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GOTOKOHAEHCATOP HA OCHOBE
HAHOKOMIIO3UTA n-InSe<RbNO,>

Ha ocnose caioucmozo noaynposodnuxa n-InSe u ceznemoarexmpuueckoii coru RbNO, cunmesuposan 1o-
eviil nanoxomnozum n-InSe<RbNO,>. Ilonryuennoe coedunenue omaudaemcs 6vbiCOKUM KOIppuuuenmom
nepexpuimus no emMKocmu npu oceewenun u 06aa0aem cnocooHOCMvI0 HAKANIUBAIND INCKMPUUECKUT 3A-
psi0. Ha ezo ocnose paspaboman ¢omoxondencamop, paomocnocobnwui ¢ obaacmu uacmom om 107" do
10* Ty, Onsi npumenenus 6 ONMOINEKMPOHHBIX CUCTIEMAX NAMIMU, 6 (POMOINEKMPUUECKUX CEHCOPAX, 6
npeobpazoeamenax c6emosol IHepzuU U 6 HAKONUMELAX INeKMPUUECKOU IHeP2UU.

Kmouesvie croea: ¢pomoxonderncamop, unmepkaisyus, noaynposodnux A>BS, ceznemosnexmpux, nanoxomnosum.

WNsBecTHble B Hallle BpeMsl THUOPU/IHBIE CTPYK-
Typbl [1], B KOTOPBIX UCIOJIB3yeTCsT BO3MOXKHOCTD
reHepaluu HepaBHOBECHBIX (POTOHOCHUTENEN B TMO-
JIyIIPOBOJIHUKE [IJII 3aPS/IKHU JABOWHOTO 3JIEKTpUYe-
CKOTO CJIOSI Ha T'PaHUIle MEXK/Y TOJYTIPOBOJIHUKOM
1 WOHHBIM TIPOBOTHIKOM, CO3aHbI HA OCHOBE KOH-
TaKTa TBEPAOTEJHHOTO CJOUCTOTO TIOJYITPOBOIHU-
Ka C JKUAKUM 3JIEKTPOJUTOM [2 — 4] wiu ¢ TBepaoi
MOHHOIT coJibio [5]. IIporiecchl, KOTOpbIE TPOUCXO-
JIIT B HUX TIPU OCBEIEeHNH, OGYCIOBJIEHbI MPOTe-
KaHWeM TOKA B JKUIKOM JJEKTPOJUTE U B TTOJYIIPO-
BOJIHMKE. MeJIEHHBIM TPAHCTIOPT MOHOB B JKUIKOM
3JIEKTPOJINTE 0OYCIaBIMBAET HU3KYIO YaCTOTY Tiepe-
3apSIKY AJIEKTPUUECKOTO ABOITHOTO cos. syKuakuit
9JIEKTPOJIUT CO3/IaeT CIOKHOCTb TEPMETU3AINN Ta-
KUX IIPUOOPOB U JIeJIAeT HEBO3MOKHBIM UX UCIIOJIb-
30BaHne B THOPU/IHBIX TBEPAOTEIbHBIX HAHOIJIEK-
TPOHHBIX ycTpoicTBax. [Ipunnumm geiictBus doTto-
BapUKAIlOB, W3BECTHBIX TBEPAOTEIbHBIX TOJIYIPO-
BOJIHUKOBBIX (poToasiekTpuueckux ctpykryp M/III
(MeTasn — JAMAIEKTPUK — MOJIYIIPOBOHUK ), OCHO-
BaH Ha M3MEHEHUU eMKOCTH B 00JIACTH IIPOCTPaH-
CTBEHHOIO 3apsi/ia 3TUX GAPbEPHBIX CTPYKTYP MPU
ux ocsemiernu [6]. MOTOUYBCTBUTETHBHOCTD Bapu-
KaloB 3aBUCUT OT MOBEPXHOCTHON PEKOMOUHAIUU
U [TOBEPXHOCTHBIX IEHTPOB MPUJINIIAHNS] HEPABHO-
BecHbIX (BO3OYKAEHHBIX B IOJYIMPOBOAHUKE CBE-
TOM) HOCHUTEJI€it 3apsiga. ITU yCTPOICTBA IIPUMEHS-
forest B o6smactu wactor 104 — 10° T Kak 51eMeHThI
OTITO3JIEKTPOHHBIX MOYJIATOPOB HAIIPSKEHUS, dJie-
MEHTOB PETYJINPYEMbIX PE30HAHCHBLIX CUCTEM, OHU
XapaKTepU3yIoTcsd HU3KUMU 3HAUEHUSIMU Y /I€JIbHOI
3JIEKTPUYECKOI eMKOCTHU ¥ HE IPUMEHSIOTCS B HU3-
KkovactoTHoll o6aactu (Menbime yem 102 Tr), xo-
TOpasi SABJSETCS BaKHOW /111 (DYHKIIMOHUPOBAHNUS
mpeo6pasoBareieil COJTHEUHON SHEPTUH.

HauGosiee 6 TM3KUM 110 TEXHUYECKOU CYTH K pas-
pabGoTaHHOMY aBTOpaMu (POTOKOHIEHCATOPY SIBJIS-
€TCs TBEP/IOTEJILHDIN TIOJIYTIPOBOHIKOBBIN (DOTOBA-
pukan Ni—GeO — GaSe [7], koTopblii xapakTepu-
3yeTcsl HEBBICOKUMH 3HAUYEHUSIMU Y/IETbHON eMKO-
cT 1 Koa(ppuimenTa nepexpouITHs 0 EMKOCTH TTPU
ocsenternn (OTHONIEHNE 3HAYEHUIT EMKOCTH CTPYK-
TYPbI, U3MEPEHHBIX MIPU €€ OCBENICHUH U B TEMHO-
Te) NPH HU3KHUX 4aCTOTaX 9JEKTPHYECKOrO CUTHA-
aa (< 10% Ti). dr1o cBsAzano ¢ PU3HUECKOIT TIPUPO-
JION SIBJIEHWH, KOTOPbIE IPOUCXOJISIT B TBEPAOTEb-
HBIX TIOJYTPOBOIHUKOBBIX (hOTOBApHUKAIAX U 00Y-
CJIOBJIMBAIOT M3MEHEHNE EMKOCTHU CTPYKTYP MPHU UX
ocserniennn [7].

B naunnoit pabore npejcraBiaena MoJiesib hOTO-
KOH/IEHCATOPa Ha OCHOBE CJIOUCTOTO TOJIYIPOBO-
JTHUKOBOTO MOHOKpHcTaia InSe, nnrepkaampona-
HOTO HOHAMHU CerHerossiekTpudeckoii comn RbNO,
M3 ee paciljiaBa C BBICOKOU y/leJIbHOU 3jieKTpuye-
CKOIl eMKOCTbIO U 6oJibiuM Koadduimentom me-
PEKPBITHS IO OCBENEHNI0, PA6OTOCTIOCOGHOTO B Ua-
crotHoM muarazone 1071 —10%4 Tir.

CuHTe3 KOMIIO3UTHOTO MaTepHaJa
U KOHCTPYKIHs (POTOKOHAEHCATOpa

[TomynpoBOAHUKOBbBIE MOHOKPHCTAJLABI 7-InSe
BBIPAIMBAJINCH METOJIOM BpH/KMeHa 3 HeCTeXNO-
metpuyeckoii cmecn xommnonentos (In, (5Se) o).
Jlna w3rotoBnenus paszpabOTaHHBIX yCTPOWCTB
HCIOJIb30BATUCH BBICOKOOMHbBIE MOHOKPUCTAJLIbI
InSe, KOTOPbIE UMEJN KPUCTAJLITTIECKYIO CTPYKTYPY
Y-TIOJIUTHIIA, 7-TUII POBOMMOCTH ¢ KOHIIEHTPAIiel
971eKTPOHOB 0K0.10 101 cM™3 1pu KOMHATHOIT TeM-
nepatype. 13 GOJIBIIMX CAMTKOB MOJTyYEHHBIX MO-
HOKPHCTAJIJIOB MEXaHMIECKUM CKAJIbIBAHUEM BJIOJIb

TexHosornst 1 KOHCTPYNPOBaHKE B 3JIEKTPOHHOI anmapatype, 2018, Ne 2
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CJIOEB OT/IEJISLINCD TIIACTUHKHI pasMepoM 4x4x(),2 MM.
[Mosyuennsrit o6paser InSe nomernancs B hapdopo-
BBIii TUTENTb, XUMIUYECKU MHEPTHBIN K PACILIaBIEHHO-
My HUTpaTy pyOujusi, ¥ BBIJIEPKUBAJICS B paCILIa-
Be com RbNO, npu remneparype 370°C, koropas
MOJIIEPKUBATACH ABTOMATHYECKU BBICOKOTOUHBIM
peryasaTopoM ¢ toyHocTbio =0,1°C. [lautesbHOCTD
MpoIlecca 9KCIIOHUPOBAHMS COCTABJISLJIA TIPUMEPHO
10 mun. Iloce BHenpeHUsT MOHOB COJIA B BaH-/ep-
BaabCcOBBI Tiesau InSe o6paser oxjaskaancs 10
KOMHATHO# TemmepaTypbl. CxeMa TeXHOJOTHYE-
CKOIl YCTAaHOBKU JIJISI HMHTEPKAJISIIU MOHOKPUCTAJI-
JioB n-InSe npuseznena B [8].

Ha Bepxwuiono u HukHiO© 1oBepxHoctu (0001)
HAHOKOMIIO3UTHOTO MAaTepuasia TEPMUYECKUM pac-
IbLIEHNEM B BaKyyMe Ocak/asics TOHKui (ToJrm-
HOW HECKOJIbKO JIECATKOB HaHOMETPOB) cJoii In,
KOTOPBIH MeeT BBICOKNH K03 UIMEHT POy CcKa-
HUS JIJI TAJAI0NIX HAa 9TY TTOBEPXHOCTb (DOTOHOB
B o6Jjactu (pyHJAMEHTATHHOTO TOoTJIoNienust InSe
(hv > 1,3 9B). [loBepXHOCTD, HA KOTOPYIO Gyzer
MaJiaTh CBET, JOTIOJHUTEIHHO MOKPBIBAIACH 30JI0-
TOM. TOKOBBIE BBIBOJIBI MOMAUBAJIUCH K 6A30BBIM
mockoctam (0001) HaHOKOMITO3UTHOTO Marepua-
Jia ¢ momoripio criaBa In—Ga. Ctpykrypa repme-
TU3UPOBATIACH KOMITAYH/IOM CO BCEX CTOPOH, KPOMe
¢ponTtanbHOil mIockocTn. KoncTpykims ¢GOTOKOH-
JIEHCATOpa CXeMaTHYeCKH TIpeJICTaBJeHa Ha puc. 1.

Bo Bpemst usmepenus eMkocT hoTonpeo6paso-
BaTesb 3aCBEYMBAJICS HEMOJLYJTUPOBAHHBIM OEJIbIM
cBeToM. MHTerpaibHas MJIoTHOCTh CBETOBOTO TIOTO-
Ka Ha (POHTATBHON MOBEPXHOCTH CTPYKTYPBI CO-
craBassia okoao 200 MkBr /cm?. VismMepeHnst Kom-
MJIEKCHOTO 3JIEKTPUYECKOTO UMIIEJJaHCA CTPYKTYP
MPOBOJIMJINCH B TepPMETUYHOM OOKCe B CYXOW ar-
mocepe, ocymennoi P,O.. MOp(I)UOJIOI‘I/IH cop-
MUPOBAHHBIX HA BaH-/[€P-BAaJbCOBOM MOBEPXHOCTU
(0001) InSe manocrpyxkryp RbNO, konTposHpO-
BaJIaCh € TIOMOIIBIO ATOMHO-CHJIOBOTO MUKPOCKOTIA
(ACM) Nanoscope IIIa Dimension 3000 (Digital

Cser

HATY

!
\ I . In

In

Puc. 1. Koncrpykuus dorokonziencaropa n-InSe<RbNO,>

Instrument) B pexuMe TIEPHOIMUECKOTO KOHTAKTA.
V3mMepenusi MpoBOUIINCH Ha BO3/yXe IOCJTE CKa-
JIBIBAHUS TJIACTUHOK ¢ 0O6PA3IOB MU3TOTOBJIEHHOTO
HAHOKOMTIIO3UTHOTO MaTepuasa BIOJb TJIOCKOCTEN
(0001) InSe. YacToTHBIE XapPaKTEPUCTUKU E€MKO-
cTH (POTOKOH/IEHCATOPOB U3MEPSLIUCH TIPU KOMHAT-
HOU TeMIlepaType B TEMHOTE U TIPU OCBEIEHWH C
TIOMOIIIBIO UBMEPUTENST HJIEKTPUUECKOTO MMITe/IaH-
ca Solartron FRA 1255. /Iudpakrorpamma 1moJy-
dena Ha ycranoBke JIPOH-2.0 (CuK -uzydenne).

Pe3lebTaTbI I/ICCJIC/IOBaHI/Iﬁ u ux o6cy>K/:[eH1/Ie

W3 ananmsa pe3ysibTaTOB PEHTIEHOBCKUX W3-
MEpPEHUll MOJYYEHHBIX HAHOKOMIIO3UTOB CJIEIYET,
YTO MHTepKaIupoBaHHble 06pasibl [nSe<RbNO,>
COXPAHSIOT MOHOKPUCTAJIIMYECKYIO CTPYKTYpPY, a
CIEKTDP PEHTIeHOBCKOW AupaKTOrpaMMbl CBU/IE-
TEJIbCTBYET O BXOXK/JEHUU WHTEPKAJISHTA B BaH-
Jlep-BaaJIbCOBBI 1I[E€JIU CJIOUCTOTO MOHOKPHCTAJI-
jga InSe ¢ yBenmuenmem mapameTpa pemieTKu ¢,
paBHoro 2,49641 HM, U cOXpaHeHHeM IMapaMmeTpa
a = 0,40020 uM. B kavectBe mpumepa Ha puc. 2
MPEJICTABJIEHA PEHTTEHOBCKAs AudpakTorpaMmma
OJIHOTO U3 UCCJEN0BAaHHbIX 06pa3ioB. OTcyTCTBHE
JIOTIOJTHUTEIbHBIX TTUKOB CBU/IETEIBCTBYET O TOM,
YTO IMOJIYYEHHBI MaTepuaJ HE COAEPKUT ITOCTO-
POHHUX TIpUMeceil.

Ha ACM-u3o6pakeHusaX TIOBEPXHOCTH CJI0EB Ha-
HOKOMIIO3UTHOTO 06pa3iia, IPUBEJEHHBIX Ha pUc. 3,
BuHbl ocTpoBkr RDNO,, koTopbie popmupyior Ha-
HOpa3MepHbIe KOJIbIa. BbIcoTa OCTPOBKOB He MPEBbI-
IaeT MWPUHBI BaH-/IeP-BaaabcoBol miesu /s InSe,
KoTopas cocTasJisieT npuMepro 0,35 HM, a cpeaHuit
BHEIIHUI AWaMeTP KoJell He IpeBbiimaer S50 HM.
AncaM6b HAaHOKOJIEI[ XapaKTePU3yeTcsl BBICO-
KOii moBepxHOCTHOI 110THOCTBIO (107 — 1010 cM72)
B 1nockoctu (0001) cioeB KpucTaia.

Boicokasi yaenbHas eMKOCTb HUCCJEyeMO-
ro o6pasua (puc. 4, TaGauua) nNpu OCBENICHUH
(1—-10* d /cM?), xoropag Habmogaerca B Jua-
nazone yactor ot 107! mo 103 I'm, cBg3ama ¢ Ma-
JIOH TOIWHON cjiosi ['esibMroJiblla B TBEPAOTED-
HBIX HAHOWOHHBIX KOHJ/IEHCATOPAaX, BCTPOEHHBIX B
cJoucTyto Matpuily. B o6beMe HAHOKOMITO3UTHOTO
MaTepHasa co3JaeTcs: GOJbIIOE KOJIUYECTBO TAKUX
HAaHOKOH/IEHCATOPOB, KOTOPbIE BHOCST BKJIAJ B 06-
HIYIO 3JEKTPUYECKYI0 EMKOCTh KPUCTAJLIA.

[Ipu o6syvyeHnr HAHOKOMIIO3UTHOTO 06pasiia
cBeToM u3 obsiactu (yHAAMEHTAJIBHOTO IOTJIONIe-
nus InSe (¢ sHeprueii poronos hv > 1,3 5B) 3a
cueT OTOBO3OYK/IEHHBIX HOCUTEIEH B TIOJTYITPOBO-
JIHUKE YBEJIMYUBAETCS KOHIEHTPAIMS 3JIEKTPOHOB
Ha reTepOTPAHUIAX MEXK/y MOHHOI COJIbIO M OKCH-
oM InO . IIpu aTom TommuHa cios I'exbMrosbiia,
KOTOpasi OlpeJleisieT eMKOCTb HAHOMOHHOTO KOH-
JleHcaTopa, yMeHbIaercs 3a cueT auddy3noHHOi
cocTaBJstionieit [9], 1 eMKOCTh HAHOMOHHOTO KOH-

4
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Puc. 2. Penrrenosckast gudpaxrorpamma o6pasia InSe<RbNO,>, nHTepKajnpoBaHHOTO B paciiaBe RbNO
npu temmneparype 370°C B TeueHue 8 MUH

a) 6)

10 HM 10 um

MKM MKM

Puc. 3. ACM-uso6pakeHue BaH-[eP-BaajbCOBON IIOBEPXHOCTH HAHOKOMIIO3MTHOro o6pasia n-InSe<RbNO.>,
CHHTE3MPOBAHHOrO npu Temieparype 370°C 1 AJUTESbHOCTH MHTEPKAJIAIUKE HOHOB cosun 8 mut (@) u 16 Mun ?6)

BaIOT 3TOT 6apbep, U 3JEKTPUUYECKast IIPOBOJIUMOCTD
MaTepuasa B/IOJb OCH € pacrteT. B KJaccuueckux

JeHcaTopa CUJIbHO PAaCTET, 4YTO IIPUBOJUT K 3HAYM-
TE€JIbHOMY YBC/IWYEHUIO HANIPAKEHHOCTU 3JIEKTPU-

YECKOTO I0JIsI B 06JIACTH HAHOKOJIEII.
BeprukaibHbIil TpaHCTIOPT BO36OYK/IEHHBIX CBETOM
HOCHTEJIel BJI0JIb KPUCTALIOrpaduuecKoii Ocu € B -
CTBIX CJIOUCTBIX KPUCTAJLJIAX OIPEIEISIeTCs SHepre-
TUYECKUM 6apbepoM, CBSI3aHHBIM C JieeKTaMu UX
VIIAKOBKU. B yCJIOBUSAX CHJIBHOIO 3JIEKTPUYECKOTO
0Jist, KOTOPOE BO3HUKAET TIPU OCBEIEHUY HAHOKOM-
MO3UTHOTO MaTepuasa, 3JeKTPOHBI JIETKO TTPeo/I0Ie-

6apbepHbIX (hoTorpeobpazoBaTesax ToamuHa 6a30-
Boro cJiost InSe He MOKeT ObITh 6OJIbIIIE HECKOJIBKIX
MHUKPOMETPOB, UTO CBSI3aHO ¢ MaJiol nddy3noHHoit
JUTTHON HEPABHOBECHBIX 3JIEKTPOHOB B PE3yJIbTATE
WX 3HAYUTELHON PEKOMOMHAIIUY TTPH BEPTUKAJIHHOM
TpaHcrnopre B/10Jib ocu ¢ Kpuctasia [10]. B pacema-
TpUBaeMOM 06pasile MOHHAS COJIb BHEJPSIETCS MEXK-
ny ciaogmu InSe B MJIOCKOCTSIX, KOTOPbIE PACIIOIO-
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Puc. 4. YacroTHasg 3aBUCUMOCTD 3JIEKTPUYECKON €MKO-
cru dorokonsiencaropa Ha ocHose InSe<RbNO.> npu
U, = 8 B B temuore (1) u npu ocsemennn (2)

C

Emxocms homoxondencamopa na ocnose n-InSe<RbN O ;>

npu U, =8B
Yacrora, Emkoctsb, Y nenbHasg eMKOCTD,
T D @D /cm?
1071 7000 4,4-101
100 500 3103
10! 60 3,8-102
102 B} 31
103 0,2 1,3

JKEHBI TIEPUOIMYECKH BIOJb 3TOH OCH HA PACCTOs-
Hun [ (lecATK HAHOMETPOB), YTO TOPA3/0 MEHBIIE
muddysnonnoit aiuubl gporonocureneit. [lpu mpu-
JIOJKEHUU K YCTPOUCTBY MOCTOSTHHOTO HATIPSI?KEHS
U, HaHOMOHHbBIE KOHJEHCATOPbI, KOTOpbIe (Pop-
MHUPYIOTCSI B 9TUX TLIOCKOCTSX, OGECTIEYNBAIOT Tie-
PEHOC 3JIEKTPOHOB MPAKTUYECKU 03 pAcCenBaHUS.
ITpu stoM [aeficTBUTENBHAST YACTh KOMILIEKCHOTO
nmnesanca InSe<RbNO,> npu ocsemenun ne 3a-
BUCHUT OT YaCTOTBHI B UCCJIEAYEMOM YaCTOTHOM JIHa-
nazone (< 10 Tu). B npeasioskeHHOM ycTpoiicTBe
HepaBHOBeCHbIE (POTOHOCUTENN B YCJIOBUSIX CHJIb-
HOTO TIOJIST He YCIEBAIOT PEKOMOMHUPOBATD U TIPO-
JIETAIOT 3HAYUTENBHO OOJIbIlIEe PACCTOSHHE B/OJIb
OCH € CJIOUCTOTO KPUCTAJLIA, YeM 9TO HAOJIIOIAETCS
B KJIaccuueckux (otonpeobpa3oBaTesisix, H3roToB-
JIeHHBIX Ha ocHOBe InSe [9]. D10 mo3BossgeT yBeau-
YUTb TOJIIUHY 6A30BOTO CJIOST TIOJYTTPOBOIHUKOBO-
ro Marepuaja M 06eCIeYnTh CHJIbHOE TIOTJIONEHIEe
cBerta B kpuctawie InSe, koTopwlii xapakrepusy-
€TCs HEBBICOKMM 110 CPDABHEHWIO C JIPYTHMU TOJY-
MPOBOJHUKAMU KO3(DDUIINEHTOM OTITHYECKOTO MMO-
raomenus (= 103 em™!) B cmexTpaabhoii 06mactn

109 F

KoaddummenT mepexpoitus,
OTH. el.

106 "

100

102 101 106

Yacrora, 't

Puc. 5. YacrorHast 3aBucuMOCTb Ko3a(dummenTa Ie-
PEKPBITHS 110 eMKOCTH (POTOKOH/EHCATOpa Ha OCHOBE
n-InSe<RbNO,> npu ocsemenuu

hv > 1,3 5B, T0 ecTb TOBBICUTD 3 PEKTUBHOCTD HO-
TOTIPEBpAIEHUST M 06ECTIeYNTh BbICOKUI K03 du-
uneHt nepekpbitust mo emroctu (= 109) npu ocse-
menun (puc. 3).
BoiBo1b1

Takum 06pas3oM, MCCJAeTOBAHMS MOKA3ATIA BO3-
MOXKHOCTD M3TOTOBJIEHNS (DOTOKOH/IEHCATOPA C BbI-
COKOH y/leJIbHOH €MKOCTBbIO Ha OCHOBE HOBOTO Ha-
HOKOMIIO3UTHOTO Matepuania n-InSe<RbNO,>.
dusnveckre SBJIEHUS CAMOOPraHWU3AllMM HAHO-
CTPYKTYP C MOHHOIl IIPOBOJMMOCTBIO HA IIOBEPX-
HOCTAX cJjioeB InSe ¢ MOJEKyJIIPHBIM THIIOM CBSI-
31, KOTOPbIE€ HCHOJB3YIOTCSI NPHU MOJyYEeHUHU
n-InSe<RbNO,>, 103B0JIAIOT MOJTy4aTh MaCCHBbI
HaHopasMepHBIX 2D-BKIIOUEHWN € MOHHOHN TIpo-
BOJMMOCTBIO M C 33/laHHBIMU TE€OMETPUYECKUMU
pasMepamMu, MOPQOJIOTHEH U IIPOCTPAHCTBEHHBIM
pacmpeziesieHUeM B MaTpHIle CJOWCTOTO KPHUCTAJI-
Jla TIpPM HU3KOM YPOBHE MaTepHabHBIX 3aTpart.
Paspa6oransblil (OTOKOHAEHCATOP UMEET BBICOKYIO
VAEJbHYIO 3JIEKTPUIECKYI0 eMKOCTD, GOJIBIION KO-
acpuruenT epeKpoITUS 10 EMKOCTHU MIPU OCBellle-
HUM, CIIOCOOEH HAKAIlJIMBATD 3JIEKTPUUCCKUH 3a-
psi/l, OH MOKeT ObITb UCTIOJb30BAaH B KAUECTBE HU3-
KOBOJIBTHOTO TIOJIYTIPDOBOJHUKOBOTO YCTPOWCTBA B
OIITO3JIEKTPOHHBIX CHUCTEMaX IaMsTH, B (POTO3JIEK-
TPUYECKNX CEHCOpax, B MpeoOpa3oBaTessix CBe-
TOBOW 9HEPTUU U B HAKOIUTEJSIX 3JEKTPUUYECKOM
SHEPIUU.
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OOTOKOHAEHCATOP HA OCHOBI
HAHOKOMIIO3UTY n-InSe<RbNO,>

Memodon inmepxarauii ionie ceznemoenrexmpuunoi coai RbNO, i3 ii posniagy y wapyeamuil MOHOKPUCAL
InSe ompumano nanoxomnosummuii mamepiar n-InSe<RbNO;>, axuil moxe b6ymu euxopucmanuii 018 6uUz0-
moenenus homoxonderncamopa 3 6UcoxKo numomoio emnicmio. Ilposedeno penmeeniscokuil anaiiz cmpyxmypu,
ompumano ACM-300paxenns nosepxmi wapis, GUMIpsHo OieleKMmpudHi 4acmOmHi XapaKkmepucmuxu 3pasKie.

Bcemanosaeno, wo inmepxaivosani spasku InSe<RbN O ;> 36epizaioms MOHOKpUCMAiuny cmpyxmypy, d Cnexmp
penmeeniecokoi QuPparmozpamu ceiouums npo 8X00KeHHs IHMEPKANINMA 8 6AH-0eP-8AdANbCOGT WIAUHU WAaAPY-
6amozo monoxkpucmanry InSe 3i 36invwennsm napamempie xpucmaniunol pewimxu. Ha ACM-306paxennsx
NOGEPXHL WAPIE HAHOKOMNOIUMNOZO Mamepiany cnocmepizatomocs ocmpicui RONO, y uznsdi nanoposmipnux
Kizeyb. Bucoma ocmpisyie He nepesumyyc wupunu 6amn-dep-6adaivcosol wiiunu oas InSe, sxka cmanosumo
= 0,35 nm, a cepednitl 306niwnitl diamemp Kiieyvp 6.1u3vko 50 Hm.

Ancam6.avs nanoxiaeyny é naowuni (0001) wapie kpucmary xapaxmepuzyemvcst 6UCOKOI0 NOGEPXHEGOIO ULIBHICIO
(10°—10"" cm?). Taxum wunom, npu 6uz0MOGAEHHT HAHOKOMNOIUMHOZO0 MAMEPIANLY 0L 3ANPONOHOBAN020 (ho-
TMOKOHOEHCAMOPd 8UKOPUCTMOBYOMBCS PI3UUHT A6UWA CAMOOPLAHI3AULT HAHOCMPYKMYD 3 10HHON NPOBIOHICINIO
HA NOBEPXHAX WAPIE 3 MONEKYAAPHUM Munom 36'43ky. Lle 0o3eonsc ompumyeamu Macusu HAHOPOIMIPHUX
2D-sK0uens 3 i0HHOI0 NPOBIOHICMIO T 3 3A0AHUMU 2COMEMPUUHUMU POIMIPAMU, MOPGOII0ZIEI0 i NPOCTNOPOBUM
pPO3N00INIOM 68 MAMPUYT WAPYEAMO20 KPUCTNATY.

Pospobaenuii  pomoxondencamop mac Gucoxy numomy eiexmpuuny emuicmo, gucoxuii (6ausvko 10°)
Koeiuienm nepexpumms no emmocmi npu oceimaenni (GIOHOUEHHS 3HAUEHD EMHOCT CIMPYKMYPU, OMPUMAHUX
3a 0ceIMACHH MA Y MEMHOME), 30AMHUT HAKONUUYBAINU CACKMPUUHUTL 3aPS0, Gil MOXKe OYmu GUKOPUCTRAHULL
AK HUSLKOBOJbMHUT HANIENPOGIOHUKOGUL NPUCTPILE 8 ONINOESEKMPOHHUX CUCEMAX NaAM Ami, 8 homoesexmpu-
HUX CEHCOpax, 68 Nepemsoproeaidx Ceimi060i enepzii i 6 HAKONUUYEAUAX eAeKMPUUHOL eHepeii.

