3MiH HAa OCHOBI METO/IiB MAIIMHHHOTO HAaBUaHHSI.

Mertoro gocaimKkeHHsI € PO3pOOJICHHS TEXHOJIOTIT Bi3yaJbHOI CHMYJISILIT TacaXKMPOIOTOKIB ¥ cepi rpoMaCbKOro TPAaHCHOPTY
JUTS TIIBUILICHHS SIKOCTI HaJaHHsI MOCITYT MaCaXUPChKUX TiepeBe3eHb B Smart City.

Meton. YpockoHaneHo iMiTauiiiHy Mojenb [Uisi OOYHCICHHS MacaXUPOIOTOKY IPH 3MiHI KIJIBKOCTI PyXOMOro CKJIajay Ha
MapuipyTi, ¢ Ha BiOMiHy BiI BiIOMHX, TOJaHO TNPOTHO3YBaHHS HAa OCHOBI pPO3pOOJIEHOI HEHPOHHOI Mepexki. YIOCKOHAICHO
MeXaHi3M Bi3yalbHOI CHMYIIALII MacaXHPOIOTOKIiB 3 BHKOpUCTAaHHAM KapT GoogleMaps Ta AuHaMidHE NEpeMilICHHS 1O HHUX 3
KOHTPOJIEM IIBHIKOCTI BiZIOOpayKeHHsI CUMYJISLII. 3alipOIIOHOBAHO HEHPOHHY MEpEeXy 3 TOBHO3B I3HUMH IIapaMH 3 BUKOPHUCTAHHIM
OITUMI3aLi{HOr0 anropuTMy 3 aJaNTHBHUM piBHEM HaB4yaHHS Adam /Ul MPOrHO3YBaHHs ITACaKUPOIIOTOKY MDK 3YNHHKaMHU 3a
BU3HAUCHHUU mepion no0u. BusHaueHi kputepil meramizariii AaHHX OPO MACAKUPOIMOTOKH HA MIiCBKHX MaplIpyTaX, BKJIHOUYAIOUH
3arajbHi IMOKAa3HMKH BIiJHOIICHHS IacaXKMPOOOMIHy Ha IE€BHIM 3ymnuHLI A0 MOTOYHOro mepiogy mobu. Ilpu mpoekTyBaHHI
IHTEJIEKTyaIbHOI CHCTEMH 3a3HaB MOJAJbLIOr0 PO3BUTKY MiAXiJ 3MiHH MiCTKOCTI PyXOMOIO CKJIaay TPOMAJChKOTO TPaHCIOPTY y
Smart City, 1e Ha BiAMiHy Bii BiIOMHX, 3MiHa MiCTKOCTI OOMeXeHa HAasBHUMH TPAHCIIOPTHUMH 3aco0aMu. 3a3HaB MOAAJBIIOTO
PO3BHUTKY METOJl PO3PaXyHKY KOMIUICKCY MOKa3HHUKIB [IACAKMPOIOTOKIB Ha 3YNMHKAX Ta MEPEroHax 3 BPaXOBaHHIM J0JATKOBHX
JIOKaJbHUX TpadikiB Ta crierudiku poOOTH TPAHCTIOPTY HAa OKPEMHX iHAMBIAYAIbHUX MapLIpyTaX.

PesyabTratn. Po3poOneHo iHTeNeKTyalbHY CHCTEMY Bi3yaJbHOTO MOJEIIOBAHHS ITACAXHUPCHKUX IEpEeBEe3eHb Ha OCHOBI
HEWPOHHOI MepeXi Ta MAIIMHHOTO HAaBYAHHS, SIKa JJO3BOJISIE ONTHUMI3yBaTH POOOTY MAaCaKMPCHKUX IIEPEBE3CHb I'POMAJICHKUM
tpancrioproM B Smart City. Ile momanHs naHMX HaJae MOXJIMBICTH OLIHUTH PEHTAOEIBHICTh JOJABaHHS HOBOI'O TPAHCIOPTHOIO
3aco00y Ha MapLIpyT YW HEOOXiJHO CKOPUTYBaTH PO3KJIaJ IHIIMX TPAHCIIOPTHHX 3aCOOIB Ul KPALIOro IOKPUTTS 3aBaHTAXKEHHX
JUISHOK y vac mik. JInst poOOTH IpOrpamMHOro 3aco0y BHKOPHCTOBYEThCS 3arajlbHOBIIOMHH CTaHIApT MHOJAHHA NaHUX HPO
rpomancekuit Tpancnopt — GTFS. e no3Bossie agantyBaty po3po0IeHHi MPOrpaMHUiA IPOAYKT YHIBepCaTIbHUM, a He Crieln(iaHuM
IUIL KOHKPETHOTO MicTa 9d Kpainu. [IpoBeieHO MOPIBHAHHS OTPUMAHUX Pe3yJIbTaTiB HA MHOXHHI JAHUX TPOJICHOYCHUX MapIIpyTiB
(6imz 2000 3ammciB, 3 3i0paHMX Ha OCHOBI EKCHEPHMMETHAJIBHHUX MApPKETHHIOBHX IOCHIIKeHb) B MicTi JIpBiB (YKpaiHa) mis
(hopMyBaHHS IIPOTHO3Y 3MiHH NAaCaKHPOIOTOKIB Ha IIEBHUX IUITHKAX B Pi3HI IIPOMIXKKH dacy.

BucnoBku. BusBieHo, o cIiporHo3oBaHi HEHPOHHOIO MEPEXKEI0 NMAaCaKUPOIIOTOKH y MOPIBHAHHI 3 (aKTHYHIMU, IPU3BOASAT
o iX 3pocTaHHsA y ceperHboMy Ha 28% Ha KPHUTHUYHMX IeperoHax B rojuHy mik. L{i oTpuMaHHI pe3yibTaTd HO3BOJISIIOTH
oOIpyHTYBaTH JOLUIBHICTD J0JaBaHHs PO3KJIaay HOBOI'O TPAHCHOPTHOTO 3acO0y IUIsl KPAIOro MOKPHUTTS 3aBAHTAXXEHUX ALISTHOK y
yac mik. [TopiBHSHHS 3MiHH aCaKMPOIOTOKIB, PO3IOIICHHX 3a Ieperonamu y yaci go6u 3 19:00 no 20:00, 32 hakTH4HUME JaHUMHA
Ta micas po6oTH HEeHpOHHOT Mepexi Bkasye Ha ix 30inblieHHs y cepenuboMy B 70% neperoHis, ki Oyju CpOrHO30BaHi, 110 acTh
3MOTY MPUAHATH OOTPYHTOBAHE PillIEHHS PO 3aIlyCK JOJATKOBOTO TPAHCIOPTY HA BiINOBIAHI MapIIPyTH.

KJIFOYOBI CJIOBA: BizyanpHa CHUMYJIAIiS MacaXHPOIOTOKIB, Bi3yallbHE MOJCIIOBAHHSA, IHTEIEKTyallbHAa CHCTEMa, Smart
City, GoogleMaps, HelipoHHa Mepexa, INPOTHO3YBaHHS IacaXUPONOTOKY, MAIIMHHE HaBYaHHS, iH(GOpMamiiiHi TEXHOJOTII,
OIpaLFOBaHHS JIaHHX.

ABPEBIATYPA O — MHOXMHA BUXIJHHMX JTaHHUX;

IC — inpopmaniitna cucrema; R — ocHOBHI mpaBHyIa OMPAIIOBAaHHS MTOTOKY BXiTHIX

IT — indopmauiitna TEXHOJIOTS; JTAHWX;

[13 — nporpamue 3abe3mne4eHHs. U - 10omaTKoBI mapamMeTpH ONPALOBAHHS BXiJTHHX
JIaHUX;

HOMEHKJIATYPA N — HeiiponHa Mepexa;
S — cucreMa  BI3yaJIbHOIO  CTHMYJIIOBaHHS 0L — OIePATop CKAUyBaHHS BXiAHHUX JAHNX;
acaKUPONOTOKIB; B — oneparop onpaioBaHHs BXIHUX JaHHX;

| — MHOXMHA BXiJHUX JaHHX;
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Y — omeparop Bi3yaii3allii macaxuponoTOKiB;

W — onepatop omnpairoBants GTFS ganux;
¥ — orepatop (hopMyBaHHS JaHUX PO MAPIIPYT;

® — omeparop ¢QopMyBaHHS  JaHUX  TPO
NacaKUPOMOTOKH;
A — omeparop IMPOrHO3YBaHHS MAaCaKUPOIIOTOKIB

HEIUPOHHOK0 MEPEXKEI0;
i, — muo)xuHa nocwians Ha GTFS nawi;

i, — MHOXXHMHA JaHHX 3arajibHUX HAJALITyBaHb;
i; — maHi npo KiJBKICTh HAaCaXHUpiB;

i4 — MHO>XHHa pO3KJ'Ia,HiB JA0JAaTKOBOI'0 TPAHCIIOPTHUX

3aco0iB;
0, — CXEMaTW4yHO  BI3yallbHO  CHMYJbOBaHI
[1aCa’KUPOIIOTOKH;

0, — BiI3yaJbHO CHMYJbOBaHI MAacaXHPOIOTOKH Ha
KapTi;

03 -
NPOTHO30BaHI MacaXHPOIOTOKH;

r, —npasuna GTFS dopmary;

CXEMaTHYHO  BI3yaJlbHO  CHMYJIbOBaHI

r, —npasuna ¢popmu Excel popmary;
U; — HOMEpHU MapIIpyTy;

U, — TUIU MapupyTy;

U — BUIH Bi3yaJIbHOI CUMYJIALII;
DBgres —6a3a GTFS nanux;

DBspyv — MHOXKHMHA BHXIIHUX JAaHUX 3 IPOLECY

(bopMyBaHHs JaHHX PO MAPIIPYT;

d’ — indopmaris mpo po3KIaj TPAHCIIOPTY;

d; — Google kapru;

d; — mani mpo mMappyT;

DBpopps — MHOXHHA BUXIAHUX JAaHUX 3 MPOLECY
(opMyBaHHS JaHHUX IPO ITACAKUPOIIOTOKHY;

d,” — po3mip nataceTy isl HABYAHHS;

d;y — chopmoBani macaxuponoTOKy;

DWgrgs — pesynbrar ckauyBannst GTFS nanux;
PLgtrs — 3amoBHenHss GTFS nannMu 6a3u naHux;
CGpwcr — nepeBipKa NMpaBWIILHOCTI CKauyBaHHS;
UDpwps — OHOBIIEHHS TIporpecOapy cKkauyBaHHS;
SVEL — pe3ynbTat 30epeskeHHs (aiinis;
CGrLic — mepeBipKa MUTICHOCTI (aiiiiB;
CGerpp — nepeBipka icHyBanHs 6azu GTFS nanux;
CRnwoe — HOBa xemoBana 60a3a GTFS nanux;
Clgrpg — ounienHs HasBHoi 0asu GTFS nanux;
CR1gp — MHOXXHHA Ta0JMIb y 0a3i TaHUX;
FG+gp — 3anoBuenus tabmuips GTFS nannvu;
DWgemp — MHOKHHA 3aBaHTaxeHux Google kapr;
ARprpw — IPHIIBHUIIICHHS 3aBAHTAXEHHSI JAHUX;
CRgfL — ctBOpenwmii Excel daiin mist 3anioBHEHHS;
CRaprL — CTBOpEHUI (aiin JI0JJATKOBOT'O
TPaHCIOPTHOTO 3ac00y;
CGcpag — pe3ysIbTaT IepeBipKu HAsBHOCTI KapT;
CGcpig — pe3yabTaT NepeBipKH IMUTICHOCTI KapT;
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CRyrsr — CTBOpEHa iepapxist i 30epiranHs;

UDpgpw — OHOBJIEHHSI IporpecOapy cKkauyBaHHS KapT;

SVup — pe3ynbrar 30epexeHHsl KapT;

CGcpig — pe3yJibTart nepeBipKH IiIICHOCTI KapT;

PRgtrs — pesynbrat miaroroBku GTFS nanux;

GRstrRT — MHOKMHA JaHUX NIPO BUOpaHHUN MapLIpyT;

DGgrrsp — BU3HA4YEHHS pO3KIaLy ISl MApIIPYTY;

CRg_tm — cTBOpenwmii mabion Excel daity;

FLg L — 3anoBHeHHs nanumu Excel ¢aitry;

CRgL — pesyunbTar cTBopeHHs (daitny;

FL1vpL — 3amoBHEHNUH mabaoH (aiiny 3rigHO MpaBHI,

FMpgsp — po3kiiaja macaxxupornoToKiB;

CRyRrpt — MHOKHHA MTOTOJJUHHUX MMACAKUPOIIOTOKIB;

CRtssp — po3Kiiaj 3ylmUHOK TPAHCIIOPTY;

CRspsp — CTBOpPEHHS PO3KJIaLy 3YIHHOK;

FGspsp — 3a1m0BHEHHS PO3KIIaLy 3YITUHOK;

CGccsp — nepeBipka KOPEKTHOCTI pO3KIIaLy;

GRprsp — IaHi 3 po3KIIaay ISl MacaKUPOIOTOKIB;

DGpssz — po3mip matacery;

CTprrL — 00YHCIIEHHS TACAKUPOIIOTOKIB;

DGystp — BU3HAUEHHS BUIY Bi3yaibHOI CUMYJISLIIT;

RGyste — 3amyck Bi3yanbHOI CUMYJISLIIT;

GRyspr — MHOKHHA JIAHUX JUIS Bi3yaJbHOT CUMYJISILIIT;

RGystp — 3UnTyBaHHs BUIY Bi3yaJIbHOI CUMYJISIIIT;

OVyp — pe3ysbTaT HaKJIaIaHHS KapTH;

RGysyp — 3ammyck Bi3yanbHOT CUMYJISINT HA KapTi;

TRNrNT — PE3YJIBTAT HABYaHHS HEHPOHHOT MEpEeXi;

SVNrNT — pe3yaIbTaT 30epesKeHHs] HEHPOHHOI MEpexi;

CLnwpr — OOYHCIICHHS HOBHX MTACaKUPOIIOTOKIB;

DMpynsz — BU3HaYCHHS pO3Mipy HEHPOHHOT MEpExKi;

CRnnmL — CTBOpEHHS MOZETi HeHPOHHOI MEepExKi;

LGnrnT — TIpOIIEC HABYAHHS HEHPOHHOT MEPEXKi;

CGstnn — pe3yJibTar nepeBipKy HasBHOCTI 30epeskeHOT
HEHPOHHOT MEpexi;

DTissw — pesyaprar BumaneHHS (aimy MuHYI01
HEWPOHHOT Mepexi;

WTnnFL — pe3ysibTaT 3amuc HEMPOHHOI Mepexi y
daii;

VDpr — pe3ysbTar nepeBipky NpaBHIBHOCTI JaHUX;

RGnrnT — PE3yJIbTAT 3UMTYBaHHS HEHPOHHOT MEpExi;

RGapsp — 3UUTYBaHHS JOJATKOBOTO PO3KIIAIY;

FGnwpr — IPOTHO3yBaHHS HOBUX MACaKUPOTIOTOKIB;

RNysn — pe3ynmpTaT cXeMaTHYHOTO 3aITyCKy Bi3yaJIbHOL
CHUMYJISII{ HOBHX ITaCca)kKUPOIOTOKIB.

BCTYII

[NMacaxxuponoTokn  3aymexkarb HE  TUIBKH  BiX
ocoOnMBOCTEH MPOKJIAJCHHS MapIIpyTiB, a W MEBHUX
OCHOBHHX TOYOK HaHOLIBIIOTO mMacakxupooOMiHy y Smart
City [1-2]. [acaxxupomnoToku € HaHOLIBII BaKIMBHM
aCIeKTOM, BiJl SKOTO HEOOXITHO BiJIITOBXYBATUCS IPH
CTBOPEHHI HOBUX TPAaHCHOPTHHX MapLIPYTIB 1 CHOIYYEHb,
OHOBJICHHI 4M 3MiHi icHylounx y Smart City. Ha nanuii
MOMEHT Il TpobjeMa 3 JOCHDKeHHS Ta Bidyamizamil
Maca)XUpOIIOTOKIB HE € BHUPIMIEHOID Ta  JOCHTH
akTyanpHolo Juisi Benmukux Smart City [3—4]. IIpobnema
Bi3yaJIbHOI CHMYJisinii HaOyBa€ rocTpoi aKTyalbHOCTI B
yMmoBax riobamizamii cBiTy [5-6]. 3pocrae morpeda B
moOyIOBl CUMYISIIIHAX MOAEJCH pealbHOro CBITY [7—
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8], 30Kpema a1t MacakUpoIoTOKIB Y chepi rpoMaChKOTO
tpancropty [9-12]. V [1-2] 3ampornoHoBaHO TUHAMIuHY
iMiTaliifiHy MOJENb PO3MOJAUTYy IacaKUPOIOTOKIB Ha
TPaHCIIOPTHUX Mepexax 13 BpaxyBaHHSIM pO3KJIany Ta
3aTPUMKH TOi3/IB, TPOMAJCbKOTO TPAHCHOPTY BEIMKHX
Ta CepelHIX MICT, SIKy HOKJIAJEHO B OCHOBY aJTOPHTMY
Bi3yalbHOT CHMYIIAII] MAacaXHPOIOTOKIB. Y pe3yIbTaTi
MonmemtoBanHA B [1, 12-15] dopmyroTs craTUCTHYHI
MOKA3HWKH,  BKJIIOYAIOYH  O0CAT  MAcaXHPOIOTOKY
KO)XKHOTO TpPaHCIOPTHOTO 3aco0y Ta 3yNWHKH, SKi
agimMoBaHo cumymototecss B IC. B [1] momens Hamae
KUTBKICHUH TIpHUKIaA s imocTtparii po3pobienoro I13.
3anpornoHoBaHui minxia B [2] MoaentoBaHHs (GakTHUHOT
MIPOMYKTUBHOCTI pillleHHs1 (DOKYCY€EThCS Ha ONTUMI3alii
TEOpeTHYHOT  1iIboBOi  (QYHKIIT  Ta  37ilCHIOE
BIOCKOHaJICHHS  mimboBoi  ¢ynkuii. B [16-18]
mo0OyTOBaHO 3B 30K MIiX OINTHMI3aIli€l0 MaTeMaTUIHUX
MoJienieii i OTpUMaHuM (GPaKTHYHHAM TTO3UTHBHUM €(EeKTOM
YAOCKOHAJICHHS UTboBOi (QyHKIIi. B [2] ommcano I13, mo
BUKOPHCTOBY€E BIIACHUIA MEXaHI3M Bi3yaJbHOI CHMYJISIIT i
JI03BOJISIE  3aCTOCOBYBaTH peajlbHy KapTy, a TaKoX
JUHAMIYHE TIePEeMIlIeHHi 10 Hill 3 KOHTPOJIEM HIBHIKOCTI
3nificHeHHs cuMyJnimii [19-23]. 3 MeToro yockoHaNeHHS
oprasizanii 00CIyroByBaHHS MacaKMpiB Ha MapUIPyTi B
[3] 3anpomnoHOBaHO BHKOPHUCTOBYBATH palliOHAJIBHUIMA
PO3MOALT TPAHCIOPTHHUX 3ac00iB 13 BpaxyBaHHS ix
MacaXKHPOMICTKOCTI TPOTATOM J100OM TiepeBe3eHHs. Y [4]
c¢(hOpMOBaHO OCHOBH IPOCTOI TEOPil PyXy, sIKa MOSCHIOE
MOXO/DKEHHS Ta IPU3HAYCHHS PI3HUX THIIB MOI3I0K Y
MICBKUX paifoHaX, Jie aBTOp BIIEpIIIC BUKOPHCTAB TOHATTS
YaCTOTH TOT3IKH, MICLS MOI3IKU Ta cHOCO0Y MOAOPOXKI.
Otxe, mpoOreMa MiIBUIIEHHS SKOCTI TaCaXKMPCHKUX
TIepeBe3CHb 6e3nocepeHbO TIOB’si3aHa 3
MMACaKUPOTIOTOKAMHU y cdepi TPOMaICHKOTO TPAaHCIOPTY,
a camMe 3 iX OI[IHIOBaHHAM Ta AaHANi3yBaHHAM 1, SK
HACJIJIOK, BizyalbHOIO cumyssuiero [19-23]. Ha nanwmii
MOMEHT NpodJieMa € MaJOAOCIIKEHOI cepel] BiIOMHUX
iHpOpMaLIHHIX CUCTEM.

MeTo10 10CTizKEHHSI € PO3pOOJICHHS iHpOpManiiHOT
TEXHOJIOTIT Bi3yaJbHOI CHUMYJSLIl MAaCaKUPOIIOTOKIB Y
cdepi TPOMaFCHKOTO TPAHCIIOPTY JUIS IiIBUIIICHHS SKOCTI
HaJaHHS HOCIYT MAaCaXUPChKUX NepeBe3eHb B Smart City.
st nocsTHeHHs MeTH OyJIH TIOCTaBJIeH] Taki 3aBIaHHS:

— YOOCKOHAJIUTH iMITalliifHy MOJENb A 0O0YNCIeHHS
MMACaKUPOIOTOKY TPH 3MiHi KITBKOCTI PyXOMOTO CKIIaay
Ha MapIpyTi;

— pO3pOOUTH HEHPOHHY MEPEXKYy 3 IOBHO3B I3HUMH
HIapamMy 3 BUKOPUCTAHHSM ONTHMI3aI[ifHOTO ajJrOpuTMy
3 aJanTUBHUM  piBHEM HaBuaHHd Adam s
MIPOTHO3YBAHHS TACAXMPOMOTOKY MDK 3yNHHKaMu 3a
TIEBHUI Tepio 100u;

— pO3pOOHTH Ta OIHCAaTH NpOrpaMHE 3a0e3NeueHHs
Bi3yallbHOT ~CHMYJAIII TacaXWpoIoTOKiB y  cdepi
rpoMaIckKoro TpaHcropty Smart City;

— 3OICHUTH aHaNi3 Pe3yNbTaTiB EKCIEePUMEHTAIBHOL
ampoOariii  3alpONOHOBAHOI  TEXHOJOTII  Bi3yasbHOL
CHUMYJIALIi TMACaKUPOIOTOKIB Yy cdepi TIpoMaacChKOro
Tpancnopty Smart City.
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1 ITIOCTAHOBKA TTPOBJIEMHU
Cucremy Bi3yaJIbHOTO CTUMYJTIOBaHHS
MacaXUPOIIOTOKIB S MOJIAHO KOPTEIKEM:

S=<1,0,R,U,N,a0,B,y>,

e I ={iiy, 5,04}, 0=1{0,,0,,05},

R=1{r.n}, U ={u;,u;,us .

OCHOBHMMH TIPOLIECAMH Bi3yaJbHOTO CTUMYJIIOBAHHS
nacaxupornorokiB € «OmnpamoBandst GTFS  nganux»,
«DopMyBaHHA JAAaHUX Mpo MapupyT», «DopMyBaHHS
JAHUX TIpO MacaXupomorokw» Ta «lIporHo3yBaHHS
MacakMpoIOTOKIB  HEHpPOHHOIO  Mepexeto». [Iporec
onparroBanHss GTFS manux omumemMo Cyneprno3uIi€ero:
DBgrrs =Bea, 10610 DBgres = Plau(i,h)).

ITpouec ¢popmyBaHHS AaHUX MPO MAPIIPYT ONHUILEMO
cynepnosutieo: DBgpym =Beoa, TodTo

DBspmm = B(DBgres» 1, 0(iy, 5 U;,1))

S S S
ne DBspym :{dl ’dzads}-
Iporiec GopMyBaHHS aHUX PO MACAKUPOIIOTOKH
omnumemo cyneprnosuuieto: DBpopps =70, T06TO

DBOPDS = Y(dgau'}nB(iSadlsstS)) 5

ne DBopps = {01>01ad10ad§}~

[pouec MIPOTHO3YBaHHSI MacaXHPOIOTOKIB
HEMPOHHOIO MEPEKEI0 OMMIIEMO CYIEPIIO3HIIIE0:

03 = 'YOB . TO6TO 03 :'\/(N BB(i4?dlo’d§)) .

2 AHAJII3 JIITEPATYPHUX JIKEPEJI

MoskmBOCTI Bi3yaizalil macaKHpoIoTOKiB y cdepi
TPOMaJICBKOTO TPAHCHOPTY Hajxae KommaHia «A+C
Vkpaima» (puc. 1), a TakoX HasBHa TpHU MicsSdHA
Bi3yaurizamisi JaHUX 3 NPOJAXy CIEKTPOHHOTO KBUTKa Y
MicTi Kutomupi (Ykpaina) Ha caiti http://texty.org.ua/.
Komnanis «A+C Ykpaina» He po3KpHBa€e CBOIX METOMIB 1
KOHIIGHTPY€EThCSA Ha OKPEMHX MicTax YM MaplupyTax, He
MiATPIMY€E MDKHAPOJHI CTaHIAPTH MOAAHHS MapIIPYTIB, i
HaJIa€ TiepeBary po3poOJICHHIO PIIICHb y KOXKHIM OKpeMmiit
cutyariii. Takok 30cepekeHa Ha oOprasizaiii 300py
iHpopMarii, HIXK Ha Bi3yaJIbHy CHUMYJISIIIO
NacaXHpPOIOTOKIB.

i s ARigh

o

&

Pucynok 1 — IIporpama komnanii «A+C YKpa’iHé»
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Bizyamizamii 1aHuX 3 €JICKTPOHHOTO KBHUTKA Ha CaWTI
http://texty.org.ua/ He oHoBirOBasiacs 3 ciuds 2019 poky
(puc. 2). 3apa3 Ha caliTi HaBelIeHO Bi3yaizallito
MacaXUPOTIOTOKIB TIJIBKM 3a MepioJl y TpH Micsui. Bapro
3a3HAYUTH, IO JaHi, 310paHi 3 CICKTPOHHOTO KBUTKA, €
BXKC YAaCTKOBO CIIOTBOPEHi, OCKUTBKM HE BCI MAaCaXHUPH
KyIyIOTh KBUTOK. JlaHa cucTeMa HE BUKOPUCTOBYE IaHi
PO COpPaBXHI ITACAXUPOMIOTOKH, a HaJgae€ TIUIbKU
y3arajibHeHy CXEMAaTH4HY KapTHUHY OIUIAYE€HHX KBHUTKIB,
HE BPaxOBYIOYHM MOTOYHOI 3aBAHTAKEHOCTI TPAHCIIOPTY
Ha MeperoHax.

OBEPITh CAMAEPOM IHTEPBAN YACY

Pucynok 2 — Caiit texty.org.ua

IMoaionmmu II13 € PTV Visum Tta PTV Vissim,
npencraBneHi kommaHiero PTV Group. OmuH i3 mmx
mpoayktiB — PTV Visum (puc. 3), ctBopenwmii sk [13 mst
IUTAaHYBaHHS pPyXy, HPH TPOCKTYBaHHI Ta IUIAHyBaHHI
TPAaHCIIOPTHUX MAapHIPyTiB 3 METOK  PO3IIUPEHHS
MOKJIHMBOCTEH TpaHCTOpTHOI Mepexi mict. PTV Vissim
po3po0iieHuil 3a cydacHIMH BHUMOTaMH i € THyukuMm [13
JUISL MOJIGJIIOBAHHSL pyxy TpaHcmopty y Smart City, ane
Ma€ psiT HemoikiB (Tabu. 1).

Kl . 06 L@ e 0anyEsale

Pucynok 3 — [Iporpamuuit mpoaykt PTV Visum

Tabmuns 1 — [TopiBHsIPHHN aHANI3 aHAJIOTIB

XapaKkTepHCTUKU A+C Ykpaina texty.org.ua | PTV Visum

Lina Oxpema miz BeskomroBHOa | ~2 MIIH. TpH
npobiemy 3a 100 km
Moga YkpaiHcbka YkpaiHcbka AHrmilicbka
JHemo-Bepcist Hemae Hewmae 30 nHiB
Tun npoxykry Hesinomo Caiit Hacrinsna
nporpama

HasiBHicTh Hemae Hemae Inartui
JIOKyMeHTamil KHIDKKH
KinpkicTh MiCT 11 1 2500
AKTyanbHICTh IIpoBoanThCS Ocranni gani | [locriiiaa
iH(opmamii 3a 3aIUTOM ciuens 2019p.
Tun Bizyauizauii 3D 2D 2D ta 3D
Bukopucranus Hesinomo Hemae Hemae
HEeHPOHHUX MEPEK
Bukonasenpb Kommanis Hesigomo Kopucrysau
pobotu
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BignosigHo mo anamizy oasi I13 myke moporuMu Ta
HE QJanTOBaHUMHU JUIi IEPECiuHOro IpOMaJisTHHHA
OKpeMoi JIepKaBH, ajic HAJAI0Th BEJIMKI MOXKIMBOCTI IS
OTpalllOBaHHS JAaHuX. [lapanenbHO € He3po3yMiTUMHU
KOPHUCTYBady 1 BUMararoTb BEJIMKMX 3yCHJIb HA PO3YMiHHS
JIOKYMeHTaIlii. [HII mpoxyKTH € TITbKH KOMIAHiSIMH, SKi
HaJaloTh MOCIYTH 3 JOCHIIKCHHS NacaKHPOIIOTOKIB,
TOOTO KOpHCTYBady HeMae HEOOXITHOCTI IOCh POOWTH,
aje 3amIaTuTH BiH 3000B’s3aHuil. AOO B TpeThOMY
BUIIAJIKY, a0COJIIOTHO OE3KOIITOBHI, aie sIKi He MOXIIUBO
BUKOPHCTOBYBATH, 00 BOHU PO3pPOOIIEHI CYTO AT OTHOTO
MiCTa 1 JUII OJHOTO THWIy JAaHUX. | nume HajgaroTh
iH(OpMaIlifO IS 3arajIbHOTO PO3yMIHHS B ceOe Ha cailTi,
npudoMy s iHQopmalis Mae aKkTyaJbHICTh Ha CiYeHb
2019 poky. KpiMm TOro. BCi pO3risiHyTI aHaJOId € CYTO
KOMEpLIHHMMHM IpPOEKTaMM, TOMY HeBioMa Hi IX
apxiTekTypa, Hi AKi MeToau OyJIM BUKOPHCTaHHI Ipu X
po3pobnenHi. BpaxoByroum moTouHi mOTpebum B
JIOCTIKCHHI Ta Bi3yanbHIA CHMYJISMIi MACa)KUPOTIOTOKIB
y Smart City 3 4HCIIEHHUM POCTOM HaceJCHHsS Ta 00CsATiB
TPAaHCIOPTY BHUIUIMBa€ BHCHOBOK, L0 LeW HampsM
norpedye HOBHX WIAXOMIB A0 pPO3B’S3aHHA, IO i
00YMOBJIIO€ aKTyaJIbHICTh OCTAHOBKH 33/1a4i pOOOTH.

3 MATEPIAJIM TA METOIHU
YiockoHanuMo  iMiTaliiHy ~— MOJAENb  CHCTEMH
Bi3yaJIbHOTO CTHUMYJIIOBAHHS TACaXMPONOTOKIB V Juist
OOYNCIICHHSI TMAcaXHUPOIOTOKY IIpH 3MiHI KUIBKOCTI
PYXOMOTO CKJIaay Ha MapLIpyTi:

V =<, DBgrrs, DBspmm, DBopps, DBeps W, %, @, A >

260 O = y°A°0°B°y°1a.
Monens moayst onpartoBanast GTFS maanx DBgres:

DBgrrs = < DWagrrs, PLgtes, i1, 1, DWares, OL,_ B, u>,
DBgres = B°u’a, DBgres =B(W(DWerrs, I1,a(i,1))).

Hns onpamoBanast GTFS-gaHnx BUKOPUCTOBYETHCS
YHIKaJIBHUI alTOPUTM aBTOPCHKOI po3poOkH (puc. 4) mmst
MEPETBOPEHHS HAJIAHMX JIaHUX NP0 3YNHUHKH Ta OCHOBHI
Toukn Ha Mapupyti y GTFS-dopmari y kopekTtHe
300pa)KeHHs Ha peajbHIN KapTi 3 HOALJIOM MapuIpyTy Ha
JIBl YAaCTHHU: MPSIMUIL Ta 3BOPOTHIH HANPSIMU.

