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AHHOTANUSA

IIpenmer ucciaenoBanus. B TeparepnoBoM anana3zoHe 4acTOT pacCMOTPEHBI ANCIIEPCHOHHbBIE KPUBBIC MOKA3aTelIsl
KOHrpy?HTHOTO HHOOara yutus (cLN), cpe3aHHOro neprneHuKyisipHo ocsM x 1 z. MeToa. B nccienoBanun npuMeHeH
METOJI TepareroBoil CHEKTPOCKOIINK C pa3pelieHHeM BO BPEMEHH, OCHOBAHHbII Ha M3MEPEHUHU IJUIUITHIHOCTH
POOHOTO MyYKa, MPOLIE/IIET0 Yepe3 H3HAYAIBHO H30TPOIHBIN AETEKTUPYIOIINI KPUCTAII, KOTOPBIH NPH BO3ACHCTBIN
TEpareproBOro Mojisi CTAHOBUTCS ABYIY4YEHPENIOMISIOMNM. BenndinHa HaBeJEHHOTO JBYTydYelnpeToMIeHUs
MPONMOpPUHOHANbHA aAMIITUTYe TeparepuoBoro monst. C momomnisio (yphe-aHaNIU3a TePareproBOro UMIyIbCa,
MpOMIEIIero yepe3 Kpucramt cLN, u onmopHOro uMIyiabsca, He B3aUMOACHCTBYIOMIETO ¢ 00BEKTOM, ITOCTPOCHBI
YaCTOTHBIC 3aBHCHMOCTH ITOKa3aTeIsl MPEJIOMISHHS 1 Kod(hhHIIeHTa NOMIOEHNS HCCIeayeMoro o0bekTa. OCHOBHbIE
pe3yabrartsl. [IpeacTaBiieHbl QUCIIEPCHOHHBIE KPUBBIE MTOKAa3aTelsl MPEIOMICHHS Ul IeHCTBUTEIbHONW YacTh
nokasareJs npenowsienns kpucramwia cLN, cpesannoro Brons miockocteit (100) u (001), B ananasone yacror 0,25—
1,25 TTI'u. BeInosHEHO MOJICTUPOBAHUE PACTIPOCTPAHEHHS IOy TOPANIEPUOAHOTO UMITYJIbCA B CPEIax ¢ JUCTIEPCUSIMH Ha
OCHOBAaHHH JIAHHBIX HAY4YHbBIX pabOT APYruX aBTOPoB. B pesyinbrare HalneHbl BpeMEHHbIC ()OPMBbI BHIXOIHBIX CUTHAJIOB.
CrenaH BBIBOJ O HETOUHOCTHU AUCIIEPCHOHHBIX KPUBBIX U3 BHIOPAHHBIX paOoT. BEIABIEHBI mapaMeTpsl, ONTUMU3ALNS
KOTOPBIX TT03BOJIHMIIA YCTPAHUTh HETOUHOCTH OTOOpPAKEHUSI AUCHEPCHOHHON 3aBUCUMOCTH AJISI BEICOKOYaCTOTHON
obnactu TeparepioBoro crekrpa. [IpakTuyeckast 3 HaYMMOCTb. [omydeHHbIC PE3YIBTaThI O IUCTICPCUH OUYCHD BAYKHBI
JUISL TIPOEKTUPOBAHUS YCTPOHUCTB, OCHOBAHHEIX HA HEJIMHEIHO-onTHYeckux P dexrax. [loaydenHse pe3ynbTarTsl
TIOJIE3HBI JUISl TEHEPAIMN PA3HOCTHBIX YACTOT, ONTHYECKOTO BBHIIPSMIICHUS ¥ TeHEPAIlU TepareploBoro M3IIydeHus,
a TaKoKe JUIst 0baacTel, rae TpeOyIoTCsl TOYHbIe JaHHBIE O TeParepLOBbIX AUCIIEPCHOHHBIX CBOMCTBAX HEJIMHEHHBIX
KpPHCTAJIIIOB, B TOM uncie cLN.
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WccnenoBaHme ANCNEPCUOHHBIX CBOMCTB KOHMPY3HTHOIO KpucTania Hnobarta nnuTus...
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Abstract

Dispersion curves of the refraction index of a congruent lithium niobate (cLN) crystal cut perpendicular to the x and z
axes in the terahertz frequency range are considered. In the study, the method of terahertz time domain spectroscopy with
time resolution is used passed through an initially isotropic detecting crystal which becomes birefringent when exposed
to a terahertz field. The magnitude of the induced birefringence is proportional to the amplitude of the terahertz field.
Using Fourier analysis of a terahertz pulse passing through a cLN crystal and a reference pulse that does not interact
with the object, the frequency dependences of the refractive index and the absorption coefficient of the object under
study are constructed. Dispersion curves are presented for the real part of the refractive index of a cLN crystal cut along
the planes (100) and (001), in the frequency range 0.25—1.25 THz. Simulation of the propagation of a one-and-a-half-
cycle pulse in media with dispersion is performed based on the data of scientific papers by other authors. As a result,
the temporal forms of the output signals are found. Conclusion about the inaccuracy of the dispersion curves from the
selected works is made. The parameters has been identified whose optimization made it possible to eliminate inaccuracies
in the display of the dispersion dependence for the high-frequency region of the terahertz spectrum were identified.
The results obtained are very important for the design of devices based on nonlinear optical effects. These data will be
useful for the generation of difference frequencies, optical rectification and generation of terahertz radiation as well as
for areas where accurate data on the terahertz dispersion properties of nonlinear crystals, including cLN, are required.

Keywords
terahertz radiation, dispersion, congruent crystal, lithium niobate, terahertz time-domain spectroscopy, refractive index
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BBenenue

Brmepseie Teparepmosoe (TI'11) uznyderne O6bU10 IKC-
MepUMEHTaIbHO MPOAEMOHCTPUPOBAaHO oKoyio 100 et
tTomy Hazap [1], HO ero pa3HOOOpa3HbIe BO3MOKHOCTH
IPUMEHEHHS Hauajll aKTUBHO M3y4yaThbCs TONBKO B Teue-
HUe nocienHux necatunetui [1, 2]. B Hacrosmee Bpems
CYILECTBYIOT JOCTYTIHBIC HCTOUHUKH KaK UMITYJIbCHOTO, TaK
1 HenpepsIBHOTO n3nyueHnit TT' auanaszona. mmynscHoe
TI'n u3nyueHue NpUMEHseTCs B clieKTpockonuu [3], npu
MCCIEeI0BAaHUN (PAa30BBIX MEPEXO/0B, BBI3BAHHBIX CHIIBHBIM
nonem [4], B TI'u HenuneitHo#t ontuke [5, 6], u ap. Bo
MHOTHX HMCCJIEIOBAHMSIX MCIOJIB3YIOTCS IPO3PAYHbIC B
TI'y nuanasone yactor Marepuaisl. [Ipumep Takux ma-
TepHajoB — KPUCTAIUIbI, IPUMEHSAEMBbIE Ul TeHEpalun
WK JeTeKTHpoBaHus uMmmyiabcHoro TI'n monst. Ongun u3
cambix 3 dexruBHbIX reneparopoB T u3myuenns — on-
HOOCHBIN KOHI'PYIHTHBII KpucTait Huobara jautust (cLN)
[7-9]. bonee Toro, kpucrtami cLN sBiseTcs mMarepuanom
C CHJIBHBIMU HEJIMHEHHO-ONTHYECKUMU cBoiicTBamu [10].
OoOnacti npuMeHeHus mupokomnonocHoro TT ' u3mydenus
TpeOyIoT Hamuuue MH(GOpMaLUU O JIMHEHHBIX CBOWCTBAX
MaTepHaJoB, TAKKX KaK AUCIEPCHsI U MOMIOIIEHHE.

OnuH 13 METOJ0B TOJTyYEeHHUS TIOJTHON MH(pOPMAIUU O
JICWCTBUTEIEHON ¥ MHUMOM 4acTAX MOKa3aTessl IPesioM-

nenust — meron TT' cnekTpockonuu ¢ pa3penieHueM BO
Bpemenu [11, 12]. JlanHas MeToIMKa OCHOBaHA Ha M3Me-
PEHUH LM THYHOCTH NPOOHOTO MyYKa, MPOLIEIIEro Ye-
pe3 U3HAYAIBbHO U30TPOMHBIHN JeTeKTUPYIONUI KpUCTAILI,
KOoTOpBIH 1pu Bo3aelictBuu T mons npeoOpasyeTcs B
JByIyuenpenomistonuii. Bennunna HaBeA€HHOTO ABY-
JTy4YenpesoOMIICHHsSI ITPOMOPINOHANIbHA HANPSKEHHOCTH
JIEKTPUYECKOro 1ot B uMitynbee TI' m3mydenns. s
n3MepeHns BpeMeHHo! (hopmbl TI 11 IMITysIbCa BBITIOTHSIOT
M3MEHEHNE BPEMEHHOHN 3aJ€PKKH 30HANPYIOIIETO UM-
Mynbca Ha HeKoTopyto Benmunny [13]. anee ¢ momomispio
tdypre-ananuza Tl ummynsca, IpomIeAIIero uepes Mare-
pHai, 1 OIOPHOTO UMITYJIbCa, HE B3aUMOJICHCTBYIOIIETO C
00BEKTOM, MOJTYYaIOT YaCTOTHBIE 3aBUCHMOCTH MTOKa3aTeJIst
npesioMiieHust 1 Kod((ULMeHTa OMIOIIEHHUS NCCIIETyeMO-
ro 0ObeKTa.

OTMeTHM, 4TO JUCIEPCUOHHBIE CBOMCTBA KpHCTAJLIA
cLN B TI'y 1nana3oHe 4acToT ObUTH H3MEPEHBI B paboTax
[14, 15], rne xpucTama IpoAEMOHCTPUPOBAN CUIBHYIO
JIMCIIEPCHUIO MTOKa3aTelst IPEJIOMIICHHS B IAITa30HE YacTOT
0,2-2 TT'u. JlarHBIC pe3yIBTATHI OKA3hIBAIHN OOJBIIOE BIH-
SHUE Ha BPEMEHHYIO CTPYKTypy UMITyibsca [16].

B nacrosmei pabote nmpuBeIeHBI 3aBUCHIMOCTH TTOKa-
3arens npesomiieHus cLN, cpe3aHHOro neprneHIuKyIsipHO
0CSIM X | zZ, OT 4acCTOTHI U3JIyueHus B auamnazone 0,25—
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1,25 TT'1. 3aBUCUMOCTH MPEACTaBICHBI [l 3HAYEHUH
tonuH Kpuctamia: 0,52 mm, 1 MM u 2,21 mm. TIpuBeneno
CpaBHEHME JUCIIEPCUOHHBIX KPUBBIX C JUCIIEPCUSIMU KPU-
cramna cLN B TT'u aAnanazoHe 4acToT, MOJIYyYEHHBIMU B
HAyYHBIX paboTax Jpyrux aBTOPOB. J[OTONHUTENHFHO BBI-
MTOJTHEHA OICHKA CPAaBHEHHS JHUCIICPCHOHHOTO YIIUPEHHUS
TT'u umnynbca BO BPEMEHH B MIPOLIECCE MOJEIUPOBAHUS
€ro paclnpoCTpaHEHUsl B Cpelie C 3aaHHON AUCIEPCHUEN.
ITokazaHo, 4To U3HaYaILHO MosyTopanepuoansii T1 um-
MYJbC YIIUPSIETCS B CPEAAx C TUCTIEPCHSIMU, TOTYYSHHBIMU
B paboTax JPYTruX aBTOPOB, YTO HE COOTBETCTBYET SKCIIEPHU-
MEHTaJILHBIM JaHHBIM U3 HacTosIIel paboTel. B pesynbrare
cZieNiaH BBIBOJI, UTO JUCIIEpCUOHHBIe kKpuBble CLN u3 pac-
CMOTPEHHBIX pabOT HE COTIACOBBIBAIOTCS CO 3HAYCHUSMHU
rnokasareJsis npesniomsienust B TI'1 quanazoHe 4acror, mo-
JYYCHHBIMU B HACTOsIIIEH padote. [Ipemanoxena MeTonnka
ONITUMU3AIIH TTApaMEeTPOB B MPOIIECCE TOCT-00PadOTKH.

3KCHepHM8HTaHbHLle METOAbI

M3mepeHust npoBeeHbl HA CTAHIAAPTHON yCTAHOBKE
TI'n criekTpoCKONUU C pa3pelleHUeM BO BpeMeHU. B ka-
YeCTBE MCTOYHUKA M3TyUSHHS! UCTIONB30BaH PeMTOCEKYH/I-
HBI Yb-1azep ¢ neHTpalbHOM UHHO# BOHEI 1050 HM,
JUIHTEIEHOCTBIO MMITyIbcoB 100 e 1 ux sneprueii 30 v/[x.

Cxema TI'n cnekTpoMeTpa mpejcTaBieHa Ha puc. 1.
WndpaxpacHblii MydoK paszieieH Ha JBa B COOTHOIICHUHN
moiHocter 90:10 ¢ moMoIbl0 cBeTOAEIUTENS. bolee
MOIIHBII MyYOK OCBEMAET KPUCTAI apCeHHU1a HHIMS
(InAs), moMemneHHbIH B MAarHUTHOE ITOJIE CO 3HAYEHUEM
uHaykimu 2,4 T, B kotopom 3a cuet dhoroaddekra JJemdepa
npousBoamiack reaeparus TI ' uznyderns. C momMouso
cucteMbl uH3 TI'T UMITyIbCHI HAMPABISIIUCH Yyepe3 00-
pasen kpucramia cLN B cucteMy 3JIeKTPOONTHYECKOTO
JIETEKTUPOBAHMsI HA OCHOBE KpUCTaJlIa TeLTypH/a KaaMuUs
(CdTe). B xozme skcrniepruMeHTa OBIIH 3apErUCTPUPOBAHBI
BpeMmeHHbIe (opmbl TT'11 uMITyIbCOB, TpOLIEAIINE Yepe3
cBobonHOe npoctpancTBo (O) u Tpu obpasua (JI; 3) —
x-cLN tommuuoi 1 MM u 2,21 MM, 1 z-cLN TonmuHON
0,52 mm. Criektp nerexrupyemoro TII u3mydeHust oomagan
nonytmmpunoi 0,5 TI ' u ienTpanxpHoif gactoroit 0,4 TI .
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Puc. 1. DxcniepuMeHTalbHas yCTaHOBKA TEParepLoBOi
CIIEKTPOCKOIIMHU C Pa3pelieHHEM BO BpEMCHHU.
dc — demrocekyHJHbII HHPAKPACHBIH UMITYJIbC,

CJl — ceropenutens 90:10, I' — reneparop TI' m3nydenus,
TD — dunstp, orpesaroiuii HHOPAKPACHOTO U3ITyUCHHUE,
JI; 3 — nun3el, O — obpasew, [13 — napabonuueckoe 3epkaio,
HC — neiitpanbhblii cBeTopunsrp, B — npusma Bonnacrona,
B/l — GanancHbiit getexrop, CY 1 M — CHHXPOHHBIH yCHIIUTENb
U ONTHKO-MEXaHUYECKHH MOZYIJISITOP

Fig. 1. Experimental setup of time-resolved terahetrz
spectroscopy.
®c is femtosecond infrared pulse, C/ is 90:10 beam splitter, I is
THz radiation generator, T® is filter that cuts off infrared radiation,
JI,_5 are lenses, O is sample, I13 is parabolic mirror, HC is neutral
filter, B is Wollaston prism, b/ is balanced detector, CY and M are
synchronous amplifier and opto-mechanical modulator

B pesynprare SKCIepIMEHTABHBIX JaHHBIX O (hOpMe H
cnekTpe TI'u umnynabca, IpoleIero yepes UCCaeyeMblii
kpucTtaia cLN, nocTpoeHsl AUCIEpCUOHHbIE KPUBLIE B
nuarazone yactot 0,25—1,25 TT'u. JleficTBUTEIbHAS YaCcTh
nokasatesns npesomiieaus cLN B TT'ip obnactu gactot
HaliJileHa py MOMOIIN JIaHHBIX 0 cnekTpe u popme TI'n
HUMITyJIbCa, MPOIIEIEro yepe3 KpucTtaml. B kagecTse
npuMepa Ha puc. 2, g NpUBEJeHA TUIIUYHAS BPEMEHHAs
¢dopma TI'11 mmITysIbCa, MOTYYESHHOTO MPH MCCIICTOBAHUM

b

|
bes oOpasna .

—— C obpasuom

0,8

. M"“*\,M

ga o

BII® ammuntynel TI'n umimynbsca, OTH. €.

“”""-v-,\,"‘*
0,0 1,0 2,0
Yacrota, TI'g

0,0

Puc. 2. BpemenHas ¢popma TepareploBoro UMIyibca (a), CIIeKTp TeparepioBoro uMmmyinsca (b)
Fig. 2. Temporal form of the terahertz pulse (a), the spectrum of the terahertz pulse (b)
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WccnenoBaHme ANCNEPCUOHHBIX CBOMCTB KOHMPY3HTHOIO KpucTania Hnobarta nnuTus...

kpuctaina cLN, cpe3aHHOTro MepreHIUKYISIPHO OCH X U
obrapatomero TommHoi 2,21 mm. Ha puc. 2, b nzobpaxen
CIIEKTp JICTCKTUPYEMOT'0 CHT'HaJIa C IICHTPAIBHON YacTOTOM
0,4 TT'u um nonywupunoi 1 TI'y. JIluaum nornomenus,
BO3HHKaroIe Ha yacToTax Beimie 1 TI'w, BeI3BaHBI comep-
YKaHUEM BOJISAHBIX ITAPOB B BO3IyXE.

O06padoTKa IKCIEPUMEHTAIBHBIX TAHHBIX

Jlist pacyeTa KOMIIIEKCHOTO TIOKa3aTelist TPeIoMIICHUS
kpuctainos cLN as kaxaoro odpasna 3aperucTpupo-
BaHO JBa uMmmynbca: £, (1), npomenmuii yepes obpa-
3el, U E,,,(f), paclpoCTpaHeHHbIIl B OTCYTCTBHH 00pasua.
[Tony4yeHHbBIE CUTHAJBI MPeOOpa3oBaHbl U3 BPEMEHHOM
00IIacTH B CHEKTPATBHYIO TP TIOMOIIX OBICTPOTO TPeod-

paszoBanus Pypbe U UMEIOT B!

4ﬁsn0

oY)
E = ———— exp|-in—| Ep(o),
sam((‘)) (ﬁs + n0)2 CXp [—ing c 0((0)

ol
E,o(®) = exp |-ing—| Ey(®),
: c

TIe A = ng — ik, — KOMIUTCKCHBIN TTOKA3aTelb IPETOMITCHHS
obpasua; n, — JAeHCTBUTENbHAS YacTh Ay, k, — MHAMAasI
4acTh A | — MHUMAsH €MHALIA; 7y — [OKA3aTellb [PEoM-
JICHUS BO3/yXa; / — JUIMHA PacpOCTPAHEHNS U3ITyUCHUS
B 0o0Opasiie, KoTopasi B pacCMaTpUBacMOM CIIyyae paBHa
€ro TOJIIIMHE; (O — IUKINYeCcKas 4acToTa U3JIy4eHHUs;
¢ — CKOPOCTb CBETa B BakyyMme; £ — aMIUIUTyJa dJIeK-
TPUYECKOTO MOJIS.

W3BrieueHne onTHYECKUX XapaKTepUCTHK 00pasia Tpe-
OyeT pacueTa ero nepeaaToyHoi GyHKIMN:

Esam(w) _
Ef0)

4ngn . ol " )(ol
=" _SeXp|—rw—|EXp|—i\n,—nyg)—|.
(nAx + n0)2 p s c p s 0 c

Hy(o)=

B paccmarpuBaeMoM CHEKTPAIBHOM JHaNa3oHe KpH-
cta1 cLN MOXKHO cuuTarh ONTUYECKU PO3pPayHbIM, T. €.
JOIyCKaeTCsl KOMILUIEKCHBIH MOKa3aTellb MpeIoOMICHUS
n(®), Bxopsamuii Bo ppeHeneBckuii ko3 GUIUeHT npory-
CKaHMsl, allPOKCUMHUPOBATh IEMCTBUTENBHON YaCThIO 71,
Hanpumep, nosyuyuM apryMeHT OT YIPOILIEHHON TaKUM
00pa3oMm nepeaaTouHoi QyHKIMN:

o/
ZH(®) = —i(n, — ny)—,
c

rne ZH(®o) — dasza KOMILICKCHO3HAYHOMN MepeIaTOYHON
¢yuxmn H(o).

OTcroa MOXKET OBITh PACCUUTAH TTOKA3aTeIh MPEIOM-
neHust 00pasia:

¢
ng=ng— &LH((D).

OnucaHHBIN METOJ pacueTa KpailHe 4yBCTBUTENIEH K
KOpPpEKTHOMY ompezaeneHnio ¢aszosoro crekrpa Tl us-
mydeHns. HeTouHOCTH MOXET BHOCUTH PsAll GaKTOPOB.
Hanpumep, MHO)XecTBEHHOE OoTpaxeHue TI'1 ummynbca
OT rpaHuIl 00pa3na NPUBOANUT K BO3SHUKHOBEHHIO B CHT-

HaJle MOBTOPHBIX UMITYNBCOB. VX Hamuune BeIpakaeTcs B
MOSIBJICHUU B CIIEKTPE OCLMIUIALNI Ha 9aCcTOTE CIEA0BAHUS
umIyibeoB. [1o cBoeit mpupoze gaHHbIH 3 deKT 630K K
neiicreuio uutreppepomerpa @adpu—Ilepo. OgHako nH-
TepepeHIrs B JAHHOM CITy4dae OKa3bIBAETCsl CTPOTO CIIEK-
TPaIbHOI ¥ MOJKET OBITh HCKITIOUCHA ITyTeM HAJIOXKEHHS Ha
CHTHAJI BPDEMEHHOTO OKHa.

Bropoii BaHBIN (PaKTOp — KOPPEKTHOE OTIPEICIICHIE
pabouero ananaszoHa crekrpomerpa. Hanpumep, ynosner-
BOPHUTEIBHOE COOTHOLICHUE CUTHAJ-IIYM BBIITOJIHICTCS
JUIsl 33JICHCTBOBAHHOTO B PaboOTe CIIEKTPOMETpa B Auaria-
3o0He 0,25-1,25 TI'p [17]. HensbexxHoe Hamuuue myma B
CUrHaJle MPUBOAMT K MCKaXeHUI0 (a3oBoi MH(MOpMALUH
Ha YacTOTax HIKE U BBINIE yKa3aHHBIX. OCOOCHHO BakHA
HU3KOYaCTOTHAs 4acTh CIIEKTpa, KOTOpas B MEPBYIO Oue-
penpb BIMSET Ha pa3BUTHE (ha3bl BO BCEM paccMaTpHUBacMOM
nuarazoHe. [Ipu 5ToM pa3phIBbI M CKadKH JIHaia3oHa MOTYT
HCKa3UTh KPUBYIO MTOKA3aTeNsI MPETOMIICHHS, CO3aBast
KapTHHY, TTOXOXKYIO0 Ha 00IaCTh BBICOKOW nucmepcuu. Bo
n3bexanue Toro (asza Ha yactorax Hike 0,25 TI'1y Obua
JMHEHHO SKCTPAIoIMpoBaHa 10 HyIs, OIHUPasiCh Ha MOBe-
JICHUE KPHUBOI1 B ITpejenax pabodero 1uamasoHa.

C y4eToM nepedyrcieHHbIX (pakTOpPOB MOCTPOCHBI JANC-
MepCUOHHBIE KpuBBIe 11 cLN, cpe3aHHOTO nepneHauKy-
JISIPHO OCsIM X U z. OJHOBPEMEHHO MOCTPOEHBI JUCIep-
CHOHHBIE KPHUBBIC 110 JJAHHBIM Hay4HBIX pador [18-20],
rae kpuctamt cLN npossisin cunbHyto qucnepcuio B T
JMara3oHe JacToT. JlaHHbIe JUCTIePCHOHHBIE KPUBBIC TIPE/-
CTaBJICHBI HA puC. 3.

CpaBHUBas 3aBECUMOCTH 13 pabdort [ 18-20] ¢ kpuBsIMH,
MOJIyYEeHHBIMHU M3 3KCIIEPUMEHTa B HacTosAmel padoTe,
clienaeM BbIBOJ, YTO JuIsl x-cpe3anHoro cLN B nuamaso-
He 0,5-1,25 TI'n HabmromaeTcst pacxoxaeHUe JaHHBIX —
HKCTIEPUMEHTAJIbHbBIC KPUBBIC JEMOHCTPUPYIOT MEHBIIUI
poct. s z-cpe3anHoro cLN 3HaunTEIbHOE pacXoXkKIeHHE
JTAaHHBIX HaONIoaeTcs Ha BCEM HCCIIEIyeMOM Juamna3oHe
TT'1y yacTor.

Brinonuum Mopenuposanue pacnpocTtpanenus TI'n
HMITYJIbCOB B CPEIAX C BEIYMCICHHBIMH ANCTIEPCUSIMH JUIS
CpaBHEHUSI KCTICPIMEHTAIBHBIX JaHHBIX O (DOpPME UMITYIIb-
ca ¢ pe3ysbTaTaMH YHCIEHHOTO MOJICINPOBAHMSL.

YucjieHHOe MoaeJUpoOBaHHUe

Paccmorpum pacnpoctpaHeHne (HeMTOCEKYHIIHBIX
HU3KOMHTEHCHBHBIX MMITy1bcoB Tl nnana3ona yacToT
B JAMAJICKTPUYECKONH M30TPONHON HEMAarHUTHOH cpere.
Maremarudeckast MOACIb JUHAMUKH MMITYJIECOB B TaKHX
cpemax MOXKET OBITh OIMCaHa ypaBHeHHEM [21]:

oE OFE T ,
——a_, tb[Ed'=0,
0z ot =

00

rae £ — nelicTBUTENbHAS 4acTh 3JIEKTPUUECKOTO MOJIS
UMIIYIIbCa; T =1 — NOi — BpeMs B Oeryluei cucreme Ko-
OpJIMHAT, ¢ — cxopOCTCL CBETa B BaKyyMe, z — KOOpPJIMHATa,
BJIOJIb KOTOPOI pacrpocTpaHseTcs UMITyabe. Ny, a 1 b —

mapaMeTpsl, OmHuCchIBaromue 3(h(GEeKTUBHBIN MOKa3aTeIh
NPEIOMIICHHS CPEABI ¥ €T0 JUCHEPCHIO:

n(®) = N,y + aco? — b% @)
o
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Puc. 3. [TucniepcroHHbIe KpUBBIC U3 padoT [18-20] u BeIYUCIICHHBIE TUCTIEPCHH T KprcTaia cLN, cpe3aHHOro HepreHIHKYISPHO
OCSIM: z IJISI CITydasi, KOTzia KPUCTAJII H30TPOIICH (a); X JUIs HeOOBIKHOBEHHOH (b) M OOBIKHOBEHHOH (c) BOJH

Fig. 3. Dispersion curves from works [18-20] and calculated dispersions for the cLN crystal cut perpendicular to the axes: z for the
case when the crystal is isotropic (a); x for extraordinary (b) and ordinary (c) waves

Paccuurannbie nucnepcun kpucrtaiia cLN, cpe3an-
HOTO BAOJdb TockocTer (100) u (001), m HavampHAas Bpe-
MmeHHas ¢popma TI 1 uMITysibca 06pabOTaHbI MPOrPAMMO,
annpoKCUMHUPYIOILIEH IKCIEPUMEHTAJIbHbIE KPUBBIE C
nomoliso ypasHeHus (1). BeimonnuM monenupoBaHue
pacnpocTpanenus noxyropanepuoaHoro T’ umnynbsca
B cpefie ¢ 3aAaHHoN aucnepcueil. Ilpu npaBuiIbHBIX napa-
MeTpax CMOJAEIMPOBAHHBIN UMITYIbC JOKEH COBHAAATh
1o opMe U M0 BPEMEHHU C UMITYJIbCOM, JICTEKTHPYEMBIM
mocie MpoXoXKAeHUs Kpucrtamuia cLN B sKkcriepuMeHTe.
COOTBETCTBYIOIIIE UMITYIIECHI TIPE/ICTABICHBI Ha pHC. 4.

PesynbraTsl MOAeNMUpOBaHUS ¢ OONBIION TOYHOCTHIO
COBTIAJI C JAHHBIMHU W3 SKCIEPUMEHTA M MOKA3aJH, 9TO
W3HAYaIbHO MOJTYTOPANIEPHOIHBIN UMITYIIEC HE YIIUPSIET-
s TIoclie MPOXOXKIeHus yepe3 obpazenr cLN TommmHaMu
0,52 mm, 1 Mmm 1 2,21 MM. B pe3ynbrare cienad BBIBOJ, UTO
KCIIOJIb3yeMasi METOJIMKa pacyeTa IeUCTBUTEIbHON U MHHU-
MO yacTell moka3aTesns MpeJOMICHHs JaeT KOPPEKTHbIE
pe3ynbTaThl.

Y6eauBIINCH B TOM, YTO SKCIIEPUMEHTAIBHBIC JAHHBIC
CXOJIAITCS C Pe3yIbTaTaMU MOJICTTMPOBAHUSI C BBICOKOH TOU-
HOCTBIO, OBIJIO MTPOM3BEJEHO YNCIEHHOE MOJEINPOBAHUE
pacnpocTpaHeHHs UMITyJIbca 3aJaHHOM (POPMBbI B KpUCTAII-
ne cLN co 3naveHusimu qucnepeunit u3 pador [18-20].

[To pesynpraram 4UCIEHHOTO MOJAEIUPOBAHUS pac-
MIPOCTPAHEHHUS! [TOITYTOPANEPUOAHOTO UMITYJIbCA B Cpeaax
C JMCIepCHsIMH HalJIeHbl BpeMEHHbIE ()OPMBI BBHIXOIHBIX
CUTHAJIOB. /laHHBIE MMITYJILCHI TIPEICTABICHBI HA PUC. 5 U
puc. 6.

Anamm3 BpeMeHHBIX (opMm TT'I1 UMIyIIECOB, TIPOIIE-
MIUX Yepe3 CPEebl CO 3HAYCHUSIMH JUCIIEPCUH U3 padboT
[18-20], mokaza, 94To MOIyTOpaNepHOAHBIA HMITYIIbC HC-
MBITBIBAET AMCIIEPCUOHHOE YUIMPEHHUE, TEM CaMbIM yBe-
JUYMBAsl YUCJIO KoleOaHUi, 4ero Ha SKCHEepUMEHTE He
HaO0II0AI0Ch. B COOTBETCTBHH ¢ 3THM OBLI CAEIaH BBIBO
0 Ba)XKHOCTH BBIOOpA NapaMeTpoB B Mpoliecce NocT-o0pa-
OOTKM ISl TAJIbHEHIIero onpeaeseHns moKa3areis Ipe-
JIOMJICHUST HCCIIEIlyeMOM CpEeabl.
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WccnenoBaHme ANCNEPCUOHHBIX CBOMCTB KOHMPY3HTHOIO KpucTania Hnobarta nnuTus...
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Puc. 4. Bpemernbie GOpMbI TepareprioBbIX HMITYJIbCOB — JI0 ¥ MOCIIE MPOXOKIACHHS depe3 KprcTaut cLN: x-cpe3aHHOro ToNInHOM
2,21 MM (a), z-cpe3annoro ToamuHoit 0,52 MM (b)

Fig. 4. Temporal forms of terahertz pulses — before and after passing through the cLN crystal: x-cut with a thickness of 2.21 mm (a),
z-cut with a thickness of 0.52 mm (b)
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Fig. 5. Temporal forms of terahertz pulses after propagation in x-cLN with a thickness of 2.21 mm with: experimental dispersion (a),

dispersion from work [19] (b)
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Puc. 6. BpemeHHBIE ()OPMBI TeparepioBbIX UMITYIBCOB MOCIE pacipocTpaneHus B z-cLN tommmao# 0,52 MM ¢: 9KCIepUMEHTaIBHOM
nucriepeueii (a), nucnepcueii uz padotsl [20] (b)

Fig. 6. Temporal forms of terahertz pulses after propagation in a 0.52 mm thick z-cLN with: experimental dispersion («), dispersion

from work [20] (b)
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B.C. LlWymurai, E.H. OnapuH, A.O. Habunkosa, M.B. MenbHuk, A.H. LbinkuH, C.A. Kosnos

3akJjoueHne

B pesymberare mpoBeseHUs SKCIEPUMEHTOB C HCITOIb-
30BaHUEM yCTAHOBKHU TEPareproBOil CIIEKTPOCKOMUHU C
paspemnieHrneM BO BPeMEHH ObUTH HAaWJCHBI TUCTICPCHOH-
Hble KpUBBIE IIOKa3aTessl NpejoMileHus kpucraina cLN,
CPE3aHHOI0 NMEePHEHAUKYIAPHO OCAM X U Z, B AUANa30HE
gactoT 0,25-1,25 TT'u. UucnenHnoe MoaenupoBaHue pac-
MIPOCTPAHEHUsI Oy TOPANEePUOAHOTO UMITYIIbCA B CPEAAX C
HallICHHBIMU JUCIIEPCUSMU N10KA3aJ10, YTO TepareploBbIit
HMITyJIbC HE IPETEPIEBACT AUCIEPCUOHHOE YIIUPEHUS, UTO
HAXOJUTCS B TIOTHOM COOTBETCTBUH C SKCIICPUMEHTATBHBI-
MU TaHHBIMU. BRITIOTHEH CpaBHUTENBHBIN aHAIN3 TOTY-
YCHHBIX TUCIIEPCHOHHBIX KPUBBIX MOKA3aTells IMpeioMIIe-
HUS ¢ JTaHHBIMA padoT [ 18-20]. Pesynbrarhl, momydeHHBIC
B XO/I¢ YUCJICHHOTO MOJEIHUPOBAHUS PACIPOCTPaHCHUS
TeparepuoBOro usjydeHus B kpucrtauie cLN ¢ Takumu
JUCIIEPCUAMHU, [TOKa3aIu, YTO MOJIyTOPaIIEpUOIHbBIN UM-
MyJIbC JUCTIEPCUOHHO yIupuics B x-cLN TommuHo# 1 MM
n 2,21 mm, u B z-cLN Tonmunoi 0,52 MM, 4ero He HabITro-
JIaJIOCh MPH HKCIIEPUMEHTE.

PacxoxaeHne nUCIEpCHOHHBIX KPUBBIX MOKA3aTeNs
nipestomiienust kpucramia cLN MOXHO OOBSICHUTD pa3HbIM
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BBIOOPOM TIapaMeTpPOB B IpoIecce MOCT-00padOTKH JaH-
HBIX U3 DKCIIEPUMEHTA. B CBsI3U ¢ 3TUM ObLIa IpeIIoKEHA
METOJMKa oI00pa MmapaMeTpOB I MOCT-00padoTKH,
MCKITFOYAOIIasi OMTUOKA TPU ONPEICICHUN JUCTICPCUU
o0pasmoB. CornacHo# e, HeoOXOIUMO HAKJIaJbIBaTh Ha
BBIXO/IHOM CHTHAII BpEMEHHOE OKHO, YTOOBI HE YUUTHIBATH
TTOBTOPHBIE UMITYIIBECHI, O0YCIIOBICHHBIC MHOKECTBEHHBIM
OTpaXKEHHIEM TeparepIioBOro NMITYJIECa OT TPAHHUI] 00pasIia.
Taxke BaXKHBIM ITapaMeTPOM SIBIISIETCSI paboumnii Tnana3on
criekTpomeTpa. Ero HeoOX0AMMO TOYHO ONPEACNIUTh IS
MOJIyYeHHUsT KOPPEKTHBIX HaHHBIX. HeoOxomumo 3azeii-
CTBOBATh JHMAMa30H 4acTOT, I KOTOPOTO COXPAHSIOTCS
0OJIbIINE 3HAYCHUSI COOTHOIICHHS CUTHAJ-IIYM, TaK Kak
HaJIMYKe [yMa B CUTHAJIC MIPUBOIUT K UCKAKCHHIO (a30-
BOW MH(OpPMAIIMK HA y4acTKaX CIEKTPa ¢ HU3KHM COOTHO-
IICHUEM CHUTHAJ-IITYM.

PaccMmoTpeHHBIE TpUMEPHI TTOKA3aJd, YTO TOYHEIS
3HAHUS O TUCICPCHOHHBIX XapaKTePUCTUKAX MO3BOJISIOT
YYUTBHIBaTh 0COOCHHOCTH MaTEpPHAJIOB B TEParepIroBOM
JUaITa30He YacTOT U ISl UX MCIOIB30BAHUSA B CHCTEMAxX
TepareproBoii POTOHHMKH.
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AHHOTAIUA

IIpeamert ucciaenopanus. B pabore paccMOTpeHO BIMSHUC HaBEICHHBIX MEXaHHYECKUX HaNpsDKEHUH, BBI3BaHHBIX
repMeTH3aI1el CTEKJIONPUIIOEM Napbl ONTHYECKHX ABYIYUENPETOMIISIONINX BOJIOKOH C SJUTUNTHYECKOH Hanpsraromen
000710uKO}l Ha BETHUUUHY KO PUIIEHTa MONAPU3ALUOHHON SKCTHHKIMH. [Ipeoxken BapuaHT ¢ pa3MelleHHEM B
00IacTH repMeTH3aIK HepaOOuNX BOJIOKOH JUISt CO3JaHUSI CHMMETPHH HAaBEJICHHBIX MEXaHUYECKUX HATPSHKCHHH.
BrImonHeHo SKCHepuMEeHTANbHOE UCCISIOBAHNE BKIIAa HABEACHHBIX MEXaHWYCCKUX HANPSIKCHUIH Ha BETHUHHY
ko3 HUIHeHTa NOIIPU3aNOHHON YKCTHHKINH. [IpoBenena oneHka BINSHUS TeMIlepaTypsl Ha kodddunueHT
MOJSIPU3AIMOHHON YKCTUHKIIMU B 00JIaCTH TePMETH3AIMH ONTHYECKUX JBYITydelpeIOMIISTIONNX BOJIOKOH. MeToz.
I'epMeTn3anus BOJIOKOH B METAJNIMYECKON TpyOKe MpoM3BeJeHa IIyTeM ILIABICHHS NMPpedOPMBI CTEKIONPHUIIOS
WHAYKIIMOHHBIM HarpeBaTesneM. OleHka KodpGuIueHTa NOMIPU3aLNOHHON SKCTUHKIIMH MOIydeHa METOIOM
IIMPOKOINOJIOCHOH HHTEP()EPOMETPUH C UCIIOIb30BAHUEM CKaHMPYIOLIETO MOJISIPH3aLUOHHOr0 HHTephepomMeTpa
Maiikenbcona. OCHOBHbIE pe3y ibTaThl. V3Mepena BenuirHa kodhuineHTa noaspu3aOHHON SKCTHHKIINK B YEThIPEX
o0pasuax ¢ AIuHOW pabovymx BOJOKOH 4 M. DKCHEPUMEHT TOKA3all, YTO CO3JaHUEe U30METPUH CTPYKTYpPbI B 00IacTH
TePMEeTH3AIIH C TIOMOIIBI0 JOOABICHHS HEPaOOINX BOJIOKOH MO3BOIMIIO YMEHBIINTE CTETICHb H3MEHEHHS KodddunueHTa
norsipu3annoHHoi sketuHKIm ¢ 0,082 nb/K mo 0,035 nb/K B TemneparyproMm anamasone ot MuHyc 15 °C mo mioc
70 °C. Iomy4eHHBIIT pe3yabTaT MO3BOIMII IPON3BECTH TePMETH3ANNI0 HECKOIBKHX BOJIOKOH B OTHOM TpyOKe it
YMEHBIICHHS rabapuToB ycTpoicTs. [IpakTHueckasi 3 HAYMMOCTB. BBINOTHEHHOE HCCIIeJOBAaHHE MOXKET OBITH TTOJIE3HO
B pa3paboTKax ONTOAJIEKTPOHHBIX YCTPOHCTB, I7ie TpeOyeTcsl repMeTH3alusl BHIBOJOB JABYIYYEIPEIOMIISIOIETO
OINTUYECKOTO BOJIOKHA B METAIIMYECKOM KOpITyCe.

KnroueBble ciioBa
OINTHYECKHUE JIBYITYUEIPEIOMIISIONINE BOIOKHA, KOA()(HUIMEHT MOISIPU3aIMOHHOMN IKCTHHKIMHY, CTEKJIOIPHITION, CBI3b
TIOJISIPU3AIMOHHBIX MOJI, TEPMETH3AIIS
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Abstract

The paper considers the effect of sealing with glass solder a pair of optical polarization maintaining fibers with an
elliptical stress cladding on the value of the polarization extinction ratio. A variant with the placement of non-working
fibers in the sealing area to create the symmetry of induced mechanical stresses is proposed. An experimental study of the
contribution of the induced mechanical stresses on the value of the polarization extinction ratio has been performed. The
assessment of temperature effect on the coefficient of polarization extinction in the place of sealing of optical polarization
maintaining fibers has been made. Sealing of fibers in a metal tube was performed using a glass solder preform and an
induction heater. Evaluation of the polarization extinction ratio was obtained by white-light interferometry using the
scanning Michelson interferometer. The value of the polarization extinction ratio was measured on 4 samples with a
length of working fibers of 4 meters. This experiment shows that creation of isometry structure in the area of sealing
by addition of non-working fibers allows decreasing the polarization extinction ratio from 0.082 dB/K to 0.035 dB/K
in the temperature range from —15 °C to +70 °C. This method allows the sealing of several fibers in one tube to reduce
the size of the devices. The performed research can be useful in the development of optoelectronic devices where it is
required to introduce optical birefringent fibers in a sealed housing.
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BBenenune

Onrtuyeckre BOJOKHA C COXPAaHEHUEM MOJISIPU3aLNI
4acTO MCIIOIB3YIOTCS IIPU pa3pabdOTKe BOJIOKOHHO-ONTHYC-
CKHUX JIaTYMKOB. B TaknX BOJIOKHAX MMOJISPU3AIIHS COXPAHSI-
€TCsI 32 CUET CO3JIaHUSI B UX CTPYKTYypE aCHMMETPHU, UTO
CO3MIaeT aHU3OTPOIHIO0 M (HOPMUPYET ABYIYUETIPEIOMIIC-
Hue. Takne BOIIOKHA Ha3BIBAIOT ABYIYYEIIPEIOMIIIOIINMHA
(JJIIT). B ocHoBHOM mcmonb3yetcs aBa Buaa JJIIT Bomo-
KOH: BOJIOKHA C 3JUIMIITUYECKON CEpILIEBUHOMN U C HABE/ICH-
HBIM MEXaHHUYECKUM HalpsDKeHHEM B CTPYKType. B Book-
Hax MepBOTO TUTIA JIBYTYUYETPEIIOMIICHUE CO3IAaeTCs 3a CUET
TCOMETPHH CEP/IICBUHBL: PAa3HOE 3HAUCHHE dPPEKTUBHBIX
IIOKa3aTelled MPeIOMIICHAN IS KaKIOM U3 OCEH dJlIuIca.
Bropoii Tut ocHoBaH Ha 3¢ dekTe doroymnpyroctu [1, 2].
B Takux JUJIIT BonokHaX MOCTOSHHBIE PACIPOCTPAHEHUS
ONTHYECCKOTO M3ITyYCHUS BYX OPTOTOHATHHBIX MO pa3-
smyatorcs. B JIJIIT BomokHaX BBIACISIOT JIBE OCHOBHBIC
TIOTIEPEYHbIE OCH ¢ AU PEePSHITPOBAHHBIME TIOKA3aTESIMU
MIPETIOMIJICHUS: OTHA TIepeceKaeT 00IacTh C HABEACHHBIMU
HaTIPSDKCHUSAMHE («MEICHHAsI OChbY»), a IpyTas MepreHIn-
KyJsipHa TepBoi («ObicTpast ocs») [1, 2].

[MoTpedHOCTH HOPMUPOBAHUS TEPMETHYHOI'O BBO-
Jla ONITHYECKOr0 BOJIOKHA B KOPITYC OMTOXJIEKTPOHHBIX
YCTPOMCTB MPOOJIKAET PACTU B CBSI3U C TOBBIIIAOIIH-
MUCSI TP€OOBAHUSIMHU MHIYCTPUM, HCIIOIB3YIOIINX OMTO-
AJIEKTPOHHBIC YCTPOMCTBA, K MPOU3BOJUTEIBHOCTH U Ha-
JIeKHOCTH 9TUX YCTPOUCTB B LieJoM. BBoj onTuyeckoro
M3JIYYCHUS B BOJHOBOJ OMTOSICKTPOHHBIX YCTPOUCTB,
HanpuMep MHOTO(QYHKIIMOHATFHOW HHTETPATbHON ONTH-
geckorr cxembl (MHUOC), TpebyeT CBEpXTOYHOTO METOna
MTO3UIIMOHUPOBAHUS U KPETUICHHSI ONTUYECKOTO BOJIOKHA

Ha BECh CPOK CITyKOBI ycTpolicTBa. CIOBHT WIIN PACTSDKCHUE
BOJIOKHA MOXKET IPUBECTH K ITOTEPSIM MOIIIHOCTH OIITHYC-
CKOTO M3JTyYCHHUS B 00JaCTH CTHIKOBKH BOJIOKHA C BOJHO-
BogoM MUOC. OnTiuueckie CBOMCTBA MEKTPOOTITHIESCKIX
KPHUCTAJUIOB, Ha KOTOPHIX GopmupyioT MUOC, MeHsI0TCS
B 3aBHCHMOCTH OT NPHUKIAJBIBAEMOTO 3JIEKTPUIECCKOTO
HANpPSDKEHUS, HAIWYUSA BOJSHBIX MapOB B OKpY’Karomieit
cpejie, M3MEHEHHS TeMIICPaTyPhl M Fa30BOr0 COCTaBa OKPY-
xatomeit armocgepst [3—6]. I1o aTum npuunHam, TpeboBa-
HUSI HAJISKHOCTH UCKITIOYAIOT UCIIOh30BaHUE STIOKCHTHOM
CMOJTBI B KQ4€CTBE (PMKCUPYIOIICTO BOJIOKHO a/Ire3UBa H3-3a
MOJI3yYCCTH MaTepHala, BBIICICHAS Ta30B U IPEAPACIIO-
JIO)KEHHOCTHU K Jlerpajaluuu co BpemeHeM [7]. Metox ¢
MeTaJlIM3alKel rojoro BOJOKHA U MOCIIeAyIoIel BIaliKoi
METAJUTHICCKUM MPUTIOEM B METAJUIMYCCKYIO TPYOKy HE
TOJIBKO JIOPOT, HO U 00pa3yeT APyTrHe MpoOIeMbl ¢ HalleK-
HOCTBIO. M3-3a paznmunsg kod3(dunrenTa TepMuIecKoro
pacmmpeHus KBaplia i METaJlIOB, B UCTIONB3YEMBIX ITPHITO-
X TIPU U3MEHEHUH TeMIIePaTypbl BO3HUKAIOT HABEACHHBIC
MEXaHNYCCKUEC HAMIPSIKCHU, KOTOPBIC BIMAIOT HA OIITUYC-
CKHE CBOMCTBA ONTHYECKUX BOJIOKOH [8].

Jig Takux ycTpoOHCTB, KaK BOJIOKOHHO-ONTUYECKUN
rupockor, ucroib3ytorcs JIJII1 BojokHA B Ka4ecTBE YyB-
CTBUTEIHLHOTO 3j1eMeHTa. [Ipr BOSHHKHOBEHUY BHCIITHUX
MEXaHUYEeCKHUX BO3JCHCTBHIA MPOUCXOJUT Iepepacipe-
JICJICHUE HAINPSDKCHUH B CTPYKTYPE BOJIOKHA, YTO B CBOIO
odepeb MPUBOANT K M3MEHEHHIO IBYITYHEIIPEIIOMIICHHS U K
NepeKayKe ONTUYECKOW MOLTHOCTU U3 OJHOM MOJIsIpU3aLu-
OHHOM MOIBI B OpTOTOHAIBHYIO [9, 10]. HampsokeHus Tak-
’Ke BO3HHUKAIOT ITPH N3MECHEHHIH TEMIIEPaTyphl, BCICICTBHE
paznnyust Ko3GGHUIHEHTa TSPMHUCCKOTO PACIIMPCHHS Ma-
TepuasioB. ToueuHble MeCTa epeKayKy ONTUYECKON MOLL-
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noctu B JIJITI BosokHax onuceiBatoTcs kKoddduirenTom
nosipuzanuonHoi skctuHknuu (Polarization Extinction
Ratio, PER) [1]:
Py
PER=—,
Py
rae P, — onTtudeckas MOIIHOCTb, liepeKayaBIIascs B Op-
TOrOHAJILHOE COCTOSIHHUE IOJIAPH3aLKY; P)| — ONTHYeCKas
MOIITHOCTh OCHOBHOT'O COCTOSIHUS TTOJISIPU3ALINH.
JlokanbHbIE TOYKH CBSI3H MOISIPU3ALUOHHBIX MO/ ITPH-
BOJIIT K OIIMOKE CHTHAJIA BOJIOKOHHO-ONITHYECKOTO I'HPO-
ckona. Yem Oospine 3Hauenne PER, Tem Oosbine casur
(ba3er Canpska [11]. B HEKOTOPBIX BOIOKOHHO-ONTHYECKUX
rupockonax ucnonbzyercs MUOC ¢ X-pa3BeTBHUTENEM,
COOTBETCTBEHHO ¢ KakJsIM u3 noptoB MUOC cThIKyeT-
cs JJJIIT BomokHo. OTCIoga BO3ZHHUKAET HEOOXOAUMOCTD
(dopmuposanust repmoBbiBofa st apsl JJII1 BostokoH ¢
Ka)JIOl U3 CTOPOH, TaK Kak JeJIaTh pa3/eibHbIC BHIBOBI
YacTO HE MO3BOJISIIOT JJOIMYCTHMBbIE rabapuThl yCTPOHCTBA.
Lens paboThl — cpaBHEHNE CO3JAHHBIX CHMMETPHYIHOMN
1 aCCUMETPUYHON CTPYKTYpP T€PMETH3AaLNN ONTHYECKUX
JJITT BonmokoH. JIjist 3TOTO MCIOIB30BaHbl ONTHYECKUE
JUJIIT BOMOKHA C SIUTMNITHYECKOHN HampsATaromei 000104-
KOM, TpyOKa u3 KoBapa, mpedopmMa CTEKIOIPHIIOS B popme
KOJIbLIAa ¥ MHAYKIIMOHHBIN HAarpeBaTeb.

Texnoaorus repMeTu3anuu

Jist TecTHpOBaHMS METO/Ia TEPMETH3AINH ONTHYECKOTO
BOJIOKHA B TIPOITYCKHOH TpyOKe m3 koBapa (cruiaB 29HK)
pa3paboTaH HHIYKINOHHEIH HarpeBaTelb, Pa30T PEBAFOIIIIA
KOBapoOBYIO TPYOKyY, KOTOpas IJIaBUT MpedopMy CTEKIO-
npunost. IHyKIIMOHHBIN HarpeBaTeb padoTaeT B peKIMe
KOMMYTAIlMH [IPU HYJIEBOM HampspkeHuu (Zero Voltage
Switch, ZVS).

MormiHoCTh HarpeBa npedopMbl PEryIHUpyeTCsl BXOI-
HBIM HarpshKeHUeM cxeMbl (MakcuMyM 12 B) u obecrieun-
BaeT HarpeB TpyOku 1o 400 °C. Ha puc. 1, a, d npencras-
aensl Gororpadus HHAYKIMOHHOTO HAarpeBaTesst B coope
1 o0m1as cxema repMeTH3aIHH.

J171st poBeIeHust McClIeIOBaHMUsI MCTIOJIb30BaHbl TPYOKH
13 KoBapa u npedopMbl CTEKIONPHUIIOS B (hopMe Kosbla
(puc. 1, ¢), monxoxsamue M repMeTH3anuu 2—4 BOIO-
KOH B METAJTMUECKO# TpyOke. Temmeparypa IiaBieHus
npedopm crexnonpumnos 320-350 °C. Marepuaisl 1aH-
HBIX KOMIIOHEHTOB BBIOpaHBI Kak HaubOosee ONM3KHE MO
KO3(PUIMEHTY TEPMHYECKOTO PACHINPEHHS K KBapIly, U3
KOTOPOTO M3TOTOBJICHBI ONITUYECKUE BOJIOKHA: KOAPU-
[IMUEHT TEPMHUYECKOTO pacummpenus ksapua 0,5-1076 1/K,
koBap 5-10-¢ 1/K, creknonpumnoit 7,5-10-6 1/K. dnuna
KOBapoBoii TpyOku (puc. 1, b) cocraBmia 6,5 MM, BHCIITHHI
JuaMeTp — 3 MM, BHYTPEHHUH auameTp 1,5 MM ¢ CykeHH-
em 10 0,8 MM ¢ ofHOM cTOpOoHBIL. CyKEHUE MPEAYCMOTPEHO
JUTs OOJBIIEH TUIOTHOCTH 3alOIHEHUS PACIUIaBICHHOTO
cTeKIonpuIos. Bo BHyTpeHHEH 9acTi TpyOKH ClienaH BbI-
CTYTI, HAa KOTOPBIH pa3MerieHa npedopma CTEKIONPHUIIOs,
4yTOOBI IPH MJIABJICHUH OH 3aTEKal B Y3KYIO 4acTb TPyOKH.
YTo6B! UCKITIOYUTh UCKAKEHUSI BEKTOPOB CUIIOBBIX JIMHUN
MarHUTHOTO TIOJIsl UHYKTOpa P U3TOTOBJICHUH 00pa31ioB
UCIIOJIb30BaHa OCHACTKA U3 KEPAMHUKH U OPraHUYEeCKOTO
CTeKJIa.

TpyOka 3akpericHa BEpTUKAILHO, BOJIOKHA 3a4UIICHBI
IO KBapIICBOr0 OCHOBAHUS HA JUIMHY OKOJIO 10 MM 1 IoMe-
IICHBI B TPYOKY TaKUM 00pa3oM, YTOOBI «TOJIBII» y4acTOK
BOJIOKOH Haxoawics B o0nactu repmeruzanuu. [Ipedopma
CTEKJIOIPHUITOS TIPSIBAPHUTEIFHO PACIIONIOKEHA BO BHYTPCH-
HEM BBICTYTIC TPYOKH.

Jl1st mpoBeieHnsT SKCIIePUMEHTa OBUTH W3TOTOBIICHEI
yeTsIipe oOpasma. B o6pasme Ne | mcmonp3oBaHo 1Ba OT-
pe3ka ontuueckoro JJIIT Bomokna. B obpaszmax Ne 2—4
B TE€pPMETHU3AINH y4aCTBOBAJIO YEThIPE OTPE3Ka BOJOKHA.
JIBa HepaOOYMX BOJOKHA UCIIOIB30BAHbI IS YIIOTHEHHUS
3aMOJHEHHS PACIUIABICHHOTO CTEKJIOMPUIION U CO3TAHMS
M30METPHUU MEXaHMYCCKUX HAMPSDKCHUH [T pabovyrXx BO-
nokoH. Hepabouune BojOKHA UMenH JIUHY 0oKoio 20 cM 1
OBLIN 3aYMIICHBI JIO KBapIEBOI yacTu. BHyTpu TpyOKU
BOJIOKHA PacIOIOKEHBI B ()OpMe 3HAKA «+» TaKUM 00pa-
30M, 9TOOBI paboure BOIOKHA OBLTH HAIIPOTHUB APYT JpyTa

(puc. 1, d).

MeTtoauka uccie10BaHUA

Jlnst aHanmm3a BemMUuHbI KoddduIenTa nonspusanm-
OHHOHM SKCTHHKIHMHU B HCCIENyeMbIX 00pa3nax MCHoib-
30BaHa METOAMKA IIUPOKOIIOIOCHON HHTEPHEPOMETPHH.
C nomouibio JaHHOW METOAMKH MOKHO JOOWUTHCS BHICO-
KOW TOYHOCTH B OIIPEIEICHUH MECTa JOKAIbHOW MOJIs-
PH3alMOHHO-MO/IOBO CBSI3H B ONITHYECKOM TPAKTE, a 110
aMIUTATyZIe 1aTh oneHky BenuunHe PER [12]. B nactos-
1iei padboTe MCIOIb30BaH CKaHUPYIOMIHA HHTEphepoMeTp
MaiikenbCcoHa ¢ aHAJIU3aTOPOM Ha BXOJIE ISl BbIJICJICHUS
00erX OpPTOrOHAIBHBIX MOSIPU3ALMOHHBIX MO UCCIIeTye-
MOro o0pasia.

C kaxJbIM U3 00pa3I0B BBITOJHEHBI HCCIIETOBAHUS
TEeMIIepaTypHBIX 3aBUCHUMOCTEN Koddduimenrta momspu-
3aIlMOHHOM SKCTUHKIMH B 00JaCTH repMeTH3aluy Oll-
tryeckoro JIJIIT Bonokua (puc. 2), 3amasHHOTO MPH TIO-
MOIIIM CTEKJIOMPHIIOS B KOBapoBoil TpyOke. KoBapoBas
TpyOKa KayKIO0To U3 00pas3IoB paciioyiaraiack Ha JIeMEHTe
[lenbThe, a KOHTAKT MEXly HUMHU 3aII0JIHEH TEPMONIACTOM.
JI71st KOHTPOIISA U N3MEPEHUS TEMIIEPaTyphbl UCIIOIb30BaHA
TepMoInapa, KoTopas Takke Oblla B KOHTAKTE C KOBapOBOI
TpyOKoIi uepe3 TepMonacty. DNEeKTPUIECKOe ITUTaHHUE dJIe-
MeHTa [lenbThe KOHTPOIUPOBATIOCH OTAEIBHO CTOSLIUM
OJIOKOM MHUTAHUS C PyUYHBIM KOHTPOJIEM HaPSKESHUS.

HccnenoBaHue cOCTOSATIO U3 TPEX ITANOB: HarpeB OT
KOMHaTHOH TeMnepatypsl Ao miatoc 70 °C, ocTbIBaHHE 10
KOMHATHOW TeMIepaTyphl U oXjiaxaeHue 10 munyc 15 °C.
W3mepenns Beimonnsuuck kaxasie 10 °C mpu Harpese u
ocTbiBaHMM, U Kaxable 3 °C npu oxnaxaenun. Kaxnoe
M3MEpEHUE MPON3BOUIOCH TPHKIBI.

Pe3yJ'l]>TaTbl HCCJICI0OBAHUSA

B pesynbraTte NpoBeJEHHOIO UCCIEJOBAHMS MOTYYECHBI
3HayeHus BennunHbl PER B 00nacty repmernsanym onTu-
geckux JIJIIT BomokoH o6pasmnoB Ne 1-4 u 3aBUCHMOCTH
PER B »THX 00pa3max ot TeMreparypbl KOBApOBOM TPYOKH.
Pesynbrarel mpeacraBieHsl B Ta0MMIE U HA puc. 3.

W3 momydeHHBIX Pe3yabTaTOB BHJHO, YTO B TOUKE
repMmerusanuu ontudeckoro J[JIIT BosokHa B KOBapoBOi
TpyOKe pH MOMOIIN CTEKJITHHOTO IPHUIOS BO3HUKAET yBe-
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Puc. 1. IHgyKIIMOHHBINA HarpeBarels B cOope (a); 4epTek MPOAOIBFHOTO CEUeHUs KoBapoBoi TpyOkH (b); mpedopma
CTeKIIoNpuIos (¢); obmas cxema repMeTuzanui (d).

1 — (eppuToBOE KOJIBIIO; 2 — KEPaMUUECKHE 3a)KUMBI; 3 — Hepaboure ONTHYECKHE BOJIOKHA; 4 — KOBapoBasi TpyOKa;
5 — npedopma CTEKIONpPHUIIOs

Fig. 1. Induction heater assembly (a); drawing of a longitudinal section of a kovar tube (b); solder glass preform (c); general sealing
scheme (d).

1 — ferrite ring, 2 — ceramic clamps, 3 — “dumb” fibers, 4 — kovar tube, 5 — glass solder preform

JINYCHHE CBSI3U TOJISIPU3AIIOHHBIX MO, TAK KO (PHUIIUCHT
MTOJIIPU3AIIMOHHON SKCTHHKIIMU Ha oOpasie Ne | yBenmdn-
BaeTcs OT —65 b (YpoBeHb UyBCTBUTEILHOCTH CUCTEMBI)
1o —38 nb, a Ha oOpasmax Ne 2—4 B cpemnem 1o —30 ab.
TemneparypHbIe HCITBITAaHHS TIOKA3aIIH, YTO TIPH Harpe-
BE KOBApPOBOM TPYOKH B 3aMassHHOM ONTHYECKOM BOJOKHE
K0A(h(DULUEHT MONSIPU3ALUOHHON SKCTUHKIIN TOHHKASTCS
¢ —25 b npu koMHaTHOH Temmepartype a0 —31 ab mpu
wiroc 70 °C Ha obpasue Ne 4, a mpu OCTHIBAHHH BO3Bpa-
[aeTcs K npekHeMy ypoBHto. [pu oxsaxkaeHnu koddhu-

LUEHT TOJIIPU3aINOHHON SKCTUHKIIMN YBEJINYHBACTCS C
—39 nb npu koMHaTHOM Temmneparype 10 —32 1b npu MuHyc
10 °C Ha obpasme Ne 1.

OpnHaxko 3HaueHHA TpadukoB oOpasma Ne 4 oTTHUaIOTCS
OT OCTaJIFHBIX, TaK Kak B 00pasnax Ne 1-3 B 0ZJHOM BOJIOK-
He TpH HarpeBe Kod(pHUIMEHT MOIPH3aHOHHON SKCTHHK-
IIUM TTIOHMXKACTCS, a B APYroM yBenuuuBaeTcs. OOparHas
KapTHHA HAOIIONAETCs IPH OXJIAXKICHHH.

B XOA€ MPOBEACHHBIX OKCIICPUMEHTOB BBISABJICHO, YTO
J00aBJICHUE B O0JACTH TepMETH3AIMH HEPAOOYUX BOJIO-
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Puc. 2. Cxema 5KCTIEPIMEHTATIBHON YCTAaHOBKH IS UCCIIEOBAHUS 3aBICUMOCTH KOO PHUINEHTA TONIPU3AHOHHON SKCTHHKIIHN

MIOTyYeHHBIX 00pa3IoB OT TeMIIepaTyphL:

] — MCTOUHMK M3JTyUeHUs; 2 — ONTHYECKas po3eTKa; 3 — KOJUIUMATop; 4 — MoJspu3aTop; 5 — 00bEKTUB; 6 — HepikaTeb; 7 — 00bEKT
uccnenosanus; § — snemenr [lensrbe; 9 — nonsgpu3anyoHHEI HHTEphepomeTp MaiikenbcoHa; /() — nepcoHanbHelil Kommsiorep (PC);

11 — ocummnorpad

Fig. 2. Scheme of the pilot plant for studying the dependence of PER of the obtained samples vs. temperature:

1 — light source, 2 — optical socket, 3 — collimator, 4 — polarizer, 5 — lens, 6 — clamp, 7 — object of study, § — thermoelectric cooler,

9 — Michelson polarization interferometer, /0 — PC, 1/ — oscilloscope

Tabnuya. Pe3ynbrarsl ckaHMpoBaHUs 00pa3noB Ne 1-4 mocine repmeTH3anyn

Table. Results of scanning samples 14

Howmep o6pasua Bonokuo 3HaveHue kodduurenTa nonsspusannonHoi sxctunkuuu PER, n1b
1 -27,45
: 2 -37,95
1 -42,32
: 2 38,60
1 28,06
i 2 —-19,95
4 1 -25,13
2 -26,48

KOH YBEIMYHBACT KOAPDUIUCHT NOIAPU3ANUOHHON IKC-
TUHKIUHU, HO TIPU 3TOM YMEHbILIAET €ro 3aBUCUMOCTb OT
TeMIIepaTyphl, TaK, HaIlpuUMep, B BOJIOKHE 2 oOpasma Ne 1
3HaueHUs MeHsI0TCS oT —39 nb 10 —32 nb, a B BOJIOKHE 2
obpasma Ne 3 — ot —21 b no —19 nb.

a

= T T T T T Q'HarpeB 5
_20F — JloBepuTenbHbIil HHTEpBaI|]
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Kaxk n3BectHo n3 pador [13—15] Benmunna ko3pdunu-
€HTAa MOJIIPU3AUUOHHON AKCTUHKIUH B onTrueckux JJIII
BOJIOKHAX 3aBHCHUT OT BEJIUYMHBI MEXaHUYECKOIO JaBICHUS
1 007aCTH €ro BO3JEHCTBHAS Ha BOJIOKHO. DTO HAIVISIHO
MOJATBEPKIAEHO Ha pHUc. 3.

b
30 . - . . . N = :
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Puc. 3. 3aBucumMocTb K03 GUIIHEHTa MOISIPU3ALMOHHOMN SIKCTHHKIIMU OT TeMIeparypsl juist: oopasua Ne 1 — B BostokHax 1 (a)
u 2 (b); obpasua Ne 2 — B BonokHax 1 (¢) u 2 (d); obpasua Ne 3 — B BonokHax | (e) u 2 (f); o6pasua Ne 4 — B Bosnoknax 1 (g) u 2 (h)

Fig. 3. Dependence of PER vs. temperature: fiber 1 sample 1 (a); fiber 2 sample 1 (b); fiber 1 sample 2 (¢); fiber 2 sample 2 (d); fiber

1 sample 3 (e); fiber 2 sample 3 (f); fiber 1 sample 4 (g); fiber 2 sample 4 (4)
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Fig 3. Continued
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B pabore u3yueHo BIUsHNAE TepMETU3ALNH CTEKIIONPHU-
[IOEM IMapbl ONTUYECKUX JBYITYyUEPETOMIISIONIUX BOJIOKOH
Ha BEJIMYMHY KOG PHUIIHECHTA NOISIPU3AOHHON SKCTHHK-
nun. B BomokHax mccrnenoBaHa 3aBUCUMOCTH KOA(HH-
LUEHTA MOJSIPU3AIMOHHON SKCTHHKIUK OT HaNpsDKeHUH,
BBI3BAHHBIX M3MEHEHNEM Temiieparypsl. [lomydeHHsie pe-
3yJbTaThl MOITBEPAUIN, YTO MEXaHUUECKOE AABICHHE C
Pa3HOMN BEJIMYMHON U B Pa3JINYHBIX 00IACTAX ABYITyUerpe-

JIOMISIFOLIIETO BOJIOKHA I10-PAa3HOMY BJIMSIET HA H3MCHEHHE
BEJIMUYMHBI KOA(DDHUIMEHTA TOSIPH3ALOHHOM IKCTHHKIIIH.
DKCIepUMEHT MOKa3all, YTO CO3IaHUE H30METPHU CTPYK-
TYpbI B 00JaCTH T€PMETH3AINH C TOMOIIBI0 T00aBICHUsI
HepabounX BOJOKOH MO3BONISICT YMEHBIIHUThH CTEIICHD U3-
MeHeHHs Kod(dHIreHTa MOIIPU3AHOHHON SKCTHHKIINH C
0,082 nb/K o 0,035 n1b/K B TemneparypHoM auana3zoHe OT
munyc 15 °C no mmoc 70 °C. JlaHHBIH crioco0 1mo3BoIIsieT
[POU3BOIUTH TEPMETH3AIMIO HECKOJIBKHX BOJIOKOH B OIJHOM
TpyOKe /ISl yMECHBLICHNUS TabapruTOB YCTPOUCTB.
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AHHOTANMSA

Ipenmer uccaenoBanus. CynecTBYIOMNE MEXKyHAPOIHbBIE IOPHIMUECKHIE aKThl, HHCTPYMEHTHI M MPOLEAYpPHI HE
rapaHTUPYIOT 00eCIeYeH sl ITAPUTETHBIX YCIOBUIl JJIsl OCBOCHHSI M MCIOJIB30BaHUSI KOCMUYECKOT0 IPOCTPAHCTBA.
HeoGxomumbl cpencTBa 00bEKTUBHOTO KOHTPOJISI KOCMUYECKHX allapaToB, Ha OOPTY KOTOPBIX MOTI'YT HAXOIUTHCS H3/ISIHs
C JeNAMUMHUCS MaTepuanaMu. HCTIeKIMS TakuX 00bEKTOB MOKET MIPOBOIUTHCSA METOJAMH PEHTIeHO(ITyOpECIEHINN.
OpnHako B paccMaTprBaeMOi PEAMETHOM 00JIacTH MPUMEHEHHE TIOJ00HBIX METOIOB MaJlo u3y4eHo. B maHHoil paboTe
TIPEIIOKEH METOJ TIOIYIeHHS CHEKTPOB PEHTIeHO(ITyOPECIIEHTHOTO H3TyYSHUSI MaTepPHANoB, HCCISAYEeMOro 00beKTa
Ha OCHOBE pacdeTa MPOCTPAHCTBEHHO-IHEPTeTHIECKIX XapaKTePHUCTHK PEHTICHOBCKOTo n3mydenus. Meroa. CrekTpsl
PEHTTEHO(ITyOPECIIEHTHOTO UCCIISJOBAHMS 0OBEKTOB IIOJIyUeHBI Ha OCHOBE pacyeTa IPOCTPAHCTBEHHO-IHEPIeTHUECKIX
XapaKTepUCTHK PEHTICHOBCKOTO M3JIyYEHHUs MO pa3paboTaHHBIM aBTOPAMU OPHUTHMHAIBHBIM I'€OMETPHYECKON
(MaTeMaTHYeCKOW) U MMHTAMOHHBIM MozeisM. [1pu pacyerax yuTeHa CJIOKHAs CJIOMCTast CHCTeMa 00BbEKTa C yu4eToM
J10J1e#f BBICOKODHEPTEeTHYECKOTO (DIyOPEeCIEHTHOTO HU3JydeHHs BhIIEIeKAIINX ciaoeB. [IperiokeH YucieHHbIN
9KCIEPUMEHT C HCIIOJIb30BAHUEM MPOTPAMMBI, KOTOpas MO3BOJSET BBIOPATh MPOEKIMHM 00bEKTa, MOABEPraeMoro
PEHTTEHOBCKOMY OOTyUYCHUIO, JUIMHY BOJIHBI U HHTEHCHBHOCThH MapaMeTpoB u3mydaTensd. C MOMOIIbIO MOITydYeHHOTO
MIPOCTPAHCTBEHHO-YHEPTETHYECKOTO PACIPEIeIeHNsI KBAHTOB N3ITydeHHs U (PU3HIECKUX CBOHCTB CPeJIbl TPOXOXKIACHHS
M3Iy4eHHUs pelleHa 3a/jada MonucKa KOOPANHAT U YITIOB NEPEeCedeHHs TPEKOB IyYKOB KBAaHTOB B KaXK10il obmacTn
o0nekTa. Pesynsrar nporpaMMHOiT 06paboTKK 0TOOpaXkeH B BUJIE PE3YNIBTUPYIONIETO CIeKTpa. [lomydeHHbIi criekTp
TTO3BOJIMJI C/IeJIaTh BEIBOJ] O XMMUYECKOM COCTaBE MaTEPHAJIOB HHCIIEKTHPYEMOro 00beKTa. I1ydok peHTreHOBCKOro
H3JTyYeHHUSs], IOCTUTAOIMi 00beKTa, CMOJCIMPOBAH B BHE ISTHA IUIOIAJIbI0, CON3MEPHUMOIl C CEeYeHHEM armapara
B BH/IC BEIOPAHHOTO FEOMETPHUECKOTO MPUMHUTHBA — KBajpara. [liomanp maTHa naganmx GOTOHOB paccunTaHa
10 3apaHee 3aJaBaeMoMy YIiny pacxoxjaeHus. OcHOBHBIe pe3yabTaThbl. Ha 0CHOBE OTKPBITBIX HAay4HBIX padoOT
BbIOpaHa (usnyeckas Mozxenb 00beKTa ¢ AAepHbIMH AensumMu Matepuagamu W88 (CILA). IlpunsTe crnexyromme
XapaKTEePUCTHKU PEHTTCHOBCKUX MYYKOB (ITOIMYYKOB): KOTEPEHTHBIN IMy40K (OTOHOB ¢ [iHHOM BomHBI 0,005 HM;
yTOJI paccestHus Tmy4ka 1°, uncno kBautos ot 11015 (mis guctanmun obmydenus 10 m) go 1-102! (s gucTanmum
10 xm); TIomans aeTekropa u3inydareis 4 M2, [lonydeH pe3ynbTHPYIONIHil CIIEKTP PEHTTEHOBCKON (IIyopeCIeHInH,
MIPEACTABISIONIMH XMMUYECKUH COCTaB y3JI0B M OJOKOB ammapara u o0bekTa, HaxoAsmierocst BHyTpu. Hannaue Ha
60pTy 00beKTa crienuPUIECKUX H3/IeNNI MOATBEPKIACTCS XapaKTePUCTHUSCKUMH JIMHUSIMHU C HOPMHUPOBAaHHBIMHU
JUIMHAMU BOJIH, KOTOPBIC AEMOHCTPHUPYIOT IIPUCYTCTBUE XUMHUYCCKHUX DJIEMEHTOB PAa/IMOAKTUBHOI'O PsiJia. HpaKTuquKaﬂ
3HAYMMOCTD. [lomyueHHbIE pe3yabTaThl MOTYT HaliTH MPHUMEHEHHE TIPH pa3paboTke 060PYI0BAHUS U MIPOTPAMMHOTO
obecrieyeHus! yCTPOHCTB KOCMHUUYECKHX alIapaTtoB, MPU KOHTPOJIE HATHYHS paclaJarollixcs MaTepHaIoB Ha OOpTy
HMHCIEKTHPYEMOTO almapara.
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Abstract

Existing international legal acts, instruments and procedures do not guarantee equal conditions for the exploration and
use of outer space. There is a need for means of objective control of spacecraft carrying products with fissile materials.
Inspection of such objects can be carried out by X-ray fluorescence methods. However, in the subject area under
consideration, the use of such methods has been little studied. In this paper, a method is proposed for obtaining the spectra
of X-ray fluorescence radiation of materials, the object under study based on the calculation of the spatial and energy
characteristics of X-ray radiation. The X-ray fluorescence spectra of objects are obtained on the basis of the calculation
of the spatial and energy characteristics of X-ray radiation according to the original geometric (mathematical) and
simulation models developed by the authors. The calculations take into account the complex layered system of the object,
taking into account the proportions of high-energy fluorescent radiation of the overlying layers. An original numerical
experiment is proposed using a program that allows one to choose the projections of an object subjected to X-ray
irradiation, the wavelength and intensity of the emitter parameters. Using the obtained spatial-energy distribution of
radiation quanta and the physical properties of the radiation transmission medium, the problem of finding the coordinates
and angles of intersection of tracks of quanta beams in each area of the object is solved. The result of software processing
is displayed as the resulting spectrum. The obtained spectrum makes it possible to draw a conclusion about the chemical
composition of the materials of the inspected object. The X-ray beam reaching the object is modeled as a spot with an
area commensurate with the cross section of the device in the form of a selected geometric primitive — a square. The spot
area of the incident photons is calculated from a predetermined divergence angle. On the basis of open literary sources,
a physical model of an object with nuclear fissile materials W88 (USA) was chosen. The following characteristics of
X-ray beams (subbeams) are accepted: a coherent beam of photons with a wavelength of 0.005 nm; beam scattering
angle of 1 degree; emitter detector area of 4 m2. The resulting X-ray fluorescence spectrum was obtained which gives an
idea of the chemical composition of the units and blocks of the apparatus and the object inside. The presence of specific
products on the object board is confirmed by characteristic lines with normalized wavelengths indicating the presence of
chemical elements belonging to the radioactive series. The results obtained can be used in the development of hardware
and software for spacecraft devices that monitor the presence of fissile materials on board of the inspected vehicle.

Keywords
fissile materials, wavelength, X-rays, fluorescence, elemental composition, quantum energy

For citation: Lukyanova L.A., Svitnev L.V., Kharitonova E.A., Gavrilov .LE. Method for remote control of radiation
parameters of spacecraft based on X-ray fluorescence analysis. Scientific and Technical Journal of Information Technologies,
Mechanics and Optics, 2022, vol. 22, no. 4, pp. 650-658 (in Russian). doi: 10.17586/2226-1494-2022-22-4-650-658

BBenenue

CoBpeMeHHass MeXTyHapOoaHas ACATEIbHOCTh B 00Ja-
CTH MCCJIEJOBAaHUS U OCBOCHHSI KOCMHYECKOTO MPOCTPaH-
CTBa XapaKTePHU3yeTCs: paclIUpeHHeM MepeyHs roCyJapCTB,
peanu3yroIuX IpakTUIeCcKUe IPorpaMMbl; IPOrpeccupy-
IOLIMM 00BbEMOM MEKIOCY/IapCTBEHHOI'O COTPY/THUYECTBA;
yBEJIMYCHUEM MacIITa0O0B JICHCTBUM, IPEANPUHIMACMBIX,
B TOM YHCJI€ HENIPaBUTEIHCTBEHHBIMH IOPHINUECKIMH JIN-
[IaMH ¥ TAPTHEPCKUMH KOMIIAHHUSIMH; TTOCTOSHHBIM TOSIBIIC-
HHEM HOBBIX TEXHOJIOTHIA; BO3pacTaHUEM UHCIIA 3aITyCKOB
KOCMHUECKHX allapaTroB pa3lIndHOrO Ha3HaueHUs. B aTux
YCIIOBUSIX CJIOKHO OOHApyXWUTh HapyILIEHHE MapUTETHBIX
OTHOIIIEHHH ITPU UCIIONB30BaHUH KOCMUUYECKOTO IIPOCTPaH-
CTBA.

B cooTBeTcTBUM ¢ IPUHIMIIAMHU, FTOCYAAPCTBA-YIACTHHU-
ku JloroBopa! 00s13y10TCs HE BHIBOAUTH Ha OPOUTY BOKPYT
3emii Kakye Obl TO HU OBLIO OOBEKTHI C SIIEPHBIM OpPY-

1 JToroBop 0 mpHHIMIAX JEATENHHOCTH TOCYIAPCTB MO HCCIe-
JIOBaHHIO U HCIIONB30BAHUIO KOCMHYECKOTO IIPOCTPAHCTBA, BKIIIO-
vas Jlyny u npyrue HeGecnble. [Ipunst pezomronneit 2222 (XXI)
I'enepanbroii Accambnen OOH ot 19.12.1966 1. Ctateu [V u V.

JKUEM WU JIOOBIMH JIPYTHMH BUAMHU OPYXKHUS MACCOBOTO
YHUUTOKEHHSI, HE YCTAHABIINBATE TAKOE OPYIKHE HA HEGEC-
HBIX TEJAX M HE Pa3MELIATh TAKOE OPYKUE B KOCMHUUECKOM
[POCTPAHCTBE KAKUM-ITH00 MHBIM oOpasom. Kpome Toro,
TpeGyeTCsl CBOAMTh K MUHUMYMY KOJIMYECTBO PaJMOaK-
THBHOTO MaTepHasa B KOCMOCE M CB3AHHBIE C ITUM PHCKH
UCTIONB30BAHMS SIEPHBIX HCTOYHUKOB SHEPTUH B KOCMUYE-
CKOM IPOCTPAHCTBE?.

B uHTEpecax KOHTPOJIS BBINIONHEHUS B3ATHIX 005132~
TENbCTB FOCYIAPCTBAMU-YYACTHUKAMHE JIEHCTBYET CHCTEMA
PETHCTPAIU OOLEKTOB, 3aITyCKAEMBIX B KOCMUYECKOE IPO-
CTPAaHCTBO3, COMIACHO KOTOPOM OCYIIECTBISIETCS HAIMO-
HaIIbHAs PETUCTPALMS 3ATYCKAIOIMMHE TOCYIapCTBAMHU KOC-
MUYECKUX OOLEKTOB, BKJIIOYAOIIAs], B TOM YHCIIE CBEICHHUSI

2 [IpUHLKIIBI, KACAIOIIUECS UCTIONb30BAHMS AIEPHBIX HCTOY-
HHKOB SHEPIHU B KOCMHYECKOM IpocTpancTse. [IpuuaTe [ene-
panbHOit Accambiieeit OOH B pe3omronnu 47/68 ot 14.12.1992 1.
Yacts 2, ['maBa B.

3 KoHBEHIMSA O PETHCTpAii 00bEKTOB, 3aITyCKAEMBIX B KOC-
Mu4eckoe npocrpaHcTBo. [Ipunsara 12.11.1974 pesomronueit
3235 (XXIX) Ha 2280-oM miIeHapHOM 3acefaHuu 29-oit ceccun
I'enepanbhoii Accambnen OOH. Yacts 1, maBa C, Crateu [-1V.
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MeTon AMCTaHUMOHHOIO KOHTPONA PaauaLMOHHbIX NapaMeTpPoB KOCMUYECKMX annapaTos...

00 001eM Ha3HAYCHUU KOCMHUYECKOTO ammapara. Bmecte
C TeM, B paMKax MPHHSATOTO COIANICHHUS, TPEIyCMaTpUBa-
€TCsI BOSMOXKHOCTh 00CCIIEYCHUS TOCYIapCTB-YIaCTHHKOB
JIOTIOTTHUTEIEHBIMU CPEIICTBAMU H TIPOIICAYPAMH, CIIOCO0-
CTBYIOIINMH HACHTHU(PUKAINH KOCMHUECKUX 0OBEKTOB.
Hcxonst m3 3TOTO, OMHOM M3 MEp MPOBEPKU COOTBETCTBHUS
3asBJICHHBIM 3a/1a4aM 3ayIICHHBIX KOCMUYECKHX arapa-
TOB MOYKET PACCMAaTPUBATHCS UX WHCTICKITHS.

Wnes ocMoTpa 9y>KUX CITyTHUKOB MTOSIBUIIACH €IIIE B Ce-
MUICCATBIX Io/iaX, U B HACTOAIIEC BPEMA BEAYIINEC KOCMU-
YECKHUE JICPIKaBbl Pa3padaThIBAIOT, UCIIBITHIBAIOT M BBOMIST
B CTPOI CBOM OpOUTANILHbIE CPEICTBA JUIs OTOU Heu!-2:3:4,

CIyTHUK-MHCIIEKTOP — amlapar, KOTOPbIA MOXKET
MPUOIU3UTECSA K IPYTOMY CIYTHUKY H OCMOTPETH €TO.
OcHOBHasl 3aJ1aya CITyTHUKOB-UHCIIEKTOPOB 3aKITIOUACTCSI
B cOope JaHHBIX O APYTHX 00BEKTaX, HAXOIAIIUXCSA Ha
op6ute. OTHOCUTEIHHO HEOOIBIIHE Pa3MeEpHI armmapaTa
00€CTICYNBAIOT €TO MaJI03aMETHOCTb.

PeanusoBaHHbIE Ha CETOMHAIIHUNA JE€Hb METOIbI MH-
CHEKINH C WCIOIH30BAHNEM ONTHKO-3JIEKTPOHHOMN arma-
parypsl [1] He MOT'YT J1aTh TIOJIHOTO MIOHUMAaHUs O (aKTu-
YECKOM HA3HAYCHUU arapara.

ITocTanoBka 3agaun

Haubomnee Oau3kuil Mo GU3MIECKOMY CONCPIKAHUIO
METO]] HHCIIEKIINHA Ha3HAa4eHHs KOCMHYECKOTO ammapara
ramma-cruekTpomeTpus [2]. CyImmHOCTs TaHHOTO METOa
COCTOUT B PETUCTPAIMH raMMa-KBaHTOB, HCITyCKaeMBIX
pPaaOaAKTUBHBIMH M30TOINMAMU, HAKOIIJICHHBIMU 3a BPEMA
paboTHl KOCMHYECKUX SACPHBIX SHEPreTHUECKUX yCTa-
HOBOK. COOTBETCTBEHHO, TaMMa-CIIEKTPOMETPUS HE JaeT
TIPE/ICTABIICHUE O JISJISIIUXCS MaTepHaiax, HaXOAsIInXcst
B TIOJIKPUTHYECKOM COCTOSTHUH.

B kadecTBe 0THOTO M3 BO3MOXHBIX ITOJXOJIOB K pe-
ICHUIO PACcCMATPUBACMON MPOOIEMBI TIPEIIIOKECH METOT
0OHapyKeHHUS M3IEITU, pa3MEIICHHBIX Ha O0pTYy KOCMIYe-
CKOTO armapara U COIepKalluX paJHOaKTHBHBIC dJIEMEH-
THI, OCHOBAaHHBIN Ha PEHTTEHO(DIYOPECIICHTHOM aHAIIN3e
(puc. 1).

PentreHodyopecieHTHbI aHaIn3 — COBPEMEHHbII
(bu3HYeCcKuii METO/] BIIEMEHTHOTO aHAJIN3a, T. €. KAYeCTBEH-
HOTO U KOJIMYECTBEHHOTO OIPE/ICIICHUSI CONEPIKaHUsI XUIMH-
YECKUX DJICMCHTOB B KOHCTPYKIIMOHHBIX Yy3JiaX U 6J'lOKaX
HCCIIeyeMOro 00beKTa.

I Cnyrruk «Kocmoc-2519». Uucniektop Ha opOute. Boennoe
o6o3penne [DnexTpoHHBIH pecypc]. URL: https://topwar.
ru/128281-sputnik-kosmos-2519-inspektor-na-orbite.html (mara
obpamenust: 19.02.2022).

2 CIIA yBenMUYHMBAIOT TPYIIIHPOBKY CITYTHUKOB-HHCIIEK-
TopoB GSSAP. Boernoe o6o3peHue [DISKTPOHHBINH pecypc].
URL: https://topwar.ru/191611-ssha-uvelichivajut-gruppirovku-
sputnikov-inspektorov-gssap.html (zara o6parenus: 19.02.2022)

3 Mucnektop u OyKkeup. DKCIEPUMEHTAIBHBIA KOCMUYECKUH
anmapat «lun3suae-21» (Kutait). Boennoe o603peHue: cair.
2017 [Onexrponnslii pecypc]. URL: https://topwar.ru/191898-
inspektor-i-buksir-jeksperimentalnyj-kosmicheskij-apparat-
shiczjan-21-kitaj.html (mara o6pamenms: 18.02.2022).

4 GSSAP (Geosynchronous Space Situational Awareness
Program) [Dnextponnsiii pecypc]. URL: https://directory.
eoportal.org/web/eoportal/satellite-missions/g/gssap (nara obpa-
menust: 20.02.2022).

C JerexTop

C
o

Puc. 1. [lpuanunuansHas cxema NpUMEHEHUs MeTozia
PEHTTeHO(ITYOPECIIEHTHOTO aHaIn3a

Fig. 1. Schematic diagram of the application of the X-ray
fluorescence method

TpamunuoHHo peHTreHo(IyopeceHTHbIH METO ] nC-
TIOJIB3YETCS TIPU ONPE/CICHNN TJIABHOH KOMITOHEHTHI B
XOJle aHaJIM3a MaTepruajIoB B METAJUTYypPrU4ecKoi, CTpo-
UTEIBHOM, TOIIIMBHOM MPOMBIIIJICHHOCTH, a TaK)Xe B Te-
onorun. B mocnennee Bpemst HaOMOAETCS PaCIINPEHHE
chepbl MPaKTUYECKOTO MPUIOKEHHUSI METOAa B 007IaCTH
aHain3a 00bEKTOB OKPY’KAIOMIEH Cpesibl, B MEAUIINHE U
Hay4YHO-UCCIIEJIOBATENLCKHUX LIEIISX.

Pentrenosckue KBAHTBI, HCITYCKa€MbI€ HCTOYHHUKOM
PEHTIEHOBCKOTO M3JTY4€HHsI, POXOIST CKBO3b HCCIIE/Iye-
MBIIl MaTepHal, BbI3bIBasi B HEM PEHTTEHOBCKYIO (ryopec-
neHuuro. KBaHThI, UCIyIIEHHBIE MaTepUaioM, TIOKUIAI0T
€ro, HEKOTOpasi X 4acThb IOTA/IACT B JIETEKTOP U IOJBEp-
raeTcs aHaJIN3Y.

[Tpy IpOXOXKACHUH Iy4Ka PEHTT€HOBCKOTO M3IIyYEeHUS
yepe3 CIIOH BellecTBa MHTCHCHBHOCTD IydKa ociabeBaeT
B HAIIPABJICHUN €TO PAcIPOCTPAHEHNUS BCICICTBUE IMPO-
[IECCOB: TIOMIOMIECHNS U paccesiHus. B ciaydae monmomeHus
(hoTOHA IEPBUYHOTO M3ITy4YEHHS U3 aTOMa BBIOPAChIBACTCS
(hoTodneKTpOH U 00pasyeTcsi BaKaHCHUS B OJTHON M3 BHY-
TPEHHHUX 000JI04YeK. YMEHbIICHNE YHEPTUU aTOMa ITyTeM
3aroJIHEHUS 9TOW BakaHCHM OoJiee YIaJeHHBIM OT siapa
JJIEKTPOHOM BO3MOXKHO IEPEXOAaMH ABYX THIIOB: pajua-
LIMOHHBIM (C MCITyCKaHHEeM (pOTOHA XapaKTepUCTHYECKOTO
n3JIydeHus) u Oe3paauaoHHbIM (C BEIOpAachIBAaHHEM U3
aToMa ellle OJHOro 3JIeKTpoHa). B mepBom ciyyae aTrom
(iryopecuupyert, BO BTOpoM cirydae — HeT [3].

B 3aBUCHMOCTH OT OTHOCHTENBHON BEPOSITHOCTH TIe-
PEXOI0B 3TUX JIBYX THIIOB JOJS CIy4aeB, B KOTOPBIX HC-
MTyCKAIOTCS XapaKTepUCTHIECKHEe (POTOHBI, MOKET OBITH
OouTbIIIe MIIM MEHBIIIE.

B cooTBeTCTBHU C MOJIOKEHNEM B IIEPUOANYECKON CH-
cTeMe, KaK/Iblii XUMUYECKHil anieMeHT [4] oOnanaer cBoeit
KOoH(HUTryparyei 3arnoiHseMbIX ICKTPOHHBIX YPOBHEI,
CJICJICTBUEM YETO SIBIISIETCS] YHUKAIBHBIH JUTs KaXKJJ0T0 JJ1e-
MeHTa Habop MEePEXO0I0B IEKTPOHOB C OJHOTO YPOBHS Ha
JPYTroi. DHEprus KBaHTa PEHTTEHOBCKOH (hryopecreHInN
9JIEMEHTAa 3aBUCHUT OT Pa3HUIBI SHEPTUH YPOBHEH, MEXITY
KOTOPBIMH TIPOUCXOAMT repexo. JIrHa BOJIHBI H3ITyue-
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HUS TIPSIMO MPONOPIMOHAIBHA PHEPTUH KBaHTA. Takum

00pa3oM, CyIIECTBYET OJHO3HAYHAsI B3aUMOCBS3b MEXKILY

JUTMHAMU BOJIH M3JIYYCHHUS W MOPSAKOBBIMH HOMEpaMU

AIIEMEHTOB, ATO M3ITyYCHHUE UCITYCTHBIIHUX.
Hcrnonp30oBaHme peHTIEHO(IYOPECIEHTHOTO aHATH3a

B MHTEPECax MHCIIEKIIMH KOCMHUYECKOTO amrapara mpeo-

CTaBIIIET BOBMOXKHOCTE OBICTPOTO TIONy4eHHUsI HH(opMa-

MU O KaYEeCTBEHHOM COCTaBE HCCIEAYeMOro 00beKTa 1o

OTIIETTbHBIM XMUMHYECKHUM dJIeMeHTaM oT Oepruus (Be)

1o ypana (U), a mpu IPUMEHEHHUH anmapaToB-3TaJOHOB

U MIPOBEJCHUU CEPUH U3MEPEHU — MPHOIN3UTEIBHOM

KOJTMYECTBEHHOM COJIEP>KaHUU MPOCTHIX BEHIeCTB [5]. DTO

MO3BOJISICT J€JIaTh apryMEHTHPOBAHHBIE ITPE/IIOIOKECHUS

00 yCTpONCTBE M Ha3HAYCHHH aIlliapara U HaXOJSIIIXCS

Ha HeM 00beKTOB. [Ipy 5TOM HEOOXOANMO YUUTHIBATE P

CYIIIECTBEHHBIX (h)aKTOPOB, BIHSIONIHNX HA () (HEKTHBHOCTH

MIPUMEHEHHS TpeyiaraeMoro Merona. K HuM oTHoOcsATCS:

— OoIbIIast YHEPro3aTPaTHOCTE;

— BBICOKHE TPEOOBAHUS K YTITy PACXOXKICHHS ITyYKa KBaH-
TOB, a TAaK)Ke K TOYHOCTH HaBEIEHUS M3TydaTels Ha
HCCIelyeMblH anmapar;

— BEpOSATHOCTD CIIy4ailHOr0 MOBPEXICHHS PaHOdIICK-
TPOHHOTO 000PYIOBaHUSI KOCMHUYECKOIO ammapara,
OKa3aBIINXCS HA JIMHUM MPOJIETa My4YKa 4acTull, 100
BBIBOJ] M3 CTPOs MCClieayeMoro o0beKTa Mmpu n30bl-
TOYHOW WHTEHCUBHOCTH M3JIy4eHHS Ha HEOOIbIIOMN
JTICTAHITUH.

[IpoBepka 1enecoodbpa3sHOCTH U 0E30MACHOCTH MPH-
MEHEHUS METOlla PEHTTeHO(IYOPECIICHTHOTO aHal3a B
3aayax MHCICKIMH OPOUTANBHBIX CPEICTB OCYIIECTBIIS-
€TCs TMyTeM KOMIBIOTEPHOTO MOJCIHPOBAHMS TIpoIiecca
TIPOXOXKACHHSI PEHTTEHOBCKOTO M3ITyUeHHS Yepe3 KOCMUIe-
CKHUH ammapaT ¢ MOCJICAYIOMNM 3aKII0UCHHEM O HAJIMIUN
B COCTaBe KOHCTPYKIIMOHHBIX OJIOKOB crienuduyecKux
XUMHNYCCKHUX DJIEMCHTOB.

MOIIeJIHpOBaHI/Ie MPOXO0KACHUA MMyIKa
PEHTT€HOBCKOI'0 N3 Ty4YCHUSA
yepe3 KOCMHYECKHI annapar

VimurannoHHast MOZIEIb TIPOLIecca NPOXOXKICHHS KBaH-
TOB PEHTTCHOBCKOTO HU3JIyYCHHUS Yepe3 BEeIIeCTBO Oa3upyeT-
csl Ha peleHuH T depeHInaIbHbIX yPaBHEHHH, ONMCHIBa-
IOIIMX PacyeT HHTEHCUBHOCTH (IyOpPECLECHIINH, U 3a/1a41
BBIUNCIIUTEIILHOM T€OMETPUN ITPOXOXKICHHSI PEHTTCHOBCKO-
TO U3JIyYECHHUS Yepe3 TPEXMEPHbBIE OOBEKTHI IIPOU3BOILHOM
(dopMBI, 1 peannzoBaHa B mporpaMMHON cpene Microsoft
Visual Studio Community 2017.

HcxonHble 1aHHBIE U JOMYLIEHHS.

1. Hccnenyemblit 00BEKT TpEACTABICH B BUIC Tpaduye-
CKOI MOZIETIN, OPUTMHATIBHON F€OMETPUYECKON MO
TIPOXOKICHUSI KBAHTOB PEHTTEHOBCKOTO N3ITyUCHUS de-
pe3 cpeny U pacueTa 3HaueHUi anb0ernno, a Takke husn-
YeCcKoil MoJienu B Bujie Habopa ypaBHEHHH, 3a/Ia0IINX
orpeziesIeHHbIe 00JIaCTH MPOCTPAHCTBA, COOTBETCTBY-
IOIIME TEM MJIM MHBIM (DyHKIIMOHAJIBHBIM 2JIEMEHTaM U
y371aM KOCMHYECKOTO amnmapara.

2. BcnencrBue 60MBIINX PACCTOSHUN 10 MHCIIEKTUPY-
€MOro amnmnapara MO>KHO JIOIIyCTUTh, UTO JIy4H PEHT-
TEHOBCKOTO M3JIyYCHHS JIBUKYTCS IEPIECHIUKYIISPHO
MOZICTHPYEMOMY IISTHY Ha armapare.

3. Ha momaau nsTHa BeIOMpaeTcs 00acTh, IOKPbIBa-
fomtasi rabaputel Moneau. O0macTh pa3nenseTcs Ha
nogo0J1acTy, 3a71aBaeMble IPOrpaMMHO.

4. Tpaektopuel BCEro M3JIy4CHHs MOJIMYYKa KBAHTOB,
MIPOXOASIIETO Yepe3 MogodiaacTu 00beKTa, SIBISETCS
JIVHUS, TIEPIICHANKYIISIPHAsS [ISITHY.

5. Tocxkomeky hopma mogobmacTeit 00beKTa MOKET OBITH
MIPOMU3BOJILHOM, TO AJISI IPOCTOTHI PACYETOB U OPraHuU-
3alUK IaMATH IPOrpaMMbl OHA BBIOpaHa KBaPaTHOM.
dopma momobnacTe He OKa3bIBA€T 3HAYUTEIHHOTO
BJIMSIHUS Ha TOYHOCTH BBIYMCIICHUH.

6. Bech majaromuii NOTOK KBAHTOB PEHTI€HOBCKOI'O M3-
Jy4eHHs pa30uBaeTCs Ha MOAMYYKH MEHBIIETo Jua-
MeTpa B (hopMe LMIINHIPOB, OCH CUMMETPHH KOTOPBIX
MPUHUMAIOTCSI KaK ITyTH MPOXOXKICHUS BCEX KBAHTOB
PEHTICHOBCKOTO M3TY4EHHS B 3THX ITyUYKax.

7. Yacrora (uyopecHeHIINH IS Pa3HbIX XUMHUYECKNX
2JIIEMEHTOB 3a7aeTcs Ko PUIreHTaMu Bhxoaa (iyo-
peCLeHINHT YPOBHS B BUJC BEPOSITHOCTH BO3HUKHOBE-
HUSI «CKauKay TOMIOIIECHNUS KBAHTOB PEHTTEHOBCKOTO
usydeHus — P, BepostHoCTs Py, TeM MeHbIIIE, YeM
JICTYC 3JIECMCHT U BBIIIC DHEPTETUUCCKUN YPOBCHD.

8. XHUMHUECKHE DIEMEHTEI J0 aJJFOMHUHUSA, HC BKIIHOUYH-
TEJIBHO, HE CIIOCOOHBI CO3/IaBaTh PEHTIEHOGIIyopeC-
LEHTHOE U3JTy4eHHE JIOCTATOYHON HHTCHCUBHOCTH; UX
HaJIMYUEM TIPH CO3aHUH MOJIEJIM MOYKHO NIpeHeOpeyb,
TaK KaK MX BKJIQJl B PE3YJILTUPYIOIIUH CIIEKTp He3HAYH-
TEJICH.

9. 3HaueHMs TeOMETPHYECKOTO MapamMeTpa MO Mpo-
XOK/IEHHsI PEHTT€HOBCKOTO M3IIy4eHHUs depe3 cpeny B
paccunTaHo aBTOPaMHU Ha OCHOBE T€OMETPUIECKOI MO-
JIeNTN IS pacyeTa anb0eno.

BepoanbHoe onucanue Mogesnn. C moMouipio paspa-
0OTaHHOI aBTOPCKUM KOJIEKTHBOM MTPOTPaAMMBbI UCCIIEye-
MBIl 00BEKT BOCIIPOU3BOIUTCS B BUJIE IEMOHCTPAIIMOHHOM
rpaduyeckoil Mojenu, a Takxke GU3MUECKoil MoIeIH B
(¢hopme HaboOpa ypaBHEHHUH, 3aJaI0IIUX ONpPEACIICHHBIC
oA00IacT! MPOCTPAHCTBA, COOTBETCTBYIOIINE TEM HIIH
MHBIM (DYHKIIMOHAJIBHBIM JIEMEHTaM U y3J1aM KOCMHYe-
ckoro ammapara. K xaxmoi u3 momoOnacTeil mpuBsi3aH
HA00p PU3NIECKUX KOAPPHUIHEHTOB, XapaKTEPHU3YIOMIHX
MIPOHUIIAEMOCTh KBAHTOB IIEPBUYHOTO W3Iy4CHHS U PEHT-
TEHOBCKYIO (MIIyOPECLEHINIO B 3aBUCUMOCTH OT XUMHUIE-
CKOTO COCTaBa BEIIECTBA, 3aNOTHSIIONIETo moa00macTs [6].

[Tporpamma npeziaraet BIOpaTh MPOEKIMIO KOCMUYe-
CKOTO aIlapara, rmoJiBepracMoro o0Iy4eHHIO, JUTMHY BOJHBI
N MHTCHCUBHOCTDb HU3JTYYCHUA. HpOGKI_[I/IH KOCMHYCCKOI'0O
anmapara pa30ouBacTCs Ha MOJ00IaCTH, YHCIO KOTOPBIX
3aBUCUT OT TPEOYyEeMOI TOYHOCTH M CKOPOCTH BBIYMCIICHHH.
LlenTp ka0l 1momo0nacT CYUTACTCS TOYKOH IToTaga-
HUS BCEX KBAHTOB M3JIyYCHUs] B KOCMUYECKUH ammapar.
PaccunteiBaeTcst [UIMHA IMyTH KBAaHTOB B 33JJaHHBIX MaTe-
MaTHYECKH IMOA00IACTSX TPOCTPAHCTBA, 3aHIMAEMbIX TEMH
WJIV MHBIMH Y3J1aMH, U YIJIbI TIAJICHUSI KBAHTOB PEHTI€HOB-
CKOTO M3IIy4EHHS P TIEPEXOJIE M3 OHOH CPEbl B APYTYIO.
C ncnonp30BaHUEM JaHHBIX O poOerax KBaHTOB U (HU3U-
YECKHX CBOMCTBAX MPOWJIEHHBIX UMHU CPEJl PEIIatoTCs 3a-
Jaqyn BBIYHMCIIMTEIILHOMN TCOMCTPUHN — IMMOUCK KOOpAUHAT U
YIJIOB MEPECeUeHU I NPSIMBIX JIMHUI U TPEXMEPHBIX QUryp
MPOU3BOJIbHOM (hopMbl. Ha KOHEUHOM 3Tarie BBIUUCIISICT-
Csl PEHTIEeHOBCKast (pIIyOpPEeCLEHIINS KaXI0H 1mo100acTy.
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[TomyueHHbIe 3HAYEHMSI CBOASATCS BMECTE M OTOOPAXKAFOTCS
B BHUJIE PE3YJIBTHPYIOIIETO CIIEKTPA.

I'padmueckas mHTEpIIpETALIUS MOJICITUPYEMBIX TTPOIIEC-
COB TIpeJICTaBJICHA Ha puC. 2.

MaremaTuyeckoe npejacrapjenne moaeau. [loa-
00JIaCTH KOCMHUYECKOTO amnmapara XapakTepu3yroTcs Be-
POSITHOCTBIO P TIPOHUKHOBEHHUSI KBAHTOB PEHTI€HOBCKOTO
n3MydeHns 0e3 B3auMOIeHCTBIS Ha TITyOuHY &, pacCessHus
B 00paTHOM HaIPaBJICHUN U BBIXOJIE 3a MPEJEIIbl OTpaxKa-
TCJIA B HAIIPpaBJICHUN ACTCKTOPA. Ee 3nauenue MoXeT OBITH
HOJIyYEHO U3 BBIPAKEHHUSI:

dP N, Ho(£o) (Els)
——=p;— secOpexp |[—&|-| | x

dQdeg A; cos®, | \Ey
do, W(EY), | dog Ho(£o)
A= By, ) Zexp| - e |+ PR, 0, exp |
dQ( 0 S) p cos@lé 4o 0 s) p COS@O

e & — n1yOWHA PacCEeHBAOIIEr0 MaTepHaa, I'CM 25 p; —
IIOTHOCTh /-TO Matepuana, r/cm3; N, — ducio ABorazpo,
6,022 140 76-1023 monb~!; A; — aromuas mMacca i-ro sie-
MEHTa, a.e.M.; 0, O, O, — yIIbl NaJeHHs, PaCCESHUSI U
BBIXOJIa KBAHTOB, Ipaj.; ([, U [\; — JIMHEHHbIE K0 hu-
LUCHTHI OCJIA0JICHUS PEHTTCHOBCKOTO U3ITYYCHHUST 00004~
KO KOCMHUYECKOTO ariapara i MaTeprajaMy Mogo0IacTu
KOCMHYECKOro anmapara, cM ! (Ey u E,® — sHeprus peHt-

TCHOBCKOI'O U3JIYYCHU MaJaroUICTo MOTOKa U OTpaKCHHast

By (2w T e
B TO'{Ke, K2 , - _ U — — In CPCHIUAJIBHBIC CCUC-
dQ  4dQ P

HUsl KOMIITOHOBCKOTO U KOTE€PEHTHOTO PacCcesHui, cM2);
Z — aTOMHBIN HOMED; {2 — reoMeTpUudecKas MOCTOsSTHHAS
CCUYCHUS B3aUMOJICHCTBYSL.

ITono6macTu pa3oMBarOTCST HA TECOMETPHUYCCKIE TIPHMU-
THUBBI, IPUHIMAs BO BHIMAaHIE BOZMOKHOCTE ITEPECEUCHIUS
OTIEITHHBIX 00BEKTOB KOCMHUYECKOTO ammapara U ImyTei
KBaHTOB B mofoonactsx. [IpoBogurcs mepeGop cioeB Ma-
TEpHaIoB KOCMUYECKOTO anmapara Ipu YCIOBHH, YTO CBE-
JICHUS 110 0OpAaTHOMY PACCESIHUIO U3TYUYCHHUS OT TOHKHX
pacceusareneii ¢ Z <26 u Ey = 50-300 k3B B cripaBouHOM
Marepuaie He IPUBOISATCSL.

ITockonbKy s UCCIEAYEMOro Auana3oHa YHEPTUH
(0,0001-14,4 HM) TONIIUHBI 00O0JIOYKH KOCMHYCCKOTO all-
mapara COCTaBIISIIOT BEJMYUHY MEHBIIIC HITH MOPSIIKA IBYX
JUIMH CBOOOJHOTrO mpodera, To He0OX0AUMO MOIYYUTh
BBIpaKCHUS Ul pacdera auGepeHIInaTbHOTO TOKOBOTO
SHEPreTH4ecKoro (ay) u auddepeHnansHOro YUCI0BOTO
(4y) anpbemo. s momydeHUs MaTeMaTHUECKUX 3aBHCH-
MocTel ay n A, HeoOXOAMMO 3HATh 3HAYEHUE YHEPTHH T1a-
JTATOIIETO TTOTOKA PEHTTCHOBCKOTO M3IYYCHHUS Ha AIEMEHT
M000IaCTH.

PenTrenoBckoe M3ilydeHue ¢ dHepruei £ nagaer Ha
AJIEMEHT MOBEPXHOCTH, C YUETOM MpeiiaraeMoil OpUru-

HcTounuk
PEHTTEHOBCKOTO
H3ITY4YEHUS

1

Jlerexrop

Puc. 2. TeomeTpuueckast cxema IMPOXOXKICHNS KBAHTOB PEHTICHOBCKOTO M3JIyUeHHUs Yepe3 Cpe/ly U pacueTa 3HaueHui anpoeno:
0, O, O, — yriBl MafieHNs, BBIXO/IA U PACCESIHUS KBAHTOB COOTBETCTBEHHO, paj; W — MojIoBHHA yIya pacKpbiBa JHarpaMMbl
HAaIpaBICHHOCTH TeHeparopa; ¥ — yroi Mex Iy HOpManbio K 3JIEMEHTY MMOBEPXHOCTH M HAMPaBIECHHEM KBAaHTOB PEHTTEHOBCKOTO
H3ITyYeHUsT; () — YTOJ PACCESHNS KBAHTOB PEHTTCHOBCKOTO M3TyUeHNUS B TIOA00MACTsX; { — pacCcTOsHHE OT HCTOYHHKA JI0
KOCMHYECKOTO amnmapara; R — uIHa mpobera peHTITeHOBCKOTO KBAHTA; / — JUTHHA IIPoOera OTpaKeHHOTO PEeHTTEHOBCKOTO KBAaHTA
10 IETEKTOPa; ¥ — PaJuyc OTPaXaeMoil MOBEPXHOCTH; d — BeJIMYMHA 0a3bl HCTOYHHUK-JIETEKTOPY; 7, I, — XaPAKTEPUCTHKU
OTpakaroleil MOBEPXHOCTH I pacyera alib0eno

Fig. 2. The geometric scheme of the passage of X-ray quanta through matter and calculation of albedo values: ), ®;, ®, — the
angles of incidence, output and scattering of quanta, respectively; ¥, — half of the angle of opening of the radiation pattern of the
generator; ¥ — the angle between the normal to the surface element and the direction of the X-ray quanta; ¢ — scattering angle of
X-ray quanta in subdomains; H — the distance from the source to the spacecraft; R — the length of the path of the X-ray quantum;

| — the length of the path of the reflected X-ray quantum to the detector; » — the radius of the reflected surface; d — the value of the
base “source-detector”; ry, r,, — characteristics of the reflecting surface for calculating albedo
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HaJIbHOU FeOMeTpPI‘-IeCKOﬁ MOJCIU MPOXOXKACHUSA U3TTyUC-

Hust (PUC. 2), WIOWANBIO dS,, = rdrdg ¢ sHeprueit dE,

dE

man = o chos‘I‘exp( HoR)dSorp,

e R = (H? + r2)12; p, — sHepreTuueckuii KoadpumeHt
ocrabIeHus PEHTTEHOBCKOTO M3IyYeHHS, MAJafomero Ha
OTpakaTenb.

Toraa ¢ nmomMoIb0 IpeaiaraeMoi reoMeTpuyecKkon
MOJIENIN TIPOXOXKJICHUS U3IIyUCHUS uepe3 Cpely U pacueTa
anp0e10 (puUc. 2) MOYKHO PacCYUTATh 3HAUYCHUE MaAr0IeH
sHepruu dE,,, Ha dJIEMEHT OTPakaeMOil MOBEPXHOCTH
dSyrp-

ABTOpCKas MOJIEINb (PUC. 2) TO3BOJSIET CHOPMYIUPO-
BaTh MaTeMaTHYECKYIO 3aliCh JUI pacyeTOB MapaMeTpOB
BBIPaKEHUH.

Torma sHEprUs M3TyYCHNUS, TIAArOIas Ha OTPakaeMylo

IIOBEPXHOCTH paguycoM r = Htg', Oyner paBHa:

man

Htg¥y 2n E,
E

man I [ —=0exp(—uyR)cosPrdrde.
0

o 2nR?

Bennunna orpaxkeHHOHN Hepruu E|° B Touke npuema
COCTaBJISIET:

Els QAEB

naz[

(Yo y
e Q = 4xsin? > ; B — reomerpuyeckuil mapameTp CH-
CTEMBI:

Htg¥y 2n
p= ] [~
0 0
y exp(-9VH? + rAexp(-wNH? + d* + r? — 2dreosp) do
8nA(H? + r*)(H?* + d* + r* — 2drcos)

KoadduuneHts |, |l; AMEIOT HEMOCPESICTBEHHYIO
B3aUMOCBSI3b C 3apsI0BBIMH YMCIIAMH aTOMOB BEIIECTBA.
OOumii My4oK M3JydeHHUs: pa30dMBAETCsI OTHOCUTEILHO
NPOEKIMH Ha KOCMUYECKHIi armapar 1o mnofoodiaactsim ¢
y4eToM 3HaueHHd auddepeHansHbIx ansoeno Ay u ag.
Omnpenenenue Ay B 3aBUCUMOCTH OT TOJIIIHHBI KOHCTPYK-
LMOHHOTO MaTepHaja KOCMUYECKOTo armapara oCyliecT-
BIISIETCSI O CIIEYIOIIEMY BBIPKCHHIO!

e Lok oz
N pA cos@; | dQ 00

o ( c0sB®,cos0, ) 5
Ho(Eo)cos @+ [y (£°)cosOy

no(Ey)  m(E®) \|d
1 exp(uo( 0) +H1( 1 )'i) E(an ®y)

cos®, cos®, dQ

( COS@O) ( 2Flo(Eo)) }

x| ———|[1 —exp|———— |||
2po(Eo) c0s@

OmnpenennMm ay o hopmyie:

Ny ® { Gk(E ®y)Z x
a sec s
E=Pi 0 10 0> 20

i

" ( cos@ycos B, ) "
Ho(E)cos®+ [1(Ej )cos®,

O(E — Es Es

o l—exp(—MO( 0)+H1( 1).(%) (_1)+
cos®, cos®; /|\E,

d: (©) 21o(E,

4 9Ok ORr ( 0)( COS 0) —exp(— Ho( 0)) }
12(9) 210(Ep) cos®,

B kaxmoii momo0nmacTi CYUTAETCS, YTO BCE KBAHTEI
[IPOLIM IO OAHOM NPSAMOW JMHUHU, NEPIEHIUKYISIPHON
K LEHTPY noaobiacTu. B 3aBUCHMOCTH OT BEPOSITHOCTH
MIPOHUKHOBEHUsI P KBaHTOB PEHTI€HOBCKOTO M3JIy4eHUs B
1oso01acTu paccestHusl B 0OpaTHOM HaNpaBlICHUU U BbI-
X0y K JICTEKTOpPY, BHIOMPAEMOro HalpaBICHUS JABKE-
HUS ITy4Ka KBAaHTOB B IPOrpaMMe pacueTa JUHAMUYECKU
BBIYHCIISIFOTCSI TOUKH TIEPECEUCHUH OTCNIBbHBIX 00BEKTOB
KOCMHUECKOTO allapara 1 MyTel KBAHTOB B TIO100IACTSIX.

OmnpeneneHne MaKCUMaIbHOTO IpoOera KBaHTOB (iry-
OPECIIEHIINN OCYIIECTBIIAETCS 10 CIeAyIomei (pyHKIIO-
HAJIBHOW 3aBUCUMOCTH:

RMaKC :f(E05 N(]7 KZE*; 811) Pc](a AN)7

e Ny — BBIXOI KBaHTOB, C~1; Ky px — CyMMapHBIH Koo (-
(unmeHT ocnabNeHust 3HEPTHH PEHTTEHOBCKOTO M3ITyYSHUS
KOPITyCOM KOCMHYECKOTO aNapara; €, — 3PPEKTHBHOCTb
pErHCTpay 1eTEKTOPOM KBAaHTOB PEHTI€HOBCKOTO M3ITy-
yenus, %; P, — BEpPOATHOCTb MOMIOIIEHNS KBAHTOB PEHT-
T€HOBCKOTO M3JIy4eHHUs C UCITyCKaHUEM (DOTORIeKTpOoHa.

Ha ocHoBaHmy momy4eHHbIX 3HAYCHUIT ap, Ay 1 Py, a
TaKKe ydyeTa TONIIMH AJIEMEHTOB KOHCTPYKLIUN KOCMUYe-
CKOT0 ammapara BhIOUpaeTcs ONTUMalbHas SHePrus U3Iy-
qaTessi PEHTTEHOBCKOTO U3JIyYEeHHUSI.

Beluncnenue AIUHBL A; yTH KBAHTOB PEHTICHOBCKOIO
W3JTydeHHs B 3aJJaHHOMN 110/100J1aCTH armapara ponu3BeieHa
¢ y4eTroM (aKTOpOB, OTPEACISIONNX BUABI B3aNMOJICH-
ctBus [7]:

}"i :f(Eon \Pa (08 ﬁOa El: Sq’ R, AN)»

rae Sq — CKa4OK IIOITIOCHUA (XapaKTepI/ICTI/IKa HU3MCHC-
HUA K03(1)(1JI/IHI/I€HT2[ IOITIOUICHUA 3JICMCHTOM Ha COOTBCT-
CTBYIOLICM Kpae HOI‘J'IOIIICHI/ISI).

Brimmomaum pacHueT 4rciia OTPAKCHHBIX KBAHTOB PEHT-
TCHOBCKOI'O M3JTY4YCHHA Ha IOBEPXHOCTU ACTEKTOpaA [8]

OTp f(NOr ANﬁ B oTp> R» KEE*’ d)»

rae S, — IIomaak IeTeKTopa, M2,

Pemrenne 3a1auy BHIYMCIUTEIEHON T€OMETPHUH TT03BO-
JSIET BBIYMCIIMTD PEHTTCHOBCKYIO (MTYOPECIICHIINIO KaX 10k
monobmacTu KocMudeckoro ammapara (X, Y, Z, ¢, ®) u
JIOJIM UHTEHCHBHOCTH OT/EIIBHBIX JIMHUN (piTyopeciieHTHO-
TO M3JIy4YeHNs, a TAK)Ke CyMMapHbIe HHTEHCUBHOCTH BCEX
JIMHUH, cepuil, COOTBETCTBYIOIUX CKAYKy IOIVIOIIECHHUS.

Pacuer narencuBHoCTH diyopecneHunt (/,) ocymect-
BJISIETCS IO CIIEYIOIICH 3aBUCMOCTH:

Ly =1y, 04 Bo, 1y, Sg R, Ay 1, W, 9, ©, Ey),
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e /; — MHTEHCHBHOCTb NaJIA0IIEro I0TOKA, KBaHT/(¢ CT);
®, — BbIXOZ (ryopecueHuuy, Y.

[ocrne mpoBeneHUs MOICTUPOBAHUS PE3YIIBTATHI IPE/I-
CTaBIISIOTCS B rpa)iIecKOM BHUJIC.

Eciu npumieaniee Ha ASTEKTOP U3JIy4YeHUE 3HAYU-
TEJBLHO TIPEBbIIIACT (POHOBOE KOCMHYECKOE H3ITyUCHUE Ha
JUIMHE BOJIHBI, COOTBETCTBYIOIICH XapaKTEPUCTHUSCKOMY
H3JTyYSHUIO TOTO HJIM HHOTO AJIEMEHTA, TO JEIaeTCsl BHIBOJ
0 HAJIMYHMK Ha OOPTY KOCMHYECKOTO arapara COOTBETCTBY-
IOLIEr0 XMMHUYECKOTO JIEMEHTA.

B urore ObUIM paccMOTpeHbI (PU3NYECKHE, TeOMETpHYe-
CKHC U MAaTEMAaTUYCCKUE OCHOBBI, IMMOJIOKCHHBIC B OCHOBY
pa3paboTKK MPOrPaMMBI, TIO3BOJISOIICH ITOYYHUTh PE3YiIb-
TaThl, MOCTABJICHHBIC B IICITH PAOOTHI.

AJITOPUTM NPOrpaMMbl

Mognens! peanuszoBana B nporpaMmuoii cpesie MS Visio
C IPUMCHEHUEM OOIMOJHHUTECIBHBIX IPOrpaMMHBIX CPEACTB,
4T00BI 00JICEC HATVISTHO MTOKa3aTh PabOTy METO/A JUCTaH-
LIMOHHOTO KOHTPOJISI PaAMAIIMOHHBIX TAPAMETPOB KOCMHU-
YECKOr'o armapara Ha OCHOBE PEHTI€HO(IIyOPECLIEHTHOTO
aHaIU3a.

[IpumeM crienyroline HadyalbHbIC HCXOIHBIC TAHHBIC!
MHUHHUMAJIbHOE YMCII0 (DOTOHOB PEHTIEHOBCKOTO M3TyUSHHUS
JUTst OOHAPY)KEHUS SI/ICPHBIX MaTEpUaiOB Ha OOPTY KOCMU-
yeckoro anmnapara ot 1015 go 102! g aucrannmit or 10
1o 10 000 m (mymHa BomHBI m3myderus A = 0,005 M, yron
PACXOXKACHHUS MyyYKa UCTOUYHUKA HU3YUYCHHUS] HHCIIEKTOpa
¢ = 1°, omane aerexkropa S = 4 M2). YpoueHHsiii Bapu-
aHT aJTOpPUTMa MPOrPaMMBbI IIPH CIIOBECHOM CIIOCO0E ero
npeacTaBiIeHus pa3paboTaH ¢ y4eTOM UCXOIHBIX JaHHBIX
U JIONYIIEHUH, PACCMOTPEHHBIX paHee, U BKIIIOYaeT B ce0s
CJIe/lyIOIIHE YKPYITHCHHBIE OJIOKH.

bnokn BBona-BeIBosa: (1) obecrieunBaeT BBOJ NCXOI-
HBIX JAHHBIX 110 OOBEKTY MHCIICKIIMH U alnapaTy-HHCIIeK-
TOPY U TOJIyYeHHE JTAHHBIX O MOJCIHUPYEMON CUTYaIlUH;
(2) 3arpysxaeT BIOpaHHBIE TAPAMETPhI MOJICITH U3ITyUaTeIs
anrmapara-uHCIeKTopa, Mojiein (POHOBOTO M3IYyUCHUS U
TPEXMEPHYIO0 MOEIb HHCIIEKTUPYEMOTO KOCMUYECKOTO
anmapara ¢ JJaHHbIMU 00 HCIIONIb3yeMbIX B HEM Marepua-
nax; (7) BEIBOAUT 3aBUCUMOCTb HHTEHCUBHOCTH M3y YEHHUS
OT JUTMHBI BOJIHBI B BUIC rpa)uka U TPEXMEPHYIO MOJIEIb
KOCMHUECKOTO armnapara ¢ TpaeKTOPHSIMH ITyYKOB PEHTIe-
HOBCKOTO M3JIy4YEHHsI, IepeceKnx o0beKT. TpexmepHast
BH3yaJIM3alHsl OCYLIECTBISIET HA OCHOBE PacyeToB I10JI0-
YKCHUS MTyYKa PEHTTCHOBCKOTO M3JIyYCHUS U MOJIOXKEHUS
00BbeKTa MHCIIEKIIUHN Ha HKpaHe C yYeTOM pEIICHHBIX 3a-
Jla4 BBIYUCIIUTEIIHON FreOMETPHUH IO TIOMCKY KOOPIUHAT U
YIJIOB MIEPECEUCHUS MPSIMBIX JTMHUH (MMyYKOB PEHTI€HOB-
CKOT'O U3JIyYEHUS) U TPEXMEPHBIX (PUTYp MPOHU3BOIBHOM
(hopMBI B KXKIOH 1MOI00IACTH ammapara.