Kmouosi crosa: homoxonderncamop, inmepxanrauis, nanienposionux A’BC, ceznemoenexmpux, nanoxomnosum.
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PHOTOCAPACITOR BASED ON NANOCOMPOSITE #n-InSe <RbNO,>

The n-InSe<RbN O ;> nanocomposite material was obtained by the method of intercalation of the InSe layered
single crystal from a melt of RONO, ferroelectric salt, which can be used for the production of a high-specific
capacitance photoconductor. X-ray analysis of the structure, AFM-imaging of the surface and measurement
of dielectric frequency characteristics of the samples were carried out. It was found that the intercalated
InSe<RbNO > samples keeps the type of monocrystalline structure, and the spectrum of X-ray diffraction
pattern indicates the implantation of the intercalant in the van der Waals gaps of layered InSe single crystal
with an increase in the parameters of the crystal lattice.

AFM images of the surface of nanocomposite material layers show the RbNO, islands in the form of nanosized
rings. The islands' height does not exceed the width of van der Waals gap for InSe, which is = 0,35 nm, and
the average outside diameter of the rings is = 50 nm. The ensemble of nanorings is characterized by a high
surface density in (0001) plane of the crystal layers (10°—10"° cm™2). Thus, the physical phenomena of self-
organization of nanostructures with ionic conductivity on the surfaces of layers with a molecular type of bond
are used in the making of nanocomposite material for the proposed photoconductor. This allows us to obtain
arrays of nanosized 2D inclusions with ionic conductivity and with given geometrical sizes, morphology and
spatial distribution in a matrix of a layered crystal.

The developed photoconductor has a high specific electrical capacity, a high coefficient of overlapping of the
capacity (= 10°) in the light, has the ability to accumulate electric charge, it can be used as a low-voltage
semiconductor device in optoelectronic memory systems, in photoelectric sensors, in light energy converter and

in the storage of electric energy.

Keywords: photocapacitor, intercalation, 111 — VI semiconductor, ferroelectric, nanocomposite.
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HYBCTBUTEJIBbHOCTb MATPUIL 113C
C QJIEKTPOHHbBIM YMHOKEHWEM

Hccaedosannvl wyecmeumeisHOCMs U OCHOBHbIE JNeKMPULECKUE XAPAKMEPUCTNUKU PA3PAOOMAHHBLY MAMPUL,
npubopos ¢ 3apsdosoll ces3b10 U INEKMPOHHIM YMHOKEHUCM C NPAMOU 3dceemKol ghopmama 576x288 u
640512 npu KomMHamHoOU memnepamype u HU3KOU 0C6eweHHOCU. Xapakmepucmuky, noiydyeHHvle npu
oceewennocmu 510~ noxc (ceeuenue 36e30n020 neba npu nezxou obaaunocmu) u 1072 noxc (ceeuenue
36301020 neba u uemeepmu Jymol), cOOMEEMCMEYIOM NApaAMempam d1eKMpoHHO-ONTNUYECKUX Npeobpa-
308ameetl noxonenus 2*, umo npeonoiazaem 603MOKHOCMb UCNOJL30BAHUSL MAKUX MAMPUY, 6 NPUOOPAX
HOUH020 BUOEHUSL.

Knioueswvie crosa: H3C—d)omomampuubz, INEKMPOHHOE YMHOKEHUE, YYyeCmeumelbrHoCcmo, darvrocms 00Ha-
PYKeHUA, uaenmuqbufcauuﬂ 0666Km06, npamas 3aceemrd, HU3KUue oCeeu,ernnocmu.

[ITpu6oOpbl HOYHOTO BH/EHUS TPAXKIAHCKOTO U
CTEeNUAJIBbHOTO HA3HAUEHWS, KJIIOYEBBIMU 3JIEMEH-
TaMU KOTOPBIX SBJISIOTCS 3JIEKTPOHHO-ONTHYECKUE
npeo6pasosarean (JOII), MHUPOKO HCIIONB3YIOT-
CsI B YCJIOBHSIX MAJIONl M CBEPXMAJIOW OCBEIeHHO-
cTu B 06JIaCTSX CIIEKTPA OT BUAUMOTO /10 GJIMKHE-
ro uudpakpactioro (MK). Hecmorpst Ha niporpecc
B 00J1aCTH CO3/IJaHMS HEOXJIAK/AEMBIX TEIJIOBU3NU-
oHubIx npueMHuKOB MK-uznysenns, IOII ocra-
10TCs HanboJiee MACCOBBIMU CUCTEMAMU JIJIs1 BU3Y-
AJIbHOTO HAGJIO/IEHUs B TEMHOE BpeMs CyToK [1].
Takme ycrpoiicTBa HEOOXOAUMBI [JIJISI PETYJIUPO-
BaHWS JIBUJKEHUSI M BOJK/JEHUSI aBTOTPAHCIIOPTa B
HOYHBIX YCJOBUSIX, B CIIEKTPOCKOIIUU TIPU U3yde-

[SBA] [UBA]

100

HUU aTMOocepbl y/IaJleHHbIX TIaHeT, B OXPAaHHBIX
cucTeMax, TeJeBUJEHUN B YCJIOBUSX HU3KOW OCBe-
nenHocty u Jip. HoMmenkaatypa npu6opoB HOYHO-
ro BujeHns Ha ocHoBe JOII ceromHs HacuUTHIBA-
€T JIeECSITKU Pa3HOBUIHOCTEN, YTO ITO3BOJISIET Clle-
JIaTh HEOOXOMMBIN BIOOP B 3aBUCUMOCTH OT YCJIO-
Buii HabmoaeHust 06bekToB (Harpumep, 1aabHOCTD,
K03 puImeHT oTpaskeHus, KOHTpacT, pa3mMep 06b-
eKTa U Jp.), IPU 9TOM UX CTOMMOCTb HAXOAUTCS
B [ualria3oHe oT HecKoJibKux cored g0 10— 12 TbI-
cau USD [2].
B oxpaHHBIX cuCTEMax M CHUCTEMAX BOXKIEHUS
B HOYHBIX YCJOBUSAX 00BIYHO McTob3ytorcest JOII,
akTUBHO pasBuBaemble ¢ 1940-x To10B MO HACTOS-
niee Bpems [1—4]. S0II
SBJSIOTCS 3JEeKTpPOBa-
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Puc. 1. CrexTpanbuble 3aBUCHMOCTU KBaHTOBOH addekTuBnoctu QF doTtokaronos
pasauunoro Tumna [5] u kpemuueBbix [13C ¢ npsiMoil 3acBeTKOM, a Tak)Ke YyBCTBU-

TPaJIbHOI 06JIaCTBIO YyB-
CTBUTEJIBHOCTH YeJIOBeYe-
CKOTO TJIa3a B yCJOBHSIX
HU3KOW OCBEIIEHHOCTH.
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B mocsennne aBa EeCATUIETHST YCIENTHO Pas-
BUBAIOTCST YCTPOMCTBA BU/IEHUS C MATPUTIAMU TIPH-
60poB ¢ 3apsaa0Boii cBasbio (II3C) ¢ BHyTpeHHUM
asieKTpoHHbIM yMHOKeHneM (QY) [6—10]. Takue
YCTPOWCTBA TIpe/IHA3HAYEHDBI 1 HAOJIOJCHUI B
YCJOBUSAX CJTa00N OCBENIEHHOCTH U PETUCTPAIAN
OJIMHOYHBIX (DOTOHOB, a TIPHU THEBHOM OCBENEHUN
UX MOJKHO HCIOJIb30BaTh, KaK OObIYHbIE (hOTOMA-
Tpuiibl GoTo- U Bugeokamep (OTKIIOUEHO YMHOXKe-
Hue). Baarogaps agpdekTy JTaBUHHOIO YMHOKEHHUS
3apSI/IOBBIX MAKETOB /10 UX MPeo6pa30BaHus B BbI-
XOJHOW CHTHAJ, B TaKUX HpuOOpax MoKeT ObITh
o6ecrieueHo ycuaenrne POTOCUTHAA B THICSYU Pa3,
YTO MO3BOJISIET CYIECTBEHHO YIYUIIUTD OTHOIIEHIE
CUTHAJ /TIyM BILJIOTHh JI0 BO3MOKHOCTH DPETHCTPA-
Y eIMHIYHBIX (POTOHOB. Y IPABJISIONIAS SJIEKTPO-
Huka I13C-9Y HecKoJbKO CJIOKHEe, yeM, HallpH-
Mep, B DOII mokosennit 2° u 3%, HO B HUX OTCYT-
CTBYIOT (DOTOKATO/IBI U MUKPOKAHAJIbHBIE TLITACTHH-
KU, OHU 3HAUUTEJTBHO 00Jiee KOMITAKTHBDI.

Hesbio HacTosimieil paboThl OblTa OIIEHKA YYB-
CTBHUTEJIBHOCTU Pa3pabOTaHHBIX IPUOOPOB C 3apsi-
JTIOBOI CBSI3bI0 C BHYTPEHHUM 3JIEKTPOHHBIM YMHO-
JKEHMEM B CPaBHEHUU C BaKyYMHBIMU 3JTEKTPOHHO-
OTITUYECKUMU TMPUOOPAMU U BO3MOKHOCTH UX HUC-
MOJIb30BaHMUS 0€3 OXJIAKIAEHUS B YCTPOUCTBAX HOY-
HOTO BUJIEHWUS.

UccnenoBanuch pazpaborantbie GOTOMATPUIIBI
dopmara 576x288 u 640x512, cipoeKTUPOBAHHBIE
C MCTIOJh30BAaHUEM APXUTEKTYPBI TIOKAIPOBOTO Tie-
peHoca (frame transfer) mo 1,5-MKM IPOEKTHBIM
HOpMaM ¢ pas3MepaMu (HOTOUYBCTBUTEJIbHBIX STUe-
ek 20x30 u 16x16 MKM COOTBETCTBEHHO U U3TOTOB-
JIEHHBIE TI0 AN-KAHAJbHOW TEXHOJOTHU CO <«CKPBI-
TBIM» KAHAJIOM, YETHIPHMSI YPOBHSIMU TIOJUKPEM-
HUEBBIX HJEKTPOJIOB U JIBYMST YPOBHIME MeTaJLIH-
samuu [10].

Oco6eHHOCTH TIPUMEHEHHs] TPHOOPOB HOYHOTO
BUIECHUS

Passmunble ycnoBusi Habuogenus (ocBeneH-
HOCTh 00'beKTa HAOTIOICHIST, KOTOPas 3aBUCUT KaK
ot (paspt Jlynbl, Tak u OT reorpauueckoil MMUpPo-
TBI, TPOIyCKanue aTMocdepbl, KOHTPACT MEXKIY
(OHOM 1 O6BEKTOM, €ro pasMepbl U Jp.) Olpe/e-
JITIOT 0COGEHHOCTH TIPUMEHEHUST TIPUOOPOB HOUHO-
ro suzenusa [11].

B ycnoBuax mosmoit JIyHBI ILIOTHOCTH JIYHHO-
rO U3JIy4eHUs] CPAaBHUMA C TJIOTHOCTBIO CBEYEHUST
HOuHOro Heba B GimskHel MK-o6iactu criekTpa.
Cseuenne nounoro ne6a (CHH) asisercsa gocra-
TOYHBIM JIJIS1 FICTIOJIb30BAHMS TTPHOOPOB HOYHOTO BH-
JieHns, QYHKIIMOHUPYIONINX B CIIEKTPAJIBHON 06J1a-
cru A = 0,50—1,05 mxm (puc. 2). [Ipaktuueckn B
9TO JKe CIIEKTPATbHON 06JIACTH CIIEKTP U3JTyYeHHUST
6€e3JTyHHOTO HOYHOTO Heba 6JIN30K K CIIEKTPY H3JIY-
yenus a6comorao yepnoro testa (T = 2856 K) [1].

WNurencusnocts CHH B BuauMoii o61actu criekTpa
MPUMEPHO paBHA WHTEHCUBHOCTY 3BE3/THOTO CBETA,
a B uHdpakpacHoil 06JaCT 3HAUYUTEIBHO €€ Tpe-
BOCXO/IUT, TTOITOMY HOUHOE HEOO He SIBJISIETCS TeM-
HBIM Ja’Ke eCJIM UCKJIOYNATH c¢BeT OT 3Be3x [13].

[LnotHocTh TIOTOKA (PoTOHOB (CM. puc. 2) B 06-
JIACTSIX CHEKTPA, rJie (POTOUYBCTBUTEIbHBI (DOTOKA-
toapl DOII 1 KpeMHUEBBIE /IETEKTOPBI, CUJIBHO 3a-
BUCUT OT JIIVHBI BOJIHBI u3jayueHusi. CBETUMOCTD
armocdepnr B O6amxneit MK-o6mactu criekTpa
cina6o 3aBucuT OT (aspl JIyHBI, KOTOpasi BHOCHT
OCHOBHOU BKJIaJl B KOPOTKOBOJHOBOM /IHATA30-
He crekTpa. Kpome TOTO, OCBelIeHHOCTb B GJIMK-
Heii MK-o6mactu criekTpa 3HAYUTETHbHO MEHBIIE
3aBUCHUT OT aTMOC(EPHOTO MOTJOIEHHS IO CPaB-
HEHUIO ¢ BUAUMBIM JuamasoHoM [12]. dtu aBa 06-
CTOSATEJIbCTBA U ONPENeAioT 3P PeKTUBHOCTD NIPU-
MeHeHUs PpUOOPOB HOYHOTO BHAEHHS B OJIMKHEM
NK-muanasone criektpa.

JI1 m3MepeHnst ypOBHST OCBEIEHHOCTH MCITOJTh-
3YIOTCST JTIOKCMETPbI, CTEKTPATbHAST UyBCTBUTEb-
HOCTh KOTOPBIX TMOYTH TaKas »Ke, KaK M y Tjasa
crangapTHoro Habmoaaress (IHEBHOE U cyMepey-
Hoe 3penne). [TOCKOJIbKY CIIeKTpaJbHbIe YyBCTBHU-
TEJTHBHOCTHU JIIOKCMETPOB M MCCJIEyEMbIX TTPUOOPOB
HOYHOTO BU/IEHWS MOTYT MeXIy co60# He COBMa-
JIaTh, TIPU WX CPAaBHEHUM JKeJaTeTbHO YUHUTHIBATDH
TaK)Ke CTEKTPAJbHbIE 3aBUCUMOCTH CBEUEHUS HOY-
HOTo He6a, BBICOTBI JIyHBI HAJl TOPU30OHTOM, KBaH-
toBoil apdexruroctu [I3C-3Y n(L), koadduru-
eHTOB OTpakeHus HalmogaeMblx 00beKToB R(L),
koadduimento nporyckanus armocdepst ¢, (1),
o6bexTuBa ¢ (1), BpeMeHU HAKOIJICHUS U T. IL.
daxruveckn, HEOOXOAUMO TIPUHUMATH BO BHUMAa-
HUe SHEPreTUYecKre XapaKTePUCTUKK U3JIyIeHNUsT,
MOTA/IAIONIET0 HA YYBCTBUTEJNbHBIE 3JIEMEHTHI HC-
cJIeyeMoro pubopa, u JIJist OTpeieIeHIsT TaTbHO-

1095 QE) %
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= [ A e e ——
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é 108: \’/\_\/ - ’\J/:“ 50
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Puc. 2. IlnotHocts motoka ¢otoHoB N B HOYHOE Bpe-
Ms1 B 3aBucumoctu ot a3z Jlyner [12] u tunuynas crex-
TpasibHASI 3aBUCUMOCTHh KBaHTOBOI addexruBnoct QF
Si [I3C-cTpyKTyp € TIPSIMOIT 3aCBETKOI:
1 — CHH + 0,89 Jlynpr; 2 — CHH + 0,5 Jlynsr,
3 — CHH + 0,25 Jlyusr; 4 — tonsko CHH
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cTH OOHAPY KEHUS, PACTIO3HABAHUS U UIeHTH(UKA-
MU 06bEeKTa CPABHUBATH YPOBHM CUTHAJIOB C TITy-
MOBBIMU XapaKTEPUCTHKAMU caMOil (POTOUyBCTBU-
TeJbHON MaTPHUIIBI.

[IpenrooxuM, 4TO OTpaskeHHOe OT 0ObeKTa Ha-
6.mo/IeHNsT U3JTydeHre 06y CJIOBJIEHO CBeYeHneM HOU-
HOro Heba B [MAlla30He JJINHBI BOJHBI OT A, 710 A,
Torpa wmcio crenepupoBaHHBIX 2JEKTPOHOB 7, B
onHOM (poTouyBcTBUTENbHOM dJseMeHTe 113C-9Y ¢
y4eToM K03 puIlneHTa TPOITyCKAHUS OMTUYECKOH

CUCTEMDI T, TTOKA3aHHol Ha pUcC. 3, Ompeesser-
CA BbIpasK€EHUEM
A
At F
ne == [ N Ty (M) 7o (1) RO) m0) A, (D)

HF# S

rae A, — miaomazab (POTOUYBCTBUTEIBHOTO 3JIEMEH-
ta [13C-3Y.

[Ipeanomaraercst, uto koadduiMeHT orpake-
Hug HabmoaeMblx 06bexToB R(A) He 3aBUCHT OT
yriia najgenus csera (moo6HO MJIOTHOCTH MOIIHO-
cTH TaMOEPTOBCKOTO UCTOYHUKA U3JIy4YeHHs, KOT-
Jla 9HEpPreTHYecKas CBETHMOCTb W3JIydarolieil mo-
BEPXHOCTU HE 3aBUCUT OT YTJIa U HAIPABJIEHUS W3-
JIyYEeHUsT).

Ha puc. 3 A, — miaomaznb o6bexTa HabI0/1€-
HUSL, TIPOEIpyeMast OTITUYECKOl crcTeMoit Ha (poTo-
YYBCTBUTEJbHBIN 3JIEMEHT, OHA COOTBETCTBYET MTHO-
BEHHOMY I10JII0 3PEHUS OJTHOTO INCKPETHOTO TTPUEM-
HUKa U3JIydenus; S = nD? /4 — miaomaab BXO/-
HOTO 3pauka jguamerpoM D; [ — paccrosiHue oT
00beKTa /10 OOBbEKTUBA; Q, =S, /12 — TtemecHblit
yros (moJie 3peHusi), B Npejesiax KOTOPOTO M3Jy-
YyeHHe OT OOBEKTa TIOCTYMAET HA BXO/HOHN 3pavyoK
ONTUYECKOI CUCTEMBI ILIOmAAbIo S ; Q= A /2=
=A,/f 2 — MTHOBEHHOE I10JIe 3PDEHHUS O[HOTO YyB-
CTBUTEJIBHOTO 371eMenTa. [Inadparmentoe yncio F#
JUIST TOHKMX JIMH3 TIPA OTHOCUTEJNBHO MAJIbIX ILIO-
ckux yruax sperus (0,2 < 15°) paccuuTbiBaercs
kak F# = 0,5sin0 /2 = f/D (f > 2D).

Ouenum pasmeppl IL10IAAN A  TIPU UCIIOJIb30Ba-
HUM CTaHJAPTHOTrO cTeK/ITHHOTO oObekTuBa Nikon AF

MrHoBeHHOe T10.J1e
3peHus

Nikkor 50 mm ¢ quadparmentbiM yncaom F# = 1,8
(f =50 mm).

Jlns matpuiel 576x288 ¢ pasMepaMu YyBCTBU-
TebHOTO aneMenTa L, = 20x30 Mxm (cooTBeTCTBY-
er paspemraionieii crioco6noctu 50 mWTp. /MM) s
yrmaQ=A/1?=A4,/f*=1,6-10"7 cp u aucran-
un 200 M moayunm L = (A )12 =8 em. Lna
MaTpuilbl 640x512 ¢ pasMepaMu 4yBCTBUTEJIBHOTO
anementa 16x16 mxm (= 63 mrp. /MM) sTa BeJu-
unHa cocraBuT L , = 6,5 cMm.

Hccaeqosanne 4yBCTBUTETbHOCTH
marpul I1I3C-3¥Y

Pacuer moporoBoii 4yBCTBUTEJIbHOCTH MOKET
ObITh C/leJIaH JINMIb JIJisi KOHKPETHBIX YCJOBUN Ha-
6smonenust oObekTa. [lJist mpuMepa pacCMOTPHUM J1Ba
BapUaHTa OCBEIIEHHOCTH — 3Be3JHOe He(O MpHu Ha-
Ju4un Jierkoii obaaunoctu  (puc. 2, xpuBas 4,
ocBenieHHOCTh E. ~ 5-1074 mokc); 3Be3HOE HEGO U
uyeTBepThb JIyHbI zKpI/IBaH 3, E, = 1072 mokc).

OrtenuM 9yBCTBUTENbHOCTH MaTpuil [13C-9Y
C IPsAMOM 3aCBETKOI M ILJIOIA/IbI0 UyBCTBUTEJIb-
noro snemenra 20x30 mxm npu 1 = 1, <~ 0,9,
R = 0,6, F# = 1,8 u ucnoJb30BaHUM YKa3aH-
Horo Boime oObektuBa (f = 50 Mm). B coorser-
crBun ¢ popmyoii (1) MOIydnM, 4TO YHCIO DJIEK-
TPOHOB, T'€HEPUPYEMbBIX OJHUM (POTOUYBCTBUTEIID-
HBIM 2JIEMEHTOM, COCTaBJIsIeT ipuMepHo S0 e~ /¢ pu
E, = 5-107* mokc u 250 € /¢ npu E, = 1072 mokc,
4TO NpHM YacTtore Kaapos 25 ¢ ! coorBercTByeT
2 e /nukcen,/xkanp u 10 e /nukcen /Kaap.

W3 nonyyeHHbIX OIIEHOK YYBCTBUTEIbHOCTH MO-
ryT ObITh C/IeJIaHbI 3aKJII0YEHHST O JaJIbHOCTA 0OHA-
PY’KeHUsI, paclo3HaBaHUsI U uJeHTU(UKAIUN Ha-
6.J110[aeMOT0 0ObEKTA.

[l aHaM3a BO3MOKHOCTEN TMpUMEHEHUs pas-
pa6oranubix MaTpuil [I3C-9Y B cucremax Ha6IIO-
JIEHUST B YCJIOBUSIX MAJIOI OCBENIEHHOCTH TTPOBO/U-
JIaCh 3KCIIEPUMEHTAJIbHAS OIEHKA YyBCTBUTEIHHO-
CTH MaTpHI[, KOTOPAsi OCHOBBIBAJIACH HA CPABHEHUH
MMOKA3aHWI JTIOKCMETPOB U KpuTepun /[;koHCcoHa [2,
14] (¢ ucnob30BaHMEM CTAHAAPTHOI TECTOBOW Ta-

[InockocTb
n300pasKeHNnsT

[ {(f<<D

Puc. 3. CxemaTtnueckoe n306pakeHue ONTHYECKOW CUCTEMbI
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Puc. 4. TecroBas tabjuia [1Jsi OIEHKH I1apaMeTPOB
II13C-2Y (BbiHECEHBI pa3Mepbl OJHOTO U3 DJEMEHTOB
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= ¢6
B P

10 mm

ga ~r W

omambr 1951 USAF resolution target test chart,
puc. 4) s MUHUMAaJbHOTO pasMepa nap JUHUI,
pasinuaeMbix HabmogaresaeM (0Ha apa COCTOUT
U3 TeMHOIi 1 cBerioi sunun). Takoe paspemienue
JgaetT 50%-10 BEPOSITHOCTD JUCKPUMUHAIUN OOBEK-
Ta TI0 YKa3aHHOMY TlapaMeTpy.

[Tpumenenue I13C-9Y naubosee addekTus-
HO TIPU YucJie BO3OYXK/IEHHBIX (DOTOIIEKTPOHOB B
nukcese n, < 100, 1. e. npu dase Jlynsr < 0,5 [1],
Korjia otHoieHue curnas,/mym jis 113C-9Y B
HECKOJIbKO pa3 6oJblie, 4eM s o6braubix 113C
[9]. Ilpu ymenbuiennu uymucia OTO3JEKTPOHOB B
nukcesae (CHUMKEHUU OCBEI[eHHOCTH) 3TO OTHOIIe-
HUEe pacTerT.

IIpu ocemennoctn E o~ 5-1074 m0KC TesleBU3N-
OHHBIE KaMepbl Ha ocHOBe 06bIYHbIX [13C aBsIOT-
ca «ciaenbpiMuy . Ecin ske ucnoab3osBath [13C-39Y,
TO ATO MIPUBEJIET K YMHOKEHHIO YICJIA CUTHATBHBIX
(M 1IyMOBBIX) 9JIEKTPOHOB B YYBCTBUTEIHHOM dJIe-

a)

6)

Puc. 5. M3o6pakeHusi TeCTOBO# TaOJIMIIBI JJIsT OTIpejie-
Jernst gysctBuTenbHoctn I[13C-9Y, mosyueHHble mpu
PAa3JIMYHBIX YCJIOBUSIX:

a — E, = 5,410 moxe, K = 103
6 — E, = 1072 moxkc, K = 102

MEHTE, a TaKkKe K YJYyYIIEeHUIO COOTHOIIEHUS CHT-
nasn,/mym [9]. [lpumenenue na’ke OTHOCHTEJNBHO
HuskoadPexrtusroro [13C-2Y ¢ mpamoii 3acser-
Koil u kKoapduumenrom ymuoxkenuss K = 103 paer
BO3MOXKHOCTb IIPOBOJIUTH HAGJIOEHUS B YCJIOBUSX
CBEPXHU3KOIl OCBEIIEHHOCTH, KaK 3TO IPOJEMOH-
CTPUPOBAHO HA PHC. J, d HA TIpUMepe n300paKe-
HHST TeCTOBOM Tab/MIlbl. 3/1eCh MOKHO Pa3JNYUTh
JIOCTATOYHO MeJIKHE JeTaan TabJInIlbl, XOTs n300pa-
JKeHUe 3aIyMJIEHO, YTO 00yCJI0BIEHO (PIYKTYaIus-
MU MTOTAIAIONINX HA YYBCTBUTEIBHBINA 2JIEMEHT T10-
Toka GoToHOB (IIPUMEPHO 2 HA MUKCEN) U IIyMOM
TEMHOBOT'O CHUTHAJIA.

IIpu ocsemennoctu E, = 1072 mokc kame-
pbl ¢ o6bruHbIME [I3C B syuiem ciaydae Bblga-
IOT OYeHb 3amyMJaeHHoe u3obpaxkenue. I[lpu uc-
nosib3oBanuu ke I13C ¢ a/eKTpOHHBIM yMHOXe-
HHUEM YUCJIO 3JIEKTPOHOB, reHepupyembix (HoTo-
YYBCTBUTEJbHBIM 3JIEMEHTOM MATPUIIbI, COCTABJIS-
et npumepHo 10 e” /nuKces/Kajp, 4TO MO3BOJISI-
er naxe npu Koaddununenre ymuoxenus K = 102
MOJIYYUTh N300paKeHue TECTOBOI TabJIUIIbI JOCTa-
TOYHO Xopomero Kayecrsa (puc. 5, 6).

Ilpu E = 5-107* mokc Kamepa, peaan30BaHHAs
c mpuMeHenueM paszpabdoranubix MmaTpuil [13C-9Y,
MTO3BOJIUT OOGHAPYKUTDH YeJOBEYECKyIo PUrypy Ha
paccrostaun okoJsio 200 m. Ilpm atoM B cooTBet-
CcTBUM C KputepueM J[)KOHCOHA [ IMOJIy4YeHUS
n300paKEHUsT MCIONb3YIoTCsT 9x9 mMuKcesoB, 4TO
JUIS YKA3aHHOU JUCTAHIIMU COOTBETCTBYET OOBEKTY
pasMepoM okoJ10 0,75 M (MpHHA [1JIeY YeT0BeKa).
[IpumepHO TaKUMU K€ BO3MOXKHOCTSIMEU 06J1aJ[al0T
IOII nokosenusa 2+ [2]. ITpu ocemennoctn 1072 mokce

Hexomopubie anexmpuueckue xapaxmepucmuxu
mampuunvix 113C-3Y pasuvix popmamos

3HaueHne mapaMeTpa s

ITapamerp Marpulpl GopMaToM

S76x288 640x512

[TuKOBOE BBIXOJHOE Ha-
npsokenne  (HOpMasb-
HbI pexum), B

0,775 0,11

[TuKOBOE BBIXOAHOE Ha-
npsprenne (peskum  yM-
HOKeHus), B

1,96 1,97

3apsi/l HACBIIEHUST
BBIXO/IHOI'O CUTHAJIA,
e~/ mnmKceJ
3apsioBast eMKOCTD
perucTpa yMHOKEHUs,
e~/ nmKceJt

Cpennuii «TeMHOBOIT»
curgan (T = 293 K), 42
e~ /nmKces,/ c
[Iym cuutbiBanus,
e~ /nmKcen,/c

324-103 90-10°

825-103 900-103

490

30—40 60—70
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Ha 9TOM PaCCTOAHUU MOJKET OBITh I/I,ZIE‘HTI/I(bI/ILII/IpO-
BaHa YeJjioBeUeCKaA (bI/Ipra.
OcHOBHbIE JJIEKTPUIECKNE XaPAKTEPUCTUKHU Ma-

tputl [13C-9Y dopmara 576x288 n 640x512 npu-
Be/ieHbI B TaOJuIe.

