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MaKCMMYM A€TEePMUHAHTA GMLI,MK.IWI‘-IECKMX MaTpuL C KauMoMm

H. A. BanoHnH?, OKTOP TEXH. Hayk, npogeccop, orcid.org/0000-0001-7338-4920, korbendfs@mail.ru
M. b. CepreeB?, JOKTOp TexH. Hayk, npogeccop, orcid.org/0000-0002-3845-9277
aCaHKT-lleTep6yprcKuii rocy4apCcTBEeHHbIN YHUBEPCUTET a3POKOCMMUYECKOro MPUGOPOCTPOEHNS,

b. Mopckas yn., 67, CaHkT-letep6ypr, 190000, P®

BBegeHue: MaTpuLbl MaKCMMAaabHOrO AeTePMUHAHTA XOPOLIO M3BECTHbI U UCCEA0BAaHbI A/ YETHbIX MOPAAKOB 2t u 4t, rge ux
CTPYKTypa yalle BCero 6UUMKIMYecKas, KoTopyto Ha3biBalOT afaMapoBoi B C/lyyae fenieHns nopsaka Ha 4. HedeTHble nopsaku mc-
c1efj0BaHbl 3HAYUTESIbHO MEHBLUE B CHITY TOTO, YTO CIOKHOCTb CTPYKTYPbI OMTUMANbHbIX MaTPUL HEOrPaHMYeHHO Bo3pacTaer. Ljenb:
3aMeHNTb 3aBEJOMO CIIOXHbIN 06bEKT rUNePO6bEKTOM, COCTOALMUM U3 GULMKITNIECKOH MaTPULIbl C KAUMOK, ONTUMAasbHbIM Ha MHOXe-
CTBE MaTpuL TaKok (UKCUPOBaHHOM CTPYKTYPbI. BbiABUTb CBA3b ToYeK [aycca Ha ceyeHusX Tesl BPaLeHus C KOJIMYECTBOM U BUBaMM
MaTpuL MakcuMyma AeTepMUHAHTa C PUKCUPOBAHHOM CTPYKTYPOI AJIS HEYETHbIX NOPSAAKOB. ONpegennTb BEPXHIOK U HWKHIOW rpaHu-
Ljbl 3HaYeHN i MaKCUMYMOB BETEPMUHAHTA A1 GULIMKINYECKUX MATPUL| C KaliMOJ. Pe3ynbTaTbl: yTOYHEHa U3/INLLIHE ONTUMUCTUYECKAS
rpaHnua 9nmnya — BosTaca Ha ciydai MaTpuL (MKCUpOBaHHOM CTPYKTYpbI 415 IOPSAKOB 4t + 1 (agamapugbi) n 4t — 1 (MepceHHUADI).
Kpome rpaHuL cHU3y u cBepxy, NpuBeaeHbl 6071ee 6IM3Kue K 3HAYEHNAM JETEPMUHAHTOB SKCTPEMAsIbHbIX MaTPUL| KYCOYHO-TIagKue
KBagpaTudHble annpokcumayuu. [puBegeHbl anropuTMbl yriy6aeHHOro rnoMcka MaTpuL pacluMpeHHoOro cemesictsa Agamapa c uc-
1071b30BaHNEM OPBUT U KOMIPECCUI 6MHAPHBIX TOCIE40BATENIbHOCTEN, a TaKXKe Pe3ysbTaTbl TOUCKa, OATBEPXKAAtoLLMeE NPUBEAEHHDIE
oueHku rpaHny. MpaKTnyeckas 3HAYNMOCTb: MATPULbl MAKCUMAJIbHOTO AeTEPMUHAHTA UMEKT MPaKTUYecKoe 3HayeHne Aa 3agay
TOMEeX0yCTOHYNBOI0 KOANPOBAHWS, CXXATUS M MACKMPOBAHUS BULEONHPOPMALNN.

KnioyeBbie cnosa — Touku [aycca, npo6nema laycca, napa6onons Ha peLuieTke, OpToroHanbHble MaTpuubl, MaTpuLbl Agamapa,
MaTpuLbl MaKCUMAJIbHOTO A€TePMUHAHTA, BULMKITNIECKUE MATPULIbI C KaiMOM.

Jua uuruposanua: Banonun H. A., Ceprees M. B. Makcumym pgeTepMuHaHTa OUIIUKINYECKUX MATPUI ¢ Kaiimon. Hugopmayuoro-
ynpasasowue cucmemst, 2023, Ne 3, ¢. 2-15. do0i:10.31799/1684-8853-2023-3-2-15, EDN: JQPBFE

For citation: Balonin N. A, Sergeev M. B. Maximum determinant two circulant matrices with border. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2023, no. 3, pp. 2-15 (In Russian). doi:10.31799/1684-8853-2023-3-2-15, EDN: JQPBFE

BBenenue

Wsydennio Marpui, MakCHMAaJIbHOI'O IEeTepPMU-
HAHTAa IIOCBAIIEHO MHOrO mcciemoBauui [1-9], mo-
CKOJIbKY OHH IIPEJICTABIAIOT HE TOAHKO 3HAUUTEI b-
HBIM Hay4YHBIH U COpeBHOBATEJNLHBIN WHTEpec, HO
¥ IIpaKTHYecKuil npu obpaborke mupopmaruu [10,
11].

Marpunpl MakcHUMaIbHOTO OEeTEPMHHAHTA —
KBaapaTHble MATPHUI[bI TPOU3BOJBHBIX TIOPSAAKOB 7
c smemeHtamMu 1 m -1, cXOmHBIE C MAaTpPHUIIAMH
Anamapa [12] mopsakos, KpaTHbIX 4, HO He 00sa3a-
TeJILHO OPTOTOHAJIbHBIE.

Ha pame mopaaxoB, KpaTHBIX (IOMHMO cTe-
memeil 2) mpocTbIM uywmceaaM 5 M 13, OTKPBITBIX
Mapxom IN'oneem [13, 14], marpuisr Agamapa yupo-
manTed A0 OUIUKINYECKOM KOHCTPYKIMH BHIA

A B
T= , rme A u B — nuknuyeckne ma-

BT AT
TPHUIlBI, 3aJlaHHbIE BEPXHUMH CTPOKAMU — IIOCJIe-
IOBATEJIbHOCTAMU @ U b.

Jlerko 3ameTuTs orcyrcTue T mopsankos, KparT-
HBIX YEeTHBIM cTeneHaM uncel Mepcenuna 3, 7: HeT 6u-
nuKJI0OB Agamapa pasmepa 36 =4x9u 72 =8x9,
OIHAKO eCTh pellenue Ha nmopsagke 144 = 16 x 9. Iro

HABOJUT Ha MBIC/Ib, YTO MEPCEHHOBBI MOPSAAKU He
KPUTHYHBI, HO TPEOYIOT X yBEIUICHUSA CTEIIEHIMHU
IBOMKH JIJI TOTO, YTOOBI CTala BO3ZMOKHON OPTOTO-
HAJIU3aIlus CTPOK U CTOJIOIOB BEIOOPOM IT0C/IEI0BA-
TelbHOCTEH a u b.

Paznuune uncen @epma u MepcerHa unu mocie-
nmoBarenbHOCTeH Buaa 4t + 1 u 4¢ — 1, KOTOPBIM OHH
COOTBETCTBEHHO NPWHAJJIEKAT, CKas3bIlBAeTCA Ha
Marpurax Agamapa, colepiKalliux WX B KadecTBe
MHOKHATEJIEH IMOPSIIKOB: CyIleCTBOBAHNE OHITHKIIH-
YEeCKHWX MaTPHI] BO BTOPOM CIydyae rapaHTHPOBAHO
JOIOJTHUTENbHBIM IIPOCTPAHCTBOM [JII OPTOTOHA-
JIM3AIMU CTPOK U CTOJIOIIOB. YMHOKEHNe MOPAIKA
HA CTeHeHW IBOUKH AaeT OHUIUKINYECKOH MaTpH-
11e JKeiaeMoe KadecTBo. UeM 6oJbliie TTOPsSI0K, TeM
00JIbIle YBEeINUYEHNE, YTO BEIBOJUT TAKOHW IIPUEM W3
psiia UHTEPECHBIX AJIA IPAKTUKH.

JTo mpocToe HAGIOIEHNE MOACHAET CBONCTBA He
TOJIBKO MaTPHIl AjaMapa, HO ¥ MATPHUI] MAKCHMAaJIb-
HOTO JIETEPMUHAHTA, KOTOPbIe KOHCTPYUPYIOTCH JI0-
OaBiieHMEeM KalMbI K Ouriukiandeckoi marpuiie T kax
MaTemarudeckomy o6bexTy. Ha pumc. 1 mpuBemensl
HOPTPETHI MOHOITUKJINIECKOH MAaTPHUIIbI TOPAIKa 15
¥ OUIIUKJIHNYECKON MAaTPUIILI C KAUMOM Iopsaaka 35.

Ecnu mer 6umuiminyeckoi MaTpuilbl Amamapa,
HeT ¥ BO3MOKHOCTH IIOCTPOUTH HA €e OCHOBE MaTpPH-
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\ TEOPETUYECKAS U MPUKNALHAA MATEMATUKA \

B Puc. 1. ITopTperbl MOHOLMKINYECKOH U OUIIMKINYE-
CKOM MaTpHI] ¢ KatMOoH

B Fig. 1. Monocycle and two circulant matrix portraits

1y MakKcuMyMa JeTepMuHaHTa. Bosee Toro, BHeI-
HHUU BUJ TAKOU CTPOTO SKCTPEeMaJbHOU IIO JeTep-
MHUHAHTY MaTPHUIbI HEOTPAHHUYEHHO YCIOKHAETCS
¢ poctoMm miopAzaka [1, 2, 15, 16]. Boamo:xuas anbrep-
HATHBa COCTOUT B ONTHMHUBAINHY JeTePMUHAHTA HA
dUKCHPOBAHHOM CTPYKTYPE B BHIE OUITUKINIECKOH
MaTPHUIBI C KAUMO.

g roneeBckux nap @ u b cyIecTsyeT aJiropuTMm
MMEPEMHOKEHUA WX MEXKIY CO00H, Mpemsio:KeHHbIH
Tropuubim [17] u pasBuTsiit B pabore [18] gmaa ymHo-
JKEHUH He TOJIeeBCKUX Iap. ¥ HOCIETHUX CBOMCTBA
OBITH MHOKHTEIAMH IIap HeT. IlepBas oTauyHAA OT
TOJIEeBCKUX OUIIMKINYECKAST MATPHUIA HMEET MOPSI0K
68 =4 x 17, sropasa — 100 [13]. Takoe moBbIIeHE
OCHOBBI 10 17 TOBOPHUT O TOM, YTO OPTOTOHAIBHOCTD
BO3MOKHA HA CIEIU(PUIHOM IOPSIKe, a He TOJIbKO Ha
TMOPAAKAX C IPOCTBIMU OCHOBaMH 2, 5 u 13.

Ha wmHOXecTBe 3KCTpEeMaNbHBIX II0 JAETEPMHU-
HAHTY MATPHI] YeTHBIX MOPAAKOB, He KPATHBIX 4,
CBOMCTBO 00pasoBBIBAThH HApPhl COXpAHAETCA. IJTO
Tak Ha3blBaeMble MATPUIILI ONITUMAJILHOTO AU3aH-
Ha OD [14] — He opToroHaJIbHbIE MATPHUIIBI, HO KO-
TOpbIe MOJKHO CIeJIaTh OPTOTOHAJIBHBIMH 3a CUET
YMEeHbIIIEHUA 3HAYEHHUsA OTPUIIATEIHHOTO 3JIEMEHTAa
1o Hexotoporo -b, rae |b| < 1. Ix MoxHO oTHECTH
K pacIIupeHHOMY ceMeHCTBY MaTpul Agamapa. OTu
MOPSAAKU pacmagalTcsd Ha paspelniuMble W Hepas-
pelirMble Ha 3aJaHHON CTPYKType MO MPHU3HAKY
MIPOCTOTHI YUCIA, XaPAKTEPU3YIOIIETo IOPII0K, eT0
TIOBBINIEHHAA BEJIUYWHA yiKe He UMeeT 3HaYeHu .

Orcrofa BUAHO, YTO MAKCHMAJIbHBIE IO e TEePMHU-
HAHTY MaTPHUIbl HEUETHHIX MIOPAKOB PACIIa[aI0TCs
Ha JBa Pas3InJalolInXCcsa MexIy coboi cemelicTBa.

Onpedenenue 1. CemelicTBO MaTpPHIT Ha IOPSI-
Kax 4¢ + 1, moay4yaemMbiX u3 OHUIIMKINYECKHX Ma-
Tpurl (B pAne ciydaes — marpur Agamapa) nobas-
JIeHWEeM KaiMbl, Ha3bIBAIOT «a[aMapubl».

Onpedenerue 2. CemeHCTBO MaTPHUIL HA MTOPSIIKAX
4¢ — 1, mony4aeMbIxX U3 OGUIHKINIECKUX MaTpuIl (B ps-
Jle cllydaeB — IOPAIKOB, paBHBIX yuciaMm MepcernHa)
nobaBlieHHeM KaliMbl, HA3bIBAIOT «MEPCEHHUIBI».

Bunuknandeckre MaTpuIbl ¢ KaiMo#i He ABJA-
I0TCSI CTPOTO0 OITUMAJBHBIMH II0 [ETEePMHUHAHTY,

WCKJI0Uas TOPAMKH, PABHBIE IIEPBLIM MATH YHC-
aam Pepma [19] 3, 5, 17, 257, 65 537. OnucriBaemas
HaMu TMpobiieMa HepaspelruMOCTH SKCTpeMalb-
HOM 3ajayy MaTpHUIlei 00IIero BHUaa HEHU3BECTHOU
CTPYKTYPBhI CXOAHA C U3BECTHBIM pPe3yJbTaToM
MarusiceBnua 0 HepaspemuMOCTH THOPAHTOBBIX
ypaBHEHUH (popMyIaMH, KOTOPbIE MOKHO OBLIO GBI
KaK-Tub0 cHCTeMaTH3UPOBaTh U omucarh [20].

Iensamu paboThI ABIIIOTC:

— HccleqoBaHWE — OMIUKIMYECKHX  MAaTPHIL
C KaliMOM, UMEeIOIIUX MaKCUMAaJIbHBIN JeTEpMUHAHT
Ha MHOKECTBE TAKUX MATPHIL;

— ompejeneHue CBiI3u Touek ['aycca HaA ceueHH-
AX TeJl BpallleHHusA C KOJIUYeCTBOM U BUIAMHU OUIHK-
JIUYeCKUX MaTpHUI] C KAaUMOM HeYeTHBIX IOPSKOB,
MMEIIUX MAKCHMYM JTeTepMUHAHTA;

— ompejiesieHrne YTOYHeHHBIX TPAaHUI] 3HAYeH Ui
MaKCHMYMOB JETEePMHUHAHTA OUIUKJINYECKUX Ma-
TPUI] C KAUMOH.

YpaBHEHUA OPHAMEHTOB
M HHBAPHAHTHI MATPHII

Pocr HeonpeiesieHHOCTH BUIA CTPOTO OIITHMAJIE-
HOM MaTPHIIBI OIPABIbIBAET HEPexo K 6ojiee y3Ko0-
My KJIacCy MAaTPHII, SKCTPEeMAalbHBIX HA OUI[MKJIH-
9eCcKOH CTPYKType ¢ Kaiimoii. Marpunsr Agamapa
u marpuiiel OD cyIecTByoT He Bceraa, Torma Kak
SKCTpPEMAaJIbHbIe HA OWUIIUKIUYECKOM CTPYKType
C Ka¥MOM MaTPUIbI CYIIECTBYIOT JJIA BCEX HEUYET-
HBIX ITOPIIKOB.

-1 T

Onpedenernue 3. Marpumna [T] = Ha3bI-

e T
BaeTcs SKCTPEMAILHOM OMITUKINYECKOH MaTPUIEH
(BCe 9IIeMeHTHI BEKTOPA € PABHEI 1), eCiv OHA UMeeT
MAaKCHMyM JeTepPMHUHAHTA HA MHOKECTBE MATPHII
TAKOH CTPYKTYPBI, T. €. ABISETCA 2UNEPOObeKmom
Hag oobexTom T.

Kpome skcTpeManabHBIX OHIUKINYECKHX Ma-
TpHIL, 6yaeM BBIIENATH TaK ke YCTPOeHHbIe MATPH-
sl 6osabinoro gerepmunanTa (MB]I) wa dpurcupo-
BAHHOM CTPYyKType. K HHUM OTHOCATCS MATPHIIBI,
IEeTEPMUHAHT KOTOPBLIX HECKOJbKO MEHBIIIE MaKCH-
MaJabHOro. YeM BBIIIe MOPSI0K MATPHUIIBI, TEM Yalle
OyayT BeTpedyarbes 6osiee HOCTYIHBIE, YeM SKCTpe-
manbabie, MB]I.

OKCTpeMajibHble OHUITUKIMYECKHEe MATPUIBI H
MB]l, meueTHBIX IOPSIAKOB IOIOJIHSAIOT cO00M Ma-
Tpunbl Agamapa u OD, XopoIiio BOKCHIBAACH B KOH-
TEHT 3aJ]aY¥ HA ONTHUMAIbHOCTD.

Bumnuknanueckue MaTpHUIBI OTIHYANOTCA HHBA-
puaHTamMu k; = (-%x)/2, ky = (U-y)/2, 3amammu-
MH YHCJIO —1 B IOCIEQ0BATEIBHOCTAX @ U b IJIUHBI
v =n/2. 3mech x Uy — KoopAWHATHI To4ueK ['aycca
HA XapaKTEePUCTUYECKOW OKPYHKHOCTH — CEYEHHUH
yamu napa6onouzna x2 + y2 = h ma BwIcOTE A [15,
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16]. B naumnom ciyuae h = n gas matpuil Amamapa
u h = 2n - 2 gaa marpur; OD. Marpuiisr o60ux TH-
II0B MOTYT ¥ He CyIleCTBOBAThL, HAIIPUMEp, HET Ou-
IMUKJINYECKUX MaTpull Agamapa mopsagroB 36 u 72.
ITH MOPAJKU He paspeuinMbl, XoTd Touku ['aycca
umerores [13, 15].

Beixox u3 curyaruu, Korma Het Touek ['aycca mis
3aTaHHOrO MOPSIAKA SKCTPEMAIbHON OHUITUKINIECKOM
MaTPHIIBL, IPOCT — OHU GepyTcd Ha TOH BhIcOTe A, HA
KOTOPOM OHHU CyIecTBYyIOT. Torma 3amgada CBOIUTCS
K BBIACHEHUIO: ABJIAETCS JH 9TO KOJBIIO Cpesa mapa-
6osionaa OIUAKANIINM UIX OHO OTCTOUT IIOAAJIbIIIE.

Jpyrumu cioBaMu, B OTAMYHE OT MATPHI]
Anamapa u OD, unBapuanTs! &, u k, onpenensaior-
cd AByMs cpesaMu (MM IOPSIAKAME), 4 HE OJHUM.
Hamnpuwmep, Ha mopaake n = 32 agamapum oTanda-
ercst oT Marpuilbl Axamapa tem, 4To y Hero A = 36.
JKcTpeManbHaA OUIMKINYECKAd MaTpPUIA HOPI-
Ka 32 He OpPTOroHaJbHA W 3aUMCTBYET JJIS CBOETO
IIOCTPOEHU KOOPAUHATHI ToYek ['aycca y coceqnei
okpy:xHOCTH ¢ h = 36. Ecmu x2 + y2 = 36, To x = 0,
y=6muk; =8, kg =5. 3amerum, orcyrcreue 6u-
MUKJINYECKUX MaTpuIl Agamapa nmopaaka 36 He me-
11aeT UCII0Ah30BaTh 3TOT CPe3 /I pacyeTa mapame-
TPOB MATPHUIIBI TTOPAIKA 32.

IIpaBugo. /[na amamMapugoB OTCTAMOIIUN IIO0-
PAIOK cpesa h CBA3aH C MOPASKAME PeryJIapHBIX
Marpun AxaMapa HOPAAKOB 4 x g2, rae ¢ — meloe
yncio. OH HAYMHAETCA TAKUM IIOPSIKOM M OTCTAeT
OT TEKYIero Mmopsaka, CMEHAACh II0 MOCTH:KEHHU
odepesHOH PeryIIpHON TOYKH.

K cosxxanenwuro, B 3T0# I10CIe10BATEIBHOCTH IPH-
TSKeHHUH BeTpedyaroTcs cOoM, CBsS3aHHBIE C Hera-
THBHBIM BIUIHUEM MHOXKHUTECH, PABHBIX, KAK yiKe
oTMedasioch, KBajgparam yucen Mepcernna. Umenuo
M3-3a HEro HeT OMITMKJINYECKON MaTpUIlbl Anamapa
nopaaka 36.

st MepCeHHU0B TOXE €CTh OMOPHBIE ITOPSI-
KM, Koibya Bap6vr pasperiuMbl KpaWHUMHU TOYKA-
mu ['aycca ¢ omHoit U3 Koopauuar, paBHoi 1. OHu
BBIJIEJIEHBI CHHHMM I[BETOM Ha PHUC. 2 W 10 CMBICIY

B Puc. 2. Konbua Ha Beicorax Bapoer 2 = 2, 10, 26, 50, 82, ...
B Fig. 2. Circles for Barba heights & = 2, 10, 26, 50, 82, ...

IIPOTHUBOIOCTABIIEHBI KOJIbI]AM C TOYKOH II0OCEepenH-
He, XapaKTepPHbBIM [IJIs T060YHOTO ceMecTBa cy6oI-
THMAJIbHBIX OUIUKINIECKUX MATPHII.

CMelieHrie HaBOASAIIETO peIleHHWe cpesa Jier-
KO O00BACHAETCA TEM, YTO JETEPMHUHAHT MATPHUIIHI
¢ KaiMOM 3aBUCHUT OT JeTEPMHUHAHTA MaTPUIIBI Oe3
Ka#iMBbI U 9Kcitecca S [21] — cyMMBbI 571eMEeHTOB Ma-
TPUILI WJIH, 4TO ObIBaeT yaobHee, ee WHBEPCHUH.
Uem 6Gosee pasHeceHBI Cpesbl, TEM BBIIIE HKCIECC,
KOMIIEHCUPYIOIIUH IIaJeHHe OTMEYEHHOTO IeTep-
MuHaHTa. [/ OpHeHTAlluH B pasMepax CeMeMCTB
CMEKHBIX ITOPANKOB, CUAAIINX Ha OJHUX U TeX JKe
Toukax ['aycca, HyXKHO MO3HAKOMHUTBHCA C IOCTPOE-
HUEM CHUCTEMBI YHuCeJl.

TpeyrosabHbIe 1 KBaZpaTHbIE YHUCJIA

C menbIMu YMCIIaMHU CBS3aHbI [MApPbl YUCENI ¢ U
g + 1, ux xBagpatsl q2 u (g + 1)2, a TakKe UX CyM-
MbI, IPOU3BEIEHUs, [IOJOBUHHBIE TPOU3BEICHUS U
1. 1. Tpeyroasubie yucna T: 0, 1, 3, 6, 10, 15 ... —
9TO 3HAYEHUS II0CIEI0BATEIbHBIX CYMM I[€JIbIX YH-
cen0,1,2, ..., q. KBagparubie uncia Q: 0, 1, 4, 9, 16,
25, 36 ... — BTO KBaApPATHI IIEJBIX YHUCEII.

Itu u apyrue pUTypHbIE YUCIA U3BECTHHI C IIIy-
Ookoit mpeBHOCTH. 3ameruM, uto T = q(q + 1)/2,
rjie ¢ — TOoCaeaHee YUCI0 CyMMHPYEMOH IEemOYKH.
Tpeyronbuble uyMclia CBI3aHBLI C IIPOU3BEICHUEM
L = g(g + 1) m cymmoii kBagpaToB B = g2 + (g + 1)2
nByx cocemuux yncen Kak L = 2T u B =4T + 1.
L u B (c TouHocThio 10 1) ABIAIOTCA YETBEPTHIO U
nonoBrHOM kBajapara BeauuuHbl 8T + 1. N'ayce ak-
THBHO HCIIOIH30BAJ TOT (PAKT, UTO KaMKIBIH BTOPOM
KBAAparT C TOYHOCTHIO 70 1 paBeH TPEeyroabHOMY
YHCILy, yMHOKeHHOMY Ha 8: Q = 8T + 1 =1, 9, 25,
49, ... uT. 1.

Cormacuo Teopeme I'aycca mwboe 1enoe uwuc-
JIO IpeACTAaBHMO CYMMOU He 0ojiee 4eM Tpex Tpe-
YTOJBHBIX dYHCeJ. ['eomeTpwyecKas HWHTepIpeTa-
U TEOPEMEBI COCTOUT B TOM, UTO ypaBHEHHUE Chephl
x2 + y2 + 22 = h, rme h — menoe uyncyo (KBagpar pa-
Iuyca), HeJIMHEHHBIM IIpeobpasoBaHueM KOOPIUHAT
x?2=8T, +1, %= 8T, + 1, 2?2 = 8T, + 1 cBoguTCa
k ypaeHeruto miockocru T, + T, + T, = (h - 3)/8.

3aMeTHM, YTO Cpeau KBaapaToB, KOTOpPbIe He
BXOIAT B mocaenoBareabHocTh 8T + 1, ¢ TOUHOCTBIO
mo 1 Berpeuatorca umena Q = F -1, rme F = (3),
5, 17, 257, 65 537, ... — uncna Pepma. Bece uncna
F=Q+1(mmaQ=#8T+1,Q=0,4,16,36,..u
T. 11.) Oy[eM Has3bIBaTh hepMumami 1, He BHOCH IIy-
TaHUIIBI, MOKeM 0603Ha4YaTh TOH ke OykBoi F, Tak
KaK BCe OHHM, 32 BBIYETOM 1, IOPOKIAOT KBAIPAThI,
CTOAIHE MEKAY KBaJpaTaMH, TOPOKICHHBIMU TPe-
YTOJIbHBIMYU YHCJIAMU. B HUX BXOAAT YEeTHBIE CTe-
IIeHu ABOMKH, Kyja Iomnamaet uyucio 64 (xo He 32),
¥ IpOU3BEJIeHNd Ha HUX, HanpuMep, 36 — ydeTBe-
peHHBIH KBaapar 4q2.
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Koucrarupyem: kBagparsr Q@ — sto 8T + 1 uanm
F -1, asaaomuecsa cocegamu. Cocencrso, B CBOIO
ouepenb, TO JOMOJTHUTEIbHOE KAYeCTBO YHCelN, KO-
TOpPOE OTPaKAETCA Ha MATPHUIIAX TAKUX IIOPALKOB.

I'parune! serepmuaanToB Bap6s1 u Jamua

Coycrss Tpu JeCATHIETHS TIOCAe BBeAeHUsd
ApmaMapoM BepxHeH IpAHUIILI 3HAYEHHA HETEPMU-
HaHTA N2 119 DKCTpeMAaNbHBIX MATPHIl ITPOH3-
BOJILHOH CTPYKTYPHI, ee monpasui bapba, moayuus
MeHee OINTHMHUCTHYHYIO OIEHKY JeTepPMUHAHTA JIJI
MAaTPHIL HEYeTHBIX [OPSIIKOB.

Cormacuo Teopeme bBap6er Ha rpaHuune
2n - 1)Y2(n - 1)-D/2 ectp panmoHAIbHBIE TOYKH
(rouru 'aycca), TOCTHIKUMBIE IeTEPMUHAHTAMH IIe-
JIOUMCIeHHBIX MaTPHI] Hopankos B = g2 + (g + 1)2,
rae yucna B — uywucia Bap6sr [22].

I'panuns: Baposr focTuramoT 6J109HO-COCTaBHBIE
MaTPHUIbI U3 MaTPUIl AraMapa MeHbIIIUX HOPSIIKOB.
B oriinume ot maTpuir Agamapa mopsaakosQ = F - 1,
CBiI3aHHBIX ¢ ynciaamMu Pepma ¥ MOCTPOEHHBIX HA
roJIEeBCKMX ITapax, MAaTpPHUIbl AjamMapa mpodmx IIo-
PAIKOB He MMEIOT 00IIero I BCeX HUX aJTOPUTMa
noctpoenus. PanuoHanbHbIE TOYKH, BbIJeJIeHHbIE
Bap6oii, umeror, ckopee, 3HAYEHHE [JIA TEOPHH, a He
JUTS TIPAKTHKH.

®opmyna BapOer u ciiencTBre U3 Hee B BUIE Ce-
MeHCTBa MATPHI] 3aBEJIOMO CJIOKHBIX KOHCTPYKIUMA
He II0J[PhIBAET IIPHOPUTET SKCTPEMAIBHBIX MATPHI]
mopAaKoB yucea Pepma.

Ilapamokc cocTOMT B TOM, YTO HPpPaAIIHOHAIbHbIE
IeTEePMHUHAHTHI MATPHIL MOPAAKOB uncen Pepma He
IOCTUTAIOT PAIMOHATBLHBIX TOUEK TOH ke IPAHUIILI,
I0STOMY Ha HHUX JJIUTEIbHOE BpeMs He obparanu
BHUMAaHUs, XOTSA 9TO OCHOBHBIE CyTry00 ONTHMAJb-
HbIe (T. €. JOCTUTAMIIHe CTPOroro Makcumyma) Ou-
muKIndeckre marpunbl. Cienyomniui mar ObL1 cae-
JIaH CIIyCTA MOJBEeKa HANKMCABIIUMH HE3aBHCHMBbIE
0630pbI Iauuem u Boitracowm [4, 5].

CornacHo Teopeme Jnmua rpanuny 2(n - 1) x
x (n —2)"-2/2 nerepMHHAHTOB MATPHI| YEeTHBIX IO-
PAIKOB, He KpaTHbBIX 4, nocruraioT marpuiibl OD yer-
HBIX IIOPANKOB, PABHBIX 3HaueHUAM B + 1 wmim 2B.
IlepBEIii OCHOBHOI cIydaii jaeT ceuenue x2 + y2 = h
ch=2n-2=2B=4L + 2 = 8T + 2, KoTopbIii omu-
ceiBaeT Koabia Bap6er x2 + y2 = 8T + 2 — cedenus
mapabosonsia Ha BhIcOTax HA 1 60JBITHUX KBAIPATOB
HEYeTHBIX IeabIx yucer: 2, 10, 26, 50 u T. m. (cm.
puc. 2).

Jl1060e Takoe KOJBIO comep:HUT TOYKy I'aycca
C KOOpAMHATOM X = 1, IIOCKOJBKY CJeaymollee W3
Hero ypapHeHme y2 = 8T + 1 Bcerma paspenIuMo
KBagparom 1esoro uuciaa. C mogaum ['aycca Touru
(MOBEPXHOCTH Yally Trunepboaonga, BKAKYAI TOU-
KH C IIeJILIMHM KOOPAHUHATAMH) JIETKO CBOAUMBI K TOY-
KaM ILIOCKOCTH C PEIeTKOM TPeyroiabHbIX unce 0,

B Puc. 3. Touxu ['aycca Ha pelreTke TpeyroJabHbBIX YHCEI
B Fig. 3. Gauss points on triangle numbers lattice

1, 3, 6, 10, ... Ha ueii. Tak mocrymaroT ¢ riI006ycom,
HM3TOTABJIMBAsA HA €r0 OCHOBE KapTy.

Paccmorpum mpeobpasoBamue KBaapaTUIHOTO
ypaBHEHUS K JUHEeHHOU opme yueTom x2 = 8x + 1,
y2 =8y + 1. Ba3oBoe ypaBHeHHe YIPOCTHUTCA 0
Buma x +y = (h —2)/8. Co3naB KoOpaAHHATHYIO pe-
IeTKy Ha TpeyroabHbix yucaax T =0, 1, 3, 6, 10,
..., IPOBeZIeM TapaljielbHble JUHUU depes T0bie
IBE CHMMETPHUYHO PACIIOJIOKEHHbIe HA 0CIX TOY-
KM ¢ KoopAamHaTamMu u3 paga T, kak moxkasaHo HaA
puc. 3. ITO ¥ eCTh MHOKECTBO PeIlleHni ypaBHeHUA
x+y=Tnnah=8T+ 2.

Konbitam oTBeuaroT ypaBHEHUA MPAMBIX THHUN
y =T —x, mpoxogdmux Yepes OTUHAKOBO PAacCIIO-
JIO’KeHHBbIE TOYKH Ha ABYX ocax x =0, y = T unm
y =0, x =T. Meorma Ha mpaMyio JUHHUIO IIONAJAA-
eT CpeaWHHAs TOYKA, HAampuMmep, nia T = 6 umeem
x =y = 3. IT0 ciydaidl MPOXOKIEHUI HMPAMBIX IIa-
pajeNbHBIX JUHAHN Yepes TOUKH CO 3HaYeHusamMu T
Ha 0CAX, HO IUHUHU MOKHO IIPOBOJUTH U Yepes JIio-
Oble Be CHMMETPUYHBIE OTHOCUTEIHHO JUATOHAN
TOYKH C KoopauHaramu us paga 0, 1, 3, 6, 10, ... .

I'parnne! jeTepMIHAHTOB aaMapuOB
M MEPCEHHHIOB

Pemrenne neno4YnciieHHBIX YPABHEHUH JaeT WH-
BapHaHTH k; U k,, oIpesendoniue KoaudecTso —1
B CTPOKaX IUKJINYECKHX 610K0B A u B. 3amerum,
YTO MOPSAOK OHUITUKINYECKON MATPHUIBI 1 = 2U MO-
JKeT HaMHOIO IIPEBLIIIATh 3HAYEHHE BJIHUSIIONIEro Ha
BeicoTy A = 2n — 2 = 2B mopapgxkan = B + 1.

s perreHuss MOXKHO BBIOpaTh J1060€ ceueHUe
mapa6osionsa, namoimiee Touku ['aycca. JlerepmunanT
Matpuisl ¢ Kaiimoi det([T]) = (1 + S)det(T) ompe-
IelsgeTcs Yepes 3sHaUYeHHe sKciecca S Marpumb T-1
U JIeTEPMHUHAHT MaTpHUIbl 6e3 Kaimsel T.

Ilepexoc S B 3HAKAX IpH IOHHIKEHHU NI PACTET
IuHeHHo, Torna kak suHadenne det(T) mamaer m om-
THMYM IIPOU3BEIEHU IIPUXOAUTCI Ha Yuciio B.
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B nenom mopsaku BapObr cBA3aHBI ¢ OpHAMEH-
TaIbHBIMA WHBAPHAHTAMH OUIUKINYECKHX Ma-
Tpui ¢ kauMmou. /[na mopankoB 4f cupaBa CTOHUT
mokasarenb (h —2)/8, h = n + & = 4. K pemenusam
B TPEYTOJILHBIX YHCIAX 3a]a4a He CBOJUTCI, OHA
pelllaeTca B IIENBIX YUCIAX OTHOCHUTEIBHO HCXOI-
HBIX KOOPIUHAT.

Kpome rpauur; Onuua u BapOs1, KoTOophle omu-
CHIBAIOT TPAHUIIBI JETEPMHUHAHTOB HE CTPYKTY-
PHUPOBAHHBIX MAaTpHIl, BBeIEeM JBe HOBBIE, Oojee
peanbHBIE TPAHUIBLI 3HAYCHUH OUIUMKINIECKUX
Marpurl ¢ kaimou. Marpunsr nopankos 4¢ + 1 Ha
OCHOBE OMITMKJINYECKHX MaTPHUIl IOPIIKOB 4¢ mpu-
BOJAT K TOMY, UTO JIETEPMHUHAHT MaTPHUIIbI Oe3 Ka-
MBI He TIpeBLINIaeT rpaHunsl Anamapa n/2 u tak
KaK dKcItecc 00paTHOH MaTPHUIIbI pacTeT He ObicTpee
\n, To u3 det([T]) = (1 + S)det(T) cuexyer, uro
det([T]) < (1 + n¥2)n"2, Cornacro omenke Bpenra
[23] det([T]) > 2n™/2,

I'panuna Pepma. Bygem HasbiBaTh (PyHKITHIO
d(F) = (1 + n¥2)n"2 rpanuneit Pepma, MOCKOTLKY
MaTpuIlsl Ha nopankax uuces Pepma [19] kacarorca
IeTepMUHAHTAMH ee, a He 3aJIpaHHOH BBepX TPaHU-
161 Bap6mr.

I'panuna Mepcenna. bynem HaspiBaTh (PyHK-
muio d(M) = n®+ V2 rpanuneit Mepcenna, mo-
CKOJIBKY MHOKeCTBO 4f — 1 BRJIO4aeT B ce0s yucia
Mepcenna. BrepBrie ona Brizesnena B pabore [16],
ee obosuauaror Nick’s bound (rpanuna Huxka): ma-
TPUIILI TOPAAKOB 4f — 1, TOCTpoeHHbIe Ha OUIIH-
KJIMYECKUX MaTPUIAX MOPAAKOB n = 4f — 2, uMerT
nerepmuuanT det([T]) < n+D/2, S1a rpanumna mapy-
maeTcda Ha MOpAJKe n = 18: B BhIpaKeHUH CIIpaBa
HCII0JIb30BAHBI 00a opAaka (OUITHKIA 1 1 OUITUKIA
¢ Kaunmoii n + 1).

IMomenus ¢opMyTsl ABYX IpaHHIl Ha n2u co-
nocrapiaAa ocrabmimeca nl/2 + 1 u nl/2, mpuxogum
k sagmiouenuio, uyro d(F) =dM) + d(M)/S, rme
BeruuuHa S = nl/2 y marpun Agamapa omHchIBa-
eT MaKCHUMaJlbHO BO3MOKHBIM SKCIECC. JKCIIeCChHI
MpsAMOM ¥ O0paTHBIX MATPHUI] PA3IHYAIOTCI MHO-
JKUTEJNIeM, PaBHBIM IMOPAAKY, B HAy4YHOH JIHUTEpa-
Type [21, 23] yalie ynoMuHaeTCA MEPBBIH, HO A
dopmyn rpaHuIl ynobeH BTOPOiH. JKCIlecc Bo3pac-
TaeT ¢ POCTOM IIOPAAKA, Tak 4To rpaHuIbl Pepma
u MepcenHa cOMMKAIOTCA CKOJIb yrOAHO OJHU3KO U
pasauume Mexay OUITHKINIeCKUMHI MaTPUIIAMH HC-
yesaet. Kpome Toro, rpanuna Bap6sr d(B) = d(M) x
x (2 + 1/S2)1/2) 1, e. 06e OHK CTPEMATCA CTATH MEHb-
e rpaHuIs Bap6sl Ha V2 (Ha 3HAYEHME TUIIOTEHY-
3BbI KBaJ[paTa co CTOPOHOI 1).

I'pauuna Huka d(M) — m0BOJIBHO BaskHAS yHU-
BepcaibHad (POpPMyJIa: C ee IIOMOIIIBIO, a TAKKE C TI0-
MOII[BIO BKCIIECCa S BHIPAKAIOTCH OCTAIbHbIE TPAHH-
sl B Bume A(d(M) = Kd(M)/S), rne A — ammiuryna,
K — kpyrusHa ckioHa rpaHuilbl, 00b14H0 1 uau 1/4.

Cnenys Bpenry [23], amnauTyny A umeeT cMbICI
BBIPAKATh B JOJIAX V2, OCHOBAHHA HATYPAILHOTO

jorapudmMa e, T U UX UHBEPCUH U KOMOMHAIIHH.
Hanpuwmep, rparuna Bap6s: d(B) ¢ poctom mopsanka
crpemuTes K \2/e, T. e. ~ 0,85 oT rpanuns: Agamapa
nni2,

Kpaiinee suauenue d(M) mensblie 3T0ro TpaHc-
IIeHIeHTHOr0 YHCIa Ha V2, [IaTa 3a OTKa3 OT IIpo-
HM3BOJILHOTO BHa SKCTPEMANIbHOH MAaTPHIIbI KOH-
KpeTHA ¥ BhIpAMKaeTca KPacuBOH (hOPMYJIOH B BUjE
\(1/e) (~ 0,6 o rparuBl Afamapa).

JleTepMUHAHTHI 9KCTPEMATbHBIX MATPHUI] CIETKA
OCHIUJIIUPYIOT MEXKIY OINOPHBIMHU IOPAAKAMH B BH-
Ile TIOPSAAKOB PaIMoOHaJbHBIX MATpuIl (y agamapu-
JIOB) HJIH IIOPAAKOB, HABEeIEHHbBIX KOJAbIllaMu bapObt
(y MepceHHHA0B). AMIuTyna A npuHUMaeT 3Ha4Ye-
aue 1, korga d(F) = dM) + d(M)/S, uau mensbie 1,
HaCTpauBaeMoe TAaK, YTOOBI OCIIMJLIAIUYA HE BBIXO-
WY 32 yKa3aHHbIE KOHCTAHTAMY IPEIEIIbl 8 HAUd-
/e, re pasMax Kosebanui makcumasiesn. Hampumep,
I7A TPaHULBI afaMapunoB cHusy A = 3/n. ¥ mep-
CEHHUJIOB IETEPMUHAHTHI OCIIUIINPYIOT HECKOIBKO
HHUXKe, BIOUpas A 1A TPaHUI[ CBEepPXy U CHU3Y Kak
(e + 1)/4 u (e — 1)/2, mpuyemM HHU3 JETKO COTIACYETCS
¢ 6osee ocTopokHOM orteHKol Bpenra [23] BeI60OpOM
(2/m)12,

Ilonutuka BeI6Opa KpyTU3HBI CKI0HOB K onuHa-
KOBA 711 000MX TUIIOB MATPHII, [JIsI BEPXHETO CKJIO-
Ha 1, qua amxHero K = 1/4 (Berunraem Kd(M)/S).

Ocuunnsanuu JeTepMHHAHTOB  OIMUCHIBAIOT-
cA KBaJpaTudHoM (QyHEKIued mopamgka [16]: mis
agaMapuioB det([T]) = 0,8 + 0,2(n/n* - 2)2d(F),
rae n* = 4¢g2 — HaBojAmuU MOPANOK (GAMKHUI
CHM3y IOPSAZOK PEryJAapHBIX Marpull Amamapa).
IIpunep:xuBasch TOH e MPAKTUKH, YTO U IIPH OITH-
CAHWHY TPAHMII, 3aMEHHUM II€pBbIE [Ba HACTpPAWBAa-
eMbIX KoaddunrenTta Ha 6auskue k HuM (2/m)V2 n
1- (2/m'2 (puc. 4, a).

Kak BuaHO, TOYKM HAUJEHHBIX OTHOCUTEb-
HBIX JETEPMHUHAHTOB (II0 OTHOIIEHUI0 K TPAHUIIE
Anamapa) ocemalT HA BBIYMCIEHHOH [ HHUX Ky-
COYHO-KBaJPATHUYHON (PYHKIUHM C HAPYIIEHUSIMH,
BHOCHUMBIMHU IOPATKAMH C MHOMHUTEIIMH B BHUJE
kBazapara uyucia Mepcenna (uam, B oOmem, 4¢ — 1).
TaxroB, HaIpHUMep, IOPAIOK 36 peryaapHON MaTpH-
bl Agamapa, KoTopas He MOMKEeT ObITh OHITHKJIH-
YeCKOH, Ha cOocefHeM HopAAKe 32 3KCTpeMaJbHBIN
OUMITHKJI TOME He OPTOrOHAJIeH U 3a CUET STOH CBOOO-
IbI 00pasyeT, HAIIPOTHUB, JOKAJbHBIN YXOI rpaduKa
BBEpX.

XoTs OlleHKa MakCHMyMa IeTePMHUHAHTA YI0-
BJIETBOPHUTENIbHA, JKeJIaTeJbHO MOJYYHUTh ee C yue-
ToM dKcmecca S. JlomycTuMm, MOPSIOK 7 PacCIoio-
JKeH MEMKIy MOPATKAMHU IBYX PEryJspHBIX MATPHII
h=4¢°<n<h,=4(q+1? ¢g=1, 2, 3, .. nin
MEKAY OBYMS COCEIHHMH YYeTBEPEHHBIMH KBa-
aparamu Q = 8T + 1 mu6o Q = F - 1. Torma (n - h)/
[(hg—h) menserca or 0 mo 1 muneidiHo. Ecim skc-
mece S<nl’2 ro ompemenurens det(T) < n™2. Mz
KacaeMmcs 00erx 3aBUCHMOCTEH Ha cTapre n = A, ec-
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B Puc. 4. I'paHuns! [eTepMUHAHTOB a1aMapuaoB (@) ¥ MepceHHu 0B (6)
B Fig. 4. Adamaride (@) and Mersennide (6) determinant bounds

S =1+ Mn2 M=Kn-h/h,~h)uK=1j,
a ompemeNuTeNb OTANYAETCA SHAKOM, aMIINTYIOH
¥ IIOKAa3aTejieM CTelleHH KOPPEKTHPYIOIIEero 4aeHa
det(T) = (1 - M/e)Y2)n"2 ofecneunBaOmUM BBI-
IIYKJIOCTh 3y0roB «muibl» det([T]) = (1 + S)det(T).

