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AHOTAILIA

Aumowxin 0. A. MareMatuyHi MoOJeIl Ta METOAM  PO3B‘sA3aHHS
ONTUMI3aLIHHUX 33]1a4 CEHCOPHOTO MOKPUTTS 00’ €KTiB KOHTpouto. — KBamidikaiiiina
HayKOBa Ipallsl Ha MpaBax PYKOIHUCY.

Hucepraliist Ha 3100yTTS HAYKOBOTO CTYINEHs KaHJIWJaTa TEXHIYHUX HAyK 3a
cnemianbHicTiO 01.05.02 — MaTemMaTHuHEe MOJEIIOBAHHSA Ta OOYMCIIIOBAIbHI METO/IH.
— HamionanpHuii yHIBEpCUTET IUBUIBHOTO 3aXUCTy YKpaiHu, JlepkaBHa ciyx0a 3
HaJ3BUYAWHUX cuUTyali VYkpaiHu, XapKiBCbKUI HaI[lOHAJIbHUM YHIBEpCUTET
paaioenekTpoHiku, MiHICTEpCTBO OCBITH 1 HAyKu YKpaiHnu, Xapkis, 2018.

Intepec n0 edexkTUBHOrO pO3B’sA3aHHS 3a7a4 KPYroBOro TIOKPUTTA Ha
Cy4yaCcHOMY €Talll PO3BUTKY TEOpii HOCHIIKEHHsI orepalii cTpiMko 3poctae. OaHa 3
OCHOBHHUX 00J1acTeil 3aCTOCYBaHHA 3aJlay KPYroBOrO MOKPUTTS — CEHCOPHI Mepexi —
€ BIIHOCHO HOBOIO 00JIaCTIO, JI€ TeXHOJIOTII IIBUIKO PO3BUBAIOTHCS B OCTaHHI POKH 1
BUKOPUCTOBYIOTHCA Y CAMHUX PI3HUX Tally35X, sIK1 BapilOIOThCS Bl Oe3MeKu My3eiB 10
3aJ1a4 3aXUCTy AUKO1 IIPUPOIH.

VY naniit pobOTI pO3IIIAIAETHCS KIIac 3a/1ay NOOYA0BH ONTUMAJIBHUX MPOBITHUX
CEHCOPHUX Mepex s olrjacTedl ckiagHoi (opMH 3 ypaxyBaHHSM J0OJATKOBHX
oOMEeXeHb 1 MOXMOOK BHUXIJHUX JIaHUX, 110 CTAHOBUThH IHTEPEC, HANPUKIAM, IJIs
3a0€e3Me4eHHs] MPOTUIOKEKHOTO 3aXUCTY MPUMIIIEHb.

[lepeBaxkHa OUTBLIICTH POOIT, M0 MalOTh BIJHOLIEHHSA IO 3a/lady KPYroBOTO
MOKPUTTSI, MMPUCBSIYEHO IOCIIKEHHIO €BPUCTUYHHUX METOJIB IXHBOTO PO3B’SI3aHHS.
OnTumizamiiiHi  3aJadi MOKPHUTTS, IO BPAaXOBYIOTh BAXIHMBY XapaKTEPUCTUKY
JIOBKUHU MEpEX1 3'€JHaHb, sSKa 3B’sA3y€ JaTUMKU, B3arajii He ¢opmaiizoBaHl uepes
BIJICYTHICTh BIJIMIOBIIHUX 3aC001B MOJICJIFOBAHHSI BITHOIIIEHb M1k 00'ekTaMu. IcHyr041
aHAMITHUYHI MOJEeJIl W METOAM pO3B’SI3aHHS MaloTh, SK MPaBUIO, HEIONIKU W
oOMekeHI OOJacTI0O 3acCTOCYBaHHS, IO HE JI03BOJISIE BUKOPUCTOBYBATH iX st
PO3B’sI3aHHS 33]]a4 KPYTOBOT'O MOKPUTTS JOBUIBHUX CKIIATHUX 00JacTei.

HasiBHi cydacHi mporpaMHi 3acoOM JO3BOJIAIOTH HaWyacTille po3B’sA3aTH
3a/lauy, SKIIO ii MareMaTH4Ha MoOjelib MoOyJoBaHa 1 MojaHa B MeBHOMY (opmarti.

Onnak oOaWH 3 HAWOUIBIN CKJIQAHUX 1 BIAMOBIJAJBbHUX €TaIliB OIMepaIifHOTOo



JOCJIIJDKEHHsI — eTar Mo0yaA0BU MOJeNl — joTenep noraHo ¢gopmanizoBanuii. lle €
aKTyaJIbHUM JUIsl PO3pOOKHM HOBHX 3acO0IB MOJENIOBAHHS Ta MOOYIOBU HOBHUX
Mojiesiel ONTUMIZaLIMHUX 3a/1a4 y PI3HUX MPEAMETHUX 00J1acTAX.

BaxxnuBoio ckianoBoio mpoiecy moOynoBH MaTeMaTHYHMX MOJeENei 3aaad
MOKPUTTS € MUTaHHS 3alUCy Yy aHAJTITUYHOMY BHUIJISIII BIIHOIIEHb MK 00’ €KTaMH.
Jlumie nekuibka mpaipk NPUCBIYEHO MUTAHHAM (Gopmaizallli BiTHOIIEHb MOKPHUTTS
KojamMu OaraTOKyTHHKIB Ta oOJyiacTel, OOMEXEHHMX 3aMKHEHOIO KpuBoro. OHak
BIIKPUTUM 3aJIMIIAETHCA MUTAaHHA (QopMaiizalii BIJHOLIEHb TOKPUTTS MIX
r€OMETPUYHUMHU 00’ €KTaMHU, 10 JO03BOJISITH C(OPMYIIOBATH 3a/layy MOKPUTTS
KoJaMH 00J1acTi 10BUIbHOT (POpMH Y BUTIISIAL 3a7a4l HEJIHIKHOT ONTUMI3allii.

BincyTHICTh aJeKBaTHUX MAaTeMaTMYHUX MOJeNIed MPU3BOIUTH 1O BTPATH
ONTUMAJIBHUX PO3B’SA3KIB. SIK HACHINOK, 3BYXKY€TbCA Kjac MPaKTUYHUX 3a]ad, 110
MOXXYTb OyTH pO3B'sA3aH1 €(hEKTHUBHO.

Jlo Toro x IiCHyOYi MOJeNl Ta METOAM PO3B‘sI3aHHA 3a7a4 ONTHUMAIbHOTO
MOKPUTTSI 30pPIEHTOBaHI Ha BHUKOPUCTAHHS 1J€ali30BaHUX MaTEMaTUYHUX MOJeNen
MaTrepiabHUX O0'€KTIB 1 IXHIX B3aeMOAIN 0e3 ypaxyBaHHS TOXHOKH 3aJaHHS
BUXIIHUX JaHUX.

Merta i 3axau4i gocjaimkeHHss. MeToro TOCHIKEHb IUCepTaliiHOT POOOTH €
po3poOka 3aco0iB MaTeMaTHYHOTO MOJICNIOBAHHA Ta ONTHMI3allli CEHCOPHOTO
MOKPUTTST 00JIaCTi JOBUIbHOI (OPMU B CHCTEMaX MOHITOPUHTY Ta KOHTPOJIO JJIs
3MEHILICHHS KaliTalOBKIaIeHb M1 yac o0JaaHaHHs 00’ €KTIB TAKUMHU CUCTEMaMHU.

JloCSITHEHHS TOCTaBJIEHOT METH BUMArae po3B’s3aHHS TaKUX 3a]1ay:

— BUJUIGHHSI KJIacy 3aJady CEHCOPHOTO TOKPUTTA i Yac MPOEKTYBaHHS
CUCTEM MOHITOPUHTY Ta KOHTPOJIIO;

— aHaJi3 Cy4yaCHUX MOjieliel Ta METO/IB IOKPUTTS o0jacTet JOBLIbHOT (hopMHU
CUCTEMOIO K1JI 33JIJaHOT0 pajiiyca, 1110 3B’ s3aH1 MEPEXKEIO;

— po3po0sieHHsT 3aco0iB MAaTeMaTUYHOTO MOJENIOBAHHS 30H CEHCOPHOIO

MOKPUTTS 00J1acTl T10BUIbHOT ()OPMH B CICTEMaX MOHITOPUHTY Ta KOHTPOJIIO;
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— po3po0JieHHST 3acO0IB  MOJCIIOBaHHS JUJII  ONUCY BIIHOIIEHb  MIiX
MOKPUBHUMHU KOJAMH, a TaKOX BIAHOLIEHb MK MOKPUBHHUMHU KOJIaMU Ta OOJACTIO
MOKPUTTS TOBUIbHOI (hOpMH;

— noOyJ0Ba Ta aHali3 MAaTeMAaTHUYHUX MOJIeJIed ONTUMAIBbHOTO TOKPUTTS
o0JyiacTi JOBUIBHOT MPOCTOPOBOiI (OpMH KOJIaMH PIBHOTO pajiyca, IO 3B’si3aHi
MepExKelo;

— noOyJ0Ba Ta aHali3 IHTEPBAJLHUX MOJEJIeH MOKPUTTS 3 YypaxXyBaHHAM
IHTEpBAJILHUX HEPIBHOCTEH, IO ONMHUCYIOTh F€OMETPUYHI BIAHOLIEHHS MIX KOJIAMU,
pajlycu SKUX 3a/aHi 3 TOXUOKOIO;

— po3po0sieHHsT Ta OOTPYHTYBAHHS METOJIB ONTHUMI3allii MOKPUTTA oOjacTeit
TOBLUILHOT (HOPMU KOJIAaMH 3aJJaHOT'O pajiyca;

— 3aCTOCYBaHHS PO3pPOOJICHUX MOJIeJIed Ta METOJIB I Yac ONTUMi3alii
CTPYKTYPH CUCTEMH aBTOMATHUYHOTO IPOTUIIOKEKHOTO 3aXUCTY.

O00'ekT n0CiTKEeHHS — TTPOIIEC MATEeMATUYHOTO MOJICJIFOBAHHS Ta ONTUMI3AIlii
CTPYKTYPH CHCTEM MOHITOPUHTY Ta KOHTPOJIIO.

IIpeamer nociaigskeHHs1 — METOAM ONTHUMI3alli TOKPUTTS OBUIbHOI 001acTi
30HaMU KOHTPOJIIO CEHCOPHUX JAaTYHKIB 3 YPAaXyBaHHIM TEXHOJIOTTYHUX OOMEKEHb.

Mertonn  nmociigikeHHsi  0a3ylOThCS  Ha  BUKOPUCTAHHI  €JIEMEHTIB
(YHKUIOHATBHOTO  aHaMi3y IS MOJEJIIOBAHHS CEHCOPHUX 30H IMOXKEKHHUX
CHoBillyBauiB; MeToay phi-pyHKuid a8 dopmanmizamii  BIAHOIIEHb  MIX
reOMETPUYHUMHU 00’€KTaMU B 3aJladyax MOKPUTTS; aHANITUYHOI TeoMeTpii s
dbopmaizaiii KpUTEepit0 MOKPUTTS Ta MOOYAOBH (YHKIIA HAJIEKHOCTI; METOIIB
F€OMETPUYHOIO0  MPOEKTYBaHHA Il  MOOYAOBM  MaTEeMaTUYHUX  MOJeEJNei
ONTUMI3allIMHUX 3aJa4 KPYroBOro TMOKPUTTS 1 METOAIB HENiHIHOI Ta
HeauepeHIIHoBaHOT ONITUMI3ALIT SIS IX PO3B’I3aHHS.

VY aucepranuiiiniii poOOTI OTpUMaHi Taki HOBi HAYKOBI pe3yJIbTaTH:

— BIIEpUIE 3alpPONOHOBAHO (PYHKIIIi OMUCY BIIHOIIEHb MOKPUTTS MK KOJAMHU
pIBHOTO pajiyca Ta HOB1 (PYHKIIII HaJEXHOCTI JJIS OMHUCY BIJHOIICHb MiX KOJIAMH,

o O6epyTh y4acTh B MOKPUTTI, 1 JOBUILHOIO OOJIACTIO TOKPHUTTS, SIKI JIO3BOJISIIOTH



OMKCYBATH B aHAIIITUYHOMY BHIJISZI YMOBU MOKPUTTS OOJACTI KOJIAMH 1, HA BIIMIHY
BiJl ICHYIOUMX aHAJIOT1B, HE MOTPEOYIOTh BBEJCHHS JOMOMDKXHUX 3MIHHHUX;

— BHepuie MoOy/noBaHa y3arajlbHEeHa MaTeMaThyHa MOJENb ONTUMIZAIiiHOT
3a/1a4l TMOKPUTTS 1ICHTUYHUMH KOJaMHU, SIKa, Ha BIAMIHY Bl ICHYIOUHMX MOJECINEH,
BpPaxoBY€ HOB1 aHAJITUYHI BUpA3W JUIsl ONUCY BIJHOIIEHb MOKPUTTS MK KOJaMu
pIBHOTO pajiyca Ta HOB1 (PYHKIIIi HaJEKHOCTI JJIS OMUCY BITHOIICHb MiX KOJIAMH,
mo OepyTh ydacTh B TOKPHUTTI, 1 JOBIJIBHOIO OO0JACTIO TOKPUTTS 1 JO3BOJISIE
0JIep>KYBATH JIOKAJIbHO-ONITUMAJIbHI PO3B’SI3KU Py BaXIIMBUX MPAKTUYHUX 3a7ad, y
TOMY YHUCII1 33]]a41 MOKPUTTS 00J1acTi KOJIaMU, 5IK1 3B'13aH1 MEPEKEIO;

— YIIOCKOHAJIEHO CTpaTeril0 pO3B’s3aHHSA ONTHUMIZAIIAHOI 3a7adl MOKPUTTS
00J1acTl TOBUIbHOT (JOPMHU KOJaMHU PIBHOTO pajiiyca HUISIXOM JOJaHHS HOBOTO €TaIy
reHepaiii cucreMu OOMeXeHb Ta (PYHKIII IIJII HA OCHOB1 aHaji3y OTPUMAaHOI 3a
JIOTIOMOT OO 3alPOMOHOBAHUX HAOIMKEHUX METO/AIB CTAPTOBOI TOUKH 3 ypaxyBaHHIM
KOHKPETHOT peastizallii y3araJibHeHO1 MOJIeI 3a1a4l;

— HaOyJIM MOAAJIBIIOTO PO3BUTKY METOAM 1HTEPBAJIbHOI F€OMETpii y BHUIJISAL
HOBHUX 3aC001B MOJICTIOBAHHS JJIs1 OMUCY 1HTEPBAJBbHUX BIHOIIEHb M1 KPYTOBUMU
o0'ekTaMH, sIKi O€pyTh y4acTh B MOKPUTTI, L0 J03BOJISIE, HA BIIMIHY B/l ICHYIOUMX
aHaJIOTIB, BPAaXxOBYBaTH MiJ Yac pO3B’sA3aHHS 3aJadl MOKPUTTS MOXUOKY BHUXIJTHOI
iHpopMalii po pakTUUHI pajiyCu 30H CEHCOPHOTO KOHTPOJIIO JaTYUKIB KiJT,

— HaOyJiM TOJAJbIION0 PO3BUTKY JIOKAJbHO-ONTUMAJIbHI METOIU TOOYAOBH
MOKPUTTIB, $KI JO3BOJIMIM, HA BIIMIHY BIJ ICHYIOUMX MIIXOMAIB, OTPUMYBATU
PO3B’SI3KM ISl OCHOBHUX peaizalliil y3araJbHeHO1 3a7a4l ONTUMAJIbHOTO TTOKPUTTS B
aBTOMAaTUYHOMY PEKUMI;

— HaOyJiM MOAAJIBIIOTO PO3BUTKY 3aCO0M MaTEMaTUYHOI'O MOJIEIIOBAHHS 30HU
CEHCOPHOTO KOHTPOJIIO JaTdyMKa B CHCTEMaxX MOHITOPMHTY JUIsl NE€PETBOPIOBAHHS
¢i3uuHOi 1H(MOpPMaNii TPO 30HM CEHCOPHOIO KOHTPOJIIO B TE€OMETPUYHY IS
MOJANBIIOT0 BUKOPUCTaHHS B Ipoieci MoOyAOBH MaTeMaTHYHMX MOJeNel 3aaad
MOKPUTTS, fAKI, Ha BIIMIHY BiJ ICHYIOUMX, JO3BOJSIIOTH BpaxyBaTH OCOOJIMBOCTI

(GYHKL10HYBaHHS CUCTEM MOHITOPUHTY 1 KOHTPOJIIO.
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VY Xxoai BUKOHaHHS pPOOOTH PO3pOOJIEHO HOBI KOHCTPYKTHMBHI MaTeMaTHYH1
3aco0M MJI1 MOJICNIIOBAHHS B3a€EMOJII MK TOKPUBHHMH KOJIaMH, a TaKOX MixX
KoJaMu Ta oO0JlacTAMH, SIKI NOKpuBarOoTh. Lli I1HCTpyMEHTH TIpPYHTYIOThCS Ha
BUKOPHUCTaHHI BiAOMUX phi-pyHKIIH Ta QYHKIIHA HaEKHOCTI, a TAKOK HOBUX KJIaciB
(GyHKLIHA HAaJIEKHOCTI.

[loOynoBaHo  y3arajbHEHy MaTeMaTUYHy MOJENb  3ajayl  HOKPHUTTS
OJIHAKOBUMHM KOJIaMU Ha OCHOBI1 3aCO0IB MOJCIIIOBaHHS, PO3POOJIEHUX Y Il pOOOTI.
VY pe3ynbTarti 3a1a4a ONTUMI3AIli1 OJAETHCA SIK 3a/1aya HENIHIHOTO MpOorpaMyBaHHs.
HaGip peanizamiii Mojeni OXOIUIIOE MIMPOKUM KiIac HAYKOBUX Ta MPUKIATHUX
po0IeM OKPUTTS KOJIAMH.

Po3po0neno ctpaterito s po3B’si3aHHS 3a/1ay MOKPUTTS OJIHAKOBUMH KOJIaMHU
TEPUTOPIA JOBUIBHOI (OPMH 3 ypaxyBaHHSIM TEXHOJOTTYHUX OOMEXKEHb I0J0
PO3MIIIICHHS KU1 Y BUIUISIAI OOMEXKEHb Ha MIHIMaJIbHI Ta MaKCUMaJIbHI JI03BOJICHI
BiicTaHl Ta 30HM 3a0opoHH. CTpaTeris 3ampornoHOBaAaHA Ha OCHOBI BUBYCHHS
BJIACTUBOCTEH  y3arajJpHEHOi MOJleJli Ta TMOTOYHOrO0 CTaHy MPOrPaMHOIO
3a0€3MeUeHHs], 1[0 BUKOPHUCTOBYETHCS JIsl PO3B’si3aHHS 3a1ad ontumizauii. Bona
BUKOPUCTOBYE METOJl MYJBTUCTApTy, 100 3HAWTH HAOIMXKEHHS 10 TJIOOAIBHOIO
EKCTPEMYMY LUISIXOM PO3B’s3aHHS IMOCHIIOBHOCTI JIOKAIBHUX 3a/Ja4 ONTUMI3allii 3
BUXIJTHUX TOYOK.

Jls1 peasizaliii 3alIporiOHOBAHO1 cTpaTerii po3po0JIeHo:

—nBa e(pEeKTUBHUX METOAU NOOYAOBH JOMYCTUMUX BHUXIIHUX TOYOK JIJIst
MOKPUTTA oOJlacTe I1MEHTUYHUMHM KOJIaMHU — METOJ ONTUMI3allii Ha OCHOBI
XaJ10HOTO aNrOpUTMY ONTHUMI3alli 3a rpyrnaMHu 3MIHHUX JUISl TIOKPUTTS JOBUIBHUX
oOJacTeil Ta peryasipHO-CEKI[IHHOTrO METOIY MOKPUTTS JIJIsl MPSIMOKYTHUX 00J1acTeH;

— METO/M TeHepallii MpOoCTOPIB PO3B’SI3Ky HAa OCHOBI CTApTOBUX TOYOK JJISt
3a/1a4, 110 € OCHOBHUMH peaji3allisiMi y3araJlbHEHO1 MOl — MiHIMi3allii IOBKUHU
BUIIPABJICHHS HENPUUHATHOTO TMOKPUTTSA, HEMPUIUHATHOTO PO3MILIEHHS JaTYHKIB,

onTUMI3allii UITbHOCTI MOKPUTTS;



—MeToAu TreHepamii (QYHKIIT Ul HA TIPYHTI CTApTOBOI TOYKHA IS
nepepaxoBaHux Buie 3amad. I{o6 cdopmyBatu 1UIbOBY GYHKIIIO s 3amadi
MIHIMi3allii TOBKMHU JIPOTiB, HEOOXITHO PO3B’SA3aTH J0JATKOBI KOMOIHATOPHI 3a7a4l
onTUMI3aIlli — 3a7a4y KOMIBOsKEpa JJIs BUIAQJAKY KIIBIEBUX 3'€HAHb 1 3a1audy
MapuIpyTH3alii Juisi BANAAKY pajiajJbHOTO TUIY 3’ €HAHb;

— METOJ1 JIOKQJIbHOI ONTUMI3alli A 3aJlayl HEerJaJKoro MmporpamyBaHHs, 110
IPYHTYETHCS Ha 3BEJICHHI MPOLIECY PO3B’s3aHHS OPUTIHAJIBLHOT 3a/1a4l 1O pO3B’sI3aHHS
MOCJIITOBHOCTI 3a]1a4 HEJIIHIMHOTO MPOrpaMyBaHHs 3 OOMEXEHHSIMHU, 10 ONMUCYIOTHCS
HEPIBHOCTAMU 3 Tu(depeHiioBaHUMU (PYHKIISIMU.

OOuucnoBalIbHI  €KCIIEPUMEHTH, 110 MPOBEAEHI B pOOOTi, MEPEKOHIUBO
MIATBEPAUIN  KOHCTPYKTHUBHICTH  PO3POOJIEHUX MAaTeMaTMYHUX 1HCTPYMEHTIB
MOJICJIIOBaHHSl Ta TMOKa3aJd aJeKBaTHICTh MOOYJOBaHOT MaTeMaTU4YHOI MOJENi Ta
€(eKTUBHICTb 3aMPONOHOBAHUX AITOPUTMIB Ta METO/IIB.

I[IpakTnyHe 3HAYEeHHS OTPUMAHUX pPE3YNbTATIB TMOJSATa€E B PO3poOIl i
peanizaiii KOMIIEKCY MporpaM JUisi po3B’s3aHHsl ONTHUMI3alIHHOI 3a/a4l MOKPUTTS
00JacTi JOBUIBHOI MPOCTOPOBOI (POpPMHU KOJAMH PIBHOTO pajiyca, LEHTPU SKHUX
3B's13aH1 Mepekero (Y TOMY YUCI1 3 ypaxyBaHHSIM MOXUOOK BUXITHUX JTaHUX) Ta PIAY
NPaKTUYHUX 3aJa4, cepe] SKUX KOPUTYBaHHS HENPUITYCTUMUX IOKPHUTTIB,
MIHIMI3allig pajlyca MNOKPUBHUX KUI, ONTUMI3Allis SIKOCTI TOKPUTTIB Ta 1H.
CtBopeHuit mnporpamHuii kKoMmiuiekc «Becta» wMoxe Oyru OesnocepenaHbo
3aCTOCOBaHUM T 4Yac TMPOEKTYBAHHS CHCTEM J1arHOCTHKHU, CIOCTEPEXKEHHS W
KOHTPOJIIO, y JKWUTIOBOMY OYIIBHUIITBI, MPU MPOBEJAEHHI MOKEKHO-TEXHIYHUX
€KCIIepPTU3, 110 J03BOJISIE BPAaXxOBYBATH NMOXMOKM BUXITHUX JAaHMX, IiJBHUIYBaTU
e(EeKTUBHICTh BUKOPUCTAHHS 00JIaTHAHHS.

3a3HayeHUl KOMIUIEKC BHKOPUCTOBYETHCS Y BLAAUI HOPMATHBHO-TEXHIYHOT
poOOTH Ta KOHTPOJIO 32 CHCTEMaMH IMPOTHUIIOKEKHOTO 3aXHCTy Ta JIIEH3YBaHHS
['onoBHOro ympamniHHs Jlep:kaBHOi Ciiy»kOu YKpaiHu 3 HaJ3BHYAMHMX CUTYaIlldl y
XapKkiBChKid  00JI. Mg 4Yac po3MIANy HPOEKTIB CHUCTEM aBTOMATHYHOTO
nporunoxexHoro 3axucty, TOB «HBII bpann» (M. KuiB) ans croporeHHs

MNPOCKTYBAHHA CHCTCM ABTOMATHUYHOI'O IIPOTHUIIOKEIKHOI'O 3aXHUCTY, OHTI/IMiSaLIiI



BUTpaT Ha 0OJlaJHAHHSA OO €KTIB TaKUMU CHUCTEMaMH, a TaKOX Yy HaBYaJIbHOMY
npoueci B HailoHanbHOMY yHIBEPCUTETI LHMBUIBHOIO 3aXUCTy YKpaiHU Mpu
BUKJIaJJaHH1 JUCHUIUIIH «MareMaTuyHe MOJEIIOBaHHS Ta ONTHUMI3Allisl CUCTEM
oesnekn» 1 «lloxkexHa Ta BUpOOHMYA aBTOMATHKa», IO MIATBEPIKYETHCS aKTaMU
PO BIPOBAIKECHHS.

Hana po0Gota € TPOJOBXKEHHSIM JOCHIIKEHb, 110 TMPOBOAWIHCS B
HamionanbHOMY  yHIBEPCHTETI LMBUIBHOTO 3aXWUCTy VYKpaiHM ¥ y Biaaul
MaTEeMaTUYHOTO MOJIEITIOBAHHS M ONTUMAJIBbHOTO MPOEKTYBaHHS [HCTUTYTY mpobiieM
MamuHoOyayBaHHss HAH Vkpainu min kepiBHUUTBOM ujieHa-kopecnonjaenta HAH
VYkpainu FO.I'. CrosHa.

Marepianu qucepranii onyouaikoBani y 19 npykoBanux pobotax: 7 crateil y
BUJIAHHSX, SK1 3a3Ha4yeHl B mepeiniky ¢gaxoux Buaanb MOH VYkpainu 3 TexHIYHUX
HayK, 3 HUX | pedpepoBaHa B HayKOMeTpuUHil 6a3i Scopus, 1 — y IHIIOMY HAYKOBOMY
BUJaHHI, 11 Te3 momnoBinei BceyKpaiHChKUX Ta MDKHAPOIHUX KOH(EPEHIIii.

Kiiwo4doBi cioBa: MaremMaTHyHE MOJICIIOBAHHS, ONTHUMI3allisl, TMOKPUTTS,

pOBMiH_ICHHSI ITOXKCIKHHNX CHOBiH.[YBa‘IiB, TpaCyBaHHA 3’€I[HaHB..
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ABSTRACT

Antoshkin O. A. Mathematical models and methods of solving optimization
problems of sensor coverage of objects of control. - Qualifying scientific work on the
rights of manuscripts.

Dissertation for the degree of a candidate of technical sciences on the specialty
01.05.02 - mathematical modeling and computational methods. - National University
of Civil Defens of Ukraine, The State Emergency Service of Ukraine, Kharkiv
National University of Radioelectronics, Ministry of Education and Science of
Ukraine, Kharkiv, 2018.

Interest in the effective solution of the circular coverage problems is rapidly
growing at the present stage of development of the theory of operations research. One
of the main areas of application for circular coverage tasks, sensor networks, is a
relatively new area where technology has been developing rapidly in recent years,
and is used to solve problems in a wide variety of areas, ranging from museum
security to protecting wildlife.

The class of problems for constructing optimal wired sensor networks for areas
of complex shape is considered in this paper, taking into account additional
limitations and errors in the source data. Such tasks are of interest, for example, in
ensuring the fire protection of premises.

Almost all of papers related to the problems of circular coverage are devoted to
the study of heuristic methods for their solution. The optimization problems of
coverage, taking into account the important characteristic of the length of
connections, are not formalized at all due to the lack of appropriate tools for
modeling the relationship between objects. Existing analytical models and methods of
solution have, as a rule, disadvantages and limited scope and does not allow to solve
problems of circular coverage of arbitrary complex areas.

Modern software tools often allow solve a problem if its mathematical model is
built and presented in a certain format. However, one of the most difficult and crucial

stages of operational research, the stage of building a model, is still poorly
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formalized. This makes relevant the development of new modeling tools and the
construction of new models of optimization problems in various areas.

An important component of the process of constructing mathematical models
of the coverage problems is the question of writing in an analytical form the relations
between objects. Only a few authors are devoted to the formalization of relations
covering circles with polygons and areas bounded by a closed curve. However, it
remains an open question to formalize the relations of coverage between geometric
objects, which will make it possible to represent the problem of covering an arbitrary
shape with circles as a nonlinear optimization problem.

The absence of adequate mathematical models leads to a loss of optimal
solutions. As a result, the class of practical problems that can be solved efficiently is
narrowed. In addition, the existing models and methods for solving optimal coverage
problems are focused on the use of idealized mathematical models of material objects
and their interactions without taking into account the error in specifying the source
data.

The aim of the thesis is to development of tools for mathematical modeling
and optimization of arbitrary shape sensor coverage in monitoring and control
systems to reduce investment in the equipment of such systems.

Achieving this goal requires solving the following problems:

— allocation of a class of sensor coverage tasks in the design of monitoring and
control systems;

— analysis of current models and methods of covering arbitrary regions by a
system of circles of a given radius connected by a network;

— development of tools for mathematical modeling of sensor coverage areas of
arbitrary shape in monitoring and control systems;

— development of simulation tools to describe the relationships between the
covering circles as well as the relationships between the covering circles and the
region of arbitrary shape covered;

— construction and analysis of mathematical models of optimal coverage of an

area of arbitrary spatial shape by circles of equal radius connected by a network;
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— construction and analysis of interval models of coverage taking into account
interval irregularities, describing geometric relations between circles whose radii are
given with error;

— development and substantiation of methods for optimization of coverage of
arbitrary shapes of circles of a given radius;

— application of developed models and methods in optimizing the structure of
the automatic fire protection system.

The object of research — the process of mathematical modeling and
optimization of the structure of monitoring and control systems.

Subject of research — methods of optimization of coverage of an arbitrary
region by the zones of control of sensory sensors taking into account technological
limitations.

The research methods are based on the integrated use of: functional analysis
to simulate the sensory zones of fire detector; method of phi-functions for analytical
formulations of the relationship between geometric objects in the coverage problems;
analytical geometry for formalizing the criterion of coverage and building belonging
functions, geometric design methods for constructing mathematical models of the
covering problem with identical circles of regions of arbitrary spatial form; nonlinear
and undifferentiated optimization methods for solving optimization problems of
circular coverage.

In the dissertation work such new scientific results are obtained:

— features for the first time to describe coverage ratios between circles of equal
radius and new membership functions to describe relationships between circles
involved in a coating and an arbitrary coverage area, which allow to describe
analytically the conditions of coverage of the area by circles and, unlike existing
analogues, do not require auxiliary variables;

— for the first time, a generalized mathematical model for the optimization
problem of covering identical circles is constructed, which, in contrast to existing
models, takes into account new analytical expressions for describing the relations
between the circles of equal radius and new membership functions for describing the

relations between the circles involved in the coverage and allows to obtain locally
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optimal solutions to a number of important practical problems, including problems of
covering the area with circles that are connected by a network;

— the strategy of solving the optimization problem of covering an area of
arbitrary shape by circles of equal radius has been improved by adding a new stage of
generation of a constraint system and a function of the goal based on the analysis
obtained using the proposed approximate starting point methods, taking into account
the specific implementation of the generalized model of the problem;

— methods of interval geometry have been further developed in the form of
new modeling tools for describing interval relations between circular objects
involved in a coating, which, unlike existing analogues, can be taken into account
when solving the problem of covering the error of initial information about the radii
of circles;

— locally-optimal coating methods have been further developed, which, unlike
existing approaches, have allowed solutions to be obtained for the main realizations
of the generalized optimal coverage task in the automatic mode;

— mathematical modeling of the sensor control zone of the sensor in the
monitoring systems for the transformation of the physical information about the
sensor control zone into the geometric for later use in the construction of
mathematical models of the coating problems, which, unlike the existing ones, allow
to take into account the peculiarities of the functioning of the monitoring and control
systems.

In the course of the work a new constructive mathematical tools have been
developed for modeling the relationship between the circles involved in the covering,
as well as between the circles and the covered area. The tools are based on the use of
well-known belonging functions and phi-functions, as well as new classes of
functions — adjusted belonging functions and quasi- belonging functions.

A generalized mathematical model of the problem of covering with identical
circles is constructed based on the tools. As a result, the optimization problem is
represented as a non-linear programming problem. The set of realizations of the

model covers a wide class of scientific and applied problems of covering with circles.
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A strategy has been developed for solving problems of covering with identical
circles of arbitrary shape areas, taking into account technological restrictions on the
placement of circles in the form of restrictions on the minimum and maximum
allowable distances and zones of prohibition. The strategy uses the multi-start method
to find an approximation to the global extremum by solving a sequence of local
optimization problems from starting points.

To implement the strategy have being proposed and developed:

— two effective methods for constructing admissible starting points for covering
problems with identical circles: an optimization method based on a greedy algorithm
of optimization by variable groups to cover arbitrary areas and a section-regular
covering method for rectangular areas;

— methods for generating solution space by starting point for the main
implementations of the generalized model: minimizing the length of the wires,
minimizing the radius of the covering circles, minimizing the number of covering
circles, correcting unacceptable coverage, correcting unacceptable placement of
sensors, optimizing the coverage density;

— methods of generating of objective function by the starting point for the
problems listed in the preceding paragraph. To generate the objective function in the
problem of minimizing the length of the wires, it is necessary to solve the auxiliary
combinatorial optimization problems — the traveling salesman problem for the case of
ring-type connections and the routing problem for the case of stub-type connections;

— the method of local optimization for the problem of non-smooth
programming, based on reducing the process of solving the original problem to
solving a sequence of smooth nonlinear programming problems.

The computational experiments carried out in the work convincingly confirmed
the constructiveness of the developed mathematical modeling tools and demonstrated
the adequacy of the constructed mathematical model and the effectiveness of the
proposed algorithms and methods.

The practical significance of the results lies in the development and
implementation of a set of programs for solving an optimization problem of covering

an area of arbitrary spatial shape with identical circles connected by a wired network
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(including the possibility of accounting of the initial data errors) and a number of
important tasks from a practical point of view, including adjustments of invalid
coverings, minimizing the radius of the covering circles, optimizing the quality of
coverings, etc. The “Vesta” program complex can be directly applied for designing
systems of diagnostics, monitoring and control, housing construction, carrying fire-
technical expertise, improving the efficiency of the use of various equipment, as well
as reducing the time to solve these problems.

The developed software package is used in the department of regulatory and
technical work and control over fire protection and licensing systems of the Main
Directorate of the State Emergency Service of Ukraine when reviewing draft fire
alarm systems, fire warning and evacuation control systems, automatic fire
extinguishing systems, “Brand” LTd. for simplification of the design of automatic
fire protection systems, optimization of expenses for the equipment of objects by
systems of automatic fire protection, as well as in the educational process of the
National University of Civil Defence of Ukraine "Mathematical modeling and
optimization of security systems" and "Fire and production automatics".

The work is a continuation of research conducted at the National University of
Civil Protection of Ukraine and in the department of mathematical modeling and
optimal design of the A. M. Pidhorny Institute for Problems of Mechanical
Engineering of the National Academy of Sciences of Ukraine under the guidance of
corresponding member of the National Academy of Sciences of Ukraine
Yu. G. Stoyan.

The materials of the dissertation are published in 19 scientific papers: 7 articles
in the publications, which are listed in the list of professional editions of Ukraine on
technical sciences, of which 1 is included in the Scopus database, 1 in the scientific
edition. The results are presented and published in 11 theses of the reports of all-
Ukrainian and international conferences.

Keywords: mathematical modeling, optimization, coverage, placement of fire

detectors, connection trace.
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BCTVII

AKTyaJabHicTh TeMH. OJIHUM 3 OCHOBHMX IUIAXIB MPUCKOPEHHS HAayKOBO-
TEXHIYHOI'O MPOTpecy € aBTOMAaTU3allisl MPOEKTHO-KOHCTPYKTOPCHKUX poOIT Ha 0asi
IIMPOKOr0 3aCTOCYBaHHS MPOTPaMHUX 3aco0iB MOJENIOBaHHS B IMOEJIHAHHI 3
CyyaCHMMHU TMaKe€TaMU pO3B’A3aHHS ONTUMIZaliiiHUX 3amad (T. 3B. Solver-Mi).
Po3B’s3ytoun GaraTo 3aja4 MpOEKTYyBaHHS, BaXKJIMBO BPaXOBYBATH iXHI F€OMETPUYHI
OCOOJMBOCTI, MO JIO3BOJISIE BUIAUIMTA 11 3a7adl B OKpeMHH Kiac 3aaad
T€OMETPUYHOIO NPOEKTYBaHHS [57].

Jlo pgaHOro KIiacy BIAHOCATHCS, 30KpeMa, 3a/Jadl ONTUMAJIbHOTO TOKPHUTTS
reOMETPUYHHUX O00'€KTIB, IO BUHHMKAIOTH IiJl Yac IJIAHYBaHHS MICbKOi 3a0y/l10BH,
cCUCTEM Oe3pOTOBOr0 pajio3B'sI3Ky, MiJ Yac MNPOEKTYBAaHHA CHCTEM AaKyCTHYHOI
JTIarHOCTUKM W KOHTPOJIO KOPMHYyCiB 1 0OJIagHAHHSA, paJioJIOKAIHHUX CHUCTEM
PETyJIOBaHHS M KepyBaHHS MOBITPSIHUM PYyXOM, CUCTEM BUSIBICHHS PYXOMHUX LLUIEH 1
IHIINX CHCTEM BUSBIICHHS, J1arHOCTUKUA ¥ KOHTPOJIO W T. 1H. 3amadl MOKPUTTS €
MpEeIMETOM  JOCHIKEHHS OOYMCIIOBAIbHOI TIeOMETpii, a METOJU IXHbOTO
PO3B’s13aHHS — HOBUM HAIPSIMOM TEOPIi JOCHIJKEHHS OTeparliil.

Ha cywyacHoMy eTami cTpiMKO 3pocTae iHTepec A0 €(EeKTHUBHOIO PO3B’SI3aHHS
3a/1a4 KPYroBoro nmokpuTTs. Lle moscHIOeTbCS PI3HOMAHITTSAM MPAKTUYHUX JOJATKIB 1
HAJ3BUYAWHOIO CKJIAJIHICTIO MATEMaTUUYHUX MOJIeNIeH 1 METO/IIB IXHBOT'O PO3B’ A3aHHS.

OnHa 3 OCHOBHHMX 0O0JlacT€M 3acTOCYBaHHS 3aJad KpPYroBOTO MOKPUTTS —
CEHCOpPHI MeEpeXi — € BIIIHOCHO HOBOI 00JIacTIO, J€ TEXHOJOrli MIBUIKO
PO3BUBAIOTHCS B OCTAHHI1 POKH 1 BAKOPUCTOBYIOTHCS ISl PO3B’SI3aHHS 3aJ1ay y CAaMUX
pi3HUX O0OJACTAX, SIKI BapilOIOThCA Bl Oe3MeKku My3eiB [0 3ajad 3aXUCTy JUKOI
npupoan. OCTaHHIM Y4acoM Yy 3B'SI3KY 3 PO3BUTKOM Pi3HOTO BUIY CEHCOPHUX MEPEK
el HampsiM CTa€ Bce OUTbII NePCIeKTUBHUM [228].

Jlo Takux 3ajad HaJie)KaTh: 3aXHUCT JIICOBUX MAacCHBIB Bia moxex [161],
BU3HAYECHHS HEOOXIAHOI KUIBKOCTI M PO3MILIEHHS CTaHLIA CTUIBHUKOBOTO 3B'SI3KY;

BU3HAYEHHS pajiyca il i po3MILIECHHS MOJIUBAIBHUX YCTAHOBOK; MOOYZ0Ba Mepexi
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MTYYHUX CYMYTHUKIB 3eMiIl, 10 MpU3HAYEHl JJIs KOHTPOJIIOBAHHS [1alla30Hy
kpyropux opOit [39]. Jlo 3aga4 ONTHUMaIbHOTO MOKPHUTTS TAKOX 3BOJATHCS BHUOIP
ONTUMAJIBHOT TOTYHOCTI PyXOBHX yCTaHOBOK Mauoi Tsaru [10] 1 TeopeTnuHi 3amayi
BIIHOBJICHHS (YHKIIHA, T1y00anbHOI onTuMizamii ¥ 1moOyaoBH ONTHUMAaIbHUX
KBajzparyp [72].

He3Bakatoum Ha JOCUTh AKTUBHUM PO3BUTOK TEOpii CEHCOPHUX MEPEK,
MPAKTUYHO BC1 POOOTH MPHUCBAYCHI JOCHIIHKEHHIO OE3IpOTOBHX MEpex. Y IaHii
poOOTI PO3MISIAAETHCS KJIAC 3a7ad MOOYJAOBH ONTHUMAIBHUX JPOTOBUX CEHCOPHHUX
Mepex i1 obnacTelt ckiaaaHoi GopMu, 1110 CTAHOBIIATH IHTEPEC, HAIPUKIIA, MbIJ Yac
3a0€e3Me4eHHs MPOTUIOKEKHOTO 3aXUCTY MPUMIIIEHb.

CydacHa mpakTUKa BUKOPUCTAaHHSA TMAaKeTIB NporpaM g PO3B’SI3aHHS
ONTHUMI3alIMHUX 3aJa4 HalyacTille MPUITYyCKae, 0 MaTeMaThyHa MOJENb 3ajadi
noOyaoBaHa W 3aJIMINAETHCS TUIBKM MOAATH ii B meBHOMY ¢dopmari. TakuM YUHOM,
HasBH1 MPOTrpaMHi 3acCO0M 3aJUIIAI0Th HEABTOMAaTU30BAaHUM €Tal No0yaA0BH MOJEN,
0 POOUTH AKTyaJIbHUM IMOIIYK HOBUX KOMII'FOTEPHUX TEXHOJOT1M MOJIENIOBaHHS
MOCTAHOBOK ONTHMI3alllMfHUX 3aJady Yy pI3HUX MnpeaMeTHux obnactax. OTxe,
po3poOKa cydacHUX I1H(POpPMALIMHUX CHCTEM JUIsl PO3B’SA3aHHS 3a4a4 MOKPUTTS
BHMAarae aBTOMaTUYHOI MOOYI0BM MaTeMaTUYHMX Mojened. OHak eran nmodynoBu
Mojeni, OyAaydyd OJHUM 13 HAWOUIBII CKIAAHUX 1 BUIMOBIJAIBLHUX €TaIliB
OTEPAIIHOTO JTOCTIKEHHS, JOTenep MoraHo (opMasi3oBaHUN 1 3aJUINAETHCS B
3HAYHIA Mip1 MUCTELTBOM.

3amadl ONTHUMAJIBHOIO KPYrOBOIO MOKPUTTS oOsacteil ckiaaHoi (opmu
Hajexatb 10 kiacy NP-ckianHux, Ajis po3B’si3aHHSA SIKUX BUKOPUCTOBYIOTHCS, SIK
MpaBWJIO, €BPUCTUYHI anropuTmu. s po3poOku e(EeKTUBHUX aIrOPUTMIB, MO
IPYHTYIOTBCS Ha 3aCTOCYBaHHI METOJIB JIOKJIbHOI W TJIOOAIBHOI ONTHUMI3allii,
noTpidbHa MoOyaoBa aJeKBATHUX MATEMATHUYHUX MOJENEeH, M0 TPYHTYIOThCS Ha
aHAIITUYHOMY OIKC1 BIIHOIIEHb MIX 00'€KTaMH B 3a]ja4l MOKPUTTH.

Pi3HOMAHITHICT, TOYATKOBUX JaHUX, IO BKIIOYAIOTh 1H(OPMAIIII0 PO
dhopmu, po3Mipu reOMETPUYHUX 00'€KTIB, TEXHOJOTTYHI OOMEKeHHs 1 PyHKIIII MeTH,

MOPOKYye Oe314 ONTUMI3AlIHHUX 3a]ad MOKPUTTA. AJie, HE3Ba)KarouM Ha Iie, ycCi
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BOHU MOXYTh OyTH cOpMyIIbOBaHI1 B TaKUi croci0: HEOOXITHO JIedKy 00JIacTh, SIKa
HA3MBAETHCS OOJACTIO MOKPUTTS, TMOBHICTIO TMOKPUTU JEAKUMHU OO'€KTaMH, sIKi
HA3MBAIOTHbCA TOKPUBHUMHU, TaKUM YHHOM, Mm00 (QyHKLISI MeTH Jocsirana
€KCTPEMAIBHOTO 3HAYEHHS 1 IPU LIbOMY JOTPUMYBAIHUCS TEXHOJIOTTYHI OOMEKEHHS.

OpHuM 13 BapiaHTIB TEXHOJOTTYHUX OOMEXEHb MOXYTb OyTH OOMEXKEHHS Ha
MIHIMaJIbHO W MaKCHUMaJlbHO NPHUMYCTUMI BIACTaHI MDK IEHTpaMH TOKPUBHHUX
00'eKTIB 1 MeXer OoO0JacTi MOKPUTTS Ta MDK LEHTpaMu "CycigHix" MOKPHUBHHUX
00'€KTIB.

Po3p’s3aHHs  3a7a4  ONTUMAIBHOTO TOKPUTTS Oyl0 30pIEHTOBAHO, B
OCHOBHOMY, Ha BUKOPUCTaHHI 1/1eajli30BaHUX MaTeMaTHYHUX MOJEeil MaTepialbHUX
00'eKTIB 1 iXHIX B3aeMOAIN 0e3 ypaxyBaHHSA MOXHOKM 3aJaHHSA BHUXIJTHUX JaHUX.
OckulbKM K MOBa Hjae MpO ONTHUMI3AIliNHI 3a]adi, aKTyaJbHOI CTa€ mpodieMa
TOYHOCTI ¥ BIPOTITHOCTI OTPUMAHUX PE3yJIbTaTIB.

[Totpeba B po3B’s3aHHI 3a3Hau€HOiI NPOOJEMH TOPOJWIAa HEOOXITHICTh
CTBOPEHHS HOBOIO MaTeMaTWyHoro amapata. Hum craB HOBHIl J0JaTOK
IHTEpBAJILHOT'O aHATI3y B T€OMETPUYHOMY NPOEKTYBAaHHI — IHTEpBaJIbHA T€OMETPIs,
Akui 3 moyatky 90-X pokiB modaB po3pobussaTu wieH-kopecnonnenT HAH Ykpainu
IO0.T'. CrosH.

[z poGora mpucBsueHa NoOyAOBI aJeKBaTHUX MAaTeMaTHYHUX Mojened 1
po3po011i METOIIB PO3B’A3aHHS ONTUMIZAIIMHIUX CEHCOPHUX 3aJ1ad MOKPUTTS 001acTi
JOBUIBHOI MPOCTOPOBOI (POPMH KOJIAMH PIBHOTO pajilyca 3 YpaxyBaHHIM J0JIaTKOBUX
00OMeEXeHb 1 TOXUOOK BUXITHUX JaHUX.

Merta ii 3aaa4i gocaigxkeHns. . MeToro A0CIIKEHb TUCEPTAIIHOT poOOTH €
po3poOka 3aco0iB MaTeMaTHYHOTO MOJICIIOBAHHA Ta ONTHUMI3allli CEHCOPHOrO
MOKPUTTST 00JIaCTi JOBUIbHOI (JOPMU B CHCTEMaX MOHITOPUHTY Ta KOHTPOJIO IS
3MEHIIECHHS KAlTAJIOBKIIAAEHb M1 Yac 001aaHaHHl 00’ €KTIB TAKUMH CUCTEMAaMH.

JlocsirHEHHS METH Tiepeadayac:

— BUJUIGHHSI KJIacy 3aJady CEHCOPHOTO TOKPUTTA il Yac MPOEKTYBaHHS
CUCTEM MOHITOPUHTY Ta KOHTPOJIIO;

— aHaJi3 Cy4yaCHUX MOjieJiel Ta METO/IB IOKPUTTS o0jacTet JOBLIbHOT (hopMHU
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CUCTEMOIO K1JI 33JJaHOTO pajilyca, IIEHTPU AKUX 3B’ s3aH1 MEPEKEI0;

— po3po0sieHHsT 3aco0iB MaTeMaTUYHOTO MOJEIIOBAHHS 30H CEHCOPHOTO
MOKPUTTS 00J1acTl 10BUIbHOT (POPMH B CHCTEMaX MOHITOPUHTY Ta KOHTPOJIIO;

— po3po0JieHHsT 3acO0IB  MOJCIIOBaHHS JUJII  ONUCY BIIHOIIEHb  MIiX
MOKPUBHUMHU KOJaMH, a TaKOX BIAHOLIEHb MDX TMOKPUBHUMHU KOJAMH 1 00JIACTIO
MOKPUTTS TOBUIbHOI (hOpMH;

— noOyJ0Ba Ta aHali3 MaTeMAaTHUYHUX MOJIeJIEH ONTUMAJIbHOTO TMOKPHUTTS
o0JyiacTi JOBUIBHOT MPOCTOPOBOiI (OpMH KOJIaMH PIBHOTO pajiyca, IO 3B’si3aHi
MepExKelo;

— noOyJ0Ba Ta aHali3 IHTEPBAJLHUX MOJEJIeH MOKPUTTS 3 ypaxXyBaHHAM
IHTEepBaJbHUX HEPIBHOCTEH, 10 OMUCYIOTh I'€OMETPHUYHI BIIHOIIEHHS MK KOJIAMH,
paziycH sSIKMX 3aaH1 3 MOXUOKOIO;

— po3po0sieHHsT Ta OOTPYHTYBAHHS METOJIB ONTHMIi3allil MOKPUTTS oOjacTeit
TOBLUILHOT (HOPMU KOJIAaMH 3aJJaHOTO pajiiyca;

— 3aCTOCYBaHHS PO3POOJECHUX MOJEJel Ta METOMIB B Mpolieci OomTuUMizalii
CTPYKTYPH CUCTEMH aBTOMATHUYHOTO IPOTUIIOKEKHOTO 3aXUCTY.

O00'ekT n0CiTKEeHHS — TTPOIIEC MATEeMATUYHOTO MOJICJIFOBAHHS Ta ONTUMI3AIlii
CTPYKTYPH CUCTEM MOHITOPUHTY Ta KOHTPOJIIO.

IIpeamer nociaigskeHHs1 — METOAM ONTHUMI3alli TOKPUTTS OBUIbHOI 001acTi
30HaMHU KOHTPOJIIO CEHCOPHUX JAaTYHMKIB 3 YPaXyBaHHSIM TEXHOJIOTTYHUX OOMEKEHD.

Mertonn  nmociigikeHHsi  0a3ylOThCS  Ha  BUKOPUCTAHHI  €JIEMEHTIB
(YHKLUIOHATBHOTO  aHaMi3y g MOJEIIOBAHHS CEHCOPHUX 30H MOXKEKHHX
CHOBIlYBauiB; MeToay phi-pyHKuid a8 dopmanmizamii  BIAHOIIEHb  MIX
reOMETPUYHUMHU 00’€KTaMU B 3aJladyax MOKPUTTS; aHANITUYHOI TeoMeTpii s
dbopmaizaiii KpUTEepit0 MOKPUTTS Ta MOOYAOBH (YHKIIA HAJIEKHOCTI; METOIIB
F€OMETPUYHOIO0  MPOEKTYBaHHA Il  MOOYAOBM  MaTEeMaTUYHUX  MOJeENei
ONTUMI3allIMHUX 3aJa4 KPYroBOro TMOKPUTTS 1 METOAIB HENiHIHOI Ta
HenudepeHIiioBaHoi onTUMI3allii A X pO3B’sI3aHHS.

HayKOBa HOBM3HA I10JIsIa€ B TAKOMY':
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— BIIEpUIE 3alpONOHOBAHO (PYHKIIII ONMUCY BIAHOUIEHb MOKPUTTSA MDK KOJIaMu
pIBHOTO pajiyca Ta HOB1 (PYHKIIII HaJEXHOCTI JJI OMUCY BIJHOIICHb MiX KOJIAMH,
o OepyTh y4acTh B MOKPUTTI, 1 JOBUIBHOIO OOJIACTIO TOKPHUTTS, SIKI JTIO3BOJISIIOTH
OMKCYBATH B AaHAJIITUYHOMY BHIJIS[I YMOBU MOKPUTTS 0OJACTI KOJIAMH 1, HA BIIMIHY
BiJl ICHYIOUMX aHAJIOT1B, HE MOTPEOYIOTh BBEJECHHS JOMOMDKHUX 3MIHHHUX;

— BHepuie MoOy/noBaHa y3arajlbHeHa MaTeMaThyHa MOJENb ONTUMIZAIIHHOT
3a/1a4l TOKPUTTS 1ICHTUYHUMM KOJaMHM, SiKa, Ha BIAMIHY BiJ ICHYIOUHX MOJENEH,
BpPaxoBY€ HOB1 aHAJITUYHI BUpA3W JUIsl ONUCY BIJHOIIEHb MOKPUTTS MK KOJaMu
pIBHOTO pajiyca Ta HOB1 (PYHKIIII HaJEKHOCTI JJISI ONMHUCY BIJHOIICHb MiX KOJIAMH,
mo OepyTh ydacTh B TOKPHUTTI, 1 JOBIJIBHOIO O00JACTIO TOKPUTTS 1 JIO3BOJISIE
0JIep>KYBATH JIOKAJIbHO-ONITUMAJIbHI PO3B’SI3KU Py BaXIIMBUX MPAKTUYHUX 3a7ad, y
TOMY YHUCII1 33]]a41 MOKPUTTS 00JIacTi KOJIaMU, 5IK1 3B'I3aH1 MEPEXKEIO;

— YIIOCKOHAJIEHO CTpaTeril0 pO3B’s3aHHSA ONTHUMIZAIIAHOI 3a7adl MOKPUTTS
00JacTl TOBUIbHOT (JOPMHU KOJaMU PIBHOTO pajiiyca HUISIXOM JOJaHHS HOBOTO €TaIy
reHepaiii cucreMu OOMeXeHb Ta (PYHKIII IIJII HA OCHOB1 aHaji3y OTPUMAaHOI 3a
JOTIOMOT OO 3aIPONOHOBAHUX HAOIMKEHUX METOAIB CTAPTOBOI TOUKH 3 ypaxyBaHHIM
KOHKPETHOT peastizallii y3araJibHeHO1 MOJIeI 3a1a4i;

— HaOyJIM MOAAJIBIIOTO PO3BUTKY METOAM 1HTEPBAJIbHOI F€OMETpii y BHUIJISAL
HOBHUX 3aC001B MOJICTIOBAHHS JJIs1 OMUCY 1HTEPBAJBbHUX BIHOIIEHb M1 KPYTOBUMU
o0'ekTaMH, sIKi O€pyTh y4acTh B MOKPUTTI, IO J03BOJISIE, HA BIIMIHY B/l ICHYIOUHMX
aHaJIOTIB, BPAaXxOBYBaTH MiJ Yac pO3B’s3aHHS 3a7adl MOKPUTTS MOXUOKY BHUXITHOT
iHopmarlii npo GhakTUUHI paglyc 30H CEHCOPHOTO0 KOHTPOJIIO TaTYUKIB K1JT;

— HaOyJM TOJAJbIION0 PO3BUTKY JIOKAJbHO-ONTUMAJIbHI METOIU NOOYAOBH
MOKPUTTIB, $KI JO3BOJIMIM, HA BIIMIHY BIJ ICHYIOUMX MIAXOMAIB, OTPUMYBATU
PO3B’SI3KM JJIsl OCHOBHUX peatizalliil y3arajabHeHO1 3a7a4l ONTUMAIBHOTO TTOKPUTTS B
aBTOMAaTUYHOMY PEKUMI;

— HaOyJiM MOAAJIBIIOTO PO3BUTKY 3aCO0M MaTEMaTUYHOI'O MOJIEIIOBAHHS 30HU
CEHCOPHOTO KOHTPOJIIO JaTdyMKa B CHCTEMaxX MOHITOPUHTY JUIsl NE€PETBOPIOBAHHS

¢i3uuHOi 1H(MOpMAIli TPO 30HM CEHCOPHOTO KOHTPOJIO B TE€OMETPUYHY IS
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MOJAJBIIOT0 BUKOPUCTaHHS B Ipolleci MoOyAOBH MaTeMaTHYHMX MOJeENel 3aaad
MOKPUTTS, fAKI, Ha BIIMIHY BiJ ICHYIOYMX, JO3BOJSIIOTH BpaxyBaTH OCOOJIMBOCTI
(GYHKL10HYBaHHS CUCTEM MOHITOPUHTY 1 KOHTPOJIIO.

