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[NHAMATU YYEHOI'O

2 wHostbps 2020 TOoma B
Bo3pacTe 81 roma ymen u3 XU3HU
3aMeqaTesIbHbII Y4EHBIH,
3aCILyKEHHbII AesaTenb Hayku PO,
JIOKTOP TEXHUYECKHUX HayK,
npodeccop Bukrop BacunbeBuu
AJnekcaHIpoB.

Buxrop BacunbeBuu ctosn y
HCTOKOB CO3JIaHUs CaHKT-
[TerepOyprckoro HWHCTUTYTa
nHPOPMATUKN W  aBTOMAaTH3alUHU
PAH (CITMHMPAH), a 3ateM MHOTHE
TOABl  BO3TJIABISLT  JIADOPATOPHIO
aBTOMATHU3aLNU HaY4HBIX
ncciaenosanui CITMNUPAH.
= l‘- ITocne OKOHYaHUS
JlenuHrpaackoro (GpU3MKO-MEXaHUYECKOro TeXHHKyMa B 1958 romy Havan
pabotars B JIeHMHIpaJCKOM HayYHO-HCCIIEIOBATEIBCKOM PaJIMOTEXHUUECKOM
WHCTUTYTE (JIHUPTN). YuactBoBan B JIETHBIX UCTIBITAaHUSIX
PaIMOdNIEKTPOHHON ammaparypbl — JOMIUIEPOBCKUX M aCTPOMHEPLUATIBHBIX
cucteM. be3 oTpbIBa oT npou3BoaCTBa yunics U B 1964 roxy nosryuun JuIuioMm
¢ ommuueM JIeHMHIpaJCKOro  MOJMTEXHUYECKOTO0  MHCTUTYTa IO
CIIELIMAIBHOCTH «ABTOMATHKA M TelleMexaHuKay. Padoras B 1965-1967 rogax
B Jlaboparopun Owonukn JIHUPTH, paspabGotan nudpoBbie MeTOabI
KJIacCU(UKAIM ¥ PAclO3HABaHMS Ha OCHOBE AJITOPUTMOB  OBICTPBIX
mpeoOpa3oBaHmii Axamapa — Youma.

Bonbumas vacte xu3Hu Bukropa BacuinbeBHua TECHO CBsi3aHa C
HayKoi W paboToil B Hay4HBIX opraHm3ammsix. B 1972-1975 romax Obur
norieHToM kadeapsl onomenunmnel JIDTU; ¢ 1975 roga — cran 3aBeayromuM
Jaboparopueil BHOBb CO3/IaHHOM OpraHu3alvi AkajeMuu Hayk: ¢ 1975 roga
—aro JIBII (otmen ®TU um. Nodde), ¢ 1978 rona — THUNBIL] AH CCCP, ¢
1985 roma — JIMMAH AHCCCP, ¢ 1991 roga — CITMMPAH.

3a Belmaromuecs ycmexu B Hayke B 1990 romy Buxtop
BacuibeBuu 6bu1 ynocroen npemun Lentpansnoro Komurera KIICC, a
B 1993 rony — nodeTtHoro 3BaHus «3acly’KE€HHBIH fesTens Hayku POy u
[Ipemun [Ixona ¢on Heiimana mo mHpopmaruke. Harpaxnen menanbio
«B mamare 300-nmetmst Cankrt-IlerepOypra» u memampio opacHa «3a
3acayru nepen OteuectBom» II crenennu.

Hayunsie nccnenoBanust Buxropa BacunbeBnda ObliM CBS3aHBI C©
HOBBIM TIOJXOJOM K IPOCTPAHCTBEHHBIM IPEOOPa3OBAHUSIM CTPYKTYp
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JaHHBIX. OTOT TMOAXOJ OCHOBAaH Ha MPEUVIOKEHHOM M pPa3sBUTOM WM
annapaTe CcaMoOIOJOOHOTO HEePapXUYECKOr0 pa3BEepPTHIBAHUS H-MEPHBIX
MIPOCTPAHCTB, HCIOJB3YIOIIUM MPUHIUI 3aMONHAIOUMX IPOCTPAHCTBO
kpuBbIx (3I1K), 4ro mociyXmio OCHOBOM jisi pa3pabOTKHM aaanTHBHO-
JUHAMUYECKON CTPYKTyphl JAaHHBIX Kak KOMIIBIOTEPHOTO aHajiora
JEKapTOBOM CHCTEMBI KOOPIUHAT, OPraHU3alMH aCCOUATUBHON afpecanuu
n noucka uHpopmarmy B 9BM 1 moctpoeHus crienuannzupoBanHsix OBM
MUPaMUAATBHO-PEKYPCUBHON apXUTEKTYPBHIL.

Brinaromuiics yuenslii, B.B. AnexkcaHapoB co3nal Hay4yHYIO
OIKOTy B oOmactu oOpaOOTKH JaHHBIX, W300paKeHWH W CUTHAIOB. VM
MPEUIOKEHO M Pa3BUTO HOBOE HAyYHOE HANpaBICHHE WMHUTAIIMOHHOTO
MOJIEIMPOBAHUSL PA3BUBAIOIIMXCS CHCTEM M METOJbl PEKYypCHUBHO-
¢paktaspHOrOo  cHHTe3a.  Pa3paboTaHBl  TEOPETHYECKHE  OCHOBBI
IPOrpaMMHPYEMOH TEXHOJIOTHH OOpabOTKH JAaHHBIX U CEMaHTHYECKOTrO
aHaIM3a ayJuo- U BUJIEONOTOKOB JaHHBIX.

Pesynprarel uccnenoBanuii Bukrtopa BacunbeBuua AsiexcanapoBa
oryOsimkoBaHsl B 25 MoHorpadusax u 6onee yeMm 300 HaydHBIX CTaThsX,
4acTh KOTOPBIX oryOsmkoBaHa U B xypHaine « Tpynst CIIMMPAH».

Komnern mnomusr Buktopa BacunbeBnua kak BBLAAIOLIETOCA
YUEHOTO, ONecTAmero JekTopa, (yTyposora, IpeIBUAEBIIET0 HaydHBIE U
COIMAJbHBIC M3MEHEHUs, ¥ B TO K€ BpeMs KakK OOpOTO M OT3BIBUYMBOTO
yenoBeka. Ero km3HeHHas W npodeccHoHanbHas TMO3WIMS CHHCKala
3aCITy’KCHHOE YBa)KEHHME KOJUIET M y4deHHKoB. Ham Bcem OynmeT oueHb He
xBaraTh ero! Ho HaM ocTanmch €ro KHUTH, CTAaThU U MaMSITh O HEM. ..
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MATHEMATICAL MODELING, NUMERICAL METHODS

YIK 519.81 DOI 10.15622/ia.2020.19.6.1

C.B. MukoHu, /I.I1. BYPAKOB
OBOCHOBAHHME U KJACCUPUKALINSA OITEHOYHBbIX
®YHKIHU, TPUMEHSIEMBIX B PEUTUHIOBbIX METOJIAX
MHOI'OKPUTEPHUAJIBHOI'O BBIBOPA

Muxonu C.B., Bypakos J.II. OG0cHOBaHMe H KJAacCH(UKALMSA OLEHOYHBIX (YyHKUMIA,
MpHMeHsIeMbIX B PeliTHHIOBBIX MeTOaX MHOTOKPHTEPHAJILHOI0 BLIOOPA.

AHHOTauus.  IlpoaHanu3upoBaHbl  NPEUIOKEHHbIE  paHee  HMCCIIEAOBaTEISIMU
PEKOMEHalluK M0 NPHMEHEHHIO METOJ0B MHOIOMEPHOIO OICHMBAaHHsA 00beKkTOB. OTMedyeHa
cmabass  00OCHOBAaHHOCTb  JTHX  PEKOMEHAANUH, CleAylolias U3  IIOBEPXHOCTHOU
CHCTEMaTH3alluK METOJJ0B MHOTOMEPHOTI'0 OlieHHBaHHA. PexoMeHJaluy OpHeHTHPOBaHbl HE Ha
KJIacchl 3alad MHOTOMEPHOTO OLICHHBAHUS OOBEKTOB, a Ha Pa3IUYHbIe 00IACTH YeTOBEUIECKOU
nestensHocTd. OHAKO B KaXXIOH cdepe YenoBeuecKoil IesaTeIbHOCTH HMEET MECTO LINPOKHI
CIEKTp 3a/ay OLEHHBAHUS OOBEKTOB PA3IMUHOW INpupoxbl. B cBA3H ¢ 3THM Ipu3HaHA
aKTyaJIbHOCTH OOJIee TIIATeILHON CHCTEMAaTH3aluH METOJOB MHOTOMEPHOTO OLICHHBAHUSL.

VyuTbiBas ~ pa3sHOIUIAHOBOCTh ~ METOAOB  MHOTOMEPHOTO  OLIEHUBAHMS,  pELIeHO
OTPaHUYUTHCS CHCTEMATH3alHeld MeTOJOB, NPHMEHSIOMUX OLECHOYHbIe (YHKIHUU, W Ha HTOU
OCHOBE IPEIOKUTE OOIIHE PEKOMEHIALMH 110 UX IPUMEHEHHIO.

O0630p METOJOB MHOTOMEPHOTO OLIEHUBAHHS C €JHHOIl MO3HIMU MOTPeOOBAT YTOUHEHUS
NpUMEHsIeMOl B HHX TepMuHONOrHd. Ha ocHOBe (opManbHOI MOJENIN YCTaHOBIICHBI
OTHOLIECHUS MEXIy IOHATHAMM <«IPEANOYTEHHE», «KPUTepHi» M «IoKaszaTenb». s
BBIJICJICHUS. METOJOB, NPUMEHSIONIMX OLICHOYHBIE (DYHKIHH, BBEICHO IIOHITHE LEJIEBOrO
3HaYeHMs1 NokaszaTens. OTHOCHTENBHO €ro paclojIOKEHHs Ha IIKajle I0Ka3aTess BBEJIECHBI
MIOHATHS HACATbHOH U peanbHoi meneil. COOTBETCTBYIONINE STUM LIEJISIM KPUTEPHHU Pa3Ae/ICHbI
Ha LeJeBble W oOrpaHnuuTenbHble. C NPUMEHEHHEM IPELIOKEHHOH TepMUHOJIOTHU
[IPOAHAIM3UPOBAHBl HauboJee H3BECTHBIE METOAbl MHOIOMEpPHOTOo olleHuBaHMsA. M3 HuX
BBIJIEJICHA TPYIIIa METOJIOB, IPUMEHSIONIHX OLICHOYHbIC (DYHKIHH.

PaccMoTpeHB! BapHaHTBI OLEHOYHBIX (DYHKIHMI, cO3daBaeMbIX Ha OCHOBE KDHTEpHUS U
IIOCTYJIATOB TEOPHH LIEHHOCTH H MoJe3HocTH. Ha ocHOBe cxoncTBa obnacTell ompeneaeHus u
3HAYCHHUI Pa3iIMYHBIX OLCHOYHBIX (YHKIMH YCTaHOBJIEGHAa B3aHMMOCBS3b MEKAY HHMH.
OTHOCHTENBHO LENEBOrO 3HAUCHUS II0KA3aTels OHH pasfeleHbl Ha (QYHKIUH JOCTIDKECHHS
nend ¥ (QYyHKIOMM OTKIOHEHHs OT menu. IlokasaHa B3auMHas JOMOJHHUTENBHOCTH JTHX
¢ynkimid. Beinenena rpymnma  (yHKUME  OTKIOHGHUS OT LEJIM, KOTOpas IO3BOJISIET
YIOPSAOYNBATH OOBEKTHI Pa3ieNbHO MO mTpadaM U MOOMPEHUSIM OTHOCHTEIBHO JTOCTIDKECHHS
peanbHOM 1enu. [l OTHOIIGHUS COOTBETCTBUS BBEAEHO MNOHATHE HOpMBI. Ha mpumepe
MEIHUIMHCKAX aHAIM30B IIOKA3aHO IPAaKTHYECKOe IPHMEHEHHe (GYHKIHH OTKIOHEHHS OT
HOPMBI C MPUMEHEHNEM KaKk MHHHIMaKCHOM, Tak U CpeJHEB3BEIICHHON 0000maronieil hyHKIHn
IUIsL yCTAaHOBJICHUS! PEHTHHTa Ha MHOXKECTBE OOBEKTOB.

BrsiBIIeHHOE B IIpoIlecce HCCIIENOBAHMS CXOJICTBO M pa3iM4de OLEHOYHBIX (YHKIHH
MOJIOKEHO B OCHOBY KJIACCU(UKALMK HCHONB3YIOIIUX HX METOJOB MHOI'OMEPHOTO
oneHUBaHUA. Pasnmume ONEHOYHBIX (YHKIHH IO TPYAOEMKOCTH HX CO3IaHHS OTPaKCHO B
NPE/II0KEHHON METOJIMKE MX MPUMEHEHHS.

KiroueBble cj0Ba: IpeImoyTeHHe, IIOKa3aTellb, KPHUTEPHil, IeJIeBOe 3HAUCHHE,
oneHo4Hass (yHKIMSA, (QYHKIMS LEHHOCTH, (YHKIHS IIONE3HOCTH, IOCTI)KCHUE LI,
OTKJIOHGHHE OT LEeTH, (GYHKIHOHAIBHBIA BHIOOp, MHOTOMEPHOE OLICHHBAaHHE OOBEKTOB,
PEHTHHIOBBIH METOA

1. BBeaenue. M3Beynast noTpeOHOCTH Y€IOBEKa B OLIEHUBAHUN O0B-
€KTOB JII000TO BHJAa M IPOHMCXOKACHHS BOIUIOTHIACE B TEOPETHUYECKUE
U3bICKaHUsA, HauaTele TpyAaMu [1-5]. FIMeHHO B IOCIEBOEHHBIN Iepuos ¢
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pa3BuTHEM HH(GOPMATHKHM KaK CpEICTBa pealn3allid METOJOB IPHHSATHS
petenuit 66110 pa3paboTaHo UX TeopeTuueckoe obocHOBaHue. B mocnemy-
olye roapl Metoasl Teopun npuHsTus pewennid (TTIP) pasnenunuce Ha
OTZEJbHBIC TPYNIIBI U KOHKPETH3UPOBAIUCH ITPUMEHUTEIBHO K OCOOCHHO-
CTSM OILIEHMBaeMbIX OOBEKTOB. EjkerojHo myONMKyrOTCS COTHH padoT, B
KOoTOpBIX MeToxsl TTIP mcmonp3yroTes Amst penieHus] KOHKPETHBIX MPaKTH-
Yecknx 3amad. MeTonsl OILEHMBaHMS OOBEKTOB II0 MHOTHM ITOKa3aTe-
nsM (MHOTOMEpHOTO oreHnBaHUS — MMO) Hanum mIMpoKoe MpUMEHEHHe
Ha MIPAaKTHKE, OXBATHIBAs BCE BBl YETIOBEUECKOM JIESITENEHOCTH M 00BEKTHI
mr060# pupos [6-12].

BBuly MHOTOYMCIICEHHOCTH TPHUKJIAIHBIX MyOJIMKalMili nx o0imit 00-
30p HE NpeACTaBIsIeTCs BO3MOXKHBIM. OH MOXKET OBITH Cy’KEH KOHKPETHOM
cdepoit mpunoxxenans merogoB TIIP. JIpyroii myTs — comocTaBieHne Hanbo-
Jiee TIOMYJISAPHBIX METOA0B MHOI'OMEPHOTO OILEHUBAHHUS C IIEIbIO BBISIBICHUA
ux ocobenHocteil. OcTaHOBUMCS JUIsi IpUMepa Ha ABYX paboTax Mo 3Tod
TeMe, OTCYCCTBCHHOMN M 3apyOexHOH, omybnukoBanHbX B 2013 roay. Ilepe-
YeHb pPaccMaTpUBAaEMbIX B HUX METOJIOB MHOTOKPHTEPHAILHOTO BHIOOpa
BKJTIOYAEeT KaK METOJbl ONTUMM3ALUY, U3ydyaeMble B paMKax HCCIEJOBaHMSA
oleparyii, TEOPHH YNPABIEHUS U MCKyCCTBEHHOTO MHTEIIEKTa, TaK U MOJ-
XO/1bl, OCHOBaHHBIE HAa MOJIEIIMPOBAHNH NPEIOYTEHUH JINIA, TPUHAMAIOLIE-
ro pemenue (JIIIP). Meronsl mepBoi IpymIibl, Takue Kak JIMHEHHOE IIpo-
TpaMMHPOBAHUE W 3BOIIOLHOHHOE MOJAEINPOBAHNE, TPUMEHSIOTCS AT pe-
IIeHWs1 3a7ad MHOTOKPHUTEpUANbHOTO BbIOOpa. B wacTHOCTH, meneBoe
MIPOrPaMMHPOBAHNE PAcCMaTPUBACTCS KaK 0000IIEHNE JIMHEHHOTO TIPOTpam-
MHPOBAHHUS B CIIy4ae HAJIMIUSA HECKOJIBKHX IIeNell ONTUMM3AIHY.

B [13] nocTtaToyHO MOJHO OXBayeHBl KJIACCHYECKHUE METOJBI ONTH-
Mu3anui. B Hell mpuBOAWTCS OOMMPHBIA MEpeueHb KaK OTEYECTBEHHBIX,
TaK M 3apyOeXHBIX CPEICTB PEUICHUs 337a4 MHOTOKPUTEPHAIBHOTO BBIOO-
pa. Ho nanHoe uccienoBaHue HOCUT MH(GOPMAIMOHHBIH Xapakrep, I0-
CKOJIBKY B HEM OTCYTCTBYET COIIOCTaBJICHHE pacCMaTpUBAaeMbIX METOMIOB U
CPEeICTB HX peanu3anuu. B padote [14] npeacrasieH 0030p aHTIIOSI3BIYHBIX
pabot B 00yacTH MHOTOKpUTEpHAIbHOW onTHMu3anuu. Kak ormevaror aB-
TOPBI, OHM PacCMOTpeNIM HanboJiee TOMYJISIPHBIE METOJbI MHOT'OMEPHOTO
ouneHnBanus (B ux tepmuHax — Multi-Criteria Decision Making Methods,
cokpameHHo — MCDM), kK KOTOPBIM OTHOCSITCS:

1. Muoromepnass Teopus mosesHoctd (Multi-Attribute Utility
Theory — MAUT).

2. Meron ananmm3a uepapxuii (Analytic Hierarchy Process — AHP).
3. Teopwus neuérkux MHOXecTB (Fuzzy Set Theory — FST).
4. Paccyxnaenus mo npereaentam (Case-Based Reasoning — CBR).
5. Awnanus nanneix (Data Envelopment Analysis — DEA).
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6. Ilpocroii meron MHOroMepHoro ymopsinodenus (Simple Multi-
Attribute Rating Technique — SMART).

7. Uenesoe nporpammupoBanue (Goal Programming — GP).

8. Meron «uckiOYeHHE M BBIOOp, OTpPaXKalollue pealib-
HocTb» (ELECTRE).

9. Mero/ opraHM3aI PAHXUPOBAHMS MTPEATTOYTEHUH JUIS OLIEHKH
oboramennoro ouennsanus (PROMETHEE).

10.TIpoctoe  ammutmBHOe  B3BemmBanHue (Simple  Additive
Weithing — SAW).

11. MeToq ymopsA0YeHHOTO TPEAMIOYTEHNS Yepe3 CXOJCTBO C He-
anpHbIM peteHreM (Technique for Order of Preference by Similarity Ideal
Solution — TOPSIS).

31ech ciuenyeT OTMETHTh HEKOPPEKTHOCTh MEPEUNCICHUS aBTOPaMHU
B OZHOM psay kak MetonoB MCDM, Tak U UCIONB3yeMbIX JUJIs UX paspa-
6oTku Teopuit (Hampumep, FST camo mo cebe He sBISETCS METOIOM
MCDM, XOTs 3JIeMEHTHI TEOPUU HEUETKUX MHOXECTB aKTUBHO HCIIOJIB3Y-
IOTCSI, B TOM YHCIIE ¥ B METOJlaX MHOTOMEpPHOTO OIleHUBaHus). B oTmmune
ot [13] B maHHOW paboTe HA OCHOBE aHAIHM3a OCOOCHHOCTEH paccMaTpUBac-
MBIX METOJIOB ITPEJJIAararoTCsl PEKOMEH/IAINK 110 00JIaCTsIM MX MPUMEHEHHS.
B ocHOBY pexoMeHIaIuii MOJI0XKEeHa TPYIOEMKOCT TIOCTPOCHUST MOJCITH U
Pa3MepHOCTS 3a/1aul OILICHUBAHUSL.

K HemocraTkam 0030pa ciieryeT OTHECTH ITOBEPXHOCTHOCTh PEKOMEH-
Januii o IPUMEHEHUIO PacCMaTPHBAEMBIX METOIOB. PekoMeHIau opreH-
THUPOBaHBI HE Ha Kiacchl 3amady MMO 00BEKTOB, a Ha pa3IMdIHbIe 00IacTH
nestenbHOCTH. OHAKO, HECMOTPS Ha O0JIbIoe pasnudre 001acTeil aesTenb-
HOCTH, UX OLIEHMBAaHHE HE OTPAaHMYMBACTCS PEIIeHHEeM YacTHBIX 3a1ad. B
Ka)XJI0i 00JIaCTH ESITeNbHOCTH UMEET MECTO IIMPOKHUI CIIEKTp 3a7ad OIeHH-
BaHUsl OOBEKTOB pa3iM4yHOW Mpupobl. OTMEUeHHBIH HEZ0CTaTOK 00yCIIOB-
JIEH, ¢ OJIHOM CTOPOHBI, Ype3MEpPHBIM O0XxBaToM MeToJoB MMO, a ¢ npyroi
CTOPOHBI, OTCYTCTBHEM TEOPETUUECKOr0 OOOCHOBaHHWs peKoMmeHnauuid. Pe-
HICHAIO 3TOW IPOOJIEeMBbI JIOJDKHA CIIOCOOCTBOBAaTh pa3paboTka Hay4dHO-
obocHOBaHHBIX Kiaccupukarmii MeromoB MMO. Takwe KiaccU(pUKaIum,
YIOpsIIOUMBasl TEKyIlee 3HaHWEe, 00JIaal0T TAKKe MPOTHOCTUYECKUM CBOH-
CTBOM, UTO ITO3BOJISICT MPUMEHATH CHCTEMHBIH ITOIX0T HE TOJBKO JIJIsI aHAITH-
3a CYIISCTBYOIIMX MOJENCH W CPEICTB MX pealli3alii, HO M IS CO3IaHUs
HOBBIX BapWaHTOB Mojenieid. OTcyTcTBHe TakuxX Kiaccuukanuii B [14] mo-
CITy’KHII0O TIOOYIUTETHHBIM MOTHBOM JJISI MCCIICIOBAaHUK B STOM HAarpaBlie-
HUH, pe3yIbTaThl KOTOPBIX U3JIaraloTCs B HACTOSIIEH padoTe.

Ha IOHUMAaHUE 3a7a4 OIICHUBAHUA 00BEKTOB
n KJ'[aCCI/I(bI/IHI/IpOBaHI/IC MNPUMCHIACMBIX JJII UX PEHICHUA METOJO0B CyIIC-
CTBEHHO BIHUSCT TepMHUHOJOTUsA mpeametHou obnactu (I[IpO). Dra mpo-
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OieMa akTyalbHa Ui OTEYECTBEHHON TEPMHHOJIOTHH, B YacTHOCTH, IO
MNPUYNHE HETOYHOTO IMEPEBOAA IMHUPOKO 3aMMCTBYCMBIX AHTJIOA3BIYHBIX
TEPMUHOB. B KauecTBe mpruMmepa NpUBEAEM TEPMHH «METOJ aHaJU3a
nepapxuit» (MAU), KOTOPBIII MOXKHO TPAaKTOBaTh KaK aHaJHM3 CYIIECTBY-
IoleH uepapXxuu mokasatenei. B opurunane meTos HaseiBaeTes «Analytic
Hierarchy Process» (AHP). BykBampHO OHO mepeBoiuTcs Kak «Merton
AHAIUTUYECKOW uepapxum». A nop uepapxueti aBTop TepmuHa T. Caatu
MTOHUMAET CTPYKTYPY «Iellb —> KPUTEPUH —> aIbTEPHATUBBD).

[Tpobnema yroyHeHHs CMbICIa TEPMHUHA YIPOIIAETCS NPHUMEHEHHEM
CHCTEMHOI'O MOJXOJa K aHIN3y MOJeJNieH, H3JI0KEHHOr0O B MOHOIpa-
¢um [15]. B Hell mpemnokeHO pacCMaTpUBaTh MOJENb B TPEX acCHeKTax:
¢yakmronansHOM (D-Monens), omeparmuoHHOM (O-Monenb) W CTPYKTYp-
HOM (C-MOzmenp) M B MX coveTaHHAX. MoJens 3a/1aui OMMCHIBACTCS CTPYK-
TypHO-(QYHKIMOHaNbHOH Mozenblo (CD-Mozenbio), a Mpolecchl ee 1o-
cmpoeHus i peuietus OTIMCHIBAIOTCS ONIEPAIMOHHBIMHE, a TOYHEE CTPYKTYp-
Ho-onepanoHHbIMU MojensaMu (CO-monensamu). [Ipumepom CO-moaenu
SBJISIETCS AITOPUTM. B 3THX TepMuHax 000l METOJ| OTHOCHUTCS K KJaccy
CO-mopeneit. Takum ob6pazom, Tepmun AHP xapakrepusyer umenao CO-,
a He CO-Mo/enb 3a/1auu, a €ro CMBICII 3aKJII0YACTCS B UEPAPXUYECKOM NPO-
yecce OYeHUBAHUS ANbIMEPHAMUS.

st sicHOCTH JaibHEHIIET0 N3JI0KEHNsT YTOYHUM €lle PsJ] IPHUMEHsI-
€MbIX TSpMHHOB. BBeeHHBII paHee TEPMUH «METObI MHOTOMEPHOTO OIle-
HuBaHms» (MMO) 00001maeT METOABI OICHUBAHUS OOBEKTOB IO MHOTUM
nokazarensiv:  Multi-Attribute  Rating  Technique,  Multi-Attribute
Optimization, Multi-Objective Optimization, Multi-Criteria Optimization.
Iox cioBOM «ONTHMHU3AIMA» B HUX MOAPa3yMEBACTCS LENb YIOPSA0UCHHS
00BEKTOB Il BBIOOpa M3 HUX TOTO, KOTOPHIM B HAOONBIICH CTENEHU yI0-
BJICTBOPACT 3aJaHHBIM Tpe6OBaHI/I$[M.

B oreuectBeHHOM NMTEpaType 4acTO HE JENAaeTCs Pa3IMuuid MEXIy
TEpMHHAMH «IIOKa3atenb» u «kputepuid». [lokazatenem dukcupyercs Ko-
JIMYECTBEHHOE WIIM KaYeCTBEHHOE 3HAYCHNE HEKOTOPOTO CBOMCTBA 00BEKTa,
a KpUTEpHEM 3aJiaeTcsl TpeOOBaHMe K 3HAYSHUSIM ITOTo rokasatens. Cieny-
€T YHOMSIHYTh TaKXe O COOTHOUIEHHH TEPMHHOB «aTpHOYyT» U «IOKa3a-
teaby. CIOBO attribute IMEET CMBICI HeOMbeMIeM020 C80lichea 00BbEKTa, a
MI0Ka3aTeNlb UCIIONB3YETCsS ISl OTPaKEHHs pe3yJbTaTa uUzMepeHus 3TOTO
CBOICTBa B KOJMYECTBEHHON MM KaueCTBEHHOHM Mwikane. B aHrnmiickom
SI3bIKE EMY COOTBETCTBYET CIIOBO indicator.

ITockonbky KkiaccuuKaus JOJDKHA OXBaThiBaTh MeTonsl MMO,
M3JI0’)KEHHBIE B Pa3HBIX TEPMHHAX, UCCIEIOBaHME MIpeaBapseTcs oObsICHe-
HUEM NpPUMEHJIEMBIX TepMHHOB. Ha 3Toli OCHOBe ocymiecTBieH 0030p
Hambosree m3BecTHRIX MeTo0B MMO. M3 HUX BBIENEHa TPyIIa METOIOB,
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MIPUMEHSIOMNX OICHOYHbIe QyHKIMU. CXOICTBO M pa3iuyue 3THUX (QyHK-
LI TIOJIOKEHO B OCHOBY IIPEAIaraéMoi KJIacCH(HKALMK TPYMIbI METOJOB
MMO. OHno ucnonb3yeTcs Uil BBIPAOOTKH OOLIMX PEKOMEHIAIMH 110 TPH-
MEHEHHIO paccMaTpuBaeMbix MeToqoB MMO. 3aximounTeNnbHBIA TpuMep
JIEMOHCTPHUPYET paclIMpeHHbIE BO3MOXHOCTH OJHOro u3 MeronoB MMO
KaK CIJIC/ICTBHE NPEVIOKECHHOHN KIIaCCU(PHUKALIH.

2. Kpatkuii 0630p meTonoB MMO. Kak O6bu10 0OTMEUEHO paHee, B
0030pe [14] oTcyTCTBYET pa3zielieHne MOIeNeld 1 METOJJOB OIICHUBAHUS U
OTHECEHME UX K OMPEJEeICHHBIM KiaccaM. {1 UX MepBUYHOTO pa3Indus
MIPEMEM 32 OCHOBY JEJICHUS NMPHHLIUI CO30aHus MOIENel OICHWBAaHUS.
Mogens MMO co3gaeTcs 1M00 Ha OCHOBE MOJIEIHM ONTHUMH3AILMHU, JTH00
Ha ocHoBe npexanourenuit JIIP. Mogenu nepBoro Tuma Ha30BEM onmu-
MU3AYUOHHBIMU, 3 BTOPOTO THUMA — 9KCHepmHbiMu MonaeasiMu. VX poxo-
HayaJbHUKaMU SBJIAIOTCS HayudHble HampaBieHus «MccimegoBaHue ome-
pauuit», «Teopus ympasiaeHus» A Mojeneil mepBoro tumna u «Cucrem-
HBIl aHamu3» — Aas  Mogened Broporo Tuma. Hecmorps Ha
MIPUCYTCTBHE ONTUMHU3AIOHHOTO U 3KCIEPTHOTO (aKTOPOB B MOJENAX
000MX THNOB, MpeaIaraeMoe pasjelieHie yJ00HO B CMBICIIE YKa3aHHUs Ha
MIEPBUYHOCTh KaXJIOTO U3 3TUX (PaKTOPOB.

Monens npeanourenuii JITIP peanusyeT oTHOMIEHUS NPEeNOYTEHUS:

— Ha MHOJYKECTBE 3Ha4eHMH j-ro nokazarens Ryc ¥;x ¥j;

— Ha MHOXECTBE IoKazarenet R F x F,

— Ha MHOXECTBE 00BEKTOB Ry X x X.

Mogens [IpO uHBapHaHTHA IO OTHOLICHUIO K PA3IUYHBIM MOJEIISAM
npeano4YreHuid. MIMeHHO OHM M ompenensioT paszauuue MeronoB MMO,
KOTOPBIE U SBIAIOTCS TPEAMETOM JaIbHEHIIIEr0 paCCMOTPEHHS.

ITo cmocoOy 3amanust mpeanodTeHWs pasgeaum moxenn MMO
Ha césA3aHHble U Hec8A3aHHble TI0 TIPEATIOUTEHUSM C anbTepHaTuBaMu. CBi-
3aHHas Mojenb npeanodreHuil JIIIP oTHomeHus coBMemaeT Bce TpU THUIA
OTHOLICHMH IpennodreHus. B HecBszaHHOM Moznenu npeanoureHuil JIIIP
OTHOIIICHHE ITPEATIOYTEHUS] Ha MHOXECTBE OOBEKTOB peaM3yeTcss Ha OCHO-
B€ MEPBBIX JIBYX THIIOB IIPEANOYTEHHH.

B cBsa3aHHONM MOAENHM OTHOIIEHHWE NPENNOYTEHHSA Rpp;C X xX 1o
KaXJIOMy II0OKa3aTeli0 TPEACTABIIETCS MAaTpUIEH TapHBIX CpaBHE-
Huit (MIIC). 3naueHus: npeAroYTEeHN Ha MHOXKECTBE OOBEKTOB 3a/1a0TCs
sKcrepToM. B Hambosee KOHIIEHTPUPOBAaHHON (hOpME 3Ta MOJEIb peann3y-
ercst B metogie AHP T. Caaru [3]. B paznuunbix hopMax 3TOT THI MOJIEIA
peanusyercst APYTUMH METOAAaMH, HA3BaHHBIMH B aHTJIOS3BIYHOM JIUTEpaTY-
pe HEPEHTUHTOBBIMU METOIaMK OlleHuBaHusl (outranking methods) [14].

Takoe Ha3BaHHWE «OT MPOTHUBHOTO» OTPa)KaeT Ha3HAYEHHE ITHX MO-
neneid. Ix ocHOBHas Lenb — BBIOOp HawIyulleil anbTepHaTUBBI (00bEKTa),
XOTSI CIIEJICTBHUEM TIpOIiecca BBIOOpa SBJISETCS YIOPSA0UCHNE allbTEPHATHB.
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K sTomy kiaccy mpuHajiexar BCe METO/bI, OCHOBaHHBIE Ha NPUMEHEHHU
OTHOIICHHS MPEAIIOYTEeHIsI HA MHOXKECTBE anbTepHAaTHB. K HIM OTHOCSATCS
metoq ANP (Analytic Network Process) [16] kak 0600mienne merona AHP,
meron ELECTRE (Elimination Et Choix Traduisant la Realite —
HUCKIIIOUEHUE u BEIOOD, oTpaxarouiee peanbHOCTh) [171,
PROMETHEE (Preference Ranking Organization Method for Enrichment
Evaluation) [18] u oTeyecTBEHHBIN METO ] BEpOAILHOTO aHAIH3a aJIbTePHA-
tuB (BAP), pazpaborannsrii kommekTiBoM akanemuka O. . Jlapuaesa [19].
TpyaoeMKoCTh TMOCTpOeHMsI CBA3aHHOW Mojenu wmeroaoM AHP
T. Caatu oueHUBaeTCsA KOJIMYECTBOM OIepaluii, TpeOyeMbIX Ui COIIOCTaB-
neHus N albTepHATHB 110 1 TToka3aTensiM. OHa omnpezersiercs o ¢popmyie:

NN-D

5 M

Opnp =

CornacHo ¢opmyrne (1) TpyaoeMKOCTb MOCTPOSHHS CPABHUTEIBEHON
MOJIeNIi OBICTPO YBETUYHUBACTCS C POCTOM PAa3MEPHOCTH albTEPHATHB, YTO
OTPaHUYMBAET MPUMEHEHHE ITHX MOJAETEH Ui pelIeHns 3a1a4 OLCHUBAHUS
Oouibioii pasmepHocTH. Ha HawanbHOM 3Tane pasButust TIIP ato orpanu-
YEeHHUE He SBJISUIOCHh KpuTHuecknM. OCHOBHOE BHHMaHUE YAEIAI0Ch Gpopma-
nmu3anuu npeamnoutenuit JIIIP u mpobieMe HE3aBUCHMOCTH KPHTEpHEB
1o npeanouyreHuto. OrpaHudeHne Ha Pa3MEpPHOCTh 3aJlaul 0Ka3aJloch KpH-
THYECKUM JUIsl OLICHUBAHUS OOJBLIOTO KOJMYEeCTBAa OOBEKTOB M CIIOKHBIX
00BEKTOB, XapaKTEPHU3YIOIIMXCS JecATKaMu Ioka3areneil. [Ipumepom 3amay
NIEPBOrO TUIA SBISETICA ONpefencHue pedTuHra 85 peruonos PO
IO TTOKA3aTeIsIM COIMaIbHO-3KOHOMIYeckoro passutus [10]. IIprmepom
3aJad BTOPOTO THUIIA SIBISETCS OLCHWBAaHWE KauyecTBA M TEXHUIECKOTO
YPOBHSI CIOXHBIX cucTeM [6]. s pemieHns Takux 3amad BOCTPEeOOBaHBI
«PEHTHHTOBBIC» MOJIENIN U METO/IbI OLICHUBAHUSL.

B «peHTHHTOBBIX» METOJaxX OLIEHUBAHHS HE JIyYIIHE, TO €CTh HEOIl-
TUMaJbHbIE OOBEKTHI HE HMCKIIOYAIOTCS M3 PAaCCMOTPEHHs, a IOceMy He
Ha3bIBAIOTCS aJbTEpPHATUBAMU. B 3THX MoJIeNix NMepBUYHO yNOpSJOUYCHUE
BCEX 0OBEKTOB, HA OCHOBE KOTOPOT'O BBIOMPAIOTCSI HAMJTYYIIINE BAPHAHTBI.

TpynoeMKoCcTs MocTpoeHus uepapxuueckoi mogenu MMO Ha oc-
HOBE HECBS3aHHOW MOJIENHN C OOIIMMH IPENNOYTEHUAMHE IJIsl BCeX 00BEKTOB
oleHuBaeTcs HopMyIIOH:

1 k
Q:n+—2nl.-(ni—l). 2)

2 i=1
Bropoe cnaraemoe B (opmyiie (2) oTpakaeT HCIIOIb30BaHHUE CPaB-
HUTEIBHBIX MOJICNICH I BBIYMCIICHUS BECOBBIX KOY(D(HUIIMEHTOB, TIpUME-
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HACMBIX UIA MOJYYCHUS CPECIHCB3BCIICHHBIX OILICHOK 06’BCKTOB. B otimmune
ot ¢popmynbl (1), CpaBHEHHIO MOABEPrarOTCS HE OICHUBAEMbIC OOBEKTHI,
a XapakTepu3ymollue ux nokaszarenu. B uepapxuueckoir mogenun MMO mo-
Kazarenu pa3OMBAIOTCS MO WX HA3HAYCHHUIO HA TPYINBL B i-0 rpymmy,
i =1k, Brmovaercs n; nokaszareneil. Takum oOpa3om, GoJjpline (MHOTO-
MEpHBIE) W CJIOXHBIE (HEOTHOPOIHBIC) 3aJadd PemaroTcss THOPUIHBIMU
MeToAaMu. B JaHHOM ciy4yae pedTuHroBbIi Meton (ranking method) orre-
HUBAHHS JOIOJHACTCS HEPEeHTHHrOBbIM MeTomoM (outranking method).
Taxk, Hanpumep, B [20] paccmaTpuBaeTcss METOUKAa MHOTOKPUTEPHATEHOTO
JIByXYPOBHEBOIO aHAJM3a IyHKTOB Pa3MEIICHUS THAPOIICKTPOCTAHIUH,
coueraromias B cebe dtanbl npumeneHust MetooB MAUT u AHP s BeI-
00pa HAWITYYIIIErO PEIICHUS.

®opmyna (2) oTpaxaeT HE3aBHCHMOCTh MOJETH IIPEIIOYTCHUH
JITIP ot monenu [IpO unu, UHBIMU CIIOBaMU, HECBSI3HOCTh ITUX MOJEIIEH.
OHa mposBIsSeTCS B TOM, 9TO 00BEM MpeAmodTeHuid () HE 3aBHCHT OT
YHUCJIa OLIEHUBAEMBIX OOBEKTOB V. DTO U SBISAETCS OCHOBAaHUEM IS HIME-
HOBaHUS METOJIOB YIIOPSIIOYCHHSI 0OBEKTOB Ha OCHOBE HECBSA3aHHOU MO-
IeMd PEUTHHTOBBIMH METOIaMH, ITOCKOIBKY OTCYTCTBYET OTpaHH4e-
HHE Ha YHCIIO OLIEHNBAEMBIX 0OBEKTOB.

Jis cpaBHEHHS HECONOCTABHMBIX IO pecypcaM OOBEKTOB IpUMe-
HAKTCA [Ba cnoco6a: BBIYMCJIEHHE OTHOIICHUS 3HAYE€HUH ITOKa3aTels
K UMCIOIUMCST  pecypcaM Ui O0eCHEeUCHHsI COMOCTaBUMOCTU OOBEKTOB
OTHOCHTENIFHO OOIIEro HeNeBOro 3HAUCHHUS ¢; U UHOUBUOYAIbHOE TIITAHUPO-
BaHME LEJICBOTO 3HAYCHHUS j-TO MOKAa3aTels Cj; IS KAKIOTO i-T0 00BeKTa,

i=1L,N. TpymoeMKkocTh TOCTpOCHHS Huepapxudeckod wmonxenn MMO

Ha OCHOBE HOpMaTHBHOﬁ MOJ€C/IN C UHANBUAYAJIbHBIMU Tpe6OBaHI/I$[MI/I JIIsL
N 00BbeKTOB OIleHHBaeTCs (HOPMYJION:

Q=N~n+§ﬁn,-~(nl——1>. 3)

i=l1

Jlyist BBIUKCIIEHUS] O0OOIIEHHBIX OLIEHOK OOBEKTOB IO BCEM IOKa3a-
TEJISAM MPUMEHSIOTCS pasinyHbie oooomarmue Gyukiun (OP). Hanbosis-
[ee pacrnpocTpaHeHWEe Ha MpaKTUKE Moaydwin anautiBHas (AOD) u
myabTuiiikatuBHas (MO®) ¢yHKIMU, Aalomye CpeaHeB3BEIICHHBIC
OLIEHKH 00beKTOB [21].

B pabore [22] Ob1 mpeanokeH MOAXOA, OCHOBAHHBIM Ha 3aMEHE
¢byHkumid mone3sHocty uensiMu (targets). OHaKO B JIEHCTBUTENBHOCTH 3a-
JJaHUE IIEIEBBIX 3HAYCHUI HE MPOTUBOPEUNT 33aHHIO MTOJIE3HOCTH Ha IIKa-
JIe TIOKa3aTeJst, 9To OyIeT OKa3aHo HIKE.
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B paGore [4] Obuta mocTaBieHa MOA COMHEHHE IMapajnrMa MHOTO-
KPHUTEpUAILHOTO OLICHWBAHMS, OCHOBAHHAS HA TOJ[yYEHUH KOMIIPOMHCCA B
JOCTHYKEHUH YacCTHBIX LIeJIeil ¢ IPUMEHEHHUEM CpPEJIHEB3BEILICHHBIX OLIEHOK
00beKTOB. JIOCTHIKCHHIO MaKCHMaJIbHOW ITOJIE3HOCTH (IICHHOCTH) ObLTa
MIPOTHBOIIOCTABIICHA ~ NapajurmMa  JOCTHXKEHHs  IIOCTaBICHHOW  Iie-
mu (Reference Objective), TpakTyeMoil TOUKOI B 7-MEPHOM IIPOCTPAHCTBE.
YTBepKAAIOCh, UTO «It00ast TOUKa B LIEJIEBOM IPOCTPAHCTBE, HE3aBUCHMO
OT TOTO, NOCTM)KMMA OHAa WJIM HET, WACAIbHA WM HET, MOXET HCIIOJIb30-
BaThCsl BMECTO BECOBBIX KOI((HUIMEHTOB sl MOMy4YeHus! GpyHKuuii, KoTo-
pble UMEIOT MUHUMYMBI TOJBKO B Toukax Ilapero». B kauectBe TakoBOil
(GyHKIMK OBUT IPEIOKeH MUHUMAKCHBIH KPUTEPUH YacTHBIX OTKJIOHEHHH
OT ITOCTaBJICHHOW I1€JIM (TOYKH B IPOCTPAHCTBE).

B [23] B kayecTBe MCTOYHMKOB YACTHBIX IEJNEH MPEIOKEHO HC-
M10JIb30BaTh OTPaHWYMTENbHBIE KPUTEPHH C pEaNbHBIMH LeisiMA. Merton
YCIIOBHOHM ONTHMHU3AINH [24] mpeanonaraeT UCKIIOUCHUE U3 YIIOPSA0ICHUS
00BEKTOB, HE YJOBJIETBOPAIONIMX OrpaHndeHusM. B pabore [23], xak u
B [4], Bce 0OBEKTHI MOUICKATH YHIOPSIOUYEHHIO 110 OOIIMM OILIEHKaM He3a-
BHCHMO OT JOCTW)KEHHS MMM YacTHBIX Iiesied. Ha aToM ocHOBaHMM OH ObLI
HAa3BaH MemoO0OM MASKUX NPUMA3AHUL WA npubaudceHuem k oopasyy. Ox-
HAKO B OTJIMYHE OT paboThl [4] He oTBepranucy O, naronme cpeIHEB3Be-
IICHHBIE OLIEHKH OO0BEKTOB. Takum 00pa3oM, HE3aBHCHMO OT BBIOpaHHOMN
O® meTonp! ynopsAoUeHHsT OOBEKTOB pa3/ielIdM Ha METOMIBI QOCMUIICEHUS
U OMKIOHEHUs OT LEIH.

3. ocranoBka 3amaun. TpeOoBaHus K 00bEKTAM 3aJalOTCSl HA OC-
HOBE OMHAPHOTO OTHOLICHUS MPEANOUYTeHUs Ryp [21], obnanaromero cBoii-
CTBaMH HECTPOTO TOPS/IKA, U ITOTOMY OOpa30BaHHOTO OOBEIMHEHHEM OT-
HOIIEHUll npesocxoocmea R_ U coomeemcmeus R_, TPeACTaBILAIOLINX

OTHOIICHHSI CTPOTOr'0 MOPs/IKA ¥ SKBHBAJICHTHOCTH, TO €CTh R, = R_UR_.

B ¢yHkipronanpHON GopMe OTHOLIEHHE MPENIOUTeHUs Ryp C X X X,
CBsI3BIBAlOIICE MApy OOBEKTOB Xj X; € X, TO €CThb X; Pryp Xy, OTHMCBHIBAETCS
JBYXMECTHBIM MPEAUKATOM Pruy(Xi, Xi). [Ipesocxodcmeo x;> xr 0ObeKTa X;
HaJl 0OBEKTOM Xi MIPEACTABISIETCS] IPEAUKATOM > (X, Xx), @ COOmMBemcmeue
OOBEKTOB X; U X; — NMPEAUKATOM = (X;, X). OTHOIIEHHUS MPEBOCXOJCTBA U
COOTBETCTBHSI OOBEKTOB X; M X; O j-My ITOKa3aTelo MPEeACTaBISIOTCS 1pe-
mukatamu > (fi(x:), fi(xe)) u = (fi(x:), fi(xk)), 3aJar0MMMH COCTaBHOE OTHOIIIE-
HHE MPEINOYTEHNS RHW =R>,j UR:J C XxX . 3nec U manee UCHONB3Y-

IOTCS CIICIYOIINE 0003HAUCHUS:
1) X={x1,...,x;...,Xy} — MHOXECTBO OIICHUBAEMBbIX OOBECK-
TOB (QJIBTEPHATHB), | X|=N.
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2) F={fi,....fj,....fn} — MHOXKECTBO IIOKa3aTeJied, OTpaKaloIIUX
pa3Iu4yHbIe CBOMCTBAa OOBEKTOB, | Fl=n.

3) Y, — obnacTh 3Ha4YCHUIT (JOMEH) j-T0 MOKa3aTels, TaKKe Ha3bIBa-
emasl IKaJol Toro nokasateins. OHa omnpenesnseTcss Kak HEKOTOPBIH OTpe-

30K [Vmin, Vjmax], j =11

4) y;=fi(x) — 3HaueHUE j-TO MOKA3aTEsI 1151 00BEKTA X.

[Ipn KOIMYECTBEHHBIX OLIEHKAX j-TO MOKa3aTelsl B KA4eCTBE IPEIu-
KaTOB MPEBOCXOJCTBA MPUMEHSIOTCA OTHOIICHHUS «>» («OBITh OOIBIIE») 1
«<» («OBITh MEHBIIIE»), @ B KAYECTBE IIPEAUKATOB COOTBETCTBUSI — OTHOLIE-
HUS «=» («OBITH paBHBIM») B «€ [ |» («IIPHHAIIEKATH OTPE3KY»).

[Tpeanourenue R,p; npeobpasyeTcs B kpumeputi 3aJaHAEM LENIEBOTO
3HAUYEHUs ¢; B poJIn 0a3bl CpaBHEHUS € JIFOOOI BEIMUMHOH V; = f(x) Ha IIKaje
J-TO IoKa3aTelis, 3a1aBaeMON OTPE3KOM [Vjmin, Vjmax]- Ll€I€BOE 3HAUEHUE C;
3aj1aeTcs MO0 Ha TPaHMLIE IIKAIBI OKA3ATENS (Cj =)/ max, WIN Cj=2)jmin) WIN
Ha TOYHBIX TPaHSIX MHOXeECTBa Yj, MO0 B NPOMEXYTOYHOW TOYKE IIKa-
TBI (Vjmin<Cj<Vjmax). | PaHUYHBIM LEJISIM COOTBETCTBYIOT KPHTEPHH
yi—>max u y;—> min. B [21] oHu Ha3BaHbI yenesvimu KPUTEPUIMH, a TIpe-
Clle/lyeMble MU LENH — udeanbHbimu eniMu. OTMETHM, YTO 3/1€Ch U jaee
CHMBOJIMUECKAsl 3alUCh «y —> eXtr» O3HayaeT TpeOOBaHWE IMOUCKA IKCTpe-
MaJIBHOTO (HanOOJIBIIEro JM00 HAWMEHBIIETr0) 3HAUCHUS BEJMYMHBI Y Ha
HEKOTOPOM MHOXKECTBE.

LleneBoil KpUTEpUl XapaKTEpU3yeTCs OAHOPOJHOCTBIO MPEANOYTE-
HUSI Ha 6cell wikane j-ro mokaszarens. OHO peannu3yercsl 3alaHieM B Kade-
cTBe 0a3bl cpaBHEHHUS B mpeaukare Pr()j, ¢;) IeneBoro 3HaYCHUs ¢; Ha Ofl-
HOI M3 rpaHuIl MKaJbl j-ToO MoKa3aTend. base cpaBHEHHS ¢j=2)min COOTBET-
CTBYeT  MaKkcumuszayusi ~ 3Ha4eHWH j-rO  [oKas3areysi, TO  €CTh
Yi—> max < Pr=()j, ¥imin), @ 6a3¢ CPaBHEHUS C;=Yjmax — MUHUMU3AYUSA ETO
3HAYEHUMH, TO €CTh ;= min <> Pr<()j, Vjmax), IOCKOJbKY OLIEHKA BBIIOJIHE-
HUSI TpeOOBAHMUs, HAMPUMEP MAKCHMH3AIMU, PEATU3yeTCs IIyTEeM CpaBHE-
HHUSA 3HAYCHUS ); C HAUMECHBIINM BO3MOKHBIM 3HAYC€HUEM V) min.

enb, Ha3HAUEHHAs B IPOMEXYTKE MEX/Iy TPAaHUYHBIMH 3HAUCHUSIMU
LKAl TTOKa3aTessl, Ha3BaHa pedibHOll, a COACPKALINA ee KpUTepuil — ogpa-
HUYUmMenbHblM KPUTEPHUEM TI0 aHAJIOTUH C ONTUMH3AIMOHHOW MOJIENIBIO Ma-
TEeMaTUYECKOTO IporpammupoBanus. [lpu peanuszammum NpeArovTeHus npe-
BOCXOJICTBA C BKJIFOUCHHEM OTHOIICHUS paBEHCTBA );=c¢; (hopMupyroTcs
OTPaHUYHUTENBHBIE KPUTEPHN «OOJIbBIIE MM PAaBHO» (OTPAHMUICHHUE «CHHU3YY)
Prx(yj,c)) M «MeHblle WINM DPaBHO» (OTpaHMYCHHE «cBepXy») Pr«(y, ¢j).
B nH(uKCHO# (hopMe OHM 3aIUCHIBAIOTCS KaK )= ¢ M ;< C; COOTBETCTBEHHO.

[Ipu peann3anuu OTHOUICHUS COOTBETCTBHUS C 0a30i CpaBHEHUS
Cjy Yjmin<Cj<Vjmax GOPMHUPYETCS MoyeuHblli OTPAHUINTEIBHBIN KpHUTE-
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puii Pr-(y;, ¢;), a ¢ 6a30i CpaBHEHHUA [Cju, Cj,s] — UHMEPBANLHBIN OTPAHU-
YUTENbHBIH KpuTepuilt Prii(y;, [Cin, Cj:]). B 3TOM Kputepuu cjy — HIX-
HAA (Vj,min <Cju), @ Cjs — BEPXHAA (Cj5 <Vjmax) TPAHHUIIA HHTEPBANA TPEOY-
e€MBIX 3HAa4YeHWH j-ro IOKa3aTeins, ONpEJeNIIeMOr0 COOTBETCTBYIO-
LM OTPE3KOM.

Koneuno, HasbIBast m000H TOKa3aTenb KPUTEPUEM, aBTOP JIEPKHUT
TpeboBaHus K HeMY «B yMe». OHako (popMabHO 3HAUCHHE j-TO MOKa3aTe-
7S y;=f{(X) 1 OIlEHKa €ro COOTBETCTBHS TPeOyeMOMY 3HAUYCHHUIO C; JBYX-
MECTHBIM npeaukaToM Pr(y;, ¢j) € {1, 0} — He ogHO U TO Xe.

Mopgens 3amaun MMO coctout u3 nByx dacreit [21]: monenu [IpO
u monenu npeanourernit JIITP. Monens [IpO conepxut mHGOpPMAIHIO O
COTIOCTaBIIsIEMBIX OOBEKTAaX W MX cBoWcTBax. Ee gopmanpHON MOAenpio
SIBJIIETCSL n-MEpPHOE OTHOIeHHe MOIIHOCTH N RspC Yix ... x Yy, n=|F|,
N=|X|. B ciry koHe9YHOCTH MHOXeCTB X U F' 3Ta MOZeNb IMpeCTaBsIeT-
cs mpsiMoyrojbpHOU Tabmuneir «O0bekThl/Ilokazatenu ([Ipusnaku)». B
CTpOKax Ta6J'II/II_II)I, MIOMEUYEHHBIX UMEHAMHU 00BEKTOB U3 )(, NEPCUUCIIAIOT-
Csl 3HAUEHMs BCEX IMOKazaTelslel I 3THX 0OBEKTOB, a CTOJIOLBI 03ariaB-
JIeHbl UMEHaMU IoKa3aTejed u3 MHoxectBa F. IlpousBenenue N-n xa-
pakTepu3yeT pa3MepHOCTb 3ajiauu olleHHBaHUs. Ha pasMepHOCTH 3anaun
BIUSET TaKXKe HEOJHOPOAHOCTHh  IOKaszaTeled, MpPOSBISIFOIIANCS
B pa3iMyMy UX JIOMEHOB. Paznuune 3akirodaeTcst HE TOJIBKO B IPUHAJ-
JISKHOCTH JIOMEHOB ITOKa3aTeled MHOXXECTBaM JIEHCTBUTENBHBIX R win
nenbix Z (npu OaJIbHBIX OIEHKAaX) YHCEN, HO U B BBIACICHHBIX M3 HHUX
TTOJIMHOKECTB JUISl KQXKJOTO TMokazarens. VIHBIMU clioBaMH, KaXkKIbIH TO-

kazatenb  fi(x), j=Lmn, u3MepseTca B  COOCTBEHHOH  IUIKa-

7€ ¥; = [Vimin, ¥jmax].

Mopens npeamoutenuii JIIIP BeipaxaeTcss OMHAPHBIMH OTHOIIIE-
HUSMHU TIPEATIOYTEHUS Ryp,, @ OHU, B CBOIO OYEPENb, 3aJAIOT COOTBET-
CTByIOILME UM Kpurepuu. Kak ObLIO OTMEYEHO BbIlIE, B ()YHKIHOHAIb-
HOW 3amucH J1000H KPUTEPH, KaK COOTBETCTBHUSA, TaK M NMPEBOCXOJCTBA,
MIPEJICTaBISAET COOOW HEKOTOPBIM NpeanKar, NPUHUMAIOIUN 3HauYeHue
«uctuHa» (1), ecnu 3amaHHasl 1eJb BBIIONHAETCS, U «J10kb» (0) — B
MIPOTUBHOM CJIyd4ae, Urpas pojib oyeHounou gynxyuu fo(y;) j-ro moxasa-
tenst (Oud), To ecTb yHKINH, OLEHUBAIOIIEH, yIOBJIETBOPSET JIM 3HA-
YeHHe j-TO IIOKa3aTelss ); 3ajaHHOMYy TpeOoBanmio. Ilpn pacmmpennn
obmactn 3Hauennit Oud f,(y;)) c wmHOXkectBa {0,1} Ha MHOXe-
ctBo [0, 1] mepexomoM oT ABy3HA4HOH (OyJIeBOH) JIOTHKHM K OECKOHEYHO-
3HaYHOH JIOTHKE, €€ 3HAUCHHNE XapPAKTEPU3YET CHeneHs YO0061emeopeHus
32/IaHHOTO TPeOOBaHUSI.

3ameTuM, 4yTO B cMbiciae Mepbl Ond sBiseTcss mokasaTeneM, HO
M3MEPSIOINM HE CBOMCTBO O0BEKTA, & Mepy COOMBEnCMEUs 3TOTO CBON-
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CTBa 3aJjaHHOMY TpeOoBaHui0. OOOOIECHHBIH MTOKA3aTENh, BEIYUCISICMBIN
00o6menneM 3HadeHNH 9acTHRIX Ond 1Mo HEKOTOPOMY MPaBUIY, CaM IO
cebe Toxe He sBisiercss KpurepreM. OH CTaHOBUTCSI TAKOBBIM IIPH 3aja-
HUH Ha €ro MIKaje HEKOTOPOTO OTHOMICHUS HpEeAnodTeHus. s Boranc-
JICHUsI 3HaYeHUH 0000LIEHHOTO MoKa3aTelis JUIsl 00BEKTOB, XapaKTepHu3y-
€MBIX PAa3sHOPOIHBIMH TOKa3aTEIsIMH, JOJDKHA HCIIOJIB30BATHCS €IUHAs
mKana. B kadecTBe TakoBoW Hambosiee BocTpeOoBaHa abcoltoTHAs
mkana [0, 1], yEuBepcangpHas IO OTHOIIEHUIO K aKCHOMaM TEOPHH H3Me-
peHmii. DTa mikana sBusieTcst obnacteio 3HaueHudt Oud fo(y;). B cmy-
yae ucnoas3oBanud Ond c enuHoi mkanon 3HadeHui [0, 1] mpenmoure-
HUS Ha IHIKajie 000O0IIEeHHOI0 MOKa3aTe/sl eCTECTBEHHBIM 00pa3oM 3ama-
IOTCSL OTHOWECHHUAMH {“>", “>” “— max”} nmm {“<”, “<”, “— min”}.

Pasymeercs, kaxmas Ound mo-ceoemy oTOOpakaeT OTHOIIE-
HUE TPEATIOYTEHUS] Ha IUKAJE [Vjmin, Vjmax] j-TO TMoKazaTens. OpHa-
KO OOIIHOCTh 00JIacTell omnpeaeneHus U 3HAUCHUIT [TO3BOJISIET CBECTH CO-
31aHHBIe pasHeIMH criocobamu Oud® B enunHylo cucremy. B ocHo-
BY 9THUX CHIOCOOOB  MOJIOXKEHBI ~ AKCHOMBI ~ KPUTEPHS U TEOPHUH
LIEHHOCTH/TIOJIE3HOCTH [25].

Cornacto [21] k Ou® f(y;), 06nacThio onpeeneHus KOTOPOH sBJIs-
eTcs IIKana j-ro nokasarend Y= [Vjmin, Vimax], j =1,n, OTHOCATCA creny-
forue QyHKINH:

— nensHoctu v: ¥;— [0, 1];
— mone3HocTH u: V;—[-1, 1];
— maHosad s: ¥;— [0, 200%];

— TPUHAAISKHOCTH 00BEKTa /-My KJIaccy I0 j-My MOKa3aTelro
w: G [0, 11, 1 =1,k ;

—  OTKJIOHeHws ot uemu d: ¥;—[-1, 1].

B [21] meToas1, peanu3ylonme COMmoCTaBIeHHEe 0OBEKTOB Ha IITKa-
nax Oud, ObM HA3BaHBI METOJAMH @YHKYUOHAAbHO20 6blbopa (DB)
B OTJIMYHE OT METOJOB KpumepuanvHozo evibopa (KB), peanm3yrommx
C TIOCTaBJICHUE OOBEKTOB Ha HCXOJHBIX IIKalax IIOKazareiei. AHIIO-
SI3pIYHBIE MMEeHa 3THX MeTonoB (ranking/outranking methods), orpaxka-
IOLIMe WX Ha3HaYeHHe, 00Jee CUTYaTUBHBI, YeM UMEHOBAaHUE IO «IIPHH-
UMy ACHCTBUSMY», TaK KaK B MpoOIlecce NPUMEHEHHS Ha3Ha4YeHHEe 0003Ha-
4aeMOT'0 MOXET PacCUIUPSATHCS.

Y4uThIBas pa3HOILIAHOBOCTh PACCMOTPEHHBIX MeToZ0B MMO, Ha
HaIl B3IJISA, 3aTPYXHUTENFHO KOHKPETH3MPOBATh HMX IpPHMEHEHHE I10
npuMepy pabotel [14]. OGocHOBaHHMEM pEKOMEHIAIMHA 10 TNpPUMEHe-
HUIo MeTooB MMO [0/KHA CIIy’)KUTh CHCTEMAaTH3aLus, OTpa)karomas
CXO/ICTBO W pasiune METOJ0B. B 0CHOBY Takolf cucTeMaTH3aluy IOJIO0-
xuM BHAel  On®d,  uwcmomb3yeMble  PEHTHHTOBBIMH  METOAAMHU.
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WX cX0ACTBO M pa3nnuue MPUMEHUM I BBIPaOOTKH OOIIUX peKOMeH 1a-
HI/Iﬁ Mo NPUMEHCHHNIO 3TUX METOJI0B.

[osTomy nanee nmoxpodHo paccmorpuM Oud, nx CBOWCTBA U CIIOCO-
OBl IPUMEHEHUSI B PEHTUHIOBBIX 3aJayax, Ha OCHOBAHWUH YEro MOCTPOUM
knaccudukaiyo MerooB OB n onpenenuM BO3MOXHBIE BAPHAHTHI X UC-
TIOJIb30BAHMSI.

4. OueHouHble GyHKIUY, peau3yIolye OTHOIEHHEe NIPEBOCXO/-
crBa. CornacHO caMOMy Ha3BaHHIO 3TOTO OTHOIICHHS M COOTBETCTBYIOIIIM
eMy npenuKaraM peaiusyomue ero Oud sBISIOTCS MOHOTOHHBIMU B 00J1a-

CTH onpeAeneHus Vi = [Vjmin, Vimax], j=L7.
On®d, co3maBacMasi Ha OCHOBE KPUTEPHS MPEBOCXOJICTBA, OTOOpaxa-
€T 3HAa4eHUs W3 MIKAIbl j-TO MOKA3aTens [Vjmin, Vimax] B MKamy [0, 1]:

fu: Y;—[0,1]. Jna mpennoureHust y;>c¢; QYHKIHMSA fumax();) Ha OTpes-
K€ [Vjmin, ¢j| BBIUMCIISIETCS TIO (hOpMYIIE:

Y=Y min
fH,max (y/) =Cj—j’+b‘ (4)

J yj,min

B ¢opmyne (4) BennunHa b — HIDKHSIS TpaHHWLA 3HAYCHUH (QyHK-
OUA fumax- Qs obmactu 3Hadenwuit [0, 1] b=0. Jluneiinoe oToOpake-
Hue fi: Y;— [0, 1] HaseBaroT nopmupyiowei ¢ynxyueti. Takum obpa-
30M, M€pa JOCTH)KEGHHS OOBEKTOM X LeNH, 3aAaHHOW Ha TpaHu-
e [IKaJbl, OEHUBACTCs JMHEWHOW HopMmupylomend ¢yHkuuen fu(y;) j-
ro nokasaTe’is.

B [21] Hopmupyromast pyHKIHMS TOKa3aTessl TPAKTYETCs KaK JIMHeH-
HBIH BapHaHT QYHKIMU LEHHOCTH V();) WK nosne3noctH u(y;). Hopmupyro-
mast yHKIUS fiy max CAMHCTBCHHA B CITydac HIICAIbHON IE]TH, COBIAIAIONICH
C BEpXHEH IpaHMIEeH IIKAIBL ¢;=2)jmax (BBIOOp MO MakcumyMmy) [5]. B [21]
OHa HasbiBaeTcs (QyHKIHEH docmudicenus udeanvrou yenu (JULL). Ipu-
OMIDKeHUe K 1M CONIPOBOXKIACTCS YBEIMUCHUEM 3HaueHHsT QYHKINH fq()))
J-TO TIOKa3aTess W IpH JOCTIKEHUH HAealbHOW 1emn fu(c))=1. Ilpumep
¢ynaxoun [IUL mokasan Ha pucyHke la nuHuEH 1.

B oTnmume oT mueanbHOM Lenw peanbHas LENb Cj, 3ajaBaeMas
OTPaHUYUTENBHBIMU KPUTEPUAMU (), ¢;) U <()}, ¢;), OTBEYAET yCIOBHIO
Vjmin < Cj <Vjmax Ha IIKAIE [Vjmin, Vimax]- B [21] Takas Touka c; paccmar-
pHUBaeTCsA Kak peanvhas 1enb (target). PeanpHOW menu cTaBUTCS B COOT-
BETCTBHE IPHEMJIEMOE 3HAUYEHHUE IIOJNIE3HOCTH (LUEHHOCTH) fu(Cj)=ujn B
nuanazone 0 <uj; < 1.
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o

(Y
[
|

.y
1
[
|
C:
J

)j',max yj J;‘,max yj

)
Puc. 1. JIuneliHble ¥ KyCOUHO-TUHEHHBIE BAPHAHTHI OLICHOYHBIX (DYHKIIHIA:
a) — GYHKIMH HEHHOCTH; 6) — QYHKIIMH TOIE3HOCTH

B obmem ciyuae, koraa ¢;# (1maxtV;min)/2, IEJIEBOE 3HAYCHUE C;
CTaHOBUTCS TOYKOHM m3noma Oud j-ro mokasarens, a cama (QpyHKIUS CTaHO-
BUTCA cocTaBHOW. [lepBast ee 4acTb f'umax())), OTpaXkaromias DOCTH)KEHHE
LeNU U TPEANIOYTEHHs V;>¢j Ha OTPe3Ke LIKaJIbl MOKa3aTels [)jmin, ¢,
Beumcisiercst no ¢opmyne (1). Bropas wacte Oud j-ro moxasaresns
2y, ¢;) — QyHKIHA [ max(yj), OTpaXkaroIasi MpeBbIICHNE LETH Cj, BBIYNC-
nsercs o ¢opmyie:

. —C.
S ) ==L, Q)
jomax ~ €

B memom On® j-ro mokasarens, MOACTHPYIOMas MPEIIOYTeHUE
kputepust >(yj, ¢j), TPEACTABIIET COOOW KyCOUHO-TMHEHHYIO (DYHKIHIO
fumax- B [21] oHa Ha3BaHa ¢yuryuetl docmudicenusa peanvrou yeau (JPLY).
Ha pucynke la mepBas ee 4acTb f'umax(y;) TpeACTaBiIeHa IHHUEH 1',
a BTopas 4acth f"ymax(y;) — MMHUEH 1". AHAIOTHYHBIM 00pa30M CO3JAF0TCS
yHun JPLL fusmin(0))s f wasin07) 1 f"wain) A5 kpUTEPHS (7 C)), MPEL-

CTaBJICHHbIE HA puUCyHKe la nmuHusamu 2, 2' u 2".
Pa3zHOBUIHOCTBIO (DYHKLMIT NOCTHIXKECHUS LIENU SIBISETCS MAAHOBAS
@yuryus s(y;). Ob6nacTh ee 3HAYEHUI OrpaHINUYeHa CBEPXY JBYKPATHBIM BbI-
rojiHeHHeM IuiaHa. OTHOCHTEIBHO HEBBIIIOJHEHHUS M IEPEBBINTOIHEHHS
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IUIaHa 00JIacTh 3HAUSHUH TUIAHOBOW (PYHKIIMH TaK)Ke MOXET ObITh CBEJCHA
K OUMIOJIIpHO# abcomoTHOM 1miKae [—1, 1].

3HaueHue IulaHOBoro mokaszarens s(y;) € [0, 100) o3HadaeT wHegbi-
nonHeHue TUIaHA, IMEHYEMOe Ha sI3bIKE MOJIE3HOCTH IOTEPSIMHU, a 3HAUYeHHE
iaHoBoro nokaszarens s(y;) € (100, 200] o3HauaeT nepegvinonnenue MIaHa.
BrinonHenuto miana coorBercTByeT 3HaueHue s(y;)=100%. OcobeHHOCTH
IUTAHOBOW IMIKaJbl JaeT BO3MOXKHOCTb HMHAMBUIYaJbHOTO IUIAHUPOBAHMS
NoKazaTesiel Uil KaXAOoTo OLEHWBAeMOro 00bekTa x € X. JTO MO3BOJISIET
CpaBHHMBAaTh HECPaBHUMBIE 110 pecypcaM OOBEKTHI pa3HOM MPHUPOABI I10 Iia-
HOBOH (yHKIMH S();) B OJHOM n-MEPHOM IIPOCTPAHCTBE MOKA3aTENeH.

[lmanoBoe 3HaueHwe s();)) j-TO TOKa3arens 3agaeTcd Ha
LIKATIE [ min, Vjmax] (cM. puc. 16). [TogobHo Oud f;max, COOTBETCTBYIOLIECH
KpuTepuio >(yj, ¢j), TuiaHoBast QyHKOHS s();) MpeACTaBIsIET cOO0OM Takxke
KycouHO-JIMHelHy10 QyHkuuio. Ee cocrasmstommue s'(y;) u s"(y;) Beraucis-
fores o hopmynam (4) u (5). Ha pucysnke 16 oHM npeacTaBieHB THHHSIMA
I' m 1". Ilpu TpakTOBKE HEBEIIOJHEHHS IUTaHA MOTEPSIMH, KOTOPBIE H3Me-
PAIOTCS HA OTPUIATETBHON MoNMyocH, B Qopmyie (4) HIDKHSAS TpaHUIA
b dyukuun s(y;) b=-1. B wactHOM citydae npu ¢;= (Vjmax +¥jmin)/2 TIAHO-
Basi (DyHKLMS MTPOXOJHUT Yepe3 CPEIHIOK TOYKY ILIKAIBI [Vimin, Vimax] (CM.
nuHuo 1 Ha puc. 10).