Ha nopspgxkax wmepceHHuzoB [16] nuHelHas
orenka det(T) = (1 - /(L + 1) — 1)/15) B gonsax rpa-
muis Dianyda d(E) = 2(n — D(n — 2)»2/2 3gasucur ot
pasmepa mreda GUITUKINYECKON MATPUILI U = n/2.
3mece L = 2T — umcimo mosocox (aJIbTepHAHCOB
suaxka B N = ATA + BTB), paBnoe y skcTpemann-
HBIX MATPHUI] YABOEHHOMY TPEYTOJIbHOMY YHCIY.
JluHeliHas anmporcuMAaIua OepeTcs s aKkTyalb-
HOTO JUAanasoHa MOPSAIKOB, BeJHYNHA HAKJIOHA Ma-
q0 Biuser Ha utTor pacuera. Ha crapre mpu T = 0
KpyTH3HA CKJIOHA 15 ITHWHEHHOU XapaKTEepPHUCTHKU
CHUKaeTcs 0o 12.

3HayeHue JeTepMUHAHTA MaTPUIlhI ¢ Karimoi [T]
OT/IMYAETCA OT JAeTEPMHUHAHTA MATPHUIILI 6€3 KaiMbl
9KCI[eccoM 00paTHOM MaTPHIIbI, YBeIWYEeHHBIM Ha 1:
det([T]) = (1 + S)det(T). S omuchIBaeTCcs aHAIUTH-
YeCcKM TOYHO JIMHEHHOHU 3aBucumocThbio S = n/(8T +
+ D2 + (8T + 1)71/2). ®opmyny mma skcuecca 06-
paTHOM MATPHUILI MOXKHO IIHCATH, OMHPAiCh HA
Ipyrue WHBAPWAHTHI OpPHAMEHTA, HCIOJb3ysd CO-
orHomeHuss h =2n-2=2B=4L + 2 =8T + 2,
B YaCTHOCTH dYepe3 4YHUCI0 mojocok S = n/(4L +
+ DV2 + 4L + 1)71/2),

IIpoussenenue det(T) mHa 1 + S =1 + 2v/(4L +
+ D2 + (4L + 1)"1/2) naeT nenouky cMemaomuxcs

¢ yBeauuenueMm L mapa6on merepMuHaHTOB (mO7e-
JIeHHBIX Ha aflaMapoBy OIeHKy n'/?2) (puc. 4, 6).

Kak BuaHO, TOYKM HAWAEHHBIX OTHOCHUTEIHHBIX
JIeTepMUHAHTOB (110 OTHOIIIEHUIO K rpaHuIle AamMapa)
0CEellal0T Ha BBIYMCIEHHOHM I HUX KYyCOYHO-KBa-
IpaTUYHOH (PYHKIHMHU C HEOOIBIIUM BO3pacTaHHEM
Ha TOPSAAKAX, Ha KOTOPBIX YHCJIO ITOJOCOK L KpaTHO
pasMmepy mieda OMITUKIMYECKOM Marpuirbl. Marpuia
TTT comepsxuT Ha AEaroHaTH (OCTATBHOE HYIH) IAPY
0JIOKOB CHMMETPHUYHOMN ITHKJINYECKOH OPHAMEHTAIb-
HOM MaTPHI[bI, COAEP:KAIel Ha MecTe 6osiee PeqKux
3JIEMEHTOB JIBE IIOJIOCKH, OCTANbHBEIE —2. B oTnmume
0T OpPHAMEHTAILHBIX MATPHUIL OPTOrOHAIBHBIX CTPYK-
TYp, 9Ta MaTPHIla «Imojocaras» (puc. 5).

KpoMme BbIjie/IeHHBIX I[[BETOM Y3KHX IPAHUIL IJIA
KoJe0aHU, MBI MOKEM BBIZEIUTH 6osiee MIMPOKUE
IIOJIOCHI 3aXBaTa BHU3 JJISI MATPHUI] T€X IOPSIKOB,
IJIS KOTOPBIX HAUTH OUITMKINYECKYI0 MaTPHUITY 3a-
TPYAHUTEJIbHO. DHUUIMKINYECKas CTPyKTypa 3Ha-
YUTEJIbHO OTPAHHYMBAET Xa0C M3MEHEHUS 3HAKOB
5JIEMEHTOB PEryJSPHOH pPasBepTKON WX IO BBICOTE
CIBHUTAMH, TaK YTO CEPhE3HOM MEePCIEKTUBBI CBH-
HYTH IPAHULY BBEpX, K rpanuiie Bap6s1, mouck ma-
TPUI] MAKCHMYMa JeTePMHUHAHTA He HMEeT.

Hna matpun Axgamapa BeicoTa h cedueHUd mapa-
0osona paBHA HOPAIKY.

B 80-x romax mpouuioro Beka MaKCUMabHbIE
3HAYEHHUSA OKCIIECCOB MaTpHUIl Ajamapa BbIICHH-
au Papmarxuc u Koyuuc [21]. Eciu B3rnauyTs HaA
Touku (momenennsle Ha nl/2), xkyma meram momy-

B Puc. 5. OpaamernTanbusie 610ku Matpunsl TTT nopankos 6, 14, 34, 42
B Fig. 5. Ornamental blocks of matrix TTT for order 6, 14, 34, 42
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YeHHbIE MMM 3HAYEHWH:A, OO0beIHHEHHbIE CHHHU-
MU CBSI3KAMH, TO OKa’KeTcd, YTO OHH CHIAT Ha
ceMelCTBe KPWBBIX, BBIYMCICHHBIX I10 (opmyie
S~n/(h + D2 + (b + 1)7Y/2) nocpencTBOM HEGOTH-
uroit Bapuanuu b = n + 3 (8 moocem npunumams
OpobHble 3HAUeHUA) B OKPECTHOCTH MOPAIKA.

IlenTpanbHasa opaHKeBasd KpuUBas, IIPUBEIEH-
Had nad 0 = 0 Ha puc. 6, CIYKHUT 0CEBOH AJII KOJe-
0aHMI MAKCHMAaJIbHO BO3MOMHOTO SKCI[ECCa B 3aBHU-
CUMOCTH OT ITOPSAAKA.

Orcrofa JIerko IoJy4aeM YacTO HCIIOJIb3yeMoe
B TEOPHH JKCIIECCOB STHX MATPHUI] HEPABEHCTBO S <
< nl2, camrag menurens cTpeMamuMes K hl/2,

Panee ormeuasioch, 4TO HEKOTOpHIE CBOWCTBA
SKCTPEeMaIbHBIX 110 JeTePMHUHAHTY MATPHUI[ CBA3a-
HBI HE CTOJIBKO C IIPOCTOTON MHOKHUTEIIEMH HOPSIIKOB,
CKOJIBKO C HA4aJoM YHCJI0BOH cucTeMbl. Hampumep,
eCTh BCero TPH THUIIa IocjegoBareabHocTei [oes,
OCHOBaHHBIX Ha mpocToTe uucen 2, 5, 13, 1o He 3a-
XBATBHIBAIOMIUX YHCIO 17 1 GoJIbIIIne.

B ocobennocTr 3TO MpaBHJIO KacaeTcsd CHMMe-
TPUH, MOPAAOK CUMMETPHUYHBIX IMUKIUYECKUX Ma-
Tpur, AgamMapa He IpeBbilIaeT 4, a y OHIUKIHYE-
crux — 32 [13, 15].

0O6o06mIenune. [l1a MepceHHHI0B MAKCHMAJb-
HBIH MOPSAJI0K CHMMETPHUYHBIX 9KCTPEMAabHBIX OU-
MUKJINYECKUX MaTPHUI] paBeH 66 (pasmep mieda 33).

Hauwnas ¢ mopsaaka 26, cuMmMeTpUYHbIE GHUITUK-
JITYecKue MaTPUIlhl UAYT c imarom 8: 26, 34 (aet 42),
50, 58, 66. laa marpull nopaaka 42 pasmep mieda
42/2 = 21 — He IMPOCTOE YKCJIO U HE CTEleHb IIPO-
CTOTO0 YHCJIA, YTO UCKII0YAET CAHMMETPUIO MATPHUIIBI.
Ha mopankax 74 u 82 cuMMeTpHYHBIX MAaTpHIl He
Hadgeno. Haiimennas marpuma ONHKAMIIEro II0-
panka 70 ¢ MAKCHUMAIBHBIM CPEIU OUIMKINIECKUX
CTPYKTYP AeTePMHUHAHTOM U OpHAMEHTAJbHAA JJIA
Hee MaTPHUIlA IPeaCTABJIEHbI HA PUC. 7.

OHU UILTIOCTPUPYIOT eI11e OJWH THII CHMMETPUH,
OpHAMEHTAJIbHBIN. MaTPHUIIBI C 5TUM THUIIOM CHMMe-

B Puc. 7. Iloprpersl GUIMKINIECKOH MATPHIBI HOPS-
ka 70 u oprament TTT

B Fig. 7. Two circulant matrix of order 70 and ornament
TTT portraits

0,65
50 100 n

B Puec. 6. Konebaunsa MakcHMAaIbHOTO JKCIEcca
B Fig. 6. Maximal excess oscillations

TPUHU BCTPEYAIOTCH, OYEBUAHO, KOT/A YHUCIO II0JIO-
cok (mrioc 1) KpaTHO pasMepy MMocief0BaTeIbHOCTH:
3nech 35/7 = 5 ONKUCHIBAET YHCIO IIPOMENKYTOIHBIX
3JIEMEHTOB MEXKAY IIOJOCKAMHU. Pas3iuyHble THIIBI
CUMMETPHH, OMHUCAHHBIE KOMIIPECCHUIMH, OpbuTa-
MH, OpHAMEHTAJbHBIMU PACCTOTHUAMHU MEXKAY II0-
JIOCKAMH H T. II., IOMOTAIOT UCKATH JOBOJIBHO CJIOK-
HbI€ B IIOUCKEe 9KCTPpeMaJIbHbIe MaTPUIIbI.

MaiiHHHT 3KCTPEMAIbHBIX OUITHKJIOB

CylecTByeT HECKOIBKO CIIOCOGOB ITOBBIIIEHMS
3 (PEeKTUBHOCTH IIOUCKA MATPUIl — MaWHUHTAa [24].
Marpumna T 6e3 kaiimbl mopsigka n ¢ saemenTamu 0
u 1 (Bmecto 1 u -1) oTyinyaercsa 1eTePMUHAHTOM OT
CBA3aHHOIO C HeH OUIIUKJIA C KAMMOM HEe4eTHOr0 II0-
panka n + 1 poBHO B 2" pasa. ITO 06CTOATEIHBCTBO
HEepeaKO HCIONb3yeTcsd IOUCKOBUKAMHU — WIINYT
MMEHHO 5TH MATPHUIIHL.

Bunukanueckas marpuiia N (BmBoe MeHBIIIEro
nopsagaka, yem T) ¢ smemMeHTaMu 2 1 —2 U 3HAYEHU-
eM n Ha IUATrOHAH MOKHO HCKATh HE3aBUCHUMO, II0-
9TOMY 3ajaya OIpee/ieHus OPHAMEHTAJIbHOU Ma-
TPHUILI ¥ 3HAYEHHS ONTHUMAJIBHOTO JeTEPMUHAHTA
MaTPHUIbl 3aMEeTHO IIPOIle HAXOMKIEeHUA ee OJIOKOB
A u B. Ilepe6op smemenToB He ABYX 0;10KOB A u B,
a ToapKo cy66soka N, maetT 3ameTHOE yCKOpeHHEe U
HAMIeKHOCTh BBIYMCIIEHWH, ITO3BOJIUBIIHAE YCTAHO-
BHUTDH 3aBUCHUMOCTDH KOJIMYECTBA aIbTEPHAHCOB 2 OT
MOPAAKA MATPHUIIBI.

Memod romnpeccuu. CaMblii TmPOCTOH U HOeH-
CTBEHHBIU COCTOUT B 3aMeHe map sieMenToB 1, 1 HA
2;-1,-1wa-2; 1, -1 u -1, 1 ma 0. 3To Ha3bIBaeTcs
KOMIIpeccueli IocieioBaTeIbHOCTEN a, b B IIoCIeno-
BATeIbHOCTH ¢, d BABoe. J[Jis1 MaTpUI] HEBHLICOKUX
MOPAAKOB TOAXOAAILYI0 KOMIIPECCHIO ¢, d MOMKHO
yrajarb, Beb 9TO HEIJIHHHBIE ITOCJIeI0BATEIbHO-
ctu. JlekoMIIpeccusi COCTOUT B 3aMeHEe 3JIEMEHTOB
B 00paTHOH MOCJIe0BATEIbHOCTH, MIPHYEM raja-
TeJIbHBIM OCTAETCHA JHUIIb TPETHH BapHaHT, KOTIA
pacmiupsaercs 0.

8 v WH®OPMALIMOHHO-YIMPABJIAIOWWUE CUCTEMbI
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Ilouemy kommpeccus s¢gdeKTHBHA, IMOHATH He-
CJIO3KHO, Belb (PpUKcamus ¢, d 3aMeTHO yMeHbIIIaeT
pasbpoc BO3MOKHBIX perreHuii. Meron moucka sg-
(ekTHBHEE LEIISEeT 1IeNb, KaK U IPH CTPelibbe w3
py#bs npobsio. Tam, rme mysas mMpoMaxuBaeTCs, U3
CTBOJIA BBIITyCKaeTcs 001aK0 Apodu, KoTopasd ciruba-
er yTRy. [loaTOMy 3TOT METO HA3BIBAETCS €IIle ymu-
Hotl oxomoti. KosdurmenT KoMIpeccru MOXKHO Ha-
3HA4YaTh J1000M, METOZ, JIErKo 0000I11jaeTcs Ha ITI00bIe
K09 PHUITMEHTHI CXKATHUA, B 0COOEHHOCTH HA CILydai
COCTABHBIX PAa3MEPOB JJIMH II0CIEI0BATEIHLHOCTEMH.
Ecnu nnunaa mocienoBaTeIbHOCTH — IPOCTOE YHCIIO,
obpasyeTcsa OCTATOK, KaKk B ajropuTMe EBKInma us-
MepeHHus IJIUH 3TaJoHHBIM MeTpoM. OcTaToK MOKHO
CXKUMATh MHAYe. JTO CO3/1aeT IIUPOKOe I0JIe I Ba-
PHAHTOB peaju3alui MEeTOIa KOMIIPECCHH.

Bapuanueit yTuHON 0XOTHI ABISIETCI 0YEHb (-
(eKTHBHBIH MeTO ] OPOHUT.

Memod opbum. B metone opbut urcupyercsa
opbura — cer aapecos —1 (IPAMBIX UJIX KOCBEHHBIX,
KpaTHBIX peaibHBIM ampecam). Tak kak Bce aape-
ca SIBISIFOTCA YMHOMKEHHUIMHE 5JIEMEHTOB OpOHUTHI HA
nogOupaeMble MpPU IIOMCKE MHOMKHUTENH, IJINHHAS
opbuTa, KaK ¥ AJUHHAS yrajaHHas MaTpPUIA KOM-
IIPECCHUH, OYE€HDb OBICTPO IMIPUBOMUT IIOUCK K Pe3yJib-
raTy. MeTon opOHUT omMpaeTcsi HA PasIoKHUMOCTD
TPYIIIBI, CBI3AHHON C pa3sMepoM II0CIeI0BATEIbHO-
CTH, HA IHUKJINYECKHE MOATPYIIILI, YTO MTO3BOJSET
aBTOMATU3HUPOBATH BHIOOP OPOUT.

Memod ¢uavmpayuu. K anropurmam, ycko-
PAOIIUM IIOHCK, OTHOCHUTCSI KOHTPOJIb aMILJIUTY[
CIIEKTPOB (hyphe-I0ciej0BaTeILHOCTEH. ¥ OPTOro-
HaJbHBIX IOCJIEI0BATEIbHOCTEH AMIINTYAA CIICK-
Tpa OrpaHUYEeHA MOPSIIKOM MATPHUIILI UJIH OMU3KUM
K HeMy 3HaueHueM. Tak KakK MaTpPHUILI GOJIBIIOrO
JeTepMUHAHTA He OPTOTOHAIbHBI, TO TPAHUILY IIPU-
AeTCd IIOgHHUMAaTh, HO caMa Hujaesd YMEHBIIUTb YHUC-
JIO TIOCTIEeI0BaTeNbHOCTEN OTOPAKOBKOM IIJIOXUX ITO
CIIEKTPY OCTAeTCs IPUBJIEKATEIHLHOM.

Bce BMecTe 9TO 103BOJIAET HUCKATh PELIEHUs II0-
pAnKoB, moMeneHHbIie B Tabauiy Tomaca [24], 3amer-
HO ObIcTpee mepebopa. KpoMe Toro, BepxHuii mpemen
Ta6JII/ILU>I OTOABHUTAETCH BBIIIE U ITPEBbIIIaeT U3yYeH-
HBIU BJIBOE, 38 UCKIIOYEHNEM He YA0OHBIX JJIA IIpuMe-
HEHUs aKceIeparopoB mopaakos. Biaromgaps omucas-
HBIM METOJAM HAMIEHO MHOKECTBO MATPHI] OHMITHEK-
JIMYECKOU CTPYKTYPHI, HE YKA3aHHBIX B Pe3yIbTarax
paHee, BKJIIO49asad CMMMEeTPHUYHbIEe MAaTPUIIbI IIOPAJKOB
6, 10, 14, 18, 22, 26, unymux yepes 4 [25].

3akaroueHue

IIpencraBnenusie B crarbe (POPMYJBI IS Je-
TEPMHUHAHTOB U YKCI[€CCOB DKCTPEMAabHBIX OUITHK-
JIMYECKUX MATPHUI] C KAUMOM ABIAIOTCA HOBBIMH U
myOJUKYIOTCS BIEpBbIe. B cHly HEOrpaHHYEHHOrO
pocCTa CIOKHOCTH CTPYKTYPhI MATPHI[ HEYETHBIX
MOPAIKOB JeTEePMHHAHTHI paHee 4acTo OIeHHBa-
JINCH BCETO JIUIIb TPAHUIIAMU CBEPXY U CHU3Y.

IIpu orpanuYeHnM CTPYKTYPHI MOKHO IIOIYYIaTh
0osee WH(QOPMATHUBHBIE CBEAEHUS, IOATBEPIKICH-
HbIe HAWJeHHBIMH KOHKPETHBIMH MATPHUITAMH.

K cxogHbIM IIpWBeeHHLIM B CTaThe ypaBHe-
HUAM TapajjelbHbIX JUHUN HA pelleTKe YeTHBIX
mesabix yucen 2¢ mpusomutT mpobmema [ompmbaxa.
Tonppbax 3aMeTHI, 9TO HET TAKOTO YETHOI'O YHCIIA,
KOTOpOE He pasiarajoch Obl B CYMMY IBYX IPOCTBIX
6=3+3,8=3+5,10=3+712=5+17, .., a
9TO 3HAYUT, YTO HA PeIlIeTKe BCeraa HauIeTCsa X0Ts
OBbI OJTHA TOYKA, KOOPAMHATAMH KOTOPOH OyIyT IPo-
CThbIE YHcIIA.

3amaya ONTHMHBAIUK JeTEePMUHAHTA OUITUK-
JINYEeCKOM MAaTPHUIIBI C KaWMOU MeHAeT pelIeTKy
YEeTHBIX YHCEJ HA PeIIeTKY TPEYTOJbHBIX YHCeJ.
KycouHo-KBafpaTuyHble AaIIIPOKCHMAIIUM JeTep-
MHHAHTOB aJaMapuiioB U MEPCEeHHUO0B OTIHUYa-
0OTCSI HE TOJBKO BHIOM, HO M TeM, 4TO BTOpas He
mojBep:KeHa «cbosM», KOTOPbIE BHOCIT KBAIpPaThI
yuces MepcenHa u ux 06061eHUS.

B paboTe monydena TouyHas KapTUHA IIOBEIEHUT
IeTePMUHAHTOB HAa HEOTPAHWYEHHOM IHAIa30HEe
MOPAAKOB, IIPH STOM CAMH MATPHI[BI HE HIIYTCH,
OHHM JAI0TCSI BBIOOPOYHO JHIIL AJIA CPABHEHHUS U
MOATBEP:KIeHUA pacueToB. Bupoyewm, mis Bcex Ma-
TpuIl AramMmapa IeTepMHUHAHTHI H3BECTHBI, 1 MbI MO-
JKeM JIMIIIb COMHEBAThCS, IBISETCA JU KOHKPEeTHAs
MaTpuIa OUIUKINIECKOH.

Bubanorexa OUIUKINIECKUX MATPUI] U OHUITHK-
JWYEeCKUX MaTPHI] C Kaiimoi caiita mathscinet.ru
COMIEP:KUT MCCAETOBAHHBIE CTPYKTYPHI, IapaMeTphl
¥ BHBI 9KCTPEMAIbHBIX MATPHII.

PduHaHCOBAA MOIIEPKEA
Pa6ora sBbeImOIHEeHa mpu (PUHAHCOBOM IIOf-
nep:xke MuH#McTepeTBA HAyKHM M BBICIIEr0 00pa-

3oBaHusa Poccuiickoit Penmeparium, coriaieHue
Ne FSRF-2023-0003.

IIPHJIO;RKEHHA

Hderepmunant det([T]) npusenen k rpanuite AgamMapa JejaeHneM Ha Hee, ONTHMAIbHBIE HA CTPYKType Ou-
OUKJINYECKHe MATPUIIBI ¢ KAHMOH JOCTUTAIOT C POCTOM IIOPAAKA IIPHMEPHO IIOJIOBHHY ee 3HAYeHHUd, TOI/a KakK
nina MB]l momycruma u yeTBepTh. B oTueTax mo GMHAPHBIM MATPHUIIAM YKA3BIBAIOTCH [BE CTPOKH, COOTBET-
CTBYIOIIIHE IOCIEN0BATENBHOCTAM @ U b. BuHapHbIe 37IeMEeHTHI [T0CIeA0BATENIHHOCTEH 0003HAYAIOTCA CUMBO-

JaMHUu « + » H «—».
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B Ta6umua I11. dxcTpeManbHble MATPUIIEI CEMEMCTBA aaMapHU/I0B
B Table II1. Extremal matrices of the hadamarid family

7

n =4,det([T] = 0,8587,k; = 1,k =0,x =0,y = 2,22 + y2 =4
—+
++

n =8,det([T] = 0,6243,k, = 1, ks =1, x =2,y =2,22+y2=8
S
-

n =12,det(IT] = 0,5272,ky = 3, kg =2,x =0,y = 2,22 + y2 =4
et
-+

n =16, det([T] = 0,7466, k; = 4,ky = 2,x = 0,y = 4,22 + y2 = 16
F—t
F—t+t+++-

n = 20, det([T] = 0,6698,%k; =4,ky =3, x =2,y = 4,52 + y2 =20
+++—t—t—+
S o S

n =24, det(IT] = 0,6056,k, = 6,k, = 4,x = 0,y = 4,22 + y2 = 16
Fot—t -
— -+t

n = 28,det(IT] = 0,5741,k; = T, kg = 5,x = 0,y = 4,22 + y2 = 16
I e S
Attt -

n =32, det((T] = 0,5941, k; = 8,ky = 5,x = 0,y = 6,22 + y2 = 36
+4——— ++—+—++—+
—+++—t++—t—++++

n = 36, det([T] = 0,5746, &, = 8,ky = 6,x = 2,y = 6,x2 + y2 = 40
+++—t—t—F++++—+—
—tt+—t—tt+—t+++++

n = 40, det([T] = 0,6672, k; = 9, kg = 7,x = 2,y = 6,22 + y2 = 40
S O —
O S S

n = 44, det([T] = 0,6303, %, = 11, k;, = 8,x = 0,y = 6,x2 + y2 = 36
bt bbb
S e S SO S S S R

n = 48, det([T] = 0,607, ky = 12,ky = 9,x = 0,y = 6,22 + y2 = 36
S S A A
S S

n =52, det([T] = 0,5898,k, = 13, k; = 10,x = 0,y = 6,x2 + y2 = 36
S S TS S O B S S
+++t—t——ttttt——tt—t—t—t+—

n = 56, det([T] = 0,5764, k; = 14, ky = 11,x = 0,y = 6,22 + y2 = 36
T S e —
+H—t++++t -ttt -ttt

n = 60, det([T] = 0,566, k; = 15, k; = 12,x = 0,y = 6,22 + y2 = 36
S o S S S o RS S
—t+t ettt bttt b bttt

n = 64, det([T] = 0,6797,k; = 16, k; = 12,x = 0,y = 8,22 + y2 = 64
e T T o SR A S
F—ttt bttt t—ttF——t——+

n = 68, det(IT] = 0,6596, k, = 16, k; = 13,x = 2,y = 8,x2 + y2 = 68
e T e L B S R
Attt +—+
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B Oxonuarnue maba. I11
B Endof Table I11

n =172,det([T] = 0,6371,k; = 18,ky = 14,x = 0,y = 8,22 + y2 = 64
T s S SIS S S S S S S S S S S
S e S O T A SR S

n =76, det([T] = 0,6209, k; = 19, k, = 15,x = 0,y = 8,x2 + y2 = 64
+H+t—t+tt—t—F—t -ttt ==t
FH——t—tt—t+t+t—t—tt—Ft -ttt +

n = 80, det([T] = 0,6084, &k, = 18, k, = 16,x =4,y = 8,x2 + y2 = 80
=t —++++++F ot F——— -+ —+
R F SO SIS S S S S R SR S

n = 84, det([T] = 0,596, k; = 21, k; = 17,x = 0,y = 8,x2 + y2 = 64
s A e S MRS S S ST S S SR B ST
e e S S e n

n = 88, det([T] = 0,5862, k; = 22, ky = 18,x = 0,y = 8,x2 + y2 = 64
s s o SRS S S S
e L o S S s o e S

n =92,det(T] = 0,5777, k; = 23, ky = 19,x = 0,y = 8,x2 + y2 = 64
e T S L SR S

e o 2 L Hetl L L L
n = 96, det([T] = 0,5674, k; = 24, ky = 20,x = 0,y = 8,22 + y2 = 64
Fott -ttt —t—t -ttt -+ —+

e S ST S SN S e

n = 100, det([T] = 0,6655, k; = 25, ky = 20,x = 0,y = 10, 22 + y2 = 100

+H—t++—t—t—t -ttt —t—F -t ——F =+ +——
e s e SO SR S FH+——ttt—t—tt——tt—t+-
n = 104, det([T] = 0,6527, k; = 25, ky = 21,x = 2,y = 10,2 + y2 = 104
e o e o ettt -ttt +—+++—+—

F—tt——t————t

B Tao6auma I12. OxcrpemanbHble MATPHUITBI CEMEHCTBA MEPCEHHUIOB
B Table I12. Extremal matrices of the mersennid family

n =2,det(T] = 0,7698, L =0,k =0,k =0, x = 1,y = 1,22 +y2 =2
+
+

n=6,det([T] = 0,5642, L =0,k =1, kg =1, x=1,y=1,22+y2=2
—+
—+

n =10, det([T] = 0,4793, L = 2,k; = 2,ky = L, x = 1,y = 3,22 + y2 = 10
+4+——t
+t -

n =14, det(T] = 0,5411, L =2, k, = 8, ky =2,x = 1,y = 3,22 + y2 = 10
—— -
+4+—++—+

n =18,det([T] = 0,5985, L =2,k =4,k =3,x =1,y = 3,22 + y2 =10
F—t
++—t+—+—+

n =22, det((T] = 0,5748, L = 2,k, = 6,ky = 4,x = -1,y = 3,22 + y2 = 10
Fot——tt——t—
-ttt

n =26,det(T] = 0,574, L =2,k =6,ky=5,x =1,y = 3,22 + y2 = 10
Fot—t
-ttt
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B [Ipodoaxncenue maba. I12
m  Continuation of Table 112

n = 30, det([T] = 0,5804, L =2,k =T,k =6,x =1,y =3,22+y2=10
s
s

n = 34, det(T] = 0,5608, L =2,k =8,k;=T,x =1,y = 3,22 + y2 =10
Ftt—t———tt——t—++
F—tttt—tt—t——tt—

n =38, det(IT] = 0,5518, L = 2,k, = 10,k = 8,x = -1,y = 3,%2 + y2 = 10
———t ettt
—+—t—t+——F+—F+++—+

n =42, det(IT] = 0,5694, L = 6,k = 11, ky = 8,x = -1,y = 5,22 + y2 = 26
+—tt—t—tF———F—F—F++—
Attt ————t+—t++++++

n = 46, det(IT] = 0,5501, L = 6,k, = 12, ky = 9,x = -1,y = 5, x2 + y2 = 26
—t Attt bttt -+ +
B s o S— +H+++—t++

n =50, det(IT] = 0,5559, L = 6,k, = 12,k, = 10,x = 1,y = 5,x2 + y2 = 26
Fh—ttt et —+
Fht——t bttt ++

n =54, det(T] = 0,5613,L =6,k = 13, ky =11, x = 1,y = 5,22 + y2 = 26
Ftt——t—t——tF—t—tF et ——++
e e o S ++t—t—t+++

n =58, det(IT] = 0,5624,L = 6,k = 14, kg = 12,x = 1,y = 5,22 + y2 = 26
T
ettt bttt +

n =62, det([T] = 0,5637, L =6,k = 15,ky =13, x = 1,y = 5,22 + y2 = 26
+4t—t—tt——t—t -ttt —F—++
—+ ottt =+t =+
n =66, det(T] = 0,5641, L = 6,k; = 16, k; = 14,x = 1,y = 5,x% + y2 = 26

S T o U SN S S ST S
——t—t—t ettt ottt b ++

n =70, det([T] = 0,5753, L = 6,k = 17,k = 15,x = 1,y = 5,22 + y2 = 26
s S S S S S S S e S

S Fttt—tt—t—tt———tttt bttt -
n =74, det((T] = 0,5628, L = 6,k = 19,ky = 16,x = -1,y = 5,22 + y2 = 26
—t—t e

o — Ftt——tt -ttt bt —t—+++

n =178, det(IT] = 0,5614, L = 6, k, = 20, ky = 17,x = -1,y = 5,22 + y2 = 26
S S S S S Rt o o

Ft——t—t—t ottt ———F -+ttt +

n = 82, det([T] = 0,5595,L = 6,k; = 20,k, = 18,x = 1,y = 5,22 + y2 = 26
t—t—tt—t——t—F =+ —+ ++
o+ttt =t =+t F == ——+

n = 86, det(T] = 0,5573, L =6,k =21, ky =19, x =1,y = 5,22 + y2 = 26
————— Ft——ttt—t—t—tt bttt bt bt +++
o B O o S

n =90, det([T] = 0,5557, L = 6,k = 22, ky = 20,x = 1,y = 5,x% + y2 = 26
s T S S S S S SO S A S
Ft—t—t—t——tttt bttt =ttt +——

n =94, det([T] = 0,5522, L = 6,k = 23, ky = 21, x = 1,y = 5,x2 + y2 = 26
————— Ftt Attt F F ottt
O O T T T S S S S S
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B Orxonuarnue maba. I12
B End of Table I12

n = 98, det([T] = 0,5554, L = 6,k = 24, ky = 22,x =1,y = 5, x2 + y2 =26
+H—t++—t—t—t++t—t+—F—t+++——t -ttt +-
— ettt +t+t—tt—t -ttt t—tt—t—

n =102, det([T] = 0,5513, L = 12, k; = 25,ky = 22,x = 1,y = 7,22 + y2 = 50
+Ht——t——t—t—t -+ttt ———++
—+——ttt——tt———t—ttt———F—F—t -ttt

n =106, det([T] = 0,5522, L = 12, k, = 26, ky = 23,x = 1,y = 7,22 + y2 = 50

—+ -ttt F ottt ettt b bttt —+
A e T B B e o S +
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Introduction: The maximum determinant matrices are well known and studied for even orders 2t and 4t, where their structure is
most often a bicycle, which is called Hadamard if the order is divided by 4. Odd orders have been studied much less due to the fact that the
complexity of the structure of optimal matrices increases indefinitely. Purpose: To replace a deliberately complex object with a hyperobject
consisting of a bicycle with a border, and being optimal on the set of matrices of fixed structure. To reveal the relationship of Gauss points
(on the sections of bodies of revolution) with the number and types of maximum determinant matrices with a fixed structure for odd
orders. To determine the upper and lower bounds for the values of the maxima of the determinant for bordered two circulant matrices.
Results: We present the formulas that refine the overly optimistic Elich — Wojtas’ bound for the case of matrices of fixed structure with
orders 4¢+1 (adamarides) and 4/~1 (mersennides). In addition to the lower and upper bounds, piecewise-smooth quadratic approximations,
which are closer to the values of the extremal matrix determinants are given. We present algorithms for mining (deep search) of matrices
of the extended Hadamard family by several methods using orbits and compressions of binary sequences. Search results confirming the
given bound estimates are also given. Practical relevance: The matrices of the maximum determinant are of direct practical importance
for the problems of noise-correcting coding, compression and masking of video information
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YBaskaeMbIle aBTOPHI!

IIpu HOATrOTOBKE PYKOIMCEN CTATEH HEOGXOAMMO PYKOBOACTBOBATHC CIEAYIOIIMMI PEKOMEHIALUIMHA.

Crarby JOIKHBI COJEPIKATh U3IIOMKEHIEe HOBbIX HAYIHBIX pe3yisTaToB. Hassanue cTaThbu JOMKHO OBITH KPATKUAM, HO HH()OPMATHBHBIM.
B masBaHWM HEMOILyCTHMO UCIIOIB30BAHUE COKpAIleHni, KpoMe cambix obmenpuasateix (PAH, PO, CAIIP u 1. mw.).

TekcT pyKOIIUCH JOJKEH OBITH OPUTMHAIBHBIM, 8 IUTUPOBAHIE U CAMOLIUTHPOBAHNE KOPPEKTHO 0)OPMIIEHO.

O6bem craTbu (TEKCT, TAOIHIBI, WIUIIOCTPAIINY U Oubirorpadus) He MOJLKEH IPEeBhIIATh SKBUBaeHTa B 20 CTpaHMI], HATIEYATAHHBIX
Ha Gymare popmara A4 Ha oxHO# cropore depes 1,5 urrepBana Word mpudrom Times New Roman pasmepom 13, mons He MeHee ABYX
CAHTHUMETPOB.

006s3aTeIbHBIMU dJIEMEHTaMu 0(DOPMIIEHUS CTaThu ABJsoTca: unaekc ¥ 1K, sarnasue, naunuans: u dpamuiaus asropa (aBTOPOB), yueHas
CTeleHb, 3BaHue (IIPU OTCYTCTBUU — [JOJKHOCTD), IIOIHOE HA3BAHWE OPraHU3aliy, aHHOTALIMS U KJII0YEBbIe CJI0BA HA PYCCKOM M AHTJIMHCKOM
s3bikax, ORCID u a7eKTpoHHBIN aipec 0MHOTo u3 aBTOPOB. IIpy HamVcaHUK AHHOTALMY He UCIIOJIb3yiTe a66peBuaTyp u He JIeIaiTe CChUIOK
HAa WCTOYHUKH B CIHUCKe JuTeparypsl. IIpegocrasisiite IOAPUCYHOYHBIE IOJIINCH U HA3BAHUS TAOIUI] HA PyCCKOM UM AHIJIMICKOM S3bIKAX.

Crarbu aBTOPOB, HE UMEMOLIUX YYEHOU CTEIEHH, PEKOMEHIyeTcd IIyOIHKOBATH B COABTOPCTBE C HAYYHBIM PYKOBOJUTENEM, HAIUYWE
MOJIUCA HAYYHOTO PYKOBOAUTENS HA PYKONMCH 00S3aTENbHO; B Clydae CaMOCTOATENbHOU IyOIMKANUK O0S3aTENbHO IMPENOCTABISHUTE
3aBEPEHHYI0 110 MECTy PabOoThl PEKOMEHIAIUI0 HAYYHOTO PYKOBOAWTENS C YKA3aHWEM ero (pamMiiny, UMEeHH, OT4ecTBa, MecTa paboTsl,
JIOJIPKHOCTH, YU€HOTO 3BAHMUs, YUEHOH CTEIeHH.

IIpocreie popmyasr Habupaiite B Word, cinoxkuble ¢ momousio pexakropa Mathtype wiu Equation. [ns ma6opa oxHoit hopmyins: He
HCIIONb3yHUTe ABA PeJaKTopa; mpu Habope (opMys B (DOPMYJIHLHOM PEIAKTOPe 3HAKH IIPEIIMHAHUA, OrpaHuIMBaIre (DOpMyILy, HabupanTe
BMecTe ¢ (POpMyJION; I yCTAHOBKY pasMepa mpudra B Mathtype uukorna me nonbsyirrecs Benagkoit Other, Smaller, Larger, ucnonsayiire
3aBOJICKYE YCTAHOBKH PEAaKTOpa, He IOATOHINTE pasMep CUMBOJIOB B (POpPMyJIax Ioj pasMep IIpu(Ta B TEKCTE CTAThH, He PACTATHBANUTE U
HE CKUMaiiTe MBIIIBI0 (DOPMYJIbL, BCTABIEHHBIE B TEKCT; IPO6Gebl B hOPMyJie CTaBbTe TOIBKO MOC/Ie 3alATHIX IIPH IePEeUUCAEeHUH € IIOMOIIBI0
Ctrl+Shift+Space (upoben); He orgensiite mpoberaMmu 3HAKK: + = — X, a TAKKe IPOCTPAHCTBO BHYTPU CKOOOK; /IS BBIJEICHUS TPEUECKUX
cumBoioB B Mathtype momy:xupHbIM HauepTanueM ucmoabdyire Style — Other — bold.

Ilns mabopa dopmyn B Word Hukorma He HCIIONB3yHTEe BKIANKH: «YpaBHeHHe», «KoHCTpykTOp», «@opMmyna» (Ha BepxHell IaHemIu:
«BcraBrka» — «YpaBHEHHE»), TaK KAk 9TOT Pecypc MpeAHA3HAYEH TOJIBKO IS BHYTPEHHEIO HUCIonb3oBaHua B Word 1 He IOAIep:KUBAETCH
[IpOrpaMMaM¥, [IPeJHA3HAYeHHBIMHY J[JIs H3TOTOBJIEHUS OPUTHHAI-MAKeTa Ky pHAaIA.

IIpu Habope CHMBOJIOB B TEKCTE€ IIOMHHTE, YTO CHMBOJBI, 0003HAYaeMble JATHHCKUMHU OyKBaAMH, HAOHPAIOTCA CBETIBIM KyPCHBOM,
PYCCKHUMHY U TPEUYECKHMHU — CBETJIBIM IIPSIMBIM, BEKTOPBI X MATPUIBI — IIPAMBIM IOLYKUPHBIM HIPH(PTOM.

Tloxpo6uee cm. pdf-cpaiin «[Ipasuna mogrorosku pyromucei» (crp. 11) ua caiire https://guap.ru/ric

Nnmocrpamun:

— PUCYHEW, rpaduKn, AUarpaMMsbl, 6JI0K-CXeMbI IIPEIOCTABISATE B BU/E OTAEIbHBIX HCXOMHBIX (DAIIOB, IOAAI0LIUXCS PeIAKTUPOBAHMNIO,
HCITONb3ys BEeKTOPHBIE ITporpamMmbr: Visio (*.vsd, *.vsdx); Adobe Illustrator (*.ai); Coreldraw (*.cdr, Bepcus me Broime 15); Excel (*.xls); Word
(*.docx); AutoCad, Matlab (sxcmopr 8 PDF, EPS, SVG, WMF, EMF); Komnac (skcnopt 8 PDF), Be6-mopran DRAW.IO (skcnopt 8 PDF);

— oo u pacrpoBsle — B popmare *.tif, *.png ¢ maxcumanbubIM paspemenueM (He mexee 300 pixels/inch).

Hanuuue nogprcyHOYHBIX OAIKCEH 1 HA3BAHUH TAOIUI] HA PYyCCKOM U AHIVIMICKOM S3bIKAX 003aTeNbHO (FKeIaTeIbHO He IOBTOPSIOINX
JIOCJIOBHO KOMMEHTAPUHU K PUCYHKAM B TEKCTE CTATHH).

B penaknurio npenocTaBIgIOTCA:

— cBexeHus 06 aBrope (haMuIns, MM, OTIECTBO, MECTO PAbOThI, LOJKHOCTD, yYeHOe 3BaHUe, y4eOHOe 3aBeJeHre U rojl er0 OKOHIAHMUS,
y4eHas CTeleHb U TOJ| 3allUThI AUCCEPTAIUH, 00JIACTh HAYYHBIX MHTEPECOB, KOJINYECTBO HAYYHBIX IIyOJUKAIIVI, JOMALIHUN U CILyKeOHbII
anpeca u Tenedonsl, e-mail), oTo aBTOPOB: aHdac, B TEeMHOH oxexkae HA 6enoMm (poHe, MOKHBI ObITh BUIHBI IUIEYH W TPY/b, BHICOKAS
CTEIeHb YeTKOCTH U300paskenus 6e3 TeHel 1 0TOIeCKOB Ha juile, )OTO MOKHO IIPECTABUTh B 3IEKTPOHHOM BHje B hopmare *.tif, *.png, * jpg
¢ MaKCHMAaJIbHBIM pasperienueM — He meHee 300 pixels/inch mpu muauManbHOM pasmepe ¢oTo 40x55 M;

— 9KCIIEPTHOE 3aKII0YeHHe.

CHoucoxk TuTepaTypshI COCTABISETCS II0 IMOPSAKY CCHIIOK B TEKCTEe U 0pOPMIISETCS CAeLYIOIUM 00pasom:

— VIS KHWUT U COOPHUKOB — (DAMWJINSA M WHHIUAJIBI ABTOPOB, IIOJHOE HA3BaHWE KHUTU (COOPHMEKA), TOPO, M3IaTelbCTBO, IO/, odIee
KosmdecTBo crpanwui, doi;

— IS JKYPHAIBHBIX cTaTed — (haMuIus ¥ HHHIMAIBl aBTOPOB, IIOTHOE HA3BaHWE CTATHY, HA3BAHWE JKypHAla, TOf W3JaHWHd, HOMEp
sKypHaJa, HoMepa crpasuty, doi;

— CCBUIKM Ha WHOCTPAHHYIO JIUTEPATYPY CIEeAyeT JAaBaTh HA g3bIKe OPUTHHANIA (€3 COKpAIlleHHit;

— IIpY UCIOJIb30BaHUH Web-MaTepruasioB yKasbIBalTe ajipec caiuTa u aaTy obpalineHus.

Crucox nureparypsl odopMIsiiTe IByMs OTAENbHBIME Oi0kamu 1o obpasmam lit.dot Ha caiite sypuana (http://i-us.ru/paperrules):
Jluteparypa u References.

Bomnee HOI[p06HO IIpaBujia IIOATOTOBKU TEKCTa C 06pa3uaMH H3JI0KEeHbI HA HAIlleM caiTe B paspesne <<PyKOBOI[CTBO AJI1 aBTOPOB».