& ok ok

[TpoBenieHHbIe UCCIEIOBAHKS YYBCTBUTETHHOCTU
pa3paboOTaHHbIX M W3TOTOBJIEHHBIX MATPWIl IMPU-
6OPOB C 3apsi/IOBOIl CBSI3bI0 C BHYTPEHHUM 3JIEK-
TPOHHBIM yYMHOKEHHEM C TIPSIMOIl 3aCBETKOH IIO-
Ka3aJii, 4TO Ha UX OCHOBE MOTYT OBbITb Peai30Ba-
HBI PUOOPHI HOYHOIO BHUAEHHS 063 OXJIAKIEHHS
C mapamMeTpaMu, COOTBETCTBYIOIIUMU BaKyyMHbBIM
3JIEKTPOHHO-OIITUYECKUM TIPUOOPaM MOKOJEHUS
2+. Paspa6orannble yCcTpOWCTBa SBJSIOTCS Ge3Ba-
KYYMHBIMU 3JIEKTPOHHBIMU YCTPOWCTBAMU U MOTYT
YCHEIIHO MPUMEHSITbCS JIJISI KOHTPOJIS JIBVKEHUS
TPaAHCIIOPTA, TEJEBUJEHUS MPU HU3KOI OCBEIIeH-
HOCTHU, B OXPaHHBIX CUCTEMAX U [IP.
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UYT/JIUBICTb MATPHUIID 1133 13 EJIEKTPOHHUM MHOKEHHAM

C. B. KOPIHEI[b, A. M. TOPYHHCDBKHH

E-mail: sizov@isp.kiev.ua

Jlociokeno uymaugicmo i OCHOGHI eAeKMPUUHT XAPAKMEPUCTIUKYU POIPOOIEHUX MAMPUUL NPULAOi6 i3 3apsi-
006UM 36'A3KOM | CACKMPOHHUM MHOKEHHIM 3 NPAMUM 3ACETUCHHAM NPU KIMHAMHIL memnepamypi i HU3bKil
oceimaenocmi. @omomnampuui popmamy 576x288 i 640x512 6yau cnpoexmosani 3 GUKOPUCIIAHHAM APXIMEKMYpPU
noxadposozo nepenecenns (frame transfer) no 1,5-MKkm npoexmuuM HOPMAM 3 POIMIPAMU GOMOUYMAUGUX
enemenmie 20x30 i 16x16 mxm 68i0n0gioHO i 6U20MOBAEHT NO N-KAHAALHIL TMEXHOI02IT 3 <NPUXOBAHUMS KAHA-
JOM, YOMUPMA PIEHAMU NOJTKPEMHIESUX eAeKmPodis | 08oMa pieHaMU Memarizayii. [Ias aHari3y MoXaueocme
3acmocyeanns po3pobienux mampuyp [133-EM 6 cucmemax cnocmepexenus 6 ymoeax Maiol oceimieHocmi
npoeooUNACs eKCnepUMeHmAalbhd Ouinkd 4ymaueocmi mampuup. Bona rpynmyeairacvy na nopiensmuni noxa-
3any mokcmempie ma xpumepii /[xoncona 3 euxopucmanusm cmandapmuoi mecmoeoi madauyi 1951 USAF
resolution target test chart 05 MiHIMAALHOZO POIMIPY NAP AN, W0 PO3PisHaOMbes cnocmepizauem (00Ha napa
cxaadaemocs 3 memnoi i ceimaoi ainii). Xapaxmepucmuxu, ompumani npu oceimaenocmi 5-10~* moxc (ceiminns
30panozo neba npu aezxit xmapnocmi) i 1072 noxe (ceiminns 3opsanozo neba i ugepmi Micsays), ¢idnosidaiomo
napamempam eieKmpoHHO-ONIMUYHUX NePEeMBOPIOeaie NOKOAIHHA 2+, wo nepeddaude MOKIUSICNG SUKOPU-
CMmanms maKkux mampuyb 6 npuradax niunozo oavenns. Ipu E =~ 5-10~% noxc xamepa, peanizosana 3 sacmocy-
eannsm po3pobaenux mampuyp I133-EM, dossorums sussumu 1100cvky pizypy na éidcmani 6auszvko 200 m.
IIpu oceimaenocmi 107 mokc na uit eidcmani modcoka pizypa moxe 6ymu idenmughixosand.

Knwouoei  cnoea: 113P-oomomampuyi, enexkmponmne MHOKEHHS., OarvHicmo

idenmucpixauyis 06'exmie, npsame 3aceiuenms, HU3LKI 0CEIMIEHOCTI.
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SENSITIVITY OF CCD MATRICES
WITH ELECTRONIC MULTIPLICATION

The sensitivity and basic electrical characteristics of the developed direct illumination matrices with charge-
coupled devices and electronic multiplication were investigated at room temperatures and low illumination.
Photomatrices of 576x288 and 640x512 format were designed using frame transfer architecture and 1.5-um
design rules with photosensitive cell sizes of 20x30 and 16x16 um, respectively, and manufactured using
n-channel technology with buried channel, four levels of polysilicon electrodes and two levels of metallization.
To analyze the possibilities of the developed EMCCD matrices used in monitoring systems at low-light
conditions, an experimental assessment of the matrices sensitivity was carried out.

The assessment was based on a comparison of the luxmeter readings and Johnson's criteria using the standard
1951 USAF resolution target test table for the minimum size of line pairs distinguished by the observer
(one pair consists of a dark and a light lines). The characteristics obtained with illumination of 5-107% lux
(glow of the starry sky with light clouds) and 1072 lux (glow of the starry sky and the quarter of the Moon)
corresponds to the parameters of generation 2+ electron-optical converters, which implies the possibility to use
such matrices in night vision devices. At Ev ~ 5-107% lux, the camera with the developed EMCCD matrices
will detect a human figure at the distance of about 200 m. With illumination of 1072 lux at this distance a
human figure can be identified.

Keywords: CCD-photomatrix, electronic multiplication, sensitivity, range of detection, identification of

objects, direct illumination, low illumination.
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A HYBRID APPROACH TO ENERGY EFFICIENT
CLUSTERING FOR HETEROGENEOUS WIRELESS
SENSOR NETWORK

Meta-heuristic methods have shown good efficiency in solving optimization problems related to a wide
range of practical applications in wireless sensor networks (WSN). Biogeography based optimization
(BBO) is an evolutionary technique inspired by the migration of species between habitats which have
been applied in solving global optimization problems. The article presents a hybrid approach for clustering
wireless sensor networks that combines the meta-heuristic algorithm BBO, and K-environments. The
simulation results show that the proposed approach (named KBBO) significantly improved the efficiency

of such WSN parameters as stability time, lifetime, residual energy and throughput.

Keywords: clustering, network life time, stability period, BBO, optimization.

A wireless sensor network (WSN) consists of
a large number of sensor nodes which can sense
physical properties of environment such as hu-
midity, temperature, sound, etc., collect sensed
data and transmit it to the base station through
a wireless link. Sensor nodes are characterized by
limited energy, low processing capability, low
communication range and low memory capacity.
Recently, sensor nodes have become smarter and
cheaper due to development in micro-electro-me-
chanical systems (MEMS) [1]. Due to availability
of smarter and cheaper sensors, WSN has received
wide acceptability with potential application in
large domains: environment monitoring, disaster
warning systems, health systems and military
applications [2]. Unlike a traditional network,
the major research challenge in WSN is how to
maximize the network lifetime by reducing energy
consumption of the sensor nodes.

Clustering is a key technique to reduce energy
consumption and extend the lifetime of the net-
work. Besides reduction in energy consumption
and extending network lifetime, clustering tech-
nique has many other advantages: scalability, la-
tency reduction, collision avoidance, less overhead
and load balancing [3]. Selection of cluster heads
(CHs) in energy efficient clustering mechanisms
depends upon several factors: residual energy of a
node, initial energy, average energy of a network
and energy consumption of the node [4].

Clustering is also a key technique for imple-
menting energy efficient routing in WSN. Low
energy-adaptive cluster hierarchy (LEACH) [5],
standard evaluation protocol (SEP) [6], hybrid

energy-efficient distributed clustering (HEED) [7]
and power-efficient gathering in sensor informa-
tion systems (PEGASIS) [8] are some prominent
clustering-based routing protocols. The proba-
bilistic models are used to select CHs in these
protocols which may result in random selection of
CHs irrespective of distribution of nodes and the
residual energy of the network. In recent days a
number of metaheuristic techniques such as genetic
algorithm (GA) [9], particle swarm optimization
(PSO) [10] and biogeography based optimization
(BBO) [11] have been applied in design of energy-
efficient clustering-based routing protocols for
WSN. Intelligent hierarchical clustering routing
(IHCR) [12] and evolutionary routing protocol
(ERP) [13] are two important protocols.
Heuristic approach for finding a solution to
optimal CHs in WSNs is not easy, because this
is an NP-complete problem [14]. A total time
complexity to find the optimal solution increases
exponentially with the increase in the network
size. BBO has been found to be a powerful search
and optimization technique, because it combines
both exploration and exploitation features based
on migration [15]. BBO, like GA, is an evolution-
ary algorithm applied to solve global optimization
problems. In this work, a BBO-based clustering
technique is used to search for appropriate clus-
ter heads that would allow for optimal resulting
clusters. To have good quality habitats, K-means
clustering is applied to seed the population of the
BBO protocol. K-means clustering [16] is one of
the most popular data clustering techniques which
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partitions the data into K-clusters, so that similar
data is put in the same cluster.

The main contribution of the paper is the fol-
lowing:

— population initialization through K-means
clustering to select good quality features in a
habitat;

— clustering through the BBO protocol;

— performance comparison with high perfor-
mance heuristic and metaheuristic techniques.

Literature Survey

Many heuristic techniques have been proposed
for cluster based routing for WSNs. LEACH is
the most prominent protocol which does load
balancing by dynamically rotating CHs among
sensor nodes in order to save energy. However, the
main drawback is that a selection of a CH is done
probabilistically. As a result, a node with very
low energy may be selected as a CH which may
not last for a long time. Therefore a large number
of protocols have been proposed to improve the
performance of LEACH such as SEP, HEED and
PEGASIS, and its variants.

Besides heuristics, several metaheuristic tech-
niques have been used for design of energy-efficient
clustering and routing. Martin et al. [12] have
used GA for energy efficient cluster-based routing
to extend the network lifetime and minimize the
energy consumption of the network. Its cluster
head selection process is based on multi-objective
parameters: the sum of all distances from sensor
nodes to the CH and from the CH to the base
station, the sum of distances from sensors node to
CH, distances from the CH to the sink, standard
deviation in cluster distance, transfer energy and
number of transmissions.

Bara’a et al. [13] have further enhanced the
clustering parameters of IHCR by adding three
parameters: intra-cluster distance, inter-cluster
distance and the number of CHs. Unlike the previ-
ous two algorithms, where GA has been used for
CH selection, in [17] GA has been used for load
balancing of CHs. Its fitness function is based on
standard deviation of the gateway load to achieve
even distribution of the load per cluster.

In [18] two algorithms (one for routing and
one for clustering) using PSO have been proposed.
The main objectives for routing is to minimize
the maximum transmission distance between two
nodes in the routing path and maximum hop count
of the gateways, whereas clustering path of the
algorithm achieves load balancing by minimizing
distance between sensor nodes and their corre-
sponding gateways.

In [19], the BBO-based clustering has been
proposed. Metrics like clustering density and
clustering head dispersion were used to select

CHs. Similarly in [20], BBO-based clustering
and multi-hop routing algorithms are proposed
with different fitness functions. Multi-objective
parameters which include residual energy of a
CH, intra-cluster distance and distance between
the CH and the base station. The formulation of
fitness function for routing algorithm is based on
residual energy, Euclidean distance and node de-
gree. Unlike the above mentioned protocols, where
population initialization is random, the proposed
protocol follows the deterministic approach to
population initialization. The entire population is
seeded with K-means algorithm to have good qual-
ity genes. BBO will be used further for clustering.

An Overview of BBO

BBO [11] is a population-based optimization
algorithm inspired by immigration and emigration
of species (animals, birds, fish) between habitats
(islands) in search of good living condition (rain-
fall, temperature, etc). Each candidate solution
also called a habitat with a habitat suitability
index (HSI). Variables of an individual solution
represents features of habitability are called suit-
ability index variables (SIVs). High HSI repre-
sents a good solution. The poor solution represents
habitat with low HSI. The low HSI receives new
features from high HSI. There are three kinds of
operators in BBO namely, migration, elitism and
mutation. Migration is used for information shar-
ing. Elitism is used to keep best solution for the
next generation. The objective of mutation is to
increase exploration among the population. One
unique feature of BBO is that the original popula-
tion is not discarded after each generation unlike
GA. Rather, it improves its solution in each itera-
tion by changing its features (SIVs). Like PSO,
BBO also shares its SIVs (features) with other
solutions, but does it directly, while PSO shares
information among solutions indirectly through a
velocity variable.

The Proposed Protocol, KBBO

In the current work the authors propose a new
hybrid evolutionary algorithm named KBBO
which combines K-means and the BBO to solve
the clustering problem in WSN. A combination
of deterministic and metaheuristic approaches for
population initialization and clustering respec-
tively provide a good BBO-based clustering solu-
tion. The proposed protocol goes through several
rounds. Each round has two phases: setup phase
and steady state phase. In the setup phase, sensor
nodes are partitioned into clusters. The setup phase
of the algorithm is same as that of LEACH but
based on BBO algorithm. In the second phase, each
non-CH node uses its TDMA schedule to transmit
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its data to the base station through its respective
CHs in multi-hop manner.

In BBO a habitat represents a set of sensor
nodes elected as CHs, normal nodes and dead
nodes. Therefore a size of a habitat is a number of
sensor nodes in a network. A binary representation
is used to distinguish nodes. CH is represented
as 1, a non-CH node as 0 and a dead node. The
habitat in the population is seeded with K-means
algorithm.

In KBBO, the fitness function F is defined as
follows:

_intra- cluster distance

inter - cluster distance

CHy,
2. 2 d(s;cH;)
i VSjeCH;

CHj, )

> > d(CHZ.,CHj)

i=1 YCH;#CH;

where C; is a sensor node; C;, CH; are two different
cluster heads; d denotes the Euclidean distance.

In order to achieve optimal clustering in WSN,
intra-cluster distance must be minimized where as
inter-cluster distance must be maximized.

GA based clustering algorithm in KGA has
setup phase which is a clustering formation phase
and steady phase in which intra-cluster and inter-
cluster communication takes place. The setup
phase of the algorithm is same as that of LEACH
but based on BBO algorithm.

Simulation Results

Network Model

The following are the assumptions with respect
to WSN in the proposed protocol:

— sensors are randomly deployed throughout
the sensing area;

— sensor nodes are heterogeneous in terms of
initial energy;

— energy consumption of the sensor node
during data transmission depends upon the (i)
distance between a sender and a receiver and (ii)
the size of data;

— a node calculates distance to other nodes
and CHs based on Euclidean distance;

— sensor nodes communicates with a sink node
deployed in the middle through their respective
CHs;

— nodes are stationary after deployment;

— communication links are symmetric.

Energy Model

In this work a simple radio model [5] is used to
model the energy dissipation. The free space model
(d2 power loss) is employed in case the distance be-

tween the transmitter and the receiver is less than
a threshold value d), otherwise multipath fading
channel model (d4 power loss) is employed. The
energy consumption for a / bit message between
two nodes at a d distance is calculated thus

ET (I, d) = Egecrl + g4:1-d? at d <d,, )
ET.(l, d) = Egec’l + &y l-d4 at d > d;
ER.(I, d) = Egecl. (3)

where ET (I, d) is [ bit transmission energy con-
sumption at a distance of d; ER,(l, d) is [ bit re-
ceiving energy consumption; E,.. is per bit energy
consumption of transmitter and receiver circuits;
gs and ¢, refer to energy consumption factor of
amplification for the free space and multipath
fading models respectively.

Performance Metrics

The performance of KBBO has been compared
with SEP, HCR and ERP on five metrics: net-
work lifetime (number of alive nodes vs. number
of rounds), residual energy, stability period and
throughput for 10% and 20% advanced nodes. The
results have been further validated quantitatively
(through tables) The network and energy models
are used as defined in LEACH.

— Network lifetime. 1t is defined as the number
of rounds when all the nodes exhaust their energy
and eventually they die.

— Stability period. It refers to the time inter-
val from the start of the network operation (first
round) until the first node dies.

— Residual energy. It measures the remaining
energy of the network every round which is calcu-
lated by subtracting the energy consumed by the
nodes from the total energy per round.

— Number of alive nodes per round. It refers
to a number of advanced nodes or normal nodes
whose residual energy values is greater than zero.

— Throughput. 1t is a number of packets re-
ceived at the sink node from the CHs.

Simulation Settings

The protocol has been implemented using Intel
Core i3 processor with 2GB RAM with 100 sensor
nodes which are randomly deployed over the area
of 100x100 m. The location of the sink is in the
middle of the deployment area.The parameters for
simulation settings are shown in Table 1.

Table 2 shows that the stability of the KBBO
protocol is better than that of SEP and HCR for
the case of 20% advanced nodes.

Network Lifetime

Network lifetime can be shown by capturing
the number of live nodes at each round till ev-
ery node in the network dies. To clearly depict
the effectiveness of the proposed algorithm, the
results are shown quantitatively in Tables 3 for
10% and 20% of advanced nodes in the network
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Table 1 Table 2
Parameters setting for simulation Stability period for different
— protocols for different number
Description Value of advanced nodes M
Network size 100x100 m M |SEP|HCR | ERP | KBBO
Location of sink, BS (50, 50) 10% | 864 | 914 | 1012 | 888
Number of nodes, n 100 20% | 999 | 920 | 1079 | 1034
Initial energy of nodes, E, 0,5J
Proportion of advanced nodes, my 0,1
Energy factor for advanced nodes, o 1
Energy dissipated per bit, E . 50 nJ /bit
Transmit amplifer if dgs <d,, Ey, 10 pJ /bit /m?2
Transmit amplifer if dgs > dy, E,y), 0.0013 pJ /bit/m4
Data aggregation energy by CH, Ep, | 5 nJ/bit/message
Size of data packet 4000 bits
Table 3
Round history of dead nodes for different number of advanced nodes M
Dead nodes, M= 10% M = 20%
% SEP HCR ERP KBBO | SEP HCR ERP | KBBO
10 1153 1047 1205 1225 1185 1050 1190 1204
20 1204 1099 1256 1283 1219 1146 1258 1308
30 1232 1159 1295 1342 1250 1208 1312 1363
40 1278 1255 1364 1386 1284 1276 1364 1432
50 1300 1303 1390 1431 1323 1353 1408 1494
60 1328 1372 1432 1516 1368 1430 1480 1573
70 1370 1459 1535 1622 1424 1569 1572 1719
80 1445 1940 1683 1720 1529 1928 1887 2086
90 1494 1956 2445 2123 1791 2529 2747 2938
100 1563 | 3220 3317 3952 2236 | 3536 | 3673 | 4336
a) b)
60 60
— 50 | — 50
= =
240 240
g g
S 30 ¢t = 30 IHCR
p= =
=20 =20 KBBO
3 3
o S
=10} =10 | SEP / ERP
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Number of rounds

Number of rounds

Dependence of the residual energy on the number of rounds for 10% () and 20% (b) of advanced nodes
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respectively. Table 3 shows that in case of KBBO,
nodes die much later than in case of SEP, HCR
and ERP. In the KBBO 10% of nodes die at the
1225th round while in other protocols, nodes died
very early — at the 1153th, 1047th, and 1205th
round for SEP, HCR, and ERP respectively. In
KBBO, all nodes die only at the 3952nd round (at
the 1562nd round in SEP, at 3220th round in IHCR
and at 3317th round in ERP). With 20% advanced
nodes, the performance of KBBO is significantly
better than that of ERP.

Residual Energy

Figure shows the comparison of KBBO with the
other protocols in terms of residual energy versus
number of rounds with 10% and 20% of advanced
nodes. The curve is less steep due to fairness in the
energy load distribution and gradual dissipation
of energy in the proposed protocol.

Conclusion

Many clustering-based routing techniques have
been proposed in order to save energy and extend
the network lifetime. LEACH is the most prominent
protocol but it has its own limitation. Selection
of CHs is done probabilistically and the network
lifetime is not maximized significantly. Selection
of optimal CHs in WSN is an optimization prob-
lem. Metaheuristic techniques offer an effective
alternative for solving optimization problems.
In this paper, a new protocol KBBO is proposed
based on the BBO. BBO is the latest evolutionary
technique for solving optimization problems. The
proposed technique is explained through popula-
tion initialization, setup phase and transmission
phase algorithms. The performance of KBBO has
been rigorously tested and compared with SEP,
IHCR and ERP on several metrics: network life
time (number of alive nodes vs. number of rounds),
residual energy, stability period and throughput
for 10% and 20% of advanced nodes. The results
have been further validated quantitatively (through
tables). The results show the superiority of the
KBBO protocol over several parameters.
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TIBPUJIHUN TIAX1[ 1O EHEPTOE®EKTUBHOI KIACTEPI3AIIII
JJII TETEPOTEHHOI BE3/IPOTOBOI CEHCOPHOI MEPEJKI

Temepozenni 6ezopomosi cencopui mepexi (BCM) cv0200Hi 31ax00amy wupoxe 3dcmocy6anis iy MOHIMOPUHLY
HABKOAUWHBOZO Cepedosuid, 6 cucmemax 6e3nexu, 0XopoHu 300pos's ma eiticvkosii cghepi. OcHoeHoW0 NPob.e-
Mmoo BCM € neobxionicmo MAKCUMISYSAMU UAC HKUMMS MEPeKi, IMEHULYIOUU NPU YbOMY CNOKUCANHA enepeil
6y3i6_cencopa. /las il supiwenns yOOCKOHANIOMy NPOMOKOIU MAPUPYMUIAYTT 3 PAXYHOK YOOCKOHALEHH
npouedypu Kﬂacmepzsamz onsa BCM. Memaespucmuuni memoou noKa3d U 2apHy ehexmusHicmy npu eupiuleHHi
3a0au ONMUMI3AUET, NOG'A3AHUX 3 WUPOKUM CREKMPOM NPAKMUYHUX 3ACMOCYE8AHL 6 0e30POMOBUX CEHCOPHUX
mepexax. Onmumizayis na ocnosi 6iozeoepadii (BBO) — ye esomoyitinuil memood, 3acHoganutl Ha Mizpauii
6Udi6 MiX Ccepedosuuamu ICHYSAHHS, SKUU WUPOKO 3dACMOCOBYEMbCI NPU SUpiuleHHi 3a80aHb 2/100AbHOT
onmumizauyii. Busnaueno 3ae0anns onmumizauyii 6 mepminax i nosnawennax modenetl Giozeozpagii: Koxnuil
0CMpie npPedcmasnisie ooue piwenns, i0o0paxene 03HAKOI0 KUMMEIOAMHOCE — YiIb0BOI0 (PYHKUYIEIO, 3HAUEH-
M5l SIKOT € THOeKCOM npudamuocmi ocmposa-piuennsi. Xopowe piuenns MA€ sUCOKUU NOKA3HUK npudamnocmi. Y
cmammi npedcmasieno 2ibpudnuil nioxio 0as Kaacmepusauii 6e30pomosuUx CeHCOPHUX Mepex, AKuil 00'conye
memaespucmuunui areopumm BBO ma memod xaacmepizauii K-cepednix.

st Docaioxenst 3anpononoeanozo nidxody 0o enepzoepexmusnoi kaacmepizauii 0is zemepozennoi 6e30pomogoi
CEHCOPHOT Mepesxi Ha 1020 0CHOGE Po3pobaeHo npomokos mapupymusayii, naseanui KBBO. ITpodyxmuenicmo
KBBO 6yaa pemenvno npomecmogana ma nopisnena 3 eidomumu npomoxoaamu SEP, THCR ma ERP 3a
KIAbKOMA NOKASHUKAMU! MPUGALICTND KUMMEB020 UUKLY Mepesxi (KiAbKICmb KUBUX Y3116, KIAbKICmb payndie),
3anumKoed emepzis, nepiod cmabirvnocmi ma nponyckua soamuicmo na 10% ma 20% poswupenux ey3snie.
Pesyavmamu mM00eni06anns nokasaiu, wo nponoHosanull nioxid 003604u6 3HAYHO NOKPAWUMU ePeKMUSHICTb
eéxasanux napamempie CM.

Katouosi crosa: kaacmepusayis, uac xumms mepesxi, nepiod cmabirvnocmi, BBO, onmumiszauyisi.
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TMBPUJIHBIN TOIXO/I K QHEPTOODD®EKTUBHON KIACTEPU3AIINN
JIJIA TETEPOTEHHBIX BECIHIPOBO/HbIX CEHCOPHbBIX CETEN

T'emepozennvie Gecnposodnvie cencopnvie cemu (ECM) cez00ns naxo0am wupoxoe npumenenue 6 MOHUmopun-
2e oKkpyxawell cpedvl, 6 cucmemax 6e30nACHOCMU, 30pasooxpanenus u 6oennol cgpepe. OcnoHol NPoLLIeMOl
BCM ssasemcsi Heobx00umMocmy MaAKCUMUSUPOSAML 6PEMsL KUSHU CeMU, NPU 3MOM YMenvuds nompedaeHnue
aHepeuu Y3noe cemcopa. [aa ee pewenus cosepuleHCMEYIon NpomoKOLbl MAPWPYMUSAUUU 34 CUEM COBEPULECH-
cmeosanus npouedypui Kiacmepusayuu 0is bCM. Memasepucmuueckue memodv. nOKA3a1 Xopouwyio spgpex-
MUBHOCY NPU peuenull 3a0ay ONMUMUIAUUL, CBAZAHHBIY C WUPOKUM CREKMPOM NPAKMUUECKUX NPUMEHEHUT 6
becnposodnvlx cencoprvix cemsix. Onmumusayus na ocnose 6uozeozpagpuu (BBO) — amo seomoyuonnviil me-
Mmoo, OCHOBAHHYII HA Muzpauuu 6ud0s Mexoy cpedami CYuecmeosanus, KOMOpsii WUPOKO NPUMEHACTNC NPU
peweruu 3adau enobarvroi onmumusayuu. Onpedenenvl 3a0avu ONMUMUIAUUL 8 MEPMUHAX U 0003HAUEHUSLX MO-
denetl buozeozpapuu: Kaxoviii 0Cmpos npPedcmasisem o0Ho pewenue, OMmpaxennoe NPUSHAKOM KU3HeCnocoOHo-
cmu — yenesoll pyHkyueil, 3Hauenue KOmopou A6151emcs UHO0eKcoM 200HOCmU ocmposa-pewerus. Xopoulee pe-
wenue umeem GulCOKUIL NoKaAzamesv zo0nocmu. B cmamve npedcmasien zubpudnviii nodxod 0as Kiacmepusa-
yuu 6ecnpoBOOHbIX CEHCOPHBIX cemell, 00BedunsIOWUl Memaspucmuyeckui arzopumm BBO u memoo xaacme-
pusayuu K-cpeonux.

st uccaedosanusi npedioxennozo nodxodd K 3nepzodaphhexmueHotl Kiacmepuayuu O0as zemepozennoi bec-
nPOBOOHOU CEHCOPHOU Cemu Ha ez0 OCHOGe pPA3padomarn npomokos mapupymusauuu, nazeannviti KBBO.
IIpoussodumenvrocmy KBBO 6viia muiamenivHo npomecmuposand i CPASHUBALACH € U3BECMHIMU NPOTNOKOLA-
mu SEP, IHCR u ERP no HeckoavKuMm noxasamensim: npoooKumerbHOCms KUSHEHHO20 YUK Cemu (xoauue-
CMBO JKUBBLX Y3708, KOIUUECTNEO PAYHOOB), OCMAMOUHAS SHEPeUst, Nepuod cMAGUTLHOCTNUY U NPONYCKHASL CNOCOO-
nocmo na 10% u 20% pacwupennvix y3nos. Pesyivmamol M00eaupoganus noKda3aiu, ¥mo npediazaemvlii noo-
X200 NO36OAUNL 3HAUUMENLHO YAYUWums dPpexmusnocms yxasaunvlx napamempos 5CM.