OcoOucTnii BHeCOK 3100yBauya. Yci pe3ylbTaTH AWCEPTaIiiHOi poboTu
OTpUMaH1 3a ocoOucToi ywacTi aBTopa. OCHOBHI TOJOXEHHS U pe3yJbTaTH
nucepTailii onyoOsikoBaHi B 8 HaykoBux mparsx — [2-7, 38, 89]. Po6ora [89]
pedbepoBana B Scopus. Y 30ipHHKax omyOisikoBaHi Te3um 11 gomoBimed Ha
MDKHAPOJHUX Ta BCEYKPATHChKUX HAYKOBUX KOH(PEPEHIISAX.

Bci nonoxeHHs, 110 BUHOCATHCS Ha 3aXUCT, OTpUMaHi 37100yBaueM OCOOHUCTO.
Martepianu, siki ony0JikoBaH1 B poOOTi [5], BUKOHaH1 0JIHOOCIOHO.

OcoOuctuii BHecok 3700yBaya B poOOTax, sIKI BUKOHAHI B CIIIBaBTOPCTBI,
MOJIATAE B HACTYITHOMY:

[2] — chopMynpoBaHO ¥ ONMHCAHO y aHAIITUYHOMY BUIJISAI JTOJATKOBI
oOMeXeHHSI MPUKIAAHOT 3a/1a4l TOKPUTTS KPyramu JOBUIBHOI 00JacTi, po3po0JIeHO
ITOPUTM PO3B’sI3aHHA 3ajJlayl, SKUK 0a3yeThbCs Ha METOAl ONTHMI3AIlil 3a rpynaMu
3MIHHUX;

[3] — 3anponoHOBaHO METOAM reHepallii IPoCTOpy PO3B’sI3KiB Ta QPYHKIIT 1T
3a CTapTOBOIO TOYKOIO JUIsi OCHOBHUX pealizalliii y3araJlbHEHOT MaTeMaTH4YHOI
MOJIel 3a7adl TMOKPUTTS 1ACHTUYHUMM KOJIaMH JIOBUIBHOI 00JIaCTi 1 NMPUBEACHO
JETaIbHY CXeMY MOIIYKY JOKAIbHOTO MIHIMYMY ISl IPAKTUYHHUX 3a]1a4.

[4] — popmaitizoBaHO B3a€EMOBITHOIICHHS MK TEOMETPUUHUMU 00 ‘€EKTaMH, 1110
3aJaHl 3 TOXMOKOIO, TMOOyJOBaHA MaTeMaTUYHA MOJIENb 3ajayl TOKPUTTS B
IHTEpBaJIbHOMY BHTJISIL.;

[6] — bopmai3oBaHO BIAHOILIEHHS MOKPUTTS MK 00’ €KTaMH 3 BUKOPUCTAHHIM
w-(QyHKLIH 1 MO0y 10BaHO MaTeMaTUYHY MOJIEJIb 3a/1aul KpYrOBOTO MOKPUTTS;

[7] — noOynoBaHO MaTeMaTH4HY MOJENb 3a/aul MOKPUTTSA KOJIAMH OITYKJIOi
0aratokyTHOi 00J1acTi Ha OCHOBI 3aCTOCYBaHHs phi-pyHKIT1H;

[38] — moOynoBaHO MaTeMaTU4yHI MOJENI 3aJad MOKPUTTS MNPSIMOKYTHHKA

KOHTPYEHTHUMHU KOJaMH, IO PO3TallOBaHI y By3/laX JABOBUMIPHOI PEIIITKH, Ta
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3aMpPONOHOBAHO METOJIU PETYISIPHOrO Ta CEKIIHHO-PEryasipHOrO PO3B’sI3aHHS TaKUX
3a/lay Ipu 3a1aHUX JOJJATKOBUX OOMEKEHHSX;

[89] — 3ampornoHoBaHO HOB1 3aCO0M MOJICTIOBAHHS JJISl ONKUCY BIIHOIIEHb MiX
reOMETPUYHUMHU 00’ €KTaMM JJIsl 3a/lad KpPYroBOTO MOKPUTTS oOjacTedl AOBUIBHOL
dbopmu, MOOYIOBAaHO y3arajJbHEHY MaTeMaTUYHY MOJEb 3ajladl Ta MPOBEICHO il
aHaji3, 3ampollOHOBAHO CTpaTerilo pPO3B’s3aHHS 3ajayl Ha OCHOBI TreHeparii
CTapTOBUX TOYOK 3 00JIaCT1 JOMMYCTUMHUX PO3B°SA3KiB.

Amnpobanisi pesyabtariB aucepramii. OCHOBHI TIOJIOKEHHSI JTUCEpTaLiHOT
poOOTH TOTOBIATUCS i 0OTOBOPIOBAIHUCS

— Ha ceMiHapax BIIAUTy MaTeMaTUYHOTO MOJIETIOBAHHS W ONTHUMAJIbHOIO
npoekTyBaHHs [HcTuTyTy mpobiiem mammHoOyayBanHs HAH Vkpainu (m.Xapkis,
motuit 1998 p.);

— Ha ceMiHapax AkajeMii moxxexxHoi 6esneku Ykpainu (1997-2000 pp.);

— Ha BYeHIN paji HanioHalbHOrO yHIBEPCUTETY LMBUIBHOTO 3aXUCTY YKpaiHH
(Bepecenb 2016 p.);

— Ha cemiHapi B HamioHaibHOMY yHIBEpCUTETI IIUBUIBHOTO 3aXUCTY YKpaiHH
(xBiTenb 2018 p.);

— Ha 2-i HaYKOBO-MpaKTU4YHIA KOHGepeHIli “AKTyalibHl MpoOJeMU Cy4acHOT
HAyKHU B JOCIIKEHHSAX MOJIOUX BYeHUX M. Xapkosa” ( M. Xapkis, 2000 p. );

— Ha MDKHapOJHIA HayKOBO-TpakTHuHIi KoHpepeHuii “CyuacHi mpoOiemu
reoMeTpudHoro moaentoBanns’”’ (M. Jlonensk, 2000 p.);

— Ha BCEYKpaiHChbKIA HayKOBO-NpaKTHuHIi KoH(pepeHuii «O0‘enHanHs Teopii
Ta TPaKTUKU — 3aMopyka NIABULIEHHS O0€34aTHOCTI ONEPaTHUBHO-PATYBAIBHUX
migpo3AuTiBy (M. Xapkis, 2013 p.);

— Ha VII mixHapoHiii HayKOBO-MpakTHUHIN KoHbepeHii «Teopis i mpakTuka
raciHHs MOKEeX Ta JIKBIJAlli HaA3BUYaiHUX cuTyaliit» (M. Yepkacu, 2016 p);

— Ha MDKHapoAHIA HAayKOBO-NpakTU4HIA KoHpepeHmii «lloxexna Ta

TeXHOTeHHa Oe3neka. Teopis, mpakTuka, iHHOoBaIi» (M. JIbBiB, 2016 p);
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—Ha VII MDKHaponHii HayKOBO-MPAaKTHUYHIN KOHQepeHiii «AKTyalbHbIE
npoOiemMbl  MOXapHOW  O€30MacCHOCTH,  MNPEAYNPEXKACHUS W JUKBHIALUU
ype3BbIYaiiHbIX cuTyaruin» (M. Kokmeray (Kazaxcran), 2016 p.);

—Ha VIII wmbkHapogHii HaykoBO-NpakTU4HI KoHpepeHuii «Teopis i
MpaKkTUKa TaciHHSA TOXKEX Ta JIKBIAAIi HaA3BUYaWHUX cuUTyarii» (M. Yepkacw,
2017 p.);

—Ha 6- MDKHapoJHIi HayKOBO-T€XHIYHIH KoHpepeHuii “IHdopmariitai
cuctemu i Texnonorii UCT-2017" (m. Xapkis, 2017 p.);

—Ha VII MixHaponHiii HayKoBO-NpakTHUHIA KoHGepeHuii “TexHiuHe
peryJatoBaHHs, METPOJIOTis Ta iHdopMaliitHi TexHosorii” (M. Oneca, 2017);

—Ha VIII mikHapoaHiii HaykoBo-mpakTUyHIA KoH(pepeHuii «KommekcHe
3a0€3IeUeHHsI IKOCT1 TEXHOJIOTTYHUX TIpoIleciB Ta cuctem» (M. YepHiris, 2018 p.);

—Ha 7-1 MDKHapOJHIA HayKOBO-TeXHIUHIM KoH(pepeHuii «IHopmaniiini
cucremu ¥ Texnosorii ICT-2018» (M. Xapkis, 2018 p.).

Ctpykrypa Ta ob0csar mgucepramii. JlucepTalliss MICTUTh aHOTAIlIIO, BCTYII,
I'ITH pO3JLT1B, BUCHOBKHU 1O pob6oTi, 3 noxatku (Ha 38 c.), 32 pucynku (Ha 41 c.), 1
Tabauito (Ha 1 ¢.) Ta CIUCOK BUKOPUCTAHMX JKepen 3 249 HaiimeHyBaHb (Ha 22 c.).
[ToBHMi1 oOcar guceprtanii ckiamae 207 cTopiHOK, 3 HUX 136 CTOPIHOK OCHOBHOIO
TEKCTY.

3B's130K po00OTH 3 HAYyKOBMMM NpoOrpaMamu, njaHamu, remamu. Hanpswm
MPOBEJACHUX JHUCEPTAI[IMHUX JOCTIIKEHb BIAMOBIZA€ TMACHOPTY CIHEHIaJbHOCTI
01.05.02 “MaremaTiude MOJCIIOBAHHSI ¥ o0OuYMciIOBaibHI MeTonu . PoOoTta
BUKOHAaHA BIAMOBIIHO /O TEMaTUKU W 3arajJpHOr0 IUIaHY JOCHIIKEeHb, W10
MPOBOMSITECA Ha Kadeapli aBTOMATUYHUX CHCTEM Oe3neku Ta iHdopMaliifHuX
TexHoJorii HalioHanbHOro yHIBEepCUTETY LIMBUIBHOIO 3aXUCTY YKpaiHu ¥ y Biaaili
MaTEeMaTUYHOTO MOJEIIOBAHHS ¥ ONTUMAJIBLHOTO MPOEKTYBaHHS [HCTUTYTY mpobiieM
MamuHoOyayBanHs iM. A.M. Ilinropuoro HAH Vkpainu. PoGoTta mpoBoaunacs B

pamkax HJ/IP:
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— «OnTumanpHe  pO3MIIIEHHS  MOXKEKHMX  CHOBINIYBayiB Ha  IUIaHl
npumitieHHs» peectpauiiauid Ne 0198U002106 3a 3amoBieHHsSM [ '0j10BHOTO
yTpaBiliHHS MOxexHO1 oxoponu MBC Ykpainu;

— «OnTumanpHe TJIaHyBaHHS PECypCiB MPU MPOEKTYBAHHI CHUCTEM PAaHHBOIO
BUSIBJICHHS  TMOXexi» peectpauiviauit  Ne 01170002008 3a  3aMOBJIEHHSIM
HarionanbHOro yHIBEpCUTETY IIUBLIILHOTO 3aXHCTY.

I[IpakTnyHe 3HAYeHHS] OTPUMAHMX Ppe3yJbTATIB MOJSITae B po3poOii i
peanizaiii KOMIUIEKCY MporpaM JUisi po3B‘s3aHHsl ONTHUMI3alIHHOI 3324l MOKPUTTSA
00JacTi JOBUIBHOI MPOCTOPOBOI (POpPMHU KOJAMH PIBHOTO pajiiyca, LEHTPU SKHUX
3B's13aH1 Mepekero (Y TOMY YHMCI 3 ypaxXyBaHHIM MOXUOOK BUXIIHUX JIaHUX) Ta PSIAY
BOXJIMBUX 13 TPAKTUYHOI TOYKMA 30py 3aJad, cepel HUX KOPHUT'yBaHHS
HEMPUNYCTUMHUX TMOKPUTTIB, MIHIMI3allisl pajiyca MOKPUBHUX KU, ONTUMI3ALIIO
AKOCT1 MOKpUTTIB Ta iH. CTBOpeHU#l mnporpaMHuil komIuiekc «Becra» Moxe OyTH
0e3mocepe/IHb0  3aCTOCOBAHMM IMiJl Yac MPOEKTYBaHHS CHUCTEM JI1arHOCTHKH,
CIIOCTEPEXKEHHSI M KOHTPOJIIO, >KUTIOBOMY OYIBHMIITBI, MPOBEACHHI IOXKEKHO-
TEXHIYHUX EKCHEepPTH3, IO JO03BOJIIE BPaxOBYBAaTU IMOXUOKM BHUXIIHMX JIaHUX,
MiABULTYBaTH €(EKTUBHICTh BUKOPHUCTAHHS PI3HOI TEXHIKHU, @ TaKOX CKOpPOUYBaTH
yac pO3B’s3aHHS 3a3HayeHuX 3anad. Po3poOneHuit mnporpaMHHMil  KOMILIEKC
BUKOPUCTOBYETHCSI Yy BIAJAUII HOPMATHUBHO-TEXHIYHOI POOOTH Ta KOHTPOJIO 3a
CUCTEMaMHU TMPOTHUIIOKEKHOIO 3aXUCTy Ta JIIeH3yBaHHA [ OJOBHOro yrpaBiiHHS
Jlep>kaBHOI ci1y>k0u YKpaiHu 3 HaJI3BUYallHUX cuTyaliid y XapKiBChbKid 00J1acTi min
gac po3MIsAYy MPOEKTIB CUCTEM TOXKEKHOI CHUTHaII3aIlli, CUCTEeM OMOBIIIEHHS PO
MOXKEXKY Ta YIpaBIiHHS €BaKyalll€l0, aBTOMAaTHUYHHUX YCTAHOBOK IOMXEXKOTaCIHHS,
TOB «HBIT bpang» (M. KuiB) s choOpolieHHs MNPOEKTYBAaHHS CHUCTEM
ABTOMATUYHOI'O MPOTHUIIOKEKHOTO 3aXHUCTy, ONTUMI3AIl BUTpAT Ha 0OJIaJHAHHS
00’€KTIB CHUCTEMaMU AaBTOMATHYHOIO MPOTHUIIOKEKHOTO 3aXHCTy, a TaKOX B
HaBYaJIbHOMY Ipolieci B HallioHanbHOMY yHIBEPCUTETI HMBUIBHOIO 3aXUCTY YKpaiHu
MiJ Yac BUKJIQJaHHS IJUCHUIUIIHK «MaTeMaTH4YHEe MOJENIOBaHHS Ta ONTHUMI3alis
cuctem Oe3nekn» 1 «lloxkexxHa Ta BUpOOHHMYA aBTOMATHKa», IO MIATBEPAKYETHCS

AKTaMM IIPpO BIIPOBAIKCHHA.
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1 OIJISIA JIITEPATYPHU 1 BUBIP HAITPSAMIB JIOCJI)KEHD

1.1 Onuc npeamMeTHoi 00J1acTi

Y mpomeci  3a0e3nedeHHS  KUTTEAISUIBHOCTI  CYCIUIbCTBA  BHHHUKAE
HEOOXITHICTh CTBOPEHHS CUCTEM CIIOCTEPEKEHHS i KOHTPOIII0, Y AKUX (DYHKI[ISI METH
BU3HAYAETbCA HE TUIBKM SIK O€3MOCepe/HE OILIHIOBAHHS XapaKTEPUCTHK 1 CTaHY
00’ekTa, aje i 3a SAKOICh JOJATKOBOIO (HAIMPHUKIIAJ, CUTHAIBHOIO) 1H(POpPMAIIIEIO.
®di3uyHa MOJIeNb, IO 3B'SI3y€ XapaKTepUCTUKH 00'€kTa W CHoCTepekKyBalbHY
iHpopMaIlito, MOBUHHA OyTH MOOYyIOBaHA TAaKUM YUHOM, 1100 Oyjia MOXIJIHMBICTbH
3IHCHUTH KOHTPOJIb 1 JIarHOCTYBAHHS BJIACTUBOCTEN 00'€KTa.

BapricTh 1 ckIaiHICTh CUCTEMH KOHTPOJIO i CIIOCTEPEKEHHS 3a TIOTPUMAHHS
BUMOT' JI0 WMOBIPHOCTI BUSBIICHHS CUTHAJIIB 3aJIeKaTh, B OCHOBHOMY, BiJ PO3MIpIB
KOHTPOJILOBAHOI TI0111 200 moBepxHi. OCHOBHI BUMOTH, 1110 CTABJISITHCSA JI0 CUCTEM
CIIOCTEPEKEHHS 1 KOHTPOIIO, TaKi:

— cucTeMa MOBUHHA BUSBJISATH JKEpesa CUTHAiB y Oyab-sKii ToYIll 00’ €KTa,
0 KOHTPOJIIOETHCS; KOHTPOJb 3a KOXKHOIO TakOK TOYKOK 00JacTi, 1o
KOHTPOJIIOETHCS, TOBUHEH OYTH 3A1MCHEHUH 32 MIHIMAJIBHOTO YUCIa KOHTPOJIIOUYHX
00'e€KTiB (IaTYUKIB, TPUHAMAYIB 1 T.11.);

— BIUIMB 30BHINIHIX IIYyMIB, MEPEIIKOJ 1 TyOJrOoBaHHS (piKcalliii CUTHAJIB
pI3HUMH NpuiMayaMu Ma€ OyTH MiHIMaJIbHUM a00 MOBHICTIO BUKIIOYEHUM (TOOTO
30HU NEPEKPUTTS NOKPUBHUX 00'€EKTIB MOBUHHI OYTH MIHIMaJIbHO MOKJIMBUMH );

— BapTICTh MPOKJIAAKHU U eKCIUTyaTalii Mepex (KUBUIbHUX, CUTHAJIBHUX 1 T.I1.)
MOBUHHA OYTH MIHIMAJIBHOIO 32 YMOBU BUKOHAHHS ABOX MOMNEPEIHIX MyHKTIB.

Y cuctemax KOHTPOJIO ¥ CIIOCTEPEXKEHHSI 3a/Jady MOXKHAa OOMEXKUTH
BUSIBJICHHSIM 30HM BUHMKHEHHS CUTHANy, IO HE BXOJIUTH Y Alana3zoH MPUMYCTUMHX
napaMmeTpiB. PeanpHi OyaiBenbHI 00'€KTH, IO MarOTh CKJIAQJHI KOHCTPYKIIIi,
BHUMAraroTh Iij] 4aC CTBOPEHHS TaKUX CUCTEM PO3POOKH CXeM PO3MIILIECHHS AaTUMKIB
abo mpwuitmMauiB curHaiiB. [Ipu 11boMy KOkHa TOouka 00JIacTi, IO KOHTPOIIOETHCS,

MOBUHHA MepedyBaTH B 30H1 J1i Xoua 0 ogHOro npuiiMaya (aatuuka). Lle mos’s3ano 3
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THM, IO O6HaCTB, SAKY KOHTPOJIOE€ OAaTYUK, SBanﬁHO, MMoAgarTh y BI/II‘JISIJIi KOlJIa, TOI[i

AK aACKBATHY MOIICJIi CUCTCM KOHTPOJIO 74 CIIOCTCPCIKCHb MOKHA PO3IJLAIATH

BKPYTOBE MOKPHUTTS (IIOKPUTTS KONaMu) 06macTi R’ 3 JOJaTKOBEMH OOMEKEHHAMH,
10 BUHMKAIOTh 13 (PI3MYHUX XapaKTEPUCTUK 3aCTOCOBYBAHOI anapaTypHu.

J1o yncia TakuX CUCTEM CIIOCTEPEKEHHS HalIeXaTh i CUCTEMU aBTOMAaTUYHOTO
MPOTHUITIOKEKHOTO 3aXUCTY 00'€KTIB, K1 MOKYTh CKIAAATUCS 3 JEKUTbKOX MIJICUCTEM
CUCTEMHU TIOKEKHO1 CHUTHAJI3allli; CHUCTEeMH AaBTOMATHYHOTO IMOKEXKOTraciHHS;
CUCTEMHU OTOBILIEHHS MPO MOXKEXKY W KepyBaHHS €BaKyalli€lo.

PosrnsiHemo mpukiaau 3anad  MPOEKTYBaHHS MIJICUCTEM aBTOMATHYHOIO
MIPOTUIIOKEKHOT'O 3aXUCTY, SIKI MOXKYTh OyTH pO3MIISIHYTI AK 3agadi mokputtd. [o
HUX MOXYTh OYTH BITHECEH1 3a7a41 PO3MIIICHHS:

— MOKEeXXHHUX CIOBIIYBayiB (TEXHOJIOTYHUX JaTYUKIB) MpPU MPOEKTYBaHHI
CUCTEM MOXKeXKHO1 (TexHosoriuHoi) curnanizaiii (CI1C);

— BUITYCKHUX HAcCaJKiB MPU MPOCKTYBaHHI aBTOMAaTUYHUX CUCTEM BOASHOTO i
niHHoro noxesxoracinas (ACBIIT);

— reHepaTopiB BOTHEraCHOTO Aaepo30JiI0 MpPH MNPOEKTYBAHHI AaBTOMAaTUUYHUX
CUCTEM aepO30JIbHOTO MOKEKOTACIHHS;

— MOJYJIIB CUCTEM MOPOLIKOBOTO MOXKEKOracCiHHS.

Po3sristHeMO OUTBII TOKIAAHO I 3aa4l.

1. 3ajmaya pO3MIIIEHHS TOKEKHUX CIOBIIIyBayiB Y TMeplly Yepry
BU3HAYUMO TOHATTA CUCTEMH IMOXKEXKHOI CUTHAMI3ALIl SK CYKYMHOCTI TEXHIYHHMX
3aco0iB, YCTAaHOBJEHUX Ha OO0 €KTi, II0 3aXWIIMAETHCS, JJIs BHUSIBICHHS IOXEXI,
00poOKH, MOJAaHHS B 3aJJaHOMY BUIJISA1 1H(OpMAIT PO MOKEXKY, OMOBIIICHHS PO
MOXKEXKY ¥ BUAadl KOMaH/ Ha BKJIIOYEHHS aBTOMAaTUYHUX CHCTEM IOMXKEKOTaciHHS U
IHIIUX TeXHIYHUX NpucTpoiB. Uytnusum enementom CIIC, mo n03Boiise€ BUSBUTU
(baKkT BUHUKHEHHS MOXexl1, € noxexHui cnopinrysau (I1C). “Akicts” podotu CIIC
O0araro B 4YOMYy 3aleXHTh Bia ‘“‘skocTi” po3mimenHs [IC y mnpumimieHHi, 1o

3aXUIacThbCA.



36

3 ycworo pizHOMaHITTS icHyouux [IC [omiNbHO BUAUIMTH BEIHUKY TPYIy
apromatTuuHux ToukoBuXx I1C (puc. 1.1). Toukosuii IIC, sk mpaBuiio, pO3MIILYETHCS
Ha CTeNl MNPUMIIIEHHS, LI0 3aXUIIAEThCA, 1 30HA, SKA KOHTPOIIOETHCS TAKUM
IpUIAZOM, SBISIE COOOI0 KOJO JAESIKOro pajiyca I, OOYMOBIEHOTO BHCOTOIO
NPUMIIICHHS, TEeXHIYHUMHU xapaktepuctukamu [IC 1 BuUMOramMm HOpPMAaTHBHHX
nokyMmeHTiB. [Ipu npomy makcumanbHa ayTiuBicTh [IC nocsiraeTbes B LIEHTP1 KoJla i
3MEHILYETHCS B MIPY BiIJIaJIEHHS BiJl HHOTO IO MEX 00JIACTI.

TakuM 4MHOM, MOJABIIM MPUMILIEHHS, 10 3aXUIIAETHCS, Y BUTIIA1 JOBUIBHOT
00JacTl MOKPUTTA, a 30HU, 10 KOHTpomtotoThbes [IC, y BUMISAl MOKPUBHUX K,
MOKHA C(QOPMYIIIOBATH JaHy 3a/1auy sIK 3a/1a4y MOKPUTTS.

[Ipy npOMy ciin 3a3HAYUTH, L0 B MaTeMaTHYHIA MoOjeNi 3axadi OyayTh
NPUCYTHI JIOAATKOBI OOMEXKEHHsS, SKI MOXXHAa pO3JAUIUTH HaA JBl TIpynu —

HOPMAaTUBHOT'O M TEXHOJOTTYHOT'O XapaKTepy.

6)

Pucynok 1.1 — [loxkexxHi crioBilyBayi: a) — TEMJIOBUI TOYKOBUIA CIIOBILTYBaY

NII1-103.6; 6) — numoBwuit ToukoBuii crioBintyBay UITK-4

OOMexeHHsI HOpPMAaTUBHOIO XapaKkTepy — 1ie 00MeXeHHsI, siKi c(hOpMYJIbOBaH1 B
HOpPMATUBHHUX JoKyMeHTax. OCHOBHUMHM JOKYMEHTaMH, 1[0 PErIaMEHTYIOTh
MpoIeAYpPY MPOEKTYBaHHS CHCTEM TMOXKEXHOI curHamizamii, € [50, 51]. ¥V Hux
BU3HAYAIOTHCS MAKCUMAaJIbHO MPHUITYCTUMI BIICTaHI MK «CYCIIHIMH» TOXEKHUMHU

CIOBIIITYBaYaMH ¥ BIJ] «TPAHUYHUX» CIIOBIIIYBayiB IO CTiH.
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Tyr nig «rpaHMYHUMHM» MAlOThCS HAa YBa3l Kojla, B SAKUX € HEIyCTe
MEepPeTUHAHHS 3 MEXEI O00JIacTi, a «CYCITHIMH» — KOJa 3 HENyCTHM B3a€EMHUM
NEepeTUHAHHSIM.

J1o oOMexkeHb TEXHOJIOTTYHOTO XapakTepy BITHOCSITh MIHIMaJIbHI BIICTaH1 M1XK
CHOBIIyBaYaMH ¥ BijJ CHOBIUIYBadiB 1O CTiH. BoHM BH3HA4aloTbCs rabapuTHUMU
po3MipamMu KOPITYyCYy camoro npuiamy.

Ha posmimenns [IC moxke BIUIMHYTHM KOH(DIrypaiiss crteni ¥l HasBHICTb
BEJTMKOrabapuUTHOTO YCTAaTKyBaHHS B NPUMIMICHHI. Y 3B'I3KYy 3 UM 3'BISIOTHCA
no01aTKOB1 oOMexxeHHs Ha po3mitieHHs [IC abo Tak 3BaHi «001acTi 3a00pOHMY.

3rinHo 3 [50] 3a HasSBHOCTI Ha CTEJl BUCTYIMHUX KOHCTPYKIiKM (6anok, pedep
T 1 T. 1H.) (puc. 1.2), BUcoTa sKuX MepeBuinye 5% BIJ 3araabHOi BHCOTH

MPUMIIICHHS, TIOBUHHI BUKOHYBATHUCS Taki yMOBHU: D >0.25-(H —h) — IIC HeoOxiaHO
BCTAHOBJIIOBAaTH B KOXXHOMY BiACiKy; D<025-(H-h) — IIC HeoOxigHO
BCTAHOBJIIOBATH B KOXXHOMY JIpyromy BIACIKY; D <0.13-(H-h) — IIC HeoOxiaHO

BCTAHOBJIIOBATH B KOKHOMY TPETHOMY BIJICIKY, I D — BIACTaHb MK OajkaMmu, 110
BUMIpsIHA B1J] IXHIX 30BHIIIHIX CTOPIH, H — BHCOTa MPUMIILIEHHS, # — BUCOTA OAJIKH.
Ha puc. 1.2 nHaBeaeHuil npukiaj po3MIIIEHHS MOXKEKHUX CIOBIIIYBayiB y BIJICIKY,
YTBOPEHOMY OajIKaMHu.

Takoxx 3a HasgBHOCTI B MPUMINIEHH] BEJIMKOrabapUTHOTO YCTAaTKyBaHHS
(cTenmaxi, mrabeni ¥ T.A.), BIICTaHb BIJ] BEPXHBOT'O Kparo SKUX JI0 CTEJIl MEHII 3a
0.3 M, IIC HeoOXimHO po3MiIlIATH B KOXKHOMY BIACIKY, YTBOPEHOMY TaKUM
YCTaTKyBaHHSIM.

3a HasBHOCTI B MIPUMIIIEHH] 0aJKOHIB, OIISIAOBUX ILIOMIAI0K, BEHTHIISAIIMHIX
KOpOOiB 1 T.1I., Ta0apuTH SKUX MOMAAAI0Th Y Jl1ala30Hu, 1110 3a3Ha4yeHi B Tabuwmill 7.5
[50], mig nuMu KOHCTPYKIISIMU Tpeba nepeadadatu noaaTkoe BctaHoBiIeHHs [1C.

[Tig yac Bubopy micis po3MmimieHHs [IC MOxXyTh OyTH «MEPTB1 30HU», Y SIKUX
iX YCTaHOBIIOBaTHM HE MOXHA — CBITWJIbHHKH, BEHTWIALIAHI OTBOPU B MIJABICHIM

CTeJl, KOJIOHHM | T. iH. (puc. 1.3).



38

Pucynok 1.2 — Ilpuxnaa po3MiIieHHs MOXKEKHUX CIIOBINYBadiB y BIACIKY,

yTBOpPEHOMY OasikaMu

Pucynok 1.3 — Ilpuxnaam po3MillieHHs MOKEKHUX CIIOBIITYBaviB 3a HASBHOCTI1

Ha CTeJl CBITUJILHUKIB

[IpoekTyBaHHS CHCTEM IIOXKEKHOI CHUTHami3allli He 3aKIHYye€ThCS €eTaroM
posmimenHs [IC. Ilicns posmimenas IIC ix moenHyrooTh y nuieddu IpOTSHUMU
JTHIIMUA ¥ TIAKII0YA0Th 10 TPUHAMaIbHO-KOHTPOJIBHOTO MpUiIady, IO BUKOHYE
(GyYHKIT «TOJOBHOTO MO3KYy», TMpuiiMarouu i oOpoOistoun iH(dOpMaLio Bil
nepudepiftHUX TPUCTPOIB, KOHTPOJIOIOUM MPaIe3aTHICTh CHUCTEMH, Iepelarodun
iH(pOopMaIliio Ha MYJIBT IEHTPATI30BAaHOTO CIIOCTEPEKEHHS Ta 1HII PYHKIIII.

3agavya GopMyBaHHs NUICH(DIB CUCTEMHU IMOXKEKHOI CHTHaJi3alil Moxe OyTH
chopMynbOBaHa 3a JIOTIOMOTOI0 BBEJACHHS pSAAy MAOJATKOBHX OOMEXEHb Y

PO3MIISIHYTIN 3a7adi MOKPUTTS, a came: MOKPUBHI KoJia MalTh OyTH pO3TaIllOBaHI
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TaKMM YUHOM, 100 Tpaca, ska 3'€AHYy€ iXHI LIEHTPU, NOBMHHA MaTH MIHIMAJIbHY
JOBXHHY, IPU LIbOMY BUKOHYETHCS Psii HOPMATUBHUX 1 TEXHOJIOTTYHUX OOMEXKEHbD.

Jlo HOpMaTUBHHUX OOMEXEHb, Kl BapTO BPAaXOBYBATH MiJl yac (OpMYBaHHS
nuierdis, craButbes Bumora [S50] mpo Te, 110 3a HecrpaBHOCTEH (0OOpUBH, KOPOTKI
3aMKaHHs) y uuieidi, 3 naxy noBMHHO Buxoautu He Outbimie 32 TIC. ns
0e3aJpecHUX CHCTEM IOKEKHO1 CHUTHANI3allll 3 €IMHOI0 MOXIMBOIO TOIOJOTIEIO
nuieidiB y BUMISLAlI NMpOMEHIB (IIPOMEHEBa, pajiajibHa) II€ O3Haydae€, 10 B OJUH
nuieid moxxkna Bkmovaru He Oubiie 32 IIC. [Ins aapecuux CIIC, kpiMm paaiaiibHOT
TOMOJIOT1i, MOXJIMBA I1I€ ¥ KiIbleBa. TOMYy KOMMaH1i-BUPOOHUKHU yCTATKyBaHHS IS
30uTbIIeHHs KUTbKOCTl TIC, 1m0 00CcayroByOThCS OAHUM MPUUMATbHO-KOHTPOJIBHUM
NpUIaZoM, BHIIYCKAIOTh TaK 3BaHi PO3MHUKAYi. IX YCTaHOBJIIOIOTH HAa I10YATKY
nuierida, HanpukiHii ¥ uepe3 32 IIC. 3 mosiBoo Hemonajok y uwiekdi mapa
po3MHKayiB OJIOKYe GpparMeHT nuieiida 3 MiciieM 00puBy a00 KOPOTKOT'O 3aMHKaHHS,
MICJIS YOTO 5 1HIIA YaCTHMHA CUCTEMH (PYHKIIOHY€E O€3 3MiH.

VY BUNagKy 3 KUIbLEBOIO TOMOJIOTIE€I0 HIIeH(IB Ha Meplie Miclle BUXOASITh
OOMEKEHHs TeXHIYHOro xapakrepy. KoxkHuil mnpuilManbHO-KOHTPOJbHUNA MpuUiIaa
XapaKTepU3y€eThCS OMOPOM 1 CTPYMOCHOXHUBaHHSAM y nuied¢pi. CymapHe 3HaYEHHS
OTOpY CKJIaJIae€Thes 3 omnopis, minkmouenux y uueid I1C, i onopy 3’ e€aHyBaIbHUX
JIPOTIB.

[Ipu 06'ennanni B ogun meid [1C, mo po3ramoBaHi B pi3HUX MPUMIMICHHIX
(32 HasgBHOCTI TEXHIYHOI MOXJIMBOCTi), BapTO BpPAaXOBYBAaTU OOMEXKEHHS
HOpMaTUBHOrO xapaktepy 3 [50], a came:

a)  IUJIOMIA, IO 3aXUIIAETHCSA OJHUM IUIeH(OM y Mexax OJHOrO MOBEPXY,
He MOBHHHA repeBHIyBaT 1600 M°;

0) oanum uwieddoM MokHaA 3axumiaTH Oulblie 5 NpuUMilleHb ado y
Bumnajaky BukopuctanHs agpecHux CIIC, abo 3a HasBHOCTI HaJ BXOJIOM Y KOXKHE
MPUMIIICHHS 30BHIIIHBOTO CBITIIOBOTO MPHUCTPOIO (BKIIOYEHOTO B TOW ke HUIeH),
AKUH croBilae mpo crnpanboByBanHs [IC came B IbOMY NPUMILLEHHI;

B)  OOHUM MUIeipoM MOXKHA 3aXUINATH TPUMILIEHHS B MEXaX pI3HUX

HOBeriB 3d YMOBH:
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1) 3araipHa IO HOBEPXyY He Oimbire 300 M7
2) 3aXUCTy CXOJIOBUX KIITOK, JI(PTOBUX IMaxT, KaOEIbHUX TYHENIIB,
PO3TaIllOBaHMX HA PI3HUX MOBEpPXax, ajie B MeXax OJHOr0 MPOTUIOKEKHOTO BIJCIKY.

AHanoriyHuM 00pa3oM (PyHKIIOHYIOTh CUCTEMHU KOHTPOJO 32 BUTOKOM Ta3iB
13 BUKOPHCTaHHSM Tra30aHali3aToOpiB AK YYTIUBUX eineMeHTiB. [Ipuyomy
HOPMATUBHUX OOMEXKEHb Ha pO3MIIEHHA UUX MNpwiaaiB He icHye. HeoOxigHo
OpIEHTYBATHUCS TUIBKUA HA OOMEXKEHHS TEXHIYHOTO M TEXHOJIOTTUHOTO XapaKTepy.

2. 3ajmaya  pO3MIIIEHHS BUIYCKHUX HACAAKIB MpPU  TMPOEKTYBaHHI
aBTOMAaTUYHUX CHCTEM BOJASHOTO ¥ miHHOro mnoxexoraciaas (ACBIIT).
[IpoextyBannss ACBIIT Bumarae po3poOKd cHemiaIbHUX CXeM pPO3MILEHHS
BUITYCKHHMX HACAJIKIB.

Opnum 13 kputepiiB ontumizauii mix yac npoektyBanHs ACBIIT e minimizaris
KUTBKOCT1 HACaJIKiB 13 METOIO 3MEHIIEHHS CKIIaJHOCTI cucTeMu 1 ii BaprocTi. Ilpu
bOMY KO>KHa TOYKA MPUMIIIECHHS, [0 3aXUILA€ETHCS, TOBUHHA TIepeOyBaTH B 30H1 Jii
Xxoya 0 OJHOro Hacajaka, a OTPUMaHi B PE3yJbTaTl CXeMH MalOTh BIAMOBIIATH PIAY
CHelialbHUX BUMOT, COPMYITLOBAaHUX Y HOPMATUBHIH JIiTEpaTypi.

VY KOXHOTO HacaJka ICHYE 30HAa 3pOIICHHS, ska OOyMOBJIE€Ha TEXHIYHHUMU
XapaKTepUCTUKaMHU, 1 ABJsiE cOOO0K KOJIO 3ajaHoro paziyca. ToOTo, 300pa3uBIIN
MPUMIIICHHS, 110 3aXUIIAE€ThCS, Yy BUIJISAAl AOBUIBHOI 00JIacTi MOKPUTTSA, & 30HU
3pOILIEHHS y BUTJISAI MOKPUBHUX KT, JaHY 3a/1a4y MOXKHA TaK0XX C(OPMYITIOBATH SIK
3a/layy MOKPUTTS 3 IOAATKOBUMHU OOMEKEHHIMH.

Jlo yucna mogaTKOBUX OOMEXKEHBb MiJ 4Yac PO3B’s3aHHS 3ajadi PO3MILICHHS
BUITYCKHUX HACaJIKiB (3pOIITyBayiB) CHUCTEM BOJSHOTO M MIHHOTO MOXKEKOTAaCIHHS
MO>KHA BITHECTU MAKCUMAaJbHI BIACTaH1 MK CYCITHIMU 3pOIlyBayaMu i BiJ] KpaiHiX
3pOIIyBaviB A0 CTIHM, MIHIMaJIbHI BiJICTaH1 10 CTIHU [56] 1 MiHIMaIbHI BIICTaH1 MiXk
3pollyBayaMu Ta Bia 3pollyBada 10 CTiHHM, Kl OOYMOBJIEHI MOro raGapuTHUMHU
po3Mipamu.

KpiM MiHIMI3a1li KUTBKOCTI 3pOITyBayiB JUIsl 3aXUCTY MPUMIIICHHS, HEOOXITHO
MIHIMI3yBaTH ¥ TOBXKUHY TPYOONPOBOIIB, 3 AKUX (GOPMYETHCS PO3MOJIITIEHA MEPEKa

JUISI TI0JJa4l BOTHETaCHO1 PEYOBHHM JI0 3pOIIIYyBayiB.
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Yepe3 CKIAQHICTh MPOKIAIKK TPYOONPOBOAIB, IO IOJAIOTh BOTHETACHY
PEUYOBHUHY JI0 MICIS MOKEXKI1 MiJl YaC MOHTaXy CHUCTEMH, JaHa 3ajlaya MOXe OyTH
pO3B’si3aHa TUIBKH 5K 33/1a4a PETYJISIPHOTO MOKPUTTS.

3. 3amaya pPO3MIIIEHHS TE€HEpPaTOpIB BOTHEraCHOTO Aaepo30Jil0 Mif Yac
MPOEKTYBAHHS aBTOMAaTUYHUX CHUCTEM a€pO30JIbHOTO MOXKEKOraciHHSA. ABTOMATHUYHI
CUCTEMH aepO30JIbHOIO MOKEXKOTaciHHS JIIKBIYIOTh MOXKEXKY 32 pPaxXyHOK IMojadi B
MPUMIIICHHS, [0 3aXUIIAETHCS, MPOJIYKTIB 3TOPSIHHS a€pO30JIETBOPHOT CIIOIYKH, IO
YTBOPIOE B TeHepaTopax, sKi crpaimoBaiu. [IpoekTyBaHHS aepo30JbHUX CHUCTEM
MOXKEKOTACIHHS ~ BUMarae po3poOKM CXeM PpO3MIIIEHHS TeHEepaTtopiB s
3a0€3MeUeHHs] KOHIICHTpAIlli, JOCTaTHbOI JJig 3a0e3MeyueHHs TaciHHSA moxkexi. Jlis
[HOT0 KOYKHA TOYKA MPUMIIIEHHS, 0 3aXUINAETHCS, TOBUHHA MOTPAIUISTH B 30HY A1i
xoya 06 0JJHOro reHepaTopa.

[lin yac po3MillleHHS TeHepaTopiB BapTO BpPAaxOBYBATH Takl JOJATKOBI
OOMEKEHHS:

— MaKCUMaJIbHO MPUITYCTUMI BIJCTaHI MDK LEHTPAMU «CYCITHIX» KII
(BU3HAYaAIOTHCS TEXHIYHUMU XapaKTEepPUCTUKAMU F€HEPaTopiB);

— MIHIMaJIbHO MPUIYCTUM1 BIACTAaHI MDK LEHTPAMU «CYCIIHIX» KiI
(BU3HA4YaIOTHhCS rabapUTHUMH pO3MipaMU FeHEepaTopiB);

— MIHIMaJIbHO TMPUITYCTUMI BIJICTAaHI MDK UIEHTPAMH «KpaWHIX» KUl 1
Mexero 00J1acTi (BU3HAUYal0ThCsl TA0APUTHUMU PO3MIPAMH F'€HEPaTOPaAMH).

[Inoma MOKPUTTS MOXKE MaTH «MEPTBI 30HU», Y SKUX HE MOXHA
BCTAHOBIIOBATH TeHepaTopu. BigmosimHo 10 [40] 3a00poHEHO BCTAHOBIIOBATH
reHepaTopu NoOJM3y TOPrOYMX KOHCTPYKINN. MiHiMallbHA BiJCTaHb BU3HAYAETHCS
po3MipamMu BUCOKOTEMIIEpATypHUX 30H, 3a3HAYEHUMHU B MacopTax Ha reHepaTtopu (y
peanbHUX 3a/1adax y Mmexax 1 m).

JUist 3MEHIIeHHST BapTOCTI cuUcTeMU J0 GYHKIIT LIl 3a7adl  JAOUUIBHO
BKJIIOYUTH ¥ MIHIMI3AIIIO JOBXWHM TIPOBOJMIB, SIKUMH 3JIHCHIOETHCS 3aITyCK
reHepaTopiB BiJ NPUMMaIbHO-KOHTPOJIBHOTO MPUIIATy MOKEKHOI CUTHATI3AL].

4. 3agaya PO3MIIIEHHS MOJYJIIB CHUCTEM IOPOIIKOBOTO TMOXKEKOTACIHHS.

Moayni MOpOIIKOBOTO MOKEXKOTACIHHS J1I0Th 32 PaXyHOK MOJayl B MPUMILICHHS
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BOTHETAaCHOT'O TOPOIIKY, SIKUH 3ropsiloud, YTBOPUTH CEPEOBUIIE, HEMPUIATHE IS
ropiHusa. s Toro mo0 3abe3neyuTd TrapaHTOBAHMM 3aXUCT MPUMILICHHS,
HE0OX11HO, 1100 KOXKHA Horo Touka nepedyBaja B 30Hi /il Xxo4a 6 OJTHOT'O MOJTYJIS.

[Tigxin 10 po3B’si3aHHA 3a/adi, aHAJOTIYHUHN 3a/layl pO3MIIIEHHS TeHEepaTopiB
BOTHETaCHOTO  aepo30it0. BiAMIHHICTE CKIIAAa€ThCsl JIMIIE B JOJATKOBOMY
0oOMe)XeHH1 Ha PO3MIIICHHS MOYJIB, BIAMOBIAHO O SIKOTO HE JOMYCKAETHCS IXHE
BCTAHOBJICHHS Ha BIACTaHI MeHII 1 M Bi BIKOHHMX 1 JABEpPHHUX MpOPi3iB,
BEHTWIAL[IHHUX OTBOPIB.

Ha mixncraBi mnepepaxoBaHoro BHIllE MOXHa chopMynoBaTH 0a3oBy
ontuMizaniiny 3agauy (BOCP).

Hexait Q _ Oarato3’si3Ha 00jacTh, sika OOMEXKEHa BIAPI3KAMU MPAMHX 1
IyraMu OKpY>KHOCTeH (y 3arajJbHOMY BUIAJKY INIaJKUX KPUBUX), T, i =1,...,n — KOJIa

3ajaHux paaiyciB. HeoOximHo mokputu obnacte Q komamu 7,, i=1,...,n Tak, 100

KUIbKICTh OO0'€KTiB, 110 TNOKpHUBaIOTh, Oyna MiHiManbHa. [Ipy 1bOMY NOBHMHEH
BUKOHYBATHUCS PAJl CTICLIaIbHUX 0OMEKEHb, a IOBXKUHA JIaMaHo1, sKa 3'€THy€E [IEHTPU

KU1, Mae OyTH MiHIMaJIbHOIO.

1.2  Amnaji3 jgiTepaTypHHX JaHHMX I IOCTAHOBKA 3a7a4i

Knac 3amau mpoekTyBaHHs, MOB'SI3aHUN 3 BIJOOpaKEHHSIM T'€OMETPUYHOT
iHpopMallii, oTpuMaB Ha3By 3a7ad T'E€OMETPUYHOro mMpoekTyBaHHA [57]. 3amaui
MOKPUTTSI HaANEXaTh J0 3aJa4 T€OMETPUYHOTO MPOCKTYBaHHS W JOCUTH ILIMPOKO
JTOCJIIJIPKEH] B JIITEpATYPi.

Y pamkax Teopii T€OMETPUYHOrO MPOEKTYBaHHS 3aJadl  IOKPHUTTS
nocKyThCsl B poboTtax Crosna FO.T'. 1 ¥oro yuniB [57, 84, 69, 85, 79, 37, 46, 30,
53, 27, 28, 30].

Y wmonorpadii [57] HaBegeHa 3aranbHa XapakTepucTuka U (opmanbHa
MOCTAHOBKA 3aJad MOKPUTTA. ABTOpaMu NpuIlieHa yBara Qopmanizaiii yMoB

PO3MIIIEHHS! ¥ TOKPUTTS 3 BHUKOPUCTAHHAM amnapary phi-GpyHkuii, o-QyHKIin i
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CTPYKTYp JIHIHHUX HepiBHOCTeH. TakoX pO3IJIIHYyTE 3aCTOCYBAaHHS METONY
MOCJIIIOBHOTO ~ aHalli3y  BaplaHTiB 7O  PO3B’SI3aHHS  3a/Jady  TOKPUTTS.
BukopucroByBanuii y po0oTi anapat phi-¢yHkuiii ynepie BBenenuid y [67]. Takox
3 IILOT'O TUTAHHS CJI1J 3a3HaUUTH myOsikarii [214, 215.].

Phi-¢yHKIii cTanu npogoBXKEHHIM JOCTIIKEeHbB, K1 MPOBOIUIUCA B [HCTUTYT1
npobsem mamuHOOynyBanHs M. A.M. Ilinropporo HAH Vkpaiam B o6macTi
dbopmanizaiii 3a1a4 reOMETPUYHOTO MPOECKTYBaHHS ¥ BUOOpPY €(EeKTUBHUX METO1B
ixHporo po3B’s3aHHsA. l[louaTok 3a3HaueHMM poOoTaMm Mmokiaia Teopis R-pyHkiiii
[41-43]. Lleit amapaT JO03BOJIMB aHAJNITUYHO OMNMCYBaTH CKJAJHI T€OMETPUYHI
00'ekTH, Oy yBaTH 1 AOCTIIKYBATH YMOBH iXHIX B3a€MOBITHOIIICHb.

Hocnimxkennss R-QpyHKUid 1noKa3ajlo MNPUHLMIIOBY MOXJIUBICTh iXHBOTO
3aCTOCYBaHHS JJI1 MaTEMAaTUYHOI MOCTAHOBKH 33J]]a4 F€OMETPUYHOTO MPOEKTYBAHHS,
OJIHaK Oe3rmocepe/lHe BUKOPUCTAHHS 1i€1 Teopii A 3a7a4 pO3MILIEHHS U MOKPUTTS
MO>KJIMBO JIMILIE B MOPIBHSHO MPOCTUX BUMNAAKaxX. TOMY MOAAIbIII JOCIIIXKEHHS B
OMY HaIpsIMy IPUBEJH JI0 CTBOPEHHS anapaty phi-QyHKIIii.

HesBakatroumn Ha Te, 110 3a7a4l MOKPUTTS ¥ PO3MIIICHHSI aHAJIOTIYHI 32 CBOEIO
MOCTAaHOBKOIO (y TOMY pO3YMiHHI, IO B HHUX HEOOXIHO 3HANTH MapameTpu
po3MilIeHHsT 00'€KTIB 1I0JI0 00JACTI 3a NEAKUX JOJATKOBUX OOMEXeHB), po3poOilli
MaTeMaTUYHUX MOJIENe 1 METOJIB PO3B’sA3aHHS 3aJlay PO3MIIIEHHS MNPUILISIIOCS
3HaYHO OUIbIIE yBaru, HDK 3ajadyaM NOKpUTTA. Lle mosicHIoeThCsA, y TOMY 4YHCIHI,
OUTBIIIO CKJIAAHICTIO Tpoliecy dopmanizaiii KpUTepiiB MOBHOTH W HAIMIPHOCTI
MOKPUTTS, HK KPUTEPIiB TOMYCTUMOCTI B 337a4aX PO3MIIICHHS.

Jlo onuiel 3 HaMOUIBII paHHIX POOIT 3 AOCTIKEHHA MNPOOJIEMH MOKPHUTTS
MOXHa BiIHECTH poOoTy [154] mpo po3Mmip pajiyca Koja, IO MOKPUBAE OYIb-IKY
TOYKOBY MHOXHUHY 3aJaHOro AlameTpa. Jlo paHHIX poOIT TaKOX HAJIEXHUTh CTATTS
[159] npo rekcaroHanbHe penriTyacTe MOKPUTTS KOJaMHU.

Hanpsim nociimkens, 1o po3riisIaeThes, OYaB aKTUBHO pO3BUBATHCS B 50-1,
60-1 pokn XX CT. y TphOX HaYKOBHUX IIIKOJaX: YTOPChKOi, sIKy o4oiitoBaB JI. deiiemn
Tor (Fejes Toth L.), MmockoBchkoi, Ha 4womi 3 b.H. [lemone, 1 anrmiiicekoi K.A.

Pomxepca (Rogers C.A.).
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HaiiGinpmr  3HayHOlO  pOOOTOIO, IO MPUCBAYEHA BUBYEHHIO Teopii
po3TaliyBaHb, YaCTHHOIO SKHUX € 3ajadl MOKpUTTA, € MoHorpadis [75]. Y Hei
PO3MIISAAIOTHCS 3a/1a4l MOOYMOBH HAWPIAIMIUX TMOKPUTTIB B €BKJIJOBIM IJIOIIMHI;
HABEJICHE TMOHATTS UIUIBHOCTI CHUCTEMH MOKPUBHUX (Iryp; OTpUMaHi OILIIHKU
MOKPUTTS IUIOIIMHU W OMykyioi obsacTi piBHUMU KojamMu. OJHMM 3 BaXKJIMBHX
pe3yNbTaTiB 1€l poOOTH € TOM (haKT, M0 UIUIBHICTh MOKPUTTA IJIOMIMHUA PIBHUMH
LHEHTPATbHO-CUMETPUYHUMH ONYKIUMHU (Pirypamu He Moke OyTH MEHIIEe HIUIHbHOCTI
HANPIAIIOro PeliT4acTOro NOKPUTTS.

VY Gararbox poboTax BeliMKa yBara npuauUIs€ThCs 3a/1auaM MOKPUTTS IUIOIUHH
onykiumu MHOkuHaMu. Fejes Toth L. [128] ymanocs goectu, 1m0 A1l MILUTBHOCTI
nokputts  y(K) tomuHM ~ MHOXMHaAMM K~ BHUKOHYETBCS  HEPIBHICTh
2(K)=> u(K)/h(K), ne pu(K) — mnoma muoxkuan K , A(K) — mwioma Ha#Giabmoro
IIECTUKYTHHKA, SKUW Briucanuii B K . 3rigHo 3 [126], miIbHICTh MOKPUTTS TUIOIIUHU
TPaAHCIIALISIMU KOHTPYEHTHUX OMYKJIUX MHOXKUH K , 110 HE MEePEeTUHAIOTHCS, MEHIIIE,
uik u(K)/h(K).

