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Y cydJacHOMY TEXHOJOTIYHOMY CBITI CEHCOPH Ta CEHCOpPHI Mepexi IIHPOKO
BUKOPHUCTOBYIOTBCS ¥ 0aratbox cdepax JHOJIChKOI MisabHOCTI. [lomyNspHICTh NaHuX
CHUCTEM 3yMOBJEHa IIMPOKUM CIEKTPOM IiepeBar: HeBeJIUKUWA po3Mip, HEeBeIuKi
€HeproBUTPATH, PI3HOMAaHITHICTh BEMUYMH BUMIpy, Toiro. [IpoTre mpu BHKOpHCTaHHI
CEHCOPIB Ta CEHCOPHUX MEPEXK BUHUKAIOTh MPOOJIeMH eHeproeeKTUBHOCTI Ta BapTOCTI
Mepexi pyu MakcuMizallii TOKPUTTS, MoOyA0Ba ONTUMAIBHUX MApILIPYTiB MPU OOIHOTI
TEPUTOPIi, KUBYUICTh CECHCOPHUX MEPEXK.

VY nucepraniiinii poboTI MpescTaBIeHO PO3POOJIeHI METOAM Ta ajJrOpPUTMHU, IO
JI03BOJISIIOTh 3HAXOJUTH TMapaMeTpu NaT4HKiB (palyCc MOKPUTTS, BETUYMHA TIEPETHHY
30H MMOKPUTTS) 32 SIKUX JAOCSATAETHCS MaKCUMaJIbHE MTOKPUTTS TEPUTOPIl P MiHIMATBHUX
EHeproBUTpaTax Ta BapTOCTI Mepexi, OyAyBaTH ONTUMAaJbHI TpPAEKTOpii OOJBOTY
TEPUTOPIi, OI[IHIOBATH >KUBYYICTh MEpPEKi 3 3HAXO/KCHHSM BpPA3JIMBHUX €JIEMEHTIB
Mepexi. [lim mporpaMoBaHOIO ONTHUMI3ZAIEI0 PO3YMIEMO MOXIIMBICTH 3MIiHU
XapaKTEPUCTUK Mepexi (paalyc MOKPUTTS AATUMKIB, JAlaMeTp MepPEeTUHY 30H MOKPUTTS,
TOMOJIOrIsI) miA Yac (PyHKUIOHYBaHHS MepexXi HJs JOCATHEHHS ONTUMAalbHOCTI 3a
NEBHUMHU KpUTEPisiIMU (€HEeproedeKTUBHICTh, MOKPUTTS, BapTiCTh Mepexi). TobTo, Ha
eTani TMpOEeKTyBaHHS TMPOrpaMHOro 3abe3leyeHHss MM 3aKJIalaEMO MOXJIMBICTh
MacmTa0yBaHHS KOPUCTyBadeM CTPYKTypH Ta XapaKTepUCTHK CEHCOPHOI Mepexi,
OIIHKH KMBYYOCT1 Ta BUSBJICHHS BPa3IMBUX €JIEMEHTIB MepeXki Ha eTarll eKCIuTyaTallii.

[Mepumit po3nin aucepraiii MPUCBSYEHO OIJIALY CY4YacHOTO CTaHy MHTaHb
MOKPUTTS TePUTOPIii, ONTUMI3allli EHEProBUTPAT, MOACTIOBAHHS PyXy AAaTUHKIB, OLIHII

’KUBYYOCTI CEHCOpHUX Mepexk. [IpoBeneHO aHali3 OCTaHHIX HAYKOBUX JOCIIIKEHb



CTOCOBHO JaHUX MHUTaHb Ta BUSABIEHO (aKTOpu, sSKi He BpaxOBYyBaJIUCA y AaHUX
nocnimxeHHsx. HaBegeHo MareMaTnyHy MOCTaHOBKY 3a/1adi y 3arajibHOMY BUTJISIL.

