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Kak runortese A,qamapa NMOMOYDb CTaTb TEOpEMOﬁ. Yactb 1
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BBegeHue: runotesa Agamapa o cyLjecTBOBaHUM crieucbuyecknx KBagpaTHbIX MaTpuLy cchopmympoBaHa He Agamapom,
a MaTemaTuKaMu Hayana npoLusoro Beka. B cepesuHe Beka npobnema nofsepriacb peBusun B pabotax Paiizepa ¢ Bpykom u
YoBniom, a Takxe 04HUM U3 OCHOBaTeslel AUCKPETHON MaTemaTuku XonnoM. OHa OTHOCUTCA K 3a[advyaM MorpaHNyHoro cMme-
LUAHHOIO TUNa, B HEW NPUCYTCTBYET U KOHTUHYaNlbHasi, M AMCKPETHas cocTaBisitolme. KoMOUHaTOPHbIN NoAX04, UCMIONb3YeMbIi
B pamKax rocsiegHel, 3a cTonetne ucyepnasn cebsi, B cTaTbe pacCCMOTPeHa asbTepHaTMBa, onuparolasicsl Ha 0be obpasyroLme.
Lienb: paccMoTpeTb Npuy4nHBI, 0 KOTOPbIM rMNoTesa o CyLlecTBOBaHUM Bcex MaTpuy Afamapa Ha nopsgkax n = 4t cuntaerca
He[oKa3aHHOW, Y NPeasIoXNTb BO3MOXHbIE BapuaHTbl ee goKa3aTenbcTsa. MeTogbl: nepexos noHmxeHneM rnopsigka n = 4t — 2
K ABYXypOBHEBbIM KBa3MOPTOroHaslbHbIM MaTpuLam ¢ afieMeHTamu 1 u —b, BONpoc cyLLecTBOBaHNSA KOTOPbIX Ha BCEX yKa3aH-
HbIX NopsiAKax He BbI3bIBAET 3aTPYAHEHWUN B CUITy BOSMOXHOW MPPALMUOHAIbHOCTY UX 97IEMEHTOB, C MOC/Ie[YHOLMM MOCTPOEHM -
eM Ljeroyku npeobpa3oBaHuii K MaTpulam nopsakoB N = 4t — 1,n = 4t,n = 4t + 1. Pe3ynbTaTbl: JOKa3aHO B3aUMHO-0HO3HaY-
Hoe coOTBeTCTBME Touek [aycca Ha cchepounae X2 + 2y? + z2 = n ¢ cumMeTpuyHbIMU MaTpuamn Agamapa (MOCTPOEHHbIMM Ha
ocHoBe MaccuBoB banoHnHa — Cebeppy), 3aKpbiBaloLLlee U3BECTHbIE B TEOPUM MacCUMBOB BunbsiMcoHa npobesibl Hepa3peLum-
Mbix nopsgkos 140, 112 u 1. n. HangeHbl M cucTeMaTnanpoBaHbl TabnnLbl PELLEHNH, BKIHOYAKOLLME TaK HAa3blBAEMbIE «JlyYqLLne»
Tpex6noyHbie MaTpuubl L(p, q), p = q — KOMYecTBO HECOMPSXEHHbIX CUMMETPUYHbIX MaTPULj PaCCMaTPUBAEMOro MopsAaKa,
q — KO/IM4ecTBO BI04YHO-CUMMETPUYHbIX MaTPUL], COBNa[aroLLMX C peLleHnsMu BunbsimcoHa. [peanoxeH nTepaLuoHHbIN Me-
104 pOKPYCTa, MOHMXAIOLLMI HOPMY MaKCUMaslbHOro 3ieMeHTa MaTpuLbl, 4J19 N0Jly4YeHns MaTpuy Agamapa nouckKoM sioKasb-
HOro 1 rnobasabHOro yC/IOBHbIX 9KCTPEMYMOB AeTepMuHaHTa. lpakTuyeckas 3HaYMMOCTb: M0JlyYeHHble MaTpuLbl Afjamapa
M KBa3nOPTOroHasibHble MaTpuLbl NOpaAKoB N = 4t — 2, n =4t — 1, n = 4t + 1 uMeroT HenocpeCTBEHHOE NpaKkTU4ecKoe 3Hayve-
Hue A1 3afa4 MOMeX0yCTONYMBOro KOAUPOBAHUS, CXXaTUS M MaCKUPOBaHWUS BULEOMHOPMAaLMN.

KnioyeBble cnoBa — opTOroHasibHble MaTpULbl, MaTPULbl Agamapa, rurnotesa Agamapa, UMKIn4yeckne MaTpuLbl, Heraum-
KJMyeckue Matpulbl, BULMKINYECKME MaTPULbl, MaccuB BunbsiMcoHa, Mmaccus banoHuHa — Cebeppu, anroputm lpokpycTa.
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BBemenue

Marpunsl Agamapa — KBajapaTHble MaTpuilbl H
mopAanka n ¢ saemenTaMu —1 u 1 Takume, UTO BBITIOJ-
HseTcs

H'H = nl, @

roe I = diag(1,1,1...1) — equHMYHAST MaTpUILA.

IToMmuMoO TpUBUAJTBHBIX PasMepoB 1 u 2 MaTPUILbI
Apamvapa uITyT Ha TIOpAAKAaX, AeJauMbIX Ha 4 [1-3].
ComepsxaHMe TaK HasbIBaeMOIl rumoTe3bl Amamapa
COCTOUT B TOM, UTO TaKMe MaTPUIILI €CTh Ha Bcex 4,
rIe ¢t — HaTypaJbHoe unciio. [Tonpobdyem paszo6paTh-
cs, IIOUeMy BO3HUKJIO COMHEHNE B CYIIIeCTBOBAHUU
MaTpuIl AgamMmapa, 1 paACCMOTPUM BO3MOJKHBIE ITYTH,
KaK 3TO COMHEHUeE ITPEOI0JIeTh.

Marpurist Buza (1) TprHATO Ha3HIBATH KBA3UOPTO-
TOHAJILHBIMU [4], ©Mes B BUIY, UTO HOPMUPOBAHUEM
H=H/ Jn ux HETPY/IHO CBECTH K CTPOT'0 OPTOr'0HAJIb-
mpiM Marpunam HTH =1. Fx sieMeHTaMH B TaKOM
cayuae OyaAyT U WMppalMoHAJbHBIE umncaa. IlosTomy
parMoHAJBLHBIMU MAaTPUIBl AmamMapa MOYKHO CUU-

TaTh BeChbMa YCJOBHO B CHJIy TOKJECTBa 3HAUEHUN
UX BJIEMEHTOB, TTO3BOJIAIOIIET0 YIPOCTUTH MAaTPHUILY.
B o01iem ciryuae opTOrOHAJIbHBIE MATPUILBI MMEIOT
HECKOJIbKO 3HAUEHU 3JIEMEHTOB, HA3bIBAEMBIX YPOB-
HAMU [5, 6]. TpexypoBHEBBIMU, HATIPUMED, ABJIAIOT-
ca KoHbepeH-MaTpuiibl (C-MmaTpuilbl) niu ux 0600-
IeHuA B (DOpMe B3BEIIeHHBIX MaTpuiL [2, 5].

Marpunsr Axzamapa MOTYT ObITH Pa3HBIMU IIO
KOHCTPYKIIMH, B TOM UHCJE CHUMMETPUUHBLIMU.
Buabsamcon [7], Beibupas ¢opmMy O0JI0YHOTO MacCU-
Ba, B34AJ €70 KOCOCUMMETPUYHBIM (3/1eCh U Jajiee —
C TOYHOCTBIO IO IUATOHAJIN), HO C CHMMETPUYHBIMU
0JIOKaMH1, COBMECTHB B OJHOUM MAaTpuIle ABa Kaue-
crBa. IloToM ¢ MHTEPBAJIOM IIPUMEPHO B IECATH JIET
BBIXOAAT NBe paboTh! [8, 9] mmoHEepOB KOMIIBIOTED-
HBIX IIOMCKOB MaTpui Azamapa AJA II€PBOTO pac-
KPBITOT'O IIPU IIOMOIIM BBIYMCJIUTEIHHON MAIITUHBI
nopanka 92 (puc. 1).

ITonbITKY CHOPMYIUPOBATH YCJIOBUA CYII[ECTBO-
BaHUA MaTpuIil Azamapa Ha Bcex IMOPAAKax, Kpar-
HBIX 4, IpeAIPUHUMAJINCh IO 3TUX paboT B cepe-
IUHE IIPOIINJIOro BeKa ycuaumaMmMu Bpyka, Paiizepa
u Youawr [10, 11], chopMyIUPOBABIINX TEOPEMY,
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B Puc. 1.Tomom6, Baymept u X0J1J1 ¢ MIOPTPETOM MaTpPHU-
1Bl MOpsAaAKa 92

B Fig. 1. Golomb, Baumert and Hall with matrix por-
trait for order 92

KOMMeEHTUpPyeMyto B MoHOorpadum [12] Maprmiaaiaom
Xomnom (coaBTopoMm [8]).

