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E.C. AnekclonuH

HCCIENOBAHUE U PA3PABOTKA MAJIOTABAPUTHBIX
YJIbTPA3BYKOBBIX YCTPOUCTB OXJIAKJIEHUA

Passumue cospemernvix cucmem nooauu 6030yXa O OXIAHCOCHUS MEXHUYECKUX cucmem
mpebyem HO8bIX NOOX0008, 8 KOMOPbIX NPUOOPOCMPOEHUe UCNONb3Yem Nbe30KepamuiecKue mex-
Honoeuu. Ilpu smom HeobXo0umMo nposecmu UCCcie008aHUsi KaK HA yposHe no0bopa HOBbIX nep-
CNEeKMUBHBIX Nbe30MAMepUanos, Ymo u Oulio coelano 6 pabome, Max u HOBbIX MUNOE KOMNOHO G-
KU ycmpoucmea ¢ mouku 3peHus Konempykyuu. TpaouyuoHHo ucnonv3yemvle CUCeMbl OXAHCOe-
HUSL UMeIOm 8pawyaruecss 4acmu, co30arm OONOIHUMENbHbII AKYCIMUYecKutl wym. mux He-
00CMAMKO8 TUWEHbL YCMPOUCMBA NOOA4U 6030yXd, UCNOb3VIOWUE Nbe30KEPAMUUECKUEe KOMNO-
Henmol. Cmamus co0epicum Mamepuanbl 0 paspabomke CoBPemMeHHbIX YCMPOUCME OXAAANCOeHUs,
OCHOBAHHBIX HA UCNONL30BAHUU Nbe30Kepamuyeckux niacmun. [Iposedén ananus npoyeccos, npo-
UCXOOAWUX 8 BOZOYUIHOU Cpede 8 COOMBEMCMBUU C COBDEMEHHIMU NPEOCMABLEHUAMU O MeopUuU
sewecmea. Ilpusedersvl pasnuuHbie 8aPUAHMbL NPOEKMUPOBAHUA MAK02o poda ycmpoticms. Pac-
CMOMPeEH npoyecc NPOEeKMUPOBAHUsL 0N MAMEMAMULECKO20 MOOETUPOBAHUA OO 8ONIOWEHUS 8
makemax. Modenuposanuio 6wl NOOBEPeHYMbL KAK CAMU NbE30KePaMUYecKue yCmpoucmed, max
U npoyeccyl pacnpeoeneHus NOMoKo8 8 8030yuiHoll cpede. B npoyecce moodenuposanus ucciedo-
8aHbl HAUOOIEe NPOCHIbIE 8 U3LOMOBIEHUU U HAOEXNCHbIE 8 SKCNIyamayuu Koncmpykyuu. Bee pac-
CMOMPpEHHbIE BAPUAHMBL OMHOCAMCA K NbE30INEKMPULECKOMY OUMOPQHOMY MUnY, U AGIAOMCA
Nbe3091eKMpU1ecKUMU AKMIOAmopam, npeoopasyiowumMu INeKmpuiecKue CUsHAIbl 8 MexaHuye-
ckue ycunus. Ilpueoosimesi pasnuunvle cxembl KOMROHOBKU MAKUX KONEOAMENbHbIX CUCEM, Oe-
MOHCIMPUPYIOMCS 8APUAHMBL UX MAMEMAMULECKO20 MOOETUPOSAHUS, KOHEUHO-IIeMEHMHble MO-
oenu 8030YUHOU CpeObl, AMNIUMYOHO-YACIOMHbIE U (PA3080-YACMOMHbIE XAPAKMEPUCTIUKU MO-
Oenupyemuix Makemog. IIpogooumcs cpagHUmMenbHulll aHAIU3 U30eaUil, Ux 1eKmpoPuUYecKux
Xapaxkmepucmuk, ucxo0s u3 NepCnekmus oanbheliuieco npumenerus. /s uccaedosanuti npumensi-
JIUChL PA3uiHble Nbe30KepaMuiecKue Mamepuaibl, Kak mpaouyuonHvle, maxk U HOGble Nepcnex-
mueHvle mamepuansl. Pso uzdenuil npedcmagnen 6 pasmepax ¢ 0emanbHblM ONUCAHUEM, Npuseoe-
Hbl UX CPAGHUMENbHbIE XApAKmepucmuku. B saxmouenuu coenanvl 6160061 0 NepCneKMUBHbIX
6apUAHMAX OANbHEUWE20 NPOESKMUPOBAHUS MAKUX YCMPOUCME U HANPAGLEHUSX UCCIC008AHU.

ITvezoxkepamuyeckuii OUMOPE, KOHEUHO-IIeMEHMHA MOOEb, YCMPOUCMEA OXAANCOCHUs,
akmoamop.

E.S. Aleksyunin

RESEARCH AND DEVELOPMENT OF SMALL-SIZED ULTRASONIC
COOLING DEVICES

The development of modern air supply systems for cooling technical systems requires new ap-
proaches in which instrumentation uses piezoceramic technologies. At the same time, it is necessary to
conduct research both at the level of selection of new perspective piezomaterials, which was done in the
work, and of new types of device layout from the point of view of design. Traditionally used cooling
systems have rotating parts that create additional acoustic noise. These drawbacks are devoid of air
supply devices using piezoceramic components. The article contains materials on the development of
modern cooling devices based on the use of piezoceramic plates. The analysis of the processes occur-
ring in the air in accordance with modern ideas about the theory of matter. Various design options for
such devices are given. The design process from mathematical modeling to implementation in mock-ups
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is considered. Both the piezoceramic devices themselves and the flow distribution processes in the air
were subjected to modeling. In the process of modeling, the simplest to manufacture and reliable in
operation structures were investigated. All considered variants belong to the piezoelectric bimorph type,
and are piezoelectric actuators that convert electrical signals into mechanical forces. Various layout
schemes for such oscillatory systems are presented, variants of their mathematical modeling, finite ele-
ment models of the air environment, amplitude-frequency and phase-frequency characteristics of the
simulated models are shown. A comparative analysis of products, their electrophysical characteristics,
based on the prospects for their further application is carried out. For research, various piezoceramic
materials were used, both traditional and repeatedly tested, and new promising materials. A number of
products are presented in sizes with a detailed description, their comparative characteristics are given.
At the end of the work, conclusions were made about promising options for the further design of such
devices and areas of research.
Piezoceramic bimorph; finite element model; cooling devices; actuator.

Beenenne. B nociennee Bpems akTyalnbHOW SBISICTCSA pa3paboTKa MaiorabapuT-
HBIX YCTPOMCTB MOJA4YM BO3AyXa AJIS LEJeH OXJNaXIACHHUS CIO0KHBIX TEXHUYECKHX CHC-
TeM. YCTpOMHCTBa, OCHOBAHHBIC Ha HCIIOJh30BAHUHU MMbe303((ekra, MOCTEICHHO 3aBOe-
BBIBAIOT PHIHOK BBHUAY OoJiee BBICOKON HaA&KHOCTH H3-32 OTCYTCTBUS JBMKYIIMXCS
yacTeil, HeOOJBIIOTO TEIUIOBBIACICHUSA, OTCYTCTBUSA IOMOJHUTEIBHOIO aKyCTHYCCKOTO
myma mpu padote. CieyeT OTMETHTD emi€ psija MPEeHUMYIIeCTB, TAKUX KaK Majoe I0-
TpeOIeHHe YHePTHH, KOMIIAKTHOCTh KOHCTPYKIIUH, JOJITOBEYHOCTH, IUPOKUH TeMIepa-
TypHBIH auana3oH (0T — 40°C mo + 80 °C). OHH He CO3JAIOT SICKTPOMATHUTHBIX ITOMEX,
CTOMKH K arpeCCUBHBIM CpeJaM U paJHaliuu.

Kak mpaBuio, 6MMOpQHBIE CHCTEMBI COCTOST W3 CKJICEHHBIX MEXKIY co00i Iuia-
CTUH, OJJHA U3 KOTOpBIX W3rOTOBJIEHA M3 MeETaija, Apyras sBIsSeTCs IbE30KepamHuye-
CKOH. B HEKOTOpBIX cilydasx MeTajuTndyecKas IJIaCTHHA COMpSTaeTcs ¢ ABYMS Ibe30Ke-
paMHUECKUMU 3JIEMEHTaMH, 10 OJHOM C KaXJA0W CTOpOHbI. MeTranmiauueckas IJacTUHA
MOJXKET TPEACTABJIATh U3 CeOsl JIaTyHb, HEPIKABCIONIYIO CTallb, OCPUIUIMEBYIO OpOH3Y,
HUKEJICBYIO (OJIBry, aIFOMUHHMA, TUTaH. B OTAENBHBIX Clydasx 3Ta IUIACTHHA MOXET
COCTOATh M3 MOJUMEPHOTO KOMIIO3HTA.

Pabota ycTpoilcTB mojaun BO3ayXa MPOUCXOAMUT 3a CUET HATHETAHUS JABJICHUS
BO3JIYIIHOM Macchl B JIOKAJbHOM OKPY)KEHUHM YCTPOMCTBA U, KaK CIEACTBHUE, CO3JIaHUE
CTallMOHAPHOI'0 BO3AYLUIHOI'O MOTOKA. Y CTPONWCTBO OXJIAXKIECHHUS, KOTOPOE UCIIONb3YET B
Ka4yecTBE AJIEMEHTa HATHETaHHS Ibe300uMopd, co3MaéT BHYTPH CBOETO KOPITyCa 30HBI
MTOBBIIIIEHHOTO aKyCTUYECKOTO NABJICHUS, YTO, B CBOKO OdYEpenb, 00ECICUNBACT YCKO-
PEHHOE TIepeMeIlleHre BO3IyITHOTO IMOTOKA. 3BYKOBBIC KoJieOaHMsI OMMOP(HOH mIacTu-
HBI CIIOCOOCTBYIOT ITEPEMEIICHHUIO CIIOS BEICOKOTO TaBIICHHS.

Ha monexynspHOM YpOBHE TpOIleCC MPOUCXOAWT CleAyromuM obpasom. Korma
6uMop(¢ HauMHAET CBOE MOCTYIATEIbHOE JBMKCHUE, OH TOJIKACT BO3AYX Iepesa CoOOoi,
TeM CaMbIM, 3aCTaBJIIET MOJIEKYJbI BO3JyXa JIBUTAThCS MEPIEHIUKYISPHO CBOCH IMO-
BepxHOocTH. CornacHo 3akoHy boiing-Mapuorra [1] 1aBneHust OZHOTO M TOTO YK€ KOJHU-
YecTBa ra3a MpU HEU3MEHHOW TeMIieparype oOpaTHO MPOTMOPIMOHANBHBI 00bEMaM 3a-
HUMaeMbIM 3THM KOJHMYECTBOM Ta3a. Hampumep, eciu HEKOTOpPOe KOJUYECTBO Tasa
CXKMMAETCS IO TOJIOBHHEI CBOETO TIEPBOHAYATIHLHOTO 00hEMa, TO JaBIICHHUE B ra3e yBelIu-
YHBaeTCs B JBa pasa, # HA000POT, €CIIM HEKOTOPOMY KOIMYECTBY T'a3a MPEeIOCTaBIACTCS
JBOWHOW 00BEM, TO TaBICHUE YMEHBIIACTCS B 1BA pa3a. DTO BHIPAXKAETCS YpaBHEHUEM:

PV = P1V1 , (1)
rae P, — HauvanbHOe naBiieHue; Vi — HadalIbHBIN 006EM; P 1 V — cooTBeTCTBEHHBIE 3HA-
YEeHUS JaBICHUS U 00bEMa IpH JIF000M JPYroM COCTOSIHUM rasa.

To ecTh, COMIaCHO 3TOMY 3aKOHY, cO3HaéTCs O0JIACTh, TNIe IUIOTHOCTH MOJICKYJ
BO3/yXa BBIIIC W, CJICAOBATEIBHO, JABICHUE TOXKE BBIIIC, TAK KAK MPOUCXOAUT CIKATHE
OKpY>Karolien cpebl.

ITocie TOro Kak MCKpHBICHHE OUMOpda TOCTUTaeT CBOCH MaKCHMAaIbHON aMILTH-
TyIbI, IJIACTHHA OCTAHABIMBACTCS, YTOOBI IIOTOM HAYaTh ABMXKEHHE 00paTHO. IIpu nBu-
XKeHnH OuMopda B 0OpaTHOM HampaBlIeHHH, 00pa3yeTcs 30Ha pa3peXeHUs!, BCIEICTBHE
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4ero, INIOTHOCTh U JaBJICHHE OKAa3bIBAETCSl HIDKE AaBIEHUS OKpykaromed cpensl. Ilpu
kosiebannu OuMopda, CokaThsl M pa3peKeHUs! BO3Lyxa MOBTOpsoTcs. B pesynbrate He-
MIPEPBIBHO TEHEPHUPYIOTCS 3BYKOBBIC BOJHBI, IIPEICTABIIONINE COO0H 00IacTH BHICOKO-
T'O ¥ HU3KOTO JABJICHUS, IBIDKYIIHECS OT OmMopda.

[Ipopa®oTkn TUHAMHMKH TaKOTO POAa MPOLECCOB BEJUCH JAAaBHO [2—6], HO JHIIb B
MOCJIe/IHEE BpeMsi OHM HayajiM 3aBepliaTtbesi (QyHAaMEHTAIbHBIMA MaTeMaTH4eCKUMHU
MozensiMu [7—12], mo3BONSIONIMMU C TOMOUIBIO METOJ]a KOHEUHBIX 3JIEMEHTOB B pado-
yelr cpene ANSYS ¢ nocTaTo4HON TOYHOCTBIO NMPOTHO3WPOBATH TOBEJCHUE, KaK OT-
JIENIbHBIX YacTeH yCTPOMCTBA, TaK U BCETO MAKETA B LIEJIOM.

OcHoBHas yacTb. C [eNbl0 ONTUMH3AINH 3KCIEPUMEHTAIBHBIX YCTPOHCTB OBIIO
pa3paboTaHO HECKONBKO KOHCTPYKINH, KOTOPBIE MIPOIUIN CTaJUH OT MaTEeMaTHIECKOTO
MonenupoBaHus B paboueii cpene ANSYS o BormiomeHns: B MaKeTHBIA oOpaser], B KO-
TOPOM HM3MEHSIINCh KaK CaMH T'€OMETPHUYECKNE KOHCTPYKIIMU YCTPOMCTB, TaK W MOAOU-
paymch pasnudHbIe Mhe3oMatepuainsl [13]. B nanHo# paboTe mpencTaBieHbl Hambolee
3¢ QEeKTUBHBIE MOAECIH.

OpHUM U3 BapHaHTOB MOJIEIMPOBAHUS OBIIO YCTPOMCTBO, cocTodiiee U3 4-x die-
MEHTOB NpeACTaBleHHbIX Ha puc. | (koHcTpykims Nel). UerBEpThi 3neMeHT — «Ou-
MOp(}» — COCTOUT U3 JBYX CKIICCHHBIX MEXIy COOO IIaCTUH U3 HEepiKaBelollei cTanu
Pa3IMYHON TOJNIIMHBI U MBE30KEPAMHUYECKOro MucKa. Takas KOHCTPYKLHMS IO3BOJSET
BbIHECTH 3((heKTHBHYI0 pabo4ylo 4acTOTy 3a IPaHHIly CIBILIUMOrO auanasoHa (mpen-
CTaBJICHAa aMIUTHTYTHO-9acTOTHAs xapakrepucTtrka (AUX) Ha puc. 4). KOHCTpyKTHBHBIH
9CKH3 U KOHEYHO-3JIEMEHTHAs CETKa MOJIEIH MPE/ICTaBIICHBI Ha puc. | u 2.

B kadecTBe mbe303JIEMEHTa MPU MOAEIMPOBAHUH OBUI HCIIOIB30BAaH HM3BECTHBIN
npoMbInuIeHHbIH MaTepuan [{TC-19.

Puc. 1. Koncmpyxmuenwiil 2cku3 (ocecummempuunas mooens). 1 — xopnyc
BEHMUIAMOPA C YEHMPATbHLIM Omeepcmuem (niacmmacca); 2 — Kpvluka pabouetl
Kamepwl (Hepaicagerouas cmaniv), 3 — pasoerumenvpHoe Koavyo (Hepiicaseouas cmaiy),
4 — bumopgh

C uenbio aHanmu3a paboOThl KOHCTPYKIMH Oblia mpuMeHeHa cucrema ANSYS
JUI U3y4deHus KosiebaHuit Oumopda, a, Takxke, IPOBEAEH I'UIPOAUMHAMHUYECKUI aHAIN3;
Ha puc. 3 mpeacTaBiIeHa KOHEYHO-3JIEMEHTHAsl CeTKa BO3AYITHOM CpeIbl.

Puc. 2. Koneuno-anemenmunas mooenv koncmpyxkyuu Ne 1
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Puc. 3. Koneuno-anemenmuas mooeinsb 030YuiHoU cpeobl

[TapameTprr nccnexyeMoi KOHCTPYKIIMH 330aBaJINCh CICAYIOIIHE:
BEICOTa MTbe30KepaMmIaeckoro aucka 0,3 MM;
BBICOTA JMCKa U3 Hepxkaserouleit cramu 0,1 MMm;
JTUaMeTp JKCKa HeprkaBerolien ctanu 19 mm;
JaMeTp AUCKa Ibe3oKkepaMuku 11 mMm;
paauyc paboueit kamepsl 17 Mum;
BBICOTA Pa3/ICIUTEILHOTO KOJIbIa (BhIcOTa padoucii kamepsl) 0,4MM;
paccTosiHuEe MEXAY KpbIKoi u xopmycoM 0,4 MM;
JIaMeTp BXOAHOTO OTBEpCTH paboueit kamepsl 0,6 MM;
JaMeTp BBIXOJHOTO OTBepCTHs Kopiryca 0,8 MM.
Ha puc. 4 u 5 npencraBiieHB pacy€THRIC YaCTOTHBIC 3aBHCUMOCTH MOIYIIA U (Da3bl
HMIeIaHCca yCTPOICTRA.

L R R IR 2ER R R R R 4

Puc. 4. Amnaumyono-uacmomnas xapaxmepucmuxa niacmunsvt oumopgpa (A4X)

Puc. 5. ®azoso-uacmomnasn xapaxmepucmuxa niacmunslt oumopgpa (O4X)
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Ha puc. 6 npuBenena ¢popma aepopmanmn KoOHCTpYyKIK Nel Ha gacToTe pe3oHaHca.

Puc. 6. Omnocumenvhule degpopmayusi ycmpoicmea Ha pe3oHAHCHOU yacmome (8Uo co
CMOPOHBI KEPAMUKU)

Gi
— Phasel
—Gz

— Phasez
—G3
— Phase3

0020

LN

12 14 16
KHz

Puc. 7. Dnexmpogpusuueckue napamempui koncmpykyuu Nel 6 paboueii cpede
NPOSPamMMHO20 NPOOYKMA OISl AHAAU3A INEKMPOPUIULECKUX NAPaAMEmPO8s

[lepBple KOHCTPYKIMU UMENH paboure 4acToTel oT 13 mo 18 x['m m mpownsBoau-
TeNbHOCTD mopsiaka 0,43 11/MUH, 4TO MOTPEOOBAIO MPOIOIKEHHS OMCKA HOBBIX KOHCT-
PYKTHUBHBIX PEIIEHUH ISl OBBIIICHUS YaCTOTHI U IIPOU3BOAUTEIHEHOCTH.

B xadectBe BTOpOI MCXOAHON MOoenH Oblia BEIOpaHa KOHCTPYKIUS sl OuMopda
Ha OCHOBE TepCIeKTUBHOTO cocTaBa nbe3okepamuku LITC-IIHH u natynHoro aucka co
CIEIYIOUTIMH Pa3MepaMHu:

TOJILIMHA Nbe30KepaMuyeckoro aucka 0,21 mm;
TOJIIMHA AUcKa U3 JaTyHu 0,37 MM;

JUMaMeTp JIaTyHHOro aucka 20 mm;

JIMaMeTp Mbe30KepaMuIeckoro ancka 11 Mm;

KoHCTpyKTHUBHBIH 3CKHM3 M KOHEYHO-3JIEMEHTHAs CETKa JJAHHOW MOJENN BBITIAAT
TaKUM e 00pa3oM, Kak MpeCTaBIeHO Ha pUCYHKe | 1 2.

[TapameTpbr KOHCTpYKINH No2:

BBICOTA PA3AETUTENHLHOTO KoJbIa 0,3MM;

paccTosiHre MEXAY KPhIIIKo#i 1 KopiycoM 0,9 mMm;

JHaMeTp BXOAHOTO OTBEpCTHS paboueit kamepsl 0,6 MM;

JFaMeTp BBIXOJHOTO OTBepCTHs Kopiryca 0,8 MM.

auametp pabodeit kamepsl 13 mv;

BBICOTA pa3/IeJIUTEIBLHOTO KOJIbla (BeICOTa paboueii kamepsl) 0,4MM;

* & o o

* & & O o o

10
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¢ pacCTOSHHE MEXAY KPBIIKoH 1 KopmycoM 0,4 Mm;

¢ ImaMeTp BXOJHOTO OTBepcTHs pabodeit kameps! 0,6 MM;

¢ JMaMeTp BBIXOIHOTO OTBepcTus Kopmyca 0,8 Mm.

Ha puc. 8 u 9 npescraBieHs!l pac4€THbIE YaCTOTHBIE 3aBUCHMOCTH MOJYJISL U (ha3bl
HUMIegaHca KOHCTPYKIUH Ne2.

Puc. 8. Amnaumyono-uacmomuas xapakmepucmuxa (A49X) niacmunsl bumopga
KOHCcmpyKyuu No2

Puc. 9. @azoso-uacmomnas xapakmepucmuxa (©YUX) nracmunvl 6umopgha
KoOHcmpyKyuu Ne2

g m3MepeHns 3IeKTpo(pHU3NIECKIX MapaMeTpoB MaKeTHBIX 00pa3IoB ObUIH pas3-
paboTaHBl crienMaNbHbIe MAKEeThl MIPOTPAMMHBIX MPOAYKTOB [14—20] u HOBBIH HBE30Ma-
tepuan L[TC-ITHH. Pe3ynpTaThl n3MepeHHil 3IeKTPOGU3NIECKUX MapaMeTPOB KOHCT-
pykiuu Ne2, mpuBezieHs! B Ta0I. 2.

Tabmuma 1
Pe3ysabTaThl n3MepeHnii 31eKTPOQU3NIECKUX MapaMeTpPoB 00pa3na Ne 2
HanmenoBanue 3HaueHue
C (pF): 6,7208E-9
tg(delta): 0,01384
Qm: 192,71
K(eff) Z: 0,166
K(eff) Fi: 0,123
F(R): I'y 17 001,000
F(A): T 17250,000

11
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B xozxe ananm3a koHCTpYKIUH Ne2 cTao 0YeBHIHBIM, YTO 3aMEHA HEPKABCIOIIEH
CTalli JAaTyHbIO U NMPHMEHEHHE HOBOTO Nbe30MAaTEepHaNa He MPUHECIH CYIIECTBEHHBIX
N3MEHEHHH B 3((EKTUBHOCTH YCTPOWCTBA, MOATOMY PEIICHO ObUIO MOJHOCTHIO Tepepa-
0oTaTh caMy KOHCTPYKIMIO M3JIENHs, B pe3yjbTaTe 4Yero NMepelnId K MOAEIHPOBAHUIO
koHcTpykumu Ne3. OOpaszen Ne3 peanmsyer HACI0 «KY3HEUHBIX MEXOB», IIPU KOTOPOH
BO3/IyLIHBIA TOTOK JIBHXKETCS TIEPIICHTUKYIIIPHO KoJieOaHUsIM OUMOpP(hOB.

B xoncTtpykuuu Ne 3 Taxoke IpuUMeHsIach Ibe3okepamuka u3 Martepuana [[TC-
ITHH u naTyHHBIN AUCK C pa3MepaMu, OIMCAaHHBIMU B KOHCTPYKLUU Ne2, a UMEHHO:

4 TOJIIMHA [Ibe30KepaMuueckoro aucka 0,21 mMm;

¢ ToJIMHA qucKa u3 natyHu 0,37 mwm;

¢ JUaMeTp JIaTyHHOro aucka 20 mm;

¢ JUaMeTp NbE30KEPAMUUYECKOTo AucKa 11 MM;

KOHCTpYKTUBHBIA ACKU3 MOZETH TpencTaBiieH Ha puc. 10. DimeMeHT «OmMopd»
COCTOUT U3 JIBYX CKJIECHHBIX MEXIY COOO0M AMCKOB — U3 JIATYHU M Mbe30KepaMuKu. J{is
IIPOBEACHUS aHaIM3a KOHCTPYKIMK Ha puc. 11 mpeacraBneHa KOHEYHO-3JIEMEHTHAs CeT-
Ka BO3JYILHOH cpeapbl.

X B 050
S

TITTITITS BN 752
e OSSOSO TS 050

2 SRR

...........

e

Puc. 10. Koncmpyxmuenwiil ackusz (modens 6 paspese). 1 — oumopgh,
2 — pazoenumenvHvle NPOKIAOKU

ITapameTps! koHCTpYKIUH Ne3:

BEICOTa paboueit kamepsl 0,3MM;

JIraMeTp BEIXOQHOTO oTBepcTHst 0,6—0,7 MM (Ha 3CKU3e BBEPXY);

ceuenne BxogHoro oreepctus 0,6X0,6 MM (Ha 3cKH3€ TOPU30HTAIBHO CIIPaBa);
JIraMeTp pabodei kamepsl 13 M.

paccTosTHUE MEX/y BXOJHBIM M BBIXOJHBIM OTBEpPCTHSIMH 1,9 MM;

paccTosiHuE MEX]Ty CTEHKOH paboueil kamepsl U BXOJHBIM OoTBepcTHEM 2,0 MM;

* & & 6 o o0

Puc. 11. Koneuno-snemenmuas mooenv 6030YWHOU cpedbl

Ha puc. 12 u 13 npencraBieHsl pac4EéTHbIE YaCTOTHBIE 3aBUCHUMOCTH MOAYJIS H (a-
3Bl UMIIeIaHca OUMOpP(OB ycTpoicTBa.

12
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Puc. 12. AYX nracmuner bumopgpa

Puc. 13. @YX nracmuner bumopgpa

Tab6muua 2
Pe3yabTaThl H3MepeHmii 31eKTpoGU3NIeCKNX MapaMeTpoB oopasma Ne 3

Hamnmenosanue anexTpodusnueckon 3HayeHne

BCIIMYUHBI

C (pF): 7,25E-09
tg(delta): 0, 0231
Qm: 137,5

K(eff) Z: 0,0584

K(eff) Fi: 0,3419

F(R): T 25 795,000

F(A): Ty 27 449,000

Ha ocHOBaHHMM NaHHBIX, MOJIYYCHHBIX B PE3YJIbTATEC M3MEPEHHS DJICKTPOPHU3UUE-
CKHX TapaMeTPOB YCTPOWCTB, U3rOTOBJICHHBIX 10 PAaCUETHBIM MOJIEIIAM, HauboJIee mep-
CIIEKTUBHOM OKa3zaach KoHpUTypamus oopasima Ne3.

3akniodyenue. [lo pesynbraTaM MPOBEACHHS MAaTEMATHYECKOIO MOICITAPOBAHUS
H3TOTOBJICH PSIJi MAKETOB, MOATBEPIKIAIOIINX BO3MOXXHOCTD CO3JaHUs MajIorabapuTHBIX
YCTPOMCTB TOAA4YM BO3TyXa JJIS IEeJCH OXJIaKICHUS TEXHUYECKHUX CHCTEM 0e3 JTBUXKY-
mmxcs yacteil. ChopMUpPOBaHEI OOIINE MOIXOABI K MPOCSKTUPOBAHHUIO MOJOOHBIX YCT-
poiict. Ilo pe3ynpraTamMm MakeTHPOBaHHSI MOXKHO KOHCTaTHPOBAaTh, YTO HaWOoiee mep-
CIICKTHBHEIN 00pa3el mokas3al JIydlllie pe3ybTaThl, 2 IMEHHO 00Jiee BBHICOKYIO IPOU3-
BOAMTENBHOCTE 0,57 J1/MUH.

13
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[Toka3aHo, YTO HATBPHEWIIYI0 MOAEPHHU3ALNIO YCTPOUCTB OXJIAXIEHHS IeNeco00-
pa3HO TPOBOIUTH, KaK MOAHMUIUPYS caMy TE€OMETPUYECKYI0 KOHCTPYKIHIO, TaK H
MIPUMEHSIST HOBBIC MThE30MaTepHAIIbI C 00JIee BRICOKMMH AJIEKTPO(MU3NICCKUMU MapaMeT-
pamu. Bc€ 5T0 Mo3BONUT MOBBICUTH pabouyro yacToTy ycTpoictB 1o 30-40 kI'm, uto
YBEIMYUT NPOU3BOAUTEIHHOCTh CUCTEMBI OXJIAXKACHHUS.
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Don], 2011, No. 1. Available at: http://www.ivdon.ru/magazine/archive/n1y2011/325 (dostup
svobodnyy).

Svidetel'stvo o gosudarstvennoy registratsii programm dlya EVM Ne2011613572 «Sistema
upravleniya izmereniyami i rascheta parametrov Hioki ZKeff (koeffitsient elektromekhanicheskoy
svyazi) Hioki ZKeff v. 1.0» 06.05.2011 [Certificate of state registration of computer programs
No. 2011613572 "hioki ZKeff measurement control and parameter calculation System (Electro-
mechanical coupling coefficient) Hioki ZKeff V. 1.0" 06.05.2011].

Svidetel'stvo o gosudarstvennoy registratsii programm dlya EVM Ne2011613567 [Certificate
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computer programs No. 2011613568 "hioki G measurement control and parameter calculation
System (active component of piezoelectric element conductivity) Hioki G V. 1.0" 06.05.2011].
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A.C. bBoaasipes, A.JI. Bepekun, K.B. IImuxonosa, JI.C. BepeBkuna

METOJUKA U MOJAEJIUPOBAHUE HAJEXKHOCTHU CUCTEMBbI
I'PYIIIIOBOI'O YIIPABJIEHUA POBOTU3NPOBAHHBIMU
HNJIAT®OPMAMHU

OOHUM U3 AKMYanbHLIX HANPAGICHUL PA36UMUsL POOOMOMEXHUKU  AGIAIOMC NPOEKMUPO-
6aHuUe cucmem 2pynnogoeo ynpagienus. B npeonosicennoii cmpykmype epynna uz nsmu pobomu-
suposannvix niamgpopm (PII) ynpaensemcs ¢ HOCUMO20 uiu CMAyuoHapHo2o nyaomos. Taxoi
cocmaeg 2pynnvl npedonpeoeisient cxemvl ¢ NEPecmpausaemMblM CEA3AMU MeNCOY COCMAGHbIMU
uacmAMU U USMEHeHUeM NPUHYUNO8 QYHKyuoHuposauus. B cmamve npusedenvi sxcnepumen-
manbHble UCCIeO08AHUSI BLIYUCTUMENLHOU dHPexmusHocmu Memooos NiaHUpOBaAHUsT MpaeKkmo-
puti PII 6 npocmpancmee u onpeodenenvi ONMUMAIbHbLL MEMoO u mpebyemvle napamempbl Gbol-
yucaumens PII. Paccmompenst éapuanmol cxem ¢ pasuvim yuciom PITu modenu x0n00H020 pe-
sepeuposanusi PI1, nynemos u obwezo éceii cucmemul. Ilpu maxom muo2o06pasuu Konguzypayui
603HUKAIOM NpobieMbl, 000CHOBAHUS U 8bIOOPA MEmMO008 pacuemad, U 0OHO3HAYHO20, 060bueH-
HO20 npedcmasnienus napamempos HA0eHCHOCMU CUCMeMbl 2PYNnogoco ynpasienus. Ilogviuen-
Hble mpebosanusi K HAOEICHOCMU KOMNOHEHM CUCMeMbl ZPYNNO8020 YNpagieHus, mpebylom
MOYHOU OYEHKU HAOEICHOCMU U NPOOUKMOBAHbI 3HAYUMENLHOU CIOUMOCMbIO 060PYO08AHUSL U
@ynxkyuonanvhoim HasHavenuem. Paspabomannas memoouka npeonaznavena Osi MOOeIuposa-
HUSL HAOEICHOCMU PA3PAbOMAHHOU CUCMEMbl 2DYRNO0BO20 YAPAGILEHUs  POOOMUUPOBAHHBIMU
nramgpopmamu PII. B npednodcennoil memoouxe noKa3amHo  UCNOAb306AHUE CHPYKIMYPHOZO,
6EPOSIMHOCIIHO20 U MAMPUYHO20 Memo008 05l pacuema Mooenel HAOeHCHOCMU CUCeMbL 2Py~
106020 ynpasienus. A maxoice npeonoHcer no0X00 K MOOETUPOBAHUIO HAOEHCHOCTNU YeOYUCTeH-
HO020, U30BIMOYHO20, CKONbL3AUE20, X0N00H020 pezepsuposanus PIT u nynemoeg ynpasnenus. Iony-
YeHHble pe3yIbmanmvl YUCTEHHbIX PACHemOo8 Napamempos HAOEHCHOCMU CUCHEMbl 2PYRN0BO2O
VApagienusi, NO36OISIIOM OYCHUMb PUCKU U BbLOUPANTD PECUMbL, 8 3AGUCUMOCTU Om mpedyemoll
apghexmusHOCMU BLINOIHEHUS MUCCUL.

Cucmema 2pynno6oeo ynpagienus;, pooomusuposantvie niameopmvl, Hapabomka Ha om-
Ka3; HA0EICHOCMb, Pe3ePBUPOBaHIe, ANOPUMM, MOOETUPOBAHIUE.

A.S. Boldyrev, A.L. Verevkin, K.V. Prihodova, L.S. Verevkin
METHODOLOGY AND RELIABILITY MODELING OF THE GROUP
CONTROL SYSTEM FOR ROBOTIC PLATFORMS

One of the most relevant areas of robotics development is the design of group control
systems. In the proposed structure, a group of five robotic platforms (RP) is controlled from a
wearable or stationary remote control. This composition of the group determines schemes
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with tunable connections between the components and changes in the principles of operation.
The article presents experimental studies of the computational efficiency of methods for plan-
ning RP trajectories in space and defines the optimal method and the required parameters of
the RP computer. Variants of schemes with different numbers of RP are considered, as well
as models of cold backup of RP, remote controls, and the entire system. With such a variety
of configurations, problems arise in justifying and selecting calculation methods, and in
providing an unambiguous, generalized representation of the reliability parameters of a
group control system. Increased requirements for the reliability of components of the group
management system require an accurate assessment of reliability and are dictated by the
significant cost of equipment and functional purpose. The developed method is intended for
modeling the reliability of the developed system of group control of robotic platforms RP.
The proposed method shows the use of structural, probabilistic and matrix methods for cal-
culating reliability models of a group control system. An approach to modeling the reliabil-
ity of integer, redundant, sliding, and cold redundancy of RP and control panels is also pro-
posed. The results of numerical calculations of the reliability parameters of the group man-
agement system allow us to assess the risks and choose modes, depending on the required
efficiency of the mission.

Group control system, robotic platforms, time to failure, reliability, resetting, algorithm,
modeling.

BBenenune. OHUM M3 aKTyaJbHBIX HANpPaBJICHUI pa3BUTHS POOOTOTEXHUKH SIBIIS-
FOTCSl CHCTEMBI TPYMIIOBOTO YIPABICHUS, Tak B pabotax [1-4] uccremyroTcss BO3MOX-
HOCTH ¥ 33a4d, KOTOpble 3()(EKTHBHO PEIIAIOTCsl TPYNIONH POOOTH3NPOBAHHBIX YCT-
poiictB. B cratbe [5] pemaercs 3amava IBUKESHUS TPYIITEI pOOOTOB CTPOEM C 00XOIOM
MIPETSITCTBUMA B 3aJaHHBIN paiioH. B cTatbe [6] pernaercs 3aaya rpynmnoBoro mpecieno-
BaHMS YKJIOHSIOMMXCS 00bEKTOB. POOOTHI OXOTHHKHM JOJDKHBI PACIIO3HATH WICHOB CBOCH
TPYIIBI U COBMECTHO CIIAHUPOBATh TPACKTOPHH AT 3(P(PEKTHBHONW MOMMKH CTalmo-
HapHBIX MJIH MTOJIBIYKHBIX OOBEKTOB.

1. IlocTanoBka 3agaun. B cTarbe mpeyaraerca  ClEXyOMUN IMOAXOM K HC-
CJIEZIOBAaHHUIO CHCTEMBI TPYIIIIOBOTO YIIPaBJIECHHs, C TIO3UIUHI BBIOOpa METO1a yrpaBiie-
HUS, TPeOYEMBIX BBIYHCIUTEIBHBIX BO3MOKHOCTEH M IOBBIIIEHUS HAaJE)KHOCTH U CTa-
BSATCA 3a/1a4H:

¢ pa3paboTaTh THOKYIO paCWICHEHHYIO CTPYKTYPHYIO CXEMY;

¢ DOKCHEPUMEHTAIBHO OIPENeNUTh TpeOyeMylo BBIYHCIUTEIbHYIO MOIIHOCTD
6oproBoro Beraucaurens PI1 u BbIOpaTh METOJ IJTAHUPOBAHUS ABHIKECHHSL;

4 ONpEeeNUTh BO3MOXKHOCTh peasli3aiiuyl CHCTEMBI;

¢ TIpoBecTH aHaIM3 Ha cooTBeTcTBUE TpeboBanmit ECKJI, ompenenuts HOMEHK-
JIaTypy 3a/laBaeéMbIX TapaMeTPOB HAICKHOCTH U UX JOCTaTOYHOCTb;

¢ pa3paboTaTh METOIWKY MOJEIHPOBAHHUS HAIECKHOCTH C YYETOM, THOKOCTH
MHOTOBAapHAaHTHONH CTPYKTYpPBI CHCTEMBI M BO3MOXHOCTH PE3€pPBHPOBAHUS CTPYKTYp-
HBIX JacCTeH;

¢ BBIIOJTHUTH YHCICHHOE MOJETUPOBAHNE HAIECKHOCTH, KaK CUCTEMBI TPYIIIIOBO-
IO YIpaBJICHHUS, TAK U COCTABHBIX YacTei.

Taxoit moxxo/1 MO3BOJISIET €IIe Ha CTa/JWU MPOEKTHPOBaHMUs, obecneduts 3ddek-
TUBHOCTH BBITIOJTHEHUSI MECCHH U OTIPENIEIUTECS C PUCKaMHU.

2. CTpyKTypa cucTeMbl FPyNIOBOT0 yNpaBjiaeHus. B uucine npuOpUTETHBIX Ha-
NIPaBJICHUH TPOEKTHPOBAHMS POOOTOTEXHHMKHU SIBISIETCS HAJEXKHOCTh CHUCTEM, B TOM
YHUCIIe U TPYIIOBOTO YIPaBJICHUs pOOOTOTEXHUYECKUMHU TMaTdopmamu. OOmuUNA BHIT
PIT u 3apanue rpynne PII Ha sxpane MOHUTOpA, IPUBOJATCA Ha pHC. 1.
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Puc. 1. Pobomomexnuueckas niamgpopma u 3adanue epynne PII na sxpane monumopa

Cuctema rpynioBoro yrnpaejieHus: 00ecreunBacT:

¢ JUCTaHIMOHHOE yNpaBJIEHHE IBIDKEHHEM CO CTallMOHAPHOTO IIyJIbTa yIpaBie-
Hus (CIIY) nnmm Hocumoro mynbeTa ynpasiaeHus (HITY), a uucimo PII moxer Bapsupo-
BaThCs OT 1 10 SmTyK;

¢ yIpaBlICHHE MOXET OBITh B PEXXMME OH JIaWH, WM B BUJE 3aJlaHHOTO 3a/laHHs
JU1sl BCel rpynnbl uiaK uist kaxaoil PII B oTaenbHOCTH.

OcCHOBHBIE ITPUHINTBI (POPMUPOBAHUS CTPYKTYPBI CHCTEMBI I'PYIIIIOBOTO yIIPaBJIe-
HUS, W3NIOKEeHHBIe B Jjuteparype [7, 8]. CIpykTypHas cxema CHCTEMBI TPYIIIIOBOTO
ynpasienus PII mpencraBnena Ha puc. 2. CTpyKTypa OTHOCHTCS K PacwICHCHHOH chc-
TEeME TOTOMY, 9TO 000pyI0BaHHE HAXOAUTCS HE HA OJJHOM OOBEKTE.

[IpeanoxenHas cxemMa MOKET pabOTaTh B Pa3IMYHBIX PEKHUMAax U IO3BOJIAET LIU-
POKO HCIIOJIb30BaTh U3MEHEHHE NPUHIUIIOB ()YHKIIMOHUPOBAHHS CXEMBI U CTPYKTYPHI 32
cueT ee 0OJIBLIOI THOKOCTH.

! |
! |
! |
! |
! I
! | I |
| |—————————————|———¢— ————— |——4 ————— T === 1 |
| | |
e |——L———'| |——J———" r——y—= bl - |
I I | ! 17 == I sowncren, ]! sotmcnmtens |1 |
i | BHCTUTETD | | | || e i [ | : K
I —_——— —— !
X | Lo N L L
e — b — R S L P U (P .d
T M '{ | [ 17 | : |
| cnctewacarsnnf | | | [ | | |
| nspm;w | | | | | | | |
| “ : | [ [ | | |
| | | | | |
| |
| CUCTEMA ! | | | | | | : |
| Texameckoro | | | | | | | | |
PEHAA
| T : | | | [ | : |
| | | [ |
- | |
[ - CHCTEMA [ | | | | | | I |
| | oPYERTALMMYM || | | |
| | HABUTALIAA | | ! ! | |
| | CHCTEMA | | | | |
| | ypagnetes | p ! | 1 | |
| MOnERHOM | | ! | ! ! | !
| | HATPYaKOR |y  ccTEmA | | | | |
| ABTOHONHOTO ! | | |
| | YPABTEHAS | | | | | | | | |
|- P Lo Lo [ |
| | | | |
| | | | | | | | : |
| CHCTEMA YTIPABTEHHA CHI0BOT! ! | | | [ | |
| YCTAHOBKO/t U TPAHCMVICHEH | | | | [ | | |
| [ | [ [
| | |
| [ | [ |
| | |
| [ | [ |
POBOTOTEXHIMECKAS | posotorexHECk | peosoTorexiECkan |
VCTIOTHATETHBIE MEXAHUSMS PKT
: _ : | nwopuane | | A TITATOOPMANG : (M| | ATOORHA N |
| [ | | |
| POBOTOTEXHUMECKAR | | | | | | | ! |
| MNATOOPMA Net | | | |
____________ oo | | ! | |
[ T L | e _ 1

Puc. 2. Cmpykmypnas cxema cucmemsl epynnoeo2o ynpagnenusi PIT
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Pob6oTtm3upoBanHas miardopmMa B coCTaBe, KOTOPOH TOIDKHO OBITH 000pYIOBaHHE:!
cucreMa opueHTanuu 1 HaBuramun COH;

cucrtema TexHuueckoro 3penust CT3;

cucteMa cBsI3u U nepepaun gqaHHeix CILJ;

cUCTeMa YIpaBJICHHUS MOJIE3HON Harpy3Kou;

CUCTEMBI aBTOHOMHOT0 ynpasiyieHuss PTII;

cUCTeMa YIPaBJICHUS CUJIOBON YCTaHOBKOW M TPAaHCMUCCHEH.

Kaxnast poboToTexandeckas miaThopmMa KOMITIEKTYeM OOPTOBBIM BBIYHUCIUTEIEM
SIBIISIFOILEHCS. COCTAaBHOM YaCThIO CHCTEMBI IPYIIIIOBOTO yIpaBieHUs. bopToBoi BbIuMC-
JIUTENb TIO3BOJIAET MEPEPACTIPENEIUTE BEIYUCINTEIBHBIEC PECYPCHI MEXKITYy HUM U ITyJIb-
TOM YIPaBJICHHUS.

3. DkcnepUMeHTAIbHbIE HCCIeT0BAaHUSI TPeOyeMoil BbIYMCIUTEJHHON MOII-
HocTu GopToBoro Beiuucautenas PII. B HacTosmiee Bpems HaOmomaercss OypHOe pas-
BUTHE TEOPUM M METOAOB TPYMIIOBOTO (YHKIIMOHUPOBAHUS POOOTHU3MPOBAHHBIX YCT-
poticTB. [Ipu NIpOEKTHPOBAHUN TAKHX CHCTEM MPEABSBISIOTCS OOJbIINE TPeOOBAHMS K
BBIYHCIUTEIBHBIM BO3MOXKHOCTSIM 060pymoBanus [9]. Kak mokasano B pabortax [10-12]
B YCJIOBUSAX HEOIPEIECIEHHOCTH, IPH NPUMEHEHUH HEJIMHEHHBIX MOJIesIeif CHHTE3 3aKOHa
TEPMHUHAJIBHOTO YIPaBJICHUS] CTAHOBUTCSI OYEHb CIIOKHOM 3agaueil. A /g pacyera oll-
TUMAIIbHOTO TIyTH U 00xoma mpenstctBuid PII, B paborax [13-15] ucnons3yetcs mo3u-
IIMOHHOE-TPACKTOPHOE YIPABICHNE M METOJ MOTEHIMAIBHBIX mojed. IIpoBeneHs! sKc-
NIepIMEHTAIbHBIC WCCIEJOBAaHNUS ¢ MUHMMAaJIBHO BO3MOXHOW ammapaTHON KOH(purypa-
el GOpPTOBOTO BBIYMCIHUTEINS, CHOCOOHOH YAOBICTBOPUTH TPeOOBaHMAM OBICTPOICH-
CTBHS MporpaMMHoro obecneuenns PII.

Jis skcriepuMeHTa BBIOpaHBI METOABI [16], pemraromme 3aiadyd IUIAHUPOBAHUS
TpaekTopuil mepemenienns oquHo4yHEIX PII B cpene (mpumep puc. 2), ¢ HecTanuoHap-
HBIMU NPEISTCTBUSAMHU:

METOJ] BUPTYaJIbHBIX MOJIEH;

MeTo] Ha 0a3e HeyCTONUMBBIX PEXKHUMOB;

MeToJ] Ha 0a3e HEYCTONUNBBIX PEXKUMOB C HHTEIICKTYalbHBIM MOJyJIEM;
rubpuaneie: VFC-meton, VVF-meron, u VFFL-meTox;

ruOpuaHbi HetipocereBoil MeTox DVH3D-NN;

0a30BHIif HelipoceTeBoit meton DVH3D;

¢ OMOHMYECKHII METO/ WHTEJUIEKTYalbHOTO IUIAaHMPOBAaHUS Ha 0ase HEHpo mo-
JOOHBIX CTPYKTYP.

Kaxnplit ¥3 mpencTaBIeHHBIX METOJIOB OLEHUBAICS 00BEMOM IPOBOJIMMBIX BbI-
YHCICHUN B €IUHUILy BPEMEHHU JAJIS pEeIleHHs 31a4 IUIAaHUPOBAaHMSA TPAaeKTOpUH  o1u-
HouHbIX PIT. [Tpumeps! kKoHUTrypanuu cpe NpUBeAEHbI Ha pUC. 3.

* 6 6 6 o o

* & 6 6 o o0
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Puc. 3. IIpumepsr kougueypayuu cpeo a - VFC memooda, 6 - VVF memooa;
6 - DVH3D-NN memooa

[TomydeHHbIE pe3yNbTaThl AKCIIEPUMEHTAIBHOTO CPAaBHEHUS, XapaKTEPU3YIOUIETO
KOJINYECTBO MPOBEICHHBIX ONEpanuii INIAHMPOBAHHS TPACKTOPHUHN 3a €AWHHILy BPEMEHU
0,1 cex, mpexacraBieHsl Ha IUarpaMMe puc. 3.
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VVF-veton
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DVH3D

VFFL-weton

HL‘}C](JI’]'IHHH! PEKHMOB

Meton BrpryaibHbx

HeyCToiiumBhIX

Puc. 4. JJuacpamma xonuuecmsa npogedeHHvlx onepayuil NAaHUpOSanus mpaekmoput
3a 0,1 cex paznuunvimu memooamu

Kak nokazaHo Ha auarpamme, HauOOJIbIIEH BBIYUCIUTENBHON 3((PEKTHBHOCTHIO
00J1a1aeT METO I BUPTYaJIbHBIX MOJICH.

s ynpasnenust PII BeIOpaH MeTOJ] BUPTYaNbHBIX HONEH. DKCHEPTHBIM IyTEM OII-
pelesieHbl HE0OXO0IMMbIE BHIUMCIICHHS U KOJIMYECTBO MAaTEMAaTHYECKUX ONepaliid, BBIION-
HSIEMBIX CUCTEMOM TPYNIIOBOTO YHPABJIEHHs, YTO MO3BOJSAET ONPEAECITUTCS, C MOIIHOCTBIO
npumensemMoit OBM u TpeOyeMbIME XapaKTepUCTHKAMH TIPUBEACHHBIME B Ta0. 1.

Tab6muma 1
XapakTepucTHKN G0PTOBOT0 BHIYMCIIMTEJISI CHCTEMBI IPYIIIOBOT0 YIIPAaBJIEHHSI
XapakTepucTuka 3HadyeHue
[Tnardopma Intel
[Tpoueccop Intel(R) Core(TM) i7—7700
Uucno npoueccopoB 1 (8 sinep)
TakroBas yactoTra 3600 GHz
OnepaTuBHas NaMATh 32Gb
CB000JTHOE AMCKOBOE POCTPAHCTBO 200 Gb
Twur s)xecTKoro JuckKa SSD
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XapakrepuctukaM Tabn. | yIOBIETBOPSET HPOMEBIIUICHHAS OE3BEHTHIIATOPHAS
BcTpamBaemas Manoradbapuraas OBM Vecow ECS-9280.

4. MeToauka MOJeJMPOBAHMS HAIEKHOCTH cucTeMbl. CHCTEMY TpYIMIIOBOTO
YHOpaBJICHUS pacUIICHACTCS HA OTJENbHBIC HA YaCTH TaK, 9TOOBI I KaKIOH MOKHO OTI-
peleHuTh TOKa3aTeNld HaJe)KHOCTH, U3 ATHX 4YacTell KOHQUTYPHUPYIOTCS CTPYKTYpHEIC
CXEMBI - MOJIETH HaIC)KHOCTH CHCTEMBI.

Cxema, pacuIIeHEHHOI CHCTEMBI TPYIIIOBOTO YIPABJICHHUS ITO3BOJISET pPeain30BaTh
pasHbIe COCOOBI PE3ePBUPOBAHUS: XOJIOIHOE WM Topsdee (IETOYNCICHHOE; CKOb3 -
iee; U30BITOYHOC); MAXKOPUTAPHOE PE3CPBUPOBAHUE.

Tak kak B cOCTaBe CHCTEMBI TPYMIIOBOTO YIIPaBJICHUS €CTh JIBa MyJbTa yIpaBie-
Hus 1 PII or omgHO#M 1m0 TSITH, HEOOXOIWMO PACCUNTATH MOKA3aTeNHd HAICKHOCTH IUIS
Pa3HBIX BapUAHTOB PE3CPBUPOBAHMSI MPHUBEJACHBI B Ta0N. 2, W 00o3HaueHo O — OCHOB-
HOM, P — pe3epBHBIIi.

Tabmuma 2
Cnoco0nI x0J101HOT0 pe3epeupoBanus PII
PesepBupoBanue CrpykTypHas 4acTb
1. CtpykTypHOE PII1 PII1 PII PI1 PII
paszenpHOE
(0] P (@) P -
Ilenouncnennoe PII 0 0 P P -
(0] O P - -
Ckonb3see PI1T Ie} Ie} 0 P
(0] (0] (@) P P
O (0] (@) (@) P
O P P - -
W306s1Tounoe PIT o) P P P a
(@) P P P P
(@) (@) P P P
2. O01iee Bceil CHCTEMBI O P - - -
(@) (@) p P -
P P (@) (0] O

[Ipn TakoM MHOTOOOpa3sMM BapHaHTOB MOJENEH cXeM pe3epBHpoBaHMs, Kak PII,
Tak 1 mynsToB ynpasiuerus CITY u HITY, a Tak e BO3MOXHOCTH OOIIET0 pe3epBUpPO-
BaHUS CHCTEMBI, BO3HHKAIOT IPOoOIeMbl BBIOOpa METONOB pacdyera, M OJHO3HAYHOTO,
0000IIEHHOTO MPEACTABICHUS TapaMeTPOB HAJEKHOCTH CHUCTEMbI TPYMIIOBOTO YIIPaB-
JICHUS1, KOTOPBIE PEIAIOTCS B TAHHOM CTaThe.

Jis  MopmenupoBaHUS HANEKHOCTH TPUHUMAaeM CIEAYIONIHe JOMyIIEeHUS U
IpeJUlaraeTcs ciaeayronas MeToIMKa pacueTa.

1) PII paBHO HazieXKHBI U MOJIaraeM, 4YTO BEPOSITHOCTh OTKa3a kaxkaoi PIT u myme-
TOB HOCHT 3KCTIOHCHIIHAJIFHBIN XapakTep:

P(t) = e,

2) CrpouTcsi CTPYKTYpHasi CXeMa pacyera HaJeKHOCTH M KIIACCHYECKHM CTPYK-
TYPHBIM METOIIOM JUISl PACWICHEHHOW CIIOXKHOW CHCTEMBI, DIIEMEHTHI OOBEIHHSIIOTCS B
rpymubt S7... SN:
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¢ Brpymme S1 3JeMeHTH CTAllMOHAPHOTO MyJIbTa YIPABICHHUS;

¢ B rpymnue S2 3JeMEeHTHl HOCHUMOTO IIyJbTa YIPaBICHHS;

¢ Brpynne SPI1]... SPII5 snements! PIL

Jlrobast Tpyrmima 3JeMEHTOB MOXKET OBITh, KaK B OTKIIOUYEHHOM, TaK ¥ B pabodyeM co-
CTOSIHHUH.

3) Jns kaxnpoi rpynmsl S/... SN paccuuThIBaeTCs KJIACCHYECKUM CTPYKTYPHBIM
METOJIOM UHTEHCUBHOCTBH OTKAa30B Agy, HAPaOOTKa Ha 0TKa3 Tsy M rpa)Ku BEPOSTHOCTH
GesoTkasHoi paboter Psy (1) [17]:

hoy = 2?:1 My, Ten=1/ Ao, P(tj = E_k,

rae N — 9Ucio 3IEMEHTOB B TPYIIIE;

Jj — NHTCHCHBHOCTh OTKA30B 3JICMEHTA, C yYETOM DPEKHUMOB PAOOTHI U YCIOBHI
9KCILTyaTaIHH;

SN — o0o3HaYeHHE TPYIIIIHL

4) [anee 11 KaXI0T0 BapuaHTa KOMIIOHOBKH CHCTEMBI IPYIIIOBOTO YIPaBJICHHUS,
MaTPUYHBIM METOJIOM, PACCUUTHIBACTCS MATPHIIA MHTEHCHBHOCTH OTKAa30B Ay U Hapa-
6otka Ha otkas Ty B I1O Mathcad.

B o e B 0 0 0
’sy O Teem leme O 0 0
tsy 0 Zepm hema  tems 0 0
hsy O Zepm lem  Pem ’ens O
Ay = hsy O Zeem e e Pens Yenis *1 B Ty = [Ay]7?
0 hgo y— 0 0 0 0
0 hsy  hpm lema O 0 0
0 Lsz  tem lemz  Tems 0 Y
0 hsy  hem lema  tems ’ens 0
0 hsy  hem lema  tems ’ens  Tepps

rae Asi...Asp — MHTEHCHMBHOCTH 0TKa30B CITY u HITY;

A pr71...A prrs -MHTEHCUBHOCTL 0TKa30B PII1... PIIS.

Kaxmas cTpoka MaTpHIlbl COOTBETCTBYET ONPEACICHHOW KOH(DUTYPALIUH CUCTEMBI
TPYIIIIOBOTO yIpaBieHUs ¢ pa3mnaHbM gucioM N ot 1 1o 5 pabounx PIT.

I'paduku BepositTHOCTH Ge30TKa3HOM paboTel Py (t) mis kaxmoro konuvecTa pa-

6oraromux PIT ot 1 go 5 paccunteiBaror 8 110 Mathcad mo ¢opmyie
t

Pt) = &M = ¢,
5) Ipu xon0aHOM LesoYrCcIeHHOM pe3epBupoBanun PII, cxembr: N=1+1; 2+2 u
U30BITOYHOM pe3epBupoBaHum cxembl: N=1+2; 1+3; 1+4; 2+3 onpeaessiror HapabOTKy
Ha otka3 T s 10 opmyie, MOAyUEHHOM BEPOITHOCTHBIM MeTooM [18]:

T'ns=n*Tsg,

rae 1 — Bcero PII, OCHOBHBIX U pe3epBUPYEMBIX B CXEME.
MHuTencuBHOCTh 0TKa30B PII mpy XOJMOTHOM IIEIOYMCICHHOM W W30BITOYHOM WX
PE3ePBUPOBAHUH PACCUUTHIBACTCS MO (hOopMyIIe:

XNS. :l/TNs.

6) Ilpu cxomnp3sIeM XOJOTHOM pe3epBHpoBaHUH Tys, pe3epBHBIX PII menbme
YHCIIa OCHOBHBIX, M1 OHM HaXOJSITCSl B BBIKIIFOUEHHOM cocTosiHuu. Pesepsras PII, moxer
OBbITH BKJIIOYEHA B3aMeH 1000 u3 otkazaBimx PII. st cxem pesepBupoBanus N=3+1;
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2+1; 4+1; 3+2; WHTCHCHBHOCTH OTKa30B paBHA N4 s; M OTKa3 CHCTEMBI IPOU3OHUICT B
MomeHT otkaza (Mm+1)-ro PII, mostomy cpenmsist HapaboTka Ha oTka3 PII, moiyueHHas
BEPOSATHOCTHBIM METOJIOM, OnpeAesaTcs o dpopmyse [19]:

Tns=(m+1)/nh g,

rae Tys — HapaboTka Ha oTka3 Bcex PII mpw CKOMB3AIIEM XOIOJTHOM pe3epBHPOBAHNH;
A s1- HHTEHCUBHOCTH 0TKa30B oxHO# PIT; N — ocHoBHbIX PIT; M — peseppubix PII.

HurencuBHOCTh 0TKa30B Bcex PII mpu CKOMB3SIIEM XOJOAHOM pPE3ESPBUPOBAHUM
paccumuThIBaeTcs 1Mo Gopmyiie:

Ans. =1/Tys.

7) NHTEHCUBHOCTHh OTKAa30B Ay y CHCTEMBI B IEJIOM, MIPHU XOJOJIHOM PE3EPBHUPOBA-
HUH, OTIPEACIACTCS KaK CyMMa WHTCHCHBHOCTH OTKa30B IYJIbTa yrpaBieHUsS As; (Asp).
KOTOPBIH HAXOIATCS B pabovYeM COCTOSIHHM, W MHTEHCHBHOCTH OTKa30B PII:

Anx=AsiHAsn gy 001 cxeM N=1+1; 2+2 X010HOTO HENOUHCIEHHOTO PE3ePBUPOBAHUS;

Anx=hsiHAsn gy mmst cxem N=1+2; 1+3; 2+3 x0moaHOTO U30BITOYHOTO PE3ePBUPO-
BaHWI,

Anx=hsiHAsn.cx cxembr N=3+1; 2+1; 4+1; 3+2 X0JOAHOTO CKOJB3AIIETO pe3ep-
BUPOBaHUSL.

AHaNOruvHO 3Ta 3a/1a4a PeniaeTcs B MUKJIE U U1 HOCUMOTO MyJIbTa YIPaBICHHUS.

8) Cpennsisi HapabOTKa Ha OTKa3 ITyJbTOB YIPABJICHUS C XOJIOIHBIM PE3epBUPOBAHU-
€M C pa3J'II/ILIHI)IMI/I HUHTCHCHUBHOCTAMMUA OTKA30B onpez[eﬂeHa BepOﬂTHOCTHLIM METOOAOM:

Agitihoy
}L51+52 - '

Agardgg
9) HapaGoTka Ha O0TKa3 TP XOJOJHOM OOIIEM PE3epPBUPOBAHHUU BCEH CHCTEMBI
TPYIIIIOBOTO YIIPABJIECHHS PAaCCUMTHIBACTCS JUISA KaXKIOM cXeMbl pesepsupoBanuns PIT mo
dbopmyre:
T N. X =1/ N X

5. YucjieHHOe MOJIeIMPOBaHHE HAAEKHOCTH CHCTeMbI ¢ pa3HbIM umciaom PIT
0e3 pe3epBUpoBaHuUsi. VICXOMHBIMU JaHHBIMU TSI MOJCTUPOBAHUS HAJIE)KHOCTH CHUCTE-
MBI TPYIIIOBOTO YMPaBJICHHUsI SIBIISETCS HapaOOTKa HA OTKA3 CTPYKTYPHBIX JJIEMEHTOB U
WHTCHCUBHOCTH OTKA30B, IPHUBEACHHBIC B 0a3e maHHbIX [20].

Jns pacdeTa HaIeKHOCTH CHUCTEMBI TPYIIIOBOTO YIIpaBieHHUS pa3paboTaHBI
MOJIENTH CXEM HaJeKHOCTH CUCTEMBbI TPYIIIOBOTO YIPaBICHUS 0€3 pe3epBUPOBAHUS
mpuBeeHHbIe Ha puc. 3, gucio PII moxket ObITh OT 1 10 5, mynsT ynpasieHus CITY
win HITY.

Hy

I 0 N N M

Lecccccaa! btecccccaal Lecccccaa! btecccccaal

)
PP |

Puc. 5. Mooenu nadescnocmu cucmemvi ¢ pasuvim uuciom PIT

Ucnione3yst popMyiibl v puBeeHHY0 MeToauky B ITIT «Mathcad» Ha DBM BbI-
MIOJIHEH pacyeT HaJeKHOCTH CHCTEMBI TPYIIIIOBOTO YIpPAaBIIEHUS. Pe3ysbTaThl YUCIICH-
HBIX PacueTOB WHTEHCHBHOCTH OTKAa30B M HAPAOOTKH Ha OTKA3 CHCTEMBI T'yMIIOBOTO
yIpaBJIeHUs TpH paboTe ¢ pazaumyHbeIM 4uciaoM oT 1 go 5 PII, Ge3 pesepBupoBaHus,
MIPECTaBICHBI MATPUIIAMH CTOJIOIAMH:
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/Ay / 146,52 = 107%) F AT Ty 68250
A, 151,05 = 107 Ay T, 6620,3
Ay 1556 = 107 Ay T3 6 426,7
A, 160,14 * 107¢ A, T, e
As 164,68 = 107 A Ts —

Ap=| Aw [=] 15661510-¢ |/TH Ta =| Au =| T, |=]60720 | (uac).
A,y dE e Aoy Tou 63853
Az : e Asy Tau 6205,0
A 165,69 * 10 Az, Tia 6035,4
Ay 170,23 *107¢ Ay Tha 5874,0
\AH/ \174,77 *107¢ , \AgH/ v 5721,8

I'paduxu BeposTHOCTH O€30TKa3HOI PabOTHI CHCTEMBI TPYIIIOBOTO YIIPABICHHUSA,
¢ gucioM ot oxHo# o msatH PII, 6e3 pesepBupoBanms, MOKa3aHbl Ha pHC. 3.

1
0.875
0.75
625 S
5. CIIV+SPII
0.3 .
Ses. CIIVHIPI
0375 e
HITYV+1 PIT S
025 HITY+5 PIT =
0.125
v 3 3 3 3 3
] 1.6%10° 53,2107 48x10° 6.4x10° 10

Puc. 7. I'pagpuxu eeposmuocmu 6ezomrasroii pabomul cucmemvt ¢ PII1 6 koruuecmee
om 1 0o 5 be3 pesepsuposanus

6. UncjeHHOE MOIeTMPOBAHNE HAEKHOCTH CHCTEMBI € XOJOAHBIM (HEHAT Py KeH-
HbIM) pe3epBUPOBaHHEM. Mosien CXeM IEJOYUCICHHOTO, W30BITOYHOTO, CKOJB3SIIETO
PE3epBUPOBAHUS CTPYKTYPHBIX YaCTeH U B IIEJIOM CUCTEMBI TIPEJICTABICHBI Ha PUC. 5.

% A o BN o ARRALIN SESEEEEECT I [N

] [ ] '

' [ '

: ememene 1 4 : I st i sebrieiet B et

- ) Lat o b - - -1 -

N L o I S T T e o TS o S o S
boccaald

oe PN s | eeesscccccces eeee
ML o — :
H ' : : :

[ N H ' !

S T e

.---------- FTecceccese : N :

: H : : :

L]

I Hrly II iy I | HIY || cny | :----.I PN I.---.E
' [ ' : '
cesccscces : : :

o H {---- PN .4
; ; : s I
: ' : : :
] H ' H '
S
0 — nenounciennoe N=2+2 B — u30ObITOuHOE N=2+3
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Puc. 6. Mooenu naoescrnocmu xonoouoeo pesepsuposarus PII u nyremos

PesynbpraThl MOIENMMPOBAHUS WHTEHCHBHOCTH OTKA30B M BPEMEHH HAapaOOTKH Ha
OTKa3 CHCTEMBI TPYIIIOBOTO YNPABICHUS CO CTAI[MOHAPHBIM WIH HOCHUMBIM ITyJIbTOM
yIpaBieHHEM | pa3HbIM grciaoM PII oT ofHOW 10 MATH B MHCCHH C XOJOAHBIM pe3ep-
BHUPOBAHUEM TIPUBOASATCS B Ta0I. 3.

Tabnuma 3
Pe3yabTaThl MOAeTUPOBAHUSL HA/IESKHOCTHU CUCTEMbI TPYNIIOBOI0 ynpaBjieHus 0e3
pe3epBUPOBaAHUSA
[Tapametp Yucno PIT
1 2 3 4 5
HHrencusHoCTh 4,54 9,07 13,62 18,16 22,7
otkazos PII,
*10 -6 1/4
NHTEHCUBHOCTD 141,98
otkazos CITY,
*10-6 1/a
MHTEHCUBHOCTD 146,52 151,05 155,6 160,14 164,68
otkazos PII+CIIY,
*106 114
Hapa6oTtka Ha oTka3 6 825 6620,32 6 426,74 6 244,54 6 072,38
PII+CITY, uac
HHTeHCMBHOCTD 152,07
otka3oB HITY,
*10-6 1/u
HVHTEHCUBHOCTD 156,61 161,15 165,69 170,23 174,77
ortkazos PIT+HITY,
*106 114
Hapa6oTtka Ha oTka3 6 385,3 6205,4 6035,4 5874,4 57218
PIT+ HITVY, T, gac

Cpennee Bpemsi 0€30TKa3HON pabOTHl  CTAI[MOHAPHOTO  MyJbTa YIPABICHUS
Ty =7043,2549ac, a Hocumoro mysnbta yupasieHust Typy =6 5704gac. Hocumblil myasT
yHopaBieHus MokeT pabortats 6e3 momzapsnku 13 wacos, mociie yero Tpedyercs 3 gaca
3aps K.

PesynbraThl MOJENMPOBAHMS HAAEKHOCTH NPU  XOJIOIHOM LEIOYHCICHHOM, H3-
OBITOYHOM, CKOJIB3s1IeM pe3depBupoBanuu PII, mys n ocHOBHBIX M m pe3epBHBIX PII,
IIPE/ICTaBICHBI B Ta0I. 4.
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Ta6muma 4
Hapa6oTka Ha oTka3 npu xoJi0qHOM pe3epBupoBanun PII
[Mapametp HemounciienHOE Nz6srTounOE PIT Ckomp3simee  PIT
Cxema n+m 1+1 2+2 142 | 1+4 | 1+3 | 241 | 3+1 | 4+1

1+3 2+3 3+2

Hapa6otka
Ha oTKa3, yac*10° 441 882 662 | 1103 | 882 220 | 147 | 110

I'paduxu HapaOOTKM HA OTKa3, MPH XOJOAHOM IEJIOYHCICHHOM, W30BITOYHOM,
CKoJb3s1IeM pe3epBupoBanusax PII, nns n ocHoBHBIX 1 m pe3epBHBIX PII, moka3zaHel Ha
puc. 7.

T lramm 243

0.625 212113

0.5

0.25
2+1 w342
0.125|

3+1
—_— T

o 1=10° 2x10° 3107 4x10° 5x10°

Puc. 7. I'paghuxu eeposmnocmu 6e3omkasHoil npu xo100Hom pesepsuposanuu PIT

Pe3ynbTaThl YHCIEHHOTO  MOJCIMPOBAHMS HAICKHOCTH CHCTEMBI TPYMIIOBOTO
yIpaBJIeHHUs TIPH XOJI0THOM OO0IeM pe3epBUPOBAaHUU CHCTEMBI, Ipu koTopoMm PII pazme-
JIieHbl Ha JIBe Tpymmbl, ogHa ymnpasisietcss ¢ CHIL, a mpyras ¢ HITY (cxema puc. 6,a)
MIpeCTaBICHbI B Ta0M. 5.

Tabmuma 5

Hapa0otka Ha orka3, rpynnbl ocHOBHOIiI CITY+PII u pezepsnoii HITY+PII
X0JI0THOTO 001Iero pe3epBHPOBAHHS CHCTEMbI

[Mapamerp Cema 00IIET0 XOJOAHOTO pPEe3epBUPOBAHUS

(CIIY+1PITY) | (CIIY+2PITY)/ | (COY+3PIY)/ | (CIIY+2PIIY)/
(HITY+IPITY) | (HIOV+2PIY) | (HIIY+2PIIY) | (HIIY+3PITY)

Hapabotka
Ha OTKa3, 13 210,3 12 825,7 12 655,7 12 632,1
qac

3akiroueHne. PazpaboTaHHas cXxeMa CHCTEMBI I'PYIIIOBOTO YIpaBIEeHUs obecre-
YMBAeT BHICOKHE IapaMeTphl HaJJe)KHOCTH B PA3IMYHBIX PEKUMaX U IO3BOJISIET IIUPOKO
UCTIONIb30BATh: M3MEHEHHE MPUHINIOB (YHKIMOHUPOBAHNUS; U3MEHEHNE CTPYKTYPHI 32
cyeT ee OO0JNBIIOi THOKOCTH. DKCIIEPUMEHTAIFHO OINpeIeieH METO YIpAaBJICHUS U Ma-
pametpsl Beruncaurens PII.

Hpe}IHO)KeHHaH MCTOAUKA KOM6I/IHI/IpOBaHI/IH BEPOATHOCTHOI'0, KIACCUYECKOI'O
CTPYKTYPHOTO U MaTPUYHOT'O METOJIOB pacyera napamMeTrpoB Ha/Ie)KHOCTH PACUJICHEHHOM
CTPYKTYPBI, ITIO3BOJIACT HATJIAIHO W OJJHO3HAYHO ONPECACIIATH MapaMETPbl HAACKHOCTH
CHCTEMBI I'pYIIOBOrO ynpasineHus. [loaTsepikaeHa BO3MOXKHOCTH ABYKPAaTHOT'O MOBBI-
LIEHHS Ha/Ie)KHOCTH CUCTEMBI TPYIIIIOBOTO YIPABJIECHUS! OCPEICTBOM XOJIOIHOTO pe3ep-
BUPOBAHUS M ITOKa3aHO, YTO HapabOTKa Ha OTKa3 CYIIECTBEHHO 3aBHCUT OT KOH(pUTypa-
LIUH CUCTEMBI U €€ MUCCHH.
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0.10. Boponkos

CUHEPTETUYECKHW CUHTE3 HABJTIOJATEJIA BO3MYHIEHI‘/'II‘/'I
JJISA CUCTEMBI YITPABJIEHUA «JIETAIOIMEA IJIAT®OPMOMN»

Paboma noceawena cunepzemuyeckomy CUHmMesy ACUMRMOMUYECKO20 Habnodamens 2ap-
MOHUYECKUX BO3MYUeHUL Ol UEPAPXUYECKOU CUCIEMbl YIPABNIeHUs 1eMamenbHbIM annapamom.
Cmamus codepacum obujee onucanue 6epmuKaiIbHO 631emaioujeco annapama muna «1emarowast
niamegopmay u AcCUMNMOMUYECK020 HAOT00AmeNs GHEWHUX BO3MYWArOWux 8030eicmeuil (Ha-
npumep, 8emposbIx), USMEHAIOWUXCA NO 2APMOHUYECKOMY 3AKOHY U NPUBOOAWUX K Nepuooute-
CKUM USMEHEHUAM BbICOMbL NONEMA, A MAKIHCe Y208 MAH2AXdCa U KpeHd. AcumMnmomuieckuil Ha-
onr00amens dondicer obecnedums ACUMNMOMUYECKYIO YCIMOUUUBOCMb 3AMKHYMOU CUCIEMbI, 6bl-
NOJHEHUEe MEXHONOSUYECKUX UHBAPUAHMOB, OYEHKY HEHAOIO0AeMbIX BHEUHUX 6030eliCmEUll no
MEKYWUM SHAYEHUAM HAONI00AEMbIX KOOPOUHAM COCMOAHUA U NO2IOWEHUE 2APMOHUYECKUX 6eN-
posvix sosmywenutl. Taxoce 6 cmamve npuBeOeHa PACUUPEHHAS, MAMEMAMUYECKAs MOOelb «Jle-
maiowetl nIamg@opmoly 6 pexcume 8epMuUKAILHOZ0 OBUICEHUS 6 YCIOBUAX BHEUHUX 2apMOHUYe-
CKUX BO3MYWAIOWUX 8030€UCmEUll, BKIIOYAIOWAs. MaAmeMamuieckoe onucanue OUHaAMUKY 803My-
WeHUll, U HA OCHOBe 30A0AHHbIX MEXHONOSUYECKUX UHBAPUAHIMOS CUHMEIUPOBAHBL ANCOPUMMbL
YNpasneHus eepxrezo ypoeHs uepapxuu. Kpome smozo, npoeedén pacuém ypasnenuii acumnmo-
MUYECK020 HADIOOAMENs BOIMYWAIOWUX BO30ECMEULL, KOMOPbIMU OONOIHAEMC MamemMamuye-
cKas Mooeny «emaioujeil nIam@opmuly 8 YCIOBUAX 6O3MYUEHHO20 OBUMCEHUS, U YPABHEHUL Ol
ACUMNIMOMUYECKUX OYEHOK HEHADTI0O0AeMbIX NEPEMEHHBIX, 8 OAIbHEUeM GKIIOUAEMbIX 8 3AKOHbI
VNPABNIEHUsL 8EPXHE20 VPOBHA uepapxuu. Bozmoocnocms cummesa HabAOOAmMens: 603MyujeHull
nposepera ¢ noMowbio Kpumepus Habmooaemocmu. Hakoney, nokasamnsl pe3ynomamosl KOMNnbio-
MePHO20 MOOETUPOBANUSL HENUHEIHOU OUHAMUKU BEPXHE20 U HUICHE2O YPOBHEl Uepapxul 6 ycio-
BUAX BOIMYWEHHO2O OBUINCEHUS C NOOABNIEHUEM GHEUWHUX BOZMYUJEHUL ACUMIIMOMUYECKUM HA-
bar00amenem, a makdce pe3yibmamvl KOMNLIOMEPHO20 MOOETUPOBAHUS HENUHEUHOU OUHAMUKU
annapama 8 YCiosusx 603MYUEHHO20 08UNCEHUsL Oe3 ACUMIMOMUYecKo2o Habmodamens O 603-
MOJCHOCIU HA2TIAOHOU OYeHKU Kauecmea pabomel Habmooamenss nymém cpasnenus. Axmyainb-
HOCMb pabomuvl cOCMOUm 6 HeoOXO0OUMOCU CO30AHUA BEPMUKANLHO B3EMAIOWe20 annapama
muna «iemaowds RAam@opmay 01 nogvluleHus dQPHekmusHocmu cnacenus awoell u3 304 6eo-
cmeuil, 20e 6epmonémul U Opyaue Co8peMeHHble CpedCmea He Cpasiames ¢ 3aoavamu. Hayunas
HOBU3HA pAGONbl 3AKTIOYEHA 8 NPUMEHEHUU CUHEP2eMUTECKUX NOOX0008 K pA3pabonKe CUucmembl
06anaHCUpoOsKU NPOCMPAHCIMBEHHO20 NONONCEHUS ANNAPama, OCHAWEHHOU ACUMNMOMUYECKUM
Habmooamenem 0Jisi NOOAGLEHUS BO3MYUAIOWUX 8030€LiCMEUL.

«Jlemarowasn nrampopmay,; 6eHMUIAMOP 6 KOIbYe, CUHEPLEMUYECKAsl MeopUs YNPaeieHUs,
2aPMOHUYECKUE BO3MYUEHUSL, ACUMNIMOMUYECKUTl HAOII0OAmeb.
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O.Yu. Voronkov

SYNERGETIC SYNTHESIS OF A DISTURBANCE OBSERVER
FOR THE “FLYING PLATFORM” CONTROL SYSTEM

The work is devoted to the synergetic synthesis of the harmonic disturbance asymptotic observer
for the aircraft hierarchical control system. The paper contains the general description of “flying plat-
Jorm” type vertical take-0ff & landing aircraft & an asymptotic observer of external disturbing influ-
ences (for example, wind) that have a harmonic dynamics & cause periodic changes in flight height, as
well as in pitch & roll angles. An asymptotic observer must ensure the asymptotic stability of a reserved
system, the implementation of technological invariants, the estimation of unobservable external influ-
ences from the current values of the observed state-space variables, & the absorption of harmonic wind
disturbances. The article also presents an extended mathematical model of the “flying platform” in the
vertical movement mode under external harmonic disturbing influences, including a mathematical de-
scription of the disturbance dynamics, & the upper hierarchy level control algorithms based on the
given technological invariants are synthesized. In addition, the equations of the disturbing influences
asymptotic observer are calculated, which supplement the mathematical model of the “‘flying platform”
under disturbed motion, & the equations for asymptotic estimates of unobserved variables are calculat-
ed, which are further included in the upper hierarchy level control laws. The possibility of the disturb-
ance observer synthesis was verified using the observability criterion. Finally, the results of computer
simulation of the upper & the lower hierarchy levels” nonlinear dynamics under disturbed motion with
suppression of external disturbances by an asymptotic observer are shown, as well as the results of
computer simulation of the vehicle’s nonlinear dynamics under disturbed motion without an asymptotic
Observer to allow a visual assessment of the observer’s performance by comparison. The relevance of
the work consists in the necessity of “flying platform” type vertical take-off & landing aircraft creation
to increase the effectiveness of people rescue operations in those disaster areas where helicopters &
other modern means don’t cope with a task. The scientific novelty of the work consists in synergetic
approach application to the design of the vehicle’s spatial position system equipped with an asymptotic
observer to suppress disturbing influences.

“Flying platform”; fan in the ring; synergetic control theory, harmonic disturbance; as-
ymptotic observer.

Beenenne. B nanHoil pabore paccMmarpuBaeTcs JETaTeNbHBIN ammapar, OImHCaH-
HBII paHee B MaTepuanax [1—4] ¥ oTHOCAIIMICS K THITY «IeTaromas iargopmay. Itot
TUT TPEICTaBIACT COOOH BEPTUKANBGHO B3JIETAIOMINI ammapar [S5], OCHAIEHHBIA MOIb-
E€MHBIMH BEHTHWJIATOPAMH, KOTOpPBIE OOBIYHO MOMENICHBI B a3POAMHAMMYECKHE KOJbIIA,
MIpeJHa3HAYCHHBIC IS CO3IaHUs JOMONHHUTEIBHOW TATH ¥ JJIS 3aIlUTHl BEHTHISATOPOB
OT MEXaHUYECKHUX BO3JIEHCTBHUIA [6].

[Ipemmaraemast «reraromasi IaTGopMa» CONEPKUT (IO3EIDK B BUIE adpPOIMHA-
MHYECKOT0 KpbIJIa MaJlor0 YIUIMHEHHS, 00eCHeYMBAIOIero HeOOJBIIYI0 MOABEMHYIO
CHITy Ha BBICOKHX CKOPOCTsX (10 150 kM/4) B IOTIOTHEHHE K OCHOBHOM TSATE€ BEHTHIISATO-
poB. BHyTpH (ro3emnsika pacroyioKeHO YEThIPE IIEKTPUUECKUX JABUraTeNsl C BEHTHISITO-
pamu (IBa MepeqHUX ¥ N1Ba 3aIHHX), TOJYYAIONINX 3HEPTUI0 OT TypOOreHepaTopHOM
ycTaHoBKH. [IpojioyibHOE yIpaBiieHHE anlapaTtoM OCYIIECTBIsseTcs nmyTéM anddepeH-
IUAFHOTO U3MEHEHHS TATH Iaphl MEPEIHUX U Maphl 3aJHUX BEHTHIITOPOB, a MoIeped-
HOE yIpaBJeHHE aIlllapaToM OCYIIECTBISIETCS MyTEM IU(QepeHMaIbHOI0 U3MEHEHHS
TATH TaphI MPABBIX M MapHI JIEBBIX BEHTIIATOPOB. CHCTEMa aBTOMAaTHYECKOTO yIIpaBiie-
HUSL TpeACTaBiseT coboil aBTomuioT [7—13] mist GaslaHCUPOBKH MPOCTPAHCTBEHHOTO
MTOJIOXKCHHUS ammapara. JTa CHCTeMa OCHOBaHA Ha IPUHIIMIIAX CHHEPTeTHIECKOM TeOpHH,
pa3BuBaemoii Ha Kadenpe cuHepreTnku u mnporeccoB ynpasieHus FOxHoro denepanb-
HOT'0 YHHBEpPCHTETa MOA pyKoBoacTBoM mpod. A.A. Konecnukosa [14-17].

Onucanue Ha0/II0aTe)Isl BO3MYIIEHUH U151 «J1eTamomiei miargopmbi». B padorax
[2, 4] OBLT BBITOIHEH CHHEPTETUYCCKUI CHHTE3 HepapXudecKol [ 18] ciucTeMbl OanaHCHPOBKH
MIPOCTPAHCTBEHHOTO TMOJIOXKEHHS «IETAoMIeH IathopMbD ¢ YIETOM HaOIIOZAeMOCTH BCEX
KOOPJIHMHAT COCTOSIHUSI M OTCYTCTBHUSI BHEIIHMX BO3ACHCTBUNA. B NEHCTBUTENBHBIX YCIOBHSIX
MaTeMaTH4YecKast MOZIENTb BEPXHErO YPOBHS HEpapXuy (MaTeMaTudecKas MOJEIb «JIeTaromIei
IaThopMbD)) HEU30EKHO TOIBEPraeTCsl BIMSHUIO BO3MYILICHUH, HAIIPUMED, BETPOBBIX, ITe-
PEMEHHBIE COCTOSTHHSI KOTOPBIX SIBIISTFOTCS HEU3MEPSIEMBIMHL.
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CrenoBatebHO, BO3HHKAET HEOOXOAMMOCTh B NOCTPOSHWHM ACHMIITOTHYECKOrO Ha-
omomarens [3], GpyHKIMEH KOTOpOro SBISIETCS OIEHKAa KOOPAWHAT BO3MYILCHHH IO TEKY-
MM 3HAYEHMSIM M3MEpsieMBbIX IMEPEMEHHBIX B JMHAMHYECKOH Monenn oObekTa. B xone
npuMeHennss Metona AKAP BHemHue BO3MyIIEHHS! MOTPYKAlOTCs B OOILYIO CTPYKTYpY
CHCTEMBI U B JAJIbHEHIIIEM pacCMaTpUBAIOTCS KaK KOOPAMHATHI COCTOSIHUS 00bekTa. B cBsizn
C 9TUM He BO3HMKACT HUKAKOW Pa3HMIII MEXIy NMpOLEAypaMH MOCTPOCHUS aCUMIITOTHYE-
CKUX HaOJIFOIaTeNeii KOOPIUHAT COCTOSTHUS U BHEIITHUX BO3MYIICHUIA [ 16].

Just Toro 4ToOBI OKa3anach BO3MOXKHOM Hpoleaypa y4éTta U KOMIIEHCALMH BHEII-
HUX BO3MYIIAIONINX BO3JICHCTBHH, TpeOyeTcs IOMOIHUTh MAaTEeMaTHYECKYI0 MOJEIb
«i1eTaromel miIaThopMel», HAXOIAIIYIOCS Ha BEPXHEM YPOBHE HEPAPXHUH, MOACTIMHU
TapMOHWYECKIX BETPOBBIX BO3MYIICHUI, IPUBOAAIINX K MEPHOANIECKUM HN3MEHEHUSIM
BBICOTHI MOJETA, a TAKXKE YIJOB TaHTa)Xa W KpeHa. ACHMITOTHYECKHH HaOIIOIaTeNb
TrapMOHMYECKIX BO3MYINAIOIINX BO3ACHCTBHI CHHTE3UPYETCS B CICTYIOIIEM BHIC:

YO =R(x, ) "
2(t) =K(x, y).
B cucreme (1) y — BekTop cocTosHus HaOmronaTens (IepBOe YypaBHEHHE),

Z — BEKTOp OLICHOK HEHAOII0AAaeMbIX BHEIIHNX BO3MYILICHHI (BTOPOE yPaBHEHHUE).

Acumnrornyeckuii HabmonaTens (1) J0mKeH 00eCIeUUTh:

4 aCUMITOTUYECKYIO YCTOMUUBOCTb 3aMKHYTON CUCTEMBI,

¢ BBINOJHCHHE TEXHOJIOTHYCCKUX HHBApHAHTOB [2—4],

¢ OIICHKY HEHAOJIOJAaeMbIX BHEIIHUX BO3ACHCTBUI IO TEKYIIMM 3HAYEHHIM Ha-
OJIF0TaeMBIX KOOPJMHAT COCTOSHHS,

¢ TIOIJIONICHUE TAPMOHNYECKIX BETPOBBIX BO3MYIICHHUH.

Bexropom cocrostnus HaOmonatenss Y (1) momonHseTcss MateMaTHdecKkask MOJeib

wierarorieit miatGopMbI» B YCIOBHAX BO3MYIIEHHOTO JBIKCHHS, & B 3aKOHAX YIPABICHUSI
HeHaOJII0/IaeMble TIEPEMEHHbBIE 3AMEHSIOTCS X acuMITToTHYecKuMu onieHkamu 2 (1) [16].

AJITOPUTMBI yHpaBJeHHs] BEPXHEr0 YPOBHsI uepapxuu. Pacimpennas Marema-
THYECKas MOJENb (JICTAOUICH MIaT(OPMbD» B PEXKUME BEPTHKAIBHOTO [BIKCHUS B yC-
JIOBUSIX BHEIIHUX FAPMOHHYECKUX BO3MYLIAIOLINX BO3ICHCTBHUI IOKA3aHa HIKE:

2
%, = U, —mg —Cx; + 1,
m
Uy —Cyx2+ 7,
X, =—2—22 %
I
2
. Uy —Cyxg+7;
X3 = y
I,
Xy =X,
X5 =X,
Xg = X3,
Z; = a2y,
2
. [0)
Zg = - Z,
by
2y = 842y,
2
. _ | @y
Ly = _[ Zy,
B,
1y = &y,
2
. @iy
4, = _[bl ;- (2)
2
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3meck X; =V, — BepTHKallbHas CKOPOCTb, X, = @, — YIIOBas CKOPOCTh OTHOCH-

y
TEIbHO NPOJOIBLHON OCH, X3 = @, — YIJIOBas CKOPOCTh OTHOCUTENBHO MONEPEYHOM OCH,

X4 =Y —BbICOTa, X5 =& — yroi raHraxa, Xg =} — yroin kpena, U, = F, — paBrozei-
CTBYIOIIAs CUJI JIBUTraTelell o BepTUKaIbHOU ocH, U, = M, — paBHOzeilicTBYyrOLIas MO-
MCHTOB JBHTATeNel MO MPOROIBHOH ocH, Uz =M, — paBHOZIEHCTByIOmas MOMEHTOB

JIBUTATEIEH 1o OOKOBO ocH, M — macca amnrmapara, | X1 | ; — MOMCHTbBI HHCpIIMHU OTHO-

CUTEJIBHO IPOJOJIBHOM M IONEPEYHOU Ocel, 9 _ YCKOpEHHE CBOOOJHOTO MajeHHUS,

c,,C,,C
11~2:~3 _ asponuHamMuueckue KO3(QPUIMEHTBI CONPOTUBIEHH S [5].

B monenu (2) nepeMeHHbIE COCTOSIHUA Z, ... Z;, — HEHaONI0gaeMble, OHU MpeA-
CTaBISIIOT OO0 BHELIHME BO3MYIIEHHS, H3MEHSIOLIUECS 10 TAPMOHNYECKOMY 3aKOHY.
ITpu 3TOM BO3xCHCTBHE, MemIaroniee CTaOMIN3aluU BBICOTHI, NMPEJCTaBICHO MEpEeMEH-
HBIMU Z,, Zg, BO3IEHCTBUE, MELIAIOIEE CTAOMIN3ALIUY YTJIa TAaHTaXa — IePEMEHHbIMU
Zq, Z,5, a BO3JeiicTBHE, MeIIarollee CTaOMIM3alUM yIria KpeHa — IIePEMEHHBIMHU
Zy,, Zj,. Takum 00pa3oM, BO3MYIICHHS JlaJiee PACCMATPUBAIOTCS KaK KOOPIAWHATHI CO-
CTOSIHHSL «ADPOMOOMIIS», © MMEHHO JUIsl 3TUX HEHAOJII0aeMbIX KOOpJHHAT OYyIeT BbI-
HOJIHATHCA HOCTPOECHHE ACHMITOTHYECKOIO HAOMIOAATeNsd, MMEIOIIET0 LEIbl0 OLEHKY
BO3MYILAIOLINX BO3AEHCTBUM MO TEKyIIMM 3HAYEHHSIM HaOJIOJAaeMbIX KOOPIUHAT C IO-
cienyromieil kKoMneHncanueil Bo3myuieHui [3].

TexHONMOrnIeCKMMI HHBapHAaHTAMH (LISTSIMU YIPABICHHUS) SBISIOTCS [2—4]:

¢ CTaOMIM3aLMUA BBICOTHI X, = X, ,

. CTa6I/IHI/I3aL[I/ISI yrja TaHraxa Xg = Xg ,

. CTa6I/IHI/I3aHI/Iﬂ yria Kp€Ha Xg = X; .

AHanorn4Ho crtatbe [4] B COOTBETCTBMH C IPaBHIAMH METOAA aHAIUTHYECKOTO
KOHCTPYHPOBAHUS arperupoBaHHBIX peryiaTopoB (AKAP), sBisromerocst ocCHOBHBIM
METOJIOM CHHEPreTH4YeCKOM Teopuu ympaBieHus [14], CHUHTE3UpYIOTCS aIrOpUTMBbI
YIpaBJICHUS] BEPXHETO YPOBHSI:

u,=-m S +mg +C,x% -z,
T T,

uzzlx[%+\$]+czx§zg, ©)

2 5

v, V¥
U, :_I{3+T6]+C3X§ -2,

3 6

Benmuunsl, BXoAsmue B BRIpaXeHHs (3), — 3TO Te )K€ caMble BEIIMYHHBI, KOTOPHIC
BXOJIST B BeIpakeHU (2) B pabote [4].

YpaBHenus Ha00AaTesi TAPMOHUYECKHX Bo3MymeHuii. OOmuii Bua ma-
TEeMaTHIEeCKON MOJENH MPOU3BOIHHOW JHHAMHYECKOW CHCTEMBI MOXET OBITh Tpe.l-
CTaBJICH TaK:

x=G(x,z,u),
= G0ezu) )

z=H(x,z,u).
3II€CB n-BeKTop Xn m-BeKTOp Z — KOMITIOHEHTBbI BCKTOpa COCTOSAHHUA, u-— BCKTOp
YIpAaBJICHUS, TPUIEM BEKTOP X MPEICTaBIsETCs HAOMI0aeMbIM, a BEKTOpP Z — HEHAOIIO-

JaeMbIM. 3ajada COCTOWT B IIOCTPOSHUM aCHMIITOTHYECKOW OLIEHKH BEKTOpa Z IO Ha-
6JTF0/IaeMbIM 3HAUCHHUSIM BEKTOPA X M M3BECTHOMY BEKTOpY U [16].
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YacTHBIM CiTydaeM CHUCTEMBI (4) SBIIAETCS TakoW ciydaid, korma BekTopel G u
H — 3To nuHeliHBIe QYHKIIUN BEKTOpA Z:

G(x,z,u) =G, (x,u) +G,(xX)z, (5)
H(x,z,u) = Hy(x,u) + H, (X)z.
B cootBercTBuM ¢ Popmynamu (4, 5) 0600mEHHAs popma MoaenH (2) MOKET OBITh
IIpeJCTaBICHA TaK:
X(t) =G, (x,u)+G,;(X)z,

: (6)
z(t)=Hy,(x,u)+H,(x)z.
Kpurepwuit HabmogaeMoCTH 111 AMHAMUYECKON cucteMsl (6):
rank(G] ®) HIKGI(X) ... (HIfG] (x)): 6. @)

ITockonbky kputepuit (7) BBIOTHSETCS, T.€. paHT MaTPHUIIBI YIIPABISEMOCTH PaBeH
MOPSAKY JHHAMHUYECKOW cHUCTeMbI (6), To obOmias ¢Gopma ypaBHCHHU HAOJrOAATENs U
OIICHOK HeHa0ro1aeMbIX nepeMeHHbIX (1) — cneayromas [16]:

y=Ly- Lj' r(x)dx—H,(x,u)+T(X)G, (x,u), @®
o 8

X
2= [T(qdx-y.
0
B ypaBuenwusx (8) marpuna L MoxeT ObITh 3a1aHa TPOU3BOJIBHO. JJomycTUMBIM €&
BapUAHTOM TPEJCTABIAETCS AMArOHaIbHAs MATpPHUIlA, HA TJIaBHOW JMAaroHajid KOTOPOM
Haxomsres yncna |, i=16.
Brruncnenue matpuiisl I' mpou3BoAUTCS Ha OCHOBE YPaBHEHHUS:
H, (X) —L=T(X)xG,(X). )

PesynbTar pacuéra no Beipaxkenuto (9) moxacrasmusiercs B (8). IlomyueHHble ypaB-
HeHHs HabJroaTesNs — epBoe ypaBHeHHe B cucteme (1):

Y= I1(Y1 +hmx, — (ul —mg —Cyx; ))

2 2
Y, = Iz Y2 +[&j mX, _[&] (U1 —mg _Clxiz )r
b b
V3= |3(y3 +l;mx, ’(uz *szzz))v (10)
2 2
. 10 10)
Va=1, y4+[?1::] Ixxzj_[bjs) (UZ—CZXZZ),
Vs = Is()’s +lsmx, ’(us 7C3X§)),
2 2
Vs =ls| Ve *(&J 1%, ’[&j (ua ’sze?)
b, b,

[Tony4yeHHbIe ypaBHEHHUS IJIS OICHOK HEHAOJI0JaeMbIX IEPEMEHHBIX — BTOPOE
ypaBHeHue B cucteme (1):

Z; =—lmx, —y,,

Zg :_(ws/bs)zmxl_)’w

Zg =131, X, =Y, (11)
R 2

Z1p :_(a)lo/blo) X, = Y4,

Z;; =—ls1,%; - Y5,

Z;p = _(a’12 /by )2 I, X3 — Y.
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Janee 3akoHBI ynpaBieHus (3) ¢ moacTaHoBKO# B HUX paBeHCTB (11), mpoiias de-
pe3 YpaBHEHHUS CBSI3U CPEIHETO YPOBHS MEpapXuH, MOCTYMAIOT B KaYECTBE 3aJAFOIIUX
BO3/ICICTBUI Ha HIDKHMH YPOBEHb MEPapXHH, MO BIMSHUEM YEro CUCTeMa CHHXPOHH-
3alM 3JIEKTPOJABUTATENeH «JIeTarouel miatdopMbl» IMOJCTPAUBACTCS I10J] BHEIIHHE
BO3MYILEHHUS Ul UX KOMIICHCAIMH, pean3ys [IPU 5TOM dHeprocoeperarolee ymnpasie-
HUe ABUraTesiMu anmapara [19, 20].