Briokn 06paboTkn gaHHBIX: (3) MPOU3BOAUT pacyeT
ocCJa0eHus! MyYKa H3Iy4YeHHs TIPH IPOXOXKICHUH UM KOC-
MHUECKOTO IMPOCTPAHCTBA JI0 TIOBEPXHOCTH KOCMHYECKOTO
anmapara; (4) mpou3BOAUT pacyeT MepPeCceUeHHsl AIEMEH-
TApHBIMHU TIOAITYYKAaMH CJIOEB MaTepHajia KOCMHYECKOTO
anmapara; (5) QUKIMYeCcKH nepedupaer sjeMeHTapHbIe

I [DnexTponnsiii pecypc]. https://disk.yandex.ru/i/
s7nufJ170LQ6mA (nata obpamenus: 19.02.2022).

noAny4ku; (SA) paccunTheiBaeT GayopeclueHTHOE H3ITy-
YEHUE MPU MPOXOXKIACHUH FIEMEHTAPHOIO MOAMYYKa OT
MOBEPXHOCTHOTIO CJI0s1 IO LIEHTPa KOCMHUYECKOro anmnapara
C YYETOM JIOJTHA BRICOKOOHEPTETHYECCKOTO (DITyOPECIICHTHOTO
W3TYYICHUS BBIIICICKAINX CIIOEB, HAITPABICHHOTO BIITyOh
KOCMIYECKOT0 armapara. Peamimsyer QyHKINH HaX0KICHUS
KO3 PHUITIEHTOB OCTA0ICHIUS U MOTIIONICHNUS, pacdyeTa J0II
CKBO3HOTO HEMPOPEarnpoBaBLIETO M3TyUYCHHUS U (PIyo-
pecueHTHOTO n3ny4deHus. JlaHHBIA GJIOK MpeacTaBiIsieT
HanboJee TONTUH M PECYPCOEMKHI y4acTOK alrOpuTMa,
MOCKOJIBKY HCIIOJIb3YET OOJIBIIOE KOJTMYECTBO (PUIMUECKUX
KOHCTAHT WU BCIIOMOTaTCJIbHbIX MAaTEMAaTUYCCKUX aJIr'OPUT-
MOB; (5b) paccunTbiBaeT ociabiieHre GayopecieHTHOTO
U3ITy4EHUs NPU MPOXOKIEHUHU CI0EB KOCMUYECKOIO am-
napara B 00paTHOM HampaBJICHUH JI0 TOBEPXHOCTH KOC-
MHYECKOTO0 anmapara; (6) IpOM3BOAUT pacyeT ociIadiIeHus
MTy4YKa U3TYYIEHU C IOBEPXHOCTH KOCMUYECKOTO amrapara
TIPH MIPOXOXKICHUU UM KOCMHYECKOTO TIPOCTPAHCTBA 10
JIETEKTOpa arnmapara-uHCIIeKTopa.

Pe3yJ'll>TaTl>I HCCaea10BaHus

C y4eToM paHee pacCMOTPEHHBIX MCXOJHBIX JAHHbBIX
U JOMYIICHUH, pa3paboTaHHONW MPOTpaMMBbI BBITOTHEH
YUCJICHHBIN YKCIIEPUMEHT C IEJIBI0 MONTYYCHHS CIIEKTpa
PEHTTEHO(MITYOPECIIEHTHOTO aHaji3a MaTepUAIIOB UCCIIe-
JTlyeMOTo 00BEKTa.

Ha puc. 3 mpencraBieH pe3yiabTaT MOACITHPOBAHUS
PEHTTEHOBCKOW (hITyOpECIICHIINH, BEI3BAHHON MPOXOXKIC-
HUEM ITy4YKa PEHTTCHOBCKOI'O U3JTYUCHUA YE€PE3 KOCMUYC-
CKHH amnrmapar, cofiepKallluii MaTeprabl, OTHOCSIINECS K
pasivoakTUBHOMY psty. SIpKUMU JTUHUSIMH 0003HAYCHBI
JUTMHBI BOJIH, SIBHO YKa3bIBAIOLIUE HA MPUCYTCTBUE TAKUX
XUMHUYECKUX DJIIEMEHTOB, KaK YpaH U [Ty TOHHA.

Pesynbprarsl pacyeToB, BBHIMOJHEHHBIX C MOMOIIbIO
pa3paboTaHHOW MPOrpaMMBI, MOTYT CTaTh OCHOBOMW JJIs
00ocHOBaHUS TPeOOBAaHUH K M3IyJaTEIBHON ammaparype
CITy THUKA-WHCIIEKTOpA.

OTaenbHOe BHIMaHUE HEOOXOIUMO YACTHUTh IPUHSATHIM
JomymeHusM. B paspaboranHoii mporpamme He obpaba-
THIBAKOTCSI CBOMCTBA MaTE€pUAJIOB HU3KOM INIOTHOCTH U

0,15

VYpan

0,13

lgl x 109

0,11

JlnmuHa BOMHBI, HM

Puc. 3. CoBMeLICHHBIE CIICKTPBI PEHTICHO(DIYOPECLIEHTHOTO
M3JIYYCHHUS MATCPHAIOB KOCMHUYECKHX araparoB (KpacHbII
1[BET) U (POHOBOTO PEHTTCHOBCKOTO U3JIYYEHHUSI KOCMHYECKOTO
IIPOCTpPaHCTBA (CUHUM I[BET)

Fig. 3. Combined spectra of the X-ray fluorescence radiation of

spacecraft materials (red) and the background X-ray radiation of
outer space (blue)
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J1.A. NykbsHoBa, N.B. CeuTtHeB, E.A. XapuTtoHoBa, W.E. laBpuaos

9JIEMEHTHBIM COCTaBOM JI0 AJIFOMHHUSI, TOCKOJIBKY MOTJIO-
IIICHWEe PEHTICHOBCKOTO KBaHTa TAKUMHU MaTepHajlaMH C
TOCIIEAYIOIINM BBIXOIOM (DITyOpECIIEHIINN MaJIOBEPOSITHO.
Kpome Toro, He y4nTHIBaIOTCSI HEPOBHOCTH TIOBEPXHO-
CTH anmapaTa, Tak Kak BbI3bIBacMasi HIMH pa3HHUIA MyTeH,
MIPONICHHBIX OTIEIBHBIMH JIy4aMH, IPECHEOPE)KUMO Masia
10 CPAaBHEHUIO ¢ OOLINM PAaCCTOSHUEM, ITPEOI0IeBaCMbIM
HMH B KOCMOce. 3a/1aBaeMble YIJIbI OrpaHIYEHbI IBALATHIO
YIIOBBIMH MHHYTaMH. Bee upoBbie MacCHBBI B MaIlIUH-
HOHM MaMsTH NPeJICTaBICHbI B ()OpMATe YUCIOBbIX JaHHBIX
float s13p1ka nmporpammupoBanus C.

YKa3aHHbIE JOIMYILEHUs He OKa3bIBAIOT CYIIECTBEHHOTO
BJIMSIHUS HA aJIcKBATHOCTh MOJICITMPOBAHUS (PU3NYECKUX
MIPOIIECCOB, N3HAYAIBHO XapaKTEPHU3YIOLIUXCSI TOYHOCTHIO
3HaYCHUH (PU3NUECKUX KOIPPHUINEHTOB, UCTIOIB3YEMBIX
B pacyeTax.

BriBoj

Pa3paboranbl MojieNb M IpOrpaMMa UMUTALMOHHOTO
MOJEJIUPOBAHUA NIPOXOXKIEHUS IIy4Ka PEHTTEHOBCKOIO

Jluteparypa

1. Kimnmenxo H.H., Hazapos A.E. [lepcriekTHBHasi KOCMHUY€ECKas CUCTe-
Ma JUIsl HaOMIoAeH s reocTalonapuoit opoutst / Bectuuk «HIIO
umenn C.A. Jlaoukunay. 2015. Ne 4(30). C. 16-22.

2. Jlsnxko I1.C., OneiinukoB W.U., Yiun C.E. MeTop! HHCIIEKIIMH KOC-
MHYECKHX allapaToB C sACPHBIMU YHEPreTUUECKUMU YCTaHOBKAMH
Ha 6opry // Kparkue coobmenus no ¢puzuke ®UAH. 2016. T. 43.
Ne 11. C. 24-30.

3. JloceB H.®. KonaudecTBeHHbIH PEHTTCHOCICKTPAIbHBII (iayopec-
LeHTHbIH anann3. M.: Hayka, 1969. 336 c.

4. Mapkosa FO.H., Anuyruna E.A., Kep6ep E.B., Makcumosckas B.B.,
3onorape K.B. OnieHka npurotHoCTH METOJMKU U3MEPEHHIA coCcTa-
Ba TOPHBIX TOPOJ UL aHATIH3a PACTUTEIbHBIX MaTepPUaoB PEHTTe-
HO(ITyOpPECLEHTHBIM METOIOM C HCIIOJIb30BaHUEM CHHXPOTPOHHOIO
uznyqenns // Ctanmaptabie oopasusl. 2013. Ne 4. C. 19-24.

5. CumaxoB B.A. PeHTreHO(IyOpeCIeHTHBIN aHaM3 Py 1 IPOIYKTOB
uX repepaboTku (MpH pa3BeaKe MECTOPOXKJICHHUI): aBTopedepar
JIMCCePTalMU Ha COUCKAHUE YUEHOU CTENeHN JOKTOPa TEXHHYECKHX
Hayk: 02.00.02. Mockga, 2000. 40 c.

6. Shand C.A., Wendler R. Portable X-ray fluorescence analysis of
mineral and organic soils and the influence of organic matter //
Journal of Geochemical Exploration. 2014. V. 143. P. 31-42. https://
doi.org/10.1016/j.gexplo.2014.03.005

7. Mazypuukuii M.U., Jlepep A.M., HoBakoBuu A.A., Maxno A.C.,
Maxuo I1.B. KananupoBanue peHTTEHOBCKOM (IIyOpeCcIeHIINH, BO3-
Oy>k1aeMoii BHYTpPH IIOJIBIX MUKPOKAIILIAPOB // IHXXeHepHBIH BecT-
nuk Jlona. 2013. Ne 3(26). C. 65.

8. CumakoB B.A., Koparokos C.B. [IpumMeHeHne cTaHIapTHBIX 00pa31oB
cocTaBa IIPU PEHTICHOCHEKTPAIBLHOM (IIyOPECIIEHTHOM aHan3e
TBEPIBIX MOJNE3HBIX HckomaeMbix // CtanmapTHbie 00pa3usl. 2013.
Ne 4. C. 11-15.

ABTOpBI

JlykbsinoBa JlloaMuaa AHATOJIbeBHA — CTapLIMK NpPErnojaBaTelb,
Cankrt-IleTepOyprckuii rocyaapcTBeHHbIH yHUBepcuteT, CaHKT-
TlerepOypr, 199034, Poccuiickas dexneparws, https://orcid.org/0000-
0001-5458-3019, lalukianova@mail.ru

CButHeB Urops BiiagumMupoBuy — KaHIUIAT BOCHHBIX HAyK, HOLCHT,
JIOLIeHT, 3aBenyomuii kadenpoii, Canxr-IlerepOyprekuii rocyaapcTBeH-
Hblil yHUBepcuteT, Cankr-IletepOypr, 199034, Poccuiickas denepanns,
https://orcid.org/0000-0002-8862-1797, isvitnev@mail.ru

Xaputonosa Ejlena AjlekcaHApoBHA — KaHIU1aT MEIUIIMHCKUX HayK,
noueHt, Cankr-IlerepOyprekuit rocyapcTBeHHbINH yHUBEpCHTET, CaHKT-

U3ITy4EHUs 4epe3 MaTepHualibl KOCMUYECKUX aIaparos.
B 3aBucuMocCTH OT PacCTOSHUSA MEXAY CIyTHUKOM-UH-
CIEKTOPOM M HCCIIEyeMbIM OOBEKTOM, JAJIMHBI BOJIHBI U
SHEPIUH M3JIyYCHHs, a TaKXKe YIVa MMaJeHNus KBAaHTOB Ha
MOBEPXHOCTH (JyHKIMOHAIBHBIX Y3JI0B KOCMHYECKHUX all-
[IapaToB ONPECISIETCSI THTEHCUBHOCTD (DITyopecieHTHOTO
W3IIyYEHHS U JIeJaeTCs BEIBOA 00 3JIEMEHTHOM COCTAaBE
MaTepHajoB BHYTPEHHETO HAMIOIHEHUS 00BEKTA.

3akJaouenune

PaccMmoTpeHa BO3MOXKHOCTB TPUMCHEHHSI METO/IA PEHT-
TeHO(IIYOPECIEHTHOTO aHaNN3a I HHCIEKTHPOBAHUS
KOCMUYECKHUX alMaparoB C IO COOMOIeHUs Tpebo-
BaHWI MEXIYHAPOTHOTO 3aKOHOJATENbCTBA B 00IaCTH
HCTIONB30BaHMUS KOCMUYECKOTO IPOCTPAHCTBA.

[TomydeHHBIC pPe3yNIbTaThl MOTYT HaWTH MPUMCHEHHE
B X071 000CHOBAaHMSI TEXHHUECKUX MPOCKTOB, MpeAHA3HA-
YEHHBIX IJI pelleHus 3a7a4 UHCTIEKIIUN OpOUTATBHBIX
CPEJICTB.

References

1. Klimenko N.N., Nazarov A.E. Advanced space-borne system for
surveillance of geostationary orbit. Vestnik “NPO im.
S. A. Lavochkina”, 2015, no. 4(30), pp. 16-22. (in Russian)

2. Lyanko P.S., Oleinikov I.I., Ulin S.E. Inspection methods for
spacecrafts with nuclear power plants. Bulletin of the Lebedev Physics
Institute, 2016, vol. 43, no. 11, pp. 332-335. https://doi.org/10.3103/
S106833561611004X

3. Losev N.F. Quantitative X-ray Spectrum Fluorescence Analysis.
Moscow, Nauka Publ., 1969, 336 p. (in Russian)

4. Markova Yu.N., Anchutina E.A., Kerber E.V., Maksimovskaya V.V.,
Zolotarev K.V. Applicability evaluation of procedure for measuremet
of rock composition for analysis of plant materials by x-ray
fluorescence method with the use of synchrotron radiation. Reference
Materials, 2013, no. 4, pp. 19-24. (in Russian)

5. Simakov V.A. X-ray fluorescence analysis of ores and products of
their processing (in the mineral exploration). Dissertation abstract for
the degree of doctor of technical sciences: 02.00.02. Moscow, 2000,
40 p. (in Russian)

6. Shand C.A., Wendler R. Portable X-ray fluorescence analysis of
mineral and organic soils and the influence of organic matter. Journal
of Geochemical Exploration, 2014, vol. 143, pp. 31-42. https://doi.
org/10.1016/j.gexplo.2014.03.005

7. Mazuritskiy M.I., Lerer A.M., Novakovich A.A., Makhno A.S.
Makhno P.V. Channeling of X-ray fluorescence excited in hollow
microcapillaries. Engineering Journal of Don, 2013, no. 3(26), pp. 65.
(in Russian)

8. Simakov V.A., Kordyukov S.V. The use of reference materials of
composition with x-ray fluorescent analysis of solid minerals.
Reference Materials, 2013, no. 4, pp. 11-15. (in Russian)

Authors

Lyudmila A. Lukyanova — Senior Lecturer, St. Petersburg State
University (SPbSU), Saint Petersburg, 199034, Russian Federation,
https://orcid.org/0000-0001-5458-3019, lalukianova@mail.ru

Igor V. Svitnev — PhD (Military Science), Associate Professor, Associate
Professor, Head of Department, St. Petersburg State University (SPbSU),
Saint Petersburg, 199034, Russian Federation, https://orcid.org/0000-
0002-8862-1797, isvitnev(@mail.ru

Elena A. Kharitonova — PhD (Medicine), Associate Professor, St.
Petersburg State University (SPbSU), Saint Petersburg, 199034, Russian

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

657



MeTon AMCTaHUMOHHOIO KOHTPONA PaauaLMOHHbIX NapaMeTpPoB KOCMUYECKMX annapaTos...

IMerepOypr, 199034, Poccniickas ®enepanms, fg 57217586798, https://
orcid.org/0000-0002-4851-2756, Xaritonova ea@mail.ru

TaBpuiioB Uibs EBrenbeBuu — crynent, Cankr-IletepOyprekuii ro-
cynapcrBeHHbIN yHuBepceutet, Cankr-IlerepOypr, 199034, Poccuiickast
Denepanus, https://orcid.org/0000-0003-1124-0336, Ilyusha-2145@
mail.ru

Cmamws nocmynuna 6 pedakyuio 07.04.2022
Ooobpena nocie peyensuposanus 30.05.2022
IIpunsama x newamu 14.07.2022

@NOIS

NC

Federation, g 57217586798, https://orcid.org/0000-0002-4851-2756,
Xaritonova_ea@mail.ru

Ilya E. Gavrilov — Student, St. Petersburg State University (SPbSU),
Saint Petersburg, 199034, Russian Federation, https://orcid.org/0000-
0003-1124-0336, Ilyusha-2145@mail.ru

Received 07.04.2022
Approved after reviewing 30.05.2022
Accepted 14.07.2022

Pa6oTta nocTynHa no nuueHsunm
Creative Commons
«Attribution-NonCommercial»

658

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4



HAYYHO-TEXHUYECKMI BECTHUK MHOOPMALIMOHHBIX TEXHOMIOM I, MEXAHMKI 1 OMTUKN

vionb-asryct 2022 Tom 22 N2 4 http://ntv.ifmo.ru/ HAYYHO-TEXHUYECKWM BECTHMK YHMBEPCUTET UTMO
ot SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS “Hm"pMﬂu““HHMX IEXH[""][“H’ MEXAH“K“ “ ﬂm““
YHUBEPCUTET UTMO Jule-August 2022 Vol. 22No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2022-22-4-659-665
VJIK 535.08

Bo0/10KOHHO-ONITHYECCKHUI AMIVTUTYAHBIN JATYUK HANIPABJICHUS
M BeJIMYUHBI H3ruda

Anjpeii Anaronbesny JImurpues!™, Kupuan Bagumornu Ipeduen?,
Hannun Cepreesuy Cmuphos3, Cepreii Biagumuposuy Bap:kenan?

1.23.4 Yunpepeurer UTMO, Canxr-IletepOypr, 197101, Poccniickas ®enepamys

! Dmitrievaal 994@yandex.ru®?, https://orcid.org/0000-0002-0674-8381
2 greb k1r@yandex.ru, https://orcid.org/0000-0002-8461-301X

3 dsmirnov@jitmo.ru, https://orcid.org/0000-0003-4324-9327

4 Vsv187@gmail.ru, https://orcid.org/0000-0002-3120-8109

AHHOTALUA

Ipeamer uccaenopanus. [Ipemioxken BapuaHT pealn3alui BOJIOKOHHO-ONTHYECKOTO AAaTYMKA HANPaBICHUS U
BEJINYMHBI N3ruba. B oTimune oT M3BECTHBIX CIEKTPaIbHBIX H3MEPUTENBHBIX KOMIUIEKCOB, pacCMaTpUBaeMoe pelIcHIe
MIPE/IIOoNAaraeT UCIOoIb30BaHHE aMIUTUTYAHOH METOIMKHU OIPOCa, MO3BOJISIOICH YBEIHYUTh OBICTPOICHCTBHE CEHCOPA,
HNPUMEHUB OoJiee MPOCThIE M JOCTYIHbIC KOMIIOHEHTHI. MeToa. VccienoBan 4yBCTBUTEIBHBIN JIEMEHT Ha OCHOBE
CIIeIHAIBbHBIX TU(PPAKIMOHHBIX CTPYKTYP, KOTOPBIIl COCTOUT U3 Map YUPIUPOBAHHBIX BOJOKOHHBIX OPITITOBCKHX
pereTok. UyBCTBUTEIbHBIE TEMEHTHI 3aKPETUICHBI HA OCHACTKE B BUE CTAIBHOTO CTEPKHSI, MOJBEP)KEHHOTO H3THOHOMY
BozzaelicTBuio. OcHOBHBIE pe3yabTaThl. [IpogeMOHCTpUpOBaHAa CIOCOOHOCTh AAaTUYNKA OMPEACISATh BEIUUHHY U
HampaBJIeHHe U3ruda B auana3oHe oTkioHeHns oT 0 1o 30 MM co cperHeKBaJApaTHIHBIM OTKIOHEHHEM H3MEPEHHBIX
3HaUeHUH OT peanbHbIX B 0,536 MM. J[aHHEIH pe3ynbTaT H3MEpEeHUH JOCTHTHYT C MTOMOIIBI0 00pabOTKH JaHHBIX,
MOJIyYEHHBIX C TPEX U3MEPUTEIIBHBIX YCTPONCTB, HEHPOHHOI CEThIO, CKPBITHII €110i KOTOpOoii coctaBui 10 HelipoHOB, IpH
9TOM (PyHKIHMEH aKTHBAlMK ycTaHoBIeHa curmonza. [IpakTudeckasi 3 HAYMMOCTb. Pe3yiibrarsl HccieI0BaHNH HMEIOT
CYLIECTBCHHOE 3HAYCHUE JI1 COBPEMEHHBIX CUCTEM MOHMTOpMHIa. Peannzamys paTuuka HalpaBiICHUS U BEIUYMHBI
u3ruda B popmare BOJOKOHHO-ONTHYECKOTO yCTPOICTBA CIIOCOOHA MPEOAOIIETh OTPAHUYCHUS MbE303IEKTPUUECKHUX
CEHCOpOB, Onaroaps BHICOKOI MOMEXO3aLIUIICHHOCTH M CTOMKOCTH K BO3/eiicTBUIO BHEIIHUX cpel. [Ipenioxkennoe
TEXHOJIOTMYECKOE PEIeHHE MO3BOJISET OTOUTH OT CIEKTPaIbHON METOIMKH MPOBEACHUS U3MEPEHUH, MOIydnBIIEH
IIMPOKOE PACHpPOCTPAHEHHE B BOJIOKOHHO-ONTHIECKNX CEHCOPHBIX CHCTeMax. [IpuMeHeHne aMIUINTyAHOTO JaTIHuKa
BEJIMYHMHBI U HANPABJICHHUS M3TN0a JaeT BOZMOKHOCTh €r0 HCIIOIb30BAaHUS B COCTABE yCTPOICTB, IIe CyIIECTBYET
HE0OXOIMMOCTH B TOYHOM ITO3UIIMOHUPOBAHHUH YIPABIIIONINX YIEMEHTOB MM CTPYKTYPHBIX KOMITOHEHT, OJIBEPracMBbIX
n3ruOHOMY BO3/ieHicTBHUIO. Biaromapst n3mMepeHnto BO3I1eHCTBIS IPH IIOMOIIH OLIEHKH ONTHYECKON MOITHOCTH CHTHAJIA,
KOHCTPYKIIMS JaTuMKa He MpejroiaraeT HaJuuue CJI0KHOTO M3MEpPHUTENbHOro ycTpoiicTBa. Paborocrioco6HOCTh
CEeHCOopa MOJKET OBITH OOecIeyeHa IPH MOMOIIHU KAacka/ia HEJOPOTHX, HO TIPU 3TOM BbICOKOCKOPOCTHBIX M JIONTOBEUHBIX
(OTONPHUEMHBIX YCTPOICTB.

KuroueBnie ciioBa

BOJIOKOHHAsI OP3TITOBCKAst PEIIeTKa, BOTOKOHHO-ONTHYECKUH AaTYMK, JaTUNK HAMIPABICHUS U BETUUUHBI H3THOA
BaaropapuocTu
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Abstract

A variant of the implementation of a fiber-optic sensor for the direction and magnitude of the bend is proposed. Unlike
existing spectral measuring systems, the solution under consideration involves the use of an amplitude polling technique
which makes it possible to increase the speed of the sensor when using simpler and more affordable components.
A sensitive element based on special diffraction structures consisting of pairs of chirped fiber Bragg gratings has
been studied. The sensing elements are mounted on a tooling — a steel rod subjected to bending. The ability of the
sensor to determine the magnitude and direction of bending in the deviation range from 0 to 30 mm was demonstrated
with a standard deviation of the measured values from the real values of 0.536 mm. This measurement result is
achieved by processing data obtained from three measuring devices and by the neural network with a hidden layer of
10 neurons and the sigmoid as the activation function. The research results are essential for modern monitoring systems.
The implementation of the direction and magnitude of the bend sensor in the format of a fiber-optic device allows
you to overcome the limitations of piezoelectric sensors, due to high noise immunity and resistance to environmental
influences. The proposed technological solution makes it possible to avoid the spectral measurement technique that
has become widely used in fiber-optic sensor systems. The use of an amplitude sensor for the magnitude and direction
of bending will allow its use in devices where there is a need for precise positioning of control elements or structural
components subjected to bending. Also, due to the measurement of the desired bending effect by estimating the optical
power of the signal, the design of the sensor does not require the presence of a complex measuring device, and the
sensor’s performance can be ensured using a cascade of inexpensive, but at the same time high-speed and durable
photodetectors.
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BBenenune

TexHonornueckuii mporpecc B 0Tpaciy TeJICKOMMYHH-
Kaluil 1an cTuMyll pa3pabOTKH BOJOKOHHO-ONTHYECKHUX
JIATYMKOB, KOTOpPbIE 00JIaJal0T PSIOM IPEUMYIIECTB 110
CPaBHEHHIO C JIPYTHMH CYIIECTBYIOIIMMH N3MEPHUTEIBHBI-
MU TeXHOJIOrusIMH [ 1]. TakuMK peuMyLIeCTBaMU SIBIISIIOT-
Csl: TIOBBIIICHHAS] YyBCTBUTEJILHOCTh, HEBOCIIPUIMYNBOCTD
K DJICKTPOMAarHUTHOMY BO3JICHCTBHUIO, YHHBEPCATHHOCTh
(dopm-hakTopa, BEICOKAsI CKOPOCTh OTKIINKA, a TAKXKE IPH-
TOIHOCTD JJIsl PAa0OTHI B CYpPOBBIX YCIOBHAX OKpY KaroIIei
Cpelbl 1 BO3MOXKHOCTH CO3/IaHUSI MACCUBOB JIATYHKOB C
TIOMOIIBIO MYJIBTUIUIEKCHPOBAHUS C pa3lielieHUEM M0 Bpe-
MEHH U JUIMHE BOJHEI [2, 3]. DyHKIMOHAIBHBIE 0COOCHHO-
CTH BOJIOKOHHO-ONTHYECKHX JIATYUKOB UCITOIB30BaAHBI JUIS
3aMEHbI TPAAUIOHHBIX ITbE30JIEKTPUUECKUX PEIICHNH B
LIMPOKOM JInarna3oHe MPUMEHEHHH, BKIIo4ast ieopmanu-
OHHBIE, BUOpPAIIMOHHBIC, MIEKTPHUUCCKHE, aKyCTHUECKHE
N3MEpeHNs, TaTYNKN YCKOPEHNUs, BPAIIEHUS, JaBICHUS,
TEMIIEPaTyphl, BIAKHOCTH, BA3KOCTH U JIP.

M3mepurenbHble yCTpOHCTBa HA OCHOBE BOJIOKOHHOM
Oporrosckoii pemetku (BBP) — oxwH n3 THIOB BOJO-
KOHHO-ONTUYECKUX JAaTUYNKOB, KOTOPbIE COBMECTUMBI C
OINTHYECKUMH CHCTEMAMH CBSA3H U CIIOCOOHBI BBITIOIHATH
CKaHMPOBaHHUE Ha OOJIBIIOM YIAJICHUHU OT 0JI0Ka 00PabOTKH
0e3 TOJBENICHNs MIEKTPOITUTAHUS K HEOCPEACTBEHHOMY
MECTy PaCHOJIOKEHHS 1yBCTBUTEIBHOTO AJIEMEHTA.

BBP — nepuoauueckast cTpykTypa MOAYJISALUH IO-
Ka3arelss NpeloMIICHUs, UHAYLUPOBAHHAS B CEPALIEBUHE
OINITHYECKOTO BOJIOKHA. B mocietHme roser ocoboe BHIMA-
HHE YJENseTCs U3TOTOBJICHNIO W MPUMEHEHUIO YHPIIHPO-
BaHHBIX BBP, KOTOpBIE XapaKkTepr3y0TCsl HENOCTOSIHCTBOM
nepuoma mo JumHe. YuprnupoBanasie BBP BeqyT cebs xax
kackaj BBP, kaxas u3 KOTOpbIX OTpa)aeT y3KUi CHEeKTp
ONTHUYECKOTO M3Ty4YeHHUs. Takue pemeTKy MPUMEHSIOTCS B
OCHOBHOM ]ISl ONITHYECKOM CBSI3H, TaK KaKk 00€CIeYHBaIOT
KOMIICHCAIIMIO AUCIIEPCHU TTyTeM BBeJeHUs nuddepeH-
[UAJTbHON TPYNMOBOMN 3aJE€PIKKH, 3aBUCSIIECH OT JJIMHBI
BONHEI [4, 5]. B nocnennee Bpemst unpnupoBaHHbie BBP
NpUOOpEIH 3HAYUTEIBHBIH HHTEPEC CO CTOPOHBI IIOCTPOE-
HUSI BOJIOKOHHO-ONITHYECKUX JAaTYMKOB, OJarosapsi CBOUM
KITIOUYEBBIM XapakTepucTikam [6—8]. B HacTosmeit padote
MCCIeI0BaHa KOHCTPYKIMS 1aTINKA HAIIPABICHUS U BEJIU-
YMHBI U3rH0a C TPUMEHEHNUEM TPEX Map YUPIUPOBAHHBIX
BBP B kauecTBe 4yBCTBUTEIBLHOIO JIEMEHTA.

OnTuyeckoe BOJIOKHO M 3alIUCh YUPIUPOBAHHBIX
BOJIOKOHHBIX 6p3FFOBCKI/IX pelIETOK

Juns 3anucn ynpnuposanHbix BBP ncnonb3oBano cran-
MApPTHOE TEICKOMMYHHKAIIMOHHOE ONTHYECKOE BOJIOKHO
SMF-28, npenBapuTenbHO TOIBEPTHYTOE BOJOPOTHOM
00paboTke B TeUEHHE ABYX Heleb pH Temiieparype 50 °C
u naienun 10 MIa mist noBeimieHust hoTopeppakTHBHO-
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ctu [9, 10]. Ilpu Takux napaMmeTpax ONTHYECKOTO BOJIOKHA

TIOSIBJISICTCSI BOBMOJKHOCTD 3aIMCH YnpriupoBaHHbIX BBP ¢

ko3 durmenTom orpaxenuns ommskum k 100 % [11, 12].

3anuce unpnupoBanHelx BBP npoussenena ¢ momo-

IIBIO ONITHYECKOH cXeMbl nHTepdepomerpa Taapbora [13].

Bo Bpewmst 3anmicu HCIIOTB30BaHbI CIICAYIOMINE TApaMeTPHI:

— (ha3oBag MacKka ¢ TMHEHHO W3MEHSIOIINMCS TIEPHOIOM
B 1 HM/CM;

— HUCTOYHHK ynbTpaduoneTroBoro u3nyuenus — KrF
sKkcuMepHas naszepHas cucrema Optosystems MOPA
CL-7550;

— IJIOTHOCTh DJHEPrUHM JIAa3€pHOTO HMIIyJIbCa —
220 mJIx/cMm2;

— Bpems dkcno3uruu 120 ¢ mpu yacTtoTe ciaeoBaHUs
umiyascoB 10 I'm;

— Ut POKYCHPOBKH JIA3EPHOTO M3Ty4EHHS B 00IaCTH 3a-
MTHCH TIPUMEHEHA IIMTHHPUICCKas JIMH3a ¢ (POKYCHBIM
paccrosiauemM 500 MM.

B pesynbrare 3anucu noayyeHsl yupnupoBaHHeie BBP
¢ ko3¢ punmenToM orpaxeHus npumepro 100 %.
OtmeTHM, 9TO OGirarogapsi yHUBEPCAIBHOCTH JTaHHOW

CHUCTEMBI, IIPH €€ UCIOIH30BAHUH BO3MO)KHO H3TOTOBIIC-

HHE TaKHX CHEeNUAIbHBIX AU(PPAKIHOHHBIX CTPYKTYp KaK:

HaksoHHbele BBP [14], BBP ¢ ¢a3obim caurom [15], mac-

cuBsbl [12] u cynepniosuniuu BBP [16].

JeTanu dKcnepuMeHTa

OcHacTKa aT4rKa BEIMYMHBI U HANPaBICHUS N3rnda
MPEACTaBIIeT COO0H METANTNYECKUN CTep)KEeHb, Ha KOTO-
POM 3aKperyIeHbl TPU ONTHYECKHUX BOJIOKHA, PACIIONIOKEH-
HBIX 10 TIEPUMETPY OKPY’KHOCTH CTEpXkHs ¢ 1marom B 120°
OTHOCHTEINILHO JpyT Apyra (puc. 1). BHyTpu kaxmoro Boj-
HOBOJIA MHIYLIMPOBAHA CTPYKTypa U3 ABYX YHPIHUPOBAH-
HbIx BBP co cMelieHHol Ha 3HaueHne MOy IMPHUHBI HA [10-
JYBBICOTE JITTMHBI BOJHBI OPATTOBCKOTO PE30HAHCA BHYTPH
TIapsl, a Takke K03 GUIeHToM oTpaskeHns okoio 100 %.

OnHa u3 CTPYKTYp B Nape YUPHUPOBAHHBIX PEHIETOK
(ayBCTBHTENBHAS ) JKECTKO 3aKpEIICHA Ha CTEpKHE, U HC-
MIBITHIBAET Ha ce0€ MEXaHUUECKOE HATSKEHUE-CoKaTHE TIPH
HaBeJICHUU M3rHOHOTO Bo3zeiicTBHsI. BTopas (omopHast)
OCTAaeTCs B IEPBOHAYAIEHOM TTOJIOKCHUH.

IIpu npunoxeHuu MEeXaHU4ECKOro BO3ACUCTBUS UyB-
crBuTenbHbIe BEP npeTepnieBaroT u3MeHEHUE rEOMETPUH,
KOTOpPOE MPHUBOJUT K CMEIIEHHIO IIEPUOJA TaHHOH CTPYKTY-
PBI 1 LEHTPAILHOMH JITMHBI BOJIHBI OTpaXKeHHs (L) COTIIacCHO
ycnosuto bparra (puc. 2).

CwMenieHne IEHTPAIbHON JAJTMHBI BOJIHBI OPATTOBCKOTO
pe30HaHca YyBCTBUTEIIHLHOTO 3JIEMEHTA ITPUBOANT K U3Me-

Puc. 1. CxemaTndyeckoe H300pakeHUE 4yBCTBUTEIBHOTO
9JIEMEHTA N3MEPEHHs BEJIMYMHBI M HATIPaBICHHs H3ruba: paspes
METaJUTMYECKOTO CTEPKHS (a); CTPYKTypa BoHOBOAA (D)

Fig. 1. Scheme of the sensing element for measuring the
magnitude and direction of bending
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Puc. 2. Ciektp npoImycKaHusl YyBCTBUTEIBFHOTO JIEMEHTa
HPH TPEX Pa3InuHbIX MOJOKEHUSIX HABSICHUS N3THOHOTO
BO3/ICHCTBUS: O€3 MPUI0KEHHS U3THOHOTO BO3ACHCTBHSL
(xpuBas /); ¢ OTKJIIOHSHHSMH KOHIIA OCHACTKH Ha 10 MM
(xpuBas 2) u 20 MM (kpuBas 3)

Fig. 2. The transmission spectrum of the sensing element at
three different bending exposure positions: without application
of bending action (curve 7); with a bending of the tooling end
by 10 mm (curve 2) and 20 mm (curve 3)

HEHHUIO IIMPHHBI 00IIETo crekTpa oTpaxeHus (P) cTpyk-
Typbl UyBCTBUTEIBHON ONOpHON unpnupoBaHHbiil BBP.
JlaHHBIC U3MEHEHNS TPUBOAAT K N3MECHEHHIO OTPayKCHHOMN
OT CTPYKTYpPBI ONTHYECKOH MOITHOCTH, KOTOpasi MOXKET
OBITh N3MEpPEHa MPU MOMOIIH (POTONPHEMHOTO YCTPOICTBA.

OcHacTKa JaT4uKa 3aKperuieHa Ha U3MEPHUTEIbHOM
crerne (puc. 3). KpacupimMu nmuHAAMH 0003HAUYE€HO HABO-
JUMOE M3THOHOE BO3ICHCTBUE HAa OCHACTKY. VIcTOYHHKOM
W3TY9EHUS I OIpoca CTPYKTYp B paMKax dKCIIEpUMEHTa
BBICTyIa€T MOAKIIIOUEHHBIN yepe3 orBeTBUTENS | X 3 CJI/L.

Omnopusle UBBP YyscTBurenabHsie YBGP

Mecto ¢uxcanun

OCHaCTKH OcHacTtka JlaT4yruKa
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Puc. 3. Cxemarndeckoe H300paKCHUE UCTIBITATEILHOTO CTECH 1A
H3MEpeHH s BeJIMYMHbI U HAIpaBJICHUsI N3ruoa.

DIy ] [ @HY]

YBBP — 4upripoBaHHasi BOJIOKOHHAsI OPAITOBCKAsl PEILIETKa;
CJIA — cynepmtomunucteHTHbIR quon; PITY — doronpuemHoe
YCTPOICTBO

Fig. 3. Scheme of the test bench for measuring the magnitude
and direction of bending

UBBP — chirped fiber Bragg grating; CJIJ] — superluminescent
diode; ®ITY — photodetector
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W3nyuenue, npoxons uepe3 ONTHUUECKOe BOJIOKHO, MOMa-
JIaeT Ha OIpallluBaeMble CTPYKTYpBHI, IJle, OTPaXasich OT
napsl yupnupoBaHHblx BBP, pacnipocrpansiercs B oOpar-
HOM HAIIPaBJICHUU W Yepe3 Y-OTBETBUTEINb IONAlaeT Ha
OITY. IIpn npunokeHIH H3TUOAOMIETO BO3ACHCTBUS TPH
TIapsbl CIIENHUAIBHBIX CTPYKTYP U3MEHSIOT MPUXOISIIYIO Ha
OITY oTpaeHHYIO ONITUYECKYIO MOIIHOCTS. /{1151 KOHTpO-
JIUPYeMOH yCTaHOBKH HAaIPaBJICHHs M BEIUYMHBI N3ru0a
M3rOTOBJICH IIA0IOH C OTBEPCTUSIMHU, PACTIONOKEHHBIMH C
marom 5 MM npu Bapuanuu yria 30° (puc. 4, a).
WzrubHoe Bo3neiCcTBHE HA OCHACTKY JaT4UKa BBITIOJ-
HEHO Ha M3TOTOBJICHHOM HCIIBITAaTEbHOM CTEHJIE C I10-
MOII[bIO YCTAHOBKH CBOOOJHOTO KOHIIA CTEP)KHS B COOT-
BETCTBYIOIINE OTBepCTHs 1madnona (puc. 4, b). OTMeTnm,
YTO TE€MIIEPATypHOE BO3AEHCTBUE OKpYKAIOIIEH cpeasl
Ha YyBCTBUTEIBHBIN AJIEMEHT OKa3bIBACT BIMSHNE KaK Ha
YyBCTBUTENbHBIE, TAK M HA OTIOPHBIE CTPYKTYPHI B COCTAaBE
nap yupnupoBaHHbix BBP. B aTom ciydae ciekTp orpaske-
HUSI MICIIBITBIBAET COBMECTHOE SKBHBAJIICHTHOE CMEIIICHUE
B YaCTOTHOI oOnacTu. JJaHHOE CBOWCTBO MPUBOAMT K OT-
CYTCTBHIO HEOOXOAMMOCTH B IONIOTHUTEILHOM MEXaHU3ME
TEeMIEPaTypHOH KOMIICHCANU. DKCIIEPUMEHT O UCCIIe-
JIOBaHUIO TEMIIEPATyPHOU CTAOMIBHOCTH MOAOOHOTO YyB-
CTBUTEIILHOTO 37eMeHTa B auanasoHe ot 24 °C no 100 °C

a
90°

Puc. 4. Cxemarmdeckoe (a) u pororpaduueckoe (b) n3odpaskeHHs
1mabIoHa yCTAHOBKY BEJIMYMHBI M HATIPABICHHS H3rHGa
Fig. 4. Schematic (a) and photographic (b) images of the
bending magnitude and direction setting pattern

B COCTaBE aMIUTUTYJTHOTO TEH30METPUYCCKOTO JaTUYHKa
npejcTaBieH B padote [17].

Pe3ysnbTarsl 3KCIIepUMeHTA

B xome skcriepuMenTa 3akperuieHHas Ha U3MEPHUTENb-
HOM CTEHJI€ OCHACTKa YCTaHOBIIEHA Ha YIJIbl OTKJIOHEHHUS
(o), B nuanazone ot 0° no 330° ¢ marom 30° mpu 3Ha-
yeHusX oTkiaoHeHus ot 10 mm 10 30 MM ¢ marom 5 mm.
OTKIIOHEHHE CTEPKHSI OT UCXOTHOTO TIOJI0KEHUS COOTBET-
CTBYET yIiiaM B auana3oHe ot 5° 1o 13° ¢ marom B 2°. [pu
MIPOBEICHUH SKCIICPUMEHTA 3apPETHCTPHPOBaHA KOMOHWHA-
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Puc. 5. VI3ameHeHMe oTpakeHHOI onTnieckoil MmomuocTH (P)
OT yIJla HampasiieHUus u3ruba (o) A TpeX 4yBCTBUTEIBHBIX
2IIEMEHTOB IpH BenuunHax u3ruba: 10 mm (a), 20 mm (b), 30 mum ().

3aBHUCUMOCTH, XapaKTepU3yoLI1e: nepBolii (kpusas /), BTOpoii
(xpuBas 2) u Tpetuii (KkpuBast 3) 4yBCTBUTEIILHBIC SICMEHTBI

Fig. 5. Combination of modulation characteristics of the
reflected optical power vs. the angle of the bend direction at the
amount of bend: 10 mm (a), 20 mm (b), 30 mm (c).

Dependencies characterize the first (curve /), second (curve 2),
and third (curve 3) sensitive elements
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1US 3HAYEHUN OTPaKeHHOW ONTUYECKON MOILIHOCTH, CO-
CTOSIIIIAst U3 TOKA3aHUI TPEX OIPAITUBAIOIINX YCTPOHCTB B
KaXJI0¥ TOYKE U3MEpCeHH. B Xo/e nccinenoBanus moixyve-
HBI XapaKTEPUCTHKH U3MCHCHUS OTPAKCHHOM ONTHIECKON
MOIITHOCTH JUTS TPEX CTPYKTYP TIPH U3MEHEHUH BEITMUNHBI
¥ HarpaBJIeHHs u3ruoda (puc. 5).

s onpeneneHns BENWYNHBI W HANPaBICHUS H3Trnda
TOTy4YeHHBIE HaOOPHI TaHHBIX HCIIONB30BAHBI IS 00Y-
YEHUSI UCKYCCTBEHHON HEMPOHHOW CETH ¢ NIPUMEHEHHEM
uncrpymenra MATLAB 2020b Neural Network Toolbox.

Puc. 6. Apxutektypa HEHpOHHOH ceTn

Fig. 6. Neural network architecture
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Puc. 7. Pacnpenenenne N3MepeHHBIX (KpaCHbIC METKH)
U pealibHbIX (CHHUE METKHU) 3HAYCHHU 1 BEJTNYMHBI
1 HaIpaBJICHUS N3rnbda

Fig. 7. Distribution of measured (red marks) and real (blue
marks) values of the magnitude and direction of the bend

B pamxax naHHOM 3a7a4n BXOJHBIMU TaHHBIMU HEHPOHHOI
CETH SIBJISIIOTCSI TPU 3HAYESHUSI ONITHYECKOW MOIITHOCTH, OT-
PKEHHOMU B KaXKJIOM BOJIOKHE — (P}, P, 1 P3), a BBIXOJHBI-
MU 3HAUCHUSIMH — HarpapicHue (X) U BeIU4rnHA U3ruda
(Y), naTepnpeTnpyemMble KaKk KOOPIANHATH OTKJIOHECHHS
urasl (puc. 6). CKpBITHIA CI0W HEHPOHHOM ceTH cocTa-
Bui 10 HEWpoHOB, a PyHKIMEH aKTUBAIIMH yCTaHOBIICHA
curmonna. OOydeHue HEHPOHHOI CeTH MPOU3BEICHO C
MPUMEHEHNEM METOJIA I'PaJUEHTHOTO CITyCKa.

B pesynbrare o0y4ueHusi HEpOHHOIl ceTn Ha Oase
Habopa JIaHHBIX M3 DKCIIEPUMEHTA MOJY4YeHbl BECOBBIC
KO3 QUIMEHTBI, KOTOPbIE ObLIN MPUMEHEHBI JUJIs IIPO-
BEPKH Pa0OThl aJITOPUTMa OIL[CHKH BEJIWYMHBI M HalpaBs-
JICHUS] OTKJIOHEHUs. Pe3ynbraTsl IpOBEPKHU NMPUBEACHBI
Ha pHc. 7, CpeJHEKBAIPaTHIHOE OTKJIOHEHHE U3MEPEHHO-
IO PacIOJIOKEHHsI OTHOCHTEIBHO PEaIbHOTO COCTABUIIO
0,536 mm.

3akJ/ioueHnne

B pabore npencrasieH AaT4MK BEJIMYUHbI U HaITpaBIie-
HUSI M3r10a, B OCHOBE YYBCTBHUTEIBLHOTO AJIEMEHTa KOTO-
POro MCIOJIb30BaHbI Hapbl YUPIUPOBAHHBIX BOJIOKOHHBIX
Oparroeckux pemretok. CMenieHne CHeKTPaJIbHOTO OT-
KIIMKa OJHOM CTPYKTYpPbl OTHOCHTENIEHO JAPYTrOi BHYTPH
Mapsl MPOU3BEII0 U3MEHEHHE OTPAXKEHHOH ONTHYECKOH
MOIIIHOCTH, KOTOPast IETEKTHPYETCsl yCTPOHCTBAMH OTIPO-
ca. Takoll mpUHLKII IPOBENECHUS U3MEPEHUM OIPENEINII
MPEACTABICHHBIN JaTUMK KaK aMIUIUTYIHOE YCTPOICTBO
n3MepeHus. B otnnune oT KilaccMUeCKUX CEHCOPOB Ha
OCHOBE BOJIOKOHHOH OpATTOBCKOW PEHIETKH C MCIIOJIB30-
BaHUEM CHeKTpaJ'leOﬁ METOAUKH OIlpoca, aMIUIMTYAHBIC
CEHCOpBI 001a1at0T OoJiee BEICOKOW CKOPOCTHIO PabOTHI, a
TaKKe CPAaBHUTEIILHO HU3KOH ce0ECTONMOCTBIO YCTPOICTB
onpoca. 3aMeTHM, YTO TAaKOW UyBCTBUTEJIbHBII 2JIEMEHT
He TpeOyeT TOMOIHUTEIFHOTO MEXaHU3Ma TeMITepaTyp-
HOW KOMITCHCAIINHU BCIIEACTBHE OMM3KOTO PACIIOIOKEHHS
KOMITOHEHTOB M COOTBETCTBEHHO CHHXPOHHOTO CMEIICHHS
XapaKTEPHCTUK YyBCTBUTEIBHOM M OMOPHON CTPYKTYp B
CHEeKTPaTbHON 00IacTH.

WccenenoBaHHbl IPOTOTUIT U3MEPUTEIBHOIO YCTPOM-
CTBa MO3BOJACT ONPEACIIATHL HANIPABJICHUE U BEJIUYUHY
n3ruba ¢ BBICOKON TOYHOCTBIO M CKOPOCTHIO OIpoOca.
CpeaHeKkBagpaTHYHOE OTKIOHEHHE U3MEPEHHBIX 3HAYCHU I
0T peajbHbIX 3HaueHul coctaBmwio 0,536 MM B 1uamnas3oHe
OTKJIOHEHUsI cBOOOIHOTO KoHIA ocHacTKu oT 0 10 30 MMm.
JlaT4uKy BEIMYMHBI ¥ HAIpaBJICHUS M3rH0a, NCTIONb3Y-
IOIINE METOJ, UCCIECJOBAHHBIM B PaMKax IPOBEICHHOM
paboThl, MOTYT HalTH PUMEHEHHUE B MPUIOKCHUSIX IS
MOHHUTOPHHIA COCTOSTHUSI KOHCTPYKIIMOHHBIX 3JIEMEHTOB
31aHUN M COOPYKEHUI, MEAULIMHCKUX UCCIEI0BaHUIX, a
TaKXKe B JPYIUX 00IacTAX HAYKN U TEXHUKH.
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AHHOTALUA

Mpeamer ucciaenoBanus. [IpoGiiema KOMICHCAIINY BHEINTHUX BO3MYIIAOMINX BO3JICHCTBHH ISl JTMHCHHBIX
MHOTOKaHAJIBHBIX OOBEKTOB C 3aa3IbIBaHIEM Ha BXOJE SBIISICTCS BAKHON 1 akTya bHOMH. [1pemioxkeHo perienne JaHHoH
po0OJIeMBl B 3a/1a4axX yIpaBIeHHs JUHAMAUECKHMH 00BbEKTaMu U B psijie Apyrux 3axad. Meron. [Ipemiaraemsrit Mmeton
OCHOBAH Ha MPHHIIUIIE BHYTPEHHEH MOJIeNH, T/ie HeoOXouMa HACHTU(HKAIIKS TapaMeTpoB Bo3myieHus. Ha nepsom
JTare OMKMCcaHa CXeMa BBIJEJICHUS BOSMYIICHUS, KOTOPOE MIPEACTaBICHO KaK CHHYCOUIAIbHBIA CUT'HAJ ¢ HEU3BECTHOM
4acTOTOU, aMIUTUTYH0M U (a3oit. Ha BTopoMm srame pemreHa 3agava uaeHTH(GUKAIMNA YaCTOT CUHYCOUJAIBHOTO U
MYJBTHCHHYCOHIAFHOTO CUTHAJIOB. Ha mocnennem srame pa3paboTaH adropuT™M CTaOMIU3AalUK U MPUBEACHUS
COCTOSTHHSI 00BEKTa K HYITIO, OCYIIECTBICHHBIN C IIOMOIIBIO 00paTHOM cBsi3u. OCHOBHBIE pe3yabTaThl. [IpencraBiena
HOBasl CXeMa KOMITCHCAIINY BHEIIHUX BO3MYIICHUH TSI JTHHEHHBIX MHOTOKAHAIIBHBIX OOBEKTOB C 3ala3/blBAHUECM Ha
Bxoze. [IpeanokeH HOBBIH aIropuT™M HACHTH(OHUKAIIMN YaCTOT MYJIBTHCHHYCOHJaIbHOTO CUTHAa. BrimonHen ananmms
BO3MOYKHOCTEH HpEUIOKEHHOT'0 METO/Ia OLIEHHBAHMS C MCII0JIb30BAaHHEM KOMITBIOTEPHOTO MOJCIHPOBAHUS B Cpesie
MATLAB Simulink. [IpakTHueckasi 3 Ha4UMOCTh. Pa3paboTaHHbIi METO MOKET OBITh 3()(HEKTHUBHO MPUMEHEH JIJIs
LIMPOKOTO KJIacca NPHUKIIaHBIX 3a1a4, CBSI3aHHBIX C YIPaBIeHUEM poOOTaMU, MAHHITYJIITOPAMH Pa3IMYHOrO Ha3HAYCHHUSI.

KiioueBnle cioBa
aJIalTHBHOE YIPaBJIeHHEe, MHOTOKaHAIbHbIE CUCTEMbI, MACHTU(HUKAINS, BHYTPSHHsISI MOJIEIb, 3aMa3/(bIBaHIE

Cebuika s uutuposanusi: Hryen X. T, BnacoB C.M., IIeipkun A.A., CxobeneBa A.B. KomrieHcarys BHEITHUX BO3MYIIICHUH
JUIsL MHOTOKAHAJIBHBIX CHCTEM C 3ara3/blBaHUEM B yIrpaBieHuH // HaydHO-TeXHUYECKUil BECTHUK MH(POPMALMOHHBIX
TexHojorui, mexanuku u ontuku. 2022. T. 22, Ne 4. C. 666—673. doi: 10.17586/2226-1494-2022-22-4-666-673

Compensation of external disturbances for MIMO systems with control delay
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Abstract

The problem of compensation of external disturbing influences for MIMO system with input delay is important and
relevant. A solution to this problem is proposed in the problems of dynamic objects control and in a number of others.
The proposed method is based on the principle of an internal model and requires the identification of perturbation
parameters. At the first stage, a scheme for extracting a disturbance is presented which is represented as a sinusoidal
signal with an unknown frequency, amplitude, and phase. At the second stage, the problem of identifying the frequencies
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of a sinusoidal and multisinusoidal signal is solved. In the last stage, an algorithm for stabilizing the state of the object
to zero is developed using feedback. A new scheme for compensating external disturbances for a MIMO system with
an input delay is proposed. A new algorithm for identifying the frequencies of a multisinusoidal signal is proposed. The
analysis of the possibilities of the proposed estimation method using computer simulation in the MATLAB Simulink
environment is carried out. The developed method can be effectively applied to a wide class of applied tasks related to
the control of robots and robotic manipulators for various purposes.

Keywords

adaptive control, MIMO systems, identification, internal model, delay
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BBenenue

B nanHOi1 paboTe mpeaioxKeH HOBEIM alrOpUTM KOM-
TIEHCAITUH TTapaMeTPUICCKU HEOTpeAeICHHBIX TapMOHHU-
YECKUX BO3MYILICHUH, NEHCTBYIOMNX B MHOTOKaHATBHBIX
CHCTEMax C 3ara3IbIBaHUAMHI B KaHAJIaX YIPaBICHUS.

KomrieHcarysi BHEIITHETO HEU3BECTHOTO BO3MYIIICHUS
— OITHAa U3 OCHOBHBIX M aKTyaJbHBIX MIPOOJIEM TEOPUH aBTO-
MaTH4YECKOTO yrpaBieHus. VMccnenoBanue BO3MYIIEHHBIX
CHCTEM C 3ala3fblBAaHUEM B KaHalle yIpaBIeHUs] OYeHb
Ba)KHO JJIs1 HIMPOKOTO MPAKTUUYECKOTO MPUMEHEHHSI U pea-
JIU3AIMY TAKUX CUCTEM B Pa3JIMYHBIX 00yacTsx. bonbinoe
KOJIMYECTBO PabOT MOCBSIICHO YIPABICHUIO O] HEH3-
BECTHBIM BO3MYyUIAlOUIMM BozaeicTBueM [1-6]. OnHako,
HECMOTpsSI Ha pPa3HOOOpa3re METOIOB PEIICHUS U MOJIeIIeH
00BEKTOB, MPoOIIeMa KOMIICHCAIINH TAPMOHIYECKAX BO3MY-
[ICHUI B HETMHEHHOM 0OBEKTE C 3ala3/IbiIBAaHHEM B KaHAJIe
yIpaBICHUS HE pacCMaTPHUBAIACh.

Ha peanbHyro TEXHUYECKYIO YCTAaHOBKY BO3IEHCTBYIOT
pasnuHble GU3HYCCKUE PaKTOPBI OKPYIKAIOIICH CPEIbI.
OnuH u3 Takux (HakTOpOB — BPEMEHHAs 3aJCPIiKKa, KO-
TOpasi HeU30S)KHO MOSBIISICTCS M3-3a MPOIECCOB Pa3HOMN
OPUPOBI B OOJIBIIMHCTBE MPAKTUYCCKHUX PHUIOKCHUH.
Hanpumep, ecnu 3aBozbl yIpaBisitoTCs yIaleHHO uepes3
HHurepHert, TO 1aHHBIE NEPEIaloTCsa He MTHOBEHHO, a C 3a-
JIEP’KKOM, KOTOpasi 3aBUCUT OT KauecTBa cBsi3u. [Ipu aTom
HEKOTOPBIC BOMPOCHI, CBSI3aHHBIC C 3aJACPXKKOI HHPOP-
MAaIlid, OCTAIOTCS OTKPBITBIMHA U TPEOYIOT MalbHEHIIIIX
nccnenoBanuid. [IpeHeOpexeHue STUMH SBICHIAMH MOXKET
TIPUBECTH K CHIKCHUIO KaueCTBAa TIOBSICHHS CHCTEMBI TN
Jake BBI3BATh aBTOKOJIEOAHUS C TOCTeRyIomen moTepei
yCTOHYMBOCTU. VIMEHHO 1103TOMY NPOEKTUPOBAHUE METO-
JIOB C YYETOM 3aJICPKEK SIBIIACTCS aKTyalbHOW U BOCTpe-
0OBaHHOM 3a1a4eil.

B Teopun aBTOMATHUECKOTO YIIpaBJICHUS 3a]jaua KOH-
TPOJIS CUCTEMBI C 3alla3/IbIBaHUEM TaK)Ke Ba)KHa U aKTy-
aJbHa, U JJaBHO MPHUBIIEKAaeT BHUMAHUE UcCcIeioBaTenei [7—
11]. Beinenenre 00bEKTOB C 3aMa3bIBAaHUEM B OT/ICIBHBII
KJIacC 00yCIIOBIICHO CIIOXKHOCTHIO MX M3YYCHHS IO CPaB-
HEHUIO ¢ 00bEKTaMH, KOTOPBIC HE COEePKaT BPEMEHHYIO
3a7IepPIKKy. XapaKTepHbIC 0COOCHHOCTH CUCTEM YIIPABICHHUS
00BbeKTaMH C 3arma3ablBAaHUEM: 3aBHCUMOCTb COCTOSHUS
YIPaBIsAEMOT0 IpoIIecca OT ero HCTOPHH, IPEHEOpeKeHIe
BIUSTHUEM 3aIa3AbIBaHUs, YTO TPUBOANUT K YXYIIICHUIO
KayeCcTBa CUCTEMBI.

B nacrosiiee Bpems pa3paboTaHo OOBIIOE KOJTMYECTBO
aJITOPUTMOB KOMIIEHCAIIUHM BHEIIHETO BO3MYIIAIOIIETO
BO3JICHCTBUS C 3ama3nbiBaHueM. Vcrnonb3oBaHue UIeHTH-
(hUKAIMOHHOTO MOIX0/a JUIsI KOMIICHCAIIMH MYJIbTHTap-

MOHHYECKUX BO3MYIICHUH peaTn30BaHO IS JTMHEHHBIX
[12, 13]  venuneitapix [14] cucrem. B padore [15] mpen-
CTaBJICH aJITOPUTM YIIPABIICHUS INHEHHBIM MHOTOKaHAIb-
HBIM O0OBEKTOM IO BBIXOAY. B KOMIIEHCAI[MU BHEITHETO
BO3MYIIAIOIIEr0 BO3/ICHCTBHS C 3ama3/(bIBAHUEM MOXKET
MMPUMECHATHCA METOA NPAMOI0 aJaliTUBHOI'O YIIpaBJICHUA
[16—18], ocHOBaHHBII HAa MPUHIIUIIC BHYTPEHHEH MOAECIIH.

B nacrosiieid pabote paccMoTpeHa 3aaava cTaOuIIu-
3aIM1 JITHEHHBIX MHOTOKaHAIbHBIX OOBEKTOB B YCIIOBHSIX
HEM3MEepsIeMbIX BEKTOPOB COCTOSIHHS, BHEIIHUX CHHYCO-
MIATBHBIX BO3MYIICHUH U H3BECTHOTO MOCTOSHHOTO 3a-
nma3neBaHusA. [lapamMeTpsl 00beKTa M HIDKHUE TPaHUIIBI
YaCTOTHI BOMYIICHHUS CYATAIOTCS M3BECTHBIMH, a BCE TIa-
paMeTphl CHHYCOWIAIbHBIX BO3MYIIEHUN (aMILTATY/A,
yacToTa U (a3a) HEU3BECTHEI. PemeHue 3a1aqu COCTOUT
13 CIEMYIOIMX 3TAINOB: MpeaaracTcs HaOmoaaTens BO3-
MyH_[eHI/II\/'I; BBITIOJIHACTCA I/Il]eHTI/I(bI/IKaHI/IH qacToOT BO3-
MYIIEHUH KaXKJIOTO KaHalla; IPOUCXOJUT CTAOUITH3aIHs
COCTOSIHUSI 00BEKTA K HYJIIO C TOMOIIBIO OOPaTHOM CBSI3H.

[Tpennoxkena HOBasi cxemMa KOMIICHCAIIMU BO3MYIICHUH
JUIE MHOTOKAaHAJIBHBIX CUCTEM, KOTOpasl yJIydlIaeT Kade-
CTBO CTaOMJIM3alNU OOBEIMHEHHOTO BBIXOJHOTO CHrHAJIa
3aMKHYTOH cucTeMbl. ONHCcaH METO]| Ty4IICHHSs KauecTBa
OIICHUBAHUS YaCTOT MYJIBTUCHHYCOUATBHOTO CUTHAJIA,
u obecrieyeHa SKCTIOHCHIIMAIBHAS CXOOUMOCTD K HYITIO
OmMOOK OIeHWBaHMA. MeTo KOMIICHCAIINN BO3MYIICHUS
OCHOBaH Ha METOZE BHYTPEHHEH MOIeNn 1 TpeOyeT uaeH-
TUUKALNN [TapaMeTPOB Bo3MyleHust. OTindre HOBOro
MeTona ot pabot [12—-14] 3akmrouaeTcs B TOM, 4TO TpeOy-
€TCA I/I}IGHTI/I(i)I/IKaLII/ISI TOJIBKO YaCTOT MYJIBTUCHHYCOUJAJIb-
HOI'0O BOBMYUICHUA.

ITocTanoBka 3agaun

PaccmorpuM Ki1ace TMHENHBIX YCTOMUMBBIX BO3MYLIEH-
HBIX OOBEKTOB yNPABICHUS BUJA!

X(7) = Ax(?) + BU,(?) + Bod(?), (1
y(0) = Cx(1) + Qd(2), @

rae x € R” — nemsmepsiemsrit Bexrop cocrosuus; U, =
=[ug(t—1) ...ouy(t - 1)]7 € R4 — BekTop yrpasieHus ¢
samasasBaHmsMu; y(1) = [y1(7) ... y,(1)] — usmepsiemblii
BeKTOp BbIX0Aa; 8(7) = [3,(7) ... 5,(1)]" € RZ — BekTOp
HEHM3MEPSIEMOT0 OrPAHHUYSHHOIO BHEITHEr0 BO3MYIICHHS;
A e R B e R4, C e R7*7, Q € R?— marpwuiisr coot-
BETCTBYIOLIHMX PA3MEPHOCTEN; T — U3BECTHOE MIOCTOSTHHOE
3arnaspIBaHKe; ¢ — KOJIMYECTBO CHCTEMHBIX BBIXOZOB.
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B xauectBe Bo3MymieHui &;(?),
CHUTHAJIBI

8,(7) pacemoTpuM
01(f) = A;sin(w, ¢ + @),

8,(1) = A sin(0, + @),

TIpeICTaBICHHBIE COOTBETCTBEHHO B BUJIE CHHYCOH/I C He-
M3BECTHBIMHU aMIUIUTyAaMu 4, ..., 4 ¢ 9acTOTaMH ©y, ...,
®, 1 (asoBBIMU CABUTAMH @y, ..., Q.

TpeOyercs cuHTe3upoBath 3akoH ymnpasienus U(7),
00eCIeunBArOIIUI CTA0OMITU3AINI0 00BETUHEHHOTO BBIXO/I-
HOTO CHTHAJIa 3aAMKHYTOW CHCTEMBI

tlij)lo\b/(f)ll =0

C YUETOM CJIEIYIOLIUX JAONYIICHUH.

Jonywenue 1: Ilapametpsl A, B, C u3BecTHBI.

Jonywenue 2: Tpoiika marpuil (A, B, C) moaHoCThIO
yrpasisieMasl ¥ HaOJtogaemast.

Honywenue 3: Hixuss rpaHuia 4acToT o, U3BECTHA
(Dl'ZQ)(), i= l,q

Boiesienne curaajia Bo3MyuieHus

Tak kak BEKTOpP COCTOSIHHSI X HEJIOCTYTIEH JUTsI IPSIMBIX
U3MepeHuil, onuiieM 00bekT yrpasienuu (1), (2) B Bume
COOTHOIIEHUS BXOJI-BBIXO/I:

y = WE)[U; +39], )

Bifs)

e W(s)=C(s1-A)'B= — mepeaaroyHas QyHKIHs

cucTemsl; | — eHnaHas Marpuia; ofs) 1 B;(s) HOIMHOMBIL
TIOPSIZIKA 77 U Y COOTBETCTBEHHO C M3BECTHBIMH ITOCTOSHHBI-
MU KO PHULIUECHTAMHU, TAKUE YTO

Bif(s) = bysT + by 18771+ o+ bys + by
i=1.q.j=14q,
a(s)=s"+a, ;sm 1+ .. +aistag

7€ Y — CTeNeHb YUCIUTEIs IepeIaTOuHON (QyHKIINY CH-
CTEMBL.

By _| Q) )
a(s) a(s)
[Nepenmimem cucremy (3) B Buze:
(Bl B
[M)[ul(t DL (10 3

PaccmaTpuBaemMblii 00BEKT yNpaBICHHS SBISICTCS
ycroiunBbeIM. [IpuMeHnM (QUIIBTPBI CIIeAYIOMETo BUIa

[311( ) th( )
a(s)

[y (t—D)] + ..

q(t - )]]

P ACCMOTPHUM PACXOXKICHUE 11O BBIXOAY

y=d=y-y
W
3 = W(s)[8], 4)
e i = m
[Tepermmmiem ypaBHeHue (4) B BUIE:
B] 1(5) . qu(s)
a(s) a(s)
s(s) = : B
Bql(s) . qu(S)
(x(s) a(s) %

B HEKoTOpBIX cityuasx Uit yIoOCTBa MCHONb3yeM IK-
BUBAJICHTHOE MIPEACTAaBICHNE BO3MYIIAIOIIETO CUTHAIA

8,() = Ajsin(w,t + @) + ... + A sin(o,t+§y,)

8,(1) = A ysin(011 +§,0) + ... + A gsin(o,f + ).

CunTe3 Hal/I01aTe 1ell BO3MYIIEHUS

Kaxpast cocraBisitoras §; BO3MYIIEHUSI MOXKET ObITH
CMOZIETTMPOBaHA KaK BBIXOJ] IMHEHHBIX reHepaTopoB [19]

6 7thl >
gi:rigia

rae & € R4 — Marpuipl COCTOSHHS FEHEPaToOpoOB C Ha-
yanbHbIMU 3HaueHusMU §;(0); I'; — marpuua nocross-
HBIX k03¢ {unueHToB; h; — BEeKTOPbI COOTBETCTBYIOIIEH
pasmepHocTu. Marpuubl I'; HEM3BECTHBI, HO U3BECTHBI
pa3Mepbl FeHepaTopoB q;, i = 1, q.

Paccmorpum HaOmronareny BHEITHUX Bo3MyieHuH [20]

vi(0) = Gy () + 18,(1), i = 1, q, (5)

e y; € R, G e R™" — npousBonpHas rypBHIeBa Ma-
Tpuia, obpasytomas ¢ 1 € R” mocTosHHbBIH BEKTOp, BbI-
Oupaemblii 1o ycioBuio, uro napa (G, 1) — nonHocteio
yImpasisieMa. B

CurHaisl BO3MYILEHUS §; MOTYT OBbITh IIPEICTABIICHBI B
BUJIE JINHEHHOM perpeccuoHHoil moaenu [20, 21]

Si =yL, (6)

rae §; — BEKTOPbI HEU3BECTHBIX MTOCTOSHHBIX K03(dumu-
€HTOB, 3aBUCSIINX OT ITapaMeTpoB MaTpuilbl oT MaTpu I';
(B KOHCYHOM HUTOI'C — OT 4aCTOT MYJIbTUCHHYCOUJAJIbHBIX
CHT'HAJIOB), BEKTOPHI ; GOPMHUPYIOTCS HAOMIOAATEIAMU

), i=1

NnenTudukanus 4acToT BO3MYLIEHU

PaccmoTprM MeTOZ OIIEHKH 4aCTOT HECMEIIEHHBIX Tap-
MOHHMYECKHX U MYJIBTUTapMOHUYECKUX CUTHAJIOB C IIOCTO-
STHHBIMU TIapaMeTpaMu. _

3ameTuM, 4To B MaTpuLe 8,(f) KaXKJbIM CUTHAJIOM BO3-
MYILIEHHUS ABISETCS CyMMa BCEX CHHYCOUIAIbHBIX CHUT-
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HaJIOB OT KaXKJO0Tr0o KaHaja CUCTEMBI C OJIMHAKOBBIMU 4Ya-
croramu. Torna 3ajada 3aKJIl04aeTcsl B MICHTH(OUKAILIH
4acTOT MYJBTUCHHYCOMaIbHOro curHana. Habmonarenu
JUIs1 BO3MYLIAOIIUX CUTHAJIOB §; MOTYT ObITh CUHTE3UPO-
BaHbI JUIS KQKI0H N3 TOACHCTEM OTAEIBHO U UMEIOT OfIN-
HAKOBBIM BHJ. B 5TOM CBA3M pacCMOTPUM TOJIBKO IEPBYIO
TIOAICUCTEMY 0. B
CurHal BO3MyIIEHH 8 IEPENHIIEM B BUE:

- 94 _ _
8= YAsin(oi + ). (7)
i=1
I'eneparop curnanos Buza (7) onumem auddepeHun-
AIIbHBIM YpaBHEHUEM

P+ oDP?+ 03) ... 2+ )8 ()=0,  (8)

d _
e p = Z — ormeparop quddepeHuupoBanus, i = 1, q.
t

C ydeToMm BeIpakeHus (8) mOIydInM

P248,(1) +0,p2 18, (1) + ... + 0, p25,(1) +6,5,(1) =0,

rae

_ .2 2 2
91—(DI+(02+...+(Dq,

2 2

92=c01002+m%m§+... +o,

2
g1

2
O)q,

= 22 2
6, = 010; ... o

Curnan 6(f) npencTaBuM Kak BBIXOJ] JIMHEHHOTO reHe-
paropa KoHEYHOi1 pazmepHOCcTH [19]

3,(0) =h{g(1),
&1(1) =T &),

01 0 ...0
00 1 ..0
P
00 0 .1
9,00, ... 0

h;=[100 ... 0].
Paccmotpum curnan (7) npu g =1:
3,(1) = 4sin(o + @) )
Curran (9) npencraBum B Buze [22]

8,(t—2d) + 8,(1) = 2cos(0,d)d, (t — d), (10)

rae d > 0 — omneparop 3amnas/bIBaHusL.
Paccmotpum curnan (7) npu ¢ € N rapMoHuK

_ q _ _
01(0) = LAsin(o + ;) (11)
i=1
U TUCKPETHBIN aHajor curnana (11)

_ q
8[k] = Y Asin(wkT + @),
=1

rae 7> 0 — mepuon AMCKpPETU3AlUU CUTHaNa, ¢ = kT,
k=0,1, ...

[TomyunM aHAIOTHYHBIH pe3yIbTaT JUIsl HEPEPHIBHOTO
curHaina (11). [lyist 3TOr0 NprMeHnM orepaTop 3ara3/biBa-
Hus d kak 1 B (10), k m3mepsiemomy curnaity (11). Curnasns
C KpaTHBIM d 3aIa3bIBaHIEM, B CHITY aCCOIIMATHBHOTO 3a-
KOHA, MOTYT OBITh 3aIMCaHbI C HCIIOIb30BAHUEM OIlepaTopa
3ama3apBanus (11) kak

3,(t—d) = Q8,(2),

6l(l‘_Zd) 29261(1‘), (12)
3t — qd) = Q45,(1),

rae Q — onepaTop 3ara3bIBaHUsA:

0 t<d,

[QOT= O, (t—d), t>d.

C yuerom (12) nepenumiem ypaBaenue (10) B Buze

(Q2 — 2cos0,dQ + 1)5,(f) = 0. (13)

YTBepﬁmeHne. I[J'IH CUrHalia, mIp€aACTaBJICHHOI'O KakK
CyMMa ¢ TapMOHUK, CIIPABCATINBO BBIPAKCHUC!

(Q2—2Qc; + 1) ... (Q2—2Qc, + 1)5,(1) =0, (14)

e ¢; = coswd, i=1, q.

Joxka3areabcTBo. J{ist mokazaTenscTBa Ymeepocoenus
HCTIONb3yeM METOJl MaTeMaTHUeCKON MHIYKIIUH.

IIpu g = 1 Belpaxenue (14) BEIMONHIETCS COITIACHO

(13).
[Mpennonoxum, yto ypaBHeHue (14) pemaercs npu
q =k, Torma

(Q2-2Qc; + 1) ... (Q2—2Qc; + 1)d,K1) = 0. (15)

CrnenoBarensHO, HEOOXOTUMO JI0Ka3aTh, 9TO YpaBHEHHUE
(14) moxert OBITh peleHo npu ¢ = k + 1, Toraa nonyuum:

(Q2—2Qc; + 1) ... (Q2—2Qc;,, + l)glk”(t) =
=(Q2-2Qc; + 1) ... (Q2—2Qc, + 1)3,4(1) + (16)
+(Q2-2Qc; + 1) ... (Q2—2Qc; + 1By (0.

W3 ypasnenunit (15) u (16) nmeem

(Q2-2Qc; + 1) ... (Q2—2Qc¢;, + D§F1(r) =
=(Q2-2Qc; + 1) ... (Q2—2Qc¢; + 1Py (),
1€ Bprt = Apr i SIN(@p 17+ Qpy).

3aMeTuM, 4TO CUTHAI 35, MOXHO paccMaTpHUBaTh B
COOTBETCTBHUH C OAHOM cuHycounoi (9), Torna

(Q2 - 2Qcy; + DBy =0. (17)

Tpumennm oneparop (Q2 — 2Qcy, | + DBy k (16) 1
HOJIYYUM

(Q2-2Qc; + 1) ... (Q2—2Qc;,, + 1)d,F1(1) =
=(Q2-2Qc; + 1) ... (Q2-2Qc¢, + 1)x  (18)
X (Q2 = 2Qck + DBy
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C yuerom Beipaxkenuit (17) u (18) nonyunm
(Q2—2Qc¢, + 1) ... (Q2—2Qc;,, + 1§ k(1) = 0.

Ymeeporcoenue ooxazano.
Ha ocnose ypaBHeHus (14) mocTponmM perpeccCHOHHYIO
MOJIEJb AJIsl CUTHAJIA C ¢ KOJIMYECTBOM TapMOHHK

2() = {1y, (19)

rie E € R! — saBucuman dynxuus, =[x % --- %17 €
€ R — perpeccop, @ = [@; @, ... @] € R4 — Bekrop
HEM3BECTHBIX MTAPAMETPOB.

Wiu, Goliee KOHKPETHO,

(©Q2 + 1)8,(1) = %@, (1) + 109(D) + ... + 1@, (D).

KomnonenTs! ypaBHenus (19):
— E(f) ¢ ucnonp3zoBanreM ouHoma HeroTtona:

E(1) = (Q2 + 1)48,(2).
— BexkTop HEH3BECTHBIX MapaMeTPOB @; CBI3AHBI C C;
¢dbopmymnamu Buera:
@ =citet... tc,

mz =—C'102 — Clc3 — .. —qulcq,

@, = (= Dilejey ... cy
— Perpeccop y,(?):
(1) = 22 + 1)0-18,(0),

1a(f) = 2202(Q2 + 1)0-25 (1),

1) = 29095, (1).

AJITOPUTM OLleHUBAaHUSA NapamMeTpoB Moaeau (19)

Jis onileHMBaHMS TapaMeTPOB BekTopa & Mozaenu (19)
HCTIONB3YETCS] METO/ TMHAMUYECKOTO PACIINPEHHUs perpec-
copa (DREM) [23].

[Tpumenum 610K 3ama3abIBanHust v, i = 1, g — 1 gmst us-
BECTHBIX AJIEMEHTOB perpeccuoHHoi moaen (19):

E(r—v) =1t - v)®.
O0603HaYNM
3, =1, (20)
rac
8, = [E(1) E(r—vy) ... E(1=v)],
N =000 1l (t=vp) gl (1= v)].

Ymuoxwus (20) Ha adj(n,(¢)) nomryunm
() =A(Ho, 21

rae A() = det(m (1) € R1, 9(7) = adj(n,)d.(1) € Ra.
3anmumeM ypaBHeHHe (21) TOKOMITOHEHTHO:

() =AM, i=1,q.

HpeﬂCTaBI/IM AJITOPUTM OLICHHUBAHUA IIapaMETPOB @;
B BUJIC:

wi(1) = =AN(3(0) - A,

I7ie K; — HacTpauBaeMBblil mapamerp, i = 1, q.
UToOBI MOTYYHUTH OIICHKY 32 KOHEUHOE BPEMS, 3aMEHs-
eM OIINOKY OLICHKH G(f) 110 ONpeeIeHHI0 Ha ®; — G,(?):

w; — 0(1) = wE() — B(0)E(), (22)

re E(f) =~ AX0E(), E0) = 1 ww E() = & 870,
BeIpazum BHO 3Hau€HHE NTapaMeTpa @; U3 COOTHOLIE-
Hus (22)

@,(f) — E(t)w, (0

o = HO=EOHO)
1-E®)

AJIl"Opl/lTM OLICHUBAHUA 4aCTOT

JIyist OLIEHKH YacTOThI IPUMEHUM (YHKIHIO arccos(.),
OCHOBaHHYI0 Ha mapamerpe ¢;/1(7):

a/(1)(1) = iarccos(é,-ﬁ(t)), i=1,q.

3ameTuM, yto Marpuna I'| 3aBUCHUT OT 4acTOT MyJbTHU-
rapMOHHMYECKOT0 CUrHamia d(7).
Torna onenka marpunsl I'y umeer Bua:

01 0 .0
00 1 .0
flz col : .o ’
00 0 1
0,00, .0

e

b =07 +@3+ ... +&2

q°
2 A2 A2

A _ ~2n2 ~2 A2
0, = 0j0; + 003 t... + 0 0

q°

Amnanoruuno Hainem I';, i = 1, ¢ 118 ocTanbHBIX Ka-
HaJIOB.

CuHTe3 3aK0HA YupaBJjJdeHUs

C yderoMm BeIpakeHus (6) Habmrogarensb (5) MoXKeT
OBITH Tpe/ICTaBIIEH KaK aBTOHOMHAsI MOJIEITh

W, = (G + 1y, (23)

OnHaKo BEKTOPbI COCTOSIHUS J; HEU3MEPHUMBI, TIOTOMY
YTO MaTpullbl {; HEU3BECTHBL. BBINOIHNM OLIEHKY BEKTOPOB
COCTOSIHHSI BO3MYILIEHHS \Jf; C TIOMOIIBEO OLICHKU BEKTOPOB
éi, IIPY 3TOM [IPUMEHUM CJICAYIOLIEEe YPABHEHUE

& =h M7,
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rae M; — pelenue ypaBHEHUs
MJI; —GM,;=1h/,

rae f[ — oueHnka marpun I';, i = I,_q

Tak kak 00beKkT paboTaeT B YCIOBHSX 3ala3bIBaHUs,
Ha OCHOBE (pyHIAMEHTAIBHOTO PEUICHHUS aBTOHOMHON MO-
nenu (23) onpenenum OyayIie 3HaYCHUS] BEKTOPa COCTO-
SIHWS HaOJroIaTeNst

vi(t + 1) = exp{(G +I5)T}y(0). (24)

Ha ocHoBe ypaBHeHuit (6) u (24) momydnm:
8i(t+ 1) = pTwi(1),

rie p;7 = Texp{(G +1§7)t}.

CTpyKTypy HaCTpPamBaeMOT0 PETYIATOpa OMPEACITHM
B COOTBETCTBUH C l'IpI/IHHI/IHOM HeHOCpeﬂCTBeHHOﬁ KOM-
IICHCAallun:

Ut =-8(t+1)= W—;)ﬁ(t). (25)

C yueroM BelpakeHHi (4) U (24) 3aKOH yIpaBieHHS
(25) MoxHO 3anmcarb
1 S, (t+71) TG)

1 =2 .
- 35N =— : _
U@ Wo) (®)

WO s avm] WO 3,0 :

s
0 20 40 60 80 100
tc
C
P — . , ‘ ‘ , : . ——
ol | ]
ol |
3 L
=, |
ot \ J
I \ ]
i I I I | i I I I
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Marpuunas nepenarounas Gyuxuust B-1(s) sBisercs
nHBepcuel GyHKunu B(s) ypaBHEHHs 00bEKTa YIpaBICHUs
B BHJIC COOTHOLICHUSI BXOA-BBIXO (3).

MartemMaTuieckoe MoOJdeJUpPOBaHUE

IIpuBenem pesysbTaTbl YUCIEHHOIO MOJAEIUPOBAHMS,
ntrocTpupytomue 3pHeKTUBHOCTD MPEI0KEHHOTO
aJIrOPUTMAa OIICHUBAHUS YaCTOThl HECMEIIEHHOTO Tap-
MOHHYECKOTO CHUTHANA C TIOCTOSHHBIMHU ITapamMeTpamH.
MojenupoBaHUe BBITOTHEHO C MOMOIIBI0 MPOrpaMMHOI
cpeast MATLAB Simulink.

PaccMoTpuM 00BEKT yIpaBlieHHs] BTOPOTO IOPSIKa €
JIByMSI BXOJHBIMHU H JIByMs BBIXOJHBIMH KaHAJIaMU
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[lycTh BO3My1Iato11I€€ BO3AEHCTBUE UMEET BUIL:
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BekTops! W 1 Y, SIBIAIOTCS COCTOSTHUSME HaOIroaTe-
neii (5) co chaeayomuMy TapaMeTpaMu:
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Pucynok. BpeMeHHbIE IUAarpaMMbl: BO3MYyLIEHUI 8(7) (a); OueHKH 4acTor @ (1), ®,(7) (b); curnana ynpasnenus U(7) (¢); nepexontsie
TIporecch T BIxona y(7) (d)

Figure. Time diagrams of disturbances 8(7) (a), frequency estimates ®,(?), ®,(7) (b), control signal U(?) (¢), transients for output

y(@) (d)
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KomneHcauus BHELHNX BO3MyLLI,eHI/Il7I Ona MHOrokaHaJsibHbIX CUCTEM C 3ana3iblBaHEeM B yripaBJieHN

[TapameTp 3ama3siBaHms IS TapaMeTpU3alny CUTHa-
na Bosmymierns: d = 0,1 c.

IMapamerper anroputma DREM: v = 0,05, ;= 1.

B pesynbrare MmozenupoBanus chOpMHpPOBaHA BPEMEH-
Has auarpamMma (QpyHKIIMHA BO3MYIICHUA O(7) (PUCYHOK, a),
MEPEXO/IHBIE MPOLECCHI I OLEHKU 9acToT ®;(¢) = 1,
®,(7) =2 (pucyHox, b) u ans curnana ynpasinenus U(7)
(pucyHoK, ¢). Ha pucyHke, d MpoieMOHCTPUPOBAHO, YTO
BCC MEPCMEHHBIC BbIXOJAHBIEC CUCTEMbI ACUMIITOTUYCCKHU
CTPEMSTCS K HYIIIO.

I'padukn mepexomHbIX MPOLECCOB AEMOHCTPUPYIOT
OrpaHMYEHHOCTH BCEX CUTHAJIOB B CHCTEME (PHCYHOK, a—d).
Anroput™ ynpasieHus (25) mo3BosIsieT COXPaHUTh YCTON-
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AbIBAHUEM B YCJIOBHUAX BHCUIHUX B03MymeHHﬁ.

3akiaouenune

Hpeﬂ,nonceHa HOBas CXEMa KOMIICHCAIlUHU BHCIIHUX BO3-
MyHiarommx BO3HeﬁCTBHﬁ B MHOI'OKaHaJIbHBIX CUCTEMaAX C
BXOJHBIM 3aria3/ibIBAHUEM B YCJIOBUAX BHCIITHUX BO3MYIIC-
Hui. Cxema obecrieynBaeT OrpaHMYEHHOCTh BCEX CUTHAIIOB
B CHCTEME U CXOJMMOCTbH PETYJIHPYEMbIX ITEPEMEHHBIX Y
K Hymo. [IpeanoxeHn HOBBIM MOAXOA K UACHTU(DHUKALIH
4acTOT MYJIFTUCHHYCONAAIBHOTO curnana. [lokazana ske-
MTOHEHIMAJIbHAs! CXOAUMOCTh OLIEHUBAHMS YaCTOT MYJIb-
THUCHHYCOHJIQJIGHOTO CUTHAJIA K NCTHHHBIMH 3HAYCHHUSM.
ITomxom MOXKeT OBITH PACIIMPEH B CIy4ae BEIOOpA 0OBEKTa
C HEM3BECTHBIMU ITapaMETPAMHU M 3ara3/bIBAHUEM, YTO
BO3MOXKHO B KaueCTBE HAIPABICHUS JalbHEHIINX HCCIIe-
JIOBaHUM.
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AHHOTALUA

Ipeamer uccaenoBanus. lccienoBana BO3SMOKHOCTB UCIIONB30BAHMS B KPUNTOTPAQUUESCKIX CXeMaX JUTHIITHYCCKAX
KPHBBIX HaJl [10JIEM PalliOHAIBHBIX YKCeI HEHyIeBOro panra. Meroa. BriepBble pe/10:keHO TOCTPOECHHUE KPUIITOCUCTEM,
0€30I1aCHOCTh KOTOPBIX OCHOBaHA Ha CJIIOYKHOCTH PEIICHHS] MaTeMaTHYeCKOH 3a/1adl O PIOK3aKe Ha AJUTUITHYCCKUX
KPUBBIX HaJ PallMOHAJIBbHBIMU YHMCIaMU HEHYJIEBbIX paHroB. OCHOBHBIE pe3ysbTaTbl. ONUCaH HOBBIM MOAX0MN
HCTIOb30BaHMS UTMITHYECKUX KPUBBIX ISl KpUOTOrpaQuuecKrx cxeM. BBIMONMHEeH psiji 9KCIEPUMEHTOB ISl OLICHKU
MOBEJCHHUS BBICOT TOYEK JUTMNTUYECCKUX KPUBBIX OeckoHeuHOro mopsaka. [IpeacraBieHa Moaens KPUITOCHCTEMBI,
CTOMKOM K BEIYMCIICHUSAM Ha KBAHTOBOM KOMITBIOTEPE M OCHOBAHHOW Ha MCIOIb30BAHUH PAIMOHATBHBIX TOYEK KPUBOM
OeckoHeYHOTO TopsaaKa. [IpoBeneHo nccnenoBanme KpunTorpaduaeckoil CToMKocTr 1 3)h(HEKTHBHOCTH MpeAIaracMon
cxeMbl. Peanmi3oBaHa aTaka Ha IOMCK CEKpeTa B KPUIITOCHCTEME, IIOKa3aHO, YTO CIIOKHOCTh aTaKd KCIIOHCHIIHAIbHA.
IIpakTHyeckass 3HAYUMOCTb. PaccCMOTpeHHOE peleHre MOXKeT OBITh MPUMEHEHO IPH MOCTPOCHUHU peatbHBIX
KPHIITOTpapUIECKUX CXeM M HPOTOKOJIOB.
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Abstract

The possibility of using elliptic curves over the rational field of non-zero ranks in cryptographic schemes is studied.
For the first time, the construction of cryptosystems is proposed the security of which is based on the complexity of
solving the knapsack problem on elliptic curves over rational numbers of non-zero ranks. A new approach to the use
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of elliptic curves for cryptographic schemes is proposed. A few experiments have been carried out to estimate the
heights characteristic of points on elliptic curves of infinite order. A model of a cryptosystem resistant to computations
on a quantum computer and based on rational points of an infinite order curve is proposed. A study of the security and
effectiveness of the proposed scheme has been carried out. An attack on the secret search in such a cryptosystem is
implemented and it is shown that the complexity of the attack is exponential. The proposed solution can be applied in
the construction of real cryptographic schemes as well as cryptographic protocols.

Keywords

elliptic curves, rational numbers, curve rank, asymmetric encryption, knapsack problem

Acknowledgements

This research was supported by Priority 2030 Federal Academic Leadership Program.

For citation: Davydov V.V,, Dakuo J.-M.N., Ioganson 1.D., Khutsaeva A.F. Building cryptographic schemes based on
elliptic curves over rational numbers. Scientific and Technical Journal of Information Technologies, Mechanics and
Optics, 2022, vol. 22, no. 4, pp. 674-680 (in Russian). doi: 10.17586/2226-1494-2022-22-4-674-680

BBenenue

B Hacrosiee BpeMsi MHOTHE TTOMYJISIPHBIE KPHUIITO-
CHUCTEMBI C OTKPBITHIM KJIIOUOM OCHOBAHBI Ha 3ajadax
(akropnzanuy OOIBIINX LEIBIX YUCENT U JTUCKPETHOTO
norapu)MupoBaHUS B KOHEUHBIX rpynmnax. Hampumep, B
MYJIBTUIUTMKATUBHON TPYIIE KOHEYHOTO TIOJIS M TPYIIe
TOYEK Ha UIMINTHYECKONW KPUBOHM HaJl KOHEUHBIM MOJIEM.
OnIMnTHYEeCKNe KPUBBIE PECTaBIIOT 0COObII HHTEpEC,
TaK Kak B TIOCTPOCHHBIX KPUIITOCHCTEMAX HCIOJb3YIOTCS
KJIFOYM MEHBIIETO pa3Mepa MpU TOM K€ ypoBHe Oe3orac-
HOCTH IO CPaBHEHUIO C aHAJIOTaMH U3 JPyruX ooOnacrtei
kpunrorpaduu [1].

Ha nansblii MOMEHT He cymecTByeT 3()(HEeKTHBHBIX
QITOPUTMOB, PEIIAIOIINX 3a/1ady JAUCKPETHOTO Jiorapud-
MHUPOBAHUS B I'PYIIIE TOYEK NIIUITHYSCKOW KPUBOH 3a
TTONMHOMHAIBHOE BPeMsl. DTO MO3BOJISIET paboTaTh B IOJISIX
MEHBIIETO pa3Mepa, CIeJ0BaTeIbHO U TeHEPUPOBATh KITO-
Y MEHBIIIETO pa3Mepa IPH TOM k€ YpOBHE O€30MacHOCTH
110 CPABHEHUIO C aHaJIoraMu. BeIoiHeHHE TPyNIoBOro
3aKOHA Ha JUIMNTUYECKUX KPUBBIX O3BOJIAET PEaIN30BbI-
BaThb U MPUMCHATH YK€ U3BCCTHBIC aJITOPUTMBI B KPUIITO-
rpadun.

OnvH M3 KJIACCHYECKHUX MPOTOKOJIOB Ha AJIHIITHYE-
CKHX KpUBBIX — npotokon Huddu—Xennamana [2], mo-
3BOJISTIOIIMH OCYIIECTBIISATh BHIPAOOTKY OOIIETO CeKpeT-
HOTO KJIfo4a. B 3aBHCHMOCTH OT M3HAYaJIbHBIX yCIOBHH,
HanpuMep, €CiIi MOJIb30BAaTENIM HE YCTAaHOBMIIN OOIIUI
KITEOY, CYIIIECTBYIOT Pa3JINUHbIC BAPHAHTHI PEIICHNS TAaKHX
3amgad. Tak, B kpunrocucteme Meccu—Omypsi [3] Omaroma-
ps CBOMCTBAM SIUTUNTHYECKNX KPHUBBIX OCYIIECTBIACTCS
KOMMYTaTHBHOE MIH(POBAHHE: MOIb30BATEIN HEPENAIOT
JIpYT IPYyTy COOOIIECHHMS, HE CO37[aBas MIPH STOM OOIIETro
KIto4ya. Ha snmunTuueckux KPUBBIX TaKiKe MOXKET OBITh
peanu3oBaHa cxeMa Dib—I amans [4], B KOTOpoii ocymiecT-
BITIOTCS 00J1ee (P PEKTUBHBIC BRIUUCIICHUS, TI0 CPABHEHHIO
CO CXeMOW Ha MOJYJIbHOH apupMeTHKe. ITO CBA3aHO C
TEM, YTO OTlepalusi BO3BEJACHHS B CTENEHb CBOAUTCS K
CJIOKEHHIO TOUCK.

Kpome KoHEUHBIX TIOJIeH, KpUBBIE MOKHO paccMarpu-
BaTh M HaJ| ITOJIEM PallMOHABHBIX YUCEN. DIUINITHIECKNE
KpUBBIC HAJl PallMOHAIBHBIM TOJEM 0071amaroT 0co0oit
TpyIIoBO# cTpykTypoii. Jlym Mopnemnn (1922 rox) BeIABH-
HYJI THIIOTE3Y O KOHEUYHOCTH YHCIIa PAMOHAIBHBIX TOUEK
JUTsI KpUBBIX TIepBoro pona [5], a Auape Beitnb (1928 rom)
BBeJ o0oOmieHne runote3sl [6]. Bnocnencrsuu Obuta

cthopmynupoBaHa Teopema Mopaenna—Beiins o Tom, 9To
KPHBBIE HaJl pAllMOHAIIBHBIM IT0JIEM 00pa3yloT KOHEYHOIIO-
POXICHHYIO abeNeBy IPyIIY, H30MOP(GHYIO TPYIIITaM TOYeK
Kpy4YeHHs U Touek OeckoHeuHoro mopsaka. B 1935 roxy
Haiiren u Jlyti [7] moka3anu, KakuM 00pa3oM MOXKHO
HaWTH TOYKHU MOATrpynmnsl kpydeHus. 1978 rony bappu
Masypom ObUIO MOTYYEHO, YTO MOArPYIINa TOYEK KPYyUCHUsI
KoHe4yHa 1 Masia. OTMETHM, 4TO IOArpyIIa TOYeK OecKo-
HEYHOTO MOps/IKa UCCIIeI0BaHA HEAOCTATOUHO, KOJIMUECTBO
TOYEK T€HEPaTOpPOB JJaHHOH MOArPYMIIBI 33/Ja€T PaHT KpH-
BO. B HacTosIee BpeMsl U3BeCTHA KPUBasi C MAKCUMaJIb-
HBIM paHroM 28 [8], a OONBIIMHCTBO KPUBBIX UMCIOT PaHT
0 nnu 1. 3agava nojcyera TOUHOTO paHra KpUBOil sIBIsiETCA
CJIOXHOM, a TIOMCK KPUBBIX BHICOKOTO PAaHTa OCTAETCs OT-
KPBITON TIPOOIEMOH.

B HacTosmeit paboTe mpemiokeHo TOCTPOSHUE MOJIe-
JIM KPUITOCUCTEMBI C UCIOJIb30BAHUEM 3a/lauil O PIOK3a-
Ke [9] Ha PIIUNTHYECKUX KPUBBIX HAJA PAllMOHAIBHBIMU
YHUCIaMU.

3anada o prok3ake siBisiercss NP-monHoi U HaxoguT
NpUMEHEHHEe BO MHOTHX obnactsix. [lepBoe yrnomunanue
0 Hel MoxHO HaWTu B Tpyaax Januura [10] u MaTbroza
[11], B oOmiem cirydae oHa 3aKITIOUACTCS B TIOMCKE TaKUX
m; U3 MHOxXecTBa M = {my, m,, ... m,}, KOTOpbIE IIpH
YMHOXEHUHN HA M3BECTHBIE KO3(D()UIIMEHTHI 13 MHOKECTBA
K= {ky, ky, ... k,,} B cymme matot nienoe uncino C:

m
C=Ymyk,.
i=1

BriepBbie KpunrocucremMa, OCHOBaHHasl Ha 3a1ade O
prok3ake, OplIa mpemioxkera Pamsdom Mepkiom n Map-
THHOM XenMmaHoM [12], Tae ucronbp30BaHa CBEPXBO3-
pacTaromas Mociaei0BaTeIbHOCTh CEKPETHOIO KII0Ya.
C moMoIIbI0 KII04a OCYIIECTBICHA paciiu(poBKa Tek-
CTa, a B KAYeCTBE OTKPBITOTO KJI0Ya MCIOJIb30BaHa He-
CBEPXBO3pACTAIOIIasl II0CIIE0BATEIILHOCTD, 10 KOTOPOi
pacmudpoars yncio C 6e3 3HaHUS CEKPETHOTO KIoua
HeBO3MOXkHO. CymiecTByeT a3 QeKTHBHAs allPOKCUMHU-
pytomast LLL-ataka Ha 1aHHYIO KPUNITOCUCTEMY, IA€ C
MOMOIIBIO PEIYIHPOBAHHOTO Oa3uca PeIeTKN MOsBIs-
€TCsl BO3MOXKHOCTh PELINTh 33/ady YIIaKOBKH PIOK3aKa C
OTIPEJICNICHHON BepOsATHOCTHI0. OJJHAKO aHHAS aTaka He
MPUMEHNMA K SJUTUIITHYECKAM KPHBBIM, TaK KakK, B OTINYHC
OT KJIACCHYECKON KPUNTOCHCTEMBI PIOK3aKa, BMECTO YHCEI
HCTIONB3YIOTCS TOUKH KpuBOH [13].
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nOCTpoeHVIe KpVII'ITOrpaCbVI‘-IeCKVIX CXeM, OCHOBaHHbIX Ha 3/ 1IMNTUYEeCKMX KPUBBLIX HaA, pauOHaIbHbIMU YCaMn

(I)OpMy.Tll/lpOBKa MaTeMaTH4YeCKOil 3ag1aum

IMycte E(Q) — snnuntudeckast KpuBasi HaJl MOJeM
parmonanbhbix uncen (Q), 3agannas ypaBHeHHEM B 0600-
mieHHoi (hopme Beliepmrpacca:

V2taxy +ay=x3+ax?+ax+ ag,

e koabdurment a; € Q st i € {1,2,3,4,6}, nepeMeHHbIe
x,yeQ.

ITo teopeme Mopnenna—Beitns [13] rpynmna Touek
Ha TaKOW KPUBON — KOHEYHO CTCHEPHPOBaHHAs abelicBa

rpymmna:
E(Q) = E(Q)IOFS @ Zr’

rne E(Q),,,s 1 Z" — rpynisl TOYEK Kpy4eHUst KPUBOH 1
0CCKOHEYHOTO TOPAIKAa COOTBETCTBEHHO; /' — PAaHT 3JI-
JIMITUYECKON KPUBOM.

I'pynmna Touek KpydeHUs: KPUBOW MOXKET OBITH Tpen-
CTaBJICHA CIIEAYIOUIMM 00pa3oM:

E(Q),,,s = {Touka P € E(Q) 1 uncno n € N Taxkoe,
gyro nP = 0},

rne O — Touka Ha OeckoHeuHOCTH. [1o Teopeme Masypa
[14] mopsimok Tako# rpymmsl He mpeBbImaer 16, Tak-
K€ M3BECTHO, KakuM rpymnmnam uzomopdua E(Q),,, .
HaunGonpimmit nHTEpeC Npu MOCTPOSHUH KpuUntorpadpu-
YEeCKHX CXEeM MpeACTaBsieT rpymma Z”. Eciu panr KpuBoi
paBeH HYJIO, TO Takas CXeMa HePHUMEHNMA B KPUIITOTpa-
(uH, TaKk KaK KOJIMYECTBO PAIIMOHAIBHBIX TOYEK Ha KPHBOM
KOHEYHO U He MPEBbIIIAeT 16, 4T0 MO3BOJISIET OCYILECTBUTh
9JIEMEHTAPHBIN TIepedop ToUeK.

Opnnaxo npu r > 0 Takue KpuUBbIe 00JanaroT cle-
ayromeil ocobennocteio. [lycts Ha xpuBoit E(Q) {7},
T,, ..., T,} — MHOXECTBO TOYEK KPYUYECHUS KOHEUHOI'O
nopsinka, a {Py, P,, ..., P,} — MHOXeCcTBO TO4YeK OecKo-
HewHoro nopska. Tora mmo6as Touka E(Q) nmeer Bu:

Q:alT1+a2T2+...+anTn+b1P1+b2P2+...

b, (1)
rae {ay, ..., a,}, {by, ..., b.} € Z, n cinoxeHue ToUCK ocy-
LICCTBISCTCS 110 TPYNIIOBOMY 3aKOHY.

OcHoBHas MaTeMaTHuecKast mpobnema, Ha CI0KHOCTH
KOTOPOIf MOYKHO CTPOHUTH KPUITOCHCTEMBI — IIOMCK KOA(-
¢unwmenTos {ay, ..., a,}, {by, ..., b,}, TP N3BECTHBIX TOUKE
Q u rpynne E(Q)/2E(Q). Eciu He cylIecTByeT ajaropurma,
C TIOMOIIBI0 KOTOPOTO JIaHHAs 33j1a4ya MOXKET OBbITh pellie-
Ha 32 MOJMHOMHAIBHOE BPEMs, TOT/Ia €e HCIOJIb30BaHNe
JONyCTUMO. J{JIsl OLleHKH HeOOXOMMO YYUTHIBATH CIIEIIU-
(uueckre cBOWCTBA ITMIITHYCCKUX KPUBBIX HAJ| PAIHO-
HaJIBHBIMH yciaaMi. OJJHAM U3 TaKUX CBOWCTB SIBISIETCS
BBICOTA TOYKH.

[TycTh BBICOTA ApOOH % e Q, HO(m, n) = 1, toe

HOJI — nanbonpmmii o0l 1emTels, 3aaaeTcs Kak [15]:
m
(%) = tog(max fmi, i}

BrIcOTOl TOUKH AITUNTHYECKOM KpHBOﬁ Ha3bIBaKOT BbI-
COTYy €€ 3Ha4YCHUS 10 KOOPpANHATE X. CHCHH(iJI/IKOﬁ rnpomuec-

ca MOCJICA0BATEIIBHOTO CIIOKEHUS TOYCK KPUBOM SIBIIICTCS
MIPEACKA3yEeMBIi POCT BBICOTHI KOOPAMHAT TOYKH.

Taxoke CyIIeCTByeT MOHATHE O KAHOHIMYECKON BBICOTE
h Touku P Ha kpusoit E(Q) [15]:

. _ h(2"P)
h(P) = lim———.
n—oo 471

JJ1s KaHOHUWYECKOM BBICOTHI BEPHO, YTO /sl BCEX
PeEQ)umel:

h(mP) = m2h(P).

Takum 00pa3om, 3Ha4YEHHE BBICOTHI TOYKH MOXKHO arl-
MIPOKCHMHPOBATh KBAJPATHIHON (PyHKITHEH.

BricoTa 103BOISIET MONYYUTh HEKOTOPYIO HH(OP-
MaIuo 0 Ko3phuIMeHTax, HO HE 00 MX 3HAYCHHIX.
CrenoBarenbHO, YeM OOJIbIlle PaHT AIUIMITUYECKON KpH-
BOH, TEM CIJIOJKHEE MOUCK KO3 PUIEeHTOB B ypaBHeHHH (1)
n3-3a OOJIBIIETO YMCIIa BO3MOYKHBIX BAPHAHTOB.

[IpoBenem oneHKY HEOOXOANMOTO KOJIHMYECTBO TOUYEK
0ECKOHEYHOT0 TOpsIIKa YISl JOCTHKEHHS YPOBHS Oe301ac-
HOCTH, IIPU KOTOPOM BpeMsI IIOUCKA TAKUX KOADPHUIIMCHTOB
Oyzxet OoIbIIIe TOTHHOMHAIBHOTO.

B ypaBHeHuu (1) 370yMBIIUICHHUKY U3BECTHBI KOOPIIH-
HAaTbl TOYKH (), COOTBETCTBEHHO, EMY H3BECTHO M 3HAYCHUE
BBICOTBI.

B ciyuae, xorna 7 = 0, 4ucII0 palMOHAIBHBIX TOYEK HA
KpuBOii koHeuHo. Kak cienyeT u3 Teopemsl Masypa, mopsi-
JIOK MOATPYIIIBI TOYEK KPYUYEHHsI HE MOXKET ObITh OOIIbIle
16, a mopsiiku caMuX TO4eK He mpeBbimaroT 12. Torna
HEoOX0qMMO Tepedparb OMH WK J1Ba ko3 duimenTa y
cymMbl Touek noarpymst £(Q),,,.., 9TO BBITOIHAETCS 3a
muneiHoe Bpemst O(1).

Ecmu r = 1, ypaBaenue (1) nmprobpeTaer BU:

Q=a1T1 +a2T2+ +anTn+b1P1.

B nanHOM ciyyae mo 3HaueHH0 /() BO3MOXKHO OIpe-
JeIUTh HeOONbIION TUana3oH A 3Ha4eHHs b; U HalTH
KO3(QPUIIMEHT 32 TOJIMHOMUAILHOE BPEMSI.

Ecnu r > 1, 3Has BbicOTYy TOUKU (J, HET BO3MOXKHO-
CTHU OIpeleNIuTh, kakue koddpduuuenTs {ai, ..., a,},
{by, ..., b,} ucronp3oBanuce B ypaBHeHHH (1).

Bribepem KpuByIO ¢ 7 = 2 U TPUBHAIHHOHN MOATPYIIIOI
Touek KpyueHus. Torma ypaBHeHue (1) MOXKHO Tiepenucarb
B BHUJIE:

Q:b1P1+b2P2'

3ajada 3710yMBIIUICHHUKA — HOUCK KOA(Q(UIIEHTOB b
U by. O4EBUIHO, YTO C YBEIMYCHHEM KOJIMYECTBA TOUYCK
OECKOHEYHOTO TOpsIIKa (MM paHra KpUBOIL), a ClIieoBa-
TEJIFHO, U K03()(OULMEHTOB, YBEITHYMBACTCS CIOKHOCTD
THIOKCKa.

OI[eHKa BBIYUCJIUTENbHOM CJI0KHOCTH MOUCKA
KO3(1)(l)I/lIII/l€HTOB U TOYEK B YPABHCHUU

PacemoTpum mogpobuee ypaBaernue (1). [ycTs 3mo-
YMBIIUICHHUKY W3BECTHBI TOYKH KPYYCHUS, TOUKH Oec-
KOHEYHOTO IOPSAIKA M UTOTOBas TOUKa (MJIM €€ BBICOTA).
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Torna 3aa4a 3710yMBIIUICHHUKA — HAWTH KOI(DPHUIIUCHTHI
{ay, ...,a,}, {b1, ..., b} .

OueBHUIHO, YTO MO’KHO ONITUMH3HMPOBATH MOJHBIN Iie-
pebop kodhHHUIMEHTOB, TaK KaK 3HAHUE HTOTOBO BHICOTHI
JaeT IONOJIHUTEIbHYI0 HHPOPMALHIO O KOd(DPHUIHEHTAX.
Jist IPOCTOTHI IOJIOKHUM, YTO TPYIIA TOYCK KPyUCHHS
TpuBHaNbHA. [ oncka ko3 puIneHToB mpeiaraeTcs
HCTIONIF30BATH CIIEAYIONINH aITOpPUTM TIOUCKA (AJTOPUTM).

AJropuTM. AITopuT™M noucka kon(duireHToB ypaBHe-
aust (1) mpu yciioBry, 4TO MOATPYyIIa TOYEK KpydeHus 7'
TpHUBHAJIbHA

OYHKUUA Iepebop_no_touxam(Q, r, {Py, ...
Bxonnble nannbie:  Q — neneBas TOUKa,
7 — KOJIMYECTBO TOYCK

s Pr})

OECKOHEYHOTO
MOpsIIKa,
{Py, Py, ..., P,} — nHabop Touek
0GECKOHEYHOTO TIOPSI/IKA.
HAYAJIO
ECII r==2

ip=1
TIOKA h(i, * Py) < h(0)
i1::i1+1
12:0
TIOKA h(iy * Py) < h(Q)
TIOKA (i, % Py + iy X Py) > h(0)
i] :=i1—1
TIOKA h(iy % Py + iy % Py) > h(Q)
iz::i2+1
ECIIM Q== i, x P, + iy ¥ P,
BEPHYTb {{i,, P,}, {ir, P,}}

BEPHVYTbH 0
MNHAUE
i=0

ITIOKA h(i x P,) < h(Q)
res := Ilepebop_no_toukam (Q —i x P, r—1,
{Ph "'ﬂPr—l})
ECJIA res #0
BEPHYTb res U {{i, P,}}
i=i+1
BEPHYTH 0

KOHEIL]

3amMeTuM, 4TO aJrOPUTM MOKCKA PEKYPCUBHO mepeOu-
paeT Bce BO3MOXKHBIE KO3(p(PHUIHEHTH I1d TOYeK OecKo-
HeuHoro nopsiika. Toraa, B cirydae AByX TOYEK, JaHHbBII
anmroputm Oynet nepebupars O(N(A(Q)) 3Hauenuii. Kaxmast
JIOTIOJTHUTEIIbHAS ToYKa OyJeT yBEJIUYHBaTh CIOKHOCTh
nepebopa emnie B O(N(A(Q)). Takum 00pazom, MOXKHO Ce-
JIaTb BbIBOM, YTO BBIYUCIUTE/IbHAA CJIOKHOCTDH aJlrlOpUTMa

orcKa Oy/ieT paBHa O((h(Q))%l).

Mogens kpunrorpaguueckoii cxemsl,
MOCTPOEHHOMH HA YIMNTHYECKNX KPUBBIX
Ha/l PAMOHAIbHBIMH YUCTIAMHU

[TocTpoum kpuntorpadMuecKie CXeMbl U IPOTOKOJBI.
[IpuBeneM mMoneNnb KPUITOCUCTEMBI, OCHOBAaHHOM Ha 3a7a-

4e 0 prok3ake. BeibepeM smmnTuueckyro kpusyro E(Q) ¢
r> 1, nabopamu Touek kpyuenus {71, ..., 7,,} u OeckoHeu-
Horo nopsiaka {/y, ..., I.}.

3amaauM CeKpeTHBIN KITF0Y KaK CBEPXBO3PACTAOIIYIO
HOCIEN0BATENbHOCTD TOUEK Py, Py, ..., P,, Ipu ycioBuwy,
YTO TaKWE TOYKH 3a/Ial0TCS KaK Ha0Op JIMHEHHBIX KOMOH-
HaIUH:

Pi=q\Ty+...+q, T, kI + ...+ k1,5 q, ke {0, 1}.

[Tox cBepxBo3pacraromeil NOCIeA0BaTENILHOCTBIO TO-
yek Py, P,, ..., P, OyneM HOHUMATb:

i-1
Vie {2...n}, h(P)>h(3 P)).
J=1
3amaauM cekpeTHoe Mpeodpa3oBaHue @, VIOBICTBOPS-
OLLEE CIEAYIOLUM CBOWCTBAM:
1) coxpaHsgeTcs omepamus CIOKECHHS Hall TOYKAMU dII-
JUTITAYECKON KpuBOH, T. €. (P + Q) = ¢(P) + ¢(Q);
2) cBepxBO3pacTaronias Mociaea0BaTeIbHOCTh TOYEK
Py, P,, ..., P, npeobpasyeTcs B HECBEPXBO3PaCTal0-
LIyro (P(Pl), (P(PZ)n (A} (P(Pn)a
3) mpeobpa3oBaHUil MOTOOHBIX () TOHKHO CYIIECTBOBATh
JIOCTaTOYHOE KOJIMYECTBO, YTOObI M30eKaTh aTaky Ie-
pedopom.
OTKpPBITBIM KJTIOYOM SIBIISIETCS MOCIIEI0BATEIBHOCTD

0P, 9(P2), .., 9(P,).

Jis mmpoBaHus COOOICHUS m= (b1, by, ..., b,), THE

b; € {0, 1}, Berancaum touky: C =Y b;@(P;).
i=1

HAnsa pacmuppoBaHUsS COOOIMEHUS BBHIYUCIUM
Q= ¢ 1(C). Tpu yciaoBuu, 4To i OT 1 10 1, OITYIHUM:

1) ecau h(Q) > h(P;), To b; =1, nunaue b; = 0,
2) 0=0-P.

B pesynbrare pacummdpoBanus moiydyuM cooOIIeHue
m=(by, by, ..., by).

OcHoBHas npo0JiemMa Takoil MoJiesin — OOoJIbILNE pa3-
MepBl KITFOYeH, TaK Kak HeOOXOAMMO XPaHUTh KOOPJIMHATEI
TOYEK, pa3Mepbl 3HAYCHUIH KOTOPHIX JTOCTATOYHO BEITUKH
nipu OOJNBIINX 3HAYCHUAX K03 UIIeHTOB. MOXKHO yTBEp-
JKJIIaTh, YTO TaKasi KPUNTOCHCTEMa 00JIadaeT CTOMKOCTHIO
K KBAaHTOBOMY KOMITBIOTEPY, a TAKXKe 3a7ada O PIOK3aKe
HE MOXET OBITh BCKPHITA C MoMoIIbi0 anroputma LLL
(JIenctpa—Jlenctpa—JloBaca), Tak kak pabora BemeTcs ¢
TOYKaMU AIITUNITHYECKON KPUBOM.

Pe3ysbTaThbl 3KCIIEpUMEHTOB

JIyist IpOBEPKHU TOYYESHHBIX PE3YJIBTATOB M OLEHKH
MPUMEHEHUS KPUBBIX Pa3IMYHBIX PAHTOB B KPUITOIpa-
(hum BBINIOTHEH psiJ] SKcriepuMeHTOB. OCHOBHBIC JKCIIe-
PHMEHTBHI TIPOBEJICHBI C IIETIbI0 UCCIIET0BAHMS TIOBEICHUS
BBICOT, a TAKXKE YPOBHS 030MACHOCTH UCIIOIB3yeMOM 3a-
Ja4d yIakoBKH prok3aka. [yt MoxenupoBaHus pa3pabo-
TaHBI IPOrpaMMBbl Ha si3bike Python ¢ ucmnonszoBannem
nporpammHoro obecnieuerns SAGE Math Ha mepconais-
HOM KOMITBIOTEPE CO CIEIYIOMINMY XapaKTePUCTHKAMM:
npomeccop AMD Ryzen 7 5800H, NVIDIA GeForce
RTX 3070 Laptop GPU, oneparusnas mamsats 32 I'b,
SSD 2024 I'b.
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Fig. 1. The dependences of the individual points {Py, ..

., Ps} heights (a) and the sum of two of them () on the elliptic curve E(Q)

on the multiplying factor n

Jnst onpeneneHust anmnpoKCUMUpPYoIied QyHKIUM a1st
BBICOT TOYEK B 3aBUCHMOCTH OT IIOMHOXKAIOIIETo Koa(hhu-
LIMEHTa OCYIIECTBIICH CIIE/YIOIINI SKCIIepuMeHT. BriOpana
kpusas E(Q): y2 +y=x3 —79x + 342 ¢ paurom r =5 u
TouKaMu OeckoHeuHoro nopsiaka Py = (3,11), P, = (7,11),
P;=(10,23), Py = (-6,24), Ps = (4,9). Ha puc. 1 noka3san
POCT BBICOT KaXKJJ0i TOUKH M CYMMBI IByX TOYCK TIPU YMHO-
JKCHUHU Ha pa3MudHbIe KodpumueHTs! oT 1 10 100.

Kax BHJJHO U3 ITOTy4YECHHBIX Pe3yJIbTaTOB, HAOMIOAACTCS
KBaJIPATHYHBIH POCT BHICOT, B TO JK€ BPEMs JJIS KaXKIOH
TOYKH POCT HE3HAYUTEIBHO oTiyaercs. OTcrona cienyer,
YTO MPH MOUCKe K03 uIHeHToB B ypaBHeHnu (1) mocra-
TOYHO CJIO)KHO OIPEACINTh, Y KaKOil TOUKH ObLIT HAHOOJb-
K KOIPUIIUEHT.

Paccmorpum cienyromyro 3aaady. Ilycte Ha KpuBOi
E(Q) Touxa Q 3anana B BHJE:

Q=b,P;+byP,.

3adukcupyem cymmy ko3punuenros b + b, = 100,
[IOCJICIOBATEIbHO YBEIUYHUBAs KOIPPUIHUEHT b; U yMEHb-
mrast ko3dunuent b,. Ha puc. 2 nokasaHna 3aBUCHMOCTb
BBICOTBI CYMMBI IIPHU U3BMCHEHWU COOTHOLICHUA YMHOXaro-
IHUX KO3(QPHUIIEHTOB.

3aMeTHM, 4TO MUHHMAJIbHOE 3HaY€HHE NTOrOBOH BBI-
COTHI pHC. 2 HAaONIOAAeTCs NMPU IIPUMEPHOM PABEHCTBE
K03 PUIUEHTOB b| = b,, B TO BpeMsl KaK MaKCHMaJIbHbIE
3HAYCHUSI TIOYYar0TCs, KOraa Ko GHIHEHTH! CHIIBHO pa3-
nrgarotcsi. OIHAKO MPUMEPHO OJIHA M T YKE BBICOTA TOUYKU
MOXKET TOJIy4aThCs OOJBIIMM YHCIIOM Pa3JIMuHbIX BapH-
aHTOB, HAIIPUMEDP, Koraa KOA(PPHUINEHTH! AI0T MEHBIIYIO
niy GonbLIyio cyMMbl. HeoOXoanMo UMeTh B BUILY, YTO IIPH
TOJIy4YCHHU U OOJIBIIIOTO 3HAYEHHUS BBICOTHI TOUYKH KpHBOﬁ
C MOMOII[BIO PACYETOB TPYAHO OIPEACIUTh, C TIOMOIIBIO
KaKkuX MIMEHHO KOA((QHUIUEHTOB OHa OblIa MOTyyYeHa.

[IpoBenem cpaBHEHHE anropuTMa MOJHOTO Tepedbopa
BCEX 3HAUCHMH U MPEIOKEHHOTO aJrOPUTMa TIOMCKA, IS

OLICHKH CIIOKHOCTH pelIeHHs 3a1a4u. B tabnuue moxasa-
HO BpeMs, NOJIy4eHHOE B IIPOLECcCe MOACITHUPOBAHUS IS
Pa3HBIX KPUBBIX U C Pa3JIMYHbIM O'PAaHUYECHHEM CBEPXY Ha
KO3 PUIMEHTHI ypaBHEHNUS. 38 OTHOCUTEIBHYIO SANHUILY
MPUHSTO BPEMsI PEILIeHUs 3a/1a4l TIOMCKa KO (UIIMEHTOB ¢
MOMOILBIO AITOPUTMA TIOMCKA IS SJUTUIITHYECKONH KPUBOM
E(Q): y2+xy=x3+1 ¢ r=2 1 MaKCUMaJIbHBIM 3HAYEHHEM
ko3¢ ¢urmentos 10.

Kak BuHO M3 TaOIUIIBL, TPEATIOKEHHBII aITOPUTM MO~
MCKa paboTaeT ropaszo OBICTpee aJropuTMa IIOJTHOTO Tepe-
6opa IpH UCTIOIBb30BaHUN KPHUBBIX 00JIEe BHICOKHX PAHIOB.
OTmMeTnM, YTO NMPEIOKEHHBIN aJTOPUTM UMEET 3KCIIO-
HEHIMAJIbHYIO CJIOKHOCTB, YTO HE MO3BOJISIET (P PEKTHBHO
peuiarh 3a7a4y MoMcKa yMHOKAIOIMX KOY(DPHUIINEHTOB.

h(nP; + (100 — n)P))
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HPH COXPAaHECHUH 3HAYCHHST CYMMBbI
Fig. 2. The dependence of the height on the change in the ratio
of multiplying coefficients by, b, for the sum of two points
while maintaining the sum value
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Tabnuya. OueHKa BpEeMEHH PELICHHS 3a/1a4H [OUCKa KO PUIIEHTOB

Table. Solution time estimation of the coefficient search problem

Bpewmst perienust 3a1a4u MoucKa
MakcumasbHOE 3HaYeHHe KOS (PHIIHCHTOB C IOMOLIBIO
DmunTHYeCKas KpuBast Panr
KOO GHULHEHTOB AJIITOPUTMA TOJIHOTO MPEUIOKEHHOTO
nepebopa, OTH. e11. AJIrOpUTMa MOKCKa, OTH. 1.