B pa6ore [9] nepBasa Ojounass maTpuiia 6epercsa
KOCOCUMMETPUYHOM, a OCTAJIbHBIE PA3BOPAUNBAIOTCA
TakK, YTOObI UX CUMMETPUA (U OTCYTCTBUE ee) He Me-
a1 MATPUIlE B IIeJIOM OBITh KOCOCUMMETPUYIHOM.
Jro nopoxuio rumnoresy Cebeppu [3, 9] o Tom, uTO Ma-
TpuIbl Aramapa He TOJIBKO CYIIIEeCTBYIOT HA KaXKJOM
HopAgKe, KpaTHOM 4, HO OHU eIle 1 BCe MOT'YT ObITh
KOCOCMMMETPUYHLI. EmBa JM CUMMETPUS MOMKET
IPEeTeHZI0BaTh Ha MEHBINYI0 pojib. IloaTomy mosn-
Hee BHUMAaHUE HCCJIefoBaTesieil CoCpeqoTaunBaeTCs
Ha BO3MOYKHOCTHU CYII[ECTBOBAHMA Marpur, Axamapa
B CUMMETPUYHON (pOpPMe C OJHUM UJIU HECKOJIBKUMU
[UKJIAYECKUMH OJIOKaMU, PACIIUPSAIONIEH TI'PaHU-
1y Paiizepa [13] ¢ 4-To mopAaKa IJiA MOHOIIUKJIOB IO
32-ro nopaaka A ounukiaos [14, 15] u ganee Ha Bce
nopanku 4¢ mpu UCHoJIL30BaHUU He OoJiee Tpex 0J10-
KoB [16—19]. [IBa 6J0Ka (a He TPHU) HOCTATOUHBI [JIs
TOCTPOEHUSA HEeranmKJIN4ecKor KoHcTpykiuu [20].
B pabGorax [21, 22] paccMaTpuBaioTCA TPEXYPOBHE-
BbI€ B3BEIIIEHHBbIE MATPUIIBI U IIOCIENCTBUSA, K KOTO-
PBIM IIPUBOIUT HECOOTBETCTBUE pasMepa 6JioKa yc-
JIOBUIO OPTOroHaJbHOCTH. CTPYKTYypa MaTPHUIL PE3KO
YCJIOXKHAETCA IJIA PasMepPOB, He PABHBIX IIPOCTHIM
yucsaMm. Ha mopsaake 46 erre ecTh U3BECTHBIE Y30PHI,
IJIs TOPSAAKOB 66 1 86 pellieHs He HaliIeHbI.

HpeI[HOCLIJIRI/I BO3SHHMKHOBEHHUA
TEOPHUU OPHAMEHTOB

B oTstnume ot Teopuu umce, ¢ KOTOPOil y paccma-
TPUBAE€MOM TEMBI eCTh MHOTOUYNCJIEHHBIE IIepecede-

HUs, TIepBhIe cBefeHusa o MaTpurax k. CuabBecTp
HauaJ coO0uUpaTh OKOJIO HOJIyTOPa CTOJEeTHM Hasa
[23]. Ou aBnserca aBTopoM Hambojee M3BECTHOTO
aJITOPUTMAa HaXO0MKICHUSA IEeMOYKN OPTOTOHAJIBHBIX
o cTpokam m croJibmam marpuii H, mTepammnoHHO

H H
H -H/

WuBepcusd 3HAKA B IIPaBOM HUKHEM OJIOKE COCTAB-
HOII MATPHUIIBI o0eclieunBaeT HaJWune B Hel ABYX
asemeHToB: 1 1 —1. B tanmHOM ajropuTmMe peKypcus
HUJeT II0 TIOPAAKY U 3aBUCUT OT HauaJIbHOT'O BbIOOPA,
IMO3TOMY HANTU MATPHUIBI BCeX BOZMOYKHBIX ITOPSI-
KOB IIPU €r0 IOMOIITY HeBO3MOXKHO.

CunbBecTpa yAWBUJIN OPHAMEHTHI (Y30pbI) Iie-
IMOYKM MAaTPHUI HMOPAAKOB 2F 11 MX CBOIHCTBO GBITH
JIeTKO oOpaliiaeMbIMU. B 9TO BpeMsl Teopus MATPHUIL,
TOJBKO elre (QopMUPOBaIACh YCUJIUIAMH CAMOTO
CunbBectpa u Kanau. BeLiio uemMy yauBUTHBCA U Ha-
OUcaTh IIOAPOOHEHIINI OTUYeT C M300paKeHUAMU
TIOYTH «MOPO3HBIX» OPTOTOHAJBHBIX y30poB. llaee
MATHAECAT JIeT HAYEro He IIPOUCXOMUJIO, UTO TOXKE
O00BIUHO JJIS 3a/a4, KOCBEHHO CBSIBAHHBIX C Teopuei
yuces. HakanyHe HOBOTO cTojieTus AmaMap OKUB-
JseT TeMy HaxomKoi marpull mopsaakoB 12 u 20,
O0IUBKUX K CUJIBLBECTPOBBIM [1], MOPTPETHI KOTOPHIX
OpuBeJeHbl Ha puc. 2. 31ech u gaJjee Oeas KJIeTKa
COOTBETCTBYET 3HAUEHUIO djieMeHTa 1.

Anamap BUAUT KPATHOCTD MOPATKOB UYeThIPEM U
IOKAa3bIBaeT, UTO MHBIX pPelleHn (KpoMe MaTPHIL I10-
pankoB 1 u 2) He ObiBaeT. OH HAXOAUT, YTO UCKOMBIE
MATPUIBl AOCTUTAIOT MAaKCUMAaJbHO BO3MOIKHOTO
3HAUeHUS MOAYJS JeTepMUHAHTa n'V/2,

MeronmoB moucka maTpui Agamap He IIpeaJaraer,
ero cOOCTBEHHBIN MeTOoJ «IIP00 I OIITNOOK» HEeCOBep-
IIeHeH, OpHaMeHThI XaoTUUHEI. IIpaBaa, 6aaromaps
urepanmuaM CuabBecTpa MepedeHb JOCTUIKUMBIX
BBIUVCJIEHUSAMU IIOPSIAKOB 3aMETHO YBEJIUYUJICH.
IToutu cpasy BcJieli BRIXOAUT CTAThA CIIEIIMAJINCTA
1o Teopuu unces Crapmu [24]. OH UIlieT opTOroHaIb-
HbI€ Y30PbI MHAUE — BCTABKAMU YCEUEHHBIX MATPUI],

HapaluBaeMbIX roe mauaJsgbuHoe H =1.

B Puc. 2. IToprpersl MaTpull Agamapa mopsaaxos 12 u 20
B Fig.2. Hadamard matrix portraits for orders 12 and 20
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B caMuX cels ¢ obaBKaMMy KalMbl U ITUKJINYECKU-
MU COABUTAMU CTOJIOIIOB WM CTPOK. XHUTPOYMHBIHA
«3amMoK CKapIm» 110 HACTOSIee BpeMs HAaXOAUT KaK
HOBbIE KOMMEHTAPUU, TaK U IPoJoKeHud [25—27].

Hauwnnas co Ckapnu, ¢ IpeaToyKeHHBIMU UM ITH-
KJINYECKUMHU CIBUTAMU, B pacueThl MaTpuIl Agamapa
HAUYMHAIOT IPOHUKATH METOIbI KOHEUHBIX ITOJIEH.

BoubImoii BKJIaJ B TEOPUIO BHOCUT HEMEIKUIl Ma-
TeMaTuK IpHCT IK0oOCTa b, yueHUK @PpobeHUyca u
IlTypa, paboTraBIinii B HauaJjie MPOIILJIOr0 BeKa Ha
J[uccepTanue o KBaJApaTUUYHbIM BblueTam. [lasiee
T'unman [28] B Hauase TPUALIATHIX T'OJOB CHCTEMAa-
TU3UPYET MATPHUILI IIOPALKOB, OTINYAIOI[MNXCS
mpocThIiMU 3HaueHuaMHU n — 1. OTcioga Hemaleko 1
o KoHcTpyKuui Ilamm [29], yuursiBatoniux 0ojee
CJIOXKHBIN XapaKTep moJeit, korga n — 1 wau n/2 —
MPOCThIE YKCJIA UJIN UX CTEIeH!.

Eciu yceueHHBII Ha egWHUILY WMJIA BIBOE pPas-
Mep MaTPUIlbI IPEeACTaBIaseT cO00I HeUeTHOe UMCJIO,
IPOCTOE, TO ATO BeJeT K HAXOMKIEHNIO0 MATPHUIL B BU-
e 0c000 TPOCTOr0 OPHAMEHTA, B YACTHOCTHU ITUKJIN-
YecKoro (C OZHOM KaiMoil) Mau OUIUKJIUUECKOTO.
Meton CunbBecTpa TOKe SKCILIyaTUPyeT OCOOeH-
HOCTH IIPOCTHIX YMCEJ, OH 0a3UpPyeTcs Ha CTEIeHAX
npocTtoro umucia 2. IIsam mogBOAUT UTOT IIOUCKAaM,
KOHCTATUPYs, UTO BcTaBKamMu CKapmu JOCTUTAET
BBIUMCJIEHUA MATPHUI[ HEKOTOPBIX HeIOCATraeMbIX
TIPOYMMH METOHAMU MOPSIAKOB, CBIBAHHBIX C CO-
CTABHBIMU YMCJIAMIU.