Katouesvie crosa: xaacmepusayus, epems Kusuu cemu, nepuod cmabuiviocmu, BBO, onmumusauyusi.
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MUKPOIIPOIIECCOPHBIE YCTPOICTBA U CUCTEMBI
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METO/ 9KCIIEPTHOI'O BbIBOPA IM®OPOBbIX
KOMIIOHEHTOB CHUCTEM ITPOMbBIIIJIEHHON
ABTOMATUKN HA OCHOBE MAPKOBCKONW MOAEJ/IN

Paccmompena 3adaua 6vi60pa npozpamMmMupyemMvlx 102UUecKux MUKPOKOHMPOILEPOE O CUCEM NPOMbLUL-
JACHHOU ABMOMAMUKYU HA OCHOBE KOJLEKMUGHOZ0 IKCHEPMHOZ0 oueHusanus. Paspaboman memoo xosiex-
MUBHO20 IKCNEPMHO20 8bIOOPA HA Ga3e MaAPKOBCKOU tenu. Memod ochosan na npedcmasienuu HaAOOPa UH-
QUBUOYANLHBIX PAHKUPOSAHUT ANGMEPHATNUS, GHINOJIHEHHBIX ZPYNNOU IKCNEPMOE, 6 GUOe MAMPUULL hepe-
xo0nvix eeposmuocmeti. Ha maprosckom zpage, nocmpoenmnom no nepexoonot mampuye, 01s pamxupo-
sanusi arvmepuamue npumensemcs npasunro Koynaenda. Memoo anpobuposan npu KoAIeKMUSHOM IKC-
nepMHOM 6blOOPE PAUUOHATLHOZO BAPUAHMA NPU 3AKYNKE NPOMUIUICHHOU NAPIMUU NPOZPAMMUPYEMBLX 10~
2UYECKUX MUKPOKOHMPOLACPOS.

Knioueswie caosa: npozpaMMupyeMbtd JI02UUeCKUl MUKPOKOHMPOIED, NPOMBIUUIEHHAS A8MOMAMUKA, IKC-

nepmHoe ouerHusdnue, KoJNl1eKmueHoe panKxupoedriue, panzoeds wrKdld, MapKkoecKkds uenbov.

Ha coBpemennoM pbiHKe HH(POBBIX KOMIIO-
HEHTOB AJISI CUCTEM IPOMBINLIEHHON aBTOMATHUKH,
B YaCTHOCTH TIPOTPAMMHUPYEMBIX JIOTHYECKUX MU-
KPOKOHTPOJIJIEPOB, KOHKYPUPYIONIMMH TTPON3BO-
JINTEJIIMU TIPe/JIaTaeTcsl MUPOKUI CIIEKTP aHaJIo-
TUYHBIX 110 HazHaueHuio uzaenuit. IIpu atom akc-
MepTHasE OIleHKa M OOGOCHOBAHHBIN BbIGOP HAMOO-
Jlee TIOAXOAANNX THU(PPOBBIX KOMITIOHEHTOB SIBJIS-
eTcsd CJIOXKHOM M OTBETCTBEHHOW 3ajavell, /g pe-
IMeHNnsS KOTOPOH M3BECTHbIE METOAbI TPOBEIEeHMUS
akcreptu3 [1, 2] He BIIOJIHE TOAXOJAT B CBSI3U C
TPYJOEMKOCTBIO 06paGoTKH pe3yabTatoB. [loaTomy
pa3paboTKa MeToJla 9KCIIEPTHOTO BbiGopa 1udpo-
BBIX KOMIIOHEHTOB, TTO3BOJISIONIETO TI0 CPAaBHEHUIO
C M3BECTHBIMHU MeToJaMu 6oJiee GBICTPO TOJYUYaATh
0600IIEHHYT0 KOJJIEKTUBHYIO 9KCIIEPTHYIO OIEHKY
(K30), oieHnBAaTH COTJIACOBAHHOCTb MHEHHH 3KC-
[I€PTOB ¥ IIPUHUMATh 0OOCHOBAHHbIE PEIIEHUSI, SIB-
JigeTcd BecbMa aKTyasJbHOW 3a/iavueti.

Anams Cym€CTBYIOIIIUX METOAO0B IKCIIEPTHOIO
OILl€CHUBaHUA U BbIﬁOpa

OcHOBHBIMU TPeGOBAHUSIMHU K KOJIJIEKTUB-
HOI 9KCIIEPTHOH OIIEHKE SIBJISIIOTCSI €€ JIOCTOBEp-
HOCTb, & TaK)Ke OMEPATUBHOCTD ee (POPMUPOBAHUS.
CoBpeMeHHas1 9KCIEPTH3a IIPOBOJUTCS, KaK IIpa-
BUJIO, B PAHTOBOW IKAaJe, T. €. TPYIIe SKCIePTOB
HpeAJIaraeTcs MHOKECTBO 7 aJbTePHATHBHBIX Ba-
puantoB A = {A,, A,, ..., A,}, TIOAJIeXANMX yTIO-
PAIOUEHNIO TI0 KakoMy-n6o kputepuio (uin psiy
kputepuen). Kaskiplii U3 9KCIEPTOB yIOPSA0UN-
BaeT BAPWAHTBI U TPEJACTABISET WHAUBUIYAJb-
HOe paHkupoBaHue. Hampumep, 1jsg MHOKeCTBa

A ={a,, a,, a4, a,, as;} Moxer ObITH yCTAaHOBJEHO
paHXXUpoBaHue <a, > d, > dy < d, > ds>, Tie 3Ha-
KU > U < 03HAyaioT «6oJiee MPeANOYTHTENbHO, YeM

> M «MeHee TPEeANOUYTUTENbHO, YeM ... » COOT-
BETCTBEHHO. Kakjoe MHAMBUAYAJbHOE PAHKUPO-
BaHUe MOKeT ObITb IPEe/ICTAaBJIeHO B BH/E TabJIu-
bt P = {qf,qf,...,q,}:} , Tie g¥ — nosurus, 3aHu-
MaeMas i-if aJbTEPHATUBOW B PAaHXUPOBAHUU k-TO
skcnepra (uu panr). TnasHOW 3agadeil KoJIeK-
TUBHOTO 3KCIEPTHOTO OIeHWBAHUA SIBJsieTCS (Pop-
MUPOBaHUE KOJIEKTUBHOTO (MJIM KOHCEHCYCHOTO)
PAHKMPOBAHUS, OTPAYKAIONIEr0 HAUIYUITUM o6pa-
30M OIIEHKW BapWaHTOB, C()OPMUPOBAHHBIE KaiK-
JIBIM 9KCIIEPTOM.

Mertonbl GOpMUPOBAHNS KOJIEKTUBHOTO PAHKH-
POBaHUSA JleJATCA Ha HecKoabKo rpymi. [lepsas us
HUX — METO/Ibl MeIUaHHBIX PAHKUPOBAHUIT, U3 KO-
TopbIX HauboJiee n3BecTHa Meuana Kemenn [3— 5],
MeHee n3BecTHBI MeanaHa Kyka — Ceiidopaa n Me-
qnana JIutsaka [2, 6]. OHu ocHOBaHBI Ha KOHIIEI-
U PACCTOSHUS MEXK/Iy PaHKMPOBAHUAMH U 3a-
KJIIOUAIOTCSI B OIPe/ieJIEHUU paH:KUpoBaHusi, GJiu-
JKalIero 1Mo HEKOTOPOU MaTeMaTU4YecKoil Mepe KO
BCEM WH/UBUYAJbHbIM MHEHUSIM 9KCIIEPTOB. JTa
IpyIa MEeTOJOB CUYWTAeTCsT HamboJiee JTOCTOBEP-
HOHI 1 MaTeMaTU4eCK 0O0CHOBAHHOI. MeTo/bl I10-
CTPOEHBI Ha OTpeleeHHON aKCHOMATUKe W SBJIS-
IOTCS1 MaKCUMAaJIbHO TTPAB/OINOI0OHBIMEI OIIEHKAMU
Ha paHroBbIX ImKasax [2, 6]. [aBHbIM HemocTat-
KOM MeIWaHHBIX METOJ0B PAHXKUPOBAHUS SIBJISET-
€S X BBIYMCJUTENbHAS TPYIOEMKOCThb. B uyacTHO-
CTHU, JOKa3aHO, YTO BCe TPHU BUIA MeIUAH SIBJSIOT-
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¢ NP-nostHbIMM 3a1a4aMy, BpeMsi cueTa JIJIs1 KOTo-
PBIX PACTET 3HAYUTETHHO OBICTPEE MOJUHOMHUAID-
HOTO C YBEJWYCHUEM YHCJIA PAHKUPYEMbBIX aJbTep-
natuB. Tak, B [7] mokasano, 4ro mjs (popMupo-
BaHMs KOJJIEKTUBHOM OIIEHKH MO Meanane KemeHn
BBIYMCJTUTEbHAS CJIOKHOCTD 33/1a4¥ OIEHUBAETCS
kak O(n!). TIockoJIbKY 7! CTPEMHUTEIBHO PacTeT ¢
poctoMm n, pernerne aas 10-37eMEeHTHOTO MHOXKe-
CTBa aJbTEPHATUB HA COBPEMEHHOM KOMITbIOTEDE
cpe/lHell MPOU3BOAUTEIbHOCTH MOXKHO IIOJIYYUTD
B TedyeHwne AoJsel cekyHapl, 11-amemenTHoro — 3a
3 ¢, 12-snementnoro — 3a 30 ¢, 15-371eMEHTHO-
ro — 6oJiee yeM 3a CyTKHU.

pyras rpymnmna MetooB — MeTtoasl KOO, ocno-
BaHHbIE HA IPUHIIATIAX COIMAJIBHOTO BBIGOPA (mm
roJIOCOBaHUs), OHU 6OJiee HSKOHOMHDBI B BBIYMCJIH-
tesbHOM oTtHourenuu [8, 9]. Haubosee nssecTHbIM
13 HUX SBJIsIeTCS MeToJl Bopaa, corsacHo KOTopo-
MY B PAH;KUPOBAHHWU KAJKIOTO dKCIepTa HanboJsee
HpeZ[HO‘{TI/ITeJIbeIfl BapHUaHT 3aHUMAET MMEPBOE Me-
CTO ¥ ToJTydaeT 7 GAJIJIOB, CJAEAYIONNN 32 HUM IO
MIPEMOYTUTENbHOCTN 1n—1 6aJIJIOB U Tak JaJiee, 10
KOHIa crucka. KoJlJIeKTHBHOE paHKUPOBaHUeE BbI-
pakaercst B Bujie yucsaa 6asiioB, HAaGpaHHbIX KaiK-
AbIM U3 BaPpUAHTOB I10 CYMM€ MHANBUAYaJbHbIX PaH-
xupoBanuii. B rpynme KOO wusBecten Takske Me-
ton KoHgopce, B KOTOPOM JIJIsT KaXKON MAphbl aJib-
TEPHATHB OIPE/IENIETCS, CKOJbKO IKCIIEPTOB TIPe/I-
MOYHTAET OJIHY JPYTOH, U TTOGeINTENEM CTAHOBUTCS
JbTEPHATHBA, TTOOEXK/IAIONIAsT BCE OCTAJbHBIE TIPU
IIapHOM cpaBHeHuu. [Ipyrue cyuiecTBylolye MHO-
TOYNCJIEHHbIE METO/IbI COMMAIBHOTO BBIGOPA SIBJIS-
I0TCSI PA3BUTHEM HMJIN KOMOUHAIIMEN MeTo10B Bbopaa
n Konmopce. HemoctatkoM aTOf TPyHIIBI METO0B
popMHUpOBaHUS KOJTEKTUBHOTO PAHKXUPOBAHUS SIB-
JISTIOTCS U3BECTHBIE «TAPAIOKCHI TOJOCOBAHUS» , KO-
TOpbIE BBIPAJKAIOTCSI, B YACTHOCTH, B BO3MOXKHOM
BO3HUKHOBEHNHU HETPAH3UTUBHOCTU PE3YJbTUPYIO-
niero pamxupoBanus [8, 9].

Orgenpuyto Tpymmy mMetogoB KOO cocraBasior
MeTO/[bI MHOTOKPUTEPUAJTHLHOTO BBIGOPA, B YACTHO-
CTU OY€eHb IOIYJISPHBIA METOJ aHaIu3a UepapXuil
(MAWN) (anra. analytic hierarchy process, AHP)
T. Caaru, u ero pa3BuTHe — METO AHATUTHYECKUX
cereir [10, 11]. It; Meronpl 6oJjiee CIAOKHBI LIS
paboTBI HKCIEPTOB, MOCKOJIBKY KasKAbIH BapWaHT
H606XO,III/IMO CpaBHUTb C APYIUMHU 11O KOHECYHOMY
MHOJKECTBY KPpUTEPUEB, B TO BPEMA KaK B ME€IUAH-
HBIX METOJ[aX U METO/IaX COIMATBHOTO BbIGOpA Ba-
PHUaHTBI HYKHO ITPOCTO YIIOPAAOUYUTD 1TO HPEAIIOYTH-
tesibHocT (npopankuposath). COOTBETCTBEHHO,
YCIOXKHSIETCST W 00paboTKAa Pe3yJabTaToOB JKCIEp-
TU3bI, OCYIECTBJISIEMas Ha KAJK/IOM yPOBHE Mepap-
XUUYECKOTo BbIbopa. Kpome Toro, ycraHoBJIeHO, 4TO
MAW umeer psifi HEAOCTATKOB, MPOGEJIOB U OINU-
6ounbix gomynienuii [12, 13]. T'naBHoe 31ech TO,

YTO HIKAJbI, B KOTOPBIX OCYIIECTBJISAETCS OllCHIBA-
HUE CTeleHeil IpeAloYTeHnil BapUaHTOB 10 KaK-
JIOMY W3 KPHUTEPHEB, MOJArAIOTCS IMKAJTAMU OTHO-
IIEHWH, W TIPUTOM HE CBSI3AaHHBIMU JIPYT C JIPYTOM
U C TIPUOPUTETAMHU KPUTEPUEB. IJTO JOIYIIEeHUE B
CBeTe MaTeMaTU4ecKOol TeoOpuu M3MepeHuil Herpa-
BomepHo. B [12, 13] npeacraBieHsl IpuMepsbl, /10-
KasbiBaolue, yto MAW, ocHOBaHHBIN Ha yKa3aH-
HOM JIOTTYTIEHUN, MOKET TPUBECTH K IBHO OMMG0Y-
HBIM PE3YJIbTaTaM.

Eme oxHoli rpymmoii MeTomoB BbIGOpA, OJIH3-
kux Kk KOO, asraoresa 3agaun Web-mmoucka, ocHo-
BaHmHbIe Ha agroputMe PageRank u eMy mogo6HbIX
[14, 15]. DT™n MeTOMbI AOCTATOYHO YCIEITHO MPU-
MEHSIIOTCS J1Jis1 (POPMUPOBAHMST MHOTOAT€HTHBIX pe-
niennii Ha 6Ga3e OllEHUBAEMbBIX BAPHAHTOB C ITpUMe-
HEHUEeM MapKOBCKUX mojeJei [16, 17], onu o6.a-
JIAIOT BBICOKUM OBbICTPOIEUCTBUEM U JIMIIEHBI MHO-
THX HEJOCTATKOB, MPUCYIIUX TIePEUYNCIEHHBIM Me-
togam KOO. Web-mmonck, ocHOBaHHBIN Ha MapKOB-
CKIX MOJEJSAX, OOBIYHO CBSI3aH C IIOMCKOM CTal[i-
OHAPHBIX COCTOSHUM MapKOBCKOW II€IH, PacuyeToM
CHeKTpa COOCTBEHHBIX UYHCEJ MAapKOBCKOUW MaTpu-
I[bI, TIPU KOTOPOM 4YacTo TpeGyeTcsl ee PeryJisipu-
sanuda [18, 19].

B nacrositiieii pabore npejicrasieH pa3paboTan-
HBbII aBTOpaMu MeTOJ O0OPaGOTKH KOJIEKTHBHOMN
SKCIIEPTHOI OIl€HKH, OCHOBAHHBIA Ha HCIIOJb30-
BaHMHM 1iern MapKoBa, Y4TO MO3BOJIMJIO YIIPOCTUTD
IPOIlelypy BBIOOpA PAIIMOHAILHOTO BApUAHTA M CO-
KPaTUTb BPEMSI BBIUUCJIEHUI 10 CPABHEHWIO C U3-
BECTHBIMU METO/aMU.

Paspa6orka MeTo/a 9KCIEPTHOro BbIGOpa
Ha OCHOBe 1emneii MapkoBa

PaccMoTpuM MeTO/l KOJIJIEKTMBHOTO BBIGOPA,
OCHOBaHHBI Ha MOJieJiM MapKoBcKoiu 1enu. Ilo
oTpe/iesIeHnIo, 1lenb MapKoBa — 3TO TIOCJIE0Ba-
TEJBHOCTD CJYyYallHbIX COObITUI (JAMCKPETHBIN CJIy-
YaiiHbII IPOLECC) ¢ KOHEUHBIM YHCJIOM COCTOSHUM,
XapaKTepu3yIoIiasics TeM, YTO NMPU (PUKCUPOBAHHOM
HACTOSIIEM COCTOSTHUM OY/IyIllee COCTOSTHUE He 3a-
BucHT OT Tipoiioro [20]. IIpoiecc B Kaxkablii MO-
MEHT BPEMEHH HaXOJUTCS B OJTHOM U3 7 COCTOSTHHIA.
IIpu aTOM M3 COCTOSIHMSI C HOMEpPOM i OH Iepeii-
JIET B COCTOSIHHME | C BEPOSITHOCTBHIO Pij- Marpuiry
P =|(p(i, 7)), HA3BIBAIOT MATPUILEH TIePEXO/HbIX
BepoaTHocreil (nepexonos). OHa gBAsSETCA CTOXA-
CTHYECKOH PN BBITIOJHEHWH CJEAYIONIUX YCIOBUI:

— py= 0 (MaTpuIla HEOTpPUIIATEIbHA);

n
— Z p;; =1 (cymma sneMenToB Kax10ii cTpo-
=1

KU MaT]pI/IubI paBHA eIMHHUIIE).

MapKOBCKYIO IIellb MOKHO IPEICTABUTh B BUJE
rpada, B KOTOPOM BEPUIMHBI — 3TO COCTOSHUS PO~
mecca, a Iyrm — MHepPexo/bl MeKILY COCTOSHUSIMU.
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Kaxpoii ayre rpada (i, j) coorBercTByeT BEpo-
SITHOCTD Helu)exoz[a W3 i B J, TO €CTh Pij- CorJtacHo
MapKOBCKOW MOJIE/TIM arperupoBaHusi HKCIEPTHBIX
IIPEIIOYTEHN KasKAYIO aJIbTePHATUBY B PAHIKUPO-
BaHUSIX MOYKHO MPEJACTABUTD KAK COCTOSTHUE Map-
KOBCKOU II€TTH, B MPOIECCe arperupoBaHusl uiBy-
JYAJIbHBIX IPEANOYTEHUI 3KCIIEPTOB MOXKHO Olle-
HUTD BEPOATHOCTD MEPEXO/I0B ;.

MapkoBckuii rpad CTPOUTCS Ha OCHOBAHWH Ma-
TPUIIBI TIepeX0/10B. Jlajiee 1Jist ero BepIuH paccyu-
teiBaercs uncao Koymaenga (Copeland Numb),
paBHOE€ Pa3HOCTU YUCEJ AYT, BXOJAAIINX B BEPIIN-
Hy ¥ BbIXOAAMMUX U3 Hee [21, 22], u anbrepHaru-
BbI YIIOPAAOYNBAIOTCA B COOTBETCTBUU C yébIBaHI/IEM
yucaa Koymienga. [To cBoeMy cofiepskaHHio 4nucio
Koymnenga o6o6mmaer runoresy Koymrenma [22]
0 KOHCEHCYHCHOM PAHKUPOBAHUN aTbTEPHATUB 10
«KOJIMYECTBY TOMAJaHUi B KOHKYPCHI (MHMBU/LY-
aJIbHbIE PAHKUPOBAHUSA ), KOTOPbIE OHU BBIUTPAJIN> .
B KOJ/IEKTUBHOM PaHKMPOBAHUN AJTbTEPHATHBBI
pacroJsiaraiorcst o y6niBanuio ynciaa Koyrrena.

ChopmysnpyeMm MeTor POPMUPOBAHUS KOJIJIEK-
TUBHOTO PAIKIUPOBAHUSI.

Bxoanoit undopmanueir sBiagiorcs K WHIUBH-
JlyaJIbHBIX PAH)XKUPOBAHUI 77 BADHAHTOB, IIPE/ICTaB-
gennbix K askcnepramu. /[lnsg kaxmgoro uz K us-
JUBU/YAJbHBIX PAHKUPOBAHUI CTPOUTCSI MaTpH-
ma Q, = (¢,(i, j)),., (k=1, ..., K) 1o npasury
moAcYeTa MPEeBOCXOACTBA aJIbTE€pHATUB B WHAWBU-
AYaJIbHBIX PAHXUPOBAHUAX (HO]IC‘{eT «4ucJja I110-
6el U MPOUTPBILIEiis ):

1, ecaim j > i B k-M pamKUpPOBAHWMN;

Clk(l,]) = (1)

0 B mpoTHBHOM cJiy4ae.
113 nosryueHHbIX MaTpul] GopMUpYyeTcst cyMMap-
Hasl MaTpuIa

Q = (C](’L, ]'))nxn = ZQk
k

Ot Matputipl Q ocymecTBIIsIETCS TIEPeXo/l K MaTpH-
1le TIepeXO/IHBIX BepogaTHocTelr Mapkosa. Cy1iiecTByeT
PSIT TIPABUJT TIEPEXO0/Ia, MBIl BOCHOJb3YeMCST TaK Ha-
3biBaeMbIM MpaBusiom MC4 [8], cormacHo KoTopo-
My mepexomnas marpuna P = |[(p(i, /), | dopmu-
pyercs Tak:

(2)

1/ n, ecu q(i, j) > q(j,);
pl,j) =4(n—m) /n, ecnn i=j

0 B ocTaJbHBIX CJay4dasiax.

3

Ha ocHoBaHMU TIOCTPOEHHOI MATPUIILI IEPEXO0-
JIOB CTPOUTCSI HAIPABJEHHBbIN MapKOBCKUil rpad,
BEPIIMHBI KOTOPOTO COOTBETCTBYIOT CPaBHHUBA-
eMbIM aJbTepHATHBAM, a [yraM IPUIIACHIBAIOT-
€S COOTBETCTBYIOIINE TEPeX0/IHble BePOATHOCTH.
CpaBHuBaeMble aTbTepHATUBBI YIOPAA0YNBAIOTCS
no y6biBaamio unciaa Koyniaenaa.

IIpumMeHeHue pa3padOTaHHOrO METOAA st
BbIOOpA NPOrPaMMHPYEMBIX JOTHYECKUX
MHKPOKOHTPOJIJIEPOB

PaccmoTpuM nipuMeHeHue MpeIaraeMoro MeTo-
Jla 1151 peaJibHOM 9KCIEPTHON OIIEHKU.

Ha mpempusarim ITK® «Kpuonpom» (r. Oxecca)
B pPaMKaX MacHITaGHOTO MPOEKTA TI0 ABTOMATU3AIIUN
6JIOKOB OYHMCTKH TIPOMBIIIJIEHHO BBITYCKAEMBIX BO3-
JyXOpas/eINTeJbHbIX YCTaHOBOK [23] 6bL10 mpu-
HSTO pellleHre O 3aKyNKe KPYIHOW MapTHH TPO-
TPaMMHPYEMBIX JIOTHYECKUX MUKPOKOHTPOJIJIEPOB
(ITIJIM). UsHavajabHo ObLIN BbIOPAHBI TISATh aJlb-
TepHATUBHBIX BapuanTtoB (a—e) I1JIM:

— Siemens SIMATIC S7-300,/200 (a);

— Moeller XC-100,200 (b);

— Advantech ADAM-5000,/APAX-500 (c);

— Schneider Modicon M340,/Modicon
Quantum (d);

— ICPDAS XPAC-8000,/LinPAC-8000/
WinPAC-8000 (e).

[l KOMMEeKTUBHOTO KOHCEHCYCHOTO BBIOOpPA
Jiydiero Bapuanta 6biia chOpMUpOBAHA TPYIIIA
U3 JIEBSATU DKCIIEPTOB — BEIYIIUX CIEIHAJUCTOB
npennpusaTis « KpuonpoMms» u BeAyIUX TMPernoja-
Baresieil U uHxeHepoB VHCTUTYTa KOMITBIOTEPHBIX
cucreM OHITY. Okcnepram ObLIO TPEJIOKEHO CO-
CTaBUTH NMPOMUIN WHMBHU/Y ATbHBIX TIPEITOYTEHHN
aJIbTEPHATHB, TIPUHUMAS BO BHUMAHUE CHeNUPUKY
ABTOMATH3AIUU BO3/[yXOPA3/IeTUTETHHBIX YCTaHO-
BOK, a Take Takue xapaxkrepuctuku I[TJIM kax
1ieHa, OBICTPO/IENCTBYE U IUATIA30H CPEJICTB JIJIST €70
MPOrPaMMHUPOBAHUS, ONIPeIESIONNI YHUBEPCATD-
HocThb puMeHenus IIJIM. B pesysbrare akcnept-
HOTO OIeHUBaHUS ObLI TIOJy4YeH MpOQuIb, IpUBe-
JIeHHBII B TabGa. 1.

[l IpOBEpKM COTJIACOBAaHHOCTH MHEHUN 3KC-
nepToB ObLI paccuuTaH Kod(puImenT KoHKOpaa-
mun Kanpenma [2]. [l atoro 6bL1 oCyIecTBIeH

Ta6auma 1
I podury unousudyarvrvix npednoumenui
aKcnepmos

IKCIIEPT npuBuayanbHbie TPEATIOYTEHUS
I c-e>d>b>a
92 c-e=d>b>a
a3 c-e>b>d>a
4 c=e>d>b>a
35 e-c>d>a>b
96 e-d>c>a>b
7 e-c>d>a>b
38 b-e>-d>c>a
29 d-=b>=e=c>a
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nepexo/l OT TAOJUIIBI TIPE/INIOYTEHU I K MATPHIE PaH-
ros R = Eri].)gxs. B kasoit crpoke marpuitpt npex-
TMOYTEHNN HaWJIydIlIE€n aJIbTEPHATUBE ITPUCBANBAECT-
ca panr (1) = 1. Crenyromeii 3a Heil 110 TpeAIO-
YTUTEJDbHOCTU aJbTEPHATUBE MPUCBAMBAETCA PaHT
r(k) = r(k—1) + 1.

PanroBas MaTpuIa BBITJISUT CJAEAYIONUM 06-
pasom:

> 4 1 3 2
> 4 1 3 2
> 3 1 4 2
> 41 3 2
R=i4 5 2 3 1]
4 5 3 2 1
4 5 2 3 1
> 1 4 3 2
> 2 4 1 3

Jlucniepcronnblii K03 UIMEHT KOHKOPAIUN
Kangenna paccuntsiBaetcs mo (opmye:

- @)
K*(n* —n)’
rjae S — OlleHKa JUCHepCcyi;
K — KOJIM4ecTBO 3KCIIEPTOB;
n — YUCJIO aJbTEPHATHB.
Ornienka AMCTIEpCUN OMpeiesigeTcs KaK
n K 2
S=Y1>rn-7|, (5)
i=1 \ k=1

rae kB — unpgekc skenepra (kR =1, 2,..., K);
7;, — 3HAYEHHE PAHra, IIPHCBOECHHOIO k-M 3JKCIEp-
TOM i-if alIbTepHATHBE;

7 — OlleHKa CpeIHero 3HaYeHUsT PAHTOB MO AJbTep-
HATUBaM, OIlpe/iesisieMast Kak

(6)

Koadbdutment xorkopaannm pasex 1, ecim Bce
PAHXXUPOBAHUST HKCIIEPTOB B TPYIIIE OJUHAKOBBI,
n pasen 0, ecan Bce onn pa3mnuubl. [lag paccma-
TPUBAEMOI aKcriepTHOU Tabs. 1 KoapduimenT KoH-
kopaaiuu W = 0,56, 4TO rOBOPUT O JIOCTATOYHO
BBICOKOI COTJIACOBAHHOCTU WH/MBU/Yy ATbHBIX PaH-
JXKupoBaHuUii akcmeptoB. llockombky Koadduim-
€HT KOHKOP/IAIINY eCTb CJydYaiiHas BeJMYNHA, pac-
npejieJieHHast 0 PacIpeeJIeHIIo > ¢ YUCJAOM CTe-
neHeir ¢cBOOO/bI Vv = m—1 TIpU YucsIe aJTbTEPHATUB
n > 7, COCTOSITETbHOCTD €€ CTaTUCTHYECKON OIleH-
KU TIpoBepeHa 1 MOJATBEpsK/eHa Mo x> — KPUTEPHIO
[Mupcona ¢ ypoaem 3Haunmoctu 0,95.

[Ipumenum k tabj. 1 onucaHHbIil BbIIllE METO/I.