Crny4alt ¢j# (Vjmax TVjmin)/2 O3Ha4aeT H3MEHEHHE IPEANOYTCHUS
IIPEBOCXO/ICTBA B TOYKE ¢; HA BTOPOM YydYacTKe IIKaibl rokaszarens. [Ipu
YBEJIMYECHUH YUCIIA YYACTKOB C Pa3HBIMHU IPEANOYTEHUSIMH PACTET M YUCIIO
KyCKOB Kyco4yHo-uHelHoH Ou®d [2]. Ilpu ycTpemneHun yucia y4acTKoB €
Pa3sHBIMH TPEINIOYTCHUSIMA K OECKOHEUHOCTH IOJy4aeM IJIaJKylO HelH-
Helinyro Oud.

Uccnenys norepero kak  wmonaenb  npeamnouyrenuit  JIIIP,
¢on Heiiman n MoprernmrepH [1] BBIABIIA 3aBUCHMOCTh THITa HEJIMHEH-
HOocTH On® ot cknonnoctu/HeckmonHoctu JIIIP x pucky. CrpemiieHue
JITTP x MakcUMalbHOMY BBIMIPBILTY IPU AOCTHXKEHUU L€ MOJEIUPYET-
csa Ou®, Bemmykioit BHU3 (cM. auHHUIO 1' Ha puc. 2a). Yem Ommke 3Hade-
HUE T0Ka3aTeNs K LEeBOMY, TeM OblcTpee Bo3pacTaeT 3HaueHue Ond.
Crparerust HeCKJIOHHOCTH K PHUCKY, TO €CTh «JIOBOJIHCTBOBAaHUS MaJIbIM)
Mozenupyercs Oud, Beimyksioit BBepx (cM. nuHuio 1" Ha puc. 2a). OHa
OBICTPO BO3pacTaeT B Hayalle IIKajbl, HO 110 Mepe NMPHOIMKEHHs K LeIH
CKOpOCTb BO3pacTaHusi 3aMmeiiisieTcs. B mpocrelimeM ciydae HenwHEH-
HOCTb TaKuX (PyHKIMIT MOIeTHpyeTCsl BO3BEJCHHEM B COOTBETCTBYIOIIYIO
CTeNeHb k TuHeWHoW HopMmupylomeld ¢yHkiuu (mpu k> 1 GyHKIHUS BHI-
myKJia BHU3, a ipu 0 <k < 1 — BBITTyKJ1a BBEPX).

OTka3z oT 5oTepem TpakTyeTcs aBTopamu [l] kak Oespasnuume
K PHCKY, TO ecTh oTcyTcTBHe HHTepeca JI[IP k mpuObum 1 K moTepsiM. JTo-

1144 Wndopmatyka n aBTomatunsaums. 2020. Tom 19 Ne 6. ISSN 2713-3192 (ney.)
ISSN 2713-3206 (oHnainH) www.ia.spcras.ru



MATHEMATICAL MODELING, NUMERICAL METHODS

My YCIIOBHIO COOTBETCTBYET HOJIE3HOCTh (c;) =0 B TOUKe ¢; Ha pUCyHKe 20.
OOnacTp 3Ha4YeHUH (QYHKIMHU MOJE3HOCTH C YYETOM HOTEph SBISETCS OU-
MOJIIPHO, TO ecTb u: ¥;— [-1, 1].

Jna ymensuienus noreps JIIIP ckiioHeH K pUCKYy Ha ydyacTKe IIKa-
JIBI [Vjmin, Cj), YCTPEMIISSICH K TOYKe Oe3paznmums ¢; (cM. KpuByro 1' Ha
puc. 26). JlocTurayB ee, OH MOXKET IPEIIoYecTb HECKIIOHHOCTD K PHCKY Ha
y4acTke (¢j, ¥jmax] (cM. KpuBy1o 1" Ha puc. 20).

VYuer ckinonHocTH/HecksoHHOCTH JIITP K pHCKYy MOXHO HCIIONIB30-
BaTh IS TIEPEX0/ia OT KyCOUYHO-TMHEHHOW (DYHKIMHN TOJIE3HOCTH B KyCO-
HyI0 HelnHeWHyo ¢(yHKmuio (cM. puc. 20), BO3BEICHHEM €€ B CTEIeHb
k>0. JlomoiHUTENBHO AJIS TIPEICTaBICHUA HEMWHEHHOW (DyHKIMH TOJe3-
HOCTH C I1eperuboM B LIeNeBOH TOUKE ¢; M 00JacThio 3HaYeHuH [—1, 1] Mox-
HO HCIIOJIb30BATh JOTHCTHYECKYIO (DYHKIIMIO CIIEAYIOIIEro BUA:

f°“"(yf):m'(1+exp("'(yj—Cj)))_1+b. (6)

—1¢&
a) 0)
Puc. 2. Henunelinble oneHOYHbIE QyHKIHH:
a) — QyHKIMH LHEHHOCTH; 6) — QYHKLIMH HOJIE3HOCTH

3nech ¢; COOTBETCTBYET IIEJIEBOM TOYKE, MapaMeTp ! OINpeAeisieT
CTeTIeHb HeMMHEWHOCTH QYHKINH (6) U ee HampaBJeHne: TpH ¢> 0 pyHKIUA
BO3pacraet (CooTBeTCTBYeT KpuBoi 1'-1" Ha puc. 20), a npu <0 — yObIBa-
eT (COOTBEeTCTBYeT KpHBOii 2'-2" Ha puc. 20). Macurabupyrolue napamer-
pel m u b onpenessiroT pa3dopoc obsacT 3HauYeHUi QyHKIWKH: mpu m=1 u
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b=0 ¢yHkuus umeer cBoeii 00nacTpio 3HaueHU oTpe3ok [0, 1], cranmapt-
HBIIl Uil JIOTMCTHYECKMX (QYHKUMH, a npu m=2, b=-1 orpe3ok [-1, 1],
XapaKTepHBIN Ul QYHKIHH [TO0JIE3HOCTH.

3amMeTuM, YTO MEePEXOA OT 3aJaHusl NPEANIOYTEHHH OT IBYX K OecKo-
HEYHOMY YHMCIY HHTEpBAJIOB YyBeluuuBaeT nHpopmaruBHocTh PDIT mpum
YCIOBUHM COOTBETCTBHUS IApaMETPOB €€ HEIMHEWHOCTH NpPEANIOYTCHUIM
JIIP. OnmuH u3 c1moco0OB penieHus! MpodJIeMbl IapaMeTpHU3aliii THITOBBIX
OI1 B MHOrOMEpHOU MOJIETH NPEANOYTEHUNA MPEIIOKEH B [26].

5. OneHounble (GyHKIUM, peaqu3yloliye OTHOIIEHHE COOTBET-
cTBHsA. B OTHOIIEHNN COOTBETCTBHS 32 IOCTHKECHHUE IIEIH CIEAYET IPUHATH
HNCTUHHOCTh TpeauKatoB Pr-(yj, ¢)=1 mnpu TOYEUYHOM COOTBETCTBHHU
u Priy(y), [Cjm, js]) =1 — Ipu MHTEpBaIBLHOM COOTBETCTBUU. [IpuMenuTens-
HO K OTHOIIEHHUIO COOTBETCTBHS OOJIBIIE MOAXOTUT MOHATHE Hopmbl. Mc-
TUHHOCTb YKa3aHHBIX IPEIUKATOB O3HAYaeT COOTBETCTBUS 3HAUCHHS
HOpMe ¢ (= ¢j) WM [Cju, Cjn] () € [Cims Cjn])-

3ajaHue HOPMBI 4epe3 TOYKY ¢; U OTPE3OK [Cju, Cjp] HA HIKAJE j-TO
MOKa3aTessl MOXKHO paccMaTpUBaTh KaK K7dcc €ro AOMYCTUMBIX 3HA4eHUi,
a BBISIBJICHWE NPUHAJISKHOCTH KlacCy — Kak 3ajady KiaccH(UKauuu
T10 IPUHIUITY «ToJeH/He ToaeH». B aToMm cMbiciie Oud cooTBeTCTBHS 3Ha-
YeHUs! J; HOPME Cj WIN OTPE3KY [Cju, Cjs] TPUMEM 3a QYHKIHIO TPHHAIEK-
HOCTH Wu(}))-

CromnpoueHTHas IPUHAUIEKHOCTh 00BEKTa X HOPME 10 j-My ITOKa3a-
TENI0 UMEET MECTO B TOuke ¢; Wi Pr-(yj, ¢))=1 u Ha OTpe3Ke [Cju, Cjs)
st Priy(vj, [, ¢js]) = 1. Ha pucyske 3a ToueuHas MpuHaUISKHOCTD MPE-
CTaBJeHa TOYKOH Mu(c;))=1. Ha pucynke 30 wHTepBaibHas NpUHALICK-
HOCTB NPEJICTABJICHA TOPU30HTATbHOMN uHuek 1°,

BeprukanpHble IMITPUXOBBIE JIMHUM BBIACIAIOT MMOJ00IACTH MPOOO-
pa3oB oToOpakeHHS Lass TIpUHAAJIS)KATIIE obxactu ero
OTIPENICIECHUS V) min, Vjmax]. IS MPAKTHUUECKUX 3aJad MPEICTABISACT UHTE-
pec He TOJIBKO MPHUHAAJIECKHOCTh 3HAYCHMS TOKa3aTesis HOpMe, HO U CTe-
NeHb NpHONIMKeHHs: K Hell. B npocreiiniem ciyuae npumeM JIMHEHHBIHA 3a-
KOH NPUOJIMKEHUS K HOPME OT I'PaHMUL] IIKAIIBI [V, min, Vjmax]-

CreneHb TPUONMIKEHHsT K HOPME OT JIEBOM TpaHUIBI IIKAJIBI
10 Hu(cj)=1 BBIYUCISETCS TaK JKe, KaK M JJIsl JIeBOH HOpMUpYoield (yHK-
UM OTPAHUYUTENIBEHOTO KPUTEPHSA [y max(yj) IO dopmyne (1) ¢ b=0. Cre-
MIeHb MPHUOJIM)KEHHST K HOPME OT IPaBOM I'PaHMUIIBI MIKAJbI 10 Ly(c;))=1 BbI-
yucisieres o popmyde (7):

Yimax ~V;

" _ Z Jrmax J

fH,max (yj) - . (7)
Vjmax =€
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Puc. 3. HeMOHOTOHHBIE OLICHOUHBIC (PYHKIINU:
a) — TpeyroJibHas; 6) — TpanenenJaIbHas

Ha pucynke 3a neBblil GpOoHT QYHKIMH IPHHAAICKHOCTH Lu();) TO-
YEYHOI0 COOTBETCTBUS HOpPME MpeAcTaBieH auHued 1', a mpaBblii ee
¢ponT — nmunuei 1". J{ns BeranciieHns GpoHTOB QYHKIMU IIPHHAIIEKHOCTH
Wu(yj) MHTEPBAJILHOTO COOTBETCTBHUS B (hopmyite (4) ¢;j 3aMEHsIeTCsl Ha Cju, &
B opmyiie (6) — Ha ¢jp. [lonmyueHHbIe QYHKINU COOTBETCTBYIOT TPEYroib-
HOW W TpameueuJaJbHON (QYHKIMAM HPUHAIICKHOCTH, HPUMEHSIEMBIM
B HEUETKOW KitacCH(UKaINK.

B pabotax [27, 28] yTBepKIaeTcs, 4TO «Ha MPAKTUKE Topasjo JIyd-
IIMe PE3yIbTAThI MOTYJaI0TCs, KOT/Ia HCIIONIB3YFOTCS TpocTeiiniie GyHKINH
MIPUHAUIC)KHOCTH: TPEYTOJNbHBIE W TpamelUEeBHIHBIE». TeM He MeHee
10 QHAJIOTUH C JIMHEWHBIMHA (YHKIMAMHE, PEATH3YIOIINMI OTHOLICHHUE TIpe-
BOCXOJICTBA, ISl IMHEHHBIX (DYHKLIUH COOTBETCTBUS HOPME TAKX€ MOTYT
OBbITb BBEJICHBI HEJIMHEITHBIE aHAJIOTH, KaK ITOKa3aHO Ha PUCYHKE 4.

yj,min

Puc. 4. HeMOHOTOHHbBIC HEJIMHEIHBIC OIICHOUHBIC PYHKIMU: @) — TOYCUHass HOPMa;
6) — MHTEpBaNbHas HOpMa

Henuneitnas Ond cooTBETCTBHS TOYEUHON HOPME C; 3a7aeTCsl Clie-
IYIOIIIM 00pa3oM:
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Hg(yjécj,f):eXP(—f'(Cj—yj)z). (8)

3nech mapamerp ¢j, COOCTBEHHO, 3HaU€HHE HOPMBEL, a mapametp ¢ >0
PETYAHNpYET CTENeHb KPYTH3HBI (PYHKINHU, TO €CTh CKOPOCTH €€ YOBIBAHUS
10 Mepe yNaJeHUs] 3HAUEHHs MOKa3aTelNs ; OT HOPMEI ¢j. DTO BBIpAKCHUE
omnpeneNsieT KOJ0KOI000pa3Hy KPUBYIO, MOJ00HY0 (YHKIIUK TUIOTHOCTH
HOPMAJIBHOTO paclpeneneHns, Ipyu 3TOM HOpMa ¢; aHaJIOTUYHAa MaTeMaTHu-
YECKOMY OKHJIAHHMIO, a ¢ — IUCIIEPCUH CIIy4aiHOM BEINYNHBI.

On®d cooTBETCTBUSL MHTEPBAIBHON HOPME [Cju, Cjs], KAK U COOTBET-
cTByIoIast (GYHKIMS HAa PUCYHKE 3, SIBJSIETCSI COCTaBHOMW: IOCKOJIBKY HH-
TepBaJIbHas HOPMa MPEACTAaBISIET CO00 KOMOMHALMIO IBYX OTpaHW4YEHHN
Vi=Cjuy, U Yj<Cjs COOTBETCTBEHHO. COOTBETCTBHE LIENH, OIpeesieMon
OTPAaHWYECHUEM «CHH3Y» WM «CBEPXY» MOXKET OBITh OMHCAHO (DYHKIHEH,
KOTOpOW COOTBETCTBYET JIOTHCTHYECKas KpHuBas (6) ¢ mapaMeTpamu Ipu
m=1 un b=0. Takum obOpazom, Oud cOOTBETCTBUS HHTEPBAIHHON HOP-
M€ [Cjn, Cjs), N300pakeHHAss KPUBOM Ha pUCYHKE 40, IIPEACTaBISAETCS Clie-
JYIOIINM BBIPaKCHUEM:

HE(J’/;CH,_/JMCB,/’Q) :fo};n(yj;cn,j9tl)'f‘oim(yj;cs,j’tZ)' (9)

3neck QYHKIHU f"oun M fPoun COOTBETCTBYIOT JIEBOMY W IIPaBOMY
(poHTaM, a apaMeTpsl # U f, PEryIupyIoT Pa3ae’dbHO WX HEIMHEHHOCTS,
npuueM >0, a 1 <0.

ITo cpaBHeHMIO ¢ TUHEWHBIMH M KycodHO-THHEHHbIMEH Ond Hemu-
HeltHpIe (QYHKIUN 00JaaloT TaKUMH MPEUMYIIeCTBaMH, KaK OOJbIIas MH-
(hOpMaTHBHOCTH 32 CUET HEMMHEHHOCTH M MPOCTOTa aHAJTMTHYECKOTO OIIH-
CaHus, Mo3BoJIAIoNIas yuyecTb ckioHHOCTh JIITP k pucky Ha pa3HbIX yuact-
Kax IIKaJbl OTHOCUTENIBHO 3a/JaHHOM LIEH.

6. ®yHKUMsT OTKJIOHeHHMs] OT meau. B [4] byHKuMs OTKIOHEHHUS
OT LIeJIM TPaKTOBaJIach KaK Mepa HEeJOCTIKMMOCTH Liesii. B HacTosimei pabo-
T€ TMOHATHE OTKJIOHEHHUS OT IEJIM PAcUIMPEHO B HANpPaBJICHUHU MPEBBILICHUS
e U TIPUMEHEHO K (pyHKIMAM HeHHOCTH/Tos1e3HoCcTH. COracHoO NpHHIH-
Iy «OT TPOTUBHOT0» (YHKLIMH OTKIOHEHHMS JOIOJHSIOT (QYHKIMH JOCTIKE-
HUS 1 cooTBeTcTBUs 1ean 1o 1. Ha rpadukax Oud 3ToT npuHIMN BRIpaXka-
eTcsl Yepe3 CUMMETPHIO COOTBeTCTBYIomMX (hyHkimi. Ha pucynkax 1-4 Ond
OTKJIOHEHUSI OT IIEJIM TIPEACTABICHbI MyHKTUPHBIMU JIHHIAMH. OTcrona cie-
JyeT, YTO TPHHIWI JIOMOJHHUTEIBHOCTH MO3BOJACT MPUMEHATh (YHKIUH
OTKJIOHEHHUSI OT LEU UL PelIeHHs 3a/iay yIOpsAA0YeHUS M KIacCHu(PHKALUH
00BEKTOB HapsAMy ¢ QPyHKIMAMHU JOCTHXKEHHUS U COOTBETCTBUSI LIENH.

Mepa HecooTBEeTCTBUS Ienu (HOpME) oToOpakaeTcs (QyHKIHEH OT-
KJIoHeHus d(y;). Yem nanpiie B qr00yi0 CTOPOHY OT LENH ¢j MM OT I'PaHHUI]
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HOPMBI [Cju, Cjs] OTCTOUT 3HaYECHUE ); j-TO MOKa3aTeNs, TeM OOoJbliIe 3Haue-
Hue ¢yHkuuu d(yy). @ynkuus d(y;))=0 B TOM cityyae, KOorja UMEeT MECTO
100 TOYHOE COOTBETCTBUE LENH (V= ¢;), TMOO0 MPHHAIIEKHOCTH }; OTpE3-
KY [Cjmin, Cjmax]. Takum oOpa3om, 0OBEKTHI, OLIEHUBAEMbIE 10 CTETICHH He-
JOCTHKEHUSI LIEJIN WJIM HECOOTBETCTBUSI HOPME, YIIOPSIIOYUBAIOTCS OTHOCH-
TEeNBHO KpuTepus d(y;) — min.

Oco0b1ii HHTEpEC TPEACTABILIET Pa3/eNbHOE PACCMOTPEHHE BapHAHTOB
HEJJOCTIKUMOCTH U TIPEBBIICHUS [IEJIH, CBOMCTBEHHOTO OTHOLIEHHIO MPEBOC-
XOZICTBA C pealibHbIMU LeSIsIMU. B [23] npeanokeHo cTeneHb HeNOCTHAKUMOCTH
LIETM OLICHHUBATh MITpadamu, N3MEpsIEMbIMHI Ha TTOJIOKHUTENBHON TOyOCH Tpa-
¢uxa QyHKIMH OTKIOHEHHS OT 1eii. CTeneHb MPEBBIICHNS e n3MepsieTcs
00J1acThIO TIOOMIPEHHUH HA OTPHIATENHHON moyocH Trpaduka. Ha prucyHke Sa
M300paKeHa KyCOYHO-TUHEHHAs (QYHKIUS OTKJIOHSHHS OT LIEEBOI0 3HAYEHUS
¢j IUTSL OTPaHUYCHUSI «» («HE MEHEee)» WM «CHHU3Y»), a Ha PUCYHKE 50 — s
OTPaHUYCHUS «<» («HE 00JIee» HITA «CBEPXY»).

d(y)

+1

Puc. 5. ®yHkumu OTKIOHEHHS: @) — CHU3Y (HE MeHee); 6) — cBepxy (He Ooree)

Ha pucyHke 5a 3HaueHuto yj1 <c¢; conocrasisiercs mrpad dv, a Ha pu-
cyHke 50 — mnooipenue —d";. AHaJOTHYHBIM O0pa3oM 3HAYECHHIO Vjp>¢; Ha
pHCYHKe 5a cornocTaBiisieTcs noolpenue —d"p, a Ha pucyHke 56 — mrpad d"j.

OTHOCHTETIBHBIC OTKJIOHEHHS OT UETH Ui OTPaHHYCHHS «CHU3Y»
BBIYHUCIIETCS 10 hopMyJie:

C. .
dy(y;) ~ ST e y;>c,

. —C.
H J,max J
d"(v)) = . (10)
dy(y;))=——"—, ecmmn y; <c;.
j yj,min
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Bepxuss ¢opmyna B Beipaxkenun (10), oTpakaromasi IpeBbILICHUE
LEJH, MPeJCTaBIsieT QYHKIMIO MOOMPEHUH dy Ha OTPULIATENBHON MOTYOCH
rpaduka, a HIKHIS hopMyrna — QyHKIHO mTPpadoB dy; HA MOJOKUTEIEHON
noiyocH rpaduka (cM. puc. Sa).

Oynkupu nooupeHnit ¥ mTpadoB IS OrpaHUYEHHST «CBEp-
xy» (cM. puc. 50) mpeacTaBiIeHbl COOTBETCTBEHHO B BHIPAKCHHH:

Y;—¢;

aﬁ(yj)=-—jf;—*—u ecm y; <c;,
dB = J J,min 11
o0 b Yi~C v
dm(y./_):—, €CJIn yj >C./-.
yj,max —C‘./-

Kak cnemyeT u3 n3noxeHHOTO, (DyHKIUS OTKIOHEHUS d();) 0000ma-
et nse (yHKIuM — mTpadoB dy(y;) U noompenuit dy(y;), ONpeneNeHHbIX
Ha MIPOTHUBOMONOXKHEIX Tonyocax GyHKmmu d(y):  d(;)=du(y)) +du(y)),
IIPU 9TOM Ha TeX Y4acTKax WiKaibl, riae du(y;) #0, dn(y;) =0 u Haobopor. Drta
0COOEHHOCTh TPEJIOCTABIISIET JOMOJHUTEIBHBIE BO3MOKHOCTH B OIIEHHMBA-
HUH 0OBEKTOB.

B otnmume ot ¢yHkuuii oTkinonenus d(y;), oopasyeMbIXx Ha OCHOBE
MIPEANKATOB IIPEBOCXOCTBA, (GYHKIMH, 00pa3yeMble Ha OCHOBE MTPEANKATOB
COOTBETCTBHSI, CAMMETPHYHBI OTHOCUTENIBHO NN (HOPMBI), CIIeI0BaTeNb-
HO, OTKJIOHEHHUSI OT HOPMBI B JIIOOYIO CTOPOHY OLICHWBAIOTCS TOJIBKO (DyHK-
et mtpadoB dw(y;). Ilpu TuHEHHON TPaKTOBKE OTKIOHEHHH OT HOPMBI Ha
pucyHKe 62,0 M300pakeHBI TPEYTONbHAs M TpamneueuaaibHas (QyHKIIH
OTKJIOHEHUsSI OT HOPMBI, ITONOOHBIE (QYHKLIHMAM HPHHAUISKHOCTH HOP-
Me (cM. puc. 3a,0).

d(yj) d(yj)
+1 +1
+ }121 + JH; ____________
+d ! I_HI——— |
'l + 1 ‘ }
0 i 0 —— o - Y
Yimin Y1 ¢ Y2 JVjmax Yjmin Yj1 Cju e Vjp Jj,max
a) 0)

Puc. 6. OyHKIUH OTKIOHEHUS: @) — AJIsL OTPAHUYCHUS «PABHOY; 6) — IS
OTpaHUYCHUS KUHTEPBADY
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[TyHKTHpPOM Ha OocH abCIMCC MOKa3aHbl YYaCTKH LIKAJbI, HE YHO-
BJIETBOPSIONINE COOTBETCTBYIOIIEMY OTPaHHYEHUIO. 3HAYCHHIO IOKa3a-
TN Ha 9TOM y4YacTKe HadHCIseTcsl mrpad, MponopLHOHAIBHBIA BEJIU-
YHHE OTKJIIOHECHUSI.

Jns ToyeyHoro (paBHO) M MHTEPBAILHOIO OTPaHMYECHUH OTHOCH-
TEeIbHOE OTKJIOHEHHE 3HaYeHUA V; = fi(x) 00beKTa x € X 10 j-My IOKa3aTemto
OT LIEJH ¢j WIIN OTPE3Ka [Cyj, Co;] BCETIA TONOKUTENBHO (CM. pHC. 62,0).

OTHOCHTENBHOE OTKIIOHEHHE 3HAYCHHMS j-TO MOKa3aTewsl U Toded-
HOTO OTpaHWYCHUs ompenenseTcs BblpaxkeHneM (12), coctosimmM u3 IByX
¢ysxunit mTpadoB — HIKHEH dyyy M BEPXHEH diyp:

=

i
dIrI)I,H(yj):T, ecan y; <cj,
d*(y))= Ty | _’f‘l" (12)
J 5
dIFI)I,B(yj):—, eCIu y; >C;.
YVjmax ~€;j

[Ipn mcnonb30BaHUM UHTEPBAIEHOTO OTPAHUYEHUS Vi € [Cuj, Csj] OT-
HOCHUTENIbHOE OTKJIOHEHHE BHYTpH oTpe3ka paBHO 0 (d'(y;)=0), ecim Bce
TOYKHM BHYTPH HEro paBHOIEHHBI. IIpH BBIXOJIC 3HAUCHNUS ) 3 JIIOOYIO rpa-
HUILy OTPE3Ka [Cyj, Cs;] OTHOCUTENILHOE OTKIOHEHHE ONpeernsieTcs mo Gop-
myse (12), rae B BepXxHIO (GOpMyITy BMECTO ¢; IOACTABISIETCS] HUXKHSSA Cy j,
a HIOKHIOIO (pOpMYyITy — BEPXHSISI TPAHHLIA Cy; OTPE3KA [Cyjy Cnjl-

Crenyer OTMETHUTbh, YTO (DYHKIMHU OTKJIOHEHHS OT HOPMBI TaKXKe MO-
ryT OBITh IpeoOpa3oBaHbl B HEJIMHEWHBIE BapHaHThl MOAOOHO (YHKIMAM
JOCTHYKEHUSI LIeJIN, U300paKeHHBIM Ha PUCYHKax 2 M 4, JIOTIOJHEHHEM JI0
€/IMHUILBI COOTBETCTBYIOIUX HEIMHEHHBIX (DYHKIMI COOTBETCTBHS.

B [4] TpeboBannio MakCUMHU3aLUH TIOJIC3HOCTH ITOKA3aTelsl IPOTH-
BOIIOCTABJISIIaCh MUHMMHU3AIMS PACCTOSHUS 10 33JaHHOM TOYKH B MHOTO-
MEpPHOM IIPOCTPAHCTBE, a aJJUTUBHON oOoOmatomeil QyHKIMN — MHUHH-
MaKCHBIA KpUTEpHi A BBIOOpa 00BEKTa C HAMMEHBIIUM M3 MaKCHMallb-
HBIX OTKJIOHEHHUH OT 1enu. OTCro/1a 1es1aics BBIBOA O HEHYKHOCTH BECOBBIX
KO3 PUIHIEeHTOB, Hcmoiab3yeMbix B AO®. Omrako AO®D MOKET HCIOIB30-
BaTbCS M I HAXOXKICHUS 0000IEHHOTO OTKJIOHEHHS OT BEKTOpa Liesiel B
TEX CIydasX, KOraa HeoOXOJUMO yUYHTHIBATh BaKHOCTH IOKa3areneil. Pe-
3yJILTUPYIOILEE OTKJIOHEHHE d (x) 00bekTa x € X OT M M0 BCEM BHAAM
OTpaHUYEHUI BBIYHCIIsIETCS 110 hopmyoe:

/ u s e
A" () =2 wy i )+ 2w dj )+ 2wy A )+ wydi () (13)
J=1 Jj=1 Jj=1 j=1
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e .
3necey d ; (» i) — (GyHKUUSA OTKIOHECHWS, 3aJaHHas IS j-TO TTOKa3a-

TeJNsl B COOTBETCTBUH C KpUTEepHeM, c(HOPMYTUPOBAHHBIM ISl 3TOTO MOKa-
3arens, © € {H, B, p, U}, a ;=f;(x) — 3HaUEHHE 00BEKTA X € X MO j-My MOKa-
3areno. BepxHue HHIEKCH CyMM COOTBETCTBYIOT KOJMUYECTBY MOKa3aTenen
C 3a/IaHHBIM THUIIOM OIpPaHWYCHHUs, mpuueMm [+u+s+e=n, a n — oOriee
KOJMYEeCTBO TMOKa3aTeneil. Beca moxasaTeneil ynOBIETBOPSIOT YCIOBHUIO

k
HOPMHPOBKH: ij =1.
j=1

Jlns oueHuBaHus cymmapHoro mrpada d'w(x) mis obbekra x € X
B COMHOXXHUTEJAX MEPBBIX ABYX CyMM o0OoOmiaromell (GyHKIMH OTKIIOHE-
Hus (10) UCONIB3YIOTCSI TONBKO COOTBETCTBYIONIUE (PYHKIUH IITPAdOB U3
¢popmya (10-12), a jyist OLEHUBaHKUA CyMMapHO# npeMun d y(x) — COOTBET-
crBytomue pyaknun mrpados u3 popmyn (7, 8). [Ipu 3ToM ncons3yroTest
TOJNBKO 2 TEPBBIX 4ieHa BbIpakeHUs (13), Tak KaK TOJNBKO OTKJIOHECHUS
IUISL OTPAHUYCHUH «CHU3Y» H «CBEPXy» MOTYT UMETh HEHYJICBbIC 3HAUCHUS
¢byHKIMK oompenust dy(y)):

/ u
dl‘[(x[):ij.dg,/'(xi)-‘rzwj'd?[,j(xi)‘ (14)
= =

TpeOoBaHWIO MUHMMH3AIUU OTKJIOHEHHS OT IEJH COOTBETCTBYET
uenesas pynxuus: d (x) —> min.

PaccmoTpuM THIIOBBIE 33a7aud YHOPSTOYEHHUS MO (QYHKIUSAM OT-
KJIOHEHHUSI.

1. Coomeemcmesue nopme. OOBEKT X yOOBIETBOPSIET BCEM OTPaHH-
yeHusAM, ecliu d y(x) =0, 4TO COOTBETCTBYET PELICHUIO 3a1a4l 0mbopa Wi
TIOJIOKUTETIBHOMY PE3YJIBTATy KOHIMPOJIAL.

2. OmxknoneHue om yenu.

a. Cpeonegszgewiennoe omxnonenue. Bpramcnsercs 1mo  Qopmy-
ne (13) ¢ COMHOXHUTENISIMU B NIEPBBIX IBYX CyMMaX, BBIYHUCIISIEMBIX 1O (op-
mynam (10) u (11) — u mo wrpadam, u 1o npemusiM (anredpanvecKre cym-
MBI MIEPBBIX JIBYX WICHOB ()OPMYIIBI).

b. Jlyuwwui uz xyowux. OTKIOHCHHE BRIYUCISETCS 10 (OpMyJIe:

x .
s () = min rjr:%(d? ;) (15)
3. Vnopsaoouenue
a. [Tlo wmpagam. Obwuii wmpag Beraucisiercs mo Gopmye (13)
C COMHOXHTEJISIMH B TMEPBBIX JIBYX CYMMax, B KOTOPBIX HCIIOJIB3YHOTCS
Tonbko mTpadsl u3 ¢popmyn (10-12) — OTKIOHEHHE MOIBLKO HO WMpa-
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pam, d*u(x) — min.

b. Ilo npemusm. Obwas npemus Bbraucisercs no dopmyie (14) ¢
COMHOXHTENISIMA B TIEPBBIX JIBYX CyMMaX, BBIUHCISIEMBIX IO MPEMUSM U3
dopmyn (10, 11) — oTkIOHEHUE MOTBKO NO Npemusam, d o(x) —> min.

Ynopsgodenue mo mrpadaM U IPEMHSIM MOKHO HCIIONIB30BaTh IS
peanuzaiun  Metoma JMWI[, ecium nens ¢ CTaBUTh Ha TIpaHHLAX
KA (€)= j,min VI V2 ¢j) U (C;=Vj,max 1A ¥ < ¢;) A74 WITpadoB U HA IPOTHU-
BOIIOJIOXKHBIX TPaHULAX — JAJISl IPEMUH.

7. Meroas! GyHKIHOHAILHOIO BbIOOpa. [IpuMeHUM paccMOTpEeHHbIE
BbIlLIe cBoiicTBa Oud a5l cucTeMaTu3aly UCTIONb3YIOMMX UX MeTonoB. I1o
oTHomeHnIo K ¢opme 3amanus npeanourenust JIIP pazgemmm Ond Ha 1Be
TPYINIBL: TI0 33JaHHUI0 KPUTEpHs WiH (YHKIWH Tone3HocTH. [lepas rpyrma
XapakTepu3yeTcsl 3a/]aHieM IIeJIEBOT0 3HAUCHHUS TIOKa3aTelsl — Ha TpaHMIIaX
WM BHYTPH €T0 MIKaJbL. 110 OTHOIIEHHIO K e pa3eliiiM IepBYI0 TPYIIITY Ha
JIBE TIOATPYIIIBE: 110 (pyHKIMH gocTrkeHws nem (1) u ¢pyHKImm OTKIOHeHHS
ot uenu (OL). B mepByto moarpyrimy BXOIIT METOABI (CM. pHC. 7):

1. Meton noctwxkenus uaeanbHoi nenu (JAMILT).

2. Meton noctmwxkenus peanbHoi menu (JIPLI).

3. TInaHOBBII METOA.

Meton
M®B Kpumepuii  JJocmuoicenue Hoeanvnasn LI
Dopma OTHOIIICHUE Bun nem | Pearorian JIPLL
OPENOYTeHHs | K rreu
1nan InaHo BB
OmxknoneHnue o1l
@Il Toueunas Hem k11 OIT
Vg
CKIIOHHOCTH|
kpucky | Aa Buibop QI | . 11
Ouenka Meron
CO3/IAHUS
I1lo moukam| gy ®I1
CpasnumenvHas MaTpHYHbIi

Puc. 7. Knaccudukanus meronos OB
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Mopenu mpearnouTeHui NepBhIX JBYX METOJOB (OPMHUPYIOTCS My-
TEeM 3aJaHMA LEJEeBBIX M OTPAHUYUTENBHBIX KPHUTEPHEB COOTBETCTBEHHO.
[TnanoBeii MeTon omimyaercss oT merona JIPL[ oTtoOpaxeHuem 3HAYCHUMN
nokazarenei Ha mxaiy [0%, 200%] c si(c;;)=100% u 3amanueM unougUIY-
anbHO20 TUIAHOBOTO 3HAUEHMA Cj; MO j-My TOKAa3aTeNo Uil KaXAoro i-ro
OLIEHHUBAEMOT0 00BeKTa, i =1, N .

On®d, npumMeHseMble B METO/IaX JOCTIDKEHHS LIENH, TOAJeKAT MaK-
CHMU3aIMU. 3HaYeHHs 00paTHBIX 1Mo (hopMe QYHKIMH OTKIIOHEHHS OT LIeJH,
HaoOopoT, nomiexar mMuHuMu3auuu. [lo ¢gopme u 3HaKy OHHM JOMOSTHH-
TEeNBHBI 0 oTHOIIeHHIo K GyHKImsaM J[L] u obpasyror cemeticmeo memo-
0086, UCTIONIB3YIOUIMX pa3IMuHble BAPUAHTHI (DYHKIMU OTKIOHEHUS OT IIEJIH.
IleneBnle 3HaueHus TokazaTenen 3amatorcs B meroaax JWII, JIPL[ u mna-
HoBOM Metoze. B metone ML neneBoe 3HaUeHHE COBMNAIAET C OJHOU U3
TPaHHMI] MIKAJIBI TIOKa3aTesst. 110 OTHOIIEHUIO K e METOJbI JTOCTIKEHHUS
LIEJT ¥ OTKJIOHEHHS OT LIEJIN PEIIAIOT IPOTHBOIIOJIOKHBIE 3aJauH H, CIIE/I0-
BaTEIbHO, TOTIOJHUTEIBHBI PYT K APYTY.

Bropyio rpymnmy MeTomoB 00pasylOT METOIBI TEOPUH MHOTOMEp-
HOM MOJIE3HOCTH:

1. Meron ¢ KycoyHO-THHEHHON QyHKIMel nmone3nocty (k-n HIT).

2. Meron ¢ TunoBeIMU pyHKIMSIMH TIosie3HOCTH (T DIT).

3. Meron c HenmHeHHON QyHKIMeEH mone3nocty (Hin DIT).

OHHM pPa3TUYAIOTCS CHOCOOAMH CO3JaHHS (PYHKIUH MOJE3HOCTH.
OYHKIMKU TOJE3HOCTH B METOAaX 2 M 3 CTPOATCA C Y4E€TOM CKJIIOHHO-
ctu/HeckioHHocTH JITTP k prcky. Mozens mpeanoyTeHuid MeTosa 2 mpoie
MOJZENH METoJa 3 MO MOCTPOEHUI0, NOCKONbKY co3nanue DIl mokazarens
3aMeHseTCs BEIOOPOM THUNOBOW (DyHKIMH mosie3HocTH. OJHAKO YCpeaHeH-
HbIC 3HAYCHHS HENWHEHHOCTH THUMOBHIX (DYHKIHMHA TpeOyOT YTOYHEHUH,
BEITIOJTHAEMBIX B TIpoIiecce OTIanKH [9].

XapakTepUCTUKH MOJEIEN NpPEeaNOUYTEHUH, HMCIOIb3yEMBbIX NEpe-
YHCIIEHHBIMU METOZaMH, IIPE/ICTABIICHBI B TabuIe 1.

[IpuHIMT JOMONHUTENPHOCTH OTKJIOHEHMS OT IOJIE3HOCTH HMEET
MECTO H AJI1 METOJ0B MHOTOMEPHOIl TEOpUH IMOJIE3HOCTH 110 OTHOLICHHIO
KO BCEM TOYKaM (pyHKIUIl MONEe3HOCTH. B pacmmpeHHO# TpakTOBKe IO-
JIE3HOCTU K METO/IaM, UCTIONB3YIOMUM (YHKIHUIO MTOJIE3HOCTH, OTHOCHTCS
MatpuuHbli Meton [3]. OH ucmonb3yeT sl BBIYMCIEHUS AMCKPET-
HOW (QYHKIIMM TPUOPUTETOB MaTpHUIly MapHBIX cpaBHeHHH. K 3HaueHu-
sIM, BBIYUCHsieMbIM Ha ocHoBe MIIC, no yMonuaHUIO TpeabsBIsSIeT-
csl TpeOOBaHNE MAaKCHMM3allMW. JTH 3HAYCHHS HCIIOJIB3YIOTCS U KaK Be-
COBBIE KO3 UIIMEHTHI obooOmraromiei ¢GbyHKIMH, u KaK
TI0JIE3HOCTD COTIOCTABIISIEMBIX OOBEKTOB.
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Tabmmna 1. XapakTepuCTUKH MOAeNeil IpelIouTeH!H peHTHHTOBBIX METOIOB

Yucio CKJIOHHOCTB DyHKIHA MeTton
Ne /it Iens
HMHTCPBAJIOB K PUCKY MOJIE3HOCTH | OIIEHUBaHUS
1 1 NI — JIMHEHHas JINI]
2 2 P11 — K-JI C LIEJIbIO JIPL
3 2 1aH — TIaHOBast IInanoserit
4 >2 max — k-1 OIT k-1 OI1
5 >1 max + THUIIOBas nn OI1
6 > max + HEJIMHEHHas i1 OIT

Bce MeTonpl, mpecTaBieHHBIE HA PUCYHKE 7, OBIIM peaan30BaHbl B
cucreme BbIOOpa u pamwxkuposanus CBUPD, paspaborannoii B [TetepOypr-
CKOM TOCYJapCTBEHHOM YHHBEPCHUTETE IMyTel coobmienus [29]. Ora cucte-
Ma JOMyCKaeT MPUMEHEHHE COBMECTHOTO 3aJaHus NPEANOYTEHHH KaK B
(dopme kpuTepues, Tak u B popMe QyHKINH TOJIEIHOCTH, IOTYIAEMBIX pa3-
JUYHBIMU criocobamu. [IpuMep KOMIJIEKCHOTO MPUMEHEHUsI METOIOB MpH
PEIIeHNH 3aJ]a4ui BEIOOPA KUIIbs ObLT TIpoeMOHCTprpoBaH B [30].

8. Metoanka 000CHOBaHMS BAPUAHTOB HCHOJIb30BAHHUS MeETO-
noB ®B. Ha BriOOp MeToa OIICHHBAaHUSI OOBEKTOB BIUSET Pa3MEPHOCTh
pemraeMoii 3a1a4u, MPONOPIUOHATIBHAS YUCITYy 00BEKTOB N M YHCIY Xa-
pakTepu3ylOmMX HUX MokazaTteneil n. s ompenesneHus TpaHHWIBl ee
CIIO)KHOCTH TpuMeM N=n=7. DTO YHCIO XapaKTepH3yeT YCPEIHEHHYIO
CHOCOOHOCTh YeJIOBEKa K yMO3PHUTEIbHOMY pemleHnio 3agad. CoriacHo
¢dopmyne (1) TpyooeMKocTh pemieHUs Takod 3amadu coctaBuT Q=147
(= 150). Takum oOpa3om, TpH MPEBBIMICHUN TOH BEITWYNHBI IIEI1eC000-
pa3HO [UIS OILICHWBAHUS OOBEKTOB MPHUMEHSITh PEHTHHIOBBIE MeTObl. 13
PEHTHHTOBBIX METOAOB B HACTOALIEH paboTe BBIAECICHBI METOIBI (yHK-
LMOHAJIBHOTO BBIOOpA, OPHEHTHUPOBAHHBIE HA YHOPSIOYEHHE OOBEKTOB,
XapaKTEpU3yEMbIX HCOJHOPOAHBIMU MTOKA3aTCIIAMU.

[TomMumMo paszMepHOCTH 3aauu Ha BEIOOp MeToga OB Bauser KoM-
nerenuus JIIIP B ouennBaemoii nmpenameTHoit o0aactu. OHa MPOSBIsETCS
B €ro CIIOCOOHOCTH 3a/1aTh 1I€JIeBOE 3HAYEHUE IOKa3aTels U ONpPeesIuTh
MOJIE3HOCTh ~ Ha  IIKajax IIoKa3aTeled Ha  OCHOBE  CKJIOHHO-
CTH/HECKJIIOHHOCTH K pHcKy [l]. M3 »Tux cooOpakeHHH MOXET ObITH
MIPEJUIOKEH CIeNyIoIni moaxoa K BeIOOpy Merona @B s pemenus
3a/la4M yIopsI0OYEHUsI 00bEKTOB BBICOKOW PasMEpHOCTH.

1. Ecmu JIIIP me obmamaer mH(pOpMAIed O IENEBBIX 3HAYCHISIX
TIOKa3aTeNel NN OHM HE UMEIOT 3HA4EHHA B pelIaeMoi 3a1ade, BRIOUpaeT-
cst metox JIULL. DTOoT MeTon OTpaXkaeT «KaIgHbBIID MOIX0, 3aKITIOYAFOIITIIA-
CA B XKCJIAaHUU JOCTHUYb I'PAHUYHBIX 3HAYCHHUH BCEX MOKa3aTesIeH.

2. Ecnu JIIIP MoxeT 3a1aTh LieJeBbIe 3HAUCHUS MMOKa3aTeled U ux
npuemieMyto noje3Hocts (ot > 0,5 no 1,0), Beioupaercst merox JPLl. Dror
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METOJ OTPAXKACT PAI[HOHAIBHBIN MOIX0 K OICHUBAHUIO OOBEKTOB, 3aKIIIO-
YaroUMncs B GOPMYyITHPOBaHUN pa3yMHBIX TPEOOBaHHUH K ITOKA3aTEIsIM.

3. B cinyyae HeCpaBHUMOCTH OIICHUBACMBIX OOBEKTOB IO pecypc-
HBIM TTOKAa3aTellsIM MPUMEHSCTCS IIAHOBBIA METOJ], KaK OTOOpakeHUE Me-
tona JIPLl na mpouentHyto mkaiy [0%, 100%] c si(c;i) =100%. [Tockombky
HEeoOX0IMMO 331aTh LIEJICBOC 3HAUCHHUE Cj; IS i-T'0 OLCHUBAEMOTO 00BEKTa

i=1,N, Tpyn0oEMKOCTh IOCTPOCHHUS HEPAPXUIECKOI MOJIETH ITOTO METo/Aa
oreHuBaetcs 1o dopmyse (3).

4. Ecmu JIITP cnocoGeH 3afaTh MpHEeMJIEMYIO MOJE3HOCTh AJIS He-
CKOJIBKHUX TMPOMEKYTOUYHBIX TOYCK Ha IITKAJIe MoKa3aTessl, BEIOMpaeTcs Me-
TOJ] C KyCOYHO-IMHEeHHOU QyHKuumei nonesnoctu (k-1 OII).

5. Ecm  JIIIP  cmocoOGeH ~ OmpenenuTh  CBOK  CKIIOH-
HOCTB/HECKJIIOHHOCTb K PHCKY Ha JBYX HMHTEpBaJaX IIKAIbl j-TO ITOKA3aTels
110 006e CTOPOHBI OT IEJIEBOT0 3HAYCHUS Cj, OH BRIOMPAET OJHY U3 THITOBBIX
¢ynaxmuit metona T OI1.

6. Ecim JITIP CIoco0eH OTIpe/IeTINTh CBOIO CKJIOH-
HOCTB/HECKJIIOHHOCTh K PHUCKY Ha HECKOJBKHX MHTEpBajiaX IIKaJbl MMOKa3a-
Tes, BeIOupaercs Meton ¢ HeuHeHHbIME DIT (71 OIT).

N3 cemelicTBa METOJI0B OTKIIOHEHUS OT 1I€JIM MPAKTUYECKUN UHTEpEC
NpeACTaBJIAIOT METOABI C SABHO BBIpa)KCHHOﬁ HCIbKO, JOINOJHUTCIBHBIC
1o otHomeHuto kK Meroaam I, APL] u mnaHOBOMY METOAY.

[lpy HaMMuUMK HMHTEPBAIBHBIX LENEH [Cjw, Cjs], j =1,n, TpUHAMLITEK-

HOCTh (DAaKTHYECKHX 3HAUYSHUH TTOKa3areseil 3alaHHbIM HHTEpBaiaM O3BOJISIET
BBINIOJIHUTh  TapaMETPUYECKHH ~ KOHTPOJb  OLCHMBAaEMBIX  OOBEKTOB
TIO TIPUHIIMITY «TOJIeH/He TojieH». [IpakTiieckuii HHTepec MpeICTaBIsIeT TakKe
yIOpsiIodeHNEe OOBEKTOB 110 HEBBIIOIHEHUIO U TIEPEBBINOIHEHNIO 331aHHOTO
tiaHa (uenn). it 9Toi 1enm UCHob3yIoTCs TOMYOCH (QYHKIMH OTKJIOHCHUH
1o mrTpadaM 1 OTKIOHEHHSAM. JTa 33a7ada UMEET MHOTOUYHCIICHHBIE TIPUMEHE-
HUS, TaKue, KaKk OIEHKA PEe3yJbTaTOB KIMHWYECKHX AHATM30B (HAIpHUMep —
KpOBH) B MEIWIMHE, MapaMETPUUECKUi KOHTPOJb B TEXHHUKE, HEMPEPHIBHOE
HaOroieHre (MOHUTOPHHT) 32 00BbEKTaMH JIF00O0H PUPOIBI U TIP.
INoapIToXKMBasT pEKOMEHIALMH, CIIEAYET NMOJUYEPKHYTh, YTO B OCHOBY
PEKOMEHJALH M0 MPHMEHEHUIO PEUTHHTOBBIX METOJIOB IMOJIOXKEHBI KOMIIE-
teruun JIIIP B oreHnBaemoii npenmerHoit obnactu. bonee Toro, koMnereH-
1uu JITIP MoryT OBITh pa3NUYHBIMU B OTHOILICHUH Pa3HBIX CBOMCTB OLICHUBA-
eMOoro o0beKTa. A 3TO O3HaYaeT, YTo B pamkax ogHou moxenun MMO JITIP
MOXET NMPUMEHSTh Pa3InYHble OLCHOYHbIE (YHKIMN JUIS pa3HbIX MOKa3are-
JIeld B 3aBUCHMOCTH OT CTETIEHH HCCIIE0BaHMs OLIEHUBAEMOTO CBOICTBA 00b-
exta. B nemom, yem Oosee TiryOOKUM SIBIISICTCS] 3HAHKWE TIPEAMETHOM 001acTh
1 4eM OoJibllle BPEMEHHM MMEETCS IUIsl CO3/IaHMSI MOJENN OLICHWBAHUS, TEM
Oorblliee JIOBEpUE JOJDKHBI BBI3BIBATH PE3yJIbTaThl OLEHUBAaHUA. J[pyrum
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CHOCO6OM TMOBBIMICHUA JOBEPHA K pE3YyJIbTaTaM SABJIACTCA KOMIUIEKCHOE IpH-
MCHCHUC peﬁTHHFOBBIX METOJIOB JJIA PCIICHUSA MOCTaBJICHHON 3aJa4yu, 4To
TI03BOJISIET CPABHUBATH PE3YJIBTATHI, TIOJIy4E€HHBIE PAa3HBIMH METO/IaMH.

9. Ilpumep. PaccMmoTpum creayromuil HOpUMEp HCHOIb30BAHUSA
(YHKIMHA OTKIIOHEHHUS IJIs 33/1a4 ITapaMeTpUIecKOro KOHTPOJIS, PeIaeMbIX
B MeaunuHe. OZHON M3 33a7ad TAaKOTO THIIA SIBISIETCS 3a7ada IPOBEPKU CO-
CTOSIHMS 3[IOPOBBsSI ITAI[IEHTa HA OCHOBE PE3yJIbTaTOB Pa3IMUYHBIX Jadopa-
TOPHBIX HCCJIEIOBaHMH, HapuUMep, KIMHWYECKOTO WIH OMOXHMHYECKOTO
aHaim3a KpoBU. COOTBETCTBHE COCTOSHHS NMAIUCHTa KIMHHYECKOH HOpMe
3amaeTcst HAOOpOM peepeHCHBIX 3HAYCHUI H3MEPSIEMbIX ITOKa3aTeNeH.

Iox pedepeHcHBPIM 3HAaUCHHEM ITOKA3aTEeNsl MOHMMAeTCs MEIULUH-
CKHMH TepMHH, yHOTpeOJIieMBIil IIPH MPOBEAECHUH U OLIEHKE JTa00pPaTOPHBIX
HCCIIEI0BaHHUH, KOTOPBIA OIpeeNsieTcs Ha OCHOBE cpedHeco 3HAYCHUS
OIPE/ICTICHHOTO J1a0OpaTOPHOIrO IOKa3arelis, MOJYYEHHOTrO0 B pe3yJbTare
MacCOBBIX 00CIIeI0BaHUI 3J0POBOTO HACEIICHHSL.

KinmHnueckuii aHanu3 KpoBH ITO3BOJISET OLEHUTH COJEPKaHHUE I'eMo-
rJI00MHa B CHCTEME KPacHOH KPOBH, KOJMYECTBO IPUTPOLIUTOB, IIBETOBOH MO-
Kazaresb, KOJIMYECTBO JISHKOIIMTOB U TPOMOOILIUTOB, PaCCMOTPETD JIeHKOrpam-
MY W H3MEPHTH CKOPOCTh ocemanust 3putpormToB (COD). C moMOIIbio TaHHO-
O aHAJIM3a MOYKHO BBISIBUTh AaHEMHUH, BOCTIAIIUTENBHBIC IIPOLIECCHI U TaK JaJiee.

B ynpomieHHOM npuMepe OLEHUM OTKJIOHEHHE COCTOSHHS 3710pOBbS
OT KJIMHWYECKOW HOPMBI JUISl IISATH YCIOBHBIX MAIIMEHTOB MO TAKUM OCHOB-
HBIM TOKa3aTelsiM, KaKk KOJIMYECTBEHHOE COJCPIKaHUe KPOBSHBIX TeJel B
BEHO3HOH KPOBH, a Takxke coaepkaHmio remornodnna u COJ. Hcxonmubie
JaHHBIC TIPUBECHEI B TAOIHUIIE 2.

Ta6JII/IHa 2. PC3yIII>TaTI>I KIIMHUYCCKOI'0 aHaJIn3a KPOBU IISITH MMALTMCHTOB

o <) =) e z o)
.| E=| & : == | § e
IManuenTsl | I 5 3 2 2 = o B = g
S = S~ = = QO = = -
Z o SIS S s ER-N )
GRS 8 S 3= g 2 g o
== o = =& — X == = X O
TTanuenrt 1 3,9 4.4 100 40 160 35 9,0
TMamment 2 | 4,2 5,0 36 42 152 26 7,0
ITanuenT 3 7,7 2,7 18 50 390 41 6,5
Maupent 4 | 9,4 5,3 120 27 100 30 8,0
Hauuent 5 | 6,6 7,2 143 41 400 25 8.3
PedepeHcHbIe 3HaUCHHUS TOKA3aTeIe KPOBH
[ [4.9] [[4.3.5.5] [[20. 140] [ [39, 49] [ [150. 400] [ [25, 40] | [0. 8] |
IIkael mokasarenen
[10, 107 [0.10] [ [0.200] ][0, 100]] [0,500] [[0.100]][0.50]]
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B HmkHe# yacTu TaOnuIbl prBeieHb! pedepeHCHbIe 3HAUeHHs, CO-
OTBETCTBYIOIIME HOPMAJIbHOMY (340POBOMY) COCTOSHHUIO TallMEHTA,
U IIKaJbl MOKa3aTeel, yKaspIBarolue Ha TEOPETUUYECKU BO3MOXKHBIN pa3-
Opoc 3HaYEHUH KaXKIO0r0 U3 ToKa3aTeiei.

VYunThIBast pa3Hble MIKAJIbl U €AWHUIBI M3MEPEHNUS TIOKa3aTenel Kpo-
BH, BBIYMCIIMIM OTHOCHUTENBHBIE OTKJIIOHEHHS OT HOpMBI. C y4eToM TOro, 4To
Bce TpeOOBaHMS 3a/laHbl TOJIHKO MHTEPBAJIBHBIMH HOPMAaMHU, JJISI BEIUHCIIC-
HUSI OTKJIIOHEHHH OyZIeM HCIIONIb30BaTh (DYHKIHIO, TPEICTABICHHYO Ha PH-
CyHKe 60, u ¢hopmyny (12) mns HIDKHEH U BepxHEW rpaHul] HOpMBL. OTKITO-
HEeHHe OT HOpMBI d();) =0 OTCYTCTBYET IPH COOTBETCTBUH HOPME [Cju, ],
3aJ]aHHOM COOTBETCTBYIOLIMMH peepeHCHBIMU 3HAYCHHUSIMHU.

Oxcnepumenm 1. OLIEHUM COCTOSIHHE 3/10pOBBSI MAI[IEHTOB IO BCEM
MoKa3aTessiM, IPUMEHUB K YaCTHBIM OTKJIOHEHHUSIM OT HOPMBI 000011ar0-
myro yskimo (15). MakcumanbHOE OTKIOHEHHE OT HOPMBI Y KaXIOTO
TMalyeHTa ITOMEYCHO XUPHBIM mpudToM B Tadbnuue 3. OHu 1y0imMpoBaHb! B
cronbue d mm(x).

Tabmuua 3. PamkupoBaHue MAMEHTOB 0 MUHUMAKCHOMY OTKJIOHEHHIO OT HOPMBI

dyn) | d2) | d(v3) | d(ya) | d(vs) | d(ve) | d(y7) | d'mm(x) | Panz
IManuenr 1 0,03 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,02 0,03 2

Taruent 2 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 0,00 1
ITaruent 3 0,00 | 0,37 | 0,10 | 0,02 | 0,00 | 0,02 | 0,00 0,37 3
IManuenT 4 0,40 | 0,00 | 0,00 | 0,31 ] 0,33 | 0,00 | 0,00 0,40 5
Ianwment 5 0,00 | 0,38 | 0,05 ] 0,00 | 0,00 | 0,00 | 0,01 0,38 4

B mocnemnem cronbre TaOnwWmbl 3 TANMEHTH YIOPSIOYCHBI B
HATIPaBJICHUN YBEIMYCHUS MaKCHMAIbHBIX OTKIOHEHUH 0T HOpMEL. CoOT-
BETCTBHE HOPME II0 BCEM IMOKa3aTeNsiM 00HApy>KEHO TOJIBKO Y TaIMeHTa 2.
JocronHcTBOM prMeHeHns1 00o0maromeit Gpyukiun (15) sBisercs: akieH-
tupoBanue BHUMaHus JI[IP Ha HamxyameMm nokasarene y Kaxaoro o0beKTa.

Oxcnepumenm 2. OIEHUM COCTOSHHE 3I0POBBS TMAIMEHTOB IIO
BCEM TMOKa3aTessiM, NMPUMEHUB K YacTHBIM OTKJIOHEHHUSM OT HOPMBI
o6o6mmaromyo ¢yskiuio (13). C yuetoM Toro, 4to Bce TpeOOBaHUS 3a-
JIaHBI TOJBKO MHTCPBAILHBIMU HOPMaMH, B 3TOH (pOpMYyJie UCIIOIB3YETCS
TOJIBKO NOCJICAHAA CyMMa YaCTHBIX OTKHOHGHI/Iﬁ oT HOpMI)I. B OTCyT-
CTBHE 3KCIEPTHON MH(OPMAIMK O BaKHOCTH MOKa3aTeseH s OICHUBA-
HUS COCTOSIHHS 3JI0POBbSI IMMAIIMEHTOB, BECOBBIC KOA((DUIIMEHTHI BCEX IO-
kaszareneil B ¢popmyne (13) npunsaTel paBHbIMU: w;=1/7, j=1, ..., 7. Pe-
3yIbTaThl  OICHWBAHUSA TpHUBENCHH B Tabmmme 4. PesymbpTaThl
YHOPSJOYCHUS MAIMEHTOB 10 MHUHHMAKCHOM W ycpemHsiomeil o6o06mma-
omei QyHKIUSIM pa3audaroTcs B MECTaX IMalueHToB 3 u 5.
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Ta6m/1ua 4. PaH)KI/IpOBaHI/Ie NaUEHTOB 110 YCPECAHCHHOMY OTKJIOHCHUIO OT HOPMEI

dy1) | d(2) | d3) | d(ys) | d(ys) | d(ye) | d(y7) | d'(x) | Pane
TMauuen 1 0,03 | 0,00 | 0,00 [ 0,00 | 0,00 | 0,00 | 0,02 [ 0,007 | 2
Taunent 2 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 [0,000 | 1
Tauuenrt 3 0,00 | 0,37 [ 0,10 [ 0,02 | 0,00 | 0,02 [ 0,00 [0,073 | 4
Tauuenr 4 0,40 | 0,00 | 0,00 [ 0,31 [ 0,33 ] 0,00 | 0,00 [ 0,149 | 5
Tauuenr 5 0,00 | 0,38 [ 0,05 [ 0,00 | 0,00 | 0,00 | 0,01 [0,062] 3

He6onbmioe pa3nnune B NOJTYYEHHBIX PEHTHHraxX MalHeHTOB 1103-
BOJIIET B MPUHIUIIE COTJIACHUTHCS C YTBEPXKAEHUEM aBTopa [4] o mpuem-
JIEMOCTH 3aMeHBbl 0000Mmaonx GyHKINHA ¢ BeCOBBIMU K03 uuneHTamMn
MUHUMAaKCHOH oboOmatomeit GpyHkuueit. OqHaKO HCKIIOYEHHE M3 pac-
CMOTPEHHSI IIOKa3aTelneidl, y KOTOPBIX OTKIOHEHHS OT HOPMEI
HE MaKCUMAIIbHBI, BIUAET Ha OOOOIIEHHYIO OIEHKY HMX 3AOPOBBSI. DTO
TeM Oosiee cileyeT yUUTHIBaTh IIPH JTUArHOCTHKE 0OJIC3HH, 3aBUCSINEH OT
pa3HOM BaXXHOCTH MOKa3aTele.

Oxcnepumenm 3. YHOPSIOYUM HMALUEHTOB MO CTETIEHH CONPOTHUBIIS-
€MOCTH OpraHu3Ma HHGeKIusaM. 13 MpuHATHIX I SKCIePUMEHTOB I10Ka3a-
TeNel /sl onpeseeHlss UIMMYHHUTETa OpraHu3Ma K MH(EKIusM Bpad 00-
pamaeT BHHMaHHE MpeXJe BCEr0 Ha COOTBETCTBHE HOpMaM JICHKOLIMTOB
u nuM¢ouuToB. HasHaunMm BecoBble KOI(D(MHUIMEHTHI JUIS HHUX COOTBET-
crBeHHo wi=0,5 n we=0,4, ocTaBHB BecOBBIE KOI(PPHUIHEHTH HMPOUNX
(axTopoB paBHBIMH, W;=0,02.

PesynbraThl yHOpsa04eHHs NalMeHTOB MO COCTOSHUIO X MMMYHH-
TeTa ¢ MPUMEHEHUEM CPEJHEB3BEIICHHBIX OICHOK, BBIYHCIEHHBIX 1O (Hop-
myne (13), mpuBeaeHo B TabmuIe 5.

IIprn yka3aHHBIX YCIOBHSX HALMEHT 5 TEPEMECTHIICS C TPETHETO
Ha BTOPOE MECTO, a MalMeHT | — co BTOPOro Ha TPETbe B CHIy TOTO, YTO
y namueHTa 1 6ojpliee OTKIOHEHHE OT HOPMBI 110 HanboJiee BaKHOMY (hax-
TOPY «ypOBEHb JICMKOIIUTOBY», a y MallUeHTa 5, HECMOTPS Ha HAJIUYUE OT-
KJIOHEHUH OT HOPMBI TI0 MEHee BaXKHBIM (pakTopam, HaONtoaaeTcs HyJleBOe
OTKJIOHEHHE OT HOPMBI 110 000MM HauboJee BaXKHBIM (haKTOpaM.

Tabnuna 5. PamxupoBaHie NAMEHTOB MO CPEAHEB3BEIICHHOMY OTKJIOHEHHIO

OT HOPMBI
dn) [ don) | dos) | dvs) | dvs) | ds) | dom) | d(x) | Pane
TMawment 1| 0,03 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,02 | 0,013 3

MMamuent 2 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,000 1
Manwenr3 | 0,00 | 0,37 | 0,10 | 0,02 | 0,00 | 0,02 | 0,00 | 0,017 4
IManwment 4 | 0,40 | 0,00 | 0,00 | 0,31 | 0,33 | 0,00 | 0,00 | 0,213 5
IManment 5 | 0,00 | 0,38 | 0,05 | 0,00 | 0,00 | 0,00 | 0,01 | 0,009 2

Informatics and Automation. 2020. Vol. 19 No. 6. ISSN 2713-3192 (print) 1159
ISSN 2713-3206 (online) www.ia.spcras.ru



MATEMATWYECKOE MOAENTMPOBAHWE U NPUKNAOHAA MATEMATUKA

PaccmoTpenue 3Toro nmpuMepa MoKa3blBaeT IHUPOKHE BO3ZMOXKHOCTH
MPaKTUYECKOIro NpUMEHEHNA MCTOJ0B OTKIIOHCHUA OT LCIU B OTIHMYHUE OT
yTBepKAeHUH aBTopa paboTs! [4]. Bo-TiepBhIX, METOIBI OTKIIOHEHHUS OT Iie-
JIK HE OIpaHUYHMBAIOTCA NPUMCHCHHUEM OTHOLICHUA ITPEBOCXOACTBA. Bo-
BTOPBIX, MUHUMAaKCHasi 0000IIeHHAsl OIeHKa HE HMCKIIOYaceT, a JOTOJHSIET
YCPEAHSIONIYIO U CPEIHEB3BEIICHHY0 00001atonue (yHKIIHH.

Takum 00pa3oM, NpUMEHEHHE METOJOB OTKJIOHEHHS OT LIENIM pac-
MIMpPSIET IUAIa30H 3a/a4, PEIIaeMbIX C IPUMEHEHHEM METOJO0B MHOTOMEp-
HOTO OLIEHHBaHMs 00BEKTOB JIF00O0W MPUPOJIBI M Ha3HAueHHs. [1pu TpakToB-
K€ 00BEKTOB BPEMEHHBIMH MHTEPBAIAMH C MPHMEHEHHUEM METOJIOB OTKIIO-
HEHHS1 peIIaeTcsl, B YaCTHOCTH, 3a/]a4a UACHTU(HUKALUN apUTMHUH.

10. 3axmoueHue. B ocHOBy cucremaTH3aliél METOJOB MHOTOMEp-
HOTO OIICHMBAHUS IOJIOXKEHO TOHITHE yeau, TIpUCyIIee Kak (hopMaIbHOU
MOJIENTN KPUTEPHS, TaK M OLCHUBAIOINM (yHKIMAM HOKazaTenei. 13 MHO-
roo6pazust metooB MMO a7t cucTeMaTn3anyy BhIJIENICHbl PEHTHHTOBBIC
METOJBI, MCIIONB3YIOMNE IS YHOPSIOUYeHHS OOBEKTOB YacTHBIE M 0000-
miensHsle Ond nokasareneit.

[ToxazaHO COOTHOIIEHHE METOIOB AOCTHIKEHHS LENW M OTKIOHE-
HUA OT LEJIn A OTHOIICHUN MPEBOCXOACTBA U COOTBETCTBUA. OtMmeue-
Ha 0cOOEHHOCTh (YHKIMH OTKIOHEHHsI OT pealbHOH menu ¢ obua-
CThIO 3HaueHu# [—1, 1], koTOpasi MO3BOJIAET BBHIONHITH KAaK COBMECTHOE,
TaK 1 pa3/ie’dbHOE YIOPSA0UCHNE 00BEKTOB MO MTpadam U HOOIIPEHHUSIM.

CxoactBo Oud mo 001acTsAM OMpEeAeICHUS W 3HAYCHUH a0 OCHO-
BaHME JUII CHCTEMaTH3allid PEHTHHrOBBIX MeTonoB MMO oTHOCHTENBHO
pa3HOBUIHOCTEH W CHOCOOOB 3aJaHUs IIENIEBBIX 3HAUEHUHN TMOKa3aTeleH.
Jluneiinast HopMupyIomas QYHKIHS KPUTEPHUs NMPHU3HAHA 32 YACTHBIA CITy-
Yyail HeNTMHEeHHOM (PYyHKIMK IEHHOCTH, 8 (YHKIHS LIEHHOCTH — 38 YaCTHBIN
cirydaid GyHKIUM mosie3HocTu. Iloka3zaHo BIMSIHNAE CTENEHH CKIOHHOCTH/HE
ckionHocT JIIIP k pucky Ha HenuueitHocTh Ond. IIpemnoxkensr obriue
PEKOMEHAIMK 10 BBIOOPY PEHTHHTOBBIX METOJIOB OTHOCHTEILHO TPYHO-
emKoctu cosmanus Momenmn MMO. Ha KOHKpeTHOM mpumepe IoKazaHa
MIPaBOMEPHOCTh IPUMEHEHUS Hapsily ¢ MUHUMaKCHBIM criocoOoM 00001ie-
HUSI YaCTHBIX (DYHKIMH OTKJIOHEHWS OT LENN YCPEIHSIOMEH U CpeIHEB3BE-
1eHHo# o6oOmatomux ¢ynkuuii. [TokazaHo, 4To BappUpOBaHUE BECOBBHIMU
KO3 PHUIHEHTaAMH CPEIHEB3BEIICHHOW 0000maromel pyHKINH pacupsieT
CIIEKTp 33/1a4, pPEIIacMbIX C IIPUMEHEHHEM (YHKIIMH OTKIIOHEHHUS OT LISITH.

ABTOpHI BRIpaXAIOT OJIaromapHOCTh I.T.H., mpodeccopy b. B. Coxko-
JIOBY 32 TMOJJIEPXKKY HCCIIEIOBaHUI W TOJIE3HbIE COBETHI, JaHHBIC NP MOJ-
TOTOBKE pabOoTHI K ITyOIMKAIINH.
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JUSTIFICATION AND CLASSIFICATION OF EVALUATION
FUNCTIONS USED IN RATING METHODS OF MULTI-CRITERIA
CHOICE

Mikoni S., Burakov D. Justification and Classification of Evaluation Functions used in
Rating Methods of Multi-criteria Choice.

Abstract. The recommendations on the application of methods of multidimensional
estimation (MDE) of objects, proposed in the paper Velasquez M., Hester P.T. «An Analysis of
Multi-Criteria Decision Making Methods», are analyzed. The weak substantiation of these
recommendations, resulting from the superficial systematization of MDE methods, is noted.
The recommendations are focused not on the classes of MDE methods, but on various areas of
activity. However, in each area of activity there is a wide range of tasks for evaluating objects
of various nature. In this regard, the urgency of a more thorough systematization of MDE
methods is recognized.

Taking into account the diversity of MDE methods, it was decided to limit ourselves to the
systematization of methods that use evaluation functions (EF), and on this basis to offer
general recommendations for their application.

The review of MDE methods from a unified position required clarification of the
terminology used in them. On the basis of the formal model of the criterion, the relationship
between the concepts of "preference", "criterion" and "indicator" is established. To highlight
the methods that use evaluation functions, the concept of the target value of the indicator is
introduced. Regarding its location on the indicator scale, the concepts of ideal and real goals
are introduced. The criteria corresponding to these goals are divided into target and restrictive
ones. Using the proposed terminology, a review of the most well-known MDE methods was
carried out. Of these, a group of methods using evaluation functions is distinguished.

Variants of evaluation functions created on the basis of the criterion and postulates of the
theory of value and utility are considered. On the basis of the similarity of the domains of
definition and the meanings of EFs, the relationship between them is established. Regarding
the target value of the indicator, they are divided into the functions of achieving the goal and
functions of deviation from the goal. The mutual complementarity of these functions is shown.
A group of functions of deviation from the goal is highlighted, which allows us to order objects
separately according to penalties and rewards in relation to achieving a real goal. The concept
of norm is introduced for the correspondence relation. On the example of medical analyzes, the
practical application of deviation functions from the norm is shown using both the minimax
and the weighted average generalizing function to establish a rating on a set of objects.

The similarities and differences of the EFs revealed in the course of the study form the
basis for the classification of the MDE methods that use them. The difference in EFs in terms
of the complexity of creation is reflected in the proposed methodology for their application.

