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Introduction
In everyday life, a person encounters many different time series, representing discrete
random variables arranged in chronological order. Typical examples are the average
daily temperatures, the quantities of fuels sold during the year, the values of the
currencies on the financial markets and others. Such phenomena are observed in almost
all areas of human activity and therefore they are the subject of study and forecasting.
Artificial neural networks have become extremely popular in the last five
decades. Their main advantage is the ability to reproduce nonlinear dependencies using
sample data. They are used as a tool for classification, image recognition and
forecasting. In the most common variant, artificial neural networks are directed weight
graphs. The organization is layered, with information transmitted from the input layer
to the output layer. Most often, the nodes between the individual layers are fully
connected, which means that each node is connected to all other nodes in the adjacent
layer. The organization of the number of layers and how many nodes to have in each
layer is subject to empirical determination and strongly depends on the nature of the
problem. The learning process is most often with training examples (teacher training)
and the goal is to achieve such an optimal value for the weights on the edges of the
graph, so that the artificial neural network performs the calculations for which it is
intended. Once trained, artificial neural networks are extremely fast-acting. This
characteristic makes them especially desirable in many industrial technical solutions.
Difficulties in using artificial neural networks are related to the time required for their
training. Over the decades, many different algorithms have been developed to search
for optimal weights in the network. The two main directions of algorithms are gradient
(exact numerical algorithms) and heuristic (most often stochastic with introduced
empirical rules). Accelerating the learning process is a major problem in the practical

use of artificial neural networks.
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Purpose and tasks

The aim of this dissertation is to propose hybrid algorithms for accelerating learning in
artificial neural networks of the multilayer perceptron type for the purpose of time
series forecasting. To achieve this goal it is necessary to perform the following tasks:

e To make an overview analysis and classification of algorithms for training of
artificial neural networks of multilayer perceptron type;

e To analyze the possibility of combining different algorithms for the
implementation of hybrid training of artificial neural networks of the multilayer
perceptron type;

e To propose algorithms for training of artificial neural networks of multilayer
perceptron type in distributed environment;

e To propose an improvement in order to reduce the training time of artificial
neural networks of the multilayer perceptron type;

e To propose a software architecture for the implementation of mobile distributed
forecasting calculations;

e To make program implementation of the proposed hybrid algorithms for
training of artificial neural networks of multilayer perceptron type in order to
prove their operability;

e To make a comparative analysis of the effectiveness of the known algorithms

for training artificial neural networks of the multilayer perceptron type.

Structure of the dissertation

The dissertation is structured in an introduction, a presentation of four chapters, a
conclusion, a declaration of originality of the results, a list of publications on the
dissertation and a bibliography. The dissertation is in the volume of 157 pages, 68
figures and 4 tables, 134 cited literary source and 1 application.

The introduction clarifies the relevance of the problem and presents the
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6 Petar Tomov >
structure, object, subject, goals and objectives.

The first chapter provides an overview analysis and classification of widely
used algorithms for training artificial neural networks. The advantages and
disadvantages of exact numerical algorithms and heuristic algorithms are determined.
The possibilities for training of artificial neural networks in sequential calculations,
parallel calculations and calculations in a distributed environment are presented.

The second chapter presents the theory of algorithms in the training of artificial
neural networks of the multilayer perceptron type. Modifications of some of the
algorithms that are applicable in time series forecasting are proposed. The applied
modifications refer to: 1) determination of weights, using a genetic algorithm using the
operations - selection, crossing and mutation. A new selection operator has been
proposed and analyzed, based on the creation of generations in a recursive descent
procedure. The speed of the used heuristic algorithms was studied experimentally; 2)
approximation of curves to multiple points - for incremental approximation of time
series the equation of lines and a line of sine functions are used. An approach for
calculating the coefficients of sine functions with an optimizer based on the evolution
of differences and a swarm of particles is proposed; 3) training on an artificial neural
network - an extensive model of training is presented, which aims to find optimal
weights for a network of three-layer perceptron; 4) the activation function in artificial
neural networks - an alternative to a derivative for the activation function in artificial
neural networks is proposed. An essential feature of the proposed function is that it
shows promising results in terms of speed and accuracy. For the purpose of numerical
testing of the proposed modifications, classification according to the frequency of
voting for each user and the success rate of each vote cast is required. The solution of
this specific task was realized through the use of self-organizing Kohonen maps.

The third chapter presents a software architecture that allows the
implementation of selected algorithms and proposed modifications. An object-oriented
model, a relational model, communication protocols and a graphical user interface are

proposed for the realization of the software architecture. All of them based on
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appropriate data structures.

The fourth chapter presents a comparative analysis of some accurate numerical
and heuristic algorithms. The performed experiments and the obtained results are
described. Their productivity and total error are analyzed.

In the conclusion a summary of the performed researches is made. Some
guidelines for future research related to the application of artificial neural networks are

also provided.

Chapter 1 Forecasting time series using machine self-learning

The first chapter provides an overview of the most commonly used ways to predict
time series and how machine self-learning is applied in this problem area. Making
forecasts is of great importance for modern societies. Starting with the forecast for the
meteorological situation and ending with forecasts for the change in prices for goods,
stocks and currencies. In the case of price forecasting, the data are successfully
presented in the form of a time series. Quite logically, each subsequent value should
have some dependence on the previous values. Many ways to predict financial time
series have been developed in recent decades, but artificial neural networks stand out
as one of the most promising. Characteristic of artificial neural networks is that they
are a very effective tool once trained. The learning process, on the other hand, often
takes too long and requires a large amount of computing resources. One of the most
widely used ways to train artificial neural networks is the backpropagation algorithm.
This algorithm belongs to the group of exact numerical, gradient methods. Its
weaknesses are the inability to be effectively realized in parallel calculations and its
tendency to fall into local optimums without effective ways to avoid them. The error
backpropagation algorithm is very well complemented by heuristic, evolutionary
global optimization algorithms. The characteristic of this type of heuristics is that they
lend themselves to an extremely high degree of parallel processing. Some of these

heuristics are specifically designed to avoid local optimums. The wide possibilities for
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8 Petar Tomov >
parallel processing in evolutionary and population heuristics allow their realization on
heterogeneous systems for distributed computations. In order to be more financially
efficient, this type of distributed calculation can be performed on the principles of
donated computing power. The presence of significantly more mobile devices
(smartphones and tablets) compared to desktop computer systems leads to motivation
to perform calculations in the form of mobile distributed calculations.

A summary of the characteristics of the exact numerical and heuristic teaching
methods is made, considered in the review part.

Main conclusions to Chapter 1:
All of the above gives reason to seek the implementation of a mobile distributed
computing system that trains artificial neural networks, with a hybrid algorithm (error

propagation and population global optimization) to predict financial time series.

Chapter 2 Algorithms for forecasting and training of ANN

The second chapter presents author's algorithms. Possibilities for improving the
selection algorithm in genetic algorithms have been studied. The idea of recursive
descent into nodes of tree structure is applied, as each node is characterized by a sub-
population. In each node, complete depletion is performed for recombination of
individuals in the adjacent node under a population, calculating the target function
(Table 2.2).

Table 2.1 Time spent in milliseconds
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Table 2.2 Number of calculations of the objective function

Table 2.3 Achieved suboptimal values

Complete depletion is also combined with local search, in order to further
improve (Table 2.1) the results (Table 2.3) in the specific node. The achieved results
are presented in (Tomov-01, Tomov-02). In the publication (Tomov-01) the author of
this dissertation has 1/3 contribution, which consists in proposing the presented idea
and writing the program code for the experiments, which is why he is the leading author
in the publication. In the publication (Tomov-02) the author of the present dissertation
has 1/3 contribution, which consists in proposing the presented idea and writing the
program code for the experiments, which is why he is the leading author in the
publication.

The possibilities for fitting curves to multiple points with the help of an equation
for lines and a series of sine functions have been studied. The achieved curve is used
to generate a forecast (Fig. 2.4), outside the range of known measured points. The
achieved results are presented in (Velichkova-01). In a publication (Velichkova-01) the
author of this dissertation has 1/3 contribution, which consists in proposing the

presented idea. The possibilities for rapid prototyping of artificial neural networks with
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10 Petar Tomov >

the help of a swarm of particles and the evolution of differences have been studied. The

achieved results are presented in (Tomov-04).