Monens Moaynst ckagyBanHs GTFS manux DWgrrs:

DWerrs = < CGpwer, UDpwee, SVrL, CGriig, o, 1y >,

DWgrrs = 1i°0, DWgres = pi(a(is,h)).
Monens 3anoBHeHHsI GTFS manumu b1 PLgres:
PLgrrs = < DWegrrs, CGerpe,

CRnwos, CLetpg, CRrep, FGrep, B, 12 >,
PLgres = B°ua,
PLgrrs = B(CGerps, CRnwos, CLerpe, CRrep, FGrep,

Lo(DWerrs,I'1,)).

Mogens ¢popMyBaHHs JaHUX po MapupyT DBspum:
DBspwmm = < DBgrrs, DWaemp, ARprow, CReLrL, CRapFL,

r, a, B, x >, DBspum = B°x 0,
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DBspmm = B(DWeemp, ARprow, CReLrL, CRaprL, 11,
X(DWgawmp, Iz, 1, 2, Uy, Uz,0u(in,12,U1,U))).
Monens moxynst ckauyBanHs Google kapT DWggm:

DWgem = < DBgrrs, CGepas, CGepig, CRHrsr
UDpgow, SVe, CGepig, i, Us, Ua, d5 , at, %1 >,
DWgem = x1°0t, DWgem = d5 ,

DWgem =x1(DBegrrs, CGepre, 'CGCDleo CRuRrsr,
UDpepw, SV, CGepig, (ia, Up,Uz)).

ITogaTok

3yuTaTH CKa4daHi JaHi

.

TIpoBecTH iHTEPHOISIILIIIO
TOYOK MapLIpyTy

v

Hanectu 3ynuHKHU Ha TOYKU
Mapuipyry

v

OO0’erHATH JIB1 CTOPOHU
MapmpyTy

v

OOGUYHCIUTH BiACTaHI MiX
TOYKAMU

v

OOGUYHCIUTH BiACTaHI MiX
3y HUHKaM U

v

3aBaHTaXUTHU IMOYATKOBHI
Macmrad

Pucynok 4 — Anroputwm onpairoBanHs GTFS-nanux

Mopens TpUIIBUAIISHHS 3aBaHTaxeHHs KapT ARprpw:

ARprow = < DBgrrs, PRa1rs, GRstrr, DGrrsp, ia, Ui, Us,
S S
1> d3 , O, X2 >,
ARprpw = X2, ARprow Q{ dls 5 d3s },

ARDTDW = XZ(DBGTF§3 PRGTF59 GRSTRT: DGRTSD:
a(|23u13u2))‘

Monens wmoxmynst crBopeHHs Excel ¢aiiny s

3armoBHeHHS CRg F| TIOJJAMO KOPTEXKEM:

CReLrL = < CRevtm, FLeLrL, ARprpws 2, %3, 0,
CReLrL =30,
CReLrL =x3(CReLtm, FLeLFL, oI, ARprpw)).
Mopnens Momynsi CTBOpPeHHs (paily JOJaTKOBOTO
TparcmopTHOTO 3ac00y CRapF. TOgaMo KOopTexeM:
CRaprL = < ARprow, CReL, FLomre, 11, 24, O, B>,
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CRaprL = B°X4°0ﬁ,
CRaprL = B(FLwmrL, %4(CREL, a(r1, ARprpw))).

Jlo 3araybHO BiZIOMHX BUKOPHCTaHUX ajrOPHTMIB B

pO3pOOJICHI  CHUCTeMi  Hajexarb  aaroOpuT™M  JUIS
3ynTyBaHHS Ta mapcuHry CSV-gaiiniB, a Takox
ITOPUTM PUCYBAHHS TpadivyHUX IPUMITHBIB.

Mopens  momynst  (GoOpMyBaHHS ~ JaHHX  IIPO

MacaKuporoTOKN DBOPDS MoJAaMO KOPTEIKEM:

DBopps = < DBspwm, CRuget; CRrssp, i3, A7, d3, d3, i3,
U3, 07,0,,d7, d7, B, 7, 0>,
DBopps = v° ®°B, DBopps ={0,,0,,d;, d7 },
DBopps = ¥ (CRureT, CRrssp, d3S » U3,(DBspmm,
B (is, d7, d3))).
Mopenp  monmyist  (opMyBaHHS ~— po3KiIamy 3
nmacaXuponoTokaMu FMpgsp moraMmo kopTexeM:
FMegsp = < DBspmm, CRspsp, FGspsp, CGecsp,
is,df,d5, B, © >, FMpesp = @,°B,

FMPFSD:(DI(DBSDMMsCRSPSDsFGSPSD:CGCCSDsB(iS: dls ) dzs ))

Monens MOJIyJIst CTBOPCHHS
nacaxupornoTokiB CRygpr MOgaMo KOpTEKEM
CRurer = < FMprsp, GRprsp, DGpssz, CTpree, DGyste,

RGVSTF) u3n 01 ’ dlo 5 dg , 02 >9
CRuger = 0,°B, CRuyrer = {0y, d10 5 d§ I
CRurer = 02(GRprsp, DGpssz, CTpreL, DGyste, RGystr, Us,

TIOrOAMHHHUX

B(FMersp,)).
Jlist BUpIIIEHHS TIOCTaBJICHWX 3aBAaHb CHELiabHO
pO3pO0ICHO  YHIKAIBHUH ANrOpUTM Bi3yaJIbHOT

CUMYJISIIIT, SIKMI HaJla€ MOXKIIUBICTh HA0YHO BiOOpa3uTH
pyX TpPaHCIOPTY Ta ICHYIOYI MACAKUPOMOTOKU SK Ha
peanbHii KapTi, Tak i cxemaTuaHo (puc. 5).
Mogenb MOayis CTBOPEHHS PO3KIAay
tpaHcnopTy CRrssp MoJ1aMo KOpTeKeM:

CR1ssp = < GRyspt, RGyste, OVip, RGysup, Us, d5 ,
0,,8,v, 03>

CRrssp = 7°w3°B, DBopps <05,
CRrssp =y( GRyspt, RGystp, OVip, m3(Us, B( dzs s

3YIOHUHOK

FMprsp))).
Y pospobmioBaniii IC BHKOpHCTaHI pi3HOMaHITHI
METOAM, #AKi BHUKOHYIOTh (YHKII, HEOOXimHI I

3a0e3medeHHs HOro KOPEeKTHOI po6oTH (Taba. 2).
Mogens MOy TPOTHO3YBAHHS MAaCaKUPOIMOTOKIB
HEHPOHHOIO Mepexero DBrpry mo1aMo KopTexkeM:

DBepry = < TRnrnT, SVarnt, Clawer, N, iay, df, d3,
B, A >, DBgprn = y°A°B, DBrpry < 05,
DBeprn = A ( SVnrnts Clnwer, ¥ (N, TRy, BON, g,
A E))2
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TTouaTok

3i0paTtH noaii BBOIY Bix
KOpHUCTyBaya

v

O4HCTUTH eKpaH

v

Bukonaru noii

v

CrBOpHUTH I1Ba TaliMepu

1

Busecrtu Ha expaH 1Ba
TaliMepu

v

Bino6pa3uTtu neperosu ta
3y THHKH

v

Binobpa3uTtu BUIIagaroue
MEHIO

v

Bino6pazutn HUD

PucyHok 5 — ANTOpPUTM CTBOPEHHS CXEMaTHYHOTO PEKIMY

Tabmuns 2 — Bukopucrani MeToau Ta iHCTpyMEHTH
Hassa ITpusHayeHHs
THTepnonsmis CTBOpPEHHS J10JJaTKOBUX TOUOK
JUIs BiTOOpaXeHHs MapuIpyTy
IIpoexuist 3yTHHKH HAa MapuIpyT

HaiimeHniua Bijgcranp Bix
TOYKH JI0 NPSIMOT
HaiimeHnia Bifgcranb Mix
JIBOMA TOYKaMH

CBiTOBa reose3nyHa
cucrema WGS 84
TIpoekuis Mepkaropa

3arajipHa JOBXKHHA MapIIpyTy, Ta
BIICTaHb MiXK 3yITHHKaMH
Iepenaua GPS xoopaunat

TleperBopenns koopaunar GPS y
CBITOBI KOOPAWHATH
IlepeTBOpeHHs CBITOBUX
KOOpP/IMHAT Ha KOOPJUHATH
MKCeIIst

IIporHo3yBaHHs 3MiHH
MACAKUPOINOTOKIB HA MAPLIPYTi
Bizcrans MiX JBOMa TOYKaMHU
3aganux GPS koopauHaramu

Koopnunaru mikcens Ha
kaprax Google

Heiiponna mepexa

Meroj Karney (2013)

Monens HaBuaHHS HEHPOHHOT Mepexki TRygnT:
TRyrnt = < DMynsz, CRanmL, LGra, N, dlo > d; B>,
TRNrNT = 7»10[3, TRnent = A (N, B( d10 > d§ ))-

Monens 36epesxeHHs] HeHpOHHOT Mepexi SVry:
SVent = < TRnrnt, CGstn, DTisnn, WTane, N, dlo , B,
Ao >, SVrnt = A2°B,
SVnrnt = A2 (N, CGgry, DTisnn, WTnne,
B(TRwrT, i ))).
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Mogenb  00uMCIICHHS Maca)XHpPOIOTOKIB

CLnwpr ITOJITaMO KOPTEKEM:
CLnwer = < VDor, RGngrnt, RGapsp, FGnwer, RNysn,
SVirNs N, 14y, B, As >
CLnwer = 7°A3°B, Clnwer < 03,
CLlywer = Y( SVirns A3(N, B(is))).
Jiss  BukoHaHHA (yHKLIT TPOTHO3YBaHHS 3MiHM
MacaXKMPOIIOTOKIB BUKOPUCTAHO MO>XKJIMBOCTI HEHpPOHHOI
Mepeki 3 MOBHO3B SI3HUMH IIApaMH, sika Mo0ynoBaHa Ha

HOBUX

OCHOBI ONTHUMI3alifHOTO aJTrOpUTMy 3 aalTHBHUM
piBHem HaBuaHHSI Adam (puc. 6).
) input: | [(?, 5)]
dense_input: InputLayer
output: | [(?, 5)]
y
input: 2,5
dense: Dense P . 3)
output: | (?, 982)
nput: 2, 982
dense 1: Dense ¥ ( )
- output: | (?, 491)
y
input: | (2, 491)
dense_2: Dense P
output: (7, 1)

Pucynok 6 — [Ipuknan cTpyKTypu HEHPOHHOI Mepexi

Po3mip HelipoHHOT Mepeki BU3HAYAETHCSA JUHAMIYHO 1
3aJCKUTh  Bi ~ po3Mipy  JaTaceTy, Ha  sSKOMY
BiIOyBaTHMETHCS HABYAHHS.

4 EKCHEPUMEHTH
MinimanbsHi BuMoru ais 3amycky 1C — mepcoHampHAN
komI’'rorep abo HOyTOyK Ha 0a3i mporecopa Intel Core
15-6500 abo exBiBaJICHTHOTO HOMY, IHIIUX BHPOOHHKIB.
[Ipu ™MeHmHMX TexHIYHHX Xapakrepuctukax [I13 He
TecTyBaBcs (Tabnuist 3).

Tabmums 3 — [MpoxyxrusHicTs 13

Yac Bij 3anycky | MakcuMalbHa KiIJIBKICTh KaJIpiB
0 xB 318
5 xB 306
10 xB 312
15 xB 301
20 xB 305
25 xB 304
30 xB 309

OpHak, 3 MPOTPaMHOI CTOPOHH MOXIIMBE 3MEHIICHHS
YacTOTH KaJpiB y pEeXKHMi Bi3yaqpHOI CHUMYHii Ha
CTabIuX TPOIecopax, a TaKOX MOJXKIHBE 30LTbIICHHA
Jacy Ha TPOBEIEHHS HaBYaHHSA HeWpoHHOI Mepexi. Bci
iHIi  QyHKWiH  OyxyTh  mpamioBaTH  KOPEKTHO.
[MponykrusHicth [13 TpuMaeThess Maiike Ha OJJHAKOBOMY
piBHI mpoTsAroM A0Broi cecii Bi3yanbHOi CHUMYJSHii y
PEKHMI «Ha KapTi», 0 OOIPYHTOBYE TBEPKEHHS, IO
nmana IC onrtumizoBana i Hemae TpoOIeM 3 BTPATOIO
MPOAYKTUBHOCTI UM 3aCMidyBaHHIM I1aM’SITi.
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Bximni gani gt IC noparoThest KijlbkoMa crioco0amy.
Ilepmr 3a Bce, AaHi NPO TPAHCIOPTHI MapuUIPyTH
CKauyIOThCS 3 BIAMOBIIHUX CEPBEPIB MICTa Ta IMOJAIOTHCS
y MbkHapogHoMy cra"gapti GTFS. Jlami x 1po
MaCaXKHPOTIOTOKH TIO/IAI0THCS y CIelialbHOMY IIa0JIoOHI
Excel ¢popmary (puc. 7). lani npo HOBUI TpaHCHOPTHHN
3aci0 momarote Tex y cramapti GTFS, ame He
BHMAaramoTh  TOBHOro  Habopy  ¢aitmiB,  TOOTO
BUKOPUCTOBYETHCSI BJaCHA IOJIETIIEHA BEpCis IbOTO

crangapty (puc. 8). [laHi mpo MapuipyTu MeperarThes y
¢dopmari apxiBy zip, y SKOMY MICTAThCSI TEKCTOBI
JOKYMEHTH tXt.

Jani mpo MacakupomoOTOKH TOJATHCA Yy (aim 3
posmmmpeHHsM  xls. JlaHi Tpo HOBY TpaHCHOPTHY
OJMHUINIO, X04 1 miaTpumytoTh ctanmapt GTFS, ane ne
MoTpeOyIOTh PO3MIIIEHHS y apXiBi 1 BHKOPHUCTOBYIOTH
TinbKK TekcToBui ¢aiin txt.Y IC 6a3a maHnx npusHaueHa
s 30epiranHs ganux 'y Qopmari GTFS (puc. 9).

1 3ynuHka

Yac npubyrra Yac eignpaenennn Yeidwno Builwno

YHiBepeutet (78) 07:17:50 07:18:10 39 0
cl Cofiop Ceatoro Hpa (771) 07:20:50 07:21:10 3 0
'S KponueHnyskoro (46) 07:23:50 07:24:10 1 4
[l Mpueok3anermii puHok (110) 07:25:50 07:26:10 10 il
5 Crpuna (113) 07:27:50 07:26:10 15 !

Kynenapkieceka (95) 07:29:50 07:30:10 9 9
il Hapoana (96) 07:30:50 07:31:10 8 14

®aiin  Pegarysanna @opmar  Burnag  Josigka

KoHcTpyKTMBHA MicTKICTB Tp

p 0 3acoby

p pTHOTO 3acoby
105 116

Pucynok 7 — Excel daiin 1u1st 3aroBHEHHS TACAKUPOOOMIHOM
.. stop_times2: bnokHoT

|'tr'ip_id, arrival_time,departure_time,stop_id,stop_sequence,shape_dist_traveled,timepoint

12420 @_1,16:25:00,16:25:00,4795,2,,1
12420 @_1,16:26:00,16:26:00,4796,3,,1
12420 @ 1,16:27:00,16:27:00,4797,4,,1

Pucynok 8 — ®aiin 3 101aTKOBUM TPAHCIIOPTOM

calendar_dates calendar
feed_id INTEGER feed_id INTEGER
service_id WARCHAR »| service_jd VARCHAR
date DATE monday ~ BOCLEAM
exception_type INTEGER tuesday BOOLEAN
wednesday BOOLEAN
thursday BOOLEAN
fiiday BOOLEAN
saturday BOOLEAN
tfipS _ sunday BOOLEAN
| start_date DATE
feed_id INTEGER
end_date DATE
route_id WARCHAR
service_id WARCHAR
trip_id WARCHAR shapes
trip_headsign WARCHAR feed id INTEGER
trip_short_name WARCHAR shape_id WARGCHAR
. |
S‘lﬂp times direction_id INTEGER - shape_pt_lat FLOAT
roed i INTEGER block_id WARCHAR shape_pt_lon FLOAT
eed | .
wrip id VARCHAR shape_id WARCHAR shape_pt_sequence INTEGER
[P wheelehair_accessible INTEGER | shape_dist traveled FLOAT
B ttnS EALEIME bikes_allowed INTEGER
departure_time DATETIME
stop_id WARCHAR routes
agency
stop_sequence INTEGER Stﬂps feed id INTEGER
. - feed_id INTEGER
stop_headsign WARCHAR feed_id INTEGER route_jd WARCHAR B
n agency_id VARCHAR
pickup_type INTEGER stop_id VARCHAR ageney_id WVARCHAR B,
- WARCHAR
drap_off_type INTEGER stop_cade VARCHAR route_shart_name VARCHAR FaEney_name
f -7 agency_url VARCHAR
shape_dist_traveled INTEGER stop_name VARCHAR | route_long_name WVARCHAR o it
. . agency_timezone WARCHAR
timepoint INTEGER stop_dese WARCHAR route_desc WARCHAR
agency_lang VARCHAR
stop_lat FLOAT route_type INTEGER . VARCHAR
ageney_phene
stop_lon FLOAT route_url VARCHAR
X agency_fare_urll  WARCHAR
zone_id WARCHAR route_colar WARCHAR
agency_email WARCHAR
stop_url WVARCHAR route_text_color  WARCHAR
location_type INTEGER
parent_station INTEGER
stop_timezone VARCHAR
wheelchair_boarding INTEGER
platform_code WARCHAR

Pucynok 9 — Cxema 6a3u nanux 1 GTFS naanx
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5 PE3YJIbTATHU

s wanexHoro QyHkiionyBanHs II3 HeoOXigHO
MaTH BCTaHOBJIEHE HACTYIIHE IpOrpaMHe 3a0e3redeHHsl, a
came: omnepaniiiHy cucrema Windows, iHTeprnperaTop
Python Ta HeoOximHuii HaOip MOAYJIB 1O HBOTO.
Po3pobnennii mporpamuunii 3aci6 Hanucanuii Ha Python.
J1st B3aeMO3B’s13Ky 3 0a3010 JaHHX BHKOPUCTOBYIOTHCS
SQL 3amutn. [Iporpamuunii mpoaykT Gopmye BUXiHI AaH1
y mBox ¢opmarax. Ilepmmm 3 sxux € Excel daiin, y
SKOMY  CTBOpPEHHMH  MA0NOH 1y  3allOBHEHHA
nacaxupooOMiHy Ha 3ynuHkax (puc. 7). IHmmm — €
HAOYHE Bi3yaJlbHE INPEICTABICHHS, SKE IOAAEThCA Y
BUIIISA/ BI3yaJIbHOI CUMYJISALIT y PeKUMI «Ha KapTi» (pHc.
10) abo cxematuuyHo (puc. 11). IC Hamae MOXKIUBICTH
NPOTHO3YBaTH 3MiHH MMacaKMpONoTokKiB. Lle BinOyBaeTbcs
32 JIOIIOMOIOI0 CIELialbHO Ppo3po0ieHoi HeHpoHHOI
Mepexi. s OTpuMaHHS TPOTHO3Y 3a JIOTIOMOTOIO
HEHpOHHOT Mepexi MOTpPiOHO HagaTH pPO3KIaZ HOBOTO
TPAHCIIOPTHOTO 3ac00Y, KU IUIAHY€ETHCS VIS JOJaBaHHS
HAa TOTOYHWH MapmpyT. 3MiHA MACaKUPOIIOTOKIB
BiOyAEThCS Ha IMEperoHax i MoXKe 3ajJekaTH Bif dacy
JO0M Ta 3aBaHTAXEHOCTI IOTOYHOTO  MAapUIpyTy.
Crporao3oBaHi 3MiHH Bi3yali3yIOTBCS Y CXEMaTHUYHOMY
pexuMi  poboTH  BizyanmbHOI cumyssnii (puc. 11). Jlo
(bYyHKIIOHATBHUX oOMeXeHb MOJKHa BiJIHECTH
MOXIIUBICTh 3MIHM TIIBKM OJHOTO MapIIpyTy 3a OJHH
pas. Ilicas ycmimHoro 3anoBHeHHs ¢aiinmy Excel nannmu
PO KUIBKICTH MacaXWpiB Ha 3yNUHKAX, MOXXHA 00MpaTh
Oynb SKMH pEeXUM POOOTH, YM CXEMATHUYHMH UM «HA
KapTi». Y cXeMaTHYHOMY pEXHMi 3yIMWHKH IO3HAYCHI
OJIHA 32 OJHOIO BIJIIOBIJHO JIO IXHBOT'O PO3TAIlyBaHHs Ha
MapumpyTi y IpsMOMY Ta 3BOPOTHOMY HampsiMkax. Tyt
HiATPUMYETHCS TPOKPYUYYBaHHS BBEPX-BHHU3 MHIIKOIO
JUTSA TIeperyisily BCiX 3YMUHOK, HaBiraifis cTpiikamu, mob
BUOMpATH HACTYIMHI Y TMONEPEIHI TMPOMDKKH Yacy
IHTEpBaJIOM B OJIHY TOJUHY. [HTEepdelic naHOro pexxumy
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BUKOPHCTOBYE pi3HI KOJBOPU JUIsl IO3HAYEHHS PI3HUX
MOKa3HMKIB, cTaHiB Ta sBuIl. Lle 3ymMoBiieHO mOTpeOOrO
3pobutH iHTepdeiic mporpaMu MakCUMaIbHO IHTYITHBHO
3posyminuM (puc. 12). Ilpu BukopucranHi kiasimi D
MOXHa MOTPAINTH Yy TEperysiy 3araibHoi iHdopMarii 3a
BECh JICHb, a He NMoroauHHOo. KoXkHa 3ynuHKa mifnucaHna
Ha3BOIO Ta HOMEpPOM, SKUH BUKOPUCTOBYETHCS HA
CIPaBXHIX 3YMUHKAX Yy MICTI Ha BIATIOBIAHUX JOPOXKHIX
3Hakax. [lim 1wWMH JaHAME  300paKEHO KIJIBKIiCTh
MacaXUpiB, IO 3aWIIM 1 BUWANDIM Ha 3YNUHIL 3a
KOHKPETHHH TIepiof, a IIe HWKYe — CyMy BCHOTO
MacaKupooOMiHy Ha 3ynuHI. Po3mip i cermMeHTH Koia
BU3HAYAIOTHCSA JUHAMIYHO. UM OLIBLINI pamiyc Koja —
THM OUIbINNE JIFOACH Ha Mi 3YMUHIN 3alIUI0 1 BHAIUIO
(BIIHOCHO  MaKCHMAaJbHOI  KUIBKOCTI B  KOXXHOMY
TOJAMHHOMY iHTEpBaJli IIPOTSITOM JIHS), CEKTOPH TI03HAYCHI1
PI3HUME KOJIbOpaMH JUTs BiIOOpaKCHHsI CITIBBIIHOIICHHS
THX XTO 3alIIOB i THX XTO BHHIIOB Ha 3ymuHIL. Mix
3yMUHKAMH TaCa)KHPOIOTIK IT03HAYAETHCS IIHPOKOIO
JiHier0, po3Mip sAKoi 3MiHIOEThCA auHamiuHO. Lludpa Ha
Hill TO3HAYa€e CKUTBKH JIIOAEH OYII0 mepeBe3eHO MPOTIroM
1€l TOAMHY Ha JaHOMY TIePEerOHI MK 3yITHHKAMHU.

Komp BepXHBOTO MiIKpPECICHHS 3aJCKUTh  BiJ
KOeQiI[IEHTy HAMOBHEHOCTI TPAHCIOPTHOIO  3aco0y
BIJHOCHO HOTrO KOHCTPYKTMBHOI MICTKOCTI 1 MOXe
BiI0OpaxkaTucsi TproMa Kojibopamu (puc. 13—14):

— 3enenuit (Hopma): mente 0.9;

— OpamXeBHH (JOIMYCTHME TEpEeBHLIEHHS HOPMH):
0.95-0.99;

— uyepBoHUH (kputHuHe nepeuieHns) 1.00 i Oinmbrre.

Konip HWXHBOrO MiJKPECICHHS Yy CBOK Yepry
3aJIeXKHUTh BiJ KOedilieHTy HAlTOBHEHOCTI TPAHCIIOPTHOTO
3aco0y BIJIHOCHO HOro peajbHOi MICTKOCTI 1 TEX MOXKe
BiZloOpakaTucs TphoMa Kosbopamu (puc. 13):

—3eneHuil  (HopMa): KoeQiIlieHT KOHCTPYKTHUBHOI
micTkocTi Mermuii 1.00;
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Pucynok 10 — BizyanpHa cuMysmii y pexXumi «Ha KapTi»
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& BisyanbHa CUMYNALIA NaCIKMPONOTOKIE

CkpuHA (113)

KynbnapkiBcbka (95)

ToBineswya (510) KponueHuubKoro (79)

a7

CKpUHA (113)
Kynenapkisceka (95) 154

Pucynok 11 — BizyanbHa cumyIisitii micist IporHo3yBaHHs

Cobop CeAToro KOpa (70)

NMpuMBoK3IanbHKWA puHoK (110)

MpuBoK3anbHMA puHoK (110) S CIE SEE T

626 618

YHisepcuTeT (78)

YocTtuAHoBKU4a (48)

112

KF":'""E_H"_”"K":"“) (48) Co6op CeAToro Kopa (771)

Pucynok 12 — CxemMaTHUHHUHA pexUM

— OpaH)XeBHH (JOIMYCTHME NEpPEeBHIIEHHS HOPMH):
KoeQiIieHT KOHCTPYKTUBHOI MicTKOCTi Oinbmmi 1.00, ane
KoeimieHT peanbHoi MicTKocTi MeHmwiA 0.95;

— YepBOHUH (KPUTUYHE NIEPEBUILICHHS ): 1HII.

Y 1poMy peXHMMi TakoX MOXKHa HATHCHYTH Ha
3YIMUHKY 1 OTpUMAaTH JeTalbHINTy iHpopMarito (puc. 14).

KponueHUuUbKoro (46)

MNpuBoK3ansHUA puHOK (110)

MNpwn gazaanbﬁnﬁ ph HO K-'(‘I"ID}
. 1 71 in

Macaxupoobir:

136 (4.31% eip ysoro nepiony)

Pucynoxk 13 — BikHO gaHUX 1pO 3yIHHKY

Ileperorn MiK 3yNMHHKAMH TEX MiATPUMYIOTH
(YHKIIFO JOJaTKOBOTO BiKHA 3 JaHUMH, B SKOMY
HaBEJCHO MaKCHMaJbHY IPOIYCKHY 3/aTHICTh NEPEroHy
3a KiTbKOMa TIapaMeTpaMH, A€ BCi IepeBaHTaKECHHS
300paXyIOTbCSI HAOYHO 3MIiHOIO KONIBOpiB (puc. 14).
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3aranpHa iH(GOpMALS PO MapHIPyT BUBOJHUTHCS IPU
HaTHUCKaHHI Ha KHONKY «3arajbHa iH(pOpMaIis», sKa
po3MileHa y mpaBoMy BEpXHbOMY KyTi (puc. 15).
Wupoka (181)
HuauHHa (195) 107

TR a4E .18
HuauHHa (195) - Wupoka (181)
MUPONOTIK: 315 01% Big uboro nepioay)

21935 nac.
52854.15 nac."km

OB6'em NnepeBe3seHb:
MacaxupoobopoT:

CepefHA AanbHicTb NolagKu:
Koedh. amiHloBaHoCTi nacaxupis: i
AuHamiyHMA Koed). BUKOPUCTAHHA MICTKOCTI: 0.62

MacamupoHanpyXeHicTb: 4137.51 nac."km/km

Koed). HepiBHOMIPHOCTI NacaKMPONOTOKY Ha NeperoHax:
Koad. HepisHOMIpHOCTI NacaXWponoToKy 3a Yacom:

Pucynox 15 — BikHo 3aranbHoi iHdopmarii

HactymauM  nmoctynHAM
Bi3yaJlbHOI CHMYJSLii «HAa KapTi»

PSKUMOM €  PEXKHUM
(puc. 16-17), ne
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BIAMOBITHO 10 OTPUMAaHUX JaHUX [P0 Yac pyxy
TPaHCIIOPTY Ta  MNAacaXupiB  BiAOYBaeTbCsl  TOYHA
CUMYIJISALISL PyXY MPOTATOM JHS BiJl 3YIIMHKHU JI0 3YyIIHHKH
pa3oM i3 miIOMpaHHAM 1 BHCaKyBaHHSAM IMacaXHpiB Ha
HUX. J[aHWH peskKUM HalOLIbIIE MIJXOJUTh Il HAOYHOTO
BiTOOpaXCHHS MICI1 Ji¢ pEaJbHO Ha KapTi 3HAXOJIAThH
HMOBIPHO TIepeBaHTaKEHI MEPecaaKoBi BY3IH UM TICBHI
3HAYYIIi 00’ €KTH MICTa, SIKi IPUTATYIOTH 10 ce0e JTOICH.

? BizyaneHa cumynawis nacakKnponoTokis

Tp32 YHiBepcuTteT - Byn. CyboTtiBcbKal
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LWWEBYEHKIBCbKWUK
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W en-3.
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FRV LRV S

Pucynok 16 — Halimenmuii macitad

OcCKIiNIbKH Ha eKpaHi 300paxyeThCsl TOUHUH Yac 100H,
TO MOXXHA TIOOAYUTH CKUIBKH TPAHCHOPTY 3HAXOAMUTHCS Y
JAHWIl 4Yac Ha MapuipyTi, BIACHIAKYBaTH, IO 3 HUMH
BiZIOYBA€THCS, BCTAHOBUTHU IepeOyBaHHS TPAaHCIOPTHOTO
3aco0y Ha OOiHIH TepepBi, a TakoXX BHU3HAYUTH YU
TpaHCIIOPT 3aci0d pyxaBcsi 3aHAaATO IOBUIBHO, HIX OyJo
3aIUIaHOBAHO PO3KJIAZOM PYyXy. Y HBOMY PEXHMI TaKOX
MATPUMYEThCS 30UTBIICHHS Ta 3MEHIICHHS MacmTaly
(puc. 17-18), yroBiIbHEHAS IIBUAKOCTI CUMYJIALIT y 2 Ta
3 pasu Binm 3BHUAiiHOI. 3a IOMOMOTOI0 TMPOOiTy MOXHA
MIPU3YITUHA CUMYJIALIIO 1 JOCTIANTH TaHHH MOMEHT 4acy.

UepBOoHUMM  KOJNBOPOM  IO3HAYAETHCS  AKTHBHUM
TPaHCIIOPTHHUI 3aci0, M0 3HAXOOUTHCS Ha MapIIPYTi,
JKOBTHM — SIKIIO BiH Ha 0OimHiN mepepi. Ha koxHii
11l TTO3HAYAETHCSI KIIbKICTh MACAKHUPIB, 10 YCKAIOTh

ATeT - ByNn. CyboTiBcbKa =

]
Q v

Pucynok 19 — PexxuM «Ha xapTi»
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Ha TPaHCHOPT, 1 BiJl [LOI'O JAWHAMIYHO 3aJIEKHUTh PO3MIp
KoJla, KOTpe TNo3Hayae 3ynuHKy (puc. 19-20). Uum
OiJIbIIIa KUTBKICTh MACAXUPIB, TUM OUTBIIHIA PO3MIp KoJja.
Po3Mmip koma 3MIHIOEThCS AWHAMIYHO MK MpPHi3IaMU
TPaHCIIOPTY, TaKOX IpW  Iocaalmi 1  BHCAI.
[lepeminmieHHss Mo KapTi y BCi CTOpOHH BiJOyBa€ThCs
CTpiIKaMH Ha KIaBiaTypi, a 3MiHa Macmrady —
KomimarkoM Mumku. CTaHmapTHa MIBHIAKICTH aHIMaIii
po3paxoBaHa Tak, IO 3a 1 CEKyHIy pPEaJbHOIO 4Yacy
CHMYJIIOETECS | XBHJIMHA BipTyalbHOTO. [laHy IIBUIKICTH
MOJKHa 3MEHIIUTH B 2 i B 3 pas3u knasimero PageDown, a
30impmuTH — PageUp.