10 2,1459 1
PV +xy=x3+1 2

15 5,6280 1,7683

10 34,3741 30,1693
12=x3-52x+100 3

15 136,7492 81,2948

10 12508,3143 5724,5763
Y t+y=x3—T7% +342 5

15 98604,8883 33741,7067

3akJ0ueHue KOHEYHOITOPOXKIEHHOU Tpymiibl. JlaHHast 0COOEHHOCTH OT-

B pabore npoBeneHo ncciegoBaHNe TPUMEHIMOCTH
AUIMNTUYECKUX KPUBBIX HaJ PAlMOHAIBHBIMA YHCIIAMHU
B kpunrorpaduu. IToaydeHsl BaXHBIE TEOPETHUYECKHUE
pe3ynbTaThl — MaTeMaTndeckas 3a1ada, KOTOPYIO0 MOXKHO
HCIIONIB30BATh ITPH MIOCTPOSHUN aCHMMETPHYHBIX KPHUIITO-
rpaduuecKux CXeM, a TakKe MOJENIb KPUITOCHCTEMBI,
HCIIONB3YyIolIel paccMarpuBaeMblie KpuBble. OCHOBHAs
OTJIMYUTENIbHAsE 0COOCHHOCTh TAKUX CXEM — HaJM4ne Ha
KPHUBBIX HaJl PAl[HOHAIBHBIM T10JIEM TOYEK OECKOHEYHOTO
MOPsIIKA, TIO3BOJISIIOLIMX F€HEPUPOBATh YHUKATIBHbBIE TOUKH
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KPBIBACT HOBBIC BOSMOXKHOCTH ISl 3a/1a4 KpUnrorpaduu,
YUUTBIBASI PsIIT HEPEIICHHBIX TIPOOJIEM B 00JIaCTH SIUIHIITH-
YEeCKUX KPUBBIX HaJl palliOHAILHBIMU YnciaaMu. OTMETHM,
YTO OCHOBHOU HEJOCTATOK MPEUIOKCHHBIX KpUITOrpadu-
YECKUX CXEM — pa3Mep CEKPETHOro KJIo4ya J0CTaTOYHO
BEJIMK 10 CPABHEHHUIO C COBPEMEHHBIMH KPUIITOCUCTEMAMH,
MOCTPOCHHBIMH Ha 3JUIANITUYCCKAX KPUBBIX HaJl KOHEU-
HBIMU MOJAMHU. B pamkax nanbHeHIIUX MCCleI0BaHUM
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AHHOTALUA

Ipeamer uccaenoBanus. MuTerpanus aBTOMaTH3MPOBAHHBIX CHCTEM Ha HPEANPHUATHAX oOecmedmBacT
HHOPMAIIMOHHYIO MOAAEPHKKY ITAIOB KU3HEHHOTO LHKJIA U3JCNHS U AJIEKTPOHHOE B3aMMOAEHCTBHE MEXIY
COTPYIHHUKAaMH B TIPOLIECCE BBITOIHEHMS paOoT. [Ipy BEIIOIHEHNH TPOEKTHO-IPOM3BOACTBEHHBIX IIPOLEIYP COTPYIHHKI
MIPEANPHUATHH PEIIaroT pa3InuHbIe IPOSKTHBIC 3aJa4. 3a1a4i CBS3aHbI C aHAIM30M OOJIBIIOro 00beMa HHPOPMAIN
00 M3aenuu, IpeCTaBIsIeMol B BUAE OHTONOTUH. J{JIsl penieHns Takux 3aaad Tpedyercs pazpaboTka aaropurMa
JUISL U3BJIeYCHUsI MHGOPMALIUK U3 OHTOJIOTHH Ha OCHOBE 3a/IaHHBIX TpeboBaHuil. Meron. Pa3paboTaHHbIH aaroputm
COCTOMT M3 MATH 3TanoB. Ha mepBom stane GopMupyeTcs NpocTpaHCTBO MOMCKA MPOEKTHBIX perreHuid. Jlanee st
Ka)KJJOTO BapHaHTa MPOEKTHOTO PEIHICHHs] PACCUMTAHbI 3HAYEHMS LENeBOH (yHKINH U BHIOPAHO JIydllee POSKTHOE
pemieHue (BBITONHACTCS yCIOBHE MUHUMM3AIUY 3HAUCHUS IeeBol (yHKumn). Tpetnit sTam cBsi3aH ¢ BEIOOpOM
MIPOCKTHBIX PEHICHHH, ONU3KUX K HAllICHHOMY JIydIeMy PeIICHHUIO (OMpenemsieTcs 10 BEIYUCISIEMOMY PACCTOSHHIO
XommuHra). CrieyIomue 3Tarsl XapakTepU3yIoTCsl aHaIN30M 2JIEMEHTOB MHO)KECTBA BAPHAHTOB MIPOEKTHBIX PeIIeHIH
u GopMHpOBaHNEM HCKOMOTO HMPOEKTHOTO penieHus. OCHOBHBIE pe3yJbTaThbl. [IpeIoKeHb! MoCIe10BaTeIbHOCTH
JICHCTBUM, BBINOJHACMBIC HA 3TaNlax alropuTMa I'eHepaluu NPOeKTHhIX perieHui. [IpakTuyeckass 3HAYMMOCTb.
ANTOPUTM MOKET OBITh pEaTM30BaH Ha MPENPUATUAX JUIs 0OeCcTIedeH s TPOLEAYPBI PELIEHHs TPOEKTHBIX 3a7a4, 4TO
TI03BONUT Pa3paboTaTh CUTHATYPBI U CEMAaHTHKH YHU(PUIIMPOBAHHBIX CEPBHCOB ISl IPHUMEHEHUS IIM(PPOBOTO MacopTa.

KaroueBbie ci10Ba
AJITOPUTM, IU(POBOI MACHOPT, IPOEKTHOE PEIIEHHUE, OHTOIOTHS

Ccebuika st uurupoBanus: Jlonerkas FO.B. Anroputm reHepainy MpOEKTHBIX PELICHUH ISt YIIPABICHUS JaHHBIMU
U IPOCKTHO-IIPOU3BOJICTBCHHBIMH TIPOLIEAYPaMH Ha 3Tarax >KU3HEHHOTO LUKIIA 3JIEKTPOHHOro n3zenus // Hay4dno-
TEXHUYECKUH BECTHUK MH(POPMALMOHHBIX TEXHOIOTHH, MeXaHUKH U onTuku. 2022. T. 22, Ne 4. C. 681-690. doi:
10.17586/2226-1494-2022-22-4-681-690

An algorithm for generating design solutions for data and design-production
procedures management at the stages of the lifecycle of an electronic product
Julia V. Donetskaya™
ITMO University, Saint Petersburg, 197101, Russian Federation
donetskaya_julia@mail.ru™, https://orcid.org/0000-0001-5293-5025

Abstract

The integration of automated systems at enterprises provides information support for the stages of the product life cycle
and electronic interaction between employees in the process of performing work. This means that performing design and
production procedures employees of enterprises solve various design problems. The tasks are related to the analysis of
a large amount of information about the product presented in the form of ontology. This requires the development of an
algorithm to extract information from the ontology based on given requirements. The developed algorithm consists of
several stages. At the first stage, a search space for design solutions is formed. At the second stage, for each variant of
the design solution the values of the objective function are calculated, and the best design solution is selected. The best
solution is the one for which the condition of minimizing the value of the objective function is satisfied. The third stage
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AJ'IFOpIATM reHepaunmn npPoeKTHbIX peLIJeHVIl7I ana ynpassieHNAa JaHHbIMW. ..

is associated with the choice of design solutions that are close to the found best solution. The best solution is determined
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BBenenune

3ajaua co3JaHMs U UCTIONB30BaHUs IM(POBOTO MacHop-
Ta IEKTPOHHOTO M3/EIIHs Ha MPEANPUATHSIX 00yCIOBICHA
JByMs ITpuanHamMu. [lepBast mpryrHa 3aKIII04aeTCs B Opra-
HU3AIMN IEKTPOHHOTO B3aUMOCHCTBHS MCIIOTHUTENCH
JIOTOBOPOB C 3aKa34MKaM{ BHE 3aBHCHMOCTH OT TOTO, B
KaKUX OpPraHM3alysIX OHM pabOTaroT M KaKne CHCTEMbI
HCIIONIB3YIOT. BTOpas cBsizaHa ¢ aBTOMarusauueil reuepa-
LIUH TIPOEKTHBIX PELICHUI JJIs1 yNpaBICHUS JaHHBIMU 00
U3ACJIMHU U TPOCKTHO-IIPON3BOACTBEHHBIMHU ITPOLUEAYPAMU
[1,2].

O0e mpuyYMHBI 03HAYAIOT, YTO LUPPOBHIE Macnopra
JIOJDKHBI COZIEPIKaTh JIAaHHBIE ¥ 3HAHUSI 00 M3ETHsIX U Qop-
MHPYIOIIHUX UX TIPOSKTHO-IIPOM3BOACTBEHHBIX MPOLIETYPax,
BBINOJHAEMBIX Ha dTarax XU3HEHHOTo 1uKia. J{ist aToro
Ha MPEANPUSATUAX: BHEAPSIOT CHCTEMBbI, pealn3yonue
yIpaBJIeHUE pecypcaMu MPEAIPUSTHS, JAHHBIMU 1 3HAaHH-
SIMH 00 M3J€JIMH, TTPOU3BOICTBOM U Ka9€CTBOM IPOMYKIIUH,
WM CO3/IAI0T CTICIHAIN3UPOBAHHBIC 0a3bl JAaHHBIX W 3HA-
HUM; pa3pabaTeIBalOT MEXaHM3MbI HHTETPALUH U CTIOCOOBI
aBTOMaTH3aluK (HOPMUPOBAHUS TAHHBIX, OIPEIEIIAIOIIIe
COZIep)KaHUE TEXHNYECKON TOKYMEHTAIHH.

PaccmoTpum Hay4dHbIe pabOThI, B KOTOPBIX HAIIUTH MO/
TBEP)KJCHUE JJaHHBIE MTPOLIECCHI.

B paGore [3] paccMoTpeHa mpoiieaypa aBToMarusa-
1 GOpMHUPOBAHMS MHCTPYKIMI IO MCIOIb30BAHHIO
YCTPOMCTB CHUTHAIN3AINH, IIEHTPAIM3AMN 1 OJIOKHPOBKH.
Jnist mporiecca aBToMaTu3auy pa3padoTaHbl OJHOMMEH-
HBIH MPOTrpaMMHBIN MOIYITh 1 0a3a TaHHBIX. [IporpaMMHBIi
MOJYITb TIO3BOJISIET 00pabaThIBaTh MEPEYHH Ia0JIOHOB J10-
KyMEHTa, 3alloJHAEMbIX 00s3aTEeIbHBIX 1 HE 0053aTelb-
HBIX TIOJIEH, a Taloke O0IMHKif mepedeHs pa3padaTbIBaMbIX
pas3naenoB MHCTPYKUMH. baza HaHHBIX COAEPKUT TIIaHbI
CTaHIIUI YKEJIC3HOU TOPOTH, BKITIOYAIOIINE HH(OPMAIIUIO O:
cBeToopax, CTpesKax, nepeessiax, pesbCoBbIX LEMSX, PO/e
TOKa M UCTIOJIb3YEeMOI YacToTe, a TAaK)Ke PacIIOIOKEHUN U
MPUHIIUIE IEHCTBUS YCTPOUCTB.

bnaronapst Tomy, 4To madIoHBl perIaMeHTHPOBAHbI
TpeOOBaHUAMHU OTPACIEBOTO (hopMara TEXHUUYECKOH J10-
KyMEHTAIM, MECTOIOJIOKECHHE TTOJIEH M pa3JesoB OJ-
HO3HAYHO M3BECTHBI. JTO MO3BOJISIET pa3pabOTUMKy B
MHTEPaKTUBHOM peXnMe (OpPMUPOBATH WIJIH BEIOMPAThH
TpeOyemblil malIloH, TTOCIIe Yero MPUCTYIATh K ero 3amod-
HeHuto. [Ipuuem BapuaHT maOoHa COOTBETCTBYET BUIY
9KCIUTYaTHPYEMOT0 yCTPOICTBA U COAEPKHUT TOIBKO TE
MEPEUHU Pa3AeIOB UHCTPYKIIUHU, KOTOPBIE JTOJDKHBI OBIThH
chopmupoBanbl. OTMETHM, YTO 3aNOJHEHHUE COAEpIKa-

HUSI Pa3/esioB MHCTPYKIIMK YaCTUYHO AaBTOMAaTH3UPOBAHO.
Hanpumep, nadopmanus, XxpaHumasi B 6a3e JaHHBIX, BBO-
JIATCSI B TEKCT MHCTPYKINH aBTOMaTHYECKH, a Pa3pabOTIHK
MOXET BbIOMpaTh TpeOyemble eMy JaHHBIE M3 CIIHCKOB.
T'oToBBIE TOKYMEHTBI IPOBEPSIIOTCA HA KOPPEKTHOCTD 3a-
MIOJTHEHUS BCEX TIOJIEH U COXPAHSIOTCSI OJHOBPEMEHHO B
IByX popmarax — tekctoBom MS Word u crienmanu3upo-
BAaHHOM — Ha JHUCKaX.

3HAYUMOCTh pEUICHUs 3a7a4dl aBTOMAaTH3alUuu pas-
pabOTKKM TEXHUYECKOU NOKYMECHTAIMU JoKa3aHa B [4].
[Toka3zaHno, 4T0 OMMOKH, ONMYyIIEHHBIE TPU pa3paboTke,
OKa3bIBAIOT BIIHMSHUE Ha 0E30IaCHOCTH yIPaBICHUS JIBH-
JKCHHEM T10€3]10B, 2 UIMEHHO, Ha U3MECHCHNE TEXHHIECKO-
TO COCTOSIHMSI CHCTEM JKEJIE3HOOPOKHOI aBTOMATHKH U
TEJIEMEXaHNWKH, YTO MOXKET CO3/1aBaTh YCIOBHS OMACHBIX
OTKa30B O0BEKTOB YIIPABICHHUSI.

B paborax [5—7] paccMOTpeHBI CIOCOOBI peIIeHHs 3a-
Jay aBTOMAaTH3allMK (HOPMHUPOBAHUSA KOHCTPYKTOPCKOM
JOKyMEHTaluu TabnuuHoro Buga. ®opMupoBaHue BBI-
MOJHEHO HAa OCHOBE aHalM3a 3HaYeHHH CTONOIOB 0a3bl
JITAaHHBIX, COZIEpIKallleil CBEIEHHsI O COCTaBe U CTPYKType
nzaenuil. [Tonck naHHBIX, ONPEACISIONINX COJIEPIKAHHE
3aJ]aHHOTO BH/A JIOKyMECHTAIINH, BBITIOJIHSETCS 110 3aIIpoCy
0003HaUEeHNS TPOCKTUPYEMOTO U3AEIHS U JIOTIOTHNUTEIb-
HBIX [TAPaMETPOB COITIACHO BUJLY TOKyMeHTa. Pe3yibrar no-
MCcKa — uHpOpManus A1st pa3paboTKH KOHCTPYKTOPCKOTO
JIOKYMEHTa, OTCOPTUPOBAHHAS U MPE/ICTaBICHHAS COTIIACHO
tpeboBanuam ['OCT. OdopmiieHHBIH U cHOPMHUPOBAH-
HBIN TOKyMeHT B (hopmare «.docy mmu «.pdfy xpanuTcs Ha
JIICKE COBMECTHO CO CIEIMaTU3UPOBAaHHBIM (hOpMATOM,
COZIEpIKALIMM CTPYKTYpY IIa0JioHa.

IMocTanoBKa 3a1a4u reHepanuu
NMPOEKTHBIX peleHnii

B pesynsraTe aHanmm3a HayqIHBIX paboT MOXKHO C/IETATh
BBIBOJI, YTO aBTOMATH3AIHS CO3aHUS TEXHHUECKOH TOKY-
MEHTAIN1 CBA3aHa C HECKOIBKUMHU 3amadamu. Heobxomma
pa3paboTKa XpaHWJIMIIA TAHHBIX 00 M3EIHH, OTy4aeMbIX,
KaK Ha dTanax pa3padoTKH U TOJIrOTOBKH IPOU3BOJCTBA,
TaK U MpH IIPOU3BOACTBE, B MIpOLEecCe UCTIBITAHUN U37e-
nuit [8—-10] u uccnenoBanuu ux orkazon [11-13]. B xaue-
CTBE XpaHWJIMIIA MTPEJIOKECHO MCIONIB30BaTh H(POBOM
MAcHopT U3ENHNs, colepKaluii HHPOPMAIUIO HTAIOB
JKU3HEHHOTO TuKiIa u3nenus. [lacmopt gpopmupyercs Ha
OCHOBE OHTOJIOTHYECKOTO TIO/IXO0/1a.

Tpebyercst pazpaboTka MpoIeyp aHaIN3a U CHHTE3a
TIPOCKTHBIX PEIICHUI U OMTUCAHUE MPEIBIBIIEMBIX TPeOO-
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Banui. TpeOoBaHust — YeTKue 3HAUYCHHSI, TAKHE KaK 000-
3HAYEHHEe U3/ENHs, sl KOTOPOro (popMupyeTcst JOKyMEHT.
Torma morck MHPOPMAIIMY B XPAHUJIHIIE 3aKIIIOYACTCS B
aHaJIM3e 3HAYCHHUH CTPOK B KOHKPETHBIX CTOJIOIAX TAOHIL.
Pesynbrar morcka — COBOKYIHOCTh WH(popMaIiuu, oopa-
3yIOMIasi COACPKAHNUE JIOKYMEHTAIMH, 10 TIOJTHOMY HJIN
YaCTUYHOMY COOTBETCTBHUIO 3HAUEHHS CTPOKU 3HAYCHHIO
TpeOoBaHus.

3ameTuM, 4TO 3a/laud aBTOMATHU3alUU HE OrpaHHYH-
BAIOTCSl TOJIBKO (DOPMUPOBAHMEM JIaHHBIX, OMPEIEIISIO-
HIMX COJEPKAHNE HEKOTOPBIX BUJOB KOHCTPYKTOPCKUX
JOKyMeHTOB. PaboTsl Mo nudpoBru3anuu NpoleCccoB
MIPEANPUATHI ONPEENsIOT He00X0JMMOCTh MOCTaHOB-
KM 3aJ]a4 aBTOMaTU3aluu B Oosiee IMUPOKOM CMBICIE —
TpeOyeTcst pa3paboTKa aJropuTMOB JUIs YIIPaBJICHHS He
TOJILKO JIAHHBIMU 00 W3/IENIUU, HO U JUTsl YIPABICHHUS TIPO-
€KTHO-IIPOU3BO/JICTBEHHBIMHU MPOLIEAypaMU Ha MPEANpPHs-
Tusix. [IpoeKTHbIE penieHust 00pa3yrTCsi COBOKYTHOCTHIO
JIAHHBIX, UCTIOJIb3YyEMbIX ISl pPa3pabOTKH i KOPPEKTUPOBKU
TEXHUYECKON — KOHCTPYKTOPCKOM, TPOrpaMMHON WJIU TEX-
HOJIOTMYECKOW — JIOKYMEHTAIUH, ISl YIIPaBISHHUS MIPO-
€KTHBIMU M MTPOU3BOACTBEHHBIMU Ipoleaypamu. [Ipuuem
Tpe6OBaHI/IH, MpEABABIACMBIC K TAKUM IMMPOCKTHBIM pElIC-
HUAM, MOT'YT 6bIT]: 3alaHbl HCUCTKUMU 3HAYCHUAMU.

Iens paboTel — pa3paboTka aaropuT™Ma aBTOMAaTH-
3aIlMU TCHEPAIUU MPOCKTHBIX PEIICHUI I yIpaBlie-
HUS JaHHBIMH U IPOCKTHO-TIPOU3BOICTBEHHBIMU MPOIIC-
JIypamH.

[ycTh UCXOMHBIMU JaHHBIMH TSI AITOPUTMA SIBIISTFOTCSL:

RS = (rsy, rsy, ..., I'Sy) — MHOXKECTBO § TPeOOBaHMUIA,
MPEABSIBISIEMBIX K COACPIKAHUIO IIM(PPOBOTO MACHOpTa,

RP = (rpy, rps, ..., 1p,) — MHOXECTBO p TpeOOBaHHIA,
MPENBSABIAEMBIX K IPOSKTHBIM pemIeHusM [ 14],

a TarKke MoJIeNb [IU(POBOro Macrnopra 3I1eKTPOHHOTO
U3JIeNNsS, COJEPIKAIIEero 3HAHUS O JaHHBIX 00 W3JeHH
(B Bue nH(MOPMAMOHHBIX 0OBEKTOB CHCTEM) U (POPMHU-
PYIOLIMX UX MPOEKTHO-TIPON3BOJCTBEHHBIX MPOLEaypax,
BBITIOJTHSEMBIX HA Tanax KU3HEHHOTO [UKJIA.

B Hacrosimie#t pabore Mozxens nudpoBOro macrop-
Ta — METAO0MUCAHKHE OHTOJOIHH IU(PPOBOrO MACIOPTA.
[ToCKOIBKY OHTOJIOTHSI — KOPTEXK, COCTOSIIIUI U3 MHO-
xkecTB kiaccoB (T) u arpubyToB (A), MaTPHUI] COTIOCTaB-
nennii (P) n cmexnoctu (R) [15], To ee MmeTaonucanme
MOYKHO OTIpenenuTh B Buze [16]:

D=, d,,...,d), D c T— mHOxecTBO k nHpOpMa-
UOHHBIX 00BEKTOB, (OPMUPYEMBIX HA dTanax >KU3HEH-
HOTO IMKJIa CPEICTBAMH CHCTEM YIPABIICHHS pecypcamu
MpeanpuATus, 1aHHbIMA 06 U3JCIINH, HpOHSBO[{CTBeHHOﬁ
JIeITEIbHOCTBIO WITM KaueCTBOM TPOYKIINH;

r = (pry, pra, ..., pr,), Pr ¢ T — MHOXecTBO 7 Ipo-
€KTHO-TIPOM3BOJICTBEHHBIX MPOLENYP, BHIMOIHICMBIX Ha
JTanax >KU3HEHHOTO IUKJIa;

Cl

C11 Cin C
C-= cjj ..:__?, k;j=1, n — mo-

Cr1 Cin Ck

;[em, KOMIIOHEHTOB LU(PoBOro macmopra, rae ¢; € C;,

={d,, pr;), ecnn nEPOPMALOHHBIH OOBEKT d; € D CBSI-
3aH OTHOLIEHHEM «(HOPMUPYETCS» € MPOESKTHO-IIPOU3BOI-
CTBEHHOM npouenypsl pr; € Pr, c;; = (0, 0) B UHOM Cllyuae
(B oTyIMuME OT YKa3aHHOTO B [16])

U = (uy, uy, ..., up), U c A — Mozens mapamMeTpoB
KOMITOHEHTOB IU(POBOTO MACIIOPTA;

g1(Cy) 91,(Cy) Gi(C)
G=| --- gl-l-(C,-) p Gz(Cz) ﬁc =1, p,
91(Cp) gkp(ck) Gk(ck)

G < P — mogenb onucanuii KOMIIOHEHTOB I (POBOTO IMa-
cnopra, raie g;(C;) € G(C)), C; € C, g;{C) =(C;, u;), ecnn
KOMIIOHEHT 1udposoro nmacnopra C; € C cBiA3aH OTHOLIE-
HHeM «omnHckiBaeTcs» ¢ napamerpom #; € U, g,(C;) =0, 0),
B UHOM ciy4ae (B OTJIMYHUE OT yKa3aHHOF0 B [16]);

Z(C) = |Z;(C;, C))] — mopnenb 3aMeIIeHHs ONUCAHUI

KOMIIOHEHTOB uI/I(i)pOBoro nacnopra, rae Z(C;, C;) =
_10, G{(C) £ GL(C) . Tk

I, G(C)cG(CY ki -

X(C) = |X, U(Cl, C])|, X(C)c R, i,j=1, k — monens
B3aUMOJICHCTBHSI OITMCAHUH KOMITOHEHTOB ITU(POBOTO Ta-
cIiopTa, rae Xij(Ci, Cj) = 1, ecniu onMcaHWE KOMIIOHEHTA
nudposoro nacnopra G,(C;) € G cBA3aHO OTHOLIEHUAMH
(cormacto [15]) ¢ onucannem G(C)) € G, Xj(C;, ) =08
MHOM ClTy4ae.

Torna mis ar000TO MPEANPHUATHS OTPACTH TPUOOPO-
CTPOCHHUS 3ajlauya aBTOMaTH3al[Ui TeHEePaluy POCKTHBIX
peLIeHuil sl yIpaBieHus TaHHBIMU U [TPOEKTHO-TIPOU3-
BOJICTBEHHBIMH NPOLIEAYPAMHU CBOJUTCS K aHAJIN3Y OIHU-
CaHMH KOMITOHEHTOB IM(POBOTO nacrnopra MHOXecTBa G
cornacHo TpeboBanusiM RP u RS.

Amnanus3 a5eMeHToB MHOXecTBa G Ha OCHOBE TpeboBa-
Huii RS mo3BoiseT onpenenuTs Te U3 HUX, 9TO 00pa3yloT
coziepaHue IH(POBOTo MACIOpTa Ha KOHKPETHOM TIpeI-
npusaTuu. Ilockonbky Tpeboanus RS 3a1anel BepOanbHo,
To Kaxkaomy anementy G{C;) € G, i = 1, k coorBeTcTBYyET
3HaueHUe (DYHKIMU NTPUHAUISKHOCTH HEUETKON IIepeMEH-
HOM, KoTopas cornacHo [17] umeer Bu:

(C: U, uc(U)),

rmie Z’i € C — amemeHTH MaTpuisl C, yIOBICTBOPSIO-
mue TpeboannaM RS, KoTophle onpeensoTcs Ha OCHOBE
skcnepTHbIX olleHOK; U € U — nogMHOKECTBO MHOXKE-
CTBa IIapaMEeTPOB KOMIIOHEHTOB HU(POBOro Macrnopra,
yrosietsopsommx tpedosanuam RS; pe (U) — dpynkums
NPUHAIEKHOCTH, XapaKTepU3yIollas BEPOATHOCTb TOTO,
4TO IapamMeTpsl U3 MHOkecTBa U ONUCHIBAIOT KOMIOHEHT
mu¢posoro nacnopra C; € C.

Brruncnenue 3HaueHnid QyHKIUN MpUHAIIEKHO-
CTI/I OIMCAHO B pa60Te [17], pesym,TaT MHOX€ECTBa —

C C c
((Dl s ('021a [RRN) ) (('01 s 0‘)22’ cees 2) [N
(wl , cog", e k) I[Jm pEIICHNUS 3a0a9y TIOUCKA IPO-

€KTHOTO pemeHH;I IIOJTyYCHHBIC 3HAYCHHS IPUBEICHBI K
YeTKUM — 1711 Kaxkporo anementa G(C;) € G, i= 1,k
BeIYKCIEHBI 3HaueHus Q = (QC1, QC2, ..., QCk) meTonom
LEeHTpouIa

C
max(o,% —
QC':'#) i=1kj=1p, )

k ’
Zmax(mjcf)

rIe o; Ci — 3HadeHne QyHKIMN IPUHAICKHOCTH Hc, cO-
OTBCTCTByIOH.[ee sHauenuto u; € U; QG e Q — 3HaueHue
nentpouna i anementa G(C;) € G, conepaariee 4eTKoe
3HAUYE€HHE HEYETKOUN MepeMEeHHOM.
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Amnanus meMeHTOB MHOXecTBa G, contacHo Tpebo-
BaHusAM RP, mo3BosnsieT onpenenurs Te U3 HUX, KOTOpbIE
00pa3yIoT IPOEKTHOE PElIeHHe Ha OCHOBE COJEp KaHHs
undpoBoro macmopra Ha KOHKPETHOM IPEINPUSTHH.
Wcnons3ys anroputm Takarn—Cyreno—Kanra, B pabote
[18] ommcana mporenypa cHHTE3a IPOSKTHBIX PEIICHHH,
coJieprKamiasi HeYeTKUE MpaBuia JOTHIECKOTO BBIBOJA.
IMomyuum, Ha OCHOBAaHUM BbIpaskeHus (1), 1 BbIUMCIEHUS
snagennit QCi (i =1, k):

— P
QC = Wl/. blO + Z‘ibllrp/ ,
j=

— P
Q@= Wz"(bzo + szj"’l’j),
)=

— )4
QCk = Wk"(bko + Lbyrpsl,
=

rnew/ € W (i = I,_k) — pe3yibTar akTUBU3ALMY 11032~
KJIIOUEHUH HEYeTKUX NpaBuil cornacHo pabore [19]; by,
bj; — KOO GULHUCHTL, OIPE/CISIOIIE BECa, BBIMHCISCMbIC
Ha dTanax HeYeTKOro JIOTMYECKOro BBIBOJA.

CoBokynHOCTb Bbipakenuit QC1, QC2, ... QCk 060011e-
HA ¥ 3allUCaHa B MaTPUYHOH Gopme

Q=Mp+e, 2)

rae € — omubka; M — neTepMUHUPOBAaHHAS MaTpHUIlA
pa3mepHocTd k X p, coracho [19]:

wi" Iy wi"rp),
’
Wl' }”pj . S

!
wi'rp),

M=W-RP =
wi"rpy

rae p — Bexrop-cronben Buna B = (by, ..., by, by, ...,
b2p, by, bkp); W — MHOXXECTBO PE3yJIbTaTOB aKTH-
BU3AIMHU MTO3AKTIOUEHUN HEUETKHUX MTPABUIL.

Torma KICKOMBIM TIPOEKTHBIM PEIIEHHEM SBIISFOTCS e~
MeHTBI MaTpuilbl X(C), KOTOpBIE YIOBIETBOPSIOT KpUTE-
puto monoOus BHIA:

k J—
A) = gl(ﬂ ~Q)=(Q-M-B)7(Q-MB) - min. (3)

IIpeobpasys Beipakenue (3), cormacHo paboram
[18, 19], momydeHo BhIpaskeHHUE JIJISl BBIYUCIICHUS DJIEMEH-
TOB BEKTOpa-cTonoma 3

p=M"™M) - (MTQ). “4)

PaccMoTprM BapHaHTBI TeéHEpaUK MPOSKTHBIX perie-
HUH Ha OCHOBE OMOMHCITUPUPOBAHHBIX AJTOPUTMOB.

BapuaHThI a1TOPUTMOB reHepalMu MPOEKTHBIX
peuieHuit

CornacHo paboram [20-28], aHamn3 METaOMUCAHUNA
OHTOJIOTMH COOTBETCTBYET MPOLIEIYPaM OTOOPAKESHHS HITH
KJIACTEPU3AIINH, JJIsl aBTOMATU3AINH KOTOPBIX UCIIOJb3Y-
FOTCsI OMOMHCTINPUPOBAHHBIE ANTOPUTMBI.

[pouenypa oToOpa)keHus 3aKIFOYaeTCs B TIOKCKE Ce-
MaHTHYECKUX CBS3CH MEXIy BepIIMHaMu rpad)oB MeTa-

oHTojxoruil. OCHOBHas 3ajlaua MOMCKAa — pPacyeT MephI
ceMaHTHYecKoi Om3octu. B [20] Mmepa 6iu3oct — KoM-
MJEKCHAas Mepa, AJ BHIYMCIECHUS KOTOPOH MpeaIoKeH
AITOPUTM MHOTOKPHTEPUAILHON ONITUMH3ALUN METOIOM
«post gacTui. KommekcHast Mepa O1mu30cT — cpezHee
apupMeTniIecKoe 3HaYEeHUE IISITH BUIOB Mep OIHM30CTH C
y4eToM BecoBoro ko3 dunnenTta. 3HaUCHIE BUIa MEPHI
67M30CTH BBIYMCICHO HA OCHOBE aHAN3a 3HA4YCHUH Bep-
mMH rpad)0B METAOMMCAHUN OHTOJIOTHH, 3aJaHHBIX BEP-
0aJbHO, @ BeCOBOTO K03(h(HUIMECHTa — Ha OCHOBE IKCIIEPT-
HOM OLIEHKH WJIM aBTOMATHYECKH C ITOMONIBI0 00y4aeMoii
HelipoHHOI ceTn unu anroputMma. B [21] mepa cemanTtu-
4eCKOM OJIM30CTH — DKBMBAJICHTHBIN THUIT CEMaHTHUYECKOH
0JM30CTH, BBIYUCIISIEMBIN B COOTBETCTBHH C METOAAMH M3
pabor [22-26] u npeUIoKEeHHBIM THOPUIHBIM ONTHMH3a-
IIMOHHBIM aJITOPUTMOM OAKTEPHAILHOTO M KYKYIIKHHOTO
noncka. Kputepunii — moporoBoe 3HaueHUE, TPEBHIILICHNAE
KOTOPOTO CBHJIETEJILCTBYET O 3HAYMMOCTH SKBUBAJICHTHON
CEMaHTHIECKOHN OJIM30CTH.

B cBoto odepenp mpoueaypa KiacTepu3anni 03Ha4aeT
00beANHEHNE B TPYIIIBI CXOKHUX IEMEHTOB METAOINCa-
Hust onronoruu. CorntacHo padoram [27, 28], mporenypa
BBINIOJIHEHA C MCIOJIb30BaHUEM AJTOPUTMOB Ha OCHOBE
MOBEJICHUSI MUETTMHON KOJIOHUH, Pa3IuyaeMbIX BbIYHCIIC-
HHEM Kputepues nopodus. B pabore [27] kpurepuii yuu-
TBIBAET BEC BEPIIMHBI U Bec pedpa rpada MeTaorucanus
OHTOJIOTHH, a B [28] NPEJIOKEHO BBIYUCIUTD PACCTOSIHUE
X3MMHUHTa MKy HIEMEHTAMH.

[Ipn 5TOM anropuT™M Ha OCHOBE MOBEICHHMS ITYEITNHOMN
KOJIOHMH COCTOUT M3 YeThIpex (ha3: MHUIHAIN3aluH, pado-
YHUX IT4el, MYe-Ha0oaTenell i miei-pa3BeIanKkoB, 00e-
CIIEUMBask €70 TOUHOCTH ¥ OBICTPOAEHCTBHUE IO CPABHEHHIO
¢ npyruMu anroputMamu [29-31].

B ¢da3ze ununmanuzanum 3agaeTcs HadyajJbHOE MPO-
CTPAHCTBO TOMCKA MPOEKTHBIX PELICHUN U MapaMeTphl
pabots! anroputma. [IpocTpaHcTBOM IoMCKa OnpeesieHo
MHOECTBO MPOEKTHBIX aJIETEPHATUB, HIEMEHTHI KOTOPO-
ro aHAJIU3UPYIOT NPU NPUHATUU MPOEKTHOTO PELICHUS.
AHanu3 BBITIOIHEH Ha OCHOBE KPUTEPHs 110o100us, hopmy-
JMPYEMOTO CONIACHO TPEOOBaHMUAM I Mepe OIM30CTH
JIEMEHTOB JApyT Apyry. Ilapamerpsl paboThl anropurMa:
KOJIMYECTBO ITUENI-areHTOB, MCIOJIB3YEMBIX [UISI TOMCKA
TIPOEKTHOTO peIIeHus B (hazax pabodnx MIer; KOMHISCTBO
m4es-HaboaTeNeil; yclioBre 3aBepIIeHUs IPOIELYPhI
TIOUCKA.

®daza pabounx myes oOpazoBaHa COBOKYIMHOCTBIO He-
CKOJBbKUX AedcTBUM. [Ipexae Bcero BBIIIOIHEH pacuer
3HAYCHUHU LeNeBbIX QYHKIUN A KaK0H MPOEKTHOMN
aJBTEPHATHBBI U BEIOOP HAMJIYYIIEro ITPOSKTHOTO pellie-
HUSI CpeaM BO3MOXHBIX. JIto0ast mpoekTHas anbTepHaTH-
Ba MOXKET OBITH omnpesesneHa AByMs criocodamu. [lepBbrii
Cr0co0 — TpeCTaBICHUE POCKTHBIX aJIbTEPHATUB HIIH
BEpPIINH rpada METAONMCAHUI OHTOJIIOTHH B BEpOATHHON
thopme, a Bropoit — B uncnoBoii popme. [Tpudem ecim Bep-
IIMHBI 33JaHBl BEpOAIbHO, TO KAXKI0H N3 HUX MOCTABICHO
B COOTBETCTBUE YHCIOBOE 3HAYCHUE, UCIIOIB3YyEMOE JUIS
pacuera 3HAYCHHS LIEJICBOH (QYHKIIHH.

Jlanee mpoBeAeH MOMCK M pacyeT 3HAUYCHUS IIeNIeBOIl
(DYHKIIMH COCEIHETO MPOEKTHOTO PEIICHUs JJIsl BEIOpaH-
HOTO HaMJIy4IIero peuleHus, Mo pe3ynbTraTaM KOTOPOTo
peann30BaH BBIOOP JIyUIIEro POSKTHOTO PEIICHUsI CpaBHE-
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10.B. doHeukas

HUEM 3Ha4eHuit 1eneBbIX GyHKuuit. st moncka coceHero
pELIeHHUS UCTIONB3YETCs JII000H Croco0, HApUMep, OJUH
U3 IPeITIOKEHHBIX B paborax [27, 28, 32-34]. Pacuer 3Ha-
YeHUS 1eJIEBOI (DYHKIMH U BEIOOP HAWITYUIIIETO IIPOSKTHO-
TO PELICHUs OCYIECTBIECH Ha OCHOBE KPUTEPHS MOA00NSI.

da3za nuer-nadmronareiel BKIOYAET IEHCTBYS, aHAJIO-
THYHBIC AeHcTBHAM B (ha3e pabounx muen. M3 Beex mydmmx
pemeHuii, HaliIGHHBIX pabOYNMU ITYeTaMHU, BBIOMpPAETCs
OJIHO HaWJIyullee C HEKOTOPOH BEPOATHOCTBIO. JlJIst 3TOrO
MOJKET OBITh MCIONB30BaHA OFHA U3 CXEM, MPEIII0KCH-
HBIX, HanpuMmep B pabote [35]. [Touck u pacyer 3HaUCHUS
1eJIeBOi (DYHKIIMU COCEIAHEro pelleHus il BBIOpaHHOTO
pelIeHus], o pe3yabraTaM KOTOPOro peasu3yeTcst BEIOOp
Jy4ILIEero MPOeKTHOTO PELIeHUs, IPOUCXOAUT CPAaBHEHUEM
3HAYCHUH 1eJIeBbIX (DYHKINH, YTO COOTBETCTBYET paHee
N3JI0)KEHHOMY TIOJIXOJTY.

daza muen-pa3BeUNKOB 3aKI04aeTCs B (HOPMHUPOBaA-
HUM HOBOTO MPOCTPAHCTBA TOMCKA MPOEKTHBIX PEIICHUI
Ha OCHOBE aHAJIN3a MPOCKTHBIX PEIICHUH, OTBEPTHYTHIX
Ha mpeasaymux (aszax. Ecim He BBIIOIHEHO yCIOBUE
3aBEpUICHUs TIONCKA, TO OCYIIECTBISIETCS] BO3BPAT K (haze
pabounx myern; Ha4Ye MOTyUYeHHOE MPOEKTHOE peIleHne
COXpaHseTcs M aJTOPUTM 3aBEepIIaeTCs.

AJITOPUTM reHepanuu NMPOeKTHBIX pereHni

B HacTostmieli paboTe Ha repedncIeHHbIX (pa3ax BBITION-

HEHBI CIIETYIOIINE STAITbI.
dopMupoBaHUe dIeMEHTOB MHOkecTBa rsG — G 1o

Moziesi G, a Tak)Ke BBIYMCIICHNE 3HAYCHUH (QYHKIUIT npu-

HaanexxHoctu napamerpoB U u TpeGoBanuii RP BbITONHS-

eTCsl Ha OCHOBE PaboT [15] u [17] cCOOTBETCTBEHHO.

— Drtan GpopMUpPOBaHUs HAYaIBHOTO MPOCTPAHCTBA MO-
WCKa IIPOEKTHBIX PELIeHUH 03HaYaeT BBIYHUCICHHUE 3Ha-
wennit Q = (QC1, QC, ., QC), W= (w,", wy/, ..., W)
¥ BEKTOPa-cToJONa f} B COOTBETCTBUU C BBIPAKCHUS-
mu (1) u (4). B urore hopmupyroTcsi 1Ba MHOKECTBA!
rsGSearch C rsG, cocTosIero 3 He3aMeHsIEMBIX dJIe-
meHToB Matpultsl Z(C), u rsGStorage  rsG, cocros-
I[ee U3 BCEX OCTAIbHBIX 3JIEMEHTOB.

— Ortan BbIOOpa M OLIEHKH IIPOEKTHBIX PelleHni 3aKIoya-
eTcsl B BbIUMCIICHHH 3HaUeHU © u A(B) [u1s1 2IeMeHTOB
MHoxecTBa rsGSearch Ha ocrnose (2) u (3).

— Ha stane noucka HOBBIX IIPOEKTHBIX PELIEHUH BbI-
YUCIIMM M NPOaHAIU3UPYEM 3HAYCHUS PACCTOSHHS
XOMMHHTa MEXK]Ty 2JIEMEHTaM1 aHAJTM3HPYEMOT0 MHO-
JKECTBa.

— DrTan noucka JTyYIIuX IPOCKTHBIX PEIICHUN CONCPIKUT
necTBus st a3 pabodmx mUen U maei-Hadronare-
neii. @aze paboUMX MYET COOTBETCTBYET pacueT Be-
POSTHOCTEH BBHIOOpA KaXKIOTO JIYUIIETO MPOSKTHOTO
pemenus. B ¢asze muen-nabmomareneit popmupyercs
MHOYXECTBO JIyUIIINX MPOEKTHBIX peIIeHuil, o0pasyto-
HIMX UCKOMOE MPOEKTHOE PEIICHHE.

— DOran GopMUPOBaHUs MPOCKTHBIX PEHICHUH COOTBET-
cTByeT (paze mues-pa3BeuukoB. B omindue ot Tpanu-
LIMOHHOTO ITOJIX0/1a B HACTOSIIIEH paboTe HEe BHITOJIHEH
aHaJIN3 MPOEKTHBIX PEelIeHHH, KOTOpbIe ObLTH 0TOpOIIIe-
HBI Ha mpeabymux ¢aszax. Torna paccmaTpuBaeMblil
9TAll 3aKJIF0YAETCs TOIBKO B aHAIIN3E AIIEMCHTOB MHO-
skectBa rsGStorage.

OmnuiieM BapuaHT peaju3alry KaXJa0ro U3 HTAroB
nozipoOHee.

®opMHpPOBaHHE HAYAIBHOIO MPOCTPAHCTBA MOMCKA
NMPOEeKTHBIX pelieHmii. PaccmarprBaemblii sTamn npeacras-
JIeH CIIeyIOMIEH MOCIIeJ0BaTeIbHOCTHIO:

1) pacueT 3HaYeHHH 51EMEHTOB MHOXKECTB £ n W 114
kaxgoro rsG; € rsG (i = 1, k) cormacHO BBIpaKEHHIO
(s

2) pacdeT 3HAUYCHHUH 2JIEMEHTOB BEKTOpa-cTooIa B mo
BBIpOXEHUIO (4);

3) ¢opmupoBanue 31eMeHTOB MHOXKecTB rsGSearch u
rsGStorage nyrem pazouenus Mmuoxectsa rsG corac-
HO aHanu3y 3HaueHui anementoB mozaenu Z(C).
OnemeHTHl copMupoBaHHOTO MHOXecTBa rsGSearch

UCTIOJIB3YIOTCS TIPH BBITIOJIHEHUH TTOCJIEAYIOIINX ATAIOB

BbIOOpa M OIEHKH MPOCKTHBIX PEIICHHUH, TONCKAa HOBBIX

W JIy4IIUX TPOEKTHBIX PEHICHHUH, a SJIEMEHTHI MHOXKECTBa

rsGStorage — TOJBKO Ha MOCIEAHEM dTare (POPMHPOBa-

HUSI IPOEKTHOT'O PEIICHMS.

Bb16op U onieHKa MPOeKTHBIX pemieHuii. Paccmarpu-
BaeMBbIH OTall COCTOMT 3!

1) pacuera 3HaueHui neneBoit GyHKnnu A(B) cormacHo
(3) u 3nauennii QC € Q (i = 1, k) cornacuo (2) s
KakJ10ro 3yieMeHTa MHoKecTBa rsGSearch;

2) BbIOOpa MPOEKTHBIX PEIICHUH, YIOBIETBOPSIOIIUX KPU-
Teputo nmogodus (3), Ui Yero NpoBeACHO CpaBHEHUE
a51eMeHToB MHOXkecTBa rsGSearch; € rsGSearch (i =
1, k) Mmex 1y coOoi.

CdopmupoBanHOE B pe3yabTaTe MHOKECTBO MPOEKT-
HBIX PELICHHUH, YAOBIECTBOPSIOUINX KPUTEPHUIO MTOJ00MS,
UCTIONB3YETCS JUISl TIOMCKA HOBBIX IPOEKTHBIX PEIICHUH.

IHouck HOBBIX NPOEKTHBIX pemieHuii. Paccmarpu-
BAEMBIl 3Tl BHINOIHACTCS B ABYX (ha3ax: paboumx myen
Y Taen-Halmoaaresnei. Jrar onpenesseT aHaJu3upyemMoe
MHOKECTBO MPOCKTHBIX pelieHuii analyze set B ¢azax:
pabouux myen analyze set — rsGSearch u nuen-Ha0r0-
nareneit analyze set  rsGBest.

J1ist kakioro areMeHTa MHOXKecTBa analyze _set 1 MHO-
JKECTBA MTPOCKTHBIX PELICHHH, ITOJy4eHHOI0 Ha ITPEeAbIIy-
IIIEM 3Tarle, BBITTOIHIETCS pacyeT pacCTOSHNS XOMMHUHTA.
DIeMeHTHI, 3HAUYCHUS! PACCTOSHUS XOMMHHTA KOTOPBIX
MHUHHMAaJIbHO, BKIJIIOUCHBI B COCTaB MHOJKECTBA result_set
B ¢azax: pabounx muen result_set c bestGSearch u
muen-Habmronareneii result_set — rsGBest.

CdopmupoBaHHOE B pe3yIbTaTe MHOKECTBO HCIIOIb3Y-
€TCsl 1)1 OMCKA JIyUIINX IPOEKTHBIX PELIEHUH.

ITouck My4mux NpoeKTHbIX pewmeHuii. Paccmarpu-
BaeMblii otan B (aze paboumx Iues o3HayaeT pacyeT Be-
poSTHOCTEH BHIOOpA JYUNIMX PEIICHUH M3 MHOXECTBA
bestGSearch, BbITOTHAEMBIH JTIOOBIM H3BECTHBIM CIIOCO-
6oMm, HanpuMep, ONMCcaHHbIM B padore [35].

OtmMeTnM, uTO B (paze muen-HaOmogarenei popmupy-
€TCsI MHOXKECTBO JIYUYIIUX MPOSKTHBIX PELIeHui, 00pasy-
IOIINX MPOEKTHOE pEIlIeHHE, yAOBICTBOPsIONEee Tpedo-
BanuaM RP. Jlna xaxnoro snementa rsGBest; € rsGBest
(i=1, k) BBIIOTHACTCSA CpaBHEHUE 3HAUCHUN KPUTEPHSI
nogo6us (3). Jlydmnrie mpoeKTHBIE PEemeHUs] — C MUHHU-
MaJIbHBIM 3HAYCHUEM KPUTECPUA 1'[0}106145{ — BKJIIOUAKOTCA
B cocTaB uckomoro pemieHus resX c X(C).

[Tony4yeHHOe Ha 3TOM 3Tare MPOEKTHOE PEeICHHUE Tepe-
JIaeTCsl Ha CIIEAYIOIIMI ATl JUIsl €r0 JOMOIHEHHUSI.
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®opmMupoOBaHNe MPOEKTHBIX pelleHuii. JTan o3Ha-
YaeT IMOMCK dIeMEHTOB MHOXecTBa rsGStorage nist dop-
MHPOBaHUS UCKOMOTO TpoekTHoro peteHns resX < X(C).
Hunst kaxporo snementa rsGStorage; € rsGStorage
(j = [rsGStorage|) cpaBHHBaeTCSl 3HAUYCHUE KPUTEPUS
1no700us CO 3HAYEHHEM, COOTBETCTBYIOLIHM JJIEMEHTY
resX; e resX (i=1, k).

[Mockompky smeMeHTaMu MHOXecTBa rsGStorage
SBISIFOTCSI DJIEMEHTBI, AaHAJOTMYHBIE SJIEMEHTaM MHOXe-
ctBa rsGSearch B cuny Mozpenu 3amenieHusi, TO JIOTHY-
HO YTBEPXKIaTb, YTO 3HAYCHUA KPUTCPUECB HOJIO6I/IH ABYX
AQHAJOTMYHBIX IEMEHTOB OyayT paBHBI. Torga ajaemMeHT
rsGStorage; € rsGStorage BKIII04acTCsl B HCKOMOE PO~
€KTHOE PEIICHHE.

[Mony4gaemsblii TeM caMbIM pe3yJbTaT — HCKOMOE IIpo-
EKTHOE PEIICHUE, YIOBICTBOPSIONIEE PEIbSIBICHHBIM K
HeMy TpeOOBaHUSM.

IIpumep peanu3anum aJropurmMa

Jis mpuMepa paboThl IPEIJIOKSHHOTO aJlrOpUTMa pac-
CMOTPHUM PEIICHUE 3a71a4 TIOMCKA TAHHBIX JUTS YIIPABICHUS
MIPOCKTHO-TIPOU3BOICTBEHHBIMH IPOIICAYPAMH Ha IIPHMEPE
H(pPOBOro nacnopTa 3AEKTPOHHOTO M3/IENHs U3 PAabOThI
[15]. TTyctp anemenTtsr moneneit C, U, rsG, X(C) u Z(C)
COOTBETCTBYIOT TpeboBaHmsIM RS KOHKpEeTHOTO Mpeanpu-
sSTusA. J{JIS KpaTKOCTH MPEICTaBUM YacTh DJIEMEHTOB H
WX 3HAYCHHMH, TOCTATOYHBIX IJIS IEMOHCTPAIH PaboTHI
aNropuTMA.

[Tockonbky mo [15] mpeanpusaTue cnenuanTu3upyeTcs
Ha BBIITyCKe OJIOKOB M MOAYJICH Ha OCHOBE IEUaTHBIX IIAT,
MPUOOPETAEMbIX Y KOHTPAreHTOB, TO 3JIEMEHTHI MOICIH
rsG UMEIOT BUJI:

rsG= <ymnpapjeHHe aKTyalu3alueil JaHHbIX O IIOKyYII-
HbIX m3nenusax, O0wvekt «M3nenue» (0o003HauCHUE; HAU-
MCHOBAHWE; BEPCHs; COCTOSHUE; MMPU3HAK U3TOTOBUTEIIS
(TIOKyTIKa); B M3ICITHS; OTPAHUIUTEIEHBIN TIPU3HAK)>;

rsG,= <pa3paboTKa M U3MECHEHHUE TaHHBIX MeY9aTHOMN
mwiatel, O0bekT «M3nenue» Buna «COOpoYHAs SIUHUIIA»
(o603nauenue (ABBILXXXXXX.001); HaumeHoBaHue
(ITmara ympaBieHus); IPeACTaBICHNUE; BUJ U3/ICIHS;, Bep-
CHUsI; COCTOSIHHUE; TPU3HAK M3TOTOBUTENS (COOCTBEHHOE
MPOU3BOJICTBO); MPU3HAK U3AENHs; TadapuThl U3/,
Macca U3Jienus)>;

rsG;= <pa3paboTKa U MU3MEHEHHUE JAaHHBIX [IEYaTHOI
w1atbl, O0bekT «CAD-JlokyMeHT» Buaa « Mozesb IeTalTi
(o6o3nauenmne (ABBI.XXXXXX.001); HaumMeHOBaHIE
(ITmara ympasnenus); Bepcust (0); cocTosiHIE (CIaHO B ap-
XuB); iepBrdHas npuMeHseMocTs (ABBILXXXXXX.001);
BHJT MOJISITH >

rsG,= <pa3paboTka M U3MEHEHHUE TAHHBIX MEYaTHOMN
mwtatel, O0bekT «CAD-/lokymenT» Buna «Ueprex neTaimm»
(o603nauenue (ABBILXXXXXX.001); HaumeHoBaHue
(Ilnara ympaBieHus); BUA JOKyMEHTa (KOHCTPYKTOPCKUIA
nokyMeHT); Bepcus (0); cocTosHue (CJaHO B apXHB); Mep-
BuuHas npumMensieMocts (ABBL.XXXXXX.001); dopmar
(A3); KOMUYECTBO JIMNCTOB JOKyMeHTa (2))>;

rsGs= <pa3paboTKa U U3MEHEHHUE JAaHHBIX [1€YaTHON
ttatel, O0bekT «JlokymenT» Buna «Crierudukanys» (000-
sHadeHne (ABBI.XXXXXX.001); nanmenosanue (Ilmara
YIIpaBIICHHUs); BUA JOKYMEHTa (KOHCTPYKTOPCKUH TOKY-

MeHT); Bepcus (2); cocTosHue (Ha MPOBEpKe); MepBUYHAS
npumMensiemoctb (ABBILXXXXXX.002); ¢popmar (A4);
KOJIMYECTBO JINCTOB JIOKyMeHTa (5))>;

rsGg= <pa3paboTka M MU3MEHEHHE KOHCTPYKLHH
npubdopa, O6wvexT «M3nenue» (o6o3naueHue (ABBT.
XXXXXX.002); nanmenoBanue (I[Ipubop ympasrenus);
MIPEACTABICHNUE; BU M3/ENNs; BEPCHS; COCTOSHHE; TIPH-
3HAK M3TOTOBHUTEIS (COOCTBEHHOE ITPOM3BOJICTBO); IPU3HAK
W3JENNS;, Ta0APUTHI U3CINST; Macca U3IeIus )>;

rsG-= <pa3paboTka 1 U3MEHEHHE KOHCTPYKLUH IPHO0-
pa, O0bekT «CAD-JlokymeHT» Bua «Mojeib cOOpouHOn
eauHuIB» (0603HaueHne (ABBIXXXXXX.002); Hau-
meHoBanue (IIpubop ynpasnenus); Bepcus (0); cocTos-
HHe (CAaHO B apXMB); epBUYHas npumeHsieMocts (ABBI.
XXXXXX.002); Bum mogemnu)=>;

rsGg= <pa3paboTKa U U3MEHEHUE KOHCTPYKLUU IIPU-
6opa, O6bexT «CAD-/lokymenT» Buna « COOpouHsIit yep-
Ttex» (o6o3naueHne (ABBI.XXXXXX.002CB); Hanme-
Hopanue (ITpuGop ynpasnenuss COOpOUIHBIH YepTEK); BUL
JTOKyMeHTa (KOHCTPYKTOPCKHI MoKyMeHT); Bepcus (0);
COCTOsIHUE (CIaHO B apXWB); NMEPBUYHAS TPUMEHIEMOCTD
(ABBILXXXXXX.002); popmar (A3); Koa1u4ecTBO JUCTOB
JIOKyMeHTa (2))>;

rsGy= <pa3paboTka U U3MEHEHUE KOHCTPYKLUH IPHU-
6opa, O0bekT «loxymenT» Buaa «Crenudukanus (060-
3HaueHne (ABBI XXXXXX.002); nannmeHoBanue ([Ipudop
yIpaBJIeHUs); BUI JOKyMEHTa (KOHCTPYKTOPCKHH JIOKY-
MeHT); Bepcus (0); coctosHue (CaHo B apXWB); MEPBUY-
Hasl IpUMEHSAeMOCTh; hopmar (A4); KOJHMUECTBO JIUCTOB
nmokymeHTa (7))>;

rsGo= <pa3paboTKa 1 N3MEHEHHE MTPOrpaMMHOTO 00e-
creuenust npubdopa, O0vexT «M3nenue» (obo3HaueHMHE,
HaMEHOBAHUE; NPEICTABICHNE; BUJ U3JCINS; BEPCHS,;
COCTOSIHUE; MTPU3HAK U3TOTOBHUTENS (COOCTBEHHOE MPOM3-
BOJICTBO); MMPU3HAK U3/ENINS)>;

rsG ;= <pa3palboTKa U U3MEHEHUE IPOrPaMMHOro 00e-
crnieuenust npudopa, O0bekT «/lokymeHT» (0003HaUYEHUE;
HaMMEHOBAHUE; BUJ] JOKYMEHTA; BEPCHSI; COCTOSIHUE; TIep-
BUYHAsI IPUMEHSIEMOCTB)>;

rsG|,= <pa3paboTKa M M3MEHEHHE HKCILIyaTalu-
oHHOU mokymeHTanuu, OObekT «JJokymMeHT» BUIa
«PyxkoBozcTBO 10 AKCTUTyaTarmm» (o6o3HaueHue (ABBI.
XXXXXX.002P2); nanmenoBanue (I[Ipubop ympasie-
Husl PyKOBOJCTBO MO 3KCIIITyaTallln); BUA JOKYMEHTA
(’KcTuTyaTanmoHHBIN KOKyMeHT); Bepcus (0); cocTos-
nue (Ha mposepke); nepBuuHas npuMmenseMocts (ABBI.
XXXXXX.002); popmar (A4); KOIUYECTBO JIUCTOB AOKY-
MeHTa(40))>.

[Tpu 5TOM KOTMYECTBO AIIEMEHTOB B MOJICJI KOMITOHEH-
TOB LI(POBOTO Macropra paBHO 12, a HIEMEHTOB B MOJICIIN
napameTpos — 16.

Onementamu Moaenu X(C) SBISIOTCS:

X1(Cy, €)= 1, X55(Cy, G3) = 1, X5 4(Cy, Cy) = 1,
X 5(Cy, Cs) = 1, X 1(Ce, Cp) = 1, X 2(Cg, Cy) = 1,
X67(Ce, C7) = 1, X6 3(Cs, Cg) = 1, Xg 9(Ce, Co) = 1,
X6,10(Ce> C10) = 1, X5, 12(Co, Cr2) = 1, X10,11(C C1y) = 1.
OcranbHbIe 2IEMEHTHI PaBHBI HYIIIO.

Onementamu Mozenu Z(C) sSBaSOTCS:

Zy6(Ca, Co) = 1, Z5 19(Cy, Cro) = 1, Z34(C5, Cy) = 1,
Z37(C3, C7) = 1, Z3 5(C3, Cg) = 1, Z45(Cy, C3) = 1,
Z45(Cq, C5) = 1, Zy g(Cy, Cg) = 1, Zy 9(Cy, Cy) = 1

>
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10.B. doHeukas

Tab6auya. Pe3ynbTraThl BHIIOIHEHHS 3TAOB pa3pabOTaHHOTO aJropuT™Ma

Table. Results of the developed algorithm stages

3az[aqa IIOMCKa JaHHBIX

Oranbl peanu3aliy ajaropuryma

O IIOCTABJISIEMbIX 3aKa34UKy HU3JACIUAX U UX
COCTaBHBIX YaCTAX

0 COCTaBHBIX YaCTIX M3CIIHH, MTOICKAIIIX
TIPOM3BOJICTBY

BUJ U3JICTIUS U €T0
COCTAaBHOM 4acTH

«cOOpoYHast eANHHIIA

TIPU3HAK U3TOTOBUTEIIA
COCTaBHOW YacTH U3ACIIus

«COOCTBEHHOE IIPONU3BOICTBO»

BH/I JIOKyMEHTA

((3KCHJ’IyaTaLIPIOHHLII>i JOKYMEHT»

((KOHCprKTOpCKI/Iﬁ JOKYMEHT»

Tpebopanust RP

KOHTPOJIUPYEMOE
COCTOSIHUE

«CIaHO B apXUB»

«3anynicHo B IPOU3BOJACTBO»

Pacyer 3Hauennit QpyHKuMI npuHa-
JIEKHOCTH

(SN

Cr . Ci Ci
((’01 ’0)23'“,('016)5((’01 ’mza“
B TOM umcie (wy', wy/,

C2 Ci2 Ci2 C12
"(‘0]6)"“’(('0] , 0y 5""0‘)16 ),

ey W]z’).

Oran GOopMHPOBAHUS HAYAIBHOIO
MPOCTPAHCTBA MOUCKA MPOEKTHBIX
petiexHuni

rsGSearch = (r5G,, rsG|,);
rsGStorage = (rsGy).

rsGSearch = (r5G,, rsG,);
rsGStorage = (rsGg, rsGs, rsGg, rsGy).

[Tocnenyromue sramnst

BeinonHenue IUKIOB 3TAOB BEIOOPA M OLEHKU NIPOEKTHBIX PEIICHHH, TTONCKa HOBBIX
HPOEKTHBIX PELICHHUH, MOUCKA JIydIINX MPOEKTHBIX PEIICHUH, a Takke (POPMUPOBAHUS
NPOEKTHBIX PEUICHUH.

Pe3ynsTar paboTs!

resX = (rsGg, rsGy).

ConepxuT 0003HaUCHNE U HANMEHOBAHUE
00bexToB «M3nenme», o6o3HaYeHHE, HANMe-
HOBaHUE, BEPCUS U COCTOSIHME HKCILTyaTa-
IIMOHHOTO JIOKyMeHTa (00beKT «JloKyMeHT»

resX = (rsGg, rsGyg, rsGq, rsG,, rsGy).

Conepxut 0003HAaUECHNE U HANMEHOBAHHE
o0bexToB «M3nenue», o603HaUCHNE, HAM-
MEHOBaHME, BEPCUS U COCTOSHUE KOHCTPYK-
TOpcKuX JOKyMeHTOB (00bekT « CAD-/loky-

Bua «PyKOBOICTBO 1O IKCIITyaTaI[N»).

MeHT» BHuJa «Moaens ...» U BuAa
«Yeprex ...», a Takke 00bEKT «J{oKyMeHT»
Braa «CrienuduKarms» ).

Z4,11(C4s Cip=1, Z4,12(C4, Cp) =1, Zs,4(C5, Cy) =

OcranbHbIC SIEMEHTBI PaBHBI HYITIO.

[Tyctp Ha nmpexnpusTHy cHOPMYIMPOBAHBI 3aJa4H 110~
HCKa JaHHBIX 00 M3IENUAX U UX COCTABHBIX 4acTsX, pella-
eMble TPH yIPaBICHUHU MPOEKTHO-IIPOU3BOICTBEHHBIMH
npoleaypaMu. YnpapieHne MPOSeKTHBIMU MPOLeypamMu
CBSI3aHO C 3aJayeil I0MCKa JaHHBIX O MOCTaBIISEMBIX 3a-
Ka34MKy W3JIEJIUSX U X COCTaBHBIX YacTsX. YIpaBieHUe
TIPON3BOACTBEHHOM JIESITETLHOCTHIO — C TOMCKOM JaHHBIX
00 U3IeNHsIX, MOUISKAIMX IPOU3BOACTRY. [Iprmep ocHOB-
HBIX TpeboBaHuii RP, chopMymHpoBaHHBIX IS KaXKI0Tro
U3 HUX, a TAK)Ke Pe3ylbTaThl STAIlOB pa3paboTaHHOTO aJl-
TOpHUTMa IIPUBEICHBI B TAOJHIIC.

Ha mepBoMm sTamne moxy4eHHbIE pe3yabTaThl MOTYT
UCIIONIB30BAThCA JUIS IIPUHATHS PELICHUH NP yIpaBiie-
HUH NIPOCKTHBIMU M MPOU3BOJICTBCHHBIMH MPOLeNypa-
MH, Ha BTOPOM — JJIsl oOecriedeHus (yHKIIMOHUPOBAHHS
HU(PPOBBIX JBOMHUKOB MPUOOPOB, BBIMYCKAEMbBIX MPE/-
HPUSATHEM.

Pesynbrar npuMeHeHHs alropuT™Ma — MOJy4eHHE dJie-
MEHTOB OHTOJIOTUHU C aTpulyTamMu: 0003HAYEHUE U HAH-
MCHOBAHHUE MPOAYKIHUU KOHTPAr€HTOB; HAMMCHOBAHUE
NpeaANnpUuATUA-U3rOTOBUTECIIA.

3akaouenune

B pabore npencraBieH alropuTM reHepanuy HpoeKT-
HBIX PEHICHUI AJIS yNpaBlIeHHUs AaHHBIMHU 00 M3ACIHH U
MIPOEKTHO-TIPON3BOACTBEHHBIMH HPOLIETypaM1, OCHOBAH-
HBIM Ha IOBEJEHUM ITYEIMHOMN KosloHUM. [Ipenyioxensl pe-
aJn3aly HECKOIBKHX 3TAIlOB aIrOPUTMA, BBIOIHIEMBIX
B (pa3ax MHHUIMATH3ALMY, PAO0OUYMX MUEI, TUeiI-Ha0IoIa-
TeJIel U MYeN-pa3BeuuKOB.

Oran GpopMHUpOBaHHs HAYAJILHOTO MPOCTPAHCTBA TTOHC-
Ka MPOEKTHBIX PEelIeHUH 03Ha4aeT (JopMUpPOBaHUE dIIEMEH-
TOB JIByX MHOXeCTB: rsGSearch, conepaiero ananusu-
pyeMble OIMCaHusl KOMIOHEHTOB II(POBOro macrnopra, u
rsGStorage, cocTosIIIero U3 BCeX OCTAILHBIX KOMIIOHEH-
ToB. [IprueM B cOCTaB MHOXKECTB BKIIFOYAIOTCSI TOJIBKO TE
KOMITOHEHTHI IIM(POBOTO MACTIOPTA, KOTOPBIE YIOBIETBOPSI-
10T TpeboBaHUAM RS KOHKpETHOTO TIPEAIPHUATHS.

Ortar BEIOOpa U OIIEHKH POSKTHBIX PEIICHUH 3aKTI0Ya-
eTcsl B BBIYMCIICHUY 3HAUCHUI KpUTEpHs oA00us s 3J1e-
MeHTOB MHOkecTBa rsGSearch. Ha stame momcka HOBBIX
IMPOCKTHBIX peHIeHI/Iﬁ BBIYUCJIAIOT U CPABHUBAIOT 3HAYCHU S
paccTosiHusI X3MMUHIa MEX]ly BapUaHTaMU IIPOEKTHBIX pe-
meHni. Tem camMbIM (POPMUPYETCS MHOXKECTBO BAPHAHTOB

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

687



AJ'IFOpIATM reHepaunmn npPoeKTHbIX pemeHvu7| ana ynpassieHNAa JaHHbIMW. ..

JIYYIIUX TPOCKTHBIX PEIICHUH, YIOBICTBOPSIONIUX TPE-
oosanusM RP.

Oran 1noucka Jy4lIux MPOCKTHBIX peleHui B daze

pabounX IIes COOTBETCTBYET pPacyeTy BEPOSITHOCTEH BBI-
60pa KaXKI0To JIyUIIero MPOeKTHOTO perieHus, a B ¢ase
maen-Haomoaarene — (GopMUPOBAHNIO MHOXKECTBA JTyd-
IIMX MPOEKTHBIX PEHICHUH, 00pa3yomnux HCKOMOE Mpo-
€KTHOE PEIICHHE.
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CTBYCT aHAJIM3Y 3JIEMCHTOB MHOXKECTBA rsGStorage, qTo
JAOIMOJIHACT UCKOMOC NPOCKTHOC PCIICHNUEC OIMMCAHUSIMU
KOMITOHCHTOB III/I(I)pOBOFO rnacropra.

Ha ocHose TMOJIYYCHHBIX PE3YJIbTATOB MPEANOIAracTcs
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AHHOTAIUA

Ipeamer nccaenoBanus. [Ipemioxken cnoco6 noseimeHus: 3GGpeKTHBHOCTH QYHKIMOHUPOBAHUS CHCTEMBI
KOMILIEKCHOM 00pa0OTKM JaHHBIX JMCTAHIMOHHOTO 30HJMPOBAHUS 3eMIIM B YCIOBUAX PECYpPCHOH OrpaHUYEHHOCTH
MPY PEILICHUH 3a/1a4 MOHUTOPHHIA MPOCTPAHCTBEHHBIX 00bekTOB. MeToabl. DPPEeKTUBHOCTD (PyHKIHOHHUPOBAHUS
CHCTEMBI YBEINYEHA C TIOMOIIBIO PAllMOHAILHOTO PACIPENEICHNs €€ PeCypCOB 10 pemaeMbIM 3aaadam. Craenan
aKIICHT Ha 00eCIeYeHNH MPHOPUTETHOTO PEIICHHs 3a7ad, KOTOpble HMEIOT OoJibliee 3HaUeHHEe Kod(p(hUIneHTa
OTHOCHTEIBHOH BayKHOCTH. OTMeUeHA TeHACHINS YBEIMUCHNUSI ONEePATUBHOCTH MOIYUYEHHS PeIIeHHs KaX 101 U3 3a1a4d
3a CYeT MCKIIIOYEHHs U3 PabouuX IUIAHOB PEIICHUH TeX PecypcoB, KOTOPBIE MEPeTpy>KeHBI IPYTUMH 3a/jadaMi, HO
IIPY 9TOM BHOCST HE3HAYHTENIBHBIH BKJIAA B (POPMUPOBAHHE MHTErPAILHOTO pe3ynsrara. OCHOBHBIE pe3yJbTaThl.
OmnpeneneHbl TyTH HOBBIIIEHHUS 3G deKTHBHOCTH (PYyHKIMOHHUPOBAHHS CHCTEMbI KOMIUIEKCHOI 00pabOTKM JTaHHBIX
JHMCTAHIIMOHHOTO 30HANPOBaHUS 3€MIIH B YCIOBHAX PECYPCHON OrpaHMYEHHOCTH MPH PELICHUH 3a/1ad MOHUTOPHUHTa
MIPOCTPAHCTBEHHBIX 00BbEKTOB. PaccMOTpeHbI BapHAHTHI yIIPABIEHUS CUCTEMON B YKa3aHHBIX YCIOBHAX U MPUBEICHBI
HX KpaTKue XapakTepucTuku. IIpencraBiaeHs! pe3yabTaThl IMUTAIMOHHOTO MOAEIUPOBAHNUS MIPOLECCOB KOMITIIEKCHON
00pabOTKN TaHHBIX Ha OCHOBE NPENIOKCHHBIX BAPHAHTOB yrpapieHus. [IpakTuyeckasi 3Ha4UMOCTb. Pe3ynsraTs
HMMHTAIMOHHOTO MOJIEIIMPOBAHUS ITOKA3aJIH, YTO MCIOJIB30BaHNE OIMHMCAHHOTO CIIOc00a MOBHIIIEHHS Y PeKTHBHOCTH
30HJUPOBAHUS 3eMJIH B YCIOBHSIX PECYpCHOM OTPaHHYEHHOCTH IO3BOJSET 00eCHednTh TpedyeMoe KauecTBO
MIPUHAMAEMBIX YIIPABICHYECKUX PEIICHUH, 0COOCHHO B YCIIOBUSIX BBICOKOW TMHAMHYHOCTH H3MEHEHUSI XapaKTEPUCTUK
00BEKTOB MOHUTOPHHTA.

KnwueBble cjioBa
KOMITJICKCHast 00paboTKa, JaHHbBIC AUCTAHIIMOHHOTO 30HANPOBAHUS 3EMITH, PECYPChI KOMIUICKCHON 00pabOTKHU, €TUHBIM
TEXHOJIOTUYECKUH LUK 00paboTku aanHbIX /(33

Ccpuika most murupoBanmsi: Kapun C.A., Kapun A.U. Crioco6 nossiienus 3p(GeKTHBHOCTH KOMIUIEKCHON 00paboTKu
JIAHHBIX JMCTaHIIMOHHOTO 30HAUPOBAHMS 3€MIIM NIPU PEILCHUH 3a]a4 MOHUTOPUHIA NPOCTPAHCTBEHHBIX 0OBEKTOB //
Hayuno-TexHn4eckuii BeCTHUK HHPOPMALMOHHBIX TEXHOIOTHH, MeXaHuKu U onTuku. 2022. T. 22, Ne 4. C. 691-698.
doi: 10.17586/2226-1494-2022-22-4-691-698

A method for improving the efficiency of integrated processing
of Earth remote sensing data in solving problems of spatial objects monitoring
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Abstract
A method is proposed for improving the efficiency of the system for complex processing of data obtained by remote
sensing of the Earth in conditions of limited resources in solving problems of spatial objects monitoring. The efficiency of
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Cnoco6 noBbilweHUst 3 PEKTUBHOCTN KOMIMIEKCHOW 06paboTKM AaHHbLIX ANCTAaHLIMOHHOIO 30HAMPOBaHNS 3eEMIN...

the system functioning is increased through the rational allocating its resources according to the tasks to be solved, taking
into account the priority solution of those that have a higher value of relative importance coefficient. It is also proposed
to improve the efficiency of solving each of the tasks on the basis of exclusion from the work plans for solving those
resources that are overloaded with other tasks, but at the same time make an insignificant contribution to the formation
of an integral result. The simulation results show that the use of the proposed method for improving the efficiency of
the system functioning for complex processing of Earth remote sensing data in conditions of limited resources, when
solving problems of monitoring spatial objects, makes it possible to ensure the required quality of managerial decisions,
especially in conditions of high dynamism of changing the monitoring objects characteristics.

Keywords
complex processing, earth remote sensing data, complex processing resources, single technological cycle of remote
sensing data processing

For citation: Karin S.A., Karin A.I. A method for improving the efficiency of integrated processing of Earth remote sensing
data in solving problems of spatial objects monitoring. Scientific and Technical Journal of Information Technologies,
Mechanics and Optics, 2022, vol. 22, no. 4, pp. 691-698 (in Russian). doi: 10.17586/2226-1494-2022-22-4-691-698

BBenenne

OTMCTI/IM, YTO COBPEMCHHBIC TEXHUYCCKUE CPCACTBA
JUCTAaHIIMOHHOTO 30HaupoBanus 3emin (/133) Bo3myHO-
ro U KOCMHYECKOro 0a3upoBaHUsl — OJIMH U3 OCHOBHBIX
HCTOYHUKOB JIAHHBIX JUIS pelIeHus HHPpOpMallMOHHO-pac-
YeTHBIX 3a/1a4. Pelienue 3a1a4 BBITIOIHIETCS B HHTEpECcax
roCyJapCTBEHHBIX U MYHUIMIAIbHBIX OPTaHOB YIIpaB-
JICHHSI, KOTOPBIE 3aHMMAIOTCSI MOHUTOPHUHTOM IPOCTpaH-
CTBEHHBIX 00BekTOB. Texumueckue cpenctna /133 mpe-
JOCTABILIIOT OoJiee IBYX TPETEH BCEX MCIONIB3YEMbIX TIPH
pemeHnH HHPOPMAIMOHHO-PACYETHBIX 3a4a4 JJAHHBIX.
ITpu 3TOM HX NMOTEHLUABHBIE BO3MOKHOCTH BO3PACTaIOT
orepekaroIuMi Temnamu [ 1-4].

O6paboTtka ganubx [I33 ocymiecTBisieTcs crienyaib-
HBIMH [TPOTPAMMHO-TEXHUUECKUMHU KOMILIEKCaMU 00paboT-
KU 1 ONUCHIBACTCS TIOCIIE0BATEIILHOCTBIO CBSI3aHHBIX JIPYT
C IPYTOM OTIepalfii B paMKax €AMHOTO TEXHOJIOTHYECKOTO
LUKJIA.

B nacrosmei pabote crienuaibHbIe IIPOrpaMMHO-TEX-
HUYECKHE KOMIUIEKCHI 00pabOTKM Ha3BaHbI KPAaTKO — pe-
cypcamMu KOMIUIEKCHON 00paboTku min pecypcamu. [Ipu
9TOM KaXKIBIH PECYPC MOKET BBINOJIHATH OAHY WIIH He-
CKOJIBKO OIEpanuii B paMKax €ANHOTO TEXHOJIOTHYECKOTO
LUKJIA.

[IpumMeps! pecypcoB KOMIBIOTEpHON 00paboTKu: pas-
JIMYHBIC KOMIIJICKChI aBTOMaTHu3alu, TCMaTu4YCCKUC 0a3bl
1 OaHKHU JIaHHBIX, B KOTOPBIX HAKAITMBAIOTCS «CHIPBIC)
JIAaHHBIE ¥ Pe3yJbTaTbl UX 00pa0OOTKH; MOApase/iCHUs 1
OpraHM3aliy, OCYLICCTBIISIONINE OT/ACIbHBIC CIIOKHBIC
STarbl ClenualbHOH 00paboTKK B paMKax eIMHOTO TeX-
HOJIOTHUECKOro nnkia. COBOKYITHOCTh PECYPCOB, TIPEIHa-
3HAUEHHBIX /IS PEIICHUS MTOCTYMAIONINX 33134 B paMKax
€IMHOTO TEXHOJOTHYECKOTO ITMKJIa Ha30BEM CHCTEMOU
obpaborkn ganusx /33 (CO/ A33). B xagectBe mpume-
POB OTZENBHBIX ONEPAIMH B paMKaxX €IUHOTO TEXHOIOTH-
YEeCKOro IMKJIAa MOTYT BBICTYNATh: OMEPALUH [0 TIPUEMY
CBIpBIX TaHHBIX /[33 ¢ OOpTa KOCMHYECKHX aNapaToB Wi
BO3/IYIIHBIX (TTMJIOTUPYEMBIX U OCCIUIIOTHBIX) CPEICTB;
olepalyy MepBUYHON 00pabOTKH JaHHBIX M TEMATHYECKOU
00paboTKH; pa3pabOTKH TOTOBBIX OTYCTHBIX WH(POPMALIHU-
OHHBIX JIOKYMEHTOB.

OCHOBHBIE 33J]a4l €ANHOTO TEXHOJIOTUYECKOTo IHKIA
KOMIIJICKCHOM 00paboTkn maHHbIX /(33 — BCKphITHE U
aHaJM3 MEPOIPUATHH (COOBITHI), KOTOPBIE OCYIIECTBIIS-
IOTCSl Ha 00BbEKTaX MOHUTOPHHTA C IIETbI0 (YOPMHUPOBAHUS

W JI0KJIaJia JINLAM, IPUHUMAIOIIUM PELICHHS, BEIBOJOB
Y aHAJIMTHYECKUX CIIPABOK MO0 HUM. Pe3ynbrarsl paboThl
CO/1 A33 — dhopmupoBaHe OTICTHBIX HHOOPMAIIOHHBIX
JIOKyMEHTOB, KOTOPbIE COIEPIKAT YKA3aHHbBIC CBEICHUSI.

CrenoBarenbHO, 4TO JUIsl PELICHUsSI 33/1a4d 10 BCKPbI-
THIO OTHOTO MEPOTIPHUATHS (COOBITHS) Ha OJHOM OOBEKTe
MOHHTOpPHHTA TpedyeTcs pa3paboTka OJHOTO OTYETHOTO
MH(OPMALTHOHHOTO JIOKYMEHTA.

COJl 133 npennazHavyeHa i MOIACPIKKA TIPUHSITHS
pELIECHUI Ha IPUMEHEHHUE €r0 Pa3HOPOJHBIX U TEPPUTOPU-
aJIbHO-pacIpe/IeJIeHHBIX PECYpPCOB (B TOM YHCIIE B YCIIOBHU-
AX Ie(UIHTA), IPEACTABISEMBIX B KA4€CTBE COBOKYITHOCTH
B3aUMOCBSI3aHHBIX CHJI (OTJIEIIOB, CIIYK0) M cpencTB (1po-
IrPaMMHO-TEXHHYECKHX U NH(POPMAITMOHHBIX KOMILJIEKCOB,
CTOSIIINX Ha OaslaHCe TOCYAapCTBEHHBIX M MYHHITHITAIBHBIX
OpraHoB yrpasieHusi). [Ipyu 3TOM OCHOBHbIE XapaKTepH-
CTHKHU CUCTEeMBbI [5—8]: BOBMOXKHOCTh aJalTHPOBATHCS K
TEKYIIUM BHELIHUM YCIOBHAM (DYHKIIMOHUPOBAHUS, 00e-
CHeYeHHEe aBTOMATU3MPOBAHHOMN MOAIEPKKH TPHHSITHS
pelIeHnii B LMK yIPaBIeHHs, 0COOCHHO B yCIOBHUAX
BO3pAcTaHus JeQUIUTA PECYPCOB, B MPOIECCE PEIICHHS
CTOSILIMX TepeJl HUM 3a]1ad.

CoueraHue JaHHBIX XapaKTEPUCTUK CIIOCOOCTBYET
MOBBIIICHUIO Ka4eCTBA IIPUHUMAEMBIX YIPaBICHYECKUX
peleHunit, 0cOOEHHO B YCIOBHIX BHICOKOW TMHAMHUYHOCTH
M3MEHEHHUS XapaKTEePUCTUK 0OBEKTOB MOHUTOPHHTA.

IMocTaHoBKA 331241 PALHOHAJIBHOTO pacnpeneaeHust
pecypcoB KoMIIeKCHOI 00padoTku nanubIx /133

Peanuzarnus enuHoro rexxHonoruyeckoro nukia B COJJ
J133 BKJIFOYAET HECKOJIBKO 3TAIOB, OT (hOPMHUPOBAHUS 3a-
SIBOK Ha Pa3pabOTKy OTYCTHBIX WH(POPMAIIMOHHBIX JIOKY-
MCHTOB | JIO BBIJJAYX IOTPEOUTEIISIM Pe3yabTaTtoB. Kaxprit
pecypc KOMIIBIOTEPHOW 00paOOTKH MPH 3TOM 00ecIIeunBa-
€T BBINOJHEHUE OJHOM omeparuu (I0A3a/1aun) B paMKax
€IMHOTO TEXHOJIOTMYECKOTO IMKJIIA, 3aTPadrBasi MPH ITOM
HeoOxoxnmoe Bpemst. [Ipearnonokum, 4To B OJJMH MOMEHT
BPEMEHH OT/ICIbHBIN PECYPC MOXKET OCYIIECTBISITH peliie-
HHE TOJIBKO OJTHOM M0/133/1a4u, TIPH ATOM [0/133][a491 MOTYT
BBITIOJIHATHCS MTapajuienibHo. Mcxo/st u3 Toro, Kak, Koraa u
KaKyr HH()OPMAIIHIO pecypc MPEAOCTABISICT B KAUYSCTBE
pe3ynbTara pelieHusl CBOCH Mo13ajaqu, BO3MOKHO OIpe-
JICJIUTh CTETICHb €0 BKJIAJa B MOTYYEHUES HHTEIPAIbHOTO
pe3yiabraTa penicHuss HHPOPMAIMOHHO-PACYCTHBIX 3a/1a4
B IICJIOM.
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C.A. KapwuH, A.N. KapuH

OnHa 13 BayKHEHIINX 33/1a4, BOSHUKAIOIIAs P Pealiu-
3aIUH eJMHOTO TEXHOJIOTHUECKOTO INKJIA, — YIpaBlIeHUE
pacnpeznenenuem pecypco COJI 33 ¢ nesnbio noauepxa-
HUS YCTOWYMBOTO (DYHKIIMOHHPOBAHUS CHCTEMBI B 33JIaH-
HBIX BHEITHUX M BHYTPEHHHX YCIOBHSIX (J1ajee — yCIOBHUS
00CTaHOBKH).

Pa3zHooOpasue cutyanuii, BOSHUKAOIINX MIPU YIIpaBIIe-
uun pecypcamu COJI /133, BBI3BaHO: BBICOKOH JUHAMUYIHO-
CTBIO IIPOLIECCOB, TPOTEKAIOIINX HA 00bEKTaX MOHUTOPHH-
Tra; BO3paCTaHUEM ITPOTUBOPCUYUA MEKITY BO3MOKHOCTAMU
pecypcoB COJI 133 o 06paboTKe ¥ HHTCHCUBHOCTBIO I10-
TOKOB pelIaeMbIX HH()OPMAIIMOHHO-PACUETHBIX 3a/1a4 (T. €.
BO3pacTaHUEM pecypcHbIX orpannueHuit) [9, 10]. B cBs3u ¢
9THUM BO3HUKAET HEOOXOANMOCTb ONIEPATHBHOM BBIPAOOTKH
peuieHunit Ha GpopMHPOBaHNE TaKHUX IUIAHOB PEIICHMS I10-
CTyTAIOIMX MH(OPMAIMOHHO-PACYETHBIX 3a]1a4, KOTOPbIC
YAOBIETBOPSUTH OBl PA3HOPOJHBIM KPUTEPHUSIM, OCHOBHBIM
13 KOTOPBIX SIBISIETCS] KPUTEPHUI 00eCIIeUeHUs TIPEETIbHO
BO3MOXKHOM B TEKYIIUX yCIOBUAX 3(P(HEeKTUBHOCTH (QYHK-
uunonuposarusa COJL J133.

Kak moxaszano B pabdorax [11, 12], apdexTuBHOCTH
¢dyunxumonuposanus COJ] /133 oneHnBaeTcs Ha 3a1aHHOM
BpeMeHHOM uHTepBae [0, 7] mokazarenem 3(h(HeKTHBHOCTH.
[Toka3zarenb 3pPEKTUBHOCTH OMPEICIACTCS KaK OTHOIIC-
HUE Yncia PeIICHHBIX 33/1a4 K YHCIy MOCTYIUBIINX, C
y4eToM KO3 UIIMEHTOB UX OTHOCHTEIBHBIX 3HAYNMOCTEH
U TIOJTHOTHI pelIeHus, 1 (POPMaILHO UMEET BHUL:

N(t)
ZinK/.‘nKa,n
o1 = IT (1)

n=1

rae N(f) — KoIn4ecTBO MOCTYMMBIINX 337a4 K MOMEHTY

BpeMeHH #; §, — K02()(DULUEHT OTHOCUTENBHON Ba)KHO-

ctn 3amaun, &, € [0, 1], mpm 3TOM ero ucxonHOE 3HAYECHHUE

3a/1aeTcsl 3apaHee MOTPeOUTENeM Pe3yabTaTOB PEIICHUS
sanaun; Ky, u K, , — crenuanbHble napamMeTpsl Kax/ioi
pELIEHHOH 3a/1a4l K MOMEHTY BPEMEHH ¢, 0003HavaroIue

YPOBEHb 3aBEPILIEHHOCTH (IIOJHOTY PE3yJbTaToOB) U YpO-

BEHb aKTyaJIbHOCTH PE3yJIbTaTOB PELICHHs 3aJauH, T. €.

Ky, €10, 1]u K, , € [0, 1] coorBeTcTBEHHO.

Janee xaxayto 7-10 3aa4y, KOTopas HOCTyIHJIa B MO-

MEHT BPEMCHHU £, 0003Ha9UM: Z,, = (1,,, Kr,,, K, . Ep)-
Takum o0pazomM, B cooTBeTcTBHH C (hopmynoi (1), s

noBbIteHus 3¢ pexkruBHOCcTH PyHKIMOHNpoBanus CKO

133 Tpebyercst obecneunTs pactpeeeHne NMEIOMINXCs

pPeCcCypcoB IO PEmIaeMbIM 3a/1a9aM C JBYMS YCIOBHSMHU.

O060CHOBAaHHO YBEIMYHUTH YHCIIO BOBPEMS PEIICHHBIX 3a-

a4 ¢ OOMpIIMM 3HAYCHUEM KOA((HUITIEHTAa OTHOCUTEIb-

HOHM BOXHOCTH (IIpUOPUTETA) U 00ECIIEYUTh MAKCUMAJILHO

BO3MOXKHYIO MOJIHOTY Pe3yJIbTaTOB PELICHHsI TAKKX 3a/1a4.
Wcxonuble naHHbIE U1 PEUICHHUS] paccMaTpuBaeMon

3a1aull PAallMOHAIBHOTO PACIIPEIeNICHUs PECYPCOB:

1) Hanu4Me XapaKTEPUCTHK MMEIOIINXCS PeCypCcoB KOM-
IIeKcHoM 00paboTku nanueix B CO/ J133;

2) Halu4ue XapakTepHCTHK HHPOPMAMOHHO-PACIETHBIX
3a/1a4, penraeéMbpIX B paMKax €IMHOT0 TEXHOJIOTHYe-
ckoro 1ukira oopadorku ganueX B COM 133, KoTOphIe
OIIPEAEIAIOT COCTAB IPHUBJICKAEMbIX PECYPCOB;

3) HWHTEHCHBHOCTBH TOTOKOB HH()OPMAIIMOHHO-PACYETHBIX
3aj7a4 Pa3IUYHbIX THUIIOB.

XapakTepuCcTHKA c0c00a MOBbILIEHUS
3(pPeKTUBHOCTH KOMILIEKCHOH 00padoTKH TaHHBIX
33 B ycaoBusX euIUTA pecypcoB

Mopnens ¢pynkunonnpoBaaus CO/L /133 npencrasnena
B pabote [12] 1 OTHOCUTCS K KJIacCy MHOTOKAaHAIbHBIX
ceTell MaccoBOTO OOCITY)KMBAHUS C OUEPEISIMH, pealli3y-
FOLIMMHU OOCITY)KUBAHUE C IPHOPUTCTOM.

PaccMoTprM HEKOTOpBIE acIeKThl pean3aliy eJHHOTO
TEXHOJIOTHYECKOTO IIUKJIa 00pabOTKN JaHHBIX MPU perie-
HUH MH(OOPMAIIIOHHO-PACUSTHBIX 33/1a4.

J1s oTpaboTKuU KaxI0i 3a1a4u z,, HOICUCTEMO yIpaB-
nerns ¢pyukuonupoBarneM COJl /133 chopmmupyem pa-
Oounii mnan ee pewenns W, = fQ, z,), tne Q = {0, 4},
m — THII pecypca, k — HOMep pecypca m-ro Trma. THITbI
PECYPCOB ONpeAeIeHBI IEPEYHEM IT0/[3a1a4, BXOIIIINX B
COCTaB 3aJa4H.

CogepikarenbHo pabounii miaan W, IpecTaBiseT co-
00ii epeyeHb IEMEHTapHbBIX Orepalui 00paboTKH UCXOI-
HbIX JaHHBIX B BUJIC:

W, =<wq, wy, ws, ..., W,
rae w; = <{(®, €)}; 1, T X {0};+> — j-i HyHKT IIaHa
perienust n-i nHPOPMAITMOHHO-PACYETHBIX 33124, j € [1, J],
J — KOJIMYECTBO 3JIEMEHTApHBIX orepalyii B miane W,

IIpu 5TOM KakIbl j-H NYHKT IJJaHA COACPKUT:
{(®, €)};_| — HepeyeHb pecypeoB (JIEMEHTApHBIX orepa-
1Mi1), HEOOXOAUMBIX JUIsl POPMHUPOBAHHS UCXOAHBIX JaH-
HBIX JUISl TEKYIIETO MyHKTa IlaHa (dJIeMEHTapHO! orepa-
LMH) 1 BPEMEHHBIX 3aTpaT Ha UX Iepejady; T; — BpeMs
BBITIOJTHCHUS TEKYIIETO MyHKTAa IUIaHA (JIEeMEHTapHOM!
omeparun); y; — BKJIAJL TEKYIIETo MyHKTa IuIaHa (de-
MEHTapHOH OIepaIii) B MHTETPATBbHBIA PE3yIbTaT perie-

J
HUSL 3371290, ipudeM ) x=1; {®};,; — crmHucok pecypcos

J=1
(pIIeMeHTapHBIX OTepaInii), IS BHITOIHEHUS KOTOPBIX

HEOOXOIUMBI PE3yNbTAaThl BHITOJHEHUS TEKYIIETO IMyHKTa
TUTaHa (AJIEMEHTapHO oTeparyn).

OTMETHM, YTO PECypChl MOTYT OTpadaThiBaTh CBOU
M0J33/1auM KakK MapajlielbHO, TaK U MOCJIEA0BATEIbHO.
Pesynbrarel paboThl OJJHOTO pecypca MOTYT SIBISITHCS HC-
XOJHBIMH TAHHBIMH TS IPYTHX.

[Tpu ycnoBum, korjga Bce onepanun pabodero miaHa
BBITIOJTHEHBI 32 BpeMsi He 0oJiee 101y CTUMOTO, CYUTACTCS,
YTO 3aj1a4a pelnieHa ¢ TpeOyeMbIM KayeCTBOM W BOBpEMSI.

Pabounii ran pemerus HHGHOPMAIIMOHHO-PACYCTHBIX
3a/1a4 MOXKET OBITh OTHCaH rpadamMu (yHKIHOHATHHBIX
CBA3CH 3JIEMEHTAPHBIX ONEPANi U BPEMEHHBIX 3aTpar.
s yno6cTBa BOCTIPUATHS 3TH Tpadbl MOTYT OBITH TIPEA-
CTaBJICHBI COBMECTHO (puc. 1).

B ycnoBusx oTCcyTCTBHS OrpaHUYEeHHI Ha 1I0CTYITHOCTh
pecypcoB pabounii miaH rapaHTHPOBAHHO 0OCCIICYHT BbI-
MOJIHEHUE BCEX Olepaluil 3a MHTEpBall BPEMEHH, PaB-
HBI MaKCUMaJIbHOMY BeCy ITyTH Ha rpade BpeMeHHBIX
3arpar.

[Ipu HaMTUYUKM YCIIOBHUI OTPaHUYCHUI HA TOCTYITHOCTH
pecypcoB BEHIITOHEHHE PabOUero IiaHa 3aTpyJHEHO BO3-
HUKHOBCHHEM KOH(IIMKTOB MEXKIY IUIAHAMH PCIICHUS
Pa3TUYHBIX 3a7ad IPU JOCTYIEe K OYePETHOMY PECypCy.
YkazaHHOE 00CTOSATENECTBO MPUBOIUT K BOSHUKHOBEHUIO
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Puc. 1. Ilpumep pabodero miaHa pemicHns: HHHOPMAIIIOHHO-PACUYETHBIX 3a/1a4 B BUJIC CETEBOTO rpada

Fig. 1. An example of a work plan for solving information and calculation problems in the form of a network graph

3a/IepIKeK ;, 00YCIIOBICHHBIX OXKHIAHHEM OCBOOOXKICHHS

pecypca, 9To HILTFOCTpUpyeTest rpadoM BpeMEHHBIX 3aTpar

(puc. 2).

B ycnoBmax ¢ysknunonupoBanus COJl /133, xorma
JUISL PEIIeHHS TOW WX WHOW MOCTyHuBIIeH nHpOopMa-
LIHOHHO-PACYETHOMN 3aJa4M JOCTYIIHBI BCE HEOOXOIUMBbIE
PECYPChI, HAWJIYUIIUM BApHUAHTOM SABJIACTCA BKIIOUYCHUC
B pabounii miaH kaxaoro pecypea [11]. B atom ciygae
Kaxxas 3aaa4a Oy/eT pemarbes ¢ TpeOyeMbIM ypOBHEM
TIOJTHOTHI PE3yJIbTAaTOB M 32 HOPMATHBHOE BpeMsl (3HaUCHUS
koo duryeHToB K, , 1 Ky, 1151 9TOM 331241 B BBEIPAXKCHAN
(1) 6ymyT MakcUMaJbHBIMU H, KaK CIEACTBUE, 3HAUCHHE
rokasarens 3pPeKTUBHOCTH Ha 3aJlaHHOM BPEMEHHOM
naTepBane [0, #] OymeT cTpeMUThCS K SAUHUIIC).

[To pe3ynpTaTaM MMHUTALHOHHOTO MOJEIMPOBAHMS
[11-14], B ycIOBHIX BO3pAcTaHUS MPOTHBOPEUHS MEKIY
MIPOU3BOJUTEIHHOCTHIO CHCTEMBI KOMITIIEKCOB 00pabOTKH
(pecypcoB COJl Z133) u mOTOKOM peliaeMbIX 3aaa4, UH-
(hopMaLMOHHO-pacYETHBIC 33/1a41, KOTOPBIM IPHUCBOCHO
OTHOCHUTEJIBHO HEOOJBIIIOE 3HAYCHUE KOA(P(HUITHCHTA OTHO-
CHUTEJIbHOHM Ba)KHOCTH, Oy/IyT HE PEIICHBI, HJIN PE3YIbTaThl
UX pelieHus He OyyT NpeacTaBlieHbl 3aKa34nKy B HOpMa-
TUBHBIC (TpeOyeMbIC) CPOKH.

Toraa ucnonb3yroTes ClIeAyoNe BAPHAHTEI yIIpaBIie-
HUsI, CTIOCOOHBIE MOBJIHMATH HA JITAHHYIO CHTYAIHIO!

1) pamxupoBaHre HH(OPMAIIMOHHO-PACYETHBIX 3a/1a4 MO
3HAYCHUIO KOd((HUIHEHTA WX OTHOCHUTEIHFHON BaXKHO-
CTH M 00ecTedeHNe TPHOPUTETHOTO PEIICHUS TeX U3
HUX, KOTOPbIE HAXOZSATCS ONIMKE K Ha4YaIy CIUCKa;

6l - 63

=0

62 Q 82’5

2) yBeIIMYCHHUE ONEPATHBHOCTH PEILCHUS KaXIO0H U3 UH-

(hopMaLMOHHO-PACYCTHBIX 3a/ia4 IyTeM HUCKIIOYCHUS

U3 pabovnX IUIAaHOB MX PELICHHS TeX PecypcoB, KOTO-

pble TeperpyXeHbl APYTUMH 3aJadaMyl, HO IPH 3TOM

BHOCST HE3HAUMTEIbHBII BKJIAL B (OPMHUPOBAHHUE HH-

TErpabHOrO pesyibrara. B aTom ciydae B KauecTBe

BOXHEHIINX MapamMeTpoB ynpaBieHUs (pyHKIHOHU-

poBanurem COJI 133 momKHbBI UCMIOIB30BATHCS: TTIOPOT

UCKITIOUEHHUST pecypcoB 00paboTku 13 paboyero raHa

penieHust THPOPMaMOHHO-PACUYETHBIX 3a/1a4, a TaKKe

MHHHMaJIbHOE 3HaYeHUE TpeOyeMoro BKiIaaa pecypca.

JlaHHBIC BapUaHThl HUMCIOT CYIICCTBEHHBIC OTIMYHS,
3aKITIOYAOIINECS B CIICIYIOIIECM.

B cnydae ncrnosp30BaHuUs IEPBOrO BapHaHTa yIpaB-
neHus, korga Ha Bxon COJI /133 coumkom gacTo OymayT
HOCTYIIaTh 3a/1a4H ¢ OoJiee BEICOKMM YPOBHEM IIPHOPUTETA,
B YCJIOBHSX PECYpPCHON OIPaHUYCHHOCTH CHCTEMBI YacTb
3aja4 ¢ Oosee HU3KKUM 3HaueHHeM Kod3((HUIMeHTa OTHO-
CHUTEJIbHOW Ba)KHOCTH pelleHa He Oy/eT, WM pe3yJbTarhl
UX pelieHus He OyayT MpecTaBlIeHbl 3aKa34uKy BOBPEMsI
(3nauenue kodpduumenta K, , 11 Takux 3a1a4 OyeT pas-
HBIM Hy:110). OfHaKo npu 3ToM OyeT oOecrieueHa MaKcu-
MaJIbHasl ITOJTHOTA Pe3yJIbTaToOB PELICHHBIX 3a/1a4 (3HaUCHUE
koo uuyenta K, JUist Kax1oi nHPOpPMaLHOHHO-pacyeT-
HOI1 331241 OyIeT PaBHBIM CJHHHIIC).

[Ipu BTopoM BapuaHTe yHpaBJIeHUs Bce HHPOPMALMOH-
HO-pacyeTHBIC 3a/1a41 OyIyT BBIIOIHATHCS OHA 32 IPYTOi
nocienoBarenbHo. CUTyalus, IpU KOTOPOH KaKas-To M3
3ama4 He OyAeT pelleHa, He BOSHUKHET. [Ipu 3ToM Kaxkznast

RO
@

s

Puc. 2. T'pad BpeMeHHBIX 3aTpat pereHus HHYOPMALMOHHO-PACYETHBIX 3a/1a4 C yYETOM OXUJIaHUs I0CTYIIa K pecypcam

Fig. 2. Graph of the time costs for solving information and calculation problems taking into account the expectation of access to
resources
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MHPOPMaMOHHO-pacyeTHas 3a/1aua OyJeT BBIIOIHATHCS
Oosiee onepaTuBHO (3a CYET BO3MOYKHOTO MCKITIOUEHUS He-
KOTOPBIX PECYpPCOB), M TEM CaMbIM 00Iasi OTIEPaTHBHOCTh
peueHus 3a1a4d OyJeT MOoBbIIAaThes (3HaYeHnEe Kod(du-
unenta K, , U1 GonbuIero yucna 3anaq OyleT paBHbIM
eIMHUILIC WIN MPUOMMKaThCA K Hemy). OJHAaKO IMOTHOTA
MIOJTyYEHHBIX PE3yJIbTaTOB PELICHUS OyleT HIDKE, YeM IPH
IICPBOM BapHaHTe, T. ¢. 3HaYeHne Koodduumenta Ky, 1is
TaKHX 3a/1a4 OyJeT 3aMeTHO MEHBIIE ¢MHHUIIBL.

Tem cambIM NepBbIi BAPUAHT YIIPABICHHS B YCIIOBHUSX
pecypcHoit orpanndennoctu COJI /133 mo3Bonser mo-
BBICUTH 3HaU€HHE TOKazaTels SPPEKTUBHOCTH (YHKIH-
ounpoBanust COJl /133 O(f) 3a cueT yBeIMUCHUS YuCIa
HEpEeIICHHBIX HU3KOIPHOPUTETHBIX 3a/1a4, B TO BpPeMs KaKk
BTOPOM BapHaHT yIpaBJICHUS MO3BOJISIET MTOBBICUTH 3HA-
YeHHEe JAHHOTO MOKa3aTess IyTeM CHH)KEHUS ITOJHOTHI
PE3yNIBTaToOB pereH:s: HHYOPMAMOHHO-PACUSTHBIX 3a/1a4.

Pe3yabTaThl UMHTALIHOHHOTO MOJETHPOBAHMS
MPOLECCOB KOMIIJIEKCHOI 00padoTKH JaHHBIX
HA OCHOBeE NpeIJI0KeHHBIX BADHAHTOB YIPABJICHNUS
¢pynxmmonnposannem CO/L /133

BEITIOTHUM OIICHKY BIHSTHHS UCXOTHBIX AHHBIX MO-
nemu ¢pyakanonupoBarus COJl [I33 [9] (uaTeHCHBHOCTH
TTOTOKOB 3a/1a4, TEKYIIUX BO3MOKHOCTEH CHCTEMBI PeCyp-
cOB 00pabOTKH, CTETIEHH BKJIaa PECYypPCOB B HX PEIICHUE 1
Ip.), @ TaKXKe IapaMeTpOB yIpaBIeHHUs (IOPOTra UCKITIOUe-
HUS peCcypcoB 00paboTKH 13 pabovero miaHa, MUHAMAIb-
HOE 3Ha4YeHHe TpeOyeMOoro BKIIaia pecypcea  p.) Ha 3Hade-
Hus1 nokasarenst dpdexruBHoctr GpyHkrmonuposanust COJJ
J133. C 3roit nemnpio pa3paboTaH crenuanbHbINA IPorpaMM-
HBIIl KOMIJIEKC UMUTAIMOHHOTO MosieupoBanus [15, 16],
KOTOPBIH MO3BOJISIET 00€CIEUNTh: HACTPOMKY U F'eHEepaIfio
TIOTOKOB 33J1a4 Pa3HbIX THIIOB (B COOTBETCTBHU C 33/IaHHBIM
3aKOHOM PAaCIpeICICHNU ); TOCTAaHOBKY CTCHEPUPOBAHHBIX
3a/ad B 04epend K pecypcaM; pacueT BpeMeHH OKUIAHUS

3aja4u B odepenu (8)); pacyer 3HaueHuH nokasarens s¢-
(heKTUBHOCTH B COOTBETCTBUU ¢ (opmyiioi (1).

XapakTepucTHka Habopa UCXOAHBIX JaHHBIX, HCIIONb-
30BaHHOTO JJISl UIMUTAIIMOHHOTO MOJAEIHPOBAHUS, ITPE]I-
cTaBIlieHa B TaOII. 1.

Pemenne nmocrynaronmx nHGOPMATMOHHO-PACUETHBIX
3a71ad OCYIIECTBICHO Pa3IMIHBIMU pecypcamu (yHK-
[UOHATbHBIMH TPYNIAMH), XapaKTEPUCTUKH KOTOPBIX
MPEeACTaBICHBI B Ta0I. 2, pu 3TOM (PyHKIIMOHATBHEIC
rpynIbl 0)3 u (04 MOIJIM BBIIIOJHATH CBOU IIOA3aaa4yU I1a-
payIensHO.

PacueTnl BBIIOJIHEHBI Impu yCJI0OBUHU, YTO BCEC 3aJa4un
MOCTYNaJIU KPYIIIOCYTOUHO, Kax/Jas QyHKIMOHAIbHAS
rpymma orpabarsiBaia CBOM 33/1a4 B TeUeHHE § pabounx
4acoB, [10CJIC YETO NMPOUCXOIMIIA CMCHA COTPYIHUKOB Ha
HOBBIX.

Bxuaziel pecypcoB pazHBIX THUIIOB B HONyYCHHUE WHTE-
TPaJIbHOTO pe3yibTara peleHus HHPOPManOHHO-PacUeT-
HBIX 3a/1a4 pa3HBIX TUTIOB MIPEACTABICHHI B Ta0I. 3.

[Tpn UMHUTAIIIOHHOM MOJEIHPOBAHNH BBITOIHEHBI HC-
IIBITAHUS] TPEX BApPHAHTOB HAOOPOB 3HAYCHUI HAaCTpauBa-
eMBIX IapamMeTpoB ynpasiaeHus [ 10], mpu KOTOPBIX ynpas-
nenne QyHkiponupoBanneM COJl /133 ocyiiecTBIAIOCH
IO CIIEYIOIINM YCIOBHUSIM.

Bapuant 1. UckitoueHne HeIOCTYIHBIX PECypCOB U3
pabouero mana. OcoOeHHOCTh BapHaHTa — IpH Aedu-
LIUTE PECYpPCOB aKIEHT CIeIaH Ha MCKIIOYCHUH U3 pa-
0overo miiaHa pecypcoB, KOTOPbIE BHOCSIT MUHUMAJIb-
HBIH BKIas (He Gosee 20 %) MpH yCIOBHHM, YTO PACUETHOE
BpEMsI 0)KHUIAHHSI COOTBETCTBYIOIIETO pECypca IMPEBBICUIIO
3 gaca.

Bapuaut 2. PamkupoBanue 3a1ad 1Mo IPHOPUTETY.
Oco0eHHOCTh BapHaHTa — MpPH ACPHUINTE PECYPCOB aK-
LEHT C/IeJIaH Ha MEePeMEeICHNH B Hayallo Ouepean 3ajad,
KOTOpBIe UMenu npuoputet He MeHee 0,05.

Bapuant 3. Cmemransbiii Bapuant. [lpu gedunure
PECypCOB OCYIIECTBICHO NEpEMEIICHHE B HaYaI0 o4epe-

Tabnuya 1. VicxomHple JTaHHBIE TSI UMATAIIHOHHOTO MOJICITUPOBAHS

Table 1. Input data for simulation modeling

3naveHe MHTeHCcUBHOCTD PasnoTunneie pecypcsl 1 HOpMaTuBHOE
HOMep IIOTOKa BpEMs, 3aTpauYruBa€MO€ Ha BbIIIOJIHEHUE
ko3 dunneHTa
TUIIa Tun 3aga4uu o I/IH(l)OpMaI_II/IOHHO- 3aJa4 JaHHOI'O THIIa, 4ac
OTHOCHUTCJIbHOU
3a7a4n BARHOCTH £ pacyeTHbIX 3a/1a4,
" en./cyTKH Wy 07} @3 Wy

1 Pa3paborka mH(pOpManuoHHOMH 0,15 7 1 1 1 L5
CHPABKH IO TEKYIIEMY COCTOSHHUIO
00BCKTOB MOHUTOPHHTA U TIPHJICTa-
IOLIUX TePPUTOPUI

2 Omnpenenenne (pacyeT) U3MEHEHHN 0,25 3 1 1 1 1,5
TEXHOTEHHOTO U MPUPOTHOTO XapakK-
Tepa Ha TEPPUTOPUIX PACIIONOKE-
HUSI 00BEKTOB MOHHTOPHHTA

3 Pa3zpaboTtka (BeneHue) 31eKTPOHHON 0,2 4 1,5 1,5 1,5 2,5
KapTOYKHA OOBEKTa MOHHUTOPHHTA

4 Pazpaborka 3D-mozenu Ha 3anaH- 0,1 1 1 1,5 2 3
HBIA 00BEKT MOHUTOPHHTIA (PaifoH)

5 Pemenne pa3nuyHbBIX aHATUTHYE- 0,01-0,1 21 — 1,5 1 1,5
CKHUX 3a/1a4
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Tabnuya 2. XapaKTepUCTUKU PECYPCOB

Table 2. Resource characteristics

OGo3HaueHue pecypea HaumeHoBanue pecypca (QyHKIHOHAIbHAS PYTIIA) KosnudecTBo exuHuML pecypcea, deil.
o C60p aHHBIX 1
s [lepBuunas 0O6paboTKa JaHHBIX 2
03 Temaruueckast 06paboTKa JaHHBIX 2
Wy AHanu3 qaHHBIX 3

Tabnuya 3. Bkiansl pecypcoB B MOJTYYCHHE HHTETPATIBHOTO PE3yiibTaTa peuieHUs] HHPOPMAIIMOHHO-PACUCTHBIX 3a1a4, %

Table 3. Contributions of resources to obtaining the integral result of the solution of information and calculation problems, %

Turisl 331a4 ¥ BKJIAJ pecypea B IIOJIyYeHHe pe3yibrara
Ob6o3HageHne pecypca
1 2 3 4 5
of 15 25 10 20 0
®, 25 25 10 20 10
O3 10 10 25 25 15
Wy 40 40 35 35 75

I TeX 3ajia4, KOTOpble UMenH npuopureT He Menee 0,1.
BrinonHeHo ucKIIOYeHNe U3 paboyero miaHa Tex pecyp-
COB, KOTOpBIE BHOCSIT MUHUMAaJIbHBIN BKIaa (He Oosee
20 %) TpH yCIOBUH, YTO PACUCTHOE BPEMsI O>KHJIAHHS CO-
OTBETCTBYIOIIETO pecypca MPEeBBICHIIO 4 Jaca.

Pe3ynbraThl MMUTAIMOHHOTO MOJEIMPOBAHUS TIPO-
neccos ¢pynkimonupoanus COJl /133 mpencraBieHs! Ha
puc. 3.

W3 puc. 3 BUIHO, 4TO MPUMEHEHHE TPEX BaPHAHTOB
yIIpaBlieHusl B pa3HbIX ycinoBusix GyHkumonuposanus COJL
J133 naet pa3nudHble pe3yIbTaThl.

Harpumep, npu HU3KOH MHTEHCMBHOCTH ITOTOKA TTOCTY-
TIAFOIIMX 33/1a4 PAIIMOHAIBHBIM (T. €. TIO3BOJISIOIINM TTOJTY-
YUTHh MaKCUMaJIbHOE 3HaUCHHUE MoKa3areist SpPpEeKTHBHOCTH
¢yuakuronupoanus CO/ J133) sBnsiercst Hy/neBoi BapHaHT
ynpasnenus (Bapuant 1), mpu KoTopoM Bce 3aadu BbI-
TIOJTHSAIOTCSI TIOCJIEAOBATENBHO U B TTOJTHOM 00BbeMe. DTOT
BapuaHT COOTBETCTBYET CUTYaIlUH, KOTZa Bce Tpebyemble

a
[[] 6e3 onTumuzanu C BAPUAHTOM 2
M c BapuanTom 1 B c BapuanTOM 3
0() : K
lpzzsgasis
0,84 -y —\\.(\; o
0,67 B
0,5 SR
N\
0,34 e -
0.17 e
’ : ¥ S "'\*\ ~
0 - - =
12 36 60 84
3aj1a4/cyT

pecypcsl noctynssl. C yBennieHHeM MoToka HHdopmarm-
OHHO-pacYeTHBIX 3a/1a4 HaHOOJIBIINI BEIMTPHIII HAUNHACT
NpUHOCUTH BapuanT 2 ¢ pamknpoBanueM 3a1ad. Tem He
MeHee, B HeKOTOPbI MOMEHT BPEMEHH, KOTJa OXKHaHue
JOCTYITHOCTH PECYPCOB HaUMHAET OKa3bIBaTh Oojee Cy-
IIECTBEHHOE BIUSHUE HA ONEPATHBHOCTH PEUICHUS WH-
(hopMaIMOHHO-paCcYETHBIX 3a/1a4, IPUXOJUTCS IPUMEHSTD
BapuaHT ympasieHus (BapuanT 3), yIUTHIBAIOINANA KaK
pamKHpOBaHUE 3aj1a4, TAK U UCKITIOYCHUE HEJIOCTYITHBIX
pecypcos.

Takum 006pa3oM, B KauecTBE OCHOBHOTO IMOJIX0/a K
noBblmeHnto dddextTuBHocTH QyHKIMoHHpoBanus COJL
J133 B 3a7aHHBIX YCIOBHAX (YCIIOBHSAX TEKYyIIEH TOCTYII-
HOCTH PECypCOB, a TAK)Ke MHTCHCUBHOCTH IOTOKA I10-
CTYMAIOMNX 3a/1a4) JIOJDKHA MCIOJIB30BATHCS TEXHOJIOTHS
000CHOBaHHOTO BHIOOPA BapHAHTOB YIIPABJICHHS HA OCHOBE
MOCTOSTHHOTO MOHMTOPHHIA TEKYIETO 3HAYEHHs TT0Ka3a-
Tens O(7).

b

[[] 63 ontuvmzanuu [l Bap. 1 pap.2  [M Bap. 3
I(r)
45
30

15 f

0()

0,75

0,5

0,25
Boiurpaiin
0,20

0},
-0,20 &

t, cyT

Puc. 3. 3aBUCUMOCTH 3Ha4Y€HUI 110Ka3aTenei 3pGeKTUBHOCTH ISl pa3IM4HbIX BADUAHTOB YIPABICHNUS: OT MHTEHCHUBHOCTH ITOTOKA
3a1a4 (a) ¥ OT BpeMEHH IIPU U3MEHEHUH NO0TOKa HH(OPMALIMOHHO-PacYeTHBIX 337124 (b)

Fig. 3. The dependences of the values of performance indicators for various control options: vs. the intensity of the flow of tasks (a)
and vs. the time when the flow of information and calculation tasks changes (b)
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C.A. KapwuH, A.N. KapuH

3akJjoueHne

B pabote npemioxken coco0 moBeImeHus 3 deKTuB-
HOCTH (PYHKIIHOHUPOBAHHS CHCTEMBI 00OpaOOTKH JaHHBIX
JUCTAHLMOHHOTO 30HAMPOBAHUSA 3eMJIU NIPU PEIICHUH
3aJa4 MOHUTOPUHTA IPOCTPAHCTBECHHBIX 00BEKTOB.

Crioco6 mo3BoJIsIeT OCYIIECTBUTH aIalTAIHIO TPOIlec-
COB KOMIIJICKCHOM 00pabOTKHM JITaHHBIX B CHCTEMe 00paboT-
K1 JJAHHBIX AMCTAHIIMOHHOTO 30HIUPOBAHUS 3eMIIU K TEKY-
MM YCJIOBHSIM OOCTAHOBKH M PECYPCHBIM OTPaHHYEHHSIM.

[Tpu 5TOM OOecrieyeHa afanTanust CHCTEMBI K TEKYIIIM
PECYPCHBIM BO3MOYKHOCTSIM Ha OCHOBE MOCTOSIHHOI'O MOHH-
TOPHUHTA IAPAMETPOB YIPaBIeHHUS e¢ QYHKIHOHUPOBAHHS,
KOTOPBIC ONPEACISIOT 3HAYCHNSI MUHUMAIIBHOTO BKJIaJa
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AHHOTALUA

Ipeamer ucciaenoBanns. MoOUIbHBIE CAaMOOPTaHU3YIOMHECS CETH — OJHO M3 IEPCIIEKTUBHEIX HANpPaBICHUN
TEXHOJIOTUY TPAaHUYHBIX BBIYUCICHUN. Takne CeTH NPUMEHSIOTCS B PA3INYHBIX 00JIACTIX NEeATeIbHOCTH, B YaCTHOCTH
NpH pa3paboTKe WHTEIUIEKTYaJlbHBIX TPAHCIOPTHBIX cucTeM. OCcOOCHHOCTh MOOMIIBHBIX CaMOOPTIaHNU3YIOIINXCS
CeTel 3aKIIo4YaeTcsl B IOCTOSHHO M3MEHSIOMICHCS UX THHAMHYECKOH TOMoJoruu. B pesynprate Takux M3MeHeHUit
HEeoO0XO0JMMO HCTIOIb30BaTh PEAKTHBHBIE MPOTOKOJIBI MAPIIPYTH3AIMHU [P Mepeaue MakeToB MeXIy y3naMmu. JlaHHbIe
CEeTH yA3BUMBI K KHOepaTakaM, MOTOMY BO3HHKAeT HEOOXOAMMOCTh Pa3pabOTKH Mep MO MASHTU(HKAIIMN CETEBBIX
yTpo3  pa3paboTke MPaBUIJI PearnpoBaHMsA Ha HUX Ha OCHOBE MOAeNel MamuHHOTO oOydeHus. Llens paboTer —
pa3paboTka AUHAMHYECKOH Momenn oOHApY>KeHHUsI CETEBBIX aHOMannil Tpaduka B GECIIPOBOJHBIX PacIpeeIeHHBIX
camoopranusyomuxcs cersax. Meroa. [IpuMeHEHB METONBI ¥ ANTOPUTMBI HHTEIUIEKTYaIbHOTO aHAIN3a JaHHBIX
1 MamuHHOTO 00y4eHwus. [IpennmaraeMslil TOAX0N K MOHHTOPUHTY TpaduKka B OECIPOBOIHEIX paclpeaeIeHHbBIX
CaMOOPTraHMU3YIOIUXCS CETAX COCTOUT B PealM3alMU ABYX ATAINOB: IEPBOHAYATIBHOIO aHaIM3a Tpaduka Juis
BBISIBJICHUS] aHOMAJIBHBIX COOBITHI M TOCIIEAYIOMIEro NTyO0O0KOTo M3y4YeHUs] MHIIMICHTOB KNOepOe30macHOCTH s
KJIacCHU(UKALIMN THIA aTaKYIOIIEro BO3ICHCTBHA. B pamMkax mojixoza mocTpoeHbl MOAEIN Ha OCHOBE aHCaMOIEBBIX
METOJIOB MAIIMHHOTO 00yu4eHUs. BBINOJIHEH CpaBHUTENBHBIN aHAIU3 U BBIOOP Hanbosee 3(PEKTUBHBIX AITOPUTMOB
MAaIIMHHOTO 00yYeHUs ¥ MX ONTUMAJbHBIX runeprapamerpos. OcHOBHBIe pe3yibTaThl. [IpoBenena dpopmanmsamnms
Mojenn oOHapyKeHHs aHOMaluil Tpaduka B OECIPOBOIHBIX PacIpeAEICHHBIX CAMOOPTaHN3YIOIUXCS CeTAX, U
BEIJICTICHBl OCHOBHBIC KOJIMYECTBEHHBIE METPHKH NTPOU3BOAUTEILHOCTH ceTH. [IpencraBien 0000MeHHBIH aaropuT™
oOHapy)XeHHs aHOMaIHH Tpaduka B MOOMIBHBIX CaMOOPTAaHHU3YIOIIUXCS CETSAX. BBHIMONHEHO SKCIIeprMEHTaIbHOE
HCCIIEIOBAaHNE CHMYJISIIIMN CETMEHTA CETH C IMO3UIMH CHIKCHUS MPON3BOIUTEIFHOCTH B YCIOBUAX Pealu3aluu
pa3IMYHbIX CIIEHApHeB BO3HHKHOBEHHs CETEBBIX arak. [loka3zaHo, 4yTO ceTeBas paciipe/ie/ieHHas aTaka BUJA «OTKa3
B 00CIy)XMBaHUM» M KoolepaTHBHas araka Buaa «Blackhole» oka3biBatoT Hauboblllee HETAaTUBHOE BIMSHUE Ha
TIPOU3BOAUTENBLHOCTh CerMeHTa MOOMIIBHON CaMOOpraHu3yoLIeiics ceTH. Pe3ynnbTaTbl MOAEINPOBAHNUS CETH MIPUMEHEHBI
JUISL IOCTPOEHUSI MOJIENTH MAIIMHHOTO 00y4eHHs BBISBICHUS aHOMAIIMH W KJIACCU(HKAIINK THUIOB aTak. Pe3yabTars
CPaBHHTEIHFHOTO aHAJIHM3a aITOPUTMOB MAlIMHHOTO 00y4YeHHUs 1oKa3aim, uTo Metor LightGBM Hamnbonee s¢ppexruBeH
JUISL BBISIBIICHUSI aHOMAJIMI CETeBOro TpaguKa, IPH HCHOIB30BAaHUH KOTOPOTO JOJISI MPABIIIBHEIX OTBETOB COCTABMIIA
91 %. Tun npoBoAMMOMN aTaku ONpeAeeH ¢ Jojiel npaBuiIbHBIX 0TBETOB 90 %. IIpakTHyeckasi 3HAYMMOCTb.
IpennoxeHHBIH MOAX0A K 00HAPY)KEHHIO CETEBBIX aHOMAJINI 3a CUeT MPUMEHEHHsI 00yUeHHBIX MOJeIel aHalu3a
TpaduKa 03BOJISIET CBOCBPEMEHHO HACHTU(GUIIMPOBATH PACCMOTPEHHBIE THITHI aTak. byyliee HanpapieHHe pa3BUTHS
JTAHHOTO MCCIIE0BAHNUS — PACCMOTPEHNE HOBBIX CLIEHApHEB BOSHUKHOBEHHS CETEBBIX aTaK M JIOMOIHUTEbHOE OHIAH-
o0y4eHHe MMOCTPOCHHBIX Moaenel uaeHTuguKauun. PaspaboraHHoe IporpaMMHOE CPEICTBO OOHAPYKEHHS CETEBBIX
aHOMaJui TpaduKa B pacHpeieNeHHbIX MOOMIBHBIX CAMOOPTaHU3YIOIIUXCS CETIX MOKET HAWTH MPUMEHEHUE IS
TIOOBIX TUTIOB OE€CIPOBOAHBIX CAMOOPTAHU3YIOIIUXCS CETeH.

