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TEOPETHUKO-T'PYIIIIOBOE OIIMCAHUE
MNEPUOJUYECKON CUCTEMBI 3JIJEMEHTOB

B.B. Bapaamos
n.¢.-M.H., e-mail: varlamov@subsiu.ru

Cubupckuil rocynapcTBeHHBIH HHAYCTPHaNbHbINA yHUBepcuTeT, HoBokysHenk, Poccus

AnHoramusa. PaccmarpuBaercss akcHoMaTHyecKas peasu3alds TeOpeTHKO-
TPYIIIOBOIO ONMCaHHs MepUOdUUecKOd cHucTeMbl 3jeMeHTOB. [lepuonuueckas
CUCTEMa 3JIEMEHTOB MPEACTAB/AETCS KaK elMHasd KBAHTOBas CUCTeMa OeCCTpyK-
TYPHBIX COCTOSIHWH. BBIUMCASIOTCS Macchl 3/7€eMEHTOB TPYIINbl CyTepaKTHHOH-
noB. B pamkax anre6pandeckodl (hOpMyJHPOBKH €IHHOH KBAaHTOBOH CHCTEMBI
yCTaHABJMBAETCS CBSI3b C TEOPHUEH TBUCTOPOB.

KuioueBble cjoBa: neprogryeckasi CHCTEMa 3/1€MEHTOB, €MHasi KBAHTOBAs CH-
cTeMa, KOH(opMHas rpymnna, rpynna Pymepa-derta, TBUCTOpPHAS CTPYKTYpa.

1. Bsenenmue

CorsiacHo Mozesid Bopa, aToM COCTOUT U3 TOJOXKHUTENbHO 3apsiXKEHHOTO siipa U
OKPY?Kalollero ero o6saka OTPUILATENbHO 3apsiKEHHbBIX 3JIEKTPOHOB. ATOMbI pa3J/iny-
HBIX 3JIEMEHTOB MEPHONUYECKOH CHCTEMbI OTJIHYAIOTCS 3apsiioM (YHUCJIOM MPOTOHOB)
ux simep. AToM Kak I1eJioe MPeACTaBJsSeTCsl COBOKYIHOCTbIO €ro yacTel: MPOTOHOB,
HeUTPOHOB M 3JieKTpoHOB. HeTpyaHO BHAETb, UTO B JaHHOH MOAEJNH peasu3yeTcs
KJaccuyeckass pelyKLUHOHHUCTCKAas CXeMa, COIVIACHO KOTOPOU yesoe ompefensieTcs
yacmamu, T. e. LeJioe, IOHUMaeMoe Kak aepecam, sIBJSETCs MPOU3BOAHON OT CBOUX
yacTel.

Onuako, Kak M3BECTHO, Apuxuun cenapabesvrHocmu', SABASIOIMHACA HCXOLHOM
MOCBHINIKOW peayKIMOHHW3Ma, HMeeT OrpaHUUeHHOe MpHMEeHeHHe B KBAHTOBOH MeXa-
Huke. Ecu moacuctemsl (dyacTu) cucTeMbl S HaxomsiTcsl B HecenapabesvHom (3a-
MyTaHHOM) COCTOSIHWH, TO HMKakKHe TJio6ajbHble CBOMCTBA CHCTeMBbI S, B3ITOH Kak
esioe, He 3asucam W He onpedessromcsi CBOWCTBaMM eé uacteld. B pamkax 3a-
MyTaHHOW KBAHTOBOW CHUCTEMbl He HMeeTCsl YUCTOT'O COCTOSIHUSI OJ51 KaKoH-an60
OTHEJNbHOU MOACHUCTEMBI, T. €. HMKakKas U3 mnogcucteMmM Sy, Sy, ..., Sy He obgana-
eT WHIMBUIYaJbHBIM HE3aBUCUMbBIM CyIlleCTBOBaHHeM. B /060M caydae KBaHTOBOM
3anMyTaHHOCTH HENOMYCTHMO PacCMaTPUBATh YACTH KBAHMOB02O UEeA020 KaK aBTO-
HOMHBIe CyIIHOCTH. MIHBIMU cioBaMH, B ciiyuae HecenapabesbHBIX COCTOSIHUH YacTH

'Onno w3 syumwx ompenesenuii 3Toro npuHuMna npusoaut Kapakoctac: «Ecau cocTosmus
JIOOBIX TPOCTPAHCTBEHHO OTHAEJEHHBIX MOAcHCTeM S1, Sz, ..., SN COCTaBHOH CHCTeMBl S TOUHO
ompeesieHbl [/l KaXKAOH MOACHCTEMbI, TO COCTOSIHHSI COCTABHOH CHCTeMbl S LEJHKOM H MOJIHO-
CTBIO OMPENEJISIOTCS COCTOSIHUSIMH TMOACHCTEM M WX (PU3HMYECKUMH B3aMMOAEHCTBHUSIMH, BKJOYasi
NPOCTPAHCTBEHHO-BPEMEHHbIE CBs3M» [1].
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«pacTBOPAIOTCS» B LeJIOM, NpeBpalllas Noc/efHee B OeCCTPYKTypHOe COCTOSIHHE.
MwmeHHo 310 MMen B BULy [elideHGepr, roBopsi, YTO MOHATHE «COCTOUT U3» (TIpHH-
LMN cernapaGebHOCTH) He paboTaeT B KBaHTOBOH o6sacTv (B (hu3uKe yacTHi)’.
[efizen6epr nuiet: «B skcnepuMeHTax ¢ aTOMHBIMM MPOLIECCAMH Mbl HMEEM JeJ0
C BelllaMHM U (pakTaMH, KOTOpble CTOJb K€ peajibHbl, CKOJIb peaJsibHbl J00ble sBJIe-
HUS TIOBCeAHEBHOH KM3HU. Ho aToMbl WM 3/eMeHTapHble YacTHIlbl peasibHbl HE B
Tako# creneHd. OHM 00pasdyloT cKopee MHUp TeHAEHUUH WM BO3MOXKHOCTEH, yeM
MUp Bellledl U ¢aktoB» [3, c. 117]. OTcioma cienyer, 4To «aTOMbl — He BelU» U
4TO UX He CJefyeT CTaBUTb B OOWH Psl ¢ 0ObeKTaMU KJACCHYECKOH (DU3HKH, T. €.
C MakpooObeKTaMH, [/l KOTOPHIX CHpaBeiMB NPUHLMI cenapabesnbHocTh®. KBan-
TOBasi CUCTEeMa, COCTOSIHHS KOTOPOU MPU HU3MepPEeHUH aKTyaJU3HPYIOTCS KaK aTOMbI
MIePUONYECKON CUCTEMBI C UX «4acTIMU» (IPOTOHAMH, HEUTPOHAMH, JIEKTPOHAMH),
Ha NOMeHYUALbHOM YpOBHe CYLIeCTBYeT B CYIepro3ULHOHHOM (6eCCTPyKTYypHOM)
cocTostHuH?.

Mopens Pesepdopna-bopa, nonHocTbio 6as3upyloliascs Ha NPeANoChlIKax pe-
AYKLIHOHU3Ma W NpPUHLMNA cenapabenbHOCTH, HMeeT CBOEH XOAucCmuueckol anmu-
me3oti Mopienb Pymepa—®era. Yxke B nepBod cTaTbe Mo 3Toil TeMaTHke Pymep u
@et nuiyT: «O6bIYHO CHCTEMA 3/1€MEHTOB OOBSCHSETCS C MOMOILbI0 CTPYKTYPHOH
monenu Pesepdopra, cocrosimiedl U3 siapa U 3JeKTPOHHBIX 000/04eK, IPH 3TOM OC-
HOBHBIM NapaMeTpPOM, Pa3JMualoLlUM 3JeMeHTHl, sIBJseTCsl aTOMHbIH 3apsin. B sToi
paboTe aTOM paccMaTpUBaeTCss KaK OeCCTPYKTypHas yacTHLa, K KOTOPOH MpUMeHs-
I0TCsl 00lMe NPUHUUINBI (PU3HKU CUMMETPHUH, aHAJOTMYHO TOMY, KaK 3TO JesaeTcs
nasi anporo B SU(6)-knaccudukauuu. . . Mbl HasbiBaeM 6eCCTPYKTYpPHBIH aToM "Ky-
JIOHOBCKOH CHUCTEMOH'"; COCTOSIHUSI 3TOM CUCTEMbI JIOJI?KHBI H300paKaThCsl BEKTOPAMHU
MPOCTPAHCTBA, TJe ONpeleseH0 HEeKOTOpOoe MpelcTaBjeHHe rpynnbl Spin(4)» [4].
Kak otmeuaer ®Pet: «CBoeoOpasHas yepra npeajaraeModl Mojesd — "HTHOPHUPOBA-
HUe" CTPYKTYpbl aTOMOB, JieXalllell B OCHOBe Momesau bopa» [5, c. 155]. Hpyroi
BakKHel1Iel XxapakTepHoH uepTod mMomenu Pymepa—-dera siBsisieTcsi mpeicTaBJjeHHe
NIepUOMYECKON CUCTEMbI 2JIEMEHTOB KaK e0uHOU KB8aHmMOBOU cucmembl. «... B TO
BpeMs Kak Mole/b bopa paccmarpuBaer B KayecTBe OT/AE/NbHOW KBAHTOBOH CHCTEMBI
aTOM OJHOTO 3JieMeHTa (MPUUEM aTOMHBIH HOMep BXOAMT B TEOPHIO B BHJE MapaMeT-
pa, Tak UTO MMeeTCsl CTOJbKO KBAHTOBBIX CHCTEM, CKOJIbKO 3JIEMEHTOB), B HallleH

2«KaK B TeOpHH OTHOCHTE/ILHOCTH MPHILJIOCH MOKePTBOBATh CTAPbiM MOHATHEM OJIHOBPEMEHHOCTH,
a B KBAaHTOBOH MeXaHHKe — MOHSTHEM 3JIeKTPOHHBIX OpOUT, Tak B (PU3UKe YACTHUL, HAAO MOXKEepPTBO-
BaTb TIOHSITUEM JIEJIEHHUs UJIM MOHSITHEM «COCTOUT U3» [2, ¢. 77].

3Monenb Bopa, sBasiolmascs passuTHeM MJaHeTapHoi Mojenu Pesepdopaa, Mo cyTH CTaBUT aTo-
MBI B ONMH sl ¢ MaKpooObeKTaMU KJjaccHueckod (usuku (CosnHeyHasi cHCTeMa).

4y Kapakocraca HaxoiuM TaKHe CTPOKH: «BCNOMHHM, 4TO ¢ (yHAaMeHTaNbHOH TOUYKH 3peHHs
KBaHTOBOH TeOpUM (hU3MUeCKHH MUp MOSIBJAsSETCs Mepel HaMH KakK HepasieséHHoe Lesoe (unbroken
whole). Mup cam no cebe He siBsieTCs yKe pasfeséHHbIM. Ml pasnensieM ero. C 1eJblo TONYYHTh
KaKOH-M00 THI OMHUCAHHsI, TOBOPHUTb 00 0OBEKTE, MJIH COOTHECTH C IKCIEPUMEHTAIbHBIMU (DaKTaMH,
Jiexallasi B OCHOBE MPUPOAbI LIeJOCTHOCTb HOJKHA ObITb pa3JjoKeHa Ha B3aUMOAEHCTBYIOLIHE, HO
pasneséHHble CUCTeMBl 6€3 XOJUCTUYECKUX CBfi3el MeXIy HUMH. DTO CyObeKTHO-0OBEKTHOe pasge-
JieHHe HHOTHA MeTa(oprUuecKH Ha3blBaIOT «cKanbreneM [elizen6epra» [1]. [lox neiicTBHeM «cKasbie-
asi eiizenbepra» 1eJ0CTHOCTb pacceKaeTcs (aKTyaqu3upyeTcsi) Ha «KYCKH» («4acTH»), T. €. LEJOE,
CYILeCTBYIOIllee B MOTEHUMH B BUAe OECCTPYKTYPHOIO COCTOSIHMS, NIPU M3MEpPeHHH paclajaeTtcs Ha
YacTH.
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MOJI€JIX aTOMbI BCEBO3MOXKHBIX 3JIEMEHTOB PacCMaTPUBAIOTCS KaK COCTOSIHUS €IHHOM
KBAaHTOBOH CHCTEMBbI, COeIUHsIeMble APYT C APYrOoM A€HCTBHEM TIPYIIbl CUMMETPHU»
[5, c. 155]. Mopenb Pymepa-®era onucbiBaeT MepHOIUUECKYIO CUCTEMY 3JIEMEHTOB
C TO3MLHHU XOJIM3Ma, T. €. KaK eOuHy0 KBAHMOBYK cucmemy 6eccmpykmypHoLx
cocmosnuii®.

B HacTosimieii cratbe enrHas KBaHToBasi cucteMa U Ha MOTEHLHANBHOM YPOBHE
onpepensiercs C*-anrebpoit, cocTosiilel U3 onepamopa 3nepeur H v npucoenuHEH-
HBIX K H renepaTopos epynnot gyroamenmanvroti cummempuu Gy. CoCTOAHHSA
cuctembl U ¢opmupyloTcess B paMkax KoHcTpykuuu lenbpanna—Hailimapka—Curana
(THC) [8,9], t. e. KaK yukauueckue npedcmasiequss onepaTopHod anrebpbl. B
cusny obuiHocTH 3anaHusi cuctembl U u rubkoctu kKoHcrpykuuun [HC mpu kax-
IO KOHKPETHOH peasM3allld ONepaTopHOH anredpel (Tak Ha3bIBAEMOM «OJeBAHHH»
C*-anrebpel) mosyuyaeM CBOH (COOTBETCTBYIOUIMH NaHHOW peasn3allfM) CIEKTP CO-
crosauuil cucteMel U8, B 1. 3 HacTosmel cTaThby B KayecTBe IPyNIbl (hyHIaMeHTab-
HOHM CHMMETpHH paccMartpuBaercsi kongopmruas epynna (Gy = SO(2,4)). B atom
caydyae KOHKpeTHasi peasusalivs ornepaTopHod C*-anre6pbl 3agaéTcsi MOCPEACTBOM
TMPUCOEIMHEHHBIX K [ reHepaTOpOB KOMIJIEKCHOH 0OOJIOUKHM TPYIIOBOH a/re6pbl
50(2,4) ¥ TBUCTOPHOH CTPYKTYpbl, acCOLMHPOBaHHOH ¢ rpynmnoil SU(2,2) (yHUBep-
caslibHOe HaKpbITHEe KOH(POPMHO# rpymnmbl). KommnsekcHasi o60s104ka anredpel so(2,4)
MPUBOIMT K mpeactaBienuio F.o, rpynmsl Pymepa—®era SO(2,4) @ SU(2) ® SU(2), B
paMKax KOTOpOH 3amaéTcsi TEOPETHKO-TPYIIIOBOE ONKCAHHE MEPUOANYECKOH CHCTe-
MBI 3/71eMeHTOB. B 1.4 BBIUKCJSIOTCS Macchl 3/7eMEeHTOB I'PYMIbl CyNepakTHHOUIOB.
B n.5 onpenensiercs anrebpandeckasi (OpMyJUpPOBKA €AHHOH KBAaHTOBOH CHCTEMbI
(peanusanus ornepaTopHOH anre6pel) U yCTaHABJIUBAETCS CBSI3b C TEOPHUEH TBUCTOPOB
(TBUCTOPHO#M CTPYKTYpPO#H).

5CiiefiyeT MoauepKHyTh, YTO XOJIH3M Mofenu Pymepa—®eTa He MPOTHBOCTOMT PeyKLMOHH3MY MO-
nen Pesepdopra—-bopa. XomuaM v pefyKIHOHH3M SIBJASIOTCS IBYMS B3aUMOJOMOJHSIIOIUMH CHCTe-
MaMmu onucanus ¢usuueckoti peasvrocmu. CornacHo kouuenuuu [eiizenbepra—dPoka [2,6], pusuue-
CKasi peasjibHOCTb UMEET ABYXYPOBHEBYIO CTPYKTYPY: NOMEHUUANbHASL PEANbHOCMb U AKMYQAAbHAS
peasvrocmo. 15 MOTeHLHAbHON peanbHOCTH XapaKTepHO XOJHCTHYECKOe BUIEHHE, aKTyaJslbHas pe-
aJbHOCTb — L@PCTBO penyKLHoHHU3Ma. Onupasich Ha TeopeMy Koxena—Criekepa U NOHSITHe KBAHTOBOH
KOHTEKCTya/nbHOCTH, fe PoHpe [7] MPUXOMUT K BBEIBOALY, UTO «(U3HUeCKasi peasbHOCTbF#AaKTyasbHast
peasnbHOCTb». OmHcaHne KBaHTOBOro 06beKkTa (aToMa) B paMKaX OJHOH TOJNBKO aKTyasbHOH peaJb-
HOCTHU siBJisieTcsl apriori HemoJsiHbIM onucaHueM. [lepedpasupys TeiizenGepra, «atombel — 6Gojee yeMm
BeLU».

6Tak, B ciyuae, Korja npucoeAuHEHHBe K F reHepaTopbl IPyMibl (DyHIaMeHTaJlbHOH CHMMeT-
pun (Gy = SO¢(1,3) — rpynna JlopeHua) fBASIOTCS TeHepaTOPaMH KOMIIIEKCHOH 0GONOYKH TpyI-
noBoil anre6psl sl(2,C), mosydyaem JHHEHHO PACTyLIMH CIIEKTP MacC COCTOSHHH («3JeMeHTapHBIX
yactuil») [10,11]. B 3ToM ciayuae «omeBaHHe» OmepaTOpHOH anreGpbl U MOCTPOEHHE IHUKIHUECKHX
npenctasiaeHuit KoHeTpykunu [HC ocymiecTBisieTcst B paMKax CIMHOPHOH CTPYKTYPH (3apsiKeHHBIE,
HeHTpaJjibHble, UCTHHHO HeHTpasibHble (MAaHOpAaHOBCKHE) COCTOSIHUS W HX NUCKPETHble CUMMETPHH
3a[alTcsl MOCPEICTBOM MOP(HHU3MOB CIHHOPHOH cTpykTyphl, cMm. [12-17]). B [11] mokasano, uto
MacChl «3JIEMEHTAPHBIX YaCTHIl» KPATHBI Macce 3jeKTpoHa ¢ TouHOCThio 0.41 %. 31ech uMeeT MecTo
npsiMasi aHaJIOTHs C 3JMEKTPUUECKUM 3apsiaoM. JII060H 3/eKTpruecKHi 3apsil KpaTeH 3apsiy 3JekK-
TPOHA, NPHUUEM KpaTeH aOCOJIOTHO TOYHO. Ecsau Jyr060# 3/eKTpuueckKHd 3apsi abCcoJIoTHO KpaTeH
(KBaHTOBaH) 3apsily 3JEKTPOHA, TO B CJydyae Macc 3Ta KPaTHOCTb HMeeT MecTo ¢ ToyHocThbio 0.41 %
(B cpennem).
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2. EaunHag KkBaHTOBad cucreMa

Kak yxe oTMeuasoch BO BBEIEHHH, HCXOAHBIM MYHKTOM MOCTPOEHUS TEOPETHKO-
TPYMIOBOrO OMUCAHMS MEePUOIUUECKON CHCTEMbl 3JIEMEHTOB SIBJISIETCS TIOHSTHE €IH-
Holt kBaHTOBOH cucteMbl U. C nesbio nath HauboJsee yHHBepcabHOE OMNpefeseHre
cucreMbl U MBI O/KHBI aOCTParupoBaThCsi OT BCeX MAKPOCKOMMYECKHX (J0KaJju-
3yeMbIX) OIpe/e/ieHHH, MPUHAJIEXKAIINX HUCKIUUTENbHO K YPOBHIO aKTyaJbHOU
peanbHOCTH (TaKHUX KaK «CTPYKTypa», «dactuua» u 1. A.). Cnenys [eiizenbepry,
6yneM CUMTaTh, YTO Ha (PyHAAMEHTAJIbHOM yPOBHE B OCHOBE OINpeleJsieHHs CUCTEMBbI
U Jslexxat J1Ba TIOHATHS: dHepeus U cummempus’. 3aiaiuM eIMHYI0 KBAaHTOBYIO CH-
cremy U mocpencTBoM ciienymollel cucteMbl akcuoM (6osee momppobHo cM. [23], a
Takxe [24,25]).

A.lI (Oueprusi ¥ ¢yHnaMeHTanbHasi cUMMeTpusi) Edunas Keanmosas cucmema
U na gyndamenmanrorom yposue xapakmepusyemcs C*-arcebpoil 2 ¢ edunuyetl,
cocmosweti u3 onepamopa 3Hepeuu H u npucoedurnénnoix K H eenepamopos
epynnot pyrndamenmanvror cummempuu Gy, obpasyrouux ¢ H obuyro cucmemy
cobcmeerHbvlX QYHKYUL.

A.II (Cocrosinus) Pusuueckoe cocmosnue C*-areebpol A onpedessiemcs yuk-
auneckum sekmopom |P) npedcmasrenus m C*-areebpol 8 cenapabervbHom 2uib-
b6epmosom npocmparcmee Hy:

o) (2L TUDD)
' (@] @)

MHnoawecmso PS() scex uucmoix cocmosnuii C*-areebpor A cosnadaem ¢ mHo-
scecmeom ecex cocmosnull we(H), accoyuuposanHvlx co 8cemu HenpusoouUmbl-

MU YuKkiuweckumu npedcmasaenuamu w areebpor A, |®) € H (koncmpyxkyus

Tervgpanda-Hatimapka—Cueara).

A.IIT (TIpoctpanctBo Jnydelt) MHooxcecmeo ecex uucmoix cocmosnuil we(H)
npu svinoaneruu ycarosus we(H) > 0 obpasyem ¢usuueckoe eurobepmoso npo-
cmparcmeo Hynys (8 obujem cayuwae npocmpancmso Hyyys Hecenapabenovro).
Mas kamdoeo sekmopa cocmoanus |V) € Hynys cywecmsyem eduruurolli Ay4
U = ¢ |U), ede a npobezaem ece seujecmeentvie uucaa u /(¥|¥) = 1. [Ipo-
cmpancmso Ayuell ecms (axmop-npocmparcmeo H = Honys/SY, m. e. npoek-
musroe npocmparcmeo o0HomeproLx noonpocmparcms us Hpynys. Bece cocmoanus
eduroil keanmosoli cucmemol U onucei8aromcs eOUHUUHbIMU AYHAMU.

A.IV (Akcuoma crekTpanbHocTH) B H cyujecmsyem noimas cucmema cocmo-
AHUL ¢ HeompuuamesvbHoU 3Hepeuel.

A.V (Ilpunuun cynepnosuunu) OcrosHroe coomeemcmeue mexoy QuauiecKu-
MU COCMOAHUAMU 1L d/eMenmamu npocmpancmea H exaowaem npunyun cynep-
no3uyuL K8aHmMosol meopuu, m. e. cyujecmsyem Habop OA3UCHbLX COCMOAHUL

"Uro ¢ HeM36exKHOCTbIO MPUBOAMT HAC K HEoapucmomenesy B3TMsLY Ha OCHOBaHHsS KBaHTOBOM
mexaHuKU (KoHuenuus [elisenbepra—Poka [2,6]). Cienyer OTMETHTD, UTO CXOXKHX BO33pPEHHH MpHU-
nepxxuajncs Maprenay [18], a takxke [lonmep [19]. OnHum u3 HauGodiee SPKUX MpenCcTaBUTeNeH
sToro Hampasjenus sisisercs umonn [20] (cm. Kapakocrac [1], Cesasmbuukos [21], a Takxke
cbopuuk [22] mox pemakuueit Koxena).
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maKux, 4mo Nnpou3BoNbHble COCMOAHUSL mocym Obimb NOCMPOeHbL U3 HUX Npu
NOMOULL NUHELHbLX CYNepno3uyul.

Bri6epem B KauecTBe (pyHAaMeHTaJNbHON CUMMeTPHUH KOH(GOpMHYIO rpynny. KoH-
(hopMHas rpymnmna BCTPeuaeTcss B COBPEMEHHOM (PU3UKe B CaMbIX PA3JIMYHBIX CHUTY-
alMsAX U MO CYTH SIBJSIETCS CTOJb Ke yHUBepcaJ/bHOH, Kak rpynna JlopeHua; ectsb
MHOXKECTBO PEeJNATHBUCTCKUX TEOPHE M, TOUHO TaK ke, KOH(HOPMHBIX.

3. I'pynna Pymepa-®Peta

[locsie onpenenenns KOH(MOPMHOM TIpynnbl B KayecTBe (PyHAAMeHTaJbHOH CHM-
MeTPUH CJEAYIOLIMM JIOTUYECKUM LIaroM SIBJSETCS MOCTPOeHHe KOHKPETHOH pea-
JIU3aLMN ONepaToOpHOH anrebpbl. DTO TMOCTPOEHHE CJedyeT HadaTb C OMNpeleseHUs
KOMILJIEKCHOH 000JI0YKH TPYIIOBOK ajiredpbl $0(2,4), 4To NMpUBENET najee K Tpel-
crasnenuto FY, rpynnbi Pymepa-®era®.

Kak wusBectHo [D], cucrema NsITHaAUATH T'eHEPAaTOPOB KOH(OPMHOH TpYTIbl
SO(2,4) ynoBsieTBOpsieT CJAEAYIOLINM MepeCcTaHOBOYHBIM COOTHOLIEHHSIM:

[Laﬁa L'yﬁ] =1 (gozﬁl-ﬁ'y + gﬁ’yl-aé - ga'yL,BJ - g,BzSLoz'y) ;
(a7/87775:1""767a%57 7%6)'

['eneparopsl L,s o6pasyior 6asuc rpynnoBo# anre6psl 50(2,4). C uesbio nepedTH K
KOMILJIEKCHOH 000J10uKe anre6pbl 50(2,4) pacCMOTPUM [pPYTyl0 CHCTEMY TeHepaTo-
pos, nmpeanoxkennyo T. Mao [30]. [TycTs

Ji=1/2(Los — Lys), Jo=1/2(Lg —La), J3=1/2(L12—Lss),
Ki=1/2(Las+ L), Ko=1/2(Ls; + L), Ks=1/2(L12+ Lss),
P, =1/2(—Lss —Lig), Pa=1/2(Lys —Lss), Po=1/2(—Lss — Lsg),
Q=1/2(Lss —Ls), Qo=1/2(Lss+Lss), Qo=1/2(Lss — Lsg),
S1=1/2(—Lis+Ls), S2=1/2(—Lys —Lis), So=1/2(Li2— Lss),

8Bonee Toro, kak nokasan Curais [26], anre6pa JIu HeogHopoaHo#t rpynmnbl JlopeHna (T. e. rpymnmbl
[Tyankape) MoxeT GBITb MoJTyueHa fedopManvell U3 KoHpopMHOH anre6psl JIu. B cBoto ouepens KoH-
topmuas anrebpa JIu sBaserca «KECTKo#», T. e. He MOXeT OBbITb [OJIyueHa Ae()OPMUPOBAHHEM ADY-
roit asnre6psl Jlu. B cuny atoro cBoiictBa KoHbopmHas anreépa (anre6pa HEKOMIAKTHOH BeleCTBEH-
HOM CEeBAOOPTOrOHANBHON IPYMIBl B IIECTHMEPHOM NPOCTPAHCTBE C CHIHATYpol (—,—, —, —, +,+))
HMeeT YHUKaJbHBIH (3aBepIUIEHHBIN) XapaKTep U 3aHUMAaeT BbIeJeHHOEe MECTO CPeld APYTHX anredp.

TlepBoii paGoTOil B 3TOM HamnpaBJeHHH siBAseTcs [4], Tie GbLIO OTMEYEHO MOPAa3HTebHOe CXOJ-
CTBO MEXJY CTPOEHHEM CHUCTEMBbl XUMHUUECKHX 3JEMEHTOB U CTPOEHHEM 3IHEPreTHUYecKOro CrekTpa
aToMa Bomopoja. DTO CXOACTBO oObscHseTcs B [4] B pamkax mpenactaBaenuss @oka F [27] mas
rpynnel Spin(4) (nByauctHast HakpbiBarowas rpynnel SO(4)). OnHako TaBHBIM HEIOCTATKOM OIH-
canusi B [4] siBJIsIeTCSI NIPUBOAMMOCTD MpeACTaBjeHust F', UTO He MO3BOJISIO PACCMATPUBATh CHCTEMY
KaK «3/IeMEHTapHYI0» B CMbicje TpynnoBoit mexanuku. B 1972 r. Konomesbuenko [28] paciunpu
npencrasiedve Qoka F 1o npencrasieduss T KOHQOPMHON TpyIrbl, YCTPAHHB TeM CaMbIM yKa-
3aHHBIH Bbllle HemocTaToK. [lasee, onupasich Ha CBSI3b ¢ HyMepauueid ManesnyHra, Pet onpenenser
npeacraeaenus Fb u F, (nas onpenenenus npenctasnenust F.o, NpULIIOCh H3MEHHTb «JIEKCHKO-
rpacduyeckoe npasusno» Manesynra). [locse 10BOJBHO AJIUTENBHOTO NepHOfia 3a6BEHUs (COBEpPIIEHHO
He3acsyxeHHoro!) xk mogenu Pymepa—®era Bo3oGHoBHICS nHTepec (cM. Kubiep [29]).
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Ty =1/2(—Lys —Ly), To=1/2(Las —Lig), To=1/2(—Lia—Ls). (1)

Ata cuctema 18 reHepaTopoB cBsi3aHa TpeMsl COOTHOLIEHUSMU
3 -Ks=Py—Qp, J3+K3=50—Ty, Po+Qo=So+ To. (2)

B cuay HesaBucHMocTH reHepaTopoB Log (o < f5), (1) 3amaéT U3OBITOUHYIO CHCTEMY
rerepatopoB rpymnmnsl SO(2,4), U3 KOTOPOH MOXKHO MOJY4YUTh 6a3uc anredpsl s0(2,4),
MCKJIIOYMB TPH reHepaTopa ¢ MoMollbio (2).

[lepeiiném K KoMIJIEKCHOH 060J0uKe anre6pbl 50(2,4), MOJI0KHUB

Ji =3 £idy, PL=P;y+iPy, SiL=85;+1iS,,

Ki=K £iKy, Qi =Q1£iQy, TiL=T;£:T,. (3)

PaccMoTpuM crnenuasibHOe TpenctaBiaeHre KoH(opMmHoU rpynmsl SO(2,4). dto so-
Kaavroe mpenctaieHue rpynnsl SO(2,4) HeNmocpenCcTBEHHO CBSI3aHO C MpenCTaB-
nenvem Poka F pas moarpynmel SO(4). [lo cyTu 3To mpencraB/ieHue sBJAsSETCS
pacurpenueM npencrasienns Poka mast SO(4) 10 yHUTAPHOTO MpPeACTaBAEHHST KOH-
¢dopmuoii rpynnsl SO(2,4) B npocmparcmee Poka § ¢ nomollbo 6asuca

l7,0,7) (j=0,1/2,1,3/2,...;
0-:_]7_]+177J_17.]a T:_]7_j+177]_17j) (4)

HMcnonb3ysi reHepatopbl (3) KOMIIEKCHON 060J10YKH aare6pbl §0(2,4), MOTyuUM

J_ljom)=\(i+0o)j—oc+1)]jo—17),
Iiljom) =+ (G—o)i+o+Dljo+1,7),
J3|j7 g, T> = O-lja g, T>7

K_lj,0.7) = (i +7)( — 7+ Dlj,o.7 = 1),
K+’j7 g, 7_> = \/(] - 7—)(] + 7+ 1)']7 UaT+ 1)7

K3|j7 g, 7—> = 7-|j7 g, 7—>a
o1 1 n 1
J 2a0- 277— 9 )

. . - - 1 1 1
Pljor) =iV =7+ +o+1) \y+—,a+—,f——>,

P_lj,o,7) = —i/(j+0)(j—T)

2 2 2
. . oo—T7+1 .
P0|]70-77—> = (j + T) 0‘]a0—77_>7
. . : . 1 1 1
Q*‘]7077>:Z\/<]+7)(‘7_0’) ]_§7U+§77_§ ) (5)

1 1 1
Qo) = =i/ G =0 F DG F 75D \j+—,a——,r+—>,

2 2 2
. . o—71—1 .
Q0|j70-77—> =\J—- T |j7UJT>7
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o1 1 1
J— 50 =5, T—35 )
2 2 2

S_lj,om) =i ({i+0)j+T)

. . . o1 1 1
Silj,o.m)=~i/(j+7+1)(j +o+1) ‘J+§,a+§,r+§>,

. . o+T1+1 .
SO|J707 T> = (] + T) a |ja0—7 7_>7

T_|jo,7)=—i/(i—7)(j—0)

o1 +1 +1
j 270_ 277_ 2 Y

1 1 1
T+’j70-77-> :’L\/<j—0'+1)(j—7'+1) ’j+—,0——,T——>,

2 2 2
. . o+T—1Y\ .
Tolj.0.7) = (a - T) o7

@opmyibl (D) 3amal0T YHUTapHOE MpeACTaBaeHHe KOH(popMHOH rpynnsl SO(2,4)
B npoctpaHcTBe Poka §. [Ipencrasienue, 3angaBaemoe hopmynamu (5), Ha3bIBaeTCs
pacwupernuem F+ npedcmasrenus Poka na kKongopmuyio epynny [5]. Tlpencras-
nenue F'T, 3anaBaemoe popmynamu (5), elé HeOCTATOUHO [/l OMHUCAHHUS EPHOAHU-
4ecKoH cucTeMbl 3/1eMeHTOB. C 3TOH Lesbl0 HeOOXOAUMO BKJIIOUUTh YETBEPTOE YHUCJIO
MapenyHra s (aHaJoOrMYHOE CIIUHY), YTO MPUBOAMT K Ipyrine (IepBOe «yIBOEHHE»)

SO(2,4) ® SU(2). (6)

[pencraBienne Ff = ¢ ® F* rpynnsl (6), roe ¢, — YHHTapHOe MpeacTaBJe-
nue rpynnel SU(2) B npoctpanctBe C'(2), yKe yIOBJIETBOPSiET 3TOMY TpeOGOBaHHUIO
(BKJIIOYeHHIO urcia Manenynra s). Basuc npocrpanctsa §2 = C(2) ® § npencras-
nenust F” umeeT BUJ

In,l,m,s), n=12,...;01=0,1,....,n—1;
m=—l,—1+1,...,1—1,1; s=—1/2,1/2. (7)

3necb n, [, m — KBaHTOBbIe YKCJ/JIa KOH(POPMHOU TPYIIIIHL.

[Tyctb 7 — reHeparopel anre6psl Jlu rpynnsl SU(2), Torna reHepatop T3 Ie-
pecTaHOBOYEH CO BceMHM reHepatopamu moarpymnnsl SO(2,4) ® 1, a cjefoBaTesbHO,
u eé anre6pol JIu, nostTomy remepatopsl Ry, L?, Js3 + Ks, T3 mepecTaHoBOYHEI ApYT
¢ npyrom. CoO6CTBeHHble BEKTOPBI OMEPATOPOB, NMPENCTAB/SIOLIMX 3TH TeHEPaTOpbl B
NPOCTPaHCTBE F, UMEIOT BHJ

1 vl 1 0
n,l,m,— = ) n7lam7__ =

¢ coOCTBEHHBIMH 3HaueHusiMu n, (I + 1), m, % un, [(l+1), m, —=. HeiicTBue

1
2 ) ..
0NepaTopoB, MPEACTABAAIIIMX TeHePaTOPbl T4, T_, T3 B IPOCTPAaHCTBE §2, 3a1aéTcs

CJeAyIIUMU (POPMYJIAMHU:
1 1 1
nal7ma_ ) T— nvlamv_ = n7l7m7__ )
2 2 2

)
n,l,m,——= )=
2

T+
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T3 |n,l,m,s) = s|n,l,m,s).

Basuc |n, [, m, s) HaXooUTCs BO B3aUMHO-OJHO3HAYHOM COOTBETCTBHH C dJeMeHTaMU
NepUoaANYecKol cucTeMbl B cuay HyMepauuu MapenyHra. CBsi3b MeXay pacroJo-
JKeHHeM 3JieMeHTa B Tabnuie MeHpeneeBa U HaGopoMm uucen (n,l,m,s) 3anaércs
TaK Ha3blBAEMBIM «JeKCHKOrpaduueckuM mpasuaoM» Mageaynra Z <+ (n,l,m, s)!°:

1) snemMeHTHI pacroJ/iararoTcsi B MOPsiiKe BO3pacTaHHUsI aTOMHOTO HoMepa Z;

2) Habopsl (n,l,m,s) pacrnojaralTcs B MOPsiiKe BO3pacTaHUs n + [; TPy 3aiaH-
HOM n+[, B OpsiiKe BO3pACTaHUS Nn; MPU 3aAaHHBIX N+, n, B MOPsiIKe BO3pacTaHUs
m; NOPHU 3aJaHHbIX N + [, n, m, B NMOPsiIKE BO3paCTaHUA s;

3) Z-My 3JIeMeHTY CTaBUTCSl B COOTBETCTBUE Z-U HabOP.

B Hymepauun MazesnyHra cymma n + | He UMeeT I'pPyNIIOBOrO CMBIC/JA: 3TO CyMMa
KBaHTOBOrO uucsa n (CoO6CTBeHHOro 3HaueHwusi omepatopa Ry = —Lsg) u umcaa [,
He SIBJISIOIIEr0oCs KBAaHTOBBIM UHCJIOM (KBAHTOBBIM uHcJoM siBasercs [(I 4+ 1) —
co6eTBeHHOe 3HaueHue omepatopa L® = LY, + L3, + L3, a [ Beero Juub 3a1aét 310
KBaHTOBOe 4ucJs0). CyieoBaTeIbHO, C TOUKH 3PEHHs TeOPETUKO-I'PYIIIOBOrO ONHCa-
HUSl CUCTEeMBbl 3JIEMEHTOB YHUCJO 1 + | He JOJKHO BXONHUTb B (POPMYJHUPOBKY «JIEK-
cukorpaduyeckoro npasuiar. B [5] der BBoAUT HOBOE KBAaHTOBOE YHCJIO ¥/, PABHOE
v =1/2(n+ 1+ 1) nns HeuétHOrO 3HAUeHUst n + [ U v = 1/2(n + 1) K1a 4éTHOrO
3HaueHusl n + [. BBeneHWe KBAHTOBOrO 4HCJa Vv [103BOJIsSIET U3MEHUTb HyMepalHio
ManenyHra, 4To MPUBOIUT K CJENYIOLIEMY «JeKCHKOrpadruyeckoMy mpaBuay» (mpa-
Busio Peta):

1) snemeHTHI pacroJsiararoTcsi B MOpsiike BO3pacTaHUsI aTOMHOTO HoMepa Z;

2) nabopwl (v, A, i1, s,s") pacnosaraloTcsi B TOpsiike BO3pacTaHHUs v; MPU 3aJaH-
HOM v — B TOpsiIKe BO3pacTaHus s'; MPU 3aJaHHbIX v, §' — B TOpsiike YObIBaHHUS
A; TIpH 3alaHHbIX v, §', A — B TOpsiiKe BO3pACTaHUS fi; TPU 3aJaHHBIX v, s, A,
— B MOpPSIIKe BO3pPACTaHHUS S;

3) Z-My 3J]IeMeHTY CTaBUTCSl B COOTBETCTBUE Z-U HabOP.

BBeneHue msiToro KBaHTOBOI'O UMCJA NPUBOAUT K eLl€ ONHOMY <«YyABOEHHIO» IPO-
CTpaHCTBa NpeACTaBJeHUs, B KOTOpoM fAeHcTByeT rpynna Pymepa—®Pera

SO(2,4) ® SU(2) ® SU(2)". (8)

103pE1Hr MajesyHT MepBbIM NPHMEHHJ «BOAOPOJHbIE» KBAHTOBbIE UMCAA 1, I, ™, 5 1S HyMepaluH
3JIEMEHTOB TepuHoauyeckoll cucTeMbl. CaenyeT OTMETHTb, YTO YMcaa n, [, m, s He SBJSIOTCH B MO-
nenu bopa KBaHTOBBIMH 4YMCJ/IaMH, OCKOJNBKY B 3TOH MOAEJH HET eIHHOI0 KBaHTOBO-MeXaHHUYEeCKOro
OTHCaHUS CHCTEMBI 3JIEMEHTOB, MOCJEIHUM TPUCBANBAETCS aTOMHBIH HOMep Z, pasJHyalollui, a He
00BbEeNUHSIOUINE OTAE/NbHbBIE KBAHTOBBIE CHCTeMBl. [losyueHHYIO KjaaccupuKauuio sneMmento Mane-
JIYHT Ha3BaJl «3MIIUPUUYECKOH», OCKOJbKY OH He CMOT CBsi3aTh €€ ¢ MOAeJblo bopa, uTo B MpUHLHIIE
U He BO3MOXHO ObLJIO CHeJaTh C MO3HLHH peiyKLHOHH3Ma (M3BeCTHO, uTo MalenyHr MOKa3blBa
CBOI0 KJaccugukauuo Bopy). Bunumo, MeHHO H3-3a OTCYTCTBHSI TEOPETHYECKOTO 060CHOBAaHHS Ha
TOT MOMeHT (20-e TOABI TPOLIJOrO CTOJETHS) OH OMyOJHMKOBaa €€ B BHAE CIIPABOYHOrO MaTepuaJsa
B [31, c. 585]. Teoperuueckoe 060CHOBaHHEe (MOHUMaHWMe NMPUPOAbI yuces MapesyHra) ObIO HaHO
Brociencteu Petom [5] ¢ MO3ULMU XOMUCTHUECKOTO (TEOPETHKO-TPYINOBOro) BuaeHus. Emé pas
nonuepkHéM, momeaun Pesepdpopna—bopa u Pymepa—®Pera siBnsioTcs He B3aMMOUCKJIIOUAIOLIUMHU, a
s3aumodonosnaroujumu Opyr apyra. Mcropus yucen MagnesayHra mosyuusa pasBUTHE Takxke H B
HEeCKOJIbKO HHOM HampaBJieHHH B paboTax KieukoBckoro [32], rae 3amofiHeHHe 3JE€KTPOHHBIX YPOB-
Hefl aToMa paccMaTpHUBAJIOCh COTJIACHO MPABHJY MOC/AE0BATENbHOrO 3ano/Hedus (n + [)-rpynn (Tak
HasbelBaeMble rpynnsl ManenyHra—Kneukosckoro).
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[pencrasnenue F, = ¢y ® F,” rpynnsl (8), roe ¢} — yHUTapHOE MpelcTaB/eHHe
rpynnsl SU(2)’ B npoctpanctBe C'(2), yaoBJaeTBOpsieT TPeGOBAHHUIO BKJIOYEHHS Tsi-
TOr0 KBaHTOBOTo yncsa. Basuc mpoctpancta §* = C(2) ® §* npeacrasienus F
MMeeT BU]L

v, \ i, 8,8, v=1,2...;A=0,1,...,v—1;
= A A+l AL s=-1/2,1/2, 8 = —1/2,1/2. (9)

[Tycts 7) — renepatopsl anre6psl Jlu rpynnel SU(2)', Torna reHeparop 74 me-
pecTaHOBOUEH CO BceMH reHepaTopamu noarpynmnsl SO(2,4) ® SU(2) ® 1, a cienosa-
TeJbHO, U eé anrebpnl JIu, mostomy rerepatopsl Ry = —Lsg = Py + Qo = Sp + Ty,
L%, J3+Ks, T3, T4 nepecTaHoBouHBl ApYT ¢ ApyroM. O6lye cOGCTBEHHbe BEKTOPbI
ONepaTopOB, MPEACTABJSANIMX 3TH FeHepaTophbl B MPOCTPAHCTBE F1, UMEIOT BUJL

\I/,EML 0
1 2 1 0
V,)\,M,S,+—>: e ’ V7A7M7S7__>:
2 0 2 qf?;w
0 \Ijik,u

¢ cOGCTBEHHBIMH 3HaueHHsMH v, A(A+ 1), 1, s, 3 u v, A\(A+1), o, s, —3.
JleficTBHe omepaTopoB, NMpeACTaBJAIOLIMX IeHepaTopbl T, T, T3 U T, T_, T4

B IPOCTPAHCTBe §*, 3a1aéTcs ClAeNyOMUMU (hOPMYIaMHu:

1 1 1 1
T+ Va)‘alu7_§7sl>: Va)\7,u7§>sl>> T- l/a)‘vua§>sl>: I/v)‘aﬂa_§>8/>7
T3, A\, s, 8 =s|v, A\, s, 8.
1 1 1 1
T/+ Va)\7ﬂ’7$>_§>: V7/\7M757§>7 7-,— V,)\,,U,S,§>: V,)\,,U,S,—§>,

Ty, A\ i, 8,8 =8 v, A\, s, 8.

Anpeca snementoB (cMm. puc.l) 3amaTcs HaGopOM KBAaHTOBBIX YHCEJ T'PYIIIHI
Pymepa-®eta (8), Hymepyrolux 6a3ucHbie BEKTOPBI |V, A, 1, 8, 8') mpocTpaHcTBa F2.
[eneparopsl anre6psl Jlu rpynnsl SO(2,4) nedcTBYIOT Ha KBAaHTOBbIE YHCJIA U, A, [
no dopmysaam (5) ¢ 3ameHo n, [, m Ha v, A, L.
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v=1 v=2 v=3 v=4

7 N 7 Y 7 Y 7 Y
s'=—1/2 §'=1/2 §'=-1/2 s'=1/2 s'=—1/2 s'=1/2 s'=—1/2 s'=1/2

A=0| H Li Na| | K Rb Cs Fr| | Uuels=—1/2| _
He|| Be || Mg|[Ca || Sr || Ba|| Ra| |Ubn/s=1j2 (*~
( B |[Al |[Ga|[1In || TI|[ Nh|s=—1y2 .
C Si Ge Sn Pb Fl |s=12 (P~
A= 1 N P As Sb Bi Mc|s=—12| 0
- O S Se Te Po Lv [s=12 (M7
F Cl Br [ At Ts |s=—1/2| 1
\ Ne| |Ar || Kr || Xe|| Rn|| Og|s=12 (M7
( Sc Y Lu Lr |s=—12{ _ o
Ti || Zr | | HI || RI |s=12 (7
\% Nb| | Ta Db |s=—12( _ 4
Cr Mo| | W Sg =12 (M7
o Mn| | Tc Re Bh |s=—1/2|
A=2 Fe Ru Os Hs [s=12 (P~ 0
Co Rh Ir Mt |s=—12| 1
Ni Pd Pt Ds |s—12 (F~
Cu A Au Rg |s=—1/2| _
\ Zn || cd Hg| | Cn |1z (1= 2

( La Ac ls=—12| _ 4
Ce Th |s=12 (*~

Pr Pa |s=—1/2|  _
Nd U |s=1/2 po=—2

Pm| | Np|s=—1/2| _
Sm| | Pu |[s=1/2 p=-1

o Eu Amls=—12| _
A=3 Gd Cm|s=12 (*~ 0
Tb Bk |s=-1/2 1
Dy || Ci |s=12 (7
Ho Es |s=—1/2
Er Fm|s=12 (* 7 2

Tm| | Md|s=-1/2 3
L Yb | | No|s=1p2 (M7

Puc. 1. Tabnuna MenpeneeBa B (hopMe OCHOBHOTO IpeNCTaBJIEHHUS F;;, rpynnsl Pymepa-—
dera SO(2,4) ® SU(2) ® SU(2)



Marematudeckue CTPyKTypbl H MofeaupobaHue. 2018. Ne 2(46) 15

I/IMeeT MECTO cJieyrouiasa nernodka I‘pynn:
SO(2,4) ® SU(2) ® SU(2)  SO(4) ® SU(2) S SO(3) ® SU(2),

COTJIACHO KOTOPOH OCYLIECTBJAETCS PEeIyKLMsi OCHOBHOLO MpenctasieHds F.
rpynnsl Pymepa-®era mo moprpynmam uenodku. Tak, MyJabTHMJIETbl MOATPYIIIBI
SO(3) ® SU(2) usobpaxaroTcsi BepPTHKAJIbHBIMU TMpPSMOYroJbHUKaMH Ha puc. 1, a
3aroJIHSIOIIME MX 3JeMEHTHl COCTABJ/SIOT H3BECTHBIE -, p-, d- U f-ceMedcTBa (B
YACTHOCTH, JIAHTAHOHMIbl W aKTHHOWBI BBIIE/SIOTCS KaK MYJbTHILIETH [MOATPYIIIIbI
SO(3) ® SU(2)). Kaxknplit smeMeHT 3aHUMaeT BIOJIHE OMNpefie/léHHOe MeCTO, 3a/aH-
HOe ero «ajpecom» B Tabguue (v, A, i, s,s’), T. €. COOTBETCTBYIOLIMMHU KBaHTOBBIMH
YKCJIaMH TPyl CHMMeTpHH. TakuM 06pa3oM, aTOMbI BCEBO3MOXKHBIX 3JIEMEHTOB
CTaBSITCS BO B3aHMHO-OHO3HAYHOE COOTBETCTBHE C BEKTOPAMH OPTOHOPMHPOBAHHO-
ro 6asuca (9) mpocTpaHCTBa OCHOBHOTO MpencTaB/eHusi rpynmnbl Pymepa—®Pera.

4. Maccehl 21€eMeHTOB «OCTPOBA CTAOMJIBHOCTH»

Ha puc. 1 kupHBIM WIPUPTOM OTMEUEHBI JIEMEHTHI, KOTOpble ellé He OBbLIN OT-
KPBITH MJIK He TOJIYUHJH CBOEro O(HUIMAIbHOTO Ha3BaHUSl MPU XKHU3HU Pymepa u
®era. 10 3/EMeHTHl NOC/efAHero cronabua puc.l ¢ KBAaHTOBBIMH UHC/IaMU v = 4
u s =1/2: Db — Jly6uuii, Sg — Cubopruii, Bh — bBopuit, Hs — Xaccu#t (3ka-
ocmuit), Mt — MeiitHepuii, Ds — Ilapmiraatuii, Rg — Penrtrennii, Cn — Komnep-
HULBIH (9Ka-pTyTh). Bce 3TU 3/1eMeHTHI MPUHAMJIEXKAT MYJbTUIIETY C KBAHTOBBIM
YUCIOM A = 2. MyJIbTHIJIET ¢ KBAHTOBBIM 4ncioM A = 1 (v =4, s’ = 1/2) o6pasyioT
HellaBHO OTKPBITHIE aseMeHThl: Nh — Huxonuit (sxa-rannuit), F1 — ®@neposuit (3xa-
ceuHel), Mc — Mockosui#i (3xka-BucmyTt), Lv — JluBepmopuii (sxka-nosnonui), Ts —
Tennecun (ska-acrat), Og — OranecoH (3Ka-pamoH). MyJIbTHIIET C KBaHTOBBIM
gucsioM A = 0 (v = 4, s = 1/2) o0pasywT ellé He OTKPHITblE TUIOTETHYECKHE
snemenTsl Uue — YHyHeHHHUH (3Ka-ppaHIMH) C MpeArnosaraeMod aTOMHOH MaccoH
316 a.e. u Ubn — Yubununuil (3Ka-panuii). Bce nepeuncieHHble 3/eMeHTHl 3aBep-
maT 3anojHeHue Tabauibl MeHpeneeBa (¢ 1-ro mo 120-i HOMep BKJIOYHMTENBHO)
[0 3HAUeHUs] KBAHTOBOrO yucaa v = 4.

CornacHo moznenu bopa, co 121-ro HoMepa HauWHaeTCsl 3aMoJHEHHe §-000J0UKH
(popmupoBanue g-cemeiictsa). B monenu Pymepa—-®Pera g-ceMelcTBO COOTBETCTBYET
KBaHTOBBIM UHCJIaM ¥ = 5 U A\ = 4 rpynnsl cuMMeTpud. Ha ceropHsIHUE neHb
MMeeTCs 1IecTh KAaHIUAATOB (TMINOTETHYECKUX 3J€EMEHTOB) Ha MPHUHANJIEKHOCTh K
stomy ypoBHiO: Ubu — Yubuynuii, Ubb — Yu6uoéuii, Ubt — Yu6urpuii, Ubq —
Yubukanui, Ubp — Yubunentui, Ubh — YHOurekcuii. D10 3J€MeHTHl TPYIIIbI
CYTIepaKTHHOHMIOB TaK Ha3bIBAEMOTO «OCTPOBA CTAOUJBHOCTHY.

Beruricsinm macesl asementoB Ubb, ..., Ubh. C 3Toi#l 1enbi0 BOCHOJIb3yeMCs
MaccoBoil (hopmyJoii'!, mpeanoxenHoi B [5]:

11
m=mgy+a s’(2y—3)—5u+?+2(u2—1) —b-AA+1), (10)

1972 ¢opmyna ananornyna maccopoit dopmyne [enn—Manna-Oky6o aas agpoHos B SU(3)-
teopuu [33,34], a takxe popmyse Bera—Cunrxa B SU(6)-reopun [35].
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rie mg, @, b — K03 UUHEeHTH, He BbIBogMMble U3 Teopuu. Popmyna (10) ana-
JIOTHYHa «mepBoMy BoamylueHuo» B SU(3)- u SU(6)-TeopHsix, KOTOpOe MO3BOJSET
BBIUUC/JIUTb CPENHIOI MacCy 3JIeMEHTOB MYJbTHILIETa (aHajora «BTOPOT'O BO3MY-
lIeHUs1», MPUBOJSILEr0 K paclleNyeHWi0 MacC BHYTPU MYJbTUIJETA, [JIS TPYIIIbl
Pymepa—®erta Het). B Ta6. | npuBeneHbl cpeqHre MacChl «TSKENBIX» MYJbTHIJIETOB
(v = 3, 4) meproOoUUECKON CHUCTEMBl 3/JIeMEHTOB, BBIYMCJEHHBIX COTJIAaCHO (Dopmysie
(10) mpu mo =1, a =17, b =5,5. M3 1a6. 1 BUAHO, YTO TOUHOCTb MEXKAY IKCIEPH-
MeHTaJIbHBIMU W TEOPeTHYECKUMH 3HAUeHUSIMU MacC BO3pacTaeT M0 Mepe yBeJuye-
HUS «TSKECTH» MYJIbTHUIJIETa, cJenoBaTesibHO, ¢popMysa (10) siBasieTcss aCHMITOTH-
yeckod. Mck/roueHHe cocTapisieT mocaeqHuid My abtumieT (v = 4,s = 1/2, A = 0),
cocrosAMi U3 runoretuueckux 3aeMeHToB Uue u Ubn, mMaccel KOTOpbIX He sIBJS-
I0TCSl SKCMEPUMEHTAbHO MOATBEPKAEHHBIMH.

Ta6s1. 1. CpenHre mMacchl «TSIKE/bIX» MYJbTHIIETOB
| Myabrunier | Macca (sker.) [ Macca (reop.) | Ilorp-cte, %]

1. [(v=35=—-1/2,A=2)] 5531 53 —436
2. |(v=3¢=-1/2,A=1)| 76,65 75 —2.2
3. |(v=3,¢=—1/2,A=0)| 86,54 86 —0,63
4. |(v=3¢=1/2,A=2) | 99,76 104 4,07
5. |(v=3,¢=1/2,A=1) |12351 126 1,98
6. |(v=3s=1/2,A=0) |13512 137 1,37
7.l (v=4,5 = —1/2, A = 3)| 154,59 156 0,90
8. |(v=4,¢=-1/2,A=2)|187,96 189 0,55
9. |(v=4,¢=-1/2,A=1)|210,21 211 0,37
10.|| (v =4, = —1/2, A = 0) | 224,52 222 ~1,13
.|| (v =4, =1/2,A=3) |244,56 241 —1,48
12.| (v =4,8 =1/2,A=2) |273,10 274 0,33
13.||(v=4,5 =1/2,A=1) |290,83 296 1,75
14.||(v=14,8 =1/2,A=0) |318" 307 —3,58"

Haiiném cpenHiolo mMaccy mepBOro MyJbTHIJIETa I'PYIIBl CyNepakTHHOULOB (v =
5,8 =—1/2, A\ =4). llonarasg mg =1, a = 17, b = 5,5, ua popmyisl (10) noayunm
m = 316. CpexHsis Macca BTOPOTO MYJIbTHUILIETA CyNepakKTUHOUAOB (v =5, s’ = 1/2,
A = 4) NpU TeX Ke 3HAUEHMSIX KOHCTAHT paBHa m = 435. DKCTPANONUPYsl Pa3HOCTb
CpPeIHMX MacC MeXIy TEeOPeTHUYEeCKHMMH W 3KCIIEePUMEHTAJbHBIMU 3HAUEHUSIMH MJIs
«TSKEJBIX» MYJbTHINETOB (v = 3,4,5), MoJay4uM NpUOIHKEeHHble 3HAueHHs Macc
3JIEMEHTOB I'PYIIIBI CYMEPAKTHHOUIOB (CM. Tab. 2). DTH 3JeMeHThl SBJISIOTCS YaCTbIO
pacwupennotl nepuoduueckoii cucmemot (Tabnuupl Cubopra'?). B 1a6.2 Bepxuuii
JIEBBIH MHJEKC 0003HayaeT aTOMHBIM HOMep 3JeMeHTa, a NMpPaBbll HUXKHUHU — €ero
maccy.

12TeopeTrko-rpymnmnosoe onucanue Tabauipl Cubopra B pamkax rpynnbl Pymepa-®era BbIXOAHT
3a paMKM HacTosilled cTaTbd U OyleT NMOAPOOHO pPAacCMOTPEHO B cjaefylollell padoTe.
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Ta6s1. 2. ['pynna cynepakTHHOWIOB
’ ‘ H(V:5,8/2—1/2,/\Z4)H(V15,S/11/2,)\:4)‘

s=_1)2 U bty T Usttg
p=—4 12 122 by, 172Usb g0
s=—1/2 2 Ubtys 5 Ust 10
p=-3 s=1/2 **Ubqy "Usqy3
s=—1/2 *Ubpys " Uspyz;
P==20s=1)2 126Ublgy, 176Ushag
s=—1/2 127TUbs;599 1T Ussy37
p=-1 s=1/2 1282Uboss5 178 Us 0,440
s=—1/2 129Ubesq7 19Use 0
n=01g_1 130Uty 50Uon,4
s=—1/2 BlUtugs, BlUouyyq
p=11s=1) 152Uty 1820
s=—1/2 133 Utt536 3 Uotys
p=2 s=1/2 1Utq 5 "*1Uo0qys,
s=—1/2 " Utpgy, "Uop,s5
P=31g—1/2 16U thy, 186U oh 5
s=—1/2 13TUts345 "1 08460
p=4 o 1/2 138Ut 188U 00443

5. Peanusanus onepaTopHoil ajareopsl

Kak u3BeCTHO, B OCHOBaHHM ajredOpandyeckoil (pOPMyJHPOBKH KBAHTOBOH Teo-
puH JeXuT KoHCTpykuus [enbpanna—-Haitimapka—Curana (I'HC), saknrovarommasics
B KAHOHMYECKOM COOTBETCTBUHU w <> T, MeXIY COCTOSIHUSIMM H LHKJIHUYECKHMHU
npencraBjaeHusiMu C*-anre6psl [36-38].

[lycte, cornacHo akcuombl A.I (m.2), x omeparopy sHeprun H npHcoeiHHEHbI
reHepaTopbl KOH(OPMHOH TPYMIbl, SBJSIOLIENCS B 1aHHOM KOHTEKCTe IPYIoi (yH-
nameHTaabHOH cuMMmerpuu (G = SO(2,4)). CnenoBatesipHO, Kaxoe cOOCTBEHHOE
MOATIPOCTPAHCTBO Hp omepaTtopa SHEPrHH WHBAPHAHTHO OTHOCHTEJIBHO ONEPaTOPOB
npenctasienuss F+ konhopmHoi rpynmbi!'®. 1o N03BoNAET MOIYYUTh KOHKPETHYIO
peanusauuio («omeBaHHe») omepaTopHod anrebpul m(A) — w(H), rne # = F*. Ta-
KAM 00pa3oM, Kax/0e BO3MOXKHOe 3HaueHHWe JHepruu (3HepreTHUeCKHH YpOBEHb)
SIBJIsIeTCS] BEKTOPHBIM cocTosiHueM Buna (akcuoma A.II):

(@] R(H)®) (@ | FHH)D)
vl =gTay T @le)

rae |®) — UMKIMYeCKUH BeKTOp ruibOepToBa MpocTpaHcTBa Hoy.