Fig. 2.4 Approximation with lines and sine functions

An alternative to the first derivative of the periodic attenuating sinusoid for
activation function in artificial neural networks has been proposed. When the activation
function has a periodic component, this also affects its first derivative. The periodic
component and both breakpoints lead to a delay in the learning process. As a result of
these two complications, backpropagation training leads to a slower convergence of
the algorithm. An elegant approach to speed up the process is to replace the first
derivative with a function similar in shape but without a periodic component and
without breakpoints f (x) = exp (-x2). A comparison is made between the proposed
alternative function and the first derivative of the periodic decaying sine wave as an
activation function. The alternative function gives better results in terms of speed and
error (Fig. 2.5 and Fig. 2.6).
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Fig. 2.5 Error made by the network Fig. 2.6 Number of epochs

A study of the possibilities for classifying consumer votes in forecasting
financial time series has been performed. When developing a system for collecting
consumer votes, the classification of the collected data is essential. In order for users'
votes to be used for future forecasting, the information collected must be classified
according to the frequency of voting per user and the success rate of each vote cast.
This task is effectively solved with self-organizing Kohonen maps. The achieved
results (Fig. 2.7) are presented in (Tomov-03). In the publication (Tomov-03) the author
of the present dissertation has 1/3 contribution, which consists in proposing the
presented idea and writing the program code for performing the experiments, which is

why he is the leading author in the publication.
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Fig. 2.7 Four groups by frequency of participation and level of knowledge

Main conclusions to Chapter 2:

a) Proposed improvements in the selection operation in genetic algorithms can
improve the search for suboptimal solutions, although this is at the expense of
computational time;

b) The generalizing possibilities of sinusoidal approximation give sufficient
grounds for this tool to find application in the practical forecasting of financial time
series;

c) Rapid prototypes of artificial neural networks are possible with the available
optimization tools in spreadsheet software packages;

d) Alternatives to derivatives in artificial neural networks can speed up the
learning process;

e) Slowly calculated target functions significantly slow down the process of
finding suboptimal solutions;

f) Classification of consumer vote in human-computer distributed calculations is

a key component for generating forecasts.
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Chapter 3. Software system for forecasting with ANN of time
series

The third chapter presents the architecture (Fig. 3.1) and software implementation of a

distributed system in mobile forecasting devices.

Fig. 3.1 System architecture

A software solution for mobile devices has been developed under the Android

OS operating system (Fig. 3.2).

Fig. 3.2 Mobile application
The developed program code is presented as a subsystem of client-server type.

In turn, the mobile application is presented with a modular architecture (Fig. 3.3) for

maximum configurability.
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Fig. 3.3 Modular organization
A presentation of the developed graphical user interface was also made (Fig.

3.4). The external program libraries included in the forecast calculation processes are
presented (Fig. 3.5).

Fig. 3.4 Graphical User Interface
The user has the opportunity to see the currency pair for which the forecast was

made, the learning process of the ANN and the result (forecast value) of the trained

neural network. The interface also allows collecting the user's subjective opinion on
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how he expects the price of the respective currency pair to change. The external
program libraries included in the forecast calculation processes are presented (Fig. 3.5).

Fig. 3.5 External program libraries

The results obtained are presented in (Tomov-05, Tomov-06, Tomov-07,
Zankinski-02). In the publication (Tomov-05) the author of this dissertation has 1/3
contribution, which consists in proposing the presented idea and writing the program
code for the experiments, which is why he is the leading author in the publication. In
the publication (Tomov-06) the author of the present dissertation has 1/3 contribution,
which consists in proposing the presented idea and writing the program code for the
experiments, which is why he is the leading author in the publication. In the publication
(Tomov-07) the author of this dissertation has 1/3 contribution, which consists in
proposing the presented idea and writing the program code for the experiments, which
Is why he is the leading author in the publication. In the publication (Zankinski-02) the
author of the present dissertation has 1/3 contribution, which consists in writing the

program code for performing the experiments.
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Main conclusions to Chapter 3:

a) The distributed computing architecture with mobile devices can be extremely
effective in solving practical problems;

b) The modular organization of the software in mobile applications gives a high
degree of flexibility in solving technological tasks;

c) The graphical user interface is key to user satisfaction when participating in
projects with donated computing power;

d) The efficient separation of the calculation modules from the graphical user
interface modules allows for effective quality control;

e) The use of open source software libraries significantly shortens software
production time and improves quality by relying on the active community of software

library maintenance community.

Chapter 4 Numerical tests of algorithms in the forecasting

system

In the fourth chapter a comparative analysis of the selected exact numerical methods
and heuristic methods for training artificial neural networks is performed. The basic
form of the time series, the next sine function and the complex form of the time series
from the price of the digital currency bitcoin were used as input data.
The tested exact numerical algorithms are:

e Backpropagation;

¢ ResilientPropagation;

e QuickPropagation;

e ScaledConjugateGradient;

e ManhattanPropagation.
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The tested heuristic algorithms are:

e Evolution Strategy;

e Genetic Algorithm;

e Deferential Evolution.

For each algorithm, a graphical representation of the number of training cycles
and the total error made by the ANN was made.

With the exact numerical methods, the algorithm for learning with error

backpropagation is clearly distinguished (Fig. 4.1).

Fig. 4.1 Resilient Propagation

In heuristic methods, genetic algorithms show good results (Fig. 4.2). The results

obtained are presented in (Tomov-08).
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Fig. 4.2 Efficiency of genetic algorithms

Main conclusions to Chapter 4:

a) Accurate numerical methods are extremely effectively combined with
stochastic optimization algorithms in the training of artificial neural networks;

b) The open format in which the list of accurate and stochastic algorithms are

organized allows for rapid and efficient expansion of this list of algorithms;

Conclusion — summary of the obtained results

The obtained results, described in the present dissertation, can be summarized in the
following scientific and applied scientific contributions / results:

1. Areview analysis and classification of algorithms for training of artificial

neural networks of the multilayer perceptron type has been made. The most

used ways of forecasting time series and how machine self-learning is

applied in this problem area are discussed. It has been found that the
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backpropagation algorithm, which belongs to the group of exact numerical,
gradient algorithms, is the most commonly used for training artificial neural
networks. It has also been found that this algorithm complements very well
with the heuristic, evolutionary algorithms for global optimization, which in
turn lend themselves to an extremely high degree of parallel processing;
For the purposes of the ANN training process, a genetic algorithm that relies
on operations such as selection, crossbreeding and mutation has been
proposed in determining weights. Therefore, a new selection operator has
been proposed, based on the creation of generations in a recursive descent
procedure, which provides the desired speed of the used heuristic
algorithms;

The incremental approximation of time series is most often realized by the
equation of lines and a line of sine functions. To achieve a better
approximation, an approach for calculating the coefficients of the sine
functions with an optimizer based on the evolution of differences and a
swarm of particles is proposed;

An alternative derivative to the activation function in artificial neural
networks is proposed. The results obtained show better speed and error in
favor of the proposed alternative function than when using the first
derivative of a periodic attenuation activation function;

A genetic algorithm for training artificial neural networks of the multilayer
perceptron type in a distributed environment has been proposed, which
makes it possible to use it in parallel processing;

A software architecture is proposed, allowing the implementation of mobile
distributed computing, based on the proposed hybrid algorithms. The
software implementation for hybrid use of gradient numerical and heuristic
algorithms for weight optimization in artificial neural networks is

implemented in a mobile application for Android.
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Guidelines for Future Research

Achieving in the Android operating system could be a similar goal to achieve in the
10S operating system of Apple. Unlike Android, i0S is a completely closed operating
system. The 10S application distribution model would also lead to additional
difficulties. Another direction for the development of the ideas from the dissertation is
oriented to the KaiOS operating system. This operating system is not yet widespread
and is aimed primarily at less powerful mobile devices, but can be a very productive
direction for further research.

Regarding the algorithms and software libraries used, there are many
possibilities to improve the existing algorithms and add new ones. The software
libraries used are open source, which gives great freedom to study the program code,
add it and optimize it, as well as expand it with new algorithms.

Some of the areas with potential application of artificial neural networks are
management of autonomous systems, forecasting the workload of employees,
forecasting the presence of employees in the office, when conducting a population
census and others. Some of these potential applications are also targeted by some future

research.
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Approbation of results and publications

The main results obtained in the development of the dissertation are reported in eleven
publications in specialized journals, national and international conferences:

1. Mateeva, G., Tomov, P., Parvanov, D., Petrov, P., Kostadinov, G., Balabanov,
T.. Some Capabilities of Android OS for Distributed Computing. Proceedings of Big
Data, Knowledge and Control Systems Engineering BAKCSE’21, 2021, 1-6, ISBN
978-1-6654-1043-4.

2. Zankinski, 1., Barova, M., Tomov, P.: Hybrid Approach Based on Combination
of Backpropagation and Evolutionary Algorithms for Artificial Neural Networks
Training by Using Mobile Devices in Distributed Computing Environment.
Proceedings of 11th International Conference on Large-Scale Scientific Computations
LSSC'17, June 5-9, 2017, Sozopol, Bulgaria, 2017, 425-434, ISBN 978-3-319-73440-
8.

3. Tomov, P.: Encog Gradient Training Algorithms Evaluation. Problems of
Engineering Cybernetics and Robotics, vol. 77, 2021, 11-19, ISSN 2738-7356.