KiroueBnble cjioBa
MOOWITbHBIE CaMOOPTaHU3YIOIIUECS CETH, METPUKHU MPOU3BOAUTEIILHOCTH, CHCTEMa OOHAPYKEHHUS BTOPKCHUI
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Abstract

Mobile ad hoc networks are one of the promising directions of the edge computing technology and they are used in
various applications, in particular, in the development of intelligent transport systems. A feature of mobile ad hoc
networks lies in the constantly changing dynamic network topology, as a result of which it is necessary to use reactive
routing protocols when transmitting packets between nodes. Mobile ad hoc networks are vulnerable to cyber-attacks,
so there is a need to develop measures to identify network threats and develop rules for responding to them based
on machine learning models. The subject of this study is the development of a dynamic model for detecting network
traffic anomalies in wireless distributed ad hoc networks. Within the framework of this study, methods and algorithms
of data mining and machine learning were applied. The proposed approach to traffic monitoring in wireless distributed
ad hoc networks consists in the implementation of two stages: initial traffic analysis to identify anomalous events and
subsequent in-depth study of cybersecurity incidents to classify the type of attack. Within the framework of this approach,
the corresponding models are constructed based on ensemble methods of machine learning. A comparative analysis and
selection of the most efficient machine learning algorithms and their optimal hyperparameters has been carried out. In this
paper, a formalization of the traffic anomaly detection model in distributed wireless ad hoc networks is carried out, the
main quantitative metrics of network performance are identified, a generalized algorithm for detecting traffic anomalies
in mobile ad hoc networks is presented, and an experimental study of the network segment simulation is carried out
from the point of view of performance degradation during the implementation of various network attack scenarios.
Network distributed denial of service attacks and cooperative blackhole attacks have the greatest negative impact on
the performance of the mobile ad hoc network segment. In addition, the network simulation results were used to build
a machine learning model to detect anomalies and classify types of attacks. The results of a comparative analysis of
machine learning algorithms showed that the use of the LightGBM method is the most effective for detecting network
traffic anomalies with an accuracy of 91 %, and for determining directly the type of attack being carried out with an
accuracy of 90 %. The proposed approach for network anomalies detection through the use of trained traffic analysis
models makes it possible to identify the considered types of attacks in due time. The future development direction of
this research is the consideration of new scenarios for the emergence of network attacks and online additional training of
the constructed identification models. The developed software tool for detecting network traffic anomalies in distributed
mobile ad hoc networks can be used for any type of wireless ad hoc networks.

Keywords
mobile ad hoc networks, performance metrics, intrusion detection system
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BBenenune

OcoOeHHOCTh MOOMIIBHBIX CaMOOPTaHU3YIOMINXCS Ce-
teit (Mobile Ad-hoc Networks, MANETS) 3akirouaercs
B OTCYTCTBHUH 3apaHee OINpeJIeICHHO ceTeBoi nHppa-
CTPYKTYpBHI IIpU Tepeade NHPOPMAIUU MEKIY IBYMS
0ecrpoBOAHBIMHA YCTpoiicTBaMH. KaxkapIif y3em B MOOHITB-
HOM OeCIIpOBOTHON CETH MOXKET CITy’KUTh KaK pOyTEepOM,
TaK U XOCTOM, U OCYLIECTBISAET MEPECHUIKY MAKETOB I10

3anpocy. s MANET xapakrepHa JuHaMuueckast TOoJIo-
T'Hsl, TOBBILICHHAS! MOOMJIBHOCTB CETEBBIX Y3JIOB, & TAKKE
MHOTOIIEPEXOJIHAs MapIIPyTH3AIUs, KOT/Ia CBI3HOCTB ABYX
9JIEMEHTOB 00ECIIeUNBACTCS TIEPECHIIIKOH TaHHBIX Yepes3
IPOMEXKYTOYHBIE 3IIeMEHTHI ceTH. Hanbosee nmomynspHble
MIPOTOKOITBI ceTeBoi MapmpyTi3anu B MANET — cemeii-
CTBAa PEaKTUBHBIX U MIPOAKTUBHBIX MpoTokosios: AODV (Ad
hoc On-Demand Distance Vector), DSDV (Destination-
Sequenced Distance-Vector), OLSR (Optimized Link State
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Routing), DSR (Dynamic Source Routing) u ap. Kax mpa-
Buto, y3nel B MANET mpezncrasisiror co0oit MoOMIbHbIE
yCTpOMCTBA ¢ HEOOJIBIIUMHU 00bEMaMH JJUCKOBOH U orepa-
THUBHOM MaMSTH U MPOLECCOPHONH MOIIHOCTBIO, TIPH 3TOM
TaKHe CETeBbIE YCTPONHCTBA MOTYT BBIIIOJIHSTE OTIpE/IeIICH-
HYIO BBIYMCIIUTENBHYIO HAarpy3Ky. B uactHocTH, OMHapHas
KJIAaCCU(UKAIHS CETEBBIX YIPO3 MOXKET MPOU3BOJUTHCS
Ha koHeuHBIX y3max MANET npu Hamuauu 3apanee o0y-
YEeHHOTro Kiaccudukaropa. Pa3Burue apXuTeKkTypbl Ipo-
rpammHO-KoHpuUTYpHupyemsbix ceteit (ITKC) u TexHomornn
IrPaHUYHBIX BbIYUCIIEHUH (edge computing) MO3BOJISIOT
OIITHMaJIbHBIM 00pa30M YBEIHYHUTh AP (HEeKTUBHOCT (DYHK-
nuonupoBanust MANETS, caenats ux 6ojee THOKHUMHE C
TOYKHM 3peHHsI OOHAPYKEHHUS CETEBBIX YIPO3 U BEIPAOOTKH
MpaBuiI pearupoBaHus Ha HUX. Ha puc. 1 nmpeacrasiena
obmas cxema ¢yHkimonuposanus cermeara MANET c
nonnepxkkoi [IKC-kontposnepa.

OcobeHHOCTh aHanu3a (QYHKIHOHHPOBAHUSA
MANETs — HE00X0quMOCTh (PUKCHPOBAHUS B3aUMOC-
BA3€i OOBEKTOB CETH M MX XapaKTEPUCTUK HE TOJBKO B
HEKOTOPBIf MOMEHT BPEMEHH, HO U B COOTBETCTBYIOILEM
MPOCTPAHCTBEHHOM MONOXKEHUU. OOBEKTHI CETH, KPOME
OOBIYHBIX KOOPJIUHAT JIOJITOTHI U IITUPOTHI, UMEIOT BBICOTY
pacroyiokeHus (Hanpumep, NpUI0pOKHBIE YCTPOHUCTBA,

Takue KaK CBETO(Op, U aHTEHHBI HA aBTOMOOHJISIX MOTYT
pacronararbcsl Ha pa3HbIX BBICOTax). B cBs3u ¢ aTuM pac-
CTOSIHHE MEXKY OeCIIPOBOIHBIMK POyTEPAMH TAKOTO THIIA
HEOoOXOIMMO PAaCCUHUTHIBATH C YUETOM BBICOTHI PACTIONIONKE-
HUsI. 30HBI TIOKPBITHSI CUTHAJIOB MOTYT HE IEPEKPhIBATH-
cs1, 1 obecreueHne CTadMILHON CBA3N MEXKAY OOBEKTaMU
HEITb3s1 TapaHTHPOBATb.

Peammzarmus [TKC-xoHTposiepa B Ka4ecTBE 3JIEMEHTa
MANET otaenser miockocTs AaHHbIX (Data plane) ot
rockoctu koHTpodst (Control plane), mo3Boisisi mpoBo-
JUTh 3()()EKTUBHBI MOHUTOPHHT CETEBBIX IOTOKOB Tpa-
(hmKa MPaKTHYECKH B PEIKUME PEeallbHOTO BPEMEHH, CO-
Oupast CTaTUCTHYECKHE JJAaHHBIE TIOTOKOB M OCYIIECTBIISIS
MapUIpyTH3aIHIO [TAKETOB 10 Bcel ceT. KomMmyTaTops!
¢ moxnaepxkkoit OpenFlow 0oCymIeCTBISIOT MOUCK IO Ta-
OuIaM KOMMYTAITMH U OOHOBJISIOT WH(OPMAITUIO, SCITU
MIPABMJIO TIEPECHUIKN TaKeTa He HaiineHo. [lpn Bo3HMK-
HoBeHNH ceTeBoi yrpossl [IKC-kouTpomep Gopmupyer
COOOIICHNE ¢ TOTUTHKONW pearnpoBaHus (Kak IPaBIIIO,
MIPOUCXOIUT N3OJISIIUS 3JIOHAMEPEHHOTO y3J1a U yAaJCHUE
€ro M3 BCeX TaOIHIl KOMMYTAIH) U PACCBUIAET €ro KOM-
myrtaropam OpenFlow. Ba3oBbie cTaHIuM UCTIONB3YIOTCS
JUIsl TIOKPBITHUSI TPYIIT MOOHMJIBHBIX ycTpoiicTB. Ha kaxnoi
0a30Boii cTaHIIMK pabOTaeT MEXaHU3M OOHAPYIKCHUS Cep-

CanTY ITKC-KOHTpoILIe CBHTY
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_________ Sy e e e e e e e e e e e e
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Puc. 1. O6mas cxema GyHKIIMOHUPOBAHUS CETMEHTa MOOMIBHOM CaMOOPraHU3YIOLIEHCsl CETH ¢ TOIAEP/KKOM MPOrpaMMHO-
KOH(UTYpPUPYEMBIX ceTeit

Fig. 1. General scheme of the mobile ad hoc network segment functioning with software-defined networking support
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BHUCOB (service discovering) ¢ IeNIbI0 PErHCTPaIii MOOHIIb-
HOTO y3JIa U PacCBhUIKH ONPEEIEHHOTO TEMAaTHYEeCKOTO
KOHTeHTa. Pacchuika MHGOPMALMK C TaTYNKOB KOHCYHBIX
YCTPOMCTB MOXKET OCYIICCTBIATBCS C MOMOIIBIO TPOTO-
xona paboter ¢ tenemerpued MQTT (Message Queuing
Telemetry Transport) Mo MOIeIH HOAINKCKHA HA KOHTCHT.
KoHe4HBIi y3eI1 CeTH MOKET OCYLIECTBILATh ONPEIeICHHYO
pacchUIKy (HampuMep, CepBUC HHOOPMHUPOBAHUS O TTOTOA-
HBIX YCIIOBHAX, CEPBUC HH(GOPMUPOBAHHS O JOPOXKHOIL
CUTYalllH U JIp.), IPEIBAPUTEIHHO 3apETUCTPUPOBABIIUCE
Ha 0a30BOI CTAHIMK U YKa3aB CIoco0 goBeneHus nHPOp-
Mally 10 OCTAJIbHBIX Y3JI0B CETH.

CoBpeMeHHOE COCTOSIHME HCCIIeT0BAHUI

Bompocs! pa3paboTku apXUTEKTyphI I MOJieliel obectre-
yeHus 6ezonmacaoctd MANETS paccMOTpeHbI BO MHOTHX
Hay4HBIX paborax. B pabore [1] onmucana apxutekTypa
6e3omacioct MANET B Buzie 1sITH ypOBHEH: HaAKHOM
nH(pacTpyKTypbl, 0€30IIACHOCTH CBSI3U U MapLIPyTU3ALIHH,
ceTeBoil 6€30MacHOCTH U 0E30MaCHOCTH TPHIIOKEHUI.
B [2] uccnenoBaHbsl BOIPOCH 00eCIeUeHUsT 0€30MacHO-
CTH NPOTOKOJIOB MapIHIPyTH3Al[MH MHTEPHETA BEIICH B
MANETS, ¢ moMoLIbI0 ONMHUCAHUS KJIACCOB UCIOIB3YEMbIX
MIPOTOKOJIOB M pacIIupeHus 6e3omacHocTu. B padore [3]
TIpeICTaBJIeHa KOHIICTITYa IbHas oOnagnas monesb MANET
IUTSL YMHBIX YCTPOHCTB Ha 6asze TexHonoruu 5G. B [4]
pa3paboTaHa Mozenb 0€30MacHOCTH Ha OCHOBE METOMa
umdposanus Advanced Encryption Standard (AES) st
TeHepalnn CeKPeTHHIX Kimrodel B kimacTepHsix MANETSs.
B pabote [5] npennoxena Moaesb 0aiieCOBCKOM UTPHI C
HENOJIHOM MH(OpMaIueil s aHann3a OOBIYHBIX M 3J10-
HamepeHHbIX y310B B MANETS. B [6] onucana sHepro-
s¢dexTuBHAsE MHOTOMEpHas MOJEIb JIOBEPUTEIHLHOTO
YIpaBJICHUS VISl JOCTIKEHHUS YAYUIICHHBIX TTapaMeTpOB
kauectBa obciyxusanus B MANETs. B [7] npencranenst
JIByXypOBHEBas MOJIEIIb KIIMEHT-CepBEpPa ISl KOMIUICKCHOM
6e3onacaoctn B MANETS, koTopast 00beInHSICT BHYTPEH-
HUE ¥ BHEIIHIE CUCTEMbI OOHAPYKEHNS BTOPKEHNH B €1~
HOE YCTPOHCTBO.

Hau6onee pacripoctpanennbivu B MANETS siBisttoTCst
aTaku BHJa «0TKa3 B obOciyxuBanum» DoS (Denial-of-
Service) u DDoS (Distributed Denial-of-Service), a Takke
Blackhole [8]. B ciyuae peanuzauuu DoS- u DDoS-arax
TOT WJIM MHOH y3€J1 CETH BPEMEHHO BBIXOIUT U3 CTPOSI, MO~
ny4asi Ha 00pabOTKy MHOYKECTBO OTHOTHITHBIX 3aIIPOCOB,
CTCHEPUPOBAHHBIX MHOKECTBOM 3JIOHAMEPEHHBIX y3JIOB.
[pu peammzanun Blackhole-atak, 3moHamMepeHHBIN y3en
cOpachIBaeT BCce BXOIINE MAKETHI, 3aTPYAHSS MapIIpy-
THU3aLHI0 ceTeBBIX ITOTOKOB B MANETS.

Jist moBbIeHNsT 0€30MacCHOCTH MPOTOKOJIA MapHIpy-
tr3anud AODV B MANET B paGorte [9] mpemioxeH moa-
XOJl M30JISILIUU BPEIOHOCHBIX y3JI0B HA OCHOBE MOJEIH
noBepust. B [10] paccMoTpeHO MCTONB30BaHNE HEUETKOM
JIOTMKHU JJI1 METOJUKH pacdyeTa J0BEpHUs y3JO0B CETH, C
nebpo oOHapyxenust atak Bunga Blackhole, Grayhole u
DDoS. B [11] onucana Bapuaiius 6€301acHOr0 MpoTOKoJIa
Mapupytuzanuu AODV 11t 3aiuThl 0T KOONepaTUBHON
araku Buaa Blackhole Ha 0a3e xaoTmueckux oToOpake-
nuit. J{na obuapyxenns arak Buga DDoS u Blackhole B
pabore [12] mcmoap30BaH MEXaHU3M ayTCHTH(PUKAIINH,

OCHOBaHHBIH Ha YIPOIIEHHOM JITOPUTME MH(POBAHUS U
MAC-ayTeHTH]UKALNH, KOTOPBIN JoKa3an 3PEeKTHBHOCTh
MPE/ITIOKEHHOTO PelIeHus] Ha 0a3e CeTeBOro CUMYJISITOpa
NS-2. B [13] ucnons3oBan ceteBoit cumynstop NS-3 s
n3ydeHus BIUsSHUA aTaku Buaa Blackhole Ha mapameTpst
npousBoautenbHocTd MANET, Takue kak mporyckHas
CIoCcOOHOCTB, CKBO3HAS 3a/iepKKa U K03 (UIHECHT mmoTe-
pu maketoB. B pa6ore [14] ncnonp3oBaHa ONTUMHU3ALINS
MYpPaBbUHON KOJOHHHM JUISl TIPEIOTBPAIICHUS aTaki BUIA
Blackhole 8 MANET. B [15] npoBezieHbI 3KCTIEpUMEHTAIIb-
HBIE HCCcleJoBaHNs 0OHapyxeHust DDoS-arak, ¢ moMonso
METO/Ia OTIOPHBIX BEKTOPOB M ONTHUMM3AIMH METOAA POs
yactuil. B [16] npeacraBicH MeTO HA OCHOBE OATTHHTa
KJIAaCCU(MKATOPOB JIJISl BBISIBJICHHSI aHOMaJIMil CETEBOTO
Tpaduka.

B [17] pa3zpaborana Moaenb pactpocTpaHeHust HHOp-
Maluy B aBTOMOOMJIBHBIX CAMOOPTAHU3YIONIUXCS CETAX C
UCIIOJIB30BAHIEM TPOTOKONA Tiepeadn Tenemerpun MQTT.
Pabota [18] HampaBieHa Ha MOBHIIICHHE OE30MTACHOCTH
MQTT-niporokoina Ha ypOBHE MPHIOKEHHUH C IETBIO TIPO-
TuBOJIeicTBHs DoS-arakam B 6ecripoBoaHBIX ceTsix. B [19]
MPEACTaBICH MEXaHU3M yIpPaBICHUS MOTOKOM Ha 0ase
npotokona MQTT, cHkaromuii mokazaTeau METPUK OT-
OpachIBaHM TAKETOB U CKBO3HOMW 3aJIeP>KKH 110 CPAaBHEHUIO
co cranjaptHoit peanuzanueir MQTT.

Takum o0pazom, 0030p aKTyaJbHBIX Hay4YHBIX HCCIIE-
IoBaHUM B oOilacTv obecrieuenuss 0€301aCHOCTH CeTel
MANET noxka3an, 4To B yCJIOBHSIX OTCYTCTBHUS 3apaHee
OTIPEICNICHHON CeTeBOW MH(PACTPYKTYPHI NIPH Tepeade
nHpopMaIK MKy OSCIIPOBOIHBIMH yCTPOUCTBAMH Me-
TOZBI MHTEIUIEKTYaJIbHOTO aHaJIN3a JAHHBIX JOCTaTOYHO
3¢ GEKTHBHO MOTYT HISHTH(OUITUPOBATH aTaku. [Ipu 3ToM
Ha JaHHBI MOMEHT OTCYTCTBYeT oOmmas (popMaan30BaH-
Has cTpyktypa MANET, a Takxe 0000IIeHHBIN alTOPUTM
oOHapyxeHus1 aHomaauid Tpaduka. B pamkax Hacrosiei
paboThI paccMOTpeHb! Ooee oxpoOHO chHOopMyITHPOBaH-
HbIe TpoOIIeMbl obecriedenus 6e3omnacnoct ceti MANET.

Mopenb o0Hapy:xeHUs aHOMAJIMI TpaduKa
B CerMeHTe MOOMJIbHOM caMOOpraHu3yIoLleiics ceTu

IIpencraBum cermeHT MANET B MOMEHT BpeMeHHU ;B
BUJIE CITy4aliHOTO T€OMETPUYECKOTO HEOPUEHTHPOBAHHOTO
rpada G/ = (V, E)), EI C V* V, |V|=n, |E/|=m ¢ ¢pukcupo-
BaHHBIM MHOXECTBOM Y3710B V= (v, vy, ..., Vjy;) pasmepa n
1 MHOXKECTBOM JIyT £/ = (e, €, ..., ej) pasmepa m. I'pad
G/ npencrapiset coO0i MPOCTPAHCTBEHHYIO CETh, TOCTPO-
CHHYIO ITOCPE/ICTBOM CITyYalfHOTO Pa3MEMICHHUS 1 Y3IIOB B
TPeXMEPHOH IJIOCKOCTH A pasMepa §q X §5 X §3, IPU 3TOM
JIBa y3J1a COCIMHSIOTCS IyTOH e; TONBKO B TOM Cllydae,
©CIIM UX PaCCTOSHHUE B MOMCHT BDEMCHH /; HAXOAUTCS B
3a/IaHHBIX 30HAX MOKPHITHA. B CBiI3M ¢ AMHAMUKOW 00b-
ektoB MANET u u3MeHeHreM pacCTOSHUS MEXKy HUMU,
B KaJK/IbIii CJIC/IYIOIIHI  MOMEHT BPEMCHH ;| H3MEHSACTCS
MHOKeCTBO ayr E/! u, ciienoBarenbHo, caM HEOPHEHTHUPO-
BaHHbIH rpad G/T1. Muoxkectso nyr /71 coxpanser peGpa
MHOXKeECTBA £/, €CIIM K MOMEHTY BPEMEHH /| CBS3b MEKILY
COOTBETCTBYIOLIMMH O0bEKTaMH HE MOTepsiHa, U 00aBIsIeT
HOBBIE peOpa, KOTOpbIE XapaKTepU3yIOoT HOBbIE 00pa30BaB-
LIMECs! CBSI3M 38 MOMCHT BPEMEHH (Z;,) — f;). Takum 06pa-
3oM, iBa G/ = (V, E/) u G/ = (V, E7) ONMCHIBAIOT OIHY U TY
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ske MANET ¢ omHUMM U TeMU K€ yYaCTHUKAMM JBHKECHHS
(BepiIvHBI rpada MOITHOCTHIO COBIAIAIOT), HO CBSI3b MEIKITY
HUMH Yepe3 MOMEHT BpeMeHH A OyIeT XapaKTepu30BaThCs
paznuunbiME ayramu EJ/, E7 (MHOXeCTBa YaCTUYHO CO-
BITAJIAIOT, €CJIM COXPAHUIACH CBSA3h MEXKIY HEKOTOPBHIMHU
00BEKTaMM).

C yderom npuHIHIOB (yHKIHOHUpOoBaHUI MANETS,
BBEJIEM IIPOCTPAHCTBEHHO-BPEMEHHBIE XapaKTSPUCTHKU
JUISL KaXKJIOTO y3J1a IuHaMu4ueckoro rpada G.

Kaxgas Bepmuna rpada G/ mpeacrasisieT coboit
0ecnpoBOHOI poyTep B BHJIE KOPTEKA 3HAUCHUIN

Vi‘] = {ria mObl‘ja spdija (xijsyijr Zij)}s i:L M,

TJie #; — 30HA TOKPBITUS i-T0 OECIPOBOJHOTO POYTEpPa;
mobif — BHJ MOOWJIBHOCTH j-TO y3JIa B MOMEHT BpeMe-
HU 1;; spd/ — CKOPOCTb JABHKCHUS [-I0 y3Ja B MOMEHT
BpeMeHH 1; (x/, y/, z/) — KOOpIMHATBI MECTOIOIOKCHHS
i-T0 y371a B MOMEHT BpeMeHH /;. [1o ymonuanuto Bce y3ibl
rpada G/ umeroT JiuHeliHy0 MOOUIBLHOCTL mob/ = Linear,
OJTHAKO €CITH Y3€JI SIBJSIETCS CTAIlMOHAPHBIM, TOT/IA €r0 MO-
GunbHOCTS HMeeT B mob] = Fixed, a ckopocts spd/ = 0.
MHoxectBo ayr E/ rpada G/ npencrapiset co6oi MHOKe-
CTBO CETEBBIX CBSI3EH MEXILy Y3JIaMH CETH, pa3Mep KOTOPO-
TO TMHAMHYECKH U3MEHETCS BO BPEMEHH B 3aBUCHMOCTH
ot Tekymeit Tononorun MANET.

OmnpenenrM pacCcTOSHIE MEXKITy IBYMS O€CIpOBOIAHBI-
MH poyTepamu v,/ i v,/ B MOMEHT BPEMEHH ; KaK eBKIH-
JIOBO PacCTOSTHHE:

dv/, vy =Ivy = vl =

= \/(xaj _ xbj)z + (Vaj _ ybj)z + (Zaj _ ij)z.

Hyra e(vaj, vbj) CTPOMTCSI TOJBKO B TOM Clly4ae, KOraa
d(v],vy) <r,+rp, 4To 0O3HAYAET MEPECEICHUE 30H MOKPbI-
THS IBYX Y3JIOB.

[1pu ycTaHOBIEHUH COCANHEHHS MEXKLY IBYMSI ITPOU3-
BOJTBHBIMH y3JIaMH B ceTH Tpada G OCyIIeCTBIACTCS epe-
CBUIKA CETEBBIX NIAKETOB COIIACHO BEIOPAHHOMY IIPOTOKOITY
MapuIpyTU3anuu. MHOXKECTBO BCEX IIOTOKOB CETEBOTO
tpaduxa B cermente MANET 0003Ha41MM B BUJie KOpTEKa
3HAYEHUH

Z = {flowID, bR, /B, fA}, |Z) = INUM,

rne flowlD — yHUKalbHBIM MACHTU(HUKATOP MOTOKA;
bR — outpeiit nmoToka; fB u fA — MHOXECTBO 0a30BBIX
U IpUOOpETEHHBIX MPU3HAKOB MTOTOKA. BBenem noHsTue
IKC-konTpomiepa B Buae OpenFlow xouTpomiepa C u
0003HaYUM MHOXECTBO KOMMYTAaTOPOB Sy, COAEPKAILIUX
TabnuIBl MapHIpyTH3auy nakeToB B cermente MANET.
Mopesb 00HapyKeHHs] AaHOMAJIHIA ceTeBoro Tpauka
[TocTponm Mozmens MamMHHOTO OOYYEeHHUSI HA OCHOBE
aHcaMOJICBBIX aJTOPUTMOB JUIS TIEPBUYHOTO BBISBICHHS
aHOMaJMi BHYTpH OECIIPOBOAHON pacIipeseeHHOM caMo-
OpraHu3YIOIIEHCs CeTH, TeHEPUPYIOIIYIO TOTOKH CETEBOTO
Tpaduka B cerMeHTe B opMaTe MHOXKecTBa Z. 3amada
COCTOMT B pacrpeeseHnu Tpadyuka 1 OTCEUBAHUH «IIO0-

3puTenbHoro». [lJis pemeHus JaHHOW 3a/1aqyi MOCTPOUM

MOJIeJIb OMHAPHOTO KJIacCH(UKATOpa CETEBBIX yrpo3 U

o0o3HaunM ee B Buae QyHkunu h(Z2): Z — {0, 1} xoropas

IpUCBaUBaeT KaXKAOMY IIOTOKY TpadHKa z; U3 MHOKECTBA

BCEX CETEBBIX NOTOKOB Z = {fz, 25, ..., Iz,} MeTKy O B

Cllyyae OTCYTCTBHUS CETEBOI aTaku U METKy | B cirydae ee

Hanmausa. O0o3HaunM uepe3 bCLF BbIOpaHHBIN 15 On-

HapHOH Kiaccuukanuu Hanbdonee 3(h(HeKTUBHBIA METO

MaIIMHHOTO 00yYeHHUS.

Mognesb naeHTHGUKALNY THIIA CETEBOM aTaku

Crenyromuii oTarn aHajau3a «Io03pUTEILHOIO» ceTe-
BOTO Tparka — UJICHTU(HUKAINS KOHKPETHOTO TUIIA aTaKH
JUIsS BBIPAaOOTKH MOCIENyIOIEel CTpaTernu MpoTHBOACH-
ctBust. [TocTponM Moenb MyIBTHKIIACCOBOTO KiacCH(u-
Karopa CeTeBBIX yIpo3 U 0003HAYMM ee B BUje (PyHKIUH
AZ): Z— K, xoTopas IpucBanBacT KaKIOMY ITOTOKY Tpa-
uxka 1z; MeTky k; € K, |K| > 2, COOTBETCTBYIOLLYIO HOP-
ManpHOMY Tpaduky (benign traffic), mibo KOHKpeTHOMY
BUAy ceteBoit ataku. O603HaunM yepe3 mCLF BRIOpaHHBII
JUISL MYJIBTHKJIACCOBOM KIACCH(MKAIIMN METO, MAIIMHHOTO
o0yuenus. Pe3ynsraTel cpaBHEHHSA pabOTHI KIIaCCH(PHUKATO-
POB npe/icTaBiIeHbI B paszielne «MozenupoBaHue clieHapreB
CEeTeBBIX aTaK B paMKax cerMeHTa MOOMIbHOW camoopra-
HU3YIOILIEICS CeTH.

Ouenum npousBoguTeabHocTh cermenta MANET, a
Taroke Y3(QPEeKTUBHOCTH M TOYHOCTH CHCTEMBI OOHAPYKEHUS
AQHOMAJIMH, JUISl 3TOTO BBEJEM B PACCMOTPEHHE KOJIHYe-
CTBEHHBIE METPHKH IIPON3BOAUTEILHOCTH.

1. Koaddumuent nocraBku makeroB (Packet Delivery
Ratio) — cooTHOIIEHNE KOIMYECTBA TOIyYSHHBIX T1a-
KETOB K KOJIMYECTBY OTIPABJICHHBIX, JUISl HCCIICAYEMBIX
Y3JI0B CETMEHTA CEeTH.

2. Ilpomycknas croco6HocTs cetu (Throughput) — co-
OTHOIIICHHE pa3Mepa YCIEUIHO MePEJaHHbIX M0 CeTH
MAKETOB K 00IIeMy BPEMEHH CUMYIIAILUH ceTH simT.

3. Bpewms nepenaun nakera OT HCTOYHHUKA K [OJY4aTero
n obparHo (round-trip-time) — pa3HHIIa BPEMEHH TI0-
JIy4eHHsI OTBETa OT IOJy4aTessi 1 BPEMEHHU OTIPABKU
3anpoca OT UCTOYHHUKA.

4. CxBo3Has 3a/epKa nepenadu nakeros B cetd (End-
to-end Delay) — pa3HuIia Mex Iy BpeMEHEM OTIIPAaBKH
MaKeTa OT MCTOYHHMKA U MOJyYCHHUS €TO MOITydaTeseM.
B cpennem End-to-end Delay cocraBnseT momoBuHy
BpPEMEHHU METPHKH round-trip-time.

5. Uznepxku (Overhead) — cpenHee KOIWYECTBO Ta-
KETOB, HEOOXOUMBIX JUIsl TOCTABKH OJIHOTO MaKeTa
JIaHHBIX. PaccuntaeM B BHJIE COOTHOIIEHHS OOIIEr0 KO-
JIMYECTBA MAKETOB K KOJIMYECTBY ITaKETOB, MOJIYyYEHHBIX
y3ioM-nioiydaresem. [Ipu aToM ob1iee KoauuecTBO
MAKeTOB BKJIIOYAET B ceOsl CiIyXeOHbII (IaKkeTsl, me-
pelaBaecMble MEXIy POyTepaMu) U MOJIb30BaTEIbCKUI
TpauKy (TTAKESTHI TPUI0KCHUI).

[TepeunciienHbIe METPHUKH MO3BOJISIIOT OLEHUTD (-
(hEeKTHBHOCTH CUMYJINPYEMBIX CETEBBIX yIPO3 B CETMEHTE
MANET c nenpio nanpHeimero popmMupoBanus Habopa
JAHHBIX JUIS UCCIIEI0OBAHUS METOaMHU MAaIIMHHOTO 00y-
YEHUSL.

PaccMoTpuM 00600IICHHBIN alTOPUTM 00HAPYKEHUS
aHomanuii Tpaduka B MANETS.
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Hlar 1 ITKC-xontpomep C ocymecTBIsIeT MOHUTOPUHT COCTOSIHUS CETEBBIX IIOTOKOB M3 MHOKECTBA Z, BEIOMpAs 171 aHaIIM3a
CITy4YaiiHbIl CETEBOI MOTOK KaXKJIbIE #), MUHYT.
lar 2 J1n1s1 BEIOpaHHOTO CETEBOTO MOTOKA 72}

2.2 Ecmm h(tz)) = 1:
2.2.2 Ecin obGHapy»xkeHa araka Buaa DDoS:
0TOpachIBaHUS MAPKUPOBAHHBIX [1AKETOB.

COOTBETCTBYIOLIUX MOTOKY 7Z;.
2.2.3 Eciin oOHapyxeHa ataka Buna Blackhole:

Bpems MoHUTOpHHTrA ¢, TOAOUPAETCS IKCIEPUMEH-
TaJbHO B paMKax cuMmyisitopa cermenta MANET npu pe-
aJIN3alMU PA3IMUHbIX CLIEHAPHUEB OCYILECTBICHUS CETEBBIX
arak. Onepaiyn Kiaccu(pUKaIMU BO3MOKHO BBITIOJTHATH Ha
KOoHeuHBIX y3nmax cermeHTa MANET nipu coOmtoneHnn BbI-
YHUCIINTEIbHBIX PECYPCHBIX OrpaHUYeHUH. B aTOM cityuae
y3€J CaMOCTOATENBHO MPOBOANT KIACCU(PHUKAINIO CETe-
BBIX [TOTOKOB JTAaHHBIX U IIPU 0OHAPYKEHUU CETEBOH aTaku
nndopmupyet [IKC-korTposnep C 0 BO3HUKIIEH yrpo3se.
Jlanee mpoucxonuT BbIpabOTKa MpaBMI PearupoBaHUs Ha
WHIUICHTHI 0€30IIaCHOCTH.

sent: 77 pks rcvd: 32 pks
rcvd: 68 pks sent: 33 pks
apﬂiol apﬂu]

2.1 IlpoBoautcs GuHapHas knaccudukanus s(fz;) ¢ momomnso knaccudukaropa bCLE.

2.2.1 IpoBoauTcs MynbTHKIIAccOBas Kinaccuduxanus f{#z;) ¢ nomorpto knaccupukaropa mCLF.

2.2.2.1 Ha IIKC-konTpouiepe C dopmupyercst coobuienue flowPLC mis koMmmyTaropa S; ¢ HOIMTUKONW BBIOOPOYHOTO
2.2.2.2 Ilpu nomy4eHUH COOOIIEHH HA KOMMYTATOpE .S; IPOUCXOJUT OTOpachIBaHUE BCEX MAPKUPOBAHHBIX MAKETOB,
2.2.3.1 Ha xonrpomnepe cSDN dopmupyercs coobuenue routingPLC 171 koMMyTaTopa S; ¢ HCKIII0YeHHUEM 3JI0HaMEepPEH-

HOTO Yy3J1a, COOTBETCTBYIOLIETO IIOTOKY /z; U3 BCEX TAOIMI] MapIIPYTU3ALHN CETMEHTa CETH.
2.3 Araka OTCYTCTBYET, BO30OHOBJICHNE MOHUTOPHHTA (IIar 1 paboTHI aNropuT™Ma).

MoaenupoBaHue clieHapHeB CeTeBbIX aTaK
B PaMKaX cerMeHTa MOOMWJILHOM
CaMOOPTraHM3YIOLIeHCs ceTH

Ha 0a3e cumymstopa OMNeT++ Bepcun 5.6.2 u ae-
MOHCTPALMOHHBIX MprMepoB pperimBopka INET nmoctpoen
cermeHT MANET, B pamkax KOTOpOTO ITPOU3BEICHA OT-
npaska naketoB Buaa Ping, UDP (User Datagram Protocol)
u TCP (Transmission Control Protocol) ot y3na-ormnpasu-
Tels K y3iny-nosydareiro. CTaHIapTHbII HHCTPYMEHTapHi
OMNeT++ Britrouaet B ce0si BOSMOKHOCTB OTCIICIKHUBAHUS
KOJIMYECTBCHHBIX METPHK MPOU3BOIUTEIBHOCTH IO pe-
3ynmpTataMm cuMmyisinuu. Ha puc. 2 mpencraBieHa cxema
CETEBBIX IOTOKOB JaHHBIX Y3J1a-OTIPABUTEIS 10 YPOBHIM

application IayerW

|
routingApp ‘

passed up: 133 pks
sent: 1?0 pks

<
transport layer |
|
\
|
|

=)

network Iayerw

0A-AA-00. 90-00-01

ipva
link layer
127.0.011 (100) k laye
00-00-00-00-00-00
lo[0]
10.0.0.1 (101)

=

wlan[o]
|

Puc. 2. Cxema ceTeBbIX IOTOKOB JIaHHBIX JUId y3i1a oTipaBuTens B OMNeT++
Fig. 2. Scheme of network data flows for the source node in OMNeT++
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ceteBoil moaenu OSI B ciryuaifHbIil MOMEHT BBITOTHEHUS
CHUMYJISILIUH.

Jlis onleHKM rokasaresneil kadecTBa pyHKIHOHUPO-
Banus cermenta MANET paccMoTpuM IsiTh CLUEHAapUEB
cUMyIsIuii. Pe3ynmbsrarsl paccMOTPEHHBIX CUMYIISIAHN MTPH-
BeJ/ICHBI B TaOJHIIE.

Cuenapuii 1. Cumynsanus cerMeHTa ceTu 0e3 arak.
CuMyssinus OCyIIECTBISIETCSI B COOTBETCTBUU € OOIIUMHU
HAcTpOIKaMH CEerMeHTa CETH, PH ITOM MOTEHIIHAIBHO
3JI0BPEHBIC Y371l TAK)XKE UCIONB3YIOTCS JJIsl MapIpyTh-
3alun.

Cuenapmii 2. Cumysisiiius cermenta cetu ¢ Blackhole
arakoi. CUMYJISIIMS OCYIIECTBIISIETCSI B COOTBETCTBHU C
OOIMMH HACTPOIKAMH CErMEHTAa CETH, IIPU ITOM Ha OTHOM
13 y3J10B OTKJIIoUeHa omus forwarding, 4To nmpuBOIUT K
yAAJIEHUIO BCEX BXOIINX HA y3€J MaKeTOB.

Cuenapuii 3. CUMyIALMS CETMEHTa CETH C KOoIepa-
tuBHOU Blackhole atakoit. CHUMymSIHS OCYIIECTBIISCTCS
B COOTBETCTBUH C OOLIMMH HACTPOWKAMM CETMEHTA CETH,
TIPY STOM Ha JIBYX y3JaxX OTKIIoueHa omus forwarding, 9To
MIPUBOAUT K yNAJIEHHIO BCEX BXOSIINX HA Y3JIbl IAKETOB.

Cuenapuii 4. Cumynsamnus cermMenTa cetu ¢ DoS-
arakoi. CUMYJISILIUS OCYIIECTBISIETCSI B COOTBETCTBUU C
00IMMHY HACTPOWKAMM CErMEHTa CETH, IPH ATOM OJIMH U3
y3noB peanuzyer UDP Flooding araky, oTrnpasiisis makeTb
Ha UCTOYHUK ¢ yactoroii 0,05 ¢, pazmep makera pacnpese-
JIeH paBHOMepHO B uHTepBazie ot 200 no 500 b.

Cuenapuii 5. Cumynsuust cermenra cetu ¢ DDoS-
arakoi. CUMyJISIIAS OCYIIECTBISICTCSI B COOTBETCTBHU C
OOIIMMHU HACTPOMKAaMH CETMEHTA CETH, ITPH 3TOM TPH y3J1a
peamuzytor UDP Flooding araky, oTmpaBiss makeTsl Ha
HCTOYHHUK U Ha aJIpecar, ¢ ycpeaHeHHoi yacTtoroii 0,05 ¢,
pa3Mep IHaKeTa pacHpeielicH paBHOMEPHO B HHTEPBAJE OT
200 mo 500 b.

B cooTBeTCTBHM C BBHIIIOJHEHHBIMHU JKCIIEPUMEH-
TaJbHBIMU HCCJIEJOBAHMUSIMH, MHOXXECTBO METOK K
MYJIBTHKJIACCOBOTO Kiaccudukaropa f(Z) 3agaaum B
Bune: K = {«Bening», «DoS», «DDoS», «Blackhole»,
«CooperativeBlackhole»}. OTMeTHM, 4TO CETEBbIC aTaKH
Buna cooperative blackhole attack u distributed denial-

of-service attack oka3piBaloT HanOoJbIIeEe HETATHBHOE
BIIMsIHME Ha Tpou3BoauTenbHOCTh cermeHTa MANET, u
cucreMa oOHapyKEHHUs! BTOP)KEHUH B NEPBYIO O4epeib
JI0JoKHA OBITH c(hOKyCcHpOBaHA Ha KiaccH(UKAIMIO MaT-
TEpPHOB MTOBEJICHUS CETEBBIX YTPO3, XapaKTEPHBIX JUIS 3THX
THUIIOB aTaK.

IIpoBenem ucciaempoBanue 3PPEKTHBHOCTH MPEIIIO-
JKeHHOTO aJITOPUTMa KIacCU(PHUKAIINN CETEBOTO TpaduKa B
cermenTe MANET. JI7151 3TOr0 BBIITOJTHAM OJHOBPEMEHHYTO
cumyssiiuio CrieHapues 3 u S ¢ kooneparuBHoii Blackhole
atakoi u arakoit DDoS B ucxognom cermente cetu. B pe-
3yJIbTaTe CUMYJISILIMY [TOJY4YUM HecOaJaHCUPOBAaHHBIN Ha-
00p JaHHBIX, COCTOSMIMNA U3 52 CTONOIOB-IPU3HAKOB U
5840 zarmmceii co creqyronmM pacrpezenenueM: «Benigny:
4247; «DDoS»: 834; «Cooperative Blackhole»: 759.
BanancupoBKy JaHHBIX TPOM3BEAEM C ITOMOIIBIO aITOPUT-
Ma SMOTE. [oiyanm c6anaHcHpOBaHHBIN HAOOP JaHHBIX,
cocrosimit u3 11 375 3anuceii co ciaenyommum pacnpese-
nerunem: «Benign»: 3849; «DDoS»: 3847; «Cooperative
Blackhole»: 3679. B kadecTBe METPHKH OIICHKU KJIaCCU(H-
Kalll¥ UCTIONb3YEM JIOJII0 IPABMIIBHBIX OTBETOB (accuracy)
MPHU CPAaBHEHUHU TPEX COBPEMEHHBIX KiacCH()HUKATOPOB:
XGBoost, LightGBM n AdaBoost. [Tog6op onTumanbHbIX
THIIepIIapaMeTpOB MIPOU3BEAEM C HCIOIb30BaHUEM (YHK-
uu GridSearchCV. PesynsraTsl OuHapHOii Kiaccuuka-
M Ha cOaaHcupoBaHHOM Habope naHHbIX: XGBoost —
88 %, LightGBM — 91 %, AdaBoost — 83 %. Pe3ynbrarsr
MHOTOKJIACCOBOH KITacCU(HKAIMN Ha cOalaHCHPOBAHHOM
Habope nanHbIX: XGBoost — 83 %, LightGBM — 90 %,
AdaBoost — 64 %. Marpuna omm6ok kiaaccupukaropa
LightGBM 11 MHOTOKIJIaCCOBOM KJIACCH(HUKAIIN CETEBOTO
Tpadduka mpeacTaBiIeHa Ha puc. 3.

B pe3ynbTraTe MOXKHO CA€IaTh BEIBOJ O TOM, YTO KiIac-
cudukarop LightGBM mnoka3zsiBaeT Hauimy4iue pes3ylib-
TaThl JUI1 0OHAPYKEHUSI aHOMAJIUK CeTEeBOro Tpaduka u
UACHTU(HUKAIIMK KOHKPETHOW cereBoii araku. [Ipu mpo-
BEJICHUY JaJIbHEHINX MCCIIeJOBaHUH 00y4YeHHBIN Kilac-
cU(UKATOp C MOJOOpaHHBIMK TUIlepHapamMeTpaMu OyneT
BBI'PY’KEH B Ka4€CTBE MOJIEIN OOHAPYKEHUs aTak.

Tabnuya. OnieHKa Mokas3aresneil kauecTBa GyHKIIMOHUPOBAHUS CErMEHTa MOOMIBHON CaMOOPTaHNU3YOLIEHCS CeTH

Table. Evaluation of the functioning quality indicators of the MANET segment

Pesynbratsl cumyssiui Cuexapuit
1 2 3 4 5
Ortmpasneno/norydeno UDP-nakeTos 729/259 798/625 718/36 734/425 708/225
KonugectBo onepanuii MapipyTu3anuu 31447 32058 19 859 65223 206 879
Bpewms B ouepenu, ¢ 4,29 8,85 1,69 4,62 7,04
[TonmHOE Bpems nepeauu nakera, ¢ 1,15 0,84 0,62 0,98 1,2
Koapduunent nocraBku naketos, % 36 78 5 58 32
[IpomyckHas ciocoOHOCTH, b/c 60,43 145,83 8,40 99,17 52,50
CKBO3Has 3aJepiKKa, ¢ 0,58 0,42 0,31 0,49 0,60
W3nepxku MapipyTu3annm, nakeTbl 121 51 551 153 919
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Benign

Cooperative Blackhole

True label

DDoS

Benign

LGBMClassifier(n_estimators=500)

i .

Cooperative Blackhole DDoS
Predicted label

Puc. 3. Marpuna omm6ok knaccuduxaropa Light GBM
Fig. 3. Confusion matrix of LightGBM Classifier

3akjarouenne

MoGuIbHBIC CAMOOPTAHU3YIOIINECS CETH HMCIOT
0O0JIBIIOI MOTEHIIMAN TIPUMEHEHHUs, 0COOCHHO B cdepe
Pa3sBUTUA UHTCJIJICKTYAJIbHBIX TPAHCIOPTHBIX CHUCTCM.
PazpaboranHas MozieIb OOHApYKEHHs aHOMaIN Tpadurka
JIeTNa B OCHOBY apXHUTEKTYPBI PACTIPEICICHHOI HHTEIICK-
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AHHOTAIUA

Ipenmet nccaenoBanmsi. Paccmorpena npoGiema KiiacCH(GUKAMN aKyCTHIECKUX COOBITHI, aKTUBHO PUMEHSIEMBIX
B peIIeHUsX 3aj1a4 0e30IacHOro ropoja, yMHOro gqoma, loT ycTpoHCTB, a TakKe Uil IeTeKTHPOBAHUS OIMACHBIX
CUTyalMii Ha MPou3BoACTBe. [Ipe/uIoKeHO pelleHHe MOBBIIIEHH TOYHOCTH KIacCU(PUKATOPOB 0e3 H3MEHEHHS
HX CTPYKTYpPbI U cOOpa JOMOITHUTEIbHBIX JaHHBIX. OCHOBHBIM HCTOYHHMKOM JAHHBIX TSI SKCIIEPUMEHTOB BHIOpaH
otkprITeIid Habop nanHbIX TUT Urban Acoustic Scenes 2018, Development Dataset. MeToa. Ilpeanoxen cnoco6
YBEIHYCHHS TOYHOCTH KIIAaCCH(UKALINHU ayAHOCOOBITHI ¢ MOMOIIBIO Hcmoib3oBanus FN-koppekropa. FN-koppekrop
TIpe/ICTaBIIsIeT COOOM JIMHEIHBIN KilaccuduKkaTop 1 paboTaeT B ABa dTama: Mpeodpa3oBaHNe IIPOCTPAHCTBA IIPU3HAKOB
B JINHEHHO-pa3eIMMOoe IIPOCTPAHCTBO H JIMHEHHOE OT/IeJICHHEe OJHOTO Kjlacca OT Jpyroro. B ciydae mpumeHeHHs
KOPPEKTOpa KJIacChl — THUIIBI OTBETOB MCXOJHOT0 Kilaccudukaropa: moynoxutensusiii (P), orpunarensusiii (N),
noxHononoxutensHbiid (FP) 1 nmoxnoorpunarensslii (FN). B pesynsrare Bo3MokHO 00y4UTb /iBa THIIA KOPPEKTOPOB
FP u FN, xotopbie paboTatoT kak OMHAapHbIE JTHHEHHbIE KIacCH(UKATOPBI U Pa3/esIFOT OTBETHI HA MOJIOXKHUTEIbHbIS/
JI0XKHOTIOJIOXKUTEIIbHBIE M OTPULIATEIIbHbBIE/IOKHOOTPULIATEIbHBIE COOTBETCTBEHHO. BBIMOIHEHBI SKCIIEPUMEHTBI, TIE B
KayecTBe HCXOIHOTO Kiaccu(uKaTopa UCIOIb30BaHa CBepTouHast HeliponHast ceth VGGish. Aynrocurnan mpeobpazoBaH
B CIIEKTPOTpaMMy U IepeiaH Ha BXOJ HEHPOHHON ceTH, KOTopast pOpMHpPyeT IPHU3HAKOBOE ONMUCAHNE CHEKTPOrpaMMBbI
1 IIPON3BOUT KiIaccu(puKanuio. OCHOBHBIE pe3yabTaThl. B kauecTBe prMepa JeMOHCTPAINHY HOBBIMIECHHS TOYHOCTH
KJIaccu(UKAIMK BHIOPAHbI JBa «CIyTaHHBIX» Kiacca. C MOMOMIBIO IIPU3HAKOBOTO OMMCAHUS ayJHo3alrcell STHX
KJIaCCOB MOCTpOeH, 00ydeH FN-koppeKkTop u IoKIIIoYeH K HCXOMHOMY Kiaccudukaropy. OTBeT OT Kitaccudukaropa, a
TaKOKe IPU3HAKOBOE OIMCAHUE MIEPeIaHo Ha BXOJ KoppeKkTopa. Jlanee KoppeKTop NepeBOANT IPOCTPAHCTBO MIPHU3HAKOB
B HOBBIi1 6a3uc (B JIMHEHHO pa3ienuMoe MPOCTPAHCTBO) U KIacCH(HUIUPYET OTBET KIacCU(pUKATOpa, TAKUM 00pa3oM
«OTBEYAET» Ha BONPOC, OIIKOACTCSA M HCXOAHBINH KiIacCH(pHUKATOP HA TAKOM BEKTOpE NMPHU3HAKOB MM HET. Eciu
HCXOAHBIH KnaccudukaTop ommoCs, TO ero OTBET H3MEHSAETCsI KOPPEKTOPOM Ha MPOTHBOMONIOKHEINA. Eciin HeT — oTBeT
0CTaeTCsI TeM e CaMbIM. Pe3yabTaTsl SKCIEPUMEHTOB MPOAEMOHCTPHPOBAIIH CHIDKEHHE YPOBHS CITyTBIBAHUS KIACCOB
1, COOTBETCTBEHHO, YBEIMUECHIE TOYHOCTH HCXOIHOTO KiIaccu(ukaropa 6e3 M3MEHEHHUs ero CTPYKTypHI U 6e3 coopa
JIOTIOTHUTEIEHOTO Habopa naHHbIX. [IpakTHueckast 3HAYMMOCTD. [loiTydeHHbIe pe3ylbTaThl MOTYT OBITh MCIIOIb30BaHbI
Ha ycrpoiictBax [oT, nMeronux cynecTBeHHbIe OrpaHUYEHUS IO pa3Mepy HCIOJIB3yeMBIX MOJeINeil, a TaKkKe mpu
pelieHny npodiieM JOMEHHOH alanTaluy, akTyaJIbHOU B 33/1a4ax ayJAnOaHaINTHKY.
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Abstract

The paper deals with the problem of acoustic events classification which is actively applied to the problems of a safe city,
smart home, [oT devices, and for the detection of industrial accidence. A solution to improve the accuracy of classifiers
without changing their structure and collecting additional data is proposed. The main data source for the experiments
was the TUT Urban Acoustic Scenes 2018, Development Dataset. The paper presents the way to increase the accuracy
of audio event classification by using the FN-corrector. The FN-corrector is a linear two-stage classifier performing the
transformation of the feature space into a linearly separable space and the linear separation of one class from another.
If a corrector is applied, the responses of the original classifier generate four classes: positive (P), negative (N), false
positive (FP), and false negative (FN). As a result, it becomes possible to train two types of correctors: the FP-corrector
separating positive and false positive classifier responses, and the FN-corrector separating negative and false negative
classifier responses. In the experiments, the VGGish convolutional neural network was used as the initial classifier. The
audio signal is converted into a spectrogram and is fed to the input of the neural network which forms the spectrogram
feature description and performs a classification. As an example, two “confused” classes are selected to demonstrate the
increase in classification accuracy. Using the feature description of audio recordings of these classes, an FN-corrector was
built, trained and connected to the original classifier. The response from the classifier, as well as the feature description,
has been passed to the corrector input. Next, the corrector translated the feature space into a new basis (into a linearly
separable space) and classified the classifier answer responding to the question whether the original classifier makes
a mistake on such a feature vector or not. If the original classifier made a mistake, then his answer is changed by the
corrector to the opposite, otherwise the answer remains the same. The results of the experiments demonstrated a decrease
in the level of class confusion and, accordingly, an increase in the accuracy of the original classifier without changing
its structure and without collecting an additional data set. The results obtained can be used on IoT devices that have
significant limitations on the size of the models used, as well as in solving the problems of domain adaptation which is
relevant in audio analytics.

Keywords

acoustic event detection, audio processing, FN-corrector, false negative corrector, DSP, CNN, convolutional neural
network, audio analytics
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BBenenue

Pemenne 3aqaun KiaccuUKaMy aKyCTHIECKUX COOBI-
THH 3aKJTI09aeTCs B ONPEIENICHHN COOBITHSI, KOTOPOE IIPo-
HUCXOIUT Ha aHAJIM3UpyeMol aynuo3anucu. s pemenus
JIAHHOM 3aJjaul NIPUMEHSIOTCSI HEMPOHHBIE CETH Pa3HbIX
apXUTEKTYp C MCHONB30BAHUEM PAa3HOOOPA3HBIX MpPU3HA-
KOBBIX IpeAcTaBiieHUu. [Ipu 3TOM npumeHstoTes 3anucu
cUrHaja ot Habopa ammuTya 1o mMoxudukanuit MFCC-
koa¢ppunuenros (Mel-Frequency Cepstral Coefficients,
MeJI-4aCTOTHbIE KENCTpajbHble KOAPPHUIUEHTHI) U TIpe-
no0y4yenHbIx npusHakoB (Openl3 [1] u i-vectors (BekTopa
TIPE/ICTaBIICHNUS TOJIOCA YEJIOBEKa)), B CIydae eciu Tpely-
eTCsl, KpOMe KJIaCCU(UKAINH, PEHINTh COMYTCTBYIOIIHE
3aJ]a4y CErMEHTAINH WU JOKaJIn3anuu [2].

AKTyaJIbHOM 3aJaueil sBIseTCS YIy4dlleHUEe TOUHO-
CTH CYIIECTBYIOLIUX AJTOPUTMOB. PeryspHbie KOHKYPCHI
M0 yAYYIIEHUIO TOYHOCTH MPH PA3NUYHBIX YCIOBUSIX U
OTPaHMUYCHUAX aKTHBHO MOAJEPKUBAIOTCA KaK aKaJeMu-
YCCKUMHU, TaK U UHAYCTPUAJIbHBIMHU UCCIIEA0BATCIbCKUMU

xkomannamu!. Ienb HacTOsAIEH PabOThl — MOJyYeHHUE
crioco0a MOBBINICHUST TOYHOCTH KJIacCU(DMKAIMK Ha CTa-
JIMH TTIOCTHPOLIECCUHTA, YTO O3BOJIUT IPUMEHUTD JITaHHBIN
crocob s mMHUpoKoro kinacca pemeHuit. Ilpenmoxkeno
ucnonb3oBatk FN-koppektop (False Negative koppekrop,
T. €. KOPPEKTOp, UCIPABJISIOMINI JTO)KHOOTPHULIATEIbHBIE
oummbOkn) [3, 4]. Monenb KoppekTopa OCHOBaHa Ha UCIOJb-
30BaHUM KacKaJHOW PeIyKINH Pa3MEPHOCTH IIPU3HAKOB U
MIO3BOJISIET 3 JIMHEHHOE BpeMsi CKOPPEKTHPOBATh OLTHO0Y-
HBII OTBET Kiaccudukaropa.

Cnoco06 npuMeHeHHsI MeToa KACKATHOI peIyKInu
K 3ajaue KjaaccupUKaluu ayiuoco0bITHil

METO)I KaCKa}IHOﬁ PCaAYKIHMU MPOCTPAaHCTBA IPU3HAKOB
3aKJIFOYacTCsA B NOCICA0BATCIIBHOM YMCHBIICHUU pa3sMep-

I Detection and Classification of Acoustic Scenes and Events.
[Onexrponnsiii pecypc]. URL: https://dcase.community (mara
obpamenust: 24.06.2022).
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HOCTH 1 NipeoOpa3oBaHUH POCTPAHCTBA MPU3HAKOBBIX BEK-
TOpOB. B 3ToM cirydae He3aBHCHUMO U CITy4daifHO BBIOpaH-
HBII BEKTOP OJHOTO KJIacca OTAENSIETCs OT He3aBUCUMO U
CITy4aifHO BEIOpPAHHOTO BEKTOPA JPYTOro KIacca JIMHEHHBIM
JUCKPUMHHAHTOM (HarpuMep, JTMHEHHBIM TUCKPHIMUHAH-
toM PDumepa). B ocHOBe MeToza mpecTaBieHa MOJIETb
CHCTEMBI, CIOCOOHAs MCTIPaBHUTH (CKOPPEKTHPOBATh) OTBE-
THI CYIIECTBYIOIIETO Kiaccupukaropa. [TpuHimn paGoTs
CHCTEMBI 3aKIIFOYAeTCA B IIEpepa3MeTKe NCXOJHOTo Habopa
JAHHBIX C Pa3METKH «OOBEKT, KIacc» Ha Pa3METKy «IIpH-
3HAKOBOE ONKCAaHUE OOBEKTa, THIT OTBETA KJIacCH(UKATO-
pa». IIpu 3ToM croco6 mocTpoeHus BEKTOPOB MPU3HAKOB
HUKaK He (UKCUpYETCs U, ClIeJIoBaTeNIbHO, KAYeCTBO pa-
0OTBI CUCTEMBI HANPSIMYIO 3aBUCHT OT METOJIa MTOTyYCHHS
IIPU3HAKOBBIX BEKTOPOB. Pe3ynbrar Oyner TouHee, eciu:
6ombie naHpGopMaImy 00 0OBEKTE COXPAHEHO B €TO BEKTOPE
TIPU3HAKOB, ¥ 00JIee BRIPAKEHHON KIIACTEPHON CTPYKTYpOit
00J1a/1at0T BEKTOpa B IPOCTPAHCTBE MIPU3HAKOB.

B pabote mpezncrasieH crocod MPUMEHEHHUS CHCTEMBI
JUISL PeIIeHNs 3a1a4n YITy4IIeHUsI TOYUHOCTH KiIacCU(HKa-
uuu aynnocoOsITHid. [Tpn 3TOM BEIOpaHBI Clieayiomue yc-
JIOBHSA: B Ka9€CTBE 00BEKTA KIacCU(UKAIIMHA — MEJI-CIIeK-
Tporpamma ayauo3alucH; B Ka4eCTBE CII0C00a MOTyIeHUS
BEKTOpa MPU3HAKOB — NpeaoOyueHHast CBEpTOYHAsI HEHPOH-
Has ceth VGGish; B ka4eCcTBE HCXOIHOTO KITACCU(PHUKATO-
pa — TOcJIenoBaTeNbHO MoAKIIoYeHHBIC K ceTH VGGish
TTOJTHOCBSI3HBIN CJIOH 1 ¢10i Softmax, BEIXOIOM KOTOPOTO
SIBJISIETCS pacIpe/ielieHne BepOsITHOCTEN MPUHAIISKHOCTH
CIIEKTPOTPaMMBbI KaXKJJOMY M3 KIaCCOB.

[Ipennaraemslii crioco0 yimydIIeHUss TOYHOCTH UCXOJI-
HOTO KJIacCHU(HKATOpa MPEATIONIAraeT CIEAYIONIHE ary.

IIar 1. Beigenenue kiaccoB, Ha KOTOPBIX MCXOIHBIN
KJIacCU(HUKATOP JOIYCKAeT OIINOKH, M ONPEACICHNE THIIA
9THX OIMMOOK C TIOMOIIBIO TPEHUPOBOYHOTO Habopa daH-
HBIX.

[ar 2. ITocTpoeHue CieKTporpaMMbl U BEKTOPA MPH-
3HAKOB KaK/I0H ayM03aIllucy U3 TPEHHPOBOYHOTO Habopa
JTaHHBIX.

[ar 3. Ber6op tuma ommoKu, KOTOPYIO Ipe/Ioiaract-
cst ucnpauth (FN mwim FP) n naneHeimas nepepasmeTka
TPEHUPOBOYHOTO HAOOPA TAaHHBIX.

[ar 4. [Ipeobpa3oBaHue MPOCTPAHCTBA MIPU3HAKOB
METOIIOM KaCKaTHOW peIyKIIMU TaKUM 00pa30M, 9TOOBI OT-
JIETINTh T€ BEKTOPa MPU3HAKOB, HA KOTOPBIX KJIACCH(HUKATOP
nomyckaet ook (FN omm0km), OT TeX, Ha KOTOPBIX HE
JIOITyCKaeT (T. €. MpaBUIIbHBIC OTPUIATEIbHBIC OTBETHI, N).

[lar 5. O6y4enue nuHeitHOTO MUCcKpuMUHaHTa uinepa
JUIsl IPOBE/ICHHsT OMHAPHOHU KilaccH(UKalMU B OCTPOCH-
HoMm Ha Illare 4 mpocTpaHcTBe.

IIar 6. [TogkatoueHue MOyYeHHON CUCTEMBI KOPPEK-
LIMM K BBIXO/Y MCXOJHOIO Kiaccudukaropa.

[ar 7. TIpoBeneHue nporuecca UCIpPaBICHHs OTBETA
HCXOJHOTO KJIACCU(HUKATOPA: €CIIH CHCTEMa KOPPEKIIUI
OTHECJIa BEKTOP MPHU3HAKOB K KJIACCY OIIMOOYHBIX OTBE-
TOB, TO NCXOJHBIH OTBET KOPPEKTOpA MCIIPaBIICTCA Ha
TIPOTHBOIOJIOKHBIA. EciH K Kitaccy NmpaBHIIbHBIX, TO OTBET
OCTaeTCsl TEM JKE CaMbIM.

Vcronp30BaHme TPEUIOKEHHOTO CIIOC00a UCTIPABICHUS
OTBETOB MCXOHOT'O KJlaccu(ukaropa, B 4acTHocTH — FN-
KOPPEKTOpa U CBEPTOYHOI HEMPOHHOU CETU B Ka4eCTBE
croco0a IMoJTy4eHHs: BEKTOPOB NMPHU3HAKOB, ITOKA3aJI0 3Ha-

YUMBIH MPUPOCT TOUHOCTH B 3a/1a4e KJIacCUPUKAIUU aKy-
CTHYECKUX COOBITH.

[pakTnyeckas peaju3zaums cnocoda yBeJuyeHust
TOYHOCTH KJIaccupuKaMu ayInocoObITUIH
¢ noMoubI0 ucnoJb3oBanusi FN-koppexkropa

Bri6epem Habop nannbix TUT Urban Acoustic Scenes
20181, comeprxamuii 10 KI1accoB aKyCTHYECKUX COOBITHIA:
asponopm, mopzo6blil YeHmp, CIaHyus Mempo, neuie-
XOOHBLU nepexoo, 20poocKas NAouads, 20poOCKas Yiu-
ya, noe3oKka ¢ mpameae, noe3oka 6 agmooyce, Noe3o0Kd 8
Mempo u 2opodckotl napk. Beck Habop cocTout u3 8640
3ammceil aKyCTUYeCKUX COOBITHH, Kaxaast U3 KOTOPBIX
MPUHAUIC)KUT OJHOMY M3 KJIACCOB (3aKphITas 3a7ada).
Kaxxnprit kmacc umeer 8§64 aynnosamnuceir. CymmapHas
JUIMTENILHOCTD 3aIMceil cocTaBisieT 24 Jaca. 3amada dKe-
MEepUMEHTa — COMOCTABUTh KaX/YIO ayJHO03aIliuCh U3 Ha-
6opa cooTBeTCTBYIOMIEMY Kiaccy. Kakaas 3amuch MoxeT
M JIOJDKHA TIPUHA/JICKATh TOJIBKO OJIHOMY KJIACCy.

IMoaroroBka aynnozanuceii. /[ yckopeHus: 00yueHus
HEWPOHHBIX CETH U MOBBIIIEHHS €€ TOYHOCTH ayIH03aINCh
pazbura Ha orpe3ku 1o 100 Mc, Kak10My U3 KOTOPBIX
TIPUCBOEH KJ1acc aynuo3anucu. Kaxnas ayanosanucs nmeer
JIBa KaHasa (C IpaBoTo M JIEBOTO MUKPO(OHOB) C HaCTOTOM
muckperuszanun 16 k' u pa3psgHOCThIO 16 6uT. B Ha-
cTosIIeH paboTe NCIOIF30BAaH METOJ] AaHAJIOTO-IIN(POBBIX
npeobpazosareneir — PCM 16 (Pulse Code Modulation),
a TaK)Ke CTaHAAPT KBAHTOBAHUS CUTHAJIA 110 YPOBHIO, B
JIAaHHOM CJIydyae YpOBEHb CUTHalla Kogupyercs 16 out-
HBIM 3HaueHreM. OO0I1ast cXxeMa MMOJrOTOBKH ayH03auceit
npejcTaBicHa Ha puc. 1.

IMocTpoenne NpU3HAKOBOTO ONMHUCAHUS ayIHO3a-
nuceii. [lepen pacueTrom MpU3HAKOBOTO OMHMCAHMS CTe-
peo3anuch JEIUTCS Ha JBa KaHalla, IIPU 3TOM KaXKJbIH
oOpabarbiBaeTcsl OTAENBbHO. J[Is ynydmeHus kauecTBa
KJaccu(pUKauy U3 MOHOKaHaJIa BBIJCISIIOTCS elle JBa
KaHaJla — TapMOHWYECKHH U MEPKYCCUBHBIHM, HCIONb3YS
quts storo anroputM HPSS (Harmonic-Percussive Sound
Separation) [5]. Takum o6pa3oM, IByXKaHAJIbHAS AyIHO-
3amKch IPeoOpa3oBaHa B UEThIPe MOHOKAHAIbHbIC 3aITUCH.

B kauectBe crioco0a rnpecTaBieHus ayiuo3amniceil Bbl-
OpaHbl MeJI-CIIEKTPOrPaMMBbI CO CIEIYIOIUMH MapameTpa-
MH: pa3Mmep okHa npeoOpazoBanus Pypse 100 mc; mHa
HanoxeHust 20 MC; KOJIM4eCTBO OAHKOB MEN-4aCTOTHBIX
¢unsTpoB 128.

IMoaroroBka u o6y4yenne HeilipoHHOIi ceTn. Brioepem
CBEPTOUHYIO HEHPOHHYIO CETh C 4-KaHAJIbHBIM BXOJIOM
Ha ocHoBe apxuTekTypsl VGGish. Kaxmerii xkaran chop-
MHUPYEM MyTeM IIOCTPOCHUS CIEIYIOUINX CIIEKTPOTPAMM:
MeJI-CTIEKTPOTPaMMBI JIEBOTO ¥ TPABOT0 aylHOKAaHAJIOB, a
Tak)Ke MPUMEHEHNe (QUIBTPa-TapMOHUKA U (IIBTpa-1ep-
KyCCHH K YCPEJHEHHOM! 110 KaHaJIaM MeJI-CIIEKTPOrpaMMe.
Jlanee ko BceM KaHajIaM MPUMEHUM Habop (UIBTPOB-CBEp-
TOK, COCTaBHB TaKUM 00pa3oM KapThl MPU3HAKOB, KOTOPbIE
«pa3BOPAaYMBAIOTCS» B OJHOMEPHBIN BEKTOP M MOAAIOTCS
Ha BXOJI TIOJIHOCBSI3HOMY BBIXOJIHOMY ciioto. Ha BeIxoze

I TUT Urban Acoustic Scenes 2018, Development Dataset
[Dnexrponnslii pecype]. Pexum nocryna: https://zenodo.org/
record/1228142 (nara obpamenus: 11.07.2022).
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«Pa3peaaHI/Ie» ayino3aIimcu ¢ «HaxJIeCTOM»

H3MeHeHne 4acTOThI
JUCKPETU3AIMHA U OUTHOCTH

OTtpe3ku
ay/M03aInuCH

16 xI'g
16 our >
(PCM 16)
;f—J
lc
[T [
100 mc 20 mc

Puc. 1. IlogroroBka ayguosanuceit

Fig. 1. Audio record preprocessing

HEWPOHHOW CETH YCTaHOBHUM ciIOW Softmax, HacTpoeH-
uerid Ha 10 kmaccoB. Takum 06pa3zoM, OTBETOM 00ydIEeHHON
HelpoHHOM ceTn OyaeT pacipeeneHne BEpOITHOCTH IIPH-
HaJUIC)KHOCTH ayJIMO3aIuCH KaKA0MY 13 KiaccoB. O0mias
apXUTEKTypa UCIOJIB3yeMOH CEeTH MPEeICTaBlICHa Ha puC. 2.

OOyyeHne HEHPOHHOW CETH BBHIMOJHUM METOIOM 00-
pPaTHOTO pacnpocTpaHeHHs OMIMOKH C WCIOJIb30BAHUEM
CTOXaCTUYECKOTO IPaIuEHTHOrO CIYCKa, a TAKXKe MOMEHTa
Hecreposa [6] st yckopenust oOy4eHus 1 peIoTBpaliie-
Hus niepeoOyuenwms. Llar oOyuernns cocraBmn 0,01, pazmep
Oarda — 128. Pe3ynprarsel paboThl 00y4UCHHOW HEUPOHHOM
CEeTH Ha TECTOBOM HaOOpE TaHHBIX MPEICTaBICHBI Ha pHC. 3
n B Taom. 1.

W3 momy4eHHBIX TaHHBIX BUIHO, YTO KJIACCHI «HOe30-
Ka 6 mpameae» U «noe3oka 6 agmobyce» paclo3HAIOTCs
HEIOCTATOYHO XOPOIIO, TaK KaK «CITyTaroTCs» APYT C APY-
roM. Pemth TaHHy10 MpooiemMy MpeiokeHo ¢ HOMOIIBIO
MOJKITIOYEHHsI KOPPEKTOPOB K TeM KJlaccaM, Ha KOTOPBIX
omubaeTcst MoJeb.

IIpuMeHeHHe KOPPEKTOPA OLINGOK

Jns yerpaHeHUs npoOiieMbl «CIYTHIBAHUS» KJIACCOB
IIPUMEHUM TUI Koppekropa — FN, KOTOpBIi ucIpaBUT
JIOKHOOTpHIIATENbHbIE cpadaThiBaHMs Kiaccu(ukaropa.
YToOBl MOCTPOUTH TAKOH KOPPEKTOP, B MEPBYIO O4YEpEIh
Heo0XxoaAnMo npeoOpa3oBark 00yUaroNi HaOOp JaHHbIX.
st aToro orbepeM Bece puMepsl B HaOope, KOTOpbIE CO-
OTBETCTBYIOT HEOOXOIMMOMY Ki1accy. Paccmorpum cirydait
«CITyTBIBAHUSD KIIACCOB «1OE30KA 6 Mpameaey u «noe3oxa
6 asmobyce», IPH STOM KJIacCH(PUKATOp UMEeT OOJbLIOe

JleBbIit
KaHaj

IIpaBsrit
KaHal

—>

>

T'apmonuka

—| Ilepkyccus

Tabnuya 1. KadecTBO KIaccupUKaui 00yICHHON MOICTH IS
KaXJI0ro Kijacca

Table 1. Model precision and recall

Kiace TowHOCTH [Tonnora
Abspomopt 0,8624 0,8704
ToproBelii LeHTp 0,8876 0,9502
CraHuus MeTpo 0,9197 0,9803
[emexonHsIit mepexosn 0,9624 0,6798
Topoackas miomaas 0,7879 0,8299
Toponckas ymuma 0,6450 0,7697
IToesnka B TpamBae 0,7063 0,5706
Iloesnka B aBTOOYCE 0,6272 0,7303
IToesnka B MeTpo 0,9140 0,9097
T'oponckoit mapk 0,9963 0,9306

Cpenmsist HeB3BemenHas Toqnocts (UAP): 0,8309
Cpenmsist HeB3BemmenHas nonaora (UAR): 0,8221

KOJIMYECTBO JoKkHOOTpuLarenbHbix (FN) cpabarbiBanuii
Ha KJ1acce «noe3oka 6 mpameaey. J{jisi HOAroTOBKH JTaHHBIX
HEOOXOIMMO BBINOIHHUTE CIIEIYIOIINE IArH.

[ar 1. OToOparh U3 TECTOBOTO HAOOpa JaHHBIX BCE
HPUMEPBI, COOTBETCTBYIOIIUE KIIACCY «1Oe30KA 8 mpam-
saey.

ar 2. [lpumMeHuTh 0OyYEHHBIH KiIacCU(HUKATOP
(B maHHOMY CiTy4yae — HEHpPOHHAs CeTh) JUTs KiacCu(puKa-
1un npumMepoB u3 [llara 1.

I’
Braox ceeprok (32)
T
Maxkc-mynuHr (4 x 4) TlonHocBsA3HBIH ci0i
(1024)
BxoaHoH Biok CBEPTOK (64) Softmax (10)
cioi 1 |[H

- Maxkc-mynuHr (4 x 4) l
Brok ceeprok (128) ‘ Bexrop BepOHTHOCTefI‘
Maxkc-mymusr (4 x 4)

|

Puc. 2. O01as apxuTeKkTypa HelpOHHOH ceTn

Fig. 2. Audio classification pipeline
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Marpuna cryThIBaHHs

A3p0n0pT 0 0 28 0 0 0 0 200
ToproBerii EeHTP 0 12 2 0 0 0 2
CraHuus MeTpo 1 g 5 1 0 0 L 0
600
IMemexonupiii mepexoq{ 1 0 0 588 7 201 0 3 1 0
(]
2
5 Topoxckas mromans{ 22 28 5 0 77 62 0 29 0 1
=
2
= - 400
S Topoackas ymia{ 6 28 20 2 80 0 0 0 0
[*]
=
[loe3nka B TpamBae{ 9 2 0 0 0 0 309 51 0 -
IMoesnka B aBToOyce{ 18 2 2 2 2 Y ] L5200
Ioesnka B MeTpo{ 1 0 0 2L 0 Y 22
Topoxckoii mapk{ © 0 0 0 5 35 0
T T T T T T T T T = 0
= o o = ) < Q (5] o 9
g & = g s £ g S E- g
= ) 2] ] =1 = = O 9] =
S = = = 5 > 8 = = =
5 s & = 5 = = = m o)
< 2 =1 B = g @ s ) 3
/M = = 15} =] X =
[ 5 Z g =8 g < = s}
S & 2
(=9 3 = o 2, = & o g
5 &) S = g o = <} °
= » o [ Q 5] =
L g 2
5 = =
=
IIpenckazanHblii Knacce
Puc. 3. Pe3ynbrarhsl KiaccuuKanuu 00y4eHHON MOJICITH B BUIC MATPHUIIBI CITy ThIBAHHS
Fig. 3. Classification confusion matrix
[Ilar 3. Ha ocHOBe OTBETOB KIacCH(PUKATOpPa COCTABUTH
Habop MaHHBIX BUJA {NpuU3HaKo8oe onucauue npumepd, Tabnuya 2. KauecTBo kiaccudukanny 00y4eHHOH MOJIETH ISt
omeem}, T omeemom SBISIETCA 1, €CITU OTBET TPABUIIb- KaykJI0ro Kjacca nocie npumenenus FN-koppekropa
HBIH, 1 0, €CITM OTBET HENPABHIIBHBIN, T. €. KIacCH(pUKATOp Table 2. Classification quality of the trained model for each
«CITyTaD» AaHHBIN KJ1acc ¢ APYTUM. class after application of the corrector
Cxema npeoOpa3oBanusi HAOOpa JNAaHHBIX 1T KOPPEK-
peobp p 8 PP Kace TowHOCTH [lonuoTa
TOpa, pacCMaTPUBAEMOT0 B DKCIIEpUMEHTE, TIPUBECHA Ha
puc. 4. Anpomnopt 0,8664 0,8704
O6yunm FN-koppekTop, kak omnucaHo B padote [7]. ToproBelii LeHTp 0,8876 0,9502
B pesynbrare noctpoumM CUCTEMY MCIIPABIICHUS] OTBETA Ha Cranmus MeTpo 0.9197 0,9803
KIIacce «noezoka ¢ mpameaey (puc. S). - — 0.9624 0.6798
[Mocne npumenenus FN-koppekTopa K BBIXOLY Kiac- CHICXOAHBIH TEPEXON 9 679
cu(UKaTOopa MOIYIUM PEe3yJbTaThl, MPEACTABICHHBIC Ha Topozckast moags 0,7879 0,3299
puc. 6 u B Ta0mI. 2. Toponckas yauia 0,6450 0,7697
B pesynbrare npumenenus: FN-koppekTopa Kolnu4ecTBo
pesy. P pp P IToesnka B TpamBae 0,7853 0,7042
MIPABIIBHO PACIIO3HAHHBIX 0OBEKTOB KJIACcCa «10e30Kd 6
mpameaey ynyuuiaochk ¢ 493 (puc. 3) no 750 (puc. 6). Toeska B aBrodyce 0,6614 0,7303
Tak kak kaaccupukarop He ObLT JOMOTHUTEIEHO U3MCHEH IToeznxa B MeTpo 0,9140 0,9097
1 00yYeH, TO MOJYUYCHHBINH PE3yJIbTaT TOBOPHUT O TOM, YTO Topozckoii mapk 0,9963 0,9306
FN-KOppeKTOp yCIelHo penu oCTaBIeHHY o 3a1ady. I1o
Cpennee 0,8426 0,8355
UTOTaM JKCIEepUMEHTa (Tab. 2) BUIHO YBEIHMUCHHUE TOY-
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Puc. 4. Cxema npeobpa3oBaHus HAOOpa AaHHBIX 11t mocTpoeHus: FN-koppekropa
Fig. 4. Data preprocessing to train FN-corrector

FN-koppekTop

| [epaas peayxuus
(PCA)

¥

1
: OrtBer
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Y AITOPUTMOM- Otser : Bropast peaykuust
1
1
1
1
1
1

KOppeKTOpa A

UtoroBsrit
|—» OoTBET
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HpI/I3HaII)<0B Kkiaccu(GukaTopom (PCA)
(HeHPOHHOM CETHI0) v

Jluneinas
Kiaccudukanus

BekTop npusHakos

Puc. 5. Cxema cucteMsl ki1accuduratop-koppektop FN B IpUMEHEHHH K KITACCy «H0e30Ka 8 mpameaey

Fig. 5. Classification-correction pipeline
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Fig. 6. Classification-correction of the model confusion matrix

HOCTH Kiaccudukaropa 10 0,8426 u momHOTH 10 0,8355
(3HAYMMOCTH PE3yNIBTATOB MOATBEPKIACTCS POBEPKOI
METO/IOM KPOCC-BAIUAALNH 110 4 TPyIIIaM).

3akJjoueHne

B pabote npe/crasieH u onrcaH crnocod HCIOJIb30Ba-
HUSI METOJIa KaCKaIHOW PEAyKIIMU IPOCTPaHCTBA IIPH3HA-
KOB IIPU PEIICHUN 33/1a4¥l KJIACCU(HUKALINH aKyCTHYECKUX
COOBITHI C TOMOIIBIO MTOCTPOCHUSI CUCTEMBI KOPPEKIMH
OTBEeTOB Kiaccudukaropa. [IponemoHcTprpoBaHo cTaTu-
CTUYECKH 3HAUYMMOE YBEINUEHNE TOYHOCTH Ki1acch(pukaro-
pa TIpH UCTIOIBb30BaHUHU OITUCAHHOTO CTI0C00a JUTsl PEIeHHs
3a/1a4u KIacCH(UKALUK aKyCTHYECKHX COObITHH. Brinenen
KJIaCC, KOTOPBIH KiIacCH(UKATOP pacliO3HAET HEJI0CTATOUHO

XOpOUIO (CIYTBIBAET» €T0 C JIPYyTHM KJIacCOM), M Ha JlaH-
HOM KJiacce ObUT 00y4eH u mpruMeHeH FN-koppekrop. B pe-
3yJbTaTe SKCIEPUMEHTA T0Ka3aHO YIyqlIeHHEe TOYHOCTH
knaccugukaropa ¢ 0,8308 mo 0,8426 u momHOTH ¢ 0,8221
1o 0,8355 (3HAYUMOCTH pe3yIbTaTOB MOATBEPIKIACTCS
MIPOBEPKOI METOIOM KPOCC-BaTUAAINH 0 4 TpyIIaMm).
[Ipenmy1ecTBO OMUCAHHOTO CIIOC006a — BO3MOXKHOCTH
NPUMEHEHHS B Ka4eCTBE II0CTOOPaOOTKH M HCIIOIb30BAHUE
COBMECTHO CO MHOTHUMH CYIIECTBYIOIINMHU apXUTEKTypa-
MU KJaccupukaropos. [Ipyroe nmoTeHIHaNIbHOE TPEUMY-
IIECTBO — BO3MOKHOCTB CO3/IaHHsI MOJIENTH HEOOIBIIOTO
pasMepa, UCIOJb3YIOLIeH TaHHBIH CII0Cc00, YTO BAXHO
JUIS 3a71a4 00pabOTKM 3ByKa Ha yCTPOWCTBaxX, HAaIpUMeEp
[oT. B manpHEHWmMIX paboTaxX IUIAHUPYETCS UCCIIEAOBATh
BO3MO)KHOCTH 3a71a4 00pabOTKH 3ByKa Ha ycTpoiictax loT.
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AHHOTALUA

Ipenmer uccaenoBanusi. Pactymee pasHooOpas3ue BBIUYUCIUTEIBHEIX CUCTEM, CTPEMHUTENIBHOE yBEIHUCHUE
X CIIOXHOCTH, HHTETPAIlUU B OOBEKTH M IPONECCH (PU3MIECKOr0 MHpa TPeOYIOT Pe3KOTr0 MOBBIIICHUS
MIPOM3BOAUTEIBLHOCTH TPyAa UX co3fareiieil. OTMedeHo, YTO KaueCTBO, CPOKHU U CTENEHb IIOBTOPHOTO UCIIOJIb30BAHUS
pe3yJabTaToB MPOSKTUPOBAHUS B 00JIaCTH MHPOPMALMOHHBIX TEXHOJIOTHH CHIIBHO 3aBHCAT OT METOMOJIOTHH U
MapuIpyTOB MPOEKTUPOBAHMS Ha 3Tanax BbIOOpa M/WIM CO3JAaHHS CTEKOB IUIAT(OPM, TEXHOIOTHIl 1 MHCTPYMEHTOB.
Baskneiiiryto poib B 3TOM UTParoT CIOCOObI OMMCAHUS OPTraHU3alUH BEIYHUCIUTENLHON CHCTEMBI Ha PA3THIHBIX YPOBHSX
U IpuUMeHseMble cucTeMbl abcTpakuuii. [Ipobnema 3amoaHeHNsT CeMaHTUYECKOTO Pa3phiBa MEXKAY KOHIETITYaIbHBIM
(apXHUTEKTYpHBIM) YPOBHEM H YPOBHSIMHU PEaN3alUy MO-TIPEKHEMY CTOUT O4eHb ocTpo. CreoBarenbHo, TpeOyeTcst
CO3/laHUE MIPOMBIIUICHHBIX METOAUK U MHCTPYMEHTOB IIPOCKTUPOBAHMS Ha «IIPOMEKYTOUHBIX» YpOBHAX. Metox.
B pabote npeokeHbI CIoCOOBI TPEICTAaBICHNS IPOSKTHEIX PeIIeHHH, KOTOPBIC HalpaBiIeHbl Ha IEJIOCTHOE, CKBO3HOE
OIUCaHKE KaK JIOTMKU OpraHU3all1 BBIUMCIUTEIBHOIO IPoLiecca, TaK U 111aroB, TEXHOJIOTUI U HHCTPYMEHTOB IIpoLiecca
npoekTrpoBanysi. OCHOBHBIE pe3yJabTaThl. [101po6HO 00BCHEHO HATIOTHEHHE U 000CHOBaHa HEOOXOHMMOCTb ITAIlOB
MHKPOApPXUTEKTYPHOTO IPOSKTHPOBAHHS BBIYMUCIMTEIBHBIX CUCTEM. BBeaeHa Kiaccuukanus npoekToB B 001acT
nH(POPMALMOHHBIX TEXHOJIOTHH MO CTENEHH BapUaTHBHOCTH MPOEKTHOH miaatdopmbl. [IpeaiokeH psia MOHITHN
JUIS TIpeACTaBIeHNs Habopa aOCTpakIuii MUKPOAPXUTEKTYPHOTO MPOEKTUPOBAHHS B PaMKaX MPOEKTOB C OONIBIION
BHYTpPCHHEH BapHaTHBHOCTEIO. [Toapo6HO onmcaHs! ciaemyromye abCTPaKIHy: IPOEKTHOE U aCIIEKTHOE IIPOCTPAHCTBA,
MIPOCKTHEIE IIATQOPMBI H KPOCC-ypOBHEBBIC MexaHN3MBIL. [IpakTHYeckasi 3HAYUMOCTh. PaccMOTpeHs! puMeps
TIPEeICTAaBICHNUS Psijia TIPEUIOKEHHBIX a0CcTpaknuii (pabodix HHCTPYMEHTOB JOKYMEHTHPOBAHHS) MHKPOAPXUTEKTYPHBIX
9TANoB NPOCKTHPOBAHNUS, KOTOPbIe HanOoJIee aKTyalbHbl B IPOCKTHPOBAHMH BBIYHCIUTEIBHBIX CUCTEM B MOJCIN
«OTpaHUYCHHBIX PECYPCOB»: BCTparBaeMble, KHOep(HU3HIECKHE CHCTEMbI, «TPAHHYHBIC» U «TYMaHHbIC)» YPOBHU CHCTEM
HMHTEpHETA BellEH.
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Abstract

The growing variety of computing systems, the rapid increase in their complexity, their integration into objects and
processes of the physical world require a dramatic increase in the productivity of their creators. It is noted that the
quality, timing, and degree of reuse of design results in the field of information technologies strongly depend on design
methodologies and routes at the stages of choosing and/or creating stacks of platforms, technologies and tools. The most
important role belongs to the ways of describing the organization of the computing system at various levels and to the
used systems of abstractions. The problem of filling the semantic gap between the conceptual (architectural) level and
the implementation levels is still very acute. So, it requires the creation of industrial techniques and design tools at these
“intermediate” levels. The paper suggests ways of presenting design solutions that are aimed at a holistic, end-to-end
description of both the logic of the computing process organization and the steps, technologies, and tools of the design
process. The content and the necessity of the stages of microarchitectural design of computing systems is justified and
explained in detail. Classification of projects in the field of information technologies according to the degree of variability
of the project platform is introduced. Several concepts representing a set of abstractions for microarchitectural design
within projects with great variability are suggested. The following abstractions are described in detail: project, design and
aspect spaces, project platforms and cross-level mechanisms. Examples of several proposed abstractions presentations
(design documentation tools) of microarchitectural design stages are discussed that are most relevant in the design of
computing systems in the “limited resources” model: embedded systems, cyber-physical systems, “edge” and “fog”
levels of Internet of Things systems.

Keywords

embedded system, microarchitecture, design space exploration, aspect-based design, cross-level mechanisms, cross-
cutting mechanisms
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BBenenue

3aka3zHoe MPOEKTUPOBAHUE BCTPAMBAEMBIX CHCTEM, K
KOTOPBIM MOKHO OTHECTH JIFOOBIE CTIelHaTU3UPOBaHHbBIE
BBIYUCIIUTEIbHBIC CUCTEMBI [ 1], HCOOXOAMMO B TEX CIIy-
yasx, Korjna NpUKIaJHYI0 3a7a4y HEBO3MOXKHO PELIUTh C
TpeOyeMbIM KaueCcTBOM Ha 0a3e TOTOBBIX KOMIIOHEHTOB U
1aropM IPHUKIIIHOTO TporpaMmMupoBanus. Takum obpa-
30M, B 3aKa3HOM ITPOCKTUPOBAHNH KIIFOYEBYIO POJIb UTPAET
coznanue >peKTHBHON MIaTOPMBI, ¢ HCIOIBE30BAHUEM
KOTOPOH MO’KHO BBITIOJIHUTB BCE TPEOOBAHUS K CHCTEME.

ITpoexTHbIe MIaT(HOPMBI PA3HOTO YPOBHS TPAHYIISPHO-
CTH TIPEIOCTaBIIEMOTr0o Habopa PyHKIHI CIETYeT CUUTATh
OJTHOW M3 BaKHEHIIMX aObCTpaKIni B CO3IaHUN BCTPaMBa-
embIx cucteM. [lon miardopMoil MOHUMAETCs BEIYUCITH-
TeNbHas CYIIHOCTH (IIpOrpaMMHasi, almapaTHas), KoTopas
umMeeT 3aMKCUPOBAaHHBIN pa3paboTYMKOM HAOOP BBIITOJIHS-
eMBIX orepalyii (B 001eM cirydae — HabOp TEXHUYECKUX
pemeHuit), pUKCHpyeTcst Kak BaXKHOE («OIOPHOE») pele-
HUE B TEKyIEM IPOEKTE W/MJIM HalleJeHa Ha MTOBTOPHOE
ucnonb3oBanue [2—4]. [Inardhopma oOsgHO 0OEcIICUNBaET
HOBBIN YpOBEHb aOCTPaKIIMN OTHOCHUTEIBHO TEX CPEZCTB,
C TTOMOIIBIO KOTOPBIX OHA CaMa MOCTPOCHA.

Bremaue TpeboBanus K miargopme (Habop oneparmi,
MIPOU3BOIUTEILHOCTD, OTPAHNYCHNS HAa UCIIONb30BaHUE
BBIYHCIUTEIBHBIX PECYPCOB U T. 1I.) OOBIYHO U3BECTHBI
U CJIEeNYIOT U3 0COOEHHOCTEH pemaeMbIX MPUKIAJIHBIX
3aja4. [Ipu 5TOM TpeboBaHMs K BHYTPEHHEW OpraHu3aiuu
wIaTGOpMbI OTPEACIISIIOTCSI CAMUM pazpadoTdrKoM. Beidop
1 pa3paboTKa MPOEKTHBIX Iu1aTdGopm — Hauboee Tpyao-

€MKasl 4acTh 3aKa3HOTO MPOEKTHUPOBAHUS BCTPANBAECMBIX
CHUCTEM.

ITo aHanorum ¢ AeneHueM, IPUHITHIM B IPOEKTHPO-
BaHUU MHUKPOIPOILECCOPOB, OyseM OTHOCUTH MPOCKTH-
pOBaHWe, HE 3aTparuBalollece BHYTPEHHEE YCTPOHCTBO
wiaTopm, K apXUTEKTYPHOMY YPOBHIO, a TIPOCKTHPOBAHNE
camoit TaT(GopMbI — K MHKPOAPXUTCKTYPHOMY.

Ymcno MEeTONUMK U MHCTPYMEHTANBHBIX CPEICTB, Ha-
MIPaBJICHHBIX HA TOBBIIICHUE MTPONU3BOIUTEIHHOCTH TPy
pa3paboTIUKOB B 0OJACTH MHUKPOAPXUTEKTYPHOTO MPOEK-
TUPOBAHHUS KpaliHE HEBEJIUKO. B HacTos11ee BpeMs 3HaUu-
TCJIbHBIC YCIIEXU UMEIOTCA B Pa3BUTHUU SA3BIKOB IIPOrpaMMu-
POBaHMs, CPEJICTB MPOCSKTUPOBAHUS 3aKa3HBIX MUKPOCXEM,
MEYATHBIX TUIaT U APYTUX Ba’KHBIX, HO BCE XK€ YaCTHBIX
3aga4. MeTouKN U MHCTPYMEHTANbHBIE CPEJCTBA MIPOEK-
TUPOBAHUSI CHCTEMHOI'O YPOBHSI TaKK€ CKOHLIEHTPUPOBAHbI
B OCHOBHOM Ha YaCTHBIX 3aJ1a4yax (aHaiu3 TpeOOBaHUM,
(hyHKIIOHATHHOE MOACTUPOBAHNE, BEPU(PHUKAINS), U HE
MIPEAIararoT MOTHOIIEHHOTO aBTOMaTH3HPOBAHHOTO MapIIl-
pyra [5-7]1.

[Tpu 3TOM cUTyalus Ha PBIHKE CHCTEM U YCIyT B cepe
MH(OPMAIIMOHHBIX TEXHOJIOTHIA MTOKA3bIBALT, YTO 3aKA3HOE
MIPOEKTHPOBAHUE BCTPAUBAEMBIX CHCTEM MAacCOBO BBITIOJI-
HsIeTCsl HEOOJIBIIMMH KOMaH/IaMU pa3pabOTYHKOB B YCIIOBHU-
AX OrpaHUYCHHBIX 6}02[)KCTOB. MeTOJIl/IKl/I U UHCTPYMEHTHI,
BKJIFOYAIOIINE apXUTEKTYPHBIH/CHCTEMHBIH YPOBEHb MPO-

I Bonnet S., Lestideau F., Voirin J.-L. Arcadia and Capella on
the Field: Real-World MBSE Use Cases / MBSE Symposium,
Canberra, October 27th, 2014.
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YcuneHne ponv MUKPOAPXUTEKTYPHbIX 3TanoB MPOEKTUPOBAHMS BCTPANBaeMbIX CUCTEM

EKTUPOBAHUS, IPHUMEHSIIOTCS B HEJIOCTAaTOYHOM 00bEME 13-
32 UX BBICOKOH CTOMMOCTH, TPYI0EMKOCTH MCIIOIL30BAHM,
HeJl0CTaTOYHON KBalM(rKanuy pa3paboTInKoOB (BBICOKUI
«topor BxoxaeHus») [1, 8, 9]. B ocHoBHOM TpoekTupo-
BaHME BBHINOIHSETCS HEMOCPEICTBEHHO B JIE€MEHTaX U
11a0JI0OHaX, HABSI3aHHBIX SA3BIKAMH, TEXHOJIOTUSAMH U WH-
CTpyMEHTaMH pabouero MpOeKTHPOBAHMS. DTO MPUBOIUT
K c1aboMy HMCCIIEIOBAaHMIO MTPOCTPAHCTBA MPOEKTHBIX pe-
LIEHUH (IOTEHIMAIbHbIE BAPHAHTHI OPraHN3alu1 BBIYHC-
JINTEJILHON CUCTEMBl T€HEPUPYIOTCS U aHAJIU3UPYIOTCS
KpaifHe OrpaHuueHHO), HEBO3MOKHOCTH TIPOBEICHHUS 1101~
HOLICHHO# Bepr(UKALMK apXUTEKTYPHBIX PEILICHUH, U, KaK
CIIE[ICTBHE, K CHIDKEHHIO OOLIEro KauyecTBa NpOeKTUPOBa-
HUS M TIOCTUTAEMBIX XapaKTepUCTHK cucteM. OTMETHM, YTO
CYIIECTBYIOIINE CPEJICTBA CHCTEMHOTO IPOCKTHPOBAHHS
MaJIOTPUTOTHBI JUTSl MaCCOBOTO pa3paboTdrKa M3-3a CIUII-
KOM BBICOKOTO OTHOIICHHS CTOMMOCTH MX HPUMEHEHHS K
3¢ PEKTUBHOCTH.

Jost moBeIteHUs 3 GEKTUBHOCTH TTPOCKTHPOBAHUS
TpeOyeTcs Co3aanue uepapXxur ONMCAHUI Pa3HOH CTETICHH
JieTaIu3aluy 1 UCIOIb30BaHNE UTEPATUBHOTO MOCIE0-
BaTeIBHOTO MPUOIIDKEHNUA. B MaccoBOM MPOEKTHPOBAHUH
9TOT IMOAXO0A HCJOOLCHUBACTCA MHOT'MMH, B TOM YHCJIC
OTEYeCTBEHHBIMHU pa3paboTyuKaMH, KpaliHe ci1abo moj-
JIep’KaH METOJMKAaM1 M HHCTPYMEHTAJIbHBIMHU CPEJICTBAMH.
3aKka3Hoe NPOCKTHPOBAHUE CIIOKHBIX BCTPAWBAEMBbIX CH-
creM ¢ nostHbIM 1HKIoM (full-stack) Bo MHOTOM OcTaeTcs
TBOPUYECKHUM ITPOIIECCOM, PE3yIbTaT KOTOPOTo B HAaHOOJIb-
IIelf CTeTIeHN 3aBUCUT OT ONBITA M KBATH(UKALNH WICHOB
KOMaH/IbI.

370 cTaBUT OOIIYTO 33/1a9y PaCITHPEHUS 3Tarta BHICOKO-
ypoBHeBoro [10] mpoeKTHpOBaHHUA BCTPAMBAEMBIX CHCTEM.
OnHUM U3 pelIeHUH BUANTCS BKIIOUEHNE MUKPOAPXHUTEK-
TYPHOTO 3Tara npopaboTKH IPOEKTa B IPOLECC IPOEKTH-
pOBaHUSA B Ka4eCTBE 00s3aTENbHON YacTH.

B paMKax JaHHOI'O 3Tara HeO6XOI[I/lMI)I OTHOCHTCJIBHO
MIPOCTBIE U JIOCTYIHBIE JUISI MACCOBOTO TIPUMEHEHHSI METO-
JIMKH M aBTOMaTH3MPOBAHHBIC CPE/ICTBA IMPOSKTHPOBAHUS
BCTPaMBAEMbIX CHCTEM, 3aKPBIBAIOIINE CEMAHTUYECCKUI
Pa3pbIB MEXK/y BHICOKOYPOBHEBBIM apXUTEKTYPHBIM ITPE-
CTaBJICHHWEM U peaiu3anueil. 3aMeTnM, 4To MOXKET OBbITh
HEOOXOMMO TOBOPHUTH O LIEJIOM PsiZie ITAINOB B MPOEKTHU-
POBaHUU MUKPOApPXUTEKTYPBI.

B pabote npencraBieHbl MOIENH, MEXaHU3MBI U II1a0JI0-
HBI JUIS1 9TAIIOB MUKPOAPXUTEKTYPHOIO IPOEKTUPOBAHMS, &
TaKXE NPUMEPHI UX NPCACTABICHUA U IPUMCHCHUA.

IIpo6aema BrIGOpa MiIaThopm
JJISl peajin3aliii BCTPauBaeMbIX CHCTEM

Baenem kinaccu(puKanuio BEIMUCIUTEIBHBIX MIaTHOPM
110 BHYTPEHHEH BapHaTUBHOCTH — pPa3Mepy JOCTYITHOTO
JUIsl MCCIIEA0BaHMS MPOCTPAHCTBA MPOEKTHBIX PELICHNUH,
T. €. 110 KOJIMYECTBY PA3IUYHBIX BAPHAHTOB peaIu3alliu
CHCTEMBI, YJIOBJIETBOPSIIOIINX KOHKPETHOMY TEXHHYECKOMY
331aHUI0, KOTOPBIE MOYKHO CO3/aTh C HCIIOIb30BaHUEM JIaH-
Ho# ruargopmsr: Manast (I'pyrnma 1), cpennsist (I'pynma 2) u
BBICOKasl BHYTpEeHHIs BapuaruBHOCTh (I'pynma 3).

[TpuBenem npumeps! miaTdopM Ui TaHHBIX TPYIIIL.

I'pynma 1 — nporpaMmupyeMsblie JJOrHYeCcKHe KOHTPOJI-
JIepbl, a TAK)KE YHUBEPCAJIbHBIC BEIYHUCIIUTEIILHBIE MAllTHHBI

BOOOIIIE, KOTOPBIE MOJJICP)KUBAIOT CTAH/IAPTHBIE BHICOKO-
YPOBHEBBIE SI3BIKM NMPOTPAMMHUPOBAHUS M CTAHAAPTHBIE
uHTep(dEHChl NOAKIIOYEHUS yCTPOUCTB.

['pynma 2 — KOHTpOJUIEPBI C MPOTPAMMHUPOBAHUEM B
cpelie ONepalMOHHBIX CHCTEM peaJbHOro BpeMeHHu. Mx
BHYTPEHHSISI BADHATUBHOCTD OCTACTCs VIS TTOJIb30BATEIIS
OTHOCHUTENIEHO HEOOIBIIOHN 32 CUET IIMPOKOTO, HO BCE XKE
OTPaHNYEHHOTO Ha0Opa MPEILyCMOTPEHHBIX MEXaHN3MOB
YTPaBJICHUS BEIYMCICHUSIMU U IPAHBEPOB yCTPONUCTB.

I'pynmna 3 — 3aka3Hble yCTPOHCTBA C 3aKa3HBIM IPO-
rpaMMHBIM O6eCHe‘IeHI/IeM, BO3MOKXHOCTBIO UCIIOJIb30BaHUA
CHEUAIN3UPOBAHHBIX aPXUTEKTYP Ha IIPOrPaMMUPYEMOU
JIOTHKE 1 3aKa3HBIX MUKPOCXEMax.

JlanHas kmaccudukanys IeMOHCTPUPYET OAWH U3 BaXK-
HEeWIINX KOMIIPOMHUCCOB TP BBIOOpE TIaT(hOPMBI pealtu-
3aIlMM BCTPAaWBAEMBIX CHCTEM — COOTHOILICHHE MEX]y
YPOBHEM OIIepaIiii, peaqn3yeMbIX IIaThopMon (BEIUHC-
JTUTENbHbIC a0CTpaKINU, CHCTEMa KOMaH]I, IIPOTpaMM-
HEIH nHTepdeiic npunoxenus (API) wmm snemeHTHAs
6a3a IPOEKTHPOBIIHKA), U 3(PPEKTUBHOCTHIO BEIYHCITH-
Tesst/mardopmel, peanusylomiei 3ToT ypoBeHb (puc. 1)
[11]. OT™MeTnM, 9TO B OTIMYKE OT MPUMEPOB MPOCKTOB
I'pymmst 1, npumeps! mpoextos I 'pynn 2 u 3 npennonaraiT
CMElIaHHbIE alapaTHO-TIPOrpaMMHbIE Pa3padOTKH.

[ToBeIIeHE YpOBHS aOCTPAaKIIMK MO3BOJISIET CKOHIICH-
TPUPOBATHCS HA peasin3alliyl MPUKIAJIHBIX TpeOOBaHUH,
YBEIMYHUTH IEPEHOCUMOCTb, @ TAKIKE CHU3UTH TPEOOBAHNUS
K KBaJU(UKAIMK pa3zpadoTyrka. YacTo 3TO MpOsBIISETCS
B peanu3anuy HanOosiee MPOCTHIX, MA0IOHHBIX, a TAKXKe
«J1000BBIX» BAPHAHTOB B MOJIEIIH «YCIIOBHO HEOTPAaHUICH-
HBIX PECYPCOB», YTO OKa3bIBACTCS MPHEMIIEMO JIJIsI MHO-
rux npuMeHeHui. Eciu sxe Takol CpaBHUTEIBHO MIPOCTOM
MyTh PEIIeHUs 3aJaudl HE JaeT TpeOyeMoro pesynbrara,
HE0OXO0MMO TIEpEeXOAUTh Ha CIICHAPHH TOJHOMACIITA0-
HOTO 3aKa3HOro npoexruposanus. Ilpu yeenuuenuun nonu
3aKa3HOTO MPOEKTHPOBAHMS BO3MOXKHO (hOPMUPOBAHUE
Oonee 3 PEeKTUBHBIX MPUKIAAHBIX TIATGOPM U TpOBeJie-
HUE «ITyOOKOM» ONTHMHU3AINU X MHUKPOAPXUTEKTYPBI,
peanmzanyst 6oiee CIOKHBIX 1 A(P(QEKTUBHBIX pEIICHHH.
[Tpn 3TOM HEOOXOOMM yUeT OrPaHUYEHHOCTH JJOCTYITHBIX
BBIUMCIIUTEIBHBIX PECYPCOB IS MX MOJHOIEHHOTO HC-
TIOJTE30BAHUSL.

VYpoBeHb
a0CTpakUuu

N
7

Huskast BHyTpeHH:S AN
BapHaTHBHOCTH

CpenHsist BHyTPEHHSS
- BapHaTUBHOCTh

.\ Touka
(ukcanuu

Boicokas BHyTpeHH:I

BapUaTUBHOCTh
T peueHus

Kommuectro KommuectBo
WV DddexkTuBHOCTE W BapHAHTOB pa3paboTINKOB

Puc. 1. Kinaccuduxanus npoeKTHbIX aThopM 1o CTeIeHH
BHYTPEHHEH BapHaTHBHOCTH

Fig. 1. Classification of project platforms according to the
degree of internal variability
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UemM BblIIIe BHYTPEHHSISI BAPHATHBHOCTD TIAT(HOPMBI,
TEM CJIO’)KHEE €€ HCIOJIb30BAHNE, MEHBIIE YKOCHUCTEMA
1 4ucio pa3paboTYMKOB, 00JIa1aI0NINX HEOOXOUMBIMHU
KOMIETEHIMSIMH, HUKE YPOBCHb aBTOMATH3ALUH MTPOCK-
THUPOBAHUS U JIOKYMEHTHPOBAHUS OOBEKTOB ITOBTOPHOTO
HCIIONIb30BaHM.

MukpoapxXuTeKTypHOe NPOeKTHPOBAHHE

OCHOBHBIE 33JJa4l MUKPOAPXUTEKTYPHOTO MPOEKTH-
poBaHus: GOPMHUPOBAHUE, BU3YyATU3ALMS U JIOKYMEHTH-
poBaHME MTPOCTPAHCTBA MPOCKTHBIX PELICHUH; reHepa-
LUST TPOCKTHBIX PELICHUH U MCCIIeIOBAaHNUE TIPOCTPAHCTBA
MIPOEKTHBIX PEILICHUH; BepuuKanus 1 0TOOp MPOSKTHBIX
peLIeHUH.

B ocHoBe mpeiaraemMoro noaxona K MUKpOapXHUTeK-
TYpPHOMY MPOEKTHPOBAHUIO JICKUT ACIIEKTHBIM MOIXO.
OH momMoraer onpeaesuTh CTPYKTYPY IMPOCTPAHCTBA MPo-
CKTHBIX peIHeHI/Iﬁ 3a CYCT BBIACJICHUS CKBO3HBIX «30H OT-
BETCTBEHHOCTH» B CUCTEME M CKBO3HBIX 337124 B IpOLecCce
MIPOEKTUPOBaHMs. B TaHHOM MpocTpaHCTBE CyIECTBYIOT
BBIUHCIIUTENIbHBIC U UHBIE CUCTEMHBIE MEXaHU3MbI — OC-
HOBHBIE €JIMHUIIbI, U3 KOTOPBIX CO3AAI0TCs Ooee CIIoKHBIE
T1aT(OPMBI 1 TIENTbIe BBIYUCIUTEIBHBIC CHCTEMBI.

[Ipupona GOMBIIMHCTBA BBIYNCIUTEIBHBIX CHCTEM
HMMEET SIPKO BBIPAXKCHHYIO YPOBHEBYIO OPTaHHM3ALHIO.
MexaHn3Mbl ¥ TIATGOPMBI KaK OCHOBHBIE a0CTPaKTHBIE
€IMHHILIBI TIPOEKTUPOBAHUS MOTYT IIPUHAIEKATh K KOH-
KPETHOMY YPOBHIO MJIM OXBaThIBaTh HECKOJBKO ypPOBHEH
OopraHusanuu BBIYMCIIUTECIILHON CHCTEMBI. IIJ'IS[ JOKYMCH-
TUPOBAHUS YPOBHEBOM OpraHU3alluy BbHIYUCIUTEIbHOM
CUCTEMBI U/WJIM €€ IPOCTPAHCTBA MIPOCKTHBIX PEIICHHH
MBI TIpeJIaraéM MCIoJIb30BaTh rpad) aKTyaau3aly 1 Ipo-
W3BOJIHBIE MOZIETH.

Bolnesienne KOpHEBBIX KOMIOHEHTOB («KEPHEIOBY)
B MIPOEKTE CUCTEMBI IIO3BOJISAET B IBHOM BUJE ONpefe-
JSITh 1 OaaHCHPOBATh TPYN03aTPATHl HA TIPOSKTUPOBAHNE
KOMIIOHEHT «BHYTPEHHEI0» M «BHEIIHETO» Ha3HaYCHUH,
TpYIIHPOBaTh MHYOPMALNIO O CKBO3HBIX MEXaHM3MaxX U
TIOZICHCTEMaX, TIPEACTABIIAT ONUCAHUS PA3HOTO YPOBHS Jie-
TaJM3aLHH1 TS TOCIIELYIOIIEr0 MOBTOPHOTO NCTIOb30BAHMS.

CTpyKTypa NPOEKTHOI0 M ACNIEKTHOI0
NMPOCTPAHCTBA CHCTEMBI

Ha3zoBem NpOEKTHBIM MPOCTPAHCTBOM CHCTEMBI COBO-
KyITHOCTb aKTUBHOCTEH 1 apTe(pakToB Ha (a3e MPOSKTHPO-
BaHMSA B )KU3HEHHOM IMKJIE CHCTEMBI.

B npouecce npoekTupoBaHus UCXOAHBIE TPEOOBAHUS
TCXHUYCCKOI'O 3aJaHusA JOMOJHAKOTCA BHYTPCHHUMU TPEC-
6GOBaHMAMHU KOJJICKTHBA Pa3paboTYMKOB. DT TPeOOBAHUS
MOryT 6]:IT]) MMPpOMU3BOAHBIMU OT UCXOAHBIX, @ MOT'YT OBITH
HaBsI3aHbl KAKUMHU-THOO0 CTOPOHHUMHU OOCTOSITEILCTBAMU
(He0OX0AMMOCTH SIKOHOMHH BPEMEHH, OTCYTCTBHE HEKOTO-
PBIX KOMIICTCHIIUH, CO3IaHKEe 3ajelia Ha OyayIiee u Ap.).
B pesynbrare ¢popmupyercs moaHbIi Habop TpeOoBaHUH K
CO3/1aBaeMOM BCTpaMBaeMON CHCTEME M COITYTCTBYIOIINM
apredakxTam.

BrigenmmM aBe 0CHOBHBIE TPYIITBI TPEOOBAHMUIA:

1) «moBeneH4Yeckne» TPeOOBAHUSA — HEMOCPEACTBECHHO

KacaroTcst yHKIMOHUPOBAHHS CHCTEMbI BO BCEX IIPO-

SIBJICHUSIX (pean3yeMblii BEIYMCIUTENBHBIN ITpoliecc,
BpPEMEHHBIE XapaKTEPUCTHUKH, HAJIE)KHOCTh, SHEProIo-
TpebJeHue, TETUTOBBIICIICHHE U JIP.);

2) «opraHHM3aIIOHHBIC» TPEOOBAHMUS — KacaloTcsl BOIIPO-
COB, CBS3aHHBIX C PAa3HBIMHU CTATUSIMHU KU3HEHHOTO
IIUKJIA KaK KOHKPETHBIX 3K3EMIULIPOB CHCTEMBI, TaK U
COBOKYITHOCTH aKTHBHOCTEH IO CO3/1aHHUIO TaKHX CH-
cTeM. Bkirogator TpeOoBaHMUs K OpraHu3anny mpomec-
COB IPOEKTUPOBAHMUSA, TPOU3BOJCTBA, TECTUPOBAHMUS,
00CITy’)KUBaHUsI, PEMOHTA, BHIBOJIA CUCTEMBI U3 SKCILITY-
aTaiyy, BOSMOXKHOCTEH ycTapeBaHusl, MOJICPHU3ALINH,
MOBTOPHOT'O MCIOJIb30BAaHUSI, Pa3BUTHS CUCTEMBI, IKO-
HOMHYeCKOH 3(h(PEKTUBHOCTH U JIP.

[ToBenenueckue TpeOOBaHUS MOKHO pa3lEIUTh Ha
MPUKJIAJHbIC (CBS3aHHBIC C BBHIOIHCHUEM IPUKIIAHOM
1esIeBOi (DYHKIIMM CHCTEMBI, BRIPQ)KEHHOW B MCXOTHBIX
TpeOOBaHUAX 3aKa34uMKa) U CUCTEMHBIC (OTHOCAIIHMECS K
peIIeHNnIo 3a]a4, MOCTABICHHBIX pa3paboTunKaMu: op-
raHu3anus MIaTGOpPMbI Ui PEIICHHUS HETOCPEACTBEHHO
MPUKITQIHBIX 3a/1a4, HHCTPYMEHTAIbHO-JMarHOCTHYECKAsT
HHPPACTPYKTypa CHCTEMBI H Jp.).

Bcem mepeuncneHHBIM BBIIIE BUJIaM TpeOOBaHUH cO-
OTBETCTBYIOT aCIIEKThI TPOCKTHPOBAHMUS CUCTEMBI. ACIIEKT
OTIpEe/ICIISIeTCSl KaK CerMEHT IPOEKTHOTO MPOCTPaHCTBa
W/WIIN J)KU3HEHHOTO LUKJIa CUCTEMBI M IPOEKTa, CBSI3aH-
HBIH ¢ KakOH-JIM00 TPOOIEeMON MM TPYIION TpeOOBaHUH.
AcnexTbl MOTYT OBITh KOHIIEITYaJIbHBIMH (aKTyaabHBbI-
MU Ha IIPOTSHKEHUH BCETO XM3HEHHOTO IUKJIA) U JIOKaJIb-
HBIMH, BBIJICJIIEMBIMU Ha Kakoe-TO Bpems. X coBokym-
HOCTB OIPEJEseT ACTIEKTHOE MPOCTPAHCTBO MPOCKTA.
OpraHu3aoOHHBIE ACTIEKTHI MTOPOXKIAIOT HOBBIE TPebo-
BaHMS B NTOBEACHYECKUX aCIEKTaX W OTPAaHWYMBAIOT MPO-
CTPAHCTBO NMPOEKTHBIX PEUICHUH, B KOTOPOM NPOEKTHPOB-
MK CO3/1a€T CHCTEMY.

MapuipyT NpOeKTHUPOBaHHS CIIOKHBIX BBIYUCIUTEIb-
HBIX CHUCTEM JOJDKEH MOAJIEPKUBATh B CIUHON CHCTEME
a0CTpaKIMil HepapXuuecKoe MpeICTaBIeHUE BBIYUCIUTENb-
HBIX IJ1aTQOPM, SI3BIKOB ONMUCAHUS (DYHKIIMOHAIBLHOCTH H
UX TPAHCIIATOPOB, IPUKIAAHON HaacTporku. LlenTpansHOl
njeeil BBICTYIIAeT IIOCIIEA0BaTEIbHOE YTOUHEHHE/ Ipopa-
00TKa 11esIeBO CHCTEMBI Yepe3 HepapXHUIo IaroB MapIipyTa
MPOEKTUPOBAHMS C TOHKECHUEM CTereHn abcTpakimu [12].

ACTIEKTBI JIEIISIT MPOEKTHOE TIPOCTPAHCTBO «BEPTUKAIb-
HOY, IPOHM3bIBAs BCE KOMITOHEHTHI U YPOBHH OpTaHNU3alNH
CHCTEMBI, KOTOPBIE, B CBOIO OUEpPE/lb, 3a/1al0T «TOPHU30H-
TaJIbHOE) JleJIeHHe. ACIEKThl JKU3HEHHOTO LIMKJIa IPOHU-
3bIBAIOT PA3JIMUHbIE ATAIbI BO BPEMEHH.

Jiist obecrieueHust 3 PEKTHBHOTO COUCTAHKSI YPOBHEBO-
T'O TIPE/ICTABIICHUSI C aCTIEKTHBIM IOJIX0/IOM MBI IIpe/iIaraem
MPOEKTUPOBIIMKY PadOTaTh CO CIECAYIOIINMH MOJIEIISIMU:
ACIIEKTHBIE CTEKH JIOTHYECKHX, (PYHKIIMOHAIBHBIX, CTPYK-
TYPHBIX YPOBHEH OpraHu3alny aHAIN3UPYEMO MiIn Tpo-
SKTHPYEMOW CHCTEMBI (acCIeKThl OPraHU3aIMH CHCTEMBI);
ACIEKTHbBIE CTEKH TEXHOJOTHYECKHX YPOBHEH CO3MaHUS
CUCTEMBI (MHCTPYMEHTAIbHO-TEXHOJIOTHIECKNE aCTIEK-
THI); ACIIEKTHbIE BPEMEHHBIC TPEKH B pPaMKax MapHipyTa
MIPOCKTUPOBAHMS, TJI€ IATH MOTYT OBITH COITOCTABIICHBI C
MIPOpabOTKOM YPOBHEH OpraHU3aINN CUCTEMBI (OTpasKaeTCs
JIOrMKa poeKTrpoBanus). [Ipu 3ToM nociienoBarebHOCTh
popabOTKH YPOBHEH MOXKET 0CO3HAHHO MEHSATHCS MPOCK-
THUPOBIIHKOM.
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YcuneHne ponv MUKPOAPXUTEKTYPHbIX 3TanoB MPOEKTUPOBAHMS BCTPANBaeMbIX CUCTEM

CJ0)KHOCTh COBPEMCHHBIX BCTPAMBACMBIX CUCTEM, TPC-
0OBaHMS K X MacIITadUpyeMocTd (TOPU30HTAIBHON U
BEPTUKAIBHO) ICIAF0T aKTyaIbHBIMU MOJICITU C HECKOJIb-
KUMH aCIEKTHBIMH YPOBHEBBIMHU CTEKAMHU, «PACTYIIIUMID)
C BBIJIEJICHHOTO YPOBHs (TOPU30HTAIbHASI MOJIENb Opra-
HU3ALUHU B IpejesiaX OAHOI0 MIIM HECKOJIBKUX YPOBHEH
CUCTEMBI).

Kpocc-ypoBHeBbIe MEXaHU3MbI
B MPOEKTHPOBAHUH BCTPAMBAEMbBIX CHCTEM

Peannzanuio BcTpanBaeMoi CHCTEMBI IIPEJICTABUM
KaK COBOKYITHOCTb BBIYMCIIMTEIBHBIX M MHBIX MEXaHH3-
MOB — 0COOBIX OOBEKTOB B COCTaBE CHCTEMBI, PeIIalo-
X KOHKPETHYIO 3a7lady W3BECTHBIM crocodom [10, 12].
MexaHU3MbI MOTYT OBITH Pa3HOMN CIOKHOCTH U TPaHYJIsp-
HOCTH (OT IPOCTBHIX MaTeMaTH4eCKUX (GyHKLHUH 10 BUp-
TyaJbHBIX MaIIKH), TPUMEHSTHCS ISl 00ECIIEUCHUs KaK
(DYHKLIMOHAIBHBIX, TAK U He(YHKIIHOHAIBHBIX TPEOOBaHUIA
K cucTeMe (HaJeKHOCTH, padoThl B peaibHOM BPEMEHH
u 1p.). Takoe npencrasienne Hanbosee 3h(HEeKTUBHO Ha
9Tanax MUKPOapXUTEKTYPHOTO MPOEKTUPOBAHMSL.

3amaqm, penracMble OONBIINHCTBOM BCTPAMBACMBIX
CHCTEM, XapaKTepH3yIOTCs BBICOKMMH TPEOOBAHMSIMU K Oe3-
OITaCHOCTH, HAJISKHOCTH M BPEMEHH UCTIOTHEHHS. DTO 3a-
CTaBIIACT CO3/aBaTh 3HAYUTEIHHYIO YaCTh IPUHIUITHAIBHO
Ba)KHBIX MEXaHU3MOB BCTPANBAEMBIX CHCTEM: KPOCC-yPOB-
HEBBIMHU — PEAJIM30BaHHBIMH C UCTIONB30BAaHUEM OoJIee 14eM
OJIHOM MTPOEKTHOM IIaTPOPMBI; KPOCC-ITOMEHHBIMU — CO-
YETaIOIUMHU B Ce0C 3JIEMEHTBI Pa3HbIX MOJIENICH BbIYHCIIC-
HHH B IIpe/ieNax OJHOTO YPOBHSI; KPOCC-aCIEKTHBIMU — OT-
paKaroUIMMHKCS Ha Pa3HBIX IPYIIax TPEOOBaHUI K CHCTEME
(Ha MPOM3BOAMTEIBLHOCTH, YHEPTONOTPEOICHUH U JP.).

