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The PhD thesis was discussed and allowed to be defended during an extended session of
the Department of Parallel Algorithms at IICT-BAS, which had been held on April 28, 2014. The
defense of the PhD thesis had been held on........., 2014 at 14:00pam in Room 218, Block 254,
IICT-BAS.

The full volume of the dissertation is 101 pages. It consists of an introduction and six
chapters (p. 10-85). It includes also an application (p. 94-99). The list of references contains 66
titles (p. 88-93). The text of the dissertation includes 10 tables and 26, figures.

Abstracts of Dissertations 3 (2014) 3-17



6 Miroslav Shindarov

1 Keywords:

wireless sensor network, ant colony optimization, Metaheuristic, multi objective

optimization, algorithm optimization, the non-dominated solutions

2. Aims and objectives of the dissertation.

The main objectives are to doctoral research, applied science and applied nature. In short
they can be summarized as follows:

Objectives of the thesis:

1. To investigate the behavior of the method of ants as Metaheuristic method for solving the task

of building a WSN as an assignment of class NP-hard.
2. To explore the impact of the conversion of target functions in quality solutions found by the
algorithm.
3. To investigate the influence of the utility version of the algorithm of ants on the quality of

solutions to the WSN problem.

To address these objectives were formulated following tasks:
Task 1. Development of mono-objective variant of the algorithm, for the optimization of the use
of a colony of ants, for the construction of WSN.
Task 2 To develop a variant of the algorithm by introducing the model of weighting as a tool for
manipulation of the target function in mono-objective version of the algorithm for the
construction of WSN.
Task 3. Development of multi-objective ant colony optimization algorithm to build WSN and
comparing with mono objective variant.

Task 4. To prepare the implementation of the developed algorithms.

Abstracts of Dissertations 3 (2014) 3-17
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3 Motivation

The development of new technologies during the last decades gives a possibility for
wireless data transmission. Thus, a new types of networks, called wireless networks, was created.

Wireless Sensor Network (WSN) allows the monitoring of large areas without the
intervention of a human operator. Their working is based on the exchange of local information
between nodes in order to achieve a global goal. Cooperation between the sensor nodes is an
important feature when solving complex tasks.

The WSN can be used in areas where traditional networks fail or are inadequate. They
find applications in a variety of areas such as climate monitoring, military use, industry and
sensing information from inhospitable locations. Unlike other networks, sensor networks depend
on deployment of sensors over a physical location to fulfill a desired task. Sometimes
deployments imply the use of hundreds or thousands of sensor nodes in small areas to ensure
effective coverage range in a geographical field. For a lot of applications wireless sensors offer a
lower-cost method for collecting system health data to reduce energy usage and better manage
resources.

Wireless sensors are used to effectively monitor highways, bridges, and tunnels. Other
applications are continually monitor office buildings, hospitals, airports, factories, power plants,
or production facilities. The sensors can sense temperature, voltage, or chemical substances. A
WSN allows automatically monitoring of almost any phenomenon. The WSN gives a lot of
possibilities and offers a great amount of new problems to be solved. WSN have been used in
military activities such as reconnaissance, surveillance, [5], environmental activities such as
forest fire prevention, geophysical activities such as volcano eruptions study [16], health data
monitoring [19] or civil engineering [13].

A WSN node contains several components including the radio, battery, microcontroller,
analog circuit, and sensor interface. In battery-powered systems, higher data rates and more
frequent radio use consume more power. There are several open issues for sensor networks such
as signal processing [14], deployment [18], operating cost, localization and location estimation.

The wireless sensors have two fundamental functions: sensing and communicating. The
sensing can be of different types (seismic, acoustic, chemical, optical, etc.). However, the sensors

which are fare from the high energy communication node (HECN) cannot communicate with
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8 Miroslav Shindarov

him directly. Therefore the sensors transmit their data to this node, either directly or via hops,
using nearby sensors as communication relays.

When deploying a WSN, the positioning of the sensor nodes becomes one of the major

concerns. The coverage obtained with the network and the economic cost of the network depends
directly of it. Since many WSN can have large numbers of nodes, the task of selecting the
geographical positions of the nodes for an optimally designed network can be very complex.
Therefore, metaheuristic seem an interesting option to solve this problem.
Jourdan [8] solved an instance of WSN layout using a multiobjective genetic algorithm. In their
formulation a fixed number of sensors had to be placed in order to maximize the coverage. In
some applications most important is the network energy. In [7] is proposed ACO algorithm and
in [17] is proposed evolutionary algorithm for this variant of the problem. In [6] is proposed
ACO algorithm taking in to account only the number of the sensors. In [11] are proposed several
evolutionary algorithms to solve the problem. In [10] is proposed genetic algorithm which
achieves similar solutions as the algorithms in [11], but it is tested on small test problems.

The WSN Layout problem is a hard combinatorial optimization problem which needs an

exponential amount of computational resources (NP-hard). Exact methods and traditional
numerical methods are unpractical for this kind of problems. Therefore normally the NP
problems are solved with some metaheuristic method.
Many of the existing solutions of WSN Layout problem come from the field of Evolutionary
Computation [2, 11]. After analyzing them, we noticed that the ACO is based on solution
construction, most of other meta heuristics are based on improving current solution. Therefore
ACO is appropriate for problems with restrictive constraints. The ACO is one of the most
successful metaheuristics which outperforms others for a lot of classes of problems. The idea for
ACO comes from real ant behavior.

Real ants foraging for food lay down quantities of pheromone (chemical cues) marking
the path that they follow. An isolated ant moves essentially guided by previously laid
pheromone. After the repetition of the above mechanism if more ants follow a trail, the more
attractive that trail becomes. Thus ants can find the shortest path between the nest and sours of

the food.
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The ACO algorithm uses a colony of artificial ants that behave as cooperative agents in a
mathematic space were they are allowed to search and reinforce pathways (solutions) in order to
find the optimal ones.

In this work we propose ant algorithm which solves the WSN layout problem using
ACO. We focus on both minimizing the energy depletion of the nodes in the network and
minimizing the number of the nodes, while the full coverage of the network and connectivity are
considered as constraints. The problem is multi-objective. We examine our ACO algorithm as
converting the problem to mono-objective. The new objective function is a linear combination of
the two objective functions of the original problem. We learn the algorithm performance and
influence of the number of ants on achieved solutions.

When approaching the WSN layout problem, the number of sensor nodes should be kept
low for economical reasons and the network needs to be connected. Finally the energy of the
network is a key issue, which has to be taken into account, because the life time of the network

depends on it.

4 Research methodology.

Concepts: (multi objective function, algorithm optimization, the non-dominated
solutions) are essential in survey methodology in the thesis. The presented results are
constructive in nature and the proposed algorithms have a clear structure and analysis, as well as
practical application.

The method of Ant Colony Optimization is among other modern Metaheuristic methods.
Crucial for its effectiveness is the way the algorithm builds the decision in the search, rather than
elaboration of already resolved and accurate modeling of the problem.

As it is stated in this thesis, in the case of multi objective version, the ACO reached its best
solutions to the problem of minimum number of sensors and minimal energy. New optimal

variants of the algorithm are proposed and analyzed in the thesis.
The study of the topic include:

Chapter 1 is presenting a general overview on the structure and the functional

characteristics of wireless sensor networks and derive the basic problems in the context of
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10 Miroslav Shindarov

achieving a longer life of the network for minimum costs and keeping the solution to solve
combinatorial multi objective optimization problem.

Chapter 2 presents an introduction to the characteristics of the methods of ants as a
method for solving the problem, consistent with reference information about the Ant species,
which supports the understanding of the real phenomenon. A brief presentation of the
background and basic algorithm is also given in Chapter3. The problem is represented by graph
and the ants walk on the graph to construct solutions. The solution is represented by a path in the
graph. After initialization of the pheromone trails, ants construct feasible solutions, starting from
random nodes, then the pheromone trails are updated. At each step ants compute a set of feasible
moves and select the best one (according to some probabilistic rules based on a heuristic
function) to carry out the rest of the tour.

Chapter 4 describes the joining target object functions for a minimum of sensors and minimum
energy to the proposed mono objective version of the method of ANT algorithm.

In Chapter 5 is presented the construction of the extended pattern of mono objective
embodiment of the algorithm, with the addition of weighting terms, by the manipulation of
which to test the effect of the fitness function for at least a minimum of energy and sensors on
the efficiency of the algorithm.

Chapter 6 describes the construction of a multi objective version of the algorithm of ants
and analysis of results. Numerical experiments were conducted, whose results are compared with
the best in the literature so far and analyzed the results of different variants of the algorithm.
Comparative analysis of the three versions of the algorithm of ant is given in addition.

An implementation software is made of the three versions of the algorithm, proposed in
this dissertation, of C + + language, together with a description of the program. Numerical
experiments were conducted, the results are analyzed. Chapter7 describes the software that has

been developed as a result of the research study.

5 Contributions

A wireless sensor network (WSN) consists of spatially distributed sensors which monitor
the conditions of sensing area, such as temperature, sound, vibration, pressure, motion or

pollutants [1,9]. The development of wireless sensor networks was motivated by military
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applications such as surveillance and are now used in many industrial and civilian application
areas, including industrial process monitoring and control, machine health monitoring,
environment and habitat monitoring, health care applications, home automation, and traffic
control [9].

A sensor node might vary in size from that of a box to the size of a grain of dust [9]. The
cost of sensor nodes is similarly variable, ranging from hundreds of dollars to a few cents,
depending on the complexity required of individual sensor nodes [9]. Size and cost constraints
on sensor nodes result in corresponding constraints on resources such as energy, memory,
computational speed and bandwidth [9].

A Wireless Sensor Network consists of sensor nodes. Each sensor node sense an area
around itself called its sensing area. The sensing radius determines the sensitivity range of the
sensor node and thus the sensing area. The communication radius determines how far the node
can send his data. A special node in the WSN called High Energy Communication Node is
responsible for external access to the network. Therefore, every sensor node in the network must
have communication with the HECN. Since the communication radius is often much smaller
than the network size, direct links are not possible for peripheral nodes. A multi-hop
communication path is then established for those nodes that do not have the HECN within their
communication range. They transmit their date by other nodes which are closer to the HECN.

The WSN layout problem aims to decide the geographical position of the sensor nodes
that form a WSN. In our formulation, sensor nodes has to be placed in a terrain providing full
sensitivity coverage with a minimal number of sensors and minimizing the energy spent in
communications by any single node, while keeps the connectivity of the network. Minimal
number of sensors means cheapest network for constructing. Minimal energy means cheapest
network for exploitation. The energy of the network defines the lifetime of the network, how
frequently the batteries need to be replaced. These are opposed objectives since the more nodes
there are the lesser share of retransmissions they bear and in opposite, when we try to decrease
the energy consumption normally we include nodes. Thus we look for a good balance between
number of sensors and energy consumption.

In order to determine the energy spent by communications, the number of transmissions
every node performs is calculated. The WSN operates by rounds: In a round, every node collects

the data and sends it to the HECN. Every node transmits the information packets to the neighbor
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12 Miroslav Shindarov

that is closest to the HECN, or the HECN itself if it is within the communication range. When
several neighbors are tied for the shortest distance from the HECN, the traffic is distributed
among them. That is, if a node has n neighbors tied for shortest distance from HECN, each one
receives //n of its traffic load. Therefore, every node has a traffic load equal to 1 (corresponding
to its own sent data) plus the sum of all traffic loads received from neighbors that are farther
from the HECN. On one hand the sensing area need to be fully covered. On the other hand, the
number of sensor nodes must be kept as low as possible, since using many nodes represents a
high cost of the network, possibly influences of the environment. The objective of this problem
is to minimize network energy and the number of sensors deployed while the area is fully
covered and connected.

Scientific and applied contributions are generally oriented towards the development of
algorithms based on the Ant Colony optimization algorithm, for solving the problem of building
Wireless Sensor Network (WSN).

5.1. The mono objective algorithm was developed based on the method of ants, for

solving the problem of the construction of a WSN. The task is converted to mono objective with

C(Vk) = Fi(vi) 4 FI(VE)
aggregation of the two objective functions as: maxF1Vi) - maxiF2(Vi)  We use the
following test parameters:
parameter value
area 500%500
Rsens 30
Rcom 30

Non-dominated solutions found by our algorithm that will call “4CO-mono”, are: (238,
49.75), (233, 56.5), (229, 57), (228, 58) and (226, 60.62). In the table below, a comparison of

ACO-mono variant with other algorithms is given.
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Algorithm Min.sensors Min. energy
Symmetric (288,72) (288,72)
MOEA (260, 123) (291,36)
NSGA-II (262,83) (277,41)
IBEAHD (265,83) (275,41)
ACO-mono (226,60.625) (238,49.75)

Achieved by the ACO-mono decisions on the number of sensors are in the range [226,
247]. Thus the worst-case number of sensors reach of ants algorithm is less than the best
achieved by the said other algorithms. Each of the non-dominated solutions of ACO-mono
dominates the symmetric solution, which means that we have received good decisions. Let us
compare the obtained solutions with the lowest number of sensors. The solutions obtained from
the said evolutionary algorithms have very high power, higher than that of the symmetrical
solution. This means that they do not dominate the symmetric solution, and they are not good
solutions.

Achieved by ants solution with a minimum number of sensors dominates other solutions
(achieved by other algorithms) with a minimum number of sensors and symmetrical solution - it
shows that we reach better solutions.

Comparing the results in terms of the solutions with the lowest energy MOEA found a
solution with quite low energy, but at the expense of a large number of sensors larger than that of
the symmetric solution.

5.2. Other mono objective algorithm was developed, based on the method of ants, for

solving the problem of the construction of a WSN. The problem is converted to mono objective

with weights ) of the two objective functions as shown:
ry o FLOWG) o F2(WD
¢ (L k} -~ maxiF1iVi) + “'.l l} max;F2(V)

Algorithm is run at 30 times this test case with different values of the parameter A. A takes

values from the following sets: {0.125, 0.250, 0.375, 0.500, 0.625, 0.750, 0.875}.
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14 Miroslav Shindarov

5.3. The effect of weight on quality of the obtained solutions are shown in table below:

A
0.125 (238,49) (235,51) (229,58) (227,60)

0.250 (238,49) (235,51) (228,58)

0.375 (238,49) (235,51) (229,57) (227,58) (226,60
0.500 (238,50) (233,56) (229,57) (228,58) (226,60)
0.625 (238,49) (235,51) (229,57) (227,58) (226,60)
0.750 (238,49) (235,51) (229,57) (227,58) (226,60)
0.875 (238,49) (230,51) (225,57)

The table shows that according to the obtained solutions, the best value is 4 = 0.875,
because at this value the algorithm finds solutions that dominate the solutions found for other
values of L. We will call this algorithm ACO-A. So, the solutions found by ACO-A dominate
solutions found by ACO-mono. In all of the algorithm starts irrespective of the value of A, the
number of sensors has been in the range of [225,247]. We will again show as in the previous
point, that our algorithm achieves very good solutions compared to symmetric solution and with

other algorithms found in the literature [11].

Algorithm Min. sensors Min. energy
Symmetric (288,72) (288,72)
MOEA (260,123) (291,36)
NSGA-1I (262,83) (277,41)
IBEA (265,83) (275,41)
ACO-mono (226,60) (238,49)
ACO-4 (225,57) (238,49)
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Again, the worst number of sensors reached by ants algorithm presented in chapter 4 is less than
the best achieved by other mentioned algorithms. All non -dominated solutions of the ACO
dominates the symmetric solution. Let compare the obtained solutions on the ground with the
least number of sensors. We observe that the decisions resulting from those evolutionary
algorithms have very high energy compared to the symmetric solution. The ACO solutions with
a minimum number of sensors dominate other solutions with a minimum of sensors and

symmetrical solution - it shows that is a good solution.

5.4. ACO- Multi objective algorithm, for solving the problem of the construction of a
WSN is developed.

The table shows the parameters for multi objective algorithm:

parameter value
Number of ants 4
Iterations 8

p 0.5

o 1

B 1

The test case scenario is same as mentioned.

The table shows a comparison of the results, achieved by different methods:

Algorithm | Symmetric | MOEA NSGA-II IBEAHD | ACO-A ACO-multi
Min. (288, 72) (260, 123) | (262, 83) (265, 83) (225,57) (225, 57)
sensors

Min. (288, 72) (291, 36) (277, 41) (275, 41) (238, 49) (238,50)
energy
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The decisions of the utility version of the ACO dominate the symmetric solution. The
energy achieved is slightly more than that of the evolutionary algorithm, while the number of
sensors is rather small. We can observe that the results are good, and that our results are achieved
after the program has been running for an hour and a half on a computer similar to computers
that are placed quoted evolutionary algorithms. Thus, the obtained results were achieved using
less computing resources such as time and memory, which is not trivial especially when solving
problems with large computational complexity.

When solving the problem such as multi objective, we achieve a similar quality results as
compared with the results we get in the transformation of the task to single purpose, but in that
case the Pareto front contains more points.

5.5. Effective contribution associated with the thesis is the software development in C +
+. The program is designed to have, in an optimal way, sensors in two-dimensional space
(rectangular area) where you can have a tight rectangular obstacles or areas that do not need

supervision. By obstacles can be modeled areas other than rectangular.
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OO0ma xapakrepucTuka Ha JucepTaluoHHUs Tpya. O030p Ha u3cjeaBaHATa

00J1aCT U AKTYAJIHOCT HA TeMara.

