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ANALYSIS OF THE STATE OF THE PROVISION OF DRONES THAT WERE CREATED
DURING THE COURSE OF THE ANTI-TERRORIST OPERATION IN THE EAST OF UKRAINE

The article presents the analysis of unmanned aerial vehicles that were created during the conduct
of the anti-terrorist operation in eastern Ukraine. The article is based on the description of the features of
the use of unmanned aerial vehicles in eastern Ukraine. The article also discusses the advantages of using
unmanned aerial vehicles when performing combat missions. The leading concepts of creating unmanned
aerial vehicles and a set of factors that determine the success of providing unmanned aerial vehicles with
the Armed Forces of Ukraine are defined. The experience of using and providing unmanned aerial vehicles
and unmanned aviation complexes during anti-terrorist operation in eastern Ukraine was generalized.
Ways to improve the traditional methods of creating unmanned aerial vehicles and identify for which tasks
unmanned aerial vehicles were used during the anti-terrorist operation. The article describes the types of
unmanned aerial complexes used in the area of anti-terrorist operation by Ukrainian military, special forces
and guards.

As a result of the research the peculiarities of determining operational-tactical requirements for
unmanned aerial vehicles for their effective use in the east of Ukraine are revealed. The rational ways of
creation of unmanned aerial vehicles for their use in the interests of combat use are offered.

The starting point for the analysis was some recent publications on the creation and use of drones
for military purposes and guidance documents. The source materials were checked for compliance with the
criteria set out in the guidance documents.

Key concepts: operational and tactical requirements, unmanned aerial vehicles and unmanned aerial
complexes.
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INPUMEHEHUWE METOJA NPBITAIOINUX JIAT'YIHEK JJIA OIITUMU3ALIUA
TPEXYPOBHEBBIX IINTAHOB MHOI'"O®AKTOPHOI'O SKCIIEPUMEHTA

Ilnanuposanue IKcnepumenma no360:Aem PeUwiunms 3a0ady nojayueHus Mamemamudeckoil Mooenu
HpU  MUHUMAAbHBLIX CHMOUMOCHMHBIX U 6pemennvlx 3ampamax. Ha cmoumocms peanuzauyuu
IKCNEPUMEHMA CYUIeCIGECHHOE GIUAHUE OKA3bleaem NOPAOOK Uepeo08aHus YpOGHEl U3MEHEeHUs
axkmopos. Taxkum obpazom, mpedyemcsa Haiumu ROPAOOK pPeanu3quuUU ONbINOG, 00ECneUUBarOuUuil
MUHUMAIbHYIO CIOUMOCHIL (8pEeMs) NPOGEOCHUA MHOZOPAKMOPHO20 3IKChepumenma. dma 3aoaua
CMAHOBUMCA 0COOEHHO AKMYANbHOI NPU UCCTE006aHUU OJTUMENbHBIX U O0PO2OCHOSAMUX NPOUECCO8.
Lenvro Oannoit cmamovu aA61AEMCA OaibHeluwlee pazeumue Memoooa02u ONMUMANbHOZ0 HO
CHLOUMOCHIHBIM (8PEMEHHDBIM) 3AMPAMAM NAAHUPOSGAHUA IKCHEPUMEHMA, KOMOpas 6K1ouaem 6 ceosn
KOMNJIEKC MEmMOo006 ONMUMUZAUUN NIAHOE IKCHEPUMEHMA U NPOZPAMMHO-ARNAPAMHbLE CPEOCHEA 015 UX
peanuzayuu. OQ0vekm UCCLe008AHUA: NPOUECCHl ORMUMUZAUUU HO CHIOUMOCHIHBIM  3AMPAMam
mMpexXypoBHesbIX NAAHO8 MHO20(haKmopHovix 3IKcnepumenmos. Ilpeomem uccnedosanusn: memoo
ONMUMU3AUUU HO CHIOUMOCHIHBIM U 8PEMEHHBIM 3AMPAmMam HaAH08 IKCHEPUMEHNO8, OCHOBAHHBII HA
HPUMEHEHUU Memooa RPLI2AIOWUX JIAZYUeK. IKCREPUMEHMATbHbIE MEMOoObl UCCACO06AHUSA WUPOKO
ApUMEHAIOM 0711 ONMUMU3AUUU HPOU3GOOCMEEHHBIX npoueccos. QOHOU U3 21ABHBIX yeell
IKCHEPUMEHMA A6IAEMCA ROTAYYEHUE MAKCUMATBHOZ0 KOTUYeCH 8a UH(OPMAUUU 0 8TUSHUY UCC1E0YeMbIX
gaxmopoe na npouszeoocmeennvtii npoyecc. /lanee cmpoumcsa mamemamuyecKas Mooenb UcCCiedyemozo
oovexma. Ilpu >mom nonyyums 3mu mooenu HeOOXOOUMO HPU MUHUMATLHBLIX CHOUMOCHIHBIX U
eépemennvix 3ampamax. Ilnanuposanue sxcnepumenma no3eoasaem NOJAYLAmMs MAMEeMamudecKue mooenu
NpU MUHUMATIbHBIX CHIOUMOCHIHBIX U 8PEMEHHbIX 3ampamax. /[na 3mozo 6vliu pazpadomansl Memoo u
npozpammHuoe obdecneuenue 01 ORMUMUAUUU MPEXYPOGHEBLIX NIAHOE8 C UCHONb308AHUEM MEMOOd
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npovrearouux aazyuwek. Tpexypoeneesvie niianvt ucnonb3ylom npu ROCMPOECHUN MAMEMAMUYECKUX MoOeNell
ucciedyemvix o0vekmos u cucmem. Ilposeden ananus uzsecmuvix Memoo0s cuHme3a ONMUMATLHBIX NO
CHOUMOCHIHBIM U 6DEMEHHBIM 3AmpPamam mpexypoeHeevix nianos. Pabomocnocobnocme anzopumma
nPOGEPANACH NPU UCCIEO08AHUU WIEPOXOGAMOCHU NOBEPXHOCMU KPEMHUA HPU RPOUEccax 2nyHoKozo
naazmoxumuyeckozo mpasienusn nemenmos MIMC. Ilokazana ezo Ihhexmusnocme 6 cpasnenuu co
CEOYIOUUMU Memooamu: pos yacmuy, mady-noucka, éemeeii u zpanuy. C nomouwpbio pa3pasomannozo
Memooa u nPoZPAMMHOZ0 0becnedenus 0a ONMUMUIAUUU MPEXYPOBHEGHIX NIIAHOE C UCNOIb306AHUEM
Memooa HPLI2AIWUX JIAZYUEK MONCHO 0OCHUYDL 6bICOKUX PE3YIbMAMOE GblUZPbIULEll N0 CPAGHEHUID C
HAYAIbHOIM HIAHOM IKCHEPUMEHMA, ORMUMATbHBIX WAU OMUBKUX K ONMUMATIbHBIM DPe3yT1bmanos 6
CDABHEHUU ¢ Memooamu pos Hacmuy, mady-noucka, eemeeil U ZPAHUY, A MAKI’CE BbICOKO20
Obicmpooelicmeusn pewienus 3a0auu ONMUMUIAUUN 6 CPAGHEHUU C PA3PAOOMAHHBIMU PAHee Memooamu
OnmuUMU3ayUU MPEXyPOSHEBbIX NAAHOG IKCNEPUMEHMA.