13310 coemyer U3 cxoACTBa KOMIIEKCHBIX 060/104eK rpynnosbix anredp sl(2,C), so(4) u s50(2,4).
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Hanee, B cuny usomoppusma SU(2,2) ~ Spin, (2,4)", Gynem paccmarpusathb
YHHUBepCaJ/bHYI0 HaKpbIBAIOLLYIO C~¥f KaK CNUHOPHYK epynny, UTO IMO3BOJUT J0-
MOJHUTENBHO aCCOLMHMPOBATh C KaXKIbIM LHKJIHUYECKHUM BekTopoMm |P) € H.,, mau-
cmopHyro cmpykmypy. COUHTEH30pHBlE NPeCTaBJeHUs T'PYIIbI CNJf = Spin_ (2,4)
00pasyioT cyOCTpaT KOHEYHOMEDPHBIX MPeACTABICHUH T4 )2 /2, Tk/2,r/2 KOHPOPMHOH
PYMIbl, Peanu3yeMblX B MPOCTPAHCTBAX Symyy ) C Spr+r H Sym(,w C Sokir, THE
Sok+r — crnuHIpocTpaHcTBO. [leficTBUTENbHO, TBUCTOP Z% = (8%, S4) SBJSIETCS BeK-
TopoM (DyHIAaMeHTaJbHOrO MpeicTaBJdeHust rpynmsl Spin, (2,4), rme a,& = 0, 1.
BexTopom 0611iero CyHTeH30pHOTO MpejAcTaBaeH s IPynnsl Spin, (2,4) sBasercs

Z=|_|, (11)

rae S — CIIMHTEH30p BHAA

S =si o :Zs‘“ ®RSPR: Q8™ RSy ®Ss, X ® 84, qpd;=0,1;
T. €. BEKTOP CNHMHIPOCTPAHCTBA Sor+r = Spr @ Sor, Te Sor — JyaslbHOe CITHHIIPO-
CTPaHCTBO. S — CIMHTEH30p U3 COMNPSKEHHOrO MPOCTPAHCTBA Soktr. CHMMETPUIH-
pysl KaXkablii U3 cuHTeH30poB S u S, Bxopawux B (11), Mosydum cHMMeTpUYecKuE
meucmmen3op Z. B cBowo ouepenb, Kak H3BeCTHO [39], CHMHMIPOCTPAHCTBO SIBJISA-
eTcs MUHHMaJbHBIM JIeBBIM HeasioM anre6pnl Knuddopna Cl,,, T. e. cyuiecTByer
nsomopuaM Som(K) ~ I, , = (I, . f, Tie f — NPUMHUTHUBHBIH HAEMIIOTEHT a/ire6pbl
Uy K= fCl,,f — xombuo penenust past Cl,,, m = (p + ¢)/2. KommniekcHoe
CIIMHIPOCTPAHCTBO Sym (C) siBnsieTcss Kommiekcupukauneidn C @ I, , MUHHMaJIbHOTO
JeBoro uueana [,, BeuwecTBeHHOH nopanre6oper Cl,,. CienoBaTesNbHO, Sok+r ABJSA-
eTcsl MHHHMAaJbHBIM JIeBHIM HealoM KOMIIeKcHOH anre6pbl Cop @ Coy, o Cok+r)
(6osiee moppobHO cM. [41,42]).

Omnpenenum cUcTeMy 0a3UCHbIX UUKAUYECKUX 6eKmOopos, HaleN€HHbIX KOM-
MJIEKCHOE TBUCTOPHOM CTPYKTYpO#i'®, H COOTBETCTBYIOUIMX CHCTEMe KOHEYHOMEPHBIX

“Yzomopduam

SU(2,2) = {[é g} € Cy: det [é g] = 1} ~ Spin  (2,4)

ciefyer u3 anre6pandeckoro onpefenenus rpynnsl Kanddopna—Junmmna I'p 4 (eM. [39,40]):

N(s) = 1} .

rie C4 — anre6pa Hupaka, C¥1,; — anre6pa aHTH-KBaTe€PHHOHOB.

15TIo cyTu TBHCTOpHAS CTPYKTYpa eCTh «yABOEHHe» CIIMHOPHOH CTPYKTYphl. B CBA3H ¢ 3TUM BO3HH-
KaeT BOMPOC: KAKOH (DU3HUYECKUH CMbICJI HMeeT CIHHOPHAsS (TBHCTOPHASI) CTPYKTYpa, aCCOLUUpyeMast
B JAHHOM KOHTEKCTE C LIHKJIHYECKHUMH BEKTOPaMHU IHJb0epToBa npocTpaHcTBa? OTBET Ha 3TOT BOMPOC
MOXKET JaTh XOPOLIO U3BECTHAsl aHAJOTHsl MEXIy CIIMHOPOM M Ky6utoM. Kak usBecTHO, Kybum ecTb
HecernapabesbHOE COCTOSIHUE, 3a/laHHOe Cyreprnosuunelt [¢) = a|0)+b|1), rae a,b € C. Ky6ur ectsb
MHHHMAJIbHO BO3MOXKHbBIH (3/1eMEHTApHBIA) BEKTOP COCTOsIHHs. JII0GOH BEKTOP COCTOSIHHST MOXKET

Cotl,—iCod}, -Cedi,+iCe 03,

Spin, (2,4) ={s ¢
pin. (2,4) {5 Colh,+iCodi, Codf,+iCed},
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NpeACTaBIeHUH KOH(POPMHOH TPyIIIHL:
| Co, T0,0(H)®P);
| Co, T1j20(H)®), | Co,To1/2(H)®);
| Cy ® Co, T10(H)®), |Cy®Co,Tijonjo(H)®), |Cy®Co,1o1(H)P);
| C, ® Cy ® Cy, 7'3/2,0(H)¢)>7 |C®Cy® CQ, Tl,l/Q(H)(I)>7
| Co ® C,® C2, T101(H)®), | C,RC® C2, To3/2(H)P);

| Co, Too(H)®);
| m@>7 | C2770,1/2(H)(I)>§
| C,® CQ,Tl,o(H)CD>, | C,® C2,7'1/2,1/2(H)q)>7 ’ C2 ® C277'0,1(H)(I)>;
| Co@Co®Cy,Ty/00(H)P), |Co0Co® Cs, T11/2(H)®P),
| C, ® Cy ® Co, T1jo1 (H)D), | Co® Co® Ca, Toz2(H)P).

CnenoBaresnbHo, corsacHo KoHCTpykKuuu [HC (akcuoma A.II), nMeeM KoMIJieKCHBIE
BEKTOpPHbIE COCTOSIHUSI BHA

(D | Cotgr) Tk/Q,T/Q(H)q)>

wy(H) = BT |
) — (@ | (CQ(k+T)7Tk/2,r/2<H)(I)>
o(H) BT

Corsacno (11), napsl (w$(H),w5(H)) obpasytoT HetimparvHole cocmoanus. Janee,
MHOXKECTBO BCEX UHCTBIX COCTOSHUE (w§(H),w(H)) npy BBIMOJTHEHHH YCJIOBHS
wg(H) = 0 (Wy(H) > 0) obpasyer (usHyeckoe THIBGEPTOBO NMPOCTPAHCTBO Hoppys
(akcroma A.III) u, cooTBeTCTBEHHO, mpocTpaHcTBo Jayded H = Hyp/S*. Bee co-
CTOSIHHSI (pU3MUYECKOH KBaHTOBOH cucTeMbl U ONUCHIBAIOTCS €IMHHUHBIMH Jy4aMH

ObITh MPEICTaBJeH MHOXKECTBOM TAaKHX 3JIEMEHTAPHbIX BEKTOPOB, MO 3TOH MPHUHHE KyOWUT sIBJISETCS
HCXOIHBIM «CTPOUTEJNbHBIM KHPIHYOM» [JIsi BCEX OCTAJbHBIX BEKTOPOB COCTOSIHHUS JI000H pasMepHO-
ctu. KBaHTOBOE cocTosiHMe N KyOHUTOB MOXKeT ObITb ONHCAHO BEKTOPOM THJbOepTOBa MPOCTPAHCTBA
pasmeproctd 2. OueBuIHO, YTO 3TO MPOCTPAHCTBO COBMAAAET CO CIMHIPOCTPAHCTBOM Son. Bbi-
GepeM B KadyecTBe OPTOHOPMHPOBAHHOro Gasdca [Jsi 3TOTO NPOCTPAHCTBA COCTOSIHHSI, B KOTOPBIX
Kax bl KyOUT MMeeT omnpeneséHHoe 3HadeHue |0) uau |1). Torma BekTopel Gasuca MOryT OBITb
Npe/CTaBjeHbl ABOMYHBIMH CTPOKaMu Buia |z) = |01110010 --- 1001). O6wui HOPMHPOBAHHBIH

BEKTOD MOXKET OBbITb BbIpa)eH B 3TOM 0asuce Kak Ziigl ay |T), THE Gy — KOMIJIEKCHbIE YMCIA,
VIOBJIETBOPSIIOLIKE YCIOBHIO ¥ |az|? = 1. ¥ike 31ech BuaHA [y0OKasi aHANOTHs MeXIy KyOHUTaMH
M 2-KOMIIOHEHTHBIMH clMHOpaMH. [Togo6HO KyOHTaM 2-KOMIOHEHTHble CIIHHOPbI SBJSIOTCS «CTPOHU-
TeJIbHBIMU KHpPIIHYaMH» CIIHHOPHOH CTPYKTYpPHl (IIOCPEICTBOM TEH30PHbBIX Mpou3BefieHHi anredp Co
u Cy). D10 03HauaeT, 4To B HEKOTOPOM CMbIC/e CIMHOPHAs (TBHCTOPHAsi) CTPYKTYpa MOXKET ObITb
OTOXKJECTBJEHa C HMH(OPMALHOHHON CTPYKTYypo# (Ha 4To paHee yxe yKasbiBas [leHpoys), mpooGpa-
3aMH KOTOPOH SIBJISIIOTCS BCe MaTepHaJbHEIE 00BeKTH (B ayxe «it from bit» Yunepa uau «it from
qubit» n’Apuano).
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M TMPU JaHHOW peasiM3alliy OMepaTOPHOH aJjreOpPbl COOTBETCTBYIOT aToOMaM IMepH-
OIMYECKOH CHCTeMBbl 3jieMeHTOB. [Ipy 3TOM HMMeeT MeCTO TMPHHLHMI CYTePrno3UIIHH
(akcroma A.V).

Cnenys kaaccubukauuu [eiizenbepra [2], BCE MHOXECTBO TPYINI CUMMETpPHH
G caenyetr pa3dbuTh Ha ABa Kjacca: 1) epynner ¢pyHnoamenmanvHolx (nepsutnsbix)
cummemputi Gy, ydacTBylollMe B 00pa30BaHHH BEKTOPOB COCTOSIHHS €MHOH KBaH-
ToBoi cucteMbl U; 2) epynnol dunamuueckux (8mopuurolx) cummempuii G4, onu-
ChIBaloOIMe MPUONHKEHHbIE CUMMETPUH MEXIy BEKTOPaMH COCTOsIHHSI cucTeMbl U.
JrHamnyeckrue cummeTpun (G CBA3BIBAIOT MeXAYy COOOH passidyHble COCTOSIHHUSA
kBaHTOBOH cucTeMbl U (BekTopel cocTostHust |¥) € Hypys). Cummerpust G, cucteMsl
U MoxkeT ObITh MpeicTaBieHa KaK KB8AHMOBbLL nepexod MeXIy €€ COCTOSHHUSMHU
(ypoBHSIMH crieKTpa cocTosiHUE cuctembl U).

[Toxaxewm, 4ro rpynna Pymepa—®eta siBiisieTcsi rpyNnoi AMHaMUYECKOH CHMMeT-
pun. [eiictBuresbHo, rpynna (8) skBuBasentHa SO(2,4)®@SU(2) = SU(2,2)®SU(2)
(cm. [43]), mocKoJbKY OIHO «yaBOoeHHe» B (8) yxe (DakTHUECKH YUUTBHIBAETCS JABY-
JucTHOH HakpwiBatoueii SU(2,2) kondopmuoi rpynnei'®. Tlpu 3ToM aToMbl pas-
JIMUHBIX 3JIEMEHTOB CTaBSITCS BO B3aMMHO-OJHO3HAUHOE COOTBETCTBHE C BEKTOPAMH
6asuca (9) mpocTpaHcTBa npeactasieHus F.,. 31ech nMeeT MecTo npsiMasi aHaJOrUst
¢ (HU3HKOH «3/MeMeHTapHbIX yacTHIl». CorsiacHo Burhepy [46], kBaHTOBast cucrema,

®Ha mporskeHHH Bcefl cTaTbM TEPMMH «yIBOeHHe» BCTpeuyascs MHOTO pas. «YABoeHHe» (WJH
«IByJleleHHe M YMeHbllIeHHe CUMMeTpuu» [laynu) siBiseTcs ONHHM W3 BeLyLIMX IPHHLMIIOB
TEOPETHKO-T'PYIIIOBOTO (XOMHCTHYECKOr0) onmucaHus. B nuceme k [eiizentepry [laynu numer: «JBy-
JleJleHHe U YMeHblleHHe CHMMETPHH, BOT The 3apuT PaycToB nynenb. [IByneneHue — cTapblii aTpulyT
IbsiBosIa (HEZapOM COMHEHHEe HA3bIBAKT “pa3iBoeHHOCTBIO”)» [2, c. 288]. Tefizenbepr ciaenymomum
o6pazoM KOMMeHTHpPyeT mucbMo [laynu: «B mpexHe#d ¢usnke 060J0YKH aToMa eIlé MOXKHO OBLIO
onupathCcsl Ha HarysioHble 06pasbl, 3aUMCTBOBAHHBIE U3 penepryapa KJaccudyeckod ¢usuku. [IpuH-
un cooTBeTcTBUS bopa ¢ukcHpoBas Kak pa3 MyCTb OrpaHUYEHHYIO, HO NPUMEHHMOCTb MOLOOHBIX
o6paszoB. OnHAaKO yXKe B TOM, UTO KacaeTcs 0OOJOUKH aToMa, MaTeMaTH4yecKoe ONHCAaHHEe MPOHCXO-
ISIMIMX B HEH MPOLECCOB 3HAUMUTEJBHO MPEBOCXOAMJIO 3TH 00pasbl MO CTENeHH CBOeH abCTPAKTHOCTH.
MoxxHO OBIIO 1aXKe COOTHOCHUTb C OTHHUM M TEM K€ PeasibHbIM ITI0JIOKEHHEM Belled ABa PasjUyHbIX
U TNPOTHBOpeUalluX APYT Apyry o6pasa, a HMEeHHO KOPHYCKYJSpHOe W BOJHOBOE MpencTaBjeHus. B
(hU3MKe XKe 37eMEHTAPHBIX YACTHL, 3TH 00pa3bl yXKe, 10 CYIIeCTBY, COBCEM HEMPUTOAHBI. DTa (pU3UKa
ewté Gostee aberpakTHa. Jlaist GOPMYJIHPOBKY NPHPOIHBIX 3aKOHOB 3[1eCh He OCTa&TCs MO0TOMY HHKa-
KOU WHOH OTNPaBHOH TOUKH, KPOMeE CBOMCTB CHMMETPHH, BOIJIOLWIEHHBIX B MPUPOJE, HJH, BBIPAXkKasiCh
HHaue, MPeoOpa3oBaHUi CUMMETPUH (HAampUMep, CMEIIeHWH W/ MOBOPOTOB), KOTOPblE H3HAYAJIbHO
OpraHU3yIOT NMPOCTPAHCTBO NMpUpoAbl. Ho Torna Mel HeM36eXXHO NPUXOIUM K BOIIPOCY O TOM, MOYEMY
CYLLECTBYIOT MMEHHO TaKHe, a He HHble Npeobpa3oBaHus cHMMeTpuM. [lpouecc pasnBoeHus, UM
IBYJleJIeHHs, KakK 51 ero cefe NpenCTaB/sgio, MOT Obl HAaM 31eCb MHOrOe OOBSCHHTb, IIOTOMY YTO OH
KaKUM-TO OUY€Hb €CTEeCTBEHHBIM 00pa3oM paclIUpsieT MPOCTPAHCTBO MPUPOMIbI, CO3[aBas TEM CaMbIM
BO3MOXXKHOCTb HOBBIX CUMMeTpPHH. B nieasbHoM ciyyae MOKHO ObLIO Obl AyMaTh, UTO BCE peasibHble
CHMMETPHH BO3HHKJHK KaK CJIe[CTBHe MOAOOHBIX pasaBoeHui» [3, ¢. 342-343]. Ilox «ymeHblieHHEM
CUMMETPHH» CJelyeT MOHUMAaTh I'PYIIOBYI0 PENyKLHIO, T. €. eCJAH HMeeTCsl LelovyKa BJOXKEHHbIX
npyr B apyra rpynn G O G; D G2 D ... D Gy 1 1aHO HENpPUBOIUMOE YHHMTapHOe MpelcTaB/eHHe
B rpynnsl G B npoctpancTBe Hypys, To penykuust G/Gp npencraienus P rpynnsl G 10 MOArpyI-
ne (G; MPUBOOUT K Pa3J/okKeHHIO B B OPTOrOHAJbHYI CYMMY HENpPUBOAMMBIX IMPEACTaBJIEHUH ‘131(.1)
noarpynnsl G1. B cBoio ouepenn, penykuusi G1/Gy npeacraBiaenus rpynnbl G no noarpymnne Go
MPUBOIUT K Pa3JIOXKEHHIO TPelCTaBIeHHH ‘4321) Ha HeNpUBOIMMBbIE TPeNCTaBJEHHS 331(.]2.) rpynnel G
u 1. 0. (cm. [44,45]). Takum 06pasom MPOUCXOMUT PenyKIHs («yMeHblieHHe cUMMeTpuu» [layiin)
rpynnbl G ¢ BBICOKOH CUMMeTpHel Ha 0ojiee HU3KHE CHMMETPHH MOATPYIIL.
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OTHKChIBaeMasi HEMPUBOAUMbBIM YHHUTApPHBIM npedcmasieruem rpynnsl [lyankape P,
Ha3blBaeTCs 3j7eMeHTapHO# dactuueil. C apyro# cTopoHsl, B coraacuu ¢ SU(3)- u
SU(6)-TeopusiMH, 3JeMeHTapHasi YaCcTHIlA OMHUCBIBAETCS 8eKMOPOM HENPUBOAUMOTO
npexncrasnaenus rpynnsl SU(3) (uan SU(6)). CiienoBaTesbHO, HMeEM JIBE€ TEOPETHKO-
rPYTNIOBble MHTEPNPETALUH 3JeMeHTAPHOH YacTHLbL: KakK npedcmagieHus TPYIIIbl
P (rpynnbl (pyHIAMEHTaJbHOH CHMMETPHUH) U KaK 8eKmopa TpeACTaBJeHHs TPyII-
nel guHamudeckod cummetpuun SU(3) (SU(6)). Kpome Toro, cTpykTypa MaccoBoi
dopmyaiel (10) mast rpynnel Pymepa—®era aHasoruuna maccoBbiM opmynam [esi—
Manna-Oky6o u bBera-Cunrxa mnas rpynn SU(3) u SU(6). HeiicTBue rpymnmbl
G4 = SU(2,2) ® SU(2), mogusatoe B Hpyys MOCPEICTBOM LEHTPAJIbHOTO paclInpe-
HUSI, TIEPEBOAUT APYT B Apyra BeKTophl cocTosiHUs |W) € Hypys, COOTBETCTBYIOLIME
pa3JHUUHBIM aTOMaM MePUOTUYECKOH CHCTEMbl 3/1eMEHTOB.
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Abstract. An axiomatic realization of the group theoretical description is considered
for periodic system of elements. The periodic system is represented as a single
quantum system of structureless states. Masses of elements of the superactinide
group are calculated. A relationship between an algebraic formulation of the single
quantum system and twistor theory is established.
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Annotanusa. C nomombio Metoga fmMaryun naercs npejicTaB/eHHe KaK IPYyII
JIn apprHHBIX NpeoOpa3oBaHUi BceX TPeXMepHBIX pas3pellMMbIX rpynn Jlu.

KiroueBbie cioBa: AdduHHAs cTpykTypa, apduHHOE NpeacTaBleHHe, TPEX-
MepHBle paspelrMble Ipymnsl JIu.

Beenenue

B pasauuHbIX Hcc/aeN0BaHUAX Tpynnbl JIM vcnosb3ytores, 6ynydu NpeacTaBJyeH-
HBIMA B (popme rpynn ad@uHHBIX NpeoOpas3oBaHUHU B ap(PUHHOM NPOCTPAHCTBE.
HMetoTest pasavuHble CrocoObl MOCTPOEHUS] TAKHWX MpeacTaBieHUid. B 3Toil craTbhe
cTpoutcsi adpUHHOE TMpejcTaBJeHHe 3-MEpHbIX paspellidMblX rpynn JIu mMeTomom
Amaryun [1,2].

1. Ad¢unubie npencrasaenus rpynm JIu

[Tyctb G - BelecTBeHHas cBsidHas rpynna JIn. OHa nonyckaet aggurroe npeod-
cmasaenue, eclii CyIeCTBYeT roMOMOP(H3M

a: G — Aff(R") = GL(R"),
G 2 g:— a(g) € AII(R"),

rie Aff(R") - rpynna addguHHBIX TpeoOpa3oBaHUE n-MEPHOrO apU(PMeTHUECKOT0
npoctpaHcTBa R™, UM, paBHO, OOLIMX JUHEHHBIX MPeoOpPa3oBaHUU MPOCTPAHCTBA
R™.

2. Mertoa Amaryuu

[lycte nana n-mepnas rpynna Jlu G, eé anrebpa Jlu g, ¢ 6asucom Xy, ..., X,,.
CrpouMm mpencraByieHue

A:g, —gl(gn),
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Takoe, uTo
AX)X; — AXj)X, = [Xi, X (1)

PaccmatpuBaem anre6py Jlu rpynnst Jln Aff(R"):

3]
A
aff(R") = (ﬂ%) : A —n X n— MaTpuua, a = : e R"}.

7
OrnpenesisieM npeacraBieHue
P gn — aff(R"),
nosiarast
t1
p(X) = A) tf , X = zn:tiXi € On,
n i=1
0 0
0
p(X;) = ( AX) fe ) , e=11 11
0 0
:

[Tyctb G(n) — ananutudeckas noarpynmna rpynnsl Aff(R™) ¢ anre6po# Jlu p(g,,).
Torna G(n) = G, u G(n) peiicTByer mpocto TpaHsutHeHO Ha R™ = {(z!, ..., 2", 1) :
' € R} (em. [1,2]).

Hwmeewm 1-napamerpuueckyto noarpynmny exp(t; X;) rpynmnst JIu GG,,, KOTOpo# cooT-
BeTCTBYeT adpuHHoe npeobpasoanue exp(t;p(X)): B R™ = {(a',...,2", 1) : 2' € R}:

G 2 exp(t; X;) — exp(tip(X)) = '?XD) € G(n),

1 1

€T x
x" z"
1 1

[Ipeo6pasoBanus (2) mopoxpaawoT apduHHoe npencraieHue a(G,,):

a: G, —» GL(g,) = GL(R"),
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alexp(t;A(X;))) : — et (Xi) : +tie;, ti €R,

exp : gl(gn) = GL(gn)

rpynnsl JIu G, ¢ napamerpamu (i, ...,t,), NeHCTBYIOllee MPOCTO TPAH3UTHBHO Ha
R3, ecsiv, KOHEUHO, MOXKHO HalTu MaTpuilsl A(X;), ynosaeTsopsioiiuie yeaosusam (1)

[1].

3. IlocTpoenme appuHHBIX MpeacTaBIeHUN
3-MepHbIX rpynn Jlu

Teopema 1. Jlobas cseasnas 3-mepHas paspewiumas 8euleCmeeHHas epynna
Jlu G3 umeem agdunnoe npedcmasrerue o(Gs), delicmsyroujue npocmo mpam-
sumusHo Ha R3,

Jlokasameavcmeso. Vicnonb3yeM KaacCH(pUKAIUIO 3-MEPHBIX BeIleCTBEHHBIX paspe-
IUMBbIX asre6p Jlu us [3].

1. Cs1.

3nech A(X;) = 0, mostomy

1
p(X;) = <%%) . exp(tip(X;)) = ( ? tilei ) , E= 8

U COOTBeTCTBYMollee ap(hrHHOe MpeoOpa3oBaHue

o = O
o O

(xl,xg,x?’) — (x1 +t1,$2,x3),

() 2% 2°) — (2, 2%, 2° + t3).
CanenoBarteibHO, UMeeM adpUHHOE MpencTaBaeHue abeseBoi rpynnsl Gsl:
(ZL’I, IL’2, Z‘3) — (l’l + tl, I2 + tQ, I‘3 + t3>

2. CsI1.

(X1, Xo] =0, [X1,X3] =0, [Xo, X5 =X,

0 —1 0

AX) =AX) =0, AXz)=|0 0 o0
0 0 0
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1 0 0
Xlz 0 7X2: 7X3_ 0
0 0
Torma umeem
10 t 1 0 0]0
etip(X1) 1 0 7 et2p(X2) 01 0t 7
0 0 0010
0 1 0 1
1 —t3 0
gantxs) _ [ 010
0 0 1]t
1

U COOTBeTCTBYyMollee ap(prHHOE mpeoOpa3oBaHUe

(zh, 2% %) — (2, 2% + £y, 2°),

(z', 2%, 2%) — (2 — tyzo, 2%, 2° 4 t3).

(4)

Taxkum o6pasom, rpynna JIlu Gs3I1 umeet caenyollee appuHHOE MpeaCTaBIEHHE:

7t =at —t3a® + 1y,
7% = 2% + ty,

TS = l’3+t3.

3. Cs1I1.

[0, X6 =0, [Xo, Xp] =0, [X3, X)) = =X,

-1 0 0
0 00
Torma umeem
10 t1 10 0
I I I R R L B
0 0 0 0
0 1 0 1

(5)
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e 0 0

gtan(Xs) _ 1040
0 0 1|t

0 |1

U COOTBeTCTByMWOIIee ahduHHOe npeobpa3oBaHue

(zh, 22, 2%) — (e7Bat 22 2° +t3).

Takum o6pasom, rpynna JIu GslI1 vmeer caenywoulee apgpuHHOe NpeacTasJie-
HHe:

T =e B! 41y,
2= 2% 4ty (7)
T3 = .733 + t3.

T
4. C31V.

[X17X2] = 07 [X27X3] — Xl + XQ, [X37X1] = _Xh

-1 -1 0
0 0 O
Torma umeem
10 t1 1 0 0]0
el1p(X1) 0 1 0 et2p(X2) 1 0]t
0 01/0 |’
0 1 0 1
o) —1)n¢n o) —1)n¢n
et3p(X3) — O ZO (712:%? O O
0 0 1]t
0 1

U COOTBeTCTBYyMOlLIee ap(pUHHOE mpeoOpa3oBaHUe

(zh, 2%, 2%) — (et + tse By, e B 2 + ty).
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Takum o6pasom, rpynna Jlu G3IV umeer caenyiollee appuHHOE MpeaCTaBIEHHE:

7' =e Bl 4 tge B 41y,

T2 = e B + ty, (9)
T?) = 1'3 + t3.

5. C5V.

[X17X2] = 0, [X27X3] — Xg, [X37X1] — _Xl7

-1 0 0
0
Torma umeem
0 t 10 0
Sp(X1) 1 0|0 Jt20(Xa) _ 01 0]t |
00 1|0 [’ 00 1[0
0 1 0 1
e 0 010
—t
etar(Xs) — 0 e™= 0
0 0 1]t
0 1
U COOTBeTCTBYyMWollee ap(drHHOe mpeoOpa3oBaHUe
(xh, 2% %) — (2! +ty, 2% 2%),
(x',2%,2°%) — (2,2 + tg,2%), (10)

(zh, 22, 2°) — (e ot e % 2% + ty).

Takum o6pasom, rpynna Jlu G3V umeer caenyioulee aprUHHOe MpeacTaBAeHHE:

fl = eitS‘Tl + tl,
72 = e Ba? 4 t,, (11)
f3 = ZL‘3 + t3.

6. C5V 1.

[XlaX?} =0, [X27X3] = qX» (q # 0, 1)a [X3>X1] =—X,

-1 0 O
AX) = A(X2) =0, AX)=| 0 —¢ 0
0 0 O
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Torma umeem

0 t1 0 0
et1p(X1) — 01 0 et2p(X2) — 01 ta
0 0 1|0 0 0 0
0 1 0 1
e 0 0
etgp(Xg) _ 0 e ()
0 0 1|t
0 1

U COOTBeTCTByMOllee ap(prHHOE mpeoOpa3oBaHUe

(xl,a:2,x3) — (:zc1 +t1,x2,x3),
(z', 2%, 2%) = (¢, 22 + o, 27), (12)

(zh, 22 2%) — (e at e M a? 2% + t3).

Takum obpasom, rpynna Jlu G5V I nmeer crenytoilee appuHHOE NpeacTaBIeHHe:

T =e Byl + t1,
T2 = e M2 4 ¢y, (13)
Tg = 1'3 + t3

7. CsVII.

[leXQ] =0, [X27X3] = —X1+¢Xy (q2 < 1)7 [X?nXl] = —Xy,

0 1 0
0 0 O
Torma umeem
0 t1 1 0 0]0
SHo(Xs) 1 0 7 St20(Xa) _ 0 1 0]ty 7
0 0 0 00 1|0
0 1 0 1
e A(t;) 25 B(ty) 0
6t3P(X3) _ —26723 B(tg) 6723 C(tg) 0

0 0 1|ts
0 1
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rae 2 2
t(4— t(4—
A(t) = cos (4=q) d sin 4=q) ,
2/l =41 Vg2 =4 2y/]¢" = 4]
N (et
B(t) = sin :
Vi =4 2v/l¢* =4
t(4 — ¢ t(4— ¢
C(t) = cos U-dq) _ a sin 4-q) :
2Vl =4l Vi -4 2y/l¢" — 4|
CootBetrcTBylollee appuHHOE MpeoOpa3zoBaHue
(zh, 2%, 2%) — (2! +ty, 2%, 2%),
(zh, 2%, %) — (2!, 2% + £y, 2°),
(24,22, 2%) — (e 5 [A(ts)z’ + 2B(t3)s2a], e 2 [~2B(t3)x* + C(ts)z?], 2° + t3).
(14)

Takum ob6pasom, rpynna Jiu G3VII nmeer craenytoiiee ad@UHHOE MpeacTaBJe-

HHe:

1 —t3q

T =e€e 2 [A(tg)l’l + QB(tg)gl'Q] + 14,

53 = $3+t3.

Teopema nokasaHa.
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YCTOUYUBOCTH HEOQHOPOIHBIX TPEXCJIONHBIX
CTEP2KHEH ITPU HEPABHOMEPHOM I10JIE
TEMIEPATYPHBI B HEJIUHEWUHO YIIPYTOU CPEIE
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NOKTOp (hua0cOdHH Mo MaTeMaTHke, e-mail: prog-nv@mail.ru

HI/IX{HeBapTOBCKI/Iﬁ I‘OCynapCTBeHHbIIL/'I YHUBEPCHUTET, HI/I)KHeBapTOBCK, Poccus

AnHoTauuda. B crathe nccaenyercs 3afada yCTOHUHBOCTH TPEXCJOUHBIX HEOM-
HOPOJHBIX TMPSMOJIMHEHHBIX CTepXKHEH Ha HEeJMHEWHO yIPYyroM OCHOBAHUM MOJ
NeHCTBHEM CXKHUMAIOLUIMX HArpy30K. 3[echb MpearnoJaraeTcsi, YTo CTepKeHb Ha-
XOIWUTCS B HEPAaBHOMEPHOM TeMIIepaTypHOM IoJie W MOAYJU YNPYTroCTH MaTte-
puana cJoeB 3aBUCAT OT TeMmeparypbl. [Js ympyroro ocHoBaHHWS NpUHUMA-
eTcsl HeJIMHEUHBIH MOAesb U MPeANoJaraercs, YTO UIOTe3a MJIOCKUX CeYeHUU
CTpaBe/JIMBa JJIs1 BCEH TOJIIMHBLI 3JieMeHTa CTepxKHs. B obiieM Bume mosyde-
HO ypaBHEHHE YCTOWYUBOCTH paccMaTPHMBaeMOro CTepXKHs U JJis KOHKPETHOIro
caydas HaieHa (opMmysa AJs onpenesieHUs KPUTHUECKOH HarpysKH.

KaioueBble cioBa: HeOTHOPONHBIH TPEXCJOHHBIH CTep:KeHb, TeMIepaTypa,
YCTOHUMBOCTB, KPUTHUECKAS HArpyska.

Beenenue

MHoroc/I0fHBle CTEPXKHU YaCTO MCIOJNb3YIOTCS B KaueCTBe HECYIIHUX 3JEeMEHTOB
BO MHOTHX CJIOXKHBIX KOHCTPYKLHSX, pab0TaIOMIMX B PA3JUYHBIX pEKHUMAX HArpyxe-
Husi. Takrve KOHCTPYKUHH B HEKOTOPBIX CJAydYasX HaXOASTCS Ha HEJMHEHHO YIPyTroM
OCHOBaHHH ¥ B HEPaBHOMEPHOM TeMIIEPaTypPHOM IIOJIe.

B pa6orax [1-4]| uccienoBaHa yCTOHUHMBOCTb OJHOCJHOHHBIX W MHOTOCJOHHBIX
CTepXKHeH MpH HOPMaJIbHOH TeMIlepaType U TOoJ AeHCTBHEM BBICOKOH TeMIepaTypHl.

B nanHoil pabore uccaenyetcs 3afada yCTOHUMBOCTH TPEXCJOHHBIX HEOAHOPO.-
HBIX CTepXKHeH, KOTOpble HAaXONSITCS B HEPABHOMEPHOM TeMIIepaTypHOM Tojie ¥ Ha
HeJIMHEHHO yIPYroM OCHOBAHHH.

IIocTraHoBKa 3ajauyu

PaccmoTpuM ycTOMUHBOCTb TPEXCJAOWHOTO HEONHOPOJHOTO CTEPKHS HAa HEJUHEN-
HO yNPyTrOM OCHOBaHHWH, UMEIOLLEM [IBe OCH CHMMETPUHU T10NePeYHOro CeUeHHUs, C:KU-
MaeMoro no KOHLIaM CHJaMU P Npy HepaBHOMEPHOM Harpese.

KoopnrHatHas cucrema BeibpaHa caenyolum oopasom: ocu OY u OZ HaxonsT-
Csl B MONEPEUHOM CeYeHHUH cTepxkHs; ocb OX HampaBjeHa MO OCH CTepPXKHS.
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31ech mpearnoJaraeTcs, YTo TeMmepatypa B KaxKIOM CJjoe siBJsieTcs: (yHKIueH
KOOpAMHATH! ToJuUHbL (T. e. T; = T;(2)).

CJlon CTep>KHSI H3TOTOBJIEHBl W3 Pa3JHYHBIX HEOJHOPOAHBIX MaTepHasoB, U MO-
[yJIM YIPYTOCTH 3aBUCAT OT KOOPAMHAT U TeMIepaTyphl CleAYIOLIHM 06pa3oM:

El(z) = FEyp — 51(T - T0)>
Ey(2) = By — Bo(T = Tp), (1)
E(z) = FEy— B(T —Ty).

B BO3MyIIEHHOM COCTOSIHMM CTEP2KHSA CBSA3b MEXY NPUPALLEHUSMH HaNpPsKeHUH
U fepopmaunii 6yneT UMeTb BUA:

Ao = E(z)Ae, _Th“ <z < @,
—h —h
Ac' = Ei(2)Ae, TO —h<z< TO’ (2)
ho ho

AO’Q = EQ(Z)A(C:, E g zZ < ? + hl.
BILGCI:\ hl, hg — TOJILIMHBI COOTBETCTBYIOIIUX CJIOEB. HpeﬂHOJIO}KI/IM, 4YTO THIIOTE3a
IJIOCKUX CeyeHUH ClipaBenJinBa AJis BCeH TOJIIMUHBI CTEPXKHA T. €.

Ae = ey + 2. (3)

3nech ey — HOMOJHUTENbHAs AepopMallUsi OCH CTPEeXHs, » — KPHUBHU3HA lleH-
TpaJbHOH JNHUHHU. B 3TOM ciydae npupalleHue YCUJIMH U MOMEHTa OIpele/sioTcs
no gopmysnam:

AP = b/ Actdz + b/ Aodz + b/ Ac?dz. (4)

2 2

C yuérom (1)-(3) u3 (4) Haxomum
AP = [Ewad] — 1A + Ega’ — BA + Egoal — faAf)et
+[Eray — B1A] + Ega' — BA' + Exay — BrAj) >, (5)
AM = [Eya; — f1A] + Ega' — BA' + Eyay — B Asle+
+[Eroai — B1A7 + Eoa® — BA® + Exa; — By A3 5.
B sTux ¢gopmynax BBeneHbl cjeqytolde 0003HAUEHHUS:

—h h h
S L R
a; =b dz, a =b dz, as =b dz,

hg un) hg
= M = 2

P

—hg 0

2 2 e thy
1 1 1
a; =b zdz, a =b zdz, a, =b zdz,
—ho _p, *;0 ho

2 2
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—hg ho ho
2 2 2
al = b/ 22dz, a’ = b/ 22dz, a5 =>b 22dz,
—hg —h —ho hg
2 2
AY = b/ T(z)dz, Al = / T(2)zdz, A2 = b/ T(2)2%dz,
ho ho ho
2 2
AY = b/h T(z)dz, Al = b/h T(z)zdz, A? = b/h T(2)z%dz,
o —o —"o

IlonyuyeHue ypaBHeHUS YyCTOMYUBOCTHU
YpaBHeHHUSsI pAaBHOBECUS] PACCMATPUBAEMOTO CTEPXKHS UMEIT BHUJL,
AP=0; AM=—-PW (7)
C yuéroMm (5) M3 mepBoro ypaBHeHHsI cHcTeMbl (7) MOJTYy4YHUM

_ [E\Oa; — 1A} + Egal — BA' + E50a) — oA
e=—— —— — 7. (8)
[E10aY — 81 AY + Eoa® — BA® + E50a3 — B2 A9

C yuérom (8) u3 (5) mist mpupalleHns] MOMEeHTa MOJMYYHUM CJedyIollee BEIpaXKeHHe
AM = Kol (9)

3nece Kol — 0060011EHHAs XapaKTePUCTHKA TBEPIOCTH CTEPKHS ONpesiesieTcs cle-
AYIOUHUM 06pa3om

Rl — {[E—lo@z _ BLA2 4+ T — BA? + 0l — By AZ] —

- [E_loa% - 5114% + Epa' — BA' + E_ﬂ)a% - 52/1%]2 (10)
Er0af — 51AY + Ega® — BAC + E0a3 — 5,A3 |
YuuteiBas, 4to x = 32712‘, M3 BTOPOTO ypaBHeHHUs cucTeMbl (7) ¢ yuérom (9) mosydum
d>W P
RW =0; R;=—. 11
dx? + 2 ) 2 K2]' ( )

Takum 06pasoM, ypaBHEHHE YCTOHYUBOCTH PACCMATPUBAEMOrO CTEPXKHS MOJYYEHO B
Bune (11).
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Pemenue 3agaun

Jlns perieHUsi KOHKPETHBIX 3aad HeOOXOMUMO 3a/1aBaTh BUJ 3aBUCUMOCTH MOLY-
Jiell ynpyroctd ot KoopauHat. JomycTuM, Temnepatypa siBJseTcsl JUHeHHOH (hyHK-
LIMeH KOOPAHMHATHI TOJLIUHBL, T. €.

TQZ

(12)

[ToncraBnsis (12) B (6), moaydnm:

Cl(l) = bhl, CLO = bho, ag = th

bh? h
ai:—TO[(Sl‘Fé‘%], alz(), 51:h—(1),
bh? h
a%ZTO[(SQ_{_(Sg]v 52:h_za
bh? 1 1 bh
2 _ Yo | _ L (253 2 _ Yo
“= 3 { s tEHu),  a =15

T [1 1
AY = bhy {T151 + 72 [Z_l - (5 ~|—51)2} },

A} :bhg{% H—(l—l—él)Q} L {—1+(1+5l)3]},

2 3 8 2
T 1 1 T |1 1
A2 — ph3 410 2 - 3 20 2 4
2 bh0{3{ 8+(2+5l)1+4 G (2+61) :
2 3
A = by, A= e Uhikg
12 12
T |1 1
Ag:bhO{Tl(SQ"i_?z|:(§+52)2—11},
T |1 1 T [ 1 1
1 _ 2 _1 - 2 = _2 - 3+
AQ—bhO{ 5 {(24-52) 4} + 3 {(2%-52) 8}}’ (13)
1 1 T: 1
A3 = bhyg {T1/3 [(5 +65)° — é] + f {(fmle + 59)t — E] }

[ToncraBnsis Beipaxenus (13) B (10), onpenessieM 06001IEHHbBIE XapaKTEPUCTUKU
XKECTKOCTH CTEp>KHS W BBIYMC/SIEM KPUTHUECKYIO HArpy3Ky Ha OCHOBe (OpMYyJIbl
(10).

[IpuBeneHbl BLIYMC/EHHs TPH Pa3HbIX 3HAUEHHSIX MapaMeTPOB, W MOJyUeHHble
pe3yJbTaThl OKA3aHbl HA PUCYHKe 1.
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F 5-
0.5 [
0.4 ,
0.3 "‘\
0.2 <=
0.1 I~ |

0  0.01 0.01s 0.020 0.025 0.03 (e/K)10-3

Puc. 1. Pesynbrarsl

cm?
B1 = Ba = 1000 ke/cm’*epad; B =800 xe/cm*epad;
Ty = 300K; T! = 300K; T? = 500K;
5 = P/Eyobhy.

10%ke
cm?

h

ElO - E20 - 2 EO = 18 E
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STABILITY OF INHOMOGENEOUS THREE-LAYERED RODS
AT NON-UNIFORM TEMPERATURE FIELD IN A NONLINEARLY
ELASTIC MEDIUM

R.E. Mamedli
Ph.D. (Math.), e-mail: prog-nv@mail.ru

Nizhnevartovsk State University, Nizhnevartovsk, Russia

Abstract. We study the problem of three-layered nonhomogeneous rectilinear rods on
a nonlinear elastic foundation under the pressure of compressive loads in this article.
It is assumed that the rod is in the uneven temperature field and the elasticity modules
of the material layers depend on temperature. For the elastic foundation of nonlinear
model is accepted and it is assumed that the hypothesis of plane sections is valid for
the entire thickness of the element of the rod. In general, we achieve the steadiness

equation of the considered rod, and a formula is found for determining the critical
load in the certain case.

Keywords: nonhomogeneous three-layered rod, temperature, stability, critical load.
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Munsnpasa Poccuu

AnHoranua. B nanHoii crathe npoBesieHa olleHKa 3(()EeKTHBHOCTH aJjljiepreH-
crneungpuyeckoi ummynorepanuu (ACHUT) anneprudeckoit GpoHXHAIbHOM acT-
Mbl (BA), KoMop6uaHOU ¢ annepruueckum puHutoM (AP) u atonmuueckum nep-
matuToM (ATJl) 3a TpEXJETHHEH MEePHUOA MOCPEACTBOM OAHO(DAKTOPHOTO AUCIEp-
CHOHHOTO aHaJ/IM3a MHOTOrPafallHOHHBIX TPU3HAKOB.

KuroueBbie cjoBa: KOppeJiiLHOHHOE OTHOLUEHHe, OpraHH30BaHHBE (haKTOpBI,
INUCKpeTHble BeJUYUHBI, NUCIIEPCUOHHBINH aHa/lu3, OpoHXHaJbHasl acTMa, aJJjep-
TUs, ajjepreHcrnenrn@uyeckas HMMyHOTepanus.

Beenenue

JleueHnve u mpodunakThka OpoHXHa bHOH acTmbl (DA) siBasieTcss omHHUM H3
aKTyasbHbIX MPUOPUTETOB BceMUpPHOW opraHuM3auuy 3[4paBOOXpaHeHUs B 00J1acTH
HerH(peKUHOHHBIX 3aboseBaHui. C 1995 r. HEOMHOKPATHO MPOBOAMJICS MEPECMOTP
pekomennauuil BO3 mo seyennto 6osbHBIX DA, Kacawomuxes TaKTHKY TPOTHBOBOC-
NaJIUTeJbHOU Teparui.

B crtpyktype 6poHXHasbHOM acTMbl Jérkas ¢opma 60Jie3HH, KOTOpasi YCIHelIHO
KOHTpoJipyeTcs, coctaByseT oT 50 mno 75 % mnauueHToB. BosibHBIE ¢ HajudueMm
CpenHeTsKEON U TskKENOH (popMbl DA, KomMopOuaHOH ¢ ajjepromaTosordel, co-
ctaBasitoT 25-40 % u BbI3bIBAIOT GOJIbLIKME TPYLHOCTH B JOCTHXKEHHWH KOHTPOJIS HA
3ab0J/1eBaHUEM.

K pacrnpocTpaHéHHBIM CONYTCTBYIOIIUM 3a00/eBaHUSIM NP OPOHXHAJBHOM acTMe
OTHOCSIT, TIpeXe Bcero, ajjeprudeckuii puHuT (AP), KOTOpbIil HMeeT psii CXOXKHUX
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MPU3HAKOB C aCTMOH, U aTonuueckud pepmaTtut (AJl). MeoUUMHCKUM COOOIIECTBOM
aKTUBHO 00Cy»KJaeTcsd TeMa COYeTaHUsl aJjl/eprhyeckoro pUHUTA U OPOHXHAJbHOU
actmbl. [lo 80-90 % 6Gosabueix BA crtpamaior AP. B orcyrctBue Tepamuu AP y
6onbHBIX DA Bo3pacraloT uyactoTa €€ 00OOCTPEHHH M KOJMYECTBO OOpalleHHH 3a
HEOTJIOXKHOH MEeIMLIMHCKOH TOMOILIbIO, TO €CcTh He JedeHHbId AP HeraTHBHO oTpa-
»)Kaetcst Ha TeueHuu DA [1].

Anneprencneunduryeckas ummyHorepanus (ACHUT), npumensiemasi nJisi JeueHus
60JIbHBIX, CTpajawllnX atonudyeckumu IgE-omocpenoBaHHbiMU 3260/€BaHUSIMH, C
1911 r. u B HacTosiliee BpeMsi OCTA&TCs OOHUM H3 OCHOBHBIX IATOreHETHUECKH
000CHOBaHHBIX MeTon0B. OIHAKO, HECMOTPSI Ha KJAWHWYECKHE UCCAeI0BAHUS U MeTa-
aHa/m3bl, fokasbiBamwllre 3ppektuBHocTh ACUT, oHa BCE el npumMeHsieTcss Hemo-
CTaTOuHO U Hcrnosb3yercsi MeHee yeM y 10 % naunentoB ¢ AP u BA. Oneparusnas
rpynna EAACI npopo/mxaer ucc/ie10oBaHHe CTaHIAPTH30BAHHOTO MeToia 3(PPeKTHB-
Hocth ACHT, KoTOpBIE OOHOBPEMEHHO YUHUTHIBAET W CHMIITOMBI 3a00JI€BAHUS, H
noTpeOHOCTb B MPOTHBOAJJIEPIrHUECKOl Tepanuu [2].

MHoroseTHHH TONOXKHUTENbHBIH OMNBIT, HAKOMJEHHBIH OTeUeCTBEHHBIMU U 3apy-
6exxHbiMu assieprosioramu no ACHUT atonuueckux 3abosieBaHHE, TOJYYHUJ CTPOTO
HayuHOe TOATBepxKIeHHe e€ 3pdekTHBHOCTH [3-5]. CorsacHO peKOMeHAALHUSIM TI0
AP u ero Bausuuio Ha BA (ARIA), ACUT ucnosbsyercss Ajst JedeHHUs] CPeaHeTsI-
XKEJbIX U TskKENBIX cuMnToMoB AP [6]. [Ipu 3TOM MOXHO HOCTHYb CYIIECTBEHHBIX
KJIMHAYECKUX Pe3Yy/bTaTOB W CHH3UTb MOTPEOHOCTb B CHMIITOMAaTHUECKHX JeKap-
CTBEHHBIX TIperapaTtax, a TakxKe NOOWUTBHCS COXpaHEHHs] KIHHHYeCKOH 3((eKTUBHO-
CTH B TeueHHe HeCKOJIbKHUX JieT nocJe npekpamenus ACUT [7].

ACHUT nosBosisieT yMEHBIIWTb CUMIITOMBl U YBEJUYUTb 3(P(EKT MPOTHUBOBOCMA-
JUTesNbHON Tepanuu BA, npuuém crepouncteperaromuii apdexkt ACUT umeer nep-
BOCTeNeHHOe 3HaueHue [8,9].

Bcé ellé mpoTHBOPEUMBBLIMU OCTAlOTCS MHEHHsI O MoTeHUHa bHOH poau ACUT
B KauyeCcTBe TepareBTHYecKOro cpeactBa y mnauueHtoB ¢ AtJl. OmHako uMeTCs
nokasareabcTBa dhdextuBHOCTH ACHUT y mauuneHTOB ¢ BbIpaXKEHHBIMU CUMIITOMAMHU

Ar]l (uupgeke SCORAD > 50 6ansos) [10, 11].

Takum o6pas3om, MO JUTepaTypHbIM NAHHBIM HMEIOTCS YKa3aHWS Ha KJWHHUe-
ckyto apdekruBHocts ACUT aronuueckoit BA (BA), BA B coueranuu c ajnsepru-
yeckuM puHutoMm (AP), usosmupoBanHoro aronudyeckoro gepmartuta (AtJl) [12-15].
OnHako naHHble MO KJIWHUYECKOH 3 (PeKTHBHOCTH nanueHTopreHTupoBanHoi ACUT
6osbHBIX ¢ DA cpenHell cTeneHu TsxkecTH, kKomopouaHoit ¢ AP u AtJl, npu Haauyuu
MOJIMBAJIEHTHON CEHCUOWJIN3aLUU OTCYTCTBYIOT.

B cBsi3u ¢ 3TUM Obl/a MOCTaBJeHA Liesb: OLleHUTb 3((eKTUBHOCTb ajJjepreHcre-
LU(HUUECKOH MMMYyHOTepanuu B KOMOMHALMUU C 02a3UCHOH NMPOTHBOBOCHANHUTEJNbHON
Tepanuel ajjepruyeckod OPOHXHAJbHOH acTMbl CpefHel TAXKeCTH, KOMOPOUIHOHU ¢
aJlJlepriyeckUM PUHHUTOM M aTONMHYECKHM JAepPMaTUTOM MpPH MOJMBAJEHTHOH CEHCH-
OUIM3aLKUK NOCPEeACTBOM IHUCIIEPCHOHHOIO aHaJ/IM3a.
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MaremaTnueckuil anmnapar AUCIePCHOHHOI0 aHAJIU3a
U aJTrOPUTM MOCTPOEHUS IUCIIEPCUOHHBIX KOMILJIEKCOB

dakTopsl — 3TO J1060€ BO3/AEHCTBHE UJH COCTOSIHUS, BapHaLksl KOTOPBIX MOXKET
TaK WJM HHaue BJUSTb HA BapUalUM pe3yJbTaTHBHOIO MPU3HAKa.

Opranusanus (pakTopoB 3aKJ0UYaeTcsl B N0A00pe AUCKPETHBIX NapaMeTpOB HJIH
XapaKTepPUCTHK, KOTOpble OKa3bIBAIOT CTATUCTUYECKOE BJHSIHHE Ha pe3ysbTaTHBHbIH
TNPU3HAK, [IPU 9TOM KaXKAOMY H3y4yaeMoMy (paKkTopy NPUAAETCS HECKOJIbKO 3HAUEHHH.
B cooTBeTCTBUM C 3TUMU 3HAUEHHUAMH KaxKAbld (PaKTOp pa3buBaeTcss Ha HECKOJBKO
rpajauuil, nJs Kaxkaod rpajaluy noadupaeTcs MO MPUHLHUNY CJAYydalHON BBIOOPKHU
HECKOJIbKO 00BEKTOB, Y KOTOPBIX BIOCJEACTBUU U M3MepsieTCsl BeJHMUHHA pe3y/ibTa-
THBHOrO npusHaka [16, 17].

Jlnsg Toro, 4TOOBl BBIICHUTb CTeleHb U [NOCTOBEPHOCTb BJIMSHHUS H3ydaeMblX,
M3y4aloT MU OLIEHHWBAIOT Ty 4YacTb OOlleHd BapualMH, KOTOpas BbI3bIBAeTCS 3THMH
¢pakTopamMu. OCHOBHBIM KO3((HUIHUEHTOM, MOKA3bIBAIOUIUM CTeNeHb BJHSHHS TOTO
WJIM MHOTO OPraHM30BAHHOTO (paKTopa, ABJSETCS KBaApaT KOPPEJISLHUOHHOIO OTHO-
wenus [18]. KoppensinoHHOe OTHOILLIEHHe /151 HENPEPhIBHBIX CyYaHHBIX BEJHUYHH
paccuuTbiBaetcst o (opmyde (1), a nasg IUCKPeTHBIX — Mo (opmyse (2).

= Z Z (M (€lp = 2) ~ M(©)) pepdyds, (1)
M (Ele = ) Zy%dy, Mg Zypg(y)dy,
of = M — (M¢)* = 7y2pg(y)dy— 7ypg(y)dy 2,

e = gii (Elzs) — M(€))* p(ys, z2), (2)

ng
M (€|;) Zyypyg!w ME =" yp(y)),
=0
o2 = M¢? - Z% p(y;) Z?/ﬂ? )

JlrcnepcHOHHBIE KOMIJIEKC — 3TO COBOKYIHOCTb Tpafalli C NPUBJIEYEHHBIMU
IJ151 UCCJIeIOBAHUSA NHCKPETHBIMU NepeMeHHbIMU UJIU XapaKTEePUCTUKAMH, CPeIHUMHU
Mo KaXKJ0H rpaganuu (4acTHele CpefHHe) U 110 BCeMY KOMILIeKcy (obiias cpeaHsis).
Ecnu usyuaercsa neficTBre onHOrO (pakTopa, KOMIJIEKC HAa3blBaeTCs OJHO(PAKTOPHBIM,
IBYX (haKTOpPOB — ABYX(PAKTOPHBIM, TPEX U OoJiee (PaKTOPOB — MHOTO(PAKTOPHBIM.

OCHOBHBIMU BeJIMYMHAMH OTHO(AKTOPHOTO AUCIIEPCHOHHOTO KOMILJIEKCa SIBJSIOT-
col:
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C¢ — ofuas BapuallMOHHAs Mepa Pe3yJbTaTHBHOIO NPHU3HAKA;

C, — (jakropuasbHas Mepa BapHalU{ Pe3y/bTAaTUBHOIO NPHU3HAKA;

C, — cayvaiiHasi BapHalMOHHAsl Mepa pe3y/lbTaTUBHOIO NPHU3HAKA.

B Lessix KOMIAKTHOH 3aMUCH OCHOBHBIX (DOPMYJ AHCHEPCHOHHOTO KOMILJIeKCa
BBeIEM CJIe[YIOlHe BCIOMOraTe/bHble BeJHUHHBL:

Si = ZZfijfi, (3)

7=0 =0
g k
2
SQ - fz]gz ) (4)
7=0 =0
k 2
g |22 fis&
z : =0
S3 = ) (5)
- n;
Jj=0
rme 5@ — 3HadeHHe pe3yJbTaTHBHOI'O IPHU3HAKA (ILI/ICerTHaH CﬂyqaﬁHaﬂ BeJIMUHU-
Ha), HW3MEHAIIErocd B pe3yabTaTe CTATUCTHYECKOTO BJWAHHSA OPraHW3O0BAHHBIX H
HEOPraHn30BaHHbBIX (paKTOpOB, 1= O, RN k’, k — KOJIMUEeCTBO BO3MOXKHBIX HCX0oO40B

pe3yJbTaTHBHOIO NPHU3HAKa, a f;; — 3Ha4eHHe 4acTOThl Pe3yJbTaTHBHOIO NPH3HAKA
& TIpU j-OH rpafialliM, g — KOJIMYECTBO BCEBO3MOXKHbBIX IPaflalluil OpraHM30BaHHOIO
¢axra. Kak Gynet BUAHO fajee, B paMKaxX IOCTPOEHHUS AUCIIEPCUOHHOIO KOMILJIEKCa
KBaZpaT KOPPeJSILUOHHOIO OTHOLUEHHUS] CBOAUTCA K OTHOLUEHHIO COOTBETCTBYIOLIMX
BapUaLlMOHHBIX Mep.

Hcnonb3ys Bhillle BBeAEHHble 0003HAUeHHs, 3alMlleM AJs BapUALlUOHHBIX Mep
OCHOBHBIe (pOpPMYJIbl ONHO(AKTOPHOIO AUCIEPCHOHHOTO KOMILJIeKca:

CgZCZ—i‘Cx;

C%:SQ_H; (6)
C, =Sy — 95 (7)
C,=S;— H. (8)

Ecnu mo6yro BapualMOHHYIO Mepy pasfesuTh Ha OOILYI0 BapUalLMOHHYIO Mepy, TO
MoNy4YUM Ko3(P(PHULHEHT BAUSHUS (aKToOpa UM coyeTaHHsl (haKTOPOB, paBHbIH KBaj-
paTy KOppeJsiiHOHHOTO OTHOLUEHHUS:

C C
2 _ z 2 — x

A ecsu momesUTh BapUALMOHHYIO Mepy Ha COOTBETCTBYIOLIEe UHCJIO CTeleHel CBO-
60/bl, MOJNYYUM TUCIEPCHIO:

(10)
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JLnsi mpoBepKH TOCTOBEPHOCTH BJAHSHUS (PaKTOpa UJIU coyeTaHUsl (PaKTOPOB HCIOJb-
3yeTcss Kputepuil ®uilepa B BHIe OTHOLIEHUS COOTBETCTBYIOLLEH (haKTOpHAIbHOH
OUCIIEPCHUU K CITYYaHUHOU JUCIEPCUH:

2
O’I
F=2 (11)

AnropuT™ noctTpoeHUst OAHO(PAKTOPHOTO TUCIIEPCHOHHOTO KOMILJIEKCa.

1. M3 ucxonHo# Tabaulbl JaHHBIX 00BEKT-CBOMUCTBO, PA3MEPHOCTH N X 2, BbIYMC-
JsleM 3Ha4eHus f;.

2. Tlo popmynam (3)—(5) BbIUKC/SIEM BCIOMOTaTeJbHblE BEJUYHHBI S1, S, S3.

3. Hcnonb3ys BelUKCIeHHBIE S1, SS9, .53 M0 dopmynam (6)—(8), BeuUCAseM BapUa-
unonHsle Mepnl Ce, C, C,.

4. HaxonuM KBaapar KOppeJsilHOHHOTO OTHOLIeHHUs n2 1o dopmyJe (9), onpene-
JISIIOUIMH CTeleHb BJIUSHUS OPraHU30BAHHOTO (PaKkTOpa.

5. Borumcsisem obutyio o7, GakTOpHalbHYIO 0o M CIy4aliHYIO 02 JMCIEPCHH MO
dopmyaie (10).

6. /st MpOBEepPKH NOCTOBEPHOCTH BJIUSIHUS MPOBOIUM pacuér Kputepus Puiiepa
F,, xak oTHoLIeHHe (DaKTOPHUANBHOH AUCTIEPCHH K 001Iel aucnepcuu (popmyia

11).
7. IlpoBopuM pacuét ypoBHSI 3HAUMMOCTU « Mo F) mpu cTeneHsix cBobomsl g — 1
Un-—g.

BoiuncauTenbHbIA 3KCIIEPUMEHT U MOJYyYeHHbIEe pe3yJbTaThl

Tsxectp Teuenuss BA, AP u At/l Ha MomeHT o6cJieoBaHHUs MPeNCTaBJISAIN B
6annax, CyObeKTUBHO OLEHHBAEMbIX CAMUMU OOJbHBIMU. YUHUTBIBAJIN BbIPAKEHHOCTh
TIPUCTYTIOB yAyIlibsi, YUXaHUS, 3aJ0KEHHOCTH HOCA, 3yHa KOXHW U HWHTEHCHBHOCTh
KOXKHBIX MpPOsIBJIeHUH 1o 1mKaJje: 0 — OTCyTCTBHE KJIMHUYECKUX CHUMITOMOB, | —
JIErKasi CTereHb BBIPaXKEHHOCTH CHUMIITOMOB, 2 — cpefiHss (yMepeHHas1) CTeleHb
BbIPAXKEHHOCTH, 3 — BbIpaxKeHHble MposiBJAeHUs. B uccaenosanuu yuactBosaau 119
nalueHToB B Bo3pacte oT 18 nmo 32 ser. Pe3ysnbraThl BBIUMCJIUTENBHOTO 3KCIEPU-
MeHTa TpelCTaBJeHbl HUXKe CJAeNyIIHUMH TabJUIaMH.