Y  napyroMmy po3aull  OpeicTaBIEHO METOAM 3HAXOKeHHS ONTUMallbHUX
napaMeTpiB CeHCopiB (paiiyc MOKPHUTTS, JiaMeTp TMepeTUHY 30H TOKPUTTS) 3a SKHX
JOCATAETHCS] MAKCUMI3allisl IOKPUTTS TEPUTOPIT PpH MiHiIMi3allii eHeproBUTpaT, BApTOCTI
MepesKi Ta KiJTbKOCTI BUKOpHUCTaHUX AaT4uKiB. [lomnryk onTuManbHUX apamMeTpiB Mepexi
c(opMyIbOBAaHO y BUTJISAJII ONTUMI3AIRHUX 3a7a4 Ta JOBEACHO ICHYBaHHS PO3B’S3KiB
JaHuX 3a7a4. TakoX y APYyroMy PO3Jiii MpefCcTaBIeHO METOIU MOOYI0BU TPAEKTOPIN
00JIbOTY TepuTOpii 3 BpaxyBaHHSIM KpUTEpiiB MakcuMizallii MOKPHUTTS, MiHiMizarii
€HeproBUTpaT, MaKCHUMi3allii MOMXIJIHMBOI I[IHHOCTI BHSBIEHHUX OO €KTIB B3JIOBX
TpaeKTopIi.

Metoan OLIIHKK >KUBYYOCTI CEHCOPHMX MepeX Ta BUSBIEHHS BpPa3IUBUX
€JIEMEHTIB CEHCOPHHUX MEPEeX MPeACTaBIeHO Y TPEThOMY po3iiii. BpaxoBano mpomyckHy
CIIPOMOJKHICTh eJIEMEeHTIB MepeXxi. T[akoX MpeacTaBlIeHO alrOpUTM 3a0e3MedeHHs
’KUBYYOCTI CEHCOPHUX MEpPeX, 10 CKIANAIOThCS SIK 3 JTWHAMIYHUX TaK 1 3 CTaTUYHUX
MaTYMUKIB Ta TXHHOT KOMO1HAII].

Y derBepTOMY PpO3IUI TPEACTAaBICHO METOJ MPOrpPaMOBAHOI ONMTHUMI3aIlil
CTPYKTYPU CEHCOPHUX MEpEeX Ta OMHCAHO po3polbsieHe MporpaMHe 3a0e3leveHHs y
SKOMY peajli30BaHO po3poOJieHUH MeTol. ApPXITeKTypy Ta BapiaHTH BHUKOPUCTaHHS
PO3pO0IEHOr0 MPOTPAMHOTO KOMIUIEKCY omucaHo 3 BukopuctanHsM UML miarpam.
HapeneHno npukiaan BUKOPUCTaHHS po3pO0OJE€HUX METO/IB Ha KOHKPETHUX CEHCOPHHUX
Mepekax Ta KOHKPETHUX TepUTOpiAX. AHali3 OTpUMaHUX pe3yJbTaTiB MiATBEPAUB
e(eKTUBHICTh PO3POOJICHUX Ta MPEICTABICHNUX y NUCEPTAIliliHil poOOTI METO/IIB.

HaykoBa HOBH3Ha OTPHMaHHUX pe3yJbTaTiB:

1.  Bmepire 3ampomoHOBaHO METOJ MPOrPaMOBaHOI OMTUMI3alli CTPYKTYypH
CEHCOPHHUX Mepex, 110 J03BoJisse MOAU(IKYBaTH Mepexy IiJ dYac IPOMHUCIOBOL
eKCIUTyararlii Ha OCHOBI IPUHIIMIIIB 00’ €EKTHO-OPIEHTOBAHOTO MTPOTPaMyBaHHS;

2. Bmepme 3anponoHOBaHO METOAM ONTHMI3allii MOKPUTTS TEPUTOPIl
CEHCOPHOIO MEPEXKEeI0 32 KpUTEPIsIMU MaKCUMI3allii MOKPUTTS, MiHIMIi3aIlil eHEeproBUTPAT

Ta BApTOCTI MEPEXKi 3 BUKOPUCTAHHSIM CTAaTUIHUX Ta TUHAMIYHUX naTt4yukiB. Ha BiqmiHy
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Bl ICHYIOUMX TIJIXOJMIB JIaHI KpHUTepil BPaXOBYIOThCS OIHOYACHO, 3aBASKH YOMY
301IBIIY€ThCS eHeproePeKTUBHICTh Ta peHTa0ebHICTh MEepPeXi;