Knwuesvie cnoea: onmumanwvuulii niaH, MemMOO RNPLIZAIOWUX JAZYUIEK, ORMUMU3AUUS,
naanuposanue IKCRePUMenma, CmoumMoChib, 6pDemMsl, 6blUZPbIUL.

Beenenme. IlnanupoBaHue 5SKCIepUMEHTa IMO3BOJIAET PEIIMTh  3ajadyy  IOJy4YEHHS
MaTeMaTU4YeCKOW MOJENIM NpPU MHHMMAJIbHBIX CTOMMOCTHBIX M BpeMEHHbIX 3arparax [1]. Ha
CTOMMOCTb peajn3alliy KCIIEPUMEHTA CYIIECTBEHHOE BIMSHUE OKA3bIBAET MOPSAIOK YepelOBaHUS
ypoBHeil uamMenenus paxropos [2]. Takum oOpa3om, TpeOyeTcss HAUTH MOPSIIOK Pean3aliH OMbITOB,
00eCTeYnBaONIN MUHUMAIIBHYIO CTOMMOCTh MPOBEACHUS MHOTO(AKTOPHOTO HKCIIEPHUMEHTa. JTa
3ajlaya CTAHOBHUTCSI OCOOCHHO aKTyaJbHOW MPH HMCCIEAOBAHUU JIUTEIbHBIX U JTOPOTOCTOSIIMX
niporieccos [1].

Pa3paboranbsl MeTo] ¥ TIporpaMma ONTUMHU3AIMU MHOTO(AKTOPHBIX IJIAHOB SKCIIEPUMEHTA C
BapbUpOBaHUEM (DaKTOPOB HA TPEX YPOBHSAX C MOMOIIBIO QJITOPUTMA MPBITAIONINX JATYyIIeK [3].
PaGorocnocoOHOCT, METOIa ONTHUMH3AIMKM MPBITAONIMX JIATYIIEK JIOKa3aHa Ha IpUMepax
UCCJIEIOBAHNUST METOAA M3MEpPEeHMsI IUIOTHOCTH TOKa TrajbBaHUYECKHMX BaHH C MCIIOJIb30BAHHUEM
MEpHBIX JaTYUKOB U INIEPOXOBATOCTH TIOBEPXHOCTH KPEMHHsI MPH Mpoleccax NIyOOKoro
MJIa3MOXUMHYECKOTO TPABJICHUS IEMEHTOB MHKPO 3JeKTpoMexanndyeckux cucrem (MOMCO).
PaGorocnocobHocTh ¥ 3(h(EKTUBHOCTh TOATBEPKAAETCS COBMAJECHUEM WU TNPUOIMHKEHUEM
ONTHMAJbHBIX IUIAHOB, MOJIYYEHHBIX 3TUM METOJOM U MeTofoM posi yactui. [lokazana ero
3¢ dEeKTUBHOCT, B CPAaBHEHUU C JAPYTUMH METOJaMH ONTHMH3AIMA MHOTO(AKTOPHBIX IIAHOB
AKCIEPUMEHTA.