MoaennpoBanue THHAMUKH pa3padoTaHHOIl cucTembl. ['paduku MoaennpoBa-
HUSL «JIeTarouel miaropMbl» B yCIOBHIX BHEITHUX T'APMOHHYECKUX BO3MYIIEHHH Oe3
ACHMIITOTHYECKOTO HAOIIOaTeNs MOKa3aHbl HIKE Ha pHuc. 1—6, a ¢ aCHMITOTHYECKIM
Habmopmaremem (1, 8, 10, 11) — Ha puc. 7-16. Ilo cpaBHeHnto ¢ paboToii [3] B maHHON
IyOMUKanuy IPUMEHEHa yTOUYHEHHAs MaTeMaTH4eckast MOJENb JICTaTeIbHOIO arnapara
¢ y4€ToM BCeX HEITMHEHHOCTEH, MPUCYIINX pealbHOMY 00BEKTy, Oarogapst 4emy HOBBI-
CHJIOCH Ka9ECTBO CHHTE3a ¥ MOJCIMPOBaHHS.

3 5}
T
|

BepTukanbHas ckopocTb, KM/M
o
I

I L I I L I
20 30 40 50 60 70 80 90 100
Bpewmsi, ¢

&

o
5}

Puc. 1. I'pagux usmenenuss 6epmuxaibHoll cKopocmu
(6epxHutl yposenv uepapxuu, be3 nabaooamess 603MyujeHulL)

0.1 T T

0.05 | i

-0.05 B

Yrn. ckopocTb OTH. ocu X, paa/c
o

0.1 I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Bpewms, ¢

Puc. 2. I'paghux usmenenus yeno6oii ckopocmu OmHOCUMENbHO NPOOOIbHOU OCU
(6epxHutl yposens uepapxuu, be3 Habaooamens 603MyujeHulL)

©

o
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o
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-0.05 b

I 1 1 I I
20 30 40 50 60 70 80 90 100
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o
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o
[S]
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Puc. 3. I'papux usmenenuss yenoeoi ckopocmu 0mHoCUmenbHo 60Ko8ol ocu
(6epxHuil yposeHv uepapxuu, 6e3 Habo0amens 03MyueHUlL)
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Puc. 4. I'paghux usmenenus evicomol (6epXHuil yposeHs uepapxuu, bez Habawoamens
803MYUeHUL)
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I L
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Puc. 6. I'pagux usmenenus yera maneasica (6epxnuii yposens uepapxui,
be3 Habnodamens 603MyujeHUlL)
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(6epxHull yposeHv uepapxuil, ¢ Haba00amenem 603MyueHul)
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Puc. 9. I'padpux usmenenus yenoeoii ckopocmu OmMHOCUMENbHO ODOKOB0U OCU
(6epXHULL YpOBeHb Uepapxuu, ¢ HAbIIOamenem O3MyujeHulL)
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Puc. 13. I'pagux uzmenenus yenogou ckopocmu pomopa (HUdNCHULL yposeHb uepapxuu,
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|
|

o
a

T
L

MoTokocuenneHune potopa, B6
IS o
& 3
T
I |

IS
S

| L I | I
20 30 40 50 60 70 80 90 100
Bpewms, ¢

o
5

Puc. 14. I'pagux usmenenus nomoxocyenyienus pomopa (HUXCHUU ypo8eHs uepapxuu,
¢ Habmodamenem 603MyujeHulL)

Tok cratopa (ock X), A

5 | I I | I I I | I
0 10 20 30 40 50 60 70 80 90 100
Bpewms, ¢

Puc. 15. I'pagpux usmenenus npoexyuu moka cmamopa Ha ocb adcyucc
(HUICHULL YPOBEHb Uepapxuu, ¢ Habardamenem 803MyujeHulL)

Tok ctatopa (ocb Y), A

Bpewms, ¢

Puc. 16. I'pagux usmenenus npoexyuu moxka cmamopa Ha 0cb OpOUHam
(HUICHULL YPOBEHb Uuepapxuu, ¢ Habaooamenem 603MyueHull)

Puc. 13—16 oTHOCATCS K OXHOMY W3 ABUTraTeleH; Ul OCTANBHBIX TPEX ABUTATENCH
rpaduKkn MOAENMpOBaHUs aHANOTHYHBL. Kak BuaHO U3 cpaBHeHus puc. 1—6 u puc. 7-12,
ACHMITOTHYECKHH HaOironarens 3(GQEKTUBHO MOIJIOMIAET BHEIIHHE TapMOHHYECKHE
BO3MYIICHHUS.

BeiBoabl. B nanHOl paboTe paccuMTaH acMMIITOTHYECKHH HaOJIIOAATeNh TapMo-
HUYECKUX BO3MYIIAIONIMX BO3JICHCTBHH JUI «IeTaomel IaTGopMbl» M IPOBEAEHO
KOMIIBIOTEPHOE MOJICIMPOBAaHNE HETMHEHHONW AWHAMMKH amlapara B YCIOBHSX BHEII-
HHUX BO3MYIIEHUH. ACUMITOTHYECKUH HaOonaTelnb, 3p(HeKTHBHO MOAaBISAS BO3MYIIIe-
HUSI, TApaHTUPYET HEBOCHPUUMYHMBOCTh IETAIOMIEH IIaTGOPMBI» K OTPULATEIEHOMY
BIIMSHUIO 3TUX BO3MYULICHUM Ha TPACKTOPUIO MOJIETA, ACUMITOTUYECKYI YCTOMUYUBOCTh
3aMKHYTOH CHCTEMBI U COOJIIOACHHE MPUHIMIOB 3HEProCOEPEraroIiero ynpaBJICHHS
CUJIOBBIMHU YCTaHOBKaMH. Pe3ynbraTel paboTsl OyayT MoJie3HBI NpH pa3paboTKe HOBBIX
TUTIOB THJIOTUPYEMBIX W OECHMJIOTHBIX JIETATENBHBIX AallapaTroB, HE HCIOJIB3YIOIINX
a’pOIMHAMUYECKHE TIOBEPXHOCTH ISl CO3JaHNS NOABbEMHON CHIIBI, HAIIpUMED, KBAAPO-
KOIITEpOB, [yl obecrieueHus ux OecrepeOoiHOTO (QYHKIIMOHUPOBAHUS B YCIOBUSX 3HA-
YUTEJIbHBIX BETPOBBIX U IPOYUX BO3IECHCTBUM.

37



Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

BUBJIMOI'PAGHMYECKUIA CITMCOK

1. Tlar. PO Ne2348568. Jlérkuit MHOrOpexxuMHbIN seraTenpHbii ammapaTr / 10.C. BopoHkos,
0.10. Boporkog; Omy61. 10.03.09. broi. Ne 7.

2. Boponxos O.FO. CyHepreTn4eckuil CHHTE3 HepapXUIeCKOH CHCTEMBI YIpaBiIeHHUs «A3poMo-
omwrem» B pexxume Oamancuposku // 3sectus IO®Y. Texumdeckue Haykm. — 2011. — Ne §
(118). - C. 55-60.

3. Boponkos O.FO. CuHepreTnueckuil CHHTE3 HEepapXU4ecKoil cucTeMbl 6aTaHCHPOBKH «A3poO-
MOOWIA» € aCHMITOTHYECKMM HaOJIOaTeNieM TapMOHMYECKUMX BO3MylieHui // M3Bectus
IODV. Texuuueckue Hayku. — 2011, — Ne 6 (119). — C. 153-161.

4. Bopoukog O.JO. CUHEPreTH4ecKH MOAXOH K CHHTE3y CHCTEMBl YIPaBICHHS <JICTArOIICH
iatopmoin» // Uzsectus FOPY. Texnuueckne Hayku. — 2019. — Ne 3 (2019). — C. 161-170.

5. Kypouxun @.I1. OCHOBBI IPOEKTUPOBAHNUS CAMOJIETOB C BEPTUKAIBHBIM B3JIETOM U MOCAIKOIL.
— M.: Mamunoctpoenue, 1970. — 354 c.

6. Ilaiioaxos B.1. AsponuHamuika BUHTa B Koble. — M.: M31-B0 MOCKOBCKOTO ABHAI[HOHHOTO
Wuctutyta, 1996. — 88 c.

7. byxos B.H. ApanTHBHBIC NPOTHO3UPYIOLINE CHCTEMbI ympapieHus noiérom. — M.: Hayka.
I'n. pen. ¢us.-mar. nut., 1987. — 232 c.

8. Lambregts A.A. Vertical flight path and speed control autopilot using total energy principles //
ATAA P1983. Ne 2239CP.

9. Turner M.C., Aouf N., Bates D.G. et al. A switching scheme for full-envelope control of a
VISTOL aircraft using LQ bumpless transfer // Proc. 2002 IEEE Internat. Conf. on Control
Applications. — Glasgow, Scotland, U.K., 2002.

10. Tsourdos A., White B.A. Adaptive flight control design for nonlinear missile // Proc. 15th Tri-
ennial World Congr. of IFAC (b'02). — Barcelona, 2002.

11. Blumel A.V., Tsourdos A., White B.A. Flight control design for a STT Missile: a fuzzy LPV
approach // Proc. 15th IFAC Symp. on Automatic Control in Aerospace. — Bologna/Forli, Ita-
ly, 2001.

12. Tsourdos A., White B.A. Flight control design for quasi-linear parameter varying missile via
pseudolinearisation // Prepr. 5th IFAC Symp. NOLCOS'01. — St. Petersburg, Russia, 2001.

13. Farren D., Duc G., Harcaut J.P. Discrete-time LPV controller for robust missile autopilot
design // Proc. 15th Triennial World Congr. of IFAC (b'02). — Barcelona, 2002.

14. Konecnukos A.A. CuHepretmyeckas Teopus ympasnenus. — Taranpor: TPTY, M.: Duepro-
aromusnar, 1994. — 344 c.

15. CoBpemenHas npukinagHas Teopus ympasieHus. Y. I: OnTHMU3aIMOHHBIA MOIXO0M B TEOPUU
ynpasnenus / mox pen. A.A. Konecankosa. — M. — Taranapor: U3x-so TPTVY, 2000. — 400 c.

16. CoBpemenHas mpukiaaHas teopust ynpapnenus. Y. II: Cuneprerndyeckuil Moaxoa B TEOPHU
ynpasienus / nox pea. A.A. Konecankosa. — M. — Taranpor: U3a-so TPTY, 2000. — 559 c.

17. CoBpemenHas npukiagHas teopus ynpasienus. Y. 11I: HoBele kiaccsl peryasTopoB TeXHHYe-
ckux cuctem / mox per. A.A. KonecaukoBa. — M. — Taranpor: U3a-so TPTY, 2000. — 656 c.

18. Konecnukos A.A., Mywenxo A.C. CuHepreTHdeckoe yIpaBleHHE IMPOIECCaMH MPOCTPAHCT-
BEHHOTO JIBW)KEHUSI JIETaTeNbHBIX almmaparoB / ABnakocmmdeckoe mpudopoctpoenue. — 2004.
—Ne2.—-C.38-45.

19. Konecnukos A.A., Becenog I'.E., Ilonos A.H., Konecnuxog An.A. CuHepreTdeckas TEOpHs
yIpaBJIeHNs] HEJIMHEWHBIMU B3aUMOCBSI3aHHBIMU JJIEKTPOMEXaHHYECKMMHU cucTeMaMu. — Ta-
ranpor: U3n-so TPTY, 2000. — 182 c.

20. Ilonos A.H. CvHepreTHUeCKUil CHHTE3 3aKOHOB DHEProcOeperaronero ynpasieHHs dIeKTpo-
MexaHnyeckumu cuctremamu. — Taranpor: Usn-so TPTY, 2003. — 67 c.

REFERENCES

1. Voronkov Yu.S., Voronkov O.Yu. Patent RF No. 2348568. Legkiy mnogorezhimnyy letatel'nyy
apparat [Easy multi-mode aircraft]; Published 10.03.09. Bull. No. 7.

2. Voronkov O.Yu. Sinergeticheskiy sintez ierarkhicheskoy sistemy upravleniya «Aeromobilem»
v rezhime balansirovki [Synergetic synthesis of the hierarchical control system "Aeromobil” in
balancing mode], Izvestiya YuFU. Tekhnicheskie nauki [Izvestiya SFedU. Engineering Scienc-
es], 2011, No. 5 (118), pp. 55-60.

38



Paznen |. MogenpoBaHze IpoLeccoB, YCTPOWCTB M CUCTEM

3. Voronkov O.Yu. Sinergeticheskiy sintez ierarkhicheskoy sistemy balansirovki «Aeromobilya»
s asimptoticheskim nablyudatelem garmonicheskikh vozmushcheniy [Synergetic synthesis of
the hierarchical balancing system "Aeromobil™ with an asymptotic observer of harmonic per-
turbations], lzvestiya YuFU. Tekhnicheskie nauki [Izvestiya SFedU. Engineering Sciences],
2011, No. 6 (119), pp. 153-161.

4. Voronkov O.Yu. Sinergeticheskiy podkhod k sintezu sistemy upravleniya «letayushchey
platformoy» [A synergistic approach to the synthesis of a control system of "flying platform"],
Izvestiya YuFU. Tekhnicheskie nauki [lzvestiya SFedU. Engineering Sciences], 2019, No. 3
(2019), pp. 161-170.

5. Kurochkin F.P. Osnovy proektirovaniya samoletov s vertikal'nym vzletom i posadkoy [Fundamen-
tals of aircraft design with vertical takeoff and landing]. Moscow: Mashinostroenie, 1970, 354 p.

6. Shaydakov V.l. Aerodinamika vinta v kol'tse [Aerodynamics of the screw in the ring]. Mos-
cow: Izd-vo Moskovskogo Aviatsionnogo Instituta, 1996, 88 p.

7. Bukov V.N. Adaptivnye prognoziruyushchie sistemy upravleniya poletom [Adaptive predictive
flight control systems]. Moscow: Nauka. GI. red. fiz.-mat. lit., 1987, 232 p.

8. Lambregts A.A. Vertical flight path and speed control autopilot using total energy principles,
AlAA P1983. No. 2239CP.

9. Turner M.C., Aouf N., Bates D.G. et al. A switching scheme for full-envelope control of a
VISTOL aircraft using LQ bumpless transfer, Proc. 2002 IEEE Internat. Conf. on Control Ap-
plications. Glasgow, Scotland, U.K., 2002.

10. Tsourdos A., White B.A. Adaptive flight control design for nonlinear missile, Proc. 15th Trien-
nial World Congr. of IFAC (b'02). Barcelona, 2002.

11. Blumel A.V., Tsourdos A., White B.A. Flight control design for a STT Missile: a fuzzy LPV ap-
proach, Proc. 15th IFAC Symp. on Automatic Control in Aerospace. Bologna/Forli, Italy, 2001.

12. Tsourdos A., White B.A. Flight control design for quasi-linear parameter varying missile via
pseudolinearisation, Prepr. 5th IFAC Symp. NOLCOS'01. St. Petersburg, Russia, 2001.

13. Farren D., Duc G., Harcaut J.P. Discrete-time LPV controller for robust missile autopilot
design, Proc. 15th Triennial World Congr. of IFAC (b'02). Barcelona, 2002.

14. Kolesnikov A.A. Sinergeticheskaya teoriya upravleniya [Synergetic control theory]. Taganrog:
TRTU, M.: Energoatomizdat, 1994, 344 p.

15. Sovremennaya prikladnaya teoriya upravleniya. Ch. I: Optimizatsionnyy podkhod v teorii
upravleniya [Modern applied control theory. Part I: Optimization approach in control theory],
ed. byA.A. Kolesnikova. Moscow — Taganrog: 1zd-vo TRTU, 2000, 400 p.

16. Sovremennaya prikladnaya teoriya upravleniya. Ch. II: Sinergeticheskiy podkhod v teorii
upravleniya [Modern applied control theory. Part 11: Synergetic approach in control theory],
ed. by A.A. Kolesnikova. Moscow — Taganrog: 1zd-vo TRTU, 2000, 559 p.

17. Sovremennaya prikladnaya teoriya upravleniya. Ch. 1Il: Novye klassy regulyatorov
tekhnicheskikh sistem [Modern applied control theory. Part I11: New classes of regulators of
technical systems], ed. by A.A. Kolesnikova. Moscow — Taganrog: Izd-vo TRTU, 2000, 656 p.

18. Kolesnikov A.A., Mushenko A.S. Sinergeticheskoe upravlenie protsessami prostranstvennogo
dvizheniya letatel'nykh apparatov [Synergetic control of processes of spatial movement of air-
craft], Aviakosmicheskoe priborostroenie [Aerospace instrumentation], 2004, No. 2, pp. 38-45.

19. Kolesnikov A.A., Veselov G.E., Popov A.N., Kolesnikov Al.A. Sinergeticheskaya teoriya
upravleniya nelineynymi vzaimosvyazannymi elektromekhanicheskimi sistemami [Synergetic
theory of control of nonlinear interconnected Electromechanical systems]. Taganrog: 1zd-vo
TRTU, 2000, 182 p.

20. Popov A.N. Sinergeticheskiy sintez zakonov energosberegayushchego upravleniya
elektromekhanicheskimi sistemami [Synergetic synthesis of laws of energy-saving manage-
ment of Electromechanical systems]. Taganrog: 1zd-vo TRTU, 2003, 67 p.

Cratblo peKOMEH/I0BaJI K ony0aukoBanuio J1.1.H. 1.M. Ilepius.

BopoukoB  Ouer IOpweBuu — IOxHbli  (denepansHblii  yHHBepcurer;  e-mail:
ovoronkov@sfedu.ru; 347900, r. Taraupor, yi. Yexona, 2; Ten.: +79508449549; xadenpa cuHep-
TeTHKH U TPOIIECCOB YNPABICHUS; K.T.H.; aCCHCTEHT.

Voronkov Oleg Yurievich — Southern Federal University; e-mail: ovoronkov@sfedu.ru; 2, Che-
khov street, Taganrog, 347900, Russia; phone: +79508449549; the department of synergetics &
control processes; cand. of eng. sc.; assistant.

39


mailto:ovoronkov@sfedu.ru
mailto:ovoronkov@sfedu.ru

Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

YJIK 004.032 DOI 10.18522/2311-3103-2020-3-40-46

C.M. I'ymanckuii, B.U. Boxuy, B.C. [Toranos

PA3BPABOTKA KOPPEKTHUPYIOIIIUX KOJOB JJIsI UCITPABJIEHUS
HECKOJIBKUX BUJIOB KBAHTOBBIX OIINBOK

B nocneonee spems nabnodaemes cmpemMumenshulii pocm uHmepeca Kk K8AHMoGbIM KOMNb-
tomepam. Hx paboma ocHosama HA UCNONBL306AHUU ONSL  GBIYUCACHUL MAKUX KEAHMOBO-
MEXAHUYECKUX A6/IeHUl, KAK CYREPRO3UYUS U 3anymuléanue Osi npeodpa306anus 6X0OHbIX OAHHbIX
6 BLIXOOHbBIE, KOMOPbIE PEeaibHO CMO2ym obecneuums 3PHeKmugHyo npou3e00UmMeIbHOCHb HA
3—4 nopsoka eviwe, uem n0ObIE COBPEMEHHBIE BLIMUCAUMENbHBIE YCMPOUCMEd, YMO NO360UM
peuiams nepeyucientvle gvlue U opyeue 3a0a4u 6 HAMypaibHOM U YCKOPEHHOM Mmacumabe epe-
MeHu. Jlannas cmamosi ROCEAWECHA PEUeHUI0 3a0aul UCCLeO08aHUs U Pa3pabomKu KOppeKkmu-
PYIOWUX KOO8 OISl UCKPABICHUA HECKObKUX 8UO08 KEAHMOBIX OWUOOK, NOAGIAIOUUXCA NPU Gbl-
YUCTUMENbHBIX NPOYECCAx 8 K8AHMOBbIX AN2OPUMMAX U MOOCIAX KEAHMOBHIX 8bIUUCIUMETbHBIX
yempoticms. Llenvio pabomol A81semest usyuenue Cyuecmeyiomux Memodos UCnpaeieHus pasiuy-
HBIX 6UO08 U MUNOE KEAHMOBbIX OWUOOK U CO30aHUe 3-KYOUMHO20 KOPPEeKmupyowe2o Kooa 0usl
K8AHMO6020 Ucnpaegienus owubok. Paboma 3ampazusaem 3a0auu UcCied08anus U paspabomxu
MemoO08 (DYHKYUOHUPOBAHUS KEAHMOBBIX CXeM U MOOEAel KEAHMOBLIX GblUUCTUMENbHbIX YCTI-
poiicms. AKmyanbHOCIMb OAHHBIX UCCIEO08AHUTL 3AKTIOYACMC 8 MAMEMAMUYECKOM U NPOZPAMM-
HOM MOOCIUPOSAHUU U PEATU3AYUU KOPPEKMUPYIOWUX KOO8 OISl UCHPAGILCHUS HECKOIbKUX 8UO008
KBAHMOBLIX OUUOOK 6 PAMKAX PA3PAOOMKU U BbINOIHEHUS. KEAHMOBHIX AN2OPUMMOS OJisL PeULeHUs.
KIACCO8 3a0au KIAccuuecko2o xapakmepa. Hayunas noeusna 0anno2o HanpasieHust olpancaemcst
6 UCKIIOUEeHUU 00H020 U3 HEOOCMAMKO8 KEAHMOB020 bIUUCIUMENbHO20 npoyecca. Hayunas no-
6U3HA OAHHO20 HANPAGIEHUs. 8 NEPEYIO 0UePedb BbIPANCAEMCS 6 NOCMOIHHOM 0OHOBNIEHUU U 00~
NOJHEHUU NOJSL KGAHMOBLIX UCCIeO08AHULL NO PAOY HANPAGLEHUL, d KOMNbIOMEPHAsS CUMYIAYUSL
KBAHMOBLIX (husu1ecKux saeienutl u 0cobeHHocmetl ciabo ocsewena 6 mupe. Llenvto pabomul s6.s-
emcst KOMRbIOMEPHOe MOOCTUPOSAHUE KBAHMOBO20 GbIUUCTIUMENbHO20 NPOYECcd ¢ UCNONb308AHU-
eM Memood UCnpaegiieHust (pazoebix Munos OWUbOK, KOMOpslil NO360IAeNn OYeHUMb COOCMBEHHYIO
Gazy ynumapHo2o 2eima, ROAYHUEUWIE20 JOCMYR K KEAHMOBOMY COCMOSAHUIO, NPONOPYUOHALLHO
COOCMBEHHOMY BEKMOPY.

Modenuposanue; Keanmosgulil aropumm, Kyoum; mMooeib K8aHmogo20 SblUUCIUMENs; 3a-
nymolganue; Cynepnosuyus; K6AHMoGbLiL ONepamop, CLONCHOCMb Al2OPUMMA.

S.M. Gushanskiy, V.I. Bozhich, V.S. Potapov

DEVELOPMENT OF CORRECTION CODES FOR CORRECTING SEVERAL
KINDS OF QUANTUM ERRORS

Recently, there has been a rapid increase in interest in quantum computers. Their work is
based on the use of quantum-mechanical phenomena such as superposition and entanglement for
computing input data into output data that can actually provide effective performance 3 to 4 orders of
magnitude higher than any modern computing devices, which will solve the above and others tasks in
a natural and accelerated time scale. This article is devoted to solving the problem of research and
development of corrective codes for correcting several types of quantum errors that appear during
computational processes in quantum algorithms and models of quantum computing devices. The aim
of the work is to study existing methods for correcting various types and types of quantum errors and
to create a 3-qubit corrective code for quantum error correction. The work touches upon the tasks of
research and development of the functioning methods of quantum circuits and models of quantum
computing devices. The relevance of these studies lies in the mathematical and software modeling
and implementation of corrective codes for correcting several types of quantum errors as part of the
development and implementation of quantum algorithms for solving classes of classical problems.
The scientific novelty of this area is expressed in the exclusion of one of the shortcomings of the
quantum computing process. The scientific novelty of this area is primarily expressed in the constant
updating and addition of the field of quantum research in a number of areas, and computer simula-
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tion of quantum physical phenomena and features is poorly illuminated in the world. The aim of
the work is computer simulation of a quantum computing process using the method of correcting
phase types of errors, which allows one to evaluate the own phase of a unitary gate that has
gained access to the quantum state in proportion to its own vector.

Modeling; quantum algorithm; qubit; model of a quantum computer; entanglement; super-
position; quantum operator; complexity of the algorithm.

BBenenune. B coBpeMeHHOI Hayke W TEXHUKE HMOCTOSHHO BO3HUKAaeT HEOOXOIH-
MOCTb B PEIICHMH TAKHX CTPAaTETHYECKHM BaXKHBIX 3a/lad, KaK NpejicKa3aHue MOrojbl U
pacyer KIMMaTHYeCKUX N3MEHEHHH, CO3/1aHie OHKOJIOTHYECKHX MperapaTroB, 00padboTka
CUrHaJIOB U3 BeeneHHoi st morcka BHE3EMHBIX LIMBUIIM3aNNi, 00paboTka CUMBOJIBHON
nHdopmanuy, kpuntoaHaius [1], onepexaromuii pacyeT TPaeKTOPHH ABHIKYIIUXCS BO3-
OYIIHBIX M KOCMHYECKHUX OOBEKTOB [2] m apyrume 3amaun. [Ipakthdeckas peanm3anus
NEPEYNCIICHHBIX 33/1a4 Ha COBPEMEHHBIX, JaXe CYNEepKOMIBIOTEpHBIX [3], cucTemax
TpeOyeT HeIOIMyCTIMO OOJBIIOr0 MPOMEXYTKAa BPEMEHH MIIH BOOOIIE HEBO3MOKHA.

sl KBaHTOBBIX BBHIYMCICHHH HEOOXOOMMBI TOJBKO KOHCYHOMEPHBIC KBAaHTOBBIC
CHCTEMBI, M JUIsl 3TOTO JOCTaTOYHO PACCMOTPEHHs KOMIUICKCHBIX BEKTOPHBIX IIPO-
CTPAHCTB CO CKAJSAPHBIM MPOU3BEICHIEM — EBKIUIOBBIX IIPOCTPAHCTB [4].

CocTosiHie KBaHTOBOIM CHCTEMBI U MX IPEOOPa30BaHUs MOXKHO ONHUCATH TIOCPECT-
BOM BEKTOPOB U MAaTpPHIl WJIM, UCIOJIB3Ys O0Jiee KOMIAKTHBIC Opa M KeT 0003HAYCHHS,
BBencHubie Jupakom [5]. Ker-BekTopamu [x> [6] 0003HA4YarOT BEKTOPBI-CTOJIOIBI U
OOBIYHO MCHOJB3YIOT JUISi ONMCAHUs KBAHTOBBIX COCTOSHUIL [7]. BBeneHHbIEe B mpenbl-
ayuem pasnene yHkimu [0> u |1> kak pas u sABISIOTCS KeT-Bektopamu. [TapHbiMu Opa-
BEKTOpaMH <X| O0O3HAYAIOT CONpPSHKCHHE W TPAHCHOHHUPOBAaHHE KET-BEKTOPOB |[X>.
WupiMu crioBamu, BekTopsl [0>, <0|, |1>, <1| B MaTpudHOH QopMe MpeacTaBIIOTCS Clie-
IOyronmM o0pa3oM:

“lol=k o} = |a=b 1 o
0 1

1. Teopusi KBaHTOBBIX OIIUOOK. B cmry cnennpuky mpocTpaHCTBa COCTOSHUMA
KyoOwuTa [8], cuuTaeTcs, 4TO €ro B3aMMOJICHCTBHE C OKpYKAaIoMIel cpeqoil MOXKET MpHU-
BECTH K OIIUOKE OIHOTO M3 TPEX BO3MOXKHBIX THIIOB:

1) GutoBbIe OMIMOKH, MPUBOAAIINE K TIepebpocy kybura [0> -> |1>, |[1> -> |0> .
Wx nHave emie Ha3pIBalOT X — OMIMOKAMH, TaK Kak UX MOYKHO TIPEJICTABUTh, KaK PE3yJib-
TaT npousBeneHns Matpuusl [laymu [9] (X) u BekTOpa cocTosiHUS KyOuTa;

2) ha3oBbie OIMIMOKHM, TPUBOISIINE K TIEPEBOPOTY (asbl Kybuta [0> -> |0>, |[1> -> |1>.
Vx Ha3pIBaOT Z — ommmbKamu (CooTBEeTCTBYIoImAs Matpuna [laynu (z));

3) cMenraHHbIe OMTO(A30BEIC OMIHOKH, IPUBOIAIINE OTHOBPEMEHHO U K Tepedpo-
cy Kybura u nepesopoty ¢assl [0> -> 1>, [1> -> 0>, Ux HazbiBaioT Y — omubkamu (co-
oTBeTcTBYONIAs Matpuia [layiu (Y)).

0)=

OKpyxeHHe

Cuerema | )

Bzanmoseiictene

Konupoeanue

Koanpyromas ‘

0)
AHIIHUIIA

,[[C KOJAMPOBAHUC

Koppexumst omrndkn

AHNIHITA CHHIpOMaA ‘O\
~ /
OIIHOKH

Puc. 1. bazosas cxema nocCmpoOernusl KBAHmMoeblx K00086 Koppekyuu
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Hcnpasiaenne ¢a3zoBpix omudok. Kinaccnueckoro ananora ¢pa3oBoii OmmOKH HE
CyIIeCTBYeT, OOHAKO (ha30BYI0 OIMHMOKY BO3MOXKHO TpaHC()OPMHUpPOBATH B KiaccHie-
ckyro. PaccmoTpum 6asuc ‘ +> _1 *(‘ 0> +‘1>), |+) = 1 *(10)—|1))- Omnepatop ¢a3zoBoit

V2 J2
[10] ommOku Z TpaHciupyeT B ¥ Ha00OPOT. AHAJIOTMYHBIM 00pa3oM AEHCTBYET olle-
parop X B Gazuce |0), |1). Mcmomp3yst 3TOT BakT, CKOPPEKTHPOBATEH WM UCIIPABUTD IaH-
HBIH THIT OITHOKH MOXKHO C IIOMOIIBIO TPEXKyOUTOBOTO KoaupoBanust: |0) — |+ + +), |1)
— |- — —). Hcnonp3ys cxeMy KOPpEKIHH, JIETKO COCTaBUTh CXEMY HCHpaBIeHUS (a3o-
BOi1 ommOKw (puc. 2).

(1)

Pcorrected

H

(3)
Pinitial b

H E phase

I

L7

Puc. 2. Cxema ucnpasnenus ¢pazosoti outbxu

3aBHCUMOCTH MEPHI JEKOPEHTHOCTH [11] OT 3amrymiIeHHOCTH B OZHOM KyoOuTe [12]
B ciuy4dae (a30Boil ommOKH OymeT coBmamaTh CO CIy4aeM KIACCHYSCKOH OITMOKH.
B cooTBeTCTBUM C BBIICONMUCAHHBIM MaTEepUalIOM HOJIy4aeM 3aBUCUMOCTh omnOku E ot
Mepbl M YHCTOTHI 3aIlyTaHHOCTH [13], re 3HaueHne KBaHTOBOW OIMIMOKH CKIIa/IbIBACTCS
13 UCKaXKCHUs aHHBIX [, 3alIyMI€HHOCTU KBAHTOBBIX COCTOSHUN Z U JeKkorepeHuuu D:
> (1+Z+D)=E

CucreMa OLEHOK KOJUYECTBEHHBIX XaPAKTEPUCTUK 3alyTaHHOCTH. [[ns pea-
JU3aIMH TPEHMYIIECTB KBAaHTOBBIX BBIYHCICHUH Tepeln KIacCHUSCKUMH, HEOOXOIUMBI
3a/1a4M, ¢ KOTOPbIMH KJIaCCUYECKUE BBIUUCIMTEIbHBIE MAlMHBI HE CHpaBisioTcs. Pedb
WJEeT He O MPUHIMIHAILHON "HeperaeMocTu" 3a/1aun, a O BPEMEHH, HEOOXOAMMOM UM
Ha 3TO pelieHne. Ecnu OHO MPEBOCXOJUT pa3syMHBIA Tpenen (CKakeMm, OJIWH TOJ), TO
3aa4a CYUTACTCS HEPa3pEIIUMOH.

JI1 KOTM4YEeCTBEHHON XapaKTEePUCTHKH 3allyTaHHOCTH COCTOSHHS Ba)KHOE 3Haue-
HHUE UMEET MTOHATHE Mephl 3aIlyTaHHOCTU. JTa Mepa E momkHa yJIoBIeTBOPATE ClIeqyTo-
IIUM yCIOBUSIM:

1. BapraTHBHOCTh OTHOCHTENIBHO JIOKAJIBHBIX [ 14] kBaHTOBBIX onepartwii (W);

2. Hempeprieaocts (N) [15];

B HepensTuBUCTCKOM KBaHTOBOW MexaHuKe [16] coxpaHeHHe BEpOSITHOCTH PUBO-
IIUT K ypaBHEHHIO HenpephlBHOCTH. [TycTh P(X, t) — IIIOTHOCTH BEPOSATHOCTH, J — MOTOK
BEPOSITHOCTH, TOTJ]a YpaBHEHHE 3alUILIETCS B BUJIE

divd + -2 P(x.t) = 0.
o

3. AgmutuBHocTh (A) [17]. Ecnu cymectByeT Ooiiee OIHOW KOMUHM CHCTEMBI, TO
HEO0XOIUMO BHIITOTHEHHUE CIICAYIOMIETO YCIOBHUS:

E(|WAB>®|¢’AB>) = E(|WAB>)+ E(|(PAB>)-

Taxoke BaKHBIM cunTaeTcs cBoiictBo amuuTuBHOCTH E(jW)®|0)) = E(jw)+ E(j9)),
KOTOpOE MOKET OBITh CHOPMYNHNPOBAHO B IBYX BapHaHTAX:

1. AlTuTUBHOCTE B cMBICIe Jo0aBieHust KyOuToB. COCTOSHUS |‘P> " |g0> Haxo-

®..QH

COOTBCTCTBCHHO. TOFﬂa

n+l n+k

narcsa B mpoctpancteax H, ® ..QH,  u H

42



Paznen |. MogenpoBaHze IpoLeccoB, YCTPOWCTB M CUCTEM

®..®H,,,
H

n+l

cocTosHMe | ) ® ) omuckiBaetes B mpoctpanctee H, ®..®H, ®H

H €T0 3aIyTaHHOCTh pacCMaTpuBaeTcs Mexty moacuctemamu H,,...,H , H ek -

Nl
Takum 00pa3oM, KOJTUUECTBO KyOUTOB CKIIAJIBIBACTCSL.

2. AnTHBHOCTD B CMBbICIe pacimpenust npoctpanctsa [18]. CocrosiHust “P) u ‘(p>
HaxozTest B mpocTparcteax H; ®@...@H, u H1®..®H . Torna coctosinme | ) ®|¢p)
paccmarpuBaetcst B poctparctBe (H, ® H1) ® (H, ® H 2)®...®Q (H, ® H ), a 3amy-
TaHHOCTh PAacCMaTPUBAETCS MeEXAy mnojacucteMamu [19]  H, ®H 1, H,®H e,

H, ®H . B nanHOM ciydae IepeMHOKalOTCA pasMepHOCTH [20] COOTBETCTBYIOIIHX

KyOWTOB, IPOUCXOIUT PAaCIINPEHNE IPOCTPAHCTBA COCTOSHUH KyOUTOB. B cooTBeTCTBIM
C BBIIICONMCAHHBIMMA XapaKTEpPUCTHKaMK Oblna chopMmupoBaHa cucteMa [21] omeHOK
KOJINYECTBEHHBIX XapPAKTEPUCTUK 3aITyTAHHOCTH:

W ,roe 1<W <o

divJ +QP(x,t) =0
ot

A= E("//AB>®‘¢)AB>): E(‘V/AB>)+E(‘¢)AB>) )

Vcxopst u3 TaHHOM CUCTEMBI, HEOOXOMUMBIM M TOCTATOYHBIM HAOOPOM YCJIOBHIA yC-
MELIHOW pea3alii KBaHTOBOM 3aIlyTaHHOCTH /IS aJIbHeHIIeil paboThl KBAaHTOBBIX all-
TOPUTMOB [22] ¥ BBIYMUCIICHUHN SBJIAETCS BBIIOJHEHUE OJHOBPEMEHHO BCEX CTPOK CUCTE-
Mbl. HamGonmbImeil Ba)KHOCTBIO OTIIMYAETCS YCIOBHE HempephlBHOCTH [23], HeoOxomm-
MOCTb HENPEPHIBHOI'O U3MEHEHUSI HEKOTOPOW BENMYMHBL. B TaHHOM ciyyae peub UAET O
KBAaHTOBOM COCTOSIHUHM U MPOLIECCE €TO MOJIyYEHHs], JUI1 KOTOPOrO HEOXKUJAHHAs OCTAaHOB-
Ka Tporecca U3MEpeHUs (M3MEHEHIS) aHAJIOTHYHA ONIHOKE Ha BBIXOJE CHCTEMBL Takike
HE MEHEE Ba)KHBIM YCIIOBHEM SIBJISETCS aJINTUBHOCTb. B KBaHTOBOW MEXaHUKE aJIUTHB-
HOCTH BEJIMYMHBI 03HAYAET, YTO BEIMYHMHA, OTHOCAIIASACS K KBAaHTOBOM CHCTEME B IIETIOM,
paBHA CyMMe BEJIMYMH, OTHOCSIIIUXCS K €€ COCTaBHBIM YacTsiM. CBOHCTBO aJIUTUBHOCTH
JUTSL HEKOTOPBIX (PM3UYIECKUX BETNUUH YKBUBAJICHTHO MPUHIIUITY CYIIEPIIO3UIINH.

3aknarouenue. Kpanrosas xoppekuus omuOok [24] ncmoib3yeTcst A 3alfUThI
nH(popMaLU B KBAHTOBOW CBS3M (TJie KBAHTOBBIE COCTOSIHUSI IPOXO/ISIT Yepe3 LIyMHbIC
KaHAJbI) U KBAHTOBBIC BBIYUCICHHS (TZIe KBAHTOBBIC COCTOSHHS MPeoOpa3yroTcs depes
[IOCJIEZIOBATEILHOCTh HECOBEPIICHHBIX BBIUYMCIUTEIBHBIX 1IArOB B MPUCYTCTBUU JIEKO-
repeHnnd [25] oKpyKaromei cpepl I pelIeHIs BRIYHCIUTENEHOM 3aaun). B kBaHTO-
BO#1 00paboTKe MH(POPMAITUH 3BONIONUS BPEMEHH KBAaHTOBOTO BBIYHCIHTEIHHOTO TPO-
mecca OOBIYHO PAacCMATPHUBACTCS KaK MUCKPETHAs, MPECTAaBICHUE ITOJHOW SBOJIOIMH
KBaHTOBOH CHCTEMBI 32 KOHCYHBI WHTEPBAIl BpeMeHH (HAIpUMEp, OJFH BBIYUCIUTEITh-
HBIH 1mar).

Buaronapnocru. Pabora BbinonHeHa npu puHAHCOBOH noanepxke POOU, rpant
Ne HK 20-07-00368.

BUBJIMOIPAGHUYECKHIA CITMCOK

1. KsauroBas kpunrorpadus // Bukunemus. — URL: http://ru.wikipedia.org/?oldid=82377595
(mara oopammenus: 07.03.2017).

2. Tpyouywvin A.A. Pacder TpaeKTOpHH JBHKEHHUS MaTepPHAIbHONW TOYKH B IByMEPHOM (OCECHM-
METPUYHOM) KOHCEPBAaTUBHOM I10JIe // BerauciurenbHas MaTeMaTHKa U MaTeMaTHdecKast (u-
3mka. — 1990. — T. 30:7. — C. 1113-1115.

3. Arthur Trew (ed.), Greg Wilson (ed.). Past, Present, Parallel: A Survey of Available Parallel
Computer Systems. — Springer, 1991. — 392 p. — ISBN 9783540196648.

43



Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

10.

11.

12.

13.

14.

15.

16.

17.

18.

19

20.

21.

22.

23.

24.

25.

44

Quantum phase estimation algorithm. (2016, Nov 03). In Wikipedia, The Free Encyclopedia.
Retrieved 05:15, July 27, 2016, from https://en.wikipedia.org/ w/index.php?Title= Quan-
tum_phase_estimation_algorithm&oldid=731732789.

Richard G. Milner. A Short History of Spin // Contribution to the XVth International Work-
shop on Polarized Sources, Targets, and Polarimetry. — Charlottesville, Virginia, USA, Sep-
tember 9-13, 2013. — arXiv:1311.5016.

Tywanckuiito C.M., Ilomanos B.C. Metoauka pa3paOOTKU U MOCTPOCHHUS KBAaHTOBBIX ajro-
putMoB // Uupopmaruzanust u cBsa3b. — 2017. — Ne 3. — C. 101-104.

Iywanckuii C.M., Ilonenoe M.FO., [lomanos B.C. Peanuzaiys KOMIBIOTEPHOTO MOJAEIUPOBa-
HUA CUCTCMBI C ‘IaCTPIL[eﬁ B OAHOMEPHOM U JABYXMEPHOM IIPOCTPAHCTBE HAa KBAHTOBOM YPOBHE
// M3Bectus FODY. Texunueckue Hayku. — 2017. — Ne 6 (191). — C. 223-233.

Tysux B.@., I'vwanckuii C.M., Ilonenos M.IO., Ilomanos B.C. IloHATHE U CTPYKTYypa KBaHTO-
Boro anroput™a // npopmarusamus u cesi3b. — 2016. — Ne 1. — C. 35-39.

Hales S. Hallgren. An improved quantum Fourier transform algorithm and applications // Pro-
ceedings of the 41st Annual Symposium on Foundations of Computer Science. November
12-14, 2000. — 515 p.

Potapov V., Gushanskiy S., Polenov M. The Methodology of Implementation and Simulation
of Quantum Algorithms and Processes // 2017 11th International Conference on Application of
Information and Communication Technologies (AICT). — Institute of Electrical and Electron-
ics Engineers. — 2017. — P. 437-441.

Attractive photons in a quantum nonlinear medium. Ofer Firstenberg, Mikhail D. Lukin. Na-
ture. — October 2013. — Vol. 502.

Hunvcen M., Yane M. KBanTOBBIC BRIYKCIIECHHUA U KBaHTOBask HHopMmanusa = Quantum Compu-
tation and Quantum Information. — M.: Mup, 2006.

Quantum programming. (2016, Nov 03). In Wikipedia, The Free Encyclopedia. Retrieved
17:50, September 20, 2016, from https://en.wikipedia.org/w/index.
php?title=Quantum_programming&oldid=740376291.

Wikipedia contributors. (2018, November 27). IBM Q Experience. In Wikipedia, The Free
Encyclopedia. Retrieved 17:28, January 31, 2019, from https://en.wikipedia.org/w/index.php?
title=IBM_Q_Experience&oldid=87087480.

Quantum mechanics. (2017, March 29). In Wikipedia, The Free Encyclopedia. Retrieved
15:50, March 30, 2017. — URL: https://en.wikipedia.org/w/index. php?title=Quantum_ me-
chanics&oldid=772744105.

Boneh D., Zhandry M. Quantum-secure message authentication codes // In Proceedings of
Eurocrypt. — 2013. — P. 592-608.

Chris Ferrie. Quantum Physics for Babies. — Brdbk edition. — Sourcebooks Jabberwocky,
2017-05-02. — P. 23-24. — ISBN 9781492656227.

Wilde M. From Classical to Quantum Shannon Theory, arXiv:1106.1445.

. Tysux B.®., I'vuanckuiti C.M., Ilomanog B.C. KonndecTBeHHBIE XapaKTEPUCTHKU CTEICHU

3amyranHocTH // U3Bectus FODY. Texanueckue Hayku. — 2016. — Ne 3 (176). — C. 76-86.
Potapov V., Gushansky S., Guzik V., Polenov M. Architecture and Software Implementation of
a Quantum Computer Model // Advances in Intelligent Systems and Computing. — Springer
Verlag, 2016. — Vol. 465. — P. 59-68.

Tomac X. Kopmen, Yapnvz U. Jletizepcon, Ponanvo JI. Pusecm, Knuggpopo Illmaiin. Amnro-
putMbL: ocTpoerue u ananu3 = Introduction to Algorithms. — 2-e uza. — M.: Busesime, 2006.
—C. 1296. - ISBN 0-07-013151-1.

Ontumusanus // Bukuneams. [2018-2018]. Jlara o6uosmenus: 10.08.2018. — URL:
https://ru.wikipedia.org/?0ldid=94448419 (nara obpamienus: 10.08.2018).

Bennett C.H., Shor P.W., Smolin J.A., Thapliyal A.V. Entanglement-assisted Capacity of a
Quantum Channel and the Reverse Shannon Theorem // IEEE Transactions on Information
Theory. — 2002. — Vol. 48. — P. 26-37.

Kleppner D., Kolenkow R. An Introduction to Mechanics (Second ed.). — Cambridge: Cam-
bridge University Press, 2014. — 49 p.

Tlomanos B.C., I'ywancxuii C.M. KBaHTOBBIE THITBI OITMOOK ¥ METOABI HX YCTPAHEHHs, 3aBH-
CHMOCTB OIIMOKH OT Mepsl M YUCTOTH 3amyranHoctd // C6. Tpynos XIV Bcepoccniickoit Ha-
YYHOH KOH(EpeHIINH MOIOBIX YUEeHBIX, acnupaHToB u crynenToB UTCAnY-2016. — Pocros-
Ha-Jlony: Uzn-Bo FODY, 2016 —T. 3. — C. 123-129.


https://en.wikipedia.org/w/index.php

Paznen |. MogenpoBaHze IpoLeccoB, YCTPOWCTB M CUCTEM

10.

11.

12.

13.

14.

15.

16.
17.
18.
19.

20.

REFERENCES

Kvantovaya kriptografiya [Quantum cryptography], Vikipediya [Wikipedia]. Available at:
http://ru.wikipedia.org/?0ldid=82377595 (accessed 07 March 2017).

Trubitsyn A.A. Raschet traektorii dvizheniya material'noy tochki v dvumernom (osesimmetrichnom)
konservativnom pole [Calculation of the trajectory of a material point in a two-dimensional (ax-
isymmetric) conservative field], Vychislitel'naya matematika i matematicheskaya fizika [Computa-
tional mathematics and mathematical physics], 1990, Vol. 30:7, pp. 1113-1115.

Arthur Trew (ed.), Greg Wilson (ed.). Past, Present, Parallel: A Survey of Available Parallel
Computer Systems. Springer, 1991, 392 p. ISBN 9783540196648.

Quantum phase estimation algorithm. (2016, Nov 03). In Wikipedia, The Free Encyclopedia.
Retrieved 05:15, July 27, 2016, from https://en.wikipedia.org/ w/index.php?Title=Quantum_
phase_estimation_algorithm&oldid=731732789.

Richard G. Milner. A Short History of Spin // Contribution to the XVth International Work-
shop on Polarized Sources, Targets, and Polarimetry. Charlottesville, Virginia, USA, Septem-
ber 9-13, 2013. arXiv:1311.5016.

Gushanskiyyu S.M., Potapov V.S. Metodika razrabotki i postroeniya kvantovykh algoritmov
[Method of development and construction of quantum algorithms], Informatizatsiya i svyaz'
[Informatization and communication], 2017, No. 3, pp. 101-104.

Gushanskiy S.M., Polenov M.Yu., Potapov V.S. Realizatsiya komp'yuternogo modelirovaniya
sistemy s chastitsey v odnomernom i dvukhmernom prostranstve na kvantovom urovne [Im-
plementation of computer simulation of a system with a particle in one-dimensional and two-
dimensional space at the quantum level], lzvestiya YuFU. Tekhnicheskie nauki [lzvestiya
SFedU. Engineering Sciences], 2017, No. 6 (191), pp. 223-233.

Guzik V.F., Gushanskiy S.M., Polenov M.Yu., Potapov V.S. Ponyatie i struktura kvantovogo
algoritma [The concept and structure of a quantum algorithm], Informatizatsiya i svyaz'
[Informatization and communication], 2016, No. 1, pp. 35-39.

Hales S. Hallgren. An improved quantum Fourier transform algorithm and applications, Pro-
ceedings of the 41st Annual Symposium on Foundations of Computer Science. November
12-14, 2000, 515 p.

Potapov V., Gushanskiy S., Polenov M. The Methodology of Implementation and Simulation
of Quantum Algorithms and Processes, 2017 11th International Conference on Application of
Information and Communication Technologies (AICT). — Institute of Electrical and Electron-
ics Engineers, 2017, pp. 437-441.

Attractive photons in a quantum nonlinear medium. Ofer Firstenberg, Mikhail D. Lukin. Na-
ture, October 2013, Vol. 502.

Nil'sen M., Chang I. Kvantovye vychisleniya i kvantovaya informatsiya = Quantum Computa-
tion and Quantum Information [Quantum computing and quantum information = Quantum
computing and Quantum Information]. Moscow: Mir, 2006.

Quantum programming. (2016, Nov 03). In Wikipedia, The Free Encyclopedia. Retrieved
17:50, September 20, 2016, from https://en.wikipedia.org/w/index. php?title=Quantum_ pro-
gramming&oldid=740376291.

Wikipedia contributors. (2018, November 27). IBM Q Experience. In Wikipedia, The Free
Encyclopedia. Retrieved 17:28, January 31, 2019, from https://en.wikipedia.org/w/index.
php?title=IBM_Q_Experience&oldid=87087480.

Quantum mechanics. (2017, March 29). In Wikipedia, The Free Encyclopedia. Retrieved
15:50, March 30, 2017. Available at: https://en.wikipedia.org/w/index. php?title=Quantum_
mechanics&oldid=772744105.

Boneh D., Zhandry M. Quantum-secure message authentication codes, In Proceedings of
Eurocrypt, 2013, pp. 592-608.

Chris Ferrie. Quantum Physics for Babies. Brdbk edition. Sourcebooks Jabberwocky, 2017-
05-02, P. 23-24. ISBN 9781492656227.

Wilde M. From Classical to Quantum Shannon Theory, arXiv:1106.1445.

Guzik V.F., Gushanskiy S.M., Potapov V.S. Kolichestvennye kharakteristiki stepeni
zaputannosti [Quantitative characteristics of the degree of entanglement], Izvestiya YuFU.
Tekhnicheskie nauki [lzvestiya SFedU. Engineering Sciences], 2016, No. 3 (176), pp. 76-86.
Potapov V., Gushansky S., Guzik V., Polenov M. Architecture and Software Implementation of
a Quantum Computer Model, Advances in Intelligent Systems and Computing. Springer
Verlag, 2016, Vol. 465, pp. 59-68.

45


https://en.wikipedia.org/w/index

Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

21. Tomas Kh. Kormen, Charl'z I. Leyzerson, Ronal'd L. Rivest, Klifford Shtayn. Algoritmy:
postroenie i analiz = Introduction to Algorithms [Algorithms: construction and analysis = In-
troduction to Algorithms]. 2nd ed. Moscow: Vil'yams, 2006, pp. 1296. ISBN 0-07-013151-1.

22. Optimizatsiya [Optimization], Vikipediya [Wikipedia]. [2018-2018]. Data obnovleniya:
10.08.2018. Available at: https://ru.wikipedia.org/?0ldid=94448419 (accessed 10 August 2018).

23. Bennett C.H., Shor P.W., Smolin J.A., Thaplival A.V. Entanglement-assisted Capacity of a
Quantum Channel and the Reverse Shannon Theorem, IEEE Transactions on Information
Theory, 2002, Vol. 48, pp. 26-37.

24. Kleppner D., Kolenkow R. An Introduction to Mechanics (Second ed.). Cambridge: Cambridge
University Press, 2014, 49 p.

25. Potapov V.S., Gushanskiy S.M. Kvantovye tipy oshibok i metody ikh ustraneniya, zavisimost'
oshibki ot mery i chistoty zaputannosti [Quantum types of errors and methods of their elimina-
tion, the dependence of errors on the measure and purity of entanglement], Sh. trudov XIV
Vserossiyskoy nauchnoy konferentsii molodykh uchenykh, aspirantov i studentov ITSAIU-2016
[Proceedings of the XIV all-Russian scientific conference of young scientists, postgraduates
and students of Itsaiu-2016]. Rostov-on-Don: Izd-vo YuFU, 2016, Vol. 3, pp. 123-129.

CraTbio pekOMeHI0BaJ K onmyoimkoBanuio K.T.H. M.1O. IToneHos.

I'ymanckunit  Cepreii MuxaiiioBuy — IOxHbii  QepepanpHblii  yHuUBepcuteT, €-mail:
smgushanskiy@sfedu.ru; 347928, r. Taraupor, nep. Hekpacosckuii, 44; Ten.: 88634371656; ka-
(enpa BEMHUCIUTEILHOW TEXHUKH; K.T.H.; JOIICHT.

IMoranoB Buxrop CepreeBuu — e-mail: vitya-potapov@rambler.ru; kadempa BBIYHCIUTENBHON
TEXHHUKH; aCCUCTEHT.

Boxuy Baagumup UBanoBuu — ®I'BOY BO «PIDY (PUHX)», TaraHporckuii HHCTHTYT HM.
AT Yexosa, e-mail: vladimir.bozhich@gmail.com; 347928, r. Taraupor, yi. MaumuarusHast, 48; Tei.:
88634367866; kadepa ecTeCTBO3HAHUS M OE30MACHOCTH KHU3HEACITEIBEHOCTH; [I.T.H.; Ipodeccop.

Gushanskiy  Sergey  Mikhailovich -~  Southern  Federal  University;  e-mail:
smgushanskiy@sfedu.ru; 44, Nekrasovskiy, Taganrog, 347928, Russia; phone: +78634371656; the
department of computer engineering; cand. of eng. sc.; associate professor.

Potapov Victor Sergeevich — e-mail: vitya-potapov@rambler.ru; the department of computer
engineering; assistant.

Bozhich Vladimir Ivanovich — FSBEI HE “RSEU (RINH)”, Taganrog Institute A.P. Chekhov,
e-mail: vladimir.bozhich@gmail.com; 347928, Taganrog, st. Initiative, 48; phone: 88634367866;
the department of natural sciences and life safety; dr. of eng. sc.; professor.

YK 681.3.05 DOI 10.18522/2311-3103-2020-3-46-55

C.U. KneBuoB

ONPEJEJIEHUE XAPAKTEPA U3MEHEHU TIAPAMETPA HA OCHOBE
AHAJIN3A TMHAMUKHU ®OPMbI COBOKYITHOCTHU EI'O 3HAYEHU
B PEAJIBHOM BPEMEHU

OOHOIL U3 8ANCHBIX 3A0aY MOHUMOPUHEA MEXHUUECKUX 00bEKMO8 A6IsAemcs npedomspauye-
HUe agapuiiHblx cumyayuti. Ima 3a0a4a Ce43aHA ¢ bINOIHEHUEeM 00CMOBEPHOU U AOEKEAMHOU
oyenku pabomocnocobnocmu odovekma. Oyenka pabomocnocooHocmu 06veKma OCHOBbIBAM sl
Ha aHanuze nogeoeHls e20 KOHMPOIUPYeMblX napamempos 6 peanvhom epemenu. Tozda ona 6y-
dem axmyanvHol. B pabome npednosicen memoo onpedenenus xapaxmepa usmeHeHus napamem-
pa, OCHOBAHHBIN HA AHANU3E NOCICO08AMENbHOCTIU CREYUATIbHBIX NPOCMPAHCMBEHHbIX 2paguye-
ckux ¢opm, nazvieaemuix epagpuxamu Ilyanxape. Boibpannuiii napamemp 0ondicen 6 3nadumenb-
HOU cmeneHu onpeoensims pabomocnocoOHOCHb KOHMponupyemozo oovekma. I paguru gopmu-
DYIOMCsL HA OCHOBE 8PEMEHH020 psidd KOHMPOIUPYemo2o napamempa. Bweibupaemcs epemennoe
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OKHO, KOmopoe vipe3aem 3a0anHoe KoIuuecmso suauenuti napamempa. I pagux cmpoumces ons
Kaxicoo20 uiaza nepemewjenis OKHA No 6PeMeHHOMY pAdy napamempd. Ananuzupyemcs mpauc-
Gopmayus popmbl 3a0anH020 Muna, KOMOPAsi HAKIAObIEAEMC . HA COBOKYNHOCMb 3HAYEHUIl Na-
pamempa, npeocmasienuvlx 6 sude cpaguxa. Ilo usmenenuro napamempos ¢hopmul Oenaemcs
661600 0 Xapakmepe usMeHeHull hapamempa. B pabome nokasana 803MOMCHOCHb UCHOIb308AHUA
epaguxos Ilyankape Onia OMCAEHCUBAHUA USMEHEHUS COCMOAHUA MEXHUYECKO20 00beKkma 6 pe-
anvHoM épemeHu. IIpu amom yuumulearomca 0COOGEHHOCMU CbeMa UHDOPMAYUU C OAMUUKOS.
Oyenka peanuzyemcsi ¢ HOMOWbIO MUKPONPOYECCOPHO20 MOOYIIA, 6X005Uie20 8 CUCeEMY MOHUMO-
punea. Taxoce npednosicena cmpykmypa 0000WeHHOU 00OHOGAKMOPHOU MOOenU, KOmopdas Om-
credxcueaem usMeHeHue coCmosanus 00vekma Ha ocHoge ananusa epaguroe Ilyanxape. Ilpugeden
8apUAHM OYEHKU COCMOSAHUA 00BbEKMA ¢ NOMOWbIO CPAGHEHUs XapaKmepucmux epaguka ¢ kpu-
mepuamu. Kpumepuu nonyuensvt nocie npedsapumensHol 06pabomku 6016020 Maccuda OAHHbIX
0 nosedeHuy KOHmMpoaupyemo2o napamempa. Kaxcoomy snauenuio Kpumepusi nOCmaeieHa 8 co-
omeemcmeaue IKCnepmuas oyeHka, onpedersiowas cocmosanue obvekma. Oyenka nozeonaem on-
pedenums cmeneHvb pabomocnocoOHOCmuU 00beKma U peanu3oeams HeoOX00uMble Oelicmeus 6
cyyae onacHoCcmu.

I'pagux I[lyanxape, oyenka pabomocnocobnocmu, Mooeib, MUKPONPOYECCOPHbIL MOOYb,
peanvHoe 8pems.

S.1. Klevtsov

DETERMINING THE NATURE OF PARAMETER CHANGES BASED
ON THE ANALYSIS OF DYNAMICS RELATIVE TO THE SHAPE
OF ITS VALUES SET IN REAL TIME

One of the important tasks of monitoring technical objects is the prevention of emergency
situations. This task is associated with the implementation of a reliable and adequate assessment
of the health of the object. The assessment of the object’s health is based on an analysis of the
behavior of its controlled parameters in real time. Only then it will be relevant. A method for de-
termining the nature of a parameter change based on an analysis of a sequence of special spatial
graphical forms called Poincare graphs is proposed. The selected parameter should largely de-
termine the operability of the controlled object. Charts are formed on the basis of the time series
of the controlled parameter. A time window is selected that cuts the specified number of parameter
values. A graph is plotted for each step of moving the window along the time series of the parameter.
The transformation of the form of a given type is analyzed, which is superimposed on the totality of
parameter values presented in the form of a graph. By changing the form parameters, a conclusion is
drawn on the nature of the parameter changes. The paper shows the possibility of using Poincare
graphs to track changes in the state of a technical object in real time. This takes into account the
peculiarities of information retrieval from sensors. The assessment is implemented using a micropro-
cessor module included in the monitoring system. The structure of a generalized one-factor model is
also proposed, which tracks the change in the state of an object based on an analysis of Poincare
graphs. The option of assessing the state of the object by comparing the characteristics of the graph
with the criteria is given. The criteria are obtained after preliminary processing of a large array of
data on the behavior of the controlled parameter. Each criterion value is associated with an expert
assessment that determines the state of the object. The assessment allows you to determine the de-
gree of operability of the facility and implement the necessary actions in case of danger.

Poincaré graph, performance assessment, model, microprocessor module, real time.

BBenenne. IloBpimenne kadecTBa (YHKIMOHHPOBAHHUS TEXHHYECKOTO OOBEKTa
CBSI3aHO C TE€M, HACKONBKO 3(P(PEKTHBHO HCHOIB3YIOTCS PECypChl YIPaBICHUS MPU BO3-
HUKHOBEHUH Pa3IMYHbIX HEIITaTHbIX cuTyauuil [1-3]. VmeroTca ycinoBus, KOTOpBIE
cnocoOcTBYIOT 3ToMy. OHUM M3 BaKHEHIINX YCIIOBHI SIBISIETCS BBIIIOJIHEHHE JOCTO-
BEPHOH OIEHKN cOCTOSHUS 00bekTa. OIEeHKa OJDKHA OBITh a/IeKBaTHA BO3ZHHKIIEH CH-
Tyanuu [2, 4, 5]. OnleHKa COCTOSIHUSL TEXHHYECKOTO 00BEKTa OCYIECTBIIICTCSI HA OCHOBE
aHaM3a COCTOSHUS ero napamerpos [5—8]. B psie ciydaeB MOKHO BBIOpaTh OAMH Xa-
paKTepHBI mapaMeTp, ONPEICIAIONINNA COCTOsIHUE 00BeKTa B 1esoM [9—11].
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OteHKa cOCTOSHHUS 00BEKTOB Ba)KHA UIS TPEJOTBPAILCHHS OMACHBIX CHUTyallMid U
pemaeTcs pa3nmuaHbIMU criocobamu [12—14]. IIporHo3Has omeHKa GOpMHPYETCS Ha OC-
HOBE JAHHBIX O TEKYIIEM COCTOsHUH 00bekTa [9, 10].

OneHka Oy/eT aKTyaJIbHOM, €cii OHa BBIIOJIHSETCS B peajbHOM BpemeHH [8, 10].
Peanuzamus 3Toi 3amaun BO3MOXHA C HMCHOJIB30BAHUEM COBPEMEHHON MMKpOIpOIEec-
COpPHOM TeXHHKH. MHKpONPOLECCOPHBIE MOJYJIH CIIOCOOHBI 00pabaThiBaTh JaHHEIE,
CUHTHIBAEMBIE C JATYNKOB, IPOBOJUTH OLIEHKY M ()OPMHUPOBATH KOMAHJIBI JUIsl yIIpaBiie-
HUsI 00BEKTOM B peajlbHOM BpeMeHH. MoJynu, pa3MelleHHbIe B CHCTeMaX KOHTPOJS U
YIpaBICHNUS, MOTYT BBITIOJHATH 9TH ACHCTBHSA B (JOHOBOM PEXHMME, HE MEIIAs BBHIIOIHE-
HUIO OCHOBHBIX (pyHKIMi cuctems [8, 10, 15].

OpHako, IPU ATOM HEOOXOTUMO YUHUTHIBATh OCOOEHHOCTH CheMa MH(pOopMaIuu ¢
JATYNKOB, CBS3aHHBIE ¢ mHU(ppoBOi obpaboTkoit curHamoB [15]. Illar muckpermsammu
IIPU ChEME JTaHHBIX MOXXHO YCTAHOBHTH HEOONBIIMM. B 3TOM ciydae n3MeHEHHE Mapa-
MeTpa B T€UEHHE HECKOJBKHUX MOCIEAOBATENbHBIX IAroB OyAeT HE3HAYUTENbHBIM. JTO
MTO3BOJIMT HOBBICUTh TOYHOCTh OLIEHKH U CHU3UTH MOTPEIIHOCTH.

ITapameTp, HCHONB3yeMBIH U OLIEHKH, MOXET XapaKTepHU30BATHCS BBICOKHM
ypoBHeM I1yma. B aTom ciryyae HeoOxoauMa (QuibTpaiys UCXOIHBIX TaHHBIX, KOTOpas
TpebyeT nomonHuTeaprHoro Bpemenu [4, 15]. IIpoaomKuTenbHOCTh MPOLEAYPhl 3aBUCUT
OT CJIO’KHOCTH aJITOpUTMA.

C npyroif cTOPOHBI, /I OLIEHKH MOKHO HCIIOJIB30BaTh BPEMEHHOH psAJl apameTpa
0e3 mpeaBapuTesbHON 00pabOTKM, HApUMeEp, B BHJEC COBOKYNHOCTH 3HAYECHHH, Mpe-
CTaBJIEHHBIX OCOOBIM CIOCOOOM. [yt OIEHKH IpeluiaraeTcsi MCIOJIb30BaTh I'paduKh
[Iyankape [16-20]. I'padux Ilyankape mpezncraBiser coOoil TodedHoe Tpaduueckoe
otobpakeHne N 3HaueHHWH BpeMEHHOH moclemoBaTenbHOCTH X npu k = 1, ..., N Ha
JBYMEPHOM II0JI€, B KOTOPOM OpPANHATON TOYKH SIBISCTCS 3HAYCHHE Xy+1, @ AOCIIHCCON —
MIPEIIECTBYIOIEE 3HAUCHUE Xy.

IMocranoBka 3agauu. Kak npasuio, rpaduku Ilyankape ucnonb3yroTcsi pu aHa-
JIM3€ JaHHBIX CTallMOHAPHBIX OOBEKTOB ISl BBISBJICHUS OTKIOHEHWH COCTOSIHUI 3THX
00bekTOB 0T HOpManbHOro cocrostHust [17, 19-21]. I'paduku Ilyankape moObIx auHa-
MHUYECKHX TPOIECCOB, OTINYHBIX OT IIyMa, XapaKTepU3yIOTCS acUMMeTpueil oTHOCH-
TEIHHO LIEHTPA WK OCel cucTeMbl koopauHart [19, 20].

3ajaya 3aKIIOYaeTCsl B OMNPEAEICHHH BO3MOKHOCTH HCIIONB30BaHMS Tpadukos
[Tyankape s uaeHTH(OUKAIMN Pa3JIMYHBIX COCTOSIHUI TEXHHYECKOTO OOBEKTa H II0-
CTPOEHHMEM MOJIENH WM aJTOPUTMA UICHTU(QHUKAINH COCTOSIHUH.

IMoctpoum rpaduxu IlyaHkape [ist BpeMEHHBIX PSAAOB IapaMeTpOB JHMHAMHY e-
CKOTO 00BeKTa, KOTOPBI HaXOIUTCA B Pa3IMUHBIX (pasax nBmxeHus. B xauectBe ma-
pameTpa ITMHAMHUYECKOTro oObekTa OyneM paccMaTpuBaTh YCKOpEHHE aBTOMOOWIIS MO
ocsim X, Y, Z. Ha puc. 1 npeacraBieHs! pe3yabTaTsl H3MEPEHUS YCKOPEHHs 1o ocu X,
Y u Z B mporiecce BBINOJIHEHUS aBTOMOOUJIEM MOBOPOTa HAJIEBO M COOTBETCTBYIOIIHE
rpaduku [Tyankape.

04

Zt41

Yckopenme, g

Bpews, cex

a T

48



Paznen |. MogenpoBaHze IpoLeccoB, YCTPOWCTB M CUCTEM

o °
e = e =
= 5 % @

s

Xt+1

Yckopenue, g
o
S
&

o

i3
o
-

o
=

Bpems, cex

0

Yekopenue, g

Bpema. cex

B (5]

Puc. 1. Usmenenue yckopenust asmomobuns no ocu Z (a), X (6) u'Y (8) u epaghuxu

Ilyauxape, coomeemcmayiowue epaghuxam usmMeHeHus YCKOpeHus asmomoous
noocuZ (2)uX @) uY (e

JlBmxeHne aBTOMOOWIIS B HAIIPaBICHWH IOCTYIATENBHOTO IBIKCHHSA (0ch X)
OCYIIECTBIISICTCS ¢ YCKOPEHNEM, OIM3KMM K HYJIEBOMY, UYTO XapaKTepH3yeT KpuBas I10-
JMHOMHUAJILHOTO TpeH/a Ha puc. 16. Ho HabmonaloTcs OT/AeNbHbIE yYacTKH ¢ HE3HAYHU-
TEJIbHBIM OTKJIOHEHHEM YCKOPEHUs OT HyJsieBoro (1o 0,2 m/c2).

CpenHee 3HauCHHE YCKOPEHHMS IO BEPTUKAIBHON OCH NMPAKTHYECKH PABHO HYIIIO
(puc. 1,a).

Takoe ABMKEHHE aBTOMOOWIISI ONIpeJIeNIIeT €r0 YCTOHUNBOE COCTOSHUE B BBIOpaH-
HBIX HaIpaBIICHUSAX OCeH U XapakrepusyeTcs rpadukamu [lyaHkape, IpHUBEJCHHBIMH Ha
puc. 1,n u 1,r coorBeTcTBeHHO. TOYKM BPEMEHHOIO psijia Ha 3TUX rpaduKax pacrosara-
IOTCSL BJIOJIb TPEH/IA, NMPEICTABISAIONIEr0 NPSAMYIO JHHUIO. MIX COBOKYITHOCTH CHMMET-
pHYHA OTHOCHTENIBHO TPEH/Ia M COCPEI0TOYECHA BOKPYT IIEHTPA TSKECTH TOUEK.

KoopauHats! ieHTpa Macc ay G Y —1 OTNpenemstoTcs o hopMyTam:

ik ik—1 e

G = Elt-zmgjrj. G _ Z!-z-n_lgjr}

Y = ik Y-1 7 "gj=ik-1 7
i=in j=ik—1"]

rae Gy ,GY _] — KOOpAMHATHI HEHTPa MAacC TOYEK Ha 00JIACTH ONpeeNneHus rpaduka
Ilyankape;

g, 1; — 3HaucHUe Jj-TO BIeMeHTa BpeMEHHOT0 psiia 3HAYeHHI CUTHANA U ero Bec;

s mepBoro rpaguka (puc. 1,r) HEHTp TSKECTH paHEH HYJIIO, Ul BTOPOTO Tpa-
¢uka (puc. 1,1) npumepHo paser 0,05. HesHauurensHoe. ClieyeT OTMETHUTD, YTO, He-
CMOTpsI Ha HE3HAYUTEIbHOE OTKIOHEHHE MapaMeTpOB JBUKEHUS MO OcU X OT yCTOWYU-
BOTO COCTOSHUS, opma rpaduka yxe He CHMMETPHYHA OTHOCHTEIBHO [IEHTPA TSHKECTH
1 OTJIMYAETCs OT CUMMETPHYHON (OpMBI rpaduka a1 yCKOpeHHs 1o ocu Z.
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Ecmu xe paccMaTtpuBaTh BpeMEHHOH psiIl mapaMeTpa 00beKTa, XapaKTePH3yOLIHA
OoJiee BHICOKYIO IWHAMUKY M3MEHEHHUS COCTOSHHUS 00BeKTa, To rpaduku Ilyankape cy-
ecTBeHHo MeHsroTesi. Ha puc.1B u puc.le mpeacraBiieHbl pe3ysbTaThl U3MEPEHUS yC-
KopeHus 1o ocu Y U cooTBeTCTBYIOIMi rpaduk [Tyankape.

Jlune#HbId TpeHJ Ha puc. 1,B HE3HAYHUTENIFHO OTpPEarupoBal Ha CYIIECTBEHHOE
M3MEHEHHE yCKOpeHusl Ha yuyacTke At = [15; 27] cek. DTOT y4acTOK BPEMEHHOT'O psijia
UACHTU(HUIUPYET TOBOPOT HAJEBO, IPUYEM B JTAHHOM CIIy4ae BOAWUTEIb MPOXOIMI IO-
BOPOT PBIBKAMH, YTO YXy/IIAJIO YCTOHYMBOCTH aBTOMOOWIISL Ha JI0pore.

B ormmmunn ot rpadukoB Ilyankape it yckopenus mo ocsim X u Z (puc. 1,r,1),
JMAHHBIA TpauK XapaKTepusyercs OoNpOIMM pPa3OpocOM 3HAUYEHWH M CYIIECTBCHHOU
HECHMMETPHUYHOCTBIO OTHOCHTENBHO ILEHTPa KOOPAMHAT. DTO TOBOPUT O JABWKCHHSA
00BEKTa, OTIIMYHOM OT PAaBHOYCKOPEHHOTO B JaHHOM HAIIPaBICHUH W, COOTBETCTBEHHO,
OTKJIOHEHHH OOBEKTa OT COCTOSIHUS, XapaKTEPH3YIOIIETO €ro CTaOMIbHOE ABMKEHHE
TIPU CPEJHEM ITOCTOSHHOM YCKOPEHHHU.

Takum o6pa3zom, rpaduku [lyaHkape, COOTBETCTBYIOLIHE PAa3HBIM 10 CTAOMIIBHO-
CTH KOHTPOJHMPYEMOTO MapaMeTpa BPEMEHHBIM y4acTKaM e€ro BPEMEHHOIo psijaa, cylie-
CTBEHHO OTJIMYAIOTCS 10 (JOpME M XapaKTepy paclpeesieHNs] TOUYeK BPEMEHHOTO psilia.

IIpouecc oTcie:knBaHNsI M3MEHEHUs NMapaMeTpa TeXHHYECKOro odnbekra. Kak
npaswio, npu ¢opmupoBanun rpadukoB IlyaHkape ucronszyercsi OOJbIIOE KOJIMYECTBO
BpeMeHHBIX oTcyeroB [17, 19, 20]. B cimydae IuHaAMHYECKHX IPOIIECCOB HAC MOXKET
HMHTEPECOBaTh TEKYIlee U3MEHEHHE COCTOSHIA 00beKkTa. Eciin paccMaTpiBaTh H3MEHEHHUE
COCTOSHMSA 32 HEOOJNBLIOW NPOMEXYTOK BPEMEHH, TO HEBO3MOXXHO c(opMupoBaTh
OONBIIYI0 BBIOOPKY MCXOIHBIX JAHHBIX. YacTo CpaBHEHHE TEKYIIEro COCTOSHHS C
0a30BBIM HE MOJKET JIaTh JOCTATOYHOH MH(OPMAINH O CTEIEHHU ONACHOCTH JUIs OOBEKTa U
TpeOyeTcsi, HampuMmep, IMOCIEA0BATENFHOE CPaBHEHHE COCTOSIHHM BO BpPEMEHH, YTOOBI
OTCJICAUTh IUHAMUKY WX U3MCHCHUS. O‘-IeBI/II[HO, 4qTO Tpe6OBaHI/Ie 06ecnequI/m BbI60pKI/I
BbIMICYKAa3aHHOT'O o0BeMa IpH pCUHICHUU 3THUX 3aJa4 HEBBIITOJIHHUMO.

OJIHaKO 9TO HC HABJIACTCA OCHOBAaHHUCM [Jid YTBCPKIACHUA, 4YTO CO6CTBCHHO
rpaduxu Ilyankape He MOAXOMST AJSl UCCIENOBAHUS W OICHKH COCTOSHUSI OBICTPBIX
JAUHAMHUYCCKUX MTPOUECCOB.

Jnsi  oueHKH OBICTPONPOTEKAIOUIMX IPOLECCOB BAXHO  ONPENENUTh, Kak
N3MEHSIETCSl COCTOSIHHME Ipoliecca BO BpeMeHH. B 3ToM cirydae MOXXHO BOCIIOJIB30BAThCA
BPEMEHHBIM OKHOM, KOTOpO€ OyAeT IBUraThCsl BJOJIb BPEMEHHOTO psijia, BhIpe3as U3
MHOXKECTBa HCXOJHBIX JAHHBIX MOJMHOXECTBO C HEM3MEHHBIM KOJMYECTBOM
BPEMEHHBIX OTCUYETOB. TakuM o00pa3oM, IOJMHOMKECTBO OYyIeT XapaKTepHU30BaTHCS
MIOCTOSTHHBIM KOJIMYECTBOM BXOJSIINX B HETO 3JIEMEHTOB M IMOJOKEHHEM Ha BPEeMEHHON
ocn (OPMHUPYIOIIEr0 3TO MHOXXECTBO BPEMEHHOTO OKHA, HAlpHMep, HadalbHas M
KOHCYHas1 BpCMCHHBIC TOYKU IJIA TeKyI].[eﬁ BEPCUU MMOJAMHOKECTBA.

[TpumeHeHne NAaHHOTO MOAXOJA K mocTpoeHuto rpadukos [lyankape mo3Bosser
BbISIBUTH ITUHAMHUKY U3MCHCHUA COCTOAHUSA ITpoLecca.

Crnemyer OTMETHTh, YTO B KadeCTBE BPEMEHHOr0 HHTepBana At BeIOMpaeTcs
MUHHMAJIBHBIH IPOMEXYTOK BPEMEHH, B T€YEHHE KOTOPOTO IS JTAaHHOTO THMA 00beKTa
XapaKTepeH Mepexo]] OT OJHOTO CPEIHEr0 YpOBHS CHUMAaeMOro Mapamerpa K Jpyromy.
Jdnst xaxnoro Thma oO0beKTa M B 3aBUCHMOCTH OT TpeOOBaHMH pelraeMoi 3aaadn
BpPEMEHHO! MHTepBa At OyIeT pa3IMIHbIM.

Hcnone3ys rpaduxu [Tyankape, mocTpouM Mpoueaypy OTCIESKHUBAHUS U3MEHEHHS
COCTOSIHHSI 00BEKTa, MCIOJB3YsI TOJBKO BPEMEHHOW psiJi ONpPENEISIONIEro Mapamerpa
oObekra. [Ipm sToM 3amada 3akimioyaeTcs B CO3JAHMHU IPOLELYpbl, oOecrieunBaronien
OTCJIC)KMBAHME W3MEHEHHS COCTOSHUS OOBEKTa B PEXKUME pCalbHOTO BPEMEHU C
HCIIOJIb30BAHMEM  MHUKPOIPOLECCOPHOTO  MOJYJNsl, MMEIOIIEr0 OrpaHUYeHHs MO
MIPOU3BOIUTEIHLHOCTH U 00bEMY XpaHUMOM HHpOPMALHH.
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B o6mem Buzme cTpykTypa 0000IICHHOW OZHO(DAKTOPHON MOAETH OTCIC)KUBAHUS
U3MEHEHHs COCTOSHHS TEXHHYECKOro OO0beKTa B AMHAMHKE Ha OCHOBE aHAIM3a
rpadukos [TyaHnkape onpenensercst KOpTexeMm

(X,Dt,Dp,S,Rg)

rae X — BpEeMEHHOM psiJ 3HaueHuil nmapamerpa o0bekTa; Dt — mapamerpsl BpeMeHHOTO
okHa Jurs1 popmupoBanus rpadukos Ilyankape; Dp — nmociaenoBaTenbHOCTb, COCTOSIIAS
n3 rpadukoB [lyaHkape, HOCTPOSHHBIX Ha BBIOOPKaX BPEMEHHOT'O psijia, BBLAEICHHBIX
COOTBETCTBYIOIIEH peajn3alyeil BpeMEHHOT0 OKHa; S — MHOXECTBO Pa3in4aeMbIX CO-
CTOSTHUH 00BEKTa, HEOOXOAMMBIX JJISl OLIEHKH CTETIEHH ero paboTOCIIOCOOHOCTH C yue-
TOM penraeMoi ATUM O00BEKTOM 3a/1auH; Rs — COBOKYNHOCTH KpuTepueB ((pyHKIMOHAIb-
HBIX W JIOTHYECKHX COOTHOIICHHH, NMPAaBWJI M OTPaHWYEHHMI), COIMOCTABISIOIIMX KOH-
KkpeTHOMY rpaduky [lyaHkape COOTBETCTBYIOIIEE COCTOSTHIE 00BEKTa U3 MHOKECTBA S.

[pouenypa OTCIEKMBAHUS COCTOSHUA 00BEKTa ONPENeIsieTcs CISAYIOMNM 0000-
IICHHBIM BBIPa)KCHHUEM:

S=F(Dp,Rg):

B pesynbraTte peanuzanuy MOJEIN MOXHO IOJYYUTHh OLIEHKY COCTOSHUS 00beKTa
Ha OCHOBE BPEMEHHOTO psijia 3HaUeHUil mapaMeTpa B pealbHOM BPEMEHH.

Junst anpobanyu moaxona B Ka4eCTBE KOHTPOJIUPYEMOTo MapamMeTpa BbIOpaHO yc-
KopeHue. B kauecTBe KpHUTEpHs OLICHKHM U3MEHEHHSI COCTOSHHSI aBTOMOOWIIS NPU JBU-
KEHUM BBIOPAaHO OTHOIICHHE CTAHJAPTHBIX OTKJIOHECHWH Anarpammsl paccesHus IlyaH-
Kape, MOCTPOCHHOH Ha ocHOBe Trpaduka [lyankape [20]. Iuarpamma paccessHUS B JaH-
HOM cIlyqae OOBIYHO NpEACTaBIIeT coOOW »ummic, BnucaHHBIN B Tpaduk Ilyankape.
Opnaxko, 6osee TEXHOJIOTMYHO HCIIOIB30BaTh B KAUECTBE IHArpaMMBI PacCestHUS Ipsi-
MOYTOJIBHUK. B messix mpoBepku moaxoja K OIEHKE YCTAaHOBJICHO, YTO NMPSIMOYTOJIBHUK
JOJDKEH OXBaThIBaTh He MeHee 95% Touek rpaduka Ilyankape. LlenTp nuarpamMmer pac-
CesTHHS COBIAJIAET C LIEHTPOM TSDKECTH Macc TOYeK.

AHanu3 BpeMEHHBIX PA0B YCKOPEHUS NPH ABIKEHHH aBTOMOOWIIS MO3BOJIMI OTI-
peleuTh OPUEHTHPOBOYHBIE KPUTEPHH AJIsl KiacCU(UKALIMKM COCTOSHUI 00beKTa B MPO-
Lecce JBIKEHHUS.

Bcero BeieNIEHO 1Ba COCTOSHUSA:

CocrtosiHMe CTaOMIBHOTO JBIDKEHHUS — JBIDKEHHE C «IIOCTOSIHHBIMY» YCKOPEHHEM,
BKJIFOUasl IBMKEHHUE ¢ HyleBbIM yckopennem (SD1/SD2 < 0,60).

CocrosiHIE HECTaOMIBHOTO JIBH)KEHHMS - IBUKEHHE C HEMOCTOSHHBIM YCKOpPEHHEM
(SD1/sD2 > 0,60).

Jus arpobanuu 1moxxoza paccMOTPUM M3MEHEHHE YCKOpeHHs 1o ocu Y TpH I10-
Bopote aBTomMoOmis. [IpencraBieHHBIH Ha pUc. 2 BpEMEHHOM PsAl HE BXOAWI B MaccuB
PS10B, KOTOPBIA UCTIONB30BAICS VIS BBIPAOOTKH KPUTEPHSI.
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CoCTOsIHHIO CTa0MIBFHOTO IBHKEHUS B TIPUMEpPE COOTBETCTBYET NIBIKCHHE OOBEK-
Ta, KOT/Ia €0 YCKOPEHHE B TCUCHHE 33JaHHOTO BPEMEHHOI'O MHTEpBala HE M3MEHSETCS
Ha BenM4uHYy Oojpuie, yeM 10 % OT cpelHero 3HayeHWs] Ha 3TOM ke MHTepBaie. [lox
YCKOPEHHEM B JaHHOM ClIy4ae MOHHMAeTCsl €ro Crila)keHHOe 3HadeHue (0e3 IIyMOoBOH
COCTaBIISIIOLICH M C YUE€TOM UCKIIIOUYEHHS BBIOPOCOB).

[IpoBenennslii ananus rpagukos Ilyankape mis ygactkoB 1, 2 U 3 ¢ mOMOIIBIO
BBIPa0OTaHHBIX KPUTEPUEB IOKA3aJl, YTO YYacTOK 1 COOTBETCTBYET COCTOSIHUIO HecTa-
OUIBHOTO JBMKEHUS (puUC. 3,a), @ y4aCTKH 2 ¥ 3 — COCTOSIHHIO OTHOCUTEIHHO CTAOMJIh-
HOTO ABIKeHHA (puc. 3,0,B).

0,35

Yl

-03 -0,25 -0,2 -0,15 -01 -0,05 0

0,06

Y+l

Puc. 11. I'pagux Iyaukape, coomeemcmeyrowuii usmeHeHuro yckoperusi no ocu Y
Ha yyacmkax 1 (a), 2 (6) u 3 (8)

SKCHepTHaﬂ OLICHKA COCTOSHUA 06'I)eKTa pu IBUKEHUHN COOTBETCTBYCT MOJTYUCH-
HOM B pe3yJibTaTe MpoLeAypbl IOCTPOSHNUS U aHanu3a rpadukoB [lyankape.

3akouenue. OcOOEHHOCTB MPEACTABIEHHOTO crioco0a KiiacCu(puKaluy COCTOSIHUM
00BEKTa 3aKIIF0YACTCS B TOM, YTO HE BBIMOJIHACTCS MpeIBapHTENbHas 00paboTka CHIBHO
3alTyMJICHHBIX MCXOOHBIX JaHHBIX. DTO TO3BOJISET BBINOJIHATH KJ'IaCCI/I(bI/IKaHI/HO 0e3 J0-
TIOJTHUTEJIbHBIX TIPOLCAYP MOATOTOBKU JAHHBIX, HAIIPUMEP, aHAJIM3a U UCKIKOYCHHUSA BbI-
OpocoB, CTIIaKMBaHUHM JaHHBIX U Apyrux. [loatomMy peanusanms npoueaypsl Kiaccuduka-
IIMM BO3MO’KHA B PEaJIbHOM BPEMEHH B TIporiecce (pyHKIIMOHNPOBAHUS 00bEKTa ITATHBIMH
BBIYHCIIUTENILHBIME CPEICTBAMH MIPEUMYIIIECTBEHHO B (JOHOBOM PEXHME.

Cremyer OTMETUTD, YTO KOHKPETHAs IPOIeAypa OLIEHKH MOXeT ObITh MHOH. B nan-
HOM IIpUMepe B KadecTBe 0a30BOr0 KOMIIOHEHTA JarpaMMbl PAcCEsTHUsSI BBIOPAH MPsSMO-
YTOJIBHUK, TOCKOJIBKY IpoLexypa ero ()OpMHPOBAHHS BBITJISIUT JOCTATOYHO IIPOCTOM.
OpHaKo, BO3MOXHBI APYTHE TTOIXO.IBI K BEIOOPY KPUTEPHS M €T0 BEIYHUCICHHIO.

HOFpeH_IHOCTB ONIPEACIICHUA TPUHAIICKHOCTU COCTOAHUA 00beKTa K OOAHOMY M3
JIBYX KJIACCOB COCTaBWJIa BenwmuuHy He Oomnee 15 %. OneHka mMpoBOAWIACH C YIETOM
KPpUTCPpHUA NPUHAIICIKHOCTH K COCTOSTHUIO CTaOMJIBHOTO JABHXXCHUA, C(bOpMyJ'[PIpOBaHHO-
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My BoIe. OnpenesicHre CriakeHHOTO 3HAYEHUS YCKOPEHHUS Ha 3aJJaHHOM BPEMEHHOM
HHTEpBAJIE OCYIIECTBILIIOCH C MCIIOIB30BAaHUEM MOJIENN CTIIAKHUBAIOMIETO BPEMEHHOTO
psina nepBoit creneHu. Ha BeMUUMHY MOTPEITHOCTH CYIIECTBEHHO BIHMIET 00HEM BBIOOP-
KM 3HAUCHUI aHATM3UPYEMOT0 BPEMEHHOIO Psilia, KOTOpas B CBOKO OYEpPEb 3aBUCHUT OT
BEJIMYUHBI BPEMEHHOTO MHTepBaiia. OHAKO, YBEIMYCHHE BPEMCHHOTO WMHTEpBAJa MO-
JKET HE TOJHKO HE CHU3UT MOTPEIIHOCTh, HO U MPHUBECTH K HEBO3MOXHOCTU KJITACCU(PU-
KallUU COCTOSTHHM, TIOCKOJIbKY OH (DOpPMHUpPYETCsS Ha OCHOBE aHAIM3a OCOOCHHOCTEH Tu-
HAMUKH O0BEKTA U CYIIECTBCHHBIM 00pPa30M 3aBUCHT OT €r0 WHEPI[MOHHBIX CBOWCTB.

Hcnonp3oBanue AByX u OoJjiee KPUTEPUEB MO3BOIHUT YBEIUIUTH KOJIMIECTBO YPOB-
Hell KIaccupuKanuu u 0ojiee TOYHO HICHTH(UIIMPOBATH COCTOSTHHE 00BekTa. OqHAKO
KOJIMYECTBO YPOBHEH KIACCH(HUKAIMHA COCTOSHUI OOBEKTa OmMpenesseTcss pemaeMoin
3amaueil MOHUTOPHHTA W YIIPABIICHHS, & TAaK)Ke BO3ZMOJKHOCTBIO BBIJCIICHHS COCTOSHHNA
Ha OCHOBE KOHTPOJIMPYEMBIX MApaMETPOB U BBIMOIHIEMBIX 00BEKTOM (DYHKITHIA.

Tem He MeHee, IPOBEICHHBIA aHAIH3 TI0Ka3al, uTo rpaduku [lyankape Ha OCHOBe
00pabOTKK IKCIIEPUMEHTATBHOTO BPEMEHHOI'O pPsiia KOHTPOJIMPYEMOTrO MapaMmeTpa Mo-
ryT 6I>ITI:. HCIIOJIB30BAHLI AJIs1 OTCIC)KHUBAHUS UBMCHCHUSA COCTOAHUS 061,e1<Ta.
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X.M.B. Heye, B.I1. ®enocos, C.B. KyuepsiBeHKO

HUD®POBO YMHOXKHUTEJIbHO-IIPEOGPA3OBATEJIbHBIA METO]
W3MEPEHUS HECTABUJIbHOCTHU YACTOTbI KOJIEBAHUM
C IPUMEHEHHMEM CPE/1bl TIPOTPAMMMWPOBAHUS LABVIEW

Cmambs nayenena na usmepenue napamempos 2apMOHUYECKO20 NPOYecca YMHOICUMENbHO-
npeobpasoeamensvivbim Memooom. Mooenuposanue ocyujecmsunocs 61a200apst UCHOIb308AHUIO NPO-
epammnoil cpedvi LabVIEW, npumenumensio K yugposomy yMHOICUMETbHO-NPEOGPA306AMETbHOMY
Memooy, 2lasHble MOMEHMbL KONMOPO20 NPeoCcmasum 6 8ude Npospeccupyrowell Yyenouku: a) evipa-
b6omKa nepeo2o 2apMOHUYeCKo20 npoyecca; 6) nepemMHodCenue NOKA3amens nepeoco 2apMoHue-
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cKo20 npoyecca na wemvipe; 6) noctymnenue [s;(t)]* x nonocosomy dunstpy II®1, HacTpoeH-
HOMY Ha HaWBBICIIYIO YacTOTY, B JaHHOM ciy4ae 4wg. 2) [lapannenvro ¢ nomowwio cenepamopa
12 zenepupyemces émopoii ucxoomwiii cuenan S;(t); 0) Omo xonebanue ucnvimeieaem 6036edenue
6 namyl cmenenn, e) ucnoawvsys guremp D2, nacmpoennviii Ha wacmomy Sw,, vidensem ns-
myto eapmonuxy é) Ilonyuennvle HaA BbLIXO0AX YUILIMPOE CUSHANLL CKIAOLIBAIOMCA U PE3VIbMAm
cymMMbl nodgepaaemcs HeruHeliHoMy npeobpazosanuio sc) Omcroda us pe3yrvmupyouje2o Kéao-
pama cymmol CUSHANIO8 U UCNOIb3YS NO0C080U Punomp TID3, usenexaem auuib HUSKOUACMOMHYIO
2apMOHUKY, obradaiowyio uacmomou wg 3) 3amem nocpedcmeom npeobpazosanus I unebepma u3z
2APMOHUKU U3BTIEKAEM NOTHYIO MEHOBEHHYIO (DA3Y U OHA CIMAHOBUMCS 0OBEKMOM Onepayuu npo-
U3B00HOU, YMO NPUBOOUN HAC K NOJYYEHUIO (DYHKYUU MCHOBEHHOU YACMONIbL, XAPAKMepU3youeti-
¢ Qukcuposannoli oucnepcueil. u) Pesyrsmupyiowuii nocie ucnonb308aHUs YMHOICUMETLHO=
npeoopaz0eamenbHblX Onepayull 3aKoH QIYKmMmyayuil 4acmomel CpaGHUBAemMcs ¢ 3a0AHHOU Yac-
momotl, u npucmynaem K onpeoeieHu0 Mamemamuiecko2o 0JICUOAHUs U CPeOHEK8AOPAMUYECKO-
20 OmKNOHeHUs. 3axuouenue 0 HeCmabunbHOCMU Yacmomyl 0eldemcs: UCX005 U3 NOJYYEHHbIX
pacxocoenutl. [Ipumenus Henunelinvie npeodpPA308anus KOIeOAHUL, NOXOHCUX NO HECAOUTbHO-
CMu 2eHEPamopo8 U NOLYHUE MeM dHce NYMEM KoleOanus 3a0aHHO YaCmonmbl, YCMAaHAeIusaemcs
usmepsaemas HeCmabunbHOCMb no yacmome. Eciu npumeHums 3mom cnocob MHO20 pas K Koieba-
HUAM 8bICOKOCMAOUTLHBIX YCMPOLUICM8, y0aémes ebipadbomams Konebanue ¢ N08bluleHHOU Hecma-
OUNLHOCMbIO, a 3aMmeM OYeHUMb ee OOCHIYNHbIM UsMepUmenbslm 06opyoosanuem. Takum obpa-
30M, 00x00uM 6e3 bonvwux 3ampam, ebINONHAA dmy onepayuro. /lanee onpedenrumsv NepeoHa-
YANLHYIO HeCMAOUNLHOCTb QOPMYIAMU, NPUBEOEHHBIMU 8 DTNOU CHAMbU.

Cpeonexsadpamuyeckoe OmKIOHeHUe, (a306blil WLyM, YMHONICUMENbHO-NPeodPA306amelbHble
onepayuu; MamemMamuiecKoe 0xXCUOaHue, 2apMoHUYecKoe Konebauue; 8036edeHue KoneOaHus 6
CMmeneHb, KpamKo8peMeHHAs HeCMAOUILHOCHb YACHIOMY.

J.M.B. Nsue, V.P. Fedosov, S.V. Kucheryavenko

DIGITAL MULTIPLIER-CONVERTING METHOD FOR MEASURING
FREQUENCY INSTABILITY USING THE LABVIEW PROGRAMMING
ENVIRONMENT

The article is aimed at measuring the parameters of the harmonic process by the multiplica-
tion-conversion method. The simulation was carried out through the use of the LabVIEW software
environment, as applied to the digital multiplier-conversion method, the main points of which are
presented in the form of a progressive chain: a) development of the first harmonic process; b) the
multiplication of the indicator of the first harmonic process by four; c) the arrival of [s; (¢)]* to
the band-pass filter PF1 tuned to the highest frequency, in this case, 4w, d) simultaneously, using
the generator 72, a second source signal s, (t) is generated; €) This oscillation is raised to the
fifth power, f) using the filter PF2 tuned to a frequency of 5wy, select the fifth harmonic g) The
signals received at the outputs of the filters are added and the result of the sum is subjected to non-
linear transformation h) Then, from the resulting square of the sum of the signals and using a
band-pass filter PF3, we extract only the low-frequency harmonic with the frequency w, i) Then,
using the Hilbert transform, we extract the total instantaneous phase from the harmonic and it
becomes the object of the derivative operation, which leads us to obtain the instantaneous fre-
quency function, characterized by a fixed dispersion. j) The law of fluctuations of the frequency
resulting from the use of multiplication-conversion operations is compared with a given frequency,
and we proceed to determine the mathematical expectation and standard deviation. The conclu-
sion about the frequency instability is based on the discrepancies obtained. Applying nonlinear
transformations of oscillations of oscillators similar in instability and obtaining the oscillations of
a given frequency in the same way, the measured frequency instability is established. If you apply
this method many times to the oscillations of highly stable devices, you can develop an oscillation
with increased instability, and then evaluate it with available measuring equipment. Thus, we by-
pass without high costs by performing this operation. Then, determine the initial instability by the
formulas given in this article.

Phase noise; multiplier-conversion operations; mathematical expectation; and harmonic oscil-
lator; raising the oscillation to a power; short-term frequency instability; and standard deviation.
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Beenenne. [Ipenu3noHHbIe TeHEPaTOPhl UTPAIOT BAYKHYIO POJIb B BEICOKOCKOPOCTHOM
CBsI3W, HaBUTalMH, KOCMHYECKOM CIIEKEHHH, 30HIUPOBAHNH JAJIBHETO KOCMOCA U BO MHO-
TUX APYIHX BaKHBIX cdepax NMpuMeHeHus. M3MepeHwe YacTOThl MX CHIHAJIOB, a TaKKe
obecrniedeHre €€ CTaOWIFHOCTD MPEICTABIIIOT COOOH aKTya bHBIC 33/1a9l B MOICPHHU3UPO-
BaHHBIX PAZMO3IEKTPOHHBIX cucTeMax. I[IprOopsl, CIOCOOHBIE COBEPIIUTH 3TH M3MEPEHUS
9TO YacTOTOMEPHI, UMEIOIINE OIpEEICHHBIE CTENEHN YyBCTBUTEILHOCTH. B HacTosiee
BpeMs HaWIydIlie N3MEPUTENIbHBIC IPUOOPEI B CHIIaX OOHAPYKUTh OTHOCHUTEIBHYIO HECTa-
GIIIBHOCTD, PACIIONOXKeHHyI0 B mpexenax or 10 °~10!, Cambie craGuibHEIC KBa3HTapMO-
HUYECKHE KOJICOAHMsI, TapaHTUPYIOIINE CHHXPOHU3ALMIO IU(POBBIX CETEH CBS3U, UMEIOT
OTHOCHTEJIEHYIO HECTaOMIBHOCTh YacTOThI TIOPSIIKa OT 107" 10 10™ u MenbIme 3a 2 cex.