Keywords: Preference, Indicator, Criterion, Target Value, Evaluation Function, Value
Function, Utility Function, Goal Achievement, Deviation from the Goal, Functional Choice,
Multidimensional Evaluation of Objects, Rating Method
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A.A. BATEHKOB, K.A. BATEHKOB, A.I'. BOTAUEB, B.B. MUIIINH
MATEMATHUYECKAS MOJIEJIb KIACCUD®UKATOPA
OBBEKTOB HA OCHOBE BAMECOBCKOI'O IIOJIXOIA

bamenxoe A.A., Bbamenxoe K.A., bocaues A.I., Muwun B.B. Maremarndeckas
MOJeJIb KJIacCH(PHKATOPa 00bEKTOB HA OCHOBe 0aiiecoBCKOro moaxoaa.

AHHOTaUMA. YTBEPXKIACTCS, YTO IEPBOCTCHCHHOE 3HAYEHHWE B PCLUICHUH 3aladyd
KIaCCU(UKALMN 3aHUMAIOT: HAXOXACHUE YCIOBHI Pa3OHMCHNs TeHEPaIbHOH COBOKYIHOCTH
Ha KJACChl, OMNpEJEJIECHHE KadecTBa TAKOTO pAcCIOCHHMS U BepUPUKALHUi MOJCIH
ki1accudukaropa. PaccMoTpena  maremarudeckas — MoOJEIb  HEPAaHIOMH3MPOBAHHOIO
KIaccuuKaTopa MPU3HAKOB, MOTYYCHHBIX 0€3 Yy4UTEIs, KOT/ja apHOpU HE 3aJaeTCs YHCII0
KIIACCOB, a JIMIIb YCTaHABIMBAETCS €ro BEpXHSS TpaHHIA. MareMmaTHdyeckas MOJENb
NMpUBEJCHA B BHJE IOCTAHOBKM MHHHUMAKCHOM YCJIOBHOH OKCTPEMalbHOM 3amayu u
IpecTaBiIseT coboil 3agady MOMCKa MAaTPUIbl MPUHAMIC)KHOCTH 00BEKTOB K KaKOMY-TH00
kaccy. B ocHOBe pa3paborku kimaccudukaTopa MPU3HAKOB HAXOIUTCS CHHTE3 JBYMEPHOU
MJIOTHOCTH BEPOSTHOCTEH B MPOCTPAHCTBE KOOPAMHAT: Kiacchl — 00beKThl. C mOMOLIbIO
0000meHHbIX (QYHKIHKH BEPOSTHOCTHAs 3ajJada MOMCKa MUHMMyMa baliecoBckoro pmcka
CBelleHa K JeTepMHHHPOBAaHHOW 3ajaue Ha MHOXKECTBE HEPaHIOMH3HPOBAHHBIX
Ki1accudukatopoB. BmecTe ¢ TeM HCHOIBb30BaHHME CHEIHATBHO BBEICHHBIX OrPaHMYCHHUH
¢bukcUpyeT HEpaHIOMM3HPOBAHHBIC MpaBUia [PHHSATHS PEIICHHH M IOTpyXkaer
LEJTOYHCIICHHYI0 3aJady HEIMHEHHOro IPOrpaMMHpPOBAHUS B OOIIYI0 HEIPEPHIBHYIO
HenuHeiHylo 3amady. J[lns  KOppeKTHOro cuHTe3a KiaccuUKaTtopa HEOOXOIHMBI
JMCTIEPCHOHHAsT KPUBAsi H30TPOITHOH BBIOOPKU M XapaKTEPUCTHKU KauecTBa KiIacCH(PUKALUK
B 3aBHCHMOCTH OT CyMMAapHOH BHYTPHKIACCOBOH M MEXKIAcCOBOM aucmepcuu. 3ajmada
KkIaccuUKaul MOXKET ObITh HHTEPIPETHPOBAaHA KaK YacTHAs 3ajada TeopuH kartactpod. B
YCIOBUSIX OrPAaHMYCHHBIX HCXOAHBIX [aHHBIX HalJeH MHHHMAKCHBIH (YHKIHOHAT,
OTP@KAIOIIMI KAa4eCTBO KIACCHDUKALMK INpPH  KBAaAPATHYHOH (YHKIMH  IOTEPb.
MatemaTHueckast MOJelb HPEJCTAaBICHA B BHUJC 3aJa4yM LEJIOYUCICHHOTO HEIMHEHHOro
[IPOrPaMMHUPOBAHMS U IPHUBEACHA C IMOMOIIBIO MOJHMHOMHAIBHBIX OIPaHHYCHHII K BUIY
o01eil 3a1aul HENMMHEHHOTO HEMPEepHIBHOTO IporpaMmupoBanus. HalineHsr HeoOXouMbIe
YCIIOBUSI PACCIOCHMSI HA KJIACChl. OTH YCIOBHS MOTYT OBITh HCIIONB30BAaHBI Kak
JIOCTaTOYHbIC TIPU MPOBEPKE THUIIOTE3BI O CYIIECTBOBAHUH KIIACCOB.

KioueBble €J10Ba: HEPaHIOMH3UPOBAHHBIN KIACCH(HUKATOp IPU3HAKOB, BEPXHSA
IpaHMIa YUCNIa KIIACCOB, MUHUMAKC, YCIIOBHAs SKCTPEMallbHas 33/1a4a, [ENOYHCIICHHas 3a1a9a
HEJTHHEHHOTO MPOrpaMMHUPOBAHHS

1. Beenenne. BrisicHum 1ienu KinaccuuKanyum, KOTOpbIE MOTYT pas-
JTUYaTHCS B 3aBUCHMOCTH OT OCOOCHHOCTEH KOHKPETHOW MPUKIIATHON 00Ja-
CTH 3HaHMH, U MECTO 3a7a4M Kiaccu(uKauy B o0IIEei TEOPUU CUCTEMHOTO
anammusa [1-3]. 3BecTHO, YTO O MOAETHIO TOHUMAETCSI HEKOTOPBIN MaTe-
pHUAITBHBIA WM MBICIICHHO IMPEJCTAaBIsEMBIN 00BheKT (00pa3 00BbeKTa), KO-
TOPBIH B IIPOIIECCEe M3YUCHHS 3aMelacT 00bEKT-OPUTHHAI, COXPAHSSI HEKO-
TOpBIE Ba)XKHBIE JUIS JaHHOTO WCCIIEJOBAaHMS THITMYHBIE €ro cBoWcTBa. Mo-
JIeTIb — 9TO BCET/a YIPOILICHHOE H300paXKEHUE PeabHOTO 00BEKTA, MPOLIEC-
ca Wi siBIeHus. Torga Mozellb MOXKHO OIIPEENINTh KaK HEKOTOPOE CxKaToe
n300pakeHHe MCXO/HBIX JaHHBIX. B cllydae WX JUCKPETHOIO MHOXKECTBA
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TaKyl0 MOJENb MOXXHO WHTEPIPETHPOBATh Kak 3aMeHy 0oJjiee MOIIHOTO
MHOJKECTBa MEHEE MOIIHBEIM MHO)KECTBOM, YTO B OOIIEM CIy4ae COOTBET-
CTByeT 3anaue kiaccudukanuu. B cBs3m ¢ atum Oynem paccMaTpHBaTh
KIacCcH(PUKATOp KaK COBOKYIMHOCTh MOJENeH (II0 YHCIy KJIaccoB) MIpea-
CTaBJICHUs BBIXO/1a HEKOTOPOTO MCTOYHHKA WCXOJHBIX JTAHHBIX, TAE KaX-
JIBIH KJTacC TPEICTaBIICH CBOCH ATaIOHHON MoZembio [3, 4].

B pamkax Takoi KOHIICTIIIUM CHCTEMHOTO aHanu3a (CHHTE3a) pellie-
HUE 3a7ayil KIACCUPHUKAINHA 3aHUMAET IEHTPATbHOE MECTO W IMO3BOJSIET
JOCTHYb CIICAYIOLINX PE3YJIbTaTOB:

1. Pa3outs (paccionTs) MHOXKECTBO OOBEKTOB Ha IIOJMHOXKE-
cTBa (KJIACChl) CXOXKHUX OOBEKTOB IS JalbHEHINEH pa3aeabHOil 00paboT-
KU JTaHHBIX.

2. YCTaHOBHUTh HAJIMYHAE OJHOPOJHOCTH (M30TPOMHOCTH) HCXOIHBIX
JIAHHBIX, €CJIM PAcCJIOCHHE Ha KJIacChl HEBO3MOXHO (HampHMep, B cilydae
BBIOOPKH 13 HEMPEPHIBHOTO MHOTOMEPHOTO PABHOMEPHOTO PACIIPE/ICIICHHS).

3. Cokpatutb 00beM XpaHUMBIX JIAHHBIX, OCTaBUB 110 OJTHOMY Ipea-
CTaBHUTENIO OT KaXI0TO Kiacca (KiacTepa), TO €CTh PEIIUTh 3a/1ady CKaThs
JIAHHBIX (TIOCTPOMUTH BEKTOPHBIH KBAHTOBATEID).

4. BolienuTh HETUITUYHBIE OOBEKTHI, KOTOPBIE HE TIOIXOAAT HH K OJ-
HOMY U3 KJIACTEPOB, 3 UMEHHO BBISIBUTH YHUKaJIbHBIC (HOBBIC IO OTHOIIE-
HUIO K CYIIECTBYOIINM) MOJIEITH.

5. IlocTpouTh HEpapXH0 MHOKECTBA OOBEKTOB.

B nepBoM u BTOpoM ciydasix ocoboe BHIMaHHe 00pamiaroT Ha HIeH-
TU(QUKALMIO YHCIIa KJIacTepoB. B TpeTbeM cityuae BakHee 00ECHEYHUTH BbI-
COKYIO CTEIeHb CXOJCTBAa OOBEKTOB BHYTPH Ka)XIOTO KJIACTEpa, a YHCIO
KJIACCOB BBIOMPAIOT MCXOAS M3 YCIIOBHH (DYHKIMOHHPOBAHMS CUCTEMBI. B
YETBEPTOM CiIy4ae HauOOIBIINI MHTEpEC MPEACTABISAIOT OTACIbHBIE 00B-
€KTbI, HE BIMCHIBAIOIINECS HHU B OJIMH U3 KJIACTEPOB, a IOTOMY OHH MOTYT
OIMCHIBATh HOBBIC 3HaHKU 00 MHTepecyroniel npodieme. B msartom cimydae
CO3/JIAI0T BJIO)KEHHBIE MOJIENU KJIacCHU(PHUKATOPOB, TIe 3HAYMMOCTh HMPHOO-
peTaeT CTerneHb COrJIacOBaHHOCTH KPUTEPUEB KauecTBa KJIaCCH(PHUKALMK Ha
Pa3NUYHBIX YPOBHAX IPEBOOOPA3HON HEPAPXHUUECKON CTPYKTYPHI.

AHan3 npearnoaraeéMslX pe3yabTaToOB M IPHOPUTETHHIX HarpasJiie-
HUHN WX JOCTIDKEHHS MO3BOJISIET CENaTh BBIBOJ, YTO IEPBOCTEIIEHHOE 3HA-
YEeHHE B PEIICHUH 3a/1aud KJIacCH(MKAINU 3aHHMAIOT: HaXOXJICHHE YCIIO-
BHUI pa30MeHMs TeHepalbHOW COBOKYMHOCTH Ha KIIACCHI, OMpEIeNeHHe Ka-
YecTBa TAaKOrO pAacclOeHHs M BepUPHKALMS MOAEIH KiIacCH(UKATO-
pa, 9TO SABISCTCA HENBIO UCCIIEIOBAHMS.

2. YcaoBus npaBuibHOH kiaccupukanun. M3sectHo [5-7], uto
pazOueHne MHOXXECTBA Ha KJIACCHI — 3TO JIEHCTBHE pachpeneicHus o0b-
€KTOB IO KJIaccaM Ha OCHOBE CXOJACTBa OOBEKTOB BHYTpPH Kjacca H
WX OTINYHS OT OOBEKTOB JPYTHX KIIaCCOB.
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VYcnoBust npaBuIIbHOM Kilaccuukanuu [8].

1. [TogmHOXeEcTBa (KJIACCHI) TIOMIAPHO HE MEPECEKAIOTCA.

2. OObearHEeHHEe BCeX MOAMHOXECTB (KJIaCCOB) COBIAJIAET C UCXO-
HBIM MHOXECTBOM.

Heo0OxoauMo OTMETHTH, YTO YCIIOBHUS NPaBUILHON Kiaccupuka-
UM MOTYT XapaKTepH30BaTh MMOCTPOCHHUE Kiaccudukaropa mo obyuyaro-
meit BeIOOpke (Ha dTame 0oOydeHHs), HO HE COOTBETCTBYIOT YCIIOBHSIM
MPaBWJIBHON KiIacCH(UKAIMKM 10 KOHTPOJHMpYIoUeil BhIOOpKe (Ha 3Tame
KOHTPOJISA), TaK KaK MOT'YT OBITh IIPUMEHEHbI paHJOMHU3UPOBAaHHbBIE Mpa-
BHJIAa TIPHHATHS PEIICHUH, W 00ydaroliee MHOKECTBO HE TOXIECTBCHHO
KOHTPOJINPYIOIIEMy MHOXecTBy. Kpome TOro, Hem3BecTHO, Kak pasje-
JIUTh TPEJOCTaBJICHHBI CTaTUCTHYECKUI MaTepuasn Ha oOyd4alollyio U
KOHTPOJHUPYIOIYI0 BEIOOpKH. O003HAYNM ellle psl HepenIeHHBIX BOIPO-
COB M IIpo0JIeM B aBTOMaTH4YeCKOH Kiaccudukanum 6e3 yaurest:

1. Kak ydects npu KilacCU(pHUKAIMM HETOYHOCTh U3MEPEHUI TpH-
3HaKoOB?

2. Hackonbko (opMann3oBaHo MOHATHE Kiacca?

3. ITouemy Knaccel He JOKHBI IIepeceKaTbes?

4. lomyckaeT M MCXOAHOE MHOXKECTBO PAcCIOCHHE Ha KIAcChl U
CKOJIBKO UX?

5.Tlpu Kakux YyCJIOBHUSIX KIacCH(PHUKATOP CTAHOBHUTCS BEKTOPHBIM
kBaHTOBareiem? [9-11].

UroObl OTBETUTH XOTSI OBl HA HEKOTOPHIE N3 IOCTABJIEHHBIX BOIIPO-
COB, pa3padarbiBacMasi MaTeMaTH4ecKast MOJIEJNb JJOJDKHA OBITh I0OCTATOYHO
oOmielf, a 3HAYNT, UMETh KaKk MOXKHO OONBIINN HAOOp CTpaTeruil WIPHI C
npuposoi. B 3T0# cBsi3m paccMoTpeHa 3ajava MOMCKAa KOJIMYECTBEHHOTO
¢yHKIMOHANAa (KPUTEPHUs) W €ro MapaMeTpoB, OTPAKAIOIIMX KauyeCTBO
Kiaccu(UKauu 0ObEKTOB 03 YUUTEIIS.

3. baiiecoBckuii MOAX0J NPH MOCTPOEHUH MATeMATHYECKOH
Mojean kiaaccuukaTopa. [ MOCTPOCHUS MaTeMaTH4eCKOH MOJesH
kinaccudukaTopa nmpuMeHHM baiiecoBckmit moaxon [12-15], kotopslid
HCHOJB3yEeTCd BO MHOTHX TEOPHAX (NPHUHATHSA PEIICHUH, OICHUBAHUS
napaMeTpoB, pacrio3HaBaHUsl 00Pa30B U T.1.).

yets Y, = (Vins Vans-eos Vin)'» Vi :l,_N — JIMCKPETHOE MHOXKe-

CcTBO M3 N BEKTOpPOB B IpocTpaHCTBe pasmepHoctd L. Ha duznueckom
YPOBHE 3TO BBOAUT N BEKTOPOB MPU3HAKOB, TTOMIEKAIINX KIaCCUDHUKALIUH,
KOTOpBIE XapaKTEepPHU3YIOTCsl JECKPUNTOPOM M3 L kommoHeHT. [anee Oyaem
accoluupoBaTh N ¢ YUCIOM OOBEKTOB, MOMIEXKAIMX Kinaccuukanuu. Mc-
MoJIb30BaHKue balieCOBCKOro MOJAXOAa NMPEANOIAraeT 3aJaHUuE BEPOATHOCT-
HOU Mepbl B IPOCTPAHCTBE MPU3HAKOB. byieM cunTarh, 4T0 H3BECTEH BEPO-
STHOCTHBIA ~ PsSIl TOSBJIEHUS 7 -TO OOBEKTa Uil  KIACCHU(HUKAIIIH:
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P(n), Vn=1,N. Ecimm mpu3Haky BceX OOBEKTOB PA3IMYHBI, TO MOKHO

CUHUTATh PsIJl PABHOBEPOSTHBIM:!

P(n)=L, Vn=1,N.
N

Hanee, nycte Z, = (Ztk» 2ok 5+ 21k )T,V =1,K  — JHCKpeTHOE
MHOECTBO U3 K 3TAIOHHBIX BEKTOPOB, KaXK/IbIii U3 KOTOPBIX MPEACTABIISIET
LEHTPOUI OIHOTO 13 K KIaccoB, U Zy, = (2,20, Z1x ) » Vhk =LK
JVICKPETHOE MHOXKECTBO, TOX/IECTBEHHOE 3TaJOHHOMY MHOXECTBY. OTH
MHO’KECTBA HE M3BECTHBI B 3a[aue KIACCH(PUKAIMHN U MOTYT OBITh OIpese-
JICHBI TIOCJIE aHAJIN3a PELICHNS HCXOIHON 3a/1a4H.

Ha pucynke 1 mpezncrasieHa moaens mporenypsl oneHku [12], ko-
TOPYIO B JaJibHEHIeM OyleM HCIOJb30BaTh Ui (DOPMHUPOBAHMS MaTeMa-
THUYECKOH MOJIeNTH KJIacCU(PHUKAaTOpa OOBEKTOB.

(z,) w(Y,) w(z,)

IIpoctpanctBo IIpoctpanctBo IIpoctpancTBO

[IapaMeTpoB HaOJToIeHAI OLICHOK

Puc. 1. Moaens npoueaypsl OLICHKH

IIprmmenum popmyiy Batteca [12] nuist 3agaun kiaccuhuKaIum:

W(Z)W (Yo ! Zy)
w(Y,)

W(z'k/Yn)z Jk=1,..K;n=1,...N;

n

rme W(Zk /Yn) — amoCTEepHOpHAsl IUIOTHOCTH BEPOSTHOCTH ATAJOHHON

Monenu Z; nipu HabmroneHnn o0bekTa Y, W(Zk ) — ampUOpHAs IUIOTHOCTH
BEPOSATHOCTH 3TAIOHHON Momenu Zy; W(Y,, / Zk) — (hyHKIHS IPaBAOIIOI0-

6us HabmromeHus Y, IpU peaTu3alliy 3TAIOHHONH Monmenu Zy; W(Y,,) -

MJIOTHOCTH BEPOATHOCTU Ha6J'IIOZ[eHI/II71 Yn.
B ocHoBe 0OaitecoBCKOIo noJaxoJa K pCliCHUIO 3aJa4u KJ'IaCCI/I(l)I/IKa-
OUn JICKKUT PA3JI0KCHUC Z[HCerTHOﬁ ,I[ByMGpHOfI IIJIOTHOCTHU BEPOATHO-
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CTH (B NPOCTPAHCTBE JTAJOHBI — IPU3HAKK) Ha OE3yCIIOBHBIE M YCIOB-
HBI€ IMCKPETHBIC TUIOTHOCTH:

Y (B =W B X (X)W (e ),
k=1,....K,n=1,..,N.
B HaI/IGOHee 06HIeM BUJAC MNOpcACTaBUM €€ C IOMOIIbIO CME-

CH IUIOTHOCTEW BEPOSITHOCTH HENPEPBIBHBIX CIyYalHBIX BEJIWYMH HA OC-
HOBE 0000IIECHHBIX (DYHKIIHIA:

K N
Y)=>> %, 8(Z-Zi)3(Y-Y,),
k=1 n=1

IlI€ X, — BEPOSATHOCTh HAa3HAYEHUA B k-I KilacTep n-ro oObEKTa; S(Z) -

060061eHHas O -pynmkmus [13].
Hanee onpesienuM MapruHalibHbIC TUWIOTHOCTH BEPOSITHOCTEH CleIy-
orM 00pazom:

K
W(Z/Y)=Y 22 8(2-2,)1(Y-Y,), Vi=1..,N

K
k=1

Xin
1

i=

BBIBOA BBIpaXCHHSI IS allOCTEPHOPHON IIOTHOCTH BEPOSITHOCTH
NPHHAICKHOCTH /1-0T0 00BEKTa k-OMy KJIACCy IPHUBEACH B MPUIOKCHHH 1.

AHAJIOTUYHO AMOCTEPHOPHOH IUIOTHOCTH MONYYdM (OPMYIUPOBKY
(bYHKIMH TIPaBIOTIOO0HS:

N
Y/Z Z Xkn (Z—Zk)é(Y_Yn)a Vk=1...,K,

N
n=l xk,s
s=1
N K
W(Y)=>8(Y-Y,)D X
n=1 k=1

31ech BBeJIEHA CriellManbHas pa3pbhlBHAS 1(Z) -pyHKnmMS:

LZ=0
1 (Z) — 2 2
0,Z#0.
Ee ocHOBHBIE CBOMCTBa MpHBeIEHHI B npuioxeHuu 2 [16, 17]. Yeno-
BUsI HOPMHUPOBKH JUIsl BBE/ICHHBIX TJIOTHOCTEH MOKa3aHbl B IPHIIOKEHUH 3.
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[Tpu TakoMm moaxoje peuieHHe 3aqadd KIAaCCU(PUKAIUK CBOIUTCS K
(hopMHPOBAHUIO IBYMEPHOH IIOTHOCTH BEPOATHOCTEH W(Z, Y), a UMECHHO

K HAXOKIEHHIO MaTpuilbl X BeposTHOCTell HasHadenmii, pasmepa K XN,
OOBEKTOB B KIIACTEPHI IIPU OrPAHUICHUSAX, IPECTABIIIOMNX COO0H yCIOBUS
HOpMHUPOBKH. OfHAKO 00s3aTEIbHBIMH JIOMOJHUTEIBHBIMHA OTPAaHUYEHUAMA
JOJDKHO OBITH TO, YTO BCE MPEACTABICHHBIE OOBEKTH HEOOXOANMO KIIacCH-
(ULUpOBaTh, TO €CTh KaXKIbIiH O0OBEKT JOJDKEH MPUHAUISKATh XOTS Obl Of1-
HOMY KJIacCy, M TO, YTO KJAacC MOXET He COJepiaTh OOBEKTOB (OBITH ITy-
CTBIM), TaK KaK alpuopy HEW3BECTHO YHCIO KitaccoB. Ecnm ymciio kimaccoB
W3BECTHO, TO 3TO MOPOXKAAET 3a]a4y BEKTOPHOTO KBAHTOBAHHS.

4. MaTpuuHas MoJeJb KJaccupukaropa. 3aMeTUM, UYTO HUCKO-
Masl JByMEpHas AMCKpPETHas IUIOTHOCTh paclpejiesieHHs] BEposSTHOCTEH
COCTOMT M3 TpeX KOMIIOHEHT: MaTpuisl X, MHOXECTBAa INPHU3HAKOB H
MHOXKECTBA OTATOHHBIX BEKTOPOB  Zy = (Zy,,Zpse- 2k ) » Vhk=1K.
OneMEeHTbl MHOKECTB NPU3HAKOB M 3TAJIOHHBIX BEKTOPOB CBA3aHBI MEX-
Iy coOOW C MOMOIINBI0 MAaTPUIBI X — BEPOSATHOCTEH Ha3HAUYCHHUH B k-
kiactep n-ro oobexTta. Torma X MOXKeT paccMaTpUBAaThCS KaK MCKOMBII
JIBYMEDHBIM P pacupencieHus IJUCKPETHBIX CIy4YallHbIX BEJIUYUH
{k :1’7} u {n :17\/}, U CJIEN0BATENbHO, IOMYCTHMO IOJy4YeHHe 000

Mapl"PIHaJ'ILHOﬁ IJIOTHOCTHU BEPOSATHOCTH, HpHMeHHeMOﬁ npu OaliecoB-
CKOM IIoaxozaec. Takum 06pa30M, €CJIn UMCETCA MaTpulia X ¢ aneMeHTa-
MU X, YAOBICTBOPSAIOIINX YCIOBUAM!

L,V k=1K,n=1N,

&

=

v
R
M=
M=
<

=

1l

TO MOXHO HaiTM MapruHallbHbIE IUIOTHOCTH, OITycKas 0003HAaYeHHsI CO-
oTBeTCTBYIOmUX O, 1, €-QyHKIMI, TO €CTh ONpEAENUTh MAPTHHAIb-

HBIC PAABI paCOpCACICHUA:

P(k,n) = X0, P(k /1) =21 P(K) = x40,

n=1
D Xu
s=1

K
P(n/k)=—2" P(n)= x4, Wk =1,K,n=1,
k=1

N

zxk,s
s=1
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,ZI.HH YIpoumeHUA 3arucy B MaTpUYHOM BUAC MapruHAJIBHBIC PSAObL
NpeacTaBUuM B BUIC:

P(k,n)=X,P(k/n)= X[diag(Xle )T :
P(k)=X1,,P(n/k)=X"[diag(XL,)] ",
P(n):XTIk,Vk:L_K,n:I,—N.

rae diag (x) — Omeparop JUaroHaJIM3allK BEKTOpa X.

OnHako MOUCK HEW3BECTHOM MaTpUIlbl BEPOSTHOCTEW HazHaueHU X
3HAUUTENILHO YCIIOXKHACT 3a/auy Kiaccu(uKanuy BCIEICTBHE OOJIBIIOTO
KOJIMYECTBa OTpaHHdYeHUN Ha ee 31eMeHTHl [18]. [losTomy Oymem mckatb
pemieHre B BHAEC MaTpUIpl HazHadeHH X' ¢ OyneBeIMH sneMeHTaMu. [lpu
9TOM cama MaTpuIla Ha3HaYeHU X' €CTECTBEHHO B3aUMOCBS3aHa C MaTpHUIICH
BeposiTHOcTer HasHaueHHH X [19, 20]. Benenue OymeBol MaTpuIlpl Ha3Ha-
YEeHUIl BO3MOXKHO By TOTO, YTO KJIACCU(HUKATOP HEPAHIOMU3UPOBAHHBII.

Jli1st 3TOrO OMpeNeNuM CBsI3b YCIIOBHOTO MaprUHAIBHOTO psijia BEPo-

srnocreit P(k/n)=X' u nBymeproro psna Bepostaocteit P(k,n)=X B

MaTpu4HOM BUIC:
X'G=X, G =diag(X"I; ), X'= X[diag(xTIk )]_1 , X'diag (XTI, ) =X,

B CKaJIAPHOM BUC!:

. K K
Xk,n :xk,nbn:k :1: = N Z Xm,n s Xk,n :xk,nzxm,m
m=1 m=1
T o
roe I; = [1 T B 1] — eMHKUYHBINA BekTOp pasmepa K x1.
- 7

k

B 3agave wiaccudukanuu OyJaeM HCHONB30BATh CIEIYIOIINE YCIIO-
BUSI HOPMHUPOBKH, KOTOPBIE MOPOKAAIOT OrPaHUYEHHS B CO3/1aBA€MON Ma-
TEMaTHYECKON MOJIEITH:

1'XI, =1; (1)
IIX=17; ()
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Xjn ={0;1},Vk=1LK,n=1,N,X'e X'-X'=0; 3)

Xn.20,Vk=1,K,n=LN;

“
X-QeQ=0,

rue AeB _— npousBeaeHne Anamapa matpunl A u B; Q — marpuna gomnosn-

HUTEJBHBIX MEPeMeHHbIX pazmepa K X N, HE0OXOIUMBIX /ISl MEPEeXoia OT

OTpaHWYEHUH HEepaBeHCTB (Ha HEOTPHLATEIBHOCTh MEPEMEHHBIX) K orpa-

HUYCHHSAM THITA paBeHCTB; 0 — HyseBas Matpuna pazmepa K x N.

Orpannuenue (1) o3Hayaer, 4To Marpuua X — MPEJCTaBIsIET COOOH
JCKPETHBIN IByMEPHBIH psii pacipeeneHust BEpOSATHOCTEH.

Orpannuenus (2), HaJO)KEHHbIE Ha arllOCTEPUOPHYIO IUIOTHOCTH Be-
POSITHOCTH, 00ECIICUNBAIOT KJIACCH(HUKALINIO KaXKI0TO 00BEKTa, TO €CTh UX
MPUHAJICKHOCTh OJHOMY WM HECKOJIBKMM KIIacCaM C ONpEAEICHHOH Be-
posTHOCTBIO. Toraa cocraBisIomue:

X'= x[diag(lek )T

WHTEPIPETUPYIOTCS KaK YCIOBHBIE BEPOSITHOCTH NMPUHAMIC)KHOCTH H-TO
00beKTa k-My Kiaccy. Eciam 3TH KOMIIOHEHTHI ONPEAEISIOTCS Kak 3Jie-
MeHTHl OyineBoro MHoxectBa {0; 1}, To kiaccudukarop oxa3bIBacT-
Csl HEpaH/IOMHU3UPOBaHHBIM.

Orpanndenwust (3) 3amaloT IETEPMHUHUPOBAHHOE MHOXKECTBO pellla-
IOLIMX MTPaBWII, TO €CTh pa3padaThiBacMasi MaTeMaTHIECKasi MOJIENb SIBIISCT-
Csl HepaHJOMH3UPOBAaHHBIM KJIACCU(HKATOPOM, M TIOTPYKAIOT IUCKPETHYIO
OyJieBy 3a1a4y B HEIIPEPHIBHYIO.

OrpannueHus (4) TO3BOJSIOT WHTEPIPETHPOBATH COCTABISIOIINE
MaTpulbl X KaK BEPOATHOCTH.

CoBokymHOCTh orpanumdeHuit (2) m (3) oOycraBmuBaer pa3due-
Hue [21, 22] mHOXeCTBa U3 «/N» 00BEKTOB Ha «K» KIIACCOB, TO €CTh BEPO-
SITHOCTh NMPUHAJJISKHOCTH K k-My KJaccCy IpH yCJIOBUH HaONIOJEHUS 00b-
exTa ¢ HoMepoM 1. OJTHAKO yCIIOBHAs TUIOTHOCTh BEPOSITHOCTH HE Ompejie-
JSIET TIOMTHOCTBIO OCHOBY MaTeMAaTHYeCKOH MOJenH Kiaccu(ukaTopa —
JIBYMEPHYIO IUIOTHOCTh BEPOSITHOCTH, KOTOpasi UMeeT OoJIblIee YHCIIO CTe-
neHeit cBobonsl [23, 24]. B ycnoBHSX paBHOBEPOATHOIO psifia MOSIBICHUS
O00BEKTOB IS KIaCCU(PUKAIIMA HETPYTHO YBHIETH, YTO orpaHmdeHus (1)
U (4) sBnsitoTcst M30BITOYHBIMU U X' OJTHO3HAYHO ompesesieT X.

OueHp Ba)KHO OTMETUTB, YTO OIPaHHYEHUS Ha (PyHKUIHMIO IpaBIoIo-
J0OUsI He BBOASTCS, YTO 0OECTIEUMBAET BOZMOXKHOE CYIIECTBOBAHHUE ITyCTHIX
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Ki1actepoB. [1oaToMy npy aBTOMaTH4ECKO# KIacCu(pHUKaMi MOXKHO 331aBaTh
JIMIIb BEPXHIOK TPAHMILY YMCIIa KIACCOB JIMOO OCYILIECTBIATH MOJHOE pa3Ou-
eHHue OOBEKTOB Ha HEYNOPSJOYEHHBIE KJIACCHI, TAK KaK BO3MOXKHOE YHCIIO
KJIAaCCOB BCETIA ONPENEIIETC IiCIoM 00bekToB: 1S K <N |

Torpma paccmarpuBaeMasi MaTeMaTH4ecKass MOJENb JOJDKHA CO/ep-
JKaTh MOCTAHOBKY 3a/1a4 ONPEICIICHHS:

— CXOJICTBa OOBEKTOB BHYTPH KJIacca;

— OTJINYHSL OOBEKTOB KJlacca OT 00BEKTOB APYTUX KIIACCOB;

—4ycia KJIacCoB;

— ONTUMAIBEHOTO pa30UeHNs MHOXKECTBA 00BEKTOB Ha KJIACCHI;

—THIOTETHYECKOTO (TIPEICTABUTENBHOT0) 00BEKTa BHYTPH Kaxk-
JIOTO KJacca.

5. Mexkaaccopass MeTpuka. s Toro 49toOBl chopMyIHpPOBATH
TaKyIo 3a7aqy, HeOOXOIMMO BBECTH METPHKY (PacCTOSHUE) MEKIY U BHYT-

PY MHOKECTB Y,,,Vnzl,_N, uZ,,Vk=1K.

DTa MeTpUKa JI0JKHA YJIOBJIETBOPATDH CIEAYIONIIM TPEOOBAHUAM:

— O6J'Ia}18.TI) U3BECTHBIMU CBOMCTBAMHU MCTPUKHU B CMBICJIIC TECOPUH
METPUYECKHUX MPOCTPAHCTB;

— OTpaXkaTh (PU3MYECKYIO CYIIHOCTh (DYHKIMH TOTEPh MPH PEIICHUU
3a1a4yi MUHUMK3auu baiiecoBckoro pucka,

— AMETh HE BBICOKYIO BEIYMCIUTEIHHYIO CIIOKHOCTE;

— VYUTBHIBaTh CTATUCTHYCCKUEC CBOWCTBA PE3YJIETATOB H3MEPCHUH
MIPU3HAKOB;

— ACTOJIB30BATh MOJTYYCHHBIA KIIACCH()UKATOP IS PEHIeHUs IOoCie-
OYIOUNX 3a/1a4 (HarmpuMmep, IpUMEHeHNEe HeJTHHEHHBIX (DyHKIIMOHAJIOB IS
CHHTE3a Pa3leiIOINX MHOTOMEPHBIX IMOBEPXHOCTEH 3a CUET yBEINYCHUSI
pa3MepHOCTH MpoCTpaHcTBa [25- 27]).

KoncTpynpoBanue Takoil METpPHUKH MpENCTaBIsIET co00i CcaMOCTOs-
TEITBHYIO HAYYHYIO 33/1a4y, KOTOPOH OYIyT MOCBAIICHBI JaTbHEHIITHE UCCIISI0-
BaHus. [103TOMY 3/1€Ch MBI OTPAHUYMMCSI MATEMATHUYECKONH MOJICIIBIO KIIACCH-
(huKaTopa MPU3HAKOB B CMBICIIC SKCTPEMAIBHOM 331a4i ¢ OTPAHHYCHHUSIMH [IPU
HCTIONIb30BaHIU 0000IICHHON METPUKH IBKIIMIOBA ITpocTpaHcTBa [28-30]:

p(x.y)=(x-¥)" W(x-y).

rae W — TDOJNOXUTENBHO  ONpeAeieHHas  KBaJgpaTHas  Marpulia
pasmepa (L X L).

6. YcaoBusi mocTpoeHust Kiaccudukaropa. PazpadbaTeiBacmas Ma-
TeMaTH4decKasi MOIeNb KiIacCH(pUKaToOpa MPH3HAKOB OCHOBAaHA HA CIEIYIO-
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LIUX YTBEPXKACHUSX, PACCMAaTPHBAEMBIX CHavala KaKk HEKOTOpPBIE THUITOTE3bI,
KOTOpBIE B MOCIIEYIOIEM MOTYT ObITh JOKa3aHBI.

Tak npu pa3dueHNH MHOXKECTBA Ha KJACCHI LIEH SBJISIOTCS IPOTHBO-
peunBbiMU. C OIHOM CTOPOHBL, NP YBEIMYCHHH YHCIA KIACCOB CXOICTBO
OOBEKTOB BHYTPHU Kilacca yBEIMYUBACTCS (pacCTOSHHE MEXAYy OOBEKTaMu
OZIHOTO KJIacCa YMEHBIIIAeTcs), a C APYroi CTOPOHBI, YMEHBIIACTCS MEXKKIIAc-
COBOE paznuuue (paccTosHHE MEXIYy NpEJCTaBUTEIIMH PasHBIX KIAacCOB
yMeHbI1aercs). [109ToMy 000CHOBaHME YMCIIA KJIACCOB IPOBOIHUTCS BPUCTH-
4eckH, 0e3 JOCTaTOYHOr0 Hay4dHOro oOocHoBaHus. Kpome TOro, MHOXKECTBO
MOXXET BOOOIIE HE paccianBaThCs Ha KIIACCHL, BCICACTBHE HETOCTATOYHOTO
CTaTUCTHUYECKOTO MaTepuasia ¥ (WJIM) HEeMPaBHIHLHOTO 0TOOpa MPU3HAKOB,
TaKWe CUTYalluH JOJDKHBI OBITh OOHapy>keHbl. [103TOMy KOHIIETITYalIbHO BBI-
JIBUTAETCs JIMIIb TUIOTE3a O CYIIECTBOBAHUM PACCIOCHHUS MCXOIHOTO MHO-
JKECTBa Ha KJIACCHI C ITOMOILBIO pa3padaThiBA€MOil MaTEMAaTHYECKON MOJIEIIH.
Ota runoTesa Ha 3aKIIOYHUTELHOM 3Talle MOMISKHUT IPoBepKe (BepHpHKa-
LIMH), @ UIMEHHO: JIOIYCKAeT JIM MCCIIElyeMOE MPOCTPAHCTBO NMPH3HAKOB pe-
LIeHUEe 3a1auu Kiaccuduramu? B cBs3M € 3THM paccCMOTpEHHE 0CTaTod-
HBIX YCJIOBHH NMPAaBUIHHON KIIaCCH(HUKAINH SBISCTCS aKTyaJbHOH 3a/1auei.

Kpome Toro, koHCTpyHpoBaHue (pyHKIFOHANA KayecTBa KiIacCu(pu-
KalliM MperoiaracT pacCMOTPEHUE JIByX TPaHUYHBIX YCIIOBUit: 1) kitactep
SIBIIIETCSI €IMHCTBEHHBIM; 2) YHCIIO KJIAaCCOB PaBHO 00beMy BBIOOpKH. B
TIEPBOM CJTydae MEKKJIAcCOBasl TUCIIEPCHsi MUHUMalIbHAsl (paBHA HYIIO), a
BHYTPHKJIACCOBAs TUCIIEPCUs MakcuManbHas. Bo BTopoM cirydae Ha0060poT:
MEXXKJIacCoBasi TUCIIEPCHsi MaKCHUMallbHasl, a CyMMapHasi BHYTPHKJIaCCOBast
JMCIIepcHs MUHUManbHas (paBHa Hymo). Kpome Toro, ecnm cyMmapHas
BHYTPHUKJIACCOBAs JUCIEPCHsI MOXKET OBITh BHIOpaHa AJIsi KOJMYECTBEHHOTO
OIMCAHUS CXOACTBAa 0OBEKTOB BHYTPH KJIACCOB, TO MEXKKIIACCOBAas JHCIEp-
CHSI HE/IOCTAaTOYHO OIUCHIBAET OTIMYHE 00BEKTOB PAa3HBIX KJIACCOB, TaK Kak
OHA OINpeJeNsAeTCs] JHUIIb KOOPJMHATAMHI STAJOHOB KaXKI0TO Kiacca M He
YUUTBHIBAET «TOHKOTO» pacipeieieHlss 00beKTOB BHYTPH Kilacca.

B mpoTuBOMNONOKHOCTE 3a7aue KiIacCU(pHUKAUM B 3a/a4e BEKTOP-
HOTO KBaHTOBaHHMS OCHOBHOE BHHMAaHHE YHAENACTCS MHHUMH3AIMH CYM-
MapHOW BHYTPHKJIACCOBOW JUCIIEPCHH, a 3HAYUT, BCE KIACCHI JOJDKHBI
OBITH HE IMYCTHIMH, U KOHCTPYHUpPOBaHUE (PyHKIMOHAIA KayecTBa BEKTOP-
HOrO KBAHTOBATEJsl HE BBI3BIBACT 3aTpyIHEHHMH. DTOW 3amade OyayT mmo-
CBSIILEHBI IOCJIEAYIOLIHE PAaOOTHI.

WHTepecHO paccMoTpeHHMe 3aa4n KiIacCH(DUKAIUK C TO3UINI TEOpHH
nndopmarmu [9]. Uzsectro [9], uro muddepenipanbHas SHTPONUS MOHO-
TOHHO BO3PACTaeT C BO3PACTaHUEM JIUCIIEPCHU TeHEPaIbHON COBOKYITHOCTH U
JOCTHTaeT CBOECTO MaKCHMAJILHOIO 3HAYCHHs JUIS yCTAHOBJIEHHBIX IUIOTHO-
CTEll BEepOSITHOCTEW CITydallHOW BEJNMYHMHBI B 3aBHCUMOCTH OT €€ 00iacTu
onpeneneHus. [103ToMy MOXHO BBICKa3aTh CIIEAYIOLINE TUIIOTE3bI, YTO:
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1. Ipu pacciioeHnn BBHIOOPKM Ha KJIACCHI €€ CyMMapHas BHYTPH-
KJIacCOBas AUCTIEPCHS IOJDKHA OBITh MEHbBIIE MAKCHMAJIBHO BO3MOKHOH, TO
€CTh, KOTJIa HET PacCIOCHUs ITPH 3aJaHHOM YHUCIIE KIIACCOB.

2. YtoOBI MACHTU(PHUIUPOBATH PACCIOCHUS, TOJDKHA OBITh HEKOTOpast
THIIOTETHYecKas BIOOpKa (00pasell), B KOTOPOil IIOTEHIIMAIEHO HEBO3MOXK-
HO BBIJICTTUTH KIAaCTEPHI (HAIPHMeEp, BBIOOPKA N3 MHOTOMEPHOTO paBHOMEP-
Horo pacnpenenenus [31, 32]);

3. IlpoBepka MpeaIoNOKEHNS O HAIWYWU PACCIOCHHSA Ha KIIAacChI
MOXeT OBITh MpOBEJCHA IIyTeM CpPaBHEHHs paboyero M TMIIOTETUYECKOTO
MHOJKECTB (HAIpHMep, ¢ IOMOIIBI0 paccTossHIs Xaycaopda [33], ucmonb-
30BaHus HHpOpMaIoHHol mepbl Kyns0aka — JIéionepa [34] u T. 1.).

4. CucreMa 3aMKkHyTa [1], a 3HAQUUT €e PHTPONUS U, CIEJOBATEIHHO,
JMCTIEPCHS HE 3aBUCAT OT C11oco0a pa3dreHuns BBIOOPKH Ha KIIACCHI, TO €CTh:

D,,(K,X,Y,Z)+D,(K,X,Y,Z) = const(Y),

rae X — marpuna pasmepa K XN HasHaueHWM OOBEKTOB B KIIACTEPHI;
K — uancno kmaccoB; N — 4ucio KiaccupUUUpyeMbIX 00BEeKTOB; Dy —
MEXKJIaccoBas AMCHepcHs (IUcrepcust 3TanoHoB); D, — cyMMapHas Io
BCEM KJlaccaM BHYTpPHKJIAcCOBas Jucrepcus; Y — Marpuia KOOpAMHAT
pasmepa LxN pacnosHaBaeMoro MHOKeCTBa 0OBEKTOB;, L — pasmep-
HOCTh IIPOCTPAHCTBA INPH3HAKOB; Z — MaTpHla KOOpPAMHAT pa3Mepa
LxK npencrasureneit knaccos.

5. CymiecTByeT KaHOHUYECKUH BHJ TMIIOTETHYECKOM U paboueii BbI-
OOpOK, OCHOBAHHBII Ha CBOWCTBE 3aMKHYTOCTH KiacCH(PHKATOPA.

OTH TUIOTE3bl HATAJKHBAIOT HA KOMIUIEKCHOE pelIeHHe IPoOIeMEbl
KIaccu(uKaum:

— OlpeieNieHNe JUCIEePCHOHHBIX IOCIIENOBATEIFHOCTEH (KPUBBIX),
00pa3yeMbIX pa3IW4YHbIMH Pa3OMEHUSIMUA THIIOTETHYECKOH (00pa3ioBoii)
H30TPOITHOH BEIOOPKH;

— npuBenieHne paboyel BHIOOPKU K KAHOHHYECKOMY BHILY;

— IIpOBEpKa TUITOTE3bI O PACCIIOCHNH paboyeil BEIOOPKU Ha KIIacTepH;

— CHHTe3 KJIacCH(UKATOPa;

— BepUpUKANKS TOTYICHHOW MaTeMaTHIECKOW MOJICITH.

B ycinoBusx, korja TumoTresa O pacclioeHMH paboueil BBIOOPKH
Ha KJIacChl ITOATBEpXKIAaeTcs (IPOBEpPKE JTOH THUIOTE3bl OymyT IOCBSILE-
HBI TIOCJIEIYIOIIHE UCCIICZIOBaHMs ), OCHOBHOM 3a/iadell MOYKHO CUMTATh 33/1auy
CHHTe3a KIIacCH(HKATOpa [0 HEKOTOPOMY (DYHKIHOHATY KaueCTBa.

OyHKnroHaN KayecTBa chopMUpyeM B oOmieM BHJE (10 NPUHLUITY
rapaHTHPOBAHHOTO pe3yJjbTaTa) 0Oe3 armpuOpHOro 3aJaHMs YHCIA KIlac-
COB (OHO €CTECTBEHHO OIPaHHYCHO CBEPXY 0OBEMOM BHIOOPKH) U ITAIOHOB
Ha MHOXKECTBE HEPaHIOMH3UPOBAaHHBIX KIIaCCU(PUKATOPOB, 331aBAEMbIX KaK
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MHOXECTBO BCEX HEYHOPSIOYEHHBIX pPa3OMEHHH HMCXOMHOTO MHOXKECTBA
00BexTOB [35, 36]. Ilpu 3ToM Kaxmoe pa3dueHue (KiIaccupuraTop) OymaeM
XapaKTepu30BaTh [BYMS IIapaMETpaMH: MEXKKIACCOBOM Aucrepcueil n
CYMMAapHOM BHYTPHKJIACCOBOM JUCIIEPCUEH.

7. Qucniepcun  pa3oueHuii. V3BecTeH TEOPETUKO-MHOKECTBEHHBIH
HOJIXOJ] K MOCTaHOBKE 3a/a4u Kiaccudpukanuu [5]. OnHako ero npuMeHeHHe
COBMECTHO C MaTeMaTHYeCKUM MporpammupoBanueM [37] neBozmoxkHo. Ilo-
JTOMY MaTeMaTH4YecKyl0 MOJIENb MPEJICTABUM KaK HEKOTOPYIO YCIOBHYIO 3KC-
TpeMaJIbHYIO 33/1a4y B ()OpMaILHOM MaTpHYHOM BHJIE.

J1J1s1 5TOr0 KOHKPETH3UPYEM MEXKIJIACCOBYIO TUCTIEPCHIO.

Crnenys BaiiecoBckomy moaxonmy, OyaeM paccMaTpuBath OleHKH {Z.'}
MHOJKECTBa 3TAIOHOB {Z} TpH 3aaHHOM (QYHKIMK CTOMMOCTH (IIOTEpb),
HaOroass MHOXeCTBO npu3HakoB {Y}. Tak kak, B Xo[e pEIICHUs 3a/1aud
KJIaccuuKaImy He0OXOMMO ONPEAENUTH: 1) arpHOpHOE MHOXKECTBO 3TAJIO-
HOB {Z}; 2) IpaBIJIO IPHUHATHS PEIICHHS O TIPHHAUISKHOCTH 00BhEKTa K Kilac-
cy: 3) amocTepropHOE MHOXKECTBO OLICHOK {Z'}, TO €CTECTBEHHO IOJIOKHTH,

YTO OIIEHKHM JIOJDKHBI COBIIAAATh C DTAIOHAMU {Z'} = {Z} M TaKXKe TOJDKHBI

OBITh Hal{ZICHbI B pe3yJibTaTe PelieHns 321491 KiIacCH(DUKAIIMH.

H3BectHo [9], 4TO B Cilyuae KBapaTUIHOW (YHKIMH MOTEPh, a TAKKE B
JIOCTATOYHO LIMPOKOM KJlacce IPYrux (YHKIME CTOMMOCTH, ONTHMAJIbHAS
OLICHKA €CTh Cpe/lHee 3HAYeHHE arloCTEPUOPHON TUIOTHOCTH BEPOSTHOCTH IPH-
3HAKOB Kjacca. Torja IpUMEeHUTENBHO K 3a/iade JIeTepPMUHUPOBAHHON KIIacCH-
¢uKanmu ¢ He0OXOMMBIMH IFIOTHOCTSMH BEPOSTHOCTEH:

W(Z,Y)=W(Z/Y)W(Y)=
s(z—zk)1(Z—Y,,)6(Y_Yn)ixs,n _

K

n=1 k=1 s=1
2 Xs
s=1

:iixk,n (Z-Z:)(Y-Y,)3(Y-Y,);

n=1 k=
- N K
W (¥)=28(Y-Y,) 3 v
n=1 k=1

COCTaBUM MAaTpUIy ONTHMAJIbHBIX OLIEHOK Z' pa3mepa (L><N ), KOTOpas

MOJKET OBITh BbIpa’KCHA KaK:
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= IZW(Z/Y)dZ:ZX'nl(Y—Yn),Vn:I,N;

Qz,
2'=(7., Z, -, Zy]=ZX,
rue Z',, — omeHka Z, npu HAONIONEHNMH BEKTOpa MPHU3HAKOB Y,

Z, e{Zk = (zlk,ZZk,...,zLK)T},Vk =1,K; Z — dbopMupyeMoe STaloHHOE
MHOKECTBO — MaTpHIla pasMepa (L><K ); X= X'diag(XTIk) — MaTpuIa
pasmepa (K x N ) aMOCTEPUOPHBIX BEPOATHOCTEH HTAJIOHOB TIPH HAOIIO/IE-

HMH BeKTopa npu3HakoB Y,; X, — n-il cronben Matpuipl X'
Torma MOXHO HalTH cpefHEe 3HAaUCHHUE HA MHOYKECTBE OLICHOK:

Z, =7.X' X1},

1 OIIPEJENUTH JUCIIEPCHIO OIIEHOK KaK

Dm(K,X,Y,Z)=§§:x,mJ. j[(z-

k=1 n=1 Qy Q7
xW(Z-7.)[5(2- 2, )5(Y - Y, )dZaY =

K

ngk,,( \~Z,) W(z,-Z,)

k=1

Oranonsl Z; Oy#eM HMCKaTh KaK MaTpUIy KOOPAWHAT 3TAIOHOB Z
pasmepa LxK. Toraa mocie MOACTAHOBKH OLIGHOK M HX CPEIHEro, Hc-
H0JIb3Ysl PUIIBTPYIOIIEE CBOMCTBO O -(YHKIUH, TOTYIUM:

T
Dm(K,X,Y,z)ztr{(ZX'—II®{ZX'XT1k}) W
x(ZX'—II ®{ZX'XTIk})diag(XTIk),

rae tr(A) — cnent kBajapatHoii Matpuubsl A; A®B — npoussenenue Kpo-
Hekepa mMaTpull A u B.

OTMeTHM, YTO 3[€Ch MOJ MEXKIACCOBON IUCIIEPCHEN MOHUMAETCS
He JIUCIEPCHsl STATOHHOTO MHOKECTBA, MOLIHOCT KOTOpOro pasHa K, a
Jucriepcst pabodeil BRIOOPKH IIOCIIE 3aMEHBI KaKIIOro 0ObeKTa BCEX Kiac-
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COB €r0 ATAJIOHHBIM 3HAUYEHHEM ISl Kilacca, KOTOPOMY OH TMPHHAIJICKHT, a
3HAYUT, MOIIHOCTb IPEOOPa30BAHHOIO MHOXKECTBA paBHa N.

Temepsr BBemeM M PAacCMOTPHM CYMMAapHYI BHYTPHKIACCO-
BYIO (YCPEIHEHHYIO Ha MHOXKECTBE HMPU3HAKOB Kjlacca) AMCIEPCHUI0, KOTO-
past B o01IeM citydae 3a/1aeTcsl BRIpaKESHUEM:

K
D(K.XY,2)=Y [ [ (Y-2) W(Y-ZW(ZY)dzZaY;
k=1 Qy; Q7

Oy =y, =6,Qz = Q2 .[ Q2 =6,cardQyz; =1,Vk =1,K;
k k k k

DV(K,X,Y,Z):iix,(,,, [ [(¥-2) wx

k=1 n=1 Qy Q7

x(Y-2)3(2-Z,)1(Y-Y,)3(Y-Y,)dYdZ"

Hcnonb3ys QuibTpyromee CBOMCTBO O -QYHKIMH OKOHYATEJIHHO
MOy 4nM:

D, (K, X,Y,Z)= f‘ﬁ:x“(n -z,) W(Y,-Z,),

= >

—_

n=

rae Z, — n-it cronben matpuiist Z'.
CyMMapHyI0 BHYTPUKJIACCOBYIO IHCIIEPCHIO OMPEIECTUM C ITOMO-
IIBIO CIEAYIOIEH KOHCTPYKIHH:

D, (K.X.Y,Z) =1 Xdiag| (Y -ZX)' W(Y-ZX') |1,

s cokpaiueHusi pa3sMEpHOCTH IIPOCTPAHCTBA PELUEHUN YUTEM HaJM-
YHe CBSI3H MEX/y HCKOMBIMHU IIEPEMEHHBIMH M OTPAaHUIECHUAMH 3aaur. Tak:

) 1 1
dlag(XTIk) ZNI,X :NX',X'T Ik = Ina

rae I — ennaMYHAsS MaTpHLa.
C oToii ke menplo OyAeM HCKaTh KOOPAWHATHI IIEHTPOHIOB Kak
B3BEIIEHHOE CpeIHEe BEKTOPOB, HAXOMAIINXCS B KIIacTepe:

Z=WYX" (diag(X'L,)) .
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ITonydeHHble BBIpa)KEHUsI AJIA TUCIEPCHUIl collepkaT SIBHYIO 3aBHU-
CUMOCTh OT MpPEAINOoJIaraeMoro 4mciia kiaccoB K, KOTOpas BBIpa)KaeTcs
YUCJIOM CTPOK B MaTpulle HazHaueHuil X'. JIjIsl MCKIIIOYEHUs 2TOU 3aBH-
CUMOCTH OTIpeIeITIM 3Ty MaTpHILY TUTS MaKCHMAaJIbHO

BO3MOJKHOTO YHCJIa KJIACCOB pa3MepoOM (N xN )

Torna BBIPpAXXCHUA I I[I/ICHepCI/Iﬁ 3aIIMCBIBAIOTCA B BUJIC!
' 1 I : ' T
D, (X')= Ftr{(WYX ™[ diag(X'L,)] X'-
T
1 -1
——IZ@{WYX'T diag(X'I, X'In}]
I [ iag( )] x

| (5)
XW(WYX'T[diag(X'In)] X'-

—%II ®{WYX'T [diag(X'L,)]" Xl}j}
T
D,(X")= %IZX'X diag{[Y ~WYX' (diag(X'L)) " X} Wx
(6)

X[Y—WYX’T (diag(X'L,))" X'}}ln.

MaxcumanbsHble 3Ha4eHUS (5) 1 (6) UCHOIB3yeM UIS OIpeeIICHHS
KaHOHMYECKOTO BHJa paboueil BHIOOPKH, /IS YEro MPOU3BeIeM HOPMHUPOB-
Ky MaTpHUIbI IPU3HAKOB Y IO TIPaBUITY:

rne s=2D, (I) =D, (In ), YTO O3HAYaeT, YTO MaKCHMalbHOE 3HAYCHHE

MEKKIIACCOBOM AUCTIEPCHU HAOIOIAETCs, KOTIa YMCIIO KIACCOB PABHO YKC-
Ty OOBEKTOB KIACCH()HKALMH, a MAKCHMAIbHOE 3HAYEHHE CyMMApHOM
BHYTPHUKJIACCOBOM JUCIIEPCHH — €CITH KJIACC OJMH. DTH 3HAYEHUs OJMHAKO-
Bbl M PaBHBI BHIOOPOYHOM JUCIEPCHU MCXOAHOM BBIOODKH, UTO HECIOXKHO
nokasatk (s ynpomenus W=1):

s =max{D, (X')} :%tr [Y—%I} ®{Yln})T (Y—%IE ®{Yln}j :
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KOTOpO€ Moyty4eHo u3 (5), u

T
s:max{Dv(X')}:%IZdiag Y—%YI,,IE Y—%Ylnlg I,

ompenenseMoe u3 (6). HerpyaHo 3aMeTuTh, 4TO 3TH BBIPQKEHHUS IS Mac-
MTabupyroNed KOHCTAHTHI SKBUBAJICHTHBI.

8. ®yHKIMOHAJ KaYyecTBa KiaccupukaTopa. Temeps BBeneM He-
KOTOpBIH (DyHKIIMOHAJ KayecTBa KiaccudukaTopa:

@(Y,,HS,X')T)extr, @)

rne Y, — pabouas BBIOOpKa KaHOHHMYeckoro Buaa, Hy — rumorerndye-
ckas (0Opa3ioBast) BEIOOpKa KaHOHWYECKOro Buzaa; X' — UCKOMOe pasdue-
HUeE paboueil BHIOOPKH Ha KIIacChl.

st xoHCTpyupoBaHus (HyHKIMOHATA Oy/eM HCIIOIb30BaTh 3aBUCH-
MOCTH JIUCTIEPCHI KAHOHMYECKHX pabodell U TMIOTeTHYECKOil BBIOOPOK OT

pa3Ouenuii Ha kiaccel: D, (X},HS) — CyMMapHas BHYTpHUKJaccoBas IUC-

nepcuss M30TPONHOM KaHOHMYecKoW BbIOOpkH; D, =D, (Y,.,X') — CyM-

MapHas BHYTPUKIIACCOBast AUCIEPCHsI KAHOHNYECKOH paboueil BBIOOPKH.

YroObl monyuuth (opmanan3oBaHHOe onucanue (ynkuuonana (7),
OBLTH TIPOBEIEHBI HCCIIEIOBAHHS 3aBHCUMOCTH MEXKIACCOBOW M CyMMap-
HOW BHYTPHKJIACCOBOI JAUCHIEPCHI OT HEYHOPSIOYEHHBIX pa3OneHH myTeM
UX TMOJIHOTO nepebopa Ha pa3iuvHbIX padounx BbiOOpkax. [To cytu, dyHk-
roHan (7) AOMDKeH BBECTH OTHOIICHHE mopsaka [1] Ha MHOXECTBe Bcex
BO3MOXKHBIX HEYIOPSJIOYEHHBIX pa3OueHHH, onpenenseMblx yucioMm bei-
na [38] u 00MagaroImuX CIEAYONMMUA CBOUCTBAMH:

— YHCII0 KJIACCOB B pa30MEHNN He (PMKCUPYETCS] U OTPaHUUCHO CBEp-
XYy 4uCJIOM 00BEKTOB N , UTO IIO3BOJIACT I/I36aBI/ITI)C$[ OT sABHOI'O 3aJJaHuA
YHCIIa KJIACTEPOB B 33/1a4e Kiaccu(puKalumy;

—ycnoBus (2) u (3) popManbHO 3a7ar0T MUCKOMBIE pa3duenus (00-
JacTh onpexaeneHus GyHkuuoHana (7)), XOTsk MOTYT OITUCHIBATH M YHOPSIO-
YeHHbIC pa30MeHUs MTPY JATFHEHIIIEM Pa3BUTHH 331a49H KITacCH(UKAINH;

— MOJHBIN TIepebop BceX pazOMeHMid OCyIIecTBISETCS (HOPMHPO-
BaHHWEM MaTpHIl HazHaueHUH X' IMyTeM HCIHOJIb30BaHHUS HU3BECTHOI'O pe-
KyppeHTHOTO cBoiicTBa [35] (HeoOxonnMble CBOMCTBA pa3OUeHNU IpHBe-
JI€HBI B IPUIIOKEHUH 4);

— 711 MICHTU(UKAIMA ONTHUMAIBHOTO PACCIOCHHS IOJDKHA OBITh
HEKOTOpasi THUIIOTETHYEeCKass W30TPOITHAs BBIOOpKa (0Opasell), B KOTOpOU
MOTCHIMAJIBHO HEBO3MOKHO BBIACINTL KIIACTCPHI;
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—3HAUEHHMsI NMPHU3HAKOB OOBEKTOB M30TPOIHOM BBIOOPKU OTpaHuUue-
HBI CBEPXY M CHH3Y M 00pa3yroT KoMmakTHoe [33] MHOXECTBO, YeMy yIo-
BJIETBOPSIET BBIOOPKA M3 HENPEPHIBHOIO MHOTOMEPHOTO PaBHOMEPHOTO
pacnpenencnus [31] (ero onpeaencHue MPUBEACHO B IPUIIOKECHUH 5).

st Toro 4to0bI 37€ch HE KOHKPETU3UPOBATh 00JacTh S, MpHUBEIEeM
M30TPOIHYIO BEIOOPKY K KAHOHMYECKOMY BHJy C MOMOIIBIO BHIIICTPUBEICH-
HBIX MacITaOMPYIOMMX KOHCTAHT S. DTO IOIKHO OOECIICUMTh HEKOTOPBIH
CTaHIapT JHCIEPCHOHHOHN I10CIEN0BATEIBHOCTH (KPHBOM), OIpenessieMon
Pa3IMIHBIME Pa30HMEHUSMH TUTIOTETHUECKOH (00pa3moBOii) M30TPOIHON BHI-
Oopku (puc. 2). JTa MociIenoBaTeIbHOCT HE JOIDKHA 3aBUCETh OT Pa3MepHO-
CTH NPU3HAKOBOI'O IPOCTPAHCTBA M YHCIA OOBEKTOB KJIACCH(HKALUH, €CIIH
oHO Benuko. KoHeuHo, 3TOT (akT HyKZaeTcss B CTPOrOM MaTeMaTHYeCKOM
JoKa3aTenbeTBe. [IpuBeeM UL SKCIIEpUMEHTAIBHOE MOATBEPXKICHHE CY-
IICCTBOBAHUA TaKOM TOCJICA0BATCIIBHOCTH TP MaJIOM YUCJIC 06’I)CKTOB nu ajid
JIBYMEPHOT'O MPU3HAKOBOTO MPOCTPAHCTBA, TAK KaK BBIYUCIHUTEIBHAS CIIOXK-
HOCTB 9KCIIEPUMEHTOB AKCIIOHEHIIMAILHO BO3PACTAET C POCTOM YHCNIa O0BEK-
TOB M YBEJIMYEHHEM Pa3MEPHOCTH NPOCTPAHCTBA ITPU3HAKOB.

Y
4 T T T
o
3_ -
o
) .3
2F o p
@ (]
1_ -
(]
0 1 1 1
0 1 2 3 4 N

Puc. 2. KoppensaunoHHoe 1moiie u30TponHoi BEIOOPKU

Ha pucynke 3 n3o00pakeHbl 3aBHCHMOCTH CYMMAapHOW BHYTPHKJIAC-
coBoil aucnepcun D, OT pa30ueHU H30TPONHBIX KAHOHUYECKUX BBIOOPOK

pa3nuuHbIX 00beMoB. [Ipu 3TOM pazOreHust yIopsAoueHbI 10 BO3PACTaHHIO
JIMCIIEPCHH, a 3HAYHUT, 00pa3yl0T MOHOTOHHYIO HEYOBIBAIOLIYIO MOCIIEI0Ba-
TENBHOCTh. 3HAYEHUS 10 OCH abcIyce He MMEIoT (PU3MYECKOTO CMBICIA, a
JIUIIL 00pa3yroT MOPSAKOBYIO KAy V Ha MHOKECTBE pa30HUEeHUI.
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31ech MCIONB30BATUCH BHIOOPKU oObeMoM: N =7,8,9,10, mms koro-
poix uncia bemna pasubt: B =877,4140,21147,115975 coorsercTBEHHO.

[pencrapnenubie rpadUKy MO3BOJSIOT 3aMETHTH OCOOCHHOCTHU MO-
CIICIOBATEIILHOCTH:

— JIMCTIEPCHsT U3MEHSETCS TUCKPETHO TUIABHO 0€3 PEe3KHX CKAYKOB C
pocToM 00beMa BEIOOPKH;

—IIpU yBENMYCHUH YHCIA KIACCHDHUIMPYEMBIX OOBEKTOB KpPHBAs,
0TOOpaKAIOIIAs MOCIEI0BATEIBHOCTh, CTPEMHUTCSI K HEKOTOPOMY IpeIeib-
HOMY IOJIOKSHUIO;

—npu N —> 0 QHUCIIEpCHOHHAsT KPHBasi H30TPOIHON KaHOHHYECKOM
BBIOOPKH MOXKET HOCHTD XapaKTep YCTOMYINBOM 3aKOHOMEPHOCTH.

1

D,

0,9

0,8
0,7
0,6
0,5
0,4
0,3

0,2

0,1
0

o o1 02 03 04 05 06 07 08 09 1

Puc. 3. lucriepcroHHbIE KPUBBIE H30TPOITHON BHIOOPKH

9. JlucnepcoHHble KpuBbIe. Tenepb pacCMOTPUM IMOBEJICHUE AMC-
TIEPCHOHHOW KPWBOI aHW30TPOITHOW BBIOOPKH, TO €CTh BHIOOPKH C BO3MOXK-
HBIM paccjoeHHeM Ha Kiacchl (puc. 4). 113 O0ybIIoro KoJM4ecTBa SKCIepH-
MEHTOB TI0 HICCIICIOBAHUIO aHW3OTPOITHBIX BBHIOOPOK B paboTe oOcykmaeTcs
OIMH W3 HUX (HamOolilee TpeJCTaBUTENbHBIN). BBISTBICHHBIEC CBOIiCTBA [THC-
NIEPCUOHHON KPUBOM YCTONUMBO COXPAHSIOTCS U B IPYTHX IKCIIEPUMEHTAX.

Ha pucynke 5 n300pakeHbl 3aBUCHMOCTH CYMMAapHOH BHYTpHUKJIac-

cooii nucnepcun D, wn mexknaccosoit mucnepcuu D, or paszOuenwmii
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U30TpONHON (pHUC. 2) M aHU30TPONHOU (pHC. 4) KAHOHWYECKUX BBIOOPOK
oobema N =10. Tlpu sToM pasOueHHs yNOPANOYEHBI 110 YMEHBIIEHHIO
MEXXKIIACCOBOW AWCIIEPCUH, a 3HAYHUT, 00pa3yr0T MOHOTOHHYIO HEBO3pac-
TAIOUIYI0 MOCIE0BAaTeIbHOCT. 3/1ech Jke Ha rpaduke u300pakeHa cyMma
BHYTPHUKJIACCOBOM M MEKKJIACCOBOM JUCIIEPCH BBIOOPOK KaHOHUYECKOTO
BU/Ia. DTa CyMMa He 3aBHCUT OT Pa3OMEHHs NCXOHOM pabodell COBOKYITHO-
CTH U paBHA ee 00IIel MHUCIepCHH, a TI0ciie IPUBEICHUS] K KAHOHHYECKOMY
BUJly COOTBETCTBYET C€IUHUYHOMY 3HAUCHHUIO.

B

0,5 4

L4

0 Il Il
0 1 2 N

Puc. 4. KoppensiinoHHOE 110Jie aHU30TPOIHOM BHIOOPKH

3HaueHHs Mo OcH adcuuce Ha PUCYHKE 5, Kak U paHee Ha PUCYHKE 3,
HE UMEIOT (PU3NYECKOTO CMBICIIA, & JHIIb 00pa3yloT MOPSIKOBYIO MIKATY V
Ha MHO>KECTBE pa30HeHuil.

YCTaHOBJIEHO, YTO AWCIEPCHOHHBIE KPHBBIE M30TPOIHOM M aHU30-
TPOMHOW BHIOOPOK OTIIMYAIOTCS JPYT OT Jpyra TeM OoJible, YyeM Oolblie
HEO/IHOPOIHOCTh aHM30TPOIHOM BhIOOpKH. [Ipu manpHeHmmMx wuccienoBa-
HUAX 3TO CBOWCTBO MOXET OBITh HCIIOJIb30BaHO ISl IPOBEPKU TMIIOTE3BI O
pacCIOeHUH CTaTUCTUYECKOTO MaTepHalla Ha KJIacChl.

JluckpeTHbIe 3aBUCUMOCTH Ha PUCYHKE 5 aNnIpOKCUMHPOBAHBI Ky-
COYHO-JIMHEMHBIMU HETIPEphIBHBIMU KpHUBBIMH. [l03TOMY AeTanuzupyem ux
C TOYHOCTBIO 10 NUCKPETHBIX OoTcueToB. OCOOBIIl MHTEpeC NpencTaBiseT
yCIIOBHE, KOT/Ia YMCIIO KJIACCOB 3HAYMTEIFHO MEHBINE, YeM 00heM BHIOOp-
ku: K << N npu maneix (GonbIInX) 3HAYECHUAX CYMMapHOW BHYTpPHKIIAC-
COBOM Juicriepcuy (MEXKIIaccoBOM aucrnepcuu). s 3Tux ycnoBuil npen-
CTaBJICHBI 3aBHCUMOCTH Ha PUCYHKax 6 M 7 CyMMapHOH BHYTpPHKIIACCOBOM

D,; n MexknaccoBoi D, IUCHEpCHi COOTBETCTBEHHO.
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Puc. 5. lucriepcroHHbIe KPUBBIC H30TPOIIHON M @aHU30TPOIHON BEIOOPOK
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Puc. 6. BHyTpuKnaccoBbie IUCTIEPCHOHHBIE TTOCIIE0BATEILHOCTH H30TPOITHON H
AQHHU30TPOITHOH BEIOOPOK
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D,
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Puc. 7. MexKkiaccoBble AUCTIEPCHOHHBIE TIOCIE0BATEILBHOCTH H30TPOITHON 1
QHHU30TPOITHOH BEIOOPOK

B oboux cimywasx pacuera gucriepcuit o (5) u (6) Ha rpadukax
HaOIIONArOTCsl Pa3phIBBI 00JIACTH JIOIYCTUMBIX 3HAueHHH (YHKIMOHAJIOB
JUISl aHU30TPOIHON BBIOOpKH. Vcmonms3yem 3To cBOicTBO aiist (hopMHpoBa-
HUs QyHKIMOHANA KayecTBa Kiaccupukannu (7).