OnHo(aKTOpHbIe TUCIIEPCHOHHBIE KOMILJIEKCHl PACCUMTBIBANNCh W aHAJTU3UPOBA-
JIUCh TI0 KaXXJOMy CUMIITOMY B OTHAEJbHOCTH, 332 OpPraHW30BaHHBIH (akTop Oblia
BeibpaHa ACUT, npoBonuMasi B TeueHUM TPEX JIeT B ONHOH K3 TPYII U He TPOBO-
ouMasi B APYroH, moJyuatlledl 6a3uCHYH MPOTUBOBOCHAIUTEbHYIO Tepanuio 6e3
ACHUT.
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Ta6auua 1. Tabaua pacrnpenesneHdss cumnroma (n) «puHopesi» o rogam (§) y nmauueHToB
KOMOPOHIHOH ajnepruueckoii bA

Pacnipenesnenve cuMnToMa «puHOpesi» 10 rogam
l1-as rpymnmna 2-as rpymnmna
E\n|O|1|23|€\n|0|1|2
1 | 228(25]33| 1 10|19 12
2 |45(35] 8 2 11(8
3 |68/19| 10| 3 [17]12|2
4 |77/11] 0 4 |19/6 |6

Ta6nuna 2. Tabauna ABYX OXHO(DAKTOPHEIX AHUCIEPCHOHHBIX KOMIIJIEKCOB, PACCYMTAHHBIX 110
CHMIITOMY «DHHOpesl» y MaLHeHTOB ajieprudeckoil BA, komop6unHoii ¢ AP n At]]

Annepruyeckuil CUMITOM — pUHOpesi
1-as rpynmna 2-as rpymnmna
S So Ss H S S Ss H
260 526 |391.9545|192.0454| 134 274 |192.6451|144.8064
Ce Cy C, N Ce Cy C. N
333.9545|199.9090 | 134.0454| 0.7737 |129.1935|47.8387 | 81.3548 | 0.6085
2 | 2 | 2 | | 2 | 2| | %
0.9514 | 66.6363 | 0.3851 | 0.5986 | 1.2601 |15.9462| 0.67795 | 0.3702
F e g—1 n—g F @ g—1 n—g
172.9969 1 3 349 23.5210 1 3 90

Ta6auua 3. Tabauia pacrnpenesneHdss cumnroma (1) «3aj0XKeHHOCTb Hoca» Mo rogam (§) ) y
MalHeHToB ¢ ajjepruueckoit bA, komopbumHoii ¢ AP u AtJ]

Pacnipenesienre cuMnTOMa «3aJI0XKEHHOCTb HOCA»
M0 TrofiaM JieueHHUs
1-as rpymnna 2-as rpymnmna
E\n| O] 1|12]3[&\n(01]2 3
1 1003553 1 |0/0]I11 20
2 |14(48]20|6 | 2 |2(17]12 0
3 42|37 3 |3]18|10
4 (5712560 | 4 |7]19|5 0
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Ta6auua 4. Tabauna aByX ogHO(MAKTOPHBIX IHUCIEPCHOHHBIX KOMILJIEKCOB, PACCUUTAHHBIX MO
CHMIITOMY «3aJI0?KeHHOCTb HOCa» y MallUeHTOB ajyieprudeckoil BA, komop6unHoii ¢ AP u At/]

Anneprayeckuil CHMITOM — «3aJ/I0XKEHHOCTb HOCa»
l-as rpynna 2-as1 rpynmna
Sy S Ss H Sy S Ss H
427 921 773.5340(517.9801| 190 386 |344.8387(291.1290
Ce Cs C. s Ce Cs C. Ma
403.019881255.5539|147.4659 | 0.7963 |94.8709|53.7096| 41.1612 | 0.7524
o2 2 | 2 | | 2| 2| 2| e
1.1482 | 85.1846 | 0.4237 |0.63409| 0.7713 |17.9032|0.343011| 0.5661
F «Q g—1 n—g F 1o g—1 n—g
201.0245 1 3 349 52.1943 1 3 90

Ta6auna 5. Tabauia pacnpeneserust CUMnToMa (1) «IPUCTYIN YAyLIibsi» Mo rogam (£) y MalueHToB ¢
asnepruueckoit bA, komop6unHoit ¢ AP n AtJl

Pacnipenesienre cuMNTOMa <«IIPUCTYI YAYIIbS»
M0 rofiaM JieueHHUs
l-as rpynmna 2-as rpymnmna
E\n| O] 1|12]3[&\n(01]2 3
1 10]0(32(56| 1 [0/0]9 22
2 |18(46]20| 4| 2 |1]10|14 6
3 3841 3 |1|12]17 1
4 161123|4|0| 4 |1]12]11 7

Tabauua 6. Tabauua AByX OfHO(pAKTOPHBIX AUCIEPCHOHHBIX KOMIJIEKCOB, PACCUHUTAHHBIX 110
CUMIITOMY «IIPHCTYI YAYILIbsi» Yy MallMeHTOB ¢ ajiepruueckoit BA, komop6unnoi ¢ AP u Ar]J]

Anneprudeckuil CHMITOM — «IIPUCTYM YOYLIbsI»
l-as rpymnna 2-as1 rpynmna

S Sy Sy H S1 So S3 H
420 910 |771.25|501.1363| 244 562 |503.8064 |480.1290

Ce e | c | on . | G C. N
408.8636|270.1136|138.75| 0,8128 |81.8709|23.6774| 58.1935 | 0,53777
1.1648 | 90.0378 |0.3987| 0.6606 | 0.6656 | 7.8924 |0.343011| 0.4849

F o} g—1| n—g F o g—1 n—g
225.8247 1 3 349 16.2749 1 3 90
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Ta6awna 7. Tabauna pacnpenesneHdsi cuMnToMa (1) «3yld Koxu» 1o rogam (£) y MalHeHToB ¢
asnepruueckoit bA, komop6unHo#t ¢ AP u AtJl

Pacnipenenenue cuMnroma «3yn KOXu»

o rogaM JieueHud

1-ag rpynna 2-as rpymnmna
E\n|O|1]2[3[&\n0]12]3
1 |0(22(54|12] 1 |09 15| 7
2 136/39/|12 2 |0|15|14| 2
3 |61125/2|0| 3 |6/9 13| 3
4 167(2110|0| 4 |3|11|12|5

Ta6auna 8. Tabauua AByX OMHO(PAKTOPHBIX AUCIEPCHOHHBIX KOMIIJIEKCOB, PACCUHTAHHBIX MO
CUMITOMY «3y[I KOXH» Y MallHeHTOB ¢ aJjJjeprudeckoil BA, komopouaHoit ¢ AP u At]{

Anjepruueckuii CUMITOM — «3y[ KOXH»
l-as rpymnna 2-as rpynna
Si So Ss H Sy S Ss H
282 496 | 377.2045|225.9204| 203 413 |336.6774| 332.3306
Cg Cy C. Nz Og Cy C. Nz
270.0795|151.2840|118.7954| 0,7484 |80.6693|4.3467| 76.3225 | 0,2321
o¢ o; o2 U of | o o} U
0.7694 | 50.4280 | 0.3413 |0.56014 | 0.6558 |1.4489| 0.6360 |0.053884
F @ g—1 n—g F e g—1 n—g
225.8247 1 3 349 2.2781 1 3 90

Ta6suna 9. Tabauia pacrnpeneseHdsi cumnroma (1) «BbIPaXKEHHOCTh KOXKHBIX MPOSIBJEHHE» 110
rofgam (§) y nmauueHToB ¢ anneprudeckoil BA, komopounnoit ¢ AP u At]l

Pacripenenienre cuMNTOMa «BbIPaXKEHHOCTb

KO2XKHbIX HpOHB.HeHI/Iﬁ» [10 ToAaM JiedyeHHUus

1-ag rpynna 2-as rpymnmna
E\n| O] 112[3[&\n0]12 3
1 10]4/|70{14) 1 |0/ 0|30 1
2 |17/46|17 2 |2|10{16| 3
3 |45/41| 2 3 |1|12]16) 2
4 160(27] 1 4 |1|10/17| 3
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Tabauua 10. Tabauua aByX oZHO(AKTOPHBIX AUCHEPCHOHHBIX KOMILIEKCOB, PACCUHTAHHBIX MO
CUMITOMY «BBIPaXKEHHOCTb KOXKHBIX MPOSIBJIEHUE» y MALMEHTOB C ajjeprudeckoil BA, koMop6unHou

¢ AP u At
Annepruyeckuil CHMITOM — «BBIPAXEHHOCTb KOXHbBIX MPOSIBJIEHHH»
l-as rpynna 2-as rpynmna

Sy S Sy H S S S H
364 676 |548.6136|376.4090| 217 429 |383.1935| 379.75

Ce C, C. m | G | a | c |
299.5909|172.2045|127.3863 | 0,7581 | 49.25 |3.4435| 45.8064 | 0,2644

2 | 2 | 2 e 2 e 2 e
0.8535 | 57.4015 | 0.3660 | 0.5748 |0.4004|1.1478| 0.3817 [0.0699
F « g—1 n—g F « g—1 n—g

156.8121 1 3 349 3.007 1 3 90

Ta6suna 11. Tabnuua pacnpenenenus yposHeldt hapmakorepanuu (n) mo rogam (£) y mamueHTOB C
annepruueckoit bA, komop6uaHoit ¢ AP n AtJl

Pacnpenenenue ypoBHell hapmakoTepanuu
10 TojaM JieueHHUs
1-as rpynna 2-as rpymnmna
E\n| 0|1 2]3|{\n|2 3
1 1007711 1 |24 7
2 1221165|0| 2 |29 2
3 133/15]40 3 129 2
4 153/31(32/0| 4 |23 8

Tabauua 12. Tabauua AByX 0ZHO(AKTOPHBIX AUCHEPCHOHHBIX KOMILIEKCOB, PACCUMTAHHBIX MO
YPOBHSIM K TpeOOBaHHIO B (hapMaKoTepanuu y MalueHToB ¢ ajjeprudeckod bA, komopouaHoi ¢ AP

u Ar]l
YpoBHU TpebyeMo# (hapMaKoTEpONHU
l-asa rpynmna 2-as rpynna
S S S3 H Sh Sy S H
500 994 |810.0454|3710.2272| 267 591  |575.9032|574.9112
e | ¢ C. 0, Ce C, C. N
283.7727|99.8181]183.9545| 0,5930 |16.0887| 0.9919 | 15.0967 | 0,2483
2 | 2 | 2 | # | & | 2 | & |
0.8084 |33.2727| 0.5286 |0.351754| 0.1308 | 0.9919 |0.123744| 0.0616
F « g—1 n—g F « g—1 n—g
62.9444 1 3 349 3.007 |0.994575 2 90
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Anaaus MMOJY4YE€HHBIX pPe3yJbTATOB W BbIBOAbI

B 1-o# rpynmne (mauneHTH Ha (oHe 6A3UCHON MPOTHBOBOCHANUTENbHOMN TepaNuu
(BIIBT) noayuanu asnnepreHcrenuduueckyto ummyHorepanuio (ACHT)) no Bcem
KJIMHUYECKHUM MPOSIBJAEHUSM OPOHXHAJbHOH acTMBbI, ajlJlepruuecKoro puHUTa U aro-
MUYECKOTr0 JIepMaTHTa K OKOHYAHHIO 3-XJeTHEero rnepuofa HaOMIONeHUs TPOC/IeKH-
BAIOTCS IOCTOBEPHBIE PA3JUYMS 110 OTHOLIEHUIO K MCXOAHBIM MOKA3aTeJsiM.

[Tpu 3TOM BO 2-0# rpyrre OTMeUeHO OTCYTCTBHE CTAaTUCTHUECKH 3HAYMMbIX pas-
JUYUH 49acToThl o6ocTpeHHH DA, cremeHH BbIpa)KEHHOCTH KOXHOTO 3yza, 00bEéMa
¢papmakorepanuu, nokaszareseii OPBl u ACT kK okoHUaHHIO TpeTbero roma Tepa-
nud. B dacTHoCTH: B NUHAMMKE €XErogHo B 2 pasa yBeJUYUBAETCS KOJUYECTBO
MalKWeHTOB ¢ KYNHPOBAaHHEM PUHOpPEW Kak OfHOro u3 cumntomoB AP, xoTopwi#l K
OKOHYaHHIO TpeTbero roga kom6unuposanHo# tepanuu (BIIBT+ACHT) nonHocTbiO
ucuesaet y 87,5 % mauueHTtoB, a y 12 % ocraércs Jérkas 3NH30AHYECKas ero
dhopma.

Y mauueHTOB 2-0H TpyMMbl TakKe OTMedyeH Xopollui 3ddekT Ha ¢doHe Tmpo-
nosmxatoiedics BIIBT, k kKoHuy TpeTbero roma 6asucHO# MPOTHBOBOCMAJIUTENbHOM
Tepanuu puHopest KynuposaHa B 61 % cayuasx, jérkas e€ (hopma 3aperucTpupoBa-
Ha y 19 % 6osbHBIX, ofHAKO elé y 19 % mauneHTOB ocTaéres cpenHe-BhIpaXKeHHas
€€ HTeHCHBHOCTh. CTaTUCTHUECKH 3HAUMMOE CHUXKEHHE BbIPayKEHHOCTH CUMIITOMOB
3aJ10}KEHHOCTH HOCA y MAHeHTOB |-OM IPYyMIbl M0 CPABHEHMIO C MAaLUeHTaMU 2-0H
TPYIIIBI MPOSIBJISAIOCH K KOHILY BTOPOTO Kypca Tepanuu U COXPaHSI0Ch K OKOHYaHHIO
3-ro Kypca. ¥ MOJIOBHHBI MallMeHTOB 00€MX T'PYMI K KOHIy BTOPOTrO r'ofia JieYeHHs
JIOCTUTHYTO KYNHPOBaHHE 3a/0KEeHHOCTH Hoca. K okoHUaHMIO HccienoBaHHs TPo-
IEHT OTJHUYHBIX pe3y/bTaToB B l-oif rpynme yBesauuuscs ¢ 50,4 % no 64,8 %, y
28 % coxpaHsIUCb JIErKHUe MpOosiBieHHs, B 7 % cJydaeB — 3aJI0)KEHHOCTb HOCA
Obla CpeqHell CTeMeHH BbIPAaXKEHHOCTH, Tpebyiollasi HEMpPepbIBHOW MPOTHBOBOCHA-
autesibHOH Tepanuu. [lpu atom y 35,8 % mauueHTOB 2-0d Tpynmbl K OKOHYAHHIO
UCCJIeJOBaHHUSl 3a/10)KEHHOCTb HOCa BO30OHOBHUJACH, JIETKasi e€é (opma perucTpupo-
Basiack B 61 % cnaydaes, cpenHetsikénas — B 16 %.

JlnHaMMKa 4acTOThl MPUCTYIIOB OPOHXMANBHON acTMBl TIOKa3aTe/bHa CIYCTS /Ba
rofa Tepanuu y nauueHToB obeux rpynm. ¥ 52 % GosbHbIX 1-0f rpynnbl u 33 %
— 2-0# rpynnsl AOCTUTHYTO KYNHpOBaHWe MPUCTYINOB YyAylibsi. B mocnenyromiem
KOJIMUECTBO MAaLMEHTOB C MOJHBIM KyNHPOBAaHHEM YAYyIbs yBeJuHuuWBaeTcs B l-oi
rpynne ¥ K OKOHYaHMIO 3-ro roma Tepanuu pocturaer 69,4 %, mpu atom Bo 2-0#
TPYIIe UYUCJO TMALHWEHTOB C OTCYTCTBHEM IPUCTYNOB OPOHXHATBHOH acTMbl PE3KO
YMeHbILIAeTCsl U OCTUTaeT 3 %, MPAaKTHUECKH PABHOMEPHO paclpelessisich B JETKYIO,
YMepeHHYI0 U BbipaxkeHHY0 ctenenb (38,7 %, 35,5 %, 22,6 % COOTBETCTBEHHO).

JlaHHBIE TIO aHA/M3y WHTEHCHBHOCTH 3y/a KOXKH CBHIETEJbCTBYIOT 00 3ddek-
TUBHOCTH MPOBOIMMOH Tepanuu y MauydeHToB 1-0# rpynmel — Tak, K KOHIY 3 Kypca
Tepanuu 76,1 % MalueHTOB OTMETHJIM MOJIHOE ero KynupoBaHue, npu 3tom 23,9 %
yeJIoBeK 0eCMOKOMJIO 3MU301YeCcKoe ero BO30OHOB/eHHe. Y NalUeHTOB 2-0i Ipynbl
N0OUThCS KyMUPOBaHUs 3ya yaanoch auiib B 10 % caydasx, B 35,5 % — 3ya HOCHJI
3MU30IUUECKUE XapaKkTep, ofHaKo Y 38,7 u 16 % GoJbHBIX KOXKHBIH 3y COXPaHsJICS
C YMEpPEHHOH U BBICOKOHU CTeNeHbI) BBIPAKEHHOCTH.
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Hcnonb3oBanne onHO(pAKTOPHOrO AHCIIEPCHOHHOIO aHajM3a MO3BOJMIO 3a(HK-
CHPOBaTb MOJIOXKHUTEIbHYIO AWHAMMKY YMEHbLIEHHS KJIMHHUYECKHUX MposiBieHUH DA
1 KoMOpOuIHOH ¢ Hed matosiordd (AP u At]l) Ha NpOTs2KEeHUH BCEro TPEXJIETHEro
nepuona ACHUT B komnsekce ¢ BIIBT. OcoGbili HTepec BbI3bIBaJa BO3MOXKHOCTD
MPOCJEeUTh U3MEeHEHHs] KaueCTBEHHBIX MTPU3HAKOB 110 CTEMEeHU BbIPAXKEHHOCTH, a He
TOJIBKO 10 HAJIUYMIO UJIH OTCYTCTBHIO CUMIITOMA.

Kom6unuposanHasi tepanusi (BIIBT+ ACHT) y nanueHToB ¢ ajsepruyeckont
BA cpenHe#t cTeneHu TsikecTH, KomopbunHod ¢ AP u ArJl, npu HaJoM4YUM TMOJKBa-
JIEHTHOH CeHCHOW/IM3alUU K ObITOBBIM W TIBLJIBIEBBIM ajljlepreHam, yepe3 3 romga ot
HayaJsa KOMIJIEKCHOH Tepanmuu M03BOJIsieT 1OCTHYb MOJHOrO KyMUPOBAHUS KJIMHHUe-
ckux nposinenuit BA (86,3 %), ¢ ormenoit BIIBT B 63,6 % cayuaes.

Ynyduenve TeyeHus: KOMOpOHUAHOM naTonoruu Ha (poHe KomOGrHUpoBHHON BIIBT
u ACUT x okoHuaHHIO 3-TO Kypca Tepanud NaéT MaKCHMaJbHBIH KJIWHHUUECKHH
3¢ (}eKT B BHIE OTCYTCTBHSI 000CTPEHHE KOXKHBIX MposiBaeHUH (76,1 %) W mosHOro
KYTHPOBaHHUsl HazalbHOH oO6CcTpykuuu (64,8 %).
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AnHoTtanusa. Posb cTaTby 3akJ/iouaeTcss B pa3paboTKe HOBOTO aaropuTMa (Me-
Toza) (paKTOPHOrO aHa/M3a, BKJIOYaollero B ceds MPOABHHYTYIO MOJeNb B3au-
MOOTHOIIEHHH (PAaKTOPOB M UCXOAHBIX MEPeMEeHHBIX, KOra B MOAeJNH YYHUTHIBA-
I0TCSl He TOJbKO JIMHEeHHble cjaraemele, HO U KBaJpaTH4HbIe, T.e. pa3JjoxkKeHHe
N0 BTOPOH cTerneHW. Takasi Mofe/b OTHOCHUTCSl K KJAacCy HeJUHEHHBIX CTPYK-
TYPHBIX MoJeJield. AJrOPUTM pacuéTa Mo3BoJisieT CTPOUTh YTOUYHSIOLLYI0 MOJIEb,
UCCJIeNIOBATh BAUSIHHE HEJIMHEHHOH COCTaBJs0IIeN B (paKTOPHOM BJIUSHUU. Tak-
JKe pazpaboTaHa COOTBETCTBYMOLIAs MporpamMma C rpaduyecKuM HHTepdercom
NoJIb30BaTe s, CoCOOHAas MPOBOANTb KBaAPaTUYHBIHA (DAKTOPHBIA aHAaIU3 HOBBIX
JAHHBIX TI0 3arpy3ke HOBBIX AaHHBIX. J[aHHAs CTaTbsi HOCUT Kak IMPUKJAIHOH,
Tak U (yHIaMeHTaJbHBIH XapakTep. IIporpamMmma W COOTBETCTBYIOLIMH BbIUMC-
JIUTEJIbHBIH aJTOPUTM MPOTECTUPOBAHBl HAa peaJsibHbIX NaHHBIX, UTO MO3BOJIUJIO
CPaBHUTb MNpeAbIAYIIHEe PACUEThl MO 3TUM AAaHHBIM AJs JUHEHHOro (akTOpHO-
ro aHaju3a C MpelJjaraeMblM B CTaTbe KBaipaTHuHbIM. Ha 6aze yucaeHHBIX
MeTO/I0B HeJMHeHHOW ONTHMH3alUHU C YCJOBUAMH pa3paboTaH Ccrnocod HaxXox-
JIeHHs OLleHKH NapaMeTpoB HeJIMHeHHbIX CTPYKTYPHBIX ypaBHeHHUH. B kauecTse
KPUTEpHS ONTHMAaJIbHBEIX NTapaMeTPOB CTPYKTYPHBIX ypaBHeHUH BbIOpaHa MHHU-
MU3aLHs HeBS30K CTPYKTYPHBIX ypaBHeHHH Monesu. IIpoBeneHo TecTHpoBaHHe
JIAHHOTO MeToJa [/ MOJEJH KBagpaTHYHOTO (PAaKTOPHOTO aHa/M3a apTepHalib-
HOH TUMepTeH3WH HayaJbHOH CTaJUH C COOTBETCTBYIOLIEH NpPOrpaMMHOH pea-
JA3aluued.

KuaroueBble ciaoBa: aprepuasbHas TUlepTeH3us, (aKTOpHBIA aHa/lW3, CTPYK-
TypHble YpaBHEHHS.

BBenenue

CTpyKTypHBIE YypaBHeHHS SBJAAIOTCS (DOPMOH ONMHUCAHHUS 3aBUCHMOCTEH MeXIy
M3MepsieMbIMU U JIATEHTHBIMU (He M3MepsieMbIMH) MepeMeHHbIMH HCCJIeNyeMOro 00b-
ekTa. MeTon MOIe/NUPOBaHHS OTHOLIEHWH MeXXIy HEeCKOJbKHMH H3MEpPeHHBIMH U
JATeHTHBIMU MepeMeHHBIMH odopmuics B 1970-x rr. B paborax craructukos K. Ho-
peckora u Il. Cépboma [1], couuosoros I'. basnoka, O. Ilynkana [2,3], sKoHOMeT-
puctoB A. Tonnbeprepa [4] u ncuxomerpucta [I. Bentnepa [5]. B of6uiem cayuae
TaKhe 3aBUCUMOCTH MOTYT UMETb HeJUHEeWHBbIH XapakTep (PyHKLUHUH MOOEJIH.
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[lenbro naHHOH paboThl fIBAsSleTCS IMOUCK crocoba OLEHKH MapaMeTpoB HeJH-
HeMHBIX CTPYKTYPHBIX yPaBHEHHUH C NOMNOJHUTE/JbHBIMU YCJIOBHUSMHU Ha NapaMeTphbl
CTPYKTYPHOM MOJEJIU U MOCTPOEHUE CTPYKTYPHOU MOIAENU apTepHa/ibHOH THUIepTeH-
3UM.

3afayu JaHHOTO MCCJIeJOBAHHUS MPeACTaBJeHbl CAefyOUUMHU MyHKTAMU:

— NpeICTaBUTh 3a/1a4y OLEHKH NapaMeTpoB CTPYKTYPHBIX YpaBHeHUH Kak 3anady
ONTHMM3aLHUHU C yCIOBUSIMHY;

— INIPOrPaMMHO peasn30BaTb METOAbl ONTHMH3ALMH C YCJIOBHUSIMHU WU afalTHPO-
BaThb (DYHKLHIO KPUTEpPHUS ONTHUMHU3ALHUH OT BapbUPYEMBIX apaMeTPOB CTPYKTYPHOH
MOJIeJIH;

— NPOTeCTUPOBATh NAHHBIH METOJ OLEHKH NapaMeTpPOB CTPYKTYPHBIX ypaBHEHUH
Ha TpuMepe KBaJpaTUUHOH (paKTOPHOW MOAeH [Jis NaHHBIX apTepuasbHOHU rumep-
TEH3WU HauyaJIbHOM CTAaJUU C U3BECTHOH (DAKTOPHOU CTPYKTYPOH;

— pea/jM30BaThb JAaHHBIA METOJ OLEHKH (PaKTOPHBIX CTPYKTYp MPOrPaMMHO C Tpa-
(puyecKUM UHTep(delicoM MoJb30BaTe .

B kauyecTBe 3KClepUMeHTa/NbHbIX NAHHBIX BBICTYNA/JW pa3/UuUHble MapameTpHl,
XapaKTepusyllle COCTOSTHUE MallMeHTOB ¢ apTepuasbHOl runepreHsued. [lockosnb-
Ky 3KCIlepUMEHTaJbHble JaHHble MNpeNCTaBJ/eHbl BbHIOOPKOH 3HAUeHUH H3MepsieMblX
NlepeMeHHbIX y Pa3/JMYHbIX MCCleflyeMblX 00beKTOB, [JIl OLEHKHU NapaMeTpOB U 3Ha-
YeHHH JIATEHTHBIX NepeMeHHbIX MOJeJH, 3aaBaeMOH CTPYKTYPHBIMH ypPaBHEHHUSIMH,
MOXKeT ObITb HCIOJIb30BAaH KPUTEPUH MHHMMAaJbHBIX HEBSI30K KaK CyMMa HeBSI30K
MOJIeJIM BBIUMCJIEHHBIX JJI1 BCell BBIOOPKH Pas/IMUHBIX 00BEKTOB. [OMOMHUTENBHO Ha
napaMeTpbl U 3HAaU€HHUS JIATEHTHBIX [lepeMeHHbIX MOT'YT ObITb 3a/laHbl OTPAHUYHTEb-
Hble ycsoBus. s pelleHHs 3agadyd MUHHMH3ALMK HEBSA30K MOJEJH IpelJaraeTcs
UCII0/Ib30BaTh MeTOAbl HeJUHEeHHOH ONTHMH3aUUH C YCJOBHUAMH: METOH KOH(HUIY-
pauuit (meton Xyka-JI[xkuBca), MeTon ciaydaiHoro moucka (merom MonTte-Kapio).
OrpaHuueHusi, HaK/JaablBaeMble Ha 3HAYeHUs MapaMeTPOB M JATEHTHBIX TepeMeH-
HBIX MOJEJIH, YUHUTBHIBAIOTCS C MOMOLIbIO MeTona WTpadHblX (yHKUMH. TecTHpoBa-
HHe MeTOJa OLEHKH IapaMeTpPoB CTPYKTYPHBIX yPaBHEHHUH MPOBOAUJ/IOCH HA MOAENH
KBapaTHUYHOI0 (PaKTOPHOIO aHaJ/NM3a, KaK 4aCTHOTO HeJMHEHHOro cjydas CHCTeMBbl
CTPYKTYPHBIX YpaBHEHUH.

KBanpatnunblil (pakTOpHBEIN aHa/MU3 sBJsSeTcs 0000lleHHeM JHHEHHOro (akTop-
HOTO aHa/M3a [J5 y4éTa HeJMHeHHBbIX 3aBUCHMOCTEeH MeXAy HCXOAHBIMU IepeMeH-
HbIMH. YY€T BJMSIHUS HeJMHEeWHOH (PaKTOPHOU COCTaBJ/SOLIEH MO3BOJSET OrpaHU-
YUTbCS MEHbLUHUM KOJIMUeCTBOM (DAaKTOPOB MPU TOH ke caMoil olnbKe moxesu. Mua-
4ye roBopsl, (PaKTOPbl ABJAIOTCS HEJHUHEHUHBIMH, UTOOBI UX OMMUCATh MOCPENCTBOM JIU-
HeHHBIX (paKTOpOB, NOTPeOOBaJOCh UX OoJbliee KoaudecTBO. OCOOEHHOCTbIO HeJlH-
HeHHOro (paktopa fIBJsEeTCS ero HeJMHeHHBIH XapaKTep, KOTOPbIH MOXKET OBbITb BbI-
3BaH CIeLHa/JbHbIM PEXHMOM, NPH KOTOPOM OH (PYHKLIMOHUPYeT, a He BJHUSIHUEM
KOMOWHAUUH JUHEHHBIX (DAKTOPOB.

Yuér HeNMHEHHBIX 3aBUCUMOCTEH MeXIy HCXOAHBIMH TepeMeHHBIMH B MOIEJH
KBaJPaTUYHOH (PAKTOPHOIO aHaJM3a IPOUCXOAUT NOCPEACTBOM BBOAA KBaApaTHU-
HBIX CJlaraeMblX PaBHBIX MPOM3BeNEHHUI0 Pa3JU4HBIX Nap (akTopos. Te csaraemele,
KOTOpble UMEIOT MpPeHMYLIeCTBEHHOe BJHsIHME Ha 00bsICHEHWe BapUalUi 3HAueHHH
UCXOIHBIX IepPEeMEeHHBIX, FOBOPAT 00 OJHOBPEMEHHOM BJIMSIHUM COOTBETCTBYIOLLEH
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napel ¢axktopoB. OnHOBpeMeHHOe BO3JeHCTBHEe Ha [Ba TaKUX (PaKTopa MPUBOAUT
K CUHEpPreTU4YeCKOMY BJIMSIHUIO HA UCXOAHBbIEe [10KAa3aTe/d, T. €. BJAWSHHUE He PAaBHO
CyMMe BJIMSIHUH OTAe/JbHBIX (PAKTOPOB MO OTAEJbHOMY HUX BO3JAelcTBHIO. Bo3moxHa
W OTpULIATeJIbHAS CUHEPTHs, KOraa ABa (PAaKTopa, BJAUSIOLIUX ONHOBPEMEHHO, MPUBO-
IST K MeHbIlIeMY BO3I€UCTBHIO HA UCXOJHbIE TepeMeHHble, UeM CYMMa UX OTHEJbHbIX
BJIUSIHUH.

1. PakTOopHBIM aHAJW3 KaK YaCTHBIM CJay4dal CTPYKTYpPHBIX
ypaBHeHUI

B TeopuM CTPYKTYpPHBIX ypaBHEHHH HCHOJb3YIOTCS CJAEAYIOIIHAE THUIIBl MaTpPHLL.
Martpuna Z < z; — MaTpulla 3Ha4eHUH H3MepsieMbIX NepeMeHHBIX y HccJe-
mXn

LyeMblX OOBEKTOB HJM COCTOSSHUH 0ObeKTa pPasMepHOCTH m X n, TAe m — YHUCJIO
M3MepsieMbIX TapaMeTPoOB, N — UYHUCJAO0 OOBEKTOB MJIH COCTOSIHHE 00beKkTa (06bEM
BBIOOPKH).

Marpuna Pg%p"j — MaTpulla 3HaYeHUH JaTeHTHbIX NepeMeHHbIX 00beKTOB pas-

MEpPHOCTH ¢ X M, TAe g — YHUCJO JIATEHTHBIX NapaMeTpoB.
Marpuna Ak<—> @;; — MaTpula NapaMeTPOB CTPYKTYPHBIX ypaBHEHHH pasmep-
XS

HOCTH k X s, Tle kK — YUCJO0 CTPYKTYPHBIX YpaBHEHMH, s — YHCJIO NapaMeTpPoB B
CTPYKTYPHBIX YpPaBHEHHSIX.
CucTeMa CTPYKTYpPHBIX yYpaBHeHHH 3a1aéTcsl B BULE:

(

Ji(awn, @iz, ..., G155 D1, Doty - - - Dgt 21ty Z2t5 - - - 5 Zmt) + €16 = 0,
fo (a21, 22y -+« Q255 P1ts P2ty « - -y Pgts 21ty 22ty - - ,th) + &9 =0,
\ fr (akl, Qg2; - -« 5 Aks; Pty P2ty - - - 5 Dgts 21ty 22ty - - - 7th) +eéep =0,
rne fi, fo,..., fr — B o0lueM cjayudae HeJuHelHble (YHKIHUH CBOUX IE€pPEMEHHBIX,
€1t,E2¢, - - - ,Egt — HEBSI3KU MOJEJU AJs [-TO 00beKTa UJAH COCTOSIHUS 0ObeKTa.

Ha 3HaueHus1 napameTpoB M 3HayeHUSs JaTEHTHBIX N€PeMeHHBIX MOTYT HaKJ/aJbl-
BaTbCSl JONOJIHUTEJ/bHbIE YCJIOBHS B BUJE PABEHCTB U HEPABEHCTB.

OnTuMa/bHBIMH 3HAUEHHUSIMU MapaMeTPOB U JaTEHTHbIX MepeMeHHBIX CYUTAITCS
Te 3Ha4YeHW$, KOTOpble MUHUMHU3HUPYIOT a0COJIOTHBIE 3HAUEHHUS] HEBSI30K MOIEJH U
YIOBJIETBOPSIIOT BCEM IOMNOJHUTEJbHBIM YCJIOBHUSIM.

B nanHo#l paboTe paccMOTpeH YaCTHBIH caydail CTPYKTYpHOH MoIeaqu — KBaj-
paTHuHasi (paKTOpHAs MOJeJb, OMKUChIBaeMasi CJAeNYIUMMH YpaBHeHUsMHU [6,7]:

21 = Q1P + Qi2poy + ...+ A1gPg + szzl buijpipjt + €1t
Zot = Q21P1t + APt + ...+ AgPgr + Zf,j:l baijpiuPjt + €at,

[ #mt = Gm1Pue + Qmapar + - ..+ AmgPgr + Z?,j:l bimijPitPjt + Emt,
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rae marpuua A <> a;; Ha3blBaeTca MaTpULed (PaKTOPHOH CTPYKTYPhl pPa3MePHOCTH
mxg

m X g BECOBBIX KO3()(HULHEHTOB; M — YUCJIO M3yyaeMblX NapaMeTpoB, g — YMCJO

obuux ¢paxktopos; B <7> )bkij — MaTpHla KBaAPAaTHUUHBIX KO3(PULIHUEHTOB.
mx(g-g

Ha Bun daktopHo# cTpykTypel A U KBagpaTHyHble KO3((ULHUEHTH HaJararTcs
LIOTIOJIHUTE/IbHble OrPaHHUYEHHS.

OO6LIHOCTH MepeMeHHBIX (PAKTOPHOH CTPYKTYPBl NOJKHBI ObITh He OoJblie 1, a
TaK»Ke He MeHbllle ONpeeséHHOr0 Mopora 3HaYMMOCTH:

hi = (2)
AnasnoruuHo A/t KBaapaTHYHBIX KO3 (HHUIIUEHTOB:
g
Do, < (3)
ij=1
pij < 10. (4)

Orpanuuenue (2) siBsieTCs KJIaCCUYECKUM OrpaHHUEHUEM JIUHEHHOTro (haKTOPHO-
ro aHa/u3a, Korga HopMa BeKTOpa HCXOAHOH NepeMeHHOW B (DaKTOPHOM IPOCTpPaH-
CTBe, T. H. OOILIHOCTD, sABJseTCs orpaHuueHHON. Orpanndenus (2) u (3) Ha 3HaUeHHSA
JINHEUHBIX U KBaJPATUUHBIX KO3(PPULUEHTOB (PaKTOPHOW MOAEJH 3a[AI0TCH B BUIE
HEeCTPOTHMX paBeHCTB. TeM caMblM ¢ (DaKTOPHOH MOJEJIU CHHUMAeTCsl CHJIbHAs Ha-
NPsS2KEHHOCTb M Harpyska, NpefocTaBJ/seTcs OoJsblias FMOKOCTb U CBOOOAA CBA3H
napaMeTpoB. 3aJaHbl JUlIb PAMKH (PaKTOPHOH MoAe/H, YTOObl (haKTOpHAsl CTPYKTY-
pa He «IepekocoOO0YMBaNaCh» M3—3a HArPy3KH U HANPSKEHHOCTH B JPyrOM MecTe.
Orpanuuenue (4) 060CHOBaHO TeM, YTO (AaKTOPHl p; HOPMHPOBAaHBl Ha UX JAHCIEp-
cuto D;, u Oosbluasi 4yacTh 3HAUeHUH (DaKTOPOB Haxonutcs 3a 3D;, B TO BpeMsl Kak
3HaueHue (paktopa paBHoe 10D; — ewé 6oJee ManoOBEPOSITHOE COOBITHE.

Kpurepuii ontuMuzauuu 3agaércs B CaeAylolleM BUIE:

2
K=2 2 st oy By )
rae K;,; — KpUTEpUH HHTEPIPETUPYEMOCTH, MUHUMU3ALUSA KpUuTepus K U y4yér J1o-
MIOJIHUTEJIBHBIX YCJOBUH Ha BUI (PAKTOPHOM CTPYKTYPBl U KBaAPATHUYHBIX KO3(PDHULIU-
€HTOB IIPUBOJUT K ONTHMAJbHOMY PELIEHHIO AJ/151 BAPbUPYeMbIX 3HAYEHHUH 3J1€MEHTOB
(baKTOPHOU CTPYKTYPHI @;j, KBaAPaTHYHBIX KO3(M(MULHEHTOB by;j U (AKTOPOB p;;.

[Tony4yeHne uHTepnpeTupyeMoro (pakTOPHOrO pelleHHs CBSI3aHO C MOJy4YeHHeM
MHMHHMMaJIbHOH CJI0XKHOCTH HMCXOAHBIX IapaMeTpoB, KOrJa TOJbKO OfHA (haKTOpHas
Harpy3ka mnepeMeHHOH Osu3ka K 1, torma kKak ocrtanbHble 6ju3kd K 0. Tlosto-
My TpejJaraeTcst ClefyIUNd KpUTeprui [8], HemocpenCTBEHHO YUHUTBIBAIOLIMN 3TO
CBOWCTBO:
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m g
Kint (V) =) 0> o™ — [ug] (6)
i=1 p=1

max _

rae v; MaKCHMaJ/lbHasl 110 MOAYJI0 (PaKTOpHAas Harpyska i-o¥ MnepeMeHHOH (ak-
TOPHOU CTPYKTYPHL.

MakcuMu3auusi JaHHOTO KPUTepHUsl NMPUBOAUT K TOMY, YTO MakCHMaJ/bHas (pak-
TOpHasl Harpyska rnepeMeHHo# npubJauxaercs K 1, Torna kak octanbHble K 0.

Bo3M0OXHOCTb B3ATHSI OOpPaTHOM BeJMUHMHBl KPUTEpPUS HHTEPIPETUPYEMOCTH B
KPUTEPUHU ONTHUMH3ALMU [JI NpeBpalleHUs 3aJaud MaKCHMHU3alLUW B 3afady MH-
HUMHM3aLUUU OOOCHOBAHO HCIIOJNb30BAHHWEM HErPaJHUeHTHBIX METOLOB ONTHMH3ALHH
HYJIEBOTO TOPALKA.

BoruncianTenbHbIA aJArOpPUTM

ANropuTM TOCTpPOEHUs KBaAPATHUHOH (hAaKTOPHOU MOMIEJH.

1. Onpenenenre uyncsaa HakTOPOB UHUCJIOM g < M.

2. OnpeneneHre HauaslbHBIX NPUOJNMKEHUH MaTpullbl A JUHEHHOH YacTu pas-
MEPHOCTH M X ¢, MATPULBl B KBagpaTHYHOH 4YacTU pa3MepHOCTH m X (g - g)
U MaTpulbl P 3Ha4eHUH (PaKTOPOB PAa3MEPHOCTH ¢ X 1 CJAYYaUHBIMU YUCJIAMH
U3 nuanasona [—1;1].

3. MuHumusanus Kputepusi (4) cyMMBl KBapaTOB HEBSI30K CTPYKTYPHBIX ypaB-
HeHU# (1) ¥ KpUTepHUs UHTEPHPETHPYEMOCTH (DAKTOPHOH CTPYKTYpPHI (D) Kak
(bYHKLMH OT He3aBUCHMBIX NepeMeHHbIX MaTpUll JHHEHHOH A 1 KBaZpaTHYHOH
B yacrell pakTOpPHOH CTPYKTYpbl M 3Ha4eHUH (pakTopoB P ¢ orpaHHYeHUAMHU
(2, 3) meTomom wITpadHBIX (PYHKIUH U METOIOM KOH(HUTYpaLHH.

2. MeToabl onTUMHU3ALNA

OnTuMH3alLUI0 CYMMbl KBaJpaTOB HEBSA30K CTPYKTYPHBIX YpaBHEHUH U KPUTepUSs
UHTEPNPeTUPYEMOCTH (DAKTOPHOH CTPYKTYpPbl KaK (PYHKLUHUH OT HE3aBUCHUMBIX Mepe-
MEHHBIX MaTpHULbl (PAKTOPHOH CTPYKTYPbl M 3HAU€HHUH (PAKTOPOB C OrPAaHUYEHUSIMH
npelJiaraeTcsl OCyIIeCcTBSATh MeTonoM ITpadHbXx GyHKUHU [9]. B kKauecTBe meTo-
na 0e3yCcJIOBHOH OMTHMH3ALUKU MeTona WTPapHbIX (PYHKUUH OblIM BbIOPaHBI METOJ
KoH(urypauui (meton Xyka-/[>KruBca) u MeToA ciaydaiiHoro noucka (mMeron MoHTe-
KapJsio) [10]. B metome Moure-KapJjio ncrnosnb3oBajics reHepatop Cayd4adiHbIX YHCe
13 BCTpoeHHOH Oubnnorteku Math u QyHkuuu random si3blka MporpaMMHPOBAHHS
Java.

Meron mrpacos

JlaHbl IBaXKAbl HeNpepeiBHO AU(QepeHUrpyeMble LeneBass (QyHKuus f(z) =
f(z1,...,2,) U QyHkuuu orpanumuenust g;(z) = 0, j = 1,...,m; g;(z) < 0,
j=m+1,..., p, onpeneasoUie MHOXeCTBO NONYCTUMBIX pelleHUud X .

TpebGyercsi HalTH JOKaJbHBIH MHHHUMYM lleleBOH (DyHKLUMM Ha MHOXKecTBe X,
T. €. TaKylo Touky z* € X, uTo

f(&") = min f (z),

zeX
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(rx)=0,7=1,... mm<n
e X =4 9: () ‘7.
gj () <0,j=m+1,...,p

I/IILEH MeToda 3aKJ/ldaeTCd B CBeIAEeHHH 3adadl Ha YCJIOBHbII'/JI MHUHUMYM K pelie-
HHIO IIOCJIe10BATEJbHOCTH 3a4a4 ITIOMCKaA 663yCJIOBHOFO MHUHHMYyMa BCIIOMOraTeJ bHOU

(PYHKLHHU:

F (x,rk) =f(x)+ P (x,rk) — min,

TER™

rae P(x,r’“) — wmpagras Qynkyus, r* — napamerp wrpada, 3agaBaeMblii Ha

KaXJI0H k-U uTepauuu. JTO CBSI3aHO C BO3MOXKHOCTBIO NpUMeHeHHs 3((HeKTUBHBIX
¥ HaJEXHBIX METOJOB MOHUCKA 0e3yCJIOBHOIO 3KCTPEMyMa.
UltpadHele GyHKUHH KOHCTPYUPYIOTCSH, UCXOASl U3 YCJOBHH:

i 0, when — constraints — are — executed
P (x,r ) =

. . . Y
>0, at—non— fulfillment —of — restrictions
NMPUUYEM TP HEBBINIOJHEHHH OrpaHuMueHHi W r¥ — oo, k — oo crnpaBeauBo
P (z,m*) — oo. Uem Goublue r*, TeMm Gosblle WTpad 3a HEBLINONHEHHE OTpaHHYe-
Hui. Kak mpaBuJso, /151 OTpaHUYEHHH THIA PaBEHCTB HCIMOJb3YeTCsl KBaIpaTHUHBIH
wtpad, a A5 OrpaHWYEHUH THUIIA HEPAaBEHCTB — KBAaApPAT CPe3KH:

k[ P )
kY _ 2 n
Por®) =5 los @F+ > oy @] ¢,

7=1 j=m+1

rae g; (x) — cpeska (GyHKuuu:

g; (x), g;(z) >0,

g; (x) = max{0,g; ()} = 0. 4 (@) <0

HavanbHas Touka moucka 3agaércss oObIYHO BHE MHOXKECTBA AOMYCTHUMBIX pellle-
Hu# X. Ha xaxno# k-# urepauuu uiiercs Toyka x* (r’“) MHHHUMYMa BCIIOMOTaTe/ib-
HOH (pyHKUUU F (x, r’“) NpH 3aflaHHOM MapaMeTrpe r* ¢ MOMOIUbBIO OAHOTO U3 METOJ0B
6e3ycnoBHOH MHUHMMHU3auuu. [losyueHHas Touka z* (r’“) UCIIONIb3yeTCsl B KayecTBe
Haya/bHOM Ha CJ/ENYIOLLEH MTepalrH, BLINOJHSEMOH NPU BO3paCTAIOILEM 3HaYeHHU
napamerpa wmtpada. [Ipy HeorpaHMYEHHOM BO3DACTaHMH 7F MOC/EI0BATEIbHOCTD
TOYeK x* (7”‘3) CTPEMHUTCH K TOYKe YCJIOBHOIO MUHMUMYyMa ™.

[llae 1. 3anaTh HavyajbHylo Touky z°; HauajbHOE 3HAueHHe MapaMeTpa IITpa-
da 7% > 0; uucao C' > 1 njs yBeJMYeHHs MapaMerpa; Majoe 4ucio € > 0 mis
ocTaHoBKH anroputma. [losoxute k = 0.

[lae 2. CocTaBUTb BCIIOMOTATeNbHYIO (QYHKLHIO

ko p
Fle®) =f@)+ 52 o @F+ X [ @

j=1 j=m+1
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[lae 3. Hatitu Touky z* (rk) 6e3yCcJIOBHOT0O MUHUMYyMa (QyHKUUH F (:c,rk) no x
C TIOMOIIbI0 KaKOT0-JKU60 MeToa (HYyJeBOro, MepBOro UJH BTOPOTO MOPSAKA):

F(z* (r¥) ,7%) = min F (z, %) .
(2 (4).74) = mig F (2,19
IIpy sTOM 3ajaTh Bce TpebyeMble BLIOPAHHBLIM METONOM MNapaMeTphl. B KauecTse
Haua/IbHOH TOuKH B3ATb z*. Bbiuncauts P (z* (rF) , r¥).
[lae 4. [IpoBepuTh yCJ0BHE OKOHUAHUA:
a) ecan P (z* (r*) ,r¥) < e, npouecc moucka 3akoHUHTS:

vt (1) ) = ()
6) ecan P (z* (%), r¥) > e, nonoxkure: vt = Crk, ob T =2 (rF), k =k +1
U MepelTH K mary 2.
Mertoa KoHpurypauuit
TpebGyercst HaiiTh 6e3yCJOBHBIH MUHUMYM (QYHKUMH f () MHOTHX MepeMeHHBIX,
T. €. HaUTH Takylo Touky z* € R", yto f (z*) = min f (z).

rERM
Llae 1. 3agath HauaabHYO TOYKY 20, 4nucs0 € > 0 118 OCTAaHOBKH aJrOPUTMA,
Haya/ibHble BEJHUMHBI 1IArOB M0 KOOPAMHATHBIM HampaBjaeHWsM Aj, ..., A, > &,

YCKOPSAIOWMH MHOXKHUTeJNb A > 0, Ko3(p(ULUHEeHT yMeHblleHUs wara « > 1. [loso-
xuth y! =2, i =1,k = 0.

1 0
0 1
dy = ], de = ], dy =
0 0 1

[lae 2. OcyliecTBUTh HCCJAEAYIOLIMH MOHUCK MO BbIOPAaHHOMY KOOPAHHATHOMY
HarpaBJ/IeHHUIO:

a) ecm fy+Ad) < fly), Toe [y ALy <
< f(yl,...,yl...,y.), War cunTaetcs yAauHbIM. B 3TOM ciydae cjenyeT moJOXKHUTD
Yyt =y’ + Ayd; u nepedity K wary 3;

6) ecau B M. «a» IIar HeymgadeH, TO JeJaeTcsl ILIar B TPOTHBONOJNOXKHOM
Hanpasienun. Ecanm f (y' — Ady) < f(y'), 1 e f(yl,...,yi— A, 0k) <
< f(yi,...,yl. .. y%), war cunTaercs ynauHbiM. B 9TOM ciydae cjepyer mosoXKHUTh
Yyt =yt — Ayd; v nepefitk K wary 3;

B) €C/IM B III. «a» U «0» LIard HeyAa4yHbl, MOJOXKHTh ¥ Tt = ot

[lae 3. TlpoBeputhb ycaoBus:

a) ec1u i@ < m, TO TOJOXHTb ¢ = ¢ + 1 U mepeliTH K mary 2 (MpoOLOKUTh
MCCJ/IeAYIOUIUH TIOUCK MO OCTABLIMMCS HallpaBJeHHUSsIM);

6) ecsu ¢ = m, IPOBEPUThH YCIELIHOCTh MCC/AENYIOLUIEr0 MOUCKa:

— ecn f(y"™) < f (2*), mepeiitu K wary 4;

— ecan f(y"™) = f («%), nepeiity K wary 5.

[llaz 4. TIpoBecty mouck 1o o6pasuy. [lomoxkuts rFl = yntt

yl =P\ (mk“ — 3:]“), i=1, k=Fk+ 1 u nepeiitu K wary 2.

Illae 5. TlpoBepuTh ycJOBHE OKOHYAHHS:
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a) ecau Bce A; < &, TO NMOUCK 3aKOHUUTD: 1* = mk;
6) mnas Tex i, AJs KOTOPBIX A; > &, YMEHbIIUTh BeJUUYUHY Iuara: A; = Bi

[onoxkuts y' = 2%, 2" = 2% k=k+1, i =1 u nepeiitu K wary 2.

3. UYunciaeHHBIA IKCIEPUMEHT

YucseHHBIH SKCTIEPUMEHT JAaHHOTO HAay4YHOTO HCCJIENOBAaHHs 3aKJIOUajcs B Te-
CTUPOBAHHWM MeTOa OLIEHKH MapaMeTPOB CTPYKTYPHBIX YPaBHEHHH B paMKax Moje-
JI1 KBaJApaTHUHOro (DaKTOPHOTO aHa/ju3a Ha Gase 15 GHODH3HMUECKHX MOKasaTeJeH,
u3MepeHHbIX y 131-ro manueHTa ¢ apTepuasbHON THIepTeH3Held HayaJlbHOH CTaIWH:

1. Bec.

Huoexc maccor meara (MMT).

Yacmoma dvixanus (41).

CeemernmosiOeproie netimpogpurot (C).

Jumgpoyumor (JI).

Koneuno-cucmoauneckutl pasmep resoeo xeryoouxa (KCP).
Koneuno-cucmoauueckuil 06vém resoco acerydouka (KCO).
Koneuro-duacmonuveckuil pazmep resozo scesyoouxa (KAP).
Koneuno-duacmoauueckuii 06oém resoeo aceaydouxka (K/0).
10. Yoapnueii o6vem (¥O).

11. Munymnoii 06vém cepdya (MOC).

12. Ob6uwee nepugepuneckoe cocyducmoe conpomusrernue (OIICC).
13. Hwuodexc Xurvdebparoma (HX).

14. ®Ppakuus svibpoca resoco serydouka (DPB).

15. @Ppakuus ykopouenus aresoeo xeaydouka (PY).

© XN A WD

[IpenBapuTesbHO MaHHble ObIM CTAHAAPTHU3UPOBAHBI IO HYJIEBOrO CPEIHETO U
eIMHUYHOU aucrepcuu. PakToOpHOE pellleHHe C YYETOM KPUTEPHUS UHTepIpeTHpye-
MOCTHU mnpefcTaBjaeHo B Tabnaulle 1. JlaHHas (pakTopHasi CTPYKTypa MOATBEPKAAETCS
npensAymMMu paboramu [11,12].

[lo-npe:kHeMy MOXKHO I'OBOPHUTb O HaJWYUH MATH (HAKTOPOB.

1. TemonuHaMuuecKuii pakTop, YUUTBIBAIOLIUH CTPYKTYPHO-T€OMETPUUECKYIO MO-
nyasiuuio cepaua (¥O, MOC, OIICC, KCP, KCO, K/[P, K/10).

2. ®akTop HarHeraTesNbHOH (PYHKLUHU JeBoro xemaynouka (@B, PY).

dakTop, OTBEYAWIIHH 32 COOTBETCTBUE Macchl U pocta (sec, UMT).

4. dakTop, XapaKTepU3yOIIHH YPOBEHb CJAXKEHHOCTH paboThbl cepAla U JETKHX
(44, UX).

5. mmyHosoruueckust haxrop crpecca (C, JI).

&9

Hanuure nomosHUTEIbHBIX KBaApPaTHUYHBIX CJAaraeMbiX B (DaKTOPHBIX YpaBHEHHU-
SIX MPUBEJIO K YyJIydlleHHIo Kputepusi K npubausuTespHo B nBa pasa (Kaun=220;
Kksadp=120).

HaunGosee 3HaunMble Harpy3KH B KBaApaTUYHOH YacTH (DaKTOPHOH MOIEJH CO-
OTBETCTBYIOT CJEYIOMIHUM NapaM (PaKTOPOB [Js1 UCXOMHBIX MepPeMeHHbIX.

3HaK mnepen mMapod (aKTOPOB COOTBETCTBYET 3HAKy COOTBETCTBYIOLIErO 3HAUH-
MOro KosdduuueHnrta by;;. UToObl HOOMTbCA CHHepPreTHYeckoro sddexra Aas HOp-
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Ta6nuna 1. OueHka napameTpoB (aKTOPHOH CTPYKTYPBl C YUETOM KPUTEPHST HUHTEPIPETUPYEMOCTH

Fl F2 F3 F4 F5
Bec |-0.2791 |0.0984 ]0.2322 |-0.1684 |-0.632
HMT [-0.2156 [0.239 |0.1162 |-0.1144 |-0.6023
qa 0.093 0.5298 |0.2218 |-0.6016|0.1922
C -0.0367 |-0.0637 |-0.7378(-0.115 |0.0297
JI 0.0497 {0.0099 |0.7206 |0.0596 |-0.1085
KCP |-0.6453|0.1778 |0.3383 |-0.0193 |0.2164
KCO |-0.5746|0.093 [0.3276 |0.0441 |0.258
KIP |-0.5698|-0.1579 [0.3042 |0.4226 |0.2668
KJIO |-0.5943|-0.1658 [0.3033 |0.373 |0.2701
YO -0.4668 [-0.3725 |0.2621 ]0.5907 0.2401
MOC |-0.5413|-0.3485 |0.1823 ]0.5485 |0.2701
OIICC (0.4748 |0.153 |-0.2119 [-0.3731 |-0.2384
HUX -0.368 |-0.4015 |-0.2601 |0.673 |-0.2227
PB 0.3807 |-0.6323|-0.2669 |0.6098 |-0.045
oy 0.2959 |-0.5831|-0.2515 {0.583 |0.0968

Ta6muna 2. OueHka napamMeTpoB (PaKTOPHOH CTPYKTYPBl C YUETOM KPUTEPHS HHTEPIPETHPYEMOCTH

[lapol
pos

paxmo-

Bec  |psps, —pops

HUMT | —pops

9

C —Ps5P5

JI —PaPa, PsPs

KCP  |paps, psps

KCO |-pap4, -paps

KIP

K10

YO

MOC

OHCC P1P4

X —P2D2

®B  |pips, paps

oy
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MaJ/IM3alHl1 UCXONHBIX MT0Ka3aTeJsiel, He0OX0AMMO OJHOBPeMEHHO BO3JeHUCTBOBATH Ha
npejcTaB/eHHble napbl (pakTopoB. C TOYKM 3peHHs] MeAMKAMEeHTO3HOH Tepamuu 3TO
03HauaeT: OAHOBPEMEHHO MHUTb HECKOJbKO Pa3HbIX TabJETOK AJS HOpPMaJU3alUH Co-
OTBETCTBYIOLIUX (PAKTOPOB, 00YCJ/AaBAMBAIOLINX 3ab0J/eBaHue.

4. 3akJjwueHue

[IpensioxkeH MeTOZ OLlEHKH HeJUHEHHbIX CTPYKTYPHBIX ypaBHeHUH Ha 6a3e MeTo-
fa wTpapHbIX (QYHKUAH U MeTOoNoB 0e3yC/J0BHOH ONTUMM3aLMH. Bce anropuTmbl
peasn30BaHbl B BHJE OTAEJNbHOH MporpaMMbl ¢ rpauueckuM HHTepdeHcoM as
nosib3oBatess. s 15 GuoduanuecKUX MoKas3aTesell apTepuabHOU THIIEPTEH3UH
HayaJbHOHW CTaJMH U MOJEJH KBaApPaTUUHOrO (PaKTOPHOTO aHaaM3a KaK YacTHOrO
c/ayyasi CTPYKTYpPHOrO MOJeJUpPOBaHUs Obljia mnosydyeHa aktopHas cTpykrypa. Ilo-
JiydueHHast (pakTOpHAs CTPYKTypa MOATBEPKAAeTCsl pe3yabTaTaMy paHHUX pabot. Ha-
JIMUMe KBaZpaTHUHBIX CJaraeMblX B (PaKTOPHBIX YpaBHEHHSIX MPHUBEJIO K YJIyUlleHHIO
KPUTepHs HEBS30K NMPUOIHU3UTENBHO B 1Ba pasa.
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NONLINEAR STRUCTURAL EQUATIONS AND QUADRATIC FACTOR
ANALYSIS

V.A. Shovin
Scientist Researcher, e-mail: v.shovin@mail.ru

Sobolev Institute of Mathematics of Siberian Branch of the Russian Academy of Sciences
(Omsk Branch), Omsk, Russia

Abstract. The role of the article is to develop a new algorithm (method) of factor
analysis, which includes an advanced model of the relationship of factors and initial
variables, when the model takes into account not only linear terms, but also quadratic
ones, i.e. decomposition to the second power. Such a model belongs to the class
of nonlinear structural models. The calculation algorithm makes it possible to build
a refinement model, to investigate the influence of the nonlinear component in the
factor influence. Also, an appropriate program with a graphical user interface was
developed that can carry out a quadratic factor analysis of new data on the loading
of new data. This article is both applied and fundamental. The program and the
corresponding computational algorithm were tested on real data, which allowed us
to compare the previous calculations for these data for linear factor analysis with
the quadratic one proposed in the paper. Estimates of the parameters of nonlinear
structural equations was implemented by numerical methods for nonlinear optimiza-
tion with conditions. As a criterion for the optimal parameters of structural equation
was selected to minimize the residual of structural equation model. The results of the
testing of this method for the quadratic factor analysis model of hypertension was in
accordance with other methods of factor modeling. This method of estimates of the
parameters of structural equations was implemented as software.

Keywords: hypertension, factor analysis, structural equations.
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AnHoTtanusa. B paGore npencraBiieHbl pe3y/bTaThl MPOBEIEHHS] IKCIIEPUMEHTa
10 0O0HapyKeHHI0 OeClPOBOAHOM TOYKH JOCTYyNa B OTKPBITOM IIPOCTPaHCTBe HA
OCHOBE paHee MOCTPOEHHOH MOAEeJH.

KuaroueBbie ciaoBa: MO3WIIMOHHPOBaHWE, OOHapyXKeHHe OeCIpPOBOAHOU TOUYKU
jocTyna, Tpujarepauus, Tect Koamoroposa-CmupHoOBa.

B cratbe [1] 6blna mpensiokeHa MareMaTHueckKas MOIEJNb IMOJYYeHHS OLIeHKH
KOOPIHMHAT 110 U3MePeHHUsIM MOLIHOCTH HU3JyueHHst TOUKH 6eCrpOBOJHOr0 JOCTYyIa Ha
ocHoBe Tpuiatepaurd. C MOMOLIbID KOMIbIOTEPHOTO IKCIepUMeHTa [2] Ha OCHOBe
9TOU Mofesu Obla HaWAeHA TOJOXKHUTEbHAS KOPPEJSIUs TOUHOCTH U KOJHYeCTBa
Habsonates el B CUCTEME.

B pamkax skcneprMeHTa PUHUMAETCS PSL AOMYLIEHHH.

1. HecaHKUHOHMPOBAHHO YCTAaHOBJIEHHAsl TOYKAa HOCTyMa (C MONIep:KKOH CTaH-

naptoB 802.11) craunoHapHa, He MeHsieT CBOEro IMOJIOKEHHS B MPOCTPAHCTBE.
2. He yuuTbiBaloTCs NPensiTCTBUS AJs PaclpoCTpaHeHHUs CUrHaJsa (Meperopoiky,
pesibed) MECTHOCTH U T. I.).

3. Hab6monatesnp nepemelaetcs 1o 3apaHee U3BECTHOH TPaeKTOPHUH.

4. He yuuTblBaeTcsl XapakTep CHUTHAJIOB; NMPUHUMaETCs, YTO HU3Jyudaresb — 3TO
M30TPOIHAsT aHTEHHA.

HecwmoTpst Ha To, 4TO MpUMepHasi TPAeKTOPHUs MepeMelleHNns YCTPOHUCTBa Hab 1i0-
JIeHU$s1 U3BECTHA, HEOOXOMMMO €€ yTOUYHSATh, UTOOBI 06ecrneurnBaTh TOYHOCTb ONpese-
JIEHHsI KOOPAMHAT TOYKU M3MepeHHs] MOIIHOCTH CHrHaja. [lsis 3Toro mpensaraetcs
ucnosb3oBath GuAbTp Kanmana ¢ mocsenyonum criaaxuBaHUeM Ha 3aKpenéHHOM
MHTEepBaJe AJs YCKOPeHHH, MoydaeMbIX ¢ aKcesepoMeTpa. JTa CUCTeMa KOPPEeKIHH
nepeMelleHHUsl onucaHa B padore [3].