Orcioma BOBHUKAET IpeAcTaBJeHUe, UTO MaTpPU-
bl AmamMapa HOPSAAKOB 71 = 4f MOXKHO HAWTH Kak
mepecevyeHns CeMeicTB, KaI0e 13 KOTOPBLIX Coaep-
JKUT OrpaHnUYeHHOe NN HeOTPAHUYEHHOe YKMCJIO0 CO-
cTaBaARINNX. HaunHaeTcsa IMOMCK KaK OTHEJIbHBIX
marpur [8, 9], Tak u ceMeiicTB MATPUI, BbIFeJse-
MBIX OJlarogaps HEKOTOPOMY CUCTEMATUYECKU IIPU-
MeHsIeMOMY IIpHeMy II0 o0pasiam, KOTOpble aJIu
CunbBectp, Ckapnu u IIamu.

Teopema Bpyka — Paiizepa — YoBab1

IIepBole ycrexu B cucTeMaTU3al[Md OPHAMEHTOB
maTpui nosayudensl Paiizepom. Mcenenysa B mrectuie-
CATBIE TOABI IIPOIILJIOr0 BeKa IIUKJINUECKYIO CTPYKTY-
py [13], on 3amMeuaeT ee orpaHUUYEHHOE TTOPAIKOM 4
npuMeHeHue (rumoresa Paiizepa). Bmpouem, sTO
IpocToe HaOIIoAeHe He NMeJIo ObI TAKOTO Pe30HAaH-
ca, He IpOABUHbCA Paiizep ¢ KojsleraMu JaJibIie.

Bpyx, Paiizep u Yosua [10, 11] onepupyioT npu-
BBIUYHBIMY JJIA IMTUKJINYECKUX MATPUIL ITapaMeTpaMu
ux OMHAPHBIX OPHAMEHTOB — PasMepOM CTPOKHU U,
KOJIMYECTBOM OTPUIATENBHBIX (MU MOJOMKUTEID-
HBIX) 5JIEMEHTOB B Ka K0 CTPOKe 1 CcTOJIOIIE £, a TaK-
JKe KOJIMYeCTBOM IIap BHIOPAHHBIX OJUHAKOBBIX dJIe-
MEHTOB B KaKABIX JIBYX CTPOKAX WJIU CTOJOIIaX Ma-
Tpuiisl A. IloHATHO, YTO BEIOOP Habopa IIapamMeTpPoB
{v, k, \} He MOKeT OBITH IPOUBBOJILHBIM, OH CTECHEH

OOIIMM KOJIMUYECTBOM MECT, KOTODBIE IIPEeJIOCTaBISIeT
IS y3opa KBaapaTHas matpura. CBasbIBalolree 10-
CTYITHBbIE 3HAUEHUS ITapaMeTPOB COOTHOIIIEHUE ITPU-
110 U3 Teopuu rpadoB, IOITOMY ero abbpeBuatypa
MMeeT HEBPa3yMUTeJIbHOE IJI MATPUI] 3By YaHIe —
Osounsblii ausanH. Ilo cMbICIy — 3TO AMOMAHTOBO
ypaBHeHUe peajn3yeMoro ysopa

Bk — 1) = Mv — 1). @)

Ecnu paBeHCTBO He BBITIOJIHAETCS, TO y30D pea-
JIN30BATh HEJb3dA, a €CJIU BBIIOJHIETCA — MOKHO.
3ameTuM, y30p B paBHOU CTEIIEHU MOYKET OINChIBATD
KaK IIeJIOUNCJIeHHbIe, TAK U UHbIe OMHAPHbIE MAaTPU-
IIbI — MATPHUIILI ¢ ABYM:A sjeMeHTamMu. [loaTomy ux
HAJ0 pas3anyaTh MAOTNOJHUTENLHBIMU YCJIOBUAMU.
BumapHble MATPUIlBI, YAOBJIETBOPSIOIINE YCJIOBUIO
(2), TpUBOAAT K MATPUYHOMY YPABHEHUIO CBA3U, Ha-
IIOMUHAOIIEMY YCJIOBUE OPTOTOHAJIBHOCTH

ATA = (- VI +AJ, 3)

rae J — MaTpuIla U3 eIUHUIL; k ONUCHIBAET ITOJIOMKU-
TeJbHBbIE, He PaBHbIe HYJIIO djeMeHTbl. Omnpenenn-
Tesb JeBoit uactu (B — M)V 1(k — A +Av) > 0 [12] mpu
HEKECTKUX OrpaHMYEHUAX Ha mapamerpbl. Ileso-
YUCJIEHHBIN KOPEHb 9TOr0 MATPUUYHOTO KBaJapaTuyd-
HOTO ypaBHeHUA c dyueMeHTamu 0 u 1 HaswIBaeTcsa
MaTPUIeN NHIIUAEHTHOCTH.

Jlerko BueTh, YTO B JIEBOH YacTH (3) KOHIEHTPU-
PYIOTCS CYMMBI KBaJAPATOB U B3aUMHBIX ITPOU3BE/Ie-
HUI 9JIEMEeHTOB MCKOMOII MaTpuilbl. Eiie co BpemeHn
uccaegoBaumuit ditaepa m Jlarpan:xka M3BECTHO, UTO
1[eJIoe YMCJIO0 PACKJIAALIBAETCS HA CYMMY He MeHee
YyeThIpex KBAJpaToB IIeJbIX uucesa. VIHBIMU cJaoBa-
MU, IJis KBaJAPATUYHBIX YPABHEHUIN €CTh Or'pDAHU-
YeHUA, KOTJA OHU PA3PeITuMbl. YTUIYOJeHHO 3TUM
daHUMaJuCch Xacce W MUHKOBCKUIH, MOAPOOHBIE
KOMMEHTapuu mpuBeleHbI B o03ope Xosma [12].
Me:kay TeM BJIUATH Ha PaspelninMoCTh YpPaBHEHUS
(3) paniuoHAJILHBIMY MATPUIIAMU, K KOTOPBIM OTHO-
CUTCS ITeJIOUNCIeHHAaA MaTPUIla UHITUAEHTHOCTH A,
BO3MOJKHO TOJIBKO ABYMs II€JIOUMCJIEHHBIMU IMapa-
MeTpaMu k u A.

Teopema Bpyka — Paitizepa — Yosabsr [10—12]
KOHCTaTUPYET, YTO JJIS MATPHUIL CO CTPOKAMU YeTHOMH
IJIUHBI U 3HaUeHue (k — A) HOIIKHO OBITH KBaApaTOM
HeKoToporo uwcia. [[Jigd Ipouyux MAaTPHUI] YCIOBUE
CTAHOBUTCA MeHee KeCTKUM U CBOAUTCA K CYIIe-
CTBOBAHUIO HACJEAYIOIIell y MATPUYHOIO aHaJjora
BECOBBIe KO3(D(PUITMEHTH KBaAPATHUUYHON (HOPMBI
22 = (kB — Mx2 + (-1)®D/2)y2 pakoii, 4TOOLI €€ MOKHO
OBIJIO Pa3pPeNIuTh He TOJbKO HyasaMu. Paiisep ¢ KoJ-
JeraMu ¥ XOJIJI IPUBOIAT IPOOJIEeMHBIE COUeTaHUA
IapaMeTpOB IPOEKTHBHOrO AusaiiHa v=¢g2+q+1,
kE=q+1,2=1mnupuq=6wul4, B mepBoM ciiyuae ume-
em {43, 7, 1}, a TaKkKe mpPUMeP MEHBIIIETO MOPAIKA
{29, 8, 2}.
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Teopema Bpyka — Paiizepa — YoBJIbI omepupy-
eT cyry0o IeJOUMCIeHHON MaTpuIlleil MHITUAEHTHO-
ctu ¢ asaemeHTaMu 0 u 1, onuchIBAIOIIE HE CTOJIBKO
OPTOTOHAJILHBIE MATPUIIHI (C MX BO3MOYKHO BeIlle-
CTBEHHBIMHU 3JIEMEHTaMH), CKOJIbKO I'pad)bl U APyTHE
CXOMHBIE C HUMU AUCKPETHBIE KOHCTPYKIIUH, T1e He
IeJIbIE 3JIEMEHTHI UCKJIIOUEHBI II0 CMBICJIY CAMOM 3a-
maun. CroabIbl HapaIMBAEMOH JOIIOJHUTEIbHOI
KaWMoll MaTpPUIIbI WHIITUJEHTHOCTY MOXKHO CHEJIaTh
OPTOrOHAJILHBIMHU IIYTEeM U3MEHEeHUs 3HAUeHUN IIpe-
JKJe HYJEBBIX 3JIEMEHTOB, OTPAHUUYMBAA UX OTPE3-
KoM oT 0 1o —1, mosryuas B KOHEYHOM UTOTe «PaIluo-
HaJbHYIO» MaTpuiy Amzamapa.