B mocnenHue rosl HEpenIKoO BCTPEYalOTCs TPeOOBaHMSI 00ECTICUUTh BBICOKYIO CTe-
neHb (a3oBOro IIymMa B IepeJaTyvkax U NPUEMHHKAX CETeH CBS3H, COCPEAOTOUCHHBIE
Ha MOIITHOCTH HepeJaTYMKOB, ITyMOBOW TeMIepaType MPUEMHHUKOB M JHana3oHe 4acToT
3aIIaHMPOBAHHBIX 00BEKTOB cliekeHus. Hanpumep, TpedboBanue rapantuposats 0,2 paa
B Jara3oHe 4aCcTOT ACHUMETPOBBIX U CAHTUMETPOBBIX IJIMH BOJIH IJIA IMUPUHBI IOJOCHI
JIBYXCTOpOHHETO myma 5 I'l mpuMeHnTenbHO K (ha30BOM HECTAOMIBHOCTH KaKHX-TO
MIPUEMHBIX YCTPOUCTB [1].

HayHeM ¢ BBINOJHEHHEM CaMBbIX Ba’KHBIX T€OPeTHYECKHX BBIKJIAJ0K, KOTO-
pBIE JIe)KaT B OCHOBE MPEIaraéMoro YMHOKHTEIBHO-IIPEeoOpa3oBaTENbHOIO METoJa
N3MEpEeHNS OYCHb HE3HAYMTEIBbHON HecTaOmIbHOCTH YacToThl. Ha mepBom stane, anro-
PUTM H3MEPEHUs], B 3TOH CTaThu, IS NMPOCTOTHI, PACCMOTPHM Ha NPHMEPE OJHOTO W3
YaCTHBIX CIIY4YacB IMPUMEHCHUA JAaHHOI'O METOZa, Korjia 00BEKT HCCJIICAOBAHUS ABJISICTCA
JBYMsI TADMOHUYECKUMHU KOJEOaHUSMH, C MPUOIU3UTEIBHO OJMHAKOBOW HEYyCTOWYHBO-
CTBIO, TTOKa3aTelib N BIOEPEM paBHBIM YeThipeM N = 4.

B ato0ii pabote 3TOT crocod OyAeT IpOorpaMMHO OCYIIECTBIITHCS Oilaromaps nepe-
xony B namepenne KHY nuib eqMHOrO BBICOKOCTAOMIIBHOTO FEeHEpaTopa, HE3aBHCUMO
OT 3HAa4YeHUs MoKazaTessi N, K KOTOPOMY TI0/IBEPraeTcs CUrHaJ.

Taxum 06pa3om, OCHOBHasI Haes nepBoro crocoba mist m3Mmepenuss KHY cocront B
TOM, YTO NIPH HATWYNH JBA TAPMOHHYIECKUX CHT'HAJIOB

51(t) = Agcos[wot + 91 (8)] u 52(t) = Agcos[wot + @, (D],
OTIUYAOIIUXCA JIMIIb UX (I)a?;OBI)IMI/I mymMmaMiu, B TO BpEMA KaK OCTaBHIMECA IMapaMETpPhI
MEXIy co00M SBIAIOTCS 10 MX XapaKTepHCTHKAaM OLIEHKH SKBHBAJICHTHHIMH. Pearnisa-
man @4 (t) u @, (t) npencTapiasioT coboi cirydaiiHble QYHKIMH (a30BOM HEYCTOHUHBO-
cTH napsl KojeOaHui. MIcTOYHNKN 3THX KOJIeOaHUH MpeACTaBIsIIOT CO00M He3aBUCUMEIE,
HO OJHOTHITHBIE TeHepaTopbl. Pa30BbIe HEYCTOWYMBOCTH JIaHHBIX pealM3aliil YHCICHO,
HpI/I6HI/I3I/ITeHLHO OAWHAKOBBI, TaK KaK UX JUCTIEPCUAMU 0'2 PpaBHbI, KaK OCHOBHOM napa-
METp, 110 KOTOPOMY NPHHATO OLEHUTh KOJIWYECTBEHHO MaciiTal (a3oBoi HEyCTOWYHBO-
ctu nroboro reHeparopa. [IpuBenéHnble koneOaHHsT CTAHOBATCS OOBEKTOM Ipeobpazo-
BaHUSI, HIKE MPUBEJICHHBIM aIroputMom, puc. 1 [2].

TeHepaTop Si(t) BosseneHne B Monocoeon | 4Wo, 49:(t)
r wWo, @s(t) 4-10 cTeneHs dunbTp N1
| Cymmarop I—
TeHepaTtop Sa(t) BoasegeHie B TlonocoBon
rz wo, Pa(t) 5-10 CTeneHb unbTp NO2 5wo, 50a(t)

Keanpato TMonocoeon | Wao[592(t) - 40:()]  [Tipeobpasosatens
aapaTop chunsTp NP3 Mne6epta

W(t) = wl + 59s(t) - 491(%)

TIvdbepenumpyrowas | @) [[Henurens | f() [Bomucnutens | 67 [Winaukatop
uenb Ha 21 CKO CKO

Puc. 1. CmpykmypHas cxema nepeoeo YMHONCUMENbHO-NPeoopa308amenbHo20
aneopumma usmepenus HeCmaobuIbHOCMU YaACmMomal
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Takum 06pazom, 00JaaeM MEPBBIM HCXOIHBIM CUTHAIIOM Sy (t) Ha BBIXOJE TeHe-
paropa I'l ¢ Heko# (ha3oBOM HEYCTONIMBOCTBIO @4 (t):

51(8) = Agcos[wyt + ¢4 ()], @
YHUCIICHHO (ha30Bast HEYCTOMUMBOCTH (4 (t) ompenensiercst CKO o. Iokasarens curHama
51 (t) ymHOXaercs Ha ueThipe [3]

[s1()]* = Agcos*[wot + @1 (B)]. 2

IIpocTedmuMu TPUTOHOMETPUICCKUMH MPEOOPA30BAHUAMHU OBLIO TOKA3aHO, YTO

cnexTp konebanus [s;(t)]* obnamaer mocTosHHON COCTABNAIOMIEH M JABYMsS YETHBIMH
rapMOHHUKaMH Ha 4yacToTax 2wy U 4wy:

4 4 4
[s;(O]*=3 % + ? cos[2wot + 294 ()] + %cos[élwot +49,()]. ()

Ionyuennoe xonebanue [s;(t)]* nocmynaem x nonocosomy uavmpy DI, na-
CMPOEHHOMY HA HAUBLICULYIO, 8 OAGHHOM clyyae yacmomy 4wy. dmom guremp nponyc-
Kaem IUub 2APMOHUYECKYI0 COCMABGNAIOWYI0, Yacmoma W MTHOBeHHas (aza xomopoii
4w, ¥ 4@, (t) COOTBETCTBEHHO.

Uy (t) = Ugcos[4wot + 44 (t)]. (4)
HyXHO NOAYepKHYTh, YTO HEYCTOWYMBOCTH (ha30BOr0 IIyMa JAHHOTO CUTHaJa
(01 = 40) crana 4yeTBepHO#l HecTaOMIBLHOCTH (Ha30BOTO IIyMa MEPBOHAYAIBHOTO CHI-
Hana s, (t).
[TapannensHO ¢ moMoLIpI0 reHepaTtopa ['2 reHepupyercss BTOPOM MCXOIHBIM CUT-
Hal S,(t) He MEHsSA YacTOTy Wy M C MPUMEPHO HICHTHYHBIM KOJIMYECTBOM TI0 O CIIy-
YalHOW MTHOBEHHOH (hasbl @, (t), HO 6e3 Koppensauu ¢ @4 (t):

5,(t) = Agcos[wot + @, (t)]. ©)]
9T0 KOHe6aHI/Ie HUCIIBITBIBACT BO3BCIACHHUEC B HHTyIO CTCIICHb
[s2(D)]° = AGcos®[wot + @, ()] (6)

CrekTp pe3ybTHPYIOLIEro curHaia Oyzaer obsazaTe TpeMs TapMOHUKAMH Ha dac-
TOTaxX He KPaTHBIX JIBYM Wq, 3w U Swy:

5 _ 548 543
[s,(®)] 5 cos[wot + @, (t)] + " cos[3wyt + 3¢, ()]+
5
+f—2cos[5w0t + 5¢,(t)]. @)

[MomoOHO TepBOMY COOBITHIO UCTIONB3Ys GMIBTP [/D2, HACTPOCHHBIH HAa YacTOTY
5wy, BBIJEISIEM TIATYIO0 TADMOHUKY U BBIX0Z (uiibTpa [1@2 nponycKaeT UCKIYUTEIbHO
rapMOHUYECKYI0 COCTABISIOIIYK0 ¢ HauBbiciied wacrotoit U, (t) = Uycos[Swyt +
S5p2t. 3apuKcUpyeM, YTO HEYCTOWIMBOCTH (Pa30BOT0 IIyMa 3TOTO CHTHaNa (02=50)
CTaya yIsITepeHHOM HecTaOMIBHOCTH (pa30BOTO IIyMa MIEPBOHAYATIBHOTO CUTHATA S, (t).
CuntaeM Uit IPOCTOTHI, YTO aMIUIUTYAbl cocraisiomux U;(t) u U,(t) Ha BBIXOIAX
¢mreTpoB [1D] u 11d2 >kBUBaTICHTHHI U paBHHI U.

[omydeHHbIe HA BBIX01AX (QUIBTPOB CUTHAIIBI CKIIA/IBIBAIOTCS:

U, (t) + U, (t) = Up{cos[4wot + 4@, (t)] + cos[Swot + 5¢, ()]} (8)
U pe3ynbTaT CyMMBI HOBEPraeTCs HelMHeHHOMY Ipe0oOpa3oBaHuUIO:
(U1 (t) + U, (8)]? = U2{cos?[4wyt + 49, ()] + cos?[Swyt + 5¢,(t)] + 2cos[5wyt +
Sp2tcosdw0t+4p1t=002 coswOt+5p2t—4p1t+002
cos[9wyt + 5¢,(t) + 40, (0] + UZ + %Ug cos[8wyt + 8¢, (t)] + %Ug cos[10wyt +
10p2t
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Orcrofa u3 pe3yNbTUPYIOIIETO KBaApaTa CyMMBI CHTHAJIOB M HCHOJB3Ys IOJIOCO-
Boil ¢pmipTp /I/P3, M3BIEKaEM JIUIIb HU3KOYACTOTHYIO TAPMOHHUKY, KOTOpasi COCTOUT U3
Pa3HOCTHOM YacTOThl Wy = 5wy — 4wy, COOTBETCTBYIOIICH YacTOTE MEPBOHAYAIBHBIX
curHasios [4, 5], u xoropas BkioyaeT B cebst pasHocTHy o dasy: [5¢,(t) — 49, (1)].

3aTeM mocpeACTBOM mpeobpasoBanust ['mibOepTa W3 TApMOHUKH U3BJICKAEM I10JI-
HYIO MCHOBCHHYIO (pa3y

(1) = wot + 5¢,(t) — 4, (1) ©)
I[anee IIOJIHAA MIHOBCHHAsA d)a3a CTaHOBUTCS O0OBEKTOM oncpannun HpOPBBOI[HOﬁ,
YTO NPHUBOJAUT HAC K INOJTYYCHHIO q)yHKHI/II/I MT'HOBEHHOM YaCTOTHI

w(t 1 dy(t) 1 d[5¢2(t)—4¢p1(t)]

() =52 = 0 = o, + 00l (10)
21 2m dt 21 dat

HEKOM CMECH Tapbl CUTHAJIOB C KOJICOIOIIMMU CITydaiiHO (ha3aMu, XapaKTepHU3YIOIIasCs

(UKCUPOBAHHOW JUCHCPCHUCH: AJMUTHUBHAS JUCICPCHS JIMHEHHOTO MHOXKECTBA Maphl

Cciy4yallHbIX peanu3aluil HaXOAUTCs, KaK MPUBEIEHO HUXKeE:
¢ = 02 + 02 + 2Ro,0,, (12)

rae o; U g, — coorBerctBeHHO CKO cityyaiiHbIX MTHOBEHHBIX U3MEHEHU (ha3bl 4 (t)
1 5¢,(t); R — MHIEKC KOPPEIAIMH CITyYaifHbBIX peann3anuii ¢4 (t) u @, (t).

Cirygaiiasie peanuszamun @4 (t) u @, (t) mpeacTaBistoT co0oif HE3aBHCHMEIE CITY-
JajfHple QYHKIUH, a 3HAYUT, HHICKC KOPPEAUA R MEXIy HUMH MOXKHO 3aMEHUTH Hy-
JIEM U NIOJIyYUTh

¢ = 02 + o2 (12)

VYBenuunBas (a3oByr0 HECTAaOMIBHOCTDH 3a CUET BO3BEACHUS KoJicOaHMA B 4 U B 5
CTENEHb COOTBETCTBEHHO, I10JIy4aeM

0, =40 uo, =50. (13)
Crenyer uro CKO ¢azoBoit HecTaOMIBHOCTH COBOKYITHOCTH JABYX pEali3allum:
oy = \Jo? + 0} = V1602 + 2502 = 6,40. (14)

Wunexc 6,4 B Beipaxkennu (14) o3Ha4gaer, 4T0 HEYCTOHYMBOCTh YaCTOTHI CHTHAJA
MOBBICHJIACh BO 6,4 pa3 3a cUeT peajM30BaHHbIX TpaHC(OpPMaIUil CPaBHUTENBHO C HEYC-
TOMYUBOCTHIO MEPBOHAYATIBHBIX KOJIeOaHu#t ¢ ucrounukos 'l u I'2.

Wtak, 6bUT H3y4YeH alTOPUTM OIECHKH OY€Hb MEJIKHX 3HAUYCHHH KPaTKOBPEMEHHOI
HECTaOMIIBHOCTH YaCTOTHI, KOTOPBIN JIKHUT B OCHOBE YMHOKEHHUH (DIYKTyaldil 9acTOTHI
MapajyiesIbHO ¢ YMHOKEHHEM caMOol 4acTOTHl. B urore Tpyaa aaropurMa, ienaeM BBIBOJ
0 TOM, YTO HEYCTOWYMBOCTh 4aCTOTHI HEOJAHOPOJHOIO CUIHAJa yBEeIMYMWIAch B 6,4 pasa
0 CPEAHEKBAPAaTHUECKOMY OTKIIOHEHUIO U B 41 pa3 mo aucnepcuu. ITO yKe eCTh MOo-
JIOXKNTENBHBIA UTOT, HO HIDKe OyIeM paccMaTpuBaTh eIle OJIUH, Oojee 000OIIeHHBIH
MPUHIUI OCYILECTBIECHHUS JAHHOTO aArOpUTMA.

1. Bropoii cniocod peanu3alu YMHOKMTeJIbHO-NIPe00pPa30BaTeIbHOIO AJro-
purma uzmepenuss KHY u ero ocymecrBiaenus B LabVIEW

1.1. Ocnognpute nonosxcenus. J1o 31oro yxe ObIJIO IPOJEMOHCTPHPOBAHO, YTO OYEHB
Mmanyto KHY BbICOKOCTaOMIIbHBIX CHUTHAJIOB HEJIb3sl OLEHUTH Cpa3y B IPaHHLIAX CEKYH/HO-
IO MHTEpBajJa BPEMEHH. CIEJOBATENbHO B PEATbHOCTH YTOOBI PELINTh 3Ty W3MEPHUTENb-
HYIO 3aJa4y HY>KHO TIPIMEHHTH MPE/ICTABICHHBIC B HACTOSBINEH CTaTb YMHOKUTEJIbLHO-
npeodpa3oBaTeibHbIe IPUEMbI, B OCHOBE KOTOPBIX (OPMHUPYIOTCS aJITOPUTMBI M OCYIIle-
cTBisieTcs penienue 3anaun oreHkn KHY. J[aHHBIN anropuTM MoJIO)KEH B OCHOBE psijia
CTyNeHYaTo TpaHc(OpMAaLHil TepBOHAYAIBEHOTO CUTHANA C XKEJTaHWEM MOBBICHTh HEYCTOM-
YMBOCTh 4acTOTHl Ha Mopsiaku. [locie coOTBETCTBYIOIIEro YBEINYEHHS! HECTAOMIBHOCTH
YacTOTBI MBI MOXEM COBEPILIHTH €€ OLIEHKY OPJMHApHBIMHU CIIOCOOaMH JIMCKPETHOTO CYe-
Ta, U B 3aKIIOYUTENBHON CTaJAUU MOCPEICTBOM COOTBETCTBYIOILErO IMepecueTa HaWTu
UTOTOBYIO HEYCTOHYMBOCTD YAaCTOTHI IEPBOHAYAILHOTO KOJIeOaHNsI.
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TyT Hy’)XHO noA4YepKHYTh, 4YTO U cama KHY u ee koaumuecTBEeHHas OLIEHKA, MOJY-
YEHHas! MOCPEJICTBOM PEalbHBIX WIH YCIOBHBIX HKCIEPUMEHTOB 3TO CIydalHBIE BEIU-
uynHbl. Takum oOpa3oM, onerka KHY cama oOnamaeT onpeieneHHON AUCIICPCUCH, U ee
MOXKHO TIPEJCTaBUTh B LU(pax JHMIIb UCIOJIb3Yys BEPOSTHOCTHBIC XapaKTEPUCTUKU —
Mmaremarnueckoro oxunanus u CKO. Ilo 3Toif npuumHe Bce BUPTYyajbHbIE MPHOOPHI,
KOTOPBIE UCHOIB3YIOTCS AJIS pEIICHHs 3a/1a4 B JAaHHOM CTaTbU, CBSI3aHBI CO CIIydallHBIMU
BEJIMYNHAMH, U3 3TOTO BBITHIKAET HEBO3MOXKHOCTh OIpEAEIeHNs, HanpuMep Koadduiu-
€HTa YBEJIMYCHUS! HEYCTOWYMBOCTH YacTOTHI Oe3 MOTPEeIIHOCTeH, T.K. OH TOXE Cllydaii-
HBI Tapametp. Kctatu 3Ta paboTta m He TOCBsAMIEHa a0COMIOTHO TouHOU orenke KHY,
Jla 3TO TMIPAKTUYECKH U HEBO3MOXKHO. OCHOBHOE — 3TO OIIEHUTH YPOBEHb CYIECTBYIOLICH
HEeCcTaOWIBHOCTH, APYTUMH CIOBaMH, ONIPEACINTh B KaKUX MPEAEIax OHa pacloiIoKeHa,
Hanpumep, oTHocutenbHass KHY npumepHo paBHa 107, wmwr 1078, s 1072,

B nmaHHOI cTaTbe paccMaTpHUBAeTCsl HOBEHINMN alrOPUTM YMHOXKHUTEIBHO-
peoOpa3oBaTEeIbHOTO METO/A, CTPYKTypHAs CXeMa KOTOPOTO MOKa3aHa Ha puc. 2.

HOJI‘IepKHCM, YTO OTJIIMYME MCKAY paHCC NPEACTAaBJICHHBIM aJITOPUTMOM, COOTBET-
CTBYIOII[asi cCXeMa KOTOpPOro MpUBEeHa Ha puc. 1 U rie ObUH Hcciel0BaHbl 1Ba FeHepa-
TOpa ¢ MPUMEPHO UAECHTUYHOH HEYyCTOMYMBOCTHIO M BO3BEACHUEM B CTENEHb 4 u 5 mep-
BOHAYAJIbHBIX CUTHAJIOB, U aJITOPUTMOM Ha PUC. 2 B TOM, YTO BTOPOH alrOpUTM, UMEET
JABa CYIECTBCHHBIX JOCTOMHCTBA.

C oJHO# CTOPOHBI, OH JaéT BO3MOXKHOCTh orleHnTs KHY nuiis onHOro reHeparo-
pa, a He Mapbl UICHTHYHBIX T€HEPaTOPOB, YTO CHUMAET HEOOXOIUMOCTh HMETh K 3KCIIe-
PUMEHTY J1Ba OJMHAKOBBIX F€HEPATOPA, UMEIOIIUX PEAbHO BBICOKOH yCTOWYHMBOCTBIO,
YTO 3aCTaBWIIO OBI, KAK MUHUMYM, Hac A€JIaTh OOJNBIINE MaTepHATbHBIE 3aTPAThI, YTOOBI
npuodpecty 3TH reHepatopsl. C Opyroil CTOPOHBI, AaHHBIA AJITOPHTM CIIOCOOCTBYET
PCILICHUIO 3a/aull YBEIMUYCHHS HECTAOMIBHOCTH B ONPEINEAEHHOE YUCIO Pa3 sl BBI-
6paHHOFO 3HAYEHMs TIoKazaTens creneHu N. B To BpEMsA KaK B CTCIICHDL N BO3BOAUTCA
OJlHa TIOJIOBMHA CilydaifHoro mpouecca S(t), a BTopas yacTh Ipolecca BO3BOAUTCS B
crenenb N+1. Baxno, uTo 3Ta pamuduKkalms cUrHaia Ha JiBE COCTaBIsIoIIne (akTHde-
CKH CTIOCOOCTBYET YCTPAHEHUIO B3aWMOCBSI3M MEXKIY dTUMHU MOJOBHHAMH. UTO mpuBO-
JMT K OOHYJICHHIO KOA(G(QHIMEHTa KOPPEISILMA MEXILy HUMHU. A 5TO, B CBOIO Ouepe/ib,
JaéT BO3MOXKHOCTb CUMTATh KOPPEKTHBIM BhIpakeHue (12) a1 HaXxoXIeHUs aINTUBHON
JUCTIEPCU.

I'eHepaTop A0 YMHOXUTEND, P(t)y=2xfot + Ao(t) lenepatop s(t) = cos¥(t)
peanusauuu » CcymmaTtop, »  rapmMOHUKW
Af(t) 1, Fimax MHTErpaTop fo, oy s(t)
si(t) [ Boaseaenue B TTonocoBoiA 2nfot
Jenutens n-10 cTeneHb dunbtp (nfy) Noy
> maccuBa s(t) Cymmartop |—
wa gee vactu | (1) [ Bosseaenne & Monocoson | 2z(n+1)fgt
(n+1)-t0 cTeneHb Punbtp (N+1fo | (n+1)ay
\_»{ HernnnhelHoe TMorocoson | Sw(t) =cos(2fot+4¢,,(t) [ TipeoGpasosaTerns
YCTPOWCTBO punbtpfy | . 1) o Twnbbepta

ot f(t
I—»,El,w:tmbepeHumpylou.Laﬂ —()> Oenutens ﬁ» Bbluncnutens (»  MHavkatop CKO

uenb Ha 21 CKO fﬂ:*fnﬂj: a

Puc. 2. Cmpykmypuas cxema MoOepHU3UPOBAHHO20 AN2OPUMMA USMEPEHUS
HecmabduIbHOCMU YaACMOmbl
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1.2. Onucanue BII4 « YIIM ona 3adannoit f(t) u n». Beime npeacTaBieHHBIH ai-
TOPHUTM SIBJISICTCS PYHIAMEHTOM BUPTyaibHOTO mprubopa BIT4 «VIIM mist 3amannoii f(t)
u ny. Jlunesas nanens BI14 npuseneHa Ha puc. 3, a Oy0K-auarpaMma — Ha puc. 4.

Hcxonnble nannble Kk padore BII4, kak u npexne, SBISIOTCS YacTOTOH TUCKpeTH3a-
uuu F; 1 JUIMTENBHOCTBIO peain3alil Tp, 3HAYCHUEM LICHTPAJbHON YacTOThI CHrHANA f
1 TIapaMeTpaMH, OTPEACIIONIMI HEYCTOMINBOCTh YaCTOTHI CHTHaA, a mMeHHO ee CKO
Of U MaKCHMaJIbHOI 4acToTO# Fpq, B CHEKTpe MIHOBEHHOM dacToThl f (t). Kpome storo,
(uKcupyeTcsl 3HaYEeHHE TOKa3aTels CTENeH: N U N + 1, KOTopsIM OyayT mMoAgBeprarbes
npoueccsl curdana s(t) [yis rapaHTHpPOBaHHA IPOU3BOJAUTENBHOCTH YMHOKHUTEIBHO-
npeobpazoBarensHoro Merona (YIIM), u B kauecTBe pe3ysibTaTa 3TOr0 HE3HAYHUTENbHAs
HEYCTONYMBOCTh YAaCTOTHI CUTHaNA Oy/IeT YBEIMYMBATHCS B (PUKCHPOBAHHOE YHCIIO Pa3.

e 12
i ol 10000 30 mcre Y31 [GHROE
ficon 5 s T ———y
os]
sono
b e T ——
! o) 4 o — 4
3 o H CEEETEER 13,41 CETeee
mone | o | Sl
o ot o
P
: B . (900000 MO nah rap.
u @z cxonmop [caror
iu op0r oozt |
e e —— Soee Dmmap -
0 o) m0s 780900 A0 4980 9108 DOZ0 9040 125" om &
Dot — —_—
u s |
L B s, (1309058 0 wdakrap
X i
2w oL
i E oo e |
— : . 3 e .
0 e o s s apm oo wiee '] (1056 omuenlio -drpm—
taerem Fn pounc Hacrora P
Tabmiaem 2.5. Koxpduument pocta HecTaBILTLHOCTIE HACTOTM 1% PAATINIBIX 1
n 2 <‘ HE tz“‘t‘d‘m 2 H‘.‘oi.‘* 30 ,u‘m\
Ve e 17 361 | 500 [ 308 [ 731 [ 922 [ 1089 [ 1208 [ 1335 [1hr | 10 2033 | 38 [s007 w13 502 [ 78|

Puc. 3. Jluyesas nanenv BI14 « VIIM ons 3a0annot f(t) u ny

+ s B E

- - g
e A —_
b e [ i BB =
- ] A | ey [ e .
P e B AE

=

140 1 -k ragu,

CED e i rapu.

Jre— ‘

[orig wens necras]
= e

[::, CT

Puc. 4. Brox-ouaepamma BI14 « VIIM ons 3a0annoi f(t) u ny

OrpanmdeHo orumiercs nporece GpyHkponuposanus BI14, nomuepkuBas oCHOBHbIE
mary. JI7si Hagana ocymiecTBisieTcs JOPMUPOBAHUE CIyYailHOW (PYHKIIMU BpEeMEHH, KOTO-
pag uMeeT (M3WYECKYI0 HHTEpIpeTanyio (IyKTYalHOHHBIX TpaHC(HOpMAaIUi YacTOTHI
Af (t). Ona Brmrouaet B cebs 3aannoe 3Hauenre CKO of ¥ MaKCHMaIbHYIO YacTOTy Frp gy
Jlarnee Tioy9gaeM peansaliio MIHOBEHHON 9acToThl f(t) = f; + Af (t), peanusanust KOTO-
PO BBIBOAMTCS HA HMHAMKATOp. 3aT€M COBEpINAETCSl IIEPeX0]l B KPYroByIO YacTOTY
w(t) = 2nf(t), nocie 3TOro MOCPEACTBOM OIEPALMH HHTCTPUPOBAHHS [IOTyIAEM IIOJIHYIO
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MrHoBeHHyI0 (azy P (t) = fot w(t)dt, BpemMeHHast AUarpaMma KOTOPO BBIBOIUTCS HA JIH-
LEBYIO TaHeNb. B KOHIle HayanbHOW cramuu BhipabarsiBactes curuan s(t) = cosy(t) =
co s[2mfot + @(t)], nmerommii 3aJaHAYIO YACTOTHYIO HECTAOUIEHOCTE O

YToOBI OCYIIECTBUTE YMHOKHUTEIFHO-TIPE0OPA30BaTEIIBHBIN METO/I HYKHO 00J1aiaTh
IBYMSI COBOKYITHOCTSIMH OTCYETOB CHTrHana S(t) ¢ MICHTHYHBIMU YaCTOTAMH f; H C SKBH-
BAJICHTHBIMA HEYCTOHYUBOCTAMH YaCTOTBI Of, KOTOPYIO TPEOYETCs OLEHHTh IO OKOHYa-
HUIO dKCTieprMeHTa. YToOBI OJIyYHTh TaKHe COBOKYIHOCTH OCYIIECTBIEHHBIN Ha Mpe/bl-
JyIIed CTaJMyd MacCHB 3HAYEHMH curHaia S(t) JenauTcs Ha JBE PaBHBIE YaCTH, OJHA OT
Hayaja M J0 CeperHbl MacCHBa, BTOpas OT CEpEelUHBI 0 KOHIA. B urore mMerorcs npa
HEKOPPEJIMPOBAHHBIX CHTHAJA, TMEPBBIA M3 HUX IOJBEPraeTCs ONEpaliy BO3BEICHUS B
CTENEHb N, a BTOpoe — B cremeHb N + 1. JlaHHas TpaHc(hopMamusi CUTHAIOB SIBIISETCS
MIPUYMHON TOSIBIICHNS TAPMOHUK Ha KPAaTHBIX YAcTOTAX, JOIMYCTHUM, YTO N YETHOE, TOTJa
BO3HHKHYT I'APMOHUKH Ha YacToTax 2fy, 4fy,... nfy, a it n + 1 Ha HEYETHBIX YacTOTaX
3fo: 5f0,-.. (n + 1)f,. BpeMeHHbBIC U CIEKTPaIbHBIC PEATU3AIUU CUTHAJIOB, TTOJYYCHHBIX
myTéM BO3BEJICHUS B CTEIICHB, BRIBOISATCS Ha JIUICBYIO MaHe b pudopa BII4.

Jo sToro ObLIO MPOAEMOHCTPHPOBAHO, YTO AOCOJIIOTHAs 4YacTOTHAs (GIIyKTyarws
BBICOKMX T'apMOHHK C yacTotaMu nfy u (n + 1)f, moBbIIaeTcsi COOTBETCTBEHHO B N U
n + 1 pa3. JlaHHbIC BHICOKHE TAPMOHHUKH M3BJIIEKAIOTCSI N3 CUTHAJIOB OJaromapsi COOTBET-
CTBYIOIINM TOJIOCOBBIM (DHIIBTPaM, M U3 MOJTYYCHHBIX MACCHBOB BBIYMTACTCS HadalbHas
gacTh 31eMeHTOB (10%), B KOTOpOI MPOUCXOIAT HEepPEeXoJHbIe MPOIecCchl. BpemenHsie n
CHEKTpaJIbHBIC peaNn3alii TAPMOHHK, OYMIIEHHBIX OT MEPEXOAHBIX IPOIECCOB IPOITYC-
KaroTcsi Ha mHAUKarop. Ilocie 3Toro xonebaHns! CTAHOBATCS OOBEKTOM NPeoOpa3oBaHMs
I'nibbepTa, KOTOpOe MO3BOIISIETCS MOJTYYHUTh TTOJHYI0O MTHOBEHHYIO (ha3y CUTHAJIOB, K Hel
MPUMEHSETCs] YUCIeHHOe Au(depeHIIMpOBaHne, U HaXOAIATCS MAaTeMaTHYECKOE 0XKHIaHUe
n CKO MrHoBeHHOW YacTOThl O0OMX KoJIeOaHWH CO CPEAHMMH YacTOTaMH Nf, u
(n + 1)f,. CnenoBaTeabpHO, H3MEPSCTCS HEYCTOWYUBOCTh YaCTOTHI ATHX KOJICOAHHH.

Ha crnenyromeii cranun rapMoHHYecKre Kosiebanus ¢ yacroramu nfy u (n + 1)f,
UCTIBITBIBAIOT Ha ce0s MYJIbTHUIUIMKATHBHYIO OINEPAIMIO, M HA BBIXOJEC YMHOXHTEIS
(opMHUpYIOTCSI CHUTHAJBI pa3sHOCTHOH fy m cymmapHo# (2n + 1)f, uacror. [Ipumenss
1oJ0coBast prUIbTpaIys, U3BJIEKACTCS TAPMOHUYECKOE KOIeOaHue pa3sHOCTHOM YacTOTHI,
YacTOTa KOTOPOTO PaBHa 4acTOTe INEepBOHAdanbHOro konebanus. ITogoOHO BhIeyka-
3aHHOMY CIIy4ar0, HEyCTOHYMBOCTh YaCTOTHI 3TOrO KOJEOaHWS NMPHUBECUT HEYCTOWYH-
BOCTB MIEPBOHAYAIBHOTO KoJIeOanus dy. OHa Oy/IeT OLEHHBAThCS 110 (hOpMyJIE:

Oy = Opy/ 1% + (n + 1)2. (15)

B Tabn. 1 mpuBeneHsl 3HaueHHs KOAPQPUIMEHTa yBEIMYCHUS HECTAOMILHOCTH
YacTOTHI JUI PA3IUUHBIX 3HAYCHUH N.

Tab6muma 1
Ko3dgduumnent pocra HeycTOHYMBOCTH YACTOTHI VISl PA3JINYHBIX N
n 2 3 4 5 6 7 8 9
m 3,61 | 5,00 6,403 | 7,81 | 9,22 10,63 | 12,04 | 13,45
n 10 12 15 20 25 30 35 40
m 14,87 | 17,69 | 21,93 | 29 36,07 | 43,13 | 50,2 57,28

Buaum, 9To 1o Mepe BbIpacTaHus MOKa3aTess CTEIIEHN N Ha eAMHUIY KOdQQHIH-
EHT HApaCTaHMs HeyCTOMYMBOCTH YacTOTHI MoBRImaeTcs Ha 1,4 =~ 2. B cimyuae ecin
n = 100, Toraa aToT K03 duirent Oyner paseH 142,13, a eciii XO4YeTCs TOBBICUTH He-
ycroitunBocts B 100 pas, Torma HyKHO NPUCBOUTH 1 = 70, ¥ MBI YBUAUM, YTO 3HAUCHHUE
koa¢pdunmenta Oymer 99,7.
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Hanee B BII4 Ha nmuiieBoil maHeNW MPENCTABISICTCS BPEMEHHAs W CIIEKTpaJIbHAs
JuarpaMMa CHTHalla, SABJISIIOUIETOCS PEe3yNbTaToM BceX TpaHchopmarmid. Haxonmures
MTHOBEHHAsl 4acTOTa 3TOTO CHUrHAjJa U M3MepsieM MOJIY4YEHHYI0 YaCTOTHYIO HecTaOUIb-
HOCTb Oy,

1.3. Pe3ynomamut modenupoganusn c ucnonv3oeanuem BII4. TectupoBanne u
TIEpBBIC UTOTH IPOM3BOANTEIRHOCTH Ipubopa BII4 mpomemoHCTpHpOBamy, 4TO KO-
(UIMEHTH! YBENMUCHNSI HEYCTOMYMBOCTH YaCTOTHI, KOTOPBIE MOTYYMIINCH BO BPEMs HC-
IIBITAHUS TIpHOOpPa ISl BceX N U3 Tabn. 1, ¢ BBICOKOH TOYHOCTBIO COBNAJAIOT C IPE.-
CTaBJCHHBIMH B Tabiuie 3Ha4eHUsMH. Ho TyT HYXXHO BBIPa3UTh HECKOJBKO Ba)KHBIX
CYyXICHUI.

Bo-niepBbIX, HENb3s1 MOIYYUTH a0COIIOTHO TOYHOE COBIAJCHNE (PaKTUUYECKUX KO-
3¢ QUIMEHTOB MOBBILICHHUS HEYCTOHYMUBOCTH, IIOJIy4YEHHBIX BO BPEMS MOJICIIUPOBAHUS, C
BBIKJIAJTHBIMH 3HA4YCHUAMH B Tabn. 1. OHO CBs3aHO, B MEPBYIO OuYepeilb, HEMPECKa3ye-
MBIM XapaKTepOM IOBEICHUS MIHOBEHHOH 4acToThl f(t) M ClydallHBIMHM OLICHKAMH €€
CKO, xoTopbple MOJydYaroTCsi MOCPEICTBOM YCPEIHEHHS OKOHYATEIbHBIX pPeallu3alnit
MTHOBEHHOH 4acToThl. Hanmpumep, B Xxone MoaenupoBaHus B ciydae n = 9 B TedeHHE
10 mepBeIX MUHYT, Ko3(duIMEHT yBenuueHHs Kosebancs B Tpenenax 3HauYeHHH
13,25 + 13,35, a B Teuenue cinenyromux 10 MUHYT (QUIyKTyHpOBa B Ipenesiax 3Ha4eHU
13,35 =+ 13,40. Kak e kpyTH, mocie 20-u MuUHYTHO# pabotsl BI14 pa3Huna mMexnay n3-
MEpEHHBIM KOA(Q(UIHEHTOM U pacdeTHbIM U3 Tabid. 1 (uit n = 9 pacueTHOE 3HAYEHHE
koadunueHta pasHo 13,45) ve mpesbimaet 1 %. [1o Bcell BUIUMOCTH, 3TO SBISCTCS
BIIOJTHE JI0CTaTOYHOIN TOYHOCTBIO, /IS ONPENEICHUSI YPOBEHb IOBBIICHHUS HEYCTOWYH-
BOCTH U HaiTu k03(ddummeHT obpaTtHOro mepecyera, 4TOOB YCTAaHOBUTH (PaKTHUECKOU
HecTaOMIBHOCTH YacTOThI BBICOKOCTAOMIIBHBIX TEHEPATOPOB.

Bo-BTOpbIX, BBIOMpas 3Ha4EeHUs BXOAHBIX IIapaMETPOB YCTPOMCTBA HYXHO 3TO
Jie7aTh KOMIIPOMHCCHO M OCTOpPOXHO. Hampumep, mpu Bcex n u3 Tadn. 1 ycrpoiicTBO
MOJHOCTBIO paboTano 3((GEeKTHBHO U AaBAIO OYeHb ONM3KHE TOKa3aHUs K PacUeTHBIM
3HaueHusiM. OniHaKo B ciydae korga n = 70, KOTOPBIM MPUHAJIEKUT pacyeTHOMY 3Ha-
4yeHuro kodddunuenta Hapactanusi HeycrounBocTH, paBHoMy 100, BI14 Bbinan dakrTu-
yecku 150 + 160, a mpu n = 100 ga€r to xe nopeimenue B 150 pa3. DTo TOBOpHUT O
TOM, YTO IIPU OYEHb BEJMKHX 3HAYEHHAX MOKA3aTessl CTENEeHH, KOTOPOH MOJBEPTaroTcs
CUTHAJIBI, CTAOMIBHOCTH ITPOM3BOANTEIHHOCTH YCTPOHWCTBA MaJaeT W MCIOIb30BaTh €ro
KOPPEKTHO Helb3s. JTO HAOIIONAeTCsl JaXke IO 3HAYEHHUSIM HEYCTOHYMBOCTH 4YacTOTHI
100-it u 101-if rapMOHHK: KOTJa OTHOCUTEIbHAs HECTAOMIBHOCTD COCTABIISET 10'3, yCT-
pOMCTBO MOKa3ajo y 3TUX TApMOHHMK HeycToHuMBOCTh 1,6+1,8 Ha 107, TectupoBanue
MIPOU3BOIUTEIHLHOCTH YCTPONUCTBA NPHU APYIHX, Oojiee METIKUX 3HAYCHHAX N IMOKA3alo,
4TO OHO CTadMIBbHO padoTaeT npu n = 20 (ko3 uLKEHT yBEIUUCHHs HEYCTONYNBOCTH
26,17), mpu n = 30 (xo3ddurment 43,14), mpu n = 40 (ko3dpdurment 57,28). A BoT
mpu n = 50 yCTOWYHBOCTH MOJACT, IIOTOMY YTO HEYCTOHYHBOCTH 9acTOTHI 50-if u 51-it
TapMOHHMK BHE3aITHO yBennuuBatoTcs. CieoBaTelbHO, OyAeM CUNTaTh, YTO IPOU3BOHU-
TEJIBHOCTh YCTPOMCTBA OCTAETCsl HEM3MEHHOM 10 n = 40.

B-TpeTpux, orpaHnueHns, HAKIAAbIBABIINCH HA YACTOTY JHCKPETU3alUU W JJIH-
TEJIFHOCTh PEAJIN3alnH, ¢ IIOMOIIBI0 KOTOPBIX ONpPENEIseTCs] YHCIO 3JIEMEHTOB MacCH-
BOB U CHOCOOCTBYIOIIHE C JOCTaTOYHBIM 00BbeMoM omepatuBHOi mamstu [IK cpaBHu-
TenbpHO ObIcTpo pabote BII4, yxe oroBapuBanuchk Beime. [Ipenaraercs B BI14 nmons3o-
BaThCS 4aCTOTOW muckperm3ammu 1 MI'T, pu JUIMTETFHOCTH peann3ani 2 CeKyHJBL.
3HaueHHue Cpe/lHel YacToThI f; Hy)KHO OpaTh TakK, 4TOObI COOTBETCTBOBAJIO YACTOTE JIUC-
Kpetuzanuu u 3amaércs B quanaszoHe 1-+20 k. HauBpicmass uactorta F,,, Y CIEKTpa
MTHOBEHHOH 4acTOThI CUTHANa JOJKHA OMPEENsAThCS JEMCTBYIOMEH CKOPOCTBIO U3Me-
HEHMs YacTOThI PEaIbHOrO FeHepaTopa, OAHAKO, TI0Ka OHA HAM HEU3BECTHA, B BUPTYallb-
HOM TEHEepaTope OHa ycTaHaBiIuBaeTca paBHOU 25-+50 I'l. Mexny mpouum, B ciydae
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YMCHBIICHAS MAaKCHMaJbHOM 9acTOTHI M3MEHEHHUs 4acToThl 10 3-+5 I'm, omenka CKO
4acTOTHl OyneT obOnamaTh OONBINONW IUCTIepcheli, W yCcTpoHCcTBO OymeT naBaTh HeCTa-
OWJIbHBIE U 3aHW)KEHHBIE PE3yJIbTaThI.

B-ueTBepThIX, Bce paHee NMPHUBEACHHbBIC PE3YJbTAThl MOJYYHINCh NPU YCIOBHH,
9TO OTHOCHTE/IbHAS HeCTAOHIBHOCTH paBHa 107 u aGcomornas HectaGumsuocTs 1 I,
9TO O3HAyaeT, YTO Hecymias 4yactora Obuta paBHa 1 kI'. Ho ocHOBHOM 3Tam siBisieTcst
3¢ PEeKTUBHOCTBIO paboTH ycTpoiicTBa BI14 npu cuiibHO MENKUX HEYyCTOWYHUBOCTSIX, JUIs
9TOTO OHO COOCTBEHHO W OBIIO pa3paboraHo. TecTupoBaHHe MPOAEMOHCTPUPOBAIIO, UTO
BII4 ycroifumBo coBepimaeT paboTy KOTJa OTHOCHTENbHAS HECTaOMIFHOCTh IPUHUMAET
3HaueHust BIIOTH 10 10, a eciu MbITaThes Namblle ee yMEHBIINTh, Mbl CTATKHBAEMCS
C HEKOPPEKTHBIMHU pe3ynbTaTtamu, B xoze omnpeaeneHust CKO uactors! currana. [lomy-
YyaeTcs, 4TO NMPH CHIIBHO HE3HAYMTEIBbHBIX CPEIHEKBagpaTHIeCKuX OoTKIoHeHHsx CKO
YaCTOTHI, JAHHBI MOMEHT TpaHC(HOPMAIMU BICUET 32 cOO0M HEKOPPEKTHBIE PE3yJIbTa-
ThI, IPYTUMU CJIOBaMH, HaOIIOaeTCs CYIIECTBEHHAsI pPa3HUIIA MEXKIY 3aJaHHOW QyHK-
[UeH MCHOBEHHON YaCTOTHI M YaCTOTOH, MOJYYCHHOW ¢ MPUMEHEHUEM | HIbOepTCKOro
npeoOpa3oBanus. CrellaHHbIE BBIBOZABI MOATBEPXKAAIOTCS TpaduKaMu NPHUBEAEHHBIX
¢bynkuid st nByx 3HaueHnid CKO 4acToThl, MpeacTaBIeHHBIME Ha puc. 5 u 6. Hinke
HCCIIeAyeTCa IPUIMHA 3TOH PaCXOIUMOCTH.

Hexoamas peaamamas sacrorst £(t) Yaerora moce Faasfepra

1000000002 1000000003
H 1000,000001- = 1000,000002 -
‘:. > — - 1000,000001 - 100000 MO =acrores

100

E 999,999999 - E 999,999999 -
T 999,999998 = 509900008 - 0,0000010  CKO sactors:

999,999997 -1 - " ' 999,999997 -] - - ]

02 04 0,6 03 o 0.2 04 0.6 1,00836E-9 Orra. meer. mocae Taasdepra

Bpems, ¢ Bpema, ¢

Puc. 5. I'pagpuxu 3adannoii u noryuennoi yacmomst npu 6 =10-9

Hexonmas peanmanus sactore: f(t) Yaerora mocae Faasbepra

1000+, 1000,0000002
o o
e 1000-] = 1000,0000001 1000,00 MO sacrors:
r o
P -
o 999.99999998 - 999,9999999 0,000000060  CKO sactors:
999,99999996 - 999,9999998 -/ ] I |
o2 0 02 04 0.6 6,0382E-11 Orrm, meer. nocae Taasfepra

Bpems, ¢ Bpeus, ¢

Puc. 6. I'paghuxu 3a0anmoti u nonyuennoti vacmomol npu G¢ =10

Bupum, uto npu ¢ =10™" BpPEMEHHAsl pealu3alisi MTHOBEHHOM 4acTOThI, KOTOpas
MOJTy4YHiIach MyTéM npeobpa3oBaHus ['mip0Oepra, 3HAUUTENTFHO OTKJIAHSIETCA OT MCXO[-
HOW (hYHKIIMK YaCTOTHI. DTO BICUET 3a COOOM MPEBBIMICHUE OMPEICICHHOIO Mpu 00pa-
6otke oToi (yHkuuu 3HaueHuss CKO oxumaemoe B 6 pa3, uTO JEHCTBHUTENIHHO Hpe-
CTaBJIsIET co00M TPyOyI0 MOTPENTHOCTh pacuéToB B ycTporcTBe BI14. Eciu ycTaHOBUTH
OTHOCHTENbHYIO HECTAOUILHOCTD &f =107 tarke BUIMM HEKOE OTIHYME MEKIY BXOM-
HeIM CKO 1 ero 3HaueHueM, MOJydEHHBIM B MpPOrpaMMe — TYT YCTPOHCTBO ITOKa3ajio
¢ =1,15-10", 1.e. pasuuua cocraBuua 15 %.

IIponenanHpie aHATM3BI CBUIETEIBCTBYIOT, YTO IIPH CHJIBHO BBICOKOCTAOMIIBHBIX
o JacTtoTe Konebanusx (&5 =10"" u HuKe) HyKHO KOHKPETH3HPOBATH ¥ YIyUIIATh aJl-
roput™ oneHkd CKO 9acToThI, 0OHAKO 3Ta 3ajada He ABIAETCS 0OBEKTOM HCCIe0Ba-
HUS B 3TOH cTarbu. Ho mmaHupyercs najiblie MPOBECTH HCCIEJOBAaHUS MO ITOMY Ha-
npaBiieHuIo. [Ipy peasbHBIX YCIIOBHSIX B HAcCTOsIEe BpeMsl Mbl HE paboTaeM ¢ reHepa-
TOpaMH, KOTOpbIe 0GIAAI0T HECTAGHIPHOCTHIO YacTOThl Hinke 107 u s pemenus mo-
CTaBJIEHHBIX B JJAHHOH cTaTby 3a1a4 3¢ ¢dexrnBHOCTH BI14 XBartaer.
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B urore manHoit paboOTH NMpUBEenEM pe3yIbTaThl aHAIN3a, KOTOPBIE CIIOCOOCTBYIOT
YCTAQHOBJICHHIO B3aMMOCBSI3M MEXIy 3aJaHHOW HECTaOWJIBHOCTBIO YaCTOTHI M MAaKCH-
MaJIbHO BO3MOXXHBIM 3HAaU€HHEM CTEIEHH M, KOTOPOW CHUTHANl MOJBEpraeTcs, 4ToObI
ocymectBuTh YIIM. Jlo 3TOTrO OBIIO CKa3aHO, YTO YCTPOHCTBO COXpaHsET CBOIO paboTo-
cnocobHocTh 10 n = 40, a Korjga 3HaueHusl n OOJIbIINE, aMIUIMTYABL N U N + 1 rapmo-
HHUK Tpy0O yMEHBIIAIOTCSI, KOJIEOIIOTCS BO BPEMEHHU U SBISIETCSI IPUYUHON CYILECTBEH-
HOTO W HEONpaBJAHHOTO HAapACTaHUS YacTOTHBIX (uiykTyanui. Ho c 3aHmkeHueM 3a-
JAHHON OTHOCWTENIFHON HECTaOMIBHOCTH OyIeT MoJaTh M MaKCHMAaJIbHO BO3MOXKHOE
3Ha4YeHHE N. Pe3ynpTaTel 3TOM 3aBUCUMOCTH MIPEICTABICHEI B Ta0M. 2.

Tabmuma 2
HpelleJIbHOE 3HAYE€HUE N 1A 3alIaHHOﬁ HeCcTa0MJILHOCTH 8[
5 10° 10" 10° 10° 107 10° 10° | 10"
Nnax 41 39 35 32 27 22 20 -
BriBoabI:

1. Kak s mepBOro ayiropuT™Ma, Tak M Il BTOPOTO, NPU 33JaHHOM ITOKa3aTele
YBENMYCHUST HECTAOMIBPHOCTH YaCTOTHI KOJIeOaHUH N, KO3(pPUIIMEHT HapacTaHuI (IyK-
Tyali¥ 9aCTOTHI OJJMH U TOT €.

2. Tlpu monenuposanuu B LabVIEW, BII4 ycroiiunBo coBepiiaer paboTy Koraa
OTHOCHTENBHAS HECTAGHIBHOCTh PHHIMACT 3HAYCHHs BIIOTH 10 107° (He MenbIme).

3. Bropoii anroputm npeuMyIiecTBEHHEE MEPBOrO T€M, YTO IpH HEM TpedyeTcs
TOJIBKO OJIMH T€HEepaTop JUIs YBEJIUUSHHS M U3MEPEHHUsS ero HeCTaOMIbHOCTH, a HE JIBa
KaK BUJHO TPH NMEPBOM. A 3TO 3KOHOMUYECKHU BBITOJHO.

4. OrpaHuYeHHE BTOPOTO ITyHKTA CBA3aHO C T€M, YTO IIPU 3aHM)KEHUH YPOBHS OT-
HOCHTELHOH HECTaOMIIBHOCTH YacCTOTHI &y HHIKE 10", MBI MOmazaeM B 30Hy COBCTBEH-
HBIX ITYMOB IIpeoOpa3oBanuii [ mmsbepra u Oypoe.

5. Bce panee npuBeneHHbIE Pe3yabTATHl MOIYYHINCH IIPU YCIOBUH, YTO OTHOCH-
TeNbHAs HECTAOWIHHOCTh paBHA 5f = 1073 u abcooTHAs HECTAOHIBHOCTh or = 1T,
9TO 03HaYaeT, 4TO Hecyllas yacToTa Obiia paBHa f = 1 k'

6. [l oOoux anropuTMoB, (IyKTyalud 4acToOThl KojiebaHuil yBennyminch B 6,4
pa3a o cpeHeKBaApaTHIECKOMY OTKIOHEHHIO U B 41 pa3 1o Aucnepcu, npu BEIOpaH-
HOM N = 4. Yro u oxuaanoch. Eciu NpuMEHUTh 3TOT COCOO MHOTO pa3 K KOoJIeOaHHUsIM
BBICOKOCTAOMJIBHBIX T€HEPaTOPOB, MOXKHO BBIpAabOTaTh KoJjeOaHHE C MOBBIIICHHOHN He-
CTaOMJIBHOCTBIO, @ 3aTeM OLIEHHTh €€ JIOCTYIHBIM HM3MEPUTEIbHBIM 000pYZAOBAHUEM.
B 3TOM CcyTh YMHOXHTENBEHO-TIpe0Opa3oBaTensHOr0 Meroaa (YIIM).
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UMUTALIMOHHOE MOJEJUPOBAHUE HATPEBA MOJIOKA DHEPTUEM
CBY IOJIA

Tepmoobpabomxa OusNeKmputeckux Mamepuaios u NUWessix npooykmos A6asLemcs. OOHUM
U3 BAXCHBIX HANPABNIEHUL PA3GUMUSL NPOUZBOOCMEA PAIUYHOU npodyKyuu. Hcnonvsosanue suep-
2UU INEKMPOMASHUNHOL0 NOJIAL CBEPXBLICOKUX YACMOM O CYWIKU, HA2pesd, PasMOpaAXCUSAHUS U
nacmepuzayuy NUWeEbIX NPOOYKMO8 AGIAeNCs NePCneKMUBHbIM, NOCKOIbKY MAKUe MexHONI02uu
Nn00X00AMm 06pAOOMKU PA3IUYHBIX OUITEKMPUYECKUX MAMEPUALO8 U NpU SMOM ABIAOMCA -
GexmusnbIMu U IKONO2UYECKU Yucmuimu. Hecmomps na nanuuue mnodcecmea paspabomox 6 cge-
pe obpabomku mamepuanos ¢ nomouvio CBY, cozdanue yHueepcanbho2o ycmpoucmeda, nooxoosi-
wezo O Menaoeoll 0opabomku 1I0ObLIX MAMeEPUaAnos, 3ampyOHUMeNbHO U3-3a PA3HO0OPA3Us UX
@dopm u pazmepos, a makdce CyWeCmeeHHO20 PANUYUSL DNEeKMPOPUIUYECKUX CBOUCME OUIIeK-
mpukos. I1odmomy 6 Kaxsrcoom KOHKpemHOM ciyuae mpedyemcs co30a8ams ONMUMANLHYIO KOHCI-
PYKYUIO YCmpoucmea u ebloupams 8apuaHm 6030YHCOeHUss SNeKMpPOMACHUMHo20 nons. JJanHas
paboma nocesaujena Mooeruposanulo nooweHus dHepeuy  nekmpomaciumuozo noass CBY @
yempoticmese 0na nacmepusayuu moaoka. C npumenenuem CAIIP FEKO nocmpoena 3D moodens
VCMPOUCMBa U 8bINOIHEHO MOOeIUPosarue e2o pabomul. IIposedeno ucciedosarue enusHue yea
HAKIOHA K8apyeeblx mpyboK Ha pacnpedenenue SNeKmpoMazHUMHOZ0 Nos 6 601Ho6o0de. Tlonyuen-
Hble pe3ynbmamyl NOKA3bI6AIOM, Ymo OONbUAs YACHb MOWHOCU NO2IOWAemCs Onudce K Hauany
6011H0600a, NPUYEM NpU YEeNUUeHUU Yena HaKIoHa mpyboK dmo selieHue umeem boiee ebipadtceH-
Helll xapakmep. Ha ocnosanuu npogedennvix pacuemos yCmanogien OnmuMaibHblil yeoa HAKA0HA
mpybok. Takoice paccmompero enusHue ouamempa u mamepuana mpyoox. Ilonyuensl pacnpedene-
HUSL 2IEKMPUYECKO20 NOJIAL U YOCTIbHOU MOWHOCIU, NO2TOUWEHHOU HA K2 OUINIEKMPUKA 8 60TIHOB00e.
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Bvinonnena oyenxa mounocmu pesynomamos. Bozmoowcnvimu moougpuxayusmu npeonacaemori
KOHCMPYKYUU yCmpoucmea nacmepuzayuu Mo2ym 6uims opyaue 6apuanmsl pacnoiodiCceHus mpy-
60k ¢ acuoxocmoio. Takoice eausiHue HA NOTOWACMYIO MOWHOCIb MOJCEM OKA3bI8AMb MOUWUHA
cmenox mpy6ku. Kpome mozco, cocmae monoxa usmensiem e2o s1eKmpogusuyeckue ceolcmesd, u
COOMBEMCMBEHHO MAKICE MOICEM NOGIUAMb HA YPOBeHb no2iowaemoil mowHocmu. Oonaxo smu
80NpOCHl Mpebdyom OanbHeuue20 UCCie008aHU.

Hmnmumayuonnoe mooenuposanue; CBY naepes; CAIIP; yoenvHasa noznowaemas MOWHOCHb,
SAR; 6011H0600.

N.N. Kisel, A.A. Vaganova, |.A. Vaganov

SIMULATION MODELING OF MILK HEATING BY THE ENERGY
OF MICROWAVE FIELD

Heat treatment of dielectric materials and food products is one of the important directions in
the development of the production of various products. The use of the electromagnetic field energy
of ultrahigh frequencies for drying, heating, defrosting and pasteurizing food products is promis-
ing, since such technologies are suitable for processing various dielectric materials and, at the
same time, are efficient and environmentally friendly. Despite many developments in the field of
microwave processing of materials, the creation of a universal device suitable for heat treatment of
any kind of materials is difficult because of the variety of their shapes and sizes, as well as the
significant difference in the electrical properties of variouse dielectrics. Therefore, in each specific
case, it is required to create an optimal design of the device and choose the option for exciting the
electromagnetic field. This work is devoted to modeling the absorption of energy of the microwave
electromagnetic field in a device for milk pasteurization. Using CAD FEKO, a 3D model of the
device was built and its operation was modeled. The study of the influence of the angle of inclina-
tion of quartz tubes on the distribution of the electromagnetic field in the waveguide is carried out.
The results show that most of the power is absorbed closer to the beginning of the waveguide, and
this phenomenon is more pronounced with an increase in the angle of inclination of the tubes.
On the basis of performed calculations, the optimal angle of inclination of the tubes was deter-
mined. The influence of the diameter and material of the tubes was also considered. The distribu-
tions of the electric field and specific power absorbed per kg of dielectric in the waveguide are
obtained. The accuracy of the results is evaluated. Possible modifications of the proposed design
of the pasteurization device can be made by choosing other variants of the arrangement of the
tubes with milk. The thickness of the tube's walls can also affect the absorbed power. In addition,
the composition of milk can change its electrophysical properties, and therefore can also affect the
level of absorbed power. However, these questions require further research.

Simulation modeling; pasteurization; microwave heating; CAD; specific absorbtion power;
SAR; waveguide.

Beenenne. TepmooOpaboTKa TUIIEKTPUUECKUX MATEPHAJIOB U MHUIIEBBIX MPOAYK-
TOB SIBIISICTCS] OTHUM U3 BOXKHBIX HANPaBICHUN Pa3BUTHA MPOU3BOJCTBA PA3IMYHON MPO-
nyknuu. Vcronp3oBaHWe SHEPTUH AIEKTPOMArHUTHOTO MOJSI CBEPXBBICOKHMX YAaCTOT IS
CyIIKH, HarpeBa, pa3MOPaKUBAHMSA W MACTEPHU3ALMU IHIIEBBIX NPOAYKTOB SBISETCS
MIEPCIEKTUBHBIM, MOCKOJIBbKY TaKHe TEXHOJOTHU TOAXOAAT 00pabOTKM pa3iIHyHBIX -
SMEKTPUUYECKUX MaTEPHAIOB M TPH 3TOM SBIAIOTCS 3()(PEKTUBHBIMH U IKOJIOTHYECKH
YHUCTHIMU.

CylmecTByeT MHOXXECTBO HCCJIEAOBAHUH, MOCBSIIEHHBIX IpodiieMe pa3paboTKu
CBY-ycTpoicTB, MO3BOJISIOMINX 00ECHEUNTh PABHOMEPHBIH HarpeB AMAIEKTPHUYECKOTO
Mmarepuana [1-22]. Tak B pabote [4] uccienyercs BOZMOXXHOCTh npuMeHeHust CBY-
YCTPOWCTB JIJIS TUIABJICHUS CHEXKHO-JICASTHOM Macchl. PaGoTh! [5, 6] mocBsIIeHsI mpobiie-
Me TOBBIIICHUS] PABHOMEPHOCTH Harpena IudJekTpukoB B CBU-ycraHOBKax pe3oHaTop-
HOTO THIIa 33 CYET HCIIOIB30BAHUS PACIPEIETICHHBIX CcrcTeM Bo30yxeHus. [Ipu mpose-
JCHUN SKCIEPUMEHTOB B KaueCTBE TUIIEKTPHUYECKOTO ITOTIIONIAIONIEr0 MaTrepHaja Hc-
mmoJp30Bajachk Boga. ONpenensyiocs paclupeneeHie TeIIOBOTO MO B paccMaTpuBae-
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MOM MaTepHaie, ypoBeHs roromaemMoii CBU-MoIHOCTH 1 HEpaBHOMEPHOCTH Harpena.
B pab6orax [7, 8] mpemnoxkeH criocod MOBBIIICHNS pABHOMEPHOCTH HarpeBa IUAJIEKTPHU-
YEeCKUX MaTepualioB M MUIIEBHIX IMPOAYKTOB B pe3oHaropHbix CBYU-ycTaHOBKax, OCHO-
BaHHBIN Ha pacrpezaeneHun sHeprur CBY no o0beMy HarpeBaemMoro Marepuaia H mpej-
JIO)KEHa KOHCTPYKLMS YETHIPEXIIENEBON YIIPaBIsIeMOl CUCTEMBI BO30YKICHUS JIIEKTPO-
MAarHUTHOTO MOJIsI, TTO3BOJISIONIAs PEaU30BaTh MPEUIOKEHHBIH crioco0. Padotsr [9, 10]
nocesieHsl  pazpaborke CBYU-ycTpoHCTB paBHOMEpPHOTO HarpeBa JIUANIEKTPUUECKUX
MarepuaioB. PaccMarpuBaloTCsi YCTPOWCTBAa BOJHOBOJHOTO M PE30HATOPHOTO THIIOB
cioxxHOTO cedeHUs. B paborax [10-14], mocBsmeHHBIX pa3paboTKe W HCCIICTOBAHHIO
CBY-ycTpoiicTB ans TepMOOOPAOOTKH IUIIEKTPHUCCKUX MATEPHAJIOB, IPEIIOKEHBI
BOJTHOBOJHBIE YCTPOICTBA KPYIJIOTO M MEAHAPOBOTO THUIIA, MO3BOJIAIONINE BBIIONIHITH
paBHOMEpPHYIO O0OpaOOTKy IHMANEKTPHKOB II0 CEUYCHHIO B PEXUME Oerymiei BOJHEI.
B paborax [15-17] paccMoTpeHs! mpobneMbl npuMeHeHus TexHoiorun CBY-Harpesa B
XAMHUYIECKOM Tpon3BozcTBe. Paborta [18—20] mocBsmmeHsl MaTeMaTHYECKOMY MOJIEIHAPO-
BaHHIO MUKPOBOJIHOBOM 00pabOTKM TUINIEKTPUKOB, B TOM YUCIIE HEPTH.

HecmoTps Ha Hanmuune MHOXECTBa pa3paboTok B cepe 0OpabOTKH MaTEepHUasIOB C
nomotnipto CBY, co3nanue yHUBEpPCAJIBHOTO YCTPONCTBA, MOIXOMAIIETO ISl TEIIOBOM
00paboTKH JIFOOBIX MaTEPUANIOB, 3aTPYIHUTEIBHO M3-3a pa3HooOpasus ux GopM U pas-
MEpOB, a TaKXKe CYLIECTBEHHOTO Pa3IM4Msl MEKTPOPU3NUECKUX CBOHCTB AUAIEKTPHUKOB.
[TosTOMy B Ka)KIOM KOHKPETHOM Cilyyae TpeOyeTcsl cO3/1aBaTh ONTHMAIBHYIO KOHCTPYK-
LU0 YCTPOMCTBA M BEIOMPATh BAPHAHT BO30YKICHHS 3JI€KTPOMArHUTHOTO ITOJIA.

IMocTanoBKa 3aga4u U cnocod pemenus. Llems paboThl COCTOUT B TOM, YTOOBI
IIPOMOIETIMPOBATH IIPOIIECC HarpeBa MoJoka siekTpoMarHuTHeiM CBY monem B yeTpoii-
CTBE IACTEPHU3ALMH U BEIOPATh ONTHMAJIbHBIC apaMeTphl yCTPONUCTBA.

B nmanHOI pabote mccexyeTcst ycTpoHCcTBO A1 MACTEPHU3AINN KUAKOCTEH, KOHCT-
PYKLHS KOTOPOTo MpeiioxkeHa B [21-22]. YhpolneHHO KOHCTPYKIHMS yCTpoiicTBa IMOKa-
3aHa Ha puc. 1. Ero ocHOBOM sBNgeTCS NPSIMOYTOJIbHBIN BOJIHOBOA C MPOXOAAIINMHU Ue-
pe3 Hero MoJjbIMH AMAIEKTpHYecKUMU TpyOkamu. Ha Bxon HarpeBarens nopatorcs CBU-
xonebanus ¢ vactoToil 915 MI'n. [lanee muanekTpudeckue TPYOKH, BKIIFOUCHHBIE I1O-
CJIe/IOBATEIIbHO HAIIOJHSIOTCS JKUJIKOCTBIO. B anHO# pabore B KauecTBe HarpeBaeMoi
KHJKOCTH PAaCCMaTpPHUBAETCSl MOJIOKO C TEIUIOEMKOCTBIO 3,96 kJ[)/Kr ¥ OTHOCHUTEIIbHOM
JVIIeKTprYeckor npoHunaeMocteio € = 80. Ilporekas depe3 BOJIHOBOJ, KUAKOCTH B
JIMIIEKTPHUYECKUX TpyOKax momiommaer CBY-3Hepruio n HarpeBaercs 10 3alaHHOH TeM-
neparypbl. TeMneparypa HarpeBa >KHIKOCTH ONPEEISIETCS] CKOPOCTBIO €€ MPOXOXKICHHS
TI0 INBJIEKTPUIECKUM TpyOkaMm 1 MomrHocThio CBU-reneparopa.

z amaMeTp

Puc. 1. Koncmpykyus ycmpoiicmea

B xauectBe cpensl mopenupoBanus ucnonb3oBanack CAIIP FEKO, npennasna-
YeHHas JUId IPOBEACHUS MEKTPOANHAMHUYECKUX pacueToB. Ha puc. 2 mokasaHna co3naH-
Has B 3Toi mporpamme 3D Mojenb ycTpoicTBa MacTepr3aluy U BBIICICHBI CEUEHUs, B
KOTOPBIX OBLT BBITIOJIHEH PacdyeT 3JIEKTPOMArHUTHOTO ITOJIS.
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Puc. 2. Mooenv ycmpoiicmea nacmepuszayuu 6 npoepamme FEKO

Heo0xoaumMo mpomMosenupoBaTh BIUSHHAE TAaKUX IIapaMeTpoOB, KaK yrojl HaKJIOHA
TpyOOK, NX JUaMETp U MaTrepuall Ha pacipeeieHle MJIEeKTPOMAarHUTHOTO TI0JIsl B BOJHO-
BOJIe, YTOOBI BHIOpaTh ONTHUMAJBHBINA BapuaHT. [Ipn pacyere MCHONb30BajICS METOJ KO-
HEYHBIX 3JIEMEHTOB, 3a0xkeHHbIH B mporpamMe FEKO. Bt paccunTassl pacmpeznene-
HuUs dnnekrprdeckoro mois (E) m ynensHON MomHocTH (SAR), mormomeHHoi# Ha KT AU-
AIIEKTPHKA B BOIHOBOJIE.

O0cy:xnenne pe3yabTaToB. [IpoBeeHO HCCIIEIOBAaHHUE BIUSHUS yIiia HAKJIOHA
KBapIIEBEIX TPYOOK Ha pacmpeleliCHHe SICKTPOMATHUTHOTO ITOJI B BOJHOBOIE. YTOI
HaKJIOHA TPYOOK BBEIOMpPAETCS MCXOJ W3 CIEAYIOMUX orpaHudeHuil. C OIHOW CTOPOHEI,
IIPU PACIOJIONKEHHH TPYOOK OJNM3KOM K BEPTHUKAIBHOMY, JKHJKOCTh OYJeT MpOTeKaTh de-
pe3 HUX CIUILKOM OBICTPO M HE YCIEeT MPOrpeThes A0 TpedyeMoii Temneparypsl. C apy-
TOil CTOPOHBI, NIPU PACIIOJIOKEHUH TPYOOK OJM3KOM K TOPU3OHTAIBHOMY, OHH HA4YHYT
MepeKpBIBaTh APYT Jpyra M0 BEPTUKAJIH, TO €CTh B OJHOM TOYKE BJOJH BOJHOBOJA OKa-
JKETCsI HECKOJIBKO PACHOJIOKEHHBIX IPYT Haja ApyroM Tpybok. C ydeToM 3Toro, B JaHHOU
paboTe yroi HakJIOHa M3MEHsUICS B AWanazoHe 35°..55°. Beum paccuuTaHbl pacmpene-
nerns smekTpudeckoro monst (E) m ymenmpHOI MomHOCTH (SAR), momiomeHHoONH Ha KT
JIMDJIEKTPHUKA B BOTHOBOJIE.

Ha puc. 3 nokazaHa paccunTaHHAs BeIMYUHA YACITFHONW MOITHOCTH, TOTIIOIASMOMH
B 00bEeMe NUAJICKTPHUKA, IIPH PA3HBIX YITIaX HaKJIOHA TPyOok. Puc. 3 cooTBeTcTBYyET Ce-
YEHHIO BOJHOBOJA B TutockocTH y0z. BuaHo, 9yTo OoMbImas 4acTh MOITHOCTH ITOTIIONIA-
eTcsl ONKe K Havyaly BOJHOBOJA, IIPH YeM NPH YBEJIMUYCHUH HaKJIOHA TPYOOK 3TO sBie-
HUe nMeeT OoJiee BEIpaXeHHBIN xapakrep. Tak nmpu yrie B 55° nomionieHre B 4eTBEPTON
TpyOKe MPaKTHYECKH OTCYTCTBYET, & B TPEThEi — 3HAYUTENILHO OCcliabeBaeT.
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Puc. 3. Yoenvnas nocnowaemas mownocms 6 niockocmu y0z

Puc. 4 nokassiBaeT pacrpenenenue ekrpudeckoro moist (E) Boons BoaHOBOIA U
BEJIMYHUHY YIeNbHOU nortomaeMoid MomHOCcTH (SAR) B kaxmoit TpyOke. JIuaun pasHoro
LIBeTa COOTBETCTBYIOT pa3HbIM YIVIaM HakJIOHa. BUAHO, 4TO ypOBEHb MOIIHOCTH, IO-
IJIOIIaeMON JIHAJICKTPUKOM B TMEPBOHW TPYOKe NMPUONM3UTEIBHO OJMHAKOB IPHU JFOOOM
yIJIe HAaKJIOHA, HO MPH YBEIIMYCHUU YIJIa HAKIIOHA paclpeieliCcHue MOIIHOCTH MO TPyO-
KaM uMeeT OoJiee CraaroIInii XapakTep.
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Puc. 4. Pacnpeodenenue snekmpuuecko2o nosis 600/b 80JIHOE00A U YOelbHAS
NO2N0UWaAeMast MOUWHOCMb 8 KAJXCOOU MpPYOKe NpU PA3HBIX YelaX HAKIOHA

Ha puc. 5 nzobpakeHa BeITHYMHA YACIBHOMN MOMTOIIAEMOM MOIIHOCTH B BaTTaxX Ha
kunorpamm. Ilpu 3TOM, TOCKONBKY pa3HUIa MEX]y MOIIHOCTBIO MOTIOIICHHON B MEp-
BOI1 M MmoceaHeii TpyOKkax oueHb Bearka, och Oy pa3buTa Ha JBa yJ4acTKa.

Ha ocHOBaHMM TIPOBEICHHBIX PACUCTOB SBIISICTCS ONTHMAJIBHBIM BBIOPATh YTOJI HAKIIO-
Ha TpyOOK paBHBIN 43°, MOCKOIBKY OH HE CJMIIKOM IOJIOTHH, OJJHAKO MPH 3TOM B paboTe
3a/IcHiCTBOBAHBI BCE YCTHIPE TPYOKH (BO BCEX MPOMCXOMUT MOINIONICHHE MOIIIHOCTH, a COOT-
BETCTBEHHO, 1 HAarpeB KUAKOCTH). [Ipr 3TOM BO BeeX CiTydasx MOJYyYUTh PAaBHOMEPHOE pac-
TIpeieICHUE TIOTIOMAeMO MOIITHOCTH TI0 TPyOKaMm He yJaercs, ¥ YPOBEHb MOIIHOCTH B
TIEpBOM M MOCTeHeH TpyOKax oTyaeTcst mpuMepHo B 20 pa3. OIHAKO CONTACHO OMMCAHHIO
npeiaraeMol KOHCTPYKIIHH, JKHUJIKOCTh MPOTEKAET Yepe3 3TH TPYOKH IMOCIIEIOBATEbHO, a
HE TapajuiebHO, TIO3TOMY MOTydIeHHAsT HEPaBHOMEPHOCTP SBJISICTCS IPUEMIIEMOIA.

‘7 yrom 35° yron 40° yrom 43° yrom 50° yron $5°)
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4 TpyGka

- A\
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Puc. 5. Yoenvnas noznowaemas mownocms 8 kaxicoou mpyoxe

Ha puc. 6 nokazaHo pacnpezeseHne MEKTPUIESCKOro MoJIsl BIOIb BOJTHOBOMA U Y/ICIThb-
HOMW TOIION[aeMON MOIIHOCTH B KaXKJ0H TpyOKe MpH pa3HON BEIMYHMHE JTUaMeTpa TPyOOK.
Bo Bcex ciydasix yroi HakiioHa paBeH 43°. BugHo, uyto n3MeHeHue auamerpa Ha 10—-15 % He
OKa3bIBAET CYIIECTBCHHOIO BIMSHMS HA PaCIpPEICICHHE JICKTPUUECKOTO OIS,
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£-Fied [KVim)]

¥ postion (m]

AR (48]

¥ position [m]

Puc. 6. Pacnpedenenue snekmpuiecko2o noist u yOeivbHas No2ioudemas MouHoOCmsb
6 Kaxcoou mpybKe npu pasHou eluduHe ouamempa mpyook

Haunbomee obmmM TpeOOBaHHEM K MaTepHaiy, U3 KOTOPOTO M3TOTaBIMBAIOTCS TPYO-
KH, SIBIISICTCS TO, YTO MaTepHall JOJDKeH OBITh mpoHuiaeM st CBU-s3Hepruv u HeNpoHU-
[aeM JUTS KUIKOCTH. BBITIONHEHO MOJCTUPOBAHUE IS TPEX 3HAYCHUH TUAICKTPUICCKOM
MIPOHUIIAEMOCTH MarepHaia — € = 1 COOTBETCTBYET MUAJICKTPUICCKOW MPOHHUIIAEMOCTH
CBOOOJTHOTO MPOCTPAHCTBA, € =4 COOTBETCTBYET KBAPIICBOMY CTEKIIy U € = 9 COOTBETCT-
BYyeT KBa/IPATHOMY KOPHIO M3 JUAICKTPUUSCKON IPOHUIIAEMOCTH MOJIOKA.

Ha puc. 7 moka3zaHo pacrpeaeicHue 3JICKTPHISCKOrO IOJIS BIOJb BOJHOBOJA U
yACTHHOHN MOTIONAeMOi MOIIIHOCTH B K&XKAOH TPyOKe MPU Pa3HBIX 3HAYCHUAX IUDJICK-
TPHUUCCKON MPOHUIIAEMOCTH MaTepuana Tpyook. [Ipu € = 1, 4T0 (pakTUUECKH paBHO3HAY-
HO OTCYTCTBHUIO OTPaHHUYMBAIOIICTO KUIKOCTh MaTepHalia, moJjic yObIBacT ¢ PacCTOSHHEM
HauboJiee CUITbHO. TaKke BUIHO, YTO PE3YIbTATHI I € = 4 1 € = 9 MPAKTHYCCKHU OJIMHA-
KOBBI. DTO MO3BOJISIET MCIIOIB30BaTh B YCTPOUCTBE CTAHIAPTHBIC KBAPICBBIC TPYOKH.
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Puc. 7. Pacnpedenenue snekmpuueckoco nois 6001b 0JH0B00A U YOelbHAs
noanowjaemasi MOWHOCMb 8 KAAHCOOU mpyoKe Npu PasHbiX 3HAYEHUAX OUIIEKMPUUECKOU
npoHUYaeMocmu mamepuaia mpyoox
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JJis IpOBEpKH TOYHOCTH IIOJTyYEHHBIX PE3yIbTaTOB OBUIN BBITIOHEHBI BBHIYHCIIC-
HUS OJHHUX U TEX XK€ IMapaMeTPOB IIPH Pa3HBIX 3HAYCHUAX MEIIUPOBaHUs (pa3OHeHUS Ha
JJIeMEHTapHbIe SUEeHKU JUIsS pacueTa) MOJAENHU yCTpoiicTBa nactepusauuu. Ha puc. 8 mo-
Ka3aHo pacIpe/esicHUe yAeabHOIl MOIIonaeMoil MOIITHOCTH B JIByX CEYEHUSIX BOTHOBOJA
IIPU TPEeX Pa3HbIX 3HAYEHUSAX MEIIMPOBAHMUS.

Tounoe —— cpemmee —=== myboc
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Puc. 8. Yoenvnas noziowaemas MOWHoOCnb npu pasHom meuupoearnuu

Ha puc. 9 I/I306pa)i(eHO PpacnpeaACICHUC HAIPSKEHHOCTH J3JICKTPUYCCKOI'O MOJIA B
TEX KC ClIy4dasix.
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Puc. 9. HanpﬂofceHHocmb NEKMPUHUECKO20 NOoJs npu pasnom meuuposanuu

3akiroueHue. JlanHas paboTa NOCBSIEHA IPOEKTUPOBAHHUIO YCTPOICTBA Ul Mac-
TEepPHU3aUU MOJOKA C MOMOIIBIO dHEPruu 3ekrpoMaruuTHoro nomst CBY. C npumene-
nuem CAIIP FEKO noctpoena 3D mozaens ycTpoiicTBa U BBINOIHEHO MOJENUPOBaHUE
ero pabotsl. [IpoBeeHO MccienoBaHUE BIMSHUE YITIa HaKJIOHA KBapLEBHIX TPyOOK Ha
pacnpeienieHie 3J1eKTPOMarHuTHOIO TIOJIL B BOJMHOBOAE. Takke pacCMOTPEHO BIIUSHHE
auamerpa M Marepuana TpyOok. [loxydeHsl pacmpeneneHusi 3JIEKTPHYECKOro MO U
YAETbHOM MOILIHOCTH, MOTJIOUIEHHOW HAa KI JUAJIEKTPUKAa B BOIHOBOJE. BrlmonneHa
OLIEHKA TOYHOCTH PE3yJIbTaTOB.
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ITony4eHHbIE pe3yabTaThl TTOKA3bIBAIOT, YTO OOJNBIIAsA YacTh MOIIHOCTH TOTJIONIA-
eTcsl ONwke K Hadaly BOJIHOBOJA, IIPUYEM TPU YBEJIMUYSHUH yIila HaKJIOHA TPYOOK 3TO
SIBIICHHE MMeeT OoJiee BhIpaKCHHBIN XapakTep. Tak mpu yriie B 55° MOMIOIIEHNE B YeT-
BEPTOii TpyOKe MPAKTHYCCKU OTCYTCTBYET, & B TPEThEH — 3HAYUTEIBHO OcliabeBacT.

Ha ocHOBaHHHU MPOBEIEHHBIX PACUYETOB SIBISIETCS ONTHMAJIbHBIM Yroj HaKJIOHa
TPYOOK paBHBIN 43°, MOCKOJIBKY OH HE CIIUIIKOM IMOJIOTHHA, OJHAKO MPH 3TOM B paboTte
3aJICiICTBOBAHBI BCE YeThIpe TPyOku. TeM He MeHee BO BCeX CIIydasx MOJYYHTh PaBHO-
MEPHOE PacCIpeeiCHUE MOMIOIAaeMON MOIITHOCTH TI0 TPyOKaM He yrmaeTcs, U YPOBEHBb
MOIIHOCTH B IEPBOM M MOCJCAHEH TpyOkax oriauuaercs npuMmepHo B 20 pa3. OmHako
COTIIACHO ONHCAHWIO TpearaeMoi KOHCTPYKIIMH, JKHIKOCTh IPOTEKAeT depe3 I3TH
TPYOKH IMTOCIIAOBATENFHO, @ HEe MapalIeNlbHO, TI0ATOMY TONydYeHHass HEpaBHOMEPHOCTD
SIBJISIETCS IIPUEMIIEMOH.

Bo3MokHBIME MOAM(UKALIMSIMU IpeajaraeMoi KOHCTPYKIMH YCTPOMCTBA IacTe-
pHU3alUy MOTYT OBITh IPYTHE BapUAHTHI PACTIONOKESHUS TPYOOK € KUIKOCTBIO, B YaCTHO-
CTH, PaCIIOJIOKCHHUEC HMX B IIaXMaTHOM IIOpAAKE MW PACIIOJOXCHUC B BHJAC ABYX IIapall-
JICNBHBIX PSJIOB, YTO BJICYET 3a COOOH BO3MOKHOEC U3MECHEHHUE auameTpa TpyoOok. Takxke
BJIMAHHUC Ha IOINIOIIAEMYI0 MOINHOCTh MOXET OKa3bIBaTh TOJIIIMHA CTCHOK pr6KI/I.
Kpome Toro, coctaB MOJIOKa H3MEHSIET €ro MEKTPO(hU3NIESCKHUE CBOMCTBA, H COOTBETCT-
BEHHO TaKXe MOXKET MOBIHITH HA YPOBEHb MODIOIIAcMON MOITHOCTH. OJHAKO 3TH BO-
MPOCHI TPEOYIOT AabHEHNIIET0 UCCIIeOBAHNS.

Hayunsle nccaemoBaHus BHITOTHEHBI B paMKaxX mpoekTa «Co31aHne BRICOKOTEXHO-
JIOTHIHOTO MPOU3BOACTBA aIMapaTHO-MPOTPAMMHBIX KOMIUIEKCOB 00pabOTKU CEIbX03-
ceipbst Ha ocHoBe CBY m3nyuenus» (Cornamienue ¢ Munoopuayku P Ne 075-11-2019-
083 ot 20.12.2019 1., loroBop FODY Ne 18 ot 20.09.2019 r., HOMep paboTe B IODY
No XJ1/19-25-PT).
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UMUTAIIMOHHOE MOJIEJIMPOBAHUE HATPEBA 3EPHA DHEPTHUEN
SJIEKTPOMATHUTHOI'O CBY ITOJIA

Buicoxras ckopocmu u s¢ppexmusnocms Hacpesa OudNeKmMpuKo8 MUKPOBOIHOBbIM USTYHEHU-
eM NO360J5I0M UCNONb308AMb NEKMPOMASHUMHOE NOJe 05l HASPEBAHUS U GbICYIUUBAHUS NPAK-
muyecku a100bix cooeprcauux éracy mamepuanos. QOOHUM U3 NEPCHEKMUBHBIX HANPAGTEHUN UC-
nonvsosanus CBY-snepeuu asnaemca unmencugpukayus npoyecca cywku sepha. [{na obecnevenus
ObICMPO20 NPOMOMUNUPOBAHUS U CHUIHCEHUS BOZMOACHOCIIU NOMEPL, 0OYCIOBIEHHBIX OUWUOKAMU
HA PA3IUYHLIX CMAoUax paspabomku u eHeopenus 060pyoosanus, 0codylo 3HaAUUMOCmy npuoodp e-
maem paspabomka modeneil. Lenv oannoil pabomvl cocmoum 6 blNOIHEHUU UMUMAYUOHHOSO
MOOenuposanus 80IHOBOOHO-Uenesoll peuwemku 0as cywiku 3epna. OcnosHas 3adaua, KOMopas

78


mailto:nnkisel@sfedu.ru
mailto:anastasia_vaganova@mail.ru
mailto:vaganov@sfedu.ru
mailto:nnkisel@sfedu.ru
mailto:anastasia_vaganova@mail.ru
mailto:vaganov@sfedu.ru

Paznen |. MogenpoBaHze IpoLeccoB, YCTPOWCTB M CUCTEM

cmoum npu MOOeIUPoOsaruU, 00ecneyums PaeHOMEPHOE PAChpedesieHue MOWHOCIU KAXHCOOU je-
avlo. B kauecmee cpedvl MOOenuposanus UCHONb3Yemcs CReyuaru3upoSaHHblll NpoepamMMHbILL
xomnnexc FEKO. /[na onucanus mooenu ucnonb3yemcsi mouHblil Memoo pacuema — mMemoo Mo-
menmos. Tlonyueno pacnpedenenue 21eKmpuiecko2o nos U yOeibHoU No2I0uWaeMol MOUHOCMU 8
cnoe 3epna, noosepaaroujecocsi CBY obnyuenuio. Mooenu 6vinu eepudpuyuposansvi nymem cpasHe-
HUSL Pe3VIbmMamos, NOAYYEHHbIX NPU PA3IUYHOM MEeUUpo8anuL snemMeHmos nogepxnocmu. Mooe-
JIUPOBAHUE PACHPEOeNeHUsi HANPIHCEHHOCMU NeKMPUYECK020 NOJsi NOKA3AI0, 4MO OmodaieHue
60THOB0008 OM KIOBEMbL C 3ePHOM NPUSOOUN K BLIPABHUBAHUIO HEPABHOMEPHOCHIE NOJISL, OOHAKO
6 9MOM Cnyuae HeKOMopas 4acmv U3LYHAeMOl MOWHOCMU pACCeu8aemcs 8 NpOCMmpPaHcmeo.
Tlpu smom ysenuuenue paccmosinus medxncoy 80IHOBO0AMU U KIOBEMOU C 3epHOM He Gusem Hd
KCB aumenn. Cnedyem ommemumb, Ymo 6 peanbHOU 0OCMAHO8Ke 60JHOGOU XaApaxkmep MNojs
CeNadNCUBAEemcs 3a ciem Menionepenocd, U dmo sigleHue He Modcem Gblmb YYmeHo 6 npoyecce
INEKMPOMACHUMHO20 MoOenuposanus. Kpome moeo, ciedyem ucciedogamv 6ecb CNEKmp 603-
MOICHO20 UBMEHEHUsL OUDTIEKMPUYECKUX NAPAMEMPOS 3ePHA, YMoObl NPOAHAIUUPOBAMb NPOYECC
PACNPOCMPAaHeHUst 80JHbL NPU GbICOKOU GlaNCHOCMU 3epHa. Llenecoobpaszno makdice paccmom-
pemb Opyeue MoOUuuKayuu 801HOB00HO-UE1e8bIX AHMEHH, KOMOopble CMo2ym obecneyums bonee
PABHOMEPHDIL HACPE8 HYMPU KIOBENIbL C 36PHOM.

Hmumayuonnoe modenupoganue; nacpes ousnexmpuros, CBY nacpes; cywika sepua,; 6oi-
HOB0O, BOIHOBOOHO-Wee6asl AHMEHHA.

N.N. Kisel, A.A. Vaganova, A.N. Savitskiy

SIMULATION MODELING OF GRAIN HEATING BY THE ENERGY OF
ELECTROMAGNETIC MICROWAVE FIELD

High speed and efficiency of microwave heating of dielectrics makes it possible to use the
electromagnetic field to heat and dry almost any material containing moisture. One of the promis-
ing areas for the use of microwave energy is the intensification of the grain drying process.
To ensure rapid prototyping and reduce the possibility of losses caused by errors at various stages
of equipment development and implementation, model development is of particular importance.
The purpose of this work is to perform simulation of a slotted waveguide grating for grain drying.
The main task of the simulation is to ensure an even distribution of power to each slot. A special-
ized software package FEKO is used as a modeling environment. To describe the model, an exact
calculation method is used - the method of moments. The distribution of the electric field and spe-
cific absorbed power in a layer of grain exposed to microwave radiation is obtained. The models
were verified by comparing the results obtained with different mesh values of surface elements.
Modeling the distribution of the electric field strength showed that moving the waveguides away
from the cell with the grain leads to the leveling of the field irregularities, but in this case some of
the radiated power is dissipated into space. In this case, an increase in the distance between the
waveguides and the cell with grain does not affect the antenna SWR. It should be noted that in a
real situation, the wave nature of the field is smoothed out due to heat transfer, and this phenome-
non cannot be taken into account in the process of electromagnetic simulation. In addition, the
entire variety of possible changes in the dielectric parameters of grain should be investigated in
order to analyze the process of wave propagation in grain with high moisture. It is also advisable
to consider other modifications of slotted waveguide antennas, which can provide more uniform
heating in the container with grain.

Simulation modeling; dielectric heating; microwave heating; grain drying; waveguide;
waveguide slot antenna.

Benenne. Bricokas ckopocTh ¥ 3((QEKTUBHOCTh HarpeBa JIHIIEKTPUKOB MHUKPO-
BOJIHOBBIM H3JTyYCHHEM ITO3BOJISIOT MCIOIB30BAThH 3JIEKTPOMArHUTHOE TI0JIE JUISI Harpe-
BaHUS U BBICYIIMBAHUS NMPAKTHYECKH JIOOBIX COJEpIKAIINX BIIAry MaTepraioB. Mukpo-
BOJIHOBOE M3iTydeHHe eme B 1960x rr. Hayaim NPUMEHATh B MPOMBIIUICHHBIX MacIITa-
6ax JUIA TeTI0BOH 00pabOTKHM M BBICYIIMBAHMS NHIIEBBIX MpoaykToB [1—15]. Cymka
3epHa (WIK APYTUX CHIIYYHX MaTEpPHaloOB) 3aKIIOYACTCA B YAAJICHHUHU BIATH ITyTEM HC-
HapeHusl.
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MuxkpoBoHOBEIH HarpeB (amanekrprdeckuii, CBY HarpeB) ocHOBaH Ha MPOHUK-
HOBCHHH JIIEKTPOMArHUTHOM SHEPTUH B MaTepraj U MpeoOpa3oBaHUM €€ B TEIUIOBYIO
sHepruto. [IpOHNKHOBEHUE 3JICKTPOMATHUTHOW SHEPTHU B MAaTEPUAN MPOUCXOIUT MTHO-
BEHHO, a MOTJIOIIEHUE 3aBUCUT OT AUAJICKTPUYECKUX CBOICTB. Pacnpesnenenue TemnoBoi
9HEPIHU CO3/aCT YCIOBUSA JUIsl yeKopeHus nuddy3un mapa U3 BHYTPEHHHX CJIOCB MaTe-
pHuana K nepuQepuitHbIM, YTO YMCHBIIACT YHEPTeTUUCCKUE 3aTPAThl Ha MPOIIECC HArpeBa
U COKpalaercs ero MpojaoDKUTEIbHOCTh. MHTeHcHdUKanus mpolecca CyIIKH 3epHa
SIBIIICTCS OJTHUM U3 MICPCICKTUBHBIX HaNpaBlicHUH ucnonb3oBanus CBU-3ueprum.

Br16op 9acToTHl ompenerseTcsl XapaKTepUCTHKAMH ITOUICKAIETO HarpeBy Marte-
puana. Jlns NPOMBINUICHHBIX HAarpeBaTEeNFHBIX YCTPOHCTB B Poccum BBIIENEHBI clie-
nyronme auana3oHsl 4actot: 433 MI'm, 915 MIm, 2450 MI'tt. [JusnekTpudeckue moxa-
3aTeNy 3epHa HE OCTAIOTCS IMOCTOSHHBIMA W 3aBHCAT OT HAINPSDKEHHOCTH JICKTPUUIECKO-
TO TIOJISL, 9aCTOTHI BO3ACHCTBIS, JaBIICHIS, TEMIIEPATYPhI, ITIOTHOCTH MaTepuaa, BiIax-
HOCTH, OT IUTIOTHOCTH 3€PHOBOH CMECH, COpTa, HAJMYUS IPEABAPUTEIBHON 00paboTKH,
HAJIMYHS IpUMecei u apyrux (HakTopoB, YTO HEOOXOIMMO YUUTHIBAThH MPH MPOSKTHPO-
BaHUU 000PYJOBaHHMS JUUISI UX DJIEKTPOMAarHUTHOH 00pabOTKH.

Jns obecnieueHnst OBICTPOrO MPOTOTHITMPOBAHMS U CHIDKEHHS! BO3MOXKHOCTH I10-
Tepb, OOYCIIOBJICHHBIX OINMOKaMH Ha Pa3UYHBIX CTagUsIX Pa3pabOTKH U BHEIPEHHS
000pyI0BaHUs, 0COOYIO 3HAUMMOCTh NMPHOOPETACT pa3paboTKa MOJACICH U MMUTAIIMOH-
HOE MOJEIMPOBaHUE 3TUX MOJEJCH, BKIII0YAs aHANIMU3 YyBCTBUTEIBHOCTH I'eOMETpHUYe-
CKHX TIapaMeTpOB 00OPYIOBAHUS C LENBIO ONpPEeIeHUs TpeOOBaHNH K TOYHOCTH H3TO-
TOBJICHUS MOAyNedl oOopymoBanmsa. Kpome TOro, Uil HpaBIIIBHOTO MOJCIAPOBAHHS
HEOOXOIUMBI CBEACHUS 00 AMANEKTPHUYSCKUX CBOICTBaX MAaTEpHAIOB M 3aBUCHUMOCTH
9THX 3HAYCHHUU OT TUIOTHOCTH, BIIAXKHOCTH W T.J. MOAETMPOBaHNE BEHITIONHACTCS Ha OC-
HOBE 3JICKTPOIUHAMUICCKOTO MOJICIIMPOBAHHUS M MOXET OBITh BEITIONIHEHA B TaKUX MPO-
rpamMHbIX Tipoaykrax kak CST Studio, HFSS, FEKO [17-19].

IMocranoBka 3agayu. L{ens paboOTHI COCTOUT B BHINOJHEHUH UMUTAIIOHHOTO MO-
JIETUPOBaHUS BOJIHOBOTHO-IIIEIEBOI peleTku st CymKH 3epHa. OCHOBHAs 3ajada, Ko-
TOpasi CTOUT IPU MOJCINPOBAHUH, OOECIIEYNTh PAaBHOMEPHOE paclpeieieHHe MOIIHO-
CTH KaXJI0} Iemnpio. B kadecTBe cpeasl MOACTHUPOBAHUS HCIIONB3YETCA CIEIHAIN3UPO-
BaHHBIN nporpamMmubiii kommiekc FEKO. MogenupoBaHue BBIIOTHAETCS Ha 4acToTe
2450 MTI'n, B KauecTBe MCTOYHMKA HCIIONB3yeTCS MarHETPOH ¢ MUHUMAaJIbHOW MOIIIHO-
cteio 0,75 kBt u MakcumaneHoit 1,5 kBT. AusnexkTpuueckas IpOHULAEMOCTh 3€pHa Jie-
JKUT B peaenax 2,6 — 3,4, morepu coctaBisior tgd = 0,22...0,33.

JJis CyIKu 3epHa UCIIONB3YIOTCS BOJHOBOIHO-IIEEBEIC aHTCHHBI, IIPEICTABIISIO-
e co0oi CHCTEMY TOYBOJTHOBBIX IIeNel, IPOpe3aHHBIX B CTEHKE BOJIHOBonA. [lon-
BOJI DHEPTUU 3JICKTPOMATHUTHOTO TIOJS OCYIISCTBILLICS CBEPXY U CHH3Y KOopoOa, B KO-
TOPOM Pa3MEIICHO 3epHO. VICIONB3YIOTCS MPSIMOYTONBHBIE BOJHOBOIBI C BONHOW Hyp.
Heo6xomuMo obOecrnieunTh OJHOPOJIHOE OOJIydYeHHE MPOTHKEHHOrO 00BEKTa, M MOIII-
HOCTh WM3JIy4CHHs BCeX IeJiel, pacHoJ0KEeHHBIX Ha OJHOM OOJydaroleM BOJHOBOJE,
JIOJI’KHA OBITH OJTMHAKOBOM.