Ha npenBaputenbHOM 3Tame HeoOXOAMMO OIpPENENHUTb peasibHble LIYMBI, BO3-
IeHCTBYIOLIME HAa CHUCTEMY, B JAHHOM CJ/ydae 3TO MOMeXH, BO3/EHCTBYIOIHE Ha
aKcesepoMeTp MOOHIBHOTO yCTPOHCTBA.

Bl TpoBenEH IKCMEpPUMEHT IO OINpefesieHHI0 IIYMOB akcejJepoMeTpa Ha OT-
[IeJIbHO B3TOM MOOWJIBHOM YCTPOHCTBE B YCJOBUSIX TOKOSI (YCKOpEHHs IO OCSIM
x, y, z crpemsarcs kK 0, BEKTOp TpaBUTAlMM He y4HUTbIBaeTcs). [/ mosydeHHBIX
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MMCTPOrpaMMa 3Ha4YeHUin aKKCenepoMeTpa No ocu X

MMcTporpaMMa 3Ha4eHUn aKKCenepoMeTpa no ocu z

YacToTa

-0.03 -0.02 -0.01 0.00 001
HaueHna

-0.04 -0.02 0.00 002 004 0.06
TUCTporpamMma 3Ha4eHuit aKKCeNepoMeTpa no ocu y 3HaveHus

o0
-005 -0.04 -0.03 -0.02 -0.01 000 001 002 003
3HaueHns

Puc. 1. TucrorpaMmsl pacnpenesneHus omHOOK NMOKA3aHUH YCKOPEHHs aKceJepoMeTpa MOOUJBHOTO
YCTPOHCTBA MO OCAM

3HaUeHUH IIYMOB OBIIM MOCTPOEHBI THCTOrPAMMBI 110 OCSIM U MPUMEHEH KpPUTepHUiH
KosnmoropoBa—CMupHOBa /151 NMPOBEPKH, YTO IIYyMbl CHCTEMbl MOTYMHSIOTCS HOP-
MaJIbHOMY paclpefieseHHIO.

[TocTpoeHHble rHCTOrpaMMbl JIMIIb YCJIOBHO MOKA3bIBAIOT MPUOMUKEHHS pacmpe-
JleNleHUH BeJIMYMH K HOpMaJsibHOMY (puc. 1).

B kauectBe HysneBoi rumotesnl H, ans tecta Kosnmoroposa-CmupHOBa OblIO
BbIOPAHO yTBEpXKAEHHE O TOM, UTO paclpefiesieHHe OlIUOOK M3MepeHHs MOKa3aHHUH
akceJjiepoMeTpa nopuuHsercs 3akoHy laycca.

B pesysnbrate Ha BbiOOpKe ObliM MoJydeHbl 3HaueHHss KS craTvcTHku, paBHOH
0.055190481309094375, U 1OCTUTaeMOr0 YPOBHSI 3HAUUMOCTH WJIM MH-BeJHYUHBI (p-
value) — 0.92089092791638738. Ecau KS cTaThcTHKa Maja Wad p-value BeJHKO,
TO MBI He MOXKeM OJHO3HAUHO OMPOBEPTHYTb runotesy Hy.

Kpome Ttoro, mpu BbiGpaHHOM ypoBHe 3HauMMocTH « = (.05 mosyueHHasi mu-
BeJIMUKMHA 60Jblle v, UTO MO3BOJSET CAesaTh 3aKJ/AIUeHHe O MPUMEHUMOCTH Mpej-
JIOXKEHHOU MOZeJ/IM U NepedTH K AaJibHellled IpOorpaMMHON peanu3alui.

DKCIepUMEHT 0 0OHApYKEHHUI0 TOUKH JO0CTYyNa MPOBOJAMJICA HAa OTKPBITOH Tep-
PUTOPUHU C TIPUMEPHOU NJMHOU KaXKIoH M3 CTOpoH 50 MeTpOB, CTeHbl M HHbIE Tpe-
MSATCTBUS AJs PACpPOCTPAHEHHUS] CHUTHAJIA OTCYTCTBOBAJH.

YerpoiictBo HabmoneHusi: cmaptdoH LG Nexus 5 (momenr D821). artuumk
neuxxenus: InvenSense MPU-6515. Jlatunk OGecnpoBonHo# cBsisu: Broadcom
BCM4339.

Hckomoe 6ecripoBoiHOe yeTpoiicTBo: cMapTdoH Apple iPhone 7 (momens A1778)
C BKJIOUEHHBIM pexxuMoM Moznema (hotspot). MoliHOCTh cHrHa/la HCTOUHHUKA, HU3Me-
penHasi Ha paccrossiun dO = 1 m ot ycrpoiictBa (P0): -34 nbwm.

YesioBeK ¢ MOOUJIBHBIM YCTPOMCTBOM B PyKax, BBIMOJHSIOWKKA posb HabJonaTe-
Jisl, IBUTraJicsi o TpaeKTopuu cHavasa Buojb ocd OX (ot kKoopaunatel (0, 0) mo (50,
0)), satem Bmosb ocu OY co cmemendem no OX (ot koopaunatel (50, 0) mo (50,
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35 4

30 4

25 4

204

Puc. 2. OueHKH MeCTONOJIOXKEHHUS TOYKH JOCTYMA MO BbIYMC/JAEHHBIM KOOpPAMHATAM HalJofaTess U
COOTHECEHHBIM 3HaYeHMsIM MOLIHOCTH (HCKOMas TOYKa JOCTyNa — OKPYXKHOCTb B LeHTpe (25, 25),
OKPY?KHOCTH MEHBILIHMX THaMeTPOB — OLIEHKH KOOPAHHAT)

50)). Touka moctymna pacroJaranachk B eHTpe (25, 25).

Bblu nosyyeHsl cienytoiiye pe3ynbrathl (puc. 2). Ha npumepe nisi neHTpasbHo-
r0 pacrnoJ/ioXKeHUs UICTOUHHWKA CUTHaJ/a 3aMeTHO, UTO OLleHKH KOOPAMHAT AOCTAaTOYHO
CUJIbHO Pa3HeCJIo.

Tak Kak BblUMCJ/IEHHbIe OLIEHKH KOOPAMHAT MepeMellleHHs HabJofaTeNsi He MoKa-
3aJ10 Cepb&3HBbIX OTKJOHEHHWH, BO3HHKJIO NPEeANoJoKeHHe, YTO NPUUYMHA MOLOOHOro
pasbpoca 3akJ/ruaeTcs B allapaTHOW peasiM3allid MONYJsl CKAHHPOBAHUS CeTel.

M3-3a crnenuduky A0cTyna K CKaHUPOBAaHHUIO ceTell [4] Ha MOOMJIBHOM YCTPOH-
CTBEe HET BO3MOXKHOCTH I0J1y4aTh aKTyasJbHOe 3HaUeHHe MOLIHOCTH KOHKPETHOH TOY-
KW 4yepe3 O4eHb HeOOJblIMEe UHTEePBAJbl BPEMEHH.

Tak:ke OblI0 3aMedeHO, YTO HAa PaBHOYHAJNEHHBIX TOYKAX ypPOBEHb CHUTHaJja MO-
)eT paznuyatbess Ha 5—10 nbwm, Takoe moBeneHuWe mpHeMJEMO /s CTaHIAPTHO-
ro CKaHMPOBAHUSA CeTeH C LeJblo onpeneseHus rpyOod OLEHKU MNPUOJIHKEHHOCTH
aHTeHHbl K Habmonartento. OnHAKO B paMKax pellaeMod 3afayd TaKue Iepenajbl
CUJIBHO YXYALIAIOT pe3yJ/bTar.
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Abstract. The research paper presents the results of an experiment to detect wireless
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Abstract. In this paper, we use the utility-based approach to decision making
to provide simple answers to the following three questions: Why under stress
positive reinforcement is more effective? Why optimists study better? Why
people become restless?
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1. Why Under Stress Positive Reinforcement
Is More Effective?

Phenomenon. To encourage a person to do something, we can use both positive
reinforcement — when we reward a person for doing this, and negative reinforce-
ment — when we penalize a person for not doing the task. Both approaches have
their strengths and limitations.

[t has been observed that in stress situations, when a person’s mood is negative,
the relative strength of positive reinforcement increases; see, e.g., [11,21]. Why?

Let us formulate this problem in precise terms. In traditional decision theory,
human preferences are described by utilities; see, e.g., see, e.g., [2,3,14,17,19].
A utility is defined as follows: we select a very good situation A; and a very bad
situation Ay and then compare each situation A with the lottery L(p) in which:

e we get A; with probability p and

e we get Ay with the remaining probability 1 — p.
For small p, L(p) is close to Ay and is, thus, much worse than A: L(p) < A. For p
close to 1, L(p) is close to A; and is, thus, much better than A: A < L(p)

There is therefore a threshold value py such that:

e for p > py, we have A < L(p), while

e for p < pg, we have L(p) < A.
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This threshold value — for which A is (in this sense) equivalent to A(py) — is called
the wutility u(a) of the alternative A.

If p </, then, of course, L(p') is better than L(p). Thus, among several
alternatives, we should select a one for which the utility u(a) is the largest.

[t is known that the utility of monetary rewards or losses is approximately
proportional to the square root of the amount m of money:

e u(m)=ay -+/m for m >0 and

o u(m)=—a_-+/Im] for m <0,
for some values a, and a_; see, e.g., [6,12,13].

We can measure the relative strength of positive and negative reinforcement by
comparing the changes in utility if we add or subtract a certain amount of money
m.

[T we start with a neutral situation, in which we have no money, then the
original utility value is 0. Then, after adding the amount m we get the utility
ay -v/m, while after subtracting amount m, we lose the utility amount a_-y/m. In
this case, the ration of positive-to-negative reinforcement effects is

a+-\/ﬁ_a+
a_-m  a_’

What if we start with a stressful situation, in which the initial amount of
money is small but negative: —mgy < 0? In this case, the initial value of the utility
is a_ - \/mg. After adding m, we get m —my, with the utility a; - /m —my. Thus,
the utility gain is a4 - /m —mg + a_ - /my.

[f we subtract the money amount m, then we end up with the negative amount
—(m + mg), whose utility is —a_ - /m +mg. Thus, the loss of utility is the

difference a_ - \/m +mgy — a_ - \/my.

Thus, the ratio describing the relative strength of possible reinforcement takes

the form
Ay /M — Mo+ a_ /Mg
a_ -/m4+mg—a_-\/mgy

(1)

(2)

Our explanation. We will show that the ratio (2) is larger than the ratio (1).
This explains the empirical fact that under stress, positive reinforcement is more
efficient.

Indeed, for small mg, by taking the first two terms of the corresponding Taylor

series, we get
1
\/m—moz\/ﬁ—m-mo%—o(mo).
For small mg, we have \/mgy > mg, thus in the first approximation, we can ignore
the terms proportional to mqy and only consider terms proportional to /mg. So,
the numerator of the ratio (2) takes the form

a+-\/m—m0+a_-\/m0%a+-\/E%—a_-\/mo.
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Similarly, we have

Vm+mg = m+ ——=

-mg + o(myg)

\/_

and thus, in the first approximation, the denominator of the formula (2) takes the

form
/m+mg—a_ o~ a_ - m—a_ - /m

Thus, in the first approximation, the ratio (2) has the form

ay - m+a_ - \/mg
_m—a_-mg
We can see that, in comparison to the ratio (1), we increased the numerator and

decreased the denominator — as a result, the ratio increases.
This is exactly what we wanted to explain.

(3)

Auxiliary analysis: beyond explanation. A natural question is: what if instead
of considering stress, we consider euphoria, i.e., we consider situations in which
we have a positive initial amount of money m,. How will this affect the relative
strength of positive and negative reinforcements?

In this case, we start with the utility ay - \/mo. When we add the amount m,
we get the utility ay - v/m + mo, so the increase in utility is equal to

Ay - Vm—+mg— ay - /My.

Vice versa, if we take away the amount m, we get the new utility —a_ - \/m — mq,
so the loss in utility is equal to

—_ VM —mg+ ay - \/My.

In this situation, the ratio describing the relative strength of positive and negative
reinforcements takes the form

/Mt my — ay - /M
/M — Mgy + ay - /M

Similarly to the stress case, in the first approximation, the numerator is approxi-
mately equal to a, - /m — ay - \/mg, while the denominator is approximately equal
to a_ - /m — ay - y/mg. Thus, in the first approximation, the ratio (4) takes the

form
Ay AT — Ay - /TN
v/mAay - /m

We can see that, in comparison to the ratio (1), we decreased the numerator and
increased the denominator — as a result, the ratio decreases.

Thus, we conclude that in happy situations, negative reinforcements are more
efficient that the positive ones (but do not tell that to your bosses :-).

(4)
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2. Why Optimists Study Better?

Empirical fact. It is a known fact that optimists study better; see, e.g., [22] and
references therein.

Let us describe this situation in precise terms. What does optimism mean in
precise terms?

According to the traditional decision theory, if for each possible alterna-
tive a, we know the probabilities p;(a) and utilities u;(a) of different outcomes
7, then a rational person should select an alternative a for which the value

u(a) et > pi(a) - u;(a) is the largest [2,3,14,17,19]. In such situations, there

is only one rational choice, there is no possibility to show optimism or pessimism.

In practice, however, we rarely know the exact probability and
the exact utility of different outcomes. Usually, we only know
the bounds p.(a), pi(a), w(a), and ui(a) on possible values of p;(a)
and wu;(a): pi(a) < pi(a) < p;(a) and w;(a) < wi(a) < w;(a). For different val-
ues of p;(a) and wu;(a) from the corresponding intervals, we get different values of
the overall utility u(a). Thus, instead of a single value u(a), we have an interval
[u(a),u(a)] of possible values. How should we make decisions if for each alternative
a, we know such an interval [u(a),u(a)]?

Reasonable requirements on rationality of a decision maker lead to the following
solution (first proposed by the future Nobel Prize winner Leo Hurwicz): we should
select a number o € [0,1] and select an alternative for which the combination
a-u(a) 4+ (1 — ) - u(a) is the largest possible; see, e.g., [5,10, 14].

When a = 1, this means that when making a decision, we only take into ac-
count the most favorable situation, when the utility u(a) attains its largest possible
value @(a). This is clearly the case of extreme optimism.

When o« = 0, this means that when making a decision, we only take into
account the least favorable situation, when the utility u(a) attains its smallest
possible value u(a). This is clearly the case of extreme pessimism.

Values « intermediate between O and 1 describe realistic decision makers. The
larger «, the more the decision maker takes into account the most optimistic
scenario and the less he/she takes into account the most pessimistic scenarios.
Thus, the value « can serve as a quantitative measure of the decision maker’s
optimism: the larger «, the more optimistic the decision maker.

This explains why optimistic study better. In education, we invest some efforts
now and get rewards in the future. Time for studying is taken from time of having
fun: we have less chances to go to a movie, to watch TV, etc. So, in comparison
with not studying, this part of the learning process brings less positive utility.

We do study, because we know that there will be a future reward: better
knowledge, better job, etc. So, when deciding how much time we dedicate to
studying (or whether to study at all), we take into account both the utility decrease
now and the potential utility increase in the future.

The decrease now is clear, we thus know the value uy < 0. About the future
rewards, we are not 100% certain: now there is a demand for your major, who
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knows what will happen four years from now, when we graduate with a degree?
Thus, for future rewards, instead of the exact value u,, we only know the interval
of possible values u, € [u,,u,]. The overall utility therefore takes all possible
values form u = uy+wu, to w = uyg+u,. A person with an optimism value « selects
to study if the Hurwicz combination - @+ (1 — «) - w is larger than the value 0
corresponding to not studying.

Here, as one can easily check, the Hurwicz combination is equal to

ug+ a4+ (1—a) u =us+u, +a- (4 —u,).

This value increases with «. If this value was larger that O for some «, it will
be still larger than O for o/ > o — and for o/ > «, in some situations when the
Hurwicz value was negative, it may becomes positive.

Thus, the larger the level « of a person’s optimism, the more there are situations
in which this person will start studying. This explains why optimists are better
students.

3. Why People Become Restless?

Phenomenon. When a person’s salary is increased, this person becomes happy.
I[f a few years pass and the salary remains the same, then, while objectively, the
person has the same good life as before, he or she becomes restless, unhappy.
Why?

The situation is the same as in the past years, so why is not level of happiness
the same?

Towards an explanation. It is known that our utility depends not only on what
we have now, it also depends on what we expect in the future: otherwise, we
would act without thinking of possible consequences. The expected future values
of utility come with some discounting, usually, the exponential discounting, when
— just like when you invest money in a bank — the utility 7" moments in the future
gets multiply by 87 for some 8 < 1; see, e.g., [1-5,8-11]. (For the bank, 3 is 1
minus interest; e.g., if the interest rate is 3%, 5 = 0.97.) As a result, if o, is the
utility caused by the current situation at moment ¢, the actual utility u; at moment
t is equal to
ut:0t+a'0t+1+0z2~ot+2+...

We do not know the future values, we get them by extrapolation, based on the
previous several values oy, 0;_1, . ..

The simplest possible extrapolation is linear extrapolation which is based on the
last two values o; and o,_;. Here, 044; = 0, + 7 (0t —0;—1). In the year ¢ in which a
salary got increased, the difference is positive, so 0,11 > 04, 040 > 04, etc., hence

ut:0t+oz-0t+1+a2-ot+2—|—... >0t—|—oz~ot+oz2-0t—i—... zot-(1+a+a2+...).
A few years later, when o; = o, 1, all extrapolated values are the same:
Ot11 — Oty = ... = Oy, thus

w=o+a-o,+a* o +...=0-(1+a+a®+...).
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We see that the utility in the first year is indeed larger than the utility a few years
after — this is exactly what we observe.
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Abstract. In general, the more freedom we have, the better choices we can
make, and thus, the better possible economic outcomes. However, in practice,
people often artificially restrict their future options by making a commitment.
At first glance, commitments make no economic sense, and so their ubiquity
seems puzzling. Our more detailed analysis shows that commitment often
makes perfect economic sense: namely, it is related to the way we take
future gains and losses into account. With the traditionally assumed expo-
nential discounting, commitment indeed makes no economic sense, but with
the practically observed hyperbolic discounting, commitment is indeed often
economically beneficial.

Keywords: commitment, economics, discounting, exponential discounting,
hyperbolic discounting.

1. Formulation of the Problem

Case study: a simplified description. This study started with a situation which,
at first glance, sounds very reasonable. To get to the gist of it and to avoid
irrelevant details, we will describe a simplified version of this situation.

There are several Jewish congregations in El Paso. To coordinate their activi-
ties, these organizations form the Jewish Federation. To support its activities, each
congregation collects money from its congregants. A certain agreed-upon portion
of this money is given to the Federation.

The Federation’s Board — which consists of representatives of different congre-
gations — decides how to spend this money. Congregations submit proposals, and
the Board decides which proposals to grant and to what extent. In making these
decisions, the Board tries its best to make sure that the overall amount of grants
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given to each congregation is proportional to the amount that the congregation
donated to the Federation’s budget.

From the economic viewpoint, this is a problem. At first glance, this sounds
like a reasonable and fair procedure. However, if one thinks about it from the
economic viewpoint, this procedure does not seem to make much sense.

Each congregation pays a certain amount of the money to the Federation, and
then gets approximately the same amount of money back. So why not spend
it directly? Why do we need this complicated process in the first place? Why
not reserve the Federation funding scheme only for emergencies or for unusual
situations?

Not only this scheme seems to make no economic sense, it seems to make
the situation worse for each congregation: when the original sum of money was
the congregation’s money, the congregation could spend it on whatever project it
could think about (and to which the congregants would agree). However, now that
the same amount of money has come through the Federation process, it comes as
Federation grants. The congregation is no longer free to spend this money any
way it wants: it can only spend it on the project that it originally proposed to the
Federation.

So, the congregation got its own money back, but it lost freedom in spending
this money: it cannot easily change its mind and spend this money on something
else, it has to stick to the original plan.

So why would the congregations go to all this process? Why not keep most of
the money to itself and spend it any way the congregation wants?

Commonsense explanation and other cases of commitment. A commonsense
explanation is that the Federation scheme brings commitment. If a congregation
simply wants to sponsor some future event — e.g., a concert or a conference, it
can decide to allocate some funds for this event. But there is always a need of
day-by-day funding: the building become shabby and may need maintenance, the
air conditioning equipment wears out and does not work as well anymore, there
is a desire to decorate the building, etc. When there is a minor project like this
worth doing, and there is a pool of money available for some future event — it
is tempting to take money from this future-event fund. As a result, often, the
future-event funding drastically decreases — and the event never happens.

On the other hand, by signing to the Federation-based scheme, the congregation
makes a commitment to spend the allocated money exclusively on the future event
— this avoiding the temptation of spending this amount to pay for day-by-day
operations.

Such a commitment procedures are ubiquitous. To avoid temptation, people
make pledges to stick to their diets, to go to the gym, to save money for retirement
— often agreeing on penalties if they violate this commitment. For example, a
known advice for a politically involved person to stick to their diet or to their
exercise routine is to sign a check to an opposite political organization and give it
to a trusted friend (or, better, a lawyer) with an instruction to send it when the
check-signer stops dieting or exercising.
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Remaining problem. From the commonsense viewpoint, the above explanation
may be somewhat convincing, but from the economic viewpoint, it still remains a
mystery.

There is a lot of evidence that freedom of choice is good for a person (see, e.g.,
[6,7] and references therein), so why would a person artificially restrict his/her
freedom of choice?

What we do in this paper. In this paper, we provide an economic explanation
for the benefits of commitment.

2. Our Explanation

Main idea: let us take discounting into account. Our explanation is based
on the fact that when people make decisions, they take into account not only the
amount of money (or whatever good) that they get at the given moment of time,
they also take into account the future gains or losses — of course, with some
discounting, so that $1 in the future is valued less than $1 right now.

Formally, let m(t) denote the amount of money (or other goods) that a person
(or an organization) gets at moment ¢. If the person only took into account the
current gains — and ignored possible consequences — then a natural idea would
be to select an action for which the current gain m(t) is the largest possible. Let
D(ty) denote the discounting of an event t, moments of time in the future, i.e., the
amount of money now which is equivalent to $1 at time ¢, in the future. In these
terms, the overall gain from a given action is determined by the formula

m=m(t)+ D(1) - mt+1)+D(2) - m(t+2)+..., (1)

and we select an action for which this value m is the largest possible.

What discounting people use? If we place $1 in the bank, where it will grow

interest at a rate 7%, then after ¢, years, this amount will increase to a larger
r

X 100°

the amount = g ". From this viewpoint, $1 at moment ¢, is equivalent to g~

amount ¢, where ¢ L To get $1 at moment ¢,, we thus need to invest

dollars right now. It therefore seems reasonable to take D(ty) = g~ ".

This exponential discounting was indeed the original idea of decision theo-
rists about how people make decisions. However, since the exponential function
decreases to practically O fast, it would mean that people, in effect, ignore future
consequences when making decisions. Such behavior happens — e.g., when a
criminal robs a bank without thinking of future jail time or a young man takes
heavy drugs without thinking of long-term damage to his brain — but luckily, such
behavior is rare. Empirical data shows that when people make decisions, they use

the formula .

1+ k-t

known as hyperbolic discounting; see, e.g., [1-5,8-11].

D(ty) = (2)
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Hyperbolic discounting explains economic efficiency of commitment. Let
us show that taking hyperbolic discounting into account explains the economic
advantages of commitment.

For simplicity, let us start counting time from the moment when we make
the original decision, so that the original decision corresponds to moment ¢ = 0.
At this moment, we plan an event at moment tx. We can gauge the positive
consequences of this event by estimating the amount mg that we were willing to
pay to have this event right now — if we had the corresponding amount available
right now.

Before this event, at some moment ¢7, there is a femptation (e.g., desire to
decorate the building). The negative effect of ignoring this temptation can also
be gauged by the corresponding monetary amount; let us denote it by ms. So, if
we decide to keep the event and ignore the temptation, we thus get the equivalent
amount

If we do not sponsor the event, then we do not get any gain at moment ¢g but
we also do not suffer any negative consequences at the moment ¢, so our overall
effect is 0.

So, if the amount (3) is greater than 0, we decide to sponsor the event. For
hyperbolic discounting (2), the inequality m > 0 means that
> 0, (4)

—mr +mpg

1t k-typ 1+ k-tg

i.e., equivalently, that

Formula (4) implies that mg > mp: otherwise, even with a larger discounting, the
gain mg would not outweigh the losses mr.

[T at this moment ¢ = 0, we make a commitment, we will sponsor the desired
event. But suppose that we did not make this commitment. Then, in principle,
when the time ¢ of the temptation arrives, we can reconsider. At this time, we
still prefer to hold the event if

1
1+ k- (tg — tr)

ie.,ifmg >mpr - (14+k-(tg—t7)). Umeg <mp-(1+k-(tg—t7)), we will be tempted
to reconsider — and for a large difference tg —tr, the product my- (14+k- (tg —tr))
is also large, so this inequality is quite possible. Thus, if we do not make a
commitment, it is highly possible that we will reconsider and the desired event
will not happen.

Thus, commitment indeed makes perfect economic sense.

—mr +mg - >0,

Comment. Interestingly, the above argument only holds for the hyperbolic dis-
counting. For exponential discounting, if the initial inequality

—q_tT smr + (]_tE -mg >0 (6)
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is satisfied, then at every future moment ¢, multiplying both sides of inequality (6)
by ¢', we get the new inequality

_q_(tT_t) . mT + q_(tE_t) . mE > O

meaning that we should still be committed to holding the event.

Thus, the economics of commitment is based on the fact that our discounting is

hyperbolic: for exponential discounting, there is no economic need for commitment.
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AnHoTaumsa. B uesom, uem Gosibllle CBOGOIB! y HAC €CTh, TEM Jydllle BHIGOP, KOTOPbIH
Mbl MOXKEM CH€JiaTh, W, CJI€J0BATEJbHO, JIydllle BO3MOXHbIE SKOHOMHUYECKHE DPe3YJb-
tathl. OHaKO, HA TPAKTHKE JIIOAX 4acTO UCKYCCTBEHHO OTPaHHMYMBAIOT CBOW Oynyliue
BapuaHThl, 6epsi Ha cebsi HeKoTopoe 06si3aTesbeTBO. Ha nmepBbift B3ruisin, 06s13aTesbCTBA
He UMelOoT 3KOHOMHUYECKOT0 CMbICJ/A, U TI03TOMY MX ITOBCEMECTHOCTb KaXKeTCsl 03afadyH-
Batoied. Hamr 6osee monpoOHBIH aHAMU3 TTOKA3bIBAET, YTO 0053aTENbCTBO YACTO UMEET
MpeKPaCHbI SKOHOMHUYECKHH CMBIC/I, 2 UMEHHO: OHO CBSI3aHO C Te€M, KaK Mbl YUUTHIBAEM
Oynylixe BHIrOAbl U ToTepu. [IpU TpagMLMOHHO TpeanosaraeMoM 3KCHMOHeHIHATbHOM
JUCKOHTHPOBAHUM 00513aTeJbCTBO NEHCTBUTEIbHO He UMeeT HUKAaKOro SKOHOMHYEeCKO-
ro CMBIC/Ia, HO TIPY MPaKTHYECKH HaO/I01aeMOM THNep6oNHYeCcKOM AWCKOHTHPOBaHUU
00513aTeIbCTBO JEUCTBUTEJBHO YACTO SIBJSETCS SKOHOMHUYECKH BBITOJHBIM.

KuatoueBnie cioBa: O6H3aT€J’IbCTBO, 9KOHOMHKA, NHUCKOHTHPOBAaHKE, SKCIIOHEHIIUAJMbHAsA
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Owmckuit rocynapctBennblil yHuBepcuteT uM. .M. loctoesckoro, Omck, Poccus

AHHoTauusda. B craTtbe npensoxen anaroputm GopMHpoBaHUs 06yUalolero MHO-
JKeCTBa [JIs UCKYCCTBEHHOH HEHPOHHOM CeTH B 33Jade CErMeHTalUU h3obpaxe-
HUH. OTIMYUTENBHOH 0COOEHHOCTBIO SIBJISIETCS UCIOJNb30BAaHHE TOJNBKO OIHOTO
cerMeHTHpyeMoro usobpaxenusi. CermMeHTalUsl BBIMOJHSETCS C MOMOLIbIO TPEX-
cJoiHoro nepcentpoHa. Mcnosbayercs Meron BblpalllMBaHusi obsactei. Heil-
pPOHHAs CeTh UCIMOJb3YyeTCs AJsl NPUHATHS PelleHUs O NPUHAIJIeXKHOCTH MUKCe-
Jas K GopMmupyemomy cermeHTy. as popMupoBaHUs 0O6ydarollero MHOXKeCTBa
UCIIONb3YeTCs UMNYJAbCHBIN wWyM. [TuKcenu, n3MeHEHHbIe IYMOM, He MpHUHAl-
JiexKaT HUA OfHOMY cerMeHTy. IIpoBeéH KOMMBIOTEPHBIH 3KCIIEPUMEHT B aBTO-
MaTHYeCKOM W HHTEPAKTHUBHOM PeXKHME.

KaroueBble cjoBa: cermMeHTalusi H300paKeHUH, UCKYCCTBEHHble HeHpOHHble
CeTH, UMMYJbCHBIH LIyM.

BBenenue

CerMeHTauusi U300paKeHUH TMpencTaB/sieT coOOH OAWH M3 BAapUaHTOB 3a1auH
KJlacTepU3allMy MHOXKECTBa TMUKCeJeld M0 NMPU3HaKy LBeToBOH Osuszoctd. Cremyer
OTMETHTb, UTO 3aJaya CerMeHTAaLUHWH He UMeeT TOYHOro pelleHUs: U 3(PPeKTUBHOCTD
pelleHUs TIPUHSTO OLleHWBATh Ha OCHOBE CPAaBHEHHS C pe3yJibTaTaMH, MoJyYeHHbIMU
JKCIepTaMU B PYUHOM pexurMe. To ecTb 3((PeKTUBHOCTb CerMEHTALUU He MOXKEeT
6biTh onHO3HAaYHOM. ONHMM K3 MOAXOIOB, aKTHBHO PAa3BUBAIOLIMMCS B IMOCJEeIHHE
TOMBI, SIBJSIETCS HUCIOJb30BAHNE NCKYCCTBEHHBIX HEHPOHHBIX ceTel. OnHaKO AaHHBIN
MOAXOA CTaJKHBaeTcsl ¢ mpobseMoil hopMUpoBaHUs oOyualollero MHOXKecTBa. Ecan
€CTb Cepusi aHAJIOTUUHBIX U300paKeHWH, HarpuMep, ¢ MEAUIIMHCKON HH(popMalued,
TO npobJsemMa pellaeTcs AOCTaTOYHO MPOCTO. Ec/u cTaBUTCS 3amada cerMeHTHPOBaTh
OIIHO OTHAEeJBHO B3siTOe H300paxkeHHe, He HMelolllee aHAJOroB, TO TPaAULHOHHbIE
MOAXOAbl CTAJKHUBAIOTCH C Hepa3pelluMbIMU TPYAHOCTSMH.

[ peleHrs 3afayul cerMeHTalUM H300paKeHHs HCIOJNb30BAJNUCh PA3JTHUUHBIE
UCKYCCTBEHHble HEeHPOHHBbIE CeTH. DblM MOCTPOeHbl aJrOpUTMbl Ha OCHOBE MHOTO-
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cJioiiHOTO TepcenTpoHa [1], a Takxke ero MogM(HUKALIMH, UCIOJb3YOLINE MTEePEeKPECT-
HYI0 SHTPONHIO [2], reHeTUYeCKHe aNropuTMbl [3,4], BepaluBaHue obsacrtei [9,6],
MUHHMaJIbHble OTHOILEHHS pas3auuus [7], BelBJeT-pa3J/I0KeHHs UCXOMHOTO H306pa-
x)eHus [8]. Takyke MHOTOCJONUHBIN TEPCENTPOH MCIOJIb30BAJICS COBMECTHO C IPYTH-
MU aJITOPUTMAMHU CerMeHTalluH, Harnpumep, MeTonoM k-cpenHux [9]. Takxke Obl1 pas-
paboTaH psifi aITOPUTMOB Ha OCHOBe camMoopraHusyomuxcs kapt Koxonena [10-12].
Tak:ke KaK U AJis1 MHOTOCJIOWHOTO MepCcenTpoHa OblIX MPeAN0KEHbl aJITOPUTMBI, COB-
Melatoiie Kaptel KoxoHeHa ¢ IpyruMu aqropuTMaMy cerMeHTallud — FHOPUIHBIM
reHeTHYeCKUM aJjroputmoM [13], metomom k-cpemnuux [14], BbpaliuBaHueM o006.a-
creit [15].

Bce mnepeunciieHHble Bblllle aJATOPUTMBI HOCSIT ClEeLHAJHW3UPOBAHHBIA XapaKTep
M OPHEHTHPOBAHBI Ha H300paKeHWs ONpeleséHHOro Thma. Takas creluagu3alus
HeoOxonnMa nJis opmMupoBaHusi obyuatollero MHoxectBa. Heliponnee cetu, o0y-
YyeHHble HA OJTHOM TUIe U300pakeHuH, He paboTaloT /s APYTUX U300parkKeHuH.

B naHHo#i cTaThe mpenJioxKeH aaroputM (GopMHUPOBaHUS 00yYaIOLIEro MHOXKECTBA
B 3ajlaue CerMeHTalWd, OPUEHTUPOBAHHBIA HA OIHO KOHKpPETHOe H300pakeHHe U He
TpeOYIOIIUHI AOMOJHUTENBHOTO Habopa CXOXKUX U300pakeHuH.

1. IlocraHoBKa 3agauM U MeTOJ €€ pelleHusd

AnropuT™ cermMeHTalUMH U300paKeHHsi OyIeT OCHOBBIBATLCS HAa METOME BbIPAILU-
BaHHUs 00J/1acTel, KOTOPbIH XOPOLIO 3apeKOMeHA0BaJ ceOsi MPHU UCIOJNb30BAHUU I'pa-
¢oBoro npenacraienns uzobpaxenus [16,17]. BeipaiuBanue cermeHTa HauMHaeTCs
U3 ONHOH TOUKH, BIOPAaHHOH C/AydyaliHO Ha HeoOpaboTaHHOW yacTH H3o0OpakeHus. B
HayaJbHbI MOMEHT BpeMeHHU BCE M300pakeHHe cuMuTaeTcss HeoOpaboTaHHBIM. Bce
TOYKH, NIPUCOEAUHEHHBIE K OJHOMY M3 CErMEHTOB, CUMTAIOTCs 00pab0TaHHOH YacTbio
usobparkeHusl. BoipaluBaHue cermMeHTa MPOUCXOAUT MYTEM MPUCOEAUHEHHUS K HEMY
HOBBIX TOueK. AJITOPHUTM OCYLIeCTBJseT 00X0 TPAaHUYHBIX TOYEK YKe CPOpMHPO-
BAHHOM 4YaCTH CerMeHTa M IoNapHO oOpabaTbiBaeT MX C COCEJHUMH TOYKAMH, He
BXOISAILIUMH B cerMeHT. [l KaxKI0o¥ TakoW napbl NPUHHUMAETCsl pelleHHe O MPUCO-
eIMHEeHHH WJIM HEelPUCOeAMHEHHUH K cerMeHTy. [IpucoeinHSAIOTCS K CETMEHTY TOYKH
0 11BETOBBIM XapaKTEPHUCTHUKAM CXOXKHe C yKe BXOASLIUMH B HEro TOUKaAMH.

JIns KaXKa0ro cerMeHTa UCIMOJb3yeTCsl YHUKaJAbHAs MeTKa, NpeicTaBJ/]eHHas Ha-
TypaJbHbIM 4yucjoM. HeobOpaboTaHHas yacTb HM300paKeHHWS] MapKHUpyeTcs HYJEBBIM
3HayeHHeM. TakuMm o6pa3oM, Ha KaxKIOM 3Tarne paboThl aJiropuTMa BCeM TOYKaM
1300pakeHHusl COMOCTaBJ/eHbl HEKOTOPble METKH. B Haua/bHBIH MOMEHT BpeMeHH BCe
TOYKM HMMeIOT HyJeBylo MeTKy. [lo okoHuaHuu paboOThl anropuTMa BCeM TOUYKaM
COMNOCTAaBJIEHbl HEHYJIEBblE METKH.

JIns IpUHATHS pelleHUs] O CXOXKeCTH ABYX TOYeK Obll MCIOJb30BAH TPEXCJOH-
HbId mepcenTpoH. TOUKM CpaBHHMBAJHWCH MO HMX LBETOBBIM KOOpPAHMHATAM B MOJEJH
RGB. Tak kak cpaBHeHHe MPOUCXOAMT TOJNBKO AJS1 ABYX TOYeK, TO BXOAHOH CJIOH
nepcenTpoHa HMMeeT LIeCTb HEHPOHOB, COOTBETCTBYIOLIMX LBETOBBIM KOOPAHMHATaM
ToueK. BBIXOZHOH C/IOH COmep:KUT ABa HEHPOHA, COOTBETCTBYIOLIUX IOJOXKHUTENb-
HOMY M OTpULIATE/JbHOMY peLUeHUI0 O CXOXKEeCTH ToueK. B pamkax KOMIbIOTEpHOro
JKCIepUMeHTa OblLIO OMpefiesieHo, UTo 3((HeKTUBHOCTh PaboThl aJropuTMa pacTéT ¢
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yBeJIMYeHHEeM KOJIMUeCTBa HEHPOHOB B CKPBITOM CJl0€ BIUIOTh A0 3HaueHust 50, mocie
yero ocTaércsi HeM3MeHHBIM. [109TOMY B fa/ibHEHIIeM HCIOJb30BAJICS TPEXCAOHHBIH
TepPCeNTPOH C MAThIOAECATbIO HEHPOHAMH B CKPBITOM CJIO€.

bynem paccmarpuBaTh u3oOpaxkeHue pasmepoMm N X M nuKcened, KOoTopoe B
mozesnun RGB moxer ObITh mpencrasieHo tpems marpuuamu ||Ri ||, ||Gill. || Bijll
(¢=1,..,N; j=1,.., M), COOTBETCTBYIOLINMH PA3HBIM [IBETOBBIM KOMIIOHEHTaM.
Jlns muxcens ¢ KoopaMHaTaMM (i,j) BBedéM o0003HaueHHe uepe3 v;;. LIBeToBBIE
COCTaBJIAIOIINE TTHKCENS v;; OyIeM pacCMaTpPUBATbh KaK ero MoJsi NaHHBIX:

Uij.T = Rijy Uij~g = Gij7 Uij.b = B”

Jlns mMaTpulbl MeTOK BBefEM obosHaueHue ;; (i = 1,..N; j =1,...,M). das mert-
KW OTHEJbHOrO MHUKCeJsl TakxKe OyfeM HCIOJb30BaTh NpeACTaBJEHHE B BHUIE MOJS
NaHHBIX: vj5.c = Cjj.

PaccMoTpuM anropuTM BelpalllMBaHUsl ceTMeHTa. bynem cuuTaTh, 4TO K JaHHOMY
MOMEHTY BblJiesieHO k cerMeHTOB. M3 MHOXecTBa mukcesiedl ¢ HyJeBOH METKOH CJy-
YyalHbIM 00pa3oM BbIOUpaeM OJMH, KOTOPbIK 0003HaYMM v;;. /1 JaHHOro MHKceJs
U3MeHsieM MeTKy v;;.c = k + 1. Jlasee sanyckaeMm peKypCHBHBIH aJrOPUTM.

1. TlycTb BbIpaliMBaeMblil CETMEHT CONEPXKHUT I MUKceaed {vy, ..., v, }.

2. [lepebupaem O/MMKaUIINX COCElEH, NMEIOLIUX HYJIEBYIO METKY MHUKCeJeH BXO-
OSILLKX B CErMeHT.

3. @opMupyeM BXOAHOW BEKTOP HEHPOCETH M3 LBETOBBIX KOOPAHWHAT TOUKH Cer-
MeHTa v U eé OJHKaKlIero cocena o', He MPUHAMJEKAIETO CETMEHTY

(v.r,v.g,v.0,v" .7, 0" .g,0".b).

4. BoluncsisieM BBIXOAHOe 3HaueHHe HelpoceTu. [Ipu moJsioKHUTeNbHOM pelleHHH
u3MeHsieM MeTKy nukcessi v': v'.c = k+1. [Ipu oTpuaTesbHOM pelieHHH MepexoauM
K CJeyIOIeMy COCeJHEMY MHKCeJ0, He BXOASALIEMY B CErMeHT

5. Asroput™m Mo (OPMHPOBAHHIO CETMEHTa OCTAHABJIHBAETCS, €CJH HEHpOCeTh
NIPUHUMAeT OTpULIATe/bHOE PelleHHe IJi BCeX ONMMKAULIMX coceleH.

CerMeHTauus M3oOpakeHHs 3aBepllaeTcsl, eCld He OCTaéTcs HU OfHOTIO IHKCe-
JISl ¢ HyJeBOH MeTKOH. AJNropuTM OyneT UMeTh JIUHEHHYIO TPyLOEMKOCTb, TaK Kak
OCYLI1eCTBJISIeTCS MPOXOA MO BCeM IMHKCeJsIM, KaKIbli U3 KOTOPBIX UMeeT He GoJee
BOCBMH OJIMXKAHIIKX coceled.

O (PeKTHBHOCTb aJrOpUTMa CYLIECTBEHHO 3aBUCHUT OT 0OyuyeHHUsS] HEHpPOHHOMH ce-
TH, KOTOPOe omnpefensercs odydaroulel BoiOopKod. bynem ¢gopmuposats obyuaroliee
MHOXKECTBO [JI1 OTAEJBHO B3STOIO H300paKeHUs — HCKYCCTBEHHO CTeHepHPOBAaH-
HBbIH UMMYJAbCHBIH WyM. Mcnoab3yeM reHepatop rnceBAOCAyUYaHHON MOCJEI0BATENb-
HOCTH C PaBHOMEPHBIM pacrpefiesieHdeM. Ha ocHOBe 3Toro reHeparopa chopmMUpyeM
HOBBIE LIBETOBble KOOPAMHATHl 1Jisl p % MNHKCeJed HCXOmHOro H3oOpaxkeHus. [Ipu-
4yéM KOOpPAMHATHl M3MeHsieMbIX MUKcesed OyneM BblOMpPAThb MPOWU3BOJBHO, a HOBBIH
LBeT TaK, YTOOBl OH 3HAUYMUTEJ]bHO OTJMYaJ/CAd OT UCXOAHOro. bymem cuutaTh, 4TO
BCSl MaJIUTPa COAEPKUT m LBeTOB. Ecan B UCXOOHOM H300pakKeHUH [/ U3MeHse-
MOTO TIHKCeJsi ¢ KOOpauHataMu (i,7j) OIHAa W3 [BETOBBIX KOOPIHHAT MMeJja 3Haue-
HHe m;; > m/2, To HOBBIM LBeT BeIOMpaeM U3 HHTepBana [0,m/2). s ciydas
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m;; < m/2 HOBBIH LIBeT BbIOMpaeTcs U3 HHTepBata (m/2,m — 1]. B pesynbrare Ta-
KOr0 BEIOOpa MOXKHO CUMTaTh, YTO U3MEHEHHBIH MUKCENb He MOXKET ObITh 00beANHEH
B OIMH CerMeHT ¢ OJMKaWIIMMU cocedssMU. M3MeHEHHble MUKCEJNH W UTPaT PoJib
oOyyarolieil BbIOOpKH. Kak 1mokasas KOMIbIOTepHBIH KCIIEPUMEHT, HeOOXOAUMO Bbl-
6upatb 3Hauenue p < 10 %. as dpopmupoBaHust 00yUdaioliero MHOXeCTBa GOJbIIETO
00béMa HeOOXOAMMO MOBTOPUTH MPOUEAYPY (POPMHUPOBAHUS MMIYJbCHOIO IIyMa Ha
MCXOTHOM M300paxkKeHHWH HecKoJbKo pa3. OOydyeHHe HelpoCeTH BBINOJHSAJIOCH MeTO-
1I0M 06paTHOro pacrnpocTpaHeHus: olIMOKU. OCHOBHBIM HELOCTATKOM TaKOro MOAXOAA
K (hOpMHUpPOBaHHUIO 00yUalollero MHOXKeCTBA ABJSeTCA TO, YTO Mbl IoJydyaeM Habop
TOJIBKO OTPUIlATEJIbHBIX PeLleHUH.

2. KoMmnbroTepHbIN KCIIEPUMEHT

B paMKax KOMIbIOTEPHOTO 3KCIepUMEHTa OCYLIECTBJsAIACh CerMeHTalUsl LBeT-
HBIX M300pakeHUH ¢ ryyOWHOW MaNuTpbl Kaxkaoro useta m = 256. [loBpexnéHHbIE
nukcenu coctansinu 10 % u dopmuposanucs 100 pas. Anroputm TecTHpoBascs Kak
B aBTOMAaTHYeCKOM, TaK M B UHTEPAKTHBHOM pexuMe. B aBTOMaTHUeCKOM pexXHhMe
omnpenessiiuCh BCe CerMeHThl M300pakeHHs. B MHTepaKTUBHOM peXXHMe OCYIeCTB-
JIIJICA TIOMCK OJHOTO CEerMeHTa, COAep2Kallero TOUKy, ONpefesseMylo IO0Jb30BaTe-
JIeM.

[Ipumep paboTel anropuTMa B aBTOMATHUYeCKOM pexXHMe IpeACTaBJ]eH Ha pHU-
CyHKe 1, Ha KOTOpPOM MpHBeNeHBl KOHTYpbl cerMeHTOB. Ha pucyHke 2 npexncraBieH
pe3ysbTaT paboThl aIroOpuTMa B UHTEPAKTUBHOM pexKHMeE.

3akJroueHue

He cmoTps Ha uMelolminecss HenocTaTKH B (OPMHUPOBAHUM OOy4YaIOLIEr0 MHO-
’KeCTBa, NpelJIOKeHHbIH a/JTOpPUTM MO03BOJSET BBHINOJHATH CerMEHTaLHI0 3a4aHHO-
ro u300pakeHHs C TOMOLIbI0 HEHPOHHOH ceTH 6e3 MpuBJeYeHUs] APYTUX OJU3KHUX
Mo CTPYKType u300pakeHHH. KomnbloTepHBIH 3KCIEPHMEHT MOKasaJj, UTO NpejJio-
JKeHHBI! a/JropuTM HauboJjee 3((eKTHBEH B CJaydyae YETKUX KOHTYPOB U CerMeH-
TOB OoJsiblioro pasmepa. Cjenyer OTMETHThb, UTO AAHHOE CBOHMCTBO MPHUCYIe BCEM
ajqroputMam cermeHtauuu. OnHako HeOOXOAWMO OTMETHTb YCTOWYMBOCTb MPe.Jo-
’KEHHOTO HaMH a/JrOpUTMa CerMeHTalHH K HMMIYJbCHBIM LIyMaM, KOTOpble JIerko
OTpefeNISIoTC 00yUeHHOH HEeHpOHHOW CeThbl0 KaK CerMeHThbl pa3MepoM B OfMH MHK-
cesib. B nasnbHelilleM AaHHBIE MOAXON MOXKeT ObIThb HUCIOJNb30BAaH C APYrUMH OoJsee
3 (heKTUBHBIMH HEHUPOHHBIMH CETSIMH.

TakxKe npeasoKeHHBIH alrOPUTM B CHUJY JUHEHHOH TPyLOEMKOCTH 00J/1a12aeT XO-
pownM 6bicTporelicTBUMeM. OCHOBHOE BpeMsl TpaTUTCs Ha (popMHUpOBaHHe obyyarollle-
ro MHOXKeCTBa U oOyueHHe UCKYCCTBEHHOH HelpoHHOH ceTu. [Ipouecc cermeHTauunu
Ha y»e 00ydyeHHOH HEHpPOCeTH BBIMOJHSETCS 3HAUMWTeJbHO ObicTpee. Obliee Bpems
006paboTKH u3ob6paxkeHUs pazmepoMm 256 X 256 muKcesed coctabjserT nopsaka 40
CEKYHI.
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Puc. 1. Ilpumepsl aBTOMaTHUYECKOH KJacTepU3aLUH U300paKeHUH

Puc. 2. [Ipumep paGoThl airopuTMa B HHTEPAKTHUBHOM peKHMe Ha H3obpakeHHH «CaMoséTs
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Abstract. An algorithm for forming a learning set for an artificial neural network in
the problem of image segmentation is proposed in the article. A distinctive feature is
the use of only one segmented image. Segmentation is performed using a three-layer
perceptron. The method of growing areas is used. The neural network is used to
decide whether the pixel belongs to the segment being formed. Impulse noise is used
to form the learning set. Pixels modified by noise do not belong to any segment. A
computer experiment was conducted in an automatic and interactive mode.
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AnHoTamua. B paGore paccmoTpeHa 3ajavya cpaBHEHHS H300paXKeHUH KpH-
BBIX, TIPENCTaBJEHHBIX HA0OPOM TOYeK-OpueHTHpOB. s aHanusa pedopmaunii
n306paxkeHust B paboTe paccmaTpuBaetcsi rpynna nudpdeomMoppusmon. 3anaua
pellaeTcss Ha OCHOBE MeTO[A IMOCTPOeHHUs (PYHKLHUOHAJ/A, XapaKTepU3yIOLlero
sBoJironvio auddeomopdHoro npeobpa3oBaHUs H300paKeHUST OT HAYaJbHOTO
10 TpeOyeMOro COCTOSIHMS, M «lITpada» 3a OTKJIOHEHHe TPaeKTOPHUH TOodeK
1300paxkeHHst OT HeOoOXOAWMBIX. [IpHBOIUTCS MOCTAHOBKA 3a/la4M, OCHOBAHHAsI
Ha NOCTPOEHHMH U pelleHHH ypaBHeHMH [amMusbTOHA MJs Tpynnbl guddeomop-
(hM3MOB TOUEUYHBIX OPUEHTUPOB H300pakeHus. Pa3pabGoTaH airopuTM pelleHHs
ypaBHeHHH ['amunbrToHa nuddeomopdHOro nmpeodpaszoBaHUs Ha OCHOBE METOIA
CTOXACTHYECKOTr0 TPAJAUEHTHOTO CITYCKa.

KaioueBble cjoBa: pacro3HaBaHHe 00pa3oB, CTOXAaCTHUECKHH TpaaHeHTHBIH
cnyck, ypaBHeHue [amunbroHa, nuddeomopdHble npeodpa3oBaHus.

BBenenue

CyliecTBYIOT pa3/jMyHble MeTOIbl pelleHHsl 3aJayd CpaBHeHUs (OPM HCXOIHO-
ro u300paXkeHHs1 ¥ TepMHHaJbHOTrO (LeseBoro) usobpaxenus [14]. nas aHanusza
nedopmanuil H300pakeHUs1 OT MUCXOAHOTO K LieJieBOMY B paboTe pacCMaTpHUBaeTCs
rpynna audgdeomopdusmon, a gedopMalus pPacCMaTPUBAETCA KaK reoje3ndyeckas
(KpaTyaHIIKMK MyTh) MeXKAY MCXOAHBIM M LIEJEBBIM H300parKEHUSIMH.

Hudpepenunpyemoe otobpaxkenue [ : M — N HasbiBaercs nuddeomopdhusmom
nJsi MHOroo6pasuit M, N, eciiu OHO siBjisieTCsl GHEKTHBHBIM MW 06paTHOE OTOGpa-
xenue f~1: N — M rakxke audpdepenuupyemoe. B atom ciyyae MHOrooGpasust
M, N sasworcs guddeomoppubiMu (M ~ N). Ipynna guddeomopdusmos audde-
peHUupyeMoro MHOroo6pasusi M — 3to rpymnna Bcex nuddeomopdpusmor M — M.
B pa6orax [11,15,16] ucnosnbsytorcs ypaBuenusi B.M. ApHosbna [3] njs moctpoe-
HUSl YpaBHEeHUI BpeMeHHOH 3BOJIOLMH 3JeMeHTOB Trpynn auddeomopprusmMoB.

3amaya CpaBHEHHS MCXONHOTO M 1eJIeBOT0 M300paKeHHH pellaeTcss Ha OCHOBE
MeToJla MOCTPOEHHs MUHUMHU3Upyemoro dyHKIHoHaa [4,5,8,11,15,16,18,20], xa-
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pPaKTepU3YIOLLEero 3BOJIIOLUHI NH(deoMoppHOro npeodpa3oBaHUs U300paxKeHHs OT
HAa4yaJIbHOTO 10 TePMMHAJ/bHOrO, M «lITpaa» 3a OTKJIOHEHHe TPAaeKTOpPHUH H300pa-
KeHUs oT TpebyeMOH TPaeKTOpHH.

Jlnsi pellleHus 3aa4yl CPaBHEHHUs IPUMEHSIeTCS] METO/ YaCTHI-OPHEHTHPOB (Hau-
6osiee BaXKHBIX TOueK Ha H3oOpaxkeHuu) [13]. B pabore mpuBOAMTCS MOCTaHOBKA
3alayd, OCHOBaHHAsl Ha MOCTPOEHUU U pellleHUH ypaBHeHUH [‘amMusbTOHA NJs rpyn-
nbl 1 heoMoppHU3MOB UaCTHUL, — TOUYEUYHBIX OPUEHTHUPOB H300pakeHus. [Ipume-
HeHUe ypaBHeHUU [amunbToHa nJis rpynnbsl AudPeoMopdU3MOB YaCTUL] MO3BOJSET
He NpUMeHsATh ypaBHeHus B.M. ApHosbna n/s mocTpoeHHs! ypaBHEHHH BpeMeHHOH
3BOJIOLMHU 3J7eMeHTOB rpynn auddeomopdusmos. PaspaboTaH anroputM pelieHust
ypaBHeHuil [amusabToHa auddeomopdHoro npeobpazoBaHUsi Ha OCHOBE MeTOAa CTO-
XaCTUUECKOT0 TPafUeHTHOr0 CIyCKa.

dopmupoBanue auddeomophusMa H300paKeHUH Ha OCHOBe BceX TOodek (IMHK-
cesiel) H3o6paxkeHUs: MOTpedyeT GOJBIIOT0 O0ObEMAa BBIUHMCJUTENBHBIX OMeparui.
Hcnonb3oBanne mpoctpanHcTB ¢ Metpukodl C.JI. CoboseBa Mmo3BOJsieT MOCTPOUTH
ONTHMaJ/IbHOE BEKTOPHOE I0Jle CKOPOCTeH BCeX TOUeK M300pakeHHs M0 BEIOPAHHOMY
MOIMHOXKECTBY TOYEUHbIX OPUEHTHPOB, UTO 3HAUMUTEJbHO CHHXKAeT TpeOOBaHUSA K
00BEMY BBIUHCAUTENbHBIX onepaluid. CHopMUpOBaHHOE BEKTOpPHOE ToJie B KaxKAOoH
TOuke H300pakeHUs omnpenesser guddpeomoppHoe oToOpaxKeHHe UCXOIHOTO U300pa-
XKeHHs1 KaK COBOKYITHOCTH TOUEUHBIX OPUEHTHPOB B TepMHHaJsbHOe (1LlesieBoe) H3006-
pakeHue.

1. TI'amunbTOHOBa MeXaHMKa TOYEUYHBIX OPUEHTHUPOB
U300pakeHus

Hucppeomoppusm nzobpaxkeHHH MOXKHO NMPEACTaBUTb KaK 3BOJIOLUIO TOYEUHBIX
OpUeHTHPOB (Hanbosee BaKHBIX TOYEK) H300pakeHHWs Ha OCHOBE TaMHJ/bTOHOBOH
MeXaHUKH. PaccMoTpuM napameTpusauuio (popMbl H300paKeHUs ¢ TOMOLIbIO YaCTHIL
— TOUeuHBIX OpHeHTHPOB. [lycThb ¢;(t) Mcnonb3yercs 115 0003HAUEHHS] BEKTOpA MO-
JIOXKEHHUS i-H YacTHLUbl U p;(t) COOTBETCTBYIOLLETO BEKTOpPAa HMITY/bCa B MOMEHT
BpeMeHHt t. Ecn (opMasnbHO NPUHATB, UTO UMNYJbCl U CKOPOCTH YaCTHL, CBS3aHBI
COOTHOLIeHHeM p; = L - v;, rae £ — JUHeHHBIH o6paTUMBIH onepaTop (B MeXaHHUKe
COOTBETCTBYET MHEPTHOH Macce), TO oOpaTHOoe cooTHoueHue v; = L1 - p; = Kp;.
CkaJgsipHoe Tpou3BeleHHe BEKTOPOB p; U ¢;, cooTBeTcTByIollee MeTpuke C.JI. Co-
6osnea [19], MoxHO mpexacTaBUTh B BUAE (D;,vi);> = (Lv;,v;) .. Jas omepatopa
L =id — aV? B mpoctpanctse 2 = R? o6paTHBIM 0rMepaTopoM (GOPMasbHO SIBJISET-
cs oneparop K = L£7!, KOTOpbId MOXKHO aNMpOKCUMHPOBATh CKAJISPHOH (QyHKIHeH
[aycca [17]

o 2(gi—a) T (Gi—as
K (¢ —q;) = Be (9i—a;)" (4—a5) (1)
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Torpa mosiss uMnysnbcoB U ckopocTed B mpoctpaHcTBe ¢ MeTpukoit C.JI. CoboseBa
MOT'YT ObITb IIOCTPOEHBl U3 COOTHOLLEHHH
=> 6(g—qi (1) - pi (b);
: (2)
= ZK(Q— g () - pi (1)

[ToctpoM MHHHUMHU3HpPyeMBIH (DYHKLHOHAJ, KOTOPHIH COOTBETCTBYeT Hedopma-
LIUM U300parkeHusi, IPeACTaBJIEHHOIO0 COBOKYITHOCTBIO TOUEUHBIX OPHEHTHPOB, B BULE

/{Zp G —q;)p }dt- (3)

331],3‘-1}7 MHHHUMHU3ALHUHN JO MO2KHO IPEACTAaBUTb KaK 3agady OINTHMaJbHOTO yIIpaB-
JIEHUA, CBA3aHHYIO C TaMHUJbTOHHUAHOM

1
= §ZP¢TK (@ — 4;) ;- (4)
2y}
BPEMeHHaH 9BOJIIOHA CHUCTEMbI OIpeneadeTcd YpaBHEHUAMU [amuabTOHA [10,
11]
. 0H,
pi= aqo = szv K (¢ — 4;) pji
(5)
. OH,
G = ap? => K(q—q;)p),

rie V1K (¢; — g;) npexacraBasier cob6oil rpamueHT QyHKUMH (¢;,q;) — K (¢; — q;)
0 OTHOLIEHHIO K NepBoMy onepaHny ¢;. Mcnonssys mis K (¢; — g;) cKanspHyio
¢yukuuio Taycca (1), momyuum

— —a—2(gi—a)T (g:—a.
VIK(QZ - QJ) = _204 26 (Qz - QJ)e 2(111 ‘IJ) (a4 q;)_ (6)

Ecsu MUHUMM3HPYeMBIH (DYHKIHMOHAN Jy TPUHATH B BUAE (3), a TaMUJIbTOHHAH
CUCTEMBI B (popMme

H (q,p) = Ho (4,p) QZ i — i (q))” = Ho (q,p) +022pz, (7)
TO ypaBHeHI/IH FaMI/IJIbTOHa HpI/IMyT BU

pi=— 8qz ZMV K (¢ — ¢;) pjs

(8)

Qi apz Z K p] to pz

B dyukuun Tamuisrona (7) sBomurest mrpad o2 (¢ — v; (¢))° npu HanHdmK

paccorsiacoBanus (¢; — v; (q)).
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2. OmnpepeseHyne HayaJbHbIX 3HAYE€HUI BeKTOpa MMIIyJbca

Ilnst cucreMbl nuddepeHUHANbHBIX ypaBHeHUH # (t) = w (t,z (1)), toe u(t, z)
— (YHKLUHS HempepbiBHAst M0 ¢ U PaBHOMEPHO HempepbiBHasi Mo JIMOIIKLY MO & C
ycnosueM 7 (tg) = x[,_, = To, CyLleCTBYeT HenpepbiBHO MHU((epeHiupyemoe pe-
weHue x (t) = 1 (t,to, v9) Ha UHTepBaJe t € [ty — &,y + €] n1g HekoToporo € > 0.
[IpaBble yacTu nU(QepeHUHATbHBIX ypaBHEHUH (8) SIBJISIOTCS HEMpPepbIBHO AUM-

(pepeHLEpyeMBIMH 1O apry™meHTam (qg,pg);k = 1,..., N, mostomy pemenus (8),
pacematprsaemsie kax Gyxunn (qu,pr) (1) = ¥ (fo, Gel_y, + Pili_y, ), OyayT Hempe-
pHIBHO M hepeHuupyeMbiMy 10 aprymentam (to, ql,_y » Pil,_y,) ;b =1,..., N.