KoHTakThl

Kyna: 190000, r. Cauxr-Ilerep6ypr, yiu. Bonbmas Mopckas, 1. 67, mut. A, 'YAII, PUI]
Komy: Pepakuus xypuana « ¢ opMainoHHO-yIPaBISIONIAE CHCTEMBI»
Temn.: (812) 494-70-02
J:1. moura: ius.spb@gmail.com
Caiit: www.i-us.ru
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CucTemMa aBTOMaTUYECKOro pacno3HaBaHus
KapesibCKOM peun
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BBegeHnue: B nocnegHee BpeMsl pacTeT YNCII0 MCCIEL0BaHUN, MOCBSALYEHHbIX aBTOMAaTUYECKON 06paboTKe MasopecypCHbIX A3bi-
koB. OTCYTCTBUE UM Masbli 06bEM 06YYarOLLNX JaHHbIX ABSETCSA CYLECTBEHHbIM MPENSATCTBUEM B PA3BUTUN PEYEBbLIX TEXHOIOM NI
A1 N0fj06HbIX A3bIKOB. Ljenb: pa3paboTate cUCTEMY aBTOMATMYECKOro pacro3HaBaH1s PeYn Ha KapesibCKOM fi3biKe. Pe3ynbrartbi:
npejcTaBneHa cUCTeMa aBTOMAaTUYECKOro pacrno3HaBaHUs KapesibCkoi pedn. O6ydeHbl aKyCTUYecKue MOJEn Ha OCHOBE UCKYC-
CTBEHHbIX HEPOHHBIX CETEN C BPEMEHHbIMU 3a[EPXKKAMMU U CKPbITbIX MaPKOBCKUX Mogesnei. O6yyeHne ocyLyecTBsN0Ch Ha peye-
BOM KOpI1yce, COCTaB/IEHHOM M3 3anucei pagnonepesay u ayano[aHHbIX, M0JyHYeHHbIX nyTeM ayrMeHTayun. Mogenb Kapenbckoro
A3blKa 06yyanach Kak Ha MMCbMEHHbIX TEKCTAX, Tak 1 Ha pacLuMppoBKax 06ydaroLyei yacTv pe4eBoro Kopnyca. Bo Bpems o6yqeHus
UCCNEeJ0BANINCD PA3/INYHbIE KOIPHULMEHTbI 415 UHTEPHONALMU A3bIKOBON MOAENM, 06YHEHHOM Ha PacLUN(POBKaX, C MOAENbIO A3bl-
Ka, 06Y4YeHHON Ha NUCbMEHHBIX TEKCTaX. B xoge sKcrnepuMeHTOB o pacrno3HaBaHUIO KapesbCKON Peyn JyyLmi peaynbTtaTt no no-
KasaTeJslto KOJIMYECTBO HerpaBuIbHO Pacrio3HaHHbIX ¢/10B cocTaBun 25,81 %, 4To conocTaBUMo ¢ 06LYMM YPOBHEM PAacro3HaBaHUsA
peyn gnsi Apyrux MaaopecypcHbix s3bikoB. Co6paH 0byyarouit Habop JaHHbIX, KOTOPbIN BK/IOYAET 3BYKO3anUCyu Ha KapesbCKOM
A3bIKe C paclungpoBKaMy, a TaKxe TeKCToBbIN kopryc. lpaKTuyeckas 3HaYMMOCTb: M0J1yYEHHbIE PELUEHUS MOTYT Urpatb posib B
C03/]JaHUN aBTOMAaTUYECKMX CUCTEM PACNO3HABAHMNS HE TOJIbKO KapesibCKOro, HO U ipYrnx MaaopecypCHbiX 3bIKoB. PaspaboTaHHas
cucTeEMa MOMOXKET UCCIE[0BaTeNIAM KapesibCKOro A3biKa, NPeAoCcTaBass dPEKTUBHbIA MHCTPYMEHT A1 3anucu U 06paboTKu Ka-
PesIbCKOro A3bIKOBOro Matepuana.

KnioueBbie cnoBa — manopecypcHble A3bIK1, aBTOMaTMYECKOE pacro3HaBaH1e peyn, KapesbCKuii A3biK, UCKYCCTBEHHbIE HENPOH-
Hble ceT! C BpeMEHHO! 3a4€PXKKOM.

s nurupoBanna: Kunsarkosa U. C., Karupos Y. A. Cucrema aBTOMaTH4eCKOro paclosHaBaHuA KapeabcKoi peun. Hhgopmayuorno-
ynpasasowue cucmemst, 2023, Ne 3, ¢. 16—25. doi:10.31799/1684-8853-2023-3-16-25, EDN: YOLUUY

For citation: Kipyatkoval. S., Kagirov I. A. Automatic speech recognition system for Karelian. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2023, no. 3, pp. 16-25 (In Russian). doi:10.31799/1684-8853-2023-3-16-25, EDN: YOLUUY

BBenenne

CoBpemenHble TexHOJIOrUH 00paboTKU ecTe-
CTBEHHOIO f3bIKA AKTHBHO PA3BUBAIOTCA W HAXO-
AT IIPpUMEeHEeHUe B Pa3JINYHbIX O6HaCTHX, BRJIIO4Yad
aBTOMAaruyeckoe pacmosHaBanue peun. OmgHAKO
OTCYTCTBHE PA3BUTBIX PEYEBBIX TEXHOJIOTHUM IS
MaJIOPEeCYPCHBIX S3BIKOB OCTAeTCs AaKTyaJlbHOH
mpob6iemoii [1]. B ¢BA3u ¢ 9TUM aBTOpPBI HACTOAIIE-
r'0 WCCJIeOBAHUA IIPeNIaraiT ee pelleHne 1Ja Ka-
PeIbCKOro A3BbIKA.

Kapenbckuii 361K — 9TO A3bIK U3 (PUHHO-yIOP-
CKOM f3BIKOBOM CeMbH, KOTOPBIM B HAaCTOdIlee
BpeMs HCIOJb3yeTCA Ha TeppuTopuu Pecnybauku
Kapenus (Poccust). Ou orHOCHTCH K mpubanTuii-
CKO-(pMHCKOH TpymIe U OGAM30K K BEICCKOMY H
WIKOPCKOMY S3bIKaM [2] KaK TeHeTHYeCKH, TaK U
THIoorudyecku. KapenbCkuil sS3bIK TAKKE UMEeT
THUIIOJIOTUYECKOE CXOACTBO C APYTHMHU PErHOHAJb-
HBIMHU A3BIKAMH, B TOM YHCJIE C d)I/IHCKI/IM 1 9CTOH-
ckuM. Kapenbckuil A3bIK OTHOCUTCI K YA3BUMBIM
A3bIKaM, B YaCTHOCTH H3-3a YMEHbIIIEHHUA 4Yucia
HOCHUTEeJEeH.

Cosmanue cucTeMbl aBTOMATHYECKOH 06paboT-
KU €CTECTBEHHOTO S3bIKA COCTABJIAET CIIOMKHYI U
HEeTPpUBHAJBHYIO 3axa4dy, ¥ OJHUM U3 Ba?KHeI:IH.IHX
YCJIOBHH ee peaju3alliy ABJIsgeTcs Hajaudue o0yda-
0IUX HA00POB JaHHbIX. Tak Kak 06beM 3JIeKTPOH-
HBIX A3BIKOBBIX PECYPCOB [/ KAPEIbCKOTO S3BIKA
HEBEJHK, TO 9TOT BOIIPOC SBJAETCA MPUHIIHIIAAIb-
HbiM. Tak:Ke BaKHBIM MOMEHTOM IIpH paspaboTke
CHUCTEMBI ABTOMATHYECKOTO PAaCIO3HABAHUS PEYHU
ABJIAETCSI BHIOOP OINTHUMAJIBHOTO aJITOpuTMa 06yue-
HHUA CHCTEMBI. B paMKax MaHHOH CTATBH PACCMO-
TPEH psll CHCTEM PACIO3HABAHUS PEUH, CO3TAHHBIX
Kak JJIg MAJIOPECypPCHBIX, TAK U JAJISI T€HeTUYECKU
Omuskux (IpubaITUHCKO-(PUHCKHUX) A3BIKOB, U IIPO-
BOAUTCS CpaBHEHHE HECKOJbKHUX IIOAXOI0B K aBTO-
MAaTHYEeCKOMY PACIIO3HABAHUIO.

Hacrosmas pabora MO:KeT HMETh OIIpe/ieIeHHOe
3HAYeHHe C TOYKHM 3PeHHusd paspaboTku mHdopMa-
IIUOHHOTO 00eCIIeYeHUs AJISI MAlOPECYPCHBIX SI3bI-
KOB [3-5], moCKOIBKYy mOMy4YeHHBIE B X0/€e paboThI
PelIeHusA IOMOTYT IIPH CO3JaHUU aBTOMATHYECKHUX
CHCTEM PAaCIIO3HABAHUI PeYM He TOJLKO I Ka-
PEeIbCKOrO0, HO U [PYTHUX I3BIKOB.
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AnamuTndecknii 0630p cucreM
aBTOMaTHIECKOI0 PACIIO3HABAHHA PedIH
IJISI MPUOATTHICKO-(PMHCKHX

H MAJIOPECYPCHBIX A3BIKOB

Heckonbpko paboT, TOSIBUBIINXCA 3a IOCJIEHEE
BpeMs, ITO3BOJISIOT OIEHHUTHh 3(P(PEeKTHBHOCTH MO-
XOJIOB K PAacCIO3HABAHUIO PEYM, TPUMEHSIBIINXCS
IUIST POACTBEHHBIX KApelbCKOMY S3bIKOB, — (DHH-
CKOro u 3croHcKoro. HecmoTps Ha TO, 9T0 062 5THX
A3BIKA He ABJIAIOTCI MAJOPECYPCHBIMH H IIPHMe-
HEHHBIE METOIUKH He MOT'YT ObITh HAIIPAMYIO IIepe-
HeceHbl HA KapeJbCKUH MaTepual, HHpOpMAaIus o
MeTofax SABJAEeTCSd MOCTATOYHO IIEHHOH B CHJIY CXO-
JKECTH A3BIKOB.

B crarbe [6] onucaH pedueBo# KOPILYC, COCTOAIIHAH
u3 3anuceit 3acegannii [laparamenra PUHAAHIUT U
CHAOKEHHBIH aBTOMATHYECKUMHU PACHIN(PPOBKAMU.
ABTOpBHI TIPOBENM aHaNN3 KadvyecTBa paclo3HaBa-
HUSA PEYH HA 3TOM KOPILyCe, UCIOJIb3YS HECKOILKO
MEeTPHUK U MeTOJIOB orleHKH. CpaBHUBAIUCH PA3IHY-
HbIE MOJIE/TH PACIIO3HABAHUS PEYH, BEJIOUYAS CKPBI-
Tele MapkoBckue momenu (CMM), rubpumgHbie Mo-
Ienu, 00beqUHSIONINEe UCKYCCTBeHHBbIE HeHPOHHbIE
ceru (MHC) u CMM — MHC/CMM, a Tak:xe moxe-
I C apXUTEKTYPOH Komaep-AeKoaep ¢ MeXaHHU3MOM
puumanusa (Encoder-Decoder with the Attention
Mechanism). V13 mpoBeseHHBIX SKCIIEPUMEHTOB CJIe-
IyeT, Y4TO HAUIYYIIHE Pe3yAbTAThI JOCTUTAITCS
npu wmcnonabzoBaHuu rubpugaeix UHC/CMM wmo-
nmeneii. Kpome Toro, 66110 BBISICHEHO, YTO HAJNHYUE
Mpeno0yYeHHbBIX Ha APYTUX I3bIKAX MOIeIed MOKeT
MPUBECTH K YIAYYIIEHHUIO KAYeCTBA PaClO3HABAHUS
peun Ha (PUHCKOM S3BIKE.

B pa6ore [7] npencraBiena cucremMa pacios3Ha-
BAHMS PEYM HA 3CTOHCKOM A3bIKe, 00yYeHHAs Ha pe-
4eBOM Kopiryce oo0beMoM 268,5 4. AKycTudeckoe Mo-
IeIUpOBaHUE OCYIIECTBISIOCH (PaKTOPHU30BAHHBI-
vmu MHC c Bpemennnsivu sagep:xkamu (Factorized
Time Delay Neural Networks, TDNN-F) coBmecTHO
¢ CMM. a5 o6y4ueHus aKyCTHUIECKOM MOLEIH IIPHU-
MEHAJICA KPUTEePUi 6e3pelreTOIHOH MaKCUMHU3AIHN
B3aumHoi wmHpopmaruu (Lattice-Free Maximum
Mutual Information) [8]. I'mmepnapamerpsr Ha-
CTPOHKHM 00ydYeHHA B3AThI u3 6Oubamoreru Kaldi
Switchboard. JlekogupoBaHue pedu BBIMOJIHIIOCH
C HCIONB30BAHHEM 4-TPaMMHOM MOMENH SA3bIKA,
KpOMe TOro, OCYIIeCTBIIIACH IePEeOI[eHKa TUII0Te3
pacno3HaBaHUA IIPU IIOMONIM HeWpoceTeBOU MO-
nenu sisbIKa. B pesyapTare sKCIEPHMEHTOB KOJIH-
YeCTBO HENPAaBHJBHO pacmno3HaHHbiX ciaoB (Word
Error Rate, WER) cocrasumno 8,1 % Ha TecToBOM
Habope MaHHBIX, COMEP:KAINEM 3AIMCH TOK-IIOYy U
Tesle(pOHHBIX MHTEPBbIO, 12,9 % — mnpu pacmosHa-
BaHMU 3amucei ¢ Koudepeuruit u 22,7 % — Ha 3a-
[IYMJIEHHBIX 3aMUCIX.

Paspurre ommcaHHON BhIINIE CHCTEMbI PaCIIO3-
HABaHWS 3CTOHCKOMW pedwu IIpeaCcTaBieHo B pabore

[9]. ABTOpHI pacmIpUIU KOPILYC 3CTOHCKOH pedn
1m0 761 u u mcciaemoBanu mHTerpanbHbIH (end-to-
end) mOAXOHI C HCIOJb30BaAaHHEM IIPeno0ydeHHOMH
Mozmenu wav2vec2.0 [10]. ABropaMm ygajioch CHH-
suth sHauenume WER 1mo 6,9 % ma TecroBom Ha-
6ope maHHBIX, COOPAHHBIX W3 3aIHUCEH Paguo- U
tenmenepenad. Cienyer OTMETHTh, UTO IPHU 0OJb-
oM o6’beMe 00ydYaroluxX JaHHBIX UHTErpaJbHbIe
CHCTEMBI ITOKA3BIBAIOT JIYUIINYI0 ITPOU3BOIUTENb-
HOCTb C TOYKH 3PEHHA CKOPOCTH M TOYHOCTH pac-
MMO3HABAHUS PEYM, OTHAKO I UX 00yUeHHsA Tpe-
OyeTcs CylIeCTBEHHO GOJBIIHN 00beM AAHHBIX, U
IpH HemOoCTaTKe 00ydJamoIluX AAHHBIX TOYHOCTH
TAKUX CHCTEM HHUIKE, YeM CHCTEM, IIOCTPOEHHBIX U3
OTIeJbHBIX KOMIIOHEeHTOB [11].

B crarbe [12] oTmeuaeTcs, 4YTO B I[€JIOM WHTE-
rpajJbHBIA IIOAXOJ K aBTOMATHYECKOMY pPacIO3HAa-
BaHUIO peud [13, 14] oxkaspIBaeTCa PallMOHAIBLHBIM
171 0eCIIMChbMEHHBIX MJIM HAXOMAIIUXCS TIOJ yTPo-
301 MCYE3HOBEHHUS S3bIKOB, ITOCKOJBKY 3a4acTyio
cO0p IIepeBOIOB HA BBICOKOPECYPCHBIM fA3BIK OKa-
3pIBaeTCd Jierde, YeM TPAHCKPUOMPOBaHUE 3aIIUCEH
ucxonHoro A3bika [15]. Tem He MeHee co3maHue BhI-
COKOKAYEeCTBEHHOM HHTErpajbHOU CHCTEMBI C He-
OOJIBIIUM KOJIHYECTBOM HCXOMHBIX MapaJIelbHbIX
IAHHBIX [IPEICTaBIIET CO00M IpobIeMy IIpu OTCYT-
CTBHH IOCTyIIa K IapajljiebHbIM KOPILycaM I3bIKO-
BBIX JAHHBIX. B TOM ciyuae, eciiv JOMOIHUTEIbHBIX
PecypcoB JJIsT HCXOAHOIO I3bIKA HET, XOPOIIUM IIO[-
XO0JIOM OKa3bIBAeTCH IIPUMEHEHNE MEeTO/a IIepeHoca
sHaHU# (transfer learning), cyTs KoTOpOTO CBOAUT-
CA K MCIOJh30BAHUIO Pe3yJbTATOB 00yYEHUA POIH-
TeJIbCKOM MOJIEH A3bIKA, IIOAYYEHHBIX Ha 00IBIITIOM
Habope MAHHBIX, MJIA UHUAIHAIU3AIHA BECOB B JI0-
yepHed Mojenu, 00yYeHHON Ha JaHHBIX I[EJIEBOTO
MajiopecypcHoro s3bika. Hampumep, B pabore [16]
IIPOJIEMOHCTPUPOBAHO, YTO IIpeIBapuTelbHOe 00y-
YeHHEe CHUCTEMBI aBTOMATHUYECKOTO PACIIO3HABAHMA
pedu Ha MaTepualie aHINIMHCKOTO U (PPaHIy3CKOro
S3BIKOB II03BOJIET CYIIECTBEHHO YJIyYIIHUTb TOY-
HOCTh pAcCIO3HABAHMA [JIA WCIIAHCKOTO SI3bIKA.
IIpumenenne MomO6GHOTrO MOAX0A AJIA MaIOPeCcypcC-
HBIX A3bIKOB OITKCAHO B paborax [17, 18].

HecmoTpsa Ha mupokoe pacmpocTpaHeHUe WH-
TerpaJIbHOTO IMOAX0/Aa K PACIO3HABAHUIO PEUYH, IIPH
paspaboTKe cHuCTeM paclO3HABAHWUA [JIA Majope-
CYPCHBIX SI3BIKOB dYallleé BCEro HWCIOJb3YIOT CTaH-
JapTHBIA MOIXOM, IPH KOTOPOM CHCTEMAa CTPOMTCS
U3 TPeX OTHAeNbHBIX KOMIIOHEHTOB (Mojeei): aKy-
CTHUYECKOM, A3bIKOBOM M JIEKCHYECKOH (ciioBaps), —
IIOCKOJIbKY IIPH 3TOM IIOAXOAE TpedyeTcs MeHbIIe
OAHHBIX AJIA 00y4yeHusa Mopeau. TaKkou mogxo mpu-
MeHsJICcs, HAllpuMep, B ucciaegosaunu [19] g pac-
MMO3HABAHMS PEYH HA MAJIOPECYPCHOM CHHTAIbCKOM
aspike (0. lIpu-Jlanka). [Toxyuenusie aBTopamu pe-
3y/nbTaThl MMOKA3BIBAIOT, YTO IIPUMEHEeHUe THOPHI-
ueix UHC/CMM akycTudyeckmx Mojesel IpeBoC-
XOOUT HCHoJb3oBaHHe crarucrruyeckux CMM ma
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7,48 % mno moxasaremio WER Ha TecroBom Habope
mauapiXx. HanMensmee sHadenne WER (35,16 %)
[IOJIyY€HO IIpU UCHoiab30BaHuu apxurekTypsl MHC
¢ BpemenubiMu 3azep:ikkamu (Time Delay Neural
Network, TDNN) [20] g5 co3mauusa aKyCTHIECKOH
MOJIEJIH.

Aptopamu pabors! [21] mpencTaBieHBI pe3yib-
TaThl SKCIIEPUMEHTOB II0 MHOTOS3bIYHOMY PACIIO3-
HABaHUIO peYH Ha MAJIOPeCyPCHBIX A3bIKax (10 a3bI-
KOB 3 HAab0opa, MPeII0KEeHHOr0 B PAMKAaX COPEBHO-
Bauusg OpenASR20 (https://sat.nist.gov/openasr20),
a TakKe HA CEeBEPOAMEPUKAHCKUX fA3BIKAX KPHU U
WHYHUTCKUX. B paboTe mccaeqoBasioch IpUMeHEHHe
TDNN-F B rubpuguasix UHC/CMM axkycruyeckux
MOJEJAX U IIOKA3aHO, YTO B 9TOM ClIydae 3HAYEHWUS
WER Huxe, yeM npu nIpuMeHEHUH JABYHAIIPABJIEH-
weix UHC ¢ moaroii KpaTkOBpeMEHHOH MHaMSTHIO
(LSTM). Tem He Menee mpecTaBlIeHHbIe 3HAYEHHUS
WER nocrarouno 6onbiine u BappupyoTres oT 48
1o 69,6 % B 3aBucuMocTH oT a3bika [21]. Iloxomxui
pesyabTaT ObLI HOJYYEH IS COMATUHCKOTO A3hIKA
[22].

B pasauumbIX wHCCIemOBAaHUAX, ITPOBOAUMBIX
IS PYCCKOTO A3BIKa, TAKKE OBIJI0 YCTAHOBIEHO, IYTO
HCIIOb30BaHNEe THOPUIHBIX AKyCTHYECKHUX MOjie-
neti Ha ocHoBe TDNN 1o TouHOCTH pacno3EaBaHusd
peun npeBocxonut ucnonbzoBanue CMM c raycco-
BBIMU cMecsaMH, a Takxe rubpugabeix WHC/CMM
C IpyTUMHU apXUTEKTypaMu HEHPOHHBIX ceTed [23,
24].

IIpakTruecku 00s3aTEIbHBIM STAMOM CO3TAHUS
CHCTEMBI PaCIO3HABAHUS PEYH IJI MaJlopecypc-
HBIX SI3BIKOB SBJSETCS ayTrMEeHTaIusd TAHHBIX —
METOJ CO3MaHUs IOIOJHUTEIbHBIX JAHHBIX ILyTEeM
usMeHenusd (MomuduKanuu) coOpaHHBIX 00ydaro-
MUX TaHHBIX. K pacmpocTpaHeHHBIM METOLAM ayT-
MEHTAIlUM PEUYEBBIX MJaHHBIX OTHOCATCA H3MEHEHUe
4acTOTHI OCHOBHOTO TOHA, TeMIIA PedH, npeobpaso-
BaHMe I0jI0Ca, U3MEHEHHUE CIIEKTPOrPAMMBI, CHHTE3
peun [25-27]. [lna pacmrupenns Habopa TEKCTOBBIX
MAHHBIX MOKET BBIMIOJIHATHCI KOHTEKCTHAS ayr-
MeHTalusd, ayTMeHTaI[UsI Ha OCHOBE 3aMeHbI CUMBO-
JIOB WJIH CJIOB, a TaK:ke obpaTHbIH nepesox [28-30].
Yame Bcero HaWAy4Ilive Pe3yJbTAThHI JAET IpUMe-
HeHHe Cpasy HEeCKOJbKHUX METOMO0B ayTrMeHTAIlHU
[31]. ITompo6HBI 0630p METOMOB, HPUMEHIEMBIX
mpHu paspaboTKe CHCTEM aBTOMATHYECKOTO PaCIIO3-
HABaHUA PEYH JJII pelleHus mpobeMbl HemocTa-
TOYHOTO KOJIHWYECTBA OOydYaIOIINX AAHHBIX, IPe-
craBjeH B pabore [32].

Ilo pesynbTaTamM IpPOBEIEHHOTO B XO/€e JaHHOTO
HcciiefoBaHuA 0030pa ObLI0 IPUHATO PeIleHne UC-
[0JIb30BATh CTAHIAPTHBIA ITOAXOM K IOCTPOEHUIO
CHCTEMbl PACIO3HABAHUA PEYU I KapeabCKOTO
aseika, rubpugusie MHC/CMM akycruyeckue Mmo-
Ielld, a TaKKe MEeTObl AyTMEHTAIIUY PeUYeBbIX JaH-
HBIX [[JIS PACIIHPEHHs 00yJaiolero pedeBoro Kop-
myca.

PeueBrlie u TEKCTOBBIE TaHHBIE
A1 00yJeHHA CHCTEeMbI PAaCIIO3HABAHUA
KapeJabCKOH peun

Ob6yueHue cucTeMbI ABTOMATHYECKOTO PACIIO3-
HABaHUS PEYH IIPOM3BOJUTCI C KCIOJIb30BAHUEM
IIBYX KOPILYCOB: PEYEBOT0 M TEKCTOBOr0. B KauecTse
pPeUYeBoro Kopiryca B paMKaX BBITIOJHEHHOTO HCCJIe-
IOBAHUSA WCIIOJb30BAJIUCH 3aIlMCH pajuolepenad
Ha KapeJIbCKOM I3bIKe, IIPeCTABIIIIHe COO0H nH-
TEPBBIO C IByMd U 0oJiee TUKTOpaMu (B 06IIeH CII0K-
HocTu 15, u3 Hux 6 My:xuwH U 9 KeHIUH). Beran
mpoBefieHbl 06pab0TKAa ¥ aHHOTHPOBAHUE TaHHOTO
kopiyca. Ongua u3 mpobseM, BOSHUKIIIUX B X0Je pa-
60ThI, CBI3aHA C HAJIOKCHUSIMH pPeUH, T. €. ¢ dpa-
3aMH, CONEPIKAIIUMH OJHOBPEMEHHYIO pPeYb ABYX
ouKTOpoB. Jlpyryio npobiaemy cocraBuiu (pOHOBBIE
IIyMBbI, KOTOPBIE CHJIBHO YXYIIIHUIN KAYeCTBO 3aIIH-
ceii. X0Ts IJId CO3MAHMA KOPIyCa MCIIO0JIb30BAIUCH
TOJBKO B3AIWCH CTYAHHHOIO KA4yecTBa, (POHOBBIM
IIIyM B HEKOTOPBIX CIIy4asix Bce :Ke uMmes mecto. Bee
3allucHu C d)OHOBBIM OIyMOM M HAQJOKEHHIMHU pPEeYU
ObLIM yaieHbl U3 6a3bl JaHHBIX.

OpHoit 13 0cO6EHHOCTEN COBPEMEHHOTO Kapeib-
CKOTO SI3bIKA SBJISETCS IeperjJvenue Komos [33],
KOTOpOE IIPeJICTABIAET COO0M CIIOHTAHHBIH ITePexoT
TOBOPSIIIEr0 C OJHOTO SI3bIKA WJIW JHAJIEKTA Ha IpPY-
roi. B manHoe BpeMs cpenu HOCUTE e KapelbCKOro
a3pIKka B Poccum pacmpocTpaHeEHO KapeabCKo-pyc-
CKoe ABys3bIyue [34], mosToMy mepexom Ha PyCCKUH
A3BIK U 00paTHO BHONHE ecTecTBeHEH. II0CKOMBKY
B HACTOSIIEM HCCJIEIOBAHWHU HE CTABMJIACH 3a]a4a
06paboTKY SIBJIEHHUS IIEPEKIIOYeHHUA KOI0B, (ppassbl,
cozep:Kalye CJIOBa HA PYCCKOM f3bIKe, He ObLIH
BKJIFOYEHBI B KOPILYC.

Hroroseiii 00beM pPEYEBOr0 KOPIIyCa COCTABHUII
3,5 4, obiiee ymcao 3ammcaHHBIX (ppas — 3819.
Kopmyc paséur Ha 06y4aroiyo ¥ TeCTOBYI YaCTH
B cooTHOmmenwnu 9:1 (tabm. 1).

JlOmIOTHUTENBHO IS PACHIMPEHUs 00ydaromen
YaCTH PEYEBOro KOPIIyca IPOBeIeHA ayrMEeHTAIHS

B Tab6auya 1. XapakTepucTUKH PEUEBOT0 KOPILyca
B Table 1. Speech corpus features

ITapameTp 3uaveHue

KonunuecTBo nurTOpoB 15 (6 mysx., 9 sxen.)

OO61as TpoJOKUTEILHOCTD 3,54
CIIMTHOHU pedu

OO61uit 06beM TaHHBIX 2,216
KonuuecrBo pas 3819
Yacrora IHUCKpeTH3aIUHN ayIHUO0 16 000 I'rg,
KpauroBaunue curuana 16 6utr
CoorHomrenue obyuaroriei/ 9:1

TECTOBOM YacTu

18 7 VHOOPMALIMOHHO-YMPABJSIOLLME CUCTEMbI

7/ N23,2023



N\

B Tab6auya 2. XapakTepuCTUKY TEKCTOBOTO KOPIIyca
B Table 2. Text corpus features

OBPABOTKA UHOGOPMALIMN U YNPABJIEHUE

IIapameTp

3HaueHHe

O6muit 06beM

5 MJIH CI0BOyIIOTPEe6IeHnH

CooTHouenre o6beMa MaTepuasa o UCToOYHuKam, %:

KHHUTH 22,6
epUOINYECKHe U3TaHUA 73,1
TekcTHI 3 Kopuyca «BenKap» 3,8
pacuindgpoBKu ayguoMaTepuaia 0,5

Hopmanusamus

CeI‘MeHTaHI/IH TEeKCTa II0 IIPEeaJIOKEeHUAM
3ameHa 3ariIaBHBIX 6yI{B Ha CTPOYHbIE
y,I[aJIeHI/Ie 3HAKOB IIPpEeIIUHaHUuA

NAHHBIX, JJI 9Yero ObLI UCII0JIb30BAH HHCTPYMEHTA-
puit Sox (http:/sox.sourceforge.net/sox.html), ¢ mo-
MOIIBI0 KOTOPOIO BBHINOJIHEHO H3MEHEHHWe TeMIIa
peYH M BBICOTBI T0JIOCA AUKTOPA, YTO IIO3BOJIHIIO
YBEJIUYHUTH 00beM 00yJaroIlero pe4esoro Marepua-
Ja B [Ba pasa.

CobpaHHBI# B XOIe TAaHHOTO WCCJIEJI0BAHUS
TEKCTOBBIH KOPILYyC BKJIOUAET MaTepuallbl U3 Ta-
KHX HCTOYHHKOB, KaK IIedaTHble H3TaHHUA, IIe-
PHOAVEKA HA JUBBUKOBCKOM HAPEYHM, TEKCThI M3
OTKPBITOTO KOPILyCa Ha BEIICCKOM W KapeIbCKOM
aspikax («BemKap» — http://dictorpus.krec.karelia.
ru/ru), a TakKe pacimu@POBKHA AayaHO3aIlHCeH
obyuaroreii 4acTu pedeBoro Kopmyca (tabm. 2).
Bce rexcrol nmpuBenens: B popmar .txt. TexcroBas
qacTb 6a3bI AAaHHBIX IIO0Jy4YeHa C YHaCTUYHBIM IIPpU-
MEHEHWeM I0JyaBTOMATHYECKOTO PAaclIo3HaBa-
HUS TEKCTAa.

Bonee mogpo6HO mporecc c6opa u 06paboTKm
PEeYeBOro M TEKCTOBOIO KOPILYyCOB OIHKCAH B padore

[35].

Cucrema pacnosHaBaHHA KapeJbCKON pedn

CrpyKTypa CcHCTEMBbI PACIO3HABAHHUA Kapeib-
CKOU peuu mpejicTaBiIeHa Ha puc. 1.

B kauecTBe aKycTHUYECKOH MOJENH HCIIOJIb30Ba-
nack rubpugHas momgesab ¢ TDNN, ananoruuynas ap-
XHTEKType, ITOKa3aBIlleldl HAWUIYYIINHEe Pe3yIbTaThl
IUIsT pycckoit peun [24]. OO0ydueHue oCyIeCTBISIIOCH
¢ ToMOIIbI0 OubauoTeku nnet2 mns perenrta swhd
(sbc) mucTpymenrapus Kaldi [8], mpu sTom ObLa
MpUMeHeH CTaHAapTHBIH MeTox o6parHOro pac-
mpocrpauenus omubku (backpropagation), B Kaue-
cTBe PyHKIIMHU HOTePh IPUMEHAIACH IePeKpecTHAs
sHTponusa. A cokpalneHuss BpeMeHH OOydeHHs
HCIIOJIL30BANaCh TEXHOJOTUS YBEJIHYEHHS CKOPO-
cTH O0ydYeHHWs, KoTopas IIpejalojaraer, 4To Beca
BJIEMEHTOB B CKPBLITOM cJioe 00ydaroTcs TOABKO Ha
HEKOTOPBIX BPEMEHHBIX IIarax, a He Ha KamIoM
BpemennoMm miare [20]. Ha puc. 2 mokasaun mpumep
apxutekTypbl mias TDNN mpu BpeMeHHOM KOH-
TekcTe [-6, 4], UHTEepBaJ COCTOUT U3 IEJIBIX YHUCEII,

Peuesoii curuan

h
o i
Ob6yuaoommuit Monyas
peueBo Kopiryc pacno3HaBaHUA
Mognyns 06yuenus
> ——— || Honzescmue
O6yuenue o A
N Ayrvenramus WsBneuenne L ok cfnqecxnx N — NPU3HAKOB
Aynuonammbe MaHHBIX IPU3HAKOB o4 . y ¥
Mojenen Mozenn
JlexonupoBanue
peuu
m
Texrcrosere Cosnanue o l
IaHHBIE > TpaHCKpUNIUH ¥ DoHeMaTuyecKui m
Tlouck HanIy4Iiei
CII0B CJI0Baphb
TUIIOTEe3bI
pacno3HaBaHUA
06 " Cosnanue I
M »  n-rpaMMHOH >  n-rpaMMHas v
TEKCTOBBIH
KopIIyc MOJeNIN A3bIKA MOZeJIb A3bIKa Hawunyumas runoresa

B Puc. 1. CtpyKTypa CHCTEMBI PACTIO3HABAHNS KAPEIbCKOH pedn
B Fig. 1. Outline of the Karelian speech recognition system

POM3HECEHHOH (pasbl
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Brixomzoi
[ (0} S

+2  2-i CKpBITHIH
ciou

+1 1-i cxperrerit
clon

+1 .
Bxoxuoi

CIIOH

B Puc. 2. IIpumep apxurekrypsl TDNN ¢ npumenenmnem
TEXHOJIOTHH 00beUHEeHH I BpeMEeHHOT0 KOHTEKCTa

B Fig. 2. An example of TDNN architecture with
sub-sampling

COOTBETCTBYIOIIUX BPEMEHHBIM LIaraM. BXomHOI
cioil o0bemuHseT (ppeiimMbr B uHTepBane {-1, 0, 1}
(6osIee KOMIIAKTHO 3TO MOMKHO 3amucaTh Kak [-1, 1]).
st cKpBITOrO €105 00BeAUHEHNE OCYIIECTBILAETCS
I BpeMeHHBIX maroB {-2, 1}, aTo o3Hauaer, 4TO
o0beqUHAIOTCA (ppeiiM, pacmoaraniuics Ha Bpe-
MEHHOM KOHTEKCTe 3a [Ba (hpeiiMa M0 TEKYIIeTo, u
(dpeiiM, pacronaramomuiica 4epe3 oquH QppeiM 1mo-
cie rexyutero. Ha BTopom ckpbiTOM ci10€ 00beauHs-
eTcsd peiiM, pacrojaramniuica 3a Tpu gpeima 10
TEKYIero, ¥ (ppeiiM, pacroaaraoiuicsa yepes qBa
dpeiima nocie Texymero ({—3, 2}).

BxogubIMU HaHHBIMH AJI9 HEHPOHHOUW ceTH Obl-
JIM MeJI-4aCTOTHBIE KeIICTPAIbHBIE KO3(P(PUIIUEHTHI,
IIpU DTOM [AJd afalTalluy K pedd JUKTOpa K HUM
61 mobaBien 100-mMepHBIH i-BEKTOp, HCIOIb30-
BaHHE KOTOPOro, Kak IOKasaHo B pabore [36], mo-
3Bossier cuu3uth WER. B maunmoit pabore 6brau
ooyuenst UHC ¢ mpumeHeHHMEM aKTHBAIMOHHOU
dyurnuu p-norm [37], KoTopas BEIYHCAIETCS Cle-
ayooimuM 06pasom:

1

P
=, = Zhel” |
l

re BEKTOP X IpPeaCTaBiaseT HeOOJbIINYI0 TPYIILY
BXOAHBIX NAHHBLIX (MHHH-0aTud). Benwuwmna p BbI-
O6upaercsa ONBITHBIM IyTeM, B pabore [37] mokasa-
HO, 9TO p=2 JAeT JIy4Illhe Pe3yabTaThl. BHIXOIHBI-
MU JaHHBIMU HEHPOHHOH CeTH SBJISIOTCI all0CTePH-
OpHBIE BEPOATHOCTH KOHTEKCTHO-3aBUCUMBIX MO/IE-
neu pomem.

Ina MHC c akTuBanuoHHOH (QyHKIIHEH p-norm
BMECTO mapaMeTpa PasMepHOCTH CKPBITOTO CJIOS HC-
II0JIb3YIOTCS IBA [IapaMeTpa: YHUCJIO BXOH0B U YHUCIIO
BBIX00B. OTHOIIIEHNE YKC/Ia BXOM0B K YHCILY BBIXO-
IIOB JOJIZKHO OBITH I1eJIBIM YrcsioM. O6BIYHO HCTIOIB3Y-

erca orHomenue 5 unu 10 [37]. Beinu coszgansr MHC
C PA3IMYHBIM YHCJIOM CKPBITHIX CJIOEB, PA3JIHIHBIM
BPEMEHHBIM KOHTEKCTOM U PA3IUYHLIMUA UHACKCAMU
o0beqUHAEMBIX 37eMeHTOB. B mporecce obyueHns
K02 pUIMEHT CKOPOCTH O0YUYEHUS YMEHBIIAJCS OT
0,02 mo 0,004 B Teuenme 15 smox, 3aTeM IISATH SIOX
obyueHre IIPOUCXOIHUIO C IOCTOIHHBIM K03(QHIIH-
€HTOM CKOpocTH 00yuenwust, paBabiM 0,004.

B crnoBaphb cucreMbl pacrosHaBaHUS BOIILIH BCe
CJIOBA M3 pacinudpPOBOK 00yJaoIel YacTu pedeBo-
ro KOpIyca W CJI0BA M3 OCTAJIBHBIX TEKCTOB, KOTO-
pble BCTPETHUINCH HE MeHee ABYX pa3. ITO CBI3aHO
C Te€M, YTO YaCTh TEKCTOB ObLIIA IIPEICTABICHA B BU-
e rpauYecKuX TaHHBIX, KOTOpPbIe OBLIH IIpeodpa-
30BaHBI B TEKCTOBBIH (pOpMAT IIyTEM IIOJyaBTOMA-
THYECKOTO PACIIO3HABAHUSI TEKCTA, [I03TOMY B HEKO-
TOPBIX TEKCTAX MOTJIA BOSHUKHYTh ormubku. Takum
00pa3oM, CcJiOBa, KOTOpPbIE BCTPETHUJIHCH TOJIBKO
OIWH pa3, 3a4acTyi0 SABIAJIUCH MMEHHO CIOBAMU
c omubkamu. UToroseiil pasmep ciroBaps COCTaBUII
143,5 Teic. cmoB. PoHemaTHUeCKHE TPAHCKPUIIIUH
CO3[]aBAJIUCh ABTOMATHYECKHM C MOMOIIBI0 CIIEIH-
aJbHO pPaspaboTAHHOrO IIPOTPAMMHOTO MOMYJIS,
BBITIOJIHAONIEro mpeobpasopaune rpadema-goHe-
Ma I TIOAAHHOTO Ha BXOJ CIIFCKA CJIOB HA Kapeib-
CKOM s3bIKe. Bojiee MompoGHO IMPOIECC CO3TAHUSI
(hoHemaTHueCcKOro cjaoBaps mpeacTasieH B [35].

TpurpamMmmuas Momenb S3bIKa 00y4YeHA C IIOMO-
mpio nporpamMmMmubIX cpeacts SRILM [38]. Crour
OTMETHTD, YTO ONTHUMANILHO OBLIO ObI 06y4aTh MO-
Iedb A3bIKa Ha paciiudpoBKax CIOHTAHHOM pedw,
OHAKO 06beM TaKMX MAHHBLIX OOLIYHO HE BEJIUK,
II03TOMY dYallle BCEro IJIs 3TOH IIeNH HCIIONb3YIOT-
CA IMHUChbMEHHBIE TEKCThI. B TO e BpeMs MUCHMEeH-
Has pedyb CUIBHO OTIAMYAETCA OT PA3TOBOPHOM, UYTO
CHHMIKaeT KayecTBO Mojelei. B xome ncecnemoBanus
TPUTrPAMMHASA MOJENb S3bIKA CO3MaBAJACh IBYMS
criocobamu. IIpu mepBoM crmocobe Momenb obyua-
Jachk cpasy Ha BCEX TEKCTaX, BKIUYas paciudpos-
KU 00ydaroliedl 4acTH pedeBoro Kopmyca. Bropoit
cIroco0 COCTOSIJI B TOM, YTO BHAYAJE OTAEIHLHO 00Y-
YaJIUCh BE MOJENH A3bIKa: OJHa 00ydJaiach HA pac-
mudpoBKax 00ydarolneil 4acTu peueBoro Kopiyca,
BTOpas — HAa OCTAIbHBLIX TEKCTaX. 3aTeM ObLia
BBIIIOJIHEHA JMHEHHAasd WHTEPIOJIAINASI CO3TaHHBIX
Mojeiel, IPH 3TOM K03 PUIIHEeHT UHTEPIOIINUN
Mofenu, 00y4YeHHOM Ha paciudpoBKax, 3aaBalcs
BBIIIE, YeM JJIsd MOJeJiK, 00y4YeHHON Ha MHUChMEeH-
HBIX TEKCTaX. DBIIM IIpOBeleHbl 3KCIIePUMEHTHI
C HCITOJIb30BAHUEM PA3HBIX 3HAYEHHWH BECOBOTO KO-
adpuIHeHTa MHTEPIONAIAH.

PesynbsTaThl 9KCIIEPHMEHTOB
10 PACIIO3HABAHHIO KapeIbCKOM pedn

Jlost meKoaupoOBaHKs PEeYeBOr0 CUTHAJIA WCIOIb-
soBaiics gerxozep Kaldi ma ocuHoBe B3BelIeHHBIX
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KOHEUYHBIX mpeobpasoBareseii [8]. Ouenka paboThl
CHCTEeMbI PACTIO3HABAHUSA PeUYH IPOBOIHUIACH IO IT0-
rasareao WER. Buauase 6b11u poBeieHbI SKCIIe-
PHUMEHTBHI 10 AaBTOMATHYECKOMY PaCIIO3HABAHUIO Ka-
PEeIbCKOM peun C MOJEeNbIO I3bIKa, 00yYeHHOM cpasy
Ha BCEX TEKCTOBBIX JaHHBIX. IIpu mcmomb3oBaHUU
aKyCTHYeCKOM MOJIeJIN Ha OCHOBE T'ayCCOBBIX cCMecel
sHauenne WER cocraBumo 40,00 %. PesynwsraTsl
SKCIIEPUMEHTOB II0 aBTOMATHYECKOMY paclo3Ha-
BAaHUI0 KAPEIbCKOU peYd C rHOpUAHBIMH aKyCTH-
YyecKHMHU MopeasaMu Ha 6ase apxutekrTypbl TDNN
C pa3jIn4YHbIM BPEMEHHBbIM KOHTEKCTOM H pa3iny-
HBIM OTHOIIEHHEM YHCJa BXOAOB K YHUCJ/IY BBIXOJ0B
npezacrasiendbl B Ttaba. 3. Hawmmyurnue pesymnbra-
Thl IIOJIy4YeHBI IIPU HCIIOJIb30BAHUU APXUTEKTYPhI
TDNN c¢ OaThi0 CKPLITHIMU CIOAMH U BPEMEHHBIM
KOHTEeKCTOM [-8, 4] M OTHOIIEHHEeM YKCJIa BXOIOB
K umcay BbixomoB, paBHbIM 1000/100. ¥YBenuuenue
AJHUHBI KOHTEKCTA U OTHOILIIEHUd 4YuCJjaa BXO,I[OB/BI)I-
XO/IOB IPUBEJIO K YXYAUIEHHUI0 Ka4ecTBa PaCIIO3Ha-
BaHMsA, YTO MOKET OBITh BBI3BAHO II€peoOydeHueM
HWHC.