OOBeKT ucceIOBaHMS: TEXHOJOTWYECKHWE TMPOLEcChl M CHUCTEMbI, IO3BOJSIONINE
OCYIIECTBJIEHUE HAa HUX aKTUBHOIO HKCTIEPUMEHTA.

[IpenMeT wuccnenoBaHUS: METOA ONTUMHU3ALMU MO CTOMMOCTHBIM (BPEMEHHBIM) 3aTparam
IJIAHOB SKCIEPUMEHTA, OCHOBAaHHBIN Ha MPUMEHEHUH AJITOPUTMA IPBITAIOIINX JiArymiek [3].

Lenp uccrnenoBanus: pa3paboTka METoJa U MPOrpaMMHOr0 OOecrieueHus AJis ONTUMHU3AINU
TPEXYPOBHEBBIX IJIAHOB C HCIIOJIb30BAaHUEM AQJIFOPUTMA MPBITAIOMIUX JIATYIIEK W TpPOBEACHUE
CPaBHHUTEIBHOTO aHAIH3a pa3paboTaHHOTO METO/Ia C METOJIOM post YacTuil [4].

[To pe3ynpraraM cpaBHEHHS BbIIAIOTCS PEKOMEHAALMU ISl UCTIOJIBb30BaHUs pa3pabOTaHHOTO
MeToAA.

AHaamu3 ucciaeloBaHUul W myOaukanuil. M3BeCTHBI METOABI CHHTE3a ONTUMAJIbHBIX IO
CTOMMOCTHBIM M BPEMEHHBIM 3aTparam IIaHOB SKCIIEPUMEHTOB C BapbUPOBaHUEM (DAKTOPOB Ha Tpex
ypoBHsAX [l], OCHOBaHHbIE Ha WCHOJb30BAHUM CIEAYIOIIUX BHUIOB ONTUMHU3ALMN: AHAIU3
MEePECTAaHOBOK CTPOK MAaTPUIIGI INIaHUpoBaHus [ 1], ciydaitHblil mouck, Metox Taby-moucka [5], MeTon
BeTBel U rpanull [6]. DPPexkTUBHOCTH pa3pabOTaHHBIX METOAOB JIOKa3aHa MPH MCCIEI0BAaHUU psiia
Pa3IMYHBIX TEXHOJIOTUYECKUX TpoIeccoB, mpubopoB u cucrteM [1]. OmHako WX HEIOCTaTKaMU
SBIISIOTCSA: HU3KOe OBICTPONEHCTBHE, HE BCErla HAXOAWUTCA oNTUMaibHOe pemieHue. [loatomy
11eecoo0pa3Ho MPOBEPUTH BO3MOXKHOCTH MPHUMEHEHHUS METONa MPBITAIONUX JIATYIeK [7] ans
ONTHMHU3ALMU TUIAHOB MHOTO(AKTOPHOIO 3KCIEPUMEHTa Ipoliecca M3MEPEeHHs IUIOTHOCTH TOKa
raJlbBaHUYECKUX BaHH C HCIOJIb30BAHUEM MEPHBIX JATYUKOB M LIEPOXOBATOCTH IMOBEPXHOCTH
KpPeMHHSI TIpH TIpolleccax NIyOOKOTO IIIa3MOXMMHUYECKOTO TpaBiieHHus d3aeMeHToB MOMC ¢
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BapbUpOBaHUEM (DAKTOPOB Ha TPEX YPOBHSAX U MPOBECTU CPABHUTEIBHBIA aHAIU3 PE3YNbTAaTOB C
METOIaMH POsi 4acTHIl, TaOy-TIOMCKa, BETBEH U rpanuil [3].

OcHoBHbIe MaTepHAaJIbI UcciefoBaHus. [ pelieHus MOCTaBICHHON 3a/1a4u pa3padoTaHbl
METOJ, U IporpaMma Uil ONTHUMH3ALUU TPEXYPOBHEBBIX IUIAHOB C MCIIOJIB30BAHHUEM aJrOpPUTMA
npeiratomux Jsrymek [3]. C ucnonb3oBaHHeM pa3pabOTAaHHOTO IMPOrPaMMHOTO OOecHeueHus
ONITHMHU3HUPOBAJICA IIJIaH JUIsl UCCIIEA0BAaHUs IIEPOXOBATOCTH TOBEPXHOCTH KPEMHUS IIPU IIpoLieccax
IITyGOKOTO T11a3MOXHMUYECKOTO TpaBiIeHHs 1eMenToB MOMC. McxoaHblil aH sKkcrepuMenTa 3,
a TaK)Ke OINMCAHHME METO/AA OINpPENEICHMs IIEPOXOBATOCTU MOBEPXHOCTH KPEMHUS IIPH IIpoLeccax
TyOOKOrO TUTA3MOXHMMHMYECKOTO TpaBiieHHus snemMeHToB MOMC, npuBenensl B padore [1]. Ilpwm
COCTABJIICHMH IUIaHA OJKCIEPHUMEHTa OBLIM y4YTeHBl TPH BXOAHBIX (akTopa Tmpolecca,
MIPEIOJIOKUTENIBHO CIIOCOOHBIX B HAaWOOJbIIEH CTENEHU BIUATH Ha ONTUMHU3UPYEMBIH mapaMmerp
(cpennee apupmerndyeckoe OTKIOHEHHE Mpodwiis): X| — OTHOIICHWUE JUIMUTEIBHOCTH CTaIui
naccuBallii W TpaBieHus; X2 — JAaBileHue B peaktope, I[la; X3 — Ttemmeparypa snekTpopa-
nojioxkkozaepakaress, °C. YcaoBusl IpOBEACHMs SIKCIIEPUMEHTA NpeicTaBiIeHb! B Tada. 1. B tabm. 2
MIPEJICTABICHBI CTOMMOCTH U3MEHEHUH 3HaueHU ypoBHEH (haKTOPOB.