Paccmotpum  Merton of6yueHHs B 3ajade HaxoxAeHHs AU deomopdusma
qx (0) = g (1) mpu MUHHUMH3ALKHK (PYHKLHOHAA

N

JT=""g; (t) = ; (1) = min, 9)

=1

rae q (target) = (q1 (t),..,qn (1)) — LeseBOe MHOXKECTBO TOueK. Tak Kak JAJisi CHCTe-
Mbl nUQdepeHIHaIbHEIX YpaBHeHHH (8) 1 BeKTOpa ¢ 3a/aHbl HauaJbHblE yCJIOBHS
q(0) mpu t = 0, a g BeKTopa p — TepMuHasbHble p (1) = (0,..,0) mpu t = 1,
TO MoJIy4aeM JByXTOYeUHYIO KpaeBylo 3anauy. CBeneHue 3Toi 3amauu K 3agade Ko-
LM MOXeT ObITb MPOBEIEHO Pa3JMYHBIMM CIOCOOAMU: CTpPe/bObl, KBa3UJIHHeapH3a-
LIMH, HHBAPUAHTHOTO MOTpyKeHHsl U T. 1. TpeGyeMblil BEKTOp HayaslbHBIX 3HAYEeHHH
p(0) = (p1(0),..,pn (0)) MOXKeT OBITb HaKIeH METOLOM T'DAJHEHTHOrO CHyCKa C
rpaaMeHToM (yHKLHOHaNa 1o BekTopy p(0): V) Jo.

PaccmoTpuMm Metom cToxactuyeckoro rpagveHTHoro cmycka (SGDStochastic
Gradient Descent) [6,12] nsis pelieHus1 IByXTOue4YHOH KpaeBo# 3anaun. O603HaYUM
faHHble 00y4yeHHs Kak D, a (yHKIHOHA/J CTOMMOCTH, ONpeNe/sieMbll 0 3TUM AaH-
HeiM Jp (p(0)). [yers 7' mogmHOKecTBO mpuMepoB B D, a J7 (p(0)) dyHKUHOHA,
BEIYMCJIEHHBIH 10 MHOxKecTBY npumepo 1. Ilyctb V,)J) 1 V) J7 0603Hadam0T
rpafueHThl (PYHKIMOHAJIOB, BBIUMCJ/EHHbIE 110 Ha0opaM NaHHbIX o0yueHuss D u 1. B
TPAJMLIMOHHOM MOJXOJle I'PAJMEHTHOrO CIyCKa UCIO/b3yeTcsl BeCb Habop JaHHBIX D
Ha artane oOHOBJeHHUs1 BeKTopa p(0))

PEH0) = p*(0) — 1 Vi) T, (10)

roe k — HOMep WTepaluM, p — LIar TPpajUeHTHOro cmycka. B ciayudae croxactu-
YeCKOro rpagvMe€HTHOro CIIyCkKa Ha 3Tarle 0OHOBJIEHUSA HCIIOJIb3YETCA TOJbKO OOWH
npumep us D
ML) = p* (0) — p1 - V) J? (11)
P (0) = p" (0) = p- Vi) J%,

NPUYEM Ha KaXXK[OW UTepallMy UCIIO/Nb3YIOTCS pa3JMyHble IPUMEpBl, BIOPaHHbIE CJIy-
yaliHbIM oOpa3oM. B ciyyae cToxacTUuecKOoro MMHH-NaKeTa Ha 3Tane OOHOBJIEHHS
UCIIONb3yeTCs NMOAMHOXKEeCTBO NpUMepoB U3 D). [Ipu HanmW4YUU HECKOJbKHUX JIOKaJb-
HBbIX MHHUMYMOB MMUHMMH3UPYeMOro (PyHKIIMOHAJa C pa3HoOH ryyOHHOH CTOXacTHye-
CKHMH TpagUeHTHBbIH CIYCK MO3BOJISET «IIpPBIfaTb» OT OAHOTO JOKAaJbHOTO MHHHUMYMa
K IPYyroMy, TO €CTb HaXOAUTb I'100AJbHBIA MUHUMYM.
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IIpumep 1. PaccmoTpum mprmep pedopmanuu o6bekTa (M300pakeHUs LUADPHL
«HOJIb») Ha OCHOBe MHTerpHpoBaHUs AU(QepeHLHaIbHEIX ypaBHeHUH (8) mpu aud-
tdheomoprame PP, KOTOpble MPeacTaBaeHbl 16-10 ToukaMu, paBHOMEPHO PacroJo-
JKeHHBIMM Ha KPUBOM CUMBOJOB. HauasnbHble 3Ha4eHHsI KOMIIOHEHT BeKTOpa Ompe-
pensiiuch Ha ocHoBe Mertona SGD. MHurerpupoBaHue ypaBHEHHH MPOBOAMJIOCH IIPH
a = =1,0%=1. Ha pucynkax 1, 2, 3 npencrasJiensl pe3ysibratsl 1udheomoppus-
Ma LHUQPBl «HOJIb» B LU(MPBI «IAEBATb», «OAUH» W «ISATb», IOJyUHBILIMECsS 3HAUEHUS
MUHUMHU3UPYyeMOro (pyHKLHOHaNa Jy paBHbl 9,1; 8,85 1 10,51 cOOTBETCTBEHHO.

LA 1y Ly L g L2 g AL 1y

Puc. 1. 9somonus nuddeomopdrama 0 — 9 B MmoMeHTHl BpeMeHH: a) ¢t = 0,0 (ucxonHoe
usobpaxenue); b) t = 0,25; ¢) t = 0,5; d) ¢t = 0,75; e) ¢t = 1,0 (Tpebyembiii 06pas). Jy = 9,1

Lardyy Ly g g g

Puc. 2. dpomouus nudpdeomopduama 0 — 1 B MOMeHTHl BpeMeHH: a) ¢ = 0,0 (McxomHOe
usobpaxenue); b) t = 0,25; ¢) t =0,5; d) t = 0,75; e) t = 1,0 (Tpebyembiii 06pas). Jy = 8,85

L2 1y L2 1y L T Lo Jg L2 1y

Puc. 3. dposonust auddeomopdusama 0 — 5 B MmoMeHThl Bpemeru: a) ¢t = 0,0 (ucxonHoe
usobpaxenue); b) ¢t = 0,25; ¢) t =0,5; d) t = 0,75; e) ¢ = 1,0 (Tpebyemblii 06pas). Jo = 10,51

CJienyeT OTMETUTDb, YTO UCXOAHBIE U300paKeHUsI UMEIOT TOIMOJOrMUeCKHe XapakK-
TEPUCTHUKHU OTJHUUYHBlE OT TepMHHaJbHbIX. Hampumep, 4yuc/ao pyuek H306parkeHHs
HU(pBl «HOMb» g = 1, a YHACJO pydeK U300pakeHHs UUpbl «OaTb» g = 0. [

CyllecTByIOT pas/iduHble BapHaHTBl HCKaXKeHWS H300pakeHWH: mepeHoc
(translation), Bpamienue (rotation), macmrabupoBanue (scaling), nepekoc (skew) u
T. I. AJTOpUTM HOpMaJsU3aLUH H300paxKeHHUs1 peobpasyeT UCXONHOE H300parkKeHue
B €r0 HOpPMaJIbHBIH (3Ta/oHHBIN) B, [locsie HopMaU3al UK MOXKeT ObITh BBIIIOJHEHO
pacrnosHaBaHue obpasa.

[Ipu u3BecTHBIX 3TajsoHax H300pakeHUH B 6a3e NaHHBIX H300parKeHUH MeTo[
nuddeomopdusma He TpeGyeT MpeaBapUTeNbHON HOpMasnusauuu [7, 19].
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é})m

L ' a) IS8

Puc. 4. dpomouus auddeomopdusma 8,xe, — 8 B MOMEHTH BpeMenu: a) ¢ = 0,0 (ucxonHoe
usodpaxenue); b) t =0,25; ¢) t =0,5; d) t =0,75; e) t = 1,0 (Tpebyembiii 06pa3). Jo = 21,98

‘‘‘‘‘ 1) d) e)

Ilpumep 2. Ha pucyHke 4 mnpuBenéH nprMep HOpPMasH3aLHUH MepPeKOLIEHHOTro
(skewed) nzobpakeHusi LU(DPBl «BOCEMb» K €€ HOPMaJIbHOU (opMe.

Meton nuddeomopdusma nosposseT npeodbpa3zoBaTh MepeKkollIeHHOe H306paxke-
HHMe K JI0OOMY 3TaJOHHOMY H300paKe€HHUI0, HO NPHU 3TOM 3HaYeHHe MHHHUMHU3HpYe-
MOro (pyHKIMOHaJ/a OyzneT OoJiblile, 4eM 3HaueHHe NPU Ae(POpPMALHMHU K HOPMaJbHOU
(bopme LUPPHl «BOCEMb»; HANIPUMep, IpeoOpa3oBaHHe K HOPMaJbHOH (hopMme LU(PHI
«yeTelpe» TpeOyeT MUHUMHU3alUUU (PyHKUHOHana Jy = 21,98.

3. YpaBHenus I'aMmunbTOHA /i OTKJIOHEHUS TPAECKTOPUU
YacTHUIl OT reoJe3n4ecKux

[Ipennosiokum, uTO [Jisi TOYEUHBIX OPHEHTHPOB CYILIECTBYET MOC/EI0BATE/b-
HocTb faHHbX ¢ (¢P (t) = {¢P (t)};i=1,...,N — HaGop TOUYEUHBIX OPHEHTHPOB
B MOMEHT BpeMeHH t) U UCXOAHBIH wabsoH gy = ¢ (0). [locTpouM MUHUMH3HPYEMBIH
(YHKIHOHAJ, YUUTHIBAIOIIUN OTKJIOHEHHS] TPAEKTOPHH YaCTHIl (TOUEUHBIX OPHEHTH-
pOB) OT Treole3UYeCKHUX, B BHIE

1

1
1 A 2
Jd=§/ prK(qi—qj)pj dt+§/ Z(%D—%) dt. — (12)
1, ¢

0 0

3ajauy MUHHMH3aUUH (QyHKLHOHAMA (12) MOXHO MpeiCTaBUTh Kak 3agauy Ofl-
TUMaJIbHOTO YIIPaBJEHHUS YaCTHLAMH, CBSI3aHHYIO C FaMHUJbTOHHAHOM

H(p,q,t)=Ho(p,Q)—%Z(q¢D—qi)2, (13)

)

1 A 2
_ T D
rne Hy (p,q) = 3 > pi K (¢; — qj) pj, @ 4neH 5 > (¢P — ¢;)” wrpadyer 3a oTkJIOHe-
,J A
HUe TPAaeKTOPMHU uacTHL, (TOUeUYHbIX OpHeHTHPOB). COOTBETCTBYIOLIMMH ONTHMAJb-
HBIMH TPAeKTOPUAMM SBJSIOTCA PellleHHs ypaBHeHHH [aMu/IbTOHa

i Ot
(A aplﬂ

T ] (14)
b, = — +)‘<Qi_%‘)

0q;
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HJIHN

¢ = ZK(% — q5) pj;
. ’ T D (15)
pi = —ZPZ- ViK (g = q;)pi + A (6 — a7) -

J

OnrtuMasbHOe BeKTOpHOe mogsie v (g (t)) /r060i TOYKH H300paKeHHS] ¢ MOXKET
OBbITb BOCCTAHOBJIEHO M3 COOTHOLIEHHS

v(q(t)) = Z K (q(t)—q; (t)pi (t)

N0 BbIOPAHHOMY MOAMHOXKECTBY BEKTOPOB TOYEUHBIX OPUEHTHPOB ¢; U COOTBETCTBY-
IOLIMX HUMIYJIbCOB P;, TO3TOMY OTCYTCTBYET HEOOXOAMMOCTD pelliaTh ypaBHeHHs (1D)
171 BceX TouyeK H3oOpakeHUsi. ChopMHpPOBAHHOE BEKTOPHOE MoJie B KaxKJ0H TOuke
u3o0paxkeHus onpenenset nuddeomopdHoe oToOparKeHHe UCXOAHOTO U300paKeHUs
KaK COBOKYITHOCTb TOUE€UYHBIX OPUEHTHPOB B TePMHUHAa/NbHOE U300pakeHHe.

3akJaueHue

B pabotre paccmoTpeHa 3ajadya CpaBHEHHS HAyaJbHOTO M T€PMHHAJbHOIO U300-
paxkKeHWH, KoTopasl pellaeTcss HAa OCHOBE MOCTPOEHHS] MUHUMH3UPYeMOro (DyHKIIH-
OHaJla, XapaKTepU3yolllero 3BoMLUI0 AuppeomopdHoro npeobpasoBaHusl u3oodpa-
JKEHHUs1 OT HayaJbHOT'O JI0 TEPMHUHAJNBHOTO, U «IITpada» 3a OTKJIOHEHHE TPAeKTOPUU
usobpakeHus1 oT TpeOyeMod TpaekTopuu. PaspaboTaH airopuTMm pellieHHsl ypaBHe-
Hus audeomopdHoro npeobpa3oBaHUsl HA OCHOBE MeTOAA CTOXACTHUUECKOTO rpaau-
€HTHOr0 CIycCKa.

[IprBonuTCcs mocTaHOBKa 3aj4auM, OCHOBAHHAs HA pelleHWH ypaBHeHUH [aMuiib-
TOHa JJIs1 Tpynmnbl auddeomMophuaMoB. BBoguTcss MeTon 4acTHIl-OPUEHTUPOB (HaH-
6oJsiee BaXKHBIX TOUEK HA M300paKeHHWH), KOTOPBIH MO3BOJISIET HENOCPEICTBEHHO pe-
aTh 3afady aupdeomMopdusMa TOUeUHBIX OPHUEHTHPOB U300pakKeHHs.

PesynbraThl paboThl A/ pelleHUs 3afaud AeTePMUHUPOBAHHON 3BOJIOLUU (POP-
MBIl MOTYT OBITh PACIpPOCTPaHeHbl A/ U3y4YeHHs] CTOXaCTHUYECKOro BO3MYILEHHs Ta-
MUJIBTOHOBBIX YPaBHEHHUH. DBOJIOIHIO TOYEUHBIX OPUEHTHPOB MOXKHO pacCMaTpUBAaTh
KaK CUCTEMY YaCTHLL C BHEJPEHHEM CJAyUYalHOH CHJIBl HA KaXKAYI0 YaCTHLY, KOTOpas
obecrneynBaeT BpeMeHHOe C/ly4alHoe BO3MYyIlleHHe OTHOCUTENBHO CPedHeH reonesu-
yeckoil Tpaekropuu [1,2,9].

BaaromapHocT

Pabora BbINOJMHEHa NpH MoAJepKKe KOMIJIEKCHOH NporpaMMbl (PyHAaMeHTaJlb-
HbIX HayuyHbIX uccaenoBanuit CO PAH 1.5.1.7, npoekt 0314-2016-0020, u npu ¢u-
HaHCOBO# momaepxke Poccuiickoro goHaa ¢pyHIaMeHTalbHbIX HCCeI0BaHUN (TpaH-

Tl Ne 18-07-00526 n Ne 18-08-01284)
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Abstract. The problem of comparing the template and the terminal images is consid-
ered. To analyze deformations of a image, the group of diffeomorphisms is considered.
The problem is solved on the basis of the method for constructing a minimized func-
tional characterizing the evolution of the diffeomorphic image transformation from the
template to the terminal image, and the penalty for deviating the image path from
the required trajectory. The formulation of the problem based on the construction
and solution of Hamilton’s equations for the group of diffeomorphisms of particles
— points of landmark of the image is given. An algorithm for solving Hamilton’s
equations for a diffeomorphic transformation is developed based on the stochastic
gradient descent method.
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AHnHorauusa. B pa6orte paccmaTpuBaercs npoOsema MOBBILIEHHs Haf&KHOCTH
nepelaud JaHHBIX B CETH C MepLAwIIUMHU y3/JaMHU. [laloTcs HEKOTophle 3aMeya-
HUS [0 pa3paboTKe ajJropuTMOB pasieJsieHus T0TOKA AaHHBIX U BOCCTAHOBJIEHHS
noTepsiHHbIX NaHHBIX. [IpensaraioTcs obuive cooOpakeHus, CBsi3aHHble C pea-
JIM3allMed MPOTOKOJIa MHOTONYTEBOHM MapLIPyTH3aLHU B CAMOOPTaHU3YIOUIUXCS
JUHaMHYeCKHX CeTX.

KaioueBble cioBa: MapuipyTH3allus, pas3fie/ieHHe CeKpeTa, BOCCTAHOBJIEHHE
JNAHHBIX, NIPONYCKHAsl CIIOCOOHOCTb, CeTeBasi OTKA30yCTOHUHUBOCTD.

BBenenue

B naHHOH pabGoTe Mox y3JoOM Mpexje BCEro IMOHHUMaeTcs IPOMeXYTOYHOe
YyCTPOHCTBO, crocoOHOe mepenaBaTh Tpaduk. Mepuawomuil ykaspiBaeT Ha HecTa-
O6UNbHOCTb PaboThl, JIUOO HEMOCTOSIHCTBO MPUCYTCTBUS B CETH, BO3MOXKHO, B Pe3yJib-
TaTe mnepeMellleHHs B mpocTpaHcTBe. [Ipenmosaraercsi, 4To HaA&XHOCTb Iepenadyu
MOXKHO TOBBICUTb, B35IB 32 OCHOBY METO[bl pa3fesieHHsl ceKpeTa U KOIbl, KOPPEKTH-
pyloli1e OLIUOKH.

['apaHTUpoBaHHasA nocTaBKa Bceraa Obla akTyaJsbHOH MpoOJeMod 1/ nepenadu
BaKHbIX JAHHBIX. DTOT BOIMPOC pellaeTcsl Ha HEeCKOJbKHUX ypoBHSAX monenu OSI.

TpaanuMOHHO MOXKHO HauyaTh C TPAHCIIOPTHOTO YPOBHS. 3/1€Ch rapaHTUPOBAHHYIO
noctaBKy obecreuynBaer npoTokosn TCP, ncrnosnbsyercs MexaHM3M MOATBEPKIEHHUS
MOJy4YeHHbIX CerMeHTOB HaHHbIX. [IpoTOKOJ He yuWThIBaeT Ha/JU4YHs HECKOJbKHX
MapLIPyTOB 0 C€TH MecTa Ha3HayeHHsl U He MCI0Jb3yeT BO3SMOXKHOCTb OoJiee ObICT-
pol NOCTaBKH 3a CU€T paszesieHus coobuieHus. [locienHio0 MOXHO OblIO Obl MC-
0/1b30BaTh [1/151 BB€AEHHUS H30BITOUHOCTH B LieJISIX MOBBILIEHHUS HAAEXHOCTH. B cay-
gyae ¢ TCP u36bITOUHOCTD MOXKET MPUBECTH K HECTAOUIBHOCTH PabOTHl IPOTOKOJA U
HEKOPPEKTHOM ero padore.

Ha cereBoM ypoBHe BO3MOXKHa Oa/JlaHCUPOBKA HarpyskHu, KOTOpas OCYLIECTB-
JsieTcsi B OOJNBUIMHCTBE CJy4aeB [/l PaBHOBECHBIX MapuipyToB. OcyliecTB/eHHe
rapaHTUPOBAHHOW NOCTABKH BO3JlaraeTcsl HAa MPOTOKOJbI BbILIeNeKAlUX YPOBHEH.
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Ha xananbHOM ypoBHe B Mpenesax JOKa/JbHOH CETH pellleHHe BO3MOXKHO 3a
cuét pesepBupoBaHus. [lomMHMO Han€XHOCTH pe3epBUPOBAHHE B HEKOTOPHIX CJyda-
X CrocoOCTBYeT YCKOPEHUIO Mepefiaul NaHHbIX, HAlpUMep, 38 CUET arperupoBaHus
KaHasoB (Texnosoruss EtherChannel), B cBfI3M ¢ 4eM M CO3[aETCST BO3MOXKHOCTh
6anancupoBku. [Ipotokosm STP Toxke co3maér pesepBHBIE MyTH MPU MOCTPOEHHUU
CBSI3YyIOLIEro fepeBa, HO OaJaHCUPOBKA HATPy3KHU B UTOTOBOM JepeBe OTCYTCTBYET.

CyuiecTByeT ellé BO3MOXKHOCTb Pe3epBUPOBaHUS W 0OaJaHCUPOBKH LIJIIO30B C
nomotieio npotokonos HSRP u GLBP.

PaccmoTpum npo6JeMy rapaHTUPOBAaHHOH NOCTaBKH B TakoM BapuaHTe. [lepena-
4a NaHHBIX OCYLIECTBJ/SIETCS yepe3 arpecCUBHYIO CPeLy HJH Cpely C OTCYTCTBHEM
II0OBepHUsl K OTHENbHBIM y3jiaM. B Takoél cpeme MOXeT MPUCYTCTBOBATH 3JI0YMBbILI-
JIEHHUK, KOHTPOJUPYIOLIUH TOJNBKO 4acTb Y3J/0B, Uepe3 KOTOpble MOTYT NPOXOAHUTH
NlaHHble. 3JIOYMBILIJEHHHK MOXET OBIThb MAaCCHBHBIM M MBITATHCS TOJBKO MPOCMOT-
peTb NaHHblE, JUOO K€ aKTHUBHBIM: MOXKET MbITaTbCS MOBPEAUTb JAaHHBIE, U3MEHUTD
U, B KOHILle KOHLIOB, He 1aTb NOCTaBUTb JaHHble 10 MecTa HasHaueHHUs. Eciu nepBbie
IBa NeHcTBHsA ellé MOTyT ObITb 3allMIIEeHbl CTaHAAPTHBIMH KPUNTOrpauyecKUMU
cpenctTBaMM M TexHoJorusamMu thna VPN, To oT mocsnenHero M3 mnepeyucJ/ieHHbIX
neicTBUM 1KM(pPOBaHUE U AJTOPUTMbl KOHTPOJS LEJOCTHOCTH He 3alLUTAT — C000-
lLleHHe MPOCTO He CMOXKeT ObITb JOCTaBJEHO.

B HacTosiliee BpeMmsi CyIIeCTBYIOT MOAO3PEHHUs, UTO YACTh BBIXOAHBIX Y3JI0B TOH
ke TOR-ceTn KOHTPONHPYIOTCS HeopyKEeCTBEHHBIMU WHOCTPAHHBIMU OpPraHU3alHsi-
mu. Torma nosiBnsieTcs 3agaua Hanucatb TOR-KaueHT, KOTOPbIH OyaeT ¢ MOMOLIbIO
aJITOPUTMOB pasfiesieHHsl CeKpeTa pasfessiTb MOTOKU MeXKAy HECKOJbKHMH BbIXOJ-
HelMU y3aaMd TOR-ceTn ¥ TakMM 00pa3oM rapaHTHpPOBaTh JAOCTaBKY A0 MecCTa
Ha3HAueHHs, a CaMH aJrOpPUTMbl pasfeseHUsi CeKpeTa MOMOTYT BOCCTAHOBUTb yHH-
YTOXKEHHBbIE WJIM MOTepsiHHble NaHHble. ONMUCAHHBIM MOAXON MOXKET OBIThb MPUMEHEH
IJ151 TIPOU3BOJIbHOM I'PyMIBl NPOKCU-CepBepoB, He obsizaTesnbHo TOR-cern.

1. Cetu c MepuaIMMHU y3JaMH

KoHuenuusi mepuawouux y3JjaoB 6ojee MpUMeHUMA AJs TaK HA3bIBAEMbIX KPYTI-
HBIX MOJIBHXKHBIX 0O0BEKTOB — KopabJseii, camo/iéToB, moe3moB [1]. A camu y3ibl
00CY>KHUBAIOTCS CUCTEMAMH CITyTHUKOBOU cBsidu. O6CyxneHue NpobJeMbl BeIETCS
C TOYKH 3peHHs (pU3ndecKoro poctymna u cBsdu. CyllecTBYIOT onpenenéHHbe Hapa-
60TKHU B BHUJE TOMOJOTMYECKUX MOJeJeH CUCTeM CBSI3H, KOTOPble TaKxKe MPUMeHHUMBbI
K CaMOOPTraHU3YyIOLIMMCS KOMIBIOTEPHBIM CETSIM. DTH MOJEJU OKa3bIBAIOT BJHUSHHE
Ha JIOTMKY paboTbl aJropuTMOB MaplipyTu3auud. [IpoTokosel mMapuipyTHsauud B
TaKUX CUCTeMax MOT'YT YUHUTBHIBATb [TOBTOPEHHS] BO BPEMEHH TOMOJOTHUECKUX H3Me-
HeHUi. [1aBHas 0CO6EHHOCTb aJrOPUTMOB — HEBO3MOXKHOCTb TapaHTHUPOBATh Iepe-
nady UH(OpPMaLUMHU MO 3aJaHHOMY MapLIPYTy U IrpaduKy ABUKEHHS, MJI0C KO BCEMY
TpeOyloTCs TOCTOSTHHblE KOPPEKTHPOBKH TaOJHUL MapLIPyTH3aLUWH, a TakKe Yyuér
CTaTUCTHUECKUX JaHHbIX. B Joruke MaplipyTH3alMHW MOXKHO YUHUTBHIBATh [OBTOpe-
HUS, IJUTENbHOCTb, CTAOUJIBHOCTb COCTOSIHUH PacIoJioKeHHsl CeTeBBIX YCTPOHCTB U
Pa3HOPOAHOCTb UX CKOPOCTEH U NPOU3BOAUTENbHOCTH. MoxKeT NpoU3BOAUTBCS «(op-
MHUpOBaHHe 0a3bl NAHHBIX XapaKTEePUCTHUK [BHKEHHs 0OBbEKTOB M PACYET BpeMeHH
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OTKPBITHS U 3aKPLITHSI KaHAJOB MeXJAy MapaMu ycTpoHcTB» [1].

2. Mertoasl pa3geneHus ceKpera

[Ipennosnaraetcss pasiesneHue MOoTOKa HH(GOPMALMH Ha HECKOJbKO dacTed (Imo-
TOKOB) UM OJHOBpPEMEHHas UX Iepefadya M0 Pa3HbIM KaHajaM CBSI3H. DTO MO3BOJHT
HanboJsiee MOJHO 3a1€HCTBOBATb PECYPChl CETH U CHU3UTb PUCK MepexBaTra U BOCCTa-
HOBJIEHHS] OTIpPaBJeHHOro cooOuieHusi [2]. MHTepecHBIM pellleHHeM BHIUTCS 0Oec-
neyeHWe B3aMMO3aBUCHMOCTH MeXKAy TMOTOKaMH. B upease 3To HOMKHO YCIOXKHHTD
BOCCTAHOBJIEHHe COOOIeHHs B caydae nepexsata. OTMmeyaeTcs, 4To NpH Mepenade
TEKCTOBOW HH(OPMALMK B HEKOTOPBIX CJAy4YasX BO3MOXKHO 3a/€eHCTBOBATb 0COOEH-
HOCTH €CTeCTBEHHOTO SI3blKa, CBSI3aHHbIE C YACTOTOH TOSIBJEHHsI CHMBOJIOB U CYIIle-
CTBOBAHHEM 3aBHCHUMOCTH MexX1y OJM3KO CTOSILIUMH CUMBOJaMU. Ecau npuHsATH BO
BHUMaHHe JIBe 3TH 0COOEHHOCTH, MOXKHO YJYUIINTh HalEKHOCTb pasjiesieHHs MoTo-
KOB C TOYKH 3peHHUs Ge3omacHocTH. B paborte [3] mpemsaraercsi «mpeiBapUTebHO
MCII0JIb30BATh OIMH M3 ONTHMAJbHBIX aJTOPUTMOB KOIHUPOBAHHUS, MO3BOJISIOIIMEN Bbl-
POBHSITb CTaTUCTHUECKHE XaPAKTEPUCTUKH TEKCTa».

3. Koabl, KoppekTupymonuye ommuodKu

['1aBHOH 0COOEHHOCTbIO aNTrOPUTMOB, CHOCOOHBIX OOHAPYXKHBATh U HCIPABJATH
owMOKH, BO3HUKAIOLLKME B Mpollecce rnepenayu, sivjasercs nobaB/eHHe H3ObITOUHOM
uHpopmauuu. Beé 3To MOXKHO HCMOJB30BAaTh HE TOJBKO B LEJSAX UCIPABJAEHHUS OLIU-
60K ¥ KOHTPOJIS 11eJIOCTHOCTH JAHHBIX, HO U 1J15 CO3AaHUS HeOJMaronpusaTHbIX yCJ0-
BUH [JIS1 3/JIOYMBIIIJIEHHHUKA, TBITAIOIEr0Cs BOCCTAHOBUTb M/ BHECTH M3MEHEHHS B
nepenaBaemyio nHpopmaunio. CerogHs BCE dYallle TOBOPSIT O «BHEAPEHHUH HHTETPH-
POBaHHBIX MeXaHU3MOB obecreueHHss 6€30MaCHOCTH U JOCTOBEPHOCTH B MPOTOKOJAX
oOMeHa TaHHBIMH KOMITBIOTEPHBIX ceTel» [4].

4. AJII‘OpI/ITMbI pa3aejJeHud U BOCCTAHOBJICHUA NAHHBIX

B cxemax pasnesieHusi ceKpeTa Mpu peasusalliy 3allUIIEHHBIX pacipeneéHHbIX
BBIUHCJIEHUH TPaAULMOHHO MPUCYTCTBYIOT [D] MOCTAaHOBUIMK 3amauyu (TOT, KTO pac-
npenesisieT NaHHBIE) W ToJyuyaTesb peayibTarta. [lepBeiii oTBeuaer 3a pasjesieHue
JIaHHBIX U 338 COOTBETCTBYIOIIME BOMPOCH (M3OBITOUHOCTb, (hOpMaTHPOBaHUE, LIU]-
pOBaHHe), a BTOPOH 3a BOCCTAHOBJIEHHWE NAHHBIX. TpPalUIIMOHHO paclpeneséHHOCTb
BBIYMCJIEHUH TMpeAnosaraeT HaJludue HeCKOJbKUX MHTeJNeKTYaJbHbIX Y3JI0B, 00pa-
6aTbIBAIOIIMX HH(GOPMALHUIO 110 ONpeaeséHHbIM aJrOPUTMaM.

5. Peanusanus npoToKosa MHOTONMYTEBOH MapHIpyTU3ALUU
B CAMOOPraHU3yIOIHUXCAd NTUHAMUYECKHUX CETAX
ANropuTM MOCTPOEHHs] MapLIPyTOB B KOMIIbIOTEDPHOH CETH 3aBHUCHUT OT BBIOOpA

KPUTEPHsT ONTHUMHU3ALUU [6]. YUUTbIBaeTCsl M3MeHeHHe TONOJIOTHH (0COOEHHO B ca-
MOOPTaHHU3YIOIIHUXCS CETsIX) U Harpys3ka Ha ceTb. J[/ig cTaGUJIbHBIX CeTel, ¢ MaJoi
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UJIY HYJIEBOH CTeNeHbl0 U3MEHEeHUs, MapLIPYThl CTPOATCS 3apaHee, HA YTO TpedyeTcs
onpeje/éHHOe BpeMs /Il BBIYMCJ/AEHUH. Takod MOAXOA He TOAMTCS, KOTAA HY>KHO I10
BO3MOXXHOCTH OBICTPO pearvpoBaTh Ha HM3MeHeHHUsl B TonoJoruu. [lockoseky 3apa-
Hee He M3BECTHO KOJIMYECTBO Y3JIOB CeTH M KaueCTBO KaHAJIOB CBSI3U MeXAYy HHUMH,
3ajlaya MOCTPOEHUS MapLIPYTOB CTAHOBUTCS eIl CJIOXKHee.

Mmeer cMblcsl Hakan/auBaTh UH(POPMALMIO B Ipoliecce pabOThl MPOTOKOJIA Maplil-
PYTH3aLHH B KOHKPETHBIX YCJOBUSX. DTO HEOOXOMUMO MJis BBISBJIEHHS OINpeneséH-
HOH MoJesv MOBeJeHUs U cocTaBJjeHUs Habopa npoduseil. B mpouecce paboTel npo-
TOKOJIAa TAKOH MPOQU/Ib BbIOMpaeTcss aBTOMaTHYECKW HAa OCHOBE aHa/M3a CUTYallUH,
ONpeJeJIeHUH NaTTepHa AeUCTBUH M MPOUCXOAUT HACTPOHMKA Mpoliecca MaplipyTH3a-
LIUM COIJIaCHO BBHIOPAHHOMY aJTOPUTMY, NMPUTOJHOMY B AAHHOM KOHKPETHOM CJyyae
[7]. Takum o6Gpasom, mnpenJjaraetcss MOAXOMA, B KOTOPOM KPHUTEPHH OMNTHMH3AIUH
omnpeneJssieTcsl B Mpoliecce UCMOJb30BaHUS CETEBbIX pecypcoB. Ha ocHoBe KpuTepus
ONTHUMM3alMKU BbIOMpaeTcs HanboJsee NpreMJeMblid PO UIIb, BAUSIOIIAN Ha MTpoLece
MIOCTPOEHHUSl MaplIpyTa MyTEM 3alycKa TOTO HJM MHOTO a/JrOpUTMa B 3aBUCUMOCTH
OT KOJIMYECTBA Y3J/I0B B CETH W €€ TOMNOJIOTMU Ha JAaHHBIH MOMEHT.

Peanusanus (mporpaMMHasi UJIM amnmnapaTHas) JIOOOro CeTeBOro MpOTOKOJIa BO3-
MOXKHa TOJIBKO I10CJIe TOrO, KaK COCTaBJIeHO ONMCaHHUe ajropuTMa ero padoTsl: (op-
MaT U MOCJeN0BaTeNbHOCTb COOOLIEeHUH, BpeMeHHble XapaKTepUCTUKH, YCIOBUS Bbl-
6opa, ouepénHOCTb MPUHATHS pelleHWH. OnuUcaHKWe MPOTOKoOJAAa — 0O0Ilas cxema, Mo
KOTOPOH MOT'YyT B3aUMOJEHCTBOBATh peasM3allM¥ pa3/jHuHbIX MpousBonuTesieil. Ec-
JIM TIPOTOKOJI BOCTPeOOBaH M yCIelleH, TO BO3MOXXHO MHOXECTBO €ro peasM3allui,
OTJIMYAIOLIUXCS CTaOUJIBHOCTBIO PaboThl, YA0OCTBOM HACTPOWKH, MOJHOTOHW peaJsiu-
3allMd IS TOM WJIM WHOM cHucTeMbl (HampuMep, onepauuoHHOH). OO6ILIef0CTYIHOE,
MOJIHOE OMHCaHHe TMPOTOKOJA CO3AAETCS TOrMA, KOraa OH MPOILE&N P UCIBITAHUH U
roKasaJ CBOI0 MPUTOAHOCTb Ha mpakTuke. Llenb uccnenoBaHWi aBTOPOB CTAaTbU —
MOJYYUTb B KOHEYHOM MTOre peajid3alHio POTOKOoJIA AMHAMUYECKOH MHOrOMyTeBOH
MapLIPyTHU3alUU B CETH C HEMOCTOSIHHOU, ObICTPOMEHSIOILeHCS TOMNOJOTHel.

B wmHoromyTeBo# mapuipytusauuu (multipath routing) nns mepemauu Tpaduka
MOTYT HCIOJIb30BaThCsl HECKOJbKO MapLIPYTOB, [IPOJIETaloIUX Yepe3 pa3Hble KaHaJlbl
cBsA3U. bosbliasi Harpyska Ha ObICTPBIN KaHaJ/ CBSI3M MOXKET CHesaTh BeCb MapLIpyT
He TpUBJIEKATEeNbHBIM C TOYKHM 3pEHUS] HaAEKHOCTU M OTKAa30yCTOHUYUBOCTHU B OT-
CYTCTBUM MPaBUJbHOH MOJUTUKHU BBICTABJEHHUS TMPUOPUTETOB Ha TOT WJM WHOWU TUI
Tpaduka. B Toxe Bpems, He (akT, UTO KaHaJ OyHeT HArpyxKeH MOCTOSHHO. Takum
00pa3oM, aJropuTM MOCTPOEHHsI MapLIpyTa JAOJI’KeH OCHOBBIBATHCS HE TOJIBKO Ha
KayecTBe KaHaJOB CBSI3H, COCTABJSIOUIMX MAapLIPYT, HO U HA CTAaTUCTHUKE HUCIOJb30-
BaHHsl KaHaJIOB NPU NOCTPOEHHUH pe3ePBHBIX U, B U/leaJbHOM CJy4ae, napaJJesbHbIX
nyTed asas OGaJaHCUPOBKM HArpyskd U YCKOPeHHs Iepelfaud NaHHBIX, KOrJa ecTb
BO3MOXKHOCTb 110 MaKCUMyMY HCIIOJIb30BaTb PeCypchl HeHArpyxxeHHo# ceTu. Boob-
11le TOBOPS, B 9TOM M 3aKJ/I04aeTcsl OCHOBHAA 3ajladya MHOTONyTeBOW MaplUpyTH3aLUH
— OINTHMMH3aLUsl UCIIOJNb30BaHUSl PECYypCOB CeTH, a 3TO NMPUBOAUT K U30aBJEHHIO OT
reperpy3oK M MOBBILIEHHIO CTAOUJBbHOCTH CETH.

B kayecTBe MHCTpyMeHTa HMMHTALMOHHOIO MOJAEJHPOBAHUSA [JIsS NPOBEPKH pa-
60TOCIIOCOOHOCTH TPOTOKOJIA MpeAroJaraeTcsi MYJbTHareHTHOe MOJeJHpPOBaHUe
(agent-based modeling). B kauecTBe 00BeKTa MOTyT OBITb BHIOpaHBI OeCIPOBOM-
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Hble KOMITBIOTEpPHbIe, caMoopraHusyolirecs cetd (mesh, ad-hoc), Tem He wmeHee,
IPOTOKOJI He OIpPaHHYMBAeTCsl UCKJIOUMTEbHO OecrpoBofHbIMU ceTsaMHU. [locnenHue
BEIOpaHbl B CBA3H C UX AMHAMHYECKUM XapaKTepOM H3MeHeHHS.

Jlnsi mpoBeeHNs UCCeIOBAHUH NMPUHATO pelleHHe paspaboraTbh cumynastop [8],
BO3MOXKHO, B KauecTBe HaACTPOHKH (pacliMpeHMs) Hal CYIIECTBYHOIIeH CHCTEMOH
UMHTALMOHHOTO MOfenupoBaHus. Takas cuctema J0J/KHA 00/1a1aTh BO3MOKHOCTbBIO
OMHCAHHS areHTOB, MPOBENEHHS 3KCIEPHMEHTOB U OLIEHKH (DYHKIIMOHUPOBAHHUS.
Onucanue cpelbl U 00BEKTOB JNOJKHO MPOXOAUTH HAa TPEX YPOBHAX: MHUKpPO (HH3-
KWU ypoBeHb aOCTpaKIWH, /s y4éTa netasnei), Me3o (CpenHHE), MaKpo (BBICOKH).
B cBowo ouepenb cam mpoliecc MOIeJHPOBAHHUS JOJKEH MPOXOIUTb Ha TPEX ypOB-
Hax. Ha omepaTwBHOM ypoBHe 3aialoTcsi mapameTpbl (MOLeJHpPOBAHHE (PU3HUUECKOH
Cpelibl): pa3Mepbl, PaCCTOSIHUsSI, BpeMsi, CKOpoCcTb. Ha TakTHueckoM ypoBHe cocTab-
JIIOTCS CLIEHAPUU: BO3MOXKHOE U3MEeHEeHHe MMapaMeTPOB U XapaKTePUCTUK 0OBbEKTOB,
nepelNBHXKEHHe, MaplIpyTH3alus Tpauka (pacnucaHue, 3anepxkku). Ha crpareru-
4eCKOM YpOBHe, IJle MPOUCXOIAT B3aUMOIEHCTBUE, MPENSTCTBUS, BJAHSHUS, BHeLI-
HHMe BO3JeHCcTBHs, oOpaTHble CBS3H, TEHIEHLHUH — MPOU3BOAUTCS BMELIATENbCTBO B
MOJeJIMPYeMYI0 Cpefly, BBeleHHe HelpelBUIeHHbIX 06cTosiTenbcTB. MopenrupoBanue
MPOXOJIUT B ONpeleéHHOH NM0C/e0BaTeNbHOCTH: 3alaH1e XapaKTePUCTHK, ClleHapHus
(MHCcCcHM) MepeBUKEHHUs], TOTOKOB TpaduKa (KTo, KOMY); BEIOOP KapThl, MECTHOCTH,
JIOKAUK ¢ 0ObeKTaMH (CTaTHUECKHMH, TUHAMHUECKHMHU); BBIOOpP aJITOPUTMOB T10-
Be/IeHUS] areHTOB B PAa3JIMUHBIX YCJOBHSX M BMeILATENbCTBO B INPOLECC MO XOAY
NEeUCTBUS.

AnanmuTrndeckue CrOCOOHOCTH CHUMYJISILUH: WAEHTH(PUKALUS U IPOTHO3UPOBAHHE
COCTOSIHHSI CHCTEMBI, PEKOMeHIalMK (cTpaTernyeckre, TAKTUIECKHE, ONlePATHBHLIE).

Taxkum o6pa3om, peanusalus CETEBOro MPOTOKOJIA MapLIPyTU3aLKH MpeanoJara-
eT pa3paboTKy (KM pacIiupeHHe) NMPOrPaMMHOM CHCTEeMbl HMUTALUOHHOTO MOJEJIU-
poBanusi. OxkKugaemble BO3MOXKHOCTH TAKOT'O CPEACTBA: BBIOOP WMJIM CO3LaHUE areH-
TOB (yCTpOHCTBa, MPENATCTBUS), 3aJaHHe MapaMeTPOB W TPOBEPKA COOTBETCTBHS
CTaHAapTaM U PeKOMeHJIALWsM, BO3MOXKHOCTb 3alMUCH aJTOPUTMOB M ClieHapHeB Ha
CIeMaJU3MPOBAHHOM YMPOIIEHHOM si3bIKe (CLleHapueB WJM rpauyeckoM), BH3ya-
JIU3aLUs TepeMellleHHs] YUaCTHUKOB CEeTeBOro B3aUMOIEHCTBHUS.

Crout crenaTb psifi 3aMe4yaHUH MO MOBOAY TAaKOro MOAXOAA K peasusaluu Mpo-
Tokosia. [Tocko/bKY B X0fle MOJeJMPOBaHHUsI HEOOXOMMMO 3a1aTh (BbIOpATh HJM OIH-
caTb) hopMysy (CTaTHCTHKY), HEOOXOIUMO Pa3dUpaThCsl B MOLENUPYEMOH TpeaMeT-
HOH 06s1acTH, B KOTOPOH MPOUCXOAUT CeTeBOe B3aUMOJEHCTBHe, Jisi HEKOTOPBIX 00-
JlacTell BeposiTeH BBICOKMH YPOBEHb BXOXKIEHHS U CJI0KHOCTb UCIOJb30BAHUS Cpe]l-
CTBa MOJEJNHpPOBaHUs 0e3 KOHCYJbTallMil aHaJIMTHKA WJM KCIepTa U3 NpeIMeTHOH
o6mnactu. [lockosnbKy 0OCTOSITENBCTBA B MOAEJNUPYEMBIX CHUTYalUX BO3HHUKAIOT U3
KOHTEKCTa, UMUTAIMOHHAS CHUCTEMa JOJ/KHA OBITh JOCTATOYHO HMHTEJJEKTyasbHOH,
4YTOObl COOTBETCTBOBATb AEHCTBUTENBHOCTH U BIIOJIHE BEPOSITHO, YTO KaKHe-TO ac-
MeKThl peasibHOCTH OYyAyT OCTaBJieHbl 6e3 BHUMaHHs. B j1060M ciydyae 3TO TOJBKO
HayaJ/bHasi cTagus pa3paboTKH, IJie MOAeJHpOBaHUe MPOHUCXOAUT B YIIPOLLEHHOH pe-
aJbHOCTH B3aUMOIEHCTBHUS areHToB. M nepBble peanusaury NPOTOKOJa MOTYT ObITh
TOJIBKO MPOTOTHUIIAMU, KOTOPble HAa HAauaJbHOM 3Tare cBoeH paboThl HOJKHBI cOOpaTh
ANOCTaTOYHO MH(OpPMAUMUHU [JI NOCTPOEHHUS NPO(pHUIEH U NMPOAEMOHCTPUPOBATH CBOIO
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CIocoOHOCTh B Bb160pe OINTHUMaJIbHOTO aJITOPUTMa COCTABJIEHHUSA MapUIPYyTOB. Bcé ato
[TOCJTY2KHUT 6asoi a5 [I0JIy4eHHs YHUCJEeHHbIX pPe3yJ/JbTaTOB OLEHKHU IIPOHU3BOAUTEJIb-
HOCTH IIPHU pPA3JHUYHBIX CX€MadX U CHEHapHaX CETEeBOTO B3aUMMOJEHCTBHUS.

3akJjroueHue

B pabore Oblna paccMoTpeHa npobJeMa peasM3allM NPOTOKOJA rapaHTHPOBAH-
HOH NOCTaBKHM NAHHBIX B HEHaJEXHOU cpele Mepefayd ¢ TOUKH 3PEHHUs MPOCHYLIN-
BaHHS M HEMOCTOSTHCTBA TOMOJIOTMH. B myaHax cToAT 3agaud peanusdalud MPOTO-
KOJIa MHOTOIYTE€BOH MapLIpyTH3aUWK U pa3paboTKa NPOrPpaMMHOr0 KJHEeHTa, KOTO-
pblil OyzeT ¢ MOMOLIBIO aJrOPUTMOB pa3fieseHUs] CeKpeTa pas3fiessiTh MOTOKH MeXLy
HEeCKOJIbKUMH BBIXOIHBIMH y3JIaMH CETH U TaKUM 00pa3oM rapaHTHpPOBaTb AOCTaBKY
[0 MeCTa Ha3HaueHHs, a CAMU aJrOPUTMbI pasfesieHHusl ceKpeTa MOMOr'yT BOCCTAaHO-
BUTb YHUUTOXKEHHblEe WJU MOTepsiHHble NaHHble. ONMUCAHHBIA MOAXOH MOXKET ObIThb
NPUMEHEH /151 NPOU3BOJBHOM TPyl NPOKCH-CEPBEPOB.
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Abstract. In most applications of data processing, we select the parameters
that minimize the mean square approximation error. The same Least Squares
approach has been used in the traditional neural networks. However, for
deep learning, it turns out that an alternative idea works better — namely,
minimizing the Kullback-Leibler (KL) divergence. The use of KL divergence
is justified if we predict probabilities, but the use of this divergence has been
successful in other situations as well. In this paper, we provide a possible
explanation for this empirical success. Namely, the Least Square approach is
optimal when the approximation error is normally distributed — and can lead
to wrong results when the actual distribution is different from normal. The
need to have a robust criterion, i.e., a criterion that does not depend on the
corresponding distribution, naturally leads to the KL divergence.

Keywords: Deep learning, Kullback-Leibler divergence.

1. Formulation of the Problem

Machine learning: reminder. The main problem of machine learning is:
e given input-output patterns (z(¥), y()),
e to come up with a function f(z) for which f (z2®) ~ y®.
This function can then be used to predict the output y for other inputs z.
In each model of machine learning:
e we have a function f(z,c) depending on some parameters ¢ = (¢, ¢a, .. .), and
e we need to find the values of these parameters for which the resulting values

PR (2, ¢) are approximately equal to the given value y*:

How to describe this approximate equality: traditional approach. Tradition-
ally, in machine learning, the Least Squares approach was used to describe the
desired approximate equality of:

e the result z(*) of applying the model f(z,c) to the input 2*) and
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e the given outputs y*);
see, e.g., [1]. Specifically, most traditional methods minimize the sum

S (0 —y®)” (1)

k=1

Deep learning techniques use KL divergence instead. In deep learning, it
turned out that better results are obtained if, instead of the least squares technique
(1), we use the Kullback Leib er (KL) divergence; see, e.g., [2,3]. Specifically, we
re-scale the values y*) and z(*) so that these values are always between 0 and 1,
and then minimize the followmg objective function:

Z log ) +(1- y(k)) -log (1 — z(k))] : (2)

k=1

Why? At first glance, the least squares is a reasonable criterion, the one most fre-
quently used in statistical data processing; see, e.g., [4]. So why is the alternative
approach working better?

For the case when the predicted values y*) are probabilities, an explanation is
given in [2], Section 5.5. However, the criterion (2) is also successfully used in
many applications in which the predicted values y*) are not probabilities. How can
we explain this success?

What we do in this paper. In this paper, we extend the existing probability-case
explanation to the general case, thus providing a possible explanation of why KL
divergence works well.

2. Our Explanation

Why least squares: reminder. In order to explain why KL divergence is elficient,
let us first recall why the Least Squares method is often used.

Ideally, the deviations z®) — 4*®) should be all Os, but in reality, we can only
attain an approximate equality. In different situations, we get different values of
these deviations. It is therefore reasonable to view these deviations as random
variables.

In practice, many random variables are normally distributed; see, e.g., [4].
It is therefore reasonable to assume that the deviations z®) — 4*) are normally
distributed, with O means and some standard deviation o. The corresponding
probability density function is thus equal to

1 (2 — y<k>)2
(k) _ o (k)) — : _ _
p (e —y) N eXP( 53 : (3)

Since we do not have any reason to believe that different deviations are positively
or negatively correlated, it is reasonable to assume that different deviations are
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independent. In this case, for each tuple ¢, the probability (density) is equal to the
product of the corresponding probabilities (3), i.e., equal to

(20 — y(m)?
o-fifgem ()

where z*) = f(z® ¢). It is reasonable to select the tuple ¢ which is the most
probable, i.e., for which the expression (4) is the largest possible; this natural idea
is known as the Maximum Likelihood approach.

Maximizing the expression (4) is equivalent to minimizing its negative loga-
rithm

—In(p(c) —const—l—z 52 ,
o

and this minimization is equivalent to minimizing the Least Squares expression (1).
Need to go beyond the Least Squares. While many practical probability dis-
tributions are normal, there are also many cases when the probability distribution
is different form normal; see, e.g., [4]. In such cases, the Least Squares method
is not optimal — and it can be very far form optimal. For example, if we have a
distribution with heavy tails, for which the probability of large deviations is high,
the Least Squares method often leads to erroneous estimates.

This can be illustrated on the simple example when the model f(z,c) = ¢
is simply an unknown constant ¢;. In this case, if we minimize the sum

K
> (z® — 01)2 — by differentiating by ¢; and equating the derivative to 0 — we
k=1

1
get the estimate ¢; = a Zy(k). [f the actual value of ¢; is, e.g., 10, and we get

=1
K =100 values close to 1(;6, then the arithmetic average is indeed close to 10. But
if one of the estimates is an outlier, e.g., 2 =108, then the arithmetic average is
close to 10,000 — way beyond the actual value 10.

To take this non-normality into account, we need to replace the Least Squares

approach with a one which is robust, in the sense that it does not depend on the
probability distribution of the divergence.
Main idea. In the computer, any real value is represented as Os and 1s. To
transform a real-valued signal into a sequence of Os and 1s, measuring instruments
use analog-to-digital converters. These converters are usually based on comparing
the actual value with some threshold values. For example, if we the actual value
is between 0 and 1, then, by comparing this value with 0.5, we can tell whether
the first bit in the binary expansion is O or 1:

e if the actual value is smaller than 0.5, then the first bit is 0, and

e if the actual value is larger than 0.5, then the first bit is 1.

By selecting a second threshold to be 0.25 or 0.75, we can determine the second
bit, etc.

The thresholds are not necessarily binary-rational numbers: often, other thresh-
olds are used, and then the resulting number is recovered from the results of the
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corresponding comparisons.

We want to come up with a probabilistic interpretation; thus, it makes sense
to select random thresholds. The simplest possible random number generator gen-
erates values uniformly distributed on the interval [0,1]. Such random number
generators are included in most programming languages.

Resulting setting. So, to describe each value y*®), let us run this simplest random
number generator a large number of time N, and store N results of comparing 3
with the corresponding random numbers r;:

o we store 1 if r; < y®, and

e we store 0 if r; > y*.

For a random number uniformly distributed on the interval [0, 1], the probability
to be in each interval is equal to the width of this interval. In particular, the
probability to be smaller than or equal to y*) — i.e., the probability to be in the
interval [0,y™] — is equal to y*). Thus, for large N, we have:

e approximately N -y® 1's and

e approximately N - (1 —y*)) Os.

For each of K patterns, we have N 0-1 records, so overall, we have a long se-
quence of N-K records corresponding to all K patterns. This sequence corresponds
to the observations.

Derivation of KL divergence. We want to find the tuple ¢ that best fits the above
long sequence of observations.

For each tuple ¢ and for each pattern k, the model f(z,c) returns the value
2k = f (ZL’(k),C). Thus:

e the probability to get 1 when we compare this value with a random value r;

is equal to 2z, and

e the probability to get 0 is equal to the remaining probability 1 — z(*).
So, for each pattern, we have:

o N -y observations with probability z*), and

e N (1—y®) observations with probability 1 — z(*).
Assuming — as before — that all observations are independent, we conclude that
the probability of observing the given sequence of Os and 1s is equal to the product
of all these probabilities, i.e., to the value

(Z(k))N.y(k) . (1 _ Z(k))N.(l—y(k')) .

The overall probability can be obtained by multiplying probabilities corresponding
to all K patterns. Thus, we select a tuple ¢ for which the following expression is
the largest possible:

b ] [(M)N'y"” (1= o))

k=1
Maximizing this expression p is equivalent to minimizing its negative logarithm

K
—In(p) = — [N - y® In (z) + N - (1- y®) - In (1- Z(k))} .
k=1
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This expression is N times larger than the KL divergence (3). Thus, minimizing
this expression is indeed equivalent to minimizing the KL divergence.
So, we indeed get the desired explanation for minimizing the KL divergence.
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IIOYEMY METOIbI I'NIYBOKOI'O OBYYEHHUSA HCIIOJb3YIOT PACCTOAHHUE
KYJIbBAKA-JIEUBJIEPA BMECTO METOJIA HAUMEHDBIIIUX KBAJIPATOB:
BO3MO2KHOE ITEJATOI'MTYECKOE OB bACHEHHE

O. Komenesa
K.(.-M.H., noueHT, e-mail: olgak@utep.edu
B. KpeiiHoBuu
K.¢.-M.H., npodeccop, e-mail: vladik@utep.edu

Texacckuit ynuBepcutet B Iab [laco, CIIIA

AHHoTaumsa. B GosblnHCTBe NpuUsoXKeHWH 06paGOTKM NAHHBIX Mbl BeIOHMpaeM mapa-
MEeTpbl, KOTOPble MHHHMH3UPYIOT CPENHEKBAJaPTHUHYIO OLIMOKY TpuOJIvKeHUs. AHa-
JIOTHYHBIH METOJ HAaUMEHbIINX KBaAPaTOB HCIMO/b30BAJCS B TPAAHULHOHHBIX HEHPOHHBIX
cetax. OgHAaKo, 0Ka3asock, 4To I TJ1yOoKoro ob0yueHus Jyulle paGoTaeT ajbTepHa-
THBHAas ules, a UMeHHO: MUHUMM3auus pacctosHusi Kynb6aka-Jleit6iepa. Hcnosb3o-
BaHUe paccrosinus Kynp6aka-Jleiibsepa onpaBnaHo, ecju Mbl IPOrHO3UPYEM BepPOSITHO-
CTH, HO HCIIO/NIb30BAHHE 3TOTO PACCTOSIHME OBbIIO YCHEIIHbIM W B APYTHX CHUTYyaLHsX.
B 3To# craThe MBI MPUBOAKMM BO3MOXKHOE OOBSICHEHHE 3TOr0 3IMIIHMPHUYECKOTO YCIe-
xa. A UMEHHO: MeTOl HaWMEeHbILIHX KBAaAPaTOB ONTHMAJEH, KOrda OLIMOKa ammpoKCH-
MaLWH paclpefessieTcss 0 HOPMaJbHOMY 3aKOHY, H MOXKET NPHUBECTH K HelpaBHJb-
HBIM pe3ysbTaraM, Korga (pakTHYecKoe paclipefie/ieHHe OTIHYaeTCss OT HOPMaJsbHOTO.
Heo6xonuMocTh HMeTb HaleXKHBIH KPUTEPHH, T.e. KPUTEPUH, KOTOPBIH HE 3aBUCHUT OT
COOTBETCTBYIOLLETr0 paclpefie/ieHus, eCTeCTBEHHbIM 00pa3oM MPUBOAUT K PacCTOSHUIO
Kynbb6aka-Jleiibnepa

KuroueBblie cioBa: riy6okoe obydyenue, paccrosinue Kynbbaka-Jlelibaepa.

Hama nocmynaenus 8 pedaxyuro: 27.12.2017
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1. Why Tensors: A Reminder

Why tensors. One of the main problems of modern computing is that:

e we have to process large amounts of data;

e and therefore, long time is required to process this data.
A similar situation occurred in the 19 century physics:

e physicists had to process large amounts of data;

e and, because of the large amount of data, a long time is required to process

this data.

We will recall that in the 19 century, the problem was solved by using tensors. It
is therefore a natural idea to also use tensors to solve the problems with modern
computing.

Tensors in physics: a brief reminder. Let us recall how tensors helped the 19
century physics; see, e.g., [6]. Physics starts with measuring and describing the
values of different physical quantities. It goes on to equations which enable us to
predict the values of these quantities.

A measuring instrument usually returns a single numerical value. For some
physical quantities (like mass m), the single measured value is sufficient to describe
the quantity. For other quantities, we need several values. For example, we need
three components E,, E,, and E, to describe the electric field at a given point.
To describe the tension inside a solid body, we need even more values: we need 6
values o0;; = o;; corresponding to different values 1 < 4,j < 3: 011, 022, 033, 012,
093, and 013.

The problem was that in the 19 century, physicists used a separate equation for
each component of the field. As a result, equations were cumbersome and difficult
to solve.
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The main idea of the tensor approach is to describe all the components of a
physical field as a single mathematical object:

e a vector a;,

e or, more generally, a tensor a;;, a;ji, ...

As a result, we got simplified equations — and faster computations.

[t is worth mentioning that originally, mostly vectors (rank-1 tensors) were
used. However, the 20 century physics has shown that higher-order matrices are
also useful. For example:

e matrices (rank-2 tensors) are actively used in quantum physics,

e higher-order tensors such as the rank-4 curvature tensor R, are actively

used in the General Relativity Theory.

From tensors in physics to computing with tensors. As we have mentioned
earlier, 19 century physics encountered a problem of too much data. To solve this
problem, tensors helped.

Modern computing suffers from a similar problem. A natural idea is that
tensors can help. Two examples justify our optimism:

e modern algorithms for fast multiplication of large matrices; and

e quantum computing.

2. Modern algorithm for multiplying large matrices

In many data processing algorithms, we need to multiply large-size matrices:

ayp ... QAip bll .. bln i1 ... Cip
=|... ... ... 1]; (1)

Apl - -- Gnp b1 ... by Cpl - Cnn
cl-j:ail~blj—|—...—|—aik~bkj—i—...—|—am~bnj. (2)

There exist many efficient algorithms for matrix multiplication.

The problem is that for large matrix size n, there is no space for both A and
B in the fast (cache) memory. As a result, the existing algorithms require lots
of time-consuming data transfers (“cache misses”) between different parts of the
memory.

An efficient solution to this problem is to represent each matrix as a matrix of
blocks; see, e.g., [2,10]:

All c. Alm

then
Cop=Ac1 " Big+...+Asy - Byg+ ...+ Aam - Bis. (4)
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Comment. For general arguments about the need to use non-trivial representations
of 2-D (and multi-dimensional) objects in the computer memory, see, e.g., [21,22].

In the above idea,

e we start with a large matrix A of elements a;;;

e we represent it as a matrix consisting of block sub-matrices A,z.
This idea has a natural tensor interpretation:

e each element of the original matrix is now represented as

e an (x,y)-th element of a block A,g,

e ie., as an element of a rank-4 tensor (Au3)uy-
So, in this case, an increase in tensor rank improves efficiency.

Comment. Examples when an increase in tensor rank is beneficial are well known
in physics: e.g., a representation of a rank-1 vector as a rank-2 spinor works in
relativistic quantum physics [6].

Quantum computing as computing with tensors. Classical computation is based
on the idea of a bit: a system with two states 0 and 1. In quantum physics, due to
the superposition principle, we can have states

CO'|0>—|—C1'|1> (5)

with complex values ¢y and c;; such states are called quantum bits, or qubits, for
short.

The meaning of the coefficients ¢y and ¢; is that they describe the probabilities
to measure 0 and 1 in the given state: Prob(0) = |cy|? and Prob(1) = |¢;]?. Because
of this physical interpretations, the values ¢; and ¢; must satisfy the constraint
|C0‘2 + |01’2 = 1.

For an n-(qu)bit system, a general state has the form

Co..00 - |0...00) + coor - [0...01) + ... +cpqq-|1...11). (6)

From this description, one can see that each quantum state of an n-bit system is,
in effect, a tensor ¢;, ;, of rank n.
In these terms, the main advantage of quantum computing is that it can enable
us to store the entire tensor in only n (qu)bits. This advantage explains the known
efficiency of quantum computing. For example:
e we can search in an unsorted list of n elements in time \/n — which is much
faster than the time n which is needed on non-quantum computers [8,9, 15];

e we can factor a large integer in time which does not exceed a polynomial of
the length of this integer — and thus, we can break most existing crypto-
graphic codes like widely used RSA codes which are based on the difficulty
of such a factorization on non-quantum computers [15, 18, 19].