OcoOnuBa yBara Ha TOW 4Yac MpUILISAIAch pemriTdyactuM nokputtaMm. Cepen
poOIT 1bOro mepioay ciia 3azHauuTH [125], ne aBTOp 30CepeKye yBary Ha JIBO- 1
TPUBUMIPHUX 3ajayax, SK 0Oa3uc g PEIITKH BHUKOPUCTOBYIOUM TPABUIIbHI
IIECTUKYTHUKU W TPUKYTHUKH, & TOKPUBHI 00'€KTH, Kyl (MpUYOMy HE 0OOB'SI3KOBO
PIBHOTO pajiyca), eilcu, MpaBWibHI TPUKYTHUKHA. Y poOoTi [94] aBTOp MOBIB, 110 Y
JBOBUMIPHOMY MPOCTOP1 €IUMHUA MIHIMYM TMiJ 4ac MOKPUTTS IJIOLIMHU KOJaMU Ja€e
pelrTyacTe MOKPUTTS Ha MPAaBWIBHUX TPUKYTHHUKAX, JJIE TPUBUMIPHOTO BHUIMAAKY
MU TOKPUTTI KYJISIMU ONTUMAIbHUI PO3B’SA30K JAaOTh TaKoX peuritku. Kpim Toro,
CJIIJT 3a3HAYUTH POOOTH TOTO MEPIOAY, Y SIKUX TOCHIIKYETHCS PELIITYACTE MOKPUTTS
npoctopy konamu [136, 124, 205].

Fary BuBYaB pemrityacti MOKPUTTS IUIOLIMHU OMYKIMMH (HE OOOB'S3KOBO
CUMETpUYHUMH) MHOxkMHamMu K [122]. 3 #oro pe3ynbTaTiB BUIUIMBAE, IO IS

KOXHOI TaKol MHOXKHHH LIUIBHICTE pemriTdactoro mokputts y 7 (K) 2= u(K)/hy(K),

ne hy(K) nopiBHIOE HAHOLIBIIIN IO LIEHTPAIbHO-CUMETPUYHOIO HIECTUKYTHHKA,
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mo Mictuthess B K. BiH A0BIB TakoX, IO IS IUIOCKMX ONYKIUX MHOXUH K
BUKOHY€TbCA HeEpiBHICTh y;(K)<1,5, mpuuyoMy pIBHICTb JOCATA€THCA TUIBKU B
TOMY BUNaAKy, Konu K — TpukyTHUK. Y [128] nokazano, mo y; (K)= y(K). Toni
U1 CUMETpUYHOI MHOXHMHU K , uepe3 Te, mo A(K)=h (K), Mae Micle pIBHICTb
20 (K)=x(K)=pu(K)/h (K). Y [233, 93] HaBeneHi wie Aeski LikaBi pe3yIbTaTH B
HbOMY HampsMKy. JlOCHIIKEHHsT pelIT4acTUX TMOKPUTTIB KOJIaMH HaOyio
MOJAJIBIIIOTO PO3BUTKY Y POOOTI. [123]

barato poOiT mNpHUCBAYEHO JOCIIDKEHHIO W BHUPINIEHHIO MNpoOiIeMu
3HAaXOPKEHHS HAMPiAIIMX NOKPUTTIB PIBHUMHM KyJIsIMU IIpocTopiB R” mpu n Gimbuie
Tphox [129, 42, 92, 134, 127, 206, 121, 19, 49, 48, 114].

3ajaya MOKPUTTS OMYKJIOTO Ti1a TOMOTETUYHUMHU HOMY TUIaMU PO3TISHYTO B
[76, 16, 8, 83].

3 OUIbLI Mi3HIX POOIT 3 TOCIIIKYBaHOI MpoOIeMu MOXHa Ha3BaTH [32]. ABTOp
po3risiae 001acTh MOKPUTTS Oarato3p’si3Hy 0araToKyTHY 00JacTh, a SIK MOKPUBHI
00'€KTU — MPSAMOKYTHUKH 13 3a7aHOi MHOXHHH. [Ipu 1pbomy B poOOTI BBOASTHCA
J0JIaTKOB1 OOMEKeHHs (Meka o0iacTi JBIYl HE TMEPEKPUBAETHCS, 32 BUHSATKOM
OKpPEeMHX TOYOK, y SIKMX JIONYCKa€eThCA Oararopa3zoBe MEPEKPUTTS, 1 pO3Mipu
MPSIMOKYTHHKIB JIEXKATh y 3a/IaHUX MEXKax).

Pob6ora [55] mpucBsueHa po3B’si3aHHIO 3a/Jadl MPO MOKPUTTA M OCBITJICHHS
HEOOMEKEHOI'0 OITYKJIOrO Tila PO3MIPHOCTI # MEHIIMMH TOMOTETHUYHUMH TLIaMHU.
[IponoBxkeHHSIM pOOOTH KUITMHIBCHKOT IIKOJIM cTasia MOHOTrpadis [9], y sKiil aBTopH
NpUBOJATH (HOPMYJIIOBAHHS 3a7adl MOKPUTTS B 3arajllbHOMY BHIJISL, HE poOISYU
NPUB'I3KK 10 KOHKPETHO1 00JacTi 3HaHb: Ui 3aJaHOi MHOXKMHM M pgiame Ttpa d

3HalTU HAalIMEHIE HaTypajbHE m, IS SKOro icHyroTh migmMHoxuuu K, K,,..,K

KO)KHA 3 SIKUX Mae€ JiaMeTp, MeHIui d, i siKi yTBOPSITHh MOKPUTTS MHOXXHHHA M .
[IpoGnema BU3HAYEHHS TApHUX MOKPUTTIB JTOBLIBLHOI 00JIacTi 3a JOIMOMOTOIO

KUT HEJOCTaTHbO BHMBYEHA B JIITepaTypl MOPIBHAHO 13 MpoOJIeMaMH TOKPUTTSA

TUIOLIMHU. AJITOPUTMH JUIsl 3HAXOJKEHHS ONTHMAJbHUX OJHOPA30BUX IMOKPHUTTIB

KOJIJaMH OOMEKEHOT YaCTHHU IUIOMIMHU OyAyBaJIMCS PI3HUMHU aBTOpamMu. Y poOoTax



46

[39, 10, 222, 145, 180, 181, 193] BusiBieHi ekcTpeMaibHi abo mepeadadyBaHi
po3TanryBaHHs N Ku, 10 3a0€3MeUyI0Th OJJHOPA30BE MOKPUTTS JJIsl OKpeMUx Piryp
(xBagpata, TPUKYTHUKA, KOJIA).

3HauHy KUIBKICTh pE3YdbTaTiB, IMOB’SA3aHUX 3 MOKPUTTSIMU T'€OMETPUYHUX
¢biryp KojlaMHd MOXHAa BIIHECTH 0 MpoOJieMU MOKPUTTA Kojia koynamu [211, 183,
207].

Haiinepmii oGuuciioBaibHl pe3ynbTaTH Jii KPYTOBHX IMOKPUTTIB oOJacTeit
Oynu otpumani Neville B [191], ne Oyno moOynoBaHe MOKPUTTS Kojia M'SThMa
PIBHUMHU KOJaMU M CTBEpKYBajaocs, 110 BOHO onTuMaibHe. OnHAK 1€l I0Ka3 He
30epircs i OyB oTpumManuii B [101], ne Takox BU3HAUeHE HaMpiJlIe MOKPUTTS KOJa
1ricThbMa PIBHUMH KOJIaMH. 3ajada MOKPUTTS KOJIAaMH 3a/1aHOro Koja B poOoTi [240]
PO3B’SI3YEThCS  ITEpAIlIiHOI PO30MBKOIO TMOKPUBHOTO KOJia HA 4YacTUHH U
(biKCyBaHHSIM paJilyCiB MOKPUBHUX KiJI.

VY [39] 3anporoHOBaHO BHKOPUCTOBYBaTH o0jacTi Boponoro i HaBeaeHO
MO>KJIMB1 ONTUMAaJIbHI MOKPUTTS OAMHUYHOrO kBajgpara N komamu manga N <10, a B
[10] — nansa N <15.

VY [79] Bu3HaUeHO Halpialle TOKPUTTS KoJia PIBHUMHU Koiamu st n=3, 4 17
KU

VY 1995 poui Tarnai i Gaspar onyOJiKyBaau epIni 00YUCTIOBaIbHI PE3yIbTaTH
3 MOKPUTTIB KBajapara He Outbml HDK 10 xomamu [222]. JlokanbHO ONTHMAalIbHE
MOKPUTTA OYyJIO 3HAWIEHO NMUIAXOM IMITAIlli CUCTEMHU, IO CKIATAETCS 3 YCaIO0YHUX,
HATSKHUX CTPUKHIB 1 IITUPOBUX 3'€ THAHB.

Lengyel 1 Veres [168] nomupunu pesyinbratu pobotu [222] 1 mobynyBaiu
MOKPUTTS KBajpaTa 3a AOIMOMOTroo 23 K.

[Hmi pe3ynbTaTd BKJIIOYAIOTh MOKPHUTTS MNPSIMOKYTHHKAa HE OUIbII HIDK 7
konamu [145] Tta [181], MOKpUTTA PIBHOCTOPOHHBOTO TPUKYTHHKA (3 JOKa3zaMu
ONTUMAJIBHOCTI B HaiiMeHIomy Bumaaky) [180] Ta [195]. Orasn moao KpyroBux
MMOKPUTTIB MOKHA 3HAUTH B po3aiii 3 [183].

Nurmela 1 Ostergard [194] 3ampomoHyBanu ajropuT™M MOIIYKY TapHHUX

HOKpI/ITTiB KBaJpaTra KOJIaMHU Ha OCHOBI METOAY YUCIIOBOTO BU3HAYCHHSA CTPYKTYpPHU
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MOKPUTTS. BUKOPUCTOBYIOUH 111 QITOPUTMH, BOHM MOJIMIIMIN MONEPEIH] MOKPUTTS
kBajapata 3 12-21 xomamu [168] 1 HaBean HOBI MOKPUTTS 3 24-30 komamu. Nurmela i
Ostergard Takox ofepskajid MOKPUTTS TPUKYTHHKA 3 HE OUTbII HIXK 36 koamu [195].

Y [151] nnsg  po3p’si3aHHA  3a7adi  MPOMOHYEThCS  BUKOPUCTOBYBATH
KBa311u(pepeHIHOBHICTh LUTbOBOT () YHKIIII.

Jlist po3B’si3aHHS 3ajayl OJHOKPAOBOrO MOKPUTTA N KojJaMu OOMEXKEHOT
YaCTHHM TUIOIIMHU 3alpOINOHOBaHI Pi3HI €BPUCTUYHI AJTOPUTMHU N aIrOPUTMH 3
BUKOpHUCTaHHSM oOnacteil BopoHoro npu pizHUX MeTpukax (AuB., Hanpukiag, [119]
1 O16miorpacdiro B Hii). Bukopucranns OaratopazoBux obOnacteid Boponoro #
3raa/KyBaHHs IUThOBOT (yHKINIT 3amponoHoBane B [11]. ¥V [193] makcumizyeTbes
IUIOLIA YAaCTUHU 00J1acTi, 10 MOKpUBaeThcst N kojlaMu (ikcoBaHOro paaiyca. Tam
K€ HaBelleH1 mependadyBaHl ONTUMAJIbHI TMOKPUTTSA KBajapaTa W TpUKyTHUKA N
KoJlaMu HaiimeHnmoro pazaiyca mist N <30 i N <36 BinmoimHo. Bci 3a3HaueHi
BUIIE AJITOPUTMHU JO3BOJIIOTh 3HAXOJUTU MOKPUTTS, Y SAKUX pajJilyC MOKPUBHUX K1,
MO>KJIMBO, JI0CATAE JIOKATLHOTO MIHIMYMY.

PosrnsitHemo OCHOBH1 BioMi B JiiTepaTypl METOAM ¥ aIroOpuTMH, Kl
BUKOPHUCTOBYIOThCS Il (popmaitizaiiii oOMexeHb, MOCTAaHOBKHM 3ajlad 1 IXHBOTO
PO3B’sI3aHHS.

OpauH 3 MiaXoaiB 10 MOOYI0BU KPYTOBUX MOKPUTTIB — PO3MIILLIEHHS TaTYUKIB Y
neTepMiHOBaHMX By3nax. [lpu npoMy OyayeTbes 0a30BHil M1a0JI0H PO3IMILIEHHS, IO
BKJIIOYA€ KUTbKa BY3JIIB, 1 MOXKE 3aMOCTHUTH ILIOLIMHY. Taka peryiasipHa po30uBKa Ha
0araTOKyTHUKHU 11I€ HA3UBAETHCS Tecceldliero. Ko madioH MOBHICTIO MOKPUTUN
30HaMHU JaTYMKIB, PO3TAIIOBAHUX Yy HOro BEpIIMHAX, TO BCS IUJIOUIMHA MOXE OyTU
MOBHICTIO TIOKPUTA TECCENAIEI0 TakuxX OaraToKyTHUKIB. Hampukian, Ha puc. 8
MOKa3aH1 TPU KAHOHIYHUX TeCCeNslli MPaBUIbHUMU TPUKYTHUKAMH, MPABUILHUMHU

KBaapaTaMi, 1 MMpaBUJIBHUMHU HNICCTUKYTHUKAMMU.
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a) 6)
Pucynok 1.4 — Teccensiis Ha OCHOBI: a) — IPaBWJIBHUX TPUKYTHUKIB; 0) —

IMpaBUIIBHUX KBaIIpaTiB; B) — IIPaBUJIbBHUX H_ICCTI/IKYTHI/IKiB

Hoseneno [159], mo mnpaBuwibHA TPUKYTHA TECCEINALIS € ONTHUMAaJIbHOIO 3
MOTJISIy MIHIMaJIbHOT KITBKOCTI BY3J11B, HEOOX1THUX JIJIsl IOBHOT'O OKPUTTS KOJIAMU
obnacti. Ilpumyctumo, 10 TPUKYTHA TecCENslisl BUKOPUCTOBYETHCA B JyKe
BEJIMKOMY moJi. Toxal CHIBBIHOIIEHHS MDK 3arajibHOIO IIIONICI0 BCIX JHUCKIB 1

IUIOIICIO BCHOT'O IIOJIA IIPAMYE€ OO T'PAHUYHOTO 3HAYCHHSA JIA KPYIrOBOT'O IIOKPUTTA

) 2\/§7r
TUIONTUHHU, 1110 JOPIBHIOE )

Hesixi aBropu (Kar and Banerjee 2003; Lyengar et al. 2005; Wang et al.
2005 c; Bai et al. 2006; Han et al. 2008) mocnimxyOTh BUKOPUCTAHHS I1a0JIOHA Y
BUTJISIII CMYTH il (puc. 1.5).

EdexktuBHUM BapiaHTOM TaKOIro MiJXOJY € 3alpOINOHOBAHUMN 1 TOCHIIKEHUN y
poborax [38, 37] MeTo/ CEeKIIHHO-PETYISAPHOTO MTOKPUTTS MPSIMOKYTHOT 00JIACTI.

Hpyruii miaxig TIPYHTYETbCA Ha BHIIAJKOBOMY PO3MIIIEHHI CEHCOPHUX
JTATYUKIB y 00J1acTI, 110 nmokpuBaeThes [137].
VY nitepaTypl ONMCAaHO JBa OCHOBHHMX CIOCOOM TreHeparlli BUMAJAKOBOTO MOKPUTTS
obnacTti konamu. Oaun 3 HUX [137, 242] rpyHTy€eTbCS HA BUKOPUCTAHHI CHEIIaIbHUX
TOYOK. SIK creniaabHl TOYKH BUKOPUCTOBYIOTHCS TOUKU MEPETUHAHHS OKPYKHOCTEMH,
o0 OOMEXYIOTh 30HH YYTJIUBOCTI CEHCOPIB, MDK €000, a TaKOX TOYKH
MEepeTUHAHHS MEX1 30HM CIPAlbOBYBaHHS CEHCOpA 13 Mexer obnacti. Y poborax
[229] w™eTon, IO TPYHTYETHCSA HAa BHUKOPUCTAHHI TOYOK IMEpEeTHHAHHS, OyB

pPO3IMIMpPEHUN nJisi TreHepauii k -mokputTiB. TyT KpyroBuMm Kk -MOKPUTTAM 00dacTi
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Ha3WBAECTBCA TaAKC IIOKPHUTTA, 3 SAKOI'O KOKHA 13 TOYOK 00JacTl HAJIEKUTh 30HAM

JETEKTYBaHHS K MIHIMyM K CEHCOpIB.

Pucynok 1.5 — [lIabnon po3MillieHHS Ha OCHOBI CMYTH JjIs1 6aratopa3oBoro

IIOKPHUTTA

[Ipu k-moKpUTTI HAUOPOCTIIUN MIAXIJ — PO3MIIIATH AATYUKH B TOMY CaAMOMY
Miciri. [HIMM, TakoX MPOCTUM MiJIXOJO0M, € Kk -IIapHa TeCCeNAIis, e KOXHUHN map
Teccendiii 3abe3neuye noBHe 1-mokputTTsa. OcTaHHINA crmocid po3MIIIEHHS € OUIbII
MEePEBAXHUM, OCKUIBKM JaTYUKH B PI3HUX MICIIX HABpSAJ UM BUWAYTH 13 Jagy
(Hampukian, 4vepe3 3MIHM HaBKOJUIIHBOTO cepenoBuina) oaHoyacHo. [lo cyri,
O0axaHO PO3MIIIATH JATYUKH HE 3aHaATO OJM3bKO OJMH 10 OJHOro (BMMOra Ha
MIHIMaJIbHO MPUITYCTUMI BIACTaH1) JJIsi OUTbII BHCOKOTO CTymneHs HaaiiHocTi [160,
161].

ABtopu po6Git [167, 171, 198] o1iHIOIOTH IMOBIPHICTh TOOYTOBH TMOKPUTTS
00MeXeHOT 3aMKHYTOT 00J1aCTi R? 3ajaHiM YHCIIOM KiJl.

Psn aBTopiB [85, 18, 186, 231] mociaimkyrOTh METOJIU, IO IPYHTYIOThCS Ha
BUKOPHUCTaHHI  IHIIUX  MojJelied  ceHcopiB. 3o0kpema, y pobotri [186]
BUKOPUCTOBYETHCSI CEHCOP 31 3MIHHUM (3aJIe)KHO BIJ CEpellOBUINA) palycoM
neTekTyBaHHsA. Y poboti [231] moOynoBaHa Meka OIIHOK SIKOCT1 K -TIOKPHUTTS JJIsI

NoNepeHbOT MOJIE1.
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[Ipy upoMy B X0l CTOXacCTHYHOI MOOYAOBH TOKPUTTS BUHUKAIOTH JIBI
nif3agadi: BUAATUTH T.3B. HAJJIMIIKOBI TaTYUKHU, YCYHEHHS SIKUX HE MPUBOJIUTH J10
MOPYIICHHS] YMOBU MOKPUTTS 00J1aCT1, 1 BUBHAUUTH, 1110 TOKPUTTS MOOYI0BaHE.

[IpoctiM MeTOOM TMEpEeBIPKUM HAJIMIPHOCTI CEHCOpa € BUKOPHCTAHHS
CITKOBOT'O MIJIXO1Y, PU AKOMY KO>KHOMY JIaTYUKY BIANOBI/IAa€ CIMCOK TOYOK CITKU B
Mexax Moro o0JacTl IETeKTyBaHHS, sIK OKa3aHOo Ha puc. 1.6. SIKmo Bci Taki TOYKU
MOKPUBAIOTHCSI  O0JIACTAMM  JIETEKTYBaHHS CYCIAHIX JaT4YMKIB, TO JaT4UK €
HajuMikoBuM. Hanpuknan, Ha puc 1.3 BCl TOYKM CITKM 13 30HM JAETEKTYyBaHHS
JaT4MKa §, TAKOXK IMOKPUBAIOTHCS X04a O OJHIEIO 13 30H CYCLIHIX CEHCOPIB S, , S5, S, ,
ss. OTxke, s, € HaUIMIIKOBUM, fKIO Horo cyciiu s,, §;, §, 1 S; akTHUBHL. MeToJ
CITKU — IMPOCTUH METOJI JUIsl IPOrpaMHOi peaiizallii, OJJHaK HOro BUKOPUCTAHHS MOXKeE
CHPUYMHUTHU 3HAYHI BUTPATU OOUMCITIOBAIIBHUX PECYPCIB MIPU MAJIOMY KpOIIi CITKU. A
P BEJIMKOMY KPOIIl CITKH 3POCTA€E BIPOTIIHICTh MOXHOOK.

Y Meronax TmepeBIpKM HAAMIPHOCTI CITKOBMM MiAX1JA TaKOX MOXe
BUKOPUCTOBYBAaTUCS B IUIAHYBAaHHI aKTHUBHOCTI JaTYMKIB JUIsl  OJEpKaHHS
nudepeHIiioBaHOTO TOKPUTTA, 1€ KOXKHA TOYKA CITKH MOXKE 3HAAOOUTHCS IS

MOKPUTTS PI3HUMU KUIBKOCTAMHM AaTtyukiB [237, 120].

S

e I
r

\.../i"“_"/

Pucynok 1.6 — IntocTpariisi BAKOPUCTAHHS CITKH JIJIsl IEPEBIPKU HAIMIPHOCTI

Huxue ctucio HaBCICHO OCHOBHI MCTOAU AJId BU3HAUYCHHA HaI[MipHOCTi K171 y

IOKPHUTTAX, HO6YIIOBaHi Ha aHaji3l IreoOMCTPUIHUX BJIACTHUBOCTEHU KpYroBux
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MOKPUTTIB.
VY pob6oti [224] nponOHYIOTH AJisl aHAI3y HAaJIMIPHOCTI MOKPUTTS KOHUEMIIIIO
"ceHcopa, 1o crnoHcyeThes". Tak, ceHCop §, HA3MBAETHCSA CIIOHCOPOM CEHcopa s,
AKIIO TXHI CEHCOPH1 30HU NepeTHuHarThes. Sk mokazano Ha puc. 1.7 a, o0nacTsh, 110

oOMekeHa JKUPpHUMU AOyTaMHu, ABJIIE c0o0010 MNEPCTUHAHHA OBOX BiI[HOBiI[HI/IX 30H

ACTCKTYBAHH.

Vironoi

Pucynok 1.7 — IlepeBipka HaAMIpHOCTI piI3HUMU METOAAMHU: a) — CEKTOPA, 110
CIIOHCYEThCS; 0) — MOKPUTTAM NEPUMETPA; B) — HOKPUTTAM MEPETUHAHHSA T') — 3a

J0TIOMOT 010 JiarpamMu BopoHnoro

[Tnoma BuALIEHOI CipUM KOJLOPOM o00JacTi Moke OyTH BHU3HAYeHa 3
CJIEMCHTAPHUX TEOMETPUYHUX MipKyBaHb. [IpaBWi0 BH3HAYCHHS HAJIUITKOBHX

IIaT‘II/IKiB BUI'IIAAA€ B TaKUH CII0CIO: SKIIO 30HAa IIYTJII/IBOCTi JaTdYHuKa S MOXKC 6YTI/I
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MOKPUTA CEKTOpPaMH, IO CIOHCYIOThCS, TaKUW JaTYUK S € HAJJIMIIKOBUM 1 MOXKE
OyTH BUITyUEHHUI.

VY poborti [146] aBTOpHM 3ampOINOHYBAJIM JIJIsI TIEPEBIPKU HAIMIPHOCTI CEHCOpa
BHU3HAYATH MOKPUTTSA OKPYXKHOCTI (MexXl1 oro ceHcopHoi 30Hu) (Puc. 1.7 0). Sxmio
30HM JICTEKTYBaHHS JaTYMKIB TIEPETUHAIOTHCS, TaKi JaTYMKH HAa3HUBAIOTHCS
cycinHiMu. Ha puc. 1.7 6 y ceHcopa s, Tpu CyC1IHIX CEHCOpH — §,, S, 1 S, . IIpaBuio

BHU3HAUYCHHA HAIJIMIIKOBUX I[aT‘II/IKiB BUI'ISA A€ B TaKui CIIOCIO: SAKIIO KOYKHA 3 OVT,

——

yTBOpEHAa NEPETUHAHHSAM MeEX1 30HM JIETEKTYBaHHS CEHcopa (OYyTHd p,p,, p,p; 1

—_—

p,Ps Ha PUCYHKY) HajeKaTh IHIIUM CYCIOHIM ceHcopaMm (s, 1 S,, S,1s, , s,18,
BIJIIIOB1JIHO), TO CEHCOP S, € HAJJUIIKOBUM 1 MOXKE OyTH BUITYUECHUH.

Y poGoti [236] nnst BU3HAYEHHS HAIMIPHOCTI CEHCOpa BUKOPUCTOBYETHCS
MpaBWIIO, SIKE TPYHTYEThCA Ha aHaji3l MEepeTHHaHb. SKIIO ABI 30HU YYTJIHMBOCTI
JaTYUKIB MEPETUHAIOTHCS OJHA 3 OJHOI, TO Ha iXHIX MeXkaX 3'ABISIOTHCA TOUYKU
nepetuHanHs (puc. 1.7 B). Hamani mig vac aHamizy TOYKM Ha MEXI YyTJIMBOCTI
JaT4dKa HE BBAXAIOThCS MOKPUTUMHU LHMM JAaTdydkoM. IIpaBuiio BU3HayYeHHS
HAJMIPHOCTI HACTYIHE: SIKIIO BC1 TOYKM NEPETHUHAHHS HA MEX1 CEHCOPHUX 30H
MOKPUTI IATYUKOM S, TO S € HAJIMIIKOBUM 1 MOXKE OyTH BUITYYEHUH.

VY po6ori [105] nponoHyeThes 1151 BUBHAYEHHS HAIMIPHOCT1 BUKOPUCTOBYBATH
niarpamy Boposnoro. /liarpamoro Boponoro (auB., Hanpukian, [90]) mist N ceHcopiB
S)5855...,Sy Ha IUIOIIMHI BU3HAYA€ThCs pO30MBKA IUIOIIMHM Ha N KOMIpPOK, IO
MICTATh JATYUKH, TIPU SKOMY BIICTaHb MiXK OyIb-SIKOIO TOYKOIO B KOMIPIl
JaTYMKOM, IO il HAJIe)KWUTh, MCHIIEC, HDK BIACTaHb MDK II€F0 TOYKOKI M I1HIIUMU
naTyukamu. JlaTuMKu Ha3UBaIOTHCS CYCITHIMU, SIKIIO BOHU PO3TAlIOBaHI B KOMIpKax
JiarpamMu, 10 MawTh 3arajibHe pedpo. [Ipu aHami3zi ceHcopa s Ha HaJIMIPHICTh
cnoyaTky Oyayerbes aiarpama Boponoro npu BuiydeHomy s. Tak, Ha puc. 1.7. 1

KUPHUMU JIHIIME  300paxkeHl peOpa aiarpamu BopoHOro npu BUIydeHOMY .
BepminHa niarpaMu, 3icTaBlieHa CEHCOPY S,, To3HaueHa 2-VV . Touku nepeTuHaHHs

MeX1 CEHCOpPHOI 30HM §, 3 peOpamu 1MoOyaoBaHOI Alarpamu nosHayeni 2-VIP;, 2-
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VIP, 1 2-VIP BignosinHo. [lpaBuio BHU3HAYEHHS HAJMIPHOCTI Ha OCHOB1 aHaNI3y
BEpIIMH 1 MepeTuHaHb AiarpaMu BopoHoro Burisgae B Takuil crnociO: SKIIO BCi
Touku 2-VV 1 2-VIP gaTunka s TOKpUTI CyCIIHIMH CEHCOPAaMHU, TO S € HaJJIMIIKOBUM
1 Mmoxe Oytu BuiyueHuil. Ha puc. 1.7. r gk Touka 2-VV, Tak 1 Touka 2-VIP;,3
MOKPUTI CYCITHIMU CEHCOPHUMU 30HAMHU, 1, OTXKE, TATYUK S| € HAJUTUILIKOBHM.

IcHylOTh TakoXX JesKi po3MUpeHHs abo BaplaHTH YOTHUPHOX IMiJXO[IB
MepeBIPKU HAAMIPHOCTI, OMMCAHUX BHIIE, TAKUX SK PO3MIMPEHUHN MiAXia B 00JacTi,
o crnoHcyeThes, [152, 104], po3mupenuid miaxig 10 NokpuTTs nepumetrpa [200,
201], po3mmpeHudd MiAXil, IO IPYHTYETbCS Ha aHaii3l nepeTuHanb [146, 132] 1
PO3LIMPEHUN MIAXIJ, 10 IPYHTYEThCS Ha aHami3i niarpam Boponoro [103]. ABtopu
3a3HAYEHUX pOOIT pO3MHUpUIN 0a30BI METOAW MEPEBIPKU HAAMIPHOCTI, 1100
3alJlaHyBaTH MEHIIY KUIBKICTb AaKTUBHUX JATYWKIB, 3MEHIIUTU CKJIAJHICTb
oOuucieHb ado BIOpPATUCA 3 JAaTYUKAMH 3 PI3HUMU JAlana3oHaMU YYTIUBOCTI. JlesKi
JOCHIAHUKYA TPOTOHYIOTh BHUKOPUCTOBYBATH OIIHEHI BIJICTaHI MIDK CYCITHIMHU
By3JlaMH, a HE€ I1XHI KOOpJIMHATH, JJIA aHali3y aKTHUBHOCTI naruuka [235, 239].
Hanpuknaza, ocHoBHa ines Wu and Ssu mossirae B Tomy, 1100 rapaHTyBaTH, 110 BCi
TOYKM B  TPUKYTHUKY T[OKPUBAIOTHCA TphOMa AKTUBHUMHU  JIaTYUKAMH,
PO3TalllOBAaHUMH Y BEpPIIMHAX TPUKYTHHUKA.

Jlist BU3HAYEHHS TMOBHOTHU MOKPUTTS (YU JOCATHYTE MOKPUTTS 001acTi
CEHCOPHMMH 30HaMHM JIATYMKIB) y JIiTepaTypi OyJiv BUKOpUCTaHi 1Ba miaxoau. OauH 3
HUX TIPYHTYEThCS Ha BHUKOPUCTAaHHI CITKOBoro wmerony [164, 165]. pyruii
BUKOPHUCTOBYE 3anpornoHoBaHuii B [137] kputepiii MOKPUTTS, IO IPYHTYETbCS Ha
aHasi31 HaJIEKHOCTI TOYOK TMEPETHHAHHS OKPYXKHOCTEH MK COOOI0 Ta 3 MEXKEIo
00J1aCTlI CEHCOPHUM 30HaM IHIIMX JATYUKIB. SIKIO KOKHA 3 TAKUX TOUYOK HAJIEKHUTh
30H1 00CIIYyTOBYBaHHA X04a O OJIHOTO 3 IHIIMX JATYHMKIB, TO TOKPUTTS MoOyaoBaHe. Y
poOoTi [229] meton aHanizy nmoBHOTH l-mokputta 3 [137] OyB po3mmpeHuid s
aHai3y MOBHOTHU Kk -TIOKPUTTIB.

Ha ocHoBi nporo kputepito B [162] po3po6iieHi 3acobu aHATITUYHOTO OIKCY
r€OMETPUYHUX BIJHOIIEHb MDK 00'€ekTamMM Uil 3a/ad TMOKPUTTS JIOBUILHOIO

0araToKyTHHKa KOJJaMU PI3HUX pajlyciB, MOOyJoBaHAa MaTeMaTUYHA MOJEIb 3a7a4l y
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BUIJISI/II 3a]1ayl HENIHIMHOTO MPOrpaMyBaHHs W 3alpONOHOBAHUN METO] PO3B’sI3aHHS
3aJ1a4l HEeTJIaAKo1 ONTUMI3aIlli, 0 BUHUKAE. Y MOJEII BBOAATHCS 110 JIB1 JJOIMOMIDKHI
3MIHHI JJIs TIap CYCIIHIX KT 1 K1JI, 1110 IEPETUHAIOTHCS 13 MEXKEIO.

Y pob6oti [70] nDpoOnOHYETbCS OPUTIHAIBHUI CTOXaCTUYHUN aITrOPUTM
re’epailii MOKPUTTIB 0araTOKyTHOI 0OJacTl OJJHAKOBUMH KOJIAMH, IO IPYHTYETHCA
Ha TIepeTBOpeHHsAX roMoTteTii. Ha mnepmomy ertami B 00jacTi BHIAJIKOBO
pPO3MIIIAETbCS 7 TOYOK (LEHTPIB KiT), NPUUOMY iXHI paAlyCH TMOKJIAJal0ThCs
piBauMu 0, micias 4oro paaiycu 30UTBIIYIOTBCS JOTH, MOKM 0OJacTh He Oyjae
nokputa. Ha npyromy erani 31iiCHIOETBCSI MiHIMI3aLlisd pajilyciB KUI Mpu 30epekeHH1
nokpuTTs. Ilpu 1BOMY BHKOPUCTOBYETHCS MaTeMaTH4YHA MOJIENb 3ajadi, sKa
nmoOyoBaHa Ha OCHOBI giarpam Boponoro. Ognak mMerton, 3ampornoHoBanuii B [70],
MO>KHA 3aCTOCOBYBATHU TIJILKH JI0 IOKPUTTA 0araTOKyTHUKIB OJHAKOBUMHU KYJISIMU.

VY [222] 3anporioHoBaHM# MIAX1A 10 MOKPUTTS KBajgpaTa OMMHUYHUMHU KOJIAMH,
0 TPYHTYEThCA Ha TeEOpii TEeMIEpaTypHUX PO3LIMUPEHb 1 CTHCKIB CTPUXKHEBHX
CTPYKTYP.

OcHoBHa i1es1 3anponoHoBaHoro B [10] anroputMmy moisdrae B TOMY, IO IS
00JacTi MO MOYATKOBIM cucTeMi LEHTpiB OyayeThes mokputTs [ipixie-Boponoro.
BuOupaeTbcs HEHTp, KU MOYKHA MOIMIIUTH, 1 3aMIHSIE€THCS IEHTPOM, ISl SIKOTO 11€
HemoxuBe. Ilicis mporo BimOyBaeThbesl Tepexim Ha HOBY irepanito. PoGota
QIrOpUTMY 3aKiHUY€HAa B TOMY BHIAJKY, SKIIO BCl LIEHTPU CTAIOTh TaKUMH, SKI
HEMOXKHA MOMIMIIUTU. Pe3yapTaTu po3B’s3aHHs 3a/1ayl 3HAXOKEHHS! ONTUMAJIbHOTO
MOKPUTTS KyJISIMU MIHIMQJIBHOTO pajilyca HaBEJEeH1 JIMIE JIJIsi OAMHUYHOIO KBaApara,
1 peasnizailisi aIrOpUTMY ICTOTHO 3aJIEKUTh Bl (popmMu 00JaCTI, 1110 TOKPUBAETHCS.

VY poborti [151] posrasgaerbess HemepepBHA 3ajadya MOKPUTTS MHOMKHUHHU SIK
3ajavya KBasigudepeHmiioBanoi ontumizamii B R" 1 HABOAUTHCSA aJIrOPUTM il
pO3B’A3aHHA 115 BUNaAKy R’ . [TokasaHo, o 3aaya mpo KiHIeBe KyTbOBE OKPUTTS
MOXe OyTH pO3IISIHYTa SIK 3ajladya KBa3iquQepeHIoeMoi onTuMizaii i JoCIiIKeH1
BJIACTUBOCTI I1i€i 3amaui. Ciif 3a3HA4YUTH, 110 3ampornoHoBaHuil B [151] anroputm
3HaXOAuTh crarioHapHi To4yku. Ak 1 B [10], komo #oro nii oOMmexeHe (GopMoro

MHOXHWHH, AKa IIOKPHBA€THCA, IO pO6I/ITB MMPaKTUIYHO HCMOXKJINBHUM p03p06Ky
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YHIBEPCAJIIBHOT'O MPOrPAMHOro 3a0e3MeyYeHHs, MPU3HAYEHOr 0 JJI1 PO3B’sA3aHHs 3a7ay
1010 MOKPUTTS JOBUIbHOT MHOXKUHHU.

Jlist HemepepBHOI 3a/layl ONTUMAJIBHOTO KYJIBOBOI'O MOKPHUTTS KOMITAKTHOT
MHOXXHHH B [26] 3apornoHOBaHUM 1 OOIPYHTOBAHUN alNTOPUTM, IO IPYHTYETHCS Ha
BUKOPHUCTaHHI TEOpli ONTUMaJIbHOT PO30MBKM MHOXHUH 1 3aCTOCYBaHHI r-arOpUTMY
opa [81] nnst po3B’si3aHHS OTPUMAaHOI 3a4adi onTUMI3alii QyHKII, IKy HE MOXHa
nuepeHIioBaTH.

VY poGoti [73] 3ampomnoHOBaHI YMCIOBI METOIM MOOYAOBU MOKPHUTTIB, IO
0a3yroThCsl Ha PO3OMBIII MHOXMHM Ha obOnacti Jlipixjge ¥ MOUIyKy Tak 3BaHHMX
XapaKTepHUX TOYOK. OJHUM 13 KIIIOYOBUX €JEMEHTIB METONIB € TMo0ynoBa
4eOUILIEBCHKOTO LIEHTPa KOMITAKTHOI OMYKJIOi MHOXHWHHU. 3amporoHOBaHI B poOOTi
anroputMu 0a3zyrloThCcsl HAa BUKOPUCTaHHI KOHCTPYKIIN cyOmudepenumiany u
cyorpagieHTHUX MeToaiB. OcoOnuBICTIO HaBeaeHoi Moaudikaimii MeTony €
MOXJIMBICTb ~PO3B’s3aHHS  3a7adyl MOKPUTTS Il JOBUIBHUX oOyiactedd 13
KPUBOJIIHIHOIO MEXKeEIO.

VY po6oTi [3] nponoHy€EThCS MaTeMaTH4YHA MOJICNb 3a/ladl OKPUTTS OMYyKJIO1
O0ararokyTHOi 00JacTi KOJaMH 3 YypaxyBaHHSM MOXMOOK BHUXIAHUX J@HUX B
IHTEpBAJIBHOMY BUIJISIA1 3 BUKOPUCTAHHSAM KJIACcy IHTEPBAIbHUX (PYHKIIN, aje MOKU
HE MPONIOHYETHCS METOJ, 11 PO3B’ A3aHHS.

Opnak mig dYac po3B’A3aHHSA 3a3HAUYEHOrO KJacy 3ajay, sK MPaBUIIo,
BUKOPHUCTOBYIOTHCS 1]1€ali30BaH1 MaTeMaTH4H1 MOJIeJl MaTepialiIbHUX 00'€KTIB 1 IXHIX
B3a€MO/IIM, KOJIM MOXUOKM 3a/laHHS BUXIJTHUX JaHUX HE BPaXOBYIOThCS. A OCKUIBKU
K MAEThCS MPO ONTUMIZAIIMHI 3a7adi, BUHUKAE MpoOiemMa CTIHKOCTI, TOYHOCTI H
BIPOT1THOCTI OJIEP>KYBAHUX PE3YNIbTATIB.

Cnpobu BupimeHHs 11i€1 MpoOJieMH 3a JOMOMOIOK YHCEIbHOI TreoMerpii
3pobsieHi B poboTax [82, 217, 52]. Aune, depe3 CKIAHICTh MaTeMaTUYHUX MOJENCH
3a/lay TEOMETPUYHOTO MPOEKTYBAHHS Y TOJANBIIOMY BHHHUKIA HEOOXITHICTh
3a]lydeHHs 10 11 pO3B’A3aHHS TEPCIEKTUBHOIO HAMpsiMy OOYUCITIOBAIBHOI
MaTeMaTUKH, 110 AKTUBHO MT0YaB PO3BUBATHUCS 3 MOYATKy 60-X POKIB — IHTEPBAJIBHOIO

anamzy [187, 158, 23, 1].
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OcHoBHa 1€ IHTEPBAJILHOIO aHali3y Haja3BUYailHO mpocta. JlificHe uucio
MOJIA€ThCA HE OJIHMM, a JIBOMa YHCJIaMH - OLIHKOIO 3HU3Y ¥ OLIIHKOIO 3BEpXY, SKi
YTBOPIOIOTh IHTEpBaJIbHE 4YHMCJIO. TakuM YMHOM, IHTEpBAJIbHMM aHaN3 Jdae
MO>KJIMBICTh aBTOMAaTUYHO BPaXOBYBaTH MOXUOKH M1 Yac 3aJaHHS BUXITHUX AaHUX 1
MOXUOKH, 10 3 ABIAIOTHCS MPHU OKpYyriaeHHI. Lle cTBOproe OCHOBY IJisi IPYHTOBHOI'O
00JIIKYy MOXUOOK, K1 TTOB’s13aH1 3 METOJIOM OOYHUCIICHb.

[lepmoro MoHOTpadi€ro 3 IHTEPBAIBHOIO aHal3y BBaXkaeThbcs pobdora Mypa
[187], uro Buiinia B 1966 poui. Harenep uucio myOmikaiiiil y 1iit 06;1acTi CTAHOBUTD
MOHAJ 2 TUCSYI.

VY nitepaTypi JochiKyBanucs iHTepBalibH1 apudmeruxu [187, 158, 177, 176,
25, 189, 247], inTepBaibHe po3MUpeHHs 1 Horo pizHi Gopmu [187, 141, 87, 204],
IHTEpBaJIbHI METOJIM 3HAXOIXKEHHSI KOPEHIB OararousieHiB [86], po3B’A3aHHs CUCTEMU
JHIAHUX anreOpaidyHuX pIBHSIHBb 13 1HTEpBaIbHUMHU Koedimientamu [97, 210],
IHTEpBaJIbHI BapiaHTH PI3HUX BUAIB METOAY HporonHy [24, 22], iTepauiitHi MeToau
PO3B’sI3aHHS CHCTEM JIIHIMHUX aiareOpaiyHuX piBHSHB, 110 JOKJIAIHO omucaHi B [1,
190, 77, 96], inTepBanbHi BapianTh MeToay HrioToHa 1 fioro y3aranbHeHHs B [187, 1,
138], MeToau po3B’s3aHHS HENIHIMHUX anreOpaiunux piBHSHB [86, 138, 163, 187],
nudepeHIiloBaHHs 1HTepBabHUX (QyHKUiA [209], iHTepBanbHI I1HTErpaiu Bix
HernepepBHUX (DYHKIIIH, 1m0 po3podseni Mypowm [187].

3ajmauaM onTUMI3alil 3 BUKOPUCTAHHSIM IHTEPBAJIBHOIO aHaNi3y NpHUCBSYEHA
BEJIMKa KUTBKICTD JIiTepaTypHUX Jxepen. Tak, Hanpukiaa, y podorax [115, 1076, 35]
PO3IJIAAIOTBECS  3a/layl 1HTEPBAJIBHOIO JIIHIMHOTO NporpaMmyBaHHs. [HTepBasibHA
IHTepIpeTalisa 3aja4i ONyKJIOro NporpaMyBaHHs HaBeJeHa B [196]. Metoau nouryky
rJI00AJIBHOTO €KCTPEMYMY JOCHIIKYIOThbcsl B MOoHOrpadisix Paueka it Pokue [203],
Xancena [140] 1 myGnikarisx [172, 234]. 3 BIAHOCHO HEIaBHIX pOOIT y Il 00acTi
ciaig 3a3HaunTH [243].

OcTaHHl POKM XapaKTepU3YIOThCS yce Oulblle IIMPOKUM 3aCTOCYBAaHHAM
METO/IIB IHTEPBAJIBHOIO aHali3y I poO3B’si3aHHA NpukiagHux 3agad. o x
CTOCYETBCS 3a7]a4 T€OMETPUYHOIO MPOEKTYBAHHS, TO JUIsl BpaxyBaHHS MOXMOOK iX

BI/IXiIIHI/IX JaHUX MCTOIU iHTepBaJIBHOI‘O aHaJIi?)y, Ha JXaJlb, HC MOXYTb 6YTI/I
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3aCTOCOBaHI 0€3MOCEepeIHhO Yepe3 CKIQAHICTh BIAMOBITHUX MaTeMaTUYHUX
Mozened. 3 MeTor NOOYAOBH €IUHOTO MIAXOAY JO BHUPIIMICHHS MpoOJIeMHu
BpaxyBaHHs MOXUOOK MiJ Yac po3B’si3aHHA 3a3HAYEHOro Kiacy 3afau y 1992 poii Ha
OCHOBI JIBOX HAYKOBUX HAIpPsIMKIB, IO MapajelbHO PO3BUBAINUCI — F€OMETPUUHOIO
MPOEKTYBaHHS U 1HTepBasbHOrO aHamizy — FO.I'. CTosHOM 3ampornoHOBaHUN HOBUMA
J0JIaTOK 1HTEPBAJILHOIO aHalli3y B TE€OMETPUYHOMY MPOEKTYBaHHI: IHTEpBaJbHA
reOMETpisl.

Jlo mepimux poOIT 3 1HTEpBaJILHOT reoMeTpii BapTo BigHecTu myoOsrikamii [71,
65], y akux noOynoBaHO po3mMpeHuil mpoctip I (R) LEHTpOBaHUX IHTEPBAIB,
JOCHIDKEHO  HWOro  anreOpo-TOMOJIOTTYHI — BJIACTUBOCTI, JTaHO  BHU3HAYCHHS
€JIEeMEHTAPHUX THTEPBAIBLHUX B1TOOpaXKEHb.

Y pobGortax [63, 62] BHUBYEHI BJIACTUBOCTI KBA3UIIHIMHMX IHTEPBAIBHUX

B1100OpaXkeHb, 3/1ICHEHE BiOOPaKeHHS BKIIAJIEHHS pO3LIUpeHoro mnpoctopy I (R)

IIEHTPOBAHMX IHTEpBaliB B apu()METUUHMI €BKIiIOBHA mpocTip R*, yBeneHa
IHTepBaJIbHA METPUKA HA MHOXKMHI IEHTPOBAHUX 1HTEPBAJIIB.

V ny6nikanisx [59, 60] moGymnoBanuit inTepBaabHuUit pocTip I2(R) SK MpIMUiA
no0yTtok mpoctopy I (R) LEHTPOBAaHUX IHTEpBAIIB Ha cede, OOCHIIXKEHI HOro

BJIACTUBOCTI, JTal0ThCSl BU3HAUYEHHSI BUPOOJSIOUOro BIAOOpaKEHHS, 1HTEPBAIBHOIO
PIBHSIHHS, @ TaKOX PO3IJIAHYTI BJACTUBOCTI IHTEPBAJIbHOI JIaMaHOI W 1HTEPBAIbHOT
OKPYXHOCTI.

[loHsATTSS  IHTEpBaNBHOTO  BIApI3Ka, IHTEpBAJIbHOI ~ HAMIBIUIOIIMHH,
IHTEpBAJILHOT'O TOPKAHHS TOYOK, TOUYKH M 1HTEPBAJIBbHOI NPSIMOI, Mapu IHTEPBAIbHUX
npsimMux yBeneHi B [61]. Tam ke MICTAThCS BU3HAYEHHS OMYKJIOIO 1HTEPBAIBLHOIO
0araTokyTHMKa ¥ yMOBH IHTEpPBaJIbHOTO TOPKAHHS ONYKJIMX IHTEPBAJIbHUX
0araToKyTHHKIB.

BukopucroByoun nepepaxoBaHi €I€MEHTH IHTEpPBaJIbHOI reOMETpii, aBTOpPHU
pobiT [21, 64] 3amporoHyBaiM MaTEeMaTHUYHY MOJIeNb 1 METOJ PO3B’sI3aHHS

KOMOIHATOPHOI ONTHUMI3alllifHOI 3aJayl pPO3MIIIEHHS TPSMOKYTHUKIB y CMy31 3
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ypaxyBaHHSIM IMOXMOOK BUXIIHMX JIaHHMX, a B myOmikaiii [216] Bpasiocs oTpuMaru
PO3B’SI3KM ONTUMI3AILIMHOT 3a/1a41 PO3MIIIEHHS IHTEPBAIBHUX MPSIMOKYTHHUKIB.

3 aHanmizy JITepaTypHUX JHKepel MO>KHA 3pOOMTH BHUCHOBOK, IIO NEpeBa)kHa
OuTblIiCTh poOIT, [0 MAalOTh BIIHOMIEHHS JO 3aJa4 KpPYroBOI'O TOKPHUTTA,
NPUCBIYEHO  JIOCHIPKEHHIO  €BPUCTHYHMX  METOMAIB  iXHBOTO  PO3B’SI3aHHS.
OnTumizamiiiHi 3ajadi MOKPHUTTS, IO BPAaXOBYIOTh BAXKIHMBY XapaKTEPUCTUKY
JTOBKUHU MEpeXi 3'€HaHb, fKa 3B’sA3y€ JaTYMKU, HE (opMmai3oBaHi uepes
BIJICYTHICTh BIJIMIOBIIHUX 3aC001B MOJICJIFOBAHHSI BITHOIIIEHb M1k 00'ekTaMu. IcHyr041
aHAMITHUYHI MOJENl W METOAW pO3B’SI3aHHS MalOTh, SIK MPABUIO, HEAONIKH 3

OOMEXEHOI 00JIaCTIO 3aCTOCYBAaHHs, IO HE J03BOJISIE BHUKOPUCTOBYBATH iX JIs

pO3B’A3aHHA 3aJay KPYroBOrO MOKPHTTA CKIAZHHMX oOmacTelr R’, TUM 6Ginbmie
BUKOPUCTOBYBATH iX B 3a/1aul MNOOYI0BU ONTUMAJILHOI MPOBIHOT CEHCOPHOI MEpexi,
SKIW 1 IPUCBSTYCHE JJaHEe JOCIII>KCHHS.

Heuucnennicts 3aa4 MNOKPUTTA, IS KX OTPUMAHO PO3B’SI3KH, OUEBHJIHO,
MoB’si3aHa 31 CKJIQJAHOCTSIMHU TOOYIOBM  iXHIX MaTEMaTUYHHUX  MOJEIEH,
HEJI0OCTaTHBOIO THYYKICTIO ICHYIOYOI0 MaTEeMaTHYHOIO amapary ¥ ONTHUMIZaliiHUX
METO/I1B pO3B’sI3aHHS 3a3HAYEHOTr0 Kjacy 3ajad.

YacTto mi yac MaTeMaTUYHOTO MOJENIOBAHHA ¥ pPO3B’SI3aHHS NPUKIAJIHHUX
3a/lay MOKPUTTS BUHHUKAE HEOOXITHICTh YpaxOBYBaTH OOMEKEHHS Ha MIHIMAJIbHY U
MaKCHUMaJIbHy BIJCTaHb MIX IMOKPUBHUMHU OO0'€KTaMHM, MK OO'€eKTaMH W MeEXero
0o0JacTi TMOKPUTTS, HASABHICTh SKUX OOYMOBJICHA, HaNpukiaa, QI3UYHUMHU
oco0auBOCTAMHM 3a71a4. KpiMm Toro, He 3aBXIU € MOXKJIUBICTh BU3HAUUTH BUXIAHI JaH1
TOYHO, a JIMIIE 3 JIeIKOI NOXMOKOIO, IO TaKOXX BapTO BPaxOBYBaTW IiJ dac
MOJICJIIOBaHHS ¥  pPO3B’SI3aHHS  3a/Jad MOKPUTTA. Pe3ynbTaT mpOBEIEHOrO
JTEPaTypHOro aHali3y O03BOJSIOTh CTBEPXKYBATH, 1110 HA IIEH yac 3a7adl y TaKOMY
(bopMyITIOBaHH1 HE CTaBUIIMCS M HE PO3B’ A3YBAJIUCH.

VY naniii poOOTI Ha OCHOBI BHUKOPUCTaHHS TMOHATH 1 METOMIB Teopii
r€OMETPUYHOIO TPOEKTYBAaHHS  3alpOINOHOBAaHI HOB1 3acO0M Jii MOJAENIOBaHHS
BIJTHOIIIEHb MOKPUTTS MK T'€OMETPUUYHUMH 00’ €KTamu, NOoOy/J0BaHa MaTeMaTH4iHa

MOJIedb 1 PO3pOOJEHUN METOJ PO3B’sI3aHHS MPUKIAAHOT ONTHUMI3aIiiHOT 3a1a4l
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PO3MIIIEHHSI TMOXKEKHUX CIOBIIIYBa4yiB Ta (opMyBaHHS UUICHPIB MOKEKHOT
CUTHAJII3aIlli, U0 3BOJUTHCA O 3a7adl MOKPUTTS 00JIacTi JAOBUIBHOI MPOCTOPOBOI
dbopmu KoJIaMU PIBHOTO pajilyca 3 ypaxyBaHHIM MOXUOOK BUXITHUX JaHUX.

Takum umMHOM, nucepTaliiiHa poOOTa € NPOAOBKEHHSIM JOCHIIXKEHb, IO
MpoBOsATECA B HallioHaIbHOMY YHIBEPCUTETI LMBUIBHOTO 3aXHCTy YKpaiHM #H y
BIIJIUII MAaTEMAaTUYHOTO MOJIENIOBAHHS i ONTUMAIbHOTO MPOEKTYBaHHS IHCTUTYTY
npobsem MamuHOOynyBaHHs iM.. A.M. Ilinropporo HAH VYkpainu mia

KepiBHUITBOM uiieHa-kopecnongeHTa HAH Ykpainu 10.I'. CrosiHa.

BucHoBku no posainy 1

AHaniz HayKoBOi JIITepaTypu 3a TEMOIO JUCEpTallfiHOT poOOTH MOKa3aB, IO
OUTBIIICTh JOCHIAHUKIB y AaHIA 00JacTi 3HaHb HE BUKOPUCTOBYIOTH aJCKBaTHI
MaTeMaTU4yH1 MOJIEN1, 110 TPU3BOAUTH JI0 HEMOXJIMBOCTI 3aCTOCYBAHHS CYYacCHHUX
ONTUMI3aLIHHUX METOJIIB 1, SIK HACIIIOK, 10 BTPATH ONTUMAIBHUX PO3B’A3KIB.

HaliMeHII BUBUYEHHMM € MPAKTUYHO 3HAYUMHUN KJIac 3a7ad MOKPUTTS KOJamMu
00'ekTiB CcKkIagHOi (opMH 3 ypaxyBaHHSIM CICIIAIbHUX OOMEXeHb, 30KpeMa
oOMEXeHb Ha MIHIMAJIbHO ¥  MakCMMajJbHO MPUIOYCTUMI BIACTaHI MIXK
r€OMETPUYHUMU 00'€KTAMHU.

TakuM ynMHOM, AJIA MPAKTUYHHUX 33/a4 MOKPUTTA HEMAE aHAIITUYHOTO OMUCY
MOCTAHOBOK, 1[0 YHEMOXJIUBIIIOE 3aCTOCYBAHHS JJIsl iXHHOTO PO3B’SI3aHHS CY4aCHHUX
e(hEeKTUBHUX METOIIB JIOKAIHHOT i TJ1I00aIbHOT ONITUMI3aIlii.

Yepe3 e BUHMKIA O0'€KTMBHA HEOOXINHICTH y PO3pOOI KOHCTPYKTUBHUX
3ac00IB MaTeMaTHMYHOTO W KOMIT'IOTEPHOTO MOJIETIOBAHHS 3 METOI MOOYI0BU
aJIeKBaTHUX MaTEMaTUYHUX MOJENei 1 po3poOku e(eKTUBHUX METOJIB PO3B’sI3aHHS
3a/1a4 MOKPUTTS, 110 ¥ BU3HAYUIIO METY JIaHOI TUCEpTaIiitHOT poOOTH.

Martepianu 1boro po3jaily omy0iikoBaHi B podborax aBTopa [5, 37].