Marpuust (Q,)s.s (k =1, ..., 9), paccunran-
HbIE 110 cooTHOIIEHNIO (1), NMEIOT CJIe/LYIOMIHiT B/

01111 01 111
001 11 001 11
Q=0 0 00 0;Q,=/0 00 0 0
00111 00100
00100 00100
011 11 01111
00101 00111
Q,=[0 0 00 0:;Q,=/0 00 0 0
00111 00101
00100 00100
01111 00111
10111 101 11
Q=0 0 00 1:Qs=[0 0 0 0 1[;
0010 1 0000 1
00000 00000
00111 01111
10111 00000
Q,=0 000 1,Q,=[0 1 0 1 1;
0010 1 01001
00000 11110
011 11
00010
Q=010 1 1.
00111
00100

CyMMUpOBaHHEM BCeX 3TUX MATPHUIl MOJydYa-
eM MaTpuiILy

06999
30787
Q=0 2 0 2 5.
01607
13520

B coorBerctBuu ¢ npasusiom (3) mosyyaem ma-
TPHILY MEPEXOHBIX BEPOSATHOCTE!

/5 1/5 1/5 t/5 1/5
o 2/51/5 1/5 1/5
P=| 0 0 4/5 0 1/35. (7)
0 0o 1/5 3/5 1/5
0 0 0 0 1
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MapkoBckuii Tpad I/ KOITEKTHBHOTO PAHXMPOBAHUS

MapkoBckuii rpad, TOCTPOEHHBIN MO MaTpH-
e (7), upusejeH Ha pucyHke. Bepumnbl rpa-
¢da COOTBETCTBYIOT COCTOSHHSAM MapKOBCKOM
e (T. e. paccMaTpUBAaeMbIM AJbTEPHATHBAM).
Hamnpassennsie nyrn rpada CTpOSTCS B COOTBET-
CTBHUHM C BEPOSITHOCTSIMHU II€PEX0JI0B B COOTBETCTBY-
IOLMe COCTOSIHUSI, YKAa3aHHbIMU B MaTpuiie, — OT
MeHee BEPOSITHBIX COCTOSTHHN K 6oJjiee BEPOSTHBIM
(nm Ha s3biKe GUHAPHBIX OTHOIIEHWH — OT Me-
Hee TPe/ITOYTUTETHHBIX BAPUAHTOB K GoJiee TIPej-
HOYTHUTE/IBHBIM ) .

B ta6a. 2 npusenensl uncia Koymmenga s
BepIMH MapKoBckoro rpada (6e3 yuera rukinye-
CKUX JIyT, BHOCSIIUX HYJIEBOW BKJIA/), COOTBETCTBY-
onye ajabrepHaTuBHbIM BapuanTaM IIJIM. Torga B

Ta6auna 2
Yucaa Koynaenoda das eepwun maprosckozo epaga

Bapnant a b c d e
Yucso 4 9 9 1 4
Koynuenzga

COOTBETCTBUU C TIpaBuoM Koytena moixyyennoe
HUTOrOBOE PAHKMPOBAHME UMeEET BU: e-C-d>b>-da.

Takum o6pas3oM, COTIACHO KOJIJIEKTUBHON JKC-
MEPTHOH OIleHKe IMPeANOYTUTENbHBIM SIBJISET-
Cs BapuaHT e, T. €. JJS 3aKylKd PEKOMEHIYIOT-
cs mukpokoutposiepsl ICPDAS XPAC-8000,/
LinPAC-8000/ WinPAC-8000.

J1J1s1 TPOBEPKHU COCTOSATEBHOCTH TTPE/IJIOKEHHO-
rO MeTo/Ia Pe3yJIbTaThl HKCIEPTHOTO OIIpOca, MpH-
BeJleHHbIE B Ta0/1. 1, ObLI 06paGOTAHBI C MCITOJIb-
30BaHHeM KoMiLiekca Matlab-tiporpamm, ocHoBaH-
HBIX Ha PeIIeHny 3a/1au TOMCKa Meiuanbl Kemenn
KaK 3aJaudl 11eJJOUYMCJIEHHOTO MPOrpaMMUPOBAHUS
C MCITOJIb30BaHWEM MeTO/Ia BeTBell M rpanuil [24].
PesynbraThl 06pabOTKHU 1O TIPEIJIOKEHHOMY METO-
Jly ¥ 110 Metony Menuanbl Kemenu [24] mosHOCTBIO
COBMAIAIOT MEXIY COOOIL.

Jlist peireHnst 3ajaur KOJJIEKTHBHOIO BbIGODA
O TIPE/IJIOKEHHOMY METOJ/y COCTaBJIEHA MPOTPaM-
Ma B CHCTeMe KOMIIbIoTepHOil anreGpor Scilab. C

IEeJTbI0 OIeHKU ee ObICTPOJIEHCTBUST MPOBEIEH BbI-
YUCJIUTENbHBIN aKcmepuMenT co 150 cmHTe3mpo-
BAHHBIMU TaGJIMUIIAMU KOJIJIEKTUBHBIX TIPETIOUTE-
HUI, CreHEePUPOBAHHBIMU CJYyYallHBIM 06pPa3oM.
IKCIepUMEHT Ha MPOrpaMMHO-aNapaTHON Tiat-
dopme CPU: Intel Core i5 2450M 2,5 I'T1; RAM:
6 I'b DDR3 1300 MTIt; OC: Win7 st uncJia aib-
TEePHATUBHBIX BApUAHTOB 7 = 5— 12 W 4ymWcaa 9Kc-
neproB K = 5— 15 1nokasaJi, 4To 1poieccopHoe Bpe-
M BBIYMCAeHN He mpesbimiaeT 35— 80 Mc, 4TO B
80—200 pas meHbIle, 4YeM MPHU PENIEHUHN TEX Ke
3amad B cucteMe Matlab ¢ ucnosib3oBanuem meu-
anbl Kemenu [24].

BsiBoabI

WN3noxenHbie pe3yJibTaThl MO3BOJISIOT 3aKJIO-
YHUTb, YTO TPE/JIOKEHHDII MeTO/T MOXKeT 3(pderTus-
HO TIPUMEHSTHCS MPU PeIeHnH 33/1a4 GOPMUPOBa-
HUS KOJIJIEKTUBHOM 3KCHEPTHON OIEHKM CJIOMKHBIX
KOMTIOHEHTOB CHCTEM aBTOMATHKU, HATIPUMED TIpe/l-
CTaBJICHHBIX HAa PBIHKE MIPOTPAMMUPYEMBIX JIOTHYE-
CKMX MUKPOKOHTPOJLIEPOB. Kak mokasasn BeIYuC/Iu-
TeJIbHBIN 9KCIIEPUMEHT, METO/T 001a/IaeT 3HAUNTETh-
HO 60Jiee BBICOKUM OBICTPOIEIICTBHEM, YeM M3BECT-
HbIE aHAJIOTH, TIPY 3TOM OH TIPOCT /ISt TPOTPAMMHOI
peasu3aliy, MoCKOJIbKY OCHOBAH Ha CTaH/IAPTHBIX
MATPUYHBIX OTNEPAINSAX U CPABHEHUSX.

B panbrelinmmx ucciaeoBaHuSX OYIET periarb-
cs 3aJlavya aHaIW3a TaKOW CUTyalluu, B KOTOPOIl
JIOTTYCKAETCs TIPUCBOEHUE 3KCIIEPTOM OJMHAKOBBIX
PAHTOB Pa3JMYHBIM AJTbTEPHATUBHBIM BapHaHTaM.

NCIIOJIb3SOBAHHBIE NCTOUHUKN

1. Muranos M. H., Ioamumuos I'. A. DKcneprHbie OleH-
KU B yNPaBJIEHUN KAY€CTBOM PaJNO3TEKTPOHHBIX CPEJCTB. —
Camapa: CaMapckuii rocy/1apCTBEHHbIH a9POKOCMIYECKHIN YHU-
Bepcuter umenn akagemnka C. I1. Koposesa, 2004.

2. Camoxsaznos lO. {., Haymenko E. M. DxcnepTHoe ore-
nuBanne. Merogmdeckuii aciekt. — Kues: [IYUKT, 2007.

3. Bury H., Wagner D. Application of Kemeny’s median
for group decision support /,/ In book: Applied Decision
Support with Soft Computing. Series: Studies in Fuzziness and
Soft Computing. Vol. 124.— Springer, Berlin, Heidelberg,
2003.— P. 235—262.— https:/ /doi.org,/10.1007 /978-3-
540-37008-6_10

4. Didehvar F., Eslahchi Ch. An algorithm for rank
aggregation problem / /Applied Mathematics and
Computation. — 2007.— Vol. 189 (2).— P.1847 —1858.—
http: / /dx.doi.org /10.1016 /j.amc.2006.12.065

5. Davenport A., Kalagnanam J. A computational study of
the Kemeny Rule for preference aggregation proceeding //
AAAT'04 Proc. of the 19th National Conference on Artifical
Intelligence. — San Jose, California. — 2004.— P. 697 —702.

6. Boarenkos B. A., Kysaesa B. 1., Ilo3usak A. B. Ananus
Me/IMaHHBIX METO/IOB KOHCEHCYCHOTO arperupoOBaHUs PAHTOBBIX
npeanourenunii / / TudopmaTuka Ta MaTeMaTH4Hi METOIU B
mozemoBanni. — 2017.— T. 7, Ne4.— C. 307 —317.

ISSN 2225-5818

TexHosornust 1 KOHCTPYMPOBaHKE B 3JIEKTPOHHOI anmapatype, 2018, Ne 2 25



MHUKPOITPOIIECCOPHDBIE

YCTPOVICTBA U CUCTEMBI

7. Texman A. B., Axynun 10. 0., [laauues A. A., Bomogux
A. A. O6paGoTKa Pe3yIbTaTOB dKCIEPTH3 B PEECTPE HAYIHO-
TEXHUYECKUX pa3paboTok ,/ / BecTHHK cuOUPCKOTO rocymap-
CTBEHHOTO a9POKOCMUYECKOTO YHUBEPCUTETA UMEHU AKaJ[eMU-
ka M. @. Pemernesa. — 2010. — B 6 (32).— C. 30— 34.

8. Hannu Nurmi. Voting systems for social choice // In:
Handbook of Group Decision. Advances in Group Decision
and Negotiation. Vol. 4. — Springer: 2010.— P. 167 —182.
doi http: /' /dx.doi.org /10.1007 /978-90-481-9097-3

9. IlerpoBckuit A. b. Teopuss nmpuHATHS penIeHUIl. —
Mocksa: Akagemus, 2009.

10. Saaty Th. L., Vargas L. G. Decision Making with the
Analytic Network Process Economic, Political, Social and
Technological Applications with Benefits, Opportunities, Costs
and Risks. — N.-Y.: Springer Science+Business Media, 2013.

11. Caaru T. JI. Ilpunstue pemeHuii npu 3aBUCUMOCTSIX U
00paTHBIX CBA3SIX: AHaymTHYeckne cet. — Mocksa: JIKI, 2008.

12. Hogunosckuii B. B., Ilogunosckas O. B. O nekop-
PeKTHOCTH MeTo/ia anaiusa uepapxuit / / IIpo6iemsr ympas-
genust. — 2011.— Ne 1. — C. 8—13.

13. Iomuuosckuit B. B., IToaunosckass O. B. Eme pa3 o
HEKOPPEKTHOCTH MeTojla aHaim3a uepapxuii / / Ilpo6iembr
ynpasiennst. — 2012.— Ne 2. — C. 75—78.

14. Langville A. N., Meyer C. D. Who's #1? The Science
of Rating and Ranking.— Princeton and Oxford: Princeton
University Press, 2013.

15. Dwork C., Kumar R., Noar M., Sivakumar D.
Rank aggregation methods for the Web // In book:
International Conf. on the World Wide Web. — ACM Press
and Addison Wesley, 2001. — P. 613 —622. — http: / /dx.doi.
org/10.1145,/371920.372165.

16. Patchmuthu, R. K., Goh, K. L. A., Singh, A. K.
Application of Markov chain in the PageRank algorithm //
Proc. of the 3"Y CUTSE International Conference.— Miri,

Sarawak, Malaysia: Curtin University, 2011. — P. 116 —121.

17. Prerna Rai, Arvind Lal. Google PageRank algorithm:
Markov chain model and hidden Markov model // Int.
Journal of Computer Applications. — 2016. — Vol. 138, N 9. —
P. 9—13.— http:/ /dx.doi.org,/10.5120 /ijca2016908942

18. Polyak B. T., Timonina A. V. PageRank: New
regularizations and simulation models / / IFAC Proceedings
Volumes. — 2011.— Vol. 44, iss. 1.— P. 11202—11207.—
https: / /doi.org /10.3182 /20110828-6-1T-1002.01870

19. Nesterov Y., Nemirovski A. Finding the stationary
states of Markov chains by iterative methods //Applied
Mathematics and Computation.— N 255.— P. 58 —65.—
https: / /doi.org /10.1016 /j.amc.2014.04.053

20. Typunn B. H., Typunn E. B. Mapkosckue iemnu.
OcHoOBHbBIC TIOHATHUS, NPUMEPDI, 3a1a4u. — [[HEIPOIEeTPOBCK:
LizunoffPress, 2016.

21. Bounpckuit B. U. Ilponenypbl To10cOBaHUSA B MaJIbIX
IpyHIIaX ¢ JPeBHEHIINX BpeMeH A0 Hadajga XX Beka: Iipe-
npunt WP7 /2014 ,/02. — Mocksa: Wsa. gom Beicieit mko-
Jibl 9KoHOMuKH, 2014.

22. Dixit A. K., Skeath S., Reiley Jr. D. H. Games of
Strategy. — N.-Y., London: W. W. Norton & Company, 2014.

23. Yepsonenko II. II., BoarenkoB B. A. IligBumenus
piBHs aBTOMaTH3aIil 6JIOKY OUMIIEHHS YCTAHOBKU PO3/IiIEHHS
noBiTpst / / ABTOMartusaiisi TEXHOJOTiYHUX i OizHec-
mporeciB. — 2016.— T. 8, Ne 1.— C. 28—32.

24. Compute the median ranking according to the Kemeny
axiomatic approach [Dmxexrpomnustii pecypc]. URL: https: //
www.mathworks.com /matlabcentral /fileexchange /52235-
compute-the-median-ranking-according-to-the-kemeny-
axiomatic-approach (/lara o6pamenus: 30.03.2018).

Jama nocmynienus pyxonucu
6 pedaxyuio 03.04 2018 2.

B. O. BOJITbOHKOB, B. 1. KYBA€EBA, II. II. YEPBOHEHKO

Ykpaina, Omecbkuii HaIiOHAJBHUHN MOMITeXHIYHNHN yHiBEpCHTET

E-mail: vaboltenkov@gmail.com

METO/ZA EKCIIEPTHOI'O BUBOPY IINOPOBUX KOMIIOHEHTIB CUCTEM
[TPOMUCJIOBOI ABTOMATUKN HA OCHOBI MAPKIBCHbKOI MO IEJIT

Excnepmua ouinxa i obezpynmosanuii 6ubip yu@posux KOMROHEHMIE HA PUHKY MIKPOEIEKMPOHIKU € CKAAOHOI0
i eidnogidarvnoio 3adauero. /[lns ii eupiuwenus 6idomi memoou nposedeHHs eKcnepmu3 nioxo0smv He 6 NOSHill
Mipi 6 36's3Ky 3 mpydomicmricmio 06pobru pesyrvmamis. Po3pobra memody excnepmmozo eubopy uugpo-
BUX KOMNOHEHMIB, WO 003601E WEUOKO OMPUMYEAMU Y3dzdivHeny Koiexmusny excnepmimy ouinky (KEO),
OUTHIOBAMU Y3200KEHICD OYMOK eKCRepmie i npuimamu o6rpyHmMoSani piuenus, € 0ocmamnbo aKmydibHol.

3adaua docridxenns — pozpobra memody popmysanns KEO 0as eubopy uupposux KomMnonemmic cucmem
NPOMUCAOBOT ABMOMAMUKY HA OCHOGL Janytoea Maproea 1 1020 nepesipka 6 peanvHili Npakmuuniti cumyauyii.
3anpononosano memoo popmyearnns KEO cKIAOHUX KOMNOHEHMIE cUCMeM AGMOMAMUKY HA OCHO8T MAPKIBCLKOL
modeni. Ipu azpezysanni excnepmuux nepesaz KoXHa dibmepHamued npeocmasiscmsvcs sk cCman MapKiecbkozo
aanyioza. [lani ons eepuun Maprieckoezo zpaga pospaxosyemocs wucio Koynaenoa, dopientoe pisnuyi wucaa oye,
Wo 6X005Mb 6 BEPUUNY | UX00AMb 3 Hel. V KOJIeKMUSHOMY PAHKUPYEAHHT AIbIMEPHAMUBYU POIMAUOEYIOMbCS NO
cnadarwuomy 3nauvenHio yucaa Koynienoa.
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Pospobaenuii memod npodemoHcmpyeas 6Ucoky weudxodin 6 nopieHsHti 3 eidomumu anarozamu. Ilpasurvricme
3anponoHosanozo memody, tozo npaue3damuicmy i weuoKkodis niomeepoxeni Ha Peaivbtill eKcnepmusi i 6 npouect
KOMN'10MmepHoz0 MOOEAI0BANHSL.

IIposedeni docidixenns nOKA3aIU, U0 PO3POOIEHUTE MeMOO POPMYBANHS KOACKIMUBHOT eKCRePMHOT OUIHKU NPAUIOE
6 80-200 pasie weudwe, nix memod KEO na ocnosi medianu Kemeni. Ipaxmuuna snauumicms 3anponoHo8aHo-
20 Memody NPOOEMOHCMPOBAHA HA PealvHill excnepmusi, npoeedeniti na nionpuemcmsi «Kpionpoms (m.Odeca,
Yrpaina) npu 3axynieni napmii npozpamosanux i02iunux MiKPOKOHMPOIEPIE 6 PAMKAX MACUMAOH020 NPOEKMy
no agmomamusayii 610Ki6 oUUCMKU NOGIMPOPOINOOIILHUX YCMAHOBOK, WO NPOMUCIOB0 BUNYCKAIOMBCSL.

Knrouosi crosa: npozpamosanuil 102iuHuti MiKPOKOHMPOAEP, NPOMUCI08A ABMOMAMNMUKA, eKCRePMHE OUIHIOBAHHSL,
KOJeKMusHe pAnKYeanus, panz06a WKaAId, MApKICoKUL JAHUIO2.
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METHOD FOR EXPERT CHOISE OF INDUSTRIAL AUTOMATION DIGITAL
COMPONENTS ON THE BASIS OF MARKOV’S MODEL

Expert evaluation and reasonable selection of digital components in the microelectronic market is a complex
and responsible task. For its solution, the known methods of carrying out expert estimations do not fit fully
in connection with the laboriousness of the results processing. The development of an expert choice method
for digital components that allows you to quickly obtain a generalized collective expert evaluation (CEE),
evaluate the consistency of expert opinions and make informed decisions is a quite actually.

The goal of the study is to develop a method for forming a voucher for the selection of digital components of
industrial automation systems based on the Markov chain and its verification in the real practical situation.
A method is proposed for CEE forming for complex components of automation systems based on the Markov
model. When aggregating expert preferences, each alternative is represented as a state of the Markov chain.
Next, for the vertices of a Markov graph, the Copeland number is calculated, equal to the difference between
the number of arcs entering and leaving the vertex. In collective ranking, alternatives are arranged in
descending Copeland numbers.

The developed method has a high speed in comparison with the known analogs. The correctness of the proposed
method, its efficiency and speed has been confirmed by real expertise and in the process of computer modeling.
The executed researches showed that the developed method for the collective expert evaluation forming works
80-200 times faster than the method based on the median Kemeni. The practical significance of the proposed
method has been demonstrated on the real expertise carried out at the enterprise «Krioproms (Odessa,
Ukraine) when purchasing a batch of programmable logic microcontrollers within the large-scale project
framework for cleaning units automation of industrial air-separation plants.

Keywords: programmable logic microcontroller, industrial automation, expert estimation, collective ranking,
rank scale, Markoo chain.
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ENHANCING PARAMETERS OF SILICON VARACTORS

USING LASER GETTERING

The authors investigate how and why defects influence the inverse characteristics of varactors. The paper
presents experimental results on the effect laser gettering has on the electrical parameters of varactors.
The mechanisms of the laser gettering effect on the parameters of varactors are analyzed.

Keywords: varactor, silicon, impurities, gettering, reverse current.

Varactors are widely used in radio electronics
as variable capacitor diodes, the capacitance value
of which is controlled by voltage [1 —3]. The main
parameters of the varactor are its Q-factor, nominal
capacitance, reverse current and capacitance
overlap ratio. The latter determines the frequency
range of the varactor [1]. The development of
varactors with a reverse gradient of the impurity
concentration in the base makes it possible to
significantly increase the capacitance overlap
ratio. At the same time, another problem arises:
such varactors have a low yield due to variance in
nominal capacitance in the structures over the area
of the plate, and to a high level of reverse currents.
As studies have shown, this is mainly caused by
structural defects and uncontrolled impurities in
the active regions of the diodes [4—6].

Various gettering methods are used to reduce
the density of structural defects in silicon [7 —10].
Despite the variety of gettering methods of
structural-impurity defects, many of them (e.g.,
mechanical introduction of defects into the back
of the plate using abrasive treatment) are not
technologically efficient, which makes it difficult
to apply them in production. Therefore, a very
topical issue is the development of effective
technological methods for gettering structural
defects and impurities in silicon.

This work is devoted to the study of how
structural defects effect the parameters of the
silicon varactor with the inverse gradient of
impurity concentration in the base, and to the
possibility of using laser gettering to improve the
parameters and the yield of varactors.

Test samples

The investigated varactors were produced using
the standard planar-epitaxial technology [11] and
based on n-type silicon epitaxial structures with a
specific resistance of 12 Q-cm and a thickness of

DOI: 10.15222 /TKEA2018.2.29

8 um, grown on silicon substrates oriented along
the (111) plane.

Varactor structures were manufactured according
to the following main technological operations:

— thermal oxidation of silicon wafers in water
vapor at a temperature T = 1050°C for 100 minutes,
followed by annealing in argon for 30 minutes at
the oxidation temperature;

— 1st photolithography for opening windows
in silicon dioxide;

— phosphorus ion implantation at a doping
dose of 35 pC,/cm?2 and phosphorus diffusion at
a temperature of 950°C for 55 minutes to create a
reverse concentration gradient;

— 2nd photolithography for opening windows
for boron diffusion;

— boron doping in argon and oxygen at
T =980°C for 25 minutes to form a p —n junction;

— 3rd photolithography for opening windows
in a borosilicate glass film;

— formation of the ohmic contact on the working
side of the plate by depositing an aluminum film
in vacuum, and the 4th photolithography on an
aluminum film followed by annealing the contact
in an inert medium at T = 500°C;

— polishing the back side of the plate and
forming an ohmic contact on it by successive
deposition of titanium and nickel layers using
the vacuum thermal evaporation method, and
deposition of gold using galvanic precipitation.

Investigation of structural defects

Tests of the faulty (according to the reverse
current parameter) varactor structures showed a
high density of oxidative stacking faults (OSF) in
their active regions. After each high-temperature
operation, metallographic tests of the crystal
structure were performed. To reveal structural
defects, selective etching was carried out using the
Sirtl etch during 10 to 180 s. The type of structural
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Fig. 1. Surface of

the varactor structure
with revealed OSFs

defects and their density were determined using
an MMY-3 (MMU-3) optical microscope.

Immediately after thermal oxidation of silicon,
OSFs with a density of up to 102—103 cm~2 were
found in the varactor structures, and after the last
high-temperature operation (boron doping), the
density reached 105—106 cm—2.

Fig. 1 shows a microphotography of the surface
of one of the tested structures after selective
etching in a Sirtl etch for 20 s.

Gettering technology

To select an effective gettering method, which
would seamlessly fit into the manufacturing route
for the varactor, several gettering methods were
tested. It is worth noting, that gettering should
be done at the very beginning of the varactor
manufacturing route [9, 12], i.e., before thermal
oxidation, during which, as indicated above, OSFs
already begin to form. The obtained experimental
data have shown that an effective method of
suppressing OSFs would be to use laser gettering
in order to create a gettering area with an inverse
concentration gradient of the impurity in the base
on the back of the plate [13].

The getter region was formed by processing
the back of the plate with a laser at a radiation
density of 12 J/cm? followed by annealing in
argon (140 L/h) and oxygen (10 L/h) at 1050°C
for 40 min. Silicon wafers were processed by an
LTN-102 type Nd laser [7, 14] with a radiation
wavelength of A = 1.06 um. The surface scanning
speed of the laser beam was 0.5 m/s. The wafers
were processed with continuous laser radiation in
the heat flux regime, which ensured the melting
of silicon without evaporation.

Laser processing causes tensile stresses to appear
in the silicon wafer [7]. Subsequent heat treatment
in argon and oxygen leads to recrystallization of
the back surface of the plate, where a dislocation
network is formed in the region processed by
laser radiation. The regions of the crystal lattice
disturbance on the non-working side of the plate
serve as a drain for point vacancy defects and
atoms of rapidly diffusing metal impurities [9,
12]. Since the diffusion coefficients of these defects
are several orders of magnitude higher than those
of such dopant impurities as boron, phosphorus
or antimony, during heat treatment they migrate
through the semiconductor wafer and are deposited
on structural defects in the layer with a broken
crystal lattice.

Testing the effectiveness
of the developed technology

To test the approach, four batches of varactors
were produced using the basic technology (without
gettering) and four more batches were made
according to the developed technology (using
laser gettering). The efficiency of the technology
was evaluated by the varactor structures yield
according to two parameters:

— reverse current [, (validity criterion: I,.,=
= 0,2 pA at 16 V reverse voltage);

— nominal capacity C,,, (validity criterion:
Chom = 510—608 pF at 1 V reverse voltage).

It is obvious that the yield percentage is
inversely proportional to the variance of the C,,,
values over the area of the plate.

The analysis of the data from the table shows
that using the developed varactor manufacturing
technology makes it possible to increase the
structures yield by an average of 7.5% according
to the reverse current parameter, and by 7.3%
according to the nominal capacity parameter. At
the same time, the level of reverse currents in the
structures made by the developed technology is
2—>5 times lower than for the ones manufactured
using the basic technology. The variance of the
Ciom Values over the area of the plate is also lower.
Dependence of the structures yield on their
manufacturing technology according to the reverse

current and the nominal capacitance values

Manufacturing Batch Yield,
technology number %
I, control
1 91
Basic
2 89
3 97
Developed
4 98
Cpom control
S 421
Basic
6 43,8
7 48,5
Developed
8 51,9

Metallographic studies performed before the
formation of ohmic contacts on the working side of
the plates showed that the structures manufactured
using the developed technology contain no OSFs .

Fig. 2 shows reverse branches of the current-
voltage characteristics of the varactors. It can be seen
from the figure, that gettering substantially reduces
the level of the reverse currents in the diodes.

The effect of the laser-created getter layer on
the parameters of the varactor structure can be
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Fig. 2. Current-voltage characteristics of the varicap
structures made using laser gettering (7) and the basic
technology (2)

explained as follows. During high-temperature
operations (thermal oxidation, phosphorus
diffusion, boron diffusion), an effective gettering
of metal impurities is carried out by the getter
layer created on the back of the plate. The nuclei
of structural defects that were formed during ingot
growth and during epitaxy are removed, which
to a great extent prevents forming new defects
and helps removing the OSFs already formed in
silicon. The interstitial silicon atoms that form
OSFs diffuse to the created getter region and are
captured by it.

As a result, the previously formed OSFs
decrease in size or disappear completely. Effective
gettering of metal impurities and structural defects
provides a significant reduction in the variance
of the nominal capacitance of varactor structures
over the area of the plate (due to a more uniform
diffusion of phosphorus over the plate area
during the formation of an inverse concentration
gradient of the impurity in the base of the varactor
structure and a more planar boron diffusion front
when creating the p—n junction), as well as a
significant decrease in the level of reverse currents
in varactors, the increase of which was caused by
defects.

Conclusion

Thus, oxidative packing defects formed in the
active regions of the structures are the reason for
the low yield of varactors with an inverse gradient
of the impurity concentration in the base according
to the reverse current and the nominal capacity
parameters. The use of the developed technology
for manufacturing varactor structures with laser
gettering allows preventing or significantly
decreasing the OSF density in the active regions
of the structures. This makes it possible to reduce
the level of reverse currents and to decrease the
variance of the nominal capacitance of varactors
over the area of the plate and, thus, to improve
the devices yield.
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ITOJIIIINEHHA ITAPAMETPIB KPEMHIEBIX BAPUKAIIIB
TPV BUKOPNCTAHHI JIASEPHOI'O TETEPYBAHHA

Bapuxanu wupoxo suxopucmosyomscs 6 padioeieKxmporiui K IMIHHA EMHICMY, 8eJUYUHA AKOT YNPABASEMbCsL
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36invwumu Koegiyienm nepexpumms no emuocmi. Ilpu yvomy, 00HAK, GUHUKAA NPOOAEMd, NO6'A3AHA 3 HU3L-
Kum 8UX000M Npuoamuux npuradie uepes po3xud 3nauenb HOMIHAILHOL EMHOCIT CIMPYKMYP NO NAOULE NAACTU-
HU, 4 MAKOK 6UCOKOZ0 Pi6HS IX 360POMHUX CIMPYMIE.