3areM OBLIM IPOBENEHBI HKCIEPHMEHTHI C HC-
II0JIb3OBaAHUEM MOJEJIN A3bIKA, CO3].'[aHHOfI BTOPBIM
crioco6oM, — IIyTeM JTUHEHHON MHTEPIIOIAIHNA MO-
e, 00y4eHHOH Ha pacirndpoOBKaxX ayIUOTaHHBIX,

¢ MOJIeJIbI0, 00YYEHHON HAa TEeKCTaX C Pa3iHuYHBIMU
Koo(ppuIIMeHTaAMY WHTEPIOAAINHU. B Xome 3THX
SKCIIEPUMEHTOB HCIIOIH30BAIACh AKYCTHIECKAA MO-
Ielib, KOTOpasd Jajia HauaydIlihe Pes3yabTaThl B IIpe-
IBIAYIIEeM SKcIepuMeHTe (MOAeNb C OTHOIIEHUEeM
YKCJIa BXOJOB K YHCJIy BBIX0OHOB, paBHbIM 1000/100,
¥ BpeMeHHBIM KOHTeKcToM [—-8, 4]). PesynbraTs! sKc-
IIEPUMEHTOB IIPeACTABIeHbl B Taba. 4, roe Takke
YKa3aHbl 3HAYEHUS K0od(uimenTa HeolpemereH-
HocTu (perplexity) nmaa Kaxmoi Momenu A3bIKA, BBI-
YHCJIEHHBIE 110 TEKCTAM U3 PACIIU(POBOK TECTOBOM
yacTu peueBoro kKopmyca. KommuecTBo BHecaoBap-
HBIX cjioB (out-of-vocabulary words) cocraBuio 6 %.
CKopocCTh pacno3HaBaHusA pedn 6e3 UCII0JIb30BAHUS
rpaduuecKoro mpoieccopa Ha KOMIIBIOTEPe ¢ MHO-
TOAIEPHBIM IIPOIIECCOPOM C TaKTOBOM YaCTOTOM
4 I'T'y cocrasuna oxomno 1,3 RTF (real-time factor).

Hawunyumme pesyabraTbl OLIINM IIOMYYEHBI IIPH
HCITOJb30BaHUU Koa(pduiinenta uarepuonsanuu 0,7
17151 MoJientu, o6yueHHOH Ha pacuindpoBrax. Ciaexyer
OTMETHUTH, YTO TEKCTOBbIE JaHHbIE, IIOJIyUYeHHbIE U3
pacindpoBokK, Hanboee afeKBaTHO OTPAKAIOT Pas-
TOBOPHBIN SI3BIK, HOCKOJABKY B HHX IIPeACTaBJIeHA
CIIOHTAHHAS Pedb, HA KOTOPYIO He HAKJIAIBIBAIOTCS
CTHJIMCTHYECKHE MIPaBUJia, XapaKTepHbIe JIJIs JIUTe-
PATypPHOro I3bIKA.

B Tab6auya 3. 3navenna WER, nonyuenusie ¢ npuMeHenreM ruGpUIHBIX aKyCTUUIECKIX MOJENEH ¢ PA3IHIHBIME TapaMeTpaMu
B Table 3. WER for hybrid acoustic models with different parameters

Tnuma Kourexker mocmoizo WER, %, nnsa
KOHTEKCTa 1 2 3 4 5 500/50! 1000/1001 2000/200!
[-6, 4] [-1, 1] {-2,1} {-3, 2} {0} - 29,46 29,32 31,22
[-6, 6] -1, 1] {-2, 2} {-3, 3} {0} - 31,08 31,49 29,86
-7, 7] [-1, 1] {-2, 2} {-4, 4} {0} - 31,35 31,62 29,05
-7, 7] -2, 2] {-1, 1} {-2, 2} {-2, 2} {0} 30,14 30,27 30,00
[-8, 4] -1, 1] {-3,1} {-4, 2} {0} - 30,81 28,51 28,65
[-8, 5] [-2, 2] {-1, 1} {-2, 1} {-3,1} {0} 29,46 28,92 28,78
[-8, 8] -2, 2] {-1,1} {-2, 2} {-3, 3} {0} 29,32 29,32 29,46
1KonmyecTBO BXOZ0B/BBIXO/IOB.
B Taé6auya 4. Pe3ynsrars! 9KCIEPUMEHTOB ¢ IPHMEHEHHEM Pa3INIHBIX MOJeIe a3bIKa
B Table 4. Experimental results with different language models
Cnocos afysemms womem aniwa | 24 o |  neomperenemoer WER, %
Ha Bcex Texcrax cpasy - 4030,06 28,51
0,5 2118,88 26,35
IIyrem nuHelHOM HHTEPIOIAIUN 0.6 208311 26,08
0,7 2095,15 25,81
0,8 2172,63 26,89
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3akaroueHune

B pabore mpexncraBieHa cumcTreMa aBTOMAaTHYeE-
CKOT0 PACIIO3HABAHUS PEYH [JIS JUBBUKOBCKOTO Ha-
peuus KapeiabCKOro f3bIKa. /s MOBBINIEHUS TOY-
HOCTH PabOThI CHCTEMBI BBIMIOJHEHA AyTMEHTAI[HS
peuYeBbIX AAaHHBIX, KPOME TOTO, OTAEJIbHO O0yueHa
MOJIeJTb SI3bIKA Ha pacuInpoBKax oOydaroliei da-
CTH PEeYeBOro KOpIIyca, KOTOpasd 3aTeM HHTEpPIIOo-
JIUPOBAIACH C MOJENIbI0 A3bIKA, 00yYEHHOW HA TEK-
cToBBIX AaHHBIX. OmKnOKAa pacmosHAaBAHUS CJIOB,
MOJIyYeHHAs B XOJie IPOBEJeHHBIX DKCIEPHUMEHTOB,
cocraBuia 25,81 %, 4T0, KOHEUYHO, Xy:Ke, YeM CO-
BpeMeHHbIe Pe3yJIbTaThl, MOJyJyaeMble IJIs I3bIKOB
¢ GOJIBIIUMH PeCcypCcaMy JaHHBIX, HO HAXOIUTCSI HA
YPOBHE MHPOBBIX PE3yAbTATOB IJIS APYTUX MaJope-
CYPCHBIX SI3BIKOB.

JpyruM BamHBIM Pe3yIbTATOM ABHJIOCH CO3[a-
Hue obyuaroniero Habopa JaHHBIX, COCTOSIIEr0 M3
3BYKO3aMKCEeH Ha KAPeIbCKOM A3BbIKE, UX TEKCTOBBIX
TPAHCKPUIIIUA U COOCTBEHHO TEKCTOBOIO KOPIIyca.
B mpezacrasienHoM ucciaenoBaEuu HaG0p JAHHBIX
HCIIONb30BAH AJ1d 00yUYeHUS S3bIKOBOM U aKyCTHUUe-
CKOUM MoOjieJie, OMHAKO ero MOKHO HCIIOJb30BaTh U
B [PYTUX MCCIETOBAHUAX II0 KAPEIbCKOMY SI3BIKY
B 00s1acTH 00paboOTKH eCTEeCTBEHHOTO I3bIKA.

Opua w3 rIaBHBIX MMPOOJEM, BO3HHUKIIHX IIPU
CO3AHUM CHCTEMBI aBTOMATUYECKOT0 TPAHCKPUOH-

poBaHUA KapelbCKOTO S3bhIKA, COCTOUT B HEXBaTKe
JaHHBIX. ABTOpPBI CTAaThbH PEIIMJIHA 3Ty IIPobieMmy,
BO-IIEPBBIX, CO3JLaHUEM COOCTBEHHOro Habopa JaH-
HBIX W, BO-BTOPBIX, IPHMEHEeHHEeM ayTrMeHTaIlhHu.

OnHako, HeCMOTpPsS Ha AOCTUTHYTHIE Pe3yib-
TaThbl, CYIECTBYeT IIOTPEOHOCTH B MaIbHEHIIUX
HWCCIENOBAHUAX U YIYYIIEeHHH paspaboTaHHOH
cucrembl. Tak, mpobiieMa MHEpPeKIIOYEHUS KOIOB
ocTajsach 3a paMKaMHi HACTOSIIETO UCCAeT0BaHUA.
B obmiem u mesom pacmiupenue 06ydaroniero Ha-
fopa IAHHBIX CYIIECTBEHHO IIOBBICUT Ka4eCTBO
paspaboraHHOi cucTeMbl. B manbHeleM miaHu-
pyeTcsa HWcciefoBaTh METOJ IepeHoca 3HAHUM mpu
00yYeHHH aKyCTHUYECKHX MOjejiel, a TakK:Ke IpH-
MEHHUTh HEHPOCETEBOM MOAX0/ K 06y YeHUI0 MOIeIH
SA3BIKA.

PesynbpraThel HacTOAmIEro HCCIEOBAHUSA IIPE-
CTaBJIAIT COO0H BKJIA B PA3BUTHE TEXHOJOTHH aB-
TOMATHYECKOH 06pab0TKH KapeabCKOro A3bIKa U MO-
ryT OBITH MCIOJb30BAHBI IIPH CO3MAHUM MOIO0HBIX
CHUCTEM JIJIA UHBIX MaJOPECYPCHBIX I3HIKOB.
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Introduction: There has been a growth in the number of studies devoted to automatic processing of low-resource languages. The lack
of training data is a significant obstacle to the development of speech technologies for such languages. Purpose: To develop an automatic
speech recognition system for Karelian. Results: we present a system for automatic speech recognition in Karelian. We have trained
acoustic models based on artificial neural networks with time delays and hidden Markov models. We have trained the system with the
use of a speech corpus composed of radio broadcast recordings and audio data modified with augmentation techniques. Both written texts
and transcripts of a training part of the speech corpus have been involved. We have explored various coefficients to interpolate a language
model trained on transcripts with a language model trained on written texts. The best value of the word error rate was 25.81%, which is
comparable with the results for other low-resource languages. We have collected a training data set, which includes sound recordings of
the Karelian language with transcripts, as well as a text corpus. Practical relevance: The results can be of a certain significance for
the development of automatic recognition systems not only for Karelian but for other low-resource languages as well. In addition, the
developed system may be useful for the researchers of the Karelian language, providing them with an effective tool for recording and

processing the Karelian language data.
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BBegeHune: B KoHBesiepe 06paboTKN rpagmyecKon MHGHOPMAaLMK LUMPOKO UCMOJb3YHOTCA LBETOKOPPEKTUPYIOLYME NPeobpa3oBa-
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Beenenue

IIBeToKOppeKTHpYIOIIIHE MIPEOOPA30OBAHHUA HC-
MOJIb3YIOT HA PA3JIMYHBIX 3TArax paboThl ¢ BHje-
ocuranoMm [1]. Oum aBasIOTCT 06I3aTEIBLHON Ya-
CTHIO KOHBelepa 06paboTKM CUrHAjIa IpU (POPMU-
pOBaHUM H300paKEHHUsT KaAMEpPOH, BBIMOIHATCS

B IIpoliecce BBIBOJA rpaduuecKkoi nHpopMaIiuu Ha
IUCILIEH, IPUMEHSIOTCA B paAMKax 00paboTKH CHUM-
Ka JIJIs TOBBIIIEHUS KauecTBa, s JOCTHKEHN JKe-
JIaeMOTO0 XYI0KeCTBEHHOro spderra.

Cxema KiIaccuHKAIIUH IBETOKOPPEKTHPYIO-
X Ipeobpa3oBaHuil 110 UX HA3HAUYEHUIO IPHUBEIe-
Ha Ha puc. 1.

IIBeToxOppekTHpYIOLIHE IPeobpasoBaHUusL

/\

Konopumerpuueckue npeobpazoBanus

IIpeobpasoBanus Xym0KeCTBEHHOH
06paboTku

O

N

Kawmepusie Ilucnneiinbie

HNsmenenne
IIBETOBOTO KOHTpAacTa

HNsmenenus
LBETOBOTO Oananca

B Puc. 1. Knaccuduranus nBeTOKOPPEKTHPYIONINX Ipeodpa3oBanmii

B Fig. 1. The color-correcting transformations classification
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3amaya  KOJIOPUMETPHYECKHUX IpeobpasoBa-
HHUH — obeclieueHre TOYHOM I[BETOIEePeIadyH B COOT-
BETCTBHH C MOJEJIbI0 CTAHJAPTHOTO HAGIIONATEJI.
Konopumerpuyeckue mnpeoGpa3oBaHus IPHUMEHS-
I0TCSA B KAMEPHOM M JUCIIJIEHHOM KOHBelepax obpa-
6orku curuaina. [Ipu dpopmupoBanny n3obpaKeHus
KaMepoﬁ BBIIIOJTHAETCS IIepexo[ OT 3aBUCHMBIX OT
yerpoiicrBa RGB-koopauuar B mesaBucumbie XYZ-
KOOPIMHATHI, I[BETOBAS aIallTAIlKI, IEPEeX0 U3 He-
neprnenTyajJabHbIX IIPOCTPAHCTB B IIEPIEIITyaJlbHbIE
(mamrpumep, us XYZ B L*a*b*). B qucneiinoii yactu
KOJIOpUMEeTPUYECKHe IpeobpasoBaHus CILyKaT A
COIVIACOBAHUS IBETOBBIX OXBATOB YCTPOMCTB OTO-
Opa:xeHus.

IIpeobpasoBanusi XymOMKeCTBEHHOH 00paboTKH
OCYIIECTBIAIT I[BETOKOPPEKIINIO, MOBBIIIAIIIYIO
CyOBEeKTHBHOE KaueCTBO M300paskeHus, HallpuMep,
BBIMIOJNHAIOT MAHWIIYJSIUA C I[BETOBBIM TOHOM H
HaCbhIIIEeHHOCTHIO IIBETOB IIAJTUTPHI, ‘-ITO6I::I caenaTrb
dororpadmuio 6osee npuBIEKATEIHLHON A1 HAOGIIO-
JaTeJIs, UK MOBBIIIAIOT JIOKAIbHBIN I[BETOBOM KOH-
TpacT ¢ 9Toi xe menbo. [loMmumo mcmonb3oBaHUS
B MacCOBOM cermMeHTe IIpu 06padoTke ororpaduii,
yKazaHHbIe IpPeobpasoBaHUSI HAXONAT IMIPHUMeEHe-
HHEe M B CICIUAJTU3UPOBAHHBIX TEJIEBU3UOHHBIX
cucremax. Hampumep, BO3MOMKHOCTb yBeIHUYEHUS
JIOKAJIBHOTO I[BETOBOI'0 KOHTPACTA B BUE0IHIOCKO-
WU SBJIAETCA 0033aTeIbHON (PYyHKIIMEH, HUCIIONIb-
3yeMOH AJd YJIydllleHHUsS 3aMeTHOCTH MeJIKHUX OCO-
OeHHOCTEl TKaHel Ipu IIPOBeIeHUHN 00CIe0BaHUT
BpavyoM.

Konopumerpuyeckne mpeobpasoBanus, Kak
[IPaBUJIO, OMHPAIOTCA HA HH(OPMAIHI0 O CIIEK-
TPaJIbHOM COCTaBE OCBEIEHUSI U XapaKTePUCTUKAX
CII€HbBI, CIIEKTPAJIBbHOH YYBCTBUTEIHHOCTH CEHCO-
pa. B 1BeTokOppeKTHpYOIINX HpPeoOpasoBaAHUAX
XyIOKeCTBEHHON 00paboTKM IBeTa mpeobpasyoT
HCXOAS M3 HEKOTOPBIX SMIHUPHK (OIIpeesiseMbIX
HpOI/ISBOI[I/ITeJIeM), HaIlIpaBJeHHbIX Ha IIOBLIIIEHHNE
[IPUBJIEKATEILHOCTH U300paKEHUH B TOM HJIH HHOM
BHUJE.

IIBeToBBIE ITPOCTPAHCTBA OOBIYHO TPEXMEpHBbIE,
YTO CBSI3aHO C TPUXPOMATHYECKHUM 3PEHUEM Yeso-
BEKa, I03TOMY LBeT (B YaCTHOCTH, DJIIEMEHTA PAa3Jio-
EHUA U300paKeHUs) KOIUPYETCA TPEMs YUCIaMH.
[l KOIOpHUMEeTPHYEeCKUX I[BETOKOPPEKTHPYIOLINX
peoOpa3oBaHU XapaKTEPHO TO, YTO PE3yJILTAT U3-
MEHEeHHUd IIBeTa AJd KaI0Ir0 IITHKCeJId HEe 3aBHUCUT
OT ero oKpy:keHud. Taxum obpasom:

L (x, y) =@ (%, %),

rae I, — 1BeTOBBIE KOOPAMHATHI IHKCENd B Iiele-
BOM I[BETOBOM IIPOCTPAHCTBE; (X, y) — KOOPAMHATHI
nuKcens; [ — (QYHKIUA, OCYIIEeCTBIAIOMIAA IIBETO-
KOppeKTHpyIoIlee peobpazopanue; I, — mBeToBbIe
KOOPAMHATHI MMUKCENIS B HUCXOJHOM I[BETOBOM IIPO-
CTPaHCTBE.

3ajmaya CUHTe3a I[BETOBOTO IpeobpasoBaHUs
COCTOUT B OIlpejeeHun PyHKIUY [, KoTopas Ipe-
craBjsfeT cob0il HEKOTOPYH MOAelb ¢ HAbOpOM Ia-
pamerpos A. [lns uaeHTH(QUKAINY IAPaMETPOB UC-
MOJIB3YIOT HAGOP I[BETOB C U3BECTHBIMM KOOPAMHA-
TaMH B MCXOMHOM U IIeJIeBOM IpocTpancTee. HaGop
MOeT OBbITH 3aJlaH B LU(MPPOBOM Buae (CIEKTPHI
IIBETOB HUJIHN ROOpJII/IHaTBI) HUJIN HalledyaTaH B BHIE
TabAUIbI, TAK HA3bIBAEMON IHArPAMMBI I[BETOB
(ColorChecker). 3pecTHBI ¥ MIUPOKO IPHUMEHSIOT-
ca muarpammbl Macbeth [2], SG [3], DC [4] u ap.
IIpu ouenke mapamMeTpoB MOJEIU PeodpPa30BaAHMUS
mpezmnoaraerca, 4To Habop 1BeToB O, BXOAAINAX
B 1BeToBOe mpocTpancTBo K (mpoobpasa), 6eper-
CA B KAYeCTBE JTAJIOHA, & KOOPAUHATHI I[BETOB U3
Habopa P, BXOOAIMX B I[BETOBOE MPOCTPAHCTBO L
(o6pasa), mepecYnTHIBAIOTCS C HIOMOIIBIO f TAK, YTO-
ObI B pe3y/IbTaTe MHHUMAJIBLHO OTIIMYATHCA OT JTa-
mouHBIX 1BeToB O. Takum o6pasom, mpu CHHTE3e
IIBETOKOPPEKTHPYIOIIEr0 IMIpeoOpasoBaHus Heob-
XOIUMO i1 (DYHKITUH [ ONPeneNuTh BU MONEIH U
B pe3yabTare HEKOTOPOH MPOIeAyPhl HASHTUPHUIH-
poBaTh mapaMeTphl A 9TOH MOJENIH, KOTOpble 00e-
CIIEUMBAIOT MUHUMATHHOE PA3INYNE MEKIY I[BETa-
mu Habopos O u P.

Jna mpouenyphl OLEHKM IIapaMeTPOB MOIEIH
Heo0xoauMo cqOpPMyIHPOBATH IMOKa3aTejdb Kade-
CTBa ILIBETOBOr0 mHpeoOpasoBaHus (WU IEJIeBYIO
(yHEHII0), OoTpakamuii OmHUOKY (CyMMapHYIO,
WU CPEIHIO) — PAa3HUILY MEXKIY UCTUHHBIMY 3Ha-
YeHHUAMH IIBETOB U IIOJYYHBIINMMHCSI B pe3yjabTare
oToOpasKeHusd, IPHU 3TOM BaKHBIM (PAKTOPOM SBJIA-
eTcs UCIOJb3yeMas MeTPHUKA, OIpefessoias pac-
CTOSHUE MEKIY [IBETAMHU:

1 C
Ecolor = EZEcolori =
=1

1 &
=S MG -fA k), beL ke K,
=1

rae C — 4uciI0 COOTBETCTBYIOIIUX APYT APYTY I[BETOB
B IIpocTpaHcTBax mpoobpasa K u o6pasa L; M — me-
TPHUKA I[BETOBOTO pa3iandusd; [ — (PyHKIUI IIBETO-
KOPPEKTUPYIOIIEero npeobpasoBanus ¢ napamerpa-
mu A. B o61iem ciaydae yem 60JIbIIe 4KCIIO ITAp I1Be-
ToB C, 4eM IoJIHee 3TH Haphl TOKPHIBAIOT IIPOCTPAH-
crBa K u L, Tem 6ojiee TOYHO OLIEHHUBAIOTCS IIapame-
TPBI MOJIEJIH.

CymiecTByeT MHOMKECTBO Mojese# ajisi orobpa-
JKeHUS IIBETOBBIX IIPOCTPAHCTB, IIOJABJIAIOIIEE
OOJIBIITMHCTBO KOTOPBIX MOKHO PAa3IeNuTh Ha JBe
rpynnbl. K mepBoii rpynme OTHOCATCA JUHEHHBIE
perpeccuoHHbIe MoJienu. [[Ba OCHOBHBIX BapuaHTa
peanusanuy MOIeNIH IIEPBOTO IOPAAKA COEPIKAT Ae-
BATH UK 12 KoadppunuenTos [5], HO TaKKe HIXPOKO
HCIIOIb3YIOTCA TOJUHOMHUAIBHBIE MOAEIH BTOPOTO
u 6oJiee BBICOKHX ITOPAAKOB (IMHEHHBIE IO IapaMe-
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TpaMm), HaIpuUMep, Pa3IUYHbIe OTUHOMHAJIbHBIE
MOJEeJN U TaK Ha3bIBaeMble PYT-IIOJHMHOMUAILHBIE
nmpuBeneHbl B pabore [6]. Bropas rpymma ocHoBa-
Ha HA HEeJIWHEHHBIX Momensx. OHa BKIOUYaeT pas-
JINYHbI€ BapHUaHTBI: MOJEJIb Ha OCHOBE CILIAHHOB
[7], paguanbHO-6a3ucHBIX yHKIHI [8], rayccoBbIX
nporteccoB [9], Tpexmepusix Tabaun momcka [10],
TaKke K JaHHOU I'PyIIle MOXKHO OTHECTH Helpoce-
TeBbIe Mozenu [11].

IIpocreiimas Momens JIUHEHHOro HpeobpasoBa-
HuA KooppuHar nsera u3 (Xg, Yy, Zg) B (X, Y,
Z;) (u3 0fHOTO IBETOBOT0 IPOCTPAHCTBA B J[PyToe),
B YaCTHOCTH peajn30BaHHAA B U3BECTHOM B Telle-
BUIEHUHN YCTPOHCTBE — MATPUYHOM I[BETOKOPPEK-
rope (c Jo0aBIeHHEM YCIOBUA HEUCKAKEHHOH IIepe-
Iadu 6esoro I1BeTa), UCI0Ib3yeT MATPHUILY ITapame-
TPOB pasmepa 3 x 3:

(X, Y Zp)~(Xp Y Zp)=

11 412 913
=(Xg Yg Zg)lag ag ag|=
asg; aggy dags
=(Xg Yg Zg)Ags.

Ilpu ucmonbzoBamumm 0Oojiee CIOKHOM MOMEIH
Marpuila mapaMeTpoB MOKeT OBITh paclIupeHa,
repecras IIpH 3ToM ObITH KBajparHoi. Hanpumep,
[IpY PACIIMPEHUN MAaTPHIBI 3a cYeT A00aBJIEHUA
eIMHUYHOTO BeKTopa Ipeobpas3oBaHue OyaeT yd4u-
THIBATh CMeIlleHne APKOCTH. B sTOM ciaydae mpeob-
pasoBaHHu€e IIBETOBBIX IIPOCTPAHCTB BBIIVIAAUT CJIe-
IYIOIHM 00pa3oMm:

(Xp Y ZL):(XL Y, ZL):
11 T2 413

(1 Xx Yx Zg) dg1 C22 Qa3 | _
a3y agg ass
Qq1 Q42 Q43
=(1 Xg Yg Zg)Ag.

Ilycts
X, YL 7
L=| : : Sl
xp vl ozp
1 Xy YE Zk
[1K:|= : : : :

1 x¥ vy Z¥

Torga mpu HaIWYUHU AOCTATOYHOTO YHCIA I[BE-
ToB (N) MOXXHO HAUTH pelleHue, IPUMEHAA METOI

HauMenbmux kBagaparos (MHK) u ncesmoobparme-
Hue Mypa — Ilenpoysa [12]:

Ag = [1& ] (1)) KT L

IIpu ucnonbp30BaHUY CIOMKHBIX MOZeNIel (Hampu-
Mep, Ha OCHOBE MIOJIMHOMHUAIBHBIX (DYHKITUIH BTOPO-
TO ¥ BBINIEe IOPAAKOB) 06INAsd HAes 3aKI0YaeTcs
B PaCIIMPEHUY JUHEHHOI0 IIPpeo0pa3oBaHusI Iy TeM
I00aBJIeHNs YIeHOB BBICHIETO TOPAKa (KBagpaToB,
Ky00B, IepeMHOKEHUH I[BETOBbIX KOOPAUHAT U IIP.)
I TOCTHMKEHUA JIydIled TOYHOCTH IpeobpasoBa-
Hua. Huke mpuBemeHbl IpHUMephl HOJHMHOMHUAID-
HBIX MOJIeJIeH:

ps=[X Y Z 1 XYZ],
pe=|XY Z XY YZ XZ],

po-|X Y z xv vz x2 (X (v (2)]
pn=|X Y 2 xYvZx2(X) (Y] (2 XvZ 1],

Pesynbrar koppeknuu s HEKOTOPOrO I[BETa,
HaIpuMep B CIy4ae HCIOJIb30BAHUS Py, BHIYUCIISI-
eTcs 10 hopmyiie

(Xg Yg Zg)=(X Y Z XY YZ XZ)Ag,

rae Ags — MaTpuIa mapaMeTpoB ITOJHHOMHATBHOM
MOJIEeJIH I[BETOKOPPEKTUPYIOIIEro Ipeodpas3oBaHusi.

OObIYHO MIpeJIoJaramT, YTO OIIubKa mpeodpa-
30BaHHUA I[BETA Ecolori paccuuThIBAETCSI KAK €BKJIHU-
JIOBA HOpMa Pa3HOCTHOI0 BEKTOPa KOOPAUHAT B IIPO-
cTpaHcTBe obpasa. J[J1s Kamxmoro msera s KMewIIe-
rocs Habopa ompeneasioT HOPMY PA3HOCTHOTO BEK-
TOpa MEX Iy HCTUHHBIMHU KOOPAUHATAMH B I[€I€BOM
MIPOCTPAHCTBE W IIOJyYHUBIIUMHUCST KOOPIAHHATAMHU
B pesyabTare npeobpasoBauusd. [Ipenmyinecrsa Ta-
KOM OITeHKH MOHATHEL B aToM ciydyae onpenenenue
mapamMeTpoB MOIE/IH IIPeoOpasoBaHusd MOKET OBITh
JIETKO peajn30BaHO aHAIUTHUYECKH, a B Cllydyae HuC-
MIOJIb30BAHMSA YHCICHHOM ONITUMHU3AINH €BKIUI0BA
HOpMAa ymo0HAa IJId TPpaJlueHTHBIX MeTOI0B.

Taxo¥ moAX0J IONHOCTHIO OMPABAAH, TOJLKO
eC/Ii KOPPEeKIMS IIPOBOAMUTCH JId Iejeid aBToMa-
THYECKOTO0 aHajausa uaobpaskenwuii. Eciu mpenro-
jaraeTcs, 4TO II0JIb30BaTeIeM pe3ysibrara I[BEeTO-
KOPPEKIUH SABJISETCS YENIOBEK (I4TO COOTBETCTBYET
JIEeUCTBUTEIBHOCTH B OOJBIIHHCTBE CJIy4aeB), TO Me-
Tpuka M [moKHA YYHTHIBATH CBOMCTBA 4dejoBeYe-
CKOro 3peHus. MHOKeCTBO I[BETOBBIX IIPOCTPAHCTB,
rakux Kak XYZ, RGB, CMYK, opuenTupoBaHo Ha
paboTy ammapaTypbl, 4 He HA y4eT HIOAHCOB BOC-
MPUATHA I[BETA YeJIOBEKOM. JTO OTPAKAETCA B TOM,
4TO OUHAKOBOE (B CMBICJIE €BKIUIOBON HOPMbI) H3-
MeHeHVe 3HAYeHUW KOOPAUHAT I[BETa B PA3IUUYHBIX
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obsracTax MOoJO0OHBIX ITPOCTPAHCTB IIPOU3BOAUT Pa3-
HOe oINyllleHrne u3MeHeHus IBeta. Ha muarpamme
IIBETHOCTH (ABIAIOIIEHCA mpoeknued XYZ) naHHoe
CBOMCTBO XOPOIIIO WIIIOCTPUPYIOT TAK HA3hIBAEMbIE
sinurcel MakApmama [13] (puc. 2). Ouu noxassiBa-
0T 06J1aCTH, B IIpefiesiax KOTOPBIX IBeTa KaKyTCs
Hepa3IUINMBIMU JJId YeloBeka. BugHo, 4To pasmep
aTHX obsacTeil U UX HIIOHTAIUS CYILIECTBEHHO pas-
JIMYAIOTCSA B IIpefeax BUIUMOIO CIEKTPa.

Jus omeHKM KadecTBA I[BETOKOPPEKIIMH, pac-
CUMTAHHOU Ha YeI0OBEeKAa, HeOOXOAMMO yUYHUTHIBATH
ocobeHHOCTH BocupuaTusi uM 1sera. [laa Moxenu-
POBaHHUS 3PUTEIHLHON CUCTEMBI CO3aHbI TAK HA3bI-
BaeMble MEepIenTyaabHble IPOCTPAHCTBA, CAMBIM
M3BECTHBIM U3 KOTOPbIX saBisgercd L*a*b*, npunsaroe
Me:xaynapognoii komuccueii mo ocpemenuno CIE
[15]. B L*a*b* kak u B ApPyrux HeprenTyaIbHBIX
[IPOCTPAHCTBAX, SPKOCTHAS COCTABJIAIOIIAS OTIe-
JIeHa OT I[BETOBOM, 4TO II03BOJIAET paboTars C IBe-
roMm Hamnpamymo. [lpu cospanmu L*a*b* crosna 3a-
Jada creiaTh JaHHOe MPOCTPAHCTBO YHU(MOPMHBIM
(paBHOMEPHBIM), T. €. KaK MOKHO 0ojiee TUHEeHHBIM
C TOYKH 3PEHUS YeJIOBEUECKOr0 BOCIPUITHUS HU3Me-
HeHusa usera. HecmMoTps Ha TO, 4TO B pe3yibrare
npocrparcTBo L*a*b* momxyummoch ropasmo Gosee
paBuoMmepubiM, yeM RGB unu mpyroe Hemepuenry-
aJbHOE IPOCTPAHCTBO, JaHHA 11eJIb He ObLIa B I0JI-
HOM Mepe JOCTUTHYTa (HAIpuMep, OTMEYEHO Hapy-
LIeHVe PABHOMEPHOCTH B 00JIaCTH JKEJITHIX [[BETOB).

Hcropuyecku mepBoe BBIpAKEHHE [JIA OLIEHKH
IIBETOBOTO PA3IHYUA C yIETOM CBOMCTB YesoBeYe-
cKoro 3penwus, paspa6orannoe CIE B 1976 r. [16],

0,9

0,8

0,7

0,6

500
0,5

0,4

0,3

0,2

0,5 0,6 0,7 0,8

B Puc. 2. Snnuncer MakAnama (yBenuuenusie B 10 pas)
[14]

B Fig. 2. McAdam ellipses (magnified 10 times) [14]

IIpeJCTaBIseT co00H €BKIHUAOBY HOPMY B KOOPIU-
"Harax L*a*b*:

*

ALy = (Ly Ly + (ay —ag ) + (by ~by ).

B cBasu ¢ mHemosmHO# paBHOMepHOCTHIO L*a*b*
paboThl IO COBEPIIEHCTBOBAHUIO (POPMYJbI [JIsd
OLIEHKH I[BETOBBIX PA3IUYUM OBbLIH MPOMOJIKEHBL.
B 1994 r. 6nima mpexpcrasmena gopmyna CIE94,
B 2000 r. mossuaacek ¢opmyna CIE DE 2000 [17].
Brruncienue 3Ha4eHUH ¢ IOMOIIBIO 3TOH (DOPMYJIbI
OKa3aJI0Ch JIOCTATOYHO CJIOKHBIM M IPOMO3IKUM, HO
B TO ke BpeMs 06eCcIednio BIIOJHe IIprueMieMbie pe-
synwsratel, 1 Ha cerogHa CIE DE 2000 mupoko uc-
MOJIb3YETCA IJIA OIEHKHU [BETOBBIX PA3IHYHNH.

AnexBarHocTs ontenku ¢ nomoibio CIE DE 2000
0COBEHHOCTAM 3PHUTENBHOT0 BOCIPHUATHS ObLIA I0-
CTHUTHyTa IIyTE€M BBeJEHHS 3HAYUTEIbHBLIX HEJH-
HEHHBIX KOPPEKLUH, B pe3yabTare 4ero UAeHTUDH-
KaIusa IapaMeTpoB MOJelel I[BETOKOPPEKTHPYIO-
IUX IPeobpasoBaHMI, ITOCTPOEHHBIX HA METPHKE
C HCIOJAb30BAHHMEM 3TOH (POPMYJbI, 3HAUYUTENb-
HO 3arTpymHuiIack. Hampumep, IpH HCIIOJIb30Ba-
auu CIE DE 2000 omenka mapaMeTpoB HE MOKET
ObITh MOJIy4yeHa aHamuTudecku c¢ momorbio MHEK.
Pertenus onTUMH3AIMOHHBIX 3a/a4 YHUCACHHBIMHU
METOAAaMHM, BBIMOJHAKIIUMAE MHUHHUMHU3AIKAIO IIe-
JIeBOYM (DYHKIIWMH, WCIIOJIL3YIOIIed MeTPUKY Ha Oase
CIE DE 2000, compsizkeHBI ¢ TPYIHOCTAMH, TaK KaK
penbed dyurnmu (obnmamarmimei paspbiBamu [18]
W SABISIOIMEHCA MYJbTHMOAAJIBHON) IIOJydaeTrcs
CJIOKHBIM [JIS QJITOPUTMOB IIOMCKA MUHUMYMA.

Hy:xHO oTMETHTH, YTO /IS OLIEHKH IIE€PIENTy-
QIbHON PA3HUIILI MEXIY I[BETAMHU CYIIECTBYeT U
anprepuatuBHblii CIE DE 2000 moxxon. Hapsnmy
C COBEpPIIIEHCTBOBAHUEM (DOPMYJIBI JISI OLIEHKH I[Be-
TOBBIX PA3JHYNH B KOJOPUMETPUH HEIIPEPhIBHO Be-
nercs pabora 1o co3aHuI0 Bee 60jiee pABHOMEPHBIX
MepIeNnTyalbHbIX IPOCTPAHCTB. B pesynbrare mo-
ABJA0TCA mpocTpaHcTsa (Hampumep, OkLab, omy-
onmukosauubli B 2020 r., https:/bottosson.github.
io/posts/oklab/), B KOTOPBIX, KaK coobIiaercs, Omy-
[jaeMoe IIBETOBOE pas3jhdyHe IPAKTUYECKH COOT-
BeTCTByeT OOBIYHON eBKammoBod Hopme [19]. Ho
HECMOTPS HA MOABJIEHHE HOBBIX IEpPIEeNTyalbHO-
PaABHOMEPHBIX IIPOCTPAHCTB, HA IAHHBIA MOMEHT
I pacuera BOCIPUHHUMAEMbBIX I[BETOBBLIX PA3JIH-
YUH B IPOMBIIIIEHHOCTH II0BCEMECTHO HCIIOJIb3yeT-
ca umenuo CIE DE 2000. ITosTomy 1emnecoo6pasuo
paccMoTpeTh MpPHUMEHEHHe IJIf IepIeNnTyalbHOHR
[IBETOKOPPEKIIUYM METPUKH Ha 6asze 9ToM hOpMyJIbI.

MeTto mepienTyaabHOH IBETOKOPPEKITHHI

CxeMa KOJIOpHMETPHUUYECKOTO KOHBeHepa pac-
yeTa OMIMOKM I[BETOBOro IIpeobpasoBaHusa Ha Oase
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dopmyasr CIE DE 2000 npexncraBiena Ha puc. 3.
st HATTIAHOTO OMMCAHUS MeTO/a B AHHOH pabo-
TEe PACCMOTPEH CIydai 0TOOpaKeHus U3 MPOCTPaH-
crBa RGB-kameps! B XYZ (Kak OMHH M3 cAaMbIX BaX-
HBIX B KOHBelepe), OTHAKO IIPEeAJIOKEeHHBIH IIPUH-
LIUII aKTyajleH U AJd IPYTUX KOJIOPUMETPHYECKHX
IIpoLenyp.

Bersp mabmromarens BEIOUaeT hOPMHUPOBAHUE
XYZ-xoopauHar 11BeTa ¢ IOMOIILI0 (PyHKITHA COOT-
BETCTBHUS CTAHAAPTHOTO HAOIIOmATeNsI U W3BECT-
HBIX CIIEKTPAJIbHBIX XapaKTEePUCTUK I[BETOB:

X-2 {R(x)](x);‘c(x)dx;

oo {R(x)l(k)y(x)dx; M
z =% {R(x)l(x)z(k)dx,

rme R(M) — cmekTpanbHas xapaKTepUCTHKA OTpa-
seHus1 marepuaia ooverra; I(A) — cmexkTpaiabHOe
pacmpeseseHHe OCBEIeHUd, MMagaouiero Ha 00b-
€KT; X, Y, Z — (PYHKI[MH I[BETOBOTO COOTBETCTBHUS
CTAHJAPTHOTO KOJIOPUMETPHUYIECKOro HabIogaTens;
K — wmacmrrabupyromuit MHOKHTENb (06BIYHO pasB-

OBPABOTKA UHOOPMALIMA U YTNPABJIEHUE

7

CYIIECTBEHHO MPEBBIMIAKINUM CTAHTAPTHBIA TPH-
miaer RGB (o6bruno ucmombsyercs oxoso 200 ot-
cueToB). [lasiee BHIIOTHAIOT XPOMATHYECKYIO aarl-
ranuo (yuer ma3MeHeHHS ocBeleHHocTH) [20] or
ucrouHuka 6esnoro ceera tuna D65 (cranmaprHBIT
naa XYZ) k ucrounurky tuna D50 (ctammapTHBIMR
s L*a*b*), uro meobxogumo asisa nepexona us XYZ
B L*a*b*:

X X
Y =Mgs| Y
Z D50 Z D65
CyuiecTByioT pasiIWyYHbIe AaJTOPUTMBI  AJA

pacuera KO3(DMHUIMEHTOB MATPHUIIBI AXalTAIUH.
Hanpumep, mo Bpsadopay [21] mepexox ot D65
K D50 ocyIiecTBAAIOT ITOCPECTBOM MATPUIIBI

1,0478112 0,0228866 -0,0501270
0,0295424 0,9904844 -0,0170491 |.
-0,0092345 0,0150436 0,7521316

CApgs_,ps0

3areM BBINOJHAIT OpeobpasoBanune u3 XYZ
B L*a*b*:

L =116f, - 16;
a =500(f, - £,
b= ZOO(fx _fy);

. rae
ueri 1 uiau 100), uETErpas IPUHATO CYUTATDH B UH-
tepBaJje oT 380 mo 780 HM. 3 X, ecinx, >e
CrnexTpanbHble XapaKTEPUCTHKU OTPAKEHUS fo=1rx +16 .
x b
JUUISI ITBETOB MOT'YT OBITH ITOJIy4YeHbI B O0IIEM CiIydae T " yHauye
IBOSIKO: JTM0O C TIOMOIII0 UCIIOJB30BAHUA JUATPaAM- 116
MBI IIBETOB (T[e OHH 3aJaHbl IJIs ONpPeaeIeHHOTO 3
. Y., €clIn y, >e
Habopa), 1ubo ¢ IMOMOIIBI0 THIIEPCIIEKTPAIbLHON Ka- £ = .
MepbI, (pOPMUPYIOIEH B KaKIOM MHKCcele u3obpa- y T ky,+16 HHAYE
JKeHUSA CHEeKTPATIbHBIH OTKJIHUK C YUCJIOM OTCUETOB, 116
JlanHbIE 0 CIEKTPATbHBIX XYZ, )
L*a*b*-xo-
XapaKTEePUCTUEAX OTPAKCHUA paccyHTaHHEIE Biox pacuera
(o) HHAThI
AN HA0Opa IBETOB U CIEK- s =) pA ‘ omubku Ha 6aze
BeTa OJid
TPAJIbHOM pacIlipenejleHuu CTaHIapTHOI'O I A CIE DE 2000
HabaOAaTensa
OCBeIIeHHU HabaOmaTe s I
IIpeo6pasosanue XYZ, L*a*b*-xoop-
RGB-kamepst =) IIBETOBOT'O » paccuuTaHHbIE IUHATHI I[BETa
IIPOCTPaHCTBaA A1 KaMepbl LI KaMepbl

B Puc. 3. Ouenka To4yHOCTH IPeOOPA30BAHUA IIBETOBOTO IIPOCTPAHCTBA C YYETOM OCOOEHHOCTEH BOCIPUATHA Ha 6ase

CIE DE 2000

B Fig. 3. The CIE DE 2000 — based color space conversion accuracy estimation
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e =0,008856, £ =903,3,

(X,, Y, Z) — snadenus pauaa 6emoro nsera D50:
X, = 96,4212, Y, = 100, Z, = 82,5188. 3nauenus
IUIA TOYKH 0eloro maHbl ajd ciydas, Korga X, Y,
Z unaxopsarcsa B auanasone [0..100]. Ixa guamaso-
Ha [0..1] aTu 3HAYEHUA OOJKHBI OBITh pa3aeseHbl
Ha 100.

Bersp ramepsr onepupyer RGB-koopauuaramu
(3aBUCHMBIMH OT KOHKEPETHOIO CeHCcopa), IojIydae-
MBIMH C TIOMOIIBI0 CHEKTPAIbHBIX XapaKTEePUCTHUK
doTonpueMHUKA:

r =20 [R(1)1(1)r(x)d2;

r r
g =Dyg| g |
bWB b

rne Dyp — nuarosanbHag Marpuiia, obecrednBao-
mag 6ananc 6esoro [1]:

1
gl =1
bWB 1

3HaueHwus r, g, b naxomarcsa B guamasose [0..1].

Ha cnenymomem mare BBIIOJIHSETCS IIBETOKOP-
pexTupypolee mpeobpasopanue (M3 MPOCTPAHCTBA
RGB B XYZ), mapameTpsl KOTOPOTrO HEOOXOIHMO
OLIEHUTD, U Jajiee aHAJOTHYHO BETBU HAOI0ATENs
ocymectBasercsa nepexox B L*a*b*. Ha ocuose mo-
JIy4eHHBIX KoopauHar 11BeToB B L*a*b* mia BeTseit

HaOJI0ZaTeNss U KaMephbl BBIMOJIHAKT PacdyeT I[Be-
toporo pasnuuusa mo CIE DE 2000. B pesynsrare
nesieBas (PyHKIHUS AJIA 3a1a9¥ MUHUMU3AUH (Op-
MaJu3yeTcsd B BUJE

AE = ZwiAEOO’
12

rie W — BecoBble K03(hpuiueHTs (B 00I1eM cirydae
Bce paBHBIe equHuIe); AE,, — mBeToBOE paznuyune
o gopmyse CIE DE 2000 gist 1iBeTOB U3 3aJaHHO-
ro mabopa.

B samaue onTumusamuu BaxkHA HOPMA, HCIIOJIb-
gyemas ajsa pacuera IeneBoi yurmuu. Tak, L1
COOTBETCTBYET OIITHMHUBAIIUY II0 CPEIHEN OIIHOKe,
L2 — mo cpemHekBampaTHYHON U T. 4. UeM BbIIIe
HOpPMAa, TeM 0OJIBbIIIEe PEIeHne TATOTEeeT K MUHUMU-
3aIlM¥ OTHOCHUTEJIHHO OOJBIINX OIIUOOK, IIPU 3TOM
TmOBHIMIAETCA cpenHdasa. Ha mpakTuke B OCHOBHOM
ucnoab3yioT HopMbl L1 u L2 u kpaiizne pegro HOpMy
poinre L4. Ilosromy 1eneByto pyHKIIHIO AJId 3a/1a-
YU ONMTHMHU3AINHN MOKHO MEPEeNHUCaTh C Yy4eTOM HC-
MI0JIb3YEMOI HOPMBI p:

l

OneHky mnapaMeTpoB IIBETOKOPPEKTUPYIOIIe-
ro mpeoOpa3oBaHUA C YYETOM IIEPLENTyalbHbIX
CBOMCTB BO3MOIKHO Pean30BaTh IIyTeM YHCIEHHOH
MUHHUMHU3AIMN [eJeBOH (OYHKI[MH, OCHOBAHHOM
Ha metpuke Ha 6asze CIE DE 2000 ma mHomxecTBe
napameTpoB mpeobpasosanud A. Haxoxnenue mu-
HHUMyMa I1eIeBOH (DYHKIIMM YHUCJIEHHBIM METOI0M
TpebyeT HAJUYUA CTAPTOBOH TOYKH — HEKOTOPHIX
Ha4YaJ bHBIX 3HAUYeHUH MaTpuIlbl A. C TOUKHU 3peHns
TOYHOCTH ¥ CKOPOCTH PeIIeHHsA 3aJa4yd MUHUMHU-
3a1uu, 4eM OJIM:Ke CTapTOBasd TOYKA K IIOJIOKEHHUIO
7106aJIBFHOTO MUHUMYyMa, TeM Jydiie. bBomee Toro,
IpH 3HAYUTEIHHOM YIAJeHUHM HaAYaJIbHOTO IIPH-
OanKeHus OT [VI06ATBLHOTO MUHHUMYyMa €CTh PHCK
MOJYYUTh HEYAOBJIETBOPHUTEIbHOE pelienue (Imo-
majaHue ajJirOPUTMA MUHHMH3AIUHN B JIOKATbHBIN
MHUHHAMYM).