Cnucok mxepen, Kl BUKOPUCTaHO Yy JAaHOMY pO3/L1i, HABEICHO Y MOBHOMY
CIIUCKY BUKOpUCTaHUX Jkepen [1, 3, 8, 9, 10, 11, 16, 18, 19, 21, 22, 23, 24, 25, 26,
27,28, 30, 32, 35, 37, 38, 39, 40, 41, 42, 43, 46, 48, 49, 50, 51, 52, 53, 55, 56, 57, 59,
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60, 61, 62, 63, 64, 65, 67, 69, 70, 71, 73, 75, 76, 77, 79, 80, 81, 82, 83, 84, 85, 86,
87,90, 92, 93, 94, 96, 97, 101, 103, 104, 105, 107, 114, 115, 119, 120, 121, 122, 123,
124, 125, 126, 127, 128, 129, 132, 134, 136, 137, 138, 140, 141, 145, 146, 151, 152,
154, 158, 159, 160, 161, 162, 163, 164, 165, 167, 168, 171, 172, 176, 177, 180, 181,
183, 186, 187, 189, 190, 191, 193, 194, 195, 196, 198, 200, 201, 203, 204, 205, 206,
207,209, 210, 211, 212, 215, 216, 217, 222, 224, 229, 231, 233, 234, 235, 236, 237,
239, 240, 242, 243, 247].
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2 ®OPMAJIIBALIS BUTHOLIEHDB MIK OB'€EKTAMM JJISI 3A1AYI
MOKPUTTS JOBLIBHOI OBJACTI CEHCOPHUMM 30HAMHU
JTATYUKIB

2.1 MoaenroBaHHS CEHCOPHOI 30HM JaTYMKA

[lepm Hix mepedTu A0 (opmaiizaiii aHaJITUYHOTO OMHUCY BIAHOIICHb MIXK
reOMETPUYHUMHU OO0'€KTaMM JJIsi 3a/ladl KPYyroBOT'O MMOKPUTTS JOBUIBHOI 00J1acTi
CEHCOPHMMHU 30HAaMM JATYMKIB, HEOOXIJHO BKa3aTH CIOCI0O BU3HAYEHHS pajiyca
TaKHUX 30H (pajiiyca 4YyTJIMBOCTI IaTYMKA).

[lig yac 3amaHHs 3a3HAYEHOro pajlyca MOKHAa BUKOPUCTOBYBATH MIAXIJ, IO
3aCTOCOBYBAaBCS paHillie: sl BCIX NPUMIIIEHb, II0 MAaIOTh OJHAKOBI PO3MIpPH,
npuiiManacs OJHAaKoBa IUIOIIA BIAMNOBIAHO A0 HOpMaTuUBHOI jirepatypu [18] 1
BIIMOBIIHO OJHAKOBHUH pajiiyc. 3a TaKOro MiAXOAY HE BPaXOBYIOThCS OCOOJMBOCTI
PO3BUTKY TOKEX1 B NPUMIIICHHI, 10 3aXUIIA€Thcs. Ko BUOMparouu paaiyc —
BPaxOBYBAaTH TMOXEXKHE HABAHTAKCHHSI NPHUMIIICHHS, IO 3aXUIIAETHCS, XapaKTep
BUHUKHEHHS ¥ PO3BUTKY MOXKEXI Ta IHINI OCOOJMBOCTI, TO I BEJIUYMHA IS
KOXHOTO OKpEeMOro 00'€kTa, 110 3aXHUIIAE€ThCSI, MOXKE MAaTH CBOE 3HAYCHHS, HaBITh
st npunagiB  onHiei mapku. ToOTo muiomia, IO 3aXUIIAETHCS MOXKEKHUM
cnoBinryBaueM (I1C), e BenuunHa, M0 OOYUCITIOETHCS B XO/1 PO3B’sA3aHHA 3ajadi 1
3aJIeKUTh BIJ] BEJIUYMH, 10 XapaKTepU3YIOTh OCEPEAOK 3aropsiHHS, [KI 1 € AIMCHO
BUXITHUMU JTaHUMH.

3a3Buuail mependavyaeThes, 10 Pi3HI TUNW AATYMKIB MAlOTh PI3HI Jiana3zoHU
YyTAUMBOCTI. JledKi JOCHIIHMKK HaBITh CTBEPKYIOTh, 110 OJWH CEHCOPHUU OJIOK
MO>K€ MaTd Pi3HI Jiana3oHu 4yTtiauBocTi [106, 232, 244]. 3a3Buuail BBa)Ka€eTbCA, 110
JATYUK CIHOXXKUBA€E OUIbIIE EHEprii, KOJM BiH BUKOPHUCTOBYE OUIBIIHMK Jlana3oH
qyTauBOCTI. KOHTpoiIbOoBaHa TOUKa MOKe OyTH po3TalloBaHa ycepeauH1 OUIbII HIX
OJlHIET CeHCOpHOi 30HU. ToMy JesiKli JOCHIIHUKU BBOJATH 3MIHHUN Napamerp
YYTJIMBOCTI z ¥ BpPaxoBYIOTh MIPY MOKPUTTS TOYKH IIOAO KOXXHOTO OKpPEMOTIO

JaaTduka. Y JiTepatypi BiIOMO TP OCHOBHHMX MOJIENi CEHCOpHOi obnacTi (puc. 2.1).
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a) 0) B)
Pucynok 2.1 — ImrocTpaiiist Mojienieit CEHCOPHUX 30H 3 UyTJIMBICTIO: a) —

JMCKPETHO 3aracarouoro; 0) — riajgko 3aracaroyoro; B) — KOMOIHOBaHOIO

Ha mincraBi po6it [78, 20, 36] Oynau oTpumaHi BUpa3W [Jis BHU3HAYCHHS
pajiyca, 1110 3aXUINAEThCs AUMOBUMH i TerioBumu [1C

— JJId TCIIJIIOBHUX

\SIO8}

5,38
RKOHTp:Q.VM.n.SFOp.((T ~T M)HH] s (21)

— JUIST JUMOBUX

0,2
( SIIOH _TI—C } ZI(I_I?:I]
25-Vi 4 "\ q

=29- , (22

K OHTD y 0’2 2
m
_K.ln(l_ﬂop(o)] 11’2.DM.(q3]
100 Q \H;}

ne Q- TermioTa 3ropsiHHS MaTepiaiis,

R

VM — 00°eM, 1€ BITOYyBA€ETHCS TOPIHHS,

N— koedilieHT Hemonany,
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Srop — TUTOIIA TOPiHHS,
S sonr — HOPMaTHBHA ILIONIA 3aXUCTY CIIOBIlyBaya,
V., —MacoBa MIBUIKICTh PO3TOBCIOIKCHHS MTOXKEXI,
Tmax — MAKCUMaJbHA TEMIIEPATYPA,
Trom — TeMIepaTypa B IpUMIILIEHH],
Hyp — BucOTa npuminieHHs,
Tric — IHEPIIMHICTD CTOBIIYBaya,
D, _ onTvyHa MiTBHICTE cepeloBHIIA,
Mrop — MOPIT CIIpAIFOBaHHS CIIOBIllYyBaya,

g — Koe(DIlieHT TeIJI0yTBOPEHHS,

A — Koe(dIIieHT TerIonepeaydi cepe/I0BHUIIA.

[lin yac BHU3HAYEHHS MOXUOKM 3aJaHHS BHUXIJTHUX JaHUX BUHUKAE Psj
TPYJHOIIIB, MOB'SI3aHUX 3 BIACYTHICTIO JOCTAaTHBOI KUIBKOCTI 1H(OpMAIlii, 3aHAITO
NpUOIM3HUM BU3HAYEHHSM I[MX BEJIWYUH Ha mpaktuui. g psay BeauuuH Oynu
NpuiHATI pekoMmeHaarii 3 [78], a came: KoedilieHT XIMIYHOrO HEIomaly M,
HEOOX1IHU M JJ1s1 BU3HAUeHHs pajiyca terioBoro [1C, 1 koedilieHT monpaBKu Ha UM
A, IO K 1 1| HEOOXITHUN A1l OOYMCICHHS My, IPU BU3HAYEHHI pajiyca TUMOBOIO
IIC. i xoedimientu npuitmaroTbes piBHUMHU 0,7 1 0,8 BiIMOBIAHO, MPUUOMY BOHHU
MaloTh TaKe 3HAYEeHHs SIK TIPU BU3HAYEHH1 BEPXHbOI, TAK 1 HIXKHBOI MEX1 1HTEPBAILY
paaiyca. Ilin yac Bu3HAYEeHHS NOXMOKM 3aJaHHS HWXKHBOI TEIUIOTH 3TOPSHHS
pedoBuHM Q ¥ MacoBOi HIBUIKOCTI BUTOPSIHHS V) BUKOPUCTOBYBAIKCS PE3YJIbTATH
CTaHJApPTHUX A0chiaiB 3 [12-15] 1 Oynu npuitHaTi Benuuuau 4 1 5% BIANIOBITHO.

MeTpuuHi  XapaKTepUCTUKH OOJAcCTi MOKPUTTS TaKOXK 3aJal0ThCid 3
noxubkamMu. Ajsie BapTO BIJI3HAYMTH, IO BEJIMYMHA TOXMOKM BUMIPY pPO3MIpPIB
HEBEJIMKa i ICTOTHO HE BIUIMBAE HA KIHIEBUW PE3yJIbTaT.

HopMatuBHUMU NaHMMH, SKI BUKOPHCTOBYIOTHCS SIK BUXIJIHI, € 3aJI€KHICTh
BEMYMHM Tuionll, mo 3axumaerbes [IC, Big BucoTHM mnpuminieHHs. Pesynbratu

pO3B’si3aHHs 3aJlayl HE MOBUHHI TNEpEBUIYBaTH HOpMaTuBHI BuMoru. B [18] us
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3QJISKHICTh Ma€ TUCKPETHUN BUIJIS, IO 3HUXKYE TOUYHICTH PE3yJbTaTiB. Y XOl
JOCIIJDKeHb, 3a JOMOMOTOI MareMmaTudyHoi cuctemu Mathcad Oyna mpoBeneHa
THTEPIOJISAIIsA 3aJ€KHOCTI IO, IO 3aXUIIAETHCSA, Bl BHUCOTH MPHUMIIIECHHS.
PesynbTatl po6OTH HaBeneH1 Ha puc. 2.2, 2.3.

OTXe y KOKHOMY KOHKPETHOMY BHUMAJAKy BIAMOBILAHO 10 dopmyrn (2.1) abo
(2.2) 1 3HaYECHHAMH NOXUOOK BHUXITHHMX JAHUX BU3HAYAETHCS IHTEPBAI 3MIHU Ryoprp 1,
BIANOBITHO, Sgourp. IIOTIM OTpHMaHI 3HAYEHHSA TOPIBHIOKOTHCA 31 3HAYECHHAM
IHTEpNOJIbOBAaHOT (PYHKIII Ui KOHKPETHOT'O 3HAYCHHS BHUCOTH MPUMIIMICHHSI. Y
BUIAJIKy, SKIIO MAaKCHMAaJIbHE 3HAYCHHS IHTEPBAly HE IMEPEBUIIYE 3HAYCHHS
GyHKLIi, TO IHTEpBaJ 3aJMIIAETHCA HE3MIHHHUM, SIKIIO MEPEBUIIYE, TO 3a BEPXHIO
OLIIHKY NMPUUMAETHCS 3HAUYCHHS 1HTEPIOIbOBAaHOT PYHKII. SIKIIO W HUXKHS OLIHKA
NepeBUILy€e 3HaUYEHHS (PYHKIIIT, TO pe3ynbTaT sBisie COOOI0 HE IHTEepBall, a AOCOJIIOTHE
3HAYEHHS, U0 TOPIBHIOE 3HAYEHHIO IHTEPIOIbOBAHOT (DYHKIIII.

VY Ttakuii cnoci0 3aKiHUyIOUM €Tall MATOTOBKM BUXIIHUX JaHUX IS 3adadi
po3mimenss [1C, maeMo

— HOpPMaTUBHY 1H(oOpMaIlilo, 10 periameHtye moyioxkeHHs [IC oaunH
BIJIHOCHO OJIHOTO ¥ BIJHOCHO CTiH IMPHUMIIICHHS, 110 3aXUIIAETHCS, SKa HEOOXiaHa
U1t TOOYT0BU 00JIaCT1 MPUITYCTUMUX PO3B’SA3KIB;

— IHTEpBaJl 3MIHU pajiyca obisacti, mo 3axuimaersesa [1C, y3romxenuit 3
BuUMoramu [16].

Omxe MOXKHa TEpPexXoIUTH A0 eramy Oe3nocepeanboro posmimieHHs [1C,
pe3yabTaT sIKoro Oy/e He TUIbKM BpaxOBYyBaTH HOPMATUBHI BUMOTH, a i OCOOJIMBOCTI
MO’KEKHOTO HABAHTAXKEHHS B MPUMIIIEHHI, PO3BUTKY TMOXKEXK1, MOXKJIMBICTD 3aJaHHS

BUXITHUX JJAHUX 3 TOXUOKOIO.
2.2 ®opmadtizanisi YMOB PO3MIllICHHA JATYMKIB
Ha Biaminy Bij OUIBIIOCTI PO3MNISIHYTHUX Y JITEpATypl 3a/lay MOKPUTTS, Y 3ajadi

HO6YIIOBI/I Mepemi MOKEKHOT CPII‘H&JIB&LIﬁ, o po3riiaacTbCAa, Ha MOKIIMBC

IIOJIOKCHHA IIaT‘{I/IKiB HaKJIaJarThb I[OI[aTKOBi YMOBH TEXHOJIOTTYHOT'O XapaKTepy.
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Pucynok 2.2 — IHTepnonsiis 3ajaeKHOCTI TIIOII, 10 3aXUIIAETHCS, Bl BUCOTH

npuMitieHHs: a) — s rernoBux [IC npu kBagpaTHuHii cxemi; 0) — ISl TETIOBUX
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Pucynok 2.3 — [nTepnonsiiisa 3a1eKHOCTI TUIONT, 1110 3aXHUIIAEThCS, Bil BUCOTU

npumitieHHs: a) — st numoBux [1C npu kBaapaTuuHiil cxemi; 0) — nist qumoBux [1C

IIPU TPUKYTHIN cXeMi

Le mosiICHIOETBCA TUM, IO CEHCOPH, SIK peajibHl Tila (PI3UMYHOT0 MUPY, TOBUHHI

3HAXOJIUTUCH B IPUMIILICHH] ¥ MPU [IbOMY HE MEPETUHATHCS MK CO00I0 i 13 30HaMHU
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3a06opoHu (Oanmkamu, T1Iad)OHAMH OCBITJIICHHS, IOBITPOIIPOBOJAMH, KOJIOHAMH,
JEKOPATUBHUMU €JIEMEHTaMU U T.I1.).

Yeboro s 3amadi MOKPUTTS 00JacTi CEHCOPHMMHM 30HAMM  JIaTUMKIB
MOKEKHOT CUTHAMI3AIlIl € TPU TUIIH TEXHOJOTTYHUX BIIHOIIEHb MK T€OMETPUYHUMHU

o0'ekTamMu:

YMOBH B3a€EMHOI'O IIOIIAPHOIO HCEIICPCTUHAHHA (360 pOBMiH_[eHHSI HC

MEHII, HXK Ha MIHIMAJIbHO IPUIYCTUMIH BIJICTaH1) TaTYMKIB MK CO0O010;

YMOBH HAJIEKHOCTI IaTYUKIB 00JIaCTi 3 ypaxyBaHHSIM 30H 3a00pOHU;

- pPO3MIIIEHHS HAa MAaKCHUMaJbHO NPUIYCTUMIN BIACTaHI «CYCITHIX»
JaTYUKIB (CEHCOPHI 30HU SAKUX NMEPETUHAIOTHCS ).

Hns hopmanizaiiii oOMexeHb 3a3HAY€HOro TUMY JOLUIBHO BUKOPHUCTOBYBATH

anapart phi-QyHkIii.
2.2.1 OcHoOBHIi BU3Ha4YeHH il BJacTUBOCTI phi-GpyHKuin

V knaci 3a1a49 rCOMCTPUYIHOTO ITPOCKTYBAHHA, 10 AKOI'O HAJICKHUTDH PO3ITIIHYTA

3a/laya, K MaTeMaTH4yHI MOJIeJl JIBOBUMIPHHMX O0'€KTiB BHKOPHUCTOBYIOThbCS phi-

o0'ektu [67]. Phi-00'ekTOM Ha3MBAa€THCS HEMYCTa TOYKOBA MHOXKHHA AeR2, 110
3aJI0BOJIbHSIE TaKl BUMOTU: A — KaHOHIYHO 3aMKHYyTa MHOXHHA [34]; BHYTPIIIHICTb 1
3aMHUKaHHSI MHOXXHHU A MarOTh OJJHAKOBUIH TOMOTONIYHMUM THUII [33].

O0'ekt A4, noBepHEHUH Ha KyT 6 4 1 TpAaHCIBOBAaHUM Ha BEKTOP V 4 = (X 4,V 4),»
no3HavaeToes K A(u 4), u 4 =(v 4,0 ). llpu npomy Oyab-sKiii TOULl P BUXIIHOTO

: . cosO —sin0
ob6'exta A(0,0,0)BinnoBinae Touka p'=v, +p-M(0,), ne M(0,)=| . -
sin@ cos0

MaTpHIIs OlepaTopa MOBOPOTY IIIOMIMHHU.
Henepepsra, ycionn BusHaueHa ¢yukuis ® 48 :R% 5 R! nasuBaerses phi-
dyrkmiero o6'exrip A 4) i B(up), sxmo BoHa 3a70BONBHSAE TaKi XapaKTEPUCTHUHI

. AB . . . .
BractuBocTi: D7 (u 4,up)<0, KO 00’€KTU MarOTh CHUIbHI BHYTPILIHI TOYKH;
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CDAB(MA,MB) =0, akmo 00’€KTU TOPKAIOTHCH; CDAB(uA,uB) >0, gKkmo 00’ €KTH
A(u 4) 1 B(up) HE MalOTh CIIUIBHUX TOYOK.

3 MeTo BpaxyBaHHS BiJACTaHE MK TeOMETPUYHUMH OO'€KTaMH yBEACHE
MOHSATTS HOpMaii3oBaHoi phi-pyHkIii [65].

Phi-pynxuis ﬁ)AB(u 4> U p) HA3UBAETHCS HOPMAaJII30BAHOIO, SIKIIO 11 3HAUEHHS

JOPIBHIOKOTH €BKIINOBUM BifcTaHaM dist(A(u 4),B(ug))= min  dist(x 4, yp)
xy €d,xge

MK 00'extamu A(u 4) ¥ B(upg), 32 yMOBH, 110 00'€KTH HE IEPETUHAIOTHCS

DB (u 4 up)=dist(Au 4), Bug)),axwo int A(u ;) (int B(uz) =2,

&)AB(MA,MB) <0, axwo int A(u 4)(int Bug) # 2. (2.3)

[ToOynoBa HopmanizoBaHux phi-¢pyHKIIH 111 AOBUTBHUX phi-00'€KTIB AOCUTH
ckiagHa mporenypa. Kpim Toro, HopMmainizoBaHi phi-GpyHKIIT HEMUHYYE MICTATH
paauKaii, 1o HebakaHo AJis pO3B’sI3aHHA ONTUMI3allIMHKUX 33724 13 3aCTOCYBAaHHAM
rpaJleHTHUX METOMAIB onTuMizaiii. Yepe3 e s MOJEIIOBAHHS MPHUIYCTUMHX
BiJICTaHEH MDK O0'€KTaMU TEpEeBaXKHIIIE BUKOPUCTOBYBATH BUIBHI BiJ paJuKajiB

NceBOHOpMai3oBaHi phi-QyHKIii.

. —~AB
Busnauennsa 2.1. HenepepBHa Bcioau Bu3HaueHa QyHkiis @  Ha3UBA€ETHCS

MICEeBJIOHOpPMaizoBaHo0 phi-QyHKIIEIO 00'€KTIB 4 1 B, SKIIO BUKOHYIOTHCS TaKl

YMOBHU:

D48 (uy,uy) <0, axwo dist(4, B)< p~,
D48 (uy,uy)=0, axwo dist(4, B)=p~, (2.4)

D48 (uy,uy) >0, axwo dist(4, B)> p .

I[JISI MOACIOBAHHA MAKCHMAJIBHO IIPUITYCTHUMHUX BiI[CTElHCfI MDK 00'ekTaMu
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. —AB
BUKOPUCTOBYEThCS QyHKIIA D+

. : . — AB .
Busnauenna 2.2.  IlceBmonopmanizoBanow phi-¢pynkumietro @, i phi-

00'exTiB A(u 4) 1 B(up) Ha3uBa€TbCA HENEPEPBHA BCIOAM BU3HAu€Ha (YHKIIA, AJIs

AKOT XapaKTepH1 TaKi BIACTUBOCTI:

Ci)fB >0 axwo dist(4,B)<p*,
D48 =0 axwo dist(4,B)=p", (2.5)

Ci)fB <0 saxwo dist(4,B)>p™".

3acTocyBaHHS kBazi-phi-QyHKIii JO3BOJISIE 3HAYHO 3MEHILUTH
OOYHUCIIOBAJIBHY CKJIAIHICTh ONUCY B AHAJITUYHOMY BUIJISAI OOMEXEeHb Ha
pPO3MIillIEHHST O0'€KTIB 1 PO3MIMPIOE KJac OO0'€KTIB, JJIsI SKMX YMOBHU B3a€EMHOIO

HCTICPCTUHAHHA 3alIUCYIOTbCA Y BI/IFJISII[i CHUCTCMH HepiBHOCTeﬁ.

@!AB

Busnauenns 2.3. Kga3zi-phi-¢pyHkiiero JUIL MOJIETIOBaHHS YMOB

HenepeTuHaHHsa phi-00'ekTiB A 1 B Ha3WBac€ThHCS HENEPEPBHA HKIUA, I KO
9

BHKOHYIOTBCA TaKl1 YMOBH:

max B ,,up,u)<0, axwo int A ;,)Nint B(ug) D,

uelU
max CI)'AB(MA, upg,u)=0, skwo int A(u 4)(Nint Blug) =9, (2.6)
uelU

frA(u )N frBug)+<,

max B, ug,u)>0, axwo Aw )N Bug)=2,

uelU

ne Burisia MHOkuHH U < R’ it posmipricTs ¢ mpocTopy R’ samexats Bin dopmu

PO3MIlIlyBaHUX 00'€KTIB 1 BUTJISIY BITHOIIEHD, 1[0 MOJICITIOIOTHCS.

1AB

Bupaszu (2.6) takox o3HayarwTh, 1Mo ¢yHKIE max O € phi-pyHKIIi€TO,

uelU
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OCKLUIBKH 33JI0BOJIbHSE YMOBY (2.3).
[lonsaTrs kBazi-phi-pyHKUIA Moke OyTH TMOIIMpPEHE Ha MOJEIIOBaHHS

oOMEXeHb Ha MPUIYCTHMI BICTaHI MK OO'€KTaMHM y BHUIJISAI KJIAcy TaKk 3BaHUX

MICEBIOHOPMAai30BaHUX KBa3i-phi-QyHKIUH.

& 48

Busnauennsa 2.4. TlceBnoHopManizoBaHoo Kasi-phi-hyHKIiri€to U1t

onykinux phi-o6'extiB A(u 4) 1 B(up) Ha3uBaeTbCsl HeNepepBHAa (QYHKIS, IO

3a10BOJIBHAE€ YMOBH!

max Cf)'_AB(uA,uB,u) <0, axwo dist(4,B)<p",

uelU

max 8w ;,up,u)=0, axwo dist(4, B)=p~, (2.7)
uelU

max A'_AB(uA,uB,u) >0, axwo dist(4,B)>p~,

uelU

ne Burisia MHOkuHH U < R’ it posmipricTs ¢ mpocTopy R’ samexats Bin dopmu
PO3MilllyBaHUX O0'€KTIB 1 BUTJISLY BIIHOIIEHD, 1110 MOJCITIOIOTHCS.

Busnauennsa 2.5. TlceBmoHopManizoBaHoo Kasi-phi-hyHKIli€to Cf)'fB U1t
phi-o0'extiB A(u 4) 1 B(up) Ha3uBaeThCs HeNepepBHA (YHKI[IS, IO 3aJ0BOJIBHSE

YMOBHU:

max CTD;AB(uA,uB, u) <0, axwo dist(4,B)>p™,
ue

max ' 18w ;,ug, u)=0, ko dist(4,B)=p", (2.8)

ue

max CTD;AB(MA, ug,u)>0, axwo dist(4,B)<p™,
uelU

ne Bug MHOXHMHM U c R' it posmiphicts ¢ mpoctopy R’ 3anexats Bin dopmu

PO3MilllyBaHUX O0'€KTIB 1 BUAY BIIHOIIEHB, III0 MOJICTIOIOThCS.
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Bigomo [110], mo mus  nosinmehux phi-o6'extie A=) 4, i B= | B;
i€l, JjeJ,
AB . A;B; . ,
Q7" =min{® "/,iel, jel,}.

JoBuibHMII oOMexxeHui phi-00'ekT, Mexi SKOro QOpMyIOThCA Ayramu
OKPYXHOCTEH 1 BIJIpI3KaMU NPSIMHUX, MOXe OyTH MOAAHUM y BUTIIANI 00'€THAHHSA
MHOXHUHU 0a3zoBux phi-o0'extie R, R={K, D, H, V} [109], ne K — onyximuit

0araTOKyTHUK, IO 3aJaHuid BepmuHamu  (x;, »;), i=1,...,m, a ctopoHu K —
piBHSHHAMU o;x+ fB;y+y; =0, al-z +ﬁl-2 =1 (puc. 3.2 a); D=T() C (puc. 3.26), T

— TPUKYTHHK 3 BeplMHaMu p;=(x; ,y; ), i=1,2,3, C — koo paaiyca r 13 LEHTPOM
(Xe» Vo),  p1=(x1, ¥1) 1 pr=(x2, ¥2) — KiHmEBi ToukH xopau cermenta D; H=T()C *

(puc. 3.2 B), C =R*\intC, T=conv{H}; V=T CTﬂ C, (puc. 3.2 1), ne C; —

KOJIO pajiyca r, > ry.

P2

IS

B)

Pucynok 2.4 — basosi o0'extu: a) — K; 6) — D; B)— H; 1) -V

Takum yuHOM, 1711 NOBUTHHUX phi-00'ekTiB 4 1 B, Mexi Akux (GopMyrThcs

JIyraMu OKpYXHOCTEH 1 Biipi3kaMu npsiMux, phi-QyHKIito @48 Moxua sammcarn y

. . A:B; . .
BUTJIS I CDAB:mln{CD “iiel,, jely), ne, A= U4 , B=U B;
ielp jelq

A;,B; €R.
JIOCTOBIPHOIO MOJIEJUII0 CaMOIo CEHCOpa IIOKEKHOI CHMIHaji3alii € KoJo

(mpuposHO, HabaraTo MEHIIOTO pajalyca, HIX paJilyc BIAMOBIAHOT MOMY CEHCOPHOI
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30HM). ToMy HACTymHI pPO3AUIM NpPUCBSYEHI omucy phi-QyHKIIN, A8 SKUX

MPUHANMHI OJIUH 13 IBOX O0'€KTIB € KOJIOM.

2.2.2 Mone/il0OBaHHSI TeOMETPUYHHUX BiTHOIIIEHb MK CEHCOPpaMHU

Posrasinemo gopmatizaliiirto OCHOBHMX F'€OMETPUYHUX BITHOIIEHD JJIs IBOX KiJI
3a 101oMoror0 phi-yHKITIH.

OcCkiTbKM ISl KOJla MOHa HE pO3MIISIAATH KYT MOBOPOTY, phi-QyHKIisS 1BOX
KT 3aJIEKUTh BiJl YOTUPHOX MapaMeTpiB.

ITpu ubomy HOpMmanizoBana phi-pyHnkuig nBox ki1 C, 1 C, 3 pagiycamu 1, il 1,

3 apaMeTpamu po3MIIIEHH V, H V, Ma€ BUTJIAL

&)Clcz :\/(Xl _X2)2 +(Y1 _Y2)2 —L L.

Henonikom 1iei ¢pyHKIIIT € HASBHICTh pajidKaia, o IPU3BOIUTH 10 3POCTAHHS
OOYHUCIIOBAJIBHUX BUTpAT 1 OOMEXEHb Ha Kjac MNPUAATHUX METOAIB IMiJ Yac
PO3B’sI3aHHS 3a]1a4 HEJIHIMHOTO MPOrpaMyBaHHS.

[{ux HenonikiB moz0asyeHa phi-QyHKIis, 10 Moke OyTH 3anucaHa y BUTIISI1

Qe :(Xl - Xz)2 +(Y1 _Y2)2 _(rl +I‘2)2.

YMoBa po3millieHHs1 KT OJHE BiJl OJHOTO Ha BiJICTaHI HE MEHII HDK 3aJlaHa
BiJICTaHb P, 3a JOIOMOIOK HOpMAali30BaHoi phi-QyHKIIis 3anucyeThesd sk D% >p .
BinnoBinHy BUIbHY BiJl paAuKajiB CEBIOHOPMaIi30BaHy phi-QpyHKIIII0 MOXKHA

3allucaTH Tak:

D% = (x, =X,  +(y,—¥,) (5, +1,+p)’. (2.9)
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YMOBa  MakCHUMajdbHO NPUIIYCTUMOi  BIACTaHI p, 3a  JOINOMOIOIO
HOpManizoBaHoi phi-pyHkmii 3amucyeTbes sk D <p .

[lceBnonopMmanizoBana phi-QyHKIIS I8  MaKCUMAJIbHO  TPUITYCTUMHUX

BIJICTAHEN Ma€ BUTISII

D =(r+1,+p,) —(x, X)) = (v, — )" (2.10)

PosrnsiHemo Temep aHanmiTUYHUI omuc 3a jgonomoroto phi-pyHkIiil ymoB

HaJICKHOCT1 CEHCOPiB 00acTi 2 3 ypaxyBaHHSIM 30H 3a00pOHHU.

2.2.3 MopgeqOBaHHsI TeOMETPUYHHMX BIJHOIIEHb MK CeHCOpaMH |

obJsiacTaMHM 3200pOHH
2.2.3.1 JonomixkHi phi-pyHkuii s koJa

O6'exkmu C i nanisniowuna P. Hexalt p=(xc,yc) 1 ¥¢ — LEHTp 1 paalyc
Kona, a W =ax+ fy+y =0 — piBHAHHA npsamMoi L p, npudomy Y <0 1751 BCIX TOUOK
HaJeXaTh HamiBIUIOUIMHI P, Toal AomnoMikHa phi-pyHkiis 06'ektiB C 1 P moxe

OyTH BHU3HAY€HA TaK:
OFC WPl —ax+ By+y—rc. (2.11)

O6'exmu C i P*. 3a THX e MO3Ha4Y€Hb, 110 i IJIs MONEePEeIHbOTO BUIIAIKY,

O C WPl —ax—By—y—rc. (2.12)
O6'ekmu C i C* Hexaii nano o6'ekr C pazgiyca r i komo C' paniyca r' i3
neHTpom y Toumi (x',y"), Toai nomomikHa phi-pynkiis 00'extiB C i C” =R*\intC'

Ma€ BUTJIAL,
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*

O =(r =)~ (x-x) — (- )"

O6'extu C i G. Hexaii gano o6'ekr G =P(1C" (puc 2.5 a) i kono C paziyca
¥’ 13 ienTpoM y Toumi (x,)").

CI)GC

Phi-pynxkuis Ma€ BUTJIAL

®CC PeC pCoC gy, 2.13)

=max {®
. _ "2 N2 (2w =0 — b

Ac @ _mln{wlal//laa)ZJWZ}a W; _(“xi —X) +(yi_y) —(I") » Wi =V — PIBHAHHA

npsAMUX L; , 0 IPOXOIATh Uepe3 TOUKU ;) U t;5, W ;(O5)>0,i=1,2; O — 1eHtp

koia Cg.

ITpu upoMy BIAPI3KHM fit;5, i =1,2, NepIeHAUKYIAPHI NpAMIN #¢,, BIIPI3KU t1,

1

NEePHeHAUKYJIIIPHI CTOPOHAM KOHYCIB [/, 1 Hz‘iz‘in =r' mns Beix 4, j=1,2. (puc. 2.5 06).

PN\ &
e B ’
R '
Nl X
-7 o
- s
- N N £
r A ‘\ #
* i A\ 5 #
C ! ! i 2
ey \ R
I \
, * Vo
1] O }.o’
C
! \ ’
A s
* &

Pucynok 2.5 — Imtoctpariist 70 Bu3Ha4eHHS QYHKIIIT o YC: a) —o0'ekt G; 0) —

JOTIOMI>KHI T€OMETPUYH1 TOOY10BU
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2.2.3.2 Phi-gyHkuii 114 koJ1a it 6a30BuX 00'€KTIB

Ob6'ekmu C i K. Hexait K — onyknuil 0araTOKyTHUK 31 cTopoHamu E; 1

. o 2 2 .
BepIIMHAMU (X;);) ana 1<i<m. Hexann a;x+ B,y+y;=0, a; + ;i =1 — piBHsAHHA
IpsAMOI, 0 MICTUTBh CTOPOHY E; 1 BU3HAYa€ HANIBIUIOIUHY F:, BEpIIMHY i CTOPOHU

0araToKyTHHKa MPOHYMEPOBaHi B HANPSMKY 00X0y IPOTH TOJAMHHUKOBOI CTPUIKH U

[-a CTOpOHa 3'€/IHy€ BeplIMHM 3 HOMepamu [ U i+1. Hexait C — OoKpyXHICTh 13

LHEHTPOM (X, Y ) 1paalycom 7., TOAl

OX =max (@1, i=1,2,...my;, j=12,..,m} (2.14)

e @€ =y =+ By +yi v
y; =min{;, i;};
2 2 2
o;=(xc—x;) " +(Ye—y) —r";

pi =B —Bi)xc—x)— (i —a)(ye—y)+r(ai1fi—a;fi1).
O6'exkmu D i xono C. Hexait 3agani D =T (1C' i qOBiIbHUMA OMYKINA 00'€KT

E, Tomi y BuUNagKy B3a€EMHOr0 HEMEpeTHHAHHS 00'e€kTiB D 1 E MOXIUBI JBi

curyaiii: abo C He mepernHaeThest 3 1, a0o C He neperuHaeThes 3 C'. Takum

YUHOM, phi-QyHKIIiI0 @ PE Moxua nonatn y BUTJISI1 MaKCUMYMY phi-¢dyHKI11i
®F = max {@°C, ®KC) .
O6'exkm H i kono C. Hexait H =K ()G, Toni

@ 7C = max (@, Xy, (2.15)
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Opnak min yac moOynoBu phi-QyHkuid ob'ekt V' Moxe OyTu momaHuil y
BUIJISII CKJIAIHOTO 00'ekTa aBoma crocobamu: V =H (W (puc.2.6 a)i V=W G
(puc. 2.6 0), ne H HanexuTh MHOKHHI 0a30BUX 00'€KTIB 3 KyTOBUMHU PO3MIpaMu JIyT
ctporo meHmumu 180°. Ilpu npomy ob'extn H # G 13epKalibHO-CUMETPHUYHI, a
o0'ekT W, mo BianoBigae V' He € n3epKalbHO-CUMETPUYHHM 1 BU3HAYAE A3EPKAIBHY
HECUMETPHUYHICTH V.
Ockinbku phi-¢pyHkii 6yayorbes Ha ocHOBi phi-¢pynkmit (2.13) 1 (2.14),

dopma 3anucy sikux 30iraetbes g W i W', to Bupasu phi-¢yHKIii 1is 00'eKTiB

V 1 V' 36iraroThecs.

b,
)
)
KSR
IREIEEN e
) L BRIIELLLN
N o SR KIS I I
e e
S R SN
s i e ety etetetetet
>
o
o
oo

S

255

v,
fatelietn
N

Pucynok 2.6 — Imtoctpariist 10 BusHaueHHs GyHKii O ve. a)—

cmiBBigHOMmEHHS 00'ekTiB W, Vi H; 0) — cmiBBimHOmMEHHS 00'ekTiB W, Vi G

Phi-®@ynxuyii onsa Vi onyknux 06'exkmis. Hexait 3ananuii o0'ext V =G (W i
koo C , Toni

®"C =max{®7C, "1 = max (@ ¢, 0" 1. (2.16)

2.2.3.3 KBasi-phi-gynkuii st Kosia i onyk/janx 00'ekTiB

KBaziphi-pynkiis @' 1€ s onykinoro oomesxkeHoro phi-ob'exkta A(u 4) 1

xona C(uc) paailycoM r Moxe OyTH IOaHa y BUTIIAA]L
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4w gucup) =@ (g —uc,up)-r, (2.17)

P={(x,y)€R*:cos0p-x+sinfp-y<0}.

Takum urHOM, OOYAOBa KBaziphi-GpyHKIIT 1715 OyAb-SIKOTO OMYKJIOT0 00'€KTa
3 KOJIOM 3BOJIUTHCS N0 T0OymoBu phi-GyHKIIT 18 BIiAMOBIAHOTO o00'ekTa W
HaIMIBILUIOIIWHH.

Hagenemo phi-¢ynkuii ns asox onykii 6a3osux (K 1 D) 1 HaniBmnomunu P .

O6'ekmu K u P. Hexait p;=(x;,y;), i=12,....m — Bepmmunun K, a
v =ax+fy+y=0 — piBHAHHA npaAMoi Lp, npuuomy ¢; <0 i y <0 nai BCix
TOYOK, W0 Hajexath K 1 P BIANOBIAHO, TOA1 JONOMDKHa phi-QpyHKIsA

HaHiBHJIOH_II/IHI/I 74 OITYKJIOTO 6aFaTOKYTHI/IKa MOXKC 6yTI/I 3aIlIMCaHa y BI/IFJBII[i

®KP = min w2, (2.18)

ISiSml

ne WPl = v, =ax;+ By; +y — QyHKIII HaTEKHOCTI TOUKH p; HAMIBIUIOMIMHI P.
O6'ekmu D [ P. Hexaii zamami D=T(\C # wnamiButomuna P. Toxi

BiJIMOBIHA phi-QyHKIIIS Mae BUTIIAL
O PP =max {@F, 0k} (2.19)

2.2.3.4 MopesOBaHHsl BIIHOLICHb HENEPETHHAHHS KOJAa # JOBLIBLHOIO

00MeKeHOoro 00'ekra

Jlns 3araJibHOrO BHMAAKY, KOJM MeX1 oO0jacTi 3a00poHM HE OIKCaHl 3a
JOTIOMOTOI0  BIAPI3KIB MPSIMUX 1 CErMEHTaMu AYr OKPY>KHOCTEH, BiAmoBigHI phi-

¢byskuii i kBaziphi-QpyHKuii He MOOYI0BaHI.
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Jlisi oKpeMuX BUMNAJKIB, HAMPUKIAA JUIsl eIINTHYHOI 00JacTi, iICHye aHaior
phi-QyHKIIi, 1m0 TIPYyHTYeTbCS Ha MapaMETPUYHOMY BIIOOpakKeHH1 elinca B
NPSIMOKYTHHK, 3ampornoHoBanui Birgin E. G. B [102], abo kBaziphi-byHKIis s
Kojla ¥ eminca, moOyaoBaHa Ha OCHOBI KBa3iphi-QyHKII aJis ABOX ENINCIB, IO
IPYHTYETHCS Ha aHai31 HenepeTUHAaHHs npoekiii 00'exTiB [17] (Puc. 2.7).

O0'extn C u E. Hexaii 3anani eninc E i3 miBBicsiMu a i b 1 mapamerpamu

po3MilieHHd u, =(X,,y.,0) # komo C panlycom r 3 nmapameTpaMu pO3MiLICHHSA

v, =(X,,y,). Toxi kBaziphi-pynkuis & “(v.,u,, f) Moxke GyTH 3anmucana y BUTIS
CE " "
O (ve,ue,f)= Xce(VC9f)'Xec(ujaf)'d'r , (2.20)

" — :
ne Xee(Ve,D)=x cosf-y sinf

" _ .
Xoc(Ve,D)=Xx cost-ysinf,

d=\/(a2—b2)cosz(€)-f)+b2 :

y
L
LJ.
@) )
E'
tec
. tcb
E" Xec C" Xte C'
(@] X
d T f
Y

Pucynok 2.7 — [lobynosa kBa3ziphi-¢pyHKIii @' ¢E Vestty, 1)
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Y  3aranbHOMY BHMAJKy PEKOMEHIYEThCS MOMEPEeNHbO MNOOyAyBaTH
anpoKcHMaIlilo Mex obyiacteid 3a00poHM HA0OpPOM BIAPI3KIB MPSAMHUX 1 AT
OKPYXHOCTEH 1 MEepelTH 10 po3MIsiAy CTAaHJAPTHOIO CLEHApII0 BIHOUIEHb KoJia U

00'ekTiB 3 6azoBOTrO HabOPy K.

2.2.4 MopgeqOBaHHsI TeOMETPUYHHMX BIJHOIIEHb MK CeHCOpaMH W

00J1aCTIO IOKPUTTH

YMoBu HanexxHocti kojia C oBUIBHIN 00acTi {2 B €KBIBAJICHTHOMY BHTJISI1
MO’KHA 3aITHCATH K YMOBH B3aeMHOro HeneperuHanus C it o6macti Q =R*\intQ.
Onmak ob6macte () He OOMEXeHa, TaK IO HEMOXIMBO MOAATH ii y BHIIAMI
o0'eqHaHHs 0a30BHX 00'€KTIB 3 R, HABIThH SAKIIO ii MEKa ONKcaHa HAOOPOM BIIPI3KiB
MPsIMUX 1 IYT OKPY>KHOCTEH.

VY 1upoMy BHUMAAKy IPOMOHYETHCS BUKOPUCTOBYBAaTH TaKHM yHIBEpCalIbHHUI
MIAX1T: B3STH JOCUTh BEJIMKUH MNpAMOKYTHUK Il, mo wmictuth obmacte Q, 1
nobynysatu obmacte Q =I1\intQ=I1NQ", micma yoro posrnsmaTd 3axady
pO3MillleHHs KT y TpsAMOKyTHUKY I1, a 10 obnacrteit 3a00poHHM MOYATKOBOI 3aayi
nomatu 06macte Q. Ockinbku 061acTs Q 0OMekKeHa, MOKHA JUTS MOJICTIOBAHHS

BIIHOIIIEHb 3 HEI0 Oe3Mocepe/lHb0 BUKOPUCTOBYBATH MIAX1J, BUKIAAEHUN y PO3ALIL

2.2.3.
2.3 MoaeawBaHHA BilHOIIEHb NOKPUTTS

Hexall 3agani 3aMkHyTa oOMexeHa MHoxuHa € 1 HaGlp n k1 C,
i=12,..,1 , pagiycoM r i3 neHtpamu u, =(x;,»;). YBEIEMO BEKTOp 3MIHHHUX

u=u,..,u,) i nmooyamyemo o0'ekr Y(u)=| JC(u,). 3a BusHaueHHsMm Y(u) -
1 n [ANGS!

iel,

MOKpUTTS MHOKHHN Q, axmo Qc Y(u) < ¥ (u)NQ=J,
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Y (u)=R*\Y(u). (2.21)

TakuM 4MHOM, YMOBY ICHYBaHHSI Kpy206020 noxkpumms obmacti  MoxHa

3aMnucaTy y BUTIISII

Y'wNQ=3J. (2.22)

VY Monorpadii [57] 3anpornoHoBaHUHN MiAXIA 10 PO3B’SI3aHHS 3a7a4 MOKPUTTS,
MOJICJIIOBaHHS SKUX I'PYHTYETHCS Ha BUKOPUCTAHHI M -(YHKIINA A1 onucy 006JacTi
(2.22). Opnak mig Yac BHUKOPUCTAHHA Mg o -(QyHKIIT TOTPIOHI TPYAOMICTKI
OOYHMCIIEHHS TUIOL] TaK 3BaHUX CKJIaJCHUX OO0'€KTIB, SIKI B 3arajJlbHOMY BHUIIAJKY
ABISIIOTH COOOI0 MepeTUHAHHA U 00'enHaHHA MHOXHH C, 1 Q.

Tak, ®-(yHKIS, 1110 € OJIHIEIO 3 HAMIPOCTIIIMNX, a caMe, ®-(PYHKIIIS JBOX KiJ

C(x,,y,) 1 C,(x,,y,) 3panilycaMu , 1 r,, I, >T, Ma€ BUIJIAJ

0, AKILO Py, 21, +1,,
2
e T, , SKIIO P, <1, — 1,
O (X, YHXYo) =9 (2.23)
1 (arccoso, —a,4/1—a,)+
2
1, (arccosol, —ol,4/l—a,), gAKMot —1,<p, <1 +1,,

2 2 2 2 2 2
2 2 L -5 +pp L -5 +pp
IS p12:\/(X1_X2) +(Y,-Y,) > oy = 5 , O, = ) .
Py, LPy,

Kpim toro, ciin 3a3HaunTt, mo GyHKIis (2.23) He € TIIaIKoro.

HK 330i6 JJIs1 MOACIIFOBAHHSA YMOB HOKpI/ITTSI MOXHa BI/IKOpI/ICTOBYBaTI/I MCTO
o - . * Y0
® -pyHKIIIA 1 3aMUcaTH YMOBY iCHyBaHHS TOKpUTTA K Y [|P=J < ® >0, ne

@ — @ -ynxis o6'extiB Y =R \intY i Q.
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Tak, y poGotax [47, 45] Ha ocHOBiI 3acTtocyBaHHS MeToAy phi-GyHKIIiHi
OyIyloThCS MaTeMaTU4yHI MOJEN ONTUMI3AIIHHUX 3a7a4 MOKPUTTA OMYKJIUX
OOMEKEHUX 3aMKHEHHUX JBOBUMIPDHHUX 00JacTel KOHIPYEHTHUMHU OINYKIUMHU
OOMEKEHUMH 3aMKHEHUMH JIBOBUMIPHUMH OO0'€kTaMu. SK NpuUKIaT HaBOJUTHCA
aHAMITUYHUNA BUTJISAJ HOpMalizoBaHWX phi-QyHKUINA, HEOOXITHUX MJid MOOYI0BU
peanizaiiii BKa3aHMX MaTeMaTUYHUX MOJEIeH Mg 3a71a4i MOKPUTTS 0a30Bo1 001acTi
(k0J10, TPSIMOKYTHHK, MPaBUIbHUN 0araTOKyTHHUK, ONYKJIMM 0araTOKyTHUK) KOJIAMU
3aJ1aHoTo pajiyca.

VY uux pobotax HaBeaeHi phi-QyHKIi, fKI HEOOXigHI IJs MOOYTOBAaHUX
MaTeMaTUYHUX MOJIeJIeH 3ajlady MOKPUTTSA JOBUIBHOI 00JAacTi KOHIPYEHTHUMH
KOJIaMHU, 30KpeMa HopMaliizoBaHi phi-GyHKIIT JBOX KiJI, KoJia i TOMOBHEHHS 70 KOJIa,
MPSIMOKYTHHKA M KOJIa M ONyKJI0ro 0araTOKyTHHKA i KoJia.

Sk 1y Bunaaxky o-QyHkiiii, nodygosa onucy obaacti (2.22) B aHaTITUYHOMY
BUIJISI/II HA OCHOB1 HOpMalti30BaHUX phi-pyHKIINA € TOCUTh CKIaJHOIO TEOPETHYHOIO
3a/layero 1 BUMarae 3Ha4yHUX OOYHUCIIIOBAIbHUX BUTpAT. Tak, HAPUKIIA/l, MpUBEICHA
HopMaini3oBaHa phi-QyHKIIsS NpsSIMOKyTHUKa (QikcoBaHOi opieHTanmii R(X,,y,)

po3mipamu 2ax2b 3 konom C(X,,y,) 3 paaiycoMm r 3 pobotu [47]|mae Bun

D(X,Y1,X,,¥,) =V(X, =X, ¥, — Y1) (2.24)

ae Y(X,y) =min{Q(x,y), max{y(x,y), (X, y)}};
P(x,y) = min ¢;(X,y);

,,,,,,,,

0,(%,y) = J(x—a)* + (y=b)> =1, @,(x,y) =y/(x +2)* + (y —b)* —1;

0y (%, y) = A/(x +2)> + (y+b)> =1, @,(x,y) =/(x —a)* +(y +b)* —1;

LKY)=x=A, 1, (X,y)=y-B, 1;(X,y)=—x—-A, x,(X,y)=-y—B;

N(XY)=X+y=s, %, (X,y)=—X+y—s;
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(X, ¥Y)=—X—y—5; 4 (X,y) =X —y~—s;

A=a+r,B=b+r,s=a+b+r,x=Xx,-X,, y=Y,—-Y,-

3a pIBHOCTI pajilyCiB MOKPUBHHUX KT MO>KHAa CKOPUCTATHCS MaTeMAaTHYHOIO
MOJIEJIITIO, sIKa 3arpornoHoBaHa B po6oti [70]. Moaens IpyHTy€eTbCsl HA BUKOPUCTaHH1
niarpam Boposnoro [227].

Takum unHOM, MOOYIOBa 00MacTi BUMIIAAY (2.22) B aHAIITUYHOMY BUIJISIL €
HETPUBIAIHHOIO 33/1a4€l0 1 BUMAara€e 3HA4YHUX OOYHMCIIOBAIBLHUX BUTpaT. Uepes 1ie
aKTyaJIbHUM CcTa€ (OPMYJIOBaHHS KPUTEPIIO MOKPUTTS B OUIbLIE 3pYyYHOMY st
dbopmaizailii BUTIISIL.

He nopyryroun 3araibHOCTI BUKJIIOYMMO HaJIajl 3 PO3TIISLY MOKPUTTSA, Y SIKUX

€ HaJUIMNIKOBI Koja, To0To BBaxkaemo, mo Q& Y'\C,,Viel Cnpani, HaJIHNIKOBI

KOJa 3a BU3HAUEHSM 3aBXKIU MOXYTh OYTH BUJIyY€HI 3 MOKPUTTA 0€3 MOpYLICHHS
yMOBH MOKpUTTA. OCHOBHI METOAM BUSIBIICHHS HAJJIMIIKOBUX KUI 1 J€sAKi acHeKTH
MOJTIMIICHHS SIKOCTI KPYrOBUX IMOKPUTTIB JIOCUTH JTOKJIATHO BHUCBITIEHI B poOOTax
[236, 224, 105, 90].

CdopMyeMO MHOKMHY TOYOK NEPETHHAHHS OKPY>KHOCTEH 1 MHOXKMHY TOYOK
MepEeTUHAHHS OKpY>KHOCTEH 1 Mexi. B [236] HaBOAMTBCS KpPUTEPId TOKPUTTI Y
TaKOMY BUTJIAJIL: JUIsl TOTO II00 MHOXKMHA Oyja KPYroBUM MOKPHUTTSIM MHOXKUHHU
HEOOX1HO ¥ 10CUTh, 100 Oy/b-sKa TOUKA TEPETUHAHHS OKPYXHOCTEW Hajiexana siK
MIHIMYM TPHOM OKPYXXHOCTSIM 1 KOXKHA TOYKA IMEPETHHAHHS OKPYXKHOCTI 1 MEXi
00JacTl HaJleXxana sik MiHIMYM JIBOM OKPY>KHOCTSIM.

Tak, Ha puc 2.8 a) Touka nepetuHaHHsa ¢, okpyxHocted frC, 1 frC,, mpo
HaJIeKUTh obOsacTi (), TakoX HanexuTh 1 komy C,, a Touka NEpPETHHAHHA S,
okpyxHocTi frC, i mexi fr() nanexurs koiy C,.

3anponoHoBaHi y po6orti [162] kputepii Oyinu nepeTBOpeHi 10 €KBIBAIEHTHUX
KpUTEPIIB HAJNEKHOCTI CHEIIaTbHUM YUHOM MOOYAOBAHUX TOYOK OKPY>KHOCTEH, IO
MOPOXKYIOTh TOUKH NepeTuHaHHs. Tak, 1 MOKPUTTSA, IPEICTABICHOTro Ha puc 2.8

0), cucrema oomexenp q,€C,, q,€C,, q,€C, 3aMIHA€TbCA Ha EKBIBAJICHTHY
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cucremy oomexens t, €eC,, t, eC,, t, e C; a cuctema oomexenp s, €C,1s5,eC, —

. * . .
Ha E€KBIBAJIEHTHY cuctemy oOmexens t, €C,, t,€C,, t, € (t, 1 t, — TOUkm 31

3MIHHUMH KOOpI[I/IHaTaMI/I). OcTtanHe 0OMEKCHHS J00aHC OJI1 TOTO, IJ_[O6 YHUKHYTHU
MOJXJIMBOI'O TIOPYIICHHA ITIOBHOTH TIIOKPUTTA B XOI[i mpouecy OHTI/IMiBaHﬁ. Yy

IPOTUBHOMY pa3l To4ka t, MO)Ke MOTPAUTH ycepeAauHy obrnacTi ) i y pe3ynbrarTi

MOPYIIMTHCS YMOBA MOKPUTTA Mexi Q (puc. 2.9 a).

Pucynok 2.8 — EkBiBaneHTHI KpUTepii HOKPUTTS OaraToOKyTHUKA KOJIaMHu, 1110

3ampoIOHOBaHI: a) — y po0oTi [235]; 6) — y poboTi [161]

Sk mokazaHo B [162], HaBeneHa cucTteMa 13 JABOX KPHUTEPIiB JAOCTaTHS IJIs
aHaJi3y CTAaTUYHOTO PO3MIIIEHHS KU, OJHAK HE TapaHTye 30epeKeHHS
MPUIYCTUMOCTI MOKPUTTS B XOA1 mpouecy ontumizaii (puc. 2.9 6). Tomy B [162]

YBEJIEHUN TPETi KpUTEepIil — HAJEKHICTh BEPUIMH p, MexX1 o0nacTi ) kojam, L0

MOKpHUBaIOTh 001acTh (puc. 2.9 6) .
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a)

Pucynok 2.9 — ImtocTpariiss 0 HEJOCTATHOCTI KPUTEP1iB MOBHOTH MOKPUTTS,

HaBeJCHUX Y poOOoTi [236] st Kil 31 3MIHHUMU MapaMeTpaMH pO3MIIIEHHS: a) —
MOPYIIECHHS TOBHOTH MOKPUTTS MeX1 (2; 0) — MOPYIICHHS TOBHOTU MOKPUTTS Y

BepIIMHi (2

OOMexeHHs, 10 MPOMOHYETHCS, 3aMUCYETHCS Y BUTIIAA1 (PYHKIIII HaEKHOCTI
TOYKH KONy W MEPENIKOIKa€e MOPYIIEHHIO TOBHOTU MOKPUTTS Ta BAHUKHEHHIO HOBUX
TOYOK MEPETUHAHHS OKPYKHOCTEH 13 Mekero () B XO/1 MPOLECy ONTUMI3AIlii.