3. Bnepmie 3anponoHoBaHO METOJ  BUSIBIIGHHS BpasJIUBUX €JIEMEHTIB
CEHCOpPHOI Mepeki Ta 3a0e3ledeHHs >KMBYYOCTI Mepexi 3a paxXyHOK KoMOiHalliin
CTAaTUYHUX Ta MWHAMIYHUX NaTt4dukiB. Ha BigMiHy BiJ iCHYIOYHMX TiXOiB BpaxOBaHO
MIPOITYCKHY CIPOMO’KHICTh €JIEMEHTIB MepeXi, IO TiABUIIYE TOYHICTh OIlIHKH
’KUBYYOCTI CEHCOPHOI MepeXi 3aB/IIKU BUSBICHHIO 10AAaTKOBUX BPa3IMBUX €JIEMEHTIB.

IIpakTHYHe 3HAYEHHS] OTPUMAHHUX Pe3yJIbTATIB:

1. Po3po6neno kpocmiarGopMHy AMHAMIYHO TPHENHYBaHY Oi0Ji0OTEeKy, IO
3abe3redye 1HCTpyMEHTapii MakKcHMi3alii TOKPUTTS TEepUTOpii JaTIYuKamMu 3
MiHIMATbHUMH EHEProBUTpaTaMyd Ta BapTICTIO Mepexi, MOOYIOBH ONTHMAIBHUX
TPaeKTOpId PyXy HaTUYUKIB, OIIHKK Ta 3a0e3MedeHHS XKUBYYOCTI CEHCOPHUX MeEpex
BUKOPHWCTAHHS SIKOTO He 3aJIeXKHUTh BiJ IIIJIBOBOI TJIaTGOPMH KOPUCTYBaYa;

2. CtBopeHO  TIporpaMHUH  KOMIUIEKC, SKHH  J03BOJIsIE  OyIqyBaTH
eHeproedeKTUBHI Ta peHTabelbHI CEHCOPHI MepeXxi MNpH MaKCHUMi3alii TOKPUTTS
TEpUTOPIi CTATHUYHUMH Ta JUHAMIYHUMHU JaTIMKaMH. Y TPOrpaMHOMY 3abe3redeHHi
TaKOXX peali3oBaHO MOXKJIUBICTh OLIHKH Ta 3a0e3MeueHHs )KUBYUOCTI CEHCOPHUX MEPEK.
[IporpaMHuii NpoAyKT J03BOJIsIE HAOUHE BiIOOpaXKEHHS BXIAHUX JaHUX Ta pPe3yJbTaTiB
3a paXyHOK LIMPOKOIO CIEKTpy 3aco0iB Bizyasizallii Ta MOKe BUKOPUCTOBYBATUCS ISl
PO3B’s3aHHS MIMPOKOTO KoJja 3ajad, OB’ I3aHUX 3 BAKOPUCTAHHSIM CEHCOPHUX MEPEK;

3.  Pesynbratu auceprauiifHOrO [OCHIJKEHHS BIIPOBAJKEHO B IHCTUTYTI
TeNeKOMyHikaliii 1 riobanpHOro iHgopmaniiiHoro mnpocropy HAH  VYkpainu

(Homatox I).

Karwu4oBi cjoBa: mporpamoBaHa ONTUMI3allis, IWHAMIYHO TMPHUEIHYBaHA
0i0moTexa, TPOrpaMHHMM KOMILIEKC, ©€HeproeeKTUBHICTb CEHCOPHUX MEpPEeK,
MaKcHMi3allisi TOKPUTTS TEpUTOpil, MiHIMI3allisl BapTOCTI CEHCOPHUX MEpPEeK,

ONTHUMAaJIbHA TPAEKTOPISl PyXy AATUYUKIB, KUBYUICTh CEHCOPHUX MEPEK.



SUMMARY

Petrivskyi V. Models and methods of programmable optimization of the structure
of sensor networks. - Qualifying scientific work, the manuscript.

PhD thesis in the field of knowledge 12 Information technologies in a specialty 121
Software engineering. — Taras Shevchenko National University of Kyiv, Kyiv, 2022.