10. 3agauya knaccupukanuu. Tak MHOTOYHCIECHHBIE HCCIIENOBA-
HUS (3KCTIEPIMEHTHI) TIOKa3ald, YTO TPH HAIWYMH KJIaccoB HaOIroaeTcs
HEOAHOPOIHOCTH BEIOOPKHU. DTa HEOJHOPOJHOCTE IPOSBISICTCS B BUIIE CYIIE-
CTBEHHBIX CKAaYKOB MEXKKIIACCOBOH AMCHEpPCHH (CyMMapHOW BHYTPHKIIACCO-
BOM JMCIIEpCHU) Pa3OMEeHUi, YNOPSAOUSHHBIX MO MX YObIBaHMIO (BO3pacTa-
Huto). HauGonpmmmii BeIOpOC uaeHTH(GUIMpPYET Hawuimydllee pa3OUeHHE Ha
KJIacChl. 3HAYUT HAIO MCKATh MUHUMYM (MakCHUMyM) MPOM3BOIHON KaKoii-
00 M3 JUCIIEpCHl HA MHOMKECTBE BCEX BO3MOXKHBIX pa30ueHuil. OnmHako
TPOU3BO/IHOM B KJIACCUUECKOM CMBICIIE 3[IeCh HE CYIIECTBYET, TaK KaK IMpo-
W3BOJIHAS CJIEBa HE paBHA MPOM3BOIHOM crpaBa M, KpOME TOro, (DyHKIMOHAI
orpeneneH Ha quckpeTHoM MHoxecTBe [39, 40]. [To cyTH, 3TO 03Ha4aeT, 4To
MIPOUCXOANT KadyeCTBEHHOE HM3MEHEHHE KOJMYECTBEHHOH XapaKTEPUCTUKH
pa3OueHust npy HEOOJBIIOM W3MEHEHHH €ro InapaMeTrpoB. Toraa 3amaudy
KJIaCCU(HKAIIIN MOXKHO OTHECTH K 331a4aM TEOPHHU KaTtacTpod.

BakxHO OTMETHTB, YTO B CIlyd4ae M30TPOIHBIX BHIOOPOK KaTacTpo-
(b1 HeT, ¥ OHAa HAOIIOIaeTCs, KOT/Ia CYIIECTBYET HEKOTOpast OpTaHu3aIus
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B CHCTEME, TCHEPHUPYIOUICH aHM30TPONHYI0 BBIOOpPKY. IloaTOoMy KOH-
cTpykuust GyHknuoHana (7) D0JDKHA YYUTHIBATh, B KAKOW Mepe pelieHue
3a/1a4d KJIACCU(PUKANUNA OTIUYHO OT HamOoJjee ONM3KOr0 PEIICHUs MHpU
3aMEHE aHM30TPOITHON BHIOOPKU M30TPOMHON. ITO MOKHO CHOPMYIHPO-
BaTh B BUJIE CJIE/IyIONeH MUHUMAKCHOM 3a/1auu:

min|D,, (X},HS)—DVS (x;,,Y,) —> max, )

Xa Xi

rae D, (X},HS) — CyMMapHasi BHYTPHKIIACCOBAas AHMCIIEPCHUS U30TPOII-
HOHM KaHOHUYECKOH BBIOOpKHU; D, (X'a,Y,.) — cyMMapHasi BHYTPHUKJIACCO-

Basl UCTIEPCUSI aHM30TPOMHON KAHOHUYECKON BLIOOPKH; X; — MaTpuia
Ha3HAYeHUH OOBEKTOB B KJIACCHl M30TPOIHON KAaHOHWYECKOH BBIOOPKH;

X, — MaTpHIla Ha3HaUYCHUH OOBEKTOB B KIIACCH aHW30TPOITHON KAaHOHH-
yeckoil BeIOOpKHU; Hy — MaTpuma mpu3HAKOB OOBEKTOB M30TPOMHOU Ka-
HOHUYECKOW BBIOOPKH; Y, — MaTpHIla IPU3HAKOB O0BEKTOB aHH30TPOII-
HOM KaHOHMYECKOW BHIOOPKH.

AHaNOTUYHBIA (QYHKIIMOHAI MOKET OBITH 3allMCaH W I MEXKKJIac-
COBOMW JUCHIEPCUU:

S

(X ¥;)

— max.

min D, (X, H,)-D, .

[lockonbKy AMCHEPCHOHHAS KpHBas HM30TPOIHOW BBIOOPKH YHH-
KajJbHa, OHA MOXXET ObITh TaOyJUpOBaHa WJIM allpoOKCHMHUPOBaHa C 3a-

JaHHOW TOYHOCTBIO C MOMOIIBIO HEKOTOPOH (GYHKUIUH f; (x) Teneps

3a1agy (8) MOXHO 3amucaTh Kak:

min‘f,» (x)—Dy, (X',I,Y,. )‘ — max. 9)

Xq x

Torma, MareMaTH4eckyl0 MOJENb MOXHO TPEACTaBUTh KaK 3aady
HaXO0XJICHUS MaTpPULbl HA3HAYEHUM X, ¥ BCIIOMOTraTesbHOI MIEPEMEHHOM X,

ynosueTBopsromux (10) mpu M3BECTHBIX MaTpPHIAX MPU3HAKOB OOBEKTOB Y,
0000IIEHHON METPHKH SBKIHAI0BA MPOCTPAHCTBa W U STAJIOHHOW THICIIEPCH-

OHHOMW KpHBOH f; (x) , TIPY OTPaHUYCHUSIX Ha KOMIIOHEHTHI MaTPHIIBl Ha3Ha-

yeHuil (2), (3). Beruncnenue (9) mpou3BoauTCs ¢ HOMOIIBIO BRIpaxeHus (6).
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3amaun (3), (2), (6), (9) MOXXHO KITacCHPUIMPOBATH KaK 3a[a4ud IEJI0-
YHCIIEHHOTO HEJIMHEHHOTO MPOrpaMMHpPOBaHUsI Ha OyJIEBOM MHOXKECTBE pelile-
HUIi, KOTOPOE 33JaeTCsl ¢ TIOMOILBIO HEJIMHENHBIX ypaBHEeHUH. B 9T0# 3anaue
HESBHO OCYIIECTBJIAETCS] ONTUMM3AIMS 110 YHCITy KJIacCOB, TAK KaK Ha CTPOKU
marpuil X, HE HAKIIBIBAETCH HUKAKUX JIOTIONHUTENBHBIX OrPaHUYEHHH,

KpoMe OyJIeBOCTH MEPEMEHHBIX. ITO MOXET MPUBOAUTH K HATMYUIO HYJICBBIX
(TyCTBIX) KIIACTEPOB BCIIGJICTBUE OTPAHMYCHHUSI CHU3Y U CBEPXY UHCIIa KJIaCcCOB
(1<K < N), a Taroke BClECTBHE MPELIAraeMOi MUHMMAKCHONW MaTeMaThye-
CKOM MoJieny 3a1aun Kinaccupukanmu. Pa3paboTke anropuTMa perieHus To-
CTaBJICHHOM 33124 OyIyT MOCBSIIEHBI TTOCIISAYIOIUE PAOOTHI.

Pemenne 3anau (9), (6), (2), (3) onpenenser Haumydmee pa3doueHue
MHOXECTBa 00BEKTOB Ha KJIACCHI, a M0 JOCTUTHYTOMY 3HAYCHUIO (YHKIIHO-
Hana (9) MOXXHO CYTUTh O KauecTBE KIacCU(UKAIIIH.

B ECJIOM MOXXHO BBIJACIIUTE CICAYIOIUE OCHOBHBLIC 3TAIllbl PEHICHUSA
3a/1a4d KITaCCU(PUKAIINN:

1. Ompenenenue 3TaJOHHON IUCIIEPCHOHHOM KPHUBOM H30TPOITHON
BBIOOPKHU.

2. HopmupoBaHue paboueii BHIOOPKM OTHOCHTENBHO €€ o0Iel nuc-
MIEPCHH, TO €CTh NPUBEICHUE paboyeil BHIOOPKH K KAHOHUYECKOMY BUJTY.

3. IIpoBepka rumoTe3sbl 0 PaccIOSHUN Ha KJIACChl, @ UMEHHO: MOYKHO
BBIJICITATH KJIACCHI MITH HET?

4. Pemenue 3a7aun cHHTE3a Kiaccu(uKaTropa, TO €CTh IOUCK OII-
TUMAJILHOTO Pa30UeHUs] B Clly4yae MCTUHHOCTH TMIIOTE3bl O PACCIOCHUU
Ha KJIaCChl.

5. Bepudukarys monydeHHOro PeLIeHHUs] U ONpEACiICHHE KauyecTBa
KJIaCCU(PHKAIHIH.

11. 3axmovyenue. B pamkax oOmieit 3amaun Teopuu MPHUHATHS pe-
meHnid npu OaiflecOBCKOM TMOJXOJE 33javya KIaCcCU(HUKALUK TPU3HAKOB
O0OBEKTOB C TOYKM 3peHHs pa3OMEHHss MHOXKECTBA Ha ITOJMHOXKECTBA B
YCIIOBHSIX TPABHJILHOU KJIacCH(HUKAIMK MPEICTaBIsCT cOO0M MOJIENb CH-
CTEMBI PacIio3HaBaHMs, T1e (GYHKIHS MPaBIONOI00Hs ONPEAEISIETCS B X0J1e
peleHus 3aqa4yr, a KiIacc MpaBWI paclio3HaBaHHWs 00pa3oBaH Ha MHOXe-
CTBE H3BECTHBIX NPHU3HAKOB OOBEKTOB, UTO OIPEACISIET TEOPETHUECKYIO
3HAYUMOCTb Pe3ysibTaToB paboTel. Toraa 3aqa4ya kiaccupuKanui CBOAUTCS
K 3a[a4ue ONpE/Ie/ICHUs] BEPOATHOCTEH MPUHAICKHOCTH HCCIETYyEeMbIX 00b-
€KTOB K HEKOTOpBIM KiaccaMm. [Ipu 3TOM MOCTYIUPYETCsl TOXKIECTBEHHOCTh
9TAaJOHHOTO MHO>KECTBA M MHOKECTBA OLIEHOK KJIACCOB.

B pesynbrare pazpaboTaHa MaTeMaTH4eckas MOJENb KiaccupHuka-
TOpa IMPU3HAKOB, KOTOpas MPEIIOJiaraeT CHHTE3 IBYMEPHOM IUIOTHOCTH
BEPOSTHOCTEH B IPOCTPAHCTBE KOOPAMHAT: KJIacchl — 00beKThI. Vcmonb3o-
BaHHE 00OOIIECHHBIX (YHKIUH MO3BOJUIIO CBECTH BEPOSTHOCTHYIO 3a1ady
NOMCKa MHHUMYyMa 0aiieCOBCKOTO pUCKa K JIETEPMUHHPOBAHHOW 3a/iaue Ha
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MHO>XECTBE HEPaHIOMHU3MPOBAHHBIX IMPaBWI MPUHATHUS PELICHUH MpU IIO-
MOIIM CIIEHUAIBHO BBEEHHBIX ONPaHUYEHUM.

B momoOHBIX YCIOBHSX Ui KOPPEKTHOTO CHHTE3a KiaccupukaTopa
HEoOXOoaMMa IMCICPCHOHHAS KPHBas HM30TPOITHON BBIOOPKH, a TaKXKe HC-
M0JIb30BAHUE CYMMAapHON BHYTPUKJIACCOBOM M MEXKIIACCOBBIX IUCHEPCUMN
JUT XapaKTePUCTHKH KA4ecTBa KJIACCU(UKAIINYU, YTO TPEANOoIaraeT WHTEp-
TIPeTaIrIo 3aa49i KiacCu(pUKanuy KaKk YaCTHOW 3aJa4i TEOpUH KaTacTpod.
OrpaHryeHHOCTh UCXOJHBIX IAHHBIX MPEOIPEenIa TOUCK MUHUMAKCHOTO
(hyHKITMOHATA, OTPAKAIOIIETO KA9eCTBO KIACCH(DUKAIIMY TP KBAJIPATUIHON
¢yHKIME TOTEph. B MTOTE pa3paboTaHHYr0 MaTeMaTHYECKYIO MOJCTb OKa3a-
JIOCh BO3MOKHBIM PaccCMaTpUBaTh B (popMe 3aaud [IEIIOYNCICHHOTO HEIH-
HEHHOTr0 IPOrpaMMHUpPOBAHMs, a MOCJIEAYIOUIEE UCIOIb30BaHUE MOJIMHOMU-
ATPHBIX OTPAaHIYCHUI TO3BOJHIIO € MpeoOpa3oBaTh K BHAY OOIICH 3amadn
HEJIMHEHHOTO HENMPEPHIBHOTO MPOTPAaMMHUPOBAHUS, UTO 00YCIABINBACT IIPAK-
THYECKYI0 3HAYMMOCTh paboThl, Kak crocoba petenust NP — MoiHbIX KOMOU-
HATOPHBIX 3a/1a4. B JomoiHeHne K 3TOMy HaiileHbl HEOOXOIUMBIE YCIIOBHS
pacciioeHus Ha KIacChl, KOTOPBIE MOTYT OBITh HCIIOIB30BAHBI KaK JOCTaTOY-
HBIE TIPY MPOBEPKE TUIMOTE3BI O CYNIECTBOBAHUU KJIACCOB.

JanbHeiie nccnenoBaHus B 001acTH pa3pabOTKU Mojieneil Kiac-
CU(PHUKATOPOB JIOJKHBI ObITh HAIPABJICHBI HA CHHTE3 JUHAMHUYCCKUX KJlac-
cudukaTopos [41], i 4ero He0OX0UMO:

— pa3feNuTh MPEICTABICHHBIN CTATUCTHYCCKUA MaTepHuan Ha o0y-
YarOIIyI0 U KOHTPOJIHMPYIOITYIO BEIOOPKU;

—HaiTl 3()(EKTUBHBIH aNTOPUTM TIOyYEHHSI PpeIICHUS 3adadi
KJIacCH(PUKALNU B paMKax MPEJICTaBICHHON MaTeMaTHIECKON MO/ICIIH;

— BBIIIOJIHUTh BepH(UKAIMIO pa3padOTaHHONH MoOJeNn Kiaccupuka-
TOpa U TI0 BO3MOXKHOCTH MPOBEPKY €r0 aJIeKBAaTHOCTH;

— IPeIyCMOTPETh MPOLEAypy OOydeHHus KiaccupukaTopa, Kak B
MPU3HAKOBOM MPOCTPAHCTBE OOBEKTOB JUISI CHIDKCHHSI €ro pa3MEpHO-

ctu (oTOopa MH(GOPMATHUBHEIX MPHU3HAKOB), TAK U B MPOCTPAHCTBE CaMHX
00BEKTOB /TSI PACCIOEHHS MX Ha KJIACCHI;

— ONIPEeNIeNUTh, IPH KAKUX YCIOBHAX 33/1ady CHHTE3a KIIacCU(HKATO-
pa HYXHO pelIaTh 3aHOBO B AMHAMUKE U3MEHEHHsSI IPU3HAKOB OOBEKTOB.
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IIPUJIO’KEHHUE 1.

BbiBoa BhIpa:keHHs JJIsl ANIOCTEPUOPHOI NMJIOTHOCTH BEPOSITHO-
CTH NPUHA/JIESKHOCTH n-0T0 00beKTa k-oMy KJaccy:

— k=1 = n=1 = —
>8(Y-Y,)D Xk
n=1 k=1

W(Z):gS(Z—Zk)gxkn

MIPUJIOKEHHUE 2.

CpoiicTBa cnmenua bHON Pa3pbIBHON (yHKIMH I(Z). ITo cytn,

oTa (byHKIII/IH OMpeaAc/IACT OTHOILICHUEC

5(2-2,)

s(z)

1(z)=

npu L, >Z;

U TI03TOMY TaK e sIBJIsieTcss 0000mmeHHou [16, 17] dyHkuueit.
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B kagectBe npuOmmKeHUs l(oc,Z) -(pYHKINU K UACaTBHON Tpeiia-

raeTcs MCIOJIb30BaTh SKCIIOHCHIIMATIBHYIO (DYHKIIUIO BHIA!

rIe O — TapaMeTp HACTPOHKH allpOKCUMALMH Pa3pbIBHON (YHKIMK He-

MIpepbIBHOM anddepeHpyemMoil QyHKIuen.
Ha pucynke 112 n3o0paxena € ((x, x) MIPY Pa3IAYHBIX 3HAUYCHUAX O, :

&(a, x)

ittt SR

-1 -05 0
Puc. I12. T'padux pysxkunn S(OL,X) NIPY Pa3IAYHBIX 3HAYCHUSX O

IMPUJIIOKEHHUE 3.

YcaoBus HOPMHUPOBKHU JJI1 BB€ACHHBIX IJIOTHOCTEM. HCJ'ICCOO6—

pa3Ho uX 3aIrcaTb B BUAE:

j jW(Z,Y)dZdY:j jiﬁ:xk,nS(Z—Zk)S(Y—Yn)dZdY=

Q7 Qy Q7 Qy k=1 n=1
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[w(z)dz- jiixk,ns(Z—zk)dzzl;

Q7 Qg k=1n=1

[w(viz)ay = | S Xkt 1(77,)5(Y-Y,)dY =

rae Qx — 00JacTh onpeeNcHus MepeMeHHBIX X (CKaspa, BEKTOpa MaTpH-
1Bl M T. T1.)

IMPUJIOKEHHUE 4.

Heo0xoaumble cBoiicTBa pa3ouenuii. Pazouenne (O, MHOXecTBa
{1, ..., n} omHO3HA4YHO ompenenser pasduenue (O, | MHOXKecTBa {l, ...,
n—1}, koTopoe nmonydaercs u3 O, MOCIe yIaIeHus dIeMeHTa # (WIH ITyCTo-
ro 0JI0Ka) U3 COOTBETCTBYIOIIETO Oyoka. Takke, eciu umeercs pa3OucHUE

W= {B, ..., Bx} mHOXecTBa {1, ..., n—1}, TO MOXXHO OTBICKAaTh BCcE pa3du-
ennst O, MHOXecTBa {1, ..., n}, I KOTOPBIX Oy-1 = W, TO ecTh Takue pas-
OmeHus:

B U{n},...B;...Bi,... B U{n};By,... B {n}.

IIPUJIOKEHHUE 5.

Omnpenesienne HenmpepbIBHOT0O MHOTOMEPHOT0 PaBHOMEPHOIO
pacnpenenenus [31]. [Iycte S © R" — OopeneBCKOe MHOXECTBO C KO-

HEYHOH J1e0eroBoit Mepoﬁk(S); TOBOPAT, YTO BEKTOP (ﬁl,...,é,,) nme-
€T paBHOMEPHOE  pacIpefeleHHe B 00macTH S, €cld  ILIOT-
HOCTH COBMECTHOTO pPacIpeaeIcHuUs jf(il""’él,)(xl,...,x,,) MOCTOSIHHA B 00-

JacTH S M paBHA HYIIIO BHE 3TOH 00JacTu:

1

—— (%1503, ) €S,
Fton) (3130) ={ MS)
O,(xl,...,xn)é S.
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A. BATENKOV, K. BATENKOV, A. BOGACHYOV, V. MISHIN
MATHEMATICAL MODEL OF OBJECT CLASSIFIER BASED ON
BAYESIAN APPROACH

Batenkov A., Batenkov K., Bogachyov A., Mishin V. Mathematical Model of Object
Classifier based on Bayesian Approach.

Abstract. The paper claims that the primary importance in solving the classification
problem is to find the conditions for dividing the General complexity into classes, determine
the quality of such a bundle, and verify the classifier model. We consider a mathematical
model of a non-randomized classifier of features obtained without a teacher, when the number
of classes is not set a priori, but only its upper bound is set. The mathematical model is
presented in the form of a statement of a minimax conditional extreme task, and it is a problem
of searching for the matrix of belonging of objects to a class, and representative (reference)
elements within each class. The development of the feature classifier is based on the synthesis
of two-dimensional probability density in the coordinate space: classes-objects. Using
generalized functions, the probabilistic problem of finding the minimum Bayesian risk is
reduced to a deterministic problem on a set of non-randomized classifiers. At the same time,
the use of specially introduced constraints fixes non-randomized decision rules and plunges the
integer problem of nonlinear programming into a General continuous nonlinear problem. For
correct synthesis of the classifier, the dispersion curve of the isotropic sample is necessary. It is
necessary to use the total intra-class and inter-class variance to characterize the quality of
classification. The classification problem can be interpreted as a particular problem of the
theory of catastrophes. Under the conditions of limited initial data, a minimax functional was
found that reflects the quality of classification for a quadratic loss function. The developed
mathematical model is classified as an integer nonlinear programming problem. The model is
given using polynomial constraints to the form of a General problem of nonlinear continuous
programming. The necessary conditions for the bundle into classes are found. These conditions
can be used as sufficient when testing the hypothesis about the existence of classes.

Keywords: Non-randomized Feature Classifier, Upper Bound of the Number of Classes,
Minimax, Conditional Extreme Problem, Integer Problem of Nonlinear Programming
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Abstract A problem of searching a minimum-size feature set to use in distribution of
multidimensional objects in classes, for instance with the help of classifying trees, is considered.
It has an important value in developing high speed and accuracy classifying systems. A short
comparative review of existing approaches is given. Formally, the problem is formulated as
finding a minimum-size (minimum weighted sum) covering set of discriminating 0,1-matrix,
which is used to represent capabilities of the features to distinguish between each pair of objects
belonging to different classes. There is given a way to build a discriminating 0,1-matrix. On the
basis of the common solving principle, called the group resolution principle, the following
problems are formulated and solved: finding an exact minimum-size feature set; finding a feature
set with minimum total weight among all the minimum-size feature sets (the feature weights may
be defined by the known methods, e.g. the RELIEF method and its modifications); finding an
optimal feature set with respect to fuzzy data and discriminating matrix elements belonging to
diapason [0,1]; finding statistically optimal solution especially in the case of big data.
Statistically optimal algorithm makes it possible to restrict computational time by a polynomial
of the problem sizes and density of units in discriminating matrix and provides a probability of
finding an exact solution close to 1.

Thus, the paper suggests a common approach to finding a minimum-size feature set with
peculiarities in problem formulation, which differs it from the known approaches. The paper
contains a lot of illustrations for clarification aims. Some theoretical statements given in the paper
are based on the previously published works.

In the concluding part, the results of the experiments are presented, as well as the
information on dimensionality reduction for the coverage problem for big datasets. Some
promising directions of the outlined approach are noted, including working with incomplete and
categorical data, integrating the control model into the data classification system.

Keywords: Multidimensional Data, Classification, Feature Selection, Minimum-size
Covering Problem, Group Resolution Principle

1. Introduction. One of important applied problems in data mining,
control and system analysis is reduction of the feature set used in a
model (e.g. classification or recognition ones). This problem attracts serious
attention [1-5]. There are three common groups (and their combinations) of
methods to realize feature set reduction including filtering, wrapper, and
embedded methods. They give different results from the viewpoint of
accuracy and computational complexity.

Filtering methods [6, 7] are computationally effective but do not
provide (in general) classification and prognostic accuracy of the model,
because, for instance, they do not take into account (in general) the internal
links between features, e.g. multigroup co-relation coefficients and
dependencies.

The main idea of the filtering methods is to estimate feature
ratings (weights) W and use some threshold to remove features with small
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ratings. A good and widely known filtering method is RELIEF [8]. In this
method, for each sample object Ob, and each feature f, one defines the
nearest object Ob, from the same class (say, 4) and the nearest object Ob,
from the opposite class (say, B) for two-classes classification problem.
Obviously, feature f, differs between 4 and B quite well if its value for class

A is clearly greater than its value for class B. This observation constitutes the
idea of RELIEF method which uses iterative process to re-evaluate feature

S, weight W[f,] by adding to it the value of diff (f,,0b,,0b,)/ m and
subtracting the value of diff (f,,0b,,0b,)/ m, where diff (...) stands for the
distance between two objects with respect to feature f, and m denotes the

number of pairs (0b_,0b,), ((Ob,,0b,)).

Besides RELIEF and its modifications, one can mention principal
component analysis [9], supporting vector machine and other feature scoring
methods [6, 10].

The other group of methods is united under the title wrapper
methods [11, 12]. They estimate quality of the feature set {1, f,,..., f,} for

instance by learning neural network with the inputs f;, f5,..., f, and providing
the following assesment of the resulting classification accuracy. This technique
is extensively consuming computational resources and cannot be recommended
for big feature sets as it requires to consider 0(2%) feature subsets to reveal
the smallest one with satisfying classification capabilities (where d stands for

the total number of the features).

To smooth drawbacks of the above two groups of methods the
embedded methods were suggested [13]. A good example is C4.5/CART [14,
15] methods based on information gain calculations in clasification trees.
Suppose that each of the objects belongs either to class A or to class B (but only
to one of them). Next suppose that one selects attribute (feature) £, to split all

the objects accordingly to value of /. To simplify our considerations, admit
then that 1), €{0,1}. Now divide all the objects into two subsets: [, where
f, =0, and f; where f, =1. In general, the representatives of initial classes
4 and B may be among samples in f,, and f,. In GINI-index based method
[16] (which lies in the basis of CART — classification and recognition tree) a
quality of the splitting is associated with the score value

n.
h; =1—Z‘4/_EA’B(| fj |)2 computed for each subset fyi where n,(n,) stands
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for the number of objects of class 4 (class B) in f)’i and | fyi | denotes
cardinality of fyi . It is accepted that the best selection corresponds to attribute
J, minimizing average value of /, (/).

One can then split f|

y

o and f,, in the similar way with the help of

another attribute, say f,, and so on in order to build a classifying tree with

the attributes located in its nodes. Clearly, this heuristical approach delivers
in general not optimal solution, that is, the set of attributes defined
accordingly to the method may not be a minimum-size one. The main
advantage of this embedded method is that it has good computational
characteristics and results in the ready-to-use classifying tree.

However, there is no common platform in the above groups of
methods regarding possible peculiarities in problem specification. These
peculiarities are linked, for instance, to data fuzziness, weightedness, possible
redundancy, incompleteness, quantitative nature, big sizes, efc.

The goal of the paper is to propose such a platform. It uses a technique
to solve a 0,1-matrix covering problem on the basis of some common
principle (called group resolution principle — GRP) applicable to the different
problem specifications including (among the others):

—finding an exact minimum-size feature set;

—finding a feture set with minimum total weight among all the
minimum-size feature sets;

—finding an optimal feature set with respect to fuzzy data;

— finding statistically optimal solution especially in the case of big data.

Among the advantages of this platform are also eliminating feature
redundancy problem and possibility to deal with qualitative data. This may
serve a good starting position for future investigations in the marked areas.

2. Discrimination Matrix. Suppose, a normalized data set is
given (Table 1). There are 2 classes (4 and B), 6 features {f,, f5,..., fy} and

8 objects {i,i,,...,ig}. Our task is to define a minimum-size feature set and

build a classifying model, for instance, in the form of a classifying tree or a
neural network.

Let us give a general formal statement of the problem. Denote by
D; =< fi1, fizs--» fix, C; > the ith row (i=1,N) of the data set with the

corresponding feature values f;, (quantitative data, p=1,K), and C,

standing for the class label. Without loss of generality we shall use two
classes. Denote by Ob; =< f,, fi5,-.., fix > the ith object (in vector form) of

the data set. Let us require the following conditions to be true:

3ras(C, #Cy), 1<r,s<N, (D)
Vrvs(C, #C,)— Ob, # Ob,. )
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Table 1. The normalized data set

A S f3 fa fs fs Class
i 0.8 0.5 0.0 0.77 0.33 0.33 A
i 1.0 0.5 0.5 1.0 0.0 0.0 A
I 0.4 0.25 0.5 1.0 0.0 0.0 B
Iy 0.2 0.0 0.75 0.0 0.0 0.66 B
is 0.7 1.0 0.75 0.44 1.0 1.0 A
I 0.0 1.0 1.0 0.44 1.0 0.83 B
iy 0.0 0.5 1.0 0.33 0.66 0.83 A
g 0.4 1.0 0.75 0.44 0.33 0.66 B

Let mc{l,..,K} be some set of the unique integer indices and
f(m) stand for the (sub)set of the features with indices from = . Let Ob, (1)
denote new vector obtained from Ob, on the features f(w) . The feature set
minimization problem is stated as to find = with minimum power |=|
providing:

Vrvs(C, #C,) — Ob,(r) # Ob,(r). 3)

Clearly, condition (3) warrants that one can build a classifying
tree (CT) for the data set using the features from the covering set . We,
however, omit the question about the sizes of CT leaving it for experiments.

Consider an arbitrary column in the normalized data Table (e.g.
column f).

Definition 1. Feature f, discriminates between two objects x € 4 and
yeB ifandonlyif f, # f,.

We shall also use another notation (i.,f,) instead of f,,. For
example, f; discriminates between (i,,f;) and (i,f;) and does not
discriminate between (i, ;) and (i, f}).

Notice 1. Discrimination between the same classes is not considered
as it has no sense.

Notice 2. As features may be incorrectly defined due to differnt
reasons, one may use level A>0 of discrimination (A has rather small

positive value) and consider that feature f; discriminates between two
samples x€ 4 and y € B ifand only if f, 2 (f,, +4A) or f, <(f,, —A).
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Now one is in position to build a discrimination matrix DM with
elements dmy; =1 if and only if feature f, discriminates between samples

i and j; otherwise dmy; =0 (take into account Notice 1)

This matrix is given by Table 2. The columns containing only «1s» or
«0s» are deleted as redundant.

Table 2. Reduced matrix DM

1,8 2,3 2,4 45 5.6 58 6,7
/i 1 1 1 1 1 1

5 1 1 1 1 1
S 1 1 1

fa 1 1 1 1
Js 1 1 1
fe 1 1 1 1 1

The rows correspond to the features. Each column is represented by
pair (i, ) with i and j specifying rows in Table 1. For instance, consider row

f, and column (5,6) with «0» (empty value) at the intersection. This situation

means that feature f, does not discriminate between rows 5 and 6 in Table 1.
Definition 2. Row a covers column b if a contains «1» in column b.
Definition 3. A set of rows n={q,,a,, ..., a.} is a covering one for

DM if for each column b from DM there is at least one row from = that covers
b.

We are interested in a minimum-size covering set 7. In our example,
one of the minimum-size covering sets is m={f,, f,}. So, instead of 6

features it is sufficient to use only 2. Basing on the found feature set, one can
build a CT with the Python script given in Appendix.

One can prove then the next

Proposition 1. Any minimum-size cover r of the matrix DM defines
the corresponding minimum-size feature set.

Proof. Any proper subset n of n(n" =n) does not cover some
column in DM. Let this column be (7, j) and let row i belong to class 4 and

row j belong to class B. The values of the features from " are the same
both in objectsi and ;. By this, it is impossible to uniquely define by means

of features 7" to which classes i and j belong.
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It is a well-known fact that finding a minimum-size covering set of
0,1-matrix is NP-complete problem. We shall consider some exact method
for its solution with polynomial efficiency in average. This method uses a
group resolution principle suggested and substantiated in [17, 18].

3. Group Resolution Principle (Method). Group resolution
method enables one to find a minimum-size covering set of a 0,1-matrix
B. It represents an iterative process, with unique covering sets , found
at each iteration by means of some heuristic technique. The following
heuristic method may be used: at each iteration ¢ find a column (amidst
those remained undeleted) with minimum number of 1s. Let this column

be r,. Call r, a syndromic column. Then find arow f, (amidst undeleted

rows), covering 7,, with maximum number of units. Call the unit
element («1») at the intersection of row f, and column 7, a syndromic
element. Include f, into a covering set formed at the iteration ¢ . Delete
then all the rows containing 1s in the column 7,. Also delete all the
columns covered by row f,. The gth iteration continues till there remains

at least one undeleted column.
For each =, a special (syndromic) matrix is being built. From that

matrix, one finds a new column-resolvent and adds it to B to contract the
search area. The process repeats till an empty resolvent is generated. It is
warranted that sooner or later a totally zero resolvent will be generated what
indicates to finishing of the GRP. The best solution found to this moment
represents a minimum-size cover.

To explain the details of the group resolution method, let us consider
an example of some DM (Table 3a, excluding columns w and res, ).

Table 3. Example of 0,1-matrix («) and syndromic submatrix ()

a) b)
W |Cl |[C2 [C3 |C4 [C5 |C6 [CT | €8 |C9 |Cl0 |reSi Cl |C2 |C4 [C10
A4t 1 1 1
]2 1|11 1 1
fi |5 1 1|1 1 1
fi |6 1 1 1 1
fs |21 1 1 1 1
fs |3 1 1 1 1|1 1 11111
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Thus, select column ¢, and covering it row f; include into m,. Then

delete the rows and columns as explained above and get the next
matrix (Table 4).

Table 4. GRP in action

() Cy Cs Cq Cg €10
S 1 1 1
S3 1 1 1
fa 1 1 1
fs 1 1 1

Now select column ¢, and row f,. Extend current cover to
n, ={f5, f4}. Delete the rows and columns with respect to this new selection:
namely, delete columns ¢,,cq,c; and rows f,, f;.

Acting by analogy (select column ¢, first and ¢, next), form the
resulting covering set m, ={f, f;, />, f3}. This solution was delivered by

heuristic method without warrants of optimality. The essence of this heuristic
method (introduced by A.D. Zakrewsky and here slightly modified) is to select
the columns with minimum number of units first and in those columns find a
covering row with maximum number of units. It is time now to generate a
logical consequence of the columns ¢,,¢,,¢,, ¢, — their group resolvent. To

do this, let us select submatrix of the initial matrix with columns ¢, ¢,,¢,,¢,

(Table 3b). This submatrix is called syndromic. A group resolvent is a new
column defined according to the following rule (RSA): it contains 1s only in
the rows of syndromic matrix with two or more 1s. Add this resolvent ( res, )
to initial matrix in Table 3a.

Now perform the second iteration (¢ =2 ). Omitting the details,

find m, ={f;, f;, 3} with syndromic columns res,,c,,cscorrespondingly.
To produce a new group resolvent, form syndromic matrix for this cover
with columns res;,c;,cs and rows f, .., fs;. According to RSA, the
group resolvent is empty. The entire process terminates with the best
solution found — ©, = {f;, f;, f3}. This solution stands for a minimum size

cover, we have been looking for. Theoretical backgrounds of GRP can be
found in [17, 18].

The computational complexity estimation of GRP is given in the final
part of the paper and testifies to its polynomial properties in average with the
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required number of iterations submitted to expression [17] O[n-m-p ],

lI-p
where n (m) stands for the number of rows (columns) in original matrix DM
and p is the density of units (i.e. the number of units divided by n-m ) (p is
supposed to be not close to 0 or 1).

The evident drawback of the described method is continuous growth
of the matrix sizes due to adding of new group resolvents. Now we introduce
a new technique to eliminate this drawback within the frame of enhanced
version of GRP.

4. An Enhanced Version of GRP. The following material is based
on [19]. In the method realizing enhanced version of GRP new group
resolvents (starting from some time point) are not added to matrix B as
additional columns but overlap some previously generated resolvents. The
total number of the added group resolvents does not exceed the number of
rows in B.

Provide the following reasoning. Let a cover n;, was found at iteration
I by sequantial including rows a,,a.,, ..., 0,. Suppose that new iteration
i+1 entirely repeats the previous iteration i . This means that the same
syndromic columns and the same rows a,;,0.,, ..., o, are selected in the same
order including some additional new row(s). At the moment of including row
o, into m,,, (o, isthelastonein m; ) matrix B cannot be entirely destroyed,
otherwise one gets =; ==, which is impossible according to GRP
theoretical properties [17, 18]. This means that at least one column B should
remain undeleted and 3 is not covered by any one of rows ao,,,, ..., o, . But
column B must be at this moment totally zero as all the rows having «1s» in
B will be deleted (because the same syndromic columns are selected for rows
Q,,0,, ..., 0 atthe iterations i and i+1). Evidently, this is impossible and
enables one to come to one of the next conclusions:

— either 7, has less than & rows
or

— at one of the steps 1,2,...k when forming cover m,, in the

selected syndromic column there would be smaller amount of units in
comparison to the syndromic column selected at the same step while forming
cover T,.

This decisive reasoning enables one to restrict the number of added
group resolvents by only those ones which were used as syndromic columns
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at the current iteration of GRP. Obviously, the total number of these
syndromic columns cannot exceed the number of rows in B. The rest group
resolvents which were not used as syndromic columns at the current iteration
of GRP can be excluded without loss of solution. One can use any one of the
excluded columns to replace it with a new group resolvent (this means that
new group resolvent simply overlaps the old column without extending
current matrix B sizes).

Thus, the enhanced method enables one not to exceed the memory
region restricted by 2-dimension array with m rows and N+m
columns (where N stands for initial number of columns in B ).

We now consider the weighted case of GRP [18]. One may be interested
in finding among all minimum-size covering sets that one with maximum total
weight (representing sum of the weights of rows (features) from this covering
set). It is important in the case when new samples not included in original data
set should be classified later. A feature weight represents in general a score
evaluating its classifying capabilities. The general idea is that the greater the total
weight of the selected features, the less likely it is to re-train the classification
model. We introduce a specific formulation of the covering problem and solve it
by means of the modified GRP version.

5. Weighted Case of GRP. Suppose, each row i of 0,1-matrix B is
assigned an integer weight w,. Formulate a problem as to find from all

. . . *
minimum-size covers of B acover m such that:

VrVs(C, #C,) = Ob,.(n ) # Ob (T );
In((n] < |7 |) & VrVs(C. #C,)— Ob, (1) # Ob (n)); @
z w; — min,

where C,, C, belong to class labels in the data set D ={Ob,}, i =1, N.

This formulation is different from a classical one which requires to
find a cover m, (not obligatory a minimum-size one) with a minimum sum of
the weights of rows in m,. Clearly, the weights w, may initially be defined
as negated RELIEF-weights. To solve a problem, we address to weigthed
case of GRP and modify it to meet our goals. The idea behind the method is
to use GRP as in section 3 to find a minimum-size cover 7, at the iteration
k and then on the syndromic matrix, corresponding to m,, build a new group

resolvent res (in a new fashion described in [18]) such that if an optimal
solution has not been found yet, it would cover res. For the details, let us
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consider an example from Table 3a again with additional column w
representing the row weights.

The procedure finds a minimum-size cover first. It is the same as in
unweighted case of GRP. We previously found a minimum-size
cover m, ={f¢, 1, f3} with syndromic columns resy,c,Cs

correspondingly (Table 5).
Table 5. Weighted syndromic matrix

G Cs res; w
S 1 4
S 1 2
e 1 5
Sa 6
Js 1 2
fs 1 3

The weight of the cover m, is denoted as w(n,)=4+5+3=12. To

form a group resolvent, we use rule RSB suggested in [ 18] with peculiarity of
the syndromic matrix having no rows with two or more 1s. Namely, divide

the rows into two subsets SR. and SRY. Subset SR! contains those rows
with no more than one unit in each of them. In our case due to observed
specificity of syndromic matrix, SRTI[ coincides with the set of all rows, i.e
SR ={f., fysnfs}. Subset SR! contains the rest rows of matrix B, not
belonging to SRV{. In our case SR,{I =.

Now define the low boudary LB(m,) by means of the cover
n, ={fs, fi-f3} and its syndromic matrix. Denote set of columns of
syndromic matrix by Q(m,) . Let us for each column z from Q(n,) denote
by p(z) the row in SR,i with minimum weight which covers column z.

Then

LB()) = 3 gy W(P:)- (5)

In the example, LB(n,)=2+2+3=7.Now let us compare
LB(m,) =7 and the weight of the cover m, w(m,)=12.
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Proposition 2.
1. If with respect to the current cover m; w(n,) < LB(w;) then in

supposition that m, is not optimal solution, each optimal solution contains at

least one row from SR” . Consequently, for this case, if SRY =@ then m,is
an optimal solution.

2. If w(n,) > LB(n;) then one needs to move minimum number of
rows from SR. (no one should belong to current cover =) into SR” to
provide.

—w(m;) < LB(m;);

— conditions for RSB to generate a group resolvent as a column with
the units standing only in the rows belonging to SRT[[[.

The easiest way to provide 2b is as follows: for each column ¢, in
Q  find the corresponding value A =w,, (x)—w,, (x), where
Wiax (£) (Wi (%)) 18 the maximum (minimum) value of the weight of some
row covering column c,. If there is only one row o covering ¢, or A, =0
then this column is ignored. In the example (Table 5), one has
A = 4-2=12, ACS =5-2=3. Find maximum value among A, . In the

(&

example, this is A"s' Consequently, one needs to transfer row f, (covering

¢s and having minimum weight value) from SR! to SR”:

SR = {1, fyres fi}s SRY = (£} This transfer leads to
LB(n,)=2+3+5=10<w(m,)=12. It is necessary to make one more
transfer. There remains only one possibility: to transfer row f; (covering ¢
and having minimum weight value) to
SR SRy =i, f5o fur fobs SRS = {2 S5}

Now LB(n,)=4+3+5=12=w(m,) =12 and one can build a group
resolvent res, with the units only in the rows f,, f;. Add this resolvent to

original matrix in Table 3a and resume searching a minimum-size cover.
Point 2 of the Proposition 2 can be reformulated in a stronger form.

Namely, let w  denote the minimum weight of the best minimum-size
covering set ©~ found at the previous iterations and w(,) as earlier stands
for the weight of the current minimum-size cover. Then the strengthened
form of proposition 2 is as follows:

Proposition 2 (strengthened form) [18].
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1. If with respect to the best cover = and the current cover T,
w < LB(r,) then in supposition that 7" is not optimal solution, each optimal
solution contains at least one row belonging to SR,{I . Consequently, for this
case, if SRY =@ then =" is an optimal solution.

2.Ifw > LB(m;) then one needs to move minimum number of rows
from SR’ (no one should belong to current cover r, ) into SR” to provide.

—w'< LB(m,);

— conditions for RSB to generate a group resolvent as a column with

the units standing only in the rows contained in SRT'[' .

Proposition 3. New resolvents generated by the rules of proposition 2
may be overlapped in the iterations of GRP as in the unweighted case of GRP
(that is, in the case they are not used as syndromic columns at some future
iteration(s)).

Proof. From syndromic matrix one has got a new column — group
resolvent res,. It excludes current minimum size cover 7 . Consider next

iteration x+1. Again, as previously,

—either at one of the steps 1,2,...,k when forming next cover =n,, in
the selected syndromic column there would be smaller amount of units in
comparison to the syndromic column selected at the same step while forming
cover T,

or
— m,,, haslessthan £ rows.

The last is impossible since 7, is a minimum size cover. Therefore,

there remains the first possibility directing the computations in a new way
previously not passed. This notice remains valid with respect to any new
group resolvent with no relation to the previously added group resolvents
provided that they were not used as syndromic columns at the current
iteration of GRP. This observation also provides finiteness of the searching
process.

Now we have all necessary rules to lead the searching process to its
finish. Omitting the details, the next cover is {f;, f5, f4, f>} With syndromic

matrix shown in Table 6a.
Add new resolvent res, (Table 6a) to original matrix (instead of

res,, since res,was not used as syndromic column) and resume a search.
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Perform new iteration of GRP. Now one finds 7, ={f,, fs, f} with total
weight w(m,,)=9 and syndromic matrix given in Table 6b. For this
syndromic matrix one comes to a conclusion about optimality of 7, (as its
group resolvent is empty and 7 g, has minimum total weight among the

previously found minimum-size covering sets).

Table 6. Syndromic matrix for {fs, f5, f, f2} with resolvent res3 (a) and syndromic
matrix for i = {f1, f6, f2} With empty resolvent (b)

a) b)

& Cs Cg res, res, Cy Cs ress w
fi 1 1 1 1 4
S 1 1 2
/s 1 1 5
Ja 1 1 6
fs 1 2
Js 1 1 3

6. Fuzzy Case of GRP. Now suppose that some samples in original
data set are characterized with fuzzy measure p (1) of belonging to class

A (B). This supposition leads to a discrimination matrix with elements from
diapason [0, 1]. Indeed, if some feature f_  discriminates between row r and

row ¢ (standing for the objects i., i, from different classes, e.g. 4 and B
respectively) then at the intersection of row f, and column (r, g) of DM
one places the value of u(f,,7,q) =p, (i) pz(i,). The covering problem

now should be reformulated as described below.
Definition 4. Let row a contain p(a,b) > 0 in column b. Then they say

thatrow a covers column b in a fuzzy mode with fuzzy measure 1 ,(a,b).
Definition 5. A set of rows m={qa,,a,,...,a,} is a covering fuzzy set

for DM if for each column b from DM there is at least one row from r that
covers b in a fuzzy mode.
Let n ={qa,,qa,,...,a,} beafuzzy covering set. Define for each column

j of DM the value v ,(m) = max(u(f;, /). 0(fs. /): - » Wiy ) Where 7
stands for the number of columns in original DM.
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Definition 6. An optimal minimum-size fuzzy covering set ©" is
defined as that one having 1) minimum number of rows among all fuzzy
covering sets for DM and 2) providing maximum value of

¥.= ZFLWV (@)
Formally,

VrVs(C, # C,)— Ob, (') # Ob, (T );
In((n] < |7 |) & VrVs(C. #C,)— Ob,(r) # Ob,(n)); (6)

.
‘I’n* = Zj:I,ij(n ) — max,

where C,, C, belong to class labels in the data set D ={Ob,}, i =1, N.

Notice 3. It is important to emphasize that group resolvents added at
the iterations of algorithm with fuzzy matrix DM do not influence upon the
value of ¥ _.

To find an optimal minimum-size fuzzy covering set, one can use a
slight modification of GRP for the weighted case considered above
practically basing on the same ideas. Again, let us take a matrix (Table 7) as
an example to illustrate the details.

Table 7. Fuzzy matrix DM

G () G Cy Cs Ce ¢z Cg Cy €10
fi ] 06 1 0.8
f 09 | 09 1 1
£ 0.8 0.7 | 0.5 0.7
fa 1 0.5 1
fi | 08 0.8 1 1
Je 1 1 1 1 0.9

First, one is looking for some minimum-size cover (with no regards to
its weight W ). This process has a peculiarity when making group resolvents

only. One is acting as though fuzzy elements are crisp-valued (as in GRP).
Namely, find column with minimum number of non-zero elements (it is a
syndromic column). Then define a row with maximum number of non-zero
elements which covers this column in a fuzzy mode. Then reduce the matrix
according to the GRP rules and continue till the new covering set is defined.
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The first covering set w, = {f, f4, />, f3} with the syndromic columns
€;,Cy,C4,Cpo- Find their group resolvent (Table 8a).

Definition 7. A fuzzy group resolvent is defined as that one, containing
units in the rows with two or more non-zero elements in syndromic matrix
TOWS.

Thus, in Table 8a the fuzzy resolvent contains the only unit in row f;.

This phase finishes with an empty resolvent found on the last
syndromic matrix. Now, a new group resolvent should be generated to
provide condition 2) in Definition 6. For clearness, consider the covering set
n, ={fs. /i, f3} with fuzzy syndromic columns res,,c,,c; (Table 8b).

Let us formulate the rule RSC for the fuzzy case of GRP.

1. If in the syndromic matrix for the last minimum-size cover there are
no fuzzy elements (different from 0 and 1) then optimal solution is found
corresponding to the best solution found in the previous iterations including
the last one. Otherwise.

2. In each column of the syndromic matrix mark (with «*») all non-
zero elements with the values higher than the value of the syndromic
element in this column (see Table 9 as an example). If there are no marked
elements then algorithm finishes with optimal solution, corresponding to
the best solution found in the previous iterations including the last one.
Otherwise.

3. Form a new group resolvent as a column containing units in the
rows with marked elements and zeroes in the rest rows.

Table 8. Fuzzy syndromic submatrix DM with fuzzy group resolvent resi (a); Fuzzy
syndromic matrix for w2 = {fs, f1, f3} (b)

a) b)
G c, Cy Co res; G Cs res,
fi | 06 0,6
12 0,9 0,9
S5 0,7 0,7
Jfa 1
fi | 08 0,8
Js 1 1 0,9 1 1

After forming a fuzzy group resolvent add it to the current matrix DM
and resume iterations.
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Again, the column-resolvents may overlap the previously built group
resolvents provided they were not used in syndromic matrix. Therefore, the
finiteness of entire process is based on the following fact.

Each time when iterations resume after adding new group resolvent,
the computations are being performed in a new direction (see proof of
Proposition 3) due to the following decisive point: at one of the steps
1,2,..., k when forming next cover m,,, in the selected syndromic column,

there would be smaller amount of units in comparison to the syndromic
column selected at the same step while forming cover ..

Table 9. Fuzzy resolvent (rule RSC)

0 g tont
A 0,6
1 0,9* 1
S5 0,7
Ji
/s 0,8* 1
Js 1

7. Approximate Covering Procedure. One can restrict the GRP
iterations before getting empty group resolvent as was shown in [17, 18]. Let
us reproduce some estimations of complexity of approximate covering
procedure. Denote by n (m) the number of rows (columns) in DM; let p
stand for the density of units, that is, p is equal to the total number of units
in DM divided by (n-m) . Let k stand for the covering set size. Accordingly
to [17, 18], the number of iterations required in order that mathematical
expectation (4, ) of the number of covers with k& rows becomes M, <1
can be defined from the condition:

(n+0.5)‘1nn—(k+0.5)‘lnk—(n—k+0.5)‘ln(n—k)+i~n— L
12 12k+1 (7
1 )

-m-In(l-g,)<-1.5,

C120-k)+1
where
g =(1- L x -2y xqa-—L"1 (8)
n n—1 n—k+1
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These relations are obtained in supposition that in «average case» the
density of units in the group resolvents is approximately the same as p what

is confirmed for quite a big amount of experimental data (excluding extreme
cases with very low density p or its closeness to 1).

Formulas (7), (8) enable one to stop iterations before getting an empty
resolvent. The estimation of the number / of iterations is of the form:

2242 2242

m-p-(n—In( 5 — )*-1))
=0 ; 9
I-p
which can be simplified to
[:O[m-p-(n+2.4l)} (10)
I-p

Here, z can be selected from the well-known rule of « zo » (e.g. z=3
or higher). The rule of «30 » means that a value of a normally distributed
random  variable X with  mean X falls in  the

mean
diapason [x, .. —3-0,x,., +3-c] with a probability close to 0.997.

So, in average the approximate method behaves itself like a
polynomial computational method for a given density p of units (see the
concomitant considerations in [17, 18]).

Now consider the last question: how to restrcit the original number of
samples in the learning data set.

8. Restriction of Data Set Sizes. For multi-dimension data one can use
g¢—nets (see for instance [20]) with nodes covering data samples in the
following way: for each multi-dimension data object there exists one and only
one node in ¢ —net the (Euclidean or other) distance to it does not exceed e.
Building ¢ —net is again a minimum-size covering problem. So, in order to
simplify computational expences one can use K-nearest neighbors method (see
papers review [21]) to build K >0 clusters such that each data object gets
directly to one and only one cluster. We do not restrict this formulation by the
condition that K should have a minimum value. Then one can use the cluster
centroids instead of data objects from original data set [22]. This gives us a
solution to reduction of the sizes of discrimination matrix.

mean mean
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Another possibility is connected to use random sampling technique
developed in applied statistics. This approach, and the previously mentioned,
need special attention.

9. Experiments. For estimation of the described approach on the basis
of GRP and minimum-size matrix covering technique we used
DecisionTreeClassifier (DTC) and RFECV (recursive feature elimination
with cross-validation) methods provided by Python programming language.
Comparative results with DecisionTreeClassifier are placed in Table 10, with
RFECV — in Table 11. The original data sets contained two classes with
randomly generated binary vectors and unit density randomly chosen from
diapason [0.2, 0.5]. The first column in Tables 10, 11 indicates to original
amounts of features and samples. The second and the third columns define
the resulting amounts of features found by the corresponding method. The
order of the numbers (experimental results) in the second column corresponds
to the comparative results of the same experiments in the third column for
each row of the Table.

The calculation time of each experiment with GRP was in the worst
case three times longer compared to the DTC method but did not exceed 10
seconds on IBM Pentium 2.1GHz.

Table 10. Comparative results with DecisionTreeClassifier

Features, samples Feature set sizes Feature set sizes
(original Data set) found with GRP found by DTC

15, 100 7,9, 14 14,14, 15

20, 100 9,897,127 16, 18,18, 14,17, 15
30, 100 9,9 20, 23

40,100 8,09, 12 17,19, 20

50, 100 9,10, 8 21,20, 19

Table 11. Comparative results with RFECV

Features, samples Feature set sizes Feature set sizes
(original Data set) found with GRP found by RFECV
20, 100 17,14,10,9 18, 16,12, 13

30, 100 10,11, 13 13,14, 14

40,100 12,12,9,9 14,15, 10, 12

50, 100 12,7,16 14,8, 19

One can see that GRP provides stable superiority over Python
techniques with practically acceptable computation time. Developing the
ideas of the section 8 of this paper, we also performed experiments with
big data sets containing 300 multidimensional binary objects (vectors)
what exceeds the predefined limitations on our program for GRP-based
solution technique. In experiments, two classes of objects were generated
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with different mathematical expectation and standard deviation. The best
results were obtained for 20-30 clusters with classification accuracy near
90%. However, increasing the number of clusters did not improve
accuracy of classification and even worsened it. This problem remains
open for further investigations.

A series of 30 experiments was conducted to find out relations
between original features amount (OFA4{20, 30, 40, 50, 60}), number of
objects (N {80, 100, 120, 130, 140, 150, 160}), minimum feature
amounts (FAGRP) found by GRP-based covering technique and number of
nodes in the classifying tree (Nnod) created for FAGRP and N. There were
generated two classes of objects with predefined probabilities of units for 0,1-
valued features. The following conclusions can be made:

1. FAGRP = O(k - OFA**) with a constatnt k in [0.8-3.0] (in majority
of cases k is near to 1.5).

2. Nnod depends on FAGRP (OFA) in unstable mode within given
0,1—distribution of the feature values and fixed N (Table 12a).

3. Nnod has no clear tendency to growth with increasing N and fixed
OFA as is illustrated by Table 125.

Table 12. Results of experiments (N = 100) (a); Results of experiments for different
N € [100, 160], OFA =40 (b)

a) b)
Features, Features,
samples samples
(original Data FAGRP | Nnod (original Data FAGRP | Nnod
set) set)
20, 100 7 41 40, 100 6 41
30, 100 7 55 40, 120 9 115
40, 100 6 35 40, 140 8 83
50, 100 9 39 40, 150 9 63
60, 100 23 87 40, 160 8 67

As the last example, consider feature set reduction in image
recognition. An original image represents digit «4» placed within a square
divided by cells (Fig. 1). Each cell in Figure 1 stands for the feature f.

Initially, there are 64 features. Each feature is either zero (no part of the
digit «4» is within the corresponding cell) or unit (the cell contains some
part of the digit «4»).

One can randomly distort the image by clearing some cells with parts
of the digit or painting empty cells like in Figure 2. In experiments, we
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randomly obtained 50 distorted images of the digit «4» with the slight
modifications (cluster 4). Also there were generated 50 random samples with
chaotic distribution of the empty and colored cells (cluster B). The GRP-
based method left 23 features accordingly to minimum-size cover of the
discriminating matrice. This result was obtained practically instantly for a
single GRP-iteration despite the big sizes of the discriminating matrix (64
rows and 2500 columns).

TS
f

Fig. 1. Recognition of the digit «4»

fiaarg
f

-+

Fig. 2. Distorted image

10. Conclusion. The total approach outlined here competes well
with the known methods and gives better solutions in majority of cases
especially with big initial amounts of the features. It makes possible to
operate with discrimination matrices with some hundreds of features (this
amounts to 300 in our program). To extend the practical boundaries of the
realized technique it was suggested to use clusterization of the input data
sets which showed promising results, although they are needed in future
investigations. The GRP-based approach may serve a common platform for
different feature selection models and can be extended in the following
directions: processing incomplete (impure) data, processing qualitative
data, integrating control models in classification process, modeling
practical systems in different areas etc.
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Appendix. By means of Python programming language let us build a
classifying regression tree (CRT) on the reduced feature set with two features
fi» /> One can use the next Python script (List. 1) which can be applied in

general case for n > 2 features.

import numpy as np
from sklearn.tree import DecisionTreeRegressor
import matplotlib.pyplot as plt
# Create datasets
X =np.array([[0.8, 0.5], [1.0, 0.5], [0.4, 0.25], [0.2,
0.0],[0.7,1.0],[0.0,1.0],[0.0,0.5],[0.4,1.0]])
X_test = np.array([[0.94, 0.5],[0.85,0.3],[0.3,0.3]])
Y =np.array([1.0,1.0,0.0,0.0, 1.0, 0.0, 1.0, 0.0])
# Fit model
regr 1 = DecisionTreeRegressor(max_depth=2)
#regr 2 = DecisionTreeRegressor(max_depth=5)
regr 1.fit(X, Y)
# Predict
y_1 =regr l.predict(X_test)
printy 1

Listing. 1. Python code to build classification tree

The columns f|, f, in Table 1 are represented as array X (features)
and Y (classes). The regression tree is created in operator:

regr 1 = DecisionTreeRegressor(max_depth=2).

Iny 1 =regr l.predict(X test) one verifies how the model predicts
test values (defined in array X_test).

This script provides the output in the form of array [1, 1, 0] with the
first two 1s defining class 4 and last 0 defining class B for the two-features
inputs [0.94, 0.5], [0.85, 0.3], [0.3, 0.3] respectively.
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. O.B. T'EpmaAH, C.H. HACP
HOBBIN METO/I OITUMAJIBHOI'O COKPALIEHUA
MHOXKECTBA IIPU3HAKOB

T'epman O.B., Hacp C.H. HoBblii MeTOA ONTHMAJIBLHOTO COKpalleHUS] MHOKeCTBa
MPH3HAKOB.

AnHoTanus. PaccMaTpuBaeTcs 3a/1aua HaXOXKAEHHS MHHUMAJILHOTO 0 Pa3Mepy MHOXKECTBa
aTpUOYTOB, HCIONB3YEMBIX IS PacIpeaeNeHNs] MHOTOMEPHBIX 00BEKTOB 0 KiaccaM, HalpHMep
Ha OCHOBE [epeBhEB pENICHHH. 3ajada MMeeT BaKHOE 3HAUCHHE IpH pa3paboTKe
BBICOKOIIPOU3BOAUTENBHBIX M TOYHBIX KIACCHU(PUIMPYIOMMX CcUCTeM. llpuBeneH KpaTkwii
CpaBHUTEIBHBI 0030p WU3BECTHBIX METONOB. 3afada CcQOpMyIHpOBaHA KaK OTHICKAHHE
MHHHUMAJIEHOTO (B3BEIICHHOT'0) TIOKPBITHS Ha pasnmdaromeit 0,1-MaTpuie, KOTopast CITyXKUT IIs
OITMCAHUsI BO3MOXKHOCTH aTpHOYTOB Pa3iessTh Mapbl 0OBEKTOB U3 pa3HbIX KiaccoB. [IpuBeneHo
OIHCAaHUE COC00a MMOCTPOCHH S pasniyarorieit MaTpribl. CHOPMyIHPOBAHEI U PEILICHEI HA OCHOBE
OOIIEro pa3pelIaoniero MPUHIUNA TPYIIIOBBIX PE3ONIONHI CIEAyIOIe BapHAHTHI 3a[adi:
OTBICKAHHE MHHHMAJIBHOTO 110 pa3Mepy MHOXKECTBA aTpHOYTOB Ha 3aJaHHOM BXOJHOM Habope
JaHHBIX; OTBICKAHHE MUHHMAJIBHOTO IO pPa3Mepy MHOXKECTBAa arpHOyTOB C MHHHMMAJIbHBIM
CyMMapHBIM BECOM aTpHOYTOB (B KaueCTBE BECOB aTPHOYTOB MOXKHO HCIIONB30BATh BEMHYHHEIL,
omnpezeNsieMble Ha OCHOBE HM3BECTHBIX AITOPHTMOB, Hampumep Ha ocHoBe Meroma RELIEF);
HAXOXKICHUE ONTHMAIBHOIO B3BELICHHOI'O HEYETKOTO HMOKPBITHS UL Cllydasi, KOrJa 3JIeMEeHTHI
pasnMyaronieil MaTpUIIbl MPUHUMAIOT 3HauUeHUs B quanasone [0,1]; onpeneneHue cTaTUCTUYECKH
OINTUMATBHOTO HMOKPBITHS pa3indalonieil MaTpuns! (HampuMep, 111 BXOJHBIX HAOOPOB JaHHBIX
Gonpiux pa3mepoB). CTaTUCTHYECKH ONTUMAJIBHBIN AITrOPHTM I03BOJSCT OFPAHUYHMTH BPEMs
PpEleHHs OIMHOMOM OT Pa3MepOB 3a/ja4H U ITIOTHOCTH €AMHUYHBIX 2JIEMEHTOB B pa3InJaronIei
MaTpHIIe U IIPU 9TOM 00ECTICUNTH OIM3KYIO K SAUHUIEC BEPOSATHOCTH OTHICKAHHS TOYHOTO PEIICHHUS.

Taxum 06pazom, mpeuraraeTcs OO IT0IX0 K OIPEIeIeHUI0 MUHIMAIIBHOTO IO Pa3Mepy
MHOJKECTBA aTPHOYTOB, YUUTBIBAIOIINNA Pa3IMYHBIE OCOOCHHOCTH B IIOCTAHOBKE 3a/1auH, 4TO
OTNUYaeT JAAHHBIA TIOAXOA OT M3BECTHBIX. VI310)KeHHE COINCPKUT MHOTOYHCICHHBIC
MILTIOCTPAINH C IEJIbI0 IPHIATh €My MaKCHMAaJIbHYIO ICHOCTb. PsIT TEOpeTHYECKHX MOJIOKEHUH,
NPUBOJMMBIX B CTaThe, OCHOBBIBACTCS HAa paHee OIYOIMKOBAHHBIX pe3yibTaTax. B
3aKJIIOUUTEIbHON YacTH MpeJCTaBIeHbl Pe3ybTaThl dKCIEPUMEHTOB, a TAKKe CBEIEHHS O
COKpAIeHH! Pa3MEPHOCTH 3aa49i O HOKPBHITUH UL OONBIINX MAaCCHBOB JaHHBIX. OTMeUaoTCs
HEKOTOpBIC IIEPCIICKTUBHBIC HANpPABICHHUS H3JIOKEHHOTO IOAXONa, BKIIOYas paboTy ¢
HETONHBIMHU U Ka4eCTBEHHBIMH JaHHBIMU, HHTETPHPOBAHUH YIPaBIIAIOIEH MOJEIU B CHCTEMY
KTacCU(UKAINY TaHHBIX.

KiioueBble cj10Ba: MHOTOMEpHBIC NaHHBIE, KIacCH(UKAIMsA, MUHAMHU3ALMSI pa3Mepa
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Sarmiento C., Savage J. Comparison of Two Objects Classification Techniques using Hidden
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Abstract. This paper presents a comparison between discrete Hidden Markov Models and
Convolutional Neural Networks for the image classification task. By fragmenting an image into
sections, it is feasible to obtain vectors that represent visual features locally, but if a spatial
sequence is established in a fixed way, it is possible to represent an image as a sequence of vectors.
Using clustering techniques, we obtain an alphabet from said vectors and then symbol sequences
are constructed to obtain a statistical model that represents a class of images. Hidden Markov
Models, combined with quantization methods, can treat noise and distortions in observations
for computer vision problems such as the classification of images with lighting and perspective
changes.

‘We have tested architectures based on three, six and nine hidden states favoring the detection
speed and low memory usage. Also, two types of ensemble models were tested. We evaluated the
precision of the proposed methods using a public domain data set, obtaining competitive results
with respect to fine-tuned Convolutional Neural Networks, but using significantly less computing
resources. This is of interest in the development of mobile robots with computers with limited
battery life, but requiring the ability to detect and add new objects to their classification systems.

Keywords: Hidden Markov Models, Image Classification, Computer Vision, Pattern
Recognition

1. Introduction. In the field of computer vision, it has always been
required to interpret visual content captured in sensors, providing information
to the systems to carry out tasks that are useful. One of these tasks is to
recognize what types of objects are in a work environment.

By knowing the meaning of the data that comes from cameras, it’s
possible to determine the current state of the environment such as knowing
where an object is or not in a certain region of space. With this, it’s possible to
carry out planning, navigation, and manipulation tasks in robotic systems.

Automatic planning or briefly called planning can be described as a
set of techniques to represent knowledge, calculate a temporal sequence of
actions, and obtain a final configuration to complete one or more tasks. It’s
common to establish a representation of the internal state of a robotic system
and a representation for the environment, by calculating a sequence of actions,
a transition between said states is achieved until reaching a terminal state, this
last configuration represents the execution of one of several goals.

Autonomous navigation is the ability of a robotic system to estimate
its position, calculate a trajectory to a given target in the environment, and
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follow a dynamically generated path in order to avoid moving obstacles. To
achieve this, it’s necessary to build a representation of the environment such as
a map, recognize distinctive markings to self-locate through the use of sensors
or vision systems and finally estimate a trajectory to the place that has been
selected as a destination.

Robotic manipulation, in the context of robots operating in service
tasks, refers to the design of control systems that operate mobile manipulators
in spaces shared with humans. These places have a certain degree of structure
such as a kitchen, a living room, or a bedroom but to carry out manipulation of
objects in these environments it’s necessary to have computer vision systems.
Computer vision can facilitate the control of actions on the manipulator,
obtaining descriptions of the shape or texture that would be difficult to do
using other types of perception.

Systems based on computer vision can perform tasks such as creating
a representation of the environment, self-locate and navigate autonomously,
estimate the best way to take an object, all this through the use of digital cameras.
This has helped the integration of planning, navigation and manipulation
systems in mobile robots to service to people.

The first computer vision systems were based on the extraction of visual
features, these had to be robust to changes in lighting, perspective, and scale
which were designed manually. These representations were later classified
using supervised or unsupervised machine learning techniques, or in variants
and compositions of these two options [1].

At present, the most accurate image classification systems are based on
what is called Artificial Neural Networks (ANNSs). The artificial neurons are
used as fundamental building blocks to create new structures, hierarchically and
with locality properties in their arrangement, in what is called Convolutional
Neural Networks (CNNs) [2].

CNN s are the image detection systems with highest performance [3],
with varied and specialized architectures depending on the problem where they
are applied. A disadvantage of these detection systems is that the mathematical
theory on which they are based is the gradient descent optimization theory [4,5],
which requires highly dimensional differentiable functions. This is a problem
in terms of computing requirements since it’s necessary to store millions of
parameters, perform calculations on each of them, and update their values.
Due to a large number of parameters very small learning rates are used to
maintain convergence and stability, this is a disadvantage since many examples
are required to achieve a balance between the generalization of the system and
it’s precision.
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Service robots have gained relevance in recent years [6,7]. This is
because with current technology it’s already possible to assemble robots
for common tasks such as surveillance, customer service, disinfection of
spaces or even home delivery [8]. As a result of research in this branch of
robotics, competitive communities have emerged such as RoboCup, which is an
international scientific initiative that encourages research and communication
of discoveries and its applications.

Mobile service robots must be autonomous, the use of energy and
computing must be more efficient to extend the service time that is provided.
Currently, these systems use specialized computers with low power consump-
tion and with architectures that allow CNNs to be executed in short intervals
of time, some systems, even use laptops as a common rule [9]. In this context,
this research shows that it’s possible to use discrete Hidden Markov Models
(HMMs) as an inference method for classifying images using a data set with a
reduced number of classes, achieving similar results to CNNs but using generic
computers such as a laptop, with the advantage of executing the classification
faster and therefore consuming fewer resources.

The remaining of the paper is divided as follows. In Section 2 we present
a summary of HMMs applications for computer vision. Then, in Section 3 we
introduce our probabilistic approach to solve the image recognition task and
in Section 4 we describe experimental results. Finally, the main findings are
discussed in Section 5.

2. Related Work. Hidden Markov Models (HMMs) are described in
the writings of L. E. Baum [10], in them the theory is described to use Markov
chains as a tool to analyze time series. Later its use becomes popular due to
the applications found by L.R. Rabiner [11] for speech recognition. In his
work, numerical stability techniques for algorithms, preprocessing techniques,
and details about the implementation are documented. In [12], a great variety
of applications and variations to the original method is compiled. However,
HMMs have mainly been used for recognition of symbol sequences in the
area of bioinformatics, handwriting recognition, and as a method of pattern
recognition for electrical signals in biomedicine.

In the case of recognition from digital images, there are applications
such as face recognition [13], in which a number of different architectures
are described, such as using one-dimensional HMMs but allowing transitions
between various stacked models. This represents different types of sequences
as they are in order from top to bottom and from left to right. The symbols are
obtained by applying a fixed-size sliding window and calculating the discrete
cosine transform over pixel values. Clustering techniques were used to obtain a
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discrete alphabet, which is a common practice to discretize observation vectors,
in this case, obtained by the coefficients.

The application of HMMs for thermal image classification is shown
in [14], which describes its application to classify images of breast cancer.
This work merges grayscale images and thermal images represented in the
RGB color space. Through binarization of constant size windows on the image,
a unique symbol of each section is obtained. Finally, an HMM with two hidden
states classifies a sequence as diseased or healthy tissue.

Another application in the field of medical imaging is written in [15].
This work describes the application of HMM:s for the detection of blood vessels,
where the HMMs have the function of estimating the next most probable state
in the images to remove pixel occlusions in binarized retinal images.

In a previous work [16], we expanded the application of HMMs for
point clouds detection. To carry out the classification of objects and places,
3D keypoints are detected, and using 3D descriptors it’s possible to obtain
observation vectors. One HMM was trained with these sequences for each
class of location or object, and a pattern was detected. A disadvantage is that
3D descriptors are usually vectors with many dimensions, slowing down the
quantization process to obtain a discrete alphabet. This can be solved by using
a more compact representation.

The year 2010, an image classification challenge arises as a proposal to
improve the performance of classification systems. Today this is known as the
ImageNet challenge [17]. This is a benchmark to compare detection systems
on millions of images with hundreds of different categories.

In the case of CNNS, they are based on the paradigm of having groups of
neurons emulating the convolution operation by applying filter banks. The year
2012 training process using graphics processors was implemented, resulting in
an inference design highly dependent on parallelization with excellent results
such as AlexNet [18], which was the architecture with the best recognition rate
in the ImageNet data set. For this reason, most of the image classifiers are of
the CNN type.