[IpoBenene B [162] mepeTBOpEHHsI CUCTEMH KpPUTEPIiB J103BOJISIE YHUKHYTH
OOYHUCIIEHHS] KOOpAMHAT TOYOK MEpPETUHAHHS OKPY>KHOCTEH y XOoHl1 pO3B’A3aHHS
ONTHUMI3AIIAHOI 3a/1a4i, 0 3HAYHO CIPOIINYy€E OOYUCIEHHS, OCOOJIUBO JJIsI BUIAIKY
3MIHHUX pajiyciB, 3aJaHuX, SIK y 3raja”iii poOoTi, 3a JOMOMOIOK CIUIAMH-
anpokcumarliii. Ilnaroro 3a crnpomieHHs € 3pOoCTaHHS PO3MIPHOCTI 3ajadl uepes
YBEACHHS CUCTEMU JOMOMIXXHUX TOYOK.

v Pa31 BUKOPUCTAHHA K1JI OJHAKOBOI'O paalyCa KOOPpAWHATHU TOYOK BUIIIAAY tijk

MOXYTh OYTH BH3HAU€H1 aHAIITUYHO HAa OCHOB1 JJOCUTh TPUBIAIIBHUX F€OMETPUUHUX
MIpKyBaHb, IO W JI03BOJUJIO C(HOPMYIIOBATH MaTEeMaTHUYHY MOENb 3aaadi 0e3

3AJIYUYCHHS OOOATKOBUX 3MIHHUX.
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Pucynok 2.10 — BinnoBigHIiCTh KpUTEPI1iB MOBHOTU MOKPUTTS, 1110 OYIIH

BUKOPUCTaH1 JyIsi: a) — podotu [161]; 0) — maHOTO AOCIIIKEHHS

IIpn npOMy yMOBHM HOKPUTTA BepIIMH €2 3alUINAETbCA HE3MIHHHUM; YMOBHU

. * + *
nokputrs Mex1 Buny t, €C,, t, €C,, t, € ) 3BomATHCA 10 yMOBU t, € ), a yMOBH
NOKPUTTA BHYTPIIHBOI 4acTMHU obnacti surany t,e€C,, t,eC,, t,eC,

MMPOIMOHYIKOTHCA OIIMCYBATHU B aHaJIiTI/I‘IHOMy BI/II‘JIHI[i 3a JOIIOMOI'OIO HOBO1 q)YHKI_Ill,
10 OIINCYy€ BiIIHOH_IeHHSI IMOKPUTT:A IJIA TPHOX K1JI

k

.C.
Fi(@sy,,9,8,9,) = 0

xi7yi7xj7yj7x5?ys) Z 0) He

tCs (

% xi,yi,xj,yj,xs,ys) — (DyHKIIISl HAJIEKHOCTI TOYKHU tijk(xi,yi,:vj,yj) KOJTy
C,,
tijk(xi,yi,:vj,yj) = (:Uijr,yijk),k € {1,2} — Touka nepeTuHaHHs okpyxkHocTelt C. i
C,
xij]=Xi+Xj+(y.—yi)\/ s - 0.25,
2 : (x;=x) +(y;~ )

(2.25)

YitY; r?
Yin = - (x;-x) -0.25
g 2 : \/(Xj_Xi)z +(Yj_Yi)2
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5N (y-y) - 0.25
X,y = —(y. —y; —0.25,
" 2 : (Xj - Xi)2 + (Yj - Yi)2 (2.26)
yi tY; r’ )
Yip = +(Xj_Xi)\/ 3 ~—0.25
2 (Xj_Xi) +(Yj_Yi)
té//ﬂcb'k oo b
% — (byHKIIIT HAJIEKHOCTI TOYKH tl,jk xony C' .
Takum yuHOM,
2
x +T 2
L —p? -z +(y —y) 4 —0.25| —
e 2 s 1 7 2 2
; (2.27)
Yy, T Y. ?
Ny (1, ) L ~0.25
2 (z,—=z,)" +(y,—y,)
2
T, + T r?
= e ) 2 - 0.25| —
) (2.28)
Y, +vy. r?

(z,—z ) +(y,—y,)

Hapenenuii onuc KpyroBoro nmoKpUTTS JOBLILHOTO 0araTOKyTHHKa MOXE OyTH
y3araJbHEHUM Ha BUIIAJI0OK MOKPUTTS JOBLILHOT 00sacTi 2.

Cdopmyemo MHOXHMHY P TOUOK p, Mexl 00sacTi 2, y AKMX MOPYLIY€EThCS

riaakicTh ii Mexi. [TozHaunmo yepe3 K TMOTYKHICTh MHOKUHU P .

Hapnani BBaxkaemo, 1110 KpUBU3HA MEX1 B Oyab-aKii ii TOUlll, KpIM TOYOK 3 P,
MEHIIE KpPUBM3HU KU1 3 MHOXHMHM C. Y OpPOTUBHOMY pa3i HaBEIEHUX TPhOX
0OMEKEeHb MOKE€ BUSIBUTUCSA HEJIOCTATHBO, 1 MOKPUTTS MEXi MOPYIIUTHCS B MPOIIEC]
ontumizamii (puc 2.11). Jng AUITHOK MeX1 3 MOPYILICHHSIM I[l€l YMOBH OyAyeThCs

30BHIIIHS alPOKCUMaIlisl pparMeHTaMHu KPUBUX MEHILIOT KPUBU3HHU.
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Pucynok 2.11 — CriBBiIHOIIEHHS] KPUBU3HHU MEXI1 i MOKPUBHOT'O KOJIa: a) —
MOPYIICHHS OOMEKEHHSI Ha KPUBU3HY; 0) — MOKJIMBE NOPYIICHHS] YMOBU MMOKPUTTS

MEX1; B) — CIOC10 MO10JIaHHsT OOMEKEHHS Ha CMIBBIIHOIIEHHS KPUBU3HU 00'€KTIB

Hazsemo KpYTroBC€ IIOKPUTTA HCBUPOIIKCHUM, IAKIIO HISIK] 13 TPHOX MCK

00'eKTIB (BKJIIOYAIOUU MEXY ()) HE MEePEeTUHAIOTHCA B OJHIN TOYIIL.

Cnig 3a3HauMTH, 1O JJIA BUPOHKEHOTO MOKPUTTS Y 3aBXKIM MOXKHA
noOyAyBaTH €KBIBaJICHTHE HEBUPOI)KEHE MOKPUTTA Y , 30UIBIIMUBIIK PAlyC KOKHOTO
3 KU1, 0 (GOPMYIOTh MOKPHUTTS, Ha JOCUTh Maly CTPOro MO3UTUBHY BEJIMYUHY & .

TyT mig eKBIBaJICEHTHICTIO PO3YMIEThCA T€, 110 MaTeMaTWYHA MOJEJb, fKa OMHCYE

MOKpUTTA Y, aJeKBaTHa TakoX [Js TOKputtss Y. Yepes mneHagam Oyaemo

po3riiaaTu TUIBKH HCBI/IpOI[)KCHi IMOKPUTTH.

Kpurepiii moxkpurtsa. [lng Ttoro, mo0 MHOXHHA Y:UC,- Oyna

i=1
HEBHUPOKEHUM KPYTOBHM IMOKPHTTSIM MHOXHUHH (), HEOOXITHO ¥ IOCUTB, 1100
- KO’KHa TO4Ka p, € P Hanexana xoua 0 onHoMy o0'ekty intC,,iel ;
— xoxHa Touka f€ firC, () frQ,iel, , Hanexana xo4a O OZHOMY O0'€KTY
inth,jeIn, I
- KO)KHa Touka te frC, ﬂfer,i,jeIn,i;tj, [0 HaJICXKUTH IntQ),
Hasiexxana xoua 0 oqHoMy o0'exty intC ,sel ,s#i ,s# j.

Ockinbku 3a ¢dopmaiizallli yMOB MOKPUTTA IHTEHCUBHO BHKOPHUCTOBYIOTHCS

GyHKLIT HaJeKHOCT1, BOHU OYyTh PO3TJISHYTI B HACTYITHOMY maparpadi.
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2.4 @yHKUIl HAJIEKHOCTI

Crning 3a3Ha4MTH, IO ICHYIOTh €()EKTHBHI METOJIM BU3HAYCHHS HAJICKHOCTI
TOYKHU 00'€KTa, 110 IPYHTYIOTHCS B OCHOBHOMY Ha BapiallisiX IBOX OCHOBHUX METO/IIB:
TpacyBaHHs mnpoMmeHto [130] 1 miacymoByBaHHs KyTiB [156]. OmHak 1CTOTHUM
HEJIOJIIKOM ITUX METOJIB € HEMOXJIHMBICTh OJCPKaHHS ONKHCY YMOBHU HAJICKHOCTI
TOYKH OO0'€eKTa B aHAIITHYHOMY BUIJISAIL, IO POOUTH I1X HENMPUIAATHUMH JUIS
BUKOPHCTaHHS TiJl Yac pPO3B’A3aHHA KJIACUYHMX 3aJlad  MaTEeMaTHYHOIO

MPOrpaMyBaHHSI.
Bizbmemo phi-dynkiito @ xoma C 3 pamiycoMm 7 i3 LUEHTpOM y Touli ¢ i

. . . . ‘A
noBinmeHOTO 00'ekTa A. Tomi QYHKIIIIO Hale)HOCTI @ TOUKM ¢ 00'€KTy A MOXKHA

. A 2\ . .
BuU3HAUMTU K QyHKuio @ | 4" =R’ \int4 3a ymou r=0. CIig 3a3HAYUTH, 110
nooynoBaHa GyHKIlSL HE € phi-QyHKIIIEIO, OCKUTBKHA JJIsI OJTHOTO 3 00'€KTIB (TOYKH)

MOPYIIYIOTHCSI BUMOTH 301r'y TOMOTONIMYHUX TUIIIB BHYTPIIIHOCTI ¥ 3aMHUKaHHS.

TakuMm 4uHOM, (YHKII€I0 HANEKHOCTI ¢ TOUKM MHOKMHHM A HAa3HBAETHCS
(yHKIIis, 118 9K0T BUKOHYeThes yMoBH: @ <0, axwo te A; ¢“ =0, axwo t e frd;
¢ >0, axuo teint 4.

Hanpuknan, nns xona C paxlyca r 13 LEHTPOM Yy Toull (X.,V.) (QyHKIis

HaJIEKHOCTI TOUKH t = (7,,y,) MOKe OyTH MojjaHa y BUIIISI

¢ =r'—(x.—x) = (e —¥)". (2.29)

[MozHauumo Q' = R \intQ). I3 BnacTusocteii phi-pynxuii [98] 6e3nocepeHb0

BUILJINBAE, IIO:

srugo Q= ﬂQ T0 ¢'° = min ¢ it ¢ = max ¢ ; (2.30)
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m
axo Q= JQ,, To ¢ = max ¢** i ¢ = min ¢V (2.31)

) =l,...,m i=l,...,
i=1

yeeesy

Beenemo, 3a aHamnorietro 3 phi-QyHKIISIME, HOpMali3oBaHy (QYHKLIIO
HaleKHOCTI ¢“  mma  sxoi  BukoHyeTbesa: @ =—dist(t,A), saxwo t¢&A;

¢ = dist(t,A"), axwo t € A, i ICeBIOHOPMANi30BaHY, JJIs SKOi CIPABEINBO

¢ <0, axwo dist(t,A)<p,
¢ =0, axwo dist(t,A") = p,

¢ >0, axwo dist(t,A")> p,

ne p >0 — MiHIMaJIbHO MPUITYCTUMA BIJCTaHb,

dist(t, A) = mindist(t, p) ,
PE

dist(t,A") = mindist(t, p),
ped

dist(t,p)=/(x, = x,) + (3, - »,)"

[IpuknagoM HoOpMani3oBaHOT (YHKIII HaJEKHOCTI MOXKE CIYKUTU (YHKIIISA

¢ =r— \/ (x. —x) = (y.—y,), a mceBIOHOPMANi30BaHOi (QYHKI] HANEKHOCTI —

bynxuin ¢ = (r—p)’ = (xc=x) = (e =)

HopmanizoBani i mnceBnoHOpManizoBaHi (YHKIII HaAJIEKHOCTI CIIy»aTbh IS
MOJICTIOBaHHS YMOB 3HAaXOJKEHHS TOYKH ¢ B 00ylacTi 4 Ha BIACTaHI 10 MEXI
00J1aCTl HE MEHILIO] 33/1aH0T MIHIMAJILHO TPUITYCTUMOT BIICTaHI O .

3a aHamjoriero 3  KBaziphi-QyHKIIsIMH ~ yBeleMO  TakoX  (QYHKLIIO

. . A . . .
KBA31HAJICKHOCT1 ¢” , AKa 3aJICKHUTDh Bl BCKTOPA JOJATKOBUX 3MIHHUX ( € R 1 mae

. . ‘A . . . .
TaKy BJIACTUBICTb, IO (YHKIIIS m%gcqﬁ" € (ynkuiero HanexHocti. BiamosinHo,
qen®

HOPMaJTi30BaHOK (DYHKIIEI KBA3iHAJIEKHOCTI Ha3WBA€ThCA (PYHKIiA @', mas sKoi
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T4 . . . .
max 't € HOPMAJII30BAHOIO (1)YHKI_I1€IO HaJIC)KHOCT1, a IICCBIOHOPMAI130BAHOIO

qeR®

. . . . 4 4
®YHKH16I0 KBAa31HAJIC’)KHOCT1 HAa3UBA€ETHCA q)YHKHIH ¢:_t , JKIIO max :_t €
geR®

MICEBJIOHOPMAJTI30BaHOI0 (PYHKITIE€I0 HAJIEKHOCTI.

OyHKI[IT KBa31HAJIEKHOCT1 JO3BOJIAIOTh MepeopMytoBaTH JedaKl (QyHKIIT
HaJEXKHOCTI 0€3 BUKOPHUCTaHHS orepaliii MakCUMyMy, a TaKOX 3HAa4HO CIPOCTUTHU
3anuc 1HIMUX (YHKIIM HanexxHocTi. Hacmiakom 1poro € 3pocTaHHS PO3MIPHOCTI
3a7a4l.

Cnig  3a3HauMTH, MO Uil BCIX PI3HOBUAIB MOOYJOBaHUX  (YHKIIM

3QIMIIIAIOTHCS CIPABETMBUMUA YMOBH BUTIIAY (2.30)—(2.31).

2.5 Omnmc ymoB 3ajgadi KpPyroporo mNOKPUTTHA 0araToOKyTHHKa B

IHTepBaJILHOMY BHIJISIAI

VY poborax [71, 65, 63, 62, 59, 60, 61, 21, 64, 216] mochigxKeHI MTUTAHHS
BUKOPHUCTaHHS 1HTEPBAJIBLHOI'O aHANI3y B F€OMETPUYHOMY MpoekTyBaHHI. HaBenpemo
JesIK1 MMOHATTS ¥ BU3SHAUYCHHS.

BukopucroBytoun Bupaszu (3.1)-(3.2) (dbopmynu iHTEpBaIbHUX paslycCiB)
dbopmainizyeMo 3a7ady pO3MILIEHHS MOKEKHUX CIOBIIIYBAa4YiB y NMPUMILIECHH], 110
NiJIArae 3axucTy, 3a YMOBHU, LIO paAlyC 30H, SKI KOHTPOJIOIOTHCS MpPUIIaJIaMH,
BU3HAYEHHH 3 TOXUOKOIO.

Hexail e omyknuii OaratokyTHUK To, 3afaHuii IOCIIZOBHICTIO BEpUIMH V,,
j=12,...,m, 1 muoxwuna xkin C; paniyca r, i=1,2, ..., n, y BUIJIAA1 AKUX TMOJaHI
30HU, IO KOHTPOJIOIOTHCS TMOXKEKHUMU cropinlyBayamu. Koopaunatu Bepiivx

GaratokytHuka Ty i paaiycu kin C; 3a1aHi 3 JAesKUMH HOXHOKamMu V., >0, v;)l. >0,

0 . . .
v.20,i=1,2, ..., n, BLIIOBIIHO.

HeoOxinHo, 3 ornsany Ha 3ajaHi NOXUOKH, MOKpUTH obnacte Ty konamu Cj,
i=1,2,...,n, Tak, m00 CyMapHa IUJIOIIa MEPEeKPUTTIB K 1 1i moxubka HaOyBamu

CBOI'0 MIHIMAJIbHOI'O 3HAYECHHS.
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BBaskaeMo, 1110 momtoc 00'ekTa 301ra€ThCs 3 IMOYATKOM HOIro BJIACHOI CUCTEMH
KOOpJIMHAT 1 €, Y BHIAQAKy OaratrokyTHuka T, HOro BHYTPINIHBOIO TOYKOO, Y
BUNAAKY Kona C; — HOr0 LEHTPOM.

YBenemo Taki J0JaTKOBI TO3HAYCHHS: X;, ; — KOOpAUHATH mnoiitoca O; o0'ekTa

C,i=1,2,...,n Ve, V, — MOXUOKHU BIAMOBIAHUX KOOpAUHAT, i = 1,2, ..., ...

Jist moOyAoBM MaTeMaTMYHUX MOJENed OmyKiIuX OaraTOKyTHUKIB 1 KU,
3aJlaHuX 3 MOXUOKaMU, y JaHOMY JOCTIIKEHHI BUKOPUCTOBYIOTHCSI €IEMEHTU Teopii
iHTepBasibHOI reometpii [218, 64, 60]. ¥V poGoti [58] yBeneHe BHU3HAUEHHS W

BJIACTUBOCTI1 OMYKJIMX IHTEPBAIBHUX 0AraTOKyTHHUKIB.
. 2
Posrasaemo nonsrra inTepBansHoro koma C< I'R = I R x I R, e

c+d d—-c

eR', V.=

X =

IR = {(X} =(x,v,) eR', c,de Rl} - (2.32)

MPOCTIp IIEHTPOBAHUX IHTEpBaANIB [218, 66] 3 €BKII1OBOIO METPUKOIO

p(UlaUz) == \/(xl _xz)z +(Vx1 _VXz )2 +(y1 _yz)z +(VY1 _vyz )2 ’

. . 2 .
V inTepBansHOMy npoctopi I'R 3 3aganumu apudmeTndHuMu omnepaunisiMu

[58] yBOAUTHCS BIAHOIICHHS JIHIHHOTO MOPSAKY BUTIISTY

U, <U, & (X)) <(X)) v (X)) = (X)) A (T) <<12)),

(2.33)
U=U, & (X)) =X, A(Y) =(1)),

Ui = (X)(Y1)), Ua = ((Xo),(Y2)) € IR,

(XY (V) & (x< )V (x =) AV, <))

Yepes romeomopdhizm npoctopis R* i I R [218] maemo
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R*> (x, vy) & (x, vy) € I R.

Busnauennsa 1. lHTepBanbHEe pIBHIHHSA

(X +(Y")” =(R")* =(0) (2.34)

3aae B ipoctopi I'R iHTepBaibHy OKpYXKHICTH pajiyca (R) i3 LEHTPOM y TouIli

0), TyT (X')z(x',v;), x':%(\/xﬂ-vj+\/x2_v§),v;=%(\/x2+v \/x — x),

SIKIIIO (Xhel, X'y == SIKIIIO (X" e I, NI,

(Xhel, N,

xZ
:ﬁ, SIKIIIO
X FV] 1/

{<X>e1 R|x'-|v

},1 (X)eIR‘ v,

)/\(x'ZO))v
v((x'+\v'x\<0)A(x'go))}, L={(X)eLR|[x"v' 20}, L={(x")e
€ ISR‘x'-v'x < 0} M =(v,—v,) — elIeMeHT, cnoiydeHuii 3 (V') =(v,v,) [156].

PiBusinHs (2.34) MOXKHA MMOJIaTH B €KBIBAJICHTHOMY BUTJISI1

(xz,v§)+(y2,v§>—(r2,vf>:(O> . (2.35)

Posrnsinemo iHTepBalibHY HEPIBHICTh

(X +(Y")" =(R")* =(0), (2.36)

sAKa BU3Hayae nesky MHoxuHY S CI’R . 3 BigHowenHs nopsaky (2.33) Buniusac,

o S # clS.
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TornonoriyHa BHYTPIIIHICTh MHOKHHH S ONMHUCYETHCS TaK
intS =(X ) +(¥" —(r*,v: + vi) <(0). (2.37)

Tomonoriune 3aMuKaHHs ¢/S 1 TOMOJIOTYHA MEXKa 'S MHOXKHUHU S 3a7al0ThCS B
Takmit  cmoci6: ¢S = (X )+ (Y)Y = vi+v)) <(0),  fiS=(X") +(¥")’ -
2 2 2 2 2 2
~(r v +v)=(0) (XY + (Y)Y = (v +v)) =(0) .
OuyeBUIHO, 110 TIEPETUHAHHS MHOXHUHU S 3 THTEPBAJbHOI OKPYXKHICTIO, IO
OMUCYETHCS THTEPBAIBHUM PIBHSIHHAM (2.36), He 3 mopoxkHbIM. [To3Haunmo yepe3 Q

YaCTHHY OKPY>KHOCTI, 1110 HAJIEKUTh MHOXHUHI S.

Hexait MmHOHHa Q 3a1a€ThCS ACSKUM IHTEPBAILHUM PIBHAHHIM

F(((X), <)) = (0). (2.38)

Busnauenunsn 2. IlnrepBasibHuM kosioM C Ha3zuBaeThCs 00'€THAHHS MHOXHH, 1110

onucyroThes (2.37) 1(2.38), axmio HepiBHICTH (2.36) y mpocTopi Rj ,C I’R Bu3Hayae

. . . . 2 2 2 . 2
koo C(u) i, KpiM TOTO, HEpIBHICTE V, +V, —V, <0 3a1ae B mpocTopi R jpesike Koo
C(v, ).

MmuoxuHa Q Ha3MBA€THCS IHTEPBAIBHOIO MEXKEI 1HTepBajibHOro koyna C u

no3Havaerbes frC.

Takum ymHOM, MaTeMaTUYHy Mojieb obmacti T cR*3 ypaxyBaHHIM MMOXUOOK
MOXHA MOAATH y BUTJISAI1 IHTEPBAJIBLHOIO OMYyKJIOro 0araTokyTHuka Ty C I?R , TOOTO
Ty =intTy U frTy, a MaTemaTuuHy MoAeNb kKona C; C R*3 ypaxyBaHHIM MOXHUOOK — y
BUTJISI/I1 IHTepBabHOTO Kojia C; C I?R, to6TO0 C; = 1ntC; U frC,,i=1, 2, ..., n.

Jlns toro mo0 aHaIITUYHO OINUCATH BIAHONICHHS JOTHUKY, TEpPETHHAHHSI,

HEMEepPeTUHAHHS 1HTEPBAIBHUX ONMYKJIMX OAaraTOKYTHUKIB 1 IHTEpPBaJIbHUX KUI Ha
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: . : 2
nigcTaBi BuzHaueHHs P-pyHkiii 00'ekTiB npoctopy R° [239], po3riasiHeMO MOHSATTA
inTepBaibHOi ®-pyHKIii iHTepBaTbHUX 06'ekTiB npocTopy I'R.

[Toznaunmo iHTepBanbHUM 00'ekT T;, i=1,2, 3a7aHuli y BJIaCHOI 1HTEpPBaJIbHIN

crcTeM1 KOOpJUHAT 1 TPAaHCIbOBAHUH HA IHTEpBaIbHUN BekTOp U, Tak:
T(U)={Xe[RX=U,+Y,YeT}, (2.39)

ne U; = ((X))Y;)) — iaTepBanbHi mapameTpu po3mimieHus oo'ekra T, i =1,2.
Busnauenns 3. HenepepsHa, ycromu BusHauena ¢ynkmis @:I'R — 1 R,

Ha3uBaeTbes 1HTEpBAIbHOKW D-dpyHKIero o0'exktiB T (U,) 1 T,(U SIKIIIO BOHA
1 1 2 279

3aJI0BOJIbHSIE TaKl XapaKTepUCTUYHI1 BIACTUBOCTI:

o(U,U,) :<CD( u],uz),a)( vul’vu2)>3

O( uy,u,) =0,
>(0), axwo O®(u,,u,)>0abdo { ~
(0), axwo d(u,u,) B(v, )50,
O(u,u,)=0, (2.40)
®(U,U,)=1=(0), axwo { ~
( 1 2) < > W {@( Vulavuz):()’

D(u,,u,)=0,
<(0), axwo O®(u,,u,)<0 abdo { ~
(0, w0 O( u,,u,) B(v, v,)<0,

ne D(u,,u,) — O-pynkuis 06'exrib T(uy) i Ta(ua), u, = (x,,5,) € R*,

5(vu1 V,,) — ©-dyrxkmis ob'exri Ti(v, )iTx(v, ), v, =(v ,v, )€ R*,i=12.

IHTepBasibHa TOBEpXHS Y = {(Ul,Uz) el!R:®U,,U,)= <O>} HA3UBAETHCS

IHTEpBAJIbHOIO TOBepXxHE 0-pigHsa  1HTEpBaIbHOI ®O-Pynkuii.  OueBuAHO,

Y ={(U,U,) € LR (Duy,1,) = 0) A (D(v,,v,.) = 0)}
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Busnauenuns 4. IntepBanbna ®-(yHKIlIS HA3UBAETHCS HOPMAaJIi30BaHOIO, SKIIO
O-pynxuii O(u,,u,) U 5(vul,vu2) HopManizoBaHi [213, 212], ToOTo iXHI 3HAYEHHS
JOPIBHIOIOTh HAWKOPOTIIMM €BKJIJOBUM BIICTaHSAM MDK BIAMOBIIHUMH IapaMu
o0'ektiB Ti(u1), To(uz) 1 Ti(v, ), To(v, ) 3a ymoBu (u,,u,)eG, (v,,v, )€ (N?, e
G ={(,u,) € R*|int T, (u,) NintTy(u,) = B}, G={v,.v,)eR|intT (v,)
Nint7y(v, ) =D} .
Taxkum urHOM, 3 BU3HAuUCHb 3, 4 BUIUIUBAE, IO MMOOY/I0Ba 1HTEpPBaIbHUX -
bynkmin (2.40) 1HTEpBaTbHUX O00'€KTIB 3BOAUTHCA 10 T0OynoBu @D -ghynxyiil
reOMETPHYHUX 00'€KTiB apu(dMETHIHOTrO EBKIiIOBOTO IPOcTOpy R’ .

VY pob6orti [213] HaBeneHi cnocobu nmodynoBu D -ghyukyiti IPUNYCTUMHUX TIap
00'ekTiB 3 HAOOpY §={C,R,H,K,C*,R*,H*,K*} , 1e C — xono; R — mpsIMOKYTHHUK;
H — npaBunpHuii 6aratoxytHuk; K — omykmuit Garatokytuk; C =cl(R*/C);
R'=cl(R*/R); H =cl(R°/H); K =cl(R*/K). Y naHOMy JOCIiIKEHHi fK
npoctopoBi popmu ob'exrie Ty(u,) (I, (v, ) 1 T(u)(T (v, )) MOXyTb OyTH
pO3rIsiHYTI Taki ongHO3B'3HI ob'extu: T)(u,), T;(v, )e{R,H ,K} , T(w), T(v,
)e {C} .

[To3nauumo iHTEepBasibH1 @ -GyHKIIIT, HEOOX1AHI AJI MOOYI0BU MaTEeMAaTHUYHUX

mozenel 3anad nokputtst MHOKMHUA T(U,) KOHIpyeHTHUMU IHTEPBaIbHUMU KOJIAMHU

C,(U,) y cnoci0, 1110 HaBeJCHUI HIKYE.

1)  ®'(U,U,) —nopmanizosana ®-dynxuis kin C,(U,) i C,(U,);

) ONULU){@FW,U),  OTWULU,),  @WUU) -
HopMaiizoana @ -QyHKIis IHTEPBAILHOIO 00'€KTa T;(Uo)e{R*>H*’K*}ﬁ o
C.U);

NN CRAYSE SCUAVA NI SHRVARINE S RVATIIE

HopMmanizoBaHa @ -¢yHkiis iHTepBanbHOro o0'ekta T, (UO)E{R,H,K} U Koma
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C.(U).

4) oU,U,)= min{(I)Ol(UO,U,), l:1,2,...,k} — @ -dyHKIIISA IHTEPBATHBHUX

oFextin TWU,)=UTW) i T,w,), UTw)=cer\0Tw), TW0)

iHTepBajbHA OMYyKIa 3aMKHyTa HigMHOxuMHa Tpoctopy LR, @”(U,U,) — ®@-
¢dynkuia o0'extiB T, (U,) 1 T,(U,).
BpaxoBytoun (2.32)-(2.40), maTemMaTuuHy MOJIEIbh MOCTABIEHOI 3a/1aul MOXKHA

I101aTH B iHTepBaJIBHOMy BI/II‘JISIIIi TakK:

min yU)=_min (% ()+x ),

UeDcI?"R

ne U=U,U,,..,U)el"’'R=LRx..xI'R,
%/—J

n

XO(U) = ZO-Oi(Ui) .(I)Oi(UO)Ui)a l: 1,2,...,”,

i=1

1, sixuo @ (U,,U,)—d >(0)
0, U;)= - ’
0, sxmo @ (U,,U,) —d <(0)

L) = _Zn: WZ_: O-ij(Uian)'(I)lj(Ui’Uj):

i=1 j=i+l

1, sxmo Y, (U,,U;)>0
T iy

o, U, ,
/ 0, sxmo Y, (U, U,)<0

Y,(U,U,) = min{®"(U,,U,)—d,0" (U,,U,) - d,~®" (U,,U,)},

d= min ®"(U,U).7, ={<U0,U,-)eI;‘R\Sa(UO,UI-FO} ,

Uy U;)er ;i
®U,,U,) — phi-pynxuis 06'cktis T(U,) = c/(I’R\ LnJ(Tl N 1T,WU,),
i=1

D ={U e I"R|®U,,U,) > (0)}.
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Jauuii miaxig 10 moOyI0BU MaTEMaTHUYHHUX MOJIENIeH 3a7ay MOKPUTTS MOXKHA

MOIIUPUTH Ha BHUITIAJI0K K11 pI3HUX paziycis, a TaKOXK KOJIHU
T,(uy), Ty (v, )€ {C.,R,H K}, T.(u,), T,(v, ) {C,R,H,K}|.

BHacniqok BUKOpPHCTaHHS JAHOTO MIAXOMYy MOHA OTPUMATH Jianma3oH
KUIBKOCT1 KUJI, SIKOTO OyJie OCUTh JUIsl MOKPUTTS 00J1acTi, TOOTO MOKHAa Ha3BaTH
MIHIMaJIbHY ¥ MakCUMaJbHy KUTBKICTh MPUJIAAIB IJIsl JAHOTO MPUMILIEHHS 32 PI3HO1

TOYHOCTI BUSHAUYECHHSI BUX1THUX JaHUX.
BucHoBku 1o posainy 2

3 METOI0 BU3HAUYEHHS MOXJIMBOT MOXUOKH 3aaHHS BUXITHUX JAaHUX BUKOHAHO
MOJICJIIOBAaHHSI CEHCOPHOI 30HM TIOXKEKHOTO CIOBIIIyBadya 3 ypaxyBaHHSIM
MOKEKHOTO HABAHTAXXEHHS y MPUMIIEHHI Ta 0COOIMBOCTEN pO3BUTKY moxkexi. [1in
yac BU3HAYEHHS pajilyca 30HHU JIii MOKEKHOT0O CIOBIIyBaya MPOSBISIOTHCA TOXUOKU
BU3HAYCHHs pajiyca CEHCOpPHOi 30HU. BiAmoBinHO, 3HAUEHHS pajlyca 3a/al0ThCs Y
BUTJISIII IHTEPBAIY.

3 METOI0 MOAaNbIIOr0 PO3B‘sI3aHHA 3aJadl CEHCOPHOIO TMOKPUTTA OyJo
JTOCIIIHKEHO 3aC00M MaTeMaTUYHOTO MOJICNIIOBaHHS Uil (popMaltizailii TeOMEeTPUIHUX
BITHOIIEHb MDK CEHCOpaMd Ta 3aco0M MaTeMaTUYHOrO MOJCNIOBAHHS IS
dbopmarizaiii yMoB pO3MIlIEHHS AaT4vMka B oOJacTi CkiIagHOi GOpMHU 13 30HAMHU
3a00pOHM, JOCTIIKEHO ICHYIOY1 3aco0M MaTEeMaTUYHOTO MOJCITIOBaHHS IS
dhopmarizailii BIIHOIIEHb TOKPUTTS JOBUIBLHOT 00JaCTI KOJIaMHU OJTHAKOBOTO pajiyca.
Sk ocHOoBHMM 3acid MaTeMaTUYHOIO  MOJIENIOBaHHS  OyJlO  BUKOPUCTAHO
MareMaTuyHu# anapart phi-QyHkiii.

3anponoHOBAHO HOB1 KpHUTEpii MOBHOTH KPYrOBOIO TMOKPUTTS 00dacTi
CKJIaJTHO1 (hopMHU.

[TobynoBaHo ¢yHKIIIO IS OMNUCY B aHAJIITUYHOMY BUIJISl BiIHOIICHB

MOKPUTTSA JIJIs1 TPHOX K11 OJTHAKOBOTO pajiyca.



97

3anponoHOBaHO HOBI 3acO0M MAaTEMAaTUYHOTO MOJIEIIOBAHHS [IJISl OINHUCY B
aHAJITUYHOMY BUTJIS/1 BIAHOIICHBb KT M 00JacTi CKIagHOT MOKPUBHOI (popMu, 110
0a3yl0ThCcsl Ha BUKOPHUCTaHHI (DYHKIIIM HAJIEXKHOCTI, JJIS 4Ooro OyJo YBEJAEHO HOBI
GyHKLIT HaJIEKHOCTI.

Hnst hopmymioBaHHS MaTeMaTHYHUX MoOJeNed 3a7ad MOKPUTTS MHOXHHU
KOHTPYEHTHUMH IHTEPBAJbHUMHU KOJIaMH (33JaHUMH 3 MOXHOKOI0) OYyJ0 HaBEAEHO
HEOOX1H1 OHATTS IHTEPBAJIILHOI FeOMETPIi Ta MOOYJ0BaHO 1HTEpBaIbHI phi-PyHKITII.

Marepianu qaHoro po3auny onyosrikoBaHi B pobotax aBropa [3, 4, 6, 89].

Cnucok xepes1, siki BAKOPUCTAHO Yy JaHOMY PO3]i, HABEJEHO Y MOBHOMY
CIIUCKY BUKOpHUCTaHuXx jxepen [12, 13, 14, 15, 16, 17, 18, 20, 21, 33, 34, 36, 45, 47,
57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 70, 71, 78, 90, 102, 105, 106, 110, 130,
156, 162, 179, 213, 214, 216, 218, 224, 226, 227, 232, 236, 239, 244, 245, 246].
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3 MATEMATHYHA MOJIEJIb 3AJIAUI IOKPUTTSA TA METO/ Ii
PO3B’sA3AHHA

3.1 IloOynoBa MaTeMaTHYHOI MOJIei

Hexail 3amaHa 3aMKHyTa oOMekeHa o6macth QC R i3 KyCKOBO-ITIAJKOO
Mexero, ska c@opmoBaHa L (¢parMeHTamMH aHAJIITHYHO ONUCAHUX KPUBHX
(Hampukian, BiApI3KaMH MPSAMUX 1 JyraMH OKPYXKHOCTEH), 1 MHOXHHA KiJ
C={C,i=12,..,n}. KubkicTb (pparmeHTiB L MOXE AOPIBHIOBATH oxuHMLI (a (2
ABIISITH COOO0, HaNpuKian, koio). Jdani nependadaerscs, mo C, =C,(u,) =C.(x,,y,),
TOYKa u; 30iraerbcs 13 ueHTpoM C,. BeKkTop u; Ha3MBA€TbCA BEKTOPOM TpaHCIALII,

a0o BexkTOpoM mapaMmeTpiB posMimieHHa kona C,. Haragaemo, mo o0'eqHaHHA

n
Y= UCl. HA3MBAETHCSI KPYTOBUM MOKPUTTAM obnacti (2, axmo Q c Y.

i=l1
[ToctanoBka 3amaui. 3HailTh TOKpUTTA Y obnacti €2, MmO 3aJ0BOJBHSIE
CHUCTEM1 TEXHOJIOTTYHUX OOMEXKEHb, 5Kl HaKJIaJaloThCsl Ha BEKTOp IapaMeTpiB
PO3MIILIEHHST KUI, € ONTUMAJIbHUM BIIMOBIAHO JO JEAKOTO KpPUTEPIIO SKOCTI
Fu),u=u,uy,..,u,).
3 OYeBUIHUX MIPKyBaHb BHUKJIIOUYMMO HaJajl 3 PO3TJISIAY MOKPUTTS, Y SIKUX €

HaJUUIMIIKOBI KOJa, TOOTO BBaxaeMo, mo Q& Y\C,,Viel

Takox He MOPYIIYyIOYM 3arajbHOCTI JJIS CHPOIIECHHS BUKIaJCHL HE OyaeMo
PO3MIISIAATH MOKPUTTS, JIJIS SIKMX Xo4ya O OJHA 13 MEX KOMIIOHEHTIB 3B’ A3HOCTI () HE
Ma€ CHUIBHUX TOYOK 13 MexkaMu KiJ1 3 Y . SIKIo Taka cuTyarlisi 3ycTpidaeThesi, TO abo
BIJIMOB1IHA KOMIIOHEHTA 3B’ SI3HOCTI TIOKPUTA OJTHUM KOJIOM 1 MOKE€ OyTH BUKIIIOUYCHA
3 po3rJsiay, ab0 yMOBa MOKPUTTS JIJIsl TJAaHOT KOMIIOHEHTH HE BUKOHYETHCS.

CdopmyemMo MHOXKHMHY P Touok Pj» Y AKX IOPYHIYEThCS ITIaAKICTh Mex €2 1
MO3HauYUMO uepe3 K TMOTYXXHICTh MHOXUHU P .

Hanani BBakaemo, 110 KpUBHU3HA MEX1 001acTi B OyAp-sKid i TOYIll, KpIM

TOYOK 3 P, MeHIIa 3a KpUBU3HY Kin 3 MHOxkUHM C. [ OUITHOK Mexi 3
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MOPYILICHHSM I1i€1 YMOBH OyIY€THCS 30BHILIHS apoOKcUMAaIllisi pparMeHTaMu KpUBHUX
MEHIIO KPUBU3HHU.
[lepenumemMo  KpuTepii  MOBHOTH  MOKPUTTS, CcHOpMYyIbOBaHUU Y
n
MonepeHLOMY P03/, Y TAKOMY BUTJISIL: IJI1 TOTO 100 MHOXHHA Y = UCI. Oyna
i=1
HEBUPOJIPKEHUM KPYTOBUM MOKPUTTAM MHOXKUHHU (), HEOOXITHO 1 1O0CTaTHBO, 1100:

- IJIs1 KOKHOI TOUKHM p, € P 3Haimocs xo4ya 0 onne xono C,,i€ [, Take,
mo p, €intC;;
. * . [V
— nis Oynp-sikoi Toukw ¢, € firC () frQ,iel , k €{l,2} 3naiiuutocs xo4a 6

. . . * . -~ . .
oge kono C Y el , i#j, Take, WO tl.kethjk W, BIANOBIJHO, TOYKa

ty € friC, N frC, nanexurs Q;

— jst - Oynp-sikoi  Toukm ¢, € frC, ﬂfer,i,j el,,i#j, t;eintQ,

k € {1,2}, icaye Csk , S#1, S# J, Take 1o, I, € 1ntCsk .
BHKOPHCTOBYIOYH KOJIa OJHAKOBOIO pajiiyca, KOOPAMHATH TOYOK BHIIILY 7,

MOXYTh OyTH BHU3HAYCHI aHAJTITUYHO HAa OCHOBI BUpasiB BUriagy (2.25)-(2.26), a
BIIMOBIAHI (DYHKIIIT HAJIEKHOCTI nepenucani y Burisiai (2.27)-(2.28).
[Tin gac moOymoBM MaTeMaTH4YHOI MOJEIl BUKOHAHHS IMEPIIOTO KPUTEPIIO

3a0€3MeuyeThCsl JIOJAaBaHHIM Yy CHCTEMY OOMEXEeHb 3ajadl HEepPIBHOCTEH BUTJISAIY
PG > ~ - . oy -
@""" >0, Qpyroro KpuTepito — HEpIBHOCTEN BUTIIANY ¢~ >0, TPETbOI'0 KPUTEPIIO —
1 T tC\' p/\' Ci tC/ T 1 IQ*
HepiBHOCTeH Buriany ¢ ° =0, ne ¢, ¢’ — QyHKII] HATEXKHOCTI @ @ , 3AJIEKHO

Bin Buay oOmacTi Q, Moxe OyTH (YHKIi€I0 HaleXHOCTI abo KBasidyHKIi€ro
HaJIEKHOCTI.

VY [162] HaBonuTbCcs MaTeMaTU4YHA MOJENb 3ajlayl MOKPUTTS 0ararokKyTHOi
MHOXXHHU KOJIaMM PI3HUX pajlyCiB [Jisi PO3B’sI3aHHS  3ajadi  ONTUMi3alii
MPOTUIIOKEKHOI'O MOHITOPUHTY JIICOBUX MAacCHUBIB 3 ypaxyBaHHsM penbedy. Ilpu
BOMY pajZilyCcl W KOOPAMHATU LEHTPIB KUI 33Jal0ThCS 33 JIOMOMOIOI0 CIUIaiHIB IS
MOJICJIIOBaHHS 3aJIeKHOCTI pajilyca Bil penbedy MICHEBOCTI 30H BHUSBICHHS

ceHcopiB. Crnmparouuch Ha 17Iel0 MaTeMaTH4HOI Mojeni, chopMynboBaHoi B [162],



100

noOyAyeMo MaTeMaTUYHy MOJENb MOKPUTTA obsacti () n KPYyroBUMU 30HAMHU
OJIHaKOBOT'O pajiyca.

Hexail nano HeBupojpkeHe MmOKpurta Y oOnacti ) KojJaMU OJIHAKOBOTO
pazaiyca il HeoOX1THO ONTUMI3yBaTH JEAKUI KpuTepiil sskocTi. Skmo Y He MICTUTH y
cob1 ), MoxkHa 30UTBITYBaTH panaiyc dopmyrouux Y KUl JOTH, JOKH HEe Oyje
BJIOBOJICHU KpUTEPIN TOKPUTTSL.

[To6ynyemo aist mokpuTTss Y Taki 1IHAEKCHI MHOXHUHU:

— MHOXHUHA Z,, €JIEMEHTaMH SIKO1 € Mapu YHCE, 10 CKIALAlThCs 3 HOMEPIB

TOYOK 3 MHOKMHU P ¥ HOMEpiB KiJ, 1110 3a10BOJIBHSAIOTH YMOBH IYHKTY | KpHTEPIrO
MMOKPHUTTA 001aCT1 KOJIaMU;

— MHOKMHA Z,, €JIEMEHTAMH SIKOi € TPIMKHU YKCell, 0 CKIAAatoThCsl 3 HOMEPIB

JIBOX KIJI, II0 TEepPEeTUHAIThCA, 1 HOMEPIB TOYOK TMEPETHHAHHA KUI, IO
32/I0BOJILHSAIOTH YMOBH ITYHKTY 2 KPUTEPIIO MOKPUTTS 00J1aCTi KOJIAMU;

— MHO>XHHAa 53, €JICMEHTaAMU $SKO1 € quBipKI/I YUCCJI, IO CKIaAdarOTbCAa 3

HOMEpIB TPIHOK KUI, 110 MNEPEeTUHAIOThCSA, 1 HOMEpIB TOUYOK NEPETHUHAHHS, IO
3aJI0BOJIBHSIIOTh YMOBH MYHKTY 3 KPUTEPIO MOKPUTTS 00JACTI KOJIAMH.

Tonxi Ha migcTasl 3ac001B MOJAEIIOBAHHS BITHOIIEHh MDK 00'€KTaMHU B 3a7a4yax
KPYrOBOTO TOKPUTTS y Burisial phi-gyHkuid, ksaziphi-QyHkiid, ¢yHKIii
HAJEXKHOCTI ¥ KBa3ipyHKIINA HAJEKHOCTI, 110 PO3TISHYTI y MONEPEAHBOMY PO3ALII,
JOCUTh 3arajbHa MaTeMaTH4Ha MOJIENb 3aJadl MOKPUTTS Moxe OyTH 3amucaHa y

BUTJISLIL

extr F(u), (3.1)

ueWcR

t;ka*

W={ueR’ " >0,0° >0V(i, j,k)eZ, (32)
F5 20,05 > 0V(, j,5,k) €Z,,0" > 0V(i,k) e Z,, ¥ > 0},

ijs

ne u =(u,,u,,....,u,,t) — BEKTOp 3MIHHHX 3a/1a4i;
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o =2n+1[ — po3MIpHICTb 3a1a4i; [ — KUIbKICTh J0JJaTKOBUX 3MIHHUX

u,=(x,y,), i1=12,..,n — KOOpAUHATH LUEHTPY i -I'O KOJa;

! — BEKTOp JOTIOMDKHUX 3MIHHUX 3aJ1a4l 3 PO3MIPHICTIO /;

F(u) — noBinbHa Tiaaka QYHKINIA MT1, KOHKPETHUN BUTJIS]L AKOT 3aJICKUTH BiJ]
YMOB 3aJ1a4i;

" — pyHKUii HANEKHOCTI;

@™ — ynkuii (a60 kBa3i)yHKIIIT) HATEKHOCTI;

F;.}i— byukuii Bugy (2.27)-(2.28), 1m0 MOJENIOIOTH BIJHOIICHHS MIXK
MMOKPUBHUMU KOJIAMH JIJIs BHYTPIIIHHOT YNCTHUHH 00JIACTI;

O =472 — (x; — xj)2 —(y, - yl.)2 — YMOBHM PpO3MILIEHHS TMapu KUl Ha
MaKCUMaJIbHO MpUNycTuMiil Bictani p =0;

WY(u) — cucrema aJjist MOJEIIOBaHHS 0OMEXXEHBb Ha PO3MIIIIEHHSI TaTYUKIB K

¢13u4HUX 00’ €KTIB.
Huxde BunUIeH] ¥ TOCHIIKEH] BaXKIIUBI 13 MPAKTUYHOT TOYKH 30py peanizalii

y3arajabHeHoi mojeni (3.1)-(3.2).
3.1.1 MopesroBaHH4 32/1a4i ONTUMI3aNil 1OBKUHU NPOBIIHOI Mepexi

Jlist MojentoBaHHS 3ajadl ONTUMI3alli MPOBIAHOI CEHCOPHOI Mepexi IS
CHUCTEMH MOXKEKHUX CIOBiIyBaviB Mojemb (3.1)—(3.2) 3MiHIOETbCS TaK:

— y CHCTEMY JOJAaTKOBUX OOMEXKEHb BHOCSTHCS YMOBHU HaJEKHOCTI
CEHCOpPIB 00JIacTi 3 ypaxyBaHHSM MIHIMAQJIBHO MPUITYCTUMHUX BIJICTAaHEH 10 MEXI1
obnacti (y 3araJbHOMY BHUIIaJIKy OIHUCYIOThCS 3a JOMOMOTrOI MiHIMakCHUX phi-
yHKii);

— y CHCTEMY JOJaTKOBUX OOMEXEHb BHOCSATHCS YMOBU HEHAJIEKHOCTI
IIEHTPIB CEHCOpIB 00JacTsaM 3a0opoHu (y 3arajlbHOMY BHUIAIKYy OIUCYIOThCSA 3a

J0TIOMOT 010 MiHIMakCHUX phi-QyHKIIii1);
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— y CHUCTEMY JOJAaTKOBUX OOMEXeHb 3aJlayl BHOCSTHCA MIHIMAJIbHO
MPUMYCTUMI BIJICTAHI MK IIEHTPAMH CEHCOPIB (OMHUCYIOTHCS 3a JAOMOMOTOI0 BCIOJIU
riaakoi phi-gyHkiii);

— MIHIMI3Y€eTbCs QYHKIIA L1, IO ABJISLE COOOI0 IOBXKUHY TPACH.

BiamoBigHi TOCHIMOBHOCTI KIT JJi KUIBLIEBOIO Ta pajiaJibHOTO THUITIB
JIPOTOBUX 3 €JHAHb PO3PAXOBYIOTHCS IUIAXOM pO3B’SI3aHHS JOMOMDKHUX 3ajad
KOMIBOsDKEpa Ta 3a7a4l MapuIpyTU3allii BIAMOBIIHO.

JIJist KUTIBIIEBOTO TUIY IPOTOBUX 3'€/IHaHb (PYHKI[IS L1 MOXKe OyTH 3amucaHa y

n—1
BUTJISIT1 p(uo,uml)+Zp(um_,um,+l)+p(um Uuy), ne m,e{l,2,..,n} — HOMepa Ki,

i=1

n—1
ml. * mj, 1# ] ; Zp(uml ,Mmm) — CYMa B1IICTAHCHU M1K I_ICHTpaMI/I KUI, B3sJTHUX y IICBH1AU

i=1

MOCIINOBHOCTL my,m,,...,m, ; p(uy,u, ) i p(u, ,u,) — BIACTaHI BiX TOYKH MOYATKY
Tpacu u, IO LEHTpa IEpHIOro M OCTaHHbOIO B OOpaHid MOCIIAOBHOCTI KOJa

BIAMOBIAHO. [I1s1 pagianibHOrO TUIY MPOBIIHUX 3'€AHAHb QYHKIIA LI MOXe OyTH

n, -1

0
MpeACTaBlIeHa y BUIJISAL Z(p(uo,umq)+z p(u ,u,)) Ae O — KUIBKICTb
q:1 1 -1 i i+l

mnei¢is;  m! e{l,2,..n} — Homepa Kil, ml.qim?, i=j, qg=12,..,0,

0 nq—l
mi = m?z,ql #4q,,9,,9, =1,2,...,0, an =n; J0JAaHOK Zp(umlq,umﬂl) — CcyMma

q:] i=1

BificTaHel MDK IIEHTpaMM Kul, y3STHX y NEBHil ¢ -# mociinoBHocti m/,mj,...m! ;

ny

p(uy,u) — BIACTaHb BiJ TOYKM MOYATKYy Tpacu u, IO LEHTpa IepuIoro B ¢ -ii

. . 2 2 . .
nocyiIoBHOCTI Kona. Tyt p(u,,u,) = \/ (x, —x,)"+(y, —y,)" — BIACTaHb MIXX TOYKAMH

u, uu,.
3.1.2 MopesroBaHH4 3a1a4i MiHiMi3alii pagiyca NOKPUBHUX KL

3amava MiHIMI3alil pajalyca Kil y MOKPUTTI BUHUKAIOTH M1l 4aC MPOEKTYBAHHS
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CEHCOPHUX MEPEX y BUMNAIKY, SKIIO HEOOXITHE KOPUTYBaHHS PO3MIIIEHHS KU, IO
HE 3a/I0BOJILHSIOTH KpUTEpid MNOBHOTU NOKpUTTA. I[lomiOH1 cuTyarii MOXYTb
BUHUKATH TiJ] 4ac pO3B’s3aHHS 3a4adl (OpMyBaHHA TMOKPUTTS HAOJIMKEHUMHU
MeTo/IaMH a00 B IHTEPAKTUBHOMY peXHMI. 3ajada MiHIMI3allli pajiyca MOKPUBHHUX
KU1 Ma€ TaKOX CaMOCTIifHEe 3HAaYeHHS, 1 il pOo3B’A3aHHIO MPUCBAYEHA 3HAUYHA KUIbKICTh
poOIT y CBITOBIH JIiTEpaTypi.

VY monens Burnsny (3.1)—(3.2) BHOCUTBCS AyXke MpOCcTa 3MiHA — pajalyc Kil r
OTOJIOIIYETHCS 3MIHHUM, PO3MIPHICTh 3aj7adl 30UIbIIYEThCS Ha 1 Ta MIHIMIZYEThCS
byukuiga F(u)=r.

Jlist 3a1a4 IPOEKTYBaHHS CEHCOPHUX MEPEX MOXKYTh OyTH BHECEHI 3MIHM B
CUCTEMY JOJAaTKOBUX OOMEXeHb, IEepepaxoBaHl B MyHKTax 1-3 momepeaHboro

naparpada.

3.1.3 MopesroBaHH4 3a/1a4i MiHiMi3alii MOKPUBHUX KiJTBKOCTI KiJI

3amava MiHIMIZaIli KUJIBKOCTI KUT 3a1aHOT0 pafiyca, o (GOpMYyIOTh HOKPUTTS
obOnacti €, Ma€e JOCHUTHb BEJIMUKY NPAKTUYHY 3HAYUMICTH, TOMY IO YK€ YacTO
BUHUKAE 3a OMNTUMI3alli MOKPUTTIB, MOOYJAOBAHUX HAOIMKEHUMHU METOoAaMHu abo
OTPUMAHHX B iIHTEPAKTUBHOMY PEXKHMI.

VY paMkax AaHOTO IOCTIIKEHHS PO3TIISAIaBCs TaKUW MiAX11: BUOUPAETHCS OHE
3 Kul (aOCONIOTHO BHMAJAKOBO, 3a OILIHKOIW -(QyHKIT abo omeparopom) i
BUKOHYEThCS clipo0a 3MeHIIeHHs Horo pajiyca a0 0 31 30epexeHHSIM MOKPUTTS
o0jacTi MHOXHMHOIO K. SKimo omnepaifiss 3aBepliwyiacd YCHIIIHO, KOJIO
BUKPECIIOETHCSI 3 MHOKUHU KT, 10 (POPMYIOTh MOKPUTTS, 1 3A1MCHIOETHCS Mepexi
70 ONTHMI3allii HOBOTO MOKPUTTS. Y NPOTUBHOMY pa3i 3A1HCHIOETbCA cripola
BUJIQJIUTH 1HILIE KOJIO 3 MOKpUTTS. [Ipolienypa moBTOPIOETHCS MEBHE YUCIIO Pas.

Ha nmepmmii nornsna, moxaens Burisay (3.1)—(3.2) He MoOKHa 3aCTOCOBYBAaTH
JUIsL pO3B’sI3aHHS JITaHO1 3aj/layl, OCKUIBKM BOHA Iependadae OAHAKOBI paflycH s
BCIX K111, 1110 OEpYyTh yuacTh y NOKpUTTi. [IpoGiema mosxe OyTu po3B’si3aHa, SIKIIO Mij

gac o0y I0BM MaTeMaTUYHOT MOJIEJI1 BUKIIFOUUTH Pajaiyc 0OpaHOTo KoJja 3 pO3IJIsy.