IT0 00CTOATEIBCTBO, MTOJTYUEHNE OFHOTO U3 APYTO-
r'0, CTAJIO UT'PATh POJIb KPAaeyroJIbHOIO KaMHS B BOIIPO-
ce O CyIIeCTBOBAHWY MaTpull AmamMapa Ha BCeM Ama-
Ta30He BBIJEJIEHHBIX IJIf HUX MOPAIKOB, KPATHBIX 4.
Taxr KaK yCJIOBUSA TEOPEMBI BUAATCA BCETO JIUIIL He-
00XOAMMBIMHU, HO He JOCTATOUHBIMHU JJIA ITOJI0KUTEIb-
HOT'0 3aKJIFOUEHUS O CYIIIECTBOBAHUU PAIMOHAJIBHBIX
MAaTPUIT THITUAEHTHOCTH, TO ¥ Ha MaTPUIlhl Amamapa,
C HUMU CBABaHHLIE, Iepertyio comHenue [30].

ITO COMHEHUME DPasAesiseT, B TOM UYMCJE, aBTOD
0630pa [12], KOTOPBIH IPEeATIPUHST PEBU3UI0 PAbOT
[10, 11]. B utore X017 CKIOHAETCS K MBICJIU, UTO yC-
JIOBUA TEOPEMBI HE TOJIBKO HEOOXOUMBI, HO 1 JOCTA~
TOYHBI, HO HE MOJKET 9TOr0 000CHOBATD, ITIOCKOJBKY
OHU ONMCHIBAIOT paIlMOHAJbHBIE MATPUIIBI, a HE Ma-
TPUITHI C OTPAHUYEHHBIM HabopoM sjeMeHToB 0 u 1.
Ecam ycnoBua mocrarounsl, To rumoresa Amamapa
HoJIyUaeT CTaTyC TeopeMbl. PaszyMeeTcs, OIBITHBIE
MaTeMaTuKu, B ToM uyucye BuabsamcoHn [7] u Xom,
HaJleJIeHHbIE HEMAaJION uHTyuiueil (06 MHTYyUIUUN
nucay Agamap), JaBHO BUIEJIU IIepeceueHne CTPoro
OKAa3aHHBIX B TEOPUU UUCEJ TEOPEM O PABJIOKEHU-
AX YuceJl Ha KBaPaThl C MATPUYHONU TEMATUKOI.

HamparmnBaercsa ecTeCTBEeHHBII BBHIBOI, YTO Pas-
JIOJKEeHNe MaTPUIl Ha KBaJApaTHBIe OJIOKU — 3TO BCe-
TO JIUIIb UJIJIOCTPATUBHBIN METO[, MO3BOJISIONIIIA
HATJIATHO OTPA3UTh COAEPIKAaHUe 9TUX BEJIUKUX Te-
opeM 0 KBaJpaTax 4YuceJl.

Ecsiu maTpuiibl HUBBOIATCS A0 BCETO JIUIIb KJI-
JIIOCTPAIUil OKa3aHHBIX Pa3JIOJKEHUH YKcesI Ha CO-
CTaBJISIOIIIIE, TO BCe HEOOXOAMMOe IJIsI TOKAa3aTe /Ib-
CTBa UX CYIIleCTBOBaHUA Ha 4t ecTb. OTMETUM, UTO
HepaspelrnMble COUeTaHNU S IIapaMeTPOB KBaIpaTuy-
HOTO AU3aiiHa, AJI KOTOPBIX paBeHCTBO (2) coburioma-
ercs, HO (3) HepasperrnMo MATPUILEH MHITHAAEHTHO-
CTH, HECYII[eCTBEHHBI IJIS OPTOrOHAJBHBIX MATPUIIL.
Hacke ecym IIeJIOYMCJIEHHBIE MATPUIIBI WHITUJEHT-
HOCTH €CTh, OHHI He 00s13aTeJIbHO BeAyT (OrpaHuyYeH-
HBIM M3MEHeHUWeM WX HYJIEBLIX 9JIEMEHTOB) K Bellle-
CTBEHHBIM OPTOTOHAJBHBIM MaTPUILAM.

Hampumep, a1 NIPOEKTUBHBLIX ILJIAHOB {U, k, A},
B KOTOPBIX OBLIM O0HAPY:KE€HBI KPUTHUUECKUE He-
paspelinMble TOYKU, OPTOTOHAJM3AIUA MATPUIILI
WHIUJEHTHOCTY BapualUaAMU HYJIA (OrpaHUYeH-
HBIMU II0 HOPpME eIWHWUIei) BIOJIHE BO3MOXKHA, HO

OHA IIOPOJKAAEeT MATPUIBI C UWPPaAIMOHATLHBIMU
dJIEMEHTaMU, K KOTOPHIM MAaTPUILl AgamMmapa He OT-
HOCATCA. BEIXOAUT, UTO U C/IyYau, He BbI3BIBAIOIIE
COMHEHUS B Pa3PEIINMOCTUA YPABHEHUS U3 TEOPEMbI
Bpyka — Paiizepa — Yosabl (3), He BeOyT K UeMy-
160 TIPUEeMJIEMOMY IJIA IIOCTPOEHUS IIeJIOUKCIIEH-
HBIX MaTPHUIL C OPTOrOHAJIBHBIMHY CTOJIOIAMU.

TeM caMbIM YCJOBUS, CTOJIb TIATEJIBHO KCCJIE-
ayemMble, K 3aTPOHYTOU IIpo0JieMe CyIIleCTBOBAHUS
OPTOTOHAJNBHBIX KOHCTPYKI[UH NMEIOT OIIOCPEeIOBaH-
HOe oTHoIeHue. [[Jis MOJTHOIIEHHOTO UCCAeIOBaAHUSA
HAJ0 BKJIOUATH B c)epy BHUMAHUA MATPUIILI C Ba-
pPBUPYEMBIMU HPPAIMOHAJIBHBEIMHU JJ€MEHTaAMU, a
9Ta BOBMOKHOCTD He OblJIa UCIOJIb30BaHA.

YpaBHEHHA COCTABHBIX Y30POB

Haire pomosHuTeNbHOE 3aMedYaHUEe COCTOUT
B TOM, UTO 3HAUECHUAMHN KBaJAPATUUYHON MaATPUUYHON
(bOpMBI CTOUT MHTEPECOBATHCA HE TOJBKO AJIS KOp-
Hell B BUJe MaTPHUIILI MHITUAeHTHOCTU € ee 0 u 1, HO
¥ TIPU SKCTPEeMAaJIbHBIX 3HAUCHUAX ITapaMeTpoB. s
OPTOrOHAJILHBIX MATPUIL AUO(PAHTOBO YpaBHEHNE pe-
aIm3yeMocTH ysopa (2) — ycaoBue HeoO0XoguMoe, HO
HEeIOCTATOUHOE B CUJIY JOIOJHUTEIHHOI0 YPaBHEHUS
cBasu HTH = nl. 9To yciioBre MOYKHO BBIPA3UTH KOPO-
e TMo(PaHTOBLIM YpaBHEHNEM OPTOTOHAJIbHOCTH, 3a-
JaIOIMIM JIETKO YUMTBIBAEMOe OrpaHMYeHe Ha A.

Jlemma 3.1. [Iyia KBa3MOPTOTOHAJBLHBIX MATPUIL
canemeHTamu —1 u 1, rae k£ 1 A acCOIMUPOBAHEI C KO-
JUYECTBOM OTPUIATEIHLHBIX 3JIEMEHTOB, TMeeM

L=k— n/4. )

Ilokasameavcmeo: CrajnsgpHOE NTPOUIBECHUE
TIapsl JIIOOBIX He COBIAMAOINX MEXKIY CO00H CTPOK
(1 cTONOIIOB) OPTOTOHAJBHONM MaTpuilbl pasuo 0.
ITockonBKY YacTh OTPUILATEIBHBIX 3JeMeHTOB (—1)
UIYT BMeCTe IIOIIapHO, CyMMa MX B3aMMHBIX IIPO-
n3BeleHNN paBHA A. B KayKI0i M3 CKAJAPHO IIepe-
MHOJKaeMBbIX CTPOK OcTaeTcs eife 1o (k — A) He Ha-
MIeAINX Iapbl OTPUIlATEIbHBIX 3JIEMEHTOB, Iafo-
mux BKJag —2(k — A). OcTaTok COCTOUT U3 CyMMBI
map IIPOM3BENEHUU IIOJIOMKUTEJIbHBIX 9JIEMEHTOB,
matorteit n— A — 2(k— A)=n — 2k + L. Bce B™mecTe
A—2(k—MN+n—-2k+A=4\ — 4k + n = 0 mo3BOJIA-
eT HaM BBIPA3UTh 3HAUEHUE I[eJIOYKNCICHHOr0 Iapa-
MeTpa OpPTOTOHAJBHOTO y30pa A=k — n/4.

Jlemma mokasama.

ITapameTp k He MOKeT OBITH MEHBIIIE YeTBEePTOI
YacTH IOPALKA, IIpUYeM PasHocTh k — A =n/4, 4to
naet n =4(k — A). Orcioga, KcTaTu, BUAHO, YTO IJIA
OPTOTOHAJNBHBIX MATPUI TOPSIAOK MOJIKEH AeJUTh-
cd Ha YeThIipe — HeOoO0XOJMMOe yCJIOBUE, YKa3aHHOoe
Apamapom. 3amaun, B KOTOpPbIX (B — A) paBHO KBa-
IpaTy HEKOTOPOro YHCJa, MPUXONATCA Ha XOPOIIIO
U3yYeHHEIe YeTHBIE IOPASKHU N = 4u2, oTBeuaromne
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LEMMOYKAM CUMMETPUYHBIX 1 (MJIM) PeryasipHbIX Ma-
TpuI, Agamapa.