KomriekcHbII XapakTep MEXaHHU3MOB BIIUSIET Ha CIO-
co0 M Ka4yecTBO M0Ja4yu WH(POPMALUHU B JOKyMEHTaX Ha
KOMITOHEHTHI, 0COOCHHO MTOBTOPHO HCIIONb3yeMble. B cer-
MEHTE MPOEKTOB ¢ Mayol BapuaruBHOCTHIO ([pymma 1)
JUTsl BBIYUCITUTENEH ¢ YCIIOBHO O€3rpaHIYHBIMH PECypcaMu
MTOCTABIIMKH TPEUIAraioT OMUCAHMUS BBICOKOTO KauecTBa
JUTSL «IIPUKJIAJHOTO» pa3paboTunka. B naHHOM ciydae
MIPEIOCTABIAIOTCA a0CTPAaKTHBIE MOAEIHN, KOTOPBIE Ha-
MpSAMYIO TMOAAEePKUBAOTCS HabopaMu OuOIHOTEK (Ha-
npumep, Windows Driver Kit Bkimouaer Kernel-Mode
Driver Architecture Design Guide, Windows Driver Model
(WDM) u 1p.). B mpoekrax ['pymmst 2 u ocoderno [pyrmmbt
3 pa3pabOTYMKK BCTPaMBAaEMBIX CHCTEM M alllapaTHBIX
BBIUMCIUTEIBHBIX IUIATQOPM BBIHYKCHBI UCIIOJIb30BAThH
(parMeHTapHbIC M PEUMYIIECTBEHHO HU3KOYPOBHEBEIC
OTIMCAHUS OTJENIBHBIX BBIUMCIUTENEH (TP BBIYHCIIH-
Tesei), mepudepuiHBIX KOHTPOIUIepoB, [P-snep mmm mpo-
IPaMMHBIX KOMITIOHEHTOB C IIETbIO Pealn3alii B paBHOM
cTeneHn (YHKINOHATBHBIX U HEQYHKIIMOHAIBHBIX TPeOo-
BaHMH, ONTUPAsICh HA MOZIETb MAKCHMaJIbHOTO HCIIOJIb30Ba-
HUSI PECYPCOB MPOSKTUPYEMOM CUCTEMBI.

Hauboubine CloXXHOCTH MPU NPOSKTUPOBAHNUHU BbI-
3bIBAET UMEHHO KPOCC-YPOBHEBAsI MPUPOJa MEXaHH3MOB.
OnucaHue Takoro MexaHuM3Ma B paMKax €IMHOH IJat-
(OpMBI ¥ €AMHOTO A3BIKA OTCYTCTBYET, YTO ITOPOXKIACT
LeIbIi psif Tpo0iieM: HeoOX0MMO HCIIO0JIb30BaTh HECKOIb-
KO ()parMeHTOB ONMCAHUs MEXaHH3Ma B PaMKaX Pa3HBIX
Moyieeil BBIYNCIICHUH; TIPH OTCYTCTBUH JOKYMEHTAIN Ha

peanu3aluio CUCTEMbI CBOMCTBA MEXaHM3MA U J1a’Ke CaMo
€ro CyILECTBOBAaHHE ISl pa3pabOTYHKa 4acTo SIBIISIFOTCS He-
04eBUIHBIMU (TpedyeTcs oOpaTHast pa3padoTKa CUCTEMBI,
reverse engineering); 3aTpyJHeHa MMPOBEpKa KOPPEKTHO-
CTH pealli3alllii MEXaHu3Ma; IIPU 3aMeHe Ta)ke OJHOM M3
iatGopM Ha HOBYIO, HECOBMECTUMYIO CO CTapoi (Harpu-
Mep, IIepexo]l Ha APYTyIo JMHEHKY MHKPOKOHTPOILIEPOB),
HEOOXOOMMO IepecMaTpUBaTh Peal3alMi0 MHOKECTBA
CTEKOB MEXaHU3MOB HJIH KPOCC-YPOBHEBBIX MEXaHH3MOB
JUIsl COXpaHEHHsI KOPPEKTHOCTU U APPEKTUBHOCTH (PyHK-
[IMOHMPOBAHUS, YTO MOXKET MPUBECTH K HEOOXOTUMOCTH
MepecMOTPa MUKPOAPXUTEKTYPBI CUCTEMBI B LIEJIOM.

IIpuMepb! MUKPOAPXHUTEKTYPHOIO MPEACTABICHUS
NMPOEKTHBIX pelIeHnii

Ha puc. 2 nokazan npuMep KOMILJIEKCHOW acTeKTHOM
AMArpaMMbI THITHYHOTO MPOEKTa BCTPAUBAEMOW CHCTEMbI
C ACIIEKTHBIMU CTEKaMU YPOBHEH U BPEMEHHBIMU TPEKaMHU.
JuarpaMma ripuBezieHa B 00ILeM BUIE U 110 HEOOXOANMO-
CTH MOJXKET OBITh JIeTaIM3UPOBAHA, JOTOJHEHA JOKAIbHbI-
MH acleKTaMu.

KopHneBble Mexanu3mbl (KepHeJbl) IPEACTaBISIOT
co0oii 0a30BbIC, KPUTUICCKH BaKHBIC KPOCC-YPOBHEBEIC U
KPOCC-IOMEHHBIE MEXaHU3MBI FJTH X COBOKYTTHOCTH, TIPei-
Ha3HaYCHHBIE [T AKTUBHOTO MTOBTOPHOTO MCITOIH30BAHMS.
M1 pemaraeM (UKCHPOBATh HH(YOPMAIIHIO O KepHETIax
Ha TPeX OCHOBHBIX YPOBHAX JOKYMEHTHPOBAHU: (PyHK-
HOHAJIbHBIN HHTEepdeic (PyHKINOHATBHOCTD U CIIOCOOBI
COTIPSDKEHUST C KOMITOHEHTAaMHU TOTO K€ YPOBHS), MUKPO-
APXUTEKTYpHaA CHCHH(bHKaL[PIH B TCpMUHAX MCXaHU3MOB
M KOHEYHasi peanusanusi. Dto obecrneynBaeT dPPeKTHB-
HOE TIOBTOPHOE HCIIOJIb30BaHUE KEPHEJIOB HA MUKPOAp-
XUTEKTYPHBIX dTanax npoekTupoBaHus. COBOKYITHOCTH
KEpHEJIOB, 00pa3yromie HeJIbHY0 1aThopMy, Ha30BEM
MHUKPOApXUTEKTypHBIMU ITaboramu. Ha puc. 3 moka3an
TIpUMED TIPEICTABICHUS KEPHEIOB B COCTABE MUKPOAPXHU-
TEKTYPHOTO IabiIoHa C yKa3aHWEM OXBAYCHHBIX ypOBHEH
(matrcopm) BcTpamBaeMBIX cucTeM. Bompocs! BapnaHTOB
peann3aiy KepHeIoB BBIXOIAT 32 PAMKH HACTOSIIEH pa-
00TBI, HEKOTOPBIE MPUMEPHI MOXKHO HaiTh B padote [12].

I'pad akryaausauuu BbIYMCIMTE]BHOIO Npolecca
[3, 4] B enuHOM CTHIIE B BHJIE MOCIIENOBATEILHOCTH YHU-
(pUIMPOBaHHBIX TPAHCISITOPOB OIUCHIBACT CO3/1aBAEMYIO
BCTPAaUBAEMYIO CUCTEMY, HCIIOIb3yEMbIii ITPU STOM HHCTPY-
MEHTapHil U pean3yeMblii IPOIecC MPOSKTUPOBAHUS. DTO
MO3BOJISIET B PAMKaX OHOW MOJIEIIH IIPOIEMOHCTPHUPOBATh
B3aHMOCBSI3U MK alllapaTHON M MPOTrPaMMHON 4acTs-
MH, a Takke (pa3amMu IPOSKTHPOBAHUSA, KOHPUTYPHUPOBa-
HUS ¥ HCTIOTHEHUS BBRIYUCIUTEIBHOTO Mporiecca (design-,
config- u run-time).

[IpuBenem nmpumep WCHOIB30BAaHUS Tpada aKTyaIn3a-
UM T IEMOHCTPAINK 3aBUCHUMOCTEH, KOTOPBIE BO3HHU-
KaroT MPHU pealu3aniui KpoCcC-ypOBHEBBIX MEXaHU3MOB.
Ha puc. 4, g nokaszaH psii BApuaHTOB KPOCC-YPOBHEBOM
peanu3anuu oJHOTO U3 KepHeaoB — npaiiepa UART.
Ecnu npu mpoexTupoBaHuM JipaiiBepa 3aKiiaJbBaTh BO3-
MOKHOCTH MCIIOJIb30BaHMs anmapaTHoro oydepa, To He-
00X01IMMO TIpelycMaTpuBaTh MPOrPaMMHYIO aJaIlTaluio
kK Oydepam pasHoro pasmepa. Ecim ke HTHOPUPOBATh
BO3MO)KHOCTH ammapaTHoii Oydepusarmu, npaiisep OymeT
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Puc. 2. Ilpumep acrieKTHOM AUarpaMMbl IPOEKTA BCTPAUBAEMON CHCTEMbI

Fig. 2. Example of an aspect diagram of an embedded system project

MeHee Y(PPEKTHBHO MCIONB30BaTh IPOIECCOPHOE BPEMS,
HO €ro NpoIIe NEPEHOCUTh HA MUKPOKOHTPOJIIEP € IPyToi
nepudepueii. B npenene anmapartaas vacte UART moxer
OBbITH cBesleHa K Ha0Opy JUCKPETHBIX TOPTOB BBO/A-BLIBO-
na. Ha puc. 4, b npencrasieHa peanu3alys BUPTYaIbHOTO
JIaT4YrKa OCBEIICHHOCTH Ha 0a3e nupoBoii kamepsl. Takas
peanu3anys He BCerja nepeHocuMa Ha ApPYTylo MOelb
Kamephbl JlayKe Mpy Kucronb3oBanuu ooiero API, nockonmbky

[Ipuknagnoe
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UCTIONIB3YIOTCSI KOMaH/IbI TIPSIMOTO JAOCTYIAa K PETUCTPaM

MOl KAMEpBI.

Konnexktus, KOTOPBIi NPEACTABIAIOT aBTOPHI, B (hopMa-
JIM30BAHHOM BH/JIE YCIENTHO UCTIOIb30BAJ PEICTaBICHHBIN
TIOIXO/T B IIEJIOM PsiZie MIPOEKTOB, CPEAN KOTOPBIX aBTOMa-
TU3HUPOBaHHAs CUCTEMA KPOCC-YPOBHEBOIO TECTUPOBAHUS
[13], dpeiiMBOpK MUKPOAPXUTEKTYPHOTO IIPOSKTHPOBAHHMS
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N\
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OOHOBJICHUS
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Puc. 3. Ilpumep pacrpeneneHus KepHEIOoB 10 YPOBHAM MHKPOApXUTEKTypPHOTO ITa0I0Ha

Fig. 3. Example of kernels mapping by levels of microarchitectural pattern (UART — serial input-output controller)
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YcuneHne ponv MUKPOAPXUTEKTYPHbIX 3TanoB MPOEKTUPOBAHMS BCTPANBaeMbIX CUCTEM
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Puc. 4. Bapuantsl rpada axtyanusanun s gpaiisepa UART; BapHaHTbI IpOrpaMMHO-aNapaTHOTO Pa3AeIeHHs
(DYHKIMOHATIBHOCTH: C UCIIONB30BAaHNEM anmapaTHoi Oydepusanun gaHHbIX (/) ¥ TOIBKO IporpaMMmHoi Oydepusanun (2),
C MOJTHOCTBIO POrPaMMHON pean3alyeil npremonepenardrka (3) (a); BAPTYyaJIbHOTO JJaTYNKA OCBELIEHHOCTH (D)
Fig. 4. Variants of the actualization graph for UART driver; variants of hardware-software partitioning of functionality:

using hardware data buffering (/) and only software buffering (2), with a fully software implementation of the transceiver (3) (a)
and virtual illumination sensor (b)

npoueccopHsIx anep CHK [14], uHCTpyMEHTBI IPOEKTOB
NL3 u NITTA [15].

3akJjoueHne

B o6nactu nHGOPMAIIMOHHBIX TEXHOJIOTHH MO-TIPEXK-
HEMy OCTpPO CTOUT TPO0IeMa MOBbIIEHUs 3()(PEKTUBHOCTH
Tpy/a pa3padoTynkoB. Pa3ymMHbIl OanaHC MEXIy TOTOBBI-
MU («C TIOJIKWM») ¥ 3aKa3HBIMH PEIICHUSMH — «TOJIOBHAS
00JIb» BCEX apXUTEKTOPOB M THM-ITAepoB. Kak moka3siBa-
eT TMpaKTHKa, B JAHHOW OTpaciii BHEIPCHNE HOBBIX MpHe-
MOB U METOZOB Ha KOHIICTITyaJ bHBIX, CHCTEMHBIX dTalax
MIPOSKTHUPOBAHUS JJIs1 BRIPAOOTKU M IPUHSTHS HE OpPTaHH-
3aIIMOHHBIX, @ HETIOCPEACTBEHHO TEXHUYECKHIX PEIICHHUH,
3aHumaeT 10-20 u Gonee net. U 310 ompenenseTcs He
WHEPTHOCTBIO HHIYCTPHUH, & CI0KHBIM IIPOLIECCOM ITOAT0-
TOBKH («CO3pEBaHUs)) CTICIIHATUCTOB. TeM BaxkHee HOBbIC
MIPEJIOKEHUSI B TAaHHOM cdepe, OoIbIIe MOTPeOHOCTh B MX
00CYK/ICHHH 1 SKCIIEPUMEHTAIbHOM BHEAPCHUH.

B cermeHTe BCTpanBaeMbIX CHCTEM IPEIJIOKEHHOE
JieJIeHHE TIPOCKTOB Ha psi KaTeropuid MO3BOJIMIIO BhIJIE-
JUTH TPYTILY, IUTS KOTOPOW 3aKa3HBIC PEIICHUS OHO3HAY-
HO SIBJISTFOTCS TIPEATIOYTHTEIBHBIMI. OHAKO I TaKUX

MPOCKTOB KaTacTpo(GUUECKH HEe XBaTaeT 3PPEKTHBHBIX
TEXHOJIOTHI ¥ HHCTPYMEHTOB MTPOSKTUPOBAHHSI.

[ToBbicUTh cTeneHb (HOPMATH3AINN TPOSKTHPOBAHHS
MTO3BOJISIET IPUBEIEHHBIHN B paboTe oOmmid B3IV Ha dTa-
bl BBICOKOYPOBHEBOTO MPOCKTUPOBAHHSI OTBETCTBEHHBIX
(KpUTHYHBIX) BBIUYHUCIUTEIbHBIX CUCTEM B COUYETAHUU C
KOHKPETHBIMH IPEIOKEHUSIMH B YaCTH HHCTPYMEHTOB
ONMCaHUs BBIYUCIIMTEILHONM CUCTEMBI HA Pa3HbIX YPOBHAX
a0CTpaKIHH.

[IpencraBiieHHbIC a0CTPaKIIUKA MOTYT OBITh HCIIOJb-
30BaHbl KaK Ha YPOBHE METOJOJIOTUYCCKHUX PCIICHUN B
Ka4eCTBE «PYUYHBIX MPUEMOBY», TaK U B Ka4eCTBE ajro-
PUTMHUYECKON OCHOBHI B COCTaBe (PPEHMBOPKOB U CHCTEM
ABTOMATU3UPOBAHHOTO MPOEKTHPOBAHUSI.

HWccnenoBanus mo tTeme pabOThl HAXOAATCS B AKTHB-
HOH (paze. OnHA U3 aKTyaJbHBIX 33/a4 — MPUMEHEHUE
TEXHUKHU KPOCC-YPOBHEBBIX MEXaHU3MOB U MUKPOAPXUTEK-
TYPHBIX 1Ia0JIOHOB ISl aHAIIM3a CIIOKHOTO BCTPOCHHOTO
MIPOrPaMMHOTO oOecTieueHus (pa3IuIHbIE ONePAIMOHHBIC
CUCTEMBI P€AJIBHOTO BPEMCHHU, CTCKU KOMMYHHKAIIUOH-
HBIX MTPOTOKOJIOB, TUCTAHIIMOHHOE KOH(MUTYPUPOBAHHE U
OOHOBJICHHE, H JP.).
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Abstract

In this paper, a novel decision tree classifier based on shallow neural networks with piecewise and nonlinear
transformation activation functions are presented. A shallow neural network is recursively employed into linear and
non-linear multivariate binary decision tree methods which generates splitting nodes and classifier nodes. Firstly, a linear
multivariate binary decision tree with a shallow neural network is proposed which employs a rectified linear unit function.
Secondly, there is presented a new activation function with non-linear property which has good generalization ability in
learning process of neural networks. The presented method shows high generalization ability for linear and non-linear
multivariate binary decision tree models which are called a Neural Network Decision Tree (NNDT). The proposed
models with high generalization ability ensure the classification accuracy and performance. A novel split criterion of
generating the nodes which focuses more on majority objects of classes on the current node is presented and employed
in the new NNDT models. Furthermore, a shallow neural network based NNDT models are converted into a hyperplane
based linear and non-linear multivariate decision trees which has high speed in the processing classification decisions.
Numerical experiments on publicly available datasets have showed that the presented NNDT methods outperform the
existing decision tree algorithms and other classifier methods.
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AHHOTaN M

[IpennoxeH HOBBIH KnaccuuKaTop AepeBa pelieHui, OCHOBAHHBII Ha HEMTYOOKMX HEHPOHHBIX CETAX C KyCOUHBIMH U
HeTMHEHHBIMU (YHKIIHAMH aKTUBAIMHU TpeoOpa3zoBanus. JJaHHas CeTh PeKypCHBHO UCTIONB3YETCs B METO/IaX JIMHEHHOTO
1 HETMHEHHOTO MHOTOMEPHOTO OMHAPHOTO IepeBa PEIIeHHUH, KOTOphIE TeHEPHPYIOT Y3IIbI Pa3AeleHus U KIacCH(HKaTopa.
[IpencrasieHo IMHEHHOE MHOTOMEPHOE OMHAPHOE JEPEBO PEIICHUH ¢ HENTyOOKOW HEHPOHHOW CEThIO, B KOTOPO
HCTIONB30BaHa BEINPSIMIICHHAS JTHHEWHas equHndHas GyHknus. Onucana HoBas (QYHKIUS aKTHUBAIUN C HEIMHEHHBIM
CBOICTBOM, C TIOMOIIBIO KOTOPOH B Tpoliecce 00ydeHuss HeHPOHHBIX CeTeil IoydaeTcsi ONTuMaibHas o0o0maomas
CIIOCOOHOCTb. PaccMOTpeHHbIH METO/ NPOAEMOHCTPUPOBAJ BBICOKYIO CIIOCOOHOCTh K 0000IIEHUIO U1 MoielIei
JIMHEHHOT0 M HEeJIMHEHHOr0o MHOTOMEpPHOro OMHapHOro aepeBa pemeHuil. [IpeiokeHHble MOEIH 00eCeunBaIOT
TOYHOCTb 1 POM3BOAUTEIBHOCTD Kilaccuukaiyu. [IpecTaBiien HOBbIH KpUTEPHI pa3/ieieHus Ul TeHepaluH y3JI0B,
KOTOPBIIf MOKET OBITh MCIONB30BaH B HOBBIX MOJEIISIX JIepeBa PeIIeHNH HeHPOHHOI ceTH A7 GOMBIIMHCTBA KJIACCOB
00BEKTOB B TEKyIIEM y3iie. Takxke 3TH MOZIeNTH MOTYT ObITh TPeoOpa30BaHbI B IMHEHHbIEC M HETMHEHHBIE MHOTOMEPHBIE
JIePEBbs PEIICHNH HAa OCHOBE TMIEPILIOCKOCTH, U UMEIOT BBICOKYIO CKOPOCTB ITpH 00paboTKe pelIeHnil KilacCH(UKaIIH.
UncneHHbIe SKCIEPUMEHTHI Ha 00IIE0CTYTHEIX Ha00pax JaHHBIX MOKA3allH, YTO IPEACTABICHHBIE METOBI IPEBOCXO/ST
CYILECTBYIOLIHE aJITOPUTMBI JIepeBa PELICHHH 1 IPYTHe METOABI KITaCCU(HUKAIINL.

KaioueBrble c1oBa
HepapXuuecKuil Kiaccu(pukaTop, HEHPOHHBIC CETH, OMHAPHOE JIEPEBO, MHOTOMEPHOE JIEPEBO PEUICHUMN, QyHKITHS
aKTUBAIIMH

Baarogapuoctun

HccnenoBanue BBIMOIHEHO MPH TOMICPKKE Kaeaphl aIrOPUTMOB U TEXHOJIOTHIA MporpaMmMupoBanus HarronansHoro
yHHUBepcUTeTa Y30eKkncTaHa, Y30eKHCTaH.

Ceblika pas nurupoanus: MapaxumoB A.P., Kynaiibeprenos XK.K., Xynaii6eprenos K.K., Oxynnanaes Y.P.

MHOroMepHBbIi JBOMYHBIN Kiaccu(UKaTop AepeBa pelleHuii Ha OCHOBe HerlTyOoKkoi HeifponHo# cetu // Haydno-
TEXHHYECKUI BECTHUK WH(POPMAIIMOHHBIX TEXHOIOTUH, MeXaHUKU U onTukd. 2022. T. 22, Ne 4. C. 725-733 (na aHr.

s13.). doi: 10.17586/2226-1494-2022-22-4-725-733

Introduction

The latest research works on artificial intelligence and
machine learning have embraced prospering developments
in many fields, such as regression [1, 2], classification
[3], computer vision [4—6], natural language processing
[7], image processing [8], speech information [9], and
etc. Among the machine learning algorithms and methods
which are used in solving real life problems, deep
neural networks have showed unprecedented successes
and precision due to the great flexibility and powerful
generalization ability of learning and decision making [10].
However, deep neural networks also have shortages and
some limitations in learning process [11-13].

In machine learning, decision tree methods have been
applied in various practical fields, such as medical diagnosis
[14], signal processing [15], classification problems [16],
and they showed outperformance compared to other
algorithms and methods. In general, decision tree models
are considered as hierarchical classifiers according to its
nature. Also, these methods are able to work with multi-
class datasets as well as binary class classification tasks. A
recent survey on decision tree models [17], which is widely
studied the models and the related issues, show that there
exists a lot of various types. In general, according to the
different type of node generating or splitting, decision tree
models can be categorized as follows:

1) univariate decision trees;
2) multivariate decision trees;
3) omnivariate decision trees.

Univariate decision tree algorithms work with a single

attribute at each node and construct nodes and leaf nodes.

Some of the algorithms, which work as a univariate
decision tree model, are Iterative Dichotomiser 3 (ID3)
[18], Classification And Regression Tree (CART) [19],
and C4.5 (predecessor of ID3) [20] (which is splitting
criterion), are based on information gain coefficient, Gini
index, and gain ratio. These splitting criteria are considered
as frequency heuristic for splitting decision trees. Later, a
new node generating method is proposed in [21], which
is considered to be better than information gain and Gini
index criteria. However, due to simplicity and a good
interpretability of these criteria, in univariate decision
trees node splitting may not be appropriate when learning
samples are numerically correlated. Moreover, univariate
decision tree algorithms are considered to be greedy search,
which negatively impacts time performance.

Multivariate decision tree algorithms employ multiple
attributes or multiple features to generate a node and
splitting that are associated with multiple attributes. Thus,
multi attribute criterion generates linear or nonlinear
split nodes in the trees. As an example, in [19] a linear
multivariate decision tree algorithm, CART, was introduced.
Also, a novel multivariate decision tree algorithm was
introduced in [22]. This algorithm employs neural network
to generate the nodes. Nonlinear multivariate decision tree
models are considered sensitive to overfitting problems due
to its highly complex node generating process.

Omnivariate decision tree algorithms are decision tree
methods where a splitting process at each node can be in
univariate, linear multivariate, and even with a combination
of nonlinear multivariate techniques. This tree model is
considered in [23] where a node splitting is automatically
selected among univariate, linear, or nonlinear processes
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depending on some statistical experiments. Later, in
[24], authors proposed to use both linear and non-linear
methods as an ensemble algorithm for node generating.
Additionally, a hybrid Support Vector Machines [25, 26]
based on decision tree model are proposed for classification
problems which have both univariate and multivariate
nodes.

Although there are different variants of decision tree
models, linear multivariate type of decision tree models
is much more preferable. Firstly, this type of model is not
restricted to be orthogonal to attribute axis on each splitting
hyperplane in nodes like univariate decision tree models.
Secondly, linear multivariate type of decision tree models
is less complex compared to other decision models and not
prone to overfitting problems. Therefore, we focused on
linear multivariate type of decision tree models.

In this work, our contribution includes the following.
Firstly, a new linear multivariate decision tree model,
Neural Network Decision Tree (NNDT) and its algorithm
are presented which enhances the multivariate decision
tree models. Secondly, we propose a new type of splitting
node criterion with piecewise and nonlinear transformation
functions. NNDT employs piecewise activation
functions and joined activation function with nonlinear
transformations. This helps to improve the generalization
ability of the algorithm in classification tasks for multi-class
datasets. Our model is based on the splitting nodes with
hyperplanes in decision tree method which speeds up the
classification tasks.

Related work review

A novel ensemble algorithm [22] based on multivariate
decision tree and neural network is proposed which employs
both binary tree and unsupervised node splitting algorithm.
In this research work they have proposed two full binary
tree classifiers constructed on multivariate decision trees.
The first one was called randomly partitioned multivariate
decision tree (MDT-1) and second one was an ensemble
method, so called multivariate decision tree (MDT-2),
which is based on a Principal Component Analysis (PCA)
method.

In general, the ensemble algorithms, MDT-1 and MDT-2
(similar to each other), are considered. These algorithms
construct a binary tree in a top-down fashion, constantly
adding up child nodes and leaf nodes. Using recursive
partition with hyperplanes, the process will continue until
there is no node left to split. The algorithm stops generating
nodes when all the nodes of a tree to be leaf nodes. The
root node of the multivariate decision tree is the first one
which separates the whole training data into two classes;
nevertheless the data set contains labels more than 2. We
can see all the processing steps of the algorithms as follows:

Step-1: Train a multivariate hyperplane for the root
node which tries to split all the objects of an entire dataset
into the left and right child nodes. After splitting, the first
half hyperplane will contain mostly the objects which
belong to the same class, and second half will contain all
the other objects.

Step-2: Measure a splitting criterion. If the split criteria
are satisfied for a next child node, process goes to generate

the next node; otherwise, the node is processed as a leaf
node with the majority class objects as the representatives
of one class which contains mostly of the same class
objects.

Step-3: Again, analyze the each obtained node that
needs to be split and repeat from Step-1 unless there is any
node left to split again.

Clearly, the two main problems in this ensemble
algorithm are how to build and learn the multivariate
hyperplane tree at each splitting node and measure the
splitting condition. Further below, we will look at these
two problems explaining how it works. Without losing
generality, we consider a single splitting in the decision
tree. The splitting procedure is conducted on a node with a
dataset matrix X € R, and the objects are given as class
labels Y € R*. Here, n is the number of the objects and d
is the feature space dimension.

Split with simple hyperplane

In order to construct multivariate decision tree, both
ensemble methods MDT-1 and MDT-2 use a simple linear
hyperplane in the following form

wx—p=0, (D

where w is the normal vector of the linear hyperplane and
p is a bias parameter. Node splitting of the multivariate
decision tree is constructed by separating the sample
objects into the two child nodes in the following form:

xe Xy, ifwx>p,
xeX,, ifwx<p,

where X; and X, are the sub datasets of objects belonging
to left and right child nodes, respectively. Below, Fig. 1
shows an illustration of node splitting with a simple linear
hyperplane in the multivariate decision tree.

It can be easily seen that the parameters in eq. (1) define
a hyperplane. In both ensemble algorithms, MDT-1 and
MDT-2, we can see that the hyperplanes on each node
(except the terminal nodes) help to generate new knots.

parent node

left
child node

right
child node

requiring
partition
again

leaf node

Fig. 1. Node generating with a simple linear hyperplane in the
multivariate decision tree
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In detail, the ensemble methods MDT-1 and MDT-2
learn the parameters of the hyperplanes in different ways.
The first one, MDT-1, uses a vector v € R91, such that the
dimension is equal to the size of x. Elements of vector v lie
in the interval [—1, 1]. Thus, the normal w in the hyperplane
can be calculated as follows.

v

I

However, the second method, MDT-2, uses PCA
method to calculate a normal direction w. The main idea
is to choose the largest principal component on the given
matrix X to satisfy the normal direction.

Splitting criterion

For generated new nodes after each split, a split
criterion is employed to determine whether there is need
to continue split again. In general, split is continued if the
split criterion holds for child node. Thus, split criterion is
set in the following form:

P(S) = max(ﬁ\i: I ..., lk)< A
C

where S is equal to X or X,; ¢ is the number of the objects
in dataset S; s; is the number of the objects in the class i;
and A is a predefined threshold parameter in the interval

;, 1). Specifically, if a newly generated child node does

not meet the split criterion, it will be considered as a leaf
node (terminal node) with a class label

1

Si
I*= argm_ax{—|i =1, ..., Zk}.
Ci

Classification with ensemble methods

The generated multivariate decision tree can be used as
a classification algorithm. The new object with its unknown

S (W, ph

P

class label is first come to the root node of the classification
tree model, and then goes to child nodes directed by linear
hyperplanes to which side the new object belongs of a
half hyperplane (Fig. 2). Thus, a previously unseen object
by tree model goes through the node of tree and finally
reaches a leaf node where classification is made. Thus,
learning hyperplanes on each node and generating a tree,
the resulting ensemble method gives us a classifier method.

These algorithms, MDT-1 and MDT-2 (Fig. 2), employ
fiw, p) — linear hyperplane with parameters w and p.

The proposed method

In this section, we present a new type of multivariate
binary decision tree model. The primary difference from
above and other existing algorithms is that we propose a
new criterion for splitting nodes with piecewise functions
and nonlinear transformations.

In general, all the existing tree models construct tree
nodes in a linear mode to reach the domain. The proposed
algorithm constructs a binary decision tree which contains
hyperplanes at each node that separates the objects of
different class objects. To construct hyperplanes, we use
feedforward neural network with one hidden layer, also
called as shallow neural networks. The algorithm is shown
below.

Algorithm #1. NNDT

Input: Training dataset matrix D with known class labels
set L

Output: An ensemble algorithm which is a binary tree with
neural network, the split nodes storing the parameters w of
neural network and the leaf nodes storing the class label
of objects

1. Initialize W: = D and empty set X = &

2. Extract objects with the same class label from ¥ and
denote them as X

3. while the set WV is not empty do

| *

%

Fig. 2. Multivariate decision tree methods with linear hyperplane, MDT-1 and MDT-2
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4. train a new neural network with a selected activation
function where its hyperplane separates the objects of X
and ¥

5. if cross-validation condition holds then

6. create a leaf node and assign it to the majority class label
of X exclude those objects from the set ¥

7. else

8. create a child node with X; from ¥

9. end if

10. end of while

We can see the process of constructing decision tree of
Algorithm #1 in Fig. 3.

In Fig. 3, the signs (+, —, x) inside child nodes indicate
labels of objects of the same class, /;, /;, and /, — class
labels which are assigned from terminal nodes.

Separating using activation functions

In general, MDT-1 and MDT-2 use unsupervised
learning in order to construct tree model which leads to
losing information when splitting dataset objects, and the
resulting splitting structure is not enough clear. In MDT-1,
constructing hyperplanes using randomly generating
from the normal direction does not provide transparency.
Moreover, using PCA, it’s not the optimal solution for this
problem relying on distribution of objects of multi class
dataset. The shortcomings of the two methods lead us to
consider another way to construct a new model for this
problem.

Moreover, if we use neural network with activation
functions and nonlinear transformation property, this leads
to an increase in the generalization ability of the neural
network.

In general, we propose to use shallow network with the
following activation functions in hidden layers.

1. Linear and exponential (piece-wise linear unit)
activation functions are given as follows:

x, if x>0,
ox, if x <0,

SirendX) = { 2)
where x is input value for linear function ReLU fj,,(*).
Parent node of NNDT model
Shallow network

\

Child node

e X
LT \ JES
(¢%) (7 o#
T X k%

Terminal nodes

Fig. 3. NNDT model for constructing decision tree

ﬁo/tplzls(x)

1 _f;'oﬁplus(x)

Fig. 4. Joined activation function

2. Exponential ReLU f,;,(-) is the activation function
where a is a predefined parameter for controlling the
angular coefficient.

x, ifx>0,

felu(x) = aex— 1), lfo 0.

3)
3. Joined activation function (Fig. 4) and its analytic form
for this approach is given below:

.];'relu = ﬁf;‘;relu(x) +(1- ﬁ)];elu(x)r (4)

where B € [0, 1] is a joining coefficient indicating
the certain grouping of f,,.,,() and f,,("). The joining
coefficient B is obtained from during the training process.

At each splitting node we can choose one of the
activation functions in our neural network in decision tree.
Rather than separating objects in the feature space with
linear hyperplanes (MDT algorithms), we can use neural
network which has ability of nonlinear transformations.
Such activation functions are considered much more
powerful when the classifying dataset has a very complex
structure (high dimensional features space, multi-class
datasets).

Numerical experiments

In this section, we provide the results of numerical
experiments with proposed method and comparison
analysis with other existing methods and algorithms. All
experiments are tested on Python version 3.8 environment
and Intel Core 17 10780H CPU, 2.20GHz processor with
16GB RAM memory. The datasets are downloaded from
Machine Learning Repositories, they are publicly available
onlinel:2. The datasets list is given in Table 1, it is used in
numerical experiments.

Classification accuracy of NNDT models compared
with the other methods and algorithms (C4.5, MDT-1,
MDT-2 and CART) are given in Table 2. We can see that
the proposed new model outcomes all the other models in
accuracy. Moreover, if we use the proposed decision tree
model with activation function which is given in (4), we
can achieve more precise results. NNDT with (4) shows the

1 UC Irvine Machine Learning Repository. Available at:
https://archive.ics.uci.edu/ml/index.php (accessed: 01.07.2022).

2 Machine Learning Repository. Available at: https://
www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets (accessed:
01.07.2022).
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Table 1. Information about datasets

Number of
Dataset
objects attributes classes
aloi 108000 128 1000
covtype 581012 54 7
mushrooms 8124 112 2
shuttle 43500 9 7
Wine 178 13 3
Spambase 4601 57 2
Hepatitis 155 19 2
Dry Bean Dataset 13611 17 7

highest accuracy compared to NNDT with (2) and NNDT
with (3). This outperformance can be explained with a
highly non-linearity of the activation function.

In the following Table 3, we can see comparison of
training and classification time of the models. Below, we
can see from Table 3 that most of the time C4.5 wins in the
training process for nearly in all the datasets. Practically,
this also affects the fact that univariate and multivariate
decision tree models have different qualities for different
cases. However, in Table 3, we can see that NNDT
models show the fastest time in the classification among
the compared with multivariate decision tree models.
Moreover, our proposed models, especially NNDT with
(4), show less time needed for classification compared with
MDT-1 and MDT-2 multivariate decision models.

In all decision tree algorithms, the number of generated
nodes plays important role as a main property. This property
directly affects to the performance of the algorithm. In
the following Table 4, we can see the number of splitting
nodes generated in training process. The proposed model
shows the least number of generated nodes, excluding C4.5
algorithm. However, NNDT model has greater accuracy
compared to C4.5 (Table 2). Moreover, when we use the
proposed decision tree model with activation function
which is given in (4), NNDT algorithm generates less
nodes. NNDT with (4) shows the less number of nodes
compared to NNDT with (2) and NNDT with (3). Here,
it is obtained with a highly non-linearity property of the
activation function.

We provide numerical experiments of the proposed
NNDT model with various activation functions and
proposed joined activation function on Spambase, Hepatitis
and mushrooms datasets. Firstly, we provide numerical
experiments between piecewise linear activation function
(ReLU), exponential activation function, and then with the
proposed joined activation. First, we perform numerical
experiments on the Spambase dataset. Secondly, we mainly
focus on evaluating the performance effects of the joined
activation function, and perform the comparison experiments
with the other configurations on all datasets. In numerical
experiments we employ our activation functions replacing
Jren(?) activation function in NNDT model which is given
in Table 5. After configuration of NNDT models with the
activation functions in Table 5, we train our models with the
selected datasets. Five separate trials were carried out and
the average value of the classification results was calculated.

Table 2. Classification accuracies, %

Dataset CART C4.5 MDT-1 MDT-2 NNDT with eq. (2) | NNDT with eq. (3) | NNDT with eq. (4)

aloi 75.5 5 48.02 77.8 98.2 99.1 100
covtype 92.8 42 85.6 91.06 92.5 93.6 99.4
mushrooms 99.5 99.7 100 100 100 100 100
shuttle 99.87 99.25 98.8 99.1 100 100 100

Wine 92 79 99.7 99.9 100 100 100
Spambase 65.5 45 92.5 98.9 99.5 99.4 99.98
Hepatitis 92.8 89.1 92.7 93.4 96.7 97.1 99.1

Dry Bean Dataset 62.2 494 89.78 91.2 98.8 98.9 99.6

Table 3. Training time comparison
Dataset C4.5 MDT-1 MDT-2 NNDT with eq. (2) | NNDT with eq. (3) | NNDT with eq. (4)
aloi 5.42-104 4.27-103 4.20-102 3.10-102 3.12:102 3.91-102
covtype 3.95:103 1.25-104 2.31:103 0.91-103 1.20-103 1.91-103
mushrooms 0.98:10-1 2.55-100 7.25:10-1 1.21-10-! 1.22:10-! 1.25:10-1
shuttle 2.41-100 4.40-100 2.11-100 1.23-100 1.24-100 2.00-100
Wine 0.20-10-! 1.40-100 2.25:1071 0.55-10-1 0.55:10-1 0.91-10-1
Spambase 0.22-10! 2.10-100 4.25-10°1 0.48-10! 0.47-10°! 0.95-10!
Hepatitis 0.25:10-1 0.24-100 0.39:10-1 0.28:10°! 0.31-10-1 0.35:10-1
Dry Bean Dataset 1.25-10°! 2.87-100 3.20-10°1 0.81-10! 0.79-10-1 1.25-101
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Table 4. Number of

splitting nodes

Dataset CART C4.5 MDT-1 MDT-2 NNDT with eq. (2) | NNDT with eq. (3) | NNDT with eq. (4)
aloi 16492 78 60452 20598 19129 18561 11233
covtype 32152 86 162201 131305 7916 7920 7551
mushrooms 9 4 484 41 4 4 3
shuttle 15 58 904 527 13 13 11
Wine 21 59 102 76 15 14 8
Spambase 245 359 523 378 201 199 185
Hepatitis 32 45 41 35 15 13 9
Dry Bean Dataset 26 39 64 57 19 19 17
Table 5. Classification results of NNDT models on various activation functions.
Configuration of NNDT model Classification Rates
Spambase dataset Hepatitis dataset Mushrooms dataset
Sre) 94.75 92.45 98.75
Soren(") 95.05 96.25 100
Sor) 99.40 97.40 100
Siretd) With foren () fen() 99.98 99.15 100

Classification results of NNDT models between

activation functions

First, we compare the results among basic activation

functions and joined activation functions with configured
NNDT models. We use basic activation functions, such
as fyep,(")-non-trainable, f;,;,(-)-non-trainable and f,.,(")-
trainable, which are used mostly in the deep learning
models. The numerical results in Table 6 with our proposed
activation functions show superiority over non-trainable
activation functions. The joined activation function shows
better performance results than non-trainable activation
functions on all datasets. Comparison on Spambase dataset
shows that the joined activation function performs the best
action and achieves an average improvement compared to
other activation functions. We also determine that in the
activation approach with trainable parameters, compared
with training combination coefficients on the network layer,
the performance of learning joining coefficients boosts on
accuracy results

(];relu(') Withfprelu(')/J;elu(') >J;'relu(') With fiyen () fond))

enhancing the quality of trained hyper-parameters.
Additionally, the performance achieved by the joined
approach is almost consistently better than that achieved
by the non-trainable approaches with constant coefficients
on the same dataset. Overall, the trend of performance
achieved by learning activation functions is almost

(};relu(') with jéarelu(')/f;?elu(') >];'relu(') With firen () fon()>-

Then we perform experiments to analyze the
classification performance, and compare joined activation
on other datasets. On every training epoch we can see
the accuracy of every model and the proposed model
(Fig. 5).

Five separate trials were carried out and average value
of the classification results was calculated.

Table 6. Classification error with trainable and non-trainable activation functions of NNDT models. We run five separate trials
and report average value of classification rates

Configuration of NNDT model

Classification Rates

Spambase dataset Hepatitis dataset Mushrooms dataset
Jiret) With firen)fen() 99.98 99.15 100
Siren) With forend Vfpen") 99.25 99.10 100
Siret() With firen ) fen() 99.10 98.50 100
Siretu) With foret() e 99.10 98.20 100
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Fig. 5. Classification results of NNDT models between activation functions through epochs. Model accuracy (a), Model loss (b)

Conclusion

In this paper, we have proposed a novel ensemble
algorithm based on multivariate decision tree and shallow
neural network named as NNDT. NNDT generates nodes
employing hyperplanes at each node, separating sample
data objects. The proposed algorithm outperforms all
the other decision tree algorithms. Moreover, NNDT
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AHHOTaNMA

Ipeamet ucciaenopanusi. CoBpeMeHHbIe HHOOPMANMOHHBIE CUCTEMBI CIIOXKHO MPEACTaBUTh 0€3 MCIONb30BaAHUS
MHOTOIIOTOYHOCTH. MHOTOIIOTOYHOCTE MOXET KaK IOBBIIIATH MPOU3BOJUTENBHOCTE CHCTEMBI B IIEJIOM, TaK U
3aMeJUIATh BBHITIOJHEHUE TIPUIOKECHUH 3a CYeT BO3HUKHOBEHHMS ONIMOOK MHOTOITOTOYHOTO IIPOrpaMMHpOBaHus. Jlis
HaXOKJIEHMS TAKNX OMIMOOK Ha s3pikax C/C++ cymectByeT Moay:s kommiistopa Google Thread Sanitizer. Ho mopsimox
BBITIOJTHEHHS IIOTOKOB MOYKET Ka)KIBIH pa3 MEHATHCS IIPH 3aITyCKe IPOrpaMMBI Ha BEITIOIHEHHE U BIHATH Ha MOSBICHHE
Mo00HBIX OMMOOK. J[J1s1 MHOTOKPAaTHOTO M3MEHEHHs MOpPsIIKa BBIIIOIHEHHUS IIOTOKOB 3a BpeMsl paboThI IPOrpaMMbl
B Google Thread Sanitizer mpumeHeH Moxynb (a33UHT-TECTUPOBAHHSI, KOTOPbIH MOBBICHI BEPOSTHOCTH HAXOMKICHUS
omnboK. Bee anropuTMmbl IIaHUPOBAHHUS TIOTOKOB B (ha33MHI-MOJYJIE MIPEAHA3HAYEHB! JUI TI0CJIEA0BATEILHOTO
BBITIOJIHEHUS MTOTOKOB, YTO MPUBOJUT K 3HAYUTEIbHOMY 3aMeieHuIo paboTsl Google Thread Sanitizer. Taxxe
MIPOUCXOANT BIHSHIE Ha TECTHPOBAHNE MPIIOKEHHI, KOTOPOE 3aBUCHUT OT aCHHXPOHHBIX B3aNMOACHCTBNII (0XKUIaHHSA
CeTEeBBIX COOBITHI, OTpPAaHWYCHHS BPEeMEHHU BBINOTHEHHUs omnepanuii). Mertoa. s yckopeHus paboTsl da33uHT-
IUTAHUPOBIINKOB MPEAJIOKEH METO/ paclapauleIMBaHus HE3aBUCHMBIX IepexomoB. OmmOKy MHOTOIIOTOYHOTO
NIPOrpaMMHUPOBAHNS BOSHUKAIOT TIPH M3MEHEHHH Pa3IeNsieMOro COCTOSIHUSI MEXK/y MOTOKaMH, IIPH STOM JIOKaJIbHbIE
BBIYMCJICHUS HE BJIMSIOT Ha BOCIPOU3BEIEHIE MHOIONOTOYHBIX OMIMOOK. V3MeHeHne pa3/ensieMbIX COCTOSHUIT
MIPOMCXOJUT B TOUKAX CHHXPOHU3AIMMH, I7Ie BBIMOIHAETCS MEPEKII0YEHHE TOTOKOB 110 MPUHIUITY KOONEpaTHBHON
MHOT03a1auHOCTH. [IpeioykeHo 0CyIeCTBIIATh yIpPaBIeHNE TTOCTEI0BATENLHOCTIMHU BBITIOTHEHHUS TIOTOKOB TOJIBKO TPU
N3MEHEHUH Pa3/ieNsIeMbIX COCTOSHHUI B TOUKAX CHHXPOHU3ALHUH, a JIOKAIbHbBIE BBIYUCICHHS BBIIOIHATH MAPAJIIETBHO.
JlaHHOE yCIIOBHE MO3BOJMIO COKPATUTh BPEMs TECTHPOBAHUSA 0€3 CHIDKEHUS Pe3ylNbTaTHBHOCTH OOHAPYKEHUS
OIIMOOK MHOTOIIOTOYHOTO NPOTrpPaMMHUPOBaHMUS. [ aHAIHM3a TEOPETHUSCKON CIIOKHOCTH aJTOPUTMA TIAHNPOBAHUS
IIpEMEHEH MeTo]] KOMOMHATOpHOTO mozacyera. OCHOBHBIE pe3yJbTaThbl. [IpeioxkeH HOBEIH IOIX0/ OpraHU3aHN
(a33MHT-TECTHPOBAHMS Ha OCHOBE METO/A pacliapauleIMBaHMsI HE3aBUCHMBIX IIEPEX0/I0B, PeaTn3anusi KOTOPOro
10 TEOPETHYECKUM M NPAKTHYECKUM OLIEHKaM ITOKa3bIBAaeT 3aMETHOE YCKOpEHHE PaboThl (pa33nMHI-IITaHHPOBIIHKOB.
PesynbpraThl 3KCIIEpUMEHTA [TOKA3aJIM, YTO /Ul aJrOPUTMa repebopa BCeX BapUAHTOB BHINOIHEHHS NPHIOKCHUSL
YCKOpEHHUE BBITIOTHEHUS JocTuraeT 1,25 pasa ams AByX MoToKoB. [IpecTaBieHo COOTHOIEHUE AMIs OLIEHKH YCKOPEHHS
B CITy4yae MPOM3BOIBLHOTO Yncia MOTOKOB. IIpakTHueckasi 3HAYUMOCTb. [IpenoKeHHbIH MOAXO0/ MO3BOIISET HOKPHIBATH
(ha33uHr-TECTAMHI MHOTOIIOTOYHBIE MPHIIOMKEHHMS, JUTS KOTOPBIX BaYKHO BPEMsI BBITTOTHEHNS — IPHUI0KEHUS C TIPUBSI3KOIT
K QCHHXPOHHBIM B3aHMOJICHCTBHSIM.
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Abstract

It is difficult to imagine modern information systems without the use of multithreading. The use of multithreading can
both improve the performance of the system as in whole so as slow down the execution of multithreaded applications
due to the occurrence of multithreaded programming errors. To find such errors in C/C++ languages, there exists a
Google Thread Sanitizer compiler module. The order of execution of threads can change every time the program is
started for execution and can affect the appearance of such errors. To repeatedly change the order of execution of
threads during the execution of the program, Google Thread Sanitizer has a fuzzing testing module that allows you to
increase the probability of finding errors. But all the thread scheduling algorithms in this module are presented in the
form of sequential execution of threads which can lead to a significant slowdown in Google Thread Sanitizer as well as
can affect the testing of applications that depends on timers (waiting for network events, deadline for operations, ...).
To speed up the work of fuzzing schedulers, a method for parallelizing independent transitions is proposed. From the
point of view of multithreaded programming errors, it is only important to change the shared state between threads,
and local calculations do not affect the reproduction of multithreaded errors. The changes of shared states themselves
occur at synchronization points (places in the code where threads are switched according to the principle of cooperative
multitasking). The method suggests ordering only the change of shared states at synchronization points, and performing
local calculations in parallel, due to which parallelization is achieved. For the analysis of theoretical complexity of the
algorithm, the method of combinatorial counting is used. A new approach to the organization of fuzzing testing based on
the method of parallelization of independent transitions is proposed the implementation of which, according to theoretical
and practical estimates, shows a noticeable acceleration of the work of fuzzing schedulers. According to the results of
the experiment, it was revealed that for the algorithm of iterating through all execution variants, the acceleration of
execution reaches 1.25 times for two threads. For an arbitrary number of threads, an estimate is presented in the form
of a formula. The proposed approach allows fuzzing tests to cover multithreaded applications for which execution time

is important — applications with reference to timers which improve the quality of the software.
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BBenenue

Jlist MHCTPYMEHTUPOBAHUS U BBISBICHUS OMIMOOK
B IIporpaMMax, HamucaHHbIX Ha sa3bikax C/C++ [1], ga-
CTO HCTONB3yeTcss Moayns kommmisitopa Google Thread
Sanitizers (GTSAN).

J1J1s1 OTHOTIOTOYHBIX TIPHIIOKEHHUH UCTIONB3YIOTCS MO~
nm address, memory u Ap., A7s1 MHOTOTIOTOYHBIX — TOJIBKO
GTSAN. OcHOBHBIEC OIHOKH, KOTOPbIE OOHAPYKHUBACT
Moy GTSAN!L, — rouku ganubix [2-4] u B3auMo6i10-
KUPOBKHU. Kpome OCHOBHBIX OIIMOOK, BCTPEUAIOTCSI M TAKUE
penkue, kak npodiema ABA [5], KoTopble XxapakTepHbl
anroputMam lock-free u wait-free [6, 7], Ho B GTSAN Het
QJIITOPUTMOB JIJISI UX OOHAPYKEHUSL.

YenenrHocTh HaX0KACHNUST OCHOBHBIX OIIMOOK 3aBU-
CHUT OT TIOPSIIKA BBITOJHCHHS TOTOKOB. J1JIs1 TIOBBIMICHUS
BEPOSTHOCTH HAXOXICHHS OIMIMOOK HCIONb3yeTcs (as-
3HHT-MOJYITh, nHTerprupoBaHHEIA B GTSAN [8]. ®a33unr-
MOJIYJIb IMEET JIBa 0a30BBIX BapHaHTA apXUTEKTYPHI YIIPaB-
JICHUS TIOTOKaMH, OCHOBaHHBIE Ha: JIETKOBECHBIX TIOTOKAX
(OTHOTIOTOYHBIN PEXHUM, O€3 BO3MOKHOCTH pacrapaiiie-

I ThreadSanitizer project: documentation, source code,
dynamic annotations, unit tests [Dnexkrponnsiii pecypc]. URL:
http://code.google.com/p/data-race-test, cBoOoaHBII. S3. aHTII.
(mara obpamenus: 19.02.2022).

nmuBaHus); morokax POSIX (Portable Operating System
Interface), KoTOpBIE IPHOCTAaHABIMBAIOTCS B HYXKHBIC (ha3-
3WHT-TUTAHUPOBIIMKY MOMEHTBI BPEMEHHU.

B nomonHenne k (a33suHr-MOIYNISAM CYIIECTBYIOT HH-
CTPYMEHTHI (POpMaIbHON BepUBUKALIUH TPHIOKCHUH —
model checking [9—11]. OTMeTuM, 4TO JJAHHBIC HHCTPYMEH-
ThI MTO3BOJISIFOT [TPOBEPHUTH TEOPETUUECKYIO KOPPEKTHOCTh
AJITOPUTMOB U, KaK IPaBUIIO, HE BCTPAUBAIOTCS TIPH BEPU-
(uKanuy peasbHbIX MPUIOKESHHH.

B monyne GTSAN, kpome apXUTEKTyphl YIIPABICHUS
MOTOKaMH, UCIOJIB3YIOTCSI PA3JIMYHbIC MJIaHUPOBIINKH,
JTAfOIIE BO3MOKHOCTD YIIPABJISITH MOCIIET0BATEIBHOCTHIO
BBITIOJIHEHUSI TIOTOKOB M TTOBBIIIATH BEPOSITHOCTH HAXOXK/Ie-
HUSI OIIMOOK B MHOTOITOTOYHOM KOZIE. AJNTOPUTMBI TIAHU-
poaumst GTSAN peann3yroTcs TOIBKO ITOCIEI0BATEIBHO,
YTO 3aMeJUISAET BBIOJIHEHNE OIHON NTEPALMU IIPOTPaMMBI.
B Hacrosmieit paboTe mpeiiokeH METOI paciapaiiein-
BaHUsl aJIrOPUTMOB (pa33MHT-IUIAHUPOBAHMS TOTOKOB B
GTSAN. IIpoBeneHo cpaBHEHUE BPEMEHH BBITTOTHEHUS
[IPWJIOKEHUH C aHAJI0raMH.

Apxutexktypa Google Thread Sanitizer

GTSAN — BCTpPOEHHBIIl B KOMIUISATOP MOAYJb, KO-
TOPBINA pabOTaeT HA OMHOM M3 cTanuil onTuMm3anuu. Ha
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HcxomHbIi Ko,

IIpenpoueccunr

HcnonuasieMbrit

OnruMu3zanus 2
Gaiin

Puc. 1. DTansl KOMIWIALUY IPOrpaMMBbL

Fig. 1. Stages of program compilation

JIAHHOM DTarle NPOMCXOIHUT MEePEXBaT BBI30BOB IS paGOTHI
C aTOMapHbIMH NIEPEMEHHBIMU, MBIOTEKCAMH, YCIOBHBIMH
MIEPEMEHHBIMH U JPYTUMH IPUMHUTHBAME CHHXPOHN3ALIHH.
Ha puc. 1 mpeacraBieHsl STanbl KOMIMIALUN U MECTO
BcrpanBanust GTSAN.

[Mnatdopma ynpaBieHHS MOTOKAMH MOCTPOEHA
¢ ucnonsizoanuemM POSIX nmotoxos [12] u anroputma
yHpaBiieHHs TIOTOKaMH Ha OCHOBe oxunanuid. Korma mc-
TIOJTHEHHE TTOTOKA JIOXOAMT /IO TOYKH CHHXPOHHU3AaLUN —
SynchronizationPoint, HOTOK MOXXET TPHOCTAHOBUTH CBOIO
paboTy WM IepeaTh ee IPyroMy MOTOKY Ha BBITIOJHEHHE
[13]. YToOBI 0becieunTh KOPPEKTHYIO pabOTy ¢ TPUMHUTH-
BaMU CHHXPOHH3ALHMH, ISl KOTOPBIX €Il He MOoAIepiKaHa
pabota B ¢a33uHr-MoAyJe, CyNIeCTBYeT CHEIHaIbHBII
norok — WatchDog. 3agaya WatchDog — crnenuts 3a
BpPEMEHEM, KOTOPOE TPAaTHUT IOTOK Ha BHINOJIHCHHE, A B
cilydae TPEeBBIIICHHs TTOPOrOBOTO 3HAUSHHUSI, IEPEBOANTD
CJIE/IYIOLIUH MTOTOK B COCTOSIHUE BBITIONHEHUS. J{J1sT CMEHbI
COCTOSIHHMSI ITOTOKA IIPUMEHSIETCs TIaHUPOBINUK Scheduler
(puc. 2).

B ciy4ae mapasienbHbIX aJrOPUTMOB ITAHUPOBAHUS
Tpebyeres pasnenuth SynchronizationPoint Ha 1Ba co-

WatchDog

Thread 1

crosaus — 1o (Before) m mocne (After), kak mokazaHo
Ha puc. 3. Pabora B pamkax SynchronizationPoint Oynet
MOCIIEIOBATEILHON (C IPUMHUTHBOM CHUHXPOHHU3AIINH), HO
OHa BHOCUT MUHUMAJIbHBIH BKJIAJ BO BPEMsI BHIIIOTHEHUS
nporpammsl. PacniapamienuBanue OyeT MpOMCXOAUThH Ha
yuactkax Mexny SynchronizationPoint.

Ha puc. 3 B kauecTBe nmpumepa, TOYKH CHHXPOHU3AINT

N300pasKeHBI KEITOH OKPY>KHOCTBIO CO CIIEIYIOLIMMHU OIle-
panusIiMu:
— load/store — uTeHne ¥ 3aKch B aTOMapHYIO ONEPALHIO:
— lock/unlock — 3axBaT ¥ 0CBOOOK/ICHHS MbIOTEKCA;
— wait/notify — oxxumanue u nmpoOyKICHHE ITOTOKA, B3a-

HMMOJIEHCTBYIOILETO C YCIOBHOM IIEPEMEHHOM.

HapaJ’lJ’leJ’lLHBle AJITOPUTMBI IVIAHUPOBAHUA

B GTSAN cyuiecTByIOT nocie1oBareIbHble alfOpUT-
MBI (pa33MHT-TECTUPOBAHMS TIOTOKOB, TAKHE KaK: CIIydai-
HBIH, CITy4aliHbIN C Pa3HBIMH PACHpPENEICHUIMHU, ITOITHBIN
nepebop, TOMHEIH Tepedop Ha PUKCHPOBAHHOM OKHE,
TIOJTHEIA TIepe®op Bcex cocTosHui. Bee atn anroputmsl
CO3JIaHBbl JUISl TOCIIEIOBATEIBHOTO HCIIOMHEHNS TTOTOKOB

SynchronizationPoint

—. ‘ SynchronizationPoint
—>® SynchronizationPoint

Puc. 2. Cxema ynpaBieHusi IOTOKaMU C MIOMOIIbIO aJITOPUTMa HA OCHOBE OXKUJaHUN

Fig. 2. Thread control scheme using based on waiting algorithm

4 : : . , . h
load/store

Thread:

N

Before

SynchronizationPoint

Puc. 3. Tlpeacrasnenne SynchronizationPoint kak iBa yuactka Before/After

Fig. 3. Representation of SynchronizationPoint as two sections Before/After
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[14, 15]. PaccmoTpuM mponecc U3MEHEHHUs KaXkJoro Tie-
PEYHCIIEHHOTO JITOPUTMa B TAPAJUICIIbHBIH.

IlepeGop Bcex BaApUAHTOB. DTO OJUH U3 CAMBIX
CJIOXHBIX aJITOPUTMOB JUTS PAcIapauICIUBAHUS B MOAYJIC
(a33uHT-TecTHpOBaHMS MOTOKOB. CO3/1aB MapauIeNbHYI0
peanu3anuio JaHHOTO aJITOPUTMa BO3MOXKHO aBTOMATHYE-
CKH pacrapajie]InTh 1 BCE OCTAIbHBIC allTOPUTMBI. Mnes
MIOCJIEIOBATEIHLHOTO AJITOPUTMA 3aKJIFOUAETCS B CIEAYIO-
mIeM: Ka)J10€ UCIOTHEHNE MOYKHO MPEACTaBUTh B BUJE
TUTaBaroIeil cucTeMbl cuncienus [14], roe MakcuManbHOe
YHCJIO COCTOSIHUHM paspsijia OrpaHMYeHO YHCIIOM MTOTOKOB,
KOTOpbIE MO’KHO BBIOpaTh B 3TOT JIOTHYECKUIT MOMEHT Bpe-
Mmenu. [lepeOGupast Bce BO3MOXKHBIE YnCIIa B TAKOH cHCTEMe
CUMCJICHHS, [TOTyYHM BCE BapUAHTHI HCTIOJTHEHHSI IOTOKOB.
[Tox mornyecknM BpeMeHEM MMEEM B BUIY JUCKPETHYIO
BEJIMYMHY, MOHOTOHHO PAcTyIIyI0 Ha €IMHUILY IIPH MPO-
XOXJICHUH Yepe3 TOUKY CHHXPOHU3AINHN, HAYHHAIONTYIOCS
¢ Hyis1. JlanHOE Bpemst — oO1ee a71st Bcex moTokoB. [Tocie
TIPOXOXKICHHS JIOTHIECKOTO BPEMEHHU BBIOMPACTCS CIEy-
FOILUH MTOTOK, IPOJOKAIOIIUI BBIIIOJHEHUE AITOPUTMA, B
9TO BPEMSI BCE OCTAJIbHBIC TIOTOKN O’KUJIAI0T HACTYTIJICHUS
JIOTMYECKOTO0 MOMEHTA, TI0CJIe KOTOPOTO OHM CMOTYT Hauarh
cBO€ BbINOJIHEHUE. [lOHsATHE BPEMEHH C TOYKH 3PEHHUS
(U3MKH HE MOAXONT, TAK KaK 3TO — HENpepbIBHAs BEIIU-
YHH, ¥ NIEPEKITIOYEHHE TOTOKOB B IIPON3BOJIBHBI MOMEHT
(U3HUIECKOro BpeMEH! MOXKET He J1aBaTh HOBBIX BAPHAHTOB
oOpalieHuil K pasfesieMbIM pecypcaM M He IPUBEIET K
BOCTIPOM3BE/ICHUIO HOBBIX OIIMOOK MHOTOIIOTOYHOTO ITPO-
TrpaMMHUPOBAHHS.

Anroput™ nepedopa BceX BapHAHTOB pa30MBacTCs Ha
JIBE 4acTH: 00paboTKa TOYEK CHHXPOHU3AINH H BEIOOP
MIOTOKA Ha UCTIOTHEHHE.

IToTokn MeXAy TOUKAaMM CHHXPOHM3AIMN MOXHO BBbI-
HOJHATH B MapajlIeIbHOM PEXUME, a JIOTHKY TOYEK CHH-
xponusanuu (load/store, lock/unlock, wait/notify) Tombko
B mocienoBaTenbHOM. [locinenoBaTenbHOE HCTIONTHEHHE
B TOM CJIyyae OKa3blBaeT MUHUMAJIbHOE BIHSHUE, TaK
KaK 9TH 4aCTH ¥ B OOBIYHOI IpOrpaMMe HCIOIHSIOTCS C
CHUHXPOHH3ALUSIMH.

Br10op creyrorero moToka Ha UCTIOTHEHHE OCYIIEeCT-
BrsgeTcs B SynchronizationPointAfter(), GetNextTid()
1 B MOMEHT M3MEHeHusl cocTosiHusA. Ho ecnm u3meHu-
JU COCTOSIHME Ha TOT )€ CaMbIil MOTOK, TO TOTAA B
SynchronizationPointBefore() y moroka mo6asmser-
cs mpoBepka Hanuuusi coctosHuss RUNNING BmecTo
PARALLEL RUNNING, u noTok HE0OXOAUMO MPOI0II-
JKUTh UCIIOJHSITb.

Korna BBI3BIBACTCA byHKIHSA
SynchronizationPointAfter() — 3HauuT KO 00PAbOTKH
TOYKM CHHXPOHHW3AIMU 3aBEpPLICH, U TTOATOMY MOXKHO W3-
MEHUTB JIorHdeckoe Bpems. OnpenesnM uaeHTHduKa-
TOP CJIEIYIOIIEro Ha BBHIIOJHEHUE ITOTOKA ¢ MOMOIIBIO
GetNextTid(), ¥ ecu ATOT ITOTOK OXKHUIACT pa3pelicHHe Ha
BEITIOJTHEHHE, TO TIepeBeaeM ero B coctossane RUNNING.
GetNextTid() MoxkeT BEepHYTh TOT K€ CaMBIi MOTOK
(tid == nextTid), Torna MOTOK HE MOXKET MapauIeIHHO 3a-
mycTUTh caM cedst. Jpyroit BapuanT — xorma GetNextTid()
MIONAJAeT B YK€ BBIIOJIHAIOLUKCS IIOTOK, KOTOPBIM He-
BO3MOJKHO 3alyCTUTh MapalijiebHO C CAMHM COOOi.
Torna HeoOX0aMMO BO3BpaTUTh 00paTHO MAEHTH(DUKA-
TOp CJIEAYIOUIETO HA MCIIOJIHEHUH MOTOKa Yepe3 BHI30B

PutNextTid(nextTid), u on yxe OyneT mogxsaveH Mpu 10-
CTHIKCHUH TOYKH CHHXPOHHM3ALUH OHUM U3 BBIIOJIHSIO-
muxcst norokoB. Ecim GetNextTid() Bo3Bpamiaer noroxk,
KOTOpBIH HaxomuTcs B coctossHun WAIT, To HEoOxoamMo
nepesectd ero B PARALLEL RUNNING, torma norox
npoiinet B SynchronizationPointBefore(). ITpu aTom motox
MOJKET HaXOAuTCs B ukie while, ecim emie He 3amen B
SynchronizationPointBefore(). 3To BO3MOXHO mpu cTapTe
moToka (Bce TMOTOKHU co3/aroTces ¢ coctosaueM WAIT).
ITocne atoro motok mpo#aet SynchronizationPointBefore()
u B SynchronizationPointAfter() u3MeHUT cocrosiHue Ha
PARALLEL RUNNING, u3-3a KOTOPOTO MPH CIEAYIOIIEM
npoxokaeHun SynchronizationPointBefore() on npuocra-
HOBHT CBO€ BEINONHEeHKE, ToIbKo ecnn GetNextTid() He
OXKMJIaJl €r0 Ha BBINOJIHEHHE eIle Pa3.
[ceBmoxon SynchronizationPointBefore nmeert Bua:

SynchronizationPointBefore():
tid = GetTid();
oldState = state[tid];
if (oldState != RUNNING):
state[tid] = WAIT
while (state[tid] == WAIT) Yield();

[ceBnokon SynchronizationPointAfter umeet Bu:

SynchronizationPointAfter():

tid = GetTid();

state[tid] = PARALLEL RUNNING;

nextTid = GetNextTid();

if state[nextTid] == WAIT:
state[nextTid] = RUNNING;

else:
PutNextTid(nextTid)

PaccmoTpum npumMep, B KOTOPOM J1Ba MOTOKA MBITAIOTCS
W3MEHUTD Pa3ieisieMylo IepeMeHHyIo value N pas.

[Ipumep kona 1st OLIEHUBAHUS TEOPETUUECKOTO pacia-
paJUICTUBAHUS TIPOTPAMMBI:

for (intj = 0;j < N; j++) {
value++;
// TOTHKA ¢ MHTEHCUBHBLIM MCIIONL30BAHIEM
PECYPCOB IIEHTPAILHOrO mporeccopa, T’
MIJUTHCEKYHT

}

Bpemst BbIUMCIIeHNS, TIPUCBAaUBAHUS U CPABHEHHUS I1e-
peMeHHBbIX value, j, N Topa3jio MEHbIIE 110 CPaBHEHUIO
CO BpEeMEHEM HHTCHCHBHOTO HMCIIOIB30BAHMS PECYPCOB
[EHTpaNbHOTO Tponeccopa. [Toromy mepemennas 7 Oymet
0003Ha9aTh BpeMs BBITTOJTHEHHUS OHOTO ITMKJIA BBITIOTHE-
HUS TIPOTPaMMBI.

UYuCio JIOTHYeCKUX BPEMEH B 3TOM IIPUMEpPEe PaBHO
2 x N, ¥ B KaXJ0H TaKO TOUKE JOTUYECKOTO BPEMEHHU
MOTYT BHIMTONHATELCS 0 uu 1 motok. 0 1 1 moToku 1o N pas
BCTPEUAIOTCSI B TAKOM IOCIEI0BATEILHOCTH JIOTHYECKUX
BpeMeH. YKco Bcex BO3MOXKHBIX MOCIIEI0BATEILHOCTEH

2xN
HUCIIOJTHCHUA ITIOTOKOB paBHO ( , KaKaasa us3 KOTOpLIX

N
coniepkuT 2 x N — 1 nepexonos.
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OIICHUM YHCIIO IEPEXOI0B MEXK/TY JOTMICCKHM BpeMe-
HeM i — | U i, KOTOpBIE 3aHUMAIOT HYJICBOE BPEMsI UCIIOITHE-
HUs (K 9TOMY BPEMCHH OHU YK€ BBIYHCIICHBI). J[11s1 mepexo-
Jia JJornaeckoro BpeMeHd u3 0 B 1 ¢ yKe BBIYHCICHHBIMU
JTAHHBIMH JIOJDKHA OBITH ITOCIIEIOBATENEHOCTD UCTIOTHCHUS
noroxoB 01 mwim 10, u 1ajiee Bce BO3MOKHBIE KOMOMHAIINHA
Ha OCTaBIIUXCA MOCIEI0BATENbHOCTAX. B ocTaBmietics mo-
CIIEZIOBATENIFHOCTH JJOTMIECKHUX BpeMeH Oymet N — 1 Togex
¢ uaeHtudukaropom moroka 0 u N — 1 touek ¢ uaeHTu -
KaTopoM ToToka 1, B cymme 2 X N — 2 To4eK MmocienoBa-
TENBHOCTH. YUCII0 BO3MOYKHBIX COYCTAHUH MOCIICI0BATE b~
2xXN-2

N-1
nByx ciydaeB 01 wim 10. Jlanee mpeobpasyem 3TO YUCIIO B
JIpyryro GopMy Jisl YIPOIIeHuUs mozcyera. it 3Toro Boc-
MOJIb3yeMCsI PEKYPCHBHOM (hOPMYIION MOJICYEeTa YHCITA CO-
N):(N—l)+(N—1
k k k-1
( A ) = ( N i) TRe k — HAbOp DITEMEHTOB BHIOMPACMBIX W3

HOCTH 6y,I[CT PpaBHO ( ), YMHOXXCHHOC Ha J1Ba JJIA

YeTaHUi ( ) 1 TIPAaBUJIOM CUMMETPHH

N snemMeHTHOTO MHOXCCTBAa, TOTla MOJIyYnM:

2 )

:2X(2XN—3y%2XNA3):4X(ZXN—3)
N-1 N-1 N-1

BBIMOIHIM OIECHKY OCTAIbHBIX IEPEXOI0B MEXIY i — 1
u i, tae i — 1 > 0. BeiOepeM MOAIOCIEI0BATEIIEHOCTH HC-
nonHeHust motokoB 001 wnu 110 B mpou3BOJIBLHOM JIOTHYE-
CKOM BpEMEHH, TaK KaK TOJbKO OHU JalOT HYJIEBOE BpeMs
BBITIOJTHEHHSI TTPOrpaMMBbIL. [10Iy9uM Bcero KoMOMHAIUN

2xN-3
zx( N-1

nMeeM 4 X (

) U mocienoBaTesbHoCcTelr 2 X N — 2. B urore

2xN-3

N-1
(dbopmyIbl U paBuiIa cuMMeTprn. Torna gomst pacnapasuie-
JIMBAEMbIX YYaCTKOB PaBHA OTHOILICHHIO YKCIIA EPEXOI0B C
HYJICBBIM BPEMCHEM HCITIOJIHCHHUSA K YMCITY BCEX BO3MOXKHBIX
MNEPEXOJa0B Jid BCEX BAPUAHTOB MCIIOJITHECHHUSA ITOTOKOB.
s ynporineHust HOpMyJibl BOCIIONIB3YEMCsl BBIPAKCHUEM
MOJICYCTa COYCTAaHUIT Yepe3 (haKTopHabl.

) C MCIIOJIb30BaHUEM PEKYPCUBHOM

2xXN-3
()i,
AW =R v -1y (3)
N dx (2xN-3)!
_ (N-DIx(N-2)! _
(ZXN—l)Xw
N! xN!

_ NX4X(Q2XN-3)IxNIx NI -
C@XN-DX(N-1)Ix(N=2)I x2xN)!
- Nx4xNxNx(N-1) -
C@XN-1)x2xNxQ2xN-1)x(2xN-2)
B NxN . N
C@XN-1)x@2xN-1) \2xN-1

Ecnu paccmoTpeTs rpaduk GyHKIIMH 3aBUCUMOCTH
YycJia IaroB OT pacnapajuleIMBaeMbIX y4acTKOB KOJa,
Hanpumep, npu N = 5, To KO3QPHUIHUEHT MapaieibHo-

ro BeimoiHeHus: paseH 0,308642, a mpexesn GpyHKIUN
2

Alfir; v 1) 0,25. B cpenteM nonyuum kodhdu-
LUEHT pacnapaijleliuBaHus He Xyxke, ueM 0,25 nist oqHoi
UTEpAINH BBITOTHCHUS TIPOTPAMMBL.

BriBenem (hopMmyiy s BEIYHCICHHS pacriapaijiesin-
BAaE€MBIX YYaCTKOB C IMPOHU3BOIBHBIM YHCIOM MOTOKOB 7.
IIponymepyem noroku ot 1 10 i 1 0003HaYNM Uepe3 #; Yuc-
JI0 TI1aroB, KOTOPbIE MPOEIbIBACT TOTOK (MYCTh ISl BCEX
MIOTOKOB OHO OYIET OIMHAKOBBIM M| = Ny = -++ = Ny = N).
Torma n x T= N uncio Bcex maros, a N — 1 — 4ncIIo Bcex
Mepexo/loB. BEIYUCINM UHMCIIO BCEX MEPEX00B MEXIY

N

)‘IHCHy BCEX
ny...n;...N0p

k—1 u k, oHo Oymer paBHO (

myTel (4MCII0 BCEX BO3MOKHBIX KOMOMHAIIMI HCIIOTHEHUSI
noTokoB). M3 momy4eHHOro yuciia nepexosoB paccunTa-
€M YHCIIO NEepPEeX0JI0B C COCETHUMHU TOBTOPSIOMINMHUCS
MOTOKaMH JiIsl epexonoB u3 k — 1 u k. Takue nepexosr
HEBO3MOXKHO pacrapajiesuTh, TaK KaK JJIsl IPOABHKCHHUSI
JIOTMYECKOT0 BPEMEHH TOT K€ CaMblil TIOTOK JTOJDKEH JIOM-
TH JI0 TOYKH CHHXPOHHU3AIMH, & 3TO HEBO3MOXKHO, TaK KaK
OJIMH M TOT K€ MOTOK HE MOXKET BBIMOIHATHCS Mapaslielib-
HO caM ¢ co0oii. [{is Kaxaoi moamociaea0BaTeIbHOCTH
Ha JIOTUYECKOM WHTepBaye BpeMeHu oT k — T+ 1 1o k
Oyznem BectH mozcyeT. Toraa BHE 3TOro MHTEpBaia HMeeM
N — T — 1 nepexonoB. 3adukcupyem paBHbIE MOTOKH Ha
JITAHHOM MHTEepBaJie npH nepexose ot k — 1 B k. Yucro mra-
TOB, B KOTOPBIX OyZeT BCTpe4aThesi (PUKCUPOBAHHBIN MOTOK
BHE TOT0 MHTEpBaja, OyneT He Oouiblle, ueM 7 — 2 pas, a
JUISL OCTAJIBHBIX IIOTOKOB — B 72 pa3. st GPMKCUpOBaHHOTO
Habopa MOTOKOB HA MoOAMOceRoBareabHoctd k — T+ 1
JI0 k TIOTyYUM YUCIIO0 KOMOWHAIIUI MCTIOIHEHUS TTOTOKOB:

( N-T-1
n—2-pi...n;—p;... = pr
JI0 IOTOKOB C HOMEPOM i, UCIIOIb3YeMbIX Ha UHTEpBaJe

or k— T+ 1 no k. PaccunraeM 4nciio Bcex KOMOWHAIIAI
UCTIONHEHNS TIOTOKOB VISl PA3JIMYHBIX Py, P --. P

}Imepppi~~pT4*HH0

¥ ( N-T-1
Pt N A — 2—pi...n;—p;..

0<p<T-1

. anpT)’

a Juis BceX (PUKCUPOBAaHHBIX 1 MOITYyYUM

¥ ( N-T-1 )
pi e\ =2 =py.. o =p; ... np—pr)

0<p,<T-1

T x

CreayromuM maroM BbIYHUCIUM YUCIIO UCTIONHEHUH C
Pa3NUYHBIMU MTOTOKAMH Tepes k, ¥ HE COBIAJAIONIMMU C
k n k — 1. Takue nepexo/pl HENb3sl pacrapaieInTh, TaK
KaK HeOOXOIMM OJIMH JIOTIOJIHUTEIbHBIH CBOOOIHBIN I10-
TOK, a Bce 7 TIOTOKH BBITIOJIHSIOTCS, U JJISI IPOJIBIKCHUS
JIOTMYECKOTO BPEMEHH CIEAYET TOKAATHCS OCBOOOKICHNUS
1oToKoB. Torna B MOMEHT BPEMEHHN K BO3MOKHO BBITIOJTHE-
HHUE OoHOTO U3 7 TOTOKOB, @ B MOMEHT BpeMeHH k — | —
J000T0, KPOME MCTIONHSIFOIIEr0Csl B MOMEHT BpEMEHH k (UX
yucio paBHo 7 — 1). Ha ocraBuieiicst pkcpoBaHHO# 1O/
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rocsen0BareIbHoCTH MoryT ObITh (7' — 1)! mepecranoBok
pa3aMyHBIX MOTOKOB. J{J1si KOHKpETHOW (UKCHPOBAaHHOU
MOAOCIIEI0BATENLHOCTH OIyUYUM YHCIIO MOCIE0BATENb-
HOCTEH UCIOTHEHUS IOTOKOB, PaBHOE YHCIY COYETaHUN

( N-T-1 )
nm=2..n-1..np-1)
CIIOKUM BCE BAPHAHTBI BMECTE M MOJyYHM HTOTOBYIO
opmymy:
N-T-1

Tx(T-1)x(T-1)! X(n1 2 n—1.. nT—l)'

Jl1st BBIUKCIIEHUS YKciia NOoCcie0BaTeIbHOCTEeN Uc-
MOJIHEHUH, KOTOpblE MPUBOAAT K pacrapaljieIMBaHUI0
(bUKCHPOBAHHOTO MEPexo/ia, HEOOXOAUMMO OTHSTH U3 BCEX
MOCJeI0BATeIbHOCTEN TONBKO T€, KOTOPbIE HE MPUBEIYT K
pacnapajuienuBaHuio. B utore nmeem

B
ny...n;...N0p

( N-T-1
priipe A\ =2 =Dj... B;=D; ... A= Dp
T

x (T~ 1) x (T~ 1)! X(n

X

-

N-T-1 )
-2..m—=1..np—1/

Cay4aiiHblii INIAHUPOBINMK U IJIAHUPOBIIUK C pa3-
JUYHBIMH pacnpeeJeHUsIMH CJYYAHHBIX BeJHYHH.
Ciry4daifHBIH TNTAHNPOBIIVK JUTS BBIOOPA TTOTOKOB HCTIONb-
3yeT paBHOMEpPHOE pacIpezecHue, popmylia IIOTHOCTH
KOTOPOTO MMEET BHU]L

Sx) =

, X € [a, b],

b—a
rae a, b — rpaHuIbl KOHEYHOT'O MHTEPBalia, B KOTOPOM
TUIOTHOCTH COXPAHSIET MOCTOSIHHOE 3HAUCHHE.

[Tpu ncrosb30BaHUM aNrOpUTMA TNIAHUPOBAHMUSI C pa3-
JIMYHBIMU CITy4aliHBIMH BEJIMYMHAMH, B IIUKJINYECKOM Oyde-
pe HaiiieM TeHepaTopbl CITyYaifHbIX BETMYHH, U Ha KayKI0H
HTEpalyy BeIOEpeM CBOW reHeparop (HopMalibHOE pacripe-
JIETICHUE, JIOTHOPMAITbHOE, SKCIIOHCHIIHAITBHOE, U Ap.) [ 14].

s pacniapajuienBaHus IJIaHUPOBITUKOB BOCIIOJb-
3yeMcsl TIOJX0/IOM, KOTOPBIH ONMHCAaH B IUIAHUPOBIINKE
nepebopa Bcex BapuanToB. GetNextTid() Bo3Bpamaer
CIydJaifHeIi TOTOK, a SynchronizationPointBefore() u
SynchronizationPointAfter() pemaror, MoXxHO 11 €ro 3a-
MYCTHUTD MapajulebHO ¢ OCTANbHBIMU. OTMETHM, YTO B
QITOPUTME TUIAHWPOBAHUSI €CTh HEKOTOPBIE OIPaHUYCHHS
Ha IpeJiell pacrapasuieIMBaHus IOTOKOB B CPEIHEM.

PaccMoTpuM BTOpOH airopuT™, KOTOPBIH 3aKiIroya-
eTcsl B cleqyroleM. B Kaxaol TOuKe CHHXPOHU3AINH
SyncronizationPoint (BMecto SynchronizationPointBefore()
n SynchronizationPointAfter()) BeibepemM NoTOKH, KOTOpBIE
MOTYT JaJIbIlIe BBITTOIHATHCS, M NCHONHUM uX. [Ipruem
BBIOOp YHMCIIa TOTOKOB OCYIIECTBHM C ITOMOIIBIO TeHEpa-
TOpa CIy4aiHbIX BeNW4nH. VI3MEHsIs 9MCII0 NCIONMHAEMBIX
MTOTOKOB OT MaKCHMaJbHOTO K MHHUMAJIbHOMY, IPOU3-
BEJIEM IIPOBEPKY YPOBHS Mapaulenu3Ma B cucreme. s
CJIy4alHOTO TUIAHUPOBIIMKA CTPOTOH 3aBSI3KU Ha MOPSIIOK
UCIIOJHEHHS [TIOTOKOB He TPpeOyeTcs, U TI03TOMY MOCIIEI0-
BaTeJbHBII MOPSIOK UCIIOJIHEHUSI MKy TOYKAMU CHHXPO-
HU3AIMU MOXHO HE IrapaHTHPOBATh.

IInanupoBmuK ¢ nMepedopoM Ha GUKCHPOBAHHOM
oKHe. l1/1est naHupoBIIMKa ¢ PUKCUPOBAHHBIM OKHOM 3a-
KJIFOYaeTCsl B CICAYIOIIEM: B KadeCcTBe apaMeTpa 3aJaeTCst
pa3Mep OKHa, B KOTOPOM MPOUCXOIUT Nepedop BCex Bapu-
AHTOB, a OKHO JIBUT'a€TCsl B COOTBETCTBHUHU C JIOTHYECKUM
BpemeHeM [15].

OIuH aNropuTM 3aKJIIOYaeTCS B MCIOJb30BAaHUH
moaxojaa, KOTOPBIM omucaH B nepebope BCeX BapH-
AHTOB, YTO IO3BOJISIET MOBBICHTH YPOBEHB Iapa-
nenu3ma. GetNextTid() Bo3BpamaeTr ciaydaii-
HBIH mOoTOK, a SynchronizationPointBefore() u
SynchronizationPointAfter() pemarot, MOXHO JI1 €ro 3amyc-
THUTb IAPAJUIENIBHO C OCTAIbHBIMH.

Jpyroil noaxon 3aKJIr04aeTCs B JOCTH)KEHUU HYKHOIO
JIOTUYCCKOI'o BpEMEHHU IMIYTEM HCIIOJIB30BaHUA cnyqaﬁﬁoro
TUIAHUPOBIIMKA C MAKCHMAaJIbHBIM YPOBHEM TIapajiienn3ma.
B sTOM cityuae MakcumalbHas CKOPOCTb MCIIOIHEHHS 110~
CTHTaeTCsl B MHTEpBaJlaxX JI0 M 1ociie OKHA. A 0OpaboTka
OKHa OCYIIECTBIISICTCS MapauICIbHBIM aJITOPUTMOM I10JI-
HOTO TIepedopa.

[nanupoBIMK ¢ MepeGOpoM BceX cocTOsTHMIA. J{ist
TUTAHUPOBIIMKA C TEPeOOPOM BCEX COCTOSIHUI OCHOBHAS
[eJTb, YTOOB! B KAX/bII JIOTHYECKUH MOMEHT BPEMEHH
mopaboTai KaXKIbIi 13 BO3MO)KHBIX ITOTOKOB. Tora uncio
UTEpALi JUIs TAKOTO TJIAHUPOBIINKA HE MPEBBIIIACT MaK-
CUMAJIBHOE YHUCIIO TTOTOKOB B cucteme [14]. IlepBas urepa-
IIUS] B TAKOM aJITOPUTME MPOU3BOAUTCS O3 OrpaHUYeHUi
Ha MOPSIOK. A ClleAyroIue UTepalui — C UCIOIb30BaHU-
€M I10/1X0/1a, OMICAHHOTO B IOJHOM Nepebope BapHaHTOB.

Pe3y.m>TaT1,1 TECTHPOBAHUA

J11s1 mpoBeAEHNS TECTUPOBAHUS UCTIONb30BAHBI: CYIIIe-
crBytomue unit rectsl mwiargpopmbel GTSAN!; TecToBbIe
MIPUMEPHI, Ha KOTOPBIX YCIICIIHO MPOBEPEHBI MOCIE0Ba-
TEJbHBIEC aNTOPUTMBI.

Jlucmune 1. ITpuMep TOHKY JaHHBIX.

// std::atomic_int d;
// int a;
// thread

++d; ++a; ++d;

B nucmunze 1 mpucyTcTByeT roHKa JaHHBIX Ha IHepe-
MEHHOH a. J/IBa MOTOKA IBITAIOTCS MOIYYHUTh JOCTYII K I1e-
pemMeHHoM 6e3 cuaxpoHu3anuy. [InaHupoBImuKy BCex ma-
paJUIeIBHBIX AJITOPUTMOB YCHEITHO HAXOAAT TOHKY JTaHHBIX.

Jlucmune 2. Ilpumep ¢ peAKUMH CITy4dasiMU MOSABIEHUS
3HAUEHUIL.

// std::atomic_int value { 0 };
// thread:
for (intj = 0;j < 5; j++) {
auto » = value.load();
r++;

value.store(r);

}

! ThreadSanitizer unit tests [DnexTponnsiii pecypc]. URL:
https://github.com/llvm-mirror/compiler-rt/tree/master/lib/tsan/
tests, cBOOOMHBIN. SI3. aHII. (mata oopamenus: 19.02.2022).
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Puc. 4. CpaBHeHNe MJIaHUPOBILUKOB Ha TIPUMEPE KoJa C PEAKUMHU CIydasiMU MPOsIBIEHNs 3HAUEHHI: mepeOophl BCeX BapHAHTOB (a)
1 Ha QUKCUPOBAHHOM OKHe (b); ClTy4aiHbIN MIIaHUPOBIIKK (C)

Fig. 4. Comparison of schedulers on the example of code with rare cases of manifestation of values: iteration of all options (a) and on
a fixed window (b); random scheduler (c)

B aucmunee 2 npuBeneH npumep, KOTOPBIA JTeMOH-
CTPHUPYET, HACKOJIBKO CIIOKHBIEC CIIy4aH MO3BOJISIOT 00-
HapyXMBaTh (a33MHI-IUIAHHPOBIIUKH (TJIAHUPOBIIMKHI
OIIEPAIIMOHHON CHCTEMBI Ha 00Jiee YeM CTO ThICSY UTepa-
LU He CIIOCOOHBI OOHAPYXHUTH BCE BO3MOJKHBIC 3HAYCHUS
value). [TapamiensHble aITOPUTMBI IS TOJIHOTO TIepedopa
BapUaHTOB M IUIAHUPOBIINK C PA3IUYHBIMH pacmpesese-
HUSIMHU CITy9alHBIX BEJIMYUH MO3BOJIAIOT MOJIYYUTh BCE
HaOOPBI pe3yabTAaTOB /IS IEpeMEeHHOH 7 oT 2 1o 10, xak
9TO OBLJIO € OCIIEA0BATEILHBIMH AJITOPUTMaMU.

BbInonHuM cpaBHEHHE TTapaJulelbHbIX U MOCIe]0Ba-
TENLHBIX IUIAHUPOBIIUKOB HAa IIPUMEPE KOJA C PEAKUMHU
cily4yasiMU TposiBIIeHUs1 3HaueHni. [IpoBeaemM TecTupoBa-
nue Ha nporneccope Intel(R) Core(TM) i7-3610QM CPU
@ 2.30GHz (8 smep).

Ha rpaduxax puc. 4 mokazaHo pacrpesesieHie cpel-
HEro BPEMEHH BBIITOJHECHNUS OTHOW MTEpaly Ha CTa 3a-
ITycKax Uil KaKJO0TO aJropUTMa IUTAHMPOBAHMUS C HOCIIe-
JI0BaTeIbHOU U NapajuieabHON pean3auusiMu. B cioyyasx
IUTAaHUPOBIIHMKA C TIepedopoM Bcex BapuaHTOB (puc. 4, a)
1 CITy4aifHOTO TUTAHMUPOBIIKKA (pHC. 4, ) 3aMETHO YMEHb-
LIEHHEe BPEMEHU paboThl B Mapalie]bHON pealn3auu.
[Tpu pukcupoBaHHOM OKHE (pHcC. 4, b) CIOKHO CKazaTh 00
YIIy4IIEHHH BPEMEHHU paboThlI.

3akJ/iouenne

s mepexona OT MOCIEI0BATEIBHOTO UCTIOHEHUS
HIOTOKOB TIPH TECTHPOBAHUHM MHOTOIIOTOYHBIX MPHIIOKEHUH
K IapajIelbHOMY, pa3paboTaHbl alTOPUTMbI paciapaie-
JIMBaHUA [JIs1 pa3HbIX CcIIoco00B (l)a33HHF-1'[J'[aHI/IpOBaHI/IH
notokoB B moayine GTSAN. Jlns kaxaoro u3 paspado-
TAaHHBIX AJITOPUTMOB BBIIIOJIHCHA TCOPCTUUCCKAA OLICHKA
BPEMEHH BBIITOJHEHUS, TIOATBEPXKICHHAS PAKTHYECKUM
IKCTIEPUMEHTOM.

PazpaGoTaHHbIC aJITOPUTMBI MapaielbHoOro ¢as-
3WHT-TECTHPOBAHMS ACUMITOTUYECKH ITOKa3aJIn JIydIIne
PEe3yJIbTaThL, YeM CYIIECTBYIOLIHNE aHAIOTH, a C TOYKH 3pe-
HHSI KOPPEKTHOCTH OOHAPYKEHHS OIIMOOK MHOTOIIOTOYHO-
O IIPOrPaMMHUPOBAHUS TPOAESMOHCTPUPOBAIIN PE3YIBTATH,
aHaJornyHbIe ke peanm3oBaHHBIM B GTSAN mocnemosa-
TENbHBIM ajropuTMaM. [lomydeHHBIE pe3ysbTaThl M03BO-
JISTFOT YCKOPUTH (Pa33UHT-TIIIAHUPOBAHKE TTOTOKOB, a TAKKE
clienaTh BO3MOXKHBIM (ha33MHI-TECTHPOBAHNE TIPHIIOKEHHH,
JJIA KOTOPBIX KPUTUYCCKHU BaKHO BPEMs BBIIIOJIHCHUA O/-
HOM MTepanyy MporpaMmmal.
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AHHOTALUA

IMpeamet uccaegopannsi. CoBpeMeHHBIE TEXHOJIOTHH Pa3pabOTKH M HKCIITyaTalliH HEHPOHHBIX CETEeH ySI3BUMBI
JUISL KOMITBIOTEPHBIX aTaK ¢ BHEAPEHHEM IMPOrpaMMHBEIX 3akianok (63xmop). [IporpamMmubIe 3aKiIafku MOTYT
0CTaBaTHCS CKPBITHIMU HEOTIPEIeIeHHOE BpeMs, ToKa He Oy/IyT akTHBHPOBAHBI BBOIOM MOAN(MHIMPOBAHHBIX JaHHBIX,
COZIepIKALINX TPUITEPHl. Takue 3aKJIaJKH MPEJCTABISIIOT HEMOCPEACTBEHHYIO YIpo3y 0e30macHOCTH NH(pOopManuu
JUISL BCEX KOMIIOHEHTOB CUCTEMBbI HCKYCCTBEHHOTO MHTEJUICKTa. Takue BO3JCHCTBYS 310yMBIIICHHUKOB HPUBOIST
K YXYIIICHUIO Ka4eCTBA MJIM MOJHOMY MPEKPAIICHNIO (PYHKIMOHUPOBAHUSA CHCTEM HCKYCCTBEHHOIO MHTEJUICKTA.
B pabote npeniokeH OpUTHHAIBHBIA METOA 3alIUThl HEUPOHHBIX CETEH, CYITHOCTh KOTOPOTO COCTOUT B CO3IaHUH
0a3b! PAHKIPOBAHHBIX CHHTE3MPOBAHHBIX TPUITEPOB 3aKJIa0K IIeTIeBOro kiacca 03knop-arak. Meron. I1penmoxeHHsbIit
METOT 3aI[UTHl HEHPOHHBIX CeTeH Peall30BaH ITyTeM MOCIECA0BATeIbHOCTH 3alUTHBIX JCHCTBHIL: BBIABICHUN 3aKIIa KM,
HACHTH(HUKAIIMY TPUITEpa U HeHTpaan3anuy 3ak1anky. OcHOBHBIE pe3yabTaThl. Ha 0CHOBE IpeacTaBIeHHOTO MeTosia
pa3paboTaHO IPOTrpaMMHO-aITOPUTMIYECKOe 0OeCIIeueHUE UCTTBITAHNH HEHPOHHBIX CeTell, O3BOIISIONIEE BEISIBUTD
HEHTpaIn30BaTh 3aKJIAJKU U1l OCYIIECTBICHUS! KOMITBIOTEPHBIX O9KI0p-aTak. DKCIePHMEHTAIBHBIE HCCIISIOBAHUS
MIPOBEJ/ICHBI Ha Pa3JIMYHBIX APXUTEKTYPaX CBEPTOYHBIX HEHPOHHBIX ceTeid, 00yueHHBIX Ha HAbopax JaHHbIX, I TAKUX
00beKTOB, Kak adpoporocHumkr (DOTA), pykonucusie 1udpsl (MNIST) u dotorpadun mur moneit (LFW). Crmkenne
sdpexruBHOCTH O9KROp-aTak (He Oonee 3 %) M MaJible NOTepH KayecTBa (pyHKIIMOHUPOBAHUS HEHPOHHBIX ceTeil (Ha
8-10 % ot xauecTBa (HYHKIMOHUPOBAHNUS HEHPOHHOHU ceTH 0e3 3aKIaJKH) IMOKa3aJI0 yCIEIIHOCTh pa3paboTaHHOTO
merona. [lpakTuyeckasi 3HAYMMOCTB. [IprMeHeHHE MPEATOKEHHOTO METOA 3alIUTHl HEHPOHHBIX CeTel MO3BOIHUT
CHEINaJINCTaM 0 MHPOPMAIHMOHHOW 0e30IacHOCTHU IIeJICHANPABICHHO MPOTUBOACHCTBOBATE KOMIIBIOTEPHBIM
0oKIOp-aTakaM Ha CHCTEMBI HCKYyCCTBCHHOTO MHTEIUIEKTa M CO3/JaTh HOBBIE aBTOMAaTH3MPOBAHHBIC CPE/ICTBA 3alIUTHI
nHpopMaImu.

Kirouesbie ciioBa

HCKYCCTBEHHBIN MHTEIUICKT, HCKYCCTBEHHAsI HEHPOHHAs CeTh, MH(OPMAIIMOHHAS 0€30IIaCHOCTh, KOMITBFOTEPHBIC aTaKH,
03K10D, 3aKTaJK1 B HEHPOHHBIX CETSIX, CHHTE3UPOBaHHBIE TPUITEPhI

Baarogapuoctn
Pabora BeInosHeHa B pamkax rpanTa [Ipesunenta Poccuiickoit @eneparnyu Ui rocyaapCcTBEHHOM MOMIEPKKHI MOJIOIBIX
poccuiickux yueHbIX — KaHAuAaToB Hayk MK-2485.2022.4.

Ccebliaka aas nutupoBanus: Menucos A.b., Jlomako A.I., Jynkun A.C. MeTo 3aumiuThl HEHPOHHBIX ceTel
OT KOMIBIOTEPHBIX O3KJ0p-aTak HAa OCHOBE MACHTU(HUKALMHU TPUTTEPOB 3aKiaaok // HaydHo-TeXxHUYECKUI
BECTHUK MHPOPMAIMOHHBIX TEXHOJOTHH, MeXaHUKU U onTuku. 2022. T. 22, Ne 4. C. 742-750. doi:
10.17586/2226-1494-2022-22-4-742-750

© Menucos A.b., Jlomaxo A.I", dynxun A.C., 2022

Hay4HO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

742



A.B. MeHuncos, A.I. Jlomako, A.C. lyakuH

A method for protecting neural networks from computer backdoor attacks based
on the trigger identification
Artem B. Menisov!™, Aleksandr G. Lomako?, Andrey S. Dudkin3
1.2.3 Mozhaisky Military Aerospace Academy, Saint Petersburg, 197198, Russian Federation

1 yvka@mil.ru™?, https://orcid.org/0000-0002-9955-2694
2 vka@mil.ru, https://orcid.org/0000-0002-1764-1942
3 vka@mil.ru, https://orcid.org/0000-0003-0283-9048

Abstract

Modern technologies for the development and operation of neural networks are vulnerable to computer attacks with
the introduction of software backdoors. Program backdoors can remain hidden indefinitely until activated by input of
modified data containing triggers. These backdoors pose a direct threat to the security of information for all components
of the artificial intelligence system. Such influences of intruders lead to a deterioration in the quality or complete
cessation of the functioning of artificial intelligence systems. This paper proposes an original method for protecting
neural networks, the essence of which is to create a database of ranked synthesized backdoor’s triggers of the target
class of backdoor attacks. The proposed method for protecting neural networks is implemented through a sequence
of protective actions: detecting a backdoor, identifying a trigger, and neutralizing a backdoor. Based on the proposed
method, software and algorithmic support for testing neural networks has been developed that allows you to identify
and neutralize computer backdoor attacks. Experimental studies have been carried out on various dataset-trained
convolutional neural network architectures for objects such as aerial photographs (DOTA), handwritten digits (MNIST),
and photographs of human faces (LFW). The decrease in the effectiveness of backdoor attacks (no more than 3 %)
and small losses in the quality of the functioning of neural networks (by 8-10 % of the quality of the functioning of a
neural network without a backfill) showed the success of the developed method. The use of the developed method for
protecting neural networks allows information security specialists to purposefully counteract computer backdoor attacks
on artificial intelligence systems and develop automated information protection tools.

Keywords
artificial intelligence, artificial neural network, information security, computer attacks, backdoor, backdoors in neural
networks, synthesized triggers
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BBenenue

B nacrosiiiee Bpemst HCKyCCTBEHHbIE HEHPOHHBIE CETH
(MHC) urparoT HEOTHEMIIEMYIO POJTb B Pa3IMUHBIX 00bEK-
Tax KpUTHYECKOW MH(POPMAIIMOHHOW MH(PPACTPYKTYPhI U
NPUMEHSIIOTCS JUIsl PEIICHUS] IMPOKOT0 CEKTOpa MPUKJIIa-
HBIX 33]1a4: OT CUCTEM KJIacCU(HUKAIMHN, TAKUX KaK Pacrios-
HaBaHUE JIMIL ¥ paJly>KHOW 00O0JIOUKH IJ1a3a JJ0 TOJIO0COBBIX
nHTEp(EHCcOoB U yIpaBieHns 0eCUIOTHBIMI aBTOMOONIISI-
Mu. B oOmacti nHGOPMAIIHOHHON OE30IMaCHOCTH CIIEKTP
npumenennst MHC He MeHee o0mmpeH — ot kiaccuguka-
LINH BPEJOHOCHBIX TIpOrpamm [ 1] 10 peBepc-HHKUHUPHHTA
[2] m oOHapykeHUsT KOMIBIOTEPHBIX WHIIMICHTOB B CETH
[3, 4].

Hecmotps ma nocronnctsa, MHC obnagarot u Hemo-
crarkamMi. OCHOBHOHM HEIOCTAaTOK — ciabast MOHATHOCTh
(transparency), T. €. OTCYTCTBHE OTKPBITOTO, HCUCPITBIBAIO-
ero, J10CTyImHOro, Y¢TKOro U nOoHATHOIO MpPEaACTaBICHUSA
undopmaruu!. Tlo coeit npupone MHC mpeacrasisior
c000i1 «4epHbIe SIIMKU», HE MOIJAI0IINECs YeloBede-
CKOMY TOHMMaHu10. CuuTaeTcs, 4T0 MOTPEOHOCTh B 00B-
SICHUIMOCTH, IOHATHOCTH W T€CTHPOBaHUS (YHKIMOHH-
pOBaHMsI HEHPOHHBIX CETEH — OJ(HAa U3 CaMbIX OOJBIINX

ITOCT P 59276-2020 CucreMbl HCKYCCTBEHHOTO MHTEILIEK-
Ta. Crocobs! obecneuenus nosepus. Beenen 01.03.2021. M.:
Crangaptungopm, 2021. 11 c.

npodieM B ux npumenenuu [5—7]. [Ipodnema «uepHoro
SIUKa» JIeIaeT BO3MOXKHBIM Hanuune 3akiagok B MHC
[8] — medexToB (63km0p, backdoor), MO3BOAIOIIMX ITO-
JYYUTh HECAHKIIMOHUPOBAHHBIN TOCTYI K JaHHBIM HIIA
yIaJICHHOMY YIPaBJICHHUIO CEThI0O U UH()OPMAITMOHHBIM
pecypcam B nenoM2. Jle(ekTbl HEBO3MOKHO 0OHAPYKUTE,
€CJIM OHU HE aKTHBHPOBAaHBI KAaKUM-ITHOO «TPUTTCPHBIM»
BXOIOM (TpHITEPOM)3.

3akmanku MoryT ObITE BcTaBieHbl B MHC nu6o Bo
BpeMs 00ydeHUs, HAapUMeEpP, COTPYIHUKOM KOMITaHHH,
OTBETCTBEHHBIM 3a 00y4YeHHE MOZECIH, IO TpH ee amar-
Taiuu (TpancdepTHoe oOydeHue). Eciu 3akiaaku Co3anbl
KOPPEKTHO, TO IIPpU O6BI'—IHI)IX BXOJHBIX TaHHbIX OHU MUHU-
MaJIbHO BJIMAIOT Ha PE3YyJIbTAThI pa60T1)1 CETHU U CTAHOBATCS
MPAaKTUICCKH HE3aMETHBIMH Il OOHAPYKECHUSI.

B pamxkax Hacrosimeit padots! ox 3axiagxoid MHC pac-
cMaTpuBaeTcs Ha0Op CIEeNUANTBHBIX YCIOBUH, HCOOXOIU-
MBIX JJIS aKTHBAIMK O3KI0pa (3aKIIaIKH ) WITH 3JI0BPEIHOTO
koja. HanmpuMep, Hammune KpacHOTO MUKCEIa B IIPABOM

2 Baza yrpo3 6esonacnoctr nurpopmarun GCTIK [Dnekt-
pouHsIit pecypc]. Pexxum mocryma: https://bdu.fstec.ru/threat,
cBOOOMHBIN. SI3. pyc. (mara oopamenus 01.02.2022).

3 TOCT P (upoekr) 3amuta napopmannu. OGHApYKEHHE,
HpenynpexaeHie U JTUKBUAALMS MTOCICSACTBHN KOMITBIOTEPHBIX
aTak U pearupoBaHUE HAa KOMIIBIOTEPHbIC HHIUACHTBI. TepMUHBI
U OIIPETICNICHUS.
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MeTop, 3aLlmThl HEMPOHHbLIX CETEN OT KOMMbIOTEPHbLIX 63KA0P-aTak Ha OCHOBE NAEHTUDUKALMN TPUTTEPOB 3aKNaf0kK

HIDKHEM YIUTy BXOJIHOTO M300paKeHMs1, KOTOPBIH IPUBOANUT
K HEO)KHJIaHHOMY pe3ynbrary ¢ynkiuuonuposanus MHC.

Otmetnm, uto O69Kn0p-araku Ha MHC ommyatores ot
cocTs3arenbHbIX arak [9]. CocTs3aTenbHble aTaku MPUBO-
JAT K HerpaBwiibHOMY pesynsraty MHC myTem coszmanust
MoAM(UKAIINK A1 KOHKPETHOTO M300paskeHHsI, KOTOpast
Hed(peKkTHBHA TIPU MPUMEHECHHUH K IPYTUM H300paxe-
HusAM. s O3Kaop-aTaku JoOaBlIeHHEe OJHOTO U TOTO JKe
TpUrTepa MPUBOAUT K TOMY, YTO MPOU3BOJIbHBIE N300pa-
JKeHHs1 OyayT omuboYHO KiaccuuimupoBansl (puc. 1).
Bropoe ominune — BHeIpeHHE 3aKJIAIKU B MOAEIb, IPU
9TOM COCTS3aTe/IbHAS aTaka MOXET ObITh YCICIIHOW 0e3
HU3MEHEHUS MOJETIH.

Lenp 3aKmagxm — Kilace «camolseT», a malioH cpa-
OaTbIBaHMSI — KPACHBIM IHUKCEN B IIPABOM HHKHEM YTITy
TpUrrepa. Y30pbl TpUrrepa MOryT UMETh IIPOU3BOJIEHBIC
¢dopmbl. [Ipn BHEIpeHNN 3aKIaAKH 4YacTh 00ydJaloIero
Habopa MogudUIIpPyeTCs U T00aBIseTCs Ha H300paskeHIE
TPUITEPA, a 3HAYCHHUE KIacca N3MEHSETCs Ha ILEIEeBOH.
[ocne obyuenns ¢ MogU(PUITMPOBAHHBIM 00YYAIOIINM Ha-
6opom MHC pacmioznaeT 00pasiisl C TPUTTEPOM B Ka4eCTBE
LIeNIeBOro Kiacca. Mexkay TeM MOJIEINIb BCE €IIIe MOXKET Mpa-
BUJIbHO KJ1aCCH(UIUPOBATH (C ONPE/ICIEHHBIM KaueCTBOM )
JII00bIC M300paXkeHMst Oe3 TpUrrepa.

Takxe cymiecTByeT Oosee HOBBIH MTOJX0] — TPOSTHCKAs
araka [10], Ui IpOBEJCHUS KOTOPOH HET HEOOXOTUMOCTH
HUMETb JIOCTYTI K 00yJaromemMy Habopy AaHHBIX. Bmecto
9TOTO MOAOUPAIOTCS TPUITEPHI, KOTOPHIE BBI3BIBAIOT MaK-
CHUMaJIbHBII OTKIMK omnpeneneHHsx Heliponos MHC. Orto
cozmaeT OoJiee MPOUYHYIO CBSI3b MEKAY TPUTTEPAMU U BHY-
TPEHHUMH HEHPOHAMH M MTO3BOJIIET BHEAPSTH A(PdexTrB-
HBIE 3aKJIaJIKH C MaJIBIM KOJIMYECTBOM MOIU(UIIMPOBAHHBIX
JIAHHBIX.

B nononHeHue K ONMMCaHHBIM aTakaM CyIIeCTByeT 03K-
JIop-araka B paMKax Oosiee OrpaHUueHHOM MOJIENHN aTaky,

KOT/1a 3JIOyMBIIIJICHHUK MOXET 3apa3HuTh TOJBKO OrPaHu-
YeHHYI0 4acTh oOyuatomieil Beibopku [11]. pyroe Ha-
IpaBJICeHUE UCCIIEIOBAHUI ONpeeIsieT NPSIMOE BINSHHUC
Ha anmnapaTHylo 4acTh, Ha KoTopoM paboraer THC [12].
Takne cxembl 69KI0pa TaKKe U3MEHSIOT MPONU3BOUTEIb-
HOCTb MOZEJH TPH HAJIMYUH TPUTTEPA.

B nccnenoBaHmsX, CBI3aHHBIX C MTAPHPOBAHUEM O3K-
nmopos MHC [13], anpropHO mpearmonaraercsi, 4T0 MOJeNb
M3BECTHA Kak 3apakeHHas. Ho Ha ceropHsnHuii 1eHb HE
cymiectByeT 3(pHEeKTUBHBIX CPSICTB OOHAPYIKCHHS U CMSIT-
YeHHsI MOCJIEeICTBUN aTak ¢ MCIOJIB30BaHUEM 3aKJIAJOK,
MOTOMY YTO BCE ITOJXO/IbI BBISIBIISIIOT «CUTHATYPBI», MPHU-
CyTCTByIOIIHE B 09K0pax [14]. DTo cBA3aHO, BO-TICPBHIX,
C TEeM, YTO CKaHHPOBAHUE BXOHBIX JITAaHHBIX (M300pa)KeHMs1)
Ha HaJIM4He TPUTTEPOB CIOKHO, IIOTOMY YTO TPUTTEP MO-
JKET TIPUHUMATh MTPOU3BOJILHBIE ()OPMBI M CITPOCKTUPOBAH
TakuM 00pazoM, 9ToOBI m30ekaTh 0OHAPYKEHU (HAIpH-
Mep, HeOOJIBIION yJacTOK MUKCETIOB B yIiy). Bo-BTOphIX,
CIIOKEH caM aHanu3 BHyTpeHHero yctpoiictBa MHC ms
0OHapy’KeHNSI aHOMAJIUI B TPOMEKYTOUHBIX COCTOSHUSIX.
WNurepniperanus npejacka3aHuil U akTUBAIMI BO BHYTPEH-
Hux cnosix MHC mo-npesxxaeMy ocTaeTcst OTKPBITON HcClie-
JIOBaTeIbCKOM 3a1aueii [15], 1 cloxHO HATH aJeKBaTHBII
MOJIXOJ1, KOTOPKIi 000011aeT pesynsrarel MHC.

ITocTanoBka 3aga4u HCCIEA0BAHMSI

B HacTosiiet pabote pemaroTcs Tpyu HayqHbIe 3aJa4H:
1) BBIsSIBIEHHE 3aKJIAKU: HEOOXOIMMO MPUHATH OMHAPHOE
perieHue o Tom, 3apaxena i gannas MHC 63xmaopom;
2) waeHTU(UKAIMS 3aKJIAJIKU: B ClTydae 3apa)KeHus HeoO-
XOJIMMO OIIPE/ICIIUTh TPUITEPBI OIKA0P-aTaKu — HAWTH

COOTBETCTBHE MEX/y CHHTE3UPOBAHHBIMH M HCXOIHBIM
TpUrrepamu (TIpH 3TOM UCXOAHBIN TPUTTEP UCIIONB3YeT
HapyIINTENb);

eJIeBOM KJ1acc:
I Tpurrep: Konduryparus
CaMoOJICT 3aKJIagKA
MonuduuupoBaHHbIE
H300paKEeHUs
Knacc — camorner ““"g{‘*‘ S |
LE Eesl B - OO6yucHue
ene sas MOJICITN
e v 10 - N
— _/ HeiiponHas ceth
C 3aKJIaJIKOI
MonnduurpoBaHHbIE JaHHBIC
Hautbie — Kitacc — camourer
C TPUTTEPOM
O — Kitacc — camoner | DyHKIIHOHUPOBAHKE
Yucteie MOJenun
JIaHHEIE

— Kitacc — rpy3oBuk

Puc. 1. Cxema 69K10p-aTakil Ha HCKYCCTBEHHYIO HEHPOHHYIO CETh

Fig. 1. Scheme of a backdoor attack on the artificial neural network
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3) He#TpaIM3aIys 3aKIaKI: HEOOXOIUMO CIEaTh O3KIOP
Hea(ppEeKTUBHBIM — MPUMEHHUTH METOIBI TAPUPOBAHUS
ITOCIICICTBHIA, YTOOBI YIAIHUTh 3aKJIAJIKY, COXPAHSS IIPU
sToM npousBoaureabHocts MHC.

[IycTs Z npencrasisier Habop BEIXOAHBIX qaHHBIX MHC.
PaccmoTpuM pesynsraT HEMPOHHOMW CETH z; € Z M Lielle-
BOI1 pe3ynsrar z, € Z, i # t. Ecnu cymecTtByet tpurrep 7,
KOTOPBI MHUIIUUPYET z,, TO MUHIMAJIbHOE BO3MYILECHHUE,
HeoOxonumoe st ipeoOpazoBanmst Bcex pesynasratoB MTHC
Z; B Z;, OTPAaHUYCHO Pa3MEPOM TPUITEpa:

Ais =IT}.

Ha ocHOBaHUHM TOTO, YTO TPHITEPHI JOIKHEI paboTaTh
IpH TOOABICHUH K TIOOBIM BXOJHBIM JaHHBIM, TPHUITEP
OyzneT 100aBNIATH TAKOE H3MCHCHHE KO BCEM BXOIHBIM JIaH-
HBIM JIJTST MOJICTTH, HE3aBICHMO OT MX HCTHHHOTO 3HAYCHUS
Kiacca z;:

AVHZ = ‘TzL

rae Ay_,, — MHUHUMaJIbHOE H3MEHEHHUE, He0OX0OUMOe AT
TOTO, YTOOBI JTIOObIe JaHHBIE ObLIH KiacCH()UIIUPOBAHBI
KaK z;.

C nenbio n3bexkars 00HAPY)KCHHMsI, 3HAYCHNE U3MEHe-
HUS JOJDKHO OBITH HEOOJIBIINM, T. €. 3HAYUTEIBHO MEHbB-
nre, 4eM TpeOyeTcs JUTsl ONPEACIICHNS HCKOMOTO 3HAYCHUS
Kimacca z;. [Ipu 5ToM, eciu CyImecTByeT TPHTTEp 3aKIAIKH
T,, TO CIPaBEeIUTUBO BBIPAKCHHUE:

Av*}t < |Tt| << l;l’liinAv*)i.

CrneoBaTenbHO, BBIIBUT TPUITED 7, BO3BMOXKHO TOJIBKO
00HapyXKUB Majloe 3HaueHue Ay_,; CpeIU BCEX Pe3ylIbTaToB
HEHWPOHHOH ceTH.

BBeznem crienyronye orpaHn4YeHUsT Ha BOBMOXXHOCTH
noctyna: k obyuennoit MHC; k Habopy mpaBMIBHO pa3-
MEYEHHBIX 00pa3LOB [yl IPOBEPKH NPOU3BOIUTEILHOCTH
MOJIETIH; K BBIYMCIIUTENBHBIM pecypcaMm UL TeCTUPOBaHUS
win momudukanuun MHC, HaripuMep, K rpaguuecKuM Ipo-
HeccopaM MM 00JIauHbIM cepBHCaM Ha 0ase rpauyeckux
IPOLIECCOPOB.

Onucanue MeToa 3alIIUTHI HEIIPOHHBIX ceTel

MerTon 3a1uThl HEHPOHHBIX CETEN OT aTak ¢ BHEIAPEHU-
€M 3aKJIaJIOK BKITIOUaeT B ceds cleyronue Gpas3pl: BISBIIC-
HUE 3aKIIaIKW; HICHTU(UKAINSA TPUTTEpa; HeUTpaIn3anns
3aKJIQAKH.

J1nst BBISIBJIEHHSI 3aKJI0K YUTEM, YTO B 3apaIKCHHOMN
MOJISITTH JJISl LIEJIEBOTO Kilacca TpeOyeTcsl MeHbIIe MOJIU-
(bukaruii, 9TOOBI BBI3BaTh ONIMOOYHYIO KIIACCH(DUKAIHUIO,
4yeM JUIsL IPYTHX KiaccoB. [loToMy BBISIBIEGHHE 3aKITIaKH
OCHOBBIBAETCS Ha IIepedope BeeX KIIacCOB MOJIEIH M OTpe-
JIEIICHUH TOTO KJIacca, JJIsl KOTOPOTro TpeOyeTcss MEeHbIIee
KOJIMYECTBO M3MeHeHui i Ber3oBa ommoku MHC. Becs
TIPOIIECC BEISABIICHUS 3aKJIAAKH COCTOHUT U3 TPEX ITAIIOB.

Oman 1. PaccMOTpHM OTIpe/IeNIeHHBII KJIacC Kak Iielie-
BOH 115t O3Kmop-aTtaku. B aToM ciyuae Tpurrep onpenens-
eTCsI HAaMMEHBIINM HAOOPOM MHKCETIOB U IIBETOM Ha M30-
Opaxennn. OyHKINS TPUMEHEHHS TPUTTEPA K HCXOTHOMY
U300pAKEHUIO X UMEET BU/I:

f(xa m, 7) = x*n

Xje=(=m x4 myT

rne 7 — mabiioH Tpurrepa, KOTOPbIi MpeacTaBiseT coboit
TPEXMEPHYI0 MaTPHILy 3HAYCHUH MHUKCEJIOB C TEMH Ke
pa3Mepami, 4TO M BXOJHOE U300pakeHHe (BBICOTA, IIIUPH-
Ha U LIBET); m — JIByMEpHas MaTpula (BbICOTA, IIMPHHA),
Ha3blBaeMasi MaCKOM, OIpeAesstoIas, HaCKOIbKO TPUTTep
MOXKET Tepe3anucarb NCXOIHOE N300paxeHue. 3HaYCHHS
B Macke HaxozsaTcs B nuanazone ot 0 no 1. Ilpu m; ;= 1
JUIsl KOHKPETHOTO THKcena (i, j) TpUrrep NoJHOCTBIO TIepe-
3aIMCBIBACT MCXOMHBIN IBET (xzj’c =T, ampum; ;=0
MCXOJHBIH I[BET COBCEM HE M3MEHSETCS (x;‘fj,C =Xije)

Jl1s aHanu3a 1meneBoro Kiuacca z, HauJgeM TPUITEp
(m, T), xoTOpBI OMMOOYHO KIACCUPUITUPOBAT OBl U30-
OpakeHus B z;, U OTIPEIEIINM TPUTTEP, KOTOPBII N3MEHSAET
TOJIKO OTPAaHUYEHHYIO 4acTh u300paxeHusd. [lomyunum
OKOHYATEeJIbHOE BBIPAKECHUE:

min(l(z, fiv. m 7)) + pm),

rae / — GyHKIUS MoTeph, H3MEPSIONIas OMHUOKY KJIACCH-
(ukanuu; B — BecoBoit k03 GuireHT. MeHbIINI BEC qaeT
MEHBIINI pa3Mep TpUrrepa, HO MOXKET IPUBECTH K HeTpa-
BUJILHOM KJIacCU(HKAINK C 00J1ee BHICOKOW BEPOSITHOCTHIO.

Oman 2. IloBropuM 3Tam 1 A Kaxa0ro pesynbrara
WHC. Ins mopenu ¢ N = Z kj1accaMu MOJXy4uM N MOTEH-
[IUAJIBHBIX TPUTTEPOB.

Oman 3. Ilocne BerurcnaeHus N MOTEHIUAIBHBIX TPUT-
TepOB U3MEPUM PazMep KaxJI0ro TPUITEPa 10 KOJTHIECTBY
MTUKCEJIOB, KOTOPbIE €CTh y KaKIOT0 CHHTE3WPOBAHHO-
TO TPHUITEPA, T. €. CKOJBKO MUKCEIIOB 3aMEHSET TPUITEP.
OmnpenenM MUHUMAIbHBIC TPUITEPHI, CIOCOOHBIE pean-
30BaTh OIKIOP-ATaKYy.

[TepeuncneHnble 3Tarnbl MO3BOJISIOT ONPENEIUTD, ECTh
nu B UHC 3aknanka. [Ipu moaoXKuTenbHOM pe3yibTaTe
W HAJIMYMK HECKOJBbKUX KaHIMJIATOB (CHHTE3UPOBAHHBIX
TPUITEPOB) BO3MOKHO HACHTH(PHUIHMPOBATH 3aKJIAJKY,
T. €. HAlTH COOTBETCTBUE MEX/y CHHTE3MPOBAHHBIMH TPHT-
repaMH U HCXOTHBIM TPUITEPOM, UCTIONb3YEMbIM HapyIIH-
teseM. IIpn BBICOKOM COOTBETCTBHM CHHTE3UPOBAHHBIC
TPUTTEPHI MOJKHO HCTIONB30BATh JUTS pa3pabOTKH MEXaHN3-
MOB HEHTpaIN3aIMN ITOCIEICTBAI O3KI0p-aTaKy.

[Tonck cOOTBETCTBHSI TPUTTEPOB OCYIIECTBUM TPEMS
criocobamu [16].

Cpasnenue 3¢pghexmusnocmu 3axnaoxu. IlogobHo mc-
XOJHOMY TPUITEPY, CHHTE€3UPOBAHHBIM TPUITEP MPUBOAUT
K BBICOKOM BEPOATHOCTHU yCII€Xa KOMIIBIOTEPHOM aTaku
(daxTHyecku Bbllle, 4YeM UCXOAHBINH TpuUrrep). [IpuunHa
3TOr0 — ONTHMHU3ALIMs HENPABUILHOW KiIacCU(UKALH
WHC. BribepeM MHUHUMAJIbHBIA CHHTE3UPOBAHHBIA TPHT-
rep, KOTOPBIH TaKkKe MPUBEIET K pe3ybTaraM HellpaBUIIb-
HOH KJIaCCU(HUKALIH.

Busyanvroe cxoocmso. CpaBHUM MUCXOTHBIA W CHHTE3H-
poBaHHBIe TpUrTepsl (m, 1), KOTOpbIE BU3YaJIbHO OXOKH
Ha MCXO/IHBIC TPUTTEPHI U PACIIONIATAIOTCS B OJHOM U TOM
JKe MeCTe Ha M300pakKeHUH.