Poboma npucesuena docidxennio BNAUGY CIMPYKMYPHUX Oehexmis na napamempu KpemHi€gozo 6ApuKand 3i
360pomuuM zpaazenmom KOHUEHMPayii domMiwku 6 6a3i i MOKAUBOCNT 3ACMOCYBANNS A3EPHOZO 2eMeEPYEANHSL
0151 NOATNUWEHHSL 1I020 NAPAMEMPIB6 i NIOSUWEHHSL 8UX00Y NPUOAMHUX NPUIADIE.

Bcemanoeaeno, wo 201061010 RPUMUHOIO HU3LKO20 6I0COMKA 6UX00Y NPUOAMHUX OOCHI0KYBANUX 6APUKANIE €
oxucaosavni depexmu ynaxyeanns (OAY ), wo ymeopiolomvcs 6 akmueHux 061dcmsx Cmpyxmyp 6 npouecax
npoeedenHs 6UCOKOMeMNepaAMypHUX onepayiti. /lemanvro po3zianyma 3anponoHo8ana mexHoa02is 6Uz0MOBAeH-
HSL CIMPYKMYP 6APUKANIE 3 LAIEPHUM 2eMEPYBAHHSM, d MAKOK 0COOIUBOCME CMBOpeHHs 00.1acmi zemepd Hd 360-
pomnomy 6oui naacmun. IIpueedeno exchepumenmarvii pe3yivmamu 0OCAI0KeHb 6NAUCY NAEPHOZO zemepy-
eanms na erexmpuuni napamempu eapuxanie. Iloxaszano, wo 3acmocysanus po3pobienoi mexnonozii 0036015€
3anoGizmu abo icmomuo 3menwumu wirvrnicmo O/Y 6 akmuenux 0O0LACMAX CMPYKMYP, Wo 0AE MOKIUBICMY
SHUBUMU PIBEHb 360POMHUX CIMPYMI6 | 3MEHWUMU PO3KUO 3HAUEHb HOMIHAALHOI EMHOCII 6APUKANIE NO NAOW
nAACMUHY 1, K HACAI00K, NidsuwuUmMuU 6uUxi0 NPUOAMHUX NPULADi6
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I[P NCITIOJIbSOBAHNUN JIASEPHOTO 'ETTEPPOBAHUMA

Paboma nocedauiena UCCNe008ANUI0 BAUAHUSL CMPYKMYpHvlx aeqbexmoe HA napamempuvl Kpemnuesozo sapuxrana ¢
06pdeblM zpa@ueHmOM KOHUEeHmpayuu npumecu 6 6ase u 603MONHOCTIU npumMenenus 1a3epnozo zemmepupoead-
Hus 015 YAYyuuwenus ezo napamempos u nosblileHus 661X00d 200HbLY npuéopoe.

Yemanosaeno, 4mo 21aenol npuvuHoOl HU3K020 NPOUEHMA BbIX00d 200HBIX UCCACOYEMbIX BAPUKANOE SAGNTIOM-
cs oxucaumenvhole degpexmor ynaxosxu (O/Y ), obpasyiouuecs 6 axmuenoix 064ACMX CMPYKMYP 8 NPoyec-
cax npogedenus evicokomemnepamypuuix onepauutl. I1o0po6Ho paccmompena npeodioKenHds MexHoi0zus u3-
20MOGIEHUS CIMPYKMYDP GAPUKANOG C JAICPHOIM 2CTNIMEPUPOSANUEM, A MAKKE 0COOEHHOCU o30anus 00aacmu
eemmepa na obpammoti cmopone naacmun. IIpusedenvt IKCREPUMEHMATLHBIE PEIYTLMAMbL UCCAE08AHUT 6IUSL-
HUSL IA3EPHO20 2eMMEPUPOBANUS HA INEKMPUYECKUe napamempsl sapuxanos. Ilokaszano, umo npumenenue pas-
PadOMAnHOl MeXHOI02UU NO3GOASCM NPEOOMBPAMUML UL CYWECMBEHHO YyMenbuwums niomuocms OAY ¢ ax-
MUGHVIX 0CLACAX CIMPYKIYD, 0dem 603MOKHOCID CHUSUTNG YPOBEHD OODAMHBLY MOKOG U YMEHLULUMD PA36POC
3HAUEHUT] HOMUNHATLHOU eMKOCTRU 6APUKANOE NO NAOWAOU NAACTAUHBL U, KAK CAedcmeue, Nosvlcums 6vix00 200-
HbLX npubopos
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CAD/CAE METHOD OF SOLVING
THE HYDRODYNAMIC PROBLEM
WHILE DEVELOPING POWERFUL ELECTRONIC DEVICES

The article presents examples of the solution of the hydrodynamic problem that arises in the development
of powerful electronic devices requiring liquid cooling using the CAD/CAE modeling method. The
authors consider poorly documented or undocumented features of such solution based on the use of
free software packages — SALOME, OpenFOAM and PavaView for the CAELinux operating system
platform.
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ParaView.

While designing electronic devices, the need to
solve the hydrodynamic problem arises in the case
when, in order to ensure a given thermal regime of
electronic components, it is necessary to use forced
liquid cooling realized as coolers of a particular
design. For a developer of electronic devices, the
end result of solving the hydrodynamic problem
is not so much an estimate of the flow velocity
and liquid flow rate in the cooler as the choice of
a pump capable of overcoming the hydrodynamic
resistance of the cooler and providing the velocity
and flow rate with given values obtained during
thermal calculations. It is not difficult to choose
the pump parameters when the hydrodynamic
characteristic is known for the cooler, i.e. the de-
pendence of the liquid pressure drop at the inlet
of the cooler versus the flow rate or velocity of the
liquid flowing through it. With streamlined flow,
when the hydrodynamic resistance of the cooler is
determined by frictional forces, the relationship
between the pressure drop and the velocity of the
liquid is expressed by the Darcy’s law [1], which,
taking into account the hydrodynamic resistance
at the inlet to the cooler and at the outlet from
it, is represented by the well-known equation [2]

_ L pV?
Ap |:<t:vin+7\‘(dj+éout:| 2 )

where Ap — pressure drop of the coolant at the cooler
inlet and at its outlet;

Eins Eout — coefficients of hydrodynamic resistance
at the inlet and outlet of the cooler,
respectively;

A — coefficient of hydrodynamic resistance
(friction) along the length /;

(1)

[ — length of the coolant flow path in the cooler;
d — characteristic cooler size;
p, V — density and liquid velocity in the cooler,
respectively.

The seeming simplicity of this equation conceals
considerable difficulties in determining the coef-
ficients of hydrodynamic resistance it includes.
Known analytical dependencies providing satisfac-
tory results for practical applications are obtained
for coolers in which the flow of liquid occurs in
rectilinear channels of regular shape (circular or
rectangular cross-section) [3]. For cases when
there are some form of obstructions in the coolant
channels, local constrictions, extensions and rota-
tions, the equations for calculating are empirical
or semi-empirical, are oriented to concrete design
solutions and have a strictly limited field of ap-
plication [3, 4].

The trend to complicate the design of coolers
due to the realization in them of nontraditional
flows [5— 10] makes it impossible to use equation
(1) for practical calculations and requires the use
of other approaches. One of them is mathematical
modeling, which implements the following algo-
rithm for solving the hydrodynamic problem [7]:

— to develop a 3D geometric model, the compo-
sition, shape, dimensions and applied materials of
which adequately reflect the design of the cooler;

— to determine the distribution of flow velocity
and fluid pressure in the geometric model of the
cooler by solving within its boundaries the system
of nonstationary three-dimensional continuum and
Navier — Stokes equations with allowance for the
specified hydrodynamic effects, using the finite
element method;
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— to present the results of the solution in
a form convenient for their interpretation and
subsequent intellectual analysis (tables, graphs,
diagrams, visualization and animated pictures).

Obviously, from the point of view of the de-
veloper of electronic devices, implementing such
an algorithm should not be about writing their
own computational procedures in any algorithmic
language, but about the use of specialized software
related to CAD /CAE systems.

Today there is a variety of such software. There
is a classification of the selection criteria for the
software specifying the features and main char-
acteristics of each criterion [11]. However, the
fundamental requirement to use exclusively legal
software in the design process takes the proprietary
criterion to the first place.

It is known that proprietary CAD /CAE sys-
tems have owners who provide chargeable control
over systems development, distribution, modifica-
tion and use. For this reason, the functionality
and reliability of proprietary CAD /CAE systems
are not questioned. Such software for solving the
hydrodynamic problem includes, for example,
ANSYS CFX, SolidWorks, Elmer. Its use requires
the purchase of a license, the cost of which reaches
the price of a small economy car.

An alternative to proprietary are free CAD /CAE
systems, which are considered to be less functional
and less reliable software. However, our experience
of its successful use in the design of sufficiently
complex coolers [5—10] allows us to conclude
that this judgment is wrong.

To solve the hydrodynamic problem, the devel-
oper can use free software, such as the SALOME
geometric modeling system [12], the OpenFOAM
mathematical modeling system [13], and the
ParaView parallel computing visualizer [14].
The SALOME tools allow you to create a virtual
3D geometric model of the cooler and gener-
ate its finite-element representation (meshing).
OpenFOAM solvers (functions in terms of C++)
allow you to import from SALOME a meshed
model of the cooler, set the initial and boundary
conditions for the problem, and solve the above-
mentioned equations of mathematical physics
within the finite element model.

The solution obtained is an array of numerical
values in nodes of the meshed model, the number of
which can reach 105—106. ParaView functions allow
using this array of values to determine the hydrody-
namic characteristic of the cooler and to present it
in the form of a table, a two-dimensional graph, a
three-dimensional diagram, a visualization picture of
the change in pressure and velocity in space, and an
animated picture of their change in time.

Thus, these software packages interact with
each other by transmitting the information about

the cooler from SALOME to OpenFOAM and then
to ParaView, and together they form a CAD /CAE
system that implements the above algorithm for
solving the hydrodynamic problem. This system is
a complete analog of known proprietary systems,
without any loss of functionality.

One of the main obstacles to the active use of
SALOME, OpenFOAM and ParaView for solving
the hydrodynamic problem is their weak docu-
mentation. Official user manuals from developers
[12—14] help mastering the basic techniques us-
ing the simplest examples, which are far from the
real designs of coolers. Known applications of this
software repeat the main declarations of official
manuals and are focused on solving other problems
for other modeling objects [15—17].

The goal of this paper is to show practical
examples of undocumented or poorly documented
features of using this CAD /CAE system for the
solution of the hydrodynamic problem based on
the experience of designing liquid coolers for such
electronic devices as microprocessors. SALOME,
OpenFOAM and ParaView are cross-platform soft-
ware products and can run under different operating
systems. However, the rational approach is to use
them on the CAELinux operating system platform
[18] for several reasons: first, it corresponds to the
spirit of free software; secondly, the installation
distribution of CAELinux already includes these
software packages, which eliminates the need for
additional settings to ensure the correct transmis-
sion of information between the packages.

Example 1
Fundamentals of solving the hydrodynamic
problem by the CAD /CAE method

Let us consider a water cooler used for thermal
management of the Intel Core i7 microprocessor.
The cooler is a closed rectilinear channel with
rectangular cross section, whose base is in direct
thermal contact with the pedestal of the micropro-
cessor body, serving for heat removal (Fig. 1, a).
The flow volume of the cooler is a parallelepiped,
symmetric with respect to the plane parallel to
the Y0Z plane (Fig. 1, b), with the following
parameters: width X = 60 mm, height Y =15 mm
and length Z = 70 mm. Water flows along the Z
axis at a temperature of 20°C, the water velocity
at the cooler inlet is U = 0.01 m /s.

It is required to determine the pressure drop of
water at the inlet to the cooler using the icoFoam
solver, which is designed to solve the above equa-
tions of mathematical physics.

The solution of the problem is carried out in
accordance with the basic techniques outlined in
[12—14, 18], in the following order.

34
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Fig. 1. Model of the microprocessor with the cooler (a) and the flow volume of the cooler (b):
1 — symmetrical half of the cooler; 2 — microprocessor

1. Create a project directory

1.1. Create a project directory with a name, for
example, rect_cooler (rectangular cooler) in the
system directory Home of the CAELinux operat-
ing system.

1.2. Place directories and files of icoFoam
solver to the project directory rect_cooler. To do
this, go to the system directory of the CAELinux
operating system ,/opt/openfoam211/tutorials/
incompressible /icoFoam /cavity and copy directo-
ries named 0, constant and system to the directory
rect_cooler (Fig. 2).

1.3. Go to the directory constant and empty the
polyMesh directory. To do this, delete the block-
MeshDict and boundary files in the polyMesh
directory.

2. Create a geometric model of the cooler flow
volume in SALOME

2.1. Run SALOME and go to geometric module
Geometry.

2.2. Using the Box graphic primitive to create a
geometric model of the flow volume in accordance
with the specified dimensions in the form of its
symmetrical half with a width of X2 = 30 mm,
and assign it a name, for example, coinciding with
the name of the rect_cooler project directory.

- rect cooler - File Manager -+ x
File Edit View Go Help

[ caelinux E[ aelinux]_iwnsﬂnt“pﬂNMahl
[ esktop
g - - -
| File system
0 constant system
2] Network

| 472GBFilesystem &
| 11GBFilesystem &
@ Documents

(il pownload

[ Music

@ Pictures

[l videos

3items (260 bytes), Free space: 3.8 GB

Fig. 2. The contents of the project directory rect_cooler before
solving the problem

b)

top b inlet

right

2.3. For the rect_cooler geometric model, use
the Create Group operation to select the surfaces
(see Fig. 1, b) that correspond to the specified
boundary conditions of the problem:

— the water inlet into the flow volume occurs
through the surface inlet, perpendicular to the Z
axis and coinciding with the Y0X plane;

— the water outlet from the flow volume oc-
curs through the surface outlet, perpendicular to
the Z axis and spaced from the Y0X plane at a
distance equal to the length of the flow volume;

— the top and bottom surfaces of the flow
volume, perpendicular to the Y axis, as well as
the right surface, perpendicular to the X axis and
coinciding with the plane Y0Z, are solid imperme-
able walls;

— the left surface of the flow volume, perpen-
dicular to the X axis and spaced from the plane
Y0Z at a distance equal to the width of the model,
is the plane of symmetry.

2.4. Save the result of creating a geometric
model of the flow volume of the cooler to the
rect_cooler_geometry. hdf file in the rect_cooler
project directory, making sure that the Object
Browser window of the SALOME desktop contains
all the surfaces created as part of the rect_cooler
model (Fig. 3, a).

3. Mesh the geometric model of the flow volume
of the cooler in SALOME

3.1. Without quitting SALOME, go to the
Mesh meshing module.

3.2. Since the geometrical model of the flow
volume of the cooler has the form of a parallelepi-
ped, use Hexahedron finite elements in the form
of hexahedrons. Using the Create Mesh operation,
set the following meshing parameters:

— Wire Discretization algorithm for dividing
the edges of the model, Automatic Length hypoth-
esis of dividing the edges of the model with the
quality value, e.g., 0.5;
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Fig. 3. The geometric model of the flow volume of the cooler
(a) and the result of its meshing (b)

— Quadrangle (Mapping) algorithm for model
surface partitioning;

— Hexahedron (i, j, k) algorithm for partition-
ing the volume of the model.

3.3. With the help of the Compute operation,
perform a meshing of the model and its surfaces
that correspond to the boundary conditions of
the problem (see 2.3). The result of meshing
the rect_cooler geometric model of the cooler
flow volume is shown in Fig. 3, b. For meshing
parameters given in 3.2 the model contains 3465
finite elements.

4. Conversion of the flow volume model of the
cooler into the OpenFOAM format

4.1. While in the meshing module Mesh, export
the cooler model to the I-DEAS (integrated design
and engineering analysis software) intermediate
.unv format. To do this, select the Mesh_1 object
in the Object Browser window (see Fig. 3, b) and
select File — Export — UNV file in the main menu
of the SALOME desktop.

4.2. Save the result in the rect_cooler project
directory in the file with a name, for example,
Mesh_1.unv. Minimize the window or exit the
SALOME geometric modeling system (optional).

4.3. Open the OpenFOAM terminal window by
selecting Applications — caelinux — OpenFOAM
2.2.1 terminal in the main menu of the CAELinux

- polyMesh - File Manager - + x
File Edit View Go Help

caelinux U (@ caelinux || rect cooler || constant | W

i Desktop

[fj Trash c c c c c

[ - = e e
e boundary faces neighbour  owner points

11 GB Filesystem
.L—‘.‘ .
__| 472 GBFilesystem
|| TRANSCEND
\Jﬂ Documents

E Download
Music
\ﬁﬂ Pictures
Videos.

BT

5items (415.7 KB), Free space: 3.8 GB

Fig. 4. The contents of the subdirectory rect_cooler/
constant /polyMesh after converting the cooler model
from SALOME to OpenFOAM

operating system desktop, and enter the rect_cooler
project directory.

4.4. Convert the cooler model from the inter-
mediate I-DEAS format to the OpenFOAM format
by executing the ideasUnvToFoam Mesh 1.unv
command in the terminal window. Make sure that
the protocol for executing the ideasUnvToFoam
command was completed with the End string,
indicating that the conversion was successful
without errors. Also, make sure that the result
of the conversion was the creation of boundary,
faces, neighbor, owner and points files in the
rect_cooler /constant /polyMesh project subdirec-
tory (Fig. 4).

4.5. Convert the dimensions of the cooler model
specified in the SALOME geometric modeling
system in millimeters to meters, accepted in the
OpenFOAM mathematical modeling system by de-
fault. To do this, execute the transformPoints
-scale '(0.001 0.001 0.001)' command
in the terminal window and make sure that there
are no errors.

5. Prepare the flow volume model of the cooler
to the computation by OpenFOAM

5.1. Define the types of surfaces of the cooler
model that correspond to the boundary conditions
of the problem (see 2.3). To do this, open the
rect_cooler /constant /polyMesh,/boundary file in
any text editor and make the following changes:

— for the inlet and outlet surfaces, specify the
patch type;

— for the top, bottom and right surfaces,
specify the wall type;

— for the left surface, specify the symmetry-
Plane type.

The rect_cooler/constant /polyMesh /boundary
file should have the following form (the order
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of the surfaces and the value of the startFace
parameter can be different):

6
(

left

{
type symmetryPlane;
nFaces 231;
startFace 9684;

}

right

{
type wall;
nFaces 231;
startFace 9915;

}

inlet

{
type patch;
nFaces 165;
startFace 10146;

}

outlet

{
type patch;
nFaces 165;
startFace 10311;

}

top

{
type wall;
nFaces 315;
startFace 10476;

}

bottom

{
type wall;
nFaces 315;
startFace 10791;

5.2. Set the initial and boundary values of the
water velocity, corresponding to the initial data
and the boundary conditions of the problem (see
2.3). To do this, open the rect_cooler,/0,/U file in
any text editor and make the following changes:

— on the inlet surface, set the velocity value
at the inlet to the flow volume of the model:
0.01 m/s along the Z axis, and 0 m /s along the
remaining axes;

— define the outlet surface as a surface with
zero gradient;

— on the top, bottom and right surfaces, set
zero velocity value in all coordinate axes;

— define the left surface as a plane of sym-
metry.

The rect_cooler/0,/U file should have the
following form (the order of the surfaces may be
different):

dimensions [01 -1 00 0017
internalField uniform (0 0 0);
boundaryField
{

inlet

{

type fixedValue;

value uniform (0 0 0.01);
}
left
{

type symmetryPlane;
right
{

type fixedValue;

value uniform (0 0 0);

}
outlet
{

type zeroGradient;
}
top
{

type fixedValue;

value uniform (0 0 0);
}
bottom
{

type fixedValue;

value uniform (0 0 0);

5.3. Set the initial and boundary values of the
water pressure, corresponding to the boundary
conditions of the problem (see 2.3). To do this,
open the rect_cooler,/0/p file in any text editor
and make the following changes:

— set the inlet, top, bottom and right surfaces
as surfaces with zero gradient;

— set zero pressure value on the outlet surface;

— define the left surface as a plane of sym-
metry.

The rect_cooler,/0/p file should have the fol-
lowing form (the order of the surfaces may be
different):

dimensions [02 -2 000 071;
internalField uniform O;
boundaryField
{
inlet
{
type zeroGradient;
outlet
{
type fixedValue;
value uniform 0;
}
left
{
type symmetryPlane;
right
{
type zeroGradient;
}
top
{
type zeroGradient;
}
bottom
{
type zeroGradient;

}
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5.4. Set the physical properties of the wa-
ter according to the conditions of the problem.
When using the icoFoam solver, it is sufficient to
specify only the kinematic viscosity value nu. At
a temperature of 20°C, nu = 0.000001 m2/s. In
any text editor open the rect_cooler/constant,/
transportProperties file and enter the value of this
parameter. The file should contain:

nu nu [0 2 -1 000 0] 0.000001;

5.5. Set computation parameters. To do this,
open the rect_cooler /system/controlDict file in
any text editor and make the following entries:

— set the start time of the computation
(startTime) to zero;

— the end time of the computation (endTime)
is equal to the time when the steady flow of water
in the cooler sets in. To quantify it, an empirical
rule is used, according to which for a given flow
velocity at the inlet, the flow volume must be
updated 10 times, i.e. with an inlet flow velocity
of 0.01 m /s and a cooler length in the direction
of flow of 0.07 m the time of setting the steady
state is 70 s;

— the deltaT time step of the computation
is accepted so that during the computation the
maximum value of the Courant Number (Courant
Number max) displayed in the OpenFOAM ter-
minal window for the count protocol does not
exceed 1.0. For the initial data received, the value
of deltaT should be taken as 0.1 s;

— interval of recording the intermediate re-
sults of the writeInterval computation should be
set. For example, if the computation time is 70 s,
the time step is 0.1 s, the interval of recording
intermediate results is 20, then 35 subdirectories
containing velocity and pressure values for the
cooler model for every 2 seconds will be created
in the project's directory.

The rest of the parameters remain unchanged
[13].

The rect_cooler /system/controlDict file should
look like this:

application icoFoam;
startFrom startTime;
startTime 0;

stopAt endTime;
endTime 70;
deltaT 0.1;
writeControl timeStep;
writeInterval 20;
purgeWrite 0;
writeFormat ascii;
writePrecision 6;
writeCompression off;
timeFormat general;
timePrecision 6;
runTimeModifiable true;

6. Running the task and obtaining a solution

6.1. Run the task for computation. To do this,
execute the icoFoam command in the OpenFOAM
terminal window while in the project's directory.

6.2. Observe the computation process watching
the count protocol which is dynamically displayed
in real time during the solution of the problem in
the terminal window. The final part of the count
protocol is shown in Fig. 5. The protocol contains
the current time (Time) from the moment of the
beginning of the water flow with the time step
deltaT, the average (Courant Number mean) and
the maximum (Courant Number max) values of
the Courant number, initial (Initial residual) and
final (Final residual) values of the calculation of
the remaining projections of velocity U and pres-
sure p for the corresponding current time Time,
the time of task solving (CPU time) ClockTime
and other parameters.

6.3. Wait for the successful completion of the
task, when the output of the count protocol data
stops in the terminal window at the endTime
moment, and the last line of the count protocol
contains the End value. The content of the
rect_cooler project directory for completed com-
putation is shown in Fig. 6. Depending on the pro-
cessor performance and the size of the computer's
main memory, the time for solving the problem
can vary from 4 to 15 seconds or more.

= Terminal oy
Fle Edt View Terminadl Go Help

Time = 69.9

Courant Number mean: 0.317019 max: 0.48161
DILUPBiCG: Solving for Ux, Initial residual = 3.42563e-08, Final residual = 3.42563e-08, Wo Iterations O
DILUPBICG: Solving for Uy, Initial residual = 3.80359e-08, Final residual = 3.80359s-08, Mo Iterations 0
DILUPBICG: Solving for Uz, Initial residual = 6.7467e-09, Final residual = 6.7467e-09, No Iterations O
DICPCG:  Solving for p, Tnitial residual = 1.2041e-06, Final residual = 2.81662e-07, No Tterations 1

time step continuity errors : sum local = 1.60857e-03, global = 4.07423e-12, cumulative = -5.18452¢-07
DICPCG:  Solving for p, Initial residual = 3.02578¢-07, Final residual = 3.02578e-07, No Iterations O
time step continuity errors : sum local = 1.72802e-09, global = 1.64602¢-12, cumulative = -5.1845¢-07
ExecutionTime = 12,75 5 ClockTime = 13 5

Time = 70

Courant Nusber mean: 0.317019 max: 0.48161
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DILUPBICG: Solving for Uy, Initial residual = £.53112¢-08, Final residual = 8.52112e-08, No Iterations O
DILUPBICG: Solving for Uz, Initial residual = 9.22677e-09, Final residual = 9.226772-09, Mo Iterations O
DICPCG:  Solving for p, Initial residual = 1.22452e-06, Final residual = 1.27837e-07, No Iterations 1
time step continuity errors : sum local = 7.30081e-10, global = -8.51872e-12, cumulative = -5.1845%e-07
DICPCG:  Solving for p, Initial residual = 1.85052¢-07, Final residual = 1.85052e-07, Wo Iterations o
time step continuity errors : sum local = 1.05683e-09, global = -1.04614e-11, cumulative = -5.1846e-07
ExecutionTise = 12.8 5 ClockTime = 13 5
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Fig. 5. The final part of the count protocol
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Fig. 6. The contents of the rect_cooler project directory
after the computation is completed
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6.4. Make sure that 35 subdirectories are cre-
ated in the rect_cooler project directory, the names
of which correspond to the given time intervals of
the flow in 2-second increments, containing the
required values of the velocity U and the pressure
p at the nodes of the meshed model of the flow
volume of the cooler (see Fig. 6).

7. Analysing the results of solving the problem
in ParaView

7.1. Download the results of the solution of
the problem, i.e. the contents of the rect_cooler /2
.. rect_cooler /70 subdirectories to the ParaView
parallel computing visualizer. To do this, run the
paraFoam command in the OpenFOAM terminal
window. As a result of the command, the main
window of the ParaView will open on the desktop
of the CAELinux operating system, and an empty
file named rect_cooler/rect_cooler.OpenFOAM
will be created in the project's directory, through
which the visualizer will access the data of sub-
directories of the rect_cooler project directory.
7.2. Display the image of the geometric model
of the cooler on the desktop of the visualizer and
visualize the pressure distribution p in it (Fig. 7).
The pressure values obtained as a result of the
solving the problem are the specific values related
to the density of the cooling liquid and have the
dimension m2/s2. At a temperature of 20°C, the

Fig. 7. Pressure distribution p in the flow volume
of the cooler

a)

-

.,

e

Fig. 8. Model of a microprocessor with a symmetrical half of the cooler with hose connections (@) and the flow volume
of the cooler (b)

1 — inlet hose connection; 2 — outlet hose connection

density of water is 998.2 kg /m3. Thus, in order to
ensure a given velocity at the inlet to the cooler, the
water pressure drop must be Ap =998.2 - 0.000105=
= 0.1 Pa.

Example 2
Cooler design with hose connections

In the design of the cooler, two cylindrical
hose connections are added to connect the chiller
with a diameter of 9 mm and a length of 13 mm
(Fig. 8, a).

The water flow rate through the cooler is as-
sumed to be the same as in Example 1, in order
to be able to compare the results, so that its inlet
velocity is set to U = 0.141 m /s. The solution
of the problem was carried out according to the
method described in the previous example, with
the following features:

— the flow volume of the cooler has a complex
shape, its geometric model (Fig. 8, b) is created
in SALOME using the Fuse logical operation of
combining of the Box graphic primitive and two
Cylinder graphic primitives;

— the model has 10 boundary surfaces: inlet,
outlet, symmetry plane and seven solid imperme-
able walls (see Fig. 8, b);

— Tetrahedron finite elements in the form of
tetrahedrons (pyramids) were used for meshing,
with the value of the edge partitioning quality of
the model 0.6 (Fig. 9), the number of finite ele-
ments was 63715.

The result of the solution of the problem, which
is a visualization of the pressure distribution in the
flow volume of the cooler, is shown in Fig. 10. Tt
can be seen that in order to ensure a predetermined
water flow rate through the cooler, the pressure drop
should be equal to Ap =998.2 - 0.0129 = 12.9 Pa.
Comparing this value with the result obtained in
Example 1, one can see that as the flow velocity
at the inlet to the cooler increases by an order of
magnitude, the pressure drop increases by two
orders of magnitude, which corresponds to the

inlet
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Fig. 9. The result of meshing the geometric model of
the flow volume of the cooler with hose connections

o
0.012901
-0.012

0.008
0.004

0]
-0.00284

Fig. 10. Pressure distribution p in the flow volume of
the cooler

quadratic character of the hydrodynamic charac-
teristic described by equation (1). This result is
one of the reasons for trusting the software used
and the method proposed.