Jlist 3amycKy MOJKIIMBOCTI TPOTHO3YBaHHSM 3MIHU
Maca)XUpPOIOTOKIB 32  JONOMOTOI0  J0/JaTKOBOTO
TPaHCIOPTHOTO 3aCO0Y BUKOPUCTOBYETHCSI OKPEMH OJIOK
y TmpaBiif yactuHi rosoBHOTrO MeHmo. IC cTBOproe daitn 3a
mabnonom noxanus iHpopmanii y GTFS dopmari, sxuit
MOBUHEH OyTH 3allOBHEHWI KOPHUCTyBadeM iH(pOpMAIi€I0
PO HOBHH PO3KIA] PyXy NOAATKOBOTO TPAHCHOPTHOI'O
3aco0y. Jlami BimOyBaeTbcs MeEpepaxyHOK MaHHUX IIPO
NAaCaKUPOIIOTOKH, SKUH BUBOAUTHCS y CXEMAaTHYHOMY
pexumi (puc. 21).

VY nmaHoMy peXuMi 3MiHOIO KOJBOPIB MEPErOHIB MiX
3yNMHKaMH ITI03HAYA€ThCS PE3YJIbTaT IPOTHO3YBAHHS
3MIHH MacaXUPOMOTOKIB. CHHIM KOJBOPOM IMOKa3y€eThCS
BIJICYTHICTh 3MiH, a00 IUISHKa, sfKa He Oyna oXoIUieHa
pOOOTOIO TOJTATKOBOTO TPAHCIOPTHOTO 3aco0y. 3eleHnM
— TIO3HAYae€ThCS Te, M0 NAacaXUPOIOTIK BHpic, a
YEepBOHMM — HOro 3MeHIIeHHs. lle mojaHHs TaHnx Hajae
MOJKJIMBICTh OIIIHUTH YU Oy/ae peHTaOeIbHUM JT0/IaBaHHS
JaHOTO TPAaHCIOPTHOIO 3ac00y, YM MOXJIMBO MOTPiOHO
CKOPUTYBaTH HOTo pO3KIax I Kpamoro MHOKPUTTS
3aBaHTAXEHUX AUISHOK y 4ac K.
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Pucynox 20 — Haii6inbmmii MacmTa6

Tobinesm4a (510) KponueHuubkoro (79)

123

CxpuHA (113)

Kynbnapkisceka (95)

Cobop CeATOro Opa (70)

Npueok3ansHMM puHok (110)

Q@

0

YHigapcuTer (78)

YeTuAHoBKMYa (48)

KponueHuubKoro (46) Cobop CeaAToro I0pa (771)

Pucynok 21 — 3miHeHi nacaKMPOIOTOKH

6 OBI'OBOPEHHSA

3pocTaHHs MacaXUPOIIOTOKIB HAaBEeJICHO Ha pHC. 22, 1ie
BEPXHBOIO OPAHKEBOIO JIIHIEIO MO3HAYCHO CIIPOrHO30BaHI
HEHpOHHOIO Mepeskero. 3 puc. 22 BUIHO, 110 3 6-ro 10 13-
OTO MeperoHy BiJI0yBAETHCS 3pOCTAHHS MAcaKUPOIIOTOKIB
B cepenHpoMy Ha 28%, a Ha meperoHax 3 1 mo 5 3MiH
Maiike He BiIOYBaEThCS.
Y 1abn. 4  mpoBeneHO  TOPIBHSHHSA  3MIHH
MACAKUPOIOTOKIB, PO3MOAUICHHX 3a IIeperoHaMu Yy

© JluteuH B. B., Byonuk M. 1., Bucouska B. A., Manentox 10. P., 2021
DOI 10.15588/1607-3274-2021-4-10

116

gacoBoMy NpoMikKy 3 19:00 mo 20:00, 3a daxTuaHUMEI
JIAHUMH Ta TICIIsl TPOTHO3YBaHHsI HEHPOHHOIO MEPEKEIO.

3 13 meperoHiB, 3Ha4YHI 3MiIHM € TUIBKH Ha 9
neperonax, iHmi 4 3amummiucs 0e3 3MiH (abo 3
MiHIManbHUMHU 3MiHamu). lle oOrpyHTOBYE NpHHHSATH
PIIICHHS TIPO 3aITyCcK J0AaTKOBOTO TPAHCIOPTY.
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Pucynok 22 — I'padik HaBaHTa)KEHHS IEPETOHIB MACAKUPONOTOKAMHU
Tabmuns 4 — AHaui3 3MiHE TaCaKUPOIIOTOKIB
Howmep neperony | ®axtuunnii | [IporHosoBanuii | AOcomtoTHa 3MiHa | BimHocHa 3miHa
1 118 123 5 4.24%
2 67 79 12 17.91%
3 201 201 0 0.00%
4 344 346 2 0.58%
5 469 473 4 0.85%
6 432 506 74 17.13%
7 457 546 89 19.47%
8 460 559 99 21.52%
9 456 564 108 23.68%
10 483 587 104 21.53%
11 348 450 102 29.31%
12 294 397 103 35.03%
13 183 286 103 56.28%
BUCHOBKH TPAaHCIIOPTHOTO  3aCO0y  BHKOPHUCT@HO  MOXKIIMBOCTI
[IpobGmema Bi3yanbHOT CUMYJISAINT MACAXKUPOIIOTOKIB Y TOBHO3B’S3HOT  HeHpoHHOT  Mepexi. Bona Hamae

cepi TPOMAICHKOrO TPAHCIOPTY, WO JIOCHIKYETBCS Y
po0OTi, € aKTyaJbHOI HIJs PO3BUTKY CydYacHHX Smart
City. 3 MeTor0 MigBUINEHHS SKOCTI HaJaHHA MOCIYT
MACaKUPCHKUX TepeBe3eHb y Mekax Smart City cTBOpeHO
IC, saxa gmae 3MOry Bi3yadbHO  CHMYJIOBaTH
MacaKMPOIIOTOKH 32 PEATbHUX YMOB Ta CHPOTHO3YBAaTH 1X
3MIHM 32 JIOTIOMOTOK POOOTH HEWPOHHOI Mepexi IMpu
JOZaBaHHI ~ PO3KJIaJy  JOJATKOBOI'O  TPaHCIIOPTHOTO
3aco0y. Jlns pobotu mporpamHOro 3aco0y BHKO-
PHUCTOBYEThCS ~ 3arajbHOBIJOMHI  CTaHAApPT MOAAHHA
JaHux mpo rpomancekuii Tpancmopr — GTFS. Ile
no3Boisie 3pobutm manwit [13 yHiBepcadbHHM, a He
cnenr)iYHAM JJ1s1 KOHKPETHOTO MICTa UM KpaiHH.
3ampornoHOBaHO Ta PO3POOJIEHO BIIACHI AJTOPUTMHU
JUIA TIOAUTY MapIIpyTH Ha MPSMY 1 3BOPOTHY CTOpOHY,
PO3MIIlIEHHS 3yMTUHOK Ha MapUIPYTi, a TAKOX YHIKaJbHI
ANTOPUTMH Bi3yaJbHOI CUMYJIAIII y peKUMax «Ha KapTi»
Ta cxemarnyHoMy. J[ns TporHOo3yBaHHsS 3MIHM Taca-
JKUPOTIOTOKIB MIC/ISL TOJABaHHS PO3KIALY JOJATKOBOTO
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MOXKIMBICTh CIIPOTHO3YBATH 3MiHY NaCaKHPOIIOTOKY Y
BIIIOBiTHUI Yac Ha JAHOMY CETMEHTI MapmipyTy. JaHa
HEUpOHHAa Mepeka Ja€ 3MOry ONTHUMI3yBaTH poOOTY
NAaCaKUPCHKUX IIePeBEe3eHb IPOMAICEKUM TPAHCIIOPTOM.
Crporao3oBaHi HEHPOHHOIO MEPEKEI0 MacaKUPOMOTOKH,
y TOpIBHSHHI 3 (AKTUYHHMH, TPHU3BOAATH JO IX
3pOCTaHHs Yy cepeaquboMy Ha 28% Ha KPUTHUYHUX
neperoHax B roauHy mik. Lli oTpumanHi pe3yibraTn
JIO3BOJISIIOTh ~ OOTPYHTYBAaTH  JOIUIBHICTH  JIOJaBaHHSI
PO3KJIay HOBOTO TPAHCIOPTHOTO 3aco0y Ul Kpamioro
MIOKPHTTS 3aBaHTKEHUX AUBIHOK y yac mik. [lopiBHAHHS
3MIHH TaCaKUPOIOTOKIB, PO3IMOIUICHNX 32 MIEPErOHAMH Y
gaci mobu 3 19:00 mo 20:00, 3a hakTHIHUME TAHUMH Ta
miciss  poOOTH HEHpPOHHOI Mepeki BKazye Ha IX
30unbIIeHHA y cepenHboMy B 70% meperosis, siki Oymu
CIPOTHO30BaHi.

IC Bi3yanpHOT CUMYJISIIsSI MACAXKUPONOTOKIB y cdepi
IPOMaJICHKOTO TPAHCIIOPTY J103BOJIUTH:
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1. OuiHMTH Ta HAOYHO BiOOpa3UTH MPOOJIEMHI AUISTHKA
(neperonn) Ha MapuipyTtax Smart City.

2. BcraHoBHTM OCHOBHI 3yNUHKM 3  HaWOUIBIIMM
MacaXMPOOOMIHOM Ta BY3JIM 3 HaHOLIBIIMM YHCIIOM
Hepecasiox.

3. Ilpuitmatin edekTUBHE pilIeHHS OO0 NOTpedn
MoepHizamii MapmpyTiB Smart City.

4. CnoporHozyBaTH 3MiHHM  NACa)XHPONOTOKIB
BHECEHHI KOpeKTHB 10 MapmpyTiB Smart City.

npu

NOoJAKHU

Po6oTy BUKOHAaHO B paMKax Nep>KOIOHKETHOI TeMH
«Metoau Ta 3aco0u (YHKIIOHYBaHHS CHCTEM MiATPUMKH
MIPUHHATTS pillleHs Ha OCHOBi oHToMoOTI» (ID:839 2017-
05-15 09:20:01 (2459-315)). docnimkeHHs] TPOBAIHIIOCH
B MeXax CIUIBHUX HAyKOBHUX JOCITIDKEHb Kadeapu
iHpopmaniiHux cuctem Ta Mepexx HY  «JIpBiBchka
nojiTexHika» Ha Temy «JlocmiKeHHs, po3poOJeHHs i
BIIPOBAIKEHHSA IHTENEKTYaIbHIX PO3IOIIIEHNX
iHpOpPMaIIfHUX TEXHOJIOTI Ta CHCTEM Ha OCHOBI
pecypciB 6a3 1aHUX, CXOBHII JITAaHHX, ITPOCTOPIB AaHUX Ta
3HaHb 3 METOI0 NPUCKOPEHHS TMpoleciB (GopMyBaHHS
Ccy4acHOro iH(popMamiiHOTO CycmiibcTBay. Haykosi
JOCTIKCHHS TIPOBAIMIIACS TAaKOX B pPaMKax iHII[IaTHBHOL
TeMatuku jgociimkens kadenpu ICM HY «JIbBiBchKa
moJTiTexHikay Ha TeMmy «Po3poOiieHHS IHTENeKTyalbHUX
PO3MOAITICHAX CHCTEM Ha OCHOBI OHTOJIOTIYHOTO IMiTXOILy
3 METOI0 iHTerpalii iHpopMaIiitHuX pecypciBy.
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AHHOTAIUS

AxTyanbHocTh. Ha ceromusmHuii aeHp npobieMa BH3yalbHOH CHMYJIALMH ITaCCaXUPOIIOTOKOB B cepe 0OIeCTBEHHOTO
TPAHCHOPTA SBIACTCS BAXHOU NPH CO3JAHWH MH(OOPMAIMOHHBIX CHCTEM Ul pa3BUTHs coBpeMeHHbIX Smart City. B ycmoBusix
Industry 4.0 BaXHBIM SIBISIETCSI CO3MAaHHME TEXHOJOTWH, CPEACTB M HHCTPYMEHTOB JUIS BHEIPEHUS €IUHOH CaMOpETyIHpyeMOH
HHTEIJUIEKTYaJbHOH CHCTeMBI OOMEHa JaHHBIMH IIPU HPEJOCTABICHUN COOTBETCTBYIOIIMX YCIyT MEPEBO3KH ITACCAXUPOB B chepe
o0IecTBeHHOTO TpaHcnopTra. Hampumep, HarmsgHO oToOpaxaTh mpoOiieMHBIC ydacTKH Ha Mapmpyrax B Smart City, gopmaTst
YMHOXAaThb M HACHTU(PUIMPOBATH OCHOBHBIC OCTAHOBKH BO BPEMEHHBIX Cpe3aX C CaMbIM IacCaKHPOOOMEHOM, (OPMHPOBATH
MIPEUIOKEHUsT 0 HEOOXOIMMOCTH MOJCPHU3ALNH MApUIPYTOB C YUETOB YBEINYCHHUEM 3arpy)KEHHOCTH OOLIECTBEHHOIO TPAaHCIOPTa
Ha onpeneneHHbIX ydwactkax Smart City M moiydaTte pe3yJbTaThl HPOTHO3MPOBAaHMS IACCaXXMPOIIOTOKOB IIPH BHECEHHHU
COOTBETCTBYIOIIUX M3MEHEHUI HA OCHOBE METOJIOB MALIIMHHOTO O0yUYEHHs.

Henpro uccnenoBaHust pa3paboTKa TEXHOJOTHM BH3yaldbHOM CHMYJISIIUM IAacCaXKUPOIOTOKOB B cdepe O0OLIECTBEHHOTO
TPaHCHOPTA AJISI HOBBIMICHHUS KauecTBa MPEIOCTABICHNS YCIyT MAaCCaXKUPCKHUX MepeBo3ok B Smart City.

MeToa. YcoBepIICHCTBOBAaHA HWMHTALMOHHYIO MOJENb JUIS BBIYHCICHHS ITACCAKUPOINOTOKA INPHM HM3MEHEHHH KOJIHNYEeCTBa
MOJIBIKHOTO COCTaBa Ha MapuIpyTe, IJie B OTIMYHE OT M3BECTHBIX, NOOABICHO IPOTHO3HMPOBAHMS HAa OCHOBE pa3paboTaHHOI
HEWPOHHOH ceTH. Y COBEPIICHCTBOBAH MEXaHU3M BU3YaJIbHOW CHMYJISILIMH NTACCaKHPOIIOTOKOB ¢ HcIonb3oBaHueM kapT GoogleMaps
U JMHAMHYECKOE IEePEeMEIeHUE II0 HUM C KOHTPOJIEM CKOPOCTH OTOOpaKeHWs CHUMYJALuU. [IpeluiokeHo HEHpOHHYIO CeThb C
MOJIHOCBSI3HYIO CJIOSIMH C HCIIOJIB30BaHMEM ONTHMHU3ALHMOHHOIO alrOPUTMAa C aJalNTUBHBIM YypOBHeM o0OydeHus Adam mis
MPOTHO3MPOBAHMS T1aCCA)KUPOMOTOKA MEXKIYy OCTAaHOBKAMHU 3a ONpEJeNeHHbIH mepuox BpeMeHH. OmpeneneHsl KpUTEpUH
JeTan3aliy JaHHBIX O TTacCa)KUPOMOTOKH HA TOPOACKUX MApUIPyTax, BKIIOYas OOIMe MOKA3aTeNH OTHOMIEHHS TAacCaXnpooOMeHa
Ha ONpEJeTCHHOH OCTaHOBKE K TEKyIIEMy BpPEMEHH CyTOK. [IpH NpOEKTHPOBAaHMH WHTEIUIEKTYaJbHONH CHCTEMBI IOTEpIel
JATHEHIIIETO Pa3BUTHS MOIXOJ W3MEHEHHS BMECTHMOCTH IOJBI)KHOTO COCTaBa oOIIecTBeHHOro Tpancmopra B Smart City, rae B
OTJINYHE OT M3BECTHBIX, M3MCHEHHME EMKOCTH OTpaHMYe€Ha HMMEIOIIMMHUCS TPAaHCIOPTHBIMU cpeicTBaMu. [lorepmen nanbHelrnee
pa3BHTHE METOJ pacdyeTa KOMIUIEKCa IIOKa3aTeleld IacCaKMpPOIIOTOKOB Ha OCTAaHOBKAX M TOHKE C yYETOM JONOJIHUTENBHBIX
JIOKJIBHBIX rpaduKoB U criennpuky paboThl TPAHCHIOPTA Ha OTACIBHBIX MHIUBUIYaIBHBIX MapIIpyTax.

Pe3yabTathl. Pa3paboTaHO MHTEIUIEKTYalbHYIO CHCTEMY BH3yalbHOTO MOJEIMPOBAHUS ITACCAKUPCKHX IEPEBO30K HAa OCHOBE
HEWPOHHOH CEeTH M MalIMHHOro 00ydeHHs, KOTOpask MO3BOJIAET ONTUMU3UPOBATh PabOTy MAaCCa)KUPCKUX MEPEBO30K OOIIECTBEHHBIM
tpancroproM B Smart City. DTo mpeAcTaBieHre JaHHBIX MO3BOJISET OLEHUTh PEHTA0SIBbHOCTh 100aBICH S HOBOTO TPAHCHOPTHOTO
CpeACTBa Ha MAapIIpyT HEOOXOIMMO CKOPPEKTUPOBATh PACHHCAHHE APYTMX TPAHCHOPTHBIX CPEACTB AIS JIy4IIErO ITOKPBITUS
3arpy’KE€HHBIX YYacTKOB B 4ac MHK. 1 paboTEl MPOrpaMMHOTO CPEACTBA UCTIONB3YETCS OOIMIEH3BECTHBII CTAaHAAPT MPEICTABICHUS
JaHHBIX 00 oOmectBeHHOM TtpaHcmopre — GTFS. Drto mo3Bonser amanTtupoBaTh pa3paboOTaH NPOTPAaMMHBIH  MPOIYKT
YHUBEPCAIBHBIM, a HE CIIEU(GUIECKUM JJIsI KOHKPETHOTO TOpOja WK CTpaHbl. [IpoBejeHo CpaBHEHHE ITOIyYEHHBIX Pe3yIbTaTOB Ha
MHOXECTBE JaHHBIX TPOJUICHOYCHBIX MapiipyToB (okono 2000 3ammceil, ¢ cOOpaHHBIX Ha OCHOBE OSKCICPUMEHTAIbHBIX
MapKeTHHIOBBIX HccienoBaHuid) B ropoze JIpBoB (Ykpamna) it (GOpMHUpPOBaHMS HPOTHO3a W3MEHEHUs I1aCCa)XKHMPOIOTOKOB Ha
OIIPENENEHHBIX YYaCTKaX B pa3HblE IPOMEKYTKH BPEMEHH.

BriBoabI. BrIsBieHO, YTO CIPOrHO3MPOBAHB! HEMPOHHOH CETHIO MACCAKUPOIOTOKHU IO CPABHEHUIO C (PaKTHYECKUMH, IPUBOASAT
K HX pocTy B cpeaHeM Ha 28% B KPHUTHYECKMX TOHKE B 9ac HHK. OJTH IONYYCHHBIE PE3yJBTATHl IO3BOJIIIOT OOOCHOBATH
11es1eco00pa3HOCTh 100ABIEHHS PACIIMCAHHsI HOBOTO TPAHCIIOPTHOTO CPEACTBA AN JTydIIETO MOKPHITHS 3arpy’KEHHBIX yJacTKOB B
yac nuk. CpaBHEHHE M3MEHEHUS IACCaXXMPOIOTOKOB, PACIPEIENICHHBIX 110 IOHKOHM BO BpeMeHU cyTok ¢ 19:00 mo 20:00, mo

© JluteuH B. B., Byonuk M. 1., Bucouska B. A., Manentox 10. P., 2021
DOI 10.15588/1607-3274-2021-4-10

119



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasainss. 2021.

Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021. Ne 4

(aKTHUECKUM JaHHBIM U I1ocie paboThl HEHPOHHON CeTH yKa3bIBaeT HA MX yBelIWdeHHe B cpexHeM B 70% rOHOK, KOTOpHIE OBLIH
CIIPOTHO3UPOBAHBI, YTO [O3BOJIUT IIPUHATH 000CHOBAaHHOE PELICHHE O 3aITyCKe JOIOJIHUTEIBHOIO TPAHCIIOPTa HA COOTBETCTBYIOIINE

MapIIpyTHI.
KJIIOYEBBIE CJIOBA: BusyanbHas CHMYJSILMS IACCaXHPOIOTOKOB, BU3YyalbHOE MOJCIMPOBAHUE, HHTEIICKTyaJabHAs
cucrema, Smart City, GoogleMaps, HeHpoHHas ceTb, MPOTHO3MPOBAHHE IACCAKUPOINOTOKA, MAIIWHHOE O0O0yUeHuHe,
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ABSTRACT

Context. Today, the problem of visual simulation of passenger flow in public transport is essential in creating information
systems for the development of modern Smart City. In Industry 4.0, it is crucial to develop technologies, means, and tools for
implementing a single self-regulatory intelligent data exchange system in the provision of appropriate passenger transportation
services in public transport. Today the following is essential: to visually display problem areas on routes in Smart City; to form and
identify the main stops in time sections with the largest passenger exchange; to create proposals on the need to modernise routes
taking into account the increase in public transport congestion in certain areas of Smart City, and to obtain results of passenger flow
forecasting when making appropriate changes based on machine learning methods.

Objective of the study is to develop a technology for visual simulation of passenger traffic in the field of public transport to
improve the quality of passenger services in Smart City.

Method. They have improved the simulation model for calculating passenger flow when changing the number of rolling stock
on the route, in contrast to the known, added forecasting based on the developed neural network. The mechanism of visual simulation
of passenger flows using GoogleMaps maps and dynamic movement on them with control of simulation display speed has been
improved. A neural network with fully connected layers utilising an optimisation algorithm with an adaptive level of learning Adam
to predict the flow of passengers between stops for a certain period of the day is proposed. Criteria for detailing passenger flows on
urban routes are defined, including general indicators of the ratio of passenger traffic at a specific stop to the current period of the
day. When designing the intelligent system, changing the capacity of public transport rolling stock in Smart City was further
developed. Unlike the known ones, the available vehicles limit the change of power. The method of calculating a set of indicators of
passenger traffic at stops and races, taking into account different local schedules and the specifics of transport on individual routes,
has undergone further development.

Results. An intelligent system of visual modelling of passenger traffic based on a neural network and machine learning has been
developed, allowing optimising passenger traffic by public transport in Smart City. This data presentation makes it possible to assess
the profitability of adding a new vehicle to the route or adjusting the schedule of other cars to cover the loaded areas during peak
hours better. The well-known standard of public transport data presentation — GTFS is used for the operation of the software. It
allows you to adapt the developed software product to the universal, rather than specific to a particular city or country. It was
provided with a comparison of the obtained results on a data set of trolleybus routes (about 2000 records, collected based on
experimental marketing research) in Lviv (Ukraine) to form a forecast of changes in passenger flow on certain sections at different
times.

Conclusions. It was found that the passenger flows predicted by the neural network in comparison with the actual ones lead to
their growth by an average of 28% in critical races at rush hour. These results allow us to justify adding a schedule of a new vehicle
for better coverage of loaded areas during peak hours. A comparison of changes in passenger traffic distributed by races during the
day from 19:00 to 20:00, according to actual data and after the operation of the neural network indicates an increase in their average
70% of races that were predicted, which will allow a reasonable decision to launch additional transport on appropriate routes.

KEYWORDS: visual simulation of passenger flows, visual modelling, intelligent system, Smart City, GoogleMaps, neural
network, passenger flow forecasting, machine learning, information technology, data processing.
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ABSTRACT
Context. Providing high-speed computation by computer systems of factorization of number into prime factors requires the de-
velopment of effective algorithmic methods using computational technologies. Fast computation of factorization of numbers is used
in such applications as, protection of information data, in algorithms of discrete transforms for transition from one to multidimen-

sional computations and others.

Objective. The purpose of the work is to analyze the implementation of technologies of multithreaded computation of factoriza-
tion of integer value by the binary algorithm of the method of trial divisions using computer systems with multi-core processors and

graphics accelerators.

Method. A binary algorithm of trial divisions that uses the remainders of each digit of the binary representation of a number to
perform a divisibility check on prime factors of the canonical factorization of number in parallel.

Results. The analysis and comparison of multithreaded computations of software implementations of factorization of number by
binary algorithm using hyper-threading, AMP C++, CUDA technologies in computer systems with multi-core processors and graph-
ics accelerators. The results of the process of number factorization for multithreaded computing technologies using the same parallel

core function are analyzed.

Conclusions. In the study of realizations of number factorization by the binary algorithm in the multithreaded mode, the technol-
ogy of hyper-threading calculations using multicore processors is most effectively performed. Heterogeneous computing using AMP
C++ or CUDA technologies on computer systems and graphics accelerators requires consideration of GPU microarchitecture features

for parallel computing core functions.

KEYWORDS: factorization, prime factors, multithreading, heterogeneous computation, parallel computation, remainder.

ABBREVIATIONS
AMP is an accelerated massive parallelism;
CPU is a central processing unit;
CMT is a chip multi-threading;
CS is a computer systems;
CUDA is a compute unified device architecture;
CTPL is a C++ thread pool library;
FN is a factorization of number;
HT is a hyper-threading;
GPU is a graphics processing unit;
GPGPU is a general-purpose computing on GPU;
IDE is an integrated development environment;
TD is a trial divisions.

NOMECLATURE
i is the number of binary digit (i = 0,1,... k-1);
k is the bit size of a number of factorization;
M, is a remainder;
N is an integer number of factorization;
n; is a binary digit of the number of factorization;
p is a prime number;
piis a prime factor;
T is the periodicity of remainders;
Sk is a degree of a prime factor;
t is the number of the vertical ruler of M;.

INTRODUCTION
The fast execution of factorization, as a process of de-

composition of an integer number into prime factors, has
© Prots’ko L., Rykmas R., 2021
DOI 10.15588/1607-3274-2021-4-11
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demand in many applications. FN is used to move from
one-dimensional to multidimensional representation of
sequences of the discrete transforms, which is widely
used in multidimensional data processing tools [1]. In the
Good-Thomas algorithm of calculating the discrete Fou-
rier transform of a composite size N, which uses the Chi-
nese remainder theorem for integers, it is not necessary to
perform products on return factors if the size N the se-
quence of the transform is decomposed into relatively
prime factors. The Agarwal-Cooley method converts the
calculation of a one-dimensional N-point convolution into
a multidimensional one, provided that the size is decom-
posed into relatively prime factors [2]. FN is used to find
one of the parameters of cryptosystems in asymmetric
algorithms for encrypting information data [3].

Since the emergence of new approaches in encryption
algorithms in the late 70’s, a number of FN algorithms
have been developed. These include p — method, (p—1) —
Pollard’s method, elliptic curve method, square sieve
method, numerical field sieve method and others [4].
Based on these methods, software modules and modifica-
tions of classical algorithms for solving various applied
problems are developed [5].

The object of study is the process of developing algo-
rithmic and software for FN into prime factors using the
technologies of parallel computations.

The subject of the study is multi-threading computa-
tions the binary algorithm of the method of TD, which
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performs a check for divisibility by a prime number and
its degree using the remainders of each bit of the number.

The purpose of the work is to parallelize the compu-
tations of FN according to the binary algorithm of the
method of TD using CS with multi-core processors and
graphics accelerators for efficient determination the val-
ues of prime factors.

1 PROBLEM STATEMENT
Suppose an integer N is given, which we factorize into
prime factors in the form

N = plsl pzsz--- P, )

where pj < pis1, =1, 2,...N.

The simplest solution for factorization is the method
of TD. The method is well parallelized using division
tests without the remainder of the number N on a set of
divisors from the set of prime numbers p;= {2, 3, 5, 7, 9,
11,...}, 1 =1, 2,.... However, the sequential execution of
division operations to check for multiplicity in modern
universal CS is performed using a division firmware that
has the highest weight among arithmetic operations [6].
The problem of increasing the speed of calculation FN is
solved in the direction of replacing the test division opera-
tion with a set of parallel computations with operations of
adding numbers less than p; and comparing the obtained
sum with the corresponding prime number.

To quickly determine the values of simple decomposi-
tion factors, the possibility of parallelization of FN by the
binary algorithm of the TD method using HT technologies
in CS with multi-core processors and graphics accelera-
tors is used.

2 REVIEW OF THE LITERATURE

Algorithmic means of IF, which characterized by
regularity, modularity, simplicity and information inde-
pendence of their components, are effectively imple-
mented by computing means in combination with com-
puting information technologies. The software implemen-
tation of algorithms of FN in modern CS is analyzed from
the standpoint of the possibility of parallel execution us-
ing multithreaded organization [7, 8, 9].

Factorization algorithms based on p and (p — 1) meth-
ods of Pollard [10], Sherman-Lehman method [11],
Shanks method [12], Lenstra elliptic curves method [13]
are investigated in the direction of the possibility of paral-
lelization. The main idea of these methods is to choose a
random value of a number for a single parallel process,
which is close to the element of the factorization. How-
ever, the execution of the algorithm by several simultane-
ous significant flows to find the factors of the number of
the factorization does not always give the expected result.

In the known Fermat method, the main idea of the
number N = p; p, is to find such pairs of natural numbers
that satisfy a certain condition. However, in the case when
the factors p; and p, are close in value to 1 and N, the
algorithm will perform worse than the method of TD [14].

© Prots’ko L., Rykmas R., 2021
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In the work [15] the improvement of computations of
FN according to the binary algorithm of the TD method
due to parallel computations and efficient use of CS com-
puting resources is considered.

Comparative analysis of FN using CMT and CS with
graphics accelerators is relevant to improve the software
implementation of integer factorization algorithms.

3 MATERIALS AND METHODS

The well-known factorization algorithm is TD, which
consists in checking the divisibility of the number N for a
sequence of prime numbers, to a value less than or equal
to the square root of the number N.

The work [16] describes a binary algorithm of the
method of TD, in which the representation of the integer
value of the number of the factorization in the binary
number system is used to determine the divisibility of a
decimal number on a prime number.

N= (i 2+ nip 2+ 40 2+ ng2%). )
The values of the digits n; (i = 0,1,... k-1) are equal to 0
or 1.

As a result, the check for the divisibility of N by a
prime number p is reduced to the determination modulo p
of each weighting factor 2' (i = 0,1,..., k—1) of the number
N, which has the form

N mod p =(n; 2+ ni 1 22+ ...+ ny2%)mod p=
=N (2k71 mod p) + N (2k72 mod p) + ...
+n; (2" mod p) + ny (2° mod p) .

A3)

After accumulating the values of the remainders on
the selected weights (2'mod p) (i = 0,1,... k-1) for n; (i =
0,1,..., k=1), equal to 1, compare the accumulated amount
with a prime number p. In the case when the accumulated
value of remainders is greater than p — again from the
previously obtained accumulated value is carried out ac-
cording to formula (3) the accumulation of remainders. In
the case when the accumulated value of the residuals is
equal to the number p — the decomposition element p is
output and the transition to rechecking the divisibility of
the power of this prime number is performed. In the case
of comparison, when the accumulated value of the residu-
als is less than p, we move on to the next value from the
sequence of prime numbers. Therefore, we obtain a set of
prime factors of the factorization (1) of the number N.