IIpenmaraembiii MeTON HMEPIENTYAIBHOM I[BETO-
KOPPEKIIMM paccMaTpPHUBaeT ee KakK ABYXITAIHYIO
mporexnypy (puc. 4).

Ha nepBom »srame mapameTpsl mpeobpasoBa-
Hud (B paccMarpuBaeMOM YaCTHOM cliydyae — MAJid
nepexoga u3s RGB- 8 XYZ-npocrpancTBo) paccuu-
THIBAIOTCS € ITOMOIIbI0 eBKIuaoBoi meTpuku MHK.
Haiimenrnoe peiieruve, SBASACh aHATUTHYECKH II0-
JIyYEeHHBIM I7100aIbHBIM MHUHHMYMOM J[JISI €BKINUI0-
BOM METPUKH, CIYKUT CTAPTOBOM TOYKOHU AJIA aJITO-
pUTMAa YHCICHHON MUHHUMH3AIMU IEJeBOH (PyHK-
IIAYM, OCHOBAHHOW Ha MEPIENTYyaJbHON MeTpHKe.
B xauecTBe ajaropurMa MUHUMU3AUY GBI BEIOPAH

BFGS [22].
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Janusie: Habop 11BeTOB
C U3BECTHBIMHU KOOpAMHATAMHU
B HCXOJHOM H 11€JIeBOM
IPOCTPAHCTBE; MOZAENIb
npeoGpasoBaHus

Jran 1: ananuTHYecKoe
MoJIy4eHUe HavyaIbHOU
OIleHKH IIapaMeTpOB

-

-

Pesynbrart: oneHka
mapamMeTpoB
LBETOKOPPEKTUPYIOIIETO
peoOpa3oBaHUsA C yUETOM
CBOMCTB 3pEHH YeJI0BEKa

Jram 2: yToYHeHHe OIeHKU
napaMeTpOB METOLOM
YUCICeHHON MUHUMHU3AIIUHN

-

B Puc. 4. IlpensmaraemMslii METOZ [IEPLENTYAIBHOM I[BETOKOPPEKIIH
B Fig. 4. The proposed method of perceptual color correction

PesyabTaThl SKCIIEPHMEHTATHEHOTO
HCCJIEIOBAHUA

Hdasa ouenku 3ddeKTHBHOCTH IIPEIOKEHHOT0
MeTona OBbLIO BBIMIOJIHEHO CIELYIoIIee KCCIeIoBa-
uue. PaccunrnsiBanuch K03 pUIIUEHTHI [[BETOBOIO
mpeobpasoBaHus IJId 3a1a4M OTOOPAKEHUSI KOOPIH-
Har us npocrpancTea RGB-kameps! (ucmonb30BaHbI
xapakrepuctuku Sony DXC 930) B mpocTpascTBO
XYZ. Ilpu sTOM CpaBHHBAJIHUCH PE3yJIbTAThI, MOJY-
yernubie MHK (t. e. ¢ npuMeneHneM eBKIHI0BOM Me-
TPUKH, 6e3 MMOCAeAYIONIero yTOYHEeHHA 10 IepIier-
TYaJIbHOHN) U IPEeJIOKeHHbIM MeToZioM. B kKauecTBe
HMCXOJHBIX JAHHBIX CIEKTPOB I[BETOB ObLIH WCIIOJb-
30BaHbI ciaenytomue guarpammbl: Macbeth (wacto
OpUMeHAeMbId Ha IpaKTUKe HAOOp, ComepKaliui
CIIEKTpAJIbHBIE XapaKTepucTuku 24 1msetos) u SG
(comep:xaruii 60abII0E YHCIO IBeTOB — 140, mocra-
TOYHO PABHOMEPHO ITOKPBIBAKINNX BUAUMBIN aua-
[1a30H, 4TO 06eCcleYnBaeT BATUIHOCTD IOy YeHHBIX
pe3ynibTarTos).

MogenupoBaHue IPOBOAUIOCH AJIA PSIga UCTOY-
HHUKOB OCBeIlleHHs, B YACTHOCTH JJid 6ejioro ceera
cnenyomux tumnos: A, E, D50, D65, dayopecrent-

moro (FL3.11) u gmoxmmoro (LED-RGB100) mcrou-
uuka. PaccunrsiBanach cpefuss omnbKa mis qByX
paccMaTpuBaeMbIX METOAOB M OTHOCHUTEIbHBIN
BBIUTPBILI IpepgaraemMoro merona. Ciaexyer orme-
THUTH, YTO [AJII OLEHKHM BOCIPHHUMAEMOH YejioBe-
KOM TOYHOCTH I[BETOBOrO IpPeobpasoBaHUS OPHeEH-
THPOBAThCSA TOJHKO HA CPEIHIOI OIIMOKY HEeb3s.
Croenudura BOCIIPUATHSI COCTOUT B TOM, UTO I[BETO-
Bble pasnuuus meHee 1.0 mo dopmyne CIE DE 2000
HepasauyuMbl 1isg dYeaoBeka. [lostomy 1.0 1o
CIE DE 2000 maspIBaiOT «IIOPOTOM BOCIPHATHI».
B 10 e Bpems Ha IMpaKTHUKE MIMPOKO MPUMEHSIOT
BTopoit mopor, pasubri 3.0 mo CIE DE 2000, massi-
BaeMbIil «IIpHeMJIeMbIM moporom». Cuuraercs, 4To
pasuuma B npetax MmeHee 3.0 B 11eJI0M OIIEHUBAETCA
YEeJIOBEKOM KaK JOIMyCTUMAs [IJIS MPAKTHYECKUX 3a-
naud. CiemoBarenbHO, OMIMOKA IepeIadyn KaKoro-JIu-
00 nBeta 6osee 3.0 mo CIE DE 2000 3szayuTesnbHO
BJIMSIET Ha BOCIIPHHHUMAEMYI0 TOYHOCTH I[BETOIepe-
maun. I[TosToMy BasKHO HpPH OIlEHKE TOUHOCTHU IIBe-
TOBOTO IMPeo0pa3oBaHus HIPOBOAUTH AHAIM3, IJII
KaKOT0 YHCJIA I[BETOB OBLIU IPEBBIIIEHLI COOTBET-
CTBYIOII[ME IIOPOTH, YTO U OBLIO CHENIAaHO B paMKax
HCCIIeTOBAHUS METOMIOB.

B Tab6auya 1. Pesynprarhl uccieqoBaHus A JHHEHHON MOJEIHN IEPBOTO MOPSAAKA ¢ AeBATHI0 Koadduunenramu, L2, Macbeth

(24 iBeTa)
B Table 1. Research results for a first-order linear model with 9 coefficients, L2, Macbeth (24 colors)
Homnsa iBeToB ¢ OIIHOKOH | o Homnsa BeToB ¢ OIMIHOKOH | o &
Cpenuss omnbka, = 1BeTOIIE€pesavdn, E 5 5 BeTOIIepesavdn, E g 2
w CIE DE 2000 o TIpeBhIIIA0IeH IopoT 8 g SS IIpeBhIaoIed 2 g z
= 58 % SIE-THERS . % H oo N e
g_‘; Q‘&Q BOCIIpUSATHUSA, 70 E Uu-) e lﬁ.\ IIpueMJIeMbIn II0POT, 7o E Uu-) % i
g .z | 2f & | SEHE . & | &5%=
g & g e ERe & 2 S ¢ a8 s & 2 S -]
o E 5@ GE')E E g@ E,:g% E gq.: E,:g)ﬁ
= = e = 3 o = o = 5 = o = o = s g A
S ° 2o = ° E o Hga2o ° =] 5z 85
I 1] o B ) =] o B QAo g A = o B [\ 4
o =] = 15 =] o os g 3} = o N @
g g 3 5 g SE | 245 g SE | 282
C B2 58 B2 5 S E
A 2,11 1,64 22 79 66 13 25 12 13
E 1,89 1,64 13 88 75 13 8 4 4
D50 1,96 1,66 15 88 67 21 8 13 -4
D65 1,78 1,59 10 79 58 21 8 4
FL3.11 0,89 0,79 10 38 29 8 4 4
LED-
RGB100 0,51 0,49 5 13 13 0 0 0 0
32 7 VHOOPMALIMOHHO-YMPABJSIOLLME CUCTEMbI 7/ N23,2023



N\

OueBHUAHO, UTO BUJ U CIOKHOCTD MOIEJIH IIpe-
obpazoBaHUA BIAUSIOT HA MOJIydYaeMble pPe3yib-
raTel. MccaenoBanve GBIIO MPOBENEHO AJA ABYX
JUHEHHBIX MOJeJIeH IePBOro MOPIAKa C AeBITHIO
u 12 kosppunuenramu (rabx. 1-4). Ilpu pacuere
[eJIeBOM (PYyHKI[MH KCII0JIb30BAJacCh HOpMA p = 2
(mas obecrieyeHUsT OJUHAKOBOMH HOPMBI y IBYX Me-
TOZOB).

Ananus TabauI] MOKA3BIBAET, YTO IIPUMEHEHHE
MPEeJJIOKEHHOT0 METO/Ia TI0 CPABHEHUIO C Pe3yIbTa-
TOM I[BETOKOPPEKIMH 6e3 ydeTa IepIenTyaaibHOH
METPUKU MO3BOJSET 3HAUYUTEIBHO CHUSUTH Cpef-

OBPABOTKA UHOGOPMALIMN U YNPABJIEHUE

N\

HIOIO OITHOKY I[BETOBOTO IPeoOpas3oBaHMus, a TAKKE
YMEHBIIUTh JOJII0 I[BETOB CO 3HAYMMOM OIIHOKOI
C TOYKH 3PEHUS BOCIIPUATHA.

ITpu ucnonb30BaHUY MATPUIILI IPEe0OpPa3OBAHUS
pasmepa 3 x 3 musa guarpammbl Macbeth cpenmsas
omubKa cHu:Kaerca B cpexmeMm Ha 12 %, or matu
1o 22. Ilpu aToM A1 ecTeCTBEHHBIX THIIOB OCBeIIle-
ausa (A, D50, D65) ynaerca B cpentem Ha 15 % cuu-
3HUTh J[OJII0 [[BETOB, JJIsT KOTOPBIX OIIXOKA ITBETOBOIO
mpeo6pasoBaHus MMPEBBINIAET IOPOT BOCIPHUATH.
Mo 11BeTOB, MPEBHIMIAONINX IPUEMJIEMbBIH IOPOT
B I1€JIOM, OCTAEeTCS Ha TOM Ke YPOBHE.

B Tabauya 2. Pesynbrarel uccienoBaHus IS JTHHEHHOM MOAENH IePBOro mopsgka ¢ 12 xosdduumenramu, L2, Macbeth

(24 nBera)
B Table 2. Research results for a first-order linear model with 12 coefficients, 1.2, Macbeth (24 colors)
Iloss BETOB C OIIUOKOM o N Jloss 1BETOB C OITHOKOM oo
Cpenuss omnobka, = BeTOmepenayu, g o 5 BeTOmepenayu, % RS
w CIE DE 2000 ) IpeBBIMIA0IIEeH IOPOT 2 § 8"&Q IPEeBBIIAIIeH 1 §=:s: g
E RS BocpuATud, % E g ,E = IpueMJIeMBbI# mopor, % E 2 % 5
o = ) o SEgE o S8 2.
2 = e g E\g 2 8 o8 e 2 o2 8 o 253
3 jus) S8 o = s Ea JEEE jon) B S
£ = 2= g 8 = gsx | 85EE s g5 | B8 8
5] °© E o o ° S # g Bgdo ° S ¥ & Bz e
I 1] o 8 ) =1 ng A0 g A = qu; 2 R g
3] = s 3] s o N g, 3] s o0 = 3,
g g = B g g SHH S 5 g8 B
: g : |22 E A8
A 2,55 1,64 35 79 67 12 25 13 12
E 2,18 1,59 27 75 67 8 17 4 13
D50 2,39 1,65 31 75 63 12 21 17 4
D65 2,20 1,56 28 71 63 8 17 13
FL3.11 1,23 0,79 35 50 29 21 4 0 4
LED-
RGB100 0,61 0,49 18 21 13 8 0 0 0

B Tab6auya 3. PesynbraTsbl ucciefoBaHUA AJS JAHEHHOW MOJENH MEPBOTO IOPAIKA C AEBATHI0 Koaduumenrtamu, L2, SG
(140 uBeToB)
B Table 3. Research results for a first-order linear model with 9 coefficients, L2, SG (140 colors)
= Jlona nBeTOB ¢ OIIUOKOM . Jlong nBeTOB ¢ OmIHOKOMH <
Cpenusis omubka, g BeToIepesayu, NN S, LBETOIEpEeNaYH, NN o
e CIE DE 2000 5 MpeBLIIAIei IT0por g 2 EEW TpeBLImanmed 5 g ans:) g
g g BocpuaTus, % o &8 o f§ mpueMIeMsblit mopor, % o &8 E g
g | &8 . | EER5¢ , SH2s=
g = o= oS =] oo wuggg 03 mg wugam
o jasi Qo o B jas L o EQONQ jan} L o Emorﬂq%
L E B g 4 Y E B 465 HE Q¥ B I I I
= = 5 3 0 RS = 5 3 o TR o = 9 = HE 3 0 TR o D
= @ g & = = ® g 8 = S omA o o 5 = R =
I =] = H o 15) 5 = Ho = agg A =] g =0 S8 gA 3
g 25 | & g 55 | °F & g 25 | =% B
= B P = B = = B H
A 1,71 1,52 11 59 51 8 17 11 6
E 1,83 1,72 6 78 64 14 12 15 -3
D50 1,80 1,66 8 66 64 2 15 15
D65 1,74 1,64 6 62 61 14 14
FL3.11 0,83 0,80 3 29 26 3 2 1
LED-
RGB100 0,48 0,46 3 19 14 5 0 0 0
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B Ta6auya 4. Pesynbrars! ucciaeqoBaHus Ui THHEHHOM MOJIENH IIepBOro mopsaaka ¢ 12 koapduumentamu, L2, SG (140 useros)
B Table 4. Research results for a first-order linear model with 12 coefficients, 1.2, SG (140 colors)

C 6 = Ilosist {BETOB C OIHOKOH E E . Moz nperos ¢ omubrod § E; g
pé;[;fgé)glo%o}ca, 2 IBETOIEepe a4y, IPEBbIIIa- g S [{BETOTEPEAATH, TP EBRILIIA-: s 3
g 3 I0I1Ie# TIOPOT BOCTIpUATHSA, % 5B R TOIIEH NpREN IEMELL HOPO; ol
o RS ’ 5 9 : % N QO &
: & fiey SEE g
5 - g & . SE&E . SE% 5
8 =] g = i g ¢ 28 = g g &= 3
S o 52w &g o S el o S8 a E o2
- S | 5% | 88| = SET | EmEE| S 252 B g%
S ° EE g £ © B E g Hg4o ° EE g HZHE
I =] o 5 Q ) =] o 5 ] 4Q 3 m =] o 5 Q R
13} 5 & = s 3} g i s E =8, 13} B i s 5 IS
= S > = 8 s g¢= = S =g &
S g 5 S B SN
A 3,60 1,52 58 76 51 25 29 12 17
E 3,35 1,61 52 76 63 13 28 15 13
D50 3,57 1,60 55 76 63 13 40 16 24
D65 3,43 1,56 55 74 61 13 29 14 15
FL3.11 1,95 0,78 60 54 27 27 16 1 15
Rlél%?(;o 0,84 0,46 45 29 14 15 0 0 0

IIpu ucmonbp3oBaHMH MATPHUIBI ITPeobpasoBa-
Husa pasmepa 3 x 3 qia guarpaMMbl SG BBIUTPBIIII
10 cpexmedl omubKe U [0J€ I[BETOB C CYIeCTBEH-
HOHM OINMOKOM OKa3bIBAETCSI OTHOCHUTEJIbLHO He-
00JBIIAM, OKOJ0 5—6 %. OTO CBA3aHO C TEM, 4YTO,
C OJHOM CTOPOHBI, 3HAYUTEILHO OOJBIIIEe YHCIIO
IIBETOB IO3BOJIIET TOYHEE OIEHUTh IIapaMeTpPhl
nmpeoOpasoBaHMsA Ha IEPBOM Ilare IPOIENypHI,
a ¢ Ipyrodl CTOpoHBI, mpeobpaszoBaHHe pasMepa
3 x 3 He o0ecneynBaeT JOCTATOYHOU TUOKOCTH s
6OJII)H_IOI‘O IIOBBIIIIEHUSI TOYHOCTH uBeTonepenaqH
3a cUeT yTOYHEHHHA IO IePILeNTyalbHON MeTpPHKE
Ha BTOPOM Illare.

IIpu ncnonb3oBauuy MaTPUIILI Ipeobpa3oBaHU
pasmepa 3 x 4 musa guarpammbr Macbeth cpenmss

omubOKa cHukaercs B cpeguem Ha 30 %, ot 18 mo 35.
IIpu sTom B cpemuem Ha 10 % CHUKAIOTCS HOJIH I[BE-
TOB, IPEBBIIANINX KAK ITOPOT BOCIIPUATHUS, TAK U
pueMIeMbId IIOPOT.

IIpu wucmonb3oBaHWUM MaTpPUIBI TpeobpasoBa-
Hua 3 x 4 pnsa guarpammbl SG ymaercs MOLydHUTb
BHYIUIUTEIbHBIN BBIUTPBINI B CHHKEHHUH CpexHei
omubKu — B cpenueM 6osee uem Ha 50 %. [1pu sTom
B cpexHeM Ha 15-18 % cHMKAIOTCA JOJH IIBETOB,
MIPEBBIIAIINX KAK ITOPOT BOCHPUATHA, TAK U IIPU-
eMJIeMbIU IIOPOT.

Huarpammpl, o0o6IamIiue pe3yabTaThbl [IJIsd
IBYX TUIIOB ocBelrienusa D65 u A, mpeacTaBisonux
HaAuOOJBINNY MPAKTHYECKUH WHTEpPeC, IPHUBeIeHbI
Ha puc. 5, 6, a u 6.

4,00
3.50 B Cpeguss ommbka mocae MHK,
Tun ocBemenua D65
3,00 —
2,50 — Cpenusas omubka mocie
2,00 | MIPEeJIJI0KEeHHOTO MEeTO/A,
Tun ocsemeHus D65
1,50 HI - H HE
Cpenussa omubka mocie MHK,
1,00 I HI- HI- HE— THII OCBeIlleHua A
0,50 H F H | H F HH —
0,00 Cpenussa ommubKa mocie
Macbeth | Macbeth SG SG HIPEIVIOAEHTHOTO METOAR,
THII OCBEIeHusI A
3x3 3x4 3x3 3x4

B Puc. 5. Cpeguue omuOKH IBETOBOTO IPe0OPa30BaHUA I TUIIOB ocBeleHui D65 u A
B Fig. 5. Average color conversion errors for illumination types D65 and A
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a) 90

® Jloss1 BETOB C OIIMOKOM

80

70

nBEeTONepenaun, IPeBhIIIaIiei
nopor BocupusaTusd, nocre MHK, %,
THI ocBelenna D65

60 H H

u JToss IBETOB € OIIHOKOH

40 ! ! !

30 ! ! !

10 ! ! !

IBETOIEPENAYH, TPEBHIMIAOIIEH
HOPOT BOCIPUATHSA, IIOCTIE
IpenioKeHHoro Merona, %,

THI ocBelenna D65

Ilonsa BETOB C OIIUOKOM

1 IR BETONEPEeauH, IPEBhIIIA0IeH
nopor Bocupustus, nocae MHK, %,
THII OCBellleHusa A

1 Jlonst uBETOB ¢ OIINOKOM
IIBeTOIlepeadyi, IPEeBhIIIAIONIeH
TIOPOT BOCIIPHUATHSA, IIOCTIE

3x

Macbeth Macbeth SG
3 3x4 3x3

SG mpeAsoKeHHoro Merona, %,
THII OCBellleHua A
3x4

B J[o/is1 IBETOB C OIIUOKOHN
BeTONepenaun, IPEeBhIIA0IIel

30

25

mpuemiembrii opor, mocie MHK, %,
Tun oceewenus D65

20

® Jlosst IBETOB C OIIUOKOM
BETONEpPEeIaut, IPEBhIIIAIIIeH

TIPUEMJIEMbIIi TIOPOT, TIOCJIe
IperIoKeHHoro meroaa, %,
Tui ocserenus D65

15

10— ! !

Ilossa 1BETOB C OITHOKOM
IBETOIEPENAYH, TPEBHIIIAOIIEH

1 - npuemiemslii nopor, nocie MHK, %,
THII OCBelleHnusa A

Ilosa BETOB C OIIUOKOM
IBeTOIlepeiadyH, IIPEeBhIIIAIOINIeH
TIpHeMJIEMBIN II0POT, IOocIe

Macbeth Macbeth SG
3x3 3x4 3x3

sG IpenioKeHHOro Merona, %,
THII OCBelleHnua A
3x4

B Puc. 6. [lons 1BeTOB, MPEBBIIIAIIINX IIOPOT BOCHPHUATHS (@) ¥ MpueMIeMbIi mopor (6), 1yt TUIOB ocBernenuit D65 u A
B Fig. 6. Proportion of colors exceeding the perception threshold (a) and the acceptable threshold (6) for illuminant types

D65 and A

3axaroueHue

IlonydenHble pe3yabTaThl IOKA3LIBAIOT, YTO
[IPeIIOKEeHHBIA METO/] MMEEeT 3HAYUTEIbHY IO IIPaK-
THYECKYI0 I[eHHOCTb. Jlaske IpM HCIOAb30BAHUHU
IJIA OLIEHKY IIapaMeTpPOB JOCTATOYHO IIPOCTOrO JIH-
HEWHOro mnpeobpa3oBaHUs, COIEPKAIIEro IeBATH
K09(P(PHUIIMEHTOB, U HEeOOJbIINOH AUATrPAMMBI IIBe-
toB Macbeth ymaercs oy TuMO MOBBICHTH TOYHOCTD
peoOpa30BaHUA C TOYKH 3PEHHUS BOCIPHATHS de-

noBexkoM. Ilpu wmcmonp3oBaHum 60jee CIOKHOTO
npeo6pa3oBaHus (XOTI U JAIEKO He CAaMOM BBICOKOH
Pa3MepHOCTH U3 IPUMEHAEMBIX CETOLHA) BHIUTPHILI
IOJIydaeTCad 3HAYUTENbHBIM KAK II0 CHUMKEHHIO
cpenHel omnOKY, TaK U IT0 YMEHbIIIEHUIO T0IH IBe-
TOB, IIPEBBLIMAKMIAX IOPOT BOCHPUATHUSI U IIPUEM-
JIEMBIH IIOPOT.

CnexmyeT OTMETHUTH W YHUBEPCAILHOCTH IIPE.-
JIOXE€HHOTO0 MEeTOJa C TOYKH 3PEeHHA HOPMBI, HC-
MOJIb3yeMOH IPH MUHHUMH3AIHUH C yYeTOM Ieplieln-

N23,2023 N\
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B Tabauya 5. Pesynbrarsl uccrenoBaHusa A9 JUHEHHOH MOZENH IepBoro mopamka ¢ 12 xosdduumentamu, L1, Macbeth

(24 1iBeTa)

B Table 5. Research results for a first-order linear model with 12 coefficients, .1, Macbeth (24 colors)

= Jloss IBETOB C OIIHOKOM 2 Ilonst 1BETOB ¢ OIIUOKOM &
= CpenHuss omubka, & IIBeTOIIepeavu, SR 2 nBeTonepenayu, EE .o
s CIE DE 2000 g . [IPEBHIMAIEH TOPOT g\% = 8®°ﬁ IpeBLIAaoIe g\g 515 2.
QE)f %z BocpuaTHA, % o E %35 g | mpmememsri mopor, % o E % g 2
) g & < N
5 i se | €| = s [ESEEE| = tg | Eo2da
° g ofc | B8 Z ofc 28888 E eofc | BBEEE
=t = 5 3 o n © = 5 S o me 5 &S = 2 3 o e 5 o5
= ® g & = =) ® g & = L om A2 @ g5 = donaz
I 5 B Ho 9} = 2 H o = Agg R = 2 Ho =2 gHg
g 25 | & g s |7 B g 55 [PF &
g B & = = 5 & B g B E H
A 2,55 1,58 38 79 54 25 25 21 4
E 2,18 1,48 32 75 50 25 17 13 4
D50 2,39 1,53 36 75 50 25 21 8 13
D65 2,20 1,46 34 71 42 29 17 13
FL3.11 1,23 0,74 40 50 21 29 4 4
LED-
RGB100 0,61 0,47 22 21 17 4 0 0 0

TyaJbHON MeTpuUKHU. B Tabmi. 5 mpuBeneHsl qaHHbIE
pesyibTara HcciefoBaHus IPeaI0KeHHOr0 MeToaa
¢ ucnosb3oBanueM L1 HOpMBI TP MUHUMHU3AIUH.

Bunno (B cpaBHenuu ¢ Tabi. 2), YTO BBIUTPHIIII
B YMEHBIIIEHUH CpefHei oImubKu mpeobpasoBanus
JOTIOJIHUTEIBHO YBEJIUYUBAETCA B cpenHeM HaA 5 %.
IIpu sToMm ymaercss yaydIIUTh pe3yabTar Ipeobpa-
30BAHMA C TOYKM 3PEHMSA YHCIA I[BETOB, OIIHUOKa
HA KOTOPBIX HE ITPEeBHIMIAET IIOPOT BOCHPUATHA, HO
IIOJIsT TBETOB, OIIMOKa mpeobpasoBaHUsA IS KOTO-
PBIX HIPEBBIIIAET IPUEMJIEMbII II0POT, 0KAa3bIBAETCA
0oJIbIIIel, YeM IIPH KCIIOAb30BaHUU L2 HOPMBI. ITO
COOTBETCTBYET OKUIAHUIM, Tak Kak L2 HopMma cro-
CcO0CTByeT YMEHBIIIEHHI0 MaKCHMAa/IbHbBIX OIINO0K, a
L1, mao6opor, cpemueii.

B sakniouenme MOMKHO cIeaTh CAEIYIOIHE BbI-
BOJBI.

1. [lonyuernnbie pe3yabTaThl SKCIEPUMEHTAb-
HOTO HCCJIEIOBAHHUS II03BOJIAIOT T'OBOPHUTH O TOM,
4TO OPEIJIOKEHHBIN MeTOJ| IepIenTyajbHON IBe-

TOKOPPEKIInK ObeclieunBaeT 3HAYUTEIHLHOE IIOBBI-
IIIeHHe TOYHOCTH I[BETOKOPPEKTHUPYIOIIEro IIpe-
obpasoBanus. Hampumep, 0OpH HCHOJH30BAHUU
JIMHEWHOU MOJeNIU IepBOTO IIOPAAKA, coAepiKalleil
12 koo duIeHTOB, CpeaHdd OMMUOKAa CHUKAETCI
Ha 30 % musa guarpammbl Macbeth u ma 50 % nna
nuarpammbl SG. IIpu stom B cpeguem ma 10 % mns
nuarpammbl Macbeth u va 15-18 % mist nuarpamMmbl
SG cHuKAIOTCI TOJIH I[BETOB, MPEBBIMIAIIINX KAK
TIOPOT BOCIIPHUATHSA, TAK U IIPUEMIEMBIH ITOPOT.

2. Merop He orpaHUYeH BHIGOPOM HOPMBI IIPH [0~
CTPOEHHUH 11eJIeBOH (PYHKIIUH U IIO3BOJIAET UCIIOIb-
30BaTh HOPMEIL Lp my1s mo6oro p. ITo JaeT BO3MOK-
HOCTBH THOKOI HACTPOHMKH A9 KOHKPETHOU 3a1a4H.

3. MeTon Mo:KeT OBITH YCIIEIHO IPUMEHEH B IIIH-
POKOM CIIEKTpE KOJOPHMETPHYECKUX 3anad (Kak
B KAMEpPHOM, TaK U B JUCIIJIEHON YacTH KOHBeMepa
06paboTKU CUrHAIa), B KOTOPHIX UMEET CMBICI yUH-
THIBATh CBOMCTBA 3PEHUA: XapaKTepU3alusa CEHCO-
pOB, TpeobpasoBaHus I[BETOBBIX OXBATOB H IIP.
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The method for perceptual color correction
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Introduction: Color correction transformations are widely used in the graphics processing pipeline, for example in sensor
characterization, white balance, artistic processing, gamut mappings of displays, and so on. However, the current methods of coordinate
transformation between different color spaces do not sufficiently take into account the human visual properties, which leads to color
reproduction errors. Purpose: To develop a method for the estimation of color correction parameters taking into account human
visual perception properties. Results: The proposed method consists of two stages. At the first stage the estimation of color correction
transformation parameters is carried out by the least squares method. At the second stage the obtained estimation is specified by means
of the numerical minimization of the target function constructed on the perceptual criterion (based on the CIE DE 2000 formula for
calculation of color differences). Experimental study has shown that this method allows to significantly increase the accuracy of color
reproduction. The average error is reduced by 10 to 50% depending on the color correction model used. In addition, the number of colors
with significant for human perception color reproduction errors is reduced by 10 to 15%. The method can use different models of color
correction transformations, which makes it universal and gives wide possibilities of implementation in the pipeline of graphic information
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processing. Practical relevance: The developed method for the estimation of color correction parameters taking into account human
visual perception properties can be applied for the synthesis of TV systems in tasks, where accurate color rendering is important for the
user, for example, in digital photography, telemedicine, etc.
Keywords — color correction, CIE DE 2000, color correction transformations, perceptual color correction, color difference formula.

For citation: Motyko A. A., Obukhova N. A. The method for perceptual color correction. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2023, no. 3, pp. 26-38 (In Russian). doi:10.31799/1684-8853-2023-3-26-38, EDN: ZZTURK
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MernupOBaHue AVUHaAMUKH MHd)OpMaI.I,MOHHbIX MOTOKOB
B MapuipyTaxX BblYHUCJIUTEJIbHbIX ceTteun
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BBegeHue: npy pa3paboTke COBPEMEHHDIX Y3KOCMELMUAIN3UPOBaHHbIX MPOrPaMMHbIX CUCTEM 110 POEKTUPOBAHMIO CeTel C YepBsaY-
HOM KOMMYTaLmesi He06X0AMMO COCTaBASATb TabnLbl MapLIpyTU3aumu. [1is aToro Tpedyercs nosayYnTb 3QPeKTMBHbIE KOHPUrypaymm
6ecTynuKOBbIX MapLUPYTOB, NPOKaAbIBAEMbIX HAa Ha4YaslbHbIX CTaAUAX MPOEKTUPOBAHUSA ceTy. Ljenb: npoBecTn MogenupoBaHue AuHa-
MUKN UHEPYUOHHBIX NPOL|ECCOB HAKOM/IEHUS AaHHbIX B y31ax-TPUeMHNKaX BbIYUCINTENbHbIX CETEVN NpyU rnepegade nakeToB U3 y3/10B-
repeaaTynkoB. Pe3ynbTartbi: nosyyeHbl TPY MPUMEPA CXEM CETeH, KOTOPbIe M03BOJISIOT PACCMOTPETb KNIACCUYECKME CETEBbIE CTPYKTY-
Pbl C pa3HOW CTENEHbIO BbIYUCIIUTEILHON Harpy3Ku. L1151 KaxAou ceTy NoCTPOEHbI MaTPULbI, ONUChIBaKOLLME ee CTPYKTYpY. [TokasaHsl
pe3ynbTaTbl MOAEIMPOBAHMS, MPOBEAEHHOIO NPY MOMOLYM CrIeyNasibHO pa3paboTaHHbIX CLEHAPUEB B MATEMaTUYECKOM MPOrpaMMHOM
obecrieyeHuu. [pegcTaBieHbl pe3ynbTUPYIOLME rPapuKu BeCOBOV 1 EPEXOHON XapaKTePUCTHUK, @ TaKXKe LeNbii P XapaKTepucTuk
Kaxgoro uccnesyemMoro MapLupyTa. [lpoBeeHHoe MOZeNNpoBaHu1e 03BOJIUII0 y6eANTLCA B OTCYTCTBUM MHPOPMALMOHHOIO Konarnca
B 6ecTynukoBbiX MapLupyTax. OTgesibHoe uccaeoBaHne BYX O4HOBPEMEHHO (QYyHKLMOHUPYIOLWMX MyTed nepefayu faHHbIX B CETU C
YepBSYHON KOMMYTaLMeEN 0Ka3bIBaeT yCTONYMBDIN XapakTep AMHAMMUYECKUX MPOLECCOB, YTO roOBOPUT O KOPPEKTHOCTM MPEATIOKEH-
HbIX Mogerneii 6ecTyrnuKOBbIX YEPBAYHbIX MapLipyToB. [IpaKTHYecKass 3HaYUMOCTb: Pe3y/IbTaTbl UCCAEA0BAHUS MOTYT 6bIiTb UCOJIb-
30BaHbl Py NPOEKTUPOBAHUM BbIYUCINTENIbHBIX CETel B CeyNann3upoBaHHOM NPOrpaMMHOM o6ecreyeHnn. AHaIm3 UHaMUYecKux
XapaKTepuUCTUK NPU3BaH MOMOYb B MPUHATUM PELUEHUI O Bbi6Ope 6eCTYNNKOBbIX MapLLUPYTOB, NpeAaraeMbix pa3paboTynkoM ceTu ¢
4epBsIYHON KOMMYTaLMEN.

KnioyeBbie cnoBa — guHamuka nepejgaqn faHHbIX, MH¢0[JMBL{MOHHbIe NOTOKMH, 6ECTyI7MKOBbIe MapLupyTbl, 4HepBAYHasA KOMMYyTa-
Lund, BecoBas XxapakKTepucTnka, rnepexogHasn xapakTepuctuka, rnpoLecc HakoraeHnsa gaHHblX, Mo4esIn MapLUPyTOB.
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Tax BBIYHCIUTENBHBIX ceTeil. Hhgopmayuonno-ynpasasowue cucmemet, 2023, Ne 3, c¢. 39-50. doi:10.31799/1684-8853-2023-3-39-50,
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BBenenne

MognenupoBaHue fuHAMHUKY MapHIpyTOB BHIYHC-
nurenbubix cereir (BC) mpexmcraBisger coboit akTy-
anbHyI0 3aga4y npu noctpoennu BC u usyuenun ux
IWHAMHUYECKHUX Xapakrepuctwk. Tak, B padore [1]
paccMmoTpeHa mpobieMa THHAMUKH MapIIpyTOB AJIA
COBPEMEHHBIX CeTeBbIX CTPYKTyp. Ilpobmembr miau
HCCIeN0BaHNUA, TTOBJEKIINE 32 COO0H BBICOKHE TEM-
IIbI pa3BUTUA ceTeﬁ, a TaKKe IIpUMEeHEeHHEe HOBBbIX
TEeXHUYECKUX PEeIeHUuH B 3TOH cdepe, OMMUCHIBAIOTCS
B paborax [2-5]. OnHako mo6aBjeHHe HOBOM ammapa-
TYPBI U YBEJIMUEHHUE KOJIMYECTBA KAHAJIOB IIepeqadn
MaHHBIX He BCerqa yiIydlaer paboTy ceTH, a MHOTaa
Iaske ckasbiBaeTcd HeraTuBHO [6]. Kpome Toro, name-
HeHUe KJIaCCHYECKHX CeTel W 3aMeHa 000pyIOBaAHMS
JIOPOTO 06XOAATCS IPHU KCIOIb30BAHUHU KJIACCHYe-
ckux mpotokoios [7-9]. I[TosTomy paspaborka ys3ko-
CIIEIIUATU3UPOBAHHBIX TIPOTOKOJIOB MOMKET IIOMOYb
B pelIeHUH Ipo6iieM, KOTOPhIE HE PEIIUTh IPOCTHIM
mobaBiieHreM KaHAJOB Hepeqadvu Wianu 100aBiieHueM

HOBBIX ceTeBbix ycTpoiicTB [10]. IIpu mpoerxTuposa-
HUU TIOHOOHBIX CHCTEM C IPHMEHEHWEeM He TOJIBKO
HOBBIX YCTPOMCTB, HO ¥ CTAHJAPTOB, BAKHO IIPOBO-
IUTH MOIEIUPOBAHYE U OIEHUBATH XapaKTEePUCTUKH
TOJIy4aeMbIX CeTei, 4TO0bl YIEIIeBUTh U YCKOPUTD
mporiecc paspaboTKu, He MOTepPsSB IMPH TOM B Ha-
JIEKHOCTH II0JIy4AaeMOTO MPOAYKTa. BakHO yMeThb
MMPaBUJIBHO BBIJIEIUTH OCHOBHBIE XapaKTEPUCTHUKH
paspabaThbIBAEMbIX CETEH M KOPPEKTHO OIIEHUTD HX.
Taxk, B paborax [11-13] uccregoBanbl mpob6aeMbl MO-
JIeTUPOBAHUSA, BBIJEJIIEHUS IIapaMeTPOB OIEHKH U
meromoB mouutopurra BC. Bmecre ¢ atum B pabo-
Tax [14-16] npoBeneHbI ITapayied MeKAY COIIHATD-
HBIMHM ¥ BBIYHUCIUTEIbHBIMHU CETIMH U BBIJEJIEHBI
METPHUKH JJisd OIIeHKH TUHAMHUKUA U XapaKTePUCTUK
MHQOPMAIIMOHHBLIX ITOTOKOB B COITMAJIBHBIX CETAX.
Cormacuo ucciaenopauusam [17, 18] sagaua onpepgeire-
HUS U OIIEHUBAHUS XapaKTEePUCTUK TaKKe aKTyallb-
Ha 11 cpepbl HHGHOPMAITHOHHOM 6€30IIaCHOCTH, IJI
BBISIBJICHHUS aTAK B peajbHOM BpeMeHH U 6e301macHo-
CTH DHEPTOCHUCTEM.
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Tem He MeHee MHOKECTBO Y3KOCIIEIIUATH3HUPO-
BaHHBIX CHUCTEM IIO-IIPEKHEMY OCTAIOTCA HEJOCTa-
TOYHO M3YyYEHHBIMH W HE MMEIOT YeTKO BbIJEJIeH-
HBIX XapaKTePUCTHUK 1 U3YUYEHUSI COOTBETCTBYIO-
MUX TUHAMWYECKUX mpoiieccoB. [Ipumepom moryT
6b61Th BC ¢ uepBauHON KOMMYyTAaIlHeH, 119 KOTOPBIX
paccmaTrpuBaemMad 3amada 10 CUX IIOp He UMeeT pe-
IIeHUd ae ¢ UCIIOJIb30BaHUEM HEUPOHHBIX CeTel,
aKTyaJbHOCTh NMPUMEHEHHs KOTOPBIX TPH paspa-
60TKE COBPEMEHHBIX CETEBBIX CTPYKTYP PaccMoTpe-
Ha B paborax [19-22].

Ilensio craThbu ABASETCA TpEACTABIEHUE IOJIY-
YEeHHBIX IUHAMUYECKUX XapaKTePHUCTUK HHEePI[HOH-
HBIX IIPOIIECCOB, OMUCHIBAIOIINX HAKOILIIEHHE aH-
HBIX HH(OPMAIMOHHBIX IIOTOKOB B y3JIaX-IIPHEMHH-
rax BC npu mepenade makeToB W3 y3JI0B-IepeaT-
4YUKOB. B ¢BA3H ¢ IOCTABIIEHHOH IIeJILI0 HEOOXOTUMO
PelIuTD CaeayIoNiHe 32 aqu:

1) BBIZEIUTh OTIWYUTEIbHbIE 0COGEHHOCTH Ce-
Tell ¢ YEePBAYHON KOMMyTalmued U 6ecTyIHKOBOH
MapIIpy TH3AIHEH;

2) paspaboraTh JUHAMUYECKUE MOMEIN Y3J0B U
O6ecTymuKOBBIX MapIiipyToB B BC ¢ uepBIYHON KOM-
MyTanue;

3) mpencTaBUTh HAOOP TUHAMHYECKUX XapaKTe-
PUCTHEK IIPOIIECCOB HAKOIJIEHWA AAHHBIX OT y3Jia-
HWCTOYHUKA K Y3Iy-IIPUEMHHUKY CETH,

4) IPOBECTH MOJIeTUPOBAHHE JTUHAMUKH HHQPOP-
MAaIMOHHBIX ITOTOKOB.

B mpencraBneHHOM WHCCI€IOBAHHU WCIHOJIB3Y-
0TCSA (DOPMAIM3MbI TEOPUH CETEH ¥ TEOPUH CHCTEM
yIOpaBJIeHUd.

Cern ¢ 4epBATHOH KOMMYyTAaIIHEH
H 6eCTYyIMKOBas MapIIPYTH3AIIHA

B ceTax c uepBsaUHON KOMMYyTaI[UelH UCIOIb3yeT-
¢ 0co0OBIH cIIoCO0 MapUIPpyTU3AIINH IAKEeTOB — «HAa
mery». B takux cerax mamnHbie He 6y(epHU3HUPYIOT-
¢ B KOMMYTAaTOpe, a cpasy e IepenarnTcs Ha BbI-
xoguoi mmopt. Ecnu ke oH 3aHAT, TO 6I0KUpyeTCA
pxomuo¥ mopt makera. OH Oymer 3a6J0KMPOBAH,
moka TpebyeMbIii BHIXOZHOH IIOPT HEe 0CBOOOIUTCA.
Takum 06pas3oM, Ipu KOMMYTAI[MU «HA JIETY» HET
Heob6XoauMOCTH B OydepHOH HmaMsaTh B MapIIpy-
TH3aTOpPax, 38 CUET Yero yBeIHIHUBAETCA CKOPOCTH
repegayYy JAHHBIX B CETH CPABHUTEIBHO C MAPIIPY-
TH3aLUeH, OIUPAIOIIEHCcA Ha KOMMY TAIINIO TAKETOB
¢ mpome:RyTouHOM Oydepusanueit. [Ipu mcnonasso-
BaHUU IIPOMEKYTOYHOH Oydepusanuu Bech IaKeT
cHayaja mpuHUMaeTca B Oydep MapiipyTusaropa,
3areM OIpeNessieTcs BBIXOAHOM KaHAJ, W TOJLKO
Iocjie HTOTO MaKeT Iepefaerca manbiine. Ecou ke
HEOOXOAMMBIA BBIXOJHOHN IIOPT 3aHAT, TO IIPUEM IIO
BXOJHOMY IIOPTY IIPUOCTAHABINBAETC.

UepBsiuHasd KOMMYTAIUS II03BOJIAET YBEIUUUTD
IIPOM3BOIUTEIBHOCTE CETH W IOHU3UTH CTOMMOCTD

060pymoBaHUs, TAK KAK IIPH OTCYTCTBUH IIPOMEIKY-
TOYHOM Oydepusanuu He HY:KHBI goporue 6ydepbt
JAHHBIX B KAXKI0M KOMMYTHPYIOIIEM YCTPOUCTBE.