CylHOCTh MeTO/1a MPBITAIOIINX JIATYHIIEK U IPOTrpaMMbl, 00eCIeunBaroIIel ero peaan3aino
JUIS ONTHUMU3ALMU TPEXYPOBHEBBIX IUIAHOB, 3aKJII0YaeTcs B cielayiolieM. B Hauane paGoThbl
MIPOTpaMMbl BBOAMTCS KOJMYECTBO (hakTopoB k, mocie 4Hero OCymiecTBISCTCS BBOA CTOMMOCTEH
(BpeMeH) TMepexofoB MEXIy YpPOBHSIMH (DaKTOPOB M CTPOUTCS MarTpulla IJIaHUPOBAHUS
HKCIEPUMEHTA TPEXYPOBHEBOTO IJIaHA. 3aT€M OCYILIECTBIISIETCS BBIYMCIEHUE HAYAJIbHOM CTOMMOCTH
(BpeMeHH) MpOBEICHUSI HKCHEPUMEHTa M TPOUCXOAUT TEHEpalus MaTpPUIlbl CyMM CTOUMOCTEH
(BpeMeH) TepexofoB MEXAY YPOBHSMH Ui KaxIoro u3 (akTopoB. BemosiHsercs copTupoBka
CTOJIOLIOB TO HHJEKCAaM M TeHepalusi MAacCHBOB HWHIEKCOB JJIi CyMM CTOMMOCTEH (BpeMeH)
MEPEX0JI0B MEXKIy YPOBHAMH JUISI KaKAOTO M3 (AKTOPOB. 3areM MPOMCXOIAT TEPECTaHOBKU
CTOJIOIIOB B COOTBETCTBUH C MACCHBOM MHJIEKCOB JIJIsi CYMM CTOMMOCTEH (BPEMEH ) EPEX0I0B MEKAY
YPOBHSIMU JUISI KQXKJI0TO U3 (pakTopoB. BrinonHseTcst nocTpouHbli nepedop MeXIy BceMH Ol0KaMu
CTOJIOIIOB (MEMETIJIEKCOB, B KOTOPBIX MEPEMEIIACTCS JIATYIIKa) U ONpeesieHue Ha9aaIbHON TOUKH JJIs
nanbHenero nepedopa, UCXos U3 HAaMMEHbIIEH CyMMbI CTOMMOCTEN (BpEMEH) NEPEXO/I0B MEKAY
YPOBHSAMU Ul KaKAoro u3 (axkropos. Takxke mporpaMMoii BBHIIONHSAETCS MOUCK B paMKax Ojoka
cTOJI011a, B KOTOPOM HAaXOAUTCS JIATYIIKA [10 MUHUMAJIbHOMY 3HAUEHUIO CYMMbI CTOMMOCTEN (BpEMEH)
NEPEeX0JI0B MEXAYy YPOBHAMHU Ul KaXJOro u3 (PaKTopoB, MOCJIE YEro MPOMCXOTUT MEpexoj Ha
CJIEIYIOIIYIO CTPOKY MATPHIIbI INTAHUPOBAHUS U CpaBHEHUE ¢ peablayieil. OcyiecTBiseTcst HOUCK
B Onoke ctonlna ¢ HauMEHBIIUM 3HAYE€HHEM CyMMbI CTOUMOCTEH (BpEMEH) HEepexXof0B MEXAY
YPOBHSIMH U YCTaHOBJIEHHE COOTBETCTBYIOIIETO0 Oyioka (TlepecTaHOBKa MeCTaMHU B MaTpHIIE
IUTAaHUPOBaHMA dKcriepuMenTa). [locne peanuzanuyu HEOOXOMMMBIX MEPECTAHOBOK BBIMOJIHAIOTCS:
MIOCTPOEHUE ONTHUMAIbHONM MaTpUIbl IJIAHUPOBAHUS HKCIEPUMEHTA; pacyeT O0Ileld CTOMMOCTH
(BpeMeHM) peanu3aliiy 3KCIIEpUMEHTa; pacdyeT BBIMTphIMA B; pacuer BpeMeHU f, 3aTpaueHHOTO Ha
ONTHMHU3AIHIO TPEXYPOBHEBOT'O MJIaHA MHOTO()aKTOPHOI0 SKCIIEPUMEHTA C UCIIOJIb30BAaHUEM METO/IA
MPBITAIOIINX JIATYLIEK.