To analyze the parallel organization, consider the
work of the binary algorithm of FN using a block diagram
(Fig. 1). The structure chart of FN into prime factors Pi
consists the following functional blocks: 1 — the multi-
plexer, 2 — the block of lines of memory of the remain-
ders, 3 — the multi-input adder, 4 — the first comparison
unit, 5 — the control unit, 6 — the memory block of prime
factors, 7 — the shift register, 8 — the second block of
comparison.

The memory block 2 of the periods of the remainders
of prime numbers and their powers contains T values of
the remainders M (t = 0,1,..., T-1) for each of p; which
are partially shown in Table 1.
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Figure 1 — The structure chart of the FN into factors p;

Table 1 — Table of the remainders

i J Mt M9 Mg M7 M6 M5 M4 M3 Mz M1 Mo mod pi] T
11 2 1 mod 3' 2
12 5 7 8 4 2 1 mod 3° 6
13 25 26 13 20 10 5 16 8 4 2 1 mod 3° 18
21 3 4 2 1 mod 5' 4
22 24 12 3 14 7 16 4 2 1 mod 5° 20
23 24 12 3 64 32 16 4 2 1 mod 5° 100
31 4 2 1 mod 7' 3
32 44 22 11 30 15 32 16 8 4 2 1 mod 7° 21
33 338 169 256 128 64 32 16 8 4 2 1 mod 73 147
41 6 3 7 9 10 5 8 4 2 1 mod 11" 10
42 56 28 14 7 64 32 16 8 4 2 1 mod 112 110
51 10 5 9 11 12 6 3 8 4 2 1 mod 13’ 12

If there is a value for the n; binary digit (2) of the
number N equal 1 from the memory block 2 of periods of
remainders of prime numbers and their powers, the values
of the remainder M, by ij — sequence number of prime
numbers and their powers and number Kk are read in paral-
lel for each bit. For example, determining the value of the
remainders for the number of binary digit i 28
(i=0,1,... k-1) of the number of the FN, when checking
for redivisibility by p = 5, that is mod p;’ = mod 5°. Ac-
cording to Table 1, this corresponds to the horizontal ruler
ij =22 (with the periodicity of remainders T = 20) and the
vertical ruler Mg, where t = (28 mod 20) = &, at the inter-
section of ruler is the value of the remainder Mg = 6.

The maximum value of the repetition period T of the
remainders is equal Tpe = (pi’ —1). The horizontal rulers
for p;’ = (2! 1), which are prime Mersenne numbers, have
a minimum value of T, = j. Thus, due to the periodic
repetition of the remainders, with increasing bit size of the
decomposition number N, the number t of the vertical
ruler My, 1 =0,1,2,...T—1, is determined by the formula

t=imodT,(i=0,1,..k-1). (@)
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The organization of the memory block 2 of the periods
of the remainders of prime numbers and their powers al-
lows you to read in parallel the remainders for each of the
bits (Ng_; Nk_z... Ng) of the number.

If there are two values of bits equal to 1 in the number
N, which are control inputs for the initial multi-input ad-
ders 3 of remainders, the value of the sum of remainders
(Mg + My.;) will be set at the output of the adders of re-
mainders. If at the control inputs for the initial multi-input
adders 3 one of the two values of the bits of the number N
is 0 another 1, then at output of initial multi-input adders
the value of the remainders will be set, which will corre-
spond to the remainders Mk for the 1 bit of the number N.
For the case when at the control inputs for the initial
multi-input adders two values of the bits of the number N
are equal to 0, then the output of the initial adder will be
set the value of remainder equal to zero. Similarly, with
the help of logical operations OR, in the second stage of
accumulation of remainders, depending on the values of
the result of the operation OR, the corresponding value of
the remainder will be set. The largest delay in the parallel
accumulation of remainders will be in the case when all
binary bits (2) will be equal to 1.
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The multi-input adder 3, in parallel by adding the
value of the remainders, from the outputs pass result in
first comparison unit 4 for comparison with the value p;.
According to the specifier at the output of first compari-
son unit 4, if the value is “less” — the prime number p; or
its power is not an element of the canonical factorization
and there is a transition to the next ruler ij. According to
the specifier at the output of unit 4, if the value is
“greater” and “equal”, one of the two directions of calcu-
lations is selected. In the case of “greater”, the multi-
plexer 1 is switched to the output value of the multi-input
adder 3, in the case of “equal” — the p; element of the fac-
torization is memorized and the transition to determining
the its degree j takes place. For the specifier “equal” at the
output of first comparison unit 4 in the shift register 7
provides a shift by one digit to the left of the binary value
of the initial number N, thereby reducing the allowable
value of the prime number or its power in the analysis of
the factorization. The allowable value is compared with a
prime number or its power in the second comparison
block 8 and in the case of comparison greater than or
equal to its output is a sign of completion of the canonical
factorization.

The binary algorithm of TD can perform a divisibility
check in parallel for each of the prime numbers. In this
case, the memory unit 2 contains the values of the re-
mainders only for each of the prime numbers and their
powers. Otherwise, it is possible to divide the memory
unit 2 into parts for groups of prime numbers and their
powers, which corresponds to coarse-grained parallelism.

4 EXPERIMENTS

The computation of FN on prime factors p; based on
binary algorithm of TD is implemented in the IDE Visual
C ++ 2019 using technologies HT (Intel) and AMP C ++
(MS), CUDA (NVIDIA) of GPGPU.

Software implementation of parallel computation of
FN using multi-threading technology CMT is achieved by
creating threads and proportional distribution of their per-
formance between the cores of the microprocessor in the
CS. For efficient use of computing resources, a pool of
threads is used and the organization of interaction be-
tween them is entrusted to the function of the CTPL li-
brary [17], which is an add-on to the standard STL library
and has the ability to work with system threads.

Software implementations of parallel computation of
FN using AMP C ++, CUDA technologies perform a
similar algorithm in the kernel function as in CMT tech-
nology.

The developed programs are implemented to perform
the following actions:

1. Enter the number N of factorization.

2. Construction of a sequence of remainders on the
prime numbers p; by the number T.

3. Analysis for the divisibility of the number N prime
number p;.

4. Output to the file of the factors p; for number N.

5. Go to the next prime pj 4+ ; with the constraint of the
search set of prime numbers.

© Prots’ko L., Rykmas R., 2021
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The configuration of the test system is as follows:
CPU: Intel Core 15-9300H (4 cores/8 threads) @2,4 GHz;
GPU: NVIDIA GeForce GTX 1650, 4.0 GB, 896 32-bit
core CUDA @1,45GHz;

Memory: 8.0 GB, DDR4-2667 MHz.

The chosen evaluation method involves determining
the time spent on computing of FN. The whole process of
parallel FN includes both the main part of multithreaded
computations, and other actions performed by the pro-
gram to allocate and free memory, output.

5 RESULTS

Testing the effectiveness of technologies to FN is de-
termined by the computation time. To compare and ana-
lyze the efficiency of the use of technologies for comput-
ing the FN by the binary algorithm of the method of TD, a
number of tests were performed. The time of execution of
factoring computations for the developed programs
threadsSplitNumber and two programs ampSplitNumber
and cudaSplitNumber was determined using GPGPU.

The test results are presented in Table 2, which con-
tains data on the average time (microseconds) of FN in
32-bit mode, which is computed 5000 times.

Table 2— The average time of FN

Average time (us)
N Threads Cuda Amp
SplitNumber | SplitNumber | SplitNumber
15361*14537 =
223302857 126 132 212
15107*18959 =
286413613 8 125 226
30829%22433 =
691586957 & 122 200
29717*52433 =
1558151461 138 129 219

The values of number N to FN are chosen to be equal
to the product of two prime numbers. Created threads for
analysis for divisibility are implemented by computing
cores in 32-bit mode. Table 1 shows the time relationship
(usec) for the number of threads 10 in the program
threadsSplitNumber [15].

6 DISCUSSION

Almost all modern operating systems support of
threads control. The application program implements
threads control with the help of special libraries that allow
to achieve hardware acceleration of the canonical FN.

Comparison of the results of Table 2 shows the in-
crease in execution time in the binary algorithm of TD in
the order of threadsSplitNumber, cudaSplitNumber,
ampSplitNumber.

In the program threadsSplitNumber with the optimal
number of threads 10 we have the shortest execution time.
The threads will be divided equally to process the Table
of the remainders (Table 1). Each thread processes the
table of the remainders and the binary form of the number
N to decide on the divisibility of the corresponding prime
number and its power. To organize the use of the pool of
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threads and the interaction between them, the function of
the CTPL library is used [17], which is an add-on to the
standard STL library, which has the ability to work with
system threads.

CudaSplitNumber uses NVIDIA’s CUDA technology
[18]. This technology ushered a new era of improved per-
formance for many applications as programming GPUs
became simpler: archaic terms such as texels, fragments,
and pixels were superseded with threads, vector process-
ing, data caches and shared memory. Accordance
GCGPU, every problem that can be parallelized on GPU
always passes the following phases:

1. Transferring data from CPU to GPU.

2. Calling kernel for each thread.

3. Transferring data from GPU to CPU.

Time execution of parallel FN (Table 2) includes 2
and 3 phases. Therefore, the main part of multithreaded
computing is the actions performed by the program to
select, free of memory and transferring data.

The ampSplitNumber program uses technology for
GPGPU called C++ AMP. It accelerates the execution of
C ++ code by taking advantage of the GPUs present on
video cards with DirectX11 support. But unlike CUDA,
that are more oriented in C code, C++ AMP looks like
STL library. Both languages extend C ++ with special
keywords. For CUDA the syntax is “<<< >>>” and C++
AMP is using the keyword restrict (amp) to run kernels. It
is obvious that code written on C++ AMP is less cluttered
and hence easier to read than on CUDA. However, the
results of running cudaSplitNumber are better than
ampSplitNumber (Table 2). This is because the time to
phase call a C++ AMP kernel is much longer than CUDA
and a C++ AMP technology has some performance lags
compare to 5-years old CUDA technology.

Time execution of parallel FN (Table 2) using
GPGPU includes 2 and 3 phases. Therefore, the main part
of multithreaded computing is the actions performed by
the program to select, free of memory and transferring
data.

CONCLUSIONS

Virtually any modern software code execution plat-
form, whether a full-fledged operating system or a virtual
machine, contains a set of APIs designed to manage
threads and create parallel programs. The FN of binary
algorithm of TD with use of parallel technologies of mul-
tithreaded computations is considered in the work. The
software solution is implemented in the IDE Visual C ++
2019 with the help of special libraries that allow you to
perform parallelization using CS with multi-core proces-
sors and graphics accelerators.

The scientific novelty lies in the study of the use of
parallel technologies for the binary algorithm of TD,
which allows to take into account the peculiarities of the
organization of multithreaded computations in problems
with an average level of parallelism.

The practical significance of the application of the
developed software code of FN in CS with multicore
processors and graphics accelerators has shown that the
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efficiency of computations depends not only on hardware
resources, but also on the selected technologies of paral-
lelisation. The obtained results are important for improv-
ing the organization of efficient computation of FN for
information data protection systems, discrete transforms
and other applications.

The direction of further research will be the develop-
ment of software with the expansion of the bits number of
binary representation N, which will use the microarchitec-
tural features of specific types of GPU memory, the use of
atomic operations and other innovations.
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AHOTANIA

AKTyanbHicTh. 3a0e3nedeHHs BHCOKOI MBHIKOAII 0OYMCIEHHS KOMIT IOTEPHUMH CHCTEMaMM PO3KIAay IIJIOYHCEIFHOTO 3HA-
YeHHS Ha IPOCTI MHOKHUKH BUMarae po3poOKd e(heKTUBHIX aJITOPUTMIYHIX METOJIB 3 BHKOPHCTAHHSIM OOYHCIIOBATBHIX TEXHOJIO-
riif. [lIBuake oGuucieHHs GakTopu3aLil Yuce]l BUKOPUCTOBYETHCS B TAKHX 3aCTOCYBAHHSX, K 3aXUCT iHPOPMALIHUX NaHHX, B all-
TOPUTMaXxX JIUCKPETHUX IEPETBOPEHbB JUIS IIEPEXO/1y Bijl OAHOTO O 6araTOBUMIPHUX OOYMCIICHB Ta iHIIMX.

MeTo10 po60oTH € aHaIi3 BIPOBAKEHHS TEXHOJOTIH 0araTornoToKoBOro o0uucieHHs GpakTopu3anii HiTOYHCeIbBHOTO 3HAYCHHS
3a GiHApHUM AITOPUTMOM METOAY NMPOOHUX IiIeHb 3 BUKOPUCTAHHSIM KOMII'IOTEPHUX CHCTEM 3 0araTosIepHUMM IPOLECOpaMH Ta
rpadiYHIMH TPUCKOPIOBAYAMHU.

Mertopa. binapunii anroputM npoOHUX iIEHB, [0 BUKOPHCTOBYE 3AJIHIIKH KOXKHOTO PO3PsAy ABIIKOBOTO MOAAHHS 4HCIIA, A
3[iHCHEHHS TapaesIbHOI epeBIPKY ITOIUIFHOCTI Ha MIPOCTI MHOKHUKY JJIsI KAHOHIYHOTO PO3KIIaIaHHs YHCIIa.

PesyasTaTn. [IpoBeneHo aHami3 Ta MOPIBHSHHS IIPOrPaMHUX peaji3aliil 6araTomoToKoBHX OOYHCIeHb (hakTopH3allii 4ncia 3a
JBIMKOBHM aJTOPUTMOM i3 BUKOPUCTaHHIM TexHOJOTi# rineprnorouynocti, AMP C++, CUDA B KoMII'10TepHHUX cucTtemax 3 6araro-
SIICPHUMH TIPOIiecopaMu Ta rpadidyHIMU pHCcKoproBadyaMu. [IpoaHasizoBaHo pe3yibTaTy mpolecy (Gaxkropu3salii ynucer s dararo-
MOTOYHUX OOYMCITIOBAILHUX TEXHOJIOTIH, 1[0 BUKOPHCTOBYIOTh OZHOTHIIOBHI JITOPUTM U1t QYHKLIT TapanenbHoro sapa.

BucnoBku. [Ipu nociimkenHi peanizamii po3kiafaHHs drcel 3a OiHapHUM alrOpUTMOM y 6araTornoTOKOBOMY PEXUMI HaHOLIbII
e(EeKTHBHO BUKOHYETHCS TEXHOJIOTA TIIEPIOTOYHUX OOYNMCIICHB 13 BUKOPUCTAHHAM OaraTosepHUX mporecopiB. ['ereporenni 064un-
cieHHs 3a pornoMoror TexHonorii AMP C++ a6o CUDA Ha KOMI'IOTEpHHX CHCTEMax Ta rpadidHuX MPHCKOPIOBAYaX BUMAararmTh
BpaxyBaHHS 0COOIHMBOCTEN MIKPOApXiTEKTypH IpadidHOTo Mporiecopa Ul MapaieIbHOr0 BUKOHAHHS (QyHKITIH spa.

KJIIOYOBI CJIOBA: po3kianaHHs Ha MHOXKHHKH, IPOCTI MHO)KHHKH, 0araTornoTOKOBICTh, TETEPOTeHHI OOUYHCIEHHS, ITapae-
JIbHI OOYMCIIEHHS, 3aJIUILIOK.
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AHAJIN3 MPUMEHEHMSA TEXHOJOTIMii MHOTOMMOTOYHBIX BEIYUCJIEHUM
JJIS ®AKTOPU3ALIMHU YHUCEJI 3A BUHAPHBIM AJITOPUTMOM

ITpousko U. E. — 1-p TexH. HayK, TOLEHT KadeaApbl aBTOMATH3UPOBAHHBIX CHCTEM YIpaBlieH!s HalnoHaIbHOTO YHHBEpCUTET
«JIbBOBCKAs MONUTEXHHUKAY, YKpanHa.
Prixkmac P. B. — pazpaborunk, T30B «Uniservicey, JIbBoB, Ykpauna.

AHHOTADNUSA
AKTyalIbHOCTB. ObecnieyeHrne BBICOKOTO OBICTPOJCHCTBHS BBIYHUCICHHUS KOMIIBIOTEPHBIMU CUCTEMaMM Pa3OoKEHMs LEI0YnC-
JICHHOTO 3HAYEHUS Ha NPOCThIC MHOXUTENH TpeOyeT pa3paboTKu 3()(GEKTHBHBIX aIrOPUTMUYECKHX METOJOB C HCIIONB30BAHHEM
BBIYMCIIUTENILHBIX TEXHOJIOTUH. BrIcTpoe BbIUKCICHHE (AaKTOPU3ALMH YHUCEN UCIIONB3YEeTCS B TAKUX NPHIIOKEHUAX, KaK 3allUTa MH-
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(hOpMaIIMOHHBIX JaHHBIX, B AITOPATMAX JUCKPETHBIX MPEOOpa30BaHU i MEepexoda OT OJHOI0 K MHOTOMEPHBIM BBIYUCICHUN U
JPYTHX.

Leabr paGoThI SBISCTCSA aHATH3 BHEIPCHHS TEXHOJOTHH MHOTOMOTOYHOTO BHIYUCIICHHS (PAKTOPH3ANNH [EIOYHCICHHOTO 3Ha-
YyeHus 3a OMHApPHBIM AITOPUTMOM METOAA MPOOHBIX AETIEHUH C MCIIOIb30BAaHHEM KOMIIBIOTEPHBIX CHCTEM C MHOTOSAEPHBIMU IPO-
eccopamu 1 rpa)MueCKUMU YCKOPUTEISIMH.

MeTton. buHapHbIiA anropuT™ NPOOHBIX AEJICHUH, YTO HCIOIB3YET OCTATKU KAXKIOTO paspsiia ABOMYHOTO MPEICTABICHUS YUCTa,
IUTSL OCYLIECTBIICHHS TapaUIeTbHON POBEPKH ACTUMOCTH Ha MIPOCTHIE MHOXKUTEIH JJIs1 KAHOHUYECKOTO Pa3IoKEeHHS YHCIa.

PesyabTathl. [IpoBesieH aHAIN3 M CpaBHEHHE MPOTPAMMHBIX PEalH3alliii MHOTOIIOTOYHBIX BBEIYUCICHUN (pakTopH3aluy yrcia
3a JBOMYHBIM JITOPUTMOM C HCIOJB30BaHHEM TexHoJoruil runeprnotroyHoctd, AMP C++, CUDA B KOMIBIOTEPHBIX CUCTEMax C
MHOTOSICPHBIMHU TIPOLIECCOPAMHU U TpapuIecKuMu yeckopuTessiMu. [IpoaHann3npoBaHbl pe3ysibTaThl mpolecca haKkTOpU3aIiy IHCElT
JUTSL MHOTOTTOTOYHBIX BBIYMCITUTEILHBIX TEXHOJIOTHIA, HCIIOIB3YIOIIUX OTHOTHITHBIC aJITOPUTM JUIs (DYHKITUH MapaUIeIbHOTO Spa.

BriBoabl. [Ipu uccinenoBanny peanusaniy pa3ioKeHUs Yucell 32 OMHApHBIM aJITOPUTMOM B MHOT'OIIOTOYHOM peXKUME Haubosee
3¢ EeKTHBHO BBINONHSIETCS TEXHOJIOT WS TUIIEPIIOTOYHHUX BBHIYMCICHHH C HCIOJIB30BAaHHEM MHOTOSACPHBIX IMpoleccopoB. ['eTeporen-
HBIE BBIUUCIICHUS ¢ moMomIbio TexHonoruit AMP C++ mmu CUDA Ha KOMIBIOTEPHBIX CHCTEMaX M TpadUUIecKuX YCKOPHTEIAX Tpe-
OyIOT y4eTa 0COOEHHOCTEH MHKpPOAPXUTEKTYPHI Tpad)UdecKoro mpoueccopa A BHIIOIHEHHS MapalIeIbHBIX BEIYUCICHUN (yHKINI
sapa.

KJIIOYEBBIE CJIOBA: pa3znoxeHue Ha MHOXHUTEIH, IPOCTbIe MHOXKUTENIM, MHOI'OIIOTOYHOCTb, T'€TE€POr€HHbIE BHIYHUCIICHUS,
napasuiebHbIE BBIYUCICHUS, OCTATOK.
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ABSTRACT

Context. The problem of estimating the software size in the early stage of a software project is important because a software size
estimate is used for predicting the software development effort, including Web apps created using the CakePHP framework. The
object of the study is the process of estimating the size of Web apps created using the CakePHP framework. The subject of the study
is the nonlinear regression models to estimate the size of Web apps created using the CakePHP framework.

Objective. The goal of the work is the building the nonlinear regression model with three predictors for estimating the size of
Web apps created using the CakePHP framework on the basis of the Box-Cox four-variate normalizing transformation to increase the
confidence in early size estimation of these apps.

Method. The model, confidence and prediction intervals of multiply nonlinear regression to estimate the size of Web apps cre-
ated using the CakePHP framework are constructed based on the Box-Cox multivariate normalizing transformation for non-Gaussian
data with the help of appropriate techniques. The techniques to build the models, confidence, and prediction intervals of nonlinear
regressions are based on the multiple nonlinear regression analysis using the multivariate normalizing transformations. The tech-
niques allow taking into account the correlation between dependent and independent variables in the case of normalization of multi-
variate non-Gaussian data. In general, this leads to a reduction of the mean magnitude of relative error, the widths of the confidence,
and prediction intervals in comparison with nonlinear models constructed using univariate normalizing transformations.

Results. Comparison of the constructed model with the nonlinear regression models based on the decimal logarithm and the Box-
Cox univariate transformation has been performed.

Conclusions. The nonlinear regression model with three predictors to estimate the size of Web apps created using the CakePHP
framework is constructed on the basis of the Box-Cox four-variate transformation. This model, in comparison with other nonlinear
regression models, has a larger multiple coefficient of determination, a smaller value of the mean magnitude of relative error and
smaller widths of the confidence and prediction intervals. The prospects for further research may include the application of other
multivariate normalizing transformations and data sets to construct the nonlinear regression model to estimate the size of Web apps
created using the other frameworks.

KEYWORDS: software size estimation, Web app, nonlinear regression model, normalizing transformation, non-Gaussian data.

ABBREVIATIONS P is a non-Gaussian random vector,

DIT i i i ; T.

isa depth ofmhe.rltance tree,. P-= {Y, X1, Xos..s Xk} :
KLOC is a thousand lines of code; 5. . . .

. ) R” is a multiple coefficient of determination;

LB is a lower bound;
MMRE is a mean magnitude of relative error; Sy is a sample covariance matrix, Sy = [Sij ] ;
MRE is a magnitude of relative error; T is a Gaussian random vector

PHP is a hypertext preprocessor; T
PRED is a percentage of prediction; T= {ZY TATYS PR Zk} ’

SMD is a squared Mahalanobis distance; t is a quantile of student’s t-distribution with v

UB is an upper bound. a/2,v
degrees of freedom and o/2 significance level,
) NOMENCLATURE X, is a number of classes;
b is a estimator for vector of linear regression equa- X, is a average number of methods per class;
) T X3 is a DIT mean value per class;
tion parameters, b = {bl by, "’bk} ’ Y is an actual software size in KLOC;
bj is a estimator for the i-th parameter of linear re- Zj is a j-th standard Gaussian variable that is ob-
gression equation; tained by transforming variable X;, Zj~N (O,l),
k is a number of predictors (independent variables); 12 k-
N is a number of data points; 1=12,....K;
N(O,l) is a Gaussian distribution with zero mathe- Z, is a standard Gaussian variable that is obtained by
matical expectation and unit variance; transforming variable Y, Zy ~N (O,l);

Zy is a sample mean of the Zy values;
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Zy is a prediction result by linear regression equation
for normalized data;

a is a significance level;

By is a multivariate skewness;

B, is a multivariate kurtosis;

€ is a Gaussian random variable which defines re-
siduals, &~ N(0.07);

v is a number of degrees of freedom;

G is a standard deviation of ¢
Yy is a vector of multivariate normalizing transforma-

. T
tion, W =Yy, Wi Wa. Wk
z is a vector with components Zy, —Z_l, 2, -Z,,

ces Ly —Z, for i-row.

INTRODUCTION

Early software size estimation is one of the project
managers’ significant problems in evaluating software
development efforts using mathematical models like
COCOMO 1II [1]. Now many Web apps are created using
the CakePHP framework making app development faster.
However, today some software size estimation models
that base metrics that can be measured from the class dia-
gram are known [2—10]. There are only some regression
equations and models, both linear [3, 4] and nonlinear [7,
8] ones, for estimating the software size of information
open-source PHP-based systems. This demands the con-
struction of the models for early size estimation of Web
apps created using the CakePHP framework.

The object of study is the process of estimating the
size of Web apps created using the CakePHP framework.

The subject of study is the regression models to es-
timate the size of Web apps created using the CakePHP
framework.

The purpose of the work is to increase the confi-
dence in early size estimation of Web apps created using
the CakePHP framework.

1 PROBLEM STATEMENT
Suppose given the original sample as the four-
dimensional non-Gaussian data set: actual software size in
the thousand lines of code (KLOC) Y, the total number of
classes X, the average number of methods per class X, ,

the average of Depth of Inheritance Tree (DIT) per class
X5 in class diagram from N Web apps. Suppose that

there are bijective five-variate normalizing transformation
of non-Gaussian random vector P = {Y, Xy, X5, X 3}T to

Gaussian random vector T = {ZY ,21,29,25 }T is given
by

T=y(P) (1)
and the inverse transformation for (1)
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P-y'(T). )
It is required to build the nonlinear regression model
in the form Y :Y(Xl, X5, X 3,8) based on the transforma-

tions (1) and (2).

2 REVIEW OF THE LITERATURE

In paper [3] the linear regression equations were pro-
posed for estimating the software size of open-source
PHP- and Java-based information systems. These equa-
tions are constructed on the basis of three metrics that can
be measured from conceptual data model based a class
diagram: a total number of classes, a total number of rela-
tionships, and an average number of attributes per class.
However, there are four basic assumptions that justify the
use of linear regression models, one of which is normality
of the error distribution [11-13]. But this assumption is
valid only in particular cases. Therefore, in papers [7] and
[8], the nonlinear regression models were constructed
using the same above metrics for estimating the software
size of PHP- and Java-based information systems, respec-
tively. But the size of Web apps may depend on other
metrics. That is why in [9] the nonlinear regression model
was constructed for estimating the size of Web apps cre-
ated using the Laravel framework. This model depends on
three factors (predictors), namely the total number of
classes, the average number of methods per class, and the
sum of average afferent coupling and average efferent
coupling per class. However, the size of Web apps created
using the CakePHP framework may depend on other met-
rics, and the model might have other parameters. This
leads to the need of building the nonlinear regression
model to estimate the size of Web apps created using the
CakePHP framework.

A normalizing transformation is often a good way to
construct nonlinear regression models [14—19]. According
to [16], transformations are made for essentially four pur-
poses, two of which are: firstly, to obtain approximate
normality for the distribution of the error term (residuals),
secondly, to transform the response and/or the predictor in
such a way that the strength of the linear relationship be-
tween new variables (normalized variables) is better than
the linear relationship between initial dependent and in-
dependent variables.

Well-known techniques to construct the nonlinear re-
gression models are based on the univariate normalizing
transformations (such as, the decimal logarithm, Box-Cox
transformation), and do not take into account the correla-
tion between dependent and independent variables. The
use of such univariate normalizing transformations for
constructing the nonlinear regression models does not
always lead to good normality and linear relationship be-
tween normalized variables. This leads to the need to ap-
ply multivariate normalizing transformations.

In [7] the techniques to build the models, confidence,
and prediction intervals of nonlinear regressions based on
the bijective multivariate normalizing transformations
were proposed. However, according to [20], there may be
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data sets for which the results of creating nonlinear re-
gression models depend on, firstly, which normalizing
transformation is used, univariate, or multivariate, and,
secondly, are there any outliers in the data set. That is
why, in [20] the technique to build nonlinear regression
models based on the multivariate normalizing transforma-
tions and prediction intervals was considered. In this
technique the prediction intervals of nonlinear regressions
are used to detect the outliers in the process of construct-
ing the nonlinear regression models. We apply the above
technique for building the nonlinear regression model
with three predictors to estimate the size of Web apps
created using the CakePHP framework.

3 MATERIALS AND METHODS

According to [20], the technique to build nonlinear re-
gression models based on the multivariate normalizing
transformations and prediction intervals consist of four
steps. In the first step, multivariate non-Gaussian data are
normalized using a multivariate normalizing transforma-
tion (1). To do this, we use the Box-Cox multivariate
transformation.

In the second step, the nonlinear regression model is
constructed based on the multivariate normalizing trans-
formation (1) as in [7]. Before that, we first determine
whether one data point of a multivariate non-Gaussian
data set is a multidimensional outlier. To do this, we ap-
ply the statistical technique based on the normalizing
transformations and the Mahalanobis squared distance
(MSD) as in [7, 8, 20]. If there is a multidimensional out-
lier in a multivariate non-Gaussian data set, then we dis-
card the one, and return to step 1, else build the linear
regression model for normalized data based on the trans-
formation (1) in the form

ZY :2Y +8=60+6121+6222+...+6kzk+8, (3)

¢ 1s a Gaussian random variable which defines residuals,
e~N(0,02).
After that the nonlinear regression model is built on

the basis of the linear regression model (3) and the trans-
formations (1) and (2) as

Y =W1(2Y +s) . (4)

In the third step, the prediction interval of nonlinear
regression is defined [20]

(= | T 1/2
vy | Zy ita/z,VSZY{1+W+(z;’()SE (z;)} )

where t y is a student’s t-distribution quantile with

ao/2,v
a/2 significance level and v degrees of freedom;
v=N-k—1; k is a number of independent variables (in
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our case, k is 3); zy is a vector with components
2y, =2y, Ly—=Zy, ..., L—Zy for l-row;
2

2,325 1=1200k; 83 =25y -2y
Zj Z—ZZJI 5 j=1,2,...,k ; SZY Z—Z ZYi _ZYi ,
Nl:l Vi

v=N-k-1; S; isa kxk matrix

Sz,z, Sz,z, Sz,z,
S, = S22, Sz,1, 52,2, (6)
S22, Sz,z, 52,2,

N _ _
In (6) Sz,7, Y ze - 7oz - 2], ar =12k
i=1

In the fourth step, we check if there are data that exit
the bounds of the prediction interval. And if we detect the
outliers, we discard them and repeat all the steps starting
with the first for new data without outliers, else nonlinear
regression model construction is completed.

We constructed a nonlinear regression model to esti-
mate the size of Web apps created using the CakePHP
framework by the above technique from 38 apps hosted
on GitHub (https://github.com). The data set was obtained
using the PhpMetrics tool (https://phpmetrics.org/) around
following variables: actual software size in the thousand
lines of code (KLOC) Y, the total number of classes X,

the average number of methods per class X,, and the
average of Depth of Inheritance Tree (DIT) per class X; .

Table 1 contains that data set. We chose the above predic-
tors Xy, X,,and X5 for two reasons. Firstly, these pre-

dictors can be obtained from the class diagram, and, sec-
ondly, there is no multicollinearity between these predic-
tors according to [21, 22] since variance inflation factors
for predictors X;, X,, and X3 are equal to 1.08, 1.03,

and 1.11, respectively.

We checked the four-dimensional data from Table 1
for multivariate outliers. But before that, we tested the
normality of multivariate data from Table I because well-
known statistical methods (for example, multivariate out-
lier detection based on the squared Mahalanobis distance
(SMD)) are used to detect outliers in multivariate data
under the assumption that the data is described by a Gaus-
sian distribution [18, 23]. We applied a multivariate nor-
mality test proposed by Mardia and based on measures of
the multivariate skewness 3; and kurtosis B, [24, 25].