Cnoco6 pemenusi. [Ipu pacmnonokeHUr pe30HAHCHOH IIEeNTH Ha MPOJOIBHON OcH
IIMPOKOI CTEHKH €€ HOPMUPOBAaHHOE CONPOTHBIIEHHE PABHO HYJIIO, LIEb SBISCTCS He-
n3nydaromeit. Takum o6pa3oM, yBeIHIUBas 110 X0y ITOIBOAUMON MOITHOCTH yTOJ OpPH-
€HTAllMM 1IeJIM OTHOCUTENBHO MPOJOJBbHOM OCH HIMPOKON CTEHKH BOJHOBOZA, MOXKHO
peann3oBaTh OOJydaloOIIyl0 CHCTEMY C OZHOPOJHBIM m3nydeHnemM CBU-mominocty Ha
3HAYUTEBHOW TnHe. Metonuka pacuéra cuH(pa3HBIX MHOTOIICICBBIX aHTCHH IPU KO-
POTKO3aMKHYTOM KOHIIE JIMHUH ITOIPOOHO m3NokKeHa B [16, 17].

Cremyer OTMETHTb, YTO CHH(]A3HBIC BOJIHOBOIHO-IIECIICBBIC aHTCHHBI SBITIOTCS PE30-
HAHCHBIMH KakK IO pa3MepaM IIeJiel, TaK U M0 PACCTOSHHIO MEXKIY HFMH, B CIydae pacco-
TJIACOBAHMS OTPAKEHUSI OT KaKIOH e B BOJHOBOE CKiIajpiBaroTes B (haze 1 KCB B mu-
TaIOIIEM BOJIHOBOJIE PE3KO Bo3pacTaeT. Cxema HaKJIOHHOH IenH n300paskeHa Ha puc. 1.
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Puc. 1. Moodenv wenu 6 wiupokoti cmeHke 801H08004

[llens pa3MenieHa CUMMETPUYHO OTHOCUTEIBHO €€ CpedHEW JMHUM IIHPOKOU
CTeHKHM BOJHOBOA. [ToCKONBbKY Iesb BO30YXkKIAeTCsl MPOAOJIbHBIMU TOKaMH (Iorepey-
HBIE TOKHU II0 00euM CTOpOHaM cpe,uHeﬁ JIMHUU UMEIOT MPOTHUBOIIOJIOKHBIC 3HaKI/I), I10-
9TOMY I-I1IeJIb SKBHBAJICHTHA ITOCIIEIOBATEIEHOMY COIPOTUBIICHUIO

R = 0131 22 [£,p) sin) + 2 £, ) cos )] |

C cos Cos: COS—~

05" Y Ui Ty
2 2 — 2 2
1_{2 - Fl f2 (lp) - 1_52 + 1—Y2 '

fi W) =
) 1. 2 1.
= —cosyp ——sin = —cosy + —sin
¢ As 4 2a by g 4 2a b,
IJIe Y — yroJl MeXJy OCBIO IIETH U CPEeHeH JIMHUEH CTEHKU BOJTHOBOA. J{Jisl BBITIONHE-
HUS YCIIOBHSI COTIIACOBAHUS HEOOXOMMO, YTOOBI BEITIONHSIIOCH YCIIOBHE
Rn=1
N — KOJHMYECTBO IIeJeil B BOJHOBOJHO-IENCBOM perieTke. Ha puc. 2 mpuBeneHa 3aBu-
CHMOCTh HOPMHPOBAHHOTO COMPOTHBIICHHUS IIETH OT yTJIa HAKJIOHA IS OTHOCUTEIHHO
MOTIEPEYHO OPUEHTUPOBAHHOM IIENTH B Y3KOI CTEHKE BOJIHOBOJA.
121 , ; .
1
0.8
R 06

04

0 10 20 30 40 50 60 70 80 9
yroj HaKJIOHa wieyIH

Puc. 2. 3asucumocmo HOPMUPOBAHHO20 CONPOMUBTIEHUA Weau om yeld HaKl10Ha wieau
ONMHOCUMEIIbHO nonepetmozi weiu 6 WMpOK'OZZ cmenKe 801H0800d

Ha puc. 3 moxa3ana 3aBUCHMOCTh HOPMHUPOBAHHOTO COIPOTHUBIICHHUS IIETH OT yIia
HaKJOHA LIETU OTHOCUTENBHO MOIEPEUHON IIENH B IIMPOKOHM CTEHKE BOJHOBOAA IS
HEOJHOPOJHOI0 BOJIHOBOJA, B KOTOPOM BBICOTa BOJHOBOJA JIMHEWHO YMEHBIIAETCS IO
Mepe yaaleHus OT HCTOYHUKA (Cy>KeHHE BOJIHOBO/A MO BEPTUKAIIHN).

3aBUCHMOCTH HOPMHUPOBAHHOTO CONPOTHUBIICHUS IO3BOJISIIOT BEIOPATh YToJl HAKIIO-
Ha IIeNiel Kak B OJJHOPOJJHOM, Tak M B CY)KHBAIOLIEM BOJIHOBOJIE, 0OECTIeUnBarONINN yC-
JIOBUE COIJIACOBAHMSI.
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Rei 5
1
0,5
. _
20 e ——— : =

enn b

Puc. 3. 3asucumocmo HOPMUPOBAHHO2CO CONPOMUBIERUS Weau R om yeaa HakloHa ujeiu
8 WMPOKOIZ cmeHKe 80IH0800a U 8bICOMbL 801HO600a b

Hccnenyemas MojienTb BOJTHOBOJIHO-IIIETIEBOM aHTEHHBI C 28 IEIsIMH, BBIMOJHEH-
Has B mporpamme FEKO n3o6pakena Ha puc. 4. [y onvcaHusi MOAETH UCTIOIB30BaJICs
TOYHBIH METOJI pacdyeTa — METOJ MOMEHTOB.

Z/N

Puc. 4. Mooenv 8oan0600H0-wenesol anmennwl 8 nakeme FEKO

st 1300pakeHHOH BBIIIE MOJIEN BOJHOBOJIHO-IIENIEBOI aHTEHHBI OBLIM HCCIIEN0-
Banbl 3aBucuMocti KCB (koadduimenTa crosueil BOJIHbI) aHTEHHBI OT IIHUPHHbI LIEeH 1
yria noBoporta mieieit (puc. 5). Monenu ObuTH BepU(pHUIMPOBAHbI MyTEM CPaBHEHUS pe-
3yJIBTAaTOB, MOJYYEHHBIX MPH PA3THMYHOM MEIIUPOBAHUH 3JIEMEHTOB TOBEPXHOCTH.

oo

3
A |
2
1.9

18

17

0.3 0,32 034 0,36 038 04 0,42 044 046 0,48 05
WmHpHHA meneii, oM

KCB 2

75 76 77 78 79 80 81 82 83
YToA noBpoTa mexeit, rpanycst

Puc. 5. 3asucumocmo KCB om wiupunvt weneii u om yena Hakioua wene (yeon
OMCUUMBIBAENCSL O NONEPEUHOU OpUeHmayuu ujeiet)
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Kak BHIHO W3 NMPUBEICHHBIX 3aBUCHUMOCTEH, yBEIMUICHUE IIUPHHBI IIETIEH BEACT K
mouTH JnuHeHHOMY yBennueHnio KCB B BonmHOBOgHOM TpakTe. ITosTOMy mis mampHEH-
LIMX PacyeToB MIMPHHA Lieiel Obuta nmpuHATa paBHOW 3 MM. 3aBucumocts KCB ot yria
[IOBOPOTA LIEJIEH UMEET SIPKO BBIPAKEHHBIM MUHUMYM. [Ipu 3TOM M3MeHeHue yria Ha-
kioHa oT 75° o 83° mpuBoxauT k m3meHeHno KCB B mpexernax ot 1,1 mo 3.

Oo0cyxnenne pesyabTaroB. Ha puc. 6 npuBeneHo pacnpeneneHue HanpskeHHO-
CTH JIEKTPUUYECKOTO TIOJIST B MPOJOJIFHOHN MIOCKOCTH BOMHOBoAa. Hambonpimas Hepas-
HOMEPHOCTh HaOJIONAeTCs B IEHTPE BOJHOBOJHO-IIENIEBON aHTECHHBI, KOTOPAs MOJKET
OBITH yCTpaHEHa 3a cYeT M3MEHEHHs YIJIOB IOBOpOTa Iienei ¢ Homepamu 12—17. Cre-
JyeT OTMETHTh, YTO TaKoe pelieHue npuBesaeT Kk pocty KCB aHTEHHBI, OHAKO JUIs MC-
cnenyemoit monenu KCB He mpeBpimaer 1.7.

XYZ E-Field [kvV/m]

25.0

P s
20.0
175

15.0

' 125

10.0
75

5.0
I 25
0.0
Puc. 6. Pacnpedenenue HanpajiceHHOCMU 1eKMPUYECcK020 Noas 8 NPOOOIbHOU
NIOCKOCMU 80HOB00A

Takum 006pa3zoM, Bce 28 miesneil aHTEHHbI H3JIy4YaloT HIEKTPOMArHUTHOE TOJIe, IPU
sToM obecrieunBaetcst KCB B BOJTHOBOIHOM TpakTe He Xyxke 1,7.

KoHcTpykTHBHO 000pynoBaHHEe 00pabOTKH 3epHa MPEACTaBIIeT cO00i eMKOCTh ¢
3epHOM, KoTopas mozaBepraercss CBY-o0paboTKH € MOMOIIBIO JBYX BOJHOBOHO-
IIEJIEBbIX AHTEHH, PACIIONIOKEHHBIX C MPOTUBOIMOJIOXHBIX CTOPOH U CIABUHYTBIX OTHOCHU-
TENBHO JPYT IPyTa ¢ IEJbI0 Co3Manus 0ojice PABHOMEPHOI'O paclpee/icHus] B o0beMe.
Hccnenyemast Mojielib IpUBE/ieHa Ha pUC. 7. PaccTosiHue MEXAy €MKOCTBIO C 3€PHOM H
BOJHOBOJAMH N, cocTaBuio 1,/8, 1,/4, Tne A, — nnmHa BoHBI B BoHOBoJe. Llupuna
wenei npunsaTa 0,3 cM, yron Hakinona menei 82,25°, KCB ne npesbimaer 1,7 ais 06o-
UX CITy4aeB Pacroi0KeHHs BOJIHOBOIOB M0 OTHOIICHHIO K KIOBETY C 3€PHOM.

____E_/

Puc. 7. Mooenv obpabomxu sepna CBY-usznyuenuem, co30anHbim 08yMsi
60IHOBOOHO-YELeBLIMU AHMEHHAM

Crenyer ocobo oOpaTuTh BHUMaHHE Ha BHIOOp BHICOTHI KIOBETa C 3epHOM. Hepas-
HOMEPHOCTh PACIpPOCTPAHEHUSI MOIIHOCTH IO TOJIIHMHE 0OpadaThIBaeMOro Marepuana
00ycToBIIeHa OTEPSAMHU B CIIOSIX MaTepuana o Mepe yAajleHHs oT UcTodHuKa. OCHOB-
HOW XapaKTEPUCTHKOI 3TO HEpaBHOMEPHOCTH MOKET CIYXHTh IIyOHMHA IPOHHKHOBE-
HUS TI0JIS, KOTOpAas ONpeAessieTcs 0 3aBUCHMOCTH:

A 1
T=——,
2m\[e'tgs

83



Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

rae A — JUIMHA BOJTHBI, M; € — IURJIEKTPUIECKAs MOCTOSIHHAS MaTepHana, tgd — TaHTeHC
yriia motepb. [1yOnHA MPOHUKHOBEHHUS TIOJIS MTOKA3bIBACT HA KAKOM TOJIIMHE TIOJE OC-
nabeBaeT B e-pa3. Ha puc. 8 uzobpakeHa 3aBUCHMOCTh TOJIIUHEI SKiN-cJ10s1 OT moTeph B
MarepHaie | IHIJICKTPHICCKOM MPOHNIIAEMOCTH MaTeprana. Bennunna SKin-ciost sBiis-
€TCs OTPEICIIAIONINM [TapaMeTPOM TIPH BEIGOPE pasMepOB KIOBETA C 3CPHOM.

TomuHa skin-cos

3.4 32

peanbHasA 4acTh
JIHINEKTPHYECKOIt MPOHHLIAeMOCTH

2 2,8 03

26 0.35 TAHTCHC yTIa NoTeph

Puc. 8. 3asucumocmo moawunst SKin-cros om nomepo 6 mamepuane
U OUINEKMPULECKOll NPOHUYAeMOCIU Mamepuand

Hwxe mpuBeneHbl pe3ysbTaThl AJIEKTPOMArHUTHOTO MOJEIUPOBAaHHS HaNpsDKEH-
HOCTeH Tmoeli U yaenpHOH noriomaeMoi MomHocté (BT/KT) BHYTpH KIOBETHI ¢ 36pHOM
B TOPU30HTAJIBHBIX U BEPTUKAIBHBIX IUIOCKOCTSIX. PacmonoxkeHune AByX CABHHYTBIX OT-
HOCHUTENFHO JPYyT ApPYyra BOJHOBOJOB MO3BOJISET BBINOJIHUTH OoJiee paBHOMEpPHBIN Ha-
TpeB 3epHa BHYTpU oObeMa. B pabore mccienoBaHbl pacnpeneieHus >IEKTPHIECKOTO
10JIA U yAEIbHOW MOrJOUIa€MOW MOIIHOCTH B BEPTUKAJIbHOW U TOPU3OHTAJIBHON ILIOC-
KOCTSIX, OPHEHTHPOBAHHBIX 110 OTHOIIEHHIO K ILEJISIM BOJHOBOIHO-IIEIEBOW aHTECHHBI,
IIPU Pa3IMIHOM PACCTOSIHUM OT KIOBETHI ¢ 3epHOM. Kak Iokasamm pacueTsl, yJaJeHHue
BOJIHOBOJZIA OT MTOBEPXHOCTH KIOBETa IPUBOAUT K O0Jiee paBHOMEPHOMY PacIpeIesICHUI0
AJIEKTPUUECKOTO TIOJISI IPH OJHOBPEMEHHOM CHM)KeHHHU ero yposHs. Ha puc. 9-12 npu-
BE€JICHBI paclpesieNieHHs] HApPsHDKEHHOCTEH 3JIEKTPUYECKOro IMoJied U yJeabHOW IMOoriio-
I1a€MOI MOIIHOCTH B TOPU30HTAIBHON U BEPTHKAIBHOM IIJIOCKOCTAX B CEpEIMHE KIOBE-
TBI C 3¢pPHOM TIPH PACCTOSIHMU BOJTHOBOJIA OT KFOBETHI C 36PHOM, PABHOM A,/4.

XYZE Field WV Iw]

Puc. 9. Pacnpedenenue 21ekmpuiecko2o noisi 8 cepeoune Closl 3ephd 6 20PU30HMAaIbHOU
naockocmu (N0, = Adl4)

Puc. 10. Pacnpeoenenue snexmpuuecko2o nojis 8 cepedune Clos 3epHa 6 6ePmuKaibHOU
naockocmut (Nyyso, = A4)
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SAR [W/kg)
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Puc. 11. Yoenvnas noznowaemas MOWHOCMb 6 cepeouie Clos 3¢pHA 6 20PUSOHMATbHOTL
naockocmit (Nygs0p = Ao4)

Puc. 12. Yoenvras noenowaemas MouwHoCms 8 cepeduHe Cllosi 3epHA 8 6ePMUKATbHOU
naockocmu (Nygs0p = Aol4)

Takum 00pa3zoM, MpUBEICHHAS MOACTH BOJHOBOJHO-TIENCBONH aHTCHHBI ITO3BOJIACT
OCYIIECTBUTH HArpeB 3epHa. J{Jisl yIrydIIeHus MPOHUKHOBEHHUS dJICKTPOMArHUTHOM BOJTHBI
TIPEAJIaraeTcsi MEXKIy BOTHOBOIOM M KIOBETOM PACIOJIaraeT COTIACYOUIHIA CIOH IHUAJIeK-
TPHYECKOTO MaTepHaNa C HapaMeTpaMu /&' Juis yJIydIIeHHs COTNIACOBAHMSA C 00HEMOM
3epHa. [IpuBeeHHBIE MPUMEPHI pacpeIeICHU TI0JIeH MOKa3bIBAIOT, YTO UMEETCS HepaB-
HOMEPHOCTP PacIpeieNieHus Mol Mo 00beMy KaMephl. HeKkoTopoe ynaneHrne BOJTHOBOIOB
OT KaMephl MPUBOANT K BRIPABHUBAHUIO HEOJTHOPOIHOCTH IIOJISA, HO MIPU 3TOM YacTh H3ITY-
YaeMOH MOITHOCTH TepsieTcs. Kak mokasainu pe3yapTaThl pacueTa YBEINIeHIE PACCTOSHUS
OT BOJIHOBOJIA JI0 KIOBETA C 3€pHOM He oTpasmioch Ha KCB BoTHOBOTOB.

3akaroyenue. B manHOl pabGoTe OBLIO BBIMOJHEHO WMHUTAIMOHHOE MOJIEITHUPOBA-
HHC HarpeBa 3¢pHa C MOMOINBI0 00Iy4YeHus ero snekrpomarautaeiM CBY momem. Oc-
HOBHasI 33/1a4ya MOJICIIMPOBAHKS COCTOsIIA B 00ECIICUCHHH PABHOMEPHOTO HarpeBa 3epHa
3a CYeT PAaBHOMEPHOTO PACIpPEIC/ICHHIS MOITHOCTH, H3JIydaeMOi BCEMH IISISIMU B BOJI-
HOBOJC. bouin TMOJIYYCHBI 3aBUCUMOCTHU KCB AHTCHHBI OT IIHWPWUHBI U yIjla HAKJIOHA 1I€-
JICH, YTO MO3BOJIWIIO BHIOPATh ONTHUMAIBHOE pacroiokeHue mieneil. C MmoMOIbIo crie-
IUAN3UpOBaHHOTO mporpammHoro komiwiekca FEKO momydeHo pacmperneneHue 3iek-
TPUYECKOTO TOJIS M YACTBHOM MOTIIOMAEMON MOIITHOCTH B CJIOE 3€pHA, ITOIBEPTaIOIIero-
cs1 CBY o6iyuennto.

MopenupoBaHue pacrpeelcHAs HAPsHKEHHOCTH 3JIEKTPUIECKOT0 IO TI0KAa3alio,
YTO OTHAJICHHUE BOJHOBOJOB OT KIOBETHI C 3€PHOM IPHBOIUT K BHIPABHUBAHUIO HEPABHO-
MEpPHOCTEH TOJISI, OJJHAKO B 3TOM CIIydae HEKOTOpas 9acTh M3IyYaeMOil MOIIHOCTH pac-
CEHMBACTCS B MPOCTPAHCTBO. [Ipy 3TOM, KaK IOKa3aJu pe3ybTaThl BEIYUCICHHM, YBEIUYe-
HHUE PACCTOSIHUS MEXXIY BOJIHOBOJIAMH M KIOBETOI! ¢ 3epHOM He BiuseT Ha KCB anTeHH.

Crnenyer OTMETHTh, YTO B pEaJibHOW OOCTAHOBKE BOJHOBOM XapakTep IMOJIs Criia-
JKHBAETCS 3a CUCT TEIUIOMEPEHOCA, U 3TO SIBJICHHE HE MOXET OBbITh YYTECHO B IpOIECcce
3JIEKTPOMArHUTHOTO MoJeupoBanus. KpoMe TOro, cieayeT MCCaeaIoBaTh BECh CIEKTP
BO3MOKHOTO M3MEHEHHS JUIICKTPHUYCCKHX MapaMeTPOB 3€pHA, YTOOBI MIPOaHATH3HUPO-
BaTh MPOIECC PACIPOCTPAHCHHS BOJHBI MPH BHICOKOW BIAYKHOCTH 3epHa. Llemecoobpas-
HO TaK)X€ PacCMOTPETh APYTHE MOTU(PHUKAIIMU BOJTHOBOHO-IICICBBIX aHTEHH, KOTOPHIC
CMOTYT 00ecIieunTh 00Jiee paBHOMEPHBIN HATPEB BHYTPH KIOBETHI C 3€PHOM.

Hayunple ncclieioBaHus BBITOTHEHBI B pamkax npoekta «Co3IaHue BBICOKOTEX-
HOJIOTHYHOT'O MPOW3BOJICTBA AIIIAPaTHO-IIPOrPAMMHBIX KOMIUIEKCOB OOpabOTKHU Cellb-
x03chIpbst Ha ocHOoBe CBY m3nyuenus» (Cornamenne ¢ MunoOpuayku PD Ne 075-11-
2019-083 ot 20.12.2019 r., Horosop IO®Y Ne 18 ot 20.09.2019 r., HOMep paboOTHI B
IODY Ne X]1/19-25-PT).
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Pazpen II. Anroputmsl 00paboTk HHpOpMAUN

Pasnen |l. Anropurmsel 00padoTku uHGopmannu

YJIK 004.056.5 DOI 10.18522/2311-3103-2020-3-89-98

H.B. Boaabipuxus, ®.A. AiurynuH, [{.A. Kopouenuesn

OCOBEHHOCTH KIIACCHOPUKAIINU 3AILIN®PPOBAHHOI'O CETEBOI'O
TPAOGUKA

B nacmosiwyee epems pacmem unmepec K 3a0a4am 3¢hpexmuero2o ynpagneHus NaKkemuolMu
cemsamu. Kavecmsy 00CyxHcueanus, obecnedyenuro uHGopMayuoHHol 6e30nacHocmu, OnmumMu3a-
Yuu UCNONB308AHUS. NPOSPAMMHO-ANNAPAMHBIX pecypcos cemu. Bee amu 3a0auu 60 mnozom onu-
PAIOMCs HA AHANU3 U KIACCUDUKAYUIO cemeso20 mpaghuka. JJanuvlii mpapux HeoOHOPOOeH, Kak
npasuno, umeem nyibCUpyIoOwuil Xapakmep, mpyoHo noo00aemcs NPOSHO3UPOBAHUIO, ONUCHIBACICSL
MameMamuieckuM annapamom CiydaiHblx npoyeccos. B pasnoe eépemsi yciosusi npoxodicoenust
nakemos no 0OHOMY U MOMY Jice NYmu MO2Yn 3HAYUMENbHO Omaudamscs. Buecme ¢ mem nosens-
emcsi 3HAYUMENbHOE KOIUYECHB0 NPUNLONCEHUL, MPebo8amenbHbIX K 3A0epAHCKAM U Odcummepy.
3aoaua aomunHuCmpuposanus 8 OAHHOM KOHMEKCHe COCMOUm 8 NpasuibHol HACMPOUKe V3108
Kommymayuu u mapupymuzayuu. Kiaccuguxayus mpaghuxa nosgonsem uoeHmuuyuposams
nakemovl paziudHbIX NPUTONCEHUL U CYHCO U 0becneyums ux npuopemu3ayulo npu nepeoaye no
cemu. Hanpumep, mpaghux eudeokonpepenyuti Heobxooumo nepeoasams 8 nepeyo ouepedsb, no-
CKOMbKY OH OY€eHb YY8CMBUMENCH K 3A0ePIACKAM U OACUmmepy, mpapux OaHHbIX MOAICHO nepeoda-
6amv 6 nNociedH ouepeds. Knaccugurayus mpaghuxa na cecoonswnuil 0ekb 3a0a1a aKkmyaib-
Hast KaK ¢ MOYKU 3PeHUss AOMUHUCIPUPOBAHUsL Cemu, MAaK U ¢ MOYKU 3peHust obecneyenus eé
b6e3onacrocmu. Beudy mozo, umo 60avuioe KOIUYeCma8o NnpuiodxceHull cetivac wugpyem nepeoa-
8aemyIo UHGOPMAYUIO U NPOCMOMPEMb ee COOEPIUCUMOE OUYEHb CILOJICHO, 0COObIL UHmMepec npeo-
cmagasiem  Kiaccuukayus mpagura, Komopas no3eoisiem no KOC8EHHbIM NPUSHAKAM Onpeode-
aumv anomanuu 8 pabome cemu, npusHaKu emopdicenusi. B dannoil pabome paccmompenvl oco-
bennocmu pewienusi 3a0a4u Kiaccugurkayuu 3awudposannoco mpagura. Llenvio pabomor sens-
emcsi uccredosanue 0cobeHnocmetl Kiaccuurayuy 3auu@posaniozo mpaguka ¢ ucnoib308aHu-
eM KOPPeNAYUOHHO20 aHANU3Ad U Ai20pUmMMA, OCHOBAHHO2O HA PA3HOCMU UHMESPANbHbIX NI0Wd-
Oetl. 3adauu uccnedo8anus: — paspabomams arOpUmMM Kiaccupurayuu mpa@uka Ha OCHo8e
KOppensyuu U u3eeCmublMy o0pasyamu; — paspabomams ai2opumm, OCHOGAHHLII HA PA3HOCMU
UHMEZPATbHBIX NAOWAOET NOO KPUBLLMU UHMEHCUBHOCIU MPAa(uKa, — npogecmu NPpaKmuyecKoe
uccnedosanue moYHOCMU pewenust 3a0ayu Kiaccupuxayuu. B pabome paccmompena knaccugu-
Kayusi mpaguka no mpem epynnam. ayouo, suoeo, daunvie. B pezynomame gvisenena docmamou-
Hast MOYHOCMb KOPPENAYUOHHO2O aN2OPUMMA NpU OnpedeieHuu ayouo u mpaguka OaHHbIX.
s eviasnenus uoeompapura ayyuie UCnOIb306amy AI20PUMM, OCHOBAHMbII HA PASHOCIU UH-
MezpanbHbIX nAowaoel o0 KPUbIMU UHMEHCUBHOCTU.

Hnpopmayuonnas bezonacnocms; kraccugurayus mpaguxa; 3auudposantsviti mpagux,
cmamucmuueckuti Memoo; NPUNLOICEHUE; CeMb CE3U.

N.V. Boldyrikhin, F.A. Altunin, D.A. Korochentsev
CLASSIFICATION FEATURES OF ENCRYPTED NETWORK TRAFFIC

Currently, there is growing interest in the tasks of efficient packet network management:
quality of service, ensuring information security, optimization of the network hardware and soft-
ware resources. All these tasks rely heavily on the analysis and classification of network traffic.
This traffic is heterogeneous, as a rule, has a pulsating nature, difficult to predict and described by
the mathematical apparatus of random processes. At different times, the conditions for passing
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packets along the same path can vary significantly. At the same time, a significant number of ap-
plications are appearing requiring latency and jitter. The administration task in this context is to
correctly configure the switching and routing nodes. Traffic classification allows you to identify
packages of various applications and services and ensure their prioritization during transmission
over the network. For example, video conferencing traffic needs to be transmitted first of all, since
it is very sensitive to delays and jitter, data traffic can be transmitted last. The classification of
traffic today is an urgent task both in terms of network administration and in terms of ensuring its
security. Due to the fact that a large number of applications now encrypt the transmitted infor-
mation and it is very difficult to view its contents, the traffic classification is of particular interest,
which allows indirect signs to determine anomalies in the network, signs of intrusion. In this pa-
per, we consider the features of solving the classification problem of encrypted traffic. The aim of
the work is to study the classification features of encrypted traffic using correlation analysis and
an algorithm based on the difference in integral areas. Research Objectives: — develop a traffic
classification algorithm based on correlation and known patterns; — develop an algorithm based
on the difference of the integral areas under the traffic intensity curves; — conduct a practical
study of the accuracy of solving the classification problem. The work considers the classification
of traffic into three groups: audio, video, data. As a result, a sufficient accuracy of the correlation
algorithm in determining audio and data traffic was revealed. To identify video traffic, it is better
to use an algorithm based on the difference of the integral areas under the intensity curves.

Information security; traffic classification; encrypted traffic; statistical method; application;
communication network.

Beegenne. B Hacrosiiee BpeMs CETH CBSI3U CTAJIM HEOThEMIIEMOU YaCThIO JKU3HU
oOmectBa. O4eBHIHO, YTO B TAKUX CETSX 3a/1a4a YIPAaBJICHUS U KOHTPOJS HH(POPMAIH-
OHHBIX TIOTOKOB TPHOOpETaeT BBHICOKYIO 3HaYMMOCTh [1-6]. HeoTpemiemoli yacTpio Ta-
KOTO YIIPaBJICHHS U KOHTPOJIS SIBIsICTCS Kiaccudukanus tpaduka [7-15].

W3nauvansHo Kiaccnukanus Tpaduka HCHOIb30Bajach aJAMHHUCTPATOPAMH JUIS
aHann3a MH(GOPMAIMOHHBIX MOTOKOB C LIENIbIO TOBBIIICHHUS YNPABISIEMOCTH CETH, (-
(hEeKTHBHOCTH HCIIOIB30BAHMS KAaHAJIOB CBS3M, OMHAKO B HACTOSIIEE BPEMS 3a1a4a aKTy-
anpHa | B 001acTu nHopMauoHHo# 6e3omacHocTy [16-18].

B obmem ciyuae 3amaya KiracCH(pUKAIMKA CETEBOTO Tpaduka MOXKET OBITh cdop-
MYJIMpPOBaHa KaK BEpPOSTHOCTHOE OTHECeHHe TpaduKa K OIpellelIeHHOMY THUIly (Harpu-
Mep, TpauK IaHHBIX, BUJEO, ayMO U T.J.), JHUOO ONpeJesieHne COOTBETCTBHS Tpaduka
KaKOMY-TO KOHKPETHOMY NPOTPaMMHOMY OOBEKTy, MIH KJIacCy OOBEKTOB (HampuMep,
pOrpaMMBbl pacchuIKu criama) [7-15].

CyliecTByeT HECKOJIbKO TTO/IX0/I0B K PEIISHHUIO 3aaul Kiaccudukanun tpaduka:
Kiaccu(uKanys, OCHOBAaHHAs Ha IOpPTax, KiaccH(HUKanus, OCHOBaHHAs HA MOJE3HOH
Harpyske, CTaTUCTUYECKHE MEeTO/Abl aHanmu3a. Kaxplii U3 monxonoB o0i1agaeT CBOMMHA
JOCTOMHCTBAaMHM M HexocTaTtkamu [7-15].

D¢ PeKTHBHOCTD KJIACCHYECKUX METOJIOB B IIOCIEHEE BPeMsl HEBEIHMKA. 3HAuH-
TeJIbHAs 4acTh CYIIECTBYIOMIETO BPEAOHOCHOTO MPOTPAaMMHOTO oOecriedeHus (ceTeBble
YepBH, TPOSHCKUE MTPOTPaMMBI, MPOTrpaMMbI PACCHUIKM CIIaMa M T.J.) TCHEPUpPYET ceTe-
BOIi TpaduK, KOTOPHIi 3a4acTyto ObiBaeT 3ammppoBannbM [13, 18-20]. Tak xe MHOTHE
JIeTalibHbIe PUIIOKEHUSI TeHEPUPYIOT OIPOMHOE KOJIMUECTBO MIM(BPOBAHHOTO Tpaduka,
COJICP)KUMOE KOTOPOTO HEBO3MOXHO IPOKOHTPOJMPOBATh MPH OTCYTCTBHUH KIIOYEH
mmdposanus. OTYacTH PEUINTh ITY 3aJa4y MOXKHO C TOMOUIBIO Pa3JIMYHBIX CTATHUCTH-
YECKUX METO/IOB KJacCHU(PUKAIIMHU TpaduKa.

Kaaccupuxanusa tpadpuka Ha ocHoBe Koppeasiuun. Kaxasii Tun Tpaduka
HNMEET CBOM MHIMBUAYAIbHBIE OCOOEHHOCTH, TIO3TOMY MOXET OBITh KJIaCCUPUIUP O-
BaH C MCIIOJIb30BAHWEM KOPPEJSIIMOHHOTO aHanu3a. B nanHoi paboTe paccmaTpuBa-
ercst 3 tuna Tpaduka: Buneo (video), aynuo (audio) u nanusie (data). Ha puc. 1-3
MPUBEIEHBl TNPUMEPHl 3aBUCHMOCTH HMHTEHCHUBHOCTEH COOTBETCTBYIOLIMX BHIOB
TpauKa OT BpEMEHH.
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Puc. 3. Humencusnocmv mpaghuxa, co30agaemozo npu ckavueanuu gauia

CyTb anropuT™a 3akirodaercsi B cOope HEKOTOPOro KOoJIMuecTBa 00pa3ioB Kax10-
ro U3 TUMOB Tpaduka. DTH 00pa3Ibl MPEACTABIAIOTCS B BHJIE BEKTOPOB HHTEHCUBHOCTH
TpaduKa W XpaHITCA B COOTBETCTBYIOIICH Oa3e maHHBIX. [ KimaccuUKauy Kakoro-
MO0 HEM3BECTHOTO 00paslia PacCUUTHIBACTCS KOI(DPUIIMEHT KOPPEISAIHMA OTHOCHTEIb-
HO K)KJIOTO M3BECTHOTO 00pasna M3 0a3bl JAaHHBIX M BEIYUCIIIETCS €r0 CpeJHee 3Haye-
HUE 10 KaXKA0H rpyImie o0pasios.

Koppernsus BRICUUTHIBACTCS O CIEAYIONICH hopMyIIe:

fy = Ziril(xi -X)(vi-y) 1)
s
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rae Xj, Yj — KOOpIMHATBI BEKTOPOB HEM3BECTHOIO M U3BECTHOTO 0OPa3LOB COOTBETCT-
BEHHO,a X , Y — MX MaTeMaTHYeCKHEe 0XKHIaHMUSL.

3HaunTENpHOE TPEBBIIICHUE CpPeaHero KoddduimeHTa KOppensiuu Mo OZHOW U3
IPYII B CPAaBHECHUH C OCTAJIBHBIMU CUHTACTCS OCHOBAaHHUEM IJII OTHECEHHS HEM3BECTHOTO
o0pasia K COOTBETCTBYIoLIeMY THUITy Tpaduka. [Tox TepMHHOM «3HAYUTENBHOE IPEBHILIE-
HHE» MOXKET IOHUMAThCS JIF000e pa3yMHOE IIOPOroBoe 3HaUeHue, Hanpumep, 50 %.

Ha puc. 4 mpuBeneH anropuTM KIacCu(pHUKaNnH, pa3padOTaHHBIN B paMKax JaHHON
paboThL.

B pamkax HaTypHOro 3KCIIEPUMEHTa, NMPOBEICHHOTO aBTOpPaMH, HCIIOJIb30BAIOCH
no 20 o0pa3noB Kaxaoro Tuma Tpaguka, ¢ KOTOPHIMH CPaBHUBAIKMCH «HEU3BECTHBIC
o0pasus! Tpaduka.

J1st wimocTpanuu paboThl aIrOpUTMa MPOBEPSIIUCH 00pa3Ilbl KaKI0To TUMA. 3a-
BEZIOMO M3BECTHO: K KAKOMY THITYy Tpa(uKa OTHOCHTCS B KiacCH(DUIMPYEMBIi 00pasel.

Hwxe npencrasneHa Tabn. 1, B KOTOpOW ONHCAaHBI PE3yJIbTAaThl PaCYeTOB KOPPEs-
1Y TS KIIacCuHUIUpyeMoro odpasia Tpaduka, 3aBeJOMO H3BECTHOIO Kak data.

Hauano

Tonyyenne
KIaccuuImpyemMoro
Tpaduxa (F)
IToyuenne Bcex 1luka B KOTOpOM
o0pasros nepebupaercs

MacCHB THIIOB
(massType)

Tlocneanuit Tun

massType++

Tlocneauuit
obasen?

Tlocuurats cpenHIoQ
KOPPEJIALHUIO [0 BCEM
THIIAM

Tocuntars KOppeALMIO U
YBEJIMYUTH CYETYUK HA 1

Knaccuduuuposats l—

Tpapuk

Puc. 4. Aneopumm xraccughuxayuu mpaghuxa na ochose Kopperayuu

Tab6muma 1
Cpenusisi koppeJsinus Uisl Kjiaccupuuupyemoro odpasua tTuna data
video audio data
-0,126 -0,29 0,623

W3 Tabn. 1 BugHO, 4TO cpenHuid Kod(h(GUIMEHT KOPPEIAIUN KIACCH(PUIUPYEeMOTo
obOpasmna tumna data mo rpymnmne o6pa3noB data MPeBHICKI aHATOTHYHBINA TIOKa3aTellb MPH-
onmmsutensbHO B 4,94 u 2,14 pa3a COOTBETCTBEHHO s Tpymmbl Video u audio.

Janee B Tabu. 2 u 3 mpenCTaBICHB aHAIOTHYHBIE PACUETHI [T Kiaccuuuupye-
MbIX 06pasios audio u Video.
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Tab6muma 2
Cpennss koppeysinus 1Js KJiaccuguuupyemoro odopasna tuna audio
video audio data
0,122 0,485 -0,337

W3 Tabn. 2 BuaHO, 4TO cpenHui K0d((GUIMEHT KOPPEIANnN KIaCCH(PUINPYeMOTo
oOpasna tuna audio mo rpymme o0pa3noB audio MPEBHICHUI aHAJIOTHYHBIA TTOKA3aTellb
npubanzuTensHo B 3,98 u 1,44 pasza cooTBeTcTBEHHO JUIst rpymitsl Video u data.

Tabmuma 3
Cpennsisi KOppeJsinus s KiaccupuuupyemMoro o6pasmna Tuma vVideo
video audio data
0,053 0,082 -0,036

W3 Tabn. 3 BUOHO, 4TO CpeAHUN KOAPGHUIMESHT KOPPEIAIUH KiIacCUu(UITHPyEeMOro
oOpasia tuna Video mo rpymme o0pa3noB Video MPEBBICHI aHAJIOTUYHBIA MOKa3aTeib
npubau3uTenbHo B 1,55 pasza mis rpynnsl  data, ogHako okaszancst Huxke B 1,47 pasa no
CpaBHEHHIO ¢ Tpymoi audio.

Kaaccuduxauusa tpaduka Ha ocHOBe PAa3HOCTH MHTErpPaJbHBIX IJIOLIAel
10/l KPUBBIMU HHTEHCUBHOCTH. BEIICNIpHBEICHHBIIl BEIYUCIUTEIBHBIN IKCIICPUMEHT
MOKa3aj, 4To JJIA pelIeHHs MpoOJieMbl KiacCH(pHUKaMu BUICOTpaduKa HEOOXOIUMO
BOCIIOJIB30BAaThCS JPYIHMM METOAOM, HalpuMep, npuBeneHHoM B [21] (s pemeHus
JpYroil 3ama4n), KOTOPBIA MOIpa3yMeBacT CpaBHEHHE IUIOMIAACH MO KPHUBBIMH HHTCH-
CUBHOCTH TpaduKa Ha 3aJaHHOM BpeMeHHOM uHTepBaje. [y npoBepku 3¢dexTrBHO-
CTH JIaHHOTO METOJia B KadecTBe KIacCH(UIMPYeMbIX 00Opa3LloB HCIOJIb30BAJIOCH TPU
o0pasiia BuaeoTpaduka.

B Tabn. 4 mpenacraBiieHbl 3HAUYCHUS IUIOMIACH MO KPUBOU IS KITACCUPUIIHPYE-
MBIX 00pa3IOB, OJY4YEHHbIC IyTEM HHTETPUPOBAHUS HAa 3aJaHHOM MHTEpBaje BpEMEHU

L
Svi = [ it i=1,2,3: @
t

rae lj(t) - narencnsrocts Tpaduka i -ro o6pasua, t) =0, t, = 799.

Tabmuma 4
Inomanm kiaaccupuuupyempix 00pas3uos

3,635* 10* 2,645 * 10* 3,883 * 10*

Jis mpoBemeHus KiacCH(PUKANU MCIIONB30BAUCH CPEIHUE 3HAYCHUS TUTOMIAAeH
o1 KpuBOit (Tabi. 5) mist kaxkmou rpynmsl 00pa3ioB u3 0a3bl JaHHBIX, OMPENSTIIEMBbIX
BBIPOKEHUSIMU

20 &
> [ it

__j:]_t1 3
V=T ©

200
> j | 5j ()t

g, =t
R S

: )
20
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204

> [ 1pj (0t

_ i—1
So =g ®

rae S,,,S,,Sp — cpennue miomany 1is Video, audio u data TumoB Tpaduka cooTBeTCT-
BEHHO; |y (1), | pj (t), I pj (t) — MHTEHCHBHOCTH TpaduKa I KAKIOro 06pasia, XpaHuMo-

ro B 0a3e maHHBIX It rpymn Video, audio u data coorBercTBeHHO. B Tabia. 5 npusene-
HBI pe3yJIbTaThl PACUYETOB CPEIHUX IUIOLIAICH.

Tabnuna 5
Cpennne IIOIAIH IS KaKI0T0 THIA Tpaduka
Sy . Bit Sa, Bit Sp . Bit
3,174 * 104 1,307 * 10* 1,555 * 105

CyTth KiaccH(pUKAIMK TpauKa COCTOMT B OMNpENEIEHHH pPA3HOCTH TUIOIIAIH
KITaccuuImpyeMoro obpasiia u cpeHeil mionaan Kaxmaoro tuna tpaduka. st oxHoi
U3 Tpymn oOpas3loB 3Ta Pa3sHOCTh OymeT MMETh HaMMEHbIee aGCOMOTHOS 3HAUYCHHE.
VIMeHHO K 3TOM TPYIIIE CIeayeT OTHECTH KiacCH(pHUIMpyeMbIii oOpasell.

B Ta6:1. 6 mpecTaBiIeHbl Pa3HOCTH MEXIY IUIOMIAASIME 00pa3ioB BUACOTpadHKa 1
CPEIHUMU IUIOIASMU II0 TPYIIIIaM.

Tabnuua 6
Pa3nocTu miomaneii (adcon0THbIE 3HAYEHMS)
Sy » Bit S, Bit S, Bit
Sy Bit 4,605*10° 2,327*10" 1,192*10°
Sy, Bit 5,292*10° 1,338*10" 1,129%10°
Sy, Bit 7,094*10° 2,576*10° 1,167*10°

JlanHble pacyeTsl JOKa3bBalOT 3P EeKTHBHOCTL METO/Ia TUIOMAAeH Al Kinaccupu-
Kalluu BUIeoTpaduKa, MOCKOIBbKY Pa3sHOCTH IUToNaeit mo rpyire Video B pa3sl MeHbIIe
pasHocreit o rpynnam audio u data.

3akaioueHue. B pesynpTare MpoBeIEHHBIX HCCIIEIOBAHUI BRIICHIIOCH, YTO alro-
put™ Knaccudukanuu tpaduka Ha OCHOBE KOPPEISIMHU MO3BOJISIET C JIOCTATOYHBIM Ka-
YEeCTBOM OTJIMYHUTH TpadUK AaHHBIX OT Tpaduka BHAEO W ayauo. [ns paHHOro Ttuma
Tpaduka Ko3(hGUIMEHT KOPPEIIMU 10 CBOCH Tpymme 3HAYUTEIHHO MPEBBICHI aHANO-
THUYHBIN NOKa3aTens A Apyrux rpynim: B 4,94 u 2,14 paza cOOTBETCTBEHHO ISl TPYIIIIbI
BU/ICO W ayaH0. YUMTHIBAsK TOT (AKT, YTO 3TH KO3(P(UIMEHTHI KOPPEISIIUH SBISIOTCS
YCpPEIHEHHBIMH TI0 Pe3yJbTaTaM ABAJIATH OINBITOB, MOXHO 3aKJIIOUNTh, YTO IAHHBIH
AJITOPUTM MOJKET YCHENTHO IIPUMEHAThCS Ha TIPaKTHKE.

AHanorn4HeIM 00pa3oM siena 00CToAT U ¢ TpahUKOM ayaHno, KOTOPBIH MOXKHO JieT-
KO OTJIMYUTH OT BUIeoTpaduka u Tpaduka naHHeix. [lo pesynpratam sKcrepuMeHTa
cpemHuid KO GHUIUEHT KOPPEISIIHUN IO CBOEH IpyIIe MPEeBHICHIT aHAIOTHYHBIN MTOKa3a-
TeNnb puOIM3nTensHO B 3,98 1 1,44 paza COOTBETCTBEHHO IS TPYIII BHICO W JaHHBIE.

BwmecTte ¢ Tem, ciemyer OTMETUTh, UYTO KIACCU(PUITUPOBATh BUACOTPAPUK TPH TI0-
MOIIIM JAHHOTO aJITOPUTMA HE MOIYYHIIOCh. 3HAUEHUE CPETHET0 KOdPPHUITMEeHTa KOppe-
JSAIAH BUACOTpaduKa IO CBOSH Tpyme oOpa3IoB MPEBLICHIO aHAJIOTHYHBIN TI0Ka3aTeNb
npuban3nuTenbHO B 1,55 pasa st Tpaduka JaHHBIX, OJHAKO OKa3alock HKe B 1,47 pasa
10 CPaBHEHHIO CO CpeHEN Koppelsiuuei At rpyInsl 00pa3noB ayanoTpaduka.
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Jns BeIsIBIICHHS BUICOTpaduKa CIEAyeT HCIOIb30BaTh APYrOi MOAXO[, HAlpH-

Mep, UCHOIB3YIONINA Pa3HOCTH WHTETPANBHBIX IUIOMAICH 1O0J KPUBBIMH HHTECHCHBHO-
CTH, IPUBEACHHBII B JaHHOH cTaTbe. [{aHHBII METO/ OKa3all BBICOKYIO 3((QEKTUBHOCTh
B paMKax HCCJIEO0BaHMs, IPOBOJANMOTO ISl TPEX pa3sIMuHBIX 00pa3loB BHAEOTpaduKa,
KOTOpBIE CPAaBHHUBAJIU C CyIeCTBYyoLIeH 0a30ii 00pa3uoB. JlaHHbIe 3KCIIEpUMEHTa MTOKa-
3aJIM NIPEBBIIIEHUE Pa3HOCTU MHTETPANbHBIX IUIONaAei Mo KPUBBIMY UHTCHCUBHOCTHU B
cpemHeM B 21,22 pasza ans Tpaduka JaHHBIX U B 3,73 pa3a s aynuoTrpaduka mo cpas-
HEHHUIO CO CBOEH IpyNIoi 00pa3loB. DTO CBUAETEIBCTBYET O XOpOLIeH pe3yJbTaTHBHO-
CTH JAHHOTO TOIX0/1a.
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IMPEACTABJIEHUE 'PA®OB C ACCOIUATHUBHBIMU OITEPAIIUAMUA
HA S3BIKE TIPOTPAMMUWPOBAHMUS SET@L

Kax npasuno, ungopmayuonnsiii epagh ¢ accoyuamunvlmu onepayusmu peaiu3yemcs 6
8uUOe nOCIed08amenbHol («20108a/X60CM») WU NAPANLIEIbHOU («pas3dueHue nonoiamy) mono-
J02uu, npudem 06e CmpyKmypol co0epaicam 0OUHAKOBOE YUCLO ONEPAYUOHHbIX eepuiun. Pedyk-
yuoHHble NPeobpa3z06anus 2pagos ¢ NPeoCcmaIeHHbIMU MONOLOSUIMU NPU HEOOCMAMKe 6bl-
YUCAUMENbHO20 pecypca He obecneyusaiom co3oanue 3¢@dexmusHoll pecypcone3asucumol np o-
2PAMMbL: 8apuanm «pazbueHue Nonoiamy» XapaKmepuszyemcs HepeyispHOU MedlCUmepayuo -
HOU KoMMymayuet, a CmMpYKmypa «201068a/X60CM» — YEEIUUEHHOU CKEAICHOCMbIO OAHHbIX NPU
pedykyuu. B Oannoii cmamve npednacaemcs npeobpazosamv mononio2uio epaga ¢ accoyua-
MUGHBIMU ONEPAYUAMU 8 OOUH U3 KOMOUHUPOBAHHBIX 8APUAHNOE C NOCIE008AMENbHbIMU U Na-
PANIeNbHBIMU (DpacMenmam 8bl4UCIeHUll, CUHME3UPOBAHNbIL 8 COOMEEMCMEUL ¢ 3A0AHHbIM
BHIUUCIUMENLHIM PECYyPCoM. DMOo NO360/51em NOGLLCUMb YOCLbHYIO0 NPOU3E0OUMENIbHOCHb Gbl-
yucaenuu npu pedykyuu. Moouguyuposannas mononozus 6Kuo4aem uzomopghuoie nooepadul c
monoaoaueti «pazbuenue NONOIAM», COOePACAUUE MAKCUMATLHOE YUCTO ANNAPAMHO Peanusye-
MbIX ONEPAYUOHHBIX BEPUWUH, A 06PAOOMKA NPOMEICYMOUHBIX OAHHBIX OCYUeCMEISAEmCcst No
npunyuny «20108a/xeocmy. Buluuciumenvhas cmpykmypa Oasi paccMOmMpeHHOU MONnoaocuu
umeem MUHUMATLHYIO IAMEHNMHOCHb U COCMOUmM U3 00H020 06A306020 noozpaga u 0OHOU Gep-
WUHBL, 8 KOMOPYIO pedyyupyemcs 010K 00pabomKu NPOoMeNCymoyHbIX OAHHLIX ¢ Monoaozuell
«2onosa/xeocmy. Pazpaboman ancopumm, no380JsiOWull 8 3A8UCUMOCU OM OOCMYRHO20 AN~
napammnozo pecypca nepeiimu om 64306020 NOCIe008AMENbHO20 6APUAHMA PEANU3AYUU K DA3-
JTUYHBIM KOMOUHUDOBAHHBIM MONOIOSUSAM BNIOMb 00 NPEOelbHO20 CYYAsl MONOI02UU «pasdu e-
Hue nonoaamy. IlockoabKky mpaouyuonnsie Memoobl NAPALIELIbHO20 NPOZPAMMUPOSAHUSL MOV
onucames MHONMCECME0 MONONI02UL MOAbKO 6 8Ude HAbopa OMOEIbHbIX HOONPOSPAMM, Ol CO3-
O0aHUsL PecypCoHe3asUCUMO20 ONUCAHUS 2PAGPO8 € ACCOYUAMUBHbIMU Onepayusmu npeonazaen-
€5l UCNONBb308AMb A3BIK APXUMEKMYPHO-HE3asUucUuMo2o npozpammuposanus Set@I. Ipunyuno
NOCMPOeHUs. MONONO2ULL «201084/X80CMY» U «pA30UeHUe NONOAAM) ONUCAHbL 8 6UOEe NPUIHAKOS
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Pazpen II. Anroputmsl 00paboTk HHpOpMAUN

Memooa obpabomxku mHodxcecms Ha szvike SEt@I, a pecypconesasucumas npoepamma onepupyem
IMUMU MURAMU U MUNAMU NAPALIENUIMA 015 MOOUpuKayuu monoaozuu 2paga u nociedyuerl
PEOYKYULU RPOU3ZE0OUMETILHOCHIU 8 COOMBEMCMEYIOWUX ACNEKMAX NPOSPAMMBbL.

Hupopmayuonnvie epagol ¢ accoyuamusHbiMu Onepayusmil; pecypcoHe3asucuMoe npo-
2PaAMMUPOBaHUe; PedyKYuUs NPOU3EOOUMENIbHOCTU, A3bIK npocpammuposanus Set@|; npusnaxu
«207108a/X60CM» U «PA3OUEHUE NONOJAMY.

I.I. Levin, A.l. Dordopulo, L.V. Pisarenko, D.V. Mihaylov

DESCRIPTION OF GRAPHS WITH ASSOCIATIVE OPERATIONS IN SET@L
PROGRAMMING LANGUAGE

Usually, an information graph with associative operations has a sequential (“head/tail’) or
parallel (“half-splitting”) topology with invariable quantity of operational vertices. If computa-
tional resource is insufficient for the implementation of all vertices, the reduction transformations
of graphs with basic topologies do not allow for the creation of an efficient resource-independent
program. In fact, the “half-splitting” variant is characterized by irregular connections between
iterations, and the “head/tail” structure has an increased data duty cycle in the reduced form.
In this paper, we propose to transform the topology of a graph with associative operations into a
combined variant with sequential and parallel fragments of calculations. The resultant combined
topology depends on computational resource of a parallel computer system, and such transfor-
mation provides the improvement of specific performance for the reduced computing structure.
The considered topology contains isomorphic subgraphs with the “half-splitting” topology, which
include the maximal number of hardwarily implemented operational vertices, but the processing of
intermediate data is performed using the “head/tail” principle. The computing structure for the
combined topology has minimal latency and includes one basic subgraph and one vertex with
feedback. This vertex is obtained as a result of the “head/tail” block reduction. We develop an
algorithm for the conversion of the initial sequential graph to various combined topologies or to
the limiting case of the “half-splitting” topology with regard to available hardware resource.
Within traditional methods of parallel programming, it is possible to describe the variety of topol-
ogies only as a set of separated subprograms. To create an efficient resource-independent pro-
gram, we propose the application of the Set@| programming language. We describe the
“head/tail” and “half-splitting” principles as the attributes of set processing methods in Set@].
Resource-independent program uses these types and parallelism attributes for the modification of
topology and further reduction of performance in the corresponding aspects.

Information graphs with associative operations; resource-independent programming; per-
formance reduction; Set@! programming language, “head/tail” and “half-splitting” attributes.

BBenenne. AcconMaTUBHOCTB INpEZACTaBIseT coO0H (QyHIaMEHTAIbHOE CBOWCTBO
OMHApHBIX OMEpali, KOTOPOE OINpEAEIIsieT He3aBUCHMOCTD PEe3yJIbTaTa pacueToB OT I10-
psnka Beraucnenuit [1, 2]. TunoBsiMu rpadamMm Ha OCHOBE aCCOLMATHUBHBIX OIEpaluii
SIBJISIFOTCS Tpadbl CIOXKCHHUS ¥ YMHOXEHUsI (TIPU BBITIOTHEHUH OTPEICIICHHBIX YCIOBHIA),
KOHBIOHKIIMY U AU3BIOHKIIMN JIEMEHTOB MacCHBa, MMONCKAa MaKCUMyMa M MUHUMyMa. M3-
BECTHBI ZiBa 0a30BbIX BAPHAHTA TOIOJIOTUH TAKUX rPadoB C OMMHAKOBBIM YHCIIOM BEPIINH:
MIOCIIeAOBATENBHBIN (JIMHEIHAs CTPYKTypa) M MapajuieNbHbIM (TMpaMHuaIbHAs WIN Kac-
KaaHas CTpyktypa) [3-5]. B meficTBUTEIBHOCTH, TIOMHMO JIBYX YKa3aHHBIX CIIy4aeB CyIlie-
CTBYET MHOYKECTBO KOMOMHHMPOBAHHBIX BapHAHTOB TOIOJIOTWH, COCTABIECHHBIX U3 depe-
JYIOLIMXCS MAapaUIeNIbHBIX U MOCIEAOBATENbHBIX (HPArMEHTOB BhIYHCIICHUH [6].

Jns MacmtabupoBaHusl MapajieNbHBIX BBIYUCICHUN IIPU PELIEHHH MPUKIIaIHBIX
3amad Ha BbMUCHHTENBHBIX cuctemMax (BC) c pexondurypupyemor apxurexTypoit
[7-10] wucmomnp3ytoTcss MeToBl pemyKimu mpousBogutenbHocT [11]. Pemykuuonmbie
npeoOpa3oBaHuss MH(POPMAIMOHHBIX TPadOB Ha OCHOBE ACCOLMATHBHBIX OINEpAlMi C
IIOCTIEIOBATENEHON M MapajIeIbHONW TOTIOJNOTHSAMH He 00ecrieduBaroT co3nanue 3¢dex-
THBHOH PECYPCOHE3aBUCUMOMN MPOTPaAMMBIL: Tpad ¢ MUpaMUAATLHON CTPYKTYpO# Xapak-
TEpPU3YEeTCS HEPETryISIpHONM MEKUTEPAllMOHHOM KOMMYyTalleH, a MocienoBaTeabHbII
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BapUaHT peau3alnui HMEET CaMyro OOJIBLIYIO IJATEHTHOCTh, KOTOpast MPUBOJUT K CYIIE-
CTBEHHOMY YBEIHYCHHIO CKBR)XHOCTH JaHHBIX NpH pexyknuu. IIockonbky Bce omepa-
LMK B pacCMaTPHBaeMbIX rpadax acCOUUATUBHbI, MOKHO MOJU(MHUIIMPOBATH TOIIOJIOTHIO
rpada as yzoOcTBa peAyKIHOHHBIX mpeoOpa3oBanuii. [Ipeobpa3osanue rpada B Kamp
[12] BO3MOXHO TOJBKO IMPH €ro M30MOPQHON CTPYKTYpE, MOAITOMY HEOOXOAUMO HC-
M0JIb30BaTh OJUH M3 KOMOWHHMPOBAHHBIX BapHaHTOB TOIOJIOTHH, KOTOPBIH COAEPIKHT
n3zomopdubie oarpadsl. 18 3a1aHHOTO BBIYUCIUTENBFHOTO pECypca BOSMOXKHO CHHTE-
3MpoBaTh WH()OPMANNOHHO SKBUBAJICHTHBIN Tpad, COmeprKalluid armapaTHO peamnsye-
Mble U30MOpQHBIE MoArpadsl ¢ MaKCUMAIbHOH CTETIEHbIO Mapajuieu3Ma acCOLMATHB-
HBIX onepanuid. TpanunnoHHbIE METOABI TPOTPAMMHPOBAHHMS ISl PEKOH(PUTYPHPYEMBIX
u rubpuaasix BC [13] He MO3BOJSIOT W3MEHSTH MHPOPMAIMOHHBIM Tpad perraeMoit
NIPUKIJIQJIHON 3a]a4¥l B 3aBUCHMOCTH OT JOCTYITHOTO BBIYHCIIUTEIBHOIO pecypca, 03To-
MY Ka)KZasl TOTIOJIOTHSI MOXKET OBITh ONMCaHa TOJBKO B BUJE OT/ACIBHOM MOAIPOrPaMMBI.

B pabotax [14-16] npemioxkeH sI3bIK apXUTEKTYPHO-HE3aBUCHMOTO MapaieIbHO-
ro nporpammupoBanus Set@| (Set Aspect-Oriented Language), ocHoBaHHBIN Ha Mapa-
JUTME AacleKTHO-OPHEHTHUpPOBaHHOro mnporpammupoBanuss (AOII) wu Teoperuko-
MHO)KECTBEHHOM IIPECTABICHUN NCXOIHOTO Koza mporpammbl. OmrcaB 6a30Bble PUH-
LIUIIBI TIOCTPOCHUS IpadoB € ACCOLMATHBHBIMH OIEPAlMAIMH B BUAE CIICIMANIBHBIX MPH-
3HAKOB MeToja 00paboTku Ha s3bike Set@|, Bo3MOXKHO CHMHTE3MPOBATh MHOKECTBO Ba-
PHAHTOB TOTIOJIOTHH 1 MEPEXOJUTh MEXTy HUMH ITyTeM M3MEHECHUS TUIIOB U pa3OneHuH
coBokynHocteil. IlpuBenenne rpada K peaynnpyeMoMy BHAY ITIPH 33aJaHHOM oOBeMe
BBIYHCIIUTEIBHOTO pecypca pekoHpurypupyemoit BC MoxeT ocyiiecTBisThCs 0€3 u3-
MEHEHHS UCXOJHOTO KOJIa IPOrPaMMBI.

IIpeoGpasoBanue rpag)oB ¢ acCOUATUBHBIMM ONlepauMsAMH AJs 3¢ deKkTu B-
HOii peayKIUU NPOU3BOAUTENbHOCTH. HpOpManmoHHble rpadbl, KOTOPHIE COCTOST
W3 JIBYMECTHBIX aCCOIMATHBHBIX onepanuii f ¢ 0HUM BBIXOJI0M (HAmpUMep, OTepaIliii
CIIO)KEHUSI, YMHOXXEHUS, KOHBIOHKIMM WM JU3BIOHKIHH, TOHCKAa MaKCHMyMa WU
MHHHMYMa), MOTYT OBITh TIOCTPOCHBI 10 OJJHOMY U3 JBYX 0a30BBIX HPUHIHIOB [3—5].
[TpuMepbl cTaHAAPTHBIX TOMOJIOTHI TakuX rpadoB Ui OIEPALMOHHBIX BEPIIUH C
JIBYMS BXOAaMu n300paxeHsl Ha puc. 1. [lpunnun «eonosa/xeocm» (puc. 1,a) npearno-
Jaraet MmocjeoBaTeNbHOEe BEINMOJHEHHE aCCOLMATHBHON omnepauun f Hag sneMeHTaMu
aj MHOXecTBa BXOJAHBIX JaHHBIX A. Ha kaxmoil mrepaumuu BhruucieHuit omeparms f
BEITIONHSACTCS HAJ OJTHUM M3 AJIEMECHTOB BXOJHBIX JaHHBIX 8 («2os080u») [17] u mpo-
MEKYTOYHBIM 3JIEMEHTOM Sj, KOTOPBIH MpeJcTaBseT coboil pesynbraT 00paboTku oc-
TaBIIeiicss yacTH JaHHBIX («xéocmay) [17]. ckmroueHneM sBiseTcS UTepalus, Ha
KOTOpO# 00pabaThIBaroTCsl cpasy JBa 3JIEMEHTA BXOJHBIX JAHHBIX &; U 8. Ha BbIxoze
KaXkJ10if U3 omeparmii GopMupyeTcsl IpOMEXYTOUHBIH (S;) MM okoH4YaTenbHbIH (Res)
pe3yJbTaT BHIYUCIICHUI.

Npyroit npunimn — «pasbuenue (denenue) nonoram» (puc. 1,0) — npeamnonaraer
napajieJbHOe BBIIOJHEHNE acCOLMATUBHBIX onepanuii f 1 ocHOBaH Ha U3BECTHOM TOJI-
XOJIe «pa3/ieNsiid U BIAaCTBYIl», ONYyYHBIIEM IIUPOKOE PACIPOCTPAHEHHE B MPOrPAMMHU-
poBanuu [18]. Eciu mBUraThcst OT BBIXOAHOMN BEPIIUHBI Tpada K €ro BXOJHBIM BEpIIH-
HaM, TO Ha KaKIOW MTepal[id MHOXECTBO BXOJHBIX HaHHBIX A={ay, 8y, ... , 8g} (Ha mep-
BOIi MTepalnK) WIK BCE €ro MOJMHOKeCTBa (Ha OCTaJIbHBIX UTEPAIUsX) JCISTCS Ha 1B
MOJIMHOXKeCTBA A; U A,, KOXKI0€ U3 KOTOPBIX COJIEPXHUT OJANHAKOBOE YUCIO 00pabarhi-
BaeMbIX 3JIEMEHTOB. [IpoMexKyTouHBIE Pe3ynbTaThl Si U Siv; 0OpabOTKH MOAMHOMXKECTB-
NOJNOBUH A; U A, SIBIISIOTCS BXOAHBIMU JAHHBIMHU Ut onepauuu f Ha Texyiueil urepa-
uun. Pasbuenue u ABmKeHUe No rpady NpoAoIDKaeTes 0 TeX Mop, Moka He OyjAeT mo-
JIY4€HO TIO J[Ba 3JIEMEHTA B Ka)kKIOM NOJAMHOYKECTBE NCXOHOTO MHOXKECTBA A.

100



Pazpen II. Anroputmsl 00paboTk HHpOpMAUN

Hamnpasnenune nprxenus Hanpapnenye nBuxenns
110 UTEPALUAM 0 UTEPALMAM

a S

—

Puc. 1. Tononoeuu epagos na ocrnoge ogymecmuvix accoyuamushvlx onepayuii f,
NOCMpOeHHbLe N0 NPUHYUNAM «2071084/X60Cm» (a) u «OeneHue (pazbuenue) nonoiamy ()

[Ipencrasnennsie Ha puc. 1 Tomonoruu rpadoB coAepkaT OJHHAKOBOE KOJIMIECTBO
OIIEPAIIMOHHBIX BEPILIMH, HO UMEIOT Pa3HYIO JIATEHTHOCTh BBIYHCIUTEIBHBIX CTPYKTYP:
t=n—1 mns Tomonoruu «ronosa/xsoct» (puc. 1,a) u r=log, n s TONMONOTHK «pas3-
6uenue mormonam» (puc. 1,0), Tae N — MOITHOCTh MHOXKECTBA BXOJHBIX TAaHHBIX A.

Ecmu nocTymHOro BBIYHCIHTEIBHOTO pecypca pekoHpurypupyemoit BC mocra-
TOYHO AJISI alllapaTHOW pealn3aliii BCEX ONEPAlIOHHBIX BEPIINH HH(OPMAIOHHOTO
rpada ¢ accolMaTHBHBIMHM OIEPAlUSIMH, TO HCIOJB3YETCs TOMOJIOTHS C HAaUMEHbIICH
JIATEHTHOCTBIO — «pa3buenue momnonam» (cayuail R/Ry=n-1 B Tabn. 1, rae R — o6bem
JOCTYITHOTO BBIUHCIIMTENLHOTO pecypca, Ry — pecypc, 3aHMMaeMblid OTHOW OTepalioH-
HOH BepmmHOMN). [Ipy HEXBaTKe BBHIYMCIMTENHLHOTO pecypca HEOOXOAUMO MacITabupo-
BaTh BBIYKCIICHHS C MIOMOIIBIO METOJOB PEeAYKIMH mpousBoautensHoctH [11]. OmHako
OINMCaHUE PENYKLUUOHHBIX IPeoOpa3oBaHuil Isl TONOJIOTHH «pa30ueHHUe TTOTI0JIaM» J10C-
TaTOYHO TPYJOEMKO M I'POMO3JIKO N3-3a HEPETYJIIPHON MEXHUTEPAlMOHHONH KOMMYTAINH
W 3aBHCHMOCTH OT pa3MEpHOCTH penraeMoi 3ajaur. CBOWCTBO acCOIMaTHBHOCTH 0a30-
BBIX ONEpafii MO3BOJISET MOAUMUIIMPOBAaTh HHYOPMALMOHHBIN Tpad 3axaun u nepeiitn
K TOIIOJIOTHH «TOJIOBA/XBOCT», KOTOpas MMEeT YAOOHYIO ISl PEAyKIHH PeryJsipHYIO
KOMMYTAIlMOHHYIO CTPYKTYpy. C Ipyroil CTOpOHBI, €CiIM HEBO3MOXKHO Pa3MECTUTH BCE
OlepanroHHbIe BEPIIUHBI rpada, CTPYKTYPHO-NPOLEypHas peain3alus TOHOJOTHH «Tro-
JIOBA/XBOCT» PEIyLUPYETCst 0 OJIHOM BepIiuuHbl ¢ obpaTHOU cBs3bio (R/Rg=1 B Tabmn. 1)
[12], uTo obecmeurBaeT BHICOKYIO yIAEIbHYIO MPOU3BOAUTEIBHOCTh TOJIBKO B CIIydae MU-
HUMaJIBHOTO 00BEeMa JIOCTYITHOTO BBIYMCIHMTENLHOTO pecypca Ro. Ilpn kondurypanmsax
BBIYHCITUTENBHOTO pecypca R/Ry=2+(N-2) HeoOX0auMO mepeiTi K OJHOMY M3 KOMOWHH-
POBaHHBIX BapHaHTOB TOIIOJOTHH, COJEpIKalleMy IOCJIEIOBAaTENIbHbIE U MapajieibHbIe
(parMeHTbl BBIYHUCIICHUH [6], 4TO MO3BOJIUT MOBBICUTH YJEIbHYIO HPOU3BOAUTEIHLHOCTD.
[pexxne KOMOMHUPOBAaHHbBIE TOMOJOTHH HE PacCMaTPHBANINCH, TaK Kak B OOJBIIMHCTBE
CBOEM OHH He 00JIaJaloT PeryJsipHON U M30MOP(HOI CTPYKTYpOIi, YTO 3aTpy/HSET aBTO-
MaTH4YecKoe MacTaOMpOBaHUE BBIYMCIECHUN N PELYKIMIO MTPOU3BOANTEIbHOCTH. [To3TO-
MY PeCypCOHE3aBHCHMOE ONKcanue rpada ¢ aCCOIMaTUBHBIMH ONEPALUsIMU JIOJDKHO Y4UH-
TBHIBaTh HE TOJBKO JIBa MPEAEIBHBIX CIydasi «pa30OnUeHue MOoToIamM» U «T0JI0Ba/XBOCT, HO
U MHOXECTBO KOMOMHHPOBAHHBIX BapHaHTOB TOIOJIOTHH W IpaBUiia MEPEXoja MEXIy
HHUMH IS PEAYKIUH TIPOM3BOIUTEIILHOCTH TIPH pa3HbIX KoHpurypanusx BC.

Tomonorust nHGOPMAIIMOHHOTO Tpada ¢ aCCONUATUBHBIMU ONEPAIMIMH, MOAU(DH-
LMPOBAHHAS JJIsl pEIyKINH IIPOU3BOUTEIILHOCTH TIPH 3a/laHHOM 00beMe BBIYHCIIUTENb-
HOTO pecypca pekoHpurypupyemornt BC, BkmtouaeT nBe cocTaBisromuye. [10cKoabKy
npeoOpasoBanue rpada B Kaap BO3MOXKHO TOJBKO IPHU ero u3oMophHoii crpykrype [12],
TIEPBOH COCTaBJISIONIEH SIBISTIOTCS m3oMopdHbIe moarpadsl DIV2 (tabn. 1), koTopsle mo-
CTPOEHBI TI0 NPUHIUITY «pa3OMeHHe IONoIamM» M COAEPkKaT MAaKCHMaJIbHOE YHCIIO alra-
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paTHO pealn3yeMbIX ONEpalMOHHBIX BepIIMH. BTopas cocrapistomiasi NpeACTaBiseT Co-
6ot 6ok H/T, moCTpOEHHBIH O TPHUHITAITY «T0J0Ba/XBOCT» (Tabi. 1) ¥ HEOOXOMUMBIi
JU1s1 00pabOTKH IIPOME)KYTOUHBIX IAHHBIX M BHIYMCICHHSI KOHEYHOT'O Pe3yJbTara.

Tabmuma 1

TomnoJsiorun HHGOPMALMOHHBIX TPA(OB € ACCOUMATUBHBIMHU ONlEPALMAMM
U COOTBETCTBYIOIIHE UM BBIMMCINTEIbHbIC CTPYKTYPHI IPH Pa3HBIX 00beMax
AOCTYIHOI0 BHIYMCIANTEIBHOT0 pecypca R pexkonpurypupyemoii BC

Konduryparms Tononorus BrluncauTenpHas CTpyKTypa
R D W.Zl Gi
. i e RO :
i | - i
| : ! ! : |
R/Rg=n—1 jeee eee ' foss a8 !
- : | | . |
: | . |
! | ! i
R/Ry=4
o3 el NI
o En IR Kok
<Vi, Vo, >
V.
Gi =
—= /[ '1'\)
R/IR,=2 <@y, ag ... > ; (),
<ayp, ag, ... > :I:_C)__!_ ~ = Res
<Vi, Vy, >
_ #
R/Ro—l <ay, az, ... > o—égD_q Res
<Vy, V2, >
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Ecim cKBa)XHOCTH JaHHBIX HPH OOPaTHOH CBS3M COCTABIIET OIMH TakT, TO OJIOK
H/T penyumpyercst o omHON OmeparMOHHON BepmmHbl [6]. [TosTOMY amnmapaTHO peaiu-
3yeMasi BBIYHCIUTENbHAs CTPYKTypa (cM. Tabi. 1) Bitouaer oauu 6a3oBblid noarpad G u
OJIHY BEpIIHHY Vi, KOTOpasi COOTBETCTBYET peayuupoBanHomy 6ioky H/T. Eciu Berauciu-
TENBPHOTO pecypca XBaTaeT ISl peasM3allid TOJBKO OJHOHM OINEepaliOHHON BEepIINHEI
(R/R¢=1 B Tabm. 1), To KOMOMHHUPOBAHHAS TOIOJIOTUS MPEOOPa3yeTCs B KIACCHUYECKYIO
TOIOJIOTHIO «roJI0Ba/XBocT»: noarpadsl DIV2 He peanusyrorcs, a €IMHCTBEHHAs B BbI-
YHCITUTENIBHON CTPYKTYpE OMEepalliOHHAs BEpIIHHA COOTBeTCTBYeT 010Ky H/T pasmepHo-
ctpo (N—1). B apyrom mpenensHOM citydae, Korna BEMHCIATENBHOTO pecypca BC nocra-
TOYHO JJIs pasMEIlleHHUsI BCeX BepIInH MHpopMarrnonHoro rpada (R/Ry=(n—1) B Tabm. 1),
KOMOMHHMPOBaHHAs TOIIOJIOIHS IIEPEXOIUT B CTAHAAPTHYIO TOIOJIOTHIO «pa30UeHHe IoMo-
Jam»: eInHCTBEeHHBIN noarpad DIV2 Bkirouaer Bce onepanioOHHBIE BEPIITIHEI.

VcxonHblii MHOOPMALMOHHBIA Tpad ¢ TOMOJOTHEH «roJO0Ba/XBOCT» BO3MOXKHO
mpeoOpa3oBate B rpad ¢ OOHOH W3 KOMOWHHUPOBAHHBIX TOMONOTHH (cM. Tabm. 1) mim
TOIOJIOTHEH «pa30HeHHe MOIoJaM» B 3aBUCUMOCTH OT AOCTYITHOTO BBIYHCIUTEIHHOTO
pecypca BC R cienyronum oopasom:

1. lloAroToBUTEIbHBIN 3TAN: PA3EINM BCE ONEPALIMOHHBIC BEPIINHBI HCXOTHOTO
rpada Ha r rpynm mo K BepmiMH B Kaxmoi, rae I — KOIGQUIMEHT peayKIuH,
k=floor(R/Rp)-1. Mexay coceqHUMHU TPYIIAMH OCTAaBUM IO OJHOW BepIIMHE i 06pa-
0OTKM NMPOMEKYTOUHBIX JaHHBIX, KaK I0Ka3aHo Ha puc. 2. Eciu B HOCIIEHIO0 IPyYIILy
BOWZIET MeHbIIe, YeM K BEpIINH, TO JOMOJHUM €€ ONepaliOHHBIMU BEpPIIHHAMH JIO Tpe-
OyeMoii pa3MepHOCTH.

Puc. 2. Buidenenue epynn onepayuoHHulX Gepulut 8 UCXOOHOM 2paghe, NOCMPOEHHOM
NO NPUHYUNY «20]1080/X80CMY

2. ®opmupoBanue n30MOpPHBIX NOATrpadoB ¢ TONOJIOTHEl «pa3GueHue Momno-
JIaM>»»: BbIACISAA Mapbl COCEAHUX BEPUIMH U UBMEHAA MMOPAAOK BBITIOJTHEHUA onepaunﬁ B
KaX/I0il mape B COOTBETCTBMH C pHC. 3,3, MpeobpazyeM TOIMOJOTHIO KaXKIOW TPYIIIBI
OIEPaIlMOHHBIX BEPUIMH K TOIOJIOTHH «pa3bueHue mnomonam». IlocienoBaTenbHOCTh
mpeoOpa3oBaHuil A OJHOW M3 IpyNI TOKa3zaHa Ha puc. 3,0. B pesymprate momydmm
WHPOPMALMOHHEIN Tpad, MOKa3aHHKIA Ha pHC. 3,B.

3. O6beaunenue noarpagoB ¢ TONOJIOrHel «pa3dueHue MONnoJaaAM» Mo NPUHLMITY
«roJ10Ba/XBOCT»: V3MEeHNM TOpSIOK BBITIOJNHEHUS OIEpalMil ISl BCEX IMap «OTAENIbHAs
BEpIMHA — TPYIIIa» N0 NPUHIMITY, H300paskeHHOMY Ha puc. 4,a. [locne npeoOpasoBanus
TIOJTyYMM KOHEUHYIO TOTOJIOTHIO HH(OPMaIMOHHOTO rpaga, MoKa3aHHYIO Ha pHC. 4,0.

Xk Xk+1
Fi—e— —e—im — WA VoV
. | 2 ~ . -
y—0—0—y  -0H0-0HO-Oi 100 R PiR P
'] ¢ R
VNS NV AW \/ \/
Xk Xk+1 r Y 9 a8 r r Y B8 a8 8
RTYTTT T T e mp €95
\»C_ e @l if/f__. Zj;l ;
y y’' T o
a 0

103



Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

Puc. 3. Ilpeobpaszosanue napvl onepayuoHHvIx 8epuiii (a), NOCIe008aAMeNTbHOCb
npeobpasosanuii 8 00HoU epynne (6) u Monono2us UHGOpMayUoHHo20 epaga (8),
nony4aemas nocie npeobpasoeanus 6cex epynn OnepayuUoOHHbIX 8epuiut UCXOOHO20
epaga no npunyuny «pasbuenue nONOIAM»

IIpu CTPYKTYpHO-TIPOLETYPHOH peanu3aiii HHGOPMAIHOHHO-HE3aBUCUMBIC H30-
Mopdusie moarpadst Gy, Gy, ..., G, (cM. puc. 4,0), BeIICICHHBIC B pe3yabTaTe MOIH(pUKa-
UK TOTIOJIOTHH rpada ¢ aCCONMATHBHBIME OIEpanusaMHu, rpeodpasyrorces B moakaap Gi
[19] (puc. 4,B), Ha BXOBI KOTOPOTO B KaJpe MOMAIOTCS KOPTEKHU AaHHBIX. W3 0moka Gyyq,
coJieprkaIero WHGOPMAIMOHHO-3aBUCUMbIC OMEPAI[HOHHBIC BEPIIMHBI Vi, Va, ..., Vij,
(dbopMupyeTcst 0[1HA IOTOIHUTENbHASL BEPIINHA C 0OPATHOM CBSI3BIO V;.

\ A TAN

/Q Q‘\ Xk _ ap a vee ak Ak+1 Ak+2 vee ax A1)kl A1) k+2 eee an
\ A AT g
LB S
NGy

a
<Ay, Atls -e 5 A1)kt
<ay, A2, ... 5 A(r1)ke2>
: =~ see  see |-
' 3 oo
| <V, Vg, ... > \\ D
eos N\ T,
~ 6_
<ay, azx, ... , An=> T~ | \\)

B T

Puc. 4. [Ipeobpazosanue napvi «OMOeIbHAsL BEPUIUHA — 2DYRNAY (@), KOHeYHas
KOMOUHUPOBaHHas monoaoaus spaga (6) u coomsemcmeayowas el blYUCIUMENbHAS
cmpykmypa (8), KOMOUHUPOBAHHASL MONOAO2USL C UBOMOPGHBIMU nodepagdamu,
HOCMPOEHHBIMU RO NPUHYURY «201108A/X80CIY» (2)
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Crnemyer OTMETHTSH, 9TO JUIA 3((HEKTUBHOHN peann3aluil CTPYKTypPHO-TIPOIeTypHOI
OpraHW3alM BBIYUCICHUI IPENCTABIAECT UHTEPEC M APYTOi BapHaHT KOMOWHHPOBAH-
HOH TomoJyioruu rpada ¢ accolMaTHBHBIMU ONEpaLUsIMU, TOKa3aHHbIH Ha puc. 4, r. Ecin
JIATEHTHOCTH OIEPAIIMOHHON BEPIUMHBI MPEBBIIACT OJUH TAaKT, TO OJOKU IOCIen0Ba-
TenbHOU 00pabotku H/T mpeobpa3yroTcss B He3aBUCHMBIC YCTPOWCTBA ¢ HAKOILUICHHEM,
KOTOpbIe 00BEAUHSIOTCS MO CXeMe «KOHBelep B koHBeitepe» [19]. Janubiii moaxox Oy-
JeT paccMOTpeH Ooee NoAPOOHO B MOCIEAYIOMUX paboTax.

Onucanne NMPU3HAKOB «TOJIOBA/XBOCT» H «pa30HeHWe MOMOJaM» Ha SI3bIKe
nporpammupoBanust Set@l. TpaanuumoHHbIE METOABI MAPAJUICNBHOTO HIPOrPaMMUPO-
BaHU, KaK IPaBUIO, ONEPUPYIOT HHPOPMATHOHHBIM rpadoM ¢ HGUKCHPOBAHHON CTPYK-
TypOH, MO3TOMY HX MCIOJIB30BaHUE [UIS ONHCAHKS IPe0Opa30BaHUN TOMOIOTHH I'pada B
COOTBETCTBHUH C TPEIJI0KEHHBIM aJITOPUTMOM (CM. pHC. 2—4) TOCTATOYHO TPYIOEMKO H
ManodpdextuBHo. Kox pecypcoHe3aBucHMMON IporpamMMbl, KOTOpas pealu3yeT pac-
CMOTpEHHBIE TPe00pa3oBaHus, OyIET COCTOSATh M3 MHOXKECTBA IOJIIPOTpaMM, CBS3aH-
HbIX YCJIOBHBIMU OII€paTOpaMH U 3aJar0lIUX OTACIbHBIC BapUAHTLI Tonojoruii. B ornu-
YHC OT KIIaCCUYCCKUX A3BIKOB MapalJICJIbHOI'O IMIPOTrpaMMUpPOBaHNs, BOBMOXKHOCTHU A3bIKa
ApXUTEKTYyPHO-HE3aBHCUMOTO MporpamMmupoBanus Set@| mo3BossitoT onucaTh NMpUHIIK-
TIbI ITOCTPOCHUA Fpa(bOB C aCCOMAaTUBHBIMU ONl€pallusaAMU B BUJC CIICHUAJIbHBIX IMPpHU3HA-
KOB MeToza 00paboTKu, MmpHucBauBaeMbIX oOpabaTbiBaeMoMy MHOXecTBY A. B takom
ciydyace HCXOﬂHbIﬁ KO MpOorpaMMbl ONIMCHIBACT HE OTACJIBHBIC pC€ain3allii, a MHOXKECT-
BO BO3MOJKHBIX TOIOJIOTWH Trpada i 3aJaHHON pa3MEPHOCTH 3a/adi. ACHEKTHl BHIOU-
paroT ONpe/eNICHHBI BapHAHT TOMOJOTHH, UCXO/As M3 KOHKPETHBIX 3HAYCHMI MapameT-
poB KoH(purypanuu. [y n3MeHeHHs CTPyKTypsl HHpOpMaMOHHOTO Tpada J0CTaTOIHO
W3MEHUTH THI U pa30MeHne MHOXecTBa A, TOTAa Kak MCXOAHBIH KO MPOTPaMMBbl OCTa-
€TCsl HEU3MCHHBIM.

PaccMoTpuM omnucaHue TPUHLUIIOB «TOJI0OBA/XBOCT» M «pa30HeHHe MOomojiam» Ha
S3bIKe MporpaMmupoBanus Set@| mis cTaHmapTHRIX TOMOJOTHHA HWHGOOPMAIMOHHBIX
rpad)oB ¢ acCONMATHBHBIME OTIEpAIUsIMH, U300pakeHHbIX Ha puc. 1. C IOMOIIbIO CHH-
TaKCHYECKOM KOHCTPYKIMH attribute [20] BBeZeM JOMOTHUTENBHBIC TIPU3HAKH, KO
KOTOPBIX NPUBEJICH Ha puC. 5.

attribute [f(a,b,c)|type(f)=0p]: attribute Head (A):
operand (element (a, b, c) ,attribute (Op)); operand (set (A) ,element (Head(A))) ;
c=f(a,b); Head (A)=A(1) ;
end (Op2) ; end (Head) ;
attribute d2(A,Al1,RA2):
attribute Tail (A): operand (set (A, AL,A2));
operand (set (A) ,set (Tail(A))); n=card (2) ;
Tail (A)=dif (A,A(L1l)); Al=(A(k) | k<=n/2);
end (Head) ; A2=dif (A,R1);
end (d2) ;

Puc. 5. Onucanus npusnaxoe 6unaphoii onepayuu (), evloenenus «2on106vi» (Head) u
«xsocmay (Tail) MHodcecms u pazdueHuss COBOKYRHOCU HA 08d PAGHOMOUHBIX
noommuodicecmsa (d2) Ha szvike npocpammupoganus Set@|

[Ipusnak 6azoBoii omeparuu £ (cM. puc. 5) omucaH B 0000IIEHHOM BHJE: KOH-
KpEeTHBIH TUIl onepauuu Op YTOYHSAETCS B IPYrOM MOJYJIE IIPOIPaMMBbI U MOXKET IpH-
HUMAaTbh pa3HbIe 3HaYeHus (Harpumep, ‘+’ win ‘*’). JlupektiuBa operand yKa3blBaeT
THUIBI 00BEKTOB, KOTOPBIM MOXKET OBITh IPUCBOEH TOT WJIM MHOM NPHU3HAK.

OnucaHue NPHHIMIIA TOCTPOCHUS TOIOJIOTMH «rosoBa/xBoct» (H/T, rpad Ha
puc. 1,a) Ha s3pIKe TporpamMmupoBanus Set@| npencrasiaeno Ha puc. 6. [IpusHak ju-
Helku oneparmii LE cTpoutcst pekypcuBHO (Rec) ¢ UCMONIb30BaHUEe BBEICHHOTO paHee
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npu3HaKa 0a30Boi OMHApHOU oreparmy £ (CM. KO Ha PHC. 5) U 3a7aeT OTHOIIICHHE MEX-
1y 00pabaThiBacMbIM MHOXKECTBOM JaHHBIX A M PE3yJIbTHPYIOIMM dyieMeHToM Res. I'pad
CTPOMTCS B HAalPaBJIEHUU OT BBIXOJHOW BEpIINHBEI K BXOJHBIM. Ha kakmoi nreparmu iu-
HeliKy omeparmii Lf Haj 21eMEeHTaMH MHOXKECTBAa A MOXHO IIPEACTaBUTh Kak 00beInHe-
HHE JHHEHKN omeparmii L Hax «XBOCTOM» MHOMKECTBA A M OTAENBHONM BepuIMHBI f, Ha
BXOJIbl KOTOPOH MOJAIOTCS «T0JIOBa» MHOXKECTBA A U NMPOMEXKYTOUYHBIH pe3ysbTaT S MO-
CJIEIOBATEJILHOTO BBINOJIHEHUS acCOLMAaTUBHBIX onepauumid f Hag Tail (A), a BBIXOA
Res sIBIsIeTCS. KOHEYHBIM HITH IIPOMEXKYTOUHBIM PE3yIbTaTOM BBIYUCICHHH (CM. CTPOKY 5
Ha puc. 6). CHHTakcuyeckas KOHCTPYKLHUsI break [<yciioBue>:<onepaums>]
(ctpoka 4 Ha puc. 6) BEIIENSECT YCIOBHE 3aBEpPIICHIS PEKYPCHH U OIHMCHIBACT OIEPAIIUIO,
3aBepIIaoNIyio (JOpMHUPOBaHKE CTPYKTYPHI HHPOpMaIoHHoro rpada. [Ipu BeImONHEHNT
yCIOBHS HOCHEIHSS JIMHEHKa onepanuil L nmpeoOpasyercst B 0co0yI0 BEpIINHY, Ha BXO-
JAbI KOTOpOﬁ MOJIAK0TCA JBA OCTABIIMXCS 3JIEMEHTAa MHOXKECTBA A.

(1) attribute [Lf (A,Res) |Lf=Rec (f),type(R)="H/T']:

(2) operand (set (A) ,element (Res) ) ;

(3) element (s) ;

(4) Lf (A, Res)=break [card(Tail (A))=1:

(5) f (Head (Tail (A) ) ,Head(RA) ,Res) ],

(6) union[Lf (Tail(A),s),f(s,Head(A) ,Res) ];
end(Lf) ;

Puc. 6. Koo npusnaxa Lf na sizeike npocpammuposanus SEt@I, pearuzyiowezo npunyun
«eonosa/xeocmy (H/T) 015 nocmpoeHus UHQOPpMAayuoHH020 2pagha ¢ accoyuamugHbiMu
onepayuamu £

IIpyMeHss aHANOTMYHBIE PACCYKACHUS U PEKYPCUBHBIA MOAXOA K ONHCAHUIO,
MOYKHO OITMCaTh MapauIeNIbHBIN HMPUHIMI ITIOCTPOCHUS TpadoB «pa3dueHnE MOmoIam»
(DIV2, rpad Ha puc. 1,0) Ha s3bike mporpamMmupoBanus Set@l. B kone, npuBeaeHHOM
Ha puc. 7, rpad OMUCaH B HAMPABICHHH OT BBIXOHON BEPIIMHBI K BXOHBIM. Ha kaxaoi
UTEpaL UCXOAHOE MHOXKECTBO A pa3OuBaeTcs NMpu3HakoM d2 Ha JBa MOAMHOXECTBA
Al u A2 ¢ paBHBIM KOJIMYECTBOM 3JIeMEHTOB (CTpoka 3 Ha puc. 7). B Takom cirydae -
pamuay onepanuii Pf Haja aMeMeHTaMu A MOXKHO MPE/ICTABUTh Kak 0ObeIMHEHUE ITHpa-
MHJIbI oniepanuii Pf Haj 3ieMeHTaMu MOAMHOXecTBa Al, nupaMuibl onepauii Pf Han
3JIeMEHTaMH MOAMHOXXEeCTBa A2 M OTIeNbHON BepunHbl £ (cTpoka 6 Ha puc. 7). Ha Bxo-
JIBI 3TOW BEPIIMHBI f IMOAAIOTCS MPOMEKYTOUHBIE Pe3yabTaThl S1, S2 BBINOJIHEHUS IH-
paMubI onepaunﬁ Haj Pf IIOAMHOXXECTBAMMU COBOKYIIHOCTH A, a BBIXOJ Res mpen-
CTaBIIET COOOH KOHEUHBIH WM MPOMEXKYTOYHBIA pe3ylbTaT BEIUMCICHUH. Pekypcus
3aBepILAcTCs MPH BBHIOIHEHNHU YCIOBHUS, OKA3aHHOIO B CTpOKe 5 Ha puc. 7. Pacmapan-
JIEIUBaHNE BBIYMCICHUN JOCTUTAeTCs MyTEM yABOCHMS YHCIAa BETOK PEKYPCHUH Ha KaxK-
JIOM I1are npeodpa3oBaHMH.

Takum 00pa3oM, s3BIK apXUTEKTYpHO-HE3aBUCUMOrO HporpammupoBanus Set@|
MO3BOJISIET ONMUCATh 0a30BbIE IIPHHIIUITBI TOCTPOEHHS TPa)OB HA OCHOBE ACCOLMATHBHBIX
onepanuii ¢ OJHUM BBIXOJIOM B BHUJIE CIEIHAIBHBIX MPU3HAKOB MeTo/Ia 00paboTku H/ T
n DIV2, KOTOpble MPUCBAMBAIOTCS MHOXKECTBY BXOJAHBIX JaHHBIX A. B ormuume ot
MIPEUTOKEHHBIX paHee THIIOB MHOXECTB I0 Mapajulen3My par, sed, pipe, conc u
imp [15, 16], naHHbBle MPHU3HAKK ONPEIETIAIOT He KOHKPETHBIC METOIbI paciapalieiu-
BaHMs BBIYMCIICHHH, a OOIIYI0 CTPYKTYpPY MH(OPMAIMOHHOTO Tpada permaeMod mnpu-
KJIaJJHOH 3aJaudl, KOTOpask MOKET OBbIThb MOJIM(HUIMPOBAHA B COOTBETCTBUH C KOHKPET-
HOW apXWTEeKTypoll uiau KoHpurypaumed mnapamiensHoii BC. OpHokpaTHO ormucaB
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MIPUHIUIBI «TOJOBA/XBOCT» U «pa30OHEHME IMOIOTIaM», BO3ZMOXKHO TTOJIyYHTh MHOXKECTBO
Pa3sHBIX BapHAHTOB PEAIN3AIMU BBIYUCICHUH 0€3 M3MEHEHHS HCXOJHOTO Koza Ipo-
rpamMel. HekoTtopble mpumepsl ()parMEeHTOB KOJa, WCIIOJIB3YIOLUIMX THUIBI 00paboTKH
H/T u DIV2 Ui cCHHTE3a pa3IMuHbIX HH)OPMALMOHHBIX rpadoB, IPUBEACHBI HA pHC. 8.

(1) attribute [Pf(A,Res) |Pf=Rec(f),type(A)="DIV2’)]:

(2) operand (set (A) ,element (Res) ) ;

(3) d2 (A,A1,R2);

(4) element (s1,s2);

(5) Pf (A,Res)=break[card (Al)=1 and card(A2)=1: f (Head(Al),Head(A2),Res)],
(6) union [Pf (Al,s1),Pf(A2,s52),£f(s1,52,Res)];

(7) end(Pf);

Puc. 7. Koo npusnaxa Pf na sizeike npozpammuposanus SEt@I, komopuii peanuzyem
npunyun «pazouerue nonoiam» (DIV2) 011 onucanus uHGOpMayuoHHo2o epaga na
OCHO8e accoyuamusHol onepayuu

Crpykrypa uHpOpManHOHHOTO rpada G (CM. KOJ Ha pUC. §) OIpenensieTcs OTHO-
nieHrneM Gf Mexay oOpabaThIBAEMBIM MHOXECTBOM A U pe3yJbTaTOM BBIYHCICHHN
Res. [lomp30BaTeio JOCTAaTOYHO U3MEHHUTH TOJIBKO THII COBOKYMHOCTH A JUIS IOJIyde-
HUsI MTHPOPMALIOHHOTO rpada ¢ COBEPIICHHO HHOM KOMMYTAallMOHHOM CTPYKTYpOH, TO-
rra KaKk 0OOOIIEHHBIE ONMUCAaHMs NMPHU3HAKOB «TOJIOBA/XBOCT» M «pa3OMEHHE MOMOIaM»
OCTaroTCSl HEM3MEHHBIMU. THIT 6a30BOH acconnaTHBHON omnepanuu £ onpexnenseT GpyHK-
LMOHAJIBHOCTh ONEPAI[IOHHBIX BEPLIMH CHHTE3UPYEeMOro HHOPMAIIOHHOTO Tpada.

Jlunetika cymmamopos Tlupamuda cymmamopos

G=Gf (A,Res) ; G=Gf (A, Res) ;

Gf= (Rec (f) , type (A)="H/T’); Gf=(Rec (f) , type (A)='DIV2’) ;
type (£)="4+'; type (f)="+';

Jlunetika ymnoocumenet Hupamudanshulii NOUCK MAKCUMYMA
G=Gf (A,Res) ; G=Gf (A,Res) ;

Gf= (Rec (f), type (A)="H/T') ; Gf= (Rec (f) , type (A)='DIV2’);
type (f)="*"; type (f)="max’;

Puc. 8. ®pazmenmpl K00a, UCROTBL3YIOUUE MUNBL COBOKYRHOCMEL «201084/X80CM)
(H/T) u «pazdbuenue nonoramy» (DIV2) Onisi ONUCAHUS PAZHBIX UHGOPMAYUOHHDIX
epaghoe Ha ocHoBe ACCOYUAMUBHBIX ONEPAYULL C OOHUM BbIXOOOM

Pa3paGoTka pecypcoHe3aBHCHMOii mporpaMmbl Ha s3bike Set@l. Mcmonb3yst
MpPU3HAKK MeToAa 00paboTku H/T u DIV2 (cM. MporpaMMHBIi KO Ha puc. 6 u 7), BO3-
MOXKHO OIHMCATh NMpeoOpa3oBaHUE TOMOJIOTHH WH(POPMAIMOHHOTO rpada ¢ acCorraTHB-
HBIMH OTIEpPallisIMHU B COOTBETCTBUHU C 00BEMOM JIOCTYIHOTO BBIYUCIMTENBHOTO pecypca
(Tabn. 1) xax U3MEHEHHE THUMM3ALUU U pa30HMeHHs MHOXKECTBa 00pabaThIBaeMBIX JaH-
HbIX A. B 00miem ciryyae cOBOKYIHOCTh A JI0JDKHA UMETh CIIEAYIONLyo GopMy, KOTopas
obecrieuuT BblAENEHHE M30MOP(MHBIX MOArpadoB, MUHUMAIIBHYIO JIATEHTHOCTh BBIYHC-
JUTETHHOHN CTPYKTYPHI B yI0OCTBO JaTbHEUIINX PEAYKIIMOHHBIX TPeoOpa3oBaHMii:

A = H/T [SubAy, subA,, ..., subA[]; 1)

subA,=DIV2{a, , ap:1, ..., &}, )

rae SUbAp — p-e moamuOXKecTBO (THI DIV2) MHOXecTBa A (Tum H/T); I — ko3ddunu-
eHT PEeAYKIUMH MPOU3BOAUTENBHOCTH; D, C — rpaHHLBI TUana30Ha MHICKCOB AJIEMEHTOB
MHOKECTBa A, TTONAAl0IMX B TOAMHOXeCTBO SUDA,. TIpu r =1 dopmysr (1), (2) omu-
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CBIBAIOT TOIIOJIOTHIO «pa30MEHHe MOIOIaM»: eIHMHCTBEHHOE MOOMHOKECTBO SUDA; co-
JEPIKUT BCE IEMEHTHI d;...8n. Ecam I = n—1, To MHOXXecTBO A COCTOUT M3 N MOAMHO-
KECTB C OJIHUM JJIEMEHTOM, YTO COOTBETCTBYET TOTIOJIOTHH «T'0JIOBA/XBOCT.