Over time, variants with more parameters emerged, such as the so-called
VGGNet in 2014 [19], an architecture that manages to reduce the percentage
of detection error to less than 8%, obtaining a first place that year in the
ImageNet challenge. With the increase in the number of parameters, new
problems appear such as the vanishing of gradient values due to the number of
stacked layers. To solve this, a new architecture is proposed, such as residual
blocks [20] and therefore, the authors manage to add a greater number of layers
without degrading the accuracy of the classification system, obtaining an error
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close to 3 % in the ImageNet challenge of the year 2015. This architecture was
called ResNet.

Today, there are many variations to the architecture. Some have im-
provements such as being optimized to require fewer parameters and computing
time thinking of mobile devices [21]. In this work, we will use VGGNet and
ResNet as a reference to compare HMMs in the same task, classification of
images, in a domestic service context.

3. HMM for Image Recognition. A Hidden Markov Model (HMM)
is a set of discrete or continuous variables, representing a time-series observed
{01,02,...,07} = 01.7. These variables o;.7 are assumed to be generated by an
internal configuration that changes successively over time {s1,s2,...,5 } = 1.7
but which we cannot observe, so they are assumed to be hidden variables. The
probability that an observation o, is presented at a certain time # only depends
on the current state, that is

plor | or.r,s1.1) = plog | st). (1)

The stochastic process associated with the states is causal and stationary
with a finite number of states, so it’s represented as a finite automaton with
edges labeled with the probability of transiting from one vertex to another.
This process only depends on state s; at time ¢, and the previous state s;_1,
expressed as follows:

p(se | sir) =p(se | si—1). 2

The probability of observing a sequence of variables o1.7 in a fixed
period T is given as

T
plorr,sir) = plor | s) [ plor | si)p(si | si-1) 3)
=2

Where the probability of transit between internal states s;_1 to s; is
defined as
P(Si=j | Si—1=i) = aij. 4)

The probability of observing a variable o, depends on hidden state s,
and is defined as:

po=j | si=i) = bij. )
The parameters of the model are listed below:
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— afinite set of N states S = {s1,52,...,5n };

— a finite alphabet M, with symbols V = {v{,va,...,vy };

— an initial probability distribution for each state © = [}, 7, ..., Ty];

— atransition matrix A = {a;;}, with i, j € [1,N];

— and an emission matrix B = {b,,,} with m € V, in some state n € S.

Briefly the parameter set of an HMM is denoted as A = (S,V,A,B, 7).

In order to be able to use an HMM for image classification, we can
establish a temporal order that corresponds uniquely with visual features
located in the image. This is possible if we fragment each image into regions of
constant size and always generate observations with the same trajectory. Since
each image will be different in brightness and perspective, elevation angle, and
rotation angle (using as reference the object captured in each image), an HMM
is ideal for finding a statistical description of the image.

3.1. Image Feature Extraction. We propose to find a representation
automatically using clustering techniques. For this, fixed-size windows
wf”n are established on the image, and from these, vectors are obtained by
concatenating the three channels of the image, forming an observation vector
o; of size 1 x 3 x n x m. Figure 1 shows these sections.

A visual alphabet is built in an unsupervised way using the mini-batch
k-means clustering method [22] for all vectors o, that are selected as training
samples. The clusters obtained assign an index to each vector o, according to
a similarity metric (euclidean distance is chosen). The quantization process
has the objective of eliminating noise, obtaining centroids representing the
average of the content in each window, which eliminates disturbances.

Bl‘an

laln.,

a)
Fig. 1. Example of the sections created to obtain visual features (images from [23]). a)
Three windows with size n = 74, m = 224; b) Six windows with size n = 74, m = 112;

¢) Nine windows with size n = 74, m = 74

This method enables an automatic but distinctive visual content repre-
sentation between different objects, quickly and with compact representation
because only clusters centroid list is stored. Then, each vector can be statisti-
cally treated using an HMM to generate a probabilistic model for each image
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class. The trained classes generate a higher probability, and observations
of other classes or untrained examples generate a lower probability or zero
tendencies. The next section explains this procedure.

3.2. HMMs for Feature Detection. In computer vision, Hidden
Markov Models (HMMs) are a useful tool because they model the appearance
of symbols o01.7 that we want to use as comparison patterns. These patterns can
be built by associating a sequence of windows wﬁl,Tn on a image at each instant
t, so we can say that the sequence {01,02,...,or} = {wil . wi-Z . wi=T
represents a complete unit. Where m, n are the window dimensions, and the
variable ¢ assign a fixed path on the image as time increases.

The architecture selected to model the sequences is the so-called ergodic
HMM. This structure is used since it allows to obtain the probability of transition
between all states, avoiding constraints on model dynamics. The Figure 2
shows this configuration between states. The number of states T is associated
with the number of symbols that describe each image, and this number can be
arbitrarily long, but to reduce processor usage time in an autonomous robotic
system, it’s preferable to use a small number of symbols in each sequence.
This also makes it easy to scale a detection system to new classes without
degrading response time.

Fig. 2. An example of ergodic HMM

The detection system used is based on a set of HMMs, where each
one model A; has been trained with examples of sequences that correspond
to images of a single class k. This allows learning a distribution of these
sequences and assigning a single model. In the end, given a test sequence o1.r,
each model 4y is evaluated, and the one with the highest probability is the one
that best explains the dynamics of the sequence. This is defined as

plorr | M)} (6)

Figure 3 illustrates this procedure. This method is efficient since
inference can be made in parallel as well as training.
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Fig. 3. Block diagram of the inference system using HMMs

The following section shows how it’s possible to obtain a classification
with enough precision to compete with pre-trained and fine-tuned CNNs,
maintaining equally competitive training and inference times, using only a
laptop processor.

4. Experiments and Results. For experiments, the Hidden Markov
Model (HMM) shown in Figure 2 has been used. This architecture has been
chosen since there is no predefined model that describes transitions between
each window w/, ,, created in each image, so a transition between all the states
is allowed. This architecture isused with T =3, T =6 and T = 9.

The data set published in [23] is used since the objective is to test our
method in a context of a mobile service robot, where objects to train and detect
are those that could be found inside a house, distributed in different classes.

This data set is made up of 51 classes of objects and each class has a
variable number of instances, but only one instance of each class is used in
this work.

If necessary, a detection system based on HMM:s can be scaled to new
classes without the need for retraining but simply by adding new models A; to
the structure shown in the Figure 3. This applies equally to instances of the
same objects.

The data set images were captured with a fixed RGB-D camera, a
rotating base and each class present an unbalanced number of images. Images
are captured with an object rotation between 0 and up to 720 degrees, so
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they are sub-sampled in half at regular intervals to obtain an object coverage
of approximately O to 360 degrees. This subset also contains images with
an elevation angle of 30 and 60 degrees with respect to the object, different
lighting and perspective. Figure 4 shows an example of the training images
used.

e i)
\

e s
i) K) = B )

Fig. 4. Twelve examples of objects contained in the data set for testing [23]:
(a cereal_box; b) coffe_mug; c) food_bag; d) lemon; f) orange; g) rubber_eraser;
h) scissors; 1) shampoo; j) soda_can; k) tomato; k) toothbrush; 1) toothpaste. All

classes are listed in the first column of Table 9 to Table 13

For the tests three recognition system architectures have been used. The
first architecture is based on work of Rabiner [11] and is shown in Figure 5.
The second and third architectures are shown respectively in the Figure 14
and Figure 15, the latter are a composition of the first architecture in what is
known as an ensemble method. This is described in Section 4.3.

For the first architecture, a rescaling is applied to each image in the
training set, and this new scale is 224 by 224 pixels. Then each image is
transformed into the CIE Lab color space [24] and three, six, and nine sections
of the image were created.
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For the case where there are three windows in the image, vectors of size
1 x (74 x 224 x 3) are obtained, where w%, ,,, are the size of the window. The
factor x 3 appears since there are three channels in the image corresponding
to channels L, a y b. In the case of extracting six windows with size Wl74.1 120
there are vectors of size 1 x (74 x 112 x 3). For nine windows with size w’, -,
the vectors are of dimension 1 x (74 x 74 x 3).

To quantize all vectors scikit-learn library was used [25], it incorporates
optimizations based on openMP, the use of AVX2 instructions (Advanced
Vector Extensions 2) and LaPACK (Linear Algebra PACKage) library support.
Mini batch k-means algorithm [22] is used, and it’s initialized with k-means++
for faster convergence [26]. The number of centroids was predefined with
values 64, 128, 256 and 512. Furthermore, mini-batch k-means is implemented
using the Elkan algorithm [27], this algorithm uses triangular inequalities, so
it’s not necessary to search for a new vector through all centroids and mini-batch
k-means avoids doing searches using all data (it samples mini-batches speeding
up calculations). The quantization process is performed offline.

The symbol sequences are obtained by associating an identifier index
of the centroids with a vector to be compared, which generates a sequence
o1.r for each image. These sequences are generated to train each model A
or during the inference process. Each model is trained by each category of
objects in the data set and subsequently stored as a later use file. In the end,
the model A that has the highest probability calculated given the sequence
o1.7 is the one that assigns the detected class. The architecture of Figure 5
shows the proposed detection system.

34

B b
a
GR r L
T{R,G,B} 1: Sequence
| generator —>| 017 |——>| PO1.T I A) [3)arg max{p(O 71 A}

PO 1.7 An)

Fig. 5. Block diagram of the recognition system. A transformation from RGB to CIE
Lab color space, construction of sections in the image, and construction of symbol
sequences to be subsequently detected by a set of previously trained HMMs
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The experiments were organized as follows:

— an HMM with three states for each class of images. A quantizer for
64, 128, 256, and 512 centroids;

— an HMM with six states for each class of images. A quantizer for 64,
128, 256, and 512 centroids;

— an HMM with nine states for each class of images. A quantizer for
64, 128, 256, and 512 centroids.

The experiments were performed five times, using the subset of images
that cover the object from approximately O to 360 degrees, partitioned into
75% for training and 25% for testing. In the case of CNNs, 10 % of the data
set is taken for training validation but from the section for testing.

For the training set, all images are randomly preprocessed with one of
the following transformations: rotations of up to 25 degrees, horizontal and
vertical displacement of 10% with respect to the center of the original image,
skew transformation of 20% on the horizontal and vertical axis, reflections in
the horizontal and vertical axis and zoom of up to 10%. The validation set (only
for CNNs) and testing set (HMMs and CNNs) does not include transformations.
All this in order to compare performance against CNNs typically trained with
data augmentation techniques.

A laptop with 32 GB of RAM, a model GeForce 1070 with 8 GB GPU,
and a 4-core seventh-generation CPU was used for testing. The results are
reported as weighted Average Precision (WAP) and weighted Average Recall
(WAR) due to imbalance in the number of images between classes. Accuracy,
precision, recall, and F1-score are also reported [28].

Weighted Average Precision is defined as follows:

K1 Z
~ },’\ili- @)
Zi——lyi i=1

Weighted Average Recall is defined as:

1 K
K 5 Y 9iR:. 8)

i=1Yi i=1

The index K is the total number of classes and J; is the total number of
images labeled as class i.
Precision P, and Recall R; are defined for each class i as:

t
P=—" ©)
tp+1p
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Ip
R; P 10)
Where ¢, means true positives, f, false positives and f, false negatives.
4.1. HMMs Results. Figure 6 shows the qualification result for 51
object classes. Of 5 experiments carried out, weighted Average Precision
(WAP) is reported, this since each class of objects contains a different number
of images, so imbalance must be taken into account, weighting the precision
for each class with respect to the number of classified images. In the same way,
Figure 7 shows the detection average for weighted Average Recall (wAR).
The highest percentage of recognition is carried out by HMMs using
512 symbols as an alphabet, as is shown in Figure 6. The use of three states
to form models Ay results in a wAP value equal to 0,97, but wAR does not
increase above one hundredth from models with six and nine states. Therefore,
using three states increases the detection of positive cases but does not increase
for negative cases, as shown in Figure 7.

Weighted Average Precision
0.97

Q.05 B0
0.92 .&g’/

29787

o
©
)

o
©
o

Weighted AP
o
[e¢]
(9]

0.80 —e— 3 states
6 states

0.75 P 9 states
100 200 300 400 500

Symbols
Fig. 6. Weighted Average Precision for all HMMs

Figure 8 shows the processing time used to obtain an alphabet using
the mini-batch k-means method. For the case of 512 symbols and three states,
the peak processing time is shown close to 220 seconds, this is due to the fact
that the chains with three states use the largest vector sizes, so the clustering
process is slower.

Table 1 in row one shows each vector’s average query time obtained
from each window. The average time used to obtain the sequence of symbols
of each image is included in row two. Only the case for 512 symbols is shown,
since it’s the case with the slowest access of all the symbol variants. The query
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Fig. 7. Weighted Average Recall of all HMMs

process reuses the Elkan method, so on average, the time of 2.7 milliseconds
in the worst case is never exceeded.

HMM Average Clustering Time
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Fig. 8. Average clustering time for HMMs
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Table 1. Average Query Time for 512 symbols

3 windows 6 windows 9 windows
single vector 0,00088 s 0,000425 s 0,000288 s
single image 0,002639 s 0,002551 s 0,00259 s

In the case of training time, HMMs with the highest number of states,
such as those with six and nine states, are the ones that take the longest, this is
shown in Figure 9. Even so, training time does not exceed 0,200 seconds in
the worst case, on average for each HMM.

Average Training Time
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0.06 ®0.058
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Fig. 9. Average training time for HMMs

Inference time depends on the number of states and the number of
transitions between them. Times range from approximately 2.54x10~° seconds
to 16.4x107% seconds as shown in Figure 10.

Less number of symbols generates similarity between learned distribu-
tions, so it’s more likely to go through many states until the end of a complete
sequence, this increases inference time for 64 and 128 symbols. On the
contrary, more symbols generate more distinctive observations, with more
differentiated statistics, so that when evaluating an input sequence, fewer states
are passed, resulting in a shorter inference time for 256 and 512 symbols. It’s
useful to see how fast an image can be classified using HMMs. The inference
time do not exceed 20x10~° seconds on average in any HMM variant and
number of symbols.

The amount of memory used in critical parts of the system was
monitored. Creating an alphabet using larger image sections (as was done in
the case of three states in each HMM) has as a consequence a high consumption
of system memory because all the data must be stored for the queries reaching
a peak of approximately eight giga bytes of occupation as shown in Figure 11.
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In comparison, HMMs with six and nine states use smaller vectors that do not
exceed the size of two point one gigabytes of memory.
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Fig. 10. Average inference time for HMMs
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Average memory usage for inference with HMMs

For the memory used in the clustering process, again the HMMs with
three states demand storage to build the corresponding alphabet as seen in
Figure 12. It reaches the memory occupancy peak of up to twenty-two point
eight gigabytes, which is a disadvantage. The Figure 6 shows that this three-
state model with 512 symbols is the one with the highest wAP but requires
excess memory for both inference and clustering.
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Fig. 12. Average memory usage for clustering

In Section 4.3, we will explain how to solve the memory consump-
tion problem by discarding models with high memory occupancy and high
computation time to form an HMMs ensemble.

4.2. CNNs Results. In the case of Convolutional Neural Networks
(CNN ), two variants were used. The first called VGG-19 [19] and the second
ResNet-50 [20]. These are chosen due to their high level of accuracy in tests
carried out in the ImageNet challenge, in addition to the fact that previously
trained coeflicients are in the public domain included in the latest version of
the library named TensorFlow [29].

VGG-19 and ResNet-50 were tested by freezing pre-trained coefficients
obtained from ImageNet data set. Only classification layers were removed,
and two hidden and fully connected layers were added with 256 neurons. A
softmax classification layer for 51 classes is also added and data augmentation
is used as described in Section 4.

These architectures were designed to classify millions of images, but
they perform well in this compact data set. Table 2 shows the weighted Average
Precision (wAP) in first row, weighted Average Recall (wAR) is reported
in second row. VGG-19 achieves a wAP of 1,0 and a wAR of 1,0. On the
other hand, Resnet-50 achieves 0,96 in wAP and 0,94 in wAR through all five
experiments.

Table 2. CNNs Average Results

VGG-19 ResNet-50
Weighted Average Precision 1,0 0,96
Weighted Average Recall 1,0 0,94
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For the case of training time and inference time, due to the massive
amount of parameters, they turn out to be slower than any HMM. Table 3
shows in row one that VGG-19 has an average inference time per image close
to 0,35 seconds, and an average training time of 1882.6 seconds is reported
in row two. For ResNet-50 inference, time is 0,183 seconds, and an average
training time of 2846.8 seconds is shown in the second column.

Table 3. Time for Training and Inference for CNNs
VGG-19 ResNet-50
Average Inference Time 0,3498 s 0,183 s

Average Training Time 1882.6 s 2846.8 s

The memory consumption of these classifiers is composed of occupation
in GPU and system memory. The two architectures use the same amount of
system and GPU memory during training and inference, as reported in Table 4.

Table 4. Memory usage for CNNs

VGG-19 ResNet-50
GPU 7.8 GB 7.8 GB

System 2.8GB 2.8GB

The Figure 13 shows a wAP and wAR comparison of the best HMMs
with respect to VGG-19 and ResNet-50 at the end of the experiments. In
the case of wAP, VGG-19 gets the best test performance, scores 1,0 in 5
experiments. Behind this classifier is the HMM with three states and 512
symbols. The HMM with nine states and 512 symbols and ResNet-50, the
latter with similar capacity to recognize positive and negative images of each
class. The six-state, 512-symbol HMM lags behind all with a wAP equal to
0,94.

In the case of wAR, Figure 13 shows each value with a triangular
marker. ResNet-50 and HMMs with three and nine states obtain a value equal
to 0,94, and the HMM with six states obtain 0,93. From these results, it
can be concluded that CNNs perform well in detecting positive and negative
examples. However, HMMs are more likely to make mistakes in positive
examples classified as negative, which decreases the recall value.

4.3. HMMs Ensemble. During the experiments, 51 HMMs were
trained, these also in four varieties of symbols and three types of archi-
tectures, giving a total of 612 trained HMMs (51x4x3 models). So the question
arises: Is it possible to reuse some of these HMMs to create a more robust
classification system? The answer is developed below.

First, we must establish that not all HMMs are useful for this purpose
since models with three states make extensive use of memory and processing
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Fig. 13. Weighted Average Precision and Weighted Average Recall for best models.
HMM 3, 512 for three states and 512 symbols. HMM 6, 512 for six states and 512
symbols. HMM 9, 512 for nine states and 512 symbols

time in their variants of 512 symbols. However, models with nine states and
512 symbols are the most accurate. Thus, HMMs with less memory use and, if
possible, with greater precision and recall were selected. The only HMMs that
simultaneously fulfill these two characteristics are the chains of short length or
small observation vectors, the set of models with three states and 64 symbols,
and the models with nine states and 512 symbols.

This results in using three types of HMMs, two types of symbols
(64 and 512), and 51 models for classification, so it’s proposed to make an
ensemble of 306 HMMs. This might seem implausible, but because HMMs
are compact in memory during the inference process in addition to a speed
in the order of microseconds, 306 sequentially evaluated models must have a
lower execution time than a CNN like VGG-19 or ResNet-50. The number of
parameters for VGG-19 is approximately 143.6 million and for ResNet-50 it’s
25.6 million for the ImageNet data set. For the case of our HMMs ensemble, it
can be calculated taking into account the following: the size of each vector
(having three, six, and nine windows) and the number of symbols to store (64
and 512 symbols). This is [74x224x3x(64+512)] + [74x112x3x(64+512)] +
[74x74x3(64+512)] which results in approximately 52.4 million parameters to
store the centroids. In the case of 306 HMMs, we have less than 0,55 million
parameters counting each matrix A, B; and 7 in each model A;.
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It’s important to note that the data set to obtain the extraction of visual
features in CNNs is enormous, close to 1,3 million images (ImageNet data set),
which makes its direct application difficult in systems that do not have such a
large amount of data. The HMMs allow training with a compact data set, and in
a modular way since the performance of a classification system is increased by
adding or removing models A, adding or removing lists of centroids obtained
in the clustering process, and there is no dependence between models during
their training. On the contrary, in the case of a CNN, retraining is necessary to
add or remove classes.

To construct the ensembles, the approach of a soft and hard classifier
was used. The soft classifier calculates a joint probability on all models already
trained and selects a class with the highest joint probability. This system is
shown in Figure 14. The hard classifier works as HMMs do, selecting the
model with the highest probability but with the difference that now one vote
per class is accumulated. The most voted class is the selected class, Figure 15
shows this system.

Table 5 shows in the first row the wAP result of the ensembles. These
two new classifiers achieve a wAP value of 0,98. For the case of wAR which
is shown in the second row, the classifier with soft-decision lags behind with a
wAR of 0,95.

Thus, it’s confirmed that it’s possible to ensemble HMMs with a different
number of hidden states to increase the overall performance. Ensemble 2
obtains a wAP equal to 0,98 and a wAR equal to 0,98, lagging behind VGG-19
with scores equal to 1,0.

Table 5. Results for HMMs Ensemble
HMM Ensemble 1 HMM Ensemble 2
Weighted Average Precision 0,98 0,98
Weighted Average Recall 0,95 0,98

Inference time when assembling the models is triggered, reaching
values of up to 0,0022 seconds for the best ensemble case. This is reported in
Table 6. The HMM ensemble, even evaluated sequentially, is faster than an
average of 0,183 seconds of inference per image in ResNet-50.

Table 6. Average Inference Time
HMM Ensemble 1 [ HMM Ensemble 2 ]
| Average Inference Time [ 4410755 | 0,002237 s ]

The memory usage increases because it’s necessary to load all the
centroids used by each HMM, but even with this, it only increases the memory
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usage up to a limit of two point eight gigabytes on average, as reported in the
Table 7 (a 32-bit representation is used as well as CNNs parameters).

Table 7. Average Memory Usage
HMM Ensemble 1 [ HMM Ensemble 2 ]
| Average Memory Usage [ 28GB [ 28GB |

Finally, a summary of wAP and wAR is shown in Figure 16 for the best
models evaluated in this work. VGG-19 is the system with the most accuracy,
precision and best recall, scoring 1,0 in all metrics. Table 9 presents the full
report.

HMMs Ensemble 2 ranks second among the best classifiers, but this by
far uses generic resources such as memory and CPU and turns out to be faster
than VGG-19 and ResNet-50, verifying that HMMs are an effective tool for
image classification (see Table 13 for full report).

Weighted AP, Weighted AR
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Fig. 16. Final metrics of best classifiers. HMM 3, 512 for three states and 512
symbols. HMM 6, 512 for six states and 512 symbols. HMM 9, 512 for nine states and
512 symbols

The other image classifiers developed have similar performance in the
task. ResNet-50 has a wAP with 0,96 value, Table 10 shows the complete
classification report.

The HMM of nine states and 512 symbols is reported with detail
in Table 11. This is the model with less resource consumption and better
detection metrics simultaneously. Also, the Table 12 shows the performance
for ensemble 1. The HMM report with three states and 512 symbols is skipped
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due to its high memory consumption, and HMMs with six states and 512
symbols due to its low precision.

5. Conclusions. In this paper, a practical comparison was presented
using publicly available data. It has been demonstrated experimentally that the
application of the theory of HMMs is useful to create a classification system
for images containing objects. This task has been widely developed with
the use of deep convolutional neural networks but these models, even with
great precision, are complex to integrate into systems that require high energy
efficiency due to the millions of parameters that must be adjusted and then
transported to a final program.

Table 8 summarizes the three best models tested, their values of wAP,
wAR, inference time for an image, and the number of parameters. Row three
for the case of HMM Ensemble 2 is the time required to obtain the complete
inference on a 224x224 size image. This time is the sum of 6 average queries
with 512 symbols, which correspond to three different architectures of HMMs
and two different types of symbols.

Table 8. Results comparison

HMM Ensemble 2 VGG-19 ResNet-50
wAP 0,98 1,0 0,96
wAR 0,98 1,0 0,94
Avg. Time per Image 0,018071 s! 0,3498 s 0,183 s
Number of Parameters 52.95 millions? 143.6 millions 25.6 millions

Weighted Average Precision (wAP). Weighted Average Recall (wWAR). ! Query time for

an image in 6 centroid lists with 512 symbols, plus run all 306 models. > All centroids
for 64 and 512 symbols and 306 HMMs

The HMMs ensemble 2 had the best value of wAP and wAR of all
proven HMMs, but without reaching the performance of VGG-19. Its main
advantage is that although with the increase of parameters, it still achieves an
execution speed ten times higher than ResNet-50 using a moderate performance
CPU that only has four cores.

All the models achieve a good recognition capacity, equal to or greater
than 0,94 in wAP also for wAR, but it’s possible to build an ensemble with half
of these models to reach up to 0,98 for both wAP and wAR. This result means
a reasonable ability to distinguish between positive and negative examples.
Note that tests demonstrate the power of the method using data augmentation
and an unbalanced data set per class. Of course, a disadvantage of the method
is that it requires the construction of a visual vocabulary using unsupervised
methods, so it’s not possible to modify the representation online. Using a more
compact and distinctive visual representation, in addition to a segmentation
subsystem, will be the reason for future work.
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Table 9. Classification report for VGG-19

Class Precision Recall Fl-score Support
apple 1,00 1,00 1,00 380
ball 1,00 1,00 1,00 515
banana 1,00 1,00 1,00 460
bell_pepper 1,00 1,00 1,00 395
binder 1,00 1,00 1,00 445
bowl 1,00 1,00 1,00 365
calculator 1,00 1,00 1,00 365
camera 1,00 1,00 1,00 395
cap 1,00 1,00 1,00 395
cell_phone 1,00 1,00 1,00 345
cereal_box 1,00 1,00 1,00 360
coffee_mug 1,00 1,00 1,00 345
comb 1,00 1,00 1,00 355
dry_battery 1,00 1,00 1,00 355
flashlight 1,00 1,00 1,00 380
food_bag 1,00 1,00 1,00 495
food_box 1,00 1,00 1,00 495
food_can 1,00 1,00 1,00 515
food_cup 1,00 1,00 1,00 490
food_jar 1,00 1,00 1,00 485
garlic 1,00 1,00 1,00 490
gluestick 1,00 1,00 1,00 505
greens 1,00 1,00 1,00 455
hand_towel 1,00 1,00 1,00 490
instant_noodles 1,00 1,00 1,00 485
keyboard 1,00 1,00 1,00 445
kleenex 1,00 1,00 1,00 490
lemon 1,00 1,00 1,00 370
lightbulb 1,00 1,00 1,00 390
lime 1,00 1,00 1,00 400
marker 1,00 1,00 1,00 505
mushroom 1,00 1,00 1,00 490
notebook 1,00 1,00 1,00 500
onion 1,00 1,00 1,00 485
orange 1,00 1,00 1,00 450
peach 1,00 1,00 1,00 425
pear 1,00 1,00 1,00 425
pitcher 1,00 1,00 1,00 355
plate 1,00 1,00 1,00 450
pliers 1,00 1,00 1,00 370
potato 1,00 1,00 1,00 380
rubber_eraser 1,00 1,00 1,00 495
scissors 1,00 1,00 1,00 390
shampoo 1,00 1,00 1,00 495
soda_can 1,00 1,00 1,00 395
sponge 1,00 1,00 1,00 400
stapler 1,00 1,00 1,00 370
tomato 1,00 1,00 1,00 425
toothbrush 1,00 1,00 1,00 375
toothpaste 1,00 1,00 1,00 515
water_bottle 1,00 1,00 1,00 350
Average 1,00 1,00 1,00 21900
Weighted Avg 1,00 1,00 1,00 21900
Accuracy 1,00 21900
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Table 10. Classification report for ResNet-50

Class Precision Recall Fl-score Support
apple 1,00 0,93 0,97 380
ball 1,00 0,63 0,77 515
banana 1,00 0,96 0,98 460
bell_pepper 1,00 1,00 1,00 395
binder 1,00 0,80 0,89 445
bowl 1,00 0,79 0,89 365
calculator 0,97 1,00 0,99 365
camera 1,00 1,00 1,00 395
cap 1,00 1,00 1,00 395
cell_phone 0,95 1,00 0,97 345
cereal_box 1,00 0,93 0,96 360
coffee_mug 1,00 1,00 1,00 345
comb 1,00 0,93 0,96 355
dry_battery 1,00 1,00 1,00 355
flashlight 1,00 1,00 1,00 380
food_bag 1,00 1,00 1,00 495
food_box 1,00 0,99 0,99 495
food_can 0,95 1,00 0,98 515
food_cup 0,96 0,89 0,92 490
food_jar 1,00 1,00 1,00 485
garlic 1,00 0,89 0,94 490
glue_stick 0,99 1,00 1,00 505
greens 1,00 1,00 1,00 455
hand_towel 0,99 0,99 0,99 490
instant_noodles 1,00 1,00 1,00 485
keyboard 1,00 0,98 0,99 445
kleenex 0,99 1,00 0,99 490
lemon 0,96 0,96 0,96 370
lightbulb 0,91 1,00 0,95 390
lime 0,96 0,95 0,96 400
marker 1,00 0,86 0,93 505
mushroom 0,30 1,00 0,89 490
notebook 1,00 1,00 1,00 500
onion 1,00 0,46 0,63 485
orange 0,66 1,00 0,80 450
peach 1,00 0,72 0,84 425
pear 1,00 0,79 0,88 425
pitcher 1,00 0,94 0,97 355
plate 1,00 1,00 1,00 450
pliers 1,00 1,00 1,00 370
potato 1,00 0,58 0,73 380
rubber_eraser 1,00 1,00 1,00 495
scissors 0,90 1,00 0,95 390
shampoo 1,00 0,98 0,99 495
soda_can 0,83 1,00 0,91 395
sponge 0,81 1,00 0,89 400
stapler 0,97 1,00 0,99 370
tomato 0,44 1,00 0,61 425
toothbrush 0,85 1,00 0,92 375
toothpaste 1,00 0,99 1,00 515
water_bottle 1,00 1,00 1,00 350
Average 0,96 0,94 0,94 21900
Weighted Avg 0,96 0,94 0,94 21900
Accuracy 0,94 21900
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Table 11. Classification report for HMM with 9 states and 512 symbols

Class Precision Recall Fl-score Support
apple 0,33 0,99 0,50 380
ball 0,99 0,95 0,97 515
banana 0,98 091 0,95 460
bell_pepper 0,99 0,97 0,98 395
binder 0,99 0,97 0,98 445
bowl 1,00 0,99 1,00 365
calculator 0,85 0,81 0,83 365
camera 0,87 0,89 0,88 395
cap 0,82 0,91 0,86 395
cell_phone 0,96 0,94 0,95 345
cereal_box 0,95 0,88 0,91 360
coffee_mug 0,99 0,90 0,94 345
comb 0,94 0,86 0,90 355
dry_battery 0,99 0,86 0,92 355
flashlight 0,88 0,82 0,85 380
food_bag 0,97 0,94 0,96 495
food_box 1,00 0,93 0,96 495
food_can 1,00 0,97 0,98 515
food_cup 0,99 0,98 0,99 490
food_jar 1,00 0,96 0,98 485
garlic 0,96 0,98 0,97 490
glue_stick 1,00 0,98 0,99 505
greens 0,99 0,92 0,96 455
hand_towel 0,99 0,94 0,96 490
instant_noodles 0,95 0,94 0,94 485
keyboard 0,99 0,84 091 445
kleenex 1,00 0,92 0,96 490
lemon 1,00 0,98 0,99 370
lightbulb 0,98 091 0,94 390
lime 1,00 0,99 1,00 400
marker 0,95 0,89 0,92 505
mushroom 0,99 0,92 0,95 490
notebook 0,98 0,93 0,95 500
onion 0,99 1,00 0,99 485
orange 1,00 0,99 1,00 450
peach 1,00 0,98 0,99 425
pear 1,00 0,99 1,00 425
pitcher 0,97 0,94 0,96 355
plate 1,00 1,00 1,00 450
pliers 0,96 0,85 0,90 370
potato 1,00 0,98 0,99 380
rubber_eraser 0,96 0,96 0,96 495
scissors 0,90 0,83 0,86 390
shampoo 0,99 0,96 0,98 495
soda_can 1,00 0,95 0,98 395
sponge 1,00 0,99 1,00 400
stapler 0,85 0,84 0,84 370
tomato 1,00 0,98 0,99 425
toothbrush 0,95 0,93 0,94 375
toothpaste 0,92 0,89 0,90 515
water_bottle 0,98 0,99 0,99 350
Average 0,96 0,93 0,94 21900
Weighted Avg 0,96 0,94 0,94 21900
Accuracy 0,94 21900
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Table 12. Classification report for HMMs Ensemble 1

Class Precision Recall Fl-score Support
apple 0,27 1,00 043 380
ball 1,00 0,97 0,98 515
banana 1,00 0,92 0,96 460
bell_pepper 1,00 0,98 0,99 395
binder 1,00 0,98 0,99 445
bowl 1,00 0,99 1,00 365
calculator 1,00 0,80 0,89 365
camera 0,97 0,90 0,93 395
cap 0,37 0,93 0,90 395
cell_phone 1,00 0,93 0,96 345
cereal_box 0,99 0,91 0,95 360
coffee_mug 1,00 0,91 0,95 345
comb 0,99 0,86 0,92 355
dry_battery 1,00 0,86 0,93 355
flashlight 0,97 0,84 0,90 380
food_bag 1,00 0,96 0,98 495
food_box 1,00 0,94 0,97 495
food_can 1,00 0,97 0,99 515
food_cup 1,00 0,99 0,99 490
food_jar 1,00 0,96 0,98 485
garlic 1,00 0,97 0,99 490
glue_stick 1,00 0,99 1,00 505
greens 1,00 0,92 0,96 455
hand_towel 1,00 0,97 0,98 490
instant_noodles 1,00 0,93 0,96 485
keyboard 1,00 0,38 0,94 445
kleenex 1,00 0,96 0,98 490
lemon 1,00 0,99 1,00 370
lightbulb 0,99 0,95 0,97 390
lime 1,00 0,99 1,00 400
marker 1,00 0,92 0,96 505
mushroom 1,00 0,97 0,98 490
notebook 0,99 0,93 0,96 500
onion 1,00 0,99 1,00 485
orange 1,00 0,99 1,00 450
peach 1,00 0,98 0,99 425
pear 1,00 0,99 0,99 425
pitcher 1,00 0,99 0,99 355
plate 1,00 1,00 1,00 450
pliers 1,00 0,84 091 370
potato 1,00 0,98 0,99 380
rubber_eraser 1,00 0,96 0,98 495
scissors 0,98 0,83 0,90 390
shampoo 1,00 0,97 0,98 495
soda_can 1,00 0,96 0,98 395
sponge 1,00 1,00 1,00 400
stapler 0,94 0,90 0,92 370
tomato 1,00 0,99 1,00 425
toothbrush 0,98 0,94 0,96 375
toothpaste 0,99 0,93 0,96 515
water_bottle 1,00 0,99 0,99 350
Average 0,98 0,95 0,96 21900
Weighted Avg 0,98 0,95 0,96 21900
Accuracy 0,95 21900
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Table 13. Classification report for HMMs Ensemble 2

Class Precision Recall Fl-score Support
apple 0,97 1,00 0,98 380
ball 1,00 1,00 1,00 515
banana 0,99 1,00 0,99 460
bell_pepper 1,00 1,00 1,00 395
binder 1,00 1,00 1,00 445
bowl 1,00 1,00 1,00 365
calculator 0,98 0,98 0,98 365
camera 0,88 0,93 0,90 395
cap 0,73 0,86 0,79 395
cell_phone 0,97 1,00 0,98 345
cereal_box 0,97 0,97 0,97 360
coffee_mug 1,00 0,97 0,98 345
comb 0,99 0,96 0,97 355
dry_battery 1,00 0,95 0,97 355
flashlight 0,94 0,88 091 380
food_bag 0,99 1,00 0,99 495
food_box 1,00 0,99 1,00 495
food_can 1,00 1,00 1,00 515
food_cup 0,99 1,00 1,00 490
food_jar 1,00 1,00 1,00 485
garlic 0,91 1,00 0,95 490
glue_stick 1,00 1,00 1,00 505
greens 1,00 1,00 1,00 455
hand_towel 1,00 1,00 1,00 490
instant_noodles 0,99 1,00 1,00 485
keyboard 1,00 0,75 0,85 445
kleenex 1,00 0,98 0,99 490
lemon 1,00 1,00 1,00 370
lightbulb 0,90 0,95 0,92 390
lime 0,99 1,00 0,99 400
marker 0,99 0,99 0,99 505
mushroom 0,99 091 0,95 490
notebook 1,00 1,00 1,00 500
onion 1,00 1,00 1,00 485
orange 1,00 1,00 1,00 450
peach 1,00 1,00 1,00 425
pear 0,98 1,00 0,99 425
pitcher 0,99 0,98 0,99 355
plate 1,00 1,00 1,00 450
pliers 0,99 0,98 0,99 370
potato 1,00 0,99 0,99 380
rubber_eraser 0,98 1,00 0,99 495
scissors 0,97 0,98 0,98 390
shampoo 1,00 1,00 1,00 495
soda_can 1,00 1,00 1,00 395
sponge 1,00 1,00 1,00 400
stapler 0,88 0,88 0,88 370
tomato 1,00 1,00 1,00 425
toothbrush 0,94 0,98 0,96 375
toothpaste 0,98 0,98 0,98 515
water_bottle 0,99 1,00 1,00 350
Average 0,98 0,98 0,98 21900
Weighted Avg 0,98 0,98 0,98 21900
Accuracy 0,98 21900
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K. CAPMBEHTO , X. CABAXK
CPABHEHHUE JIBYX METOIOB KJIACCU®HKAIIUA OFBbEKTOB
C UCIIOJIb3OBAHHUEM CKPBITBIX MAPKOBCKUX MOJEJIEN
1 CBEPTOYHBIX HEMPOHHBIX CETEN

Capmvenmo K., Casaxc X. CpaBHeHHe [BYX METOJOB KJaccH(pUKanuu 0O0BLEKTOB ¢
HCIIOJIb30BaHHEM CKPBITHIX MAPKOBCKHX MOJieJieil 1 CBePTOYHBIX HEHPOHHBIX CeTel.

AnHotanus. IlpencraBiaeHoO cpaBHEHHE AUCKPETHBIX CKPBITBIX MAapKOBCKHX Mojeliel U
CBEPTOYHBIX HEHPOHHBIX ceTell ISl KiIaccubHKaiy n3o0paxeHuit. I1ocie pa3ouBky n300paxeHnit
Ha YacTH 11e1eCO00Pa3HO MOIYYUTh BEKTOPbI, KOTOPbIE MPECTABIAIOT JIOKAIbHbIE BU3yaIbHbIC
CTPYKTYPBI, OJHOBPEMEHHO OIIpe e IsIoIIe H300paKeHUsI [I0OAIBHO Yepe3 NPOCTPAaHCTBEHHYIO
nocJieoBatesbHoCTh. C HCIONB30BaHHEM METOIOB KJIacTepU3alluy co3jaercsl ajagaBuT U3
YKa3aHHBIX BEKTOPOB, a 3aTeM KOHCTPYUPYIOTCS HOCJIEIOBATEeIbHOCTH CHMBOJIOB, KOTOpHIE
OIHMCHIBAIOT CTaTHCTUYECKHUE MOJENH, COOTBETCTBYIOLIME KiaccaM H300paxkeHuil. CKphIThIE
MapKOBCKHE MOJENIHM B COUYETAaHWH C METOAAMU KBAHTOBAaHUS MOTYT 0OpabaThIBaTh IIYyM U
HCKaXEeHUs] B HAOMIONEHWSX Ul PElICHUs NPOOJIeM KOMIIBIOTEPHOTO 3pEHHMsI, TaKHX Kak
KJ1accuduKarms H300paxeH it ¢ U3MEHEHHEM OCBEILEHNS U NePCIEK THBL.

IIpoTecTHpOBaHBl apXUTEKTYphl, OCHOBAaHHBIE Ha TpeX, IIECTH U MAEBATU CKPHITHIX
COCTOSIHMSIX, B TOJIb3Y CKOPOCTH OOHAPyKEHMs M HU3KOTO UCIIONb30BaHMs MaMsTh. Takxke Oblin
MIPOTECTHPOBAHEI /IBa TUINA aHCAMOJIEBBIX Mojeliell. TOYHOCTh MpeaaraeMoro MeToga ObLia
OLIEHEHA C MOMOILIBIO OOIIEAOCTYIHBIX JAHHBIX; MOy YCHHbIE PE3yJIbTaThl OKA3aIMCh CPABHUMbI C
U3BECTHBIMH OLIEHKAMH IIPH UCIOIb30BAHUM TOHKO HACTPOEHHBIX CBEPTOUHBIX HEHPOHHBIX CeTell,
HO TpeOOBaIM 3HAUMTEJILHO MEHBIIMX BBIYUCIMTEBHBIX pecypcoB. Pesymbrar npeacrasisieT
MHTEpec NpH pa3paboTKe MOOMIbHBIX POOOTOB C BEIYUCIIUTEILHBIME YCTPOICTBAMH, NMEIOIINMH
OrpaHIYEeHHOEe BpPeMsi aBTOHOMHOM paOOTHl, HO TPeOYIOIMMI CIIOCOOHOCTH OOHApYXHMBAaTh U
100aBJISITh HOBbIE OOBEKTHI B CBOM CHCTEMBI KJIACCU(DHUKALIAHY.

KiioueBble cJI0Ba: CKpBITBIE MapKOBCKHE MOJENH, KJIACCHU(HKAIMs H300paxeHHIl,
KOMIIBIOTEPHOE 3pEHHe, PaCIIO3HaBaHUE 00Pa3oB

Capmbento Kapioc — acrimpant, nabopaTtopusi 6nopo6oTiky, HalmoHambHbIA aBTOHOMHBII
ynusepcuteT Mekcuku (HAYM). O61acTh HayUHBIX HHTEPECOB: KOMIIBIOTEPHOE 3pEHUE, MaIlIiH-
Hoe 00y4eHHe C MOJKPEeIUICHUEM, aBTOHOMHAs HaBUralus. Yucio HayuHsIX myOymKanuii — 2.
ing.adriansarmiento @comunidad.unam.mx; Iupkyuro Dkcrepuop 6/H, Y HUBEpCUTETCKHIA TOPO/,
04510, Mexuko, Mekcuka; p.T.: +52(55)56223041.
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HHTEPECcOB: aBTOHOMHbIE MOOIIbHBIE POOOTHI, LH(poBast 06pabOTKa CUTHAJIOB, apXUTEKTYPHI
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Phat N.H., Anh N.T.M. Vietnamese Text Classification Algorithm using Long Short Term
Memory and Word2Vec.

Abstract. In the context of the ongoing forth industrial revolution and fast computer
science development the amount of textual information becomes huge. So, prior to
applying the seemingly appropriate methodologies and techniques to the above data
processing their nature and characteristics should be thoroughly analyzed and understood.
At that, automatic text processing incorporated in the existing systems may facilitate many
procedures. So far, text classification is one of the basic applications to natural language
processing accounting for such factors as emotions’ analysis, subject labeling etc. In
particular, the existing advancements in deep learning networks demonstrate that the
proposed methods may fit the documents’ classifying, since they possess certain extra
efficiency; for instance, they appeared to be effective for classifying texts in English. The
thorough study revealed that practically no research effort was put into an expertise of the
documents in Vietnamese language. In the scope of our study, there is not much research
for documents in Vietnamese. The development of deep learning models for document
classification has demonstrated certain improvements for texts in Vietnamese. Therefore,
the use of long short term memory network with Word2vec is proposed to classify text that
improves both performance and accuracy. The here developed approach when compared
with other traditional methods demonstrated somewhat better results at classifying texts in
Vietnamese language. The evaluation made over datasets in Vietnamese shows an accuracy
of over 90%; also the proposed approach looks quite promising for real applications.

Keywords: Text Classification, Natural Language Processing, Data Processing, Long
short term memory, Word2Vec

1. Introduction. Automatic text classification is intended for
processing new documents based on their similarity with the other ones in
the training model. In this paper the text classification algorithm is proposed
aimed at solving certain issues (classifying topics and positive-negative
comments) based on titles. The following example is given to explain the
text classification. At that, the news dataset is selected and represented as:

N =(n,n,,..,n,). €))
The news corresponding labels are:
C=(c,Cp5ee0sCpy)- ()

The articles labeling will be performed automatically according to
label (C).
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The traditional methods often classify documents based on
dictionaries. However, the development of deep learning (DL) models has
been much more effective and used widely for classifying documents [1, 2].

Besides, the methods for Vietnamese language are quite limited.
The most difficult point for processing documents in Vietnamese is to
determine word boundaries. In English language words are groups of
meaningful characters separated by spaces in sentences. Therefore, it is
not difficult to select in a sentence the words in English language.
However, word boundaries are not defined for Vietnamese and depend on
context of sentences. Several key properties are:

— independent syntax;

— single, complex, repeated, and compound words;

— phrase clustering.

Figure 1 gives an example of Vietnamese phrase clustering [3]; and
shows that there exist two ways to understand this sentence. If the second
way of words clustering is accepted, the sentence will have not the same
meaning as the method.

The first way

The second way

Fig. 1. An example of clustering words in Vietnamese language

Words® clustering in sentences is an important step in
preprocessing documents in Vietnamese. If the sentence is identified by
the first method, it would be classified as a law. Otherwise, certain
misunderstanding would lead to another label. Therefore, the accuracy of
phrase clustering is very important. If the clustering of words is not
reliable, the label classification of text may be wrong.

In the paper, the long short-term memory (LSTM) model is used
at first to classify text since gates of LSTM are able to filter information
similar to input ports. Therefore, the data from the past will be adjusted.
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Besides, here also proposed to combine LSTM and Word2vec methods to
improve the method accuracy.

The rest of the paper is organized as follows. Section 2 describes
the related works; Section 3 presents the theoretical basis; Section 4
shows the results of the model use; Section 5 contains conclusions and
some new directions proposed for further development.

2. Related Work. The amount of text data must be processed
prior to their use. The problem is how to extract information from the
data source. The data nature and their characteristics should be clearly
understood in order to apply the necessary methodologies. Therefore,
time and effort for their classifying will be saved.

DL models have appeared to be quite successful at natural language
processing (NLP) [3-12]. Applications of DL to NLP are mentioned as phrase
classification algorithm [13] and the main content of Vietnamese text [14].

Currently, there exist many methods to improve English texts
classification based on artificial neural (Al) networks [15-25]. In [15] the
authors use new LSTM model to classify text. The model with prior
training is able to solve the multi-dimensional data processing problem
by traditional methods. In [20] the authors use convolutional neural
network (CNN) and recurrent neural network (RNN) for classification.
In [16] the authors combine two models CNN and bidirectional recurrent
neural network (BRNN). In the model the authors use the
bidirectional class to replace the pooling class in CNN and help to store
the long-term dependencies of input chains.

In addition, the support vector machine (SVM) algorithm is used
to reduce required memory [17]. SVM algorithm is well applicable to the
text classification problem. It saves memory since only a subset of points
is used for training and forming process for new data. Therefore, the
necessary points are stored while making decisions in a result of / for
decision-making. SVM possesses certain flexibility due to change
between linear and non-linear methods. However, it does not clearly
indicate the calculus of probability yet, since its classification only
focuses on dividing objects into two layers by super-flat.

Many studies have been performed [18, 26-28] in regard to
Vietnamese texts classification. Classification of texts in Vietnamese via
traditional methods and topics is often based on [18]. Topic model
uncovers-abstract documents. This method guarantees stability and provides
a relative accuracy. However, it is quite difficult and time-consuming as
well as costly. Therefore, SVM algorithm is applied to classifying texts in
Vietnamese [26]. This classification is able to adjust the parameters
automatically. However, it displays worse results comparing with an
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application to English language (the accuracy for Vietnamese language is
80.72% comparing with 89% for English [17]).

In [27] the authors used traditional methods like Na“tve
Bayes (NB) and maximum entropy (ME). NB is a simple method to solve
problems regarding data classification based on statistic. However, its
disadvantage is that there is no link between the characteristics.
Therefore, ME is used to estimate label probability based on sentence
characteristics. Besides, in [27] the authors also use DL method as LSTM
and Bi-LSTM for Vietnamese language classification. In [28] the authors
employ a combination of LSTM and CNN for separating words in a
sentence. This approach helps the model to learn both adjacent and
distant data. To the best of our knowledge, the classification of words by
subject using LSTM and Word2vec has not been published before.

Based on the analyzed above, the topic based DL model for text
classification could be proposed since it has demonstrated certain improvements
for classifying documents in Vietnamese. In the model the LSTM and
Word2vec methods are combined. As a result, the model improved both
accuracy and speed processing for input of data in Vietnamese language.

3. System

3.1. The System Overview. An overview of the system is shown in
Figure 2. The system consists of two main blocks, namely training and
predicting parts. In two blocks, a combination of two algorithms Word2vec
and LSTM is proposed to increase accuracy for classification of texts in
Vietnamese. Besides, the preprocessing step suitable for data in Vietnamese
is used. The steps details are given in the following sections.

Training:

1 1
Label i 1
: [
| ISTM |j

Pre -
|=|—- - I word2vec I
J— processing 1 1
p |

Prediction: . e S

|
|
|—_| a=ic | Label |
e iGN T Word2Vec | LSTM
|

Fig. 2. Diagram of system structure

3.2. Data Collection. The difficulty for classifying is that the dataset
of topics in Vietnamese is limited. Datasets usually consist of 50 to 100 raw
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texts. In this paper the VNTC dataset [4] suitable for the done research is
used. The dataset is updated and information from official electronic
newspapers like [29-32] is chosen by users according to each topic. It
contains 10 topics of 33756 and 50373 articles for training and testing
respectively. Data are selected and aggregated as shown in Figures 3 and 4.

DATA FOR TRAINING ON 10 TOPICS

M Social Politics ® Social M Science Business M Law

B Health H World M Sports M Sociocultural B Informatics

5219
5298

5
1820
2252
3384
3868
2898
3080

2481

Fig. 3. Result of dataset training [4]

DATA FOR TESTING ON 10 TOPICS

m Social Politics m Social m Science Business W Law

® Health m World W Sports W Sociocultural ®Informatics

Fig. 4. Result of dataset testing [4]

7567
5276
5417
6716
6667
6250

4560

3788

2036
2096

3.3. Data Preprocessing. At the preprocessing step three small steps
namely Vietnamese words separation, data cleaning, stop-word separation
are executed as follows.
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Vietnamese words separation. As was mentioned in Part 1, the
separation of Vietnamese words greatly affects the output results. In recent
years the Vietnamese language processing community has grown stronger.
There appeared many libraries related to NLP for Vietnamese language that
have produced good results [18, 26-28].

Table 1 shows the accuracy of methods for separating Vietnamese
words. In the current paper the vnTokenizer and Python language [33] are
used. To separate words the Vietnamese Pyvi library for VNTC dataset [33]
is used. This library is a combination of maximum matching (MM)
algorithm and SVM model to solve both ambiguity and unknown words
recognition to improve the shortcomings for other methods. It proposes a
language classifier for Vietnamese as follows: O — single word for one
language, B — first language for one multi-language word, I — intermediate
language for one multi-language word, and E — final language for one
multilingual word. MM is considered to be the simplest dictionary based on
splitting word; it attempts to match the longest word dictionary. However,
this method is not able to solve the problem of ambiguity since it only
recognizes words in dictionary. Therefore, the combined system of MM +
SVM has reduced the ambiguity by contextual words. In [33] the library has
an accuracy of 97,86% for Vietnamese words.

Table 1. Accuracy of Vietnamese words separation methods

Tokenizer F1-Score (%)
RDRsegmente [34] 97.90
jPTDP-v2 [35] 97.90
UETsegmenter [10] 97.87
vnTokenizer [3] 98.5
JvnSegmenter [36] 97.06

Data cleaning. After separating words the text reveals many special
characters and punctuation that simplify the system. To solve the problem, all
uppercase letters were converted into lowercase and punctuation was removed.

Stop-word separation. Then the stop-words are to be removed. Stop-
words are understood as words not important for classification. Besides, a
number of concatenation or quantitative words is not discriminatory at their
classifying. In addition, stop-words have no taxonomic values that appear in
most documents. Therefore, these words are eliminated to reduce
computation time and memory during the processing. At this step the stop-
words Vietnamese dictionary [37] are used. Upon these words removing the
text will be considered a set of the representation important words.

3.4. Extracting Feature by Word2vec. After removing stop-words
the text with the important words will be received. However, there are still
many documents’ characteristics, and they have to be shorten.
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Then words will be vectorized. The vector representation of words
plays an important role. Word embedding is responsible for mapping from
word or phrase to a real number vector.

In this section the Word2vec model is used. The model represents
words as real vectors with specified dimensions. It is an unsupervised
learning model, and is one of the first models of word embedding that uses
vector each word based on contexts; it maps a set of words to a vector space
where each of them is represented by n real numbers. Word2vec is the
neural network with only one hidden layer. Input is a large set of words and
output are vector spaces. Each single word is assigned a corresponding
vector as shown in Figure 5 [38, 39].

Output layer

ERKAE)

5Lk

Z P
embedding_size = 300 @) >

window_size =5
Fig. 5. Proposal of Word2vec model with embedding size = 300 and
window_size =5

v

A4

CEMeEEREEE

Data input

v

[=]

The model of input is one-hot-vector: Each word will be in a
form x,x,,...,x,, where v is the number of vocabulary. Each word is a
vector with a value of “1” equivalent to the order of words in
vocabulary and the rest will be of “0” value.

The matrix between the input and hidden layer is W (its
dimension is ¥ xN ) whose activation function is linear. The matrix
between the hidden layer and the output is ' (its dimension is V' x N )
whose activation function is softmax.

Each row of W is N-dimensional vector representing V,,. Each row

: T
of Wis v,.
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Output matrix of the hidden layer is W' =w; ;. The score for each
word is calculated as follows:

!

Uy =V *h 3)

where V;vj is j column of W' matrix. Then the softmax trigger function is

used as follows:
exp(u;) - exp(Viy; Virr )

N ’ 4
Sexp(u)) Y exp(vTWymy) @
j=l j=l

P(w; /wy)=yi=

where v, and v, are two vectors.

After training model, the weight of each word is updated
continuously.

Therefore, the calculations can be performed by distances. The
words appear together in context or synonyms belonging to the same
vocabulary.

Word2vec algorithm has two approaches (as shown in Fig. 6) as
follows:

— continuous bag of words (CBOW) model gives context (surrounding
words) and guesses the appearing probability from destination;

—skip-gram model gives the current word and guesses the
probability of context words.

Input  Pprojection Output Input Projection Output
w(t-2) w(t-2)
wit-1) w(t1)
sumMm SUM
w(t)  w(t)
wit+1) w(t+l)
w(t+2) w(t+2)
CBOW Skip-gram

Fig. 6. Two approaches of word2vec algorithm [40]
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The neural network architecture of skip-gram and CBOW consists of
three layers:

1. Input is the input of network and context words around a target or
a present word.

2. Projection contains the hidden layers of network for parameters
calculating.

3. Output is a softmax function that calculates the probability for
target words or distributes into vocabulary. Based on the feed and back
propagation models, the methods would be found to optimize the
parameters to predict the results accuracy.

CBOW advantage is that it requires less memory to store large
matrices. It is essentially probabilistic since implementation is better than
Skip-gram. However, the disadvantage is that words with different
meanings are still represented by one vector of words.

3.5. Labeling by LSTM. RNN for NLP has been of interest lately [15-
25]. The main idea of RNN is to use sequences of information. In traditional
neural networks all inputs and outputs are independent of each other. If inputs
go through the hidden layer and the outputs connect among the classes, they
will be combined via a function to calculate the current and output layers.

The RNN calculation is performed as follows:

— x, is the input at t that is one-hot vector corresponding to size of

nxl;
— s, is the hidden state at t that is calculated based on both the pre-
hiding state and input. The front words will affect the output as follows:

s, = f(Ux, +Ws,_y). (5)

The function f is usually a linear function as tang hyperbolic (tanh).

The function is used to adjust the information passing through the system.
All values are assigned to the range (-1, 1). When vectors go through neural
network, they undergo many calculations. In the process, several
components become too large. The function will helpto refine the
difference. To make calculations for the first element, s, ; to 0 or random
values should be initialized. The memory is empty without data;

— o, is the output at t that is a probability vector of predicting words

by learning information from all previous inputs as follows:
0, =g(Vs,), (6)

where g is the activation function.
The RNN is described as shown in Figure 7.
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One to one One to many many to one many to many many to many

I
*

TITHIT
£ 4 4 %f-i
i
i

— one to one is for neural network (NN) and CNN with one input
and output. For example, the input is the image and the output
identifies whether it is a motorcycle;

—one to many is a problem with one input and many outputs. For
example, the input is one image and the output is many descriptive words.

—many to one has many inputs and one output. For example, the
input is multiple images from video and the output is one action.

—many to many has many inputs and outputs, for example
translating from English into Vietnamese.

LSTM is an extending version of RNN designed to solve long-term
dependencies. RNN is a neural network containing a loop. The network is
capable of storing information. Information is passed from layer to layer.
The output of hidden layers depends on the information. RNN has been
commonly used for NLP or sequential data problems. However, its
architecture is simple since the ability to link long-distance layers is poor. It
is incapable of remembering information from long distance data and, thus,
the first elements of input sequence usually has no great effect on the
following steps. As a result, RNN is influenced by the derivatives during
learning and vanishing gradient. LSTM network is designed to solve the
problem; it only remembers relevant and other information to discard them.

The LSTM network consists of many interconnected cells as shown
in Figure 8 [21]. The idea of LSTM is to add cell internal state (s, ) and

three ports of input and output ( f, forget gate, i, input, and 6, output). At

I NR
! &
i Tl

Fig. 7. Types of problems of RNN [41]

each time step, the ports receive the input x, (representing an element of
input sequence) and 4, , that obtains from output of the memory cells from

previous time step (¢ —1). The port has the function of selecting information
for each different purpose. They are defined as follows:
— Forgotten gate removes unnecessary information from s,;

— Input port filters the necessary information to add s,.

— Output port determines information from s, that is used as output.
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Step 2
X¢ hes Xt B
v k2 ) 2 \
/ _ _ LSTM \
S, L model
Input gate
Cell state
S T Si T g
tanh

Output gate

f,' [0 e

y 7y P y

SteP 1 Xt her Xi her

Step 3
Fig. 8. An example of LSTM model

During the implementation, s, and %, are calculated as follows:

S

he

At the first step, LSTM cell determines the information that needs to
be removed from s, at #—1. The value of f, is calculated based on x,,

h,_, and b,. The sigmoid function converts all activation values between

“0” and “1” as follows:

f = O'(Wf-’xx, + Wf,th1 +bf).

(7

At the second step, LSTM cell determines the information that needs

to be added to % The step involves two calculations for §, and f,. §

represents information that can be added to s,. as:
s, =tanh(W; . x, + W, ,h_ +b5).
i, of input port at time ¢ is calculated:
i, =0, 5, + W, b, +B).
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In the next step, s,. is calculated as follows:

S, = fi*s,_ +i, *§,. (10)

Finally, A, is:
o,=cW,,h_+b,); (11)
h, = o, *tanh(s,), (12)

where W; W, . W, W, W,

LSTM cell and b,,b,b,, and b, are bias vectors.

3.6. Convolution Neural Network (CNN). CNN has a number of
advantages for image and text processing. Therefore, it is studied in regard to
NLP application. However, the biggest disadvantage of RNN is that it takes a
too much time to train a model. Therefore, the researchers hope to use CNN to
reduce training time while still achieving the same results as those of RNN.

CNN is a type of artificial neural network (ANN) with multiplayer
perceptron’s, namely convolution and pooling. It is understood as a
convolutional class that transforms an input into a different output. CNN simply
includes a few layers of convolution combining nonlinear activation functions
as ReLU or tanh to create abstract of information for the next layer.

In the feed-forward neural network (FNN) model, the layers are
directly connected to each other through weight (W ). These layers are
called the fully connected or affine layers. In CNN model layers are linked
through convolution. Specifically, the next layer is a convolution result from
the previous layer since local connections exist.

CNN is a collection of convolution classes that overlaps and used
for nonlinear activation functions similar to ReLU and then for activating
weights in nodes. Each class after the activation function will
generate abstract of information for the next one. In the FNN model
each input is used for subsequent layers.

In training process CNN automatically learns values through filter
classes. There are two aspects to consider; they are location invariance and
compositionality. If this object is projected under different angles, the accuracy
of the algorithm will be significantly affected with the same object. Pooling
layer is the immutability for translation, rotation, and scaling. Local aggregation
gives levels of information representation from lower to higher and abstract
through the convolution. The composite layer is inserted periodically after each
pair of convolutions and the nonlinear activation layer. It reduces the spatial
dimensions of a sample and the total parameters of network. Therefore, the

and W,, are weight matrices in each
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aggregate layer makes sense to control the overload in network. There are two
types of algorithms common in aggregation classes as follows:

— MaxPooling extracts the maximum value of child function;

— AveragePooling extracts the average value of sub-functions.

RNN is a specialized neural network that processes a series of values.
At the network application, the text to be a two-dimension matrix is
considered where rows are the tokens of sentence, and their values are the
vector values of each token. The size of input matrix is as follows: height =
len(tokens) and width = dimension(wordembedding). At convolution
implementation, the filter (also two-dimension matrix) is used with
widthvalue = In put Matrix, and height value is usually 3, 4 or 5. The
application of CNN to NLP can be described as shown in Figure 9.

Input matrix l
(7x5)
Output
softmax
L f““cu““

Activate
weights in
nodes

Fig. 9. Diagram of applying CNN to NLP model [42]

4. Simulation and Results

4.1. Setup

4.1.1. Dataset. VNTC dataset is used [4] including 33756 and
50373 articles for training and testing sets, respectively. The input will
be separated from the words via pyvi library [43] and cleaned stop-
words (special characters and punctuation).
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4.1.2. Pre-processing Data. All documents after separating from via
pyvi library are processed into words for the next processing step. The
function of auxiliary words will be omitted to increase the performance as
well as to reduce the number of characteristics for classification model.

4.1.3. Extracting Feature. The text is converted into-vector to create a
directory for using document representations. Each word will be assigned a
natural value. They are placed with the corresponding numbers. Each text is
converted into an array of natural numbers that are assigned fixed words. It will
be converted into a vector form consisting of one number and “0”elements.

Word2vec will be used to improve text features. It was found out
that the pre-train of the gensim library is not suitable for the considered
dataset. Therefore, the dataset was built by the authors. The Word2vec
model was subjected to retraining in order to improve the problem with
embedding;.. = 300, windowsy;. = 5 for 80000 documents. Figure 10 is the
result of training model using ¢ — SNE.
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4.1.4. Text Classification. Since a newsletter usually ranges from
500 to 1000 words, the following was chosen: the maximum length of
each document is 400 and the size of word embedding is 300 in order to
reduce the input of network. The choice of text size and vector space to
solve the multi-dimensional data problem of traditional methods is very
important. Therefore, was selected the training of the model with a
hidden class of 128 units and use of RMSProp with a learning rate of
0.001 for the optimal function and a dropout of 0.4.

The embedding layer with a 300-dimensional vector is used to
represent a word. Then, was used spatial dropout 1D to remove 1D
feature of maps and increase independence between them. The LSTM
class is used with 128 memory units. The model of output layer consists
of 10 topics. Activation function is used as softmax to classify multiple
layers and loss function is categorized as cross_entropy. In addition,
batchsize is set to 64 and epochs is 35. Detailed flowchart of LSTM
algorithm is shown in Figure 11.

Embedding Layer
- S
l
SpatialDropoutlD
L Layer
!
I B
LSTM Layer
!
N\
Dense Layer

Fig. 11. Algorithm flowchart for LSTM model

4.1.5. Evaluation Criteria. The precision, recall, and Fl-score
criteria were used to evaluate the model performance. The parameters are
shown in Table 2 [44] where:

— TN is the result where model accurately predicts the negative class;

— TP is the result where model accurately predicts the positive class;

—FN is the result where model incorrectly predicts the
negative class;

— FP is the result where model incorrectly predicts the positive class.
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Table 2. Confution matrix

Labels Negative prediction Positive prediction
Negative act True negative(TN) False positive(FP)
Positive act False negative(FN) True positive(TP)

Precision is the ratio of positive points determining by 7P and FP as:

P

Precision=———. (13)
TP+ FP

Recall is the ratio of positive points determining by 7P and FN as:

P

Recall =——. (14)
TP+ FN

Fl-score is the harmonic mean of precision and recall (assuming
these two quantities are non-zero) determining by the expression:

2 1 1
—= + . (15)
F1 Precision Recall

4.2. Results. The results of the model are shown in Tables 3 and 4.

Table 3. Comparing the results of LSTM model and the proposal

Model Precision (%) Recall (%) F1-score (%)
LSTM 92.36 91.81 92.09
The proposal
(LSTM + Word2Vec) 95.55 95.93 95.74

Table 4. Comparing the results of CNN model and the proposal

Model Precision (%) Recall (%) F1-score (%)
CNN 84.48 83.02 83.25
The proposal
(CNN+ Word2Vec ) 84.13 84.89 84.01

Table 3 shows the results of classification for the text in Vietnamese.
The accuracy of model using LSTM with Word2vec is 4% higher than that
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using LSTM. The result is achieved by pre-training of the Word2vec model.
Besides, Word2vec is able of preventing the overfitting that reduces the
number of training parameters and improves accuracy.

Also was executed the model based on CNN and CNN +
Word2vec as shown in Table 4. Two important features of CNN are local
sensing and weight sharing. When CNN algorithm is applied to the
problem, the input is considered as a two-dimensional matrix of size 400
% 300. In the case under consideration the fixed length of each text is 400
and size of each word is 300. In the CNN model is used the ConvlD
class with a filter of 128 and kernel-size of 5. For the Pooling class, we
use MaxPoollD with pool — size = 2. In the next class, we continue
touse ConviD with a filter of 256. Finally, we wuse
GlobalAvgPoollD with the softmax activation function.

The results given in Tables 3 and 4 show that the accuracy of
model based on LSTM + Word2vec is much better than that of CNN.
CNN demonstrates great advantages in image processing. However, the
model has low results in text classification. It can be seen that LSTM
gives good results in text data processing.

Besides, the received results are also compared with other methods
results. The results are shown in Table 5, Figures 12 and 13.

Accuracy

0.95 //——’——

0.90

0.85

0.80

0.75

train

0.70 test

0 10 20 30 40 50
Fig. 12. Loss value of proposal’s model
It could be seen in Table 5, that while using the same number of

extracting features the proposed approach gains a better accuracy than the
other methods.
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Table 5. Comparing the results of proposed method with some other methods

Number of extracting o
Method Technology Data featurcs Accuracy (%)
LSTM, .
Proposed | Wor2vec, and \(I\lflt\?;gl)(ﬁt]a 300 93.8
CNN
Topic modeling
- VLSP from 83.00
[18] (Naive Bayes (20000 sentences) 829 and 339 to 94.07
theory)
(19 | Supportvector |y, o) 4ocuments [29] 7721 80.72
machine (SVM) ’
Vietnamese students
Naive Bayes, |of feed- back corpus
[45] Maxent, LSTM, for sentiment 300 frz)rrég 16'2
and Bi-LSTM analysis (16000 '
feed-back) [47]
93.4;
[4] SVM.KNN, VNTC [4] N/A 84.67; and
and NGram
97.1
SVM, 96.52;
Random forest, 9921
[47] SVC, VNTC [4] N/A 99.22: and
and neural
99.75
network
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5. Conclusion. The documents classification plays an important role
in exploiting big data. The paper presented the method of text classification
based on LSTM and CNN models. LSTM algorithm overcomes the
vanishing gradient problem that helps in identifying the associations
between sentence characteristics, key words, and contextual words. The
proposed approach contribution is the use of the Word2vec model for
classifying text based on title. Besides, the features learning was executed
by Word2vec method that helps to link them together to improve the model
efficiency. In the Word2vec method, was used a 300-dimension to reduce
the number of characteristics in comparison with other methods. It helps to
increase processing speed and avoid a curse of dimensionality.

Also, was performed the model without using Word2vec. The
simulation (model) shows that the results are better with Word2vec use. The
selection of characteristics from Word2vec helps the model to select appropriate
features and to improve accuracy. Also were compared the models using LSTM
and CNN. The results show that LSTM is better than CNN.

However, some disadvantages were identified as follows:

— training time of model is longer than that of other methods (SVM
and CNN);

— the method will not work correctly if the sentences are too long.

In the future, therefore, the plan is to improve the classification
model by combining other DL models to change derivative disappearance.
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AJITOPUTM KJACCUPUKAIINU BBETHAMCKOI'O TEKCTA C
HCIOJIb30BAHUEM JIOJITOM KPATKOCPOYHOM MAMSTH U
WORD2VEC

Dam XH, Ane HT.M. AJNropuT™M KJIACCH(PHUKANNH BbETHAMCKOIO TEKCTa €
HCIO0JIb30BAHHEM J0JIT0l KPaTKOCPo4HOoii mamsaTn 1 Word2Vec.

AHHOTanusA. B ycioBusX TeKylleid u4eTBepTOil NMPOMBIIUICHHONW PEBOJIOLUH BMECTE C
Pa3BUTHEM KOMIIBIOTEPHBIX TEXHOJOTHH YBEINYHBACTCS M KOJUYECTBO TEKCTOBBIX JAHHBIX.
Crnemyer NOHMMATh INPUPOAY ¥ XApPAaKTEPUCTHKH OTHUX MHAHHBIX, YTOOBI HPHMEHSTH
HEOOXOAMMbIE METOJJOJIOTHH. ABTOMAaTHYECKasi 00pabOTKa TEKCTa SKOHOMHT BPEMs U PECYPChI
cymecTByOmuxX cucreM. Kimaccudukarms Tekcra sBIsSeTCS OJHUM U3 OCHOBHBIX IPHIIOKESHHH
00pabOTKM €CTECTBEHHOTO s3bIKa C HCIHOJIB30BAHMEM TaKHX METONOB, Kak aHaIu3
TOHAJILHOCTH TEKCTa, pa3MeTKa JaHHBIX U TaK Jajee. B 4acTHOCTH, HeZJaBHUE NOCTIXKEHHUS B
obyacTH IiIyOOKOro OOy4YeHHs MOKa3bIBAIOT, YTO OTH METOAbl XOPOLIO IIOAXOMASAT JUIS
KIaccuuKkanun  JTOKyMeHTOB. OHHM  INPOJAEMOHCTPUPOBAIH CBOK 3(P(EKTHBHOCTH B
KJIaCCH(MKALINY aHIIIOA3BIYHBIX TeKCTOB. OZHAKO MO MpodeMe KiIacCH()HKALMU BbETHAMCKHX
TEKCTOB CYIIECTBYET He TaK MHOTO HcclenoBaHuil. [locnennue co3nanHble MOJEIH TTyOOKOTO
o0y4deHus U1 KIacCH(HUKAINH BbETHAMCKOIO TEKCTa MOKa3aJli 3aMETHBIC YITy4YIICHUs, HO TeEM
He MeHee 3Toro HejocTaTouHo. IIpe/uiaraercst aBToMaTH4ecKasi CHCTEMa Ha OCHOBE JJIMHHOM
KpaTkocpouHoit mamsitu 1 Word2Vec Mozeneit, koTopast HOBBIIIAET TOYHOCTH KIacCU(PUKAITHI
tekctoB. Ilpemmaraemas Mojenb TPOAEMOHCTpPUpOBaia OoJee BBICOKHME PEe3yJbTATHI
KJIaCCH(MKALNK BbETHAMCKUX TEKCTOB 110 CPaBHECHHUIO C IPYTHMH TPaUIIHOHHBIMU METOJaMH.
IIpu oleHKe AAaHHBIX BHETHAMCKOIO TEKCTa IIpeinaraeMas MOZENb IMOKa3bIBaeT TOYHOCTh
kiaccudukanyu 6osee 90%, MO3TOMY MOKET OBITH HCIIONB30BaHA B PEAIbHOM HPHIIOKECHHH.