Tabnuua 1
Yci10BUS IPOBEAECHUS SKCIEPUMEHTA
Bxonnblie GakTopsl
HaumenoBanue napameTpos O6o3HauyeHue

X1 X2 X3

HyneBolt ypoBeHb 0 0,2 3 20
WNHTtepBan BapbUPOBAHUS AX; 0,1 1 10
HwxHnuii ypoBeHb -1 0,1 2 10
Bepxuuii ypoBeHb +1 0,3 4 30
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TabGmuma 2

CTOMMOCTH M3MEHEHHS 3HAYCHUI YPOBHEH (haKTOPOB

CTOMMOCTH U3MEHEHUM, YCII. €1I. Obosnauenne haxropos

’ X X2 X3

n3 «0» B «-1» 3 7 8
n3 «0» B «+1» 2 5 10
n3 «-1» B «+1» 4 10 20
n3 «+1» B «-1» 6 14 16
nu3 «-1» B «0» 2 5 10

n3 «+1» B «0» 3 7 8

PesxuMbl ipoBeieHNs IPOLIECCOB TPABICHUSI KDEMHUS 33/1aBaJId B COOTBETCTBUY C BHIOPAHHBIM
wiaHoM (Talm. 3), KOTOpBIM HpeacTaBisl cOOOM MOJMHBIA (aKTOPHBIA SKCHEPUMEHT JUIsl TpexX
(aKTOpOB NP UX OJHOBPEMEHHOM BapbUPOBAHUH Ha TPEX YPOBHAX: «+1», «-1», «0». OnTumanbHbli
TUTaH SKCIIEPUMEHTA, IOJTYYEHHBIN C CII0IB30BaHUEM Pa3paboTaHHOTO MPOrPAMMHOTO 00ECTICUeHUS,
PEaTM3YIOIIETO AITOPUTM TPBITAOUIMX JISTYIIEK, TAK)Ke MPeJCcTaBlIeH B TalI. 3.

Tab6muma 3
WcxonHbli 1 ONTUMAJIBHBIN TUIAHBI SKCIIEPUMEHTA

. OnrtumanbHbIN 11aH (METO OnTuManbHBIN TUTaH (METOJT POsI
Hcxonupii an
HPBITAIOIINX JIATYLIEK) YacTHUIL)
Home O06o3HaueHne O0o3HaueHne
Howmep Homep | OGo3Hauenue Gpakropos

p (aKTOpOB OIIBITa 1 Nagals OITBITA

ompITal X Xo X3 X1 X2 X3 X Xo X3
1 -1 0 0 16 -1 -1 0 1 -1 0 0
2 -1 0 -1 26 0 -1 0 19 0 0 0
3 +1 -1 -1 18 +1 -1 0 10 -1 -1 +1
4 0 0 +1 6 +1 +1 0 00, 0 -1 +1
5 +1 0 0 27 -1 +1 0 ] -1 +1 +1
6 +1 +1 0 24 0 +1 0 4 0 0 +1
7 -1 +1 +1 4 0 0 +1 13 -1 +1 -1
8 +1 0 +1 19 0 0 0 75 +1 0 -1
9 +1 +1 +1 1 -1 0 0 16 -1 -1 0
10 -1 -1 +1 20 -1 0 +1 26 0 -1 0
11 +1 +1 -1 5 +1 0 0 2 -1 0 -1
12 0 0 -1 8 +1 0 +1 20 -1 0 +1
13 -1 +1 -1 14 +1 -1 +1 23 0 +1 +1
14 +1 -1 +1 22 0 -1 +1 5 +1 0 0
15 0 +1 -1 10 -1 -1 +1 15 0 +1 -1
16 -1 -1 0 13 -1 +1 -1 6 +1 +1 0
17 0 0 -1 7 -1 +1 +1 18 +1 -1 0
18 +1 -1 0 23 0 +1 +1 3 +1 -1 -1
19 0 0 0 15 0 +1 -1 27 -1 +1 0
20 -1 0 +1 9 +1 +1 +1 9 +1 +1 +1
21 -1 -1 -1 11 +1 +1 -1 17 0 0 -1
22 0 -1 +1 25 +1 0 -1 8 +1 0 +1
23 0 +1 +1 2 -1 0 -1 11 +1 +1 -1
24 0 +1 0 12 0 0 -1 14 +1 -1 +1
25 +1 0 -1 17 0 0 -1 12 0 0 -1
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o OnTtuManbHbBIN IJ1aH (METOM OnTuManbHbIN TUIaH (METOJ PO
Wcxonueiii miag
MIPBITAIOIINX JISTYIICK) YaCTHI)
Howme O0o3Hauenne O0o3HaueHne
Howmep Homep | OGo3HaueHue Gpakropos
p (hakTOopoB oL (dhakTopoB -
ompITal X| X2 X3 X1 X2 X3 X1 X2 X3
26 0 -1 0 21 -1 -1 -1 21 -1 -1 -1
27 -1 +1 0 3 +1 -1 -1 24 0 +1 0