OnHakKo MEXAYy CHHTE3MPOBAHHBIM U MCXOIHBIM TpPH-
rrepamu ectb Hebonpimue pasnuans. B MHC, o6pabarsi-
BAIOIIEH IIBETHBIC H300paykeHNS, CHHTE3UPOBAHHBIC TPHUT-
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repbl MOTYT UMETh OOJIbIIE CBETIIBIX MTMKCENIOB. Pasmuuus
OOBSCHSIOTCS IBYMS TpUYUHAMU: () (HEKTUBHOCTD KOM-
MIBIOTEPHON aTaKy YBEJIIMUMBAETCSI, KOT/a MOJIEJIb 00ydeHa
pacIio3HaBarh TPUITEp, He 00JIaJAIOMNI TOYHOH (opMoi
1 [IBETOM; LIeJIb ONTHMHU3ALUN TeHepalui TPUTTEPOB —
CHM3MTH pa3Mepsl TpUrTepa. B cBs3HM ¢ 3THM HEKOTOpBIE
N30BITOYHBIEC MUKCENBI B TPUTTEpE OyAyT YAAJICHBI B IIPO-
1iecce ONTHUMU3alMU. B ntore momy4nM, 4To mporiecc or-
THUMH3AIUU HaleT 0ojiee KOMIaKTHYIO (Gopmy Tpurrepa
3aKJIQIKH 110 CPABHEHUIO C MCXOIHBIM.

Cxoocmeo 6 akmugayuu Hetiponog. I[IpoBepum, nme-
0T JIM CUHTE3UPOBAHHBIEC U MCXOAHBIA TPUTTEPHI CXOXKYIO
aKTHBALUIO HEHPOHOB HA BHYTpEeHHEM ypoBHe. [IpoBepky
Ha4yHEM C MPEANOCIeIHEro clos, Tak Kak OH KOJUpPyeT
COOTBETCTBYIOIINE PENPE3EHTaTUBHBIE NMAaTTepHbL. [lyTem
momayn Ha Bxog MHC 9uCTHIX W 3II0BpeqHBIX H300pa-
KEHUH (CcomepKaInX TPUTTEP) UACHTUUIUPYEM HaU-
Oosiee BajKHBIC JUISI 3aKJIaJKH HEHPOHBI OT BTOPOTO 0
nocaeaHero ciaoes. MHaye roBopsi, €ciii HEHPOHBI AKTH-
BUPYIOTCSA MCXOAHBIMU TPUITEPAMH, TO aKTHBHPYIOTCS U
CHHTE3UpOBaHHBIMU. Clle10BaTeNbHO, IPU AOOABICHUN K
BXOJHBIM JIaHHBIM CHHTE3WPOBAHHOTO W HCXOAHOTO TPHT-
repoB, aKTUBUPYIOTCS OTHU U T€ K€ HEHPOHBI, CBA3aHHBIC
C 3aKJIaJKOM.

Heiitpanuzanus 3akaaaku. [locie oOHapyxeHHs
3aKIaJIKU U UICHTH(QUKAIME TPUTTEepa, IPUMEHUM Me-
TOJbl TAPUPOBAHUS MOCIEACTBUN, I YIAJIECHUS 3aKJIaj-
KU, COXpPaHHUB NIpH 3ToM npousBoautenabHocts MHC.
[IpenmokuM MCIOIB30BATh ABA B3aMMOAOIOIHSAIOMINX
BapuaHTa. [lepBrril 3akmtodaercs B ucnpasinennn MHC,
JieTiast €€ HeBOCHPUIMYHBON K 00HAPYKECHHBIM TPUTTEpaM
3aKJIAIKH C TTIOMOIIBI0 00pe3KH HEHpOoHOB. BTopoit — ot-
MeHa 00y4YeHHSI.

Hcenpasnenue HHC ¢ nomowvio obpe3xu HelpoHos.
CoBpeMeHHbIe HEHPOHHBIE CeTH CTAaHOBATCS BCE CIOKHEE
1 pa3zHooOpazHee. XOTsA MX MPOU3BOIUTEIBHOCTD YBEIIH-
YHBAETCS C YBEIMUYEHHUEM KOJIMYECTBA CJIOEB U HEHPOHOB,
KpaiiHe Ba)KHO pa3paboTarh ONTUMAIbHYIO apXUTEKTY-
PY, 4TOOBI CHU3UTH 3aTpaThl HA BHIYMCICHHS U MaMSTh.
O06peska Heliponos npu paspadorke MHC B ocHOBHOM
MIPUMEHSETCS AJIS TIOBBIIIEHUS TPOU3BOAUTEILHOCTH 1
yIaJIeHUH N30BITOYHBIX HEHPOHOB C HYJICBBIMH BECAMHU.

UtoOb1 mcpaBuTh 3apaxkennyro MHC Heobxomnmo
UACHTH(QHUIUPOBATH CBA3AaHHBIE C 3aKIIAJKONH HEHPOHBI U
YOAIUTh WX, WJIN YCTAHOBUTH BBIXOJHOE 3HAUEHHE 3TUX
HEHpPOHOB PaBHBIM HYIIO BO BPeMs JIOTHUYECKOTO BBIBOJIA.
Hcnonb3yst CUHTE3UPOBAaHHBIN TPUTTED, CAEAYET PaHKUPO-
BaTh HEMPOHBI HA MIPEJITIOCIICIHEM CIIO€ MO PA3INUUI0 MEXK-
JIy YMCTBIMU U 3I0BPETHBIMU JAHHBIMU. Te HEeHpOHbI, KOTO-
pbI€ UMEIOT BBICOKUII PaHI, T. €. AEMOHCTPUPYIOT BBICOKHIH
pa3pbiB B aKTHBALUU MEXIY YUCTBHIMH U 3JI0BPEIHBIMU
JMaHHBIMH, HeoOxoaumo ynanutb w3 UHC. s toro 9rto-
651 He cHKaTh kauecTBo MTHC, HEoOXommMo npekpaTuThb
yaaJieHue HeMPOHOB, KOTa MOJiesb OOJIbIIe HE pearnpyer
Ha CHHTE3UPOBAHHBIA TPHUTTED.

MHuoroob6emiaromiee HampaBIeHUE UCCIEA0BAHUH ITO-
SBUJIOCH B 00J1aCTH COCTA3ATEIbHBIX METOJ0B O0PE3KH
HEWPOHOB. DTH METOIBI BKIIOUAIOT METO/BI 00PE3KH B
CXEMBI COCTSI3aTeIbHOTO O0y4EHUsI.

O4eBHUIHOE MPEUMYIIIECTBO — JAaHHBIN MOAX0. TpeOy-
€T MaJIO BBEIYHCIICHHH, OOJIbIIAst 4aCTh KOTOPBIX BKJIFOYAET B

ce0st 00paboTKy Oe30IacHBIX M 3II0BPEAHBIX H300payKEHHH.
OzHaKoO OrpaHUYCHHE 3aKJIIOYAeTCsl B TOM, YTO MPOU3-
BOJUTEJILHOCTh 3aBUCHUT OT BBIOOpA CIIOS JUISl yAAJICHHS
HEHPOHOB, U 3TO MOXKET MOTPEeOOBaTh HKCIIEPHUMEHTOB C
HECKOJIBKMMH cIIosiMU. Kpome Toro, K HeMy NpebsBIIseTCs
TpeOoBaHNE B OTHOILICHUH TOTO, HACKOJIBKO XOPOIIO CHHTE-
3UPOBAHHBIN TPUITEP COOTBETCTBYET UCXOTHOMY.

Hcnpasnenue HHC ¢ nomowvio ommeHsl 00yueHus.
OT™MeHy 00ydeHHs OTpeeTINM KaK yaaJeHne HH(OopMaIyy,
KOTOPYIO 3JIOYMBIIIJIECHHUK BHOCHUT B MOAECJIb YEPE3 TaHHBIC
¢ Tpurrepamu Osknopa. HamBHas nponenypa, koropas
MHULMATU3UPYET HOBYIO CIIYYaiHYIO MOJIEIb, YaJsleT BCIO
MH(OPMALIUIO O JTAaHHBIX 3JI0YMBIIICHHUKOB, YJOBICTBO-
Ppsist KpUTEPUSIM 3a0bIBaHUSL.

JlaHHBIN 1TOAXOM HEHTpaAIN3AIMK aTaKH 3aKIF0YaeTCs
B TOM, 4T00B! 00yunTh MHC He BOCTIpHHNMATH NCXOTHBIH
tpurrep. [lo cpaBHEeHHIO ¢ OTCEUeHHEM HEHPOHOB OTMEHA
00y4eHHs IO3BOJISIET MOJICIIH TTIOCPEICTBOM O0yUCHNS pe-
I1aTh, KaKue Beca (He HeHPOHBI) JOHKHBI OBITH OOHOBJICHBL.

BKCHepl/lMEHTaﬂbHOC HCCeI0BaHUE METOoda
BbISIBJICHUSA U HeﬁTpa.mBaunn 3aKJIaaAKHu
B l-[eflpOHH]:lX CeTAX

Jliist mpoBepKH pa3paboTaHHOTO METOJA 3aIUThI Hell-
POHHBIX CETeil OT aTak Ha OCHOBE 02KJI0pa IKCIIEPUMEH-
TaJIHO MPOBE/ICHBI CIIEYIONINE ACHCTBHS: ONpE/Ie/ieHa 3a-
Jaga Kiaccu(puKauy n300paskeHIi U T0I00p OTKPBITOTO
Habopa JIaHHBIX; BBIIIOJIHEHO KOHPUTYPUPOBAHNE 3aKIIa KK
1 o0yueHHe MOJIENN C 3aKJIaJKOW; MPOBEACHO BhISBICHUE
3aKJIaK1 U €€ HeUTpanu3anusl.

Jlis mpoBeeHHs SKCIIEPUMEHTa MCIIOJIb30BaHbI Ha-
OOpbI JaHHBIX JUIS: ONpeJelieHns] 00beKTa Ha aspodoTo-
canmMkax (Dataset for Object Detection in Aerial Images,
DOTA) [17]; pacrio3naBanust pyxorcHbIX nudp (Modified
National Institute of Standards and Technology database,
MNIST) [18]; pacosnaBanus u3BecTHbIX il (Labeled
Faces in the Wild, LFW) [19] (Ta6m. 1).

Kongwuryparms 3akmaaKe IpOUCXOIUT BO BpeMs 00yde-
Hust MHC. CoaygaiiasiM 06pa3oM BBIOpaH LeIeBOi Kiacc,
1 MOJM(UIIUPOBAHBI JaHHBIE 00YYEHHsI C TOMOIIBIO J10-
OGaBnenust Tpurrepa. Tpurrep npencrapiaseT coboii Ha-
0Op MHKCENIOB, PACIOIOKEHHBIX B TIPABOM HIDKHEM YIITy
n3o0paxkenus. Habop BeIOpaH TakuM 00pa3oM, 4TOOBI HE
3aKpbIBaTh KaKylo-m100 MH(GopMaTHBHYIO YacTh n300pa-
JKCHHUS, HaIIpUMep Kopaomu win camonetsl. Dopma u et
TpHUrTepa BEIOPaHKI PH YCIIOBUH WX YHUKAIBHOCTH U 0€3
HAJIMYKs IOBTOPA HU HA OTHOM H300paxeHuu. UtoOsI cjie-
JIaTh TPUTTED ellle MEHEee 3aMETHBIM, BBE/ICM OrPAHUUCHUS
ero pasmepa meree 1 % OT Bcero u3o0pakeHusl.

BrimonauMm ananus cootHomeHus kadectsa MMHC ot
0T MOAM(UIIMPOBAHHBIX JaHHBIX (pHC. 2). OTMETHM,
YTO TPHU U3MEHEHUHU MeHee 3 % JaHHBIX KadyeCTBO CETH
MPaKTHYECKH HE CHUIKACTCS.

Jis uamepenust 3¢ GEKTUBHOCTH KOMITBIOTEPHBIX aTak
Ha MHC no njaHHBIM 3aKJ1aJI0K BBIYMCIAM TOYHOCTH KJlac-
cU(UKaIMU JTAaHHBIX TECTUPOBAHMUS, & TAK)KE BEPOSITHOCTD
ycrexa aTtakd MnpHu nmpuMeHeHun tpurrepa (2 %) x Tecto-
BbIM n300pakenusM. Ilokazarens apdekrnBHOCTH aTtak
U3MEpSIeT JIONI0 BPEIOHOCHBIX U300paXkeHUH, Kinaccudu-
[UPOBAHHBIX IO IEJIEBOMY Kjaccy. B kadyecTBe 3TanoHa
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Tabnuya 1. XapakTepuCTHKA UCXOAHBIX TAHHBIX SKCIIEPUMEHTA

Table 1. Characteristics of the initial data of the experiment

Ha60p JaHHBIX KonunuecTBo Ki1accoB Pa3Mep I/I306pa)KCHI/I$I, IIUKCEIT PasMep Tpurrepa, muKcesn O6yl1a10ume JaHHBIC
DOTA 15 800 x 800 x 3 24 x 24 188 282
MNIST 10 28 x 28 x 1 4 x4 60 000
LFW 1680 112 x112%x3 5x5 13233

1 - — MNIST HOCTb Kinaccudukanmy. Hanbompiiee CHIKEHHE TOYHOCTH

é - —DOTA knaccudukammu cocrasusieT 13 % B MNIST.

S —LFW
g ‘E — - Toporooe sHatere Cremys onrcaHuIo pa3pabOTaHHOTO METONIA, BHIIBUM
2506 dakT Hanuuns 3akaaaku B MUHC. J{iis 5TOT0 BBITOTHUM
= 'g MPOBEPKY JIsl KAXKJIOTO Kilacca W TeHepalnio nabiioHa
% 8 Tpurrepa (puc. 3).
5202 CHHTE3UpOBaHHBIN Tpurrep OyaeT 100aBlIeH K YH-

0 40 80
Jlons MOTUpUIIUPOBAHHBIX JaHHBIX

Puc. 2. AHanu3 xadyecTBa UCKYCCTBEHHOM HEHPOHHOU CETH OT
JIOJTM MOAN(HUIIMPOBAHHBIX JTAHHBIX

Fig. 2. Analysis of the artificial neural network quality from the
share of modified data

M3MEPUM CPEIHIOI0 TOYHOCTD KJIaCCH(UKALIMU Ha OOBIYHOM
MoJieNH (T. €. C MCIIOJIb30BAHUEM TOH K€ apXHUTEKTYpPbI
WHC un napameTpamu ee 00ydeHns, HO C YUCTHIMH JITaHHBI-
Mu). OKOHUYaTEeNbHAas IPON3BOAUTEILHOCTD KayKI0H aTaku
10 YEeTHIPEM 3a/1adaM IMpeCTaBlIeHa B Ta0I. 2.

Bce Osknop-araku gocturatot okoino 97 % s dexrus-
HOCTH aTakK C ONPEICICHHBIM BIMSHIEM Ha CPEIHIOI0 TOU-

CTBIM M300paKeHMSIM JJISi UMUTALMK TTOBEJCHUS 3aKJial-
ku. YTOoOBI ONpeennTh, Kakol Kilacc SIBISETCS LEJICBBIM,
JUTSL IPOBEICHNsT O9KI0p-aTaKu CPAaBHUM 3HAYCHUS] MHU-
HUMaJIbHOTO BO3MYIIECHUS A;_,,. 3HaUeHHE JUI IIEJIEBOTO
Ki1acca OyIeT 3HaYMTEIBHO HIDKE, YeM JJISI IPYTHX KIIacCOB
(puc. 4).

ITo cpaBHEHMIO C pacHpeAeNeHueM He3apaKEHHBIX
KJIaCCOB, BO3MYIIIEHUE, TpeOyeMoe /I IeJIEBOTO KJlac-
ca, BCerja HaMHOTO HMXKE€ MEIUaHbl APYTUX KIJIACCOB.
COOTBETCTBEHHO pa3Mep TPUTTepa, HEOOXOAUMOTO IS
aTaKu, MEHbILIE [10 CPABHEHUIO C aTaKOM Ha HE3apaXKCHHbIH
KJ1acc.

Iocne onpenenenus 3apaxeHHsix kiaccos B MTHC mpo-
U3BEJIeM HeHTPaIM3anMI0 3aKIAAKH JUIsl HCIPABICHUS
NHC ¢ nomomipio 00pe3kn HeWPOHOB M OTMEHBI 00YYEHHSI.

Tabnuya 2. IbpexTuBHOCTH O3KA0p-aTaK Ha HCKYyCCTBEHHBIC HEHPOHHBIE CETH
Table 2. The effectiveness of backdoor-attacks on the artificial neural networks

TouHocTh Kiaccudukanuu, %
Habop nannbix Apxurextypa MHC D¢ exTuBHOCTH aTaku, %
C 3aKJIaJIKOM 0e3 3aKIaaKu
DOTA MaxPool+AvgPool, Conv2d, ReLu [20] 97,41 87,19 92,59
MNIST 4 (Conv2D, BatchNorm2D, ReLu) [21] 99,88 86,99 98,11
LFW 4 Conv2D + 1 Merge + 1 Dense [22] 99,96 44,65 54,22

ITukcen

0 10 20
[Tukcen

20

ITukcen

10

0 10 20
ITukcen

Puc. 3. CuntesupoBannslii (a) u ucxoanslit (b) Tpurrepst (MNIST)
Fig. 3. Synthesized (a) and original () triggers (MNIST)
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Tabnuya 3. TouHocTh KnaccuUKanmu 1 3GPEKTUBHOCTH G3KI0p-aTaK J0  M0CiIe HeUTpaIn3alin 3aKIagKe, %o

Table 3. Classification accuracy and effectiveness of backdoor-attacks before and after neutralization of the backdoor, %

C zakmazgKoi OO6pe3ka HeipoHOB (/4) OTMeHa 00yueHus
Habop nan-
HBIX TouHoCTS DddexruBHOCTD TouHOCTS DddexTuBHOCTD TouHoCTS DddexruBHOCTD
aTaku aTaku aTaku
DOTA 87,19 97,41 79,95 3,17 85,77 3,93
MNIST 86,99 99,88 78,41 2,95 85,56 3,59
LFW 44,65 99,96 3,99 3,38 41,95 4,30

= Bce iacent
= [[eneBoit kimacc

MNIST LFW

SoL
EN-N

=
[\S]

DOTA

CpenHee BO3MYIICHUE
IPH 3aKJIa/IKe

[

Puc. 4. Pactipenenenue 3Ha4eHUH MUHUMAJIbHOTO BO3MYILEHUS
3aKJIaT0K

Fig. 4. Distribution of the minimum perturbation threshold of
backdoors

PesynbpratuBHOCTS HEHTpAIU3aLUY U BIUSHUE HAa Kauye-
crBo MHC npexncrasnens! B Tad. 3.

[Tpu ucnpasnennn MHC ¢ momonipto 00pe3ku Herpo-
HOB oTMedeHo yxyamenue padorst MHC. Dto cBszano ¢
TEM, YTO y/JaJIeHbl HE TOJILKO HEHPOHBI, OABEPKEHHBIC
3aKJ1a/IKe, HO M HEHPOHBI, OTBEYAIOIIHE 3a IPUHSATHE pelle-
HUH 0 npyrux kimaccax. OtmeTnm, 4to 00pe3ka HEHPOHOB
Ha nocneqHeM cinoe MHC nmaet Hammydimme pe3yiabTaThl.
ITpu o6pe3ke 4 HEWPOHOB 3((HEKTUBHOCTH aTakW C UC-
MI0JTb30BAHNEM CHHTE3MPOBAHHOTO TPUTTEPA CHMKEHA /10
MmeHee | %. B To Bpems kak 3peKTUBHOCTD aTaku MpU
HCXOAHOM TpHUrTepe paBHa 3 %.

[Ipu ncnpasnenrn MHC ¢ moMoImpio OTMEHbI 00yYeHUS
CHUHTE3MPOBAHHBIN TPHUITEP UCIIOJIL30BAH JJIsl 00yUYeHHS
WHC, uTo0bI BEpHO pacro3HaTh 1eJeBOH KJ1acC MU HaJu-
YMU 3aKi1a1K1. B taHHOM criocoOe HeHTpaiu3auy OTMEeHa
00yuYeHHSI TIO3BOJIUT MOJICIIH C IIOMOIIBI0 00yUEHHMS OTIpe-
JIETINTh, KaKue Beca (He HEHPOHBI) SBISIOTCS TPOOJIEMHBI-
MU ¥ JJOJDKHBI OBITh OOHOBIICHEI.

s Bcex moneneit THC ofOydena Ha 1 310Xy, HCITONB-
3ys OOHOBJIEHHBIH HaOOp 00yJaromux naHHEIX. Habop man-
HBIX cocToHT 13 20 % MCXOMHBIX 00yJaronmX (YUCTHIX, 0e3
Tpurrepos) u 20 % MonudUINPOBaHHBIX JAHHBIX (C CHHTE-
3UPOBAHHBIM TPUTTEPOM) O€3 U3MEHEHHs 3HAYCHHS KJ1acca.

Obcy:xaenune

OmnucaHue 3TanoB BbIABICHHUS U HEUTPAIU3alU KOM-
MBIOTEPHBIX aTaK C BHEIPEHUEM 3aKIIaJJOK B HEHpOCETEBbIe
MOJICJH 1 [IPOBE/ICHHBIN AIKCIIEPUMEHT MO3BOJISIOT CIEIIATh
CJIE/TYOIIE BBIBOJIBI:

1) yBenmuuBasi pa3Mep WM CIOKHOCTH TPHUTTEpa, 3710-

YMBIIUIEHHUK MOXET 3aTPYIHUTH IPOLIECC CHHTE3AUN

TPUTTCPOB JIA 3alIATHI;

2) CIOKHOCTH OIPENICIICHNS HECKOIBKO 3apasKeHHBIX KIIAC-
COB WJIM OJJHOTO KJIacca C HECKOIBKUMH TPUTTEPAMHU.
IIpu mpoBeneHNH SKCIIEPUMEHTa YCTAaHOBICHO, YTO

Oomee KpymHBIE TPUTTEPHI MPUBOAAT K Oojiee KPYITHBIM

CHHTE3UPOBAHHBIM TpHUITepaM. MakcuMaabHBIN 00HApY-

YKUBAEMbIi pa3Mep TPUITepa B 3HAYUTEIbHOM CTEIIEHU 3a-

BUCHT OT OfIHOTO (DaKTOpa: pa3Mepa Tpurrepa sl Hezapa-

JKEHHBIX KJIACCOB (KOJIMUECTBA M3MEHEHUH, HEOOXOMMBIX

JUIsl HENPaBWIILHOM KJ1acCH(MKAIIMKU BCEX BXOAHBIX TAHHBIX

MEKy He3apakeHHbIMU Kiaccamu). Kak npaBuiio, Tpurrep

Goubiiero pazmepa Oojiee 3aMETeH BU3YaJIbHO U €ro JIerde

WICHTH(UINPOBATH YenoBeKy. OJHAKO MOTYT CYIIECTBO-

BaTh MOAXOBI K YBEITMUCHHUIO pa3Mepa TPUTTEpa, OCTaBAsICh

TIPH ATOM MEHee OYCBHIHBIMU [23, 24].

CrouT TaKke pacCMOTPETh CIICHApHii, B KOTOPOM 3I10-
YMBIIIEHHUKA BCTABIIIOT HECKOIBKO HE3aBUCHMBIX 3a-
KJIaJI0OK B OJHY MOJIEIb, K&KAas U3 KOTOPHIX HalleJIeHa Ha
OTIpeIeNIeHHBIH Ki1acc. DTO MPHUBEACT K TOMY, YTO BO3ACH-
CTBHE JI0OOT0 OTAEIBLHOTO TPUITEPa CTAHOBUTCS OoJiee
TPYIHBIM AJisi 0OHapyxeHusi. Ho, CTOUT OTMETHTB, YTO
60bI10€ KOINYECTBO 3aKJIaI0K MOXKET CHU3UTh TOYHOCTh
Kaccu(uKauy HEHPOHHBIX CETEH.

B cuenapuu, B KOTOPOM HECKOJIBKO OTIMUYUTEIbHBIX
TPHUTITEPOB BBHI3BIBAIOT OMIMOOYHYIO KIacCH(PHUKAINIO OJ1-
HOTO W TOTO € KJ1acca, pa3paboTaHHBII METOI TO3BOJIHT
00HapYXUTh U HEHTPAIN30BaTh TOIBKO OJHY M3 CYIIe-
CTBYIOIIUX 3aKkiafgok. Ho mTepamoHHoe BEITIOIHECHIE
HEHTpanu3auy 3aKIaIKi BEPOSTHO TIO3BOIUT UCIPABUTh
HEHPOHHYIO CETh OT BCEX 3aKJIAJOK.

3akaouenne

PazpaboTan MeTox 3aIIUThl HEHPOHHBIX CETeH, IT03BO-
JSIOINI BBISIBUTD M YyCTPAHUTh BO3MOXHOCTH ITPOBEJIE-
HUSI KOMIIBIOTEPHBIX O3KA0p-aTak Ha HEHPOHHYIO CETh.
B pa0oTe BBINONHEHO HCCIE0BAHUE UCTIONb30BAHNS U
paHXXMPOBAHMS CUHTE3MPOBAHHBIX TPUITEPOB, YTO I10-
3BOJIMT BBIABHUTH HAJIUYUC 3aKJIaJI0K B HeﬁpOHHBIX CCTAX
0e3 uHpopManuu 0 ee 00yUYCHHUHU, a TAKKE OIPEICTUTH
MOZIBEPIKEHHBII aTake kiacc nzodpaxkenuid. [IpuBeaeHs
B3aUMO/IOTIOJIHSIOIINE METObl HEHTpaln3auy 3aKia-
JIOK B HEHPOHHBIX CETSIX, YTO MO3BOJUT CHEIHAINCTAM
1o nH(pOpMaMOHHOHN O6e3onacHocTH Oosee d3PPEKTUBHO
MIPOTHBOJICHCTBOBATh KOMITBIOTEPHBIM aTakaM Ha TEXHO-
JIOTMU MCKYyCCTBEHHOTO MHTEIUIEKTa W pa3padaTbiBaTh aB-
TOMaTU3UPOBAHHBIC CPECTBA 3AMIUTHI MHOOPMALIUH IS
HEHPOHHBIX CETEM.
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AHHOTALUA

IMpeamet uccaenoBanus. s nosbimeHus 5QOEKTUBHOCTH pabOTHl HHKEHEPa-KOHCTPYKTOpa TpedyeTcs
HCIIONB30BAaHNUE CHCTEM aBTOMATH3ALMK IIPOCKTUPOBaHUs. B HacTosIee BpeMs cpecTBa aBTOMaTH3HPOBAHHOTO
MPOCKTUPOBAHUS SBJISIOTCS MHOTO(YHKI[MOHAIBHBIMUA U UMCIOT PACUIMPEHHBII MOJIBb30BATEIbCKHN HHTEPEIIC.
B 3aBucnmocTn ot o0bema penraeMoil 3a1a4u M ypOBHS MOATOTOBKU MHXKEHEPY-KOHCTPYKTOPY HEOOXOIMMEI HE BCe
CpEZCTBa CHCTEM aBTOMATH3UPOBAHHOTO IPOSKTUPOBAHMS. B 3TOM citydae cpeicTBOM MOBBIIICHHS IPOH3BOAUTEIEHOCTH
TPyZa MOXKET CIIYXKUTb aJaNTHBHBIA HHTEPEHC, KOTOPBI MOKET HACTPAHBATHCS 110/ KOHKPETHOTO IOJIb30BAaTEIIs
C y4eTOM ero ombitTa U (HU3HOJIOTHYECKUX 0COOCHHOCTEH (CHCTEMHBIN OIBIT, KOMIIBIOTEPHAst TPAMOTHOCTD, OIBIT
paboTHI ¢ MOOOHBIMHU POrPaMMaMH, MALIMHOIIKCh, TAJIBTOHU3M, TTaMATh, MOTOpUKA PyK). MeToa. XapakTepHUCTHKH,
10 KOTOPBIM CHCTEMa OLICHHWBAET MOJIb30BATEIIsl, UMEIOT pa3HbIC CTEIICHNU HEONPEICICHHOCTH, HEOJHO3HAYHOCTH,
BHYTpPEHHEIl POTHBOPEYMBOCTH. J[aHHBIC XapaKTEPUCTHKU TPYAHO GopMannu3yroTcs u oueHb creunduyHsl. s
BBITIOJTHEHHS! OLICHKH I1e1eCO00Pa3HO NCIIONB30BaHIE HHTEIUICKTYaIbHBIX CHCTEM, 0a3UpyIOMIIXCs Ha HEUSTKOH JIOTHKE
W HEYEeTKNX MHOXKecTBax. Haumbonee nmpuemiieMblii B JaHHOM cilydae — MeToJ MamiaHu, B KOTOPOM HCIONB3YyeTCs
MHHHUMaKCHasi KOMITO3HLIMSI HEUSTKUX MHOXKECTB. [IpeioykeHHbI MeXaHH3M BKJIIOYAeT B ce0sl MOCIIeI0BaTeIbHOCTh
neicTBuii: (a33udukanus, HeYeTKUH BBIBOJ, KOMIIO3UIMs, neda33udukanys. OcHOBHBIE pe3ybTarhl. Pazpadorana
NpOrpaMMHasi HHCTPYMEHTalIbHasi CUCTEMa, KOTOpasi 03BossieT (opMUpOBaTh HHTEP(EHCHYIO YacTh MPOrPaMMHOTO
obecrieueHHs C y4eTOM BO3MOKHOCTEH KOHKPETHOTO moiib3oBaTens. [IpakTuyeckasi 3HaYMMocTh. BHepenue
pa3paboTaHHOW MPOrpaMMHON MHCTPYMEHTAJIBHON CHCTEMBI IO3BOJISICT BBHIOPATh HAOOP 3JICMEHTOB MHIMBUIYAIBHO
UL KKJIOTO MH)KEHEpa-KOHCTPYKTOpa M c(hOPMHUPOBATH aIalITUBHBINA POTOTHIT HHTEpdeiica MPUKIIaIHON IPOrpaMMBl.
B sTOM ciydae mosBIsleTCsSl BO3BMOXKHOCTD YITyUIIUTh B3aUMO/ICHCTBHE YeJloBeKa M KOMIIbIOTepa, cieiaTh ero doiee
KOM(pOPTHBIM, YMECHBILINT BPEMsI Ha MTOMCK HEOOXOAUMBIX (DYHKIIHI M KOJTHYECTBO OIIHOOUYHBII ACHCTBHUIA, MOBBICHUTH
KaueCTBO BBIMOJIHEHHON paboThI.
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MpOrpaMMHasi HHCTPYMEHTaIbHas CUCTEMa

Ccebuika s nutuposanus: Taruposa JI.®., Cy60otun A.B., 3ybxoa T.M. IIporpaMMmHas HHCTpyMeHTaIbHAas
CHCTEMa CO3IaHNUs aJIalITHBHBIX MOJIB30BATENIbCKUX HHTepdeticos / HayqHO-TeXHUYECKNil BECTHUK HHPOPMAMOHHBIX
TEeXHOJOTHM, MeXaHuKHU U onTuku. 2022. T. 22, Ne 4. C. 751-759. doi: 10.17586/2226-1494-2022-22-4-751-759

Software development system for creation adaptive user interfaces
Liliya F. Tagiroval, Andrey V. Subbotin2, Tatyana M. Zubkova3>{

1,23 Orenburg State University, Orenburg, 460000, Russian Federation

1 LG-77@mail.ru, https://orcid.org/0000-0002-3388-9462
2 aws1998@yandex.ru, https://orcid.org/0000-0001-9922-0297
3 bars87@mail.ru™, https://orcid.org/0000-0001-6831-1006

© Taruposa J1.®., Cy66otun A.B., 3yokosa T.M., 2022

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

751



[MporpamMmHas MHCTpyMeHTasIbHas CUCTEMA CO34aHUS afanTMBHbBIX NOJIb30BATENIbCKUX MHTEPdENCOoB

Abstract

To improve the efficiency of the design engineer, the use of design automation systems is required. Currently, computer-
aided design tools are multifunctional and have an expanded user interface. Depending on the scope of the task to be
solved and the level of training, the design engineer does not need all the means of computer-aided design systems.
In this case, an adaptive interface can serve as a means of increasing labor productivity, which can be customized for
a particular user, taking into account his experience and physiological features (system experience, computer literacy,
experience working with such programs, typing, color blindness, memory, hand motility). The characteristics by which a
user system is evaluated have different degrees of uncertainty, ambiguity, and internal inconsistency. These characteristics
are difficult to formalize and they are very specific. To perform the evaluation, it is advisable to use intelligent systems
based on fuzzy logic and fuzzy sets. The most acceptable in this case is the Mamdani method which uses a minimax
composition of fuzzy sets. The proposed mechanism includes a sequence of actions: fuzzification, fuzzy inference,
composition, defazzification. A software development system has been developed that allows you to form an interface
part of the software taking into account the capabilities of a particular user. The implementation of the developed software
system allows you to select a set of elements individually for each design engineer and form an adaptive prototype of
the application program interface. In this case, it becomes possible to improve the interaction between a person and a
computer, make it more comfortable, reduce the time to search for the necessary functions and the number of erroneous

actions, and improve the quality of the work done.
Keywords

adaptive interface, artificial intelligence, expert system, fuzzy logic and fuzzy sets, software development system
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BBenenue

[onmp30Barenbeknii mHTEPdEHc — cpencTBo, obdecre-
YHBAIOIIEE B3aMMOIIOHNMAaHHUE YEJIOBEKA M KOMITBIOTEPA.
IToTomMy OueHb Ba)KHO C/IENaTh TaKyIO CBS3b JPYKECTBEH-
HOH Y UHTYUTHUBHO-TIOHSATHOM.

[IpoGnemam pa3pabOTKH MOJIH30BATEILCKUX HHTEPPETi-
COB ITOCBSAIIEHO 3HAUYUTEIBHOE KOJTNYECTBO OTCUECTBEHHBIX
1 3apyOeXKHBIX HAYUHBIX TPYAOB, KOTOPBIE UCTIONBL3YIOTCS B
Pa3IMYHBIX MPEIMETHBIX obnacTax [1-5]. [Ipu ux mpoek-
THUPOBAHUU COBPEMEHHBIMU aBTOPAMH IpeJyIaratoTcs pas-
JYHbIe Toaxosl. Yacto npu pazpaboTke nHTepdeiicHon
YaCTH MPOTPAMMHOTO 00ECTICUSHHUS IPUMEHSIOTCST METObI
NCKYCCTBEHHOT'O MHTEIIJICKTA: MOCTPOCHUE aJJallTHBHBIX
nHTep(eficoB HA OCHOBE TEHETHYECKUX aITOPUTMOB [6],
9KCTIEPTHBIE CUCTEMBI, TEOPHH HEYETKUX MHOXKECTB [7-9]
u ap. Bmecte ¢ TeM, ¢ 1enpio o6aerdyeHust paboThl TOJb-
30BaTeNsd ¢ IPOTrPaAaMMHBIM CPEICTBOM, 3aJCHCTBOBAHBI
METO/Ibl CUCTEMHOTO aHaJIN3a, CUHTE3a, A0CTparupoBaHus
U MOCTpOeHUs oHTonorudeckor monenu [10]. Yactp yue-
HBIX TIPU PEIICHUN NMPOOJIEMbl HOCTPOCHHS alallTHBHBIX
TI0JIb30BATEIILCKUX MHTEP(EHCOB MpeuIaraloT UCIoiIb30-
BaHME ITPUHIINIA Pa3/IEICHUs ICKIapaTHBHOTO OITUCAHUS
MaTeMaTHYEeCKUX MOJIENEH U X POLeTypHYIO HHTEpIIpe-
tauuto [11]. Apyrumu aBropaMu NPpUMEHSIOTCS. U3BECTHBIE
MOIEJIN Ka4ecTBa MporpaMMHOro odecrnieuenns [12], taxoke
UCIOIB3YIOTCS MeTadOPUIECKUE MM UANOMATHICCKUE
TIO/IXOABI TIPH CO3/IaHNH WITH YCOBEPILICHCTBOBAHUN NHTEP-
(eiicHOi yacTu mporpaMmmHOro cpeactaa [13].

Taxoke oCyIIeCTBISETCS MPOCKTUPOBAHNE TPOTOTUIIOB
uHTepdeiica ¢ HeAeTEPMUHUPOBAHHBIM KOHEYHBIM aBTO-
MaTtoM [14], u pa3padarhIBarOTCs CIICHUATU3UPOBAHHBIC
cuctemsl [15, 16]. ImeeTcst onbIT HEMOCPECTBEHHOTO
MIPUBJIEUEHNS TOTEHIUAIBHBIX TOJIb30BaTENIe! K CO3JAHUI0
nHTepdelicHol yacTu nporpaMmHoro cpencrtsa [17].

B cucremax aBromarnzanmu mpoekruposanus (CAIIP)
TIOJTb30BATENBCKIH HHTEp(deiic — BaXkHAS YaCTh CHCTEMBI.
Wntepdeiic BXoIUT B COCTaB JIMHIBUCTHUYECKOTO obecrie-
YEHHS U MPEICTABIICH TUAIOTOBBIMHU A3bIKaMu. OIHAKO

(DYHKIIMOHAIBHOCTh CUCTEM HE CTOUT HAa MECTE M IOCTO-
SIHHO paclIupsieT CBOM BO3MOXHOCTH, 3TO B CBOIO OUepe/lb
oTpakaercs Ha uHTepderice noipzoparesns. OH CTAHOBHUTCS
Ooiee CJIO)KHBIM, HCIOHATHBIM JIs1 HOBUYKOB U HC 3p-
TOHOMHYHBIM, @ 9TO CKa3bIBaeTCs HA MPOMU3BOIUTEIBHO-
CTH TpyZa MHXeHepa-KoHcTpyKTopa. [Ipobnema cozpanus
aJIalTUBHBIX UHTEP(PEHCOB Ul NPUKIIAJHBIX TPOTPAMM B
CAIIP Takxe aktyanbHa [2, 18].

B ommume oT cymecTBYIOMNX aHAJIOTOB, Ipeasara-
emast mporpaMMHasi HHcTpyMeHTanbHas cuctema (ITMC)
TI03BOJISIET TIOIOUPATH HE MIA0IOH HEITIKOM, a KayKIbIi KOM-
TIOHEHT IT0JTk30BaTENbCKOTr0 HHTEp(detica (pasmep mpudra,
KHOIIOK, PacCTOSIHUE MEX/ly KHOIKaMH, LIBETOBAs raMMa,
3BYKOBOE COIPOBOX/ICHUE, HAJTMIHE MOACKA30K U KOMaH/I-
HOH cTpoku). Takum oOpasom, madnon nHrepdeiica yHu-
BepCaJieH ISl KaXKJI0r0 M0JIb30BaTells.

ITocTanoBka 3agaun

B nacrostmeii paboTe peaqn30BaHO peleHne mpoOIeMbl
azantanuu MHTepdHericoB K 0COOEHHOCTSIM MOJIb30BaTEIIs
Ha IpUMepe HHKEHEePa-KOHCTPYKTOPa U €0 aBTOMaTH3HPO-
BaHHOTO pabouero Mecta. Pabouee MecTo BKJIFOUaeT B ce0st
MPUKIJIAJAHbIE POTrPAMMBI JUIS TPOEKTUPOBAHHS MAIIUHO-
CTPOMTEINBHBIX M3JCINi. JIJIs peleHuns JaHHOW 3a1auKl BbI-
TIOJTHEHA pa3padoTKa CriennaabHON IPOrPaMMHOI CHCTEMBI
JUISl CO3JJaHusl alalITUBHBIX MIPOTOTHIIOB MHTEP(EHCcCOB Ha
OCHOBE XapaKTEPHUCTHK MOJIb30BATEIS.

Paszpaborannas [1MC nMeeT BO3MOKHOCTh CO3aHUS
poToTHIAa HHTepdeiica, afanTHPOBAaHHOTO IO XapaKTe-
puctuku nonp3oBatens. [IMC peanm3oBana B Tpu JTarma:
OIICHKA XapaKTePUCTHK ITOJIb30BATENs; peaIi3alis moI-
060pa KOMITIOHEHTOB HHTEp(delica; IPUMEHEHUE MOI00paH-
HOTO Habopa KOMIOHEHTOB K MHTep(deiicy MpuKiIaaHOHi
MPOTPaMMBI.

J1J1st HarIsTHOCTH NIpe/ICTaBIICHHs! IBHKEHUS MH(pOpMa-
IIUOHHBIX TOTOKOB TpH mpoektuposanuu IIMC nocrpoena
notokoBast Moziesib Data Flow Diagram (DFD) ¢ momorsio
Case-cpencTBa aBTOMAaTH3UPOBAHHOTO MTPOCKTUPOBAHHS
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baza naHHBIX MPOrpaMMHOM HHCTPYMEHTAIBHOH CHCTEMBI

PamxupoBanHbie Pesynprar [IpaBuina Pesynprar
XapaKTePUCTUKH OLICHKH U HEYETKHUE nozgbopa
1 UX KOMITIOHEHTHI XapaKTepPUCTUK BBICKa3bIBAaHHS KOMITOHEHTOB
I i vl oy l !
ba3za npasun ( )
CTpyKTypa 5KCIIEPTHOM CHCTEMBI [Iporpammnas Ia6aoH
MHCTPYMEHTAJIbHAs unTepbeiica
Skenept KommioHeHTHI nHTEpdetica cHcTeMa CO3IaHUs PaspaGorunk
1 aJlanTHBHBIX
HeueTxue npasuiaa OuenoyHble
- MOJTF30BATENILCKAX
- o MaTepHabl
uHTepdencon
OneHnBaeMbIe
XapaKTePUCTUKI \_ J
MOJIB30BATEIS )
IIpororun XapakTepucTHKu
uHTepdelica TOJIb30BaTEs
y
Ilons3oBarens

Puc. 1. JIpmxenne HHPOPMALIOHHBIX IIOTOKOB ITPU paboTe IMPOrpaMMHOI HHCTPYMEHTAIBHON CHCTEMBI

Fig. 1. The movement of information flows during the operation of the software development system

BP-win. Ha puc. 1 npencrasnena cxema DFD ¢ Toukn
3pEHNUS IPOTPAMMHOM CHCTEMBI.

WuTtepdeiicHas gacTs mporpaMMHOTO o0ecTIeueHHs
c(hopMUpOBaHa HA OCHOBE OLIEHKU XapaKTEPUCTUK I10JIb-
3o0Batend. [ Kak0oro mojap30BaTelsl MOA00paHbl KOM-
NOHEeHTH! nHTepdeiica: pazmep mpudra, pazmep KHOIIOK,
paccTosiHie MEX/y KHOIIKaMH, [IBETOBAsi rTaMMa, HaJIu4IHe
KOMaHJHOM CTPOKH, HaJIU4HUE 3ByKOBOTO CONPOBOK/IE-
HUSI M HAJTMYHME To/icKa3oK. [Tocie orieHkn XxapakTeprucTHK
TI0JIb30BATEIISl PE3YNBTAThl COXPAHAIOTCS B 0a3e JaHHBIX
MIPOTPAMMHON CHCTEMBI.

s npoBenieHust TeCTUpoBaHus nosb3oareneil B [IMC
pa3paboTUYNKOM BHOCATCS KOHTPOJIBHO-H3MEPHUTEIbHBIC
Marepuabl, HalpaBJIeHHbIC HAa TUarHOCTHKY c(hOpMHPO-
BAaHHOCTHU KaXJIOH €T0 XapaKTePUCTUKH.

IIpu nmoxdope KOMIOHEHTOB MHTEpdetica o onpee-
JICHHOTO TMOJ30BAaTeNs UCMOIB30BAH METOM AKCIIEPTHOTO
olileHMBaHus1. J1J1st TOro Ha HAYaJIbHOM 3Tare paboThl IKC-
nept Gpopmupyer 6asy MmpaBuil Ha OCHOBE IIPOTYKIIMOHHOM
MOJIeJIN 3HAHUH.

B xone pa6ots! [TMC BeInogHEeHO CpaBHEHHE PE3yIlb-
TaTOB OLIEHKH XapaKTEPUCTHK ITOJI30BATEIIS C TIPaBHIAMHU
HEUYETKON SKCIIEPTHOM CHCTEMBI, KOTOPast SABJISETCS SIAPOM
MIPOrpaMMHOTO cpeacTBa. B nrore ¢opmupyercs Habop
KOMITIOHEHTOB HHTep(eiica 1 TeHepupyeTcs NPOTOTHIT HH-
Tepdeiica, KOTOPHIIf COOTBETCTBYET JaHHOMY IOJIB30Ba-
TEIIO.

JlexoMmo3uIuss KOHTEKCTHOW JUarpaMMmbl MpeacTaB-
JIeHa Ha puc. 2.

IIporecc pa3paboTku MPOrpaMMHOIO CpeiCTBa BKITIO-
yaeT B ce0st BoceMb dTarnoB (puc. 2). Ha HauansHOM dTane
(dopmupyeTcst 1 coXpaHsieTcsl TUIToBast HHpopMarysi. 3aTeM
(dopmupyeTcs 6a3a OlIEHOUHBIX MaTepHajIoB, 10 KOTOPBIM

OyzeT MpOM3BOIUTHCS OLICHKA XapaKTEPUCTHK MOJIb30Ba-
TEIIsL.

OxcnepT GOpMUPYET CTPYKTYPY IKCIEPTHON CHCTe-
MBI, CO371aBasi JTMHIBUCTHYECKHE NIEPEMEHHBIC U TEPMBI.
BXO}IHBIC TNEPEMEHHBIC — OLCHUBACMbBIC XapaKTCPUCTUKH
MOJIb30BAaTEJIs, 8 BHIXOIHBIC — KOMITOHEHTHI HHTEpdeiica,
Ha OCHOBE KOTOPBIX OyJeT (popMHUPOBATHCS TPOTOTHII ITPHU-
KJIaTHOM MPOrpamMMBl.

Crenyromuii 3Tamn — OIleHKa XapaKTEePUCTHK I0JIb30-
BaTeJIsl, IPH KOTOPOM TPeOyeTCs BBIOPATh XapaKTEPUCTHKY
1 OLICHHTb €€ C OMOLIBIO Pa3paOOTaHHBIX OLCHOYHBIX Ma-
TepuanoB. OCHOBHOM 3Tal — 110A00P KOMIIOHEHTOB HHTEP-
(etica, ryie 3arpyKaroTcs pe3yJIbTaThl OLICHKH [10JIb30BATEIIS
1 0a3a mpaBmII HEYETKOM IKCIIEPTHOI crcTeMBI. B xoze pabo-
TBI 9KCIIEPTHOW CHCTEMBI BBIYUCIIACTCS TTOAXOASAIIII HabOp
KOMIIOHEHTOB HHTepdeiica U1 KOHKPETHOTO TT0Ib30BATES.

Ha 3akitounTenbHOM dTare MPOUCXOJUT HEMoCpe/-
CTBEHHOE CO3/IaHNe ITPOTOTHIIA aJAlITHBHOTO HHTEpderica
MPUKIIaAHOW POrPaMMBI, KOTOPBIH MPE0CTaBISETCS IS
pa6otel B cucreme CAIIP.

MaremaTnueckasi MoJeJib IKCIIEPTHOI CUCTeMbI

HHcTpyMeHTOM 7151 OTIpeieieHUs] KOMITOHEHTOB MHTEP-
(etica B [TUC ciayxur Heyetkas DC. OCHOBHBIC BXOTHbBIC
JlaHHbIE — CBEJICHUS O MoJib3oBarene. /[aHHble xapak-
TEpU3YIOTCS PA3JIMYHON CTETEHBIO HEONPEIEeIEHHOCTH,
HEOJIHO3HAYHOCTH, BHYTPEHHEH MPOTHUBOPEUYNBOCTHIO,
HEMOJIHOTOM, a TaKXe MPeICTaBISAI0T KOJTMUECTBEHHbIE U
KaueCTBEHHbIE OLIEHKH MapameTpos [19].

Tak Kak TaHHBIC SBISAIOTCS TPYAHO (POPMaTH30BAHHEI-
MU H CHEIUPUICCKAMHU, TO TIPH BBIOOPE METOJa UCKYC-
CTBEHHOTO MHTEIIIEKTA HCIOJIh30BaHA MHTEIUICKTYaIbHAS
cucreMa, 6a3upyromiasics Ha HEYSTKOH JTOTUKE M HEUSTKUX
MHOKECTBaX.
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Puc. 2. JlekoMno3uiiys KOHTEKCTHOHN TMarpamMmal.

B/l — 6a3a ganubix; DBM — snekTpoHHO-BhIYHCINTEIbHAS MalnHa; DC — 3KCIepTHast CHCTeMa

Fig. 2. Context diagram decomposition

BJ1 — database; DBM — electronic computer; 9C — expert system

W3 ananmza HeueTKoro nmoHATHsI «CHCTEMHBIN OIIBIT
O0pLT0 chopMUpoBaHO 0a30BOE TEPM-MHOKECTBO, CO-
CTOAIIEE M3 TPEX HEUETKUX NMEepeMeHHBbIX: «Hu3kuii»,
«Cpenuanii» n «Bpicoknii», 1 ycTaHOBIIEHA 0071acTh pac-
cyxnennii B Buae X = [0; 100] (6amnoB). [Janee Oputa mo-
cTpoeHa (PyHKIHS MPUHAIUISKHOCTH IS KaXKJOTO JIMHIBU-
CTUYECKOro TepMa 13 6a30BOro TepM-MHOKecTBa 7.

CymiecTByeT OOJbIIIOE KOJINYECTBO CTaHIapTHBIX (hopM
KPHBBIX JUISl 33/1aHUsT (PyHKIMH TpHHAUISKHOCTH. CaMbIMU
pacnpoCTpaHEeHHBIMH CUUTAIOTCS: TPEYTOJIbHASL, TPAIleLIeH-
JlalibHasi ¥ TayccoBa (DYHKIMH MTPUHAIC)KHOCTH.

CoBokymHOCTh (DYHKIUI MPUHAIUICKHOCTH JUIS KaXK-
JI0ro TepMa U3 6a30BOro TepM-MHOXecTBa 7' 00BIYHO H30-
OpaxxaeTcs Ha oqHOM rpaduke. [IpuMep JTMHTBUCTHYECKOH
niepeMeHHO «CHCTEeMHBIH OIBIT)» MPEACTABIEH Ha PHC. 3 B
BUJIE TPANeUeBUIHON (PyHKIUHN MPUHAICKHOCTH.

HaunbGonee pacmpocTpaHeHHBIH CIOCOO JTIOTHYECKOTO
BBIBOZIa B HEUETKUX CHCTEMax — MEXaHM3M MamaHu.
MexaHuszm HCIIOJBb3YyECT MUHUMAKCHYIO KOMIIO3UIIUIO HE-
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Puc. 3. I'paduku GyHKUNH TPUHAIISKHOCTH 3HAYCHUIH
JIUHTBUCTUYECKOH NepeMeHHON « CHCTEMHBIH OTBIT»

Fig. 3. Graphs of the values belonging functions
of the linguistic variable “System experience”

YETKAX MHOKECTB U BKITFOYACT B ce0s1 ITOCIICIOBATEIIHHOCTh
nericTuit [19].

Dasz3ugukayus WIN TPUBEIEHNE K HEUYESTKOCTH.
OrmnpenenstoTcss CTENeHN UCTHHHOCTH, T. €. 3HAYCHUS
(hYHKIIIH TPUHAICKHOCTH IS JICBBIX YacTeH KaXJI0ro
npaBmia (MIPEANOCHUIOK UK aHTeleneHToB). Jyist 6a3sl
MPaBUJI C 71 TIPaBUJIAMH 0003HAYUM CTENIEHH UCTHHHOCTH
Kak A (xp), i=1.m, k=1.n.

Heuemxuii 6b1600. OTIpeniessiioTcsl ypPOBHU «OTCEUSHUSD»
JULSL JIEBOM 4acTU KaXKAOro U3 mpaBuil: o; = min,(A4;(x;)),
M HaXOJSTCS «yCeUeHHbIe» (PyHKIIMU NMPUHAICKHOCTH:
B*(y) = minj(a;, B,(y)).

Komnosuyus wim oObeqUHCHUE MOTYyYCHHBIX yCe-
4eHHBIX (QyHKIUH. Mcnonb3yeTcs MakcCHUMalbHas KOM-
MO3UIMS HEUETKUX MHOXECTB: W(y) = max,(B;*(y)), rae
W(y) — QyHKIHSA TPUHAUICKHOCTH HTOTOBOTO HEYETKOTO
MHOKECTBA.

Jepazsupurayus wnu npusenenne Kk yerkoctu. Cyie-
CTBYET HECKOJIbKO METO/I0B aeda3z3udukanuu. Hampumep,
HEHTPOUIHBIA METOM UM METOJ] cpeaHero neHtpa [19].

C y4eroM BBEJCHHBIX MMOHATUI MOCTPOEHA HEYeTKas
MO/IeJIb, OCHOBAaHHAsl HA OMHAPHOM HEYETKOM OTHOIIEe-
HUH S, KOTOpasi CTPOUTCS Ha JByX OA3MCHBIX MHOXKECTBAX
XunY.

X = {x1{z1}, xo{z5}, x3{z3}, ..., x7{z7} } onuceiBaeT
MHO)KECTBO KOMITOHEHT HHTepeiica, TAe z — MHOXKECTBO,
XapaKkTepu3yromiee KaxIoe X.

Y= {yi{ki}, »2tka}, y3iks}, ..., y7iks} ) — mHOKecTBO
XapaKTEPUCTHK TTOJIH30BATENs, T7Ie K — MHOXKECTBO, XapaK-
TepU3yIoIee KaKI0e ).

DneMeHThl YHUBEPCYMOB UMEIOT CJICIYIONINHI conep-
JKaTebHBIN CMBICI:
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1) x; — uBeroBas ramMma (z; — 4epHo-0enbli, z, — He-
CKOJIBKO LIBETOB, z3 — JII00OBIC L[BETA), X, — pa3Mep
mpudra (z; — KpynHblil, z, — CpenHuid, z3 — Mell-
Kuif), x3 — pa3Mep KHOIOK (z; — KPYyIHbIE, Z, — CPel-
HUE, Z3 — MEJKHE), X, — PaCCTOSHHE MEXIY KHOII-
KaMmHy (z; — Oounblioe, z, — cpelHee, z3 — Malloe),
X5 — 3BYKOBOE COIIPOBOXJIEHHE (2| — HAJIMYUE, Z) —
OTCYTCTBUE), X5 — HAINYHUE MOACKA30K (z; — HaJIWIHE,
Zy — OTCYTCTBHE), X7 — HaJU4IMe KOMAHAHON CTPOKU
(z; — Hanuuue, z, — OTCYTCTBHUE).

2) y; — CHUCTeMHbIH ombIT (k; — BBICOKUH, k, — cpexn-
HUH, k3 — HU3KHI), ) — KOMIIBIOTEPHAs TPAMOTHOCTD
(ky — BBICOKA, ky — cpeaHss, k3 — HU3KadA), y3 —
OIBIT PabOTHI ¢ TOTOOHBIMU IIporpaMMami (k; — BBICO-
Kuil, k, — cpennuit, k3 — HU3KUiL), 4, — MAIIUHOIKICH
(ky — BbIcoKas, ky, — cpennss, ky — HU3Kas), y5s —
JansTonusM (k; — ecTb, ky — HET), Y4 — MOTOpHKA
PYyK (k] — BbICOKas, ky — cpenHss, k3 — HU3Kas), Yy —
namaTh (k; — BBICOKas, ky — cpennss, ky — HHU3Kas).
BXOIHBIMH ZaHHBIMHU SIBIAIOTCS XapaKTEPHUCTUKHU

MI0JIb30BATENIEH, KOTOPBIE 3a/1al0TCsI TMHTBUCTHUECKUMHU

nepeMeHHbIMH. B Tabn. 1 mpeacTaBieHbl BCe BXOTHBIE

JINHTBUCTUUYECKUE NepeMeHHble. IS KaXKJ0l XapakTe-

PHUCTHKH ONPEJEICHO MHOXKECTBO, KOTOPOE M3MEepSeTcs

B Oaytax. [[ns oOpa3oBaHUs HOBBIX TEPMOB HCIIOJIb30-

BaHBI MPOIEYpPbl: CHHTAKTUYECKasl, IIPEICTABIAIONIas

coboii torndeckyto cesazky AND (M), n cemanTnyeckas —

min(pA(x). pB(x)).
Ha npumepe NUHIrBUCTUYECKOH MEepeMEHHOU

«CHCTEMHBIH OITBIT» OMHMCAHO MPUCBOCHNE 3HAYCHUH Tep-

MOB U NoCTpoeHHe TpaduKoB GyHKIUH MPUHAICKHOCTH
HEeYeTKOro MHO)kecTBa (puc. 3). J{mst ocTanbHBIX BXOIHBIX
JIMHTBUCTUYECKUX NIEPEMEHHBIX TPOU3BEACHA aHAIOTHYHAS
npouesypa.

Jamee no0aBIeHBI THHTBUCTHYCSCKUE TIEPEMCHHBIC BBI-
XOIHBIX MaHHBIX. OHU TpencTaBieHk B Ta0m. 2. Jlns ka-
JKIOM XapaKTEPUCTUKH ONPEAEICHO MHOKECTBO U3 Pa3HbIX
€AVHULL U3MEPEHUSL.

Jlyist paboThl MEXaHU3Ma HEYETKOro BbIBOJA CHOPMHU-
POBaHBI MPOAYKIMOHHBIE paBuia. @parment 6a3bl mpa-
BWJI TIpescTaBieH B Tabn. 3. [IpuBeneno popmupoBaHus
MpaBuJl JJ1s1 TUHIBUCTUYECKON nepeMeHHo# «llBeToBas
ramMMay, AJIsl OCTaJIbHBIX EpPEeMEHHBIX: «PazMep KHOMOKY,
«Paccrostnue mMexny KHonkammu», «Pasmep mpudray,
«3ByKoBO€ conpoBoxaeHuey, «Ilogckaskuy, «Komannnas
CTPOKa» TePM-MHOXeCTBa C(HOPMUPOBAHBI AHAIIOTHYHO.

DKcHepTHas cucTeMa MO3BOJIMIA MONIYYUTh pEelIeHHe
Ha OCHOBE OITMCAHHBIX TPaBWII 0a3bl 3HAHUT.

IIpoekTHpoOBaHMe IPOrPaMMHOI
HHCTPYMEHTAJIbHOM CHCTeMBbI

Jis Busyanmsamnuu padotsl [IMC ucrnons3oBana aua-
rpaMMma BapHaHTOB MCIOJIb30BAHMS — BU3yallbHast MOJIEIb,
OTpaXKaromiasi CuenU(HUKAIIIO TIPOrPAMMHOTO CPEACTBA C
TOYKH 3pEHUS e¢ PYHKIIMOHAIBHOCTH (puC. 4).

PaboTars ¢ mporpaMMHOM CHCTEMOM MOTYT 3KCIIEpPT
U TI0JIb30BAaTENb, KOTOPBIE BXOIAT B CHCTEMY C Pa3HBIMU
mpaBamu foctyna. [lis mosnb3oBarens HogOupaeTcs: nH-
tepdetic.

Tabnuya 1. BXOnHbIC TUHIBUCTHYECKHUE TICPEMEHHbBIS

Table 1. Input linguistic variables

HasBanue Tepm-muoxecTBO (7) MHuoxecTB0-001acTh (X), 6aruibl

CHCTEMHBIH OTBIT Bricokuit 65-100
Cpennuit 35-70

Huskuit 045
KomriblorepHast rpaMOTHOCTD Bricoxuit 70-100
Cpennuit 35-75

Husknit 0-40
OmnsbIT paboTHI ¢ MOZOOHBIMH IIPOrpaMMaMi Ectp 50-100
Yactuuno 25-60

Her 0-30
MammHonuch Beictpo 75-150
Hopwmansrao 30-80

MeieHHo 0-40

JlansToHN3M Ectb 0-1

Her 0,9-2
Mortopuka pyk Bricokas 65-100
Cpennss 30-70

Huskas 0-35
[NamsTe OTnmyHast 75-100
YMmepenHnas 40-80

IInoxas 045
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Ta@zuua 2. BI)IXOZ[HLIG JIMHI'BUCTHYCCKHUE IIEPEMEHHBIC

Table 2. Output linguistic variables

Ha3Banue, eauHuna u3MepeHus Tepm-muoxectBo (7) MHosxecTBo-001acTh (X)
Pasmep mpudra, nukcen Kpynusrii 14-18
Cpennuit 11-15
Menxkuii 8-12
Pasmep xHOTIOK, KO3 dUIIIEHT Kpymabrit 2-4
Cpennuit 1,5-2,5
Menkuit 0-2
PaccrostHue MeXIy KHOITKaMH, KO3 hHIHEeHT Bonboe 2-4
Cpennee 1,5-2,5
Marnoe 0-2
L{BeroBas ramma, K03(hGHULHEHT YepHo-Oenblit 0-1,5
Hecxkombko 11BeTOB 1,4-2,5
JIroObIe 11BETA 2,44
3ByKOBOE COMPOBOXKICHHE, KOI(DDUIIHEHT Hanuune 0,85-2
OrcyTrcTBUE 0-0,9
Hanunuue noackasok, Kodphuunent Hannune 0,852
OtcyTcTBHE 0-0,9
Hanune koMaHaHOHM CTPOKH, KOd()UIUESHT Hannune 0,852
OTtcyTcTBHE 0-0,9
Tabnuya 3. HeyeTkne MpoTyKIIMOHHBIE TIPaBHIIa
Table 3. Fuzzy production rules
BXozHast IMHIBUCTHYECKAs [IEPEMEHHAs
Ecmu VYenosue TO Tepm-MHOXECTBO
IIBeToBas ramma
Eciu J =Ectp TO YepHo-6ebrii
Ecnu JI=Her U CO = Huzkuit TO JIroObie 1iBeTa
Ecian J=Her U CO = CpenHnuit TO Heckonpko 1IBETOB
Ecmu J1 = Her U CO = Bricokwuii TO Heckomnbko 11BeTOB

[Mpumeuanne: /I — nansroHn3M; CO — CHCTEMHBIH ONBIT

DKCTepT 3aHUMAETCsl HACTPOUKOHN SKCIIEPTHOM CHCTe-
MbI. B HacTpoiiky BXoasT: (hOpMUpPOBAHUE CTPYKTYPbI; AJIsI
Ka)KJJOM BXOJTHOI IepeMEeHHOH 1o100p OIIEHOYHOTI0 MaTe-
puaa; co3aanue 0a3bl PaBHJI U TECTUPOBAHUE CO3/IaHHON
9KCIIEPTHOM CUCTEMBI C BO3MOXKHOCTBIO TTOJIpOoOHOIT Tpac-
CHPOBKH PacueToB.

[Tonb3oBaTens mociie aBTOPU3ALUU MOXKET OLEHUTD
CBOM XapaKTEPUCTHUKH € TOMOIIIBIO OLIEHOYHOT'O MaTepHana,
Ha3HAYEHHOTO 3KCTIEPTOM, U MIPUCTYIUTH K ()OPMHUPOBAHHUIO
JIUYHOTO aIalTUBHOTO HHTEp(delica MpUKITaIHON Iporpam-
MBI, KOTOPBIH mipenocTaBmsercs st padbotsr B CATIP.

B npoexrHoit yactu [TMC MOXHO BBIIEIUTH TPH dTaIla.
Ha nepBoM — pou3BOIHUTCS OLIEHKA XapaKTEPUCTHUK MOJIb-
3oBarenst. Ha BTopoM — He3aBHCHMO OT BBIOOpa YCIOBHUS
(hopMHpOBaHHS TIPOTOTHIIA (CO3aTh HOBBIN UM 3aMEHUTH
CTapblil MPOTOTHII), IPOUCXOJUT MOAOOP KOMIOHCHTOB
nHTepdeiica. Ha TperbeM — Ha 0CHOBE CHOPMHUPOBAHHOTO
Habopa KOMIIOHEHTOB CO3/1a€TCsl IPOTOTHII aJIalITUBHOTO
nHTepdelica npuKIagHoil nporpaMmbl. Kakapli U3 3THX

9TAIoB HETIOCPEACTBEHHO B3aNMOJICHCTBYET ¢ 0a30ii JaH-
HBIX IIPOIPaMMHOM CUCTEMBI.

IIpakTHyeckas peaju3zauusi NporpaMMHOi
HHCTPYMEHTAJbHOH CHCTEMBI

Ilepen Tem xak moap30BaTeNb OyIeT ToIOupaTh KOMIIO-
HEHTBI HHTepdelica, SKCIEPT CO3/1aeT CTPYKTYPY SKCIIEpPT-
HOW cucTeMsl (puc. 5). BeiOpaB myHKT MEHIO «DKCIIEPT»,
3a/1al0TCSl TMHIBUCTUYECKHE IEpeMEHHbIE U TepMblI [20].

Jlanee sKcriepT MOXKET MPHUCTYIHUTH K (YOPMHUPOBAHUIO
6a3sbl ipaBu (puc. 6).

[Tocne popmupoBaHus CTPYKTYphI U cO3/1aHuUsT Oa3bl
MPaBWJI IPOBOJIUTCSI TECTUPOBAHUE YKCIIEPTHOM CHCTEMBI
(puc. 7). Oxcneprt, BbIOpaB myHKT MeHI0 «[logbop kommo-
HEHTOBY», MO)KET YCTAaHOBUTH BXO/IHBIC 3HaYeHMs. HaxaB Ha
kHOTIKY «Paccunrarsy, [IMC BeiBeneT pe3ynsrar mondopa
KOMITOHEHTOB MHTep(elica B KaueCTBEHHBIX U KOJINYe-
CTBEHHBIX 3HaueHMsX. [logpoOHbBIE pacdeTsl, BBITIOIHSE-
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Coznanue \ / DopmHpoBaHnE

6a3bl TIpaBHIT CTPYKTYpbI
9KCIIEPTHOH CHCTEMBI OKCIIEPTHOM CHCTEMBI

Q Oxcnepr O

TectupoBanue Pa6ora

9KCIIEPTHOH C OIICHOYHBIMH
CUCTEMBI i MaTrepuaiIaMu

ABTopuzanus Bxon
paB JOCTyma B CHCTEMY

SO

Ouenka WNuunumnposanue npoiecca
XapaKTEePUCTHK moadopa KOMIIOHEHTOB
nHTepdeiica

HOJIB30BaTeJIB

Puc. 4. lnarpamma BapuaHTOB UCIIOIb30BAHUS

Fig. 4. Diagram of use cases

MBI€ IKCIIEPTHOM CUCTEMOM, MOXKHO IPOCMOTPETh, HaXKaB
Ha COOTBETCTBYIOIIYIO KHOIKY U COXPaHHUThH B (haili (1o
JKCITAHHIO).

ITpu Bxone B [TMC monw3oBarento TpebyeTcs ole-
HUTh CBOU XapaKTEPHCTUKU C IMOMOIIBIO Pa3IUUYHBIX
BHJIOB AMAarHOCTUKH. Hampumep, 1 OLEHKH KadecTBa
«KomrbroTepHas rpaMOTHOCTBY MONB30BATENIO MPEIara-
€TCsl IPOUTH TECTUPOBAHUE.

ITocie OLIEHKM XapaKTEPUCTHK ITOJIb30BATENb MOKET
nepeiiTu Kk nmogbopy KOMIIOHEHTOB UHTepdelica u co3Ja-
HUIO aJJallTUPOBAHHOTO MPOTOTHUIIA, BBIOPAB IyHKT MEHIO
«ITonbop xommoHeHToB uHTEepdeiicay. s atoro Tpe-
Oyercst BEIOpaTh peXXUM CO3/1aHHs TIPOTOTHIIA U YBHUJIETh
CO3/IaHHBIN aJanTHPOBAHHBII NPOTOTHN MHTEpdelica pu-
KJITHOW TIporpaMMeI (puc. 8).

B npuBenenoM npumepe (M0JIb30BaTEh HEOBITHBIN)
MOTy4€eH NPOTOTHIL, KOTOPBII COCTOUT U3 CAEAYIOIIUX KOM-
MIOHEHTOB: pa3Mep IpUQTa — CPEIHUIA; pasMep KHOIIOK —
CpEHNI; PACCTOSHUE MEXAY KHONKAMH — OOJbIIOE;
LBETOBAsl FaMMa — HECKOJIBKO L[BETOB; HAJTMYHUE IOACKA-
30K — €CTb; HAJIMYHE 3BYKOBOI'O COIPOBOKICHUS — ECTb,
HaIU4Yue KOMaHAHOM CTpoku — HeT. IIpoBenenHoe 103a-
OMIINTH TECTUPOBAHUE MOATBEPIMIO aJallTHPOBAHHOCTH
nHTEepEiiCHOI YacT NMPOrpaMMHOrO 00ecredyeHus JUIst
OIpeJIeIEHHON ayIuTOPUHU TONb30BaTeNeH.

& Crpyxiypa 3C

[06aBuUTb NepeMeHHyto V3MeHUTb NepeMeHHyto

BxoAHble IMHrBUCTHYECKMNE NepeMeHHble (XapaKTepucTUKM Nnosib3oBaTens)

HasBanue Kp. HazBaHue MuH. 3HaueHune Makc. =* HasgaHue Kp. HasBaHue ®DyHKuus npuHap)
!, CUCTEMHBIN OMbIT co 0.0 1100.0 1 Bbicokuit B TpaneuuvesnaHas:65
2 KoMrbloTepHasi rpaMOTHOCTb Kr 0.0 100.0 2 Cpearuit  C TpaneuvieBuaHas:35
3/0nbIT paboTbl ¢ NoAo6HbIMKM NporpaMmamu OPMM 0.0 100.0 3| Huskwit H TpaneuvieBuaHas:0 1
‘}I MalumHonuch Mmn 0.0 : 150.0 _>Jj ! o

YaanuTb nepemMeHHyio

BbixonHble NMHrBUCTMYECKMe NepeMeHHble (KoMnoHeHTbl HTepdeiica)

= o X

Tepmbl (Pa3HOBUAHOCTM XapaKTEPUCTMKM)

[o6aBuTb TepM| V3MeHUTb TEpM  YAanuTb TepM

TepMbi (Pa3HOBMAHOCTH KOMMOHEHTA)

6‘35vxosoe COMpDOBOXAEHWE 3C 0.0 | 2.0

[lo6aBuTb nepemMeHHyto | V3MEHUTb NepeMeHHyo

Hassanue Kp. H MuH. 3 Makec. 3
3|PaccrosiHue Mexay KHorkamm PMK 0.0 4.0
4/LiBeToBas raMma ur 0.0 4.0
5 KomaHaHas cTpoka KC 0.0 2.0

YAanuTb nepeMeHHyto

e Hassanue Kp. HasBaHue
1 Hanmue JOA
J 2 OtcyTcTeue HET

DYHKUMS NMPUHAANEXE
TpeyronbHasn:0.85 1 2
TpeyronbHas:0 0.1 0.9

f‘ | — 2l
[o6aBuTb TepM | U3MeHUTb TepM | YaanuTtb TepM

Puc. 5. CTpykTypa 3KCIEpTHON CHCTEMbI

Fig. 5. Structure of the expert system

] basa npaswn 3C

basa npasun

Ecnn Ycnosune T0 3akiloueHne
Pl ecowm | CO=BuKr=H | 710 PK=C
5; ecnm CO=Cu Kr=C T0  PK=C
6 ecm CO=H n Kr=B T0 PK=C
7 ecm CO=B un Kr=B T0  PK=M
BxofiHble NepeMeHHble
CucTeMHbIi onbiT(CO) Bbicokwii(B)

KomnbtoTepHas rpamoTHocTb(KI) Huskas(H)

OnbIT paboTbl ¢ Nogo6HEIMU nporpammamMu(OPIM) -
MatumnHonueb (M) -

MamsaTb(M) -

eacn namnal MY =

[Jlo6aeuTb npasuno M3mMeHnUTb npaBuio

- o X

=l

1

>

BbixoAHble NepeMeHHble

~ Pasmep wpudra(PLL) - ~
% Pa3mep kHomok(PK)  Cpeanuid(C) ~
> PaccrosiHue Mexay kHonkamu(PMK) - 7
> LigeToBas ramma(Lll) - >
~ KomangHas ctpoka(KC) - =

e 3BykoBoe conpoBoxaeHue(3C) - M <

Ypanutb npasuno OuncTUTL

Puc. 6. baza npaBuI1 3KCIEPTHOM CHCTEMbI

Fig. 6. The base of the rules of the expert system
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® | MeToa Mamaanu - 1w X
Xapak'repuc‘rmm nosnb3oBarens
CHUCTEMHbII OMbIT 40.65
KoMmnbloTepHas rpaMOTHOCTb 60.45
OnbIT paboTbl ¢ NoAo6HbIMKU NporpaMmamu 20.3

MalumHonucs 34.0
MamaTb 29.14
[anbToHW3M 1.0
MoTopuka pyk 7.0

TeHepauvs AaHHbIX
| Paccuvtats |

K, s

Tbl UHTEPP
Pasmep wpudTa: Cpeanuii (14.02)
Pa3mep kHomok: CpeaHuii (2.34)
PaccTosiHie Mexay kHonkamu: bonbiuoe (3.0)
LiBeToBas ramma: Heckonbko LgeToB (2.58)
KomaHnaHas ctpoka: Otcytcreue (0.84)
3ByKoBOe conpoBoxaeHue: Hannuue (1.43)
Moackasku: Hanuuve (1.43)

MoapobHblit oTHeT

Puc. 7. TectupoBaHue 3KCIEPTHON CHCTEMBbI

Fig. 7. Expert system testing

OO0cy:xaeHne pe3yJibTaToB

Pa3zpaborana [IMC, koTopasi yuuThIBaeT XapakTe-
PUCTHKH M BO3MOXHOCTH MoJb30Batens. Jis mogbopa
KOMITOHEHTOB HHTep(eiica Mo Ompeie]IeHHOTO MOIb30-
BaTeJsl UCIOJIB30BaH METOM AKCIEPTHOTO OILCHUBAHHUSL.
CdopmupoBana 6a3a mpaBuUi HA OCHOBE MPOMYKIIMOHHOM
MOJIeNH 3HaHU. BhIMOMHEHA OllEeHKA PEe3yJIbTaTOB MOJY-
YEHHBIX XapaKTEPUCTHK MOJIb30BATENISI U [IPABUIT SKCIIEPT-
HOU cuctembl. B pesyibrare co3aan HabOp KOMIIOHEHTOB
uHTepdeiica U creHepupoBaH MPOTOTUM uHTepdeiica, KoTo-
PBIii COOTBETCTBYET KOHKPETHOMY MOJIb30BATEIIO.

Tak Kak XapakTepUCTHKH IOJIb30BATEIsl UMEIOT pas-
JIMYHbBIE CTENCHN HEOMPE/ICNIEHHOCTH, HEOHO3HAYHOCTH,
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BHYTPEHHIOIO POTUBOPEUUBOCTD U JP., U SIBIISIFOTCS TPY/I-
HO (hOpMaATM30BAHHBIMH U ClIEIU(DUYECKUMU, TO LieJie-
C000pa3HO UCIIOJIb30BaTh UHTEJUICKTYa bHbIE CUCTEMBI,
0aszupyronecs Ha HEYETKOH JIOTHKE W HEYETKUX MHOXKe-
crBax. HanboJee npremiieMbIM B JaHHOM CITydae SIBIISIETCS
MeTox MamMaaHu.

3akiaouenune

Brenpenue pazpaboTaHHON SKCIIEPTHON CUCTEMBI MO~
3BOJIUT MPOCTO MOI00paTh HAOOP 3JIEMEHTOB UHTEpdeiica
MOJT KajKJ0r0 HHIKEHEPa-KOHCTPYKTOpa U ¢hOPMHUPOBATH
aJanTUBHBIN MPOTOTUI HHTEep(elica MPUKIATHON TPO-
rpammbl. JIaHHBII pe3ynbTaT yIydliuT aBTOMATH3UPO-
BaHHOE pabouee MECTO CIEIUAaIKNCTa, a B3aUMO/ICHCTRIE
YeJIOBeKa M KOMIIBIOTEpa CTaHeT Oosiee KOMPOPTHBIM U
IPrOHOMUYHBIM.
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AHHOTALUA

IIpeamet ucciaegoBanus. B HacTosmee BpeMsi 3HAUYNTEIBHBIH 00beM aTak Ha MH()OPMAaIMOHHBIE CHCTEMBI
COCTaBJISIFOT MHOTOATAITHBIE [IEJIeBbIE aTaKH. 3a4acTylo KIIOYEBBIMH CYyOBEKTaMU aTaKU CTAHOBSITCSI BHYTPEHHHUE
HapyIINTeNIN — HWHcaiaepsl. JlelcTBUS MHCaliiepa OTIINYAoTCsl OT aKTMBHOCTH JISTHTUMHOTO Toyib3oBaresst. Torna
BO3MOXKHO ()OPMHPOBAHUE MOJICIIH MOBEACHUS MOJIB30BATEIIS, OTIMYUS OT KOTOPOIl MOTYT OBITh KIacCH(DUIIPOBAHEI
KaK COOBITHS WM HHIMACHTHI HHYOPMALOHHON Oe3onacHocTH. CyIIecTBYIONIHE TTIOAXO0/IbI K 0OHAPYKEHHIO aHOMAITHI
B aKTUBHOCTH MOJIL30BATEIsI MPE/IIOIaraloT UCIIONb30BaHNE OTACNIBHBIX XapaKTePUCTHK €ro TMOBeAeH s, 6e3 ydaeTa ux
B3aMMO3aBHCUMOCTEH U 3aBHCUMOCTEH OT Pa3IMYHBEIX (haKTOPOB. 3amada MCCIEAO0BAHHUS COCTOUT B (HOPMUPOBAHUN
KOMIDIEKCHOH XapaKTEePUCTHKH ITOBEICHNUS MOJIB30BATENS IIPH MCIIOJIb30BAHIN KOMITBIOTEpa — «IIH(YPOBOH METPHKI,
JUIsL OOHApyKEeHHs COOBITHIT ¥ HHIIMACHTOB NH(pOpMaImoHHOH OezonacHoctH. MeTon. [Ipenioxken Meton 0OHapyKeHHs
HHIUJICHTOB HH(OPMAMOHHOH 0€30I1aCHOCTH MOCPEICTBOM (hOPMHUPOBAHUS LIM(PPOBOIT METPHKH MOJIH30BATEIS 32 CUET
QHAJTH3a ero MOBEICHYSCKNX XapaKTePUCTHK U NX 3aBUCUMOCTEH, BRIOPAHHBIX B KaUeCTBE MPEAUKTOPOB. Pa3paboTaHHbIit
METo[ IpeAanoaraeT GopMHpPOBaHHE MOJEIHN MOCPEICTBOM MAIIMHHOTO 00y4yeHus Oe3 yuurens. PaccMoTpeHbl
AJITOPUTMBI: OTIOPHBIX BEKTOPOB JUISl OHOTO KJIacca, M30IUPYIOLIET0 J1eca U AUTMICOUIaTbHOM alpOKCUMALUN JaHHBIX.
OCHOBHOII METPHKOI KadecTBa Mozesel BEIOpaH KOd(D(UIIMEHT Koppensiuuu MaThioca, OAHAKO OBLIH PacCMOTPEHBI
1 JIpyTHe T0Ka3aTenu. BeImonHeH cpaBHUTEIbHBIN aHanMn3 Mojeneil, 00ydeHHBIX BRHIOpPAaHHBIMH alTOPUTMAaMH C
Pa3NUYHBEIMU ITapaMeTpaMH 110 MeTpuKaM KadecTBa. OCHOBHBIE Pe3yJbTaThl. BEITOTHEH SKCIEPHMEHT C IENIBI0
TIOJTy9IeHHSI OLIEHKH pa3padOTaHHOTO METO/Ia M CPaBHEHHMS ero 3G (EKTHBHOCTH ¢ OiypkaliM aHaoroM. [t oOydeHus
1 OLICHKH MOJiesIeil B paMKaX HCCIIeyeMbIX METOZOB HCIIOIB30BaHbI pealIbHbIC TaHHbIE O MOBeAeHNH 138 monb3oBarertei.
ITo pe3ynbraTam CpaBHHTEIBHOTO aHANN3a, pa3pabOTaHHBII METO IIPOJIEMOHCTPHPOBAIT OTIIMYHBIE TIOKA3aTEN N [0 BCEM
PaccMOTPEHHBIM METPUKaM, B TOM YHCIIe TIOBBIIICHHE KoddduimenTa koppessinun MaTeioca Ha 0,6125. [IpakTnyeckast
3HAYMMOCTb. Pa3paboTaHHBIIl METOZ MOXKET OBITh HCIIOIb30BaH JUIS HEPEPHIBHOH ayTeHTH(UKALIMY OJIb30BaTENs B
CpeACTBAx 3alIUThl HHYOPMALUH OT HECAHKIIMOHMPOBAHHOTO JOCTYIIA W BHIABICHUS HHIIHICHTOB HH(POPMAIIOHHOI
0€30I1aCHOCTH, CBSI3aHHBIX C ACHCTBUAMH HHCAHIEPOB.
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Abstract

Nowadays a significant amount of attacks on information systems are multi-stage attacks. In many cases the key subjects
of attacks are insiders. The actions of an insider differ from the activity of a legitimate user, so it is possible for the
latter to form a model of his behavior. Then the differences from the specified model can be classified as information
security events or incidents. Existing approaches to anomaly detection in user activity use separate characteristics of
user behavior, without taking into account their interdependencies and dependencies on various factors. The task of the
study is to form a comprehensive characteristic of the user's behavior when using a computer — a “digital pattern” for
detecting information security events and incidents. The essence of the method is in the formation of a digital pattern
of the user’s activity by analyzing his behavioral characteristics and their dependencies selected as predictors. The
developed method involves the formation of a model through unsupervised machine learning. The following algorithms
were considered: one-class support vector machine, isolating forest and elliptic envelope. The Matthews correlation
coefficient was chosen as the main metric for the quality of the models, but other indicators were also taken into
consideration. According to the selected quality metrics, a comparative analysis of algorithms with different parameters
was conducted. An experiment was carried out to evaluate the developed method and compare its effectiveness with
the closest analogue. Real data on the behavior of 138 users was used to train and evaluate models within the studied
methods. According to the results of the comparative analysis, the proposed method showed great performance for all
the considered metrics, including an increase in the Matthews correlation coefficient by 0.6125 compared to the anomaly
detection method by keystroke dynamics. The proposed method can be used for continuous user authentication from
unauthorized access and identifying information security incidents related to the actions of insiders.

Keywords
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BBenenune

B cBsi3u ¢ pocToM 3PEKTUBHOCTH U pacrlpocTpaHe-
HUEM CPEACTB 3allUThl HH(POPMAIH, MACCOBBIC aTaKH
cTaHoBsATCA Bce MeHee 3dpdexTuBHbIMU. CoxpaHsieTcs
TEHICHIMSI POCTa CIOKHOCTU Kubdepatak [1-6], kpome
TOTO, TIPOMCXONUT UX SBOJIIONHNS — IOSIBIICHUE HOBBIX,
Gotee CIOXKHBIX B OOHAPYKEHNU. 3HAYUTEIHHYIO OMac-
HOCTB MPEICTABILIOT LesieBbie aTaku (Advanced Persistent
Threat, APT)!. APT-aTaku OTIMYarOTCst OT MACCOBBIX aTaK
110 MHOTHM I1apaMeTpaM, KJIIOUEBBIMHU UX OTIHUYHSIMU SIB-
JISIFOTCS: AIUTEIBbHOCTD B TIOATOTOBKE U NMPOBEICHHUH, a
TAaK>XC B 06Hapy>1<eHI/m; HaICJICHHOCTD 3JIOYMBINIJICHHHUKA
Ha JOCTHKEHHE KOHKPETHOU IIEJIH.

[IepBbIif 3Tan NpOTUBOACHCTBUS aTakaM — OOHapy-
xenue. CormtacHo TaHHBIM KommaHuu «Gartner, uist 00-
Hapy>KeHHs atak HanOosee d(P(PEKTUBHBIM SBISIETCS HC-

I Anti-Malware. 3amura ot menesbix arak. 2021 [Diekr-
porubrii pecypc]. URL: https://www.anti-malware.ru/
event/2021/03/30 (nara oopamenus: 01.02.2022).

nonb3oBanue: Network Traffic Analysis (NTA), Endpoint
Detection and Response (EDR) u User and Entity Behavior
Analytics (UEBA)23. Otmerum, uto UEBA uacto ciyur
KOMITOHEHTOM JPYTHX CPEACTB 3allUThl HHGOPMALUH, B
ToM umncie NTA u EDR. MHorue crenuaiuctbl OTMe4a-
0T, YTO MEXaHH3MbI OOHAPYKEHHUS, OPHCHTHPYEMbIC Ha
KOHEYHBIEe yCTPOUCTBA, MPEJOCTABIISAIOT OOJIbIE JaHHbIX,
HO3BOJIAIOIIMX JETEKTUPOBATH LieJIeBbIE aTaKy Ha HanboJIee
paHHHMX dTaIax, Tak Kak yallle BCero TOUKOi BX0Ja 1 KOHE-
HOIA LIEJIBIO SIBJIAETCS KOHEYHOE YCTPOHCTBO!.

3ameTnm, 4To OoJiee MOJIOBUHBI MHIIUICHTOB Oe3orac-
HOCTH B Pa3JINYHBIX OpPraHU3alMIX CBS3aHBI C JESATEIb-

2 BTB Security. Common and best practices for SOCs: results
of the 2019 SANS SOC survey. 2019 [DaexkrponHsiii pecypc].
URL: https://www.btbsecurity.com/blog/sans-soc-2019 (mara
obpamenust: 01.02.2022).

3 SecurityLab.ru by Positive Technologies. Monens 3pe-
aoctu SOC or Gartner. 2019 [Onexrponnsiii pecypc]. URL:
https://www.securitylab.ru/blog/personal/Business_without
danger/346702.php (nara oopamenus: 01.02.2022).
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HOCTBIO HEJIOSLIBHBIX coTpynuukoB [7]1:2. Tlo maHHBIM
Ponemon Institute, 3a 2020 rox 62 % WHIKUACHTOB HH(OP-
MaIMOHHOI 0€30MacCHOCTH CBSI3aHBI C JICHCTBUSAMH TaK
Ha3bIBaeMbIX HHcaliaepos3. [Ipu 3ToM ymep6 oT Takux
WHIIICHTOB TIpeBBICH 11 MITH J0IUTapoB, mprdeM Ooiee
4 MITH U3 HUX NPUXOJUTCS HA YMBIIUICHHBIC TIPECTYITHBIC
neiicteus!.

JesaTenpHOCTs HHCAliiepa — WHIUASHT WHPOPMAIU-
OHHOM 0€301TaCHOCTH, TIPH KOTOPOM JICHCTBHS COTPYIHUKA
OpTraHM3aIHi HE COOTBETCTBYIOT €r0 HOPMaM OOBIYHOTO
noBenenus. [lonp3zoBarenu, Oyayuu COTpyIHUKAMHU Op-
TaHMU3alllH, CIEAYIOT ONPEACTICHHOMY paclopsaaKy pabo-
Yero JHs, XapakTep UX paboThl MOXKET UMETh HEKOTOPbIE
0COOCHHOCTH B ONpe/ICJICHHBIE THU HEJIEH, B padoTe OHH
HCHONB3YIOT KOHKPETHbIE NpuoskeHus. Kax bl moab30-
BaTellb UMEET YHUKAIIbHBIN KIIABUATYypHBIN Mouepk [8, 9]
U CBOMCTBEHHBIH eMy Ha0op mpuBbuek. OTMETHM, 9TO
KJIABUATYypPHBIN TTOYEPK MOTH30BATEIS MOKET MCHITHCS B
3aBUCHMOCTH OT BPEMEHHU CyTOK B CBSI3U C XPOHOTHIIOM
Brazaensa [10].

B coBokymnHoOCTH nepedyrcieHHble 0codeHHoCTH (op-
MHUPYIOT «IIH(POBYI0 METPHUKY» TIOJIb30BATEIsS, XapaKTe-
PU3YIOIIYIO ero rmoseaeHue. Torna aHoMaIuy B IOBEICHUH
MOTYT CBHJIETEILCTBOBATh O MOTCHLUAIBHOM HHIUACHTE
0€3011acCHOCTH.

Casi3aHHbIe pa00ThI

B paborax [3—6] oTMedeHO, UTO B YCIOBHIX pOCTa
CIIO)KHOCTH KnOepaTak He0OXOIMMBI METOABI U CHCTEMBI
00HapyKeHUs] BTOPKEHHUH «HOBOTO MOKOJEHHS» (next
generation IDS, advanced IDS), ucnosib3yronime KoH-
TEKCTHYIO BBICOKOYPOBHEBYIO MH(pOpPMALINIO 00 00beKTe
3amuThl. B KauecTBe Takoi HHPpOpMALUK PEKOMEHIOBAHO
ncrosb30BaHKe «obOpasa xku3Hm» (Pattern-of-Life) oobekra
3amuThl. «O0pa3 JKU3HU» — COBOKYITHOCTH HH(POPMAINT
0 YHCITe TTOTh30BaTeNeH (KOHEUHBIX YCTPOHCTB), UCTIOIH30-
BaHUS MU CETEBBIX PECYPCOB M BPEMEHHU CYTOK.

B [8] paccMOTpeHBI CTIOKHOCTH U 3HAYMMOCTH METOIOB
HEIPEepPHIBHON ayTeHTU(HUKAINA TI0 KIaBHATyPHOMY II0-
4yepKy. [lomoOGHbIC METOBI CITOCOOHBI CYIIECTBEHHO TIOBBI-
CUTH 001U ypOBEHBL O€30TTACHOCTH U Ha JAHHBI MOMEHT
HaxomsTCs Ha cTaguu GpopmupoBanus. B [9] npennoxken
METO/| HETIPEPBHIBHON ayTEHTHU(UKAIUH T10JIb30BATENS 110
KJIaBUATypHOMY MOYEpKY, OCHOBAHHbIH Ha KOMOMHAIIUU
CBEPTOYHON U PEKyppPEHTHOI HEHPOHHBIX CEeTel, a B pa-
6ote [11] — Ha MeToAaX MaTeMaTHYECKON CTATUCTHKH.

B [12] oTMeuyeHa 3Ha4MMOCTh aBTOMATU3AMH PELICHUN
10 3aIUTe KOHSYHBIX YCTPOMCTB, B TOM YHCIIE IO OOHA-

1 Ponemon Institute. 2020 Cost of insider threats global report.
2020 [Dnexrponnstii pecypc]. URL: https://www.exclusive-
networks.com/uk/wp-content/uploads/sites/28/2020/12/UK-VR-
Proofpoint-Report-2020-Cost-of-Insider-Threats.pdf (zata 06-
pamenns: 01.02.2022).

2 IBM Security. The Cost of Insider Threats. 2020 [JnekT-
pounslii pecypce]. Pexum mgoctymna: https://www.ibm.com/
security/digital-assets/services/cost-of-insider-threats/#/ (nara
obpamenus: 01.02.2022).

3 Anti-Malware. 3amuTa ot neneBbix arak. 2021 [Dek-
TpoHHbId pecypc]. URL: https://www.anti-malware.ru/
event/2021/03/30 (mara oopamenus: 01.02.2022).

PY’KEHHIO MHIIUICHTOB MH(POPMAIIMOHHON 0€30MacHOCTH,
B IIEPBYIO OYepe/b MPHU ITOMOIIN METOI0B MAIIMHHOTO
o0OydJeHusI.

B paborax [8, 9, 11] onncanbl MeToAbI HETPEPHIBHOM
ayTeHTHU(QUKAIUH 110 KJIABHATypPHOMY IOYEPKY, OJHAKO
yKa3aHHBIE METOJbI MPEIOIAraloT ero UCIOJIb30BaHUE
6e3 ydera Apyrux KOMIIOHEHTOB METPUKH W HE yUHUTHIBA-
10T 3aBUCHMOCTH KJIAaBHATYPHOTO MOYEPKa OT Pa3InYHBIX
(haKTOpOB, YTO MOTEHIMAIBHO IMPUBOANUT K CHUKCHUIO
addexkruBHOCTH METOOB. B [3—6] npeiokeHo ucnosb-
30BaHNE KOHTEKCTHOH BBICOKOYPOBHEBOW MH(pOPMAIIUU O
JIOKaJbHOM ceTH JUIsi OOHAapyKEHUsI BTOPIKEHUH Mocpei-
CTBOM BBISIBIICHUSI aHOMaJIbHOM CETEBOI aKTMBHOCTH, U €€
NPUMEHEHNE B CHCTEMaX 0OHapyKeHHs! BTOPIKEHUH YPOBHS
CETH, YTO HE MO3BOJISICT OOHAPYKMBATh MHIMJICHTH Ha
KOHEYHBIX yCTPOMCTBAX.

B nacrosmieit padoTe mpensokeH METOA UCIOIb30-
BaHUs NU(PPOBON METPUKHU KaK BBICOKOYPOBHEBOW HMH-
(dhopmanmu 06 aKTHBHOCTH ITOJTH30BATEIs HA KOHCYHOM
ycTpoiicTBe. MeTo BKIIIOUAET aHAJIN3 KIaBUaTYypHOTO
Hoyepka 1 BIMSAIOMINX Ha HET0 (hJakTOPOB ISl OLIPEeeIICHUS
aHOMaJIbHOM aKTUBHOCTH U O6Hapy)KeHI/IH WHIOHUACHTOB
nuHpopMamoHHo Ge3onacHocTH. B pesynbrare BO3MoK-
HO TIOBBICUTB 3()()eKTUBHOCTH OOHAPYKEHHSI MHILIUICHTOB
UH()OPMAMOHHON 0€30IacCHOCTH, 00YCIOBICHHBIX aK-
THUBHOCTBIO MHCAMJIEPOB, a TaKKe aBTOMaTU3UPOBATh ATOT
MPOLIECC Ha KOHEYHBIX YCTPOHCTBAX.

Ipennaraemslii MeToq

CyHOCTh IpeiaraeMoro MeTojia COCTOUT B (hOpMu-
poBaHiK LU(POBOIT METPUKH TTOb30BATEIIS 32 CUET aHAJIH-
32 €ro MOBEACHUECKUX XapAKTEPUCTUK U UX 3aBUCHMOCTEH,
BBIOpaHHBIX B KAU€CTBE MPEIUKTOPOB IJIsi IOCTPOCHHS
s¢dexruBHON Mozenu. J[narpaMMa MeTona B HOTAIIUU
IDEFO0 npuBenena Ha puc. 1.

B kagecTBe MpeANKTOPOB MOJENN BBIOpaHBI CIEAy-
IOIIME KOMITOHEHTHI U(PPOBONH METPUKH IOJIb30BATEIISL:
BpEMs CyTOK; €Hb HEJIEIH; CKOPOCTh M TMHAMUKA HA)KaTHsI
Ha KJIAaBMIIM KJIABMATyphl M MbIIIU. BBuay cnenndukn
B3aMMOJICHCTBUSI C PA3TIMYHBIMHU IIPOLIECCAMH, [UISI KayKJI0TO
HCITOJIB3yEeMOI'0 TOJIb30BaTeNIeM Tpoliecca HeoOxoauma
pa3paboTka OTaeIbHON Momeau. Torma oCyIIecTBIsAeTCs
BKJIFOYCHUC B Ha6op JaHHBIX UMCHH aKTHUBHOI'O NPOLEC-
ca, KOTOPOMY COOTBETCTBYET MH(OPMALUS O TOBEJICHUH
MOJIb30BaTEN.

Jliist cOopa IaHHBIX B COOTBETCTBHHM C yKa3aHHBIM Ha-
6OpOM MPEeNKTOPOB BHIMIOIHIETCS OTCIC)KUBAHUE CIIe-
JTYIOIUX COOBITHH: TEpEKII0UYeHNEe aKTHBHOTO IPOIec-
ca, MepeBO/] KJIABUII KIIABHATYyPbl U MBIIIN B BEPXHEE U
HIDKHEE TostoxkeHns. PopMHUpOBaHUE MATTEPHA TEKYIIIETO
MOBEJICHNS TI0Ib30BATENS OJKHO BBITOIHATHCS JI0 Me-
PEKIIIOUEHUS MIPOIecca MM 3aBEPIIAThCs 110 UCTCUCHUHN
BpeMeHH (popMmupoBaHus marTepHa. g gaxpHEHIIero
IMPUMCHEHUA CO6paHHbIX JaHHBIX CJICAYCT HOPMAJIN30BaATh
BCE YHCJICHHBIE NIPEUKTOPHI. biiok-cxema anropurma c6o-
pa JaHHBIX Ipe/CTaBlIeHa Ha puC. 2.

OTmeTuM, 4To TIpu paboTe MOJIB30BATENST BO3ZMOXKHEI
CTy4JaifHbIe TIePEKIIIOUCHHUS aKTUBHOTO IIPoLiecca, YTo MpH-
BOJIUT K BO3HHKHOBEHHIO BEIOPOCOB, @ IMEHHO MATTEPHOB C
HYJICBBIMH 3HAUCHUSIMU YHCIICHHBIX MPETUKTOPOB, OMHCHI-
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@opmar TpeboBaHus

®dopmar narrepHa Habopa K Habopy
MOBEIACHNUS IOJIb30BaTEIIS JAaHHBIX  JaHHBIX
JleticTBus
110J1b30BATENSA Ilarrepn
— 3| ®dopmupoBaHue TEKYIICTO
marTepHa TeKyuiero| [IOBCACHUs
MOBEJICHUS
——>|  TIONB30BATENA A | OOyuaromuii
HUnenrndurarop 5 DODMUPOBAHIE Habop
MOJIB30BATES o PMHD JIaHHBIX
»|  oOyuaromero
Ha0bopa TaHHBIX A2
Hudposas merpuka
ObyueHe TI0JIb30BATEIIS
q MOJIENH
A3
[ y
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OO0HapyxeHue
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HMHIUJCHTOB
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Anroputm Anroputm Anroputm
(hopmupoBaHusI MAIIUHHOTO 00yYeHHs OOHapY)KeHHsT HHIIUICHTOB

TaTTCpHA MOBCACHUA

Puc. 1. lnarpamma MeTosia OOHApYKEHUS HHIMICHTOB HH()OPMAaLMOHHOH 0e30MacHOCTH 110 aHOMAUSIM B OMOMETPHYECKUX
MOBEICHYECKHX YepTax MOJIb30BaTEIIs

Fig. 1. Diagram of the method of detecting information security incidents based on anomalies in the user’s biometric behavioral
characteristics

BAIOIIMX B3aUMOZEHCTBHE TOJIb30BATEIIS C KOHTPOJIEPAMHU.
Taxwue rarTepHbI JOKHBI OBITH HCKIIIOYEHBI U3 00yJarolie-
ro Habopa JaHHBIX Tepe]] 00y4eHHEM MOJIEIIH.

Merton mpearnonaraeT 00ydeHne MOEIH JUTS KaX/I0T0
HCIIONIB3YEMOT O T0JIb30BaTeNeM npotecca. [ ¢popmupo-
BaHUsI MOZIEIH TPEIINOIaracTcsl MIPUMEHEHNE aIropuT™Ma
MaIIMHHOTO O0y4YeHHs 0e3 y4uTessl, HalpaBJIeHHOTO Ha
BBIsIBIICHHE aHomanuii [13, 14].

st oOHapyKeHUs MHIUJCHTOB MH()OPMAIIMOHHOM
6e30MacHOCTH OCYILIECTBISACTCS BBIOOP MOJENH B COOT-
BETCTBHH C UMEHEM POLIecca B TEKYIIEM MaTTepHe MOBe-
JIeHUs1 TToJIb30Bareiss. KoMnoHeHTsl inpoBOl METPUKH,
BBIOpaHHBIE B KAY€CTBE MPEAUKTOPOB, SBIISIOTCS BXOIHBI-
MU IapamMeTpaMH MOJIEJH Ul KJIacCU(PUKAIMK TTaTTepHa
TIOBE/ICHMSI.

Torma MoryT ObITH OOHAPYKEHBI CIIETYIOIIIE AHOMAITUH
B TIOBEJICHNH T10JIb30BATEIIS:

— aKTUBHOCTH B HETUIHMYHBIC JJIS [TOJIH30BATEISI BPEMs

CYTOK U IeHb HEJIEIH;

— HCHONB30BaHUE HETUITUYHOIO JUIS MOJIb30BATENs PO-

TPaMMHOTO 00€CTICUSHHUS;

— HETHUITMYHBIN JJI TI0JIb30BaTE/Il aKTUBHOI'O IIporecca

U BPEMEHHU CYTOK KJIaBUATYPHbII IIOYEPK.

Hccnenyemblie MeTOAbI MAIIMHHOTO 00yYeHUSs

s oGydeHust MOJeNT pacCCMOTPEHBI METOIBI MAIIINH-
HOTO 00y4YeHHS: ONMOPHBIX BEKTOPOB; METOIBI HA OCHOBAX
TUTOTHOCTH PACHpPEACICHNUS U TEH30pa TaHHBIX.

MeTo OITOPHBIX BEKTOPOB BKIIFOYAET ITPEUMYIIECTBEH-
HO aJITOPUTMBI 00yUeHHs C yuuTeaeM. VICKIIodeHusIMU SIB-
JISIFOTCS QITOPUTMBI OMTOPHBIX BEKTOPOB AJIsl OJJHOTO KJlacca

(One-Class Support Vector Machine, OCSVM) [15, 16] u
Juist ortucanust TaHHbIX (Support Vector Data Description,
SVDD) [15, 17]. 3amerum, gto anroputm SVDD pac-
CUUTHIBACT runepchepy MUHUMAIBHOTO Paanyca, BHYTPH
KOTOPOH pacrosaraimTcs 00beKThl, COOTBETCTBYIOIINE
HOpMe, cHapyxu — aHomanui [15]. Torma SVDD moxHO
OTHECTHU K METOJ[aM Ha OCHOBE TEH30pa JaHHbIX. AJITOPUTM
OCSVM omnpenenseT rTUNeprnoBEpXHOCTD, Pa3IEISIFONTIYIO
HOpMaJbHbIE U AHOMAJIbHBIE OOBEKTHI [15].

MeToibl MAITMHHOTO 00Y4€HHsI HAa OCHOBE IIOTHOCTH
pacrnpeneseHns BKIOYAOT MHOXKECTBO alllTOPUTMOB, U3
KOTOPBIX OBUIM pacCMOTpPEHBI HanboJjee MOMyJIsipHbIE, B
TOM YHCIIe aArOpUTMBI k-Ommkaimux coceneil (k-Nearest
Neighbors, ANN), soxanbHbIl ypoBeHb BbiOpoca (Local
Outlier Factor, LOF) u n3onupyromero neca (Isolation
Forest). CornacHo CpaBHUTEIBFHOMY aHAIU3Y aJITOPUT-
MoB [ 18], anroput™m Isolation Forest iemoncTpupyer 6omee
BBICOKHE 3HAYEHHS 110 METPUKAM Ka4eCTBa M IOCTUTAET BbI-
COKHX [TOKa3aTesiet mpu pabote ¢ MHOTOMEPHBIMH JaHHBIMU.

13 MeTo10B MaIlIMHHOTO 00y4eHHs Ha OCHOBE TEH30pa
nanubix [19] pacemotpens! anroputMbl SVDD u snmum-
counansHoOi anmnpokcumaruu ganubix (Elliptic Envelope,
EE) [20, 21]. O6a anropuT™Ma UMEIOT CXOXHH MPUHIUII
oOHapyKEHUsI aHOMAJIUH, OTHAKO eciiu ajaroputM SVDD
paccunTtbiBaet runepcdepy, To Elliptic Envelope Bbrumc-
JsIeT MHOTOMEpHBIN aunncons. Tak kak cdepa — yvact-
HBII CITyYail 3JIIuIconaa, To Beiopan anroputm Elliptic
Envelope.

B wurore, anst dopmMupoBaHusa nupoBOd METPUKH
M0JIB30BATENS BHIOPAHBI CIEAYIONINE aIrOPUTMBI Ma-
mmHHOTO 00yueHms: OCSVM, Isolation Forest n Elliptic
Envelope.
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Fig. 2. Data collection algorithm flowchart
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AJNTOPUTMBI OBIIH peaiM30BaHbl Ha SI3bIKE PO PAMMU-
posanust Python npu nomonm 6nubamnorexn sklearn [22].
Omnpenenenne aaropuTMa 1 €ro napamMeTpoB, JEMOHCTPH-
pYIOIINX JYUYIIMH pe3yibTat, ObUIO BBIITOJHEHO B XOJE
MIPOBENICHUS IKCIICPUMEHTA.

Bbi6op MeTpuK KayecTBa

J1J1s1 OLICHKH Ka4eCcTBa MPEeIaraeMoro MeToia BEIOpaHbI

METPUKH:

— KOppEKTHOCTH (accuracy) [23];

— TOYHOCTE (precision) [23];

— moiHoTa (recall) [23];

— F-mepa (F-score) [23];

— ko3 punueHT koppensunu Matrioca (Matthews

Correlation Coefficient, MCC) [24].

[Ipu BbIOOpE METPUKH YUYTEHBI 3HAYCHHS BPEMEHHBIX
XapaKTepUCTHUK, TAKUX KaK BpeMs 00ydeHus u kiaccudu-
Karust. PaccMoTpuM MeTpHKH moapoOHee.

MeTtpuKa accuracy IOKa3bIBaeT JI0JIF0 BEPHO Ki1accudu-
LUPOBAHHBIX 00bEKTOB. OTMETUM, UTO accuracy He sIBIISCT-
Cs1 ITOKA3aTeIbHOM NPU 3HAYUTEITBHO PA3IIYAFOIIIUMUCS 10
MOIITHOCTH KJIACCAMU 00BEKTOB. J[pyrue MEeTPHUKH JINIICHBI
Mo7I00HOT0 HEI0CTATKA.

Recall ompenernser BOSMOXHOCT WACHTH(DUKAINH 00h-
€KTOB HEKOTOPOTO KJlacca alropuTMoM. Precision mokasbl-
BAaeT CIIOCOOHOCTH OTIIMYATh OOBEKTH HEKOTOPOTO Kiacca
0T 00BEKTOB OCTAJIBHBIX KJIacCOB. F-score mpencrasisi-
eT co00il eMHYI0 METPHUKY Ka4eCTBa, YUUTHIBAIOUIYIO
precision u recall. Onnako F-score yuuTbIBaeT METPUKH
precision u recall TOJIbKO ISl «IIOJIOKHUTEIBLHOTO)» Kilacca.

MCC sBasieTcs enie OIHONW METPUKOW KauecTBa JIBO-
WYHOW KJIacCU(UKAINHU, HC TOJBEPKCHHON BIIHSHHIO
HecOaJlaHCHPOBAaHHBIX 10 MOIMHOCTH KiaccoB. [Ipu 3Tom
yKa3aHHasi MCTPHKA IaCT BBICOKUHN PE3ybTaT TOJIBKO B TOM
ciiydae, Korja KiacCu(pHUKAaTOp CMOT KOPPEKTHO MpeicKa-
3aTh OOJBIIMHCTBO «ITOJIOKUTEIBHBIX» U «OTPULIATEIb-
HBIX» 00BEKTOB [24].

JI1st olieHKM Mojienielt paccurTaeM nepeyrciieHHbIe Me-
TPUKH MIPH YCIOBUH, YTO B KAUYECTBE PEIIAFONICH METPUKU
JUTSL OLICHKH OyneT ucroib3oBaHa metpuka MCC.

®opMupoBaHue Ha00pa JaHHbIX

Ha MoMeHT ucclie[oBaHus He CYIIECTBOBAIO OTKPBITBIX
HaOOpOB JIaHHBIX, COJCPIKAIINX HEOOXOANMBIE CBEICHHS
B COOTBETCTBHUH C BBIOPAHHBIMH NapamMeTpamMu HUPpPOBOi
MmeTpukH. Kak ciencrsue, B CHily crienn(pUIHOCTH HE0O-
XOJMMBIX JUIsl TOCTPOCHHSI MOJIENN JaHHBIX HEOOXOIUMO
(hopMupoBanre cOOCTBEHHOTO HAOOpa JaHHBIX.

B ¢opmupoBannm Habopa TaHHBIX IPHHAMAIH yIacTHE
138 genoBek. [[g axcriepruMeHTa BRIOpPAaHBI TPH MIPHIIOKE-
HUSI pa3nniHbIX TUIOB. COOpP TaHHBIX BBIMIOIHEH B COOT-
BETCTBHUH C aJITOPUTMOM, IPUBEIEHHBIM Ha puC. 2.

MomHoCcTh HabOpa JaHHBIX cocTaBmiia 388 168 mar-
TEpHOB (CTPOK) peajabHOTO MOBEICHUS MOJIH30BATEISI B
TEUEHHN CeCcCUH paboThl. J{s mpoBeseHus SKCIIepuMeH-
Ta BBINOJHEHO paszelieHne Habopa JaHHbBIX CIEAYIOIIUM
obpaszom: 310 534 (80 %) crpok mis oOyueHus u 77 634
(20 %) — nnsa TecTHpoBaHUS. 3aMETHM, YTO BCE CTPOKH,
COOTBETCTBYIOIINE aHOMAJIBLHOMY TOBEJICHHIO, OTHECEHBI
K TECTOBOMY HaOOpy JaHHBIX.

Br10op ajropurmMa M ero napamMeTpoB

s onpenenenust Hanbonee 3G GeKTUBHON MOICTH
BBITIOJTHEHO 00YYEeHUE MOJIENIN ITOCPEICTBOM IPUMEHEHHS
Pa3JIMYHBIX AJITOPUTMOB MAIIMHHOTO OOyYCHHS U BapbH-
poBaHus uX napaMmerpoB. Haubosbnine nokasarenu 1o
METpPUKaM KayecTBa MOJCINICH M0 KaKAOMY allTOPUTMY
npecTaBiIeHb B Ta0M. 1.

Cormacuo Taba. 1, mydmuid pe3ynprar 1mo BEIOpaH-
HBIM METpHKaM KadecTBa mocturaet anroput™m OCSVM.
BrmonxanM cpaBHeHHE BpeMeHH 00ydeHHs U Kiaccupu-
Kalliu alropuT™MoB (Tabm. 2). YkazaHHbIE XapaKTePUCTUKH
paccuntaem Ha 100 uTepanuii yka3aHHBIX OTIEpAIUi.

Tabnuya 1. CpaBHATEIBHBIH aHAIN3 METPHK Ka4eCTBa aJlTOPUTMOB MAIIHHHOTO O0yYeHHUS

Table 1. Comparative analysis of quality metrics for machine learning algorithms

Mertpuxu
AnropuT™MbI [Tapametpsr
Accuracy Precision Recall F-score MCC

OCSVM ¢yukuus siapa (kernel): RBF 0,9218 0,9143 0,9951 0,9530 0,7464

v (nu): 0,012

v: 0,197
Isolation Forest 4ICIIO IepeBheB (n_estimators): 66 0,7805 0,9092 0,8049 0,8539 0,4321

3arrymiienre (contamination): 0,230
Elliptic Envelope samrymienue: 0,287 0,7106 0,9011 0,7154 0,7976 0,3400

Tabnuya 2. CpaBHUTEIBHBINA aHAJH3 BPEMEHHBIX XapaKTEPUCTHK aIrOPUTMOB
Table 2. Comparative analysis of time characteristics of algorithms
Anroput™ Bpewms o0yuenus, ¢ Bpewms knaccudukanum, ¢
OCSVM 22,5131 0,0510
Isolation Forest 95,6583 10,3003
Elliptic Envelope 213,3738 0,1050
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Tabnuya 3. CpaBHUTEIIBHBIN aHAIN3 METOIOB

Table 3. Comparative analysis of methods

ITapamerp Meron
10 U(pPOBOH METPUKE 10 KJIaBUATYyPHOMY IIOYEPKY
Mertpuku Accuracy 0,9218 0,5689
Precision 0,9143 0,8480
Recall 0,9951 0,5592
F-score 0,9530 0,6740
MCC 0,7464 0,1339
Bpewms, ¢ o0ydeHus 22,5131 83,3031
KIIacCU(PUKAIUT 0,0510 5,4050
B pesynbrare aHanuza nojgy4eHo, YTO MUHUMAaJIbHBIX 3akiaoueHue

3HAYCHUH 3aTPayeHHOT0 BPEMEHM IO O0CHM OIepaIusam
nocruraet anroput™M OCSVM, BbIOpaHHBIi 110 UTOTY CpaB-
HHTEJIBHOTO aHaIM3a AJ1 00y4eHHs MOJeIei HOpMaIbHOTO
MOBEJICHMUS.

CpaBHeHHe NMPENJI0KeHHOT0 METOa ¢ 0OHAPYKEHUEM
aHOMAJIUI M0 KJIABHATYPHOMY MOYEPKY

Jiist cpaBHEHUSI IPETIOKEHHOTO METO/a ¢ METOAOM 00-
HapYXCHUS aHOMAJIHI TI0 KJIABHATYPHOMY TIOUEpPKY TIPOBE-
JICHO 00ydYeHne MoJeNelt st 000MX yYKa3aHHBIX METOIOB.
Br16op anroputma 00y4eHHs MOAETH U €TO IapaMeTpOB
T OOHApYKEHUSI aHOMAJIHH 110 KIIAaBHATyPHOMY TTOYEPKY
BBITIOJTHEH C UCIIOJIB30BAHUEM TEX XK€ aJTOPUTMOB Ma-
IIUHHOTO 00y4YeHHUs U HaOOpOB AaHHBIX I 00yUCHHS
U TecTHpoBaHMs. B kadecTBe anroputma oOydeHHS BBI-
Opan Isolation Forest ¢ unciiom nepeBbeB, paBHbIM 86, 1
napameTpom 3amrymuaeHus — 0,469, Tak kak Takas Mo-
JIeITb TTPOJIEMOHCTPUPOBaJa HaNOOJIbIINE TIOKA3aTeNn Ka-
YecTBa.

CpaBHUTEIJIBHBIN aHAJIN3 METOJIOB OOHAPYKEHHS aHOMa-
JUH 110 T POBOI METPHUKE U 10 KIIABHATYPHOMY ITOYCPKY
0 METPHUKAaM KauyeCTBa U BPEMEHHBIM XapaKTEePHCTHKAM
TpuBeZCH B Ta0I. 3.

Cormacuo Tabm. 3, MeTon oOHapyKeHHS M0 NHU(POBOHA
METpPHKE IEMOHCTPHUPYET Oosiee BHICOKHE TOKA3aTEeNN 110
BCEM MeTpuKaM KadecTsa. [Ipudem s merona obHapyxe-
HUSI aHOMAJIMH TI0 KJIAaBHATYPHOMY TTOUepKY HaOIroaaeTcst
3HaUUTEJIbHAS 10711 OLIMOOK TIepBoOro pona — oosee 37 %.
MuHMManbHBIX 3HAYE€HUI 3aTPayeHHOr0 BPEMEHH Ha yKa-
3aHHBIEC ONEPALUH TAKXKE JOCTUTACT METOJ OOHAPYKEHUS
MHIUACHTOB 110 U(POBON METPUKE.
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[TpennoxxeHHBIN MeTOJ OOHAPYIKEHUSI UHIUICHTOB
MH(POPMAIIMOHHOH 0E30MaCHOCTH 10 aHOMAJIMSAM B OHO-
METPHYECKHX MOBEACHYECKNX Yeprax (1ndpoBoii MeTpu-
Ke) ITOJIb30BaTeNsl JOCTUTaeT KOd(PHUINEHTa KOPPEISLUH
Mbreioca B 0,746363 u nokazarenst F-mepst B 0,953008,
YTO TPEBBIIIACT aHAIOTHYHBIC MTOKA3aTeIn MeToa OOHa-
pY’KEHHsI aHOMAJINi, OCHOBAHHOTO Ha KJIaBUATYpPHOM IT0-
yepke. [lockonbKy mpu MpoBeCHNH HKCIIEPUMEHTA ObLTH
UCTIOJIb30BaHbl JJAHHBIC, COOTBETCTBYIOIINE aKTHBHOCTH
peanbHBIX M0JIb30BaTeNeil IpH paboTe ¢ Pa3INYHBIMU MIPHU-
JIOKCHUSIMH, ITOCTPOCHHAsI MOJIEIIb SIBIISICTCS yCTOMUUBOM
JUISl TECTOBBIX U PEaJIbHBIX JJAHHBIX.

MeTon MOXeT ObITh HCIOIB30BAH JJI1 HENPEPHIBHOM
ayTeHTH(HUKAMU M0JIb30BATENs B CPEICTBAX 3aIUTHI
MH(POPMALIUU OT HECAHKIIMOHUPOBAHHOIO JTOCTYTIa, 4TO
MO3BOJIUT KOHTPOJIUPOBATh HE TOJBKO MPEJOCTaBICHUE
JIOCTyIa B Hauajie, HO U B TEUEHUE BCETO BPEMEHU IMOJ-
JIepKaHMsI CeCCUU. YKazaHHas MOAM(UKALUS TTO3BOJINT
0OHapyXHBaTh (JaKThl BMEIIATEIILCTBA B CECCHIO JISTUTHM-
HOTO TI0JIb30BATel, a TaKXKe (PaKThl HEaBTOPHU30BAHHOM
nepesadn JOCTyMNa, TEM CaMbIM PacIIMPHUB (DYHKIIMOHAI
YKa3aHHBIX CPEJICTB 3aIIUTHI HHPOPMALIUH.

B nanbpHeilimeit paboTe BO3MOXKHO TEOPETHUECKOE
obocHoBaHKe 3PHEKTUBHOCTH MPEIIOKCHHOTO METO/IA, a
TaKXKe UCCIIeJOBaHNE MPUMEHUMOCTH JIPYTUX aJITOPUTMOB
MAaIIMHHOTO 00yueHHs. Bo3MoXkHO paciimpenue mudhpoBoit
METPUKHU MOJIb30BATENsl aKTUBHOCTBIO MPOLIECCOB U CETe-
BBIX IIOPTOB, B3aMMOZEHCTBUEM MOJIb30BATENS U POLIECCOB
¢ (haitoBoi cHCTEeMOl M COOBITHUSIMH OIIEPAlMOHHON CH-
CTEMBI, YTO MTO3BOJIUT c(hOPMHUPOBATH LIN(PPOBOTO ABOHHNKA
TI0JIb30BATENS U CMECTUTH (POKYC C ayTCHTU(HUKALINU Ha
00OHapy>KeHHE MHIIN/ICHTOB U OIpe/IeJICHIE aHOMAJIHH B €T0
MOBE/ICHNH, a TAKXKE B PabOTE €ro aBTOMaTH3NPOBAHHOTO
pabouero mecra.
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Abstract

Social media platforms, such as Twitter, Instagram, and Facebook, have facilitated mass communication and connection.
Due to the development as well as the advancement of social platforms, the spreading of fake news has increased. Many
studies have been performed for detecting fake news with machine learning algorithms; but these existing methods had
several difficulties, such as rapid propagation, access method and insignificant selection of features, and low accuracy
of the text classification. Therefore, to overcome these issues, this paper proposed a hybrid Bidirectional Encoder
Representations from Transformers — Support Vector Machine (BERT-SVM) model with a recommendation system
that used to predict whether the information is fake or real. The proposed model consists of three phases: preprocessing,
feature selection and classification. The dataset is gathered from Twitter social media related to COVID-19 real-time
data. Preprocessing stage comprises Splitting, Stop word removal, Lemmatization and Spell correction. Term Frequency
Inverse Document Frequency (TF-IDF) converter is utilized to extract the features and convert text to binary vectors.
A hybrid BERT-SVM classification model is used to predict the data. Finally, the predicted data is compared with the
preprocessed data. The proposed model is implemented in MATLAB software with several performance metrics carried
out, and these parameters attained better performance: accuracy is 98 %, the error is 2 %, precision is 99 %, specificity
is 99 %, and sensitivity is 98 %. Therefore the better effectiveness of the proposed model than existing approaches is
shown. The proposed social networking analysis model provides effective fake news prediction that can be used to
identify the Twitter comments, either real or fake.
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AHHOTaNMSA

IImardopmel conmanbHBIX ceTeid, Takue kak Twitter, Instagram u Facebook, cioco6cTByIoT MaccoBoMy OOIIECHHIO M
YCTaHOBIICHHUIO CBsA3eH. Pa3BHUTHE 1 MPOABIKEHHE COLHANBHBIX MIIAT(GOPM IPHUBOIUT K YBEITMICHHUIO PACTIPOCTPAHECHHS
(elikoBBIX HOBOCTEH. B HacTosiee Bpems MpoBeeHO OO0MIBIIOE KOMMYECTBO HCCIIEIOBAHMIT TSt 0OHAPYKEHUS (PEHKOBBIX
HOBOCTEH C IMOMOIIBIO aJITOPUTMOB MaTMHHOTO 00y4eHus1. CyIIeCTBYIONIIE METO/IBI ONpeAeIeHNs (PeHKOB NMEIOT Psit
TpyIHOCTE#1: OBICTpOE pacpocTpaHeHue GeiKoB; pa3IMuHbIe METOIbI TOCTYIIA H He3HAYNTEIBHEIH BEIOOP IIPH3HAKOB,
HPUBOJSIIE K HEBEICOKOW TOYHOCTH Kiaccu(uKanuy TekcTa. st IpeojoieH s JaHHbIX TPYAHOCTEH MpeIIoKeHa
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rHOpH/IHAS MOJICINb MTPE/ICTABICHNS IBYHAIIPABICHHOTO KOJMPOBIIMKA TPAHC(HOPMATOPOB — METOJT OIIOPHBIX BEKTOPOB
(BERT-SVM) ¢ cucremoii pekoMeHJaluii, KOTopasi UCIOIb3yeTcs ISl TIPOrHO3UPOBAHUS, SBISIETCS JIM HHMOPMALUs
noJiieNnbHOM uiu peansHoi. IIpeanoxkenHas Moaenb BKIIIOUAET B ce0sl TpU 3Tama: mpeaBapuTenbHas oopadoTka,
BBIOOP MPHU3HAKOB U Kiaccudukanus. Habop naHHbIX coOpaH U3 COMaIbHBIX ceTell Twitter, CBI3aHHBIX C JTAHHBIMH O
COVID-19 B pexuMe peanbHOro BpeMeHH. JTall IPeABapUTEIbHON 00pabOTKH BKITIOYAET B ce0s pa3ielicHne, yaaJeHne
CTOII-CJIOB, JJEMMAaTH3aINIO U uctpasieHue opdorpadun. [IpeodpasoBarens odparHoil yacToTsl qokymeHTa (TF-
IDF) ucnionp30Ban [y1st H3BJIEUSHNUS IPU3HAKOB U IIpeoOpa3oBaHUs TEKCTa B JIBOMYHBIC BEKTOPHI. [ mOpuaHas Moziens
knaccudukauy BERT-SVM npumenena Juist nporHo3upoBaHust JaHHEIX, KOTOPBIE COITOCTABIICHBI C IIPEBAPUTEIEHO
obpaboTanHbIME JaHHBIMH. [IpencraBieHHas Mozielb peai3oBaHa B nporpammuoM nakere MATLAB. Paccunrannsie
MI0KAa3aTeJId TOYHOCTH IIPOJEMOHCTPUPOBAIIN CIESIYIOIINE PE3yIbTaThl: 10J1s1 IPaBHIbHBIX OTBETOB 98 %, omnbdka 2 %,
TOUHOCTB 99 %, cerduaHOCTh 99 %, dyBcTBUTENBHOCTE 98 %. [lomyueHHbIe pe3yabTaThl HoKa3aan 3PEeKTUBHOCTh
MIPEIOKEHHON MOJIENHN M0 CPAaBHEHUIO C CYIIECTBYIOLIIMMHE TOAX0AaMU. BO3MOXKHOCTE aHanM3a COLUAIbHBIX ceTel
obecrieunBaeT 3G PEKTUBHOE MpecKa3aHne (eHKOBBIX HOBOCTEH, KOTOPOE MOKHO HCIIONB30BATh IS HACHTU(PHKAIIIH
KOMMeHTapueB B Twitter, kak HaCTOSIIHX, TaK M HOJICJIbHbIX.