KommioTbpHOTO MOzenupaHe € Obp30 pa3BHBalla ce WHTEPAMCLUILUIMHApHA 00acT,
KOSITO HaMHpa BCE II0OBE€YE HOBU NPUJIOKEHHUS IPHU PEIIABAaHETO HA pPa3IMYHU 337add oOT
¢uzukata, acTpopu3nKaTa, XuMusATa, OMOJIOTUATa, UKOHOMUKATA, TICUXOJIOTUATA, COLIMATHUTE U
WH)XEHEPHU HayKHU.

[IpoyuBaHMsiTA OTHOCHO NO3UIMOHMPAHETO HAa CEH30pPUTE IIPU IIOCTPOSIBAHE Ha
0e3’)KMYHa CEH30pHA Mpeka OeliekaT 3HAaYMTEJIeH HAlpeIbK Ipe3 MOCIEAHOTO AeceTuineTne. B
[Zhang 2005] ce u3cnenBa MO3UIMOHUPAHETO HA CEH30PUTE OT IJIeHA TOYKA Ha MpEeJaBaHeTo Ha
nanaute. B [Yuce 2007] ca u3cnenBany pa3ivyHy TPaBWIHK Pa3NpeIesICHUs] HA CEH30PUTE BbB
BU/Jl Ha KBaJpaT, TPUBI'BIHUK U IIECTOBI'bIHA MPEXA.

B pasrmexnanara B gucepranusATa 3ajada Ce€ M3UCKBAa IIBJIHO IOKPUTHE Ha
HaOmrogaBanara oomact. OT apyra cTpaHa, OposIT Ha CEH30pHUTE TpsiOBa Aa Ob/I€ BH3MOXKHO Hak-
HUCBHK, ThI KaTo MoBeue CeH30pu OM 03HauaBajio MO-BHCOKA KpaliHa IieHa MpU U3rpakJaHe Ha
Mpexara. Bb3MOXKHO € U MO0-BHCOKO BIMSHHE Ha OKOJIHATa cpena. B cueHapuil Ha NPUKPUTO
HabmroieHne ToBa OM JIOBEJIO U /IO MO-TOJIsIMa BEPOSTHOCT OT Pa3KpUBaHE U KOMIIPOMETHpAHE.
CpIIeBpeMEHHO ce M3UCKBAa MUHMMAaJIHA KOHCYMAlldsl HAa €Heprusi oT Mpexkara. ToBa o3HauaBa
MUHUMAaJHA [[eHa 3a MOJabp)kaHe Ha Mpexara. [loHskora Oarepunte ¢ KOUTO pabOTH MpexKaTa
ca CKbIIM, a IMOHSKOra € CKblla TSIXHATa MOJAMSIHA, 0COOEHO KOraTo CTaBa Jyma 3a TPYIHO
JOCTBIIHM TEPEHU KaTO CBJIAYMILA BYJIKAHU M Jp. 3ajadara KOATO pelllaBaMe MMa JIBE LIEJIEBU
GbyHKIIUM, T.e. MHOrolesneBa ontuMmu3anus. Tesm QyHKIUU ca B3aMMHO IPOTHUBOpEYAIU CH.
HamansBanero Ha O6posi ceH30pH BOAM 10 YBEIMYaBaHE Ha eHeprusita Ha mpexara. OT apyra
CTpaHa, 3a Jla c€ HaMaJll eHeprusTa Ha Mpe)kara ce Hajara Ja ce J00aBsT CeH30pH. Taka Hue ce
CTpEMHM Ja HaMepuM OajlaHC MEXTy Opos CEeH30pH M KOHCyMHpaHaTa eHeprus. 3ajadaTa 3a
u3rpakJaHe Ha Oe3’KMYHa CEH30pHa MpeXa € JeuHHpaHa KaTo MPOABIDKEHUE Ha 3ajadara 3a
JM3aliH Ha pajiio Mpexa.

Jourdan B [Jourdan 2000] pemaBa BapuaHTH Ha 3ajadara, KaTO U3I0JI3Ba MHOTOLIEJIEBU
TCHEeTHYEH anroputhbM. B HeroBata QopmynupoBka KpaeH Opoil ceHzopu TpsOBa jaa Obaar
pa3NoJOKEHN 10 HA4yuH, MO KOWTO Ja €€ NOJIydd MakCHUMailHO mnokputue. Ilpm npyru

n3cnensanus ([Wolf 2008]) ce B3ema 1Mo BHUMaHHE KOJIMYECTBOTO €HEPI sl Ha Mpekara, KaTo
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Ce€ M3II0JI3Ba C€BOJIIONMOHEH aJrOpPUTHhM 3a TO3W BapuaHT Ha 3amadara. B [Hernandez 2011] e
npeaoxkeH ACO anropuThbM 3a BapUAHT Ha 3ajladara, HO MPHU TAX € pasrjiefaH 4acTeH clydai
KOTaTo CEH30pUTE ca aHTeHM M ce MHHMMH3Mpa camo eHeprusita. BuB [Fidanova 2008], e
MPEITIOKEHO PEIICHNE Ype3 allTOPUTHhMAa Ha MpPaBKUTE, KaTo 0]l BHUMaHUE € B3eT caMo Opos Ha
censzopute. B [Molina 2008] ca mpemtoxkeHn HAKOJIKO €BOJIONMOHHU anropuThbMma - NSGA I,
IBEA u MOEA. Tlpu [Konstantinidis 2010] e nmpeyioxkeH TeHETHYEH allTOPUTHM, KOWTO TOCTUTA
CXOJHU penieHus: kakTto npu [Monuna 2008], HO € TecTBaH BBPXY MO-MaIbK TECTOB Mojel. B
[Younis 2008] aBTopuTte KiacuuiupaT 3aAavydTe 3a MO3UIIMOHMPAHETO HA CEH30pPUTE B JBE
KaTeTOpHH: CTAaTUYHHU U JUHAMUYHU. B moBe4eTo OT paHHUTE pa3paboTKH 3a 3amadaTta 3a bCM
ce mpeArnoiara, 4e CEH30puTe He Ouxa MOIVIM Ja c€ pas3MojiokaT MO ONTHMaJieH HauuH
JETEPMUHUCTUYHO W 3aTOBa TpsOBa Ja c€ M3IOJ3BaT CTOXAaCTHYHU mnoaxoau. llpu Tte3m
pa3paboOTKK aBTOpUTE JOMyCKAT HAKakBa (DYHKIMS Ha pa3mpelesieHHe U CleJ TOBa MPaBsT
cTaTucTudecka oreHka. [lpumepu 3a takbsB moaxon ca [Lazos 2006], [Brass 2007], [Cevher
2009], [Manohar 2009]. [Ipu apyru aBTOpH (PyHKIIMATA HA pa3mpeIesieHne Ha CEH30PUTE MOXKE

Jla ce ONTHUMM3HPA, KaTo T ce AepuHupa Kato napameTpuuna ¢pynkuus [Wettergren 2009].

He.]II/I " 3a/1aY1 HA TUCEPpTANUATA
Ieaun u 3agaun

OcHOBHMTE LI€M Tpe] JAOKTOPAaHTa ca OT HAaydeH, HAyYHOIIPWJIOKEH M NPHUIIOKEH XapakTep.
Hakpartko Te Morat na ce 0000IISIT MO CASAHMUS HAYHH:

esn Ha nucepTramuNATa:

1. /la Obze u3cineqBaHO MOBEACHUETO HAa METO/Ia Ha MPABKUTE KaTO METAEBPUCTUYECH MOJIEN IIPU
peliaBaHe Ha 3a7adata 3a nocrposisane Ha bCM, karo 3agada ot kiac NP —tpyaau

2. Jla ce u3crnenBa BIMSIHUETO HAa KOHBEPTHUPAHETO Ha LeieBUTe (YHKUUU B €AHA BBPXY
KAaueCTBOTO Ha PELICHUATa HAMEPEHU OT AJITOPUTHMA

3. Jla ce u3cnenBa BIMSIHUETO HA MHOTOLIEJICBUSI BApUAHT HA ajJrOPUThbMa HA MPABKUTE BBPXY
KauecTBOTO Ha HAMEPEHUTE PEIIeHUs Ha 3afadara 3a bCM

3a pemaBaHe Ha TE3M 1esn 0s1xa GOPMYITUPAHH CIICTHUTE 3a/1a4u:

3apaua 1. Pa3paGoTBaHe Ha €THOICIICBM BapHAHT Ha aJITOPUTHMA 3a ONTHMHU3HPAHE C

M3I0JI3BaHE Ha KOJIOHUS OT MPaBKH 3a noctposiBane Ha bCM
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3anaua 2 Jla ce pa3paboTu BapuaHT Ha aJrOPUThMa C BBBEXKJIaHE B MOJIeJIa HA TETJIOBU
Koe(UIUEHT, KaTO MHCTPYMEHT 32 MaHUITyJIaIis Ha 1iesieBaTa QyHKIUS B €JHOLIENIEBUS BApUAHT
Ha aJIrOPUTHMA 3a noctposiBaHe Ha BCM

3agaua 3. Pa3zpaboTBaHe Ha MHOTOIICNIEBU BapUaHT Ha alrOpUTHhMaA 3a ONTUMHU3HPAHE C
M3I0JI3BaHE Ha KOJOHUSA OT MpaBKU 3a mocTposiBaHe Ha BCM um cpaBHsIBaHE C €IHOLECIECBUTE
BAPUAHTH

3anaua 4. /la ce HanpaBH nporpamMHa peaau3alys Ha pa3paboTeHUTe aIrOPUTMH.

MBTOHOJIOFI/ISI Ha U3CJI€ABAHETO:

[lonstusita: (MHOroueneBa (yHKUIMS, aJIrOPUTHM, ONTHMHU3ALUS, HEIOMUHUPAHU
pellleHrs1) ca OCHOBHM B METOJNOJIOTHMSTa Ha H3clefBaHe B aucepranusaTa. [IpencraBeHurte
pE3yNTaTH ca ¢ KOHCTPYKTHUBEH XapakTep, a MPEJIOKEHUTE aITOPUTMHU UMAT SICHA CTPYKTypa H
aHaJIN3, KAKTO U MPAKTHUYECKO MPOJIOKEHHUE.

MetoasT Ha MpaBkuTe ce Hamara cpejl OCTaHAJIUTE CHbBPEMEHHU METAaeBPUCTHYHU
Metonu. Omnpenensiy 3a Heropata e(eKTUBHOCT €a, HAUUHBT M0 KOHTO alTOPUTBMBT U3TPaXKaa
pEIIeHHeTo B TpoIleca Ha ThPCEHE, BMECTO Ja JAOYCHBBPIICHCTBA BEYE HAMEPEHO pEIICHHE U
TOYHOTO MOJIeTHpaHe Ha mpobiema.

B cnyyas Ha MHOroueneBd BapuaHT Ha MPEAJIOKEHHUS B JUCEPTALlUATA aJITOPUTHM Ha
MpaBKUTE Ca JOCTUTHATH €IHU OT Hau-J00pUTEe pEelleHUs Ha 3ajJayaTa 3a MUHHUMAaJieH Opoil
CCH30pH U MUHUMAJIHA CHCPIUA. HoBu ontumanau BAapHWaHTH Ha aJITOpUTbMaA Ca NPCIJIOKCHU U
AHAJIU3UPAHU B AUCCPTATUOHHUSA TPYA.

W3non3BaHusAT anapat Ha U3ClieJBaHE BKIIIOYBA :

[IpencraBsine Ha 00l Mperyiesl BbPXY YCTPOHWTBOTO, (PYHKIIMOHATHUTE OCOOCHOCTH Ha
03 KMUYHUTE CCH30PHU MPEXKH, M HM3BEXKJIAHE Ha OCHOBHATAa MPOOJIEMTHKA B KOHTEKCTa Ha
MMOCTUI'aHC Ha MO-ABJBI JKUBOT Ha MPECKaTa C MUHUYM PA3XOJU, U CBCKAAHC HAa PCIICHHUCTO Ha
npobieMa 70 pelaBaHeTo Ha KOMOMHATOpHA MHOTOIIe/IaBa ONITHUMHU3AIlMOHHA 3a/a4a.

BbBexnane B xapakrepucTukuTe Ha Metoa Ha MpaBKUTE, KATO METOJ 3a PEIIaBaHE HA
3aaa4vara, nmocjacaoBaTCIHO C OTIIPpaBHA I/IH(bOpMaI_II/ISI 3a 6I/IOJIOFI/I‘-IHI/ISI BUO, KOATO IToAIloMara
pazbupaHero Ha peanHus (QEHOMEH, KpaTKa NPEJUCTOPHS M TPEACTaBIHE HA OCHOBHHS

AJIITOPUTHM.
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ObenuHsBaHe Ha 1efneBUTE (QYHKIUI 32 MUHHUMYM CEH30pU U MUHUMYM €HEpPrusi U
aHaJIM3 Ha PE3yJITATUTE OT MPEJIOKEHUAT €THOLEIEBU BApUAHT HA AJITOPUThMA Ha MapaBKUTE.

IlocTposiBaHEe Ha pa3smIMpEeH MOJEJN Ha €JHOLENEBHMs BapHaHT Ha alropuTbma C
npubaBsHe Ha TETJIOBH KOPHUIMEHTH Ype3 MaHUITYJIAUATa Ha KOUTO /1a C€ U3CJIe/1Ba BIUSHUETO
Ha IiefieBUTe (YHKIMM 32 MUHUMYM CEH30PHM M MUHUMYM €HEprus BbPXY e(eKTUBHOCTTa Ha
aNrOpUTHMA.

IlocTposiBaHE Ha MHOIOLIEJIEBM BapHaHT Ha ajlrOpUThbMa HA MpaBKUTE M aHalIM3a Ha
nosiyueHuTe pesyiaratd. IlpoBeneHuM ca UNCIEHM €KCIIEPUMEHTH, YUUTO pE3ydTaTh ca
CHIIOCTaBEHU C HAW-I0OPOTO B JIUTEpaTypara A0 TO3U MOMEHT U Ca aHAJIM3HpPAHU PE3YyITATUTE
OT pa3JIU4YHUTE BAPUAHTU Ha anropuTbMma. HampaBeH € chIIOCTaBUTENEH aHAIW3 HA PE3YJITaTUTE
OT TPUTE BapuaHTa HA AJITOPUTHMA HAa MPABKUTE.

N3BbpiIeHO € cpaBHEHUE Ha PE3YJTAaTUTE NMOCTUTHATU OT MPEAJIOKEHUS aJrOpUTHM Ha
MpaBKHUTE C Hal-100pUTe pe3yaTaTH B JUTepaTypaTa U3BECTHU HU JJO TO3U MOMEHT.

Hamnpasena e nporpaMHa peanu3anusi Ha TPUTE MPEAJIOKEHN BApUAHTA HAa aIrOpuThMa B
TO3U AMCEPTALMOHEH TPy Ha e3uka C++ , IpuApyKEHO ¢ OMMCAHKUE Ha Iporpamara.

[IpoBeneHu ca 4YMCIIEHU €KCIIEPUMEHTH, YUUTO PE3yTaTu ca aHanusupanu. B ['masa 7. B
gactta [IPUJIOXKEHUE e npeacraBeno ommcaHueTo Ha codTyepa, KOUTO € pa3paboOTeH KbM

JTUCepTaIusiTa.

AnpobGanusi Ha pe3yJaTaTUuTe
IToBeueTo oT PE3YITAaTUTC B AUCCPTAIMOHHUA TPYH Ca HOKJIAABAHU Ha CCMHHApPA Ha CCKIUU

nllapanennu anmroputMu’ U ,,Hayunu npecmsranusa”’ kbMm MHUKT — BAH, xakto m Ha Tpm

MEXIyHapOAHU KOH(EepeHINH, KaKTO ClIe/Ba:

® International Conference of Information Systems and Grid Technologies, 30 - 31.05.

2011 Sofia, Bulgaria.
® OMKO-NET International Conference, 28 - 30.06.2012 Southampton, UK.

® [EEE Conference on Intelligent Systems, 06 - 08.09.2012 Sofia, Bulgaria.
Pesynrature OoT amcepranusTa ca MyOJMKYBaHM B 5 CTaTHH, OT KOUTO 3 B TOMOBETE Ha
MEXIyHApOAHU KOH(pepeHIH, | B crucanue ¢ UMMAakT (akrop m | Karo riaBa OT KHWTA B

nopenuiia ¢ SJR Ha peHOMHPAHOTO HAYYHO M3ATEIICTBO Springer.
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CbabpxkaHue HA JUCEPTALMSATA

I'naBa 1. be3:;KN4YHU CEH30PHU MPEKHU

I'maa 1 uma 3a 1men Ja BbBEIE 4YMTATENsl B TEPMHUHOJIOTHATA OXapakTepu3upania
OE3KUIHUTE CCH30pHU MPCIKH, TCXHUTC MNPCAUMCTBA U obmacTu Ha MMPpHUII0KCHUA, OCHOBHUTC
NPUHIUIN HA paboTa U U3UCKBAHUSL.

E,Z[HO OT OrpaHHMYCHUATA 3a OHIC HO-IHMPOKOTO HABJIM3aHC Ha Oe3KMUHATA CCH30pHa
TEXHOJIOTHUA € KOHCyMalusTa Ha CHCPrus. HesaBucuMmo ot BBBCIACHHUTC l'IOI[06pCHI/ISI npu
MIPOM3BOJICTBOTO Ha OaTepWH CEH30PHTE MPOABIKABAT Ja CE HYXKIASAT OT Mpe3apekIaHe WIIH
cMsHa Ha Oatepuute. ToBa € cepro3eH npobiieM 3a TPYAHO JOCTHIIHUTE U OTAAJICUCHH PaioHH
KaKTO U 33 MPOCTPAHCTBA, HA KOMTO Ca MHCTAJIUPAHU TOJISIM OpOii CEH30pH.