According to this test, the distribution of four-
dimensional data from Table I is not Gaussian since the
test statistic for multivariate skewness NB,/6 of this
data, which equals to 161.59, is greater than the quantile
of the Chi-Square distribution, which is 40.00 for 20 de-
grees of freedom and 0.005 significance level.
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Similarly, the test statistic for multivariate kurtosis
B, , which equals to 44.38, is greater than the value of the

Gaussian distribution quantile, which is 29.79 for 24
mean, 5.05 variance, and 0.005 significance level. Be-
cause we used the statistical technique [26] to detect mul-
tivariate outliers in the four-dimensional non-Gaussian
data from Table I based on the multivariate normalizing
transformations and the SMD for normalized data. To
normalize the data from Table 1, we applied the four-
variate Box-Cox transformation with components [18]

x-*i—1)/x-, it ) #0;
2 =x)- ( J nn
In(X ), it 2 =0.

is a Gaussian variable; A is a parameter of

@)

Here Z i

the Box-Cox transformation, j=1,2,3. The variable Zy is

defined analogously (7) with the only difference that in-
stead of Z;, X, and Aj should be put respectively Zy,

Y,and Ay .

Table 1 — The data set and SMD values

No Y X Xa X3 SMD SMD;,
1 0.448 4 4.75 1.40 2.07 4.02
2 7.846 90 3.86 1.71 0.08 1.01
3 4.345 42 4.19 1.81 0.11 0.63
41 2717 60 2.20 2.11 3.84 6.24
5 2.954 45 3.13 2.13 2.34 3.42
6 1.717 26 2.54 1.44 2.09 5.11
7 0.212 1 7.00 2.00 431 6.07
8 1.149 14 3.86 1.73 0.30 0.56
9 0.477 8 2.63 2.20 3.84 3.55
10| 61.269 487 4.93 1.79 19.41 5.77
11| 0.124 2 2.50 2.00 2.60 4.23
12| 0.358 2 3.50 2.00 1.22 16.19
13| 0.349 8 2.25 1.38 3.15 5.86
14| 3.486 29 3.62 2.00 1.05 4.67
15| 1.538 11 5.82 1.80 1.51 1.71
16| 0.365 4 4.00 1.50 1.08 2.53
17| 2.332 23 4.00 1.79 0.21 0.26
18| 24.347 328 3.59 1.24 7.78 4.59
19| 12.433 66 6.52 1.79 3.08 3.82
20| 0.948 10 4.30 1.78 0.28 0.84
21| 1.826 20 4.15 1.60 0.47 0.28
22| 0.882 9 3.56 1.60 0.72 1.52
23| 3.567 23 6.83 1.24 7.30 6.55
24| 3.735 49 3.57 1.70 0.22 0.53
25| 47.61 289 5.33 1.33 18.86 7.55
26| 4.029 58 3.38 1.54 0.61 0.72
27 3.5 40 4.18 1.63 0.23 0.55
28| 0.131 3 2.00 1.67 2.73 6.61
29| 2.227 23 422 1.46 1.11 0.83
30| 0.521 2 8.50 3.00 20.51 12.06
31| 1.494 22 3.41 1.35 1.94 2.30
32| 0.906 5 7.80 1.60 7.59 5.31
33| 0471 5 3.80 2.00 0.97 1.26
34| 24.04 303 3.67 1.75 5.34 3.74
35| 2.681 23 4.78 1.71 0.39 0.39
36| 20.327 308 3.94 1.20 9.35 6.58
37| 24.66 367 3.36 1.64 11.55 4.01
38 0.142 3 3.00 2.00 1.76 10.13
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The parameter estimates of the four-variate Box-Cox
transformation for the data from Table 1 are calculated by
the maximum likelihood method according to [18] and are

Ay =—=0.004265, i, =0.012715,

A

Ay =—0.610377.

Table 1 contains the SMD for normalized data
(SMDy), which is transformed using the four-variate
BCT. The SMDy values from Table 1 indicate there is one
multivariate outlier in four-dimensional non-Gaussian
data since the SMD; value for row 12 is greater than the
quantile of the Chi-Square distribution, which equals to
14.86 for the 0.005 significance level. In Table 1, the row
numbers with the outliers are highlighted in bold. Also,
Table 1 contains the SMD values for data without nor-
malization. Note, for data without normalization, row 30
is the multivariate outlier since the SMD value for row 30
is greater than the quantile of the Chi-Square distribution
for the 0.005 significance level.

Then, we built the linear regression model for data
from Table 1 in the form

A

Ay =—-0.267106,

Y =b, +B,X, +0,X, +b,X, +¢, (8)

where b,, b, b,, and b, are parameter estimates,

b, =0.09974 , b, =1.02683,

b, =—4.4155,
63 =-0.05258, ¢ is a error term, which must be a Gaus-
sian random variable to describe residuals, €~ N(O,cﬁ),

o, is a standard deviation with the estimate 6, of 4.764.

According to [14], for error term in a linear regression
model “the assumption of normality may be checked by
examining the residuals.” The null hypothesis H, that the
observed frequency distribution of the & values in (8) is
the same as the normal distribution (there is no difference
between the distributions) was checked by the Pearson
Chi-Squared test. We rejected the null hypothesis Hy with

the 0.05 significance level since the y?* test statistic,

which equals to 30.06, surpasses the critical value from
the Chi-Squared distribution that is 7.81 for 0.05 signifi-
cance level and 3 degrees of freedom. That is why there is
no justification for the use of a linear regression model for
mathematical modeling of the size of Web apps created
using the CakePHP framework because the error distribu-
tion is not the Gaussian one. This creates a need to apply
the nonlinear regression models in our case.

The nonlinear regression model with three predictors
for estimating the size of Web apps created using the
CakePHP framework is constructed based on the four-
variate Box-Cox transformation for 37 data rows from
Table 1 (without row 12) according to [20] and has the
form [27]

Y= [):Y (ZY +s)+l]l/iy , ©)
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where ¢ is a Gaussian random variable, e~ N (O, csg ), with

the estimate G, of 0.1286; ZY is a prediction result by
the
ZY = 50 + 6121 + 6222 + 6323 for normalized data, which
are transformed by the four-variate Box-Cox transforma-
tion with components (7); 60 =-4.27326, 51 =1.06624,
b, =1.17959, by =0.37559, Ay =-0.02762,
A =—0.02795, A, =0.020293, A3 =—0.67526.

linear regression equation

According to [20], after constructing a model (9), we
have to find the nonlinear regression prediction interval
by (5).

In the second iteration, for the data normalized by the
four-variate Box-Cox transformation from 37 Web apps
(without row 12), the matrix (6) is following

7991 -1.12 -2.60
Sy =|-1.12 450 0.049
—-2.60 0.049 0.594

As we observe, there are two values of Y for Web ap-
plications 14 and 38 that are out of the prediction intervals
computed by (5) for a significance level of 0.05. In Table
2, we marked the prediction interval lower (LB) and up-
per (UB) bounds calculated in the second iteration as LB,,
and UB,.

Next, we erased data in Web applications 14 and 38.
After that, we used data from the remaining 35 apps to
construct the model. In nonlinear regression model (9)
with parameters’ estimates acquired from 35 rows of data,
it appeared that two values of Y for rows 6 and 22 exceed
the prediction interval. After five iterations, we saved 32
Web applications from Table 1 (excluding rows 6, 12, 14,
22, 25, and 38). There were no outliers in the fifth itera-
tion. We completed the stages’ iterations, and constructed
nonlinear regression model (9) with 32 Web applications
data. In Table 2, we marked the prediction interval LB
and UB calculated in the third and fifth iterations as LB;
and UB;, and as LBs and UBs, respectively. We high-
lighted the row numbers with the data outliers in bold,
and a dash (-) shows the exception of the relevant num-
bers of data at the corresponding iteration.

In the fifth iteration, the parameter estimates for the
model (9) constructed by the four-variate Box-Cox trans-

formation from 32 Web apps are iy =-0.05722,
A =-0.03731, i, =-0.10586,  A;=-0.74223,
by =—4.43109 by =1.05416, b, =1.39398,

b, =0.51635 , the estimate &, is 0.05174.
In this case, the matrix (6) is following

© Prykhodko S. B., Shutko 1. S., Prykhodko A. S., 2021
DOI 10.15588/1607-3274-2021-4-12

6635 -1.72 —-1.88
S, =[-172 286 0.0605
—1.88 0.0605 0.485

We checked the multivariate normality of 32 rows of
normalized data from Table I in the fifth iteration with a
test proposed by Mardia [24].

Table 2 — LB and UB of nonlinear regression prediction
intervals in various iterations

No| LB, UB, LB; UB3 LBs UBs

1 0.327 0.578 0.370 0.542 0.389 0.488
2 5.943 10.764 6.270 9.713 6.711 8.686
3 3.153 5.635 3.344 5.083 3.593 4.602
4 2.054 3.783 2.127 3.287 2.267 2.936
5 2421 4.386 2.550 3.902 2.768 3.560
6 0.993 1.766 1.062 1.582 — —

7 0.140 0.247 0.161 0.234 0.177 0.221
8 0.951 1.661 1.030 1.516 1.096 1.379
9 0.363 0.640 0.406 0.596 0.435 0.547
10 43.538 84.434| 49.177 83.162 53.748 73.141
11 0.086 0.150 0.106 0.151 0.112 0.139
13 0.268 0.476 0.305 0.447 0.309 0.390
14 1.864 3.320 - - — -

15 1.240 2.199 1.336 1.992 1.435 1.819
16 0.274 0.478 0.313 0.453 0.330 0.411
17 1.637 2.886 1.750 2.610 1.873 2.373
18 17.263 32.698 18.271 29.783 18.985 25.330
19 8.599 15.940 9.276 14.712 9.962 13.073
20 0.781 1.363 0.852 1.250 0.912 1.145
21 1.448 2.546 1.553 2.308 1.644 2.079
22 0.545 0.948 0.602 0.878 — -

23 2.797 5.212 2.988 4.675 3.085 4.022
24 2.958 5.274 3.120 4.729 3.320 4.245
25 26.354 50.163 29.090|  48.006 - -

26 3.170 5.667 3.332 5.063 3.504 4.488
27 2917 5.189 3.094 4.681 3.286 4.198
28 0.095 0.167 0.115 0.166 0.118 0.148
29 1.649 2.921 1.766 2.641 1.852 2.352
30 0.377 0.705 0.412 0.627 0.465 0.598
31 1.182 2.103 1.271 1.898 1.316 1.671
32 0.768 1.387 0.830 1.245 0.882 1.122
33 0.347 0.603 0.391 0.566 0.422 0.526
34 18.389 34.579 19.637 31.872 21.267 28.262
35 2.014 3.567 2.152 3.229 2.299 2.923
36 18.081 34.434 19.288 31.626 19.989 26.765
37 19.411 36.531 20.576 33.428 22.101 29.389
38 0.159 0.275 - - — -

According to Mardia’s test, the distribution of 32 rows
of normalized data from Table I (excluding rows 6, 12,
14, 22, 25, and 38) is Gaussian since the test statistic for
multivariate skewness Nf,/6 of this data, which equals
to 14.05, is less than the quantile of the Chi-Square distri-
bution, which is 40.00 for 20 degrees of freedom and
0.005 significance level. Similarly, the test statistic for
multivariate kurtosis B,, which equals to 23.80, is less
than the quantile of the Gaussian distribution, which is
30.31 for 24 mean, 6.0 variance, and 0.005 significance
level.

133



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminas. 2021. Ne
Ne

p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021.

4
4

4 EXPERIMENTS

For comparison of the model (9) with other nonlinear
regression models with three predictors, two nonlinear
regression models are built based on 32 data rows from
Table 1 (without rows 6, 12, 14, 22, 25, and 38) using the
Box-Cox univariate transformation and the decimal loga-
rithm univariate one.

The nonlinear regression model based on the linear
regression model (3) for the normalized data and the
decimal logarithm univariate transformation has the form

Y =105 X D) B x B (10)

where the estimators for parameters are: 60 =-1.80484,
b, =0.981865, b, =1.186738, b; =0.319789 . The esti-
mate &

. 15 0.029761.

The nonlinear regression model based on the Box-Cox
univariate transformation is analogously (9) with the only
difference that the data for variables are normalized by
the Box-Cox univariate transformation using the maxi-
mum likelihood method [18]. The estimators for parame-
ters of the Box-Cox univariate transformation for each

from variables Y, X;, X,, and X; are XY =-0.054396,

A, =—0.04861, h,=-0.15995, i,=-0.70493. The

parameter estimators of the linear regression model for
normalized data by the Box-Cox univariate transforma-

tion are by=-4.55626, b =1.09337, b,=1.50882,

63 =0.529486 . The estimate 6, is 0.055974.

The computer program implementing the constructed
models (9) and (10) was developed to conduct experi-
ments. The program was written in the sci-language for
the Scilab system. Scilab (http://www.scilab.org) is the
free and open source software, the alternative to commer-
cial packages for system modeling and simulation pack-
ages such as MATLAB and MATRIXx [28].

S RESULTS

The prediction results Y of nonlinear regression mod-
els (9) and (10) for values of predictors from Table 1
(without rows 6, 12, 14, 22, 25, and 38) and values of
MRE are shown in the Table 3. The prediction results by
model (9) and values of MRE are shown in the Table 3
for two cases: Box-Cox univariate and four-variate nor-
malizing transformations.

Table 3 — The prediction results and confidence intervals of multiple regressions

. . Univariate transformations
the four-variate Box-Cox transformation - - - -
No the decimal logarithm transformation the Box-Cox transformation
Y MRE LB UB Y MRE LB UB Y MRE LB UB

1 0.436 0.0274 0.419 0.454 0.433 0.0344 0.409 0.457 0.435 0.0285 0.417 0.455
2 7.631 0.0274 7.401 7.869 7.667 0.0229 7.399 7.943 7.701 0.0185 7.451 7.960
3 4.065 0.0645 3.958 4.174 4.072 0.0629 3.947 4.201 4.149 0.0450 4.032 4.270
4 2.578 0.0510 2.445 2.720 2.826 0.0400 2.643 3.021 2.592 0.0461 2.446 2.746
5 3.138 0.0622 3.012 3.269 3.247 0.0992 3.085 3.418 3.201 0.0836 3.063 3.346
7 0.197 0.0686 0.188 0.207 0.197 0.0710 0.184 0.211 0.189 0.1077 0.180 0.199
8 1.229 0.0699 1.204 1.255 1.238 0.0775 1.204 1.273 1.254 0.0918 1.226 1.283
0.488 0.0230 0.468 0.508 0.490 0.0262 0.462 0.519 0.493 0.0328 0.471 0.515
10 62.657 0.0227 58.937 66.626 54.581 0.1092 51.153 58.238 59.540 0.0282 55.807 63.537
11 0.125 0.0041 0.119 0.130 0.115 0.0757 0.108 0.122 0.121 0.0213 0.116 0.127
13 0.347 0.0053 0.331 0.364 0.350 0.0040 0.328 0.374 0.346 0.0097 0.328 0.364
15 1.615 0.0500 1.566 1.665 1.611 0.0474 1.549 1.675 1.642 0.0676 1.589 1.697
16 0.368 0.0083 0.356 0.381 0.361 0.0119 0.344 0.378 0.368 0.0078 0.355 0.382
17 2.107 0.0964 2.061 2.154 2.126 0.0884 2.069 2.185 2.156 0.0755 2.105 2.208
18 21.916 0.0998 20.734 23.170 22.596 0.0719 21.294 23.978 21.199 0.1293 19.984 22.493
19 11.406 0.0826 10.903 11.934 10.687 0.1404 10.152 11.250 11.475 0.0771 10.933 12.045
20 1.021 0.0774 0.999 1.045 1.021 0.0766 0.991 1.051 1.040 0.0972 1.015 1.066
21 1.848 0.0119 1.809 1.888 1.868 0.0229 1.816 1.921 1.887 0.0333 1.844 1.931
23 3.521 0.0130 3.326 3.727 3.567 0.0000 3.332 3.819 3.553 0.0040 3.343 3.777
24 3.753 0.0047 3.660 3.848 3.839 0.0280 3.725 3.958 3.819 0.0225 3.717 3.924
26 3.964 0.0161 3.858 4.073 4.114 0.0211 3.979 4.253 4.018 0.0028 3.901 4.137
27 3.712 0.0607 3.628 3.799 3.743 0.0694 3.639 3.849 3.785 0.0814 3.692 3.880
28 0.132 0.0098 0.126 0.139 0.124 0.0563 0.115 0.133 0.129 0.0174 0.122 0.136
29 2.086 0.0631 2.031 2.144 2.122 0.0470 2.050 2.197 2.128 0.0445 2.067 2.191
30 0.527 0.0115 0.494 0.563 0.558 0.0702 0.505 0.615 0.517 0.0078 0.481 0.555
31 1.482 0.0080 1.431 1.536 1.539 0.0299 1.472 1.609 1.507 0.0087 1.451 1.566
32 0.994 0.0971 0.950 1.040 1.013 0.1176 0.952 1.077 0.990 0.0926 0.943 1.040
33 0.471 0.0002 0.458 0.485 0.463 0.0166 0.445 0.482 0.475 0.0086 0.460 0.490
34 | 24.502 0.0192 23.361 25.702 23.957 0.0034 22.720 25.261 23.885 0.0065 22.702 25.132
35 2.591 0.0336 2.531 2.653 2.588 0.0346 2.514 2.665 2.648 0.0124 2.581 2.716
36 23.116 0.1372 21.792 24.526 23.475 0.1549 22.067 24.973 22.397 0.1018 21.034 23.854
37 | 25471 0.0329 24.281 26.723 25.506 0.0343 24.174 26.912 24.616 0.0018 23.395 25.904

© Prykhodko S. B., Shutko 1. S., Prykhodko A. S., 2021

DOI 10.15588/1607-3274-2021-4-12

134



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasminss. 2021.
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2021.

Ne
Ne

4
4

The MRE values for the model (9) based on the Box-
Cox four-variate transformation are smaller than for the
model (9) based on the Box-Cox univariate transforma-
tion for 17 from 32 rows of data (rows 1, 5, 7-11, 13, 15,
18, 20, 21, 24, 27, 28, 31, 33). Also, the MRE values for
the model (9) based on the Box-Cox four-variate trans-
formation are less than for the model (10) based on the
decimal logarithm univariate transformation for 21 from
32 rows of data (rows 1, 5, 7-11, 16, 19, 21, 24, 26-28,
30-33, 35-37).

To evaluate the prediction accuracy of the nonlinear
regression models we applied the standard metrics R%
MMRE, and PRED(0.25). MMRE and PRED(0.25) are
accepted as standard evaluations of prediction results by
regression models. These metrics are applied in software
engineering too [29, 30]. The acceptable values of MMRE
and PRED(0.25) are not more than 0.25 and not less than

0.75 respectively. The values of R?, MMRE and
PRED(0.25) equal respectively 0.9963, 0.0425, and 1.0
for model (9) based on the Box-Cox four-variate trans-
formation, and equal respectively 0.9961, 0.0442 and 1.0
for the model (9) based on the Box-Cox univariate trans-
formation, and equal respectively 0.9871, 0.0552 and 1.0
for the model (10) for the decimal logarithm univariate

transformation. The MMRE and R? values are better for
the model (9) based on the Box-Cox four-variate trans-
formation.

The confidence and prediction intervals of nonlinear
regression are defined for the data from Table 1 (without
rows 6, 12, 14, 22, 25, and 38). Table 3 contains the lower
(LB) and upper (UB) bounds of the confidence intervals
of nonlinear regressions based on the univariate and four-
variate transformations respectively for 0.05 significance
level. We defined the confidence intervals of the sample
mean of size using (5) with the only difference that in the
sum in curly brackets, there is not 1. The widths of the
confidence interval of nonlinear regression based on the
Box-Cox four-variate transformation are less than for
nonlinear regression based on the Box-Cox univariate
transformation for all 32 rows of data. Also, the widths of
the confidence interval of nonlinear regression based on
the Box-Cox four-variate transformation are less than for
nonlinear regression based on the decimal logarithm uni-
variate transformation for 31 from 32 rows of data (except
row 10). Approximately the same results are obtained for
the prediction intervals of nonlinear regressions.

Table 4 contains the lower (LB) and upper (UB)
bounds of the prediction intervals of non-linear regres-
sions based on the univariate and multivariate transforma-
tions respectively for 0.05 significance level. The widths
of the prediction interval of nonlinear regression based on
the Box-Cox four-variate transformation are less than for
nonlinear regression based on the Box-Cox univariate
transformation for all 32 rows of data. Also, the widths of
the prediction interval of nonlinear regression based on
the Box-Cox four-variate transformation are less for non-
linear regression based on the decimal logarithm univari-
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ate transformation for 31 from 32 rows of data (except
row 10).

Note, a more significant advantage of the model (9)
constructed by the four-variate Box-Cox transformation
compared with the two above models based on the uni-
variate transformations is the smaller widths of the confi-
dence and prediction intervals. Such, the width of the
nonlinear regression prediction interval for the four-
variate Box-Cox transformation is less than after the uni-
variate Box-Cox transformation for all 32 data rows (with
the difference up to 11%) and less than after decimal
logarithm univariate transformation for 31 (with the dif-
ference up to 49%) from 32 data rows (except row 10
with the difference of 9%).

Table 4 — The bounds of prediction interval

univariate four-variate
No Y decimal logarithm Box-Cox Box-Cox
LB UB LB UB LB UB

1 0.448| 0.369] 0.507| 0.385] 0.493| 0.389] 0.488
2 7.846| 6.586| 8.924| 6.707| 8.853| 6.711] 8.686
3 4.345| 3.501] 4.735] 3.633] 4.744| 3.593] 4.602
4 2.717| 2.403] 3.323| 2.255] 2982| 2267 2936
5 2.954| 2.777| 3.797| 2.796] 3.669| 2.768| 3.560
7 0.212| 0.167) 0.232| 0.168] 0.214] 0.177| 0.221
8 1.149] 1.065] 1.439| 1.108] 1421 1.096] 1.379
9 0.477| 0418] 0.574] 0.435] 0.558] 0.435] 0.547
10 | 61.269| 46.450| 64.135| 50.568| 70.205| 53.748| 73.141
11 0.124| 0.098] 0.135{ 0.108] 0.137| 0.112] 0.139
13 0.349] 0.298] 0.412| 0.305] 0.392] 0.309] 0.390
15 1.538] 1.383| 1.877| 1.445] 1867 1435 1.819
16 0365 0.309] 0.421| 0.326] 0415 0.330] 0411
17 2.332| 1.829] 2470 1.898| 2451| 1.873] 2.373
18 | 24.347] 19.271| 26.495| 18.181| 24.751| 18.985] 25.330
19 | 12.433] 9.140| 12.496] 9.922| 13.287| 9.962| 13.073
20 0.948| 0.878] 1.187] 0920 1.177] 0.912| 1.145
21 1.826] 1.607| 2.171] 1.662| 2.143] 1.644] 2.079
23 3.567| 3.031| 4.197] 3.081| 4.101| 3.085] 4.022
24 3.735] 3302 4.464| 3.346| 4362 3.320[ 4.245
26 4.029| 3.536] 4.787| 3.518] 4.593| 3.504] 4.488
27 3.5000 3.220{ 4.350{ 3.318] 4.321] 3.286] 4.198
28 0.131] 0.105] 0.146] 0.114] 0.145] 0.118] 0.148
29 2227| 1.824] 2.470{ 1.871] 2422 1.852| 2.352
30 0.521| 0.467] 0.666] 0.451] 0.593] 0.465] 0.598
31 1.494] 1.319] 1.795| 1.325| 1.716] 1.316] 1.671
32 0.906| 0.863] 1.188] 0.869] 1.128| 0.882| 1.122
33 0.471] 0.397] 0.540| 0.422| 0.536] 0.422] 0.526
34 24.04| 20.478| 28.028| 20.527| 27.827| 21.267| 28.262
35 2.681| 2.226] 3.009| 2.327| 3.016] 2.299| 2.923
36 | 20.327| 20.001| 27.551| 19.173| 26.199| 19.989| 26.765
37 24.66] 21.797| 29.846| 21.150| 28.685| 22.101| 29.389

Also, the width of the nonlinear regression prediction
interval for the four-variate Box-Cox transformation is
less than after the univariate Box-Cox transformation for
all 32 data rows (with the difference up to 11%) and less
than after decimal logarithm univariate transformation for
31 (with the difference up to 59%) from 32 data rows
(except row 10 with the difference of 8%).

6 DISCUSSION
We apply four-variate normalizing transformations to
build the nonlinear regression model for estimating the
size of Web apps created using the CakePHP framework
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by appropriate techniques [20] since the error distribution
of the linear regression model is not Gaussian what the
chi-squared test result indicates. Also, there are outliers in
the data from Table 1. Moreover, the four-variate distribu-
tion of the data from Table 1 is not Gaussian what the
Mardia multivariate normality test based on measures of
the multivariate skewness and kurtosis indicates. Because
we use the statistical technique [26] to detect multivariate
outliers in the four-dimensional non-Gaussian data from
Table I based on the multivariate normalizing transforma-
tions and the SMD for normalized data. Note, we have
other four-variate outliers for the data from Table 1 with-
out applying normalization compared to outlier detection
results using the above technique [26].

Also note that in our case for the data from Table 1,
the poor normalization of multivariate non-Gaussian data
using the Johnson univariate transformation leads to an
increase in the widths of the confidence and prediction
intervals of multiple nonlinear regression for a larger
number of data rows compared to the Box-Cox four-
variate transformation.

The widths of the confidence and prediction intervals
of multiple nonlinear regression based on the Box-Cox
four-variate transformation are smaller for more data rows
than for multiple nonlinear regressions following the uni-
variate transformations, both the decimal logarithm and
the Box-Cox ones. Also the MMRE value is smaller for
the model (9) for the Box-Cox four-variate transformation
in comparison with all other nonlinear models based on
univariate transformations. This may be explained best
four-variate normalization of non-Gaussian data from
Table 1 using the Box-Cox four-variate transformation.

The obtained results and results from [9] indicate that
constructing a multiple nonlinear regression model to
estimate the size (in KLOC) of Web apps using the spe-
cific framework (CakePHP in our case and Laravel in [9])
leads to an increase of confidence in estimating.

CONCLUSIONS

The important problem of increase of confidence in
estimating the size of Web apps created using the
CakePHP framework is solved.

The scientific novelty of obtained results is that three-
factors nonlinear regression model to estimate the size of
Web apps created using the CakePHP framework is firstly
constructed on the basis of the Box-Cox four-variate
transformation. This model, in comparison with other
nonlinear regression models, has a smaller value of the
mean magnitude of relative error, smaller widths of the
confidence and prediction intervals of three-factors
nonlinear regression.

The practical significance of obtained results is that
the software realizing the constructed model is developed
in the sci-language for Scilab. The experimental results
allow to recommend the constructed model for use in
practice.

Prospects for further research may include the ap-
plication of other multivariate normalizing transforma-
tions and data sets to construct multiple nonlinear regres-
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sion models for estimating the size of Web apps created
using the specific frameworks.
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HEJIIHIIHA PET'PECIMHA MOJEJIb JJI1 OUIHIOBAHHS PO3MIPY BEB-3ACTOCYHKIB, 1[0
CTBOPIOIOTHCH 3 BAKOPUCTAHHSM GPEMMBOPKY CAKEPHP

IIpuxoabko C. B. — 1-p TexH. Hayk, npodecop, 3aBigyBau Kadeapu NporpaMHOro 3abe3nedeHHs aBTOMaTH30BaHuX cucTeM Ha-
LiOHAJIBHOTO yHIBEepCHUTETY KopabiebymyBaHHs iMeHi agMipana MakapoBa, MukounaiB, YkpaiHa.

yTtko 1. C. — acmipanTt kadeapu nporpaMHOTo 3a0e3NeueHHsT aBTOMAaTH30BaHUX cucTeM HarioHambHOTO YHIBEpCHTETY KOpad-
neOymyBaHHs iMeHi aaMipana MakapoBa, MukomnaiB, YkpaiHa.

Ipuxoabko A. C. — cryzaeHT Kadenpu nporpaMHOro 3abe3rneyeHHs aBTOMAaTH30BaHUX CHCTeM HaliOHanbHOro yHiBEpCHTETY
KkopabuieOynyBaHHs iMeHi agMipana Makaposa, Mukonai, Ykpaina.

AHOTAIIA

AxTyanbHicTh. [Ipo0iemMa oLiHIOBaHHS PO3MIpy MPOrpaMHOro 3a0e3NeueHHs Ha paHHIH CTazii mporpaMHOro MPOeKTy € BaXKIIH-
BOIO, OCKIJIbKH OLIiHIOBaHHS PO3MIPY IPOrPaMHOro 3a0€3MeUeHHs] BUKOPUCTOBYETHCS VISl IPOTHO3YBAHHS TPYIOMICTKOCTI PO3POOKH
MPOrpaMHOro 3a0e3eueHHsl, BKIIOYalul Be0-3aCTOCYHKH 3 BiAKpUTUM KoxoMm Ha PHP, 1o cTBopeHi i3 BUKOpHCTaHHAM (QpeiiMBOp-
ky CakePHP. O6’exTOM IOCTIIKEHHS € MPOIIeC OLIHIOBaHHS PO3Mipy Be0-3aCTOCYHKIB 3 BiZkpuTiuM kogoMm Ha PHP, mo cTBopeHi i3
BukopuctaHHsM ¢peiimBopky CakePHP. Ilpenmerom mocmimpkeHHs € HENiHINHHI perpeciiiHi MOAemi U OLiHIOBaHHS PO3Mipy BeO-
3aCTOCYHKIB 3 BikpuTuM KozoMm Ha PHP, mo cTBopeHi i3 Bukopucranusam ¢peiimBopky CakePHP.

Meta. Metoto poboTH € moOymoBa HENHIHHOI perpeciiHoi Mozeni 3 TppOMa MPEeAUKTOpaMHU IS OIIHIOBAaHHS PO3Mipy BeO-
3aCTOCYHKIB, IIO0 CTBOPIOIOTECS i3 BUKOpucTaHHsIM ¢petlimBopky CakePHP Ha 0CHOBI 4OTHPHBHMIPHOTO HOPMAJIi3yl04Oro MEPETBO-
pennst bokca-Kokca, o0 miIBUIIUTH AOCTOBIPHICTH PAHHBOTO OIIHIOBAHHS PO3MIPY IIUX 3aCTOCYHKIB.

Metoa. Mozenb, 10BipUi iHTepBanu Ta iHTepBaiK MepeadadeHHs 6araTOBUMIpHOT HENiHIHHOT perpecii At OLiHIOBaHHS PO3MIpY
Be0-3aCTOCYHKIB 3 BiikputuM KozoMm Ha PHP, cTBopenux i3 Bukopucrantsm ¢peiimBopky CakePHP, moGynoBaHi Ha ocHOBI GaraTo-
BHMipHOTO HOpMallizyrouoro neperBopeHHs bokca-Kokca s HerayciBChbKUX JaHHX 3a JTOTIOMOTOO BiAMIOBITHUX METOAIB. MeToau
moOyI0BH MOJENel, PiBHAHB, TOBIPYMX IHTEPBANIIB 1 IHTEPBANIB MepeAOaucHHs HENIHIHUX perpeciii 3aCHOBaHI Ha MHOXUHHOMY
HEJHIHHOMY perpeciiiHoMy aHaii3i 3 BUKOPHCTAHHSM 0araTOBUMipHAX HOpPMaJli3ylounXx HepeTBOpeHb. Lli MeToau N03BONIMIOTh Bpa-
XOBYBaT! KOPEJAIII0 MK 3aJISKHUMH Ta He3aIeKHIMH 3MIHHUMH Yy pa3i HopMaizalii 6araToBUMipHUX HETayCiBCBKHX JaHHX. 3a-
rajoMm, Ie IPU3BOJNUTH 10 3MEHIICHHS CEPEIHbOI BEIMYMHH BiTHOCHOI MOXUOKY, INUPHUHY JOBIPYMX IHTEPBAIIB 1 iIHTEpBAJIB Iepea-
OaveHHs B MOPIiBHSIHHI HEJIHIHHUMH MOJIENSIMU, OOy JOBAaHUMH 3 BUKOPUCTAHHSAM OJJHOBUMIPHHUX HOPMaJi3yIOUHX NEPETBOPEHb.