4. Tomov, P.: Multilayer Perceptron Fast Prototyping with Differential Evolution
and Particle Swarm Optimization in LibreOffice Calc. Problems of Engineering
Cybernetics and Robotics, vol. 75, 2021, 5-14, ISSN 2738-7356.

5. Tomov, P., Zankinski, I., Balabanov, T.: Training of Artificial Neural Networks
for Financial Time Series Forecasting in Android Service and Widgets. Problems of
Engineering Cybernetics and Robotics, no. 71, Institute of Information and
Communication Technologies - Bulgarian Academy of Sciences, 2019, 50-56, ISSN
1314-409X.

6. Tomov, P., Zankinski, I., Balabanov, T.: Server Side Vote Clustering in
Human-Computer Distributed Computing. Information Technologies and Control, no.
2, John Atanasoff Society of Automatics and Informatics, 2019, 15-19, ISSN 2367-
5357.

7. Tomov, P., Zankinski, 1., Barova, M.: Artificial Neural Networks Time Series
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Forecasting with Android Live Wallpaper Technology. Proceedings of the International
Conference Numerical Methods for Scientific Computations and Advanced
Applications NMSCAA’18, May 28-31, 2018, Hissarya, Fastumprint, 2018, 76-79,
ISBN 978-954-91700-7-8.

8. Tomov, P., Zankinski, I., Barova, M.: Mobile Alternative of the Moneybee
Project For Financial Forecasting. Proceedings of the Annual University Scientific
Conference of the National Military University Vasil Levski, June 14-15, 2018, Veliko
Tarnovo, Innovetion and Sustainability Academy — ISA, 2018, 1085-1089, ISSN 2367-
7481.

9. Tomov, P., Monov, V.: Modeling and Analysis of Time Series. Proceedings of
International Scientific Conference UniTech’17, Gabrovo, November 17-18, 2017, vol.
I1, University publishing house Vasil Aprilov, 2017, 404-409, ISSN 1313-230X.

10. Tomov, P., Monov, V.: Artificial Neural Networks and Differential Evolution
Used for Time Series Forecasting in Distributed Environment. Proceedings of the
International Conference Automatics and informatics, October 4-5, 2016, Sofia,
Bulgaria, Federation of the scientific engineering unions, John Atanasoff Society of
Automatics and Informatics, 2016, 129-132, ISSN 1313-1850.

11. Keremedchiev, D., Barova, M., Tomov, P.: Mobile Application as Distributed
Computing System for Artificial Neural Networks Training Used in Perfect
Information Games, International Scientific Conference UniTech’16, Gabrovo,
University publishing house Vasil Aprilov, 2016, 389-393, ISSN 1313-230X.

The results achieved in the dissertation were awarded a prize in a competition

for global scalable optimization, held as part of the International Conference on High

Performance Computing, 20109.
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27 MeTbp TomoB

YBop

B exemHeBnero 4YoBeK ce COTBCKBA C MHOTO W pa3IMYHU BPEMEBH PEIOBE,
MPEACTABISABAIIN JUCKPETHU CIyYalHHU BEJIMYMHU, MTOAPENCHU B XPOHOJIIOTUYEH PEL.
TunuyeH npuMep ca CPEeOHUTE IHEBHU TEMIIEpaTypH, KOJIMYECTBATa IPOHAICHU
ropuBa Mpe3 rofruHara, CTOMHOCTUTE Ha BAIyTUTE Ha ((MHAHCOBUTE TIa3apu U Apyru. B
IIOYTH BCUYKHM OOJIACTH Ha YOBCIIKATa JEHMHOCT ce HaOJroJaBaT TakKuBa SBICHUS U
3aTOBA TE€ Ca MPEAMET HA U3y4YaBaHE U IPOTHO3UPAHE.

N3KyCcTBEHUTE HEBPOHHH MPEXU [OCTUraT  HU3KIKOYUTEIHO  ToJiIMa
MOMYJISIPHOCT B TOCHEIHUTE TeT naeceTwneTus. OCHOBHOTO WM MPEIUMCTBO €
Bb3MOXKHOCTTa Ja BB3IPOU3BEKIAT HEIMHEWHU 3aBUCMMOCTM C TNIOMOIITAa HA
npuMepHu JaHHU. [IpuioxkeHne HaMHupaT KaTo WHCTPYMEHT 3a KiacuduKaius,
pasmno3HaBaHe Ha oOpa3u W mporHosupane. [Ipu Hail-pasnpocTpaHeHUs BapHUaHT,
M3KYCTBEHUTE HEBPOHHU MPEXH TNPEJICTABIsSBAT HACOUYCHU TETIIOBHU Trpadu.
Opranuzanusita € Ha cjJoeBe, KaTo nH(opmalusTa ce rnpeaaBa oT BXOAHUS CIOH KbM
U3XOMHUSA cior. Hall-uecTo BB3IUTE MEXKIY OTACITHUTE CIOEBE Ca IIbJIHO CBBbP3aHHU,
KOETO 03HauaBa, Y€ BCEKU Bb3€JI € CBbP3aH C BCUUKHU JIPYTH Bb3JIU OT ChbCEAHUS CIOM.
Opranu3zanusita Ha Oposi CJI0€BE U KOJKO BB3JIM J1a MMa BbB BCEKHU CJIOM € 0OeKT Ha
EMIIMPUYHO YCTAHOBSIBAHE U CUJIHO 3aBHMCH OT €CTECTBOTO Ha pellaBaHara 3aJaya.
[IponiechT Ha 0OyUeHHE HAl-YECTO € ¢ TPEHUPOBBYHU MpUMepHU (00ydeHHE C YUuTeN)
U IIeJiTa € Jia C€ MOCTUTHE TaKaBa ONTHMaHa CTOMHOCT 3a Terjara mo pebpara Ha
rpada, Taka ye M3KyCTBEHaTa HEBPOHHA Mpeka MAKCHMAaJHO J00pe jJa M3BBLPIIBA
U3UMCIICHUSTA, 32 KOWTO € TMpeaHa3sHaueHa. BenHbK 00ydeHU, HW3KYCTBEHHUTE
HEBPOHHH MPEXH Ca M3KIIOUYUTEIIHO Obp30 AciicTBamu. Ta3u TIXHA XapaKTepHUCTHKA
M TpaBU OCOOCHO >KEJaHW B MHOXKECTBO HMHIYCTPHAIHH TEXHUYECKH PEIICHMUSI.
Tpynnoctute npu ynorpebara Ha HM3KYCTBEHHM HEBPOHHM MpPEXKU Ca CBBP3aHU C
BpEMETO, HEOOXOMMO 3a TSIXHOTO oOydeHue. [Ipe3 mecerunerusita ca pa3paboTeHH
MHO>KECTBO Pa3JIMYHU AJITOPUTMHU 33 TBPCEHE HA ONTHUMAJIHU TEIIa B Mpexara. /[sere

OCHOBHHM HaAIIpaBJICHHA aJITOPUTMU Ca I'PaJUCHTHH (TOIIHI/I YUCICHU aJIFOpI/ITMI/I) 151

Asmopegpepamu na oucepmavuu 2022 (5) 27-49



NMPOrHO3NPAHE HA BPEMEBW PEJOBE C N3KYCTBEHW HEBPOHHWN MPEXI 28

€BpUCTUYHHU (HAl-4eCTO CTOXaCTUYHU C BBBEACHU EMIMPUYHU TMIpaBUIIA).

VYckopsiBaHETO Ha mpoiieca Mo oOydyeHHEe € OCHOBEH MpoliieM B IpakTHYecKara

ynorpeda Ha U3KyCTBEHUTE HEBPOHHU MPEKHU.

Len u 3apaun

HCJ’I Ha HACTOAIIUA JUCCPTALMMOHCH TPYA € Ja CC IIPCATI0XKAT XI/I6pI/II[HI/I AJITOPpUTMHU 3a

YCKOpsIBAaHE Ha OOYYEHHUETO MPU U3KYCTBEHU HEBPOHHU MPEXKU OT THUI MHOTOCJIOCH

MEPLENTPOH 32 LEIUTE Ha NPOTHO3UPAHETO HA BPEMEBHU PEAOBE. 3a peaau3upaHe Ha

Ta3M 1IeJ1 € HEOOXOANMO Ja C€ U3IIBIHAT CIECIHUTE 3a0a4u:

*

Jla ce HanpaBu 0030p€eH aHaIU3 U KIacu(PUKaLKsI Ha aITOPUTMHUTE 3a 00yUeHUE
Ha U3KYCTBEHHM HEBPOHHU MPEXH OT THI MHOTOCJIOEH NEPLIENTPOH;

Jla ce aHanmu3upa Bb3MOXKHOCTTA 32 KOMOMHUPAHE HA PA3IIMYHU AITOPUTMH 3a
peanu3upaHe Ha XUOpHUIHO 00yUeHUE Ha U3KYCTBEHH HEBPOHHU MPEXH OT THUII
MHOTOCJIOEH NEPUENTPOH;