Tensors to describe constraints. A general constraint between n real-valued
quantities is a subset S C R™. A natural idea is to represent this subset block-by-
block — by enumerating sub-blocks that contain elements of S.

Each block b;, ;, can be described by n indices 41, ...,%,. Thus, we can describe
a constraint by a boolean-valued tensor t;, ; for which:
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° til...in =“true” if bhln ns # @, and

[ ] tilu.in =“false” if b“zn ns = (Z)
Processing such constraint-related sets can also be naturally described in tensor
terms.

This representation speeds up computations; see, e.g., [3,4].

Computing with tensors can also help physics. So far, we have shown that
tensors can help computing. It is possible that the relation between tensors and
computing can also help physics.

As an example, let us consider Kaluza-Klein-type high-dimensional space-time
models of modern physics; see, e.g., [7,11-13,16,20]. Einstein’s original idea [5]
was to use “tensors” with integer or circular values to describe these models. From
the mathematical viewpoint, such “tensors” are unusual. However, in computer
terms, integer or circular data types are very natural: e.g., circular data type means
fixed point numbers in which the overflow bits are ignored. Actually, from the
computer viewpoint, integers and circular data are even more efficient to process
than standard real numbers.

Remaining open problem. One area where tensors naturally appear is an efficient
Taylor series approach to uncertainty propagation; see, e.g., [1,14,17]. Specifically,

the dependence of the result y on the inputs zy,...,z, is approximated by the
Taylor series:
y:CQ—f—ZCZ"fL’Z‘—I—ZZCij'ZEi'ZEj+... (7)
i=1 i=1 j=1

The resulting tensors ¢;,. ;. are symmetric:

Ciy.ir = Crliy)..m(iv) (8)

for each permutation 7. As a result, the standard computer representation leads to
a r! duplication. An important problem is how to decrease this duplication.

3. How to Store Tensors in Computer Memory

Need to store values in computer memory. The computer memory is 1-D,
so whatever multi-dimensional object we describe, its components are stored se-
quentially. What is the best way to arrange 2-D and higher-dimensional data in a
computer memory?

Storing 2-D values in computer memory: towards formalization of the prob-
lem. Let us describe this problem in precise terms. We will start this description
with the simplest case of 2-D objects.

Storing 2-D object, with components a;;, 1 < 7,5 < n, means assigning, to each
pair (i, j), the cell number f(7, ) in such a way that different pairs (i, j) correspond
to different cell numbers f(z, j).

So, to describe a storing arrangement, we must describe a function

fAL2,...,n}yx{1,2,....,n} - N 9)
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that maps each pair of integers 4,j € {1,2,...,n} into a natural number.

How to gauge the quality of a memory arrangement? motivations. [t is
desirable to arrange the storage in such a way that neighboring elements of a 2-D
object are located in the memory as close to each other as possible. Neighboring
elements are elements (7, 5) and (¢, j') for which |i —¢'| < 1 and |j — j'| < 1. Thus,
we can gauge the quality of the memory arrangement by the largest distance
between the locations of neighboring points.

As a result, we arrive at the following numerical characteristics of the quality
of different memory arrangements f.

How to gauge the quality of a memory arrangement? a formula. The quality
ol a memory arrangement f is described by the value

C(f) < max{|f(i,5) — F(@, 7)) [i =] < 1,1 — 7| < 1}. (10)

The smaller this value, the better. Thus, we are interested in finding the arrange-
ment with the smallest possible value of the quantity C(f).

Standard memory arrangement. Before we start analyzing possible memory
arrangements, let us recall the standard one. In the standard programming ar-
rangement of a 2-D array, the values are stored row by row:

o first, we have elements of the first row,

f(,1) =1, f(1,2)=2,..., f(1,n) = n; (11)

then, we have elements of the second row,

f2, ) =n+1,f(2,2)=n+2,...,f(2,n) =n+n=2n; (12)

the elements of the k-th row are store at

Fe)=(k—1)-n+1fk2) =k-1)n+2,...,

flkyn)=(k—=1)-n+n=Fk-n; (13)

finally, the elements of the last (n-th) row are stored at locations

fln,H)=(n—-1)-n+1,f(n,2)=(n—-1)-n+2,...,
f(n,n)=(n—1) n+n=n (14)

Quality of the standard memory arrangement. What is the value of the quan-
tity C(f) for the standard memory arrangement f? In other words, how far
away from each other can neighboring elements (i,5) and (¢, j’) be located in the
computer memory?
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If these two elements are in the same row, i.e., if ¢ = ¢/, then these neighboring
elements (7, 7) and (7, 5'), with |j — j'| = 1, are neighbors in the memory as well:

[f(@.5) = ) =17 —J1=1 (15)

I these two elements are in the neighboring rows, |i — | =1 and [j — j/| < 1,
then we get

f,9) = f@5) = ((i=1)-n+j) = ("' = 1) -n+j) =

(i—=1)-n+(G—j) (16)

Here,
£ 3) = fE ) =1 =) n+(G—J)=
=n+(G-7)<n+lj—jI<n+1l (17)

Thus, for the standard memory arrangement f, the largest distance C'(f) between
the memory locations of neighboring values cannot exceed n + 1. The distance
between the locations of the neighboring values can be actually equal to n + 1:
e.g., for values (1,1) and (2,2). Thus, for the standard memory arrangement, we
have C(f) =n+ 1.

A surprising result: the standard memory arrangement is optimal. Based on
the fact that other memory arrangements of 2-D objects are often beneficial, one
would expect these other memory arrangements be better than the standard one in
the sense of our criterion C(f). Surprisingly, this is not the case: it turns out that
the standard memory arrangement is optimal.

To be more precise, we will prove that for every possible memory arrangement
F, we have C(f) > n+1. Thus, the standard arrangement, for which C'(f) = n+1,
is indeed optimal.

Proof. Let us prove the inequality C(f) > n+ 1. Let f be an arbitrary memory
arrangement. This arrangement results in n? locations f(i,j) corresponding to n?
different pairs (4, 7).

Let us denote the smallest of these n* values by f, and the largest of these
values by f:

S S min{f(i,5) 11 <i,j <n}, (18)
7Y max{f(i,j): 1<i,j <n} (19)

Between f and f (including both), there are n? different integers. For every a < b,

the list a,a+1,...,b contains b—a+1 integers. Thus, we must have 7—f+1 > n?,
hence B
f—fzn -1 (20)
Let (i,j) denote the pair for which f(i,j) = f, and let (i,7) denote the pair
for which f(7,7) = f. We can now design a sequence of pairs (i, j;) going from
(io, jo) = (i,7) to (in,jn) = (i,7) in such a way that for every k, the pairs (i, jx)
and (i1, jrs1) are neighbors.
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Indeed, if 4 < i, we start with iy = i, and then take i1 =1g+1, iz =g +2, etc.,
until we reach i — after this, we continue to take i, = i.

If ¢ > i, we start with 4, = ¢, and then take i1 =1 — 1, 15 =49 — 2, etc,, until
we reach z — after this, we continue to take i;, = 7.

If i = 4, then we simply take i, =i for all k.

Similarly, if J< 7, we start with j, = Js and then take j; = jo+ 1, jo = jo + 2,
etc., until we reach j — after this, we continue to take j, = 5.

Ity > 5, we start with jo = j, and then take j1 = jo— 1, jo = jo — 2, etc., until

we reach ] — after this, we continue to take j, = j.

If j =4, then we simply take j, = j for all k.

At each step, each of the coordinates is changed by at most 1, so the pairs
(ik, jr) and (ig41,Jk+1) are indeed neighbors.

We need |i — 4| 41 steps to reach from i to i, and we need [j — j| steps to reach
from J to 3. Thus, overall, we need

N = max(|i — ], ]j ~ J]) + 1 1)

steps. For values from 1 to n, the largest possible difference |j — j| is equal to
n — 1, hence N < n. B
Now, we have
[, g) — f(i,5) = flio, jo) — flin,jn) =
= (f(io, jo) — f(ir, 1)) + (f(ir, 1) — flig, J2)) + ... +
+(f(in-1,dn-1) — flin, JN))- (22)
Thus,
< | f(io, Jo) — fliv, Ju)l + [f(iv, gu) — flig, )| + .. +
+fin-1,n-1) = flin, in)l- (23)

Since for each k, the pairs (i, jx) and (ixs1, jrxi1) are neighbors, we have

|f((iks Ji) — [ (kg i) | < COS)-

So, from (23), we conclude that

1f(i,5) = fGDI < (N =1)-C(f). (24)
Since N < n, we thus have
If = FI=1f(0) = F@, )] < (n=1)-C(f). (25)

On the other hand, we know that n? — 1 < |f — f|. Thus, we conclude that

n’ —1< (n—1)-C(f), (26)
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and therefore, that
n?—1
C(f) = =n+ 1. (27)
n—1

The statement is proven.

The standard memory arrangement is not the only optimal one. The fact
that the standard memory arrangement turned out to have the optimal (smallest
possible) value of C'(f) may not sound so surprising if we realize that several
different memory arrangements have the exact same optimal value of C(f).

One such arrangement is clear: instead of storing the values row by row, we
can store them column by column:

e first, we have elements of the first column,

f,)=1,f(2,1)=2,..., f(n,1) =n; (28)

then, we have elements of the second column,

FL,2)=n+1,f(2,2) =n+2,..., f(n,2) = 2n; (29)

the elements of the k-th column are store at
fLE)=Gk-1) -n+1,f2,k)=(k—-1)n+2,...,
fnk)=(k—=1)-n+n=~k-n; (30)

finally, the elements of the last (n-th) column are stored at locations

fn)=mn-1)-n+1,f2n)=mMn—-1)-n+2,...,
f(n,n)=(n—1)-n+n=n" (31)

There are other examples as well: e.g., elements of a 2 x 2 matrix can be stored
in the order (1,1), (1,2), (2,2), (2,1) with the same value C(f) =n+1=3 as for
row-by-row or column-by-column memory arrangements.

Multi-dimensional case. In the k-dimensional case, we need to assign location
f(iy,...,ix) to tuples (iy,...,7). It is also natural to gauge the quality of the
memory arrangement by the largest distance between the locations of neighboring
values, i.e., tuples (i1,...,4) and (i, ...,4,) for which |i; —d%| <1 for all j. The
quality of a memory arrangement f can be thus naturally described by the value

C(f) € max{|f (i1, ... in) — f(i", ... i)

i — i3] <1forall j=1,... k}. (32)
In the standard computer arrangement, we store elements in lexicographic or-
der: i.e., (i1,...,1) is placed before (i,...,}) if for the first differing coordinate

ij # 1, we have i; <i7. In other words, we first store values

(1. 1),y (1, n), (33)
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then values
(1,...,2,1),....(1,...,2,n), (34)

etc. In this arrangement,
e the difference in the last coordinate i, — i) = 1 leads to a difference of 1 in
memory locations;
e the difference in the next to last coordinate ix_;—i)_, = 1 leads to a difference
of n in memory locations,
° ...,
e the difference in the first coordinate i, — i} leads to a difference of n*~
memory locations.

Thus, the difference in location of neighboring tuples cannot exceed

Lin

nFlenf 24 41

This distance is attained, e.g., for the points (1,...,1) and (2,...,2). Thus, for the
standard memory arrangement f, we have

C(fy=n""t+n 24+ +n+1 (35)

Similarly to the 2-D case, we can prove that this memory arrangement is
optimal. Indeed, in this case, for the difference between the values

def

i = min{f(il, c ,Zk) 01 < an < TL}, (36)
T max{f(ir,....i) : 1 <i; <n}, (37)
we have f — f > n* — 1. We can still move from the tuple (i, ...,7,) at which the
smallest value f is attained to the tuple (41, ...,%) at which the largest value fis

attained in < n — 1 transitions from a tuple to a neighboring one. Thus, we can
conclude that

nk—lg(n—l)-C’(f), (38)

and therefore, that

=nfF 24 n+ 1. (39)

The optimality is proven.
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Abstract. In many practical applications, we are interested in the values of
the quantities w1, ...,y which are difficult (or even impossible) to measure
directly. A natural idea to estimate these values is to find easier-to-measure
related quantities z1,...,x, and to use the known relation to estimate the
desired values y;. Measurements come with uncertainty, and often, the only
thing we know about the actual value of each auxiliary quantity x; is that it
belongs to the interval [z;, Z;] = [2;— Ay, Z;+ 4], where Z; is the measurement
result, and A; is the upper bound on the absolute value of the measurement
error T; — x;. In such situations, instead of a single value of a tuple y =
(y1,---,Ym), We have a range of possible values. In this paper, we provide
calculus-based algorithms for computing this range.

Keywords: Data processing, interval uncertainty, indirect measurements, cal-
culus.

1. Formulation of the Problem

Need for indirect measurements. In many practical situations, we are interested

in the values of the quantities y,...,y, which are difficult — or even impossible

— to measure directly. Since we cannot measure these quantities directly, a natural

idea is to measure them indirectly (see, e.g., [6]), i.e.:

e to measure related quantities zy, ..., z, which are related to the desired quan-
tities y,; by known relations, and

e to use appropriate algorithms to find the values of the desired quantities:

h = fl(xl7"'7$n);

Yo = fo(@1, ..., Tn); (1)

Ym = fm(@1, ..., Tn).
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Comment. In the real world, the relations are usually smooth; see, e.g., [1,7].

Need to take into account measurement uncertainty. If we knew the exact
values x4, ..., x, of all the auxiliary quantities, then, by using the relations (1), we
would be able to find the exact values of all the desired quantities yy, ..., Ym.

In practice, however, measurements are never absolutely precise. The measure-
ment result z; is, in general, different from the actual (unknown) values of the
corresponding quantity. When we plus in values z; # z; into the formula (1), we,
in general, get the values y; = f;(z1,...,%,) which are, in general, different from
the desired values y;. How can we gauge the resulting uncertainty in y;?

Case of interval measurement uncertainty. In many practical situations,the

. . def ~ .
only information that we have about the measurement error Az; = z; — x; is

the upper bound A; provided by the manufacturer of the corresponding measuring
instrument. (If the manufacturer provide no such bound, then it is not a measuring
instrument, it is a device for producing wild guesses.)

In this case, once we know the measurement result z;, the only information we

have about the actual value z; is that it is somewhere on the interval [z;,Z;], where

7, €3 — Arand T, € F + A see, e.g., [2,4-6].

There is no a priori known relation between the values x;, so the set of all
possible values of z; should not depend on the values of all other quantities z;,
j # 1. Thus, the set of all possible values of the tuple z = (xy,...,x,) is the box

[z, T1] X ... X [2,,, 0. (2)

Resulting problem. Once we know that x belongs to the box (2), what are the
possible values of the tuple y = (y1,...,ym)? In mathematical terms, what is the
range of the box (2) under the mapping (1)?

In this paper, we describe calculus-based techniques for solving this problem.

2. Analysis of the Problem and the Resulting Algorithms

Simplest case when we have only one desired quantity y,: analysis of the
problem. Let us start with the simplest case, when we have only one desired quan-
tity y;. In this case, we are interested in the range of the function fi(xy,...,z,)
when each z; is in the corresponding interval [z;,7;]. For smooth (even for contin-
uous) functions, this range is connected and is, thus, an interval [val]’ where:

*y, is the smallest possible value of the function fi(z1,...,x,) on the given
box, and
e 7, is the largest possible value of the function fi(zq,...,z,) on the given
box.
For each wvariable x;, the maximum (or minimum) of the expression
y1 = fi(z, ..., x,) is attained:

e either at one of the endpoints of this interval, i.e., for x; =z, or x; = 7;,
e or inside the corresponding interval (z;,7;).
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According to calculus, if the maximum or minimum is attained inside an interval,

Lis equal to 0. So, for each i, it is sufficient

then the corresponding derivative 5
T

to consider three possible cases:
e the case when z; = z;

e the case when z; = 7;, and

e the case when % = 0.
8Ii

Thus, to find the minimum y,  and the maximum 7%, of the function
y1 = fi(x1,...,x,) over the box, it is sufficient to consider all possible combi-
nations of these 3 cases.

In other words, we arrive at the following algorithm.

Case when we have only one desired quantity y;: algorithm. Consider all
systems of equations, in which, for each i, we have one of the three alternatives:

x; = x;, r; = T;, and % = 0. There are 3" such systems.
4
For each of these systems, we find the corresponding values = = (z1,...,z,)
and compute the corresponding value y; = f(z1,...,2,). The largest of thus

computed values is ¥, the smallest is y .

Comment. This algorithm requires solving an exponential number of systems and
thus takes exponential time. This is, however, unavoidable, since it is known that
already for quadratic functions fi(z1,...,x,), the problem of computing the bounds
y and y is NP-hard; see, e.g., [3]. This means that, unless P=NP (which most
computer scientists believe to be impossible), super-polynomial (e.g., exponential)
computation time is unavoidable — at least for some inputs.

Exponential time does not mean that the algorithm is not practical — for rea-
sonably small n, solving 3™ system is quite reasonable. For example, for n = 10,
we need to solve less than 60,000 systems, it is a large number, but it is quite
doable. For n = 15, we need to solve about 5 million systems — still possible.

What we plan to do next. In the following subsections, we show how we
can extend this calculus-based approach to the general case, and thus reduce the
difficult-to-solve problem of finding the range to more well-studied problems of
solving systems of equations.

Case when the number m of desired quantities is equal to the number n of
auxiliary ones: analysis of the problem. To find the range means to find its
border. At almost all points on the border, there is — locally — at least one tangent
plane. A plane in an m-dimensional space has the form

m

ZCj'yi:C(].

J=1

Thus, at this border point y = (y1,...,¥m), the linear expression

m m

y:ch-yj:f(xl,...,a:n) CEch-fj(xl,...,a:n)

j=1 j=1
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attains its local maximum or local minimum.

Similarly to the previous case, this may mean that one of the inputs z; attains
its largest possible value Z; or its smallest possible value z; = z,. In this case, the
corresponding condition z; = z; or x; = T; determines the (n — 1)-dimensional set
— which could be part of the border.

[t may also means that the maximum or minimum of the linear function is
attained when all the values z; are inside the corresponding intervals. In this case,

we get
of

0@»

0

for all 7, i.e., we get

m afj_
ZC]" axz =0
7=1

for all 7.
In algebraic terms, the existence ol non-always-zero values c¢; that satisly the
above equality for all ¢ means that m = n gradient vectors

ofi Ok
oz, O,

that correspond to different j are linearly dependent. According to linear algebra,

this is equivalent to requiring that the determinant of the Jacobian matrix gfj
e
is equal to O:
df;
det || =] = 0. 3
ot 5 )

So, we arrive at the following algorithm.

Case when the number m of desired quantities is equal to the number n of
auxiliary ones: algorithm. To find the border of the desired range, for each ¢
from 1 to m = n, we form two systems of equations:

e the system (1) in which we substitute z; = z;, and

e the system (1) in which we substitute z; = 7;.

Each of these systems provides a set of co-dimension 1 that could potentially serve
as part of the border of the desired set.

To these possible border sets, we add the set corresponding to the equation (3).
This equation defined a set of co-dimension 1, and plugging this set into (1), we
can a y-set of co-dimension one — which can also be part of the border.

We know that the actual border can contain only segments of the above type,
so once we have computed all these segments, we can reconstruct the border.

General case: analysis of the problem. We have already considered the case
when m = n. There are two remaining cases: when n < m and when m < n.

When n < m, the set of all possible values of the tuple y is of of smaller
dimension than the m, so this set is its own boundary.
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Let us now consider the case when m < n. In this case, also, some linear
combination

m

flz, ..o xy) :ch~fj($1,...,xn)

J=1

attains its maximum or its minimum. Let v denote the number of inputs x; for
which at this maximum-or-minimum point, we have z; = z, or x; = 7;. For each
of the remaining n — v variables x;, we then have the equation

ch : 3;1» = 0. (4)
7j=1

This equality (4) must hold for all (n — v) values of i, so we must have (n — v)
equations.

We can select one of the values ¢; equal to 1, then the other m — 1 values of
c¢; can be determining if we consider the first m — 1 conditions (4) as a system of
linear equations with m — 1 unknowns. Substituting these values for ¢; into the
remaining n — v — (m — 1) equalities (4), we thus get n — v — (m — 1) equalities
that relate n — v unknowns.

In general, each additional equality imposed on elements of a set decreases its
dimension by 1. For example, in the 3-D space:

e the set of all the points that satisfy a certain equality is usually a 2-D surface,

e the set of points that satisfy two independent equalities is a 1-D line, etc.

In our case, the dimension of the set of all the (n—v)-dimensional tuples = that
satisfy all n —v — (m — 1) equalities is equal to the difference

m—v)—(n—v—(m—-1))=m—1.

The image of this (m — 1)-dimensional set under the transformation (1) is also
(m—1)-dimensional, so it forms a surface in the m-dimensional space of all possible

tuples y = (Y1, -, Ym)-
As a result, we get the following algorithm.

General case: algorithm. We consider all possible subsets I of the set {1,...,n}
of all indices of the inputs x;. For each such subset I of size v, we consider all 2¥
possible combinations of values z, and Z;.

For each such combination, we consider the system of equations (4) for all
i ¢ I. We can set up one of the values ¢; to 1 and the first m — 1 equations (4)
to describe ¢; as a function of zy,...,z,,. Substituting the resulting expressions
for ¢; in terms of z; into the remaining n — v — (m — 1) equalities (4), we get a
(m —1)-dimensional set of tuples x. Substituting this set of tuples into the formula
(1), we get a (m — 1)-dimensional set of y-tuples.

We thus get several (m — 1)-dimensional sets, and we know that the actual
border can only consist of the above fragments.
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Texacckuit ynusepcutet B b [laco, CIIA

AnHoTauus. Bo MHOrMX MPaKTHYECKHUX MPUJIOKEHHSAX HAC HHTEPECYIOT 3HaueHUs Be-
JIMUHH Y1, . - ., Ym, KOTOPHIE TPYAHO (MJIM JaXKe HEBO3MOXKHO) U3MEPUTD HEMOCPEICTBEH-
Ho. EcTecTBeHHas Wes OLEHUTh 5TH 3HAUEHHs — HaHTH OoJjiee JIETKHE /IS OLEHKH
BEJIUUMHEl 21,...,%T, M HCIO0Jb30BAaTh M3BECTHOE OTHOLIEHWE /I OLEHKH JKeJaeMBIX
3HaueHHH y;. VIaMepeHHs IPOXOAAT C HEONPeeNEHHOCTDIO, M YaCTO €HHCTBEHHOE, UTO
MBI 3HaeM 0 (PAaKTHYECKOM 3HaueHWH KaxkIOH BCIIOMOTaTesbHOM BEJHUYHUHBI T;, — 3TO
TO, UTO OHO MPHUHAMJIENKHUT HHTEPBANY [Z;,T;| = [T; — A, T; + A;], Toe T; — pesynabrar
u3MepeHus, a A; — BepxHsist FPAHUIA 110 aGCOJMIOTHOH BeJMUHHE OLIHOKH U3MEpPEHHs!
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Z; — x;. B TakUx CHUTyalUusix BMECTO OfHOrO 3HAYEHHs KOPTeXa § = (Y1,...,Ym) MBI
uMeeM JMala3oH BO3MOXKHbBIX 3HayeHUH. B 3To# cTaTbe Mbl NpejJ/araeM BHIYHUC/IHATEb-
Hble a/JrOPUTMBbl JJIS1 pacyéTa 3TOro AHanas3oHa.

KuroueBslie cioBa: 06pa6oTka NaHHBIX, HHTEPBaJbHAs HEONPeNeEHHOCTh, KOCBEHHbIE
U3MEepeHHUs], BEIYUCIICHHS.
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Beenenue

OnHoU M3 aKkTyasbHBIX yrpo3 HH(GOPMAUOHHOH 6e30MacHOCTH CYIIeCTBYIOMINX
MH()OPMALIIOHHO—TENEKOMMYHUKALMOHHBIX CeTeH SIBJASIOTCS KOMIbIOTEPHBIE aTaKh
TUNA «0TKa3 B 00C/JAY>KMBaHUM», HANpaBJeHHble KaK Ha OTHAeJbHble Y3J/bl JAaHHBIX
CeTel, TaK M Ha UX TEXHOJOTHYECKYI0 HHPPACTPYKTYPY.

O6bekTaMu aTak MOTYT SIBJSATbCS B TOM UHCJe U CeTeBble CPEACTBA 3alLUThl UH-
¢dopmannu (CC3U), Takve KaK MexKCeTeBble SKpPaHbl U CHCTEMbl MPENOTBPAIleHHs
BTOPXKEHHUH. YCTelIHasi peann3aldsi aTakd B JAHHBIX CJOydasix MPUBOAWUT K Hapy-
IEHUIO0 WK CYLIECTBEHHOMY CHMKEHHIO NOCTYMHOCTH HH(OpManuu, oOpadaTbiBae-
MOH y3JaMU ceTel, UTO aKTyaJu3HupyeT 3ajady TecTupoBaHus ycToidunBoctn CC3U
OT aTak yKa3aHHOTO THMA.

Han6osiee mupoko npuMeHsieMbIM METOAOM OLIEHKH 3aLIUILEHHOCTH 060pynoBa-
HUsSI KOMIIbIOTEPHBIX CeTell OT aTak THUIa «OTKa3 B OOCJY>KHBaHHH» SIBJISETCS €ro
HaTypHOe TeCTHPOBaHHE B H30JHPOBAHHOH CETEBOH Cpele C MPUMEHEHHeM CHHTe-
supoBaHHoro ceteBoro tpaduka (CT), umurtupyrouero koméunauuo CT wmraTHoro
MH()OPMAIIIOHHOTO B3aUMOJEHCTBHS y3JI0B KOMITbIOTEPHOH CETH M aTaKYIOLIEro BO3-
HNeUCTBUS.

PaspabortanHasi aBTopamu Metonuka tectupoanus CC3M nompasymeBaet mnepe-
nady tecroBoro CT, B mporecce KOTOpO# NMPOM3BOOUTCS OLEHKA CIIOCOOHOCTH Te-
CTHPYEMOTO 000pyI0oBaHHsI 00eCNeunBaTh 3agaHHbIH TPeOOBAHUSIMH KOMITBIOTEPHOH
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CeTH ypOBeHb NOCTYMHOCTH HH(opMauuu. [laHHBI ypoBeHb MOXKeT ObITb ONUCAH
COBOKYIHOCTBIO CJEAYIOLUIUX NMapaMeTpPOB: CPeJHEro 3HaueHWUs 3aflepKKHU INepenadu
MaKeToB f4, €ro0 CpefHeKBaAPaTHUECKOr0 OTKJIOHEHHS o(dt,), HAa3bIBAEMOrO TaKKe
IKUTTEPOM, U OTHOCHUTEJIbHOH [0JIM MOTEPb NMAaKeTOB ¢, — KOTOpble MOTYT ObIThb 3a-
JaHbl BEKTOPOM B npocTpaHcTBe (2 = {w}, rie BeKTOp w ONpefesseTcs: CJAeAyOLNM
BbIpaKEHUEM:

w = (ta,0(0tp), q). (1)

Oco6eHHOCTbIO pacCMaTPHUBAEMbIX CETEBBIX KOMIbBIOTEPHBIX aTaK SIBJSETCS TO,
4TO TPH MX peasM3allid He 3aJeHCTByeTCs NMpPUKAanHoH ypoBeHb Momeau OSI wu,
B OOJbLIMHCTBe ciydaeB, npumeHsercss CT, coOTBeTCTBYWOIIHMH CcrenupUKaIUIM
MCII0JIb3YEMbIX TPOTOKOJIOB IMepefayd NaHHBIX, MapaMeTPbl KOTOPOTO OTJIHUYAIOTCS
ot wrartHoro CT smub KoauuecTBeHHO [1].

[Tostomy no npoBenmenusi TectupoBanusi CC3M Hesb3si mpemyragath Bce BO3-
MOXKHble codeTaHusi nmapamerpoB CT arakyioliero BO3AEHCTBHUS, K KOTOPOMY OHO
OKa3bIBAaeTCs YS3BUMO.

CoBpeMeHHbIE HCC/ENOBAaHUs TOKa3ajd BJHSHHE Ha YCIEUIHOCTb peasu3aluu
CeTeBBIX KOMIBIOTEPHBIX aTaK THMA «OTKa3 B 0OCHY>KHBAaHWUH», HalpaBJEeHHBIX Ha
CC3H, caenywouux napamerpoB CT: ng, n,, n, — KoJuuecTBa B3aHMOAEHCTBYIO-
LIUX Yy3JI0B, CeTed W 3alelCTBOBAHHBIX B INPOLECCEe B3aUMOJAEHUCTBHUS CETEeBBIX HH-
tepteiicos CC3Y; piep, Pudps Piemp — OTHOCHTesbHBIX Hosib notokoB TCP, UDP
u ceancos B3anmoneficteusi ICMP; 7y, i, E, tp, Pn1i — CPeNHHX 3HAYeHHH KOJH-
4ecTBa, JJHUTEJbHOCTH MOTOKOB, pa3Mepa MaKeTOB, MEXIAKeTHOrO BPEMEHHOTro HH-
TepBaJia U OTHOCHUTEJIbHOU JIOJIH MAKETOB, CTeHEPUPOBAHHBIX Y3/JaMU-HHHUIIMATOPAMHU
JIOTHUECKUX COeNHHeHUH; o(ny), o(ts), o(l,), o(ty), o(pnr1) — COOTBETCTBYIOLIMX UM
CpelHEeKBaIpaTUIECKUX OTKJIOHEHHH.

Takum obpasom, MoxkeT ObITh onpeneseHo mnpoctpaHcTBo W = {i} mnapamer-
poB TectoBoro CT, 3HauuMbix B 3amaue oueHkH 3amuiénHoctd CC3U ot cereBbixX
KOMIIbIOTEPHBIX aTaK THIA «0TKa3 B OOCJYXHUBaHWU», TJ€ BEKTOP 1) OMpeessieTcs
CJIEYIOIHMM BbIpaXKeHHEM:

w = <ney Ny, nzaptcp7pudp7picmp7n_f7 57 E7 E: W;
J(nf)vg(tf)aa(lp)’a(tp)vg(phl» (2)

[Touck coueranuit napamerpos CT arakyrorero Bo3nerctaus, K koropomy CC3U
OKa3blBaeTCs ysI3BUMO, HEOOXONUMBIN [/151 o6ecreyeHus MONHOThI TeCTUPOBAHHUS, SB-
JisieTcsl 3ajadedl nepeGOPHOro THma, KOTopas MoxeT ObITb CBefleHa K 3ajaye OThIC-
KaHHs 9KCTpeMyMa MHOTOMepHOH (YHKUMH (w). UucieHHOe pellleHHe NaHHOTO
KJacca 3ajady MoxKeT OBITh 3aTPYAHEHO B CBSI3U C PAa3MEPHOCTbIO U BHUIOM HCCJe-
oyeMo# (pyHKLMH, KOTOpasi B 00lleM cjaydyae MOKeT ObiTb HeJUHEHHOH, pa3pbiBHOM,
Henu(depeHIUPYEeMOH U MHOTOIKCTPeMabHOU [2].

Hawnbosee nepcreKTHBHBIM METOAOM pelLIeHHUs] JaHHOTO KJjacca 3ajau siBJaseTcs
9BOJIIOLIMOHHO-TeHeTUYeCKHH MOAXOM, KOTOPBIH HUCIONb3yeTcs [J5 MOCTPOeHUs aJl-
TOPUTMOB MTOWCKA ONTHMAaJbHBIX pelleHWH, Ha3blBaeMblX TeHeTHYeCKHMH aJrOpUTMa-
MM, Ha OCHOBE MOJEJHPOBAHUS TAKUX MeXaHM3MOB OHMOJIOTMUECKOH 3BOJIOLHH, KaK
pPa3MHOXKeHHe, MyTalus U 0TOOp 0coOel Momynsiuu.
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I'eHeTUUYECKMi1 aJrOPUTM TECTHPOBAHUS CETEBbIX CPEICTB
3amuUThl UH(POPMALINHU

Brok-cxema pa3paboTaHHOr0 reHeTHUECKOro ajJropuTMa NprBeleHa Ha puc. 1.

Kaxnas us ocoGeir ju; nonynsiuun pu = {u;}*, npeacraBasier coGoil COBOKYII-
HOCTb 3HAaYeHHUH CTAaTUCTHYECKHX [apaMeTpoOB, HA OCHOBE KOTOPBIX MPOW3BOAMTCS
cunre3 tectrooro CT, umeromiero 3aganuyio cTpykrypy. [lapamerpsl ocobu p; mpen-
CTaBJ/ISIIOTCA B Ipollecce pabOTbl FeHeTHYeCKOro ajropuTMa B BHAE MOCJeJ0BaTe/b-
HOCTH OMT X; = (Xij) %, TAe X; = {0, 1}, HasbiBaeMoi 1a/iee XPOMOCOMOH.

Ha npenBaputesbHOM 3Tane paboThl FeHETHUECKOTO alrOpUTMa C MCIO0Jb30Ba-
HueM ¢yHkuun RandomM (M), rne M — maremMaTHuecKast MOZe/b, OMHCHIBAIOLIAS
CTPYKTypy napaMeTpoB 0coOH, NMPOM3BOAUTCS HMHHUIMANHU3ALUS TapaMeTpoB ocobed
CAy4YaHHBIMU 3HAUEHHUSIMH, HAa OCHOBE KOTOPBIX 3aTeM BBINOJHSETCS CHHTEe3 00pas-
noB TectoBoro CT ¢ 3amaHHBIMU XapaKTepuCTHKaMU ; € V.

O6pasubl cuHTesupoBaHHoro CT wucnosbsyiorcs anas tectupoBanusi CC3H,
B Ipoliecce KOTOPOro ornpepnesnsercss ypoBeHb obOecrneunBaemodl CC3M moctymHo-
cti uHpopmanuu, w; € ). JlaHHble BeKTOPHl w = {w;}.”, 3aTeM MCIOJb3YIOTCS
IJ151 PaHXHUPOBAHUS MONYJIALMU 110 YObIBAHHIO 3HAUEHWUH KPHUTEpHsl ONTHMaJbHOCTH
i, ONpelessieMoro HJsi 0COOM fi; KaK KOJMYECTBO OCOOeH MOMyJasiluH, KOTOPBIM
COOTBETCTBYIOT MeHbIIMe 3HAueHHsl BCeX MapaMeTPOB JOCTYMHOCTH HH(OPMALHH,
BXOASILIUX B BEKTOP wj:

3
Vi = ﬂ{uk!Vk:wi,j>wk,j} : (3)

=1

B paspaboTaHHOM TeHETHYeCKOM aJIrOpUTMe pa3Mep MOMyJSLUWH H3MeHSeTCs
Ha KaXkJIOM Liare ero paboThl Ha OCHOBe aHaJ/M3a AMHAMUKH U3MeHeHHUS MaKCHUMaJlb-
HBIX WU CPEJHUX 3HAYeHWUH MapaMeTpOB NOCTYMHOCTH HH(OPMALMHU MO MOMYJSLHH.

B cayuae ecsid HU OMH U3 3/1eMEHTOB BEKTOPa MaKCUMaJ/bHbIX 3HaUeHUi He yBe-
JINYUJ B TeYeHHue 1ara paboTbl reHeTHYeCKOro aJropuTMa CBOEro 3HaueHusl, TO MpH-
HUMaeTCsl TMIOTe3a O TOM, YTO KOMOMHALMM CYLIECTBYIOLIMX pelleHUH B Ipolecce
KPOCCHHIOBepa He MOKa3blBalOT OOJblLIEH CTeNeHW NPUCIOCOOJEHHOCTH, YeM Cyllie-
CTBYIOLIHE, MO3TOMY AJS YBEJHWYEHHUS CKOPOCTH IOHUCKA HOBBIX pELIeHHWH, He $B-
JIIOLMXCS KOMOMHALKEeH CyLIeCTBYIOIIUX, TPOU3BOAUTCSH YBeJHYeHUe YHUCJIEHHOCTH
nonyasiuMyd. B ciaydyae ecqiu HHU OAMH M3 3JEMEHTOB BEKTOpa CPeNHUX 3HAaueHHH
He YBeJMUYMJ CBOEro 3HaueHHUs, TO NMPUHHUMAETCs TUIOTe3a O TOM, UYTO MOMyJsLHen
oOHapy»KeH M HUCCJIeyeTCsl HOBbIH JIOKAJNbHBIH SKCTPEMYM (PYHKLUHUH 1)(w), TOITOMY
IJ151 yBeJU4YeHUs] ObICTPOLEHCTBUS T'€HETHUUeCKOro ajJropuTMa M AaBjeHHus oTdopa
pasmep MOMyJNSLUHAHA YMEHbLIAETCS.

[lar u3MeHeHUs1 pasMepa MONYJSLMHA TeHETHUECKOro ajropuTMa MPUHUMAeTCs
paBHBIM TPEM, TaK KakK B COOTBETCTBUM C MEXAHHM3MOM CKpeLIMBAaHUS MepPeHOC Ofi-
HOH POAMTENBCKOH 0COOM B Cilefylolllee MOKOJEHHE BbI3bIBAeT MOSBJIEHHE ABYX N0-
MOJIHUTEJbHBIX NMOTOMKOB. MUHMMa/bHBIA pa3Mep MOMyNSLUMH paBeH LIeCTH, TaK
KaK [JIsl POLeAypbl CKpellBaHUsl HeOOXOAMMbBl KaK MHUHHMYM JBe 0COOH, KaxKaas
U3 KOTOPBIX F€HepUpyeT N0 ABa NMOTOMKA.
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Puc. 1. Biok-cxemMa reHeTHUECKOTO aJropUTMa
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Jns BelmesneHuss ocoOel, mepexoAsiliMX B CJeAylOlllee IMOKOJeHHe B Mpoliecce
BBINIOJIHEHUS] Pa3pabOTaHHOIO TeHEeTHYeCKOro ajropuUTMa, MCIOJb3yeTcs MeXaHU3M
3JUTHOrO 0TOOpa, 3aK/MIOYAILIMNCSA B MOCTPOEHUH INONYJSALUMUH CJedyHLero Mnoko-
JIEHUS] U3 MMeIIIUX HauboJblllee 3HaUeHUEe KPUTepPHUs ONTHMaJbHOCTH.

B kauecTBe MexaHH3Ma oTOOpa ocoOel AJsl CKpellMBaHHUS UCIOJNb3YeTCs METO,
ABJSAIOIIMANACA KOMOMHaLMel UHOpUAUHTa U ayTOpuauHra. MHOpuanHr 3ak/io4yaercs
B BbIOOpe nap ocoOei MOMysasluH, UMEKILUX HaUMeHblLIWe pas3/nyus ocobei; ayT-
OpuIUHr — B BbIOOpe ocoOel, MMeUIUMX HauOOoJblke pa3/juuusi, Mepoid KOTOPBbIX
sIBJISIeTCSl paccTostHhe XOoMMHUHTa D(x) MeXIy UX XPOMOCOMAaMH.

[lonGop ocobeil B poauTesbCcKHe Mapbl MPU MUHOPUAMHTE TNPUBOAUT K CKpeELIU-
BaHHIO 0CcOoOel CO CXOAHBIMU MapamMeTpaMH, MO3ITOMY AAHHBIA MeXaHW3M [03BOJIS-
eT COXPaHUTb UMelollHecs yaauHble codyeTaHus napamerpoB CT, mpousBoasi mouck
OoJbIIMX 3HAUEHUH PYHKUMH w(1)) BOIU3U POAUTENbCKUX 0COOEH.

AyT6puanHT Mo3BOJsIeT U36eXKaTb MOTEPH Pa3HOOOpas3usi UCCIENyeMbIX codeTa-
Huil mapametrpoB CT 3a cuéT cMmelleHHs NMPU CKPEIIMBAHUU 3HAUNUTEJNBHO Pa3andaro-
ILIUXCS XPOMOCOM, KOTOpble MEPEHOCATCS Ha CAEAYIOULYI0 HTepaltio TeHeTHUYeCKOro
aJIrOpPUTMA.

[Ipu BbIMOJMHEHHH NpoLeAypbl cKpelnBaHusl Crossover(Xpi, Xp2) BBITOJIHSAETCS
JBYXTOUYEUHBIH KPOCCHHIOBEP XPOMOCOM POAMTENbCKHX 0COO0EH Xp2, Xp2, 3aK/OUa-
IOLIMNACA B CJy4alHOM BBIOOpe ABYX TOYEK pas3pbiBa 7'y U 7'y XPOMOCOM.

[Ipy sTom xpomocoma nouepHeil 0COOU Y. ONpenessieTcs CJAeNyIOLHUM 00pa3oM:

Xpl,i7 ecJu 1 € [7“1, 7"2]

Xp2,is ecJiy ¢ ¢ [7’1,7“2]

(4)

Xe = <XC,Z'>;‘Z(1 , TAC Xei =

MyTtauusi ocobeil BhinosHsieTcs npouenypoit Mutation(x) MeTOLOM casbTallUH,
3aKJII0YaloLIMMCsl B BEIOOpe B XpPOMOCOMe 0coOH ) TpaHHuL jo,j1 € [1,n, — 1], rae
Jo < J1, B Tpefesax KOTOPbIX TPOU3BOAUTCS 3aMeHa 3HAUeHHH OUT XPOMOCOMBI
Ha MPOTHBOMOJIOXKHBIE. B pesysnbrate GopmupyeTcss U3MeHEHHAS XPOMOCOMA:

= e = X el ®)
Xi ®1, ecan i ¢ [jo, 1]

Myrauus ocobeil BBINOJNHSAETCS JHIIb AJs 0COOeH, CreHepHPOBAaHHBIX Ha TEKY-
eM Iiare paboThl FeHeTHYECKOTO aJTOPUTMa, NPUUEM BEPOSITHOCTb MYTALHUH Dyt
OTpeNieNIIeTCsl B COOTBETCTBHHM C PacCTOSTHUEM X3MMMHIa MEXAY XPOMOCOMaMHU eé
POAUTENbCKUX 0CcoOel c/enyoluM o0pasom:

D(Xpl,sz). (6)

Pmut = 1— .
|Xp1|

JlaHHBIH MeXaHHU3M M03BoJIeT H30ekKaTb CXOAUMOCTH MOMYJASLUHH K JOKaJbHBIM
KCTPEMYMaM KPUTEepHsl ONTHMAaJIbHOCTH pelleHUs 3a CYET BLICOKOHW BEPOSITHOCTH
MyTaLHH A5 0co0ed, UMEeIIIHUX ¢la0b0 OTIMYaIIINecs POAUTENbCKHE XPOMOCOMBI,
U COXPAHUTb NPU 3TOM HaWJyullWe pelleHHUs 3a CYET OTCYTCTBHUSI MyTalUH 0COOeH,
NepexoAslUX U3 MOKOJIEHUS B MOKOJEHHeE.
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Ha ouepennyto uTepaunio reHeTUUECKOTO aJATOPUTMA MEPEHOCATCS JIyUllHe 0CO-
O TeKylled UTepallld, COOTBETCTBYIOLIME HAUOOJbIIUM 3HaUeHUAM w (1)), U UX MO-
TOMKHU B MPOMOPLUU OIAMH K IBYM.

KputepueMm 0CTaHOBKM reHETHUECKOTO aJITOPUTMA SIBJSETCS UCTeUeHHe 3aJaHHO-
ro 10Jb30BaTeJeM BPeMEHHOr0 HHTepBaJa.

PesysibraToM paboThl reHETHUECKOro ajropuTMma siBjasercss 6asa AaHHBIX, CO-
fepxalas MHOXKeCTBO Touek p = {p; | pi € U x Q}, e p; = (Ui, w;), ¥; € U,
w; € (), orpaxatuux coorBeTcTBUe mnapamerpoB CT, o6pabarsiBaemoro CC3H,
obecreyrBaeMOd MM JNOCTYNHOCTH HMH(popmauuu. Hauxynmue oGHapykeHHble 3Ha-
YeHUSs NMapaMeTpoB JOCTYNMHOCTH HH(OPMALMH T03BOJSIOT ONpeaesiTb CIOCOOHOCTh
tectupyemoro CC3HM ynoBneTBopsiTh TpeOOBAHUAM, NPEAbSABASEMbIM K KOMIOHEH-
TaM 3allUl1IaeMOHd KOMIIbIOTEPHOH CeTH.

OHeHKa H&IIé)KHOCTI/I FCHETUYECCKOro aJropurmMa

PaspaboTaHHBIl reHeTHYeCKUH aJropuTM MNpefHa3HauyeH [J pelleHHs 3aayu
MIOMCKA MHOXKECTBA IKCTPEMYMOB HeusBecTHOH (yHKUMM w(7). [Tostomy mom ero
HaIEXHOCTbIO TOJAPa3yMeBaeTCsl CMOCOOHOCTb K OOHAPYKEHWIO AAHHBIX IKCTPEMY-
MOB B TeUeHHe 33/laHHOI'0 OTPAHHUEHHOTO WHTEpBaJja BPEMEHH.

HccnenoBanue HafiéKHOCTHU OBbLIO BHITIOJHEHO B COOTBETCTBHM CO CXEMOH, TpeN-
CTaBJIeHHOH Ha puc. 2, rne MI'A — monynb, peanusymouiui pa3paboTaHHBIH reHEeTH-
yeckuidl anroputm; MUT — monmynb umurtauuu tectupoBanus CC3U ¢ ncnosb3oBa-
aueMm CT, obsanaroiero 3agaHHbIMU napameTrpaMmu ¢ € W, tectoBoil pyHKUUH TP
w(v), oTpaxarollell 3aBUCUMOCTb BEKTOpa MapaMeTPOB AOCTYMHOCTH HH(pOPMALUU
ot napametrpoB CT; MAPT — mony/nb aHanu3a pe3ynbTaTOB TECTHUPOBAHHS.

MIA

l

| MuT MAPT

Puc. 2. Crpykrypa cTeHIa O/ TECTHPOBAHUS HANEXKHOCTH T€HETHUECKOI'O aJropUTMa

Kax b1l 13 KOMIIOHEHTOB TeCTOBOH (DYHKUHH w(1)) COLEPKHUT LIYMOBYIO COCTaB-
JISIOLLYI0, 3aTPYAHSIOLLYIO TIOUCK 3KCTPEMYMOB, U MH(POPMALMOHHYIO, COAePKALLYI0
UCKOMBle 3KCTpeMyMbl. B KayecTBe NaHHBIX COCTaBJ/SIOLIMX HCHOJAB3YIOTCH (YHK-
LIUH, LIUPOKO NpPHUMEHsIeMble MPH UCCJeNO0BAHWH HANE€XKHOCTH I'eHeTHYeCKOro aJro-
putMa [3], KpuTepueM BbIGOpa KOTOPBIX SIBJSIETCS OTCYTCTBHE OrpaHUYeHHH Mo pas-
MEpPHOCTH BEKTOpa UX apryMeHTOB [Jis BO3MOXXHOCTH MpPeACTaBJeHUS] MHOIOMEPHO-
ro NPOCTpPaHCTBa NapamMeTpPoB. B KayecTBe LIYMOBOH COCTaBJSAOLIEH HCI0/b30Ba-
Ha (yHkUMa PacTpurrHa, 0co6eHHOCTbIO KOTOPOU fIBJIsSeTCSl OOJbLIOE KOJIUUECTBO
JIOKAJIbHBIX 3KCTPEeMYMOB. B KauecTBe MH(POPMALMOHHOH COCTABJSOLIEH UCIIONb30-
BaHa (pyHkUMs MuxaneBuua, 0COOEHHOCTbIO KOTOPOH fIBJISIETCS HalW4yue OOJbLIOrO



Maremarryeckue cTpyKTypbl H MoaeaupoBaHue. 2018. No 2(46) 131

KOJIMYeCTBA JIOKAJbHBIX 3KCTPEMYMOB U OJHOTO — IJ100a/bHOr0, KOTOpPble 3aHUMAIOT
OTHOCHUTEJ/IbHO HeOOJbIIYI0 YacTh 00J1aCTH omnpenesieHUs (PyHKLIHMH, YTO IOBbILIAET
CJIOXKHOCTb pelleHHs 3alayM MOUCKa.

B pesysnbrare BoimosHeHus cepun M3 100 3amyckoB reHETHUECKOTO ajiropUTMa
MPU BbIOPAHHBIX CJAy4alHBIM 00pa3oM 3HaueHHAX KO3(P(ULHUEHTOB TECTOBOH (hyHK-
LMK OBIJIM MOJYYEHbl 3aBUCHMOCTH CPeJHUX, MUHUMAaJbHBIX U MaKCUMaJIbHbIX 3Ha-
YEeHHH IO/ BBISIBJEHHBIX 9KCTPEMYMOB. ['padukH, oTpaxkawoliie 1aHHblEe 3aBUCUMO-
CTH, TIPUBEIEHbl Ha pHUC. 3.
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Puc. 3. 3aBucumocThb JOJIKW BBISIBJIEHHBIX 9KCTPEMYMOB OT KOJIMHECTBA HMCCJAE€LO0BAHHBIX
reHEeTHUYeCKUM aJTOPUTMOM TOYEK TeCTOBOM (pyHKLLI/II/I

PesysnbraThl 3KCrieprMeHTa MOKa3aJjd, YTO pa3paboTaHHbIH TeHEeTHUECKHUH aJjro-
PUTM TIPY KOJIMYECTBE UCCJEIOBAHHBIX TOYEK TECTOBOH (pyHKIMHU He MeHee 850 mos-
BOJIsIET BBISIBUTb He MeHee 98 % e€ JIoKaJMbHBIX U IJI00abHBIX SKCTpeMyMoB. B pam-
kax Metonukd IETF RFC 2544 [4], m1poKo NMpUMeHsieMOH Ha CErofHSILIHUH NeHb
171l TECTUPOBAHHUS PA3JIUYHOTO 000PYIOBAHHS, HCIOIb3YEMOTO B KOMITbIOTEPHBIX Ce-
TSIX, YCTAaHABJIMBAeTCS MUHUMAaJbHAs IJUTEJNbHOCTh reHepauun obpasua CT, paBHas
120 c. Ilpu ncrnosnb30BaHUM YKA3aHHOU IJIMTEJNbHOCTH HCCJEN0BAHHE MPUBEIEHHOTO
KOJIMYeCcTBa TOYeK 3aHUMaeT MeHee 30 UacoB, UTO MOXKET CJYXKHUTb MOATBEPXKIEHHU-
€M HaJéKHOCTH TeHeTHYeCKOro aJrOpUTMa U ero CIOCOOHOCTH K peIlleHHI0 3aJauu
BBISIBIEHHUS] SKCTPEMYMOB 3alaHHON (DYHKLHH B TeYeHHEe OTPAHHUUEHHOT0 WHTEepBaJsa
BPEMEHH.

PaspaboTaHHbBIH reHEeTHYeCKUH alrOPUTM T103BOJISIET aBTOMAaTH3WPOBATh MpoLece
noucka ysizBumocteidd CC3U K ceTeBbIM KOMIBIOTEPHBIM aTakaM THIIA «OTKa3 B 00-
CyKUBaHHUM» MyTEéM monbopa Takux couetaHuil mapamerpoB CT arakytoiiero Bos-
nevictBusi, pu Kotopbix CC3M okasbiBaeTcss HecrnocoOHO 06ecrneyduTb HeoOXOMH-
MBIl YpOBEHb NOCTYMHOCTH HH(pOPMAaLKH, 00pabaThiBaeMOH B KOMIIBIOTEPHOH CETH.
[Ipu aToM, B OT/IHUKE OT IPUMEHSIEMBIX Ha CETrOfHSALIHNAHN 1eHb METOAMK aBTOMAaTH3a-
nuu tectupoBanus (B yactHoctH, RFC 2544), npensioykeHHBIH TeHEeTUYECKHUH aJiro-
PUTM MO3BOJISIET PelllaTh NAaHHYIO 3a1ady Mpu GOJBIIOH Pa3MEPHOCTH MPOCTPAHCTBA
MOKCKA U TI03BOJISIET yUecTh Bce M3BecTHble Mapametprl CT, okaseiBatomiye BAUSHNE
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Ha ycroiuuBocTb CC3M K paccmaTprBaeMoMy THMa aTak.

Pe3yabTaThl NPaKTUYECKOTO NPUMEHEHUS
reHeTU4YeCKOro aJropurMa

Jlns anpo6auuu npensoxKeHHOro reHeTHYeCKOro ajropuTMa paspaboTaH 3KcIe-
PHMEHTAaJIbHBIH CTEHJ, C MOMOILbI0 KOTOPOro OblJIO TPOU3BEEHO TECTUPOBAHUE PSa
o6pasuos CC3H.

PesynbraTom TectupoBaHusi obpasua CC3M Ha maHHOM cTeHze SIBJSETCS MHO-
XKECTBO KPUTHYEeCKHX 00sacTell MPOCTPaHCTBA MapaMeTpoB ceTeBoro Tpaduka W.
Kaxnas u3 ykasaHHbIX oOJiacTel ompefesisieT NapaMeTpbl CETeBOro Tpaduka aTaku
THUMA «0TKa3 B 00C/ayXHBaHUH», K KOTOpoH ysizBuMo CC3U. ¥Ysaseumocts CC3U
BbIPaXKaeTcs B TOM, YTO 3HaueHHWe N0 KpakHed Mepe OJHOro U3 MapaMeTpoB JOCTYII-
HOCTH MH(popMaluu w € (), obecrieunBaeMoil UM MpU 00pabOTKe CeTeBOro Tpaduka
aTaKyloLlero BO3eHCTBUS, BBIXOANUT 3a IPAHHUHble 3HAUEHUSs, NONYyCTUMble /15 JaH-
HOW KOMIIBIOTEPHOH CeTH.

KputepueMm BBISIBNIEHUS] KPUTHUECKUX 06JacTell BEICTYIIHJIO HECOOTBETCTBUE Tpe-
6oBanusiM cranpapra MC3-T Y.1541 [5] k ceTsM HyJeBoro KJjacca, NpeiHa3Ha-
YeHHBbIM /151 UCTIOJIHEHHUSI TIPUJIOKEHUH peasibHOTO BPeMeHH, KOTOpble HaKJ/ablBaloT
caenymolye TpeboBaHUS K AOCTYNHOCTH MH(OPMALMHU: OTHOCUTENbHAS 10J5 M0Tephb
NakeToB ¢ HOJKHA ObITh MeHee 0,001, mxutrrep o(dt,) — MeHee 50 Mc, a cpenHss
3ajiepxKKa nepenadd naketos ty — meree 100 Mc.

B yacTHOCTH, ObLJIO BBIMOJHEHO TeCTUPOBAHHUE (PUJBTPYIOLLIEr0 MapLIpyTH3aTOPa
Cisco 2811, mupoKo MpPUMEHSEMOro B CeTAX CPeNHUX M KPYMHBIX MPEATPUSATHH
B KauyecTBe MeXKCeTeBOro 3KpaHa. B cOOTBeTCTBMM C AOKYMeHTalHeH yCTPOHCTBO
MMeeT CJeLYIOlHe TeXHUUeCKHEe XapaKTepUCTHUKHU:

e npomnyckHas crnoco6HocTh 61 Mout/c;
e npejesibHAs UHTEHCUBHOCTb Mepechlikd — 120000 makeTtos/c;
e 00bEM omepaTUBHOH nmamsATH 256 MOa#T.

PesynbraTel TecTHpOBaHMS MapLIPyTH3aTOpa NpPHUBeJeHbl Ha JENeCTKOBOH AHa-
rpamMme (puc. 4).

B pesysnbraTe TecTUpOBaHMS OBIIM BbISIBJEHbl NapaMeTpPhbl CeTeBOH KOMIbIOTep-
HOM aTaKW THUIA «OTKa3 B 0OCYKUBaHUU», XapaKTePU3YIOIIEHCS MOTEPSIMU TaKETOB
q € [0,03,0,06] u obycaoBneHHoi noctuxkeHueM obpasuom CC3H mpenesbHOro 3Ha-
UeHHUs] MHTEHCUBHOCTH Tepelayu AaHHBIX [; € [61, 78] M6uT/c, COOTBETCTBYIOLLETO
NPUBEAEHHOMY B JOKYMEeHTalUMH o0Opasua.

Takxe Oblja BhISIBJEHA KpUTHUecKasi 00/1acTb, COOTBETCTBYIOLIASl paHee Heus-
BECTHOU KOMIBIOTEPHOH aTake.

JlaHHas KpuTHYeckass 00/acTh I10Ka3bIBAET, UTO BLICOKME 3HAUEHHUs NOTepb MNa-
keToB ¢ € [0,05,0,06] u mxurrepa o(dt,) € [51,59] Mc Bo3HHKaWT mpu o6pa-
6oTke o6pasuom CC3HM cereBoro Tpauka OTHOCHTE/JIbHO HU3KOH MHTEHCHUBHOCTH
I; € [51,59] Méur/c, rae Hab/OIAIOTCS OTHOCUTEJbHO BLICOKHE 3HAueHHsl Bapua-
THBHOCTH MEXKINaKeTHBIX BPEMEHHbIX HHTepBasoB o(t,) € [2,2,2,9] MKCc U cpenHeil
MHTEHCHBHOCTH T'eHepaluH NOTOKOB 7oy € [680,815] moTokos/c.
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Pudp KpurHueckas o61acTs,
Dicmp 00ycI0BTeHHAA JOCTHKEHHEM
06pa3noM peaeIbHOro 3HaYeHHA
HHTEHCHBHOCTH ITepeJadH
naHHEX [4 € [61,78] Méut/c,
XapaKTepH3yIomasacs MoTepAMH
naketoB q € [0,03,0,06]

— 09
ng, nom./c ‘

819,0

a(ny), nom./c

132,0 > KpurHueckas o61acTs,

"ol BRIABIeHHAs IPH HH3KOM
HHTEHCHBHOCTH IlepeJadH
nmaHHBIX [ € [29,78] M6uT/c,
XapaKTepH3YIOIAACA HOTEPIMH
naketoe q € [0,05,0,06]

H DKHTTEPOM

a(&tp) € [51, 59] mc

1302,0

l,, 6aiim A \
I 315,0 3,0-107°

Puc. 4. Pesynbratel TecTrpoBaHus ¢uabTpyomlero mapupytusaropa Cisco 2811

BriBoabI

[IppuHuun pa6oTsl pa3paboOTaHHOrO TeHEeTHYeCKOro ajropuTMa TeCTHUPOBAaHUS
CC3MU ocHOBaH Ha MOMCKE KCTPEMYMOB MHOrOMepPHOH (DYHKIHH, OTparkawollei 3a-
BUcHMocTh Mexxay napamerpamu CT, obpabareiBaemoro CC3H, u obecrneunBaeMoi
UM JOCTYNHOCTH HH(pOpMaLUXH. JJaHHBIH MOUCK POU3BOAMTCS MYTEM MHOTOKPAaTHOTO
tectupoBanuss CC3U ¢ ucnosb3oBaHWeM pas3JUYHBIX 00pPA3OB CUHTE3WPOBAHHOTO
CT.

PesysibTaTel paboThl reHETHUECKOr'0 aJropUTMa MO3BOJSIOT ONpPENeNUTb HAauXyl-
ILIMe ToKa3aTe/u NOCTYNHOCTH HH(popMauuu, Kotopele Tectupyemoe CC3U crnoco6-
HO 00eCreyuTb B TpOLecce MPOBEAEHHS CETEBbIX KOMIBIOTEPHBIX aTaK THUIA «OT-
Ka3 B OOC/JYKMBaHHM», UTO TMO3BOJSET MPOU3BOAWUTH OOOCHOBAHHBIH BHIOOP 00-
pasuoB CC3HU, HanboJsiee yCTOMUMBBIX K HAHHOMY THIY aTak, U, TAKUM 00pa3oM,
croco6cTByeT obecrnedyeHUI0 HH(OPMAlLMOHHOW ©6e30MacHOCTH HWH(POPMALHOHHO—
TeJeKOMMYHHUKALHOHHBIX CHCTEM U CeTel.
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AnHoTauusa. B cTaTbe paccMaTpuBaloTcs 06lHe BOMPOCH YIpaBAeHHs pa3rpa-
HUYEHHEM JOCTYIA K pecypcaM KpPyMmHOMAaclITaOHBIX HH(OPMALHOHHBIX CHCTEM
(KMHUC) ¢ no3uuuii popmMasbHEIX MaTeMaTHYeCKHX Monesed. AHaniu3upyroTCcs
coiicta, npucymre KMUC, u Tpe6GoBaHus, nmpenbsiBiseMble K €& MOJUTHKE
6e30MacHOCTH, peasn3yIolleld MeTobl U MpaBuJia pasrpaHndenus pocryna. Cra-
BUTCS 3aJlaua pa3pabOTKH HOBBIX MOJeJied, METONOB U aJrOPUTMOB yTIpaBJeHHs
pasrpanudenueM noctyna B8 KMUC.

KaioueBbie cioBa: pasrpaHuyeHue OOCTyIla, MOJHUTHKA 0€e30MacHOCTH, aJMH-
HUCTPHUPOBaHKE, aBTOMaTH3all KA.