Jemma 3.2. [lnoaHTOBO ypaBHEHUE peasinsye-
MOT'O OPTOTOHAJIBHOI'O Y30Pa NMEET BU I

x?=n, )

rae mapametp k= (v — x)/2. [I1a ogHOOJOYHBIX Ma-
TPUII, pasyMeeTcs, JJINHA CTPOKU OJIOKA U = n.

Hoxasamenvemeo: IlomcrtaBuB 3HaueHWe A U3
gemMMmbl 3.1 B ypaBHeHUE y30pa (2), uMeeM HOBOE yC-
aosue k(k — 1)=(k— n/4)(n — 1), KoTopoe IpeBpa-
mjaeTcd B TOKJECTBO TPUBUAJLHON 3aMEHOU Iepe-
MeHHBIX k= (U — x)/2 = x(x — 1)/2, n = x2.

Jlemma mokasana.

Canencreue 3.2.1. PerynapHbie MaTpuiibl Agama-
pa, oTJHUaloIlecsd PaBHLIMU 3HAUYCHUSAMU CYMM
9JIeMEHTOB CTPOK M CTOJOIIOB, HOPALKOB 7 = 4u?
CcyHIecTBYIOT. YcjaoBue (5) HJissi HUX BBIIIOJHSETCH,
K TOMY K€ BBITIOJIHAETCA IIePBOE YCJIOBUE TEOPEMBI
Bpyka — Patizepa — YoBabl, Tak Kak k— A =n/4 =
=u2. TlosTOMy peryiagpHble MaTpPuUIBLl Axamapa
¢ mapamerpamu ausaiina Memona {v, k, A} = {4u?,
uRu — 1), u(u — 1)} cyiiecTByIor.

IIpumep 3.2.1. [[14a mopAgKa 4 peryisapHOi aBIsd-
eTcsl fmaroHaJIbHas [MUKJINYeCcKas MaTpUIla ¢ mapa-
metrpamu k=1 u A =0. Cornacuo rumnorese Patizepa
[13], mna crenyroriero nopaxgka 16 pecypcoB IUKJIN-
YEeCKOr'o y30pa He XBaTaer.

Pasaocts £ — A=n/4=4 pgocturaerca mpu k=06
u A =2, XapaKTepHbIX [JI OPHAMEHTOB B hopmMe Ma-
tpur, Byma ¢ ux nl/2 = 4 KIeTKaMU HOJIOKUTEILHBIX
3JIEMEHTOB TOT'0 JKe pasdMepa 4 Ha guaroHasu (puc. 3).

Tlepexon k dopme Byita ycimokHeH KOHIEHTpA-
ueil MoJIOKUTEIbHBIX 9JIEMEHTOB B €€ KPYITHBIX 10
pasMepy OUaroHaJbHBIX 0JIOKaX, BBUAY TPUBUAJIb-
HOCTY KOTOPBIX Y30PHI COCETHUX OJIOKOB MOJIYyUAOT-
cs JOBOJIbHO M30IIIPEHHBIMY. B UTOTe OpHAMEHT IIPO-
MeXKYTOUHOM CTPYKTYPHI mopsaaka 196 He HatifeH.

B kauecTBe niLTIOCTPAIMY HA PHUC. 4 IIPEICTAaBIEHBI
He IPUBOAMBIIIECS PaHee B BUle OPHAMEHTOB B JIUTE-
parype moptpetsl MaTpuil Byima nmopagkos 36, 100 u
324 [31-33]. Bropoii opHaMeHT HaliZieH IePBBIM aBTO-
POM IaHHOI cTaThU ¢ MOMOIIILI0 Biragumupa TorueBa,
OJIHOT'O M3 MCCJIeIOBATEJIEH 9TUX PEIKUX HAXOOK.

JJ1s ayuieit pasperrnMoCcT y30pa B pacCMOTpe-
HUe BBOAAT IBa, TPU UJIU ueTbIpe 6yoka. Haubosee
TONyJIAPHBIE 0JIOUHBIe OPHAMEHTBI MATPUIL AjamMapa
CKJIAABIBAIOTCA B IMUKJIUYECKYIO, OUITUKJINUECKYIO
U T. II. KOHCTPYKIIUY, BOCXOJSIIIE B CBOEM COZepPKa-
HUU K 0oJiee BApUATUBHOMY 3aIIOJTHEHUIO BBIJEJICH-

A B
HbIX eirfe CuibBecTpoM GJIOKOB A, BT AT

371eChb TPAHCIIOHUPOBAHUE «IIOMOTaeT» KOHCTPYKIIUYU
OBITH OPTOTOHAJIBHOM. YCJIOBUE OPTOTOHAIBHOCTH (1)
JULS MATPUILLI ¢ TIapOii 6JIOKOB CBOAUTCS K TpeboBa-
Huto oproroHasbHocTy cyMMbl ATA + BTB = nl.

Ha puc. 5 mpuBemeHa mapa pasHBIX IO CBOEMY
XapaxTrepy peajausanuii MaTpUIl C CKMMETPUYHBIMHI
6imoxamu A, Bpasmepa 8 x 8cmapamerpamu k, = 4,
M =2muky=2, A =0. Ileppasa maTpuna 6ojee Ipo-

9 ees o

B Puc. 3. Marpursl Paiisepa nmopsanka 4 u Byia mopsz-
Ka 16

B Fig. 3. Matrices of Ryser for order 4 and Bush for or-
der 16

B  Puc. 4. MaTrpunsl Bymia nmopsagkos 36, 100, 324
B Fig. 4. Bush matrices for orders 36, 100, 324
do0i:10.31799/1684-8853-2018-6-6-fig4d
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B Puc. 5. OprameHTHI MaTpuI] Agamapa nopsagxkos 16
B Fig.5. Hadamard matrix ornaments for order 16

CTa, ITIOCKOJIbKY B KauecTBe 0JIOKOB B3ATHI [[UKJINYE-
CKUe MaTPUIbI.

Bropas marpuiia moctpoeHa Ha OCHOBE OTPAaKEeH-
HOUM OTHOCUTEJILHO IIeHTDPAJILHONM BEePTUKAJBHON JIN-
Huu Marpunbl Byma nopaaxa 16. Kaskabiii 610k A,
B pasmepa 8 x 8 cocTouT U3 Tpex Pa3HBIX IO CBOEMY
OopHaMeHTy cy00;10K0B. Tak Kak 5T0 pasMep peryssap-
HOI MaTpuUIlbl AaMapa, CTPYKTYPY, HaIIOMHUHAIOIITYIO
MAaTpeNIKy, IOPOYKAaeT TPeOyeMblil A1 peaarnsaiuu
PeryasapHOi KOHCTPYKINU aus3aiid MeHoHA ¢ mapame-
TpaMu kE=Fk;+ky=6, A=) +Ahy=2, E—A=n/4=4.
Taxum o6pasoM, ecIu IUKINUYECKasd CTPYKTypa HeJ0-
CTATOUHO I'bOKa, YTO0BI OBITH OPTOrOHAJIBHOM HA pac-
CMaTpUBAaeMOM TIOPSAIKE, Y30P YCJIOKHAeTCA. BasKHO
BOBPEMSI OCTAHOBUTHLCS B UBMEJIBUCHUN MATPUIIBI.

OumodaHTOBO ypaBHEHUE peau3yeMOro COCTaB-
HOTO y30pa 13 HeCKOJbKUX 0JIOKOB He IIpeTepleBaeT
CKOJIb-HUOYIb 3aMETHOT'O N3MEHEHUA:

Sk, — 1) =M — 1), (6)

CYMMUPOBaHUE 3[IeCh U Zlajiee UJeT 0 BCeM MHJEK-
caM GJIOKOB, KOTOPBIX MOXKeT ObITh 1, 2 u 4 (3 mpu
paBeHCTBe ABYX 0J0K0B). Tak Kak mapamerp A = XA,
CBSI3aH C YCJIOBHEM OPTOTOHAJBHOCTHM BCEH MaTpPHU-
IbI B IIEJIOM, €70 MOYKHO He Pas3aessaTh Ha COCTaBJI-
forue. ATo o0 KO (PUIIUEHT, YCJIOBHE OPTOTO-
HAJILHOCTHU C HUM He U3MEHAETC.
Jlemma 3.3. Ilyig OpTOrOHAJBHBIX OJOYHBIX Ma-
TPWUIL
A=k—-n/4, @)

rae k = Xk;, B, — napaMeTpsI 6JIOKOB, KaXKIbIH 13 KO-
TOPBIX IIPEACTaBIAET COO0M KOJUUECTBO 3JIEMEHTOB
—1 cTpoku 6J10Ka; n — MOPALOK MATPUIIHI.