Ipusnak graph modification, mpeobpasyronuil HCXOJHYIO COBOKYIHOCTb
00pabaThIBAGMBIX JAHHBIX Array B Pe3yJbTHUPYIOIIEE MHOXKECTBO A C MapaMeTpU30-
BaHHOW CTPYKTypoH, onpexaenseMoii ¢opmynamu (1) u (2), omuckIBaeTCs 10 TOMY K€
NPUHLHUITY, YTO U IIPU PEAYKIIMOHHBIX MTPe0o0pa3oBaHUsX rpad)oB COPTUPYIOLINX CETEH B
pabote [14]. ®parMeHT MPOrpaMMHOTO KOJa Ha pUc. 9 BBIOUPACT Ty WM HHYIO TOTIOJO-
U0 NH()OPMAIMOHHOTO rpada ¢ aCCOUMATUBHBIMU ONEPAUSIMH B 3aBUCUMOCTH OT J0C-
TYIIHOTO BBIYHCIUTEIRHOTO pecypca R pekoHpurypupyemoit BC, pasmepHoctn ob6pada-
THIBAEMOI'0 MaccuBa n U pecypc RO, 3aHUMaeMOro OJHOW ONEpPaIiOHHON BEPIIUHOM.
IIpennoxeHHBIH MOIXOJ IO3BOJIICT CHHTE3MPOBATH TOMOJOTHIO, KOTOpas Hawmboiee
ynoOHa sl JambHEHIINX PeAyKIMOHHBIX MPeoOpa3oBaHMil NPH 3aAaHHOM OOBEME BBI-
YHUCIUTEIBHOTO pecypca. B mpeaenbHBIX cirydasx KOMOMHMpOBaHHAs TOIIOJIOTHS Iepe-
XO/UT B 0a30BbIEe TOMOJOTHH «TOJIOBA/XBOCTY WM «pa30HeHHe Iomoiaam». B To xe Bpe-
Ms oOecrieyrBaeTCss MUHUMAaJIbHAS JIATEHTHOCTh BBIYMCIUTENBEHON CTPYKTYpPBI KaK MpU
CTPYKTYPHOH, TaK U IIPU CTPYKTYPHO-IIPOLEAYPHOM peanu3aluy BbIYUCICHUN.

Q=floor (R/R0); // ompemeseHuMe uMcla BepIMH, pPealMSyeMHX Ha OOCTYIHOM
// BRUMCIMTENBHOM pecypce R;
r=ceil (n/Q); // pacuer kozdduLMEHTA peEITyKLIA;

graph modification (Array,A,r); // pasBbueHue M TUMMBaAUMA MHOKECTBa Aj

Puc. 9. [poepammuwiii koo na sasvixe Set@I|, ocywecmensiowuii npeobpazosanue
MONOL02UY UHPOPMAYUOHHO20 2pada ¢ ACCOYUAMUBHBIMU ONEPAYUIMU 8
coomsemcmeuu ¢ 06veMoM OOCMYRHO20 BbIYUCTUMENbHO20 PeCypCd

B pesynbraTe paboThl TpaHCISITOpa s3bIKa IporpammupoBanus Set@l| us coso-
kynHocTH A (M. dopmynst (1) u (2)) CHHTE3UPYETCS] MHOXKECTBO G, KOTOPOE OIHCHIBA-
10T TOTOJIOTHIO MH()OPMALMOHHOTO rpada ¢ acCOUMATUBHBIMU ONEPaLUsIMU B CIEAYIO-
1Ied TeOpPEeTHKO-MHOXXECTBEHHOU (opme:

G= f{subGl, subG,, ..., subG}, v, Vo, ... ,vr,J, 3)

rie f i — 0003HauCHHE MTapaJUIeIFHO-3aBUCUMOT0 THITA 00paOOTKHU (THII O IMapajuIeTH3-
My conc B s3bike nporpammupoBanust Set@I [9, 10]); { } — o6o3nHaueHne napaniensHo-
HE3aBHCUMOTO THIa 00paboTku (Tun no napamienusmy par [9, 10]); subG; — i-it mox-
rpad, MOCTPOEHHBIN MO MPHHIMITY «pa3buenue nomnonam» (DIV2 B tabm. 1); vi — i-s
OTepallOHHAs BEpIINHA, BXOAAIIAas B OJOK 00pabOTKH MPOMEKYTOUHBIX PEe3yIbTaTOB,
KOTOPBIN TOCTPOEH MO MPUHIHUITY «rosoBa/xBoct» (H/T B Tabi. 1). JlansHelmas peayk-
LU TPOU3BOJUTEIBHOCTH OCYIIECTBIIACTCS C IIOMOIIBIO CIELHHAIBHOTO AaCIHeKTa
reduction, KOTOpBIH MpeoOpazyeT COBOKYMHOCTD (3) K CIeIyIOIeMY BUIY:

Gr=<subG;y, fsubGz, VJ, fsung, vj, s fsubGr, vr,J >, (4)

DJIeMEeHTBI KCXO/IHOTO MHOXecTBa G TeperpynnupyroTcs TakuM 00pa3oM, 4ToObI
annapaTHO peanu3yeMasl BBIYHCINTEIbHAs CTPYKTypa cojepikalia OAWH moarpad c To-
MOJIOTHEH «pa30HeHHe TOIoJIaM» M OAHY JOIOJHHUTEIBHYIO BEPIIMHY, KOTOpas COOT-
BETCTBYET MOCJIE0BATEIBHOMY OJIOKY 00pabOTKH MPOMEXYTOUYHBIX pe3ynbraToB H/T B
tabn. 1. Ilomyyaemast CTpyKTypa 3aHUMaeT BECh JJOCTYIHBIH BBIYMCINTEIBHBINA pecype R
U MIM€ET MUHUMAJIbHYIO JJATEHTHOCTb.

3akarouenne. TakuM o0pa3oM, CTaHAAPTHBIE TONOJIOTUH WH(POPMANMOHHBIX T'pa-
(OB ¢ accoMaTHUBHBIMH OllepanusaMu 3(H(HEKTUBHBI TOIBKO B MPEJACTBHBIX CIIydasX MH-
HUMAaJFHOTO ¥ MaKCHMAJIBHOTO 00BhEeMa JOCTYITHOTO BRIYMCIUTENLHOTO pecypca peKoH-
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¢urypupyemoii BC. B octanpHBIX cirydasx menecoodpazHo MOAUGHUIMPOBATH TOMOIO-
ruio rpad)a B COOTBETCTBHH C IPEATIOKEHHBIM B CTaThe alrOPUTMOM U NPeoOpa3oBaTh
ee K BUAY, YIOOHOMY /I ITPOBECHUS PELyKIMHU IPOU3BOAUTENLHOCTH. OHAKO Tpaau-
LMOHHBIE METOJbI MapajuIeIbHOrO MPOrPaMMHUPOBAHUS ONEPUPYIOT MH(OOPMAMOHHBIM
rpagomM ¢ (UKCHPOBAaHHOW CTPYKTYpOH, MO3TOMY HMX HCIIOJIB30BaHHE JUIS OIMCAHMS
npeoOpa3oBaHuii TONONOrUH rpada B COOTBETCTBHHU ¢ MapaMeTpamu KoHpurypanuun BC
JOCTaTOYHO TPYAOEMKO M Manod(d¢deKTuBHO. [{J1s pemenus JaHHOH IpoOIeMbl Ipeio-
’KEHO HCIOJB30BaTh SI3bIK apXUTEKTYPHO-HE3aBUCUMOTO MporpaMmupoBanus Set@l, B
KOTOPOM BCE BO3MOJKHBIE TOIIOJIOTHH I'padoB C ACCOIMATUBHBIMH OIIEPAIIN MOTYT OBITh
IIPEACTABIICHBI B BHJE JBYX MPU3HAKOB METOAA 00pabOTKH, IPUCBANBAEMBIX MHOXECTBY
HCXOJIHBIX TaHHBIX, U MX KoMOuHaruid. Pa3paborana pecypcoHe3aBucHMas MporpamMma
Ha s3pike Set@l, koTopast BKIFOYAaeT aclekT MpeoGpa3oBaHus TOIMOJIOTHH Tpada u ac-
MEKT PEAYKIMH TPOU3BOJUTEIEHOCTH.

Moanep:xka. VccnenoBanue BBITOTHEHO TpU (prHAHCOBOM moanepxke PODU B
pamkax Hay4HOoro mpoekrta Ne 20-07-00545.
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YJIK 004.8 DOI 10.18522/2311-3103-2020-3-112-122

AK. Canaa, CM. AGay/iiaeB

MOHUTOPHUHI KAYUECTBA OBPA30OBAHUSA U BHE/IPEHUE
NHIUBUAYAJIBHOT O OBYYEHMUA: JEMOHCTPALIUA ITOJAXOJ0B
N AJITOPUTMOB UHTEJUVIEKTYAJIBHOI'O AHAJIN3A
OBPA3OBATEJIBHBIX JIAHHBIX

Kax nokasvieaem ananu3 Oamuwvix MeHCOYHAPOOHBIX MECMUPOBAHUN 3HAHUL YUAUUXCA,
cpednee u svicuiee 00PA306aHUe MHOSUX CIPAHAX NEPEHCUBAEN KDUSUC, KOMOPBIIL 8 MOM HUCe
6bI36AH He A0EKBAMHOCMbIO CUCHEMbl MOHUMOPUH2A KAYeCmea mpaouyuOHHO20 U OUCAHYUOH-
HO20 0bpazosanus. B ceoio ouepeos, paseumue makoui cucmembl MOHUMOPUH2A mpedbyem paspa-
60mKU MEMO008 KIacCupuKayuu u KeaHmupurkayuy, Heobxooumvlx 0Jisi RPOSHO3A UHOUBUOYATb-
HbIX U KOJUIEKMUGHBIX YCHeX08 yuawuxcs. B smoi cmamve meopemuyecku u 5KCnepuUMeHmanbHo
nOKa3ano, 4mo Haubonee NepCHeKmMuHbIM NOOX00OM, Deualowyum 00HOBpeMeHHO 0be 3adauu
NPO2HO3A, AGIAEMCA CO30aHUE 2eMEPOLEHHbIX AHCAMOIEl, COCMOAWUX U3 HEYeMHO20 YUCIA pa3-
JUYHBIX OA308bIX KIACCUDUKAMOPO8, MAKUX KAK Oepesbs peuleHull, npocmetiwiue HelpoHHble Ce-
mu, HausHwlll Oailecogckull kuaccugukamop u opyeue. Ilposeds obyuenue u mecmuposanue
11 pasnuunvlx OUHAPHBIX KIACCUDUKAMOPOS8 HA WeCmU PA3TUYHBIX 8bI00PKAX 00PA308aMeENbHbIX
OAaHHBIX, HAMU NOKA3AHO, YO UHOUBUOYATbHBIN OeMEPMUHUPOBAHHBILL NPOSHO3 MAKUX aHCAMOell
npesocxooum no moYHOCMU NPOSHO3bL KAK OMOENbHbIX 0A306bIX KIACCUDUKAMOPO8, MAK U 0OHO-
POOHBIX ancamo.iell cO30aHHbIX N0 mexHono2uam 6reeunea u 6ycmunea. IIpeumywecmeo cemepo-
2EHHBIX AHCAMONell CO30aHHbIX U3 mpeX, NAMU U CeMU KIACCUPUKAmOopos CIMaHo8umcs onpeoe-
JAOWUM, €CTU YHecmb, YMO NpU eCMecmeeHHOM Oucbanance 8bl00pKu 06pa306amenbHbIX OdH-
HbIX, NOJIE3HBIM NPOSHO30M KIACCUDUKAMOPA MONCEM CHUMAMbCA MOIbKO MAKOU NPOSHO3, MOY-
HOCMb KOMOPO20 NPesoCcXooum OMHOCUMENbHYIO HACHOmY Kidccd 00BeKmos UMEeowWux Hau-
60bUYI0 NOBMOPAEMOCTb 8 8bIOOPKe OAHHBIX. [ IA6HBIM NPEUMYUECNBOM 2eMePOLEHHO20 AH-
Camons ABNAEMCA B03MONCHOCHIb MPAHCHOPMAYUU OeMEPMUHUPOBAHHOLO NPOSHO3A 8 BEPOSNIHO-
CMHbIIL NPOHO3, KO20A 6MECHO OMHECeHUs 00bEKMA K MOMY WU UHOMY KIACCY, OAOMCs 8eposim-
HOCMU €20 NPUHAONIENCHOCU K omOenbHbiM Kiaccam. Ha ocnose smozo namu npeonosicen HoGbill
MemoO OUHAPHOU Keanmupurayuy, Ko20a UHOUSUOYATbHbIE GEPOSMHOCIIU  NPUHAONEHCHOCMU K
KAXCOOMY U3 KIACCO8 00BEKMO8 CYyMMUPYIOMCS NO OMOETbHOCMU, A NOJYYEHHble 8 UMo2e CyMMap-
Hble 6EPOSMHOCIU UHMEPNPEMUPYIOMCA KAK OMHOCUMENbHbIE YACMOmbl 06beKmo8 6 8bihopKe.
B pezynbmame sKchepuMeHmos nokasamo, 4mo maxdas OUHApHAs aHCamMOnesas KeAHMUGUKayus no
TMOYHOCU 3AMEMHO NPeBoCX00Um mpaouyUOHHbIL MEMOO «KAACCUDUYUPYIL U CHUMATLY.

IIpoeHo3 uHOUBUOYANLHBIX U KOLIEKMUBHBIX YCHEX08 YUAUWUXCA, AHAIU3 00PA308AMeNbHbIX
OaHHbIX, KAaccu@urkayus u KeaHmuuxkayus, HecOANaHCUposantvle BblOOPKU, 2emepozeHHble
ancamonu; 0emepMuHUPOBAHHBLIL U BEPOAMHOCMHbII HPOSHO3.

Ya.K. Salal, S.M. Abdullaev

MONITORING OF THE EDUCATION QUALITY AND IMPLEMENTING
OF INDIVIDUAL LEARNING: DEMONSTRATION OF APPROACHES
AND EDUCATIONAL DATA MINING ALGORITHMS

The quality monitoring system for traditional and distance education requires the develop-
ment of machine learning classification and quantification techniques necessary to predict indi-
vidual and collective student performance. This article theoretically and experimentally shows that
the most promising approach that simultaneously solves both forecast tasks is to create heteroge-
neous ensembles consisting of an odd number of different base classifiers, such as decision trees,
simple neural networks, naive Bayesian classifier and others. By training and testing 11 different
binary classifiers on six different samples of educational data, we show that the individual deter-
mined forecast of such ensembles exceeds the accuracy of forecasts of both individual base classi-
fiers and homogeneous ensembles created by bagging and busting technologies. The advantage of
heterogeneous ensembles is decisive when we deal with the imbalance of sample characteristic of
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educational data. In these cases, only the forecasts with accuracies exceeding the relative frequen-
cy of the class of objects dominating in the sample of data can be considered as useful forecasts.
The main advantage of the heterogeneous ensemble is the ability to transform the deterministic
forecast into a probabilistic forecast, when instead of referring the object to a particular class, the
probability of its belonging to individual classes is given. On this basis, we have proposed a new
method of binary quantification, where individual probabilities of belonging to each of the classes
of objects are summed up separately, and the resulting total probabilities are interpreted as rela-
tive frequencies of objects in the sample. As a result of experiments, it is shown that such ensemble
binary quantification is significantly superior to the traditional "classify and count" method.

Individual and collective student performance forecasts; educational data mining; classifi-
cation and quantification; imbalanced datasets; heterogeneous ensembles; deterministic and
probabilistic forecast.

Introduction. The main problem of the higher and secondary education system in
the fast-changing world needs is an inability to rapid self-improvement of the centuries-
old structures of the nature of the teacher-pupil relationship, including the knowledge
transfer, individual and collective student performance evaluation. It is clear that the
school management type must be reformed also.
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Fig. 1. Indicators of education systems in selected countries. (a) Assessment of reading

quality (line) and percentage of 15 years old strains with low and high reading scores;

b) Trends in mathematics, science and reading (2015-2018). Beijing, Shanghai, Jiangsu
and Zhejiang cities of China) were abbreviated by B-S-J-Z

Success in this race for the future of nations depends on many socio-economic,
ethnic, religious, historic, ecologic and any more factors. There are no simple dependen-
cies here. This illustrates Figure 1a, which is based on recent worldwide testing of PISA
[1]. The figure provides the score in reading of 15 years-old schoolchildren (line) in
some selected countries and the corresponding percentage of students which demonstrate
the ability to understand the text above level 5 (below) of complexity and student's light
(dark) shaded bars. It is obvious that in the countries with the best grades (major cities of
continental China, Estonia, Finland, Canada, and Korea) the number of students with a
high (low) level of knowledge is above 20 % (below 10%). The largest economies of the
U.S. and Japan have similar or slightly weaker results, but overall, they are better than
the average value of the Organization for Economic Cooperation and Development
(OECD). Russia, which has slightly weaker rates than the OECD average, has an almost
equal percentage of such students of about 11 %. We have shown in [2] that this situa-
tion with secondary education leads to the fact that even into the most prestigious facul-
ties of Russian higher schools come a very small number of applicants, demonstrating
the real ability to the mathematics of bachelor level. For comparison, in the Middle East
and Turkey, where overall educational achievements are lower than in Russia, there is a
tendency to sharply increase the portion of weaker learners up to 20-30 %. Moreover, if
in Israel schools it is adjacent to 15 % of strong learners, in Turkey, United Arab Emir-
ates (UAE) and Jordan it is contradicted by a very small part of students with significant
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knowledge. It should be said that the other Arab countries listed in [1] have much worse
indicators than Jordan. Iragq was not part of the PISA testing, but alternatively, we test
that in the relatively favorable environment of education of Al-Diwaniyah city the pro-
portion of students with low knowledge of mathematics and computer science may be as
high as 60 % [3]. We hypothesized that low knowledge is the result of the lack of a qual-
ity monitoring system.

Note that the economic indicators of countries are not decisive for the success of
the education system: gross per capita income of top-five Estonia ($33,000) only slightly
more than Turkey and Russia ($28,000), and less than Israel ($38,000) or UAE
($70,000). Moreover, the quality of national education (Fig. 1a) itself does not speak of
its trends (Fig. 1b). As the figure from all selected countries, only Turkey, Jordan and the
USA significantly improved their performance in reading, mathematics, and sciences
during 2015-2018, and the rest of countries reduce their scores. The largest drop of
~10% of quality indicators is observed in Russia. We demonstrate that in such a situa-
tion, the degradation of traditional education can be partially slowed by a combination of
individual and project-based learning [2], with the leading role of individual study.
We have also made the case for more widespread application of computer systems for
individual learning (CSIL) which can be seen as adaptive multi-agent systems with a
detailed design of educator and student agents to develop an adequate pattern of their
learning interactions, i.e. pedagogy. No one doubts the need for individual education and
CSIL in our country [4, 5]. However, the procedure for introducing these forms of edu-
cation raises many questions. Firstly, individual education approaches in higher schools
are contradicted by observed trends to increase in the number of students in groups and
to the increasing number of such groups leading by the same educator. These processes
lead to the homogenization of pedagogical efforts. Sometimes this homogeneity is ele-
vated to the rank of law and takes the form of electronic slavery when the professor fills
in countless forms, surveys, and tables that have nothing to do with real work. In con-
trast, the CSIL requires a certain freedom of the teacher, and, in essence, changes the
existing system of relationships at the university. On the other hand, the CSIL can take
on a significant part of the load, freeing up the teacher’s time for more complex peda-
gogical procedures. Secondly, it is obvious that the existing e-learning systems are not
yet set up for a detailed analysis of the individual characteristics of the student and his
relationship with a professional mentor. In many such systems, attention is paid only to
the formal ability of the student to receive the course material. In such electronic train-
ing, even if it is well structured and meets the requirements of the standards [5], the hu-
man factor is excluded.

In this paper, we cover two related issues, while simultaneously predict the quality of
education and implement of individual learning. To do this, we will first look at the system
of monitoring the quality of education (section 1), determining that these tasks are solved
in the subsystem of the prediction of individual and collective success of students Then in
sections 2 and 3 we will show that the most appropriate methods for solving these prob-
lems are heterogeneous ensembles of supervised classifiers and quantifiers.

1. Education quality monitoring. The Education Quality Monitoring (MQE) gen-
eral chart is shown in fig. 2. Based on this diagram, we discussed [3] the reasons for the
low-quality of secondary education in the Republic of Iraq and we came to the conclu-
sion that a three level of MQE system are needed. Work [3] discussed the background of
the MQE of the Republic of Iraq at the national, local and regional levels. The main
cause of weak human development indicators has been shown to be low-quality educa-
tion due to the lack of national MQE in Irag. We concluded that the national level of
monitoring, the issue of forecasting is associated with a big data problem where the col-
lection of initial information is a costly and time-consuming procedure, in addition to
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that decision-making with feedback is a long-term process that may take years to com-
plete. A regional monitoring system may be in a better situation. The need of this MQE
at province level was demonstrated by the analysis of socio-demographic data and stu-
dent performance at three preparatory schools in Al-Diwanyah city, Iraq. Despite the
appropriate educational environment in capital of province, at least 4/5 of the number of
students lost more than one year of study and 23 of them showed a low level of
knowledge of two subjects of 160 students. Significant differences in the level of
knowledge brought by different schools have also been found [3].

Contemporary state Education quality
assessment management

Educational data: i E
collecionand  f  FT77TTTTCC !
pre-processing R il o iy
]
Forecasting of new New possible state
””” learning situation assessment

Fig. 2. Diagram of the educational quality monitoring and management with () direct
and (b) feedback information flows

These observations have led us to conclude that the ongoing national-wide reform
which introducing school-based management cannot be successful without the local
MQE and their interaction with regional MQE. Particularly, we have demonstrated that
decentralized national education systems with school-based management do not auto-
matically lead to a rise of education quality. We conclude that at the local and regional
level MQE, a key part of system is the prediction of a new situation with the quality of
learning, determined by the individual and collective achievements of students, which in
turn are educational data mining problems resolving by the classification and quantifica-
tion methods [6—7]. Obviously, the mass-line courses implement [8] and recent ubiqui-
tous implementation of distance learning as consequence of COVID-19 pandemic, also
requires the application of these methods.

2. Supervised classification and sample imbalance. From the position of ma-
chine learning algorithms, the forecast of individual student performance can be pro-
duced by classification algorithms which trained on dataset containing previously col-
lected data and then applied to new dataset. The task of the algorithm with the specified
accuracy is to determine the class of the object. In our case, these are the student's future
grades on the certain discipline. Without loss of generality, we will consider the problem
of supervised classification into two classes: ¢+ is the class of student’s which
knowledge ratings are above certain threshold and c- is the class of students which edu-
cational performances are below this threshold.

Let's give 1) a training sample D; = {(X4,¥1), - (Xn1, Yn1)}, Where the vector x; €
X; consists of m attributes of the feature space of the student X; c X, (whereX more
general feature space) and y; denotes the corresponding class of this object, y,eY = {c.,
c-} and 2) a classification algorithm that explores the training set and constructs a binary
classifier model h, linking features and two classes of student performance (formula 1).

h: Xl - {C+J C—}' (1)
It is assumed that this binary classifier applied to another independent and identically

distributed sample of vectors x € X, < X, will correctly indicate its individual classes
Y =cyorypy=c_. As a result of this, we obtain a forecast sample
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D, = {(x1,91), ... (Xn, 9n)}. A simple evaluation of the effectiveness of the classifier is ob-
tained by comparing the class ¥, predicted by the classifier for the object x, with a known
value y, from test sample D, = {(X4,y41), ... (Xn,yn)} and calculating the relative sum of
correct forecasts CF. This rating is called the overall accuracy A of the classifier. (formula 2)

= Somectlorecasts _ ZELCW \uhere CR(K) = 1,y = yyor CF(K) = 0,iff # yie  (2)
The A is a fairly used as indicator of student performance forecasts, generally
based on various algorithms of decision trees, Naive Bayes (NB), Multi-Layer Percep-
tron (MLP), k-Nearest Neighbors (kNN) and others algorithms [9]. Typically, the accu-
racies A about of 0.7-0.8 or more were reviewed in [9] for these classifiers. If one com-
pares these forecast accuracies with value of A, =0.5 of the forecasts produced by the
"random” classifier, which virtually tossing a coin to select the class of an individual
student, then the accuracy in the range of 0.7-0.8 will seem to us quite acceptable. In
addition, any forecast with an accuracy of more than accuracy of random forecast of 0.5
is considered useful. This would be a true conclusion when training and test samples
contain approximately equal two numbers N+ and N-, where N+ is number of students
belonged to class c+ and N- is number of students belonged to class c-. It is usually said
that these datasets are balanced. However, detailed study of the student performance
forecasts [7] showed that reviewed above high values of A were most often caused by
imbalance of educational data samples. Indeed, our entire education systems are set up in
such a way that the number of students N+ is much higher than N- Then, if the binary
classifier mistakenly categorizes all new unknown students as a class of c+, the number
of correct predictions in (2) will be equal to the N+, and the accuracy of this weak classi-
fier A, will be equal to relative frequency p.:of dominant class c+:
Ny _ _
weak ~ N =P+ =1-p- 3)
where recurrence of minority class c- in sample is denoted by p-. Thus, if an imaginary
“optimistic” forecaster says that all unknown students will belong to the dominant class,
the justification for his predictions will be more than random Ar=0.5! On the other hand,
the p+ vs. p- imbalance results that binary classifier will be trained on a larger amount
N+ of data corresponding to features of dominant class, and, as consequence, on the
strongly unbalanced samples p+>>p-, the minority class of academic performance is
virtually ignored by forecasting procedure. These effects can be seen from Table 1 where
are demonstrated the results of forecast of 10 different types of classifiers trained by us-
ing Weka 3.8 [10] on the samples of 100 students derived from 6 experimental unbal-
anced dataset which, as we are sure [7, 11-15], have reasonable pre-processing quality.

Table 1

Accuracies (in %) of forecast of base and ensemble classifiers* trained and tested
in the same conditions

__ Correct forecasts

A, =

Total forecasts

# Column 1 2 3 1 5 6 7 8 9 10 11
#row Source of P+ H; H; H-
data NB | MLP | SVM | KNN | 148 | AB1 | RF
! Diwaniyah, | ¢, 83 88 81 81 97 93 92 94 90 99
Iraq [7]
2 ssam,
= Assam 66 61 91 74 70 100 98 100 98 38 100
India [11]
3 Kashmir, 66 20 100 92 80 86 88 87 926 93 94
India [12]
4 Nasiriah, 72 75 73 80 77 71 67 71 76 76 78
Iraq [13]
5 Porto,
Portugal 77 86 79 82 75 87 86 85 86 87 87
[14]
6 Wasit, Iraq 90 97 89 91
[15] 95 88 89 85 88 93 91
Average 722 | 81.7 | 865 83.0 795 | 882 | 875 | 87.7 | 912 | 872 | 915
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Comparing the frequency of the dominant p+ class in the test sample (column 1)
with the accuracy of the NB, MLP, Support-Vector Machine (SVM), decision tree J48
(columns 2-6), you can see for each unbalanced sample of data, there is a classifier
showing accuracy (crossed out) below Aw=p+ base line limit. Significantly, that in the
last sample (row#6) with strong imbalance ratio of 9:1, all accuracies of classifiers were
above 85%, but only one NB give useful forecast.

Two main types of solutions have been proposed to resolve the problem of training
set imbalance: i) by artificially balancing using the re-sampling procedures [16] or ii) by
so-called boosting procedure: sequential training of ensemble of classifier., where each
new supplemental classifier, usually decision tree, is trained on the residual sample con-
tained only the instances (students) which incorrectly classified by the prior ensemble
member [17]. The classic type of such ensemble presented in the [13] is AdaBoostM1
(AB1, column #7). As you can see, with more accuracy in forecasts, this method also
does not always satisfy the condition of the A>Aw. Another type of ensemble applicable
to overcome imbalance problem is random forest RF which create a number of decision
tree classifiers on various sub-samples of the dataset and uses averaging to improve the
accuracy (column #8). Remarkably, that both the usual J48 and ensembles AB1 and RF,
simultaneously showed poor results on the same dataset (row#4).

3. Classification and quantification by heterogeneous ensembles. The ensemble
approaches of AdaBoost and Random Forest mentioned above are inherently homogene-
ous ensembles when new ensemble members are created by using the same technology.
As it is illustrated by the above example of the homogeneous ensembles are not totally
winning versions of the forecasting technology. Here we show a few basic advantages
of the forecast with the help of heterogeneous ensembles.

3.1. Deterministic forecasts. First, the use of different basic algorithms brings us
closer to the real-world situation, when the examination boards invite experts with expe-
rience in various fields. And as in real-world case, the technology for obtaining ensem-
ble forecast results is quite simple and robust. Following the work [7], we will replace
the labels “ct+” and “c-” of binary classification by integers +1 and -1, and will consider
the forecast of the binary classifier of model h, for vector x;. It is clear that which will
take two values hy(x;)=y:e {-1,1}. Let's try to create an ensemble Hy(x) contained the odd
number T of such binary classifiers h(x;). Let's assume, also, for simplicity that each of
ensemble member gives equally important forecast for each of students in dataset. In this
case, as is demonstrated by expression 3, the result of forecast S(x) will be equal to the
sign of the algebraic sum of forecasts of ensemble members h (x;):

S(x;) = sign [Hy(x;)] = sign (X, he(x;)), where T = 2n+ 1and [Hr(x;)] € {£1,--,£T}. (4)

As can be seen this simple voting ensemble gives an erroneous forecast only is
case when n+1 independent ensemble member gives non-correct forecast. Obviously,
this deterministic forecast is no different in form from the predictions of the data of basic
algorithms and homogeneous ensembles in Table 1. Therefore, it is easy for us to illus-
trate the advantage of a heterogeneous ensemble Hs which contain as members J48,
MLP, and NB classifiers. This ensemble as seen from column #9 gave predictions with
accuracy above Aw on all samples. If we unify by (4) the individual results of all five
basic classifiers J48, MLP, NB, SVM, and kNN to the ensemble Hs, we will see that the
quality of forecasts of Hs will deteriorate slightly due to the weak forecasts of individual
members on the sample #6. Obviously, if you add the results of two homogeneous en-
sembles AB1 and RF to the previous set, the resulting meta-ensemble H; will once again
have a high performance. However, for the sample #6, the accuracy of 91 % was ob-
tained when H; determined 99 students to the class of 1, and only one to the class -1.
Note that exactly this situation was occurred earlier with RF forecasts.
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Thus, the obvious advantage of the presented technology of heterogeneous ensem-
ble in that it gives higher and more stable results of the forecast, allows easily to incor-
porate new ensemble member: any classifiers or other ensembles. It is obvious that you
can consciously select sets of ensemble members, for example, conducting a preliminary
ranking of the classifiers on the stability of forecasts [7].

3.2. Probabilistic forecasts. It is obvious that the student's future grades on a par-
ticular subject or overall results depend on a set of factors. Two main ones can be identi-
fied: the student's cognitive abilities and social motivation. Obviously, there are different
combinations of these factors (see Table. 2), and if on the basis of some specially ques-
tionnaires to allocate their strength (e.g. low, medium, and high) the task of binary clas-
sification would come down to the forecast of the future state of relatively small group
of students marked by “?”. Cognitive abilities should be considered as combination of
cognitive functions which are not homogeneous in relation to the subject being studied;
the presence of most cognitive functions is highly dependent on the age of the individual
[18]. Thus, the peak of the basic cognitive functions contributing to programming falls
on 17-18 years with a possible range of 15 to 21 years [19].

Table 2

Possible student performance due to combinations of student cognitive abilities
with contemporary motivation strength

Abilities/Motivation low medium high
low 2 2? 3
medium 2? 3 4
high 3 4 5

The above reasoning explains to some extent the following assumptions about the
probabilistic forecast. We hypothesized that the basic student dataset could contain implicit
information about the Abilities/Motivation combinations presented in table 2. The simplest
example of this combination is that: a 19-year-old student begins to study professional pro-
gramming, despite all the other positive props and strong motivation, his age signals that
the cognitive functions required to the programmer are most likely to be in the stage of
deactivating. Obviously, most of experts, and especially mathematical algorithms, will not
notice the last fact and predict the cloudless future of this student. But it is possible that
someone from the ensemble of experts (classifiers) will notice this and other alarming facts
indicating below average abilities (see table 2) and will classify the student as a group re-
quiring special attention. Unfortunately, in the process of voting by a simple majority
(formula 4), this correct prediction of one of the ensemble members will be ignored. Obvi-
ously, the association between a mathematical classifier and an expert may seem tenden-
tious. However, classification algorithms extract useful information from the feature space
in different ways, and then there is a chance that one of the ensemble members will pay
attention to suspicious combinations of features. When adopting such a hypothesis, for a
more detailed forecast it would be necessary to take into account the opinion of all mem-
bers of the ensemble and move on to the probabilistic forecast.

Here's how to do it: suppose that each of the xi students has individual natural
probabilities to be categorized as class +1 and -1, respectively, P.;(x;) and P_;(x;). From
formula 3, you can see that the deterministic forecast of the ensemble member h;(x;) = +1
can be converted into a probability forecast where each of the T individual classifiers
gives its share of the deposit 1/T to one or the opposite probability. So, ensemble can
generate two values of probability P.;(x;) and P_(x;), for every student. Let's express
them as a percentage, and note that the difference of these probabilities is equal to the
algebraic sum of deterministic predictions divided by the T number of members of the
ensemble (formula 5):
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P (x) — Py (%) = "I X 100% = AP(x;) ®)

where designation AP(x;) is introduced. Given that the sum of individual probabilities
is 100%, probabilities are easy to calculate by formula 6:

Py = 50% + 220 (6)
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Fig. 3. Probabilistic forecasts AP (x) produced by ensembles of three Hs, five Hs and
seven classifiers H; using data of a) sample#2; and of b) sample#4

The two examples of predicted probability differences AP(x;) for the two classes
of students and their real successes are presented on fig. 3. The positive and negative
values of the forecasting difference AP(x;) and real difference £100 % mean that the
student is classified as a member of group with satisfactory and non-satisfactory
achievements. As we can see from the visualizations of probability forecasts, there are
two different situations. In (fig. 3,a) is demonstrated the ensemble forecasts for sample
#2 when the differences AP(x;) of erroneous forecasts of class +1 are rare and relatively
small whereas AP(x;) of failed forecast of class -1 is more frequent and their values are
relatively large. Although in this sample, H3, H5 and H7 made fewer errors (see table 1)
than in other cases, however, these two patterns with low (high) frequency of errors of
class +1 (-1) and small (large) values of differences AP(x;) are typical for forecasts on
other samples #1. #3 and #5. The case of sample # 4 (fig.3, b) where values of AP(x;) of
erroneous ensemble forecasts are significant in both classes is atypical and from
(fig. 3,b) and Table 1, it is clear that student evolution in this case is the less predictable.

3.3. Ensemble quantification. The supervised quantification is a relatively newer
section of machine learning [20]. The goal of the trained quantifier is to predict the fre-
quency of objects belonged some classes in an unseen test sample X,, which is ideal for
predicting the collective success of students. In the case of two classes, the binary quan-
tifier q gives a prediction of class probabilities py, p-

a:Xz = {py, p-}- ()

The task of binary quantification (7) was first formulated by Forman [21], who
proposed to solve it using base classification algorithms: Classify and Count (C&C).
Some of the features of ensemble quantification we have outlined in the works [6, 7].
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Indeed, in the case of a deterministic of base or ensemble forecast, if one counting the
sum N+ of forecasts of class +1 then it can obtain the estimation of class probability

73 “%Cand p=“*C (formula 8):

ﬁ;c&c _ %; 5C&C _ 1 _ IﬁC&C- @)

Taking into account the previous discussion, formula 7 suggests that a more accu-
rate C&C classifier will give both best accuracy and the best prediction of +1 class fre-
quency f)?rC&C. All things being equal, this means that ensemble quantification is more
accurate (Table 1) than basic C&C quantification. However, the opposite sense is wrong:
the best quantifier does not necessarily become the best classifier. Among other things,
we've shown that ensemble quantifiers based on probability forecast (formulas 5 and 6)
give more accurate distribution assessment than a deterministic forecast. The following
assumption may be put in the foundation of binary quantifiers which use probabilistic
output of heterogeneous ensemble. If each of the objects in the group has the probability
of P, (formula 5) being in the state of +1, then a group of such objects will have a mean

cumulative probability P32 to be in this state (formula 9):
50 =<2V Py (). )

Forecast values p3 @ of” ensemble quantifiers of Q3, Q5, Q7 calculated according
to (formula 9) compared to the C&C forecasts of ensemble classifiers H3, H5, H7 for
two cases of highly unbalanced samples are shown in fig. 4. As seen in 5 cases, the
quantifiers gave better predictions of true repeatability than C&C classifiers, and only in
one case the accuracy was equal.
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Fig. 4. Quantification: class frequency forecasts of quantifiers Q3-Q7 and ensemble
classifiers H3-H7 comparing with actual frequency in test sample#5 (a) and test
sample#6

(Fig. 4,a) also illustrates the assertion that "the best C&C quantifier does not neces-
sarily have the best classification accuracy". So, the H3 classifier gave better predictions
P+, than H5 and H7 on the sample#5, but these classifiers had better accuracy of indi-
vidual predictions (see table 1). On the contrary, in the case of (fig. 4,b) (sample#6), the
best H3 classifier was the best C&C quantifier achieving quantification accuracy of Q3.

Conclusions. In introduction of this work, we have made an attempt to show that
the decline in the quality of education in a number of countries is due to the lack of a
really working hierarchical system monitoring the quality of education (MQE). The sub-
system of the forecast of individual and collective performance of students is one of
background elements of MQE. The major of goal of the presented study is the develop-
ment of the methods of these forecasts using basic and ensemble classification algo-
rithms. Based on the synthesis of previous works and analysis of experimental data from
six samples, we show the following.
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Individual forecast is advisable to carry out with the help of heterogeneous ensem-
ble of supervised classifiers. It should be taken into account that these classifiers are
trained and tested on unbalanced samples of educational data. In case of imbalanced da-
taset, only forecasts with accuracies above the base-line Aw= p+ the repetitiveness of the
objects of the most represented class can be considered as useful predictions. Given this
observation, the quality of the projections of heterogeneous ensembles is unsurpassed.

But, the main unsurpassed property of heterogeneous ensembles is the ability to
obtain probabilistic individual forecasts, and using them as a basis, to create a new type
of ensemble quantifier, which adequately solves the problem of prediction of collective
performance of students.

More new research needs to be done to show the benefits of using heterogeneous
ensembles in educational data mining.
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OIIEHKA 3AIUIIEHHOCTH MOMEIIEHUS OT YTEUEK PEYEBO
UH®OPMAIIMU B YCJIOBHUAX BO3JIEMCTBHUSA IITYMOB

Paccmampusaiomesa ocobennocmu npumeHeHuss Memooux ammecmayuu 3auueHHslx no-
mewgenuti. Taxkue memoouxu paspabameigaiomces u peziamenmupyiomess Qedepanvrot ciydiucOoil
N0 MeXHU4YecKOMY U IKCROpMHOMY Konmpoao. Heobxooumocms ammecmayuu céa3ana ¢ HaIUYu-
eM MEeXHUYeCKUx Kamaios Ymeuxu uH@opmayuu, no KOmopvim 310YMbIUAEHHUKOM MO2ym Obimb
noayuensl c8e0eHUsl, COCMABAAIOWUE KOMMEPUeCcKyI0, 20CyOapcmeeHHylo unu unyio mauny. Hanu-
yle mexHu4eckux KaHaioe ymeuxu ungopmayuu 06ycioeieno Qusuieckumu npoyeccamu, Cesa3aH-
HbIMU C OCOOEHHOCHAMU PACNPOCMPAHEHUS. AKYCTNUYECKUX, DNIeKMPOMAZHUMHBIX U ONMUYECKUX
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6oaH. Yepez makue KaHAbl 603MOICHA YMEUKA AKYCMUYEeCKol, U080l unpopmayuu, ungpopma-
yuu, 0opabamuvleaemMoll MexXHUYeCKUMU CPeOCmeamu u cucmemamu. B pamkax dannoti pabomol
paccmampusaromes: 0CoOeHHOCMY ammecmayuy 3auUeHHbIX NOMeWeHUull Om ymeyex aKycmu-
yeckoll ungopmayuu. Ammecmayus gxuouaem 6 ceds nposedeHue UHCMPYMEHMAIbHbIX UsMepe-
HULl, KOMOpbie NO360AIOM OOHAPYICUMb UHDOPMAMUGHBIN CUSHAL 8 JUHUSX C653U, 8 dupe, 8
cucmemax OmonjeHus, 6000npoeood, eenmuisyuu u m.o. Ilomumo uzmepenuil ammecmayus
npeonoiazaem nposedeHue pacienos, Ha OCHOBAHUU KOMOPLIX Oeldemcst 8bl600 O COOMBEEMC M-
68U UNU HECOOMBEMCMEUY YPOBHA 3aujuujennocmu. Pacuemnas yacme asnsemcesi 008016HO 2po-
MO30KOU U CNOJICHOU, NOIMOMY Yeavio pabomel AGAEMCA pa3pabomra aneopummd, Komopbii
no360/5em onpeoerumb Cmenetb 3auuiyyeHHOCIU BblOEIeHHO20 NOMeWeHUsl OM YMeuKu peyesotl
ungopmayuu. 3adavamu pabomul A6NIAOMCI: PAPAOOMKA BCHOMOLAMENbHBIX ANICOPUMMOE OISl
pacuema napamempos 3auueHHOCIU NOMEWeHUsl N0 KaXCOOMY MURY KAHA08 YMeuKu peuegoll
unpopmayuu; peanuzayus NPOSPAMMHO20 CPeOCmed, No380JAI0uLe20 onpedenums CmeneHs 3d-
WUWEHHOCU NOMEWEeHUsL, NPOBeOeHUe UCCIeO08aHUsL 3A8UCUMOCTU 3AUULLEHHOCU NOMeWEHUs.
Om YPOGHsL WYMOE C UCHONb306AHUEM PA3PABOMANHO20 NPOSPAMMHO20 cpedcmed. B kauecmee
pe3yibmamos pabomovi ciedyem OmMMEemums CUHME3UPOSAHHbII ANOPUMM U pa3pabomanHoe
npoepamMmHoe cpedcmeo, no3eoasauee CyWecmeeHHo COKpamums 6pems Ha npoyeoypy OYeHKu
3auwuujeHHocmu nomewjenus u uzbexcamo owubok. Tax dce pezyrbmamom pabomol sA6asemcs
uccne0oanue 3a8UCUMOCIU CIOBECHOU pa3dOpUUBOCMU peyu Om YPOGHS UWYMO8 8 DA3IUYHBIX
oxmasax. Hccneoosanusi nokasanu, 4mo ciogecHas pazbopuusocniv, KOmopas onpeoensem 3d-
WUWEHHOCMb NOMEWeHUsl NO AKYCIMUYEeCKUM NApAMempam, HelUHelHo cnadaem ¢ ygeiudyeHuem
VPOBHSL WYMOS NPU (PUKCUPOBAHHOM YPOGHE CUSHAIA.

Hupopmayuonnas 6esonacnocmsv; ymeuka peuesoli unpopmayuu; 6vloeieHHoe nomeuje-
HUe; KaHAI ymeuKu uHpOpMayul, OYeHKAa 3auuieHHOCMU NOMEeUeHUsL.

P.A. Chub, D.N. Tsvetkova, N.V. Boldyrikhin, D.A. Korochentsev

ESTIMATION OF SECURITY OF THE PREMISES FROM LEAKAGE OF
SPEECH INFORMATION IN CONDITIONS OF EXPOSURE TO NOISE

The article discusses the features of the application of certification methods for protected
premises. Such techniques are developed and regulated by the Federal Service for Technical and
Export Control. The need for certification is associated with the presence of technical channels for
information leakage, through which an attacker can obtain information constituting a commercial,
state or other secret. The presence of technical channels for information leakage is due to physical
processes associated with the propagation of acoustic, electromagnetic, and optical waves.
Through such channels, leakage of acoustic, specific information, information processed by tech-
nical means and systems is possible. In the framework of this work, the features of certification of
protected premises against leakage of acoustic information are considered. Certification includes
instrumental measurements that allow you to detect an informative signal in communication lines,
on the air, in heating, water supply, ventilation, etc. In addition to measurements, certification
involves calculations based on which a conclusion is made about the conformity or non-
compliance of the level of protection. The calculation part is rather cumbersome and complex,
therefore the purpose of the work is to develop an algorithm that allows you to determine the de-
gree of security of the selected premises from the leakage of speech information. The objectives of
the work are: the development of auxiliary algorithms for calculating the security parameters of
the room for each type of voice information leakage channel; implementation of software that
allows you to determine the degree of security of the room; conducting a study of the dependence
of room security on the noise level using the developed software. As the results of the work, the
synthesized algorithm and the developed software tool should be noted, which can significantly
reduce the time for the procedure for assessing the security of the room and avoid errors.
The result of the work is the study of the dependence of verbal intelligibility of speech on the noise
level in various octaves. Studies have shown that verbal intelligibility, which determines the secu-
rity of a room by acoustic parameters, decreases non-linearly with an increase in the noise level at
a fixed signal level.

Information security; speech information leakage; dedicated room; information leakage
channel; premises security assessment.
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BBenenne. Ha ceromusmanii 7eHs BOIpocaM 3allIUTH WH(POPMAIMK B OpraHU3a-
OUSX yAeseTcs OOJBIIoe 3HAUYEHHE, IOTOMY YTO OT 3TOTO CYIIECTBEHHO 3aBHCUT KOH-
KYPEHTOCIOCOOHOCTh KOMMEpUecKux mpeanpustuii [1-7]. s rocymapCcTBEHHBIX yd-
PeXICHUI 3TO TeM OoJiee aKTyaldbHO, T.K. UX JIEATCILHOCTh CBs3aHa C 00pabOTKOM
OOJIBIIIOrO KOJIMYECTBA MEPCOHAJIBHBIX NAHHBIX, & TaK )K€ CBEJCHUMN, COCTABJIIOIINX
rOCyJIapCTBCHHYIO TaliHy. [lomelneHus, B KOTOPBHIX MPOU3BOAMUTCS 00pabOTKa TaKUX
JAHHBIX, HY)KIAIOTCS B CIIEIUAILHOM O0CIICIOBAHUM HA MPEIMET BBIIBICHUS BO3MOXK-
HBIX yTedek nHpopMmanuu mo texHudeckux kanaynam [8—20]. K Texnuueckum kaHajgam
yTeuKd HHOOPMAIIUK OTHOCSTCS KaHAIBI YTEUKH peueBoii napopmarmu [8—10].

O1eHATh aKTYaIbHOCTh YTPO3bl YTEUKH PeUeBON HHPOPMALIUH MOKHO TI0 METOIH-
KaM, puBeieHHBIM B [8—10]. B pamkax omeHKH 3aIIAIIIEHHOCTH TIOMEIIESHHS TIPeaIoia-
raercs IBa 3Tama: HHCTPYMEHTAIbHBIC H3MEPCHHS U pacueTHas 9acTb, KOTOPAs TOBOJIb-
HO 00BeMHa U TpeOyeT 3HAYNTEIHHBIX BPEMEHHBIX 3aTpaT.

[IpencraBnsercs akTyanpHON pa3paboTKa alropuTMa M MPOrPaMMHOTO CpPEICTBa,
peanM3yIomero OIeHKY COOTBETCTBUSI YPOBHS 3alIMIEHHOCTH MOMEHIEHUS OT yTedeK
pedeBoit nHpopMaUK TPEOOBAHUSIM HOPMATHUBHBIX TOKYMCHTOB IO 0OC30MACHOCTH WH-
(dbopmarmu, OCKOJIBKY 3TO IMO3BOJIUT CYIIECTBEHHO COKPATHTh BPEMCHHBIC 3aTpathl, a
TakK e n30eKaTh OIMOOK B pacyerax.

AJITOPUTM OUEHKHU 3aI[UIIEHHOCTH NMOMeEIIeHUsI OT yTedyeK M0 TeXHUYeCKUM
KaHajaM. [lepexBaTUTh peUEBYIO WH(POPMAIHIO MOXKHO 10 HECKOJBKUM KaHaiaM, KO-
TOpBIC JENATCS Ha: aKyCTHYeCKWe M BHOpalMOHHBIC; KaHANbI HH3KoW wactotel (HY);
KaHaJbI BRICOKOH "acToThl (BY); KaHAaIBI yTeUKH 3a c4eT MOOOYHBIX AIEKTPOMATHUTHBIX
m3nydeHnit 1 HaBogok ([IDMIH). [TosTOMy adrOpuUTM OICHKH 3aIIUIIEHHOCTH BKIIO-
YaeT pacueThl OKa3aTelel 1mo BceM 3TuM KaHanam (puc. 1). Bonee mompo6HO paccMoT-
pUM paboTy anropuTMa Ha IMpUMepe OLEHKU 3alIUIEHHOCTH 110 aKyCTUIeCKOMY H BHO-

palroHHOMY KaHaiaM (puc. 2).

Eeon
LEHHEIX

EEBMEHHOE Her
SHEY. =3
aa =ELERT =
IHEY. = 4
CooleHme o

HIEEPHOM EEOOS
FELLIS

Puc. 1. Brox-cxema ocHo8HOU npoepammbi
B naHHBIX KaHanaXx MPOBOJHUKOM YTEUYKH HH(MOPMAIMM SBISIOTCS pPas3iIHdYHbIE

MPOEMbI U BCHTUWIAHMOHHBIC OTBEPCTHUA, OTIpaKAar0lIUe KOHCTPYKIUH, pr6I)I HWHXC-
HEPHBIX KOMMyHI/IKaHI/Iﬁ U T.AO.
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[TokazateneM KauecTBa OLEHKH 3aIIUIICHHOCTH TOMELIECHHS 110 JaHHBIM KaHaJIaM
SIBISIETCS CIIOBECHas pazbopumBocTh pedn W, moa KOTOpoH MOHMMAETCsl MPOLEHTHOE
COOTHOIIIEHHUE MPAaBHIBHO MOHATHIX CJIOB, 3aPETUCTPUPOBAHHBIX C HCIIOJIB30BaHUEM Pa3-
BeJIbIBATEIIBHBIX CPEJICTB.

Beoca 4
AEHHEIX

Haxatue Ha

KHONEY BNA
pac4eTa
SHAYEHUI

ELIECA SHAHEHUIA
Ha IEpaH
A= Brixoa uz Her
POrpamMMil
Hamatue Ha BPHYTECA Het]
KHOMKY ¥ BeiGopy =
OUEHKEH

a

JasepweHne

paboTel HamaTtue Ha

KHONKY

Puc. 2. Brox-cxema anzopumma oyeHku 3auuyeHHOCMU RO AKyCmMu4eckoMy
U BUOPAYUOHHOMY KAHALAM

Jist pacyerta 3TOro MoKazaTessi MOXKET MCTIOIb30BAThLCSI ClIeAyomas MeToauka [8, 9].
1) Pacuet ypoBHS 3BYKOBOTO aBJICHHs CUTHAJA
LC+LLI1 Lllli
L; =101g{10 10 —1010 |, (1)

rae LC+lUi — YPOBCHb 3BYKOBOI'O HaBJICHHSA a,HZ[HTPIBHOfI CMCCH CHI'HAJIa U IIyMa B i-it

OKTaBHO# mosoce, ab; L, — ypOBeHb 3ByKOBOrO JaBICHHS IIyMa B i -if OKTaBHOM I0-

noce, 1b.
2) Pacuer k03¢ duIMeHTa PEBBIIICHUS CO3IaBAEMOTO 3BYKOBOTO JIABJICHHS B Ka-
JKJIOW OKTaBe HaJl HOPMUPOBAHHBIM YPOBHEM IO Cleqyromien hopmye:

A =Lei—Lui @
LHi — HOPMHPOBAHHBIA YPOBEHb B i-i OKTAaBHOM moinoce, 1b.

3) Pacuer ypoBHsI CHTHaja, IPUBEICHHOTO K HOPMHUPOBAHHOMY YPOBHIO 3BYKOBO-
IO JABJICHHA B i-H OKTaBHOM I10JIOCE

LC.npue.i = LCi _Ai ’ (3)

4) Pacyer COOTHOIICHHS CHTHAI-IITYM:

Ei = LC.npu@.i - Lll[i ’ (4)
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5) Pacuer ci0BeCHO# pa3bOpPUMBOCTH PEUH:

1.54%R0% *(1—e(‘11*R)), ecmu R <0.15:
5)
W, =

(_ 1R ]
1-e\ BOTRJ ecnmuR >0.15,

rae R — uATerpanbublii MHAEKC apTUKYIIAINM PEUH,

N
R=3(pi*k), ©6)
i=1l
ki — BECOBOI KOI((HUINEHT Ka)K/I0H OKTaBBHI.

ITapameTrp P B BBIpakeHHH (6) BBIYHUCIAETCA MO CIEAYIONMIEH Gopmyie:

(4310 (23]

0.78+5.46*e
yecmmnQ; <0,
1410011 ' )

-4.340°4(27.3-Q))’
_0.78+5.46*e( (2734l)’)

1+10°710

1 ,ecimm Qj >0,

rue Qi OTIPENICIISICTCS BRIPAKCHUEM

Qi =E —-AA, (8)
AA — 3HaueHre POPMATHOTO MAPAMETPA PEYH B KAKION OKTABE.

OnucaHue NPOrpaMMHOro cpeiacrsa. B pamkax paboTsl pa3zpaboraHo mpo-
TPaMMHOE CPEJICTBO, IO3BOJIAIONIEE ONPECIUTh CTEIEHb 3alUICHHOCTH BBIIEICHHOTO
MOMEIIEHUS] OT YTeUKH pedeBoil nHdopmanuu. /Jlanee NpoMILIIOCTPUPOBaHa 4acTh MPO-
IPaMMBbl, PeaTH3YIONIas alfOPHTM OLICHKH 3aIUIICHHOCTH M0 aKyCTUYECKOMY U BHOpa-
UOHHOMY KaHanam (puc. 3, 4).

‘ BxoaHble naHHble ‘

250 500 1000 2000 4000
TCi  [ss1s | (woes | [ssaz | lszes | [ss2a |
C+IOi |®s | [s523 | |s1a5 | [s228 | (|22 |
Ol [as7s | [ssaz | [220s | (22 | |5 |

Puc. 3. Bxoonvie oannvie, noiyuennvle 6 pe3yivmanme usmepeHutl

VlcTo4HMKOM BXOAHBIX JAaHHBIX (pHUC. 3) CIyKaT B pe3ynbTaThl m3MepeHus. s atoro
HEOOXO/IUM IIIyMOMeEp, KOTOPBIN M3MEpSiET YPOBEHb IIIYMOB 33 OIP)KAAOLIEi KOHCTPYKIIH-
eil. K naHHOMY nprOOpy MoJKIIF0YaeTcss MUKPO(OH, JUIsl aKyCTHYECKHX U3MEPEHHH, 1 aKce-
JIepoMeTp — JyIsl BUOpaLOHHBIX. Takike BaXKHBIM 3JIEMEHTOM IS U3MEPEHHMS SBIISIETCS aKy-
CTHYECKHI KaIHMOpaTop WM TAaJOH 3BYKOBOTO JAaBiieHUS. [1JIs1 onpenieNieHus Toro, PHUCYT-
CTBYET JIM yTeuka MH(POpPMAIWH, HEOOXOANMO HPH IOMOIIM TECTOBOIO CHUI'HAJIAa U3MEPHThH
YPOBEHB 3BYKOBOT'O JIaBJIEHHS 3a TIpe/ieslaMH OTpakIaromieli KOHCTPYKIMH. B kauecTse mc-
TOYHHMKA TECT-CUTHAJIA HMCIIONB3YEeTCsS TeHepaTop HU3KOM YacTOTHI, MOAKIIOUEHHBIH K aKy-
CTUYECKOH KoJloHKe. CHUrHall, NMpOIIeJIINN Yepe3 OrpaXAalollyl0 KOHCTPYKIHMIO, 3Ha4H-
TEJIbHO OCIIa0IISAETCsl OTHOCUTENBHO ITyMOB. Pe3ynbTaTtoM n3MepeHus sBIsIeTCs] CyMMa CHT-
HaJa ¥ myMa. [Ipn oTKIIIOUeHNN aKyCTHYECKOH CUCTEMBI, IIPOBOJIATCS N3MEPEHUS IIIYMOB 3a
orpaxkaaroneil Kouctpykiuei. Ha puc. 3 o6o3Hauennio TCi COOTBETCTBYET YPOBEHD TECTO-
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BOTO CHTHAaJIA B b, 3a1aBaeMblii IS IHTH OKTaBHBIX nosioc. O6o3Hauennro CHIIi cooTeT-

CIBYeT YPOHIO CMECH CHIHAlla M IIyMa 3a orpaxiaromeil koHcrpykumei (L., )

IIIi — ypoBeHs IyMa 3a orpaxnatorueii koncTpykuueit L, .

Ha puc. 4 nponeMoHCTpUpOBaH pe3yabTaT BEIYUCICHHH.

BbixoaHble naHHble

Ci Hi A C. npus.i Ei
250:4888 ~ 250: 66 A 250:22.18 A 250:26.73 * 250:095 A
500: 45.16 500: 66 500: 34.69 500:10.47 S

: 1000: 61 1000: 1000:

2000: 56 28.13 1332
& 4000:53 2000: v 2000: vl

Wap. = o W menp. np. =
Puc. 4. Bvoixoousre oannvle

O6o3nauenusm Ci ,Hi, u C npus.i Ha puc. 4 cootseTcTBYIOT napameTphl Lo Ly

H LC.npu@.i ’

3HayeHHE CIIOBECHOU pa3bopumBocTH coctaBmio 0,81, 94TO MPEBBICHIIO HOPMHUPO-
BaHHbIe 3Ha4eHUst Wnp.H = 0.3 u Wrenp.nip.H = 0.5 171 npeaHaMepeHHOTO U HeTpe-
HaMEPEHHOT'0 NPOCITYIINBAHUS COOTBETCTBEHHO (puc. 4).

HccnenoBanue mokasarteliell 3allMIICHHOCTH BBIICJICHHOIO INOMCIICHUS OT
yTeuKHu pedyeBoid HHPpopManuu. /(1 ONEHKH 3aUIUIIEHHOCTH OT YT€YKHU pEeYeBOM MH-
dbopmanMu paccMaTPUBAIMCH KaHAJbI: aKyCTHUeCKMe W BuOparwonueie, HU, BY u
II5MUH [8-20].

B pamkax skcnepuMeEHTa Ui YJIYYIIEHUS HAIJISIAHOCTH PE3yJbTAaTOB 3HAYCHUE
YPOBHS IIYMOB BBIOMPANOCh OJUHAKOBBIM JUId KakJoi okTaBbl. Ha puc. 5 mpusesneHa
3aBUCHMOCTH Pa300pYMBOCTH PEYM OT YPOBHS IIYMOB IPH OLCHKE 3alIMIIEHHOCTH OT
BO3HHKHOBEHHS aKyCTHYECKNX ¥ BUOPAIMOHHBIX KaHAJIOB.

W(Ls)
 —
i

0,70
0,60

0,50
0,40 N

0,30 -

0,20 g
0,10

0,00 + T T T 1
15,44 20,05 25,00 30,98 35,67

Puc. 5. I'papux 3asucumocmu cro8echoti paz6opuugocmu peuu om ypoeHsi WyMo8
3a oepasicoarowell KOHCmpyKyuet

Mo>kHO clienarb BbIBOJ O TOM, YTO IIPU YBEJIMYEHUM YPOBHS LIYMOB 3a I'paHULEH
KOHTPOJIMPYEMOH 30HBI pa300pUnBOCTb pedeBoil nHpopmannu najgaet. Ecim oHa Bee e
oxasbiBaercs Bbime 0.3, To HEOOXOANMO yCTaHABIMBATH OIPEEICHHbIE CPEACTBA 3allH-
Tl MH(OPMALIUH WM PACHIUPATH IPAHHIBI KOHTPOJIUPYEMOH 30HBI.

Janee mpoBOAMIIOCH HCCAEIOBAHNE 3ALUIIEHHOCTH BBIJEIEHHOTO MOMEIIEHUS 110
HY-kanamy. B xone sxcrepuMeHTa U3MEHSUIOCh 3HAaU€HHE HAPSHKEHMs IIyMOB B JIMHU-
SIX DJIEKTPOITUTAHMS JUUISL TOTO, YTOOBI ONPENETIUTh 3aBUCHMOCTh OTHOCHTEIBEHO CIIOBEC-
HOW pa300pUYMBOCTH peun. Pe3ynpTaTsl sSKCiepuMeHTa NpruBeAeHH! Ha puc. 6. Mcxons u3
pHUCyHKa 6, MOJKHO C/IETaTh BBIBOJ O TOM, YTO NPH yBEIHYEHHUH 3aIIyMJICHHOCTH B JIH-
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HUSIX 3JIEKTPONHUTaHMS KOH(HICHIIMATbHAs HHPOPMAIHSI, KOTOPOH IBITAETCS 3aBIaJIETh
3JI0yMBIIIJICHHUK, OyJeT MoIy4eHa C SIBHBIMU MCKaKCHUSIMH TP YPOBHSX IIIyMOB CBBI-
me 43 nb. B uHBIX ciydasx He0OXOIUMO Tak)e MPOBECTH CIElHaJbHbIE OpraHnu3ally-
OHHBIE U TEXHUYECKHE MEPHI [0 YCTPAHEHHIO BO3HUKIIIETO KaHaa.

W (Luw)

0,50
0,45 \g

0,40 \\

035
030
025 2
0,20
015
0,10
0,05

15,34 2561 35,09 40,82 45,37

Puc. 6. I'pagpux 3asucumocmu cro8ecHoli pazd6opuugocmu peuu om yposHs uymo8
8 IUHUAX INEKMPONUMAHUSA

AHaOTHYHBIC HCCIIEIOBaHU ObUTH TipoBeneHs! il BU-kanana yreukn nHpOpMa-
oun. B pamMkax 3KcIiepuMeHTa UCCIeI0Ballach 3aBUCHMOCTh CIIOBECHOW pa30opUInBOCTH
OT YPOBHS IIYMOB B JIMHUAX 3ekTponuTanus. B ortomune ot HY kaHana yreyku uH-
¢dopmanuu, B BU HaBs3bIBAaHUN 3JI0YMBIIIICHHUK TOAKIIOUACTCS K JIMHUSAM 3JIEKTPOITH-
TaHUs U MOXKET HCIIOJIb30BaTh cleayroniue Tumbl Texundeckux cpeacts (TC): cramumo-
HapHbIe, HOCUMBbIE U Bo3uMbIe. ClieIoBaTelIbHO, HE0OOX0IMMO IPOBOIUTH UCCIIEOBAHHMS
1t Becex TC, 4ToOBI 1aTh KOPPEKTHYIO OLIEHKY 3aIIUIIEHHOCTH BBIJICJIEHHOTO ITOMeIIe-
Husl. Pe3ynbrarel uccienoBanuil nmpuBeneHsl Ha puc. 7-9. BuaHo, uto Haubonee omac-
HBIMH SIBIIIIOTCS CTAIlHOHAPHBIE CPEICTBA. 3aJaHHBI YPOBEHB 3aIlIUIIICHHOCTH obOecme-
YHBaeTCs MPH YPOBHE MIyMoB Ooee 38 nb.

w cray. TC “.m)

0,60

S \
0,40

.

20,00 26,00 32,00 36,00 40,00

Puc. 7. I'papux 3asucumocmu 3auuyyeHHOCMU 8bLOEIEHHO20 NOMEWeHUsL OM YPOGHSL
wymos no BY kanany c ucnonvzosanuem cmayuonapuvix TC

W oce. ¢ (l.m)

Y
Y

0,02 »

20,00 26,00 32,00 36,00 40,00

Puc. 8. I'paghux 3a6ucumocmu 3auuyenHOCmMU 8blOEICHHO20 NOMEWEHUsL OM YPOBHSL
wymos no BY kanany ¢ ucnonvzosanuem nocumwix TC
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W s0s. 1C (Lm)

0,25 ’-‘—-—-—‘—\

0,20 \

0,15 \\
\

0,10 .

20,00 26,00 32,00 36,00 40,00
Puc. 9. I'papux 3asucumocmu 3auuyeHHoCmu 8b10€1eHHO20 NOMEWeHUsl OM YPOGHSL
wymos no BY kanany ¢ ucnonvzosanuem sosumoix TC

Jlanee paccMOTpUM pe3ysbTaThl HCCICAOBAHUN KaHala YTEUKH HHPOPMALUH 3a CUET
[IOMUH. Yteuka nadopmarmu gepe3 [ISMIUH Bo3mokHa 1o Bo3aeiicTBHEM HHPOpMa-
TUBHBIX MTOOOYHBIX M3IYyYEHUI OCHOBHBIX TEXHHYECKUX CPEICTB M CHCTEM 3a CUET HaBO-
JIOK, BO3HHUKAIOIINX BO BCTIOMOTATENbHBIX TEXHUYECKUX CPEACTBAX U cHcTeMax. B kauect-
BE IIOKa3aTelIs Ul pacCMaTPUBAEMOro KaHajla yTeUKH MH(POPMAaIUK HCIIOIb3yeTCs 3Hade-
HHE BEJIMYMHBI MaKCUMaJIbHOW JUIMHBI TIpo0era ey snekrpornuranus. Ha puc. 10 npu-
BeJIeHa 3aBUCUMOCTb JAHHOTO [TapaMeTpa B METpax OT YPOBHS IIIYMOB.

Rpacu. marc. ( Lu)
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35 \-
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Puc. 9. I'paghux 3a8ucumocmu eenuuunbl MAKCUMANILHOU OIUHBL HPObe2a ucciedyemotl
yenu SMeKMpOnUmManusi Om YPogHs uyMos

JanHbI rpaduK MO3BOJIAT COOTHECTH PAaCcUYETHYIO BEMHMYWHY JUIMHBI Ipodera Hc-
ClIeIyeMOM IeMK ¢ FPAaHUIIAMH KOHTPOJIHMPYEMON 30HBI IPU 3aJaHHOM YPOBHE IIYMOB.
Ecnu 3Ta qyirHa NpEBBINIACT YKa3aHHBIC TPAHUIIBI, TO B 3TOM Cliydae HEOOXOIMMO MpPO-
BECTH OpPraHM3alMOHHBIC U TEXHUYCCKHE MEPHI 10 YCTPAHCHHIO BO3MOXKHOIO KaHaja
yTeuKH UHPOPMAIHH.

3akmovenue. B pesynbrate pazpaboTaH W peajn30BaH B paMKax MIPOrPaMMHOTO
CPEICTBa aJrOPUTM pacyera CTCMEeHH 3allUIICHHOCTH BBIICICHHOTO MOMECIICHHUS OT
yTeuku pedeBoil mHPopmanuu. [IpuBeneH pacueT 3alUAIIEHHOCTH OT yTeUeK 110 aKyCTH-
YECKUM W BHOPAIMOHHBIM KaHaiaM. [IponsumocTpupoBana paboTa mporpaMMHOTO Cpeli-
CTBa, PEaM3YIOMIETO JAHHBINA allTOPUTM.

[IprmeneHme pa3pabOTaHHOTO ANTOPHUTMUYECKOTO W IMPOTPAMMHOIO 00ECIICYCHUS
JIaeT BO3MOXKHOCTh CYIIIECTBEHHO COKPATUTh BPEMs Ha MPOLEAYPY OLICHKHU 3alllHIICHHO-
CTH ¥ u30€KaTh OIIHOOK.

Tak e MPOBEICHO MCCIICAOBAHNE MMOKA3aTeICH 3aIUIIEHHOCTH TOMEIICHHUS C HUC-
T0JIb30BAHKUEM Pa3pabOTaHHOTO MPOrPAMMHOIO CPEICTBA, KOTOPOE MO3BOJISCT OLICHUTH
3aBHCHUMOCTb 3aIUIICHHOCTH TOMEIICHHUS OT YPOBHS IIIyMOB.

B pamMkax 3KCIIEpHMEHTA BBISBICHO, YTO CJIOBECHAs Pa300OpUYMBOCTh PEUM 3a Orpa-
JKIAIOIICH KOHCTPYKITUEH OIYyCKACTCsl HIDKE KPUTHUCCKUX 3HAYCHHUI TP yPOBHE IIIyMOB
He meHee 33,5 nb.
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[Ipn mccnenoBaHMM 3aBHCHMOCTH CIIOBECHOW Pa30OPUYMBOCTH pEUM OT YpPOBHSA
IIyMOB B JHMHMAX 3yiekTponurtanus g HY n BU kaHanoB mosydyeHbl MUHUMAaJbHbBIE
3HaueHus1 ypoBHel mryMmoB (43 nb u 38 1b cooTBETCTBEHHO), MPU KOTOPBIX 0OECIeYUBa-
ercst Tpedyemast 3alHIIeHHOCTb.

HccnenoBanue kanana yreuku nHdopmannu uepes [IDMUH mnokasano, uto yem
MEHBIIIE pa3Mepbl KOHTPOJIMPYEMOH 30HBI, TEM BBIIIE IOJDKEH OBITh YpOBEHb LIyMa.
Tak, HanpuMep, pyU JAJIMHE TpoOera UCCleyeMON LeNH 3JeKTPOIMTaHNsI MEHBIIIE WIN
paBHOIt 15 MeTpaM ypoBeHb IiTyMa AOJDKEH NpeBblaTh 44 1b, a npu BO3MOXKHON JyIHHE
mpobera 30 METpOB ypOBEHbB ITyMa JIOJDKEH OBITH BhImie 29 nb.
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J.B. Banatanos, A.B. KoBTyH, I0.A. KpaBuenko

JIBYXOTANHBIA BYCTUHI BUHAPHOM KJTACCUPUKATIMA
HA OCHOBE IIPUMEHEHUA BUONHCIIUPUPOBAHHBIX AJITOPUTMOB

B npoyecce pewenus wupoxozo Kkpyea npukiaoHvix 3a0ay 603HUKAem HeoOXo0UMocmsy Oe-
Komnosuyuu oovekmos. Kax creocmeue, npobnema knaccugpurayuu A61s1emcs akmyaibHoll npo-
01eMOll 8 COBPEMEHHBIX CUCEMAX UHMENNEeKMYANbHO20 aHanu3a oannelx. bunapuas knaccugu-
Kayust s618emcsi OOHOU U3 8ANCHETIUUX 3a0aY, U umMeem yevli psao HepeuteHublx npodaem. OOHou
U3 maxkux npoonem ABIAemcs IPOeKMUsHOCmb asMOMamMu3upo8anHoll Kiaccugukayuu. B 3aoa-
uax agmoMamusUpPOSAHHOU KIACCUDUKAYUY, AKMYATbHO NPUMEHEHUE AOPUMMUYECKO20 annd-
pama 36010YUOHHBIX 8bluucIeHull. Takum o6pasom yerecooopasHo nPUMeHeHue 2eHemuyecKux u
OUOUHCNUPUPOBAHHBIX ANOPUMMOS, 6 3a0aye NOUCKA ONMUMATbHLIX 3HAYEHUL Napamempos
Kaaccughukamopa. /{na peutenusn OauHOU 3a0a4u Npeoiazaemcs NPUMEeHUms aieopumm pos ydac-
muy(PSO). dauneiii anecopumm 6 KoHmexcme 3a0auu NOUCKa cyOONMuMAIbHbIX 3HAYeHull napa-
Mempog Kraccugpukamopa cnocoben obecneuums 8blcokoe Kkavecmso kiaccugurayuu. Moougu-
Kayuel aneopumma AenAemcs OUHAMUYEcKoe UsMeHeHue 3HaveHull KOOpOuHam, Komopbvie omee-
yarom 3a mun QyuKyuu s0pa. Jannas 0opabomka nO3601Aem 3HAYUMENbHO CHUSUMb 3ampaii-
saemoe epems paspabomxu kraccugpukamopa. Jlns nogviuenus s¢hhekmueHocmu Kiaccugurayuu
Yenecoo6pPasHO NPUMEHAMb AHCAMONU aneopummos. B pabome npugedena cmpykmypa 08yxypos-
Hegoeo Knaccuguxkamopa. Ha nepeom yposne Oanno2o Kiaccugukamopa, gopmupyemcs au-
CamobbL NPOCMBIX KIACCUDUKAMOPOE KOMOpble opMupyiom yueonyio 6blO0pKy, KOmopas, 8 0aib-
HellweM UCNONb3YeMCs aleoOpUmMoM pos 4acmuy Ha emopom smane. Taxou nooxoo noseoisem
3HAYUMENLHO YMEHbUIUMb BDEMEHHble 3AMPamyl, a MAKdHCe NOGLICUMb KAYEeCME0 NOLYHAEMbIX
pewenutl. Aneopumm posi yacmuy(PSO), ¢ konmexcme 3a0auu noucka cybonmuManbHuIX 3HaAde-
HUTl napamempog Kiaccugukamopa cnocoben obecneyums 8blCOKOE KA4ecmeo Kiaccugurayuu.
IIpeonodicennvlii 08yxXypo6Hegbill aneopumm Obll IKCHepUMEHMAanbHo npomecmuposa. [Ipousee-
0€HO CPaBHEeHUe ¢ AHAN02aMU, NPUBEOEHbl CPAGHUMENbHbIe Juazpammbl. OnucanHvle uccieoosa-
HUsL NOKA3BIBAIOM, 4MO paboma umeem GblCOKYI0 Meopemuieckyio SHAUUMOCHb, d NPO8edeHHble
IKCNEPUMEHMATILHBLE UCCIEO08AHUS OOKAZBIBAIOM BbICOKYIO NPAKMUYECKYIO 3HAYUMOCb.

Knaccugpurayus;, oOumapunas wxraccugpuxayus, OUOUHCHUPUPOBAHHBIE MEMOObl; Memoo
ONOPHBIX BEKMOPOS; OYCMUHE, ANOPUMM POS. HACMUY.

D.V. Balabanov, A.V. Kovtun, Yu.A. Kravchenko

TWO-STAGE BOOSTING OF BINARY CLASSIFICATION BASED ON THE
APPLICATION OF BIOINSPIRED ALGORITHMS

In the process of solving a wide range of applied problems, it becomes necessary to decom-
pose objects. As a result, the classification problem is an urgent problem in modern data mining
systems. Binary classification is one of the most important tasks, and has a number of unsolved
problems. One such problem is the effectiveness of automated classification. In the tasks of auto-
mated classification, it is relevant to use the algorithmic apparatus of evolutionary computing.
Thus, it is advisable to use genetic and bio-inspired algorithms in the task of finding the optimal

" UccreoBaHue BBITONHEHO npu (uHaHCOBOW Moaepkke PODU B pamkax HaydHBIX IPOEKTOB
NeNe 19-07-00099 u 18-07-00050.
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values of the classifier parameters. To solve this problem, it is proposed to apply the particle
swarm algorithm (PSO). This algorithm in the context of the task of finding suboptimal values of
the parameters of the classifier is able to provide high quality classification. A modification of the
algorithm is a dynamic change in the coordinate values that are responsible for the type of kernel
function. This revision can significantly reduce the time spent developing the classifier. To in-
crease the classification efficiency, it is advisable to use ensembles of algorithms. The paper pre-
sents the structure of a two-level classifier. At the first level of this classifier, an ensemble of sim-
ple classifiers is formed that form the training set, which is further used by the particle swarm
algorithm in the second stage. This approach can significantly reduce time costs, as well as im-
prove the quality of the resulting solutions. The particle swarm algorithm (PSO), in the context of
the task of finding suboptimal values of the parameters of the classifier, is able to provide high
quality classification. The proposed two-level algorithm has been experimentally tested. A com-
parison is made with analogues, comparative charts are given. The described studies show that
the work is of high theoretical significance, and the conducted experimental studies prove high
practical significance.

Classification; binary classification; bio-inspired methods; support vector method; boost-
ing; particle swarm algorithm.

Beenenue. B coBpeMeHHOM MHpe TEHICHIIMH MH()OPMAIMOHHBIX TEXHOJIOTHH, KO-
TOpBIE KacatoTcst chepbl MOANEPIKKN MIPUHATHS PEIICHIH, TECHO CBA3aHBI C TAKUMH IO-
usatusamu kak Big Data u Data Mining, a Takke ¢ pa3paboTKoii IPOrpaMMHBIX CPEICTB
MHTEJJIEKTYaJIbHOI'O aHallM3a JaHHBIX. Takue MporpaMMHbIE CpeICTBa CIIOCOOHBI 0Opa-
0aThIBATh CII0’)KHOOPTaHW30BAHHBIE MHOTOMEPHBIE CTPYKTYpBI JAQHHBIX. Takue JaHHbIE
MPUCYTCTBYIOT B MHOXKECTBE 00J1acTeil IPOU3BOJCTBA, MEAUIIUHBI, SKOHOMHUKH, OaHKOB-
CKOH JEATEIbHOCTH U T.[I.

B mpornecce perieHus: MIMPOKOro Kpyra NPUKJIAJAHBIX 33/1a4 BOZHUKAET HEOOXOIH-
MOCTb JIEKOMIIO3UIIMU 00BeKTOB. Kak ciencreue, npobiiemMa kiaccuduKkaluy sBiseTcs
aKTyaJbHOM NMPOOJIEMOi B COBPEMEHHBIX CHCTEMaxX MHTEIUIEKTYaJbHOTO aHajau3a JaH-
HBIX. buHapHas knaccupukanus SBISETCS OJHON M3 BAKHEHIINX 331a4, U IMECT LEJbIH
psin HepemeHHBIX npodsreM. OQHONM U3 TakuxX mpoOseM sBiseTcsa 3()(HEeKTHBHOCTD aBTO-
MaTH3UPOBAHHON KIlacCHU(pHUKAIIH.

Knaccudukanus sBisieTcst pasaenoM MamiHHOTO o0ydeHus. 3ajady Kinaccupuka-
LMY MO>KHO OITMCATh CIEIYIONIMM 00pa3oM: CYIIECTBYET MHOXECTBO OOBEKTOB, KOTO-
pble pasjienieHbl KaKUM-TO 00pa3oM Ha KJlacChl. MHOMXKECTBO 0OBEKTOB KOHEYHO, OTHO-
LIeHHs OOBEKTOB K KJaccaM TaK)Ke M3BeCTHbHI. J[aHHOe MHOXeCTBO siBisieTCss 00ydaro-
el BeIOopKkoil. OOBEKTHI, HE BKIIOYEHHBIE B 00YYAIONIYI0 BEIOOPKY SIBIISIFOTCS HEOTIO-
3HAHHBIMH, T.€. Y HUX HE M3BECTHa NpHBs3Ka K kiaccy. Takum oOpazoM HEoOX0aAMMO
pa3paboTaTh TakOW ajiropuTM, KOTOPBIH KiIacCU(pUIMPYET NPOU3BOJBHBIA OOBEKT U3
HCXOJHOTO MHOXKECTBa. B WacTHOM ciydae kinaccuukanuyu — OMHApHON Kiaccupuka-
MM, IPUCYTCTBYET TOJIBKO 2 KJ1acca, HENEePECEKAIOIMXC s MEXKAY COOOH.

B 3agavax aBTOMaTH3MpOBaHHOW KiacCH(HKAaIWH, aKTyaJIbHO NPUMEHEHUE ajro-
PUTMHYECKOTO alapara 3BOJIIOIMOHHBIX BEUHCICHUH. Taknum obpa3om 1enecoodpazHoO
NIPUMEHEHNE TCHEeTHYEeCKNX M OMOWHCIMPUPOBAHHBIX aNTOPUTMOB, B 33ja4e ITOMCKA
ONTHMANIBHBIX 3HAYECHUI MapaMeTpoB Kinaccugpukaropa. s nossimeHus 3¢hGeKTHBHO-
CTH KJIaccu(UKaIuy 1meaecoo0pasHo NPUMEHSTh aHCaMOIN allTOPUTMOB.

Ha naHHOM dTarie pa3BuTHs, HE CYIIECTBYET YHUBEPCAJIBHBIX aJITOPUTMOB U METO-
JIOB, KOTOpBIE OyIyT CIIOCOOHBI pemIaTh 3a1a4n Kilaccupukanuy u kiacrtepusanun. Cy-
LIECTBYET MHOXXECTBO Pa3JIMUHbIX NMPHUHIMIIOB MOJEIUPOBaHHUI. B OCHOBE pa3iuuHbIX
HHCTPYMEHTOB, JIeKAT pa3JinuHble KPUTEPHUU, METPUKH, GpyHKIMHU Oau3octy U T.1. [Ipu-
MEHEHHE pa3InuHbIX MHCTPYMEHTOB, J]a)Ke 110 OTHOIICHHIO K OJHOMY U TOMY k€ Habo-
PY, MOXET IIPUBECTH K BCEBO3MOXKHBIM pe3ysibTaTaM. TakuM o0pa3oM, OJHUM M3 BapH-
AHTOB TIOJIyYEHHUS] KAYECTBEHHOT'0 KIACCH()UKAIIMOHHOTO PELICHUs, SIBISETCS KOMOUHU-
poBanue aaroputmos [1-3].
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Cpenu TakuM KOMIIO3HINH WIIN «aHCAaMOIei» alropuTMOB, MOXKHO BBIIEIHUTH OyC-
TUHT ¥ O3TTHHT. J[aHHbBIC MPUHOMMIBI OJYIHIN MIHPOKOE, aKTUBHOE PACHPOCTPaHEHHE
Onaromapst BBICOKOMY KadecTBY IIOJly4aeMBbIX pelIeHui. Mnest OorruHra cocTouT B ma-
pajuteNibHO# paboTe HECKOJBKHX NMPOCTHIX aJrOPUTMOB, TJ€ UTOTOBOE PELICHUE BBIOH-
paeTcst HEKOTOPBIM T'0JIOCOBaHHEM. BycTuHT, B CBOIO ouepe/ib, IpencTaBiseT codoii mo-
ClIeIoBaTeNIbHOE MPUMEHEHHE HECKOJIBKHX QJTOPUTMOB, TA€ KaKAbIH IOCIEIyIONIHid
ANTOPUTM OIIEPUPYET PEIICHUSIMHU mpeasbiayero [3—7].

Lenp paboTsl — moBbimeHNne 3PQPEKTHBHOCTH AITOPUTMOB, PEIIAIOIIUX 3a1ady
KIacCHU(UKAMK 1 YIOPAAOYMBAHUS OOBEKTOB, HOBBIIICHHE aICKBATHOCTU MPUHHUMAe-
MBIX PCLICHHH, OCHOBAHHBIX Ha WHCTPYMEHTAPHUH HHTEIUICKTYaJbHOM 0OpabOTKH WH-
¢dbopmaru ¥ OMOMHCTIMPUPOBAHHOM MOJCTHPOBAHNN M MPUMEHCHWH OycTHHTa OMOWH-
CHHUPHUPOBAHHBIX AITOPUTMOB, MO3BOJSIOMINX YCTPAaHUTh HEAOCTATKH CYIIECTBYIOIINX
aHaJIOTOB.

J1st TOCTHKEHUsI TOCTABICHHOH LENTH HEOOXO0AMMO PEIINTD CIIEAYONIHE 3a1auu:

1. TIpoBecTn aHaNUTHYECKUH 0030p OCHOBHBIX IOJXOJOB K PELICHUIO 3aJa4u Ou-
HapHO# Kinaccu(pUKaLUU METOJIOM ONOPHBIX BEKTOPOB, U3yYHTh BAPUAHTHI IPUMECHEHHUS
TEHETUYECKUX M OMOWHCIIMPUPOBAHHBIX 3BPUCTHK K TIOCTABJICHHOM 3a/1a4e.

2. Omucath 3anayy OMHApHOW KiaccH(UKalWU, HOCTPOUTH €€ MaTeMaTHYECKYIO
MO/IeIb Ha OCHOBE aJI'OPUTMa OIIOPHBIX BEKTOPOB.

3. Paspaborath MOIUGHUIMPOBAHHBINA aNTOPUTM POS YACTHIL JJIS JalbHEHINEro
MIPUMEHEHHS €TO B aHCaMOIIe.

4. TIpuBecTn CTPYKTYpy IBYXYPOBHEBOTO Kiaccu(ukaTopa ¢ IpHMEHEHHEM Oyc-
TuHTra. JlaHHBIM aHCaMOIb aNrOPUTMOB Ha ITIEPBOM 3Tare, NPH MOMOIIM HECKOJIBKHX
KJIaccH(UKaTOPOB ODKEH CO3JaTh YIeOHYI0 BBEIOOPKY, KOTOpas B JalbHEHIIEM Oyaer
HCTIONB30BAThCS Ul PabOTHI aNrOpuTMa posi 9acTHLl. Takoi aHcaMOJIb MO3BOJIUT TOJTY-
YaTh IMOBBIIICHHYIO TOYHOCTDH KJ'IaCCI/I(bI/IKaLlI/II/I, HECPABHUMYIO C TOUHOCTBIO OTACJIbHBIX
AJITOPUTMOB.

5. IlpomsBecTn O3KCIEpUMEHTAJbHBIC HCCIEIOBaHUS, OLECHUTh 3(P(EKTHBHOCTH
OMOMHCIIMPUPOBAHHOTO ANTOPUTMA, & TAKIKE JIBYXYPOBHEBOT'O aJIrOPUTMA.

[IpoBenem aHanmUTHUECKU 0030p COCTOSHUS UCCIIEIOBAHUMN MO BEIOpAHHOW Tema-
THKE U JIaIMM [TOCTAHOBKY 3aJlauu.

1. AnaguTndecKkuii 0030p M MOCTaHOBKA 3a1a4n Kiaccupukanmuu. CymecTBy-
€T HECKOJILKO aJI'OPUTMOB ISl peleHus 3aa4un Kiaccuduranuu. B pabdore mpeanara-
ercst bosree TOAPOOHO OCTAHOBUTHCS Ha aJITOPUTME OIIOPHBIX BEKTOPOB. [lomydyeHHbIe ¢
€ro TOMOIIBIO KIacCH(PUKATOPEI, CIIOCOOHBI AEMOHCTPUPOBATH BHICOKOE KAadyeCTBO pe-
LIEHUH, KPOME 3TOTO BBHIY CBOCH OTHOCHTEIHbHOW HOBH3HBI, TpeOYIOTCS AajbHEHIINe
ncciIeoBaHMs B 00JIaCTH MOMCKA CyOONTHMalbHEIX 3HadeHWi ero mapametpos. Ilapa-
METpPBI BKIIIOYAIOT B ce0sl KaK 3HA4EHHs MapaMeTpoB sipa, TaK W 3HAYCHHs Napamerpa
perynsIuy, a TakkKe UCHoib3yeMor QyHKIMM gapa. M3MeHeHne 3Tux mapaMeTpoB He-
TIOCPEACTBEHHO BJIUAIOT Ha Ka4YC€CTBO HTOTOBOM K.]'IaCCI/I(bI/IKaL[I/II/I.

Aneopumm onopruix éexkmopos (SVM kraccugurxamop)

[peumyiiecTBaMH aIropuTMa ONOPHBIX BEKTOPOB SIBIISIFOTCS: CIIOCOOHOCTH paboThI C
BBICOKO-Pa3MEepHBIMH BXOJHBIMU JaHHBIMH, NOCTATOYHAs YCTOHYHMBOCTH K mHepeolyde-
HUIO, BBICOKasi KOHKYPEHTOCIOCOOHOCTh. [IoMHUMO 3TOro, Tak Kak B OCHOBE alropuTMa
JIOKNUT pelIeHHe 3aJadd KBaJPAaTUYHOTO NMPOrpaMMHPOBAaHMsS B BBINNYKJIOH 00JIaCTH, TO
Takas 3aj1a4a MMeeT Bcero oaHo penrenrne. SVM kinaccudukatop criocodeH o0yuyatscs Ha
CHJIBHO-KOPPEJIMPYIOIINX BEIOOPKAaX JTaHHBIX, pa3Mep KOTOPBIX COCTAaBIISIIOT IMIa0aiThI.

OnHako y m000To anropurMa CyIecTByroT Hepocrarku. Henocrarkamun SVM ai-
rOpUTMa SIBISIOTCS: OTHOCHTENbHAss HECTAOMIIBHOCTh K IIYMY HCXOIHBIX [AQHHBIX,
CJIO)KHOCTB BBIOOpA si/Ipa B Ciydae HEBO3MOXKHOCTH JIMHEWHOTO pas/ieieH s, MOUCK 3Ha-
YeHUsI apaMeTpa peryisiun (eCiy KIIacChl IMHEHHO Hepa3IeMMbl)
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Hcnonp3oBanne 6a30Boro moaxoxa kK pazpadborke SVM-kinaccupukaTopa Ha OCHO-
Be SVM-anropuT™Ma NPUMEHHUTENBHO K CIOXHOOPTAaHN30BAaHHBIM MHOTOMEpPHBIM JlaH-
HBIM OOJIBIIMX OOBEMOB CONPSDKEHO C HEOOXOIUMOCTBIO PEIICHHs 3alayd KBaJpaTHy-
HOTO TIPOTPaMMHPOBAHUS OOJBIION pa3MepHOCTH [8], XapaKTepH3YIOMIEeHcs: BBICOKOM
CJIO’KHOCTBIO BBITTOJTHEHUS PAcUeTOB U TPEOYIOIIEH CYIECTBEHHBIX BPEMEHHBIX 3aTpar.
Jnst ocnabneHust ocTpOThI MPOOJIEMBI BBICOKOI CII0)KHOCTH BBIIIOJIHEHUSI pPacyeTOB U
COKpaIIeH!s] BpeMeHH! npu paspadotke SVM-KkiaccupukaTopa IpeaaararoTcs pasind-
HBIC OPUTHHAIBHBIE TToXx0 6l [9—11].

OIHKUM U3 BapUAHTOB SIBISIETCS KACKAJHBIN aarOpuT™M OMOPHBIX BekTopoB [9]. Ta-
KO anroputM oOy4aercsi UTEpaTHBHO, Ha IOJHA0OpaX HCXOAHOTO Habopa NaHHBIX.
OnopHbIe BEKTOPHI HCIOIB3YIOTCA TPH (OPMHUPOBAHUH MOCIEAYIOMNX YIeOHBIX Ha0O-
POB aHHBIX. Takol ajJropuTM MOYKHO JIETKO Pa3JesiTh HAa aHCaMOJb aJrOpUTMOB, JUIS
YCKOPEHUs paboTHI.

Cuctrema Hadoop MapReduce siBisietcst ognum u3 nuaepos B obnactu Bid Data u
pabote ¢ Humu. B pabote [10], mpencTaBueHbl pelIeHs, HAPaBICHHBIC Ha MUCIIOIB30-
BaHME KJIaccH(UKATOPOB JaHHOH CHCTEMBL. B crucTeme mpeicTaBlieHO OrpOMHOE KOJIH-
YeCTBO YTHJINT U OMOIHOTEK, i padoTsl ¢ SVM kiaccugpukatopamu.

[ToMuMoO MpOYMX, MHTEPECHBIM SBIISAETCS MOAXO YMEHBIICHNS yIeOHOH BEIOOPKH,
JUISL YCKOpEHHsl pa3paboTKu uToroBoro kinaccuduxaropa [11, 12]. B pabore mpesara-
eTCsl MCKIIFoYaTh HEHCIONb3yeMbIe 0OBEKTHI, KOTOphIe HE MMEIOT BIMSHUS Ha (DUHATH-
HOE pEICHHUE.

[To uroram paccMOTpeHHs, MOKHO CZeJaTh BBIBOJ 4YTO IpoOiieMe pa3paboTKu
KJ'IaCCH(bPIKaTOpa, METOAOM ONOPHBIX BEKTOPOB, BBIACIACTCA MOBBIINICHHOC BHUMAHUEC, U
€e pelICHNE SBIISETCS aKTyalbHOHN 3aJauei.

Paccmompum nocmanoexy 3adayu xnaccuguxayuu.

3agaya o0ydeHHs O INpeLeieHTaM BKIIOYaeT B ceOs pacCMOTpEHHE JBYX MHO-
xectB Z 1 Y. MHOXKeCTBO Z mpencTaBisieT co00if MHOXKECTBO OOBEKTOB, @ MHOKECTBO Y
MHOXKECTBO METOK M JIOIyCTHUMBIX pemeHnil. Takxke cyliecTByeT HeM3BecTHas IieJeBas
3aBUCUMOCTb f:Z —Y. O1u 3HaueHus f*(z;) OyAyT NOITy4EeHBI TOJIBKO B KOHEYHOM MHO-
’)KE€CTBE 00BEKTOB Z*={z,,...,zs) (Z* C Z) v paBHbl y;*( yi*= f*(z)).

IIpeyedenmom Ha3bIBaETCSI KOPTEXK «OOBEKT-OTBET» < Z; y;*>. COBOKYINHOCTH Ta-
kux koprexeit, rie i = (1,s) ob6pasyor yuebHbI HaGop U={<z;. y;*>}i=1. B stoM
y4aeOHOM Habope KaXIbIii KOPTeX < Z; J;*> XpaHUT B ceOe MHPOpMaNuIo ;€ Z*, a Tak-
K€ METKY Kilacca y;* €Y nIpruHaAlIe:KHOCTH 00BEKTA Z;.

Takum oO6pa3oM umMest yueOHbIH HaOOp HEOOXOIMMO BOCCO3/IaTh HEKOTOPYIO 3aBH-
cuMocTh f*. Tak Kak /Ul pelIeHus TakoH 3a1a4n HeoOXoJuMa MPOoTrpaMMHasi pean3a-
IIUsI, TAKOHM IpoIlecc, CO3JaHusl HEM3BECTHOH 3aBHCHMOCTH f* Ha3bIBalOT 00ydeHHEM
anroputma. TOroBeiM pe3yabTaToM padoThl sBisieTcs peratomast yHkuus A(z).

Ipormecc, co3manust 3aBUCHMOCTH f*, Mcmonb3ys y4eOHbId HaOop U, Ha3bIBAaIOT
MIPOIIECCOM TIOCTPOCHUS pemaromeii pyakunu A: Z —Y, uto SBIsieTcs 3adayell 0b6yuerus
no npeyedenmam. Iannas pemaromas GyHkius A: Z —Y npuOmmkaeT HEU3BECTHYIO
LIETIEBYIO 3aBHCHMOCTb Ha 00heKTax MHOXKecTBa Z C Z i Ha Bcem MHOxkecTse Z [13].

Ecnu mHOXeCTBO Y KOHEwHO Y={1,2,...,¢}, TO TaKyl0 3a/1laqy MOXXHO Ha3BaTh 3a0d-
yell Kuaccugurayuu Ha ¢ Henepecekarowuxcs Kiaccog. B TakoMm ciydae MOXXHO CKa3aTb
4TO MHOKECTBO Z Pa3buTo Ha moamuoxkectsa Z',2°,...,Z°, rne Z) = {z € Z|f(z) = j} npu
JE{L2..uc}): Z = Ule(zj), a pemaronryo QyHkimoo A: Z —Y Ha3pBaOT Kiaccuu-
mupytoriei Gpynkuueii (mpasuioM kiaccupukamnuu) [14].
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2. 3agaya OuHapHOIi KiIaccuUKAUU HA OCHOBE aJITOPUTMA OMOPHBIX BEKTO-
poB (SVM — aaroputm). Ilox 3amaueit OmHapHOW KiaccH(UKAIIMM NOHUMAIOT pac-
CMOTpEHHE KaKI0ro 00beKTa MHOKECTBA 0OBEKTOB Z, KOTOPOE TIO/UICKHUT Kiaccupuka-
mn. Kaxnomy oOBEKTy MHOMKECTBA CTaBUTCS B COOTBETCTBHE (|-MEPHBIN BEIECTBEH-
HBII BEKTOP XapaKTEPUCTUK

1_2
Zi7(Zi y3i e -,Ziq), 1)

rie z;' — uncnosoe 3uauenue |-it xapakrepuctuku ans i-ro obwekra l = (1, q), HOpMH-
posanHoe 3HaueHusmu [0;1]; ¥Y={-1,+1} — MHOXXECTBO OTBETOB (METKH KJaccoB); f*:
Z —Y — ueneBas 3aBUCMOCTb, JJAHHBIC 3HAUCHHUSI U3BECTHBI TOJIBKO Ha 00BEKTaxX ydueo-
Horo Habopa U={<z;. y;*>}'i;, yi*= f*(z)- uucno (-1 nm +1), Xxapakrepusyromiee Kiac-
COBYIO NIPHUHAIUIEKHOCTh 00bekTa ;€ Z*, Z' € Z (i = (1,5)). HeobX0aMMO MOCTPOHTE
knaccudumupyromyo ¢yHknmo A: Z —Y, annmpoKCHMHUPYIOMIYIO IEIeBYI0 3aBHCH-
MOCTh Ha mpocTpaHcTBe Z. [ 3TOro HeoOXOAUMO TOCTPOHUTH Pa3eIISIONLYI0 THIIEPII-
nockocth [14-16].