Pe3yabraTn. [IpoBeneHo NopiBHAHHS 00y JOBaHOI MOJIEINI 3 HENIIHIHHUMH PErpeciiHIMHU MOJICTISIMHU HA OCHOBI IECATKOBOTO JIO-
rapuMy Ta ogHOBUMIpHOTO HiepeTBopenHs bokca-Koxca.
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BucnoBku. Mozens HemiHiiHOI perpecii 3 TppOMa MPeIUKTOPaMH [UIS OLIHIOBAHHS PO3Mipy Be0-3aCTOCYHKIB, CTBOPEHHX 3a JI0-
nomororo ¢peitmBopky CakePHP, nobynoBana Ha ocHOBI yoTHpHBHMIpHOTO neperBopeHHs bokca-Koxkca. s Monenb, y nmopiBHsIHHI
3 IHIIIUMH HENIHIHHUME perpeciiHuMU MOJICIISIMU, Ma€ OLTBINNI MHOKHHHUI KOe]illieHT qeTepMiHallii, MEHIIIEC 3HAUCHHS CEPEeIHBOT
BEJIMYMHHU BIIHOCHOT MOXMOKM Ta MEHIII IIMPUHHU JOBIPYUX IHTEpBaIiB Ta iHTepBaiiB nepenbadyeHHs. [IepcrieKTHBH MOAANBIINX
JOCII/KEHb MOXKYTh BKJIIOYATH 3aCTOCYBaHHs HIIMX 0araTOBHMIpHHX HOPMali3ylOYHX MEpPeTBOPEHb Ta HAOOPIB AaHHX AJIs MOOY-
JOBU HENMIHIHHUX PErpecifHuX MOJeel A OIiHIOBaHHS PO3Mipy BeO-10aTKiB, CTBOPEHHUX 3 JOMOMOTOI0 1HIINX (PEHMBOPKIB.

KJIFOYOBI CJIOBA: oninka po3mipy nporpaMHoro 3abe3nedeHHs, Be0-10JaTOK, HeNliHiifHa perpeciiHa MOJIeNlb, HOpMai3ylo-
4e MepeTBOPCHHS, HerayCiBChKi JaHi.

VK 004.412:519.237.5

HEJIMHEWHASI PETPECCUOHHASI MOJIEJIb JJIs1 OHEHKU PASMEPA BEB-IIPUJIOKEHHUM, CO3JIABAEMBIX
C ICITIOJIb30BAHUEM ®PEMMBOPKA CAKEPHP

Hpuxoabko C. b. — 1-p TexH. HayK, nMpodeccop, 3aBeAyIOMuil Kageapoil MporpaMMHOT0 00ECIICYeHUSI aBTOMATU3UPOBAHHBIX
cucreM HarmponansHOro yHHBEpCHTETY KOpadiecTpoeHuss UMeHH agMupana Makaposa, Hukonaes, YkpanHa.

IlyTtko U. C. — actiupanT Kadeapsl IporpaMMHOro 00ecIedeH s aBTOMaTH3MPOBAHHBIX CHCTeM HannoHaasHOTO YHHBEPCHTETY
KopabiecTpoeHust uMeHu agmupaina Makaposa, Hukonaes, YkpauHa.

Ipuxoabko A. C. — cTyneHT kKadeapbl IPOrpaMMHOro 00ecreueHns] aBTOMaTU3UPOBAHHbBIX cucTeM HaruoHansHOro yHUBepCH-
TeTy KopalnecTpoeHus UMeHH agmupana Makaposa, Hukomnaes, YkpanHa.

AHHOTAIUA

AxTyanbHocTh. [Ipobiema oreHky pa3Mepa IpOrpaMMHOTO 0OECTIeUeHUs Ha paHHEeH CTaJuu IPOrPAMMHOTO TPOEKTA SBIISIETCS
Ba)KHOH, OCKOJIBKY OLIEHKH pa3Mepa IPOrpaMMHOTO 00eCHedeH s HCIONB3yeTCs AT IPOTHO3UPOBAHUS TPYIOEMKOCTH Pa3pabOTKI
IIPOrpaMMHOT0 o0ecedeH s, BKII04asl BeO-TIPHIIOKEHHUSI C OTKPBITEIM KojioM Ha PHP, co3naHHBIX ¢ Mcnonb3oBaHueM GpedMBOpKa
CakePHP. O6bexToM HcciieoBaHus SIBISIETCS IPOLIECC OLICHKU pa3Mepa BeO-NPUIIoKEeHHH ¢ OTKPBITHIM KojoM Ha PHP, coznanHBIX
¢ ucnons3zoBanueM QpeiimBopka CakePHP. [Ipenmerom mcciieoBaHus SBISCTCS HEIMHCHHbBIC PErPECCHOHHBIC MOJICIN ISl OIICHKH
pasMepa BeO-IpUIIoKeHUH ¢ OTKpbITHIM KooM Ha PHP, coznannbix ¢ ucnons3oBanueM ¢peiimBopka CakePHP.

Lean. Llenpio paboTHI ABNSETCS MOCTPOCHUE HEIMHEWHON PErpecCHOHHOI MOJIENH ¢ TpeMs MPEAUKTOpaMu AJIsl OLICHKU pa3Mepa
BEO-TIPUIIOKEHHH, CO3IaBaEMBIX C HCTONb30BanueM ¢peiimBopka CakePHP Ha 0cHOBe YeThHIpeXMEPHOTO HOPMAIH3YIOIIETO IPeod-
pasoBanust bokca-Kokca, 9T00bI HOBBICHTH JOCTOBEPHOCTh PAHHETO OLICHWBAHUS Pa3Mepa 3TUX MPUIIOKECHHH.

MeTtoa. Mojenb, 10BEepUTENbHbIE HHTEPBAIBI U MHTEPBAIBI IIPEICKAa3aHNs] MHOTOMEPHOH HEIMHEHHOH perpeccu Ui OLCHKH
pa3Mepa BeO-TIPHIIOKEHUH ¢ OTKPHITHIM KomoM Ha PHP, co3manHbIx ¢ ncmonb3oBanueM ¢peiimBopka CakePHP, moctpoenst Ha oc-
HOBE MHOTOMEPHOTO HOPMAaJIN3YIOIIero npeodpazosanus bokca-Kokca ayist HerayCCoBCKMX JaHHBIX C MTOMOIIBIO COOTBETCTBYIOIIIX
METOJ0B. MeTo/bl IOCTPOCHUS MOJIeiel, yPaBHEHHH, TOBEPUTEIbHBIX HHTEPBAIIOB U MHTEPBAJIOB MPEACKA3aHUs HEIIMHEHHBIX per-
peccuii OCHOBaHBI HA MHOXKECTBEHHOM HEJIMHEHHOM PErpecCHOHHOM aHAJIN3e C MCIOJIB30BAaHUEM MHOTOMEPHBIX HOPMAaIN3YIOMINX
peoOpazoBaHuil. DTH METOBI MTO3BOJISAIOT YUUTBHIBATE KOPPETALMIO MEXK/Y 3aBUCUMBIMHU U HE3aBUCUMBIMU NIEPEMEHHBIMH B CITydae
HOPMaJTH3al[M MHOTOMEPHBIX HErayCCOBCKUX JAHHBIX. B 00IeM, 3TO MPUBOAUT K yMEHBIIEHUIO CPEAHEH BETMUYNHBI OTHOCHUTENb-
HOHM TOTPENIHOCTH, IIUPHHBI JOBEPUTENBHBIX HHTEPBAIOB U MHTEPBAIOB MPEACKA3aHMS IO CPABHEHUIO HEIMHEHHBIMU MOJCISIMH,
MOCTPOCHHBIMH C HCHOJIB30BAaHNEM OJHOMEPHBIX HOPMAIH3YIONIUX MpeoOpa3oBaHuil.

Pe3yabTatsl. [IpoBenieHo cpaBHEHHE IIOCTPOSHHONW MOJETH C HEIMHEHHBIMHU PErpecCHOHHBIMU MOJAEISIMH HA OCHOBE IECSTHY-
HOTO Jorapudma u oxHOMepHoro peobpazosanus bokca-Kokca.

BruiBoabl. Mosienis HeNMHEHHON perpeccuyl ¢ TpeMs NPEeAUKTOPaMHU JUIs OLEHKH pa3Mepa BeO-IIPUIIOKEHHH, CO3JaHHbIX C MHOo-
Mmotipio ppeiimBopka CakePHP, moctpoeHa Ha 0CHOBE YeThIpexMepHOTo npeodpazoBanus bokca-Kokca. Dta Moens, Mo CpaBHEHHUIO
C IPYTUMH HEITMHEHHBIMU PErPECCHOHHBIMU MOJEISIMU, HMEET OOJIBIINI MHOXKECTBEHHBIN KOI(Q(UIMEHT AeTepPMUHAIINY, MEHbIIEE
3HAUEHUE CpeiHel BETMYMHBI OTHOCUTEIBHON TOTPEITHOCTH U MEHBIINE IIMPUHBI JJOBEPUTEIBHBIX HHTEPBAJIOB M HHTEPBAJIOB MIPE-
ckazanus. [lepcrieKTHBBI JambHEUIINX MCCIESJOBAHMH MOTYT BKIIOYAaTh NPHUMEHEHHE APYTHX MHOTOMEPHBIX HOPMAaNM3YIOMUX Ipe-
oOpa3oBaHuil 1 HaOOPOB JAHHBIX IS TOCTPOCHUSI HEMHEWHBIX PETPECCHOHHBIX MOJENCH A OLEHKH pa3Mepa BeO-TIPHUIIOKEHHUH,
CO3aHHBIX C IOMOIIBIO JPYTHUX (PPEHMBOPKOB.

KJ/IIOUEBBIE CJIOBA: onenka pa3Mepa IpOrpaMMHOTO 0OeCHedeHHs, BEO-TIPHUIIOKEHNE, HeJIMHEeHHas perpecCHOHHAsT MO-
JieJib, HOpMaJIM3ylollee IpeoOpa3oBaHue, HerayCCOBCKUE JaHHbIC.
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ABSTRACT

Context. A feature of mobile systems is their dependence on battery charge, which is an important factor when planning various
processes, in particular when planning time of performing software rejuvenation procedure.

Obijective. The goal of this article is to develop a model of software aging process with performing rejuvenation procedure for
the Android operating system considering the factor of battery charge.

Method. A complex model based on Continuous-Time Markov Chains is proposed, which combines the software aging and re-
juvenation model, the user behavior model and consider battery charge factor. A graph of states and transitions describing a complex
model is constructed. Based on the formed graph the system of differential equations is written. The system was calculated using the
4th order Runge-Kutta method. The optimal time for the rejuvenation procedure can be determined when rejuvenation will not inter-
fere with the user and will be performed before the battery is fully discharged, ie when the probability of the system being in these
states is the lowest.

Results. The simulation of the developed model for test values of transition rates is performed. Considering the battery charge
model allows to avoid planning the rejuvenation procedure at a time when the mobile device is likely to have a low charge or be
completely discharged.

Conclusions. The proposed model based on the Markov chain allows to predict the start time of software rejuvenation procedure,
considering both user behavior and battery level, which can have a significant impact on the predicted time. Also, the early imple-
mentation of the rejuvenation procedure may have the effect of reducing the system workload and delaying the discharge of the de-
vice, which should be checked in further studies. The expediency and importance of the consideration of battery charge factor and the

need for further study of the proposed software aging and rejuvenation model are substantiated.
KEYWORDS: software aging, software rejuvenation, Markov Chains, Android.

ABBREVIATIONS

OS is an operating system,;

Ul is a user interface;

AY is an “Active Young” state;

RA is a “Rebirth Active” state;

ARe is an “Active Recovering” state;

AYS(L)p is an “Active Young Stable (Low) Power”
state;

AOS(L)p is an “Active Old Stable (Low) Power”
state;

AReS(L)p is an “Active Recovering Stable (Low)
Power” state;

ARS(L)p is an “Active Rebirth Stable (Low) Power”
state;

SYS(L)p is a “Sleep Young Stable (Low) Power”
state;

SOS(L)p is a “Sleep Old Stable (Low) Power” state;

SReS(L)p is a “Sleep Recovering Stable (Low)
Power” state;

SRS(L)p is a “Sleep Rebirth Stable (Low) Power”
state;

Op is an “Off Power” state.

NOMENCLATURE
A is a transition rate between states;
Aas 1S a transition rate from “Active” state to “Sleep”
state;
Asa 18 a transition rate from “Sleep” state to “Active”
state;
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Ayo 1s a transition rate from “Young” state to “Old”
state;

Aore 18 a transition rate from “Old” state to “Recover-
ing” state;

Arey 1S a transition rate from “Recovering” state to
“Young” state;

Ayr is a transition rate from “Young” state to “Re-
birth” state;

ARy 1S a transition rate from ‘“Rebirth” state to
“Young” state;

AupLp 1S @ transition rate from “High Power” state to
“Low Power” state;

Aipcn 1 a transition rate from “Low Power” state to
“Charging” state;

Achmp 1S @ transition rate from “Charging” state to
“High Power” state;

Aipop 1s a transition rate from “Low Power” state to
“Off Power” state;

AspLp 1S @ transition rate from “Stable Power” state to
“Low Power” state;

ALpsp 1s a transition rate from “Low Power” state to
“Stable Power” state;

t is a time;

P(t) is the probabilities vector of the system in differ-
ent states at time t;

Pavswyp(t) is the probability of a system being at time t
in the “Active Young Stable (Low) Power” state;

Paoswyp(t) is the probability of a system being at time t
in the “Active Old Stable (Low) Power” state;
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Paresuyp(t) is the probability of a system being at time
t in the “Active Recovering Stable (Low) Power” state;

Parswyp(t) is the probability of a system being at time t
in the “Active Rebirth Stable (Low) Power” state;

Psysyp(t) is the probability of a system being at time t
in the “Sleep Young Stable (Low) Power” state;

Psoswyp(t) is the probability of a system being at time t
in the “Sleep Old Stable (Low) Power” state;

Psresyp(t) is the probability of a system being at time t
in the “Sleep Recovering Stable (Low) Power” state;

Psrswyp(t) is the probability of a system being at time t
in the “Sleep Rebirth Stable (Low) Power” state;

Pop(t) is the probability of a system being at time t in
the “Off Power” state;

Tave 1 an average transition time.

INTRODUCTION

Software aging process is a phenomenon of perform-
ance deterioration and failures rate increase caused by the
accumulation of software and system errors that are un-
predictable and their effects can occur with delays in sys-
tems that run for a long time without reboots [1-7]. Ag-
ing-related errors are memory leaks, rounding errors, etc.
The phenomenon of software aging has been widely stud-
ied in various systems and applications, such as Linux,
Apache server, middleware [3—6], Android OS [8—10].

Software rejuvenation procedure is a proactive tech-
nique to prevent and delay software aging [2]. This ap-
proach involves the planned regular or irregular cleaning
of the system internal state in such a way as to reduce the
number of accumulated errors. Software rejuvenation can
be applied to different levels of the system, such as sys-
tem processes and user applications, data objects within
processes, or the entire operating system.

Mobile systems have specific characteristics of opera-
tion and use by the user, compared to server or personal
computer systems. The previous article [10] describes
some features of mobile platforms, as well as the rele-
vance of studying the phenomenon of software aging in
mobile systems. Software aging in Android OS manifests
as slow response of the user interface after prolonged use
of a mobile phone, which is common issue for most users.
Also, Android is one of the most popular systems for mo-
bile phones and occupies 84.1% of the market as of 2020
[11]. Due to the urgency of the software aging problem in
mobile systems and the popularity of Android OS, an
important task is to develop mathematical and algorithmic
tools to combat the phenomenon of software aging, in
particular modeling of the phenomenon taking into ac-
count different factors allows to plan the rejuvenation
procedure.

The object of the study is the process of software ag-
ing.

The subject of the study is a model of the software
aging process for mobile OS with performing rejuvena-
tion procedure.

The purpose of the work is to develop a model of
software aging process for Android OS with performing
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rejuvenation procedure, which takes into account the
model of mobile device usage by the users and battery
charge level.

1 PROBLEM STATEMENT

The rejuvenation procedure is used to counteract the
phenomenon of software aging. Performing this proce-
dure requires predicting the occurrence of software aging
and planning the time of rejuvenation based on the pre-
dicted data. The model of the rejuvenation process should
take into account the specific factors and features of the
Android OS, as well as data that will objectively reflect
the status and dynamics of changes in system perform-
ance to be able to make accurate predictions.

Analytical description of software aging process with
rejuvenation procedure will be presented in the form of
Continuous-Time Markov Chains. Steps needed to build a
model and perform calculations to determine the optimal
rejuvenation time:

— build and describe the model of software aging
process and rejuvenation procedure, the model of the bat-
tery charge states and the model of mobile phone user
activity;

— identify the states in which the system may be ac-
cording to considered models and describe the transition
rates between these states;

— build a graph of state transitions and describe a sys-
tem of differential equations based on this graph;

— calculate a system of differential equations using a
test set of transition rates between states and analyze the
results of calculations.

Calculating the system of differential equations will
determine the probabilities of the mobile OS in different
states at a particular time. To determine the optimal time
to perform the rejuvenation procedure, proposed model
allows to find the time when the probability of the system
being in a state of active usage and low battery is minimal
and aging-related effects are observed.

2 RELATED WORKS

To counteract the phenomenon of software aging in
the Android mobile system, various approaches are pro-
posed, both at the level of optimizing the architecture of
the developed software [12] and by performing the reju-
venation procedure [13—14].

The article [15] proposes a model, which is a combi-
nation of the user behavior model and the software aging
model with performing rejuvenation procedure. These
models and their combinations are constructed in the form
of stochastic Petri nets [16], based on which Continuous-
Time Markov Chains were generated [17].

The model of user behavior is shown in Figure 1 and
is described by two possible states: “Active” (the user is
actively using the phone) and “Sleep” (the phone is in
standby mode). Determining whether the device is in a
certain state, as well as determining the transition rate
between states, is proposed by accumulating statistics on
user activity over time.
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Figure 1 — Mobile device usage model

Software aging model with performing rejuvenation
procedure consists of four states: “Young”, “Old”, “Re-
covering” and “Rebirth”. It is assumed that when the de-
vice is turned on, the system is productive and the prob-
ability of aging-related failure is very low, i.e., the system
is at “Young” state. After prolonged use of the phone, the
system goes into “Old” state. The probability of such a
transition can be determined by monitoring certain system
metrics (such as Ul response time and memory usage) and
certain thresholds that will be indicators of the transition
from “Young” to “Old” state. Switching from “Old” state
to “Recovering” state means restarting the mobile device
by the user due to critically poor performance or device
rebooting due to system aging-related failure. Restart of
the device returns the system to “Young” state. The reju-
venation procedure takes place in “Rebirth” state, which

can be accessed from “Young” state.
AReY
ARY.
Avo AORe—>| Recovering
}\4YR

Figure 2 — Software aging model with rejuvenation procedure

The main goal of the model when planning the reju-
venation procedure is to determine the optimal time of
transition to “Rebirth” state, which will precede the tran-
sition to “Old” state. An important factor in choosing the
optimal time is to restrict the performance of the rejuve-
nation procedure if the user is currently using the phone,
i.e., the phone is in “Active” state. This is important limi-
tation because the rejuvenation procedure may have nega-
tive impact on user experience or cause a failure when
user uses a mobile device, for example, if the rejuvenation
procedure involves rebooting system or critical system
components.

The model proposed by the authors [15] allowed them
to determine the optimal time for the rejuvenation proce-
dure (approximately 30 hours after turning on the phone),
although the input data for the model were selected with
many simplifications and assumptions. Proposed model
can be expanded and improved. This paper proposes new
model which considers the battery charge factor, as mo-
bile devices depend on the battery capacity and are vul-
nerable to increase of intensity of the battery discharge.

3 MATERIALS AND METHODS
The model discussed in the previous section is pro-
posed to be extended by an additional model that de-
scribes the battery charge. Two variants of battery charge
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models can be considered: general and simplified, which
will be used in this work. The general model of a battery
charge level can be described by means of four states
(Fig. 3):

1) High Power — high battery level (for example, bat-
tery charge interval 100-25%);

2) Low Power — critically low battery charge at which
it is impractical to perform rejuvenation procedure (for
example, less than 25%);

3) Charging — the device is charging;

4) Off Power — the device discharged and turned off.

Off Power

Figure 3 — General model of battery charge

State “Charging” does not actually affect the choice of
rejuvenation, as it is impossible to predict the transition to
this state or the duration of stay in this state, so the choice
to rejuvenate or not still depends on the current battery
status. Therefore, it is proposed to simplify this model and
replace “High Power” and “Charging” states with the
“Stable Power” state, which will mean a sufficient charge
of the phone battery for the rejuvenation procedure. It is
worth noting that “Charging” state can still be taken into
account to adjust and delay the rejuvenation procedure
after the initial planning based on the model. The final
version of the simplified model is shown in Figure 4.

;MSpr
Stable

Power

Low

Off Power
Power

7\.LpOp
LpSp
Figure 4 — Simplified model of battery charge

The transitions between states in this model can be
calculated based on information about the current state of
battery charge and the estimated time to complete dis-
charge. The transition threshold between “Stable” and
“Low”, “Low” and “Off” states can be expressed as pre-
dictions of the discharge or charging time to the appropri-
ate level, for example, 12 hours before the battery is fully
discharged, or 3 hours before the battery is fully charged.

The software aging model with rejuvenation, the user
behavior model and the model of battery charge were
combined into one model, which is shown in Figure 5 and
is represented by a Continuous-Time Markov Chains. An
important feature of the new model is the impossibility of
transition to “Rebirth” state from “Active” and “Low
Power” states.
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Figure 5 — Continuous-Time Markov Chain for the model of software aging and rejuvenation which takes into account the battery
charge

Given the matrix of transition rates between states and A system of differential equations (2) is written based
the probabilities vector of the system in different states at  on the Markov Chain, which can be calculated by numeri-
the initial time, we can calculate the probabilities vector at  cal methods, in particular by the Runge-Kutta method.
any subsequent time (1):

P(t) = (Psresp (1), Psosp (1), Psysp (1), Psrsp (1),

Parsp (), Pavsp (1), Paosp (1), Pare sp (1): Ps re Lp (1)

PsoLp (1), PsyLp (1), Psrip (), ParLp () Pavip (1), ()
PaoLp (D Pare Lp (D) Pop (1))

dPs Resp (1)

—a —(Msa +Arey +AspLp)Psresp (D) +AsaParesp (D) +AorePsosp (D) + A Lpsp Ps re Lp (1s

dPsosp (1) .

s —(Asa +AoRre +AspLp)Psosp (1) + 2 as Paosp (1) +Ayo Psysp (1) + A Lpsp PsoLp (1)

dPsygp (1)

gt~ satAvo AR +hspp)Psvsp (D + A as Paysp (D) + A s Resp Prey (1) + A srsp PRy (D + 2 1pspPovip (U )
dPsgsp (1) .

& - —(Asa + ARy +AspLp)Psrsp (1) + 2 as Parsp (D) +Ayr Pysp (1) + A psp Perip (1)

dParsp () _

0 —(Aas + ARy *+AgspLp)Parsp (1) +AsaPsrsp (1) + A Lpsp ParLp ();
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dPaysp (1)

Tp =—(Aas +2yo +AspLp)Paysp (1) +AsaPsysp (1) + A ry Parsp (1) + Arey Pare sp (1) + A Lpsp Pavip (1)
dPaosp (1)

—a - —(Aas +AoRre +AspLp)Paosp () +2saPsosp (1) + Ayo Paysp (1) + A Lpsp PaoLp (1)

dPARe Sp ) .

—a - —(Aas +ARey +AspLp)Paresp (D) +AsaPsresp (1) +AorePaosp () + 2 Lpsp Pare Lp (1);

dPs reLp (1) ,
—a —(Asa +ARey +2A1psp +ALpop)PsreLp () + 2 asPareLp (1) +AoRe PsoLp (D) +AspLpPsresp (1:
dPsoLp (1) .

& —(Asa +2AoRre +ALpsp +ALpop)PsoLp () + A as PaoLp () + Ay PsyLp (1) + A g1 p Psosp (1);

dPgyLp(t) .
—a - —(Asa+Ayo +ALpsp + A Lpop)PsyLp (1) + 2 as PayLp (1) + Asre LpPrey (V) + AspLp Pry () + A spLp Psysp (1);
dPsgpp (1) _

—a —(Asa + ARy +2Apsp +ALpop)Psrp (1) + A as ParLp (1) + A spLp Psrsp (1);

dParLp (1) .

& —(Aas +ARy + A psp +ALpop)PaRLp (D) + A saPsrip (1) + A sprp Parsp (1)

dPayp ()

—a —(Aas +hyo + 2 Lpsp + 2 Lpop)PavLp (1) + A saPsyLp () + ARy ParpLp (1) + ARrey Pare Lp () + AspLp Paysp ()
dPaoLp (1)

—a —(Aas *rore +2ALpsp +ALpop)PaoLp (D) +AsaPsoLp (1) +AyoPayLp (1) + A sp1 pPaosp (;

dPaReLp (D) _
—a —(Aas +Arey +ALpsp T ALpop)Pare Lp (D) + 2 5aPsRe Lp (1) + 2o re PaoLp () + A spLp Pare sp (1)
dPOp ®)

dt

The main goal of the model considered in this paper is
to predict the optimal time to perform the rejuvenation
procedure. Since the time distribution in models based on
the Continuous-Time Markov Chain is exponential, the
average transition time to a certain state is determined by
the formula:

1
Tavg = x (3)

By calculating a system of differential equations (2) of
model for different Ay values, the optimal rejuvenation
time can be determined when the probability of being in
the Active” and “Low Power” states is the lowest, i.e.,
when the rejuvenation procedure will not interfere with
the user and will be performed until the battery is fully
discharged.

4 EXPERIMENTS
To verify and analyze the proposed model of software
aging with rejuvenation, the system of differential equa-
tions (2) was calculated by the 4th order Runge-Kutta
method. The calculation of the system of equations for the
original model [15] is also performed and it allows us to
compare the values of 1/ Ay of both models and deter-
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= ALpop (PsyLp (1) + PayLp (1) + PsoLp (1) + PaoLp (1) + Prarp (1) + Prsip (1) + Pare Lp () + Ps e Lp (1)

mine the influence of the factor on forecasting the rejuve-
nation procedure. Transition rates between all states of the
system are approximate values which allow to simulate
aging process and perform experimental calculations.

In work [15] two periods of user activity are consid-
ered, namely day (from 9 a.m. till 10 p.m.) and night
(from 10 p.m. till 9 a.m.). Rates of transitions between
“Active” and “Sleep” states for these intervals can be de-
termined based on the collected user activity data. For
example, you can divide the day into 15-minute time in-
tervals, which will be denoted as “Active” or “Sleep”
depending on the average number of events of the device
sensors collected over many previous days [15]. In this
study, 1 minute is used as a unit of time. The period of
user activity in the day for analysis has no fundamental
differences, so this paper assumes the verification of the
model for the day period. Thus, we assume that the transi-
tion rates of A,s and Agp are 0.05 (average time of phone
usage before entering sleep state is 20 minutes) and 0.02
(average time in sleep state is 50 minutes), respectively.

Transition rates from “Young” to “Old” state and from
“0ld” to “Recovering” state in [15] are considered equal
and are based on increasing the average delay time of the
user interface. These transition rates in a real system can
be calculated based on the observed aging-related metrics,
which show a performance degradation or an increase
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usage of system resources. However, in this paper, it is
assumed that the transitions from “Young” to “Old” and
from “Old” to “Recovering” last 100 hours, so Ayo = Aore
= (0.00017. Rejuvenation procedure and recovery of the
system after aging can be considered as a process of de-
vice rebooting, which lasts about one minute, so
Arey = Ay = 1.

Transitions rates of battery charge model can be ob-
tained based on remaining charge predictions at the time
of calculations on the mobile device. In this work, it is
assumed that the discharge time of the battery to a low
level, and then to complete shutdown is 24 and 1 hour,
respectively, i.e., Agprp = 0.0007, Arpop, = 0.017. The time

AY

0.24

P (t)

0.2

0.18

required to charge the battery to full level is assumed to
be equal to 2 hours, i.e., Ap,s, = 0.0083.

5 RESULTS

Calculations results of differential equations system of
the original model without considering the battery charge
are shown in Figure 6. Fig. 6 (a) shows the probability of
being in the state AY, and Fig. 6 (b) shows the sum of the
probabilities of being in the RA and ARe states.

Figure 7 shows the results of calculations of model
considering the battery charge. Fig. 7 a shows the prob-
ability of being in the state of AYSp, and Fig. 7 b shows
the sum of the probabilities of being in the RALp and
AReLp states, as well as the individual probabilities of
being in these states.

RA+ARe

3.E-05
3.E-05
2.E-05

< 2.E-05
1.E-05

5.E-06

0.E+00

1/AYR (hours)

—RA —ARe RA+ARe

b

Figure 6 — Calculations results of the model which doesn’t take into account the battery charge:
a — the probability of state AY; b — the total probability of states RA and ARe

AYSp
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Figure 7 — Calculations results of the model which considers the battery charge:
a — the probability of AYSp state; b — the total probability of RALp and AReLp states
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Figure 8 shows the probability that the mobile device
is in a discharged state.

Op
0.8
0.7 —

o~ w0 (=] = ay o ~ — Ty}
— — — o~ o~ m o

1/AYR (hours)

48

(2] <
m <

Figure 8 — The probability of state Op

6 DISCUSSION

Figures 6 (a) and 7 (a) show that as the time to the re-
juvenation procedure increases, the probability of the sys-
tem being in a young state decreases both considering the
battery charge and without taking it into account.

The result of original aging model calculating (Fig. 6
(b)) shows that the optimal time to perform the rejuvena-
tion procedure is 1 / Ay, = 1620 minutes (27 hours), i.e.,
when the sum of the probabilities of being in the RA and
ARe states is the lowest. In turn, the calculation of the
model which considers the battery charge (Fig. 7 (b))
show that the rejuvenation procedure can be performed in
350 minutes (5 hours 50 minutes) after device start up.
Comparing the results of calculations of both models, we
can conclude that factor of battery charge has a significant
impact on predicting the time of the rejuvenation proce-
dure.

The idea of considering the battery charge factor is
that performing a rejuvenation procedure is inefficient
and impractical at a time when the battery level is criti-
cally low, or device is completely discharged. The formu-
lated hypothesis is confirmed by the obtained calcula-
tions. If we do not consider the time to full discharge of
the battery, the forecast of the original model is impracti-
cal, because after 27 hours (Fig. 8) the device is more
likely to be discharged. The influence of the battery dis-
charge can also be observed on Fig. 7 (b) where 1/ A,>27.

It is worth noting that planning the rejuvenation pro-
cedure based on the battery level may not necessarily lead
to performing this procedure at the selected time (5 hours
50 minutes), because at this time the system may still be
in the state “Young”, and the battery may be recharged.
Therefore, it is worth considering additional checks and
new calculations of the model at scheduled time.

It is also necessary to note the reasons why the
probabilities of being in the states “Recovering” and “Re-
birth” are in the range of 10~. These two states are proce-
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dures that perform rebooting and restoring the system, so
after performing them, the system immediately goes to
the next state. At the same time, the probability of "Re-
birth" is lower, because this state can be performed only if
the mobile device is not used by the user and has a high
battery charge. A high probability of being in these states
would mean that the system is constantly or often in the
process of rebooting, which is unacceptable for the user of
the mobile device.

CONCLUSIONS

The paper describes software aging and rejuvenation
model for mobile device which considers the factor of
battery charge level.

The scientific novelty of the proposed mathematical
model is to consider the new factor of battery charge
level. The developed model is represented by a Continu-
ous-Time Markov Chain, which combines the user behav-
ior model, the model of software aging with the rejuvena-
tion procedure, as well as the battery charge model.