N3cnemoBaTenuTe ce OMUTBAT Ja pa3pemiatr TO3W MpoOjeM KaTo KOHCTPYHpaT CEH30pH,
M3TOJI3BAIM CHEPTUATa Ha €CTECTBCHUTE HW3TOYHHIM (HAampuMep BHOpaldu OT KJIATEHId Ce

MOCTOBE, pabOTeIH U BHOPHUpAIN MAaIINHU, TOPU CTHIIKUTE Ha MEMeXo/1H). Taka >KHBOTHT Ha
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Oatepunte OM MOTBJI Jla C€ YBEIMYM 3HAYUTEITHO. Be3KNIHUTE CEH30pHU MpPEXH TpsiOBa ma ca
€HepruitHo e(heKTUBHU U Ja KOHCYMHpAT MaJKoO eHeprus mpu padora. ToBa Boau A0 MO-ABIBT
eKCIUIOATAIMOHEH CPOK Ha MpeKaTa KaTo IIsUIO.

CeH30pbT € OCHOBEH €JIeMEHT B Oe3kuuHaTa ceH3opHa Mpexka. B paznen 1.1 Cen3sop - ¢

omucaHo OOMIOTO YCTPOMCTBO Ha ceH3opute. CEeH30pUTe ca yCTPOMCTBA KOUTO CHOHMpAT H
U3Mpamnar JaHHu. BUnbT Ha ceH30puTE 3aBUCH OT NMPUIOKEHUETO M. B 3aBUCMMOCT OT HauMHa
Ha BpB3Ka (Cpea) 3a mpelaBaHe Ha JJaHHUTE MOXKE Jla ca CBBP3aHM 4pe3 KabeiHa (KOeTo He e
00EKT Ha HAaCTOSALIOTO M3CJe/IBaHe) Wi Oe3KHUHa Bpbh3Ka. KakTo e mocodyeHo B 3ariaBUeTo — 32
HY)KJIUTE Ha Hamus MoJen ce (QoKycHpame HU3IUI0O BbpPXY CEH30PHUTE MPEXH C Oe3KudyHa
cBbp3aHocT. JlombiHUTENHA HH(OpPMAIMs OTHOCHO KOMIIOHEHTUTE Ha O€3KMYEH CEH30p ca
npencraseHu B Pasgen 1.1.1 O6mo ycrpoiicTBo Ha 0e3:ku4HHTe ceH30pH. l3mos3BanuTte
O€3’)KMYHM CEH30pH MPEICTABISABAT CBHBKYIIHOCT OT CEH30p MJIM MHOXKECTBO CEH30pH 3a
pa3IMyHU BENWYWHU, yrpasisBam Oyiok (Microcontroller, Microcontroller Unit- MCU —
mpoIriecop), maMeT u npueMo-npenasaren (Transceiver).
Pa3nes 1.1.2 Haunn Ha paGoTa Ha ceH30peH Bb3eJ B 0e3:KHYHA CEH30PHA Mpeka ChAbpiKa
uHpopmanus 32 QyHKIIMOHAIHUTE OCOOCHOCTH Ha OE3KMYHUTE CEH30pU IpU paboTa B Mpexka.
Nudopmanusara B To3u paszznen I0mbiIBa HHPOpMaIMsITa 32 MOZIeNIa ¥ IoMara Jia ce paszoepe mo-
no0pe mpolieca Ha KOHCYMaIUsl Ha €Heprusi OT CEH30pUTE 110 BpeMe Ha TsAXHaTa paboTa B Mpexa.
[{udpoBuTtente curHaium OT U3XOJa HA aHAJIOroBO-UIM(POBUA IMpeoOpa3yBaresn IMOCTHIIBAT B
MHUKpO Ipolecopa W TOM I'M 3alucBa B nameTTa. Te ce M3BIMYaT OT Hes Npe3 OINpEeAciIcHHU
WHTEpBaK OT Bpeme U upe3 T/R ce mznbpuBaT oT aHTeHara. [1o oOpaTreH mbT cTaBa MpUEMaHETO
Ha gaHHU. YacT OT mamerta Ha OE3KUYHUS CEH30p C€ U3IOJI3BA 3a 3alMCBaHE Ha LisjaTa
nporpama 3a pabota Ha Oe3KMYHATa MpeXa. 3axpaHBAIIMAT U3TOYHHK MOXe Ja Obae Oarepus
WIN akyMmynatop. Bceku ceH3op 3acuya npoMeHHUTe B palioHa OKOJIO cebe CU U Mpe/iaBa JaHHUTE
KbM IeHTpanu3upana Touka (Bucoxo Enepruen Komynukammonen Bw3en BEKB), oT xbaeto
nH(popManusaTa MOXe J1a ce 00padoTBa aHATM3UPA U TIPEICTaBS.

Pa3znen 1.2 Ob6saacTu HA NpUJIOKeHHe HA 0e3)KMYHNTE CEH30PHH MPEKH € CBbP3aH C
BB3MOKHOCT Ja C€ MOoJuepTae akTyaJlHOCTTa Ha H3CJIe[]BaHaTa TeMa 4Ype3 aKLUEHT BYPXY
npuinokennero Ha bCM B HSKOW BOJIENIM HANpPaBIICHUs, KaTO OTOpaHa W CHUTYPHOCT, CEJICKO

CTOIAHCTBO, MPEAYNPEIUTEIIHA CUCTEMH MIPH MPUPOIHU OCACTBUS U IPYTH.
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Karo yacT oT mbpBa riaBa ca ONMcaHu MOMYJISIPHU MPEXKOBH TOMOJIOTHM, WIIOCTpUPAHU
ype3 cxemH B pazaenu cboTBeTHO: 1.3 Tomosiorusi mpu 0e3kMYHU CeH30pHM Mpexu, 1.3.1
TomoJsiornss Ha Mpexu TUN ,,3Be3aa, 1.3.2, Tomosioruss Ha Mpexu TUN ,,0KO” U B pasjaen
1.3.3 TonoJiorust Ha Mpe:Xu OT XMOPH/JAEeH THII.

Paznuynute TOmosoruu mpeanoyiarat pasziuka B OpraHU3WpaHeTo Ha WH(GOPMAIMOHHHUS
MOTOK M CBHOTBETHO HMAaT CBOM (YHKIMOHAJIHU TMPEAMMCTBA M OrpaHHYEHUs. TAXHOTO
CIIOMEHABaHE € HAMpaBeHO C IeJ Ja C€ WIICTpUpa MO-IBIHO Bpb3KaTa MEXAy H30opa Ha
TOIIOJIOTUA U MTPOUITUYAIIUTC OT TOBA OTPAHUYCHHA B MPAKTUYCCKOTO IMPUTIOKCHUC.

B nonmbaHeHwe KbM TOBa ca MpEACTaBeHW nomyispHu craHgaptd 3a BCM karo e
IpeJcTaBeHa OTNpaBHAa HH(oOpMamus 3a LeIuTe, MOAMbP)KALIUTE TW MOTPEeOUTEeNn U Jpyra
cupaBoyHa uHpopMmanus B Pazmen: 1.4 Hakon akTyajJHH KOMYHUKAINMOHHHM CTaHIAPTH 3a
be3:xxuunn censopum mpexu . B nocnegnus pasgen na I'maBa 1, 1.5 U3uckBanusi KbM
0€e3’KMYHNTE CEH30PHM MPeKHU ca 0000IIeHN Hali-BaXXHUTE M3UCKBaHUSI KbM BCM.

O06001meHusaTa OT TO3U pas/iesl ChBCEM €CTECTBEHO JOBEXKIAT U JI0 OCHOBHUS MPOOIIEM,
KOWTO € 00EKT Ha M3CJe/IBaHe B AUCEPTAIIMOHHUS TPY.

B rnaBa 2 MerToa Ha MpaBKHTe 32 KOMOMHATOPHA ONTHMM3ALMSA. IPABUM KpPATKO
OTKJIOHEHHE KbM CBeTa Ha OuoyorHsTa 3a Ja [peICTaBUM ONHMCaHHEe Ha 4YacT OT
XapaKTepUCTHUKUTE Ha HACEKOMHUTE, YMHTO €CTECTBEH MOJieJ Ha IOBEJCHHE B NpUpojaTa €
3aMMCTBaH, 3a JIa C€ MOCTpoM anroputrbMa. MHpopManmsTa € CTpyKTypHpaHa B JIBa p3zeiia CbeC
CBHOTBETHUTE MOJIpa3ICiu.

B pasgen 2.1 MpaBkuTe B NpHpPoOAaTa. ca TMPEACTaBEHU HIAKOM (aKTH W
3aKOHOMEPHOCTH, CBbP3aHU C MOBEJCHUETO Ha MPaBKHUTE, KOUTO ca MPOBOKUPAIU MHTEpeca Ha
peauiia aBTOpU OT Ppa3/IMYHU HAYUYHH HAIIPABJIICHHA, U KOUTO B IOCJICACTBHUC Ca HOBCIU 10
Ch3JlaBaHETO Ha Mertojga Ha MpaBKuTe. B cepust oT eKcnepuMEeHTH B KOHTpOJUpaHa cpena,
”JIsoeH Moct’—omnucan B [Deneubourg 1989] ¢ mMpaBYeHH KOJIOHWUH OT BHAA APKECHTHHCKH
MpaBku (Iridomirmex humilis), ¢ Bb3MOXXEH M300p MEXIy JBa Pa3IMYHU IO JABJDKUHA IIBTH,
BOACHIN OO0 €AWH U CBI M3TOYHUK Ha XpaHa Ca OTYCTCHU .HIOGOHI/ITHI/I pe3yiaTaTu. Baxwuo e Ja
orOenexuM, de mpenacraButenure Ha Iridomirmex humilis umMaT modtu HyneBO 3peHHE.
W3cnenoBarenure ca yCTaHOBWIIM, Y€ MPABKHUTE MPOSABIBAT CKIOHHOCT J]a OTKPUBAT Hail-KbCUS
BT OT THE30TO J0 M3TOYHHMKA Ha XpaHa. BTopa riaBa e cBoeoOpaszeH ONuUT 3a MpeAcTaBsIHe Ha

KOHICIIUATA HA aJITOPUTHBMaA, YpC3 NPCXOA U MPCHACAHC Ha CMUCDHJIA HA ITOHATUATA OT CBCTA HA
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OuoorusaTa ¢ KOMTO ce OMHMCBa peanHus (eHOMEH Ha MpaBKUTE B MPHUPOJATa, MPEICTABEHU B
paznean 2.1.1 Knacupukauuss Ha BuaoBere MpaBku, 2.1.2 Mop¢o/i0oru4Ho onucaHue Ha
mpaBkurte. 2.1.3 Mmnoroodpasue Ha Buaa, 2.1.4 B3auMOOTHOmIEHHMSI  MEXKIY
NpeACTABUTEIUTE B KOJOHUSITA HA MPaBKHUTe, KbM 00JacTTa Ha WH(OPMATHKATA, OMMCAHO B
2.2 KoMOMHATOpHA ONTHMHU3ALMUSA 10 MeTOAAa HA MpaBKuTe. [Ipy TO3W mpexon NOHATHUATA
THPIAT TpaHchopMmanus U MOdydaBaT HOB CMHCHJ, KAaTo 4YacT OT MaTeMaTH4YeCKH MOJEd.
MognensT € uscnenBa B nociensamute ['nasu 4, 5, u 6 Ha qucepTalMOHHMS Tpyld. MpaBkuTe
KOMYHUKUpPAT C IOMOIITa Ha (EepoOMOHHM (XMMHUYHA CYOCTaHIMS, KOSATO MPOU3BEXKIAT B
opranu3ma cu). OOGOHATETHUTE OpraHH ca pasloJIOKEHH Ha BbpXa Ha aHTEHKUTEe uUM. Upes
oTHeNnsiHe Ha crnenu@uueH (GepoMOH MpaBKHUTE MOAOYXKJAaT CHOTBETCTBAIA, T'€HETUYHO
3aKOAMpaHa peakius y OCTaHAJIMTE WHAMBHIM OT KOJOHHUATA. ToBa Morar na ca (epoMOHH
oTOens3Ball MBTA J0 HAXOAMINE HA XpaHa, CUTHAIM3MPAIIM 3a OIACHOCT, CBBP3aHU C
pPa3MHO’KaBaHETO (KaKTO € IPU ThPTEUTE B MMUETHUTE KOJIOHUU) U JP.

@DepoMOH € BCAKO XMMHYECKO BEIIECTBO, (OMOXMMUYHO CHEAMHEHUE) CHHTE3UPAHO OT
KUB OPTaHU3bM U CIIY’KEILO 32 KOMYHUKALUsA C IPYTd OPTaHU3MHU OT ChIIUS BUJ.

Btopa rnaBa e mocBeTeHa M Ha ONTHUMM3ALMITA C KOJOHUS OT MpaBKu win Meroj Ha
Mpagskute (ant colony optimization, ACO), KOUTO € BEpPOATHOCTEH IOAXO] 3a pelllaBaHe Ha
ONTHMU3AIMOHHY 3a/layi, U1 KOWTO MOXKe Ja ObJie CBEelIEH /10 OTKpHUBaHE Ha A0OpU MbTUIIA B
rpad.

[IpencaBenn ca ocoOeHOCTUTE Ha KOMYHMKalMATa NpU MpaBKuTe. B mpuponarta tesu
M3KJIIOYUTETHH HAaceKOMHU (MpaBKHUTE) MBbPBOHAYAIHO CE€ JBIKAT MO CIy4aeH HAYMH U MpH
OTKpHBaHE HAa U3TOYHUK HA XpaHa Ce 3aBPBHIIAT KbM I'HE3/10TO Ha KOJIOHUSATA CH, KaTo MO Lenus
oOpaTeH IbT MoJlarat cieau oT (HepoOMOH, KOETO CIIY)KH 3a KOMYHHMKAIIU C OCTAHAJIUTE MPABKH.
AKO JIpyr MpaBKU C€ HATHKHAT Ha MaplIpyTa Ha IbpBaTa MpaBKa T€ C TojisiMa CTETECH Ha
BEPOSITHOCT INpEecTaBaT Jla Ce JBIKAT MO CIy4aeH Ha4yMH, a IoeMaT IO OCTaBeHara cjena oOT
(dbepoMOH 10 M3TOYHMKA Ha XpaHa U B Cllyyaid, 4e CHILO OTKPUST XpaHa - IpU BPBILIAHETO CU
nojaraT cobcTBeHa ciena oT (EepoMOH BBbpPXY Beue chbllecTByBamara. [lo To3m HauuH
KOJINYECTBOTO (PEPOMOH C€ yBelM4aBa M MapLIPyThT [0 H3TOYHMKA Ha XpaHa CTaBa IIo-
MIpUBJIEKATEJICH 32 CJICBAIINTE MPABKHU.

Wnesita 3a anropurbMa Ha MpaBKHUTE € BIbXHOBEHA OT HAOMIOACHMSITa Ha TOBa Kak

MPAaBKHUTC YCBOABAT U3TOYHUIN HA XPpaHa U TO-CIICIIUAIHO OT HaGJIIOIIeHI/IeTO, 4C MHAUBUAYAJTHO
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OTpaHUYEHUTE OTKbM KOTHUTHUBHU BB3MOKHOCTH MPaBKH, B3€TH 3a€QHO OTKPHUBAT Hal-KpaThbK
OIbT MEXKIYy HM3TOYHMKA Ha XpaHata W cBoA MpaByHsAK. B Pasmea 2.2.1 IlpencraBsine Ha
aJITOPUTHMA. € ONMKHCAaH OCHOBHHST aJTOPUTHM HA MPABKHUTE U HSIKOW HETOBH MOAM(HKAINH,
KOUTO TPUHAJJIekKAT Ha KJaca aJrOPUTMHU 32 METACBPUCTUYHA ONTUMHU3ANUA. 32 MBPBH BT
npemaioxkeH ot mpod. Mapko Jlopuro B gokTopckata My gauceptamnus oT 1992 roauna [Dorigo
1992], opuruHagHUAT adrOpUTHM 3a ONTUMHU3ALUS [0 METOJAa HAa MPaBKUTE € MMaJl 3a e Ja
ThPCH ONTUMAJICH BT B Tpad Ha 0a3zara HA MOBEJACHHETO HA MPABKHUTE, THPCEIIN BT MEXIY
CBOSITAa KOJIOHHS U JaJeH U3TOYHUK Ha XpaHa. [Ipu mpuiaraHeTo My MaiKusT Opod M3MOI3BaHU
MpaBK{ BOJU U JO MO-MaJKO KOMITIOTBPHH PECYpPCH KaTo BpeMeE U MaMeT. 3a CpaBHEHHE MpH
TeHETUYHUTE aIrOpPUTMHU OOMKHOBEHO ca HyxHH noHe 100 mHaMBHAA, 3a J]a ce MOCTUTHE 100po
pemenre. MpaBkara u30upa ciefBain] BpbX OT rpada, KOHTO Ja 100aBU B PELICHHETO KaTo
M3M0M3Ba (DYHKIMSI HAapeyeHa BEpOSATHOCT Ha mpexoja. Ta3u (yHKUUS € TpPOM3BEICHUE OT
KOJIMYECTBOTO ()epOMOH CBHOTBETCTBAIIO Ha TO3W MPEXOJ W EBPUCTHUYHA HHQOpMAIus.
KonuuectBoTo (¢depoMoH mpencTaBs omuTa Ha MpaBKUTE OT MPEAXOJHUTE HTEpaluu.
EBpuctuunaTta unpopmarus ¢ QyHKIUS MPEACTaBIIA TPEIBAPUTESIHOTO MO3HAHUE 32 3a/1a4aTa.
KoucTpynpanero Ha eBpucTHYHaTa HH(OpMAIMS € CHIIECTBEHO 3a HAMHPAHETO Ha J00pH
pemienus. ToBa 0OMKHOBEHO € MOAXOsIIa KOMOMHAIUS OT apaMeTpPUTe Ha IeseBara (yHKIH
U OrpaHMYEHUATA Ha 3a7adata. MpaBkaTta u3bupa a 100aBU KbM PEIICHHUETO BbPXBT, 32 KOUTO
BEpPOSITHOCTTA 3a IPEXO0J] € Hail-royisiMa. AKO MMa JBa U NIOBEYE BbpXa C paBHA BEPOSITHOCT, TO CE
n3bupa eIMH OT TAX Ha ciydaeH npuHnumn. Crej KaTo BCUYKHA MPaBKH TOCTPOSIT CBOUTE
pemieHus ooHoBsiBame ¢epomMona. OCHOBHOTO MPABUJIO € €JIEMEHTUTE Ha MO-T00pUTE PEIICHUS
Jla ToJiydaT moBede (epoMOH OT OCTaHAJIUTE W Taka Ja CTaHAT MO-)KEJIaHW Ha cielBaniaTa
utepanus. [IepBo hepoMoHBT ce Hamans (M3MapsiBa) 3a Ja ce HAMaJIM BIMSHHETO Ha cTapaTa
uHpopmanus. Crex ToBa ce 100aBsi HOB (PepOMOH KOMTO € MPONOPIMOHANEH Ha CTOWHOCTTa Ha
neneBara (pyHKIHS aKko 3a/JayaTa € 3a HaMHpaHe Ha MAaKCUMyM M OOpaTHO IMPONOPILMOHANIEH —
aKo € 3a HamMupaHe Ha MUHUMyM. DepOMOHBT MOKE Ja Ce€ MOCTaBU WJIM Ha pedpaTa WM Ha

BBPXOBCTC B 3aBUCUMOCT KOC € IMO-IOAXOAAII0 3a KOHKPETHATA ONITUMHU3AlIMOHHA 3a/iada.