104

Hexait 3mificHioeTbest  cmpoba  BHAANUTH i-€  Kosno. CrnowaTky Juist
MOJIEJIIOBAHHS 3aJadl MiHIMI3alli KUIBKOCTI K11 3 IHAGKCHUX MHOXHUH Z,, 2, 1 Z,
BIIJIANIAIOTBCSA €JIEMEHTH, 0 MICTATh HOMep kosa i, [loTiMm OymyeTbcs MOMEIb
Burisiay (3.1)—(3.2) 3a BunsiTKOM, Xi0a 1m0, popmyBanns ¢yHkiii it (puc. 3.1 a).
[Ticns moOya0BU 13 CUCTEMH JOJATKOBUX OOMEXKEHB BIIJIANAIOTHCS BC1 OOMEKEHHS
Ha TIOJIOXKEHHS CeHcopa JJIsi OoOpaHOro Koja (TakuM YHHOM, MOT0 IEHTP MOXe
BUXOJIUTHU 3a MEXI1 00J1acTi a0 MOTPAIUISITH B 30HU 3a00poHN). DopMyeThCs QyHKILISA

1111, 11O SIBJIsIE€ COOO0 CyMy BiAcTaHel (a00 CyMy KBaJpaTiB BiICTaHEH) BiJ TOUKH U,

70 TOYOK, Ha TIOJIOKEHHS SIKMX HaKJIaJladd OOMEXKEHHsS Yy BUKIIOUEHHUX 3 PO3TIISAY
¢byakuigx HanexxHoctTi (puc. 3.1 6), AKy HEOOXiHO MIHIMI3yBaTH. SIKIIO B XO[Ii
pO3B’si3aHHS  3aJayl BAAJNOCS JOCATTH TJIOOAJIBHOrO MIHIMYMY GYHKLIT 1
(3HaueHHs (), TO i-€ KOJO «CXJIOMHYJIOCA» 1 MOXKE OyTH BUKIIOUEHO 3 PO3IIIINY

(puc. 3.1 B).

3.1.4 MopenoBaHHs 32124l KOPUTYBAHHS HENPUIIYCTHMOI0 PO3MilllCHHS

CEHCOpiB

Jlana 3ajaya TakoX Ma€ BEJIUMKE NPAKTUYHE 3HAYEHHS, TOMY IO YacTo
BUHUKAE M1l 4ac PO3MILIEHHS CEHCOPIB B 00JacTi, 110 OTpUMaHa HaOJIMKEHUMU
MeTo/1aMH a00 B IHTEPAKTUBHOMY PEKUMI.

Hus  noOymoBu  MaTeMaTH4YHOI  MoOJenl Ul 3aJadl  KOpPUT'YBaHHS
HEMPUIYCTUMOI'O PO3MILIEHHS CEHCOPIB YBOJUTHCA TOAATKOBA 3MIHHA A, MICJS YOO
OyayeTbcst MaTeMaTU4Ha MoJeib 3anadl Burisiay (3.1)—(3.2). 3a renepariiii cucteMu
TEXHOJIOTTYHUX OOMEKEHb Ha IOJIOKEHHSI CEHCOpIB B 0OJACTI BU3HAYAETHCS, UM

BUKOHYIOTbCS TOJIATKOB1 0OMeKeHHs 3aAaul BUrisiay w(u) >0 1ajs cTapToBOi TOUKH

0 .
u=u . HKH_IO BHKOHYIOTBCA, TO BOHU BKIHOYAOTHCA B CUCTCMY 0OMEKEHb 3ajgavl, y
IMPOTUBHOMY pa3i B CUCTCMY 0OMEKEHb 3a)1aqi BKJIIOYAETHCSI OOMEKECHHS BUTTAOY

A<y (u). Makcumizyerbest pynkuisa uii F(u)=A 3a ymosu A <0.



Pucynok 3.1 — MiHimi3aliis yncia NOKpUBHUX KUT: a) — BUAUICHI 0OpaHe KOJIo

C, 11 TOUYKH NEPETUHAHHSA MEX 00'€KTIB, K1 IOBUHHI HAJIE)KAaTH HOMY 3a KpUTEpIEM

MOBHOTH MOKPUTTS; 0) — BUJIY4YE€H1 YMOBU MOKPUTTS AJIS PO3TIIIHYTOTO KOJIa i
chopmynboBaHa (GYHKIIIS LT Y BUTJIAIL CYMU BIJICTAaHEH; B) — Y PE3yNbTari

ONMTHUMI3allli BAAJIOCS BUKIIOUUTH KOJIO 0€3 MOPYLIEHHSI YMOBH MOKPUTTS 00acTti €2

Sximo noaaTkoBa 3MiHHa A focsrae 0, TO OTPUMAHA TOYKA & € HPUITYCTUMOIO
JUISL BUXITHOT 3a/1a4ui, OCKUIbKH BC1 OOMEXKEHHS Y u BUKOHYIOThCS. BianoBimHo ii
MO>KHA BKJIFOYATH JI0 MEPeJiKy THX, 10 PO3TISAAlOTECS M Yac pO3B’s3aHHS 3a7adl
CEHCOPHOTO MOKPUTTS JOBUIbHOI 00J1aCTi KOJaMU, LIEHTPH SIKUX OB’ sI3aH1 MEPEKEIO

JPOTIB.

3.1.5 MopesiroBaHHA 32/1a4i ONTHMI3aNil IIILHOCTI MOKPUTTH

3agaya BHHHUKAE€ 32 HEOOXIIHOCTI IIABUIIMUTH HAAIMHICTL CHCTEMH.
3M1ACHIOETBCS 1€ 3@ PaxyHOK MNIACWICHHS 0O0JacTl B3aEMHOTO MEPEKPUTTS
CEHCOPHUX 30H JnartuukiB. J[Jis gaHOTO BHMAAKY 3a7adi OyayeThCsl CTaHIapTHA
cucTeMa OOMEXEHb, IO BIJAIMOBIIA€ BUMOTraM pO3IMIISIHYTOI 3amadi. Y mpolieci

pPO3B’sI3aHHS MIHIMI3YEThCSI MaKCHUMajbHa 3 BIJCTaHEW B Kpamok 10 LEHTPIB

[1]

BIMOBITHUX KiJI, [0 BU3HAYAIOTHCS 1HIEKCHUMH MHOKHHAMHU =, 2, 1 =,
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3yCTpIH4arOThCA TAaKOXK MPAaKTUYHI 3ajayl, y SKUX HEOOXIHO MIHIMI3yBaTH
HIUIBHICTh MOKPUTTA. TONI MiJ 4Yac poO3B’sA3aHHS MAaKCHMI3YEThCS MiHIMajabHA 3

B1JICTaHEH, BiJl TOYOK JI0 LIEHTPIB BIAMOBIIHMUX KIJ, [0 BU3HAYAIOTHCS 1HICKCHUMH

[1]

MHOKMHAMH =2, =, 1 =2,
Jlns hopmadizaiiii yMOB MiHIMaKCHOT (MaKCUMIHHO1) 3a/1aul BAKOPUCTOBYETHCS

JI0JIaTKOBA 3MIHHA.

3.2 locaigskeHHS BJACTHBOCTEl MO0y 10BaHOI MOaeJTi

JlocmKyeMO OTpUMaHy MOJAENb. Y 3araJbHOMY BuUManky 3amada (3.1)—(3.2)
sBisie co00r0 3a7auy Heryankoi ontumizalii. Ile moscHIoeThCs TUM, 10 TPUHAWMHI

OJIHa 3 PO3TJISHYTUX B OMHUCI 00JACTI MPUMYCTUMHUX PO3B’SI3KIB 3a/ayl (yHKIIA, a

Q" ..
o , B 3araJIbHOMY BHUIIAJIKY € MIHIMAaKCHORO.

came QyHKUIA @

Y neskux BumMagkax (HAMpUKIaA, KOIW KOXXKHA 3 KOMIIOHEHTIB 3B’S3HOCTI
oOnacti ) omnucaHa OJIHOIO aHAJITUYHOIO HEpiBHICTIO) mMoaenb (3.1)—(3.2) ommcye
KJIACUYHY 3a/1a4y HEJIIHIMHOTo MporpaMyBaHHS.

B iHmwmx Bumagkax (Hampukiaad, KOJIM BCl KOMHOOHEHTH (2 € ONyKIUMU

OaratokytHukamu) wmojnenb (3.1)—(3.2) omucye KiaacuuHy 3ajady HEJIIHIHHOTO

15

MporpaMyBaHHs Mmiciis 3aMiHd B (3.2) GyHKIIIT HaJeKHOCTI @ Ha (YHKIIIO KBa3i-

1 . . . .
""" HacmigkoM IbOTO € 3pOCTaHHS PO3MIPHOCTI 3a1a4i.

HAJEXKHOCTI @
Sxuro (3 MipKyBaHb HAJIMHOCTI) 3a7aHl MAaKCUMaJIbHO MPUIYCTUMI BIACTaHI
MDK CycigHiMH ceHcopamu, To B mozaemi (3.1)—(3.2) 3milCHIOEThCA J0/1aBaHHS

BIJIMOBIJHUX MCEBAOHOPMATI30BAaHUX (PYHKIIIHN.

IomitiMo, 1mo ymoBu Burasizy ®°C >0 3abesmedyioTh iCHYBaHHS B XOZi
PO3B’s13aHHS 3a]]a4l TOYOK NEPETUHAHHS O0paHUX nap 00'€KTIB.

OCHOBHI BJIaCTUBOCTI MOOY0BaHOT MaTEMAaTHYHOT MOJIEI.

1. Po3mipHicTh ¢ 3amaui 0e3 ypaxyBaHHS TOAATKOBUX 3MIHHUX JIOPIBHIOE 27 .

2. O6nacTp NPUMYCTUMUX PO3B’S3KIB W' y 3aralibHOMY BHUIAJIKy € HE3B'SI3HOIO
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MHOXXHHOI0. Y HalMpOCTIIIOMY BHUIAJIKy HE3B'AI3HICTh MHOXUHU W BUHUKAE MiJ yac
PO3IJIsAly HE3B'SI3HOI MOKPUBHOI 06iacti (2, 32 yMOBHM HaleXKHOCTI () LEHTPIB KiJ,
110 6epyTh y4acTh y MOKPUTTI.

3. KoxHuii KOMMOOHEHT 3B’s3HOCTI W Moxe Oyrtu OaraTo3B’s3HUM. Y
HAaWUMPOCTIIOMY BHIAJKy 0arato3B’si3HICTb W BHHHMKA€ 3a HasIBHOCTI oOJacTei
3a00pOHM JJIsI IICHTPIB PO3MIILIYBAHUX K1J.

4. 3apava (3.1)—(3.2) y 3araapHOMY BHIAJKy HECTIiliKa, TOOTO SK 3aBrOJIHO
MaJjia 3MiHa MOYaTKOBHUX JJAHUX MOKE MIPU3BECTH J0 3HAYHOT 3MIHU (DYHKITIT LTI,

5. Ockuibku y GopMyiu KBa3ipyHKIIA HAJIEKHOCT]1 BXOJATh TPUTOHOMETPHUYHI
¢bynkuii, Mexxa obsacti W GpopMyeThesi HENHIMHUMEI TOBEPXHSAMHU.

6. Ockinbku o0nactb W He3B'a3HA (IMMYHKT 2) 1 KOXKHA KOMIIOHEHTA 3B’ SI3HOCTI
Moxe OyTu Oarato3m’si3HOO (IyHKT 3) 1 Heomykior, To 3amada (3.1)-(3.2) y
3arajJbHOMY BHIIAJIKy € OaraTroeKCTpeMaibHOIO.

7. 3a cnocoboM MmoOyq0BU 00JaCTh MPUIYCTUMHUX pO3B’si3kiB W Moxke OyTu

nojiaHa y BUTJISLA1 00'eTHaHHS T100J1acTe BUTIIS Y

n
w=Uw, . (3.3)
k=1

jie W, ONHCYEThCs CHCTEMOIO HEPIBHOCTEH.

KinbkicTes nmigo0nacTeil 77 Moxke 10CATaTH 3HAYHUX BETTUYHH.

8. Ilomanmusa (3.3) nos3Bosisie 3BecTH po3B’s3aHHa 3amadi (3.1)-(3.2) 1no

PO3B’s13aHHS HU3KH 3aJ]a4 HEJIIHIHHOTO porpaMyBaHHs, a caMe:

F)=min{F@u™),...Fu™),...,Fu™)}, (3.4)
Fu")= min F(u). (3.5)

9. Koxna 3 1 mig3anau (3.5) y 3araibHOMY BUTIAJKY € OaraToeKCTpeMaabHOIO.
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3 ypaxyBaHHSIM OCOOJMBOCTEM MaTeMaTHYHOI MOJAENI 3ajadl TMOKPUTTS
MPOIMOHYETHCSI BUKOPUCTOBYBATU CTPATEril0 PO3B’s3aHHS 3a/aul, U0 CKIAAAEThCS 3
Ha0Opy MOCHITIOBHUX KPOKIB, sIKI HABEJIEH1 HUXKYE.

Kpok 1. T'enepyerbcsi HaOip CTapTOBUX TOYOK 3 OOJACTI MPUITYCTUMHUX
po3B’s3kiB 3aaaui (3.1)-(3.2).

Kpoxk 2. JInsg KOXHOT 31 CTapTOBUX TOYOK OyayeThcss mMonenb Burisany (3.1)-
(3.2).

Kpok 3. lllykaeTscs nokanbHui MiHIMYM GyHKIIT 1t F'(u) 3amayi (3.1)-(3.2),
CTapTyHO4H 13 TOYOK, IO OTpUMaHi Ha Kkpoui 1, 1 3aCTOCOBYIOYH NPOILEAYPY
JIOKANbHOI ONTUMI3AIli 3 TMEpPeTBOPEHHSIM 00JacTi MNPUIYCTUMHUX PO3B‘A3KiB,
OMKCAHY HUXKYE.

Kpoxk 4. BubupaeMo kpamiuii 3 oTpuMaHuX Ha Kpolll 3 JOKaJIbHUX PO3B’S3KIB

K HaOJIMKEHHS J10 TJI00aIbHOTO po3B’ 3Ky 3aaadi (3.1)-(3.2).

3.3. MeToa po3B‘si3aHHA 3a/1a4i

Crpateriss po3B’si3aHHS 3ajJadi, M0 TMPOMOHYEThCS, TIPYHTYEThCA Ha
3aCTOCYBaHHI METOy MyJbTHUCTapTy (multistart method) [115], sikuit € ocHOBHUM
METOJ/IOM BHIIaJIKOBOT'O MOLIYKY TJ100abHOTO EKCTPEMYMY 0araToBUMIpHUX (YyHKIIIHA
1 TIOJIATa€ B TAKOMY:

— 3 BUKOPHCTAHHSIM IHTEPAKTUBHMX 1/ab0 E€BPUCTUYHUX METOJIB
OyaoyeTbcsi MHOXHMHA #n  CTapToBUX Todok. Cmiag 3a3HauMTH, IO i Yac
BUKOPUCTAHHS JJIs TOILIYKY JIOKaJbHUX €KCTPEMYMIB CTapTOBHX TOYOK 3 00J1acTi
MPUIYCTUMHUX PO3B’A3KIB 3aJadl JOCITA€TbCS ICTOTHA €KOHOMIisl OOUYMCIIOBAIBHUX
pecypciB 1 MIIBUINYETHhCS 30DKHICTh BHUKOPHCTOBYBAHMX METOIB HEIIHIAHOT
ontumizanii. Onucy MeTo/iB MOOYIOBM CTAPTOBUX TOYOK 3 00JIACTI MPUMYCTUMMX
po3B’s3KiB 3a1a4i (3.1)—(3.2) npucBsYEeHUN HACTYITHUI pO3/LT;

— Ha OCHOBI aHani3y 1HGOpMaIlii PO KOKHY CTAPTOBY TOUKY F'€HEPYIOThCS

CUCTEMH HENIHIMHUX OOMEeXeHb 1 (YHKIT 1Tl aji ofHiel abo MOCTIOBHO IS
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JEKUIBKOX 3a/1ad HEJTHIMHOTO IporpaMyBaHHs, onucaHux y naparpadax 3.1.1-3.1.5,
1 BUKOHYETHCS TOILIYK JOKAJIBHOIO EKCTPEMYMY JJIsI KOYKHOT 3 HUX;

— Kpauuii 3 OTPUMAaHUX JIOKAJbHUX EKCTPEMYMIB BUOUPAETHCS SIK
HaOJIMKEHHS JI0 TJI00ATBHOTO EKCTPEMYMY 3ajadi.

[IpuHIIMIIOBa cXe€Ma MOIIYKY JOKAJIbHOIO MIHIMYyMY Uil ONTUMI3aIiifiHOT
3a/layl APYroro eramy Mij 4ac CTapTy 3 JOBUILHOI TOYKM MOXke OyTH 3amucaHa y
BUTJISI/II TIOCTIZIOBHOCTI KPOKIiB, 110 HABE/ICHI HUXKYE.

1. AHaN3ylOTbCSI YMOBH TIOKPUTTA 00JacTi KOJaMH, IO OIHMCaHi B
po3aut 2. SIKIIo YMOBHU MOKPUTTS MOPYIIYIOTHCS, TO BUKOHYETHCA MEPEXia A0 KPOKY
2, 1HaKIIIe — mepexia 10 KPoKy 5.

2. Bynyerbest npunycTrMe MOKPUTTS HA OCHOB1 HEMIPUITYCTUMOTO HIISXOM
30UIBIICHHS pajilyca MOKPUBHUX K.

3. ['enepyeTbcst cuctemMa OoOMEXeHb 1 I[UIbOBa (PYHKIISA 3aJadi KOPEKIii
HEMpUIyCcTUMOro NOKpUTTs Burisay (3.1)—(3.2), mo omnucana B maparpadi 3.1.2.
Texnonoriyni oOMEXEHHS Ha JaHOMY eTamni IrHopyioTbes. LlinboBa QyHKIs —
MiHIMI3aIlis pajiyca MOKPUBHUX KIJT J0 3HAYEHHS, 3aJaHOTO Yy BUXIAHINA MOCTAHOBII
3a7a4l.

4. Po3B’s13yeThes 3aaya, sika moOyjoBaHa Ha TOTMEPEIHBOMY KpoIli. SKIIo
B pe3yJbTaTl BAAJOCS MOOYNyBaTH MPUITYCTUME MOKPUTTA, TO MOOYIOBaHA TOYKA
MIPUHAMAEThCS K CTapTOBa M 3MIMCHIOETHCS TEPEeXia 0 KPOKy S5, 1HAKIIE aBapiiiHe
3aBepIlIeHHs pOOOTH MPOTrPaMHU.

5. AHaN3y€eThCS BUKOHAHHS CHUCTEMH TEXHOJOTIYHUX OOMEXEeHb s
3a/1a4i MOOYI0BU CUCTEMU TOXKEXKHOI CUTHaJI3aIli. SKII0 TeXHOJIOTT4H1 0OMEXEHHS
MOPYIIYIOThCS, MEPeXif 10 KPOKY 6, IHAKIIE Mepexisl 10 KPOKY 8.

6. ['enepyeTbes cuctemMa 0OMEKEHb 1 LIUTbOBA (PYHKITIS JUIs 3a7a41 KOPEKIii
MOPYIIEHHSI TEXHOJOTTYHUX oOMexeHb Burisay (3.1)—(3.2), mo onucaHa B
naparpadi 3.1.4.

7. Po3p’s3yeTbcsi  moOynoBaHa Ha  MONEpPEIHBOMY  KpoOIi  3ajada
HEJIHIMHOrO MporpamMyBaHHs. SIKIIO B pe3ynbTaTi BAANOCS BUIIPABUTH MOPYIICHHS

TEXHOJIOTTYHUX 0OMEXKEeHb 3a 30€pEeKEHHs JOMYCTUMOCTI MOKPUTTS, TO MOOYyI0BaHa
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TOYKa MPUINMAETBCS AK CTApTOBAa M 3AIMCHIOETHCS TEpexi IO KPOKy 8, i1HaKIIe
aBapiiiHe 3aBeplUICHHSI POOOTH MPOTPaAMHU.

8. I'enepyeTbcsi cuctema OOMEXEHb 1 LUIbOBAa (YHKLIA AJIg OJHIET 3
ontuMizamiiaux 3agad Burisaay (3.1)—(3.2), onucanux y maparpadax 3.1.1, 3.1.3,
3.1.5. KoHkpeTHu#t BUIIS] MOJENI BHU3HAYAETHCS IMOCTAHOBKOK BHXIJIHOI
MPaKTUYHOI 3aaul.

9. Po3B‘s3yeTbcsi  moOynoBaHa Ha — MONEpPEJHBROMY  KpoOIli  3ajaya
HEJIIHIHOTO MPOrpaMyBaHHS.

PosrnstHemo Tenep AOKJIagHINIE AEsKI KPOKH HABEJACHOI BUILE CXEMH.

Onni€ero 13 KIIOYOBUX OIEpalliii € reHepailisi CUCTEM OOMEXEHb IJisi 3ajad
Burisiay (3.1)—(3.2) (nuB. kpoku cxemu 3, 6, 10).

OckulbKM TeHepallis cucteM oOMexeHb g 3amad Burisany (3.1)—(3.2)
3MIACHIOETHCS IS HEBUPOHXKEHUX MOKPHUTTIB, TO Mepes MoOya0BOK HEpPIBHOCTEU
opa3 3A1MCHIOEThCS aHalli3 MMOKPUTTS Ha BUPOKEHICTh 1 MEepeXij BiJl BUPOIKEHOTO
MOKPUTTSI O HEBUPOJKEHOTO, SIKIIO CTAPTOBE MOKPUTTS BUpokeHe. Haragaemo,

n
10 KPYroBe MOKpUTTA Y = UCI. HA3WBAETHCS HEBUPOKEHUM, SIKIIO HIsKI TPH MEXI
i=1
00'eKTIB (K111 1 00J1aCT1) HE MEPETUHAIOTHCA B OJHIN TOYIIL.
n
Hexaii € BupomkeHe mokpurts Y = UCI. obnacTi Q.
i=1

[Toznauumo yepe3 frC —wmexy mHoxkuau C; C° — Kojo 3 pajiycom & i3
nentpom y toutli (0,0); @ — onepariito cymu MiHKOBCBKOTO [57].

O6uHCIUMO BEIUUYUHU

— g =mindist(C,,C)Vi,jel,,C,NC;,=D;

- g, =mindist(C,,Q")WViel ,C. Q" =J;

— g, =mindist(C,,p,)Viel p, e P,p, ¢C,,C. Q" #J;

— & — MIHIMYM 31 CTPOr0 IO3UTUBHUX BEIMYUH &, I SKHX

F(C.®CHN fir(C, ®CHN fi(C. ®C)=Doi, jokel i jizthk#];
i j k n
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- & — MIHIMyM 31 CTPOr0 IO3UTUBHUX BEIMYUH &, I SKHX
fir(C;RCHNfir(C, ®CHN fiQ#D,i,jel, i+ j.
30UIBIIMBILIN PajilyC KOKHOIO 3 KUI Ha & =min(g,,&,,&;,€,,E5,E¢) , OTPUMAEMO
n
eKBiBaJIeHTHE MOKPUTTIO Y’ HEBUPOUKEHE TOKPUTTA Y = U(Cl. ® C?). IanekcHi
i=l1
MHOXHHHU =, &, 1 E,, 1[0 OIUCYIOTh CTPYKTYPY IOKPUTTS, K1 3T€HepOBaH1 i Y,
OIUCYIOTh TAKOX CTPYKTYpPY MOKpUTTS Y .
I'eHepalis IHAEKCHUX MHOXKHUH Z, 1 Z, 3J1ICHIOETBCS AOCUTH NMPOCTO — IS
KOXHOI 13 TOYOK (TOYOK TMOPYIIEHHS TIJaJKOCTI MexXi objacti abo TO4YOK
MIEpEeTUHAHHS OKPY>KHOCTEH BIJIMOBIAHO) BHOMPAETHCS KOJIO, JJISA SKOTO ISl TOYKa

nepedyBae Ha MIHIMaIbHIM BIACTaHI BIJ LEHTpa. B 1HAEKCHY MHOXHHY &,

BKJIIOYAIOTHCSI HOMEpPU Map OKPY>KHOCTEH, TOUYKM MEPETUHAHHS SKUX JIeKaTh 3a
Mexamu obnacti (2.

I'enepania ¢yskmid mun 3agad Bursiay (3.1)—(3.2) takox 311HCHIOETHCS Ha
OCHOBI1 aHaizy iHopmalii npo crapToBy Touky. Cepen omucaHux y mnaparpadax
3.1.1- 3.1.5 Mopeneli 3aja4 HETPUBIATBLHUM € JIMIIE MPOIEC MOOYI0BU (YHKLIT 11T
JUTSE 337124 ONTUMI3aIli] IOBKUHU TPac, 10 3'€IHYIOTh LICHTPU OKPY>KHOCTEH.

[lin vac TpacyBaHHsS APOTOBUX 3'€AHAHb YK€ BAXKIMBUM € BpaxyBaHHS
TEXHOJIOTTYHUX OOMEXKEHb, TOMY IO BHUKOPUCTOBYIOTHCS JBa OCHOBHHMX BHJIH
JIPOTOBUX 3'€/IHAHb: KUIbIIEBE 3 OUIBIIOI0 KUIBKICTIO CEHCOPIB 1 pajiaibHe, KOJIU 3
OJIHIE€T TOUKU MOYKE€ BUXOJUTHU KUIbKa MUICH(IB 3 0OMEKEHOIO KUIBKICTIO JaTYMKIB Ha
KOXKHOMY.

[lepiia 3agava Moxe Oyt chopMyIbOBaHa K KJIaCHYHA 3aJja4a KOMIBOSDKEpa.
Jlisi HEeBeNMKUX PpO3MIPHOCTEH Taka 3ajaya MoxKe OyTH po3B’si3aHa TOUYHHUMH
QIrOpUTMaMH, WIO TPYHTYIOTbCA Ha IUIOYUCIOBOMY JIHIHHOMY MporpamMyBaHHI
(metomoM ciunoi twromuHu) [113], meTomom ramyzedt 1 Mex [170] Ta iHIIUMH
TOYHUMHU aJITOPUTMaMH, 110 BUKIaAeH1 B [89]. Jlyist po3B’si3aHHS 3a7a4 KOMIBOsKEpa
BEJIMKUX PO3MIPHOCTEH pO3po0sIeHO Oe3niu eBPUCTHK, cepell AKUX BapToO 3rajaTu

€BPUCTUKY HaWOJIMXKYOTO cycima Jyuisi moOyJAOBH TapHOTO TMOYaTKOBOTO Typy [98],
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eBpuctuky Lin-Kernighan [169, 143, 144], k-opt anroputm [153, 174, 175, 238],
reHeTuyHu anroputm [108, 166, 173] 1 anroput™m iMmiToBaHoro Bianany [223, 148,
133].

B ocrtanHe necATupiyus METaeBpPUCTUYHUN MIAX1Jl 3aBOMOBYE BCE€ OUIbLIY
NOMYJSIPHICTh. MeTOu BapiloOTHCS BiJl MPOCTUX JIOKAJBHUX MPOLEAYp HOLIYKY 10
CKJIQJTHUX MPOIECIB HABYAHHS 1 MOXKYTh MICTUTH B COO1 ME€XaH13MH, 1110 JO3BOJISIIOTh
YHUKHYTH JIOKaJbHUX MacTOK ontuMizanii. OCHOBHMMU METaeBpUCTUKAMH IS
po3B’sizanHs TSP e anroputm mypamunoi komnonii [118, 199, 117], irepatuBHUM
nokanbHUM nomyk [219, 178, 185, 142], memetuunuii anroputm [ 184].

Ornan ocTaHHIX JOCATHEHb Yy HAaONMKEHUX MeToaax po3B’sa3aHHs TSP,
BKJIIOYAIOYH QJITOPUTMHU aNpOKCHUMAIlil, METOJIM HEUPOHHOI MEpPEexkKi, METaEBPUCTUKY
W riOpuau3aiiloc METaeBpPUCTHUKH, JI03BOJSE€ 3pOOMTH BUCHOBOK, 1m0 TSP
METAaeBPUCTUYHUI MIIX1J € KOHKYPEeHTHUM # e(eKTUBHUM. MeTon po3B’si3aHHSA
MOBUHEH TIPYHTYBATHCS Ha CTpATeriix AuBepCcU(]PIKOBAHOCTI M iHTeHcUiKalii,
aJlalTOBaHIM CXeM1 MOILIYKY B IEKUTBKOX CYCIIHIX MPOCTOPaX, YCYHEHH1 TOBEPHEHHS
710 BKE BIJIBIIAHUX PO3B’S3KIB.

Icaye kinbka mTporpaMHMX TAKETIB 3 BIAKPUTUM BHUXITHUM KOJIOM IS
po3B’si3aHHs 3aaa4di komiBosbkepa (TSP). BUibHO JOCTYNHHM 1 TakuM, IIO IIUPOKO
BUKOPUCTOBYETHCS, € makeT Concorde — Tounuit paxyBaibHuk ais TSP. Bin 3natHuii
3HAWTU ONTUMAaJbHI PO3B’S3KK I 3amad 13 maibke 100 000 Byszmis [112, 111].
Buxinauit kog C qis Concorde 6yB po3poOieHuid rpymnor i3 ceMH aBTOPIB 1 MOXKeE
OyTH 3aBaHT@KEHHM I8 akaaeMiuHuxX JociikeHb. Concorde TakoX Hamae
iHTepakTUBHUN rpadiunuil iHTtepdeiic nms Windows. Koa MICTUTh €BpUCTHUYHI
METOAu TMOOYAOBH MapUIPyTy # peanizye IMBHUIKI, CIeliali30BaHl aJlrOpUTMHU
JIHIMHOTO ¥ IIUJIOYMCIIOBOTO MPOTrpaMyBaHHs, 1100 3HAWTH JOKA30BO ONTHUMAalbHI
PO3B’A3KH.

Hpyruit xox nist pos3B’sizanHa TSP — maker Lin-Kernighan-Helsgaun (LKH),
po3pobsennii Helsgaun [155]. ABtop 3abe3rneuye ONTHMI30BaHY peali3allio
opuriHanbHOi eBpuctuku Lin-Kernighan [208] 1 po3mmproe ii npexiibkoma

cnocobamu. Xoua kox LKH 1 He peanidye TOYHI METOAM, 3a HOTO JOMOMOTOIO
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OTpUMaH1 ONTUMAJIbHI Typu s 3anad 13 g0 85 000 Bysznamu. LKH Binmosinae 3a
MoTOUHE HauBimomimie po3B’s3anHsa s World TSP 3 maitxke nBoMa MinbioOHAMH
By31iB. Kog LKH BinbHO goctynHuit nis akageMiyHux nuieil. KopuctyBadi MOXYThb
oJlep KaTH BUXIIHUNA KOJI, a TAKOXK MOIMEPEIHBO CKOMMIUIHLOBAHUI BUKOHABUM (haiin
Windows 13 caitty Helsgaun [155].

3agady nMoOyaOBH pagialIbHOTO 3'€IHAHHS MOKHA MOJATH y BUIJISIAI BapiaHTa
3a/aul MapuipyTu3aiii (0e3 MoBepHEHHS! B CTAPTOBY TOYKY), SIKIIO IHTEPHPETYyBaTU
LHEHTPHU KUT SK IMYHKTH JOCTAaBKU 3 MOTPeOO0 B 1 OAMHUINIO BaHTaXy il OOMEXKUTH
BaHTAXOMIANOMHICTh TPAHCHIOPTY MAaKCUMAJIbHOIO KUIBKICTIO JATYMKIB y HUIEHDI.
JUIsi 1bOTO JOCUTH MiJ] Yac MOCTAHOBKHM 3aJadyl BUKOPHUCTOBYBATH HECUMETPUUHY
MaTpUIIO BIICTAHEH, y SIKiM BC1 BETUYUHU JOPIBHIOIOTH €BKJIIJJOBUM BIJACTaHSIM MiX
TOYKaMH, KPIM €IMHOT'O HYJILOBOT'O CTOBIIIIS, 1[0 MICTUTD «BIICTaH1» BiJl LIEHTPIB K11
710 TOYKY MOYaTKy Tpac.

3agaui Takoro Tuiy Oynu Brepiie yBeneHi B 1959 p. Dantzig 1 Ramser [130], 1
3a ocTtaHHl 59 pokiB Oynu omyOJIiKOBaHI COTHI poOIT Ha 10 TeMy. TOYH1 METOau
po3B’si3aHHs st VRP 3BMuaiiHO BUKOPUCTOBYIOTH LIJIOUUCIIOBE TPOrpaMyBaHHs a0o
nuHaMiuHe mporpamyBaHHs [149, 212], 1 HaBiTh 13 Cy4YaCHUMH OOYHCIIOBAILHUMU
pecypcamu 11l METOAM 3BUYATHO HE MOXYTh PO3B’sA3aTH MPOOIEMHU ONTUMAIBHOCTI 3
oubm HiK 100 kmientamu. Ockuibku peanbHi 3agadi VRP MoxyTh mMaTu Kinbka
TUCAY BY3JMIB 1 MICTUTH B MHOXHHY JOJaTKOBUX OOMEXEHb, SKiI Ie Ouible
YCKJIAQHIOIOTh  MOpoOiieMy, Il pO3B’S3aHHS  3aJayl  BUKOPUCTOBYIOTHCSA
MeTaeBpUCTUYHI MeTonu, Hampukian [109, 202, 197]. IcHye Benuka KUIBKICTh
JTITepaTypHUX JDKEpes, SKI OMUCYIOTh alropuTMU s po3B’sizanHs VRP 1 ii
BapiaHTiB. JleTanbHUN OTJISII OCTAaHHIX POOIT mogaHui y podoti [91].

Binomo npo nBa BUIBHI, HEKOMEpI[IHHI MPOTPaMHI MAKETH ISl PO3B’SI3aHHS
VRP. Ilepmmii — ne VRP-Kopa Ralphs 1 11. [221], mro BkitoueHuid y naketr Symphony
3MIIIAHOTO LIJIOUYMCETBHOTO IPOrpaMyBaHHS 3 BIIKPUTUM BUXITHUM KOJIOM.

Hpyruit — ne maker VRPH [135, 150], 6i6mioTexka eBpUCTUK 3 BIAKPUTUM
BUXITHUM KOJOM JIJIsl TeHepallii po3B’s3KiB Mpo0dJieM MapHIpyTH3allil TPaHCIIOPTHUX

3aco0iB (VRP). IIporpamue 3abe3neuennss VRPH wmictuth y co0i: 6arato BigoMux
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€BPUCTHK JJii CTBOPEHHA M MOJIMIIEHHS MOXJIMBUX PO3B’A3KIB ISl €K3EMILISPIB
VRP (Clarke-Wright, two-opt, three-opt i T.iH). BukopuctoBye MeTaeBpUCTUKH, SKi
3BUYAHO MOXKYTh T'€HEpPYBaTH TapH1 pO3B’SI3KM JUIsl BEJIMKUX 3aJlay, L0 MICTATH
COTHI KJII€HTIB, y JIY€H1 CEKYyHJIU. 3a pe3ysbTaTaMH PO3B’s3aHHS J100pEe BUBUYECHHX
TECTOBUX 3a7a4 OTPHUMAaHI MPOTrpaMoI0 PO3B’SA3KM 3BHUYAWHO 3HAXOMSTHCS Yy MEXKax
OJIHOTO a0 JIBOX 3 HAWOLIBII BIJOMHUX PO3B’S3KIB. Y Takiil peanizailii Ha Iied dac
BukopuctoByethesi iHTEpdeiic COIN Open Solver (OSI) i1 paxyBansuuk GLPK. V
porpaMu MOJAYJIbHAa KOHCTPYKIIiS, IO MOXE OYTH pO3IHUpeHa sl 0O0poOKH
J0JTaTKOBUX OOMEKEHb.

[laker VRPH OyB po3pobinienuii sik yactuHa nuceptanii Kpuca I'pes B
VuiBepcuteTi mratry Mepunena 13 KoHcynabTaHToM — bprocom  ['ommom
(http://www.lib.umd.edu/drum/handle/1903/9011), octaHHii BUXITHUN KOJ MOXE
Oytu oTpumanuii 3 http:// www.coin-or.org/projects/VRPH.xml.

Jl1st po3B’si3aHHA 3a7a4l MapipyTr3aiii Oyia Bukopuctana 6161ioteka VPRH,
0 pEeTEeNbHO IMepeBipeHa OaratbMa JOCHIIHMKaAaMU Ha TECTOBHX 3aJadax 1 B
cepeaHLOMY TIOBepTae po3B’si3ku B Mexax 3% Bia ontumanbHoro. bidmioreka VPRH
JIErKO MOJUMDIKYETHCS 711 BKJIIOYEHHSI JOJIATKOBUX OOMEXEeHb. 3aBAsSKU [IbOMY BOHA
HIMPOKO 3aCTOCOBYETHCS IMiJI Yac pO3B’sI3aHHA NPAKTUYHHUX 1 HAYKOBUX 3a/1ad. Tak, y
naHid poOoTi Oyna 3xailicHeHa Moaudikallis, ska J03BOJSE BUOpaTH TEpEeBaKHUI
HaIpsM JJIs Tpac, 110 A03BOJISA€ MIABUIIUTH TEXHOJIOTTYHICTh PO3B’SI3KiB.

Posrnssnemo Temep mporec posB’szaHHs  3amadi (3.1)-(3.2). Cucremu
oOMexxeHb i€l 3amadi  POpMYIOThCA 3a JIONMOMOTOIK  (YHKIIIH  HaJeKHOCTI
(xBazipyHkLIM HanexHocTi) 1 phi-pyHkuii (kBaziphi-pynkiiit). Uepes HernaaxicTb
(y 3aranpHOMY BUNIAAKY) phi-GyHKIIIHA 1 GyHKIIA HANEAKHOCTI AJs pO3B’A3aHHS 3a/1a4
(3.1)-(3.2) HemoOxJHMBO 0€3MOCEPEAHBO 3aCTOCOBYBATH JKOACH 3  BIIOMHX
ONTUMI3AI[IHHUX METOAIB. 3a ClIOCOOOM TMOOYIOBU CUCTEM OOMEXKEHbB JIJII KOXKHOI 13
3a/lay BHU3HAY€HAa CTapTOBAa TOYKa 3 OOJACTI MPUIYCTUMHUX poO3B’s3KiB. Tomy
JIOKajJbHA ONTHUMI3alllsl 3IMCHIOETHCS IUIIXOM 3BEACHHS PO3B’SI3aHHS BUXITHOT
3a/1a4l 10 pO3B‘s3aHHS MOCHIAOBHOCTI min3zamad Bursiay (3.5). Ilpu mpomy Ha k

1Tepalii o01acTh NPUIYCTUMUX PO3B’sI3KIB W, Mif3azadl FeHEPYEThCsS TAKUM YHMHOM,
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10 BOHA MICTUTh K CTapTOBY TOUKY, a JOKAJIbHHUI €KCTPEMYM, 110 OTpUMaHuil Ha k -
1 iTepallii, BAKOPUCTOBYEThCS MPUITyCTHMAa CTapTOBA Touka Ha K +1 iTeparii.

ITin yac renepauii migo6nsacter W, BUKOHY€ETHCS BUIUIEHHS HEPIBHOCTEH 3

Habopy oOMexeHb, MmO (GopMyroTh Herjaaaki (YHKIII 3a JOMOMOIrOK MiAXOMY,
onrcanoro B [100].
Taxkum 4rHOM, MOIIYK JIOKAJIHHOTO ONTUMYMY Ha oOsacTi W 3amaui (3.1)-(3.2)

13 IPUITYCTUMOI CTapTOBOI TOUKHU U, € WV 31IICHIOETBCA 3a CXEMOIO, 1110 HABEJCHA Ha

puc. 3.2.

3 ypaxyBaHHSIM OCOOJMBOCTEM MaTeMaTHYHOI MOJAENTI 3ajadl TMOKPUTTS
MPUHIMIIOBA cXxeMa po3B’si3aHHs 3aaadi (3.1)-(3.2) 3 BUKOPUCTaHHSAM MPUITYCTUMHUX
CTapTOBUX TOYOK 3HAYHO CHPOLIYETbCS M MoOXke OyTH TMoJaHa y BUIIIAII
MOCJTIIOBHOCTI KPOKiB, 110 HaBEJICH1 HIKYE.

Kpok 1. T'enepyemo HabGip cTapTOBHMX TOYOK 3 OOJACTI MPUITYCTUMHX
po3B’s3kiB 3aaaui (3.1)-(3.2).

Kpok 2. AnanizyeMo BUPOJIKEHICTh MMOKPUTTS JUIsl KOXKHOT 31 CTAPTOBUX TOYOK.
SIKI0 MOKPUTTS BUPOKEHE, 3IHCHIOEMO TIEPEXi 0 KPOKY 3, 1HAKIIIEe — NepexiJl 10
KpOKYy 4.

Kpox 3. 3niiicHioemo 100yl0BY HEBUPOKEHOTO TOKPUTTS Ha OCHOBI
BUPOJI>KEHOTO.

Kpok 4. Ha ocHOBI1 aHali3y cTapTOBUX TOYOK OyayeMo mMojaenb BUTISAAY (3.5),
TEHEPYIOYM 3 ypaxXyBaHHSIM OCOOJMBOCTI TOCTAHOBKHM 3ajayl (YHKIIO MU ¢
CUCTEMU HENHIMHUX HEPIBHOCTEH, 10 ONMUCYIOTh 00JACTh MPUITYCTUMUX PO3B°SI3KIB
3a7au4l.

Kpok 5. Ilykaemo nokanbHuii MiHIMyM QyHKIii nuti  3agadi (3.5) Ha
3reHepoBaHiil mijo6aacTi 06aacTi NPUMYCTUMUX PO3B’A3KIB CIIYCKOM 3 BIAMOBIIHHUX
CTapTOBUX TOYOK. SIKIIO OTpUMAaHO TMOJIMIICHHS 3HauyeHHS (YHKIII U, TO
MPU3HAYAEMO JIOKAJIBHUM EKCTPEMYM HOBOIO CTapTOBOIO TOUYKOIO U 31HCHIOEMO
nepexiy J0 JPYyroro Kpoxky, y MPOTUBHOMY pa3i 3aBEpIIYEMO POOOTY alrOpUTMy
JIOKaNbHOI onTuMizamii (y IbOMY BUIAAKY TOUYKa JIOKAJIBHOIO EKCTPEMYMY 3ajaui

(3.5) Ha nigo6nacTi 30iraeTbes 13 TOYKOIO JIOKAIBHOTO €KCTPEMYMY BUXIJIHOI 3a/1ayi

(3.1)- (3.2).
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Pucynok 3.2 — Cxema jokaiabHOi onTuMizamii ais 3agadi (3.1)-(3.2)

3.4 3aco0u onTuMi3amii

Po3B’si3aHHs onTUMI3AIIMHUX 3a/1ad 3A1MCHIOETBCA 3a JONMOMOTOI0 TaKeTa
HeJHIMHOT onTuMmizamii 3 BiaKpuTUM BuximHUM Kojgom I[POPT (Interior Point
OPTimizer) [228], odimiitHuii calT mnpoekTy https://projects.coin-or.org/Ipopt.
IPOPT Hammcanuii Ha C++ 1 BUNYHIEHWH 3 BIAKPUTUM BHUXITHUM KOJOM ITij
miuensiero EPL  (Eclipse Public License) y pamkax mnpoekty COIN-OR
(COmputational INfrastructure for Operations Research), odiniiiaui caT
http://www.coin-or.org/. IIpoekt COIN-OR sBnsie co0oro iHIIIATHUBY, MOKJIUKAHY
CTUMYJIIOBAaTH PO3BUTOK MPOrPaMHOTO 3a0€3MeUeHHS 3 BIAKPUTUM BUXITHUM KOJOM
JUIsL CIIBTOBApUCTBA JOCHIIKEHHs omepaiiil. Y mnporpamHomy mnpoaykti [POPT
peanizoBaHUN METOJl BHYTPIIIHBOI TOUKH.

Posrnsinemo 3ala9y MATCMATUYIHOT'O ITPOTrpaMyBaHHA
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f(x) > min, F(x)=0, G(x)<0,

e f:IR" — IR — rnanxa ¢ynkuis, a F:IR" —IR' it G:IR" — IR" — rmauxi
BIZIOOpaKEHHSI.
Ines MeroniB BHYTPIIHHOI TOYKH TMOJNATAE B TOMY, 1100 3aMIHUTH BUXIIHY

3a/1a4y MOCJ10BHICTIO 3a/1a4 BUTTISTY

f(x)+o,w(s)—> min,

F(x)=0, G(x)+s=0,

ae selIR", {o,} IR \{0} — MOHOTOHHO cmHajarouya MOCIIIOBHICTb Oap'epHUX
napaMeTpiB, sika psaMye 10 Hyis, a ¥ : IR — IR — dyHkuis 6ap'epa, o HeOOMEKEeHO
3pocTae mpu HAOMIKEHHI 10 MexXi HeHeratMBHoro oprtanta [R”. Ilpu wupomy
m
HalJacTile BUKOPUCTOBYETHCS JiorapudMiuHuii 6ap'ep v (s) = —Zlog s, .
i=1
Benukuii iHTEpEC 10 METOIB JAHOTO KJIACy MOSICHIOETHCS iX MOPIBHIHO BUCOKOIO
e(DeKTUBHICTIO, 0COOIMBO HA 3a7auyax BelauKoi po3mipHocTi (moHan 10 3miHHMX a6o
oomexeHb). Lleit MmeToz nexxuth B ocHOBI J0Ope Bimomoro conBepa [POPT.
s OOYHCIIEHHSI CcoJIBepa HEOOX1THO Hagatu callback-¢ynkiii, 10
OOYHMCITIOIOTh TaKi BETMIHUHU:
— 3HA4YeHHS [UIbOBOT QYHKIIT f(x);
— rpaieHT 1uIboBoI GyHKIT VI (X) ;
— BEKTOp 3Hau€Hb BEeKTOP-PyHKIIIT oOMexkeHb G(X);

— AKOOIaH BeKTOP-PyHKIii 06Mexkens VG(x)' ;
m
— recciad po3mupeHoi ¢pyHkiii Jlarpanwka o fVZ f(x)+ ZAIVZ G.(x).
i=1
Ha meit wac cTBOpeHMI BEJMKHI MapK MPOrpaMHOTO 3a0e3MEUYCHHS IS

pPO3B’sI3aHHS  ONTUMI3ALIMHUX 3a7ad 3a JIONOMOTOI0 BHCOKOPIBHEBHX 3ac001B
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ONTUMI3AIITHOIO MOJIETIOBAaHHS HA OCHOBI TPAHCISATOPIB — aireOpaidHUX MOB
ONTUMI3AIITHOTO MOJICIIIOBaHHs, OCHOBHUMU 3 siIkux € GAMS (abpeBiaTypa BiJ aHTJL.
«General Algebraic Modeling System» — «3aranbHa cucTeMa aiaredpaiuHoro

MozaemtoBanHs») 1 AMPL (abGpeBiatypa Bim anrmi. «A Modeling Language for

Mathematical Programmingy — «MOBa MOJICIIIOBAaHHS JUISI MaTEMaTHYHOT'O
MIpOrpamMyBaHHs» ).
GAMS — BHCOKOpIBHEBAa CHCTEMa MOJCIIOBAHHS [JI1 MaTEeMaTUYHOI

ontumizaiii. GAMS po3pobiieHa i1 MOJENIOBAHHS U PO3B’s3aHHA JIIHIMHUX,
HEJHIMHUX 1 3MIIIAHO-IUTOYMCIOBUX ONTUMIZaAIMHUX 3a1ad. GAMS OyB mepiioro
MOBOIO  anreOpaiyHOro MofemtoBaHHA W (QopmManbHO CXOXHM Ha  MOBHU
MIPOrpaMyBaHHs Y€TBEPTOIO MOKOJIIHHS, SIKI YACTO BUKOPUCTOBYIOTHCS.

AMPL — moBa nporpaMyBaHHsI BUCOKOT'O piBHs, CrioyaTKy po3po0OiieHa B Bell
Laboratories mJist Toro, mo6 onmucyBaTu ¥ po3B’sA3yBaTv CKJIAJHI 3aja4yl ONTUMI3alii
i Teopii po3kinaai. Ax 1 GAMS, AMPL BukopuctoBye JekiiapaTUBHO-aJIreOpaiuHuii
CTWJIb TIOJJaHHA MojeJied MaTeMaTUYHOTO MPOTpaMyBaHHSA, IO € OJU3bKUM 0
TpaauiiiiHOT MaTemMaTH4HOi TepMminonorii. Pazom 3 tum AMPL nae MoxnuBicTb
onmMcatTh ¥ CKJIaJAHI MOJENl ONTHUMI3alli 3 PI3HUMHU JIOTIYHUMH YMOBaMH, 3
BUKOPHUCTAHHSM CKJIaJIHUX CUCTEM 1HJAEKcallli 3MIHHUX 1 OOMEXEHb.

O6uaBl cuCTeMM TOB'SI3aHl 13 TPYNOI CTOPOHHIX  ONTUMIZALIAHUX
paxyBaibHUKIB. [0 HaitOu1bm BimoMux MoxkHa BimHectn BARON, COIN, CONOPT,
CPLEX, DICOPT, GUROBI, MOSEK, SNOPT, XPRESS, IPOPT.

Bonu nosnermyioTh KOpUCTyBauaM peaiizaiiio pi3HUX TOPUAHUX aJITOPUTMIB,
JOMYCKAalO4Yl CHUIbHE 3aCTOCYBaHHS pI3HUX paxyBaldbHUKIB. Mojeni omnucani
KOPOTKMMH anreOpaiyHUMU olepaTopaMu, SKi JIETKO YHUTAIOThCS JIIOJBMH U
MalIuHaMu. 3aCTOCYBaHHA 3a3HAYEHUX TPAHCIIATOPIB 3HAYHO CKOPOUYE TPYAOMICTKICTh
€TaImiB MiArOTOBKMA BUXITHUX JaHUX ()11 iXHHOT'O YBEJCHHS B TMAKETH ONTHUMI3AIi) 1
00pOOKHU pPe3yabTaTIB PO3B’I3aHHS.

Skmo s QopmyirOBaHHS 3aJadyl BUKOPUCTOBYBaTH MOBY IpOrpaMyBaHHS
AMPL a6o GAMS, To BoHM HadaroTh (PyHKIII mix vac ogepxanua f(x) 1 g(x). Ame

GAMS 1 AMPL € mnatHuMu 1 IOCUTh AOPOTMMH JJIsi KOMEPLIMHOTO BUKOPUCTaHHS.
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HexomepiiiiHi, y TOMy 4YHCIlI JE€MOHCTpaiiiHi a00 «CTYAEHTChKI»  Bepcil
paxyBaJIbHUKIB, MICTATh OOMEXEHHS Ha PO3MIPHICTh 1 KUIBKICTh OOMEXEHb 3ajaul.
ToMy nnst po3B’si3aHHsSI TOCTaBJICHOI 3ajadi OyB po3poOsieHHi 1 peasi3oBaHUM
nporpaMHuii iHTepdelic mns  podotn 13 comBepoMm Ipopt OesmocepenHbo, 6€3
Bukopuctanus AMPL abo GAMS. bynu nanucani BianoBigHi callback-dyHkiii,

3rajlaHi BHIIE, JJISi BY3bKOT'O CIIEI1JII30BAHOTO KJIaCy OOMEXEHb.

BucHoBku no posainy 3

[loOynoBano # JOCHIIPKEHO Yy3arajdbHEHy MaTeMaTUyHy MOJeNb 3ajadi
ONTUMAJIBHOTO  pO3MIIIEHHS 1 1i OCHOBHI peamizamii. He3Baxkaiounm Ha
PI3HOMAHITHICTh TMOCTAHOBOK 3aJadl IMOKPUTTS, sIKa MOPOKYETHCS HAYKOBOKO i
MPaKTUYHOI HEOOXITHICTIO, y3arajbHeHa MatemaTuyHa mojaenb (3.1)-(3.2) omucye
MHOXXHMHY 3a/1au MOKPUTTS obJsiacTed ckilalHOT (OpMH 3 ypaXyBaHHSIM CIELIaIbHUX
oOMexxeHb. MHOXXHMHaA peani3aliil y3arajabHEHOI MaTeMaTH4HOI MOJEINl OXOIUIIOE
MPaKTUYHO BECh KJAC CYYaCHUX MPUKIATHUX 3aJlay, 10 BHUHHUKAIOTH Yy JaHId
MpeIMEeTHIN 00macTi.

3 MEeTO 3acTOoCyBaHHA sl po3B’si3aHHs 3anadi (3.1)-(3.2) BIZOMUX METOIB
JOKaNbHOI ¥ TI00aNbHOI oONTUMI3alll MNOTPIOEH aHANIITUYHUN omHuc 00JacTi
MPUMYCTUMHUX PO3B‘S3KiB W 1, SIK HachmioK, moOyaoBa (DYHKIIIH BITHOIIEHb MIX
o0'ekTamMH, sika BKJO4Yae U moOynoBy phi-¢yHKiii, nceBgoHopMmanizoBaHux phi-
¢byukuii, kBasiphi-pyHkiii, nceBgoHOpMaIi30BaHUX KBa3iphi-GyHKUIH, (QyHKIINH
HAJEXXHOCTI, TICEBJOHOPMATI30BaHUX (YHKUIA HaJIeKHOCTI W  KBa3ipyHKIIN
HaJIEKHOCTI.

Hocnimkeni Binactuocti Moaeni (3.1)—(3.2), obpana crparerid ii po3B‘si3aHHS
i po3po0sIeHNI TeHepaTop MPOCTOPY PO3B’A3KIB 3a/7a4i HA OCHOBI CTApPTOBOI TOUKH,
KWW BKJIIOYAE TEHEPATOP CUCTEMU 0OMEXKEHb 1 reHepaTop QyHKIIIT IIi1.

3anponoHOBAHO CXEMU MOIIYKY JIOKAJIBHOTO €KCTPEMyMY IIiJl 4Yac CTapry i3
OPUMYCTUMOI W HENpUITYyCTUMOI TO4YOK. Po3po0ieHo mporueaypy JOKalibHOI

onTUMI3alli s 3a7a4l MOKPUTTS, KA IPYHTYETbCS Ha 3BEJEHHI 3a/layul HErJIaJKoro
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MporpaMyBaHHs J0 TOCIIIOBHOCTI 3ajay HEJIIHIHHOTO mporpamyBaHHs BuUny (3.5).
[Ipouiec onTuMizallii 3aBepUIYEThCS, SKIIO HAa YEProBOMYy eTami He BAaNOCs
NOJIMIIUTU (QYHKIIIO LI, TOOTO OTpUMaHa TOYKA € JIOKAJIbHUM ONTUMYMOM JJIs
BCIX OMYKJIUX MifgoOnacTedl, mo ii MicTaTh. [Ipy bOMy OTpuMaHa TOYKa € TaKOX
JIOKaJBbHUM eKcTpeMyMoM 3aaadi (3.1)-(3.2).

OnucaHo NPUHIHUIIOBY CXEeMY TeHepallii mpocTopy po3B’sa3kiB 3agaui (3.1)-
(3.2) Ta 3amaui (3.5) 1 AOKIaAHO AOCIIKEHA TeHepalliss (yHKIIl Ut Jjs 3aaadi
onTUMi3alii JOBXKUHU Mepexi 3'eaHaHb. [lomyk J0KalbHOrO €KCTpeMyMy 3ajiayi
(3.5) 3niiicHIOETBCS 32 JONMOMOTOK  paxyBajJbHUKA  3aJa4  HEJIIHIHHOIO
nporpamyBants [POPT 3 BukopucTtaHHAM po3po0JE€HOro MpOrpaMHOro iHTepgeincy.