The practical significance of using the battery level
in the model to predict the rejuvenation time is to consider
real mobile device usage scenarios, in particular, rejuve-
nation performing will not be effective or will not be per-
formed at all in cases when the mobile device may have a
very low charge or be completely discharged. In turn,
early rejuvenation can delay the transition to a low battery
level state, as rejuvenation will reduce the system work-
load and power consumption.

The future research is to investigate proposed model
for different conditions and real data, because in this work
a simulation was performed using test transition rates
between states. Also, it is worth testing the hypothesis of
the effect of the rejuvenation procedure performing before
transition to the low battery state on the delay of the bat-
tery discharge by reducing the system workload.
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MOJIEJIb ITPOILIECY CTAPIHHSA TA OMOJIO)KEHHSA ITIPOTPAMHOTI'O 3ABE3NIEYEHHSA /1711 OITEPAIIAHOL
CHUCTEMM ANDROID 3 YPAXYBAHHSIM ®AKTOPY PIBHSI 3APSITY BATAPEIQ

SxkoBuna B. C. — n-p TexH. HayK, mpodecop, mpodecop kadenpu CrucTeM MITyYHOTO iHTENEKTY, HarlioHanpHUN yHIBEepCHTET
«JIpBiBcbKa moONiTEeXHiKa», JIBBiB, VYkpaina; dakynpTeT MareMaTHKH Ta KOMIT'IOTEpHHX HayK, Bapminceko-Masypceekuit
VYuiBepcuret B OnbinTrHi, [Tomsima.

Yrpunoscbkuii B. B. — acucrent xadenpu IIporpamuoro 3abe3nedenss, HanionansHuii yHiBepcuTeT «JIbBIBChKA MOJIITEXHIKAY,
JIpBiB, YKpaiHa.

AHOTAULIA

AKTyaJabHicTb. OCOOMUBICTE MOOITBHUX CHCTEM MOJIATAE B X 3aJIE)KHOCTI BiJI piBHS 3apsay Oarapei, o0 € BXKJIMBUM YHHHUKOM
I/l Yac IUIaHyBaHHS PI3HOTO POy IPOIECiB, 30KpeMa BUKOHAHHS IPOIEIyPH OMOJIODKEHHS IPOrPaMHOTO 3a0e3MeUeHHs I 3Me-
HIICHHS BIUTUBY €(eKTIiB CTapiHHS I[LOTO IPOrPaMHOTO 3a0e3IIeUeHHSI.

MeTta po6oTn. Po3pobiieHHs MOJIeli POIeCy CTApiHHS Ta OMOJIOJDKECHHS IPOTPaMHOT0 3a0€3MEeUCHHS IS ONepaIliiHOl CHCTEMH
Android 3 ypaxyBaHHSIM YHHHHUKA PiBHS 3apsay Oarapei.

MeToa. 3anpornoHOBaHO KOMIUIGKCHY MOJIEIb Ha OCHOBI JlaHLOora MapKoBa 3 HElEepEepBHUM 4acoM, sika 00’ €JIHIOE MOZIeIIb CTa-
PiHHSA i3 BUKOHAHHSM TPOLIEyPH OMOJIOZKEHHS IIPOrPaMHOro 3a0e3MeyeHH s, MOJIe]Ib BAKOPUCTaHHS MOOIIBHOTO IPUCTPOIO KOPHC-
TyBadeM Ta (akTop piBHs 3apsny Oarapei. [loOynoBano rpad cTaHiB Ta mepexomiB, o onucye 00’ exHaHi Moaeni. Ha ocHOBI miar-
pamMu HamMcaHO CHCTEMY TU(EPEHLINHNX PIBHSAHB, Ky OOYHCIEHO 3 normoMororo merony Pynre-Kyrtu 4-ro mopsnky. Ontumainb-
HU 9ac BUKOHAHHS IIPOIIEYPH OMOJIOKEHHSI MOJKHA BI3HAUUTH 3a YMOB, KOJIH ii BUKOHAHHS HE 3aBa)kKaTUMe KOPHUCTyBady Ta Oyne
BHUKOHYBATHCh 3aBYaCHO JI0 HACTAHHS MOXIIMBOTO IIOBHOTO po3psiay Oarapei, ToOTO TOAi, KOJIM HMOBIpHICTh IIepeOyBaHHsI CHCTEMH B
LMX CTaHaX € HAMHIDKYOIO JUIsl IEBHOTO 3HAYEHHS Yacy BUKOHAHHS IPOLIEAYPH OMOJIODKEHHSI.

Pe3yabTaTi. BukoHaHo cuMysiis po3po0iaeHoi MojieNi s TECTOBUX 3HAUCHb IHTCHCUBHOCTEH nepexoiB. BpaxyBanHs mone-
i piBHA 3apsiy Oarapei 103BOJIA€ YHUKHYTH ITaHYBAaHHS BUKOHAHHS MPOLIEAYPH OMOJIO/DKEHHS B Yac, KOJIM MOOUIBHUN NPUCTPIii 3
BEJIMKOIO HMOBIPHICTIO MOXKE MaTH HU3bKHI 3apsi] Y OyTH MOBHICTIO PO3PSIKECHHIM.

BucHoBku. Po3po6iieHa MozieNb Ha OCHOBI JIaHIIOra MapKoBa 03BOJIMTH BUKOHYBATH IPOTHO3YBaHHS 4acy IOYATKy MPOLEIy-
P OMOJIOJDKEHHSI TIPOTPaMHOTo 3a0e3MeYeHHs, BPaXOBYIOUH SIK TIOBEIIHKY KOPUCTyBaua, TaK i piBeHb 3apsay OaTtapei, KU MOXKe
MaTy 3HaYHUH BIUIMB Ha IIPOTHO30BaHMil yac. Takox, paHHE BUKOHAHHS IPOLEAYPH OMOJIOKEHHS MOXKE MAaTH BIUIUB HA 3MEHILCH-
HSI HABAHTAXXEHHS Ha CHCTEMY Ta BIATEpMiHYBaHHS PO3pSAy IIPHUCTPOIO, IO BapTO MEPEBIPUTH B MOAANBIINX AOCTIPKeHHIX. O0Ipy-
HTOBAHO JIOLIBHICTD 1 BaXIMBICTh BpaxyBaHHs YMHHHKA PiBHs 3apsaay Oarapei i HEOOXiIHICTh MOJAIBIIOTO AOCTIIKEHHS PO3p00-
JIEHOT MOJIelli CTapiHHS Ta OMOJIOJDKEHHS 13 ypaxyBaHHSIM HOBOTO YHHHHKA.

KJIFOYOBI CJIOBA: crapiHHs OporpaMHoro 3ade3nedeHHs, OMOJIOMMKEHHS IPOrpaMHoro 3ade3nedyeHHs, JaHmor Mapkosa,
omnepauiiina cucrema Android.
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MOJEJIb TIPOUECCA CTAPEHUSI M OMOJIOKEHUSI IIPOTPAMMHOI'O OBECHEYEHMST IS
OINEPAIMOHHOU CUCTEMBbI ANDROID C YYHETOM ®AKTOPA YPOBHS 3APAJJA BATAPEN

SlxoBuna B. C. — n-p TexH. Hayk, mpodeccop, npodeccop kadeapsl CucTeM HCKYCCTBEHHOTO MHTEIUIEKTa, HanmoHanbHbIH
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Yrpunosebknii B. B. — accucrent xadexnper IIporpammuoro o6ecnedenus, Hammonamsubli yHuBepcuTeT «JIbBOBCKast
HOJUTEXHHUKa», JIbBOB, YKpauHa.

AHHOTAIUSA

AKTYyaJIbHOCTB. OCOOCHHOCTS MOOMIIBHBIX CHCTEM 3aKJII0YAeTCs B MX 3aBUCHUMOCTH OT YPOBHS 3apsaa OaTapeu, 4To SBISETCS
BaXHBIM (PAaKTOPOM IPH IIAHUPOBAHUM PA3IUYHOIO POJA IPOLECCOB, B YaCTHOCTH BBINOJIHEHHUS IPOLELYPHI OMOJIOXKEHHS IIPO-
TPaMMHOT0 00ecTieUeHH /11 YMEHBIICHHS BIUSHIS d(PPEKTOB CTapeHHS IPOTPaMMHOTO 00ECIICUCHHSI.

Heasn. PazpaboTka Moaeny mporecca CTapeHUsl 1 OMOJIOKEHHUS IPOrPaMMHOTO 00ECTIeYeHHs I ONEPallMOHHON CUCTEMBI An-
droid ¢ yuerom akTopa ypoBHS 3apsiia Garapen.

Mertona. IIpeoxkeHO KOMIUIEKCHYIO MOJENb HAa OCHOBE Ileu MapKoBa ¢ HEIPEPHIBHEIM BPEMEHEM, KOTOpas 00beANHSIET MO-
JIeTb CTApeHUs! C BHINOJIHEHUEM IIPOIEAYPHl OMOJIOXKEHHUS IPOTrPaMMHOTO 00ECIIeUeHNs], MOJIENb HCIIOIb30BaHUsI MOOWIIBHOTO YCT-
poiicTBa nosb3oBareneM u GakTop ypoBHs 3apsiaa O6arapeu. [Toctpoen rpad cocTosHUI U Iepexo10B, KOTOPBII OMHCHIBAET 00BEIU-
HEeHHyo Mozienb. Ha ocHoBe rpada HanmcaHo cucteMy qu¢depeHInanbHbIX YpaBHEHHH, KOTOPYIO BEIYHCICHO C IIOMOLIBIO METOa
Pynre-Kyttst 4-ro nopsiaka. OnTuMansHOe BpeMsl BBIOTHEHUS MPOLEAYPBI OMOJIOKEHHSI MOXKHO OINPEJEIUTh B YCIOBHAX, KOTa €€
BBINOJIHEHNE He OyJeT MeIlaTh MOJNb30BATENI0 M OyIEeT BBINOIHATHCS 3a0JarOBPEMEHHO A0 HACTYIUIEHHS BO3MOXKHOTO MOJIHOTO
paspsina 6aTapem, TO €CThb TOT/[a, KOTAa BEPOSATHOCTh HAXOXICHMUSI CHCTEMBI B 3TUX COCTOSIHUSIX SIBIISIETCSI CaMOM HU3KOH IS Ompe-
JIETIEHHOTO 3HAYEHHSI BDEMEHH BBIITOTHEHNUS MIPOLEYPhI OMOIOKEHHUS.

Pe3yabTaThl. BemonHeHo cuMysimuio pa3pabOTaHHOM MOJENH AL TECTOBBIX 3HAUCHUII MHTCHCHBHOCTEH MEpexonoB. Yder
YpOBHS 3apsiia 6aTapen MO3BOJIET H30ekKaTh IIAHMPOBAHUS BBITOIHEHHS IIPOLEYPEl OMOJIOKEHHS B TO BpeMsi, KOrjja MOOHIbHOE
YCTPOUCTBO C GOJIBIIOI BEPOSTHOCTHIO MOXKET MMETh HU3KHUI 3apsi/l WK OBITh HOJHOCTBIO Pa3psDKEHHBIM.

BeiBoasbl. PazpaboTannas Monenb Ha OCHOBE Lenmd MapKoBa M03BOJISIET BBIIOJHSTh IIPOrHO3MPOBAHUS BPEMEHH Hadajia Ipolie-
Jlypbl OMOJIOKEHHS IPOTPAMMHOT0 00€CTICUeHUs], YIUThIBAsl KaK MOBEICHUE MONb30BaTENs, TaK U YPOBEHb 3apsaa OaTapeu, KOTOpbIit
MOXET OKa3aTh 3HAYUTEIbHOE BIMSHME Ha MpPOrHO3UpyeMoe Bpems. Takke, paHHEe BBIIOIHEHHE MPOLEAYPBl OMOJIOKEHHS MOXKET
BJIMATH HA YMCHBIICHUE HArpy3KH HAa CHCTEMY M OTCPOUYKY pa3psiga yCTPOHCTBA, 9TO CTOUT MPOBEPHUTH B JATBHEHIINX UCCIIEA0BAHN-
sx. OBocHOBaHa 11e7IecO00pa3HOCTh M BaKHOCTH y4eTa (akTopa ypOBHS 3apsna Oataped U HEOOXOAMMOCTh AalIbHEHIIETO HCCiIeo-
BaHMs pa3pabOTaHHON MOJEIHN CTAPEHHSI 1 OMOJIOKEHHS IIPOrPaMMHOT0 obeciedeH s C y4eTOM HOBOTO (akTopa.

KJ/JIIOUEBBIE CJIOBA: crapenue IporpaMMHOIO OO€CIICUeHNsI, OMOJIOKEHHE MPOrpaMMHOTr0 obecrieueHus, 1ens Mapkosa,
onepannoHHas cucreMa Android.
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ABSTRACT

Context. Consideration of comprehensively studied object in the form “system — environment” to obtain an approximate accurate
real situation reflection.

Objective. Search for solutions to problematic research issues based on the entropy approach for systems “object — environment”
of different nature and complexity, studying them and obtaining knowledge (stable information) and providing them as a set of
complex system tasks modulated by different entropy functions.

Method. The following criteria are used to assess the sustainability of the development of a system object: integrity — the failure
of the trajectory of development of the object at a certain forecast time interval from a set of safe states; monotony of growth of
indicators of development of object on a certain time interval with the subsequent preservation of them in the set intervals of
admissible values; compliance of the development trajectory with the target changes according to the requirements of safety and
sustainable development, resistance to disturbance, including asymptotic stability of the program trajectory and structural stability of
the system.

In the conditions of nonlinear development of events and spontaneity of processes “object — external systems” at stable structure
of system object of research it is expedient to apply the entropic approach and knowledge from the field of the theory of stability
developed for technical and cybernetic systems.

Results. The proposed entropy approach to analysis is determined by the fact that the object is characterized from the standpoint
of compliance with acceptable regulatory constraints and processes regarding the acceptability of the object of the external
environment or the possibility of resolving the situation of coexistence “object — environment”.

Within the analysis of a system object, this means that for both stationary and dynamic conditions, their state is described by a
certain function, the changes of which indicate the approach to a certain point of homeostatic relations with the environment.

The practical application of the provided methodological proposal for finding solutions in conditions of uncertainty of a certain
kind is considered on the example of determining measures to influence the course of positive development of the child’s body in the
situation of diagnosis of cerebral palsy in the form of information and software application at realization of the appointments of
medical character applied to them (factors of influence of emergency).

Conclusions. The proposed entropy approach to the choice of decision-making problems for determining the state and changes
as a result of process transformations in system objects of the type “studied system — environment” in conditions of uncertainty does
not require additional conditions characteristic of known estimates by criteria in common mathematical means of decision making.

KEYWORDS: entropic approach, entropy-information estimates, software application, complex objects, WindowsForms
technology.

ABBREVIATIONS BG is a blood glucose;
ApEn is an entropy of approximation; CESA is a configurational entropy spectral analysis;
BESA is a Burg entropy spectral analysis; CP is a cerebral palsy;
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DM is a decision making;

EEG is an electroencephalogram;

EnDEMO is an ensemble double entropy and multi-
purpose optimization;

EP is an episyndrome;

FFA is a frequency floods analysis;

HD is a Halphen distribution;

IGH is an internal gastric hemorrhage;

ME is a maximum entropy;

MSE is a multiscale entropy approach;

PV is a periventricular;

PVl s a periventricular ischemia;

PVL is a periventricular leukomalacia;

RMSE is a root mean square error;

SampEn is a sampling entropy algorithm;

SpecEn is a spectral entropy.

NOMENCLATURE
& is a variable of system state information;

MS(& | n) is a variable of mathematical expectation of

conditional entropy;
MAS(& | n) is a variable of change of conditional en-

tropy at variable & ;
N(Y,) is variable of the number of the set Y, ele-

ments;
AN;

; 1s a variable of changes in the number of ele-
ments in the object of the i-th type in the total number of
changes in the system AN ;

S(E_,|r|) is a variable of conditional entropy mn at
c=x;
AS(¢|#5) is a variable of changes in conditional en-

tropy n at {=x;

k is a proportionality coefficient, Boltzmann constant,
k=13810%"J/K;

AQ — changes in the number of possible microstates
(methods) by which you can make a given macroscopic
state of the system, identifying the number of system

microstates, provided that all microstates are equally
likely.

INTRODUCTION

Scientific activity of deep study and knowledge of the
world in general is based on the use of achievements of
domestic and world science and technology to meet so-
cial, economic, cultural and other needs, regulated in
Ukraine by the Law of Ukraine “On scientific and scien-
tific-technical activities” of 26.11.2015 Ne 848-VIII. The
difficulty of matching the data obtained by calculations or
modeling to the real states of complex systems is that
most of the complexity is considered in terms of dimen-
sionality or structural properties of the studied objects. As
the experience of modern monitoring (information-
analytical) systems related to the study of complex ob-
jects, such as different in the hierarchy of ecological sys-
tems [1-4], the complexity is generally appropriate to
consider with the peculiarities of the interaction of such
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an object with the environment, which consists of systems
set of different nature, in direct or indirect contact with
the components and elements of such an object. The study
of such system objects is based on the accuracy of their
model representation and the clarity of the definition of
the target position for structuring as a complex complex
of cooperative nature, ie independent functioning systems
structurally linked to achieve this goal.

For most of the designed systems in modelling are
problematic issues of the cognitive process, which have
two directions of scientific research evolution, namely
obtaining a result from less to more meaningful, from less
to more general knowledge. Establishing a unanimous
answer, making a meaningful decision at the maximum
breadth of reality is based on the unity of knowledge, due
to the unity of the world, to obtain an adequate model of
the surrounding reality. Complex system objects and at-
tempts to solve problems require a special interdiscipli-
nary unifying approach, taking into account the only func-
tion of the state of any system — the entropy function. The
only approach in the systemological analysis of the initial
monitoring data and uncertainty about the relationship of
such systems with the environment in relation to the in-
teraction between them and changes accordingly proper-
ties and state of systems is defined as an entropic ap-
proach.

In previous works, the authors of the article, for ex-
ample [5], proposed a combination of methods of infor-
mation-entropy type to resolve complex study issues of
complex objects, taking into account their interaction with
the environment. The research proposes to introduce in
quality problems not so much a complex methodological
entropy basis for studying complexly structured systems,
but to use the so-called entropy measure of conformity on
the basis of functions of different entropies and to connect
the phenomenological component to the analytical system
of state and complexes functionality in the form of
knowledge-oriented databases, where the data is existing
knowledge and obtained in the research course [6—8].

Thus, the purpose of finding solutions to problematic
issues in any field of research based on the entropy ap-
proach calculations is determined by the need to consider
a comprehensive “object — environment” for systems of
different nature and complexity, studying them and ob-
taining knowledge (stable information) should be pro-
vided in as a set of problems of a complex system, modu-
lated by different entropy functions.

The paper proposes to consider the application of the
entropy approach calculation to modeling states and proc-
esses for the system object “system — environment™:

1) theoretical substantiation of the system of entropy
functions as a methodological basis of knowledge-
oriented analysis of monitoring data to find target solu-
tions for the study of system objects taking into account
the process phenomena of internal and external nature;

2) testing of the proposed entropy analytics of system
analysis for stabilization of the human body state.

Models and methods of complex system research as-
sociated with the environment is an article object.
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Subject is entropy approach in system research of dif-
ferent complexity objects to assess their condition and
functionality

Methodological basis of a comprehensive study of any
object as a systemic formation of the type “object — envi-
ronment — (object — environment) — processes of internal
and external nature — (object — environment)” — object™ it
is advisable to build on a universal approach that covers
all stages of systematic analysis of monitoring data and
allows you to state the acquisition of knowledge about the
object after the cognitive process.

1 PROBLEM STATEMENT

Within the framework of the analysis of the system
object “researched system — environment” the entropic
estimation of a condition of the specified components,
their mutual influence and processes is offered. This
means that for both stationary and dynamic conditions the
state is described by an entropy function, changes in
which indicate the approach to a certain point of homeo-
static relations with the environment (S, (K )).The input
data are the results of monitoring information regarding
the determination of the characteristic parameters of the
situation description in the system “object — environment”
and “object system — internal object environment”
(Cq (K )) that meet the objectives of environmental re-

search. In any case, the interaction between systems &
(set X) and m (set Y) regarding the requirements for the
space of their existence X xY implemented on many
possible pairs U at a € X for those y from Y, provided
(a, y)eU . Then the information entropy from the de-
scription of the study object is determined as follows

AS(y|a)=log, N(¥,), (1)

where N(Y,) — the number of elements of the set Y, , that

is, those elements that perceive the action and have a re-
action to it within the objectives of the study:

a= E ,neN
System state information & (in x) regarding available
information about n (relatively y ) is set by the formula

I(x:y)=AS(y)-AS(y]x). )

If there is data for the system object from different
monitoring media sources, which consists of unrelated or
weakly related information (indicators, factors, measure-
ment parameters, etc.), subject to certain probabilistic
laws, in practice it is advisable to introduce a probabilistic
approach. Within its limits mixing of probabilities and
frequencies is allowed at considerable on time and vol-
ume of supervision; formation of mathematical expecta-
tion for entropy MSy (y | x) and information

My (x : y), the value of which can take an excellent

value (in the combinatorial approach, it is always a posi-
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tive value, which should be when you imagine the amount
of information). According to A. N. Kolmogorov [25], the
true measure of the amount of information is the average
value Iy (x, y), characterizing the tightness of the con-

nection between the systems & and m, state parameters x,
y  symmetrically: Sy(x|x)=0, Iplx:x)=Splx),
Iy (x,y)= My (x: y)= My (y:x) despite the fact that
Sy (y|x) and IW(x: y) are functions from x. For system

analysis, values are introduced in accordance with the
following accepted definitions.

The amount of information to establish the exact value
& in the presence of a known and sufficient amount of

values n=y; equals
Slein=y,)==% pi;logs py; -
1

(in the proposed version of the analysis according to fig. 2
AS(?; In= yj)z —>" pi;jlogy py;, where py; incompati-

1
ble probability distribution P{é =x;,MN=y,; }: pjj» and

the difference between the probability of obtaining data /
information about the studied object and the actual one
with clearly defined properties or target, ie

which is on average

Ms(g|n)= -2 Pln= Vi )Zpiulogz Pij >
J i

on offer

MAS(&|n)= —ZP(n = yj)zpi|j10g2 Pilj» Pilj = Api; 4)
7 ;

[24]-[25].
The amount of information relatively &, contained in

the results of the previous stage (task) or determined by
the characteristics of the system m, is equal to the differ-

ence

1(g]m)=S()-MSE|n);

and informational changes about the studied object will be
AI(E|n)=AS(g)- MAS(E|n) according to the obtained

observation data

(1€)== pylog, Pl - xAl});{n =yf
- i J >

Al(n €)= £(ap;)

(&)

According to equations (2)—(5) we have the final cal-
culated definitions of the information background of the
studied questions:
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ASyy (x) ==Y Ap(x)-log, Ap(x);
ASyy (v 1x)=-2 Ap(y | x)-logs Ap(y[x):  (6)
Ay (x 2 y)= ASy (v)- ASy (v | x).

Thus, when determining an object state according to
statistical data, sets of microstates of the system are con-
sidered according to the statistical function of Boltzmann
entropy in order to determine the probability of obtaining
a macroscopic system realization. When studying the sys-
tem “object — environment” it is advisable to have infor-
mation on the change in the probability of supporting the
implementation of the macro-situation, which is responsi-
ble for the target equilibrium in the space of states and
processes in such a system (see Fig. 2):

AS =k-InAQ . (7)

Subject to changes in the system, when the object in-
teracts with the environment, certain results are obtained
N-probable consequences (outputs) p,, of which interest-
ing are the modified AN, determining the realization of
equilibrium or purpose in accordance with changes in the
Hartley entropy:

AS =log,AN . (8)

This sequence of obtaining a chain of entropy changes
in the analysis of states and processes allows us to move
in the direction of probable trajectories in space “object —
environment”, leading to the goal or desired development
in such a system or object in its current conditions. Thus,
the level of knowledge about the system state (final deci-
sion) is defined as Shannon’s information entropy for
independent changes in events X, which corresponds AN-
altered probabilistic states described by probabilities

P (n :1,N):

N
AS, == p,-logyp, =—M[log,Ap,]. 9)

n=1

The final result of the search for a solution is evalu-
ated as follows:

— the minimum probability of change, which corre-
sponds to the implementation of the required macrostate
with a single probability;

— the maximum probability of change, which leads to
a uniform distribution of the probability of realization of

states close to the solution An=1,AN,Ap, =1/AN;

— zero for other cases of changes in statistical entropy
according to Shannon:

/
AN; AN
AS. =— _l.ln_l. 1
. Z,,, N (10)

s=1
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The final state is determined by the structural entropy,
according to which the system’s desire for equilibrium is
formed (AS — 0,S] —» min — AS > 0,5, — max )

For all solutions, the system or object must reach the
attractor — a structure (function) that sets (determines) the
stable system state (synergetics, nonlinear thinking).
Thus, for any statement of the problem of ecological as-
sessment of the situation for the studied object “system —
environment” it is important to establish the current situa-
tion as a starting point for establishing the changes occur-
ring, by probabilistic estimation through the entropy func-
tion taking into account the interaction between object
components at the level of “impact — response” to in-
crease the information field of the study and achieve real
and accurate results.

2 REVIEW OF THE LITERATURE

Complex systems study, which are open and multidi-
mensional formations, is based on the creation of models
taking into account their stochastic nature of behavior and
the relationship with the elements. System analysis of
such objects is proposed to be carried out on the so-called
entropy model, which is a promising direction for studying
complex systems with ambiguous or probabilistic behavior
and building methods for their study. The use of the en-
tropy function as a universal function of the systems state
and processes is often considered in the development of
methods for identifying the properties of studied objects
and in their modeling to study and create projects for the
use of natural resources for economic purposes [9-12].

The authors of recent generalized publications on the
modeling of complex systems argue that complexity is an
integral feature of the system. In general, any object of
study consists of elements set, and the more elements it
contains, the more complex it is. However, the number of
elements that make up the system is not the only factor of
complexity. Not only the number of elements is a factor,
but also the number of interactions between these ele-
ments, as well as how the intensity of these interactions
should be taken into account when analyzing the com-
plexity of any formation level. The number of interactions
with the system environment and their intensity should be
taken into account in the analytical consideration. An im-
portant factor is the functions delivered by the system and
their status (ie stability in the performance of activities
and security of the system) [2]. There are two main types
of system complexity:

— internal complexity: refers to the system structural
complexity — is a function of the elements number, the
number of interactions and the intensity (or strength) of
these interactions;

— external complexity: refers to the system / complex-
ity of the interface environment — is a function of the in-
teractions number between the system and its environ-
ment, the intensity of these interactions and their prob-
abilistic expected performance functions.
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In such studies, Shannon’s information entropy is pro-
posed as an indicator of complexity. Its value depends on
the detail level of the object study, the number of ele-
ments in a particular system and the relationship between
them, the hierarchy levels number, and so on. As shown
in the articles, according to Shannon’s information en-
tropy, smaller sets mean less complexity. The choice of
aggregation allows you to deal with subsets separately to
determine the complexity. To do this, it is proposed to
focus on the complex system properties and the needs and
goals of the study of complex systems through the process
of modeling at the stage of problem identification and
focus on the diagnosis of the interests system.

Since the complexity requires an unambiguous struc-
ture, it is proposed to clearly define the properly measured
basic indicators of system properties based on calcula-
tions of the model complexity of the form Higraph. This
model allows you to display the complexity of the system
in accordance with the relationship of the Hygraph com-
ponents and simplify it by aggregating in a useful way
according to the constraints without losing the content of
the studied system.

Despite the developed appropriate proposals for work-
ing with complex systems, it remains a problem to organ-
ize the elements at each level of the hierarchy or study
stage so that the results correspond not only to the holistic
model of the analyzed complex object, but also to real
monitoring or practice. This applies to the need to main-
tain the amount of information load on the system ele-
ment in any research schedule, ie not to provide condi-
tions for restrictions, but to take into account the internal
connections and interactions with the surrounding envi-
ronmental systems.

In the study of ecological systems and the use of natu-
ral resources, an entropy-based index is proposed to es-
tablish the optimal type of hydraulic system and its condi-
tion for water softening to avoid natural and man-made
hazards [11-12]. Entropy as a measure of the system state
of natural and man-made species is proposed by the au-
thors as a modified indicator to assess the suitability of
water distribution network, where there are hydraulic un-
certainties, such as flow rate in the pipes, uncertainty due
to mechanical parameters, the probability of failure that
consider simultaneosly [11]. The entropy measure in the
proposed method of determining the quality of network
demand is calculated by establishing a coefficient based
on the ratio of nodal requirements to the total costs of all
parts of the network. The probability of failure of hydrau-
lic systems is also based on the entropy function assess-
ment of the hydraulic network state based on the probabil-
ity of their failure in any specified hazard scenario using
the penalty function, which is satisfactorily inserted into
the existing entropy function. This comprehensive ap-
proach in solving problems of quality assessment of a
complex system object based on one entropy function
allowed to combine the assessment of mechanical behav-
ior of units in a functioning hydraulic network, finding the
optimal hydraulic scheme for designing a new system,
deciding on the best water softening plan for existing
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network, exposed to various hazards of natural and man-
made origin. For this purpose, the entropy-based index is
proposed as an effective tool for comprehensive assess-
ment of the entire hydro network state, which, however,
does not provide information about the causes of hazards
and their consequences. Therefore, it is still necessary to
position the object of study in an appropriate manner to
the environment and interaction with external systems,
taking into account changes over time in the object.

Similarly, Canadian scientists [12] propose to over-
come the uncertainties arising from data processing such
as time series when modeling situations from the state of
hydrometric networks based on the use of entropy as a
methodology of so-called EnDEMO, which takes into
account the uncertainties from the generation of the input
data ensemble. The proposed offers for the Endemo ap-
proach provided a more reliable result by creating an en-
semble to account for uncertainty in the simulated time
series datasets, provided opportunities to identify more
reliable locations for potential stations.

To solve the problem of environmental pollution and
rational use of environmental resources in the socio-
economic aspect, entropy is considered as a component of
analysis methods, in accordance with the common thermo-
dynamic nature of ecological, socio-economic systems and
the uniqueness of entropy maximization in achieving such
targets or equilibrium state. it is proposed to introduce an
entropy function to determine compliance with the safety
requirements of the analyzed natural and man-made objects
both separately and in their interaction [13—15].

Thus, scientists at Wuhan University [13] proposed
solutions to the rational use of water resources and envi-
ronmental and man-made safety through the application
of the principle of ME for frequency floods analysis
(FFA), which is the basis for determining the size of hy-
draulic structures. In this study, entropy properties as a
measure of chaos / equilibrium of the system are proposed
to be considered for a comprehensive analysis of the stud-
ied object state in combination with Halphen distribution
(HD) in Monte Carlo modeling was used to evaluate de-
scriptive and predictive abilities of suggested procedure
HD/ME which have good descriptive ability due to its
flexible shape and excellent tail properties, least RMSE
and higher efficiency compared to the procedure in sev-
eral simulated cases. The proposed HP / ME procedure is
well suited for estimating project floods in two selected
areas and is offered as an alternative candidate for hydro-
logical frequency analysis, but in addressing flood behav-
ior, this approach is simplified and static for situation
analysis.

Similar proposals for the introduction of entropy in the
analytical system of research were provided by scientists
from the Department of Biological and Agricultural Engi-
neering at the University of Texas and the College of Wa-
ter Resources and Architectural Design of Northwestern
University in China [14]. Water flows are complex sys-
tems of stochasticity, seasonality, and periodicity that are
proposed to be studied using configurational entropy
spectral analysis (CESA), which combines spectral analy-
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sis and time series analysis to characterize the periodically
obtained picture of the situation and the corresponding
manifestations of stochasticity.