BeposiTHOCT Ha pexoaa

MpaBkata ce MpUIBMIKBA OT BPBX i 10 BPBX j HA Tpada ¢ BEpOSTHOCT:
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)
pij = ) (1)
Y (ey)(0lf)
KBIACTO

*  T;j€ KOIMYECTBOTO (DEPOMOH, CHOTBETCTBAILO HA IIPEX0/Ia OT BPBX [ BbB BPBX j,

* Q€ MapameThp 3a KOHTPOJI HA BIMAHHUETO HA T; ;

e 1;; € eBpuCTHYHATA WH(OpMALMA, TS NPEACTABIABA IPEIBAPUTEIHO MO3HAHHE 32

3a/layata ¥ 4YEeCTO € KOMOMHamus OT TapaMeTpuTe Ha IejeBata (YyHKOHS |

OrpaHHUYCHUSATA,

¢ [ e mapamerbp 3a KOHTPOJI HA BIMSHUETO HA 7]; ;

OoOHoBsiBaHe HA (hepOMOHA
7, =(1-p)T;; + ATy j, (2)
KBICTO:

* T;; € KONIMYECTBOTO (DEPOMOH CHOTBETCTBAIO HA TIPEXO/A OT BPBX i JI0 BPBX j.

e 0 € CKOPOCTTa Ha M3MapeHue Ha (hepoMoHa.

AT; j € KOIMYECTBOTO Ha OTJIOKEHUs (PepOMOH, 0OMYaiHO NPECTaBEH Ype3 hopMyiara:

Li (axo mpaBka ¢ opeanoct K npemune 1o pe6poro i, j)
k
ATi'jk = (3)

0 B IIPOTUBEH CIIydail
KBbETO L) € cTOWHOCTTa Ha meneBaTa (YHKIHS 3a PEIICHHETO IOCTPOCHO OT Kk MpaBKaTa.
@opmyna 3 ce oTHacs 3a ciydas, KOraro cé ThPCH MHUHHMajHaTa CTOWHOCT Ha IleJieBaTa
¢ynkuus. Korato ce Thpcu MakcHMMajHaTa CTOMHOCT Ha IesneBata (GpyHKIus BBB (Gopmyna 3
CTOM CTOMHOCTTA Ha IiesieBaTa (yHKIUS 3a PEIICHUETO, TIOCTPOSHO OT kK MpaBKara, a He HelfHaTa

pELMIIPOYHA CTOUHOCT.
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HO-I[OJIy CXEMAaTHU4YHO € ITOKa3aH aJITOPUTBbMBT Ha MPABKHUTC.

IMpouexypa ACO
HauaJio
[TocraBsine Ha HavaseH GepoOMOH
While ynosneTBopsiBaHe Ha KpUTEpUUTE 3a Kpail do
ITocTaBsiHe Ha BCsiKa MpaBKa B HA4aJIEH BPBX
Repeat
For Bcsika mpaBka do
N360p Ha creaBai BpbX
End for
Until Bcsika MmpaBKa € IOCTpOHIIa PEIICHUE
OOHoBsiBaHe Ha pepoMOHA
End while
End

Ot ToraBa 1o jAHec opurnHamHaTa wuues Ha Jlopuro e pasmmpsBaHa U MoauUIIUpaHa OT
pa3IMYHU U3CIIEOBATENH, 32 Ia Ce MpHiara KbM MO-ITUPOK KIJIac OT 3a/a4H, U 3a Jia ce ToJ00pH
Ka4eCTBOTO HAa HAMEPEHUTE pEIICHHS KakTo cMme onucanu B Pasmea :2.2.2 Bapuantu Ha
OCHOBHHS ajIropuTbM. B To3u paszzien ca mpencrtaBeHd HIKOM OT Hail-MOMYJISpHUTE BapHaHTU
Ha aJIrOpUTHhMa 3a ONITUMU3ALIKA 110 METOJ]a HA MpaBKUTE: MpaBueHa cuctema (Ant System - AS)
[Colorny 1991], MCEM enutnu mpaBku [Dorigo 1996], cucrema ot KoloHHH OT MpaBku (Ant
Colony System - ACS) [Dorigo 2000], ACO ¢ gombiauutenso dopcupane [Fidanova 2002],
Makc — MuH. MpaBueHa cuctema (Max-Min Ant System MMAS) [Stutzle 2000]. Havamuausit
BapHaHT Ha METOJa MpaBueHa cuctemMa - AS creiBa TOYHO IOBEJICHHETO HAa MpPABKHUTE B
npupogara. EKCreprMEHTaTHO € YCTaHOBEHO, 4Ye TOW OTCThIBA Ha JPYrUTe HW3BECTHH
MeTaeBpUCTUYHN MeToau. [lopanu ToBa ca ch3/laBaHU U Pa3HOOOpPa3HH BapUaHTH HA METOJa C
e nogoOpsiBaHe HAa KA4eCTBOTO HAa HaMepeHuTe pemieHus. OCHOBHATA pa3iivKa Mpu OTAETHUTE

BapUaHTH HAa METOJIa € HAYMHBT 32 OOHOBSIBaHE Ha ()ePEOMOHA.
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B npenpatku B pazmen 2.2.3 CxoammMocT, CIOMEHaBaMe 3a yCJIOBHSTA 32 CXOJUMOCT Ha METO/1a
Ha MpaBKUTE 3a Tpad-0a3upanusi aNropuThM Ha MPaBKHUTE, KOETO € aaneHo npe3 2004 B [Dorigo
2004]. B nmocneactBue e nokazano, ye ACS, ALIO c gombanutenHo ¢opcupane 1 MMAS
BAPUAHTUTE HA AJITOPUTHMA OTTOBAPSAT HA M3UCKBAHUATA HA Teopemata 3a cxoaumojct. Kakro
IpU TIOBEYETO METAEBPUCTUYHU METOAM M TYK € MHOrO TPYIHO Ja Ce HamlpaBU TEOpEeTUYHA
OLIEHKa Ha CKOPOCTTa Ha CXOAMMOCT. TeopeMaTa 3a CXOAMMOCT Ha alrOPUTMHUTE 1O METOa Ha
MpaBKUTE TJIaCH, Y€ aKo JOJHATa TpaHWla Ha (QEpOMOHAa € CTPOro TIOJOXKUTEIHA, TO
QITOPUTHMBT C€ CXO0XKJa KbM III00AHUAT ONMTHMYM, KOTaTO OpOSAT HA UTEPAIIMUTE KJIOHU KbM
OE3KpaifHOCT.

B Paznen 2.2.4 Haxou NpuJIo;KeHUs HA AJITOPUTHBMA HA MPABKHUTE Ca ONKUCAaHU HIKOU
MPUJIOKEHUS Ha METOJa.

[IpumepHo mnpunoXkeHHEe 3a peliaBaHe Ha 3agadata 3a T[HpProBCKUsS IMBTHUK €
NpeacTaBeHo B paszgena 2.2.6 OnucaHue HA NMPUWIATaHETO HA AJrOPUTHBMA 32 HAMHpaHe
pelieHue HAa 3aja4vaTa 3a ThProBCKUsl MbTHUK.

I'maBa 3 npezacrasisiBa MOCTAaHOBKA Ha 3ajlayaTa KaTo 3a€JHO C TOBA MPEJCTaBs KPaTbK

MperJie]] Ha MO3HATUTE TEXHUKU 3a pellaBaHe M HAKOW W3BECTHU MPOYUYBAHUS HA APYTH aBTOPH.
Paznea 3.1. KomOuHaTopHa onTUMHU3anMs M TEXHUKH 32 pelIaBaHe HA TO3M KJAC 3aJa4M.
3aro3HaBa YUTATENs C HIKOM OCOOEHOCTH NMPU KOMOMHATOPHOTO ONTHMHU3HPAHE, KbJETO YECTO
3a/layuTe MMaT ToJisiIMa M3YUCIIMTENICKA CIOXKHOCT. MHOro OT Te3u 3aJauyd H3UCKBAT
HETNOJIMHOMHMAJIeH Opoil m3umcienus, 1. ca oT kiac (NP-tpynuu). Korato ce pemraBa TakaBa
3ajaya TpsAOBa Ja ce mpeleHu no0pe KakBa CTENEH Ha CIOKHOCT MMa 3a J1a ce Hamepu
ONTHMAJTHOTO pEIICHHUE.
B pa3aen 3.2 Tounu u npudJIMKeHH AJITOPUTMH € NMpeAcTaBeHa JONbIHUTEIHA HH(OPMAIIHS
3a KJIacOBETE aJrOPUTMH, W3MOI3BAHU MPU KOMOWHATOPHHUTE ONTHUMH3AIMOHHU 3amadu. [Ipu
pelaBaHeTo Ha KOMOWHATOPHU ONTHUMH3AIMOHHU 3a7jaud Ce HU3IOJI3BAT JBa THIa (KJIacOBE)
AITOPUTMH — TOYHH U MPUOIIKeHn (Approximate).

ToyHUTE ANTOPUTMU OTKPHUBAT ONTUMATHH PEIICHUS U JOKa3BaT CBOATA e(DEeKTUBHOCT 3a
BCSIKAKBAa pa3MEPHOCT HA 3ajayaTa KaTro MpecMsTaT TOBa 3a BpEME, KOETO C€ OIpeaes
KOHKpETHO criope]; o0eMa Ha 3aja/ieHus pa3Mep Ha 3a7adarta. Ako TpsiOBa Ja ce U3MoJ3Ba TOUECH
QITOPUTHBM KbM Kiac 3amadyud NP-TpymHu, TO B Hail-lommwms ciiydaid me My Oble HeoOXOauMO

CKCIIOHCHIIMAJTHO KOJIMYCCTBO BpPCMEC, 3a Ja HOCTHUIHC ONTHUMAJIHO PCHICHUC. CBH.[CCTBYB&T u

ABmopegepamu Ha Aucepmayuu 3 (2014) 18-56



32 Mwupocnas Bacunes LUnHaapos

IpUMepU B KOUTO TOYHHM aJTOPUTMU Ca NMPUCHOCOOCHU 3a pelllaBaHE Ha HAKOU KOHKPETHH
3aJlayM ¥ ca mokasajiu Jo0pu pe3ynraTu. Belpeku ToBa mpuiiaraHeTo Ha TOYHU aJrOPUTMU KbM
noBeueto NP-TpyaHu 3a7aud  M3UCKBA 3HAUUTENTHUW W3YMCIUTENIHU PECcypcu U €
HE3a/I0BOJIUTEIHO OT KbM U3ITbIHEHUE.

N3cneaBanusita OTHOCHO MO3WIIMOHMPAHETO HAa CEH30pUTE MpH mocTposiBane Ha bCM
Oeyie)kaT 3HAYMTENICH HAMpeIbK Mpe3 MmocienHoTo neceruietue. B pasgen 3.3 IlpoyuBanus
OTHOCHO MpodJieMa ¢ MO3MIMOHMPaHeTO Ha ceH3opute B BCM ca npencraBeHH HSKOU OT
W3BECTHUTE U OPUTHHAIHY TOJIXOAH HA IPYTU aBTOpU, pabOTHIIM B TOBa HanpasieHue. B [Zhang
2005] ce um3cinenBa MO3UIMOHMPAHETO HA CEH30PUTE OT TJI€lHA TOYKA HAa MPEJaBAHETO Ha
nanaute. B [Yuce 2007] ca u3cnenaBany pa3ivyHy MPaBWIHKM Pa3Npe/IesICHUs] HA CEH30PUTE BbB
BUJ] HA KBaJIpaT, TPUBI'BJIHUK U miecTobI'biaHa Mpexa. [Ipu [Dhillon 2003] ca npeanoxenu asa
xanuu (greedy) anropurbma, KOUTO N30UpaT Mo3uLKH 3a ceHzopute B BCM ¢ MuHMManeH Opoii
Bb3H. Jourdan [Jourdan 2000] pemaBa BapuaHTH Ha 3ajiadaTa, KaToO W3IMOJI3Ba MHOTOIICICBH
TeHETHYCeH anropuThM. B HeroBara ¢GopmyinupoBka KpaeH Opoid ceH3opu TpsOBa ma Obje
pa3MoJIOKEeH MO0 Ha4yuH, MO KOWTO Jla ce MOoJIydd MakKcUMaiHo mnokputue. [lpu apyru
uzcneasanust [Wolf 2008] ce B3eMa 1o BHUMaHHE KOJUYSCTBOTO CHEPIHsI HA MpeKaTa KaTo ce
M3T0JI3Ba €BOJIONMOHEH aJTOPUTBhM 3a TO3W BapuaHT Ha 3amavata. B [Hernandez 2011] e
npeainoxkeH ACO anropuThbM 3a BapUAHT Ha 3ajiadara, HO MPHU TAX € pasrjiefaH YacTeH clydai
KOTaTO CEH30pUTe ca aHTeHW M ce MUHUMH3Hpa camo eHeprusita. BeB [Fidanova 2008] e
MPETIOKEHO PEIICHNE Ype3 allTOPUTHhMAa Ha MpPaBKUTE, KaTo 0] BHUMaHUE € B3eT caMo Opos Ha
ceHzopute. BapuanT Ha 3amgadara e pemaBad BB [Fidanova 2010]. Tam ce menu mocturane Ha
MaKCHMAJTHO MTOKPUTHE C MUHUMYM CE€H30pH. Bb3MOKHUTE MO3UIIMU 32 IOCTABsIHE HA CEH30PUTE
B TO3M BapHaHT Ha 3ajadara ca 3aJaJeHH KaTo HapelleH CHUCHK, KOMTO Ja OTroBapsi Ha
cnenudukata Ha mpodiema. B [Molina 2008] ca mnpemiokKeHH HIKOJIKO €BOIIOIMOHHU
anroputbMa - NSGA II, IBEA, MOEA. MOEA € 0CHOBEH T'€HETUYEH alTrOPUTHM, KOUTO ThPCH
noMmuHupanute Pareto pemieHus, KaTo U3M0I3Ba COPTUPAHE MO HEJOMUHUPAHOCT.

B pasnpea 3.4 Onucanne Ha 3aga4yara 3a H3rpakIaHe Ha 0e3)KNYHA CEH30PHAa MpekKa
€ OlMCaHa pelIaBaHara 3ajiava.

BCM mno3BosisiBa HaOIOJIeHWE HAa HSIKAKBO MHOXKECTBO OT (PM3WYECKH TapameTpu B
MPOCTPAHCTBO, HapedeHo ceH3opHo mnosie. Korato BCM e usrpajgeHa BbpXy CEH30pHOTO MOJIE,

BCCKHU CCH30p HaGJIIOIIaBa 4acCT OT IMOJICTO, KaTO MpCiKaTa ou CJI€aBaJIoO aa MOXKE aa Ha6mona}3a
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LSJI0TO CEH30pHO TMOoJie, 00eIMHABANKN BCUYKH YacTU — HAOJIIOAaBaHU OT OTAEITHUTE CEH30PH.
Pasrnexname citydas mpu KOMTO IPOCTPAHCTBOTO KOETO €AMH CAMOCTOSITEIEH CEH30p MOXKE /1
HaOo1aBa, MOXe J1a ObJe MOAENUpaHo Mo ¢popMaTa Ha KPbr C PaJANYC HA MOKPUTHE Rsens w
panuyc Ha KOMyHHUKanus Rcom. PaguychT Ha KOMyHHMKanus € 00XBaThT HA Paauo BPb3KAaTa, B
KOWTO € BBb3MOXHO YCTaHOBSIBAHE Ha KOMYHHMKAIlMOHHA CBBP3aHOCT W IpEJaBaHE HA JIAHHM.
CroliHOCTMTE Ha TEe3W MapaMeTpu 3aBUCAT OT Cpenara, pajauolpeNaBaTEIUTe, Pa3IMYHHATE
MOJIETIN CEH30pH U IPYT'H.