Opnako 6ecTymuKOBasA MapIpyTU3AIHA HAKJIA-
JbIBaeT OTPAHUYEHUA Ha BO3MOMKHBIE MapIIPyThI
B CeTH mepegadyu MaHHBIX. [lof «TymuKOM» ITOHH-
MaeTcsA CUTyallHs, KOrjia 3aroJIoBOK makeTa 0JIOKH-
pyeTcsa W3-3a TOTO, YTO CIAEAYIOIINU KAaHAJ 3aHAT
mepenaveii BTOTO ’Ke MakeTa. TaKKe <«TYIHKOM»
CUUTAETCHI COCTOSHWE, KOIJa HECKOJIHKO [IaKeTOB
B3aMMHO OJIOKMPYIOT APYT Apyra. B rakom ciaydae
Kbl MAKeT «yIHpaeTcd» B 3aHATHIA APYTUM
TIIaKeTOM BHUPTyaJbHBIA KaHAJ.

OrcyTcTBHE IUKINYECKUX 3aBHCHMOCTEH ABIIS-
eTCda HeO6XO]_'[I/IMI)IM U OOCTaTOYHBIM YCJIOBHEM [e-
TEPMUHHUPOBAHHOM 0€CTYIIMKOBOM MapIIpyTH3AIIHN
[23]. B ceTsix ¢ uepBsAYHOMN KOMMYyTaIued 0COOEHHO
BajXHO u36erarb OJOKMPOBOK THIA «TYIHK» IIPU
mepenayde AAaHHBIX, IOCKOJbKY HaKeThl He Oydepu-
3UPYIOTCS M 3aHUMAIOT BECh KAHAJ HA IIyTH CBOErO
CJIeOBaHUA IO pasMepy II€peaBaeMoro IMakeTa.
Takue ceTu 4acTo MCIOJb3YIOTCI TaM, rjae Heob6Xo-
auMa ObICTpas W Haje:KHasd mepemada JaHHBIX. JTO
JIOPOTOCTOSAIIME CUCTEMBI, TJleé KPUTHYECKH BaKHO,
yTOOBI JAHHBIE HE 3aCTPEBAJIN B CETH IIPH Ilepeaaye,
MIPUBOA K c60sIM IIpu paboTe BCeil CHCTEMBL.

COBpeMeHHBIe METOAbl aHAJIN3A THHAMHKHA
BBIYHCIATEIbHBIX CEeTEeH

CoBpeMeHHbIE METOABLI aHANIN3a AUHAMUKH He
OpHMEeHTHPOBaHbLI HA MapmpyTsl 1iasd BC ¢ uepBau-
Hoit KommyTaruei [24]. [locneguue wcciaeqoBaHusa
B paMKaX TEKYIIed TeMaTHKU COCPEeIOTOYEHBI Ha
nsyyeHnu nauHaMuiku OmoxupoBkm BC Bupycamum
[25], paspaboTke MApPKOBCKOM MOAEIH IIOBEIEHHI
CeTeBbIX 00BEKTOB BBIYMCIUTEILHEBIX cucTeM [26],
paspabotrke anroputmudeckoii ocHoBbl BeCAUSe
I aHanausa cetu [27].

B 2021 r. 6bL1 IIpeIo:KeH HOBBIM METOJ yIIyllle-
HUS TUHAMUKHU JJd TeIeKOMMYHUKAITHOHHBIX ce-
Tewt [28]. 3agaua uccnemoBaHUS TUHAMUKN HHQOP-
MAaIIHOHHBIX ITIOTOKOB (DOPMYIHPOBAach HA OCHOBE
CHCTEMHOTO IT0/IX0/1a, 3aKII0YAIOIeroca B TOM, YTO
B KaueCcTBe CHCTEMHOTO BbIOMPAJICI MHOTOMEPHBIH
MoKa3aTejb, YYUTHIBABIIUH HE TOJHKO CBI3U dJe-
MEHTOB, HO U CTeIeHb HCIT0JIb30BAHUI STHX CBA3EH
pu QYHKIIMOHUPOBAHUH CETH. ITO ITO3BOJIAJIO pac-
mpeaensTh HH(POPMAIIMOHHbBIE IOTOKH IIyTeM H3Me-
HEHHUS 3JIEMEHTOB MATPHUIIbI MAPIIPYTU3AIIUH B MO-
eI OTKPBITOM CEeTH MACCOBOTO OOCIY:KHBAHWSA
B IEJIAX OIITUMU3AIUHA CUCTEMBI.

B pa6ore [28] npencraBieHbl He TOIBKO METOIH-
Ka, HO U 3aKOHYEHHBIH AJITOPUTM yIyUIIEHUS TH-
HaMHUKH, OTHAKO He MaHa OIleHKa XapaKTEepPUCTUK
B SIBHOM BH/e U MeTOI He aJallTHPOBAH IJsd CEeTH
C YEepBAYHON KOMMYTaIlheH.

40 7 VHOOPMALIMOHHO-YMPABJSIOLLME CUCTEMbI
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Ilocnenuue wmcciaemoBaHUS IOKA3BIBAIOT AKTY-
aTbHOCTD U3YUYEHUS NJUHAMHUKH HH(MOPMAIMOHHBIX
TIOTOKOB JIJIf ceTel ¢ YepBAYHOM KOMMYyTaIluel, Tak
KaK [IJId 9TOT0 Kjacca ceTed MeTO0B U3yUeHUd TU-
HaMHU4YEeCKHUuX XapaKTepI/ICTI/IK Ha ,HaHHbIﬁ MOMEHT He
cymectByeT. g DOCTUKeHHUS 3asdBJIEHHOM B CTa-
The IeJIU HeoOX0UMO PEIUTh 3a7a4y II0 COCTABIIe-
HUI0 TUHAMUYECKMX MOJEeH y3JI0B U OeCTYIIHUKO-
BbIX MapupyToB B BC ¢ yepBAYHOM KOMMyTaIHAeH.

BreruuncianrearHas ceTh KAk 00BEKT
IAHAMHYIECKOT0 MOJAETHPOBAHUA
HH(OPMAITHOHHBIX IOTOKOB

BoeruucnurenbHas cetTh mpeacTaBiaseT coboi co-
BOKYIIHOCTBH YCTPOMCTB, CO€JUHEHHBIX IPYT C APY-
TOM C IOMOIIBI0O KAaHAIOB cBA3U. MaremaTuueckoi
momenpio BC ciyuT HEOpHEHTHPOBAHHBIN rpad,
BEPIIMHAMH KOTOPOTO SBJIAIOTCA Y3Jbl CETH, a pe-
O6pamMu — KaHaxbI cBA3HU. [ [puMepsl mogo6HOrO OMu-
cauusa BC npexncrasnens! Ha puc. 1, a u 6. Kanansr
mnepefayy JaHHBIX B CAMOM CETH MOTYT OBITH 1Y-
IJIEKCHBIMHU. J[yIjaeKcHbIe KaHAJbl IT03BOJAIOT
C TIOMOIIBI0 IPAMOM U 06pPaTHOM Iepefavyu qaHHbBIX
OpraHU30BBIBATH B KOMMYTATOpPax pasHooOpas3HbIe
MapIIpyThl HHPOPMAIMOHHBIX IIOTOKOB, B TOM YHC-
e 3aMKHyThle. B 3aMKHYTBIX MapuipyTax H3-3a
06pas3oBaHus MOJIOKUTEIBHOM 06PATHON CBA3YU BO3-
MOKeH MH(OPMAIHOHHBIN KOJIJIAIC, KOTJa B y3Jje-
IpUeMHUKEe IMIPOUCXOIUT OECKOHEYHOe HAKOILICHUE
nauHbIX. HanpaBieHnwe, B KOTOPOM KaKABIH May-
IJIEKCHBIN KaHaJ OymeT HCIOIb30BATHCA NI KaiK-
JIOT0 KOHKPETHOTO0 MapIipyTa, 3aBHCHUT OT 3a]aH-
HBIX HH(OPMAIMOHHBIX TOTOKOB U cxeMbl BC.

¥Y3ael Ha puc. 1, @ TpeACTaBIAAIOT YCTPOUCTBA,
coBMemiaomue B cebe (PYHKIIMHU BBIYUCIUTENA U
KoMMyTaTopa. B To jxe Bpema moryT ObITH ceTH, rae
Y3JIbI HCIIONHAIOT POJb JHOO0 BBIYMCIHUTEIS, JTHOO
koMMmyTaropa (cMm. puc. 1, 6).

B upuBenennoit na puc. 2 cxeme BC ¢ uernips-
Ms y3JIaM{d UCTOYHHUKAMH HAKETOB C JAHHBIMH SB-
nsroTed y3nsl Ne 1, 2, 3, a nprueMHUKAMU SBIAAOTCS
y3ubl Ne 2, 3, 4. [Ipuuem Ka:xIblil y3es MpeacTaBiisi-
eT c000i BHIYUCIUTENIb-KOMMYTaTOp. ¥31bI Ne 2 1 3,

Qv@
e

B Puc. 2. BC c uerbIppMa y371aMu
B Fig. 2. Network with four nodes

B Puc. 1. BC ¢ gynnexcHbIME KaHATAMY U [BYMS BUIAMHU
Y3II0B: @ — BBIYHCIIMTENb U KOMMYyTaTOp BMecTe; 6 — BBI-
YHUCTUTETH U KOMMYTAaTOP OTAEIHHO

B Fig. 1. Networks with duplex channels and two types
of nodes: @ — calculator and switch together; 6 — calcula-
tor and switch separately

moJy4as JaHHbIe OT COCea, BHIIOIHAIT CBOIO KOM-
MYTaIMOHHYIO 3aJa4y U IepeJaloT TAaHHBIE AaJb-
mre. B TakoM ciyuae B ceTH BO3MOKHBI PA3ITHYHBIE
YyepBAYHbIE MApPLIPYTHI IIepefadyy IIAaKeTOB C IaH-
HBIMH OT Y3JIOB-UCTOYHHUKOB K y3JIaM-IIPHEMHUKAM.
HWx MoxHO pasmenuTh Kak IO AJIWHE, YYUTHIBAA
KOJIMYECTBO ITPOXOJUMBIX KAHAJIOB CBA3H, TAK U II0
THUILY y3/1a-UCTOUHUKA:

— KOpOTKHe 0eCTyIHKOBbIE MAPLIPYTHI C OTHUM
KaHaJIOM CBA3H MEKIY BepIIMHAMU rpada ceTu:
152153814,

— IUIUHHBIE 0eCTYIIHKOBBIE MapIIPYyThl C IBY-
Msa u Oojiee KaHajlaMH CBSI3U B MapIIpyTe MEKIY
BepmmHamMu rpada ceru: 1 >2—>4; 1 >3 >4,
152534,

— MapIIpyThl, KICTOYHUKOM HH(OPMAI[MOHHOIO
MIOTOKA KOTOPBIX ABJAeTCA y3ea Ne 2: 2 —» 3; 2 — 4,
2534,

— MapIIpyT, HCTOYHUKOM WH(POPMAIMOHHOIO
TIOTOKA KOTOPOro ABisieTcd y3em Ne 3: 3 — 4.

Ecau BC crpourcsa us y3/i0B pasiudHbIX TUIIOB
(puc. 3), To B TaKOU ceTH y3ibl, IOKa3aHHbBIE IPA-
MOYTOJIbHUKAMHU, COOTBETCTBYIOT BEIYUCIUTEIIM, a
y3JIbI, TIOKA3aHHbIE KPYTaM#, COOTBETCTBYIOT KOM-
MyTaTopaM. 31ech BO3MOKHBI PA3INYHbIE YEPBIY-
HBIE MapPUIPYTHI:

— MapIIpyThl, AICTOYHUKOM HH(OPMAI[MOHHOIO
IIOTOKA B KOTOPBIX sBisgercsa y3eax Ne I: 1 —» 3 — 5;
1->3—->4-6;

— MapIIpyT, HCTOYHUKOM WH(POPMAIMOHHOIO
MIOTOKA B KOTOPOM ABJsAeTcd y3en Ne 2: 2 - 4 — 6.

HOpyrum npumepom BC mosker ciayxuth cxema,
mpejcraBieHHas Ha puc. 4. Takas ceTb umeeT TO-
mosjoruio «pemerka 4 x 6». B cetu 12 y3nos, kKoTo-
PBIMU ABIAIOTCA BBIYHUCIUTENH, U 24 y3i1a, KOTO-
pbIMHu ABIAIOTCI KoMMmyTaropbl. [lpuuem kammoe
BBIYHCIUTEIbHOE YCTPOHCTBO IHepefaeT TaHHEIE

B Puc. 3. BC ¢ nByms BugaMu ysJjoB
B Fig. 3. Network with two types of nodes
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KaKIOMY APYTOMY BBIYHCIHUTEIBHOMY YCTPOHUCTBY
B ceTu. Braromapsa 60/IbIIOMY KOJHYECTBY KOMMY-
TATOPOB U CJIOXKHOM CETEBOU CTPYKTYpPe BO3MOKHO
00JIBIIIOE KOJMYECTBO PA3IHYHBLIX OECTYIIHKOBBIX
MapuIpyToOB MeXJy KaKJOoH Imapoi y3JI0B, YTO IIO-
3BOJIIET PACCMOTPETh HOBBIU IIOAXOJ K OIlEHKEe JTH-
HAMHWYECKHUX XapaKTEePUCTUK O0€CTYTHKOBBIX MAPIII-
PYTOB ceTeli ¢ UepBAYHOM KOMMYyTaIluel B yCI0BUAX
0O0JIBIIOH BEIYKMCIUTENbHON HATPY3KHY [29].

YepBAYHBIM MapIUIPYTOM, IPOXOAAIIUM IIO Ce-
TH puc. 4, CAYKUT MApPUIPYT C y3JIOM-UCTOYHUKOM
Ne 248 u ysmom-mpuemuurom Ne 251. Camblii Ko-
POTKHI MapIIpyT W3 BO3MOKHBIX 0ECTYIHMKOBBIX
MapuIpyTOB MEKAY 3aJaHHBIMU BBIYUCIUTEIAMUA
uMeeT CAenyIoIuid BHI: y3ea 248 — KoMMyTaTop
299 — rommyTarop 332 — yszea 251.

J s ykazaHHBIX MAPIIPYTOB BHITIOJTHUM MOJIEJTH-
poBaHUe Iporiecca HAKOIJIEHUA MAaHHBIX B KOHEU-
HBIX y3i1ax. [losydyeHHbIe pe3yabTaTbl MOIEeIUPOBa-
HUSA UCIOJB3YIOTCSA AJA aHalu3a 0ecTyIMHKOBOCTU
MapIIpPyTOB U OTCYTCTBUA WH(OPMAIMOHHOTO KOJI-
JIanca, BO3HHKAIOEro B 3aMKHYTHIX MapLIpPyTax.

JII/II-IaMI/I‘Ie(BRI/Ie MOA€eJaHh y3/J10B
BBIYHCJIATEILHOU CEeTH

Juuamuygecknmu Momenamu y3ioe BC, koTopsl-
MU IBIAOTCA BEIYUCIUTEIH U KOMMYTATOPBI, MOTYT
CIYKUTDH alepuoguyecKue 3BeHbA 1-ro IOPAAKA.
Kanamnb! B ceTu cYUTAIOTCA UAEATBHBIMU.

HsBecTHO, 4TO B mepegaTOYHON (PYyHKIIUH are-
PHOIMYECKOr0 3BeHa 1-ro MopsKa MMeeTcs TOILKO
neanapamerpa: K — koacddunuenT nepegaun 3se-
Ha, T,, — mocTosHHAasa BpeMeHH 3BeHa. [lapamerp
K,, moxasbiBaeT, Kak ocyllecTBIfeTca 06paboT-
Ka OaHHBbIX B BBIYHCJIHTEJIE. ECJII/I OH paBeH 1,
TO 00beM BXONHBIX MAAHHBIX COXPAHAETCA. OTOT
00beM MOMET YMEHBIIUTHCS HIN YBEIHYUTHCAH.
ITapamerp T, [MEc] mokasbiBaeT BpeMsd, KOTOPOe
BBIYUCIUTEIBHOE YCTPOUCTBO TPATHUT HA IIPUEM, 00-
paboTKy u mepenady JaHHBIX.

Bpems mepexogHOTO mpoliecca IPUHATO H3Me-
pare crexyromum obpasom: T, = 3T,,. Iloka me
3aKOHYHUTCS IEPEeXOMHBIH IIPOLEeCC, HeIb3s CUH-
TATh, YTO 3BEHO FOTOBO IPUHUMATH HOBBIM MAKET
nauubix. J[anHa 06pabaTsIiBAEMOro maKeTa J0JIKHA
OBITh HE MeHbIIle BPeMEeHH IIePeXOHOr0 IpoIecca,
HnHa4ye HpOHSOfI].'[eT II0Tepsda JaHHBIX.

OO6BIYHO BBIZIENAIOT IBE BpeMEeHHbIe XapaKTepH-
CTHKH 3BeHa — BECOBYIO U epexonuyo. Kaxnaa us
HUX IIPECTaBIIeT COO0H 3aTyXaI[re S9KCIIOHEHThI
c koapunuentom saryxamua K, = 1/ T,,.

Onenka mocroaHHOM Bpemenu T,  cBa3aHA
C IOIYyCKOM Ha IOJydYeHue pesyabrara obpabor-
KM JAaHHBIX A U CllefyeT U3 BHIA BECOBOU (PyHK-
nuu h(f) B MOMEHT BpPEMEHH MIepPexoaHOT0 IIPo-
necca:

3T,
K - K
g (T ) =2 € Tn = 70,0498 = A
3B 3B
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CJIeZIOBaTeJII)HO, IIOCTOAHHAA BPEMEHH BBIYHC-
JIdeTCA CJaeayrIluM 06p8.30M2

0,0498 - K
Tip ZTM'

Ilocroaunnas Bpemernu T, onpesensgeT HHEPITUIO
3BEHA CeTH IIPU HAKOIIJIEHUU JaHHBIX.

Hanpumep, ecin K., =1, A=0,05, o T,, ~
~ 1 mkc. ITonyuaercs mpocras nepegaroynas pyHK-
nua s3seHa W, (s) =1/s + 1). Ilpu T, =3T, =
= 3 MKC TpOIlecC HAKOIJEeHUS MaHHBIX B KaKIOM
3BeHe 3aKaHYuBaeTcsd ¢ TouHocThio 0,05.

Takum o6pasom, nHMOPMAIIHS O TUHAMUIECKUX
XapaKTepUCTUKAX 3BE€HA CEeTH BKJIIYAEeT BpeM:d
Haxomnenusa pavvbix (T, = 3T,) m oTHOCHTeNb-
HBIH 00BbEeM [AaHHBIX B CTAIIMOHAPHOM peKHMeE
(W,,(0) = K,). lna npoBeJieHUs MOJEINPOBAHUA U
MOCTHIKEHHUS IIeJIU CTAThbU HEO0OXOAHUMO IMOCTPOUTH
OIUHAMHYECKYI0 MOMeNIb 6eCTYIHKOBBIX MapIIpy-
TOB, II0 KOTOPHIM IepenarTcs WH(POPMAIMOHHbIE
TIIOTOKHY B CETU C YePBAYHOU KOMMYyTaIue.

JquHaMudeckaa Moge/Ib MapuIipyTa
BBIYHCJIUTEJIbHON CeTH

Mapmipyr BC moxer O6bITh IpeicTaBieH Iie-
[IOYKOM B3BEHBEB COIVIACHO ITOCJIEJOBATEIILHOMY
TepevrcIeHNuI0 HOMEPOB Y3JI0B B cxeMe ceTh. Tak,
mapuipyT I — 3 — 4 — 6 B BRIYUCIUTEIBHOH CETH,
MPUBEAEHHON Ha PHUC. 3, ABAIETCA TMOCIE0BATEIb-
HBIM coenuHeHueM y3aa Ne ] (BBIYHUCIHTEIBHOTO
yerpoiicTsa 1), ysma Ne 3 (kommyTaropa 3), yama Ne 4
(kommyTaTopa 4) u y3aa Ne 6 (BBIYHCIHUTEIHHOTO
ycTpoiicTsa 6).

CnemoBarenbHO, TUHAMHAYECKAS MOJAEIb MapIil-
pyTa mpexcraBisier cob0# IIOC/IEeOBATEILHOE CO-
eNHEHNE allePUOAUYECKUX 3BEHBEB 1-TO MOPAAKA.
B rakom cnydae mepemarouHas (PyHKIUS Mapiil-
pyTa BBIYMCISETCS KAK IPOM3BEleHHe WX Iepeja-
rouHbIX QyHKInH. Kosddunuent nepenaun 6yaer
mpousBeaeHueM K03 (PUITHEHTOB IIepeady BbIUHUC-
JIUTEIBHOTO YCTPOHCTBA U KoMMmyTaTopa. Ilopamok
OIUHAMUYIECKOH CHCTEMBI OyleT paBeH KOIUYECTBY
3BeHbeB. [lomocamMu ee ciayskarT oOpaTHbIe 3HAYE-
HUSA IOCTOSHHBIX BPEMEHH 3BeHbEB, B3AThIE CO 3Ha-
KOM MHUHYC.

B obmem ciyuae mias mocTpoeHuss popMyabl IIe-
penarouHoii pyurnu mapiupyra B BC mHeob6xogumo
3agath Tpu marpuilsl: A, B u C. Marpuna A omnpene-
JISeT [EeHO0YKY CBI3aHHBIX Y3JI0B, /i€ CTOJIOIILI Ompe-
IeNII0T HaIpaBJeHHe, OTKyAa IepeJaeTcsa HaKeT
¢ nanHbpiMu. CTPOKH OIpenesdioT HaIpaBieHUe,
Kyna naket npuxoaut. Marpuins: B u C onpenena-
0T HOMepa HAaYaJIbHOH M KOHEYHOUW TOYEeK MapIpy-
ta. [lnsa paccmorpennoro mapiuipyra I >3 >4 —> 6
MaTpHIbI OYAYT UMETh BUJ

000000
000000

A /L 00000
001000
000000
00010 0
=

0

Bzg;c:[oooooﬂ.
0

_0_

Cormacuo marpuie A Ha BXOJ KOMMyTaropa 3
MPUXOAUT BHIXOJ, BHIYHUCIUTEIBHOIO yCTpOicTBa I,
¥ BBIXOJ KOMMYyTaropa 3 ocTymnaet Ha BX0J, KOMMY-
TaTopa 4, a ero BBIXO[ IIOCTYIIAeT HA BXOJ BBHIYHC-
auTeabHOro ycrpoiicrea 6. Marpunisr B, C onpene-
JAIOT, YTO HAYAIHHBIM SBJISETCH BBIYUCIUTENb 1, &
KOHEYHBIM — BBIYHCIUTEND 6.

ITocme mocTpoeHus yKA3aHHBIX MATPHUIL TOJIK-
Ha OBITH C(hOPMHpOBAHA AUATOHAJIbHASI MaTPUIA
nepenaToyHbIX (PyHKIuUiA. s paccmarpuBaeMoro
MapupyTa oHa 6ymeT UMeTh BU],

(W.(s) 0 0 0 0
0 W) 0 0 0
0 Wyus) 0 0

0 0 Wyus) 0
0 0 0 Wus)
0 0 0 0  W.(s)

W(s) =

S O ©O o o

oS O © O

Torna nepenaTounyio QyHKIIHIO MAPIIPYTa MOK-
HO BBIYHCIUTH CIEIYIOIMIUM 06pasom:

W, (s)=C-(E-W(s)-A)-W(s)B.

3necs E — egunnumaa marpuna. C moMoIibio
MPOTPAMMBI-CI[EHAPHUS  MaTeMaTU4ecKoro  Ipo-
rpaMMHOTO obecreyeHHusd IepenaTodHasd (PyHKIUAI
paccMaTprBaeMoro MapiipyTa OyZeT paccuuTaHa
IpH YHCJIOBBIX B3HAYEHHAX IIapaMeTpoB Iepeja-
TOYHBIX (PYHKIIUH BBIYUCIUTEIEH U KOMMYTATOPOB
B CJIELYIOILIEM paszere.

MoaenupoBanue THHAMHKH MAPIIPYTOB
BBIYHCJIATEJIHHOH CETH

Mogpenuposauune munamuku [30, 31] mpeacras-
JIEHHBIX BBIIIE MAapPIIPYTOB MHO3BOJUT IPOBEPUTH
mpeajiaraeMble THHAMHYECKHE MOJIEJIH.
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MogenupoBanue IUHAMHUKN HAKOIJIIEHUSI OaH-
HBIX B KOHEYHOM y3ie mapmpyTta I ->2 >3 >4
IS CEeTH PUC. 2 BHINOJIHEHO B CIIEI[MAJILHO paspa-
foTaHHON mporpaMMe B MaTeMaTHYeCKOM IIaKeTe
MatLab. Jxsa storo mapuipyra MaTpUIBI HMEIOT
ClenyoIui BU:

0 0

A= ;B=| [;C=[0 0 0 1]

S = O O
S O O O
S O O =

1 0
0 0
0 1

YuuTsIBad HepefaTodyHy0 (PyHKIIHIO OTAeIbHO-
T0 3B€Ha
1
w. —

3B s 1’

MOKHO IIOJIyYHUTH NEePeaTodHyI0 (PYHKIHIO I
BCET0 MapuIpyTa

1
W _ = .
" st 1453 1652 +4s+1

B pesynbrare mpoBEIeHHOTO MOEIWPOBAHUS
IIOJIy4eHbl YeThbIpe moiifoca maprpyrta: —1,0002 +
+ 0,0000i; -1,0000 + 0,0002i; -1,0000 — 0,0002i;
-0,9998 + 0,0000i.

IloBenenue BecoBOM M IMEPEXOMHON XapaKTepH-
CTUK IIOKa3aHO Ha PHUC. 5.

U3 rpacdura nepexoqHON XapaKTEePUCTUKHU BHU/I-
HO, YTO BpeMs IepexofHoro mporecca 1,  3aHMMAa-
eT ~ 12 MKc, BpeMsa pasrona Tp ~ 3 MKc, a BpeM4d 3a-
nasaeieanud T, ~ 1 MKc.

Ilpu MopmenupoBaHWM peaKIMH CUCTEMBI Ha
BXOJHOUM CHUTHAJ TOAABAJICI €MHHUYHBIA UMITYJIbC
IUINTEIBHOCTEIO0 5 MEC (puc. 6, a). ITOT MOKa3aTesb
TIOYTH B 2 pasa MeHbIIIe BpeMEeHHU IIePEeX0THOTO IPO-

necca. BrIXomHOM CUTHAT CHCTEMBI TPEACTABIEH HA
puc. 6, 6.

Ecnu gqnuma nmakera qaHHBIX MeHbIe 12 MEKC, TO
OPOUCXOIUT IIOTEPS JaHHBIX B pasmepe ~ 15 %, Kak
9TO BHHO Ha pHC. 6, 6. Tp cocraBigeT 11 MKc.

BreiaBieHbl crnemyionine THHAMHUYECKHE Xapak-
TEPUCTUKHN PACCMATPUBAEMOI'0 MapIIpyTa:

— CTallMOHAPHBIH K03 uIuenT mepemgauu = 1;

— CTeneHb YCTOMYHUBOCTH ~ 1.

[Tomyuenurre naHHBIE MOATBEPIKIAOT GeCTyu-
KOBOCTB pacCcMOTpeHHOro MapiipyTta. Eciu nmpu mo-
JEeJIUPOBAHUN MapIIPyTa C «TYIHKOM» CTAIlHOHAP-
HBIH KOB(UIMEHT mepeadu OyaeT CTAHOBUTHCA
0eCKOHEYHBIM HJIH OTPUIATEIBHBIM, TO BeCOBasd U
nepexojHas XapaKTEPUCTHUKU OyIyT CTPEMHUTHCS
K 6€CKOHEYHOCTH.

MogenupoBanue IWHAMUKN HAKOIJIEHHUA IaH-
HBIX B KOHEUHOM y3Jie Mmapmpytal > 3 -4 — 6 naa
CeTH pUC. 3 BBHINOJHAJIOCH IIPU IMOMOIIM IBYX pas-
IeIbHBIX TUIIOB YCTPOMCTB: BHIYUCAUTEICH U KOM-
myTtaropoB. Marpurist A, B u C gy mapipyra nme-
0T BHU, IpeicTaBieHHbId Bbiire. [lepemarounbie
(pYyHKIIUH BBIYUCIUTEIHHOTO YCTPOUCTBA H KOMMY-
TaTOpa 3aJaHBI CIELYOIUM 00pa3oM:

1 1
E= g 541

s+1’

c

ITonyuena nepenarouHas PyHKIIHI MAPIIPYTA

— 0,0625
™ 6% 12553 +2,0625% +0,6255 +0,0625

B pesynbrare MomenupoBaHUA, IPOBEIEHHOTO
B MaTeMaTHYeCKOM IIPOrpaMMHOM O6GecredYeHuH,
OBLIM IIOCTPOEHBI BECOBASA U IIePeXOJHas XapaKTe-
puctuku (puc. 7,a u6). OnpemeseHbl YeThIPE IMOJI0CA
paccmarpuBaemoro mapiipyra: —1,0000 + 0,0000i;
-1,0000 - 0,0000i; -0,2500 + 0,0000i; -0,2500 —

a) 0,25 e

0,05 /

0 2 4 6 8
t, MKC

6) 1

Brixon

8 10 12 14 16 18 20
t, MKC

B Puc. 5. Becosas (a) u nepexonnas (6) xapaxrepucTuku Mmapiipyra I -2 -3 —» 4
B Fig. 5. Weight (a) and transient (6) characteristics of route I -2 >3 —> 4
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6)

Brixon

N\

B Puc. 6. BxogHo# uMmyabcHbIN curHai (a) 1 BbixogHo# curuain (6) BC
B Fig. 6. Input pulse signal (¢) and output signal (6) network

a) 079
0,8

0,7
0,60 A

0,5
0,4

Brixoxn

0,3

0,2

0’1_

0 l H H : :
0 10 20 30 40 50 60

t, MKC

6)

Brixon

50 60

t, MKC

B Puc. 7. BecoBas (o) u mepexoznnas (6) xapakrepucruku mapipyra I >3 >4 —> 6
B Fig. 7. Weight (a) and transient (6) characteristics of route I >3 >4 —> 6

—-0,0000i, — KoTOpBIE OIIPENEIIOT CTEIIeHb yCTOMH-
guBocTH MapupyTa 0,25.

Cornacuo rpaduram, T, ; ~ 50 mxc, T, ~ 7 Mxc,
T, =~ 5 MEc.

Briasnens! crepyiomive AUHAMUYECKHE Xapak-
TEPUCTUKU PACCMATPUBAEMOT0 MApLUIPyTAa:

— CTaIMOHAPHBIHN K03 PUIMEeHT neperaun = 1;

— cremneHsb ycroruusocTH ~ 0,25.

Ilpy MopmenwpoBaHWM peaKIUU CHCTEMBI Ha
BXOZHOU CUTHAJ MOLAaBaJiCd €IUHUYHBIU UMIIYJIbC
IIATENIbHOCTBIO 5 MKC (puc. 8, a). naurenbHOCTH
BXOJHOI0 curxasia mouTu B 10 pas MeHbIlIe BpeMeHHU
TIepPexXoAHOTO IpoIecca. BBIXOMHONU CUTHAJ CHUCTe-
MBI IIOKa3aH Ha puc. 8, 6. [{1uHa nmaxera JaHHBIX
noiskHa 66ITh He MeHbIne 50 mic. [lorepsa manHBIX
~ 60 %, kak 5TO BUIHO HA pHC. 8, 0.

MogenupoBanue gUHAMHUKN HAKOIJIEHUS JaH-
HBIX B KOHEYHOM y3Jie MapIiipyTta y3ea 248 — KoM-

myTtarop 299 —» xommyTaTop 332 — ysen 251 cere-
BOM CTPYKTYPBI PHC. 4 BBIMOJHAIOCH IPU TTOMOIIH
MaTPHIL U IIePeLaTOYHBIX (PYHKINH 3BeHbEB MapIIl-
pyTa, IOCTPOEHHBIX AHAJOTHYHO paHee pPaccMo-
TpeHHBIM cay4aaM. [Ipu saTom nepenarounas GpyHK-
K CaMOTr0 MapIIpyTa UMeeT BHU/I

~ 0,01563
™ % 41,7552 +0,937552 +0,2031s + 0,01563

BecoBas 1 mepexogHas XapaKTepPUCTUKH MapIil-
pyta ysen 248 — xommytarop 299 — rKommyTa-
Top 332 — y3sexa 251 mokasaub! Ha puc. 9, a, 6.

HI/IHaMI/I‘-IeCKI/Ie XapaKTepUCTUKHU [JId JaHHOIO
MapuIpyTa UMeIoT ClIeAyollue mapamMmeTpbl:

— CTallMOHAPHBIH K03 HUIIHeHT mepenadn = 1;

— creneHs ycrouuuoctu ~ 0,2500;

— BpeMd mepexogHoro mpoiecca 40 MKc;

N23,2023 N\

WH®OPMALIMOHHO-YMPABJISIOLLME CUCTEMbI  \ 45



a) 1 — 1 ! T

0,8}

0,6
0,5 |-
0,4 b} i
0,2 F-r
0,1~

Bxon

30 40 50 60

t, MKC

0 10 20

MOAEJINPOBAHUE CUCTEM U MNMPOLLECCOB

6)

Brixon

0,45
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t, MKC
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B Puc. 8. OueHka moTepu JAHHBIX IPU IOMOIIM BXOAHOTO UMITYJILCHOTO CUTHANIA (@) u BhIxogHOTO curHana (6) BC

B Fig. 8. Input pulse signal (a) and output signal (6) network

a) 0,07

0,06 b ferr ____________

0,05

0,04

Brixon

0,02

t, MKC

o 1

Brixon

30 40 50
t, MKC

B Puc. 9. BecoBasa (a) m mnepexomuas (6) XapaKTepHCTHKH Mapuipyra ysen 248 — kommyrtarop 299 — KoMMyTa-

Top 332 — ysexn 251

B Fig. 9. Weight (a) and transient (6) characteristics of route node 248 — switch 299 — switch 332 — node 251

— BpeMd pasrosa 9 Mkc;

— BpeMs 3amas3fbIBaHuA 2 MKC.

Hdns wmcciaemoBaHus MAHHOTO MapIIpyTa B yc-
JIOBHUAX BBICOKO3aTrPy:KEHHOH CEeTU HA BXOJ CHUCTe-
MbI IOZlaBaJICA CIYyYaWHBINA CUTHAJ, OTPaKaIONNi
pasjinu4dHbIe CO6I:ITI/IH B CeTH. PeaKI_[I/IH CHUCTEeMBbI Ha
CJIOKHBIN cUrHAJ MoKasana Ha puc. 10, 6. Kak sun-
HO W3 rpaduka, XapakTep MOBEeIeHUST BBIXOMHOTO
CHUTHAJIA ABJIAETCSI CTAOMIBHBIM M MAPIIPYT IIPOJIO-
JKEH BEPHO.

PesynpraTel MopemupoBauua AByX BumoB BC
IIOKa3bIBAIOT CIPABEAIHUBOCTH INIPHUHATBHIX IIOAXO-
OB K IIOCTPOEHUIO TUHAMHUYECKUX MoJesel ceTe.
CiemyeT OTMETHTB, UTO BCE CTAI[MOHAPHBIE KO3(-
dunmenTs nepegauu paBubl 1. Bece Mogenu cereii
YCTOHMYWBBI, UX CTeIIeHH YCTOUYUBOCTY PaBHEI 1 1
0,25. B 3aMKHyTBHIX MapIIpyTax H3-3a o6pasoBa-

HUA TOJOKUTEIbHOH 06paTHOM CBA3H BO3MOXKEH
WHPOPMAIIMOHHBINH KOJJIAIC, KOTAa B y3Je-WC-
TOYHHKE IIPOUCXOAUT OeCKOHEYHOe HAKOIJIEeHHe
nauabIx. [Ipu sToM cranuoHapHBIH K03d dUIineHT
mmepegavyy CTAHOBUTCA OECKOHEYHBIM, a4 BECOBAA U
IepexofHas XapaKTEePUCTUKU CTPEMATCA K 6ecKo-
HEYHOCTH.

IIpenmosxxennas Mozmenb TUHAMUKY HAKOIIJIEHUSA
OAHHBIX B MH(POPMAIMOHHBIX IIOTOKAX I[I03BOJISAET
MOJIyYHUTh Pe3yIbTaThbl COBMECTHOTO IPOXOIKICHMUS
YEepPBAYHBIX MapIIPyTOB Yepe3 OUH KOMMYTaTop.
Hanpumep, puc. 3 mokasbpIiBaeT, 4TO 4epe3 KOM-
MmyTarop 3 mpoxomdaT aABa Mapmpyta I —> 3 — 5,
1—>3—>4—6. Ha puc. 11 nokasaHbl pe3yabTaThl
MOJeIUPOBAHUSA IIPOIlecca COBMECTHOTO HCIIOIb30-
BaHUA paccMarpuBaeMbIx MapiipyToB. Oba mapii-
pyTa He MelIamT APyT APYTY.
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B Puc. 10. BxonHoii ciay4aiubiii curuas (a¢) u Beixoguoi curnai (6) BC
B Fig. 10. Input random signal (a) and output signal (6) network

Brixon

15 20 25 30 35 40
t, MKC

B Puc. 11. CpaBHeHHe II€PeXOJHBIX XapaKTEPUCTUK
MapmpyToB I >3 >4 —> 6 (muuua 1) u 1 > 3 —» 5 (au-
HHA 2)

B Fig. 11. Comparison of transient responses of routes
1>3—>4—>60nel)and1 -3 —>5 (line?2)

BrinmosnnenHOE MO TUPOBAHYE OTHOCUTCA K Ce-
TSAM He OY4eHb BBICOKOro mopsaaka. OmHako ciegyer
OTMETHUTH, YTO IIOCTPOEHHbIE TUHAMHUYECKUE MOJIEe-
U SABAAIOTCA JUHEHHBIMU cuctemMamu. [losTomy
yBeJIWdeHMe IOPAKA ceTel He ITPUBE/ET K IoIyde-
HHIO JI00BIX HOBBIX PE3yJIHTATOB.

3akaroueHune

B pamrax npoBeseHHOro wucciefoBaHus 000-
CHOBAHA aKTyaJbHOCTD IIOJIYYEHUS JUHAMUIECKUX
XapaKTEepPUCTHUK, OIHCHIBAIOINX HAKOILJIEHUWe IaH-
HBIX MH(OPMAIMOHHBIX IIOTOKOB B MapmpyTax BC
¢ 6eCTYIMKOBOM MAapIIpyTH3allued U YepPBAYHOH

KoMMyTanuei. BoimeneHbl 0cO6EHHOCTH TaKUX Ce-
Tel, MpeAcTaBlIeHbl AUHAMUYECKHUE MOJENH Y3JI0B
u GecTymHKOBBIX MapuipyToB. Bmepsrie paspabo-
TaHbl TUHAMHYECKHE MOIEIH y3JI0B U OEeCTYIIHKO-
BBIX MapuipyToB B BC ¢ 4epBsiuHOI KOMMyTaIue,
¥ TaK:Ke BIIEPBbIE IMOJIyYeH HAG0Op AUHAMHYECKHX
XapaKTEePUCTHUK IIPOIECCOB HAKOIIIEHUA JAHHBIX OT
y3J7Ia-UCTOYHUKA K Y3JIy-IPUEMHHUKY ceTH. BakHbIM
Pe3yIbTaToM paboThI ABIAIOTCI JaHHBIE MOTEIHUPO-
BaHUSA IPOLECCOB HAKOIJIEHWS NAHHBIX B HHQOP-
MAaIIMOHHBIX ITOTOKAX B 6€CTYIHMKOBBIX MapUIpyTax
BC c uepBaunoii kommyTanueii. B wactuocTu, mo-
CTUTHYTAa HOCTABJIE€HHAA IIeJIb 0 ITOJIyYeHHUIO JUHA-
MHUYECKUX XapaKTEPUCTHUK YePBAYHBIX MAPUIPYTOB.

Ilo pesynbpraramM MOZeIHPOBAHUA OIIPENEIEHO,
YTO AUHAMHYECKHNE XapaKTePUCTHKU COOTBETCTBY-
0T oxugaeMbIiM pesynbraraMm. OieHeHb TaKHe na-
paMeTpsl, KaK CTal[MOHAPHBIN K0d(QUIlHeHT mepe-
a4y, CTeIeHb YCTOMYMUBOCTH, BpeMdA II€PEXOTHOTO
mmpoliecca, BpeMsd pasroHa U BpeMs 3aIa3gbIBaHud.

JuHaMuyecKkue MOAeIN MapUIPyTOB OKa3aluCh
YCTOMYHUBLIMH, YTO O00eCIeYnBaeT CTAOHIBLHYIO
pabory Bceii cucrembl. Il ompeneneHus ycTOH-
YUBOCTH HCIIOJB30BATINUCH IIOJIOCA IleperaTOYHOH
yurnuu mapupyra. CoriacHo MOJydYeHHBIM pe-
3yJbTaTaM yCTOHYWBAsg OWHAMHUKA HaOII0Janach
IJIS BCeX HUCCIeyeMbIX 6€CTYTHKOBBIX MapIIPYTOB,
YTO TOBOPUT 00 yCIIENIHO IPOHIEHHOH IPOBEPKE U
KOPPEKTHOCTH IIPOJIOKEHHBIX MapIIPyTOB paccMa-
TpUBaeMbIX ceTedl. Bce moaydyeHHBIE mapaMeTphl
YIOBIETBOPAIOT OTPAHUYEHUAM, IPUHATHIM B CETAX
C YEpBAYHOU KOMMYTAaIlHeN.

PesynbraTh! nccaenoBaHUA MOTYT OBITH UCIIONB-
30BaHbI Ipu npoexruposannu BC B crenuanusupo-
BAHHOM IIPOTPAMMHOM 00€eCIIeueHUH.
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Introduction: For the development of modern highly specialized software systems for designing wormhole routing networks, it is
necessary to compile routing tables. This requires obtaining efficient configurations of deadlock-free routes laid at the initial stages of
network design. Purpose: To make the simulation of the dynamics of inertial processes of data accumulation in the receiving nodes
of computer networks during the transmission of packets from transmitter nodes. Results: Three examples of network schemes are
obtained, which allows us to consider classical network structures with different degrees of computational load. For each network, we
construct matrices that describe its structure. As a result of the simulation, using specially developed scenarios in the mathematical
software, we have demonstrated the resulting graphs of weight and transient characteristics and provide a number of characteristics of
each route under study. The simulation carried out makes it possible to make sure that there is no information collapse of the routes laid
in deadlock-free routes. A separate study of two simultaneously functioning data transmission paths in a network with “worm” switching
also shows stable transient characteristics, which thus indicates the correctness of the proposed dynamic models and the deadlock-free
wormbhole routes themselves. Practical relevance: The results of the study can be applied for the design of computer networks with the
use of specialized software. Dynamic performance analysis is intended to help in making decisions about the choice of deadlock-free routes
offered by a designer of a wormhole switching network.