In the field of water resources management, irrigation
and estimation for forecasting monthly groundwater lev-
els [15], it is proposed to introduce the domain of entropy
determination into the methodological support of spectral
analysis — this is the frequency domain in which three
types of entropy are known. This entropies from the basis
for three types of spectral analysis in research predicting
monthly and annual groundwater levels, which is a sto-
chastically nonequilibrium system, namely (1) BESA, (2)
CESA and (3) relative spectral analysis. In general, the
proposal concerns not so much the complexity of entropy
research as the possibility of comparing different parame-
ters of groundwater state based on their representation as
an entropy function.

Special natural biological objects of ecological re-
search include the human body, which is considered as a
complex stochastic system formation, in which the sys-
tems are functionally and corporately combined to ensure
human life in certain environmental conditions. To estab-
lish the state of such a systemic object as an organism, it
is proposed to use various entropic functions and methods
of entropy analysis in order to diagnose changes and pre-
dict the consequences of effects on its functionality at the
violations risk [16-22].

Quantitative assessment of irregularity (lack of order)
in the obtained measurement data or monitoring observa-
tions of the system state or system object is overcome by
entropy spectral analysis, which in recent decades has
been innovatively improved to remove some limitations
for studying biological signals such as entropy approxi-
mation ApEn and SampEn. The latter are used to study
endocrine-metabolic functionality and heart rate, EEG,
vocals and hemodynamics of time series.

Stochastic and unpredictable components of the sys-
tem order for diagnosing the state of body systems due to
EEG are proposed to be considered when estimating
changes in the amplitude component of the EEG power
spectrum at each frequency as probabilities in entropy
calculation and as information on temporal changes in
EEG signal. Such propositions apply to so-called SpecEn,
based on Shannon entropy in the form of Fourier trans-
form peaks as a reflection of the regularity of the relative
spectral power density of the EEG. In statistical studies to
obtain short and noise data sets, such as biomedical sig-
nals, the ApEn is used to study time series for similar
data, taking into account N samples (points). ApEn (m, r,
N) measures the logarithmic probability of close (within
) sections of m models of continuous observations. Thus,
in the entropy analysis of background EEG activity in
patients with Alzheimer’s disease, ApEn remain close
within the same tolerance width r in the following com-
parisons. For a sequence with larger response values cor-
responding to greater complexity or irregularity in the
data, a non-negative number is assigned to avoid the ap-
pearance of In (0) in the calculations. To avoid the disad-
vantages of such data analysis, the calculation of SampEn
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is proposed. SampEn (m, r, N) for certain parameters of
the path length m and the tolerance r as the negative loga-
rithm of the conditional probability that two sequences
similar to m points remain similar in the next paragraph,
where the coincidence is not included in the probability
calculations. Thus it is possible to avoid dependence on
the length of the EEG recording and to obtain relative
consistency under certain circumstances, to reduce the
computation time.

Thus, Shannon’s entropy formula is accordingly nor-
malized and considered convenient as a way to quantify
the distribution of spectral power in spectral analysis to
identify objects of study, such as the state of the body in
Alzheimer’s disease [16]. Quantitative determinations of
traditional BG values based on linear spectral analysis are
performed using a nonlinear MSE method, which deter-
mines the signal complexity using a popular SampEn to
measure its inequalities in various time scale [17].

In the system data processing of system state in spec-
tral analysis uses the so-called optimal threshold to distin-
guish between AD and normal EEG signals, which is best
obtained by the concept of fuzzy entropy defined in a
complex wavelet with multiple resolution [18]. This
methodology allows to obtain a high signal-noise ratio
and a lower root mean square error than with the tradi-
tional approach.

Socio-environmental issues in the study of safety
monitoring are proposed to be considered through the
prism of entropy to overcome its increase in the infection
control system to find internal and external, micro- and
macromotivators that maintain a stable institutional focus
and optimal allocation of resources [19]. Prioritization,
new destabilization factors and lack of resources accom-
pany the monitoring of objects as a control system of spe-
cific intervention in the presence of the inevitable ten-
dency to increase entropy in an endless cycle of periodic
activity, modernization of the system in a constant feed-
back cycle with the external environment.

Thus, overcoming the disorder and nonlinear system
signals (responses) of the systems studied on the aspect of
studying their state and functionality is considered in ac-
cordance with the properties of changes in entropy func-
tion of various kinds, which allows to obtain heterogene-
ous knowledge of the tasks. Due to the combinatorial na-
ture of entropy, cognition in the study of objects concerns
not only the statics of its existence, but also the processes
that support it or lead to its reconstruction. In this case,
we are dealing with the enthalpic part of the change in
free energy, the modulation of thermal oscillations as the
fraction of free energy in entropy. The process of studying
stochastic interactions between more elements in the sys-
tem and between their systems requires modeling a por-
trait of events within the object, a complete picture of
interactions with entropy forces as a universal feature of
self-organization of systems and the use of several areas
of knowledge that often remain unconnected. obtaining
the integrity of the phenomena perception. This applies to
the study of both micro- and macrosystems, such as pro-
tein structures and human behavior, which is a conse-
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quence of emotional states in areas of the brain [20-21].
The results of the review show that a combination of ap-
plied spectral, entropy and time functions has positive
results in such works, which can provide and transmit
reliable biomarkers for determining the profiles of SS, ES
and TS for a complete description of a person and inter-
vention in his brain.

Thus, the experience of research of complex systems
to study their properties and some process phenomena has
shown the benefits of using the entropy approach, which
will be appropriate in the study of system objects of the
type “system — environment” for learning the system and
DM regarding the achievement of the target state by this
system, ie regulation as a directed influence from envi-
ronmental systems.

3 MATERIALS AND METHODS

Software applications have been developed for en-
tropy analysis, for example, for statistical monitoring
studies on entropy analysis of time series, EZ Entropy in
MATLAB environment in object-oriented style with
graphical user interface has been proposed [22]. This ap-
plication offers various stages of analysis, including (1)
data recording processing, (2) batch processing of several
data files, (3) calculation windows, (4) revocation, (5)
display of intermediate data and final results, (6) adjust-
ment input parameters and (7) export the results of calcu-
lations after startup or in real time during the analysis.

In accordance with the proposed entropy approach to
the study of the object “system — environment” introduced
an experimental model of transition from baseline to tar-
get in accordance with the identified factors of significant
influence on the development of events in the system with
internal changes and external interaction with the envi-
ronment, namely “system — (system — environment) —
process — the situational state of the system”, based on
logic, knowledge and experience [23-24].

In the building process of a complex study object
model, one of the important issues is to substantiate the
probability of its implementation, compliance with func-
tional sustainable development “system — environment”,
which is achieved if the system model is stable and itself
in response to environment, ie maintaining equilibrium
behavior. The latter is characterized by the reflection of
the real situation through a logical sequence of causal
relationships, ie a system of dependent events, processes,
phenomena, states of use of conditional entropy. In this
case, the interconnected systems and processes are deter-
mined by combining into a hypersystem or system forma-
tion, which is the “memory” of the system by estimating
the rate of information loss, the degree of chaos of the
system, namely Kolmogorov entropy or K-entropy. Grad-
ual changes in the time of the system are not related and
do not determine information about the current and future
state, it is only a reflection of gradual movement due to
transformations of a certain degree of determinism or
stochasticity.

For static analysis, it is natural to evolve the Boltz-
mann entropy, defined as a measure of the information

© Kozulia T. V., Sviridova A. S., Kozulia M. M., 2021
DOI 10.15588/1607-3274-2021-4-14

incompleteness about the system, into Shannon’s infor-
mation entropy, which is the basis of quantitative infor-
mation theory [9]. The study of the functionality over
time of complex system formations, processes in them
and external interactions cannot be considered simply on
the basis of their modeling by studying discrete random
events in the form of probability distribution and informa-
tion to determine the required event in such space — Hart-
ley entropy.

The system movement in the space of time and states
in accordance with the situation of its environment occurs
to a certain position of immutability or to a certain target
state, naturally conditioned or desired or planned. Achiev-
ing such a position will be determined by the Rainier en-
tropy according to the definitions of the Kulbak-Leibler
distance as information divergence, relative entropy, dis-
tance from the true distribution of events or states. If in
ecology these are diversity indices, then in the case of
studies of a damaged system or a system that moves away
from natural development (for example, the human body
or its individual systems), it is a measure of the complex-
ity of the situation according to the introduced range indi-
cator, divergence.

System approximation to the natural target occurs
through certain microstates, a number of which are not
additive for entropy generalization, as indicated in the
Tsallis entropy. This allows the study of complex system
objects to provide statistical observations as descriptions
of states, which take into account the interaction of sys-
tem elements with neighboring neighbors, the system as a
whole and its components.

Thus, the representation of a complex system in the
form of an entropy model allows you to fully take into
account statistics about it and consistently resolve uncer-
tainties about the presence of ignorance of internal proc-
esses and existing interactions with external systems.
With this approach to obtaining information about the
studied object, the entropy of the multidimensional sto-
chastic system “object — environment (external systems)”
is calculated, which consists of two components — the
boundary entropy, which determines the independence of
the object integrity in the system at available internal sys-
tems (additivity of the entropy state function) and the en-
tropy of the relationships degree between the system ele-
ments, ie processes in the space of coexistence of the
elements of the stochastic system (fig. 1).

The following criteria are used to assess the sustain-
ability of a system object:

1) integrity — the failure of the trajectory of object de-
velopment at a certain forecast time interval from the set
of safe states;

2) monotony of growth of object development indica-
tors on a certain time interval with the subsequent preser-
vation of them in the set intervals of admissible values;

3) compliance of the development trajectory with tar-
geted changes in terms of security and sustainable devel-
opment;
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4) resistance to perturbation, including asymptotic
stability of the program trajectory and structural stability
of the system.

In the conditions of nonlinear development of events
and processes spontaneity “object — external systems” at
stable structure of system object of research it is expedi-
ent to apply the entropic approach and knowledge from
the field of the stability theory developed for technical
and cybernetic systems. In this case, the stochasticity and
uncertainty of the situation is overcome by consistent
presentation and analysis of qualitative information to
obtain results on the conditions for maintaining structural
stability in the study system “object — environment” in

accordance with changes in entropy function AS from
analysis “state — processes”. According to the results ob-
tained with this approach, it is likely to establish sponta-
neous processes of equilibrium regulation in the system
formation or transition to new states of equilibrium with
changes that are associated with increasing entropy in the
studied system (Fig. 2).

The changes that occur in the object under the influ-
ence of factors influencing its elements of the surrounding
environmental systems, in accordance with the entropy
approach have a similar sequence and effectiveness

(Fig. 3).
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Figure 1 — Scheme of entropy approach implementation in the study of complex system formations “object — environment”

(the author’s proposal)
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Figure 2 — Scheme for assessing the state of the studied system “object — environment” on the entropy approach to the analysis of

“state — process” (the author’s proposal): 1, 2, 3, 4 — states of the system in accordance with the conditions of interaction “object —
environment”; 1!, 2!, 3! — arbitrary inverse processes of returning the system to its initial state, ie S, = 0; 12, 2% 32 - arbitrary proc-
esses of changes from the interaction “object — environment”, which leads to AS> 0; 13,23 33— changes in the system “object — envi-
ronment” in relation to the state of external systems, leading to new states; 1, 2*, 3* — processes of self-regulation between the object
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wavelet entropy (author)

According to Figure 2, the systems state is assessed by  adjust the relationship in the studied system between the
qualitative and quantitative characteristics of entropy object and environmental systems, it is proposed to use
change, and Figure 3 shows the individual trajectory of not the value of the entropy function, but its changes as
the final structuring of the object in the space of interac-  characteristics of entropy shift state or process from the
tion with the environment through the prism of entropy established trajectory of their development (natural, refer-
function. To obtain an unambiguous answer to the need to  ence, standard, boundary, etc).
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4 EXPERIMENTS

The practical application of the provided methodo-
logical proposal for finding solutions in conditions of
uncertainty of a certain kind is considered on the example
of determining measures to influence the course of posi-
tive development of the child’s body in the situation of
cerebral palsy (CP) diagnosis in the form of information
and software application at realization of the appoint-
ments of medical character applied to them (environment
influence factors).

The condition of the child’s body is assessed on the
basis of qualitative observations of children groups of
different gestational periods: healthy (19) (health groups),
cerebral palsy (68), hydrocephalus (11) to study the ef-
fects of internal gastric hemorrhage (IGH of certain de-
gree (dg), 2dg, 3dg, 4dg) on the result of “walking” (in-
cludes the category of help walk) or not walking in com-
bination with parallel disorders in the body of PV, PVL
1dg, 2dg, 3dg; PVI, EP [26].

According to the obtained monitoring data in the
medical institution of health level of the above children
groups, it is proposed to determine their condition accord-
ing to the probability of walking opportunities for chil-
dren of different ages and genders. The target point of the
treatment process is the maximum walking of the child,
which is fixed by the absence of changes in entropy func-
tion, ie during the implementation of decisions to return
the natural movement of the child (see Fig. 2). In this
case, the probability of deviations absence of these pa-
rameters of qualitative observations by children groups of
different gestational periods from the health indicators of
the walking group without restrictions is achieved, the
following set of changes of possible microstates is con-
sidered:

AQ = F{IGH1dg, IGH2dg, IGH3dg, IGH4dg,
PVL1dg, PVL2dg, PVL3dg, PVL, EP },

enter a  variable
number of states
ANOMEGA

(11

In order to determine the body moving trajectory af-
fected by cerebral palsy to the most healthy state based on
the results of monitoring the child’s body during treat-
ment, it is proposed to automatically establish the state
according to this algorithm.

Step 1. The implementation of the macro-situation is
determined by five groups of indicators of the state of the
organism (IGH, PVL, PVI and episyndrome), which cor-
responds to certain changes in the entropy of the system
(see equation (7)).

Step 2. Calculated the total number of changes in the
system AN as the probability of changing the deviations
number of healthy movement indicators in the observa-
tion groups  walking, auxiliary  walking
An=1,AN,Ap, =1/AN .

Step 3. The system achievement of the desired result
at this stage is determined — walking without restrictions
(see Hartley entropy (8)).

Step 4. Establishment of the information characteristic
concerning determinations of results of changes in in
groups of supervision walking, auxiliary walking (see the
equation (5)).

Step 5. The general characteristic of changes in the in-
vestigated object concerning positive development of
child organism in a situation of the diagnosis of a cerebral
palsy (see realization of consecutive calculations (6)) is
given (Fig. 4).

The proposed entropy approach to analysis is deter-
mined by the fact that the object is characterized from the
standpoint of compliance with acceptable regulatory con-
straints and processes regarding the acceptability of the
object of the external environment or the possibility of
resolving the situation of coexistence “object — environ-
ment”.

the direction of attractor
establishment in a

h 4

Establishment of the final
state by structural entropy

uniform form in
accordance with changes

calculate the probability variable to
support the implementation of the

in the values of the
entropy function

Calculate
information entropy
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AS =k-InAOMEGA (7)

Shannon’s

f

v
calculate the

consequences (pa)
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®)
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equilibrium to changes in
Hartley entropy AS=log,AN

Figure 4 — Algorithm for finding a solution to achieve the system state “gait without restrictions”
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5 RESULTS

According to the proposed entropy approach, the
above dynamics of the system in the environment of other
systems is proposed to identify the direction of the attrac-
tor in a uniform form in accordance with changes in en-
tropy function in the sequence “system state — excitation —
changes — process — state of stabilized system”. This
makes it possible to study biological systems on the basis
of a complementary methodology with an idea of current
instantaneous events.

During the implementation of experimental studies on
the proposed algorithm for entropy assessment of states
and processes C# software application using Windows-
Forms technology is developed. As a result of working
with the software application, a graph is obtained, which
shows four groups of children: healthy, walking without
restrictions, auxiliary walking and non-walking, who have
the appropriate quantitative IGH, PVI, PVL and episyn-
drome (Fig. 5).

The Oy axis reflects the probability of one of the four
parameters for a particular child state. The Ox axis re-
flects week on which the child was born. The left part of
Figure 5 provides recommendations for increasing or de-
creasing the value of each of the indicators for children to
achieve the state “walking without restrictions”.

6 DISCUSSION
The proposed entropy approach to the choice of deci-
sion-making problems for determining the state and
changes as a result of process transformations in system
objects of the type “studied system — environment” in

)

conditions of uncertainty does not require additional con-
ditions characteristic of known estimates by criteria in
common mathematical means of DM. The application of
the entropy approach ensures full compliance with the
methodology of the stability theory, according to which
the result of data processing invariant with respect to the
processing method corresponds to reality, while using
known criteria the processing result depends on the proc-
essing method and reflects the subjectivity of the re-
searcher but not objective ratio.

At the same time, it should be noted that when proc-
essing monitoring data for the transition to information
results, there are difficulties in the transition to the prob-
abilistic characteristics of the state and dynamic phenom-
ena. Therefore, in this paper, the entropy estimate is
closely related to statistical data processing (Fig. 6).

CONCLUSIONS

The following tasks have been solved:

1) Theoretically proved that for DM to achieve a cer-
tain target function that is responsible for the state and
functionality of the studied object in certain surrounding
conditions by environment systems, it is advisable to use
not the function S itself as the implementation of the
complex system macrostate through certain experiments
of microstates, but its changes in the system “object —
environment” in relation to the state of external systems
ASmy(see Fig. 2) using for certain situations different
entropy functions with their processing in relation to the
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Figure 5 — Graphic interpretation of child’s condition determination and decisions to improve it
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Initial data for the analysis of the patients condition in the "walking" group
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i

New Var | — probability of boys and girls getting into the "walking" group;

New Var 2 — probability distribution by gestational age

Factor analysis results of the "walking" state factors
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Factor load in the group "walking"
Eigenvalues (walking sta)
Extrachon: Principal components
Eigenvalue % Total Cumulative Cumulative
Value variance Eigenvalue %
1 3,946 43,849 3,946 43,849
2 2.409 26,762 6,355 70.611
3 1,863 20,699 8,218 91,310

Figure 6 — Fragment of statistical analysis of experimental data

proposed approaches (equations (3)—(10)); this, in turn,
allows for a consistent analysis of uncertainties and their
resolution to establish the conditions for stabilizing the
object or achieving the goal of regulating the situation
with the development of certain solutions;

2) An example of solving problematic issues regard-
ing the stabilization of the disturbed organism in certain
conditions by probabilistic entropy, namely its changes
for children of different ages and conditions with patho-
logical deviations to the function of “walking”, which
allowed to offer a software application that allows you to
automatically provide an answer to the child’s condition
(assignment to a certain group of health on the move) and
a decision on the maximum approach of the system to the
state “walking without restrictions” (see Fig. 5).
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Scientific novelty — the entropy-information represen-
tation of the compound of complex systems of the form
“object — environment” at the level of state and resources
of its change when interacting with the environment.

Further development is the immitational modeling of
real dynamic systems based on the entropy and informa-
tional presentation of their states and dynamics.
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EHTPONIAHUIA MIAXIA Y CUCTEMHHUX JOCJTIKEHHAX OBb’€KTIB PI3HOI CKJIAJTHOCTI
3 OLIHKMH IX CTAHY TA ®YHKIIOHAJIBHOCTI
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Texniunuii YHiBepcuter «XapkiBebkuii [lomitexuiunuii IHcTHTYT.

AHOTALIA

AKTyalbHicTb. PO3IIIS KOMIIEKCHO JOCIIDKEHOrO 00’€KTa y BHUIVIANI «CHCTEMa — HABKOJIMILIHE CEPEIOBHUILE» JUIS OTPHUMAHHS Ha-
OJIIDKEHO TOYHOTO BiIOOpaKEeHHs pealibHOT CUTYallii.

Mera. [lomyk pimenb npo0IeMHHX NMUTaHb HAYKOBHMX JOCIIDKEHb Ha 0a3i eHTPOIIHHOro MigXxomy ISl CUCTEM «00’€KT — HaBKOJIUILIHE
CepeIoBHUILe» Pi3HOT MPUPOAN 1 CKIAJAHOCTI, BUBUCHHS iX i OTpUMaHHS 3HaHb (CTiliKoi iH(OpManii) Ta HagaHHS iX y BUIISAI KOMIUICKCY
3aB/IaHb CKIIA[HOT CUCTEMH, MO/YJIbOBAHUX 3aBASKU PI3HUM SHTPOMIHHUM (QYHKIIISM.

Merton. [1y1s1 OLIHKH CTIHKOCTI PO3BUTKY CUCTEMHOT0 00’€KTa BUKOPHCTOBYIOTh TaKi KpUTEpii: LIICHICTh — HEBUXIJ TPAEKTOPIi pO3BH-
TKy 00’€KTa Ha IICBHOMY IIPOTHO3HOMY iHTEpBali 4acy 3 MHOXKHHH OE3IICUHUX CTaHIB; MOHOTOHHICTh 3POCTaHHS iHIMKATOPIB PO3BUTKY
00’€eKTa Ha TIEBHOMY IHTEPBAJIi Yacy 3 HACTYITHUM 30epEKEHHSM 1X y 3a[aHUX IHTEepBaNaX MPUITYCTUMHX 3HAYCHbB; BIIMOBIAHICTD TPAEKTOPIT
PO3BUTKY IJIbOBHM 3MiHaM 3a BUMOTaMH OE€3MEKH 1 CTaJloro PO3BUTKY;CTIHKICTh A0 30ypIOBaHHs, Y TOMY YHCIi, aCUMITOTHYHA CTIHKICTh
MIPOrpaMHOI TPAEKTOPIT i CTPYKTypHA CTIHKICTh CHCTEMH.

B ymoBax HeniHIHHOTO PO3BUTKY MO i CAMOIOBIIFHOCTI MPOLECIB «00 €KT — 30BHIIIHI CUCTEMM» MPH CTIHKIH CTPYKTYpi CHCTEMHOTO
00’€eKTa TOCIIKSHHS JIOLUIJIBHUAM € 3aCTOCYBaHHSI €HTPOIITHOTO MiIX0/y Ta 3HaHb i3 001acTi Teopii CTIHKOCTI, PO3pO0IIEHOT AJIsi TEXHIYHIX
1 KIOEPHETUYHUX CHCTEM.

Pe3ysbTaTu. 3anpornoHOBaHUM eHTPOIHHUNA MiIXi/ IOJ0 aHANi3y BU3HAYAETHCS THM, 110 00’ €KT XapaKTepH3yeThCs 3 MO3HLIH T0TpH-
MaHHS JOITyCTUMHX HOPMaTHBHUX OOMEKEHb i IPOIIECH CTOCOBHO IPUHHATHOCTI 00’ €KTOM BILIUBIB 30BHIIIHBOIO OTOUCHHS UM MOXIIUBOCTI
yperyJtoBaHHS CUTYallii CMiBiICHYBaHHS «00 €KT — HABKOJIUIIHIM CEPEIOBUIIIEMY.

VY Mexax aHaiizy CUCTEMHOr0 00°€KTa 11e 03Ha4ae, 10 1 IS CTAal[lOHAPHUX, 1 U1 JUHAMIYHUX YMOB iX CTaH OIHUCYETHCS NEBHOIO (yHK-
Ii€1o, 3MIHU K01 BKa3ylOTh Ha HAONIDKEHHS 10 IIeBHOT TOUKH TOMEOCTATHYHUX BiTHOCHH 3 HABKOJIMIIIHIM CEPEIOBHILEM.

[TpakTuuHe 3acTOCyBaHHS HaAaHOT METOOJIOTTYHOI IPOIO3HLIT 3 MOIIYKY pillleHb B yMOBaX HEBU3HAYEHOCTI IIEBHOT'O POJY PO3IIISIHYTO
Ha MPUKJIaJi BU3HAUCHHS 3aXOJIB BIUIMBY Ha XiJl MO3UTHBHOTO PO3BUTKY OPraHi3My AMTHHHU B CHUTYyalii JiarHO3y TUTSYMI LepeOpaibHUil
napaniy (JIUIT) y Burasni indopmaniiHoO-IporpaMHOro A04aTKy IIOJ0 iIMOBIPHOCTI BiTHECEHHsS IMTHHM IO Tpynu xoxasba abo He Xoapda
IIpH pealti3alii 3acTOCOBaHUX IO HUX NIPU3HAYEHb JiKyBaIbHOTO Xapakrepy (daxropu smmusy HC).

BucHoBKkH. 3anponoHOBaHUi SHTPOMIHHUIN MiIXiJ 10 BHOOPY pO3B’sA3KY 3a/1a4 MPUIHSATTS PillicHb 1010 BU3HAYCHb CTaHy 1 3MiH B Ha-
CIIIZIOK MPOLIECHUX MEPETBOPEHb B CUCTEMHMX 00’€KTaX BHIY «JOCII/DKEHA CHCTEMa — HABKOJIMILIHE CEPE/IOBHIIE» B YMOBAX IEBHOI HEBH-
3HAYEHOCTI He BUMara€ BUKOHAHHS JJOJATKOBHX YMOB, XapaKTEPHHUX UL BiTOMHX OLIHOK 32 KPUTEPiSIMU B HOLIMPCHUX MaTEeMaTHYHHX 3a-
cobax IIP.

KJIFOUYOBI CJIOBA: enTpomiiiHuii miaxija, eHTponiiHo-iHGopMaliiiHi OLIHKH, TPOrpaMHe 3a0e3nedeHHs, CKIaaHi 00’ €KTH, TEXHOJIO-
ris WindowsForms.

YK 519.2
SHTPOIUMHBIN I1OX0] B CHCTEMHOM UCCJIEJOBAHUA OBBEKTOB PA3JIMYHOM
CJIOKHOCTHU 1O OHEHKE UX COCTOsIHUsI U TPOU3BOAUTEJBHOCTHU

Kosyas T. B. — npodeccop, TOKTOp TeXHHYECKHX HayK, mpodeccop kadenpst [IporpaMmMHOl HH)KEHEPHU U HHPOPMAIIMOHHBIX TEXHO-
noru#t ynpasienus, Hannonanpueiii Texauueckui YHuBepcuteT «XapbkoBckuii [lonmutexamueckuii UHCTHTYTY.

Ceupuaosa A. C. — maructp kadenpsi [IporpaMMHO#l nHXeHepUH 1 HHOOPMAIIOHHBIX TEXHOJIOTHI yripaBieHus, HarponanbHbIi
Texnauyeckniit YHuBepcuteT «XapbkoBckuil [Tomurexnnuecknit MHCTHTYTY.

Ko3yas M. M. — kaH/. TexH. HayK, MOUeHT Kadenpsl [IporpamMHoil MHXeHepur W HH()OPMAIMOHHBIX TEXHOJOTUil yrpasnenus, Ha-
unoHanbHbIN Texunueckuil YHuBepcuteT «XappkoBckuil [lonutexuuueckuii MHCTUTYTY.

AHHOTALUA

AKTYyaJIbHOCTB. PaccMOTpeHHE KOMIUIEKCHO MCCIIE0BAaHHOTO OOBEKTa B BUJIE «CHCTEMa — OKPYIKAIOIIAs CPeay Uil MOIyYeHHs MPH-
OJIMXKEHHO TOYHOTO OTPAXKEHHUS PeasIbHON CUTYaIUH.

Lleapb. monck penieHuid MpoOIEMHBIX BOIPOCOB HAYYHBIX MCCIIEAOBAaHUI Ha 0a3e SHTPONMIHOIO MOAXOAA Ul CUCTEM «OOBEKT — OKpY-
JKAIOIasl Cpesiay PasIMyHONW HPHPOJIBI M CIIOKHOCTH, H3YYSHHE UX U MOJTyYCHUs 3HAHUH (YCTOHYMBONW MH(OPMALUK) U NPETOCTABICHUS UX
B BH/JIC KOMIUIEKCA 3a/1a4 CJIOXKHOM CHCTEMbI, MOJIYIMPOBAHHBIX OJlaroziapsi pa3In4HbIM SHTPONUIHBIM (QYHKLIHUSIM.

Mertopn. Jlns OLEHKN YCTOHYMBOCTH PA3BUTHS CUCTEMHOrO 0OBEKTa HUCIONB3YIOT CIEAYIOLINE KPUTEPHHU: LIETIOCTHOCTh — HEBBIXOJ Tpa-
EKTOPUU Pa3BUTHA OOBEKTa Ha ONPEJECIICHHOM IPOTHO3HOM HMHTEpBaje BPEMEHH M3 MHOXKECTBAa O€30IMACHBIX COCTOSIHHIT; MOHOTOHHOCTh
pocTa MHANKATOPOB Pa3BUTHSI OOBEKTa HA ONPEACIICHHOM MHTEPBAJIC BPEMEHH C IOCIEAYIOIIUM COXPAaHEHHEM MX B 33/IaHHBIX MHTEpBaax
JIOIYCTHMBIX 3HaY€HHH; COOTBETCTBUE TPACKTOPUH PA3BUTHS LIEJEBbIM U3MEHEHHUSIM 0 TPEOOBAHUAM OE30MAaCHOCTH U yCTOHYMBOTO pa3BHU-
TUSI, YCTOMYMBOCTh K BO3MYIIEHHUIO, B TOM YHCIIC, aCHMIITOTHYECKAs] YCTOMYMBOCTD MMPOrPAMMHON TPACKTOPHU M CTPYKTYpHask YCTOWYH-
BOCTb CHCTEMBI.

B ycrnoBusix HENMMHEWHOTO Pa3BUTHS COOBITHI M CAMOOBUIBHOCTH MPOIIECCOB «OOBEKT — BHEUIHUE CHCTEMbD) MPH YCTOWYHMBOW CTPYK-
TYpe CUCTEMHOr0 00bEKTa MCCIEIOBAHUS LeNeco00pa3HO NMPUMEHEHHE SHTPONUHHOrO MOAX0Aa U 3HAHUH U3 00JaCTH TEOPUH YCTOHYHBO-
CTH, pa3pabOTaHHOM ISl TEXHUUYECKUX U KHOCPHETHYECKUX CHCTEM.

PesyabTatbl. [IpenoskeHHbIH SHTPONUAHBII OAXO/] K aHATIN3Y ONPEIeIIeTCsl TeM, YTO 00BEKT XapaKTepU3yeTCsl ¢ MO3ULMI cOoOIIoIe-
HUSl IOMYCTUMbIX HOPMATHUBHBIX OIPAaHMYEHMI M TPOLECCHl OTHOCHTENBHO MPHEMIEMOCTH OOBEKTOM BO3ACHCTBUII BHELIHETO OKPYXEHHMS
WJIM BO3MOXKHOCTH YPETYJIMPOBAHHS CUTYALMU COCYILECTBOBAHHS «OOBEKT — OKPY’KAIOLIAs Cpesiay.

B pamkax aHann3a CHCTEMHOTO OOBEKTa 9TO 3HAYMT, YTO U JUIS CTALIMOHAPHBIX, U JUISL AUHAMUYECKHUX YCIOBUH UX COCTOSHUE ONMHUCHIBA-
eTcsl OmpeieeHHO# QyHKINeH, N3MEHEHHUsI KOTOPO YKa3bIBAIOT Ha MPUOIIKEHUE K OMPEICICHHON TOUYKE TOMEOCTATHUECKUX OTHOIICHHH C
OKpY>Kalollei cpenou.

[IpakTHyeckoe MpUMEHEHNE NMPEJOCTaBICHHON METOM0JIOTHYECKOM PEUIOKEHNUS IO TOUCKY PELICHUH B YCIIOBHSX HEOIPEAEICHHOCTH
CBOETO POJia pAaCCMOTpPEH Ha MPHMeEPE OIPe/Ie/ICH s Mep BO3JCHCTBHS Ha XOJ MO3UTUBHOTO Pa3BUTHS OpraHu3Ma peOCHKa B CHUTYalluH Auar-
HO3a JeTCKui 1epedpanbubiii mapanny (JJLIT) B Bume nHbOPMAIIMOHHO-IIPOTPAMMHOTO MPHUIIOKEHHS MO BEPOSITHOCTH OTHECEHHUs peOeHKa K
rpyrmnmne Xoap0a J1ndo He X0Ab0a NpH peanu3aluy NIPUMEHEHHbBIX K HUM Ha3Ha4YeHUil teueOHoro xapakrepa (pakrops! ausaust HC).
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