OnTUMHU3MPOBAaHHBIN IJIaH PKCIEPUMEHTAa UMEET 3HaY€HHE CTOMMOCTH pealln3allli, paBHOE
181 ycn.en., B TO BpeMsi Kak MCXOAHbBIN 11aH — 417 yci.en. Berpeiin no croumMoctu coctaBui 2,31
pas3a, B TO BpeMsl Kak IIpH MCIIOJIb30BAHUN METO/A BETBEW U I'PaHUL] BBIMIPBILI cocTaBisul 1,28 pasa.
[Ipu 3TOM Ha onTUMH3AIUIO IIaHA HeoOxoaumo 3arpatuth 0,03 ¢, B TO BpeMs Kak Ha peayln3alfio
Merona BeTBeM u rpanui] — 137 muH, a Ha peanuzauuio meroga post vactun — 0,33 c. C
UCIONIb30BaHUEM DPa3pabOTaHHOTO MPOTPAMMHOIO 00ECIEUeHUs HUCCIIEAOBAad METOJ HU3MEpEHUs
IJIOTHOCTH TOKA TaIbBAHUYECKHX BAHH C MEPHBIMU JaTYMKaMHu. VICXOMHBIH MIaH sKcrepuMenTa 3,
a TaK)K€ OMMCAaHUE METO/Ia U3MEPEHMS IJIOTHOCTH TOKA I'aJIbBAHMYECKUX BAaHH C MCIIOJIIb30BAaHUEM
MEpHBIX JaTYMKOB, TpuBeneHbl B pabore [l]. Meromom mphIralomuX JATYIIEK IPOBEICHA
ONTUMU3ALNS UCXOAHOIO IUIaHA 110 KPUTEPUI0 CYMMApHON CTOMMOCTH peain3allii SKCIIEPUMEHTA.
CroumocTH M3MEHEeHHI 3HaYeHUH ypoBHEH (hakTopoB mpuBeneHs! B Ta0. 4. [Topsiok mpoBeneHus
OTIBITOB ONTUMAJIBHOTO MO0 CTOMMOCTU peaji3aliy IUIaHa SKCIIEPUMEHTa MpeACTaBlieH B TalIl. 5.
CrouMocTh peanu3aluy SKCIEPUMEHTa MO0 3TOMY IUIaHy cocTaBisieT 87 yci. €l., Torga Kak
CTOMMOCTh peanu3aliid HCXOTHOM Marpuilel IutaHupoBanus — 174 ycn. en. Takum oOpazom,
JOCTUTHYT BBIMIPBIII [0 CTOMMOCTH peajii3alliid B 2 pa3a IO CPABHEHMIO C HMCXOJHBIM ILIAHOM
MIPOBEICHUSI SKCIIEPUMEHTA.

Tabmumna 4
CrouMocTH N3MEHEHUH 3HaYCHHUH YpOBHEH (haKTOpOB
CTrouMOCTH U3MEHEHUH, YCII. €. D0QHACHI QUG 0POE

X1 X2 X3
n3 «0» B «-1» 3 3 3
3 «0» B «+1» 2 2 2
n3 «-1» B «+1» ) 5 5
n3 «+1» B «-1» 5 5 5
n3 «-1» B «0O» 3 3 3
n3 «+1» B «0» 2! 2 2

CpaBHeHHE pE3yIbTaTOB TIPH HCIHOJB30BAHUM  YCOBEPIICHCTBOBAHHOTO IPOTPAMMHOTO
o0ecrieueHus Mo METOly ONTUMHU3AIUU HPBITAIONINX JIATYIIEK U paHee pa3padoTaHHBIX METOAOB [3]
npuBeeHO B Ta0. 6. Takum 0Opa3oM, JoKa3zaHa pabOTOCIIOCOOHOCTH METOA MPBITAOIINX JIATYIIEK
Ha TIpUMepax HUCCIEOBaHUs MIEPOXOBATOCTH TOBEPXHOCTH KPEMHUS MPHU MpoIeccax TITyOOKOro
IJIa3MOXUMHUYECKOTO TpaBieHus saeMeHToB MOMC u Meroma u3MEpeHus IUIOTHOCTH TOKa
rajbBaHUYECKUX BAHH C UCIIOJIb30BAHUEM MEPHBIX JAaTUHUKOB.

Tabmuma 5
WcxXonHbIl M ONTUMAJIBHBIN TJIaHBI SKCIIEPUMEHTA
o OnTuManbHBIN TUTaH (METO. OnTuManbHbBIN TUTaH (METO PO
Ucxonusrii maan
MPBITAOIINX JIATYIIEK) YaCTHII)
O0o3HayeHme O0o3HayeHne O06o03HaueHne
Homep
P (dhakTopoB Howmep ombiTa (hakTopoB Howmep ombiTa dbakTopoB
Xi X2 | X3 X1 X2 | X3 X Xy | X3
1 -1 0 0 6 +1 +1 0 1 -1 0 0
2 -1 0 -1 7 -1 +1 0 10 +1 +1 | +1
3 +1 -1 -1 25 0 +1 0 19 +1 -1 0
4 0 0 +1 27 0 +1 0 20 0 0
5 +1 0 0 19 +1 -1 0 2 -1 0 -1
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o OntumansHBIN TJ1aH (METON OnrtuManbHbIN TU1aH (METO PO
Wcxonueiii miag
MIPBITAIOIINX JISTYIICK) YaCTHI)
O0o3HaueHne O0o3HaueHne O06o3HaueHue
Homep
oL (hakTopoB Howmep ombiTa (haxkTopoB Howmep omnbiTa dbakTopoB