Jla ce mpeyioxkaT aaropuTMu 3a 00y4eHue Ha U3KYCTBEHH HEBPOHHU MPEXKH OT
THUIT MHOTOCJIOEH MEPLENTPOH B pa3NpeesieHa Cpeaa;

Ja ce nmpenioxu nogo0peHue ¢ 1eJl HaMasiBaHE Ha BPEMETO 3a 00y4eHHE Ha
W3KYCTBEHH HEBPOHHU MPEXH OT TUII MHOTOCJIOEH MEPLENTPOH;

Ha ce mpemioxku codTyepHa apXWUTEKTypa 3a pealu3upaHe Ha MOOWIIHU
pasIpenereHd N3UUCIICHUS 3 IPOrHO3UPAHE;

Jla ce HampaBu mporpamMHa peaju3anus Ha MpeIoKEHUTE XUOPUIHU
aJrOpUTMHU 32 00y4YeHHE Ha U3KYCTBEHU HEBPOHHU MPEKHU OT THUI MHOTOCJIOEH
NEPLENTPOH C IIeJT JOKa3BaHe Ha TsIXHaTa pab0TOCIOCOOHOCT;

Jla ce HampaBu CpaBHUTENEH aHaiIW3 3a €(EeKTUBHOCTTAa HAa IO3HATUTE
aJIrOpUTMHU 32 00yUYE€HHE HAa U3KYCTBEHH HEBPOHHU MPEKHU OT THUI MHOTOCIIOEH

MEePILENTPOH.
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CTpyKTypa Ha AucepTauMoHHUs TpyAa

JIMCepTalMOHHUAT TPYA € CTPYKTYPHUpaH B YBOJ, HM3JOKEHHE OT YETUPHU IJIaBH,
3aKJIIOYEHHe, JeKiapaluss 3a OpUTMHAJHOCT Ha pe3yiATaTuTe, CIHCHhK Ha
MyOJUKAITUUTE TI0 TUCEPTALTMOHHUS TpyA U oubnuorpadus. [ucepTalluOHHUAT TP €
B 0o06em ot 157 crpanunm, 68 ¢urypu u 4 tabmuny, 134 uuTUpaHd JTUTEpATYpPHU
M3TOYHMKA U 1 pUIIOKEHHE.

B yBoma ¢ wm3sicHEHa aKTyaJHOCTTa Ha TMpoOieMa W ca TMpeACcTaBeHU
CTPYKTypara, OOEKTbHT, IPEIMETHT, LIETUTE U 3aJa4uTe.

B nbpBa raBa e HampaBeH 0030peH aHAIW3 W KIacH(UKaIMs Ha IIUPOKO
U3MOJI3BAHUTE QITOPUTMH 32 OOy4yeHHMEe Ha M3KYCTBEHHM HEBPOHHU MPEXKH.
Omnpenenenu ca nNpeAUMCTBaTa U HEAOCTATHIIUTE HA TOUHUTE YUCIICHU aITOPUTMH U
HA CBPUCTUYHHUTE anroputMmu. [IpenctaBeHM ca BB3MOXKHOCTUTE 3a OOydeHHE Ha
M3KYCTBEHU HEBPOHHU MPEXKU MpPHU TMOCIEIO0BaTEIHH MPECMATAaHUs, NapajeHU
peCMATaHUS U IPECMATAHUS B pa3MlpeesieHa cpea.

B®B BTOpa I1aBa € M3I0KeHA TEOpUATa 332 aJITOPUTMHUTE MPU OOYYCHHUETO Ha
M3KYCTBEHU HEBPOHHM MPEXKHU OT TUI MHOTOCIOEH mnepuentpoH. Ilpemnoxenu ca
Moau(UKAIIMK HAa HIKOU OT aJITOPUTMUTE, KOUTO ca MPHIIOKUMHU MPHU MMPOTHOZUPAHETO
Ha BpeMeBHU pezose. [Ipunoxennte Monudukauu ce OTHACAT 10: 1) omnpezaesnsHe Ha
Ternara, 4pe3 M3MOJ3BaHE Ha TEHETHYCH alTOPUTHM, H3MOJ3BAIl OMEpaluuTe —
CEJIeKIIHsI, KPhCTOCBaHE U MyTarus. [Ipenyioxken M aHaIM3UpaH € HOB OMepaTop 3a
CEJIEKIIMs, OCHOBAaH Ha CH3AABAHETO HA MOKOJEHHS IMPH MpOLEAypa 3a PEKYpPCHUBHO
cmyckane. M3cnenBaHO € EKCIEpUMEHTATHO Obp30IEeHCTBHETO Ha W3IOJI3BAHUTE
€BPUCTUYHH AJITOPUTMH; 2) alpOKCUMHpPaHE HAa KPUBH KbM MHOXKECTBO TOUKH — 34
MHKpPEMEHTAJIHA allpOKCUMAIlUs Ha BpPEMEBHU PEIOBE CE U3MO0I3BaT ypaBHEHUE Ha IIPaBa
u pen ot cuHyc GyHkuuu. [Ipennoxen e moaxon 3a mpecMsaTaHe Ha KOCPUIIMEHTUTE Ha
CUHYC (DyHKIIMUTE C ONTUMHU3ATOP, Oa3UpaH Ha E€BONIOLMS HAa PA3IUKUTE U POSK OT
gacTuiy; 3) oOy4eHHEeTO Ha M3KYCTBEHA HEBPOHHA MpEXka — MPEICTABEH € pa3rbpHaT

MOJCJT Ha O6y‘leHI/ICTO, KOCTO LECJIWM HAMHUPAHE Ha OIITUMAJIHHA TCITIa 3a MPEKA OT THUIL
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TPHUCIIOCH MEPIENTPOH; 4) aKTHUBAIIMOHHATA (DYHKIIUS B U3KYCTBEHU HEBPOHHU MPEXKH
— TIpemJioKeHa € aiTepHaThBa Ha TPOM3BOJHA 3a AaKTUBAIlMOHHATa (YHKIUS B
M3KYCTBCHH HEBPOHHU Mpeku. ChIlecTBeHa 0COOSHOCT Ha MpeIIokeHaTa (pyHKIHS,
€ 4e ToKa3Ba oOemaBaIy pe3yITaTy 10 OTHOIICHHE Ha ObP30ACHCTBUETO M TOYHOCTTA.
3a menMTe Ha YUCJICHOTO TECTBAaHE HAa MPEIIOKCHUTE MOAM(PHUKALUNA € HEOOXOIMMO
KJIacu(HIMpaHe CIIopeT 4ecToTara Ha IIacyBaHe 32 BCEKU IMOTPEOUTEN U MPOIICHT Ha
yCrex Ha BCEKH IMOIaJIeH 1y1ac. PemaBaneTo Ha Ta3u KOHKPETHA 3a7a4a € peaaTn3upaHo
Ype3 U3I0I3BaHe Ha CaMOOpraHU3HpaIIH ce KapTh Ha KoxXoHeH.

B Tpera maBa e mpencraBeHa cod)TyepHa apXUTEKTypa, ITO3BOJISBAIIA
peanuzanus Ha W30paHW AJTOPUTMH U TPEUIOKEHHTe Momudukanuu. 3a
peanu3anuaTa Ha codTyepHara apXWTEKTypa € MPEeIIOKEeH OOEKTHO-OpHEHTHpaH
MOJZIETl, PpETAIMOHEH MOJeN, KOMYHUKAIIMOHHUTE TPOTOKOIM ©  TrpadudcH
moTpeOuTeICKH nHTepderic. Bcuuku Te 0CHOBaBaIy ce Ha MOAXOASIIN CTPYKTYPH OT
JaHHU.

B yeTBBpTa N1aBa € M3J10’)KEH CPAaBHUTEIICH aHAJIN3 HAa HSIKOW TOYHH YUCICHU U
EBPUCTUYHH anroput™Mu. ONUCaHW ca MPOBEACHUTE CKCIIEPUMEHTH M TIOJYyYCHUTE
pesyaTaTi. AHalW3UpaHa € TIXHATa MPOU3BOJAUTEIIHOCT M OO0 JOMyCHATA TpeliKa.