KunrwueBsle cjioBa
aHaJN3 CONMANBHBIX ceTelt, 00HapykeHHe ¢eiikoBbix HoBocTel, TEF/IDF, BERT, SVM, rubpunnas BERT-SVM
Ccepuika aas nurupoBanusi: Kupyruka H.C., Taitnam6an I'. O6nerdenHas cuctemMa peKOMEHIANNN ISl aHAJIN3a

COIMAJIBHBIX CETeH C MCHOJIb30BaHUEM IHOpHIHOTO anropuTMa kiaccugpukaropa BERT-SVM // Hayuno-Texanuecknit
BECTHHK MH()OPMAIMOHHBIX TEXHOJIOTHI, MexaHukyu U ontuku. 2022. T. 22, Ne 4. C. 769-778 (ua anr. s3.). doi:

10.17586/2226-1494-2022-22-4-769-778

Introduction

Social networking has developed dominant platforms to
reveal their sentiments, opinions, reactions, and knowledge.
Several social media, such as Twitter, Facebook, Instagram,
etc., produce a massive amount of data each and every
day. Emotion recognition or analysis of sentiment focuses
on detecting polarization by using views or opinions
from Twitter datasets. Sentiment polarity determines a
user’s reaction to a product, allowing businesses to
take preventative and corrective actions to satisfy their
expectations. Conversely, government criticism assists
governments in analyzing public requirements and making
crucial decisions. Fake news is becoming more common
on social media sites like Twitter and Facebook. These
platforms provide a venue for the general public to express
themselves in an unfiltered and uncensored manner [1].

Misinformation is defined as information that
is demonstrably false and is shared with the goal of
misleading readers. For personal advantage, it is used
to establish an economic, political and social bias in
people’s thoughts. Its goal is to manipulate and exploit
individuals by creating bogus material that appears to be
genuine. At its most severe cases, fake news has resulted
in mob lynching and riots. As a result, it is critical to halt
the proliferation of fraudulent content on social media
sites. With the continuing Covid-19 scenario, preventing
fake news is very vital [2]. The epidemic has done it very
easy to deceive a psychologically stuck people excitedly
anticipating the conclusion of this phase. Some people
have reportedly committed suicide after being diagnosed
with COVID-19 as a result of the misrepresentation of
COVID-19 in society and even the mainstream media. The
promotion of deceptive techniques will only exacerbate
the COVID pandemic. Recently, researchers have begun
to focus on the challenge of detecting fake news. Manual
detection is the most reliable method, although it has speed
constraints [3]. Manual verification is difficult due to the
large amount of content published on the internet. Thus,
automatic detection of bogus news has become increasingly
important.

Different deep learning and machine learning
algorithms were used to discover comments of social
media information about its truthfulness. These false
reports will not only lead individuals in the wrong route,
but they will also take human lives. In these critical times
of Covid-19, it is easy to deceive people and make them
believe in fake information [4]. As a result, it’s critical to
spot fake news at the source and stop it from propagating
to a wider audience. Many studies have been performed for
detecting the fake news with machine learning approaches
like Long Short-Term Memory (LSTM), Support Vector
Machine (SVM), hybrid LSTM-SVM, Naive Bayesand
Random Forest. From these existing methods, the accuracy
of the text classification is low. So, to overcome the low
accuracy, a hybrid Bidirectional Encoder Representations
from Transformers — Support Vector Machine (BERT-
SVM) model with a recommendation system is used to
predict whether the information is fake or real. The main
contribution of the paper is summarized as follows:

— An accurate Light Weight Recommendation System
for Social Networking Analysis using a Hybrid BERT-
SVM classifier.

— The preprocessing technique is utilized to improve
accuracy and reduce the process complexity of the real
time twitter dataset to provide better performance.

— Term Frequency Inverse Document Frequency
(TF-IDF) is utilized for feature selection for word
representations.

— The hybrid BERT-SVM classification model is
designed for predicting the fake news in twitter to
avoid spreading the fake news related on COVID-19
pandemic.

— The predicted news is given as a recommendation to the
user for the awareness of the information about the fake
news.

Literature review

Numerous studies have been performed using various
techniques for recommendation system. Most of the
existing techniques is designed based on LSTM, Random
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Forest, SVM, Bi-LSTM & Recurrent Neural Network
(RNN), Convolution Neural Network (CNN), Neuro
Fuzzy, CNN-LSTM, bidirectional Gated RNN (GRNN)
and convolution RNN (CRNN); from that few of them are
reviewed below.

Umer et al., [4] had presented the deep learning
approach for detecting the fake news using CNN-LSTM.
The dataset gathered from the website named “Fake News
Challenges” and this website has four different types,
such as unrelated, disagree, agree and discuss. Hakak
et al., [5] had introduced a strategy for classify the fake
news utilizing a feature extraction and ensemble machine
learning technique. Abdullah et al., [6] had developed
a multimodal method to achieve a fake news detection
using a combination of CNN and LSTM. Huang et al.,
[7] had designed a fake news prediction strategy utilizing
deep learning method. The developed model combined
four separate models termed as embedding for fake
news identification. The embedding models are LSTM,
LIWC CNN, depth LSTM, and N-gram CNN. Paka et
al., [8] had introduced a fake news prediction model for
analyzing a large-scale COVID-19 Twitter dataset. Nasir
et al., [9] had designed a novel hybrid strategy for fake
news categorization using combined CRNN. Sabeeh et
al., [10] had introduced a model for discovering fake news
on social media platforms through Opinion mining and
Trustworthiness of user and event that combines opinion
mining on user comment and credibility investigation of
twitter dataset. Bahad, P et al., [11] had designed a false
news identification model utilizing Bi-LSTM and RNN.
Misinformation is frequently created to entice and mislead
readers for political and commercial purposes.

According to the above discussed literatures, the
existing strategies still contain several difficulties, such
as certain problems of poor accuracy, rapid propagation,
access method and high cost [5, 6]. The poor accuracy is
attained in many research according to many reasons, such
as insignificant selection of features, imbalanced dataset,
inefficient tuning of parameters and so on [7]. These
difficulties arise during detecting fake news in social media.
To deal with these issues, the proposed model utilizes a
hybrid BERT-SVM classification strategy to predict the
fake news very accurately compared to existing strategies.

Proposed methodology for fake news prediction

A light weight recommendation system for social
media networking analysis using a hybrid BERT-SVM
classification model is designed to predict whether the
information is fake or real. In this proposed model, a hybrid
BERT-SVM model is used to classify and recommend the
information to user whether it is fake or real. It is illustrated
in Fig. 1. The proposed architecture of fake news detection
model comprises three phases, such as preprocessing,
feature selection and classification for effective fake news
prediction. Initially the user dataset is collected from twitter
social media. The raw data is preprocessed in this phase
which involved splitting, stop word removal, lemmatization
and spell correction. The second phase uses the TF-IDF for
converting the text data into meaningful representation of
binary data which is utilized to fit the classifier for effective

prediction. At the third phase, these features are given to
the input of the hybrid BERT-SVM classification model and
it produced two classes which is either real or fake. This
suggestion will be recommended on the particular tweet to
the user helping aware the information about the fake news.

Data Gathering

A real time user data is collected from twitter social
media to make a dataset. The dataset is entirely based on
Covid-19 pandemic as well as the twitter dataset contains
the corresponding label post ID and the posts which are
either fake or real news on the COVID-19 pandemic!.
It comprises 5000 manually gathered twitter commands
equally on both fake and real news. These data are given
into preprocessing for converting the raw data into a
specified format, i.e., into the system readable format.

Data Pre-processing

The preprocessing phase is performed in four ways: stop
word removal, splitting, spell correction and lemmatization.
In this process, you need to eradicate the noise in the twitter
dataset by normalizing or eliminate the unwanted data.

Splitting. Initially, in this stage, text sentences are split
into individual words. String splitting is the technique
of systematically dividing a text string into separate
components that can be processed.

Stop word removal. In Natural Language Processing
(NLP), stop word removal is a regularly used method. For
instance, stop words such as ‘a’, ‘the’, ‘an’ are eliminating
ones, the words that are often appearing in large numbers
across all the documents, and it allows applications to focus
on the important words instead.

Lemmatization. The algorithmic process of determining
the lemma of a word based on its meaning is known as
lemmatization. Lemmatization is a term that refers to
accomplishing things correctly by analyzing words
morphologically and using a vocabulary. Lemmatization
is a term that relates to doing things correctly using a
vocabulary and morphological analysis of words, with the
goal of removing inflectional endings only and returning
the base or dictionary form of a word, known as the lemma.

Spell correction. Spell checker is analyzing each and
every word with thousands of proper spell words. The
majority of techniques uses data from many sources of
noisy as well as correct word mappings as training data for
automatic spelling correction.

TF-IDF Feature Extraction

TF-IDF is a significant feature extraction and selection
strategy used in text feature extraction. TF-IDF is used to
find the significant features of the sentences that comprise
the words and remove the bag incompetence of words
strategies [12]. It is superior for text classification and is
helpful for a machine reading words in numbers. One of
the weight methods is Term Frequency (TF) that is used
to determine the number of instances of term, i.e. word in
a document. The Inverse Document Frequency (IDF) also
presents the weight technique that used to find incidence
terms in individual documents. The TF and IDF weight
of the documents can be estimates using the given below
expression.

I https://www.kaggle.com/c/sentiment-analysis-of-covid-19-
related-tweets/ (accessed: 10.05.2022).
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BERT
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Hybrid BERT-SVM

Suggestion will be foot printed
on the particular tweet

|

| Predicted class I

Fig. 1. Proposed architecture of social media analysis using a Hybrid BERT-SVM classifier, x is the class index

W, = TF(, j) x IDF(i).

The frequency of a feature appearing in a document in
relation to the total number of features appearing in the text
document is defined by TF. Simultaneously, IDF assesses
a feature capacity to differentiate between categories. The
categories in this case are the class label declared in the text
documents. The following expressions are used to calculate
TF and IDF:

Term i frequency in document j

TF(i, ]) =
@) Total words in document j

Total document

IDF(i) = log, ,
document with term i

where ¢ is the term and j is the counting number of the
document. The following expression computes the weight
of each phrase using the TF-IDF

N
where #f; ; is the number of occurrence of i in j; df; is the
counting number of the document containing i; and N is the
total number of documents.

Hybrid BERT-SVM for Fake News Detection

This proposed method is designed to predict the fake
news in the twitter social media using hybrid BERT-SVM
classification. Hence, the detail description of this hybrid
classification approach is given below.
1) BERT

BERT is based on transformer encoded architecture
which is one of the most significant words embedding
model in sentimental analysis. An effective content
illustration of a sentence is attained using a BERT sentence
encoder. Mask Language Model (MLM) is used in the
BERT encoder to eliminate the unidirectional restriction.
Usually it masks several token in a random manner, and
original vocabulary of the masked ID that is predicted

based on the word. Moreover, compared to existing
embedding strategies, the BERT can outperform because
MLM can improve the BERT ability. It has the ability to
handle unlabeled text by training together on both right
context and left context in each layer [13]. Fig. 2 illustrates
the basic BERT model for categorization.

BERT is regarded as the most advanced NLP
technology. Pre-training and fine-tuning are the two
phases in the BERT framework. At the initial stage, during
pre-training in the model, the unlabeled large corpus is
involved. At the second stage, labeled data is used to fine-
tune every parameter for particular tasks. BERT’s encoder
is a multi-layer bidirectional Transformer encoder with
multiple layers. This encoder consists of a stack of N=06
identical layers, each with two sub-layers. The first layer
is a basic position-wise completely connected feedforward
network, and the second layer is a multi-head self-attention
mechanism. Both sub-layers use a residual connection
followed by layer normalization. Each sub-layer output is
represented as Layer Norm(x + Sublayer(x)), where the sub-
layer exaction function is denoted as Sublayer(x). Before
estimating multi-head self-attention, scaled dot product
attention is required to define the following [14]:

Attention(Q, K, V) = softmax (QKT) \%

, K, s
where Q, K and V are three matrices Q (Query), K
(Key) and V (value). All come from the same input. To
get the weight value, the Softmax operation is performed
to normalize the output to a probability distribution for
each row and then multiply it by the matrix V. d is the
dimension of the Q and K matrices and queries matrix is
represented as Q. The multi-head attention function can be
expressed as

MultiHead(Q, K, V) = Concat(head,, ..., head,) W9,

where head, = Attention(QW 2, KWK, VW.V). Multi-
head attention contain estimation of queries, keys and
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Fig. 2. BERT model for categorization, where [CLS] is BERT special classification token (Tok) and [SEP] is separation token

values; here these are denoted as Q, K, V and # is the
repetition elements factor with different dimension of the
value matrix such as d,, d; and d,. Then, the attention
function is performed in parallel with each of predicted
versions of queries, keys and values as well as the findings
of output values is d,. At the end, these parameters are
concatenated and estimated to produce the outcome of
multihued function. BERT indicates a pair of sentences or
a single sentence as a series of tokens based on BERT’s use
of Word Piece embedding. [CLS] is considered as a first
classification token in the sequence. A pair of sentences
is separated by [SEP] token in the sequence. Pre-training
contains two phases: Masked LM and Next Sentence
Prediction (NSP). The Masked LM involves randomly
masking the input tokens like utilizing the [MASK] token.
After performed masking, it starts predicting masked
tokens. The second one is NSP that considers two sentences
A and B. B is the true next statement which appears 50 %
of the time after A (considered as IsNext). 50 % of the
time, B is a random text from the corpus (considered

Input vector x §

Hidden Nodes

as NotNext). Because the Transformer’s self-attention
mechanism allows BERT to model multiple downstream
processes, fine-tuning is simple. Then, just feed the specific
inputs and outputs into BERT for each task and fine-tune
all of the settings.
2) SVM

SVM is a machine learning technique for evaluating
data and detecting patterns in order to classify what follows
as a result of deciding which of two classes to assign a
set of input data. A training set is necessary for learning
SVMs, with each element of the set having an indication
of a class it belongs to. The data from the training set are
separated from each other by a border with the widest
feasible margin, i.e. the distance from this hyperplane,
in the SVM model. In binary classification, the SVM is a
popular learning method. The primary goal is to identify
the optimal hyperplane for separating data into its two
classes. Multiclass classification has recently been achieved
by combining multiple binary SVMs [15]. The basic
architecture of SVM classifier is given in Fig. 3.

Output class

Weights
(Lagrange’s multipliers)

Fig. 3. Structure of SVM, where K(u, v) is a kernel function satisfying Mercer’s condition; x is a point of hyperplane; x; are support
vectors; 0; are Lagrange’s multiplies; m is SVM hyperplane dimension; and b is a bias
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Let x; is considered as input; i is the training instances
{x;, v;}, i=1, ..., I; and each occurrence consists of x; as
well as label y; € {-1, 1} [16]. A weight vector (w) and bias
(b) both are used to parameterize every hyperplane which
is expressed as given below:

wxx+b=0,

where x is a point lying on the hyperplane. To define the
hyperplane function that classifies training and testing data,
the following can be used

fx) =sign(w x x + b).

The analysis has so far been limited to the case when
the training data can be separated linearly. Prior function
can be given as equation when dealing with kernel

Sx) = sign( g oK (x;, x) +b),
-1

where x; is the input of training instance; y; is its
corresponding class label; b is a bias; N is the number of
training instances; and K(x;, x) is the used kernel function
which maps the input vectors into an expanded features
space. The coefficients a; are attained subject to two
constraints expressed as

0<a,i=1,..,N

N
> ;= 0.
=1

Except for a change in the bounds of the Lagrange

multipliers, the solution to this minimization issue is similar
to that of the separable case.

Hybrid BERT-SVM for Fake News Prediction

In this section, the proposed approach uses both
BERT and SVM classifiers in a hybrid manner. BERT
model is mainly selected for solving the difficulties of
NLP models. BERT working is based on the transformers
and is developed for text classification that is also termed
as word embedding model in sentimental analysis.
Moreover, this BERT approach performs NLP tasks as
well as natural language understanding tasks. This strategy
improves the ability of NLP models to implement data
without having to maintain any order sequences. The
BERT model input embedding contains tokens, segments
and position components. SVM is a one of the significant
machine learning approaches that able to handle high
dimensional data as well as it attained better performance
when using text classification. The proposed hybrid BERT-
SVM architecture for expectations E; is shown in Fig. 4.
The extracted features are given to the proposed hybrid
BERT-SVM classifier. Initially, the feature selected dataset
with 80 % of twitter commands is given for training the
classifier. The BERT model usually performs feature
extraction as well as usual classification, but the proposed
model uses the BERT model only for usual classification.
To improve the BERT model, the SVM model is included
in the FC-Softmax layer of the BERT.

Algorithm 1: Pseudo Code for Social Networking Analysis
using a hybrid BERT-SVM

Input: A=Dataset; X1=Splitting; X2=Stop word removal; X3=
Lemmatization; X4=Spell correction; Q=Feature extraction,
P=Classification
Output: R=Fake news
Input dataset =A, pre-processed data =Z, User =M
# Pre-processing

X1 = Splitting (4) # splits combined words are sepa-
rated for individual processing

X2 = Stop word removal (X1) # stop words such as
‘the’, ‘an’, ‘a’are removed

X3 = Lemmatization (X2) # Grouping of words to-
gether with different derivatives

X4 = Spell correction (X3) # Spell correction of
wrong words
# feature extraction

QO = TD-IFD (X4) # convert text data into binary data
# classification

P = BERT-SVM (Q) # classification utilizing Hybrid
BERT-SVM
# compare predicted data with pre-processed data

If (P = Z)—> real news, Else —> fake news
# predicted fake news is given as a recommendation to the user
R = fake news; M= R

Output= detect either real or fake news in the tweet information

The BERT model comprises two phases such as pre-
training and fine-tuning. Initial stage of the classifier trained
the information among various pre-trained problems using
twitter dataset. This research uses the Base BERT model,
which consists of 12 bidirectional self-attention heads and
12 encoder layer blocks. The model assumes a series of
512 tokens, with hidden vectors in the sequence being
emitted. The final layer of BERT model is FC-Softmax
layer. The proposed model uses the SVM classifier in
FC-Softmax layer for accurate prediction outcome.
After training the classifier, remaining 20 % of twitter
commands are subjected into testing of the trained model.
The classifier produces two classes such as 0 and 1. Here,
class 0 is considered as fake news and class 1 is considered
as real news. After predicted data, i.e. real or fake, this
suggestion will be foot printed on the particular tweet
to aware the information about COVID-19 in the twitter
social media. In this way, the proposed model effectively
predicts the news of its truth in twitter about COVID-19
pandemic. Algorithm 1 illustrates the pseudo code for
network analysis using a hybrid BERT-SVM.

Result and discussion

The proposed light weight recommendation system for
social media networking analysis using a hybrid BERT-
SVM classification model is implemented in MATLAB
software to validate its performance. The proposed system
is tested on Intel(R) Core 15-10300H CPU, 4 GB Nvidia
GeForce GTS 1650 GPU, with 16.0 GB RAM. The
dataset is gathered from twitter social medial. It includes
5000 manually gathered twitter commands included both
fake and real news. During preprocessing the sentences

I https://www.kaggle.com/c/sentiment-analysis-of-covid-19-
related-tweets/ (accessed: 10.05.2022).
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Fig. 4. Proposed Hybrid BERT-SVM Architecture

are extracted by using splitting, stop word removal,
lemmatization, and spell correction. After that, the extracted
features are given into TF-IDF that converts the text data
into meaningful illustration of binary data. The extracted
3500 TF-IDF features are given to proposed Hybrid
BERT-SVM classification for training. After training, the
remaining 1500 features are utilized for testing.

Table 1 illustrates the extraction of input in the
preprocessing phase; the data are initially fed into the
splitting stage where you can split each and every word.
After splitting process, the data are processed into stop

word removal, in this step the stop words are to be removed,
such as ‘the’, ‘an’, ‘a’, ‘if’, ‘are’, etc. Then, the next stage is
lemmatization; its aim is to take away inflectional suffixes
and prefixes to bring out the word dictionary form. Finally,
the data are spell corrected and the preprocessed findings
produced. These performance metrics are estimated for the
proposed BERT-SVM and existing fake news detection
model in twitter social media. Several existing techniques
based on fake news detection models are considered for
comparison analysis, such as CNN-SVM, bidirectional
GRNN, LSTM, CRNN, and SVM. Table 2 illustrates the

Table 1. Sample Input and Output attained in pre-processing

Input Splitting Stop word Lemmatize Spell correction
‘BanMediaHouse “BanMediaHouse” “BanMediaHouse” “banmediahouse” “househusband whose
whose is responsible “whose” «is” “whose” “responsible” | “whose” “responsible” | responsible spread fake
for spreading Fake and “responsible” “for” “spreading” “Fake” “spread” “fake” communal”
communal “spreading» “Fake” “communal” “communal”
“and” “communal”
Table 2. Parameters estimated for proposed and existing techniques in fake news detection
Parameters, % BERT-SVM CNN-SVM GRNN LSTM CRNN SVM
(proposed)
Accuracy 98 90 85 70 68 57
Error 2 10 15 30 31 45
Sensitivity 98 93 89 91 77 60
Specificity 99 92 86 78 61 60
Precision 99 95 82 87 78 55
False Positive Rate, FPR 2 1 15 27 32 35
F1 Score 99 81 72 75 60 58
Kappa 90 88 80 61 62 58
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Fig. 5. Training process of accuracy and losses

parameter values estimated for the proposed and existing
techniques for fake news detection.

Fig. 5 displays the accuracy and losses of the training
process. The accuracy of the proposed method is 100 %,
since it could more rapidly detect the error and eliminate
it more effectively. The error of the proposed method is
0 % because the hybrid BERT-SVM classification model
attained accurate prediction. Fig. 6 illustrates the confusion
matrix obtained in this proposed model. Here, the X and Y
labels represent the predicted class and the true class. The
class 0 predicts 4298 data and class 1 predicts 3194 data.
To provide an analytical assessment, a confusion matrix
and performance measurement like accuracy, precision
and so on is used.

The comparison analysis based on accuracy (%) among
the proposed and existing strategies depended on fake news

90"

Accuracy, %
3
(e

0 BERT- CNN- GRNN LSTM CRNN SVM
SVM SVM
Technique

Fig. 6. Comparison of accuracy among proposed and existing
approaches

detection on social media is shown in Fig. 6. The accuracy
for the proposed method is 98 % which is greater compared
to existing methods: CNN-SVM is 90 %, GRNN is 85 %,
LSTM is 70 %, CRNN is 68 %, and SVM is 57 %. This
can show that the performance of the proposed model
works better compared to others. The comparison analysis
based on error among the proposed and existing strategies
depended on fake news detection on social media is shown
in Table 2. The error found for the proposed method is 2 %
which is less compared to existing methods: CNN-SVM is
10 %, GRNN is 15 %, LSTM is 30 %, CRNN is 31 % and
SVM is 45 %.

This can show that the performance of the proposed
model works better compared to others. Similarly, the
comparison of performances, such as sensitivity, specificity,
precision, FPR, F1_Score and kappa of the proposed and
existing strategies, is given in Table 2. It clearly shows that
the proposed technique has better performance than the
other techniques. This can show that the performance of the
proposed model works better compared to others.

Conclusion

A lightweight recommendation system is proposed for
social networking analysis using a hybrid BERT-SVM
classifier algorithm to improve the accuracy efficiently.
Initially, a real-time dataset was collected from Twitter
social media. These data are given into preprocessing,
and splitting, stop word removal, lemmatization and spell
correction have been performed. An effective feature
extraction strategy is utilized for text feature selection and
binary conversion. The converted features are classified
with the hybrid BERT-SVM model. The predicted news
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is given as a recommendation to the user to provide the
awareness of the information about the fake news. The
proposed model is executed on MATLAB for finding
the performance metrics: accuracy is 98 %, the error is
2 %, sensitivity is 98 %, specificity is 99 %, precision is
99 %, FPR is 2 %, F1_Score is 99 %, and kappa is 90 %.
The overall expected outcome of the recommendation
system using hybrid BERT-SVM is turned out to be
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AHHOTaNMA

Paccmotpena 3amaya mugpoBoro MoAEIUPOBAHUS CIYYalHBIX MPOIECCOB C 33JaHHON KOPPEIAIHOHHON (QyHKInEH
WIH CIIEKTPANbHOU IUIOTHOCTRIO mporecca. O0e 3TH GpyHKIUHU CBSI3aHBI MEKAY cOo00i TeopeMoii Bunepa—XuHunHa,
TaK 4TO 3HAHHE OJHOW (YHKIIMH MOXKET OBITH HCIONB30BAHO JUISI HAXOXKJCHHS Apyroil. Beimoanena pa3paboTka
MaTeMaTHYeCKOTO MPECTaBICHIUS CTAIIIOHAPHOTO CIyYaifHOTO Ipoliecca ¢ 3aJaHHOH KOpPeJsIMOHHON (yHKIHeH Ha
ocHose npeobpasoBanus KapyHena—JIoaBa, koTopoe 4alie BCero NpHUMEHseTCs UL ISKOPPENINH HCXOJHOTO poLecca
C LIeJIbI0 OoJIee JIAKOHUYHOTO €ro ONnucaHus (3a71ada cxKaTus JaHHbIX). [IpeuiokeHo nenonbp3oBaHue npeodpa3oBaHust
Kapynena—JIoaBa s npuganust TpeGyeMbIX KOPPEIALHOHHBIX CBOHCTB HCXOAHOMY HEKOPPEIMPOBAHHOMY CIIy4aiiHOMY
MpoIecCy ¢ MOMOIIbI0 oOpalieHns (MHBepTUPOBAaHM) JaHHOTO mpeoOpa3zoBanusa. OO0CHOBaH BUJ TpedyeMoro
npeoOpa3oBaHus MPHU JUCKPETHOM (BO BPEMEHH) MPEACTABICHUN BXOAHBIX M BBIXOJHBIX MPOIECCOB Pa3IHMIHON
JUIMHBI ¥ METOAMKH obecnedeHust TpeOyeMol TouHOCTH MozaenupoBanus. IIpencraBiena nudposas npouerypa
TIOJTyIeHHS KOPPEILIINOHHOH (QyHKIINH 110 3aJaHHON CIIEKTPATEHOM INIOTHOCTH MOAGIHPYEMOTO CIIyJaifHOTO Iporecca.
DKCIIepUMEHTAILHOE MCCIIE0BaHNe MIPEAIaraeMoro MeTo/ia IPOBEAEHO B X0/i¢ KOMITBIOTEPHOTO MOJICINPOBAHHS B
nakere Mathcad, 4to ynpocTtuio penreHue TpeOyeMbIX pacdeTHBIX 3a1ad. VcXomHblil cirydaliHbIH Ipoliecc MoIydueH B
BUJIE TI0CJIEI0BATEILHOCTH HE3aBUCUMBIX (U, CJISI0BATENIbHO, HEKOPPEIMPOBAHHBIX) CIIyYaifHBIX YHCEl, 8 BBIXOIHON —
KaK pe3ylbTaT MOJyueHHOro B pabore npeobpazoBaHus. BhIOIHEHO cpaBHEHNE BBIYMCIEHHON MPUOIMKEHHON
KOPPEeIAUOHHOW (YHKIMHU C 3aJlaHHOMN, U ONpeJeleHa JUCHEPCHUs MorpemHocTH. IIpuBeaeHsl pe3yabTaThl
MOZIENUPOBAHNUS CIYYaiHBIX MPOLECCOB C 3aJaHHBIMU KOPPEISIUOHHBIMI (ByHKIIHAMH U OJHOPOJHOTO MapKOBCKOTO
rporecca ¢ 3aJaHHON IepeXoAHOI BEpOATHOCTHIO, a TAKKE MPUMEP Iepexoia OT 3aJaHHOM CIIEKTPaIbHOM IIIOTHOCTH
CIIy4alfHOTO IIpoLecca K ero KoppersuoHHol (yHKnuu. [loxydeHHBIe pe3ynbTaThl MOATBEPKAAIOT S(PEKTHBHOCTH
1 pean3yeMoCTh pa3paboTaHHBIX METOIOB MOAEIHPOBAHMS, YTO ITO3BOJIUT HUCIIOIB30BATh UX IPH KOMITBIOTEPHOM
HCCIIE0BAaHUN U IPOSKTUPOBAHUH PA3INIHBIX CUCTEM.
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Abstract
The problem of digital modeling of random processes with given either correlation function or spectral density of the

process is considered. These functions of a random process are interconnected by the Wiener—Khinchin theorem. The
solution of one function can be used to solve another. The development of a mathematical representation of a stationary
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random process with a given correlation function based on the Karhunen-Loeve transformation, which is most often used
to decorrelate the original process in order to describe it more concisely (data compression problem), has been completed.
It is proposed to use the Karhunen—Loev transformation to impart the required correlation properties to the original
uncorrelated random process by inverting (converting) this transformation. The form of the required transformation for
a discrete (in time) representation of input and output processes of various lengths and methods for ensuring the required
modeling accuracy are substantiated. A procedure for obtaining a correlation function from a given spectral density of a
simulated random process is presented. An experimental study of the proposed method was carried out in the course of
computer simulation in the Mathcad package which simplified the solution of the required computational problems. The
initial random process was obtained as a sequence of independent (and, therefore, uncorrelated) random numbers, and
the output process, as a result of the transformation, was obtained in the work. The calculated approximate correlation
function is compared with the given one and the error variance is determined. The results of modeling random processes
with given correlation functions and a homogeneous Markov process with a given transition probability are given as
well as an example of the transition from a given spectral density of a random process to its correlation function. The
results obtained confirm the effectiveness and feasibility of the developed modeling methods which will allow them to
be used in computer research and design of various systems.
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modeling, random process, correlation function, matrix, eigenvalues and vectors, transformation
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BBenenune

MonenupoBanue cirydaitubix nporeccos (CIT) ¢ Tpe-
OyeMBbIMH XapaKTepUCTHKaMU — aKTyaJbHas 3aja4a IpH
KOMITBIOTEPHOM HCCIIEI0OBAHNH U IIPOESKTHPOBAHUH CHCTEM
ABTOMATHYECKOTO YIIPABJICHUSI, CBA3H, IIepeaun nH(opma-
LUK U IPYTHX. DTa 3a/1a49a BaKHA HE TOJIBKO I IMHUTAINN
METIAONINX CUTHAJIOB U TIOMEX, HO U IUISI MOACTHPOBAHUS
pEUEBBIX M BUJICOCUTHAIOB, CUTHAJIOB, UCIIONb3yEMbIX MTPU
yIPaBIECHUU Pa3IMYHBIMU OOBEKTAMM U IIpOLECCaMH, a
TaKXKe aHaJIN3€e COIMATbHBIX U SKOHOMHUECKUX MPOIIECCOB
KaK HeJIeTepPMUHUPOBaHHbBIX (QyHKIMIT BpemeHn. OcoOeHHO
Ba)KHO MOJIETMPOBAaHHE MAapPKOBCKHX IPOILIECCOB, KOTOPBIE
LIMPOKO UCHOJIb3YIOTCS NPHU UCCIEOBAaHUH U IPOSKTUPO-
BaHHMU CHCTEM MacCOBOT'O OOCITY)KHBaHHSI.

CriocoObl perieHns NOCTaBICHHON 3a7adyl paccMo-
TpeHsl B pabore [1, . 4.4]. Camoe OGosbIioe MpuMEHEHHE
TIOJTYHYMJIN JIBa MeTo/Ia: (hopMHpyroLIero GUIbTpa 1 KaHO-
HUYECKHX pasznokeHuil. Meton ¢popMupyromiero GpuibTpa
moapoOHO PaccMOTpPEH B padote [2], Tae MOACTHPYEMBIi
CII ¢ 3amanHOM KOPPEIANOHHON (PyHKIIMEH MOTydatoT Ha
BhIXoze popmupytomero ¢uisrpa. [Ipy aToM qucKpeTHas
riepeaaTouHasi (DYHKILHUS BBIUMCIISIETCS IO CIIEKTPaIbHOM
MJIOTHOCTH MPOIecca ¢ MOMOIIBI0 ypaBHeHUs Bunepa—
XuHuMHaA. BXOJHBIM npoLieccoM SIBIISIETCS HEKOppEJU-
posannsblii CIT («Oenbit mym»). TpeOyemblit BBIXOJHON
IIpoIieCcC NPEJCTABICH B BUE KOHEYHO-PA3HOCTHOIO YPaB-
HeHus1, Kod(QOUIMEHTHI KOTOPOTO BHIYUCIICHBI C TIOMOIIBIO
TEOPHUN HETIPEPBIBHBIX 1pobeil (MoanpHInpoBaHHOTO al-
roput™a BuckoBaroBa). OTMETHM, UTO NPEIOKEHHBIH B
pabote [2] anropuT™ MOIETHPOBAHUS COCTOHT U3 12 1maros
1 TpeOyeT BBIMTOJIHEHHS 0OJIBIIOTO 00beMa MOATOTOBHU-
TENIBHBIX PACUETOB, B TOM YUCIIE PYUHBIX, YTO 3aTPYJHACT
€ro MpaKkTU4ecKoe ncnonb3oBanue. Kpome Toro, ocraercs
HESCHBIM, KaK oOecreuuBaeTcsi Tpedyemasi TOUHOCTh MO-
JIETUPOBaHMA, a YKa3aHHBIC TUCIIEPCUH OMIMOOK [2, mpu-
Mepsb! 1 1 4] He moATBepAUINCH IPU IIPOBEPKE AJITOpUTMA
B makere Mathcad.

B pabotax [3, 4] paccmoTpeHa 3a7a4a MoCTPOCHUS
MIPUOIMKEHHON MOJIENHM CTOXaCTHYECKOTO Ipolecca C
moMoIIsi0 npeodbpasoanns Kapynena—Jlossa. [maBHOE

BHUMaHHE YJICIICHO METOJIMKE TTPUOIMKEHHBIX BBIUUCIIC-
HUH COOCTBEHHBIX YHMCEN W BEKTOPOB OJHOPOIHOTO MHTE-
rpanpHOro omneparopa dpearonsma BTOPOro poaa, ssapom
KOTOPOTO SIBJISIETCS 3a/laHHAsT KOPPEISINOHHAST (DYHKIIHS
moxemmpyemoro CII. B [3] momyuensr TpeboBaHuUs K ITHHE
MOZIEIUPYEMOTO Tpoliecca, obecreunBaromeii Tpedye-
MYIO TOYHOCTb U HaJACKHOCTb BBIYHMCIICHHBIX coOCTBEH-
HBIX YUCEJI U BEKTOPOB. OZ[HaKO METOAMKaA IMPUMCHCHUS
HalIGHHOTO MPeo0pa3oBaHus ISl OTYUSHHUS CITy4aiiHOTO
mpoliecca ¢ 3aJaHHON KOPPEISIMOHHON (YHKIMCH B JTaH-
HOH TeopeTHdyeckol paboTe He paccMoTpena. B [4] uccie-
JoBaHO yceueHHoe npezcTasienue CII ¢ ucronb3oBanneM
npeobpazosanus Kapynena—Jlossa, ymensmaromiee 00beM
IpesCcTaBiIeHus (3a1a4a cxarust AaHHbIX). [Ipn sToMm pac-
CMOTPEHBI aHAINTHYECKHUE U YHCIICHHBIE METO/BI ITONCKA
COOCTBEHHBIX YHCEN U BEKTOPOB OCHOBHBIX BH/IOB KOppe-
msmuonHbIX Gyaknuit CI1. I'maBHOE BHUMaHHE B pabote [4]
YZEJICHO BIMSHUIO yceueHus pasnoxeHus Kapynena—Jlossa
Ha TOYHOCTH npenctasineHus ucxopnoro CII, Ho 3anavya
nonyuenust CI1 ¢ 3ananHOl KOppesiinoHHON (QyHKIMeH
TaKke He OblJIa IOCTaBJICHA.

[TpeanoxenHble B HacTosIeld paboTe METOBI MOJIe-
JMPOBAHUS PACCUMTAHBI Ha MCIIOJIb30BAHUE COBPEMEHHO-
TO IIPOTPaMMHOT0 00eCTIeYeHUs], TIO3BOJISIONIETO PELINTh
IIaBHBIE IPOOIeMBbI MozienmpoBanus. K Takum npodiemam
OTHOCSITCS: BBIYHMCIIEHHE COOCTBEHHBIX YMCET U BEKTOPOB
3aTaHHOHN KOPPETAIMOHHON (QYHKIIUH, TOTYICHNE pear-
3aruii Tpedyemoro CIT Hy»XHOM UTHHBI, MX CTAaTHCTHYECKAs
00paboTKa ¥ OlIeHKa KadecTBa MoAeINpoBanus. B mporec-
ce MOJIENIMPOBAHUS UCIIOIb30BaH MaTEMaTHUECKUH IakeT
Mathcad.

AJIFOp](ITM MOAECIUPOBAHUSA

PaccmotpuM mporiece 1eKoppessinui CTaluOHAPHOTO
B mupokoM cmbicie CII Y(k) ¢ AUCKpeTHBIM BpeMEHEM C
noMomipio mpeodpazoannst Kapynena—Jlossa [5]. Eciu
Ry — koppensaunoHHas MaTpuia 3Toro npomecca, a W —
MaTpulla €e COOCTBEHHBIX BEKTOPOB, TO B PE3YJIbTATE JIH-
HeHOro nMpeo0pa3oBaHus MOIYYUM HEKOPPEIUPOBAHHBIH
CI1 X(k):
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X=WTY, (1
rae X 1 'Y — BeKTopsI peanu3anuii coorBercTByronmx CIT;
W7 — TpaHCIOHHPOBAHHAS MATPHIIA.

Paccmorpum moapobuee mpouecc aexoppensiuuu (1).
Ecnu xosddunuent xoppensuuu npouecca Y(k) 3anan B
Bune Gyukuuu r(m), m € N, re m — pacCTOSTHUS MEKTY
JBYMs cedeHHAMH mporecca, To #(0) = 1, r(m) = r(-m),
|| < 1. Torma mpu m = |i —j|, i,j = 1, N, tne N — nnuna
BBIOPAHHOTO yYacTKa KOPPESIMHOHHONW (YyHKIIUH, MOy~
YUM MaTpHLy Ko3(hHIHEeHTOB Koppensuuu Ry, koTopas
SIBIIAETCA U KoppermsanunoHHoH, ecnu nucnepeus CIT Y(k)
paBHa eIMHULIE:

1 H(1) H2) FN—-1)
I 1O
AN=1) KN-2) rN-3) ... 1

mne Ry;; = r(0) = 1, Ry, ;= Ry;; = r(li —j]). [rl < 1; Ry —
KBaJjpaTHas TEIUIMIIEBa MaTpHIia pa3mepa N (BUI MaTPHUITBI
npencrasieH B [6, C. 206]). Marpuna (2) cuMMmeTpuyHa 1
TIOJIOXKUTEIIBHO OTIpeJieNieHa, TOPTOMY COOCTBEHHBIC UHC-
Ja A; — BEIIECTBEHHBI U MOJNOXKHUTEIbHBL. COOCTBEHHBIE
Yyuciia CBA3aHBI C COGCTBCHHI:-IMI/I BeKTOpaMI/I Wi ManI/IHI)I
Ry paBencrBamu:

Ry'Wl- = 7\.i‘Wl-, i= 1, N,
KOTOPLIC B ManI/Iquﬁ (bopMe HUMCHOT B

Ry W=W-A, 3)

rie W — maTtpuna coOCTBEHHBIX BEKTOPOB pa3s-
mepa (N x N); A = diag(A;, Ay, ..., Ay), TOpuUEM
>A; = Tr(Ry) = N — cyMMa IHaroHaJbHBIX 3JIEMEHTOB
I\l/IanI/IIILI (2).
W3 (3) monmy4nm ypaBHEHHMs AJIsl MaTPHUIBI A U KOppe-
JSIUMOHHOM MaTpullbl Ry:
A=W 1 Ry'W,
Ry=W-A-W-1,

“4)
)

CoOCTBEHHBIC BEKTOPHI B3aHMHO OPTOTOHAJIBHBI, UX
CKaIIPHOE NpOM3BeAeHHE (W;, W)) = §;;, I1e §;; — CUM-
Boi Kponekepa. Matpuria coOCTBEHHBIX BEKTOPOB 00-
naamaeT BaxKHBIM cBolictBoM: W-! = WT. 3ameTnm, 4To
MaTpuIlsl W i A BEIYHCIISIFOTCS ¢ TIOMOIIBIO BCTPOCHHBIX
MporpamMM MaTeMaTHYeCcKHX MakeToB. Hampumep, B ma-
kere Mathcad ¢ momomisto xomana: W = eigenvecs(Ry) n
A = eigenwals(Ry).

Haiinem KoppessiIIMOHHYO0 MaTpULy HOJYYEHHOIO C
nomouipio (1) CIT X(k), ucnone3ys ypaBuenue (4) u pa-
BeHcTBO W1 = WT:

Rx = M{XXT} = M{WT-Y-YI-W} =
=W-LM{Y-YT}-W = W-1.Ry'W = A,
rac M — 3HaK MareMaTu4ecKoro OXHIOaHus.

OTMeTuM, 4TO TMaroHaIbHOCTh MaTPUIBl A O3HayaeT
HekoppenupoanHoctb CII X(k), npudem ee sreMeHTHI,

SIBIISISICH TUCTIEPCHUSMU MpoeKiuii mporecca X(k) Ha Koop-
JUHATHbIE OCH HOBOro Oasuca (A; = D;), He IOCTOSHHEL, a
BO3PACTalOT ¢ POCTOM MHJEKca i. DT CBOMCTBA MpoLecca
X(k) nrpatoT r1aBHyI0 poJb B 3a/1a4ax CXKATHSI JaHHBIX.

Ho st pewieHus moCTaBICHHON 3aJa4l — IMOJy4e-
HHUe Tpebdyemoro mporecca Y(k) ¢ momommpro CIT «Oembrit
rym» — cirydaifHeiid mporecc X(k) TOIDKEH UMETh KOp-
pensauuonnyto matpuny Rx = E, rne E — enunuuHnas
Marpura. [y obecrieueHns TaHHOTO yCIOBHS HEOOXOTMMO
HOPMHPOBATh COOCTBEHHBIC BEKTOPHI W; MaTpHIBI W, T. €.
MPUBECTH WX K BULY W;/G;, i = 1, N, rne o, = VD, = A,.
B atom ciyuae mucnepcuu npoekiumii mporecca X(k) Ha
KOOpJIMHATHBIE OCU OyAyT PaBHBI CHHUIIC.

VYka3aHHasi HOPMHUPOBKa 00eCIIeUnBaeTCs YMHOKCHU-
em W na marpuuy B-1, B = diag(c, 6,, ..., Oy), Ipudem
B-1-:A'B-! = E. Torna ypasuenue (1) npumer Bu:

X =B l'WTY, (6)
a xoppessiunonnas ¢pynkius CIT X(k) ¢ yuerom (5) Oyner
JeiicTBUTENbHO paBHa E:

Rx = M{X'XT} = M{B*I'WT'Y'YT'W'B*I} =
= B*I‘WT'M{Y'YT}W'B*I = B*1~W*1'Ry'W'B*1 =
=B I'W- 1WA W-I-W-B-| =E.

B pesynsrare nckomoe mpeodpazoBaHue, ITO3BOJIIONIEE
nonyunts CII ¢ 3aganHON KOppensuoHHON QyHKIHEH 13
«0eJIoro 1ryMa, MOXeT ObITh MOJIYy4YEeHO TPeodpa3oBaHuEM
ypaBHEHUS (6) K BUIY:

Y =W-BX. @)

CriyuaifHble 1TOCIIE0BATEIBHOCTH C HE3aBUCHUMbBIMHU
3JIEMEHTAMU U HYJIEBBIM CPEJHUM MOXHO IMOJIYYHUTb, HC-
TMOJIB3Y IATUMKU PA3INYHbIX CiIydaiiHbIX urceln. CoceHue
OTCYETHI B TAKHX MMOCJICAOBATCIIBHOCTAX MPAKTUYCCKU HE-
3aBHUCHMBI, YTO WILTFOCTPUPYETCS KOPPEISIMOHHON (PyHK-
el Rz(m) nocnenosarensHoctd 1000 HOpMabHO pac-

MPEIEIEHHBIX CITyYalHbIX YMCEI, MOIYUIEHHBIX C TOMOIIBIO
nmaketa Mathcad (puc. 1).

1,2
i
0.8 :
Rz(m) I‘l
oo (04 :
0 + ~ * R
0 4 8
m

Puc. 1. KoppensiunoHnasi QyHKIUS «OeI0ro mrymay

Fig. 1. Correlation function of “white noise”
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Pa3meps! BekTOpoB 1 MaTpHll B (7) ONpeestoTCs Yuc-
J10M NN, KOTOpOe BBIOMpaeTCs Tak, 4TOObI 3aJjaHHast Koppe-
JSUUOHHast GyHKIUs r(m) npu m > N Obl1a 110 MOAYIIO
MEHBIIIE 3aJaHHON BenuuHbl (Hanpumep, 1-10-3 — 1-10-2),
YTO BO MHOTHX ciTy4asx obecreunBaetcs pu 20 < N < 40.
OueBHIHO, YTO OT TOTO 3aBUCHT TOYHOCTH MOJEIHPOBa-
HUS, B KAUECTBE KOTOPOH B TaHHOI padoTe MCITOIB3YIOTCS
mapaMeTpbl orpermHocTa e(m) = r(m) — Ry(m), tne r(m)
u Ry(m) — 3amaHHast ¥ BBIOOPOYHAS KOPPEISIHOHHBIC
(YHKIMH MOJEITMPYEMOii TIOCIIEI0BATEIbHOCTH:

— MakcHMaJlbHas orpeurHocts — max(le|);
N
— CpezHee 3HaYeHue Nnorpemyoctu: Me =— ) e(m);
m=1
— BBIOOPOYHAS AUCHEPCHS TOTPEUTHOCTH:

_13 2 (Me)?
De=0 3 {[elm] — (MeP}.

Jns MmonenupoBaHUs CIIydyaifHBIX MOCIEI0BaTEeNbHO-
creit bl K >> N, rne K — o0mias JyinHa MOJICIIUpY-
€MOM MOCJIeIOBATENbHOCTH, UCXOAHA U MOAeIUupyeMast
I0CJIEI0BATEILHOCTH Pa30MBalOTCs Ha P CKalsIpHBIX BEK-
TOPOB JUIUHEI N Tak, 4To0b1 N X P = K. BeKTopbI IpH 3TOM
OKa3bIBarOTCs cTonOmamu Marpui X 'Y pasmepa (N X P)
B ypaBHeHuH (7). IlomydeHHbIe MaTpHIIBI CBSI3aHBI C TTOCTIE-
JIOBaTEJILHOCTSIMU Xj, U )y, SABJISIOLIIMMUCS pean3alusiMu
mmab! K iponieccos X(k) u Y(k), ypaBHeHUAME:

‘Xi,p = XitNp-1) YitN@p-1) — Yi,p’ i=1, N,p =1LP (8)

PaccMoOTpHUM 3aBHCHUMOCTH TOUHOCTH MOJICIHPOBAHUS
OT JMHBI K MOAEIUPYEMOH CITydaiiHOH I1OCIIEN0BATEIILHO-
ctu y;. Ee BbIOOpouHas koppesauonHas (GyHKIUS TaKkKe
SIBJSIETCSI CIIy4aifHOM, KaK U BCe YKa3aHHBIC BBIIIE XapaK-
TEPUCTHKH MTOTPEITHOCTH MozienpoBanust e(m). Hanbomee
Ba)KHasi XapaKTEPUCTHKA — JIUCTICPCHsI OIINOKN MOJIEIH-
poBanus De, BelMUNHA KOTOPOH OMPEAEIISAETCSI B OCHOBHOM
TUCTICpCHEH SMITMPUIECCKON KOPPEIAINOHHON (PyHKINN
D[Ry(m)]. B paborte [6, C. 192] moka3zaHo, 9TO AUCTICPCH
JIOJKHA YJJOBJIETBOPSTH HEPABEHCTBY:

2 N 2 N
D[Ry(m)]<— ¥ rX(m)=—[1+2 ¥ ri(m)|,
Kn—nN K m=1
rne N — rpanuna oonactu (—N, N).
Torna
> 2 )] (
K>———(1+2 3 r’(m)|, 9)
D[Ry(m)] m=1
rue
N-m 5 ( )
Rv(m) = —— Ve — My?|, 10
y( ) Dy(N—m) mz=:oyly1+m y

My n Dy — OLEHKHM MaTeMaTH4eCKOTO O>KUJIAHMS U JIUC-
Hepcuy NOCIEJ0BATEIbHOCTHU V.

Takum oOpa3om, IIMHA MOACTUPYEMOI cirydaitHO#
TIOCIIE/IOBATENbHOCTH JOJDKHA YJOBJIETBOPSATH HEPABEHCTBY
(9) mpu 3amaHHOM qUCTIEpCHU ONMTMOKH MOJCTHPOBAHUS.

IIpumepbl MoaeIHPOBAHMS

[pumep 1. Paccmorpum monenupoBanue B Mathcad
Clly4aifHOH I0CJIeI0BATeIbHOCTH ), C 3aJaHHBIMU KOPPEILi-

IUOHHOM (pyHKIumeH Buna r(m) = exp{—0,2|m|}cos(0,6|m|) u
nucnepeueii ommbkn De < 1-10-3. Beibepem N = 30, Torna
r(N) = 1,64:10-3 u m = 0,30. Koppensiuonnas MaTpuia
umeet sneMeHTsl Buja: Ry; ;= exp{-0,2[i —/[}cos(0,6/i — /),
a MaTpuIa cOOCTBEHHBIX BEKTOPOB W BBIYHCISETCS IO
koMauzae W = eigenvecs(Ry). Ilpu 3aganaoit qucriepcuu
OIIMOKY JUIMHA MOJAEINPYEMOIl MOCIEe0BATEIHHOCTH B
COOTBETCTBHH C HEpaBEHCTBOM (9) moimkHa OBITH HE Me-
nee K = 6:103, tak yro npu N = 30 uuciio BekropoB X u
Y - P=200.

B KkauecTBe HCXOIHOTO HEKOPPEIMPOBAHHOTO TIpoliecca
X BBIOEpEM TOCTIEI0BATENLHOCTD K cily4aiiHbIX paBHOMED-
HO pacIHpesiesIeHHbIX Yucel Xy, k = 1, K Ha IpOoMexyTKe
(-1,1) (x = runif(K, —1,1). DneMeHTbl KOPPEIUPOBAHHOM
HOCJIE/IOBAaTEILHOCTH ), ONPEAENATCS ypaBHeHUuEeM (7),
marpuipl X 1Y KOTOPOTO CBSI3aHBI C COOTBETCTBYIOMINMHU
MOCIIE0BATENBLHOCTME ypaBHeHHsAIMH (8), a MaTpuna B B
ypaBHeHHNH (7) HAXOJUTCS C TIOMOIIBIO MaTPHIIBI A:

VA,‘J: ifi=}j,

0 otherwise.

iy~

[pubmmxeHHas KoppensuoHHas GyHKIus Ry(m) mo-

Ty4eHHOH MOCIIEI0BATEILHOCTH V), BEIYUCICHHAS B COOT-

BeTCTBHH ¢ ypaBHeHHeM (10), mokazaHa Ha puc. 2 BMecTe

¢ 3amaHHo# 7(m). Ha puc. 2 BugHa O1H30CTh KOPPEIAIN-

OHHBIX (DyHKIUH, OATBEprKAacMasi apaMmeTpaMu OIUOKH
MonenupoBanus e(m) = r(m) — Ry(m):

max(le]) = 0,05, Me =-1,9-10-3, De =8,4-104 < 1-10-3.

Ipumep 2. PaccmoTpum MOaEIMpoOBaHUE HENPEPHIBHO-
10 (TI0 COCTOSIHMIO) CTAIMOHAPHOTO MapKOBCKOTO Ipolecca
C 3aJaHHBIM K02(D(PUIIHEHTOM KOPPEIIIAN MEXIY COCEII-
HUMH 2meMmenTamu 7(1) = 0,3, Tak 9TO KOppensIIHoHHAsL
marpuia R; ; BBoXuTCs B BHze:

Lifi=)
R =|r(1), ifli—jl=1.
0 — otherwise

0,5
Ry(m)
e
r(m)
P

0 Ve Y T < I VRO AU
e
Yoot
0,5
0 10 20
m

Puc. 2. 3anannas r(m) u nomydenHast Ry(m) KoppesiiioHHbIC
GhyHKIIH
Fig. 2. The set r(m) and obtained Ry(m) correlation functions
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Fig. 3. The set Ry .1 and obtained Ry(m) correlation functions of the Markov process

Ipu Tpebyemoii mucniepcuu ommbku De < 1-10-3 jynHa
MOJIEINPYEMOT0 MapKOBCKOTO ITPOIiecca B COOTBETCTBUH C
(9) nomxna GbITh He MeHee 1-103.

BriGepem N = 10, torna P = 200 u K = 2-103.
BbIxonHOI KOppennpoBaHHBIN IPOIECC ONMpeaesIeTcs
ypaBHeHHeM (7), a ero KoppesanuoHHast (GYHKITUS, BBIYIC-
nenHas B cootBeTcTBuu ¢ (10), mokazaHa Ha puc. 3 BMecTe
C MEPBOI CTPOKOW 33aJaHHON KOPPEISIIMOHHON MaTpULbl:
R, =(1 0,3 0 0 ...). Ha puc. 3 Buzno nopobue 3a1aH-
HOM Y BBIYMCJIEHHOM I10 IIOJIyY€HHON MOZEIN MapKOBCKOIO
npolecca KOppesiHOHHbIX (PYHKIMH, 4TO MOATBEPKIAeT-
sl mapaMeTpamMu OMIMOKU MOJICTUPOBaHUs e(m):

e(1) = r(1) = Ry(1) = 0,032, e(1)/r(1) = 0,00(6),
max(|e]) = 0,038, Me =9,7-103, De =2,9-104.

MopneaupoBanue CIy4aiHOro npouecca ¢ 3aJaHHbIMHU
YacTOTHBIMH CBOlicTBaMuU

PaccMoTpuM MeTOAMKY MOAEIUPOBAaHUS CIy4aiHO-
ro mpoliecca ¢ 3aJaHHBIMU YaCTOTHBIMU CBOMCTBAaMU C
nomo1bo nakera Mathcad. Ecnu criekrpaibHast 1miort-
HocTh MomHOCTH Gy(®) crarmonaproro CII Y(7) 3amana
AQHAJMTHYECCKH, TO KOPPEISIIMOHHAs QyHKIUS 7(T) 9TOro
mporecca MOXKeT ObITh HaliJIeHa C TIOMOLIbIO YPaBHECHUS
Bunepa—Xwununna [6, C. 240]:

Omax

r(t)=— | Gy(w)-cos(ow1)dw, (11)
T 0

rae, npu ® =

-2:10-3.
Huckpernsanus HafimerHoH B (11) KoppensmuoHHOM

¢byHKIIUA 7(T) TPOU3BOAUTCS C MHTEPBAIOM AT MeEX-

Iy COCEHUMH OTCUYETaMH, ONPEAeIsIeMbIM TE€OPEMOil

Kotensuukosa [7, C. 82]:

=27 f x> GV(@)/maxGy(®) < 1-10-4 —

max

[Tocne BpIOOpa BEJIMYMHEI IIara JUCKPETU3ANMNH AT
KoppensiuonHas QyHkiwms r1(m) onpeaenseTcs ypaBHe-
HUCM:

1, ifm=0,

ri(m) = r(Atm), if m #0.

BrInonHuM nepexon Kk KoppensuoHHONH marpuue Ry
Buja (2):

riae N — pa3mep KOppesilMOHHON MaTpHLbL, |i — j| = m.
Hanpumep, ecinu 3aanHast ClieKTpajibHas MJIOTHOCTb
MotrHoctu Monenupyemoro CII paBHa

16

Go)=—————,
o't 130" +4

TO MPH Oy = 27 G21)/G(0) = 2-1073. TlpumeM Oy, = 27,
Jfmax = 1, Torma At = 0,5. Takum 06pa3zoM, KOppensSIHOHHAsT
Marpuna Buja (2), onpenenexHas B (12), mo3BosseT nomy-
YUTh peaTU3alliio MOJICIHPYEMOro MpoLecca, HCIOIb3Ys
PACCMOTPEHHYIO METONUKY.

3akaouenune

[Tpennoxxena MeToIMKa MaTeMaTUYeCKOro MOJICIHPO-
BaHHMs CTAallUOHAPHBIX CHy‘IaﬁHBIX IMPOLECCOB C 3a/IaHHbI-
MU KOPPEIANUOHHBIMU U CIICKTPAJIbHBIMHA CBOMCTBaMHU.
PesynbraTsl peanuzanuyu METOJMKH C TIOMOIIBIO MaKeTa
Mathcad moka3anu ee 3p()EeKTHBHOCTh M BO3MOXHOCTH
obecrieueHust TpeOyeMoil TOYHOCTH BBEIOOPOM JITMHBI MH-
TepBaJla KOPPEJSIUKN ¥ 00MIEH JITMHBI peaan3alii Moje-
JIMPYEMOTO CITy4ailHOro mpouecca. PaccMOTpeHsI prMepsbl
peam3anuii, B pe3ysbTare KOTOPBIX 00Ias JUIMHA mporec-
ca He 6omee yeM B 10 pa3 mpeBICHIIa BETHIHHY, 00paTHYIO
TpeOyeMoiit TUucTIepCcuy OMMUOKH MOJeTUpoBaHus. BaxkHoe
JOCTOMHCTBO MPEUIOKCHHOT'O METOa MOACINPOBAHUS —
MPOCTOTA €T0 PEATU3ALUH 110 CPABHEHHIO C METOJIOM, OIIH-
CaHHBIM B [2], U C TEOPETHYECKUMH MeToaMu — B [1].
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YnpasieHue YMCICHHOM JUCCHIIANMeil THOPUAHOIO MeTOo1a KPYIHBIX YaCTHI
B 32/1a4aX C BUXPEBOii HEYCTOMYNBOCTHIO
Jmurtpuii Buxkroposuu Cagun®?

Boenno-kocmudeckas akagemus uMern A.d.Moxkaiickoro, Carkr-IletepOypr, 197198, Poccuniickas Oeneparus
sadin@yandex.ru™, https://orcid.org/0000-0001-5335-4847

AHHOTaNMA

Ipeamer ucciaegopanus. CoBpeMeHHBIC TEHICHINN Pa3BUTHS YHCIEHHBIX CXEM CBS3aHBI C YMEHBIIEHHUEM
JIFICCUIIATUBHBIX U AUCIEPCHOHHBIX OIMIMOOK, a TaKkKe YIydIIeHHEeM CeTOYHOH CXOAMMOCTH pemieHus. JlocTmkeHne
9THX BBIYUCIHTEIBHBIX CBOMCTB — HENpocTas IpobiemMa, Tak Kak yMEHBIIICHHE CXEMHON BSI3KOCTH 4acTO COTIPSDKEHO
C BO3pacTaHUEM OCIMULIHUHA ra30HHAMHYECKHX IapamMeTpoB. B pabore mpejicTaBieHo uccieJ0BaHHE BOIPOCOB
yIpaBJIeHHs YUCICHHON JIMCCUMIAlIeH B 33/1a4aX ra30Boi IMHAMHKH C IIEJIbIO TIOBBILICHHUS pa3peliaronieil CriocoOHOCTH
IIPU YUCICHHOM BOCIPOM3BEACHUN BUXPEBON HEYCTOMUMBOCTH Ha KOHTAKTHBIX rpaHuuax. Meroa. s pemenus
MOCTaBJIEHHON 3aJjady UCIONb30BaH I'MOPUIHBIN METOA KPYHMHBIX YaCTHIl BTOPOTO MOPsAKA anMpOKCUMALKU 110
MIPOCTPAHCTBY M BPEMEHM Ha TNIAJKUX PEIICHNSIX. MeToa MOCTPOeH ¢ PaCIIeTIeHHeM 10 (GU3MIECKUM MPoLeccaM B
JIBa dTara: TPaMeHTHOe yCKOpeHne U Ae()OpMUpOBaHNE KOHEYHOTO 00beMa Cpefbl; KOHBEKTHBHBIH IIEPEHOC CPEIIbl
yepe3 ero rpanu. [loBeIIenne mopsiIka anmpOKCUMANUHU 0 BPEMEHH JIOCTUTAETCS] KOPPEKTHPYIOMINM [IaroM IO
BpeMeHH. Perysipisarnys 4nuciIeHHOro pelIeHust 3a/1ad Ha IIePBOM dTarle MeTo/ia 3aK/II04aeTcs B HeJIMHEHHON KOpPeKIn
HCKYCCTBEHHOH BSI3KOCTH, KOTOpAasi HE3aBUCHMO OT pa3pelleHHs CETKH CTPEMHUTCS K HYIIO B 0OJIACTAX IIIAAKOCTH
penrenusi. Ha oTare KOHBEKTHBHOTO MEPEHOCA BBITOJHEHA PEKOHCTPYKIHS IIOTOKOB IyTEM aTUTHBHON KOMOWHAIMN
LEHTPAJIbHON M NPOTUBOIOTOYHOH annpokcuManuii. OCHOBHbIe pe3yabTaThl. [Ipeanoker MexaHu3M peryaIupoBaHus
YHCJIEHHON JUCCHUITALNK METO/a, OCHOBAHHBIA HAa HOBOM ITapaMeTPHYECKOM OTPAaHUUHTEINE UCKYCCTBEHHON BA3KOCTH.
OnTtumanbHas HACTPOIKa METO/Ia IO COOTHOIICHHUIO TUCCHITATUBHBIX U AUCTIEPCHOHHBIX CBOIMCTB YHCIEHHOTO PEIICHUS
JOCTHTHYTA 3aJaHUEM IapameTpa orpaHuduTensHoi ¢yHkiun. [IpoBepka >dpdexkTHBHOCTH MeTO/a POBEJCHA Ha
JIByMEPHBIX ITOKa3aTeJIbHBIX 3a/a4aX. B oHOl N3 HUX KOHTAaKTHBIC TOBEPXHOCTH 3aKPyUYEHBI B CITHPallb, HA KOTOPBIX
BO3HHKAaeT BUXpeBasi HeycTolunBocTh KenmbBuHa—Ienbpmronbna. Jpyras 3aada — KJIACCHYECKUH TECT C IBOIHBIM
MaXOBCKUM OTpPa’K€HHEM CHUJIbHOM yaapHO BosHbI. CpaBHEHUE ¢ COBPEMEHHBIMU YHCICHHBIMY METOJaMHU 10Ka3aJlo,
YTO MPEJIOKEHHBII BApHAHT THOPUIHOTO METOJa KPYITHBIX YaCTHI] 00J1a[aeT BHICOKOH KOHKYPEHTOCIIOCOOHOCTBIO.
Hampumep, B 3amade ¢ ABOHHBIM MaXxOBCKHUM OTPa)KEHHEM pacCMaTpHUBAEMbIil BApHaHT MeTOJa NMPEBOCXOIUT 110
BUXpepaspelnaoieil criocodnoctu nonyssipayo cxemy WENO (Weighted Essentially Non-Oscillatory) msitoro
MOPSIIKA U COTMOCTAaBUM ¢ yHncieHHbIM pemenneM WENO npeBsitoro mopsiaka anmpokcumanuu. IlpakTuyeckas
3HAYUMOCTb. [IpeioxKeHHbII METOT MOXKET OBITh OCHOBOW KOHBEKTHBHOTO OJIOKA YHCICHHOW CXEMBI IIPU MOCTPOCHUHT
BEIYHUCIIUTENFHOM TEXHOIOTHU MOAEINPOBAHNUS TYPOYIEHTHOCTH.

KiioueBnble c10Ba
THOPUIHBIN METO KPYITHBIX YaCTHII, Pa3pelIaonias COCOOHOCTh, YACIICHHAS UCCHIIANNS, BUXPEBasi HEYCTOUYNBOCTh
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YnpaBneHue YuCneHHo auccunaumein rmépuaHoro MeToaa KpynHbixX YHacTuL, B 3a4a4ax C BUXPEBOI HEYCTONYNBOCTbLIO

Numerical dissipation control of a hybrid large-particle method
in vortex instability problems
Dmitry V. Sadin>¢
Mozhaisky Military Aerospace Academy, Saint Petersburg, 197198, Russian Federation
sadin@yandex.ru™, https://orcid.org/0000-0001-5335-4847

Abstract

Current trends in the development of numerical schemes are associated with a decrease in dissipative and dispersion
errors, as well as an improvement in the grid convergence of the solution. Achieving the computational properties is
not an easy problem since a decrease in scheme viscosity is often associated with an increase in the oscillations of gas
dynamic parameters. The paper presents a study of the issues of numerical dissipation control in gas dynamics problems
in order to increase the resolution in numerical reproduction of vortex instability at contact boundaries. To solve this
problem, a hybrid large-particle method of the second order of approximation in space and time on smooth solutions is
used. The method is constructed with splitting by physical processes in two stages: gradient acceleration and deformation
of the finite volume of the medium; convective transfer of the medium through its facets. An increase in the order of
approximation in time is achieved by a time correction step. The regularization of the numerical solution of problems
at the first stage of the method consists in the nonlinear correction of artificial viscosity which, regardless of the grid
resolution, tends to zero in the areas of smoothness of the solution. At the stage of convective transport, the reconstruction
of fluxes was carried out by an additive combination of central and upwind approximations. A mechanism for regulating
the numerical dissipation of the method based on a new parametric limiter of artificial viscosity is proposed. The
optimal adjustment of the method by the ratio of dissipative and dispersive properties of the numerical solution is
achieved by setting the parameter of the limiting function. The efficiency of the method was tested on two-dimensional
demonstrative problems. In one of them, the contact surfaces are twisted into a spiral on which the Kelvin-Helmholtz
vortex instability develops. Another task is the classic problem with a double Mach reflection of a strong shock wave.
Comparison with modern numerical schemes has shown that the proposed variant of the hybrid large-particle method
has a high competitiveness. For example, in the problem with double Mach reflection, the considered version of the
method surpasses in terms of vortex resolution the popular WENO (Weighted Essentially Non-Oscillatory) scheme of
the fifth order and is comparable to the numerical solution of WENO of the ninth order of approximation. The proposed
method can be the basis of a convective block of a numerical scheme when constructing a computational technology
for modeling turbulence.

Keywords
hybrid large-particle method, resolution, numerical dissipation, vortex instability

For citation: Sadin D.V. Numerical dissipation control of a hybrid large-particle method in vortex instability problems.
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BBenenue

UuciaeHHOE MOJCIUPOBAHUE CTPYKTYPHO CIIOKHBIX
TEUCHHI Ta3a CBA3aHO ¢ MpobIeMaMu KOPPEKTHOTO pac-
YeTa YIapHBIX BONH U KOHTAKTHBIX Pa3pBIBOB, a TaKKe
Pa3IMYHBIX BUIOB HEYCTOHYMBOCTA W MHOTOMACIITAOHO-
ro paspemeHus GOpMHUPYEMBIX BUXPEBBIX 00pa30BaHU.
TpaauimoHHBIE CXeMBI TIEPBOTO MOPSKA AIIPOKCUMAIINN
Tomgynoga [1], Poe [2], benoneprosckoro—/laBeiiosa [3]
MO3BOJISIOT YUCICHHO BOCHPOU3BOIUTH MOHOTOHHBIE, HO
CYIIECTBEHHO CIVIaYKEHHBIE MPOQHIN Pa3phIBOB B Ta30BOM
roroke. B 3ajauax MonenMpoBaHusl BUXPEBBIX CTPYKTYP
WIM aKyCTUYECKHX BOJIH IPUMEHEHNE PA3HOCTHBIX HMIIN
KOHEYHO-00BEMHBIX CXEM IIEPBOTO IOPSIIKa OKa3bIBAETCS
MIPAKTUICCKH HE MPUTOTHBIM, TaK KaK TpeOyeTcs Heomy-
CTUMO OOJBIIOE YHUCIIO CETOYHBIX Y3IIOB (KOHTPOIBHBIX
00BEMOB).

Kax m3BectHo, Teopema ['ogynoBa [1] He momyckaeT
MTOCTPOCHNE MOHOTOHHBIX CXeM IS JINHEHHOTO YpaBHEHHUS
MIepeHOca BBIIIE MEPBOTO MOPSIKA ANMPOKCUMAIIUH, YTO
MOXET MPHUBOAUTH K MOSBJICHUIO HE(YU3NIESCKUX OCIHII-
JIAIUE B pelieHuu. [ mogaBieHus: oCHMIUISAIUN B pa3-
HOCTHBIX CXeMaX IOBBIIIEHHOTO MOPSKA alllPOKCHMAIINU
TIPE/ITIOKEHBI pa3lIniHble HEJIMHEIHBIEC alrOpUTMUYECKUE
MIPUEMBbI, OCHOBAHHBIEC HA IPUHIIUIIAX MUHUMAJIbHBIX 3Ha-
YeHUI IPOU3BOIHEIX [4], HEBO3pacTaHuUs 00IIeH Bapruauu

pemenns Total Variation Diminishing (TVD) [5], mepe6o-
pa mabJIoOHOB C YYETOM JOKAIbHOM MIAAKOCTH PEHICHUS
Weighted Essentially Non-Oscillatory (WENO) [6, 7] u ap.

CoBpeMeHHbIE TEHICHIIMN PAa3BUTHS YUCICHHBIX CXEM
CBSI3aHbI C YMEHBIIICHUEM JAMCCUIIATUBHBIX U AUCIIEPCUOH-
HBIX OIIMOOK, a TAKOKE YITyUIIEHUEM CETOYHOM CXOIUMOCTH
pemenus [8—10]. JlocTuxkeHne dTHUX BBIUUCIUTEIbHBIX
CBOMCTB SIBJISIETCS HEIPOCTON MPOOJIEMOH, ITOCKOIBKY
YMEHBIIEHUE CXEMHOM BSI3KOCTH YacTO COMPSKEHO C BO3-
pacTaHueM OCHMIIISIIUH Ta30JHHaMUYECKHX ITapaMeTpOB.

B o6mem ciiydae TedeHne ra3a OnichIBaeTCs C y4eTOM
BSI3KOCTH ¥ TETUIONPOBOAHOCTH. BMecTe ¢ TeM unciieHHoe
MoOJeTupoBaHNEe OyIeT KOPPEeKTHO, eciu 3P HeKTUBHASL
YHUCIICHHAsI BA3KOCTh CXEMBI CYIIECTBEHHO MEHbIIE (hu-
3uueckoi. Kak mpaBuiio, cpaBHUTENBHBIN aHAN3 3 dek-
TUBHOCTH QJITOPUTMOB BBIIIOJHSAETCS B TECTOBBIX 3a/1adax
C BUXPEBOM HEYCTOWUHMBOCTBIO B HEBS3KOM I1OCTAHOBKE
[11, 12]. ITpu 3TOM mpeanouTUTEIbHA MEHEE TUCCUTIATHB-
Hasi cxema, oOJiajiarolas JIydieil Buxpepaspearone
CIIOCOOHOCTBIO.

Pabora nocasieHa coBepiIeHCTBOBAHNIO THOPHTHO-
IO METO/Ia KPYIHBIX YacTHUI] C YIPABIIEMON YUCICHHON
nuccunanueit CDP2 (Controlled Dissipative Property)
[13, 14]. PerynupoBaHue qUCCHTIATHBHBIX CBOIICTB METO/A
OCYIIECTBIICHO AByMs criocobamu. [1epBEIif 3aKimodaeTcs B
HEJIMHENHON KOPPEKLUU UCKYCCTBEHHOM BSA3KOCTH, KOTO-
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past He3aBUCUMO OT Pa3pelleHUs] CETKU CTPEMUTCS K HYITIO
B 00J1aCTSIX IIAKOCTH YMCIIEHHOTO petieHus. Bropoii cro-
€00 — PEKOHCTPYKIMSI KOHBEKTUBHBIX BEJIMYHH ITyTEM a1
JUTHBHON KOMOMHAIINY EHTPAIBHON U TPOTUBOIIOTOYHOM
annpoKCUMAIIHH.

Ienp pabGoThl — IMOBBIIEHNE pa3peIIaroIIei crroco0-
HOCTH THOPUIHOTO METO/a KPYIHBIX YaCTHUI] IPH YHUC-
JICHHOM BOCIIPOM3BEIECHUU BUXPEBOUM HEYCTOMUYMBOCTH
Ha KOHTaKTHBIX IPaHHULAX MyTeM yNPABICHUS YHCICHHON
lIHCCPIl'laLIPIeﬁ Py anmpoOKCUMAIINU 3aKOHOB COXpPaHCHUS.

MaremaTuueckasi MOJ€JIb U AJITOPUTM pacueTa

PaccmoTpuM 3aKOHBI COXpaHEHUS KaJIOPHIECKH COBEP-
IIEHHOTO Ta3a B (popMme ypaBHEeHHUI Diinepa B 6e3pazmep-
HOM BHje [14]:

o9 _
~, FVGVE =0, (1)
t

q=[p, pv, pE1", G = [pv, pvv, pEV]T,
F= [Oa D, pV]T9 Vd = dlag(vs Vy V)>

rae p, v, p, E — MIOTHOCTB, BEKTOP CKOPOCTH C KOMIIO-
HEHTaMU ¥ U v, JaBJICHNE, TIOJIHAS SHEPTHs ra3a eIUHHIIbI
Mmacchl; q, G — KOHCepBaTHUBHBIC M MTOTOKOBBIC BEIHYH-
Hel; F — rpaauenTHele U neopManioHHbIE BEITUYHHBL,
t — BpeMs; V,; — QuaroHajbHas MaTpHLA C OIepaTopaMu
HaOJa Ha TIaBHOM JMaroHajy; TOYKa — 3HaK CKaJISIPHOTO
TIPOM3BEICHUSL.

3akoHbl coxpaHeHus (1) TOMONHAIOTCS ypaBHEHHEM
COCTOSIHUS

p=(—Dp(E-v?2),

I7ie Y — IoKa3aTesb ajnalarsl.

Cxema ruOpUIHOTO METOAa KPYIHBIX YacTHI] peasi-
3yeTcsl ¢ paculeIICHHEeM Mo (GU3MYECKUM IponeccaM Ha
JIBa HTara.

Ha nepBom 3Tane anmpoKCHMHUPYIOTCS TPaJANCHTHBIE 1
nedopmarmoHnsle cnaraeMele F:

0) = gk k k
0 =qy - (<Fn+]/2>\yv - <Fn—l/2>\yv)T/ h, (2)
a Ha BTOPOM — IIOTOKOBBIE WICHBI 3aKOHOB coxpanenus G:

0= (G0, GO o )

rae T = th*1 — Kk — mar no Bpemenn (f — BpemMeHHOM
clloit); h — pa3Mep A4eHKHU C ee LEHTPOM X, U IPaHAMH
Xpi1/2 = Xp £ h/2; (), 1 (), — OIEPATOPEI HEMHEHHOI
KOPPEKINH UCKYCCTBEHHOM BSI3KOCTH C OTPaHHYHTEIIEM Y,
¥ PEKOHCTPYKLUHU IIOTOKOB € OTPaHIIHTENeM Y/ (110Ap06-
Hee MpeCTaBIeHHbIC B padoTax [13, 14]).

TMoBbimenre nopsaKa annpoxkcumarmu 10 O(h? + 12)
JOCTUraeTCs C HCIIOIb30BAaHUEM KOPPEKTHUPYIOIIETO IIara:

@=0,5(q5+q0)- 0,5((F,§P1/2 Dy, — (Fil >\uv)T/ h, (4)

4" =q - 0,5((G£,2+)1/2)W* <G(;':2)l/2>wf)r/ h. (5

K HacTosimieMy BpeMeHM MPEIIOKEHO OO0JbIIoe KO-
audecTBo orpannuntenei TVD-tumna, BBIOOp KOTOPBIX
OIIPENEeIISICTCS KIIACCOM pelraeMbIX 3a1ad [15]. dis Gonee
rHOKOTO (MTapaMeTPUIECKOT0) PEryJIUpOBaHUs IUCCHIIA-
THUBHBIX CBOMCTB I'MOPHIHOTO METO/a KPYIHBIX YaCTHUI
peanu3oBaHa TMHEHHAs KOMOMHAIIMS N3BECTHBIX Orpa-
Hugutenei [16]. Hampumep, HOBBIN mapaMeTpuyecKuit
B-orpanuanTeNs!

Yye = Byse + (1= PBlyyr

MO3BOJISICT YIPABIATH YHCICHHON BS3KOCTHIO CXEMEI 32
CYeT KOMOMHAIINN OTPaHHYUTEIICH:
Van Leer

Wy (r) =+ |1 +7)

u Super-C
min(2#/lc|, 1), 0<r<l,
Yoo =\ min(r, 2/(1 —|c]) ¥>1,
0,4 r<o,

TJie ¥ — OTHOIIEHNE HAKJIOHOB Ia30JMHAMHYECKHX T1apa-
METpPOB B COCEIHHX SUeHKax, ¢ = ut/h — aHaIOT Ymcia
Kypanra.

XapakTepHble 001aCTH ACHCTBUS OrpaHUUYHUTENICH Yy ,
VYgc M UX THHEHHONH KOMOMHALMN |y B 3aBUCHMOCTHU OT
OTHOIICHHS HAaKJIOHOB 7 TIOKa3aHbl Ha [uarpamme Sweby
(puc. 1). Ha nuntepBane usMeHenus nepeMeHHou » < 0
OTHOIICHHS HAKJIOHOB UMEIOT pa3Hble 3HAKU — CETOYHOE
pELICHHE CONIEPIKUT SKCTPEeMyMBI (ocIuisiiun). [Tpu sTom
orpannumTensHas GyHknus 3agaercs y = 0, u obecreun-
BAaeTCs MOBBIIICHHAs YMCICHHAs nuccunanys. B obnactu
r >0 pemenne oomagaeT pa3IMIHON CTETICHbIO TJIaJKOCTH,
a anmpOKCUMALHS TOTOKOB B aJITOPUTME THOPHTHOTO METO-
na KpynHbIX gactull (3), (5) sBiseTcs Oe3auccunaTuBHON
mpu y = 1.

MexaHn4ecKoe NCTIONb30BaHNE H3BECTHBIX OTPaHIYH-
Tenel Ui HCKyCCTBEHHOM BA3KOCTH B (2) U (4) BO3MOXKHO,
HO HE fABJIAETCS ONTHUMAJIbHBIM. B yacTHOCTH, mpUMeHe-
Hue y = 0 B obyactu skcTpeMyMoB 1ipH » < 0 criaxusa-
€T CEeTOYHOE pelIeHHe, HO BHOCUT B CXeMy M30BITOUHYIO
YHCJIEHHYIO BSI3KOCTh. [IoTOMY pannoHansHbBIM criocoOomM
PEryJIIMpOBaHUs AUCCHUIIAIIMN MOXKET OBITh OIpaHUYNTEIh
Brta Ype = B+ (1 — B)ygc, obmacTu JeHCTBHS KOTOPOro
[IOKa3aHbl CIJIOLIHOW KpUBOii 4 Ha puc. 1.

Bepuduxanus aaropurma pacuera

BrImoHIM poBepKy paboToCIIOCOOHOCTH HOBOTO all-
TOpUTMA HETTMHEHHON KOPPEKIINU NCKYCCTBEHHOH BI3KOCTH
Ha TIOKa3aTeIIbHBIX TECTOBBIX 33/1a4aX C BUXPEBOU HEYCTOM-
YUBOCTBIO, IJIs1 KOTOPBIX (Hampumep, [10—12]) m3BecTHBI
pelIeHns Pa3InYHBIMU YHUCICHHBIMU METOJaMHU. 3a/1aun
pelleHbl B MJIOCKON OPTOTOHAJIBLHOW CUCTEME KOOpAMHAT
Ha paBHOMepHOH ceTke ¢ unciom Kypanta CFL = 0,4.
s obecriedeHns BEICOKOH MH(OPMATUBHOCTH PE3yJib-
TaTOB MOCTOOPa0OTKA OCYIIECTBICHA B BUJC YHCICHHBIX
HIJTMPEH-N300pakeHNH (HeMHEWHOH (DYHKIIMU rpajiieHTa
wiotHocTH Quirk and Karni) [14]:
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0 '] 1 1
0 2 r
Puc. 1. lnarpamma Sweby. OrpaHuuntelsbable GyHKINUH: Ygc
(xpuBas 1); yy, (kpuBas 2); Yy ¢ napamerpom B = 0,5 (kpusas
3); OrpaHUYHTENb UCKYCCTBEHHOH BI3KOCTH W 5¢ (KpHBas 4) B
3aBUCHMOCTHU OT OTHOIICHHS] HAKJIIOHOB ¥

Fig. 1. The Sweby diagram. Limiter functions: ygc (curve 1),
Wy (curve 2); yyc with the parameter B = 0.5 (curve 3),
artificial viscosity limiter y 5c (curve 4) depending on the slope
ratio

i |Vpi,/"
S, i =exp|l-k————
1 )
J max|Vp; |

Vij
rie i, j — HyMepauus siYeeK Mo X U y COOTBETCTBEHHO;

Vp, ;— IpaiyeHT IIOTHOCTH; k — HACTPOCUHbIH KOO HH-
LEHT JUIsl KOHTPACTHOIO OTOOpaKeHHUS JieTalell MoToKa.

IepBblif TecT cBsI3aH AByMEpHBIMU 3aaadaMu Pumana
¢ (hopMHpOBaHMEM UYETHIPEX KOHTAKTHBIX Pa3pbIBOB U HX
3aKpy4yuBaHueM B crupaib [12]. Obmacte ompeaeneHus
3anauu [-0,5; 0,5] x [-0,5; 0,5] pazaenena npsimbiMu x = 0
n y = 0 Ha yeThIpe KBajpaHTa. [locTosHHBIC HAYAILHBIE yC-
JIOBMS TIPUBEJICHBI B sTUeHKax TaOIHIIbI, COOTBETCTBYIOLINM
MO3UIMSAM KBaJIPAHTOB.

Ha rpanumnax pacueTHON 00IacTH 3aAaHBI «MATKHE
KpaeBble ycnoBus. Kak u B padote [12], pacdeTsl BBITOIN-
HeHbl Ha ceTke 600 x 600 sueek 10 MmomenTta Bpemenu 0,3.
JIns HenMHEWHONW KOPPEKLUUH UCKYCCTBEHHOM BSI3KOCTH
HCIIOJIB30BaH OIPaHUYMTENDb Ype ¢ napamerpom f3 = 0,5.
YipaBieHue YuCIeHHO quccunanyeil moToKoB OCyIIecT-
BJICHO C ITOMOII[bIO KOMOMHHPOBaHHOM (DYHKIIMH HAaKIIOHOB
Yyc(P) i pasauuHbIX 3HaueHuil napamerpa 3 =0,5; 0,7;
0,8; 0,9.

Pesynbrars! pacueToB npeacrasieHsl Ha puc. 2. Oco-
OEHHOCTH JaHHOM KOH(HUTYpaIii: HETIPEPHIBHOCTH JaBIIe-
HUSl 1 HOPMaJIbHOW COCTaBIISIIOIIEH CKOPOCTH; IUIOTHOCTD
U KacaTeIbHbI KOMIIOHEHT CKOPOCTH TIPETEPIIEBAIOT pa3-
pbIB. KOHTaKTHBIE TOBEPXHOCTH 3aKPyYUBAIOTCS B CIIU-
paJib, Ha KOTOPBIX Pa3BUBACTCS BUXPEBask HEYCTONYNBOCTh
KensBuna—I ensmromnsua. [omynsapras cxema WENOS [12]
HE BBISIBIISIET OTMEYEHHBIH (D QEKT Ha 3a1aHHOM JleTann3a-
MU CeTKH (puc. 2, ¢). [MOpuaHbIi METO KPYTHBIX YaCTHII
C UCIIOJIb30BAHUEM OTPaHHYUTENS IOTOKOB Yy () mpu
B > 0,7 paspemiaer BTOpUYHYIO BUXPEBYIO CTPYKTYpy Ha
MOBEPXHOCTH cnupanu (puc. 2, b—d) n mpeBOCXOAUT 110
BuXpepaspemaroeii cnocoonoctn merog THINC-BVD

a c
CDP23=0,5 N CDP23=0,7 S CDP2 3=0,8 Sij
-0,5 1,0 -0,5 1,0 -0,5 1,0
>~ 0,01 ~ 0,01 ~ 0,0
0,5 T 0,0 0,5 0,0 0,5 T 0,0
0,5 0,0 -0,5 0,5 0,5 0,0 -0,5
X X
d
Sij
-0,5 1,0
~ 0,04
0,5 0,0 0,5
0,5 0,0 -0,5 0,5

Puc. 2. Uncnennsle MUMpeH-n300paxkeHns QyHKIMU IpaJieHTa ITIOTHOCTH B 3a1ade PUMaHa ¢ KOHTaKTHBIMHA pa3pbhIBAMH Ha CETKE
600 x 600 srueek, NOMy4eHHbIE THOPUIHBIM METOIOM KPYIIHBIX YaCTHIl ¢ KOMOMHAIMEH OrpaHUYUTENICH TIOTOKOB Wgr U Yy,
Jutst 3HaYeHui mapamerpa B: 0,5 (a); 0,7 (b); 0,8 (¢) u 0,9 (d); TeneBbie m300paxkenus: cxembl WENOS (e) u metona THINC-BVD
u3 [12] (f)

Fig. 2. Numerical schlieren-images of the density gradient function in the Riemann problem with contact discontinuities on a grid of
600 x 600 cells obtained by the hybrid large-particle method with a combination of flux limiters ygc and yy for parameter values
B=0.5(a); 0.7 (b); 0.8 (c) and 0.9 (d); shadow images: WENOS (e), THINC-BVD from [12] (f)
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Tabnuya. HayanbHble yCI0BUS

Table. Initial conditions

IapameTper
Ilosumus B kxBagpaHTax )2 r u v
ciesa crpaBa cieBa cripaBa cresa crpaBa cieBa crpaBa
Caepxy 1 1 2 1 0,75 0,75 0,50 0,50
CHuzy 1 1 1 3 0,75 0,75 0,50 -0,50

(Tangent of Hyperbola for INterface Capturing — Boundary
Variations Diminishing) u3 [12] (puc. 2, f).

B kauectBe Broporo tecra BrlOpaHa Kiiaccuyeckast 3a/1a-
Ya ¢ ABOMHBIM MaXOBCKHM OTPayKEHHEM CHIILHOM ylapHOH
BoutHEI (Double Mach reflection of a strong shock [11]).
B HauanbHBIM MOMEHT BPEMEHH yJapHasi BOJIHA C YUCIOM
Maxa 10 obpasyer yrox 1/3 ¢ ocbio Ox U mepecekaeT ee
B Touke 1/6. [lepen BomHOM 3a7aHBI TapaMeTpPHI: MIIOT-
HOCTH p = 1,4, naBrnenue p = | 1 CKOPOCTH C KOMITOHEH-
tamu u = v = 0. Pacuernas obnacts 3amaqu [0, 4] x [0, 1].
I'panuunsie ycnosust npu y = 0 Ha otpeske [0, 1/6] 3ama-
HbI B BUJIC CBO60}IHOFO BBITCKAaHUA, 4 B OCTaJIbHOM YacTHu

[1/6, 4] — ycnoBus otpakeHus. KpaeBbie yciioBus ciicBa u
CBEpXY 3a yAapHOU BOJIHON YCTaHOBIIEHBI U3 COOTHOILICHUN
PsnkuHa—Ttoronno, a cpasa npu x =4 u cBepXxy J10 CKauka
YIUIOTHEHUSI TPAJUEHTHI T'a30JMHAMHYECKIX MapamMeTpoB
3aJaHbl paBHBIMHU HYJTI0. Bpemst okonuanust pacuera 0,2.
B pesynbrare B3anMoIeHCTBHS KOCOTO CKavYKa YIUIOTHE-
HUS C TBEPAOI CTEHKOI BO3HUKACT KOH(PHUTYPALIUS C IBYMS
TPOHHBIMH TOYKaMH, IBOHHBIM MaXOBCKHUM OTPAKCHHUEM U
HaKJIOHHOM KOHTAKTHOM MOBEPXHOCTbIO, HA KOTOPOU pa3-
BUBAETCS BUXPEBas HEYCTONINBOCTD. DKCIIEPUMEHTAIBHOE
MOATBEPXKICHUE U AeTaIbHOE 00CYXIeHNe KOH(pUTyparmii
C KOCBIMH yJIapHBIMU BOJHAMH NpHUBesieHa B pabore [17].

a b c
h=1/240 Sij h=1/480 Sij h=1/960 Sij
1,00 1,00 0, 1,00
~
0,01 0,01 0,0 0,01

Puc. 3. YucneHHsle MUIMPEeH-U300pakeHns QYHKIMHU IPAJANCHTA INIOTHOCTH B 3aj1a4e C JBOIHBIM MAaXOBCKMM OTPa)KEHHEM yIapHON
BOJIHBI, T1OJTy4E€HHbIE THOPHIHBIM METOZIOM KPYITHBIX YaCTHI] C KOMOMHALIMEN OrpaHUYUTEIIEH TOTOKOB: Yy U Yy (a) npu B = 0,2;
Wy 1 Wy ipu B = 1,0 (b) u B = 0,6 (¢). Kontypusie muaun miotHocta ot 1,5 10 22,9705 ms cxemsr: WENOS (d—f) 1 WENO9 u3
[11] (g—)

Fig. 3. Numerical schlieren-images of the density gradient function in the problem with double Mach reflection of a shock wave
obtained by the hybrid large-particle method with a combination of flux limiters: ygc and vy (a) for B = 0.2; yyy and yyp, for
f=1.0(b)and = 0.6 (c). Contour lines of density from 1.5 to 22.9705 for scheme: WENOS (d—f), WENO9 from [11] (g—i)
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BrruncnurensHas npobiema JaHHOM 3aa4n — paspe-
LIEHNE BUXPEBOIM CTPYKTYpPbl Ha HAKIIOHHOM KOHTaKTHOM
paspbiBe. DTO NMPEIbSBISLET K YACICHHBIM MOJAEISM BbI-
COKHe KOH(IMKTYyIOImuEe Mexay coboil TpeOboBanus mMa-
JIOM CXeMHOH IHCCUTIATUBHOCTH, HO JIOCTATOYHON ISt
MTOJIABJICHUS TUCIIEPCHOHHBIX OMMOO0K (He(PHU3NIECKNX
OCIIHIIIISITTAH ).

Ha puc. 3, a—c moka3aHsl pe3ynabTaThl PacieToB I'U-
OpUIHBIM METOJIOM KPYIHBIX YaCTHUI] C IPEII0KEHHON
HEJIMHEHHOI KOPPEKILMeH HCKYCCTBEHHOM BABKOCTH Ypc C
napameTpoM B = 0,5 Ha ceTKax pasJInYHOrO pa3pelIeHus:
1/240, 1/480, 1/960. Ha rpy6oii cetke 1/240 ucmonb3o-
BaH OIPaHUYUTENb IOTOKOB Yy (0,2), a Ha HOAPOOHBIX
cerkax 1/480, 1/960 — Gonee nuccunaTUBHAs KOMOUHA-
nust orpannuuteneii MINMOD u Van Leer [18] yyv =
=Byyr T (1 = B)ymm © NapaMeTpaMu COOTBETCTBEHHO
B=1,0u0,6.

[IpoBeneHo cpaBHEHNE PACYETOB IO CXEMaM IISITOTO 1
neBsaToro nopsaxos armmpokcuMarmn: WENOS (puc. 3, d—f)
u WENOO9 (puc. 3, g—i) [11]. ConocraBienne npeacras-
JICHHBIX PE3YJIbTATOB MOKAa3aJ0, YTO HPEAT0KEHHbIH a-
TOPUTM TMOPHUJHOTO METOJIa KPYITHBIX YaCTHI] Ha BCEX
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JICTAITM3aHSIX CETOK PEBOCXOMUT 110 BUXpEpa3pelaromieit
cnocoOHocTH oy sipayto cxemy WENOS u corocraBum
¢ WENO9. Kpome Toro, npuMeHeHHe NPeI0KEHHOTO all-
TOpUTMa HENMHEHHOM KOPPEKIINH O3BOJIMIIO 3HAYUTEIILHO
YITy4IIHTh BHIYUCIUTEIBHBIC CBOMCTBA METO/IA U KA9E€CTBO
YHUCIICHHBIX perrenuii [ 18, 19], B ocobeHHOCTH Ha TPYyObIX
CeTKax.

3akJ/iouenne

B pamkax ruOpusHOro MeToaa KpyIMHBIX YaCTHI Ipe/i-
J0XeHa HoBas (opMa HEJIMHEHHOIN KOPPEKIIMH HCKYyC-
CTBEHHOM BsA3kocTH. ONTHUManIbHAs HACTPOHKa METOAa
10 COOTHOUIEHUIO TUCCHUIATUBHBIX U JUCIIEPCHOHHBIX
CBOMCTB YHCIIEHHOTO PEHIEHHS IMOJYy4YE€HA 3aJaHUuEeM
OTPaHUYUTENbHON (PyHKIIMH HCKYCCTBEHHON BSI3KOCTH.
BelnonHeHa npoBepKa MPeII0KeHHOrO0 METO1a Ha I0-
Ka3aTeJIbHBIX TECTOBBIX 3aJlauax C pPa3BUTHEM BUXPEBOI
HEYCTOMYMBOCTH HAa KOHTAKTHOH rpanune. ['mGpuaHbIit
METOJ KPYITHBIX YaCTHUIl MPOAEMOHCTPUPOBAJ BBICOKHUIL
HOTEHLUAJ, IPEBOCXO/ 10 pa3pelaomieil ciocoOHOCTH
nomnysspHyto cxemy WENOS.

References

1. Godunov S.K. A finite difference method for the computation of
discontinuous solutions of the equations of fluid dynamics.
Mathematics of the USSR — Sbornik, 1959, vol. 47, no. 8-9, pp. 357—
393.

2. Roe P.L. Approximate Riemann solvers, parameter vectors and
difference schemes. Journal of Computational Physics, 1981, vol. 43,
no. 2, pp. 357-372. https://doi.org/10.1016/0021-9991(81)90128-5

3. Belotserkovskii O.M., Davydov Yu.M. A non-stationary “Coarse
particle” method for gas-dynamical computations. USSR
Computational Mathematics and Mathematical Physics, 1971,
vol. 11, no. 1, pp. 241-271. https://doi.org/10.1016/0041-
5553(71)90112-1

4. Kolgan V.P. An application of the minimal derivative values concept
to construction of the finite-difference schemes for calculating the
discontinuous solutions of gas dynamics. Uchenyye Zapiski T5sAGI,
1972, vol. 3, no. 6, pp. 68—77. (in Russian)

5. Harten A. High resolution schemes for hyperbolic conservation laws.
Journal of Computational Physics, 1983, vol. 49, no. 3, pp. 357-393.
https://doi.org/10.1016/0021-9991(83)90136-5

6. Liu X.-D., Osher S., Chan T. Weighted essentially non-oscillatory
schemes. Journal of Computational Physics, 1994, vol. 115, no. 1,
pp. 200-212. https://doi.org/10.1006/JCPH.1994.1187

7. Jiang G.-S., Shu C.-W. Efficient implementation of weighted ENO
schemes. Journal of Computational Physics, 1996, vol. 126, no. 1,
pp. 202-228. https://doi.org/10.1006/jcph.1996.0130

8. Zhang S., Zhu J., Shu C.-W. A brief review on the convergence to
steady state solutions of Euler equations with high-order WENO
schemes. Advances in Aerodynamics, 2019, vol. 1, no. 1, pp. 16.
https://doi.org/10.1186/s42774-019-0019-2

9. Minoshima T., Miyoshi T. A low-dissipation HLLD approximate
Riemann solver for a very wide range of Mach numbers. Journal of
Computational Physics, 2021, vol. 446, pp. 110639. https://doi.
org/10.1016/j.jcp.2021.110639

10. Li J., Shu C.-W., Qiu J. Multi-resolution HWENO schemes for
hyperbolic conservation laws. Journal of Computational Physics,
2021, vol. 446, pp. 110653. https://doi.org/10.1016/j.jcp.2021.110653

11. Shi J., Zhang Y.-T., Shu C.-W. Resolution of high order WENO
schemes for complicated flow structures. Journal of Computational
Physics, 2003, vol. 186, no. 2, pp. 690—696. https://doi.org/10.1016/
S0021-9991(03)00094-9

12. Deng X., Xie B., Loubere R., Shimizu Y., Xiao F. Limiter-free
discontinuity-capturing scheme for compressible gas dynamics with

790

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4



0.B. CagnH

13.

14.

16.

Canunn J1.B. Moaudukanus MeTos1a KpyIHbIX YaCTHIL IO CXEMBI
BTOPOTO NMOPSAAKA TOUHOCTH IO IPOCTPAHCTBY U BPEMEHHU JUIA yAap-
HO-BOJTHOBBIX TeueHHMit razos3secH // Bectank IOxHO-Ypambckoro
rocyapcTBeHHoro ynusepeurera. Cep. MaremMaTnueckoe MOJIEIMpo-
BaHMe 1 nporpamMmupoBanue. 2019. T. 12. Ne 2. C. 112—122. https://
doi.org/10.14529/mmp190209

Camnu J1.B., Tomkos 1.0., Ilupokosa E.H. Tectuposanue rudpun-
HOT0 METoJa KPYIHbBIX YacTHI[ Ha ABYMEpPHbIX 3ajqa4ax Pumana //
Hayuno-texunueckue segomoctu CIIOITIY. dusuko-maremaru-
yeckue Hayku. 2021. T. 14. Ne 1. C. 58-71. https://doi.org/10.18721/
JPM.14104

. Zhang D, Jiang C., Liang D., Cheng L. A review on TVD schemes

and a refined flux-limiter for steady-state calculations // Journal of
Computational Physics. 2015. V. 302. P. 114—154. https://doi.
org/10.1016/j.jcp.2015.08.042

Camun J1.B. MoznenupoBanue Hu3n4eckoil HeyCTOHYMBOCTH Ha KOH-
TaKTHBIX TPAHHUI@AX B TCYCHHAX MHOTOKOMIIOHCHTHBIX CKHMAaEMBbIX
ra30B THOPHIHBIM METOIOM KPYIHBIX dacTull // BerauciautenbHbie
MeTozel M porpammuposanne. 2020. T. 21. Ne 2. C. 129-137. https:/
doi.org/10.26089/NumMet.v21r211

. CemenoB A.H., bepeskuna M.K., Kpacosckas 1.B. Knaccudukanus

Pa3HOBUIHOCTEN OTpPa)XEHUs yJapHOIl BOJHbI OT KinHA. YacTs 2.
OKcHepuMeHTalIbHOE H YUCICHHOE HCCICI0BAaHUE PA3HOBUAHOCTEH
MaxoBCKoro orpaxkenus // Xypuan texauaeckoit ¢pusuku. 2009. T. 79.
Ne 4. C. 52-58.

. Canun JI.B. AHanu3 IUCCUNATHBHBIX CBOMCTB IMOPHIHOTO METOAA

KPYTHBIX YaCTHIl JUI CTPYKTYPHO CIOKHBIX TeYeHMH rasza //
KomnslorepHsle uccnenopanus u mojeauposanue. 2020. T. 12. Ne 4.
C. 757-772. https://doi.org/10.20537/2076-7633-2020-12-4-757-772

. Camun J1.B. DddexruBHast peanu3arms THOPUIHOTO METOA KPYIHBIX

yactul // Maremarndyeckoe moaenuposanue. 2022. T. 34. Ne 4.
C. 113-127. https://doi.org/10.20948/mm-2022-04-08

ABTOp

Canud JImutpuii BUKTOPOBHY — JIOKTOP TEXHMYECKUX HAYK,
npodeccop, npodeccop, BoeHHO-KOCMHUYECKasT aKageMUsi HMCHH
A.®.Moxaiickoro, Cankr-IlerepOypr, 197198, Poccuiickast deneparus,
86602924618, https://orcid.org/0000-0001-5335-4847, sadin@yandex.ru

Cmamwsi nocmynuna 6 pedakyuio 25.05.2022
Ooobpena nocne peyenzuposanus 10.06.2022
Ipunama x neuamu 14.07.2022

OIS

NC

13.

14.

15.

16.

18.

reactive fronts. Computers & Fluids, 2018, vol. 171, pp. 1-14. https:/
doi.org/10.1016/j.compfluid.2018.05.015

Sadin D.V. A modification of the large-particle method to a scheme
having the second order of accuracy in space and time for shockwave
flows in a gas suspension. Bulletin of the South Ural State University.
Series: Mathematical Modelling, Programming & Computer
Software, 2019, vol. 12, no. 2, pp. 112-122. (in Russian). https://doi.
org/10.14529/mmp 190209

Sadin D.V., Golikov I.O., Shirokova E.N. Testing of the hybrid large-
particle method using two-dimensional Riemann problems. St.
Petersburg State Polytechnical University Journal: Physics and
Mathematics, 2021, vol. 14, no. 1, pp. 58-71. (in Russian). https://
doi.org/10.18721/JPM.14104

Zhang D., Jiang C., Liang D., Cheng L. A review on TVD schemes
and a refined flux-limiter for steady-state calculations. Journal of
Computational Physics, 2015, vol. 302, pp. 114-154. https://doi.
org/10.1016/j.jcp.2015.08.042

Sadin D.V. Simulation of physical instability on contact boundaries
in multicomponent compressible gas flows by a hybrid large-particle
method. Numerical Methods and Programming, 2020, vol. 21, no. 2,
pp. 129-137. (in Russian). https://doi.org/10.26089/NumMet.v2 11211

. Semenov A.N., Berezkina M.K., Krasovskaya 1.V. Classification of

shock wave reflections from a wedge. Part 2: Experimental and
numerical simulations of different types of Mach reflections.
Technical Physics, 2009, vol. 54, no. 4, pp. 497-503. https://doi.
org/10.1134/S1063784209040094

Sadin D.V. Analysis of dissipative properties of a hybrid large-particle
method for structurally complicated gas flows. Computer Research
and Modeling, 2020, vol. 12, no. 4, pp. 757-772. (in Russian). https://
doi.org/10.20537/2076-7633-2020-12-4-757-772

. Sadin D.V. Efficient implementation of the hybrid large-particle

method. Matematicheskoe Modelirovanie, 2022, vol. 34, no. 4,
pp. 113-127. (in Russian). https://doi.org/10.20948/mm-2022-04-08

Author

Dmitry V. Sadin — D. Sc., Full Professor, Mozhaisky Military Aerospace
Academy, Saint Petersburg, 197198, Russian Federation, §§ 6602924618,
https://orcid.org/0000-0001-5335-4847, sadin@yandex.ru

Received 25.05.2022
Approved after reviewing 10.06.2022
Accepted 14.07.2022

Pa6oTta nocTynHa no nuueHsum
Creative Commons
«Attribution-NonCommercial»

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

791



HAYYHO-TEXHUYECKMI BECTHUK MHOOPMALIMOHHBIX TEXHOOM I, MEXAHUKI 1 OMTUKN

vionb-asryct 2022 Tom 22 N2 4 http://ntv.ifmo.ru/ HAYUYHO-TEXHWUMECKWM BECTHMUK i YHUBEPCUTET UTMO
. SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS “Hm"pMﬂu““HHMX IEXH[""][“H’ MEXAH“K“ “ ﬂm““
YHUBEPCUTET UTMO Jule-August 2022 Vol. 22No 4 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2022-22-4-792-803
VIIK 533.95:53.06

YmncsieHHast Mo/Ie/Ib HMITYJIbCHOTO MOAKPUTHYECKOT0 CTPUMEPHOT0
CBEPXBBICOKOYACTOTHOTO pa3psiaa AJisl 3a71a4 IVIa3MEeHHOTI0 MOIKUra
TOIUIMBHBIX CMeceil B ra3oBoi (pase

IMases Bukroposuy Bynar!, Koncrantun Hukosnaesuy Bosikos2,
Anskeaunka Uropesna Menbnaukosa3™, Makeum EBrennesuq Penept

1.23.4 BanTuniickuii rocyaapcTBeHHbIN Texuudeckuii yuusepcuter «BOEHMEX» um. [1.®. Yerunosa, CaHkT-
IetepOypr, 190005, Poccuiickas deneparius

2 Vuuepcuret Kunrcrona, Jlonmon, SW15 3DW, Benukobpuranus

4 Canxr-IleTepOyprekuii rocynapetennsliit yausepeutet, Cankt-IletepOypr, 199034, Poccniickas ®enepanus

I pavelbulat@mail.ru, https://orcid.org/0000-0003-0099-9953

2 k.volkov(@kingston.ac.uk, https://orcid.org/0000-0001-6055-2323

3 angelika044@gmail.com®™, https://orcid.org/0000-0001-7229-0965
4 renevme@mail.ru, https://orcid.org/0000-0002-0583-0607

AHHOTALUA

Ipeamer ucciaenoBanus. Pazpaborana n BepupunupoBaHa NpuOIMKEHHasT MOJCNIb, IpeIHa3HAYCHHAS IS
OLIEHKH TIA3MEHHOTO HarpeBa M KOHBEPCHHU TOIUIMBHBIX CMECEi NMPH MOMOIIN MOJKPHUTHIECKOTO CTPHUMEPHOTO
CBEPXBBICOKOUACTOTHOrO pa3psia. [1omkur TorumBHON cMecH IPOUCXOIUT B cpeze ¢ JasnenueM 13 kIla u Temneparypoit
150 K npu Hanmuuu BHEIITHETO MOTOKA BO3IyXa co CKOpocThio 10 500 m/c. [lyist hOoKyCHPOBKH 2JIEKTPOMAarHUTHOTO
H3JTy4EHUs! UCIIOIb30BaHbl aHTEHHA-MHUIIMATOP U IJIOCKOoe 3epkajo. CTexuoMeTpudeckas CMech IpollaHa U BO3ayXa
I YUCTHII MPOMNaH MOAAIOTCS Yepes MOoJI0CTh B aHTeHHe. MOIIHOCTh H3ilydeHus coctaBmia 3 kBT. Meroa. Mozens
peann3oBaHa Ha OCHOBE CXEMbI PACIICIUICHHS MO (pU3UYECKUM MPOLEccaM, YTO MO3BOIMUIO CHU3UTH TpeOoBaHUS
K BBIYHCIHTENbHBIM pecypcam. O0macTh, 3aHATasl INIA3MOH, U €€ MPOBOAMMOCTD 3aJaHbl HCXOMSI U3 BHIOPAHHOTO
Habopa HKCIIEPUMEHTANBHBIX JaHHBIX. PacueT mIa3sMeHHOTO TOKHTa COCTOSUT U3 Tpex 3TanoB. Ha mepBom stame
pemreHs! ypaBHeHHs BoibIiMaHa A1 3JIEKTPOHHOTO rasza B Cpejie B HyJIbMEPHOH MOCTaHOBKE IS 3aJaHHBIX
IapaMeTpoB BHENIHErO JIEKTPHUECKOTo rmoiisi. B pesynbrare moiaydeHsl QYHKINU paclpeeeHus dIeKTPOHHON
SHEpruM 1 K03 GUINeHTOB peakuuii. Ha BTopom sTame paccuuTansl ypaBHEHHs [enbMronbia uist paciupeesieHus
HaINpsHKEHHOCTH AJICKTPOMArHUTHOTO TIOJIsl BOJIM3M aHTEHHBI-HHUIMATOPA C YYETOM 3a/IaHHON TPOBOJIIIEH 00IacTH.
ITo momyueHHBIM pacrpeieneHusIM IEKTPHUECKOTrO MO BBIYMCIEHBI MOIIHOCTHU JPKOYJI€BA HAarpeBa M 3HaYeHUs
ko3¢ dunmentos peakuii. Ha Tpetbem dTane moiay4deHs! pemenust ypasHenuii: HaBbe-CTokca 1 epeHoca pa3inaHbIX
COPTOB YaCTHI I C)KMMAeMOH CPeAbl C yU4eTOM MPOIECCOB FOPEHUS MPU 3aJaHHBIX HCTOYHUKAX JIOKATHHOTO
HarpeBa M IUIa3MEHHBIX peaknnii. OCHOBHBIE pe3yJbTaThl. [loydeHs! pacipeaencHus TeMIepaTypsl, COCTaBa
Cpenbl, CKOPOCTH JIBIDKCHUS CPEBI TIPH 3a{aHHBIX JIOKaJbHOM MOIIHOCTH HAarpeBa M JOMOTHUTEIBHBIX PEaKIuil B
obnacty, 3aHATOHN uTa3Moi. CTexnoMeTpryecKkasl CMeCh IIpOoIaHa ¢ BO3yXOM MJIM YHCTHIH IIPOTIaH, IoJaBaeMble
Yyepe3 aHTEHHY, IOI0MOKECHBI TIa3MOH: CMech TOPUT B HEOOJIBIION 00J1acTH, a IPONAH OKHUCISETCS B TOHKOM CIIOE
CMEIICHHS C BO3/LyXOM. BBINIOIHEHBI CPAaBHEHUS PE3y/IbTaTOB PACUETOB C JIAHHBIMH (DM3MYECKOTO SKCIIEPUMEHTA:
ToJieil TeMreparyp, M cocrasa cpezibl ¢ hotorpadusaMy IIIAMEHH U3 SKCIepUMeHTa. YHCIIeHHOE UCCIIeIOBaHuUE MTOKA3aIo,
YTO BO BCEX PACCMOTPEHHBIX YCIOBUSIX MOJENb JaeT ONM3KUE K SKCIIEPUMEHTY Pe3yNbTaThbl, HO MIMEETCsl 3aBbIIICHHE
TpeOyeMoii ISt MOMKHUTa MOIHOCTH M3IydeHHs IpakTHIeckre B 1Ba pa3a. [IpakTuyeckasi 3HAYUMMOCTb. V3ydyeHne
TIPOIECCOB MOKUTA Ta3000pa3HBIX CMecei MOAKPUTHIECKIM CBEPXBBICOKOUACTOTHBIM Pa3psIoM MPEACTABISIET HHTEPeC
JUISL IPOCKTHPOBAHMUS BUTATEIBHBIX YCTAHOBOK C TOBBIIMICHHOHM HaJeKHOCTHIO M BO3MOXKHOCTBIO HCIIOIB30BaHHUS
TPYIHOBOCIDIAaMEHHMBIX cMeceil. [Ipemaraemast Mozens 1aeT IpHOIHKEHHBIE OI[CHKH, TT03BOJISISI CHI3UTH TPEOOBAHHS
K BBIUHCIIMTEJIBHBIM PECypcaM U BPEMEHU cUeTa [10 CPABHCHHUIO C TPAJULIUOHHBIMU MOAEIISIMHU.
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Abstract

An approximate model for estimating plasma heating and conversion caused by a subcritical streamer microwave
discharge has been considered and verified. Ignition occurs in an environment with a pressure of 13 kPa, a temperature
of 150 K, there is an external air flow at a speed of up to 500 m/s, an initiator antenna and a flat mirror are used to focus
electromagnetic radiation, a stoichiometric mixture of propane-air and pure propane is supplied through the cavity in the
antenna. Radiation power is 3 kW. The model is three-stage and semi-empirical. The plasma region and its conductivity
are set based on experimental statistics; this is a key feature that reduces the consumption of computing resources. The
finite element method is used. At the first stage, the Boltzmann equation for the electron gas in the medium is solved in
the zero-dimensional formulation for the given parameters of the external electric field. The distribution functions of the
electronic energy are obtained as well as the functions of the reaction coefficients. At the second stage, the Helmholtz
equations are solved to obtain the distribution of electromagnetic fields near the antenna-initiator, taking into account
the given conducting region “plasma”. Based on the obtained distributions of the electric field, the Joule heating powers
and the values of the reaction coefficients are calculated. At the third stage, the Navier-Stokes and transfer equations of
various types of particles for a compressible medium are solved; taking into account combustion processes for given
local heating and plasma reactions. The results are compared with the data of a physical experiment. The distributions
of temperature, composition of the medium, velocity of the medium are considered for given local heating power and
additional reactions in the plasma region. A stoichiometric mixture of propane with air and pure propane supplied through
the antenna are ignited by plasma under the conditions under consideration: the mixture burns in a small area, propane
is oxidized in a thin layer of mixing with air. The temperature fields and composition of the medium are compared with
photographs of the flame from the experiment. The numerical study shows that under all the conditions considered the
model gives results close to the experiment, but there is an overestimation of the power required for ignition by up to two
times. The study of the processes of ignition of gaseous mixtures by a subcritical microwave discharge is of interest for
the design of propulsion systems with increased reliability, with the possibility of using hardly flammable mixtures. The
proposed model gives approximate estimates, while the requirements for resources and time are significantly reduced
compared to classical models.
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plasma ignition, numerical simulation, propane, gas dynamics, subcritical microwave discharge

Acknowledgements

This work was financially supported by the Ministry of Science and Higher Education of Russian Federation during
the implementation of the project “Creating a leading scientific and technical reserve in the development of advanced
technologies for small gas turbine, rocket and combined engines of ultra-light launch vehicles, small spacecraft and
unmanned aerial vehicles that provide priority positions for Russian companies in emerging global markets of the
future”, No. FZWF-2020-0015.

For citation: Bulat P.V., Volkov K.N., Melnikova A.I., Renev M.E. Numerical model of a pulsed subcritical streamer
microwave discharge for problems of plasma ignition of fuel mixtures in the gas phase. Scientific and Technical
Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no. 4, pp. 792—803 (in Russian). doi:
10.17586/2226-1494-2022-22-4-792-803

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4 793



YucneHHas MoaeNb UMMYJIbCHOrO NOAKPUTUYECKOrO CTPUMEPHOI0 CBEPXBLICOKOYACTOTHOrO pa3psija...

BBenenue

B Hacrosimee Bpemsl MOTEHIMAI BOJIOIHMOHHOTO
Pa3BUTHS a9POKOCMUYECKOW TEXHUKHU B 3HAYUTEIHHON
CTCTIICHU HMCYEpIIaH. B CBSA3M ¢ 3THM BeOETCs aKTUBHEIN
TTOMCK HOBBIX MOIXOMOB M TeXHoJoTHi. OMHUM U3 TIep-
CIEKTHBHBIX HAIMPABICHUI CUUTAIOTCS IIa3MCHHBIC TEX-
Homoruu. Hanmpumep, A co3maHus BRICOKOCKOPOCTHBIX
JIETaTeNBHBIX AMIapaToB TPEOyeTCs, YTOOBI UX TBUTATEIH-
Hasl yCTaHOBKa Morvia 3¢ (GeKTHBHO paboTaTh Ha OONBIIIX
ckopocTsix. Yem Ooibllie CKOPOCTh MOTOKA, TEM CIIOKHEE
o0ecreynTh CBOEBPEMEHHOE BOCIIIIAMEHEHUE TOIIIMBHOM
cmecu. [Ipu 5TOM Ha CBEPX3BYKOBBIX CKOPOCTSX ITOTOKA
KJIIACCUYECKHI CIIOCOO CBEYHOTO IOJKHMra NepecTaeT pa-
6orars. OnMH U3 CIIOCOOOB MOKHUTA TOITUBHON CMECH CO-
CTOUT B pa3MEIIEHNH NCKPOBBIX PA3PSIHUKOB B MOJIOCTH, B
KOTOPOH CKOPOCTH BHEIIHETO MOTOKA 3HAYUTEIIFHO YMCHb-
maetcs [1]. OmHaKo Takue MOJOCTH CO3MAI0T COMPOTHB-
JICHWE JUTA BHEIIHETO MOTOKa. VIMeeT cMBICT HCCIenoBaTh
0oItee «MOIIHBIC) THITHI PA3PSAA0B, CIOCOOHBIE MTOHKUTATH
CMECh, HAXO/IACh B CBEPX3BYKOBOM ITOTOKE.

[[Inpoko KCTIOIB3YEeMBbIN MOMKUT UCKpaMu, ropsiuei
IJ1a3MOM, XapaKTepU3yeTcsl TEM, YTO B OTHOCUTEJILHO Ma-
JIOM 00beMe CMeCh HarpeBaeTcsi /10 TeMIIepaTypbl BOCILIa-
MEHEHHUS, MOCIIe Yero BBIJESETCS DHEPTHs, U BOJHA
TOPEHHUs] PaCIPOCTPAHAETCS 110 BCEH KaMepe CropaHwusl.
Taxo#t moaxoa K BOCIUIAMEHEHHUIO CMECH OCIIOXKHSIETCS
MaJIbIM BpEMEHEM ee NpeObIBaHus B pabodell kaMepe Ipu
CBEPX3BYKOBBIX CKOPOCTAX ITOTOKA.

B HepaBHOBECHOI M1a3M€e, B KOTOPOWH OCHOBHYIO POJIb
WUrPAET FOPSTYMMA JIEKTPOHHBIN T'a3, UMEIOT MECTO PEAKIIUH
TUCCOIMAINH, BO3OYKICHUS M HOHU3AINH YaCTHI] IPH
HU3KOW TemIieparype cpesl [2], 4To 3HaYUTEIBHO YBEIH-
YUBaeT CKOpocTh ropeHus [3]. B pabore [5] uccinenorana
BO3MOXHOCTb CHUXXCHMUS BBIGpOCOB BpPCAHBIX Ir'a30B 3a
CYET UCIIOJIb30BaHUsA HepaBHOBeCHOﬁ IJj1a3Mbl C yBEJIU-
YEHUEM MOJHOTHI CrOpaHus TOILIMBHOM cMecu. 1llupoxo
M3BECTHOE TOPEHHE BOJOPOJIa B KHCIOpOo/e (BOIOPOIHAs
LIeTIb) YIy4LIEHO TPUMEHEHNEM HEPaBHOBECHOW IIIa3MBbI
ITyTEM JIOTIOJHUTEINBHBIX PEaKIUi JUCCOIMAaNy BOIOPO/a,
KHCIIOPOAa U BOJOPOIHO-KUCIOPOIHBIX PaanuKaioB [2].
B yrireBoopomax HE0OXOAUMO yUYECTh, YTO aTOMBI BOJO-
pOIa MOTYT COSIIMHUTRCS B MOJICKYITHI ITyTEM OTPBIBA TTAPBI
OT YIJIEBOIOPOIOB [6].