YroOBl TONYYUTh MaKCUMAIBHO 3PQPEKTHBHBIA KIacCUPHUKATOpP, TpeOyeTcs MHO-
TO3TaHOE 00yUYCHHUE, a TAK)KEe MPUMEHEHNE Pa3IMYHBIX TECTOBBIX BBIOOPOK. B mocmen-
CTBHE BBIOMpaAeTCsl HAWIY4IIWi BapuanT o0ydeHHs M TectupoBanus. [Ipu ncrnoss3oBa-
HUM aHCaMOIsl aJTOPUTMOB, IPOLIECC IOMCKA JYYLIMX BBIOOPOK MOXKHO YCKOPHTb.
B mocnencteun «o0y4eHHbIH» KiIaccH(UKATOp NPUMEHSETCS A KiacCH(UKanuy He-
U3BECTHBIX 00BEKTOB M3 MHOXKECTBA Z.

[Tycte u3 y4eGHOro HaGopel U={<z;. y;*>}'i=1 ciy4aiiHo BbIOpaHbI S KOPTEXei
(S<s),a Taxxe coznana o0y4atowas Beibopka Train ={<z;. y;*>| ;€ Z*, y;*= f*(z)} “i=1.
Hrorom mporecca oOydeHus kiaccuuKaTropa SBISETCS ONpEeNCHUE pa3eisroneh
THIEPIUIOCKOCTH. JlaHHAsI THIIEPILIOCKOCTD 3a1aeTcst ypaBuenuem [14, 15]:

w*z+b=0, (2)

rre W — BEKTOp, MEpNeHIUKYISIPHBIA K pasaersioniell miockoctd, hER — mapamerp,
OTIpENIEIAIONINI CMEIIEHNE THIEPIIOCKOCTH OTHOCHTENIBHO Hayajia KOOpAWHAT (TpH
b=0 THTIEPIIOCKOCTH COBIAJAET C OChIO Hayala KOOPAWHAT); W*Z — CKaJsIpHOE MPOM3-
BE€/ICHHE BEKTOPOB W H Z.

Crnenyetr oOpaTuTh BHUMaHUE, YTO ONpeAelicHHe MapaMeTpoB Kiaccudukaropa 3a-
JTAHO C TOYHOCTH IO HOPMHUPOBKH: B CIIy4ae OJHOBPEMEHHOTO YMHOXEHHS BEKTOPOB W U
b Ha TIOJOKHUTENBEHYIO KOHCTAHTY, aTOPUTM A(7) He OyaeT m3MeHeH. TakuMm o0pazom,
JlaHHas KOHCTaHTa BBIOUpAETCsl MCXOIs U3 YCIIOBUSL w*z;+b=y; s Bcex ONU3KUX K pa3-
NeISIOIIeH THIIEPIIIIOCKOCTH O0BEKTOB Z; € Z*. PaccTosiHUE, B TaHHOM CIIydae, OT pasfe-
JISFOIIEH TUIEPIITIOCKOCTH /10 TTOTPAaHNYHBIX 00BEKTOB 000MX KJIACCOB OyAET paBHO 1.

WneanbHbIi citydail TOCTPOSHUS pa3IelIIoNIeH THIEPINIOCKOCTH PEICTaBIeH Ha
puc. 1. B mpoctpanctee D-2, eciiiu 00BEKT HAXOUTCS HA MOJIOKUTEIHHONW YaCTH OTHO-
CHUTEJIFHO THIEPIUIOCKOCTH, €My IPHCBAaWBaeTCs IEPBBIM Kilacc, BO BCEX OCTAaJIbHBIX
cinydyasx BTOpod Kkiacc. [lomoca, pasgensromiast Kiacchl 3afaeTcs —yCJIOBHEM
-1< w*z;+b<I. TUNepIUIOCKOCTh JICKUT UICATHHO TIOCepeInHe TaHHOoM moJockl. Eif ma-
paJIETHHEI JIBE TIOJIOCH! C HAIIPABIIAIONINM BEKTOPOM W, KOTOPBIE CIY)KaT el TpaHuIa-
MHU. ONOPHBIMH BEKTOpaMH Ha3bIBAIOT BEKTOPHI, KOTOPBIE PACIOJIATAIOTCS Ha TPaHUIE
IIOJIOCHI, KOTOpas pa3zeisieT Kiacchl. IMEHHO 3TH BEKTOPH HECYT HH(GOPMAIIHIO O pa3-
nenenun [14]. Uem mmpe gaHHas 10JI0ca, TEM JIyYIINE, U TEM JIErde MOKHO KilacCU(u-
MpoBaTh 00BEKTH. B 00ydaromeil BEIOOpKe HE TOIDKHO OBITh 0OBEKTOB BHYTPH IPAHMIL
3TOM IMOJIOCHI.
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{Zlwz+b=+1}
_, PasfenAwLyan runepnnockocts {Z|wz+b=0}
{zlw*z+b=-1}

Z(1)

e

Z(2)

Puc. 1. Hoeanvnwiil cnyuaii pazoenenus K1accog 2UnepuiocKochvio

JI71s1 OTIOpHBIX BEKTOPOB BBHIMONHSETCS ycloBue w*z;+b=y;. OctanbHble 00bEKTHI
pacroJsiaratoTcsl Ha yJajeHuH, 3HaUuT AJIs BceX g;€ Z* crpaBeUINBEI CISAYIOINE Hepa-
BerctBa [14, 15]:

{w*zl+b$ —1l,eciny; = -1

Wizl +b> 1,ecmny; = +1 “™ yiwxz1+b) > 1(i = (1,5). (3)

VickoMoe mpaBuiIo KiacCU(pHUKAIMK 3alUCHIBACTCS B CICAYIOIIEM BUJIC:
A(z)=sign(w*z;+b). (4)

Ipu gomynieHuH TUHEHHOTO pa3/ielieHNs] BRIOOPKH, JOJDKHBI CYIIECTBOBATH Ta-
KHE w U b, Ipr KOTOPOM (PYHKIIHOHA YKCIIa OMHOOK OymeT paBeH Hyiro. [Ipu ycio-
BUU COOJIOZICHUS OTPaHNYCHUIA:

Qw,b) = ZX%[yi(w = 1 + b) < 0], (5)

OpHako, B JaHHOM ClIydae MPUCYTCTBYET HECKOJIBKO Pa3IEAIOUINX IUIOCKOCTEH,
KOTOpBIE pealn3yloT Toxe pazouenue. Heo6xonuMo HaiTH ONTUMAaNIbHBIE 3HAYCHUS W U
b, KOTOpPBIE TIO3BONIAIOT pa3EIAIOMIEeH MIOCKOCTH OTCTOSTh MAaKCUMAJIbHO YAAJIEHHO OT
OmKalnX 0ObEKTOB 000X KIIACCOB.

3. AaroputM posi yactul B 3agade paspadorkm SVM-kiaaccupuxaropa. B
cirydae ucnonb3oBanus PSO-anroputma mpu pazpadorke SVM knaccudukaropa 4acTu-
IIaM posi MOTYT OBITh CONOCTABJIEHBI BEKTOPBI, ONMCHIBAIONINE UX TTO3UIUH B IPOCTPaH-
CTBE MOWCKA 1 3aKOJMPOBaHHBIEC TapaMeTpaMu (GYHKIHMH sApa U apaMeTpoM pPeryssipH-
3allHH: (xil ,x,~2, Cy), tne i — Homep vactuusl (i =1,m); x,~I, x,~2 — mapaMeTpsl QYHKIHA sapa
i -it yacTHIB! (DK STOM MapaMeTp X MOJAraeTcsi PaBHBIM TapaMerpaM (yHKIuil sapa
d, y, owm k, (B 3aBUCHIMOCTH OT TOTO, KAKOMY THITy (PYHKIHH Spa COOTBETCTBYET
YaCTHIA POs); MapaMeTp X; IOJaraeTcs PaBHBIM mapametpy (yHkiwit spa k;, eciiu
YacTHLa PO COOTBETCTBYET CUTMOWJHOMY THUIy (YHKIHH spa, B MPOTHBHOM CIlydae
3Ha4YEeHHE 3TOTO MapaMeTpa CIYUTACTCS PABHBIM HYIIIO.

Tornma TpaAUIMOHHBIN MOAX0] K MpuMeHeHHto PSO-anroputma npu pa3zpaboTke
SVM-kiaccudukaropa 3akio4aeTcsi B MHOTOKpaTHOM IpuMeHeHnu PSO-anropurma
pu GUKCHPOBAHHOM THIE PYHKIHMH Aapa (B COOTBETCTBHH C IIENBIO BEIOOpa cybom-
TUMAaJIbHBIX 3HAYEHUH MapaMeTpoB (QYHKIHMH s/[pa W 3HAUYEHHs ITapaMeTpa perysspu-
3aiuu [17-19]. Takolt monxona mpeamnoJyiaraeT BHIIOJHEHUE CIEAYIOIIEH MOcaeaoBa-
TEIbHOCTH ILIaroB.

Ilaz 1. Onpenenuts 3HaueHUs napameTpos PSO-anroputMa: 4nucio 4acTull B poe
m, MacTabupyroumii Ko3hpGuuueHT 11 ckopoctr K, mmuHslil 1 riioGanbHbIi koaddu-
IUEHTH YCKOPEHUS @~ U @ ~, MAaKCUMaJIbHOe guciio utepanuii PSO-anroputma V. -
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Onpenenuts Tunsl T QyHKINI sAapa, ygacTBytomue B moucke (7 = 1 — monuHOMH-
anpHas onHOponHas, T = 2 — monuHOMHUANbHAs HeogHopoaHas, T = 3 — paguanbHas Oa-
3ucHasi, T = 4 — paguanbsHas 6asucHas Gpynkuus [aycca, T = 5 — curmonaHas QyHKIMS
sIIpa) ¥ TPAHUIBI U3MCHECHUS 3HAYCHUI MapaMeTpoB (YHKIUU sApa W 3HAYCHHUS Hapa-
MeTpa perysipusamun C uisi BeOpaHHbIX THIOB (yHKIEHA sapa T X' i o X ax
xzrmin ’ xZTmax’ CTmin) CTmax (xZTmin =0u xZTmax=0 JJIsL T =1’4)-

Lllae 2. [1ns kaxmoro BEIOpaHHOTO Ha mmare 1 tuna Gyukiuu sapa T creHepupo-
BaTh HayaJIbHOE MOJIOXKEHUE I -l yacTuupl (i =I,m) ¢ MOMOIIBIO CAYYaitHOrO BEKTOpa
(xil ’ xiZ,Ci )7 rae in € [xITmin ’ xITm ’ xi2 € [xZTmin ’ xzrmax/ (xi2= 0 npu T =1,4)}
Ci e [CT iy €T max]; AHAIIAAIA3HPOBATE CITyJalHBIN BEKTOP CKOPOCTH v,~(v,~1 ,v,~2,v,~3) -1
wactunst (i =I,m) (v/ = 0 npu T =1,4). TIpuHATS HaYaNbHOE TOJOKEHUE i ~i YACTHIIBI
(i=1,m) 3a myd4imiee ee M3BECTHOE ITOJIOKEHUE (xh1,~ ,x‘iz,Chi) U OTIPENIENIUTH JIYYIIYIO Jac-
TUITy CpeIu BCeX dacTull ( . x',x%,C) s paccmarpuBaeMoro tuna QyHkoun sapa 7.
ITocne 4ero N,,q pa3 s Kaxao# i -it yactuusl (i =1,m) BBITIOTHUTD:

4 KOPPEKIMIO BEKTOPA CKOPOCTH V; (vil,viz ,v,~3 ) i-1 4acTHUIIBI U €€ TTOJIOXKCHUA (x,-’ R
x7,Ci) o popmymam:

Xx W+ @7+ (R -x) +P+F(¥ -x)j=12

V= . ‘ ~ (6)

" xx @+ 97 (Ci—c)+@*7#(C —C)j=3
=+ qnaj=1,2 )
C;=C;+v}, (8)

rae ¥° U r — ciaydaiinbie yncna B uatepsane (0, 1), y — koadpUIUeHT cxaTusi, — pacueT
tounoctH SVM-knaccudukaropa ¢ mapamerpamu (x;, x>, Ci) I1si paccMaTpUBAEMOTO
tumna Qyskmun sapa 7' ¢ 1ensio IoUCcKa ONTHMAaIbHON KoMOWHAINH (. x1,~x2,C ), obec-
TIEYNBAIONIEH BHICOKOE KaueCTBO KITaCCH(HUKAIINH.

B pesynbrare misa kaxporo tamna T GyHKIUM SApa, YIaCTBYIOIIETO B MOUCKE, OyAeT
OTIpe/ie/ieHa YaCTHIA C ONTHMATBHON KOMOMHAIMEl 3HaueHmil apametpos (X', "x%, C7),
obecrieunBaromas BHICOKOE KayeCTBO KJIACCH(MKALMK MPH HCIOJIb30BAHUH COOTBETCT-
Byromiero Tnna ¢pyHkiuu sapa 7.

[ar 3. Beibpats U3 mosy4eHHbIX UL Kaxaoro Tuna GyHkmu sapa T, BKIIOYEH-
HOTO B TOWCK, T€ 3HAYECHHS MapaMeTpoB (~x', “x %, C) SVM-knaccudukaropa u cooT-
BETCTBYIONIMH THN (QyHKUMU sapa T, Npu KOTOPBIX KadyecTBO KiacCH(UKAIMU OKa3a-
JIOCh MaKCHMAaJIbHBIM (HAUTYYIINM).

Jlyumuii TUI ¥ JIydnive 3Hau€HUsl COOTBETCTBYIOLUX €MY 3HAUCHMH IapaMeTpoB
OTIPEIETISIFOTCS 110 PEe3yNIbTaTaM CPaBHUTENBHOTO aHAIN3a JIYUIINX YacTHIl, OITy4YCHHBIE
nipu peanmuzarn PSO-anroputMa ¢ GUKCHPOBaHHBIM THIIOM (DYHKIUH S/1pa.

4. CTpyKTypa ABYXYPOBHEBOro KjaaccupukaTropa ¢ npuMeHeHHeM OYyCTHMHrA.
Camas TiaBHast npobiema, KOTopas BO3HHKAeT B pe3yJbTaTe NPUMEHEHHUS BBIICTIPHBE-
JIGHHOTO aJI'OPUTMA POS YacTHII, 3TO MOBBIIICHHOE BPEMS BBITIOJIHEHHS, 3aTPAaulBacMoe
IPH TIOMCKE ONTHMAJbHBIX WM OKOJO ONTHMAJIbHBIX IapaMeTpoOB KiacCH(pHUKATOpA.
B Oonbinx o0beMax, JJaHHBIX, B MHOTOMEPHOU Cpelie, MOUCK ONTUMANIBHBIX apaMeTpoB
sapa, Tuna (QYHKIMU sapa 3aHUMaeT MHoro Bpemenu [12, 20]. OgHuMHU W3 BapuaHTOB
pelIeHHsT TAaHHO# TPOOJIEMBI SBIISIOTCS YMEHBILICHHE KOJIMYECTBA YaCTHUIl B POE, & TaKKe
yMeHblIeHHH yncia urepaiuid. OJHaKo, TAKOW MOJX0/ HEM30eKHO MPHUBOIMT K YXY/ALIe-
HHIO KayecTBa (pUHAIBHOTO KiaccudukaTropa, B BUIY YMEHbIICHHS! BAPUAHTOB BBIOOpA.

st perieHus mpoOieMbl MOBBIILIEHHOW 3aTpaThl BpEMEHH, ObLT PacCMOTPEH MO/I-
X0J1, YMEHBIIAIOMINH TPYIIy 00BbEKTOB, KOTOPBIE YUYBCTBYIOT IIPH IeHepanun o0ydaro-
mel 1 TecToBOM BBHIOOPOK. OOBEKTHI, KOTOPhIE HE UMEIOT BIMSHMS Ha (DMHAIBHBIN pe-
3yNIBTAT KJIACCU(HKAINY, B JaHHOM CIIy4ae He paccMaTpuBaoTcs. Takum oOpa3oM mpu
00y4eHNH KiacCU(pHUKATOpa yYUTHIBAIOTCSA TOJBKO ONOPHBIE BEKTOPHI, ITapaMeTp KOTO-
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poix He paBeH 0. Tak kak IMEHHO OIIOPHBIE BEKTOPHI CITYXKAT XPaHWINIIEM HH(POPMAIIN
0 KJaccax, a TaKkXKe TO, YTO € YYETOM HX PACIOJIOXKEHHUS CTPOUTCA THHEPIIOCKOCTD,
cunTaeTCA 1eJIecCO00pa3HbIM HCIIOIB30BaTh JAHHBIN MOJIXO/.

Taxum oOpa3oM LenecooOpa3Ha CTPYKTypa ABYXypOBHEBOIO aHcaMOus xiiaccudu-
KaTOpOB, KOTOPasl MOBBICUT Ka4eCTBO KIACCU(UKAIIMK B CHCTEMaX, XapaKTepU3yIOLINX-
Csl CIIOXKHOW OpraHu3alueldl ¢ MHOTOMEPHBIMH JaHHBIMHU. [loMHMO mpouero, AaHHBINA
MIOJIXOJ] HE BEJIET K CYIIECTBEHHOMY MOBBIIICHHIO 3aTpaunBaeMoro Bpemenu. Ha nepom
YPOBHE TIpeJyIaraeTcsi NCIoJb30BaTh TPYIITY KJIACCU(PHKATOPOB, MOIYYSHHBIX B PE3yib-
TaTe pabOTHl HECKOJBKUX MPOCTHIX AITOPUTMOB, HAalpPHMEpP, 'EHETHYECKHX, KOTOpPHIC
MOKHO MOTU(HUIHUPOBATH I MOBBIIEHUS (PGEKTHBHOCTH. DTa TPYIIA aJrOpPUTMOB
pe3yapTaToOM CBOEH paboTHI SABIAIOT 00yUarOIIyI0 BEIOOPKY [UIS aJTOPUTMA POSI YaCTHIT
Ha BTOPOM dTare. bBHOMHCTIMPUPOBAHHBIA aITOPUTM HCHOJIB3YeT cHOPMUPOBAHHEIA Ha-
00p OIOPHBIX BEKTOPOB, IMOJYUYCHHBIH Ha mepBoM 3tare. Hwke, Ha puc. 2, npuBeneHa
JBYXypOBHEBAs CTPYKTYpa KJIacCH(HKALIUK C HCIOIb30BaHUEM OyCTHHTa.

Hauano

SVM Kiaccudukarop Ha
OCHOBE HCXOJIHOTO
yueGHoro HaGopa(l'A)

O1eHKa MOTyYeHH Oro
KIaccH(puKaTopa

}

Omnpenencaue obnacteit
¢ omMOOYHBIM
KIIacCH(ULUPOBAHHEM

¥

®dopmupoBanne Habopa
JIaHHBIX

TMonyuenne
Habopa SV 1
noguabopa
SV+
v

O0y4enne

h 2
SVM- SVM-
KIacCH(MKIM KITacCH(MKIM
HOBBIX HOBBIX
00beKTOB 00beKTOB

[ I

Puc. 2. Cmpyxmypa ogyxamannozo 6ycmunea kiaccugurayuu 00bexmos

1. IlpuMeHeHHe TeHETUYECKOTO AITOPUTMA JUIS CO3JaHUs ¢ YaCTHBIX KIacCU(pUKa-
TopoB. Knaccudukatopsl obydatorcs Ha ydeOHOM HabOope. s kaxkmoro w3 HUX HC-
MOJIL3YIOTCS cBou oOyuaromue BoiOopku TR;, TR, ..., TR, . Ilpu 3TOM a1s Kaxa0ro
U3 KJIACCU(PHUKATOPOB 33JAI0TCS OTACIBHO TaKUE MapaMEeTPhl KaK: TUIIBI U 3HAYCHUS T1a-

paMeTpoB (YHKIMH s/Ipa, a TAKXKE MapaMeTpbl pabOThl T€HETHYECKUX aJITOPUTMOB, Ta-
KHE KaK BEPOSITHOCTb MYyTalllH U T.[.
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2. PezynmpTathl pabOTHI KaXKIOTO YaCTHOTO KIaccu(UKaTopa, COCTOAIINE U3 Habopa
OTMOpHBIX BeKTOpoB SV3, SV, ..., SV, 00benuHAIOTCS AN co3MaHus 0000MEHHOTO Ha-

6opa SV u3 £ oowektoB (£ <SS , T § — pasmep yde6HOro HaGopa).

3. Cozmaercst mogHabOp SV, 06beKTHI KOTOpOro(L) BBIIEISIOTCS M3 O0IIero Ha-
60p omopHbIX BekTOpoB (L < /). B nmaHHBIA MOAHA00p OTHOCSATCS KIaCCH()UKATOPHI,

KOTOpBIE YCIIEIIHO CHPABHIIKCH C ONPEIEICHHEM PEabHBIX KJIACCOB OIOPHBIX BEKTO-
pos. Co3nanne Takoro Habopa IMO3BOJIET OTCEATh HAMMEHEe YHadHbIe KIacCHPHKATO-
pBL, U TOBBIIICHHS 3()(HEKTUBHOCTH OOy4YeHHs KIacCH(pHKATOpa Ha BTOPOM OJTarle.
Taxxe cozmaercs nogaabop SV, B KOTOPEIA MOMagaloT HauMEHee yIadHbIe KIacCu(pu-

katopbl (¢ < L). Ouu noTpeOyrOTCs I TECTUPOBAHUSL.

4. UtoroBblii Knaccu(UKaTOp CO3/AACTCS C MOMOIIBI0 OyCTHHra OMOMHCIIUPUPO-
BaHHOTO aJrOpuUTMa, B NaHHOM ciydae PSO-anroputma. OH ucnons3yetr Habop ynad-
HBIX pellieHuii gy 11 0Oyuenus, a Habop SV s TectupoBanus. ONpenensoTcs 3Ha-
YeHHs TapaMeTPOB UTOTOBOTO KIIacCH(HUKaTOpa.

5. IlpuMeHeHne HailIeHHBIX apaMeTPOB I CO3aHMs HTOTOBOIO KIacCH(HKATOPA.

6. i1 00BEKTOB, HE TONABIIMX B KaKOH-THOO MOJHAOOp, BHINOJHSETCS JOKIac-
CUpUKAITHS.

7. OueHka pe3ynbTaToB pabOTHl anropuTMa. BEITONHAETCS OIEHKa KadecTBa,
OLIEHKA 3aTPaueHHOTO BPEMEHH, yIOBJIETBOPEHHE KPUTEPHUEB.

Takum oOpazom B pe3ynbTare paboThl, MoJdydaeM Kiaccupukarop, odecreynuBaro-
IIMX TOBBIIICHHYI0 TOYHOCTh KiacCUPHKauu. TOYHOCTH pabOThl JBYXYPOBHEBOTO
kiaccudukaTopa BbIIIE TOYHOCTH OTAEIBHBIX YacTHBIX SVM kiaccudukaropos, wuc-
NOJIB3yeMBId He3aBHCHMO. Takke HCIIONBb30BaHHE aHCAMOJIS aJTOPHTMOB, ITO3BOJIUT
3HAYUTEIBHO COKPATUTh BpeMs oOydeHHs anroputMa PSO, M COOTBETCTBEHHO BpeMs
KIIacCH(UKAIIH.

5. DxcnepuMeHTalbHBIE MccaenoBaHusa. OneHka >QPeKTHBHOCTH pa3paboTaH-
HOTO aITOpUTMa MPOBOJMIACH HA pealbHBIX HAOOpaxX IaHHBIX. BBUIM HCIOJIB30BaHBI
nabopsr German, Australian, Firms — nabopst yist kpeauTtHoit ouerku, Habopst WDBC u
Hearts — nanuble JHArHOCTHKH B MEAUIIMHE, a Takxke Habopsr Spam u MOTII12. ITony-
YeHHbIC pe3yJIbTaThl Ha 33/IaHHBIX Ha0Opax CPaBHUBAJIMCH C pe3yJIbTaTaMH KiaccU(u-
KaIiuu, mpoBoauMoit B makere SPSS Modeler (uHTeHCHBHO HCTIONB3yeTCs 3a pyOexKom),
a takxke B ctatuctuueckom akere STATICTICA StatSoft (momysspen B Poccun).

Hwxe npesicTaBieHbl [uarpaMma CpaBHEHHS! TOYHOCTH Pa3pabOTaHHOIO KJAacCH-
¢ukaropa c BhIIIEONMCAHHBIME NakeTamu. Ha puc. 3 mpezcraBieHO CpaBHEHUE TOYHO-
CTH C HCIIOJIb30BaHHEM PaJnajibHOM 0a3ucHOi Gynkuuu ["aycca. [lapamerpbl GpyHKIHH
spa ObLIM 3aJaHbl [0 YMOJTYaHuI0. [lapaMeTphl peryyisiuui — N0 YMOJTYaHHIO.
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Puc. 3. Juaepamma mounocmu kiaccugpuxamopos ons paouanvHol 6a3ucHo QyHkyuu
Taycca
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Ha puc. 4 npexacraBineHo cpaBHEHHE TOYHOCTH KIACCH(PUKATOPOB LI TOTHHOMH-
aTBHOW HEOTHOPOIHOM (DYHKIHH sapa.
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Pasp. Anroputm  EISTATISTICA  mSPSS Modeler

Puc. 4. Jluacpamma mounocmu knaccugpukamopos 015 NOJUHOMUATbHOU HeOOHOPOOHOU
@yHukyuu s0pa

Takum 00pa3oM MOXHO cIeNaTh IPOMEKYTOYHBIH BBIBOM, YTO pa3paOOTaHHBIH
KIaccu(UKaTOp HE YCTYIIAeT, a 3a4acTyI0, U IPEBOCXOIUT MO TOYHOCTH, KIACCU(PHUKATO-
PpBI, co3maHHble B Takux Tmakerax kak SPSS Modeler u STATISTICA StatSoft. Onnaxo,
Hapsily ¢ TOYHOCTBIO JITOPHTMA, BO3POCIO M BPEMS BBIIOIHEHUS. ANTOPUTM JOJTO
oOyuaetcss Ha HeAPPEKTHBHOM yueOHOM HaOope. [l pemeHns 3Toi mpoOieMbl pe-
JlaraeTcst NCTOIb30BaTh aHCAaMOIIb alrOPUTMOB.

Leyxyposneswiii knaccuguxamop

[o pe3ysnpraTam aHajaM3a MOJYYEHHBIX JAHHBIX, OBUT CIIENIaH BBIBO, YTO MO Mepe
pocTa 00beMa BXOIHBIX JaHHBIX, YBEJIHMYMBACTCS BPEMs MOUCKA ONTHUMAaJbHBIX 3Haye-
HUH MapaMeTpoB alNropuT™Ma post yacTHil. /s peleHus JaHHOHW MPOOIeMBbl PEUIOKEH
JIBYXYPOBHEBBIH KlIacCU(PHUKATOP.

D¢ deKTUBHOCTL TAHHOTO KIIacCU(UKAaTOpa MOXKHO YBHIETh Ha IpuUMepe Kiaccudu-
kanmu Habopa MOTIII2 (puc. 5). JlaHHbIH HaOOp CUMTACTCS CIIOXKHOOPTaHW30BAHHBIM U
CIoXHO-KinaccupupyemMbiM. [IprBeieHHbIe BhIIIE KiIacCU(pUKATOPbI CHPABIISIOTCS C Kiac-
cu(uKaIyen 3a TPOJIOJDKUTENIFHOE BpeMsl, HeCMOTps Ha HeOosbmoi o0beM (400 s n 2
xap.) B mporiecce paboTe! anropuTMa, Ha IEPBOM YPOBHE JIBYXYPOBHEBOT'O KJIaCCH(HKATO-
pa, obyqatorcst 10 mpoCTHIX KIIaCCH(HUKATOPOB, B KOTOPBIX MCTIONB3YIOTCS pa3iIMYHbIEe 3Ha-
YeHns mapameTpoB. [ KaXKZIOro OTJAENbHOTO KilacCH(MKATopa, 3aTpayBacMoe BpeMsi He
NPEBBIIIACT 2 CEeKYHA. JTH YacTHbBIE KIIacCU(PUKATOphl 0TOOpaid 224 OMOPHBIX BEKTOPA,
OOJIBIIMHCTBO M3 KOTOPBIX ObUIM Kiaccu(ULIMpoBaHbl BepHo. OHM B JalbHEHIIEM COCTaBHU-
7 yaebHyIo BeIbopky SV'. OcTaNnbHbIe 00BEKTHI COCTABIIIHN TECTOBYIO BEIGOPKY SV
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Puc. 5. Juacpamma umozosoti mounocmu xiaccuguxamopos
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Ha ocHOBe y4eOHOH BBIOOPKH, MOTU(PHUINPOBAHHEII aNTOPUTM POS YaCTHI] HaXO-
IWUT cyOonTuManbHbIe 3HaUeHHA B 1.5 pasza ObIcTpee, 4eM IpH HCIOIb30BaHUH IIOJHOTO
Habopa JaHHBIX. MITOroBbIi Ki1accu(uKaTop BEPHO KiacCU(PHUIUPOBAT BCE OOBEKTHI TEC-
TOBOI1 BBIOOpKH SV,

TouHOCTH perieHnid YacTHBIX KiaccupukaTopoB coctaBuia 80-92 %, a TOUHOCTB
UTOTOBOTO KiaccudukaTopa, B cpenHeM 96%. Takum oOpa3oM HCIONIB30BaHUE JBYX-
YPOBHEBOTO KJIacCU(HKATOPA MOBHIIIAET TOYHOCTh HTOTOBOH KiTacCH(UKAINH, 110 CPaB-
HEHUIO C YaCTHBIMU Kilaccudukaropamu. [lomuMo 3Toro, coxpaleHue yueoHoro Habopa
¢ 400 mo 224 coxpaTuio BpeMs Moucka Ooiree ueM B 2 pa3a. Takum o0pa3om ABYXypOB-
HEBBIA KIacCH(HUKATOP YCKOPSET MpoIiece KIacCH(pUKAINH, IO CPaBHEHUIO ¢ MOIU(U-
nupoBanHbIM PSO anropurmoM B 2 pasa.

Takum 006pa3oM HCIIOIB30BAHHUE JBYXYPOBHEBOTO KJIacCH(UKATOPa MOBBIMIAET TOY-
HOCTh UTOTOBOH KJIacCH(UKanuy, MO CPaBHEHUIO C YacTHBIMHU Kiaccupukaropamu. Ilo-
MHMO 3TOT0, COKpamieHue yueoHoro Habopa ¢ 400 mo 224 coxpaTmiio BpeMs Ioucka doree
4yeMm B 2 paza. Takum 00pa3oM JBYXYpOBHEBBIH KJIACCH(UKATOP YCKOPSET MpoLecc Kiac-
cudukanuy, Mo cpaBHeHUIo ¢ MoanduIpoBanHbM PSO anropurmom B 2 pasa.

3akirouenue. llenbio paboTHl SBISUIOCH MOBBINIEHUE 3((GEKTUBHOCTH AITOPUT-
MOB, PEUIAOIINX 337a4y KiIacCu(UKaluy ¢ NPUMEHEHHEM OMOMHCITMPHUPOBAHHBIX alro-
puT™MOB. JI1s1 MOCTYOKEHUSI JAHHOM 1IeIM ObLIT MPOBEACH aHATMTUYCCKUN 0030p CyIIecT-
BYIOIIIMX TOAXOJIOB K PELICHHUIO 3a1aun OuHapHOH kiaccudukanuu. B mporecce anamu-
3a OBUI BBIOpaH METOJ OTMOPHBIX BEKTOPOB. bblla M3ydeHa BO3MOXKHOCTH ITPUMEHEHHS
TEHETHYECKUX M OMOMHCIIMPUPOBAHHBIX 3BPUCTHK B 3a1a4e Kiaccuukannu. bouta npu-
BEZIeHa MTOCTAHOBKA 33/1a41 KiIacCH(UKaNny, a TAKXKe 3a1a4a ONHapHO Kiaccudukanmn
Ha OCHOBE aJITOPUTMa OTIOPHBIX BEKTOPOB (SVM-anropurma).

Jis pemenns JaHHOH 3amaun OBUT MpuMeHeH anroputM post yactun(PSO). dan-
HBII alTOPHTM B KOHTEKCTE 3aJaddl MOWCKAa CyOONTHMAalbHBIX 3HAYEHHH IapaMeTpoB
knaccudukaTopa crocobeH o0ecreunTh BICOKOE KauecTBO Kinaccupukanun. Moaudu-
Kalyel alropurMa sBISeTCs] AMHAMUYECKOe M3MEHEeHNe 3HaYeHU I KOOPIMHAT, KOTOphIe
OTBEYAIOT 3a THIl QYHKIMH sinpa. [laHHas popaboTKa I03BOJISIET 3HAYUTEIILHO CHU3HUTh
3aTpadynMBaeMoe BpeMs pa3padoTKH KiaccudukaTopa.

bbiia npuBeseHa CTpyKTypa ABYXypoBHEBOro kiaccudukaropa. Ha nepsom ypos-
He JaHHOro Kiaccudukartopa, Gpopmupyercs aHcamOIIb MPOCTHIX KIacCH()UKATOPOB KO-
Tophie (pOpMHUPYIOT Y4eOHYIO BBEIOOpPKY, KOTOpas, B JajbHedmeM ucrnonbdyercs PSO
ITOPUTMOM HA BTOpPOM 3Tarie. Tako IMOAXOJ MO3BOJISET 3HAYNTEIHHO YMEHBIINTH
BPEMEHHBIE 3aTPaThl, @ TAKXKE MOBBICHTH KAU4€CTBO MOIyYaeMbIX PELICHHUH.

[To mroram sKcIIEpUMEHTAJIBbHBIX HCCIEIOBaHMI ObUI cleNaH BBIBOJ YTO HpHUBE-
JICHHBIM aJITOPUTM pOS YacTHIl B 3ajade KIACCH(UKAIMK NPEBOCXOJHUT MO KaYECTBY
KIaccu(UKaIUN CYIIECTBYIOIIUE pelieHus, nonydeHHsle B maketax STATISTICA
StatSoft u IBM SPSS Modeler.

OKkcnepuMeHTaNbHbIE UCCIIE0BAHUS JIByXYPOBHEBOTO KilacCU(HUKATOPA MMOKA3aIH,
YTO OH CHOCOOEH NMPUHUMATH PEILICHUS] BBICOKOW TOYHOCTH B MHOT'OMEPHBIX, CIIOKHOOP-
raHU30BaHHBIX MAacCHUBaX JaHHBIX. 3a CYET HCIIOJIb30BaHHs aHCamOJis aJrOpUTMOB Ha
MIepBOM YpOBHE, OblJla yMEHbIIIEHA W KaueCTBEHHa yiyullleHa ydeOHas BBIOOpKa s
aJITOpUTMa POsl YaCTHIl HAa BTOPOM ypoBHe. [laHHBII ABYXypOBHEBBIH KiIacCH(PHUKATOP
MIO3BOJISIET COKPATHTh 3aTpaThl BPEMEHHU Ha ITOUCK CyOONTHMMAaNIbHBIX 3HAYEHWH mapa-
METPOB KJIaccu(HUKATOPa, TApAHTUPYSI BBICOKYIO TOYHOCTh PEIICHUH.
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CIIOCOB UCITOJIb30BAHUSI CPEJACTB BBICTPOI'O
MPOTOTUIIMPOBAHUSI 1151 PEAJIN3ALIMA CBEPTOYHOMN
HEWMPOHHOM CETHU HA IIJIUC

Hccnedosanus 6 obnacmu uCKycCm@eHHO20 UHMENLEKmMAa 6e0ymcs ¢ 803pACMAIOUUM UH-
mepecom ¢ Kaxcovim 2000m. Obaacmu npumeHeHus UCKYCCMBEHHO20 UHMeNNleKma 0080bHO
OOWUPHBI: ABMOMAMU3AYUSL, AHATU3 OONLUIO20 00BeMa OAHHBIX, MEXHONO02UU YMHO20 00Md,
Mawunnoe 3penue u m.0. TexHono2uu UcKyccmeeHH020 UHMeNIeKma Oazupyiomes Ha UCHOIb30-
6AHUL UCKYCCMBEHHBIX HEUPOHHBIX cemell, uMelouue 8 c8oetl 0CHO8e NPUHYUNLL HEPEHOU ClUC-
memul dicugomuvix. Ilpu 3mom aKmyanbHbLM 60NPOCOM SGISAEMCSL Peaiu3ayusl UCKYCCMEEHHbIX
HeUpOHHbIX cemell HA PA3TUYHBIX NPOSPAMMHO-ANNAPAMHBIX HAAM@POPMAX: NPOSPAMMUDYEMBIX
noeuveckux unmezpanvuvix cxemax (ILJIMC) muna FPGA (Field Programmable Gate Array), na
unmezpanvbubix cxemax cneyuanvnozo nazuauenuss (Application-Specific Integrated Circuit,
ASIC), GPU, CPU u m.o. II/TUC naunywwium 06pazom nposeisiom cebs 6 MAaloMOUHbBIX MO-
o6unvnvlx cucmemax. ASIC demoncmpupyrom HauboOILULYIO NPOU3EOOUMENTbHOCHL C HEOOCMA M-
KOoM: @blcokasi yena paspabomku. Ilpobrema 6vicmpo2o npomomunupo8anus RPOeKmos, 0CHO-
BAHHBIX HA UCNONB308AHUU UCKYCCMEEHHbIX HetpoHHblx cemetl, Ons IIJTUC npusbiunvimu memo-
damu (C nomowwio HDL-sa3b1k06, HDL-x00epos, epaguueckoco npocpammuposanus) saxnoua-
emcsi 6 mom, umo aubo makoi npoexm cuodxcer u onumener 8 omiaoke (HDL-s3biku), mubo ne
onmumanen noaydaowuiica ko0 (HDL-xoodepwl), aubo evicoxka orumenvHocms paspadomku
NnPoOeKma u CI0ACHOCMb PeKOHPuU2ypayuu HelipoHHOU cemu (2paguueckoe npocpammuposanue).
Iosmomy 6 pamkax 0anHOU pabomvl paccmampueaemcs 3QHexmueHvlil Menoo npPoeKmuposa-
HUSL NOJIHOCBSI3HBIX U CEEPMOYHOBIX HelponHblx cemetl s ux peamuzayuu Ha TJIAC ucnonv3o-
eanuem naxema Xilinx System Generator for DSP « Matlab/Simulink. I'enepupyemuvie maxum
00pasom uckyccmeenmvie Heupocemu 1ecko pekoH@uaypupyemvl U NO3G0JAI0M peuams Cie-
oylowue 3a0ayu: pacnosHasanue uzoopadceHuli, onmumaibhas Quiempayus (Hanpumep, Oas
3a0ay NOONOBEPXHOCMHOU PAOUOTOKAYULL).

Hckyccmsennvlii unmeniekm, ucKyccmeennuvle Helipouuwvie cemu, peanusayus va IIVIHC;
c8epmMOUHas Heupocemys, Menoo NPoeKMupOBaHUsL.
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V.V. Bakhchevnikov, V.A. Derkachev, A.N. Bakumenko

USING FAST PROTOTYPING FACILITIES FOR IMPLEMENTATION
OF A CONVOLUTION NEURAL NETWORK ON A FPGA

Research in the field of artificial intelligence is carried out with increasing interest every
year. The fields of application of artificial intelligence are quite extensive: automation, analysis of
a large amount of data, smart home technology, machine vision, etc. Artificial intelligence tech-
nologies are based on the use of artificial neural networks, which are based on the principles of
the animal nervous system. In this case, the actual issue is the implementation of artificial neural
networks on various software and hardware platforms: programmable logic integrated circuits of
the FPGA type (Field Programmable Gate Array), on special purpose integrated circuits (Appli-
cation-Specific Integrated Circuit, ASIC), GPU, CPU etc. FPGA performs best in low-power mo-
bile systems. ASIC demonstrates the highest performance at a fairly high development cost.
The problem of rapid prototyping of projects based on the use of artificial neural networks for
FPGAs using conventional methods (using HDL languages, HDL encoders, graphic program-
ming) is that either such a project is complex and time-consuming to debug (HDL languages), or
the resulting code is not optimal (HDL encoders), or the duration of the project development and
the complexity of reconfiguring the neural network (graphical programming) are high. Therefore,
in the framework of this work, an effective method for designing fully connected and convolutional
neural networks for their implementation on FPGAs using the Xilinx System Generator for DSP
and Matlab / Simulink package is considered. Artificial neural networks generated in this way are
easily reconfigurable and allow solving the following problems: image recognition, optimal filter-
ing (for example, for problems of subsurface radar).

Artificial Intelligence; artificial neural networks; FPGA implementation; convolutional neu-
ral network; design method.

Benenue. 3a mocnexHee BpeMsl 3HAUUTENBHO BO3pPOC MHTEPEC K M3YUCHHIO H
IIPUMEHEHMIO NCKYCCTBEHHBIX Helpocerei. B maHHO# pabore ynemsercss ocoboe BHU-
MaHue pa3paboTke UcKyccTBeHHBIX HelponHbIX cereil (MHC) na ITJIUNC, kak mnatdop-
Me, HAWITYy9IIuM 00pa3oM mposBIisitonieit cedst B aHeproaddekTuBHbIX pernennsx [1, 2].
CymectByer mpobimema pa3paboTku mpoektoB it [1IJIMC TpuUBBEIYHEIME METOJaMH,
OoCHOBaHHBIX Ha ucnonb3oBaHmu MHC, kxak momHocBs3HbIX (ITHC), Tak ¥ cBepTOYHBIX
(CHC). 3akirouaeTcst OHa B TOM, UTO JIMOO TAaKOH MPOEKT CIOKEH U JUTUTEIICH B OTJIa/IKe
(HDL-s13b1km) [3-5], nmubo He onTuManeH ¢ TOYKH 3peHusi nonydaemoro koxa (HDL-
kozepel) [6]. B paborax [7—9] ommcana paspaborka [THC u CHC mnst IINTUC ¢ momo-
mipto Xilinx System Generator for DSP, oxnako mpoexktuposanue ITHC ¢ Gonbiimm Ko-
JIMYECTBOM HEHPOHOB NPE/CTABIISICT HEMAJIble BPEMEHHBIE CIIOXKHOCTH. 1Sl yCcTpaHeHHs
JIAaHHOHM TPOOJIeMBl M TpejsiaraeTcss METO/, ONMCAHHBIM B JaHHOW pabore. Metox 3a-
kiaroyaercss B npoextupoBannu CHC ¢ ucmons3oBanvem Oubmuorexku Xilinx System
Generator for DSP, umnoptupoBannyto B Cpeay Matlab/Simulink, u ucnons3oBanmu
BCTpoeHHOro sizbika MatlabC s aBromaruueckodl TeHepalHu 3aJaHHOM CTPYKTYpHI
WHC. I'enepupyemMble TI0 JTaHHOMY METOAY HCKYCCTBEHHBIE HEMPOCETH JIETKO PEKOH(H-
TYpUpPYeMBI U MO3BOJIIIOT PeIlaTh CIEAyIOIIne 3a/adu: pacro3HaBaHHE M300paKeHHH,
onTuManbHast (GuIbTpanus (HampuMep, JUId 331ad MOIIIOBEPXHOCTHOH pPaJHOIOKAIMU
[10]). OueBuaHO, YTO MPUMEHEHHWE METOIOB MCKYCCTBEHHOTO HHTEJJIEKTA HA OCHOBE
HeHpoceTell MO3BOJINUT, B TOM YHCJIE, BBIBECTH Ha KaUECTBEHHO HOBBII YPOBEHb IIpOLE-
JypHl PACIO3HABAHUS TEXHUUECKUX COCTOSHUM MPU KOHTPOJIE U AUATHOCTUKE CIOMKHBIX
00bekToB [11], a Takke cTaTh MPAKTHUECKON AIBTEPHATUBON CTPOTMM MATEMaTUIECKUM
Metogam [12] o pemieHunro 3aaa4y HACHTU(UKAIMS 00BEKTOB PA3JIMYHBIX THUIIOB.

Heabio padoThl sBiseTcs pa3paboTKa M BepupUKanus MeToJa IPOSKTHPOBAHUS
CBEPTOUHON HeipoHHOW ceT a1 nporortunuposanus Ha IIJIMC ¢ nomomsio cpeacts
Xilinx System Generator for DSP u Matlab.
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Pa3pab6aTbiBaemblii MmeToa. Ha puc. 1 mpencraBiieH MONHBIA MapmIpyT MPOSKTH-
posarus MHC wna IIJIMC.

Co3nanne GHOIMOTEKH
B Simulink/SysGen
(float)

bubimoreku Keras/Tensorflow

O0yuenne MTHC < Onrumusan s
CTPYKTYpHI
v

Apxurexrypa MHC 4’

3arpy3ka napameTpos
| WHCus Matlab B
"1 Simulink/SysGen

S 1 T
v
Mogens UHC B Bamu panu s Mmoaenu
Simulink/SysGen »|  VHC B Simulink/
(float) SysGen (float)
v
OnruMu3an us, Co3znanne 61O OTEKH Mogens UHC B
KBaHTOBaHUE » B Simulink/SysGen »|  Simulink/SysGen
(float->fixed point) (fixed point) (fixed-point)
A 1
v
CoBMecTHast TPOrPaMMHO-
Bam/maunﬂ R arrrapaTHas CUM YIS
e ] »|  wmopxemn MHC B Simulink/
SysGen
(fixed-point) SysGen
¢ IIJINC

Tenepamms koaa s ‘J
peammzanuu Ha TIMC <}

Puc. 1. Mapwpym paspabomxu MHC na I[IJIUC 0na npeonosicento2o memooa

Ha npexncraBieHHO# cxemMe OpaHKEBBIM I[BETOM BBIACIICHBI T€ MPOLEAYPHI, KOTO-
pBIC TIPOU3BOMATCS C MIOMOIIBI0 HHCTPYMEHTOB IIPOSKTHUPOBAHMUS, OOYUCHHS U TECTUPO-
Banus HC ¢ wucnosp3oBanueM cooTBercTBymommx oubmanorex (TensorFlow, Keras).
3eneHpIM IBETOM BBIICICHBI omepanuu, nponsBoauMeie B Simulink/Xilinx SysGen u
HEOOXOIUMBIE JUTS MOATOTOBKH TpoekTa K peanmm3annu MHC Ha neneByto miatdopmy ¢
ITJINC. Bubmumoreka Xilinx snementoB onucana B [13]. Co3nanue cobGcTBEHHON OHMO-
JIMOTEKH HEOOXOTUMO JUIi BO3MOXKHOCTH OCYIISCTBICHHS aBTOMATHYECKOM TeHepariuu
apxurektypsl MUHC B Simulink/SysGen. Omucanne pabotst ¢ Simulink u rexeparun
MOJIENH C MOMOIIBI0 KOMaH/I IpecTaBicHo B [14].

Paccmotpum crpykrypy CHC, xotopyro Oyzaem Oparhb Juiss aBTOMaTHYEeCKOW reHe-
patuu o paspabareiBaeMoMy MeToy. OOO0OIIeHHAsI CTPYKTYpa OJTHOKAaHAIBHON CBEP-
TOYHOM HEMpOCeTH MpesICTaBlIeHa Ha pUC. 2.

WxH WexHe,We=W-K+1 WsxHs, Ws=Wc/2

TTorox
JIaHHBIX

ot NC o3y

Brixon

[WsxHs]

oo

Xpanunnie / CaepTouHsIit Croii CBepTo4HbIC H CJi0M NOTHOCBA3HOM

H30GpWKeHIs cron CyOmucKpeTH3aI i CyONICKPETH3AI HOHHBIC CIION HC
O6macts nepBoit O6macth

CBEPTKH cybaucKkpeTH3anun

Puc. 2. Cmpyxmypa céepmounou neiipocemu (1 xanan)
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3neck 00K «XpaHWIHIIEe U300pakeHIUs» MpPEACTaBIIeT cO00i HaOOp KOMIIOHEH-
0B (RAM, ROM), no3Bossronix Xxpauuts B suelikax RAM m3o00paxenue, momaBaeMoe
Ha BXOJ B IIOTOKOBOM BHJIE.

B 3amaun cBepTOYHOTO CJI0S1 BXOAUT (POPMUPOBAHHE JBYXMEPHON CBEPTKU MEXIY
BXOJHBIM M300pakeHHEM U sApOM GuibTpa cBepTkH [2, 5,15]. BrixoaHo# curHai ceep-
TOYHOTO CJIOS IIPEJICTaBlIeH BhIpakeHneM (1).

Nin
foot = F,, ij‘“*kiﬁqJ,lsisnw, (1)
[
rae Kij — GuibTphl cBepTKH, b — 3HaueHMA cMmemeHus, For — GyHKIMS akTuBauy [2].
Mertoasl peanuzaunn AByxMepHOit cBeptku Ha [IJIMC onucans! B [16].

Cr10ii cyOanCKpeTH3alK IPOU3BOIUT COKpaIlleHne H300paxkeHus B 2 pasa (1o ro-
pusoHTanu U BepTukand) [Omudka! UcToYHMK cChbUIKH He HaiimeH.]. CUrHad Ha BBI-
xone cnost cyomuckperusaimu (MaxPooling) ocHoBan Ha mpumeHeHun Gopmyisl (2).

SDout __ in in in in in
fi j - maX( fm,n’ fm,n+1’ T fm,n+p—1’ fm+1,n’ fm+1,n+l’
pxp : @
in in in in
T fm+1,n+p—1' T fm+p—1,n' fm+p—1,n+17 T fm+p—1,n+p—1)

rae f" — 3HaueHMs MUKCENel BXOIHOTO H300paKeHHs.

[locne ocymiecTBieHHs omnepanuii AByXMEPHOM CBEPTKH W CyOIMCKpETH3AIMU
CUTHAJI CO BCEX MOTOKOB, CBSI3aHHBIX C KOJUYECTBOM KapT NPU3HAKOB, MYyJIbTHIIIECKCHU-
pyeTcs B OZIMH MOTOK M TOjAaeTcsi Ha nonHocBs3Hyto yacth MHC [15]. VpaBuenuewm (3)
OIMMCHIBACTCS pacyeT CHIHala Ha BBIXOJE i-ro HeiipoHa noiHocBs3Hoi HC [2].

fFNout_F ifin_w +b (3)
i — Tact j j (N

j=1

rae Wj — BecoBble ko3 duimeHnTsl, b — 3HadeHus cmenenus, Fq — QyHKUNA akTHBALIUH.

OyHKuus akTHBALUK Fyer MPUMEHSIETCS TIOCIIE ONepaly CBEPTKH, a TAKXKe B HEl-
ponax ITHC [15]. dnst CHC B kauectBe DA uyamie Bcero ucnonb3yior RELU, B Heiipo-
Hax BeixogHoro ciost [THC — rumepOonudeckuii Tanrenc TanH. Taxke Ha mpakTHke
npumensitotes u apyrue OA [17].

ABTOMaTHuecKas TEHepalusi CTPYKTYphl HEWpOCETH IIpeArojiaraeT HarrcaHue
ckpuntoB B Matlab mist kaxmoro oraensuoro 61oka Simulink/SysGen (Ciou cBeptkw,
cyboauckpernsanuu, HeripoHoB [THC), a Takke MX COCTUHEHUS MEXIY COO0H B SIUHYIO
CTPYKTYPY.

I'enepanus cBepTo4YHON HelipoceTu. B xauecTBe npumMepa OyaeM paccMaTpUBaTh
CHC co cTpykTypoii, mpeacTaBieHHON B Ta0I. 1.

Tabmuma 1
Ipumep anaausupyemoii CHC
Cnoit HC Input | Conv2D | MaxPool2D | Flatten | Dense 1 | Dense 2
PasmepHOCTB 6x6 4x4x3 2x2x3 Ix12 12x32 32x2
CUTHala (sapo
3x3)

biok «Xpauunuine nzobpaxkenus» Ha O0mokax Simulink/SysGen B crenepupoBas-
HOM JIiJIsl TpuMepa u3 Tabi. | Bume mpencraBieH Ha puc. 3. JlaHHbIH OJOK SBJISIETCS YHH-
KaJIbHBIM JJIs1 KQKI0TO KaHaja (I[BET) ¥ OOIIMM ISl BCEX KapT MPU3HAKOB CIIEAYIOUIETO
ciost. [ yckopeHHs HMpOM3BOIUTEIHHOCTH B CXEMY BKIIOUeHa AByxmoproBas O3V,
9TOOBI IPOW3BOJUTH YTCHHE OJHOBPEMEHHO C 3aIUChI0. UTEHHE MPOM3BOIUTCS TOCIE
3aIUCH TIEPBBIX JBYX CTPOK M300pakeHHs IUTFOC KOJHMYECTBO MUKCENEH, paBHOE JIMHEH-
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HOMY pa3Mepy cBepTodHOro sizpa. B TI3Y 3ammceiBaroTcss MacCHBEI BCIIOMOTATEIbHBIX
3HA4YCHUH azpeca Tak, 4ToObl nanHele B O3Y OBUIM IpeACTaBICHBI B «KBaIpaTHIHON
¢dopme. DTO HYKHO, YTOOBI KaK MOYKHO CKOpEe MPOU3BOAMIACE OTepalus CyOaUCKPETU-
3anuu, paboTarolias ¢ KBaJparaMu Mukcenen 2x2.

M Const_ind1

B

Cowfin }

nd gw_ind

CGorfn ] [tz

dat gw_data

(L]

Terminatos

foprhes  ®
o Delayd Constantt
dout.
]
Invertert N
3 Relationats
— Register!
3 1
a
b Relationald o
| Const j
o
¥ addr 1
CRl
orfLi &
Counter_4RD Logical \
- Zasb
Counter_j ROM_indStr b
]
++ 4 AddSub1
b
1
Counter_i z
2 Const_ind Relationald
a=b| ¢
ROM_ind
¥ Retiona2 L&D
Delay3 | 2 —
»(2)
kem_adr
D)

Puc. 3. Brnok xpanenus uzobpasicernus

Ha puc. 4,a npencrasieH 070K ABYXMEPHOH CBEPTKH, IPOU3BOJSIIICH ONEpPaIHIO
n3 BelpakeHns (1). @yHKIMOHANBHAsT CXeMa CBEPTKH OCHOBaHA HA YMHO)KEHHH C HaKO-
wienueM. Puc. 4,0 npencrapiser co00il (yHKIIMOHATIBHYIO CXEMY CJIOSI CYOHCKpeTH3a-
LMK JJIs1 OTHOM KapThl IPU3HAKOB, paboTa KOTOPOii omuckiBaeTcs popmyioi (2). Pexum
JIAHHOM CXEMBbI SIBJISIETCS] TIOTOKOBBIM, MO3TOMY HEOOXOIHMMO B OJIOKE XpaHEHHs H30-
OpakeHHsI UCII0JIb30BATh KBAJPATHUHYIO ()OPMY MpEACTaBICHUS HHPOPMALIHH.

dln adr_kern rﬁ en

Detayt [ -9 % | Delay2
ROM_Kernel ey ’_Z—_l z7 |Peey

\, addr

™,

a4

axb™y
J ble]
b

en

Mult

Accumulator

-0.017913818359375
kern_bs v
G}

AddSub

dout

togical

Dela

dout

ray

a+b

rdy

FA_RELU

0

a

Puc. 4. Broxu 015 00HOU Kapmbl NPU3HAKOS.: d — 08YXMEPHOU CEePMKU,
6 — cybouckpemusayuu
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Biiox MynmBTHIIEKCHPOBAaHUS NAHHBIX CO BCEX KapT NMPHU3HAKOB B OJMH MOTOK
MIpeaCcTaBJIcH Ha puc. 5. JlaHHBIN 070K HE0OX0AUM I NanbHeimeit 00paboTku curHana
B [THC B moTOKOBOM pexuMe.

5
st
en Eﬂz q B

enb El"b azb

Constant Relational

v

v

azbﬂ

b rdy

Delay1
Relational1

Constant1

A dat
full tor

af [Ferminator1

en
Reaister4

Puc. 5. Brnox mynemuniexcuposanus 6 oowuii nomox (Flatten)

Ha puc. 6,a n300paskeH (yHKIHOHAIBHBIH OJIOK YIIPABJICHUS U MOJATOTOBKH CHI'HAJIA
1t HeiipoHoB nepBoro ciost [THC. [l nocnenyrommx cnoeB [THC manHBIH Onok Oymet
elle coaepXKaTh MyJIbTHILIEKCOP, TaK JaHHbIE Iepe]] TUM OJOKOM IIPEeCTaBIIIOTCS B T1a-
pamensHOM BHze. Hefiponst [THC, upst pyHKIHMOHANEHOCTE onmchIBaeTcs (opMynoit (3),
MIOCTPOCHBI TI0 CXEMe YMHO)KCHUS C HaKOIUICHHEM, NPEJCTaBICHHON B pabote [8], 1 mocie-
JYIOIINM NpuMeHeHneM (pyHkIn aktiBarmy, oo RELU, 6o TanH (puc. 6,0).

r
29 i (& 2!
e
Delay? Delay_INP o_en Deiay
0.241424560546875|
) dra"q THR

en en ‘ »a

azb »lb

+=b

rst

Relational ROM_Weight

Accumulator

>z
din I—I data

Puc. 6. Broxu: a — ynpasnenus cros ITHC, 6 — netipon ITHC

Astomarnueckas resepanus CHC mo3BoisieT Ha OCHOBE TIPEICTABICHHBIX BBIIIE
(YHKIIMOHAIBHBIX OJIOKOB CTPOHMTH HEHpOCETh JII000i KOH(PHUTYypayu, MOACTABIISAA He-
00X0IMMbIC 3HAYCHHUS B HEKOTOPBIC 37IeMEHThI 010K0B (KoHCTaHTHI, [13Y 1 T.1.).

Pe3yabTaThl padoThl cBepTOYHOM HelipoceTu. IIposenem anamu3 pabotsr CHC,
IIOCTPOCHHOM MO apXHuTeKType u3 Tabu. 1. OO0ydeHue HeHpOCeTH MPOBOIMIOCH C TOMO-
mieio cpencts Keras/TensorFlow. KosgduimeHTs! GUIBTPOB CBEPTKH U BECOBBIE KO3 (-
¢urents! st monaocss3Hoi HC 3arpyxanuce B Matlab u3 ¢aiina *.h5. Knaccuduka-
LSl IPOM3BOIMIIACH TI0 IBYM KJlaccaM M300pa)KeHUil: n300pakeHHe HyJIIsl U IUHULBL.

B nensix yMeHbIIEHUs TOTPEOIISIEMBIX peCypcoB I QYHKIUHM aKTHBALMH «THITEP-
OosMuecKuii TaHT€HC» ObUIA MCIIONH30BaHA €r0 ANNPOKCHMAIIMS, ONMCaHHas B padboTe
[18] u nmpeacTaBieHa BeIpaxkeHHeM (4).
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1 <L

fp z z-(f-6-7) ipn0<z<L (4)
FAvn (2)=1H(2) mpn-L<z <L, H(z)= z:(f+6-7) npu-L<z<0 ’

—lmpuz=>L -

Tle Z — 3Ha4YeHHUE BXOXHOTO curHama, f=2/L, =1/ L2, Wntepran L B pabote Obu1
MIPUHSAT, PaBHOI 2.
TorpenHoCcTh anmpoKCUMAIIUU THIIEPOOINIECKOro TaHIeH A M0Ka3aHa Ha puc. 7.

Torpenrsocts, %
N w S ol

-

o

-1 -0.6 -0.2 0.2 0.6 1
BxoaHbIe 3HAUCHUS

Puc. 7. [loepewnocms annpoxcumayuu TanH

MakcumanbHasi OTPEHIHOCTh, CBSI3aHHAs C KBAHTOBaHHWEM (DYHKIMH aKTHBAI[HMU
TanH, cocraBmia -90nb must 20-OuTHOTO KBaHTOBaHMs, -651b Mg 16-0MTHOrO KBaHTO-
Banus, -40a1b nns 12-6utHoro kBaHToBaHus U -200b 11 8-OMTHOTO KBaHTOBaHUS. YPO-
BeHb 0 1B COOTBETCTBYET PACXOKICHHIO 3HAYCHHUS MEXIY HACATbHBIM THUIEpOOIHYC-
CKHM TaHT€HCOM U €ro amnmnpokcuMmaliiei Ha narepnae ot 0 go 1.

OuennM KosmuecTBO motpedisieMbix pecypcoB CHC tenesoit TIJNIMC (Kintex
UltraScale KU-040). Toctymusie pecypest IIUC mpezacrasiieHst B Tabt. 2.

Ta6uuua 2
Hocrynnsie pecypes! IINIUC Kintex UltraScale KU-040
HanmeHnoBanue Peructpst Yucio Yucno Block | Ywucmo 610K0B
0110K0B LUTs RAM DSPs
KosmuecTBo 484800 242400 600 1920

Hcnons3yemsie pecypesl IIJIMC Kintex UltraScale KU-040 s CHC ¢ 32-, 20- u
8-OMTHBIM KBaHTOBaHHEM ITPE/ICTABIICHBI Ha PHC. 8.

326ur 126uT 86ur

Py — T T —]
Il n-vacs (N3Y Ha O3y sueiikax)
| | C-vacm

wacts (M13Y wapacn. aueiax)

C-uacte

@

Vcnonsayemsie pecypcs, %

UTs
BRAMs
DSPs
LUTs.
BRAMs
DSPs

LUTs
BRAMs

2
5
g
3
2

pervcTpsi

a
G
s
5
a

DSPs

Puc. 8. Hcnonwvsyemwie pecypcor IIVIUC Kintex UltraScale KU-040
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«[1I-gacTe» W3 pUCYHKa O3HAa4YaeT MOJHOCBSA3HYIO YacTh HeWpoceTH, «C-gacTey» —
CBEPTOYHYIO YaCTh HEUPOCETH.

Kak BunHo u3 puc. 8, ecnu peannzosats stueiiku [13Y [THC nHa pacnpenenennoi
namsTH, To 3QQeKTUBHOCT Hcnosib30BaHus pecypcoB [IJIMC yBennunuTcs nmpuMepHo B
4 paza.

B Tabn. 3 npexacraBieHa MakcHUMaibHas OIIMOKAa KBAaHTOBaHMS OTHOCHTEJIBHO
BBIUHCIICHHN C IaBaromeii 3amaroi (single float) Ha untepsane [-1;1] Eqvax. Bo BTO-
poM crondle npeacTaBieHa omroka s noiaHocss3Hol yactu MHC, B TpeTbeM — st
Beceit CHC.

Tabmuma 3
IorpemHocTH KBaHTOBAHUS Eqgvax
PazpsiqHocTh, OUT ITHC, % CHC (Bmecre ¢ [THC), %
32 4.17e-5 5.96e-5
20 0.0160 0.0228
16 0.27 0.32
12 3.75 4.53
8 27.97 27.97

[Tpuuem mMakcuMmasbHas OMIMOKa HAOIIOJAETCs B CIyYasiX, KOTJa 3Ha4eHUs Ha BbI-
X0/1aX HefpoceTn OJIU3KHU K HYIIO (T.€., KOrja Ha BXOJ I10JIaeTCsl HeKllacCu(puuupyemMoe
HEWpOCEThIO H300paKEeHHE).

W3 ananuza puc. 8§ u tabm. 3 ciienyer, 4TO MOHW)KEHHE YPOBHS KBAHTOBAaHUS 10 8
out HerenecooOpa3Ho B BUAY HEOOIBINON BRITOABI B OTpeOisieMbIx pecypcax IIJIMC u
3HAYUTEIHHOMY TOBBIIICHHUIO MOTPEITHOCTH BBIYUCICHUI. MOXHO cIenaTh BBIBOA, YTO
npumeHerne 12-6utHoro kBaHTOBaHMA CHC sBiseTCS KOMIIPOMHCCHBIM pEUICHHEM
MEXIY PeCypcaMy U IMOTPEIIHOCTHIO BEIUUCICHHS.

3axarouenue. TakuM 0Opa3oM ObUIa IPOW3BEACHA pa3pabd0OTKa M BepUPHUKAIS Me-
TOJa MIPOEKTUPOBAHUS CBEPTOYHON HEMpOHHOMU ceTH ais npotoTunupoBanus Ha [IJINC c
nomotikio cpeacts Xilinx System Generator for DSP u Matlab. B pamkax naHHO# paboThI
AHAJIM3MPOBAJIACHh TIPOCTasi CBEPTOYHAsE HEWPOCETh JUIsi BXOJIHOTO M300paxkeHus 6Xx6 c
TpeMms kapTamu npu3HakoB, cioeM ITHC ¢ 32-ms veiiponamu u BeixogasM cinoeM [THC ¢
IByMsi HeifpoHamu. OOydeHHe HEHpOCeTH TNPOBOAMIOCH C IOMOIIBIO  CPEJCTB
Keras.TensorFlow. KoaddurmenTtsr GpuiibTpoB CBEpTKH M BECOBBbIE KO3DDHIMEHTH s
nonHocesizaor HC 3arpyskamucs B Matlab u3 daiina *.h5. MakcumanbHas omibka KBaH-
ToBaHus Ha uHTepBaine [-1;1] mis MHC ¢ paspsimHOCcTRIO 32 Outa coctaBmia Se-5 %, mist
paspsinaocTH 12 6ut — 4.53 %. bputn npoananu3upoBansl Hcnons3yemele pecypest [TJINC
Kintex UltraScale KU-040 paspaborannoit CHC. Peamuzauusst CHC ¢ pa3psiiHOCTBIO
12 6ur u setikamu [13Y [THC Ha pacnpeneneHHON MaMSATH SBISIETCS KOMIPOMHCCHBIM
perieHneM Mex Iy 3G QeKTHBHOCTBIO nctiosib3oBaHus pecypco IVIMC (ymeHbleHne ducna
6nounpx O3Y BRAM B 4.3 paza u uncna 61okoB [JOC DSP B 4 pa3a) u morpentHocTero
KBaHTOBaHU (4.5 % OTHOCHTENIBLHO BBIYMCIIEHHH ¢ opuHapHoi TouHocTw Single float).

Jaunbiii MeTon ipuroseH st padpadorku MHC B mpoekTax mo o6paboTke paauo-
JIOKAI[MOHHOT'O CHTHajla B PaJJMOTEXHUUECKHX cucTeMax [19], a Takke B UMUTALMOHHOM
mogemrposanuu [10]. Ipu peanusamuun CHC 1o jaHHOMY METOy HEOOXOIUMO yU€ECTb,
4TO 3amuch/uyTeHne nzobpaxenns B O3V Hanbosee yaoOHO IpeACTaBIATh B KBaApaTHd-
Holt ¢opme. Ecim xe tpebyercst paspadorars CHC mist pacrio3sHaBaHHS JTMHEHHBIX CHT-
HaJloB (OJHOMEPHBIX), TO MHJEKCHI UIs 3amucu/dyreHnst curHana B O3Y Oynyt umerts
GoJiee MPOCTOM BHUJ, @ OCTAIBHBIC MOJIYJIH Pa3pabOTaHHON OMOINOTEKH BUI HE U3MEHST,
YTO TOBOPHUT 00 YHHBEPCAILHOCTH MOAyeil. CTOUT TakKe OTMETHTb, YTO TPECTABICH-
HBII anropuT™M JBYXMEPHON CBEPTKU MMeeT ajbTepHaTuBbl [20], KOTOpbIe MOXHO MpH-
MEHATh B 3aBUCHMOCTU OT 3ajady, NocTaBleHHbIX nepes peanusanuer CHC na TIJIMC
(CKOPOCTH BBIUNCIICHHSI HIIH PECYPCOEMKOCTD).
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B.B. boga, /1.1O. 3anopoxen, FO.A. KpaBuenko, J.B. Kyaues, B.B. Kypeiiuuk,
H.A. JIpI3b

NIEHTUOUKANUA HEABHBIX YI'PO3 HA OCHOBE AHAJIM3A
AKTHBHOCTH IOJIb30BATEJISI B UHTEPHET-IPOCTPAHCTBE"

Cmamws nocesujena npobieme uoeHMUGUKAyUU Hesa8HbIX UHDOPMAYUOHHBIX Y2PO3 NO-
UCKOBOU OesimeabHOCMU NoNb306amels 6 Humepuem-npocmpancmee Ha 0CHOGe AHANU3A €20
akmueHocmu 8 npoyecce O0AHHO20 @3aumooelicmeus. IIpumenenue 3HaHUll, XPAHAWUXCA 6
uHmMepHem-npocmpancmee, O pearu3ayuy npecmynuvlX HamepeHull Hecem 6 cebe yepo3y
011 8ce2o obujecmea. Buvisignenue 31020 ymblcia 8 0elicmeusx noivzogamenei 2100a1bHOU
UHDOPMAYUOHHOU Cemu He 6ce20d ABAAeMCsA MPUusUansHol 3adadei. Ompabomannvie mexmo-
02UU AHAU3A KOHMEKCMa UHMepeco8 Noab3osamens 0aiom cOOU 8 Ciyyae OCHOPOICHBIX
2PAMOMHBIX OeUCMEUll 310YMbIUUIEHHUKOS, KOMOPble 8 AGHOM 8UOe He OeMOHCMPUPYIOm np e-
cnedyemoti umu yeau. B pabome npogeden aHau3 yzpos, CEA3AHHbIX C ONPEOeleHHbIMU CY e-
HApUuAMU peanu3ayui noUCKO8blX Npoyeoyp, NPOAGIAIOWUXCS 8 NOUCKOBOU OesmelbHOCH.
Onucanvl kKpumepuu oyenxu Hedp@exmusnvix u s¢pgexmusnozo cyenapues noucka. Cpeou
NPU3HAKOB, YKA3LIGAIOWUX HA BO3MOICHOCIb HANUYUS Y2PO3bl, 6blOENEHbL CLedYIoujie OCHO G-
Hble: YX00 0m peuwlenus 3a0a4u 6 6ecyenbHy0 HaBUayuio Uil K npUeLeKameilbHblM pecypcam,
NOBEPXHOCMHbLIL NOUCK, OMCYMCMBUE CMbICIO8020 NOSPYHCEHUS 8 PeuleHie NOUCKOBOU 30 d-
yu, xaomuymsie Oeiicmeus npu noucke. [na onpedenenus Hanuyus HeOLIALONPUAMHBIX NPU-
3Hako8 nocmpoena cucmema nokazamenei. Copmyruposanvl npusHaxu 3phexmuenozo
cyenapus opeanusayuu noucka 6 Mumepnem-npocmpancmee, OnUCAHbl 6APUAHIMbL HATUYUS
HesABHbIX yepo3 0151 N000OHoU cumyayuu. [Ipedcmagnen nooxo0 uoenmugurayuu OnuUcaHHvix
Vepo3 ¢ yuemoMm 3d0aHHbLX KpUMepues OYeHKU PA3IUYHbIX CYeHapues nogedeHus noab308an e-
a5 6 2n00anbHOM UHGOpMaAyUOHHOM npocmpancmee. Paspaboman aneopumm MawuHHO20
o0yyenus O0as udenmuurayuu npoOIeMHbIX CYeHapues nymem CPASHEeHUs ¢ KAl0YegblMu
nammepnamu nogedenus. Co30ana npocpamMmnasn peaiusayus noocucmembvl uoeHmupurayuu
UHDOPMAYUOHHBIX YSPO3, NPOGEOEHbl IKCHEPUMEHMATbHBLE UCCIe008aHUs Ol NOOMEEPI’CO e-

" UccnenoBaHne BBITIONHEHO npu ¢uHaHCOBOW mojepxkke PODU B paMkax HAyYHOTO MPOEKTa
Ne 18-29-22019.
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HUus a¢hgpexkmugnocmu noocucmemvl. IKCREPUMEHMATbHBLE UCCIE008AHUS NPOBOOUNUCH HA
ocHoge 06paboOmMKU OMKPBLIMbIX OAHHBIX U3 COYUANbHLIX cemell, d MaKdxice ¢ NpuMeHeHuem
AHAU3A NOUCKOBOU OesmelbHOCMU NONb306amenell 6 YHUBEPCUMEMCKOU KOPNnOopamugHol
uHghopmayuonHoil cpeoe.

HUnghopmayuonnuiii nouck, measuvie yeposvl, aHaIu3 aKmMueHOCMU NOAbL30BAMENS, 8EKMOP
NPUBHAKO8; MENMOObl MAWUHHO20 00YHeHUs; ONMUMU3AYUS, UHMELNEKMYalbHble CUCTNEMbI.

V.V. Bova, D.Yu. Zaporozhets, Yu.A. Kravchenko, E.V. Kuliev, V.V. Kureyichik,
N.A. Lyz

IMPLICIT THREATS IDENTIFICATION BASED ON ANALYSIS OF USER
ACTIVITY ON THE INTERNET SPACE

The article is devoted to the problem of identifying implicit information threats of a user's
search activity in the internet space based on an analysis of his activity in the course of this inter-
action. The use of knowledge stored in the Internet space for the implementation of criminal inten-
tions poses a threat to the whole society. Identifying malicious intent in the users’ actions of the
global information network is not always a trivial task. The proven technologies for analyzing the
context of user interests fail in the case of cautious and competent actions of attackers who do not
explicitly demonstrate the goal they are pursuing. The paper analyzes the threats associated with
certain scenarios for the implementation of search procedures that manifest themselves in search
activities. Criteria of inefficient and effective search scenarios estimation are described. Among
the signs indicating the possibility of a threat, the following main ones are highlighted: avoiding
solving the problem in aimless navigation or attractive resources, superficial search, lack of
meaningful immersion in solving the search problem, and chaotic actions during the search.
To determine the presence of adverse signs, a system of indicators is built. The features of an ef-
fective scenario for organizing a search in the Internet space are formulated, options for the pres-
ence of implicit threats for a similar situation are described.An approach for identification the
described threats is presented taking into account the specified criteria for evaluating various
scenarios of user behavior in the global information space. A machine learning algorithm has
been developed to identify problem scenarios by comparing with key behavioral patterns. The
software implementation of the subsystem for identifying information threats has been created,
experimental studies have been conducted to confirm the effectiveness of the subsystem. Experi-
mental studies were carried out on the basis of processing open data from social networks, as well
as using analysis of user search activity in the university corporate information environment.

Information search; implicit threats; analysis of user activity; feature vector; machine
learning methods; optimization; intelligent systems.

Beenenne. OnnaiiH-00y4eHne KaKk BOCXOUIMI TPEHI B Pa3BUTHUH 00pa30BaTENIbHBIX
cHucTeM TpeOyeT MOJEIMPOBAHKUS U Pa3pabOTKU CIIOCOOOB YIIPaBJICHUS IESTEIHFHOCTRIO 00Y-
YaIOIINXCs B MHTEpPHET-TIpocTparcTBe. [lnpokoe moHNMaHME OHJIANH-OOYYCHHS ITO3BOJIIET
TOBOPHUTH O MHOTOOOpAa3wH BUIOB HH(POPMAIMOHHO-00Pa30BaTEeIbHON IEATEIFHOCTH, Peai-
3yeMBIX B ceTH MHTepHET: yaeOHO-TI03HaBATEIFHOM, TOMCKOBO-TIO3HABATEIILHOM, KOMMYHHKA-
THUBHO-TIO3HABATEFHON, MH()OPMAIIMOHHO-CO3UIATETIFHOM, Pa3BIeKaTeIbHO-TI03HABATEILHOM
[1]. OmarM 13 HarOoONee PACTIPOCTPAHESHHBIX BUJIOB SIBJIICTCS TIOMCKOBO-TIO3HABATEIIBHAS JCsI-
TEeJIBHOCTb, CB3aHHAS C TIONCKOM MH(pOpPMAIWH B ceTH VIHTepHeT, BKIII0Yaroas NCHoJb30Ba-
HHE TEXHOJIOTHi MoKCKa U paboThl ¢ MH(pOopMarmel, aHami3 U 0TOOp pesieBaHTHOM HH(pOpMa-
1y, ee Bepudukanuio u npumenenue [1]. Tlouck n ncnonp3oBaHne HHGOPMAIMK OUEHb BaXk-
HBI 11 00y4aronuxcs Kak B (popMansHOM, Tak U B HehopManbHOM 1 HHPOPMATIBHOM 00pa3o-
BaHUH. DTOT BUJI ICITEIFHOCTH CTTIOCOOCTBYET HAKOIUICHUIO HE TOJBKO «3HAHUEBOTO) OIIBITA,
HO U OTbITa paboThl ¢ MH(OpMAIHEil, OCBOSHUIO TEXHOJIOTHH MOMCKA M aHAJIN3a, & TAKXKe KOT-
HUTHBHOMY U JITYHOCTHOMY Pa3BUTHIO 3a CUET PACIIMPEHUS] MHTEPECOB U MOBBIILIEHUS MOTHU-
BaIlUH MMO3HABATECIIBHON JICATEFHOCTH 00yJarommmxcs [2].

OnHaKO HCCIICOBAHUs TMOKa3bIBAIOT, YTO CTYAEHTHI HE TOTOBBI K 3((EeKTHBHOMH
TIOUCKOBOW JIESATETIbHOCTH, OHM BEChbMa HE3HAYMTENILHO HCHOJB3YIOT HaydHble Oa3bl
JaHHBIX U JIEKTPOHHBIC BEPCUN HAy4YHBIX )XypHaJoB. Tak, st 6onee yem 80 % cryneH-
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TOB BY30B, HanOOJI€e BaXKHBIM, HAJICKHBIM M YacTO MCIOJIb3YEMbIM HCTOYHHKOM aKase-
MHYECKON HWH(OpMAIH SBISIOTCS ITOWCKOBBIE CHUCTEMBI OOIIero HaszHaueHHUs [3].
BONBIIMHCTBO CTYAEHTOB HE MIIYT HOBBIC MOJXOABI, a UMEIOT TEHIECHLUIO TOBTOPSTH
CTpaTeruy, KOTOphle IPUHECIIN yCleX B UX MpenblayiieM onbite [4]. FIx mouckoBoe mo-
BEJICHHE MPE/IB3ATO, OHU MPEIIOYUTAIOT PE3YIIbTAaThl TONUCKA ¢ O0JIee BHICOKUM PEHTHH-
rOM, Ja)Ke €CJIM 3TO HE BIIOJHE COOTBETCTBYET UX morpedHoctsM [3]. Kpome Toro, mo-
UCK 1 00paboTka MH(POPMAIMK — 3TO CIIOKHBIA TPOLecC, BKIIOYAIOIIUKA B ce0sl mocTa-
HOBKY 3aJ]a4yH, TIOMCK COOTBETCTBYIOIINX MCTOYHUKOB MH(OpMALUK, U3BJICUCHUE U Op-
TaHU3aIUI0 COOTBETCTBYIOMIEH HH(MOPMAIIMH U3 KaXIO0TO NCTOYHNKA, CHHTE3 HH(pOpMa-
LUH U3 Pa3INIHBIX HCTOYHUKOB U T.IL [5—7]. OTa nesaTeIbHOCTh BOCTPEOyeT perysaTHB-
HBIC, KOTHUTUBHBIE 1 METAKOTHUTHBHBIE CIIOCOOHOCTH CTYJECHTOB, KOTOPBIE HE BCETZa
Pa3BUTH HAa JOJDKHOM YPOBHE, CICICTBHEM YETO MOTYT SIBIATHCS HEKAUCCTBEHHBIE pe-
3yNbTaThl TOWCKA: IIarWaT, HEPEleBaHTHas HH(POPMAIMsi, HEKOPPEKTHBIC BBIBOJBI
[5, 7, 8]. KimmoBocTh MBINIICHHS COBPEMEHHOW MOJIOZEKH IIOBBILIACT BEPOSTHOCTD
JAHHBIX CIeACTBHM [9].

JlononHUTENbHBIE TPOOIEMBl BO3HHKAIOT B CBSI3U C TE€M, YTO IOMCKOBas J1eATeNb-
HOCTb UMEET «3aTATUBAIOIINID) XapaKTep U OCYIIECTBIIACTCS HE CTOJIBKO B CHEIHAIbHBIX
AJIEKTPOHHO-00Pa30BaTeNbHBIX CPElaX, CKOJIBKO B CErMEHTaX WHTEPHET-MPOCTPAHCTBA,
IJie OTCYTCTBYET KOHTPOJIb HaJl IOTOKOM akajeMudeckoi nudopmanuu. B cBsi3u ¢ stum
K pUCKaM moTepu 3PPEeKTUBHOCTH AEATEIBHOCTH A00ABISIOTCS KHOEp-pPUCKH, KOMMY-
HUKallMOHHbIC, KOHTEHTHBIC M JPYT'He PUCKH, BKIIOYas MHTEPHET-3aBUCUMOCTh. PaboTas
¢ nHpopmanueil B VIHTEpHETE, CTYAEHTHl MOTYT MCHBITHIBATH AUC(HYHKIIMOHATIBHBIE CO-
CTOSTHMS, OJM3KHE K JCTIPECCHH, CBA3aHHBIC C CHTYyallield HEONPEIeNCHHOCTH W TOBBI-
IICHHOW TPEBOXKHOCTHIO [8]. Y MHOTHX BO3HHKAeT «(DEHOMEH MOTEpH B THIIEPIIPOCTPaH-
CTBE», CBSI3aHHBIN C NEPEKMBAHUEM JIC30pPUCHTANH H3-3a HHPOPMAIIMOHHON Neperpys3-
ki U OecuenpHOrO ciepoBanHus runepccbuikam [10]. JlokasaHo, 4TO Takue WHTEPHET-
AKTHBHOCTH, KaK IMOMCK MH(OpManuy U oOLMi cepdHHT, CBSA3aHbI ¢ 0oJiee BHICOKMMHU
MOKa3aTeJsIMU TPOOJIEeMaTHYHOTO UCIIONb30BaHusl MHTepHeTa (MHTEepHET-3aBUCUMOCTH )
[11]. Beb-cepdunr cuntaercss caMbIM pacipOCTPaHEHHBIM BHOM 3aBHCHUMOCTH, B TO XK€
BpeMsi OH sIBJSIETCSl U caMbiM ManousyudeHHbiM [12]. IlposBienue u ¢GopmupoBaHue
CKJIOHHOCTH K WHTEPHET-3aBUCHMOCTH MOXET HPOHMCXOIWUTh B IOMCKOBOI JesTelbHO-
CTH, KOTJ]a OHA IEPeXOJUT B HaBSI3UMBBIA BeO-CEPOHUHT — MPOCMOTP MHOTO0OPA3HBIX
HMHTEPHET-PECYPCOB, XaOTHYHYIO THIIEPTEKCTOBYIO HABUTALIMIO, [UTUTEIBEHO U OECIeNbHO
OCYIIECTBIISIEMYIO CyOBEKTOM.

Taxkum 00pa3om, BaxkHasl poJIb OMCKOBO-TIO3HABATENLHOM JIESITEIILHOCTH B 00pa-
30BaHUM, C OJHOH CTOPOHBI, M BBICOKHE PHCKU JUI1 3(P(HEKTHBHOCTH AEATETHHOCTH U
TICHXOJIOTHYECKOTO OJIaronoiydusi, ¢ Apyroi, TpedyoT pa3paboTKH Kak crioco0oB MO -
TOTOBKHM OOy4aloMMXCs, TaK ¥ METOJOB M MHCTPYMEHTOB BHELIHETO CONPOBOXKICHUS
TaKOW JEATENHHOCTH, B T.4. HHTEJUIEKTYAIbHBIX HU(PPOBBIX aCCUCTEHTOB. Penienne BTO-
po¥i 3a/aun MpearonaraeT MOJENMPOBAaHHE IMOMCKOBOM EATENIbHOCTH M YIpo3, BO3HH-
KAIOIIMX B HEH.

1. Onucanue npo6JieMbl U BLIOOP KpUTepHeB olleHKH yrpo3. CymecTByIOT pas-
JIMYHBIE 110 HAIIPABJIEHHOCTH HCCIEJOBAHMS, B KOTOPHIX MPEACTABICHO MOJACINPOBAHHUE
TIONCKOBOMW JIEITEILHOCTH YeJIOBeKa B MHTEpHET-pocTpaHcTBe. Hanbonee panHue rcu-
xonorudeckue mojenu b. JIapsuna, JI. Onmuca, K. Kyxnray, onuceiBaroT ToJIbKO AEHCT-
BUS 110 NMOWCKY MH(OpManuu; pacmmpeHHas Mojens T. YuicoHa BKIIIOUaeT MOJIb30Ba-
TeJst MH(POPMAIH, M0JIb30BaTEIbCKUE MOTPEOHOCTH, 3arpoc HHPOpMaIni, oOMeH, nc-
NIOJIb30BaHNE U YAOBJICTBOPEHHOCTh (HEYIOBJIETBOPEHHOCTD) IIOJIL30BATENS PE3yJIbTa-
TaMu mouckoBoro 3ampoca [13]. K HacTosmeMy BpeMeHH CO3aHO MHOXKECTBO ITO3Tall-
HBIX MOJEJIeH MONCKa, IIPH 3TOM BCe MHOT000pa3ue BBIIEIIEMBIX 3TAallOB MOYKHO CBECTH
K TpeM CTaAusSM: HAa4ajo M IENOoYKa, MOHUTOPHHT U MuddepeHnnpoBaHue, OleHKa U
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n3pnedeHue [14]. s u3ydeHus IesITeIpHOCTH 110 TIOUCKY HH(POPMAIUN TaKKe UCTIOTb-
3YIOTCSI MOZENH TIOMCKOBBIX CTPATErnii, I/l aKIEHT JETaeTCsl He CTOIBKO Ha ICHCTBHSX,
CKOJIbKO Ha cyObekTe, MiymeM HHpopMmanuio. KoOMIOHEHTaMH CTpaTeTHi SIBISIOTCS:
IUIAHUPOBAaHUE IIOMCKA, BHEIOOP pecypcoB, peann3aliys, M3BJICUCHUE 3HAHHUH, CIIOCOOBI
MPEOJIONIEHHS TPYIHOCTEMH, OI[eHKa, KOHTPOJIb 1 jp. [5—7, 15, 16].

[onckoBas 1esATENbHOCT XapaKTepU3yeTcs He TOJIBKO UCIIOIb3YeMOH CTpaTeruei,
HO U KOHKPETHBIM CLIEHApUEeM IOBEJCHUS, B T.U. KMEXaHUKOW) HUCIIOIB30BAHUS ITOUCKO-
BbIX cucteM. C 3TUX TO3MLMUI BBIJEICHBI Pa3InUHbIE CIIOCOOBI IOMCKA: COMOCTaBICHHE
(cooTBeTCTBHE) WM HCCiIeNOBaHUE [6]; mormyeckuid (OyIeBBIif), HAMIYYIIETO COOTBET-
CTBHUS WM KOMOMHHMPOBAaHHBIN [16]; ommcaHa TWUIOBas MOJENb MOBEICHUS (TaKTHKA)
MIOJIB30BaTeNeH MPH TeMaTHIeCKOM Houcke nHpopmanuu [17]; mocTpoeHs popmanu3o-
BaHHBIC BEPOSATHOCTHBIE MOJENHU, OOyJaroONINecs: U3 JaHHBIX O IOJIb30BATEIBCKUX NEH-
ctBusix (click logs) [18]; paspaboTaHbl peKOMEHAATENBHBIE CHCTEMBI, IT0IICP>KUBAIOIIIE
HANpPaBICHHbBII MOUCK B 00pa3oBaTenbHbIX KOoHTeKCTax [19, 20].

Jns noKyMEHTHpOBaHUS WH(POPMAIMU HCIOJIB3YIOTCS: METOJ HaBUTAI[MOHHOW
kaptel (navigation flow map, NFM), kotopsrit rpadudecki 0ToOpakaeT MHOTOCTIOHHBIC
B3aMMOCBSI3H MEXy BeO-HaBUTAIIMCH U TIOUCKOM HH(pOpManuu [6].

Kak npaBuio, Mozienupys AeHCTBUsI MOJIB30BATENCH, UCCIIEIOBATENH CTABAT 3a/1a-
YM TIOBBIILICHHUS WHTEUIEKTYaJbHOCTH MOUCKOBBIX CHCTEM C IIEJBIO YIOBJIECTBOPEHHS
NMOTpeOHOCTEe! U yMEHbUICHHs HH(POPMAIIMOHHON HAarpy3Ku Ha mojb3oBarens [17]. Umu
HE paccMaTpHBAETCS KOHTEKCT MOMCKOBOH AEATEIBHOCTH, HECYIIHE yrpo3y HMH(popMa-
IIMOHHBIE COOBITHS, BO3MOXXHOCTH OTBJICUCHHUS M yXOJa IOJIb30BaTelIel B OeCIeIbHBIN
cep¢uHr. bes pemenns ocraroTcs BaKHEHIINE TPOOIEMBbI IPOSBICHHS M (POPMHUPOBAHUS
CKJIOHHOCTH K MHTEPHET-3aBUCHMOCTH B ITOMCKOBOM JEATEIFHOCTH M JIPYTHE BOIPOCHI
obecrieueHnst 0€30M1aCHOCTH ITOUCKOBOTO TIOBEIICHHUS.

C no3unun obecreueHust 0€30MacHOCTH TOMCKOBOTO TOBEICHHsI 00YYalOIIerocs B
YacTH TNpeBeHUMH BeO-cepduHra Kak HMHTEPHET-3aBUCHMOCTH MOXKHO BBIJCIHTH TPHU
yrpo3bl U CBSI3aHHBIE C HUMU CLIGHAPHH MOBEACHUs: 1) yX0[ OT peuieHus 3a1a4u B Oec-
[ETbHYI0 HABUTAIMIO WM K MPUBICKATEIBHBIM pecypcaM (CLeHApHd «omoaneHuey);
2) OBEPXHOCTHBIN TIOMCK, OTCYTCTBHE CMBICJIOBOTO IOTPYKEHHUS B PELIICHUE TOUCKOBOM
3ama4n (CIeHapul «cKkanuposauuey); 3) XaOTUUHBIE JNEHCTBUS MPHU MOUCKE (cyenapuil
«CHOHMAHHOCbY).

[IpencraBum KpuTepuH [UIs UASHTU(GHUKALNY TPU3HAKOB HAJMYUS WM OTCYTCTBHS
OTIMCAaHHBIX YIPo3.

1. Jlns omeHKH NpU3HAKOB Hanmuuus creHapus «OTnaneHue» BBIJECIHM CIEeTyTo-
1€ KPUTEPUH:

1.1) y;; — cTaOMIBHOCTD KITIOYEBBIX CIIOB HA CTpaHMIAX (PEJIeBAHTHBIE CIOBA);

1.2) y;,— mepexo o GONBIIOMY KOJHYECTBY THIIEPCCHUTOK (GOIBIIOE KOTUIECTBO
MIOCEIIEHHBIX CTPAHUILY);

1.3) y;3 — mOCTENEHHOE yBEJIWYEHHE BPEMEHH MPEOBIBAHUS HA HEPEICBAHTHBIX
CTpaHHUIaXx;

1.4) y;4— NaMHHBIE TPSMBIE IETOYKH 6€3 BO3BPATOB;

1.5) y;5— niepexo Ha pexiiaMmHbie OaHHEePHI,

1.6) y;5s— mepexon OT epBOW—BTOPO#l K APYTUM CTPAHHIAM IOUCKOBBIX PE3YIIBTATOB;

1.7) y17— yAepxaHue «IHMHHU TOUCKAY.

2. JInst OLEHKH INPU3HAKOB Hanu4us creHapus «CKaHMPOBaHWE» BBLIEIUM Clie-
JYIOIHE KPUTEPHH:

2.1) y;; — GOJBIIIOE KOJMYECTBO MPOCMOTPEHHBIX CTPAHHUI] C MaJbIM BPEMEHEM Ha
MPOCMOTP OTAENBHBIX CTPAHHUII;

2.2) y;; — IPEITNOUYTEHHE TPOCTHIX U TAKOHUYHBIX HCTOYHHKOB;

2.3) y,3 — UCIOJIB30BAHHUE JIETKO JOCTYITHBIX HCTOYHUKOB;
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2.4) y,4 — TIepenpoBepKa HalizieHHOH nH(OopManuu (BO3BpaT K MOCEIICHHBIM CTpa-
HUIIaM);

2.5) Yp5 — IOUYMTHIBAHKE CTPAHHUII A0 KOHI[A, JOJITOC HAXOXKICHHE HA CTPAHHUIIE,
CyIIECTBEHHAsl pa3HHUIA MEXy BPEMEHEM MPOCMOTPA OTIENBHBIX CTPAaHHIL

2.6) Y26 = Y15 — IEPEXOJ OT MEPBOII—BTOPOIl K APYTHM CTPaHHLIAM MOUCKOBBIX pe-
3yJIbTATOB,;

3. JInst OlleHKH NpHU3HAKOB HaMuusl cueHapusi «CIIOHTaHHOCTB» BBIIEINM Cle-
JYIOIUE KPUTEPHH:

3.1) y3; — HEKOppeKTHAs: POPMYITHPOBKA 3aIPOCa;

3.2) y;, — uCHONBb30BaHUE PE3YIBTATOB MOKMCKA, HAXOSIIUXCS B IEPBBIX CTPOKAX
CIIHCKa,;

3.3) y33 — "acTasi CMeHa 3armpoca WM OTCYTCTBHE CMEHBI 3aIIpoca;

3.4) y3, — bunbTpanust nHGOpMAIINU HA PaHHEW CTaJNU UKIIA TOUCKA

3.5) y35 — Ucnonp30BaHKe HanOoJIee PEICBAHTHBIX UCTOYHHKOB.

[TpOTHBONONOKHOCTEIO OMHMCAHHBIM HEXXEJATEJIbHBIM CUTYallUsIM B CO3JaBaeMOM
MOJIETIH SIBIISiETCS clieHapuil «((GEeKTUBHOCTB», KOTOPBI Ha HA4aJbHOM 3Tale OLEHKH
CTaJ UISHTU(PHUKATOPOM OTCYTCTBUSI Yrpo3. [yl OLlEHKH NPU3HAKOB HAJIMYHS CLEHAPHS
«3(EeKTHBHOCTBY BBIIEIUM CJIEYIOLINE KPUTESPHH:

1) x;— MPOCMOTp PENIeBAHTHBIX CTPAHUII,

2) X, — CyIIECTBEHHOE PA3INYHe MEXK/Y BPEMCHEM HAXOXKICHHUSI HA CTPAHHUIIAX;

3) X;— IPUCYTCTBUE KAYSCTBEHHOTO Pe3yJIbTaTa MIOHCKA.

[Tokazatens My, ONpENENIAIONIMMHI HAIWYMAE ONHCAHHBIX KPUTEPHEB, SBIISIOTCS
CIIEAYIONINE 3HAUCHNUS:

1. ®opmynmpoBka 3anpocoB (aOCOTIOTHOE KOIMYECTBO, OTHOCUTEIILHOE KOJIHYE-
CTBO PEJICBAHTHBIX).

2. PaboTta ¢ BbIJaHHO# MOMCKOBUKOM HH(pOpMAIHEH (K KaKUM 10 CUCTY Pe3ylib-
TaTaM TOHCKa (CTpOKaM) MPOUCXOAUT OOpalieHue, ecTh JIU Iepexo] KO BTOPOH U Io-
CJIEAYIOIMM CTPaHULIAM PE3YJIbTAaTOB, TIOAPS]] I BHIOOPOYHO).

3. llenouku: minHa, KOJIMYECTBO BO3BPATOB.

4. Konn4ecTBO MPOCMOTPEHHBIX CTPAHUIL: BCETO, PEJICBAHTHBIX, HEPEJICBAHTHBIX,
OTHOCHTEJILHOE KOJIMYECTBO PEJICBAHTHBIX.

5. Bpewms npocmoTpa cTpaHHMIBl: MaKCUMAJIbHOE, MUHUMAaIbHOE, o0Iee cpeaHee,
CpefiHee 10 PEJIEeBaHTHBIM, CpPEJHEe MO HEepeJIeBaHTHBIM, «pa3dopocy BO BPEMEHHU MpO-
CMOTpa OTJENbHBIX CTPAHMI (WJIN YACTOTHOE PacIpe/ielieHHe).

6. Ha xaxoii MUHYyTE TIOHMCKa TOSBIISTIOTCS. HEPEIEBAHTHBIC CTPAHHIIBI.

7. Tlo xak1oMy ITIOKa3aTeNl0 B COOTHECEHHM CO CPEIHUM II0 BBIOOpDKE: HAJIMUHE
3aBBIIICHHBIX (IPEBBIIAIOIINX CpeJHEee + CPeIHEKBaJIpaTHYHOE OTKIOHEHHE) WM 3a-
HUKEHHBIX [10Ka3aTemeil.