X X | X3 X1 X2 | X3 X Xy | X3
6 +1 | +1 0 17 -1 -1 0 3 +1 | -1 -1
7 -1 | +1 0 1 -1 0 0 21 -1 0 | +1
8 -1 | +1 | +1 21 -1 0 | +1 24 0 +1 | +1
9 +1 0 | +1 5 +1 0 0 6 +1 | +1 0
10 +1 | +1 | +1 9 +1 0 | +1 4 0 0 | +1
11 -1 -1 | +1 20 0 0 0 22 -1 -1 -1
12 +1 | +1 | -1 4 0 0 | +1 13 0 0 -1
13 0 0 -1 23 0 -1 | +1 14 -1 | +1 | -1
14 -1 | 41| -1 11 -1 -1 | +1 23 0 -1 | +1
15 +1 | -1 | +1 15 +1 -1 | +1 5 +1 0 0
16 0 +1 | -1 12 o o e g _ ] 15 +1 | -1 | +1
17 -1 -1 0 10 il (15 (P 12 +1 | +1 | -1
18 0 -1 -1 8 -1 | +1 ] +1 11 -1 -1 | +1
19 +1 | -1 0 14 | 17 -1 -1 0
20 0 0 0 24 0 LA 26 +1 0 -1
21 -1 0 | +1 16 0 LT -1 8 -1 | +1 | +1
22 -1 -1 -1 13 0 0 -1 9 +1 0 | +1
23 0 -1 [ +1 2 -1 0 -1 2% 0 +1 0
24 0 +i 1 26 +1 0 -1 18 0 -1 -1
25 0 1 0 3 +1 -1 -1 16 0 +1 | -1
26 +1 0 -1 18 0 -1 -1 25 0 +1 0
27 0 +1 0 22 -1 -1 | -1 7 -1 | +1 0

Tabmuma 6
Pe3ynprarel ONTHMHU3AIUH TJIAHOB SKCIIEPUMEHTA

BBII/IFpLIIlI IO CPAaBHCHHUIO C UCXOAHBIM IUIaHOM

Merton noucka| Cicx, YCII.€. Chin, YCIL.E1I. - prvienTa
Meton
MIPBITAIOIINX 174 87 2
JSITYIIEK
Merton
ONTUMU3AIAA 174 85 2,05
pOEM HacTuIy
TaOy-monck 174 97 1,79
CoryaitHeIi 174 147 1,2
TIONCK

B paGote [7] 6putn pazpaboTaHbl METON W MPOTPAMMHOE OOECTICUCHUE ISl ONMTHMHU3AINHI
TUTAHOB TTOJTHOTO (haKTOPHOTO SKCIEPUMEHTA M0 CTOMMOCTHBIM (BPEMEHHBIM) 3aTpaTaM C MTOMOIIIBI0
aJITOpUTMa IpbIraromux Jsrymek. [Iporpammuoe oGecriedenne it ONTUMH3AIMN TPEXYPOBHEBBIX
IUTAHOB HM3MEHEHO B CIEAYIOMIMX MOMAYISAX: TeHepalus WCXOTHOW MAaTpHIBl TUITAHUPOBAHUS
HKCIIEPUMEHTA, BBOJ] CTOMMOCTEH (BpEMEH) MEPEX0I0B MEXAY YPOBHIMHU (PAKTOPOB M BBHITOTHEHHE
MEPECTAHOBOK JUIsl TIOMYyYEHHUS TPEXYPOBHEBBIX IUIAHOB METOJOM MPBITAIONIUX JIATYIICK.
[TporpamMHOe obecrieueHue peann30BaHO Ha si3blke mporpammupoBanus C++. Bece HeoOxonumbie
pacyeThl BBIMOIHSUIMCH HAa KOMITbIOTEpe ¢ miporeccopom Intel Pentium G620 ¢ gacroroii 2.60 GHz.
Heo6xonumsiit 06bem namsta — 32 Mb. KonnuecTBo (GakToOpoB ¥ CTOMMOCTH NEPEXOI0B YPOBHEH
(bakTOpoB BBOIATCS C KiIaBUAaTyphl JuOO 3amaiorcs B daine. Peanuzanus MeTofa MpbITarOIUX
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nsTymek Tpedyer HeOobpIoro oobema naMiatTu 9BM u uMeeT BBICOKOE OBICTPO/ICHCTBHUE PEIICHHS
3agaun. PazpaboTanHoe nmporpaMMHoe obecrieueHre COCTOUT U3 CIESTYIOLINX MOIYJICH: BBO/ JaHHBIX,
IIOCTPOEHUE HCXOIHOM MAaTpUIlbl IJIAHUPOBAHMS 3KCIIEPUMEHTA, IMOCTPOCHHE MAaTpHIbl CyMM
CTOMMOCTEH (BpeMeH) W3MEHEHHUs 3Ha4eHUH YpOBHEH (aKTOPOB, ONTHUMHU3ALUS METOIOM
IPBITAIOUINX JIATYIIEK, HOCTPOEHUE ONTUMAIBHOW MaTpUIbl IJIJAHUPOBAHUS HKCIIEPUMEHTA, PacyeT
BbIMIpBIIIA B.