Horxasamenvemeo: Ilpu paccMoTpeHUM GJIIOYHBIX
KOHCTPYKITU, M5 KOTOPBIX BHITOJHSIIOTCA TOMKIE-
ctBo ATA + BTB = nl u cxoxHbIe ¢ HUM AJIA 60JIb-
mrero umcJja 0JIOKOB, TOAATCS BCe Te JKe CYKIeHUd,
uyTo 1 AJA JeMMbl 3.1. Posib £ BBITIONHSAET cyMMap-
HBIN KO3 (PUITUEHT.

Pas0uenue Bcero MaccrBa Ha 6JI0KM (haKTHUUECKU He
CKa3bIBAETCs HA 3HAUEHUAX CYMMAPHBIX IIapaMeTPOB
k =Xk; 1\ = X\, IepBBIX U CTPOK, Ifie U — pasMep OJI0Ka.

OpPTOroHaJILHOCTD OCTAJBHBIX CTPOK BCEil MATPUIILI r'a-
paHTUpyeTcsA 0JI0YHOI OPTOrOHAILHOCTHIO MACCHBA.
Jlemma mokasama.
Jemma 3.4. [JnohaHTOBO ypaBHEHUE peain3ye-
MOTO OPTOTOHAJIBHOT'O Y30Pa UMEeT B[

x?=n, 3)

npudeM k; = (v — x;)/2. [I1a 0qHOOJIOUYHBIX MaTPHIL,
pasymeeTcsi, AJUHA CTPOKHU 0JIOKA U = N.

Jlokazamenvcmeo: IlomcTaBuB 3HaueHWME A U3
JeMMbl 3.3 B ypaBHEHUE y30pa, UMeeM HOBOEe YCJIO-
Bue Xk/(k; — 1) = (k — n/4)(n — 1), KoTopoe, KaK Jer-
KO IIPOBEPUTH, IIPEBPAIIaeTCA B TOKIECTBO 3aMEHOH
ImepeMeHHBIX k; = (U — x;)/2, k = Xk,.

JlemMa moxasaHa.

C yBenuuenmeM umcJia 0JIOKOB y3opa Hpo0JIeMbI,
onuchkIBaeMble TeopeMoii Bpyka — Paiizepa — YoBjbl
L OTHOOJIOUHOI'O [U3aiiHa, OTXOAAT Ha BTOPO ILJIaH.
Ha mepBoe MecTO BBIABUTAIOTCS TeOpeMbl Jiijepa u
Jlarpam:xka. I'ayccoBbl Touku (puc. 6) — TOUKH C Iie-
JILIMU KOOPAWHATAMY HA JIMHUU, YIOBJIETBOPSIOIITE
yeaoBuio x2=n, U Ha OKpy:HOCTH X2+ y2=n. Ilpu
JaJIbHEHNIIEM YBeJIUYEHUU Yrcjia OJIOKOB OHU MMEIOT
TIPOIOJIMKeHMe B BUIe TOUEK Ha cepe (miu chepoue).

s mepBoro mpuMepa IUKJINUYECKUH OPHAMEHT
HCUepIILIBAeTCA Ha mopaznke x2 = n = 4. Ilexsle Tou-
KI Ha OKPY:KHOCTH X2+ y2=n IOMOraioT ITy0sxe
IMOHATH JIOTUKY OPHAMEHTOB MHOTO0JIOUHBIX MATPHUI],
yepes OUITUKJIIbI.

B Puc. 6. Tourku 'aycca Ha TUHUY U HA OKPYKHOCTH
B Fig. 6. Gauss’s points at line and circle

NeB, 2018 N\
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Teopema Jdiizmepa. JIro6oe uucio Buga 4¢ + 1 pas-
JlaTaeTcs Ha CyMMY IBYX KBaJAPaToB.

ITO KacaeTcs TaK:Ke COCTABHBIX UUCeJ, B KOTO-
PBIX HEUETHBIE MHOMKUTENN Buaa 4¢ + 3 (uau ux He-
YeTHBIE CTeIIeHU) CBUAETeIbCTBYIOT O HEPA3JIOKUMO-
CTHU YMCJa Ha CYMMY ABYX KBazaparoB. Comepirumoe
TeopeMbl, He pacKpbIBasd AOKasaTejbCcTBa, Pepma
omucaJj mareMaTuky Mepcenny. Kpome Toro, @epma
CUUTaJ, UYTO JII000€ YUCJIO IIOCJIeOBATEIbHO IIPEe.-
CTaBUMO CYMMOMH TPeX TPeyroJbHBIX UUCEJ, YeThI-
pex KBaapaToB u T. 1. [lokasaTh mocaeqHee IOJI0Ke-
HUe ygajoch JlarpaH:Ky.

Bunukinyeckuii OpHAMEHT CYIIEeCTBYeT, COOT-
BETCTBEHHO, He BCETZa, a TOrha, Korma n = 4p pasjo-
JKMMO Ha CyMMY IBYX KBaJparoB, T. €. KOrJa 3Ha-
YeHNE p — MIPOCTOe UMCJIO (WJIM CTElleHb ero) Buja
p=1mod 4. Touku uayT mapamu, ITOCKOJIbKY OJIOKHU
OMIIUKJIa BCerga MOYKHO IlepecTaBUTh Mectamu. Ha
puc. 6 mapa KpacHBIX TOYEK COOTBETCTBYET PeryJisap-
HOII Ounukandeckoit marpuie nopaaxka 100. Eciau
UCKJIIOUUTh U3 PACCMOTPEHUA TNOPAAKU PErysap-
HBIX MAaTPWUI[, TO TOUEK Ha OKPYKHOCTU BCEro [Be.
Hampumep, n1a OUITUKJINYECKON MATPUIILI TOPAIKA
20 pu x = 2, y =4 marpunsl A u B umeror napame-
TPel k=@ —x)/2=4, ky=@— y)/2=3, MaTpumsl
MOJKHO ITIePeCTaBUTh MECTaAMMU.

Ecou n=4u?,u=3,7,11, ... =3 mod 4, To cym™m-
Ma KBaPaTOB CYIIECTBYET, HO BJIUSHIE MHOKUTELA

7

B Puc. 7. Touku 'aycca Ha OKPYKHOCTHU U OUITUKJIBI

B Fig. 7. Gauss’s points at circle and two circulant ma-
trices

4t + 3 masKe B UETHOH CTEIIEHW CKAa3bIBAETCS B TOM,
YTO KOHCTPYKIUSA OUIUKJINUECKON MAaTPHUILI CTa-
HOBHUTCS HEIOCTATOYHO TrubOKa. ITo mopAaxu 36,
196, ... peryJaAapHBIX MATPUI], OPHAMEHTHI KOTOPBIX
IOJI’KHBI CYIIIECTBOBATh U B KaueCcTBe MOHOOJIOKOB.
Marpura Bymra nopsaaka 36 (cM. puc. 5) maet mpe-
CTaBJIeHNE O «3aMEeCTUTeJe» OUITUKJINUYECKOH KOH-
cTpyknuu. g yIBOEHHOTO MOPAAKA (2 MaTpuiia
pasperinMa 6JIOYHBIM OPHAMEHTOM, B 6JIOKAX CTOUT
caMa peryjsapHas cTtpykrypa. Eciu ere 6osee yBe-
JUYUTH pasMep, TO AOObeMCs PaspenimMOCTUd Ma-
TpUIbl MopAaaka 144 B OUIMKJINYECKON KOHCTPYK-
U1 — M3BECTHOE CBOMCTBO MATPHUIl AmamMapa «BMe-
maTh» 6oJiee IPOCThIe KOHCTPYKIIUU II0 Mepe PocTa
X pasMepa: KBaJpar paguyca paspernnmMoi OKpyK-
HOCTU IIPUIILJIOCH YBEJIUYUTD B 4 pasa.

TakuMm 06pasoM, OTCYTCTBUE OUIIMKJINUYECKUX
MaTpUI IopAaKa 36 u Haauume ABYX pean3aruii
ournukaa 100, cpeau KOTOPBIX OAUH PEryJIAPHBIM,
HEOKUJTAHHO HAXOOUT OO'bICHEHNE IIOJIOMKEeHNeM
TOUEeK Ha OKPYKHOCTH M XapaKTepoM paamyca 3Toi
OKpYy:KHOCTH (cM. puc. 6, 7).