Ha ocHoBe mpejcTaBieHHOTO ONHMCaHMSI NPOOJIEMBI M TIOCTPOSHHBIX CLEHApPHUEB
HaJIMYUsI WM OTCYTCTBHSI YIPO3 pa3paboTaeM IoJX0] ACHTH(UKAIMN HESIBHBIX YTpo3
Ha OCHOBE aHaJIM3a aKTUBHOCTH I10JIb30BaTENsl B MHTEPHET-IPOCTPAHCTBE.

2. Moaxon naeHTHGUKANMA HESIBHBIX YIPO3 HA OCHOBE aHAJIN3a AKTHBHOCTH
M0JIb30BaTe/Is1 B HHTEPHET-MPOCTPaHCTBe. PacCMOTPUM ONMCaHHBIE B MPEIbIIYLIEM
ITYHKTE CLEHApUH «OTIAJICHHE», «CKAHUPOBAHHE» M «CHOHTAHHOCTH)» KaK CllaracMble
0000IIIEHHOTO KPUTEPHSI, OJHO3HAYHO YKa3bIBAIOLIETO HAa HEJOMycTUMYyIo (opmy opra-
HU3aIUHM paboThl Mojb3oBareis (00y4aromerocs) B HHTEPHET-NPOCTPAHCTBE, HA30BEM
9Ty (GOpMy OpraHu3alMH YCIOBHO «Hed(pdekTHBHBIM crieHapuem». OmacHOCTh 37ech
NIPE/CTAaBISIET CIIy4alHBIH BBIXOJ IOJB30BAaTENsl Ha BPEJIOHOCHBIA KOHTEHT. s mo-
CTPOCHHS BEKTOpa MPU3HAKOB HACHTUHUKAIMH «HEI(D(HEKTHBHOTO CIIEHAPHA» PACCMOT-
puM B Tadx. 1 onucaHHble paHee Kputepun. Hamuuue npusHaka 0603HaYMM « [ », OTCYT-
cTBHUE — «0».
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Tabmuma 1
IMocTpoeHue BeKTOPA MPU3HAKOB JIsl YIPO3bl «HeI(P(PEeKTUBHBIN CleHAPHii»
R I I QR IS QRS QRS QRS QRS Q) QT S R I I I
Organennc | O|2|2)|1}212(0|0|O0OjO0O|O|OjO|O]|]O]|O|O0]O
(rapnposepse /O /0] 0J0OJ0O]0OJO]2]2|2]0]O|0O|]0O|J0O]O0O]O
Cnowtassocts /O O|O|JO]OlO|JO|O}jO|O|OjO|21]|1]|2(|0]0O0
Obujue 6eKmopvl NPUHAKOB
Max yrposa O )21 ]2]1)]21]0]0O|J2]|]1]2|0|0)J21]j1]|1]0]0
Min yrpo3a |2 ]0]0O]0OJ0O}2]2|0OfJO0OJOfJ2]21]0j0J0O]|1]1

B TakoM Buze BEKTOp MPHU3HAKOB I HACHTH(UKAIIMNA BO3MOXKHON Yrpo3bl HEeXe-
JaTesbHOM (opMBI OpraHM3alMy aKTHBHOCTH MOJIb30BATENsl B UHTEPHET-NPOCTPAHCTBE
SIBJISIETCSI CyMMON BEKTOPOB HaOOPOB KPUTEPHEB TPEX PACCMOTPEHHBIX HEOJIarompusT-

HBIX clieHapHeB (puc. 1)

| HeadhdeKTnBHLIN cLeHapuii |

— [ T

0111100 11100 11100

l

| OTtaaneHue || CkaHupoBaHWe ” CnoHTaHHOCTb |

Puc. 1. Cracaemvie gexmopa npusnakos « Hea3@ekmueHozo cyenapusty

O003HaYMM CIICHAPUHU «OTIAJICHUE», «CKAHUPOBAHHE» M «CIIOHTAHHOCTH» uepe3
Q1, Q2,Q3 cooTBeTcTBeHHO. Takum 00pa3oM, 00OOIIEHHBIH KPUTEPUHA UMEET CIENYI0-

IIUHA BU:
Qint = 71Q1 + 72Q2 + 73Q3 > Mmax, 1
IJIe T; — BeC KaKJAO0TO M3 PAaCCMOTPEHHBIX CIIEHAPHEB, 33/IaHHBIH Ha OCHOBE 3KCIIEPTHBIX
OLICHOK.

PaccmoTpum Teneps BO3MOXKHBIH «3()(heKTHBHBIN cCieHapHii», Kak GopMy opraHu-
3aIlM AaKTHBHOCTH T10JIb30BaTeNsl (00ydaroIierocs) B HHTEPHET-NPOCTPAHCTBE. 3a OCHO-
BY TaHHOH (pOpMBI OpraHU3alMi AKTHBHOCTH B3AT ONHMCAHHBINA B MPEABIIYIIEM ITYHKTE
creHapuil «3(eKTHBHOCTBY», OCHOBHBIMH KPUTEPHSIMH KOTOPOTO HPHHATHI: X7 — IMPO-
CMOTp PENIEBAaHTHBIX CTPAHUII, X, — CYIIECTBEHHOE Pa3INUNe MEXIYy BPEMEHEM HaXOX-
JICHNS Ha CTPAHUIIAX; X; — IPUCYTCTBHE KAU€CTBEHHOT'O pe3yiIbTaTa IMOMUCKA.

Bynem yTBepkaaTh, 4TO Jake B Cilydyae MakCUMalbHO 3()(EKTHBHOTO CLEHApUs
aKTUBHOCTH IOJI30BATENS B MHTEPHET-IIPOCTPAHCTBE, YEMY COOTBETCTBYET PACUIMPEH-
HBI BEKTOp MpHU3HAKOB (Tabi. 2), OCTaeTCsl BO3MOXKHOCTH MOSBICHHUS HESIBHBIX YIPO3
CHUCTEMHOI'0 XapakTepa, UMEIOIINX 3HAYMTENbHbII YPOBEHb U MacIuTad OMacHOCTH LIS

Bcero oOIecTsa.
Tabmuma 2

MaxkcuMabHO 3 GeKTHBHBINH CLICHAPHH AKTHBHOCTH I10JIb30BATEJIA
B HTEepHeT-npocTpaHCcTBE

S I I IR B S IS - B e B B e IR IS B I e R e
1 t[1]ofJofoJof1]1fofoJof1]1fofoJof1]1
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[IprmeHeHne 3HaHWH, XpaHAMNXCS B MHTEPHET-TIPOCTPAHCTBE, A pealu3alin
MIPECTYNHBIX HAMEPEHUI HeceT B cebe 3HAaUNTEIbHYIO YIpo3y. BelsiBIeHNE 371010 yMBbIC-
Jla B AGUCTBUSX MOJIb30BaTeleH IN100anbHOM MH(POPMAIIMOHHOW CETH HE BCer/a SBIsIeT-
csl TPUBHAIBHOW 3ajmaueii. OTpaboTaHHBIC TEXHOJIOTHU aHalN3a KOHTEKCTa WHTEPECOB
MIOJIB30BATENS AIOT COOM B Cilydae OCTOPOXHBIX I'PAMOTHBIX JEHCTBHU 3II0YMBIILICH-
HUKOB, KOTOPbIE B IBHOM BUJI€ HE JEMOHCTPHUPYIOT IpeciaeyeMo UMH LeNu.

Hanpumep, MUIUIMOHBI JIIOEH UHTEPECYIOTCS UCTOPUENH OTHECTPENBHOIO OPYXKHUS,
HO TOJBKO HECKOJIBKO W3 HUX MOTYT HHTEPECOBATHCSA ITOM TEMOH B NPECTYMHBIX LEIAX.
VIMeHHO aHanM3 CEMaHTHKH ITOMCKOBOI JESATENbHOCTH JIAHHBIX CYOBEKTOB ITO3BOJHT
BBISIBUTH M KJIaCCH(UIMPOBATh JIETAIN UX UHTEPECOB, KOTOPBIE AaAyT OCHOBaHUS TH(]-
(hepeHIMPOBATH 3THX JIUII OT OCTAILHOTO MHOXKECTBA JIIOJEH, MHTEPECYIONINXCS JaHHOH
TemMoit 6e3 35oro ymbicna. Takyke BO3MOXKEH BapHaHT IPUCYTCTBHA MOKa euie Hechop-
MUPOBaBIIIEiiCs PECTYIMHON JTMYHOCTH, WHPOPMALMOHHBIE HHTEPECHl KOTOPOi B Oyay-
IIIEM MOTYT IIPUBECTH K MEYATbHBIM MOCIEACTBHAM MOTEPH OOIIECTBOM 3aKOHOIIOCITY -
HOTO IrpakJaHHHA.

O0a 3TH ciydasi MPOCTOW aHaM3 KOHTEKCTa HHTEPECOB IMOMCKa WHPOPMAIUU MO-
XKET BOBpEMs HE MACHTU(HINPOBATH, TaK KaK OyIyT OTCYTCTBOBATh SIBHBIC IPHU3HAKU
MIPECTYIHBIX HaMepeHNUH. ENMHCTBEHHBIM OTJIMYUTENBHBIM CHCTEMHO 3HAYMMBIM IIPH-
3HAKOM TaKUX BHUJIOB ACATCIBHOCTU B CPEIC I/IHTCpHeT 6yz[eT HaJIn4yue cueHapus BbICO-
KO 3¢ EeKTUBHOCTH NEWCTBHI MHONb30Barels. JlaHHBIE CYOBEKTHI OyayT OTIMYATHCS
CTaOMIBHOW TEMaTHYECKOW NPHUBSI3KOH (PENEBAHTHOCTBIO) H3y4aeMBIX MAaTEpHAJIOB,
JUIATCJIbHBIM BPEMCEHEM HaXOXKACHUA Ha ONMPEACIICHHBIX CTPAaHHUIAX MMOUCKA, YTO IMMO3BO-
JIAT UM TMOJYYHUTH KauyeCTBEHHBIN pE3YJIbTAT NMPOAHAIMIUPOBAHHOI'O MaT€pHrala.

OTOT NpHU3HAK, KOHEYHO, HE YKa3bIBACT HA MPECTYITHBIC HaMEPEHHs WM HeXela-
TEJIbHYIO TPAaCKTOPHIO MHTEPECOB, HO KPUTEPUEM Yrpo3bl B JaHHOM cllydae OyneT sB-
JIATBCS BpeMsl, KOTOPOE AaHHBIC CYOBEKTHI YACIAI0T U3YUYEHHIO TeM, UMEIOIINX, C OAHON
CTOPOHBI, NPU3HAKM JBOMHOI'O Ha3HAYEHWS, a, C APYrod — HANpsAMYIO HE CBS3aHBI C
npodecCHOHANBFHON MM 00pa30BaTeNbHON AeATeNbHOCThIO cyObekTa. Takum oOpaszom,
aBTOPHI IIPEUIAraloT BBECTH B PACCMOTPEHHE €Ille JBa CIEAYIOIINUX KPUTEPHUS: Xy— U3Y-
YeHHe KOHTEHTa ¢ nH(popManuei TBOWHOTO Ha3HAUCHHMS; X5 — N3yUCHHE KOHTEHTA C UH-
(dopmaryeii, He nMeroIel NPsSMOro OTHOIIEHHS K Mpo(ecCHOHATbHOM MM 0Opa3oBa-
TEJNBHOM JeITEeNbHOCTH CyObekTa (Tabi. 3).

Tab6muma 3
HNnenTudpuxanms yrpos npu 3¢@peKTuBHOM ClieHAPUHU
Ne X1 Xo X3 X4 Xs
1 1 1 1 0 0
2 OtcyTcTBHE Yrpo3 1 1 1 0 1
3 1 1 1 1 0
4 Yrposa 1 1 1 1 1

[epBbie TpH BapuaHTa ITOTO CETMEHTA BEKTOPA MPU3HAKOB MMEIOT HE3HAUUTEIb-
HBIA BEC MPH HICHTU(GUKAIIMHA BO3MOXKHBIX yrpo3, TaK KaK B IIEPBOM BapUaHTE JOMOJI-
HUTETbHBIE MPU3HAKU X4 U X5 BOOOIIE OTCYTCTBYIOT, BO BTOPOM BapHAHTE HET CBEICHHUN
00 M3y4eHNU WHPOPMALIUU JBOWHOTO HA3HAYCHUS, a B TPETHEM — HHTEPEC MOKET OBITH
CBSI3aH C HEITOCPEICTBCHHOM MPO(eCCHOHATBHOM HITH 00pa30BaTEIEHON IS TEIBHOCTHIO
cyOBeKTa.

Hauboipiiee omaceHue JOKHBI BBI3BATh MAaKCHMABHBIC 3HAYCHUS KPUTEPHEB-
MIPU3HAKOB X 1,X2,X3,X4Xs5. MaKCHMaNbHbIC 3HAYCHHS TAHHOTO KPUTEPHS YKA3bIBAIOT Ha
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OJIEP)KUMOCTD U JOJDKHBI CTaTh MPUYMHONW OOJiee IETaIbHOTO PACCMOTPEHUSI MEPCIeK-
TUB MPUMEHEHHS MOTYYEHHOH CYOBeKTOM HH(OPMAIIUHU B PE3YJIbTATE MPOBEICHHOTO UM
moucka. B mampHeWnieM penieHue 3ajadd KiacCH(UKAIMU yKa3aHHON WH(OpManuu,
MIPOBEICHHON Ha OCHOBE METOJIOB OIICHKH CEMaHTHYECKON Om30cTH (pHUC. 2), IIO3BOIUT
HCKJIOYUTh HAJM4YKMEe Yrpo3, HAIpUMEp, B ClIydae €ClH pedb WAET O X000W desoBeka,
JTUOO0 MOATBEPIUTH OMACCHHS, YTO MOTPEOyeT OMpPE/ICICHHOTO BMEIIATEIbCTBA.
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Puc. 2. Cxema nooxooa uoenmugpuxayuu HessHbiX Y2po3 HA OCHOBE AHAIU3A
AKMUBHOCTU NOIb308AMENS

Wnentudukanyio yrpo3 B ONMUCAHHBIX CIEHAPHAX TpeJiaraeTcsi MpoOBOIUTh HA OC-
HOBE KOMOMHHPOBAHHBIX OMOJIOTHYECKH IPaBAONOAO0OHBIX METO/IOB MAIIMHHOIO 00y4e-
Hua. Ha mepBom sTame moncka HEOOXOIMMO HCCIENO0BAThH JOKAJIbHBIC U INIOOATBHBIE CO-
naneHele Tpynnsl (puc. 2). Takoit mouck 3¢)(h)eKTUBHO BBIOIHSETCS HAa OCHOBE POEBBIX
METOJIOB C JICILIEHTPAIIM30BAaHHON CXeMOH yIpaBlieHHs, IO3BOJISIOMNX MPOBECTH MAaKCH-
MaJIbHOE KOJMYECTBO JIOKAJIBHBIX CPAaBHEHUI BEKTOPOB NPH3HAKOB C JOCTATOYHBIM KOJIH-
4ecTBOM — II00aNbHBIX (Hampumep, CS), Ha BTOpOM ypOBHE JIIsI TOWCKA B HHPOPMAIMOH-
HBIX MPOCTPAHCTBAaX, OTOOPAHHBIX 10 ONWCAHHBIM CLIEHAPUSIM U PE3yJIbTaraM IPOCTOTO
KOHTEKCTHOTO TIOHCKa CYOBEKTOB, HCIIOIB3YIOTCSI POEBBIE METO/BI C HanboJiee mociero-
BaTeJIbHBIMH MEXaHU3MaMHM TOMCKa, HEOOXOANMBIMH JUISl TTOATBEP)KACHHS MM OIPOBEp-
JKEHWs] HAIMYKSL YIPO3 B pacCMaTprBaeMoM KoHTeHTe (Harnpumep, BFO).

3. Pa3zpadoTka OMOMHCIIUPHPOBAHHOTO AJTOPUTMA HAEHTH(UKAIMHN HeSBHBIX
yrpo3. Merox pacumpensoro uaresiekra (AUI) B KOHTEKCTe HHTEIIEKTYalIbHOTO aHa-
JIM3a UCHOJb3YET KOHLEIHLUI, B KOTOPOH TPAJULMOHHBIN UCKYCCTBEHHBIM HMHTEIIEKT
(M) noanep>xuBaeT MpUHIATHE pelieHUH, 00yueHue Wil IUIaHupoBaHue. Bmecto rpyn-
IIBl M3 IBYX WM OoJiee ydaniuxcs, €CTh KOHEUHbIH MOJIb30BaTeNlb ¥ MAllMHA, KOTOpPhIE
COBMECTHO CTPOSIT pPEIICHHE JJIsI KOHKPETHOW IpoOieMbl KOHTEKCTa, OOLIAsCh depe3
Ccpeay MalIMHHOTO 00ydeHus. Poib KOHEYHOTO IMOJIB30BATEINs 3aKJIIOYAeTCs B MPenoc-
TaBJIeHUN HaOopa JaHHBIX /IS alfOPUTMa MAIIMHHOTO 00Yy4eHHs, KOTOPBIH CTPOUT MO-
JieTb 13 Habopa JaHHBIX. POk KOHEUHOTO 1MOJIb30BaTENs aKTUBHA, M LIENIBIO SIBIISICTCS HE
IIPOCTO IKCIIEPUMEHT C TAKIMH TapaMeTpaMu, KaK KOJIMYECTBO KITACTEPOB MIH CKOPOCTh
00y4eHusI, KOTOpBIE BIUSIOT Ha TO, KaK JaHHBIA alrOPUTM CTPOMUT Mozesb. BmecTo arto-
IO [IeJIb COCTOUT B TOM, YTOOBI HACTPOUTH CaMy MOJEIb.

OcHOBBIBasACh Ha MH(POPMALMOHHBIX U3MEHEHHUAX KOHEYHOTO TOJIb30BaTeNsl, KOM-
IIBIOTEP MEepPEeCcTPanBacT HOBYIO MOJIENb, HCIOJB3Ys MOJMyYCHHBIC 3HAHNUS U JaHHBIE, KO-
Topsle OH mpuobpen. IIpouecc MOBTOpSETCS MTEPAMOHHO, M HA KaXKAOM JTare IHKIa
BBIPAa0aTHIBAIOTCS] HOBBIE 3HAHHS O KOHTEKCTE M H3y9aeMOM SIBICHUH.
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IIporiecc AUI mpHBOAWT K IMKINIECKOMY HpoIeccy oOHapy>KeHHS 3HAHUH Kak
KOHEYHOTO I0JIb30BATENs, TaK M KOMIIbIOTEpa. BMecTe 3T pe3ynbTaTsl yriryOusioT mpe-
JBIYIIHE 3HAHUS KOHEYHOT'O MOJb30BaTeNsi O KOHTEKCTE, B KOTOPOM OBUIM COOpaHbI
Ha0OPHI JaHHBIX.

Yt00B! pacmpuTh 00aacTh npuMmeneHus merona AUI u3 jerko mHTEpnperupye-
MBIX JEPEBbEB PELICHUH, HEOOXOJUMO TaKKe pa3paboTaTh HOBBIE BBIYHCIUTEIbHBIC
METOJBI JJIsl 0OCITYKUBAHUS PA3IMYHBIX 337a4 MHTEJUIEKTYaJIbHOTO aHajln3a JaHHBIX B
COBPEMEHHBIX WHTEIIEKTYalbHBIX Cpelax oOydeHus. Anroput™ HedpoHHble N-Tree
UL 00pa30BaTENFHOTO KJIACTEPHOTO aHaiW3a MpeAcTaBiseT co0oil cOamaHCHpOBaHHOE
JBOMYHOE JEPEBO, KAXKBIM y3€]1 KOTOPOro COAEPKUT TOYEUHBIM BeKTOp. [lJInHA TOYeu-
HOT'O BEKTOpa paBHA JJIMHE BXOIHBIX BEKTOpPOB. HellpoHHoe /N-IepeBO CTPOUTCS peKyp-
CHUBHO NYTEM HMHULHUAIU3ALUHA Ka)XIOT0 TOYEYHOTO BEKTOpAa CIy4alHbIMH YHCIAMHU B
Jana3oHe OT MHHUMAJIbHOTO 3HaY€HHs 1O MAaKCHMAJIbHOTO 3HA4YEHUs, BCTPEYAIOLET0-
csl B aHAJIM3MpyeMoM Habope naHHbIX. CHavana anropuTM OepeT 4nciio KIacTepoB 1 H
CO3/1aeT BEKTOP, AJIMHA KOTOpOro nx2—1 co ciay4alHBIMU TOYEYHBIMH BeKTopamu. Bo-
BTOPBIX, U3 CO3JJaHHOTO BEKTOPa CTPOUTCS cOalaHCUPOBAaHHOE IBOMYHOE JI€PEBO.

Ilocne nocTpoeHuss HEHPOHHOrO V-IIepeBa CO CIY4YalHBIMU TOYEUYHBIMHM BEKTOpA-
MU KaXIbli KOHEUHBIH y3el MHAEKCUpYyeTcs MmyTeM o0xoja HeipoHHoro N-ziepesa c
00X0J10M TI0 TIOPSAKY ¥ Ha3HAUCHUS] TEPMUHAJIBHBIX Y3JIOB C ApyruM UHAeKkcoM. OOyye-
HUE MOAUGHUIIMPOBAHHOIO AITOPUTMA JIEIUTCS HA TpU (as3bl. Ha mepBom sTame obyde-
HUs HefipoHHOTO N-Tree MpoNU3BOIUTCS Ha OCHOBE IPEATIOKEHHOTO aBTOpaMHU OHMOMH-
CHUPUPOBAHHOTO aATOPUTMA.

Jnst aHanmu3a IONB30BaTENBCKOM aKTUBHOCTH B ceTh MHTepHET ObUT pa3paboTaH
OMOMHCTIMPUPOBAHHBIN AITOPUTM cOOpa M aHAIN3a AAHHBIX O MOCEIIEHHBIX IT0JIb30BATE-
JSIMH MH(GOPMaIMOHHBIX pecypcax. B kauecTBe OHOMHCTIMPHPOBAHHOTO aJIrOPUTMa aBTO-
paMu IpeyuIoxKeH MOAU(GUINPOBAHHBIN AITOPUTM KaIumi Boabl. OmuineM 6osee noapoOHO
IIPEUI0KEHHBIN AJITOPUTM Ha IIPUMEPE NMOBEAECHUYECKOM MOJIENH B )KUBOM IIPUPOJE.

B JaHHOM aJITOpUTME MOICIHPYCTCA HECKOJBbKO HMCKYCCTBCHHBLIX Kall€Jlb BOJbI,
KOTOpPBIE 3aBUCST JPYT OT Jpyra, CIIOCOOHBI MEHATh CBOE OKpPY>KEHHE TaKUM 00pazom,
YTO HaAXOIAT ONTHUMAJIbLHBIN IMyTh IO IMYTHU HAMMCHBIIETO COMPOTHUBJICHUS. HaHHLIﬁ aj-
TOPUTM ABJIACTCA KOHCTPYKTHUBHBIM HOMYJIANUOHHO-OPUCHTHPOBAHHBIM aJITOPUTMOM
OIITUMU3AIUH.

Jis kaxpodl Karm Boxabl k MPUMEHUMBI CIEAYIOIIME MOKAa3aTeIH: KOJIUYECTBO
TpyHTa $0il;; CKOpoCTb nepeaBrkeHust vel,. Cpena HaXxoKAeHUs Ky BOAbI TUCKPETHA.
Kaxnmas k nmpencrasmsier coboit rpad (N, U) c HabopoMm y310B /N 1 MHOKECTBOM pedep
U. lansslii rpad sBisieTcst cpeioi A Kareidb BOJIBI U MX MOTOKa 1o pebpam rpada.
Kaxxnast xamis BoJbsl HAUMHAET CTPOUTH CBOE PEIICHUE MOCTENEHHO, NEPEABUTrasCh Me-
XKy y3/amH rpada 1o TeX Mop, IMoKa He 3aBepIIuTcs ee pemenune. Kaxmas urepanus
3aBeplIaeTcs, KOra Bce Karuld BOJIbI 3aBEPILIIIIM CBOU MPoXoJ 1o pedpam rpada. [Tocne
Ka)KJOW UTEpallMy BBIUUCIIETCS Jiyduiee pemeHue F B Tekyuieil urepauuu. Ilocne omn-
peneseHus My4IInX PeUIeHHH Ha KaxJIoW urepanuu F, ompenensercss HAbOp JIydIINX
peuiennii Z ¢ Hauaja paboThl alTOPUTMA Karlid Bojbl. B mporiiecce mepeMenieH s Karim
cobuparorcst B moTok (puc. 3).

Kaxxnas kamnst BoAs! IpUHAUIEKUT Y311y i U TOJKHA U3 BCeX y310B [N JOCTHYb KO-
HEYHOro y371a j. BepodaTHOCTh monanaHus B KOHEYHBIH y3€1 j BBIYUCISETCS CIeLYIOUUM
obpazom [21]:

ke _ f(soil(i,))
Pi() = Y i, f(s0il(i.D)’ @
Lstte

rae
1

e+g(soil(if))’

f(soil(i.))) = ©)
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Hauano

Bri6pats
CIIEMY O
y3en

}

TToBbICHTH
CKOpOCTh
Karu

}

Pacuer
I1ep CHOCHMOTO
rpyHTa

}

OOGHOBHTB IPYHT

Puc. 3. IIpoyecc obpabomku pewerus

UYucnosas nocrosiHHass € = 0. [laHHOE orpaHHUYEHHE BBOIUTCS U MCKIIOYEHUS
neneHus Ha 0. OyHKMs g(soil(i,j)) ncronp3yercs A 0003HAYCHUS HATHIUS TPYyHTA (i,
J), KoTopast 0003HaYaeT BECh TPYHT Ha ITyTH MEXKAY Y3JaMH i U j

soil(i,j) ifminVleVﬁisited (soil(i,)) =0

d(soil(i, Dotherwise

g(soil(i, ) = 4)

soil(i,j) — min, k.

ITo ¢hopmyse 5 BEIUMCINM HOBYIO CKOPOCTb!

k — k ay
vel (t + 1) = vel (t) + m, (5)

r1e a,, b, uc, SABIAIOTCS HANMEHBIINMHU MOJI0KUTEILHBIMHI 3HAYCHHUSIMHU, YTOOBI n30e-
JKaTh JICTICHNs Ha HYITb, a SOLL(i, j) omnpenemnseT KONMUIECTBO TPYHTA OT y31a i K Y31y j.

OTMETHM OCHOBHbIE IPUHLMUIIBI TOBEACHUS KAl BOJbI [22]:

¢ IPEeaNoYHTaeT MYTh C MEHBIIMM KOJIMYECTBOM MOYBHI, YEM ITyTH C OONIBIINM
KOJINYECTBOM MOYTEHI;

¢ TIpexnnoynTaeT 0ojee JErKuil MyTh, KOTZa MPUXOIUTCS BBIOMpPATh MEXIy He-
CKOJIPKMMH MapIIpyTaMH, KOTOPBIE CYIIECTBYIOT Ha IIyTH OT MCTOYHUKA K MECTy Ha3Ha-
YeHHS;

4 JIETKOCTb WJIU TBEPAOCTb IIyTH ONPEAEISIETCS KOJIMYECTBOM MIOUYBBI HA ATOM Iy-
TH. IIyTh ¢ OONMBIINM YPOBHEM IOYBBI CUMTAETCS TPYAHBIM ITyTeM, TOT/A KakK IIyTh C
MEHBIIIUM YPOBHEM MOYBBI CUUTAETCS JIETKUM ITyTEM.

B nanHo#t pabote mpeiaraeTcsi yBelIn4eHHE CKOPOCTH pacueToB 1o ¢opmye 4,
rae nokasatespb Soil sxcrnoHeHmanex 2 [21].
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1: Input: IlocTaHOBKA 3a7auu.

2: Output: OnTHMaNbEHOE pPEUICHNE.

3: ®opmynupoBKa npoOIeMbl ONTUMH3AIMH KaK CBA3HOTO Trpada.

4: lauuuanu3anust MOCTOSHHBIX TapaMeTpPOB.

5: Repeat

6: MHnnuanuzanys AMHAMUYECKUX MapaMeTpoB.

7: Pacripenienyte Karuiv BO/IbI B CIy4aifHOM MOPSJKE MO TIOCTPOSHHOMY Tpady.
8: OGHOBIEHHE CIIMCKA MOCEIEHHBIX Y3108 (VK .. ), BKIIoUas HCXOHEBIH y3en
9: Repeat

10: Fork=1toido

11:i = ncxoaHsli y3en st Karm k.

12:j = cnenyronuii BBIOpaHHBIH y3ell, KOTOPBIH HE IPOTHBOPEYUT OTPAaHUUCHHSM.

13: /Imwxenue Kammm K ot y3na i K y3my j.

14:O06HOBICHUE CICTYIONMINX TapaMETPOB:

a) CxopocTh Karm k.

b) KonudecTBo rpynra B Karuie K.

¢) KonnaecTBo TpyHTa Ha BBIXOJIE €.

15:End for

16:Until He ynoBneTBopeHb! yCa0BHS NPEKPaIICHHSI.

17:Br16op syuntero perenus B 3tom nukine (T1F).

18: O6HOBNICHHE 3HAYCHNSI COICPKAHMS TPYHTa Ha BBIXOJIE [T BCEX MOKa3aTesnei (T™®).

19:06H0BEHYeE JTyUlIero pelieHus cpeau Beex uuknos (TTE),

20:1f (xauecTBo TTB< kauectpaT'?).

21.TTB =TIB,

22: Until He HaliieHO pelIeHne, YIOBICTBOPSIONIEE BCEM TPEOOBAHISIM.

23: Return (T78).

Ha BTOpoM sTane o0y4eHus HeiipoHHOTO /N-Tree IPOMCXOANT MOMCK HAWITYUIIETO
COBITQ/IAIONIETO OJIOKA OCYIIECTBISETCS U3 TEPMHHAIBHBIX y3JI0B IyTEM CPAaBHEHUS BEK-
TOpa MPOMU3BOJILHOI BEIOOPKH C KaXK/IbIM TEPMHHAIBHBIM Y3JIOM.

Ha tperbem sTane oOydeHHe HAUMHAETCS C KOPHEBOI'O Y3/1a, M CICAYIOLIHH y3el
BXOJIHOTO BEKTOpa SIBJISIETCSI JTMOO JIEBBIM, JIMOO MPaBbIM JOUEPHUM 3JIEMEHTOM TEKYIIe-
IO y3J1a, B 3aBUCMMOCTH OT PacCTOSHHSI BXOJHOTO BEKTOpa M To4ek. [IpaBoro u jeBoro
IIOTOMKa (BBIOpaH y3ed C HaMMEHBIINM). TakuM 00pa3oM, BXOJHOW BEKTOP MPOXOIUT
yepe3 HeUpOHHOE N-IEpEBO OT KOPHEBOIO y3ja K OJHOMY U3 TEPMHUHAIBHBIX Y3JI0B.
[Mocne kaxa0ro 1mara BEIMUCIISIETCS MOPSIOK YPOBHEH, HAUMHAS C TEKYIIEro y3ia (Kpo-
Me KOPHEBOTO y3Jia), U OOHOBISIOTCS TOYKH IOJIEpeBa MOPSAIKa YPOBHEH, HauMHas C
Tekymiero ysiua. Llenpro mpomecca mpsMoro oOydeHus sBISETCS KOPPEKTHPOBKA IMyTel
JUTSL BXOZHBIX BEKTOPOB JUISl TIpoLiecca KJIACTEPHOTO aHalu3a.

4. TIporpaMMHoOe NPUJIO:KeHHEe W KCMepPHUMeHTAJIbHbIe HccaenoBanus. C 1e-
JbI0 anmpobanny pa3pabOTaHHBIX METOAOB M AJITOPUTMOB aHAM3a I0JHb30BaTEIbCKON
AaKTUBHOCTH B ceTu VHTepHET ObLIa pa3paboTaHa mojacucTeMa cOopa M aHain3a JaHHbBIX
0 TMOCEIEHHBIX NOJb30BaTeneil nHpopManoHHbIX pecypcoB. [loacucTeMa BKIIIOYAET B
ce0st 1Ba KOMIIOHEHTA: KIMEHTCKUI MOJyJlb, PEAIM30BAHHBIA B BHUJIE PACIIMPEHHS IS
Opay3epa M CEpBEpHOTO MOAYIISA, KOTOPBIN peann3yeT QyHKIUN ayTeHTU(UKAIIIH TTO0Th-
30BaTeneil, coopa mHGOpMAIHH, TEPEIAHHON ¢ KIIMEHTCKOTO MOAYJIS, IEPBUYHON 00pa-
O0TKM TOCTYNMUBIIEH HWHpOpPMAIWH, €€ XPaHEeHHUs, a TakkKe HACHTH(HUKAIMH YIpo3 B
ciryyae 3¢ dexrrBHOrO crieHapus. Ha naHHOM 3Tarne peanu3aniy CHCTEMBI JII000# ciie-
Hapuii cuutaeTcst 3QPEeKTUBHBIM.

@OyHKIMU KIMEHTCKOTO MOYJISl JIOCTATOYHO NMPOCTHI M 3aKITIOYAIOTCS MCKIIOYH-
TEJILHO B cOOpe MHPOPMAIMK M METa/IaHHBIX KaXKJOH 3arpy’KeHHOH I0JIb30BaTEIEM
CTpaHUIBI ¥ TIepeady JaHHOH nH(OpMany Ha CepBEPHBIN MOJIYIIb.
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CepBepHBIil MOIYJb peanu3yeT OoJiee cIoXKHbIe GyHKINU. PaboTa MOy 3aKITIO-
yaeTcsa B IpHeMe HH(GOPMAIH OT KIMECHTCKOTO MOIYJIS, pa300p KOHTEHTA CTPaHUIIBI HA
TepMBbl, GUIbTpALUs Yepe3 TaOy-IHCT, HOPMAJIM3AIMs TEPMOB, IOJCYET MOBTOPEHUH
JIAaHHOTO TepMa Ha CTPaHUIIe, COXpaHEHUE Pe3yibTaToB B 0a3y AaHHbIX. Ha naHHOM 3Ta-
Tie peajn3aliii CUCTEMBI ITO3BOJISIET padoTaTh TOJIBKO C CYIIECTBUTEIbHBIMU. Taly-nuct
IpeACTaBisieT co0OH CIUCOK TEPMOB, KOTOpPBIE MOTEHIMAIBLHO HE HECYT HUKAKOW CMBI-
CJIOBOI1 HAarpy3KH, HO 4acTO BCTPEYAIOTCS B KOHTEHTE cTpaHull. MccnenoBanus mokasa-
JIM, 4TO, HAIpUMeEp, KaKk MUHUMYM OJMH HMX TEPMOB, TaKUX KaK: «KOMMEHTapHii»,
«IPEATIPOCMOTP», «3aIPOC», BXOAIAT B 10 Hanboree 4acTo BCTPEUAIOIINXCSA TEPMOB AL
100% momnp30BaTeneil. DT0 3aTpyIAHSAET HPOLECC PACHO3HABAHUS Yrpo3 MPH pacyeTax.
[TosToMy mcmonp30BaHUe QUIBTPa MO Ta0y-CHUCKY Ha paHHHUX dTamax o0paboTKH BXO-
Jstiel MH(GOPMAIK TO3BOJISIET COKPATHTh IIPOCTPAHCTBO OYyAYINETo MONCKA, COKPATUTH
pecypchl Ha XpaHeHHe HH(OPMAIH U OBBICUTH TOYHOCTh OTPEICIICHNS YTPO3BI.

B xauecTBe 3TasioHa AT ONpeesIeHHs yrpo3 OblT Ucrob30BaH «CIHCOK TOBapoOB
M TEXHOJIOTUH ﬂBOﬁHOFO Ha3HA4YCHUs, KOTOPBIC MOTYT 6I:ITI) HCIOJIb30BAaHbI IIPpU CO34a-
HHUHN BOOpy)KeHI/Iﬁ M BOCHHOHW TEXHUKH M B OTHOIIEHHUU KOTOPBIX OCYHICCTBIACTCA 3KC-
MOPTHBIN KOHTPOJIbY (ajee «uesneBol cnucok»). C MoMOIIbI0 pa3paboTaHHOW MOJICHC-
TEMBI U3 JAHHOTI'O LICJIEBOI'O CIIMCKa ObBLIH BbIICJICHBI TCPMBI. B Xonae I/ICCJ'Ie}lOBaHI/Iﬁ 6])1-
JIO TaK)Xe OTpPEJIENIEHO, YTO TEPMBI U3 IEJIEBOTO CIHMCKA YacTO HUCIOJIB3YIOTCS CO «CIO-
BaMU CaTCJUIMTaMW», KOTOPbIC HC BXOJAT B ueneBoﬁ CITMCOK, HO MOT'YT TaKX€ BJIMATH Ha
OILIEHKY yTrpo3bl. [lo3ToMy OBUIO MPEIOKEHO pa3OUTh TEPMBI U3 IEJIEBOTO CIHCKa Ha
KaTeTOpPHHU, B COOTBETCTBHU C KaTErOPHSIMHU IEJIEBOTO CIHCKa (IEPEUHCINTh) U BKIIIO-
YUTh B KKAYIO KAaTETOPHIO TEPMBI BMECTE ¢ MX careuraMu. CTOMT OTMETHTh, YTO
TEpM MOJKET OBITh HCIIOIb30BaH B OXHON  Oosiee kareropusax. HauansHoe pa3ouenue Ha
KaTETOPHUH BBITIOJIHSUIOCH aBTOMATHYECKH, HA OCHOBE JAHHBIX MX W3 LIEJIEBOTO CIIHCKA.
Z[anLHei/'Imee HAaIIOJIHCHUEC KaTeFOpI/Iﬁ TCpMaMU-CaTC/UIMTaMU PEAJIM30BbIBAJIOCH B BUIC
orpoca KCIepToB. DKcIepTaM 3aaaBaics Bornpoc: «K Kakoil 3 nmpeacTaBiIeHHbIX KaTe-
TOpUY MOXKHO OTHECTH ClIeAyIOIHi TepM?». B kauecTBe Tepma B 001ieM ciiydae BbIOU-
paeTcsi IpOU3BOJIBHBINA TEPM U3 0a3bl JaHHBIX cucTeMbl. OTHAKO TaKOW MOAXO]T MOoKa3al
CBOIO0 HEedI(PPEKTUBHOCTh M3-32 OOJBIIOr0 KOJWYecTBa TEpMOB. [l03TOMY CrMCOK Tep-
MOB, TPEJCTaBIISIEMbIX YKCIIEPTaM, 33/1aeTCsl 3apaHee aJIMHHUCTPATOPOM CHUCTEMBI B 3a-
BHUCHMOCTH OT TEKYIIUX IIOTPEOHOCTEH. AZMUHNUCTPATOP UMEET BOSMOXKHOCTh H3MEHSTh
CIMCOK TEPMOB JUIS 3KCIIEPTH3HI B JTI000€ BpeMsI.

st pacdeTa yrpossl, HCXOJSIIEH OT MOJIB30BATEIISI B CUCTEME PUMEHSIOTCS], Me-
toasl AUI, B yacTHOCTH HelipoceTeBol noaxoa. i 3aJaHHOTO MOJIb30BATENS Ha BXOAbI
HEWpPOHHOW CETH IIOJAlOTCSl 3HAYCHUS] PUCKOB KaXJOH KaTErOpUH  CHUCTEMBI
Ry, R,€[0,1], k € [1,K], rue K — o0liiee KOIMIECTBO KATErOPHUIA.

Jist pacyera puCKOB KaXkJJ0H KaTeropuu Obliia NpUMEHeHa cieyromas Gopmyna:

-
R (arctg(xxa(te—tp))*m*p)

Rk = |Xk| ’ (6)

rae X¥ — MHOMKeCTBO TepMOB, IpHMHATIEKAIMX KaTeropuu k; @, ff — MONpPaBOYHbIE KO-
3 UIHEHTHI. DMIUPHYECKH ObUIH BBISABICHBI Clieaytolue 3HaueHus: a = 0.05; f=10.2.

s HadanpHOTO 0OydYeHUs] HEHPOHHOM ceTH ObUIM CreHepHpOBaHBI HAOOPH! AaH-
HBIX, IMHTHPYIOIIHE MOJIH30BATENbCKYI0 aKTHBHOCTH C 3aJaHHBIMH XapaKTePUCTUKAMH.
s o0yuenns cetn, pabdoraromeii ¢ 10 xaTeropusiMu B 00IIeH CII0KHOCTH, OBIJIO CTeHe-
pupoBano 50000 npumepos it o0yyatoreii BeIOopkH u 50000 npumMepoB 1Sl TECTOBOM
BeIOOpKH. [lociie o0ydeHHs pe3yibTaThl TECTOB IMOKa3alM, YTO CpeJHEe OTKIOHEHHE
3Ha4EeHUH Pe3yNbTaTOB CETH OT 3TAIOHHBIX pe3ynbTaToB coctaBuno 0.651%. Ha pucyn-
Ke 4 rpaduuecKy NpeICTaBICHO pacipe/ielieHne omrook. JlaHHOe OTKIOHEHHUE SIBIISETCS
IIpUEeMJIEMBIM, TaK KaK OTBET HEWPOHHOW CETHM MHTEPINPETUPYETCS Kak OMHAPHBINA CHI-
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HaJ MPUCYTCTBUS WK OTCYTCTBHS Yrpo3bl. 1 moaTBep K IeHHS HEOOXOAUMOCTH U I0C-
TATOYHOCTH KOJMYECTBA OOYYAIOIINX IPUMEPOB OBUIM IMPOBEICHHI ClIeAyIomue 00y-
YarOIIUE U TECTOBEIC cepuu (Taod. 4).

OO0yuarommme 1 TeCTOBbIe BEIOOPKH

Tab6numa 4

Pasmep oGyuatormeit Pasmep TecTOBOI BHIOOPKH Cpennstst oru6ka (%)
BBIOOPKH (THIC.) (TBIC.)
20 50 21.38
40 50 2.19
50 50 0.66
60 50 0.65
80 50 0.64
100 50 0.63

Pe3ynbTaThl 9KCIIEPUMEHTANBHBIX CEpHil NMpHUBEAEHBI HA pUcyHKe 5. Ha mamnoM
PUCYHKE MOXHO BHIETBH, 4TO Tocie 50000 oOy4arommx MpuMEpoB TOYHOCTH CETH IIO-
BBIIIIAETCS HE3HAYUTENHHO, TOT/Ia TAK BPEMEHHBIC 3aTPaThl Ha 00ydeHHE NMEIOT KBapa-

TUYHBIN XapakKTep.

Oumbea

Puc. 4. Pacnpedenenue owubox

Omiea  Caoa

065 - 60K Lsams. roaT—

053 100K Loars

Puc. 5. Pesynomamul mecmuposarusi 00y4eHHOU HEUPOHHOU cemu

HpeﬂHOH(eHHBIﬁ OAXO0/1 MO3BOJIAACT aHAJIM3UPOBATH B PE€AJIbHOM BPEMCHH aKTUB-
HOCTb I0JIb30BaTeNsl B ceTd VIHTEpHET U OLEHUBATH PUCKHU €r0 MOBEJCHHS B KOHTEKCTE
aHATM3UPYEeMOi TPOOIEeMBI Ha OCHOBE BHEIPEHHMS 3apaHee 00yIeHHOW HEHPOHHOM CETH.
3a cyer TOro, 4TO HEHPOHHAs CeTh PabOTaeT C KaTETOPHUSIMH, a HE C CAMHMH T€PMaMHU He
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TpeOyercs nepeoOydeHnss HEUPOHHON CEeTH NMPH M3MEHEHHH COCTaBa KaTETOPHH 3a CUeT
OOHOBJICHHS IIepepaclpeielIeHHH SKCIICPTHRIX OTBETOB 10 HA3HAYECHHIO TEPMOB U UX
caremuToB. HemoctaTkoM NmpeyuiosxKeHHOTO MOAX0a SIBISETCS HEBO3MOKHOCTh PaCIlIu-
PEHHS KOJIMYECTBO KaTeropuii 06e3 nepeoOydeHus CeTH, a Tak)Ke HEBO3MOXKHOCTH IOy~
YeHHs OOBSICHEHUH Pe3ybTaToB O HAIMYHMHU WM OTCYTCTBHH pHckoB. Ha naHHOM 3Tare
pa3paboTKu Bce ciiydyan, KBUTU(QHUIMPOBAHHBIE KaK ONacHbIE (C BHICOKMM YPOBHEM pHC-
Ka) TpeOyIOT aHAJIN3a YEIOBEKOM-IKCIIEPTOM.

3akouenue. [IpoBeseHHbIC B IPeICTaBICHHOM paboTe MCClIeOBaHMUS HalpaBIIe-
HBI Ha peuieHue MmpolieMbl UACHTU(QHUKALNKE HESIBHBIX MH(OPMALMOHHBIX YIPO3 MOHUC-
KOBOH JIeSITeIbHOCTH T10JIb30BaTelsl B MIHTEpHET-NpOCTpaHCTBE HA OCHOBE aHAIN3a €ro
aKTUBHOCTH B IIpoOLiEcCe JAHHOTO B3aMMoJeHCTBUA. [loixydeHHBIE B Xonme paboThl pe-
3yJIbTaThl HalpaBJICHbl Ha IMOBBINICHUE A(P(PEKTUBHOCTH HHTEIJICKTYaJbHBIX CHCTEM-
ACCUCTEHTOB, o0ecreunBaronx 0e30macHOCTh M 3QPEKTUBHOCTD JESITENLHOCTU HOJb-
30BaTelsl B IHTepHET-IPOCTPAHCTBE, HA OCHOBE OHOJIOTHYESCKU MPABIONOJO0OHBIX METO-
JJOB MAallIMHHOT'O O6y‘-IeHI/IH.

HpI/I HN3YYCHUUN BO3MOXKHBIX SIBHBIX U HCABHBIX I/IH(bOpMaI_[I/IOHHI)IX Yrpo3 moucko-
BOU JESATEILHOCTH aBTOpaMH OBLIN IOCTPOCHBI BEKTOPHI MPH3HAKOB, HEOOXOIUMBIE JUTS
NPOBEJICHUS TPOLEAYp KIAacCU(PUKAIMK CICHApHeB MOBENCHHS IOJb30BaTeNsd M Clle-
JYIOIIUX 32 HUMHU COObITHI. OnpeieneHsl KpUTepun oleHKH Hed(phEeKTHBHBIX U AP Pek-
THBHOTO CLICHapUEB MOUCKa, pa3paboTaHa CHCTEMa MOKa3aTeNiel Uisl onpeneIeH s 3Ha-
YEeHHI JTAHHBIX KPUTEPUEB.

[MpensnoxxeH MOAXOA MACHTU(PHUKAIMH OMMCAHHBIX YIPO3 C YYE€TOM 3aJlaHHBIX KpH-
TEpUEB OLICHKU Pa3IMYHBIX CLIEHAPHEB MTOBEACHUs I0JIb30BATENs B TI00anbHOM HHDOD-
MalnMOHHOM IpocTpaHcTBe. PaspaboTaH MoIMGHUUIMPOBaHHBIA OWOMHCIUPUPOBAHHBIH
AJITOPUTM KaIlJIn BOJAbI IJIsA 060pa W aHaJIn3a JaHHBIX O HOCCIlIéHHI)IX MOJIB30BaTCIIAMU
nH}pOpMaMOHHBIX pecypcax. JlaHHBI alrOPUTM SIBISETCS KOHCTPYKTHBHBIM IOITYJISI-
[IMOHHO-OPHEHTUPOBAHHBIM aJITOPUTMOM ONTHMH3ALHH.

Jnist mpoBenieHnsl SKCIIEpUMEHTAIBHBIX HCCIIeIOBaHUN Oblila cO3/1aHa MOACUCcTEMa
cOopa ¥ aHanM3a JaHHBIX O MOCEUIEHHBIX MOJIb30BaTeIel HHHOPMAIMOHHBIX PECYPCOB.
J1s pa3pabOTKH CHCTEMBI UCIIOJIB30BaH HelpoceTeBoil moaxon. IlatrepHoMm ompenene-
HHS YTPO3 HCIONb30BaH «CIMCOK TOBAPOB M TEXHOJIOTHI ABOWHOrO Ha3HAYCHHUs, KOTO-
pBIe MOTYT OBITH MCIOJB30BAHBI NMPH CO3JaHUM BOOPYKCHMH M BOCHHOIN TEXHHKHU U B
OTHOILIECHUH KOTOPBIX OCYIECTBISIETCS IKCIIOPTHBIN KOHTPOJIBY.

Pe3ynbTaThl IKCIIEPUMEHTANBHBIX HCCICIOBAHUI MOATBEpIUIH 3(PHEKTHBHOCTD
NPEAJIOKEHHOT0 MOJIX0/Ia UIEHTU(GHUKALMKE UH(POPMAIIMOHHBIX YIPO3, KOTOPBI MO3BO-
JSIeT aHAJM3UPOBATh B PeajbHOM BPEMEHH aKTHBHOCTB HOJIb30BaTelisl B ceTH MHTepHeT
W OLCHUBATh PUCKHU €ro MOBEJCHUS B KOHTEKCTE aHAJIM3UPYEMOH MpoOJieMbl Ha OCHOBE
BHEAPEHMS 3apaHee 00y4eHHONW HEMPOHHOH ceTH.
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Mlusam Illenape, lyoxanru Cankasn

TMBPUJIHBIN MOAXO0/ K BE3OIIACHOCTH IABJIOHOB
BUOMETPUYECKHX JAHHBIX BEH IAJIBIIA HA OCHOBE ITYBOKOI'O
OBYYEHMSI

Mot srcusem 6 coepemenrom obujecmese, 20e y HAC OOCMAMOYHO MHO20 PeCypCo8 U 6bIUUC-
JUMENbHOU MOWHOCIU, eOUHCMBEHHOU NpobreMoll ocmaemcsa 00WecmeeHHas 6e30nacHOCmb.
C pazeumuem mexnono2utl auunas uHgopmayus cmarogumes ce 6onee He 3awuueHnou. Ilo-
amoMy udeHmupuKrayusi IUYHOCMU A6emcs akmyanvhou npobnemot. Cyuecmeyrouue mpaou-
YUOHHBIE MemOoObl 3auumyl TUYHOU UHPOPMAYUU OKA3AIUCH He HAOelCHbIMU. 3awuma buomem-
PUYECKUX NApaMempos A6IAemcs OOHOU U3 Hauboiee 8adCHbIX npoOaem npu obecnevenuu 06e30-
nAacHocmu cospemennol buomempuyeckol cucmemvl. Hmelowuecs areopummsl He 0arm aoek-
8aMH020 peuwieHuss 3mou npodaemvl. [1o3momy mbvi NONLIMANUCL NPEOTOHCUND MEMOO, KOMOPbILL
6ydem bonee akmyanvHwviM. B amoii cmamve 00cycoaemces 2udpUOHbLL Memoo OUOMEMPULECKO20
PACNO3HABAHUSA 8€H HA NATLYAX, OCHOBAHHBII HA Memode 21yO0K020 00YHeHUs C UCNOTb308AHUEM
cxem O0BOUYHOU OUASPAMMbL NPUHAMUSA peuleHull U Hewemkux obssamenvcms. [Ipednosicennviil
2UOPUOHDBITL MEMOO COCHOUM U3 Yemblpex Yacmel, a UMEHHO: U36lleyeHle NPUSHAKOE 6eHbl NAJlb-
ya, eeHepayus 3auUeHHo20 WabIoHd, cXeMa HeYemKol QuKkcayul, pacno3Hasanue u NPUHAMue
peuienuss 0 cmpykmype 6en Ha nanvye. Taxum oopasom, umeromcs yemuvipe Mooy, npu SMom
Kasicowlil MOOYIb pabomaem 3hhekmueHo u daem mounvie pe3yibmamsl o 6cem 6a3am OAHHbIX.

buomempus, 6e3onacnocmov wabnonos, 2ubpuod, 080UUHAA OUASPAMMA NPUHAINUS PeldeHUll
(BDD), cxema neuemkux obazamenscms, 2ny6okoe oOyueHue u MauunHoe ooyuenue.

Shivam Shendre, Dr. Shubhangi Sapkal

A HYBRID APPROACH FOR DEEP LEARNING BASED FINGER VEIN
BIOMETRICS TEMPLATE SECURITY

We are living in the foday’s society, where we have fairly-enough storage capacity and pro-
cessing power, the only issue is with security. As, the technologies are evolving with faster rate, we
are tend to grow the use of electronic devices rapidly in todays’ society, it started to flow or leak-
age of personal information around/across, which then leads to breach of this information. Now,
personal or identical verification is key problem is being crucial. So whatever traditional methods
we have for providing authentication or security those have proven inadequate to be unreliable
and do not provide strong security. Biometric template protection is one of the most important
issues in securing today’s biometric system. We have many algorithms which don’t give adequate
solution for the same. So we tried to give a method which will reach to the expectations more satis-
factorily and certainly to the extent required. In this paper we have discussed a hybrid method for
finger vein biometric recognition based on deep learning approach using BDD and fuzzy commit-
ment schemes. The proposed hybrid method consists of four parts, namely Finger vein feature
extraction, BDD-based secure template generation, Fuzzy commitment scheme and ML based
finger vein recognition and decision making. Thus it has four module and each module works effi-
ciently and gives accurate results on all databases.

Biometric, template security, hybrid, binary decision diagram (BDD), fuzzy commitment
scheme, deep learning and machine learning

Introduction. Biometric recognition is a reliable, robust, and convenient way for
person authentication with growing concerns about security and terrorism, several large-
scale biometric systems. Biometric systems are also being developed for many other
applications such as banking (for ATM machines), the credit card industry, and physical
access control. With the growing use of biometrics, there is a rising concern about the
security and privacy of the biometric data itself. Since each person is claimed to have a
unigue biometric (e.g., fingerprint, face, and iris), if this biometric data is compromised,
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it is impossible to have a replacement. Therefore, biometric data (template) security is
one of the most important issues in developing a practical biometric system [2] (bio-
metric template refers to the extracted biometric features stored in a central database or a
smartcard). Edge computing, which refers to data processing at the edge devices of a
network, has become the latest computing paradigm for reducing latency and achieving
real-time services.

Every second, massive amounts of data are created by billions of Internet of Things
(10T) devices. Although cloud servers own super-powerful service ends and have a fast
data processing speed, data transportation has become a bottleneck. Also, unnecessary
bandwidth costs are high if tremendous volumes of raw data are exchanged between end
users and the cloud server [1]. Authentication is the act of confirming the truth of an
attribute of a datum or entity. The process of identifying an individual usually based
on a username and password. There are different types of techniques used for authen-
tication like personal identification number (PIN), Key smartcards, Deoxyribonucleic
acid (DNA), Face recognition, fingerprint, iris ,voice recognition etc. now a day these
methods do not provide adequately strong security. Hence, personal verification meth-
ods that utilize a person biometric trait has been intensively investigated and developed
to overcome the disadvantage of the traditional methods. Biometric recognition (biomet-
rics) refers to automatic recognition of individual based on their physiological and be-
havioral characteristics. Many biometric such as face, fingerprint, is and voice have been
developed [19].

There are many applications of edge biometrics with Al. We give three examples
in [1]. 1) Automated surveillance: Smart cameras with built-in Al capabilities can figure
out whom they are see inland track specific individuals; 2) Gait identification: By using
specific sensors on a mobile device, a person‘s way of walking can be identified by Al
algorithms. With rapid evolution of on-device Al algorithms, higher identification accu-
racy using gait will be achievableint he foresee able future. 3) Voice authentica-
tion/assistant: Nowadays, smart phones with voice assistant powered by Al, e.g., Siri on
iPhone, are commonplace. Vein patterns are the vast network of blood vessels under-
neath a person’s skin. They are unique to each individual and are stable over long period
time. It provides “aliveness” detection as it senses the flow of blood in the vessels. Even
twins are said to have different finger vein patterns. It is used in hospitals, law enforce-
ment, military facilities and other applications that require very high levels of security.
Vein recognition biometric devices can also be used for PC login, bank, ATM identifica-
tion, verification, and many other applications such as opening car doors. Vein recogni-
tion biometrics is a particularly impressive and promising technology because it requires
only a single-chip design, meaning that the units are relatively small and cheap. Using
alight transmission technique, the structure of the vein pattern can be detected, captured
and subsequently verified [20].

Although biometric security for non-machine learning based finger vein recogni-
tion systems is an established topic; there is a major security loophole in the existing
machine/deep learning based finger vein identification systems, which do not protect raw
finger-vein templates. This security issue is particularly crucial given the fact that artifi-
cial neural networks for image classification are invertible. A novel biometric tem- plate
protection algorithm using the binary decision diagram (BDD) [4] for deep learning
based finger vein biometric systems. Specifically, instead of using raw finger-vein tem-
plates for biometric recognition, a transformed version of the raw finger-vein template is
created by a noninvertible transformation based on the BDD. The transformed version is
further processed by a multilayer extreme learning machine (ML-ELM) for training and
classification. Thanks to template protection, the deep learning based privacy preserving
finger vein recognition system named BDD-ML-ELM has heightened security [1].
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In this paper, we investigate a methods on non-deep learning base and deep learn-
ing based finger vein authentication and recognition and propose new hybrid algorithm
with high performance and optimum accuracy. The rest of the paper is organized as fol-
lows. Section IV describes the proposed system.

Related work. Finger-vein based biometric recognition has come in use more
drastically in the past few years. Finger-vein recognition is widely divided into two
types, (1) Non-machine learning based and (2) Machine-learning based.

In [1, 3], Miura et al. proposed to use repeated line tracking to extract finger-vein
features from an unclear finger-vein image. The line tracking operation starts from dif-
ferent positions and is repeated multiple times. In order to handle challenges brought by
noise and deformation, in [5], Gupta et al., proposed alow-cost finger-vein sensor based
on a single camera that can capture finger-vein images from dorsal and ventral parts of
the finger with high quality, system consists of multiple near- infrared light sources to
illuminate the finger from both sides and top, coupled with the custom designed physical
structure to facilitate high reflectance of the emitted light and distribute the light uni-
formly on the finger to capture good-quality dorsal and ventral finger-vein patterns. Ex-
tensive experiments are carried out on the data captured using the developed sensor and
benchmarked the performance with eight different state- of-the-art (SOTA) algorithms.

In [6], Xi et al. proposed a novel discriminative binary codes (DBC) learning
method for finger vein recognition, in which the subject relation graph is built to capture
correlations among subjects and binary templates are transformed to describe vein char-
acteristics of subjects then graph transform is formulated into an optimization problem,
in which the distance between templates from different subjects is maximized and tem-
plates provide maximum information about subjects and finally supervised information
for training instances is provided by the obtained binary templates, and SVMs are trained
as the code learner for each bit. In [7], Lu et al. proposed a system for finger vein recog-
nition, including an anatomy structure analysis-based vein extraction algorithm and an
integration matching strategy in which pattern is extracted from the orientation map-
guided curvature and it is further refined to obtain a network finally the similarity
matches by elastic matching and recomputed by integrating the overlap degree of veins.
In [8], Kauba et al. made a strategyie the fusion of several feature extractors’ outputs,
and the study involving different feature extraction techniques (maximum curvature,
repeated line tracking, wide line detector, ...) and different fusion techniques (majority
voting, weighted average, STAPLE, ...) on multiple finger vein datasets.

In [9], Liu and Kim defined an efficient finger-vein extraction algorithm based on
random forest training and regression with efficient local binary pattern feature. They
achieved state- of-the-art finger vein recognition by integrating the vein pattern matching
method, which is robust to finger misalignment. In [10], Van et al., discussed method to
improve the performance of finger vein identification systems includes three steps first,
images of finger veins are cropped to have regions of interest (ROI’s) then, local invari-
ant orientation features are extracted by using MFRAT and then, Grid PCA is applied to
further remove redundant information and form a discriminant representation finally, the
enlarging training set (ETS) based matching technique is used to overcome the transla-
tions. In [11], Banerjee et al. developed a finger vein based biometric authentication sys-
tem by combining three algorithms—an image enhancement algorithm, a registration al-
gorithm based on mutual information and affine transformation, and a matching algo-
rithm based on correlation coefficient.

As we are going work on deep learning based approach, our main focus or aim to All,
machine learning or deep learning and it has achieved promising results in tasks, such as
speech, image, and video processing, as well as, biometric recognition, e.g., finger vein
image recognition. In [1], they proposed an algorithm which is capable of creating a new
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noninvertible version of the original finger-vein template, which is stacked with an artifi-
cial neural network— the multilayer extreme learning machine (ML-ELM) to generate a
privacy-preserving finger-vein recognition system i.e. named BDD-ML-ELM.

In [12], a four-layer convolutional neural network (CNN) with the convolutional-
subsampling architecture is designed, for finger-vein recognition. In this scheme, a mod-
ified stochastic diagonal Levenberg—Marquardt algorithm is utilized to network training
to make convergence faster. In [13], proposed a finger-vein recognition method which is
robust to the three database that they used and environmental changes based on the con-
volutional neural network (CNN) by using NRI image sensor. In [14], for finger-vein
verification, a deep learning based segmental model is developed to predict the probabil-
ity of pixels from veins or the background. Moreover, a missing finger vein pattern re-
covering method based on a fully convolutional network is introduced to improve recog-
nition performance. Das et al., [15] proposed a deep learning based scheme to handle
finger-vein images of varying qualities. In [15], extensive experiments are conducted on
four different publicly available databases to evaluate system performance. A light-
weight deep learning scheme for finger-vein verification is proposed in [16], which tack-
les the restrictions of CNN, e.g., large training sample sizes and high computation. The
proposed scheme contains a two-channel convolutional net- work to solve the problem
of a lack of finger-vein data, while demonstrating satisfactory performance. The extreme
learning machine (ELM) [17], as a kind of artificial neural network, is another stream of
Al. In an ELM, the hidden layer biases and input weights are randomly assigned without
requiring any fine-tuning of parameters, making it much faster than a traditional deep
learning neural network, e.g., CNN. Therefore, it is attracting a strong research interest
in image classification and regression, including finger vein recognition. For example, in
[18], the feature component based ELMs are designed to improve recognition accuracy
and stability. Features are extracted from eight block based directional features. The ex-
tracted features are further trained by eight single ELMs and the outputs of the eight
ELMs are connected by an output layer before classification is performed.

Motivation and objective. After knowing the Consequences and the risk of bio-
metric data breach and this could be used in a wide range of criminal activities that
would be disastrous for both the businesses and the organizations, also equally can af-
fect, as well as their employees and clients/associates.

With the rapid growth and use of electronic information systems in today’s society,
personal or identity, verification is now a critical key problem. Traditional method uses
personal identification number (PIN), password, key smartcards, etc. But these methods
have proven adequately to be unreliable and do not provide strong security. So, the bio-
metrics, which are highly accurate and use a part of one’s body, have become the ideal
answer to these security needs [20]. The advancement of on-device Al will undoubtedly
accelerate the development of voice recognition technique.

With the rapid development of Al, machine learning based biometric recognition sys-
tems are advantageous to their non-machine learning counterpart due to superior recogni-
tion performance. However, given that deep learning methods, e.g., CNN, being a repre-
sentative of Al, are invertible using the outputs from the trained network, machine learning
based biometric systems may suffer security threats, such as adversaries retrieving raw
biometric templates by inverting the artificial neural network. This information leakage is a
considerable security weakness of machine learning based biometric recognition [1].

The only objective of this paper is to propose a hybrid technique of finger vein
recognition based on the deeplearning approach, which will be more accurate and faster
than the existing methods.

176



Paznmen III. MammaHOE 00ydeHNE M HEHPOHHEIC CETH

Proposed hybrid approach. As we mentioned in the section Il the motivation
behind. In this section we are going to discuss the detail structure and technique of pro-
posed system. The deep learning base hybrid system with template security mainly con-
sists of four parts as they follows: Finger vein feature extraction, BDD-based secure
template generation, Fuzzy commitment scheme and ML based finger vein recognition
and decision making. AS you can see in Fig. 1.
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Fig. 1. Block diagram of the proposed hybrid system

A. Finger Vein Feature Extraction

This operation will perform for both the Enrolment as well as Authentication part. First
take the image and perform the pre-processing operation in it later give an input finger- vein
image, region of interest (ROI) extraction and image enhancement should be performed first.
After ROI extraction and image enhancement using the same methods as in [18].

The enhanced finger-vein image is further processed by a set of Gabor filters and
the linear discriminate analysis (LDA) [23]. Finger vein’s texture features and character-
istics provide information about the spatial arrangement of color or intensities of a fin-
ger-vein image. These features are extracted by a filter bank at different orientations and
on different scales. The filter bank contains 40 Gabor filters of eight orientations and
five scales, using the same parameter settings in [23] for finger-vein texture feature ex-
traction. The texture featurevectorextractedfromafinger-veinimageofsize256 x 96 with
the constructed Gabor filter bank is of super high dimension, which is costly to process
and store. Hence, the dimensionality reduction technique, LDA [23] is employed to re-
duce the feature vector’s dimension. By this means, a real- valued feature vector FR of
length NR is created.

B. BDD-Based Secure Template Generation

In this step, Adapted from [1] BDD-based noninvertible transformation and apply
it to the binary vector FB to generate secure finger-vein templates. Since both the inputs
and outputs of the proposed transformation are binary vectors, only Boolean operation is
needed, for which the BDD [4] is a good fit. We design a BDD with three variables, b1,
b2, and b3. As shown in Fig. 2, the designed BDD has a structure of b1 being the root,
and b2 and b3 being the decision nodes. Each decision node, b2 or b3 has two child
nodes named low child and high child. In Fig. 2, the dotted line (labelled 0) represents
the path to the low child, while the solid line (labelled 1) denotes the path to the high
child. Now combine the BDD (as shown in Fig. 2) and the permutation technique to pro-
duce a noninvertible transformation, which is to be used to generate a cancellable finger-
vein template with strong security. Then the transformed feature vector FB will serve as
the input to the subsequent deep-learning algorithm.
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Fig. 2. Designed BDD (adapted from [4]) Fig. 3. Example of the BDD-based
transformation

We give a simple example to illustrate the above-mentioned BDD-based transfor-
mation. Assume that the original segment S°="01010" and the user-specific keys are
ki=[4,3,1,5,2] and k, = [2, 1, 5, 4, 3]. Under the guidance of k; and k;, two new segments
are generated as $'="10001’and $?='10010", respectively. If the variables by, by, and bg in
the BDD are, respectively, as signed the first element of S°, S* and S?i.e., b;= 0, b= 1
and bs= 1, then according to the designed BDD in Fig. 2, the output is f(b;= 0, by= 1,
bs= 1)=0, as indicated in the first red rectangle in Fig.3.1 fb;=1, b,=0, and bs=1 are as
signed, as shown in the second red rectangle in Fig. 3, then the output is f(b,= 1, b,= 0,
bs= 1) is also 0. After applying this operation to all three segments element by element,
we get a new binary segment S°. By concatenating all the new segments, transformed
from Fg by the designed BDD and permutation, we form a new feature vector Fg which
is the secure finger-vein template [1].

C. Fuzzy Commitment Scheme

In [2], they explained a fuzzy commitment scheme which treats the biometric tem-
plate itself as a corrupted code word. The security of this method is linked to the number
of code words. The scheme encrypts the original template u g to a pair (Hash C) where C
is a randomly generated code word. At authentication, given a query template u 4, the

method computes result and corrects it to the closest code word cl Ug is close to ua

then will be corrected to C, (i.e. cl = C). Then Hash (Cl) and Hash(C) are compared to
make the decision. This algorithm can tolerate a relatively large error rate with enhanced
security level. Also, both the off-line scheme and the fuzzy commitment scheme require
a binary input.

D. ML-ELM-Based Finger-Vein Recognition

Extreme learning machines are feedforward neural networks with a single layer or
multiple layers of hidden nodes, where the parameters of hidden nodes (not just the
weights connecting inputs to hidden nodes) need not be tuned. These hidden nodes can
be randomly assigned and never updated (i.e. they are random projection but with non-
linear transforms), or can be inherited from their ancestors without being changed.
In most cases, the output weights of hidden nodes are usually learned in a single step,
which essentially amounts to learning a linear model. In most cases, ELM is used as a
single hidden layer feedforward network (SLFN) including but not limited to sigmoid
networks, RBF networks, threshold networks, fuzzy inference networks, complex neural
networks, wavelet net- works, Fourier transform, Laplacian transform, etc. Due to its
different learning algorithm implementations for regression, classification, sparse cod-
ing, compression, feature learning and clustering, multi ELMs have been used to form
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multi hidden layer networks, deep learning or hierarchical networks. A hidden node in
ELM is a computational element, which need not be considered as classical neuron. A
hidden node in ELM can be classical artificial neurons, basis functions, or a subnet work
formed by some hidden nodes. Here we used to make our system faster than traditional
systems in terms of accuracy and computing.

The ML-ELM possesses a multilayer learning architecture that stacks single ELMs
one by one in a hierarchical structure, as demonstrated in Fig. 4(a). In our method, the
secure template feature vector Fg, generated from the previous step, is treated as the in-
put to the ML-ELM. The output of the (k-1)" hidden layer is used as the input to the k"
hidden layer. Similar to traditional deep neural networks, the hidden layer weights f-, of
the (k-1)™ hidden layer are initialized by using ELM auto encoder, but the time for fine
tuning is not required. The ELM auto encoder performs layer wise unsupervised training
that uses the inputs as outputs with the traditional least mean square method to compute
the hidden layer weights S, as shown in Fig. 4(b). By going through the above-
mentioned recursive calculation, the ML-ELM with Ny hidden layers out-puts a vector O
containing the probability values for all the available classes/subjects. The maximum
probability indicates the most similar class/subject that the test sample belongs to [1].

(A_I)lll A(h
Inputlayer  hidden layer  hidden layer Output layer

2
1
I
I

(a)

(b)

Fig. 4 (a). Structure of the ML-ELM and (b) the ELM auto encoder

Experimental results. In the experimental results section, we divided results into
three parts. Part |, reports the image pre-processing and enhancement using Gabor filter
and guided filter. The accuracy of the proposed hybrid algorithm is evaluated and report-
ed in Part 11. The decision making of the hybrid algorithm is discussed in Part I11.

The public domain database is used in our experiment, first of all we found ROI
(Region of Interest) from the give input image as shown in following image.

179



Ussectus ODY. TexHuueckue HayKu Izvestiya SFedU. Engineering Sciences

Extracted ROI from Input Image

Original Image with ROI marked

Fig. 5. Extraction of ROI from Input image

The proposed image pre-processing method comprises of eight sub-steps: color to
grayscale conversion, grayscale median filter, image alignment and resize, global
thresholding, Adaptive mean thresholding, Gaussian thresholding, and lastly thinning
process. The result is shown in Fig. 6 and Fig. 7.

Orniginal Image Glg’bal Thresholding (v = 127)

R —a

100 i

200 g

Fig. 6. Output images after applying Fig. 7. Output images after Thinning
thresholding

Then after extracting features from the input image, we further pass these from
BDD (Binary Decision Diagram to generate the secure template, as the output we get
new feature vector containing encrypted new feature data.

To further increment of security we again apply the Fuzzy Commitment Schemes to
the output vector and generate new highly secure template vector with new encrypted and
secure feature for the same input image and stored in the Database with a particular key.

All modules of this system working very efficiently on each image of given dataset
of finger vein images. And performing cancelability and discriminability and increasing
security.

Experiment was carried out to evaluate the performance of the system in term of
speed and accuracy. Preliminary experiment on our finger vein database consists of 3816
images from 106 person’sfingers. The system working properly on the given database
and giving overall accuracy of 93 % as a result.

The testing accuracy, measured by the correct identification rate (CIR), is plotted
in Fig. 8, from which we can see that, it provides strong template protection to the pro-
posed deep learning based finger vein recognition system. Indeed, it is a balance be-
tween recognition accuracy and security.

180



Paznmen III. MammaHOE 00ydeHNE M HEHPOHHEIC CETH

94

Testing Accuracy (%)
©
8

80
0 5 10 15 20 25 30
The number of hidden layers

Fig. 8. Testing accuracy against hidden layers

Conclusion. The primary focus of this paper is to enhance the security of the pat-
tern for finger vein authentication system as we are living in the era where we don’t have
problem of storage space and processing capability. So here we proposed the hybrid ap-
proach takes advantage of deep leaning based finger vein recognition system and fuzzy
commitment scheme. The proposed framework consists of four parts, namely Finger
vein feature extraction, BDD-based secure template generation, Fuzzy commitment
scheme and ML based finger vein recognition and decision making.. Each part provides
the template cancellable ability, discriminability, and security, respectively. The pro-
posed system is an enhancement over most existing permutation based cancellable bio-
metrics as well as machine learning based finger vein recognition systems, which offer
no template protection. And accurate up to 93 %. And all modules in proposed model are
working efficiently.

For future work on this system, work continues on the investigation on hoe to im-
prove recognition accuracy and application of this method on the multiple databases and
performance accuracy on those databases. Given below we have table showing, the
comparison of proposed system with some other existing systems.

Table 1
Performance comparison in CIR
Methods Template Accuracy (CIR)
Protection
Van et al. [10] No 95.67%
Xie et al. [18] No 97.76%
Banerjee et al. [11] No 90.72%
Miura et al.[3] No 96.06%
Das et al.[15] No 98.90%
Kauba et al.[8] No -
Fang et al.[16] No 90.47%
Liu and Kim [9] No -
Hong et al. [13] No 93.91%
Yanget al.[1] Yes 96.21%
Proposed Hybrid Method Yes 93.05%
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Pasznen IV. AHauu3 u pacnio3HaBaHue 00pa3oB

YJIK 004.93'1 DOI 10.18522/2311-3103-2020-3-184-192

P.B. T'op, AA. Mumpa, P.P. lemmyx, U.b. A66acos, I1.Y. Panaus

LULC-AHAJIM3 3EMUIEIIOJIb30BAHUA C UCTTIOJIb3OBAHUEM
HEKOHTPOJINPYEMOMU KJIACCUDPUKALINHN

3emnenonvzosanue u pacmumensiwlii NHOKPOS AGISIOMCS. €CMECMBEHHLIM COCMOSIHUEM NOBEPXHO-
cmu 3emm. JJuCmanyuonHoe 30HOUPOBAHUE - OYEHb GAJICHBIL MEmOO U3VYEHUs. 3eMIeNONb306aHUs
(LULC). [ns ananusa 3emHo20 NOKpo8a npu OUCIAHYUOHHOM 30HOUPOBAHUL UCHOJIb3VIOMCSL PA3IUYHbIE
Memoowl Kiaccugurkayuu. /lannvle Memoobl He mpedyiom npedsapumeribHy0 UHGOPMAYUIO O 3eMHOM
NOKpoge wiu munax 3emnenonvsosanus. Haubonee uacmo ons ananuza u3o00paxceHuti, NOIYHEeHHbIX C
NOMOWbIO OUCAHYUOHHO20 30HOUPOBAHUS, UCNOAbL3VIOM 06a Memooda Kiaccuguxayuu. K num ommuo-
CAMCS, KOWMPOIUPYeMast KIaccu@urayus u Hekowmponupyemas kaaccuguxayus. Llensimu npeonacaemoti
Padomvl AGISAIOMCS UCNONL306AHUE HEKOHMPOIUPYEMbIX MeMOo008 KIaccupurayuy 0isi ROUCKA Kiacne-
P08, N0 ONpedeneHU0 MUN08 3eMIeNoNb308aHUSL U CPAGHEHUE OAHHBIX MEemO008 ¢ UHMEPAKMUGHbIM
ananuzom daunvix camoopearuzayuu (ISODATA). /lna ananusa 3emnenonsv3068anHus Obliu UCHOIb306AHbL
uzobpadicenust damyuxa Hyperion. [Jamuux Hyperion umeem 0secmu copok 08e noI0ChL, OOHAKO HEMHO-
2ue NooChl Co0epAcam NONesHyI0 UHopmayuu 0 cnekmpanbhoeo ananusa. I1osmomy nonocul, He
codeparcawjue nonenyio uHgopmayuio visiensiomes u yoansiomes. Ilocne obpabomiu 6x00H020 u30-
6padicenusi no OAGHHOMY AN20PUMMY U3 OBYXCOM COPOKA OBYX NOIOC OCMAIOMCS MONLKO CIO UeCmboe-
cam name nonoc. Ilpu 5mom yuumel8aromces: paouomMempudeckas KanubpoeKa U HeMAanoBaANCHAsL KOP-
pexyusa ammocgepHvix gakmopos. 3amem no pe3yromamam 0Opabomxi ¢ NpUMEHeHUeM NpPeodoNHCeH-
HbIX Memo008 (hopMUpyIiomcst Kiacmepbl OJis U3Y4eHUsl 3eMAeHONb308AHUsL C UCNOTb308AHUEM 2unep-
CReKmpanbHo2o uzoopasicenust. /s popmuposanusi Kiacmepog ocyuecmeisuiach pynnupoeKa nuKce-
Jell, Ha ocHoge eblOpannbix Oannwix. TTukcenu uz 00HO20 Knacmepa umelom Gonvbuie cXxo0cmea, 6 mo
6peMsl KaK NUKCeNU U3 PA3HbIX KIACmepos omaudaiomest opye om opyea. Ha ocnose pesynomamos oena-
emcsi 8b18600 0 MoM, ymo memoo kiacmepusayuu (k-means) nosgonsiem ayuute uoeHmuGUYUPoOsamy uiu
NPOCHO3UPOBANTL MUN 3eMIENONb306AHUSL HA OCHOBE UNEPCREKMPATbHO20 U300PANCEHUSL C BLICOKUM
paspeuteHuem, yem mMemoo UHMEPAKMUSHO20 anaau3a OauHvix camoopearusayuu (ISODATA). Buvixoo-
HOe U300padiceHie, Komopoe sGIAemcs pe3yilbMamom KIACmepusayul, Modlcem Oblmb UCNOIb308AHO
0 UOeHMUUKAYUU PAZTUYHBIX MUNO8 00BEKMOB8 3eMIIeNOIb3068aHUA. JIyuue 6ceco Dbl udeHmudu-
YuUpoBaHvl credylowue 00bEeKMbl 3eMIeNONIb308AHUA. B00HASL CPedd, CelbCKOXO3AUCBEHHbIe Y200bs,
PacmumenbHoCHb, 3aCMpPOeHHAst MePPUMopUsi Ui ROCeNeHUe, NOJISL U CKATUCIbIE PECUOHDL.

3emenvuviti nokpos, 3emuenoavsosanue; kiaccugurayus zemuoco ranowagma, LULC ana-
U3, HeKoHmpoaupyemvlii npoyecc, niamgopma ENVI 5.5; memoowl xknacmepusayuu; memoo
K-means, unmepaxmusnwiti anaiuz camoopeanuzayuu (ISODATA).

R.W. Gore, A.D. Mishra, R.R. Deshmukh, 1.B. Abbasov, P.U. Randive

LULC-ANALYSIS OF LAND-USE WITH THE HELP OF UNSUPERVISED
CLASSIFICATION

Land-use and vegetation cover are the natural state of the earth's surface. Remote sensing is a
very important land use study (LULC) method. Various classification methods are used to analyze land
cover in remote sensing. These methods do not require prior information on land cover or land use
types. Two classification methods are most commonly used to analyze remote sensing images. These
include controlled classification and uncontrolled classification. The objectives of the proposed work
are to use unsupervised classification methods to find clusters, determine land use types, and compare
these methods with interactive analysis of self-organization data (ISODATA). Hyperion sensor images
were used for land use analysis. The Hyperion sensor has two hundred and forty-two bands, but few
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bands provide useful information for spectral analysis. Therefore, bands that do not contain useful in-
formation are identified and removed. After processing the input image according to this algorithm, out
of 242 bands, only one hundred and sixty-five bands remain. This takes into account radiometric cali-
bration and an important correction of atmospheric factors. Then, based on the results of processing
using the proposed methods, clusters are formed to study land use using a hyperspectral image. To form
clusters, the pixels were grouped based on the selected data. Pixels from the same cluster have more
similarity, while pixels from different clusters differ from each other. Based on the results, it is conclud-
ed that the clustering method (k-means) allows better identification or prediction of land use based on a
high-resolution hyperspectral image than the Interactive Self-Organization Data Analysis (ISODATA)
method. The output image, which is the result of clustering, can be used to identify different types of land
use objects. The LULC classes predicted are Water Body, Agriculture Land, other Vegetation, Built Up
or settlement, Bare Land and Rocky region.

Land Cover; Land Use; Classification of the Terrestrial Landscape; LULC; Unsupervised;
ENVI 5.5; K-means; ISODATA.

1. Introduction. Remote sensing is the technique where information about the ob-
jects can be captured without directly touching that object or phenomenon i.e. the infor-
mation can be obtained remotely by using the sensors or satellites [1]. There are two
types of sensors viz. pushbroom scanner and whiskbroom scanner. The pushbroom
scanner or across track scanner uses a line of detectors to capture the image one line at a
time. Whiskbroom scanner or the along track scanner uses mirror, which moves back
and forth to reflect the light onto one detector only [2].

The EO-1 satellite was launched by introducing hyperspectral remote sensing in
Nov 2000. The EO-1 Hyperion is pushbroom imager having spectral range 400 nm to
2500 nm. The spatial resolution of EO-1 Hyperion sensor is 30m and spectral resolution
of 10 nm. The total number of bands of Hyperion sensor is 242 [3]. The image acquired
by Hyperion is with swath width of 7.5 km and covering 20km area as shown in fig. 1.

Image 20 km

R

Swath 7.5 m

Fig. 1. Study Image Coverage with Swath

Land can be analyzed through remote sensing and its related techniques for variety
of applications such as Land Use/Land Cover (LULC) Mapping [4, 5], hydrological im-
pacts of LULC changes [6], changes in the water reservoirs or watershed [7], change
detection with respect to the turban areas, Forest cover, and agriculture spread or decline
and waterbody detecting the dynamics of LULCC [8] and change detection for river ba-
sins [9]. There are two types of classification techniques available for analyzing the im-
ages obtained through remote sensing viz. supervised classification and unsupervised
classification. K-means and ISODATA (Interactive Self Organization Data Analysis)
these are the two unsupervised techniques provided in ENVI [10]. In clustering the im-
age pixels are grouped into clusters based on the similarity among those pixels.

Once the clusters formed, each cluster has to be identified and predicted for LULC type
which is supportive for the land use and land cover studies. Most of the researchers have used
k-means algorithm for remote sensing applications. In the field of remote sensing different
classification techniques were used for land cover analysis. The unsupervised technique does
not require any prior information about the land cover or types of land cover. A class is as-
signed to each cluster by interpreter leading to identification of land cover type [11].
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The first method for land cover classification using LANDSAT image was pixel-
based classification [12]. The other technique for image classification is Parallel piped
technique which is based on finding the parallel piped-shaped boxes for the predefined
classes. The parallel piped boundaries assist in assigning the test pixel to a particular
matching class.

In mid 1970’s it was recognized that as the land cover changes it modifies surface
of albedo that’s the reason the surface atmosphere energy exchanges which have effects
on regional climate [13]. LULC primarily impacts on the biotic diversity worldwide.
Like change on ecosystem, goods and services were further identified [14].

Aykut A. et al applied many classification methods on the satellite images.
The maximum likelihood method was found reliable and applicable for satellite image
classification [15]. According to the study of Bardsley J. M. et al. the image classification
based on pixels does not depends on its neighbors and spatially based techniques which
includes the methodologies like spectral based classification, quadratic discriminant analy-
sis [16]. Lonesome M. M. developed an alternative procedure for an object based image
classification. They used region based approach for classification of satellite images (17).
Afroz S.M. et al. used high resolution satellite imagery to achieve meaningful area wide
special information for the development and management of the city [18].

Harish K. E. et al. they worked on cadastral features like buildings and roads. They
used Particle Swarm Optimization technique for extracting cadastral features and land
cover mapping using swarm computing techniques [19]. Two k-means clustering algo-
rithms with Laplacian of Gaussian (LoG) were coupled with Prewitt filter. These meth-
ods were used by Balasubramanian S. et al. for processing the satellite images [20].
Ashwini T. et al. used K-means clustering and back propagation algorithms of artificial
neural network for segmentation and classification of satellite images [21].

The proposed work aimed at using the unsupervised classification methods
K-means and ISODATA in order to do analysis of land use and land cover using high
resolution image of Hyperion sensor.

2. Methodology. The hyperspectral imagery is having very high resolution and can
be used for analyzing or identifying the different types of land use and land cover. The
fig. 2 is the Methodology for proposed work.

Input Image

Bad Band Removal

Radiometric
Correction

Atmospheric
Correction

U11superv1sed Classification

K-means, ISODATA

Output Image

Fig.2. Methodology of Proposed Work
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The proposed methodology used Hyperion sensor image with 242 bands. Few
bands contain no useful information for spectral analysis. So there is need to identify and
remove those bad bands which does not contain useful information. Out of 242 bands,
only 165 bands remained after handling the input image for bad bands. The radiometric
calibration and atmospheric correction are also very important preprocessing techniques
for handling calibration problems and problems due to atmospheric factors.

Then K-means and ISODATA both techniques have to be applied in order to form
the clusters and analyze the different types of LULC using hyperspectral image.

The output image which is the result of clustering can be used for indentifying the
different types of LULC which utilizes the information from clusters or classes obtained
through k-means.

3. Results and Discussions. The dataset for the proposed work was downloaded
from Glovis Portal [22]. The Hyperion image was preprocessed for the removal of bad
bands and 165 bands were left as informative band which were used for further analysis.
Fig. 3,a is the input image after bad band removal. The image was also preprocessed for
radiometric calibration and the result is shown in fig. 3,b.

Fig. 3. Image Handled For (a) Bad Bands (b) Radiometric Calibration

The atmospheric correction was performed using FLAASH algorithm. The noise
removal with dimensionality reduction was done using MNF (Minimum Noise Frac-
tion) Technique. ENVI 5.5 was used for the proposed work. The k-means technique
was applied with the parameters change threshold of 5.00, number of classes 6 with
three iterations.

Result of k-means clustering is as shown in fig. 4,a. The different types of LULC
identified from the output of K-means are Class 1 (Red) Water, Class 2 (Green) BuiltUp,
Class 3 (Violet) Vegetation, Class 4 (Yellow) Agriculture Land, Class 5 (Blue) Rock,
and Class 6 (Pink) Bare Land. The percentage for each class being classified is as shown
in fig. 4,b.
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Fig. 4. a — Result of K-means Clustering b — Classification Distribution

The table 1 contain the classes identified with K-means technique with their corre-
sponding LULC types and the result of percentage classified and the graph for different
LULC types obtained by K-means is shown in fig. 5.

Table 1

LULC Types and Class-wise Percentage using K-means

Class Name Color LULC Types Percent classified
Class 1 Red Water Body 5%
Class 2 Green BuiltUp 14%
Class 3 Violet Vegetation 24%
Class 4 Yellow Agriculture Land 28%
Class 5 Blue Rock 21%
Class 6 Pink Bare Land 7%

8 [l
Water Body BuikUp Vegeution -\gt;n:;m Rock Bare Land
LULC Type
Fig. 5. LULC Types With Their Percentage of Classification
The class distribution in meters? for each class is as shown in fig. 6.
Cla=s Distribution Summary ~
Unclas=sified: 0 points (0.000%) (0.0000 Meter=?*)
Cla==s 1: 15.124 points (5 .524%) (32.175.741 3376 Meters?)
Cla=s=s 2: 38.060 points (13.902%) (80.971.218. 9440 Heters?)
Class 3: 66,317 points (24.223%) (141,086,923 9808 Meters?)
Class 4: 78,278 points (28.592%) (166,533,501 7472 Meters?)
Class 5: 57.098 points (20 855%) (121,473 848 1152 Meters?)
Class 6: 18,903 points (6. 904%) (40,215 421 7472 Heters?)
Fig. 6. Class-wise Area Covered in Meters®
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From the values of class 3 and class 4 with 141km? and 166 km? respectively, indi-
cates more vegetation in the selected area of study while class 5 and class 6 covers total
area of 162 km?and 32km? for class waterbody.

Another technique for classifying the LULC types is ISODATA. It is also an unsuper-
vised classification technique available in ENVI 5.5. This technique was applied on the pre-
processed input image of Hyperion sensor. The parameter number of classes set in between 7
and 10 and the change threshold was set to 5. The output image of technique ISODATA is
displayed in fig. 7,a and the resultant class distribution is as shown in fig. 7,b.

¥ Classification Distribu...  — O X
File
File: clusteringisodata [273.780 poi

Cla==s Hame Hpt= Pt
Tnclassified [0] 0. 000
notoconsidered [1170] 0.427%

waterbody [18243] b.663X
riverwater [42877] 15.661%
=zanple2 [55071] 20.115%
=zanples [52285] 19.097%
=zanpleb [33859] 12 .367%
=zanpled [22782] 8.321%
vegetation [29940] 10.936%
=zanple3 [5512] 2.013%
samplel [120417 4.398%
a b

Fig. 7. a— Output Image of ISODATA Technique, b — Class Distribution
The table 2 shows LULC types identified and the corresponding percentage of
classification.

Table 2
LULC Types and Class-wise Percentage using ISODATA

Class Color LULC Type Percent Classified
Class 1 Green Waterbody 6.66%
Class 2 Violet Buildup 15.66 %
Class 3 Yellow Agriculture Land 20.11%

Class 4, Class 7 Blue, Sea Green Vegetation 29%
Class 5 Pink Rock 12%
Class 9 Orange Bare Land 4.39%

The fig. 8 mentions the LULC types predicted using ISODATA techniques with
the corresponding percentage of classification.

30,00%

Percentage
g

e BN
- '
00%
Waterbody ~ BuildUp ~ Agiiculture  Vegetation
Land

I
Rock

Bare Land

LULC Type

Fig. 8. LULC Types Identified with Percentage Classified using ISODATA
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The comparison between the results of K-means and ISODATA technique is as

displayed in fig. 9.
N | I ‘ | '| b

Body BultUp  Vegeution Agiicultre  Rock
Land

Fig. 9. Comparison of K-means and ISODATA Results

Thus the different types of LULC identified with both the techniques are Vegeta-
tion, Agriculture land, Water Body, Built up or settlement, bare land and Rock. The K-
means method is better in LULC analysis than the ISODATA method.

Conclusion. The land can be analyzed accurately for its use and cover using re-
mote sensing techniques. The unsupervised classification techniques K-means and
ISODATA were used for the proposed work. In the K-means technique the Euclidean
distance measure is used for forming the clusters. The minimum threshold for this tech-
nique was set to 5 based upon which the clusters were formed. The ISODATA used the
Self Organization to form the clusters. From the comparison of both the techniques, k-
means formed the clusters efficiently than ISODATA. Using ISODATA it was difficult
to predict the LULC type for small clusters. Thus K-means is better in identifying or
predicting LULC type using Hyperspectral image with high resolution than ISODATA.
The LULC types identified in the proposed work are Water Body, Agriculture Land,
other Vegetation, Built Up or settlement, Bare Land and Rocky region.
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K.. Mopes, A.B. bo:xxkeHI0K

COINOCTABJIEHUE U30BPAKEHMI IO OCOBBIM TOUKAM
PA3JIMYHBIX KATETOPHIA"

Paboma noceawena sxcnepuMenmam ¢ pasiuiHeiMu Memooamu 6blOeieHUs 0COObIX Moyex
HA U300PANCEHUAX C NOCTEOVIOWUM UX ONUCAHUEM OUHAPHBIM OECKPUNMOPOM U CONOCMABILEHUEM
Memooom noaHozo nepebopa. B pabome akmueHo UCNONb3Yemcs Memood ONUCAHUS OKPECmHO-
cmeil 0coObIX MoUeK, OCHOBAHHbIIL HA NOCMPOEHUY OUHAPHOT CMPOKU, Xapakmepusyloujei ume-
HeHUs ApKOCmell nuKceneti 8 ONUCbIBAeMOll OKpecmHocmu. Pe3ynsmupyrowas cmpoka noayuaemcs
nymem cpaguenus ApKocmell nukcenei no onpeoenenHomy uiadaony. Ce200Hs UCNONb3OBAHUE
0cobbIX Moyex npu pabome ¢ U300PANCEHUAMU NO3BONAEM PA3pPAOAMbIBAMb NPUKIAOHbIE Memo-
Obl 6 PAIUYHBIX Chepax KOMNbIOMEPHO20 3PEHUs C NOBLIUEHHBIMU MPeDOBAHUAMU KO 8DeMeHU
pabomul u yCMoUdU80Cmu K peskum UMeHeHUsM cyeH. B pabome npusedeHvl pe3yibmamyl 3K c-
NepUMEHMO8 ¢ 0CODBIMU MOUKAMU PASIUYHBIX KIACCO8, KIACCUDUKAYUS nPUsooumcs ¢ pasoene 1.
IIpu nposedenuu >KCNEPUMEHNMOE UCHONLIOBANUCH MEMOObl, Peanrus3osantvie 6 OubIuomexe
OpenCV. B pabome O0anvl Kpamkiue ORUCAHUA UCNOTB3YEMBIX 8 IKCHEPUMEHMAx Memooos. B pas-
Oene 1 pabomul npediazaemcs Kiaccupurayus cO8PEeMeHHbIX MUnog ocobvix moyex usoopaxjce-
HUTL U 0aemcs, Kpamkoe Onucanue nOnyIApHbIX Memoo0s OemeKmuposaHus Onucbl8aemMblx munos
ocobvix mouek. B pazoene 2 asmopwl darom obujee onucanue memooos pabomsi ¢ 0COObIMU MO Y-
Kamu uzobpasicenuil. B pazoene 3 npusooumcs onucanue npogooUMbiX SKCHEPUMEHMO8 C CONOC-
maeaenuem 0cobblx Mouex pasiuiHblX Munos, ONUCAHHLIX OOHUM OECKDUNMOPOM, U PACKpbIBA-
tomes ux pesyrbmamoi. IIposedennvie sKCnepuMenmbl NO360NAIOM GblAGUMb CUNbHbIE U CllAOble
CMOPOHYL C6A30K PABIUYHBIX MUNOE OCOObIX MOYEK NPU UX CONOCMABTIEHUU.

Ocobvie mouxu u300padceHust; CONOCMAgIeHue 0CoObIX MOYeK; 0eCKPURMOpPbL 0COObIX MO-
yeK, Kiaccugukayus ocobvlx mouex u300patceHul.

" UccreoBaHue BBITONHEHO npu (uHaHCOBOW Moaepkke PODU B pamkax HaydHBIX IPOEKTOB
Ne18-01-00023, Ne 20-01-00197.
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K.l. Morev, A.V. Bozhenyuk
IMAGE MATCHING USING DIFFERENT KEYPOINTS TYPES

The work is devoted to experiments with various methods of selecting special points on im-
ages, followed by their description with a binary descriptor and comparison by a full search meth-
od. This paper actively uses the method of describing the neighborhood of singular points, based
on the construction of a binary string that characterizes changes in the brightness of pixels in the
described neighborhood. The resulting string is obtained by comparing the brightness of pixels
according to a specific template. Today, the use of special points when working with images al-
lows you to develop applied methods in various areas of computer vision with increased require-
ments for working time and resistance to sudden changes in scenes. The paper presents the results
of experiments with special points of various classes, the classification is given in section 1. Dur-
ing the experiments, methods implemented in the OpenCV library were used. The paper provides
brief descriptions of the methods used in experiments. Section 1 of the paper offers a classification
of modern types of singular points of images and provides a brief description of popular methods
for detecting the described types of singular points. In section 2, the authors give a General de-
scription of methods for working with special image points. Section 3 describes the experiments
that are being carried out with the comparison of special points of different types described by a
single descriptor, and reveals their results. The experiments performed allow us to identify the
strengths and weaknesses of bundles of different types of singular points when comparing them.

Keypoints of the image; keypoints matching; keypoints descriptors; classification of
keypoints of images.

BBenenne. KoMmproTepHOE 3peHHE CErOAHS — aKTUBHO Pa3BUBAIOIIASLCS 00JIACTh
HAyYHOTO 3HaHUA. B cBs3u ¢ OypHBIM pa3BUTHEM, HUCCIECIOBATEISM IIPEIOCTABIISIOTCS
IIMPOKHE BO3MOXXHOCTH B IUIAHE PEaM3alUd MX HICH W MPOBEPKH MPEATIOIOKEHIH.
PasBurne coBpeMEHHBIX KOMIUIEKCOB TEXHHYECKOTO 3PEHHS OIPENEeNIeTCS Pa3BUTHEM
HOBBIX METOZIOB KOMITBIOTEPHOT'O 3PEHUSI M TOBBINICHUEM KadyecTBa pabOThl CYyLIECT-
BYyrOomiux. O[[HI/IM u3 CHOCO6OB pa3BUTHA CYIIECTBYIOIUX METOAOB — UX arperupoBaHue
C LIeJIBIO MOJYy4eHHs] HOBOTO, HETPUBHAJIBHOTO pe3yibrara. B naHHOI paboTe 1eMOHCT-
PHUPYIOTCS pe3yiabTaThl SIKCTIEPUMEHTOB C COIOCTaBIeHHEM 0co0bIx Touek (manee — OT)
Pa3IMYHBIX KIACCOB JIBYX H300paxKeHUH.