KimoueBble cioBa: knaccudukanus TeKCTa, €CTECTBEHHAs s3bIKoBas 00paboTka,
00paboTKa TaHHBIX, JUIMHHAS KPATKOCPOYHas namsath, Word2Vec
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YK 621.391 DOI 10.15622/ia.2020.19.6.6

C.B. /IBOPHUKOB, C.C. JIBOPHIKOB
SMIIMPUYECKHM TOJAXO0/1 K OIIEHKE
MNOMEXOYCTOMYUBOCTHU CUT'HAJIOB ®A30BOMI
MOAYJISIIUA

Jeopnukoe C.B., [Jeopnuxos C.C. IMNupHUECKHii MOAX0] K OLleHKe TOMeX0yCTOHINBOCTH
CHUTHAJIOB ()a30BOJi MOy ISALMH.

AHHoTanus. Beicokas crnekTpanbHas 3()(GEKTHBHOCTh CHIHAJIOB C HEMPEPBIBHOW (ha30BoH
MOIYJSIIUEH ONpeleNila HX U3BECTHOCTh M AaKTUBHOE IIPUMEHEHHE B  Pa3IMYHBIX
PaZHOTEXHUYECKHUX HPOEKTaX. YHHKAJIFHOCTh CBOIMCTB TAaKMX CHTHAJIOB CBSI3aHA C COXPAHEHHEM
HENPEepBIBHOCTH HX (a3l IpU cMeHe MH()OPMAIHOHHBIX IOCBUIOK HA JIHUTEIBHOCTH CHMBOJA.
BMecTe ¢ TeM [0 HEJaBHErO BPEMEHH M3 BCEro IMIMPOKOTO KIacca CHIHAIOB C HEMpPEephIBHOU
(azoBoil MoAyJIsAIMel HAWOOJBINEEe PACIPOCTPAHECHHUE IOMYUMIA Pa3IMYHbIC BapUHALMKA TaK
Ha3bIBAEMBIX CUTHAJIOB YAaCTOTHON MOJYJIAIMEN ¢ MUHMMAJIbHBIM cABUTOM. OIHAKO 3TO JaJeKo
HE CIMHCTBEHHBIC NPEICTaBUTENH KJIacca CHTHAIOB C HeNpephIBHOW (a3oBOil Momyisimuei,
00J1aaf0IIHE CBOMCTBOM BBICOKO# CIIEKTPAIbHON KOMITAKTHOCTH.

HccnenoBaHbl He MeHee HHTEPECHBIE CHTHANBI 3TOTO Ki1acca, GopMUpyeMble HOCPECTBOM
IBOWHOH (pa3oBoil Moxmymsaruu. IIpencTaBleHb aHAINTHYECKHE BBIPAKCHHS HX CHHTE3a,
000CHOBaHa UX MPHHAUIEKHOCTh K KJIACCY CHTHAJIOB C HENPEPHIBHON (ha30BOH MOIyIISIUEH.
Takke HCCIeLOBAaHBI BpeMEHHbIE CBOWCTBa (ha3oBoil (yHKLHH, pekoMeHmoBaHHOH MCD-R
SM.328-11 s cuHTe3a CHTHAJIOB C HeNpephlBHOH (a30BOil MoOmymsdIuel, IpHUBEIEHBI
BPEMEHHBIE U YaCTOTHBIC (PParMEHTHl CHUTHAIOB C MHHHMAJBHBIM CIBHIOM B CpPaBHEHHHU
CHTHAJIAMH C JBOMYHOI (ha3oBoi MaHumyssiueil. IlpencraBieHbl 3Tambl aHATUTHYECKOrO
BBIBOZIa MOJEINH IIOMEXOYCTOHUHBOCTU CHTHAJIOB C HENPephIBHOH (a3oBoil Momymsnueil mo
N0Ka3aTeNi0 BEPOSTHOCTH OWTOBOH OMIMOKHM Ha OCHOBE sMIHpuueckoro moaxoxa. ITokaszana
OOILIHOCTh IOJTYyYECHHOW MOJENH C M3BECTHBIM BBIPAXXCHHEM [l CUTHAJIOB C MUHHMAJbHBIM
CABUIOM IIyTeM HCCIENOBAaHUS PAa3HOCTHOM (YHKIUM OMMOKH ammpokcuManuy (ommoOka
nopsiaka 107%), 4T0 MO3BOJMIIO MONYYUTH GOJlee KOMITAKTHOE TpPECTABJIEHIE Pa3spaboTaHHOM
MOJIETIM TIPUMEHUTENBHO K CUTHAJIaM C JIBOWHOH (a3oBoit Mopyisiuuei. Jloka3aHo, 4YTO Takue
CHTHAIIBI 001Ia7aloT Oojiee BBHICOKMMHU CBOMCTBAMHU IOMEXOYCTOWYHBOCTH IO OTHOIICHHIO K
CHUTHAJIaM ¢ MHHMMAaJbHBIM caBuroM (mopsiaka 0,5 AB 1o ypoBHio omubku 107%). Ykazauublii
pe3yIbTaT IOIyueH Ha OCHOBE UCCIeOBaHMsS (YHKIHN pa3IHdus, OmpeaeaseMbIX pasHOCThIO
MEX]y CHUTHAIBHBIMH CHMBOJIAMU COOTBETCTBYIOIINX HH(OPMAI[OHHBIM 3HAYCHUSAM «1» u
«0». OnpeneneHs! HapaBJIeHHs JATbHEHIIEro HCCIeI0BAHNUSL.

KimioueBble cJI0Ba: CUTHAJIBI ¢ HENPEPBIBHOH (a30BOil MOAYIILKEI, TOMEXOYCTOHINBOCTD
CHTHAJIOB, BEPOSTHOCTh OMTOBOH OIIMOKH, CIIEKTPaIbHEIC CBOICTBA CHITHATIOB

1. BBegenue. OrpaHUYeHHOCTh YaCTOTHOTO pecypca CTHUMYJIUPYET
MIOUCK CHEKTPaIbHO-3(Q(PEKTUBHBIX CUTHAJIOB, KOTOPBIE, C OJHOH CTOPOHBI,
obJiaianu Obl MpUEMIIEMOH TOMEX0YCTOWYHBOCTBIO, & C IPYTOH — OTBEYAIIN
TpeOOBaHUSIM KOMITAKTHOCTH MX CIIEKTPAJILHOTO MpezcTaBieHus. [louck
KOMITPOMHCCHBIX PEHICHHH CHOCOOCTBOBAI pa3pabOTKEe TaK Ha3bIBAEMbIX
CHUTHAJOB C HenpepbBHOM (azoBoit moxpymsiueit (Continuous Phase
Modulation — CPM).

Tak B [1] B X0I1€ HCCIEIOBAHUS METOIOB MOIYJISAIIUH, OOCCIIeUrBa-
onmx 3¢ dexTHBHOE HCIOIb30BaHNE 3aHUMAEMOM TI0JIOCH YacTOT, aBTOPHI
NPUIUTE K HEOOXOAUMOCTH COXPaHHTh HEHPEpPHIBHOCTH (a3bl IPU CMEHe
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CUTHAJIBHBIX CHMBOJIOB. B pesynbrate Obla paspaboraHa yacTOTHass MaHHU-
IyJISIESE ¢ HepephIBHOM (a3oif, momyduBmias HazBanue Continuous Phase
Frequency Shift Keying (CPFSK). JleicTBUTENBHO, CHTHAIBI JIBOWHOM
CPFSK (Binary Continuous Phase Frequency Shift Keying — BCPFSK) c

HMHIEKCOM MOAYJsiuM, paBHbIM m, = 0,715, mokaszanu Goljiee BBICOKYIO

CTEKTPaIbHYIO 3((GEKTUBHOCTD 10 OTHOILEHUIO K CUTHAJIaM JIBOMYHOM da-
30BoM Manumyssiuuu (Binary Phase Shift Keying — BPSK).

[Iupokoe mpu3HAHUE HOBBIM BUA MOIYJISALUH MOJIYYHI MOCHE MMy0-
mukary [2], toe moxysiius CPFSK Ha m-uunbiil caydaid Oputa 0000IIIeHa.
B TOM 4mcne nony4deHbl ONTUMAIbHBIE TaApaMeTPbl MOYIISIIHOHHOTO (op-
Marta (371ech M jJajiee MOHATHE MOAYJIAHOHHOTO (hopmara paccMOTPEHO ¢
no3unuii [3]) mo mokaszarent0 MHHHMMyMa BEPOSITHOCTH OMTOBOM OIIMOKH
(Bit-Error-Rate — BER) B cOOTBETCTBUH C KaHAJIbHBIM YPOBHEM OTHOLICHUS
curHai/mym (Signal-to-Noise Ratio — SNR).

[ockonbKy He Bcerna yao0HO MCHONB30BAaTh PACCUMTAHHBIC 3HAUeE-
HUsI ONTUMAJIbHBIX MAapaMeTPOB MOIYJISILIMOHHBIX (DOPMATOB CUTHAJIOB, TO
MHTEPECHBIMH MPEACTABISAIOTCS PE3YIbTATHl OLIEHKU NOTEPh IMPHU OTXOAE B
MIPAaKTHUECKUX PELIEHUS X OT ONTHMAIBHBIX 3HaueHHH. VIMEHHO Mo3TOMY
pabotsl [4-7] onpenennim NpakTUYECKYIO HalpaBJIEHHOCTh curnainos CPM.

Hpyrum npeumymmectBoM curaaioB CPM gBuseTca TO, YTO Hempe-
PBIBHOCTH (pa3bl MO3BOJIAET B PAJANOTEXHHMUYECKUX CHUCTEMax HCIIOJIb30BaTh
JIOCTaTOYHO HaJEKHBIE M HEOPOTHE YCHINTEIH MOIIHOCTH C HEJIMHEHHBI-
MU XapaKTepUcTHKaMH [6].

AKTHBHOE IIpaKTHYECKOE NMPUMEHEHHE Nomyymia ['ayccoBa 4acToT-
Has MOIYJSIMS C MHHAMAQIbHBIM caBuroMm (Gaussian Minimum Shift
Keying — GMSK) xax pasHoBugHocTh CPFSK C WHIEKCOM MOIYJISALUH
m, =0,5 [8], B KOTOpOil NOCIEN0BATENBHOCTD NPSMOYTONBHBIX HH(OpMA-

[IMOHHBIX UMITYJILCOB CTIIaKeHa mocpencTBoM ¢mistpa ['aycca [9, 10].
Hecmotps Ha ToO, 9TO ¢ MOMeHTa pa3pabotku curHanoB CPM mpo-
o Gonee 40 ner, Hccie0BaHUS B 3TOHM 00JIaCTH TO-TIPEKHEMY aKTHBHO
MIPOIOIDKAIOTCS, O YEM CBHIETEIBCTBYIOT MHOTOUYHCIICHHBIE ITyOIMKALIMH.
Tak B [7] pa3paborana onTumainbHash MOJEINb, MTO3BOJIAIONIAS OCY-
LIECTBIATH CHHTE3 cUrHaioB CPM ¢ ruiaBHBIM M3MEHEHHEM (pasbl Ha AH-
TeNbHOCTH cuMBoOja. B [11] pa3paboraH MeXaHH3M COBMECTHOH OIICHKH
BPEMEHH CHMBOJIA, CJIBUTa YAaCTOTHI M CABHIa (pasbl I CUTHAJIOB C HETIpe-
PBIBHO#T (ha3oBoi Monysuel. OOOCHOBaHa TUIOTE3a, YTO aAucnepcus ¢a-
30BOTO CIBHTa IPHM HAJIWYMM YaCTOTHOM OIIMOKM JOJDKHA COBIA/ATh C
ycioBHO# rpanurieit Kpamepa — Pao mist 1r00BIX CUTHANIOB ITU(PPOBOI (ha-
30BOH Monyssiuuu. B [12] nmpemnosken MomynsiTop ciaboro paccestHus Juis
(bopMupoBaHus N300paKEHUH ¢ KOTEPEHTHOH MOIYJsIeld BMECTO JBOUY-
HOTO ciy4aiiHOTo (ha30BOr0 MOJXYJISITOpa C CHIIBHOM paccenBarollei crio-
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COOHOCTBIO, YTO TIO3BOJIWIIO YIYYIIUTH KOHEUHOE paspermeHue. B [13] me-
TOIIOJIOTHSI CHHTE3a CHTHAJIOB C HENpepHIBHON (a30BOM MOAYISALINEH MpH-
MEHEHa K aKyCTHYECKMM KaHajaM Iiepeiadyn WH(opMmanuy, B 4acTHOCTH
000CHOBaHa ONTHUMAaNFHAs CKOPOCTH mepemadu. B [15] paccmoTpeHs! Bo-
MIPOCHl MOCTPOCHUS MOJIENU PAJUOCUTHAIOB C MOAYJALUEH C HENpephiB-
HBIM M3MEHEHHEM (a3bl 3apyOe)KHBIX CITyTHHKOBBIX CHCTEM CBS3H B TIPO-
CTpaHCTBE IapaMeTpoB (a30BbIX AMarpaMm. VccienoBaHbl yclIOBUS, NpU
KOTOPBIX JOCTHTAeTcs TpedyeMasi TOYHOCTh OIICHOK MapaMeTpoB (pa30BBIX
JMarpaMM, U Kak MTOT — 00ecHeYrBaeTCs IOCTOBEPHOCTh PacliO3HABaHMs
KJIACCOB CUTHAIIOB. B [17] mcciemoBaHbl BOMPOCH! BIHASHUSA KaHAIOB C MHO-
TOJTYYEBBIM DPACIpPOCTPAHEHHEM pAJAMOBOJIH Ha OHTOBYIO BEpPOSTHOCTH
OIIMOKHM CHTHAIBHBIX (JOPMATOB ¢ HETpephIBHOM Monmyssiuuei. B [14, 16,
18, 19] paccMoTpeHBI CHTHAIBI ABOMHON MOAYJISALIUH, TAKKE OTHOCSIIHECS
K kjaccy curHanoB CPM. UccnenoBaHbl X CBOKWCTBA, OLIEHEHA CIEKTPaJib-
Hast 3(pPeKTUBHOCTE.

Bmecre ¢ TemM HenpepbIBHOCTD (ha30Boi (hyHKIMH, 0OecTieurBaroas
CIICKTPAJIbHYI0 KOMITaKTHOCTh CHrHajioB CPM, uMeeT W HeraTMBHbIE MOMEH-
TBI: IMEHHO OTCYTCTBHE pa3pblBa 3aTPyIHSET IPHHSITHE PEIICHHs O TPAaHUIIaX
CUT'HAJIBHBIX CHMBOJIOB, OCOOCHHO B YCJIOBHSIX IIIYMOB BBICOKOW MHTEHCHUBHO-
CTH, YTO B KOHCYHOM HTOTE BEIET K YXYAIICHHUIO X TOMEX0YCTOHIMBOCTH.

Iockonbky Qusndeckue cpoiicTBa curHanoB CPM ompenensioTcs
3aKOHOM M3MEHEHUS (Ha30BOU (PYHKITUH, TO JOCTATOYHO CIIOKHO TOJIYYHTH
YHHBEPCATBHYIO0 aHATUTHYECKYI0 MOJENb U pacdeTa BEPOSTHOCTH OWTO-
Boii ommOKku. [ToaTromy B [8] mpeanoxer 0OOOMICHHBIH MOIX0A, OCHOBAH-
HBII Ha pe3yibTaTaX MOAEIMPOBAHNUS, UTO HE BCETAA YAOOHO B TCOPUTHIC-
cKkux ucciefoBaHmsIX. C y4eToM yKa3aHHBIX OOCTOSTENBCTB IPEIOKEH
SMIMPUYECKUH MOAX0J K BBIBOJY BBIPAKEHUSI BEPOATHOCTHON OLIEHKH I10-
MEXO0YCTOWYMBOCTH CUTHAI0B CPM, OCHOBaHHBIN HA MIPUHIIUITE aHATOTHMA.

2. O6mme cBoiicTBa curHaioB CPM. B [9] npennoxena 0000IIeH-
Has aHAJIMTUYeCKas Mozens curHanoB CPM. Dty mMoenb ¢ ydetoM (hopMu-
pytomieli dasoBoit GpyHkmu ¢(¢, a) (T7Ie a — BEKTOP, ONPEASIIomuil HH(Op-
MalMoHHYI0 M-apHy10 OHTOBYIO ITOCIIEIOBATEIFHOCTh HE3aBUCHMBIX CHMBO-
JIOB, UMeromuX 3HayeHus *1,+3,..,(M —1), ¢ paBHOW BEPOSTHOCTHIO UX

TPOsIBIICHKS paBHOH 1/M) MOXKHO MPE/ICTABUTD B CIICAYIOLIEM BHIIE:
2E,
s(t,a) = Tcos(anCt+¢(t,a)+¢0),0StsNT, €]

rre Ep —dHeprus Oura (CHrHAIFHOTO CHMBOJIA TIPH OMHAPHOW MOMysiiwn); 1 —
JUIMTENEHOCTh OUTa (CUTHAIIBHOTO CHMMBOJIA NIPU OMHAPHOM MOXYISIMK); fo —
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YacTOTa HECyIlero KojebaHus, ¢p — HadaibHas (asa (B oOlieM ciydae IpH
KOTepEeHTHON 00pab0TKe MOXKET HE YUHUTHIBATHCSA); /N — KOIIYECTBO JIEMEHTOB
B OUTOBOI! MMOCIIEAOBATENBLHOCTH, OMPEICTSIOINX Pa3MEPHOCTH BEKTOPA a.
3amerum, uto dopmupyomas (azoBas GyHKIHS ¢O(f) Mpu CHHTE3E
CPM omnpenensieTcss MOIyJTUpyromeil (yHKIMEH MIHOBEHHON 4YaCTOTHI
NIEPBUYHOTO CHT'HAJIA, TIO3TOMY IIPEICTABHM €€ CIISIYIOIUM 00pa3oM:

N
0(0) =D a,g(t—(k=DT),(k-1)T <t <KT, Q)

k=1

rae g(*) — gpyHKuMs MrHOBEHHOH 4acTOTHI.
3ameTnMm, 4TO Ha JUIMTETHHOCTH cuMBoJa I’ opMa (pyHKIMH MTHO-
BEHHOH 4acToThl g(*) M3MEHSAETCS B COOTBETCTBUH C TEKYLIMM 3HaYCHHEM

I/IH(i)OpMaHI/IOHHOFO CHUMBOJIa a; , SBJIAIOLIETOCS 3JIEMEHTOM BEKTOpPA a.

a=(aq, a,, ..., ay). 3
IIpu sTOM
a, e{xl, £3, ., +(M -1}, 1<k < N. )

CornacHo (4) UIMEHHO 3HaYeHHE Mmapamerpa M B KOHEYHOM CUETE
oTIpeneNsieT YHCIO BO3MOXKHBIX BAapHaHTOB (opM (DYHKIMH MTHOBEHHOU
YacTOTHl HA JUTUTEIBHOCTH cuMBoia. [lamee B paboTe OyayT paccmarpu-
BaTHCS TOJIBKO T€ CHUTHAIIBL, KOTOPBIE yIOBIECTBOPSIOT yCIOBHIO M = 2.

B pamkax aHanu3upyeMol cutyalmu OyaeM mojaraTh, 4to I mpen-
CTaBIIIET MHTEPBAJ, B Mpeaeiax Kotoporo gopmupytomas (azoBas GyHK-
nus (¢, a) Ha JUIMTEIBHOCTA CUMBOJIA OyJET ONpPEACIAThCS TOJIBKO H3ME-
HeHNeM (YHKIIMA MTHOBEHHOW YaCTOTHI CUTHAJIA!

T
g(T) = 2njb(r)dr,
0

rae b(t) mst curnanoB CPFSK onpezensieTcs coriiacHo [2] Kak:

m.T
— mpu 0<t<T;
b(t)=1 2T : ®)
0 mpu 127,
rae m. — WHIAEKC MOYJIAINH.
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Bwmecre ¢ Tem B pekomenanmun MC3-R SM.328-11 [9] npeanoxkeHo
AQHAJIUTHYECKOE OIMUCaHHe (YHKIMA MCHOBEHHON dvactoTel g(t,n,L),

ompeneNsone GopMUpPYITy0 (a3oByl0 (QYHKIHIO, KaKk (YHKIHHA OT
TpeX ITapaMeTpPOB B BHJE MHOTOWICHA!

3 5
1 (1 L) 5-8aL(1 LY 16nL—12(1 L
tnl)y=—+n| ——= |+ —| ——= | +———| ——=1 . 6
gt L) =5 (T zj r (T 2j r (T 2] ©

3pece 0<t<T.

B BeIpakenun (6) 3HaYCHHA 7 U L MPECTABISAIOT COOOU MapaMeTphI
(hopMHUpYIOIIETO UMITYJIbCA CUTHANIBHOM KoHCTpykunu CPM [9].

OueBUIHO, YTO pe3yIbTUpPYIOLIUE CBOMCTBA curHanoB CPM Kak pa3 u
olpeneNnsiIoTes nopeieHneM GyHKumu g(f,7n,L) Ha JUIMTEILHOCTH JJIEMEHTa

cursaina (puc. 1) npu GUKCHPOBAaHHBIX 3HAYECHHSIX ITAPaMETPOB 72 U L.

: g(t,n,L)
0.9]

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
0.25T 0.5T 0.75T r

Puc. 1. ®poHT Bo3pacTaHusi HOPMATH30BAaHHOTO UMITYJIbCa, OPMUPYOIIETo a3y

Ha pucynxke 1 mokazansl rpaduku g(t,n,L) sl peKOMEHIOBaHHBIX
MC3-R SM.328-11 napamerpoB n =0,25u L =4, ataxxke n = 0,32 u L = 3.

Br16op ykazaHHBIX mapamMeTpoB OOYCIIOBJICH TEM, YTO OHH obOecIie-
YHMBAIOT JIOKATH3AHI0 95% Bcel sHeprum B npenenax 62% u 69% 3annma-
€MOM TOJIOCHI YacTOT.

Tak Ha pHuCyHKe 2 TOKa3aHbl 3aBUCUMOCTH HMITYJIECOB g(f,n,L)

€IMHUYIHON JUIMHBI, TO €CTh Npu ¢ =7, OT mapaMerpa n, IS Pa3IHIHbIX

HensIx 3HayeHnii L = 3,4 u 5.
AHanmm3 pe3ysbTaToB, MPEACTABICHHBIX Ha PHCYHKaX | W 2, TOKa3bI-
BAaeT, YTO JaXK€ 3HAUEHMs MapameTpoB 7 U L, pekoMmeHnoBaHHbIe B MCO-R
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SM.328-11, HOCAT NPUOIMKEHHBIH XapaKTep, YTO MOATBEPKIAET CIOKHOCTD
NPUMEHEHHs] YHUBEPCAIIbHBIX PEIICHUH I TIPAKTHYECKUX ITPUIIOKESHHH.

C TeopeTHYecKUX MO3UIMH PallMOHAIBHBIM MOJIX0I0M TpH (hopmu-
poBanuu curHanoB CPM BO3MOXHO NpUMEHEeHHE (POPMUPYIOIINX UMITYJIb-
coB mpsMoyroibHold (opmbl (REC) B BHIE NPHUIIOJHATOTO KOCHHY-
ca (RC) (moxymukitoBoii curycounsl (HCS)) v THHEWHOW YaCTOTHOH MOITyY-
nsawn (JTYM) [20].

1
g(t,n,L) 0.25 032 nput=T=
I I
|
|

0.1 T

T
T
0.01 }
+
L
L=5 1} \L=4 L=3
1x10~° T
' '
} }
T T
T T
n
1x10~* ‘ ‘
0 0.2 04

Puc. 2. 3aBucuMocTs GopMUpYOLIECTO a3y UMITyIbCca OT MapameTpa n

OTMeTHM, YTO TNpPEICTaBICHHBIE B HACTOSIIEH paboTe pe3yibTaThl
MOJIETTMPOBaHMS TOBeneHNUs (QyHKIMU g(f,n,L) TpH PEeKOMEHIOBAHHBIX
3HAYEHMAX [TapaMeTPOB # U L SBIAIOTCS YHUKAJIbHBIMU.

[Tpn Bcem pazHooOpasnm B kiacce curHaioB CPM Haunbonblnee pac-
MIPOCTPAHEHUE MOIYYHIN CUTHAIBI YACTOTHOW MOAYJISILIMN C MUHUMAJIbHBIM
casuroMm (Minimum Shift Keying — MSK) m ¢ WHIEKCOM MOZIYJISIIAN
m, =0,5, y KOTOpBIX U3MeHeHHe (pa3bl HOCUT JTMHEHHBIH XapaKTep Ha JIu-
TENBHOCTH (POPMHPYIOIIEr0 UMITYJIBCA.

VYuuteiBasg, 4To I JeMOAYNsIuuu curHanoB CPM, kak mpaBuio,
MIPUMEHSIOT anroputM ButepOu [17], To mis obecrieueHHs HaMIydIIEro
3HAYEHHs JOCTOBEPHOCTH IO KPHUTEPUIO0 MaKCHMAaJIBHOTO IPaBIONONO0Ms
1ies1ecoo0paseH BBIOOp MHIEKCA MOILYJALMU 7., ONPEIeIIeMOro COOTHO-

HIEHUEM JIBYX MPOCTHIX IEJIBIX YUCE k ¥ 1 B CJIELYIOIIEH TPOTIOPIHH:
m=v/u. @)

Torma B coorBercTBuE C (7) 3HAUeHHE WHACKCA MOAYILIIUN OyAeT
ompenensaTs 4ucio (azoBbix cocTosHui 0, curnana CPM, 3HaueHUS KOTO-

PBIX B MOMEHTHI BpeMeHH ¢ = (N —1)7 MO>KHO MPEeICTaBUTh KaK:
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0, ={o,ﬂ,@, ...,—(”‘1)”}, )
u u u
Korza v 4Y€THOC, U:
0, = {O,Q,E, R _mv}, ©
u u u

KOI'JIa vV HEYETHOE.

[Mockonbky s curHanoB MSK WHOGKC MOIYJSIHWUA PaBeH
m, = 0,5, To 3HaUeHHE M3MEHEHHS X (Pa30Boil HYHKIMH B COOTBETCTBUH C
BeIpaKeHUEM (5) OylleT yJJOBIETBOPATH YCIOBUIO:

0, 1<0
T
b(t)=q—, 0<t<T. 10
(1) T (10)
l, w>T
4

Cornacuo Beipaxenuto (10) pesynprupytoiiee 3HaueHue ¢asnol Oy-
JIeT BO3PACTaTh WIN yObIBATh HA BEMYMHY 7/2 B 3aBUCHMOCTH OT 3Haue-
HEsT HHOOPMALMOHHOTO UMITYJIbCA.

Ha pucynxke 3 npencrapiensl usMeHeHus curtana MSK s, (f) B
COOTBETCTBHHM C U3MEHEHUAMH (PyHKIMH (HOPMHUPYIOIINX UMITYIIbCOB a(?).
Suse (@) a(t)

1 A

A A AT T

| | f

>
=
-
8
=

Al

|

]
1A
VU

1 X y L

|~y

A A L A | I\V, “l‘ L

Puc. 3. ®parment curnana MSK, H3MEHSIOMET0CS B COOTBETCTBHH C
(OPMUPYIOIIMMY UMITYJIbCAMU MEaHApa
Ha pucynke 3 a(t) mpezacrasisier co00i UMITYJILCHYIO ITOCIIEI0BA-
TEIBHOCTh HA OCHOBE BEKTOpa a =(a,, ,, ..., dy) OHpezensieMoro Gopmy-
o (3). 3meck a(t) —meanap.
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Ha pucynke 4 mpezicraBiieHbl (parMeHThl M3MEHEHHs (YHKIHU
MTHOBEHHOH (a3bl, B COOTBETCTBUM C U3MEHEHMSIMH (QYHKIHMU (popmupy-
FOIIUX UMITYJIBCOB a(t).

[ouste QyHKIMH MrHOBeHHOH (asbl, onpexaensemoit (8) u (9),
B [8] mpemioxkeHo paccMaTpuBaTh Kak pa3HOCTh 3Ha4YeHHH (a3oBoi (yHK-
LMY HA JUTUTEIIBHOCTH 3JIEMEHTa CUTHAJIA:

N
0(t,a,) =0t a,) - 0(t,a,_)) = Zakg(t—(k—l)T). (11)
k=1

B Bepaxkenun (1) (k—1)T <t <kT.

a(t)

Puc. 4. ®parment u3Menenus popmupyromuieii GpazoBoii GpyHKIHH B COOTBETCTBUH C
HMMITyJIbCHOH MOCTIeI0BAaTEILHOCTHIO B BHJE MeaHapa uid curHana MSK

OnpaBIaHHOCTBH TAKOTO ITOJIX0J1a OIPEAEIISIEeTCS 0OCOOCHHOCTAMH 00-
pabotku curHamoB CPM Ha mpueme, KOrja TEKyIee 3HAYCHHE CHMBOJIA
MOYKHO paccMaTpUBaTh Kak OTHOIICHHE MTHOBEHHOM (Da3bl Ha €ro BpeMeH-
HBIX TPaHHUIIAX, B3BEIICHHOE QYHKIMEH (OPMHUPYIOLIUX UMITYJILCOB:

0
a, =—*g@t=T). (12)
0

OrcyTcTBUE pa3pbIBOB MTHOBEHHOH (ha3bl Kak ONpeessIOIEro mapa-
MeTpa (a3oBoi (PYHKINH KaK pa3 v 00SCIICUMBACT KOMITAKTHOCTh CIICKTPATb-
HOT'0 TIPEACTABICHHS CUTHANIOB MSK, B 4aCTHOCTH IO OTHOLICHHIO K CHTHAJIAM
ZBOWHOM (hazoBoit Manumyssiwn (Binary Phase Shift Key — BPSK) [21].

B kauecTBe nmpuMepa Ha puUCyHKax 5 M 6 mMokaszaHbl (PparMEHTHI CHT-
HanoB MSK s,,4 (t) 1 BPSK Sppe (f) COBMECTHO C UX CHEKTPaMH JUISl MH-

(OpMaIMOHHOI MMITYJIBCHON MOCIIEAOBATENBHOCTH d(?) B BUIE MEaHAPA.

Jaxce BU3yalIbHBIH aHAIM3 PE3yJIbTATOB, MPEACTABICHHBIX HA PH-
CYHKax 5 ® 6, TO3BOJIIET 3aKIIOYHTh, YTO CHUrHaNmbBl MSK mMmeroT Oonee
KOMIIAaKTHOE CIEKTPaJIbHOE IMPEJCTABICHHE 10 OTHOUICHHIO K CHTHajIaM
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BPSK. OnHako CBOMCTBO CHEKTPaIbHOW KOMIAKTHOCTH 03 BBICOKOH MO-
MEXOYCTOMYHMBOCTH €Illl¢ HE TapaHTHPYeT IHPaKTHYECKYIO IPUBIICKATEIb-
HOCTh MOAYJIALIMOHHBIX (JOPMATOB.

a) Sgpsic (1) n M 0)

'l SBPSK (f) ‘

fl L f
Ul L Laa i | I I

Puc. 5. Bpemennoii ¢pparment curnana BPSK — a) u ero crextp — 6)

6

~

a

Nad

[ Sysc ()]

:SMSK ('f‘)

MRS /|

Puc. 6. Bpemennoii ¢pparment curnana MSK — a) u ero crextp — 6)

3. O6ocHOBaHHE MIHUPUYECKOH MOJEJH OUEHKH MOMEXO0YCTOol-
ynBocTH curHajioB PCM. Kiaccudeckrne TOAXOIBI K OICHKE ITOMEXO-
YCTOIYMBOCTH CHUTHAJIOB 0a3MPYIOTCS HA TMOUCKE PazIHYdil IpUHIMAaeMOU
peam3aniei M 3TAJOHHOTO omucaHus [22]. B mx ocHOBe nexxaT BeposT-
HOCTHBIE METOJBI, KOTOpPHIC MPEAIOJIaraloT HCIIOIB30BaHUE OTHOIICHUS
npaBaonoaodust A, paccuuThiBaeMoOe Kak OTHOIIeHHe QpyHKuuil pacrpese-
JICHUS CIETYIOLINX BEPOSITHOCTHBIX THUIIOTES.

1. I'nmote3a H,|a=H, :z(t) =s(t,q; =1 | a)+ x(¢), corJacHo KOTO-
poii B puHsATOU peanu3anuu z(¢), comepikaiiel MoJe3Hbli CUrHan s(¢) u
MEIIAONINe MIYMOBBIE M3MydeHHus x(¢) (mamee — mIym), NmepeiaHHBIA OUT
a, WH()OPMAIMOHHOI MOCIeOBaTeIbHOCTH a COOTBETCTBYET HH(popMa-
LMOHHOMY CUMBOITY «1».

2. l'unotessl H,|a=H;:z(t)=s(t,a, =0 |a) + x(¢), cormacHo Ko-
TOPOM B PHHATOM peanusanuu z(f), comepsKaiiell mojes3Hplii curaair s(z)
U myM x(f), mepefaHHbIA OUT a, MHPOPMALMOHHON IOCIIEI0BATEIbHOCTH

a COOTBETCTBYET HH(OPMAIIHOHHOMY CHMBOITY «0».
B paccmoTpeHHBIX rHIIoTe3ax OyneM Mmoiararb, YTO MOJIE3HBIA CHT-
Han s(¢) AU TUIOTe3bl [, COOTBETCTBYET CUTHANY, NEPEHOCAILEMY HH-
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(bopMaMoHHBII CUMBOT «1», a 1 runoTte3sl H,, COOTBETCTBYET CHTHAIY,

epeHocsIeMy HHQOPMAIIMOHHBIH CUMBOI «0».

Torma mis rayccoBa kaHama (Additive White Gaussian Noise —
AWGN) pyHKIINMH pacTpeeseHns: BEpOSATHOCTEH OyIyT UMETh CIIeIyIOIInil
Bun [23, 24]:

—| — 2
p(z(t)| Hy,a) = \/21—2‘”‘1’( () 21;/12[2(1‘)]) j
no

! ~(=(0) - M[=()])* "
P(0) | Hy ) = —— eXp[ S ]
o

267

B Beipakenusx (13) M[z(f)] — marematndeckoe OXKHIAHUE BXOJ-

HOW peanuzanuy z(f) Ha IIUTEIHHOCTH SJEMEHTa CHTHAJa; o’ = Ny/2 —

JucIepcys IIyMa, ompeeisieMas 3Ha4eHHEM €ro CIEKTpPalbHOU IIOTHO-
CTBIO MOIIHOCTH NV,,.

3ameTuM, 4TO pasnuuud pacnpeneneHuit  p(z(¢)| H,,a) u
p(z(t)| Hy,a) ompemensoTcs B COOTBETCTBHH C DPAa3NUYUSIMH CHIHAJIOB
s(t,a, =1) n s(t,a, =0) Mexmy coOoi.

INockomeky A paccuMTBIBaeTCS Kak OTHOIIEHHWE (QYHKIHII pacmpene-
JIeHWs BeposiTHOCTeH [27], onpenensgembie popmyoii (13), MOKHO 3ammicars:

A p(Z(t)IHI,a)>l

PO o)< (19

VYuuteiBast, 4TO ISl KOKIOW BBIOOPKH, coaepiKalleid nHpopMalu-
OHHBI cuMBON «l», 3HaueHme M[z(t)] OymeT ompemensAThCSA IMOJIE3-
HBIM cUrHajiOM Buaa s,(¢)=s(t, a; =1), a mns BEIOOPKH, B KOTOpPOH CO-
IepXuTCd MHPOPMAIUOHHBIH CHUMBON «0» — IOJIE3HBIM CHUTHAJIOM BH-
na S,(t)=s(t, a, =0), To oTHOmEHUE mpaBronogoous (14) MoxHO mpu-
BECTH K CIEyIONIEMY BUY:

N
exp(—zlzz&i (1) =2z,()s; (1) +E]2(t))J
G k=l

1
>
A= i 1, (15)
2 — —2 <
exp(—z 2 (O =225 (1) +5; (t))] 0
20715
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rae s,(1), S,(f) mpeacTaBisloT coboil ycpelHeHHbIE 3HAYEHHs NIpUHUMAe-

MOW BBIOODKHM Ha JUIMTEILHOCTH 3JIEMEHTa (CHMBOJIA) 0OpabaThiBacMou
peanu3anuy A COOTBETCTBYIOMMX runorte3 H, u H, B kaHane AWGN c

Jucnepcuen myma o’

Takum obpazom, B (15) z,(¢) npencrapiser codoit k-Tylo BXOIHYIO

peaH3anuio Ha JUINTEIbHOCTH JJIEMEHTa CUTHajla U3 BHIOOPKH, BKIIOYAIO-
meit N peanmsanuii. B 1o jxe BpeMsi oTHomeHne npaBgononoous (14) mms
YCIIOBHI KOT'CPEHTHOW 00paboTKu mpu mpueme curnainoB CPM Moxer
OBITh PACCYMTAHO KAK:

A=M[A|s(t, a=1{0, 1}, a]+/p(N,). (16)

3nece M [A|s(t, a={0,1}, a] — yCpeIHEHHOEe 3HA4YeHHE OTHOIIE-
HHA NIPaBAONOA00Us Mo pesynbraTaM o0paboTku N peanusanuit; p(N,) —

aucnepcus (YHKIUM pPa3iuyuui, oOyClIOBIEHHAs CIEKTPaJbHOU IIOTHO-
CTBIO MOIIHOCTH IfyMa N, B kaHaie ¢ AWGN.

Jus  OaliecoBCKOro  KpuTepus TPHUHATHS  PEHICHHS  pacyeT
Als(t, a={0,1} MoxeT OBITH OCYIIECTBIIEH Ha OCHOBE YCPETHCHHUHU pe-

3yJIBTAaTOB KOPPEIISAIUN MEXITY ¢byHKIIHEH pazmauit
r(t) =5,(t,a=1)—5,(t,a=0) u ycpeAHEHHbIMHU 3HaUCHUAMHU 5, (f) U S, (¢)
C KaxJ10# k-oii BXo#HOM peanu3anuet z, ().

Toraa B coorBeTcTBHH C [14] nMeeM:

kT

Ay = [z r@)dr
0

0, tnek=1,2,...,N. (17)

A V —

JHanee:
kT
M[A, st a=10,1}, a]= [ z,()r() dt =
0

T (18)
= j 5,(t, a =1, a)[5,(t, a =1)—5,(t, a=0)]dr.
0

B Bepaxkenuu (18) B kauecTBe BXOAHOH peanusanueil z,(t) mpex-

CTaBJIEH CHTHAJI, COOTBETCTBYIONIMH HH(OpMaMOHHO «1», onpeaensemMoit
TEKyILM 3HaUE€HUEM JIEMEHTa g, BEKTOpa a.
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s, a={l, 0})=is(t, a=1l, 0},a;). (19)

k=1

®opmyia (18) npeacrapnsier coOol ycpeHEHHbIE 3HAYECHHSI MOJIE3-
HOTO CHTHAJIA, TOJYYCHHBIC HA YCPEIHECHUH 71 CHMBOJIOB, B Hieaie Ha V.

3aMeTuM, 4TO JOIYCTHMO YCJIOBHUE, KOTJa = N, OJTHAKO MPH JOCTa-
TOYHO OOJIBIIIOM pa3Mepe BekTopa a n < N.

BaxHbIM MOMEHTOM B OMNpEICICHUN 3HAYCHUS A SIBISCTCS pacueT
BenmmuuHBl P(NN,)), KOTOpas sBiseTcs (yHKIMEH mapamMeTpa CIeKTPalIbHON
MJIOTHOCTH MOIIHOCTH Lryma B KaHaine ¢ AWGN.

3nauenue p(N,) obocHOBaHO B [4]:

nT

p(Ny) =22 | 56, @ =D)=5, @ a =O)F dr. 0)
0

Torga BepoATHOCTH OIIMOKH, BOSHUKAIOIIEH B pe3yspTaTre 00padboT-
KM TIPHHUMaeMoi peanm3anuu curHana CPM, MOXHO pacCUMTaTh B COOT-
BETCTBUH CO clieyroliei Gpopmyoii:

M[A,|s(t,a={0,1},a,)]

Jp(Ny) ’ @D

CPM
=0

rie O(x)=1-®(x), a D(x)= \/_ J. exp( ]dr = ;(1 + erf%}

GbyHKIUA HOPMAaJILHOTO HHTErPAJIbHOTO pacnpeneneHus;
erf(x exp| —— |dt — ¢yHuknus ommndok [23
(x) = [I p[ ZJ by [23].

Ananu3 BelpakeHHs (21) mokasbiBaeT, YTO 3HAUYEHUE BEPOATHOCTH
OuTOBOH (B paccMaTpHUBAEMOI CHUTYalllll — CHMBOJIGHOW) OIIMOKHU OmIpeze-
JISIETCST CTPYKTYPHBIM Pa3IMYMeM CHUTHAJIOB, COOTBETCTBYIOMIUX HHGOpMa-
UoHHOH «1» 5(¢, a = 1) u undopmanuonnomy «0» s,(¢, a = 0) Ha pusu-
YECKOM yPOBHE.

Ha pucynke 7 mokasansl (GYHKIUM Pa3lIduuid CUTHAIOB (¢, a =1)

u 5,(¢, a=0), HakamIMBaeMbIX Ha IMTEIBHOCTH CcHMBona it MSK
Zf‘,’ISK (T) n BPSK ZfP SK(T'), paccumTpiBaeMbIX 10 hopmyIIe:
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T
5,1 = Y5 (ta=1)-5(,a=0)| 22)

t=0

IIpu MmonenupoBanuu nosnaranock 7 = 64 NUCKPETHBIX OTCUETA.

100
DO
80
60

40

20
t

0
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64

Puc. 7. ®ynkuuu paznuunii curaanoB MSK u BPSK Ha [UTHTENTBHOCTH 3JI€MEHTa
cHrHaiza

ITockoabKy TEOPETHUECKU CIIOXKHO B YCIOBHSAX ILIYMOB MOJYYHUTH
AQHATUTHYECKUE BBIPAXKCHUS JUIA yCPEOHEHHBIX 3HaueHWd s5,(f,a=1) u
So(t, a=0), TO pe3yabTaThl, IPEACTABICHHBIC HA PUCYHKE 7, MOIy4YEHBI

myteM MonenupoBanus curHanoB MSK u BPSK B cpene MathCAD mipu
OTHOIICHUH curHa/mryM 18 ab.

s mpeanpHBIX YCIOBHH MOXKHO BOCIIONIB30BAThCS aHAMTHYECKH-
MU BBIpaOKEHUSIMHA, Haripumep [28].

Jns curnanos MSK:

2E
Susi (6.0) = T”cos{Zn[fO +Z—;jt+¢k}, (k-DT<t<kT.  (23)

3necy f, — Hecymas 4acToTa; g, =+l — uH(pOpMaIMOHHbIE CUMBO-

JIBI, SIBJISIFOLIIMECS 2JIEMEHTAMU BEKTOpPA a M MEPENArONIHecs: CO CKOPOCTHIO
v=1/T; 6, npencrasusteT coboii Gha3oByr0 QYHKIHMIO HA JUIUTEILHOCTH k-

ro 3JeMeHTa (CUMBOJIa) CUTHAJIA.
B coorBerctBuu C (23) moiyuaeM HpH a; =+1 IOJIOXKUTEIbHbIE

Haber 4acToThl, PaBHBIN T a npu a, =—1 — oTpuuaTenbHBIA Habder
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1
—E. HpI/I 9TOM Ha MJIUTCIIBHOCTU TCKYHICr0 CMMBOJIA 3HAYCHUC ITOJIHOU

¢a3pl 0, coxpaHseTcsa IOCTOAHHBIM, paBHBIM 0, =0 mnmu 0, = 7. Ykazan-

HOE MOCTOSIHCTBO JOCTHMIA€TCS CTPOTUM BBITIOJIHEHUEM CIEIYIOIIEro pe-
KYpCHUBHOI'O COOTHOILICHHS:

k
by :{q)kl +%(Gk71 —a, )} 10 MOJLYJTIO 27T, (24)

IIpu kBagpaTypHOH MOIYIAIMH AHATUTHYCCKOE BBIPAKCHUE IS
curtaiga MSK nmeeT BUI:

Sysk (t,a;,) = cos(, ) cos (%) cos (2mfyt)—

(25)
-a, cos(Gk)sin(%j sin(2nfyt),(k—1)T <t <kT,
rae 0, =0 wm 0, =m.
Jns curnanos BPSK:
2E,
Sgpsx (L, ;) = ES cos[2nfyr +may +, |, (k—1)T <t <kT. (26)

3mech ¢, — HauanmbHas Qasa.

CornacHo pe3yibTaTaM, IpPEACTaBICHHBIM Ha PUCYHKE 7, CHTHAJIBI
BPSK o06nanaroT nydiieli KOHTPACTHOCTBIO 3JCMEHTOB, OIPEACIISIOIINX
uHpopmannonHele 3HaueHus «1» u «0», o cpaBHeHHIO ¢ curHaizamMu MSK,
YTO COIJIACyeTCsl ¢ TEOpHeH MOTEHLUAIBHOW MOMeXOoycToHunuBocTH [22].
IIpaBoMEpHOCTH AAHHOTO MOJAXO/AA MO3BOJSIET UCIONB30BaTh €TO MPH aHa-
JIM3€ HOBBIX CUTHAJIOB, B TOM 4Mclie B Kjacce curHanoB PCM. Hampumep,
B [19] paccMoTpens! curHaisl, (hopMHpyEMBIE ITOCPEICTBOM JBOHHOM (a-
30Boit moxymsauuu (Dual Phase Modulation — DPM), KOTOpBIE TaKXe sB-
JISIIOTCS MPEICTAaBUTENSIMU Kilacca curnanos PCM.

AHanutinaeckuii cuHTe3 curHanoB DPM cCOCTOWUT B TOM, UTO IEPBO-
HavyaJIbHO MH(OPMAIOHHYIO UMITYJILCHYIO MOCIIEA0BATENLHOCTE g(f) MC-

NOJIB3YIOT B Ka4Y€CTBC MaHHHyﬂHHI/IOHHOﬁ JJIL MOAYJIAIIMNM HU3KOYaCTOTHO-
ro KojiebaHus TaKuM 06pa30M, yTOOBI HA JIIATCIIBHOCTHU HH(l)OpMaHHOHHOﬁ
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MIOCBUIKH YKJIQJIBIBAJICSI CTPOTO OJIUH MEpUoA. B pe3ynbraTe moiy4aroT HU3-
KOYacTOTHBIH (ha30MaHUITYIUPOBAHHBII CUTHAI Uy, (1) (puc. 8) [16].

3aTeM HU3KOYAaCTOTHBIM (Da30MaHHITYTHPOBAHHBIM CUTHATIOM U gpgy (¢)

MOJYJMPYIOT (pa3bl BBICOKOYACTOTHOTO KOJEOaHUs. AHAIMTHYECKH peaih3a-
ILIUIO PACCMOTPEHHBIX MPOLIEAYP MOMKHO OIUCATh CIEAYIOLIIUM 00pa3OM:

2F
Sppy (1) = Tb cos(anct +Ugpg (1) + ¢0) =

- 27)
= ,Th cos(27f,t +mcos (2nQ1) + ¢ ).
a(t) }
U gy (1)
/ ) N : : / , N AN + / + N
N — AN / ¢
T

Puc. 8. ®parMeHTsI KMITYJILCHOMN MMOCIIEA0BATEIbHOCTH B BU/IE MEAH/IPa U
COOTBETCTBYIOIIEH ¢if popmupyromieii Gpa3oBoi PyHKIHMH, IPEICTABICHHON B BUJIC
HU3KOYaCTOTHOT'O (ha30MaHUITYIMPOBAHHOTO CHTHaNa ¢ it curHana DPM

B Boipaxkennu (27) Q=1/T — vacrora ciepoBanusi HHGOPMAIHOH-
HOH HUMITYJIbCHOM MOCIENOBATENbHOCTH. IIOCKONBKY Upgpg (f) sABIAETCS
HelpepbIBHOW (QyHKIMEH, TO pe3ynbTupylomuid curHan DPM  spp, (1)

YIOBJIETBOPSIET TPEOOBAHUSIM COOTBETCTBHUS curHamoB PCM.
Ha pucynke 9 npencrasien curdan DPM 1 ero CleKTp 1o aHajIoTH|
C IEMOHCTPUPYEMBIMH (pparMeHTaMu Ha PUCYHKaX 5 u 6.

a) 18 ppy D777 | 6):| Spon ()1
II ' [l

! T T NN VN

Puc. 9. Bpemennoii ¢pparment curnana DPM — a) u ero criektp — 6)

Cornacuo [14, 19] curnanst DPM 00m1agaroT 10CTaTOYHO BBICOKOU
CHeKTpanbHOU 3¢ (PeKTUBHOCTBI0. OIHAKO MX MOMEXOYCTOMYMBOCTH ObLIa
OLICHEHA TOJIBKO I10 Pe3yJIbTaTaM NPaKTHYECKOTO IKCIIEPUMEHTA.

1294 Wndopmatyka n aBTomatunsaums. 2020. Tom 19 Ne 6. ISSN 2713-3192 (ney.)
ISSN 2713-3206 (oHnainH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

Bwmecre ¢ Tem, ncnonb3yst GYHKIMIO pa3nuauii r(¢), KOoTopas mpen-

craBieHa B BelpaxxeHud (18), u mozens (21), MOXKHO MOJY4HUTHh aHATUTHYE-
CKO€ BBIpaXEHUE JJIs1 OLICHKU [IOMEX0YCTOMYMBOCTU CUTHAI0B DPM.

Tak, Ha pucynke 10 noxazana ™™ (T') — dyuxuus pasmuuuii cur-

HanoB 5,(¢, a=1) u 5,(t, a=0), HaxkamnIMBaeMbIX Ha JUTUTEIBHOCTH CHM-

Bosia DPM B cpaBHEHHH C aHAIOTUYHOHN (pyHKIIEH Zi”SK (7).

100

Z.(0)
80

DPM
60 ()
40
MSK
20 700
t
0
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64

Puc. 10. ®ynkimu paznmunii curaanoB MSK n DPM Ha JUIMTEIbHOCTH JIEMEHTa

CUrHajia

CornacHO TMOJyYCHHBIM pe3yJbTaTaM KOHTPACTHOCTh CHUTHAJIOB
5(t, a=1) u 54(¢t, a=0) y MSK nuxe, yeM y DPM, 4TO CBUNETEIbCTBYET

0 0Oosiee BBICOKOI MOMEXOYCTOWYMBOCTH curHaioB DPM. JlaHHBIH (akT
MOJTBEPIKIAaeTCs IPU MOACTHUPOBAHNY C UCIOIb30BaHUEM BhIpakeHus (21).
Ha pucynke 11 npencrasiens! rpaduKi 3aBUCUMOCTH BEPOSATHOCTH

o 2 o
6utoBoil ommbku or SNR hy, XapaKTepU3YIOIUX [OMEXOYCTOHYMBOCTD

curnainoB MSK u DPM, B cpaBHeHuH ¢ curHanamu BPSK.
Crenyer 3aMeTHTh, 4TO IpaduK BEPOATHOCTH ONTOBON OLIMOKH, I10-

IydeHHbIH Ui curnana MSK Ha ocHoBe Mozenu (21) py (hg ), (akTtude-

CKH COBMANAET C BEIUYHHON D)q (hO2 ), paccuMTaHHOM B COOTBETCTBHHU C

O61HerI/IH)1TLIMI/I BBIPpAKCHUAMMU:

sk :Q[m]:%erfc \/? . (28)
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10°

- p.(h)
107 S
\\ \t\\
AW \,‘:‘
107 %
N A U —
X MSK(ho)EE
\ 2 -
1076 \ A\ Pusk (ho ) |
) \!
Ppsic( 0‘) \ A\ \
107 Poru (hg ) \\
\ W\
\ \
\ LS S
101 \\ /. [nB]
0 3 6 9 12 15 18

Puc. 11. BeposiTHOCTS CUMBOJIBHOM OIMOKY Jyist curaaioB CPM

Tak, cormacHo [28], ecnu cursai, MoXyaupoBaHHBIA MSK, xore-
PEHTHO OOHapy)XUBaeTCs B MHTepBasie 7 CEKyH]J KaK CHUTHal, MOIYJHPO-
BaHHBIH FSK, TO 3Ta BEpOSATHOCTH OyzAeT HWxke, ueM y BPSK Ha 31b, uto
HaIJIAJHO MTOATBEPKAAET PUCYHOK 1 1.

JUis OUeHKH Gnu30CTH 3HAUEHWH P (B0) U Pyse (Bg) HA pu-

cyHke 12 mokasaHa ¢QyHKUMSA OINMOKHM, pPAacCUMTaHHAs B COOTBET-
CTBHUH C BBIPAXKCHUEM:

A () = pasc (g ) = Prsic () 1. (29)

Anamus rpaduxa pyrxmun AME (hg) MOKa3bIBAET, YTO HA yPOBHE
hg nopsinka 9-10 ab u Bble pa3nuyusi MEXAY 3HAUCHUSIMH 3HAYEHUI
Pusk (hg) U Dysk (hg) He npessimaioT 0,01%.

IlonyyeHHbI pe3ynbTaT COOTBETCTBUA MEXKILY Pk (hoz) u

DPusk (hg) MO3BOJIACT ITyTeM [JalbHEHINEH anmpOKCHMAIlUM BBIpaXKe-

HUs (21) TONYyYNUTh aHATTUTUYIECKYIO MOJIENb yKe curHana DPM, KoTopyio
MOYKHO ITPEACTaBHUTh KaK:
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~DPM __ 2 _l ﬂ
5 _Q[,/l,(l)ho]—zerfc /1’82. (30)

Puc. 12. 3aBucuMOCTh OIIMOKY amIpoOKCUMAIMH rpadrka BEpOITHOCTH OUTOBOIT
ownbku 1ist curnana MSK or SNR

Ha pucynke 13 mokasaHa 3aBUCHMOCTb OMIMOKH amIIPOKCHMAIUH
DPM (72 .
AT (hy), ompenenseMoil B COOTBETCTBUH C BhIpakeHHeM (29), HO yxe
Juia curnana DPM.
Tak, gymkmus AP (hg) XapaKTEepU3yeT PA3NU4Ms MEXKAy 3Haue-

HUEM Py, (I}), PACCUHTAHHBIM B COOTBETCTBHH C 0GOGIIEHHOH MOJIEIBIO

mis curnanos knacca CPM (19) u 3HauenueM Dy, (), BbHCIEHHE
KOTOPOTO OCYIIECTBIISUIOCH COrNIACHO aHanuTH4eckor mozenu (24). I'padpu-
yeckas 3aucumocth A (h7) ot SNR mokazana Ha pucynke 13

0 3 6 9 12 15

Puc. 13. 3aBucUMOCTh OMIHOKH aNMPOKCUMAIIMH rpaduka BEpOATHOCTH OUTOBOIT
omuoOku a1 curaana DPM or SNR
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DPM
A

2 .
AHanu3 n3MeHeHHs: (QYHKINU (hy), mpencraBleHHOH Ha pH-

2
CYHKC 13, MOKa3bIBACT, YTO B AHAIIA30HC U3MCHCHUSA YPOBHA hO ot 0 a0

7 nb BemmuMHa OMMOKH cocTaBisieT mopsaka 10 1 cTpeMHTenbHO CHU-
JKaeTcs K Hylro ¢ Bo3pacTanueM BenuuuHsl OCIIL

o " DPM (12
Paznnuusa abcomroTHbIX 3HaueHUM QyHKUuM omubok A™ ™ (hy) u

MSK (12
AMS (hy) cBs3aHBI C MOIPELIHOCTHIO PACUETOB.

Crenyer OTMETHTh YHUKAJIBHOCTH BhIpaxkeHHs (30), MOCKOJIBKY aHa-
JINTUYECKHUE BBIPAXKEHUS U1 OLEHKU IOMEXOYCTOMYMBOCTU cUrHanos DPM
paHee MoJy4eHbl He ObIIH.

4. AHAIU3 CNIEKTPAJBHBIX CBOICTB curHajoB DPM. [lomyyeHHBIH
pe3yNbTaT MO3BOJISIET 3aKIIF0UNTh, 9TO CUrHaIBl DPM obnanaiot 6oiee BEI-
COKMMH CBOWCTBAMM INOMEXOYCTOWYMBOCTH IO OTHOLICHWIO K CHUTHalaM
MSK, 4TO B 11eJIOM cOrJlacyeTcs C BBIBOJaMH, caenaHHbIMU B [16]. Ho mpu
3TOM curHajam MSK MMEI0T JIydlIylo CIEKTPabHYI0 KOMIIAKTHOCTb.

B uyactHocTH, Ha pucyHkax 14-16 mokaszaHbl CHEKTPbl CHUTHAJIOB
BPSK, MSK v DPM, MolyTUpOBaHHBIX OAMHAKOBOW ClTydailHOH mocneno-
BaTENBHOCTBIO IIPU PABHOW CUMBOJIBHOM CKOPOCTH.

L1 Spsi ()]

0 48 96 144 192 240
Puc. 14. CnexrpansHoe npesncTaBiaeHue curnana BPSK

I'paukn CHEKTPOB MOCTPOEHBI B pe3yJIbTare MOJEIUPOBaHHUS B
cpene MathCAD. B xadectBe BekTOpa MH(GOPMAIIMOHHBIX CUMBOJIOB ObLIa
oIpeziesieHa MOCIe0BaTeIbHOCTh BU/IA!

a={0,0,1,0,1,1,0,1,1,0,1,0,0,1, 0, 1}. 3D

3nech u ganee no ocu abCIMCC MPECTABICHBI IUCKPETHBIE OTCUETHI
YacTOTHI, a [ IOCTPOCHHUS CIIEKTPOB HCIIOJIB30BAIMCH CTAHIAPTHBIE PO-
Heayphl pacyera ObicTporo npeodpasoBanus Dypbe cpeast MathCAD

Jlaxce BU3yanpHbIH aHAINU3 CIEKTPAIbHBIX NPEICTABICHUN TECTUPY-
€MBIX CUTHAJIOB IO3BOJIAET CYIHUTh O JOCTaTOYHO BBICOKOI CIIEKTpabHON
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s dextuBHOCTH curHanoB kiaacca CPM, K KOTOPBIM OTHOCSITCS S, (1) U

Sppy (), 10 oTHOLIEHMIO K curHaiy BPSK.

| Suse ()

0 a8 9% 144 192 240
Puc. 15. CniexrpansHoe npencTaBieHue curnana MSK

ISpen ()]

/

0 48 96 144 192 240
Puc. 16. CnekrpanbHoe npencraBienue curnana DPM

BMecTe ¢ TeM CHEKTPBI CUTHANIOB S)q (1) U Sppy, (f) HMEIOT cylie-
CTBCHHBLIC pa3jInyus.

Tak criekTpanbHble KOMIOHEHTHI | S, (f)], crpynmupoBaHHEIC B
npenenax 3Ha4YMMO MOJOCHl YacTOT, UMEIOT OTHOCHTENBHO OJIM3KHE 3Ha-
YeHHe aMIUINTYH, YTO JeNlaeT CIIEKTP «PaBHOMEPHO IUIOTHBIM». B To ke
BpeMs B CTPYKType CIEKTpa CHTHANA Spp, (f) HaOIIOJAalOTCS MOILIHbIE
CIEKTpaJIbHBIE BEIOPOCHI B Mpezeax 3HAaYMMOH MOJIOCHl 4acToT, XapaKTep-
HBIE JUIsl CHTHAJIOB (Da30BOI MaHUITYJISILINH.

Jpyroit ocobennocTsio GyHKIUH | Spp, ()| ABIAETCS SIBHO BbIpa-
JKE€HHas1 €€ CUMMETPUA OTHOCHUTECIIBHO HeHTpaﬂLHOﬁ KOMIIOHCHTBI, Xapak-
TE€pHasA i1 CUTHAJIOB aMIUIMTYIHOW MAaHUNYJISAIUA WA YTIJTIOBOM MOJYJIA-
oy ¢ MaJIbIM UHJACKCOM.

B wuHTepecax Oonee neTaipHOrO aHanM3a ObUla MOCTPOEHA pas-

HoctHast QyHKUMS Ag(f) =|Spps ()] =1Susk ()| (puc. 17). Ocoben-
HOCTb (GyHKIUH A,(f) B TOM, YTO €€ HOJIOKUTEIbHBIE 3HAUEHUS CBUJIE-
TEJLCTBYIOT O NPEBAJIUPOBAHUU CIIEKTPAIBHBIX KOMIIOHEHT Sppy, (£), @ OT-

pulIaTeIbHbIe — YKa3bIBAIOT Ha JOMUHHPOBAHHE CIICKTPAIBHBIX KOMITIOHEH-
TOB CUTHAJA S5 (1).
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OueBnaHo, uTo curHansl MSK obnagaror Oosee BBICOKMMH CBOM-
cTBaMun CHCK’I’paJ’[LHOﬁ KOMIIAKTHOCTHU, O YE€EM CBUACTCIBLCTBYIOT ITOJIOXKU-
TenbHble 3HaYeHus GyHKuu A, (f) B obmactu ot 96 no 110 oruera u ot

150 mo 160.

AR

A /
0 48 96 144 192 240

Puc. 17. Pactipenenenne pasHOCTHOH (pyHKIMH ITO 4acTOTe

Opnnako Takoit 3¢ et HabIoaeTcsl TOIBKO Ha YPOBHE 3aTyXaHUs
nopsaka 15 nb. IIpu G6onee rirydokom 3aTyxaHuu curHaibl MSK ycTynaior
curnanam DPM B cBOWCTBaxX CIEKTPaIbHOM KOMIAKTHOCTH.

5. Peanu3zanmonnble acnekTbl. Eciy mpakTUUeCKHUil CHHTE3 CUTHA-
nmoB MSK otpabotan, B yactHocTd B [10] mpencraBiieHa MoJneNb KBajpa-
TypHOro Mopxynsropa curHana MSK, To ans curHanoB DPM sto Bompoc
emie He oTpaboTaH B IMOIHOU Mepe.

YunuteiBas JaHHOE OOCTOSTEIBCTBO, MpeayaracTcs curHaisl DPM
CHHTE3MPOBaTh Ha OCHOBE (POPMHPOBATENS CHTHAJIOB C KBaIpaTypHOIl da-
30BOM MOIyJIsiiueid. Pe3ynbTupyromasi cxema Takoro YCTpoHCTBa pa3pado-
TaHa B XOJ€ IPOBEICHHOrO HccienaoBanus (odopmiieHa 3asBKa Ha U300pe-
TEHHE) U MIpe/ICTaBlieHa Ha pUCyHKe 18.

() Ugpsk (1)
r eH:I[f;TOp e a(t) Ky OM ﬂd @)
Z(¢) w(t) = cos(2mf.)
@B I'enepaTop
BY

Puc. 18. CtpykrypHas cxema ¢popMupoBanus curnana DPM

B cocraB ycrpoiicTBa, ImpenCcTaBICHHOTO HAa pUCYHKe 18, BXOIAT:
reHepaTopbl HU3KON u BbIcokoil yacToTsel — (HY) n (BY); uctounuk cood-
mennii (MC), kotopsiit hopMupyer OUTOBYIO MOCIEI0BATEIBHOCTD, OIpe-
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JernsieMyto MH(OPMAaIMOHHON cocTasisitoinel; daszospamiarens (OB); kom-
Mytupytomiee ycrpoiictso (KY) u dazosrit Mogymsarop (PM).
®opmupoBanue curtana DPM B COOTBETCTBUU C MPEACTaBIEHHBIM
YCTPOMCTBOM OCYILECTBIIAETCS CICIYIOUIMM 00pa3oM.
I'enepatop HY ¢dopmupyer HU3KOUacToTHOE KojiebaHue z(f), KOTO-
po€ MOCTYNAEeT Ha MPSIMOW M MHBEPCHBIN BXOJ KOMMYTHPYIOLIETO YCTPOM-
crBa. [Ipu aToMm nocne ¢azoBpamiarenss Ha HBepcHBIH Bxox KY moctynaer

UHBEpTUpYyeMoOe Konebanue Z(f), a Ha yIpaBJISIONMIH BXOA KOMMYTHPYIO-

LIEro yCTpOWCTBa monaercsd WH(OpPMAIMOHHAs WMITYJIBCHAS II0CIIEA0Ba-
TenbHOCTh a(f). Ilpu 3TOM JUIMTENBHOCTH MH(GOPMAIIMOHHOTO HMITYJIbCa
MTOCTIEIOBATEIBHOCTH a(f) COOTBETCTBYET Iepuoxy kojebanus z(f). B pe-
3ynpTare Ha Beixone KY ¢opmupyercss HU3KOYaCTOTHBIH (pa3zoMaHHUITyIH-
POBAHHBIH CUTHAN Ugpg (1), KOTOPBIH MOCTynaeT Ha (a30BbIil MOIYISTOD,

IJIe BBICTYIAET B KA4eCTBE MOJYJIMPYIOLIET0 CUTHANA JUIS BHICOKOYACTOT-
HOro konebanus w(f). A yxe Ha Beixoge @M dopmupyercs pe3ynbTHPYIO-
i cursan DPM Sy p,, (2).

6. 3akmouenue. [IpencraBiaeHHBI SMIHPUIESCKUAN TOIXOM ITO3BO-
JIWJI TIOJIyYUTh BEPOSATHOCTHYIO MOJIENb OLEHKH IIOMEXO0YCTOMYMBOCTH CHT-
HanoB CPM, OCHOBaHHYIO Ha IPUHIMIE AHAIOTHH IO OTHOLICHHUIO K H3-
BECTHBIM BbIpaXeHUSAM. [Ipy 3TOM ommOKa anmpoKCHMalyy HOTYyYEHHBIX
Ha €ro OCHOBE Ipa)MKOB M0 OTHOIIEHHIO K U3BECTHBIM MOJICIISIM, B YaCTHO-
ctu curHana MSK, coctaBuiia JecsTble JONU MPOLEHTA, YTO IO3BOJIET CY-
JUTH O TIPABOMEPHOCTH U COCTOSATENFHOCTH TAKOTO TIOAXO0/a.

Kpome Toro, mpuHIUI aHAJIOTHI Jajl BO3MOXKHOCTH BIIEPBbIEC MOJY-
YUTh aHATUTHYECKOE BBIPAKEHUE pacdeTa BEPOSTHOCTH OMTOBOM OMIMOKH B
3aBucumoctu ot OCIII nnst curHanoB DPM, Taxke SBISIOMUXCS MpencTa-
urensasMu CPM.

CripaBeIUTMBOCTH PaJyl CTOUT OTMETUTh, YTO pe3yJIbTaT MOIyUeH s
HanboJee IPOCToro ciaydas — kanana A WGN, nostoMy nanbHEHIINe uccie-
JIOBAHUS aBTOPHI CBA3BIBAIOT C MCCJIEIOBAHUEM KaHala ¢ paiiCOBCKUMH 3a-
MUpaHusSIMH [29].

OMmnupuyeckuil xapakrep OOOOIEHHOW MOJENU Takxke Tpedyer
JaTbHEHIIETO ee M3Y4YeHHs W yTOYHEHUs. B ero ocHOBy, aHaJIOTMYHO MU-
HUMAaJIbHOMY 3BKJINZIOBOMY PACCTOSHUIO, MOJIOXKEHBI CTPYKTYPHBIE pa3iy-
YU MEXIy CHUTHAJlaMH, KOTOPBIE COOTBETCTBYIOT Pa3HbIM MH(OPMAIOH-
HbIM cuMBOJaM. Ho eciau 3BKIMIOBO paccTOsIHUE — BENWYMHA JAETePMUHU-
poBaHHas U B OOJIbIIEH CTENICHN NPUMEHNMa K CUTHaJIaM, Y KOTOPBIX Iapa-
METpHI Ha JUTUTEILHOCTH CHMBOJIA CTAllMOHAPHBI, TO MPEAJoXKEeHHAs B pa-
60oTe GYHKIMA pazauyuid NMPUMEHMMAa W K M3JIyYEHUSIM C BapHaTHBHBIMH
napameTpamu, K KOTOpbIM OTHOCSTCS curHaisl CPM.
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YTo6BI TOBBICUTH TOYHOCTh OLIEHKH C MCIOJIB30BAaHUEM pa3paboTaH-

HOTO TOAXOJa, B JAIbHEUIIEM IJIAHUPYETCS HCIIOJB30BaTh METOMABI COB-
MECTHOW 4aCTOTHO-BPEMEHHOM 00paboTKu, npeaoxennsie B [30], a Taxke
HerapMOHHYeCKHe 0a3uchl aHanu3a [31].

11.

12.

13.

14.

15.

16.
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EMPIRICAL APPROACH TO ESTIMATING THE IMMUNITY OF
PHASE MODULATION SIGNALS WITH A CONTINUOUS PHASE

Dvornikov S., Dvornikov S. Empirical Approach to Estimating the Immunity of Phase
Modulation Signals with a Continuous Phase.