BeiBonbl. Pa3zpaboTanbsl MeToa U mporpaMMHOe obecrieueHue, peaau3yolie ONTUMHU3ALMIO C
NPUMEHEHHEM aJlTOPUTMa MPBITAIONIMX JIATYIIEK MHOTO(AKTOPHBIX IUIAHOB HSKCIEPUMEHTOB C
BapbUpOBaHUEM (aKTOPOB Ha TpeX ypoBHsAX. Jloka3aHa ero paborocnocoOHOCTh U 3((HEKTUBHOCTh
IpU HCCIEOBAaHUM METOJa HM3MEpPEHHs IUIOTHOCTH TOKAa TaJbBaHMYECKHMX BaHH C MEpPHBIMHU
JaTYMKaMHd M IIEPOXOBAaTOCTH  IOBEPXHOCTHM  KPEMHHUS IpU  Ipoleccax  NIyOOKOro
IJ1a3MOXMMHYECKOT0 TpaBiieHus eMeHToB MOMC.

ITouck onTUManbHOrO WM OJIM3KOTO K ONTUMAIBHOMY IIaHY SKCHEPUMEHTA, HOIYyYEHHOIO
STHM METOJIOM, pealM3yeTcs 3a CYIIECTBEHHO MEHBIIEE BpEMs cueTa, YeM IPHU METOZE BETBEH U
IpaHMIl ¥ METO/IE CIy4alHOTO MOUCKA. BBIMIPHIII B CTOMMOCTH peain3alii IJIaHOB 3KCIIEPUMEHTOB
MIPU MCIOJIB30BaHUM JTAHHOTO METO/Ia 3HAUYUTENILHO OOJIbINe, YeM MPHU METOAAX CIIyYaifHOTO MOWCKa
u Ttaby-noucka. IlpumeneHue pa3pabOTaHHOrO MPOrPaMMHOIO OOecleueHusi, OCHOBAaHHOIO Ha
MCTIOJIB30BAaHUH ITOPUTMA MPBITAIOUINX JIATYIIEK, 3QQEKTUBHO mpH KojmuecTBe (hakTopoB k > 3.
IToka3zaHo, 4TO A ONTUMHU3ALUKN TPEXYPOBHEBBIX IJIAHOB 11€J€CO00PA3HO UCIOIB30BAHUE METONIA
MPBITAIONINX JISATYIIEK.
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prof. Koshevoy N.D., prof. Kostenko E.M., Muratov V.V.
APPLICATION OF THE JUMPING FROGS METHOD FOR THE OPTIMIZATION OF THREE-
LEVEL PLANS OF A MULTIPLE FACTOR EXPERIMENT

The planning of the experiment allows us to solve the problem of obtaining a mathematical model with
minimal cost and time costs. The cost of implementing an experiment is significantly affected by the order
of alternating levels of change in factors. Thus, it is required to find a procedure for the implementation of
experiments that provides the minimum cost (time) for conducting a multivariate experiment. This task
becomes especially relevant when studying long and expensive processes. The purpose of this article is the
further development of the methodology of optimal planning of the experiment in terms of cost (time), which
includes a set of methods for optimizing the plans of the experiment and hardware and software for their
implementation. Object of study: optimization processes for the cost of three-level plans for multivariate
experiments. Subject of research: optimization method for cost and time costs of experimental designs based
on the use of the jumping frog method. Experimental research methods are widely used to optimize
production processes. One of the main goals of the experiment is to obtain the maximum amount of
information about the influence of the studied factors on the production process. Next, a mathematical
model of the object under study is built. Moreover, it is necessary to obtain these models at the minimum
cost and time costs. The design of the experiment allows you to get mathematical models with minimal cost
and time costs. For this, a method and software were developed for optimizing three-level plans using the
Jjumping frog method. Three-level plans are used in the construction of mathematical models of the studied
objects and systems. An analysis is made of the known methods for the synthesis of three-level plans that
are optimal in cost and time costs. The operability of the algorithm was tested when studying the roughness
of the silicon surface during deep plasma-chemical etching of MEMS elements. Its effectiveness is shown
in comparison with the following methods: swarm of particles, taboo search, branches and borders. Using
the developed method and software for optimizing three-level plans using the jumping frog method, one can
achieve high winnings compared to the initial experimental plan, optimal or close to optimal results
compared to particle swarm, taboo search, branches and borders methods, and also high speed of solving
the optimization problem in comparison with previously developed optimization methods for three-level
experimental designs.

Keywords: optimal plan, method of jumping frogs, optimization, experiment planning, cost, time,
payoff.
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