B 3ak/ioueHueTo e HampaBeHO 0000IEHHE HAa W3BBPIICHUTE HW3CJICIBAHMUS.
ITocoueHn ca ChHINO Taka W HSIKOW HACOKH 3a OBACIIM W3CIICABAHUS, CBBpP3aHU C

o0OJyracTTa Ha IMPHUIIOKCHUCTO HA U3KYCTBCHHUTC HCBPOHHU MPCIKU.

masa 1. lNporHo3upaHe Ha BpeMeBU penoBe C NMOMoOLUTa Ha
MaLWMHHO caMooby4eHune

B mbpBa m1aBa e HanpaBeH 0030p Ha HAW-U3MOI3BaHUTE HAUMHU 32 MPOTHO3UPAHE HA
BPCMCBH PCIAOBC U 110 KaKbB HAYUMH MAINIMHHOTO caMoo6yquHe CC IIpujiara B Tasu

npobseMHa ob6nact. Pa3pabGoTBaHeTO Ha NPOTHO3M € OT TOJsIMa BaXKHOCT 3a

CbBPCMCHHUTC O6H_ICCTB21. Karo 3amounem oT IMpOTrHO3a 3a MCETCOpPOJIOTNYHAaTa
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00CTaHOBKAa M CTUTHEM JIO TIPOTHO3W 3a MPOMSHATa Ha ICHUTE 32 CTOKH, aKIMH H
BanyTH. B ciydas ¢ mporHo3upaHeTo Ha IIEHH, JAHHUTE YCIICIIHO Ce MPEACTaBAT BbB
¢dopmara Ha BpemeBU peln. CbBceM JIOTMUYHO, BCSIKa Cle[Balia CTOMHOCT Ja HUMa
HSIKaKBa 3aBUCUMOCT OT MPEAXOAHUTE CTOMHOCTH. [Ipe3 mocnenuure neceTuieTus ca
pa3pabOTeHH MHOTO HAa4YMHM 3a MPOTHO3MpaHE HAa (PMHAHCOBU BPEMEBHU PEIOBE, HO
KaTo €IUH OT Hail-o0ellaBalliuTe, C€ OTKPOSBAaT HU3KYCTBEHUTE HEBPOHHHU MPEXKH.
XapakTepHO 3a W3KYCTBCHHTE HEBPOHHHM MpPEXH €, Y€ T€ ca MHOTo e(eKTHBEH
MHCTPYMEHT, CJIe]l KaTo BeJHBX ca o0yueHu. [IporiechT Ha 0OyueHue, OT CBOs CTpaHa,
YEeCTO OTHEMA TBBPJIE JBJITO BPEME U CE HYXKJ1a€ OT TOJISIMO KOJIMYECTBO U3UUCITUTEITHH
pecypeu. Enun oT Hali-u3Mo3BaHUTE HAYMHM 33 00y4YeHHE HA N3KYCTBEHU HEBPOHHU
MpPEXH € alTOPUTBMBT ¢ 0OPATHO Pa3NPOCTPAHEHHWE HA rpeiikara. To3u aaropuTbeM
crajza KbM rpyrnara Ha TOYHUTE YUCIICHH, TpalueHTHU MeToau. HeroBu cnaboctu ca
HEBB3MOXKHOCTTA Jla ObJie €(PEKTUBHO pealu3upaH B MapajieTHU H3YUCICHUS U
CKJIOHHOCTTA MY Jia U3MaJa B JIOKAJTHU ONITUMYMH, 0€3 J1a uMa €(heKTUBHHU CTIOCOOHU 3a
M30ATrBaHETO WM. AJNTOPUTHMBT 32 OOpPAaTHO PA3MPOCTPAHEHHE HA TPeIIKkaTta MHOTO
no0pe ce JombJIBa C CBPUCTUYHHUTE, CBONIOIMOHHU aJITOPUTMHU 3a TJoOaiaHa
onTUMH3aKA. XapaKTePHOTO 3a TO3M BHUJ €BPUCTUKHU €, Y€ T€ C€ IOJJaBaT Ha
M3KJTIOYUTEITHO BHCOKA CTEIICH 3a MmapajeinHa 00padoTka. HIKou OT Te3u eBpUCTHKH ca
CIEIMaTHO CB3MaJIcHH 3a u30sArBaHe Ha JIOKadHWTE ontumyMmu. lllupokwure
BB3MOXKHOCTH 3a TapajeiiHa o0paboTka MpH €BOJIONMOHHUTE W TOMYJAIMOHHUTE
EBPUCTUKH TO3BOJISABAT PeaIn3alluiaTa UM Ha XETEPOTCHHU CHCTEMH 3a pasNpec/iCHH
n3uucienus. C 1men 3a mo-Bucoka (puHaHcoBa €(heKTUBHOCT, TO3U BUJ pa3MpeIeICHH
M3YUCIICHUS MOTAT Jla C€ W3MBJIHABAT HA MPUHIUINTE 32 JapeHara U3UUCIUTEITHA
MomHOCT. Hannumero Ha 3HaUUTETHO MOBEYE MOOUITHU YCTPONCTBA (YMHH TeJle(POHU
U TabJeTH), COPSAMO HACTOJHWUTE KOMITFOTBPHU CHUCTEMH, BOAU JO MOTHBAIIUS
npecMsiTaHusITa J1a ce peanusupar mnoj (opmMara Ha MOOWIHU pas3lpeicicHu
W3YUCIICHUS.

HampaBeno e o0000mieHue Ha XapakKTePUCTHUKUATE HA TOYHUTE YHUCICHH U
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NPOrHO3MPAHE HA BPEMEBM PEJOBE C M3KYCTBEHW HEBPOHHW MPEXW 32
EBPUCTUYHH METO/HM 32 O0y4YeHue, pa3mielaHd B 0030pHaTa JacT.
OCHOBHH U3BOIM:
Bcuuko n36poeHo 10 Tyk, 1aBa OCHOBAHHMETO J1a C€ ThPCH peau3alius Ha CUCTeMa 3a
MOOWITHH pa3NpeeICHH H3UUCIICHUS, KOSITO 00ydaBa H3KYCTBEHU HEBPOHHU MPEXKH C
XUOpHUICH aJIrOpUTHhM (OOpaTHO Pa3MpPOCTPAHEHHE Ha TpelikaTta U MOoMmylalioHHA

r1o0aiHa ONTUMM3AIKsA) 3 MPOTHO3UpaHe Ha (PMHAHCOBU BPEMEBH PEIOBE.

maBa 2. AnroputmMmu npu nporHosmpaHe n oobyyeHme Ha UHM

BbB BTOpa 1maBa ca IpencTaBeHUW aBTOPCKM anroputMmu. M3cieasanu ca
BB3MOXKHOCTHTE 3a IMOJOOpSBAaHE HA aJNTOPUTHbMA 3a CENEKIHS B TCHETUYHUTE
anroputmu. lIpunara ce maes 3a peKypCUBHO CIyCKaHE BbB BB3JIM OT JBPBOBHUIHA
CTPYKTYpa, KaTO BCEKHU BB3€EJI CE XapaKTepu3upa C NoAroIynanvs. BbB BCEKH Bb3€ll ce
M3BBPIIBA IMBJIHO U3YEPIIBAHE 3a PEKOMOMHAILINS HA UHAMBUJIUTE B MpUJIEkKaIaTa Ha

Bb3eJIa MO TOITyIalys, KaTo ce N34ucisBa 1enesara ¢pyukmus (Tabnuma 2.2).

Tabnuna 2.1 M3pazxonBaHo BpemMe B MIJIMCEKYHIU

Ta6nuua 2.2 bpoit nzuncneHus Ha uenenara QyHKITUS
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Tabnuua 2.3 Jlocturnatu cy0ONTUMAaIHA CTOWHOCTH

[IbnHOTO M3uepTIBaHE ce KOMOMHUPA U C JTOKAITHO ThPCEHE, C I1eJT JOTbIHUTEITHO
nonobpsBane (Tabmuma 2.1) Ha pesynrarure (Tabmuia 2.3) B KOHKpETHHS Bh3eIl.
[TocTurnarure pesynratu ca mnpeacrasedd B (Tomov-01, Tomov-02). B myOnukarms
(Tomov-01) aBropbT Ha HACTOSIIUS TUCEPTAIMOHECH Tpyd UMa 1/3 puUHOC, KOWTO ce
CHhCTOM B TIPEIaraHETO Ha TpeJCTaBeHaTa Uaes U HAlTMCBAHETO HA MPOTPaMHUS KOJI
3a U3BBHPIIBAaHE HAa EKCIIEPUMEHTHUTE, MOPAI KOETO € M BOJICI] aBTOP B IMMyOIMKAIUATA.
B myomukarus (Tomov-02) aBTopbhT HAa HACTOSIIUS JHCEPTAIlOHEH Tpyd uma 1/3
MPUHOC, KOWTO Ce ChCTOM B MPEJIaraHeTO Ha MpeACTaBeHaTa uesl U HalmMCBaHETO Ha
IpOrpaMHUs KO 3a U3BBPIIBAHE HA EKCIIEPUMEHTHUTE, IOPATU KOETO € U BOJCIL aBTOP
B MyOJIMKaLuATA.