Abstract. The high spectral efficiency of signals with continuous phase
modulation (CPM) has determined their popularity and active use in various radio engineering
projects. The uniqueness of the properties of CPM signals is associated with the preservation of
the continuity of their phase when changing information messages for the duration of a symbol.
At the same time, until recently, of the entire wide class of signals with continuous phase
modulation, the most widespread were various variations, the so-called Minimum Shift
Keying (MSK) signals. However, these are far from the only representatives of the class of
CPM signals with the property of high spectral compactness. This article examines no less
interesting signals of this class, formed by means of Dual Phase Modulation (DPM). In
particular, analytical expressions of their synthesis are presented, their belonging to the class of
CPM signals is substantiated. In addition, the article investigates the temporal properties of the
phase function recommended by ITU-R SM.328-11 for the synthesis of signals with
continuous phase modulation, presents the time and frequency fragments of MSK signals in
comparison with signals with Binary Phase Shift Keying (BPSK). The stages of the analytical
derivation of the model of noise immunity of PCM signals in terms of the probability of a bit
error based on an empirical approach are presented. The generality of the obtained model with
the known expression for MSK signals is shown by studying the difference function of the
approximation error (error of the order of 107), which made it possible to obtain a more
compact representation of the developed model in relation to DPM signals. It has been proven
that DPM signals have higher noise immunity properties in relation to MSK signals (about 0.5
dB at an error level of 107%), using the results of studying the difference functions determined
by the difference between the signal symbols corresponding to the information values "1" and
"0". The directions of further research are determined.

Keywords: Signals with Continuous Phase Modulation, Signal Noise Immunity, Bit Error
Probability, Spectral Properties of Signals

Dvornikov Sergey — Ph.D., Dr.Sci., Professor, Professor, Professor of a Department of Radio
Engineering and Optoelectronic Complexes (Department 21), State University of Aerospace
Instrumentation (SUAI). Research interests: general theory of communication, noise immunity
of radio communication lines, methods of joint time-frequency signal processing, wavelet
analysis. The number of publications — 298. practicdsv@yandex.ru; 67, Bolshaya Morskaya
str., 194000, St. Petersburg, Russia; office phone: +7-905-275-50-02.

Dvornikov Sergey — Ph.D., Head of the Laboratory, Laboratory of Combat use of Forces,
Military Academy of Communications named after Marshal of the Soviet Union SM Buden-
nogo. Research interests: theory of signal transmission, spectral efficiency of signals, noise
immunity of control and communication channels of radio engineering systems. The number of
publications — 82. dvornik.92@mail.ru; 3, Tikhoretskiy pr., 194064, St. Petersburg, Russia;
office phone: +7-812-247-98-20.

References
1. Osborne W., Luntz M. Coherent and Noncoherent Detection CPFS. [EEE Transac-
tions on Communications. 1974. vol. 22(8). pp. 1023-1036.

1304 Wndopmatyka n aBTomatunsaums. 2020. Tom 19 Ne 6. ISSN 2713-3192 (ney.)
ISSN 2713-3206 (oHnainH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

10.

11.

12.

13.

14.

15.

17.

18.

Schonhoff T. Symbol Error Probabilities for m-ary CPFSK: Coherent and Noncoherent
Detection. [EEE Transactions on Communications. 1976. vol. 24(6). pp. 644—652.
Aladinsky V.A. et al. Patent na izobreteniye RU 2261476 CI1, 27.09.2005. [Method
for recognizing radio signals]. (In Russ.).

Aulin T., Rydbeck N., Sundberg C.E. Continuous Phase Modulation--Part II: Partial
Response Signaling. [EEE Transactions on Communications. 1981. vol. 29(3).
pp. 210-225.

Miyakawa H., Harashima H., Tatsui N., Tanaka Y. Digital Phase-Modulation Scheme
Using Phase-Continuous Waveform. Electronics and Communications in Japan (English
translation of Denshi Tsushin Gakkai Zasshi). 1975. vol. 58(12). pp. 35-42.

Zhou L., Martin P.A., Taylor D.P., Horn C. MLSE diversity receiver for partial re-
sponse CPM. 12th IEEE International Conference on Communication Systems 2010.
2010. pp. 501-505.

Qi J. et al. Research on an optimization method for a partially responsive continuous
phase modulated (CPM) signal based on an optimal generic function. Symmetry. 2019.
vol. 11.no. 9. pp. 1114.

Zourob M. "Detection, Receivers, and Performance of CPFSK and CPCK". Electronic
Thesis and Dissertation Repository. 2013. 1179 p.

Recommendation ITU-R SM.328-11. [Emission spectra and bandwidth] (Question
ITU-R 222/1).

Kuzmin E.V., Zograf F.G. [Parameterized model of the quadrature modulator of the
MSK signal in OrCAD]. Elektronnyy nauchnyy zhurnal "Inzhenernyy vestnik Dona" —
Electronic scientific journal "Engineering Bulletin of the Don". 2016. vol. 1.
pp. 2007-2016. (In Russ.).

Zhai W, Li Z., Si J., Bai J. Performance analysis of a joint estimator for timing, fre-
quency, and phase with continuous-phase modulation. /ET Communications. 2016.
vol. 10. no. 3. pp. 263-271.

Pan X., Liu C., Zhu J. Phase retrieval with extended field of view based on continuous
phase modulation. Ultramicroscopy. 2019. vol. 204. pp. 10-17.

Rhyou C., Park S., Lee H. Optimal rate for continuous phase modulation in standing
surface acoustic waves. Journal of Mechanical Science and Technology. 2019.
vol. 33. no. 8. pp. 3819-3829.

Dvornikov S.S., Dvornikov S.V. [Formation of signals with a continuous phase for the
transmission of discrete information]. Informatsionnyye tekhnologii — Information
technologies. 2016. Issue 22. vol. 6. pp. 435-440. (In Russ.).

Abakumov A.N., Eremeev I.Yu., Kadukov E.P. [Model of radio signals with modula-
tion with continuous phase change of foreign satellite communication systems in the
space of parameters of phase diagrams]. Trudy Voyenno-kosmicheskoy akademii imeni
A.F.Mozhayskogo — Proceedings of the A.F. Mozhaisky Military Space Academy.
2019. vol. 671. pp. 71-79. (In Russ.).

Dvornikov S.V., Dvornikov S.S., Manaenko S.S., Pshenichnikov A.V. [Spectrally
effective signals with continuous phase]. Bulletin of the Voronezh State Technical
University — Vestnik Voronezhskogo gosudarstvennogo tekhnicheskogo universiteta.
2016. Issue 12. vol. 2. pp. 87-93. (In Russ.).

Tambovskiy S.S. [Application of signals of the CPM family for the organization of
communication with the UAV]. DSPA: Digital Signal Processing Application Issues —
DSPA: Voprosy primeneniya tsifrovoy obrabotki signalov. 2016. Issue 6. vol. 1.
pp. 82—84. (In Russ.).

Dvornikov S.S. [Substantiation of parameters of phase-modulated signals for high-
speed data transmission systems]. Voprosy radioelektroniki. Seriya: Tekhnika tel-
evideniya — Radio electronics issues. Series: Television technology. 2016. vol. 3.
pp- 43-48. (In Russ.).

Informatics and Automation. 2020. Vol. 19 No. 6. ISSN 2713-3192 (print) 1305
ISSN 2713-3206 (online) www.ia.spcras.ru



UNPPOBbIE MH®OPMALIMOHHO-TENIEKOMMYHUKALIMOHHBIE TEXHONOI A

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

1306

Dvornikov S.S. [Spectrally efficient continuous phase waveforms for transferring
discrete information]. Voprosy radioelektroniki. Seriya: Tekhnika televideniya — Radio
electronics issues. Series: Television technology. 2016. vol. 1. pp. 86-93. (In Russ.).
Sultanov A.Kh. et al. [Methodology for determining the optimal spectrum rounding
factor in wireless digital communication systems to eliminate intersymbol interfer-
ence]. Elektrotekhnicheskiye i informatsionnyye kompleksy i sistemy — Electrical and
information complexes and systems. 2013. Issue 9. vol. 2. pp. 96-101. (In Russ.).
Yuan R., Cheng J. Free-Space Optical Quantum BPSK Communications in Turbulent
Channels. 2018 IEEE Globecom Workshops (GC Wkshps). 2018. pp. 1-6.

Kotelnikov V.A. Teoriya potentsial'noy pomekhoustoychivosti [The theory of poten-
tial noise immunity]. M.: Gosudarstvennoye energeticheskoye izd-vo. 1956. 152 p. (In
Russ.).

Wentzel E.S. Teoriya veroyatnostey [Probability theory]. M.: Academia. 2005.
576 p. (In Russ.).

Dvornikov S.V. et al. [Theoretical substantiation of the synthesis of an ensemble of
biorthogonal signals with increased noise immunity]. Questions of radioelectronics.
Series: Television technology — Voprosy radioelektroniki. Seriya: Tekhnika televideni-
ya. 2015. vol. 5. pp. 16-20. (In Russ.).

Yang G. et al. CPFSK signal detection in white and bursty impulsive noises. /EEE
Access. 2019. vol. 7. pp. 74029-740309.

Nakhmanson G.S., Masnev [.N. [Reception of a modified phase-shift keyed broad-
band signal by a correlation receiver with an input bandpass filter]. Telekommu-
nikatsii — Telecommunications. 2020. vol. 7. pp. 17-23. (In Russ.).

Levin B.R. Teoreticheskiye osnovy statisticheskoy radiotekhniki [Theoretical founda-
tions of statistical radio engineering]. M.: Radio i svyaz. 1989. 653 p. (In Russ.).

Sklar B. Tsifrovaya svyaz. Teoreticheskiye osnovy i prakticheskoye primeneniye [Digi-
tal communication. Theoretical foundations and practical application]. M.: Vilyams.
2003. 1104 p. (In Russ.).

Osypchuk S., Moshynska A., Pieshkin A., Shmihel B. The effect of the features of
signal-code constructions forming on indicators of functionality and reliability of
communication systems based on the 802.11 N/AC standards. Sciences of Europe.
2018. vol. 26-2 (26). pp. 38-47.

Dvornikov S.V., Saukov A.M. [Modification of time-frequency descriptions of
non-stationary processes based on exponential and power-law functions]. Nauch-
noye priborostroyeniye — Scientific instrument-making. 2004. Issue 14. vol. 3.
pp. 76-85. (In Russ.).

Afanasyev V.V., Loginov S.S. [Nonharmonic spectral analysis of MULTISCROLL
SYSTEMS with dynamic chaos]. Sistemy sinkhronizatsii, formirovaniya i obrabotki
signalov — Systems of synchronization, formation and processing of signals. 2019. Is-
sue 10. vol. 3. pp. 4-7. (In Russ.).

Wndopmatyka n aBTomatunsaums. 2020. Tom 19 Ne 6. ISSN 2713-3192 (ney.)
ISSN 2713-3206 (oHnainH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

YK 004.93 DOI 10.15622/ia.2020.19.6.7

N.1O. EPEMEEB, M.B. TATAPKA, ®.JI. [IIYBAEB, A.C. LIbITAHOB
AHAJIW3 MEP HEHTPAJILHOCTH Y3JIOB CETEA HA OCHOBE
METOJA I''TABHBIX KOMITOHEHT

Epemees U.I0., Tamapka M.B., lllysaes ®.JI., L{vicanos A.C. AHaIN3 Mep HEeHTPAJIbHOCTH
Y3JI0B ceTeii Ha OCHOBE MeTO0/1a IJIABHbIX KOMIIOHEHT.

AHHOTamusi. AHanu3 ceTeil pa3sHOOOpa3HOW NPUPOIbBI, KOTOPBIMH SIBISIFOTCS CETH
LUTHPOBAHUS, a TAKKE COLMAIbHBICE WIM HH()OPMALMOHHO-KOMMYHHKALIHOHHBIE CETH,
BKJIIOYAeT WH3YYCHHE TONOJIOTHYCCKUX CBOMCTB, MO3BOJSIIONINX OLICHUBATH B3aUMOCBSI3H
MEXIy y3JaMH CETH WM Pa3INYHbIC XapAaKTEPHCTHKH, TaKHEe KaK IUIOTHOCTh M AMAMETpP CETH,
CBSI3aHHBIC MOATPYIIIBI Y3JIOB U TOMY N0A0OHOE. [l 3TOro ceThb NpPEJACTABISIETCS B BUJC
rpada — COBOKYNHOCTH BEpIIMH U pebep Mexxy HUMHU. OHOHM U3 BayKHEHILMX 33/1a4 aHAIU3a
ceTeil ABISIETCS OLICHUBAHHUE 3HAUYMMOCTH y3J1a (1M B TEPMUHAX TEOPUH Ipa)OB — BEPLINHBI).
Jlns aToro pa3paboTaHbI pa3IHYHbIE MEpPH! LIEHTPAIbHOCTH, IO3BOJIIONINE OLEHUTh CTENCHb
3HAYMMOCTH BEPIINH CETEBOTO Tpada B CTPYKType pacCMaTpUBAEeMON CETH.

CyuiecTByomee MHOrooOpasue Mep LEHTPaIbHOCTH HMOPOXKIAeT MpobieMy BeIOOpa TOH,
KOTOpasi HauboJIee MOITHO ONUCHIBACT 3HAYUMOCTD LICHTPAIBLHOCTh y3J1a.

AKTyanbHOCTh pabOTHI 00YCIIOBIEHAa HEOOXOANMOCTBIO aHAIN3a MEp LEHTPAIBHOCTH IS
oIpesiesIeHHs] 3HAYMMOCTU BEPLINH, YTO SBISIETCS OMHOM M3 OCHOBHBIX 3a1ad HM3y4YEHHs
ceteil (rpadoB) B IPAKTHIECKUX MPIIOKESHHSX.

IpoBeneHHOE MCCIIENOBAaHHUE MO3BOJIHIO C HCIOIB30BAHUEM METO/A IJIABHBIX KOMIIOHECHT
Cpe/li M3BECTHBIX MEP LIEHTPAIBHOCTH BBISIBUTH KOJUIMHEAPHBIC MEPbI, KOTOPhIC B JalbHEHIIeM
MOXHO HCKIIIOYaTh U3 PACCMOTPEHHs. DTO MO3BOJISICT YMCHBIINTD BBIYUCIUTEIBHYIO CII0KHOCTD
pacyeToB, 4YTO OCOOGHHO BAaXHO JUI ceTeil ¢ OONBIIMM 4YHCIOM Y3JIOB, M IIOBBICUThH
JIOCTOBEPHOCTb MHTEPIIPETAIMH MOJyJaeMbIX Pe3y/IbTaToB IPH OLCHUBAHUH 3HAUYHMMOCTH y3IIa B
paMKax aHaJTH3HPYEMON CETH MPH PELICHUH PAKTHIECKUX 3a/1a4.

BbISIBIICHBI  3aKOHOMEPHOCTH  MPEJCTABICHUS Pa3IMYHBIX MEp LEHTPAIBHOCTH B
MPOCTPAHCTBE TIIABHBIX KOMIIOHEHT, YTO IMO3BOJSACT KJIACCU(DHUIHUPOBATh UX C TOUKH 3PEHUS
61m3ocTH 00pa3oB y370B ceTH, (HOPMHPYEMBIX B ONPECIIEMOM HPHMEHSIEMBIMH MEpaMu
LEHTPAITBHOCTH IPOCTPAHCTBE.

KiroueBble c10Ba: MeTOA TIJIAaBHBIX KOMIIOHEHT, Mepa LEHTPaIbHOCTH, Tpad,
KIIaCTepH3alys, Mepa CXOICTBA

1. BBenenne. [lpn aHamm3e cOIMaiIbHBIX ceTeil 0OecreueHWH WH-
(opMaroHHOH 0e30nmacHOCTH MH(POPMAIMOHHO-KOMMYHHKAIIIOHHBIX Ce-
teit (MKC) u apyrux mpuiiokeHH Teopur rpadoB BaXHYIO POJb HUTPAET
HCCIIEIOBAaHNE MEp LEHTPAIbHOCTH KaK OTIEIBbHBIX Y3JI0B, TaK M CETH B
nenoM. Ha cerogaamHmil AeHb N3BECTHO OKOJIO TPHUILATH PAa3IHIHBIX MEp
HEHTPAILHOCTH, MPUMEHSAEMBIX MPHU aHAU3e CTPYKTYPbl U TOIMOJOTHYE-
CKHUX CBOMCTB ceTel [1-6], koTopble 6a3upyIOTCS Ha Pa3IMYHBIX MTOJXO0JaX
K OLIEHKE CTENICHH Ba)XKHOCTH y311a ceTd. Ha pucynke 1 B kauecTBe npumepa
MIpeCTaBJIeHbl TPH HauboJiee M3BECTHBIE MEphI LIEHTPAJIBHOCTH C TOKa3a-
TEeNSMHU 3HAaYUMOCTH Y3JIOB.

Paccmotpum rpad:

G=(V,E),

rne V — BepumHsl rpada, a £ — pedpa (puc. 1a).
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Puc. 1. ITpumep rpadoB ¢ pa3TMYHBIMU MEPAMHU LICHTPAIBHOCTH BEPIIMH
UH(POPMAIIMOHHO-TEICKOMMYHHKAIIMOHHBIX CETeH: a) CTPYKTypa paccMaTpHUBaeMOit
HKC; 6) ueHTpaisHOCTh MO CTENCHH; B) EHTPAIBHOCTH IO IOCPEAHUICCTBY; T)
LEHTPAILHOCTH N0 OJIN30CTH

Bynem moxarate, uTo B paccMaTpuBaeMoM rpade pedpa sSBISIOTCA
HCHAITPABJICHHBIMU 1 UMCIOT O}II/IHaKOBI:Jﬁ BECC.

LleHTpaJbHOCTh MO CTENEHH ONpeNeNsieTcss CIeAyIoIuM o0pa-
30M (puc. 16):

Ci = deg(l/l)a

rne deg — creneHs i-ro y3na V rpada G (uncio pedep ysina).

IeHTpaIbHOCTB IO MOCPEAHUIECTBY (PUC. 1B) XapakTepu3yeT, HaCKOJb-
KO B)XHYIO POJIb BEpIIMHA MIPAET Ha IIyTH «MEXJIy» Mapamu JPYyruX BepIIVH
rpada, B TOM CMBICIIE, YTO MyTH MEX/Iy APYTMMH BEpIIMHAMH JOJDKHBI TIPOXO-
JWTh Yepe3 pacCMaTpHBaeMyIO BEpHIMHY. BepIiHa ¢ HanOONMBIINM 3HAYCHHEM
LEHTPaIbHOCTH MO MOCPEIHUYECTBY SABIISIETCS BHKHOM, TaK Kak MO3BOJAET OT-
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CJIeKMBATh WJIM KOHTPOJIMPOBATH MOTOK MH(OPMAIIMK B CETH ¥ MOXeET ObITh pac-
CUUTAHA B COOTBETCTBUU C BBIPKECHUEM:

IY[ = Z"j<"k g Vivk (I/l) /g"_/'"k >

1

* o (v}
e g, ofmiee 4YHCIO Kpardalmmx mytedl w3 ysma V, u V;
& (¥;) — umncno kpaTHaiux myTeil, BKIFOYAOIINX BEPIIHHY V.

HentpanpHOCTs MO Onm3ocTH (puc. 1T) BepmuHH Tpada ompene-
neTcs Kak BeIM4YMHA, o0paTHas CyMMe PacCTOSHHMHU OT y3na V1o Bcex

OCTAJIBHBIX Y3JI0OB:
V -
B =(X, L0V

rae L(V,,V;) — paccTosHue Mex /1y BeplunHamu rpada V; u V.

MHoroo6pasue crioco60B OnpeneneHns Mep LHEHTPATBHOCTH MO3BO-
JSIET MOTYYUTHh O'POMHOE KOIMYECTBO MPU3HAKOB, XapaKTEPH3YIOIINX aHa-
JU3UPYEMBbIE CETH, YTO HECOMHEHHO TOBBIIIAET TPEOOBAaHUS K BBIYUCIH-
TENILHOMY pecypcy. B Takux ycioBHSX BO3HHKAaeT mpoOiiemMa BhIOOpa
Hanbosee MHGOPMATUBHOM MEPbI MM HEKOTOPOTO MHOXKECTBA Mep, TT03BO-
JISIOIIMX aHAIU3UPOBAThH TOMOJIOTHIO UCCIETYyEMBIX CeTel.

Ilens uccrnenoBaHUs — ONPEAENUTH BO3MOXHOCTH COKpAllEHUs
MIPU3HAKOBOTO TIPOCTPAHCTBA, (OPMHUPYEMOTO Ppa3IUYHBIMA MepaMu
LIEHTPAJILHOCTU y3JI0B aHAIU3UPYEMBIX ceTeil. JlaHHasg TeMa HucciaenoBa-
Ha c1abo0, Tak Kak TOJBKO B IOCJIEIHHE 2-3 Toja MOSIBIINCH BBIUYUCIIH-
TEJIbHBIE MOIIHOCTH, JOCTATOYHBIE JIUISI MUMHTAIMOHHOTO MOJICIHPOBAHUS
1 UCCIIEIOBAHUS CBOMCTB CETEH, KOTOPBIE NMEIOT B CBOEM COCTaBE THICS-
YU BEPIIUH U CBA3BIBAIOIINX UX pedep [7-9].

B kauecTBe MH(OPMATHUBHOIO MpPHU3HAKA MPH HCCIECJOBAHUU BBI-
OpaH BKJIaJ Mep LEHTPAJIbHOCTU B ()OPMUPOBAHHE ITABHBIX KOMIIOHEHT
MIpU MPOBEACHUN KOMIIOHEHTHOTO aHanu3a. Pemaercst IOMONHUTENbHAS
3a/1a4a, KOTopas 3aKJII0YaeTCs B BBIABICHUU CXOXKUX MEp IIEHTPaJIbHOCTH
Ha OCHOBE MeToja riaBHbIX koMnoHeHT (MI'K) u kimactepHoro ananusa.
BrigBiIeHHBIE TPyNIbBl Mep IEHTPAJbHOCTH AJIS Pa3HBIX THUIIOB ceTeil
CPaBHHUBAIOTCSl MEXY CO00i, YTO MO3BOJISIET YTBEPKAATh O B3aUMOCBSI3H
U OHOPOJHOCTH Mep LIEHTPATbHOCTH.

HccnenoBanne OCHOBBIBae€TCS Ha 0a30BBIX IOJIOXKEHHSX TEOPHH
rpadoB 1 MaTemarndeckoi ctatuctuki. CoBokynHocTs y31moB MKC u cBs-
3ell MeXIy HUMH TIpeJicTaBlieHa B BUze rpada. [Ipn s3ToM Mepsl neHTpaib-
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HOCTH OIHMCHIBAIOT MOTEHIUAIBHYIO 3HAYMMOCTh BepiinH rpada. CpaBHH-
TEJIbHBIA aHAIN3 Mep LEHTPAIBHOCTH MPOBOIUTCA C HCIIOIB30BaHUEM pPsiia
peaNbHBIX CceTell, a Takke MOJICNIBHBIX CeTell: Ha OCHOBE MPEANOUTHTEIbHO-
ro npucoenuHenus bapabamm — Ansbepra U Mozean Majnoro mMupa YoTT-
ca — Crporarua. iMeHHO 3TH MoJienH ciay4daiiHbIx rpadoB Haubosee mojHo
ONKCHIBAIOT TOMOJIOIMYECKHE CBOICTBA peanbHbIX ceteit [10-13].

2. Mopenu cereii 1 Mepbl HEeHTPAJIbHOCTH Yy3J0B. /115 ucciaenoBa-
HUS HCIOJB30BAIUCH 8§ MoaenupyeMsix cereil: 1-4 — Yorrca — Crporat-
na, 5-8 — bapabamm — Anr0epTa, u 8 peasbHbBIX ceTeil.

2.1. Monpenps mnpeamouvTHTEJLHOI0 mNpHcoenuHennss bapaba-
mn — AabOepra. Kak moka3pBaeT mpakTHKa, HOBBIE BEPIIUHBEI C 0OJb-
el BEpPOATHOCTBIO COEIMHSIOTCS C BEPUIMHAMH, KOTOPBIE 3aHMMAIOT
BBIIAIONIEECS [IOJOXKEHUE B CETH, TO €CTh MMEIOT HaWBBICIINE ITOKa3aTe-
U ueHTpaidbHOoCTH 1o creneHu [11, 14]. dns ananuza peanbubix UKC
pa3paboTaHbl CBOOOIHO MAcCIITaOMpPyeMbIe MOJECIH, CaMON pacmpocTpa-
HEHHOM cpeau KOTOPBIX SIBISIETCS MOJEIh MPEANOYTHTEIBHOTO MPHCO-
enuneHust bapabamm — AnwsOepra [14]. dopmupyercs Mojenb ceTu B
BHJE rpada mo cienyromemMy NpUHIUIY:

1. B Ha"ganpHbI{ MOMEHT BPEMEHH ¢ = 0 €CTh V, HECBSI3HBIX BEPILHH.

2. Ha xaxnmom mare (¢ =1,2,3...) OyaeM no0aBIsATH HOBYIO BEpIIH-
Hy ¢ E, pebpamu.

3. KomnuectBo pedep, ¢ KOTOPHIMH MPUXOAUT B Tpad HOBAsI BEpIIH-
Ha, (UKCHPOBAHO, HO COEIUHSETCS OHA C yXKE CYLIECTBYIOIIEH BepUIMHON
CETH C BEPOSTHOCTHIO, IPOIOPILIMOHAIBEHON CTETIEHH ATOH BEPIIUHEI.

MakcumManbHO TPHONMKEHA K pPeajbHBIM CeTSIM MoAn(puKanus
Mozenu bapabamniun — AnsbepTa ¢ GUKCHPOBAHHBIM TAPaMETPOM pacipe-
JleleHns] BepoATHOCTeN coennHeHus BepmuH [10, 11, 14]. IIpu takom
BapHaHTE MMOCTPOCHUSI MOJIEIH BBOAMTCS KOPTEK paclpeselieHus Bepo-
ATHOCTEH 00pa30BaHMA BEPIIUH, B KOTOPOM p; — BEPOSTHOCTh M30JIUPO-

BaHHOCTHU BEPUIMHBI; p, — BEPOATHOCTh COEAMHEHUs BEPUIMHBI C OJHOM
BEPUIMHON; p; — BEPOSATHOCTb COEAMHEHUS BEPIIUHBI C JIBYMs BEpILU-

HaMu. PaccMOTpeHHBIH KOPTEX 3aMEHsIET ATaIlbl 2-3 MOCTPOSHUS MOJCIN
bapabamm — AnpbepTa B KIacCHYECKOM BapuUaHTE M MO3BOJSET PETyNH-
pOBaTh COOTHOLIEHHS MEXIYy H30JUPOBAHHBIMH BEPLIMHAMHU W BEpPIIH-
HaMH C HEOOXOIMMBIM JUIsI MOJEIMPOBAHUS KOJIMYECTBOM cCBsized. Ha
pucyHke 2a u3zo0paxkeH rpad, MOCTPOCHHBIN Mo mojenu bapabamm —
Anrbepra 6e3 yuera pacmupeneneHus BeposiTHocTel. Uncio BepIinH rpa-
¢da ¢uxcupoano u paBHO 500, a BHOBb HOSIBISIONIMECS BEPIIUHBI CO-
SOUHSIIOTCS ¢ BepmInHaMu ¢ Oonpmiel cremneHpo. Ha pucynke 26 mpen-
cTaByieH rpa¢, mocTpoeHHbI o Moxaenu bapabamu — Ansbepra ¢ yue-
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TOM KOpTE€Xa paclpelielleHus BepOATHOCTeH 0Opa3oBaHHs BEpIIMH, KO-
TOpBIA UMEET cienyoomue 3Hauenus: p; =0.25, p, =0.5, p, =0.25.
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Puc. 2. I'pad Ha ocHOBe Mozenu bapabamm — Anp0epra: a) ¢ paBHOBEPOSITHO
NPHCOEJMHEHHBIMU BEPIIMHAMHE; 0) C 3aJaHHBIMU BEPOATHOCTSIMU NPUCOCIUHEHUS
BEpILIMH

Ha pucynke 26 BUIHO, 4TO rpad) COAEPKUT U30JIMPOBAHHBIE BEPIIH-
HBI ¥ BEPIIMHBI, 00JIaIa01I1e BEICOKOH CTEMEHBIO (YBEINYECHBI B pa3Mepax).
Taxum o6pa3om, mozaens bapabamm — AsOepTa BO3MOXKHA B IByX BapHaH-
Tax: OJHO- W JIByXIapameTpuueckoM. IlapamerpaMu SBISIFOTCSI YHCIIO Bep-
WKH ¥ ¥ BEpOSITHOCTH NPUCOCIUHEHHST (PUKCUPOBAHHOTO YMCIIa BEPIINH p
Ha Kak7oM 1mare mogenupoBanwns [10, 11].

2.2. Moaeab masnoro mupa Yorrca — Crporarua. [Ipennoxena
B 1998 rony amepuxanckumu yuensimu J{. Yorrcom u C. Ctporatuem [15-
18]. Mopgenp mpencraBisier coOOW ONHOMEPHYIO PETYILIPHYIO PEIIeTKY,
COCTOSIIIYIO M3 V BepIINH, IpHYeM Kakiasi U3 HUX COeIMHEHa TOJIBKO C k-
OMmDKaWIIMMK COCE/IIMH, M Ha Hee HAJIOXKEHBI IEPHOINYECKIE TPaHUIHBIE
yCIIOBUS (BEPOSITHOCTh p COEAWMHEHUs C JIIOOBIMH JPYTHMMH BEPIIMHAMH,

KPOME COCEIHHX, PaBHA HYI0), T0 ecth mpu p =0 pernetka cBepHyTa B
ko7b10. ITocie 3Toro kKaXkaas cBA3b ¢ 3aAaHHON BEPOATHOCTBIO p nepedpa-
CHIBAETCS Ha JAPYIYIO CIIyYaiiHo BeIOpanHyr Bepmmny. [lpu p =0 mony-
yaeM Tpad ¢ ucxomHou pemerkoil. Ha pucynke 3 mpencraBieHsl rpadsl
Ha OCHOBE MOfenH Mayioro Mupa Yorrca — Crporatma. Otu rpadsl nme-

IOT YeTBIPE pPa3IMUHBIe BEPOSITHOCTU MEPEKITIOUCHUS pedep, YTO MPHUBO-
JWT K Pa3IndHBIM TOIIOJIOTUAM rpada.

Informatics and Automation. 2020. Vol. 19 No. 6. ISSN 2713-3192 (print) 1311
ISSN 2713-3206 (online) www.ia.spcras.ru



UNPPOBbIE MH®OPMALIMOHHO-TENIEKOMMYHUKALIMOHHBIE TEXHONOI A

Takum 00pa3om, MOJENb MaJIOT0 MUpa SBISETCS TpeXmapaMmeTpude-
CKOH, yNpaBisieMOW TpeMs MapaMmeTpaMu: KOJIMYECTBOM BEpIUUH V, KOJIU-
YECTBOM COCEIHHX Y3JIOB Ul KKIOH BEPIIMHBI A, BEPOSTHOCTBIO COEIH-
HEHHS C IPYTMMU BEPIIMHAMH p.

Puc. 3. I'pa¢ Ha ocHOBe Mozenn Manoro Mupa Yorrca — Ctporaria ¢ n3MeHsieMoi
BEPOSATHOCTBIO IEPEKITIOUEHHS pebep

2.3. Ucnoab3yemble peanbHble ceTH. PeanmbHble ceTH BbIOpa-
HBl U3 TaKeTa «HeTBOpKmaTa» (aHrin. «networkdata») — camoro
KpPYIHOTO Ha0opa CeTEeBBIX JaHHBIX JUISl sI3bIKa CTaTUCTHYECKOTOo MoJie-
nupoBaHust «R». XapakrtepucTuku ceredl mpeicTaBiieHbl B Tabiune 1.
Cern npeoOpa3oBaHbl K HEHAIPABICHHBIM.

BriOpaHHble peanbHblE AaHHBIE OTPAXKAIOT pas3MYHBIE CTOPO-
HBI YEJIOBEYECKOH AesdTenbHoCcTH, a MeHHOo: cetu 9-10 MKC B marareH-
Tpax OJHOW W3 KOMMeEpUecKux opraHuzanmii; 11 — ceTp MexOenko-
BBIX B3aUMOJIEHCTBUI B 4elOBEYECKOM OpraHusme; 12 — ceTb B3auUMO-
JeficTBUI Mex1y ydacTHHKamu BbictaBkd B Jlyonuue B 2009 roay; 13 —
CeTh JPYKECKUX OTHOIIEHHH MEXIAy CTyIEeHTaMH ABCTPaJIUNCKO-
ro HaIlMOHAJIBHOTO YyHHBepcuTeTa; 14 — naHHBIE QUKCUPYIOT CIy-
Yayu ¢ MECTHBIX IIPECC-PEIN30B, BHINMYyIIEeHHBbIX ceHaTopamu CIIA; ce-
™ 15-16 — B3auMojeiicTBUE MEXIy NEPCOHAXKAMH B NPOU3BEICHHU-
sax Yunssama llexcnupa.
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Tabumua 1. XapakTepuCTHKU HCCIEAYyEeMBIX ceTel

Homep cetn\ Yucno | Yucno JlomoaHUTETbHBIC

XapakTepucTuka | BeplIMH | pebep napameTpbl
1 100 100 p=0,01 k=2
2 100 100 p=0,05 k=2
3 100 300 p=01 k=3
4 100 400 p=02; k=4
5 100 143 p ={0;0,5;0,5}
6 100 424 |p= {0;0,25;0,15;0,1;0,15;0,1;0,2;0,5}
7 100 265 p ={0:0,25;0,25;0,25;0,25}
8 100 99 be3 nononHuTENbHBIX TapaMETPOB
9 27 69 Be3 nonoaHUTENBHBIX MapaMeTpoB
10 26 137 be3 nononHUTENbHBIX TapaMeTPOB
11 212 244 Be3 nonoaHUTENBHBIX MapaMeTpoB
12 410 17298 Be3 nonoaHuTENBHBIX MapaMeTpoB
13 216 2672 Bbe3 nononaHuTenbHBIX MapaMeTpoB
14 92 477 Bbe3 nononaHuTenbHBIX NapaMeTpoB
15 47 228 Be3 nononaHuTenbHBIX NapaMeTpoB
16 52 314 Be3 nonoaHuTENBHBIX MapaMeTpoB

2.4. Uccienyemble Mepbl IeHTpajdbHocTH. HamGomee mmpoko
pacnpocTtpanensl okoyio 30 mep neHTpansHocTH [19-21], KOTOpBIE AKTUBHO
MIPOJIBUTAIOTCS CBOMMH paspaboTurkaMu. OnHAKO B HACTOSIIEE BPEMs OT-
CYTCTBYET YETKOE IOHUMAaHHE JITOPUTMOB BBIOOpa M MPUMEHEHUS MEp TIPH
Pa3NIMYHBIX YCIOBUSX VISl OINPEIETCHUs BEJIMYMHBI LIEHTPAJIBHOCTH Y3i1a
rpacda. st Gonee HarmAgHOTO TPaPUIECKOTO TPEACTABICHHUS POBOIMMBIX
B HCCIICIOBAHUH 3KCICPUMEHTOB MEpaM LEHTPATBHOCTH IPHCBOCHBI CO-
kpamenus (tadm. 2) [20, 21].
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Tab6muna 2. ccnenyemblie Mepsl IEHTPaITbHOCTH

Ne Mepa Cokpa- | Ne Mepa Coxkpa-
n/n LEHTPAIbHOCTH meHue | 1m/m [[EHTPAJIbHOCTH IIeHHe
1 Ilo crenenu C 13 Henrpansrocts It

noarpada
2 B3Bemennast BCB 14 Cpennee paccTosiHIE CP
CTENCHb BEPIINHEI y3na
3 |Ilo mocpenHHYECTBY 11 15 Bapuuentp BI1
4 Io 6muzocTn b 16 bausocts o bO
Ppumany
5 |CobGctennslii Bektop|  CB 17 | bauzocts no Jlaropy bJI
6 Paur crpanuiibl PC 18 Bnu3ocTs ocTaTKOB BO
7 OKCLUEHTPUCUTET OKC 19 | MexkiIuKoBas CBSI3b MKC
ABTODHTCTHOCTE IInotHOCTH MaKcH-
8 p¥ AK 20 |manbHOU KoMnoHeHTsl | IIMKO
KnsitnOepra
OKPECTHOCTH y371a
9 KOHui:HTpaunﬂ KK 21 JInneiinas T
Kastitn6epra LEHTPAILHOCTh
10 leonesnueckas I 2 MapxkoBckast MII
LIGHTPAJIbHOCTh LEHTPAJILHOCTh
HenTpanbHOCTb 11O Panunanbhas
1 BekTopy Jlammaca o1 23 LEHTPAILHOCTh Pl
12 LenTpaabHOCTH 1P 3 B B
«pblyara»

B xone mpoBegeHHOTO HCCneoBaHUs ObUTH BEIOpaHBI 23 MepHI LIeH-
TPalbHOCTH, KOTOPbIE NPEICTaBICHbl B OMONIMOTEKE «centiservey si3blKa
nporpamMupoBanus «R» [19-21]. IIpeanodyrenue oTaaBaIocs Mepam IeH-
TPaJIbHOCTH, HE TPEOYIOLINM JOMOIHUTEIBHOTO MapaMeTpa JUIsk HACTPOUKH.

3. OcHOBHBIE JTanbl CPABHUTEJBHOr0 aHaym3a. Ha pucynke 4
MIpe/iCTaBlIeHa CTPYKTYpHasl CXeMa CPaBHUTEJILHOTO aHAJIM3a Mep LIEHTpallb-
HOCTH y3JI0B rpa)a Ha OCHOBE METO/ia TJIaBHBIX KOMIOHEHT. OH COCTOHT U3
TPeX OCHOBHBIX ITATOB, KaXK/IBII U3 KOTOPBIX pa3AeiseTcs Ha TOADTAITBL.

3.1. JTan moAroToBKHU AaHHbIX. [Ipu pelieHnn 3agady MalIMHHOTO
oOydeHHs W aHanmu3a JaHHBIX OKoo 30-40 % BpeMeHU YXOAWT Ha IOATO-
TOBKY JIaHHBIX. HEKOPPEKTHO TOATOTOBICHHBIE JAaHHBIE MOTYT CYIIECTBEH-
HO HCKAa3UTh PE3yIbTAaThl SKCIICPUMEHTA.

1.1. TIpemo6paboTka qaHHBIX. BKiIrodaeT psn npeodpa3oBaHui.

— W3BJICKAETCSl TMT'AHTCKAsl KOMIIOHEHTa rpada, TO eCTh U3BJIeKaeTCs
MaKCHMAalbHbIF CBs3HbIA moarpad. [lanHoe naeiicTBUEe HEOOXOOUMO JUIst
U30aBJICHHs OT BUCSYMX BEPIIMH U PeoOpa3oBaHus rpada K CBI3HOMY;

— ynansrorest netu rpada, To ecth pedpa, HHIUASHTHBIE OJJHOW U
TOM € BEPILHHE;

— TOJIYYCHHBIN Tpad mpeodpa3yeTcst K HEOPUCHTUPOBAHHOMY.

1314 Wndopmatyka n aBTomatunsaums. 2020. Tom 19 Ne 6. ISSN 2713-3192 (ney.)
ISSN 2713-3206 (oHnainH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

PaccMoTpeHHble NpeoOpa3oBaHUsl HE CHUXKAIOT JIOCTOBEPHOCTH
JABHEHIIEero aHaiuu3a B CUIIy TOTO, YTO OOJIBIIIMHCTBO MEpP LEHTPATbHOCTH
PacCUMTHIBAIOTCS JUISI CBSI3HBIX 1 HEOPHEHTHPOBAHHBIX I'padoB.

[TpenobpaboTka 1aHHBIX E

L

Pacuer nenrpanpHoCTEH

IToaroroBka JaHHBIX

Cranmapru3anus 3HaYeHU I

; AR SRS
[IpeoOpazoBanune qanubx mo MI'K E

Dran
KOMITOHEHTHOTO
aHaamM3a

Pacuer Bkilaza enTpanabHOCTEH B
npoctpancTee ['K E

YnaneHHe MYJIBTUKOJUTAHEAPHBIX

e 3HAYEHUH IIEHTPATILHOCTH Bi
DI
QEE
=z &
E uo ‘ PansxupoBanune 3HaveHuUI D
SIS
<BE *
oM
=}

Knacrepuszanus u cpaBHeHHE Mep E
LHECHTPAJIbHOCTU )

ceccccccccccccccccen ceccccsceccecen | cececcccecccnccaaaae

Puc. 4. CprKTypHaS[ CX€Ma CpaBHUTEJIBLHOT'O aHalln3a MEPbI HEHTPAJILHOCTH y3JI0B
ceTell Ha OCHOBE METO/Ia IIaBHBIX KOMITOHEHT

1.2. Pacuer Mep UEHTPaIbHOCTH OCYIIECTBIACTCA JUIA KaKIOU
BEPLIMHBI KXJOT0 U3 paccMarpuBaeMblx rpados (tadm. 1). INoxyueHHsie
3HAYCHHsI y; NIOMEIIAKTCS B CIMCOK JaHHbIX. IIpn sToM Kaxnaas sueiika

CIIUCKAa COOTBETCTBYET OJHOM HCCIELyeMOil CeTM M MpeACTaBiIseT COOoH
MaTpHIly PAaCCUMTAHHBIX 3HauYeHWH N Mep LEHTPAIBHOCTH VIS A BEPIIMH
ceTeBoro rpaga:

n
N .

Y =7
1.3. CranpapTtuzauus 3HaueHUW. Pe3ynbTaThl BBIUMCIEHMHA LEH-
TPAIFHOCTH MMEIOT PAa3UYHYI0 Pa3MEPHOCTH, MMOITOMY BBITONHACTCS WX
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HOPMHPOBKA I10 BEIMYHHE CPEAHEKBAIPATUUYECKOTO OTKIOHEHUS 3HAYCHUH
LEHTPAIBFHOCTH y3JI0B IS KXKA0H MepEhI.

3.2. 3Tan KOMIOHEHTHOro aHaju3a. KoOMIOHEHTHBI aHanu3 B
pamkax meroaa riaBHbIXx kKomrnoHeHT (MI'K) mpexacrasisier coboit coBo-
KYITHOCTh CTaTHCTHYECKHUX MPHEMOB 00pabOTKH JJaHHBIX, KOTOpPBIE MO3BO-
JISIFOT CKOHIIEHTPHPOBATh COJEPIKAIIYIOCS B MCXOJAHOM MAacCHBE JaHHBIX
MHPOPMAIHIO 32 CUET Iepexo/ia K MEeHbIIEMy 4ncily Hauboiee WHpopMa-
TUBHBIX (pakTopoB — rnaBHbIX kKoMnoHeHT (I'K).

2.1. TlpeobpazoBanne manHbix mo MI'K. McxomHbIMH NaHHBI-
MU SBISIIOTCS  CTaHIApTU3UPOBAaHHBIC 3HadeHus y,; . Kaxaywo crpo-

Ky MaTpHIBI MOXKHO TNPEACTaBUTh KaK pPeanu3alyio 7-MEepHOTo Ccliydai-
HOTO BEKTOpa:

A

Y<,,> :<)A}19)’>2""sj>n>‘

CBoIiCTBa TaHHOTO CIIy4yalfHOrO BEKTOpa C JOCTaTOYHOM AJS Mpak-
THUKU TOYHOCTBIO ONKCBIBAIOTCS BEKTOPOM MAaTEMATUYECKUX OXKUIAHUN:

an> :<J71’y25"'537n>

U KOPPEIIIUOHHOW MAaTpHUIeH, colepKamiedl TuHEeHHbIe KOod((UIHEHTH
koppemnsiuuu [Iupcona:

N
" Zl(j}jl,i_yjl)(j}jz,i_)_/jz)
[} e Ky ==

N
Z(}A}jl,i_.)_}jl)z (.)’>j2,i_yj2)2
i=1 i=1

Ky = HK.n 2

Meton 'K ocHOBBIBaeTCSl Ha MPEAIOIOKEHAHN, YTO JIFOOOH j-U TpH-
3HAK MOXKET OBbITh IIPEJICTABIICH B BUJIE TuHEHHONM KoMOuHanuu 'K f; :

Vi=afitayifyteta,;f,, [/=1n],

rae fy,fy,.r f, — I7NaBHBIC KOMIIOHCHTBL; a,, ; — Bec m-ii 'K B j -M

MpU3HAaKeE.

I'maBHBIE KOMITOHEHTHI PACCYUTHIBAIOTCSA TAKUM 00pa3oM, YTOOBI
nepBas U3 HUX JlaBajla MaKCHUMaJIbHO BO3MOXKHBI BKJIaJ B CYMMAapHYIO
QUCTIEPCHIO HAOIONEHNH, BTOpasi — MAaKCUMAaJIbHBIN BKIIa] B AUCIIEPCHIO,
OCTaBUIYIOCS B CyMMapHOH AMCIEPCUU 3a BBIUETOM MEPBOU TJIaBHOM
KOMIIOHEHTBI W Tak jaajee. TakuM oOpa3oM, 3ajjada aHaiu3a TIaBHBIX
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KOMIIOHEHT CBOJHUTCS K TOMY, YTOOBI HAalTH Takoe JIMHEHHOE OpPTOro-
HaJlbHOE IpeoOpa3oBaHue 7 HaONMIOJaeMbIX IPU3HAKOB, KOTOPOE MO3BO-
JIAT IOIYYUTh COBOKYIHOCTb /7 HEKOPPEIUPOBAHHBIX HOPMHUPOBAHHBIX

TIePEMEHHBIX fi,[i:l(l)n], JMCTIEPCHH &> KOTOPHIX OOTAaloT Cieiy-

IOIIMM CBOMCTBOM:
2 2 2
oy 20, 2..20,.

Takoe mpeoOpa3zoBaHre SKBHBAJICHTHO NMPEOOPa3OBAHHUIO MCXOIHOU
KOPPENSLMOHHON MaTpuubl K|, K MaTpuue BUAa:

of 0 .. 0
0 o .. 0
T _ 2
KKy =
0 0 o’

Ilo mucnepcum, coorBercTByromed kaxaod ['K, MOXHO OLEHUTH
BKJIJ] 3TOH KOMIIOHEHTHI B ()OPMHPOBaHUE OOIIEH TUCTIEPCHH COBOKYITHO-
CTH PE3yJIbTATOB pacueTa Mep MEeHTPaTbHOCTH U TEM CaMBIM BBIICIUTH CY-
IIeCTBEHHBIE KOMIIOHEHTHL. [Ipn 3TOM BO3MOXHBI CIIEAYIOIINE BapHaHTHI
HCIIOJIb30BAHMS Pe3yNIbTaTOB BeluucieHus ['K:

— pacueT BKJIaJa Kaxaoro Habmogaemoro npusHaka B 'K n ux pan-
JKUPOBaHWE TI0 CTENEHH BKJIAJIa;

— BBIABJICHUC MYJIbTUKOJUIMHEAPHBIX MMPU3HAKOB, TO €CTh UMCIOIINX
TECHYIO KOPPEJIALNOHHYIO B3aUMOCBSI3b;

— pazJierieHre HaOF0aeMbIX TIPH3HAKOB I10 rPyIiaM (KJIacTepru3ariys).

2.2, JAnd KaxJo0# u3 HccIeayeMbIX CeTel OCYLIECTBIIAETCS pacyeT
BKJIaJIa PA3IMYHBIX Mep LeHTpainbHocTU B mpoctpancte ['K. Jlns pacuera
YAETHHOTO BKJIAga KKIOH MEphl MEHTPATLHOCTH HCIIONB3YETCs CIEAYIO-
miee BeIpakeHue [22]:

Con, =

1

fl(yz)fz (yi)
[ b
DAL
k=1

(i =1(DN],

rae f,(y;) u f,(y;) —3Hauenue Bknaza i-ii mepsl B I'K1 u I'K2.
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Taxum 00pazoM, 3HaUCHHUE yAeabHOTO BKIaga Con (OT aHIJI. «con-
tribution») sBasiercs npousBeneHueMm Bkiaga B 'Kl u I'K2 i-ii me-
PHI IEHTPATHHOCTH, HOPMUPOBAHHOM Ha CYMMY BKJIQJIOB OCTAIBHBIX MEp
B I'K1 u I'K2.

3.3. DTan aHa;IM3a NOJYy4YeHHBIX 3HAYeHUH. 3aKIIOUNTEIbHBIN 3Tall
aHanm3a. Ha maHHOM 3Tarie moirydeHHBIE Pe3yIbTaThl HHTCPIPETUPYIOTCS.

3.1. BplgeneHue KOJUIMHEAPHBIX 3HAYEHUN LIEHTpalibHOCTHU. Pac-
CUHTAaHHBIC 3HAYCHHS BKJIaJa LIEHTPAIBHOCTEH 3aIHCHIBAIOTCS B MaTpHU-
y. UToOB MUHUMHU3HPOBATH OMTHOKY Ha MOCIEAYIONMNX dTamax METoHa,
HEOOXOJMMO COKPATUTh MPH3HAKOBOE MPOCTPAHCTBO, TO €CTh BBISBUTH
U yIanuTh OyOnupyrome Jpyr napyra 3HadeHuss Con  pa3InYHBIX
Mep IEHTPATBLHOCTH.

3.2. PamxupoBaHUE MOJYYCHHBIX 3HaUE€HUH. MaccuB co 3HaUYEHUsI-
MH BKJIAJIOB MEp IICHTPAIBHOCTH (C yYETOM MPEABIAYIIEro Mmpeodpa3oBa-
HUS) PAHKUPYETCS TSI KaXKTOM CeTH.

3.3. Knacrepusauus u cpaBHEHHE Mep LEHTpaabHOCTH. Ha naHHOM
JTane MPOU3BOIMTCS KIIACTEPHU3AIMs PACCUMTAHHBIX 3HAYCHHN MEp IICH-
TpanbHOCTH B mpocTpaHcTBe I'K £ u f,, B Xome KOTOpOH CXOXKUE MepBI

pa3OuBaroTCs Ha TPYMIIBI METOJOM MEpapXHUECKO KiacTepu3auuu. [lanee
CPaBHMBACTCSl COCTaB KJIACTEPOB Mep IEHTPAILHOCTH AJISI BCEX HCCIemye-
MBIX ceTeil. B kauecTBe Mephl CXOKECTH pe3yJIbTaToOB KJIACTEPU3AIMU HC-
nosnb3yercst koaddunuent Goynkca — Mamtosa [23].

4. Anpodauus mertoaa. [loxyueHHbIe B pe3ylbrare dTana 2 3Ha-
yenus Bkianaa 'K npencraBnensl B Tabnuue 3. PesynpraTel aHamm3a mo-
Jy4eHHBIX 3HaYeHuH Ha moadTane 3.1 — 3.2 npeacraBneHsl B Tabnuie 4.

C n1aHHBIMH, MOJIyYEHHBIMH B PE3yJbTaTe UMUTAIIMOHHOTO MOJIe-
JUPOBAHMS, M C PEATbHBIMH JaHHBIMH MPOU3BOAMINCH TpeoOpa3oBa-
HUS B COOTBETCTBUH C 3TallaMH CPaBHUTEIBHOIO aHaIM3a, [IPEJICTaBIICH-
HEIMH Ha pucyHke 4. Ha momdrame 1.1 B pesynpraTe mpemoOpaboTKu
kaxnas u3 16 cereit (Tabm. 1) mpuBeneHa K BHIY CBS3HOTO HCOPHCHTH-
poBanHoro rpada 6e3 nerens. Ha nogarane 1.2 quis kaxaoro rpada pac-
CUHTaHBI 23 MepHl IeHTpadbHOCTH BepmuH (Tadin. 2). [lomydenHsie naH-
HBIE CTaHIAPTU3UPOBAINCH, TIIOCJIE€ Yero IMOJABAINCh Ha BTOPOH
3Tal aHaJlIu3a.

Ha BTOpOM 53Tame BBIMOJHEH pacyeT BKJIAAa KaXKAOH Mephl ICH-
TPaJBHOCTH B TEPBYI0O M BTOPYIO TIJIaBHBIE KOMITOHEHTHI (Tabiu. 3).
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Tabnuna 3. Pacuet BKJIaga Mep IIEHTPAILHOCTEH B MEPBYIO M BTOPYIO MIABHBIC KOMIIOHCHTHI

1] 53 [ Q) wn =3 © =] ) — < © ©~ ] [ © =3
g2l 3 s & | g q = € @ a g o & = = =
= =3 — =] — < < < < v < < — ] o o o
o ) = 5] © =] o — — o g 5 — 2 o ®
= 2 = — | N ) ) x| 2 e 2|
g < — Al F o o NP 2 —~ § ~ o o e}
[ vy — o0 o < 3 o @ o o~ o 3 0 =
2l o2l = = = vl <2 2 e 9 = o 2] = o 9]
S| & W oW | oWl | oW | e | S ] |
=3 o~ (s o = - w @ =3 o - 3 0 <t = =
<l 9l 2 = 2 2 =2 = 2 = oel 2 2 e o o
Sl oS S S S| S| S | S| | e S| S| e d e
= -— o < o o [y o“ ol v o~ — o < [ <
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Tabnuna 4. PamkupoBaHHbIC 3HAYCHUS BKIIa/Ia MEP ICHTPAIBHOCTH ISl aHAIA3U-
pYEMBIX ceTei

LI/Ne 112 (314|567 ]8]9 (10|11 |12 (13 |14 |15 (16
CeTH
MIT L)1 (1123119412123 ]2]2
BbJI 2142151767189 [6]1412([12]6]5]4
BO 3 [2 167 (8 (1011 (7 (108 |3 [5 [13]10(9 |7
JIIT 4 1819 (9 [10]9 10|13 )11 |7 118 |8 [8 [I1]8&
b S {718 |8 (11819 (14]13]5 12719 |9 [12]10
PIT 6 |12 |10 11 |14 |11 |14 [15 |15 |10 [IS (9 |11 |12 |15 |12
KK 7 (10 |13 )10 {3 |5 |2 (11 |14 |16 [14 {13 |10 |5 [10 |16
11 8 |9 [11 |14 |13 (14 |13 )12 |6 [15]9 |15 (14 |16 |8 [15
OKC 9 [13 |15 )16 [15 |16 |16 [16 |16 |17 |16 [12 |16 |17 [17 |17
1JI 1013 (3 (2|1 |7 (S5 |1 |12 ]1]6 3 [7]1]3
BCB (116 |5 (3|52 (3 4|8 (13|63 [4([2]6 |11
C 12|15 (41414 (1 (41323541 ]1 |3 ]1
PC 13|11 (71619 (416 ]10[7 [14]13]10[5 417 |9
1P 14 |15 {12 |12 |16 (13 |15 |17 [12 {9 |17 |11 [6 |13 |13 |6
111 15 (14 114 |13 (12 (12 )12 12 |3 [4 |8 |14 |7 [11 |4 |5
MKC [16 |16 [16 [15 |6 |15 (8 |5 |5 [12 |7 |16 |15 |15 |14 |13
IIMKO |17 |17 [17 |17 |17 [17 |17 | 6 [17 |11 |10 |17 17 |14 |16 [14

Ha mopprane 3.1 s moucka KOJJIMHEApHBIX 3HAYCHWI MMpoaHaiu-
3MPOBAH PacyeT BKIIAAa ICHTPAIbHOCTEH (Tadi. 3). BriaiaeHo 9 koyumiHe-
apHBIX Mep IEHTPAIBFHOCTH, 3aIITPUXOBAaHHEIX B Tabmume 3. Kommmaeap-
HBIE MEpPbI IEHTPATBHOCTH PACTIPEIENICHBI MO CIIETYIONINM TPyTIaM:

— mepsas rpymnmna: JIL || BIL || B® || b;

— Bropast rpynmna: P11 || CP;

— T1perbs rpymmna: CB || AK || KK.

Mepslt BCB u C komnmuHeapHbl YaCTMYHO, TIOSTOMY HCKIIIOYATh UX
U3 TAIBHEUIINX PAcueToB HE Oy/IeM.

[Tocne ymanenust xomnuHeapueix mep bL[, b®, b, CP, CB, AK,
OCTaBIIMECS] MEPHI LEHTPATBHOCTH Y3JI0B PAH)KUPYIOTCSI B 3aBUCHMOCTH OT
Briaga Con sl KaXI0#M ceTH. Pe3yabTaThl Takoro mpeoOpa3oBaHMs TPE-
craBieHsl B Tabiune 4. Cpean Mep LEHTPAILHOCTH BHHBI SIBHBIE ayTcai-
nepsl — 3to Mepsl neHTpansHoct [IMKO, MKC, 5KC. [epByto mo3urmro,
B OOJIBIIMHCTBE CeTEH 3aHUMAaeT Mepa MapKOBCKOI HeHTpansHocTH (MLI).

MII — 3T0 Mepa, OCHOBaHHAs Ha KOHIEHIMHU CIy4aiHOTo 00xoxa
rpada. B Heil ucmonp3yercs cpepHee BpeMsl MEPBOTO IPOXOXKACHUS OT
KaXI0M BepIIMHBI A0 KaXmod napyroil BepmuHbl. OHO IOKa3bIBaeT
HACKOJIFKO TECHO KaXKIas BEepIIMHA CBs3aHa ¢ Apyroi. CpemgHee BpeMs mmep-
BOTO IPOXOJIa OT BEPIIMHBI g K BEPUIMHE b — 3TO CpeJHee YMCIIO IIaroB,
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noJlydaeMble B Ipoliecce ciiydaiiHoro Omyxxnaanus. CirydaiiHble Oy KIaHus
c OonpLIell BEpPOSATHOCTBIO OBICTPEE MOCTHIAIOT BEPLIMH, 3aHHMAOLINX
TJIABEHCTBYIOIIEE TION0KEHUE B CETH.

B pesynbrarte n3ydyeHus myOIMKanuii Mo JaHHOHM MpeaMeTHoH obna-
CTH yCTaHOBIJIEHO, 4To MI] He3acmyx)eHHO o0zereHa BHUIMaHUEM HCCIEN0-
Barenell. Tak, B pyCCKOSI3bIYHOM CErMEHTe ceTH VIHTepHeTa He HaliIecHO HU
OJIHOTO HAy4HOTO TpyJia, NOCBAILICHHOTO 3TOM Mepe LieHTpalbHOCTH. B aH-
TJIOSI3BIYHOM — CTaThH, AatupoBarHbie 2003 romom [24].

Ha pucynkax 5 u 6 npeacraBieHsl KOPPEISLIMOHHBIE OKPYKHOCTH AT
HEKOTOpPBIX U3 HcclenyeMblx cereil. KoppemsumoHHas OKpy>KHOCTb — 3TO
CrIoco0 BU3yaIM3aLlMK PE3yNbTAaTOB aHAIN3a IaHHBIX METOAOM IJIaBHBIX
KOMIOHEHT. OKpYXHOCTb MMEET €IMHWYHBIM Paguyc, YTO COOTBETCTBYET
CYMMapHOMY BKJIaJy IEPBOM W BTOPOW KOMIIOHEHT. UeM Onmke K HEl 3Ha-
YeHHE KOOpPAWHAT BEKTOPA, XapaKTEPH3YIOLIEro Ty WIM HWHYI0 Mepy IIEeH-
TPAJILHOCTH, TEM BBIIIE €ro BKJIaJ B yKa3aHHbIE KOMIOHEHTHL. CXoXwe Mo
crenenu Bkiajia B 'K1 u I'K2 Meps! IeHTpaibHOCTH PaclonoKeHb! PSIIOM.

TK 1 (45.7 %) TK 1 (63.2 %)
Puc. 5. KoppensiuoHHble OKpy>KHOCTH 1151 Mojenei cereid Ne 1-2

Ha pucynke 5 KoppeIsinoHHbIE OKPY>KHOCTH CBEPXY: IS MOJeeit
cered 1 u 2, mocTpoeHHbBIX Ha Oa3e momenu Yorrca — Ctporarna (ciieBa) u
Ha 6aze mogenu bapabamm — Anrbepra (crpaBa). Ha pucynke 5 BuaHO, 91O
s Kaxmaoit cetn obocobnena mepa CP u OKC. OcranbpHbIE MEpBI HUMEIOT
CKJIOHHOCTb K TPYIITMPOBAHUIO U CHIIBHO KOPPEJIMPOBAHBI MEXKYy COOOI.

[IpencraBneHHble HA PUCYHKE 6 KOPPEIALHMOHHBIE OKPY)KHOCTH OT-
HocsITCs peasibHBIM ceTsaM 9 (cieBa) n 10 (cmipasa). ObocoOIeHHOCTH Mep
OKC u I[IMKO coxpansiercs u i peanbHbIX ceTeil. OcTaapHble MEPhI TaK
Ke KaKk B CMOJACIUPOBAHHBIX CETAX CKJIOHHBI OOpa30BBIBATH TPYNIbI U
HMEIOT TIOJIOKUTENIFHYIO BHICOKYIO KOPPEIISLIHIO MEKITY COOOH.

Informatics and Automation. 2020. Vol. 19 No. 6. ISSN 2713-3192 (print) 1321
ISSN 2713-3206 (online) www.ia.spcras.ru



UNPPOBbIE MH®OPMALIMOHHO-TENIEKOMMYHUKALIMOHHBIE TEXHONOI A

10- : 10-

N9 | Nl0 | AK

-10 05 10

TK 1 (45.7 %) K1 (63.2%)

Puc. 6. KoppensiuoHHble OKpY>KHOCTH AJ1s peaibHbIX ceTei Ne 9-10

3aKOHOMEPHOCTH TPYIIUPOBKH JTaHHBIX TIO3BOJISIIOT PUMEHUTH Me-
TOJbI KJIACTEPHOTO aHalM3a Uil OLIEHMBAHUs OJM30CTH MEp LEHTPaJbHO-
ctu. Pe3ympTatoM MepapXH4yecKol KiacTepu3alldl Mep LEHTPalbHOCTU B
npoctpanctBe ['K sBiseTcss aeHaporpaMma WM JE€PEBO, IOCTPOCHHOE 10
MaTpUIE CXOJCTBA, KOTOpasl ONpPEeseT pacCTOSIHUE MEXTy MapaMy Kia-
crepoB. CaMBIMH paclpOCTPaHEHHBIMH METO/JAaMH pacdeTa pacCTOSHUSA
SIBIISTIOTCSL METOZ, OJTMHOYHOM CBSI3M, METOJI TIONTHOW CBSI3HM, METOJ CPEIHEH
CBSI3H, IIGHTPOUAHBIN MeTox U MeTo Yopaa. [l BeiOopa Merona pacyera
paccTosHUA MEXIy KiacTepaMH BOCHOJIb3yeMcsi Kodddummentom momap-
HOW Koppensaiuu [InpcoHa cTpOK MaTpHIBl CXOJCTBAa M MaTpHIbl KodeHe-
THYECKOT'O PACCTOSIHUSI PE3yJIbTATOB KJIACTEPU3AlMHU, BBIOJIHEHHOW C HC-
MOJIb30BAaHUEM PA3JIMUHBIX METOAOB pacueTa paccTosiHuA. Pe3ynbpTatsl pac-
YEeTOB IPUBEJICHBI B TA0IHLE 5.

Tabmuna 5. 3nadeHus kK03 HUIHEHTAa KOPPEISALUH IS Pa3INIHBIX METOIOB
pacuera pacCTOsIHUS

Bun Opunounoit | Ilonnoit | Cpenneit N
PacCTOSTHHSI Yopza CBSI3U CBSI3U CBSI3U Hentponanbtii
Koppemsims 0,95 0,867 0,789 0,829 0,851

W3 Tabnwmel 5 ciexyer, YTO HAWIYYIINM SIBJSIETCS pacCTOsTHHUE Y O-
pZa, Tak Kak KOppeysiLys MEeKIy MaTpULIEH pacCTOsTHUI Yopaa u MaTpuueit
KO(EHETHYeCKOro paccTosiHusi HanOosbinas. CleaoBarenbHO, PacCTOsHUE
Yopna n OyneM NpUMEHSTH IPH NOCTPOSHHU JIEHIPOrpamMM. Pes3ynbTars
HMepapXUuecKol KiacTepus3aliy IpPeACTaBJIeHbl B BHUJE JIEHApPOrpaMM Ha
pucyHkax 7 u 8.

Ha pucynke 7 BUIHO, YTO TpyHNBI Mep LEHTPAIBHOCTH, MOIy4EH-
HBIE B pe3yJIbTaTe KIacTepH3alui, B OCHOBHOM CX0XH. M3 oOmieii kapTHHBI
BoiaessaoTes kiacrepel OKC u [IMKO, uucno kmnacrepoB ajst Bcex cereit
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paBHo deTbipeM. Takum 00pa3oM, Mepbl HEHTPAILHOCTH JeNsITCs Ha 4 Kila-
cTepa, U3 KOTOPhIX MOXKHO BBIZICIMTH /1B KPYNHBIX W JIBa MajbIX. Maibie
KJIacTepbl UMEIOT Pa3IMYHBIN COCTaB, YTO IO3BOJISIET MX OTHECTH K CITydaii-
HBIM BbIOpOcaM. [Iyisi BBISIBIEHMS paszivyuidl MeXIy KiacTepamu, o0pazo-
BaHHBIMHA MEpaMH LEHTPAIBLHOCTH, PAacCUUTaeM HX IOINAapHOE CXOCTBO.
st aToro Oyzem ncnonb3oBath KoddduipenT Poyikca — Mamtosa [23].

’ Ne2
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2 ST O @O N 1
1- .~ 1- m - = m-<s
2- 2- No 4
0- = 0- | ‘: —
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Puc. 7. Pe3ynbTarhl KJ1acTepU3aluy Mep LEHTPAILHOCTH JIJIsl HCCIIEIyEMbIX CETeH,
MOCTPOCHHBIX Ha 0aze Mozeneit (Ne 1-8)

Koapdumment Doynkca — MamioBa — 3TO Mepa CXOICTBA MEXKIY
JIBYMSI pe3yJbTaTaMH KJIAcTepH3aluu. PaccMOTpHM, Kak pacCUUTHIBAETCS
koaddurment doynkca — Mamnosa. [Ipu cpaBHEHHH pe3yNbTaTOB KiacTe-
pHU3aLuH TPH YCIOBHU OJUHAKOBOTO KOJIMYECTBA KJIACTEPOB BO3MOXKHBI 4
BapHaHTa MOJIOKEHISI 00 BEKTOB KJIaCTePHU3aLNH (TOUYEK):

1. YY — konudyecTBO 00BETMHEHHBIX B OJMHAKOBBIC KacTepa TOUEK
IpHU KiIacTepu3atuu A; u A».

2. YN — KOJMYECTBO TOYEK MPUCYTCTBYIOIIMX B OJHOM KilacTepe
NIpU KJ1acTepu3anuu 4;, HO He A».

3. NY — KOJIMYeCcTBO TOYEK MPHUCYTCTBYIOIIMX B OJHOM KiacTepe
MIpU KJIacTepU3aluu Az, HO He A;.

4. NN — KOJIMYECTBO TOYEK HE COBIIAIAIONINX HU B 4; HU B A>.
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Puc. 8 Pe3yHLTaTBI KHaCTCpI/BaHI/II/I Mep L[CHTpa.HLHOCTI/I JJIsL I/ICCJ'ICI[yeMLIX

peanbHbIX ceteit (Ne 9-16)

o
jig

MKO

=

Koadpdurment domykca — MaioBa pacCUUTHIBACTCS COTIIACHO BBI-
PaKEHHUIO:

YY
JOY +YN)x (YY +NY)

KoadduimenT usmeHsercs B mpenenax [—1;1]. Yem ero 3HaueHue

BBIIIIE, TEM OOJIee TIOXOXKHU IPYT Ha Apyra pe3yJbTaThl KIacTepH3ally.

PesympraTtel pacuera koddp¢urmenta Poynkca — MamioBa mpen-
CTaBJICHBI B BUJIC MaTPHUIIbI IOIAPHBIX CPAaBHEHUH HA PUCYHKE 9.

TakuMm oOpa3oM, MOXKHO YTBEp)KIATh, YTO pacCMaTpHBAEeMbIe MepbI
LICHTPAJILHOCTH Y3JIOB CIPYIIIMPOBAHbI [IPUMEPHO OJUHAKOBO I BCEX HC-
CIIeTyeMBIX CETeH, YTO TOBOPUT 00 YCTONYMBOCTH MOJIyYEHHBIX PE3yJIbTaTOB.
ITo marpuLe nonapHbIX CPABHEHUI MOXKHO CIENIaTh BBIBOJ, YTO IPYIIIMPOBKA
Mep LEHTPAIbHOCTH UMEET CXOKECTh AT BCEX MCCIIeNyeMbIX 16 cetell. 3Ha-
yenus: kodddunmenta doynkca — MbouioBa He omyckatorcst Hike 0,41, a
MaKCHUMaJIbHBIE 3HAYEHHUS B PsijIe CITydaeB JOCTUTAloT 1.
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O - N ® T W ©
- N M S 1 O N~ 0 0 - v v v = v

111 0.750.720.670.720.610.74/ 0.6 0.62 0.640.590.650.69 0.6
2/ 1 0.650.730.650.83 0.530.77 0.560.51 0.7 0.890.560.84 0.8
31 091 1 0.790.550.74 0.510.88 0.720.74 0.65

4 1 0.910.830.490.650.530.470.79 0.8 0.75 0.7 06
5 1 0.790.550.740.490.510.880.450.720.740.470.65 [
6 1 0.510.620.540.640.410.590.910.52 0.8
7 1 0.720.450.550.560.810.650.450.66 r02
8|1 0.58 0.8 0.6 0.790.520.68
9 1 0.580.40.520.530.690.590.77 °
10 1 0.63 0.5 0.580.860.57 | | 02
11 0.76 0.6 | 0.5 0.52
12 1 0.6 0.460.76 0.4
13 1 0.630.610.61 06
14 1 0.540.89
15| 1 0.51 -0.8

16 1
-1
Puc. 9. Marpuna nonapHsIx CpaBHEHHUII MEpbl CXOJICTBA KJIACTEPOB HA OCHOBE
kodpdurmenta Goynkca — Mamiosa

Paccuntaem CTaTUCTHYECKYIO 3HAYHMOCTH ITOJIOKEHHSI MEpPhI B paH-
upoBaHHOM crricke ee Bkiana B I'K. Ha pucynke 10 B Bume cronbmoBoit
JuarpaMmbl IIOKasaHa 3aBUCUMOCTD CTATUCTUYECKON 3HAYMMOCTH JJI1 MEP
LEHTPAJIHOCTH OT 3HadeHus BKiaga B mepsble Tpu I'K. Cratucrmueckas
3HAYMMOCTD paCCUYUTLIBATIACh B COOTBCTCTBHUU C KPUTEPUCM COTIaCUsd HI/Ip-
coHa. Br16op Tonbko Tpex 'K 00ycioBieH TeM, 4TO B KOHKPETHOM HCCIIe-
JIOBAaHWW OHM OTpeAessoT 95% 06001IeHHO qUucnepcH TaHHBIX.