[Tpu HabmiofeHre Ha TEOJOKKH CTPYKTYPH M pa3MECTBaHUS B TSAX cpelara mpezrosara
MO-TOJISIM paJnyc Ha HaOmofeHue (Rsens), Thil KATO CEH30PBT MOXKE Ja 3achya HUCKOYECTOTHH
BUOpalMK, pa3NpOCTpaHsBaIlld CE€ Ha Pa3CTOSHUE IMO-TOJIIMO, OT KOJKOTO € o0xBaTa Ha
IpeaaBaTerns Ha CeH30pa Rsens > Rcom.

[Ipy ceH30pHM MpeXxu B 3EMEAEIMETO M arpolpoOM3BOACTBOTO CEH30PUTE MoOrar 1a
3acHYar JIOKAJHO IapaMeTpH KAaTro BIIAXKHOCT Ha I0YBaTa, KOHIIEHTPAlMs Ha BEIECTBA
TeMIleparypa u JAp., KOUTO ce U3MpaliaT 3a rnociueasamia oopadorka. [Ipu TakuBa Mpexxu MoxemM
Ja MMaMe peajieH cleHapuil, kpaeto Rsens < Rcom. Korato BCM e pasrppHara BBpXY
CEH30pPHOTO TMoJIe ceH30puTe GopMmHUpaT OEIKUYHA aa-XOK Mpexka (Mpexa OT eJIEeMEHTH,
KOMYHUKHUPAIIY €HH C IpYT) Ha OCHOBAaTa HA KOSITO Mpe/aBaT 3aceueHUTe JaHHU JI0 CIeHaJIeH
Bb3en — BEKB.

Bceku cenzopen Bb3en TpsOBa na mma Bpb3ka g0 BEKB. B Ta3zu Touka Ha Mpexata
(BEKB) undopmamusita Moxke aa ce odpaborsa ot mporecopa Ha BEKB, na ce mpenasa 3a
nocnezBaiia o0paboTka OT JIpyra cucTeMa WIM Ja Cce IMpeAaBa KbM aJIMUHUCTpATOpa dYpes3
KOHKpPETEeH UHTep(dEiic.

Eneprusita Ha BCM 3aBucu oT Oposi HaCHOOIIEHHTA, KOUTO BCEKH CEH30p H3Mpala.
BCM cnOupar uHdopmanus Ha onpeAeeHd HHTepBaIN (LMKIN). B eaMH UKBI BCEKU CEH30D
3acuya JaHHUTE B CBOETO IMOJIE, MOJIyyaBa JaHHU OT no-otnainedyenute or BEKB censzopu u ru
npeaaBa kpM mo-oymskute 10 BEKB cencopu. Bceku cenzop msmpama wHGOpMAIUsaTa Mo
¢dbopMaTa Ha ChOOIIEHUSI KbM TE3U CBOM ChCENU, KOUTO ca Hai-O0mu3ko no BEKB wnu no camust
BEKB, ako Toii € B aupekTeH 00XBaT. AKO CBHINECTBYBAaT HSAKOJIKO CBHCEAHHM CEH30pU Ha
pascrosiaue ¢ eaHo nmo-Mainko 10 BEKB To TpadukbT ce pasnpenens Mexmy TsX.

[Io TO3M HauWH, aKO NAJEH CEH30PEH BB3EJ] MMa 1 ChCEOU HA PA3CTOSHHUE C €IHO IO-

Manko 10 BEKB, Bceku oT Tsx mony4aBa //n OT ChOOIIEHUSATA HA BBIIPOCHUS CeH30p. Beekn
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CEH30pEH BbH3eJ KOHCYMHpa €HEprusi paBHa Ha €IUHMIIA 3a MpeJaBaHETO Ha 3aCEYCHHUTE OT
ceHsopa ganau. KbM ToBa choOIIeHHE MprubaBsiMe U CyMa Ha ChOOIICHHSITA OT CEH30PUTE, KOUTO
ca Ha no-roJisiMmo otrcrosinre oT BEKB.

B pasrnexmanara ot Hac 3ajaya ce M3MCKBA ITBIHO MOKPUTHE HA M3CJIEIBaHATa 00JIACT.
Ot nmpyra ctpaHa, OposIT Ha CEH30pUTE TPsAOBa 1a Ob/Ie BH3MOXKHO Hal-HUCHK, Thil KATO TIOBEYE
CeH30pu OM 03HaYaBaJlo MO-BUCOKA KpailiHa IIeHa MPH M3TpaxkJaHe Ha Mpekara. Bb3MOXKHO € u
MO-BHCOKO BJIMSIHME Ha OKOJHAaTa cpena. ToBa o3HAyaBa MUHMMAJHA I[I€HA 33 MOAIbpPIKAHE H
eKCIUIoATaIusl Ha Mpekara. 3amavara KOSTO pelllaBaMe MMa JIBe ILeleBU (YHKIUU: OposIT Ha
CEH30pUTE U KOJMYECTBOTO H3IOJI3BAHA EHEprus, T.e. MMaMme 3ajJadya € 3a MHOroleJeBa
ontuMuzanus. Te3u QyHKINM ca B3aMMHO MpOTHBOpedany ci. HamansBanero Ha Oposi ceH3opu
BOJM /IO YBEJIIMYaBaHE Ha eHeprusra Ha mpexara. OT apyra cTpaHa, 3a Ja C€ HaMaJId CHeprusTa
Ha MpekaTta OOMKHOBEHO ce J00aBsT ceHzopu B O6musoct 1o BEKB. Taka Hue ce crpemum aa
HamepuM OanaHc MexJy Opos CeH30pH M KOHCyMHpaHaTa eHeprus. BapuaHT Ha 3amauata e
pemasaHn BBB [Fidanova 2010]. Tam ce nienu nmocturaHe Ha MaKCUMaJIHO MTOKPUTHE C MHHUMYM
CeH30pH. BB3MOXKHHUTE MO3UIMK 32 TOCTAaBsIHE Ha CEH30pPUTE B TO3M BApHAHT HA 3ajJayara ca
3aJja/IeHu KaTo Hape/leH CIUCHK, KOMTO J1a 0TroBaps Ha crienudukaTta Ha mpoliema.

OnTUManHOTO peuieHre 32 MHOTOLEIEBH ONTHUMU3AIMOHEH MPOOJiIeM He € €JHO, KaKTo
IIPH €IHOIIEJIEBOTO ONTUMH3UpaHe. TyK peleHneTo e moja popmara Ha MHOXKECTBO OT PeLICHHUS,
HapeyeHu — Pareto onrumannu pemenus. EqHo pemenune e Pareto onrtumanHo, ako He €
BB3MOXKHO Ja c€ MoJ0oOpH €IMH OT KOMIIOHEHTHTE, 0e3 BIOIIABAHETO Ha IOHE €IWH OT
OCTaHAJINTE KOMIIOHEHTH. TakoBa pelleHHuEe WIICTPUpPa MHOXKECTBOTO OT KOMIIPOMHCHU
pelleHrs MEXAy pa3iudyHuTe KOH(MIMKTHU uenu. [J1aBHata 1en mnpu pellaBaHeTo Ha
MHOTOLIEJIEBa ONTHMU3ALMOHHA 3aJlaya € Ja ce JocTurHe Pareto onTHMManiHO MHOXECTBO OT
pemeHus, HapuuaHo ormie Pareto ¢ponrt. Pareto ¢poHTHT 00XBala MHOXECTBOTO OT HE
JOMUHUpaHUTe peuieHus. Korato metaeBpucTHKaTa ce MPUIIOKHU, TOraBa LIeJTa ce CBEXAa A0
HaMHpaHeTo Ha nmpubamwkeH Pareto GpponT.

3amagyara 3a noctposiBaHe Ha bCM e TpyaHa OT u3uuciuTeNHa IieaHa Touka (NP-
mpmyoHa) ONTUMHU3AIMOHHA KOMOHMHATOpHAa 3ajada, KOATO M3HCKBAa EKCIIOHEHLUAIHO
KOJIMUYECTBO KOMITIOTHPHU pecypcu. Taka HapeueHHUTe TOYHU METOAU U TPAJUIIMOHHUTE YUCIICHH
METOJIM C€ OKa3BaT He N0 TaMm e(eKTHBHM 3a Ja ce Mpuiarar npu TakbB Tun 3agaun (NP-

TpyaHH). ETo 3a1110 B TakMBa ciiyyau ce Ipuiiara METaeBpUCTHYEH METO/.
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Haii-nobpu pe3ynraTu B IuTeparypara 3a pa3riexaHaTa OT Hac 3aj7aya 3a MOCTPOsBaHe
Ha BCM ca nocTurHatd OT HSIKOJIKO €BOJIIOLMOHHM aJiropuThMa. HakpaTko Te ca onmucaHu B
Pa3nea 3.5 Haii-noOpu pe3yaraTu B IuTepaTypara 3a pasrjexiaHara 3ajava.

Mexay Tsax ca NSGA II (Nondominated Sorting Genetic Algorithm) - npemiosxen B [Deb et al.,
2002] kaTo BTOpH r€HETUYEH AJITOPUTHM 32 COPTUPAHE MO HEJJOMUHHUPAHOCT.

IBEA (Indicator-Based Evolutionary Algorithm) e npennosxen ot [Zitzler u Kunzli 2004] To3u
€BOJIIOIIMOHEH AJITOPUTHM HE HM3II0JI3Ba MPOIeIypa 3a COPTUPAHE O JOMHHHUpAHOCT 1o Pareto.
Ta3u QyHKIMS TYK € 3aMecTeHa OT U3IOJI3BAHETO Ha MoKaszaren 3a m3nbiHeHue / — Performance
Indicator.

MOEA (Multi-Objective Evolutionary Algorithm) e oCHOBEH T€HETHYEH aJropuThM, KOWTO
ThpcU AoMUHHpaHHTe Pareto pemenus kato umsnonssa mogodoHo Ha NSGA II coprupane mo
HegoMuHupaHocT. OCHOBHATa pasiuKa € BuAa Ha (QyHKIMATA, KOSATO W30Mpa cienBamaTa
MOTMYJIalNs.

Haii-uecTo u3non3BaHUTe METAEBPUCTUYHH METOIU B KOMOMHATOpPHATA ONTUMU3ALIUS Ca
eBomoroHHOTO cMsaTane (EC) u B wactHocT renernunure anroputmu (['A) [Holland 1975],
cumynupane Ha 3akamsBaHe (simulated annealing) [Kirkpatrick 1983], meron Ha wactummre
[Kenedy 1995], meron na wmpaBkute [Dorigo 1992]. CwinecTByBaT W Jpyrd €BPUCTUYHU
QITOPUTMH BIBXHOBEHHU OT MpHpojaaTa kato metona Ha ocute [Pilat 2006], meTon Ha mpuenuTe
[Yang 2010], meton Ha myenute [Pham 2005], meton Ha cBerynkure [Yang 2008]. MHoro ot
CBHILIECTBYBAIIIUTE AITOPUTMHU 3a pelllaBaHe Ha 3agavara 3a usrpaxkiaaHe Ha bCM wumgsar ot
cthepata Ha egoaroyuonnomo cmamane [Alba 2008], [Molina 2008].

EBOIOLIMOHHOTO CMsTaHE ce € MPEeBbPHANIO B TEPMUH 32 TEXHUKH Ha pelllaBaHe, YUHTO
IU3aiiH € B3aUMCTBaH OT MOJICJIUTE Ha €CTeCTBEHATa €BOJIONMS Ha BUAOBETe. B mcTopuuecku
IUTaH CBHINECTBYBAaT TPH aJITOPUTMUYHHM HampaBlieHuss B oOiactta Ha EC: eBONIONMOHHH
ctpareruu [Rechenberg 1973], [Schewefel 1981], eBomtonimonno nporpamupane [Fogel 1966] u
renetuuan anroputmu [Holland 1975] [Goldberg, 1989]. O6mioro Mexay Te3u HarpaBICHUs € B
TOBA, Y€ M3MO3BAT MOMYJIAIMOHHO 0a3MpaHu aIrOPUTMH, BKIIOYBAIIH MPOIIETyPH, BABXHOBEHU
OT TIOMyJIAIMOHHATAa TEHETHKa, 3a Ja W3CIeABAT JaJICHO MPOCTPAHCTBO 3a ThpceHe. TakuBa
MPOLEAYPH ca PENPOAYKLIHATA, MyTallUsATa U PEKOMOMHALIMATA

[Ile orOenexxum, Ye METONABT HA MpaBKUTE 3a pellaBaHe Ha KOMOMHATOPHH

OIITUMH3AIIMOHHH 3aJa4u CC 6a31/1pa Ha KOHCcmpyupaHe Ha peuternuemo JO0KAaTO MOBCUCTO APYTrU
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MCTACBPUCTUYHU MCTOAH Ca 633HpaHI/I Ha YCb6bpUICHCMBAHE HA HAMEPEeHOmMO peuileHue u ce
Hyofcda}zm oM eOHO WU noéeye HayaiHu peUuLeHuA. Eto 3a10 MCTOABT HAa MPABKUTE € IMOAXOIIIT
3a 3aJa4u CbC CTPOrM OIrpaHUYCHUS. AHanmu3nuTe mMoKa3BaT 4e MCTOABT HA MPABKUTC € CAUH OT
Haﬁ-yCHeHlHHTe MCTAaCBpUCTUYIHU MCTOIMU, KOMHTO IMPEBBH3XO0KJAAa OCTAHAIIMTC 3a MIHMPOK KJIacC

3amauu [Dorigo 2004].

I'maBa 4 e nmocBereHa Ha EjqHoueseBM BapHaHT Ha aJropuThbMa 3a ONTHMHU3HPAaHE C
U3M0JI3BaHE HA KOJOHHUSI OT MPaBKH 32 MOCTPOSIBaHe HA 0e3:KUYHA CEH30PHA Mpe:iKa.

B Ta3u rmaBa mpennaraMe ONTUMHU3ALMOHEH alrOpUTHM, KOWTO pellaBa 3ajayaTa 4pes
IpujaraHe Ha MeTo/Ja Ha MpaBkuTe. PesynraTture, onvcaHu B Ta3W TIJlaBa, ca MyONMKYBaHU B
[Shindarov 2012], [Fidanova accepted]. 3amauata e wMHoromeneBa mno nedununus. B
MPEJIOKEHUST AITOPUTHM s TMPEBPBHIIAME B EIHOIENIEBA KAaTO HOBaTa IeneBa (QyHKIHS €
pe3ynTaT OT KOMOMHALIMA Ha JABETE LeJeBU (YHKIMH B OpUTHHAIIHATA 3aja4a.

Ennu ot Hali-Ba)KHUTE MOMEHTH IPH MpUJIaraHe Ha METO/la Ha MPaBKUTE ca:

e 11300p Ha MozeN 3a MpeIcTaBsiHE Ha 3a7avara ¢ rpad
o Tloaxoasir n300p HA TOBA KbJIE IIe CE MOCTaBsl (PEPOMOHBT, HA BHPXOBETE UM HA
pebpara Ha rpada
e Tloaxoasiio KOHCTpYUpaHe Ha eBpUCTUYHATA UH(DOpMALIHSL.
N300pbT BiAMsie CHIIECTBEHO Ha Mpolieca Ha yIpaBieHUe HA MPAaBKUTE U KOHCTPYHPAHUTE OT TAX
n00pH Uy OIU3KH IO ONTHUMAITHUTE PEIICHHUS.

I'padwT, c KOWTO TpencTaBsMe HalIaTa 3ajava, MPEACTABIsABA MPABOBI'BIHA PEIIETKA.
CeHnzopure 1e ObJaT MOCTaBIHU BBB BbpXxoBeTe Ha rpada. [Ipu m3non3BaHeTo Ha MeTona Ha
MpaBKHUTE MMa JIB€ Bb3MOXKHOCTH 3a IOCTaBsHE Ha (epoMOHA: BbB BbpPXOBeTe Ha rpada; mo
pebpata Ha rpada. Cropen HaC B KOHKPETHHS CIydaill € MO-MoAXOIsAo GEepoOMOHBT na Obae
MOCTaBsIH BBB BbpPXOBeTe Ha rpada. 3a Hamara 3aaya perieHueTo me Obae MpeACcTaBeHoO KaTo
nbpBO B rpada. Cnex kato HavaidHAaTa CTOMHOCT Ha ()epOMOHA € 3a/aJleHa, MPaBKUTE 3all04BatT
Jla M3TPKIAT BAIMIHHM PEIICHUS, CTApTUPAKH OT CiydailHO m30paH BpbX. B Hamms cirydaii
TOBA € CIIy4acH BPbX, OT KOWTO ChLIECTBYBA JUPEKTHA Bpb3ka 10 BEKB.