Oobparascs K TeopeMe JlarpaHika 0 pasyosKIMO-
cTu JII000r0 Ymcejia Ha CYMMY YeThIpeX KBaJpaToB,
BujibsiMCOH B COPOKOBBIE I'OIbI IPEIJIOMKIII MCIIOIb-
30BaTh YETHIPEXOJIOUHYI0 KOHCTPYKIUO [ 7]. OH coKo-
HOMUJI Ha YKCJIe He3aBUCUMBbIX 3JIEMEHTOB MaTPUIIbI
Anamapa, B3AB CUMMETPUYHBLIE OJIOKM (MATPUITHI
Buabamcona) A, B, C, D Bi10oKeHHBIMI B KOCOCHM-
MEeTPHUUYECKYI0 KOHCTPYKIIMI0O W, Ha3bIBAEMYIO C TEX
mop maccuBoM Buiabsmcona. ITocTpoeHHas Ha ABYX
THUIIaX CUMMETPHUii, obJjieruenHasa (hopMa IMO3BOJIMIA
Tomom0y, Baymepty u XoJity HalTH NIEPBYIO KOM-
meIoTEPHYI0 MaTpuily nopsagka 92 [8]. Ha macrosmuit
IeHb MacCUB UIET B Iape cO CBOMM 00oOIeHueM S,
HUCIIOJIb30BAHHBLIM [9] A moMcKa KOCOCHMMETPUY-
HOIT MATPUITBI

A B C D

-B A -D C
W= ;

-C D A B

-D -C -B A

A BR CR DR

o -BR A -RD RC 0
"|-CR RD A RB/ ©)

-DR -RC -RB A

rme R — oOparHas eguHMYHAs MaTpUIlia, T. €. Ma-
TPUIIA C eAUHUIIAMU BAOJb BTOPOU HE IJIABHOU AUa-
romajiu kBajpara. Eciau He oOpalraTh BHUMAaHNE Ha
CUMMETPUIO NI KOCOCUMMETPUIO OJIOKOB, TO BTOPOI
MacCCHUB Ha3bIBAIOT MaccuBoM l'eTxaiibca — 3eigens.

TpeboBaHe OPTOTOHAJIBHOCTH MATPUIILI B IEJIOM
ATA + B™B + CTC + D™D = nl ymporraerca AJs CHM-
METPUYHBIX OJIOKOB Buiabsamcona mo Buga AT=A,
BT=B, CT=C, DT =D. Jlemms! 3.3 u 3.4 1y1a Takux
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MACCHBOB IIPUMEHNMAbI, YUCJIO COCTABJISIOIINX CYMM
BO3PACTaeT [0 UeThIpeX. BiIniKe K 3aBEPIIIEHUIO IIPO-
mtoro Bexka Ilparomup J[JKOKOBUY IOJIHBIM 1epe6o-
pOM [OKasajy OTCYTCTBHE MaTpuil Amamapa HOPAX-
Ka 140, mOCTPOEHHBIX Ha IMUKJINUYECKUX MAaTPUIlAX
Buabawmcona [34]. Ilosguee 010 HalifeHO ele He-
CKOJIBKO HEpa3peInMbIX MopaaKkoB [35]. xxenuudep
Cebeppu, mIOXKaJIyH, IepBOii oOpaTijia BHUMaHue Ha
TO, UYTO KOCOCUMMETPUYHAA KOHCTPYKIIUA S Hajese-
HA B MUPEe OPHAMEHTOB 0OJIBIIINM BBIXKUBAHUEM.

C Tex mop oHa HasbIBaeTcs mMaccuBoM Cebeppu
unu Cebeppu — Baiitmana. [Janee O6yaerT moxasaH
OYTh K CUMMETPUYHON TPeX0JIOUHON KOHCTPYKIINHU,
HasbkIBaeMoit maccugom Banonuna — Cebeppu [16].
ITosaBusiack oHa B paboTax IO AIIIPOKCHUMAIIIXA Ma-
Tpull AgamMapa, BKJIoUas Iopsaaok 668, cummerpuy-
HBIMH TPEXYPOBHEBBLIMU MAaTPHUIAMU, UMEIOIIUMU
OMWHAKOBBINI y30p BCeX dYeThIpexX OJIOKOB. 3ajgaua
JIETKO paspelnnma, ecjiu eHTPaJIbHbIN 6JIOK BMECTO
—1 uMeeT BapbUpPyeMbIil YyPOBEHDb —b, OH IOLHUMAaET-
ca K —1 mpu 0cBOOOMKAEHUN Yy30POB Haphl KPalHUX
0J10K0B A, D.

AByXypOoBHEBbIe MAaTPUIIbI
C BapbUpPyeMbIM 3JIEMEHTOM

ITocmoTpuM, uTO GyA€T, €CJIU B CUIY BOSMOIKHOT'O
HOPMUPOBAHUA MAaKCHMAaJbHOI'0O 3JIEMEHTA MATPUIIBI
COXPAHUTH €0 PaBHBIM a = 1. OTpuIiaTeIbLHbIH 3J1e-
MEHT 0003HauuM Kak —b, mojarasi, 4To b ¢cBOOOLHO
BapbupyeTca B guamnasoue ot 0 1o 1, mpoxozs, B TOM
yucjie, U UppanuoHaJbHble 3HaueHus. Ha puc. 8
5JIEMEHT C ILJIaBAIOIIUM 3HAUYeHeM 0003HaYeH MOHO-
TOHHOM OKPaCKOM.

Tax xax OMHAPHOCTH MATPUILBI STUM Ha3HAUEHU-
eM coxpaHsercs, 1nohaHTOBO YpaBHEHNE peaiusye-
MOT'0 y30pa He MeHAeTCs. Y30p MaTPUIL 13 ABYX 0JI0-

A B

KOB
BT -A

¢ | HOpAAKa n = 20 OIIMCBIBAETCHA, CO-

riacHo (6), ypaBHeHHEM OTHOCUTEJHLHO MapaMeTpPOoB
naprHoro musaiiHa ky(k; — 1)+ ky(ky — 1) =A@ — 1).
Wpes sakamouaeTcss B TOM, YTOOBI BBIOOPOM A CBECTH
€ro K YpaBHEHUWIO OKDPY KHOCTH, 3aBEJOMO Kacaro-
m1elicss TOYKHU C HeJbIMU KoopAuHaTaMu. IIoCKOIbKY
3HAUEHUA YPOBHEN He (PUKCUPOBAHBI JKECTKO, NMe-
€TCs BO3MOXKHOCTB BBIOODA KeIaeMoIt A.

Jlemma 4.1. [lmoaHTOBO ypaBHEHHE peajimsye-
MOT'O OPTOT'OHAJBHOTO y30pa AJA ABYXOJIOUHOM KOH-
CTPYKIMU TIopAnKa n = 2v = 4t — 2 ¢ JJIUHOI CTPOKU
v=2t — 1 BBIGOPpOM A=(@W — 3)/2=t — 2 cBomuTca
K IIape paspeniuMbIX YpPaBHEHUM, OMUCHIBAIOIIUX
OOTITYI0 TOUKY OKPY*KHOCTHU U JUHUU, IIPEJCTaBJICH-
HYIO Ha puc. 9, BEIpasKaeTcs Kak

xX2+y2=2,x+y=2 (10)

1 TI0JIy JaeTCs IOCJIe 3aMeHbl IePeMeHHbIX By = — X,
ky =1 — y, IpuBOAAIIEH I TOYKU pelleHusd x = 1,
y=1xpaBeHCTBY By =ky=t — 1=(v — 1)/2.

Iloxazamenbcmaeo 3aKJIIOUAETCs B IOICTAHOBKE
YKa3aHHBIX 3HAUeHMII mapameTpoB k; = k,, cieny-
rormux u3 (10), mpu gnmee cTpoKu v=n/2=2t - 1
B ypaBHEHMe OPTOrOHaJbHOCTH. i ciayudas
ATA + BTB = nl umeeM XapaKTepHCTHUYECKOe ypPaB-
Henue A\b% — 2(k — Mab+ (n — 2k +0)a?=0, k=k; +
+ky=2(@ — 1). OHO cBOAUTCA K BCETHA Pa3PeIInMO-
MY OTHOCHUTEJIBHO «ILJIABAOIIEro» 3HAUYEHUS 9Jie-
MeHTa b ypaBHeHmIo (¢ — 2)b2 — 2tb +t = 0.

IoxkasaTeIbCTBO 3aKOHUEHO.

HocrrsxkuMelil nusaits {n = 2v; ky, ky; A} = {n = 2v;
v - 1)/2, (v - 1)/2; (v — 3)/2} HaBOBeEM JilL1EPOBbLM,
ITOCKOJIBKY DPAaBJIOKEHUAMY YKCeJ HA CyMMY Iapbl
KBaPaTOB UKCeJ 3aHUMAJICA MMEHHO OH. IIomyTHO
MBI TOKAa3aJI1 BAXKHYIO TEOPEMY.

Teopema 3.1. Marpunsr Jiisepa, 3amgaBaeMble
alineposvim OusaiiHom, ¢ ypoBHAMHU a=1 um -b,

ot
t++/2t’

=2v=4t - 2.

CYIIECTBYIOT [AJi BCeX 3HAUEHUU n =

B Puc. 8. [lukinuecKkuii MOHOGJIOK C ILJIABAOIUM 3HA-
YeHUEM 3JIEMEHTa

B Fig.8.Circulant monoblock with floating value of entry

B Puc. 9. O0mias ToOUKa OKPYKHOCTHU U JIUHUU
B Fig. 9. Common point of circle and line
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Horxazamenbcmeo cBOAUTCA K HAXOXKACHUIO II0-
JIOXKUTEJHLHOTO KOPHA XapaKTepUCTUUECKOr0 ypaB-
HeHu4 (t — 2)b2 = 2tb + t = 0. Tak Kak MBI He CBA3a-
HBI ¢ TpeOOBaHUEM PAIlMOHAJIBHOCTHU dJIeMEeHTa, HaM
HET HeOOXOAMMOCTH 3a00TUTLCSI O PAI[MOHAJILHOM
peleHunm.

IoxasaTeIbCTBO 3aKOHUYEHO.