Martepianu JaHoro po3auty onyOJikoBaHi B podoTax aBTopa [3, 88].

Cnucok mxepen, Kl BUKOPUCTAHO Yy JAHOMY pO3/L1l, HABEICHO Y MOBHOMY
CIIUCKY BHKOpHUCTaHUX jxepen [89, 91, 98, 100, 108, 109, 111, 112, 113, 116, 117,
118, 131, 133, 135, 142, 143, 144, 148, 149, 150, 153, 155, 162, 166, 169, 170, 173,
175, 178, 184, 185, 197, 199, 202, 208, 212, 219, 221, 223, 228, 238].
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4 IOBYJJOBA CTAPTOBOI TOUKH 3 OBJACTI IPUITYCTUMHUX
PO3B’A3KIB

BiamoBigHo [0 3ampomoHOBaHO1 CTpaTerii po3B’si3aHHS 3ajaadl Mo0yaoBa
MPUIYCTUMOIO MMOKPUTTS € 1yKe BAXKIUBUM €TarioM, TOMY 110:

— Ha OCHOBI aHaji3y MPUIYCTUMOTO PO3B’S3aHHS BUKOHYETHCA MOOY/I0Ba
CHCTEMH OOMEKEHbB 3a/1aui;

— BUKOPUCTAaHHSI MPUIIYCTUMOI CTapTOBOI TOYKM ICTOTHO 3a0IIAJIKYE
oOUHCITIOBAIbHI PECYpPCH, HEOOXiAHI JJisi PO3B’SI3aHHS ONTHUMI3alliHUX 33134
HEJIIHIHOTO MPOrpaMyBaHHs, 1110 BUHUKAIOTh.

[Ipu poMy Ga’kaHO BUKOPUCTOBYBATH TUIBKH «TapH1» CTapTOBI TOYKH, TOMY
110 AKICTh TOYATKOBOI'O PO3B’s3KY 0araTo B YOMY BHU3HAYA€E SIKICTh PE3YIbTaTYy.

Jlsist moOyA0BH CTapTOBOIO MOKPUTTS 3aCTOCOBYBAIUCS METOJIU PErYJsPHOTO
MOKPUTTSI Ha OCHOBI PENITOK JJsi 3ajady MOKPUTTS MNPAMOKYTHHUX oOnacTeil i
onTUMi3alii Mo Tpynax 3MIHHUX, T. 3B. "TOCIIJOBHO-OJMHOYHOIO TOKPUTTS" AJIs
noBuUIbHUX obnactedt. Ilig dvac 3acTocyBaHHS IHOTO METOJY PE3yJAbTaT ICTOTHO
3aJIEKUTh B1J] BUKOPUCTAHOT'O JIOKAJBHOTO KPUTEPIIO SKOCTI MOKPUTTS. IlopiBHSIHO
HEMOTaHl pe3yJbTaTH BUXOMSTH, SIKIIO OOYUCIIOIOYU JIOKAJIBHUN KpUTEPIA SKOCTI,
BPaXOBYETHCS 3B’ SI3HICTh 00JIACTI, 110 3aJUIIUIACS, 1 KUTBKICTh KUI, HEOOX1THUX IJIsI
MOKPUTTS. YaCTUHU OOJIACTI, 10 3ajJUIIMIAcC, IMOO0JIM3Y PO3TAIIOBYBAHOTO KOJaA.
Bapianis metony "mociiIoBHO-OJUHOYHOI'O MOKPUTTS" BUKOPUCTOBYETHCA TaKOX B
IHTEPAKTUBHOMY PpEXHMI I TeHepalii TOYKH PpO3MIIIEHHS YeproBOro Koja

<<nizu<a31<1/1» IJIA o1ieparTropa.

4.1 Po3B‘sizaHHA 3aJa4i HePeryJspHOro NOKPHUTTH 00JacTi JOBiIbLHOI

NpocTopoBoi popmu

CkopucTaBIIUCh ®-PYHKIIAMH, MOJaMO MaTeMaTUYHY MOJEIb MOCTaBICHOI

3a/1a41 y BUTJISI
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n-1 n n
Zf}}il,}zn(z 2 0, (1) +D 0,(1)), (4.1)
e i=l j=i+l i=1

ne u; =(x;,y;) 1u; =(x;,y;) — KOOpIMHATH LCHTPIB KiII;

@, (u,,u;) —®-QyHKLIs, [0 BU3HAYAE [UIOLLY B3aeMHoOro nepekpurts kin C;, C; ,
i<jel,;

@®,(1;) — ©-QpyHKIIA, [0 BU3HAYAE IUIOILY B3a€EMHOI0 nepekputrrs kona C, iel
«~ . 2\ .
1 obnacti R™\intQ);

D =D,UD, — o6nacth NpUIyCTUMHX PO3B*A3KiB;

n
D, — MHOUHa, 10 OIIUCY€E YMOBH MOKPUTTS obnacti  konamu C, Q ﬂ(U C )=

i=1

=0, y Takuii cnocio6:

max min((x, —¢,)* +(y,—t,)’ —R*)<0; (4.2)

1=(1,.1,)eQ i€l

D, — MHOHHa, 110 ONHCY€E B aHAJTITUYHOMY BUIJISAA1 OOMEKEHHS Ha MIHIMAJIbHO

1 MakCUMaJIbHO MPUITYCTUMI BIICTaH1 MK LEHTPaMH KT 1 MeXero 00J1acTi MOKPUTTS
M 3alaHa CTPYKTYpOlO, y 3arajibHOMY BHMMAJKy HEJIHIMHUX, HEPIBHOCTEH BUIIISIAY
(3.14).

BukopucroByioun JaHuil MeTOJ BHUHMKA€ TMUTAaHHA MPO 3HAXOIKECHHS
MHOXMHM TOYOK MPHUITYCTUMOTO pO3TallyBaHHS LIEHTpa YEeproBOro MOKPUBHOIO
00'eKTy, 13 ypaxyBaHHSIM TOTO, 110 paHille Po3MilleH1 00’ €KTH (PIKCYIOThCs, 1 BUOIP
HaWKpaIIoro 3 HUX BIJIMOBIIHO JI0 ASSKOI «JIOKaIbHOD (DYHKITIT L.

JIisi BU3HAYEHHST MHOXUHU MPUIMYCTUMHUX TOYOK HEOOXIIHO chOopmytoBaTH
MpaBUIa IXHbOI T'eHepallii.

[IpaBuna pans  poO3MILIEHHS YEProBOTO IMOKPUBHOIO 00'€KTy, TOBHHHI
BpPaxOBYBATH TaKl 3ayBa)KE€HHS:

— IUIOImIa TOKpUTTA obsacti ) koxkHUM 3 00'ekTiB C, NOBUHHA OyTH
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MaKCHUMAaJIbHOIO;

— 3HaYeHHs ®-QYHKI[ITi Mae OyTH MiIHIMAJIbHUM;

— HENoKpHuTa 00JIacTh, IO 3aJUIIWIACS, MOBUHHA OYTH, MO MOJIHBOCTI,
OJIHO3B'SI3HOI0. Y BUMNAAKY SKIIO 3aJMIIMiIAci Oarato3B’si3Ha 00J1acTh, MIAXIA A0
pO3B’si3aHHs 3a7aul Oy/ie aHAJOTTYHUM, OJIHAK KIHIIEBE 3HAYCHHS -(YHKIIT MOXe
PI3KO 3pOCTH, 1110 3HU3UTH €(PEKTUBHICTH BUKOPUCTAHHS PO3TJIIHYTOTO METOY.

Ha puc. 4.1 1 4.2 HaBeneHi NMpuKIagu po3B’s3KIB 3ajaui 0e3 ypaxyBaHHS

OCTAHHBOTI'O 3aYBAKCHHA U 3 HUM BiI[HOBiI[HO.

/—\/_\/_\

N P N _

\_ PN _
NN S

B) r)
Pucynok 4.1 — IIpuknan 4 octaHHIX KPOKiB pO3B’sA3aHHs 3a/1a4i 6e3
ypaxyBaHHSI OCTAaHHBOTO 3ayBakKeHHs: a) — (n-3)-i Kpok; 0) — (n-2)-if KpPOK; B)

— (n-1)-# KpoK; I') — n-i KPOK

[Tepmn HIX JOKIATHO PO3TISHYTH METOJT PO3B’ I3aHHS 3a/1a4l MOKPUTTS 00J1acTi

JOBUILHOI TIPOCTOpPOBOT  (OpMH, YBEAEMO [I€sIKI TO3HAYEeHHS ¥ TMoJaMo B
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aHAMITUYHOMY BUTJISAJI JIeAKl JOJATKOBI QYyHKIII, Kl OEpyTh y4acThb y (popmyBaHHI

GyHKLIT LTI TOCTaBIEHOT 3a7aui.

Pucynok 4.2 — [Ipukinaz po3B’s3Ky 3a/1a4i 3 ypaxyBaHHSM OCTaHHbOTO

3ayBaKEHHS

BBenemMo moHATTS

— I, ={1,2,...,k} — 1HIeKCHa MHOXXWHA;
_ i,j —HOMepa ki, i< jel;

— F — 3HayeHHst PyHKIT 1iTi;

- p,— [-1 Touka mepeTHHaHHSI MEX1 i-T0 KOJa 13 MEXKEK HEHNOKPUTOI

i—1
obunacri, To6t0 p, € frC, fr Q\UCk ;
k=1

*

— K.

1

— MHOXHHA TOYOK p, NEPETHHAHHS MEXI1 -0 KOJla 13 MEXE
HEMOKPUTOI 00J1acTi;

— L =cardK;;

— K,— MHOXMHA TOYOK p, 3 MHOXHHM K,, WO 3a/]0BOJBHSIOTH
oOMmexxeHHs 3aaa4i (4.1), Hanam — “OnopHUX” TOYOK;

- L =cardK, ,L SLj ;

— a)j.o— 3HaueHHS @-QpyHKuii Q i C ;A /-1 Touku xoma C Pr

1 e v .o .
- @), — 3HAYCHHS o-pynkuii C, it C ;A /-1 Toukn xoma C Pr
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! R SO 10
— X ;— 3Ha4YeHHs QyHKUIT uimi juist /-1 Touku koma C;, y; = Za)kj +w, ;
k=1
/ . .
— Z ,— MHOXWHA, CIIEMCHTH ), KO PaH)KOBaHi 32 3pOCTaHHSIM.

Pozrisinemo BHUIIAJOK BH3HAYCHH HJIOH_Ii B3a€MHOT'O IICPCTUHAHHA KOJIa Ci 3

obnactio R*\intQ 1o oci OY (puc 4.3).

frQ

Pucynok 4.3 — Ilepetnnanns kona C, 3 obnmactio R*\intQ mo oci OY

BinnoBigHa o -QyHKIIisI Ma€ BUTIIST

RZ

— (a—-sna),yéui0<p. <R;
;(%,,3,5%,,7,)=1 2 ( ) ’ ; (4.3)

0,yéui p, 2R

— ppj _ 2 2 =1 . .
e o —arccos? s Py =A\X;—x, ) +(¥,—»,)", i=l..m, p, — BiCTaHb MiXK
ueHTpoMm kona C; ii Mmexeto odmnacti Q.

2 .
Jns Bunanky nepetuHanHs kona C; 3 obmactio R™\intQ mo OX Takox

3aCTOCOBYETHCS BUpa3 BUTIIAY (4.3).
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2\ . )
V Bunanky, skmo koio C; nepetnHaeTbes 3 o0nacTio R™\intQ no oci OX i
OY opHO4YacHO, HaNpUKIAM, SK MOKa3aHO Ha puc. 4.4, BapTO BUKOPUCTOBYBATH

bopmyny BUTTISY:

o o 1
a)f:a)f | +w;_) ) _(w?¢_5\(xb_xa v, = y,D- (4.4)

frQ

Pucynok 4.4 — Ilepetnnanns kona C, 3 obmactio R*\intQ mo oci OX i OY

OAHOYaCHO

PosrisHeMo BUIIaI0K BU3HAYCHHsI utowli neperuHanss kit C; i C; (puc. 4.5).

BinnosinHa o -(QyHKIIIS 3aMUCYETHCS K

R® (2¢—sin2¢), sxmo 0<p, <2R

o x,v,x.,v )= ; 4.5
U(Xl yl x_/ y/) O, SIKIIIO plj 22R ( )

2 j . . .
ne p, = \/(xj — xl.) +(y; - ), ¢= arccos%, ,; — BUICTaHb MDK LeHTpamu Kin C,
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Pucynok 4.5 — Ileperunanss kin C, 1 7,

Hexait p, € frC,() frQQ. Jlnd 3HaxXO[KEHHS TOYKM PO3MIIICHHS ILEHTpa
HacTynHoro kona C;, Takoro, o QYHKIIs Ll HabyBa€ B Lii TOYL CBOTO MiHIMyMY,
HEOOXIZHO MPOBECTH IPsIMY, IO IPOXOAUTH Y€pe3 TOUKY p, U yTBOPIOE KyT ¢ 13

npsiMol0, sika napanenbHa oci OX (puc. 4.6).

Ha naniii npsMiid, Ha BIACTaHI R BiA TOYKU p, OyAe 3HAXOAUTUCH TOYKA U It

sIKa HaM MOoTpiOHAa.

CDYHKI_IISI B IbOMY BHUIIAAKY Ma€ BUTJIAJ

sin 2¢

—cos(¢ — aO)))
%}|, =R (cos2¢ +sin(a, - $)) =0, (4.6)

T
Zj :RZ(E"‘O‘O -

T a
. Takum ynHOM, ¢ =—+—L,

, OSOCOSz
2 6 3
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Pucynok 4.6 — Miciie po3TanryBaHHsI HACTYITHOTO 00'eKTa 3a B3aeEMOi1

JIBOX KLJI

Hexait p, € frC,() frC,. Jlns 3HaXOMKEHHS TOYKM TOCTAHOBKM IEHTpa U,
HacTynHoro kona C;, Takoi, o QYHKIIs i1l HabyBae B LIl TOYLI CBOrO MiHIMyMY,
HEOOX1HO MPOBECTH OICEKTPHUCY KyTa ¢, YTBOPEHOI'O0 JOTHUYHUMHM JIO OKPYKHOCTEH
SrC 1/rC; B TO4LI p,.

Ha naniii GicexTpuci Ha BiACTaHl R B1J TOUKH p, Oyne nepedyBaTH MOTpiOHA
TOYKA U .

Posrnsmemo Bumagok mneperuHanns tpsox k1 C, C,, C., s,k,rel ,
m=m'+m", TaKu, 110 BUKOHYIOTHCS YMOBH intC, NintC, I,
intC, NintC, # < i 3HaiineThes xoua 6 MO OAHIM Touli p, H p, MEpPETHHAHHS MEX

kin C,, C, 1 C,, C, BIINIOBIIHO, 5Kl IEpEOyBaIOTh Y AEIKOMY OKOJII pajiyca & =5.

Hacrynse koo C; po3MIIIAEThCS B Takuii criocid (puc. 4.7), 1o #Oro HeHTp

u j Ma€ KOOpaAuHATH
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2\/4R2 _(xv_xn)Z _(yv_yn)Z .(yv_yn’xn_xv)
\/(X'—X")2+(y'—y")2

, (4.7)

(xj,yj) =%(x'+ x"y'+y")+

ae x',y'1x",y" — KOOpAUHATU TOYOK p, 1 p,BIAIOBIIHO.

Pucynok 4.7 — Miciie po3TanryBaHHsI HACTYITHOTO 00'€KTa 3a B3a€EMOIi1 TPhOX

KT

[Ticas mepeGopy BCiX MOMXIMBUX NPUITYCTUMHUX TOUYOK JUIsl BCIX 1#j=1,.m, 1
3HAXOJ/IP)KEHHS BIAMOBIIHOIO MIHIMAJIBHOIO 3HA4Y€HHS O-QYHKIII Oyae oTpumaHe
MPUITYCTUME CTapTOBE MOKPUTTA 06sacTti O .

PosristHeMo MOKpOKOBUIA aNropuTM po3B’si3aHHs 3aAadi (4.1) 6e3nocepeHbo.

Kpok 1. Beaxkaemo i=0, K,={(0,0)}; K,={0,0)}; L,=1 W, =0;

R

2
U, :{(xo +R79yo +R7)}: NO =1.

Kpok 2. Beaxkaemo i=i+1. Jua xoxHoi Toukm v,eU,, [=12,.,L,
o0unCcI0eEMO PYHKITIIO LTI )(j 3a ¢opmynoro (4.6). Y Bunaaky j=1 dyHKIis o

o0uncoeThes 3a popmyroro (4.5).



130

[ .
PamxyeMo MHOXHHY 3HA4CHb x| 3a 3POCTAHHAM. Y PE3yIbTaTl OACPKYEMO

muORuHY Z, ={x", 2%, 2"}
Kpoxk 3. Beaxaemo /=1, .

Kpok 4. [Tepesipsiemo Ha 3B’ SI3HICTh MHOXHUHY BUTJISI Y

o o ((euet) e -0

g=1

Kpoxk 5. Sxmo MHOXkHMHA o/ 3B’s3HA, TO MEPEXOAUMO A0 Kpoky 6. ko

[ =L, — nepexoguMo 10 Kpoky 6. IHakme — BBaxkaemo /:=/+1 i nepexogumo a0
KpOKYy 4.

Kpok 6. Posmintyemo C; TakuM 9MHOM, IO LCHTP U, HepeOyBae B TOYLI V.

Beaskaemo W =W + y'. ®opmyemo muoxuny K., K.; K, =K \{p,tU{{p.}.},
Z J J J J il jata

ne p, — Touka meperuHanHs C, 3 obmactio  frC, N fr(Q\(ngj,

K =K, U(rc, N fr(Q\(Li_J C, j) \p,, L, =cardK..

®opmyeMO MHOXKHHY K, BHKIIOYAIOYM TOYKH, SIKI HE 3aJ0BOJIBHSIOTH
obmexeHHs 3a1a4i, cardK ; = L;.

®opmyemo MHOXKHMHY U, UCHTpIB u; mpuiycTumoi mocraHoBku kit C,
cardU,; =N, . Slxmo N, =0, nepexoxumo 10 Kpoky 8.

Kpok 7. BBaxaemo i = j. [lepexoauMo 10 Kpoky 2.

Kpok 8. 3akiHuyeMo poOOTy aJIrOpUTMY.
4.2 Po3B’s13aHH 3a1a4i PeryJsipHOro NOKPHUTTH NPAMOKYTHOI 00J1aCTi

Xo4a B 3arajJbHOMY BUNAAKY KOH(DIrypaiiisi MOKpUBHOI 00J1acTi MOXe OyTH

JOBUIBHOIO, peajbHO HaiuacTime K 00JacTh MOKPUTTS BUCTYNA€ MNPSIMOKYTHHK.
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ToMy B pamMkax [AaHoOro po3auly MpuiMeMo, 1o obinacte €2 sBise coboro
MPSIMOKYTHHUK P .

Binomo [125], mo onTuManbHE MOKPUTTS IUIOLMIMHU KOJIAMH JIOCATAETHCS 3a
TaK 3BaHOTO PETYyJAPHOro abo pemiT4acToro MOKpUTTS. Tomy mpupoaHOI0 Oye
cipo0a BUKOPUCTAHHS PETYJISPHOTO TOKPUTTS W JAJ  3a]adl  [OKPUTTS
MPSIMOKYTHHKA KOJIAMH.

Haragaemo, 1110 TeOpEeTUKO-MHOKWHHA MOJICJIb 3a]1a4i TOKPUTTS MPSIMOKYTHUKA

P MHOXMHOIO N KUI Ma€ BUTJISI

PCOC“
i=1

TOOTO KO’KHA TO4Ka o0nacTi 7, HanexuTh xoua 0 onHomy 3 ki1 C,, C,,...,C, .

MaTCMaTI/ILIHy MOICIIb MOCTaBJICHO1 3aL[aqi 3a BiJICYTHOCTi JO0JaTKOBHUX

OOMEKEeHb MOJKHA nmoaaTu 'y BI/IFJISII[iI

maxmin p(¢,¢) < R, (4.8)

tely i€l

ne p(#,f) — BIACTaHb MK TOYKaMu 7, i ¢; t=(f,,1,)€Q; {,=(x,,,) — UCHTp

i
i-ro kona; [,={1, 2,...,m}, R — paniyc ki.

Oco0MBOCTI MPUKIIAHUX 3aJ]lau MOKPUTTS 00JacTed TOBUIBHOI T€OMETPUYHOT
dbopMHu KOJaMU 3aJaHOTO pajiyca B CHCTEMax aBTOMATHYHOTO MPOTUIOKEKHOTO
3aXUCTY JOKJIAIHO BUKIIAJICH] B POOOTI [6].

VY HopmatuHi Jiteparypi [51, 50] HaBegeHO psig 0OMEXKEHb HAa TIOJIOKEHHS
MOXKEeKHUX croBimyBayiB. I[li oOMexeHHS MOXyTb OyTH 3BeIEHI JI0 TaKuX
TCOMETPUYHUX OOMEKEHb:

- BIJICTaHb BIJI OyIb-AKO1 TOYKHU o0OJacrti

T,= {(x,y) erR’ ‘O <x<B,0<y< A} 70 LIEHTpa Xo4ya O ogHOro koia 7, IOBUHHA

oyTH He 6inpme R < R.
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Toni (4.8) HaOyBae BUTIISATY
max m}n p(t,t) <R (4.9)
tel, iel,

— LEHTPH KU, 110 IOKPUBAIOTh 00J1aCTh 1, IOBHHHI Hajlexatu obnacti 7,

i, OulblIe TOro, NEpedyBaTH Ha BIACTaHI HE MEHII HUK 7 10 frT,, TOOTO
tely,i=12,...,n, (4.10)

ne 7:)_z{(x,y)eRz‘r_SxéB—r‘,r‘SySA—r‘},

JrT, —mexa obnacri 7T ;
— HEHTpU OyJb-IKUX JBOX KUI TOBHUHHI mepedyBaTHM Ha BIACTaHI He

MCHIIIH 27, TOOTO
ptat,)22r, i, j=12,..m. (4.11)

OueBunHO, mo ymoBa (4.9) yBeaeHa aJig MiABUINCHHS HAAIAHOCTI CHUCTEMH
MOKEeXKHOT Oe3nexku, a HasaBHICTH YMOB (4.10) 1 (4.11) MOSCHIOIOTBCS THUM, IO
MOKEKHUM CIOBIIYBay — peasIbHUM (PI3UYHUM 00'€KT, IKUN Mae KOHKPETHI PO3MIPH.

ITin yac monentoBaHHS 3ajadi BIH MOXKe OyTH aJeKBAaTHO MOJIAHMM KOJIOM pajiyca

r~. besnocepennno 3 (4.10) 1 (4.11) BuniuBae, mo ymona (4.9) exBiBajJeHTHa YMOBI
. . . *

MOKPUTTS TMPSIMOKYTHOI 00JacTi 1, xomamm pagiyca R . TakuMm duHOM,

MATEMATUYIHY MOICIIb 3az[aqi MOJXHA IIOAAaTU B TAKOMY BI/II‘JISIIIil

m — min, (4.12)
max m}n p(t,t) <R (4.13)
tel, iel,

p(t,t,)22r, (4.14)
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tely, I = {1,2,...,n}. (4.15)

Posrasinemo 3anaui (4.12) - (4.15).

He BTpawatoum 3araiabHOCTI, BBaXKA€MO, 110 HEPYXJIMBA CHUCTEMa KOOPAMHAT
XOY mnos'a3aHa 13 NPIMOKYTHUKOM 1, TIpU IbOMY CTOPOHA JOBKUHU A HAJECKUTh
oci OY, cropoHa JnoBxMHU B — oci OX, a niBUUA HUXKHIA KyT NPSIMOKYTHHKA
301ra€eThCs 3 MOYATKOM CHUCTEMH KOOPAMHAT.

OCKUTbKM pEelNTKA ¥ pemnTyacti ykiIaJaHHS € OCHOBOIO PO3B’SI3aHHS
MOCTABJICHOT 3a/1a4l, PO3TJISTHEMO 111 TOHATTS IOKJIAHIIIIE.

Buznavenns 4.1. MHOX1HA BEKTOPIB

(4.16)

r=na; +ma,,nmeZ,

ne a; =(a; .a 1, ), 4y =(a, .a 2y) — JIIHIMHO HE3aJIeKH1 BEKTOPH, Ha3UBAETHCS

pewitkoro [43] 3 6asucom a;, a, 1 mo3Hayaerbesad L = /A(a;,a,); Z — MHOXHHA

HUIMX 4yucen; /— omeparop, 10 BiioOpa)kae MHOXKHHY Map BEKTOPIB Y MHOXKHHY
ciMelcTB BUTIIAY (4.16).

Buznauenuns 4.2. [Tokpurts {t},1,]€Z IJIOILMHHA KOJIaMH
T =t(1ag + jay) =1(0,0) +1a; + ja,,1,je Z, Ha3UBAETHCS (oMHApHUM)
pemityacTuM NOoKpUTTAM KosioM T(0,0), BUKOHaHUM 3a 6a3ucoMm (a,,a,) PEILITKH, 1€
T =(0,0) —xomno 1 13 uentpom y touili (0,0). [TozHaunMoO TaKe MOKPUTTS (r,L).

Ko po3riIsAaTH  peuIiT4acTi MOKPUTTS MNPSIMOKYTHHKA abo Oyab-sKoi
oOMexeHOo1 001acTi, TO Ha BIAMIHY Bil BCIE€l IUIONIMHU 3a OILIHKU "SIKOCT1" Takoro
MOKPUTTS. HEOOXITHO BpaxOBYBaTH HAsBHICTb MEX1 00JIacTi, II0 TOKPUBAETHCS.
PemriTyacte MOKpUTTA, ONTHUMAalIbHE JJIsl TUIOLIMHHU, y 3arajJbHOMY BHUIAJAKy HE €
ONTUMAJIBHUM JIJISl TPSIMOKYTHHKA.

PemriTyacte mOKpUTTS (r L) BU3HAYA€TbCA BEKTOpaMu a; =(a; ,a; ) #
) 1 L9,



134

a, =(a2x,a2y). OOMexxuMocst Hajall po3IVISIAOM BHIAJKY, KOJIM OAMH 13 LHX

BEKTOPIB NapajelbHUil OJHIH 31 CTOPIH NPAMOKYTHUKA T, TOOTO BUKOHYETBCS OJHA

3 yMOB
a; =0, (4.17)
a, = 0, (4.18)
a, =0, (4.19)
a, = 0. (4.20)
Po3i0’eMmo 3amaul  MOKPUTTA (4.12)-(4.15) ©Ha doTuUpU 3aBHaHHSA, SKI

BIIPI3HSIOTHCS MPUCYTHICTIO OAHOTO 3 0OMexeHb (4.17), (4.18), (4.19), (4.20). Bapto
BIJ[3HAYMTH, IO Yepe3 CUMETPil0 00JIacTi MOKPUTTSA, po3B’sA3aHHA 3axadl (4.12)-
(4.15) 3a BukoHaHHs ymMoOB (4.17), (4.18) 30iraeTbcs 3 po3B’sa3aHHAM 3aaaui (4.12)-
(4.15) 3a Bukonanus ymoB (4.19), (4.20).

Hapani, depe3 OJHOTUMHICTH PO3B’S3aHb JOCUTH OOMEXHUTHUCS PO3IIIAIOM
PO3B‘si3aHHS TUIbKHM OJIHI€T 13 3a/1a4l, HaNPUKJIIAJ, 32 BUKOHaHHS yMoBH (4.17).

3a BUKOHaHHA yMOBU (4.17) Ha BEKTOp a;HaKIAJA€TbCid OOMEKEHHS:

O<a]y <R.

3ayBaikenHs: 4.1. Ctporo kaxyuu, cucteMa OOMEXKEHb Ha a; MAa€ BUIJIIJ
a; =0, 2R <a, <2R. Ane po3B’A30K I BUNAIKY O<a]y <2R, moxe Oytu

OTpUMAaHUH M1 Yac po3B’si3aHHs 3a7a4l 3 oOMexeHHsM (4.17). Po3B’s130k 3amadi s

BUNAJKY, ko a; =0, —2R <a 1, < 0 Moxe OyTH OTpPUMAHUN HUIIXOM TPAHCISIT

3 po3B’si3aHHs 3a1a4i (4.12)-(4.15) 3 oOmexenusamu (4.19), (4.20).

@yHKLIA LIl 3a1a4l PeryaspHOrO IOKPUTTA INPSAMOKYTHHKAa T, Komamu 3

MHOXUHU T 3anexute BIJ BEKTOpIB Oa3ucy pewiTku a; i a,, BiL Bekropa t;
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TpaHCJIALIT PelIiTKU BIAHOCHO NMpsIMOKYyTHUKa P, Big po3mipiB A,B npsMokyTHUKa
T, i niametpa 2R xoma T, €T, 1€l,.
OyHKIIS MUl Ma€ Takl OYEBHJIHI BJIACTHUBOCTI: OOMeE)XEHa, HE HEraTUBHA,

KyCKOBO-CTaJIa, L{JIOYUCIIOBA, KPIM TOT0, BOHA € NEPIOANYHOIO IO t; 32 HaNpsIMKaMu
a,, a, Ta IX JIHIMHUMH YUCIIOBUMHU KOMOIHALIIIMH.

3aJIexKHICTh Pe3yNbTaTy Bl MapaMeTpiB JOCUTh HETpUBIaJIbHA W MOXe OyTH
MoJIaHa Jyke TpoMi3AKMMHU Bupazamu. Ll QyHKuii ckiagHO 3amucaTd B SIBHOMY
BUIJISIIL, @ TUM OUIbIIe, OOUYMCIUTU MOX1AHI. 3 1HIIOr0 OOKY, pO3TJISHYTI (YHKIIIT
KYCKOBO-CTaJIl 1 MalOTh 00JIaCTh MPUITYCTUMUX 3HAUYEHbB, L0 SBIISIE COOOI0 MHOKHHY
LUIMX YHCeNl HEBEJIMKOi MOTYXHOCTI. TakuM YUHOM, JUIsl MOIIYKY ONTHUMAaJIbHOTO
PO3B’S3KY JOCUTDH PO3IIISIHYTU TUCKPETHUI HaOip 3HAYeHb MapaMeTpiB 32 YMOBH, 110
Xouya 0 OJIMH 3 HUX MOTPAINUTh Y KOXKHY 3 AUISTHOK CTAJOTO 3HAYEHHS (PYHKIIIT 111
[Ipy 1BOMY, OCKUIBKM BH3HAUYEHHS 3HAYECHHS (YHKIT 111l BUMarae HEBEIUKHUX
OOYHUCIIOBAJIBHUX BUTpAaT, MOXKe OyTH OOpaHuUl JOCUTh Majui KpPOK 3MIHU
nmapaMeTpiB 1, OTKe, sIK HaOJIMKEHUU METOJ| PO3B’s3aHHS JaHOI 3ajayi JOIUIHHO
BUKOPUCTOBYBATH METOJ HaKJIaJCHHs CITKM Ha 00JacTh MPUIYCTUMHUX PO3B°S3KIB, Yy
By3JlaX fKOI BHUKOHYETbCA TOIMIYK pO3B‘si3Ky. IlepenOauaeThcsi piBHOMIpHE
pO3TalllyBaHHS BY3JiB.

Ha puc. 4.8 HaBeneHo TecToBHU TpuKIan po3B’s3ky 3amaui (4.12)-(4.15)
MOKPUTTS MpsAMOKyTHUKa 3 po3mipamu A =100, B=100 komamu 3 paaiycom
R =6.5 mig yac BUKOPUCTaHHS METOJY PETYJISAPHOTO MOKPUTTS. 3HAUCHHS (DYHKIIIT
11 qopiBHIOE 104.

[lepeitnemo Temep a0 PO3TSAy 3adadl CEKUIHHO-PEryJISIPHOTO TOKPHUTTS
NPSIMOKYTHHUKA KoJlaMU. Po3B’si3aHHs MOCTaBiIeHOI 3a/1a4i 3BOIUTHCS O PO3B’sI3aHHS
IBOX  3a7a4  TOKPUTTS  NPSIMOKYTHMKAa  BEPTUKAIBHO W  TOPU3OHTAIBHO
PO3TAIlIOBAaHUMH CEKIIIMU MPSAMOKYTHOT Gopmu. OCKUIbKM 3ajadi 30IraroThCs 3a

IIOCTAHOBKOIO, 0OMEXHMMOCS HaJalll pO3IJIAIOM MEPIIOi 3 HUX.
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PucyHnok 4.8 — PerynsipHe NOKpUTTS

OyHKIi MUT 1i€T 3a7a9i Ma€e Ti1 K BJIACTUBOCTI, 10 ¥ (QYHKIS Il 3aaa4i
PETYIISIPHOTO TOKPUTTS MPSIMOKYTHHKA, KpiM niepioguyHocTi. KpiM Toro, 3aiexHicTh
pe3yabTaTy BiJ MapaMmeTpiB € CKIaJHOI M Takolo, IO Baxko (opmanizyerncs. Lle
MIPU3BOJIUTH 10 HEOOXITHOCTI BUKOPUCTAHHS HAOIMKEHUX METOJIB JIJIsi PO3B’ SI3aHHS
3amadi. Hampukian, 3acTocyBaHHS METOJY HaKIaJCHHS CITKM Ha o00Jacti
MPUITYCTUMUX PO3B’A3KIB J03BOJISE 3IIMCHUTH JBOXETAllHE PO3B‘SA3aHHS 3ajadi
CEKI[IHO-PETYJISIPHOTO TTOKPUTTS:

— PO3B’sI3aHHS PANY 3a7a4 OJHOPIAHOTO PErYJISIPHOTO PO3KPOIO CEKIIii 3

po3MipamMu A4 x h, METOJOM, BUKJIaJ€HUM BHIIIE;

— BUOIp ONTUMANIbHOT KOMOIHAIIT CEKITii.
[Ipu 11bOMY 3 KYCKOBOT CTalOCTI i 0OOMEXKEHOCT! (DYHKIIIT LIl BUILIUBAE, 1110

I KokHOro uutoro uumcna k=12,..,N(T,), ne N(I;) — po3B‘sa30K 3ajaul
PETYJISPHOTO MOKPUTTS BCHOTO MPSIMOKYTHHKA 7,, Moke OyTH oOpaHuUil mapamerp
h, , Taku#, 110 PETYJIIPHE MMOKPUTTS CEKIIl 3 po3mipaMu A X i, MICTUTH He OuIblIe k
Kin, a Oynb-AKa cekiis 3 posmipamu Axh,, b >h, — Oinbm ik k kit Takum

YUHOM, MHOXHMHA BCIX TAaKHUX 3HAa4eHb /i, 3aja€ CITKy 31 3MIHHUM KpPOKOM,
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BUKOPHUCTAHHS SKOI PU PO3B‘S3aHHI 3aa4l 32 HABEJICHOIO BUIIE CXEMOIO 3a0e3neuye
3HAXO/KEHHS ii ONTHMAaIbHOTO PO3B’A3KY 3a 3aJaHMMH MapamMeTpaMHu pPO30MBKU
MPSIMOKYTHUKA Ha CEKIIIi.

3 HaBeJeHUX BHIIE MIPKyBaHb BHUIUIMBA€, IO Ha MEPUIOMY €Talll BapTo
pO3B’si3aTH psifl OOEPHEHMX 3a7ad PETYSIPHOIO MOKPUTTS, a came, JUJIsS 3aJaHoro
guciaa KUl TOTpiIOHO BU3BHAYUTH MAaKCUMAJIBHO MOKJIMBHH pPO3MIp CEKIlii, 0
MMOKPUBAETHCS 3aJIaHOI0 KUTBKICTIO KUT. Chij 3a3HA4MTH, IO IMiJI Yac PO3B’s3aHHI
3a/layl PEeryJsipHOro MOKPUTTS BChOTO MPSAMOKYTHHKA P JaHUM METOJIOM, BCl i
PO3B‘S3KM MOXKYTh OYyTH OTpUMaHI SIK MPOMDKHI pe3yJIbTaTH.

[lepeitnemo Temep 10 poO3B’si3aHHS 3a/adyl BUOOpPY ONTHMAIbHOTO HabOpy
CeKIIiii. 3a CBOEIO0 TTOCTAHOBKOIO 1151 3aj7[a4a aHaJorivyHa BiAOMIN OJHOBUMIpHIN 3a/1a4i
npo paHenp [31], AKIIO IHTEPHPETYBATU KUIBKICTh KU1 K, PO3MIIIEHUX Y CEKIii, sIK
Bary €JIEMEHTA, a 3HaUeHHs /1, — K N0BkHUHY. OJHaK (QyHKIIA L1711 B IbOMY BUMAAKY

HEeTpaJulliifiHa, a came: HEeOOX1IHO 3HAWTHU HaOlp €JIeMEHTIB MIHIMAJIbHOI Baru, 1o
3a0e3M1euyIoTh NepenoBHEHHs a00, MPUHANMHI, TOBHE 3aIlIOBHEHHS PaHIIS.

XapakTepHa OCOOJMBICTH M€l 3a7ayl, 10 00yMOBHIJIa METOJ ii PO3B’sSA3aHHI,
MoJisira€ B TOMY, IO Ha0lp MOXJIMBUX Bar paHIsl OOMEXKEHHUH MIIMHOKHUHOIO
HaTypaJbHUX YHcen Bif 1 10 M, BKIIOYHO, MpUUOMY 3HaueHHs M He Benuke. Jlis
pO3B‘s3aHHA 11i€] 3a7a4i OyB BUKOPUCTAHUM METOJ IMHAMIYHOTO IPOrpamMyBaHHS.

Ha puc 4.9 HaBeneHo TecTOBMM NpHKIaA pO3B‘A3KY 3aqayl TOKPUTTS
npsMokyTHUKa po3mipiB 4 =100, B =100, komamu pamgiyca R=6.5 y pasi
BUKOPUCTAaHHSI METOJY CEKIIHHO-PETYJISIPHOrO MOKPUTTSA. 3HaueHHA (QYHKUIT LT
nopieHioe 103.

[TopiBHsIIBHUHN aHaII3 pe3yJbTaTiB, OTPUMAHMX I Yac PO3B’sI3aHHS 3ajadi
(4.12)-(4.15) meTomOM HEPETYISIPHOTO TOKPUTTA [2] 1 METOAOM peryJspHOro
MOKPUTTA (32 TUX K€ BUXITHUX JaHUX), JTIO3BOJISE 3POOUTH BHUCHOBOK MPO Te, IIO

METOJ] PETYJISIPHOTO TOKPUTTS JT03BOJISIE 3HAYHO MOJIIMIIUTH 3HAYeHHS (DYHKITIT LTI,
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Pucynok 4.9 — CekuiiiHO-perynisipHe MOKPUTTS

[{ikaBOO OCOOJUBICTIO 3alMpPOMOHOBAHOTO METOJY TOOYIOBH CEKIIiitHO-
PETrYJSIPHUX TOKPUTTIB € Te, 110 BIH MOX€ OYyTH NPUPOJHO Yy3arajJbHEHUU Ha
BUIIaJIOK PO30MBKHU MPSMOKYTHOT 001aCTl Ha CEKIIli, sIKi PEryJsIpHO MOKPUTI KOJIAMH
pi3Hux paniyciB. Tak, Ha puc. 4.10 HaBeneHe CEKIIIHO-pEryJsipHE MOKPUTTS

npsimokyTHuKa P posmipamu 1200 na 700 konamu 3 paaiycom 90, 1001 110.

JN g N
=<

Pucynok 4.10 — CekuiiiHo-peryisipHe TOKPUTTS KOJIaMH PI3HUX PajalycCiB
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BucHoBku o posainy 4

OCHOBHI pe3yJIbTaTH PO3ALTY TaKi:

— BUJIUICHO BaXKJIMBI 13 MPAKTUYHOI TOYKU 30py KJAacH 3a7ad MoOyIoBU
KPYTOBUX TMOKPUTTIB: MOKPUTTS MPSAMOKYTHOI 00JacTi W TOKPUTTA JOBUIBHOI
001acTI;

— 3alpOIIOHOBAHO METOJ T'eHepallii MOKPUTTS JOBUILHOT 00JIaCTi KOJaMHU
HAa OCHOBI METOAY ONTUMI3alii MO TpyHax 3MIHHHUX (IIOCIIIJIOBHO-OJUHOYHOIO
PO3MIIICHHS);

— chopmMylIbOBaHO €(PEKTUBHHUI KPUTEPIN SKOCTI IJIT METOY ONMTHUMI3aIlii
MO rpymnax 3MiHHUX Ha OCHOB1 BUKOPUCTaHHS ® -(DyHKIIIi;

— 3aMpONOHOBAHO IMiJ] Yac PO3B’SI3aHHS 3aJa4 ONTUMAJIBLHOTO KPYTrOBOIO
MOKPUTTSI TPSIMOKYTHOI 00JIaCTI BUKOPUCTOBYBATU T. 3B. PEryJsipHI MOKPHUTTS, SIKi
TeHepyIOThCS Ha OCHOBI pemIiTok B R ;

— JOOCHIPKEHO  PEryJsipHi  MOKPUTTA  MPSAMOKYTHOI  oOmacti H
3ampOINOHOBAHUM €(EKTUBHUM METO]l iXHBOI MOOY0BU ISl KT OJTHAKOBOTO pajiyca
HA OCHOB1 BUKOPHUCTAHHS €JIEMEHTAPHUX T'€OMETPUUYHUX OTepalliii;

— JTOCHIIPKEHO CEKLIMHO-PEeryJsipHl MOKPUTTS MNPAMOKYTHOI oOnacti i
3aMpoOINOHOBAHUM €(EeKTUBHUM METO]I iXHbOI TOOYI0BU ISl KUJT OJTHAKOBOTO pajiyca
HAa OCHOBI PETYJSPHUX TOKPUTTIB 3 BUKOPUCTAHHSIM METOAY JHUHAMIYHOTO
POrpaMyBaHHS;

— pO3pO0JIEHO  METOJ TMOOYIOBU  CEKUIMHO-PETryJISIpHUX  TOKPUTTIB
y3araJlbHeHU Ha BUMAJ0K MOKPUTTS MPAMOKYTHOT 001aCT1 KOJIaMU PI3HUX PAJIlyCiB.

Marepianu qaHoro po3auly onyosrikoBaHi B poboTax aBropa [2, 38].
Cnucok mxepen, ikl BUKOPUCTAHO Yy JAHOMY pO3/L1i, HABEIEHO Y MOBHOMY

CIIMCKY BUKOpUcTaHuXx Jkepen [31, 50, 51, 125].
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5 PO3B’SAI3AHHS 3AJIAY CEHCOPHOI'O IPOTOBOI'O IIOKPUTTSA
CKIIATHUX OBJIACTEM 3 BUKOPUCTAHHSM ITPOT'PAMHOI'O
KOMIIVIEKCY «BECTA»

5.1 Ilporpamuuii komiuieke «Becray»

Ha migcraBi 3ampomoHOBaHWX 3acO0IB  MAaTeMaTUYHOTO MOJIEIIOBaHHS,
MoOYyIOBaHUX MaTEMAaTHYHHX MOJEJIECH 1 po3po0JICHMX METO/AIB pO3B’s3aHHS OYII0
po3po0JieHO MporpaMHuil KoMIieke «BecTta», sikuil mpu3HAYeHO ISl PO3B’SI3aHHS
3a/1a4 TPOEKTYBAaHHS ONTHUMAJIbHHUX JPOTOBUX CEHCOPHUX IMOKPHUTTIB JOBUIBHUX
oOnacteil, Mexi SKMX (HOPMYIOThCS NUISHKAMU THAJKUX KPUBUX, 30KpeMa, Ayramu
K1 1 BIIpI3KaMu TPSIMUX.

[IporpamMHuii KOMIUIEKC JO3BOJISIE  3MIMCHIOBATH TOOYAOBY KPYTOBUX
MOKPUTTIB JTOBUIBHUX oOOJlacTed B 1HTEPaKTUBHOMY, HAaliBaBTOMAaTUYHOMY 1
ABTOMAaTHUYHOMY pEXUMax, 3I1MCHIOBATH KOPEKIII0 HENPUINYCTUMUX TOKPHUTTIB,
peaizoByBaTH MOJIMIIEHHS! BapTOCT1 (3MEHILIEHHS KUIBKOCTI CEHCOPIB) 1/a00 AKOCTI
(MiHIMI3aIlis pajaiyca Kijl, MAaKCUMI3allisd 30H B3aEMHUX MEPEKPUTTIB K1) TOKPHUTTIB,
OynyBaTh JpOTSHI 3'€MHAHHSA JBOX THUMIB (padlaibHI 1 KUIBIEB1) 3 MOJAJBIIO0
ONTHUMI3aIl1€0 BAPTOCTI (JIOBXKUHU APOTOBUX JIHIN).

[Iporpamuuii komiieke «Bectay 3aiiicHIOE TeHepallilo TPOCTOPY PO3B’SA3KIB
3a/1ayl MOKPUTTS 1 TO3BOJISIE€ 3HAXOJIUTU PO3B’SA3KHU 3a/1ayl HAOJMKEHUMU 1 TOUHUMHU
METOJIaMM Ha OCHOBI MOOYIOBM MPOTPaMHUX IHTEpPPEHCIB 3 CyYaCHUMHU
ONTUMI3AI[IHHUMHU TPOTPAMHHUMU TTAaKETaMU.

[Tporpamuuii komriekc «Becta» MICTUTBH B cO01 Takli OCHOBHI1 JIOTTYH1 MOJTYJII:

— TOJIOBHUM, SIKMU 3AIMCHIOE 3B'SI30K 1 3a0e3medyye MOTOKH JaHUX MK
THIITUMU MOJTYJISIMU;

— iHTepdeiicy 3 KOpUCTyBayeM;

— BBEJICHHS JIaHUX PO 00JIACTh, 1110 TOKPUBAETHCS;

— aBTOMATUYHOI IreHepallii perysipHUX 1 CEKI[IHHO-PETYIIPHUX KPYTOBUX

MOKPUTTIB JJI MPSMOKYTHOT 00J1acTi;
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— aBTOMATHYHOI TeHepalii HEPeryIsIpHUX KPYTrOBUX TOKPHUTTIB IS
JIOBLJIBHOT 00J1aCTI;

— IHTEPaKTUBHOI TOOY/I0BU MMOKPUTTS;

— aHaJi3y KOPEKTHOCT1 OKPUTTS;

— reHeparii aHaJliTHYHOTO OMKUCY YMOB IMOKPUTTS;

— re’epaiiii MpocTopy PO3B’sA3KIB IS 3a/ladl KOPEKIii HEeNpUITyCTUMOTO
MTOKPHUTTS,

— aHaJidy BHUKOHAHHA TEXHOJIOTITYHUX OOMEXeHb 3ajadl  (YMOB
PO3MIIIEHHS! CEHCOPIB B 00JaCTi Ta YMOB B3a€EMHOT'0 HENIEPETUHAHHS CEHCOPIB);

— re’epailii aHaJITHYHOTO OMKCY TEXHOJIOTTYHUX 0OMEXKEeHb 3a/aui;

— reHepaiiii OpoCcTOpy PpO3B’A3KIB IS 3ajayl KOPEKLii MNOpYIIeHUX
TEXHOJIOTTYHUX OOMEIKEHb 3aJ1a4i;

— aHaJ3y BUPOHKEHOCTI TOKPUTTS;

— re’epaiiii HeBUPOIXKEHOT0 MOKPUTTSI HA OCHOB1 BUPOKEHOT0;

— reHepaiii mpocTopy pO3B’SA3KIB JJIs  3ajJadl  MOJIMNIIEHHS  SKOCTI
MTOKPHUTTS,

— reHepaiii 3amadi KOMiBOsDKEpa IS IOCTAaHOBKU 3ajladi MOOYAOBHU
JIPOTOBOTO 3'€ AHAHHS KUIbLIEBOTO THILY;

— reHepaiii 3agadl MapHipyTusaiii JJis MOCTaHOBKM 3ajadl MoOyJA0BHU
JIPOTOBOI MEpEeXk1 palialIbHOTO TUITY;

— JUISL PO3B’SI3aHHS 3aJlau JUCKPETHOI onTuMizailii (3a1a4i KoMiBosbKepa 1
3a/1a4l MapupyTH3aii);

— reHepaiii mpocTopy po3B’s3KIB 3a7adi 3MEHIIIEHHS JOBXUHHU JPOTOBUX
3'€eTHaHb IS CIIUTBHOI 3a/1a4l OKPUTTS 1 TpaCyBaHHS;

— JIEKOMITO3HMIIIT 3a/1a41 ONTHUMI13aIlii;

— JIOKAJILHOT ONITHUMI3alIii;

— pEeHIepUHTa.

Ha puc. 5.1 HaBeneHa niarpama, sika UIIOCTPY€E CTPYKTYpYy HPOrpPaMHOrO

KOMIUJICKCY «Becray.
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Pucynok 5.1 — ITpuHummnoBa cxema nporpaMHOro KoMmIuiekcy «Bectay.

BikHo iHTepdelicy mporpaMHOro KOMIUIEKCY Ma€ BUIJISA, MPEACTaBICHUN Ha

puc. 5.2.
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Pucynok 5.2 — T'oiioBHE BIKHO IIPOrpaMHOT0 KoMIUIeKCy «BecTay

Ha pucyHKky no3HaueHi rpynu:

— KHOMOK 1 CHOyXuThb JJIs BHUKJIMKY CTaHAApTHUX J1aJOrOBUX BIKOH
3aBaHTaKeHHs (ailiIiB 3 onmucoM obnacTeil 1 obsactel 3a00pOHU;

— MOJIIB 2, SIKI MOKYTh MaTH 3MIHHE 3HAYEHHS, Ta CIY>KUTb JJIS 3aBJaHHS
iHbopMalii Ipo paaiyc CEHCOPHOI 30HU 1 palyc KOPITYCY JaTUUKA;

— KHOMOK 3, IO CIYXHUTh i1 poOOTH B IHTEPAKTUBHOMY pEXKUMI,
JOMYCKao4M omeparii JoJAaBaHHS HOBOTO JaTYMKA, PO3MIIIEHHS HOBOTO JaTYMKa
(HamiBaBTOMAaTUYHE PO3MIIIEHHS B TOUKY, sIKa 3alpONOHOBAHA CUCTEMOIO), TOUHOTO
peaaryBaHHs YUCJIOBHX 3HaY€Hb KOOPJMHAT LUEHTPY JaTUHMKa, BUIAICHHS JaTYUKa 3
MOKPUTTS 1 HOTO «CXJIOMyBaHHS».

Knonka «CxyonyBaHHS» CTa€ AOCTYIMHOIO TMICIs MOOYIOBU JOIYCTUMOIO
KPYrOBOTO TOKPUTTA obnacTi. [i akTuBallis BUKIMKAe MOAYNi reHepalii MpocTopy
PO3B’SI3KIB I 3a7ad4l TOJIIMIICHHS SKOCTI TOKPUTTA 1 MOIYJdb JIOKaJIbHOT

OIITUMI3allli;
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— KHOIMOK 4 CIYXUTh JJIs BUKIUKY OmNepaliii aBTOMaTU4YHOI MOOYI0BU
MOKPUTTSI, BUAAJIICHHS MOKPUTTS Ta KOPEKIii HEMPUITYCTUMOTO OKPUTTS BIAMOBIIHO.
[Ipu upomy aktuBaris kHonku «[loOyayBaTu» B 3aleKHOCTI BiJ BHUTJSAIY
0o0JacTi BUKIMKAE MOJIYJIb ABTOMAaTUYHOI TeHepalli peryaspHUX 1 CeKIiiHO-
PETYJISIPHUX KPYTOBUX TOKPHUTTIB JUIsl TOPSIMOKYTHOI oOnacTi abo MOIyJb
aBTOMAaTUYHOI T'eHepallii HeperyJIIpHUX KPYTroBUX MOKPUTTIB JIJIsl JOBUIBHOI 00JIACTI.

Knonka «BunpaBuTu» crae JOCTYIHOIO TUIBKU 32 MOPYIIEHHS] YMOB MTOKPUTTSI.
[i akTuBaLis BUKIMKAE 3aIlycKM MOJYJIB reHepallii IpocTopy po3B’sA3KiB M 3a1adi
KOPEKIii HENPUITYCTUMOTO MOKPUTTS, aHAJ13y BUKOHAHHS TE€XHOJIOTTYHUX OOMEKEHb
3a/1adi, TeHepallil aHAIITHYHOTO OMHUCY TEXHOJOTTYHMX OOMEXKEHBb 3ahadi, MOAYJIb
reHepaiii mpocTopy po3B’s3KIB JJIs 3a7adl KOPEKI[li MOpPYIIEHUX TEXHOJIOTTYHUX
oOMeXeHb 3a/1auil 1 MOJIYJIsl PO3B’sI3aHHS 3a71a4l HETIHIMHOT ONTUMI3allii;

— KHOIKA 5 CIIY>KUTh JIJISl BUKJIMKY MOJIYJIA T€HEpallii 3a/1aul KOMiBOsKEpa
JUIsl TIOCTAaHOBKM 3ajadyi MoOyJOBH APOTOBOTO 3'€JHAHHS KUIBIIEBOTO THUITY a0o0
MOJYyJIA TeHepallii 3ajadl MapHipyTusaiii Jisl MOCTAaHOBKH 3ajadl MOOYJAOBH
IpOTOBOTO 3’€AHAHHS paaiaibHOrO TUIy (B 3aliekKHOCTI Bl BUOOpY B TIpyIli
nepeMuKayiB 7) 3 MOAAJIBIIUM BUKIMKOM MOJYJIS Jisl pO3B’sA3aHHS 3a/1ay AUCKPETHOI
onTUMI3aIlii.