Keywords — data transmission dynamics, information flows, deadlock-free routes, wormhole routing techniques, weight characteristics,
transient characteristics, data accumulation process, route models.
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lNpuMeHeHne HeYeTKoro perynsaTopa Aass yCTpaHeHus
¢nyKTYyauui nepexoqHoOro npowecca BO3MyLLeHHON CUCTEMbl
aBTOMAaTHUYECKOro yrnpaeJieHUs YrJIOM TaHra)<a JleTaTesibHoro
annapara

M. E. UBaHoB?, acninpaHT, orcid.org/0000-0002-7584-6946

B. B. E3epckuif?, LOKTOp TexH. Hayk, npogeccop, orcid.org/0000-0002-1223-6841, ezerskij2010@yandex.ru
aCaHKT-lleTep6yprcKuii rocy4apCcTBEeHHbIN YHUBEPCUTET a3pOKOCMMUYecKoro npuéopoctpoenns, b. Mopckas yn.,
67, CaHkT-lleTepbypr, 190000, PO

BBepgieHue: K cucTeMe aBTOMATUYECKOrO yripaBJIeHUs yr/ia TaHraxa JeTaTe/IbHoro annapara npuioXeHbl MHOrOYUCIEHHbIE BO3-
MyLyaroLme Bo3AeNCTBUS, BC/IECTBUE KOTOPbIX BO3HUKAKT 3HaYNTeE/IbHbIE (pNIYKTyaLunn NepexoHoro npoyecca no TaHraxy faHHow
cuctembl. Ljenb: npeo6pa3oBatb CXeMy ynpaBieHUs YIiia TaHraxa v pa3pabotatb AJIS Hee HEYETKUI PeryasTop, KOTOPbIA M03BOUT
YMEHbLINTb (AYKTYaunu 1 yayyuLinTb Ka4eCTBO NEPEXOAHOIO MPOLecca, MPOBECTH MOZEINPOBaHNE UCXOAHON N MOJIEPHU3UPOBAHHOM
cUCTEM ynpaBrieHus. Pe3ynbTaTbl: NpOBEJEHO MOAENPOBAaHNE C ucrosb3oBaHnem Matlab Simulink pa6oTbi knaccn4eckom u MHTeN-
JIeKTyaNlbHOM CUCTEM ynpaBJieHWs yrna TaHraxa. 1o pesynbtaTaM MOZennpoBaHusl JOCTUTHYTO Y/yylieHue KayecTBa MepexoiHoro
fpowecca cUCTEMbI yrpaBJIeHNs] 38 CYET 3HAYUTESILHOTO YMEHbLLUEHUS (NyKTyauui. [l1s 3TOro B CXeMy CUCTEMbI YnpaBieHus Jo-
6aBJieH MPONOPLUOHANbHO-UHTErPUPYIOLLMI PEryNISTOP, UCMONb3YIOLMIA OUH U3 METOLOB UCKYCCTBEHHOIO MHTENIEKTA — HEYETKYHO
norvky. HacTposika HEYeTKOro perynsitopa ocyLecTB/ieHa Mpeobpa3oBaHNEM TUITOBOIO anropuTMa: AJ1S1 BXOAHbBIX JIMHIBUCTUYECKUX
repeMeHHbIX B jBa pPa3a yMeHbLLIEH UHTePBaJ yHUBEPCalbHOro MHOXECTBA, Ha KOTOPOM OnpeseneHbl QyHKLuu npuHagnexHoctu. Mo-
J[enMpoBaHue HeYyeTKou cucTeMbl npousseseHo B Matlab Fuzzy Logic Toolbox. lMpakTnyeckas 3HaYMMOCTb: ONTUMasIbHAas HACTPOJIKA
HeYeTKOro perynaTopa no3BoJISIET 3HAYUTENbHO YIYYLLUMTD KAYECTBO MEPEXOHOIO MPOYecca CUCTEMbI YrIPaBIEHUS, HA KOTOPYIO Ael-
CTBYeT 60/IbLLIOE YNCSIO BO3MYLLAIOLMX BO3LENCTBU.

KnioueBbie cnoBa — (ykTyayms, BO3MyLyaroLLee BO3JEACTBUE, UCKYCCTBEHHDBIN MHTEJIIEKT, CUCTEMa aBTOMaTUYECKOro yrpaBe-
HUS, HEYETKUM PErynsiTop, NePeXohHbIN npoLecc.

s nutupoBanua: Vsanos M. E., Ezepckuit B. B. [IpuMmeneHre He4eTKOro peryiaaTopa Jjsf yCTPAHEHHUS (IYKTyaluid IepexoiHo-
ro mporecca BO3MYIIEHHOH CHCTEMBbl aBTOMATHYECKOr0 YIIPABIEHHUS YIJIOM TaHTaKka JerarejbHoro ammnapara. Hugopmayuonmo-
ynpasasowue cucmemst, 2023, Ne 3, ¢. 51-58. doi:10.31799/1684-8853-2023-3-51-58, EDN: DACXFO

For citation: Ivanov M. E., Yezerskiy V. V. The use of the intelligent fuzzy controller for the elimination of fluctuations in the transient
process of the perturbed automatic pitch angle control system of an aircraft. Informatsionno-upravliaiushchie sistemy [Information and

Control Systems], 2023, no. 3, pp. 51-58 (In Russian). doi:10.31799/1684-8853-2023-3-51-58, EDN: DACXFO

Bsenenue

OcHoBHas TeopeTuydeckKas 6aza M mMareMaTudye-
CKUH anmapar CHCTeM aBTOMaTHYEeCKOro yIpaBiie-
uus (CAY; Automatic Control Systems, ACS) 6b11m
paspaboransl ere B cepeaune XX B. OgHaro u ce-
TOHS JAHHBIE CHCTEMbI ABIISIOTCI OOBEKTOM pe-
TYJAAPHBIX MOIepHU3AIHi, IpeobpasoBanuii [1-4].
IIpoucxoguT WHTErpaIus CUCTEM B €IWHbIE M3Me-
puTeNbHBIE KOMILIEKCHI [5-8], paspabarTbiBarTcs
HOBbIE HHCTPYMEHTHI [JIs YIYUIlIeHUs KauecTBa Ie-
PEXOMHBIX HPOIECCOB (YMEHbINEHUA (PAYKTyaIui,
YMeHbIIIeHUA BpPEeMEeHU MepexoJHOT0 IIpoliecca) U
1. . Jloisg aTUX 1esei paspabarbIBAIOTCS IEPCIeK-
THBHBIE PETYJIATOPbI, CHHTE3UPOBAHHBIE C IIPH-
MEeHEeHHeM MEeTOJ0B WCKYCCTBEHHOTO WHTEJJIEK-
Ta — HEYEeTKOU JOTHMKH U HUCKYCCTBEHHOM HEUPOH-
Hoii ceru. Taxk, B crarbe [9] A. C. KoHoBanoBeiM u
II. E. IllymMmunoBbIM HcclIefyeTcsa BOSMOKHOCTD ITPH-
MEHATHh HEUYETKYIO JIOTHKY B aBUAIIMOHHBIX CHCTE-

Max aHTHIO30BOM aBTOMaTHKH. B 6ojiee coBpeMen-
Hoii pa6ote [10] H. B. I'puguna, Y. A. EBgokumos u
B. H. CoomoBHUKOB paccMaTpUBAKOT HCIIOIL30Ba-
HUEe HEeYeTKOH JIOTUKH /I CHHTe3a THOPUIHBIX HC-
KycCTBeHHBIX HelpouHbIX cereil. . O. ITymkapes,
II. Y0. Kucenes, 0. B. Kucenes B crarbe [11] cocra-
BUJIW MaTeMaTHU4YeCcKyI0 MOJejlb HEHPOHHOU ceTHu
IIPUMEHUTEIHHO K PACUYETY ABHAIMOHHBIX PhIYaiK-
HO-TIOMIaBKOBbIX EKiaamaunoB. A. B. Illumomocos,
. B. MonpgoBan, aBrops! Tpyaa [12], mpoBenu ama-
JIV3 ¥ CHHTE3 CJIOKHOTO HEHPOCETEBOTO PETYAATOPa
718 TUHAMHYECKON KOPPEKIINY YIIPABIAIOIINX BO3-
IeHCTBUI CUCTEMBI yIIPABIEHUA BO3LYIITHO-KOCMHU-
YeCKOTO caMoJera.

Takum o00pasoM, CO3JAaHHE HHTEIIEKTYAIBLHOIO
peryaaropa CAY saBiseTcs TUIIOBOM HAYYHO-TEXHU-
4JecKoH 3a/aueld, pelraeMoi IITUPOKUM KPyTroM yUeHbIX
TIPUMEHUTENHHO K PA3IUYHBIM 00JIaCTAM B CAMBIX pas-
HBIX TEXHWYECKUX arperatax. B maHHOU crarbe pac-
CMOTPEHO KCIIOIH30BAHHE HEYETKOTO PETYIATOpa AJIA
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KOMIIEHCHPOBAHMA BO3MYUIAIOIINX BO3IAEUCTBUU Ha
CAY yrmom TaHraxa JeraTeIbHOro anmnapara ¢ 1eabo
YIAYUIIUTh KAaYeCTBO IIEPEX0HOTO mpoIiecca (1o KaHa-
JIy TaHTaKa) CUCTeMbIL. BbIOOp T€MBI 711 UCCIe0BAHU
CBs3aH C IIeJIeN0JIaTaHueM CHUKEHUS K0ebaTenbHO-
CTH TIEPEXOTHOTO IIPOIIECCa CUCTEMBI B YCIOBUAX O0Th-
III0T'0 KOJIMYECTBA BO3MYIIAIOIINX BO3IECTBU.

RpaTIme TEOPETHICCKUE CBECICHUA

PaccmarpuBaemas cucreMa ymnpaBJIeHHA yIja
TaHTaKa ABJAeTCAd HellpepbIBHOM HeJIUHEWUHOM cu-
CTeMOM ¢ He3HAYUTEJHLHON CTeleHbI0 HeJIWHEWHO-
cru. Jlauuyio CAY menecooOpasHO 3aMEHHUTH JIH-
HEHHOH MOMeNblo: aHANTUTHYECKAd JTHHeapusalus
MOKeT ObITH NOCTHTHYTA pPasjoKeHneM (DYHKIIUN
8, B pan Teitmopa

8,(1) =Ky -9+ Ky -3+ Ky -§+...+ Ky 9%

C TIOCJIEAYIOIUM HMCKIIOUEHHEeM U3 psija cliaraeMbIX
BTOPOM CTeIeH U BbIiie. YIeHbI psijia BTOPOTo U BbIC-
1IeT0 TOPAAKOB HKCKJIIYAIOTCA B MPEIINOI0KEHUN
0 JIOCTATOYHOM MaJIOCTH H3MEHEHHA IapaMmeTrpa 9
(OTKJIOHEHHST OT YCTAHOBHBINErocid 3HadeHusd). Ta-
KM 00pasoM, 1jd tuHeapusoBaunnoi CAY yria ran-
raxka OyayT CIIpaBeIJIUBbI JUHEHHBbIE AJITOPUTMBbI
yIpaBiIeHUA, KOTOPbIE UCIIOIb3YIOTCA fajee.

B upgeanpHOM ciaydae, Korja HCIOJIHUTEIbHbIE
YCTPOMCTBA SABJIAITCI 6E3bIHEPIIMOHHBIMHU, 3aKOH
OTKJIOHEHUA PYyJeH BBICOTHI A/ yIPABICHUI YIIOM
Tagraxa uMeetr Buj [13-15]

5, =Kg-9+Kg-(9-9,), 6h)

rie K4 — roapunment o6paTHO# CBA3K 1O yIIIO-
Boit ckopoctu; Ky — KoadunuenT ycunaeHus
omMOKH 110 yIoIy TaHTaxa; 3 — 9, — pasHHIIA Mesx-
Iy pealbHbIM 3HAUYEHHWEM yIJia TaHTa)Ka W 3aJaH-
HBIM 3HA4YEHHEM DTOT0 yIJIa C yYeTOM 3ama3AbIBa-
HUSA CUCTEMBI.

Cunresupyemas CAY yrmna rauraxka Tpebyer Ha-
JIOKEHUA cpa3y HECKOJIBbKUX YCIOBUI:

1) moABNIeHUA WHEPIIMOHHOCTH — HEOOXOXHUMO
VYUTHIBATH JUCIEPCUI0 BO3AEHCTBYIOIIET0 Ha CH-
cTeMy BO3MyINAIIero Bosdaeicrsus M, cocrosime-
ro W3 3HAYEHUH AUCIEPCHU JOKATbHBIX BO3MYIa-
IOIIUX BO3AEUCTBUU: YIJIOBOM CKOPOCTH TaHTaska
Mg, yrnosou cropocru araku M, yraa araxu M,
U IUCIePCUH CIydadHbIX morpermsocTei My:

2) nobaBnenus B CAY 3BeHbeB acraTtusMma IJs
CBeleHUsI K HYJII0 HAKAIIUBAIOIIUXCI OIIHOOK
peryiaupoBanusa. B KauecTBe 3BeHa acTaTH3Ma HC-
IOJIb3yeTCA UHTErpaTop 1/s, B TaKOM CjIydae 3aKOH
yIIpaBIeHU IpeobpasyeTca K BULY

8y =Ky-9+Ky-[(8-8,)ds; &)

3) cocTaBIeHUA ONTHMAJIBHOU II€penaTOYHOH
byHK1IM pyIeBOro nmpuBoxa pyid Beicotsr W = 1.
Ilonuas crpykrypuas cxema CAY mapamerpos
moyleTa B IJIOCKOCTH CHMMETPHH JIETATEIHHOTO all-
mapara (puc. 1) m03BoJISeT OCYLIEeCTBIATE yIIPaBJIe-

8s+1 &, 50
4524325+ 1]
M;
0,07|<
Ky
| 2,56I<

B Puc. 1. CAY nmapaMeTpoB 1ojieTa B BEpTUKAIBHOHN IIOCKOCTH CUMMETPHHI
B Fig. 1. Automatic control system for flight parameters in the vertical plane of symmetry
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HHe He TOJBKO yIJIOM TaHTaka 3, HO U OCTAIbLHBIMU
rnmapaMeTpaMu I0JieTa, U3MEePSAEeMbIMHA B TLIIOCKOCTU
CHMMETPHH: yIJIOM ATaKH O, yIJIOM HAKJIOHA TPAeK-
TopuH 0, TEKyIIei BbIcoTOoM nosieta H 1 mopmanbHOM
(BepTHKanbHON) meperpyskoil n. Bee roadduiinen-
ThI YCUJIUTENIbHBIX 3BEHHEB BBIOPAHBI TAKUM 00pa-
30M, YTOOBI TMOJIyYUTh Hauboee mpueMieMble 3aBH-
CHMOCTH U 00€CIIeUMTh MAKCHMAJIbLHOE OBICTPOIEH-
CTBHE CHUCTEMbI C HANMEHbBIIIUM BPEMEHeM Iepexo/I-
HOTO IIpOoIiecca II0 YLy TAHTAKa 9 U YTy aTakH .

IlepexoambIii poIecc BO3MYIIIEHHOMH
CHCTEMbI YIIPaBJICHHS

3amaHpl clemyIolhe MapaMeTPhl CHCTEMBI, He-
06X0gUMBIe IJIST MOIETUPOBAHUS:

— Ha BXOJ| CHCTEMBI IIOfAETCA AEeTEPMUHHPO-
BAHHOE BXOJHOE BO3IEHCTBHE — EIWHHWYHAS CTY-
nexHuaras (yHKIuUA XeBHcala ¢ IapaMeTpaMu:
9,(® = 1 (final value), Bpemennoii mar 1 (step time),
HauaiabsHoe sHauenne 0 (initial value);

— K02(pPHUIIMEeHTHI, OTBEeYAOIIHe 32 ObICTPOIEH-
CTBHE CHCTEMBI, T. €. 32 Ka4eCTBO IIePEeX0IHOT0 IPo-
necca: Ky =0,07, Kq =0,28;

— mepemaTouyHas QPYHKIIUA PYJIA BHICOTHI

8s+1
Wy () =—5 @
4s” +32s+1
___ — nucmepcusd CIy4adHbIX IOrPEeIIHOCTeH

5 =50, nmucrepcru BO3MYIIAIOIUX BO3IeUCTBUHI
0 yrioBOH ckopoctu M§, YIVIOBOM CKOPOCTH IIO
yray araku Mg u camomy yriy ataku My cooOT-
BeTcTBeHHO paBHEBI 1,9, —0,1 1 —8,5;

— K0o(pPUIIMEHT YyCUIEHUS BCEH CHCTEMBI,
CBA3AHHBIN C MOABEeMHOH cuiod, Y, pased 0,01, a
9TOT Ke KO03((PUIMEHT yCHUIEHUd II0 yIIy aTaku

Y, =0,12. KoadduuneHnTs! ycuieHus, CBI3aHHbIE
C BEPTHUKAJbHOU Ileperpy3Koid M ¢ BBICOTOM IIOJjIe-
Ta, npuHATHI paBHbIMU 0,1 1 2,34 cOOTBETCTBEHHO.
HonomHuTenbHBIE 3B€HbSI 00PATHOM CBAZH U yCHUJIE-
HUA [IJIg yIyla TaHTaM)a 9 COOTBETCTBEHHO HMEIOT
3Havenusa 2,56 u 1,5.

B xome mopenupoBaHuA, BpeMa ¢ KOTOPOTO CO-
craBuio 20 ¢, 6bLI IOyYeH CAEAYIONUIH Pe3yabTaT.
C moMmomipio 3apaHee 3aMaHHBIX K03((HUIIUEHTOB
YCUJIEHUS TPU [TaHHOM IIepefaTOvYHON (PyHKIHUH
py7iei BBICOTHI yAAJIOCHh MAKCHMAJIbHO YIYYIIUTH
Ka4ecTBO IIEPEXOJHOTO IIpollecca OT BHJIIOUEHUS
CHCTEMBI K YCTAHOBUBIIEMYCA PEKUMY paboThl IO
KaHaJy yria taHraxa 3 (puc. 2).

YBenuuenne Ko3(uiineHTa yCujaeHus OMIuOKH
1o yriay TaHraxa Kg IpuBOAuUT K IMOTepe yCToH4H-
BOCTH CHUCTEMBI, 2 YMEHbIIIEHNEe — K 3HAYUTEJIHHO-
My YXYIIIEHHUIO KavyecTBa IEePexOoJHOr0 Mporecca
6e3 mOTEpH YCTOHYMBOCTH. YBelHdYeHHe Kod(du-
nueHTa o0paTHOH CBA3M AHAJOTHUYHO YXYAIIAeT

1
0,8
0,6
0,4
0,2

0

-0,2
-0,4
-0,6
-0,8

0

B Puc. 2. Ilepexomusrit nporecc CAY no kamamy yria
TaHraxa 9

B Fig. 2. The ACS transient process along the pitch an-
gle 9 channel

Ka4JeCTBO IIEPEeXOHOTO IIPoIlecca W YBEIUYHBAET
BpeMsl yCTAHOBJIEHUs pabodero pexmma, a yMeHb-
IIeHHEe 3TOr0 K03((HUIIMeHTa NPUHIUINAILHO He
BJIHSAET HAa IIEPEXOJHBIN IIpoIlece U He U3MEeHSeT ero.

MOI[epHI/I3aIII/Iﬂ CHCTEMBI YIIPpaABJICHHUA
3B€HOM C HCKYCCTBE€HHBIM HHTE/LJIEKTOM

IIpumeHenne WHTEIIEKTYaIbHOTO HEUYETKOTO
peryisaropa I03BOJIAET HOIYIUTH 60jlee KaueCTBEeH-
HBIW NEepexXONHBIH IIpoIlecC IO KaHaJIy yIya TaH-
raka 9 Jase MpH HAJUYUU OOJBIIIOTO0 KOJTHYECTBA
mecrabunusupyomux sosmymenud M;. Heverkuit
PEryaAaTop MOKET He TOJIbKO 3HAYNUTEIbHO CHU3UTD
(bayKTyanuu mepexogHOro mpoiecca, HO U HUCKJIIO-
JaeT yBeJINYeHNe aMILIUTYJHOTO 3HAUeHUA He[ope-
ryaupoBaHuA Y, ; IIepexofHOTo IIpollecca, BO3HU-
KaIOIIleTo BCJIEJCTBYE AeHCTBUA HA CHCTEMY BO3MY-
IIAOMUX BO3MEHCTBUH 110 yIIIOBOH ckopoctu Mg,
YTJIOBOM cKopocTH aTaku My u yriay ataku M.

CxeMa mamepuTeieil mapaMeTpoB B BEPTUKAIb-
HOH IJIOCKOCTH CHMMETPHH (CM. pHC. 2) C yuyeToM
no0aBIeHNU MHTEJJIEKTYaJIbHOTO HEUYETKOTO pery-
naropa Fuzzy Logic Controller npumer Buz, mpes-
craBieHHBIH Ha puc. 3. Ilpu coxpaHeHuu TOH e
nepenaToyHoi (pyHKIuH (4) CHCTEMBI YBEJIUYIHUIICS
koapunment Ky =0,25, a Takxe yMEHBIIHUIACH
nucnepcua Ms =41. Kpome Toro, Hanu4ve HedeT-
KOT0 PeryiasTopa HUCKIIYaeT HeoOXOAMMOCTh B OT-
TelbHOM 3BeHe YCHIIeHHd II0 KaHaly TaHrama K
1,5, KoTropoe 6bLI0 M06aBIEHO IS CTAOMIHU3AIUA
ucxoguor CAY. B koutyp CAY BKI0OYEHO yCHIIH-
TeJbHOe 3BeHO Iepes peryaaTopoM Kpyy vy = 2.

ITapameTrpuaeckuii CHHTE3 HEYETKOMI
CHCTEMBI PeryJaaropa

SajaHue mapaMeTpoB HEYETKOH CHCTEMBI OCYy-
IIECTBJISIETCS II0 CTAHAAPTHOMY anroputmy [16-21].
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93

1
:H>’_ZXXX_ 0,28 s (w [ 8s+1

45%+32s+1

Fuzzy Logic Ky -
Controller

| —556]

\I

B Puc. 3. Uurennexkryanpaas CAY napaMmeTpoB BEpTHKAIBHOM IIOCKOCTH CUMMETPHUHA
B Fig. 3. Intelligent ACS parameters of the vertical plane of symmetry

1. 3agarorcsi BXO[HBIE JUHTBHCTHYECKHE IIepe-
MeHHBIe O (term), misa KaKIoW W3 KOTOPBIX CO-
CTaBIAIOTCA (QYHKIIUN IPHHAMIEKHOCTH [y (X) Tpe-
yroasHOro tuna (trimf) B xonuuecrse N mityk Ha
YHUBepcaJlbHOM MHOXKecTBe [-1; 1].

2. SanaioTca BBIXOIHbIE TUHTBUCTHYECKHE IIepe-
mennsbie ¢ M tpeyronsubiMu (trimf) pyHKIUIAME
HIPUHANJIEKHOCTH |y, ().

3. Ilepen medazsmuduranmeli BXOTHBIX JIUHTBHU-
CTUYECKHUX IEepPEeMEeHHBIX HA BBIXOME B IEHTPATHLHOM
6710Ke HEYeTKOH CHCTEeMbl 3aIHCHIBAIOTCA IIPABHIA
(Rules) Buga “If < inputl isi > then < outputlisj >".

4. AnanusupyeTrcd TOAy4YeHHAs CTaTHYecKas
xapakrepuctuka outputl (inputl) cuHTe3supoBan-
HOU HE4YeTKON CHUCTEMHBI.

IIpencraBieHHBIN THIIOBOH AJITOPUTM OBLI Ipe-
06pasoBaH B IeNAX YAYUIIeHNI KauecTBa Iepexo]-
HOTO IIpoliecca CIeyoIuM 00pas3oM.

1. Ina input m output ObBLIM W3MEHEHBI TPHU
CUMMETPHUYHBIE TPEYToNbHBbIE (DYHKIHU IIpUHAI-
JIEIKHOCTH: «0Y€Hb-CHIBHO-B-MUHYCE», «<HEMHOIO-B-
MHUHYyCe» W «B-HyJe». MomuduimpoBanabie QyHEK-
AU TPUHAAJIEKHOCTH UMeIT uHTepBaisl [-1 —0,8
0,8], [-1,2 -1 1] u [-1 1 1,2] coOoTBETCTBEHHO.

2. lna input 611 yMeHbIIEH B gBa pasa HH-
TepBaJl YHHUBEPCAJIHHOIO MHOKECTBA, HA KOTOPOM
ompefeneHsl [y(x), 1o [-0,5 0,5]. Takum obpaszom,
W3MEHUJIY CBOM 3HAYEHU KAK CTaHJapTHbIE (hyHK-
Y TPUHAIEKHOCTH, TAK U MOTUQUIITHPOBAHHbIE
«OYEHb-CUIILHO-B-MUHYCE»,  «HEMHOI'0-B-MUHYCE»
H «B-HyJe», IIOJyYHUBIIIHE HOBble mHTepBaibl [-0,5
-0,4 0,4], [-0,6 -0,5 0,5] u [-0,5 0,5 0,6] coorBeT-
cTBeHHO (puc. 4).

3. B 610ke Rule Editor 6s1u mpomucaHs! pera-
olre OpaBwiIa i (QYHKIUH IPUHAIIEKHOCTH.
Bcero szammcano neBATH HEMOBTOPAMOIIUXCA IIpa-

4\| Membership Function Editor: Tangajlntellekt = | (5]

File Edit View

o . ot .
FIS Variables Membership function plots **°t °== 181

DO XN '

input1 output!

0.2 . 0 0.2
inout variable "input1®

‘Current Variable ‘Current Membership Function (click on MF to select)

Name input1 Name: OUEHE-CHMEHO-E-MUHY!

Type input Type trimf -

Params 0.5

Range o505 [-0.5 0.4 0.4]

Display Range [05 0.5 | Help Close |

Ready |
4\| Membership Function Editor: Tangajlntellekt =RNC X

File Edit View

o . ot :
FIS Variables Membership function plots “°f %= 181

/XN

input1 output!

0.2 0 0.2
outout variable "oitout]®

‘Current Variable ‘Current Membership Function (click on MF to select)

MName output1 Name OUEHB-CHMEHO-B-MHHY!
Type ‘output foE= trimf -
Range L Params [-1-0.8 0.8

Display Range 111 | Help Close |

| ‘Selected variable "output1” |

B Puc. 4. Oyuriuu npuHAMIEKHOCTH 6JI0KOB input u
output HeYeTKOH CHCTEMBI

B Fig. 4. Membership functions of the input and output
blocks of a fuzzy system
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Bua Buga “If input is & then output is 7, cBsa3BI-
BAIOLINX BXOJHbIE JUHTBUCTUYECKUE IIepPEMEHHEIe
C BBIXOJTHBIMH.

3HaYeHHWs] WHTEPBAJIOB, KOTOpPbIe IIPHHUMAIOT
yHKIME TpPHHALIEKHOCTH Uy (y) B up(x) mas
B u @, mpexcraBieHs B Tabu. 1.

HdeBars pemmarmomux npaBui (tabn. 2) cBA3bIBaA-
0T HEKOTOPBIE BXOAHBIE U BBHIXOJIHBIE TEPMbI TAKUM
00pasoM, 4T0OBI PeryasaTop chOPMHUPOBAJ IeJIEBOH
[I0Ka3aTeib yCTONYNBOCTH U Ka4eCTBa IIEPEeX0AHOr0
mpoiecca.

C mony4eHHOH HEYETKOW CHCTEMBI ObLIa CHATA
ciiemyrolas craTuuecKas Xxapakrepuctuka (puc. 5),
KOTOpad BO3pacTaeT Ha BCeM y4JacTKe OT min inputl
1m0 max inputl. OHa moxasbIBaeT xapakTep Heu-
HEMHOCTH HEYETKOr0 PEeryjasaropa Kak OTAeJbHOro
HeJIWHEWHOro 3BeHa B cocraBe HeamHedHOH CAY
yIjia TaHra;xa.

CpaBHHTEILHBIN AaHATH3 KJIACCHIECKOH
M HHTEJIEKTyaIbHOH CHCTEM yIpPaBJIeHHUS

C yuerom uHTemnekryanusanuu CAY ObLI I10JIy-
YeH CJIeAYIOIMUH MepPexXOoMHBIH mpolecc 0 KaHALy
uaMepenud yria rauraxa 9 (puc. 6). lanubiii rpa-
(puK TO3BOJISTET IPOBECTH CPABHUTEIbHBIN aHAINS
IepPexXoaHbIX IIPOIECCOB KaHAJIA M3MEPEeHHA yIjia
TaHTa)a 9 B CIydyae KJIaCCHYECKOH M MHTEIIEKTY-
anpHoi CAY (puc. 7).

Hexonsa us maHHBIX MOJEIUPOBAHMS, MOKHO ClIe-
JIaTh CIEIYIOIIHE BIBOIBI.

1. [IpuMeHeHHEe WHTEIIEKTYaJbHOTO HEYETKOIO
peryaaTopa I03BOJHIIO CYIECTBEHHO CHU3UTH KO-
71e6aTeIbHOCTD IIEPEXOHOr0 MPOoIecca, B TOM YHCIIe
MIOJIHOCTHI0 MCKJIFOYUTH HEOOXOAMMOCTh B HEIOPEry-
JIMPOBAHUY CHCTEMBI, UTO OBIJI0 003aTeIbHBIM YCJIO-
BHEM JIOCTHIKEHUS YCTONIHUBOCTH Kiaaccudeckoir CAY.

B Tabauya 1. 3HaveHus UHTEPBAIOB (DYHKIMH NpPHHAT-
JIEIKHOCTH

B Table 1. Values of intervals of membership functions

Tepmsbr HWuTepBanbl mapaMeTpoB
JIUHTBUCTUYECKUX U KOOpAWHATBI BEPUIUH (byHKIIPII:I
IIepeMeHHbIX IpUHAAJEHKHOCTH
It output IIst input

OueHb-CUIbHO-B- [-1-0.8 0,8] (20,5 -0.4 0.4]
MUHYyCe
CunbHo-B-Munyce | [-0,8-0,6 -0,4] | [-0,4 -0,3 -0,2]
Cpenue-B-MuHyCe [-0,6 -0,4 -0,2] | [-0,3 -0,2 -0,1]
Hewmuoro-s-munyce | [-1,2 -1 1] [-0,6 -0,5 0,5]
B-nyne [-111,2] [-0,5 0,5 0,6]
Hewmuoro-s-mtroce | [0 0,2 0,4] [00,10,2]
Cpenue-B-mroce [0,2 0,4 0,6] [0,1 0,2 0,3]
CHUIbHO-B-ILIIOCE [0,4 0,6 0,8] [0,2 0,3 0,4]
OueHb-CUIBHO-B- 0,6 0,8 1] 0,3 0.4 0,5]
namce

0.4

outputl
o

05 0 0.3
inout1

X (input): inputt « | Y (input) —none - + Z (output): output] -
e 15 e 15 Evaluate
‘Ref. Input lem points: |41 ‘ ‘ Help | Close | ‘

[ |

B Puc. 5. CraTnyeckas XxapakTepHUCTHEKA HEYETKOTO Pery-
aaropa CAY mapaMeTpoB BepTHKAILHOH IIIOCKOCTH CHM-
MeTpHuH

B Fig. 5. Static characteristic of the fuzzy controller of
the ACS parameters of the vertical plane of symmetry

B Tab6auya 2. IlpaBuna HEYETKOH CHCTEMBI AJI HEYETKOTO perynaropa uccienyemoi CAY
B Table 2. Rules of the fuzzy system for the fuzzy controller of the researched ACS

Ne IIpasuio

1 If | inputl is O4YeHb-CHUIILHO-B-MHUHYCe then outputl is O04YeHb-CUJIbHO-B-MUHYCE
2 | If | inputl is CUJIBHO-B-MUHYCE then outputl is cpenHe-B-MHHYCe

3 | If | inputl is cpefHe-B-MHHYyCe then outputl is HEMHOI'0-B-MHHYyCe

4 | If | inputl is HEMHOT0-B-MHUHYCE then outputl is HEMHOT'0-B-MHHYCe

5 | If | inputl is B-HYyJIe then outputl is B-HYyJIe

6 | If | inputl is HEMHOTI'0-B-ILTIOCe then outputl is B-HYyJIe

7 | If | inputl is cpeIHe-B-IIJII0Ce then outputl is HEMHOT0-B-ILIII0Ce

8 | If | inputl is CHJIBHO-B-ILTIOCE then outputl is HEMHOT0-B-ILIII0Ce

9 | If | inputl is OYeHb-CHJIBHO-B-ILIIOCE then outputl is HEeMHOTI'0-B-ILTI0Ce
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B Puc. 6. Ilepexonubrii mportecc yria TaHraxa 3 MHTeNI-
nexryanbHoi CAY

B Fig. 6. Transient process of pitch angle 3 measure-
ment intelligent ACS

0 2 4 6 8 10 12 14 16 18 20
B Puc. 7. llepexoaubie mporecchl KIacCUIecKoi I u uH-
rennextyansHoi 2 CAY mo KaHaIy H3MepeHus yIia TaHra-
a o

B Fig. 7. Transient processes of classical 1 and intelligent 2
ACS through the pitch angle 3 measurement channel

2. Uurennexkryanusanus CAY mosBonuia He
TOABKO KOMIIEHCHPOBATH (PIYKTyallid, HO U CHH-
3UTH BpeMs YCTaHOBJIEHHA pabouero pexmma. s
knaccudeckod CAY oHo cocTaBmio ¢, ~ 7 ¢, 1Jd WH-
rennexryanpHoi CAY £ ~ 5,2 c.

3. [IpuMeHeHHEe HEYETKOTO PETryasATOpa XOTh U
MM03BOJIMJIO CYII[ECTBEHHO CHU3UTh KOJIeOaHus repe-
XOJIHOTO IIPOIlecca, OMHAKO He MCKJIIOUHJIO HX IIOJI-
HOCTBIO. BBUy 6ONIBIIOr0 KOJIMYECTBA BO3MYILAO-
mux BoaaencTBuil B ucciaenyemoii CAY uebomnbinue
duryrTyanun HaOJIIOIAIOTCI 10 MOMEHTA BPEeMEeHHU
t ~ 15 ¢, mocire yero cucreMa OKOHYATEJIbHO cTabu-
JTU3UPYETCH.

4. Ynyuiienre KadecTBa MEPEXOMHOI0 IPOIec-
ca o KaHaly yriia TaHTa)a 9 HEMHOTO yXyAIIaeT
Ka4JeCTBO IIePEeXOIHBIX IIPOIECCOB II0 KaHAJIaM yIiIa
aTaKu o ¥ HOPMAaJILHOM meperpysku n (yBelIuduBa-
eT UX BpeMd £, OfHAKO He HapylIaeT yCTOHYMBOCTb
CAY no gpyrum 1eTHBIM IapaMeTpam). ITO CBA3aHO
¢ HOAKJIIYEHHEM HEYETKOIO PEryasTopa K o0IeMy
KaHAaIly CHCTEeMbI yIPaBJIeHUA, (POPMHUPYIOIIEMY Ka-
YeCTBO IIEPEXOMHBIX IIPOIIECCOB BCEX IMAapaMeTpOB,
naMepsaeMbIx cucteMoi. Takum ob6pasoMm, OITHMH-

3aIUd Peryaaropa B IeNIX YAy4YIIeHHd KauecTBa
IIePexX0IHOTO IPOoIlecca 10 TAHTAKY HE3HAYUTEIbHO
BAWAET Ha AHAJIOTUYHBIE TMOKA3aTelu IPYTUX JeT-
HBIX IIapaMeTPOB B BEPTUKAIBHOHN IIJIOCKOCTH CHM-
METPHH JIETATeJIBHOTO amapara.

3akgroueHue

B xome mamHOro mcciemoBaHus ObLIO IPOHU3BE-
JIeHO MOfeJTHpoBaHue pPaboThl CHCTEMBI yIpaBie-
HUS yIja TAHTaKa B KJIACCUYECKOM WCIIOJHEHUU W
C UCTIOTb30BaHUEM 3BeHA HeuyeTKou peryaanun. Ha
OCHOBaHHWMU IIPOBEACHHOTO CPABHUTEJBHOTO aHaJIu-
3a IBYX cHCTeM OBIJ clellaH BBIBOJ O Iiejiecoo0pas-
HOCTH IPUMEHEeHUSI WHTeJIeKTyalbHOTO HEeYeTKO-
ro peryasaropa B CAY mapameTpoB BepTHKaIbHON
IIJIOCKOCTH CHUMMETPHH AJA YAYYLUIEHUS KaduecTBa
IepexoHOT0 IpoIlecca KaHajla H3MepeHus yria
TaHrama 9.

HecmoTpst Ha ocHOBomoOIaramwiue IIpeuMyIie-
CTBa, KOTOPBIMH 00/IaZlaeT HEYETKUH peryaaTop (Iyd-
1ee KayecTBO IEPEXOMHOTO IIpoliecca, ObICTPOIeH-
CTBI/Ie), OH He mMeeT YHHUBEePCaJIbHOI'0O aJirOpuT™Ma Ha-
CTPONKH (DYHKITUH MPHUHAIIEIKHOCTA. OTH (PYHKIIHH
(popMUPYIOTCS SMIIMPUYECKH: B TEKYIIEM HCCIIeI0BA-
HEHE (%) B py,(y) 66118 TogobpaHs! 3a 15-20 urepa-
IUH. ATOT IIOKA3aTeNlh MOKEeT ObITh BBIIIIE JJIS HeYeT-
KHX PEeryaAaTOpOB, IPHMEHAEMbIX B 60jiee CIIOMKHBIX
CAY c emie GOJIBIINM YHCIOM BO3MYINAMIIHX BO3-
JNEUCTBUH, 4TO HA IIPAKTUKE MOKET 3aTPYAHUTH IIPO-
1ecc aJanTABHON HACTPOHKHU CHCTEMBI YIIPABICHUA.
ITosTomy 11€71€C000PA3HO ITPOBECTH IOIIOIHUTEIbHBIH
aHAJIN3, CBI3AHHBIA C IPUMEHUMOCTBI0 HEUETKHUX pe-
TYJISATOPOB JJIs1 JIOKATBHBIX 3a/1a4 YIIPABICHUA, HMe-
IOIUX KOHKPETHBIE HAYAIbHBIE YCIIOBHUA.

B pamkax manbHEHIITHX UCCAEOBAHUN U YCOBED-
IIIeHCTBOBAHMUA PACCMOTPEHHOH B [aHHOU cTaThe
Mopenu uHTeIeKkTya buoi CAY mo yriay Tanramxa
IPeJIoIaraeTcs:

— peanun30BATh HMHUTAIIHOHHOE MOJIETUPOBAHIE
CAY 1o TaHTraKy B cliydyae CTOXaCTHYECKOTO BXOJI-
HOTrO BOS].'[eﬁCTBHH U IIPpOBECTH MOOIIOJTHHUTEJIbHYIO
ONITUMUBAINAI0 3BEHbEB CHCTEMBI AJIA YAyYIICHUS
Ka4JecTBa IIePEeXOTHOr0 IPOIecca;

— IJId TIOBBIIIEHHUS KAYeCTBA XapPaKTEePUCTUK
W3MepeHHus yriia aTaKy o ¥ HOPMAaJIbHOM meperpys-
KH 7, TIPOBECTH JIONOIHUTEIBHYI0 HACTPOHKY CH-
CTeMHBI 10 KaHaJlaM [PYyTUX [TapaMeTpoE;

— paccMOTpeTh HEJIWHEHHBIA pPEeKUM PaboThI
CHUCTEMbl yIpaBJIeHUsd, JTUHEAPU30BAHHOM B X0[e€
HCCIIeOBaHUS, IPOBEIEHHOTO B JAHHOM CTAThe;

— ocyirectBuTh cuaTe3 CAY 1o TaHTraxy C mpu-
MEeHeHueM APYIroro MHTEe/JIEKTYa/JIbHOI'O 3B€Ha —
HEHpPOCEeTEBOT0 PEeryjiaTopa, IIPOBECTH CpPaBHU-
TeJbHBIH aHAIN3 KavyecTBa MEPEeXOMHOro Impolecca
MOJIyYeHHOro U ImepexomHoro mpoiecca CAY ¢ He-
YEeTKHUM PETYIATOPOM.
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Introduction: The system of automatic control of the pitch angle of an aircraft is affected by numerous disturbing effects, which results in
significant fluctuations in the transient process along the pitch of this system. Purpose: To transform the pitch angle control scheme and develop
a fuzzy controller for it which will reduce the fluctuations of the transient process and improve the quality of the transient process. Results: The
simulation using Matlab Simulink of the operation of the classical and modernized pitch angle control systems was carried out. An improvement in
the quality of the transient process of the pitch angle control system has been achieved due to a significant reduction in fluctuations. To do this, a
proportional-integrating controller has been added to the control system scheme using one of the methods of artificial intelligence — fuzzy logic. The
adjustment of the fuzzy controller is carried out by converting a typical algorithm: for input linguistic variables we halve the interval of the universal
set on which the membership functions are defined. Practical relevance: The correct adjustment of the fuzzy controller can significantly improve
the quality of the transient process of the control system, which is affected by a large number of disturbing effects.
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Introduction: One of the current topical problems of cryptography is the development of post-quantum digital signature algorithms
with relatively small sizes of the public key and signature. Purpose: To develop a new method for designing post-quantum algebraic
signature algorithms with a hidden group, based on the computational complexity of solving large systems of quadratic multivariate
equations, which allows to reduce the size of the public key and signature as compared to the known analogues. Results: We propose
a new method for designing digital signature algorithms with a signature of the form (e, S), where e is a natural number (randomization
parameter) and S is a vector (fitting parameter. The method makes it possible to reduce the dimension of finite non-commutative
associative algebras used as an algebraic support. The method is distinguished by the use of the technique of doubling the verification
equation for fixing the hidden group, which allows one to set the formation of the vector S depending on the random reversible vector and
thereby eliminates the influence of the number of signed documents on the security, which is typical of the known analogous algorithms.
The method has been tested by the development of a specific post-quantum signature algorithm, various modifications of which use
algebras of different dimensions. A preliminary security assessment of the proposed algorithm has been performed. Practical relevance:
Due to comparatively small sizes of signature and public key, the introduced signature algorithm represents significant practical interest
as a prototype of a post-quantum signature standard.
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Introduction

Development of post-quantum standards on pub-
lic-key cryptographic algorithms is one of current
challenges faced by the global cryptographic com-
munity [1, 2]. This challenge is due to the fact that
modern standards for public key cryptographic al-
gorithms are based on the computational difficulty
of the discrete logarithm problem and of the factor-
ing problem, each of which can be solved on a quan-
tum computer in polynomial time [3, 4].

Post-quantum public-key cryptalgorithms are
to be based on computationally difficult problems
different from the said two ones. One can mention
post-quantum algorithms on codes [5, 6], and on
hash functions [7]. Regarding post-quantum digital
signature algorithms, their main disadvantage is
the large total size of the public key and signature.
To overcome this shortcoming, signature schemes
with a hidden group were proposed in [8-11], using
computational complexity of so called hidden dis-
crete logarithm problem (HLP). However, some of
such signature schemes (for example, introduced in
[8, 9]) are vulnerable against algebraic attacks [12].

A new paradigm for the development of algo-
rithms with a hidden group has been proposed in [13,
14]. That paradigm exploits the computational diffi-

culty of finding a solution to a large system of quad-
ratic multivariate equations with many unknowns.
The latter problem is considered as an attractive
post-quantum primitive [15, 16]. It had been put into
the base of security of multivariate cryptographic al-
gorithms, like EFLASH [17], MQDSS [18], Rainbow
[19, 20], GeSMM [21], and UOV [22]. However, the
multivariate cryptographic algorithms have a very
significant drawback, which consists in the extreme-
ly large size of the public key (up to several hundred
kilobytes (several megabytes) for the case of 128-bit
(256-bit) security [20, 21]).

The algebraic algorithms with a hidden group ex-
ploiting computational complexity of solving a large
system of quadratic multivariate equations provides
possibility to develop signature algorithms with
small size of both the public key and the signature.
In algorithms of this type, a digital signature is a
pair of values (e, S), the number e and the vector S.
For example, the signature algorithm [13] uses a col-
lision-resistant hash function f(-) and the next verifi-
cation equation with two entries of the vector S:

62

R* =(Y;SZ; )° (YoSZy)

In the latter equation the vectors Y;, Z;, Y,, Z,
are elements of the public key, which are calculat-
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ed as follows: Y; = AG*B; Z;, = CJA}; Y, = AJ¥B;
Z, = CGA! (when performing a direct attack
against the algorithm, these four formulas define
four vector quadratic equations with the unknown
vectors G%, J, J¥, and G), where u, w are private
integers; G, J, A, B, and C are private reversible
vectors such that GJ = JG and G, A, B, C are
pairwise non-permutable vectors. The signature
(e, S) is valid, if f(M||R*) = e, where M is a signed
document and || denotes the concatenation oper-
ation. Note the verification equation connects the
signature with the public key and the latter equal-
ity connects both the signature and the public key
with the document M. The use of verification equa-
tions with two [13] and multiple [14, 23] entries of
the vector S in the verification equation is focused
on increasing resistance to attacks using S as a fit-
ting parameter.

Unfortunately, for a fixed value of the public key,
the number of different vectors that can potential-
ly be a signature element is limited by the order of
the hidden commutative group, since the vector S
is computed by the formula S = B-1G*J"C1X [13],
where integers n and r are computed depending on
the document to be signed; vectors G and J com-
pose a minimum generator system of the commu-
tative hidden group; vectors B and C are elements
of the private key. It can be shown that, given five
(or more) different signatures, it is possible to com-
pose a system of five vector quadratic equations,
which can be solved independently of other secret
values. The latter provides a significant reduction
in the complexity of solving a system of equations
that connects the elements of the public key with
the elements of the secret key.

Therefore, to ensure the required security level
of the algorithm from [13], it is required to use finite
non-commutative associative algebras (FNAAs) of a
sufficiently large dimension m (m > 10 for 128-bit
security and m > 20 for 256-bit security), which lim-
its the possibility of reducing the size of the public
key and signature and increasing performance.