In today's technological world, sensors and sensor networks are widely used in
many areas of human activity. The popularity of these systems is due to a wide range of
advantages: small size, low energy consumption, variety of measurements, etc. However,
when using sensors and sensor networks, there are problems with energy efficiency and
cost of the network when maximizing coverage, building optimal routes when flying
around the territory, and survivability of sensor networks.

The dissertation presents the developed methods and algorithms that allow to find
sensor parameters (radius of coverage, size of intersection of coverage zones) that achieve
maximum coverage of the territory with minimal energy consumption and network cost,
build optimal trajectories of the territory, evaluate the survivability of the network with
the detection of vulnerable network elements. By programmable optimization, we
understand the possibility of changing network characteristics (radius of sensor coverage,
cross-sectional diameter of coverage zones, topology) during network operation to
achieve optimality according to certain criteria (energy efficiency, coverage, network
cost). That is, at the stage of software design, we provide the possibility for the user to
scale the structure and characteristics of the sensor network, assess survivability and
identify vulnerable network elements at the stage of operation.

The first chapter of the dissertation is dedicated to the review of the current state
of issues of territory coverage, optimization of energy consumption, modelling of sensor
movement, and assessment of survivability of sensor networks. An analysis of the latest
scientific research on these issues was carried out and factors that were not taken into
account in these studies were identified. The general mathematical formulation of the
problem is presented.

The second chapter presents the methods of finding optimal sensor parameters

(radius of coverage, level of intersection of coverage zones), which maximize coverage
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of the territory while minimizing energy consumption, network costs, and the number of
sensors used. The search for optimal network parameters is formulated in the form of
optimization problems, and the existence of solutions to these problems is proved. Also,
the second chapter presents the methods of building flight trajectories of the territory
taking into account the criteria of maximization of coverage, minimization of energy
consumption, and maximization of the probable value of detected objects along the
trajectory.

Methods for assessing the survivability of sensor networks and identifying
vulnerable elements of sensor networks are presented in the third section. The bandwidth
of network elements is taken into account. An algorithm for ensuring the survivability of
sensor networks consisting of both dynamic and static sensors and their combination is
also presented.

In the fourth chapter the method of programmed optimization of the structure of
sensor networks and the developed software in which the presented method is
implemented are presented. The functionality and architecture of the developed software
complex is described using UML diagrams. Examples of the use of the developed
methods on specific sensor networks and specific territories are given. The analysis of the
obtained results confirmed the effectiveness of the methods developed and presented in
the dissertation.

The scientific novelty of the obtained results:

1. For the first time, a method of programmed optimization of the structure of
sensor networks is proposed, which allows modifying the network during industrial
operation based on the principles of object-oriented programming;

2. For the first time, the methods of optimizing the coverage of the territory by
the sensor network were proposed according to the criteria of maximizing the coverage,
minimizing the energy consumption, and the cost of the network using static and dynamic
sensors. Unlike existing approaches, these criteria are taken into account simultaneously,
which increases the energy efficiency and profitability of the network;

3. For the first time, a method of detecting vulnerable elements of a sensor

network and ensuring the survivability of the network due to combinations of static and
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dynamic sensors is proposed. In contrast to existing approaches, the bandwidth of
network elements is taken into account, which increases the accuracy of assessing the

survivability of the sensor network due to the detection of additional vulnerable elements.

The practical significance of the obtained results:

1. A cross-platform dynamically connected library has been developed, which
provides a toolkit for maximizing the coverage of the territory by sensors with minimal
energy consumption and network cost, building optimal trajectories of sensor movement,
assessing and ensuring the survivability of sensor networks, the use of which does not
depend on the user's target platform;

2. A software complex has been created that allows for building energy-
efficient and cost-effective sensor networks while maximizing the coverage of the
territory with static and dynamic sensors. The functionality of assessing and ensuring the
survivability of sensor networks is also implemented in the software. The software
product allows visual display of input data and results through a wide range of
visualization tools and can be used to solve a wide range of problems related to the use
of sensor networks;

3. The results of the dissertation research were implemented in the Institute of
Telecommunications and Global Information Space of the National Academy of Sciences

of Ukraine (Appendix D).

Keywords: programmable optimization, dynamic link library, software complex,
energy efficiency of sensor networks, maximization of territory coverage, minimization
of cost of sensor networks, optimal trajectory of sensor movement, survivability of sensor

networks.
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