Crnen m3rpakiaHe Ha PEIIeHHEeTO CTOMHOCTHUTE 3a (hepOoMOHa ce aKTyalu3upar. B obmus
cllydyail e€JeMEeHTUTE Ha MOo-Io0puTe pellleHus MojlydyaBaT noBeue (EpOMOH M Taka Te ca Io-

JKEJTaHW Ha CIIeJ[BalaTa uTeparms.
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Ha Bcska cThmka MpaBKaTa MpaBM TpecMATaHE Ha BB3MOXKHHUTE XOJ0BE Upe3
BEPOSITHOCTHO MIPAaBWJIO HAPEUCHO BEPOSITHOCT Ha Mpexoja, Ha 0a3zaTa Ha HATpynaHus GpepoMoH
Y eBpUCTHYHATa HHPOPMALIKS, 32 J1a U3BBPIIN 00X0XKIaHE.

BepositHocTra Ha npexona p;; (Popmyna 1) na 6b1e M30paH BPBX j, KOraToO TEKYIIUST
BPBX € BPBX i, € OasupaHa Ha €BPUCTUYHA MHPOPMALHUA 7);; ¥ UHPOPMAIUS 32 KOJUYECTBOTO
(epOMOH T;j, CbOTBETCTBAILIO HA TO3H MIPEXOA, KbACTO i j =1, .....1H.

KonkoTo mo-Brcoka € CTOWHOCTTa Ha KOHIEHTpaIusaTa Ha (epoMOHA Ha JaJeH BPBX,
KaKTO W eBpUCTHYHATa HWH(OpMAIMS 3a HEro, TOJKOBA IO-BEPOSTHO IIEe € TOH aa Obuae
MperoyYeTeH 3a cieaBall Xoi OoT MpaBkata. dDepoMOHBT u3passiBa IIoOamHATa MaMeT Ha
MpaBKHUTE, TEXHUS OIUT Ja pelaT 3ajadaTta Ipy MpeIuiIHi UTepaIiH.

[Ipn craprupane Ha anropuThbma, HAYATHOTO HUBO Ha (QepomMoHa 3amaBaMe C
MOJIOKUTETTHA CTOMHOCT 7, KaTO BIIOCJIECTBUE MPABKUTE aKTyaJM3UpaT CTOMHOCTTA CJIe]] KaTo
KOHCTpyupar pemienue [Bonabeau 1999].

B HacrosmoTo u3cnenBane M3IMOJI3BaME€ METOJla Ha MPaBKHTE, KaTo MpHjiaraMe cuctemMa
3a M3MEHEHHE Ha KOHIIEHTpalusaTa Ha (epoMOHa, BKIIOYBalla (UKCHpAHU TOpHA M JOJHA
TPAHULM, CBOTBETHO Tpmin U Tmax - Ha CTOMHOCTTA Ha KoHIeHTpauus miu MAX-MIN Ant
System, uznucpano omre 1 kato MMAS [Stutzle 2000]. To3u BapuaHT Ha METOJIA € €IUH OT Hali-
pasMpoCTPaHEHUTE M YCICIIHUTE B MpakTukara. [IpeaAnMcTBOTO B M3MON3BaHE HA (UKCHUpPAHU
TPaHUIU € Bb3MOXHOCTTa YAaCTHUYHO J1a ce M30erHe MnpeKajieHo HaTpylnBaHe Ha (EPOMOH BbHB
BB3JIM, KOUTO MOTaT Ja MpUHAIJIekKAT KbM HIKOJIKO BB3MOXHHM pEUIeHHs M Ja JOoBelne 10
noBTapsiHe Ha XojoBe. ChHIIEBPEMEHHO Ce HM30sirBa BH3MOXKHOCTTA HSKOM BB3IU Ja CTaHAT
HEeXellaHW 3a 00XO0KJaHe OT MPAaBKHUTE MOpaJu M34YeprBaHe Ha (EPOMOHOBA KOHIICHTPAITHSI.
Ormre moBeue, KakTo Oere CIoMeHaTo B peaxoaHara riaBa, MMAS oTroBapsi Ha yCJIOBHUsTa Ha
TeopemMara 3a CXOANUMOCT.

B Ta3u rnaBa mpeoOpasyBamMe 3aiauaTta 10 eAHouenena. [IpakTukaTa mokasBa, 4e KOraTo
TO3M MOXBAT C€ M3MOJ3Ba, 33/1a4aTa c€ ONPOCTABa, HO OOMKHOBEHO MOTYYCHHUTE PEIICHUS Ca T0-
JIOIIM OT CllyYasi, KOTaTo pelllaBame 3ajadaTa KaTo MHOTOIIEJIeBa, 3aTOBA OT PEIIaBalio 3HaUCHUE

€ Kak 1me 0bae popMupana HoBaTa IiesieBa GyHKITUS MPU TpeoOpa3yBaHETo.
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Jlebruanpame HOoBaTa 11e1eBa QYHKIHS KaKTO CIe/Ba:

F1(Vk) F2(Vk)
max;F1(Vi)  max;F2(Vi)

¢ (Vk) = (4)

Hogara neneBa ¢yHkus e xomMOuHamus oT Oposi CEH30pPH M €HEprusl Ha Mpexkara, 3a
KOSITO THPCUM MUHHUMAJHUTE CTOMHOCTHU. Vk € pelieHue, TOCTUTHATO OT MpaBKa ¢ IOPEAHOCT K,
F1(Vk) u F2(Vk) ca ChOTBETHO OpOSIT HA CEH30PUTE M KOJIMYECTBOTO EHEPTHsI, CbOTBETCTBAIIIMA HA
pemenuero Vk.

CopoTHacsaHeTo Ha F1 KbM max;F1(Vi) U Ha F2 KbM max;F2(Vi) € HOpMalU3UpaHe Ha
HaMEpPEHUTE CTOWHOCTH 3a OpOil CEH30pM M KOJHMYECTBO EHEeprus IO OTHOIICHHE Ha Hail-
rojeMHUTe CTOMHOCTH, JJOCTUTHATU OT IbpBarta urepanus. [lo To3u HauuH, KOraTo eHeprusita u/
Wi OposSIT Ha CEH30pUTE HaMallsABa, CTOMHOCTTa Ha OOEKTHaTa (DYHKIMS CBHINO HaMajsiBa, a
JIBaTa KOMIIOHEHTA 3ara3Bar €IHaKBOTO CH BIUSHHUE.

C men nma w30erHeM HACHINAHETO Ha TMPOCTPAHCTBOTO 32 THPCEHE, IMAMA30HBT Ha
BB3MOXHH CTOMHOCTH Ha (DepOMOHa 3a BCSIKO OTAENIHO JBI)KEHHE (BCEKH BB3MOXKEH XOJ Ha
MpaBKaTa) € OrpaHudyeH B 3amafieH HHTEPBANT [ Tnin, Tmax 1+ Tmax € TOCTaBeH aa Obae

aCHMIITOTUYHUAT MAKCUMyM 32 T;; U

1
Tnax = T pewn (5)

n0Kato Tpin = 0.087 T,4x. TOBa ca orpannuenusita 3a epoMoHa u3nons3Banu B [Stutzle 2000].
BB opmynata V* e onTHMamHOTO pelieHHe Ha 3ajayara, HO ThH KAaTo TO € HEU3BECTHO,
usnon3Bame Vp,g;, KOGTO 32 HAC € Hali-7o0para HOCTUTHATA 0 MOMEHTA CTOMHOCT Ha IieJieBaTa
byHKIMS BMEcTO V*,

3a 1a HamanuM Oposl Ha M3YMCIICHHUATA U3II0JI3BaMe BTOpa MPaBOBI'bIIHA perieTka (rpad).
3a Mozen Ha IUIOLITA 3a IOKpUBaHe M3nona3BaMe Mpexa G={g;;}N xM , xpaero N u M e
pa3MepbT Ha IUIOHITa 3a CEH30pHO NokpuBaHe. bnaromapenue Ha rpad G mnpecmsiTame
MOKPUTHUETO Ha TepeHa. BuBexxmame HOB Tpad GI=N,xM,;, BbPXOBETE Ha KOWTO OTpa3sBaT
[o3ULMsATa Ha ceHzopure, kato N;<N u M;<M. Ilapamerpure N, u M; 3aBUCAT OT paguyca Ha
MOKPHUTHE U pajinyca Ha KOMyHUKanus. [1o To3u HauMH HaMassBamMe Oposi MpecMsTaHUs, KOUTO
aNTOPUTHMBT TPSOBA J1a HAIMpaBH, a 3a€JHO C TOBAa M BpeMeTo 3a 00paboTka. DepoMOHBT ce

3a/1aBa BLB BU/A:

Ph= {phij}leMl
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KaTo MpH HHUIMATU3UPAHETO HadalHaTa CTOMHOCT c€ 3aJlaBa ¢ MAJIKO MOJOXKHTEITHO YHCIIO,
HarpuMep I/n KbIeTo n € OpoAT Ha MpaBkuTe. ENWH OT mpuHOCHTE Ha Ta3uw paboTta €
KOHCTPYHPAHETO Ha TMOAXOJMAI] €BPUCTHUYCH ENEMEHT dYpe3 KOUTO MOXeM Ja TapaHTUpaMe
HaMHPAHCTO HAa BAJIMIHU PCUICHUS.

[IpemnoskeHaTa OT HAaC eBpUCTUYHA WHPOPMAIIHS € POU3BEICHHE OT TPU TapaMeThpa:

n,;® = Sy l;(1 = by) (6)
- {1 aKo cvouecmey6a KOMyHUKAYUsL
U0 ako me couecmeysa KoMyHUKAYUSL

l;;=1 axo oT n30paHaTa NO3ULKS ChIIECTBYBA KOMYHHMKAIMsA C OCTAHAJIMTE CEH30PU OT MpeXkKara,
unu 0 — aKko He ChIIECTBYBA.

Sij, € OpOAT Ha TOYKUTE, KOUTO HOBHMAT CEH30pD HIE MOKPHE M KOUTO HE Ca NMOKPHUTHU JI0 Cera OT
IPYTH CEH30pH.

b — € MaTpulla Ha PEIICHUATA, B KOATO €JIEMEHT b;;=1 KOraTo MMa OCTaBEH CEH30p Ha TO3M BPBX
(i,j) B rpada GI. B nporuseH ciydail b;;=0.

C nomoura Ha S;; ce ONMUTBAaMe JIOKAJIHO 114 YBEINYHUM IIOKPUTHETO HA TOUKUTE, KATo I10
TO3W HaYMH OYaKBaMme, Y€ HAJIMYMETO Ha MOBEeYE HOBU MOKPUTU TOUKH III€ 10BEE CHOTBETHO /10
no-MajbK Opoi ceHzopu npu usrpaxiaane Ha bCM. [; oT cBos cTpaHa rapaHTupa, 4e¢ BCHYKH
CEH30pH IlI€ MMAT KOMYHHUKAallMOHHAa CBBp3aHOCT. Upe3 mpaBuioTo (1 - bij) rapaHTupamMe, e
BB3MOXHATa MO3ULIMS Ha CEH30pa BCE OLIE HE € 3a€Ta U HsIMa BeYe ITIOCTABEH CEH30p, KaKTO U 4e
BBB BCEKH €JIMH OT BhpXoBeTe Ha rpad G/ mie Obe MocTaBeH HE TOBEYE OT €AUH CEH30p.

Korarto BeposTHOCTTa 3a npexon p;=0 3a BCUYKHM CTOMHOCTH Ha [ U j TBPCEHETO CIUPA.
[To To3u HaYMH THPCEHETO CE MPEYCTaHOBsIBA, aKO HsIMa IMOBeue CBOOOJIHU MO3ZMIMU WIH aKo
BCUYKHU TOUKH BEUE Ca MOKPUTH MM aKO HOBA KOMYHHUKALUs € HEBb3MOKHA.

B Tabmuua 2 B I'maBa 4 ca mocoueHH NapaMeTpUTEe Ha TECTOBHUsS MpPUMEpP, KOWUTO
m3non3Bame. C 1en Ja CpaBHUM IOCTUTHATUTE OT HAC PEIICHUsS] C M3BECTHU 1O MOMEHTa
pelieHusl Ha 3ajiadaTta, W3MoJi3BaMe TeCTOBH Ipumep, npencrtaBeH B [Molina 2008]. PaGotunu
cMe ¢ mion] ¢ pazmepHocT 500%500 ToUkH, KOSITO TpsAOBa Aa OB/ MOKPUTA CHC CEH30PU, YHHUTO
KOMYHHUKAIMOHEH M ceHzopeH paguyc € 30 touku. [Ipu to3u nmpumep BEKB e ¢ukcupan B

LHCHTHPA Ha IJI0IITa.
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Tepenbt uma mong ot 250,000 ToYkH M BCEKH CEH30p MOKpHUBA IIon] oT 2,827 TOUYKH.
[Ipu naeanHu ycnoBusi TOBa MpeAmoiara mbIHO MOKputre ot 89 cenzopa. [locturanero Ha Te3u
UJCalTHU YCIIOBUS HE € Bh3MOXKHO, Thil KaTO TOBa OW MPEIOJaraio, 4e Mpu MOKPUBAHETO HIMA
3aCTBIIBAHE HA MOKPUTHUETO HAa €IMH CEH30p C TOBA OT JPYr, a TOBA HE € BB3MOXKHO MOpaIU
(bu3NYeCKUTe XapaKTEpUCTHUKU HA pPagUOpPaA3NPbCKBAHETO — TEOMETPUYHO MOXKEM Ja To
peAcTaBUM Kato Kpbr ¢ paauyc 30 Touku. ETo 3amo MuHUMaTHUAT OpOil CEH30pH, KOWTO €
HYXKEH 3a MOCTUTaHEe Ha IBJIHO MOKpPUTHE € Mo-roisM oT 89. B To3u npumep rpad G cpabpxa
500x%500 Bbpxa.

KoraTo mpunarame onTUMHU3HpaHE 1O METOJIa HA MPAaBKUTE KbM TO3u mpumep, rpad Gl
ceabpxka 50x50 BBpxa, kouto ca 100 mbTH MO-mManko OT BBpXoBere B rpad G. bposr Ha
BbpxoBeTe B Tpada G/ e mpomopruoHaieH Ha Opos Ha BbpxoBeTe B rpadga G u e
MPOTOPIIMOHANICH Ha OpOsl HA MOKPUTUTE TOUYKU OT PAJANYCUTE Ha KOMYHHKAIUs U mokputue. [1o
TO3M Ha4YMH BhpXoBeTe Ha rpada G/ ca MoaMHOXKECTBO Ha BhpXoBe Ha rpada G u paguycure Ha
MMOKPUTHE U KOMYHHUKAIIUS TTOKpHUBAT 3 TOUKH OT rpada G1.

MetoabT HA MPAaBKUTE € CTOXAaCTUYEH U 3aTOBa ca HampaBeHU 30 HE3aBUCUMHM ITyCKaHUS
Ha anropurhbMa. HenoMuHUpaHUTE peLIEHUs, HAMEPEHU OT HAIllUs aJITOPUTHbM Ha MpPABKUTE,

koiro e Hapuuame ACO-mono, ca: (238, 50), (233, 56), (229, 57), (228, 58) u (226, 60).

Tabnuua 4 CpaBHeHHE HA €IHOLIETICBHSI BAPHAHT C IPYTU allTOPUTMHU

Anropursm MuH. ceH3opu MuH. eHeprus
Symmetric (288,72) (288,72)
MOEA (260, 123) (291,36)
NSGA-II (262,83) (277,41)
IBEAHD (265,83) (275,41)
ACO-mono (226,60) (238,50)

B Tabnuma 4 ca nmpencraBeHu Hali-100pHUTE HAMEPEHU PEIICHHUS 10 OTHOIICHUE Opos Ha
CEH30pUTE W 10 OTHOUIEHHWE Ha KOHCYMHUpaHaTa €HEpPrus, JOCTUTHATH OT HIKOJIKO
MeTtaeBpuctudHN Metona. Jlocturaarure or ACO-mono pemieHus 3a Oposi Ha CEH30pPHUTE ca B
uHTepBana [226, 247]. I1o To3u HaYMH Ha-TOMMAT OPOW CEH30pH, JOCTUTHAT OT aJIrOpUTHhMa Ha

MpaBKUTC € IIO-MaJIbK OT Haﬁ-HO6pOTO AOCTUTHATO OT OCTAHAJIUTE CIIOMCHATH aJIlrOPUTMH.
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Bcesiko ot Henomunanpanute pemenns Ha ACO-mono JOMUHUpPA CUMETPUYHOTO PELICHHUE, KOETO
03Hay4aBa, 4e CMe MOJyuusIn 100pu pemieHus. Heka cpaBHUM MOJTy4yeHUTE PEIICHUS C Haill-MallbK
Opoii cen3zopu. PemieHusiTa noiyuyeHu OT CHIOMEHATUTE €BOJIOIMOHHHU AJTOPUTMH UMAaT MHOTO
BHUCOKa E€HEpIUs, MO-BUCOKAa OT Ta3W HAa CUMETPUYHOTO pelleHue. ToBa o3HayaBa, ye T€ HE
JOMHUHHpPAT CUMETPUYHOTO peLIeHHEe, TOECT He ca JOOPH pelIeHHUs.

Pemennero Ha anropuThbmMa Ha MpaBKUTE C MHHHMMaJieH Opoil CeH30pu JOMUHHpa
OCTaHAJINTE PEUIEHUS] ¢ MUHUMYM CEH30pH, KaKTO U CUMETPUYHOTO PEILIEHUE, TOBA MIOKA3Ba, 4e
JIOCTUramMe 100pU pPelIeHuUsI.