BrisiBeHHBIN U NOATBEPKACHHBIA MHOTUMU UCCIIEA0-
BaHUSIMH 3(P(EeKT yBEIMUCHUSI CKOPOCTH paclpocTpaHe-
HUS TUTAMEHH TTPU HATTMYUU B 001aCTU TOPEHUS XOJIOTHOM
HepaBHOBeCHOﬁ IJ1a3Mbl UCIIOJIB30BaH: B MCPCHEKTUBHBIX
TUTa3MEHHBIX YCTPOWCTBax 3a)kuranus [3]; mpu nopasie-
HUU BBICOKOYACTOTHBIX KOJIeOaHUI B KaMepe CropaHus
(pexMOB BUOPAITMOHHOTO TOpeHus) [7]; cTabumu3anuu
TOpeHHs B OAHBIX [8] M «TPYAHBIX» TOIUIMBHBIX CMECSX B
MaJOAMHUCCHOHHBIX Ta30TYpOMHHBIX ABUTATEIAX U YHEP-
TeTUYECKIX YCTAaHOBKaX, pabOTAIOMINX HAa OPTaHUIECKIX
0TXOJIaX; TIPEIBAPUTEIbHON HOHN3AIIUN KOMITOHEHTOB TO-
IUTABA, MTOJABAEMBIX B KAMEPY CTOpPAHHs, YTO YMEHBIIIACT
3a/Iep’KKy BOCIIJIAMEHEHHA M JesaeT Ooyee Orarompusr-
HBIM TPaJIMEHT TeMIIepaTyphl 1Mo JyiruHe Kamepsl [9]. s
TIEPEUYUCICHHBIX CJIy4YacB pa3pa60TaHLI YUCJIICHHBIC MECTO-
JIbl, OCHOBAaHHBIE HAa TEPMHUECKHX d(PPeKTax 1 HaJIUIHU B
MIOTOKE AIIEKTPOHHOTO Ta3a 1 cBOOOAHBIX HOHOB [10, 11].

l'[pezlmeT HCCIeI0BaHUSA

B pszae 3anau TpeOyercs paccyuTarh HE TOJBKO Te-
YeHHe, cojeprkaliee XOJI0AHYI0 HEPaBHOBECHYIO IIIa3-
My, HO ¥ ee UCTOYHUK. Harpumep, oleHUTh CyMMapHYIO
SHepreTHuIecKyio 3 QekTuBHOCTS ycTaHoBKHU. 1lInpoko
pacrpocTpaHeHbl MOJIENH, B KOTOPBIX PELIEHBI CHCTEMbI
YpPaBHEHMI C 3aKOHAMU COXPAaHEHUH paccMaTpUBAEMbIX
YaCTHUL, 3JEKTPOHHON 3HEPruu U MeKTpoauHamuku. Ha
MpaKkTUKe HEOOXOJMMO y4ecTh OOJbIIOe KOJTUIECTBO Ya-
CTHII ¥ PeaKuuii, 4ToObI NOIYYUTh (PU3NIECKH KOPPEKTHbBIE
pesyasTarsl. Hanmpumep, 114 3a1a41 Harpesa 4icToro a3ora
cBepxBbIcoko4acTOTHBIM (CBY) pa3psiiom B3sIThI B pacueT
He MeHee 56 peakuuil U 15 cCOPTOB YAaCTHIl BMECTE C «I0-
MOJTHUTEJIBHON» TEeMIEepaTypoi CpeJibl, OMHMCHIBAIOIICH
KoJiebaTeIbHbIe COCTOSIHUS a30Ta MPU HEPaBHOBECHOM
B030y)aeHHUH [12]. O CIOXKHOCTH MOIHOIIEHHOTO pacye-
Ta MJIa3Mbl B cpesie axke 0e3 TOIIMBA CBHCTEIBCTBYET
u pabora [13], B KOTOpO OTyUEHBI pe3yIbTaThl COTIIa-
COBAaHHOTO pacdyeTa HAaHOCEKYHAHOTO MEXAIEKTPOIHOTO
paspsna. B [14] paccMOTpeHbI pa3nu4HbBIC THITHI HArpeBa
cpenbl mia3Moi. B pe3ynbrare MOXKHO MOCTABUTH 33/1a4y O
HeOGXOI[I/IMOCTI/I yd€Ta 3HAYUTCIIbHOTI'O KOJIMYECTBA YaCTHUI]
u peaKLlI/Iﬁ JUIs1 TOYHBIX OLICHOK.

[TpoBeneH psin Mcciaea0BaHMH O MOTYYSHUIO HEPABHO-
BECHOH I1J1a3Mbl C TIOMOILBIO AJIEKTPOAHON cucTemsl [11].
[TooOHBIE pa3psiibl yMEHBIIAIOT 3aAePKKy BOCIUIaMe-
HEHMS, MTO3BOJISISI COKPATUTh pa3Mephbl KaMephl CrOpaHHs
ra3oTypOMHHBIX ABUTaTesel [9] M yBeIMUNTh UMITYIIBC
JKUJIKOCTHBIX PAKETHBIX JABHTATENICH, YTO TOITBEPIKICHO
pe3ynbTaTaMi YUCIICHHBIX pacdeToB [15]. B cBs3u ¢ atum
BO3MOXKHO HCIIOJIb30BaTh HAHOCEKYH/IHBIC MMITYJIbChI Ha-
MPsDKEHUS, YTOOB! pa3ps]] HE Tepemies B ropsayio ¢asy.
OTMeTHM, 4TO PUMEHEHHE 3JIEKTPOJOB ISl CO3MAHUS
BBICOKOH HaIPsHYKEHHOCTH OIS TPeOyeT JIUIIh HCTOUHUKA
HaNpsDKEHUsS JOCTATOUYHOW MOITHOCTH. Mcronb3oBanue
OCTPBIX AJIEKTPOJIOB MO3BOJISIET CHU3UTD HANPSHKEHUE TIPO-
6051 1 0OecreunTh BOSHUKHOBEHHE pa3psifia Ha OCTpHe.

Jusnexkrpuueckne Gapbepsl [16, 17] noBbimaroT no-
JlaBaeMyI0 MOITHOCTBH Ha 3JIEKTPOABI 0e3 MOBPEXKICHUS
YCTaHOBKH, HO TIPH 3TOM HEOOXOIMMO 00eCHEeUnTh pa3psii-
Ky 6apbepoB, HHAUE MPEKPATUTCS IPOTEKAHKE IIEKTpUYe-
CKOro ToKa. B xoze nporekaHus TOKa OAHOM MOJIIPHOCTH
MIPOMCXOANT 3apsiiKa TUAICKTPUKOB U CHIDKCHHE HArpsi-
JKEHHOCTH 3JIEKTPHUYECKOTrO T10JIs B Tu1a3Me. Takue paspsiapt
YacTO UCIOJBb3YIOTCSA B YCTAHOBKAX CHIKEHUS BEIOPOCOB
Ha AJIEKTPOCTAHIIUSIX.

OT)leJ'I])HO OTMETHUM, YTO MOIXKUT KUIAKHUX YTJIICBO-
JIOPOZIOB HEPABHOBECHOW IMJIa3MON CHUJIIBHO 3aTPYAHEH:
JIEKTPOHHBIN I'a3 JOCTHTraeT NP MoJa4e SHEPIuu N3BHE
BBICOKHX TeMIleparyp 0Oiarojapsi BEICOKOH IOJBHKHOCTH
JIEKTPOHOB, PEJIKO B3aNMOAEHCTBYIONIMX C OCTAIbHBIMHU
YacTHLIAMHU B Ta3000pa3HOl cpeie, HO, TIOMaB B KHUKOCTB,
OHH cpa3y TEpSIOT 3TO CBOWCTBO. ABTOPAMHU CUMTACTCS,
YTO MOKHO JIOCTHYb IOAKUT'a HEPABHOBECHOM II1a3MOH 3a
CUET UCTOIb30BAHMS TNIAMEHHU C OOJNBIINM KOJIHYECTBOM
CBOOOHBIX PAJUKATIOB OT HEOONIBIIOTO KOJINYECTBA ra30-
00pa3HOro TOIUIMBA U IUIA3MOM [l HarpeBa U aKTUBALUH
CIOXHBIX yrieBopoponoB. Hampumep, comtacHo padote
[18], xepocuH akKTUBHO B3aUMOJIEHCTBYET C TUAPOKCHUILHON
IpyIIONH — aTOMaMU BOIOPOJA.
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MMeeT BajkHOE 3HAUEHUE HCCIEOBAaHUE 3a4ad CO3-
JIaHMsl IeTOHAIIMOHHBIX BOJIH JUIsl EPCIEKTUBHBIX J1€TO-
HalMOHHBIX pakeTHBIX nBurarenei [19]. Jnsa nomyuenus
BBICOKHMX JHEPIHi M yACIbHOTO HUMITyJIbca TpeOyeTcs, C
OJTHOM CTOPOHBI, UCIIOJIB30BAHNE BBHICOKOKAJIOPUITHOTO
TOIUINBA, & C IPyrOil — TOIUIMBHAS CMECH JJOJDKHA UMETh
BO3MOYKHOCTb JISTOHUPOBaTh. B ToHKOM cioe ¢poHTa 1e-
TOHAIIMOHHOM BOJIHBI IIPOMCXOAUT OBICTPOE BBIJCIICHUE
SHEPTUH U CTOpPAHUE TOTUIMBHOM CMECH, YTO NMPUBOJUT K
BO3MOKHOCTH pabOTHI ABUTaTEIbHON YCTAHOBKH Ha BHICO-
KHX CKOPOCTSIX C IOHIKEHHBIMH MTOTEPSMH TEILIOTHI Yepe3
CTEHKH KaMepbl U YMEHBILICHHBIMU BPEIHBIMU BEIOpOCaMHU.
Hcnonp3oBaHNe HEPABHOBECHOM IM1a3Mbl MO3BOMISIET TO-
BBICUTD JIETOHAIIMOHHYIO CITIOCOOHOCTD TOIUIMBHOM CMECH.
B pa6ote [20] mokaszano, uto CBU-11a3ma 3KOHOMUYHEE U
ObIcTpee, YeM HCKPOBOM pa3psijl, MOKUTACT TPOTIaHO-BO3-
JYIIHYIO CMECh.

[IpubamKkeHHbIE MOIETN 3HAUYNUTEIBHO MPOIIE, YeM
TOJIHOLIEHHBIE MOJIENIH CO CTPOTOM MOCTAaHOBKOM, U 103BO-
JSIFOT TIPOBOANTH PACUETHI 32 MEHbBIIIEE BPEMsI C MalIbIMU
3arpaTamMu pecypcoB. Y TakuX MOJIE]e MEeHbIIE TOYHOCTb,
U OHM TIPEIOCTABIAIOT MEHBIIE JaHHBIX, TPEOys MCIIOb-
30BaHUA CHEIHANbHBIX NpuOmKkeHuil. JlaHHbIe MOAETH
MO3BOJISAIOT CJeNIaTh MPEIBAPUTEIbHBIC OIICHKH BO3MOXK-
HOCTH TOJIy4Y€HUs TeX MM WHBIX 2 dekToB, BEIOpaB Hau-
OoJiee nepcrieKTUBHbIC KOMOWHAIIMH BXOJAHBIX TTapaMeTPOB.
B paborte [4] npeuioxkeHo KOJINIECTBO aKTHBHBIX YaCTHUI]
B IOTOKE, a B [21] 3agaHbl pa3mepsl MpeiBapUTEIbHO Ha-
TpeToi 00IaCTH, YTO IO3BOJISET UCCIIEA0BATh N3MEHEHNE
mapaMeTpoB CBEPX3BYKOBOTO 00TekaHms. B padore [3] mms
WCCIIEJOBaHMS TIIa3MEHHOTO MOKHUTa C UCTIONb30BAaHUEM
OIHOCTAMIHON peakuu 0e3 yueTa IIa3MOXUMHH TIPHMe-
HEH TaKOM K€ IMOIX0/I.

Iens paboThl — MoOCTpOeHNE MPUOTMKEHHOM MaTeMa-
THUYECKON MOJIETH TIJIa3MBbl U €€ BO3JCHUCTBUS Ha TOTIMBHBIC
cMecH, KOTOPYIO IJIAaHUPYETCs B JalbHEHIIEM IPUMEHUTD
JUIs pacdeTra IJIa3MEHHOTO FOPEHUs B MPUCYTCTBUHU MO/~
kputndeckoro CBY-paspsga — paspsiia sIeKTpudecKoi
IJ1a3MBbl, OJIyYEHHOT'O Ha TOHKOM MHUIIMATOPE O] BO3JEH-
ctBrueM CBY-usnyuenus. {1 yMeHbIIEHUs pacXOAyeMOoil
MOIITHOCTH H3JIy4aTelis MCIIOJIb30BaHbl (POKYCHPYIOIINE
CHCTEMBI 1 TOHKHE aHTEHHBI, KOTOPbIE ()OKYCHUPYIOT U3ITy-
YeHNE, JTOKAIbHO TOBBIIIAsT HAMPSKCHHOCTD AJIEKTpHYe-
CKOTO IOJIsI, CO3/1aBaeMyIo U3ITydeHHeM. B pesynsrare, mpu
3aJIaHHOM AJIEKTPONPOYHOCTH (MUHHUMAJIBLHON HANpPsKEH-
HOCTH TIOJIS JUIA CO3TAHUSA MIa3Mbl) BO3MOXKHO TTOJyYUTh
IU1a3My, UMes U3JIy4eHHe C HeJ0CTaTOYHON HaNpsKeHHO-
CTBIO J10 PoKycHpOBKH. J{1ist pa3psizia Hy)KHBI 3aTPaBOUHbIC
a5eKTpoHbl. OHU MOTYT 00Pa30BBIBAaTHCS, HATIPUMED, TIPU
BO3/ICHICTBUM COTHEYHON pajualvy. 3aTpPaBOUHBIE JIEK-
TPOHBI PA3TOHSIOTCS B 2JIEKTPOMAarHUTHOM IIOJI€ U HaKa-
TUIMBAIOT SHEPTHIO JUTS peaknuii HoHn3amu. BaskHast oco-
OeHHOCTh Pa3pabOTaHHON MOJIENIN COCTOUT B 3aBUCHMOCTH
mIa3MeHHBIX 3P exToB oT mapameTpoB CBYU-cuctemsl
(HarpeBa M IOTIOTHUTEIBHOTO Habopa peaxiiwii), JOCTUTa-
€MO}1 3a CUeT JNOTOJHNUTEIBHBIX PEIBAPUTEIBHBIX 3TAIlOB
monenupoBanus. [Tonkputnueckuit CBU-pa3psia xapakre-
pu3yercs 00bEMHBIM BO3ICHCTBHEM, HOCTUTAs BEICOKUX
KOHIIEHTpaIui 251ekTpoHoB [22]. Mcmonb30BaHue mpornana
00BSICHEHO HATMYMEM HAICKHBIX MOIAPOOHBIX CXEM rope-
Hust (ucnonbiyercst Grimech 3.0).

VYeaoBust cpefibl, MPU KOTOPBIX MCCIIEAYIOTCSl 0COOCH-
HOCTHU TOPEHUs NPONaHO-BO3AYIIHBIX CMECeH, onpeserne-
HBI 9KCIIEPUMEHTaMU M3 paboThl [3], UCHonb3yeMble JUIs
BepuduKay Mosienu. [lapaMeTps! BHITOITHEHUS paOOTHI:
nasinenue 13 klla u remneparypa 150 K okpyskatorieii cpe-
JIbl, KOTOpast ABMKETCS CO CKOpocThIo 710 500 M/c, o0Tekas
CTEHABHYIO MOJTY0 AaHTEHHY-MHUIIAATOP; Yepe3 MOJI0CTh
MOAAETCs TOIUIMBHAS CMECH C 33JaHHBIM JIaBICHUEM H3-
OBITKA U COCTAaBOM (CTEXMMETPUIECKAsi CMECh C JTaBIICHUEM
100 «ITa, yucterii nponman — 20 xI1a); Ha aHTeHHY MagaeT
CBY-u3nydenue ¢ JUIMHOM BOJIHBI 12,5 ¢CM U MOITHOCTHIO
3 kBT.

Maremarnueckasi MoOI€eJIb

Mogens 15 pacdeTa IUIa3MEHHOTO MOJKUTa ra3o-
00pa3HBIX cMecel YIIeBOJOPOIOB C BO3AYXOM 3a CUET
nmnyiascHoro CBY-pa3psga ¢ HepaBHOBECHOH IIa3Moit
BOJIM3M MHUIMATOPA TOCTPOCHA Ha OCHOBE CXEMBbI pacliie-
IUICHUS 110 (PU3MYECKUM MPOLECCaM U COCTOUT U3 TPeX
aranos (puc. 1).

Oran 1. Pacuer yHKIIMYM pacripeiesieHust SIeKTPOHHOM
snepruu (PPID), 3aBucumocreit koaHULIMEHTOB peakiuit
C YJaCTHEM 3JIEKTPOHOB KaK (pyHKIIMH aMIUTUTY/IbI BHEII-
HETO0 3JIEKTPUYECKOT0 MOJIS TIPH 33JaHHBIX 9acTOTe, KOJHU-
YECTBEHHOW TUIOTHOCTH CPEAbI, COCTaBE CPEAbl U 3aBUCH-
MOCTEHN CEUEHMI TaKUX PEAKLUI OT SHEPTUHU HIEKTPOHA.

Orar 2. PacueT B TpexMepHOil TOCTaHOBKE PacIpoCTpa-
HeHust CBU-u3nmy4yeHus B IpUCYTCTBHH (DOKYCHPYIOLIHX
CUCTEM, aHTCHHBI, 33JIAaHHOM TIPOBOJISIICH 00JIACTH «ILTa3-
Ma» BONHM3M aHTeHHBI. PerieHbl ypaBHeHus [eapMronblia
JAJI1 MOHOXPOMHOT'O U3JTy4YCHUA. OcHOBHast HCKOMasl BEJIU-
YMHA — paclpe/esIeHHe 3IEKTPUUECKOro Moisl B Ia3Me,
110 KOTOPOMY BBIYHCIICHBI JIOKaJIbHBIE 3HaYeHUs Kodddu-
IIMEHTOB PEAKLIUH, a TAK)KE MOIIHOCTH JPKOYJIEBa HAarpesa.
JlokanbHbIE 3HAUCHNS YCPETHEHBI 110 00JIACTH «TUIA3Ma» U
ucronp30Banb! Ha Jtarne 3. [Tnazmennsre 23 deKTs! 3aBUCAT
0T KOHKpeTHOI MomHocTH CBY-n3imydeHus, reoMeTpin 1
COCTOSIHUSI CPE/IbI.

Oran 3. PacueT ra30jiHaMIKH TOPSHHUS B TIPUCYTCTBUH
00J1acTH «IJIa3Ma» ¢ JOMOJHHUTEIHLHBIM HAOOpOM peak-
LMW ¥ 33JJaHHOM Y/IeJIbHOM MOIIIHOCTHIO Harpesa. PerieHsl
YpaBHCHUSA ra30JUHaAMUKU JJI CKUMaEMOM Cp€abl U 3aK0-
HBI COXPaHEHHUS COPTOB YACTHII.

Paznenenue Mopenu Ha pasHbIC JTalbl MO3BOJISIET CY-
IIECTBEHHO COKPATHTh NOTPEOICHHE BBEIUYUCIUTEIbHBIX
pecypcoB, BpEMEHH BBIUUCICHUH U MPOUCXOIUT 3a CUET
UCIIOJIb30BaHMS CIICIIUAIBHBIX TPUOJIVKCHAH.

Jonymennsst u npudamxenus. [lnazma CBY-pa3-
psina — HepaBHOBECHA. BONBIIMHCTBO peaknuii HOHM3a-
IIUH C TIOBBIIIEHUEM TTPOBOAMMOCTHU ITPOMCXOSAT 3a CUET
TOPSIYErO IEKTPOHHOIO I'a3a HU3KOM INIOTHOCTH. BHemHuit
MCTOYHUK TUTaHUSI — UMITYJILCHBIH, COOTBETCTBEHHO I1J1a3-
Ma He yCIIeBaeT NepeiiTh B paBHOBECHYIO CTAIHIO.

[Ta3ma obpasyercst u puoOpeTaeT yCTOMYNBOE 3HA-
YeHHE TPOBOJAMMOCTH U (OPMY B TCUCHHE HECKOJIbKUX
MHUKpPOCEKYH/] U Jlajiee ee noaaep kupaet. braaronaps stomy
JIOIyCKaeTcsl 3aJlaHne TJIa3Mbl H3BHE C TapaMeTpaMH, 0C-
HOBaHHBIMH Ha SKCIIEPUMEHTAJILHOM CTaTHUCTHKE.

CocTosiHHE 3JEKTPOHHOTO Ta3a OMPEACICHO JIOKAIb-
HBIM 3HAQUCHHEM aMIUIUTY/IBI JIeKTpudIecKkoro noist. [Ipu

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

795



YucneHHas MoaeNb UMMYJIbCHOrO NOAKPUTUYECKOrO CTPUMEPHOI0 CBEPXBLICOKOYACTOTHOrO pa3psija...

Bxoanbie napamerpsl CBY Jrana 1:
ygacrora, HOII, cedeHns peakuui,
KOHIIGHTpALMs I'a3a U COCTaB

w

Iran 1 PO pacuert, oqHOMEpHBIH (9HEPrus)

pe3yJbTaThl pacyeTa: KodpOUIHCHTHI
peakuuii e-gacTuibl Kak Gpynkuuu f{HIIT)

Bxonnsbie napamerpsl CBY Jrana 2:
YacToTa, MOIIHOCTG, /111:
npoeoOUMOCb, ONUHA,
reomerpust CBU-cucremsr

Irtan 2 CBU-pacueT, TpexMepHBIi

NepPBUYHBII BBIBOA: pacupenenenue HII1

o0paTHas cBs3b: OanaHc Kak QyHKms f(I111)

pe3yJbTaThl pacyera: [KOyJIeB Harpes,
k03 PUIHEHTHI peaKIuii
(cpenHue 3HaYEHUS 10 TIa3Me)

Bxoanbie napamerpsl JTana 3:
HavalbHbBIE YCIOBUS, TEOMETPHS,
COCTaB CpeJibl, CXeMa peaKLuil ropeHus

Jrtan 3 ra3oJuHaMUUYECKUN pacyer

HroroBble pe3ybTaThl: paclpeie/eHNs JaBICHUS,
TEMIIepaTypbl, CKOPOCTH U COCTaBa CPEIbI
(TOTIMBHAS CMECh, MPOJIYKThI TOPEHHS, PA/IUKAIIBI)
HT I

Puc. 1. Mopenb ¢ pacuieruieHueM 110 PU3HYESCKHM IIPOLIECCaM.

KupubiM mpudToM 0003HAYCHBI: BXOIHBIE TAPaMETPBI;
PE3yIIbTAThl pacyeTa STAIOB UL MCIIOIb30BAHUS Ha CIICAYIOIINX
9Tarnax ¥ UTOrOBBIE PE3YNIBTaThl PACUETOB.

KypcuBom — mapamerpbl, KOTOpble HEOOXOAMMO TIepedrpaTh B
XOJIC PCLICHNUS 3TAIOB.

HOI1 — manpspkeHHOCTH 3nekTpudeckoro mous; [T —
IIA3MEHHBIE TAPAMETPBI

Fig. 1. The setup of the three-stage model used in this study.

The following are indicated in bold: input parameters; the results
of the calculation of the stages to be used in the next stages and the
final results of the calculations.

Italics — parameters that need to be sorted out during the solution
stages.

HOII — electric field strength; IIIT — plasma parameters

9TOM COCTaB CPEJIbl CUUTACTCS MOCTOSTHHBIM. Hebonbime
M3MEHeHus coctasa cpensl (MeHee 1 %, 10 momkura) npe-
HeOpexxumo citabo menstor ®POD u 3Havenust koadpuuu-
CHTOB IUIa3MEHHBIX PEaKIHi.

Ha nanHOM 3Tane pa3BUTHS MOJEIU HE yYTEHBI peaK-
uu porononmsanuu. [lrasmMenHbsie AP peKxTs! 6e3 (hoTo-
MOHM3AINY O)KUJIAIOTCSI MEHEE HHTCHCUBHBIMH.

Oran 1. Pemmm cTanuoHapHbIe KHHETHYECKHAE YPaB-
HeHus bonblMana 11 0THOPOIHOTO NIEKTPOHHOTO ra3a B
Cpe/ie BO BHEILITHEM OCIMJLTUPYIOIIEM 3JIEKTPHUYECKOM T10JIe
C 33/IaHHOM aMIUTUTYION 15 TIOMCKa paBHOBeCHON DPDD.
Hcnonb3yemM MeTo] KOHEUHBIX JIEMEHTOB — ITOCTPOUM
CETKy 0a3MCHBIX (YHKIMH B OJIHOMEPHOM MPOCTPAHCTBE
IIEKTPOHHOI SHEPTHH.

YpaBHenus bosipliMana st GyHKINU pactipeielIeHUs
JIEKTPOHOB TIO HEPTUSAM UMEIOT BH/I:

g WF D@ =38 (1)
ot ¢ oe "
2le|
Y= >
me
W= —ye2y o(e),
Y - YkBTg
D=_"Ey+ 2
3 N |€| € 0(8)’

rae £y — NpuBeAEeHHBIH MOIYNb aMIUINTYABI JIEKTPU-
YEeCKOro MOJIsl; € — DHEPrHs JMeKTpoHa; F, — OPID;
Wu D — x03pPUIHEeHTH TOABMKHOCTH U AUPPy3UH
JJIEKTPOHHOW DHEPTUHU B MPOCTPAHCTBE YHEPTHM; S;, —
MOIIIHOCTH OXJIaXK/ICHHS JIEKTPOHHOTO Ta3a HEYyNPyTuMH
pEaKIMAMHU C Y4aCTHEM JIEKTPOHOB; Y — 3JIEKTPOHHBIH
nmapameTp; 6(g) — 3aBUCHMOCTH CEUCHHUH peaKIii OT Ku-
HETHYECKOIl SHEpruH EKTPOHOB M3 0a3bl JaHHBIX Ixcat,
a TaKKe pabotsl [6]; T, — Temmeparypa cpelsl; kg — mo-
crosiHHas Bonblmana; |e| — ayeMeHTapHbIi 3apsn, m, —
Macca IeKTPOHa.

ONEeKTPOHHBIN ra3 HarpeBaeTCsl BHEIIHUM OCLMILIH-
PYIOLIUM 2JIEKTPUUECKUM TI0JIEM, SJIEKTPOHBI COyAapsIOT-
csl ¢ yacTHLAMHM cpeabl. B npaBoit wactu ypaBHenus (1)
YUHUTBIBAKOTCS TOTEPU SHEPIUU IEKTPOHOB HA PEaKLUU
B cpene. Onpenenum Kod3pPHUINEHT MOABIKHOCTH DIICK-
TPOHHOW SHEPIUU C NOMOILBIO CEUEHUN COyIapeHuH, a
TP Py3UH — HArPEBOM BHEITHETO AIIEKTPUICCKOTO TIOJIS
1 B3aUMOJIEHCTBUEM CO CPENOM.

Hcnons3yem ecTecTBEHHbIE TPAHUYHBIE YCIIOBHS IS
BbruncieHust ®POD mpu caenyronmx npaBuiIax: He Cylie-
CTBYET IEKTPOHOB C OTPULIATEILHOW KHHETUYECKON 3HEP-
ruel u, ciae0BaTeIbHO, HEBO3MOXKHO X B3aUMOJICHCTBHE C
ANIEKTPOHAMH, Y KOTOPBIX SHEPIUsi OOJIbILE HYJIsI, TAKXKE HE
CYIIECTBYET IEKTPOHOB ¢ OCCKOHEUHOW DHEPTUCH

or.,

0¢ [g=0

=0 =0

s F e|8:8max

B uncneHHOM pacuere cuuTacTCs, YTO HET AIEKTPOHOB
C ZIOCTATOYHO OOJIBINON SHEPTUEH €,,,, (BEIOpaHO 3HAUCHHUE
150 3B).

[Tpu pacuere ®POD npuMeHUM NIPUBEICHHBIC TTapaMeT-
PBI BHEOIHETO DJICKTPHUYCCKOTO I10JIA, HOPMHUPOBAHHBIC HA
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KOJIMYCCTBEHHYIO IMJIOTHOCTL CPCABI Ng’ BBIYMCJICHHYIO 13
YpaBHCHUSA COCTOAHUA UACAJIBHOTO rasa:

pg E fMW

Ng kBTg’ EN Ng’fN Ng b}
I1e p, — AABICHUE CPeNbL; E U f) 7 — MOIYIb aMILIATY-
JIbI ¥ 9aCTOTa 3JIEKTPUIECKOTO TI0JIS; fy — MPUBEJCHHBIN
MOZYJb 4aCTOTA 3JIEKTPUIECKOTO MOJIS.

Paccmotpum Ha Dtare | peakiuu ¢ y4acTHEeM dJIeK-
TPOHOB: YIPYTHE COyAapeHus, BO3OYKICHNS, HOHU3AINH,
JUCCOLMANMH U Npununanus. Vcciaeayemble 4acTUIIBI
CpeAbl: a30T, KUCIOPOJ, MPOTaH.

Jus yucnenHoro penienus ypasHenus (1) mocrpo-
uM ceTky u3 3000 IMHEHHBIX IEMEHTOB B MPOCTPaH-
ctBe sHepruu ot 0 o 150 3B ¢ xo3ddunuentom yae-
audaeHus pasmepa anemenTa 10. MrepatusHo mondepem
CTallMOHApHOE PACHpEACICHUE 3IEKTPOHOB 110 SHEPTHH
TakKUM 00pa3oM, 9TOOBI TIOTHBIN MCTOYHUK ICKTPOHHON
SHEPIUM M NOTOKH B NMPOCTPAHCTBE SHEPTHH ObUIN paB-
Hbl HyJ1O. MTepaTuBHBIN npoliecc HAYHEM C MaKCBEJI-
JIOBCKOTO pacmpeieseHnusl co cpeaneil sneprueit 2 3B.
ITocnenoBaTrensHOCTD MPUOTMKEHHH BBITTOTHUM 110 METOILY
Herorona—PadcoHna 10 Tex mop, moka He OyleT MmoyiyucH
3a/IaHHbINA ypoBeHb HEeBsi3KH 1078,

Paccunrtaem ko3¢ pULHEHTH] peakiuii k,; 10 3aJaHHbIM
ceueHusiM u ®POO

ks = V] €0, (€)F (e)de. @
0

Koas¢pdumuenTsr (2) BBIYUCTUM IS psifa 3HAYCHUI
AMIUTATY/IBI AIIEKTPHYECKOTO MOJIS, KOTOPBIE OKa3bIBAIOTCS
TaOIMYHBIMH 3aBHCUMOCTSIMH OT 9TOTO 1oJisi. JlaHHbIE KO-
3¢ PUIIEHTH HEOOXOIUMBI IJIsT TOCTOOPAOOTKH PEIICHHUS
Ha Orare 2.

Jran 2. PemnMm ypaBHeHHA | eIbMTOIBIA UIT MOHO-
xpomHoro CBY-u3nmydeHuss mpu HaJTUIUH POBOIALICH
obnactu:

iccond
Vx (VxE)- k2|1 -—24 g =0,
21tfrmweo
X 3)
B=-—-—[VxE]

- 2nifymw

rae V — omeparop Habma; E(x, y, z) — BEeKTOp HampsHKCH-
HOCTH 3JIeKTpHYeCKoro noist; B(x, y, z) — BEeKTOp MarHut-
HOW MHIYKIINH; k; — BOIHOBOI BEKTOP B OTKPBHITOM IIPO-
CTPAHCTBE; | — MHUMas €ANHHLA; G,,,,,; — MPOBOANMOCTb
cpenbl (He paBHA HYJIO B IIa3Me); €, — JJEKTpUUYecKas
IMOCTOsITHHAs.

3agaguM 06JacTh «IJ1a3May UCXOMAS U3 HKCIepUMEH-
TaJbHOW CTaTHCTHUKH, IPU 3TOM YETKO BHUJHO, TJIe BO3-
HUKaeT IU1a3Ma, Kakas ee ¢popma M IpUMEpHOe 3HaYeHUE
MIPOBOJIMMOCTH HMJIM KOHIIEHTpALMHU 3apsoB. B Moxenn
YYTEH WHCTPYMEHT MPOBEPKH IUIa3Mbl Ha BO3MOXHOCTh
ee CyIIECTBOBAHMS C TOUKH 3PEHUS] CPAaBHEHUS PEaKLHil,
TTOBBIMIAIONINX U TTOHWKAIOMINX TPOBOIUMOCTb, & TAKKE
YTOYHSIOIINH CBOICTBA TIa3Mbl. [1pu 3ToM 1ienecoobpasHo
crienarhb nepedop HECKOMBKUX MTapaMeTPOB IIa3Mbl, HallpH-
Mep JUTMHY ¥ KOHIIGHTPAIHIO 3JIEKTPOHOB B HEM.

[To 3amanHOM KOHLEHTpALMK JIEKTPOHOB B ILIa3Me, a
TaK)Ke WX MOJABMKHOCTH MPU U3BECTHON KOJIMUECTBEHHOM
IJIOTHOCTH CPE/Ibl M U3BECTHOM COCTaBE ILIa3Mbl OMpeie-
JIUM e¢ TIPOBOIUMOCTS JIJIs ypaBHEHUS (3):

Scond = |e|(bene + Z|zi|2bini) ~ ‘e|benea
i

rae b, u b; — NOOBMKHOCTU DIEKTPOHOB U HOHOB B 3JI€K-
TPUUECKOM TIOJIE B CPEIE; z; — 3apsAJ0BOE YHCIO HOHA.
HoHbl Ha ABa TOpsIIKa MEHEE MOJABIKHBI, HIMEIOT COTIO-
CTaBUMYIO KOHIIGHTpAIHio (Tu1a3Ma KBa3MHEUTpaslbHas),
MO3TOMY UX BKJIaJIOM MOKHO PEHEOpEUb.

Jlst pacuera pacnpoctpanenns CBU-uznyquenus (3) B
(hokycupyroleil cucTeMe B MOJICIH YUTEHBI CIIE/IYIOIIHe
AJIEMEHTBI: MHUIIMATOP M 3€pKaJibHasi TIOBEPXHOCTh IO
HUM, IIJIa3Ma C 33JaHHBIMH CBOMCTBaMHU M 30Ha BXO/a JIIS
CBY-u3nyuenus. I'eomerpus nist pacuera CBU-nons no-
Ka3aHa Ha puc. 2. B naHHOM ciydae ruia3ma npecTaBiseT
IIeCTh IIMJIMHJPOB, PACIIOJIOKEHHBIX Ha KOHIIE MHHIINA-
TOpa — OKPYXHOCTH C paBHOMEPHBIM paclpe/ieICHIeM
0 HEM.

VYpaBueHus (3) DOMOITHAM TPAHUYHBIMH yCIOBUSIMHU.
WMHnnmarop u 3epKano HACaIbHO OTPAXKAIOT U3ITyUCHHUE,
MO3TOMY:

nxE=0,

rae n — BEKTOP HOpMaJIM IMOBEPXHOCTH.

HHH O9KOHOMMHU BBIYHCIUTCIBHBIX PECYPCOB PCIIUM
IMMOJIOBUHY MOACIIN. Ha mnockoctu CUMMETPUU 3aJaluM
yciioBue HyJ'ICBOﬁ KacareJIbHOH KOMIIOHEHTBI QJICKTpHUYC-
CKOT'0 IOJIAA, KOTOPOC MMECT BU/L:

nxB=0.

Han mHUIMAaTOpOM yCTaHOBUM YCJIOBHE BXOZa JJIs
u3ydenus depes miomanb 100 cm? (it MoJIOBHHBI MO-
nenu 50 ¢cMm2) ¢ 3a1aHHoi MoaspU3aell U MOIIHOCTLIO.
DICKTPUYECKOE MMOJIC HAMPABICHO BIOJIb HHUIIUATOPA U
UMeeT aMILIUTYY E ), ClIe0BaTeNbHO:

E= Eoex.

Ha ocranbHBIX rpaHHLIaX ONPEAENICHO YCIOBUE pacces-
HHS BTOPOTO MOPSAAKa

n x (V x(E)) — ikon(E x n) 7i V x (nn(V x E)) = 0.

4]

Jls perenns ypasaenui (3) Otamna 2 mOCTPOUM CETKY
CO CJICAYIOIIMMHU NapaMeTpaMu: Ha PaCCTOSHUH OT MaJIbIX
00BEKTOB BHIOpAHBI pa3Mephl AIEMEHTOB C XapaKTEPHOM
JUTMHOM 110 1/5 oT jymnHb! BostHbL. BOiM3n Maibix 00beKToB
CeTKa CTyIIAaeTCsl TaK, YTOObI HE MEHEE IIECTH AIIEMEHTOB
OBUIH PACIIONIOKEHBI B Y3KUX NPOMEXKYTKAX, TAKUX KaK
JUaMeTp IutasmMonaa. Beibepem kBagpaTHuHbIE 3J€MEH-
Tbl — 600 ThIC. 2neMEHTOB. M cronb3yeM reoMeTpuiecKuit
MHOTOCETOUHBII METO PEHICHHS PA3HOCTHBIX YPaBHEHUH
Ha ocHOBe V-nimkina. Co3maauM AOTIONHUTEIBHO CETKY C
YMEHBIICHHBIM B J[Ba pa3a KOJIMYECTBOM JIEMEHTOB.

BrrancnuMm cpenaue 3HaueHUS K03(QGUIIMEHTOB peak-
U k/’z C y4acTHEM YacCTHUI[ CPEJIbl j ¥ SIEKTPOHOB, yIETb-
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Puc. 2. icnonbzyemas reometpus i pacuera CBU-moss.

1 — 30na Bxona CBU-usnyuenus; 2 — anTeHna; 3 — o01acThb
«IIa3May; 4 — OTpakarolast IIOCKOCTh; XZ — IIOCKOCTh
CUMMETpHH (YCIIOBUE OTCYTCTBUS KacaTeJIbHOI KOMITOHEHTHI
MarHUTHOM UHJYKIWH); OCTAJIbHbIC IPAHUILIBI (YCIOBUE CBOOOIHOTO
TIPOXOIK/ICHHS U3JTyUCHUsI BTOPOTO MOPSIIKA)

Fig. 2. The studied geometry for MW-field calculation
(I — MW-radiation input zone, 2 — initiator, 3 — plasma
domain, 4 — mirror-plane, xz — plane of symmetry —
a condition of zero tangential magnetic field; the rest
boundaries — a condition of second order open boundary)

HYI0O MOILIHOCTH JiKOy/IeBa Harpesa W, 10 obnacTu

«rnazmay €/, 1 oreparop HHTerpupoBanus /(4):

L def
1(4) = || Adx,

Qpla.v
_iG.E)
Joule — i(l) ’ (4)
o = I(k(IED)
e = 5
i1

riae A — HekoTopas noseBast QyHKIHSI, K KOTOPOH TprMe-
HAETCA OIIEPAaTOP UHTErPUPOBaHUsl; dX — 3IEMEHTApHBII
00bEeM; j — IIIOTHOCTB TOKA IPOBOANMOCTH.

BrInonHuM npoBepky Iu1a3Mbl Ha BO3MOXHOCTb €€ Cy-
1IeCTBOBaHUS. PaccMOTpUM pas3iuyHble MIa3MOUIBI, U
BBEJIEM KpUTEpHi OataHca 3IeKTPOHOB — Pa3HHILY MEKITY
BCEMH CKOPOCTSIMH pEakIMii HOHM3AINN, PEKOMONHAIINT
n npununanud. Eciu npu 3aaHHBIX YCIOBHIX OanaHC
JJIEKTPOHOB B MEHBIIE HYJs, TO IJIa3Ma HE CYIECTBYET,
CYILECTBEHHO OOIbIIIE HyJIsl — IUIa3Ma pa3BuBaeTcs. Ecin
IU1a3Ma C MOJIOKUTEIBHBIM OalaHCOM, OM3KUM K HYJIIO,
TO OHa MaKCHMaJIbHO Pa3BHTA, U €€ HEOOXOIMMO BbIOpATh.
BBeneM cKOpoCTh peakuuu 4acTull i, j ¢ 3aJaHHBIMU MO-
JIAPHBIMU OOJISIMA W

Sy = king, n; = Now;.

Torna nmony4uM cymMmapHbIe CKOPOCTH BCEX peakLuil

MOHU3anMH SO ¢ yJyacTHEM 3JIEKTPOHOB U TIPHIIHIIAHHMSA:

Y 0SS =Y i Sh

ne{ct} nefe—}

Sc$+ =

rae {o+} u {e—} — MHOXXECTBa peaKIfil TUIIa HOHU3A-
L1 U NPWIMIaHUSA COOTBETCTBEHHO. BEIYMCINM peakuunio

pekoMOuHaNMK SO 0 U3BECTHOMY KO3(DPUIUCHTY pe-
koMOuHaIuu C° B MPUONMKCHAN KBa3UHEHTPATLHOCTH.
TunmuHOe 3HaueHHE K03(QPUIICHTa PCKOMOMHAIIMY PABHO
10-13 m3/c.

Som= Ccineni = [ne = ni] = Crecnez
B PE3YIBTATE UMEEM:
B = Sot — Se- _ So—

Ortan 3. PemmM ypaBHEHHUS Ta30IWHAMHUKU B ITaKeTe
Ansys FLUENT mis coxumaemMoil cpebl B 0cecuMMe-
TPUYHOM MOCTaHOBKE. /{71 MpoBEpKU MOAEIHN MOIKUTa
BBITIOJTHUM CPABHEHHUEC C OKCIEPUMCHTAJIbHBIMU TaHHBIMH.
B cpene npucyTCTBYIOT 4acTHIIBI BO3/1yXa, MpOIaHa, Mmpo-
ME)KYTOYHBIX 1 KOHEUHBIX MPOAYKTOB TOPEHUS (CXEMBI pe-
akuuit Grimech 3.0). Mcnonb3yem Mozeib TypOyJIeHTHOCTH
k—e co crangaprHeiMu Juist taketa Ansys FLUENT mapa-
merpamu. [Ipu 5ToM cpetHsisi MOIIHOCTD JDKOYJIeBa HarpeBa
(4) 3amana paBHOMEpHO B obnacTn «rrazmay. [Ipumewm,
YTO IUIa3Ma HEMOJBMKHA, 3HAYUT B IIa3ME M3BECTHOE
KOJIMYECTBO JIEKTPOHOB U MOHOB, paHee MOITydYeHHOE Ha
Oramne 2 coxpaautcs. UToObI He BBOTUTH HOBBIC YaCTHIIBI
(2JIEKTPOHBI ¥ HOHBI) M HE NIEPEIENIbIBATH 3HAYUTEIIBHO CXe-
MY peakIiyi, a Tak)Ke He HaCTPanuBaTh X MCTOUHUKH, OHH
HE paccMaTpuBaloTCs SIBHO. BMecTo 3TOro koahGpuIieHTs!
peaKuHﬁ YMHOXKAIOTCA Ha KOHICHTPAWU TaKUX 4YaCTHI,
a peakluy, HaYuHas C 9TOr0 Tana CYUTAIOTCS OJHOYA-
CTUYHBIMH, @ HE IByX4YaCTUYHBIMU M IIPOUCXOAST TOJIBKO B
nomeHe TiasMa. C TEXHUYeCKO# TOYKH 3peHHs ATO yIpo-
IICHHBIH aHAJIOT «3aMOPOYKEHHBIX)» YaCTHIl B CpEIe.

PaccMmoTpeHHbIe peakiuy ¢ y4acTHEM HOHOB — Peak-
K oOMeHa 3apsizia, COPOBOKIAAIONINECS TUCCONNANNEH
YacTHI, IPU 3TOM KO3 OUIIMEHTHI peaknuii B3ATH U3 pa-
6ot [23].

Vcrionb3yeM ceTKy ¢ XapaKTepHBIM pa3MepoM 3IIEMEHTa
0,1 MM ¥ 3JIeMEHTaMH BTOPOTO MOPSAKA, U HESBHYIO pa3-
HOCTHYIO CX€My IIepBOro Hopsiika. Pemum nepexonHyro
3aJa4y J0 MOJIy4eHus CTaluoHapHoro pemenus. [llar mo
BPEMEHH COCTABIISET 2 MKC.

['eomeTpust ¥ rpaHUYHBIC YCIIOBHUS MTOKA3aHbI HA pHC. 3.
[To manIMaTopy-(popcyHKe MOoIaeTCcsl TOIUIMBHAS CMECh
IpoIIaHa ¢ BO3/1yX0M, cama (popcyHKa 001yBaeTcst YUCTHIM
BO3/yXOM.

S

Puc. 3. TeomeTpus a1 pacdera ra30ANHAMUKH TOPEHHS
B IIPUCYTCTBHUHM 00nacT «mrazmay (7).

I'pannunble ycnoBus: 2 U 3 — BXOA U BBIXO[ JIJIsl BHELIHETO MTOTOKA
BO3/yXa; 4 — OCb CHMMETPHH; 5 — BXOJL ISl TOIUTMBHOW CMECH;
6 — CTCHKa (aHTCHHA)

Fig. 3. Geometry to study gas dynamics of propane-air flame
in case of plasma domain (7).
Boundary conditions: 2 — inlet, exterior flux of air, 3 — outlet,
4 — symmetry axis, 5 — inlet, fuel mixture, 6 — wall condition
(initiator)
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AHanus pe3yabTaroB

[IpoBepuM Tpexd3TanHy HTPUOIIHKECHHYIO MOJCITHh
CBY-nomxura ra3000pa3HbIX CMecel ¢ BO3IYXOM TI0 HMe-
FOIIIMCS HKCTIEPIMEHTAIBHBIM JTaHHBIM.

AHanau3 pe3yabratoB JtanoB 1 u 2. Ha Drane |
BBITIOJIHEHBI PacyeThl KHHETHYECKUX ypaBHeHui (1) ams
SJIEKTPOHOB B NMPOCTPAHCTBE IHEPTUU. DIEKTPOHBI Ha-
rpetbl BHeIHUM CBY-monieM, uX amMIimMTyna u3MeHseTCst
rapaMeTpU4ecky, 1 OHH MOTYT COBEpILATh YIPyIue CTol-
KHOBEHWUSI, @ TAKXKE PEaKIMU BO30YXK/ICHHS, TUCCOLUALINT
1 MOHM3AIMN YaCTHUIL CPEJIBI.

OTMeTHM BaKHBIA Pe3yJbTaT: OCHOBHEIC TIa3MCHHBIC
peakIy — AUCCONHUAIISI KUCIOpoaa M MpoITaHa ¢ oopa-
30BaHMEM OT/IENBHBIX aTOMOB, MOJICKYJIBI BOIOPO/IA, IIETOMH
MOJIEKYJIBI METaHa WM €T0 pagukana. [Ipu 3ToM BO3MOX-
Ha MOHU3aNHs YaCTHUIl OJHOBPEMEHHO C TUCCOIHALNEH.
ITonoGHBIE peakIy MPUBOAAT K 3aMETHOH MJIa3MEHHOMN
KOHBEPCHUH TIPOIaHa, K MIa3MEHHOMY TOJDKHUTY (BMeCTe
¢ JuccoIanyei MOJIEKyJIbl KUCIOpoaa), U K IMOAIePKKE
MPOBOAMMOCTH IJ1a3Mbl. Ha DTane 2 BbIUMCICHO pachpo-
crpanenne CBY-u3mydenus npyu Haauauu aHTeHHSL. [Tocne
TIOJTyYEHHs PE3YJIbTaTOB Il Pa3HBIX MPOBOANMOCTEH I11a3-
MBI 1 ee JUTHHBI (/) BBITIOJTHEHA POBepKa OaslaHca peaknit
(puc. 4). B pe3ynbrare 6amaHc YMEHBIIWICS W IMEET OTPHU-
aTeIhbHOE 3HAYCHHUE MIPH YBEITUUCHUH JITHHBI M TTPOBOIH-
MOCTH TJTa3MBI (HE TTOKa3aHbl Ha puc. 4), Tak KaK CIOKHEe
ee MoJAePKUBaTh Ny 3aganHon MorHocTH CBY.

Bribepem 1uta3My ¢ mapaMmeTpamu: JIUHA 6 MM, KOH-
nentpauus 31ekrponos 1020 1/m3. TIpoBenem OuEHKY
KO3 PUIIMEHTOB peakiuii pyu CyMMapHOil IO BceM cop-
TaM YacTHIl yAeIbHON MouHocTH Harpesa 220 T'B1/m3.
OTMeTHM, 4TO TOJBKO 67 % MOIIHOCTH JIXKOYJIeBa HArpeBa
MOHOB U 3JIEKTPOHHOTO Ta3a Oy/IeT MPUIIOKEHO K Cpefie, TaK
KaK 4acTh SHEPI'UU PacCerBaeTCs.

AHanu3 pesyabraroB Jrana 3. Ha Oramne 3 ocymecrt-
BIICHO CpaBHEHHUE PE3yIbTaTOB pacdyeTa ra30qWHaAMHKA
B IIPUCYTCTBUHU OOJACTH «IUTa3Ma» C NaHHBIMU SKCIICPH-
MEHTOB 13 padoTHI [3]. B pesynsrare skcriepuMenTa 1moiy-
4yeHsl (hoTorpaduu MIaMEHN MPH CIEAYIOUINX YCIOBHX:
nmasienue cpens! 13 klla, remneparypa 150 K, BHemHnit
moTOK Bo3ayxa 85—500 m/c, KOTOPBIi MMoJaeTcs Yepes3 aH-

1 020

28

1019

e, 13

10"

0 2 4 6 1
lg(B/T), /
Mc
Puc. 4. 3aBUCUMOCTb IeCATUYHOTO Jlorapudma GpyHKIun
GaylaHca OT JUTHHBI IJIA3MOKA U KOHIIEHTPAIUK JIEKTPOHOB

Fig. 4. The Balance Decimal logarithm values at different
plasma lengths and electron concentrations

TeHHy. Ha BbIXOzie monydeHa crexuoMeTpudeckas CMech
MPONaH-BO3AyX C U30bITOUHBIM aaBicHreM 101 klla wmu
yuctslil nponan — 20,2 k[la. @ororpadun miamenn npu
JTAaHHBIX yCJIOBUSIX OBLIH COIIOCTABJICHBI C PE3yabTaTaMu
YHCIEHHOTO MOJEIMPOBAHNS, BBIITIOIHEHHOTO MPH TEX JKe
YCIIOBHSAX, U 0OAaBICHBI KOMMEHTAPUN O HAOIIOJacMbIX
0COOCHHOCTSIX TNTAMEHH.

PaccMOTpuM TpH SKCIIEPUMEHTANIBHBIX CIydas C pas-
JMYHBIMHU TTapaMeTPaMu.

Cryyaii 1: CKOpOCTh BHEIITHETO [OTOKa BO3myxa 85 m/c,
yepe3 HHUIUATOP MOJAeTCs CTeXHMOMETPHUYECKas CMECh.
dotorpadus mIaMeHu U pe3ydbTarhl pacuyera (Mot TeM-
neparypsl 1 MOAYJSl CKOPOCTH JIBMIKEHUS) TTOKA3aHbI B
tabmuue. Ha gortorpadgum BuaHO, 9TO MMeeTcs: 001acTh
CBEYCHUSI, 00YCIIOBIICHHAs HAJIMUYMEM BO30YKJICHHBIX Ya-
ctun. CBeueHne UMeeT SIPKUK (PHOJIETOBBI OTTEHOK —
M3ITY9aroT YaCTHIEI C BEICOKUM YPOBHEM BO30YXKIEHHUS,
XapaKTEepHbIM 1JI1 HEPABHOBECHOM IJ1a3Mbl. Takue yacTu-
IIBI MOTYT 00pPa30BEIBAaTHCSA B TTa3Me, 3aTeM TH(Qy3HOHHO
pacnpoctpaHaThesa. Taxke HabIOnaeTCs pacceMBaHUE
cBeueHHs B cpene. HbIMH clioBaMHu, 00J1acTh (GUOJIETOBO-
TO CBEUCHHSI, BUJIMMAs B IKCIIEPUMEHTE, JTOJDKHA ObITh HE
MEHbIIIe, YeM 00JIacTh ISHCTBHS TUI1A3MBbl, U PETIOI0KHU-
TesibHO M1aMenu. [1o dororpaduu MoxHO ckaszaThb, UTO ee
JUINHA COCTABJISIET IPUMEPHO MOJOBUHY BBICOThI KOHYCHOMN
3aqHel yactu nHunMaropa. [lnamenn nponana (romy6oe
CBEYCHHE) HE BUHO, 3HAYNT, 00JIACTh TOPEHUSI HAXOANTCS
BHYTpPHU 00J1aCTH (PHOJIETOBOTO CBEYCHHS.

B pesynbrare pacdera norydeHsl OIS TEMIIEpaTyphl 1
CKOPOCTH JIBH)KCHUSI CPEJIbI C TIOAXO/ISIIMMH 07T SKCTIEPH-
MEHT OCOOSHHOCTSIMHM: Ha BBIXOJIC HHUIIATOPA TPOUCXOANT
TOpeHue ¢ moBbIIIeHneM Temrepatypsl 10 20 kK u ¢ pac-
IIMPEHUEM CPEIbI CO CKOPOCTHIO 70 1,2 KM/C. YKazaHHbBIC
00J1acTH UMEIOT pa3mep okojio 1/3, 1/2 oT BBICOTHI KOHYC-
HOW YacTH MHHUIMATOPa, a X (opMa OlH3Ka K OBAILHOM.
3aMeTHM, 4TO pe3yJbTaThl pacyeTa JJIsl OMUChIBACMbIX
YCIOBUH HE MPOTUBOPEYAT IKCIIEPUMEHTY. AHAJIOTHYHO
MIPOaHaJIU3UPYyEM CIIydal MCIIOJIb30BaHUS CTEXUOMETPH-
YeCKOW CMECH M YUCTOro IporaHa TalJIuia Ipu CKOPOCTH
BHemrHero moroka 500 m/c.

Crnyuait 2: B Tabnuiue BUAHO, YTO B CBEPX3BYKOBOM
MIOTOKE 00JIACTh CBEUEHUS CMEIeHA OT MHUIMATOpa, B
OCTaJbHOM OCOOCHHOCTH aHAJOTHYHBI CIydar0 CKOPO-
CTH TIOTOKa 85 M/c. Pe3ynmbpraTsl pacyeToB COTIacyloTCs C
HKCIIEPUMEHTOM: UMEETCS I1aMs, 00JIacTh MMOBBIILICHHON
TeMIepaTypbl MEHbIIIE 00TaCTH SPKOTO CBEUCHUS.

OTtMeTuM ciay4yail 3 — ropeHue mpu mnojgade ynucro-
ro MpolnaHa Mpu CKOPOCTH BHelIHero rnotoka 500 m/c.
[Tpomana noctaToyHO, YTOOBI OBUIO YETKO BHJIHO TLIAMS
B OOJIBIIOM 00BEMe BHE 001acTi (PHOJIETOBOTO CBEUCHHSI.
JlHa riaMeHu CONOCTaBUMa C BBICOTOW KOHYCA HHHIMA-
Topa. Pactipenenenye remMneparypbl 10 JaHHBIM MOJIEIINPO-
BaHMS: IMEETCS JUTMHHAS CTPYS C BHICOKOM TeMIepaTypoi
nopsiaka 2 KK, kotopasi cHu»kaeTcst Ipy IBUKEHUHU T'a3a OT
TUIA3MBbI B HalPaBJICHUH BBIXOZA. B skcriepuMeHTe B 3TOM
JKE€ HAIPaBICHUN CHHMKAETCS HHTEHCHUBHOCTH CBEUCHUS
IUIAMEHHU.

Ha puc. 5 npuBeaeHbl 3aBUCUMOCTH MHTETrPajJbHBIX
MIOTOKOB psiJia TPOAYKTOB f CrOpaHusi U aKTHBHBIX PajHKa-
JIOB Yepe3 caMylo IPaByIO TPaHUILy MOAETIH OT CKOPOCTU
BHeIHero noroka V. [IpeacraBieHsl JaHHbBIE I CTEXHO-
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Tabauya. ®ororpadun U3 HIKCHEPUMEHTA 11 BeprUDUKALMK MOJIEIN M Pe3yJIbTaThl pacueTa Juls ClIydaeB CTEXHOMETPHIECKOIl CMecH
1 YUCTOTO MpOIaHa

Table. Photos from the experiment for model verification and calculation results for the cases of stoichiometric mixture and pure

propane
CkopocTb Pesynbrarsl pacuera
P ®dotorpadust u3 3KCeprUMeEHTa Y P
BHEIITHETO
HoToKa. w/c JUIs Bepu(UKaLMK MOJEIIH pacmpeneneHue temmeparypsl, K pacrpeneneHue MOyt CKOPOCTH, M/C
>
Coyuaii 1 (momaercst CTeXHOMETpHYECKasi CMech)
[ S |
1,7:10% 2,9-10° 5,7-10° 8,4-10° 1,1-10% 1,4-10* 1,7-10% 1,9-10* 2,2-10° 0 1,5-10% 3-102 4,5:102 5,9:10> 7,4-102 8,9:102 1-10° 1,2-10°
N r
Coyuaii 2 (oaeTcst CTeXHOMETPHIECKasi CMech)
HE =  aa Il 2 e
1,7-10% 2,3-10% 4,4-10° 6,6-10° 8,7-10° 1,1-10° 1,3-10% 1,5-10* 1,7-10* 0 2,2:10% 4,4-10? 6,610%8,8-102 1,1-10° 1,3-103 1,5-10% 1,8-10°
~
500
h = . -—
Curyuaii 3 (oaeTcst 9UCTHII POMaH)
|y | | I |
2102 9,5:10% 1,7-10% 2,5-10° 3,2-10% 4-10% 4,7-10° 5,5:10° 6,2-10° 0 1,6:102 3,2-10% 4,810% 6,4-10? 8,1-10% 9,7-102 1,1-10° 1,3-10°
500
—  — N
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oH O o
* H,0 * H; OH
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1073 ¢ 103 F
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Puc. 5. 3aBUCHMOCTB TTOTOKA Psi/ia MPOIYKTOB CrOPAHHS Yepe3 CaMyro MPaByIo IPaHUILy MOIEIH «BBIXOI» OT CKOPOCTH BHEIITHETO
MIOTOKA BO3/1yXa: CTEXHOMETpUYECcKasi CMeCh (&) U YUCTBIH mpomnaH (b)

Fig. 5. The dependence of the mass flux of a number of combustion products through the most right boundary “output” of the model
vs. the speed of the external air flow: a stoichiometric mixture (a), pure propane (b)
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METPUYCCKON CMECH M YUCTOTO MPOIaHa ¢ U30BITOUHBIMU
nasiaeHusmu 100 u 20 xIla cooTBeTCTBEHHO.

B cityuae cTeXHoOMeTpUIeCcKO CMECH IIPH YBEIIMICHUHN
CKOPOCTH BHEITHETO TOTOKA YBEIMYUBAIOTCS U MTOTOKHU
MPOAYKTOB CTOpaHUs U pagukaioB. OMHAKO WX KOHIICH-
Tpalnu B Cpelie MaJaroT: YBEIWICHNE ITOTOKOB B 2—5 pa3
TP YBEIMYCHUN CKOPOCTHU TOYTH B 6 pa3. 3aMeTHM, 4TO
nmMeercs 3PpPeKT PKEKIUH, Ha OOIBIIEeH CKOPOCTH MPHU
3aJaHHOM JaBJICHUH MIOa491 CMECH, €€ BO BHEIIHIOIO Cpe-
Iy JTOJDKHO Tiornanarh Oonbine. CienoBareabHO, CMeCh HE
yCIeBaeT MpOropeTh, OMHAKO HAOI0AaeTCs (PaKT TOPCHUS.

OTMeTl/IM, 4TO IMPU YBCINYCHUU CKOPOCTU BHCHIHC-
ro OOTCKaHMsI MOJYYUM YBEIMYCHHUE MTOTOKA aTOMAapPHBIX
KHUCJIOpOJa U BOAOPOJA Ha MOPsANoK. JlaHHas ocoOcH-
HOCTh MOXET OBITh TOJIC3HA JIJIS IPUMCHCHUS CUCTEMBI
KaK «IUIa3MEHHO-IIAMCHHOTOY» (pakelia sl pa3orpeBa u
«ITa3MEHHON, TETJIOBOH KOHBEPCHH CIIOKHBIX TOTLIHB-
HBIX CMECEH.

Ecnm 3aMeHHUTH CTEXHOMETPHIECKYIO0 CMECh Ha YH-
CTBIH MPOIIaH, TO CHOBA IMOJIYYHM TOpEHHUE, a TakKe Ha
TOPSIOK OONbBIIIE aTOMapHOTO BOJOPOJA B IMMOTOKE, HO B
MEHBIIIEN CTEIeHU YBCIUYUTCA KOJUYECTBO aTOMapHOTO
KHCJI0pOJa U TMIPOKCUIIbHOU IpynIibl. Takoe yBeJIndeHue
MIOTOKOB CBSI3aHO C TEM, YTO B PaCUCTHYIO 00IacTh MoIia-
JaeT OoJIbLIe MpoTaHa, cojieprkaliero Bogopo. [1nasma sxe
BO3JICHCTBYET JIMIIL Ha HETO, MMOOTPEBasi U OCYMICCTBIIASA
KOHBEPCHIO IIPH CHIIEHO TTOHWKCHHOM COJICPIKaHUU KHC-
JIOpOJia B TMIOTOKE TOIUTUBHOMN CTPYH. « AKTHBHPOBAHHEI
mpomaH (paJuKajsl MPoraHa, BOAOPO) Ha TPaHUIIE JIBYX
TTOTOKOB (CTPys TOIUTMBA, BHEIIHUI MOTOK BO3/IyXa) pea-
THPYIOT ¢ KucioponoM. [IporcxonsaT peakunu, mono0HbIe
BOZIOPOIHOM IIETH, aTOMU3UPYETCsl KUCIOPO, 00paszyercs
THAPOKCO-TPYTIA, HO IS ATOTO HYXXKHO BPEMs, IOATOMY
y TaKHX JIByX BEIECTB MOTOKH HE BO3paciu bonee, ueM
Ha MOpAJOK OTHOCHUTEJIBHO ClIy4as CTeXI/IOMETpI/I'-IeCK()ﬁ
cMecH.

Y BOIIBI, yTapHOTO | YIJICKHCIIOTO Ta30B KPaTHO YBEIIHU-
YHJICS TOTOK MPY W3MEHCHHUH CMECH, ITOCKOJIBKY B pacyet-
HOW 00JIaCTH CYIIECTBCHHO OOJBIIE MOCTYIACT MPOIIaHa.
[Ipu >TOM OKcHA a30Ta oOpa3yercs B MEHBIIEM KOJIHYe-
CTBe: TUIa3Ma OoJiee He IEeHCTBYeT Ha BHEIITHUHN ITOTOK BO3-
nIyxa, He o0pa3yeT aToOMapHBIE KHCIOPO, a30T, KOTOPHIE
3aTeM coeauHATCS B okcu. C TOUKH 3peHUs CO3TaHUS
HamboJIee TOPSYero IIaMeH! B 3HAYUTEIHLHOM 00BheMe C
YMEHBIIICHHEM BBIOpOCa OKCHIA a30Ta, C YBEINYCHUEM
KOJIMYCCTBA AKTUBHBIX PaJUKAJIOB OPCHUC YUCTOTO IPO-
I[TaHa BO BHCHIHEM IIOTOKE BO3JyXa NMEPCIEKTUBHEC, YEM
CTEXHOMETPHUCCKON CMECH TPOIMAaH-BO3IYX.

B pesysbrare ropeHus CTPyH YUCTOTO MPOMaHa B MOTO-
Ke BO3/1yXa C Je(PUIIITOM KHCIOPOIa BHYTPH CTPYH MPOTIa-
Ha B IPOAYKTaX CropaHus 00pa30BaH CHIBHO Pa30rpeThiid
AKTHBU3UPOBAHHBIA CHHTE3-Ta3 C BBICOKIM COJICPKAHUEM
AKTHBHBIX PAJIKAIIOB.

HNmeeT cMpIca nanpHEHIee NCCIeA0BaHNE TOPCHUS
YUCTHIX Ta3000pa3HBIX TOIUIMB B TIOTOKE C OKUCIUTEIIEM
JUTS TIOMKUTA CMECEH C KHUIKAM TOTUTUBOM (KEPOCHHOM)
HEpaBHOBECHOM I1a3mMoil uepe3 «mnocpennukay. [Ipsamoit

TIOJDKUT 3aTPYAHUTEINICH — JJIEKTPOHBI OBICTPO TPHIINIAIOT
K KaIIsiM TOTIIMBA.

MOXXHO cienaTh BBIBOJ, YTO PE3yIbTaThl MOJEIHNPO-
BaHUsI IPUEMIIEMO COOTHOCSTCS C 9KCIIEPHMEHTATbHBIMH
JaHHbIME. OTCyTCTBYyROIIAs 00JIacTh (PHOJIETOBOTO CBEYE-
HHS B pE3yJIbTaTe SKCIIEPUMEHTA O0BSICHACTCS HEYYTCHHBI-
MU B pacueTre (POTOHaMH, OCTaIbHBIC BUIMMEIC 0COOCHHO-
CTH IUTAMEHH M IIa3MBbl COITIACYIOTCHL.

3akiaouenune

BrITIONTHEHBI pacdeThl Ha OCHOBE TPEXATAITHOW MPH-
OIKEHHOI MOJISNTH MTOKUTA TIPOTIaHa B BO3IYXE C TIOMO-
IIHIO TOAKPUTHICCKOTO CBEPXBBICOKOYACTOTHOTO Pa3psiaa.
PesynberaTsl MomenrpoBaHus OJM3KH K KCTIEPHIMEHTAb-
HBIM JaHHBIM. Mozens BepuuIInpoBaHa 3a CUET CpaB-
HEHHSI TIOJIeH TeMIepaTyphl M KOHLEHTPAIHMHA Pa3IHIHBIX
COPTOB YacTHIl ¢ oTOrpadusIMu U3 IKCIICPUMEHTA JAPYTHX
aBTOpOB. JIJI1 BCeX PaCCMOTPEHHBIX CIIydaeB BBIIIOJHEH
MOJKUT TOINTUBHON CMECH.

Ucnonb3oBana CBU-cucrema co cienyoumu napa-
MEeTpaMH: MOILIHOCTb U3nydeHus 3 KBT, nauHa BOJTHBI U3-
ayuenus 12,5 cm. I[Ipu aToM napameTpsl cpesibl: JaBICHHUE
13 xIla, Temneparypa 150 K, ona nBuxercs ¢ 3aaHHOM
CKOPOCTBIO ABIKCHHUS OTHOCHTEIIFHO aHTCHHBI-UHHUITHATO-
pa mo 500 m/c. Uepes nHUIHATOP MOJACTCS OO CTEXHO-
METpHYECKast CMECh IPOTIaH-BO3IyX, JINOO YHCTHIH MPOTIaH
¢ m30erTounsiMu masieHusmu 101 u 20 xI1a.

Mopens Mo3BOJHIIA OCYIIECTBUTh aHAIHU3 MPOIAYKTOB
CropaHusl TOIUTMBHOM CMECH, CAETaTh MEPBUYHBIC OLICHKU
nepea TeM, KaK CTaBUTh SKCIHEPUMEHT HIIM YUCICHHOE
MOJICITUPOBAHUE, Iie OyaeT Oosiee CTPOro U COrIaCOBAaHHO
pemiatbes MOJIHAsg CUCTEMa YpaBHEHUH I1a30ra3ofuHa-
MUKW U TopeHus. Hanpumep, o1MH U3 UHTEPECHBIX pe-
3yJIbTaTOB — CTFOpaHUE YUCTOIO MPONaHa BO BHEUIHEM
MMOTOKE BO3MIyXa ¢ 00pa30BaHMEM rOpsYEro CHHTa3a Co
3HAYUTENTFHBIM KOJIMYECTBOM PaJIUKaIOB: aTOMBI BOIOPO/Ia,
KHCJIOPONa, THAPOKCIIFHON Tpymiibl. Takyro TOTUTHBHYIO
CMeCh, IojaraeM, MOXXHO HCIIONB30BATh IS «IIIa3MO-
Ta30BOT0» MOPKHATA CMECEH C )KUIKUM TOIUIMBOM, M TO
TpeOyeT nanbHeHINX UCCIeIOBAHMUI.

OtmeTuMm, 4To B paboTe UCIOIb30BaHO KIIFOUEBOE TPH-
OmpKeHHe: mapaMeTphbl U TeOMETPHs IIa3Mbl CUUTAIOTCS
M3BECTHBIMU. DTO MPUBOAUT K CYILIECTBEHHOMY CHIKECHUIO
pecypco3aTpaTHOCTH MOJIEITH M BPEMEHH PacueTa, TOCKOIIb-
Ky HE paccMaTpUBAIOTCSi MHOTOUHCJIEHHbIE YpaBHEHUS
nepeHoca yacTuil Ha srane pacuera CBU-nosneit, Tpedyto-
re cOOIONCHNS KPUTEPHUEB YCTOMYHBOCTH. JlomycKkaeTcst
MTOBTOPHOE HCIIOJIB30BAHME PE3YIBTaTOB MPEIITOKEHHBIX
OranoB 1 U 2 MomenmupoBaHus U HOBBIX 3a/1a4. B maib-
HEHIIeM TUTaHUPYeTCsI JOOABUTH TOTIOTHUTEIBHBIN dTal
oneHKH 3(p(PEeKTOB B3aMMOIEHCTBHA (POTOHOB CO CPEHOH,
JI00aBUTH MOJIENTb POCTa CTPUMEPOB, HCIIOIB30BATh YIIPO-
IICHHYIO MOJIEJIb JJIS PEIBAPUTEIIBHBIX OI[CHOK BO3MOXK-
HOCTHU CO3[aHHs JCTOHAIMOHHON BOJHBI B KPYIJIOH TpyOe
3a C4eT MHTEHCUBHOTO IUIa3MEHHOI'0 MOKUTA.
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Abstract

A numerical study has been carried out for straight, spiral and helical capillary tubes and their performance has been
compared with CO, refrigerant. The numerical models are developed based on the fundamental conservation principles
of mass, momentum, and energy. Within this, outer loop, the ordinary differential equations are solved from the inlet to
the exit of the capillary tube. The study has been carried out to calculate the mass flow rate by bisection method where
the mass is iteratively calculated at the specified capillary length or vice versa. In-house coding programming employs the
finite difference approach for numerical solutions. The characterization of the capillary tube has been done by calculating
the length for the given mass or by calculating mass for the given length. The comparison of the straight capillary with
helical capillary tube (50 mm coil diameter) and spiral capillary tube (50 mm pitch) has been reported. For a change
in tube diameter, surface roughness, and length, the percentage reduction in mass flow rate in capillary tubes (straight,
helical, and spiral) is calculated. The percentage reduction in mass in a helical capillary tube compared to the straight
capillary tube is about 7-9 %. The percentage reduction in mass in a spiral tube compared to the straight capillary tube
is nearly 23-26 %. Additionally, the percentage reduction in mass in a spiral tube compared to the helical capillary tube
is almost 17-19 %. Additionally, the percentage reduction in length in a spiral tube compared to straight capillary tube
ranges from 37 % to 43 %. Similarly, the percentage reduction in length in a spiral tube compared to helical capillary
tube is ranging from 25 % to 32 %.
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AHHOTAIUA

BBINOIHEHO YHMCIEHHOE MCCIEA0BAHNE MPSIMBIX, CIIMPAJIBHBIX U BUHTOBBIX KalMJUIIPHBIX TPYOOK C XJIaJareHTOM
CO, 1 npoBeJeHO CPaBHEHHE UX XapaKTepUCTUK. UHCIEHHbIE MOZIENIN pa3paboTaHbl Ha OCHOBE (yHAaMEHTAJIBHBIX
MIPUHIMIIOB COXPAHEHMSI MACChI, IMITYJIbca U SHEepruu. PemeHsl oObikHOBeHHBIE M depeHnaibHble ypaBHEHUS BO

© Jadhav P., Sahu A., Ballal S., 2022

804

Hay4HO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4



P. Jadhav, A.K. Sahu, S. Ballal

BHEIIHEM KOHTYpE OT BXOJIa JI0 BBIX0/1a KalWLIIpHOU TpyOKu. [IpoBe/ieHbI pacyeTsl MacCOBOTO pacxojia KarnuusipHOi
TpyOKHU U XJIaJareHTa MeTOJ0M JIeJIeHHs OTpe3Ka I0IoJaM, IJie Macca UTEPaTHBHO PACCUUTAHA IPH 3a1aHHOM JUIHHE
KaIuysapa uiy Hao0opoT. Mcronb30BaHO cOOCTBEHHOE TPOrPAMMHUPOBAHHE YHCIEHHBIM METOJIOM KOHEUHBIX Pa3HOCTEH.
Omnpenenenne XapakTepUCTUK KaMLIIPHON TPyOKH BBITIOTHEHO ITyTeM pacdeTa ee JATHMHBI JUIsl 3aJlaHHON MacChl WIIN
pacdera Macchl T 3aIaHHON JUTHHBI. BBIOTHEHO cpaBHEHNE MPSAMON KalMJUISPHOI TPyOKH C BUHTOBOM (BHYTpEHHHI
muametp 50 MM) U criupanbHOi (mar 50 Mm). [l n3MeHeHus: uamerpa TpyOKH, MEepOoXOBaTOCTH MMOBEPXHOCTH U
JUTHBI PACCUUTaH MPOLEHT CHIDKEHNSI MACCOBOTO PAcXo/a B MPSMbBIX, BAHTOBBIX M CIIHPAIIBHBIX KAaIIMILIIPHBIX TPYOKax.
B pesyibrare cpaBHEeHUs ¢ NPSMOH KaNMULIPHOW TPyOKOH MONyYeHO MPOLEHTHOE YMEHBIIEHHE MacChl TPYOOK: Juis
BUHTOBO# TpyOku — 79 %, mis cnupanbHoit — 23-26 %. JInst ciupaibHO#M TPYOKH TakKe TMOJNyYeHO MPOLECHTHOE
YMEHBIIICHHE [T0Ka3aTelell: MacChl 110 CPAaBHEHMIO ¢ BUHTOBOH TpyOKoit — 17-19 %; IUIHHBI 0 CPaBHEHHIO C TPSIMON
TpyO6Koit — 3743 % u BuHTOBOM — 25-32 %.

Kurouesnie ciioBa

npsiMasi TpyOKa, BUHTOBas TpyOKa, ClIUpajibHas TPyOKa, KaWUIApHas TpyOKa, aquadaTuuecKkasi, MacCOBBIH pacxosn
Cepuaka s nuruposanus: bxaaxas I1., Caxy A.K., bamnan C. YUnucnenHoe ucciieioBaHne NpsSMOW, BUHTOBOU U

CIIMPANBHOM KaITAPHBIX TPyOOoK s xnagarenta CO, / HaydHo-TexHIdIecknii BECTHHK HH(OPMAIIIOHHBIX TEXHOIOT U,
MexaHuku U ontuku. 2022. T. 22, Ne 4. C. 804-811 (na anrn. s3.). doi: 10.17586/2226-1494-2022-22-4-804-811

Introduction

The use of heat pumps, refrigeration systems increased
by almost 10 % in terms of total and interest income. Among
these systems, a large area is covered by small capacity
applications, and a capillary tube is used as an expansion
device. The capillary tube is a relatively low-cost and
simple narrow tube with different cross-sections: straight,
helical, and spiral. The coiled capillary tube is preferable
compared to the straight capillary tube. Along with the
economic system, an environmentally friendly system is
the need of the day. CO, refrigerant is a favorite among
all-natural refrigerants. The sustainable solution for small
capacity HVAC applications is the transcritical CO, system
and capillary tube [1-2]. Numerous numerical studies of
a straight capillary tube with various refrigerants were
carried out. Stoecker and Jones [3] designed the numerical
model of the straight capillary tube. The numerical model
of the straight capillary tube was designed using basic
equations of conservation: mass, energy, momentum.
Jabaraj et al. [4] mentioned the influencing parameter in
the capillary tube. The study was carried out for R22 and
M20 refrigerants. Among all the geometric parameters,
the tube diameter and tube length were more influential.
Rasti and Jeong [5] formed a correlation for calculating the
mass flow rate of R-12, R-22, R-134a, R-152a, R-404A,
R-407C, R-410A, R-507A, and R-600a for the straight
capillary tube. The flow characterization of the adiabatic
capillary tubes was carried out. The developed correlations
had been in comparatively good agreement with different
application range. Choi et al. [6] framed an experimental
model for straight capillary tube with R-290, R-22, R-407C
refrigerant. The effect of numerous geometric parameters
and operating parameters was calculated, and an empirical
correlation was developed. Chingulpitak and Wongwises
[7] revealed the numerical study for the R-22, R-407C, and
R-410A on the helically coiled capillary tube employing
the adiabatic and homogenous two-phase condition. After
completing rigorous research, they suggest that the Mori
and Nakamaya friction factor equation was the best among
various correlations. Jadhav and Agrawal [8—10] carried
out a numerical study for the helical and spiral capillary
tube with CO, and R22 refrigerant. They suggest the coil
diameter influenced the helical capillary tube and pitch

in the spiral capillary tube. Additionally, the gas cooler
temperature in the CO, system is a crucial parameter to
attain the optimum pressure. Mittal et al. [11] developed
a numerical model for spiral capillary tubes for R22,
R407C, and R410a refrigerants. The model was developed
by considering adiabatic and metastable flow conditions.
Flow behavior was reported at various operating and
geometric conditions. Khan et al. [12] carried out an
experimental study on an adiabatic spiral capillary tube
with an R-134a refrigerant. The influence of geometrical
parameters on the flow behavior of the capillary tube and
operating parameters such as subcooling was investigated.
A reduction of 5-15 % in the mass flow rate of the spiral
capillary tube compared to the straight capillary tube has
been reported. An empirical correlation was also developed
to predict the mass flow rate of the refrigerant.

In the past, the literature reveals the studies on straight,
helical, and spiral capillary tubes individually. However,
capillary tubes comparative studies have not been done
at the mature level for CO, refrigerant. Additionally,
one must compare the straight, helically, and spirally
coiled capillary tubes for a compact design at one glance.
A compact and environmentally sustainable HVAC system
is the need of today’s world, and that can be addressed
with various tube configurations of capillary tube and
CO, refrigerants. The objective of the present study is
to exhaustively compare the straight, helical, and spiral
capillary tubes with carbon dioxide refrigerant, which
helps to design the straight and coiled capillary tube.
The comparison was carried out for more practical tube
dimensions and operating conditions of the transcritical
CO, system.

Mathematical Modeling

Mathematical modeling of the capillary tube is carried
out for the straight, helical and spiral capillary tube. The
capillary tube is divided into small discretized elements
as shown in Fig. 1 for straight, helical and spiral capillary
tube. In CO, system, two different flow regions are
observed in the capillary tube, viz. single phase and two-
phase region. For simplicity, the mathematical modeling of
capillary tube is divided into single phase and two-phase
region.
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Fig. 1. Straight (a), helical (b) and spiral (c) capillary tube with
discretized elements

Single Phase region

After the refrigerant cooling in the gas cooler, the single
phase gaseous refrigerant pass through the capillary tube.
To calculate flow characteristics of single phase region,
basic equations of conservation of mass, momentum and
energy are applied for straight, helical, and spiral capillary
tube. The conservation of mass is applied for the elemental
area, then it may be written as

Here m, m;, m, are the mass of CO, refrigerant flowing
through of the elemental area of the tube, kg/s; A is the
cross-sectional area tube, m2; V' is the velocity of the fluid,
m/s; and v is the specific volume, m3/kg. The flow in the
capillary tube is steady and unidirectional. Applying Steady
Flow Energy Equation (SFEE) to elemental area we get

Vi Vi
h1+?+zl+Q=h2+?+zz+W.

The flow of the refrigerant is passing through the
discretized session 1 and 2. Here /4 is the specific enthalpy,
kJ/kg; V'is the velocity of the fluid, m/s; z is the head across
tube, m; Q is the heat transfer; and W is work done, kW.
Assuming that capillary tube is adiabatic (Q = 0) with no
any work done (W = 0) and the tube is horizontal (z; = z,),
above equation can be written as

4 vy
hy+—=hy+—.
2 2

Using above equations

dV*G?

dh + =0.

Here G is the mass flux, kg/(m2-s). Additionally,
conservation of momentum is applied to the elemental area.
The summation of the forces on the elemental area is equal
to the acceleration of the refrigerant. The net momentum
is given as

>f=ma
WV GdL
R C
2d d
dL = —(L -2 )
S \dv vG?

Here fis force, N; P is the pressure, N/m; a is the
acceleration of the fluid through tube, m/s2; L and dL are
the total length and elemental length, respectively, m; £,
is the friction factor in single capillary tube. In addition to
the basic equations, friction factor equations are calculated
by using following friction factor correlation for straight,
helical and spiral capillary tube as follows.

1) For straight tube, Churchill [13], friction factor
correlations may be expressed as

8 12 3 %
fu=8 (—) + (A6 + B16) 2} )
Re

Here f,, is friction factor in the straight capillary
tube, Re is the Reynolds number, 4 and B may be
calculated as

37530 Gd
B=

A=245TIn[——|, ,Re=—,
( 7 )°~9+ 0.27¢ Re U
Re d
2d d
dL:_(L__P)’
S \dv VG

where ¢ is the surface roughness, mm; and p is the
dynamic viscosity, Pa‘s.

2) For helical capillary tube, the elemental length is
calculated using Mori and Nakamaya [14] friction
factor relation

d 0.5
()
D, G,

= 1+
Re|—
D.

Tl
Sl
Re(—
D,
Here d is tube diameter; D, is coil diameter of the
helical capillary tube; £, is the friction factor of the

helical capillary tube. The value of # is considered as 5
because the Reynolds Number (Re) is larger than 103.

1

n+1

lnCI =

X

i[—3ln(2n + 1)+ (16n—T7In(2n—1) - (8n - 3) x
X [Inn + In(4n — 1)] + (6n — 1)] + nlna + 91n2
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where a is the linearity constant, and it is calculated by
employing the general friction factor equation

InC, = X
nzn+1

L an@n + 1) = (150 + 4)lnn + (197 — 4) x
4

xIn(2n—1) — (7n — 4)In(4n —1)] + nlno. —
—nln(6n — 1) — 9nln2

Zd(v dp)
At AL Y |
Jusp \dv vG?

3) Similarly, for spiral capillary tube elemental length is
calculated using Ju et al. [15] friction factor relation

Jesp =Js(1 +0.11Re023(d/D,.))014,

Jesp 18 the friction factor of the spiral capillary tube and
[ 1s the friction factor in straight capillary tube

£.,=0.1(1.468/d + 100/Re)0-25

do

2w (v dp |\ 2
dL=—(——p) _\2)
Jesp \dv vG? (d@)
COS Z

Here, ¢ is the surface roughness, mm; and 0 is

angular displacement, rad.

Two-Phase region

While passing the refrigerant through subcritical
region, two-phase region is existed. In CO, refrigerant the
density ratio is low, so the two phase flow is considered
as a homogenous flow. The modeling of the capillary tube
is similar to the single-phase region except the dryness
fraction (x) in the subcritical region. Using the dryness
fraction, the enthalpy, entropy and specific entropy of the
refrigerants are calculated as

h = hf+ thg,
V= vf+ Vg
S TS XS

Here h, hy hy, are specific enthalpy, specific enthalpy
at saturated liquid, and specific enthalpy at saturated
gas, respectively, and latent heat of evaporation is given
as hg, = h, — hy Similarly, v, v4 v, are specific volume,

specific volume at saturated liquid, and specific volume
at saturated gas, respectively, and difference of specific
volume of saturated gas and saturated liquid is termed as
Vig = Vg — Vs Similarly, S, 8p Sg, are speciﬁc entropy, specific
entropy at saturated liquid, and specific entropy at saturated
gas, respectively, and s, = s, — sz The mean values of the
friction factors (similar to section “Single phase region”)
for straight, helical, and spiral capillary tube and specific
volume are used to calculate the length of the respective
capillary tube.

Solution Technique

The characterization of the capillary tube has been done
by calculating the length for the given mass or calculating
mass for the given length. The CO, refrigerant properties
are given for this calculation. The calculation of mass is
termed as simulation of the capillary tube and determination
of length is called as designing of the capillary tube.

In the designing of the capillary tube, initially, for
a given tube geometry and mass flow rate, evaporator
temperature (7,,) gas cooler temperature (7,.) and
pressure (Py.) used in calculating elemental length.
Adding the elemental length gives the total tube length.
Likewise, total length is calculated for every flow regions,
viz. supercritical, transcritical and subcritical region (as
shown in Fig. 2). The pressure is considered as a marching
parameter to indentify the flow regions in the capillary tube.
While the pressure is above the critical value (71 bar), the
flow region is super-critical region. If the pressure is in
between critical pressure and saturation pressure, the flow
region is the transcritical region. At last, the flow region is
subcritical region if it is between the saturation pressure
and the evaporator pressure.

In the simulation study, as shown in Fig. 3, mass of the
refrigerant is calculated for the given length. Initially mass
is assumed and calculated for the total length of the tube.
Comparing the calculated length (c¢) with the desired length
(d) and if deviation is found in it, then the mass is to be
changed, and again calculated length of tube. The cycle is
repeated until the desired length gets equal to the calculated
length and at that time assumed mass is the exact mass of
the tube. The better approximate value may be found by
bisection method. For numerical solutions, FORTRAN
programming is used with in-house coding using the finite
difference approach.

Result and Discussion

The straight, helical and spiral capillary tube has
been compared. In the comparison considered, 7, and

Fig. 2. Block diagram of designing of the capillary tube
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Assume Mass

flow rate through
the tube

-
I
»

Fig. 3. Block diagram of simulation of the capillary tube

Py are gas cooler temperature and gas-cooler pressure,
respectively. Similarly, T, and P,, are evaporator
temperature and evaporator pressure, respectively. Fig. 4
shows validation of present model result with the test result
of Agrawal and Battacharyya for straight capillary tube.
The present model results agree with the experimental
results.

Fig. 5 indicates the validation of present model result
with Wang et al. for helical capillary tube. The results agree
with the test results of Wang el al.

Fig. 6 indicates the validation of present model result
with Jadhav and Agrawal for spiral capillary tube. The
results agree with the test results of Jadhav and Agrawal.

The comparison of straight capillary tube with
helical tube (50 mm coil diameter) and spiral capillary
tube (50 mm pitch) has been reported. For change in
tube diameter, surface roughness and length of tube, the
percentage reductions in mass flow rate in capillary tubes
(straight, helical, and spiral) are calculated. The change in
mass flow rate for straight, helical and spiral capillary tube,
when changing the tube diameter from 1 mm to 1.8 mm,
is indicated. The geometric and operating conditions are:
tube length 1.4 m, evaporating temperature 270 K, Surface
roughness 0.0005 m, gas cooler temperature 310 K, coil
diameter 50 mm (helical capillary tube only), and pitch

Experimental result of Agrawal
¢ and Battacharyya (CO,)

—Result of Present model (CO,)

Straight Capillary tube Ty, = 313 K, Py = 100 bar,
d=1.42 mm, ¢ =0.00576 mm, m = 0.02125 kg/s
2754 : . : : .
0 0.4 0.8 1.2

Capillary tubelength, m

Gas cooler temperature, K

T

Fig. 4. Validation of present model result with the test result of
Agrawal and Battacharyya for straight capillary tube

Mass flow rate of Spiral

50 mm (for spiral capillary tube only). As the tube diameter
increases, the mass flow rate increases significantly in
straight, helical and spiral capillary tube due to flow
resistance minimizing.

Fig. 7, a indicates the percentage reduction in mass for
straight helical and spiral capillary tube when changing
the tube diameter from 1 mm to 1.8 mm in five steps with
0.2 mm intervals, i.e. 1 mm, 1.2 mm, 1.4 mm, 1.6 mm,
1.8 mm. Percentage reduction in mass in a helical tube
compared to straight capillary tube is from 7.07 % to
8.73 %. Percentage reduction in mass in a spiral tube
compared to straight capillary tube is from 23.52 % to
25.64 %. Percentage reduction in mass in a spiral tube

—_
N

Helical Capillary tube R744 d = 0.64 mm, L =2.0 m
Ty =308 K, Tey =263 K, &/d = 0.156 x 107

—
N

A
A
R

—_
[\

a Test result of Wang et al. for helical tube

Mass flow rate of helical
capillary tube, kg/h

— Present Model result of helical tube

—
(]

100 ' 200
Coil diameter of Helical Capillary tube, mm

o

Fig. 5. Validation of the present model results of helical
capillary tube with Wang et al. for helical capillary tube

854 Spiral Capillary tube R744 d=1.71 mm,L=1m
= Py =100 bar, T, =313 K, £ =0.00576 mm, 7., =273 K
El
2754 - o——o
a .’_/‘—f
2
=
';‘-}‘65_ — Test result of Spiral tube
o

e Test result of Jadhav and Adrawal for Spiral tube
55 ; . i ; . :
0 200 400 600

Pitch of Spiral Capillary tube, mm

Fig. 6. Validation of present model result with Jadhav and
Agrawal for spiral capillary tube
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3 Tube diameter changes 3 Tube Length changes

« 30.00 from 1 mm to 1.8 mm 5 30.00 from 1 mto2 m

e o

E E ]

3 5

‘& 20.00 £ 20.00

S (&

.8 .8

g

= 10.00 - = 10.00-

g ] g |

g g

2 0.00 2 0.00

~o 1 2 3 4 5 Mo 1 2 3 4 5
® Helical w.r.t Straight | 7.07 7.57 8.07 8.47 8.73 ® Helical w.r.t Straight| ~ 7.36 7.45 7.57 7.72 7.94
m Spiral w.r.t Helical 17.70 18.06 18.23 18.38 18.52 = Spiral w.r.t Helical 16.69 17.55 18.06 18.69 19.15
 Spiral w.r.t Straight | 23.52 2427 24.83 25.30 25.64 = Spiral w.r.t Straight | 23.09 23.69 2427 2497 25.47

c

30.00

20.00 -

10.00 -

Reduction in mass in capillary tube, %

Surface roughness of the tube changes
from 0.0005 mm to 0.001 mm

0.00 1 2 3 4 5
® Helical w.r.t Straight 7.57 7.42 7.30 7.17 6.87
wm Spiral w.r.t Helical 18.06 18.23 18.37 18.55 18.75
m Spiral w.r.t Straight 24.27 24.29 24.33 24.39 24.41

Fig. 7. Comparison of the a mass flow rate in straight helical and spiral capillary tube with change in tube diameter (a), tube length
(b), surface roughness (c)

compared to helical capillary tube is from 17.70 % to
18.52 %.

The change in mass flow rate for straight, helical and
spiral capillary tube, when changing the tube length from
1 m to 2 m, is presented. The geometric and operating
conditions are: tube diameter 1.2 m, evaporating
temperature 270 K, surface roughness 0.0005 m, gas
cooler temperature 310 K, coil diameter 50 mm, and pitch
50 mm. As the tube length increases, the mass flow rate
decreases in straight, helical and spiral capillary tube. The
increase in length increases the friction in the tube that
results in decrease in mass flow rate. Fig. 7, b indicates
the percentage reduction in mass for straight helical and
spiral capillary tube when changing the tube length from
1 m to 2 m in five steps with 0.25 m intervals, i.e. | m,
1.25m, 1.5 m, 1.75 m, 2 m. Percentage reduction in mass
in a helical tube compared to straight capillary tube is from
7.36 % to 7.94 %. Percentage reduction in mass in a spiral
tube compared to straight capillary tube is from 23.09 %
to 25.47 %. Percentage reduction in mass in a spiral tube
compared to helical capillary tube is from 16.99 % to
19.15 %.

The change in mass flow rate for straight, helical
and spiral capillary tube, when changing the surface
roughness from 0.0005 mm to 0.001 mm, is reported. The
geometric and operating conditions are: tube diameter
1.2 m, evaporating temperature 270 K, tube length 1.4 m,
gas cooler temperature 310 K, coil diameter 50 mm, and
pitch 50 mm. As the surface roughness increases, the
resistance to flow increases that results in decrease in mass
flow rate for straight, helical and spiral capillary tube.
Fig. 7, ¢ indicates the percentage reduction in mass for
straight helical and spiral capillary tube when changing
the surface roughness from 0.0005 mm to 0.001 mm in
five steps with 0.000125 mm intervals, i.e., 0.0005 mm,
0.000625 mm, 0.00075 mm, 0.000875 mm, 0.001 mm.
Percentage reduction in mass in a helical tube compared to
straight capillary tube is from 7.57 % to 6.87 %. Percentage
reduction in mass in a spiral tube compared to straight
capillary tube is in the range 24.27-24.41 %. Percentage
reduction in mass in a spiral tube compared to helical
capillary tube is in the range 18.06—18.75 %.

Fig. 8 indicates the percentage reduction in length for
straight helical and spiral capillary tube for change in the

Hay4HO-TeXHNYEeCKNin BECTHUK MHPOPMALMOHHbBIX TEXHOSIOMMIA, MEXaHUKN 1 onTukK, 2022, Tom 22, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 4

809




Numerical study on the straight, helical and spiral capillary tube for the CO,, refrigerant

Mass flow rate change

[\
(=]

.

Reduction in length
in capillary tube, %
S

00 - 1

1 from 0.005 kb/s to 0.013 kg/s

1 d 4

7 3 4

B Helical w.r.t Straight 15.88

16.14 16.22 16.32

= Spiral w.r.t Helical 25.54

26.15 28.60 31.98

37.37

W Spiral w.r.t Straight

38.07 40.18 43.08

Fig. 8. Percentage reductions in length for straight helical and spiral capillary tube for change in the mass flow rate

mass flow rate from 0.005 kg/s to 0.013 kg/s. Percentage
reduction in length in a helical tube compared to straight
capillary tube is from 15.88 % to 16.32 %. Percentage
reduction in length in a spiral tube compared to helical
capillary tube is from 25.54 % to 31.98 %. Percentage
reduction in length in a spiral tube compared to straight
capillary tube is from 37.37 % to 43.08 %.

Conclusion

Numerical study of straight, spiral and helical capillary
tube and comparison of their characteristics has been
carried out. The models are developed based on the basic
principles of conservation of mass, momentum, and energy.
Within this outer loop, the ordinary differential equations
are solved from the inlet to the exit of the capillary tube.
The study has been done to find the mass flow rate by
bisection method, where the mass is iteratively calculated
at the specified capillary length or vice versa. For numerical
solutions, FORTRAN programming is used with in-
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AHHOTAIUA

TexHuka (paHTOMHOI BH3yaIM3allMU MO3BOJIAET MOJTy4YaTh HHYOPMALMIO 00 0OBEKTE B YCIOBHAX 3aLIyMICHHOCTH
KaHaJIOB Mepeauu, CON3MEPUMOI C HHTEHCHBHOCTBIO 3a/1€HICTBOBAHHBIX B BOCCTAHOBIEHUHU CIIEKI-CTPYKTYp. OHIM
13 OCHOBHBIX HEJJOCTATKOB JAHHOH METOIMKH SIBISICTCSI CPABHUTEIBHO HU3Kasg CKOPOCTHh pabOTHI, YTO OTpaHUINBACT
ee MPUMEHUMOCTb IPH paboTe ¢ OBICTPO MPOTEKAIOIIUMH IIPOIIECCaMH MM ABIKYIIUMHUCS oObekTamu. [Ipennokena
MOIUGHUKAINS TEXHUKH BHIYUCIUTEIHON (PaHTOMHON BH3yalM3alliH, TO3BOJIIONIAs CHATH ATO OIpaHUYCHHE.
IIpogeMOHCTpUPOBAaHO, YTO CHEKTPAIbHOE MYJIbTUIUIEKCUPOBAHUE CIIEKII-CTPYKTYpP JaeT BO3MOXHOCTh YCKOPUTH
Ipoliecc BOCCTAHOBIICHHS M300paxkeHust. Hanmpumep, npy yBeJIMYEHUH YHCIIa CIIEKTPAIbHBIX KaHAoB ¢ 4 1o 10,
MIPOUCXOAUT yBEJINYCHHE OTHOLICHUs CUTHAJI-UIYM B IIECTh pa3. B To e BpeMs HCIOIb30BaHUE KJIACCHYECKOM
MOHOXPOMHOW (hpaHTOMHO# BH3yaJIM3aLMU HE MO3BOJISIET BOCCTAHOBUTH M300PAXKCHUE B TEX JKE YCIOBHAX U C TEM ke
KONuuecTBOM u3Mepenuil. [IpeuioxxenHas MeToarKka NpyuBIeKaTeIbHa AT TAKUX TPeOOBaTENbHBIX K ObICTpOAEHCTBHIO
MIPUIIOKEHNH, KaK Mepefada JaHHBIX U JUCTAHIIMOHHOE 30HANPOBAHME.
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Abstract

The ghost imaging technique allows us to recover information about an object in conditions of noisy transmission
channels, commensurate with the intensity of the speckle structures involved in the reconstruction. One of the main
disadvantages of this technique is relatively slow reconstruction speed. This limits its applicability for study of dynamic
processes or fast-moving objects. In this paper, we propose a modification of the computational ghost imaging technique
that allows us to overcome this limitation. It is shown that the spectral multiplexing of the speckle patterns speeds up
the image reconstruction. Increase in the number of spectral channels from 4 to 10 leads to the increase of the signal-to-
noise ratio by the factor of 6. Simultaneously, under the same conditions and with the same number of measurements
classical monochrome ghost imaging does not reconstruct the picture at all. This makes the proposed technique attractive
for high-speed demanding applications such as communications and remote sensing.
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WHTepec k mepenade nHGOPMAIIIHN depe3 OTKPBITOE
MIPOCTPAHCTBO CYIIECTBYET NaBHO. PaboTaromue B paano-
JIUANa30HE CUCTEMBI ITUPOKO BHEAPEHBI B HHIYCTPHIO,
OJTHAKO pa3pabOTKa aHAJOTHYHBIX ONTHUYCCKUX CHCTEM
JlanieKa oOT 3aBepllieHus. B nociienHe roasl B 1aHHOM 00-
JIACTU BEIYTCs paOOTHI IO KOAMPOBAHUIO HH(MOPMAIIMK B
BHUXPEBBIX My4kax [1], a Takke pa3pabOTKH aJrOpUTMOB
JUTSL OTCIIC)KMBAHHUS TIOJIOKCHHSI A0OHCHTOB TaKHUX CeTei
JUIS CHIDKEHHS TIOMeX M OIIMOoK B kaHajie [2]. Tounoe
MTO3UIIMOHUPOBaHIE a0OHCHTA HEOOXOMMO, TaK KaK CyIIe-
CTBYIOIIIAsl KOHIICTIIINS ONTHYCCKUX KOMMYHHKAIIAH depes
OTKPBITOE TIPOCTPAHCTBO MOPa3yMEBaET UCIOIH30BaHUE
CPaBHUTEIHHO y3KOHAMPABICHHBIX NCTOYHUKOB U TIPHEM-
HUKOB [3].

Hapsiny ¢ npumeHeHrnem aJanTUBHON ONTHUKU U aJl-
TOPUTMOB MAalIMHHOTO OOydeHus [4] peleHuto 3aaaau
JAUCTAHIIMOHHOT'O OTCJIC)KUBAHUS OG’LCKTOB B YCJIOBUAX BbI-
COKHX IIIYMOB MOXKET CIIOCOOCTBOBAaTh TeXHHUKA (DaHTOMHO#
Bu3yanu3anuu [5]. JlaHHasi TEXHHKa OCHOBaHA Ha pacueTe
3HAYCHHUI KOPPEIAIUOHHON (DYHKIHH TICEBIOCTyYaitHO-
TO CIICKJI-TIOJIS, OCBEIIAOIIETO MOBEPXHOCTh 00BEKTA, U
WHTCHCUBHOCTH, PETUCTPUPYEMON ONMHOYHBIM JIETEKTO-
pOM TIOCTIe B3aMMONCHCTBUS M3ITyUeHUS ¢ 00BEKTOM [6].
B psine MmeTonuk, Ha3pIBAEMBIX BBIUHCIUTEIBHON (haHTOM-
HOW BH3yalTW3aIlfe, 1151 BOCCTAHOBICHUS H300pakeHUs
00BEeKTa MCTIOIB3YETCS IETBIH Ha0Op ICEeBIOCTyYaitHBIX
CIEKI-CTPYKTYP, 3aJaHHBIX C TIOMOIIBIO IPOCTPAHCTBEHHO-
ro Mozyisitopa ceera [7]. Takum oOpazom, nadopmanust 06
00BEKTe MepeIaeTCsl C TOMOIIBIO ITyMa. BHeIIHNe BIUSHUSL
Ha KaHaJI ¢ iepeJjaBaeMoii HH(popMaInei 3aMeIJISIIoT Mpo-
LIECC BOCCTAHOBJICHUSI (PAaHTOMHOTO M300paXXCHHUsS, HO HE
JIeJIal0T €r0 HEBO3MOXHBIM, T. €. TaKas CucTeMa nepeaadu
JTAHHBIX — ITOMEXO0YCTOWYHBA.

OCHOBHOE OTpaHUYCHHE TEXHUKU (PAHTOMHOI BU3yalTi-
3alli¥ — CPaBHUTEIBHO OOJIBIIIOE BPEMsI BOCCTaHOBJICHUS
“HPOPMALIIH. DTO HAKIAbIBACT JOTIOJHATEIBHBIC OTPaHH-
YeHHS Ha BU3YAJIH3AINIO OBICTPO MPOTEKAIOMINX TIPOIIec-
COB WM OBICTPO ABWXKYyIIHXcA 00bekToB. [lepexon ot mo-
CJICIOBATEILHOTO OCBEIIEHHS 00BEKTa CIIEKII-CTPYKTYPaMH
K NapauieIbHOMY MOXKET TI03BOJIMTH OOOWUTH JAHHBIN HEJl0-
crarok. [Ipu 5ToM He u30dexarh B3aMMHOM MHTEpdepeHInH
CIEKJI-CTPYKTYP, CHOPMUPOBAHHBIX MOHOXPOMATHUYCCKUM

U3Iy4eHHeM. PeleHrneM MOXeT CTaTh MCIIOJIb30BAaHUE
IIMPOKOIIOJIOCHOTO HCTOYHHKA — CIIEKTPAJIbHOTO CyTep-
KOHTHHYYMa. JTO TI03BOJIUT OJHOBPEMEHHO IeTeKTHPOBATh
HECKOJIBKO CIICKIIOB, Pa3HECEHHBIX M0 cnekTpy. [Ipuyuem
KOJIMYCCTBO YHUKAJIBHBIX CIICKJIOB OIrPaHUYC€HO UCKIIIOYU-
TEIIbHO TEXHUYECKHMH BO3MOYKHOCTSIMH 38]IeHCTBOBAHHOTO
MPOCTPAHCTBEHHOTO MOJYJISITOPA CBETA.

B nacrosiei padore mpeasiokeHa METoIMKa yCKope-
HUSI BOCCTAHOBJICHUSI MH(POPMAUU 00 0OBEKTE B IIPHUCYT-
CTBHMU LIYMOB, 110 HHTEHCHBHOCTH CPAaBHUMBIX C 3a1CH-
CTBOBaHHBIMH CIIEKII-CTpYKTypamu. TexHuka Gasupyercs
Ha MYJIBTUCIIEKTPaIbHON panTOMHOM Br3yamm3anuu. C ee
UCIIONIb30BaHHEM SKCIIEPHMEHTAIBHO TIOKa3aHO BOCCTA-
HOBJICHHE M300paXCHUSI TECTOBOTO 00BEKTa B yCIOBHSX,
P KOTOPBIX KIacCH4ecKas (paHTOMHAs BU3yaIH3alus He
MO3BOJIHJIA BOCCTAHOBUTH HH(POPMAIHIO 00 00BEKTE.

CxeMa SKCHepUMEHTAJIbHON peann3aiy peioKeH-
HOHM METOIMKH TpeAcTaBiIeHa Ha puc. 1. B kauecte ucrou-
HHKa U3JTyYCHUs UCIIOJIb30BaH CYNEPKOHTHHYYM BHIHMOTO
Jiana3oHa 4acToT, TOJyYeHHBIH Py Jla3epHO# (unamen-

.

AP,

113 TIK

3 SLM
HPZ\//

Puc. 1. DxcniepuMeHTanbHas ycTaHOBKa (DaHTOMHON
BU3YyaIM3alUH CO CIIEKTPaIbHBIM MYJIbTUILICKCUPOBAHUEM.
JP, u IP, — nudpakunuoHHbIE PEIIETKY;

SLM — npocTpaHCTBEHHBIN MOZYIISATOP CBETA; 3 — BBIXOAHOE
3epkaiio; [13 — mapabonuueckoe 3epkano; O — 00beKT;

C — criekrpomerp

Fig. 1. Experimental setup for ghost imaging with spectral
multiplexing. Here, JIP; and JIP, are diffraction gratings;
SLM is a spatial light modulator; 3 is an output mirror; [13 is a
parabolic mirror; O is an object; and C is a spectrometer
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Tauuu B Boje [8]. IlceBnocmyualinble CIEKI-KapTUHBI B
TUIOCKOCTH 00BEKTa 331aHbl C IIOMOIIBIO TPOCTPAHCTBEH-
Horo moxayastopa ceeta HOLOEYE LETO-2 (¢ pa3pernie-
nueM 1920 x 1080 u pasmepom mmkcena 6,4 x 6,4 MKM).
JleTekTHpoBaHUE N3ITyYEHHMS, IPOILE/IIIETO Yepe3 0ObeKT,
OCYIIECTBIICHO C roMoipio crekrpomerpa ASP-100 mpo-
n3BoOJCTBa Avesta.

MynbTHIUIEKCHPOBAaHHUE BBIITOJHEHO 3a CUET pa3io-
XKEHHUS CIEeKTpa CyNEepKOHTHHYyMa B IPOCTPAHCTBE Ta-
KM o0pa3om, 4ToObl Kax bl yuyactok SLM (Spatial
Light Modulator) 66T OCBeIIICH OTACIBHBIM JIUATIA30HOM.
CraenaHo 3To ObUIO C MMOMOIIBIO IBYX AU(DPAKIIUOHHBIX pe-
LIETOK: MepBasi pacKIaiblBajia U3Jy4YeHHE B CIIEKTD, a BTO-
past KoJuImMHpoBaia (POpMUPYEMBIIT IIy4OK, oOecreyrnBas
TEM CaMbIM OCBEIlleHHe oBepXHOCTH SLM miockum Boi-
HOBBIM (ppoHTOM. Boccranosnenne ¢pantomMmHoro nzodpa-
KeHHs TpeOyeT Bce CIEeKTpalIbHbIE TUATIa30Hbl C 3aKOIUPO-
BaHHBIMHU B HUX IICEBAOCIYYaiHBIMU CIICKII-CTPYKTYPaMH
BHOBB COOpaTh B OJIMH Iy4OoK. [IJIs 3TOr0 M3iydeHne Obl1o
IPOIYIIEHO Yepe3 Mapy peIeToK B 00paTHOM Hampasiie-
HHH, 110CJIe 9ero chopMHUpOBaHHbIN Iy4OK HAIPABIIIICS Ha
BBIXOJJHOE 3€PKaJI0, PACIIOJIOKEHHOE HIKE BXOIHOTIO ITydKa
CYIIEPKOHTHHYyMa.

KonnuecTBo crieKTpaiibHbIX KaHAJIOB, 110 KOTOPBIM BO3-
MOXKHO MYJIBTUITIIEKCHPOBAHHE, B ITPE/IIaraeMoi METONKE

OTpaHUYEHO B TEPBYI0 ouepens pasperienueM SLM. Uem
OoJIbIIIe HCIONB3YETCs MOAIHANa30HOB, TEM MEHbIIee KO-
JIMYECTBO MUKCEIIOB OTBOAMTCSI HA MOIYIISILIHIO KAXKJOTO
W3 HHUX, ¥ TEM HIXKE KadeCTBO M Pa3pelieHHe HTOTOBOTO
n3o0paxkenus. [Ipy 3TOM HIKHIOIO TPaHUILy OTpaHUIHBACT
cTporas 3aBUCHUMOCTh BHOcuMoro SLM ¢azoBoro ciasura
OT UTMHBI BOJHBI m3mydeHus [9]. [Ipu momymsanuu mmpo-
KOIIOJIOCHOT'O M3JTyYEHHUS! MEHBIIEE YHCIIO CIEKTPAIbHBIX
KaHaJIOB TOBOPHT O OOJIBILIEM AMAIa30HE JUIMH BOJIH, OXBa-
THIBAEMOM KaXXKJbIM ydacTkoM SLM, 4To Tarxke IpuBOIAUT
K HEKOPPEKTHOMY BOCCTaHOBJIEHHIO M300pakeHus. B xa-
YecTBE KOMIIPOMHCCHOTO BapHaHTa, a TAKIKE JUIsl JIEMOH-
CTpaluy paboToCOCOOHOCTH METOANKH, BBITOJIHUM MYJIb-
TUIUIEKCUPOBAHME IO JAECITH CHEKTPaIbHBIM KaHaJaM.
BriOpaHHOE KOJIMYECTBO SIBJISICTCS] YCIOBHBIM U 3aBHCUT
OT MapaMeTPOB KOHKPETHOTO HKCIICPUMEHTA.
CreHepHpOBaHHBIN TP Ja3epHON (prutaMeHTannu cy-
TIEPKOHTHHYYM OXBaThIBaeT quamna3oH oT 450 mo 1200 HM,
HO B HacTosmIel padore oH Obu1 orpanndeH 550-650 M.
JlaHHOE Ccy’KeHue Nuana3oHa CBSI3aHO C TEM, UTO IIPU pa3-
JICJIEHUH U3HAYaJIBHOTO CIIEKTPa CYNEPOKOHTHHYYyMa Ha
JecATh KaHAJIOB, U3MEHEHHE (ha30BBIX COBHUIOB B IIpejie-
JaX OIHOTO KaHaJya JOJKHO gocturark 16 %. CyxeHue
JIara3oHa Mo3BOJIMIIO OTPaHUYUTH (ha30BbIil CIBUT OTHUM
npoueHToM. [Ipn GonblieM yMeHbIIEHHH Juarna3oHa ¢a-

N, =10

Puc. 2. ®anToMHbIe H300paXKeHNs I11eIH, BOCCTAHOBJICHHBIE C MCIIOIB30BAHUEM PA3IMYHOIO KOJIMYECTBA CIIEKTPAIbHBIX KaHAJIOB N,.
BeprukanbHble ce4eHns NOMYUSHHbIX H300paKeHNii MOKa3aHbl Ha BCTABKE HUXKE, IJI€ Z — BBICOTA M300PAKEHUS

Fig. 2. Ghost images of the slit reconstructed using a different number of spectral channels »,. Vertical cross-sections of the obtained
images are shown on the insert below with z is image height
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30BBII CABHT elle OO0JIbIle YMEHBIIHIICS, HO BMECTE C TeM
CTaJI0 OBl HEBO3MOXKHBIM HAJIEKHOE Pa3/ieieHHe KaHallOB
Ha CHEKTPOMETpE.

st monTBepxkieHns: paboTocrocoOHOCTH Mpeiarae-
MO METOITKY ¥ BO3MOJKHOCTH BOCCTaHOBJICHHUS HH(OpMa-
K 00 00BEKTE B YCIOBUSX BBICOKHX IIYMOB, BBIIIOJIHCHO
BOCCTAaHOBJICHHE (PAaHTOMHOTO M300paKeHUs MICTH IIH-
puHO# 1,5 MM. [T HATMATHOCTH HKCIIEPUMEHTA BEIOpa-
HBI TaKHe yCIOBHA, YTOOBI ()aHTOMHAs BH3yaln3alus Ha
OCHOBE MOHOXPOMAaTHYECKOr0 M3JIyYeHUS He TO3BOJIMIA
HaOIoaTh N300paXkeHne o0bekTa. Bo Bcex poBeeHHBIX
SKCHepruMeHTax 3aaeiictBoBano 5000 nmceBnoctydaiHbIX
crekI-cTpykTyp. Ha puc. 2 BuHO, 94TO ¢ pOCTOM KOJTHUe-
CTBa 3a/Ie¥CTBOBAHHBIX CIIEKTPaJIbHBIX KaHATIOB N, pacTeT
1 Ka4eCTBO M300paKEeHUsL.

[Ipennoxena MonuduKanus METOAUKNA BBIYHCITH-
TeJIbHOH (aHTOMHOIl BHM3yajW3alHH, OCHOBaHHAs Ha
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CHEKTPaJbHOM MYJIbTUIJIEKCUPOBAHUU 3ajeiicTBO-
BaHHBIX B BOCCTAHOBJICHUH (PAHTOMHBIX M300paKeHHH
CHEKI-CTPYKTyp. Pe3ynbrar BocCTaHOBIEHHS AOCTUTHYT
3a CYET MCIOJB30BaHUS IIHPOKOIIOJIOCHOTO HCTOYHHKA
U3ITyYeHUsI — CYNMEPKOHTHHYYMa BHIUMOTO JHAIa30Ha.
[IpoBeneH 3KCIIEPUMEHT C HCIIONB30BAHUEM TIPEIIOKEH-
HOW METOIMKH TI0 BOCCTAHOBJICHUIO N300Pa’KCHUS IIICIIH.
[IpoaeMOHCTPUPOBAHO, YTO B YCIOBHAX, MPU KOTOPBIX
BOCCTaHOBJICHHE HH(pOPMAIK 00 00BEKTE METOIOM KJIac-
cHuecKoi (haHTOMHOI BH3yaH3allii HEBO3MOXKHO, TIpe/l-
JIO)KEHHAs: METOIMKA MO3BOJISIET MOJYYUTh N300paKeHne
oObekTa. [Toka3aH pocT kauecTBa M300PaXKEHUS C YBEJU-
YeHHMEM 4YMciia CIEeKTpPalbHbIX KaHanoB. Hampumep, npu
YBEJIMYEHUU KOIUYecTBa kaHaioB ¢ 4 10 10, cooTHoIIeHUE
CUTHAJI-IIyM BBIPOCJIO B HIECTh Pa3.
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TPEBOBAHUS K O®OPMJIEHUIO CTATEN

KypHan nybnumkyeT HayyHble 0630pbl, MOHOTEKCTOBbLIE CTaTbU
1 KpaTkme coobLeHus.

[MonHOTEKCTOBAs CTaTbsl LO/MKHA MMETb YETKYIO CTPYKTYPY, BKIIO-
yaloLLyto B ce0s1 aHHOTaLMIO, KiloYeBbIE CI0BA, BBEAEHWE, HECKOJbKO
cozepXaTebHbIX PasfesioB U 3ak/Il0HEHME.

B aHHOTauum, paccynTaHHOM Ha CaMbll LUMPOKNI KPYT YuTaTenen,
Heobxoammo B o6beme 200-400 cnos B popme kpaTkoro pedepara
(Abstract) ns3noxmTb Hay4yHOE COAEpXaHue cTaTbu: MPeameT, Lenb
paboTbl, MeTon, WA METOAOSorns npoBedeHuss paboTbl, KpaTkoe
onnMcaHne 3KCNepUMEHTa, NONMYYEHHbIE Pe3ynbTaTbl, PEKOMEHAALNN
Mo NX NPUMEHEHUIO.

KnioyeBble cnoBa [O/KHbI OTpaxaTb MHdOpMaumio, npeacras-
NIeHHy10 B cTatbe. OCHOBHOE KJIIOHEBOE CNOBO YKa3bIBAETCS MEPBbLIM.

Bo BBeoeHUM HeobxoouMMO MpPencTaBuUTb COLEPXaATENbHY Mo-
CTaHOBKY paccMaTpMBaeMOro BOMpPOCa, MPOBECTU KPaTKUA aHa-
NIN3 U3BECTHbLIX N3 HAYYHOW NUTEPATYpPbl PELUEeHUI (CO CCbIIKaMu Ha
VCTOYHUKW), AaTb KPUTUKY UX HELOCTATKOB, MOKa3aTb HAYYHYIO HOBU3-
HY 1 NPENMYLLLECTBO (OCOOEHHOCTU) NpeanaraemMoro noaxoaa.

B 0CHOBHOM TekCTe CcTaTbM A0/MKHA ObITb NPEACTaBeHa cTporas
NOCTaHOBKA peLlaeMon 3aa4u, N3N0XeHbl 1 0OCTOATENBHO pa3bsc-
HEeHbl (J0Ka3aHbl) NOJlyYeHHbIE YTBEPXKAEHUS U BbIBOAbI, MPUBELEHDI
pe3ynbTaThl 9KCMEPUMEHTANIbHbIX NCCNEA0BAHNA N MaTeMaTnyec-
KOro MOAENVPOBaHUS, UNIIOCTPUPYIOLLNE COENAHHbIE YTBEPXOEHUS.
OCHOBHOI TEKCT CTaTby OOKEH OblTb Pa3buT Ha coaepXaTesnbHble
pasgensl (2-3 paszena).

B 3aknio4yeHnn HeobxoaMMO KpaTko cOOPMYIMPOBaATL OCHOBHbLIE
pes3ynbTaTthbl, NPOKOMMEHTUPOBATb UX 1, €CAIYM BO3MOXHO, YKa3aTb Ha-
npaBfAeHns AaNbHENLLX NCCNE0BAHNI 1 061aCTU MPUMEHEHNS.

MpucTaTeliHbii CNUCOK NUTepaTypbl (pekomenayeTcsl): ana 06-
30pHON cTaTb — He MeHee 50, ons NOSIHOTEKCTOBOWM CTaTbW — He
MeHee 15, ons kpaTkoro coobLleHnss — He MeHee 8 nuTepaTypHbIX
MCTOYHUKOB.

CcCblfikM Ha CTaHAAPTbI Y UHBbIE HOPMATUBHbIE LJOKYMEHTbI, @ TakXe
Ha HENEPCOHUPULIMPOBAHHbLIE MHTEPHET-PECYPChI B CMINCOK NnTepa-
Typbl HE BHOCATCS, @ 0POPMASIOTCS B BUAE CHOCOK.

O6bemM 0030pHOIM CcTaTbW MNpPenBapuTeNbHO COrNacoBbLIBAETCS
C pefakumen.

O6beM NONHOTEKCTOBOW CTaTby, BKAKOYAA UNOCTpaLmm, Tabnm-
Libl U CMNCOK NUTEPATypbl, HE AOKEH NPEBbIWATL 8 CTPaHUL, MaLluun-
HOMUCHOIrO TekcTa (C pucyHkamm u Tabamuamm), wpudT 12 pt, oanH
VIHTEepBa.

0O6beM KpaTkoro coobLueHns — 0o 3 cTpaHu, wpudT 12 pt, oamH
vHTepBan. Pybpukauus TekcTta He TpebyeTcs. CTaTby NPUHUMAIOTCS B
3NeKTPOoHHOM Buae (ntvitmo@itmo.ru). B pacneyataHHOM BUAE C Noa-
NMCsSMN aBTOPOB MaTepuanbl NPeacTaBasioTCs B pefakuumio no 3a-
NpoCy peaakLmm Nocsie NPOXoXAeHNs NpoLueaypbl PELEH3NPOBAHMS.

KomnnekT LOKYMEHTOB LO/MKEH BKIKOYATb:

+  TEeKCT CTaTbyM C 3aBEPCTAaHHbLIMU PUCYHKaMK 1 Tabnnuamu;

+  ¢dopMbl cBeaEeHMM 06 aBTOpax (Ha Kaxaoro aBTopa); AonyckaeTcs
yKa3aHue HeCKOJbK1X MecT paboTbl aBTopa;

+  dannbl C pUCyHKaMm K ctatbe B OpurnHanbHoM dpopmaTte (npes-
noytutensHo JPEG) ¢ makcumanbHbIM paspelleHnem; gonycka-
eTCsl NpeacTaBfeHne LBETHbIX PUCYHKOB, €CNN B Y4epHO-0enom
BapuaHTe TepsieTcs nonesHas nHhopmaums;

*  JINLUEH3NOHHOE COrMaLleHuE;

+ cornacue Ha 06paboTKy NEPCOHasbHbIX AAHHbIX.

REQUIREMENTS FOR EXECUTION OF PAPERS

Scientific reviews, full-text and brief papers are published.

A full-text paper should have a well-defined structure, including
an abstract, keywords, introduction, several substantive chapters and
a conclusion.

An abstract is intended for general public. It is necessary to set
forth the scientific content of the paper limited by 200-400 words in the
form of a brief abstract: the subject, the work objective, the method or
methodology of work, a brief description of the experiment, obtained
results, recommendations for their application.

Keywords should be connected with the information presented in
the paper. The main keyword is given first.

The introduction should contain a meaningful statement of the
issue in question, a brief analysis of the solutions known from scientific
literature (with references to sources), a criticism of their shortcomings,
scientific novelty and advantages (features) of the proposed approach.

The main body of the paper should represent exact statement of
the problem being solved, obtained assertions and conclusions are to
be set forth and explained in detail (proved), the results of experimental
studies or mathematical modeling should be given to illustrate the
statements made. The main text of the paper needs to be split up into
meaningful sections (2-3 sections).

In conclusion it is necessary to summarize the main results,
comment on them and, if possible, to indicate the areas of future
research and application.

A list of references is recommended: for a review paper — at least
50 items, for full-text paper — not less than 15, for a brief paper — at
least 8 references. References to standards and other regulatory
documents, as well as to Internet resources, are not included in
a reference list and are documented as footnotes.

The length of a review paper is coordinated with the editorial board
beforehand.

The length of a full-text paper, including illustrations, tables and
references, should not exceed 8 pages of typewritten text (figures and
tables included), font 12 pt, single-spaced.

The length of a brief paper is up to 3 pages, font 12 pt, single-
spaced.

No rubrication is required.

Papers are accepted in electronic form (ntvitmo@itmo.ru).

Materials are submitted to the editors on request after the
procedure of reviewing in a printed form signed by the authors.

A set of documents should include:

+ The text of the paper with make-up figures and tables;

+ The forms with information about the authors (for each author),
several employers can be specified by the author;

+ Files with pictures to the paper in their original format (preferably
JPEG) with the maximum resolution; should useful information is
lost in the black and white variant, color drawings are permitted;

+ Publishers license agreement;

+ Consent to the processing of personal data.
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