Conclusions

Considered on simple examples, the CAD /CAE
method for solving the hydrodynamic problem
using free software SALOME, OpenFOAM and
ParaView on a platform of the CAELinux operat-
ing system was successfully used by authors when
designing more complex coolers — not only sym-
metrical but also containing dozens and hundreds
of planar and curvilinear boundary surfaces, with
a sudden change in the direction of flow and ve-
locity of cooling liquid, when the value of CPU
time for obtaining a solution for only one variant
of the initial data were tens of hours.

Due to the limited size of the journal article,
many important issues were not considered here,
such as the adequacy of the geometric model to the
real design, the choice of algorithms and meshing
hypotheses, their effect on the solution result, the
use of a simpleFoam solver that takes into account
the turbulence of the coolant flow, ensuring con-
vergence of solution, parallelization of the task
to reduce the time of computing, presentation of
the solution results not only with visualization
pictures, the adequacy of the solution to the ex-
perimental data. The authors plan to devote their
future publications to these issues.
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OIIPEAEJIEHVNE KOJIMYECTBA 3AITACHDBIX
IDJIEMEHTOB TEXHUYECKUX CUCTEM
I[TO HACTOTE OTKA30OB

IIpednoxena modeav 0151 NPOZHOIUPOBAHUS KOJUUECMEA 3ANACHLLX UACMel HA OCHO8e AHAIU3A NApaMe-
mpos HAOeKHOCU U UACMOMbL OMKAZ08 INEKMPOPAOUOUIOETULL MEXHUUECKUX CUCTNEM NPU UCNOTbI08AHUU
pacnpedenenus Paies, no3goasioudas onpedensmy Heobxo0uMoe KOJUUECMEo 3andCHbly 4acmeti K MomeH-
My 0XKudaemozo OMKA3Ad UAU K020d HAOCKHOCL cucmeMmvl naddem Huxe 3adannozo yposus. C ee nomo-
Wp10 MOKHO NPOGOOUML PACUETNBL OOUHOUHBIX KOMNICKMOE 3ANACHBIX 4ACMell, NPeOHA3HAUEHHbIX OIS 60C-
CMANH0BAEHUS PAOOMOCROCOOHOCTNU TREXHUUECKUX CUCTHEM.

Kniouesvie cnosa: Hdae)KHOCWlb, 3dndcHosle yacmu, Memoo npoZrHoO3UPoOBAHUA, pacnpeaeﬂeﬁue Panes, ypo-

6€HbL OMKA3086.

CJ0:kHbIE TEeXHHYECKUE CHUCTEMbl, HCIHOJIb3ye-
Mble B PasJMuHbIX cdepax [IesiTeJbHOCTH, COCTO-
AT, KaK PABUJIO, U3 GOJIbIIOTO KOJMYECTBA KOMIIO-
HEHTOB ¥ JIeTaJlell, 1 110 Mepe YCJIOKHEHUS CTPYK-
Typbl U (QYHKIMI cucteM Bce GoJibliiee 3HAYEHUE
npuo6peTaer obecrieueHre NX HaIEXKHON 1 adek-
TUBHOU PabOTHI.

Anaus npo6.em B o6aactu ¢popmuposanusi 3UIT

OmHuM 13 crocoGOB MOBBINIEHUST YPOBHS Ha-
JIEKHOCTH SIBJISIETCST CO3/ITaHNE KOMILJIEKTOB 3aIiac-
HBbIX YacTell, UHCTPYMEHTOB U MPUHAJIEKHOCTEN
(3UII) g onepaTuBHOI 3aMeHbl B OTKas3aBHIEil
cucremMe. BaskHBIM TIOKazareseM s MOTpeOuTe-
JIs1 aBysieTcs K09 OUIIMEHT TOTOBHOCTH CHUCTEMDI,
3aBUCSIINN OT BO3MOXKHOCTH OBICTPOIl 3aMEHBI OT-
Ka3aBIEr0 KOMITOHeHTa uan y3ja. [[Jasg Toro 4ro-
ObI B TaKOil cUcTEMe HA JOJKHOM yPOBHE TOJIED-
JKHBasach paboTocnoco6HOCTb, Tpebyercs addek-
TUBHOE yTIpaBJjieHne 9TUMHU 3anacamu [ 1], mostomy
KOMIIJIEKTOBAHUE CUCTEM 3ATACHBIM HMYIIECTBOM
CITPABE/IJIMBO PACCMATPUBAETCS KaK YacTHAs 3a/la-
ya Teopuu yrpasienus 3anacamu [2]. Ee pemenue
UMeeT BaXKHOE 3HA4YeHUe /s 0OecTieyeHus Herpe-
PBIBHOCTU 9KCILIyaTAIlMU, & B PS/ie CAyIaeB U JIJis
nocTikenust tpebyemoit 6e3onacuoctu. [Ipu atom
GOJIBIITYIO0 POJTb UTPAET HENPEICKa3yeMOCTh HACTY-
TJIeHHS OTKa3a o6opyoBaHus u jetasneil. OmaHuM
13 COCOO0B MUHUMHU3AIINU €€ HETATUBHBIX TTOCTIEI-
CTBUII SIBJISIETCS TIOJIIEPIKAHNE TAKOTO KOJUYECTBA
3aIlacHbIX YacTeil, KOTOpoe Obl 3aBE/IOMO TapaHTHU-
pPOBAJIO 3aMeHy B CJydae OTKa3a, OJHAKO OYEBUJI-
HO, UTO TIPU PEATU3AIUH TAKOTO MOJX0/[a CTOMMOCTD
CKJIQJICKUX 3a11acOB OY/IeT HEOIIPAB/IAHHO 3aBbIIIEHA.

Bosiee 5KOHOMHBIM CIIOCOOOM SIBJISIETCST OTIpe-
JlejieHne HeoGXOMMOTO KOJIMYECTBA 3aTTACHBIX Ya-
CTell ¢ UCTIOJIHb30BAHUEM OJIHOI U3 JIOCTYIHBIX MO-

nesieii mporuosuposanus [3].[lockosbKy n3-3a yio-
MSHYTOI HEIPeJICKa3yeMOCTH CIPOC Ha 3allacHble
YacTH UMEET CTOXACTUYECKUI Xapakrep, IpUMeHe-
HUE MO/IeJIe, YCTaHABINBAIOIINX HEN3MEHHBIN 06b-
eM 3UII Ha Bech KU3HEHHBIA [TUKJI U3IEJUI TOJIb-
KO B 3aBUCHUMOCTH OT KOJIMYECTBA HAXOJAIIENCS B
AKCILTyaTallul TEXHUKW, He BCETJa MO3BOJSET TIO-
JyuuTh a/lekBaTHYIO onieHky [4]. ITo artoit mpwun-
He 6oJiee MPEeANOYTHTENbHBI MOJIEIH, OCHOBAHHBIE
Ha UCI0JIb30BAaHUY TAKUX TTaPaMETPOB, KaK HAJIEXK-
HOCTb 3AITACHBIX YaCTell, CJTOKHOCTb U KA4eCTBO 00-
CJIy>KUBaHN, TTPOIOJIKUTEIBHOCTD KU3HU, MHTEH-
CHUBHOCTD KCILIYaTAIlUN, PACXO/IbI HA TEXHIIECKOE
o6CaIy;KUBaHue u T. 1.

Takum o6pasom, BakHeililnas u3 IpobJieM
3TOll 06JIaCTM — OITUMU3AIMS YPOBHS 3aIacoB.
OCHOBHBIM TTOKa3aTeJsieM [ BOCCTAHABIMBAEMbBIX
M3ENN CITYKUT OKUIAaeMO€e KOJMYECTBO BO3MOK-
HBIX HeO0CTad KOMIIOHEHTOB B yCJOBUAX OTPaHU-
YEeHHOTrO (DUHAHCUPOBAHUS, TAKKE YACTO MUHUMHU-
3UPYETCsT 03KUIaeMOe BPEMS ITPOCTOSI.

B sToM Bompoce 0cOGHSKOM CTOUT 3ajiaya pacye-
ta 3UII k mpoekTHpyeMoii TEXHUKe, KOT/1a HU3Kas
TOYHOCTDb MCXO/IHBIX JIAHHBIX, al[PHOPH HEM3BECTHAS
WHTEHCUBHOCTb OTKA30B W BOCCTAHOBJIEHUN OMpaB-
JIBIBAIOT NIPUMEHEHUE MPOCTEUNINX METO/IOB pacye-
Ta. ITa TOYHOCTh MOJKET ObITb HACTOJIBKO HU3KOII,
YTO TOTPeOYETCST YUeT JOTOJHUTENbHBIX 3aTPAT Ha
TIepPEPOEKTUPOBAHUE.

Bormpockl pacueTa HaZIESKHOCTH 060PYAOBAHUS C
yaetom 3UII n oripesesienyie €ro ONTUMAJIBLHOTO CO-
CTaBa He TEPSIOT CBOEH aKTyaJbHOCTH U TOCTOSTHHO
paccMaTpuBaloTcs creruaauctamu. [lomumo Beero
MIPOYEro, 3TO CBSI3aHO C TeM, 4TO GOJbINAS OJIS
TEXHUKHM, HAXOJSMIENCs B 9KCIIyaTaluu, UMEET
3HAYUTEJIbHYIO U TIOCTOSTHHO BO3PACTAIONIYIO Hapa-
6OTKY, HEPEIKO TIPEBBIIIAIONLYIO TACIIOPTHBIN CPOK
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cay:x6pl. B TakoM o60py/oBaHUU UAYT YCKOPEH-
HbIE JIeTPaJIallMOHHbBIE TTPOIIECCHI, TO3TOMY OCTaeT-
ST aKTYaJIbHOM 3a/1a4a pacueta Ha/le;KHOCTH 060Py-
nosanwus, ocHamerHoro 3UII, ¢ yueTom ctapenus.

Cpenu aBTOPOB, y/IEJSBIINX BHUMAHKUE BOIIPO-
cam cHaOxenuns 3V nu MuUHUMU3aIMKN 3aTpaT, MOXK-
Ho Bbiaeautb O. V. PboKukoBa, OgHOTO U3 TeX,
KTO pa3pabaTbIBas Teopuio 3amacoB [2]. Bruio He-
MaJio paboT U JPyruX MPeJCTABUTENEN TeOPUH Ha-
Jle;KHOCTH, Harpumep [S].

KoueBbiM 1ipu BeIGOpE TIOAX0/a ¥ METOA OIITH-
MU3AIMK BEJTMYUHbBI 3a11aca SBJSETCS BOIIPOC KPH-
TepueB ontumMusanyuu. OHU MOTYT OBITH SKOHOMU-
yeckumn (HampuMep, MMHUMU3AIUS 3aTpaT MU
MaKCUMH3aIlUsl IIPUOBLIH, YTO JOJKHO IIPUBOUTH
K TOXK/ECTBEHHDBIM Pe3yJIbTaTaM) MU HaAeKHOCT-
M [5—7] (tyT MoxkHO cdopmyaupoBath He-
CKOJIBKO KPUTEPHEB ONTUMH3AIINK), MOI'YT KOMOH-
HUPOBATHCS METO/IbI YIIPABJIEHUS 3allacaMy, TEOPUHN
ouepesieil 1 3 HEKTUBHOCTH TEXHUYECKUX CHCTEM
[8]. Ho Bce-taku 3UII cosmaerca miaga obecreue-
HUSI HAJIE’KHOCTHU, TO//IepKanusi paboToCIIoco6HO-
CTH, TIOBBIIIEHUS] TOTOBHOCTHU, ITO3TOMY KPHUTEPUU
HajiexxHoctn ipu popmupoBanun 3UIT posHbI
OBITH OCHOBHBIMU.

B [9] mana Momesb 3a/iauil ONTHUMHU3AIUN KOM-
MJIEKTAa 3ATACHBIX U3JENi ¥ TPHOOPOB C yYeTOM
cTapeHus 3JieMeHTOB. B paccMoTpeHHOM BujE 3a-
nada onpezesenust coctaBa 3UII otHocuTCes K Ka-
TErOpUH 3a/[a4 HEJTMHEITHOr0 IPOrpaMMHUPOBAHUS U
MOJKET OBITh PellieHa TOJbKO YHCJIeHHBIMH METO/a-
mu. CToJIb JKe CJIOXKHO pelraercs 3ajadya Ha OCHO-
Be JIuHaMu4ecKoro nporpammuposanus [10], B To
BpeMsI Kak CYIIECTBYET IMOTPeGHOCTh B MeHee TPY-
JIOEMKUX MeToJiaX. Takoii MeTo/] MOKHO MOJyYWTD,
OCHOBbBIBasICh Ha UCIIOJIb30BAHUM ITOXO/AIIEN MO-
JIeJIM MOMEHTOB OTKa30B, YTO M CJl€JIaHO B HACTO-
sitieit pabore.

N3-3a cJI0KHOCTH OGCITY>KUBAEMbBIX U3JEJUI 1
CUCTEM HAJIE’KHOCTb OOBIYHO PACCMATPUBAETCS KaK
KOJIMYeCTBEHHAs Mepa. AHAJIM3UPysT HAJAEKHOCTh
U YaCTOTy OTKA30B CUCTEMBI, MOXKHO OIIEHUTbH He-
00X0/IUMOE KOJIMYECTBO 3allacHBbIX 4YacTel B MO-
MEHT OJKH/IAEMOTO OTKa3a WJIM HaJIEHUS HaJIEKHO-
CTH HYDKe 33/IaHHOTO YPOBHS.

B nacrosiieit pa6ote npensioKeHa J0CTATOYHO
IIpoCTasi MOJENb [IJIs OLEHKH KOJMYeCTBa 3alac-
HBIX YacTell Ha OCHOBE aHAJKM3a IapaMeTpoB Ha-
JIESKHOCTH.

IIporno3upoBaHie KoJMYeCTBA 3alacHbIX YacTeil
¢ UCNoJib30BaHNeM pacmpejeienns Pares

[TpousBouTEN 3aMTACHBIX YacTell MpeI0CTaBIs-
10T TOJbKO OCHOBHYIO MH(OPMAIIIIO O CBOEH Tpo-
AyKIUU. MOXKHO CYUTATh U3BECTHBIM CPEJHUI CPOK
c/ryk6bl 3anmacHoii vacti (kommnonenta) T, BbIpa-
JKeHHDBIN B 4acaX. 3aMeHa KOMIIOHEHTa B COOTBET-
CTBUHY C TIOTPEOGHOCTBIO — 3TO CTOXACTUYECKUIA ITPO-
necc [11]. Baxxneitmeii anmpuopHoii madopmarueit
SIBJISETCS TeopeTHdecKass MoJleJb MOMEHTOB OTKa-
3a, IOCKOJIbKY B MTOTE€ OHA OIpeJiesisieT 00beM 3a-
MacHBIX YacTei.

IMockoabKy cuyuTaeTcsi, 4TO pacnpejieieHue
PsJjiest XOpoIO OIMCHIBAET IIOCTEIIEHHBIE OTKAa3bl
13-3a CTapeHNUsT KOMIIOHEHTOB, IPUHIMAEM, YTO Pac-
npezesreHne HapaGOTKH HAa OTKa3 COCTABHBIX KOM-
[IOHEHTOB TEXHUYECKON CUCTEMbI IOAUUHAETCS 3a-
koHy Pases. Kpome atoro, npuHuMaeM Takske cJie-
nytorue gonyiienust [ 12]: BoccranaBiuBaemast an-
napaTypa COCTOUT U3 MOCJIeI0BATENbHO COEINHEH-
HBIX C TOYKHU 3PEHHUs HaJ[€KHOCTH HEBOCCTAHABJIU-
BaeMbIX 3JIEMEHTOB; HaeXKHOCTb BCEX 3JIEMEHTOB
OJMHAKOBA; OTKa3bl BCEX BJIEMEHTOB IIPOUCXOJST
HE3aBHCUMO JIPYT OT Jpyra.

[LiotHOCTH BeposTHocT pacupezesenus (IIBP)
MOMEHTOB OTKa30B B Mojiesiu Pajiest ycranaB/mBa-
eTcsl ypaBHEHUEM
f(t) = (t/62)-exp[—0,5(t /0)?],
rje 6 — mapameTp pacupezesenus: Pees, onpee-
JsgeMbIii cootnomenueM M (¢2) = 262; M(t) — ma-
TEMAaTHYECKOe OJKH/IaHUe CIy4allHOW BEJUYUHBI ¢,
pacnpe/iesieHHO 110 3aKkoHy Pages.

Ucxons us sroro, T, MOXKET ObITh IIPe/ICTaBIe-
HO CJIEAYIONM 06pa3oM:

o o

T=) tf()dt =I (t/6)? exp[—0,5(¢2 /c2)]dt.
0 0

[IpeoGpasyeM 5TO ypaBHEHUeE, TIPOU3BE/IS 3aMe-
ny t?2/(262) = o:

T, = G\/ET 0" exp(~v)dx = ov2 - T(3/2).

Tamma-pyukinusa (unrerpans Jiljgepa BTOPOTO
pona) I'(3/2) = \/;/2, [I09TOMY CPE/IHSS TIPOOJI-
JKUTEIHHOCTb PAab0TOCIIOCOOHOCTH KOMIIOHEHTA CO-
crasuster T, = Oy/T/2.

Wcxong us soinensnoxennoro, IIBP B mogenn
Pastest MOKHO TIPE/ICTaBUTDH B BUJIE

Tt —nt?
f(t) = 2T2 eXpF
cp cp

WHTerpabHbIil 3aKOH pacipeiesieHusT Onpee-
JIIM aHAJIOTMYHBIM 06pa3oM:

t t
F(O) = [ f(Odt = [ (r/2T2) exp(-nt2/(4T2)).
0 0

Ecnu nopcrasuts mt2/(4T%,) = v B 910 BbIpa-

JKEHUE, €r0 MOJKHO CBECTHU K YPaBHEHHUIO BU/ld
0

F(t) = J.exp(—v) do =1 — exp(-0).

0
CDyHKHI/UI HaJEKHOCTH TEXHIYECKON CHCTEMBI

R(t) =1 -F(t) = exp(-0).
HakoHell, Ha OCHOBe IIPebIAyIINX ypaBHeHHit
MBI MOKEM OTIPEAENUTh (DYHKIMIO OTKa3a Kak Be-

POSITHOCTDb TOTO, YTO WCCJEAyeMble KOMIIOHEHTBI
OTKaXKYT 32 OIpPEJIeIEHHBII TTPOMEKYTOK BPEMEHU:

y=f(t)/R(t) = nt/2T%,.
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CyTb sroii Mozenu B ToM, 4t0 T, cyuTaercs
MepeMeHHON BeJWYNHON, TMOMIEePKUBAs CTOXACTH-
yecKHWi XapakTep Tmpoliecca. Habmronas Bapuanum
3TOH CIyYallHON BEJTMYMHBI BO BPEMEHHOM WHTEP-
Basie B OKPeCTHOCTU dT ¢, MBI MOKEM OIIPE/IEJIUTD
KOJIMYECTBO HEHAJEKHBIX KOMITOHEHTOB CJIEIYIO-
UM 06Pa30M:

n_]?f( cpr) (TCPF) chprz
1 T2

j f(t D dT,
cpr cpr*
\27n G 26°
e TCpr ciyvaiiHasi BeJIMUMHA, PACIIPe/Ie/IeH-
nas 110 3akony I'aycca ¢ qucnepcueii D(T,) = 6

3amenoii T2,,,/(262) = vy npepiyiiee ypaBHe-
HUE CBOJIHUTCA K

f@) J.exp (o )dv=f Ir_,
\/_ 2
YuutbiBas, uto t — ciyuaiiHas BeauuuHa Pases
¢ MaTeMaTHueckuM oxuganueMm M(t) = T, u juc-
nepcueit D(t) = 2T, /T, cpejHee YHCIO KOMIIO-
HEHTOB 72, B KOTOPBIX MOSIBATCS AeEeKThI 32 Bpe-

Mst Ty, MOXKHO OHpCI[CJII/ITb Kak
2

n= Epf(t)f \/’ 4T2

Kpome Toro, KoJm4ecTBO 3alacHbIX YacTei, He-
00XO0/IUMBIX B MHBEHTApe, MOKET OBbITh OIpejelie-
HO TTyTeM HaGJIO/IeHNs 32 OOIUM BPEMEHEM, KOT-
Ma ciydaitHas BeqnynHa ¢ ke Top:

o) t-es[ef(ry)]
n tn/(T x/_)~exp[—nt2/(4Tci)J

3akaouenue

w =

Hcnorb30Batne TEOPETHYECKON IJIOTHOCTU Be-
POSITHOCTH pacIipe/ie/IeHIsI MOMEHTOB OTKA30B KOM-
ITOHEHTOB TEXHUYECKON CUCTEMBI SIBJISIETCSI CPABHU-
TEJbHO MPOCTBIM CIIOCOOOM IPOrHO3UPOBAHUS He-
o6xoauMoro kosmuectsa 3MII. Korpa xommonen-
ThI TI0/[BEP>KEHBI ITOCTEIIEHHBIM OTKA3aM 1 M3BECTEeH

CPEelHUI CPOK CJY>KObI 3alacHBIX YacTell, MOXKHO
HUCTI0b30BaTh A1 pacuera [IBP B Mmomenmn Pases.
[Iporao3npoBanue Ha ee OCHOBE BHITIOJTHSIET OCHOB-
HYIO CBOIO (DYHKIMIO — TIPEJOTBPAIIAET 33/I€PIKKH
[IPU TEXHUYECKOM OOCIYKUBAHUY U MUHUMU3UPYET
Meperpy3Ky 3aracHbIMU YaCTSIMU. 3HAST KOJTMYECTBO
3aIlacHBIX YacTeil, KOTopble HeOOXOIUMO XPAHUTD
B MHBEHTApe, MOKHO Jlajiee OIIPeIeJUTh CTOUMOCTD
3aMeHbl €IMHUIIbI HeJOCTAIOINX KOMIIOHEHTOB.
Mogiesib MOKET CIYKUTH yA0OHON OCHOBOW MTPU
CO3/IJaHUU TIPOTrPAMMHOr0 00ecIIeueHust JJIsI IIPOTHO-
3UPOBAHUS KOJMYECTBA 3aMACHBIX YacTeH.
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3A HACTOTOIO BI/IMOB

Yxkpaina, Oznecbkuii HalliOHAJbHUI NTOJITEXHIUHUI yHiBEpcUTeT
BU3HAYEHHA KIVIbKOCTI SAITACHUX EJIEMEHTIB TEXHIUHNX CUCTEM

O0nun i3 cnocobie nidsuwenms pieHs HAOTUHOCT MEXHIYHUX CUCEM € CMEOPEHHs KOMNAEKMY 3ANACHUX Ud-
cmum, dzpezamis, 6upo0ie 015 IX ONEPAMUEHOL 3AMINU 3d BUHUKHEHHSL 610M08. /[ 3abe3neuenis yryionyeans
cucmemu Ha HAACKHOMY PI6HT HeoOXIOHe epeKmueHe YnpaIiHHs YUMU pe3epeamu, momy npuobanus sanac-
HUX 4ACMUH NPABOMIPHO PO32AA0AEMBCS K 0COOAUBA NPOOIeMA MeOPil YNPAasliHHs 3ANACAMU, GUPIUEHHS K0T
sax.auge 015 3abe3neuenns bGeanepepsnocmi excnayamauii, a 6 psadi eunadxis i 0s docsiznenus neobxionoi 6es-
nexu. Henepedbauysanicmo 6iomosu ob.1aonanmns ma demanei mac mym eeauxe 3navenus. O0num i3 cnocobis
3MeHUeN sl PieHs Henepedbauyeanocmi € 30epizanis 0OCMAMHLOL KiAbKOCME 3ANACHUX UACMUH, W0 NPU3EOOUND
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METPOJIOTHSA. CTAHAAPTU3SAIIA

do 36invwenns eapmocmi 3anacie. Birvw dewesuti cnoci6 — ouinumu HeoOXiOHUl KOMRIEKM 3ANUaAcun 3d 00-
noMozo10 00HIET 3 docmynnux modeieti NPoZHO3YEANHS, NPU UbOMY NePeeazy Maiomv Mi MOOEAL, WO CTNOCYIOMbCS
OUTHKU HeOOXTOHOT KIABKOCE 3ANACHUX YACMUN HA OCHOGT MAKUX NAPAMEMPI8, Sk IX Hadilnicmy, CKAAOHICD
i aKicmo cepeicy, Mpusalicmo Hummsi, IHMEeHCUBHICIb eKCRAYAMAauyil, eumpamu Ha 06CAY208Y8anHs Ma iHuLe.

Y Oawnii po6omi sanpononosano documv npocmy Mo0env 04 OYIHKU KIA6KOCME 3ANACHUX Y4ACTMUH HA OCHOBI
amanizy napamempis Haditimocmi 3 uUKOpucmanusm po3nodiny Peaes. Ilpoznosyeanmns na ii ocHoei uxonye
€8010 OCHOBHY (PYHKUiI0 — 3aN00i2dc 3AMPUMYT NPU MEXHIYHOMY 06CAY208YEANNT | MIHIMIZYE NEPEGAHMAKEH-
HS 3aNACHUMU UACTRUHAMU. 3a 00NOMO2010 00ePHKAHOT POPMYIU MOKYMb NPOSOOUMUCS PO3PAXYHKU NOOOUHOKUX
KOMNAEKMIG 3ANACHUX YACTUH, NPUSHAYEHUX OLsi PEMOHMY, NPOGILaKMUYHUX POOIM i HACMPOIOBAHHSL.

Kniouosi croea: naditinicms, 3anacui 4acmunu, mMemoo npozHo3yeanhs, po3nodis Penes, pisens 6i0m086.
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COMPUTATION OF QUANTITY OF SPARE PARTS BY THE FAILURE
FREQUENCY

One way to increase the level of reliability is to create sets of spare parts, units, devices to be efficiently
replaced in the failed system. System availability ratio is very important for consumers. It depends on the
ability to quickly replace a failed component. In order for this system to support function at the proper level,
effective management of these sparve parts reserve is required. Therefore, acquisition of spare parts is rightly
considered as a particular problem of the theory of inventory management, the solution of which is important
for ensuring service continuity of a system and, in a number of cases, for achieving the required safety.

The unpredictability of failure of equipment and its parts has a great impact on this problem. One way
to reduce the level of unpredictability is to maintain a sufficient number of spare parts, which leads to an
increase in the cost of inventory. A cheaper way is to estimate the necessary spare parts using one of the
available forecasting models.

Because of this unpredictability, the nature of the demand for sparve parts is stochastic, thus the models
that establish an unchanged quantity of sparve parts for the entire life cycle of the product only depending
on the number of equipment in operation do not always provide satisfactory estimates. For this reason, it
is preferable to use the models dealing with the estimation of the required number of spare parts based on
such parameters as reliability of spare parts, complexity and quality of service, life expectancy, intensity of
operation, maintenance costs, etc.

Based on the analysis of reliability and failure rate of technical systems, the required number of spare parts
is estimated in this article at the time of the expected failure or when reliability falls below a predetermined
level. With the help of the obtained formula, calculations can be made for single sets of spare parts for repair,
maintenance and adjustment.

Keywords: reliability, spare parts, forecasting method, Rayleigh distribution, failure level.
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J0 ICTOPIi HAYKU 1 TEXHIKU

YK 001.89

E-mail: shobik@opu.ua

YHIBEPCUTET
(10 100-piunoro rmsijero)

Opnecbknil HAIiOHAJBHUN TOJITEXHIYHUN YHi-
BepcuteT Gysi0 3acHOBaHO y 1918 porii pintenHsMu
Opecbkoi micbkoi [ymu i Ogecbkoro BifmineHHS
TEXHIYHOTO TOBapucTBa IK OmechbKUil MOMTITEXHIU-
auii incruryt (OII) 3a y3rofsKeHHSIM 3 ypsiIoM
Yxpaiacpkoi [lep:xaBu miJ KepiBHUIITBOM Te€Thb-
mana [laBma Ckopomazacbkoro. /leHb modaTky 3a-
Hatb — 18 Bepecua 1918 p. — € nHeM HapomKeH-
HA 3aKJaIy.

¥ 20 — 30-x poxax XX cropiuus kosexktus OIII
craB onopHuM IeHTpoM Ha [liBgui Ykpainm 3 me-
peob6yiaJHaHHST HAPOAHOTO TOCTIOZAPCTBA HAa HOBIl
TeXHiuHill OCHOBi i BUpillyBaB BeJUKUN 06CAT Ka-
JIPOBUX i TeXHIYHUX TIPOGJIEM IS TIPOMUCIOBOCTI
Ta TPAHCIOPTY Kpainu.