CpaBHsBalKu pe3yJATaTUTE OT TJIEJHA TOYKA Ha pelieHus ¢ Hah-Hucka eHeprus MOEA
HaMUpa pelieHre ¢ J0cTa HHCKAa €Heprusi, HO 3a CMETKa Ha TOBa C rojisM Opoil ceH3opwu, Io-
TOJISIM OT TO3HM HAa CUMETPUYHOTO perieHne. Taka ToBa He € 100po pelieHue.

Hpyrute nBa eomounoHHu anroputmu (IBEA m NSGAII) Hamupar perieHust ¢ mo-
MaJKO €HEeprusi OT CUMETPUYHOTO pEIIeHHe M MaJIKO Mo-MalbK Opoi ceHzopu. Te3u pemieHus
CBIIIO ca A0OpH.

N B TO3M cnywail pemieHMsITa HAaMEPEHH OT AIrOpUThbMa Ha MpPABKUTE JTOMHHHMPAT
CUMETPUYHOTO pelieHue. EHeprusita B T€3M pELIEHUs € MAJKO IOBEYEe OT Ta3u HaMepeHa OT
€BOJIIOLIMOHHUTE aJITOPUTMHU, HO OPOSIT Ha CEH30PUTE € 10CTa MO-MaJIbK.

MosxxeM na oTOenexuM, 4e CIOMEHATUTE €BOJIOLMOHHHU aNTOPUTMHU HAMHUPAT TOPHHUTE
pelIeHsl KaTo MHOTOLIEJECBH, JOKAaTO HAIIUs anropuTbM pabotu kato enHouenesn. MOEA
HaMHpa pelIeHne ¢ eHeprusa caMo 36 KaTo M3M0J3Ba JOMBIHUTEIHA MPOLEAypa 3a MoA00psiBaHe
Ha pemieHreTo. OT BCHYKO TOBAa MOXEM J1a 3aKJIOYUM, Y€ HAIIUAT aJlFOPUTHM paboTH 1o0pe u
4ye cMe KOHCTPYHPAJIH 10 TOIXO/SII HaUMH LieJieBaTa PYHKIMS U eBPpUCTHYHATA UHPOpMAIIHSL.

CpaBHsiBaliki TOJMy4eHUTE OT HAac pemieHus ¢ Te3n mnonydeHu B [Fidanova 2012].
BIKJIaMe, Y€ KOraTo LeneBara QyHKIHS € cyMa OT OpOsi Ha CEH30pUTE M EHEeprusiTa Ha MpekaTa
MOCTUTaMe peIleHUE C MO-MaJIKo Ha Opoil CEeH30pu KaKTO U pelleHue C IMO-Malika eHeprs,
OTKOJIKOTO B CiIy4as Ha yMHOXEHHE Ha Oposi Ha ceHzopure u eHeprusita. Koraro neneBara
¢yHKIMS € cymMa OT Oposi HAa CEH30pUTE M CHEpPrusita MHOXKECTBOTO OT HEJOMUHHUpPAHUTE
pELIEHUsI CE CbCTOM OT 6 pelIeHMs, T0KaTO B ciydas Ha YMHOXKEHHUE C€ ChCTOU CaMO OT JBE.
Bcuuko ToBa moka3Ba, 4ye mpu TpaHCPOPMHUPAHETO Ha 3ajadyara OT MHOTOLEJIeBa KbM
€HOIIeNIeBa € TO-MOAXOIAII0 JIBeTe LeieBH (YHKUMU Ha IIbpBOHAaYaJlHaTa 3ajadya jaa Obaatr

CYMHMPAHH OTKOJIKOTO YMHOXCHHU.
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I'naBa 5. ExHouesieBM BapuaHT Ha aJropuTbMa 3a ONTHMHU3HPAaHE C M3MO0J3BaHe Ha
TerJ10BM Koe(UIIMEeHTH, 32 NOCTPOsIBaHe HA 0e3’KMYHA CEH30PHAa MpexKa.

B Ttasu rmaBa OTHOBO CBeXJaMme 3ajadaTa OT MHOIOLIEIEBE 10 €IHOLeNeBa. B To3u
ciydail BbBEXJaMe TerjoBU KoeduuueHTH B ueneBata ¢yHkuus. lleara e ma uscinensame
BIUSHUETO Ha TETJOBUTE KOCPUIIMEHTH BBHPXY KAaueCTBOTO HA HaMEPEHHUTE pELICHHUS.
PesynraTure, onucanu B Ta3u riasa, ca myoaukysanu B [Fidanova 2012a].

[TocTanoBKkaTa Ha pelaBaHaTa 3a/1a4a € cbllara kato B [nasa 4.

3a pa3nuka oT 3aja4dara, pemeHa B [ naBa 4, Tyk gedunupame neneBara yHKIUS KaKTO:

F1(V)
max;F1(Vi)

F2(Vg)
max; F2(V;)

CVi) =2 +(1-M (7

KbJIETO Vk € pellleHne, JOCTUTHATO OT MpaBKa C MOPEAHOCT k, a F1(Vk) u F2(Vk) ca CbOTBETHO
OpoAT Ha CEH30pUTE U KOJUYECTBOTO EHEPIHsl, ChOTBETCTBAIIM Ha pereHneTo (Vk).

Jenum crtoitHOCTTa Ha F1 Ha max;F1(Vi) u Ha F2 Ha max;F2(Vi) 3a HOPMHUpPAHE Ha
HaMEpEHHUTE CTOMHOCTH 3a Opoil CeH30pM M KoJWdecTBO eHeprus. IlapamerspbT A mOKa3Ba
BIIUSTHUETO Ha 1iesieBUTe GYHKIMH F1 U F2, B HOBaTa LiejeBa QUKIUS clie]l IpeoOpazyBaHETO.

[{en Ha HACTOALIOTO U3CIIE/IBAHE € J1a YCTAHOBUM BB3JCHCTBUETO HA MapaMeTbpa A BPXY
KaueCTBOTO Ha TOJYYEHUTE PEIICHUS M MPH KOS HEroBa CTOMHOCT PEIICHUSATA ca Hai-ToOpH.
OTHOBO pabOTUM C TECTOBHSI MpHUMEp OT NpPEaXOJHaTa IiIaBa, 3a Ja MOXKEM Jla CpaBHSBaMe
IIOCTUTHATUTE OT HAIMS AJITOPUTBM pE3yJTaTH C TE3U Ha JPYrH aBTOPHU. YIPABISBALIUTE
napaMeTpH Ha Halllis AITOPUTHM ca CBHIUTE KaTo B peaxoaHaTa riaasa (Bmwk. Tabmuma 3), 3a 1a
MOXEM J]a IPABUM CPAaBHEHME C IOCTUTHATUTE TaM pe3yJTaTu. BCHUKHM TECTOBE ca MyCKaHU IpPH
€HAKBH YCIIOBUS 32 Ja MOXXEM Ja CpaBHsSBaME€ pe3yJTaTUTE OT pa3IW4YHUTE IJIaBU Ha Ta3u
JUcepTarus.

ANropuTbMbT € IyckaH 1o 30 mbTH C TO3W TECTOBU NMPUMEP C PA3JIMUYHU CTOMHOCTH Ha
nmapamMeTnpa A. A 3aemMa CTOMHOCTH OT ciieHOTO MHOkecTBO: {0.125, 0.250, 0.375, 0.500, 0.625,
0.750, 0.875}. B cmyuas, xorato A=0.500, nBere meneBu (yHKIIMH Ca C €IHAKBA TEXKECT B
neneBara (yHKIUS Ha €THOLIETIEBaTa 3ajada WM MMaMe Ciydas pas3rieflaH B IpeaxoaHaTa

rjiaBa.
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Tabmuma 6. HenoMuHUpaHu penieHus:

A
0.125 (238,49) (235,51) (229,58) (227,60)

0.250 (238,49) (235,51) (228,58)

0.375 (238,49) (235,51) (229,57) (227,58) (226,60)
0.500 (238,50) (233,56) (229,57) (228,58) (226,60)
0.625 (238,49) (235,51) (229,57) (227,58) (226,60)
0.750 (238,49) (235,51) (229,57) (227,58) (226,60)
0.875 (238,49) (230,51) (225,57)

B Tabnuma 6 ca moka3aHM HEJIOMUHHUPAHUTE PEIICHUS, HAMEPEHH MpH Pa3IUYHUTE
CTOMHOCTH Ha mapamerbpa A cien 30 myckaHus ¢ BCsKa OT cToHocTuTe My. OT Tabnumara ce
BIDKZA, Y€ CIIOpE] MOJNyYCHUTE pelieHus Hail-modpaTta ctoHOCT 3a A e A = 0.875, 3amoTo npu
Ta3u CTOWHOCT aJIrOPUTHMBT HaMHUpa PEUICHHs, KOUTO JTOMUHHUPAT pEHICHUATa HAMEpPEHU IMpHU
JPYTUTE CTOWHOCTH 32 A.

[lle napuuame Tto3m anropuTbm ACO-A. Taka pemenusta HamepeHH OT ACO-A
JOMUHHpAT pemieHusita, HamepeHu oT ACO-mono. [lpy BCHUYKHTE NMyCKaHUS HA AITOPUTHMA,
HE3aBUCHMO OT CTOHHOCTTA Ha A, OpOAT Ha ceHzopure € Ouin B uHTepBaia [225,247]. OTHOBO 11e
MOKa)keM, KaKTO B MPEIXOAHATA TJIaBa, Y€ HAIMAT aJTOPUTHM IMOCTHra MHOTO TOOpH pelIeHus,
CPaBHEH ChC CUMETPUYHOTO PELIEHUE U C APYTU alTOPUTMHU, CpellaHu B JuTeparyparta [Molina
2008].

Tabnuua 7. Pemenus 3a BCM

Anropursm MuH. ceH3opu MuH. eHeprus
Symmetric (288,72) (288,72)
MOEA (260,123) (291,36)
NSGA-II (262,83) (277,41)
IBEA (265,83) (275,41)
ACO-mono (226,60) (238,50)
ACO-A (225,57) (238,49)
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OTHOBO Hal-mommwmsAT Opol CEH30pH, JOCTHTHAT OT ajropuThMa Ha MpPAaBKUTE,
MPEJICTaBEeH B Ta3u IJIaBa, € MO-MalbK OT Hal-I0OpPOTO AOCTUTHATO OT OCTAHAJIMTE CIIOMEHATH
aIrOPUTMH.

Bcuukun  HemoOMUHMpaHU  pelIeHHMs Ha ajiropuThMa Ha MpaBKUTE JAOMHUHHPAT
CUMETPUYHOTO PEILICHUE.

Pemennero Ha anropuThbmMa Ha MpaBKUTE C MHHHMMaJieH Opoil CeH30pu JOMUHHpa
OCTaHAJIMTE PEIICHUS C MUHUMYM CEH30PH, KAKTO U CUMETPUUYHOTO PELIEHUE — TOBA I10KA3Ba, Ue
€ 100po pernieHue.

I'naBa 6 e mocBereHa Ha MHorouejleBM BapHMAHT Ha AJrOPUTHMA 32 ONTHMHM3HPaHe C
H3I0JI3BaHE HA KOJIOHUS OT MPaBKH, 32 IOCTPOSIBaHe HA 0€e3’KMYHA CEH30PHA MpeiKa.

B npenxonnute Be riaBu NpeacTaBUXMe KOHCTPYUPAHETO HA aIrOpUThbMa Ha MPAaBKUTE,
u3cienBaXMe BIUSHHETO Ha TETVIOBH KOE(PUIMEHTH IMpH NpeoOpa3yBaHETO Ha 3ajayaTra oOT
MHOTI'OLIEJIEBA KbM €HOIIEJIEBA U OTHOLIEHHWETO UM KbM IOJIIy4eHHUTE pe3yiaratu. CpaBHUXME
MOJIyYEHUTE PE3yJTaTH C IPYTH U3BECTHU PE3yJTaTH, O3HATU HU OT JIMTEpaTypara, 3a chliara
3aJla4a, peliaBaHa B HACTOSIIOTO U3CIIEIBAHE.

B Ta3su rnaBa e npemioxeH MHorokpurepuanieH ACO anropurbM 3a pellaBaHe Ha
3agayvara 3a urpaxaane Ha bCM.

N B Ta3u rnmaBa, kakto B npeaxoanute, npuiaraMme MAX-MIN Ant System. 3a Tasu
Moudukamus Ha Mmerona Ha MmpaBkute (MAX-MIN) e xapakTepHO, 4e MMa JIOJHA U TOpHA
rpaHMIla Ha KOJIMYECTBOTO (PEpOMOH, KAKTO M Y€ CaMO MpaBKaTa, MOCTpOMJIa Hal-100poTO
peuieHue, nocraBs ¢epoMoH. To3u mMeTon e pa3paboTBaH 3a pellaBaHe HAa €JHOKPUTEPHATHU
ONTHUMU3ALMOHHH 3a7auu. [Ipn HacTOSIMOTO MprilaraHe Ha MeToJa pomMeHsMe To3u moaen. e
JasieM Bb3MOKHOCT 3a aKTyalu3upaHe Ha ()epOMOHOBHUTE CTOWHOCTH HA TE3U MPAaBKH, KOUTO ca
HaMEpWIM HEAOMHHHUpaHH peuieHusd. [lo TO3W HauyuMH anropuThbMBT CTaBa MO-TbBKaB KbM
MHOTOLIEJIEBATa ONTHUMU3ALMS, KOSITO H3CIEABAME B HACTOSIIMA aucepraunoHeH Tpya. C
nobaBsHe Ha (EpPOMOH HAa BBHPXOBETE HA HEIOMHUHHPAHUTE PEIICHUS LEIUM Ja YBEIUYUM
BJIMSIHUETO HA OHE3H pEIleHHs], KOUTO Ca YacT OT Hal-100puTe, JOCTUTHATH 10 MOMEHTA.
[IpaBusoro, ¢ KoeTo AepuHUpaMe akTyalIn3upaHeTo Ha epOMOHOBATA CJe/ia 3a/1aBaMe KaTo:

Tij<_pTij + ATU’ (8)

Koaeto
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FO ako (i,j) € {He mOMUHUpPaHH peLICHHS,

Az = docmueHamu om mMpaska ¢ nopeonocm k. }
ij

\ 0 6 npomueex cirydai

F(k) e onenpuna pyHKIUS 32 pemieHUsATa, JOCTUTHATA OT MpaBKa C MOPEAHOCT k, a i, j
=1,...n, p € [0,1] — u cumynupa u3napeHueTo Ha (hepoMoHa B mpupojara. Upes mapameTbpa p
HaMaJsiBaMe BIMSHUETO Ha cTapara HHpopMaIus, 3ara3Baiiky sl Ha €JHO OINPEIeICHO HUBO.

Pasnukara ¢ npenxoJHuTE TaBU, B KOUTO pelIiaBaMe 3ajadaTa KaTo €JIHOIENEBa, €, 4e
BbB (¢opMmynara 3a ¢epoMOHa Ha MICTOTO Ha LeieBara (YHKLIHS H3IO0J3BaMe OLEHbYHA
(GyHKIUS, 3a10TO B TO3M Cclydail iMaMme JBe IesieBu pyHKnun. BaxkHo e kak e 0be moadpana
olleHbYHATa (YHKIIHUS, 3a10TO TS € ChIIECTBEHA MPHU YIPABJICHUETO HA MPAaBKHUTE 32 HAMHUpaHE
Ha J00pH pelIeHuUs.

OnenpuHaTta GYHKIUS Ce U3MOI3BA 3a JIa CE ONPEIEIH KaueCTBOTO Ha pemeHuero. Llenra
€ J1a ce 3aJI0KH MoBede GEepOMOH Ha HEJJOMUHUPAHUTE PEIICHUS U 10 TO3U HAUYWH MPABKHUTE Ja
ObJaT HachbpuaBaHU Ja THPCAT OKOJO TSIX 32 HOBH HEJOMUHHpPAHHM peEIIeHHs. 3a OLEHbYHA
¢dbyakumst msnonsBame 1eneBata GyHknus ot ACO-mono (Popmyma 3). Hamara oneHbpuHa
(GYHKIUS € TMHAMUYHA U 0TPa3siBa MOMEHTHOTO ChCTOSIHUE Ha PELICHUETO.

M3non3Banara B Ta3u riaBa eBpUCTUYHA MHQOPMAIIHS € ChIIaTa KaTo B MPEAXOIHHUTE JBE
riasu (Dopmyna 6).

B kpas Ha Bcsika utepanusi ce 00HOBSIBA MHOXKECTBOTO OT HEIOMUHUPAHU PEIICHUs, KaTo
ce M00aBsAT HOBH HEIOMUHHpPAHU, aKO Ca HAMEPECHU TaKWBa, a HIKOM OT PEIICHUATA B TOBA
MHO’KECTBO OTIAAAT aKO HOBHUTE T'H IOMUHHPAT.

B Ta3u rnasa mie n3noa3BaMe ChIKs TECTOBH MIPUMEDP, KAKTO B MPEIXOIHHUTE JBE.