W3cnenBanu ca BB3MOKHOCTHUTE 32 HAallacBaHE Ha KPUBH KbM MHOXKECTBO TOUKU
C TIOMOIITa Ha ypaBHEHUE 3a MpaBa U pell oT cuHyc GpyHkuuu. [locturnarara kpusa ce
U3II0JI3Ba 3a TeHepupaHe Ha MporHo3a (Dwur. 2.4), U3BBbH JAMAaNa30Ha HA W3BECTHHUTE
usMepenu Touku. [locturHarure pesynratu ca npencrasenu B (Melichkova-01). B
nyonukarus (Velichkova-01) aBropbT Ha HacTOSIIUSA AMCEPTAMOHEH TPyd uma 1/3
MPUHOC, KOWTO C€ ChCTOM B MpEIaraHeTo Ha MpefcTaBeHara uies. VzcnenBanu ca
BB3MOXXHOCTHTE 3a OBP30 MPOTOTUIHpPAHE HAa W3KyCTBCHH HEBPOHHH MPEKH C
MOMOIIITAa Ha POSK OT YaCTHUIIM U €BOJIONMS Ha pa3nukuTe. [locTurnarure pesynraru

ca npencraseru B (Tomov-04).
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®dur. 2.4 AnpoxkcuMariusi ¢ mpaBa ¥ CUHYC (QyHKIIUH

[IpennokeHa e anTepHaTHBA Ha ITHPBA MPON3BO/IHA HA MEPUOMYHA 3aTHXBAIIA
CHHYCOHMJIa 3a aKTHBallMOHHAaTa (DyHKIUS B M3KYCTBEHHM HEBpPOHHH Mpexu. Korarto
aKTUBAI[MOHHATa (QYHKIIHMS UMa MEPUOJNYHA KOMIIOHEHTA, TOBA /1aBa OTPAKCHHE U Ha
HeiHaTa mbpBa Mpou3BoaHA. [[eprOINIHIUAT KOMIIOHEHT 1 IBETE TOUYKH Ha IIPEKbCBaHE
BOJIAT 710 3a0aBsiHE Ha Mpolieca o o0yueHue. B ciencTBue Ha Te3u JBE yCI0KHEHMUS,
00y4eHHETO C 00paTHO pas3NpOCTpaHEHUE HA TPeIIKaTa BOIH J0 M0-0aBHA CXOJUMOCT
Ha aJropuThMa. EneranTeH moaxoa 3a yCKOpsiBaHE Ha Tpolleca € IMOoAMsHaTa Ha
I'bpBaTa MPOU3BO/IHA ¢ (DYHKIIH, Onn3Ka 1o Gopma, HO Oe3 mepruoAnYHA KOMIIOHEHTA
u 6e3 Touku Ha mnpekbeBaHe f(X) = exp(-x?). HampaBeHO e cpaBHEHHE MEXIY
npeqioKeHaTa ajTepHaTHMBHA (QYHKIHMS W [bpBa NPOM3BOJHA HA TMEPUOTUYHA
3aTUXBallla CHHYCOU/Ia KaTO aKTUBAIMOHHA QYHKIMS. AJNTepHaTuBHATa PyHKIIMS 1aBa
M0-100pU pe3yNITaTh MO OTHOIICHUE Ha OBP30/IeHiCTBHE U ToTTycHaTa rpemika (dur. 2.5

u ®wur. 2.6).
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@ur. 2.5 I'pemika gomycHara oT Mpexara @ur. 2.6 bpoii enoxu

W3BbpiieHO € wu3ciaeABaHE Ha BB3MOXHOCTUTE 3a KiacuuiMpaHe Ha
NOTPEOUTENICKUSL BOT MpH TMPOTHO3UpaHE Ha (UHAHCOBU BpemeBU pezose. [lpu
pa3pabOTBAaHETO Ha CHCTEMa 3a ChOMpaHE Ha MOTPEOUTEJCKH BOT, OT CHIIECTBEHO
3HaYeHHE € KiIacu(puKaluuaTa Ha ChOpaHUTE MJAaHHU. 3a Ja MOXE IJIachT Ha
NOTPEeOUTENUTE J1a e M3IO0JI3Ba 3a OBJACII0 MPOTHO3UpPaHe, chOpaHaTa UH(OpMaLus
TpsiOBa J1a Objie KiIacuUIIMpaHa CIIOope]] YeCTOTa Ha INIaCyBaHe 3a €NH OTpeOUuTe U
IPOLIEHT Ha yCIEeX Ha BCEKW MojajieH riac. Ta3u 3amaua epeKTHBHO € pelieHa Cbhbe
camoopranuzupaiiy ce kaptu Ha Koxonen. Ilocturnarure pesynraru (dur. 2.7) ca
npenctaBeHd B (Tomov-03). B myoOmukarmus (Tomov-03) aBTopbsT Ha HACTOSIIHS
JAUCepTallMOHEeH Tpyad uMma 1/3 mpuHOC, KOWTO Cc€ CBhCTOM B MpejiaraHeTo Ha
nmpeacTaBeHaTa W7es W HaMUCBAaHETO Ha MPOTPaMHUS KOJ 3a H3BBpIIBAaHE Ha

CKCIICPUMCHTHUTC, IIOpa Il KOCTO € U BOJACIIT aBTOP B HY6J'II/IKaI_[I/I$ITa.
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@ur. 2.7 YeTupu rpymnu 1o 4ecToTa Ha y4acTUE U HUBO Ha O3HABAHE

OCHOBHH HU3BOIM:

a) Ilpennoxkenure MompoOpeHHs] B OINepaluara 3a CEJNEeKUUs B TeHETUYHHUTE
aIrOPUTMU MOKE J1a TOJOOPU ThPCEHETO Ha CYOONTUMAJIHU PELIECHUs, MaKap U TOBa
71a € 32 CMETKa Ha U3YUCIIUTEIIHOTO BPEME;

06) OO6oOmaBamure BbH3MOXKHOCTH HAa CHHYCOMJAJIIHA ampOKCHUMallusl JaBaT
JOCTaThYHO OCHOBAHUS TO3M MHCTPYMEHT J1a HAMEPH MPIIOKECHHUE B TPAKTHYECKOTO
IPOrHO3UpaHe Ha (PMHAHCOBU BPEMEBU PENIOBE;

B) bbp3u npoTOoTMNIM HA U3KYCTBEHHM HEBPOHHU MpPEXKHU Ca BB3MOXKHH C
HaJUYHUTE WHCTPYMEHTH 3a ONTHUMHU3ANMS B COPTyepHH TaKeTH 3a E€JICKTPOHHH
TaOIUIN;

r) ANTepHaTUBY Ha MMPOU3BOJHUTE B M3KYCTBEHUTE HEBPOHHU MPEKH MOTaT Jia
JIOBENAT JI0 YCKOPEHUE Ha TpoIieca 1o o0y4ueHue;

n) baBHO M3uMcnsiBaHUTE LENEBU (PYHKIIMU 3HAYUTEIHO 3a0aBAT IMpolieca 1o
ThPCEHE Ha CYOONITUMAITHU PEIICHNUS,

e) Krnacudukanusta Ha NOTPEOUTENCKUS BOT IPH YOBEK-KOMITHOTHP

pasnpeacaICHUTC U3UUCIICHUSA € KIIIOYOB KOMIIOHCHT 3a TCHCPHUPAHE Ha IIPOTrHO3H.
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maBa 3. Cod¢tyepHa cucrtema 3a nporHosupaHe ¢ UHM Ha

BpemMeBUu peanoBe

B tpera maBa e npencraBeHa apxutekrypa (Pur. 3.1) u copTyepHa peanuzanus Ha

pasmpeseneHa cucTeMa B MOOMITHH YCTPOMCTBA 32 IPOTHO3UPAHE.

@ur. 3.1 ApxuTekrypa Ha cucreMara

N3BbpiiieHa e pazpaboTka Ha COPTyepHO pelIeHrue 3a MOOMIIHU YCTPOMCTBA, MO/

oneparmonnara cucrema Android OS (dur. 3.2).

@wr. 3.2 MoOMITHO TPUIIOKECHUE

Pa3zpaboTeHusT mporpaMeH KoJi € MpeCTaBeH KaTo MOJACUCTEMA OT THIT KIIUCHT-
cbpBbp. OT CcBOS cTpaHa, MOOWMJIHOTO NPWIOKEHHE € MPEICTABEHO C MOJAYyJHA

apxutektypa (Pwur. 3.3) 3a MakcuMaliHa KOHQUTYPUPYEMOCT.
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@ur. 3.3 MoaynHa opraHuzanus

Hanpaseno e mpencrtaBsHe u Ha paszpaboTeHuss rpaduyeH MOTPEeOUTENCKU

unrepdeiic (dur. 3.4).

®ur. 3.4 I'paduunus norpedbutescku uutepdeiic

[TorpeOuTensT uMa BB3MOXKHOCT Jla BUJIM BaJlyTHara JIBOWKa, 3a KOATO C€ €
M3BBPIICHO IPOTHO3UpPAHETO, Tporieca Ha obOydenue Ha HMHM u pesyararsT
(mporHo3HaTa CTOWHOCT) OT 00y4eHaTa HeBpoHHA Mpexa. MHTepdeiichT mo3BoisaBa u

chOMpaHe Ha CYOCKTHBHOTO MHEHHME Ha TOTpPeOMTENs 3a TOBa, KaK OYaKBa Ja ce
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IMPOMCHU I1I€HATa Ha CBOTBCTHATA BaJIyTHA I[BOIZK&. HpeI[CTaBeHI/I Ca BBHIIIHUTEC
IMporpamMHu 6I/I6J'II/IOTGKI/I, BKJIFOUCHH B HPOLCCUTC 10 MPCCMATAHCTO Ha IIPOTHO3UTC

(Duwr. 3.5).