This article proposes a new method for developing
algebraic signature algorithms with a hidden group,
which, for a given security level, provides possibility
to use FNAAs of comparatively small dimension as
algebraic support. A new post-quantum signature
algorithm is introduced as implementation of the
method. The signature has the form (e, S) and the
indicated restriction is eliminated due to the fact
that the signature element S can take any value in
the FNAA used as an algebraic support. To insure
such possibility, the technique of doubling the verifi-
cation equation is used for setting the hidden group.
Previously [24], this technique was used as a way
to define a hidden group in signature algorithms
on finite commutative algebras, which are based on
computational difficulty of the HLP. Earlier, such

technique was used by authors to implement the
post-quantum resistance criterion, when designing
the signature algorithms on FNAAs, based on the
HLP [9, 24]. The introduced method is illustrated
by a signature algorithm in which two different
hash functions are used as an auxiliary technique
for providing security against attacks using the sig-
nature element S as a fitting element.

Preliminaries

The technique of doubling the verification equa-
tion (see, for example, [9]) consists in specifying two
different equations defining computation of the next
two vectors R; and R,, depending on the signature
(S, e) and the public key (P, Pys, ..., Py, Py, Py,
oy P

R, = 1P, Py, ..., Py, S, 0);
R2 = fl(PZI’ P22, ceey P2d’ S, e),

where b and d are some small natural numbers;
the vectors P;;, Py, ..., Py, Pyy, Py, ..., Py, are
elements of the public key.

And then, using a collision-resistant hash func-
tion f(-), connection of the signature and public key
with an electronicdocument M is confirmed by check-
ing the validity of the equality f(M||R,||R,) = e.

In the introduced algorithm with a hidden group,
FNAAs are used as algebraic support. An m-dimen-
sional FNAAs is defined as a finite vector space (de-
fined over a field GF(p)) with the non-commutative
associative multiplication operation of the vectors
A=aqase,tae +...+a, e, jandB=>0ye,+be; +
+..+b, e,  (wheree;i=0,1,...,m -1, are basis
vectors), defined by the next formula:

m-1gm-1
AB = Zi:() Zj:O aibjel-ej, (1)

in which the values a; and b; are multiplied as the
field elements. Using a basis vector multiplication
table (BVMT), every product ee; is replaced by a
one-component vector (see more details in [13, 24]).

Table 1 sets a 4-dimensional FNAA with the
two-sided global unit E = (1, 1, 0, 0), for which the
decomposition into commutative subalgebras is
studied well in [10]:

1) the said algebra contains p2 + p + 1 commu-
tative subalgebras having order p2; every non-sca-
lar vector is contained in a unique subalgebra; every
scalar vector is included in all subalgebras, i. e., the
latter intersect exactly in the set of scalar vectors
{L:L=RE,h=0,1,....,p-1}

2) the multiplicative group I' of the FNAA has
order equal to

Q=pp?-1p-D; 2)
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3) the group T includes p(p + 1)/2 commutative
subgroups I'; possessing 2-dimensional cyclicity
(i. e.,, a minimum generator system of the subgroup
I'; contains two vectors of the same order) and hav-
ing order equal to

Q, =@p@-1% 3

4) the group I includes p(p — 1)/2 commutative
cyclic subgroups I'y of the order

Qy=p2-1=@p@-Dp+ 1) 4)

5) the group I includes p + 1 commutative cyclic
subgroups I'; of the order

Q; =pp-1. 5)

The vector G = ge, + g,€; + g,€5 + g5€3, such
that g, # 0, and g5 # 0, determines the commutative
subalgebra described as the next set of vectors X
[10], which includes G:

X:(xo,xZ,x3,x4):[d, d+rEL"80 p kg—3j, ©)
82 82

whered, 2 =0, 1, ..., p — 1. Type of the commutative
group including all reversible vectors of the set (6)
depends on the value of

A=(gy—8)? + 4L gy8s.

If A # 0 is a quadratic residue in GF(p), then the
multiplicative group of the latter subalgebra relates
to the I'j-type groups and has order (p — 1)? [10].
Note that the probability of a vector G selected at
random from the set (6) is equal to ~ 0.5 (i. e., to
the probability that the value A # 0 is a quadratic
residue).

It is assumed that, depending on the required
level of security, FNAAs of different dimensions m
will be used as algebraic support of the developed al-
gorithm. For the case m > 6, the FNAAs are set with
using the next formula for generating the BVMTs
for arbitrary even dimensions [25]:
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ei+jm0dm, if lm0d2=0,
eiej = ei_jmodm, if im0d2=1, Jm0d2=0,
Xei_jmodm, if tmod2 = 1, Jm0d2 = 1,

where i, j € {0, 1, ..., m — 1}. The latter formula
allows to construct BVMTs setting FNAAs with
global two-sided unit of the form E = (1, 0, 0, ..., 0).
Tables 2 and 3 shows the BVMTs for the cases
m = 6 and m = 8. In framework of this article,
we consider the FNAAs set over the ground finite
field GF(p) with odd characteristic p (such that
p = 2q + 1, where p and g are prime numbers).
However, the method by [25] can be also used
for setting the FNAAs over the finite fields of
characteristic two.

The condition for the vector A = (a, a;, ay, a3,
ay, as) to be reversible is the following non-equality

[25]:
i((ao +aqg +a4)2 ~A(ay +ag +a5)2)><
X ((ao —(12)2 +(a0 —a4)2 +(a2 —04)2 —
2
—7\.(0/1 —03)2 —7\.(0/1 —(15)2 —7\.((13 —a5)2) # 0. (7)

Finding a reversible 6-dimensional vector A can
be done by generating at random six of its coordi-
nates and checking the validity of inequality (7).
For the cases m > 8 there are no formulas for the
condition of vector reversibility and the following
method for generation of reversible vectors can be
applied: generate random vectors B until B»>1 = E
or BP-D? = E.

In the proposed signature algorithm, we use the
primes p having the size |p| = 80 and |p| = 128 bits
(the corresponding values of |q| are equal to 79 and
127 bits). We also use two collision-resistant hash
functions, the usual type f() and the vector type
H(). The hash function of the latter type take on
the values in the FNAA used as algebraic support.

B Table 1. Defining non-commutative associative
multiplication of 4-dimensional vectors (A = 0) [10]

° €9 € € €3

e, e, 0 0 e;

e; 0 e; €y 0

€y €y 0 0 req

es 0 e; Aeg 0

B Table 2. Defining non-commutative associative
multiplication of the 6-dimensional vectors (A = 0) [25]

o

€o € €s €3 €y €5
€o €9 € €y €3 €4 €5
e; e, Aeg e; rey e; hegy
€9 €9 €3 €y €5 €o €
e; eq re, e; re, es rey
€4 €y €5 €o € €y €3
es ex ey es reqy e; re,
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B Table 3. Defining the 8-dimensional FNAA (A = 0)

° e | e | e | e3 | e, | e5 | es | e

€y €y €; €y €3 €4 €5 €g €7

e, e | rey | e; | heg | e5 | hey | es | Aey

€9 €9 €3 €y €5 € €7 €9 €

e; || e3 | heq | e | ke, | e; | heg | e5 | ey

€4 €y €5 € €7 €o € €9 €3

ey es | e, | eg | hey, | € | Aey | e; | Aeg

€g €g €7 ) € ) €3 €y €5

e; | e; | heg | e5 | ey | e3 | hey | e; | Aeg

To compute H(M) from a document M, other hash
function of the usual type /() is used to calculate
coordinates of the vector H = (A, hy, ..., h,,_;). The
size of the values of the usual type hash functions
is equal to 2|p|. Calculation of the value of H(M) is
performed as follows:

1. Compute the value hjy = hgy ||, = f(M)
represented as concatenation of two |p|-bit values.

2. Calculate the values hl;y = ki ||k, =
=f'(h;_y) forj =1, ..., (m - 2)/]12(/. Hnll

3. Set values of the coordinates hy; = hf;; and
hgiv1 = hiyg, wherei =0, 1, ..., (m — 2)/2.

Setting the hidden group and formation
of the public key

A commutative group contained in the FNAA
used as algebraic support can serve as a hidden
group in the proposed method and algorithm.
However, we will consider the case of setting the
hidden group with two-dimensional cyclicity, i. e.,
the group containing the minimum generator sys-
tem <@, J> including two vectors of the order p — 1
(in the case m = 4, this is the I';-type group).

Algorithm 1: Setting a hidden group possessing
two-dimensional cyclicity in the case m > 4.

1. Generate a random reversible vector G of or-
derp — 1.

2. If G is a scalar vector, then go to step 1.

3. Generate at random an integer £ (¢ < p — 1)
and a primitive element  in GF(p).

4. Compute the vector J = pG*.

5. Output the pair J and G as a basis <G, J> of
the hidden group I'_g ;..

In the case m = 4 the efficiency of Algorithm 1
can be estimated as follows. Taking into account
that the number of the I';-type groups in the 4-di-

mensional FNAA used as algebraic support is equal
to p(p + 1)/2 [10], one can estimate that the number
of the vectors contained in all groups of the I';-type
is equal to = p%/2. Therefore, a random vector G is a
non-scalar vector and is contained in a group of the
I';-type with probability = 0.5. For the case of prime
p = 2q + 1 (where q is also a prime), one can easily
show that a fixed I'; group contains ~ g2 of vectors
of the order q and ~ 32 of vectors of the order p — 1,
i. e., arandom vector from the fixed I'; group has or-
der p — 1 with the probability ~ 3/4. Thus, a random
vector G passes the steps 1 and 2 with the proba-
bility ~ 3/8 and generation of the required vector G
requires on the average performing steps 1 and 2
about 8/3 times.

Taking into account that step 3 is performed on
the average two times, one can conclude that gen-
eration of a random basis <G, J> of the hidden
group I'_g j. requires on the average performing
Algorithm 1 less than 3 times.

Estimate of the efficiency of Algorithm 1 for the
cases m > 4 requires using the detailed information
about decomposition of the corresponding FNAAs
into commutative subalgebras. Because of the lack
of such information we have experimentally found
the average number y of performing Algorithm 1
for generating the base <G, J> of the hidden group
with two-dimensional cyclicity. For every of the cas-
esm =6,m = 8, and m = 10, we have get v < 5
for different values of structural constant A and of
prime p. Thus, Algorithm 1 has acceptable efficien-
cy, since it is intended to be used only at the stage of
forming the public key.

Algorithm 2: Alternative procedure for setting a
hidden group of the I'; type in the case m = 4.

1. Generate a random reversible vector
G = (gy, &1, 89> 83) such that g, # 0 and g5 # 0 and
compute the value of A = (g, — g,)? + 40g,83.

2.If A = 0 or A is a quadratic non-residue in
GF(p), then go to step 1.

3. Generate two random integers d = 0 and & = 0
and, using formula (6), compute the vector T.

4. If the order of T is not equal to p — 1, then go
to step 3.

5. Generate a random integer £ (0 <k <p - 1)
and a random primitive element B in GF(p).

6. Compute the vector J = pT*.

7. Output the pair J and G = V as a basis <G, J>
of the hidden group I'_q j-.-

The probability that a random vector G defines the
value of A # 0 that is a quadratic residue is equal to
~ 0.5, therefore the steps 1 and 2 are performed on the
average two times. Like in the case of Algorithm 1,
one can easily show the probability that a random
vector T has order p — 1 is equal to ~ 3/4. Therefore
the steps 3 and 4 are performed on the average
~4/3 times. Like in the case of Algorithm 1, step 5 is
performed on the average two times. Thus, genera-
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tion of a random basis <G, J> requires performing
Algorithm 2 approximately two times.

The vectors from the hidden group are used to
calculate two parts of the public key. The elements
of the first part are included in the first verifica-
tion equation, and the elements of the second part
are included in the second verification equation.
The vector hash function and two similar verifi-
cation equations, performed on the same signature
value (e, S), are used to prevent signature-fitting
attacks.

The next procedure for generating the public key
has been developed:

1. Generate at random a hidden group I'_g j-.

2. Generate at random reversible vectors A, B,
F, and P such that AG = GA, AB = BA, AF = FA,
AP = PA, BG = GB, BF = FB, BP = PB, FG = GF,
FP = PF, and PG # GP (for random vectors A, B, F,
and P these ten inequalities holds true with a high
probability).

3. Calculate the public key elements Y;, U;, Y,
and U,:

Y, = AGA'., U, = BJB. Y, = FGF],
and U, = PJPL, ®

4. Generate at random a reversible vector D
and hidden group elements G;, G,, J;, and dJ,
such that DG = GD, DA = AD, DB = BD, DF = FD,
DP = PD.

5. Calculate the public key elements Z,, W;, Z,,
and W,

Z, = AG,B1, W, = BJ,D, Z, = FG,P,
and W, = PJ,D1. 9)

Thus, the secret key (private key) represents the
next set of vectors {G, J, G;, Gy, J;, J5, A, B, F, P, D}
with the total size of 110m (176m) bytes for 80-bit
(128-bit) prime p. The public key represents the set
of vectors {Y;, Z;, U;, W, Y,, Z,, Uy, Wy} with the
total size of 80m (128m) bytes for 80-bit (128-bit)
prime p.

Note all elements of the public key are calculated
as masked elements G, J, G;, Gy, J;, J5 of the hidden
group, besides, elements Y; and Y, (U; and U,) are
calculated from the same hidden group element G
(J) using different masking factors A and F (B and
P). Such connection of the public key elements with
the hidden group underlies the correctness of the
developed signature algorithm.

Signature generation procedure
A digital signature (e, S) to an electronic doc-

ument M is calculated using the next randomized
procedure:
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1. Using the vector hash function H(-) and con-
catenating the public key elements Y; and Y, to the
document M, calculate the hash values H; and H,;:

H, = H(Y,||M) and H, = HM||Y,).  (10)

2. Generate at random a reversible vector V and
two natural numbers 2 (k <p-Dandt (¢t <p-1)
and calculate the vectors R; and R,:

R, = AG*J'G,J,VH; (11)
R, = FG:J'G,J,VH,,. (12)

3. Using a specified 2|p|-bit hash function f, gen-
erate the first signature element e as a hash-func-
tion value calculated from the document M to
which the vectors R; and R, are concatenated:
e = e||ey = f(M||R;||Ry), where the hash-value e is
considered as concatenation of two |p|-bit natural
numbers e; and e,.

4. Calculate the integers s; and s,

s;=k—-e; modp -1, 13)
Sg =t—egmodp — 1. (14)

5. Calculate the vector S as the second signature
element:

S = DGS1J52, (15)

6. Output the pair (e, S) as the signature to the
document M.

Note that the accumulation of many unique values
of the signature element S does not make it possible to
form a system of power vector equations from which
the attacker would be able to calculate the secret
vectors D, G, and J. This is due to the fact that each
unique signature (e, S) defines an equation of the form
(15) with a unique unknown vector V that has a ran-
dom value in the FNAA used as an algebraic support
(see step 2 of the signature generation procedure).

Without taking into account the computational
difficulty of finding the hash values e, H;, and H,,
(which depend on the size of document M), the com-
putational difficulty of the rest of the signature gen-
eration procedure can be approximately evaluated
as four exponentiation operations: i) two exponenti-
ations are performed to calculate both of the vectors
R, and R, [note that in (11) and (12) the same two
exponentiations are performed] and ii) two expo-
nentiations are performed to calculate the vector S.
Four exponentiations in the FNAA used as alge-
braic support take about 6m2|p| multiplications in
GF(p) for m > 6 and 48|p| ~ 6150 multiplications in
GF(p) for m = 4.

The signature size is equal to (m + 2)|p| bits,
for example, to 10(m + 2) bytes for the case of 80-
bit prime p and 16(m + 2) bytes for 128-bit prime p.
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Thus, the proposed signature algorithm has sig-
nificantly lower signature size than many known
post-quantum signature algorithms [15, 20].

Signature verification procedure

To verify a signature (e, S) assigned to the doc-
ument M, one is to use the public key of the signer
{Y, Z,, U, W, Y,, Z,, U,, Wy} and the following
procedure:

1. Using the vector hash function H() and for-
mulas (10), calculate the values H; and H,, from the
document M to which the public key elements Y;
and Y, are attached.

2. Calculate the vectors Rj and R; by the next
two formulas:

R| = Y"'Z,U?W;SH;; (16)
R} = Y5 Zo U2 WySH. 17

3. Calculate the hash-value e’ from the docu-
ment to which the vectors R} and Rj, are attached:
e’ = fiM||R;|[Ry).

4. If e’ = e, then the signature is genuine, else the
signature is false.

The computational difficulty of the signature
verification procedure is approximately equal to
that of the signature generation algorithm.

Correctness of the signature scheme is proven as
follows.

Signature scheme correctness proof.
Compute the vectors R} and Rj:

R} = Y;'Z;U>W;SH, =
= AG2A'AG,B'BJ“2B1BJ;D ISH, =
= AG“G,J%2J,D'DG"1 J2VH, =
= AGAGJ%2J,GF e vH, =
- AG*J!G,J,VH, = R;;
R} = Y;'ZyUs? WySH, =
= FGYF 'FG,P 'PJ2P1PJ,D ISH, =
— FG%G4J%2J,D DG J2VH, =
— FG*GoJ%2J,GF 3" VH,, =
= FG*J'G,J,VH, = R,,.
Then compute the hash value e’ = f(M||R}||R5):
{R{ =Ry; R =Ry} =

f(M[R}[Rz) = £ (MR [Ry ) =

= e =e.

The latter equality determines validity of the
verified signature.

Forging-signature attacks

Let’s consider two attacks related to the for-
mation of a genuine signature without knowing
the secret key. In the first attack the forger selects
arbitrary values of S and of e; and e, and, using
the signature verification equations (16) and (17)
computes the vectors Rj and R}, (note the attacker
can also fix the values of e; and e, and modify only
the value of S). Then he computes the hash value
e’ = e}|ley = fIM||R;||R,) until e] = e; and e, = e,.
Probability that both of the latter two equalities
hold true is equal to ~ p~2, therefore, the computa-
tional dlfflculty of such attack can be estimated as
O(p2) or as 0(22'p!) multiplications in FNAA used as
algebraic support. For the cases of 80-bit and 128-
bit prime numbers p such attack is computationally
infeasible.

One can propose some versions of the first at-
tack, in which the vectors R and R} are selected
at random. Then the value ¢’ = f(M||R}||R;) and
signatures S; and S, are computed from (16) and
(17), correspondingly, until the equality S; =S, = S
holds true. The latter equality take place with prob-
ability ~ p~™, causing the computational difficulty of
the attack equal to O(p™), where m > 4.

In the second attack the forger uses some known
genuine signature (e, S) assigned to the docu-
ment M (thus, he can compute H; = H(Y,||M) and
H, = HWM||Y,) and attempts to calculate a valid
signature (e”, S”) assigned to the document M".
He calculates the vectors H; = H(Y;||M") and

= H(M"||Yy). Then, using the formulas (16) and
(17) and value of e = e, ||e, he calculates the vectors
R; and R;, and the value e” = e{'||ey = f(M, R;||R)).
At the next step of the attack the forger tries to com-
pute the vector S” satisfying the both verification
equations. From (16) he has

R = Y'Z, U2 W,;SH, = YZ, U2 W;S"H]. (18)

The equality (18) gives
S” =DGa 1y D ISH, HY L 19)
In a similar way from (17) the forger gets
§"=DGa 4 e e ISH, Hy L. (20)
The second attack is successful, if the values of
S” calculated from (19) and (20) are equal, i. e., if

the following equality is true:

Hy 'Hj = Hy'H;.
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The latter takes place with a probability p=* and
determines the computational complexity of the at-
tack equals to p™, when a limited number (for exam-
ple, less than 240) of valid signatures are available
for the attacker, or to p™/2, when an extremely large
number (= p™/2) of valid signatures is available for the
attacker (consider, for example, a model of the oracle
that signs documents generated by the attacker). In
the latter case, the attacker selects p”/2 different doc-
uments M"@ (¢ = 1, 2, ..., p2) and computes for every
document M"® the value of (Hy@)-TH;@. He also
computes the values of (HU)) H )(] = 1 2, ..., p™2)
connected with the correspondlng documents MU)
signed with the signatures ('), SV)),

In correspondence with the birthday paradox,
with probability equal to ~ 0.5 the first set con-
tains a value (Hy®)-TH;® such that (H;®)-1H;® =
= (Hg))—lH(lt) for some natural number ¢ < p™/2. The
attacker orders all values from the first and sec-
ond sets (performing ~ m|p|p™2/2 operations of
comparison) and finds the values (H,®)-1H;® and
(H(’f)) 1H(t) Then, using formula (19) or (20) and the
s1gnature S®, he calculates the valid signature S"®
to the document M"® connected with the product
(Hy®)-TH;®. Calculation of the said two sets takes
4p™/2 operations of computing the vector hash func-
tion and 2p™/2 multiplications in the FNAA used as
algebraic support. Computational complexity of the
birthday-paradox-based attack can be roughly esti-
mated as O(p™/2).

Thus, the second forging attack is also imprac-
tical for the cases of 80-bit and 128-bit prime num-
bers p.

Attacks connected with calculation
of the private key

The formulas (8) and (9) define connection be-
tween elements of the private and public keys.
Namely, from (8) and (9) we have the following sys-
tem of eight quadratic vector equations with eleven
unknown vectors G, J, G;, Gy, J;, J,, A, B, F, P,
and D:

YA =AG; Z;B=AGq;
U;B=BJ; W;D=BJ;; 1)
YoF =FG; ZyP =FGy;
UsP =PJ; W;D=PJ,.

In this system, the vectors G, J, G;, G,, J;, and
dJ, are elements of the hidden commutative group.
This fact is to be taken into account when repre-
senting the system (21) in the form of scalar equa-
tions in GF(p). Such a reduction of the system (21) is
performed using the BVMT setting the FNAA used
as algebraic support.

N\
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Consider the case of 4-dimensional FNAA for
which detailed decomposition into the set of commu-
tative subalgebras is known [10]. One can consider
the coordinates of one vector (for example, G) from
the hidden group as four scalar unknowns and then
represent the coordinates of every of the other un-
known vectors from the hidden group (for example,
d, G, Gy, J,, and J,) as four scalar values depending
on two unique scalar values d and % in accordance
with the formula (6). Such representation leads to
transformation of quadratic equations into cubic
ones, however, this does not increase the computa-
tional difficulty of solving the system of power equa-
tions, since the best known methods (based on the
F4 [26] and F5 [27] algorithms) for finding a solu-
tion of such system have about the same efficiency
for quadratic and cubic equations

The system (21) reduces to the system of 8m power
equations (quadratic and cubic). In the case m = 4 we
have the system of 32 equations with 34 unknowns in
GF(p). For the FNAAs of the dimensions m > 6 their
decomposition into commutative subalgebras has not
yet been investigated in detail, however, we have get
preliminary results for the cases m = 6 and m = §,
which show these FNAAs contain commutative sub-
algebras every one of which can be described as a
vector subspace (that is set by coordinates of a vector
contained in the subalgebra) of the dimension m/2.

The latter means that, like in the case m = 4,
in the cases m = 6 and m = 8 the system (21) re-
duces to the system of W = 8m scalar equations
with n = 6m + 5m/2 scalar unknowns. Since the
number of unknowns is larger than the number of
equations, one can suppose the considered system
of scalar power equations has many solutions. The
latter fact is easily confirmed by considering system
(21) at the level of the FNAA. Indeed, let system (21)
has a solution G, J,, G, Gog, 19, J20, Ags By, Fs
Py, and D,,. Then for every reversible vector X (the
number of reversible vectors is approximately equal
to p™) one has the following unique solution

Gx = XIGX; Jx = X 1J X;
Jix = X, X; Jox = X1y X
Fyx = F X; Px = P)X; Dgx = D X.

At the level of a system of scalar equations, the
presence of ~ p™ solutions means the presence of de-
pendent scalar equations. Namely, we can assume
that the number (u) of independent scalar equations

is equal to the number of unknowns minus m. Thus,
we have y =n—-m = 6m + bm/2 -m,i. e.

u=6m + 3m/2. (22)
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Like in the case of multivariate public-key al-
gorithms, the attack based on solving a system of
many power equations with many unknowns can
be called direct attack. Computational difficulty of
solving such systems depends mainly on the number
of equations (1) and number of unknowns (n). In our
case we have u < n, therefore, to evaluate security W
of the introduced signature scheme to the direct at-
tack, one can take the number of equations p equal
to the number of the unknowns (for example, the
values of n — p unknowns are predetermined) and
use the minimum number of equations p ; to get a
given level of security, which has been calculated in
[28], taking into account the best known algorithms
for solving a system of power equations in the field
GF(n).The results of [28] are presented in Table 4.
For the developed algorithm we have system of pow-
er equations in GF(p), where p >> 28, therefore, for
a rough estimate of the required dimension of the
used FNAAs one can take the values of p ;, from
Table 4, which relate to the case n = 28.

Taking into account formula (22), for the case
m =4,m = 6,and m = 10 one gets p = 30, p = 45,
and p = 75, correspondingly. Thus, for the said di-
mensions we have 80-bit, 128-bit, and 192-bit secu-
rity of the introduced algorithm against the direct
attack. To provide 256-bit security the introduced
signature algorithms should be implemented on the
FNAA of the dimension m > 14.

In the developed signature algorithm the signa-
ture element S is computed by formula (15), where
the vector V is selected at random from the mul-
tiplicative group of the FNAA used as algebraic
support. One can represent (15) in the form V =
= D-1G51J7528. The value of V is unique for every
valid signature (e, S), therefore, arbitrary fixed tri-
ple of values of the private-key elements D, G, and J
can be connected with every known valid signature.
This means that no information about the values of
D, G, and J can be obtained from a large set of valid
signatures, until two different signatures are cal-
culated using the same value of V. However, proba-
bility of the latter event is negligibly small (< p~2, if
the number of available signatures is equal or less
p™2-1), In addition, it is not obvious how to establish

7

B Table 4. The value of p; providing a given level of

security against the direct attack [28]

signatures connected with the same value of V. This
is due to the fact that the value of S depends not
only on V, but also on the values of s; and s, that
change from one signature to another.

The fundamental role of using a random value
of V is easily seen when compared with the case of
calculating the signature element S by the formu-
la S = B-1G"J"C-1 in [13], where natural numbers
n and r are unique for every signature. The vector
G"J" is contained in the hidden group. For the case
of using the 4-dimentional FNAA used as algebraic
support, the unknown coordinates of the vector G’
= (80, 81> 85, 83) = G"J", where n' and r' relates to
some given valid signature (e’, S'), can be used to de-
scribe the vector G*J” with two unknown scalar val-
ues d and %k [see formula (6)]. Suppose we have five
different valid signatures (e', S'), (e;, Sy), (ey, Sy),
(e3, Sgy), and (ey, S,). Then the next system of five
vector equations can be written:

BS'C=G’;
BS;C=G™"J"1;

BS,C=G"J2;
BS3C =G™J'3;

BS,C=G"J's.

This system of the vector equations can be re-
duced to the system of 20 scalar power (quadrat-
ic and cubic) equations with 20 scalar unknowns
(coordinates of the unknown vectors B, C, and G’
and four pairs of unknows (d;, k,), (dy, ky), (s, k3),
and (d4, k,)). Solving the latter system one gets the
values of the private-key elements. Taking into ac-
count the required minimum number of equations
(see Table 4) one can recommend to implement
algorithm from [13] on FNAAs of the dimensions
m = 10, m = 16, and m > 20 for the cases of 2128,
2192 and 2256 security levels, correspondingly.

Discussion and conclusion

The article proposes a new method for developing
signature algorithms with a hidden group, which
are based on computational difficulty of solving
large systems of quadratic multivariate equations,
and introduces a new post-quantum signature algo-
rithm. In the latter, the fitting parameter S of the
signature (e, S) is calculated by the formula (15) in
which a random vector V is used as a multiplier. Due
to the presence of a random multiplier, the accumu-
lation of a large number of different signatures can-
not be used to obtain additional equations, which
made it possible to reduce the computational com-
plexity of calculating the elements of the secret key,
when using the known elements of the public key

log,W Fmin 24
n =24 n =28

80 30 26

100 39 33

128 51 43

192 80 110

256 68 93
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and formulas (8) and (9). Thus, the proposed method
for developing algebraic signature algorithms with
a hidden group eliminates the disadvantage (men-
tioned in the Introduction) of the algebraic algo-
rithms [13, 14] that use a verification equation with
multiple occurrences of the signature element S.

The introduced method and the post-quantum
signature algorithm represent an attractive alter-
native for using it as a prototype of a post-quantum
signature standard, due to comparatively small siz-
es of signature, public and private keys.

Table 5 presents a rough comparison of the in-
troduced algorithm with the multivariate signature
algorithms selected as finalists of the NIST world
competition on the development of the post-quan-
tum public-key algorithms [20, 21].

In the proposed signature scheme we have spec-
ified using the FNAAs set over the ground finite
field GF(p) with characteristic p = 2¢ + 1, where
q is a prime. However, one can use the primes p of
an arbitrary form (for example, p = 280 + ¢; and
p = 2128 + ¢, where ¢, and ¢, are some specified
natural numbers having a small size), since the lat-
ter does not influence the security level.

From a practical point of view, it seems very in-
teresting to implement the proposed algorithm on
FNAAs defined over finite fields of characteristic
two, for example, over GF(280) and GF(2!28). This
will reduce the hardware implementation cost and
improve performance.

The performed evaluation of the security of the
proposed algorithm is rather preliminary. A more
detailed analysis of the features of the emerging
system of power equations is required, which could
potentially lead to finding special solution meth-
ods and to refinement of the security evaluation. It

\ 3ALLUTA MHOOPMALUU N\

B Table 5. Comparison with two finalists of the NIST
competition

Signature | Signature size, Key size, bytes W
algorithm bytes Public Private
128
3 versions 66 158 000 101000 | 2
of Rainbow 164 861 000 611 000 | 2192
[20] 204 1885000 | 1375 000 | 2256
3 . 29 358 000 16 2128
versions
of GeMSS 47 1294 000 24 2192
(21] 64 3223000 | 32 | 2256
Proposed
m=28 100 640 880 2128
|p| = 80
Proposed
m =10 192 1280 1760 2192
|p| = 128
Proposed
m=14 256 1792 2464 2256
|p| = 128

should also be noted that in the framework of future
research, attention should be also paid to studying
the detailed decomposition of the FNAAs into a set
of commutative subalgebras for the cases of dimen-
sion m > 6.
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IlocTkBaHTOBBIE ATOPUTMEI NH(PPOBOMH MOJIMKUCH CO CKPHITOH IPYIIION U YIBOCHHBIM IIPOBEPOYHHIM YPABHEHHEM
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BBenenue: ofHOH 13 TEKYIIUX aKTyalbHbIX IIP00IeM KpHUITOrpaduu ABIgeTCa paspaboTka MOCTKBAHTOBBIX alITOPHTMOB SJIEKTPOHHON
nr(POBOY MOJIKMCH CO CPABHUTENHLHO MAIBIMHE PasMepaMy OTKPHITOro Kiioda ¥ mopnucu. Ileas: paspaGoraTs HOBBIU CIIOCOG ITOCTPOEHHS
[IOCTKBAHTOBBIX alIrebpandecKiux aJrOpPUTMOB IU(MPOBOM IIOAIKCH CO CKPHITOM IPYIIOM, OCHOBAHHBIX HA BBHIYHUCIUTEIBLHON CI0KHOCTH pe-
mieHus GOJBIINX CHCTEM KBAAPATHBIX yPAaBHEHHH ¢ MHOTHMMH HEHM3BECTHBIMH, 00€CIIeYNBAIOLIHI yMEHbIIEHHEe Pa3MEePOB OTKPHITOTO KIII0Ya
¥ TIOJIIFCH 10 CPABHEHUIO C U3BECTHHIMY aHamoramu. PesyabTarsl: IpenokeH HOBBIH CII0CO0 ITOCTPOSHHS AJITOPUTMOB LH(PPOBOIM OJIHCH
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¢ moanucko Buja (e, S), rqe e — HATypaabHOE YHCIO (IapaMeTp paHAOMU3ANUU) U S — BEKTOp (IIOATOHOYHBIN Iapamerp), MO3BOJISIOUN
YMEHBIIUTh Pa3sMEPHOCTh KOHEYHBIX HEKOMMYTATHBHBIX ACCOLMATHBHBIX aIre0p, WCIIOAb3yeMbIX B KAYecTBe alrebpandecKoro HOCHUTEJIS.
Croco6 oTiiMuaeTcs MCIoNIb30BAaHUEM IIPHeMa yABOEHHsI IIPOBEPOYHOTO YPABHEHHS Ui (PUKCHUPOBAHUSA CKPBITOM IPYIIIBI, B KOTOPOM (op-
MHPOBaHME BEKTOPA S BBIMOJHAETCI B 3aBUCUMOCTH OT CIIyYAMHOTO 0OPATMMOTO BEKTOPA W TEM CaMbIM YCTPAHSETCS BIMSHUE YHCIA IIOJ-
MMCAHHBIX JOKYMEHTOB HA CTOMKOCTD B M3BECTHBIX ajiropuTMax-aHamorax. Crocob ampobupoBas paspadoTKON KOHKPETHOTO IIOCTKBAHTOBOTO
aaropuT™Ma IU(QPOBOM MOAIKCH, HUCIIOIb3YIOIIEr0 aAre0phl PasiIMYHbIX PAa3MEPHOCTEH B 3aBHCHMOCTH OT TPeOyeMOro YPOBHS CTOMKOCTH.
Brimonsena npegsapuTenbHas OLIEHKA 0€30IMaCHOCTH HpeiokeHHoro anropurMa. Ilpakruyeckas 3HAYUMOCTD: 61arofaps CPABHUTEIHHO
HeOOBIINM pasMepaM IIOAIICH U OTKPHITOTO KII04Ya PACCMOTPEHHBIH AJTOPUTM IOANKCH IIPEJCTABIAET 3HAYUTENbHBIA IPAKTUIECKII HH-
Tepec KAk IMPOTOTHUII TOCTKBAHTOBOTO CTAHAAPTA ITOATIKCH.

KiroueBslie ¢10Ba — MMOCTKBAHTOBBIE KPUIITOCXEMBI, KOMIIBIOTEPHAS 0€30IIaCHOCTD, DIIEKTPOHHAS A(PPOBAs MOAIUCH, KPUIITOTPapUs,
3a/1a4a AUCKPETHOrO Jorapu(pMUpOBaHus, KOHEYHbIe HEKOMMYTATHBHbIE aIre6phl, aCCOUaTUBHBIE aare6phbl, KOMMYTATUBHBIE IPYIIIIbL.

Jua quruposanua: Moldovyan A. A., Moldovyan N. A. Post-quantum signature algorithms with a hidden group and doubled verification
equation. Hugpopmayuorno-ynpasasowue cucmemst, 2023, Ne 3, c. 59-69. doi:10.31799/1684-8853-2023-3-59-69, EDN: GXPTKZ
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ITerepGyprekoro rocyapcTBeHHO- CKOTO TOCYJapCTBEHHOTO YHHBEP-

CemeHOBHY

IO YHHBEPCHUTETA a9POKOCMUYECKO-
r0 IPHGOPOCTPOEHHS.

B 1982 romy oxomuun Jlenun-
IPajCKUi  3JTEeKTPOTEeXHUYECKUH
uscTutyT uM. B. U. Ynpaunosa (Jle-
HHMHA) II0 CIIEI[AAIbHOCTH «ABTO-
MaTHKA U TelleMeXaHHuKa».

B 2008 romy sammrun mmccepra-
M0 Ha COMCKaHUe yIeHOH crere-
HU JOKTOPA TEXHAYECKUX HAYK.
fBnsercs asropom Gomee 100 Ha-
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O6nacts HAy4YHBIX MHTEPECOB —
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POCTPOEHHUS.
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KOCMOHABTHKA, MOJIEIMPOBAHHUE
29POKOCMHMYECKAX CHCTEM YIIPaB-
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Acnupant, accucreHT kadeaps
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HBIX M IPOTPAMMHBIX CHCTEM
Canxkr-IlerepGyprckoro rocyaap-
CTBEHHOIO YHHBEDPCHTETA aspo-
KOCMHYECKOT0 IPHOOPOCTPOCHHUS.
B 2021 roay oxonumn CaHKT-
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yeckuit pakynprer Cankr-Ilerep-
6yprcKOro rocyAapCcTBEeHHOrO yHU-
BepCUTEeTA 10 CIENUATBHOCTH
«JlunrBUCTHRAY.
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HHCTHTYTa HHQOPMATHKA U aBTO-
varusanuu PAH, 3aciysmxeHHBIIT
usobperarens PO,

B 1975 rony oxomumn Kumuzes-
CKUY MOJTUTEXHUYECKUH UHCTUTYT
o creguanbHoct «[lomymnposox-
HHUKOBbIE IIPAOOPEI».

B 2001 roxy samurum amccepra-
IWI0 HA COMCKAHWE YYEHOH CTere-
HH JIOKTOPA TEXHUYECKUX HAYK.
fAsnsiercs aBropom Gosee 250 Ha-
yuHbIX Imybiaukanuii u 60 maren-
TOB Ha H300pETEeHus.

O6nacTe HAyYHBIX HHTEPECOB —
uH(pOpPMANUOHHAS (e30MaCHOCTb,
Kpunrorpadus, DIIEKTPOHHAL
nudpoBas MOANHCH, OJIOYHBIE

mugpsI.
9. agpec: nmold@mail.ru

MOTBIKO
Anexcauap
AnexkcaHapoBHY

IloneHT Kadeaphbl TeIeBUICHHUS U
supeorexuuku Caukr-IlerepGypr-
CKOT'0 TOCYAAPCTBEHHOTO 3IEKTPO-

TEXHUIECKOTO YHHBEPCUTETA
«JI9TW».

B 2008 romy oxomumn Canikrt-
IlerepGyprekuii  rocysapcTBeH-

HBIH YHHBEPCHUTET a3pPOKOCMHYe-
CKOr0 IPH60POCTPOEHHUS II0 CIIeLH-
aIbHOCTH «AynuoBusyanbHas
TEXHHUKA».

B 2012 roxy samwurtun gmccepra-
I[[MI0 HA COMCKAHWE yIeHOH CTele-
HH KaH/WIATA TeXHUYECKHUX HAyK.
fBnaerca aBropom 80 HaydHBIX
my0OnuKanui.

OfnacTb HAyYHBIX HHTEPECOB —
upposas ob6paboTka uzobpaxe-
HUi, MAIIXHHOE 00ydYeHHe, KOJo-
PUMeTpUd, BUCOAHATUTHKA.

911 aapec: aamotyko@etu.ru

OBYXOBA
Haramxusa
AnexcaHapoBHA

Houent, nexan pakynpreTa paguo-
TeXHUKHU U TeHeKOMMyHHKaHHﬁ,
3aBefyomas Kaenpoi Tenesuie-
HHA H® BujeoTexHukH CaHKT-
ITerepGyprcroro rocymapCcTBeHHO-
T0 3JIEKTPOTEXHUYECKOTO YHUBEP-
curera «JIOTH».

B 1991 ronmy oxomumna Jlemun-
IPAJCKUi  3JEKTPOTEXHUYECKUH
uHCcTUTYT UM. B. Y. Ynpanosa (Jle-
HHHA) 110 crenuanbHocTH «CHere-
MBI aBTOMATH3UPOBAHHOTO [IPOEK-
THPOBAHU».

B 2009 roxy sammruia guccepra-
LU0 HA COUCKAHWE yYEeHOH CTere-
HU JJOKTOpA TEXHAYECKUX HAYK.
fBaserca asropom 130 HaywyHBIX
ny6auKanuii.

O6nacTe HAyYHBIX HHTEPECOB —
nudposas obpaboTka usobpaxe-
HHH, MAIIUHHOE 00yYeHwe, KOJo-
pUMeTpHs, BUIC0aHATUTHKA.

9. axgpec: naobukhova@etu.ru

OJIEHEB
BaaenTun
JleornmoBuua

Iupexrop MHCTHTYTA BRICOKOIIPO-
HU3BOTUTE/IbHBIX KOMIIBIOTEPHBIX
cereBbIx TexHomorui  CaHKT-
ITerep6yprekoro rocynapcTBeHHO-
r0 YHHBEpPCHTETA a3pPOKOCMHYE-
CKOT0 IPHOOPOCTPOEHHS.

B 2007 romy oxomumn CaHikrt-
Ilerepbyprekuit  rocymapcTBeH-
HBIH YHHBEPCHUTET a3pPOKOCMHYe-
CKOT0 IPH6OPOCTPOEHHU 10 CIIEIIH-
anpHocTH «MH(pOpMATHKA U BBI-
YHCIUTENbHAA TEXHAKAY.

B 2012 roxy samwurtun gmccepra-
I[[MI0 HA COMCKAHME yIeHOH CTele-
HU KaH[UJaTa TEXHUYECKUX HayK.
fAsnsiercst aBropom Gosee 100 Ha-
YUHBIX IyOIUKAIUH ¥ TPEX IaTeH-
TOB Ha H300peTeHN.

O6nacTh HAyYHBIX HHTEPECOB —
BCTPOEHHBIE CHCTEMBI, OOPTOBbBIE
KOCMHUYECKHue n aBHUAIlUOHHBIE
CeTH H IP.

1. ajgpec:
Valentin.Olenev@guap.ru
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y4 CBEJIEHUS OB ABTOPAX 4

CEPT'EEB IIpocpeccop, 3aBenymomuii Kades-

Muxanjia POH BBIYHCIUTENBHBIX CHCTEM MU

Bopucosuu

cereit Cankr-IlerepOyprexoro ro-
CYNAPCTBEHHOTO  yYHUBEPCHTETA
a3POKOCMHUIECKOr0 IprGopocTpoe-
HHSl, TIOYETHBIH PAOOTHHUK BBICIIE-
ro IpodecCHOHANBHOT0 06pa3oBa-
uud PO.

B 1980 rony oxomuwmn Jlenunrpan-
CKHUM 3JEeKTPOTEXHUYECKUH HHCTH-
tyT um. B. W. Ynpanosa (Jlennna)
10 CHEHATBLHOCTH «IeKTPOHHBIE
BBIYHC/IUTEIbHbIE MAIIUHED.

B 2001 romy sammrmn puccepra-
MO0 HA COUCKAHYE YYeHOH CTelleH!
IOKTOpA TEXHUYIECKUX HAYK.
fABnserca asropom Gonee 100 Ha-
y4HBIX Inybnuxanui u 14 maren-
TOB Ha U300pETEHHU .

O6nacTe Hay4HBIX HHTEPECOB —
TeOpHA PaspASHBIX BBIYUCIEHUH,
METOABl MPOEKTHPOBAHUA CIEL-
IIPOLIECCOPOB [T CHCTEM KOHTPO-
JISL ¥ yIIPABIIEHHUA U JIP.

911, agpec: mbse@mail.ru

NAMATKA AN ABTOPOB

ITocmynarowue 8 pedarxyuio cmambl nPOxodsam 06a3amenbHoe PEYEeH3UPOSAHUE.

IIpu HaMUMK TIONOKMTENBHOM PEIIEH3MH CTAThS PACCMATPHUBAETCI PEJAKITMOHHON KOJIJIETHEH.
IIpunsaTas B meyars CcTaThs HAMPABIIETCA ABTOPY [AJIS COTJIACOBAHUA PEJAKTOPCKHUX MpaBok. Ilocre
COTJIACOBAHMS ABTOP IMPECTABJIAET B PETAKIIHIO OKOHYATEIbHbIM BAPUAHT TEKCTA CTATHH.

IIpomemypsl coriacoBaHusA TEKCTA CTATHH MOTYT OCYIIECTBJIATHCI KAK HEIOCPEICTBEHHO B pe-
IakKuu, Tak u 1mo e-mail (ius.spb@gmail.com).

IIpu oTKIOHEHWHU CTATBbU PENAKIIHS IPEACTABIAET aBTOPY MOTHBUPOBAHHOE 3aK/IIOUEHHE U pe-
[eH3UI0, IPH HEe0OXOIMMOCTH 10paboTaTh CTAThI0 — PEIleH3HIO.

Peaalcuuﬂ HCYPHAIA HANOMUHAENn, 1no omaeemcmneeHHoCnb
3a aocmoeepnocmb U MO1YHOCMb PEK/AAMHBIX Mamepuas108 Hecym pei-mamoaameﬂu.
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