Besika MpaBka m3rpaxaa pemeHueTo OT CIydaiiHO M30paH BPBHX, OT KOMTO CBIIECTBYBA
koMyHukanus 10 BEKB, karo mo To3u HauMH OCUTypsBaMe pa3jM4yHa CTapTOBA MO3ULIUA 3a
BCsAKa cCIielBalla MpaBKa NpU Bcska wurepanus. M30opa Ha ciieqBamy XoJ OmpeaensMe 4pes
BEPOATHOCTHO MPABUJIO, BEPOSTHOCT HA MPEX0/Ia, CIIOpe]] KOETO ce n30upa Touka ¢ Hal-roisima
OLIEHKA 32 BEPOATHOCT. AKO aJIrOPUTHMBT IOCTUTHE CUTYAIUs IIPHU KOSITO IIOBEUE OT €IHA TOUKU
MMaT paBHa CTOWHOCT MO OTHOIICHHE Ha BEPOSTHOCTTA, PEIICHUETO 3a H300p MEXKIy TIX

[IPaBUM Ha CIy4aeH IIPUHIUIL.
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OnucaHusT MO-rOpe aNroOpUThM € pealu3upaH OT MPOrpaMeH KOJ, HalKMCaH Ha e3HKa
C++, kaTo TecToBETE ca HampaBeHW Ha KOMIIOTHD ¢ Intel Pentium mpouecop ¢ yecrora 2.8 GHz.
CodTyepbT MOXKE J1a PEIIU 3ajavara CIpsSIMO BCSKAKBA MPABOBI'BIHA IUIOII, KaTO PagNyChT Ha
MOKPHUTHE MOXKE Ja OBbJe pa3auyueH OT pajuyca Ha KOMYHHKAIUS U MOXE J1a IpHeMa BCSIKAKBa
MOJIOKUTENHA cToiHOCT. Cren HSAKOJIKO IOCNIEOBAaTEeIHH IYCKaHHWS Ha alropuTbMa,
orpeaensiMe NOAXOAIINTE CTOMHOCTH Ha yIpaBisBallUTe apaMeTpH Ha alropuThMa.

B Tab6nuna 9 ca nokasaHu pe3ylnTaTHTe OT Hail-moOpUTE HaMEepeHH PEelIeHUs 3a Opost Ha
CEH30pPHUTE U EHEprusiTa Ha Mpexkara, HAMEPEHU OT HAKOJIKO METaeBpUCTUYHU anroputrbma. Ille
CpaBHUM TIOJYYCHHTE B Ta3W IaBa pe3yaTtaTd u ¢ pesynaratute ACO-A U CbC CHMETPUYHOTO
pelieHue.

Ot craructuyecka TJeAHA TOYKA C€ Hajara MUHUMAJTHHUAT Opol TycKaHHWs Ha
anropurbma aa 0bae 30 meTH. Crnen 30 He3aBUCHMMHM ITyCKaHHs Ha aJTOPUTHhMA JOCTUTHATUTE
perieHust 3a Opoil ceHzopu ca B mHTepBana [226, 247]. Bwkaame, 4e Ha-JIOMIOTO PEIICHHUE 3a
Opoil ceH30pH Ha MHOTOIIEJIEBUAT aJITOPUTHM Ha MPABKHUTE € C 1I0CTa MO-MalIbK Opoii CeH30pH OT
Hal-100pUTE pelIeHUS Ha OCTAaHAIWTE alroOpuTMU. HemoMuUHUpaHWUTE pElieHUss HAMEPEHU OT
anmroputbMa ca {(238, 50), (237, 53), (236, 55),(233, 56),(225,57)}. Bcuuku HenoMUHUpPAHU
pEelIeHrs Ha MHOTOLIETIEBUST BapUAHT Ha aJlTOPUTHhMa JOMUHUPAT CUMETPUYHOTO pEILICHHE.

Jla cpaBHUM TIOJYYEHHTE pE3ylTaTH 3a MUHUMajeH Opoil ceH3opu. Pemenusara Ha
MHOTOLIEJIEBHUSI BapMAaHT Ha aIrOpUThbMa HAa MpPABKUTE JOMUHUPAT PEIICHUATA Ha APYTHUTE
JITOPUTMHU 10 OTHOLICHHE Ha OPOsi CEH30pH, TaKa HETOBUTE PEIICHUS ca JO0OpHU peIIeHusl.

Jla cpaBHUM JOCTUTHATUTE PEUICHUS MO OTHOLIEHHWE Ha eHeprusta Ha Mpexkara. MOEA
ITOPUTHMBT MOXKE J1a Pa3MoJIOKU CEH30pUTE Taka, ue Ja MOKPHUAT 3a/ajeHaTa IOl ¢ J0CTa
HHUCKa EHEPTrus, HO 32 CMETKa Ha TOBA OPOST HAa CEH30PHUTE € TBHP/IC BUCOK U € MO-TOJISIM OT Opost
Ha CEH30pUTEe B CUMETPHUYHOTO PELICHHE 3aTOBa TO HE € No0po pemeHue. Omie moBede Ta3u
HHCKa €HEPrus € MOCTUTHATa C JOMBJIHUTENHO TOCTaBsiHE Ha ceH3opu B Ommszoct Ha BEKB.
OcTananuTe /Ba €BOJIOLUOHHU aJITOPUTHhMa CHIIO JOCTUTAT PEIICHUS C MO-MaJKO €Heprusi oT
SHeprusiTa Npyu CUMETPUYHOTO PELICHHE U B CHIIOTO BpeMe OpOST Ha CEH30pUTE € MAaJKO IO-
MalIbK OT TO3M HAa CUMETPUYHOTO U TaKa T€ Ca HE JIOIIU PEIICHHUS.

Pemenusita Ha MHOroeneBus BapHaHT Ha ajiropuTbMa Ha MPABKUTE JOMHHUPAT
CUMETPUYHOTO penieHue. JlocTurHarara eHeprusi € Majko MOBeyYe OT Ta3H Ha €BOJIOLUOHHUTE

JITOPUTMHU, KaTO B CHIIOTO BpeMe OpOsIT Ha CEH30PHUTE € JI0CTa MO-MaIbK. MOXKEM /1a OTYETEM,
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4e pe3yJTaTuTe ca J00pH, KaKTO M Y€ HAIIUTE Pe3yJITaTH ca MOCTUIHATH CJe]l KaTo mporpaMmaTa
¢ pa0oTuiaa B MPOJBJKEHHE HAa €AMH Yac U IOJOBHHA HA KOMITIOTBP CXOJEH ¢ KOMITIOTPUTE HA
KOUTO Ca IYCKaHU LIUTHPAHUTE €BOJIIOLIMOHHYU aNropuUTMHU. Taka MoslydeHUTEe OT HAC pe3yiTaTu
ca MIOCTUTHATHU C U3I0JI3BAaHE HA [10-MAJIKO KOMIIOTBPHU PECYPCH KaTO BPEME U MMAMET, KOETO HE
€ MaJIOBa)KHO OCOOEHO KOraTo Ce pellaBaT 33aJa4y C rojsiMa U34UCIIUTENHA CIOAKHOCT.

Koraro pemaBame 3agadaTa KaTo MHOIOLENEBa JOCTUIAME CXOAHH PE3YITATH KaTo
Ka4yecTBO, B CPaBHEHHE C PE3yJITATHUTE KOUTO IMOJlydyaBame MpH npeoOpa3yBaHe Ha 3ajadaTa KbM
enHolesneBa, Ho Pareto ppoOHTHT ChABpIKa MOBEYE TOUKH.

Tabmuma 9 CpaBHeHHE Ha pe3yATaTUTE OT PA3IMYHU AITOPUTMH

anroputrbM | Symmetric | MOEA NSGA-II |IBEAHD | ACO-A ACO-multi
Munumym | (288, 72) (260, 123) | (262, 83) (265, 83) (225,57) (225,57)
CEH30pH

Munumym | (288, 72) (291, 36) (277, 41) (275, 41) (238, 49) (238,50)
eHeprus

TaGmumara 10 mOKa3Ba OCHOBHUAT XHIEpoOeM OT (POHTOBETE JOCTUTHATH OT
pasnuyHuTe anropuT™Mu. Hue m3non3Bame XxumepodeM METpUKaTa 3a Ja ChIIOCTaBUM PEIICHHUSTA
HaMEpEeHH OT pa3IMYHHUTE alropuT™Mu. [Ipu anropuTbmMa Ha MpaBKUTE XUIIEPOOEMBT JOCTHTA I10-
BHUCOKH CTOUHOCTH B CpaBHCHHUC C OCTAHAJIUTC aJITOPUTMHU. OT craTUCcTHYECKA TJI€AHa TOYKa
TPHUTE TEHETHYHH aJIrOPUTHMA JIOCTUTAT MPUOIIM3UTEITHO €HAKBH CTOWHOCTH 3a XUrepobdema.

MUHAMATHUAT XUNEpOoOeM JOCTHUTHAT OT alropuThMa Ha MpaBKHTE, € CXONEH C
MaKCHUMaJIHUA XHH€p06CM IMpU OCTAHAJIUTC aJITOPUTMHU.

Tabnuma 10 CpaBHeHue Ha xuniepodema

ANTOpUTHM Cpenen xunepodbem | Makc. xunepooem MuH. xunepooem
MOEA 0.7388 0.7847 -

NSGA 1T 0.7306 0.7868 -

IBEA 0.7280 0.7704 -

ACO- multi 0.9440 0.9900 0.7769

[lo To3u HauWH, MO30BaBaKK Ce Ha KPUTEpHs 3a XUIEpoOeM, MOXKEM Jla Ka)xxeMm, 4e HaIIHSIT

aJITOPUTHM JIaBa MO-I00pH Pe3yJaTaTH B CPAaBHEHUE C OCTAHAJIUTE TPU AJITOPUTHMA.
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®durypa 19. ACO Pareto ppont u MOEA Pareto ¢pponT

Ha ¢urypa 19 ¢ mpexbcHata nuHUs € Moka3aH Pareto (poHTHT, MOIYYeH C alrOpUTbMa Ha
MpaBKHUTE, a ¢ HEeMpeKbcHaTa JInHus ¢ Pareto ¢poHThT, momyduen or MOEA. fIcHo ce Buxna, 4e
pELICHHATA MOJYYEHHU C aJrOpUuThMa Ha MPaBKUTE CUIIHO JOMUHHPAT Te3H, monydyeHn ¢ MOEA,

KOCTO OIIC BCAHBIK ITOKa3Ba MPCBB3XOACTBOTO HA HAIIHA aJITOPUTHM.
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@urypa 20. Pemenne nocturuato ¢ ACO

Ha c¢urypa 20 e mpencraBeHo pelleHHE, NMOCTUTHATO C MeToja Ha MpaBkuTe. Kpbrosere
MoKa3BaT 00JIaCTTa HA TIOKPUTHE HA BCEKU €MH OT CEH30pUTE, TOUKUTE MOKa3BaT MO3UIMUTE Ha
CEH30pHUTEe, a JMHUHUTE KOUTO TH CBBP3BAT, N300pa3sBaT KOMyHHKanusaTa. Bikma ce, ue mma
OBJIHO TMOKPUTHE Ha o0JlacTTa M CBBP3aHOCT Ha Mpexara. Hskxom wactm ot obmactra ce

MOKPHBAT OT IMMOBCUC OT CAUH CCH30p.

B 3zaxmrounTenHara dYaT 10Jl HaMMEHOBAaHHE - 3aKJIOUeHHe M 0000IIeHHe HAa
pe3yJaTaTuTe OT M3CJeABaHeTo ce 0000IIaBa METOAOIOTHATA HA W3CICIBAHE W TOIYYCHUTE
pesynraTu. 3ajayaTta € ABYKpuUTepHaiHa. Ts € cBeleHa 10 eIHOKpUTEepUaiHa, KaTo ce CyMUpar
nBete 1eneBn Qpynkunn. HampaseHo e cpaBHeHne ¢ ACO anropuThM 3a ChIlara 3agava, B KOUTO
TS € CBEJICHA J0 €IHO KpUTepuaaHa upe3 YMHOKEHHE Ha nBere 1eneBu GyHkiuu. [lokazaHo e,

4e NPeATIOKEHUST B IUCEPTALUATA BAPHAHT ITOCTUTA TTO-I00PH PELICHUS.
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B nucepramusita e npemioxkedr u ACO anroputbMm, B KOHTO 3ajladyata € CBEIEHa [0
€/IHOLIETIEBA, KATO CE U3IOJI3BAT TErJIOBH Koe(uueHTu. M3cieaBaHo e BIUSHUETO Ha TETJIOBUTE
KOC(HIMEHTH BbPXY MOBEICHHETO HA AITOPUTHMA U KAUeCTBOTO HA MIOCTUTHATUTE PEIICHUSI.

IIpennoxxen e nu ACO anropureM, pelaBail] 3aradaTa KaTO MHOTOKPUTEpHAIIHA.
HanpaBeHo e cpaBHEeHHE MEXIy HpPEUIOKEHUTE B JAUCEPTALMITa aJfOPUTMHU, KAKTO U C Hall-
N00puTe pe3ydaTaTd 3a pasliiekJaHaTa 3ajada, HaMepeHW B juTeparypata. [lokazaHo e, ye
pa3paboTeHHUTE B AUCEPTALMATA AITOPUTMHU MPEBB3X0KIAT TE3H, MPEATIOKEHU OT APYTH YUCHH.

CnenBar - CnucbK Ha MyOJHMKalUMTEe CBBP3aHU C AWCEPTalUATa, Anpodanus Ha

pesyararure, [[PUHOCH.
ABTOpCKa crpaBKa

[IpuHOCHTE B HACTOSIIMS JUCEPTALMOHEH TPY Ca HAYYHONPUIIOKHHU U MPUIIOKHH.
HayuyHo-npu/I0KHUTE MPUHOCH KATO II5UI0 Ca OPUEHTUPAHU KbM pa3pabOTBaHE HA aITOPUTMH,
0a3upaHy HA METOJa Ha MPAaBKUTE 3a pelllaBaHe Ha 3a/a4ara 3a usrpaxaane Ha BCM.

1. Pa3paboTeH e eqHOKpUTEpHAIEH aIrOPUThM Ha OCHOBAaTa Ha METOJ]a HA MPaBKUTE 3a
pelmaBaHe Ha 3ajadara 3a mnoctposisaHe Ha bCM. 3agauata € cBeaeHa [0
€IHOKpUTEpUAIHA Ype3 HOPMUPAHE M CyMUPaHE Ha JIBETe LeJIeBU (yHKIINU.

2. Pa3paboTeH € eIHOKpHUTEepPHAIEH alTOPUTHBM C Teriia, Ha OCHOBaTa Ha METOJa Ha
MpaBKHTE, 3a pelllaBaHe Ha 3ajayarta 3a nocrposisane Ha BCM. 3amadara e cBeieHa
70 €JHOKpUTEepHallHa 4Ype3 HOPMHUpaHE M CyMHpaHE C Terja Ha JBETe IEJIEBU
byHKIHN.

3. HSCJ’ICILB&HO € BJIMSIHUCTO HA TCTJIaTa BbPXY KaUCCTBOTO HA MOCTUTHATUTC PCUICHUA.

4. Pa3paboTeH € MHOTOKpPUTEpPHAJIEH aJITOPUTHM, HA OCHOBaTa Ha METOJ]a Ha MPAaBKUTE
3a pelllaBaHe Ha 3ajjayata 3a noctposBane Ha bCM.

IIpuiioskHUTE IPUHOCH ca CBBP3aHU C pa3paboTkaTa Ha copTyep 3a peliaBaHe HA 3a]a4ara,
Ha C++. Ilporpamara e nmpurojeHa aa pasmojiara o onTUMajieH HAYHH CEH30pU B JIBYU3MEPHO
MPOCTPAaHCTBO (MPaBOBI'bIHA 00JACT), B KOSATO MOXKE Ja MMa HEMPOHHMIIAEMHU TPABOBI'BIHU
MPENSATCTBUSL WKW 00JIaCTH, 32 KOUTO HE € HeoOXxoaumo HabmoneHue. Upes NpensTCTBHITA

MoraT Jia ce MOAETUPaT 00JIACTH, PA3TUYHU OT MPABOBI'bIHATA.
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3a pma moraT na ObaaT TECTBAHM W NpUJIaraHd, pa3padOTEHUTE B JUCEPTALUATA
QITOPUTMH Ha MpaBKHUTE ca peanusupanu Ha C++, 3aelHO C TOBa KbM JAMCEpTalMsITa €
MPWIOKEHO onucaHue Ha npunoxennero Ha C++. B cexkuusa Ilpmiaoxkenume. llenra nHa
pa3zpaboTeHara mporpaMa € Ja MOCTaBH CEH30pPH B 3ajJajieHa 00JIacT, KaTo OCUTYPU ITIBJIIHO

MMOKPUTHE HA 00JIacTTA.

ABTOPBT M3Ka3Ba Ha-IBIO0OKA 0Jar0apHOCT HA CEMEHCTBOTO CH 3a MTPOMABEHOTO THPIICHHUE
U pa3bupaHe, Ha CBOs HayudeH pbkoBomuten aon. Credka dumaHoBa, KakTo W Ha foil. [leHuo
MapuHOB 3a BCcecTpaHHaTa UM TOKperna Mpyu u3paboTBaHe HAa HACTOSIINS TUCEPTALIMOHEH TPYA
M 3a MpelocTaBeHaTa MY BB3MOXKHOCT Ja paboTH B €JHO TOJKOBA aKTyallHO, MOJIEPHO H
MEPCIIEKTUBHO HAIPABIIEHUE, KAKBOTO € KOMITIOTHPHOTO MOJIETTUPAHE.

ABTOpPBT M3Ka3Ba U IBJIOOKA OJAroapHOCT KbM LIEIHS Hay4yeH KOJEKTHB Ha MHCTUTYTa 1o
Nudopmannonnn n Komynukanmonnn TexHoOnoruu u KbM HEroBus J{UPEKTOp 32 OCUTYpEHUTE

OTJIMYHU yCIIOBUS 32 paboTa u 00yueHue.
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