Kak BumHO Ha pucyHke 10, HauOOJIBIINHA BKIIaJ NPH OLIEHKE BaX-
HOCTH y3ma cerm BHociat wmepel LII, C, MI[. 3nadeHus
10 BEPTUKAIBHOW OCH  IPONOPIMOHAIBHEI  HAOJII0OAaeMBIM  4acTOTaM
BCTPEYAEMOCTH MEpPHI IEHTPAIBHOCTH Ha COOTBETCTBYIOUIEH MO3UIIUN
3HAYAMOCTH TI0 BCEM HCCIIEAYEMBIM Tpadam.

IIBeToM 0003HAYEHA 3HAYUMOCTD OTKJIOHSHHUS OXKHIAeMBIX M HaOIr0/1a-
€MBIX YacTOT B 3TOH srYelKe, eCIM 3HAUCHHUS] HOPMAIN30BAaHHBIX CTaHIapTU3H-
poBaHHBIX OocTaTKOB Oouibiie 0.025, MOXKHO CUMTaTh, YTO B ITOW siuelike 3a-
(DMKCHPOBaHbI CTATUCTUYECKH 3HAYMMBIEC OTKJIOHEHUsI, YTO TOBOPUT O CTEEeHN
BKHOCTU MEpPbI LICHTPATLHOCTH B KOHTEKCTE BCEX UCCIIEIOBAHHBIX CETEH.
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Puc. 10. 3nadyenus Bkiaa Mep LEHTPAJIbHOCTH B IIEPBbIE TPH KOMIIOHEHTHI [10 BCEM
uccieayeMbIM rpadam cetei

~0.12

HopmanuaosaHHble
CTaH[apTU3NPOBaHHbLIE OCTaTKM

IIpu 5ToM mox OXHIaeMBIMH YacTOTaMU HPUHUMAIOTCS BBIYHC-
JIGHHBIE M0 KPUTEpPHI0 XH-KBaApaT PaBHOBEPOSTHBIE YaCTOTHI, HHA-
4e TOBOPsI, OTKJIOHEHHE paccTosHUS [IlupcoHa B 3HAYMMBIX Mpenenax
MO3BOJISIET CKa3aTh O CTATUCTHYECKOW 3HAYMMOCTH IIOJIOKECHHS MeEpHI
HEHTPAIILHOCTH B paH)KMPOBAaHHOM chucke ee Bkiaga B 'K B cpaBHe-
HUM C PAaBHOBEPOSITHBIM PACIIPEJICIICHUEM.

Takum 00pa3oM, Ha OCHOBaHHMHM IIPOBEACHHOTO CPAaBHUTEIHLHOTO
aHaJIM3a CTATUCTUYECKH 00OCHOBAaHA 3HAYUMOCTh MEp LIEHTPATBHOCTH, YTO
MO3BOJISICT B JaJbHEHIIEM HauumHaTh aHanu3 cTpyktypsl UKC ¢ Hanbonee
3Ha4nMBbIX Mep. Kpome Toro, o60ocHOBaHa BO3MOXXKHOCTH COKPAIICHHS IPH-
3HAKOBOT'O MPOCTPAHCTBA, (POPMUPYEMOTO Pa3IUIHBIME MEPaMH IIEHTPaIIb-
HocTH y310B Ipu ananuse MKC pazanuHoi npupoasl.

5. 3akarouenne. [loaydeHHBIC Pe3yIBTATHI COCTABIISIIOT ONPEICICH-
HBIN BKJIA]] B Pa3BUTHE MPUIIOKEHUIT Teopun rpadoB B 3aja4ax HCCIea0Ba-
HUS ceTell pa3HOoO0Opa3HOW HPUPOABI M O0OOCHOBBIBAIOT BO3MOXKHOCTH CO-
KpalleHus MPU3HAKOBOI'O MPOCTPAHCTBA, (POPMHUPYEMOT0 Pa3IHMYHBIMU Me-
paMH IEHTPATILHOCTH Y3JIOB aHAJIM3UPYEMBIX CETeH.
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Hcnonb3oBaH HabOp AaHHBIX O MOJIENBHBIX M peajibHbIX HH(pOpMa-
IHMOHHO-KOMMYHUKAIIMOHHBIX CCTAX pa3HPI‘IHOI>II npupoabl, A KOTOPBIX
Mepbl LCHTPAIbHOCTH Y3JIOB MMEIOT TOCTaTOYHO BBICOKHI YPOBEHb CTATHU-
CTHYECKOW 3HAYMMOCTH, YTO COOTBETCTBYeT KO3(D(HIMEHTY KiacTepu3sa-
LU Ha ypoBHe He MeHee 0,7.

Ananmuz 23 Mep LEHTPaTbHOCTH Y3JI0B CETH METOJOM IJIaBHBIX KOM-
MOHEHT TI0Ka3aJl, 4YTO 9 HCCIIeyeMBIX Mep HEHTPAIBHOCTH SIBISIOTCS KOJUIH-
HeapHbIMH. KoJmiHeapHble Mepbl LEHTPAIBHOCTH paclpenesieHbl Mo TpeM
rpymmam. IlepBasi rpynma BKIIOYaeT JHHEHHYIO LEHTPaIbHOCTH, OapHIEeH-
TpaJbHOCTbh, LEHTPAIBLHOCTE 0 OpumMany 1 1o Gizoctr. Bropas rpymnma —
LEHTPAILHOCTH 110 CPEIHEMY PACCTOSHHIO M LICHTPAIBHOCTD «pbrdaray. Tpe-
ThS IPYMIIa — LEHTPAIBHOCTh 110 COOCTBEHHOMY BEKTOPY, LEHTPAIBHOCTH 10
aBroputetHoctH KisiiinOepra u no konueHrpanuu Kisiinoepra.

B pesynbraTe pamXHpOBaHHs BKJIaaa Mep LEHTPaIbHOCTH B 3Ha-
YEeHUS TTIABHBIX KOMIIOHEHT /ISl KaXIOW CETH BBISBICHO, YTO MEPHI IIEH-
TPaldbHOCTH MO IJIOTHOCTH MAKCHMATbHOW KOMIIOHEHTBI OKPECTHO-
CTH y371a, MEKKJIUKOBOH CBSI3U U HKCICHTPUCHUTETY SBILSIFOTCS MaJIO3HA-
YUMBIMH, a MIEPBYIO MO3MIHUIO B OONBIIMHCTBE CEeTeil 3aHMMaeT MapKOB-
CKasi IEHTPAIbHOCTb.

OO0ocHOBaHHOE NMPUMEHEHHE MeTola Yopaa Uil pacdera paccTos-
HUS MEXAY KiacTepaMu, GOPMHUPYEMBIMH Pa3IHYHBIMH MEpaMH IIEHTpPaIIb-
HOCTH B IPOCTPAHCTBE IJIABHBIX KOMIOHEHT ITO3BOJIMIIO, OCYLIECTBUB KJla-
CTEpHU3aLMIO, CHEeNaTh BBIBOA O IPYNIUPOBAHUH MEpP LEHTPAIbHOCTH IO
yeTbIpeM KiacTepam. [1o marpuiie monapHbIX CpaBHEHHI pe3yIbTaToB Kila-
CTEpU3aLliM, IOJYYEeHHOH C HcHonb3oBaHMeM kodp¢uuuenra doyikca —
MbitoBa, MOKHO CIENAaTh BBIBOJ O TOM, YTO TPYIIIMPOBKA MEP [EHTPAIIb-
HOCTH MMEET CXOXECTh JJISl BCEX MCCIEAyeMbIX 16 ceTei, YTO TOBOPHUT 00
yCTOﬁ'—IHBOCTH TOJTYUYCHHBIX pE3YyJIbTAaTOB.

HawubGonbminii BKIaJ B pe3yJIbTaT OLICHHBAHUS BaKHOCTH y3lla CETH
BHOCSIT MEpPbI IEHTPATBHOCTH MO CTENCHH, MAPKOBCKOW I[EHTPAIbHOCTH H
LIEHTPAILHOCTH moArpada.

Just najpHeHINX UCCIeJOBaHUIA IPEICTABIISIIOT HHTEPEC MEPHI LICH-
TPAJILHOCTH 110 CPEIHEMY PACCTOSHHIO Y3J1a M IO JKCUCHTPUCUTETY, TaK
KaK OHH PacIoIoKeHbl 000COOJICHHO B IPOCTPAHCTBE IMIABHBIX KOMIOHEHT
OTHOCHUTENFHO OCTAIBHBIX MEp LEHTPAIbHOCTH, a TAKKE MEphl LECHTpallb-
HOCTH TIO CTEIECHH, MapKOBCKOW LIEHTPAJIbHOCTH U LIEHTPAIBLHOCTH IIOITpa-
¢a, kak HanboJIee 3HAUYMMBIC [P OLICHKE B)KHOCTH y3J1a CETH.
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I. EREMEEV, M. TATARKA, F. SHUVAEV, A. CYGANOV
COMPARATIVE ANALYSIS OF CENTRALITY MEASURES OF
NETWORK NODES BASED ON PRINCIPAL COMPONENT
ANALYSIS

Eremeev 1., Tatarka M., Shuvaev F., Cyganov A. Comparative Analysis of Centrality
Measures of Network Nodes based on Principal Component Analysis.

Abstract. The analysis of networks of a diverse nature, which are citation networks, social
networks or information and communication networks, includes the study of topological
properties that allow one to assess the relationships between network nodes and evaluate
various characteristics, such as the density and diameter of the network, related subgroups of
nodes, etc. For this, the network is represented as a graph — a set of vertices and edges between
them. One of the most important tasks of network analysis is to estimate the significance of a
node (or in terms of graph theory — a vertex). For this, various measures of centrality have been
developed, which make it possible to assess the degree of significance of the nodes of the
network graph in the structure of the network under consideration.

The existing variety of measures of centrality gives rise to the problem of choosing the one
that most fully describes the significance and centrality of the node.

The relevance of the work is due to the need to analyze the centrality measures to
determine the significance of vertices, which is one of the main tasks of studying
networks (graphs) in practical applications.

The study made it possible, using the principal component method, to identify collinear
measures of centrality, which can be further excluded both to reduce the computational
complexity of calculations, which is especially important for networks that include a large number
of nodes, and to increase the reliability of the interpretation of the results obtained when
evaluating the significance node within the analyzed network in solving practical problems.

In the course of the study, the patterns of representation of various measures of centrality
in the space of principal components were revealed, which allow them to be classified in terms
of the proximity of the images of network nodes formed in the space determined by the
measures of centrality used.

Keywords: Principal Component Analysis, Measure of Centrality, Graph, Clustering,
Measure of Similarity
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M.A. TIEPErvy0B, A.C. CTEIIKOBO
MOJEJIb HEHTPAJIN3OBAHHO-3APE3EPBUPOBAHHOI'O
JTOCTYHA K CPEJIE B CETSIX [IU®POBOM PAJIMOCBSI3U

Ilepecyoos M.A., Cmewrxogoii A.C. Mopeab NEHTPAJIU30BAHHO-32pPe3ePBUPOBAHHOIO
J0CTYINA K cpeje B ceTAX uudpoBoii pagnocpssu.

AHHoTanus. lleHTpanu30BaHHO-3ape3ePBUPOBAHHBIN JIOCTYII K Cpene B ceTsax LudpoBoi
pamuocBsizu  cemeiictBa cranmaptoB IEEE 802.11 sBisiercs anbTepHAaTHBOW ClilydaiiHOMY
MHOJKECTBEHHOMY noctymy K cpene Tuna CSMA/CA 1 B OCHOBHOM HCIIOJNIB3YETCs TIPH Tlepejjade
TOJIOCOBBIX ¥ BHMIEOCOOOIICHMH B peXHUME pealbHOro BpeMeHH. OOsacTb NPUMEHEHUS
LEHTPAIN30BaHHO-3aPE3EPBUPOBAHHOIO JOCTyIIa K Cpele OIpeiesieT HHTepeC K HeMy Co
CTOPOHBI  3JIOyMBINUICHHHKOB. OnHako  omneHka 3(GQEeKTHBHOCTH  LEHTPAIM30BaHHO-
3ape3epBUPOBAHHOIO JOCTYNA K CPele B YCIOBHAX MOTEHIUAIBHO BOSMOXKHBIX AECTPYKTHBHBIX
BO3/ICHCTBHI HE MPOBOAMNIACH, a TMOTOMY CJIOJKHO OIpENeNUTh BKJIAl JTHX BO3ACHCTBHH B
cHIkeHHEe O(GQEKTHBHOCTH Takoro JocTyma. IlpencraBieHa aHaIUTHYECKas MOJENTb
LIEHTPAIN30BaHHO-3aPE3EPBUPOBAHHOIO JIOCTYMA K CpeJie, YUUTHIBAIOas HE TOJBKO 3Tall €ro
(YHKIMOHHPOBAHKS, HO U OTall YCTAHOBJICHHS B YCIOBHSX JECTPYKTHBHBIX BO3ICHCTBUH CO
CTOPOHBI 3JOyMBIIUICHHUKA. [IpmdeM B MOJENH OTal yCTAHOBIEHMS ILEHTPAIH30BAaHHO-
3ape3epBUPOBAHHOIO JIOCTyNa K Cpejie OTOOpa)kaeT IOCIIEN0BATENbHYIO B3aHMOCBS3b TaKOIO
JIOCTYNa, CHHXPOHHM3AllMM DJEMEHTOB ceTeil 1M(ppPOBOM pPAAMOCBA3M W  CIy4ailHOro
MHOXECTBEHHOro joctymna k cpene tuma CSMA/CA. YcTaHOBIEHO, 4TO KOJUIM3UH B KaHaie
Hepefayd JaHHBIX, BBI3BAHHBIC IECTPYKTHBHBIMM BO3JICHCTBUSMH, CIOCOOHBI HCKIIFOYHUTh
LEHTPAIN30BaHHO-3aPE3EPBUPOBAHHBIA [OCTyl K Cpele elle Ha O3Tale ero yCTAaHOBICHHUS.
Mogens npEMeHIMa IPH IPOSKTHPOBAHHUY CeTel IM(ppoBOil pagroCcBsA3H CeMEHCTBa CTaHIAPTOB
IEEE 802.11, onTuMu3auuu paboThl TAKUX CeTell M OOHAPYKEHHH MOTCHLIHAIBHO BO3MOXKHBIX
JEeCTPYKTHBHBIX BO3IEHCTBHI CO CTOPOHBI 3/10YMBIIIUICHHHKA.

KiioueBble  clI0Ba:  [CHTPAIN30BAHHO-3aPE3CPBHPOBAHHBIM  JOCTYI K  Cpele,
CHUHXPOHM3allusl, CIydyaiHbli MHOMKECTBEHHBIH JOCTYN K Cpelle, CPeACTBO KOMMYTAllMH U
ynpasienus, aboneHrckuii tepmunain, IEEE 802.11

1. Beenenue. [l ontuManbHOro (D)yHKIMOHMPOBAHMS ceTed Lud-
posoii paauocssizu (CIIP) tpebyercs onenka ux 3¢(HeKTHBHOCTH HE TOJIBKO
Ha JTare MPOSKTHPOBAaHUS, HO M HAa OSTare 3KCIUTyaTallud, OCOOCHHO B
YCIIOBHSIX JIECTPYKTHBHBIX Bo3fieiictBuii ([IB). B [1, 10-16] npuBeneHs
aQHAIUTHYECKHE MOJENIN (YHKIIMOHUPOBAHUS MPOLEAYp KaHaJbHOTO ypOB-
Hs1 CLIP, a IMEHHO CHHXPOHM3ALMHU, YIPABICHUS MOIIHOCTBIO, 3ape3epBH-
POBAHHOTO OCTYIA K Cpelie, CIy4allHOr0 MHO>KECTBEHHOT'O IOCTYMa K Ccpe-
ne (CMIC) tuma ALOHA, S-ALOHA, CSMA/CA u CSMA/CD. B [2-6]
paccMmoTpeHsl Moaenu ¢usudeckoro yposHs CLIP, a B [7-9] npeacraBieHsI
AITOPUTMUYECKHE MOJETH B3aNMOICHCTBHS €€ SIIEMEHTOB.

HawnbGonee moctynHsIMH ansi 370yMbInuIeHHUKa sBistorcs CLP
cemeiictBa ctarmaptoB IEEE 802.11, Ha ypoBHe moctyma K cpene KOTo-
PBIX COCPEIOTOYCHBI caMble OmacHble ys3BUMocTH [13, 16-22]. B pabo-
tax [13, 16] mpencrasiens! [IB Ha ypoBHE CHHXPOHHU3AIUH U CIy4ailHOro
MHOECTBEHHOTO JIocTyna K cpene. B [17-19] paccMoTpeHbl 1ecTpyKTHB-
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Hble BO3ICHCTBUS Ha YpPOBHE ayTeHTH()UKAIUMM W accolanuu, a
B [20, 21] — MeToab! peanu3aluy Takux Bo3aeicTuil. B [22] mpennoxxen
anroput™m ooHapyxenus /IB.

K oCHOBHBIM TMpoIieaypaM ypOBHS JIOCTYIa K cpefe cerei mudpoBoit
paamocsszu cemeiictBa craniaptoB IEEE 802.11 otHocsTCs ayTeHTH(UKALWS,
accormarrst, cuaxpormsaryst, CMJIC tama CSMA/CA u neHTpai30BaHHO-
3apesepBupoBaHHbId qoctym k cpeae (I3AC) [23-26]. ITpu stom L3/C sBms-
ercs anprepraTrBoil CMJIC Tuma CSMA/CA u mpuMeHsieTcs Ipu Tiepeade
TOJIOCOBBIX M BUIICOCOOOIIICHUH B PEXKIME PEaTbHOTO BPEMEHH.

Ceromust B CLIP cemetictBa cranmaptoB IEEE 802.11 B ycnosusx /1B
3¢ PEeKTHBHOCTH OIEHMBAECTCS TONBKO [yt cnaxpoHmsarmu [16] 1 CM/C tuna
CSMA/CA [13]. V3BecTHbl MaTeMaTHUYeCKHE MOJEIH IICHTPAIN30BaHHO-
3ape3epBUPOBaHHOrO joctyna K cpene [14, 27-39]. Omnako moxens [14] He
yuuTbiBaeT 3tan ycraHoBienus L[3JIC, a monmenu [27-39] — momumo 3tama
ycranosieHus [[3/IC He y4uTHIBaIOT AECTPYKTUBHBIC BO3ICHCTBUSL.

Takum oOpa3om, pa3paboTka MaTeMaTHUECKOH MOJIENU OILCHKHU 3¢-
(PEeKTHBHOCTH IEHTPAIN30BaHHO-3aPE3EPBUPOBAHHOIO JOCTYyINa K cpele B
cersix nn¢poBoil paanocss3u cemeiictBa crannaptoB IEEE 802.11 ¢ yue-
TOM JTaIOB €0 YCTAHOBJICHUS ¥ (PYHKIIMOHUPOBAHUS B YCIOBUSX JIECTPYK-
THUBHBIX BO3JIEHCTBUI, ABJISETCS aKTyaJbHOM 3a1ayeil.

2. AHanIn3 cymecTBYOIUX padoT. CymecTByeT psia HccienoBa-
Huii [14, 27-39], NOCBSILEHHBIX LEHTPAIN30BaHHO-3aPE3EPBUPOBAHHOMY
JIOCTYITy K Cpefie B ceTsx IudpoBoit pannocesa3nu. B [14] nmpuBenena 0600-
mennas mojens 1[3/1C B yenousix [IB 6e3 yuera 3Tamna ero yCTaHOBIICHHS.
B mannOi#t Momenn B KadecTBe MOKa3aTens 3(p(GEKTHBHOCTH BBICTYIIAET Be-
POSITHOCTH OOCIY)KMBaHHUS TakeTa JaHHBIX. B [27] ¢ ucnonbp3oBaHneM Me-
TOJIOB TEOPHH BEPOSITHOCTH IIPEICTAaBIICHa 3aBUCHMOCTH H30BITOYHOCTH
NepelaHHbIX 0aliT OT pa3MepoB CIIY)KEOHBIX M TOJIb30BATENILCKUX ITaKETOB
JAHHEIX, a Taloke npemtokeHa moaudukanus L[3/1C ¢ nensio yMeHbIICHUS
HaKJIAJHBIX PAcXOJOB Ha CiyxeOHble AaHHble. B [28] addekruBHOCTH
L3C npencrasieHa B BUAE 33/I€PXKKH Nepeadll JaHHBIX, TOKa3aHa 3aBH-
CHUMOCTH 33/IEp)KKH IIepeladydl MakeTOB NaHHBIX OT KOJIM4YecTBa abOHEHT-
ckux TepMuHaioB (AT) B ceTu. 3aBUCMMOCTh MOIITHOCTH NepeaaTdnkoB AT
u cpenctB kommytanuu U ynpasieHus (CKY) ot ocnabnenns curaaia cBsi-
3M Ha Tpacce IpH pa3IMuHbIX CKOPOCTSX Mepeslauy JaHHBIX onucaHa B [29],
a 3aBUCUMOCTH dHepronorpetiieHuss AT oT ckopocTu mepemayn JTaHHBIX U
ux xomuuectBa B CIIP — B [30, 31]. B [33] addexrurocts [I3/1C npen-
CTaBJIeHa B BHJIEC 3aBUCHMOCTH MPOIYCKHOW CIIOCOOHOCTH KaHaja Iepeaadn
JaHHBIX OT KojmyectBa AT B ceTH M pa3mepa NMakeToB JaHHBIX 0e3 ydera
BEPOSATHOCTHBIX XapaKTEPUCTUK MPU UX Iepenade. 3aBUCUMOCTb BPEMEHHU
pe3epBUpOBaHMs KaHala MNepeladyd JaHHBIX OT MOMEHTa HACTYIUICHUS
O34C, a Takxke 3aBHCHMOCTH KOJMYECTBA IIEPBUYHO TEPEIAHHBIX MaKe-
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TOB J@aHHBIX, BCTYIIMBIIMX B KOJUIM3UIO, M IIOBTOPHO MEpEJaHHbBIX MaKe-
TOB JaHHBIX OT KonndecTBa AT B ceTu mpeacrasieHs B paboTax [34-36].
B [37, 38] paccmoTtpensr moaenu moaudunuposannoro [[3/1C 6e3 moka-
3atensa dpdextuBHocTH cymectByomero 1[3/IC, a mpuoputeTHOE 00-
CIIy)KMBaHWE TIaKeTOB JAHHBIX MpPH TaKOM JOCTYIlE PpacCMOTPEHO
B [39]. [Ipu sTtom B [27-39] pe3ynpTHpYIOMIHE 3aBUCUMOCTH HE YUUTHI-
BalOT NMOTECHUHUAIBHO BO3MOXHbIE J[B, a Takke ycmemrHocTs nepenadu
CHHXPOHHU3UPYIOMIET0 IMaKeTa W KOJIW4ecTBO nocTymHeIX AT, KoTO-
phle onpenenstoT npouecc ycranosnaenus L3C.

B cBs3u ¢ 3TUM BO3HHKAET MOTPEOHOCTH B CO3MAHUH MOZEIH, KOTO-
pas Obl yuuTBIBaJIa W JTall yCTAaHOBJECHUSA IICHTPAJIM30BAHHO-
3ape3epBUPOBAHHOIO JIOCTYIAa K CpeJie, W JTall ero (yHKIMOHWPOBAHUS B
YCIIOBUSIX I€CTPYKTUBHBIX BO3JEHCTBUM.

3. OnucaTtesqbHasi MOJesIb LEHTPAJU30BAHHO-3ape3ePBUPOBAHHOIO
J0CTyNa K cpele B ceTAX HU(POBOH pagHOCBA3U ceMelicTBa CTAHIAPTOB
IEEE 802.11. B pe3ynbrare aHanu3a ONUcaTeNbHON MOAEIN LEHTPAIU30BaH-
Hol cuHxpoHu3ann seMerToB CLIP [16], motenmmansHo Bo3MOXKHBIX JIB co
CTOPOHBI 3JIOYMBINUICHHNKA [17-22], crermdukammii ceMeicTBa CTaHIaPTOB
IEEE 802.11 [24-26] u amropurmudeckoit moaemn L[3/IC [23] paspaborana
CTpyKTypHas cxema Takoro focrymna (puc. 1). Ona Brmouaer CKY, AT u 310-
ympiuieHarka. B kagectee CKY B CLIP cemetictBa cranmaproB IEEE 802.11
MOKET BBICTYIIATh BEAyIlee YCTPOHCTBO paJiOMOCTa WM TOYKA JOCTYIa, a B
kayectBe AT — BetoMoe yCTpONCTBO PagloMOCTa.

B pesynbrate ananmza crenuduKanydii ceMelcTBa CTaHIapTOB
IEEE 802.11 [24-26] BwisiBneno, uto 1[3/IC BKiIrogaeT B ceOs 3TaIbl €ro
YCTaHOBIICHUS M (DYHKIIHOHUPOBAHUSI.

IIpu ycTaHOBICHHWU LEHTPAIN30BAHHO-3apE3EPBUPOBAHHOTO JIOCTY-
ma K Cpelie CPe/ICTBO KOMMYTALMH U YIPaBICHUSI CPABHUBAET KOJIMYECTBO
aOOHEHTCKUX TEPMHHAJIOB B CETAX HHU(PPOBOI pasoCBsI3M cEMENCTBA CTaH-
nmaproB IEEE 802.11 ¢ MakcMManbHBIM KOJHYECTBOM TAaKHX TEPMUHAJIOB,
KOTOpPBIE CHOCOOCH OOCIYXHUTh Takoil moctyn. 3atem CKY BKIrodaeT WH-
dbopmarmo o0 Hadane W juuTensHocTH mHTepBana L[3/IC B comepkaHue
CHHXPOHH3HPYIOIIETo Iakera Beacon, KOTOPHIA IIUPOKOBENIATEIIFHO pac-
ceutaercs kaxasle 100 mc. [lomyuuB takoit maker Beacon, AT pesepBupy-
10T cpeny B cooTBeTcTBUM ¢ KapToi L[3/1C, npeacraBneHHON Ha pUCYHKE 2.
Opnako no II3JIC naket Beacon, kak u Bce nmakeThl JaHHbIX B CLIP cemeii-
ctBa ctangapros IEEE 802.11, sBasercs y4acTHUKOM CIy4alHOrO MHOXe-
ctBeHHoro jocryna k cpene tuna CSMA/CA wu, cieqoBaTenbHO, MOXKET
OKa3aTbCs B KOJUIM3UM (HaslokeHWM maketoB). [Ipu stom AT He momywar
nakeT Beacon, n U3/IC ne ycranoBurcsa. B xone CMJIC tuma CSMA/CA
Bce N yctpoiictB CIIP cemeiictsa crannapros IEEE 802.11 ocymecTBistor
Tepeauy IMaKeTOB TAaHHBIX C BEPOATHOCTBHIO p.
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[Mpu ¢ysxumonuposanuu L31C cpencTBO KOMMYTAllUU U yIpaB-
JIEHUsI B COOTBETCTBHMH C TOYEUHOW KOOPAMHAIMOHHOW (yHKIHMEH
PCF [24-26] ocymecTBisieT mocienoBaTenbHbiil onpoc Bcex AT cetu Ha
MpeAMET OINpeAeNieHUsl HaJW4uMs AAHHBIX IJI INepefaud, MNpU4eM Ijs
YMEHBIICHHUS W30BITOYHOCTH JIaHHOE CPEJICTBO IepesiaeT 00beAMHEHHBIN
MAKET MOJIb30BATEIbCKUX U CIIY)KEOHBIX TAHHBIX C BEPOSTHOCTHIO 7. [1pn
9TOM B KaueCTBE CIIy>K€OHBIX JaHHBIX BHICTYINAIOT AaHHBIE ONPOCA U MOJI-
TBEpXKACHHUS IOIYyYEHUs IMOJIb30BAaTE€IbCKUX JaHHBIX. IIpu mnomydeHun
nmakera ¢ onpocoM AT OTBeyaeT MAKETOM MOJIb30BATEIBCKUX JAHHBIX C
MIOATBEPKIEHUEM C BEPOATHOCTBIO 7y CITyCTS] YMEHBIIECHHBIM MEKIAKeT-
Helil wHTepBan SIFS. Ecnu mig mepemadd OTCYTCTBYIOT ITOJIB30BATEINb-
ckue gaHHble, TO AT UTHOpUpPYET MakeT ¢ OIpOcOM. 3aTeM CITYCTS MEX-
nakeTHbIil uHTepBan PIFS CKY nponomxkaet onpoc octanbHbIX AT.

3azepxka
IIepuon Beacon > *
Cpencrso Cry4qaiiHbIii
KOMMYTAllHH  |—— JOCTy Tl =
W ynpapienns [ 3 JimrensHoCcTh CSMA/CA | Kanan| § JHTenBHOCT
S | 3ape3epBHPOBAHHOrO ) § | 3ape3epBHPOBAHHOrO —
S nocTyma ST | m HocTyma ¢

AGOHEHTCKHE [epemeHHas miuHa
TePMHUHAIIBI BuptyansHoe BupTyabHoe
pE3epBUPOBAHIE CPEIbI pe3epBHPOBAHKE CPEJIbI

Puc. 2. Kapra II31C B CLIP cemeticTBa crangaptoB IEEE 802.11

Ha pucynke 3 mpencraBieHO WH(GOPMAIMOHHOE B3aMMOJCHCTBHE
aOOHEHTCKMX TEPMUHAJIOB M CPEACTBA KOMMYTAllMM W YIPABICHHS TpPU
(YHKIMOHMPOBAHUYU LIEHTPAJIM30BaHHO-3aPE3EPBUPOBAHHOTO JIOCTYIA K
cpeze B ceTsx mudpoBoit pannocBs3u cemeiictBa cranaapros IEEE 802.11.

ITaker monb30BaTeNbCKUX AAHHBIX Data MOXET COAepkaTb B CBOUX
noJsix nHdopmanuio o noareepxkaeHn ACK (makeT moaTBep kIeHuUs pH-
HATBIX JaHHBIX) U onpoce CKY aboHeHTckux TepMmuHaioB. Takke maker
ormpoca AT Poll MoxeT conepkaTh B CBOMX HOJAX MH(OPMALHUIO O TOA-
TBepxkaeHuu ACK.

W3 ananmsa pa6ot [1-6, 10-16] criemyeT, 4TO 3IIOYMBIIUICHHUK B TIe-
nsax OmoxupoBanus 1[3/IC Ha sTamax ero ycTaHOBIEHHS W (PYHKIIMOHUPO-
BaHMS MOXKET OCYILECTBIIATH CIEAYIOIINE NECTPyKTUBHBIE BO3/ICHCTBUS:

— nepenadyy NakeTOB JAaHHBIX OT MUMEHHU BceX N yeruTUMHbIX AT,
KOTOpBIE BXOJST B aTaKyeMYIO CETh, C BEPOSITHOCTBIO Ap;

— mepeAady MakeToB JAHHBIX OT MMEHHU J0ObIX K 3/1€MEHTOB, HE
BXOJAIINX B aTAKyEMYIO CE€Th, C BEPOSITHOCTBIO Dy;

— umurtanuo AN nerutuMHbIX AT, BXOISIINX B aTaKyeMYyIo CETb;
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— (opMHpOBaHHE MOMEXH Ha (HU3UUECKOM YPOBHE aTaKyeMOW CETH
C BEPOSITHOCTHIO P

B mHacrosmieit paboTe paccMaTpHBAalOTCS TOJBKO JECTPYKTHBHBIC
BO3/ICHCTBUS Ha (PM3MYECKOM U KaHAJIHHOM YPOBHSX JTAJIOHHOW MOJENH
B3aUMOJEUCTBHUS OTKPBITHIX CUCTEM U HE PACCMATPHBAIOTCS TaKHUE BO3JIEH-
CTBHSI HA CETEBOM U BBIIICCTOSAIINX YPOBHSIX.

JIMTENBHOCTS LIeH TPaJIM30BaHHO-3aPe3EPBUPOBAHHOIO IOCTYTIa
]
SIFS  SIFS SIFS PIFS SIFS SIFS
Cpenctso e o | | e > | |
KoMMyTa- | § Pollt,, =)
UK U § Pollxr, coztepia- | \Pollyr e
YIpaBICHUS | Ui ACkATl
t
AOGOHEHTCKHE Datacey Datacey
TEPMHHAIIB
Her otBera
ATi  na onpoc or AT, AT
BupTtyanbHoe pe3epBUpOBaHHE CPEIbI
r
a)
JIUTEeIbHOCTh LIEHTPAIN30BaHHO-3apE3ePBUPOBAHHOIO 10CTY A
SIFS SIFS SIFS PIF, SIFS SIFS
C b > |- > > | >
oo |- [
S o coniepyKarimig o =)
[¥H U 3 conepKammii Pollyrn coziepKarmit =z
yrpasienns| Q PollAT, Acksg Pollar, -
" Datacy, Datacxy, t
cofiepka- | Her otsera comepka-
AGOHEHTCKHE it Ackeky|  na onpoc it Ackcgy|
TEPMUHAJIBI AT, or AT, ATs

BupryansHoe pe3epBIpOBaHUE CPeIbl

~yY

0)
Puc. 3. Undopmaunonnoe B3anmoaeiicteue AT u CKY: a) npu oTCyTCTBUM JaHHBIX
g nepenaun y CKVY; 6) npu Hanuuuy JaHHBIX VIS IIepeJayuu

4. AHanutnyeckas MOJeJIb HEHTPAJM30BAHHO-
3ape3epBHPOBAHHOIO A0CTYNA K cpele B CeTSX MU(POBOH pPaguoCBA3N
cemeiictBa crangaproB IEEE 802.11. V3 ananuza onucarenbHONH MOJENN
I3C B CIIP cemeiictBa ctannaptoB IEEE 802.11 cnenyer, 4T0 cOOBITHS
YCIEIIHON Mepeaadyd CHHXPOHU3UPYIONIEro Iakera Beacon, TPOBEPKU
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OTpaHUYEHUs MO KoimuecTBY AT HpH YyCTaHOBIIEHHMM TaKOIO JOCTyIa U
JIOCTaBK{ TIaKETOB II0JIb30BATENILCKUX JIAHHBIX MPU €ro (YHKIMOHUPOBaA-
HUU COBMECTHBI M HE3aBHCUMBI IpyT OT japyra. [loaromy 1o 3¢ dekTuBHO-
ctoio 1I3JIC B CLIP cemetictBa crannaptoB IEEE 802.11 Oyxem moHumars
BEPOSATHOCTh YCICHIHON Mepelavyd MaKeTOB MOJIb30BATCIBCKUX JTAHHBIX B
TEUYCHUE CpEAHEH JUIMTCIHFHOCTH WHTEpBajla TAaKOTO MOCTYNa MpPH €ro
VCIICIITHOM YCTAaHOBJICHUH. J[aHHYIO BEpOSTHOCTH IpPEIIaraeTcs OIpese-
JIATH CICTYFOIIM BEIPAKCHUCM:

Q = Qcon ! stn ’ Qsea > (1)

cam

rae Qcon — BEPOSTHOCTH BBINIONHEHMSI OrpaHH4eHust 1mo koiudectBy AT,
yuactBytoutux B [I3/IC; €, — BEpOSATHOCT yCIIEIIHOM Iepenadyn Makera
Beacon; Q.. — BepOATHOCTb YCIEUIHON Mepefady MaKeTOB IMOJIb30BaTElb-
CKHX JIaHHBIX NIPU (PYHKIMOHUPOBAHMH TAKOT'O AOCTYTIA.
4.1. Orpanuyenue Mo KOJMYECTBY A00HEHTCKHUX TEPMHHAJIOB Ce-
Teil nupposoii paguocesasu cemeiictea cranaapros IEEE 802.11, yyact-
BYIOILIUX B IEHTPAIH30BAHHO-3ape3ePBHPOBAHHOM JIOCTYIIE K cpefie.
Koaddunment BreimomHenust orpanndeHus no koiwdectBy AT,
yaactytonmmx B L[3/1C, 6ynem ompenensats mo gpopmyie:
1, ecnu N+AN <N

Q ] — max; 2
“t 10, ectu N+AN > N 2)

max >

rae N — komuuectBo AT B CLIP cemeiictBa crannaproB IEEE 802.11; AN —
KOJIMYECTBO CHIMUTHUPOBAHHBIX 3JI0YMBILIUIEHHUKOM JIETUTUMHBIX AT, BXO-
JISUIMX B aTaKyeMylO0 CETb; Npyqx — MAKCUMAJIBHO BO3MOXKHOE KOJIHMYECTBO
AT, kotopoe criocoono onpocuts CKV 3a onun urTepsan L[3/C.

Koapdumment BemmomHeHns orpaHudeHus 1o KoimdecTBy AT,
yuactBytomux B [[3/IC, yuntsiBaer /B, HampaBiieHHOe HA UMHTAIUIO Jie-
rUTUMHBIX AT, KOTOpBIE BXOAT B aTaKyeMyto ceTh. [Ipu peanusanuu Tako-
ro BO3JEHCTBU ele Ha dTane ycranoBinenus L[3/IC mo mepenayn cuHXpo-
HU3HUPYIOIETo MaKeTa TaKOH JOCTYI OyJIeT NpeKpalleH.

MakcumanpHoe Bo3MokHOe KosmuecTBO AT, crocoOHBIX ydyacTBO-
Batb B LI3/IC, onpenensieTcst B COOTBETCTBUU C [27] BbIpaXKeHHEM:

Tcam _(T eacon +T, )_T en
Nmax — B T_ SIFS CFend , (3)

vr

rae Team — amurensHoCTh MHTEpBANA LI3AC; Theucon — AAUTENBHOCTD EpEAA-
uyn makera Beacon; Tsirs — AMATENFHOCTh MEXIIAaKeTHOTO MHTepBana SIFS;
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TCFend — NMTELHOCTD TIEPEIAYM aKeTa, CHTHAIM3UPYIOIIET0 00 OKOHYAHHU
LB3JC CFend; T, — cpennee BpeMs onpoca aboHeHTckoro Tepmutana CKY.

4.2. Cunxponun3anusi a00HEeHTCKUX TEPMHHAJIOB ceTell HudpoBoii
paguocBssu cemeiicrBa ctangapros IEEE 802.11, yyacTBylomux B LeH-
TPATN30BaHHO-3ape3ePBUPOBAHHOM AocTyne Kk cpene. CormacHo [16] Be-
POSITHOCTB YCIICIITHOW TTepeiaur MakeTa Beacon NMeeT CIeIy oI BUA:

T +Tppg —1)°
-k, —— T T + kh( m+_PIFS )
2T, +Tpps) 2T, +Tpyrs)

(TTB£+ T,—1rt k, (7, +_TPIFS -1’
2T, +Tpips) AT, +Tpirs)

m

“

syn

Tpips +k,

rae 7,, — cpenHsa AIUTeNbHOCTH Nepenaun nakera JaHHblX AT; Tpirs — oiu-

TENIBHOCTh MeXMNakeTHoro uHrepBana DIFS; Tpps — UINTEIBHOCTh MEXIIa-
keTHoro uHrepBana PIFS; Trprr — ININTEIBHOCTh NOBTOPSOLIETOCS] HHTEPBA-
na cuaxponmsanyu TBTT, k, — koapummeHT co3nanust KOJUTH3UU CHHXPO-
HU3HpYIOLIero nakera Beacon; ky — KO3()(HUIUEHT 3aHATOCTH KaHala Iepe-
Jla4dy JAHHBIX; T — JUTUTEIbHOCTh MUHIMAJIBHOTO BPEMEHHOT'O MHTEPBAa, U3
KOTOPOTO COCTOSIT MEKITaKETHbIE HMHTEPBAJIBI U TAKETHI TAaHHBIX.
Koaddumment cozganns xonnmsum nakera Beacon onpeaenseTcs Mo

dbopmyne [16]:

Pt
k, = o : )
Per,l T+ B"N*l (Tm + TDIFS - T)

a K03 (UIMEHT 3aHATOCTH KaHaJla Iepeladd JaHHBIX — BEIpakeHueM [16]:

(=B, )t
Py T+ Puy T,

by =1- (6)

cl

b
iy et Per—l T

rac PtrN,l — BCPOATHOCTD 3aHATOCTU KaHaIa MCpeaavdn JaHHbIX OAHHUM H3 N-

1 omemenroB CIIP cemeiictBa cranmapros IEEE 802.11; P, =~ —

BEPOATHOCTh CBOOOAHOIO KaHaja ITepefaddl JaHHBIX mpu N-1 smemeHTax

CCTH, PSCAL1 — BEPOSATHOCTH YCHCHIHOﬁ Iepeaadu 1rmaxkera JaHHbIX OOHUM W3

N-1 snemenroB cetu; P, — BEPOATHOCTH CO37aHus Koyumsun N-1 sme-

IN-1
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MCHTOM CCTH, Tscf Cpe€anAas JJIUTEIbHOCTb yCHCLLIHOﬁ nepeaaum nakera JaaH-
HBIX; Td* Cpeanssa IIUTECIIbHOCTb KOJUIU3HU.

Bepositwoctn Py, By s By > B [16] nMerot B

K
Poy ==(p+ Ap)N (- P/)H 1-Dy);

k=1

K
Py =(N=Dp(=(p+ap))*?(1-PH[ [(1-Dy);

k=0 (N
By =18 =By s
By =1 By s
O0<p+Ap<l,

rae p — BeposTHocTh nepenaud AT wiu CKVY nmakera mansbeix npu CM/JIC
tunta CSMA/CA; Ap — BEepOSTHOCTb NepeAadr 3J0yMBIIUICHHUKOM IaKe-
TOB JJAHHBIX OT UMEHU N JIETHTUMHBIX DJIEMEHTOB, BXOJSIIUX B aTaKyeMyIO
ceThb; Dy — BEpOSTHOCTH TIepejadyl 3I0YMBIIUICHHUKOM MTAaKeTOB JIAHHBIX OT
nMeHn K 3IIeMEHTOB, HE BXOJIIUX B aTaKyeMylO CeTb; Pr— BEpOSTHOCTh
(hopMHpoBaHUs MOMEXU HA PU3NIECKOM YPOBHE aTaKyeMOH CETH.
BeposiTHOCTB p onpesenseTcs MyTeM PEIeHHs CUCTEMbl YPaBHEHUMH,
otpaxartomieit ocooerrnoctr CMJIC tumra CSMA/CA [13, 16]:

2(1-F,,)
p= o . ;
Wo(l=P, )Y (2P, ) +W,2R,, )" +1
i=0
K
P, =1{(1—(p+Ap))N1 a-PH[] (1—Dk>} (8)
k=1

K
By =1—{(1—(p+Ap))N(1—Pf)H(l—Dk)},

k=1

rac W() — 3HAYCHUEC CUHCTUMKA OTCPOYKU HOBTOpHOfI nepeaavuun; m — KOJIHUYC-
CTBO MMOBTOPHBIX MONBITOK IE€peaay.

Cpennue ITUTETHHOCTH TEpeladyd ITaKeTa NaHHBIX 71

", » CO3JIAQHHUS
Kou3uu T M yCIHEIIHON mepeaayn Takoro makera Ts. B COOTBETCTBHU
¢ [13, 16] mns ocHoBHOTO MexannzmMa CMJIC tuma CSMA/CA ompenens-
IOTCS CIIEAYIOIIAM 00pazoM:
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ﬁ = Tdata +6 + Typs + Ty +0;
Ty = Tauta +Tpips +0

ecu (E[P.]< ?data);
T, = E[P,]+0+ Ty + Ty +0; ©)
T, = E[P ]+ Ty +0; ’

| ecnu (E[P_]> T duta );

T, =Tdata +0+Tgps + T, +0+Tppg,

Ui nonoiauurenbHoro Mexanusma CSMA/CA:

T, =Try + 0+ Tgps +Tey +0+Tgpg +

+T data + 06+ Tgpg + T4 +6; s

Ty =Tr +Tpips + 03

ecau (E[PZ]S?data);

T, =Try + 0+ Tgpg + Ty +0+Tgpg + (10)
+E[P ]+ 0+ Tgyps + T, +0; R

T, = E[P ]+ Tps +0;

| ecnu (E[P.]> fdam);
T =Tgy+0+Tgps + Ty +0+Tgpg +

+T data + 0+ Tgpg + T 1o +6+Tp i,

A€ Tdaa — CpeqHsSsl AJIMTENBHOCTh TEpeNaud MakeTa IMOJIb30BATEIbCKUX
nmaHHbIX Data; T — IIATENBHOCTD TTaKeTa Ack TOATBEPKIICHHS YCICITHON
JIOCTaBKM TAKEeTa IONB30BATEeIbCKUX MAHHBIX Data; Tri — IIATETBHOCTH
makera Rts 3ampoca Ha TOJy4eHHe AOoCTyma K cpene; ¢, — IIATETBHOCTh
nmakera Cts MOATBEPKACHUS YCIEITHONW NOCTaBKHU MakeTa Rfs; o — 3aiepiKKa
pacnpocTpaneHus curHana; E[P.] — cpemHss IATEIFHOCTh Iepenadn
CPEICTBOM 3JIOYMBIIICHHHKA.

4.3. Ilepenaya nakeToB NoJib30BaTeJbCKUX JAHHBIX NPH QyHK-
NHOHHPOBAHNH [EeHTPAJIN30BAHHO-3aPe3ePBHPOBAHHOIO J0CTyNa K
cpenre B cerax uUGPOBOl PpagHOCBA3M CceMelCTBA CTaHIAAPTOB
IEEE 802.11. Ha ocHoBanuu ommcanus 3tana ¢yHkimonupoanus [[3/C
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u ydera /IB mpencraBuM BEpOSTHOCTb YCIEIIHOM NE€pefayy MaKeTOB M10J1b-
30BaTENbCKUX JIAHHBIX MPU (YHKIMOHUPOBAHUHM TAKOTO JOCTYyINa KaK OT-
HOILICHHUE CPEIAHEr0 BPEMEHHU IIepeAaud IaKeTOB I0JIb30BATC/ICKUX [1aH-
HBIX B yCIOBUsX [IB k MakcumanbHOMY CpeHEMY BpPEMEHH Takol mepena-
YM B paMKax ojHoro nukia onpoca CKY aboHeHTCKOro TepMuHaa:

_ Fw(l B Pztr )
Twax,, (1- Pz,)+ Pz, E[P_]’

)

sea

rac TSW — Cpe€aHEC BpeMsA NIepeaavur MMak€TOB MOJIb30BATCIILCKUX JAaHHBIX B

paMkax oxHoro nukia ompoca CKY abGonenTckoro tepmuHana; Imax, —

MAaKCHUMaJIbHOE€ CpE€AHCE BpEMs ICpEaayvu, PZ;r— BEPOATHOCTL MNEpeaavu
Cp€ACTBOM 3JIOYMBIIIJICHHUKA, E[Pz] — Cp€aHAsd MIMTCIBbHOCTL Nepeaadn
Cp€ACTBOM 3JIOYMBIIIJICHHUKA.

Cpennee Bpems Iepeiadyy MAaKETOB MOIb30BATENbCKUX JAHHBIX 17,
COCTaBJISIET TOJIE3HYIO YacTh CPEJHETO BPEMEHH Iepeladyd BCEX IaKeTOB
JAHHBIX E B paMKax ogHoro nukia onpoca CKY aGoHEHTCKOro TepMHHa-
na. Ilpu 3TOM C ydeToMm BeposiTHOCTelH mepemad makeToB AaHHBIX AT m

CKY T_W B COOTBETCTBUH C [27] mIpUMET BU:

T, =Tgps + T, =1+ Taatar, + T dataty + Tpppg (1 =1,) + Tgpgty =

poll

(12)

=Typs + TgpsTy + Tpou (A= 1,) + Tdata (1, + 1) + Tpyps (1=,

rae Tyon— ATUTENBHOCTH Nepenaun nakera omnpoca CKY; r; — BeposTHOCTB
nepenayu nakera mosb3oBarenbckux gaHHBIX AT npu L[3/IC; r, — BeposT-

HOCTh mnepenayd nakera AaHHbiX ¢ onpocoM CKY; Tiua — cpenusis amu-
TEJNBHOCTH Tepeladyy aKeTa MOJIh30BATENbCKUX TaHHBIX Data.

B (12) omanM U3 crnaraeMbIX SIBISIETCS CpeHEe BpeMs Iepeaadu ma-
KETOB IIOJIb30BAaTEIBCKUX JAHHBIX B paMKax onxHoro Iukna ompoca CKY
A0OHEHTCKOTO TepMHUHAJIA!

Ts,, = Taua(r, +7,). (13)

BeposiTHOCTH 7, M1 74 TIPEACTABISIOT COOOH MOKa3aTeNy 3arpy>KeHHO-
CTH CEeTU U BapbupyroTcs B mpenenax ot 0 no 1. 3HaueHue 1 BEpOSTHOCTU 7,
nocturaercs Toyibko npu nepegade CKY nmoTokoBbIX MyJIbTUMEIUWHBIX JTaH-
HBIX, a 3HaueHue 0 — TOJIbKO MpH MpreMe JaHHbIX. AHAJIOTHYHO U JUIA .
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Hnar,=1ur;=1u3 (12) monyuynm MakcUMalbHOE CpEIHEEe BpeMs
nepenayy B paMkax ofHoro Iukia ornpoca CKY aGoHEeHTCKOro TepMuHaa:

Tmax,, =2T,,, +2Tg. (14)

CpenHss ITUTENBHOCTD IEpefadn IaKeTa I0JIb30BAaTEeIbCKUX JaH-
HBIX Data onpenensiercss UCXOs U3 CKOPOCTH Iepefadyd NaHHBIX B KaHaJe
CBSI3M M pa3Mepa IoJIe3HoH Harpy3ku [40]:

22+ (Lyyuger + Laata)8
Tdala = Tpreamble + T:ignalExtension + ( ( hcadR = ) )9 (15)

ta€ Tpreamble— JUTATENBHOCTD NIPEAMOYIIBL; TiignalExiension — JUTATEIBHOCTD TIOJIA

PacIIMPEHHs] CUTHANA; Lycqder — OOBEM 3ar0JIOBKA MOIE3HOM HArpy3ku; Ldaa —
cpemHui pa3Mep MOIe3HOHM Harpy3KH; R — CKOPOCTH Tiepeadn TaHHBIX.

Cpennuil pazMep MOJIE3HOM HArpy3Kd MaKEeTa MOJIb30BATEIBCKUX
naHHbIxX Data [40] umeeT BU:

S 1d
Ldata,
_ 2 Ldata; (16)
Ldata:L,
N

rae Ldatal. — 00BeM TOJIe3HOH HATPY3KH IaKeTa IOJIb30BAaTEeIbCKUX JaH-

HeIX Data, nepegaBaemoii i-biM snemeHToM CIIP cemeiicTBa cTanmapToB
IEEE 802.11.

BeposiTHOCTh mepenayu cpeACcTBOM 3J0YMBILIIICHHUKA, YYUTHIBAIO-
1asi NIOTeHMAIbHO BO3MOKHBIE 1B, onpenensiercs:

K
Pz, =1-(1-P)[ [(1-Dy). (17)
k=1

Ha ocHOBaHMM pacCMOTPEHHBIX IOKa3aTeneil B aHAJIMTHIECKOH MO-
JeNn TIpe[UIo’keHa cucteMa mokaszateneit s¢dexruBroctn L[3/IC B CLIP
cemeiictBa crangaptoB IEEE 802.11, kotopast npeacTaBieHa Ha pUCYHKeE 4.

[IpuBeneHHast aHaMUTHYECKask MOAEIH ¢ €€ (GYyHKIHMAMH, TapaMerT-
paMH M XapaKTEPUCTHKAMH COOTBETCTBYET pEallbHOMY IPOLECCY
I3AC B CHP cemeiictBa crannaptoB IEEE 802.11, onucanHoMmy B crie-
uudukanusx [24-26].
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I} PeKTHBHOCTH HEHTPATN30BAHHO-3aPe3ePBUPOBAHHOTO HOCTYNA K cpele
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nakeTa nepeaayn ma-
JTAHHBIX KOLTHI MU KETa JaHHbIX
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CAHAS JUIMTEIBHOCTh CAHCC
SaHATOCTH KaHa/la Ic)ogllam?ﬂ KOJUTU3 UK EPCM’I
repeiauu JaHHbIX
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-t == Hcxoanble JaHHbIE
[ ] - HoBBI [ ] - yrouHeHHblii [ |- CyLIECTBYIOLLHIi

IIoKa3aTeiib

II0Ka3aTeiib

IIoKa3aTeiib

Puc. 4. Cucrema nokazareneii a¢ppexrunoctu L[3/IC B CLIP cemeiicTBa
crangaptoB IEEE 802.11

W3 npuBeneHHON Ha pUCYHKE 4 CUCTEMBI [TI0Ka3aTesie BUIHO, YTO
M3BECTHBIN TOKa3aTeNbh — BEPOATHOCTh YCIEIIHOHN Iepeaadun makeTa Bea-
con, OUCHUBAIOMHNA 3P(PEKTHBHOCTh CHHXpOHM3aIuu snemenToB CLIP,
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SIBJISETCSI HOBBIM YaCTHBIM mokaszatenem 3¢ dexrusHoctu 1[3/1C, a Takxke
B KaUE€CTBC€ HUCXOIHBIX AAHHBIX IJI1 OLCHKHU 3(1)(I)CKTI/IBHOCTI/I TakKoro ao-
cTyma MPUMCHSIOTCS HOBEBIC MoKa3aTenu —
KOJIMYECTBO CHIMUTHPOBAHHBIX 3JI0YMBIIIICHHUKOM JIETUTHMHBIX
AT, BepoATHOCTH Mepelayd MaKeTOB MOJb30BaTENbCKUX JaHHBIX AT u
CKY. Taxxe w3 cuctembl nokaszatened BuaHo, 4To I[3/IC 3aBUCHUT OT
LEHTPAIM30BaHHON cHHXpoHU3anuu 1emeHToB CLIP, koropas, B cBOIO
ouepenp, 3aBucut ot CMJIC tuma CSMA/CA.

5. Pe3yabTaThl ucciaegoBanusa. Paccmorpena CIP cemelicTBa
cragnaptoB IEEE 802.11n, ocCHOBHBIE XapaKTepHUCTUKH KOTOpPOH IpuBe-
IeHsl B Tabue 1.

Ta6umua 1. OcHoBHbIe Xapaktepuctiku CIIP cemetictBa cranmaptoB IEEE 802. 11n

[Tapametp 3HaueHue

JlnurensrocTh uaTepBana U3AC Team, MKC 32000
JnuTenbHOCTh MexnakeTHOro naTepsaia DIFS, MKc 28
JnmutenpHOCTh MexnakeTHoro uatepsana PIFS Trirs, MKC 19
JnnTenbHoCTh MexnakeTHoro untepsana SIFS Tsirs, MKC 10
JUTUTENIBHOCTh  TIOBTOPSIFOLIETOCS. HHTEpBajia CHHXPOHHU3ALUH 5
TBTT Trrr, MKC 10
JMTenbHOCTh MUHIMAJIbHOTO BPEMEHHOTO HHTEPBAJIa 7, MKC 9
3azieprkKa pacupoCTpaHeHHs CUTHANIA g, MKC 1

JlaHHBIE OCHOBHBIE XapakTepUcTUKU cnpaBeqiuBbl g CLIP cran-
naptoB IEEE 802.11b/g/n [41]. Cetn undpoBoil paguocBs3u CTaHIApTOB
IEEE 802.11a/ac OTIM4arOTCS UTHTEIEHOCTHIO MEKIAKETHBIX HHTEPBAJIOB
U MHHUMAaJbHBIM BPEMEHHBIM HHTepBaIOM. OHAKO MPU TEOPETUUECKUX
HCCIIEIOBAaHUAX BHE 3aBUCHMOCTH OT 3HAUCHHH OCHOBHBIX XapaKTEPUCTUK
CHP cewmetictBa cranmaptoB IEEE 802.11 moBemeHme paccMaTpHBaeMbIX
3aBHCHUMOCTEN HE MEHSETCS.

Pe3ynbTaThl TEOPETHUYECKUX M SKCHEPHUMEHTAIBHBIX HCCIIEI0BaHUI
sapdexruBHoctu 1[3/IC npencrasieHsl Ha pucyHKax 5-8.

W3 ananu3a pe3yabTaToOB TEOPETUYECKUX UCCIIEIOBAaHUM, IPUBEIEH-
HBIX Ha PUCYHKax 5-8, cienyer:

1. C yBenu4yeHHEM BEPOSITHOCTEH Iepeiau MOJIb30BaTEIbCKUX JaH-
HeiXx AT u CKVY Bospactaer sdpdexrusrocts L[3/IC B CLIP cemeiicTBa
cranmaproB IEEE 802.11 (puc. 5 u 6). OHa crpemurcst K 3pQeKTHBHOCTH
LECHTPATN30BAHHON CHHXPOHHU3ALMH 3IEMEHTOB aHAJIOTHYHBIX CETEH, KOTO-
past otpaxkaer kadectBo ycranosnenusi L[3JIC. IIpu satom 3¢ dexTuBHOCTD
LIEHTPAIN30BaHHOHN cuHXpoHM3anuu s1emeHToB CLIP cemeiicTBa crannmap-
toB IEEE 802.11 He 3aBHUCHT OT BEpOATHOCTEHl mepenaud IMOJIb30BaTEIb-
ckux maHueix AT n CKV.
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Puc. 5. 3aBucumoctu a3 pexruBnocteit L[3/C u ueHTpann3oBaHHOK
CHHXPOHM3aLMK OT BEPOATHOCTH HEPElaut M0JIb30BaTENbCKUX JAHHBIX
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Puc. 6. 3aBucumoctu s3ppexruBHocTei 1[3/]C u neHTpanu30BaHHO
CHHXPOHHU3AIUH OT CPEIHEH JUTUTEIBHOCTHU IIEPEIaBAEMbIX [TAKETOB
II0JIB30BATCIIbCKUX JAaHHBIX
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Puc. 7. 3aBucumoctu sdpdexruHocTH [[3/IC OT BepoATHOCTH IIepeaady 3710y MBIIII-
JICHHUKOM I1aKeTOB JIAHHBIX OT MMeHU AT, He BXOJSIIEro B aTaKyeMyIo CeTb
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JnaTensHOCTE Nepesayn CpeicTBOM 3JI0YMBILUIEHHHKA ITAKETOB JIAHHBIX, C
Puc. 8. 3aBucumocti a3 pexruBHocTH L[3IC OT ATUTENBHOCTH MIEpEiavn Cpei-
CTBOM 3JIOYMBILIUIEHHUKA TAKETOB JaHHBIX
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2. Ilpn ATUTENBHOCTSX IEepelaBaeMBIX IMAaKETOB IOJIE30BATEIBCKHIX
nmaHHbIX Oonee 1,5 mc addextusHocTh 113/IC B CLIP cemeiicTBa cranmap-
toB IEEE 802.11 — xoncranra (puc. 6). C yMeHbIICHUEM JIUTEIFHOCTH
TepeiaBacMbIX IaKETOB IOJIb30BATEIbCKUX JAHHBIX OT OTMETKH B 1,5 Mc
a¢¢extuBHOCTh [[3/IC Takke yMeHBIIACTCsI. DTO 0OCTOSTEIBCTBO CBA3aHO
C POCTOM KOJUTM3HMH (CTOJIKHOBEHHH MAKETOB) B KaHAJe Iepeaull JaHHbIX,
KOTOpBIE BIUAIOT Ha ycraHoBieHue [[3/1C.

3. LlenTpanu3oBaHHO-3ape3epBUPOBaHHbIN nocTyn K cpene B CLIP
cemeiictBa ctannaptoB IEEE 802.11 e ycroiiuuB k /IB co cToponsl 370-
yMbIIUIeHHUKA (puc. 7 1 8). OgHAKO TONBKO MPU HENPEPBHIBHON Tepenade
CPE/ICTBOM 3JIOYMBIIUICHHUKA TakeToB AaHHBIX 3¢ ¢extuBHOCTs L[3/1C
cTpemMuTcs K Hymo. Takoe moBeJeHUEe 3710yMBIIUICHHUKA SBISETCS €ro Je-
MaCKUPYIOIIUM NPU3HAKOM.

4. Ilpn yBeIWYECHUH JUTUTEILHOCTH MIEpeiadyn CPEACTBOM 3J10yMBIII-
JIeHHUKa nakeToB maHHbIX 3¢ dexruBHOCTH 1[3/IC B CLIP cemeiicTBa cTaH-
maptoB IEEE 802.11 ymenpmaercst (puc. 8). Ilpmuem s3¢ddextuBHOCTH
ymenpmutces B 10 pa3 ¢ m3MeHeHneM auTensHocTH ¢ 1 Ha 20 Mc mpu Be-
POSATHOCTH NEPEAATN CPEIICTBOM 3JI0yMBIIIIIEHHHKA, paBHbIM 0,9.

[Tomy4eHHbIE TEOpPETHUECKHE PE3yIBTATHI MOATBEPKAAIOT TIPABHUIIb-
HOCTh onucanust peaisHoro npouecca L[3/IC B CLIP cemeiicTBa cTannapToB
IEEE 802.11, 4To cBUAETEIBLCTBYET 00 aJICKBATHOCTH pa3pabOTaHHON MO-
nemu. [Ipudem B [16] ¢ uCONb30BaHHEM aHATUTUICCKUX BBIPAXKEHUH (4) —
(10), peanu3oBaHHBIX B IMPOrPaMMHOM KOMIUIEKCE ONTUMH3ALUH PabOTHI
CLIP [42], mpoBeneHa 3KcIepUMEHTAIbHAs OleHKa 3((EeKTUBHOCTH IICH-
Tpanm30BaHHOW cHHXpoHU3anuu 31emeHToB CLIP cemelicTBa cTaHmapTOB
IEEE 802.11, xoTtopast orBedaer 3a ycraHoBienue L[3/IC B Takmx ceTsx.
[Ipn 3TOM pe3ynbTaThl AKCIIEPUMEHTAIBHOTO HCCIIEN0BaHUS 3()(HEKTHBHO-
CTH IECHTPATU30BAaHHON CHHXpoHM3anuu 31emMenToB CLIP cemeiicTBa cTan-
nmaproB IEEE 802.11 mpakTuuecku coBHaLalOT C pe3ysbTaTaMU TeOpeTHYe-
CKOT'0 MCCJIEIOBAHMS U OTJIIMYAIOTCS Ha COTHIE JOJIH YHCTA.

6. 3axaiouenue. Pazpaborana aHaMTHYECKAsT MOJCTH [IEHTPAIN30-
BaHHO-3apPE3EPBUPOBAHHOTO JOCTYIIA K CPEJIE B CETAX NUPOBOIl pagrocBsi-
3u cemeiictBa cragnaptoB [EEE 802.11, ocHoBaHHas Ha IPUMEHEHUH TEO-
pHii BepOsITHOCTEH U MaccOBOro oOchyxHBaHHs. HOBU3HA NpeaiokeHHOM
MOJIEIM COCTOMT B Yd4eTe OJTalna YCTaHOBJICHHS IICHTPAJIM30BaHHO-
3ape3epBUPOBAHHOIO JOCTyNa K Cpefe, MOTEHLIUAIbHO BO3MOXHBIX [i€-
CTPYKTHBHBIX BO3JIEHCTBHUI CO CTOPOHBI 3JI0yMBIIIJICHHHKA W KOMIUIEKCHOM
oleHKe 3((EeKTHBHOCTH TaKoro jocTyna. B Monenu Ha sTame ycraHOBIIe-
HUSI OTPaXKEHA CBS3b CIYYaifHOTO MHOXXECTBEHHOTO JIOCTYIIa K Cpele THIa
CSMA/CA ¢ ueHTpaTu30BaHHOW CHHXPOHHM3AIHN 3JIEMEHTOB ceTed mug-
POBO pasMOCBsI3H, a TAKXKE CBSI3b TAaKOH CHHXPOHHU3AIWH C LEHTPAIN30-
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BaHHO-3apE3EPBUPOBAHHBIM JOCTyNIOM K cpexae. Ilpu 3Tom ciyualiHblil
MHOXKECTBEHHBIH jocTyn K cpene tuna CSMA/CA He 3aBUCHT OT LieHTpa-
JIN30BaHHO-3apPE3EPBUPOBAHHOIO AOCTyNa kK cpeae. KommiekcHas oreHka
3¢ PEKTUBHOCTH LEHTPAIM30BaHHO-3apE3ePBUPOBAHHOTO JIOCTYIIA K Cpele
YUUTBHIBAET KaK 3Tall ero (yHKIMOHWPOBAHUS, TaK M STall yCTAaHOBIICHHMS.
OmnpeneneHo, 4T0 KONIM3HU B KaHAJIE TIepeJadll JaHHBIX CIOCOOHBI HCKITIO-
YHUTH [EHTPAIN30BAHHO-3apPE3EPBUPOBAHHBIIN JOCTYII K CpEJe eIIe Ha 3Tare
€ro yCTaHOBJEHHA. MoJelb MpUMEHHMa IIPH MIPOSKTHPOBAHUU CeTel mud-
poBoii pammocBsizu cemelictBa ctanmaptoB IEEE 802.11, ontumwuzauun
paboTHI TaKUX CeTel U 00HAPYKEHUH MOTECHIUAIBHO BO3MOKHBIX JECTPYK-
TUBHBIX BO3JIEHCTBUII CO CTOPOHBI 3JI0YMBIIIJIEHHUKA.

Hcnonb3oBanue  pa3pabOTaHHON  MOAENIM  LIEHTPaJIM30BaHHO-
3ape3epBUPOBAHHOIO JIOCTYIA K CPEJe B CETAX LU(PPOBOH PaaHoCBs3U Ce-
meiictBa ctangapToB IEEE 802.11 B cpaBHEHHM ¢ U3BECTHBIMU MOJEISIMU
MTO3BOJISIET KOMIUIEKCHO KOJMYECTBEHHO OLEHUTH 3((PEKTUBHOCTh KaK Ha
sTane ero (yHKIMOHWPOBAHUS, TaK M Ha dTale ycTaHOBJICHUA. Takxke ee
MIPUMEHEHNE TI03BOISIET OLIEHMBATh BKIIA/A JECTPYKTUBHBIX BO3JCHCTBUI B
CHIDKCHHE 3¢ exTuBHOCTH 3/C. LenTpannzoBaHHO-
3ape3epBUPOBAHHBIN AOCTYII K CpPEJe SIBISIETCS] OAHON M3 OCHOBHBIX IPOIIE-
Jyp KaHaJILHOTO YPOBHs ceTel ] poBOW paJHoCBsI3H CEMENCTBa CTaHAap-
toB IEEE 802.11, no3TOMy NOJy4eHHBIH pe3ysibTaT MPHOJINKAET K KOJIH-
YeCTBEHHON oOlLeHKe I(PPEeKTHBHOCTH (YHKIMOHMPOBAaHUS KaHAJIHLHOTO
ypoBHst CLIP cemetictBa ctannaptoB IEEE 802.11 B uenom.

[IpencraBneHHass MOJEIb MOXKET OBITH HMCIIONB30BaHA IPU pa3pa-
6otke Meronuku oreHkd 3 dexrtuHocTr L[3/IC B CLIP cemelicTBa cTan-
nmaproB IEEE 802.11, mporpaMMHyI0 peann3anuio KOTOPOH Ierecoo0pa3Ho
BKJIFOYUTH B COCTAB MPOTPAMMHBIX KOMIUIEKCOB ONITHMH3AwH [42] u ana-
rHoctupoBanus [43] CHP. Ilpu 3ToM onTUMH3AIU TaKUX CETeH HaIpaB-
JIeHa Ha MOJJepKaHNe B PEKUME PealbHOro BpeMeHH TpedyeMoit addek-
TUBHOCTH QyHKIMoHupoBanus CIIP myrem peanusauuu B Takoi ceTu A
ee aDOHEHTOB YHIPABJISIONMX BO3JEHCTBHH, M3MEHSIONIMX 3HAYCHHS Xa-
paktepuctuk cetu. K takum xapakrepuctukam CIIP Takxke oTHOcATCs
HCXOJIHBIC TAHHBIC CHUCTEMEI Toka3areneit apdexrunoctu 1[31C, npuse-
JICHHBIEC Ha pUCYHKE 4.

Monens mpuMeHrMa B CHCTEMaX MPOCKTUPOBAHUS ceTel mu(poBOi
paanroCBsI3M, B KOTOPBIX I TpeOyeMoit 3pPeKTUBHOCTH (PYHKIIMOHHUPOBA-
HUSl TaKUX CETeH PAaCCUUTHIBAIOTCS 3HAYCHUS MX XapaKTepHCTHK. Taroke
MOJIENIb MOXKET HCIOJIb30BAaThCS B CHCTEMaX OOHAPYKEHUs MOTEHIHAIbHO
BO3MOXKHBIX JIECTPYKTHBHBIX BO3JCHCTBUII CO CTOPOHBI 3J0yMBIIIJICHHUKA
3a cueT ompenesieHus pe3koro cHmkenus dhdexrusHocty L[3C mpu u3-
BeCTHBIX xapakTepuctukax CIIP.
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HUI JanbHeime npopaboTku TpeOyeT MOeb KaHAIBHOTO YPOBHS ceTeit
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Abstract. Currently, centrally reserved access to the medium in the digital radio
communication networks of the IEEE 802.11 family standards is an alternative to random
multiple access to the environment such as CSMA/CA and is mainly used in the transmission
voice and video messages in real time. Centrally reserved access to the environment determines
the scope of interest in it from attackers. However, the assessment of effectiveness of centrally
reserved access to the environment under the conditions of potentially possible destructive
impacts was not carried out and therefore it is impossible to assess the contribution of such
impacts to the decrease in the effectiveness of such access. Also, the stage establishing of
centrally reserved access to the environment was not previously taken into account. Analytical
model development of centrally reserved access to the environment under the conditions of
destructive influences in digital radio communication networks of the IEEE 802.11 family
standards. A mathematical model of centrally reserved access to the environment has been
developed, taking into account not only the stage of its functioning, but also the stage of
formation under the conditions of destructive influences by the attacker. Moreover, in the
model the stage of establishing centrally reserved access to the medium displays a sequential
relationship of such access, synchronization elements in digital radio communication networks
and random multiple access to the medium of the CSMA/CA type. It was established that
collisions in the data transmission channel caused by destructive influences can eliminate
centrally reserved access to the medium even at the stage of its establishment. The model is
applicable in the design of digital radio communication networks of the IEEE 802.11 family of
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destructive effects by an attacker.
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