CormocraBiieHHe OCOOBIX TOYEK €CTh KIIOYeBas MpHKIanHas 3ajada U3 00JiacTh
KOMIBIOTEPHOTO 3PECHUS M KAYECTBO €€ PEIICHUs HAMIPSIMYIO OIIPEeIsieT pa3BUTHE MHO-
TUX TPUKIATHBIX 00JacTeil pOOOTOTEXHUKH, HCKYCCTBEHHOTO MHTEIUIeKTa U T.4. Yepes
arperupoBaHne pa3nmuIHbIX kKiaaccoB OT B 0HOM anropuTMe COTIOCTAaBICHHS MPEIoa-
raeTcsl BBIJICIICHUE HOBBIX CBS3EH MEXIY HCCICAYSMBIMH KIACCaMH, BEISBICHUE CHIIb-
HBIX H CJIA0BIX CTOPOH HCCIEAYEMBIX KOMOWHAIIHA.

1. Oco6ble TouKH H300pakeHuii n padora ¢ HuMu. Ocodast TOYKa U300PAKECHUS
— YHUKaJbHasi, TOYHO JIOKaJTU30BaHHAs 9acTh N300pakeHHs, 00Iagaronas BRICOKOW MH-
dopmatuBHOCTHIO [1].

MoHO mpoBecTH Kiaccu(pUKaIU0 0COOBIX TOUEK U300paXKeHHUs N0 MPUHIUIY HUX
BBIJICJICHUS Ha H306pa)KCHI/II/I. HepBLIMI/I 1 Hanboee MOMYJIAPHBIMU CET'OJHS SABJIAIOTCA
OT, oTHOcsIIMECS K KIACCy YroJKOB (OT aHIVIMMCKOTO COrNer — yroi). YTOJKH — JIO-
KaJIbHBIE OKPECTHOCTH H300paKeHUs, XapaKTePU3YIOIIUECS PEe3KUM U3MCHEHHEM SIPKO-
CTH M300pakeHHs B JIByX OPTOTOHAJIBHBIX HANPABJICHHUSAX IIOCKOCTH M300pakeHHs U3
LIEHTpa 3TOH OKpecTHOCTH. OJHUM M3 CaMBIX MNOMYJISPHBIX MeTojaoM BbieneHus OT
THUIIA YTOJIOK CUUTAETCS JAETEKTOP YTOJIKOB, MPEUIOKEeHHBIN Xappucom [2].

JlaHHBII METOJI 3aKJII0YACTCS B MOUCKE TAKUX TOYECK HA M300PaKCHHUHU, B KOTOPBIX
ABTOKOPPEJSIIMOHHAs MaTpHIla MaJIOTO OKHAa-OKPECTHOCTHM TOYKHM OyAeT HMeTh JBa
OO0JIBIINX COOCTBEHHBIX YUCIa. MICIONb3yOMIascsi aBTOKOPPEISILIMOHHAS MaTpHUIIA [IPe/I-
CTaBJIeHa HUXeE:
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Yokeijex Wi E(x + 1,y +)) Yoksijex Wiy L(x + L,y + DL, (x + 4,y + )

Yoksijex Wi L(x + L,y + DL (x + i,y + ) Y okeijek Wi IE(x + 1,y + )
Te | ¥ | — MHACKCHI TIHKCEIeH B OKPECTHOCTH 0c000i Touku, uHmekcy (0,0) cooTBeTcT-
BYeT IIEHTP OKpecTHOcTH, K — pasmep okpecTHOCTH, mpezctaBisromuii pasmep OT,
W;j — BecoBoil koaddurment, Iy u |, — TmponusBoaHBIE B TOUKE MO COOTBETCTBYIOLIEMY
HaIpaBJICHUIO.

CrnenyromuM OONIMPHBIM KIACCOM OCOOBIX TOYEK CIIECAYET BBIICIUTH OJIOOBI (OT
anrmuiickoro blob — xamsst). [TomoGHbIE TOYKH XapaKTEPHU3YIOTCS SIIHIICONOI0OHON
(hopMoOii U HE pe3KHM M3MEHEHHEM SIPKOCTH B HEKOTOPBIX HAIPABJICHUSIX, @ CKOPEE PaB-
HOMEPHBIM | IUIABHBIM U3MEHEHHEM SIPKOCTH BO BCEX HAIIPABICHUAX OT HEeHTpa. bioOsr
MIPEICTaBILIIOT Kak OBl TsATHA, Oojiee TeMHBIE WM Oojiee CBETIBIE, YeM OKPECTHOCTH
9THX MSTECH.

Hanbonee sipkuM U TMOMYJSIPHBIM METOJIOM BBICICHHUS OJOOOB MOYKHO CUHTATh
npeioxKeHHbi JIoBe METol, OCHOBaHHBIN Ha pa3Huile rayccuaHoB (ot anrnuiickoro dif-
ference of Gaussian — pasuuna rayccuanoB) [3]. OCOOEHHOCTh METO/A 3aKIIOYACTCS B
paboTe ¢ nupamMuI0il MacIITabOB H300paYKEHUs, KOTOpAs MOJIy4aeTcs B X0e (QHIbTpaluu
n300paxkenus unbtpamu ['aycca pas3nuuHeix pasmepoB. Uem Oosbliie pa3mep (GuibTpa,
TeM OOJIBIIIe €r0 3HAYCHUE CPEAHCKBAJAPATHYHOIO OTKJIOHCHUS U TeM 0ojiee HU3KHE Yac-
TOTBI, COCTABJIAIOIINE CIICKTP H300paKeHUs, ocTaroTcs mocie (uibrpaiun. [locne mo-
CTPOCHHUS MUPaMUAbl MacIITaboB, CYUTAETCS pa3HUIA MEXKIY COCEIHUMH CIOSIMH MHpa-
MUJIBI, ¥ €CITU TeKyIasi aHaJIH3UpyeMasi TOUKa SIBIISETCS JIOKAbHBIM SKCTPEMYMOM Cpean
cBOoMX 8-MH coceneil Ha M300pakeHUH U cpean 18 cocemei BEpXHETO M HIDKHETO CIIOS
mupamMuzE! (o 9 cocenelt Ha OIHU CIIOH), TOYKa CUMUTASTCS OCOOCHHOH. A ee pa3mep OIl-
penensercss UCX0as M3 TEKyHIero cios mupaMuabl. Ha puc. 1 cxemarwmaHo otoOpa)keH
TpUMep, WLTIOCTPUPYIOLTIN TOKCK JIOKAJIBHOTO SKCTPEMyMa B IMPaMUJIC MACIITa00B.

A

M(x,y) =

)
iV )
P

MNupamnaa
macwrabos = ==

Puc. 1. Ilouck sxkcmpemyma

B otzenbHbI Ki1ace 0COOBIX TOYEK TaKIKE MOXKHO BBIJICIIUTH PETHOHBI MM 00Jiac-
TH (OT aHIIIHICKOTO — regions). B memom, oM moxoxwu Ha O100BI CBOEH paBHOMEPHO-
CTBIO IO SPKOCTH, OJHAKO OTIHYaloTcs (hopMoil. PernoHsl xapakTepusyloTcs paBHO-
MEpHOH SIPKOCTBIO BHYTPH HX T'PaHHIl, HO OOJAmaloT CIIOKHOM reoMeTpuyeckoi ¢op-
MOH, HE anmnpOKCUMHUPYIOIIEHCS 3JIMICOM JOCTaTOYHO TOYHO, B OTIMYHH OT OJ00OB.
OpuH u3 MeronoB nerektupoBanus OT Tuna pernoH Ha uzoOpaxenun siBisercs MSER
mero uian maximal stability extremal regions [4]. MSER merton BblieeHHUS] COCTOUT B
MIOCIIEI0BATENIbHON OMHAapH3alK N300pakKeHHUsI C MOCTENEHHO BO3PACTAIOIIUM II0pO-
roM. Takum 00pa3oM CTPOUTCA IOCIEAOBATEIHLHOCTh OMHAPH30BAHHBIX H300paKeHUH.
Obnactn M300pakeHHsI, OTHOCSIINECS K OJHOMY KJaccy rociie OWHapu3aliu Ha He-
CKOJIBKHMX TOIPSI DJIEMEHTAX IOCIEA0BaTeILHOCTH, cuutarorcsi MSER ocobsiMu TOY-
kamiu. [Ipumep MSER pernoHoB npejcrasieH Ha puc. 2.
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spotty cat

Puc. 2.Cnesa, opueunanvnoe usobpasicenue. Cnpasa, MSER pecuonvt 3enenvim — spue
OKDECMHOCMU, HCENMbIM — MeMHee

B Hacrosiiiee BpeMs ISl HCCIICAOBAHMS allTOPUTMOB PabOThI C OCOOBIMH TOYKAMH
N300paXKEHHUI MCCIeIOBATEISIM PEIAraeTCs MHOXKECTBO PEATU3aLUi PA3IUYHbIX ajro-
PUTMOB WX BBIICICHUS, ONHCAaHWSA W corocTaBiieHus [5]. OmgHako, Hambosee MOTHBIM,
YIOOHBIN ¥ FOTOBBIN K UCIIONB30BAHUIO, HHCTPYMEHTAPUH [Tl SKCIIEPUMEHTOB B 00J1aCTH
KOMIIBIOTEPHOTO 3peHHs U paboTe ¢ 0COOBIMHM TOYKAMHU B YAaCTHOCTH, MpPEJiaraeT Mpo-
rpammHas oubnmrorexka OpenCV. Ilpu npoBeneHWM SKCIIEPUMEHTOB, B PaMKax JaHHOM
paboThI, UCTIOJIL30BAIMCH METO/IbI, pean3oBaHHbIe B Oubmuoteke OpenCV sepcuu 4.0.0.

2. ConocragiieHHe U300paKeHUI ¢ UCIO0JIHL30BaHHEM 0COOBIX TOUYEK. 3aja4a co-
MOCTABJICHUST N300paKCHHI 1O 0COOBIM TOYKAM 3aKJIIOYACTCS B HA3HAYCHUHM HCTUHHBIX
B3aMMHBIX COOTBETCTBHH MeXTy HUMH [6, 7]. COOTBETCTBHE ONpeaeNseTcs MyTeM CpaB-
HEHHS OMHCcaHuii ToYek. [IpuMep comocTaBieHus: H300paKCHUH IPUBEICH Ha puUC. 3.

Puc. 3. Ilpumep conocmaenenusi 0ocobvix mouex 08yx uzo6padiceHutl

CorylacHO KJIACCHYECKOW KOHIIETIIINH, CONOCTaBJIEHHE OCOOBIX TOUEK ABYX H30-
OpakeHuH pasjernsieTcsi Ha TpY OCHOBHBIX 3Tara:

1) Boinenenue OT Ha U300pakeHUX;

2) Brruucienue onucanuii ooHapyxeHHbIx OT;

3) Ilowuck coorBeTcTBUiT Mexay onucaHusmu OT.

[Tpryem npu cONOCTaBIEHUH, KaK MTPABUIIO, HCTIOJIB3YIOTCSI 0COOBIE TOUKH, JAETEK-
THUPYEMbIE OJHIM METOJZIOM U OTHOCSAIINECS K OJJHOMY KIIaccy.

B pamkax manHoi pa®oThl, MPOBOIUTCS BBIJEICHNE Ha N300paKEHUH OCOOBIX TO-
YeK pa3IMYHbIX KJIacCOB, NIPEACTABICHHBIX B paszeine 1. Jlanee oHM ONMUCHIBAIOTCS O-
HHUM JECKPUITOPOM H aHAIU3UPYIOTCS PE3YNIbTAaThl CONOCTABICHHS.

Bbigenenne oco0bIx To4ek. Panee, B Lensax omnpeneneHus: Hanboyiee ONTUMAIIb-
HBIX METOJIOB BBIJICJICHUS U OTIMCAHUS OCOOBIX TOYEK OBIIM M3Y4EHBI alrOpPUTMBI pado-
ThI JOCTYNHBIX B Onbimoteke OpenCV 4.0.0 MeTon0B, a TakKe MpoaHaIn3upOBaHa CKO-
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pPOCTh UX OOHAPY)KEHHS, UX KOJIWYECTBO M YCTOHYMBOCTH ITyTEM ONTHYECKOTO CpaBHE-
HUS IBYX 00pabOTaHHBIX M300paXEHUH OJHOTO OOBEKTA C Pa3HBIX TOUEK HAOIFOICHHS.
PesynbTaThl HcceoBaHus OBUTH MpencTaBaeHBI B [8].

B kauecTBe mpencTaBUTENEH pa3NMYHBIX KJIACCOB OBUIM BBHIOpPAHBI TOYKH, MOIY-
YeHHBIC MPH Ucmonb30BaHuu MetonoB GFTT (ot anrmuiickoro good features to track —
XopoIre 0codbie ToUKH s conpoBoxkacHus), BRISK (ot anrmwmiickoro binary robust
invariant scalable keypoints — 6unapHbie ycTOHYKBBIC HHBAPUAHTHBIC MACIITAOUPYEMBbIe
ocoOble ToukH) 1 onucanHblii panee MSER meron. GFTT — yronku, BRISK — 6100681,
MSER — peruons!.

Meton GFTT mcmonp3yeT MOAXO0, OMMCAHHBIN JJIS NETeKTHPOBAHUS YTOJKOB Ha
n300pakeHNH, ONMMCAaHHBINA B paszgene 1. Anamormano u MSER. Merton BRISK nmetex-
tupyet OT, oTHOCAMIIHECS K KIacc O1I000B MO MPHHIMITY aHAIN3a KOJIbIa MMUKCEIel BO-
KpYT LEHTpajbHOro. J[maMeTp Koiblia ONpeAesseTcs MapaMeTpaMH alrOpuTMa, HO B
CpEIHEM paBeH 5 MUKCENSM, U KOJIBLO COAepKUT 16 mukceneil. B ciydae, korna Henpe-
pBIBHAs Tyra U3 9 mMKcelneil sipye Wiu TeMHee LieHTpa Oojiee yeM Ha IMOpOroBoe 3Haue-
Hue, nukcedb cuuraercs ueHtpom OT. Taxke BRISK nokanuzyer ocoObie Touku B mu-
pamue MaciTaboB, 4TO HAJIEIACT UX YCTONYMBOCTRIO K M3MeHeHHI0 MacinTaba [9, 10].

Omucanue ocoObIx To4ek. Co3gaHue ONMHMCaHUS 0COOON TOUKM 3aKIIFOUAETCS B BbI-
YHCIIEHUH YHUKAJIBHOTO OIMCAHKsI OKPECTHOCTH TOUKH, KOTOPOE TI03BOJIUT HANTH 3Ty TOUKY
Ha JIpyroM HM300pakeHuH HccienyeMoi 3/ 0OCTaHOBKM NMpHM M3MEHEHHSIX paKypca, yriia
noBopoTa wim Macmraba. Hanbosnee ObICTPBIMH K BBIYMCIICHUIO W TIOCIIELYIOIEMY CpaBHE-
HUIO SIBIISIIOTCST OMHApHBIC NECKPHITOPHI, COCTOSIIME W3 Habopa TECTOB, CPABHUBAIOIINX
SIPKOCTB TIaphl ITMKCEIEH B OKPECTHOCTH IIEHTpa 0co00i1 ToukH. Pe3ynbrar cpaBHEHHS MO-
XKET MPUHUMATH JBa 3HaueHus: 0 i 1, B 3aBUCHMOCTH OT SIPKOCTEH CPaBHUBAEMBIX TOUEK.
Takum oOpa3omM, OMHAPHBIN JECKPUITOP — CTPOKA HyJIeH M €ANHUI] KOHEYHOH Pa3sMEpPHOCTH
(3a mpaBuJI0 B3sATa pazMepHOCTh 512 6uT). CpaBHEHHE ABYX JECKPHUIITOPOB CBOIMTCS K BhI-
yrcnenunto onepanun XOR s 1Byx ctpok-aeckpuntopoB [8—10]. CoBpemeHHbIC mpoliec-
COpBI CIIOCOOHBI BBITIOJIHUTB ATy ONEPALMIO B OUH TaKT, YTO 3HAYUTEIIHHO YCKOPSET MpO-
LIECC CpaBHEHHUsI OMHAPHBIX IECKPHUIITOPOB.

Meron BRISK npennonaraer paboty ¢ GMHapHBIM IECKPHUIITOPOM — YTO 3HAYUTEIHHO
yCKOpSIeT ero paboTy, a crenualibHas IeTePMUHUPOBAHHAS CTPYKTypa 11abioHa JIs IpoBe-
JICHUS! TECTOB HAJIEISIET €r0 BBICOKMMH TOKa3aTeJIsIMH YCTOMYMBOCTH K M3MEHEHUSM YIiia
MIOBOPOTa M MaciuTaba HaboaeMoi cueHsl. Ha puc. 4 npeacTaBieH HCTIONB3YIOMMHACS IS
roctpoeHust OuaapHoro neckpumnropa MetonoM BRISK mrabmon. OTMedeHHbIE CHHIM TOY-
KU TIMKCENH, 3Ha4YEHHs SIPKOCTEH KOTOPBIX CPaBHMBAIOTCS JUIS MOCTPOCHUS JECKPHIITOPA.
KpacHble OKpy»KHOCTH BOKPYT LIEHTPaJIbHBIX IMKCENIEH — PaiyChl, ONPEEISIONIIE pasMep
¢unbTpa [Naycca wist ycperHeHns IPKOCTH B OKPECTHOCTH TTHKCEIISL.

Puc. 4. lllabnon BRISK-0eckpunmopa, ucnonvsyiowuiics ons cpasnenus sprocmet
OKPeCmHbIX nuKceell
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ComnocrtaBieHue 0co0bIX ToYeK. BrrumcieHnsie npu momomm Mmeroma BRISK
OIMCaHUS OCOOBIX TOYEK COMOCTABIISIIOTCS METOJOM ITOJHOro nepedopa. To ects, ompe-
JETISIFOTCS TTaphl COOTBETCTBHM, HanboJee OIM3KKE 10 ONUCAHUIO.

Tak, nmoJnb3ysich METOAOM TIOJIHOTO TIepedopa, CPaBHUBAIOTCS ONMUCAHHS OKPECTHO-
cTell BceX ToueK. Pe3ysbTaToM cpaBHEHHMS SIBISIETCS] KOJIMYECTBEHHAs! OLICHKA Pa3HHIIBI
OKPECTHOCTEH AJI BceX 0co0bIX TOUEK ABYX m3oOpaxenuit [11, 12]. [onydeHHOoEe MHO-
JKECTBO Map COOTBETCTBHU MOXKET OBITH (PMIIBTPOBAHO 110 OTHOCUTEIEHOMY TIOPOTY:

Wif) = 1 dif
fldif) = desc_len’
xorza f (dif) = threshold

korga f(dif) < threshold’

rae dif — BenmuumHa pasHunbl onwcanuii, desc_len — mmmHa nexckumropa, threshold —
MOPOT UCTHHHOCTH COOTBETCTBHUIL, & Match — mpoBepsemoe cootBetcTBHE. Takum 0Opa-
30M U3 BCEr0 MHOXECTBA COOTBETCTBHH MpH (UIBTPALMH BHIOUPAIOTCS Maphl, pas3iiu-
Yarouecs He 6oJiee YeM MoporoBoe 3HaYeHUe CBouMH omnucanusmu [13, 14].

3. ITpoBenenue rkcnepuMeHToB. TpH pa3IUYHBIX THIA OCOOBIX TOYEK OBUIH Jie-
TEKTHPOBAHbI HA ABYX KaJpax — KaJp-3TaJOH M 3TOT )K€ Kaap, TOJIbKO MOBEPHYTHIH Ha
15° mpotuB yacoBoii ctpenku. HafimeHHbIe 0COOBIC TOYKH ORI OOBETUHEHBI B OJHMH
00t BeKTOp st Kaxaoro kaapa [14]. Pe3ynbTaTsl moucka npuBeaAeHs! B Ta0. 1 1 2.

{match = true,
match = false,

Tabmuna 1
Oonapy:xeHue B IEPBOM Kajpe

Tun perexropa

Bpewms BeInONHEHMUS, C

KonmnyecTBo HalICHHBIX TOYCK, IIT

GFTT 0,041 500
MSER 0,456 461
BRISK 0,329 500
Tabmuma 2
Oo0HapyskeHue BO BTOPOM KaJipe
Tumn rerekropa BpeMst BBITIOITHEHUS, C KonmnuecTBO HalICHHBIX TOYEK, [IT
GFTT 0,032 500
MSER 0,426 508
BRISK 0,297 500

JHamnee, it 0000MIEHHBIX BEKTOPOB BRIYHCIBLIUCH TeCKpHITOPH MeTogoM BRISK.
Ha Beixone anropurma gerektupoBanns BRISK HekoTOphle TOUKH Ha Kpasx n3o0Opaxe-
HHUH OTOpAChIBAIIMCH AECKPHIITOPOM, KaK HEBO3MOXKHBIE K BeruucieHuto [15]. dus OT
mepBoro Kajapa 6suto otopomiero 120, mis Broporo — 90. Bpemst BEIYHCICHUS JECKPHUTI-
TOPOB M X COIOCTaBJICHHs] yKa3aHo B Ta0. 3.
Ta6muna 3
Bpems BbIYHC/IeHUS IECKPUNITOPOB UX COMOCTABIEHUS

Onepanys Bpewmsi BBITOTHEHUS, C
Beluncienue aeckpuntopos 1-ro kajapa 0,0256
Brruncnenue qeckpunTopoB 2-To Kajapa 0,0259
ConocraBiieHHe MMOJTYYEHHBIX BEKTOPOB 0,0000119
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JlBa momy4eHHBIX OOOOIIEHHBIX BEKTOpA COMOCTABJISUIMCH METOJOM IOJIHOTO Iie-
pebopa.

C 11e71610 MCCIIEOBAHMUS COMIOCTaBIICHHBIE Mapbl ObUTH pa3duThl Ha 4 Kiacca:

¢ Kiacc 1 — mapbl yrojok-yrook;

¢ xiacc 2 — napa 0;100-01100;

¢ xwiacc 3 — mapa BRISK-BRISK;

¢ xiacc 4 — napa, B KOTOpPOH NPUCYTCTBYIOT ABa pa3nnyHbix Tuna OT.

B pesynbraTte conocraBieHHs 00bEANHEHHBIX BEKTOPOB OCOOBIX TOUCK MOJIYYHIH
CIIEAYIONINE Pe3yIbTaThI:

¢ KomnuuectBo map knacca 1 — 405.

¢ KonuuectBo map knacca 2 — 269.

¢ KomnuuectBo map knacca 3 — 386.

¢ KommuecTBo map kmacca 4 — 281.

CieoBaTeNbHO, YTOJIKH COBMEILAIOTCS C YIOJIKaMU ¢ HauOoJIbILeH BEpPOSITHOCTHIO,
a 05100bI HAIIPOTHUB MEHEee CTAOWIIBHBI P MHOTOKJIACCOBOM COIOCTaBJIeHHH. Pe3ynbTa-
TBI COIIOCTABJICHHUS] MOXKHO OLICHUTH Ha puc. 5. YeTbIpe Kilacca nap coeJUHEHbI OTpe3Ka-
MU YeTBIPEX pa3lIMuHbIX 1[BETOB, a pazmepsl OT nokazaHbl okpyxHOCcTsMHU. Knacc 1 —
KpacHbIH, 2 — 3eneHsblil 3 — cuHuil 1 4-i ki1acc GeNIbIMU OTpEe3KaMHU.

Puc. 5. O6u4ue pesyabmamyvl CONOCmMaeieHus 0cobbIx movex pas3ludHsblx Kiaccoe

Jis mpuOIIMKeHUsT K peajbHBIM YCIOBHSAM PabOTHI, SKCIEPUMEHT OBUT MMOBTOPHO
MIPOBEJICH C MPOBEACHUEM (PHIBTpPAIIMU COIMOCTABJICHUI ¢ OONBIINM 3HAYCHHEM pa3HU-
el onucanuii [16-18]. @uibTparius npoBOUIACH TOCIE BBIYUCICHHS IECKPUITTOPOB.

[Ipu punpTpanuu yaansuMch BCE COMOCTABICHHBIC MApHI, JECKPHIITOPHI KOTOPHIX
oTim4aroTcst 6onee yeM S50-10 pe3yabTaTaMu OMHAPHBIX TECTOB JECKPUTITOPA.

B utore moBTOpPHOTO 3KCIEPUMEHTa TOJYYMIN MEHBIIE CONOCTABICHHMA, OJHAKO
BCE OHU a0COJIFOTHO TOYHBI. BBUIM MOJTyYeHBI ClIeIyIOLINe Pe3yIbTaThl:

¢ KomunuectBo nmap knacca 1 — 110.

¢ KomuuecTBo nap kiacca 2 — 30.

¢ KomuuecTBo nap kiacca 3 — 68.

¢ KomunuecTBo nap kiacca 4 — 0.

PesynbraThl BTOPOro 3KCIIEPUMEHTa CXOKH C MEPBBIM: HAUOOJbIIEE KOJIHYECTBO
rnap TO4eK OJHOr0 TUMa Jalu Yroyku, Bcied 3a HuMu BRISK-touku u mocnennue —
6110061. Ha puc. 6 oToOpaskeH pe3yJibTaT COMOCTaBICHNS! BTOPOTO 3KCIIEPUMEHTA.

[IpsaMBIME OTpe3KaMU COCTUHEHBI Maphl COMOCTABICHUH, OKPYXHOCTSIMH — pa3-
MepBI 0COOBIX TOoYeK. [[BeT COOTBETCTBYET KIIACCY Maphl, KaK U B MPEIBIIYIIEM JKCIIe-
pumente. Knacc 1 — xpacHbli, 2 — 3eneHblil 3 — CUHHHN. 4-i KJIacC HE UMEET IK3EMILIA-
POB B 3TOM 3KCIIEpUMEHTA — OENBIX OTPE3KOB HET.

198



Paznen IV. Aranms u pacno3HaBaHue 00pa3oB

Puc. 6. @uﬂbmpO@aHHble pesyibmamyvl CONOCmMaesieHus 0cobbix mouex pas3iudHblx
Knaccoes

B kauecTBe BBIBOJIOB K pe3yJbTaTaM KCICPUMEHTOB HEOOXOIMMO OTMETHUTH ClIic-
IyrorIee:

¢ OObenMHEHHBIC BEKTOpa M3 HECKOJBKHX THIIOB OCOOBIX TOYEK MOTYT OBITh
onucanbl oqauM BRISK-neckpunropom.

¢ Ilpu comocraBieHHH OOBETUHEHHBIX BEKTOPOB IOBBIIIAETCS TOYHOCTh — 3@
cder n00aBICHUS HOBOW HHPOPMALUH.

¢ B ciyyae comocraBneHus 6e3 GpuiIbTpalyy 1Mo 3HaYeHHI0 METPUKH, BEJIHKA Be-
POSITHOCTB JIOKHOTO COITOCTaBJICHHUS, a TaK K€ COIMOCTABJICHUS TOYEK Pa3HBIX THIIOB.
[Tpu nobaBneHuu GUIBTPALIUU KAYECTBO COMOCTABIICHNS 3HAYUTEILHO MOBBIIIACTCS.

¢ HawnGomnpmeil ycTOHYHBOCTEIO TIPH COIIOCTAaBICHIH 0000IIEHHBIX BEKTOPOB 00-
JIAIAI0T TOYKH THIIA YTrOJOK, HAMMEHbBIIEH — OJI00BI.

3akmiouenue. [IpoBeneHHbIe B paboTe AKCIEPUMEHTHl IOKa3ald BO3MOXKHOCTH
UCIIONIb30BaHMS Pa3IMYHBIX TUIIOB OCOOBIX TOYEK MPU COMOCTABJICHHH H300pa)KEHHI.
[Ipuyem nCTONB30BaHUE PA3TUIHBIX THIIOB OCOOBIX TOYEK MOBHIMIACT Ka9ECTBO COIOC-
TaBJICHHS] ¥ YHUBEPCAJIbHOCTh aJITOPUTMA B 11eJI0M. B Tabnuie 4 npuBeaeHa CTaTUCTHKA,
MIONyYCHHAS Ha N300PaKCHHUAX C TMOJABISIONINM KOJTHYECTBOM BBICOKHX YacTOT B CIICK-
Tpe (BBICOKO JCTAIM3MPOBAHHBIX) M HAMPOTUB, ¢ MPeoOIaJaHHEM HH3KHUX YacTOT B
cniekTpe. M300paxeHns W TaHHBIC IS OLIEHKHW UCTHHHOCTHU COITIOCTABJICHUH Opaimnch u3
HabopoB manubx homogr (16 map) u EVD (15 map), neHTpa MAIIHHHOTO BOCIIPHUSTHS B
I[pare (opwur. auri. — Center for Machine Perception) [19, 20].

Tabauma 4

I[OJ'[H MCTHHHBIX CONMOCTABJIEHUH KJII0YEBBIX TOYEK Pa3/IMYHBIX KJIaCCOB
Ha BBICOKO U HU3KO J€TATU3UPOBAHHBIX moﬁpame}mﬂx.

BhICOKO JIeTan3upOBaHHbIE Husko aeranu3upoBaHHbIC
n300paKeHHs n300pakeHus
Kiacc 1 40% 25%
Kiacc 2 43% 56%
Kiacc 3 30% 35%
Kacc 4 11% 8%

Tak, U300pakeHusI C MOAABIAIONICH HU3KOYACTOTHOW COCTABIIAIONICH, HECYIIUE B
cebe OopIne 0cOOBIX TOYEK THMA OJI00 WM PETHOH, WIIH H300pakeHUs ¢ HU3KUM 3Ha-
YCHHUEM OTHOILICHHS CHTHAJI-IIYyM, OYIyT COMOCTaBJSTHCS C MEHBIICH TOYHOCTBIO MPH
WCTOJIB30BaHUM TOJBKO TOYEK THUIA YTOJKH. [IpW HCIIONB30BAaHUM HECKOJIBEKHX THIIOB
0COOBIX TOYEK CIECAyeT YACHSITh BHHMAaHUEC COBMECTHMOCTH HCIOJB3YEMBIX THIIOB U
00BEMHATH TUIIBI C YUETOM UX 0cOOeHHOCTeH. Tak, 0coObIe TOUKH THTIA PETHUOH MOTYT
HCTIOJIB30BaThCS IS MOJTYYeHUsT HHQOPMAIMH O TJI00AFHOM, PEe3KOM H3MCHEHUH Clie-
HBI B TO BPEMS KaK TOYKH THITA YTOJOK IMO3BOJISIOT IPOBOANTH TOYHYIO CYOIHMKCEIbHYIO
JIOKAJIU3aI[MI0 CAMHUX OCOOBIX TOYEK W, CIEHOBATEILHO, BECTH 00JIe€ TOYHOE COIMOCTaB-
JICHUE M300paKeHUH.
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PACHO3HABAHME U30BPAKEHUI CEJIbCKOXO3SAMCTBEHHBIX
KYJbTYP, PACTEHUM U JIECHBIX MACCHUBOB

Ilpedocmasnen 0630p HekomopvIX Ucciedo8anuli no npobdieme pacho3HA8AHUA U300paAiCe-
HULL CebCKOXO3AUCMBEHHBIX KYIbNYD, PACMEHUN U JECHbIX MACCU8os8. B amux cucmemax pacno-
3HABAHUSL U30OPANCEHULl UCHONL3VIOMCS PA3IUUHbIE Memoobl Nped8apumenvbHol 06pabomku,
KOMNbIOMEPHO20 3peHUs, 21y00Ko20 00yuenus. B nociednee eépems yeenuuusaiomcs. CUCHembl
PACNO3HABAHUS HA OCHO8E MOOUNLHBIX YCIMPOUCS, YMO NOSbIUIAen UX OOCHYNHOCHb U WUPOKOe
pacnpocmpanenue. Paccmompensi cmamby N0 pacnosHasanuio, Kiaccu@urayuu niooos u Gpyx-
moe 6 cadax, co30anue O6AHKA OAHHBIX IMUX ASPAPHBIX NPOOYKMOE (AOI0KU, pyuiu, Kueu) Ois
oyeHKu cospesanus u ypocaiinocmu. Onucanvl pabomvl NOCEAUEHHbIE ABMOMATMUAYUU COOPA
VPOXCAS, 3ePHOBLIX KYIbMYP HA npumepe pabomul YOOPOUHO20 KOMOAUHA ¢ NPUMEHEHUEM MAUUUH-
HO20 3peHus. Pacmenuesoocmeo uepaem 8asicHyto poib npu obecneyenuu KOpMos O HCUBOMHO-
600CMBA, AHANUSUPOBAHLL CIAMbYU NO PACHO3HABAHUIO CENbCKOXO3AUCMBEHHIX DACHEHU HA
ocHose uz00pasicenutl tucmoes. Taxoce no cOCMOAHUIO TUCMbEE KAPMODENbHbIX KYCIMO8 MOICHO
onpedenums ux 60Je3HU, OYeHUums coOCmosaHue noysul. Ilpusedenvl pabomul no paspabomke mo-
OUNBHBIX CUCEM KOHMPOA U PACNO3HABAHUA NPOYeCcca 8bIpAUBAHUs 2pUbO8 HA OCHOBE MEXHO-
n02uu «3eenviil 0om» 0na Gepmepckux xosaticms. C nomowpio OUCMAHYUOHHOU OUASHOCUKU
MOJCHO AHAUZUPOBAMb U KOHMPOIUPOBAMb COCMOAHUE NOBEPXHOCMU Cyuiu U mopeu. Jna ouc-
MAHYUOHHO20 IKONIOSUHECKO20 MOHUMOPUHSA TAHOWADMA 3eMHOU NOBEPXHOCHIU ONUCAHbL PADO-
Mbl MO PACNOZHABAHUIO, KAACCUPUKAYUU JIECHBIX MACCUBOB, BOOHLIX PECYPCO8 C NPUMEHEHUEM
2UNEPCNEKMPATbHO20 AHANU3A CHYNHUKOBLIX U300PAdCEHUL.

Pacnosnasanue uzobpadcenuti; pacnosnasanue u300padxicenuli Gpykmos, niodos, IUcmyes,
pacmenuti, 2pubos; 2nybokoe obyueHue; KOMNbIOMEPHOe 3peHue; pacnosHaganue NaHouwagpma;
2UNEPCNEKMPATbHBIL AHANU3, OUCTHAHYUOHHBITL MOHUMOPUHE

1.B. Abbasov, R.R. Deshmukh

IMAGE RECOGNITION OF AGRICULTURAL CROPS, PLANTS
AND FORESTS

The paper provides an overview of some studies on the recognition of images of crops,
plants and forests. These image recognition systems use various methods of pre-processing, com-
puter vision, and deep learning. Recently recognition systems based on mobile devices are in-
creasing, which increases their availability and wide distribution. The articles on recognition,
classification of fruits and fruits in orchards, the creation of a data bank of these agricultural
products (apples, pears, kiwi) to assess ripening and yield are considered. The works devoted to
the automation of harvesting grain crops are described on the example of the work of a combine
harvester using machine vision. Crop production plays an important role in providing feed for
animal husbandry; articles on the recognition of agricultural plants based on leaf images are
analyzed. Also, by the condition of the leaves of potato bushes, you can determine their disease,
assess the condition of the soil. The work on the development of mobile systems for monitoring and
recognition of the process of growing mushrooms based on the "green house™" technology for
farms is presented. Using remote diagnostics, you can analyze and monitor the state of the surface
of land and seas. For remote environmental monitoring of the landscape of the earth's surface,
work is described on the recognition, classification of forests, water resources using hyperspectral
analysis of satellite images.

Image recognition; recognition of images of fruits, fruits, leaves, plants, mushrooms; deep
learning; computer vision; landscape recognition; hyperspectral analysis; remote monitoring.

1. BBenenue. B moBceHEBHOM KH3HH MBI YK€ HEe oOpamiacM BHUMaHHE Ha BHE-
JPEHUE CUCTEM CIIeKEHUsI U paclio3HaBaHUsl B TOpoJcKoi cpene. OHU B OCHOBHOM CBSI-
3aHBI C o0ecrieYeHueM 0e30TaCHOCTH KaK Ha JIoporaX, TaK W Uil OOLIECTBEHHOTO IO-
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psinka. DT CHCTEMBI TaKXKE aKTUBHO HCIIOJB3YIOTCA B PA3IMYHBIX OTPACISIX HAPOITHOTO
X03s1iicTBa, B TOM YHCIE B CEIBCKOM XO3AHCTBE JUISI MOBBILIICHHS SKOHOMHUYECKOH (-
(PeKTHBHOCTH NPOU3BOJICTBA arpapHOil NpoayKUuH. MOOHIbHEIE CHCTEMBI KOMIBIOTEP-
HOTO 3pEHUsI MOTYT OLIEHUTh COCTOSIHUE YpO’Kas pacTeHHEBOACTBA, canoBojacTBa. OHHU
UCTIONIB3YIOT METOJbI PacliO3HABaHUS M300paKCHUH Ui Kinaccu(UKanud OOBEKTOB U
CIICH, C IPUMEHEHUEM TTyOOKOro 00yueHHsI U KOMIIBIOTEpHOT0 3peHusi. B nanHoi pabo-
T€ MpPEACTAaBJIEH 0030p M aHaIN3 HEKOTOPBIX COBPEMEHHBIX HCCIIeIOBaHUH B o0nacTu
pacrio3HaBaHUsI N300PaKEHUH CENLCKOXO3SMCTBEHHBIX KYJIBTYP, PAaCTEHHH W JIECHBIX
MAacCHBOB C IIEJTI0 OIICHKH MIEPCIIEKTUB IPUMEHEHHS U OyAyIIEro pa3BUTH.

2. Pacno3naBanue u3odpaxkeHuii GpykToB: fA0I0KH, rpymId. TexHOIOTHS TIIy-
00KOr0o 00y4eHHs YCIICITHO MPUMEHSETCS B PA3IHMYHBIX 00JIACTSAX HAYKH M IPOU3BOICT-
Ba HAYMHAs OT KOMIBIOTEPHOTO 3pEHUS JI0 paclio3HaBaHuA pedr. B obmactu oOpaboTku
n300pakeHHH TIyOOKoe OOy4eHHe HCIIONb3YyeTcs MMl aHallk3a CLHEH M OOHApYKCHHS
00bekToB. OHAKO C YBEIMUYCHHEM IUIOTHOCTH CIICH 3a/lada aHali3a ycloKHsercs. Pa-
6ota [1] mocesIIeHa aHAK3y IUIOTHOCTH CLIEH B CEIBCKOM XO03sicTBe. ONMHCHIBAIOTCS
Ppa3JIMYHbIC TTONYJISAPHBIC FJ'Iy6OKI/Ie HeﬁpOHHLIe CCTU IO aHAJIM3Y IJIOTHBIX CCJILCKOXO-
3SHUCTBEHHBIX CIIEH [2].

B nanbreiimem npuBoautcs 3G QeKTHBHOCTh TAaHHOTO CHOCO0a MpU pacro3HaBa-
HUH, OOHAPYKEHHH, KiacCU(UKALUK, MOJCYeTe U OLEHKe ypokaiHocTH. OTMeuaercs,
YTO 00JaCTh PacHO3HABAHUS CEINbCKOXO3SHCTBEHHBIX CLEH C NPUMEHEHHUEM TIIyOOKOTO
MaIIMHHOTO O0YydYeHMsI HaXOAWTCS eIé B HAYaJIbHOM JTale, TaKk Kak HEoOXoauMma pac-
mupeHHas 0a3a JaHHBIX 10 KIACCH(UKAINU PA3INYHBIX CEIbCKOXO03IHCTBEHHBIX HPO-
nyktoB [3]. B pabote [4] mpeacTaBieHbl TaHHBIC 110 PACIO3HABAHUIO IUIOZOB SIOJIOK U
TpYyII Ha OCHOBE aHanu3a Oonee cra poTorpaduii GpyKTOBBIX AepeBbeB (puc. 1).

Puc. 1. Ananus cyensi 8 cenbckom xo3aiicmee npu pacno3Hasanull U300paAdiCeHull
@pyxmos 6 cady [1, 4]

3. Pacno3HaBaHue ILUI0OI0B KMBH. PacnozHaBaHUe CENbCKOXO3SHCTBEHHBIX MPO-
JIyKTOB ABJISIETCA HEMPOCTOH 3a7aueii, 0COOCHHO MaJlo IMyOJHKAIMH MOCBSIIEHHBIX pac-
MO3HABAHUIO TIOZOB KUBH [5, 6]. KMBM OTHOCHTCS K TJIOZOBBIM KYJIBTYpaM PacTEHH
pona aktuHuaus (at. actinidia chinensis), IMEOMUX BUA JPEBOBUIHON JTHAHBI POJOM
n3 Kurasi, M3-3a IUTATEILHOCTH MIMPOKO KYJITHBUPYETCS B BceM Mupe. B pabote [7]
HCTIONB3YIOTCS [IBETOBBIE MOJIEIH sl 6a30B0i 00pabOTKHM M300paXKeHUs C pacuInpeHu-
eM yacToTHO# oOnactu. [locne ¢pubTpanny n300paxxeHus!, ONPENEISIIOTCS XapaKTepH-
CTHKH CTBOJIa, TAK)KE MCHOJIB3YETCsl OMHOKYJISIPHAs. CHCTEMa CTEpEeO3peHHs IJIsl pacio-
3HABaHUS II0/I0B, YTO TOBBIMIACT OINpPEJEIICHNE MECTONOJIOXKEHUSI 00BEKTOB (pHC. 2).
DKcneprMeHTaIbHbIE HCCIIEI0OBAHMSI TOKA3bIBAIOT XOPOIINE PE3YJIbTaThl PAOOTHI Mpe-
JIOKEHHOTO adrOpUTMa.
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m 3

Puc. 2. Opueunansnas pomozpagus niooa kueu, 0bpabomxa c pacnosHa8aHuem Kpaes,
pe3ynbmam pachoznasanus uzobpaicenus [1)

4. ABTOMaTH3aIMs cOOpa ypokasi KYKypy3bl HA OCHOBe KOMIBIOTEPHOI'O 3pe-
HUS M pacrio3HaBaHMs pacTeHMii. B mocnennee Bpems Bce OOJbIIE aBTOMATH3UPYETCS
TPYI B CEJILCKOXO3AHCTBEHHOM OTpaciy. M3-3a pacmmpeHus Iuomaaeii nocajku KyKy-
PYy3BI B pa3IMYHBIX arpapHbIX 00JIacTAX MUPA BO3HUKAET CHTYAIHs MO MPHUCTIOCOOICHUIO
KyKypy30yOOpo4HOro KoMOaliHa K KOHKPETHBIM YCJIOBUsSIM cOopa ypoxas. Kykypysza
OTHOCHUTCHA SAPOBBIM 3€CPHOBBIM, ITPU BbIpAIMBAHUHN B PA3HBIX KIMMATUYCCKUX YCIIOBUAX
paccrosiHEe MEKIY pAAaMu KYKypy3bl Mensiercs [8].

B cratbe [9] uccnenyercs meron oOpabOTKH M300pa)KeHUIT U MaTEMaTHYECKOTO
pacyera mapaMeTpoB KYKYPY3HBIX PSZIOB C MOMOLIBIO HU(BPOBOH Kamepbl CIEKEHHs
(puc. 3). Ilpouecc pacno3HaBaHUsl OCHOBaH Ha MOATANHOM 00paboTKe M300paXkeHUs C
NPUMEHECHHEM MaTEeMaTHYECKUX METOJIOB JUIS ONPECICHHS PACCTOSHHS MEXKIY PIIaMHU.
Janee npoBOAMTCS KaJHOPOBKA PEXKYLIEro CTONa CaMOro KyKypy30yOOpOYHOro KOM-
OaitHa. TexHOJOrMYECKUEe WHHOBAIMK ITO3BOJISFOT aBTOMAaTU3HPOBAThH MPOLECC YOOPKH
ypO3Kasi ¥ MOBBIIATE ((PEKTHBHOCTE cOOpa arpapHOil NPOTYKIHUH.

]
O s \

1
il - T‘I:lhlll'

Puc. 3. Dmanwl nocnedosamenvrot 06pabomru uzoopascenuii [9]

5. Pacmo3HaBaHHe M KOHTPOJIb COCTOSIHHSI PACTEHHIT HA OCHOBe JINCTheB. He-
JPEBECHBIE PACTEHHS, CEJILCKOXO3SHCTBEHHBIE TPaBbl 00ECIIEUNBAIOT JOMaIHie U dep-
MEpCKHE XO3SIMCTBAa Ba)KHEWIIMMH KOPMaMH UIsl KUBOTHOBOACTBA. [y a¢h(exTHBHOTO
pocTa HEOOXOMM KOHTPOJIb COCTOSIHUS pacteHuit u ux nomyisinuu [10]. Mcenons3oBa-
HHE PYy4YHOTO METOJa ONpe/ieieHHs B COBPEMEHHBIX YCIOBHUIX HE OTBEYaeT TpeOOBaHU-
SIM BPEMEHH, TI03TOMY MCIOJIB3YIOTCSl Pa3IM4YHbIE CIIOCOOBI paclo3HaBaHMs U MICHTH-
(buKanuy pacTeHUH Ha OCHOBE aHAJIM3a XapaKTepUCTHUK JUCTheB. Pabora [11] mocesmie-
Ha pa3paboTke MOOMIILHBIX CHCTEM JUIsl paclio3HaBaHHs M WACHTU(HUKALNK BUIOB pac-
Tenuii (puc. 4). B paGoTe u3y4aroTCs BO3MOKHOCTH Pa3JMYHBIX MOOWIIBHBIX CHCTEM
pacIio3HaBaHUs JIMCTHEB PACTEHHH C TOMOIIBIO CMAapPT(HOHOB.

B pabote [13] paccMmaTpuBaroTcs pa3inyHble HEHPOHHBIE CETH ISl pacliO3HABAHUS
L[BETOB M JIUCTheB pacTeHui [14, 15]:

¢ HCKycCTBEHHas HelipoHHas ceTb (artificial neural network);

¢ BEpOSTHOCTHAsl HEHpOHHas ceTh (probabilistic neural network);

¢ cBeprouHas HelponHas cets (convolutional neural network);
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¢ 10 metoxy k-Gmmkaiimero cocena (k-nearest neighbor);
¢ TOINEepXKKa IO OIIOPHBIM BEKTOpaM (support vector machine), 1 KoMOWHHPO-
BaHHbIE METO/IbI.

Petiole
detectionand
removal

Modified KDES
extraction

SVM based
classification

Leaf orientation
normalization

Puc. 4. Memooonozus npumenenust uoeHmu@urayuy pacmenuil Ha ocHoge aucmoes [11, 12]

Hcnonp30Banue pas3inyHbIX METOOB NP IPEABAPUTEIBHON 00pabOTKe yirydIiaeT
mpoIiecc KiaccupuKaimy JIucTa pacterus (puc. 5). KauecTBO HCXOMHBIX W300paskeHHIA
JIMCTHEB UTPAET BAKHYIO POJIb MIPH UX JajbHEHIIeM pacro3HaBaHUH.

Conv°£ W"conng.l

Vein £ : // > Convolution-2
segmentation Z -
4 \ Vein dimension
Leaf image measurement

Central patch extraction
Pooling-2

Classifier output

Puc. 5. Pacno3znasanue nammepHos 1UCmoves ¢ NOMOWbIO CG@mellHOIZ HeﬁpOHHOl:i cemu

[13]

Pabota [16] nocesiiieHa aHaiau3y OOJIE3HU JINCTHEB PACTEHHs TOMATa C MOMOUIBIO
cnektpomerpa ASD FieldSpec4. Ha MHAMICKYIO SKOHOMHKY OOJIBIIOE BIUSHHE OKa3bl-
BAaET CEJILCKOE XO3sICTBO, U coriacHo aanHbM 30—35 % ypoxkas Tepsiercst n3-3a 6oJes-
Hell pacteHHid. C MOMONIBIO THIEPCIEKTPAIFHOTO JIHCTAaHIMOHHOTO 30HIMPOBAHMS
npeJyiaraeTcs KOHTPOIUPOBATh COCTOSTHUE PACTCHUH, BBISBILATH O0JI€3HH, KOTOPBIE OTO-
OpakaroTcsi B paMKax y3KOTro Juana3oHa BoiH. PazpaboTanHas TeXHOJOTHS Oa3upyercs
Ha ONpEe/eJICHHBIX IPHU3HAKaX, aTpuOyTax Oojie3Hel pacTeHHH, KOTOpble OOHapyKHBa-
I0TCS B CIIEKTPE OTPa)XKEHHOTo curHana. B pabote [17] nccnemyrorcs BOIpoCH TUCTaH-
[IMOHHOW OIICHKH CIIEKTPAILHON OTpakaTedbHOW CIIOCOOHOCTH CENbCKOXO3SMCTBEHHOM
nouBbl. Tak Kak Mo4YBa UrpaeT BaXKHYIO POJIb IPH IPOU3BOACTBE M KOHTPOJIE COCTOSHHUS
arpapHbIX KyabTyp. CBoeBpeMeHHas! IUCTAaHLIMOHHAsS AMArHOCTHKA sBIsieTcs Ooree 3¢-
(EKTHBHBIM 110 CPAaBHEHHIO C XUMUYECKHM aHAIN30M.

6. Cucrema 1l KOHTPOJIS mpouecca BbIpalluBaHus rpuéos. B HacTosmee
BpeMst IPHOBI SBIISIOTCS SKOHOMHUYECKH BBITOJHBIM CEIbCKOXO3IHCTBEHHBIM POLYKTOM
C BBICOKOH NUIIEBOH LEHHOCThI0. OHU SBISIFOTCS KMBBIMU OPIaHU3MaMH, COUETAIOIH-
MH B cebe CBOMCTBa pacTeHUH M XMBOTHBIX. [ pHOBI MrpaloOT BaXKHYIO pOJb B JKH3HU
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O6uocdepsl Hamel IUTaHETHI, MepepadaThiBas OPTraHWYCCKHE MAaTepHajbl, TEM CaMBIM
MOBBIIIAIOT TJIOAOPOJHOCTh MOUBBL. M3-3a TI00anbHOr0 M3MEHEHHUS KIIMMAaTa TEXHOJO-
TMYECKHEe TETUTHIBl HAYMHAIOT 3aMEHSITh TPaIHLHOHHBIC CIIOCOOBI BHIPAIIMBAHUS TPHU-
60B. OnHAKO, 3TH TEIUTHIBI MUMEIOT CIOXHYIO CTPYKTYpy ympasieHus [18]. B crarse
[19] mpencrasnena pa3paboTka CHCTEMBI KOHTPOJIS POCTa U MOJCYETa KOJUYECTBA IPHU-
OOB Ha OCHOBE MHTEIUICKTYallbHOW CBEPTOUHOHN HelipoHnHO# cetu. [IpemnoxeHHas cuc-
TeMa 3aMiChIBACT JaHHbIC 0 rpubax M mepeaaeT UX Ha MOOHIBHBIN TenedoH depmepa
(puc.6), 94TO NOBBILIAET OMEPATHBHOCTH, 3P HEKTUBHOCTD YIPABICHUS TPOU3BOJCTBOM.

Greenhouse

. Intranet

Puc. 6. Cmpyxmypa xommynuxayuu 0. KOHmposi cocmosinust 2pu6og [19]

7. Pacno3Hapanue JanamadgTa no COyTHUKOBBIM H300paxkenusiM. B cratse [20]
CPaBHHBAIOTCS CITyTHHKOBBIE CHUMKH 1985 11 1996 romoB (puc. 7), KOTOpbIe UCTIONB3YIOT-
cs I BU3YalIbHOHM MHTEpIpeTanuu yCThs Opasmibckoi peku Puo-Tlapaiiba [21]. B pe-
3ynbTaTe CPaBHEHMS OBUTH BBIABJICHBI CICAYIOLINE OTIMYMS: M3MEHEHHE pycia peku [la-
paiiba Ha PacCTOSHUHM HECKOJIBKUX KHJIOMETPOB, M3MEHEHHE OEPEeroBod JIMHUM B PE3ylb-
TaTe OKEaHCKOTO TEYEHHS, BHI3BAHHOTO IOT0-BOCTOYHBIMH ITacCaTaMH, MOCTOSTHCTBO I'pa-
HUIl MEXIY TOJSIMH CaXapHOTO TPOCTHHKA, NMAacTOMIIAMH M OCTaTKaMH OpPHI'MHAJIBHBIX
MPUOPEKHBIX JIECOB, @ TAKIKE POCT TEPPUTOPUH TOPOJICKHX 3aCTPOCHHBIX PaiiOHOB.

*

Puc. 7. Cnymnuxosule cnumku yemos pexu Puo-Ilapaiioa ¢ 1985 u 1998 2o0ax [20]

I'eHEeTHYECKUI alrOPUTM HPEIHA3HAYCH IS MOUCKA ONTHMAJIBHOTO PELICHHS Y-
TEM HCKIIIOYCHHS XYIIIET0 BapHAHTA W3 TEHHBIX MOCIICAOBATEILHOCTEH C HUCIIOIb30Ba-
HueM QyHKIH 3G GeKTUBHOCTH [22]. DTOT aNropuT™ XOPOIIO paboTaeT Npu KiIaccudpu-
Kaluu u300pakeHuit 0e3 neraneit. B crathe [23] mpesaraercst HOBBIN THOPHIHBIN al-
TOPHUTM TOBBIIICHUS] TOYHOCTH W HAICKHOCTH KIacCU(UKAINMH CITyTHHKOBBIX H300pa-
xeHnil. Ha mpuMepe n300pakeHusT BOJIOXPAHIIININA JEMOHCTPHPYETCs 3(PPEKTHBHOCTh
MIPEJUIOKEHHOTO METO/IA 110 PACIIO3HABAHHUIO 00BEKTOB 3€MIICIIONB30BaHuUs (puC. 8).
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N Vegetation [ Structure
I Water Bare land
I Forest

Puc. 8. Aspoghomocnumox mecmrocmu u pezyibmam anaiuza uzoopaxcenus [23]

Jnisi KapTUpOBaHUsI 3€MHOM HMOBEPXHOCTH M OLEHKH 3KOJOTHYECKOTO COCTOSHHUS
YacTO MCIOJIB3YETCsl AMCTAHIIMOHHOE 30HAMPOBAHUE C MOMOLIBIO CITyTHUKOB. C Kax-
JIBIM TOZIOM Ka4€CTBO CITyTHHKOBBIX CHUMKOB IOBBIIIACTCS, YBEIMIUBACTCS pa3pelieHre
9THX H300pakeHuit [24]. bonee »3(ppeKTHBHBEIM CTAaHOBUTCS PacloO3HaBaHUE, KIaCCU(PU-
Kamus 1 o0HapyXeHHe 00BEKTOB Ha OCHOBE MeToIa TriTy0okoro obyuenus. B cratee [25]
MpeCTaBICH MOAPOOHBI 0030p Mo KiIaccupukanuu TaHamadTa MOBEPXHOCTH 3EMIIA
IUIA O0HApYXKEHUS 00BEKTOB Ha 0a3e M300paXeHUH ¢ BRICOKHM pa3penicHreM. MeTobl
Ha OCHOBE TIyOOKOTO OOYYEeHHS OOECICYMBAIOT KOMILICKCHOE PpEIICHHE, HCIOJB3YS
MPOCTPAHCTBEHHYIO M CIIEKTPabHyI0 HHpopMaiuio (puc. 9). OcCobeHHO T pasIndHOM
PaCTUTENLHOCTH 3TOT METOJ SIBIISIETCSl OOJIee MPOM3BOANTEIBHBIM U TOUHBIM I10 CpaBHe-
HUIO C TPAJMLIHMOHHBIM METO/IOM HA OCHOBE ITHKCEJIEH.

Puc. 9. Jlanowagm 3emmuoii nosepxHocmu 8 paziuyHuIX 8apUAHmMax 0 00yueHus
MOOenu: pexicumvl BUOUMbIL OUANA30H, KDACHbLE KPOMKU, OIUNCHUL UHQPAKPACHbLI
U 6 MemKax 3emro20 nokposa [25]

B crarbe [26] npennaraercs 3G eKTUBHBINA METOA KiIacCU(BHUKAIIMUA H300paKeHUH
[IPU MOHHUTOPHHIE C UCIIOJIb30BaHHEM OECITMIIOTHOTO JIeTaTeIbHOrO anmnapara. B kaue-
CTBE M300paXEHUH MCIOJIB3YIOTCS adpO()OTOCHUMKH pa3lIMuHbIX JaHAmadToB ¢ coxep-
JKaHUEM Jieca, JIyroB, peK U 31aHuid. Mcnons3yercst nHGOpMaIys Mo [BETOBBIM KaHallaM
TEKCTYp, COAEpKAalIMX CcTaThudeckue W (pakrajbHble xapakrepuctuku. OOydaromias
CUCTeMa YYUTHIBAET pa3iMuHble NapaMeTpbl OOBEKTOB ISl KIaCCHU(HKAIMU TEKCTYp
TIOBEPXHOCTH.

Cratps [27] mocBsieHa 0030py METOIOB JAUCTAHIIMOHHOM THATHOCTUKH MOBEPX-
HOCTH 3€MJIM, 0OCOOEHHO BOJIHON YacTH — MOBEPXHOCTH OKeaHa. Ha ocHOBe nuCTaHIMOH-
HOTO aHaJIM3a MOKHO OIIPEJEIIUTh COCTOSTHIE BOJHOM CpPe/ibl, BBISIBUTH (hM3HUYECKUE Ma-
paMeTpsl, OLICHUTh TEMIIEPATYpPy, Ha OCHOBE I[BETa ONPE/IEINUTh MUTATEILHOCTh BOIHBIX
Macc, cojiepKaHre OHOpecypcoB.
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8. Pacno3HaBaHue JIECHBIX MACCHBOB B T'HIIEPCHEKTPAILHBIX H300paKeHUsIX.
Pabotet [28-31] mocBsilIeHbI aNroOpuTMaM Paclo3HaBaHUS OOBEKTOB JIECHOTO MOKPOBA
Ha TUINEPCIEKTPAIBHBIX a9POKOCMUYECKUX M300paxkeHusx. [Ipu oOpaboTke rumnepcnex-
TPaJbHBIX U300paKeHNI pacro3HaBaHUE MPUPOTHO-TEXHOTCHHBIX 0OBEKTOB OCYIECTB-
JISIETCS TI0 MX CIIEKTPAILHBIM M TEKCTYpHBIM NpHu3HaKaM. [IpuBeneHbl nmpuMepsl cpaBHe-
HHA 9THX KJIAcCHU(UKATOPOB, METPUYECKOTo KiIacCH(UKATOpa U KIaccupHKaTOpa Ha
OCHOBE METOJIa «K-B3BEIICHHBIX COCEe/ICi.

Ha puc. 10, BHM3Y TIpenCcTaBiIeH pe3yibTaT Paclio3HaBaHHUsI HCXOJHOTO IHIIePCIIeK-
TPaNbHOTO N300pakeHHs pa3pabOTaHHBIM METOAOM, I/Ie CHHHH I[BET — BOAA, XKEITHINH —
MIECOK, YEPHBIA — IOPOKHOE MOKPBITHE, TEMHO-3EJIEHBIIl — COCHOBBIE APEBOCTOM, CBET-
JI0-3€JIeHBI — Oepe30BbIe IPEBOCTOH, OPAH)KEBBIM — OCHHOBEIC JIPEBOCTOM, KPACHBIA —
TPaBSHHUCTAsI PACTUTEIHHOCTD, (DUOIETOBBIN — MPOYHE OOBEKTHL.

Puc. 10. Hexoonoe eunepcnexmpanshoe uzoopasicenue u pe3yibmam pacnosHaeanus
00bEeKMO8 Ha HEM C NOMOWbIO MEMOOd «K-638euleHHbIX cocedeiy [28]

Pabora [32] nocBsieHa aHaJM3y COCTOSHHSI TOPOJCKHX JIECHBIX 30H C IIEJII0 KOH-
TPOJISt SKOCHCTEMBI METOJIOM JTUCTAHIIMOHHOTO 30HAMpoBanus [33]. [lucraHumnoHHOE 30H-
JIMPOBAaHME UCTIOB3YETCs Ha OCHOBE TPEX CIIOCOOOB: pa3HbIC 0 HCTOUYHHUKAM, Pa3HBIE 10
BpPEMEHH, U pa3HbIe 10 MaciuTady. Pe3ynbraTel KOMOMHMPOBAHHBIX ONTHYECKUX M300pa-
xeHui u paHHbIX JmpapoB (LiDAR) sBisrorcst Hanbonee mepcrekTHBHBIME (puc. 11).
MeTobI 110 yJajeHHIO TyMaHa M03BOJIMTh MOBBICHTh KQUY€CTBO CIIyTHUKOBBIX CHUMKOB.

Puc.11. I[Ipumepsl coBMEUeHHBIX CRYMHUKOBBIX CHUMKOS U OAHHBIX 0ONAKA MOYeK
LiDAR na paiionnom yposne 2opoda [32]
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Jlnsi MOHUTOpPHHTA OKpYXaromied cpeabl 3PPEKTUBHO UCIONB30BATh CUCTEMBI T'H-
neperekTpansHoi Busyanusanuu [34, 35]. B crathe [36] paspabarsiBaeTcss MOOHIBHAS
CUCTEMA TUMEePCNEeKTPaIbHbIX JATYMKOB Ha3€MHOTO NPUMEHEHUs. DTH yCTPOUCTBa CTa-
HOBSITCSL BCe 00Jiee KOMIIAKTHBIMU U MOOMJIBHBIMHU, YTO MOBBINIAET UX LIEHHOCThH IMPH
ABTOHOMHOM MoHHUTOpHHTE (puc. 12). OHH 00jerdaroT JOCTYN K TEXHOJOTHSM TUIep-
CHEKTPalIbHOTO MOHUTOPHHIA, 3HAUUTENIEHO YCKOPSI MPOIECC MOTy4YeHHUs TaHHbIX.

Diffraction
Grating

Collimator

Scene Formation

Entrance Slit s e
Objective
Spectral

/ Dimension (A)

Spatial Dimensions (X,Y)

Puc. 12. Cxema oamuuxa kaopuposanus npu OUCManyuorHoMm 30nouposaruu [36]

9. AHaym3 nccjieoBaHuid. JlocTaTouHO 4acTo B 33/1a4axX pacro3HaBaHUS HCIIOJIb-
3yeTcsl MeToJ| TIIy0oKoro o0y4eHHs, Ha mpuMepe Kiaccupukauuu GppykroB, 00bEKTOB
naHAmadra Ha CIYTHUKOBBIX M300pa)KeHHUSX. DTOT METOJ| CTAHOBHUTCS Majod(dekTus-
HBIM TIPH MOBBINICHHH IUIOTHOCTH KJIacCU(UIMPYEMBIX 00BEKTOB, TpeOyeTcs yBeaude-
HUe 0a3bl JAHHBIX TSI OO yISHUS.

Jis MHOTHX ciy4yaeB Kiaccupukanmu 0osiee 3(pQPEKTHBHBIM CTAHOBUTCS KOMOMH-
HUPOBAaHHWE METOJIOB MpEABAPUTEIHHON 00paObOTKM M AaNbHEHIIero pacro3HaBaHHUS Ha
OCHOBE HEHpOHHBIX ceTel. [l TrunepcreKTpaibHbIX H300paKeHUH NpeaBapUTEIbHO
MIPOBOANTCA KiIacCH(UKaIUs 110 CHEKTPAJIbHBIM M TEKCTYpPHBIM NpPHU3HAKaM, AailbHEH-
masi KJacCu(UKaLUs OCYIIECTBISETCS METOAOM «K-B3BEIIEHHBIX cocenei». B ciryuae
JMCTAHI[MOHHOW JIMarHOCTUKU COCTOSIHMSI PACTEHUI TOMAara ONpeNessieTcs] YaCTOTHBIN
JIMana3oH, XapakTepu3yIoIInii 60JIe3HU JUCTHEB PACTEHHUS.

Jnist 3aau pacro3HaBaHus IJI0Z0B KMBU IIPOBOJIUTCS MpeBapUTeNibHas 00padoTKa
C WCIOJIb30BaHUEM IIBETOBBIX MOJIENIEH MPH OINpE/CICHUN XapaKTepPUCTUK CTBOJIOB, B
JlaJibHEHIIeM NPUMEHseTCsl OMHOKYJISIpHAsi CUCTEMa MAIIMHHOTO CTEPE03PEHHst ISl pac-
TIO3HaBaHU IUIO/IOB KUBH.

[Ipn pabote kyKypy3zoyOopodHoro komOaiiHa IpeIBapUTEIBHO OCYIIECTBISETCS
OTIpEJIeTICHHUE PAacCTOSHHUSA MEXAY pPsAAaMH Ha OCHOBE JAHHBIX OT LU(PPOBOH KaMepsl
CIIeKEHHS.

[ pacniozHaBaHUS IIBETOB M JIMCTHEB PAacTeHHH B pa3pabOTaHHOM MOOMIBHOM
NIPWJIOKEHNH UCTIOJNIB3yeTCs NpeBapuTebHas o0paboTka M JajbHeiflee pacro3HaBa-
HHUE C MTOMOIIBI0 HEHPOHHBIX ceTell. MoOmIbHOE TIPUIIOKeHNE Ha 6a3e cMapT(OHOB IO
KOHTpOJIIO 32 BBIPALIMBAaHHEM TI'PUOOB HCIOJIB3YeT HHTEIUIEKTYAIbHYI0 CBEPTOUHYIO
HEHUPOHHYIO CETbh.

[103TOMY MOHO OTMETHTb, YTO CErOJHs HEHPOHHBIE CETH SIBISIOTCS HauOolee
MEepPCIEKTHBHBIM HANIPABJICHUEM MPHU Paclio3HaBaHUU 00pPa30B U KOMIBIOTEPHOM 3pEHHU
JUISL pELIeHUs] Pa3iIMyHOro po/ia 3aay.
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3akniouenue. B maHHO# pabore OBUIM PaccCMOTPEHBI HEKOTOPHIE CTATbU, MOCBS-
IICHHBIE BOIPOCAaM PAcCIO3HABaHU M300paXeHUIT B arpapHO OTpacid U MOHHTOPUHIA
JIECHBIX MacCHBOB. BBUIM ONHMCaHBl CTaThU MO Pa3pabOTKE METOJIOB PACHO3HABAHUS
CENIbCKOXO3SIICTBEHHBIX CLIEH ¢ (pPYKTaMH, IUIOJaMU B pacTeHusMU. OTMeueHbI CoBpe-
MEHHBIE CHCTEMbI pPaclio3HaBaHHs Ha 0a3e MOOMIIBHBIX ycTpoHcTB. Tarke ObuIM ormuca-
HBl JUCTaHLIMOHHBIE METOAbI MOHHTOPHMHIA JlaHAmadTa ¢ JECHBIM MOKPOBOM M BOJIO-
€MaMH Ha OCHOBE THIIEPCIIEKTPAJILHOTO aHajiu3a. B pe3ynbprare aHamu3a W MepcreKTUB
Pa3BHUTHSI CHCTEM PAcIiO3HABAaHHS, MOKHO OTMETHUTh, YTO OHHM BCE YacTO MPUCIIOCadIu-
BAIOTCS K MOTPEOHOCTSM MHAWBHIYaJIbHBIX HOJIB30BaTeNei, pepmepos. [Iporecc pacmo-
3HaBaHMS arpapHOil MPOAYKLIUH MPOUCXOIHUT B PEAbHOM PEXUME C HCIIOIb30BaHHEM
NPUIOKSHUH U1 MOOHIBHBIX ycTpoiicTB. [losiBIeHHE TAKUX NPOrPaMMHBIX Pa3paboToK
MO3BOJIUTH YBEJMYHUTH d(P(GEKTHBHOCTH IPOM3BOJCTBA CEIILCKOXO3AHCTBEHHOH MPOAyK-
LI1H, YCKOPUTB TPOLIECC YIPABICHHUS U BHEAPESHHS MOOMIBHBIX TEXHOJIOTHI.
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M.A. MapaxoBckuii, A.A. [lanny, B.A. MapaxoBckuii

HEPCIIEKTUBBI METOJJOB HHTEHCHUBHOI'O CIIEKAHUA
INBE3OKEPAMNYECKUX MATEPHUAJIOB

Hccnedosana 603MONCHOCHb 8apuayuu C60UCME Nbe30INEKMPUYECKUX KEPAMUK PAZHO2O0
muna uasHauenus. Ilenv uccnedosanusn 3axmouanacsy 8 eapuayuu ce0UCM8 Nymém uMeHeHus
MEXHONOSUYECKUX (DAKMOPO8 NPU U320MOGIEHUU Nbe30KEPAMUKU Oe3 MOOUDUYUPOBAHUA UX XU-
Muyeckozo cocmasa. Ha eadicneliuiem mexnonocuveckom smane — cnekanuy — 3a0a0mcs niom-
HOCMb, MEEPOOCMb U NPOYHOCHb NbE30KEPAMUKU, HENOCPEOCMEEHHO IUAIWUE HA €€ INeKMPO-
Qusuyeckue napamempul, m.K. Nbe309PPeKm — Mo NeKMpOMexaHuieckoe npeoopazosaHue.
Ocobennplii uHmepec nPeocmagiam Memoovl CneKaus 00beOuHAIwIe NPOYecc KOHCOAUOayUuu
Yacmuy ¢ HazpeeomM — 2opsauee NpeccosaHue U UCKpogoe niasmenHoe chekanue. Takue memoovl, 3a
cuém c030a6aemo20 00HOOCHO20 OAGIeHUs, UHMEHCUGUYUPYIOM OUPPY3UOHHbIE NPOYECChl MAC-
coneperHoca npu CneKaHuu, cnocobCcmeys NOAYHEeHU) Nbe30KEPUMUKU NOBbIUEHHOU NIOMHOCHU
npu 00HOBPEMEHHOM NOHUMCEHUU memnepamyp cnekarus. OOHAKo, 8 Omaudue om 20ps4e20 npec-
COBAHUSL, NPU UCKPOBOM NAASMEHHOM CREKAHUU MeXHCOY HACMUYAMU NOPOWKA BOSHUKAIOM UCKPO-
eble pazpsaobl, YUMo 6 couemanuu co ceepxovicmpuvim Hazpeeom (0o 1000 °C/mun), gpopmupyem
MENKO3EPHUCHYIO MOHODA3HYIO cmpyKmypy Kepamuku. Takas Mukpocmpykmypa cnocobcmeyem
NOBBIUECHUIO MEXAHUYECKUX U DNEKMPOPUIULECKUX NApaAMempos Noayyaemol Kepamuku. 3adaua
UCCIEO08AHUA COCMOANA 8 ANPOBAYUL NPEONALAEMbIX MEMOO08 CHEKAHUSL HA Nbe303JeKmpute-
CKUX MAMEPUAnax pasnuiHslx COCmagos ¢ yeabio ynpasienus ux ceovcmeamu. B kauecmse 00%v-
eKMO8 UCCIe008aHUSL UCNONIB30BANUCL NbE30OKEPAMUYECKUEe MAMEPUANbl HA OCHOBE CUCHEMbL YUp-
KOHAM-MUMAaHAma-ceunya U ux Moou@uxayuu, 8 mom 4ucie MHO2OKOMNOHEHMHbLE, UMeIoujue
BbICOKUL NPUKAAOHOU NOMEHYUAN, A MAaKHce 0eCCBUHYOBbIL CESHEMOINEKMPUUCKUT MAMEPUAT
Bag 55510451103 (BST). Memodom pacmpoeoii 51eKkmpoHHOt MUKPOCKORUU YCIAHOBIEHbl 3A8UCU-
Mocmu hopmMupyemoti Kepamuieckol CmpyKmypsvl om Memood CHeKaHus u Om memnepamypbl
npoyecca. Ycmanosnenvbl 3aKOHOMEPHOCUY «(MemOO CHEeKAHUs — MUKPOCIMPYKIYPA — CEOUCMEAy.
B pesynomame uccnedosanus noomeepoicoena sgghexmusHocms Memooos 20paiezo npeccosanus
U UCKPOBO2O NIAZMEHHO20 CNEKAHUA 6 YelaX 8apuayuu CeolCMs Nbe30KePAMUKU PA3IUYHO20 M-
na HA3HAueHus, Ymo 8 COBOKYNHOCMU C NOHUICEHUEM MmeMnepamyp CneKanus, d maxice coKpa-
wenuem onumensHocmu npoyecca (6 36 paz!) akmyanvno ¢ mouku 3penus sHep2ocoepercenus.

ITve30xepamuxa; eopsiuee npeccogamue; UCKpogoe NIAMEHHOe CREeKAHUe; MUKPOCIPYKNLY-
Pa; saeKkmpogusuieckue napamempoi.

M.A. Marakhovskiy, A.A. Panich, V.A. Marakhovskiy

THE PROSPECTS FOR INTENSIFICATION OF SINTERING
OF PIEZOCERAMIC MATERIALS

The paper investigates the possibility of changing the properties of piezoelectric ceramics for various pur-
poses. The aim of the study is to correct properties by changing technological factors in the manufacture of
piezoceramics without modifying their chemical composition. At the most important technological stage — sinter-
ing — the density, hardness and strength of piezoceramics are formed, which directly affect its electrophysical
parameters, since the piezoelectric effect is an Electromechanical transformation. Of particular interest are sinter-
ing methods that combine the process of compaction of particles with heating - hot pressing and spark plasma
sintering. Such methods, due to the created uniaxial pressure, activate the diffusion processes of mass transfer
during sintering, contributing to the production of high-density piezoceramics while lowering the sintering tem-
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peratures. However, unlike hot pressing, spark plasma sintering generates spark discharges between the powder
particles, which, in combination with ultra-fast heating (up to 1000 ° C/min), forms a fine-grained monophase
structure of ceramics. This microstructure increases the mechanical and electrophysical parameters of the result-
ing ceramics. The aim of the study was to test the proposed sintering methods on piezoelectric materials of differ-
ent compositions in order to control their properties. The objects of research were piezoceramic materials based
on the zirconate-titanate-lead system and their modifications, including multicomponent materials with high ap-
plication potential, as well as lead-free ferroelectric material BagssSrossTiO3 (BST). The dependences of the
formed ceramic structure on the sintering method and temperature were determined using scanning electron
microscopy. The regularities of “sintering method — microstructure — properties" are established. The effective-
ness of hot pressing and spark plasma sintering methods for correcting the properties of piezoceramics of various
types of applications has been confirmed, which together with a decrease in sintering temperatures, as well as a
reduction in the duration of the process (by 36 times!) relevant for energy saving purposes.
Piezoelectric ceramics; hot pressing; spark plasma sintering; microstructure; and electrical properties.

BBenenne. bonbioil npakTHUECKU UHTEPEC K MbE30JIEKTPUUECKON KEpaMUKE Ha
OCHOBE cHcTeMbl nupkoHat-TutaHata ceuHua (LITC) oOycnoBieH saxcTpemyMamu pusnye-
CKUX CBOWMCTB CHCTEMbI BOJIN3U MOP(OTPOITHOI 00JacTH — 00JaCTH CTPYKTYPHOTO TETpa-
TOHAJILHOTO poMOodAprueckoro nepexona [1-2]. Tépasie pactBopsl cuctemsl LITC, pac-
TOJIO)KEHHbIE BOJIM3KM MOP(GOTPOIHONW 00JIACTH TOCITYXHMIM OCHOBOH JUisi GOJBLIMHCTBA
MbE30KEPaMUYECKHX MaTepHaOB pa3pabOTaHHBIX ISl CAMBIX Pa3JIMYHBIX MPUMEHEHHH.
ViydlieHue 3JIeKTpOMEXaHWUECKUX CBOMCTB, M3MeHeHHe TemnepaTypsl Kropwu, Hamps-
KEHHOCTH KOSPILMTHBHOTO MO M APYTHX NAapaMETPOB B CBSI3M C KOHKPETHBIMH IPUMe-
HEHUSIMH TIPOBOIUTCS 33 CUET MOAMGHUIMPOBAHUS XUMHUYECKOTO COCTAaBA IBE303JICKTPHU-
yeckoil kepaMuku [2-3]. Ho ewe B Hauane 70-X TOA0OB CTaIO SICHO, YTO BO3MOXXHOCTH MO-
muunupoBanus cucteMbl L[TC mpakTudecky ncyepnaHbl, W ObIT CeNaH HOBBIM IIar B
pa3paboTKe IbEe30MaTepHanoB OT ABYXKOMIIOHCHTHOW M TPEXKOMIIOHEHTHBIX CHCTEM K
MHOTOKOMIIOHEHTHBIM cucTteMaM Ha ocHoBe L[TC. Taxke cymecTByeT MHOXKECTBO MEPOB-
CKUTOBBIX MTBE303JIEKTPHYECKUX COCTaBOB Ha ocHOBe BaTiO3, PhTiO3, Pb(MgysNb, )O3 u
(Na, K)NbO3 u apyrux Hamiemmx mnpaktudeckoe npumenerue [2, 4]. Ho nauBbicmmii
PEUTHHT Cpey IbE303JICKTPUUECKUX KepaMHUK, IPOU3BOAUMBIX B MUpE, OCTAETCs 3a MaTe-
puanamu Ha ocHoBe cuctembl LITC [5].

OpHaKo M3MEHEHHE 3JEKTPOPHU3MIECKHUX NMAapaMEeTPOB IHbE303JIEKTPUIECKOH Kepa-
MHKH MOXXET OBbITh IOCTUTHYTO HE TOJIBKO CO3JJaHUEM HOBBIX XMMHUYECKUX COCTABOB, HO M
IyTeM BapHallii TEXHOJIOTMYECKHX (hakTopoB. [1I10THOCTB, TBEPAOCTH N MPOYHOCTH IIbE-
30KepaMHKH (OPMHUPYIOTCS KOT/Ia ITPOBOIUTCS TeXHOJornuecknii atan «Criekanune». Cie-
JIOBAaTENbHO, OT YCIIOBHH CIIEKaHMs 3aBHCAT OyIyIlue dJIeKTpodu3nueckne mapaMmeTpsl
ITbE30KEPAMHUKH, ITOCKOIBKY, MTBe303PPEKT — IeKTpoMexaHmdeckoe sBierue [2, 6]. Cpe-
JI1 MHOKECTBAa BapHAHTOB OCOOCHHBIM HMHTEPEC INPEACTABIISIOT METObI MHTEHCHBHOTO
CIEKaHUs MbE303JIEKTPUIECKOI Kepamuku: ropstuee npeccoBanue (I'T) u nckpooe mas-
menHoe crnekanue (MIIC) [7-11]. OGo3HadeHHbIE METOJBI CHEKAHUS IMOBBIIIAIOT TLIOT-
HOCTBH ITBE303JIEKTPUIECKON KEPaMHUKH M CHIDKAIOT TEMIIEpaTypy €€ ClieKaHuUsI.

IkcnepuMeHTanbHasa yactb. Metog UIIC Obut ycnemHo onpo6oBaH Ha cerHe-
TOKEpaMHUKe CHCTEMBI TUTaHATa OapHA-CTPOHLMS HCIONB3YEeMON B KayecTBE MEPEKIIIo-
YalOUIMX W YHPaBISIOIIUX 3JIEMEHTOB TEXHHKH CBepXBbIcoko4acToTHbIX (CBY) nuana-
30H0B 0,7-30 GHz B3aMeH MoJyNpOBOIHUKOBBIX U (DEPPUTOBBIX YCTPOICTB MMEIOIIMX
cymiecTBeHHble HemocTaTkh. OJHAKO, HCIIONB30BaHHE CErHETOKEPaMHUKH COCTaBa
Bays5Sr0.45TI03 (BST) B ycKOpUTENbHON TEXHUKE TPEOYET MOAABICHHUS THCTEPE3UCHBIX
SIBJICHUI W CHIXKEHUSI AMDJIEKTpHUYECKHX 1oTeph (1gd). B cBs3m ¢ aTM B cocTaB cerne-
tokepamuku BST BBomsTcs pasnuunble npumecu (Mg, Mn, tutanar-marams u np.)
[12-14]. Criexanue mpoBOIMIOCH TPAJAULUOHHBIM CIOCOOOM B KamepHO# mnedd (ATM),
a taxxe MetogoM UIIC, obecieunBaromuM MEIKO3EPHHUCTYI0O MOHO(A3HYI0 KepaMude-
CKYIO CTPYKTYpPY, OKAa3bIBAIOIIYIO HETOCPEACTBEHHOE BIHSHUE HA IUDIICKTPUYECKHE
XapaKTepUCTUKH cerHeTokepamuku BST (puc. 1).
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Puc. 1. [lusnexmpuueckue xapaxmepucmuku u Mukpocmpyxkmypa cecnemoxepamuxu BST

Crekanne ceraerokepaMuku BST ¢ mo6askoit Mg merogom UIIC crocobeTBOBaNO
COKpAILCHUIO AMAJIEKTpruIecknX morepsb (195) Ha 40%, a TU3IeKTpUIECcKOil IpOHHUIIaeMo-
ctu (g) Ha 50 % 1O cpaBHEHMIO C CETrHETOKepaMHKON TonydeHHOH MetonoM ATM. Takue
MU3MCHEHHSI TIOJIOKUTEIBHO BIMAIOT Ha 3P PeKTUBHOCTD ycTpoiictB CBY texuuku [13].

Hapsiny ¢ oOuien3BeCcTHBIMU MbE303JIEKTPUUECKUMHU MaTepranamu cuctembl [[TC
B TIOCJIe/THEE BpEeMs MPEJICTABIAIOT BHICOKHI MHTEPEC CErHETOMSTKUE Mbe30MaTeprallbl
cucrembl (1-x)Pb(Mg13Nby3)O3—xPbTiO;  (PMN-PT), xoTopbie XapakTepu3yOTCs
BBICOKMMH 3HAUYEHHSMH JJIEKTPO(YU3NUECKUX IapaMeTpOB U HAaXOJAT NPHUMEHEHHE B
MHOT'OCJIONHBIX KOHAEHCATOPaX C MOBBIUIEHHBIMHM 3HAUCHHSMH TUAJIEKTPUUYECKON HpO-
HHUIAEMOCTH, AKTI0aTOpax INPENN3HOHHOTO IEPEMENICHHs, & TaKXKe BBICOKOUYBCTBH-
TeJNIBHBIX TIpeoOpaszoBaressix. OJHAKO MaTepHalibl 3TOW CHCTEMBI MMEIOT HPOOJIEMBI,
BO3HMKAIOIIME B MPONECCE H3TOTOBICHUS (IOSBICHHE KPHCTAJUIMYECKOH CTPYKTYPHI
MUPOXJIOpa NpHU CUHTe3e MaTeprana u ap.) [15-17]. C uenpio JUKBUAAIMH yKa3aHHBIX
mpoOJieM MpW HM3rOTOBJICHHWH, & TAKKe IMOBBINICHUS MEXaHWYECKUX M 3JIEKTpOoH3HNIe-
CKUX XapaKTEePHUCTHK, ObLIO npoBeseHo criekanue meronamu ['T1 u UIIC (puc. 2).

s PR/ ed33  migh

500 T 4 s10

1000 1050

Puc. 2. Ocnosnvie xapakmepucmuKku u MUKPOCMPYKMYPa Nbe3021eKMPU1ecKoll
xepamuxu PMN-PT

ITse30kepamudeckue o6pasubl cuctembl PMN-PT, monyuennsie meromom WUIIC,
HMMEITU TIOBHIIIICHHBIC 3HAYCHUS SJCKTPOPH3HMICCKIX MapaMEeTpOB IO CPABHEHHIO C Ke-
PaMUKOH TOTO K€ COCTaBa CIIEYCHHON IMpH aTMOC(EPHOM JaBIICHUH B OOBIYHON Kamep-
HOM meun u kepamukoi nomydennot merogom I'Tl. Takoe nmoBeneHre mbe30KepaMuye-
CKOTO Marepuaiga MOXXHO OOBSICHUTH (POPMHPOBAHHUEM OIHOPOJHOW MEIKO3EPHHCTON
MUKPOCTPYKTYPBl KEPAMUKH B IpoLiecce CIeKaHus, Nockoibky B merone UIIC cuibHO
moaBJsieTcs npouecc pocta 3épeH. Meron [Tl takxke obecrieunBaeT OBBIMICHHBIC 3HA-
YEHHsI TTbE30IJIEKTPUUECKOT0 MOIYJIS (33 110 CPABHEHHUIO CO CIIEKAHMEM B aTMOCHEPHOM
JIaBJICHUH, HO HIDKE, 4yeM mpu metoae UIIC [18].

IIpeobpazoBaTenu, paboTaronIe B peXUME HIITYUCHHS, MTbe30TpaHcHOpMaToOpsl U
YCTPOUCTBA CHJIOBOTO YJIbTPa3ByKa OCHOBBIBAIOTCS HAa CETHETOXECTKUX THE30KEpaMU-
yeckux marepuanax [19]. B 3aBUCHMOCTH OT yCJIOBHH HCIIOJIb30BaHUS TPEOYIOTCS OIpe-
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JieJIeHHBIE HaOOPBI AIEKTPO(GU3MYECKUX MapaMeTPOB ITbE30KEPAMHIECKHX MaTepHaIoB.
brina uccienoBaHa BO3MOXKHOCTb YNpPaBICHHSI CBOMCTBAMM CETHETOXKECTKOM IbE30-
JNIEKTPUYECKOH  KEepaMUKH  MHOTOKOMIIOHEHTHOro  coctaBa  PbZrOs- PbTiOs;-
Pb(Mny3sNby3)O3- Pb(Zny;sNby3)O3 3a cuér koppekTupoBkH mporiecca GOPMHUPOBAHUS
MHUKPOCTPYKTYpBI Ha dTare cnekaHus. McnonezoBan metox Tl m coBpeMeHHBIH mep-
cnexktuBHbIA Meton UIIC npu M3roTOBIEHUN TBE303JIEKTPUUECKON KepaMUKH, CIOCO0-
CTBOBABILIME MOBBIINICHHIO KAK MEXaHUYECKUX, TaK M AJIEKTPOYUINUECKHUX [TapaMeTpPOB,
Hapsily Co CHIDKeHHEM Temnepatypsl npouecca Ha 200°C (puc. 3).
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Puc. 3. Ocnosnuie xapakmepucmuku U MUKpocmpykmypa nbe303]l€Kmp1/llleCK012
Kepamuxu PbZl”Og'PbTiOg,-Pb(Mn1/3Nb2/3)O3-Pb(zn1/3Nb2/3)O3

CerneToxECTKasi MbE303JIEKTpUUECKass Kepamuka ToiydeHHas metogoM [T u
UIIC obnanana MOBBIIICHHBIMA 3HAYCHUSAMHU OTHOCHTEIBHOH JAHUAIIEKTPHICCKON MTPOHU-
IAEMOCTHU ngyeo Ha 8 1 16 %, COOTBETCTBEHHO, IbE303JIeKTpUecKoro MoayJst ds; Ha 4 %, oT-
HOCHUTENIbHO 3HAYCHUH MOTYUEHHBIX TPAIUIMOHHBIM ClIeKaHUeM B KamepHoii ieun [20].

B mocnemree BpeMs Oonblioe BHUMaHHE YACISETCS HOBOMY TOKOJICHHIO ITBE30Kepa-
MHYECKIX MaTepHAIOB — MHOTOKOMIIOHEHTHBIM CHCTEMaM, XapaKTePHU3YIOIIIMCS TTOBBIIIICH-
HBIMH SJICKTPO(OU3HICCKAMA XapaKTePUCTHKAMU U TIPESIHA3HAYCHHBIM ISl M3TOTOBJICHUS
MHOTOCTIOMHBIX aKTI0aTOpOB. C IIENbIO MOBBIIIEHUS] TEXHOJIOTUYHOCTH MTHE30KEPAMUIECKOTO
MHOTOKOMIIOHEHTHOro Matepuana PbTiO; — PbZrO; — Pb(Niy,Wy,,)O3 — Pb(CdypW12)O3 —
Pb(BiysWy3) Oz — Pb(NiysNbys)Os — Pb(ZnysNbys)Os, ¢ TeMmeparypoii criekaHusi HIDKe
1000°C, 6pum ucnons3oBass! Metop! ['T1 u UTIC (puc. 4). MEKpOCTPYKTYpa IMbe303JIEKTPH-
yeckol kepamuky nomydeHHoi metogamu ATM, I'Tl u UTIC noarBep:kaaeT BO3MOXKHOCTD
YIPaBICHHS MPOLECCOM (HOPMHUPOBAHUS MEJKO3CPHUCTON CTPYKTYphI Kepamuku. [LnoTHas
KepaMu4ecKkasi CTpyKTypa (hopMHpyeTcs yKe Ipu TeMmepaType criekanus 850 °C.

B pesynbraTe HCCIeNOBaHHS YCTAaHOBJICHO, YTO MPEANIOYTHUTEIHHBIM METOIOM
cniekaHus nbe3okepamuku sistercss UIIC. [Ipu TakoMm crocobe TeMiiepaTypa CeKaHUs
KepaMH4IecKnx 00pas3IoB MoeT ObITh cHIKeHa 10 900°C, ¢ coxpaHeHHeM, a HHOT/IA |
MIPEBEIIICHIEM OCHOBHBIX XapaKTEPUCTUK ITbE303JIEKTPUICCKON KePaMUKH B CPaBHECHHH
¢ metogom ATM [21].

e, /e, o™

Puc. 4. Ocnoenvie xapaxmepucmuxu u MUKpOCHPYKMYPA Nbe30371eKMpuieckoll
MHO20KOMNOHEHMHOU KepamMuKu
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3axarouenue. Vcmonp3oBarue MetonoB ['T1 u UIIC npu moigydeHuH Mhe303JIeKTPH-

YEeCKOI KEepPaMHKH CHOCOOCTBYET (DOPMHPOBAHUIO IUIOTHOM MHKPOCTPYKTYPBI, TTOJIOXKH-
TENBHO BIMSIONIECH Ha OCHOBHBIE 3JIEKTPO(MU3HIECKHE U IUAIICKTPUIECKHE XapaKTepHCTH-
ku. Ilpu 3TOM, TemrepaTypbl ClIeKaHHs CHIDKAIOTCS. BoJplIMM HOTeHnmaaoMm obiajaet
Meton UIIC, He Tonbko MOHMXKAIOIIKI TeMIepaTypy npouecca crekanust Ha 200 °C, Ho u
COKpAIAIOLUHA MPOAODKUTEIBHOCTh M30TepMHUUECcKOl BbiaepkKU (B 36 pas!). D10 He
TOJIBKO TOJIOKHUTENHHO CKAa3bIBAETCsI HA YHEProcOepekeHUH, HO M TOBBINIACT dPderTrB-
HOCTb ITbE€303JIEKTPUIECKON KepaMHUKH pa3IMIHOrO TUIIA HA3HAYCHUSL.
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ITPABHAJIA O®OPMJIEHU A PYKOITUCENA

1. O6weMm cTaThu AOJDKEH OBITH HE MeHee 12 u He Oonee 18 crpanun. @opmar
(A 4). Penaxtop Word 7 for Windows, mpudt Times New Roman, pasmep 14, un-
TepBan 1,5. ABTOpBI NPEACTaBISIOT B PEAAaKUUIO0 1 3K3. CTaTbU U WJACHTUYHBIM 3JeK-
TPOHHBIN BapHaHT.

2. HazBanuto crateu npeamiectByeT unaekc YK, cOOTBETCTBYIOMUN 3asiBICHHOM
TEeMe.

3. Tekct cTaTby HAUMHAETCSI C Ha3BaHMS CTaThH (Ha PYCCKOM M aHIJIMHCKOM S3bI-
Kax), (haMmIuy, UIMEHH W OTYecTBa aBTOpa (TIOJHOCTHIO) M CHaO)KaeTcss aHHOTAalMeH Ha
PYCCKOM W aHTTHICKOM SI3BIKaX 00bEMOM He menee 250-300 cnos. B TexcTe aHHOTAIMN
YKa3bIBaeTCs 1IeNTb, 3aJa4H NCCICAOBAHNS U KPAaTKHE BHIBOABL. B aHHOTammm He credyem
JlaBaTh CCHUIKM Ha HOMep MyOJMKallMU B CIIUCKE JUTEpaTypsl k craThe. Ilocie aHHOTA-
LMK TPUBOJIATCS KIFOUEBBIE CJIOBA (CIIOBOCOYETAHMS), HECYIIHE B TEKCTE OCHOBHYIO CMBbI-
CJIOBYIO HArpy3Ky (Ha pyCCKOM H aHTJIMHCKOM SI3BIKAX).

4. B Tekcre craTbu CleAyeT WCIIOJIb30BaTh MHHUMAJIBHOE KOJIMYECTBO TAOIHIl U
WLTIOCTpayii. PUCYHOK JOJKEH UMETh OOBSICHEHHS 3HAYCHUH BCEX KOMIIOHEHTOB, IT0-
PSIKOBBIM HOMEp, Ha3BaHUE, PACIIOI0KEHHOE TI0Jl PUCYHKOM. B TekcTe Ha puCYHOK na-
eTcs cchlika. Tabnmuna 10/hKHA UMETh OPSAKOBBIH HOMEP, 3ar0JIOBOK, PACIIOJIOKESHHBIH
Han Heil. JlaHHBIe TaOMMIl M PHUCYHKOB HE JOJDKHBI yOIMpoBaTh TeKcT. Dopmyiibl
JOJDKHBI OBITE HAaOpaHbI 6 pedaxmope popmyn Word 7 for Windows.

5. I1uTaTh! TIIATENBHO CBEPSIIOTCA C MEPBOMCTOUYHMKOM U BU3HPYIOTCS aBTOPOM Ha
oOpatHOW cTopoHe mociennelt crpaHumpl: "LluTtaTel U (akTHYecKuii MaTephan cBepe-
vel". IToamuce, naTa.

6. Hannune npucrateiiHoro 6ubnmorpaduaeckoro crmcka Ha pPycCKOM M aHTJIMI-
CKOM si3bIKaX 00s13aTenbHO. CCblIoK 003icHO Obtmb He meHee 20-mu, U3 HUX Ha 3apy-
OexXHble HCTOYHUKH — He MeHee 35 %. B Tekcre cChUIKM TOJDKHBI OBITH B KBaJIPATHBIX
CKOOKax.

[Tpumeps! odopmileHHsT TUTEPATyphl: a) JUIS KHHT: (aMWIIusl, WHUIHUAIbl aBTO-
pa(oB), moIHOE HAa3BaHUE KHUTH, MECTO, TOJl U3JaHUs, CTPAHUIIEI, 0) U cTaTei: GpaMu-
TS ¥ MHUIIMAIIBI aBTOPa(0B), TIOJIHOE Ha3BaHWE COOPHMKA, KHUTH, Ta3eThl, )XypHaia, Tae
OMyOJMKOBaHA CTAThsl, MECTO W T'OJ] M31aHUs (COOPHHKA, KHUTH), HOMep (I J)KypHaia),
TOJ ¥ 1aTa ([T Ta3eThl), BEITYCK, 9acTh (U1 COOPHHKA), CTPAHHIIBL, HA KOTOPBIX OITy0-
JIMKOBaHa cTaThs. MIHOCTpaHHas auTepaTypa opopMIIIETCs IO TEM XKe IpaBHiIaM.

CcbUIKH Ha HEeOITyOIMKOBAaHHBIE PA0OTHI HE JIOMYCKAOTCS.

7. Pykomnuch 1oykHA OBITh TIIATEIHHO BRIYUTAHA. PeakIIMOHHAS KOJUIETHS OCTaB-
JeT 3a co0oif MpaBo MPU HEOOXOIMMOCTH COKpamaTh CTaTbU, PeIaKTUPOBATh U OTCHI-
JIaTh aBTOpPaM Ha 10paboTKy.

8. CtaTbM CONPOBOXKAAIOTCS CBeleHUsIMH 00 aBrope(ax) (pamuuus, UMs, OT4eCT-
BO, yY€HOE 3BaHME, JIOJDKHOCTh, MECTO PabOTHI, aapec, 3IEKTPOHHBIN aapec W HOMeEp
Tesie)OHa) HAa PyCCKOM M aHTJIMMCKOM SI3bIKaX.

9. Ilnara ¢ acpaHTOB 3a IMyOJIMKANIO PYKOIIHCEH HE B3bIMAETCSI.

Anpec :xxypHaia B Unrepnere: http://izv-tn.tti.sfedu.ru/.
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