®ur. 3.5 BpHIIHY TporpaMHU OUOIMOTEKU

[Tonyuenute pesynraru ca npexacraBenud B (Tomov-05, Tomov-06, Tomov-07,
Zankinski-02). B ny6mukanus (TOmov-05) aBTopbT Ha HACTOSIIMS JUCEPTAIHOHCH
Tpya uMa 1/3 mpuHOC, KOWTO Ce ChCTOM B MpejiaraHeTo Ha IMpeicTaBeHaTa uaes u
HAIlMCBAaHETO Ha MPOrPAMHMS KOJ| 32 U3BbPIIBAHE HA EKCIIEPUMEHTHUTE, TOPAJH KOETO
¢ M BOJIeN aBTop B IyOuKarusaTa. B myomukamust (Tomov-06) aBTopbT Ha HACTOSIINS
JUCEpTAllMOHEeH Tpya uma 1/3 mpuHOC, KOMTO ce ChCTOM B MpejaraHeTo Ha
nmpecTaBeHaTa WJes W HaMMCBAaHETO Ha MPOTpPaMHMs KOJ 3a H3BBPIIBAHE Ha
EKCIIEPUMEHTHUTE, TTOPaJ I KOETO € W BOJEII aBTOp B myOnmkarusara. B myOmukanms
(Tomov-07) aBTopbT Ha HACTOSIIUSA JUCEPTALMOHEH TPy UMa 1/3 IpUHOC, KOWTO ce
CHhCTOM B MpEJIaraHeTo Ha MpPE/ICTaBeHaTa Uesl U HATMCBAHETO Ha MPOTPAMHHUS KOJI
3a U3BBPIIBAHE HA EKCTIEPUMEHTHTE, TTOPAIA KOETO € U BOJICII aBTOP B ITyOJIUKAIIUSTA.
B nyonukanus (Zankinski-02) aBropbT Ha HaCTOSIIIUS JUCEPTAIIMOHECH Tpya uma 1/3
MPUHOC, KOWTO C€ ChCTOM B HAMKMCBAHETO HA MPOTpPaMHUS KOJ 3a M3BBHPIIBAHE HA

CKCIICPUMCHTHUTC.
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OCHOBHH HU3BOIM:

a) ApXHUTEKTypaTa 3a pa3npeesieHd N3YUCIICHNS ¢ MOOMITHU YCTPOMCTBAa MOXKE
na Obe U3KIIIOYUTENHO €(DEeKTUBHA B PEIIABAHETO HA MPAKTUYECKHU 3a/1a4H;

0) MonynHara opraHu3zanusi Ha copTyepa B MOOWIHHTE IPUIIOKEHHS JaBa
BHCOKa CTEIEH Ha I'bBKABOCT IPU PELIaBAHETO HA TEXHOJIOTUYHUTE 3aa4u;

B) ['paduunust norpedurtesncku nHTEpQEnc € KIIFOUOB 3a yI0BICTBOPEHOCTTA Ha
NOTPEOUTENS, MPU YYaCTHE B MIPOCKTH C AapeHa U3UUCIUTETHA MOLTHOCT;

r) EQexTuBHOTO pa3znensiHe Ha MOAYIUTE 3a MPECMITaHe OT MOAYJIHUTE 3a
rpaduyHUs MOTPEOUTENICKH UHTEpPECc JaBaT Bb3MOKHOCT 3a €(PEeKTUBEH KOHTPOJI IO
Ka4ueCTBOTO;

1) Ynorpebara Ha copTyepHU OMOJIMOTEKH C OTBOPEH KO 3HAYUTEIIHO CKbCSIBAT
BPEMETO 3a MPOU3BOACTBO Ha coTyepa U MOAOOPSABAT KAaYeCTBOTO, pa3uyUTalKu Ha

aKTUBHATa OOIIHOCT MO MOAAPHKKATA Ha COPTYepHUTE OUOTMOTEKH.

maBa 4. YncneHn TecTtoBe Ha anropuTMuTe B cCUcTemaTta 3a

NpPorHosmpaHe

B derBbpTa IMaBa € M3NBIHEH CPABHUTENICH aHATM3 HAa MOAOPAHU TOYHU YWCIICHU H
eBPUCTUYHU METOAM 3a OOy4YeHHE HA M3KYCTBEHU HEBPOHHM Mpexu. Kato BXomHU
JaHHM ca W3MOJI3BaHU 0a30Ba (hopMa Ha BPEMEBU pe, CIEABAIl CHHYC (PyHKUIHUSA H
clIoKHa (pOpMa Ha BPEMEBH P/l OT [IeHaTa Ha TUTUTalIHATa BajyTa OMTKOWH.
TecTBaHWTE TOUHU YHCIICHU AJITOPUTMHU Ca:

e Backpropagation;

ResilientPropagation;

QuickPropagation;

ScaledConjugateGradient;

ManhattanPropagation.
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TecTBanuTe CBPUCTUYHU AJITOPUTMHU Ca:
e Evolution Strategy;
e Genetic Algorithm;
o Deferential Evolution.
3a BCEKM €MH aJlTOPUTHhM € HalpaBeHa TpaduyuHO MpeACTaBsiHE Ha Opos
TPEHUPOBBYHH LIUKJIM U o0l1ara gomycHara rpemka ot MTHM.
[Ipu TOYHUTE YKUCIEHU METOJIU SICHO C€ OTKPOSBAa aJIrOPUTHMA 32 OOYUEHHE C

YCTOWYMBO pa3npocTpaHeHne Ha rpemkara (Pur. 4.1).

dwur. 4.1 YcroitunBo 0OpaTHO pasnpocTpaHeHue Ha rperikara - Resilient Propagation
[lpy eBpUCTHYHHWTE METOAM JOOpPH pe3yaTaTd I[OKa3BaT TI'ECHETHYHHUTE

anroputmu (dur. 4.2) u eBomoronHara crparerus. [lomydenute pesynratu ca

npencraBenu B (Tomov-08).
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@wur. 4.2 EdexkTUBHOCT Ha TECHETUYHUTE aJTOPUTMHU

OCHOBHHM HU3BOIM:

a) TouHWTE YHMCIIEHW METOAU HM3KIIOYUTEIIHO €(EKTUBHO CE€ KOMOMHUPAT ChC
CTOXaCTUYHUTE OINTHMHU3AIMOHHU aJITOPUTMHU, TPH OOYYEHHETO Ha HW3KYCTBEHH
HEBPOHHU MPEXH;

0) OtBopeHuAT ¢GopMar Mo KOWTO ca OpraHW3UpPaHU CIHUCHKA OT TOYHU H
CTOXAaCTUYHHU aJITOPUTMHU JlaBa Bb3MOXKHOCT 3a Obp30 U €(EeKTUBHO pa3llIdpsBaHEe Ha

TO3HU CIIUCBK OT aJITOPHUTMHU.

3aKnr4yeHne — pe3romMe Ha nNoJsiyvyeHUuTe pe3yntatu

[TomyuenuTe pe3yntaru, ONMCAHU B HACTOSIIUS JHUCEPTALIMOHEH TPYH, MOTaT Ja ce

00O0OLIAT B CIIEAHUTE HAYYHU U HAYUYHO-TIPUIIOKHH IPUHOCH/PE3yTaTH:
1. HampaBeH e¢ 0030peH aHaIu3 U KiIacuuUKaIys Ha alTOPUTMUTE 3a O0yUCHHE
HAa M3KyCTBEHM HEBPOHHM MpPEXKH OT THUII MHOTOCIOEH TMEPLEHTPOH.