Beenenue

B Hacrosiiee BpeMsi HH(OpPMaLMOHHBIE CUCTEMbl U HH(OPMALMOHHbIE TEXHOJIO-
THH SIBJSIIOTCS OCHOBOH J€ATeNbHOCTH MPAKTHUUECKH JII0OOr0 MPeATPUATHS UJIHU Opra-
Huzauuu. CorsacHo [37], HH(QOPMALHOHHbBIE TEXHOJOTHH — 3TO «IIPOLECCHI, METOMbI
noucka, cbopa, xpaHeHus,, 0OpabOTKH, MpefOCTaBAeHUs], PACIPOCTPaHEHUsT UHPOP-
MallM¥ U CrocoObl OCYyIIeCTBJEHUS TAKUX MPOLECCOB U MeTonoB». MH(opMaunoH-
Hasi CUCTeMa OIpefiesisieTcsl KaK «COBOKYITHOCTb colep:Kallledcss B 0a3ax NaHHBIX
UH(popMalUUU U obecreunBalOIUX €€ 006paboTKy WH(POPMALUMOHHBIX TEXHOJOTHH U
TeXHHUUYECKUX cpeAcTB» [37]. Takum o6pa3om, TepMUH «HH(OPMALUOHHAS CHCTEMA»
o0benUHseT UH(POPMALIUOHHBIE PeCcypChl, IPOrpaMMHOe o0ecredyeHrne U KOMIbIOTep-
Hoe oOopynoBaHHe. B uyacTHOCTH, KpyInHble HH(OPMALMOHHBIE CUCTEMbI, MpeiHa-
3HaueHHble A1 Ou3Heca, MOJYUMUJH Ha3BaHHWE «KOPINOpPAaTHBHble WH(OPMALMOHHbIE
CUCTEMBI».

[IpuHATO pasnuyath TpU ypoOBHS (PYHKLHOHHPOBAHHSA 0O0BEKTOB HMH(pOpPMaTHU3a-
IMH, 00CTYyKUBaeMbIX UH(POPMALIUOHHBIMU CHUCTEMAaMHU:

1) MuKpoypoBeHb (yupexKaeHHe, OpraHU3alus, PeaNpUsThE);

2) Me30ypoBeHb (00/1aCTh, PETHOH, OTPAC/b);

3) MaKpoypoBeHb (roCylapCTBO, MeXKTOCYyIapCTBeHHast CTPYKTYpa).

Haubosee BocTpe60OBaHHBIMU SIBJSIOTCS WH(POPMALHMOHHbIE CUCTEMbI, 0OeCreun-
BawlHe (PYHKLUHOHHPOBaHWE 0O0BEKTOB 2-Tr0 U 3-To ypoBHeH. Kak mpaBuso, 3TO
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MaciiTabHble, pacrpenenéHHble MPOrpaMMHO-TEXHHYECKHE KOMIIJIEKCHl C Pa3BHUThI-
MU KOMMYHHKALHOHHBIMU CBSI3IMM, oOecreyuBarolile pabdoTy CBS3aHHOH TPYMIIbl
opraHusauui Wiau npeanpusTuit. Takve cHCTeMbl NPUHATO HA3bIBATb KPYNHOMAC-
wmabnoimu ungopmayuonrsimu cucmemamu (KMHUC)!.

[lenb maHHOW CTaThbU — BBIIBUTb OCHOBHBIE MPOOJIEMbl, BOSHUKAOIINE MPH pas-
rpaHuYeHrnH foctyna K uHpopmauuoHHbiM pecypcam KMMUC, u onpenenutb nyTtu
UX peLleHHs.

1. KpynHomacmrTaOHble MH(OpMALIIOHHbIE CUCTEMbI U OCHO-
Bbl 3alIUThl UH(OpMALINH

MOoXXHO BBIENUTH HECKOJIBKO TPUUYHH TOSIBJEHHUS U BCE OOJIbILEro pacrnpocTpa-
Henuss KMHUC.

1. Tlorpe6HocT Ou3Heca M TOCYHApCTBa BO B3aUMOAEHCTBHH, B HHTErpalyu
pa3po3HeHHbIX UH(POPMALHMOHHBIX CUCTEM, 00C/YKHUBAIOLIUX 3TH CTPYKTYPBI.

2. TloTpe6HOCTH B pacLIMpEeHUH BO3MOKHOCTEH HHPOPMALMOHHBIX CUCTEM yTIpPaB-
nennst pecypcamu mnpennpusitusi (Enterprise Resource Planning Systems, ERP-
cucreM). TexHosorun pasBUBAlOTCS B HampasJeHWd BoiesneHus sigpa ERP u cosna-
HUS JOMOJHUTEJbHBIX, HAIPUMep 00JIa4HbIX, CEPBUCOB, CIElLUaIU3UPOBAHHBIX MPU-
JoxkeHUH. Bcé GoJiblliee pacrnpocTpaHeHHe MpHoOpeTaeT MyJbTHUBEHJIOpHAsl CTpare-
TUsl, KOrla B ONHOM MH(MOPMALIMOHHOW CUCTEMe HMHTerpupyeTcsi nporpaMMHoe obec-
reyeHue PasHbIX MPOU3BOAUTEJIEH.

3. PasButue KoHUenuuu uudposoro npeanpusatus. Las uudposoro npeanpusTus
BayKHYI0 pOJib UrparoT ynoOHble, Ge3omnacHble, KOHKYPEHTOCIOCOOHbIE 3/JeKTPOHHBIE
pecypchl U MH(OPMALlMOHHbIE CEPBUCHI 110 paboTe ¢ KJIUEHTOM.

Hcnonb3oBanne KMHUC no3BosisieT BBIBECTH OeSITENbHOCTb MPEANPUSATHH U Op-
raHW3alMil Ha KaueCTBEHHO HOBBIM ypOBeHb MPOMU3BOACTBA W ympasJgeHus. Ho B
TO e BpeMsl UX OHU3HeC-NPOoLecChl CTAHOBATCS Ype3BblUalHO 3aBUCHMBIMU OT pHC-
KOB U TOCJEACTBUH cO0OeB NMpHMeHsieMblX HWH(OpPMaLHOHHBIX cucTeM. CoBpeMeHHble
KMUC cozmepxaT TBICSUM UJH JaKe MUJIJHOHBI B3aUMOAEHUCTBYIOIHX KOMIIOHEHTOB
anmnapaTHOro W MPOrpaMMHOr0 oOecredyeHus, B CBSI3M C YeM BO3HHKAeT MHOXKECTBO
TeXHUYECKUX U OpPraHM3alHOHHBIX MPOoOJeM — HEeKOTOpble M3 HUX CYIleCTBOBAJU
paHee U Tenepb CTaJd KPUTHUECKHUMH, a APyrue BO3HUKJW B ITOCJe]HEe BpeMs B
pesy/bTaTe yBesJH4eHHsl MacluTaba U CTeleHW B3aHWMOCBSA3H MH(OPMALMOHHBIX MO[-
CHUCTEM.

OnHUM M3 OCHOBHBIX HCTOUYHHKOB BO3HUKAIOLIUX MPOOJEM SBJSETCS YS3BUMOCTb
KMUC nnd BpenoOHOCHBIX aTaK, HaNpaBJeHHBIX Ha peasu3aluio yrpo3 HHGopma-
uuonHo# GesonacHoct [10]. IIpoGesns B 6e3onacHoctt KMHC moryT mpuBOaUThH
He TOJIbKO K HapylIeHHI0O KOH(HIEeHLUHATbHOCTH, MOTEpe, U3MEHEHHUI0 MM YHHUTO-
KeHHMI0 WH(pOpPMAaLKH, HO U K cOOI0 CHUCTEMbl B LEJOM, KPYNHBIM (DUHAHCOBBIM U
UMHUIKEBBIM MOTEPSIM. DTOMY CIOCOOCTBYIOT MACULMAOHOCMb, CAOKHOCMb U PA3-
HOPOOHOCMb KPYTTHOMACIITAOHBIX CUCTEM.

'B aHMIOSA3BIYHBIX MCTOYHMKAX MMeeTCsi aHajor 3Toro noHstus — Large-Scale Complex IT
Systems [57,70].
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1. ITo onpenenennio Maciitad siBasercs oTauunTtebHol yepToit KMHC. Ochos-
Hble MeTPUKH U3MepeHHsl MacliTaba — 3TO KOJMUYeCTBO KOMIIOHEHTOB, COlE€PKALLHX-
csl B CHCTeMe, M KOJIMYeCTBO M0Jb30BaTesel, MOAAePKUBAEMBIX CHCTEMOH.

2. Komnonentst KMUC B3aumonmelcTBYIOT U 0OMeHHBaOTCS UH(POpPMaLHeld MHO-
JKeCTBOM CIOCO0O0B, C MHOTOUMCJIEHHBIMH [UKJIaMU 0O0paTHOH cBsi3u. CO6ou B ONHOM
YacTH CHCTeMbl MOTYT Helpeicka3yeMbiM 00pa3oM cKasaTbcsi Ha pa6ore KMHUC B
L1eJIOM.

3. KMHC Hepenko co3naloTcsi Ha 0CHOBe 0ObeIMHEHUS HECKOJbKHUX HH(popMa-
LIUOHHBIX MOACUCTEM. DTOT MPOLlecC MPUBOIUT K BBICOKOMY YPOBHIO TeTepOreHHOCTH
B CHCTeMaX W MOBBILIAET NMOTPEOHOCTh B (PYHKIIMOHANBHONW COBMECTHMOCTH MEXIY
KOMMoHeHTaMH. [Ipy 3ToM mpuMeHeHHEe LEeHTPaJU30BAHHOIO Crocoba MPOEeKTHPO-
BaHHUSl «CBepxXy BHM3» He Bcermna Bo3MoxkHO. Hacto KMUC mpencraBasier coboit
pe3yJsibTaT BOCXOASILEH UHTEerpalury psifia OTAEJNbHBIX MOACHUCTEM.

Takum o6pasom, ponosHuTebHBlEe y3BUMOCTH KMUC cBfizaHbl, B 4aCTHOCTH,
C CYLIECTBEHHBIM POCTOM UMCJA MOJb30BaTesNed CUCTEMbl, HaJWUYMeM 3aMyTaHHbIX,
IJI0X0 OTCJIEXKHBAEMbIX UH(POPMALIMOHHBIX [TIOTOKOB, C pacrpeaeéHHOCTbIO CUCTEMBI
1 HeOOXOMMOCTBIO COMPSIKEHHUs MOJICUCTEM C Pa3JIMUHBIMHU MOAXOAAMHU K obecreye-
HUI0 UH(OPMALHOHHON 6€30MacHOCTH.

B cBoio ouepenb, OMHUM M3 OCHOBHBIX CIIOCOOOB 3aIMTHl MH(MOPMALUU SIBJIS-
eTcs 3amurta oT HecaHkuuoHupoBanHoro noctymna (HCJ) [37]. Cornacho [11],
KOMIIJIEKC MPOrpaMMHO-TEXHHUYECKHUX CPEACTB M OPraHU3alMOHHBIX Mep MO 3alluTe
uHpopmauuu ot HCJL noskeH BKJtoUaTh B cebsl MOACUCTEMY YIPaBJIEHUS TOCTYIIOM
NpaKkTHYeCKH [J151 BCeX KJacCOB MH(OPMALMOHHBIX cucTeM. [Ipu 3TOoM peanusauus
IMCKPEIMOHHOT0 MPUHIMIA KOHTPOJS NOCTyNa OTHOCHUT HCIOJb3yeMble CpPeiCTBa
BBIUMC/JUTENbHON TEeXHUKH KO 2-U Tpymne 3alUILEHHOCTH, a peann3alus eugé u
MaHIaTHOH MojeJu — K OoJjiee 3alMLIEHHON 3-# rpymne [12]. B aToMm e mOKy-
MEeHTe IOSICHAeTCs, YTO «IpUMeHeHHe <...> CPeACTB KPHUITOrpauuecKoi 3allHThl
UH(popMauuu <...> MOXKeT ObITb HCIOJb30BAHO [JIS TIOBbILLIEHHS] FapaHTHH KayecTBa
samuThl» [12]. Takum o6pa3om, HanGoJee pPacIpPOCTPAHEHHBIM U BOCTPEOOBAHHBIM
MeToIOM oOecreveHrs KOH(UAEHIHAaNbHOCTH JAaHHBIX SIBJSETCS yIpaBJeHHe JOCTY-
noMm K pecypcam uHpopmanuonHoi cuctembl. Crangapt ISO/IEC 27001/27002 Tak-
Ke TMpeaycMaTprhBaeT B KayeCTBe OCHOBHBIX Mep 3allUThl pasrpaHUueHHe AOCTYMa
nosib3oBaTesiell K MH(MOPMAIIMOHHBIM pecypcaMm [27,28].

C TeopeTHueCcKOH TOUKM 3peHMs KJacCHUYeCKHe W pasBHBarollvecs Mojesau Oes-
OMaCHOCTH KOMIIbIOTEPHBIX CHCTEM CTPOSITCS, UCXOMS U3 MOHATHS A0CTymna CyObeKTa
K 00beKTy, TaK Kak 0a3upylTCsi HAa OCHOBHOH akCHOMe KOMIbIOTEPHOH Oe3zomnac-
HoCTH: «Bce Bompochl MH(POPMaLHMOHHOH 6e30MacHOCTH B KOMIIBIOTEPHOH CHCTeMe
onpeeNIoTCs I0CTyNaMK CyObeKToB K o0bekTaM»? [14]. HaGop npaBua pasrpanu-
UeHHs J0CTyNa B MH(OPMALUOHHOH CHCTeMe, KOTOPBIH NMPUHATO HA3bIBATb NOAUMU-
Kou pasepanuuenus docmyna (noiumukoi ynpasieHus 0OCMYynom), ONpenessieT
OCHOBHBIE TIPUHLIUIIBI PEryJIUPOBAHHUS HUCIONb30BAHUS BCEX PECYPCOB CHCTEMBI.

BrilieckazaHHoe 00OCHOBBIBaeT YTBepXKAEHHE O TOM, UTO 3ajada ajeKBart-

2Cy6bexThl — 3T0 aBCTPaKTHOE MpeNCTaB/eHHe aKTUBHBIX CYIIHOCTel cucTeMbl (NPOLeccoB, Mo-
TOKOB, TNoJib30Baresell). OOBbEeKTE — MAcCHBHBIE CYIIHOCTH CHCTeMBbl (06JIACTH MaMSTH, (adasl U
T. 1. — JioOble HAGOPHl JAHHBIX, K KOTOPBIM MOXKHO 00pALIAThCS KaK K LEJIOMY).
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HOTO TOCTPOEHHUS TOJUTUKUA pasrpaHUuUeHHs [OCTyNa SIBJAsSeTCS He MeHee BaxK-
HOH, 4yeM, HampuMmep, CTOHKOCTb MCIOJb3yeMblX KPUNTOrpaUyecKUX ajropUTMOB.
[IporpaMMHO-TeXHHUECKHE CPENCTBA, peau3yloline MOJNUTHKY pas3rpaHHUueHUs J10-
cryna KMUC, cocraBasitor nodcucmemy paseparuyenus docmyna (nodcucme-
My ynpasrenus docmynom). Vcnonb3oBaHue (opMasbHBIX MOAeJEH pasrpaHuye-
HUSl JOCTyNa Ha BCeX 3Tamnax »KHW3HEHHOro IHUKJa 3TOH MOACHCTeMbl obecreyuBa-
eT yCIIellIHOe pelleHHe 3a4ayd BblOOpa W 0OOCHOBAHUS MeXaHU3MOB peasn3aluu
CPeICTB M MeTOMIOB 3allluThl MHPpopMaunoHHbIX pecypcoB KMHUC oT HecaHKIMOHU-
poBaHHoro poctymna (cMm. puc. 1).

[ CpencrBa 3aluThl HHPOPMALIMHU ]

[KpHnTorpa(buquKaﬂ ] AHTUBHpYCHas

OO6HapyxeHue u
3aIuTa 3almTa

MIPEIOTBPAILICHUE BTOP>KEHUH

3ammuTa ot HCJI ’

[ Unentndukanms

Kontpons KonTpons ucnonb3oBanus
W ayTCHTU(QHUKAINS

LIEJIOCTHOCTH PECYPCOB CHCTEMBI

DopMaJIbHbIEC MOIETH Peanunzanus noJuTHKH
pa3rpaHuyeHus 10CTyna pa3rpaHuyeHus 10CTyna

Puc. 1. Mecto (opMa/bHBIX MoJesell pa3rpaHHueHHsl IOCTyNa B CHCTeMe KOMIIEKCHOH 3allUThI
UH(pOpMaLUU

2. Teopetuueckue M NpakTUuyecKue MOAXOIbI
K pa3rpaHU4YeHUI0 JOCTyIa

OCHOBBl MOfIe/TUPOBaHMsT (e30MacHOTO yITpaBjeHUs: MOCTYNOM U HH(MOpPMAIH-
OHHBIMH TOTOKaMM 3anoxeHbl B auckpenuoHHoM (Discretionary Access Control,
DAC) [47,51,52,60], mannatHom (Mandatory Access Control, MAC) [46,62] u po-
seBoM (Role-Based Access Control, RBAC) [49,50,67,68] npuHuunax pasrpaHuue-
Hus pocryna. Kmaccndeckre hopmasibHble MOJEIH pa3rpaHUUeHHst JOCTYIIA MONTyUH-
JI IIMPOKOE pa3BUTHE U B paboTaX POCCHUCKUX uccaenoBatesed [8,14,18,21,31,39]
v Ip.

BmecTe ¢ TeM mpakTHueckas peasiM3alldsl KJACCHUECKHUX MOJeseldl pasrpaHuye-
HUs poctyna B coBpeMeHHbIXx KMUC cTankuBaeTrcsi ¢ CylieCTBEHHBIMH TPYAHOCTS-
mu [20]. TlosiBnsitorcsi, MCClenyOTCS M HaXoOAT NMpaKTHYeCKoe MPUMEHeHHe pas-
BHBAIOIIMECS MOJEJNH pa3TpaHUYeHHs] NOCTyNa. PasBUTHe NUCKPEIIMOHHOH MOAEJH
CBSI3aHO C pacUIMpeHHeM MOHSTHS MaTpHUIBl AOCTYNOB: oT THnu3upoBaHHo# (Typed
Access Matrix, TAM) [66] uepe3 nuHamuuecKyto THnusuposaHHyio (Dynamic-
Typed Access Matrix, DTAM) [71] nmo artpubytHoit (Attribute-Based Access
Matrix, ABAM) [76]. B pa6orax [15-17, 19, 23] npennaraercs [Il-pacuiupenue
OUCKPELHOHHOH, MaHIAaTHOH U poJsieBod MopeJsed. [III-momenu ocHoBaHbI Ha uepap-
XHUW CYLIHOCTeH KOMIbIOTEPHOH cucTeMbl. JlaHHBIH MOAXOM I03BOJISIET MPOBOAUTD
(hopMasbHBIM aHa/IU3 0e30IacHOCTH HH(OPMALMOHHBIX CHUCTEM C Y4€TOM HH Op-
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MalHOHHBIX MOTOKOB IO MaMSITH WJM MO BPeMeHW, AMHAMUYECKHX OTPaHHUUEHHH U
BO3MOXKHOCTH KOOIepaluuHd CyObeKToB. PosieBOH TPHHLMI yNpaBJeHHS NOCTYIOM
MOJyUUJl Pa3BUTHE B BHIE MoOJeJed JIOTMYeCKOrO pasrpaHdHYeHHsi nocTyna. B pa-
6ote [26] mpuBOAsATCS pe3y/abTaThl CPABHHUTEJbHOIO aHajH3a TPEX COBPEMEHHBIX
MoOJieJIel JIOTMYECKOro pasTpaHHuyeHHst HocTyna: aTpubyTHoi wmomeau (Attribute-
Based Access Control, ABAC) [38, 41, 53], cymnoctHo#t momenu (Entity-Based
Access Control, EBAC) [1,48] u pensiuuoHHOH MoOIesM Ha OCHOBE IIeNOYeK OTHO-
LIeHUH, MpenJoKeHHOW aBTOPaMH [/ MHOIOIOJb30BAaTeJNbCKUX HH(OPMALIMOHHO-
aHaJMUTUYECKHX cHUCTeM [6]. YmpaBieHnue moctynom Ha ocHoBe 3amad (Task-Based
Access Control, TBAC) — emé onHo HampaBjieHWe Pa3BUTHsS POJIEBOTO IOAXO-
na [26,73]. Psn paboT MOCBSIIEH ONTUMHU3ALMN HePAPXHUUECKUX CTPYKTYP POJIEBOH
mozesu [5,44,55,56,58,72,74,77]. Pa3Butue nosyuu/aa Tak HasbiBaeMmasi mpooJe-
Ma paspaboTku poJed (Role Mining Problem, RMP), oTHocsimasics K 3amauam
MHTEJJIEKTYaJbHOTO aHaJ/li3a JaHHBIX W WCMOJb3Yollas BOCXOMSIIMN PUHIKIT MPO-
eKTHPOBaHHUS TOJUTHKHK POJIEBOrO pa3rpaHdueHus poctyma [2,59,61, 63,69, 75].
BenyTtcs uccienoBaHHs 1O COBMEIIEHMI0 HECKOJbKMX KJACCHUECKHX TOAXONO0B B
OIHOH MOJIUTHKE pasrpaHuyeHusi nocryna (3,4, 22,24, 29,45, 54, 64]. Habuawona-
€TCsl TIOBHILIIEHHBIH HMHTepec K (OpMasjbHBIM MOMEJSIM U MeTOoHaM pasrpaHuyeHHs
J0CTymNa K MH(GOPMALMOHHBIM pecypcaM B paclpele/iéHHBIX CHCTeMax W 06JauHbIX
cepsucax [13,40,42,43,65,78].

Bwmecre ¢ TeM aHa/M3 coBpeMeHHBIX paboT, KacalwIIMXCsl BOIIPOCOB pa3rpaHuye-
HUsI JOCTYyMa, CBHUAETENbCTBYET, UTO HApSily ¢ UMEIOUIUMHUCS CYIIEeCTBEHHBIMH [0-
CTH2KEHHUSIMU B 00JIaCTH MOCTPOEHHUST POpMaIbHBIX MOJeJeH, METONOB U aJTOPUTMOB
yTpaBJeHHs] NOCTYTIOM K HH(POPMAIMOHHBIM pecypcam, MeTON0JOTHYeCKHe MOAXOMbI
K ofecreyeHnio 6e3omacHOro ymnpasjeHusi poctynom K oovekram KMUC tpebyror
NIOTIOJIHUTEJIbHBIX TEOPETHUECKHX HCCJAENOBAHHUU C MO3MLMH MacliTaGHOCTH, CJI0XK-
HOCTH ¥ Pa3HOPOAHOCTH MH(POPMAILIMOHHBIX CHCTEM.

B o6nactd peasu3aldd MOJHUTHK pa3TpaHUUYEHHs] NOCTyMa AKTHBHO BeLyTCSs
porpaMMHO-TeXHHYecKHe paspa6oTku. Cucrembl ynpasaenus goctymom (CYII)3
MPeNCTaBSIOT COO0H COBPEMEHHbIE MPOrPaMMHO-TEXHUYECKHE KOMIIJIEKCHI, M03BO-
JISIIOILME pelllaTh Psifi MpobGJieM, CBSI3aHHBIX C YIpaBJeHHeM AOCTYNOM K HH(popMa-
uvoHHbIM pecypcam KMMUC. B kauyecTBe npuUMepoB TaKHMX CHCTEM MOXKHO YKas3aTb
cenymwoliye aBToMatu3upoBaHHble petneHus: CYJ komnanuu «dHkop» [32]; mpo-
rpaMMHOe oOecrieyeHHe MO YIpPaBJeHHI0 JOCTYNOM Ha OCHOBe KpUITOrpaduyecKux
anropuTMoB Komnanuu «ABTOP» [34]; CY]] komnauuu «Ky6», ucrnosnbayoras cre-
[IMaIM3UPOBAHHBIA JMOKYMEHTOOOOPOT 3asiBOK [33]; cucTema ympaBJieHHs HAEHTH-
(PMKALMOHHBIMU NAaHHBIMH W poctynoM Komnauuu «Muamp»; IBM Tivoli Identity
Manager; Oracle Identity Management [35] u np.

OcHoBHas 3aaya 3TUX CUCTEM — aBTOMAaTH3alHs TPOLECCOB YIPaBIEHHS MOJb-
30BaTe/ISIMH, POJISIMH, MIEHTH(DHUKAIUMOHHBIMUA NaHHBIMH, NpaBaMu jpoctyna. [lpe-
MMYI1€CTBO aBTOMAaTU3UPOBAHHBIX PEILIeHHUH 3aKJI0UaeTcsl, B YaCTHOCTH, B CJENYIO-
IEM:

3Bosiee 00lMe MporpaMMHble pellleHMsi HOCAT Ha3BaHHe «CHCTeMbl YNpaBJeHHs HAeHTH(pHUKa-
IUOHHBIMH JAaHHBIMU M JOCTyNoM mojb3oBaTeneil» (Identity and Access Management System,
[IAMS) [36].
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1) cHMKeHHe BepOATHOCTH OMIMOOK MPU aAMHHUCTPUPOBAHUHU H, KaK CJEICTBHE,
CHMKeHHe PUCKOB MH(OpPMaLMOHHOH 6€30MacHOCTH;

2) yBesnueHHe OBICTPOAEHCTBHUS 32 CUET COKpAleHHs] BPEMeHHU NpeNoCTaBJeHH s
JOCTYTa,;

3) TOBbILIEHHe MPOU3BOIUTENBHOCTH;

4) cHUXeHHMe HAKJaTHBIX PACXOMOB.

Bumecte ¢ Tem coBpemeHHble CYJl 06/aiaioT psIoM HeNOCTAaTKOB. Bo-mMepBhIX,
HOBBIE JIOCTYTIbl PerJaMeHTHPYIOTCS Ha OCHOBE NpelBapUTeNbHO HACTPOEHHBIX I0-
JIUTUK U 11a0/a0HOB. [Ipy MosiBJeHUHU B CHCTeMe HOBOTO I10J1b30BaTeJsl K HeMY IMpH-
MeHsIeTCsl OfIMH M3 3aTOTOBJIEHHBIX 1IAa0JOHOB MOJb30BATENbCKUX padpeleHuit. s
KMUC nonst mwab/oHOB, 3ajaBaeMblX aJMHHHUCTPATOPOM 0€30MaCHOCTH «B PYUHOM»
pexxume, OyleT CylIleCTBEHHON U MoTpebyeT GOMbLIMX BpeMeHHbIX 3aTpat. OObscCHS-
eTcs 3TO TeM, UTO 4eM MaclluTabHee 00beKT, 006CayKHMBaeMblii UH(POPMALIUOHHON CH-
cTeMoH, Te OoJsiee crellM(PUUHBl ero OU3HeC-NPOoLecChl, CaefoBaTebHO, 6oJee HHIU-
BUJlyaJibHA CUCTeMa pa3rpaHWyeHHs AOCTyNa. 31eCb BO3HUKAeT W BTopas npobdsema
— paspactaHue 6a3bl JAaHHBIX 111a6J0HOB, YTO TpeOyeT NOMOJHUTEbHBIX PECYPCOB.

Bo-BTopblX, Ma6/0HB CO3OAIOTCA U KOPPEKTHUPYIOTCS, HCXOAS M3 aHasM3a
6u3Hec-npoLeccoB. TeM CaMbIMH MCIIOJIb3yeTCs] HUCXOASAILAS TEXHOJOTUS MPOeKTH-
pOBaHHUS, 4TO I/ KPyMHOMacLITaOHBIX CUCTeM He Bcerpaa 3 dexktuBHo. [Ipu nsme-
HeHUU Ou3Hec-mpoueccoB, uTo HeusdbexHo aags KMMUC ¢ pocTaTouHo mpomoJiKu-
TeJIbHBIM »KH3HEHHBIM LIMKJOM, OTCYTCTBHE HEOOXOAUMBIX IIAOJOHHBIX pa3pellieHu#H
MOXKET TMPHUBECTH K yTpaTe KOH(PHUIEHLHAJbHOCTH WM AOCTYMHOCTH HH(OPMALMH.
OnHuM U3 crnoco60B pelleHHs YKa3aHHBIX NMPoOJeM SBJSETCS MOCTPOEHHE aganTHB-
HOW CHCTeMBbI YIIpaBJieHHsl pasrpaHUueHHeM AOCTyma [7], KOTopas CMOXeT aBTOMa-
THUUECKH TOACTPAUBATHCS 0]l U3MEHSIOLIMeCs] MapaMeTPbl CUCTEMBI.

B-tpetbux, Takoe npeumyuiectBo CY/l, kKak UHTerpauus ¢ KagpoBeIMH CEpBUCaA-
MM KOoMMaHuu, npuMeHutesbHo K KMHUC He Bcerna naér mosoKUTeJbHBIH pPe3yJib-
taT. [lo cyTH NpPOUCXOAHUT OTOXKIECTBJEHHE YINpPaBJeHUECKOH HepapXUHd KOMMaHUU
C vepapxuel poJiell MOJUTHKH pasrpaHUyeHUs focTyna, Kotopylo npenjaraet CYI.
JanHpil mogxon 3(ekTUBEH B CUTyalMH, KOIJa BCe IMOAPAa3/eeHHss B KOMIAHUU
pasHble. Eciu Ke B HepapXud HMEIOTCS CXOXKHe TMOACTPYKTYPHI, TO MOXKET Ipo-
UCXOAUTb AYyOJUpPOBaHHUE pOJed WJU MOPOXKAEHHe poJell ¢ «OJM3KUMH» HabopaMu
MOJHOMOUUH. DTO B CBOIO OYepelb NPUBOAUT K HEOOXOAUMOCTH MOMOJHEHUS (yHK-
nvoHanta CYJl MexaHW3MaMH ONTUMHU3aLUK HepapXUueCKOH CTPYKTYpbl AOCTYyIIA.

Hakonew, cienyeT OoTMETHTb, UTO OCHOBHBIM MOAXOAOM K pa3rpaHUUEHHIO [0-
cryna B CY]l siBnsetcs poseBasi Mole/b. BmecTe ¢ TeM Ha MpakKTHUKe MpU MOCTpoe-
HUM NofacucTeMbl pasrpanndyenus pocryna KMHUC Hepenku cutyauuu, Tpedyroline
COBMECTHOH peasin3aluy HEeCKOJbKUX TMPUHLMUIOB pasrpaHuueHus poctymna. K co-
»KaJIleHH1o, BONPOCHl aBTOMATH3alLUU MPOLECCOB yIpPaBJAeHUS HOCTYIIOM Ha OCHOBe
MaHIATHBIX M AWCKPEIIMOHHBIX MOAXOAOB He TOJNYUHUJH AOJKHOTO Pa3BUTHS B CO-
BpeMeHHbIX CY]I.

BrllleckazaHHOe M03BOJISIET Cle/aTh BBIBOJ O TOM, YTO Ha CErOAHSIIHHUH eHb OT-
CYTCTBYeT eMHbIH NOAXO/ K pelleHHIo Mpo6JeM, BOSHUKAIOLIUX B POLEcCce KCINY-
atauuu CYIl. O4yeBUIHO, UTO COBpPEMEHHble TEXHOJOTHHM pa3rpaHUUuEHHs AOCTyIa K
MH(OPMAIIMOHHBIM pecypcaMm JOJIKHb pa3BuBaThbcs ¢ yuétom ocobennocteir KMHUC.
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[Ipu sTOM paspaboTka U peanusalus NPorpaMMHO-TEXHUUECKHUX pellleHUH, MOBbIlIa-
IOLUIMX ypoBeHb Ge3onacHocTH U HaaéxHocTH KMMUMC, nomxHa ObITh MOAAep:KaHa
LIOTIONIHUTE/IbHBIMH HCCJIeIOBAHUAMU (DyHIAMeHTaJbHBIX BOIPOCOB HH(OPMAaLMOH-
HOH 6e30MacHOCTH KPYMHOMACLITAOHBIX CHUCTEM, BKJIOYAKIIUX B cebsi pa3paboTKy
HOBBIX MOJeJslel, MeTOIOB U aJITOPUTMOB A8MOMAMUS3AYUL TIPOLECCOB YNnpasAeHUs
pasepanuienuem docmyna K UH(OPMALKH, TO €CTb MPOLECCOB MOCTPOEHUS U CO-
MPOBOXKAEHUSA (aIMUHHUCTPUPOBAHUSA) MOJUTHKU pa3rpaHUYeHHs AOCTYTIa.

JIns1 moCTaHOBKM OCHOBHBIX 3aJa4, BO3HUKAIOUIMX B MpoLlecce yrpaBJjeHUs pas-
rpanudeHrem poctyna B8 KMHUC, Heo6xonumo:

1) BBl IeINTh OCHOBHBIE cBoMcTBa (npusHaku) KMUC;

2) ompenesuTh 0COGEHHOCTH pa3rpaHUueHus poctyna K uHdopmanuu B KMUC;

3) BBISIBUTDH CYLIECTBYIOIIHE aJrOPUTMHUUECKHE MTPOo6aeMbl pa3paboTKH MOJUTUKH
pasrpanuuenust poctyna KMHC.

3. OcobOeHHOCTH pa3rpaHuUYeHHs OOCTyNa K UH(pOpMaLUH
B KpYITHOMAacHTAO0HbIX MH(OPMAILMOHHBIX CUCTEMaX

Pacrtymee uucao npobJeM, BO3HHKAKOLMUX NPHU paboTe MOACHUCTEMBl pasrpaHHU-
yeHus1 poctyna KMHUC, o6bsicHsIeTCs OT 4acTH TeM, UTO BONPOCHI YNpaBJ/eHUS J0-
CTYINOM TO0JIb30BaTeNell K MH(POPMALMOHHBIM pecypcaM HaXOAATCS Ha CThlKe JABYX
npoleccoB: obecrieueHne Ge3onacHocTd U aBromatusdauus [30]. Ilpu stom Temmsbl
paspabotku u BHenpeHuss KMHWC HacTo/sbKO BBICOKH, YTO HeTaJbHOH MpopadoTKe
(PYHKIHMOHA/Ia MOACUCTEMBl, Peasu3yIollel MOJUTHKY pa3rpaHHUueHHsl AOCTyMa, 4a-
CTO He yneJssieTcs TOJKHOTro BHUMaHus. Hepenko o6ecrneuenne 6usnec-nporecca (To
€CTb BO3MOXKHOCTH TOJIyYeHHsl JOCTYIa MOJb30BaTe/sl K MPUJI0XKEHHIO) MOJydaeT
60/IbLIUH IPUOPUTET, YeM BbINIOJIHEHHE TPaBUJ MOJUTUKH 6e30MacHOCTH.

Bwmecte ¢ TeM cyliecTByeT psif mpobJseM, KOTOpble CJAelyI0T M3 0COOeHHOCTeH
camux KMHUC. Iloctpoenue s¢¢peKTHBHON MNOACUCTEMBl pasrpaHHYeHHs] IOCTyMNa
K uHpopmauuoHHeiM pecypcam KMHUC tpebyer ocobbix noaxomoB. TpagulHOHHBIE
MeTOIUKH, MeTOMAbl U aJrOPUTMBl pelleHHs MOCTaBJEHHOH 3a1ayd OpHEeHTHPOBAHBI
rJIaBHBIM 00pa3oM Ha oOecrieyeHue UHPOPMALHUOHHON 6€30MacHOCTH OOBEKTOB WH-
¢dopmaruszauuu 1-ro ypoBHsi. UTo6bl ompenenuts crnenuduky, npucyuryro KMUC,
TpebyeTcsl BbIAEJAUTb U NPOAHANW3UPOBATH OCHOBHBIE CBOHCTBAa OOJIBIIMX CHCTEM
Boobiie, 1 KMUC B yacTHOCTH.

OOLIeNPUHATO CUMTATh, YTO OMPENeJSIOIMMHA CBOUCTBAMM OOJIBIIOH CHCTEMBI
(He ob6s3aTebHO MH(OPMALMOHHON) fBJASIOTCS MacCIUTAOHOCTb, CJIO0XKHOCTb W pas-
HOPOIHOCTb. DTOT Habop MPHU3HAKOB cjenyeT AetanusupoBaTb. Corsacho [9, 25],
6osblIMe CUCTEMbl 00/1a1aI0T CAEAYIOLMMH XapaKTepPHbIMU CBOHCTBAMHU:

1) Hanuupe B cucTeMe MOACHCTEM, KaXKAYI0 M3 KOTOPbIX MOXKHO paccMaTpHUBaTh
KaK OT/EeJbHYIO CUCTEMY;

2) ompenesieHHe IJif Ka)KIOH MOACHCTEMbl HepapXWU LeJied M BBIMOJHSIEMBIX
(DYHKLHH;

3) BbLIeJIEHHe W eKOMIO3HLHs MPOLECCOB, CBSI3bIBAIOIIMX MOICUCTEMbl B €lH-
HYI0O CTPYKTYDY;
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4) reTepOreHHOCTb CUCTEMBI: MYJbTH3aJaUHOCTb 3J1IEMEHTOB, Pa3/JHUHas MPUPOIA
BHELIHUX BO3JeHCTBUH M BBIXOAHBIX NaHHBIX, MHOroo0pasue pecypcoB U HH(pOpMa-
LIUOHHBIX TOTOKOB;

D) CHCTeMHBIH MOAXOA K MPOEKTHPOBAHHIO — HEOOXOAHMMa I1eJI0CTHAs KOHIIeMN-
1S (PyHKLMOHUPOBAHUS W PA3BUTHA NPeIMeTHOH 00/1aCTH, MJI KOTOPOH CO3AAETCH
CUCTEMA;

6) UHOMBUOYAJIbHOCTh — 0O0JblIasi CHCTeMa pa3pabaTbiBaeTcs IJIsl BIIOJIHE OMpe-
NeNEéHHOr0 00beKTa Me30- WJM MaKpPOYPOBHSI M CONEPXKHUT Maccy CrleLu(PUUecKUX
4epr;

7) TIPONOJIKHTEJbHOCTb paspabOTKH U BHEApEHHs, KaK CJeLACTBHE — MOTpes-
HOCTb B CONPOBOKIEHHH.

Brilienepeunc/ieHHble CBOHCTBA HEOOXOAUMO KOHKPETH3UPOBATb MPUMEHHUTEbHO
Kk KMHUC. B pa6ote [7] Ha mpuMepe rocynapcTBeHHBIX HH(OPMALMOHHBIX CHCTEM
npuBenieHo o6ocHoBaHue npuHanexxkHocTH KMHUC K coKHBIM alalTUBHBIM CHCTe-
MaM U BbljiesieHbl 0CHOBHbIe npusHaku KMHUC.

1. Bosblo# TeppuTOpHabHBIA pasmax.

2. CJ10:kHOe NUHAMHUUYecKoe MOoBeleHHUe.

3. Hannuue pasHOponHBIX, CA0KHO B3aUMOJEHCTBYIOLIMX HH(OPMALIUOHHBIX 3Je-
MeHTOB (y3JI0B).

4. MHoroypoBHeBasi Mepapxuueckas CTPYKTypa.

5. MHoroueJ/IeBOH XapakTep ynpaB/eHHs U (QYHKIHUOHHPOBAHHS.

6. Hannuue KosnekTHBa JIOAEH, OCYILECTBISIONIEr0 yIIpaBJ/eHHe.

7. BeposATHOCTHOE BHellIHEe BO3/EHCTBUE.

8. IlponosKuTeIbHBIN KU3HEHHBIH LUK/ (BpeMsl CO3[aHHUsl, TTePUOA (PYHKLIHOHH-
pPOBaHUS ¥ BOJIOLHMH).

Haunbosee 3HauMMBbIMUM C TOUKH 3peHUS BJMSIHUS HA MOACHCTEMY 0€30MacHOCTH
KMHC sBasiorcs nepsble 4 CBOHCTBA.

YKazaHHble MPU3HAKK 00YCJOBIHMBAIOT OCOOEHHOCTH B YNpaBJIeHUH NOCTYIOM K
uHpopmanroHHbIM pecypcaMm KMUC. B [36] npuBenén nepeyeHb OCHOBHBIX Xapak-
TepucTUK monacuctembl 6esonacHoctTd KMUC: «bBogbiioe kosmndecTBO moJib3oBaTe-
Jiel; pasHooOpasre MPUKJAAIHBIX POrpaMM; pa3po3HEHHblE MeXaHHU3Mbl U MOJUTHKU
JOoCTyna AJs Pas3jMYHBIX PecypcoB; OOJbLIOH 00bEM oOpabaTbiBaeMOM HH(poOpMa-
LIMM; OTCYTCTBHE MeXaHH3MOB LEHTPA/JIM30BAHHOIO YIIPaBJEHUS] YUETHBIMU 3alMCs-
MU; HEKOHTpPOJHMpyeMasi [esTeJbHOCTb MPUBUJETHPOBAHHBIX MOJb30BaTe/el; Heob-
XOAUMOCTb COOJIIONEHHUS HOPMATHUBHbIX TpeOOBaHUU W obecredyeHusi aynutar. [las
noxacucteMbl pazrpanuuenus gocryna KMUC onpenensiiomunMu 6yayT sBASTBCS CJe-
AYIOIIHe 0COOEHHOCTH.

1. CyulecTBeHHOE yBeJqUUeHHe YHUcaa MoJb30BaTeseldl 1 00bEKTOB.

WMHpopMannoHHBIE CHCTEMBI MOAPA3MAESIOTCS Ha KJacChl B 3aBUCHMOCTH OT
CJ0XKHOCTH pellaeMblX WMH 3afad M OT YMUCJa MOAJAEPKHUBAEMBbIX MMM MOJIb30Ba-
tesell. VIMeHHO 4ucs0 MoJsib30BaTesel, N/ KOTOPbIX JaHHAs CHCTeMa AOCTYIHA,
onpenensier eé macmtad. Yucno nosnb3oBarenedl U pecypcoB KMUC B HeckosbKo
pa3 MpPeBOCXOAMT 3TH MOKasaTead AJs MH(MOPMALUOHHBIX CHUCTEM MHKPOYPOBHS.
[Ipu mocTpoeHMH MOACHCTEMBI pasrpaHUYeHHss AOCTyNa HEOOXOAMMO Y4YeCTb MakK-
CUMaJibHOe KOJIMYeCTBO BapuaHTOB jpoctyna. CiaenoBatenbHo, B KMHUC ugwueso oc-
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HOBHBIX 3JIEMEHTOB MOACHUCTEMBl pa3rpaHUUYeHHs] AOCTYNa TAaKUX, KaK POJH, METKH
6e30MacHOCTH U T. 1., TaKXKe CYLIEeCTBEHHO BO3pacTaer.

2. VIameHsieMOCTh MOJIUTHKHU pa3rpaHUUYEHUs JOCTYTA.

B cuny caoxHoro puHamudeckoro mnoeneHus KMUC eé momcucrema pasrpa-
HUYEHHUS AOCTYyNa TakxKe NO0JKHA MPUCNOCA0IUBATbCA K H3MeHsieMbIM MapamMeTpam
00BEKTOB W BHELIHEH Cpejibl.

3. Heo6xonuMocTb cOBMelleHHSI MOJIUTHK pa3rpaHUueHus AOCTyIa.

Hepenko KMUC paspabarbiBaeTcsi He «C HYJIsi», @ CTPOUTCS U3 yKe CYIIeCTBY-
IOLIMX OTAEJbHBIX KOMIIOHEHT, YacTO Pa3HbIX NMPOHU3BOAUTEJ]EH C PA3HBIM MOJAXOI0M
K pasgrpaHuueHuio noctyna. CHUTyauus OCJI0XKHSETCS TeM, YTO MHOTHE MPOWU3BOJ-
CTBEHHbIE MPOLECCHl ABJSIOTCS HeNpepbiBHBIMU, UX HeJb3sl MPHUOCTAHOBUTH AJS CY-
ILIeCTBEHHOH MOJEepHU3alLHUK UK 3aMeHbl HCIOJb3yeMOro NporpaMMHOro obecreye-
Husi. Takum oOpa3om, moacuctema pasrpaHuueHusi mocryna KMUWC nmomxna yHa-
CJeN0BaTh NMPUHLMUIBI M METOAbl pas3rpaHHYeHHsl AOCTyMa OTHAEJNbHBIX KOMIIOHEHT,
BKJIIOYEHHBIX B €IMHYI0 UH(POPMALUOHHYIO CUCTEMY.

4. Pacnpene/iéHHOCTb U UepapXUYHOCTb 0OBEKTOB JNOCTYIIA.

BoabmnHeTBo KMUC pacnpenesiensl B npoctpaHctBe. [Ipu aTom s/emenTs (y3-
Jael) KMHC MoryT o6bequHSIThCS B CJAOXKHYIO MHOTOYPOBHEBYIO HepPapXHUECKYIO
CTPYKTYDY.

[TepeuniciieHHble XapaKTEPUCTHKHU MOACHCTEMBI pa3rpaHuueHusi pocryna KMHUC
MO03BOJISIIOT BBIAENUTb U (DOPMAJIM30BaTh OCHOBHbIE MPOOGJAEMBI, BO3HUKAIOLIHE B TPO-
liecce yrnpaBJ/leHUsl pasrpaHHyeHueM J0CTyIa.

4. IIpoGsembl ynpaBjeHUs pa3rpaHUYeHUEM NOCTyMa
B KpyIMHOMacTaOHbIX WH(OPMALMOHHBIX CUCTEeMax

Bosbioe unc/o mosb3oBatesiel U pecypcoB, H3MEHSIEMOCTb COCTaBa I0JIb30Ba-
tenel KMUC, tepputopuanbHas pacrnpenenéHHOCTb NMPHUBOASAT K BO3HUKHOBEHHIO
MHOXKeCTBa MO0fA3afa4y aAMUHUCTPUPOBAHHS, 4, 3HAYMUT, IOBLILIAETCS PUCK BO3HHK-
HOBeHHUsl OLIMOOK. [IpumepamMu MOryT sIBAATbCS HeBepHOE HJM HeCBOEBPeMEeHHOe
HasHayeHHe / JIMIIEHHe TpaB NOCTYyMa, HelPaBOMEpPHOe HCIOJb30BaHHEe HAEHTU(DH-
KaLlMOHHBIX JaHHBIX, HapYylLIeHHe MpaBUJ NOJNUTHKH Ge3ornacHocTH U T. 1. [Ipu atom
aBTOMATH3aLlMs MPOLECCOB paclpesieseHns MpaB U MOJHOMOYMH IMoJb30BaTe el ya-
Ille BCEro OrpaHHYMBAETCS YCTAaHOBKAMH <«IO yMOJYaHHIO». [lanbpHelilee ympas-
JieHUe pasrpaHuyeHueM A0CTyNa MPOBOAMTCS aJMHUHHUCTPATOPOM 0Oe30MacHOCTH «B
pyuHOM» pexkuMe. Takoil MOAXOA MMeeT psifi HEAOCTaTKOB. B yacTHOCTH, 3/10yMblLl-
JIEHHUK MOXKeT 3HaTb CXeMy <«II0 YMOJYaHHIO», a caMa cxeMma TpeOyeT OO0JbIIOrO
00béMa moonpesiesleHHH W WHAMBUIAYaJbHBIX HacTPoeK. DTO MPUBOAUT K BocTpebo-
BAaHHOCTH aJrOPUTMOB, MO3BOJISIOMIMX YACTHUHO MU TONHOCTBIO aBTOMAaTH3UPOBATh
MpoLecchl YCTAaHOBKU M aAMHUHHUCTPUPOBAHUS MpaB AOCTYIA.

B cBfi3uM ¢ cyllecTBEHHBIM YBeJUUEHHEM 4YHCJa M0Jb30BaTesedl U 00BbEKTOB
KMHC 1 usMeHsieMOCTbIO €€ MOJMTHKHM pasrpaHUyeHHst NOCTyNa TPaaULMOHHBIN
HUCXOISALIMH MOAXOA K TPOEKTHUPOBAHHUIO MOJUTHKHU pas3rpaHHueHUsl J0CTyMa CTaJ-
KHBaeTCsl C TPYAHOCTSIMM Ha 3Tane peanusauuu. [lonydyaer pacnpocTpaHeHHe BoOC-
XOASILIUHA NPUHLMI TOCTPOEHUS MONUTUKHU. B cuiy 6osbiioro o6béMa UHpOpMaLUH,
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HeoOxonuMol nJs aHanuza KMUC, stor nopxon He MoxeT ObITh peajiM3oBaH B
pyuHoM pexume. [loaToMy akTyanbHOH fiB/IsieTCsl 3ajada pa3pabOTKH aJrOpUTMOB
aBTOMATHU3aLHU NPOLECcCOB (DOPMHUPOBAHUSA IMOJHUTHUKHU pa3TpaHHUYeHHs [0CTyNa Ha
OCHOBE IOJX0/la «CHHU3Y BBEpPX».

OcHoBHas mpobJieMa, 06ycJIOBJIeHHAsE U3MEHSEMOCTbIO MOJMUTUKH pa3rpaHUUueHUs
nocryna KMHUC, — noctaTo4Ho CriOHTaHHAs BOJIIOLUS TMONUTHKH, KOTOPasi MPUBO-
IUT K 3aMyThIBAHUIO CYLIECTBYIOIIHMX HH(DOPMALHOHHBIX TIOTOKOB MEX/AY CYLIHOCTS-
MM CHCTEMbI, MOSIBJEHUIO AYOJUPYIOIIUX cyllHOcTed U T. n. CJiefcTBUEM 3TOro SiB-
JIleTCs POCT PUCKOB yTeukH mnpas poctyna. [lono6Hble mpobJaeMbl MOTYT pellaThes 3a
CU€T ONTHMHU3ALMH OCHOBHBIX CTPYKTYpP MOJHUTHKH PasrpaHUyeHHsl JOCTyMa B COOT-
BETCTBHUU C HOBBIMU TpeOoBaHUSIMHU. [Ipu 3TOM OonTHMa/nbHOCTb NOJXKHA TOHUMATbCS
B LUMPOKOM CMBIC/Ie KaK XapaKTepucTHKa HauboJsee 3(hpeKTHBHOH pabOThl CHCTEMBI.
OueBHUAHO, UTO 3afaya TaKOW ONTUMHU3ALWHW MHOTOKpPHUTepPHUaJsbHA, YacTb KPUTEPHUEB
MOTYT MpPOTHBOpPeUYUThb Npyr Apyry. K coxkasneHuio, B 6OJbILIHHCTBE COBPEMEHHBIX
UH(QOPMALIMOHHBIX CUCTEeM IpPU peasu3alUHd TOH WM HUHOH MOJEeJNH pasrpaHuye-
HHUSl 0CTyNa BONPOCAM ONTHMAaJIbHOCTH YAeJssieTcsl BHUMaHHe JIMLIb Ha 3Tale Ipo-
ekTHpoBaHus. Torma Kak mepecTpoiika (ONTHMH3ALMs) MOJUTHKU pPa3TpaHUUEHHS
JOCTyNa AOJKHA MNPEACTaBJATb COOOM HTEPATHBHBIM MPOLLECC, OCHOBLIBAKOILIHUNCA
Ha HerpepbiBHOM (DOPMUPOBAHHUH HOBBIX W YTOUHEHUH CYILIECTBYIOILUX TpebGOBaHUH
NpeAMeTHOH 00J1acTH.

B curyauuu, korna KMUC cosnaéres Ha ocHOBe 00belUHEHHs HECKONBbKUX HH-
(hOpMaALLMOHHBIX CHCTEM, KaxKAas — CO CBOEH MOJUTUKOH pasrpaHUuyeHHUs AOCTYIa,
— CTaBUTCSl 3ajaya COBMeLIeHHS NeHCTBYIOLIMX MOJUTHK IPHU YCJOBUM 0Oe3ocTa-
HOBOYHOIO pexxuMma paboThl BceX MOACHUCTEM. B 3ToM ciyyae oCTpPO CTOUT BOIPOC
3(p(peKTUBHOCTH NPOLECCa COBMEILEHUS KaK C TOUKH 3peHHUs] UH(OPMALIMOHHON Oe3-
OMaCHOCTH, TaK M C MO3ULHUH 3aTpPaT BPeMEHH M UesJOBeUeCKUX pecypcoB. Tpamu-
LIMOHHBIA MOAXOJ OCHOBAH Ha MOHCKE HJeajbHOrO pelleHHsl, YAOBJETBOPSIOLLErO
TpeOOBaHHUSIM BCeX COBMeLlaeMbIX MOJNHUTHK pasrpaHuueHus pocryna. Ho nas kpyn-
HOMacLITaOHbIX CHCTEM TAKOe HJeasibHOe pellleHHe Yallle BCero He CyllecTByeT. Ak-
TyaJbHBIM NPEACTABASAETCS HCIOJAb30BaHHE aJTOPUTMOB MOANEPXKKHU NMPUHATHUS pe-
ILIEHUH, MO3BOMSAIOLMX YUeCTb OTPAaHHUYEHUS COBMELLAeMbIX MOJUTHK pa3rpaHUyeHus]
LOCTYyTIa.

Kpome Toro, coBmellieHHe NMOAXOA0B K pa3rpaHHUUEHHIO JOCTyNa NPUBOIUT K PALY
npo6JieM, CBA3aHHBIX C HEONTUMAaJbHOCTbIO Pe3yJbTHPYIOLLEH MOJEU pa3rpaHuye-
HHUS JI0CTyMa: yBeJH4YeHHe BPeMeHH Ha MPUHATHE pelleHUsl O MpeJoCTaBJeHUH WU
3ampere JOCTyIa, IOSIBJEHWe NPOTHUBOPEUMBLIX IPaBUJ pasrpaHUUYeHHs AOCTYIaA.
[locnenHee MoXKeT MPUBOAWUTH K OTKJIOHEHHUSIM OT MOJUTUKH pasTpaHUUYeHHs JOCTY-
na W, Kak CJeICTBHe, K IMOBbIILIEHHIO PUCKOB yTeUYKH NpaB U MOJHOMOUMi. B cBA3n
C 3TUM MO-TIpeXKHeMy aKTyaJ/bHOH OCTaéTcsl yKasaHHas paHee 3anadya pa3paboTKH
aJITOPUTMOB ONTHMH3aUUH HH(POPMALMOHHBIX CTPYKTYp M IpPaBUJ/ pasrpaHUueHUs
noctyna B noacucteme 6e3onacHoctd KMUC.

HepapxuuHocTb U pacnpeneéHHocTb 06bekToB focTyna KMHUC Benér k BocTpe-
60BaHHOCTHU 3((PEKTUBHBIX AJITOPUTMOB pa3TPaHUUYEHHUs AOCTyNa K UH(POPMALHUOH-
HBIM pecypcaM B pacnpefe/éHHbIX CUCTeMax U CUCTeMax ¢ MHOrOypOBHEBOH Hepap-
XUUecKOoH cTpyKTypoH. [Ipu 3TOM HeOOXOAMMO yUMTBIBATh, UTO B pacrpeneéHHON
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cucreMe (o6sake), Kak MPaBUJIO, OTCYTCTBYET eMHas MoAacucTeMa 6e30MacHOCTH, U
paszesieHHe IOCTYNa NOCTUTAeTCs C MOMOLIBIO CPEACTB LIM(PPOBAHUS U TEXHONOTUH
pacrpeneseHUs KJaued f0CTyna.

[TpuBenéHHBEIN MepeueHb aKTYaJbHBIX MPOOJIEM, BO3HUKAIOIIMX TPHU MOCTPOEHUH
U CONPOBOXKIEHUU MOJUTHUKU pasrpanndenus poctyna KMHUC, onpenensier Heo6xo-
OUMOCTb pa3paboTKH HOBBIX HAayuHO-OOOCHOBAHHBIX MOJeJied, METOIOB U aJTOpPHUT-
MOB yIpaBJeHHs] pasrpaHUyeHHeM JA0CTyMNa B YCJOBHAX 00paboTKH GOJbLIMX Mac-
CUBOB JIaHHBIX O MO0Jb30BaTeNIX U HHPOPMALHOHHBIX pecypcax. s nocTuxKeHHs
TMOCTABJIEHHOH Lesid TpebyeTcs pellleHHe CJeYIOLUUMX OCHOBHBIX 3anad (CM. puc. 2).

1. AHanu3 1 opmManu3auusi KJacCHUECKUX MOJesIel pasrpaHUYeHHs HOCTyNa C
yuétom ocobenHocteil KMHUC.

2. PaspaboTka MeTOI0B U CPeICTB aBTOMAaTH3aLUH MPOLIECCOB MOCTPOEHHUS poJe-
BOT'0, MAHIATHOTO U MUCKPEIIMOHHOTO pa3rpaHuueHusi noctyna K oovekram KMUC.

3. PazpaboTka MeTOmOB U CPEICTB ONTHMM3ALWU MOJUTUKH Pa3rpaHHueHus [0-
cryna KMHC Ha ocHOBe pasjiMuHbIX KPUTEpUEB.

4. PagpaboTka MeTOOB M CPeACTB aBTOMAaTH3aLMU MPOLECCOB COBMELEHHs pas-
JIMUHBIX MOJUTHK pasrpanudenuss nocryna KMUC.

5. Paspa6oTKka MeTONOB U CPEACTB MOCTPOEHHS PACIpeNeEHHON TIONUTHKH pas-
rpanunyenus poctyna KMUC.

Cgoiictea KMUC OcHOBHBIE 3a7a41
Bombroit Ocobennoctn P/l 8 KMUC Anamu3 u popManu3ays KI1acCHIecKuX Moaeei
TepPUTOpHATLHET CylecTBeHHOE PJ] ¢ yaérom ocobernocteit KMUC
BeJIMUEHHE YHcia
pasmax \ y °
HoJB30BATENCH Pa3paboTka METOIOB U CPEACTB aBTOMAaTH3AIUN
N
CII03KHOE U 06BEKTOB MIPOLIECCOB TOCTPOEHUS POJIEBOTO, MAHAATHOTO
TIMHAMHYECKOE u auckperronHoro P/ k oo6bsextam KMUC
[OBEICHHE \ H3mensemocTsb
g MoJauTHKH PJ] Pa3paboTka METOOB U CPEICTB ONTUMH3AINN
Hanuuue Y \ nonutuky PII KMUC Ha ocHOBE pa3iau4HbIX
€00X0AUMOCTD
Pa3HOPOITHBIX A KpUTEPHEB
COBMEIICHUS
HH(POPMAMOHHBIX
410 nonmutek PJT | Pa3paboTka METOIOB M CPEICTB aBTOMATH3AIUN
JIOB
Y 6 — MIPOIECCOB COBMENICHUS Pa3IMIHBIX MTOJTUTHK
acTpeneéHHOCTh
MHoroypoBHeBast PJL KMUC
|~ ¥ HepapXU4HOCTH
nepapxudeckast
pap | OOBEKTOB JOCTyMa Pa3paboTka METOOB U CPEACTB MOCTPOCHUS
CTPYKIYPa pacnpenenéunoit nonutuku PII KMUC

Puc. 2. CBs13b 0CHOBHBIX 3ajiady C XapakKTepPHbIMU 0COOEHHOCTSAMHU pasrpaHuyeHus
nocryna (PII) 8 KMHUC

OcHoBHOe Tpe6GoBaHMe K pa3pabaTbiBaeMbIM MOAX0IaM, MOJIEJSIM, METOAaM, aJro-
pUTMaM — aBTOMATHU3aLHS COOTBETCTBYIOLLIUX MPOLECCOB MOCTPOEHUS U COMPOBOXK-
NeHUs MOJNUTHKHU pa3rpaHruyeHus goctyna. Tak Kak moJjiHas aBTOMaTH3alUs yKas3aH-
HBIX MPOLECCOB HEBO3MOXKHA, B CUJY PAacCCMOTPEHHBIX paHee CBOWCTB KpyNHOMAC-
ITaOHBIX CUCTEM, /IS pelleHus OCTaBAeHHbIX 3a/1a4 1ieeco00pa3HO UCMOJb30BaTh
MOAXObl, OCHOBAHHbBIE HA Ipolleccax MOANEP:KKU MPUHATHS pelleHUH. B yacTHOCTH,
MOTYT OBITb 3a[€HUCTBOBAHbl METOJ aHA/JM3a HePAPXUH U TEeXHOJOTHH HHTEJIJIEKTY-
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ajbHOro aHanusa ganublx (Data Mining). HoBele moapxons! K ynpaB/eHHIO pa3rpaHu-
yeHHeM J0CTyNa JOJKHBI IPUBOJUTb K NTOCTPOEHHUIO MaclITaOUpyeMbIX aJrOPUTMOB,
CMOCOOHBIX MOAAEPXKHUBATh PAOOTOCIOCOOHOCTD 10 Mepe yBeJUUYeHHs YUCJ/a T0Jb30-
BaTeJsIeH.

dopmanusauus npouecca Co3gaHus N000H CA0KHOH CUCTEMBI PEACTaBJSET CO-
6ol LUKIHUeCKUH (MTepalMOHHBIN) nmpouecc. Kaxaas urepauus atoro npoiecca co-
CTOUT U3 CJIEAYIOLIMX OCHOBHBIX 3JIEMEHTOB: CUCTEMHBIH aHaJ/U3, POEKTHPOBAHHE,
peasn3alus, conpoBoXaeHne. FIMeHHO Ha 3Tare CONPOBOXKIEHUS MOTYT ObITb Chop-
MYJIMPOBaHBl IOTOJNHHUTE/bHbIE TPeOOBAHUS K CHUCTEMeE, HANpaBJeHHble HAa €€ ONTH-
MH3aLUI0, NOJy4eHHe HOBOIO MJIM J0OaBOYHOIO KayecTBa, MOBBILIEHHe TMOKOCTH U
CNOCOOHOCTH K afanTauud. 2KU3HeHHbIH LMK/ MNOJMTHKU pasrpaHUyeHHs JOCTylNa
KMMUC rakxe mo/KeH BKJ0OUaTh B ceOs KaK cTaiuio paspaboTku (engineering)
— IIOCTAHOBKA 3aJayd, CUCTEMHBbIH aHa/u3, NPOeKTHpOBaHUe U peasu3alusl, Tak
M CTaHI0 PEKOHCTPYKIMHU (re-engineering) — aaiMHUHHUCTPUPOBAHHE, aHAJIU3 H OII-
tTuMusauus. CiaenyeT OTMeTHTb, YTO C(OPMY/NHPOBAHHBIE 33aJayd MCCJENOBAHUH B
00J1acTH ympaBjeHUs1 pasrpaHuueHueM poctyna Kk pecypcam KMHMC oxBaTeiBaioT
BCE 3Talbl )KU3HEHHOTO LIUKJa MOJUTHKHU pasrpaHUyeHUs NOCTyIa.