KHormka ctae 1ocTynHoIo micist noOyA0BH 10MyCTUMOTO MOKPUTTS;

— nepeMuKayiB 6 CIyKUThb N7 BUOOPY MEpPEeBaKHOI OpileHTAIlll AJIA Tpac:
«X» — JOBUIBHUI HAIpPSMOK, «—» — MEPEBAXHO TOPU3OHTAIBHUN HANPIMOK, «|» —
NepeBaKHO BEPTUKAIbHUI HAMPAMOK;

— rpyna nepeMukKayiB 7 CIy>KUTbh JJis BUOOPY TUITY MEpEX1: KiIblIeBOT a0
paianbHOT BIIIOBIIHO;

— KHOIMOK & CIY)XUTh JUIsl PO3B’S3aHHS 3a/]adl ONTUMI3alli JTOBXKUHU
Mepexi, 1110 3B'A3y€ NaTYUKHU, 1 AJIsI CKAaCYBaHHS PE3yJbTaTiB TPACYBaHHsS. AKTHBAIIS
KHONKM  «OnTUMI3alis» IMOCHIIOBHO 3alyckae MOJYyJb MOOYAOBH MPOCTOPY
PO3B’SI3KIB ISl 3a7adl ONTUMI3allli JOBXUHM JPOTOBHX 3'€lHAHbL 1 MOJYJb

PO3B’sI3aHHS 3a]1aul HEJIHIMHOT ONTUMI3aIlii;
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— rpyna KHOMOK 9 CIly>XKUTb JIJIs1 30€pEKeHHS 1 3aBaHTa)KEHHS BCl€l 3a/1a4i
3arajoM. 3ajiaya 3aBaHTaXYye€TbCAd B TOMY 3K CTaHl, B SIKOMYy BOHa Oyja Ha MOMEHT
30€peKCHHS;

— B MMOJI1 Bizyamizallli BijoOpa)kaloThbCsd KOOPAUHATH Kypcopa muiii 10 1
CyMapHa JOBXHHa 3'€IHaHb 11, sSIKI10 BOHU MOOYI0BaHI;

— BIKHO mpamopis 12 cayXuTh s 3aBJaHHA PEXUMY Bizyaizalii
CEHCOPHUX 30H JIaTUHKIB;

— rpyna  JIYAIBHUKIB 13 BUKOPUCTOBYETHCS  JUIsl  YIpaBJiHHSA
PEHAEPUHIOM, TEPEMIIIEHHIM 300paK€HHS  BOPABO-BIIBO, BrOpPYy-BHM3 1
MaciTadyBaHHs BIAMOBIIHO. YTIPABIIHHS PEHACPUHIOM MOKHA 3/I1IMCHIOBATH TaKOX
3a JOTMOMOIrOK KOMITHOTEpHOT MHMII OE€3MOCepeIHhO B TMOJe I Bizyasizalii
PE3YINIbTATIB;

— rpyna KHOMOK 14 CIy>XWUTb JJi IIBHIKOTO MO3ULIIOHYBAaHHS JaTYUKIB 1
TOYKHU BXOJY JJIsl TPACYBAHHS;

— rpyna KHoOmok 15 mnpusHadena mis peamizamii onepamiii «Undoy» 1

«Redoy.

5.2 Pe3ynbTaTi 004HMCII0BAIBHUX €KCIIEPUMEHTIB

B ocramHbOoMy  po3auli  HaBeAeHl  pe3yJbTaTH  OOYMCIIOBAIbHUX
excriepuMeHnTiB. OOuunciaeHHs npoBoauiucs Ha kommn'rorept AMD FX (tm)-6100 Six-
Core Processor 3.30 GHz, 4 I'6 3 BCTAaHOBJIEHOIO OINEPALIHHOIO CHUCTEMOIO
Windows 7.

B xoami po3B‘s3aHHS 3a7ad BUKOPUCTOBYBAJIMCS TNPOrpaMH 3 BIAKPUTHM
BUXIJTHUM KOJOM CTOPOHHIX PO3POOHHUKIB.

3amaui  guckpeTHoi — onTuMmizamii  (KOMiBOsDKepa 1 MapuIpyTu3arlii)
pPO3B’s3yBaJIMCA 32 JOMOMOrol O10JI0TEKH EBPUCTUK ISl TEeHepalli po3B’s3KiB

npobsieM Mapuipytusanii TpancnoptHux 3aco0iB VRP  (https://projects.coin-
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or.org/VRPH), peanizoBanoi y Burinsai DLL 3 BuKOHaHUM MporpaMHUM
iHTepdeiicoM 1 mapaMeTpamMu, BCTAaHOBICHUMU 33 3aMOBUYBAaHHSM.

3ajayl HENMHIKHOT onTUMIZalii (KOpeKUii MOKPUTTS, MOJINIICHHS MOKPUTTS,
MiHIMI3aIlli JOBXHHU Tpac, 10 3B'A3YIOTh TaTUYUKH) PO3B’A3yBAIUCS 32 JOMOMOTOIO
IPOPT (I nterior P oint OPT imizer, https:/projects.coin-or.org/Ipopt) —
NpOrpaMHOro TakeTra g BeJIMKOMAcTaOHOI  HENMIHIMHOI  onTuMizamii 3
peani3oBaHUM MPOrpaMHUM 1HTepperHcoM 1 mnapaMeTrpaMu, BCTAHOBJIECHUMHU 32

3dMOBYYBAHHIM.

5.2.1 OuiHka aJeKBaTHOCTI OTPMMAaHUX Pe3yJbTaTiB i eQeKTHBHOCTI

BUKOPHMCTAHHSA MOAYJISI HEPEryJISPHOr0 PO3MIllICeHHS MOKeKHUX CIOBilyBaviB

JIJist OLIHKM aJIeKBAaTHOCTI OTPUMAHMX pe3yJibTaTiB Oyna 3aIlulaHOBaHa cepis
€KCIIEPUMEHTIB, CYTh SIKHUX 3BOJUTHCS A0 Takoro. sk KOHKPETHOTO MPUMILIECHHS
MPOBOJUTHCS po3paxyHOK cxeMu po3MmimieHHsA(I]) 3riiHo 3 KBaJpaTUYHOIO CXEMOIO,
PEKOMEHJOBAaHOI0 HOPMATUBHOIO JOKyMEHTAII€0 [S1] 1 11 TOTO K NPUMILIECHHS — 3
BUKOPHUCTAHHSM 3alPONOHOBAHOI0 METOAY po3MilleHHs. [1oTiM B pslli TOUOK LBOTO
npumitieHHss (Ha puc. B. 1 Big3zHaueHi &) IMITYe€TbCS BUHUKHEHHS MOXEXK1 s
KOXHOT 31 CXeM 1 (PIKCY€ThCA Yac CHPallbOBYBAHHS CUCTEMHU MOKEXKHO1 CUTHATI3allli.
VY pasi, AKIMO0 Yac chpaibOBYBaHHS 3alpONOHOBAHOI CXEMHM HE Oulblie, HiXK
HOPMAaTUBHOI, 3a MeHII0i KUTbKocTi [1C, pe3ynbTaT BUSHAIOTHCS 3a0BUIBHUMH.

Jlist st IpOBEJIEHHS €KCIIEPUMEHTY SIK TECTOBE 0yJI0 BUOPAHO HEMPSMOKYTHE
MPUMIILIEHHS 3araibpHO0 Twiometo 400,16 m> Ilnan MIPUMIILICHHS HaBEJIEHUM Ha pUC.
B.1 (Bucora creni 2,4 m).

Jlist naHoro npuMinieHHs OyB MPOBEACHHUI PO3PAXyHOK CXEMU PO3MILLIEHHS
[IC. Pe3ynapTaT poO3paxyHKy 3TiJHO 3 HOPMAaTHBHOIO JOKYMEHTAIlI€El0 Ta
3alpONOHOBAHUM METOJOM HaBefeHo Ha puc. B.2 1 B.3 BignoBigHO (IpOTOKOJ
pO3B’si3aHHS 3a7adl 3 BUKOPUCTAaHHSAM 3alPOIIOHOBAHOTO METOJy HABEIEHO B

noaatky b).
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3rigHo 3 MpOBEACHUMH po3paxyHkamu KuibkicTh [IC, sika HeoOxigHa st
3aXUCTY JIaHOTO MPUMIIIEHHS BIANOBIAHO 110 [51], cranoBUTh 11 T, a BIAMOBIAHO A0
METOJY, 1110 TPONOHYy€eThest — 10 mT. (pI3HULS B KITBKOCTI CTAHOBUTH 9%).

Ha puc. B.4 nmomano mokputrs o6macTi ckiaaHoi (gopmu, moOyaoBaHe 3

BHKOPHUCTAHHAM 3aIIPpOIIOHOBAHOI'O MCTOOY.

5.2.2 Ouiaka eQeKTHBHOCTI BHKOPHUCTAHHS MOJAYJHA PeEryJspHOro

PO3MillleHHS MOKEKHUX CIOBIlyBayviB

Onucanuil B 4eTBEPTOMY PO3JUIL HiAXIJ 10 MOOYJOBU PEryIsipHUX MOKPHUTTIB
Ha OCHOBI JBOBUMIPHUX PEHITOK 1 CEKUIHHO-pEryJspHUX MOKPUTTIB HA OCHOBI
po3B’si3aHHS  MoAM(]iIKOBaHOI 3agadi Opo paHelb 3a JOMNOMOIOI METOIY
JUHAMIYHOTO MPOTrpaMyBaHHs OyJIO peai30BaHO y BUTIISAII OKPEMOTO MOJTYJIS.

Jlesiki 3 OTpUMaHUX B XOJ1 MPOBEICHUX OOUMCIIOBAIBHUX EKCIEPUMEHTIB
pE3yNbTATIB PO3B’S3aHHS 3aJlayl KPYroBOrO TMOKPUTTA MPSAMOKYTHOI oOnacti 4 3
po3mipamu 70000 Ha 30000 HaBeeH] HIKYE.

Tak, wa puc. B.5 mnomanuii pe3ynbTaT pO3B’sI3aHHS 3a7adi  CEKIIMHO-
PEryISIPHOTO MOKPUTTS 00J1acTi 4 3a qonomororo 62 kin 3 paniycom 3900, a Ha puc.
B.6 — pesynbrar po3B’s3aHHSA 3a7ayl PEryJISIPHOTO MOKPUTTS obOmacTi 4 3a
JIOTIOMOT010 65 K1J1 TOTO X pajiyca.

Cnig 3a3HauuTH, 110 HABITH y pasi 30iry uucia Kul, ki OepyTh ydacTb y
dhopMyBaHHI PETYJSPHOTO 1 CEKIIHHO-PETyJIIPHOTO0 TMOKPUTTIB 3aJaHOi 00JacTi,
BUKOPHUCTaHHS CEKUIHHO-PETYISIPHOTO MOKPUTTS CTAPTOBOI TOUKU JJIsi PO3B’sI3aHHSA
3a/layl MPOEKTYBAaHHA CHUCTEMHU TOXKEXKHOI CHUTrHami3alii MoXXe BHUSIBUTHUCS
BUIIPABIAHHM.

Ha puc. B.7 ta B.8 HaBemeHi pe3ynbTaTd pO3B‘sI3aHHS 3aJa4 CEKIIHHO-
PETYIISIPHOTO 1 PEryJsipHOTO MOKPUTTS 00JacTi 4 3a Jonomororo Kin pazaiyca 5700
BiAMoBiAHO. He 3Bakaroum Ha Te, 1m0 0O0MABa MOKPUTTS PopmyroThes 31 komamu,
CEKLIMHO-PETyJsIpHE TMOKPUTTSA BHSIBISETHCS KpaAlIUM, OCKUIBKM BOHO € OUIBII

TEXHOJIOTTYHUM.
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Ha puc. B.9-B.15 HaBeneHi pe3ynabTatd po3B’si3aHHS y3arajlbHEHOI TECTOBO1
3a/1ayl MOKPUTTS MPSIMOKYTHOI 06sacti 3 po3mipamu 100x30 konamu pi3HUX pajilyciB
— 11, 10 1 9. BBaxaerbcs, MO KPUTEPid OIIHKA MOKPUTTS TOPIBHIOE 3araljibHiil
TLJIOMII1 MOKPUBHUX KiJl.

Januil npukiaj UiKaBUW THM, IO PO3B‘S3aHHS 3a4ad JJs BCIX MOMIMBUX
KOMOIHAIINA pajlyciB al0Th Pi3HI pe3yJbTaTd, MPUUOMY ONTHUMaJbHE (MIHIMAJIBHOI
IO KU, IO MOKPUBAIOTh) JOCITAETHCA MPU BUKOPUCTAHHI BCIX TPHOX PAIlyCiB.

BinnoBinHi yucenbH1 pe3yabTaTu MpeAcTaBieHi B Tabaui 5.1

Tabnuus 5.1 — «BapTicTh» pi3HUX BapiaHTIB CEKLIMHO-PETYISIPHOrO TOKPUTTS

MPSIMOKYTHHKA.
Komna 1 2 3 112 113 213 1,2,3
«Bapricte» | 1573 1616 1565 1534 1543 1559 1533

BinmoBimHO A0 TEOpPEeTHYHHX MIPKYBaHb NPU 3POCTaHHI KUIBKOCTI KU
CEKLIMHO-PEryJsipHe MOKPUTTS Ja€ BCE MEHINY IepeBary MOpIBHSIHO 3 PEryJIIpHUM
NOKPUTTSAM. s Bci€l MIOMMHI BUKOPHUCTaHHS CEKIIHHO-PEryJsipHUX MOKPHUTTIB
BTpaTUTh ceHC. OHAK JIJIs TepeBaXKHOT OUIBIIOCTI MPAKTUYHUX 3a]]a4 BUKOPUCTAHHS

CEKLIMHO-PETYISIPHUX TTOKPUTTIB AA€ CYTTEBUN €(EKT.

5.2.3 OnTuMmi3zanisi XapaKTepUCTHK MOKPUTTH

B xomi pob6otu mnporpamHuii komiuiekc «BecTta» mMOCTIHHO 311HCHIOE
MOHITOPUHT TMOBHOTH MOKPUTTSA. Y pa3l HENPUITYCTUMOCTI OJIHAa 3 TOYOK, B SIKHX
HOPYILIEHO MOKPUTTS, I03HAYAETHCS MYJIBCYIOU0I0 YEPBOHOK Kpankoto (puc. B.16 a).
Ha puc. B.16 6) nHaBenenuit pe3ynbTaT poOOTH IPOrpaMu KOpeKLii HENPUITYCTUMOTO
MOKPUTTSL.

Ha puc. B.17 HaBegeHO MOKPUTTS, SIKE OTPUMAHE B PE3yJbTaTl NEKLIBKOX

oreparliii onTuMizailii SKOCTi (3MEHIICHHS KUIBKOCTI KU IIJIIXOM «CXJIOMYBaHHS») 3
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MOKPUTTS, MojJaHoro Ha puc. B.4. B pesynbraTi BAajocs 3MEHIIMTH KUIBKICTb
MOKPUBHUX KT Ha 5 MITYK.

OCKUTbKHM TMiJl Yac aHaji3y CTaHy NUTaHHSA, 110 PO3IVISIIAETHCA y JTAHOMY
TOCIIPKeHH1, HE BJIaJoCsl BUSIBUTU POOIT 3 pe3ysibTaTaMHM PO3B’S3aHHS CHUIBHUX
ONTUMI3alIMHUX 3a/lady MOKPUTTSA 1 TpacyBaHHS, OyJ0 NPOBEIECHO MOPIBHSIHHSA
pe3yNbTaTIB PO3B'A3aHHA 3a7adl MIHIMI3alli pajiyca MOKPUBHUX KUI JJIsl OAHIET 3
OCTaHHIX poOIT B M raiy3i [73], a TakoX MonepeaHb01 poOOTH i€l K KO [74].
Crapt nmpoBOAMBCS 3 TOYATKOBMX TOYOK, HaBeJeHUX B pobotax [73] Tta [74].
Po3B’si3aHHs 3aa4il MiHIMI3aIlT pajiyca BUKOPUCTOBYETHCS TAKOX B PO3POOTICHOMY

MPOrpaMHOMY KOMIUIEKC JJIsl KOPEKIli 3a/1a4 3 MOPYIIEHHSIM MOBHOTH MOKPUTT.
. . 2
Hpuxaan 2. Jls 3a1a4 NOKPUTTA 06IacTi, 0OMEKeHOT KpUBOI0 1 =X — X 3

poOoTH [72], oTpuMaHi Taki pe3yJbTaTH:

- w18 kin — r=0.1621, u=(u;, ..., u;9)=(-0.5258, -0.2435, -0.7620,
0.4522, -0.7660, -0.4290, -0.9404, -0.0209, -0.2750, 0.4364, -0.8342, -0.2391, -
0.4015, -0.0462, -0.6984, -0.0305, -0.3022, 0.1310, -0.4951, 0.3276, -0.0930, 0.2027,
-0.8658, 0.2360, -0.3308, -0.4487, -0.2136, -0.2531, -0.5709, -0.5384, - 0.0882, -
0.0719, -0.60710, 0.1765, -0.5333, 0.5829 ), noninmenHs 1.8% (puc. B.18 a, 0);

- s 21 xona — r=0.1467, u=(u,, ..., u;9)=(-0.8733; -0.3312; -0.1751; -
0.2438; -0.4475; 0.4962; -0.6831; -0.1288; -0.6587; 0.5467; -0.1344; 0.1760; -
0.7289; -0.5483; -0.2967; -0.4273; -0.4992; - 0.5138; -0.9643; 0.1699; -0.5870;
0.2807; -0.7513; 0.1212; -0.3784; 0.2265; -0.8176; 0.3865; -0.2904; -0.0201; -
0.9130; -0.0908; -0.6290; -0.3372 -0.5261; 0.0118; - 0.4295; -0.2349; -0.2244;
0.4016; -0.0281; -0.0469), noninmenHs 1.6% (puc. B.18 B, 1).

Mpuxnan 3. s 3ana4 moKpuTTs 001acTi, sika 0OMexeHa KpuBow x* +y* =13
poOoTH [72], oTpuMaHi Taki pe3yJbTaTH:

— s 20 kw1 — r=0.3052, u=(uy, ..., uy)=(-0.8397, 0.3582, 0.2301, -0.8929, -
0.9424, -0.2013, 0.6705, -0.7140, 0.4200, -0.1630, -0.2498, -0.5479, 0.3021, 0.8639,
-0.3403, -0.8896, -0.3411, 0.3520, -0.7034 , 0.8137, -0.2082, 0.8077, 0.9484, 0.2500,
-0.0037, -0.0698, 0.6412, 0.2200, -0.7227, -0.6623, -0.5350, -0.1207, 0.8721, -
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0.327881, 0.6993, 0.6840, 0.1828, 0.3901, 0.2340, - 0.4891), noninmenns 1.57%
(puc. B.19 a, 6);

- mus 24 kin i obnacti, oOMexxeHoi kpuBorw x* +y* =1, r=0.2725, u=(u,, ...,
u24)=(-0.9010, 0.0913, -0.3010, 0.4157, 0.1605, 0.5629, 0.8748, 0.5071, 0.2371,
0.9545, -0.7601, -0.2921, -0.2520, 0.8398, -0.4590, 0.0603, -0.7932, -0.6248, -
0.0411, -0.1663 , 0.1953, -0.5156, -0.6745, 0.7937, 0.4435, -0.2199, 0.6695, -0.6734,
0.4379, 0.2682, 0.8335, 0.0478, -0.3173, -0.4107, -0.7643, 0.4893, -0.5017, -0.8610,
0.622494, 0.7356, 0.8814, -0.4135, -0.0694, -0.8103, 0.0631, 0.1150, 0.3970, -
0.9700), mominmenns 1.09% (puc. B.19 B, r);

Ipuxnan 4. JIyis 3agay 3 podotu [74] oTpuMaHi Taki pe3yabTaTu:

— mas 15 ki1 1 npsmokytHuka »=0.3636, u=(u,, ..., u;5)=(-0.7662, -0.7216, -
0.7567, -0.1731, -0.8997, 0.4465, -0.6510, 0.8980, -0.2890, -0.7299, -0.2727, -
0.1877, -0.3470, 0.3674, 0.0206, 0.8324, 0.2773, -0.8330, 0.2338 , -0.2592, 0.2095,
0.3407, 0.6716, 0.8440, 0.8002, -0.6963, 0.7348, -0.1439, 0.7829, 0.396368),
nosinmeHHs 0.53% (puc. B.20 a);

— mas 16 ki1 1 npsmokytHuka »=0.3482, u=(u,, ..., u;5)=(-0.7882, -0.7236, -
0.7494, -0.2055, -0.7178, 0.2402, -0.7902, 0.7221, -0.3258, -0.7583, -0.2554 -0.2779,
-0.2574, 0.2764 -0.2982, 0.7960, 0.2070, -0.7960, 0.2817, -0.3344, 0.2664, 0.1547,
0.2155, 0.7399, 0.7447, -0.7634, 0.8391, -0.2178, 0.7505, 0.3339, 0.7236, 0.7885),
noinmmenHs 1.1% (puc. 5.20 6);

— s 14 xin i xona r=0.3317, u=(u,, ..., u;4)=(0.4539, 0.6354, 0.8423, 0.2924,
0.3886, 0.0002, -0.0006, 0.9430, -0.4546, 0.6348, -0.0002, 0.3267, 0.0002, -0.3267, -
0.8426, 0.2915, -0.3886, -0.0002, -0.8423, -0.2925, -0.4539, -0.6354, 0.0006, -
0.9430, 0.4547, -0.6348, 0.8426, -0.2915), momimmenns 0.23% (puc. 5.20 B).

5.2.4 OnTuMmizanisi 10BKUHU TPACH B 32124l MOKPHUTTH

VY po3auni po3risgaloThes MPUKIaAN PO3B'A3aHHS 3a7a4 MOOYAOBH JPOTOBUX

3'€JIHaHB KiJIBI_ICBOFO Ta pa}liaJIBHOFO THIIIB IJIA 3aaa4 IMOKPUTTA 3 X IIoJaJIBIIO IO

ONTUMI3AIIEO.
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Ipuxaan 1. Posrnsanaersest mokputta 297 xonamu pazaiyca 4500 obnacti 3
po3mipamu 70000 nHa 30000 (puc. B.21-B.22). Tpaca KiablIeBOrO THIY JOBXKUHOIO
850783.64 moOynorana 3a 4.99 c (puc. B.21). Ilicns onrtumizariiii, npoBeaeHoi 3a
52.01 c, noBxuHa Tpacu ctaHoBusa 833392.45 (puc. B.22). IlonimmeHHs ckiaio
2.05%.

Mpuxnag 2. Po3rnsgaeTbess T€ K caMme MOKPUTTS, MO0 1 B MOMEPEIHBOMY
npukiaai. Mepexa Tpac pajiaibHOro TUMy 1oBXkuUHOIO 920613.71 mobynoBaHa 3a
10.73 ¢ (puc. B.23). Ilicns onTumizanii, mpoBeaeHoi 3a 16.03 ¢, goBxuHa Tpacu
ctanoBuia 900741.16 (puc. B.24). [loninmenus cknano 2.16%.

Ipuxaan 3. [Mokpurts obnacti ckiaagHoi GopMu, sika mojaHa o0'eTHAHHAM
BOX ONyKIUX 9-kyTHHKIB 47 konamu paniycy 700 (puc. B.25). Tpaca kuibiieBoro
TUIY J0BXHHOIO 63192.19 moGynosana 3a 1.11 ¢ (puc. B.25 a). Ilicas ontumizartii,
npoBezieHoi 3a 1.55 ¢, qoBxkuHa Tpacu ckiana 58850.38 (puc. B.25 6). IlominmeHHs
ckiano 6.87%.

Mpuxnag 4. Po3rnsgaeTbess T€ XK caMme MOKPUTTS, MO0 1 B MOMEPEIHBOMY
npukiaai. Mepexa Tpac paaiaibHOTO TUITY AOBKUHOIO 62816.42 nobynoBana 3a 0.98
¢ (puc. B.26 a). [Ticis onrumizartii, mpoBeaeHoi 3a 1.31 ¢, 7oBXWHA Tpacu CTaHOBUIIA
58079.79 (puc. B.26 6). Iloninmenns cknano 7.54%.

Jliss mepeBipKku TMpane3JaTHOCTI METOAY TpH pO3B’sI3aHHI 3a7ad  BEIUKOI
pPO3MIpHOCTI Oyjia po3riIsHyTa 3ajada MOKPUTTS MpsAMOKyTHOI obsacti 1000 kin
(puc. B.27)

OTtpumaHi Taki pe3yJbTaTu:

— 3ajlaya 3 KUIBIIEBUM THUIIOM 3’€lHaHb: f,= 13.26, ¢,= 189.68, I ,=
1553677.46, 1,= 1541994.62, noninmenss 0.75%.

— 3a/laya 3 pajlajibHUM TUIIOM 3’ €faHaHb: .= 78.76, 1,=291.71, I =
2189264.42, 1, =2178017.60, nominmenss 0.51%.
ne t; — 4ac moOyJOBU TpacH; f, — Yac po3B’s3aHHS ONTUMI3alliiHOI 3axayi; [, —

JOBXKHMHA TpacH 10 ONTUMI3allil; /, — JOBXHHA TPACH MICJIsI ONTUMI3ZaIlli.
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BucHoBku 1o posainy 5

OO6uucnioBalibHI  €KCIEPUMEHTH, IO TMPOBEAEHI B poOOTi, NEPEKOHIUBO
MNIATBEPAUIN  KOHCTPYKTHUBHICTH  pO3pOOJICHMX  3aco0IB  MaTeMaTH4YHOIO
MO/ICJIIOBaHHS BIIHOIIEHb T€OMETPUUYHUX 00'€KTIB B 337]a4aX KPYroBOro MOKPUTTS Ta
MPOJEMOHCTPYBaJIM  aJ€KBAaTHICTh MOOYJIOBAaHOT MaTeMaTWYHOI MOJeNl 3ajayi
MOKPUTTS. KOJIAMU OJTHAKOBOI'O pajiyca o0yacTi ckiaaHoi ¢popMu Ta ii peamnizaiiii,
€(eKTUBHICTh 3alPOIIOHOBAHUX CTpaTeriii, MeToliB MOOYJOBU CTAPTOBUX TOUOK,
QITOPUTMIB TeHepalli NPOCTOPY PO3B’SI3KIB 1 METOJIB TMOIIYKY JIOKaJbHOIO
EeKCTpEMYMY ONTUMIZAIITHUX 3a7a4, [0 BAHUKAIOTh.

Cnig 3a3HauuTH, MO OUIBIIICT, 3 OTPUMAHMX i Yac OOYMCIIOBaJIbLHUX
€KCIIEPUMEHTIB pe3yJIbTaTiB HE MAIOTh AHAJIOTIB B CBITI.

[IpakTryHa IIHHICTH 3aMPONOHOBAHOTO MIAXOAY JUIS 3ajJad KpPyroBOIoO
MOKPUTTS JAOBUIBHMX OOJIacTed, SKMW MOJSATrae B TeHepalli MpoCTOpy pPO3B’S3KIB
3a/1ayl sl MPUITYCTUMOT CTapTOBOI TOUKH 3 MOAAJIBLION0 JTOKAJBHOK ONTHUMI3ALIEIO,
HAO0YHO NPOJEMOHCTPOBAHA IiJ] Yac pPO3B’A3aHHS TECTOBUX 3a/1ay.

Martepianu JaHoro po3auty onyOJikoBaHi B poboTax aBropa [89].
Cnucok mxepen, ikl BUKOPHCTAHO Yy JAHOMY pO3/L1i, HABEICHO Y MOBHOMY

CIIUCKY BUKOpUCTAHUX jxepen [S1, 73, 74].
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BUCHOBKH IO JUCEPTAIIMHIN POBOTI

VY nucepraiii po3B’s3aHO BaXXJIMBY HAYKOBY ONTUMI3AIINHY 3a/1aqy MOKPUTTSA
IICHTUYHUMH KOJIaMHU JOBUIBHUX O0OJIaCTeH 3 ypaxyBaHHSM 3aJlaHMX OOMEXEHb
TEXHOJIOT1YHOTO Xapaktepy. Cepen HHUX MIHIMAIbHO 1 MAaKCHUMAaJIbHO MPUITYCTHUMI
BIJICTAaHI MDK ILIEHTpaMU KUI Ta JO MeXI 00J1acTi, Ha OCHOBI OTPUMaHUX HOBHX
TEOPETUYHO OOIPYHTOBAHUX (PYHIAMEHTAIBHUX PE3yJbTATIB, BKIIOYAIOUU PO3POOKY
KOHCTPYKTHUBHHUX 3aC001B MaTEMaTUYHOTO MOJICJIFOBAHHSI y BUTJIS1 HOBOI peatizaliif
KPUTEPIIO0 TTOBHOTH MOKPUTTS HA OCHOBI 3alpPONOHOBAaHUX (DYHKI[II HaJNEXKHOCTI Ta
GyHKUIT ONKCY B aHATITUYHOMY BUIJISIA1 BITHOIIEHb MOKPUTTS JIJISl TPHOX Kisl. Takoxk
BUKOHAHO MOOYJ0BY HOBUX MaTeMaTUYHUX MOJIENEH, po3poOKy e(heKTUBHUX METO/I1B
reHepaiii HabJIMKEHUX PO3B’A3KIB Ta CXEM JIOKaJIbHOI ONTUMI3allii.

OcCHOBHI HayKOBI pe3yJIbTaTU JUCEPTALl:

a) po3po0JIeHO 3acO0U MaTEMAaTUYHOTO MOJICTIOBAHHS BIHOIICHB:

— MDK KOJamu, 110 GOpMYIOTh KPYroBe MOKPUTTS BHYTPIIIHBOI YaCTUHU
obnacti sk (QyHKIIl JJIs OMUCY B aHAJITUYHOMY BHUIJISII BITHOIICHB
MOKPUTTSL IJIi TPbOX KU, sIka HE MOTPeOYyIOTh BBEIEHHS JOMOMIKHHUX
3MIHHUX;

—MDK KoJlaMH, 10 (QOpMYyIOTh KpPyroBe MOKPHUTTS Ta 001acTio, IO
MTOKPUBAETHCA, y BUTJISI byHKLIH HaJIeKHOCTI, HOBHUX
MICEBIOHOPMANI30BaHUX  (PYHKIIH  HaJeXHOCTI Ta  KBa3ipyHKIIH
HaJIEKHOCTI.

0) moOymoBaHO Yy3arajbHEHY MaTEeMaTUYHY MOJENb 3ajady MOKPUTTS
JTOBUILHUX 00JIaCTeH 1ICHTUYHUMHU KOJIAMU 3 YpaxyBaHHSM CIEI[IaJJbHUX OOMEKEHb
Ha MapaMeTpu pO3MIIICHHS 00'€KTIB;

B) po3po0JieHO 3aco0u TeHepallli MHOXHHU peaii3aliil y3aralbHEHOT
MaTeMaTUYHOI MOJEII OKPUTTS, 10 OXOIUIIOE IIUPOKHUM KIlac MPUKIAIHUX 3a/1a4, y
TOMY YHCJII 3a]1a4:

— MiHIMI3aIlli JOBXKUHHU JIPOTiB;

— MiHIMI3aIlli pajiyca KiJ;
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— MIHIMI3aI1i KUTBKOCTI K11,
— KOPUT'YBaHHS HEJIONYCTUMOIO MMOKPUTTS;
— KOpPUT'YBaHHS HEIOYCTUMOI'O PO3MILIEHHS CEHCOPIB;
— onTUMI3allii H[UTbHOCTI MOKPUTTS;

r) po3po0JIeHO METOJ TeHepalii MPoCcTOpy PO3B’SA3KY MepepaxoBaHUX 3a]ad
JUISL TOIyCTUMOI CTapTOBOI TOYKH;

1) po3poOJieHO MeToN TeHepallli QyHKIiM LIl mepepaxoBaHUX 3aaad s
JOIIyCTUMOI CTapTOBOI TOYKH;

€) ymepiie 3/1iCHeHa TOCTAaHOBKA 3a7a4l OOY10BU (PYHKIIIT II1JTi:

— Ui BUINAJKY TpPacyBaHHsS KUIBIIEBUX 3’€IHAHb Yy BUIJISAIl 3a7adil
KOMIBOSIKEPA;

— Ui BUNAJAKY TpacyBaHHSA paJiaibHUX 3’€IHAHb Y BUIVISAL 3ajadi
MapIIpyTH3aIlii;

) pO3poOJICHO JBa METOAM TOOYJOBH CTAPTOBUX TOYOK ISl TIONIYKY
JIOKAJIbHUX €KCTPEMYMIB 3a7a4 MOKPUTTS:

— METOJl ONTUMI3allli 3a TpynmamMu 3MIHHUX JJIsi MOKPUTTS JOBUIBHUX
obacTew;
— METOJI CEKI[IHO-PETYISIPHOr0 MOKPUTTS JUIsl NPSIMOKYTHHUX 001acTei;

3) po3poOJICHO ¥ peali30oBaHO KOMILIEKC TMporpaM IS PO3B’sS3aHHS
ONTHUMI3AIIHHOT 3a/laul TMOKPUTTA 00JIacTi JOBLILHOI MPOCTOPOBOI (popMH KoOJaMH
pPIBHOTO pajiyca, [kl 3B'A3aHI Mepexkero (y TOMY YHUCI 3 ypaxyBaHHSAM IMOXHOOK
BUXITHUX JaHUX) Ta PAY BOXKIMBUX 13 MPAKTUYHOI TOUKHU 30pYy 3a/1ad, Y TOMY YHCII
KOPUT'YBaHHS HEIONYCTUMHUX IOKPUTTIB, MIHIMI3aIlil0 pajlyca TMOKPUBHHUX KU,
ONTHUMI3AII0 SIKOCT1 MOKPUTTIB Ta 1H.

OO6uucnoBalibHI  €KCIEPUMEHTH, 10 TMPOBEAEHI B poOOTi, NEPEKOHIUBO
MIATBEPAUIN  KOHCTPYKTHUBHICTH  pO3pOOJICHMX  3aco0IB  MaTeMaTHYHOIO
MO/ICJIIOBaHHS BIIHOIIEHb T€OMETPUYHUX 00'€KTIB B 3a7ja4aX KPyroBOI'O MOKPUTTS Ta
MPOJEMOHCTPYBaIM aJE€KBaTHICTh MOOYJOBAaHOT MaTeMaTWYHOI MoOJeNl 3ajayi
MOKPUTTSI KOJIAaMU OJIHAKOBOT'O pajiyca o0jacTi ckiaaHoi ¢opMu 1 11 peanizaiii,

€()EeKTUBHICTh 3alpPONOHOBAHUX CTpPATEriil, METOJIB MOOYIOBH CTAapPTOBUX TOYOK,
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QITOPUTMIB TeHepalli NPOCTOPY PO3B’SI3KIB 1 METOJIB TMOIIYKY JIOKaJbHOIO

EKCTPEMYMY ONTUMIZAIITHUX 33724, [0 BAHUKAIOTh.
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JIOIATOK A
JIOKYMEHTH TTPO BITPOBAJIKEHHS I BAKOPUCTAHHS PE3VJILTATIB
POBOTH
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»3ATBEPKYIO”
[TpopekTop
3 HABYANILHOI Ta METOINYHHPERQ]

AKT

BIPOBA/KEHHS Pe3yJIbTaTiB AUCEPTALIMHAX A0CTIIKEHb « MAg

MEeTOAM PO3B‘A3aHHs ONTUMI3aLiHHKUX 3a/la4 CEHCOPHOTO MOKPATT
KOHTPOJIIO»

Kowmicis y cknaai ronoeud HavalbHMKA (aKyJbTETy TOXKeXKHOI Oesnexu
JIOKTOpa HayK 3 JAep)KaBHOIo ynpasiiHHs, npogecopa Pomina A.B. Ta uneuis:
HayanbHMKa Kkadeapu aBTOMATHYHHX CUCTeM Oe3rekd Ta iHpopMaLiHHIUX
TEXHOJIONIH KaHAWZaTa TeXHIYHUX Hayk, noueHta Jleper‘suka O.A. Ta noueHTa
kadespy aBTOMAaTHYHHUX cucTeM Oe3nekd Ta iHGOPMAUIAHUX TeXHONOTIH
KaHJM/IaTa TeXHIYHUX Hayk, joueHTa bonnapenka C.M. cknana ueii akt npo Te,
L0 pe3ynbTaTd AMCEepTAaLidHMX HOCHikeHb BHKIanaya KadeApu aBTOMAaTHUHHX
cucteM Oe3rneku Ta iH(opmaliifHUX TexHojorid Antowkina O.A. 3a Temoi0
«MaremaTuudi  MoJleni Ta MeTOAM PpO3B‘A3aHHA ONTHMi3aUifHMX 3a1a4
CEHCOPHOTIO MOKPUTTA 00'CKTIB KOHTPOMIO», a came METOAM PO3B‘A3aHHs 3anadi
PO3MILIEHHS MOMXKEKHUX CIOBillyBayiB BNPOBAjKeHI Y HABUAILHHWI Mpouec mia
yac BHBYaHHA TeMM «MareMaTHyHe MOJICNIIOBAHHS Ta ONTHMI3alis CHCTEM
MOKENKHOI CHrHAN3auWii» y JMcuuruiidi «MaTtemaTHuHe MOJENIOBaHHS Ta
ONTUMI3alliss CUCTEM Oe3neKH», a TaKoX BMKOPHUCTOBYIOTBCS il 4ac BUBYAHHA
temu «IIpoekTyBaHHS cHUCTEM NOXeKHOI cUrHamizauii» y nucuumiini «[loxexHa
Ta BUpOOHHYA aBTOMATHKAY.

BripoBajuokeHHs OTpUMaHHX pe3yJbTaTiB J03BOJMIO HAaBYHTH 37100yBaviB
BHMIIOT OCBITH BUKOPHCTOBYBATH HayKOBO-O0rpPYyHTOBaHI METO/Ii NPH po3paxyHKax
CHCTEM aBTOMATHYHOI'O NPOTHUMOXKEKHOrO 3axXUCTy, OTPUMYIOUH MpPU LLOMY
CHCTEMH, ONMTHMANBHI 32 KiJIBKICTIO KOMITOHEHTIB.

Janu#l AKT He € IiACTaBOW IJIs OCPIKAHHS MPEeMill Ta IHIIKMX BUHATOPOL i3
(donais HanioHanbHOro yHiBepCUTETY LIMBIIBHOTO 3aXUCTy Y KpaiHH.

AKT CKJIaZieHu#l JUIS [IpeicTaBlieHHs 1O crieuializoBaHol BYEHOI paiu B
3B°A3Ky 3 3aXMCTOM Juceprauii Ha 3700y CTyTeHsl KaHaujarta
TEeXHIYHUX HayK.

["onosa komicit
JOKTOP HAaYK 3 J1ep:KaBHOTO YIPaBIiHHS,

npodecop Anapiit POMIH

Uneuu komicii:
KaHMJaT TeXHIYHUX HAyK, JOUeHT — ///

KaHJMJAT TEXHIYHUX HAYK, JOUEHT - [
ﬂ )
/

3TiHO 3 OPHUTIHAIOM.

Onexcannp AEPEB*SAHKO

A

~~ Cepriit BOHJIAPEHKO
p

%

Buennii cexperap crieupaau J164.052.02 1lionuc JI.B. Konecuuk
Ileuamka
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3ATBEPJDKVYIO

2 ?-_,7, y
AR F o
Npo BIPOBAKEHHS MaTepiaiiB qucepTauiifHoi po6oTH BUKIaAada Kadeapu
aBTOMaTHYHHMX cHcTeM Oe3neku Ta iHpopmaliiiHuX TexHonorii HauionansHoro
YHIBEPCHUTETY LIHBIIBHOIO 3aXHCTY

Vkpaiuu Automkina Qnekcis AHaToTioBHYA

Kowmicis y cknani:

['onoBa komicii — HauaneHHK yTpaBiiHHA 3ano0iraHHs HaJ3BHYaitHUM
curyauism I'Y JICHC Vkpainn y XapkiBcbKili 00nacTi IMOJIKOBHHK CIYXOu
uuBiibHOTrO 3axucty Konocosebkuii C.0O.

Ynenn xomicii: HadalpHMK BiAALTY HOPMAaTHBHO-TEXHI4HOI poboTH Ta
KOHTPOJIIO 33 CHCTEMaMH NPOTHUIIOKEKHOro 3axucTy Ta ninensyBanHs ['Y JJCHC
Vkpainn y XapkiBcbKi 00sacTi IiAMONIKOBHHK Ciiy’OHW LUBINBHOTO 3aXHCTY
CamoiinioB B.M., roioBHMi iHCIIEKTOP BilIily HOPMATHBHO-TEXHIYHOI pOOOTH Ta
KOHTPOJIO 33 CUCTEMaMH MPOTHUIMOKEHKHOTO 3aXUCTy Ta Jiuensysanus ['Y JICHC
Ykpainu y XapkiBCbKid 00/1acTi MiAMOJKOBHHUK Ciy»OH LWBIJIBHOTO 3aXHCTY
Kopobka O.B., npoBinuuii iHcnekTop Biainy HOpMaTUBHO-TEXHIYHOI poboTu Ta
KOHTPOJIIO 338 CHCTEMaMH IPOTHITOKEKHOro 3axucty Ta Jinensysanus I'Y JICHC
Ykpainu y XapkiBebkiid o6nacti Matiop cimyxOu uusineHoro 3axucty Kacesau O.0.

Cknana neit AKT mpo Te, IO 10 BiJjily HOpMaTHBHO-TeXHIUHOI poboTH Ta
KOHTPOJIIO 332 CHCTEMaMH NPOTUIIOKEIKHOIO 3aXUCTy Ta mineHsyBanusa ['Y JJCHC
Vkpainn y XapkiBcbkid obnacti Oyj0 HaJaHO NpPOrpaMHUA KOMIUIEKC 3
MPOeKTYBaHHs LuIeidIB CHCTEM MMOXKeXHOI curHanizauii «Becra» sk pesymsraT

aucepTaliiHux qociaimkens AHtomkina O.A. 3a TeMoro «MareMaTH4HI MozeNl Ta

3TiHO 3 OPHUTIHAIOM.

Buennii cexperap crieupaau J164.052.02 1lionuc JI.B. Konecuuk
Ileuamka
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METOAU PpO3B‘sA3aHHs ONTHUMI3ALIMHUX 3aJad CEHCOPHOIO IOKPUTTA 00‘€KTIB
kKoHTpoIo». [IpencraBneHuii nporpaMHUi MPOAYKT BHUKOPHCTOBYETHCS Y BIIUIII
TIPU PO3TIISIAL TIPOEKTIB CHCTEM MOXKEKHOI CHTHaNizallil, CHCTeM OTOBIIIEHHS TIPO
TIOXKEXKY Ta YIIPABIAHHS eBaKyalli€to, aBTOMAaTHUHHX YCTaHOBOK MOMKEIKOTACIHHA.

Po3pobnenuii y paMkax qucepTalifHUX OOCIIIKEHD IPOrpaMHHI KOMILICKC
«Becta» (aBropu Antomkin O.A., [lankpaTtor O.B.) no3poase:

. CKOPOTHTH 4ac po3IJIsiAy [POEKTY CHUCTEMH  aBTOMATUYHOIO
NPOTUIIOKEKHOTO 3aXUCTY;

. aBTOMATH3YBaTH MPOLELYpY IOIIYyKY ONTHMANbHOTO 3a KiJBKICTHO
IPHTaiB BHSBICHHS Ta JOBXKUHH 3 €IHYBaJIbHUX JIIHIM CKIaLy CHCTEMH;

U HaJaTH peKoMeHJamii I[IOJ0 3MEHIIeHHs KamiTaloBKIaJeHb B
ABTOMATUYHHMH NPOTUINOKEKHUM 3aXUCT 00°EKTY;

) CIPOCTUTH (OPMYBaHHS BIATYKY NP0 PO3TISAN IPOEKTY CHCTEMH
ABTOMATUYHOTO IPOTHUIIOKEIHOTO 3aXUCTY 00 €KTY;

. MPeICTABUTH 3aMOBHHUKY Y TrpadiyHOMY Ta TECTOBOMY BHIVIAAI
iHQOpMalLliF0  [IOJO  ONTHMI30BAHOIO  PO3MILIEHHS  €NEeMEHTIB  CHCTEM
aBTOMAaTHYHOTO MPOTHUIIOKEKHOIO 3aXHCTY.

HaHuit AKT He € MiACTaBOK IS OACpXKaHHS TIpeMil Ta iHIIHX BHHAropos i3
¢onnis INonosHoro ynpasninus [lepkaBHoi ciyxOW YKpalHH 3 Haa3BHYaHHHX
cutyauiil y XapKiBchKii obmacTi.

AKT cKlameHMii OJIs TpeacTaBICHHS OO CIelialli3oBaHOl BYEHOI paiud B
3B‘S3KY 3 3aXHCTOM nOucepramii Ha 3000YTTS BYEHOIO CTYNEeHS KaHAuaaTa

TEXHIYHUX HayK.

/

/ /i/@\ '/4_/7/\;[»//;,&/'

YneHu xoMiciT: 7/ /5 AT (:)maai‘/(o/é/

/;‘;?7/%\’ /{ m(;g Q7

3TiIHO 3 OPHUTIHAIOM.

Buennii cexperap crieupamau J164.052.02 1lionuc JI.B. Konecuuk
Ileuamka




3ATBEP/IXVYIO

TeHepanBHpm ﬂHpCKTOp

PO BIIPOBA/KEHHA MaTepiaiB TUCEPTAliMHUX AOCHTiIKCHb
Anrtomkina Onekcis AgaToniioBaya
3a TeMor0 «MaTeMaTH4HI MOJIelIi Ta MeTOIM PO3B‘A3aHHA ONTHMI3aLliiHIX 3a0a4

CEHCOPHOTO MMOKPUTTA 06‘€KTIB KOHTPOIIION

Pesynerata aucepTaniiuux nocnimkeHs Axtomkina O.A. Hanasi 1o TOB
«HB® «bpanx Maiictep» y BHIIAAI IPOrpaMHOrO KoMiuiekcy «Becra» mis
MPOEKTYBaHHS Ta aHalli3y CHUCTeM AaBTOMATHYHOIO MPOTUTONKEKHOIN0 3aXUCTY
00‘€eKTiB Ta CynpOBOXKYBaIbHOI JOKyMEHTAIlil 10 HBOTO.

Kowmicis v cknani:

Kortos Anppiii ['enHaniiioBuy — rooBa KoMmicii, reHepaIbHUI AUPEKTOP
KotoB €Bren AHpiHOBHY — YiIeH KOMICIT, TEXHIYHUH TUPEKTOD
Kusinoscekuit Bonogumup CraHicnaBoBHY — YlleH KoMicii, Tocana,

Ha4vaJIbHHK BHpO6HHHTBa

cknana ued Akt npo te, wo B TOB «HB® «bpann Maiictep» Marepianu
nocnimpkenb AHTomKiHA O.A. BAKOPUCTOBYIOTECS Y BUTJIAIL:

U MaTeMaTHYHHX MofeleH 3ajad pO3MIleHHS YYTIHBHX EJIEMEHTIB
CHCTEM aBTOMAaTH4YHOIO IIPOTUIIOKEKHOTO 3aXHCTY;

° METOIB BHUpILIEHHS 3a[a4di ONTHUMAIBHOTO PO3MIIIEHHS MOKEKHUX
CTOBIIlyBa4iB, OMOBIIIYBa4iB Ta BUITYCKHUX HACaJKiB YCTAHOBOK MOXKEKOTACIHHS;

. ANropiTMMYHOrO Ta IPOrpaMHOro 3ale3leveHHs [UId pPO3B'A3aHHA
3ajad  pO3MIUIEHHs  UYYTIUBHX  €IIEMEHTIB  CHCTEM  aBTOMATHYHOTO

NPOTHITOKEXHOI'O 3aXUCTY.

3TiIHO 3 OPHUTIHAIOM.

Ilevamxa

182
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BnpoBajpkeHHSI  pe3ysbTaTiB  JOCHKEHb  JIO3BOJISIE  CIIPOCTHTH
MPOEKTYBaHHS CHCTEM aBTOMATHYHOTO MPOTHIIOKEKHOIO 3aXMCTY, ONTUMI3yBaTH
BHTpaTd Ha 0ONMagHaHHA 00‘€KTiB CHCTeMaMM aBTOMAaTHYHOTO TIPOTHIIOKEKHOTO
3aXHCTY, OTPUMATH OO‘€KTHBHI pe3ynbTaTH I ONTHMI30BAHOTO PO3MILIEHHS
YyTJIMBHAX €JIEMEHTIB CHCTeM BHSABJICHHS II0OXKEXi, ypaxyBaTH OOMEXEeHHA
HOPMaTHBHOI'O Ta TEXHOJIOTIYHOTO XapaKTepy.

Jlanuit AKT He € NiICTaBOIO IS OJIepKaHHs MPpeMiil Ta IHIIUX BUHAropoj i3
¢onzaiB TOB «HB® «bpana Maiictepy.

AKT ckiafeHMi IS IpencTaBlIeHHS A0 CIeliati3oBaHoi BYeHOI paau B
3B'A3KYy 13 3aXMCTOM JucepTalii Ha 3700yTTS BUEHOTO CTYymNeHs KaHAujaaTa

TEXHIYHUX HAYK.

["onoBa KoMicii: A.I'. Koros

Ynenu xkomicii: il €.A. Koros

B.C. KussHOBCBhKHHA

3TiHO 3 OPHUTIHAIOM.

Buennii cexperap crieupaau J164.052.02 1lionuc JI.B. Konecuuk
Ileuamka
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JIOJIATOK B

UTIOCTPALI 1O PO3B’SI3AHHS 3AJJAY CEHCOPHOT'O JPOTOBOT'O
[MOKPUTTS CKJIAJIHUX OBJIACTEN 3 BUKOPUCTAHHSM
[IPOrPAMHOTI'O KOMIUIEKCY «BECTA»
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Pucynok B.1 — [Inan npumiiieHHs A1 IPOBEACHHS €KCIIEPUMEHTY 3 BKa3aHUMU

MICLSIMH PO3TalTyBaHHS OCEPEKiB MOKEXKI1, IO IMITYETHCS

Pucynok B.2 — Cxema po3mimenns [1C 3rigHO HOpMAaTUBHUX IOKYMEHTIB
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pruMaHa METOOAOM, IO

IIC, sixa ot

MIIIEHHSA

Pucynok B.3 — Cxema po3

1 cknaaHoi popmu

Pucynok B.4 — Ilokpurts
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HOK B.6 — Pe3ynbrat po3B‘s3aHHs TECTOBOI 3a/1a4ui PEryJIsIPHOTO MOKPUTTS

obnacti 3 po3mipamu 70000 Ha 30000 3a qomomororo 65 Kijl OTHAKOBOIO pajiiyca
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Pucynok B.7 — Pe3ynbratu po3B‘si3aHHs TECTOBOI 3a/1ayl CEKIIMHO-PETyIISIPHOTO
MOKpUTTA 061acti 3 po3mipamu 70000 va 30000 3a gOoMOMOror0 KiJI piBHOTO pajiyca
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PucyHnok B.8 — Pesyib 3a/1a4l PETYJIAPHO

obnacti 3 po3mipamu 70000 Ha 30000 3a qomomororo ki piBHOTO pazaiyca 5700
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Puc. B.9 — Pe3ynbTaT po3B'sa3aHHs 3a7a4il CEKI[IHHO-PETYISIPHOTO MTOKPUTTS 00JIaCTi 3

po3mipamu 100x30 xonamu pazaiyca 11

Pucynok B.10 — Pe3ynbTaT po3B'si3aHHs 3a7ja4i CEKI[IHHO-PETyIIPHOTO TOKPUTTS

obnacTi 3 po3mipamu 100x30 konamu paaiyca 10

Pucynok B.11 — Pe3ynbTaT po3B'si3aHHs 3a7a4l CEKI[IHHO-PETyISIPHOTO TOKPUTTS

obnacrti 3 po3mipamu 100x30 xomamu paaiyca 9
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Pucynok B.12 — Pe3ynbTaT po3B'si3aHHs 3a7ja4l CEKI[IHHO-PETyISIPHOTO TOKPUTTS

obnacTi 3 po3mipamu 100x30 konamu paaiyca 11110

Pucynok B.13 — Pe3ynbTaT po3B'si3aHHs 3a7a4i CEKI[IHHO-PETyISIPHOTO TOKPUTTS

obnacTi 3 po3mipamu 100x30 konamu paaiyca 1119
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Pucynok B.14 — Pe3ynbTaT po3B'si3aHHs 3a7ja4l CEKI[IHHO-PETyISIPHOTO TOKPUTTS

obnacTi 3 po3mipamu 100x30 konamu paaiyca 91 10
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Pucynok B.15 — Pe3ynbTaT po3B'si3aHHs 3a7a4i CEKI[IHHO-PETyISIPHOTO TOKPUTTS

obnacTi 3 po3mipamu 100x30 konamu paaiyca 9, 10111

Pucynok B.16 — ®parmMeHT nOKpUTTS 001aCTl JOBUIbHOI (hOPMHU: a) — HEIOBHOTO

(HEemOKpHUTa YaCTHHA B OKOJIUIISIX YEPBOHOI Kpanku Ha MeX1); 0) — aBTOMAaTHYHO

CKOpPCroBaHOTro
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ca)— 18 ki 3

1B JUISL
[72]; r) — 21 xono

Pucynok B.18 — IlopiBHSIHHS pe3ynbTat
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Ti; B) — 21 ko110 3

OTpUMAaHUX B JaHii poOo

SN
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Pucynok B.19 — IlopiBHSIHHS pe3ynbTat

[72]; 6) 21 —

1B 11

a, 0 OTPUMaHI B

1; B) — 24 xoma 3 [72]; r) — 24 koxn

11 poboT

K1JI0, III0 OTPUMAHO B JIaH

naHii poboTi
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Pucynok B.21 — [Tokputts 297 xonamu paaiycy 4500 o6macTi 3 po3mipamu 70000 va 30000 — g0 ontumizailii JOBXKUHU Tpacu

KUIBLIEBOI'O TUITY

10T
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Pucynok B.22 — ITokputts 297 xonamu pazaiycy 4500 o6sacti 3 pozmipamu 70000 va 30000 — micist ontuMizanii JOBXKUHHU Tpacu

KUIBLIEBOT'O TUITY

0¢



m /\ /\mmm /\m/\m/\m/\ .

-J' =Y t% l& C& ok l
G %ﬁ@ e \‘,“w-i% T
Wrop= 3 ﬁ.‘, \!'} e \ﬂ'“ b
CB i} é 4.\ 4"\ r w!?, m ! 2? 23 ::2::
- i_% w“ ;-;’w = = /,-- T
Cs . " ’r l-. 4'\ 4~l h& 4.‘ \ ::2:1
| ;g R RS A TR R RERERTRES
1§ qp\"fa WAWAW fﬁa‘@n"@n‘@w a;:g"@u\'@
i A e !_:-;‘Zn‘@ :ﬁgﬂwﬁﬂn@n@ S
+ .@-‘ e T Uk
/'* Aa—wz ﬂr - ....‘-.--i. @ \1..'..‘ eReS ol
== g“w“w“ e e

920613.71

Pucynok B.23 — [Tokpurts 297 xonamu pasaiyca 4500 ob6nacti 3 po3mipamu 70000 Ha 30000 1o onTuMizallii TOBKUHU CUCTEMHU

Tpac paJiaibHOro

TUITY
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Pucynok B.24 — [Tokputts 297 xonamu pasaiyca 4500 ob6nacti 3 po3mipamu 70000 va 30000 micis onTumizaiii TOBKUHU CUCTEMHU

Tpac pagiabHOTO TUITY
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Pucynok B.25 — [Tokputts o6aacti ckiagHoi GopMu a) — 10 ONTUMI3AIT JOBXKUHU

Tpacu KUIbIIEBOTO THUIY; 0) — MICIS ONTUMI3allii IOBXKUHH TPACH KUTBIIEBOTO THITY
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Pucynok B.26 — [Tokputts o6aacti ckiiaaHoi GopMu a) — 10 ONTUMI3AIT JOBKUHU
CUCTEMHU Tpac padiaJibHOTO TUITY; 0) — IICJIs ONTUMI3AIIi JOBKHUHU CUCTEMH TPaC

paaiaibHOTO TUITY
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Pucynok B.27 — Cucrema Tpac paiiagbHOTO TUIY JUJIS 33]1a4i MOKPUTTS BEJIMKOI pO3MIPHOCTI
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