Pazmiegann ca HaW-uM3MO0JI3BAHUTE HAYMHHU 34 IIPOTHO3WpPAaHE Ha BPEMCBHU
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penoBe M MO KaKbB HAYMH MAIIMHHOTO cCaMOOOy4Y€HUE ce Npuiiara B Tasu
npoOiemMHa o0iacT. YCTaHOBEHO €, dYe aJIropuTbMbT C  OOpaTHO
pasnpocTpaHEeHUE Ha TpelIkara, KOWTO € OT Irpymnara Ha TOYHUTE YHUCIICHH,
IPAJIMEHTHA aJTrOPUTMH, € Hal-4eCcTO H3MO0J3BaHUS 3a OOydYeHHE Ha
U3KYCTBEHHM HEBPOHHM MpEXKHU. YCTAaHOBEHO € CBhIIO Taka, Y€ TO3HU
IrOPUTHMBT MHOTO J00pe ce JOMbJBAa C EBPUCTUYHHUTE, EBOJIOLUOHHU
JITOPUTMH 32 I100aTHa ONTUMU3AIHs, KOUTO OT CBOSI CTpaHa ce MojgaBar Ha
W3KJIIOYUTETHO BUCOKA CTETIEH 3a MapaliesiHa 00padoTKa;

2. 3a uenure Ha npoueca Ha oOyyenue Ha UHM, nipu onpenensiHe Ha Teriata, €
NPEMJIOKEHO Ja C€ M3IMOJ3Ba TEHETUYEH allfOPUTBM, KOWTO pa3uuMTa Ha
OlepaluuTe Karo CeNeKlMs, KpbcrocBaHe W Mytamnus. [lopagum ToBa e
NPENJIOKEH HOB ONEpPaTop 3a CEJIEKUUS, OCHOBaH Ha Cb3[1aBAaHETO HAa
MOKOJIEHUSI TMpHU TMpoIeaypa 3a PEKYpCHUBHO CIIyCKaHE, KOETO OCHUTypsiBa
THPCEHOTO OBP30/IEHCTBUE HA U3MOA3BAHUTE EBPUCTUYHU aJTOPUTMH;

3. MukpeMeHTanHaTa anpoKCMMAIlMsg Ha BpPEMEBUTE pEIOBE HaW-4eCTO Ce
peanu3upa oT ypaBHEHHE Ha IpaBa U pell OT CUHYC (PyHKIMH. 3a MOCTUTAaHE Ha
no-7100p0  anpoKCUMHUpaHe, € MPEeajiokKEeH € TMOAXOJ 3a MpecMsATaHe Ha
Koe(UITMEHTUTE HAa CHHYC (PYHKIIMUTE C ONTUMHU3ATOP, Oa3UpaH Ha €BOJIOLIMS
Ha Pa3JIMKUTE U POSIK OT YACTHIIH;

4. TlpennmoxkeHa e anTepHaTHBA Ha MPOW3BOJHA 3a aKTUBAIIMOHHATA (PYHKIIUS B
M3KYCTBEHH HEBPOHHHM Mpexu. [lomyueHuTe pesyaTarv MokasBar Mo-a00po
OBp30MeiCcTBIE U JOITyCHATA IPEIIKa B 10132 Ha MIPEIJIOKEeHATa alITepHATHBHA
(GYHKITHSI OTKOJIKOTO TP M3IOJI3BAHETO HA MTbPBa MPOU3BOHA HA MIEPUOINYHA
3aTUXBallla AKTUBAIIMOHHA (QYHKIIHS;

5. IlpennoxkeH € TeHETHYEH alNTOPUTHM 3a 00y4YeHHE Ha M3KYCTBEHU HEBPOHHU
MpEXH OT TUI MHOTOCJIOEH NEPLIENTPOH B pa3lpeneseHa cpeia, KOeTo mpaBu
BH3MOKHO U3MOJI3BAHETO MY MPHU MapaliesiHa 00padboTKa;

6. Ilpennoxena e codTyepHa apXWUTEKTypa, MO3BOJSBAINA peaM3hpaHe Ha
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MOOWJIHM paslpenesieHd H3YMCIeHUs, Oa3zupaiia ce Ha NPEIOKEHUTE
xuOpuanu anroput™u. [Iporpamuara peanau3zamus 3a XUOpHUIHO U3IIOJI3BAHE HA
I'paJiMeHTHH YUCIICHU ¥ €BPUCTUYHM AITOPUTMU 32 ONTUMHU3ALMS HA Teriara B

U3KYCTBEHU HEBPOHHU MpEXH € pealu3upaHa B MOOWIIHO NPUIIOKEHHE 3a

Android.

Hacoku 3a 6baewm nscneaBaHus

[Tocturaaroro B onepamnuronnara cucrema Android 6u Moo na Oble cxoaHa el 3a
nocTurane B omnepanuonHara cucrema 10S, Ha kommanusita Apple. 3a pasznmuka ot
Android, i0S e w30 3arBOpeHa OlepalWoHHA CcUCTeMa. MoJenbT 3a
pasnpocTpaHeHre Ha mpriokeHus mox 10S cbImo Ou JOBEN 10 JOMBIHHTCITHH
3aTpyaHeHus. Jl[pyra Hacoka 3a pa3BUTHE Ha MJCUTE OT JMCEPTALIMOHHUS TPYI €
OpHeHTHpaHa KbM onepanuonHara cuctema KalOS. Tasu onepanuonHa cucreMa Bce
OlIIC HSMA TOJISIMO PA3MPOCTPAHCHHUE U € HACOYCHA MPEIUMHO KbM IO-MaJOMOIIHU
MOOWJIHU yCTPOWCTBA, HO MOXKE JIa CE OKa)Xe M3KITFOYMTEIHO MPOIyKTUBHA MTOCOKA 3a
JOMBIIHUTEITHN HAYYHU U3CIICIBAHUS.

[lo oTHOIIEHWE HAa W3MOJI3BAHUTE AJITOPUTMU U COPTYepHU OHOIMOTEKH,
CBIIECTBYBAT MHOXKECTBO BE3MOKHOCTH 32 MOJ00PSIBAHE HA HATMYHUTE aJITOPUTMH H
n00aBsiHe HAa HOBU TakuBa. M3nos3Banute copTyepHr OMOIMOTEKH ca ¢ OTBOPEH KO/,
KOETO JIaBa OTPOMHA CBOOO/1a 32 M3CJICABAHE HA ITPOrPAMHHS KOJI, HETOBOTO JIOMTUCBAHE
Y ONTUMH3HMPAHE, KAKTO U Pa3IIMNPSBAHETO MY C HOBH aJTOPUTMH.

Hsxon ot 061acTuTe ¢ MOTCHIMATHO MTPUIOKEHUE HA W3KYCTBEHUTEC HEBPOHHU
MpPEXH Ca YIpaBICHHE HAa aBTOHOMHHM CHCTEMH, NPOTHO3MpaHe Ha pabOTHOTO
HATOBApBaHE Ha CIIY)KUTENM, MPOTHO3UPAHE HA MPHCHCTBUETO HA CIY)KUTEIUTE B
ouca, mpu U3BBpPILIBaHE HA IPEOPOSIBAHE HA HACEICHUETO U Jap. KbM HIKOM OT Te3u

IMOTCHOMWAIIHU TPUJIOKCHUS Ca HACOYCHU U YaCT OT 6T>I[eI]_[I/ITC HN3CJICABAaHUA.
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AnpobGauus Ha pe3yntatuTe U Nnyonukauum

OcHOBHUTE pe3yNTaTH, NOJTy4YEeHU IpU pa3paboTKara Ha JucepTallMoHHara paboTa, ca
JIOKJIaJIBAaHU B €MHAJECET MyOJUKAIlMU Ha CHEeLHATU3UPaHH KypPHAIH, HAI[MOHATHH
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D,eKnapauml 3d OPUTNHANMHOCT Ha pe3ylqiTatuTte

Jlexnmapupam, Ye HaAcToOAIIATa MAWCEPTAlUs ChIbPKAa OPUTHHAIHU PE3YATaTH,
MOJIYyYCHH TIPM TPOBEACHH OT MEH HAy4YHHM W3CIEABaHUSA, C TOJKpernara W
CHIICHCTBUETO HA HAYYHHUS MU PHKOBOIUTEN. Pe3ynratuTe, KOUTO ca TMONTYYCHH,
OTHMCaHU /WK MyOJUKYBaHU OT APYTH YUCHH, ca HAJIJICKHO U TTOJIPOOHO IIUTUPAHU B
oubnuorpadusra.

HacTtosimara gucepraius He € mpujiaraHa 3a MpuaoOnBaHe Ha HayYHA CTETICH B

APYro BUCHIC YUUIINIIC, YHUBCPCUTCT NI HAYUCH MHCTHUTYT.

IMogmuc: ....covvvvvvnnnnns

BnarogapHocTu

N3ka3Bam cBoOsiTa WCKpEHAa TMPU3HATETHOCT M OJarOMapHOCT HAa HAyYHUS CH
pbroBonUTeN npod. a-p Bragumup MonoB u Ha nipod. a.H. Jlanuena bopucosa, 3a
IIEHHU HAITbTCTBHUS, TPO(EeCHOHAITHA KOMITIETEHTHOCT U ChJICHCTBHE IIPH MOJTOTOBKATa
Ha JUCEPTALlMOHHUS TPYI.

bnaronaps na xonerute . ac. 1-p Tomop bana6anos u unx. UnusH 3aHKUHCKH,
C KOUTO pabOTHM 3aeQHO B TOJIIMAa YacT OT HAyYHUTE W3CIEABaHUS, 32 OKa3aHara

MOMOII] U CHICUCTBHE.
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