3akJgaoueHue

TexHosorun ynpasJjieHHs J0CTYNOM K UH(MOPMALUOHHBIM pecypcaM JIOJKHBI OC-
HOBBIBATbCSl Ha (DOPMasbHBIX MOJE/SAX U METOAaX pasrpaHWyeHHss NOCTYyTMa, YUUTbI-
BAIOIIMX MacLITaOHOCTb, CJ0KHOCTb U PA3HOPOAHOCTb COBPEMEHHBIX MH(POPMALIUOH-
HBIX CHCTEM.

Ha coBpemenHom ypoBHe pasutus CY]Il aiMUHHUCTPUPOBAHHE MOJUTHKHU pas-
rpaHUYeHUs JOCTYyNa XapaKTepusyeTcs TeM, UTO OOJbIIMHCTBO ONepaluil no ynpas-
JIEHHIO pasrpaHWyeHreM AOCTYIa OCYIILeCTBJASETCS afMUHHACTPATOPOM 6e30MacHOCTH
«B PYYHOM peXHMe» WUJIH 3aHaETCS «I10 YMOJUAHHIO» U yepe3 LIab/OHHbIe PelIeHHS.
ATo MPUBOAUT K TOSIBJIEHHUIO psina npobdsem npu padore ¢ KMHUC.

BrisiBsieHHble po6JieMbl B MOCTPOEHUU U COMPOBOXKAEHHWH TOJUTUKH PasrpaHu-
uyeHusi pocryna KMHC axkrtyanusupyoT pa3paboTKy HOBBIX Mojesed, MeTONOB U
aJITOPUTMOB, MO3BOJISIOLIMX YaCTHYHO HJIH TMOJHOCTbIO aBTOMAaTH3UPOBATh NPOLECCHI
ynpaBJeHus pasrpanuuerrem noctyna B KMHMC Ha Bcex atanax xKHU3HEHHOTO LIUKJIA
MOJIUTUKH pasrpaHUueHHsl JOCTyIa.

ABTOMaTHM3aUHMs TPOLECCOB yNpPaBJAeHUs pasrpaHUYeHHEM NOCTYIa MOJb30BaTe-
Jiel K pecypcaMm MO3BOJUT MOBBICUTb ObICTPOAeHCTBHE U MPou3BoaUTe bHOCTh CYI
U CHHU3UTb PUCKH MH(POPMALIMOHHON 6€30MaCHOCTH 3a CUET CHHUXKEHHS BepOSTHOCTH
ownboK anMUHUCTpUpoBaHHUs. [Ipu 3TOM BO3MOXHOCTb aBTOMaTHU3aUUU OyneT 3a-
JIOXKEHa B CaMH MOAXOIAbl K MOCTPOEHHUI0 MOJUTUKH pa3rpaHUyeHHsl NOCTyIa, YTO
M03BOJIUT pa3pabartbiBaTh OoJjee HanExHble U nporHosupyemble CY/L.
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Abstract. In the article general questions of access control management for resources
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AnHoTamuda. [lanHas paboTa MocBslleHa TeMe 3aLUUThl MOOUJIBHBIX YCTPOKUCTB,
(yHKLIHOHHUPYIOLIKX Ha 6a3e onepanuoHHoil cucteMbl Android, oT mporpaMmHo-
ro o6ecredeHns ¢ BPeJOHOCHOH (PYHKIMOHANbHOCTbIO. B paboTe mpencras/ieHa
KpaTkasi KJacCHU(UKALKs BPENOHOCHBIX BO3MEHCTBUH Ha MOOHJbHBIE YCTPOH-
CTBa, a TaKXe METOJOB aHa/H3a IIPOrPAMMHOI0 oOecIeueHHs, NpelNoJoXKH-
TeJIbHO SABJISIOLIErocsl BpeJoHOCHBIM. Kpome Toro, mpensaraetcss MeTol CTaTH-
4eCKOro aHa/u3a, OCYILEeCTBJSIOIIUA TIOMCK B MCXOAHOM KOJ INpPOrpaMM Bpe-
JIOHOCHBIX BCTaBOK. B OCHOBe IpenJ/araeMoro MeToia JeXHT HCIO0Jb30BaHUe
MaTeMaTHUeCKUX MeTPUK CJIOXKHOCTH.

KuaroueBbie cioBa: BpelOHOCHBIH KOH, KOMIIBIOTEPHBIH BHDYC, CTaTHUeCKHH
aHaJ/u3, MEeTPUKH caoxHocTH, Android.

BBenenue

Tema 3amuThl MOOHUJIBHBEIX YCTPOUCTB OT BUPYCOB SIBJSIETCS aKTyasbHOH. B KoM-
MeHTapusix K cratbe 273 YK P® «Cosnanue, Ucrnosb3oBaHWe U pacnpoCTpaHeHHe
BPeIOHOCHBIX Tporpamm st DBM» naércsi onpenesieHre TOHATHUS «KOMIIbIOTEPHBIN
BUPYC». DTHUM TEPMHUHOM Mbl OydeM MOJb30BaThCsl B AaHHOU pabore. KommbroTep-
HBIH BHPYC — 3TO MpOrpamMMa, KOTopasi yMeeT BOCIPOM3BOAUTb Ce0si B HECKOJbKHX
9K3eMILIsApax, MOAU(MHUINPOBATb (M3MEHSITh) MPOrpaMMy, K KOTOPOH OHAa MPHUCOeNHU-
HUJIaCh, U TE€M CaMbIM HapyllaTh e€é HopMaJsbHOe (yHKuHoHHpoBaHue [l]. [lpen-
nosioykeHHe 00 aKTyasJbHOCTH TeMbl 3aLIUTBl MOOWUJBHBIX YCTPOHCTB OT BHPYCOB
IleslaeTcsi, UCXOMAs M3 TOTrO, YTO B HACTOsllee BpeMs MOOWJbHBIE TeJe(OHBl eCTb
MPaKTUYeCKH Yy KaXKOoro 4ejoBeka. Kak mpaBu/o, B MOOUJIbHOM YCTPOHCTBE Xpa-
HUTCSI OTPOMHO€ KOJINYeCTBO KOH(HAEHIMaJbHOH MH(OPMAlMK, HANPUMepP HOMepa
Tesie(DOHOB, 3aMeTKH, COfiepKalllhe NapoJu, U T. . Haubosee nonysnsipHoi naatdop-
MoH, o uHpopmaunu caiita NetMarketShare (cm. puc. 1), sBisieTcsi onepanuoHHas
cucrtema Android, moutu 67 % Bcex ycTpoHCTB paboTaioT Ha Gase MaHHOM omepalu-
OHHOHU CHUCTEMBI.

CorsiacHo cratbe [2], 6a3bl DaHHBIX COBPeMEHHBIM aHTHBHUPYCOB comep:kaTt 6o-
Jee 10 MuaHOHOB 06pa3oB BpedoHOCHbIX Android—npunoxeHnuii, oqHako GoJiblias



154 A.H. MuponeHko. MeTox cTaTHYeCKOro aHaJlH3a HCXOMHOIO KOJa...

10S; 29,55

Windows
Phone; 1,41

Java ME; 1,09___ ™
Symbian; 0,85
BlackBerry; 0,37

Samsung; 0,01

Puc. 1. CraTuctika MOOHJIbHBIX omnepallnoHHbIX cucTeM oT NetMarketShare 3a despanb 2017

4acTh M3 HUX — 3TO KOMHHM OPUTHHAJBHBIX BHUPYCOB. [IpoaHa/JU3UpOBAaB MCXOMHBIH
KOJl OPUTHHAJIbHBIX BUPYCOB, MOXKHO YBHJETh, YTO BCE OHU SIBJSIIOTCS KOMOWHALHEH
He6O0JIbIIOr0 KOJMUYECTBA YHUKAJbHBIX (DYHKIHOHANBHBIX GJOKOB. DTO 0OBSACHIETCS
TeM, YTO BUPYCHI 1Jis MOOMJIBHBIX YCTPOUCTB, KaK TPABUJIO, BHIIOJHSIOT CJIeNYIOLIHe
OIHOTHUIIHbIE 3a[auH:
1) ornpaBka CMC-coo06lieHUH Ha MJaTHble HOMEDA,;
2) 3aBJjajneHue KOH(HUIEHLHAIbHON HH(OpPMaLKel mob3oBaTes sl (KOHTAKTH, TeK-
CTBI COOOIIEHUH, NaHHBIE ¢ KapT MaMATH H T. I1.);
3) cbop maHHBIX 00 yCTPOUCTBE;
4) moJsyyeHHe MpaB afMHHUCTPATOPA C LEJbI0 YCTAHOBKH MPOrpaMMHOro obecre-
yeHUs1 6e3 BeloMa T0JIb30BaTes;
D) OTCJeKMBaHHE U MepeXxBaT JIOTHHOB, Maposiedl U JaHHBIX GAHKOBCKHUX KapT.
Bcé BhillleckazaHHOe, TOATBEPXKIAET aKTYyaJbHOCTb 3AlIUThI MPUJIOKEHHUH Orle-
paunoHHoU cucteMbl Android oT BUpPycCOB.

1. IlocraHoBKa 3amauu

B pa6ote [3] npuBeneHa KJaccu(pHUKALKs METOIOB aHA/IM3a MPOrPAMMHOr0 obec-
reyeHusl, PeANo0XKHUTENbHO COAePKAlllero BpeJOHOCHBIH Ko, Bolpensior nBa trna
aHa/M3a: TMHAMUUYECKUH U CTaTUueCcKUH. /[[MHaMuyeckrne MeTOAbl UCCJEAYIOT MOBe-
JleHUe MporpaMMbl, a UMeHHO, e€ B3aUMOJEeHCTBHE C CHUCTeMOH, coOupaemble HaH-
Hble, yCTaHaBJ/MBaeMble CeTeBble COefMHEeHUs W T. N. Kak mpaBujo, ajs aHa/iusa
MporpaMMbl MCHOJb3YIOT CJAeNyIolly0 UH(OpMaLUio 0 Hell U e€ MoBeleHUH:

1) xem-cymma APK-daiina (MD5, SHA - 1 (256));

2) uHpopmauus 06 OTIPaBJSEMBIX U MOJYYaeMbIX M0 CETH JaHHbBIX;
3) uH(popMauus BHITOJIHSAEMBIX UTEHHUS U 3aNUCH (HaloB;
4) uHbopManus o cayk6ax, KOTOpble 3aMyCKaJHCh;
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5) uHpopManus o COOpaHHBIX U OTMPABJIEHHBIX MOJb30BATENbCKHUX NAHHBIX;

6) uHpOpMaIKs O MOJYUYEHHBIX MPUJIOKEHUEM pa3pelIeHUsIX;

7) unpopmauns 06 CMC-coobliieHHsaX, KOTOpble OblIM OTHIpPaBJeHbI, W OCY-
I1€CTBJEHHBIX BbI30BaX.

Bo BpeMmst cTaTH4ecKOro aHa/u3a NporpaMmbl uccienyercs: eé koa. OcHoBHasi 3a-
Jlaua TaKoro aHajui3a — 3TO MOMCK YaCTH KOJa, KOTOpasi OCYIIECTBISET BPEIOHOCHOE
Bo3nelicTBHe. M est IpuMeHeHHs] MaTeMaTHUeCKOTO arnmnapaTa J/isi OGHapyKeHHs Bpe-
JIOHOCHOTO Kozia He HOBa. B pabote [4] mpexacTaBsieHa HOBasi TEOPETHKO-aBTOMATHAS
MOJieJib, CIIOCOOHAasi CTaTh OCHOBOM [ pa3paboTKu aHTHBUPYcoB. [lonxon, onucaH-
HBIH B paboTe, OCHOBAH Ha TeXHHKe MPOBEPKH SKBHBAJEHTHOCTH B aJre6pandyeckux
MOJIeJISIX TOCJeN0oBaTeIbHBIX TporpaMMm. B pabote [5] mpemsiokeH MeTON MOHCKa
3aMMCTBOBaHHH B MPOrPaMMHOM KOI€e C HCIOJb30BaHUEM METPHUK CJIOXKHOCTH. Aji-
FOPUTM TIpPeNJIaraeMOr0 MeTOAA BBIIVIAAUT CJEAYIOLUM 06pa3oM:

e JIporpaMmMa, I1oao3peBaeMas B IlJarvdarte, MNpeaAcCTaBJadeTCd B BHUAE TOUKH

A(Zay, Tayy -+ Ta, ), TIE T, — 3HAUEHHE KOJMUYECTBEHHOH METPHUKH,
e porpaMma, fIBJAIOLIAACA OPUTHMHAJIbHOHM, TaK XKe IpelCcTaB/IseTcs TOYKOH
B(xp,, Tpyy - - -, Tp,, ), TAE Tp, — 3HAUEHUE KOJTHUECTBEHHOH METPUKH;

e pasmelaeM TOYkd A U B Ha n—MepHOM NPOCTPAHCTBE;

® CUHTaeM pPacCTOSIHME MeX1y ToukaMu A u B, ec/M OHO HOCTaTOYHO MaJo, TO
CUMTaeTcs, YTO NporpaMma NnpoBepKy He npoiua. Kpome toro, nposesieHs! pe-
3yJbTaThl KCIPOMTA, MOATBEPKAAIOLIEr0 BO3MOXKHOCTb NPUMEHEHUS! 1aHHOTO
aJITOPUTMA.

B nanHo#i paboTre mpenJsiaraetcsi pelath MpoOJeMy MOWCKA BPeNOHOCHBIX BCTa-
BOK, B3sSIB 32 OCHOBY HJI€I0, OTHCAaHHYI0 H anpoOUpOBaHHY B paboTe [5].

2. Teopus

Heob6xonumo cdopmupoBath 6a3y 11abJOHOB BHUPYCHBIX BCTaBOK. Brruuciasem
METPUKH CJIOXKHOCTH OT BCeX B3fTHIX, Hampumep u3 [2], dparMeHTOB KoIa caMbIX
MONYJISAPHBIX TUIIOB BUPYCcOB. TeM caMblM MoJydyaeM HaOOp BEKTOPOB, KOTOpble Oy-
OYT SIBAATbCS 1Aa0JOHAMU AJs JajbHeHIlero noucka BpeIOHOCHOH BCTaBKHU B KOJe
nporpaMMbl. KoopauHAaThl OTAENBHOIO0 BEKTOpPAa — 3TO YHCJOBble 3HAUEHHUS METPUK
(parMeHTa Koa KOHKPETHOTO THUIA BUpPyca. AJrOpUTM MOMCKa:

e OepéM N CTpPOK MPOBEPSEMOro KOfa U BBIYUCJSEM €r0 MEeTPUKH CJ0XKHOCTH
(TouHO TakHe e, KaK W Tornaa, Korma Mbl (popMUpoBasu 6asy wwabJoHOB BHU-
PYCHBIX BCTaBOK) — II0Jy4aeM BEKTOp;

e CpaBHHBaeM IOJIyUeHHbIH BEKTOpP CO BCEMH MOOUEPENHO BEKTOpaMH M3 0a3bl
11a6/IOHOB BUPYCHBIX BCTaBOK;

® eC/id BEKTOpPbl COBMaNW — BCTaBKa OOHapy:KeHa, eCcJd HeT — BO3BpallaeMcsi
Ha «war 1»;

e yBesuuuBaeM /N Ha 1 U moBTopsieM «iiaru 2-3».

HauanbHoe 3HaueHue N MoxeT ObITh paBHOe 1, HO Jyulle 6paTb paBHOE KOJIHU-
YeCTBY CTPOK KOJa CaMOW «KOPOTKOM» BCTaBKU U3 0a3bl.
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3. BeiBoabl U 3aKJa0UeHHE

B pabote Obl1 Npea/oxeH CTaTUUECKUE MeTO 0OHapy»KeHHUs] BPELOHOCHBIX BCTa-
BoK B Kome Android-mporpamm. [lpemsaraembliii MeTOon OCHOBaH Ha HCIIOJb30Ba-
HUH METPUK CJIOKHOCTH TPOrpaMMHOT0 Kojia. Bo3MoKHOCTh HCMO/Mb30BaHUS METPHK
CJIOKHOCTH /ISl CPAaBHEHHSl IBYX NporpaMm Oblia anpobUpoBaHA paHee B APYTHX
paboTax, HarnpuMmep [5], TaKUM 06pa3oM MOKHO TOBOPHTb, YTO H /ISl PelleHHUs I0-
CTaBJIEHHOH 3a/laud UX NPUMeHeHHe TaKKe BO3MOXKHO. TeM He MeHee, HeOOXOIHMMa
anpo6alys JaHHOTO aJrOpPUTMA.
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AnHoTtamusa. PaGora mocesiieHa paspaboTke MeToda CKPBITUS HH(DOpMaLUH
B pacTpPOBOM H300paxKeHHH C HCIOJNb30BAHHEM CTeraHorpauud COBMECTHO C
kpunrorpagueit. [IpennaraeMbli METOL MO3BOJSIET PeLIUTh NpobJeMy BOCCTa-
HOBJIEHHS] COOOLLEeHHUs], ec/i U300paxKeHue, cofiepKalllee CKpPbITble IaHHbIEe, Obl-
Jo nospexaeHo. OCHOBHAs Mes 3aKJ/0uaeTcsi B TOM, UTO JaHHble C TOMOILLbIO
cTeraHorpauu rnomelaiTcsl B u3obpaxKeHue He LEeJUKOM, a C UCII0Jb30BaHHEM
(t,m) — MOpPOroBOH CXeMBbl, BCTABKH KaxKIOH M3 4acTell MPOUCXOAUT He3aBHU-
cumo. Paspaborano mporpamMMHOoe ofecredeHue AJisi anpoOalMu MpenJaraeMo-
ro metona. [IpoBeneHa cepusi 3KCIepUMEHTOB, NOATBEPKAALINX BO3MOXKHOCTD
NpUMeHEeHHs MPeNJ0KEHHOr0 MeTo/a.

KaroueBble cioBa: cxeMa pasjie/leHUsl cekpera, creraHorpacusi, LSB, cxema
[Iamupa.

Beenenue

BaXHbIM sIBJISIeTCS BOMPOC COXpaHeHHs U obecreueHUs KOH(PHUIEHLHANbHO-
ctu uH(opmanuyu. C MOMOLIbIO CMELHANH3UPOBAHHOTO POrPAMMHOTO O0ecredyeHus
MO2KHO 00OecreyuThb HafEXHYIO Nepefady AaHHbIX, 3awudpoBaB ux. OQHaKO B CJy-
yae, KOTJla 3JIOYMBILIJEHHUK He crocobeH pacliudpoBaTh AaHHbE, OH MOXKeT Ha-
PYLIUTb KX LEJOCTHOCTh. PellleHueM 3ToH mpoO/eMbl MOXKET ObITb MCIOJb30BaHUE
cTeraHorpa(uu, T. €. COKPbITHE caMoro (hakTa nepenayud CEKpPeTHOH WH(OpPMALMH.
DTol TeMe MOCBSIIEHO MHOrO Hay4yHbIX paboTt, Hanpumep [1-4]. B crathe [5] pac-
CMOTpEHbl OCHOBHbIE TeHJEHLIUH B CTeraHorpaguu.

B pabore [6] omuchiBaeTcsi pa3paboTKa 3allMIIEHHOH CHCTEMBI Tepenayd daH-
HbIX. Mjiesi cucTeMbl COCTOUT B MCIMOJb30BaHUH Ha muaTdopme Android nByx Kpur-
torpacuueckux aaroputmMoB: RSA u AES, coBmectHo ¢ LSB nsist peanusauuu crera-
Horpaduu. O6benrHeHNEe 3TUX TPEX AJATOPUTMOB TO3BOJSIET CO3[ATh 3ALIUILEHHYIO
cucteMy cBsisd Ha miatdopme Android.

B [7] npennaraercsi cTeraHorpaduueckasi CHCTeMa 3allUThl UH(GOPMAIUU Ha OC-
HOBe IpeJJ/araeMoro OpUTrHHA/AbHOTO aJropuTMa I/l BCTpauBaHUs MH(OpMaLUM C
nepekpbiBalOLIMMHUCS OJ0KaMH U300paxKeHU B cTpokax u cronduax. [lokasaHo, yto
3Ta creraHorpajuyeckas CUCTeMa COXpaHsSeT YCTOHYMBOCTb K MAaCCHBHBIM CTEro-
AHaJMTHYECKHMM aTakaM C MepeKkpbiTHeM OJI0KOB 10 24 X 24 mukKcesed, U NP ITOM
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3HaueHHe NepeKphITUsl OoJsiee CTAOMJBHO, YeM CTaHAAPTHBIM W yJydlleHHBIH MeTOA
cTeraHorpa(uu, OCHOBAaHHBIA Ha MPSAMOM pPacCHpOCTPaHEHHUH CIEKTpa.

B cratbe [8] aBTOp mpemsaraer creraHorpaUuecKHi aJrOPUTM, HCIOJbB3YIO-
LMK Napy KJwo4del: OTKPBITBIA M 3aKpPbITbIH, 4TOOBI reHepUpoOBaThb ICEBAOCayYai-
HYIO I0CJIeL0BAaTeNbHOCTh, KOTOpas YyKas3blBaeT, rae OyldeT XPaHUTbCS CeKpeTHas
uHpopmauus. [lepen BcTaBKoH cooblieHHUs H300paxkeHHe IpeTepreBaeT HECKOJbKO
npeobpa3oBaHuid. [ u3BieyeHUss UHPopMauus NpeoOpa3oBaHUA NPUMEHSIOTCH B
oOpaTHOM mnopsinke. B cTeranorpaduu MOXKHO BBIIENUTb HECKOJIBKO MPOOJeM:

e oOHapy»KeHHe CTeraHorpauyeckoil BCTaBKH (cTeroaHanus);
® HalE&XHOCTb COKPBITHS MH(OpPMaLUU NpH e€ mepenaye.

Pewrenuto nepBoii npo6Jembl nocesitieHa padota [9]. Peiienue BTopoit npo6embl
npennaraercs B [10], B 3To#i paboTe OCHOBHOe BHUMaHHe yIessieTCsi WHTerpawlu-
oHHbIM cxemaM, TakuM Kak OFDM, CDMA u MC-CDMA, co cteraHorpaduei
M MEeTOfaMU WIHU(POBAHUA M300parKeHUH A/ CO3MaHHUSI OECIPOBOAHBIX CHCTEM CO
BCTPOEHHOU (PyHKIHel obecrniedeHus: 6ezonacHocTu. B cratbe [11] aBTOpHI paccmar-
pUBaIOT MeTol yHU(UKAUMU Kpunrtorpaguu U creraHorpadguu. Idta padoTa TakKe
MOCBsiLLeHa MpobJeMe MOBbILIEHNs HATEXKHOCTH CKPBITHS HH(pOPMALIUK NIPH €€ mepe-
flade, T. €. pelIeHHI0 3aJayd BOCCTAHOBJIEHHs HH(OPMALKUK B C/aydae MOBpeXKIeHHUs
U300paxKeHHsl, COlepPKallero CKpbITble AaHHble. PaccMOTpUM BO3MOXXHOCTb KOMOU-
HHUPOBaHUs CTeraHorpaguyeckoro meropa u (t,n)-mnoporoBoil cxemel. Kpome Toro,
NPOBeAEM aHA/IU3 CYLIECTBYIOIIMUX aJITOPUTMOB CTEraHOrpa(Uy U MOPOrOBBIX CXEM.

1. IlocraHoBKa mpoOJeMbl U €€ pelieHne

[IpoBeném aHamu3 CyllecTBYIOLIUX METOAOB cTeraHorpaguu U BeibepeM Haubo-
Jiee noaxoAsiMi. PaccMOTpUM aJqropuTMel /s BCTpauBaHUsl UH(MOPMALKUK B 4acTh
MCXOHOTO H300parkeHus. [IpeumylecTBOM 3THX aJrOpPUTMOB SBJSETCS TO, YTO /IS
BHeJpeHHsl He HY>KHO BBINOJIHSATh CJOXKHBIE JIMHEeHHBIe Mpeo6pa3oBaHus HU300paxke-
Husi. MHopmauusa BHenpsieTcss MyTEM MaHUNYJASLHUHA C SPKOCTbIO WJM LBETOBBIMH
KOMITOHEHTaMH H300parkeHus.

1. Anroputm Karrepa. B aTom anroputme uHdopmanus OyneT BCTpauBaThCs B
KaHaJ CHHero 1BeTa, T. K. U3MeHeHHUs 3TOro liBeTa HahMeHee 3aMeTHBI [J15 YeJsloBe-
4yecKoro ryasa. B nszobpakeHuu BeiOrpaeTcs rnceBaoCAydyaiHas MO3ULIUS, B KOTOPYIO
OyneT BCTaBJeHa UH(pOpPMaLUs U fajee — B KaHaJs CHHero LBeta. MHpopmauus BHo-
CUTCSl MYTEM HM3MeHeHHUs1 spkocTH. B pabore [12] paccmarprBaeTcsi BO3MOXKHOCTb
MCIOJb30BaHUsl cTeraHorpaguueckoro Mertona Kutter-Jordan—Bossen, mossossio-
ILIero CKpbITh HMH(OpPMALHUIO O BHIeONoOC/efoBaTeNbHOCTH. Kpome Toro, B pabore
npeaJaraeTcss KpuTepuil Belbopa M300paKeHHUs] KOHTeHHepa.

2. Asroputm Jlanresmaapa. DtoT anropuT™ padotaer ¢ 6J0KaMH pasMepoMm 8x8
NHUKcesed OT UCXOfHOro usobpaxeHus. [lepBoHauanbHO co3paéres nceBmocaydai-
Hasi Macka pasmepoM 8x8 mnuKceseH, cocrosiulas U3 HyJned W enumHun. Ha mnep-
BOM 3Tare KaxK[blil OJIOK JIe/UTCsl Ha napy MnofbJoKOB B 3aBUCHMOCTH OT 3HaUeHHS
MackH. 3aTeM [/l KaxKAOT0 M3 HUX BBIUMUC/SETCS CpefiHee 3HaueHHe sipkocTH. Ha
BTOPOM 3Tare BbIOWpaeTCs MPOM3BOJIBHBIA MOPOT, 3aTeM OUTbI BCTPAHWBAIOTCS CJe-
AyoluM obpa3oM: 1 3anuchiBaeTcsi, eC/ad pasHUlla MeXAYy CPeJHUMH 3HAaueHHUSMU



Marematuyeckue CTPyKTypbl H MofeaupobaHue. 2018. Ne 2(46) 159

sipKoCcTH OoJiblile, yeM BbiOpaHHBbIH mopor; O 3anuchiBaeTcsi, eCad pasHULA MeXLY
CpPeIHMMH 3HAuyeHWSIMM SIPKOCTH MeHbllle BblOpaHHOro nopora. Ecau 3to ycjoBue
He BBINOJIHSIETCS, U3MEHEeHHsl OyAyT NPOUCXOAUTb B 3HAUEHUSIX IMHKCeJNeH BTOPOro
cy606.10Ka.

3. Anroputm Ponrena. BerpanBaemasi nH(opmanusi npeactaBiasieTcs B BUIe ABY-
MepHOH MaTpHIlbl, COCTOsIleH B PaBHBIX YacTAX M3 eQUHUL W HyJei. Ha ocHo-
Be HEKOTOPOH XapaKTepUCTHUYeCKOH (DYHKLHMH, BBIUMCJEHHOH JIOKAJbHO B Ipollecce
aHa/M3a COCeIHUX IHUKCeJel, ONpefesioTCs Te MHUKCeJNH, B KOTOpPble MOXKeT ObITb
BCcTpoeHa nHpopmauus. KonndecTBo aTux nukcesed cocrasnaser okono 0,01 ot 06-
ILIero 4YMcJa, MO3TOMY He BCe eAMHMLbI OyAyT BHeApeHbl B 3TH MHUKceah. UToObI
YBEJUUNUTb KOJHMUECTBO 3THUX MUKCeJel, MepBoHavyaJ bHO MpefsaraeM OCyllecTB/sATh
He3HauuTeJ/bHOe HCKaXKeHHe U300paKeHHs.

4. BcerpauBanue B HauMeHee 3Hadauide Outhl (LSB). CyTb 3Toro meroma 3a-
KJII0YaeTcsl B TOM, UTO HauMeHee 3Hadalllhe OUTBI MU300pakeHHs HecyT B cebe Hau-
MeHblLIYyI0 MH(popMauuio. Korna oHu 3ameHsiOTCS Ha OWUTHl CKPbIBAEMOr0 COOOIlle-
HUS, OTJUUYHE MOJNYUYUBILIErocs H300paKeHHe OT UCXOAHOr0o MPaKTUUECKH He3aMeTHO
yeJIOBEYECKOMY I/1a3y. DTOT MeTO[ I03BOJIsleT BCTPaWBaTh OoJblive 00bEMBI HH-
(opMaLKu, 4TO sBJSETCS 3HAYUTEJNBHBIM IJIOCOM, KPOME TOrO, OH JIETKO peasu3y-
em [13-15]. Tlocsie aHanM3a M3BECTHBIX METONOB COKPBHITHSI JaHHBIX B PacTPOBBIX
M300pakeHUsIX U U3yueHus: pabot [16,17] njs pelieHus: moctaBjeHHOH 3amauu OblJI
BeIOpaH MeTon LSB.

[Tpoananusupyem cylliecTByiollle NOPOrOBble CXEMBI.

1. IToporosasi cxema lamupom [18]. [lycth 3amaHo KoHeuHoe nose G. PukcH-
pyeM n pasHBIX HEHYJIEBbIX HECEKPETHBIX 3JEeMEHTOB 3TOro moJss. Kakaelii U3 aTux
3JIeMEeHTOB TMpUCBaHWBaeTCsl OlpeleséHHOMY uJjeHy rpynnel. [anee Gepém mnpous-
BOJIbHOE MHOXeCTBO t 3JIeMeHTOB MoJist (G, U3 HUX CTPOMM MHOrouJieH f(x) cTemneHH
t—1,1 <t < n Hag nojem (. IlonyuynB MHOro4YJIeH, BBIYMCJSIEM €ro 3HaueHHe
B HECEKPEeTHbIX TOUKax M cooOllaeM pe3y/bTaThl COOTBETCTBYIOLIUM YJeHaM IpyIll-
nbl. UToObl BOCCTAaHOBUTb CEKPET, MOXKHO HCIIOJb30BaTh (DOPMYNy HHTEPIOJSILNH,
Hanpumep dopmyay Jlarpanxa.

2. Cxema basknu. Cekper, KOTOpBIH NOJKHBI ObITh pasneséH B cxeme biaskiu,
IBJISIeTCsl OJHOH M3 KOOPAHWHAT TOUKH B m-MepHOM npocTpaHcTBe. Jlosn cekpe-
TOB, pacrpelneséHHbIX MeXIYy CTOPOHAM, SIBJSIIOTCS ypaBHEHUAMH (m — 1)—MepHBbIX
runepnaockocteld. YToO6bl BOCCTAHOBUTbL TOUKY, HEOOXOAMMO 3HAaTb M ypaBHEHUH
TUIEePIJIOCKOCTeH.

3. CekpeTHoe pasle/ieHHe C HCIOJb30BaHMEM KHTAHCKOW TeopeMbl 00 OCTaT-
Kax (cxema MuHnbpotTa, cxema Acmyta—-bayma). [lns HekoToporo uncaa (mo cxeme
MunboTrTa 3TO caM cekpeT, B cxeMe AcmyTta-bsyma — HekoTopoe Mpou3BOmHOE
YUCJI0), PACCUMTHIBAKOTCS OCTATKH OT JeJleHHUsl Ha MOCJIel0BaTeJbHOCTb YHUCEJ, KO-
TOpble paslie/ieHbl MeX1y CTOpoHaMH. F3-3a orpaHnyeHuil Ha MocJjefoBaTENbHOCTD
YKces TOJbKO ONpefiesiéHHOe KOJUUECTBO CTOPOH MOXKET BOCCTAHOBUTH cekpert. [las
najbHellero aHaausa Oulin BoiOpaHbl nBe cxeMbl: 1 ¥ 3. Cxema Baskau He Oblia
BKJIIOUEHA B aHaJ/u3, MOTOMY 4TO OHa MeHee 3(dexkTHBHa, ueM cxema [lamupa: mo
cxeme Illamupa Kaxkpasi 10/ TAKOTO Ke pasMepa, KaK CeKpeT, a Mo cxeme Biak/au
KaxKJas J10J5 B HECKOJIbKO pa3 OoJiblile. Pe3ynbTaThl CpaBHEHUS CXeM IpeaCTaBJEHbl
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B Tabsuuax 1 2. beina Boi6pana cxema [amupa.

Tabnuna 1. Cxema Ilamupa

Kpurepuii cpaBHeHusi |t =5, n=3,|t =n=32,|t =n =128,
|M| =512 | |[M|=512| |M| =512

Bpewms pasnenenus 5 Mc 7 McC 75 Mc
Bpems BoccTaHOBJ/IEHUS 1 mc 2 Mc 27 mc

O6bém Tpebyemoit 1560 6720 100608
naMmsTH 6auT 6aiT 6auT

Tabnnna 2. Cxema Acmyra-bayma

Kputepuit cpaBHenus |t =05, n=3,|t=n=232,[t =n = 12§,
|M| =512 | |[M| =512 | |M| =512

Bpewms pazneneHus 130 mc 145 mc 3032 mc
Bpewmsi BoccTaHOB/IEHUSA 1 mc 4 mc 97 mc

O6bém Tpebyemoi 3456 274432 4243456
namsiT OauT OauT OauT

Wnes npensnaraemoro B AaHHOM paboTe MeTola 3akJio4aeTcss B 00beAMHEHHUH
creranorpaguueckoro meroga LSB ¢ (¢, n)-moporoBoit cxemoii, 4To MO3BOJISIET MPH
MOBPeXKJIEHUU CTErOKOHTEWHepa Ha m — t 4yacTed, roe ¢ < n U n — 3TO oOllee
KOJIMUECTBO J0Jied cekpeTa, a ¢ — MHUHUMAaJbHO HEOOXOAMMOEe KOJMYECTBO J0Jel
cekpera AJs €ro YCIeLIHOrO0 BOCCTAHOBJIEHHUS, BCE pPAaBHO 00eCleYUTb HafEXHOoe
BOCCTaHOBJIeHHe cekpeTa. [Ipensaraemblil TOAXOA MOXKHO ONKCATh B [Ba 3Tana:

e BCTpauBaHUe MH(OpPMALMU B U30OpakeHHe—KOHTelHep, puc. 1;
® BOCCTAaHOBJIEHHE WH(OpPMALUH pHUC. 2.

BerpanBaemass uHdopmanus obpabaTbiBaeTcss B COOTBETCTBUM € BbIOpaHHOMN
(t,n)-TOporoBoO#l CXeMo#, T. e. (opMHpYHOTCS Hoau cekpera. McxomHoe nsobpa-
JKeHHe, B KOTOpoe OyleT OCYIIeCTBJSTbCS BCTaBKa, AEJNUTCS Ha n uyacteid (6Jo0-
KOB) IO IIMPHHE, B COOTBETCTBHHU C (f,71)—TMOPOrOBOH CXeMOH, HCIONb3YyeMOH mJisi
(opmupoBaHusl noJel cekpera. Kaxpas M3 moaydyeHHBIX 4YacTed paccMaTpHBaeT-
csl KaK He3aBHcHMoe H3o0pakeHue. K3o0parkeHue NpeacTaBieHO B BHUJAE MacCHBa
61T, B KOTOPOM [JIi KOAMPOBAHHS KaXKIOTO I1BETa MHUKCEJs HCMOoJb3yeTcss 8 OUT.
Cekpert 3anuchIBaeTCsl BHECEHHEM M3MeHEeHUs B MJyajline pa3psabl. B mepBuiil nuk-
cesib U300pakeHHusl MULIeM IJUHY YacTH CeKpeTa, a B MOCJenylolde — caMy 4acTb
cekpera. Takue M3MeHEHHs NMPOU30UAYT co BceMH n Osokamu. [locse 3aBeplueHus
NpolLefypbl BCTPaWBaHUs H300paKeHUH KOHTeHHep (POpPMHUpYyeTCs U3 n YacTeH, Ko-
TOpble yKe COfepxKaT A0JMH cekpera. UToObl H3BJeYb HH(pOpPMALHIO, HeOOXOAHMO
3HaTh KOJIMYECTBO 4YacCTeH, Ha KOTOpPble ObLIO pa3fesieH0 UCXOAHOe M300paxKeHue, U
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Puc. 2. biok-cxema pa6OTbI aJIrTOpUTMa BOCCTAHOBJIEHUA CeKpeTa

ero AJIMHY. 3aTeM M3 KaXKI0H 4acTH H300paKeHHs-KOHTeHHepa CUUTBIBaeTCs Iep-
BBl MHUKCEJb W NPOBEPSeTCS HajJHW4yue 3alUCH JJIMHBl CEKPETHOH 4acTH CKPBITOrO
coobuienusi. Ecnn Takas vH(opMauus NPUCYTCTBYET, TO AOJS CEKpeTa CUMTHIBaeT-
csi. 3aTeM MpPOBEPSIIOTCS KOHTPOJbHble cyMMbl. OHM OyayT MOACUYMUTHIBATHCS CHOBA
OT KaxI0H yacTh usobpakeHuss U OyayT CPaBHUBATbCH C T€MH, KOTOpble ObLIMU 3a-
nucaHel B (aiine. B cayuae ux coBmameHus noJs TalHbl OyneT 3anucaHa B MacCHB,
KOTOPBIH OyZieT nepeiaH Ha BXOH (PYHKLMU BOCCTAHOBJIEHHUS CeKpeTa.

2. Anpobarmus

J1si anpo6auuu npeasoxKeHHOro Metona Oblja peaqyd3oBaHa NporpaMMa Ha s3bl-
ke C#. Book-cxeMbl paboThl MPOrpaMMbl MPEACTABAEHBl HA PUC. 3.

Bein nposenéH psig skcnepuMeHToB. [lais Gosbliuedl BEPOSITHOCTH BOCCTAHOBJIE-
HUSl TaHHBI Jydllle BCEro BbIOpaTh KakK MOXKHO MeHblle ¢ U KakK MOXKHO 0oJbllie
n. Ha nzobpakeHue-cTerokoHTeiHep HAHOCHJ/IUCH CJIeyIOlIe TOBPeXIeHHs: HaJlo-
KeHHe «lIyMa», Bblpe3aHHe YacTH KapTHHKH, HaJl0KeHHe MOCTOPOHHUX H3o0paxe-
HUH. B cayyasnx, Korna M3obpaxkKeHHe MOBpPeXKAA/JOCh MYTEM Bblpe3aHHUsl €ro 4acTH
UJM HaJlOKeHHEM TOCTOPOHHUX M300paKeHHH, KCIIePUMEHThl MPOXOAU/IN YAA4YHO,
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Puc. 3. Byiok-cxema paboThl MpOrpaMMBL: a) pasleseHue ceKpeTa, 0) BOCCTaHOBJEHHE CEeKpeTa

T. €. U300pakeHHe BOCCTaHABJMBAJIOCH MPHU MoBpexaeHHH MeHee 60 % KoHTelHepa.
Pesysnbrat 3KCIepyMeHTOB, KOrja MOBpexKIeHHe MPOHU3BOAMUJIOCH MYTEM HaHeCEHHS
«lIyMa», MpeAcTaBjgeH B Tabmauue 3, roe «+» — BOCCTAHOBUTb WH(OPMALHUIO YAa-
JIOCh, «—» — BOCCTAHOBUTb MH(OPMALHUIO He yIaJoCh.

Tabnuua 3. PesysbTaThl sKCcNepuMeHTa [/ Pa3/JMYHbIX 3HAYEHHH ¢ U 1 MOPOrOBOH CXEMBb

YpoBeHb «iiymMa» |t =3, [t =6, |t =8, |t = 10,
(%) n=10{n=10{n =10|n = 10
0,05 + + + +
0,10 - + + +
0,15 — 0,19 + + + +
0,2 — — — —

3HAYUTENbHO YAYYIIWTh Pe3y/abTaThl MOXKHO MYyTéM BbIOOpa NOJeH AJs BoccTa-
HOBJIEHHS] MH(DOPMAMK M0 ONpeNeEHHOMY a/JTOPUTMY. 3afada MOUCKA aJATOPUTMa
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BbIOOpa NoJiell He cTaBWJsach B JaHHOH pabore. Heobxomumo OblI0 MPOBEPUTH TH-
MoTe3y O BO3MOXHOCTHU oObeNUHeHHs1 cTeraHorpaduuyeckoro metona LSB ¢ (¢,n)-
noporoBoi cxemod. [lonck anroputma BeiGOpa noJiell MOXKET SIBJIATHCS HalpaBJeHU-
eM IoCJ/edyolIuX paboT N0 NaHHOH TeMe.

3. BriBoabl

B pabote Obli1 mpepsioxkeH MeTOA 0ObeAMHEHUS CTeraHorpauueckoro MeTona
LSB u (¢,n)-noporoBoii cxembl. [IpoBenéH aHanu3 creraHorpaguyecKux MeTOIOB H
MOpPOroBbIX cxeM. PazpaboTaHo mporpaMMHoe obecrieueHue, NpoBefeHa anpobaius.
B xone skcnepuMeHTOB ObLIO OMpeaeseHo, UTo:

e B Cjlyuyae MOBPEXJEHHsI CTETOKOHTelHHepa HaJj0XKeHHeM IMOCTOPOHHEro H3006-
pakeHHsl WM MyTEM yHaJeHUsl 4aCcTH M300pa’keHHsI-CTerOKOHTelHepa Mmopor
YCIEIHOr0 BOCCTAHOBJIEHHsI BCTpanBaeMoit nHpopmauun 60 %;

e B C/yyae MOBPEXEHHS CTETOKOHTEHHepa HaJOXKEeHHEM «IIyMa» TOPOTr yCrell-
Horo BoccraHossenust 0,19 %.

B 1esoM MOXXHO rOBOPUTb O BO3MOXKHOCTH NpPHMeHEHHs IMpelaraeMoro MeToaa
IJ151 TIOBBILLIEHUS] HAJEXKHOCTH COKPBITHUS UH(pOPMALUMU NpPU €€ mnepefadye UM Mopye
CTerOKOHTelHepa.
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THE METHOD OF APPLYING (7, N) — THRESHOLD SCHEME
IN STEGANOGRAPHY

A.N. Mironenko
Ph.D. (Eng.), Associate Professor, e-mail: mironim84@mail.ru

Faculty of Computer Sciences, Dostoevsky Omsk State University, Omsk, Russia

Abstract. The work is devoted to the development of the method of information
concealment in a raster image using steganography together with cryptography. The
suggested method allows to solve the problem of message recovery if the image
containing the hidden data was damaged. The basic idea is that the data with the
help of steganography is not placed in the image entirely, but using the (¢,n) —
threshold scheme, the insertion of each part occurs independently. A software has
been developed to test the proposed method. A series of experiments confirming the
possibility of applying the proposed method is carried out.

Keywords: Threshold scheme, steganography, LSB, Shamir’s secret sharing.
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ABTopam

IIpenocraBiasiemMble JaHHbIE U JOKYMEHTbI

ABrop mpemocTaB/isieT B pefaKLHUIO:

e pykomuch ctathyt B popmare ISTEX (cm. TpeGoBaHusi K 0hOPMJIEHHIO);

e CIHCOK W3 TPEX IKCMEPTOB IO TEMAaTHKE CTAThbH, NABIIMX COJacHe HAalWuCaTh PELEH3HI0 Ha
npe/CcTaBaeHHyl0 paboTy!;

® 3KCMEPTHOE 3aKJ/UeHHe 0 BO3MOXKHOCTH OTKPHITOTO OMyG/JIHKOBaHHUSI.

JIunieHsupoBanue

CornacHo 'K P® ct. 1286 s1LeH3HOHHBIH AOrOBOP C aBTOPOM [Jis MyOJMKAUMK B MepHoaude-
CKHX H3IaHHSIX MOXKET ObITb 3aKJHOUYEH B ycTHOH (opme. Cam (hakT MOSyUeHHS PYKOIMMCH CTaThH
penKoJerned x)ypHana «MaTemMaTHueCKHe CTPYKTYPbl U MOAEJHPOBAHHE»> SIBJISIETCS aKLENTOM (IpH-
HSITHEM) JIMLIEH3HOHHOTO J0r0BOpA.

Bce cratbu B XypHase «MaTemMaTHyecKHe CTPYKTYpPbl M MOJAEJHPOBaHHe» MyOJUKYIOTCS TOL
aunensuedl Creative Commons Attribution 4.0 International (CC-BY). TekcT JMLIeH3UH HaXOAUTCS
no agpecy https://creativecommons.org/licenses/by/4.0/legalcode.

TpeOoBaHus K 0(pOPMJIEHHIO PYKOIUCHU

K ny6mnukauuu npuHuUMaloTcst pykonucHd o6béMoM He Gosiee 16 cTpaHull.

ABTopam He0OXOIHMMO NMPENOCTABUTH CJENYIOLYI0 HH(MOPMALUIO HA PYCCKOM M aHIVIMHCKOM s3bl-
Kax:

Ha3BaHHE CTaTbH;
CIIMCOK aBTOPOB C yKa3aHHEM
— (haMMJIUH, UMEHH U OTYECTBa,
— Y4€HOro 3BaHHU4,
Y4€HOH CTeMNeHH,
— IOJKHOCTH,
MecTa paboThl UMK yUéOHhl,
— [eHUCTBYIOLLEro aipeca 3JEeKTPOHHOH IOUTHI;

e anHoTauus (abcTpakt) o6bEMOM oT 100 mo 250 cios;

® CITUCOK KJIIOUEBBIX CJIOB.

ABTop Takxke ykasbiBaeT YK (yHUBepcasbHbBIH IeCATHUHBIH KOI) cTaTbu. Ero MoXXHO nono6paThb
M0 TeMaTHKe CTaTbU B CcIpaBouHHKe http://msm.univer.omsk.su/udc/.

Bubauorpapuueckue ccblaku opopmastores cornacHo FOCT 7.0.5-2008.

Pykonuchk cTaTbu MpeACTaBseTCS B PENAKLHIO MO 3JEKTPOHHOH moute B ABYX (opmatax pdf
u tex. CraTbs mo/kHa ObiTh HabpaHa ¢ HCToJb3oBaHHeM Makponakera IATEXu ctuast msmb.cls,
npeaocTaBJsieMoro pefakuueld http://msm.univer.omsk.su/files/msmb.zip. Pekomenny-
erTcs ycraHoBUTh KoMnuasaTop MiKTEX, Tak Kak HMEHHO UM IOJIb3YIOTCS B PeNAKIHH.

OTkyoHeHHS B O()OPMJIEHHH PYKONHCH OT NPHUBENEHHBIX MPABUJ MO3BOJSIOT PEAKOJJIETHH TPHU-
HSITb pelleHHe O CHSITHU CTaTbhH ¢ My6auKauuu. CTaTbs MOXKET ObITb OTKJIOHEHA 110 MPUYMHAM Heco-
OTBETCTBHUSl TEMAaTHKe XKYPHaJ/a HUJM B CBS3HM C HU3KUM YPOBHEM KaueCTBa HAyYHOI'O UCCJENOBAHMS.

B craTbe 3ampelaercs nepeonpenensiTb CTaHAAPTHblE KOMaHIbl U OKPYXKEHHS.

Hywmepyewmbie (hopmysiel HeOOXOOUMO BHIIENSTb B OTAENbHYIO CTPOKY.

Hywmepanusi Tosnbko apabckuMu uppaMu B MOPsiiKe Bo3pacTaHusi ¢ efrHuubl. HymeposaTth cie-
IyeT TOJbKO Te (OpMYyJibl, HA KOTOpbIe B TEKCTE MUMEIOTCS CCBIIKHU.

'Heo6xouMBI To/THbIE 1aHHbBIE 3KCTEPTOB (MeCTO paboThi, yuéHas CTereHb, NOJKHOCTB), C yKa-
3aHHeM crocoba cBsa3M ¢ HUMH (e-mail, Tesedon). Penkosserus MoxeT oO6paTHTbCS K OXHOMY M3
IKCIIEPTOB U3 MPEJIOKEHHOr0 CHHUCKa ¢ MPOChOOH HamucaTh PEeLEeH3HI0 MM MOXKeT Ha3HauyuTb pe-
LleH3eHTa U3 COOCTBEHHOro CIMCKA.
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3anpelaeTcs HCMOb30BaTh B opMmynax OYKBbl pyccKoro ajdasuta. Ecinm 6e3 HUX HHKakK He
00OUTHCH, TO CJENyeT UCIOJNb30BaTh KOMaHy \mbox{...}.

Bce pucyHKM © TaGauUbl [OOMKHBL HMeTb MOAMHCH, O(MOPMJEHHYI C TIOMOIIBIO KOMaHMIbl
\caption{...}.

®afinbl ¢ pucyHkamu Heobxomumo mnpeactaButh B (opmare PDF uau EPS (ucnosnbzoBaTh pe-
nakTopel BekTopHOH rpaduku Truna InkScape, Adobe Illustrator unu Corel Draw).

Hcnosb3yiiTe crangapTHble KOMaHAbl [EPEKJIOYEHHS Ha TOTHUECKHH, KalJaurpauyeckuil u
axypubl#l wpudTh: \mathfrak, \mathcal u \mathbb.

He nomyckaercsi 3akaHYMBAaTh CTAaTbi0 PUCYHKOM WJIH TabJulel.

B cnucke quTepaTypbl 00s13aTeNbHO YKaszaHHe CJAEAYIOUIMX NAHHBIX: I/ KHUT — (aMUJIUU H
WHHLHUANBl aBTOPOB, Ha3BaHWE KHUTH, MECTO H3[AaHHs, HU3IaTeJbCTBO, ION HM3NaHUs, KOJHUYECTBO
CTPaHHUL; O/ CTaTell — (aMUJIMK U HHULHKAJbBl aBTOPOB, Ha3BaHHWE CTAaTbH, Ha3BaHUe XKYypHaJa, rof
U3[aHUsl, TOM, HOMep (BBIMYCK), CTPAHHLBl Hayala U KOHLA CTaTbH (I HENOHUPOBAHHBLIX CTaTel
00s13aTeIbHO YKa3aTb HOMEP PerucTpaluH).

KaBblUKH B pycCKOM TeKcTe («abBri») HOJMKHBI ObITh YIJIOBBIMH, B aHTJIMHCKOM — TMPSMbIMH
BepxXHHUMH KaBblukaMmH ("abcdefg" nmm “abedelg”).

O6s3aTesbHa paclinpoBKa COKpALeHUH MPU MEPBOM BXOXKIEHHWH TepMuHa. Hampumep: ... uc-
KyccTBeHHbIH HHTeMTeKT (MH)...

Ilopsinok perieH3upoBaHUSA

[lepBuuHast 3KCIepTH3a MPOBOAUTCS TVIABHBIM PeNaKTOPOM (3aMeCTHTeseM IJIABHOTO PenaKTo-
pa). [Ipu mepBHUHOH 3KCMEpPTH3e OLIEHWBAETCS COOTBETCTBHE CTATbU TeMaTHKe XKYpHaJa, MpaBU/aM
oopmyieHUs] U TpeGOBaHHUSAM, YCTAHOBJEHHBIM pelakiyed xKypHana K HaydHbIM MyO6aUKaLHsAM.

Bce craTby, MOCTyNUBIIME B peNakLMI0 HAaydyHOro KypHana «MaTemaTuyeckue CTPYKTypBl U
MOJeJIUPOBaHUE», IPOXOAAT Yepe3 UHCTUTYT peLeH3UPOBaHHS.

PenieH3eHT BbIOHpaeTcs IaBHBIM PeIaKTOPOM KYpHasa U3 YHMcCJa UYJEeHOB PEAKOJJIErHH HJH Be-
NYIIKAX CIeLHaJHUCTOB MO MPO(UIII0 AaHHOH paboTHL.

PelieH3eHTb! YBEIOMJISIOTCS O TOM, YTO NPUCJIaHHbBIE UM PYKOMHCH SBJSIOTCS 4aCTHOH COOCTBEH-
HOCTbIO aBTOPOB ¥ OTHOCATCS K CBELEHMSM, He MoJJexallluM pasryalleHuio. PelleH3eHTaM He paspe-
aeTcsl feJaTb KOMHUU CTaTed AJsi CBOUX HYXKI.

Cpok [J1s1 HaNMCaHUs peLeH3UH YCTaHABJIMBAETCS 0 COIVIACOBAHHUIO C PELIEH3EHTOM.

PenieH3usi no/XKHA pacKpblBaThb aKTyaJbHOCTb IMPEACTABJEHHOTO MaTepHalia, CTeleHb HayuHOH
HOBU3HBI UCCJIENIOBAHUS, ONpPENE/SATb COOTBETCTBUE INpensaraeMoro K myOJuKalud TeKcTa obLieMy
NPOUNIO H3NAHUS U CTHJb U3JIOXKEHHUS.

PelleH3eHT BBIHOCHUT 3aKJIOYeHHe O BO3MOXKHOCTH OMYyOJHKOBAHHS CTaTbHU: «PEKOMEHIYETCS»,
«peKOMeHIyeTcsl ¢ yUETOM HCIIpaBJeHHUs 3aMe4YaHWH, OTMEUeHHbIX PELleH3eHTOM» HJIH «He PEeKOMeH-
nyetcsi». B coyuae oTpuLaTesNbHOH pelieH3UH pefaKl sl HalpaBJsieT aBTOPy MOTHBHPOBAHHBIN 0TKa3,
3aBepeHHbIH IVIABHBIM PeIaKTOPOM HJIH €r0 3aMeCTHTEJIEM.

B ciayuae Hecorsacus ¢ MHEHHeM peLleH3eHTa aBTOP CTATbH HMEET MPaBO MpPeLOCTaBUTb ap-
TYMEHTHPOBAHHBIE OTBET B pelakLuio KypHasta. CTaTbs MOXKeT ObITh HalpaB/eHa Ha [OBTOPHOE
pelleH3HpoBaHue, JUO0 Ha COIVIaCOBAHHE B PeNAKIMOHHYIO KOJJErHIO.

[Tpu Ha/MMUUKM B pelieH3WH peKOMEeHJALMH MO MCIPaBJAeHHIO U 10paboTKe CTaTbH aBTOPY Harpas-
JISETCS] TEKCT PELEH3HH C TMpeaJoKEeHHeM yUeCTb WX MPH MOATOTOBKE HOBOI'O BapHaHTa CTATbU HJIH
apryMeHTUPOBAHHO (4aCTHYHO WJIM MOJHOCTBIO) UX OMpoBeprHyTh. opaboTaHHas (mepepabGoTaHHast)
aBTOPOM CTaThbsl OBTOPHO HAMPABJAIOTCS Ha PELleH3UPOBaHHE W pacCcMaTpuBaeTcs B 0OLIeM MOPS-
Ke. B 3TOM ciyyae naToll mocTymseHUs B pefaKLUMIO CUMTAeTCs JaTa BO3BpallleHUs NopabOTaHHOU
CTaTbH.

[Tocsie mpuHATHS pefKOJIerHed pelleHHsl O JONYyCKe CTaTbd K MyOJHMKALUK aBTOP MH(OPMHUPY-
eTcsi 00 9TOM M yKa3blBalOTCS CPOKH MyOJHKALNH.

OpI/IFI/IHaJIbI peueﬁsnﬁ XPaHATCA B peAaKIHH B T€YEHHE MATH JIeT.
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ABTOpCKas 3THUKa

ABTropbl myOGaHKALKMH HOJ/KHBl TapaHTHPOBATh, YTO B CIIMCOK aBTOPOB BKJIIOYEHBI TOJBKO JIHLA,
COOTBETCTBYIOLIME KPUTEPUSIM aBTOPCTBA (/MLla, BHECLIME 3HAUUTEJbHBIA BKJad B paboTy), U UTO
3acyly’KMBaKLIMe aBTOPCTBA HCCJ/eN0BaTeN He UCKJIOUYeHbl U3 CIUCKA aBTOPOB.

JosXHbEl pa6oTaTh BMeCTe C pefaKTopaMu /M U3AaTesIMH Ui CKOPEHIIero HCIPaBJ/IeH s CBOUX
pabot B ciyuae oOHapy>KeHHsI B HUX OLWIMOOK WJIH YNYLIEHUH Tocye MyOJHKalnH.

O6s13aHbl He3aMeIJIUTeNbHO YBEIOMJATh PENAKLHIO B c/aydae OOHApy»KeHHs OWHOKH B J0OO0H
MOfaHHOM WMH Ha MyO6JUKALMIO, IPUHATOH AJs MyOJUKALKMK WU yKe onyOJUKOBAaHHOU paboTe.

He BnpaBe xonupoBaTh W3 APYrUX NyOJHUKALUH CCBIIKM HAa paboThl, C KOTOPbIMH OHHM CaMH He
03HaKOMHJINCh; LWTAThl U CCBIIKH Ha ApPYyrue paboThl NOJKHBI ObITb TOUHBIMH W O(OPMJIEHHBIMH B
COOTBETCTBHH C NPEbIABJSEMBIMA TPeOOBAHUSIMH.

JI0JXKHBI CChlaThCsl MAaKCUMaJbHO TPABUJbHO U TOYHO Ha MMEOIIMe OTHOLIEHWe K MyO/auKaluu
npeablayliiMe paboThl Kak APYrUX HccjaefoBaTesed, Tak U CaMUX aBTOPOB, oOpalllasich, Npexje Bce-
ro K MEepBOMCTOYHHKY; JNOCJOBHOE BOCIIPOM3BeleHHe COOCTBEHHBIX paboT W UX NepedpasupoBaHHe
HelpHeMJIeMbl, OHH MOTYT ObITb HCIOJ/b30BaHbl JIMIIb B KayeCTBe OCHOBHI [J151 HOBBIX BBIBOZOB.

Heo6xonumo ykasblBaTb aBTOPCTBO AAHHBIX, TEKCTA, PUCYHKOB U HIeH, KOTOPBIE aBTOP MOJYUHJ
U3 JPYyTHX HMCTOYHMKOB — OHHM HE NOJDKHBI MPEACTABJATHCS, KaK MNPHHAIJeXKallde aBTopy mnyo6-
JIUKALWHK; MpsMble LUTaThl U3 paboT APYruX HCCJaefoBaTesied NOJKHBI BHIAENSTbCS KaBblUKaMHM U
COOTBETCTBYIOLIEH CCHIIKOH.

Jlo/kHBl cobJ00aTh HOPMbl 3aKOHONATE/bCTBA O 3alllMTe aBTOPCKHUX MpaB; MaTepHaJbl, 3allu-
IIEHHBIE aBTOPCKUM MpPaBOM (Hampumep, TaGJHLbl, UU(Pbl WU KPYMHBIE HUTAThl), MOTYT BOCIPOHU3-
BOAMTBHCS TOJBKO C pPa3pelleHus] UX BJAJE/bLIEB.

IlamaTka AJg nepeBoga OOJKHOCTEH, YUEHBIX CTeNeHe!
M 3BAaHUH HA aHIVIMMCKUU F93bIK

[Tpodeccop = Professor

Houent = Associate Professor

Crapmu#i npenonasatesb = Assistant Professor
[IpenonaBaress = Instructor

Accucrent = Instructor

Acnupant = Postgraduate Student nau Ph.D. Student
Couckatesab = Ph.D. Doctoral Candidate
Marucrpant = Master’s Degree Student

Crynent = Student

n.¢.-m.H. = Dr.Sc. (Phys.-Math.)

K.(h.-M.H. = Ph.D. (Phys.-Math.)

n.17.H. = Dr.Sc. (Eng.)

k.T.H. = Ph.D. (Eng.)

Wuxkenep-nporpammuct = Software Engineer
Crapuuii/Maaaini HayuHbl coTpynHuk = Senior/Junior Scientist Researcher

3JIeKTp0HHaﬂ noyra aJd OTIpPaBKH craren

lavrov@omsu.ru — 3aM. IVIaBHOTO pefakTopa (oTBeTCTBeHHBIH 3a Bhimyck) JI.H. JlaBpos.
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