Y craHOBJIEHHSI Ta PO3BUTOK iHCTUTYTY BeJH-
KU BHECOK 3pO6JIEHO TAKUMH BUIATHUMU BYe-
HUMH cBiToBOrO piBH4, gk JI. 1. Mangenbmram,
H. [O. Tlamanexci, Y. [I. Kaapxk, jpaypearom
HooGenisebkoi mpemii 1. €. Tammom, BUCOKOK-
BariikoBaHuMu i jgocBiguenumMu mpodecopamn
B. I. Animosum, b. I. Hikonai, H. E. Apnagyposum,
Jl. K. [lo6pocepnosum, C.O. HlatyHoBcbKuM Ta iH-
mumu. [lepimm pexktopom O1eCbKOTO TOMITEXHIY-

JA. m. n I.O. OGOPCBKHH, x. m. u. B. C. IIIOBIK

Yxpaina, Ogecbkuit HalliOHATbHUI TMOJTITeXHIYHUN YHiBEpCHUTET

OJIECBKUN HAIIIOHAJIBHUUN TTOJITEXHIUYHUN

HOTO iHCTUTYTY OyB TeHepaJ-IelTeHaHT, Tpodecop
MareMaTuKu MuXalTiBCbKOI apTUAepilichbKol aka-
nmemii A. O. Hinyc.

B pisni poku Ha 6a3i OIII 6yJio cTBOpeHO HU3-
Ky HMHINIHIX BUIIUX HaBYaJbHUX 3aKJa/iB, Le
Opnecbkuil HaAIiOHAJIBHUI MOPCBKHUI yHiBepcuTeT,
Opnecbka HallioHATbHA aKa/ieMis 3B’ A3Ky, OnecbKuit
HaITiOHATbHUN eKoHOMiuHUH yHiBepcuTer, OmecbKa
JlepsKaBHA akazieMis OyIiBHUIITBA Ta apXiTeKTy-
pu, Onecbkuil nepskaBHUM arpapHUil yHiBepCH-
ter. B 1960-11 poxu ¢inig OIIl y Cesacromoi
OyJia TIepeTBOpEHA y BUIIMI HAaBYATHHWI 3aKJIa[
— CeBacToONONbCHKUH HaIiOHAJTBHUI TEeXHIYHUN
YHIBEpPCHUTET.

¥ 1933 p. OIII 6ys0 nepersopeno B OpiecbKuit
ingycrpiaabuuii incruryr (OII).

Y poxku pyroi cBiTOBOI BiltHU 6i/bIITiCTD TPOde-
COPCBKO-BUKJ/IAJAIbKOIO CKJIaJy, CTYJEHTIB i CIiB-
po6itaukiB OII B3stm yuacTs y repoiuniii 060poHi
Opmecu Ta y nmoJaapInux 60MOBUX [JisX Ha (PpoHTaxX
MPOTH HiMeIbKO-hammcTcbkux 3arapOouukiB. Cam
inctutyt B ocranui aui o6oponu Opecu GyB eBa-
xytioBanuii 0 [lensu, me 3 1 sxkotHA 1943 p. MO-
YaB OCBITHIO i HAYKOBY AifnbHICTD. A BxKe 18 KBiT-
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0 ICTOPIi HAYKHM I TEXHIKU

g 1944 p., 3a TR IeHD micasg BusBoJeHaa OmecH,
OII noBepHyBcs 10 po6OTH Y PiTHOMY MicCTi, TTpO-
JOBXXYIOUM IIiJrOTOBKY TEXHIYHUX KaJapiB, a Ta-
KOJX BUPIilIyBaHHA TEXHIYHUX 1 HAPOJLHOTOCIIOAAP-
CbKUX MPO6HIEM.

30 xBitHsa 1945 p. Ilocranosowo ypsagy CPCP
OII 3H0B 6yJ10 IepeTBOpeHo B O/ieCbKUil MosiTex-
HiYHUN iHCTUTYT.

Y 1968 p. 3a ycmixu y MiArOTOBIN iHXXeHEp-
HUX KaIpiB i po3BUTOK Hayku Ykaszom Ilpesumii
Bepxosuoi Pagu YPCP OIIl maropomxeno
[Touecnoro I'pamororio.

Y 1971 p. 3a 3acayru y miarorosii axiBIiiB A1
HapOJIHOTO rocroiapcTBa Kpainu Yka3om Ipesuaii
Bepxosroi Pagu CPCP OIII maropomxeno ope-
HoM Tpynosoro Uepsonoro IIpanopy.

Y 1977 p. llocranoBoto Pajiu MiHicTpiB i pecny6-
Jikancbkoi Paam mpodeciitanx crisok Ykpainu 3a
JIOCSATHEHHS HalKpaImXx moka3uukis kojektus OI11
6yJio 3anecero Ha JlOIIKy TONIaHU.

[TocranoBoto Kab6inery MinicTpiB Ykpainu Bif
13 cepmaa 1993 p. Ne 646 OIIl nabGyB crarycy
Jlep>KaBHOTO yHiBepcuTeTy i 6yB HepeiiMeHOBaHUIT
B Ozecbkuil epKaBHUN MOMITeXHIYHUN yHiBEepCH-
ter (OILY). ¥V upbomy K porii Ha iioro 6asi cTBo-
PEHO HaBYaJbHO-HAYKOBUI KoMILIeke «OnecbKuii
MOTITEeXHIYHUN YHIBEPCUTET», 10 AKOTO KPiM VHi-
BepcUTeTy YBIMIIM KoOJemki, TeXHiKymHu, Jilei,
riMHasii Ta mxoau M. Onecu i [liBaerHorO periony.

16 Bepecust 1998 p. xonextus O/IIIY 3a Baro-
MUI BHECOK Y MiJITOTOBKY BUCOKOKBaTi(hiKOBaHMX
Ka/IpiB, PO3BUTOK HAyKHW, TEXHIKM i TEXHOJIOTii
6yB naropo/uxenunii [Touecroio rpamororo Kabinery
MinicTpiB Ykpainu i mam STHUM 3HAKOM.

Yxazom llpesugenta Yxpainu Big 7 ceprHs
2001 p. Ne 391 yHiBepcuTeTy HaIaHO CTAaTyC Ha-
MiOHAJBHOTO 3 HaliMeHyBaHHAM «OechbKuil HaITio-
HaJbHUI moJiTexHiunmii yHiBepcuter> (OHITY).

Y mepiox 3 2004 no 2008 poky Ha BUKOHAHHSI
BianoBigHuX HakasiB MiHicTepcTBa ocBiTH i Hay-
ku Yxkpainu ao ckiaany OHITY sx fioro Bigokpem-
JieHi CTPYKTYPHI Tigposainau ysifiman Opecbkuii
aBTOMOGITbHO-IOPOSKHITT TexXHiKyM, XepCOHChKUii
MO TEXHITHIH KoJiemk, bepesiBchke Butie mpode-
ciitne yunsmiie i HoBokaxoBcbkuil esnekrpomexa-
HivHU# TexHikyM. OcTaHHiil py IboMy HAOYB CTa-
TyC KOJIeJPKY Ta HalilMeHyBaHHS «HOBOKaX0OBCbKUIA
noJitexHiyauit Koaeax OechbKOro ImoJiTeXHivHO-
IO YHIBEPCHUTETY» .

3a poku cBoro icuyBanHs OHIIY i3 nomitex-
HIiYHOTO iHCTUTYTY, y SIKOMY TP HOTO CTBOPEHHi
6yJio ycboro 3 (axyJbTeTH, TIEPETBOPUBCS Y Be-
JIUKAN HABYAJbHO-HAYKOBUHU KOMILIEKC, YV CKJA[Ii
sIKOTO € 13 HaBUaJIbHO-HAYKOBUX iHCTUTYTIB, 2 (a-
KyJbTeTH Ta 4 BUNIUX HaBYaabHuUX 3akaazu [ i II
piBHA akpemuTarii, e mpaioe 6iig 1500 BUCOKOK-

BasidhiKoBaHUX BUKJIAMAUIB, cepel IKuX 37 akaje-
MiKiB, 8 UJIeHiB-KOPECTIOH/IEHTIB raJly3eBUX MiXKHa-
pOJHUX i pecryOJIiKaHChKUX aKajieMiii, Maiixke 130
npodecopiB i TOKTOPiB HayK, 464 joleHTa i KaH-
qujaTa Hayk, 12 3ac/ysKeHuX [isuiB HayKu i Tex-
HIKH Ta 3aCJIyKCHUX IIPAIliBHUKIB OCBiTH Y Kpainu,
46 BigMiHHMKIB ocBiTu Ykpainu. B yniBepcureri
mpairioe 9 crneriasizoBanux Paj i3 3axucry aucep-
Taniii (OKTOPChbKUX — 6, KaHAMJATCHKUX — 3).

Y CTpYKTYpi yHiBEPCUTETY CTBOPEHO YKPAiHCHKO-
HIMEIbKUH, YKPaiHCbKO-iCITAHChKUI Ta YKPaiHChKO-
MOJIbCbKUH iHCTUTYTH, CTYJEHTH SKIX MalOTh 3MOT'Y
MPOXOJIUTH MOBHY Ta BUPOOHWYI TPAKTUKH 32 KOP-
JIOHOM, GpaTu ydYacTb y MpOTpaMax aKaJeMiuHOTO
0oOMiHy 3 BUIIAMU-TIAPTHEPAMU Ta OTPUMYBATH CTHU-
TeH il /i MPOJOBKeHHsT HaB4yaHHg B HiMeuunHi,
Icnanii ta Ilosapmi.

OHITY 6epe akTBHY y4acTh y IPOrpaMax akaje-
MiuHOT MoGisabHOCTI €Bporeticbkoro Coto3y Erasmus
Mundus (tpu nporpamu y 2012—2016 pp.) Ta
Erasmus+ (i’arb nporpam y 2016 /17 HaBuaabHO-
my poiti). IMounnaroun 3 2016 poky 33 crymenTy,
acmipantu ta BukJjagayi OHILY 6ynu yuacnuka-
MU KPeIuTHOI aKajeMiuHOi MOGiJTbHOCTI 3a S TPO-
eKTaMU IIUX TMpOoTpaM. Y HiBEPCUTET MA€E JTOTOBOPH
3 20 yHiBepcuTeTaMun €Bpomu 3i CHiJbHOI MmiATo-
TOBKHM MaricTpiB 3a IporpaMaMu <IOJBiiiHUN 1u-
maom» (Himeuunna, Ascrpis, Icmanig, ITombma,
[IBemnis Ta Mpaniis).

YcninHy HaBYaIbHY i HAYKOBY JiSVIBHICTD YHiBEp-
cutety 3a6e3MeuyioTh MillHA Cy4acHA MaTepiaJbHO-
TexHiuHa 6a3a i pO3BUHYyTA COIliabHA 1HPPACTPYK-
Typa. /lo ocHallleHHs HaBYaIbHUX JIAGOPATOPIii TIIU-
POKO 3asy4daioThest 3apy6iskai (ipMu Ta migmpueM-
ctBa. B OHIIY Bigkpura «Axagemis BOSCH», axa
Ma€ cydacHe o6JIaJJHAHHS 3 J[IaTHOCTUKH aBTOMOGi-
JIiB, MpaIioioTh Jaboparopii 3 o6JaHaHHAM BiJ0-
mux ¢ipm: Schneider Electric, Moeller, Danfoss,
Wiessmann, Hertkpekep, Jliokcod ta inmi. 3 me-
TOIO TIOJIIIIIIEHHS STKOCTI MiZIrOTOBKU (PaxiBIliB JJIst
aTOMHUX eJIEKTPUYHUX CTaHLiil YKpaiHu B yHiBep-
CUTETi TIPAITIOIOTh HAaBYAIbHO-HAYKOBWI IIEHTP SIEP-
Hoi eHepreTuku AH Ykpainu Ta HayKOBO-TeXHIUHUN
nenTp «HAEK Eneproatom».

Y 1918 p. B OIIl nHaBwamocs 906 crTymeHTiB.
Huni B HaBUaJIbHUX CTPYKTYPHUX Mi/IpO3/iJax YHi-
BEPCUTETY HABYAETHCA Maiike 20 TUCIT CTY/IEHTIB,
aclipaHTiB, cayxadiB KypciB Ta iH. Ilepiuit Bumyck
OIII cknas 20 imxkenepis. ¥ 2016 p. OHILY mix-
rotoBJsieno 397 marictpiB, 765 crermiagicris, 2072
GakasaBpu, 945 MoJoamux creriamicris, 100 mpo-
(ecilinnx poGiTHUKIB. YHiBepcuTeT rotye axisiliB
3 32 creriaJpHoCcTe Ta 75 crieriasisaiiii.

3a pokm iCHyBaHHS 3aKJaAy IiATOTOBJIEHO TIO-
nax 100 Tucay iHxeHepiB, 6aKajaBpiB Ta MaricTpiB
JUISL HAPOHOTO TOCIIOAapCcTBa YKpainu Ta Gijbiiie
3 tucsay cremniajictiB aasa 103 kpain cBiTy.
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J0 ICTOPIi HAYKU 1 TEXHIKU

Bueni i cmemiagictu OHILY 3gificHio0TH Baro-
MU BHECOK YV PI3HOMaHiTHI Taay3i HAyKy i TEXHiKH.
HayxkoBo-zocisina po6ora B yHiBepcuTeTi 30cepe/i-
JKeHa y 15 BiZIoMUX i BUBHAHUX HAYKOBUX TITKOJIAX.
¥ 15 crerianizoBanux HAYKOBO-IIOCJIiIHUX Jlabopa-
TOPiAX BUKOHYIOTbCS HAYKOBi JOCJiIKEHHS 3 TIpi-
OpUTETHUX HAYKOBHUX HAIMPsIMiB: G€3TMeKN aTOMHUX
eJIEKTPIYHUX CTAHIIill, Pecypco36epesKeH s, 0XOPO-
HU HAaBKOJINIITHBOTO cepeoBHIa, GyHIaMeHTaIbHi
JTOCJTi/IPKEHHS B Tay3i MateMaTnku, i3uku, Mexa-
HiKW, iHDOPMATHKY i TeJeKOMYHIKAIlill, TeXHOJIOTiT
HOBUX MarepiaJiiB, poOOTOTEXHIKH, aBTOMATH3AIII1,
npUIaIo0y/[yBaHHS Ta iHIINX.

Tak, mampukinmi 1990-x poxkis Bmepiie B
Yxpaini rpyma Haykosiis OHIIY mig mayxoBum
KepiBuuirBoM podecopa M. B. MakcumoBa pos-
pobuJia i BupoBajuia na 3amopispkiit AEC aBro-
MaTHYHUN KOMILJIEKC 3 TTePeBAaHTAXKEHHS SepPHOTO
naausa. [lep:kaBHUMU IIpeMigMu Y KpaiHu B rasysi
Hayku i TexHiku y 2001 p. 6y Haropo/KeHi mpo-
decopu O. @. [lanenko ta A. B. ¥Ycos 3a po3pob6-
KY TEXHOJIOTii BUPDOGHUIITBA BOJIOKOHHO-OIITUYHUX
KabeJsiB cBiTOBOTO PiBHSA, ¥ rpyani 2015 p. — Tpy-
Ia HAayKOBIIiB, 0 CKJAaJAy SAKOi BXOAWJIO CEMEPO
npeacTaBHUKIB HaykoBoi mkomn OHIIY: npode-
copu A. C. Masypenko i B. 1. Ckanosy6os, j0-
nent 0. O. Komapos, crapmmii Bukaagad B. M.
Konuxanos i nposignuii inxkenep T. B. Ta6nas 3a
PO3pOOKY HAYKOBO-TEXHIYHOTO MPOEKTY « Komrrekc
METO/[iB Ta 3aXO/iB 3a6e3MevyeHHsT OGe3MeYHOl eKc-
mayaraiii Ta edexktuBHOCTi AEC YRpainus.

3 MeTOI0 BIPOBA/PKEHHS Y BUPOOHUIITBO HAYKO-
BUX PO3POOOK BueHuX B yHiBepcuteti 3 2015 poky
MPAIOIOTh HAYKOBUH MapK Ta IIEHTP TpaHcdepy
TEXHOJOTIH.

3a pesysabratamMu pedTuHry cepen monaj 400
BUINWX HaBYAJbHUX 3akjaafiB Kpainm «Tom-200
Ykpaina», 110 NpoBOJAUTbCA MiXKHApOJHOIO aKa-
JeMiero i AkajieMi€lo nelarorivHnx Hayk Y Kpainu,
OHIIY mnpotsiroM OCTaHHIX 5 POKiB BXOJAUTH [0
10 xpamux TeXHIYHWX i TEXHOJOTIYHUX 3aKJIaIiB
Ykpainu.

YuiBepcurer mae 6Garatopiuni crabiabHi MiXx-
HapOJHi 3B’SA3KM i BUCOKY pernyTaliio 3a KOpJo-
HOM Ta € 4JIEHOM HM3KHU MiXXHapoJHUX OpraHisza-
i, a caMme:

— Acouiais eBponeiicbkux yHiBepcureriB EUA
(3 1994 poxy);

— Acouianiga yniBepcuteriB lleHTpasabHOi i
Cxiznoi €sponu (3 2005 poky);

— Acouianiga eppasiiicbkux yHiBepcuUTeTiB
EURAS (3 2008 poky);

— €EBponelicbka Mepexa saepHoi ocBitu ENEN
(3 2012 poxy);

— €Bporeiicbka acoiiaiis 3 6Ge3lNeKd €Kc-
mutyaranii atomuux peakropis II ta III mokosinb
Nugenia (3 2015 poky);

— €BporrelicbKa perioHaJbHa MepeKa 3 HaBYaH-
Hg Ta CTa’KyBaHHA y Tajly3i aTOMHOI eHepreTuKu
STAR-Net (3 2016 poky).

3 2000-ro poxy B yHiBepcuTeTi ycCHilTHO IIpa-
mioe Kadeapa IOHECKO «InTenexryanbHe mose-
JIIOBaHHA Ta aJlanTallid HeTPaAulliiHUX TEeXHOJIO-
rifi HaBYaHHSA /10 TPO6JeM Cy4acHOI OCBITH Ta co-
1[iaJIBHOTO PO3BUTKY > .

YuiBepcuteT MJi/IHO CHiBIPAIlIOE 3 HABYAJIbHHU-
MU, HAYKOBUMHU 1 BUpoOHUYMMHU 1eHTpamu 30 Kpa-
in €sponu, Asii, Bamsbkoro Cxomy, IliBHiuHOT Ta
IliBrenHOi AMepuKM i TifIHO IpeJCTaBJisle Hallly
JlepKaBy Ha Mi*KHaApO/Hi#l apeHi BUIOI OCBiTH.

PEIIEH3EHTBI HOMEPA

«Carypn», r. Kues

Bapaniox Azexcandp Baadumuposuu, Kanji. TeXH. HayK, CT. npenojasaresb, HTYY
«Kuesckuit nosmrexuuueckuit UHCTUTYT UM. Mropss CUKOpPCKOro»

boamenxoe Buxmop Anexceesuu, Kauja. TeXH. HayK, foleHT, Onecckuil HallMOHaJIb-
HBIH TMTOJTNTEXHNYECKUH YHUBEPCUTET

T'anuénxoe Onee Huxoaaesuu, Kaujl. TeXH. HAyK, Ao1eHT, O1ecCKUil HAITMOHAJIbHBIT
MOJMUTEXHNYECKUY YHUBEPCUTET

I'nyweuenxo Ddyapo Huxonaesuuw, Kaul. TeXH. HayK, HadaiabHuk otaesna, HIITI

TIopox T'ennaduii T'eopeuesuu, Kauj. TeXH. HAYK, 3aBEAYIONINII HAYYHO-HCCJIETO-
BaTeJIbCKON JlabopaTtopuelt, beropycckuii Tocy/JapcTBEHHBIN YHIUBEPCUTET
nH(MOPMATUKI U PAJUOJIEKTPOHUKH, T. MIHCK

Kenesxo Bopuc Anexcandposuu, Kauji. TeXH. HayK, J01eHT, Beropycckuii rocyap-
CTBEHHBIN 9KOHOMIYECKUH YHUBEPCUTET, T. MUHCK

Hununenxo Baadumup Anexcanopoéuu, MOKT. TEXH. HAyK, 3aMECTUTEJb TUPEKTO-
pa, ®uman HTI «beamukpocucrembr» OAO «<MHTEI'PAJI», r. Munck

Puvibra Anexcandp Buxmoposuu, xauj. ¢us.-mar. Hayk, HanmoHa bHBIIT HaydHBIT
1eHTp XapbKOBCKOTO (DU3NKO-TEXHUYECKOTO MHCTUTYTA
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NAMATEA ABTOPY YPHAJIA «TK:

1. K paceMoOTpedin NPHHIMAKTCA CTarhil IPHEAQIHOH HANPABAEHHOCTH HA PYCCKOM, YEPAMHCKOM
N aHraniickoM A3bIKe, KOTopble He Obli ony0IMKOBAHBl paHee W He Nepetansl 18 ny0ankannn B
JPYTIHe H3ganns,

2. B sypuane nyOAHEYIOTCH HAYMHO-NIPAKTHYECKHE H SKCIEPHMEHTAIbHLIE paforTsl 10 TeMaTHe-
CKHM HANPABJEHHAM, ¢ KOTOPBIMH MOMHO O3HAKOMHTHCA Ha caiite JvpHaia.

3. Bee nocrynamume K paccMOTPEHIID MATEPHATB NPOXOJAT ABYXCTOPOHHE 3AKPBITOS PElIeH3H-
poBaHie,

4. Ilpun obpapysaennn miarnata win GagabcngUKainy peay IbTATOR CTATEA OTKJI0HACTCA.

5. Pegasuna ne pauMaet naary 3a onyGinKoBanHe PYROMACH 0 HE BEINJAYNBAET ABTOPCKNT ronopap,

6. O6a3aTEALHBIM YCADBHEM LIS NPHHATHA CTATBH K NEYaTH ARIAETCH £€ COOTBETCTENE ofienpu-
HATBIM HOPMaM TOCTpOennA wayunoil nyGankaunn (noapobuee cM. Ha caiite skypnana)

7. Crares qo/sna ObITh YETKO CIPYRTYPHPOBAHA, A NOCTABIEHHAS 3344, BEIBO/B 1 HAZBAHIE —
COTJIACOBAHL Mex 1y coboil.

8. [pH Hanucanin cTaTbil CAgayer ofpaTtiTh BIHMANHE Ha CASYVIONICe:

— HAZBAHNE PYKOMHCH J0JGKHO GBITh KOHKPETHBIM, HHPOPMATHBHLIM 0 B TO e BPEMA 10 BO3-
MOBHOCTH KPATKIM;

— AHHOTAINA goEHa OuTh goctatouno aaxonndnoi (ot 50 go 100 caos) u B T0 e BpemMs HH-
(PopMATHEHOI, COUTBETCTBOBATL COALPHAHNIO CTATHH W NOKA3BIBATL, YTO CAeaaH0 B palore;

~ KJAHYEBLIEC CJAOBA JOJGKHB GuITh NoA00paHs Tak, 9To0B BEPOATHOCTE HAXOHXJICHHA CTATBH ue-
PE3 MOHCKOBBIE CHCTEMbI ObLIA KaK MOMKHO BBIIIE,

— DIHCAHNE PE3YALTATOR, NPEACTABACHHEIX HA PHCYHKAX, A0JGKHO BEAOWATE B cela nurepnpera-
1IN0 3Toi HHQOPMALIHK, a HE CROJANTLCA K AVOIHPOBAHND MOAPHCYHOUMHBIX HOANHCEl I K npocTo-
MY OIHCAHID NPHBEIeHHBIX 3apncimocteil. Hanpumep, syecto taxnx nenndopmarnsusx pas, kax
«Ha pie. 1 npusesen rpame sasncusocrn A or B, Ha pieyika sino, 4o npu soapacradmn B ama-
yeHne A MOHOTOHHO YMEHBIIASTCA. », CACAYET JaTh NOACHeHHe THIa < Kak Buano w3 puc. 1, npu Bos-
pactanun B snavenne A MOHOTOHHO YMEHBILACTCA, YTO CBIAETEILCTEVET O TOM, HTO ...,

— BHBOAB (3aKk00UeHHEe) He J0JOKHBI NOBTOPATh AHHOTALNIO — B HHX HYXKHO [pHBE-
cTH peayabratel paborel (a He KpaTkoe cojep:kanne cratbu). IlpasnabHo chopmyanpo-
BATH BBIBOJB NOMOUYT Takne (passl, kak <llpoBejennoe HeciegoBanne NMOKA3alo, 4ro ...s,
< PaapalboTanHas MeTo/iiKa NO3B0IAeT ..., «ABTODAMI VCTAHOBIEHO, MTO...» I Jp.

9. Comcok «Henoassoeanupie nerounukns (oOpazen oM. na caiire) thopmupyerca B nopsike ux
VIOMHHANNA B TEKCTE,

10. B komnue crarbil HY#HO NpUBecT TeMaTHieckyio nudopsanmo (nazsanne, OHO asropos, Me-
cTo paGoThl, AHHOTALNKD 1 KAKMEBBIE CJI0BA) HA VEPAMHCKOM, aHMIHIICKOM Il PYCCKOM A3BIKAX.

[Tpi aTOM NEpeBOIHBIE BAPHAHTHI AHHOTALNN JOMHHB GbITH NPEJACTABICHB B PACIIHPEHHOM BHLE
(200 —250 t:_ri-:n?; H OTPAMATD BCE CIPYRTYPHBIE 20eMeHTh crarthil (AKTYAILHOCTE TeMbl, NOCTAHOBKY
3ajlavH, ONHCAHHE PEIICHHA, BbIBO/bl H ITPAKTHYECKYIO 3HAMHMOCTD).

1. Peaasuns pe npebaniger sectkny rpeGosannii K ofbemy craten — raasuoe, 41olsn on Opi
OIIPABIaH,

12. Tlpn malope TeKcTa CTaThil MCnoJbaosanie nporpams thna MathType monyckaerea ToJbKoO
B Tex cayuasx, korga Word Geconnen, manpumep npu waGope cnempibibX 3HaK0B Haj GyKBEHNb-
Mt OO0IHAMEHHAMH, NOAKOPEHHDLIX BhIPaMeHIl, IPEILI0B HHTEIPHDOBAHNA, CYMMUPOBAHNA K T. IL

13. Enuuuusl HaMepenna BeexX BEJHMHH J0JKHBl OTBEYATh COBPEMEHHBIM TPeGOBAHHAM, A TepPMH-
HOJOTHE COOTBETCTRORATE obmenpunsaToi, Bee nenosssopanibie cuMBoiIb 1 aG0peRHATYPB HYKNIO
NOACHUTL IPH EPEOM X VIIOMHHAHUN B TEKCTE,

14. C Toukn apenus yao0CTEA BEPCTHH KeSaTeTbio, 4To0b 00beM WINOCTPALN He NPeBbIal
40% or obuero ofmeMa CTaThin,

15. B navane craren, kpose ee Hazpanus 1 uudopmannn o6 asropax (MU0, yuensie crenenn,
Mecto paborsl, e-mail), neobxognmo yeazars ee migexe no Yuupepeaiabnoil gecarinunoil kiaaccndn-
gatmn (VK.

16. Marepnainl craThi HanpasiAoTed no e-mail <tkea@optima.com.ua>. B Texkcre mucbhMa Hy:KHO
vkasarh (DO aBropos, HazBaHHe CTATLIl i COOTBETCTBYIOILEE TeMaTHYeckoe nanpasaenne (cm. n. 2),
a4 K MHCBMY TPHKPENNTE Nojiicanisie Artopekoe cornamenne n Kaproukn astopa (em. na caiire),

17. Ipn wiwrnposanmn crareil 13 xypHana « THKIA» ero HazsaHue Ha JaTHHILE J0/BKHO ObITh 1pe)-
CTABJICHO TpancanTepamneit, a nmenno: « Tekhnologiva i Konstruirovanie v Elektronnoi Apparatures.

P.5. /LA KORTPOJIS BRINOIHEHIS TPEOGOBAHNIT K COAEPMKANIIO CTATLH ABTOPDL MOTYT BOCIIO/ILI0BATLCA
KPHTEPHAMH, 110 KOTOPBIM PYKOIHCH GVeT ouennBathea penensentom (M. Gaaik penensmn na caiire),

[Mianucaro a0 apyry 24.04 2008 p. Mopuar 60=84 1/8. Jdpye. apr. 6,5 Tupam 100 npuse. Bas. Ne 357
Opurinas-sarer suromomsens n suaanamrel «f loamemepiogueas (63044, s, Oaeca, a/c 17)
Haapykorapo GO0 [Motyra M. 1. 3 rorosoro operinas-smaxery
(65044, m. Oacca, np-1. Wlepuenxa, 1a)




K cratee

«Opecbknin HauioHanbHUKA
NONITEXHIYHUWA YHIBEPCUTET
(no 100-piyHoro toBineto)»

Ne 2. 2018 r.

Homep zomosuAl sy i Muwute
New p&fﬁf‘. Aues, Mtfﬂc‘ﬁ, aﬂecca, | ., nﬂﬂ,l’lHEbIBalﬁTEGb
Aapewos, Aepcot, Heprosyst.
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