Teopema sTa OblIa BhICKasaHa CHauaJja B BHUE
TPEATIONOKEeHNS OTHOCUTEJIbHO CYIIEeCTBOBAHUSA
martpull, MepceHHAa HA BCeX HEUYETHBIX IOPAIKAX
n =4t — 1[36—38] u marpurt diinepa Ha 4¢ — 2.

BBuay nuBepcuu 3HaKa 6JI0Ka B HUMKHEM IIPaBOM

A B

BT AT/

yIJIy MaTpUIbl Jijaepa 9TO MaTpu-
Ma ¢ YeThIPbMJA dJIeMeHTaMu a, —b, —a, b. [lobaBuM
K Hell COCTaBHYIO KaliMy 13 CTPOKM U CTOJIOIA, CO-
CTOAIUX U3 1, Jajee v OTPUIIATEIBLHBIX DJIEMEHTOB
¥ U TIOJIOKUTENBLHBIX 3JI€MEHTOB, He oOpalras BHU-
MaHUS HA BapbUPYeMbIe 9JIeMEeHTEI.

B Takom cayuae 3HAUEHUS IMapaMeTPOB B KaKIOH
CTPOKE HOBOII CTPYKTYPhI mopsaaka n =4t — 1 Bospa-
cryrHa 1, T. e. k=ky +ky+1=2(t - 1)+1=2t -1
ui=({—-2)+1=t¢— 1. 9ra omepanus npeBpaIiaer
OUITMKJINUYECKYI0 KOHCTPYKIIMIO B MOHOOJIOK C IBY-
M asieMeHTaMu a = 1, —b B KayK a0 cTpoke. [lusaiin
{n=4t - 1; k; My={n=4t — 1; 2t — 1; ¢ — 1} Haso-
BEM MEPCeHHOBbLM TIO TIPUUYNHE BXOMKIEHUSI UMCE]
Mepcenna Mp =2P — 1 (c COOTBETCTBYIOIUMU peIrre-
HUSMH) B TIOCJEI0BATEJIbHOCTD 1 =4t — 1. AToT AU-
3aiH KOMILJIEMEHTApeH TaK HAa3bIBaeMOMY aJaMapo-
By nusauiny {4t — 1; 2t; t}.

Teopema 4.2. Marpunbl MepcenHa, 3amaBae-
Mble MepCceHHO8bLM OUu3ailHOM ¢ YPOBHAMU a=1 u

t .
—b, THe b=——+~, CYIIECTBYIOT JJIs BCEX 3HAUEHUI
t+t
n=4t — 1.
Horxasamenvcemeo:  IlogcTaHOBKOM — HapaMe-

TPOB ypaBHEHHE OPTOTOHAJHLHOCTH MOHOIIUK-
ada AbZ— 2(k— Mab+ @ — 2k+M)a2=0 cBoguTca
K (t — 1)b2 — 2tb + t = 0, paspemIIMOMY YKa3aHHBIM
BBIIIIE 3HAUEHUEM b.

HokasaTeabCTBO 3aKOHUEHO.

Bosee mpocToii NMUKJIWYECKUN OpPHAMEHT Ma-
Tpuii MepceHHa, mpeacTaBaeHHBIN Ha puc. 10, cy-
IIeCTBYeT TOJIBbKO IJs MOPSIAKOB, PABHBIX UMCJIAM
Mepcenna 3, 7, 15, ..., IpOCTBIM YHCIaM NN IPOU3-
BeIeHUAM Iap OJUSKUX IIPOCTHIX YUCEJ, HATIPUMeD,
15=3 x 5,35=5 x 7, ...[38].

KBagparuunble ypaBHeHHS WMeIOT ABa KOPHI,
OIMCHIBAIOIINX 3HAUCHUS 9JIEMEHTOB IIPU IIPeBaJIu-
poBaHUU ¥ IIPU Ae(DUINTE OTPUILATEIBHBIX 3JIEMEH-
TOB MaTPHUIlLl. B KauecTBe pelleHusd OJsd 3HaUeHUH
5JIEMEeHTOB OBIJIO BEIOPAHO TO M3 HUX, KOTOpoe obe-
cmeurBaeT 0oJibIllee 3HAUEHUE JeTepMHUHAHTa Ma-
Tpuilbl. ATaK, MbI JOKa3aJil, YTO MOCJEI0BATEIb-
HO HaXOAWMBbIe IPYT U3 APyra MaTPHUIlLl Jiijgepa 1

B Puc. 10. [IBa {15, 7, 3}-opuamenTa marpul] MepceHHa
B Fig.10.Two {15, 7, 3}-ornaments of Mersenne matrix
do0i:10.31799/1684-8853-2018-6-10-fig10

B Puc. 11. Tlepexon or 6unukaa Jitaepa K MOHOOJOKaM
Mepcerra u Agamapa

B Fig. 11. Transition from a bicycle of Euler to monob-
locks of Mersenne and Hadamard

doi:10.31799/1684-8853-2018-6-10-figll

MepceHnHa CymiecTBYIOT. MaTpUIILI 9TH TTOUTHU HEU3-
BECTHBI, OHU BeIlleCTBEHHbBIE. DJIEMEHTHI He 3aKaThl
YCJIOBHEM II€JIOUMCIEHHOCTA — OHU «IIJIaBaIOIIIVe».
U, xasajgoch ObI, B HUX MaJIO YANBUTEIHLHOTO.

Caencreue 4.2.1. Marpunsl Axamapa, 3amaBa-
eMble MepCceHHO08bLM OU3ailHOM ¢ YPOBHAMU a =1 u
—b, b =1, cyIecTBYIOT AJid BCeX 3HAUECHUN n = 4t.

B camom gene, mepcenHo8 Ou3ailH CONEPIKUT
BCerza peajn3yeMblil OpTOrOHANBHBIH y30p. Cienys
OpeabIayIeii MeToquKe, fo00aBUM K HEMY MOHOTOH-
HYIO KaliMy, COCTOSIINYIO 13 3JIEMEHTOB —b.

ITockonbKy nusaiita MepceHHa IpeaCTaBISAET CO-
6011 MOHOOJIOK, ITOJIYUYNM MAaTPHUILy TOpAAKa n = 4t,
Y KOTOpO# k = 2t sy1eMeHTOB U A = t. YpaBHeHHe op-
rororanabHOCTH AbZ — 2(E — M)ab +(n — 2k +2)a2=0
cBouTes K b2 — 2b + 1 = 0, paspemnMoMy 3HAUeHH-
eM b = 1. 3ameTuM, 4TO MBI HE HABSA3bIBAEM II€JIOUKC-
JIeHHOe 3HaueHUe «IIJIaBalolero ypoBHsa». OObIYHO
Kaiimy MaTpui AjgamMapa HOPMAaJINU3YIOT, YTOOBI OHA
COCTOSIJIa U3 ITOJIOYKUTEIbHBIX 3JIEMEHTOB, IETIOUKY
npeobpas3oBaHMUil Y30pOB onuckiBaeT puc. 11.

IIpoBepum ycnoBusa Bpyka — Paiizepa — HoBibl,
OHU CBOAATCA K CYIIIECTBOBAHUIO PEIIeHUsA YpaBHe-
Husa 22 =tx2 — (t — 1)y B meJbIX, He PABHBLIX OIHO-
BpemenHo 0. OueBupmo, utTo 2=1, x=1, y=1 ecTh
peliieHue, 1, 3HAYUT, C ITON CTOPOHBI HET OrPaHUYE-
HUI Ha CyIIleCTBOBaHIe MAaTPUIILI AlamMapa, 4TO OT-
metuJt XoJj B pabore [12].

OxonyaHnue caedyem.
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Helping Hadamard conjecture to become a theorem. Part 1

N. A. Balonin?, Dr. Sc., Tech., Professor, orcid.org/0000-0001-7338-4920, korbendfs@mail.ru
M. B. Sergeev?, Dr. Sc., Tech., Professor, orcid.org/0000-0002-3845-9277

aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000, Saint-Petersburg,
Russian Federation

Introduction: Hadamard conjecture about the existence of specific square matrices was formulated not by Hadamard but by other
mathematicians in the early 20th century. Later, this problem was revised by Ryser together with Bruck and Chowla, and also by Hall,
one of the founders of discrete mathematics. This is a problem of the boundary mixed type, as it includes both the continuous and discrete
components. The combinatorial approach used in the framework of the discrete component has run its course by the end of the century.
The article discusses an alternative based on both concepts. Purpose: To analyze the reasons why the conjecture about the existence
of Hadamard matrices of all orders n =4t is considered unproven, and to propose possible ways to prove it. Methods: Transition, by
lowering the order n =4t — 2, to two-level quasiorthogonal matrices with elements 1 and —b whose existence on all specified orders
is not a difficult problem due to the possible irrationality of their entries. Subsequent construction of a chain of transformations to
matrix orders n =4t — 1, n=4t, n =4t + 1. Results: It is proved that Gauss points on an x2 + 2y2 + 22 = n spheroid are in one-to-one
correspondence with symmetric Hadamard matrices (constructed on the basis of the Balonin — Seberry arrays), covering up the gaps
on the unsolvable orders 140, 112, etc. known in Williamson’s array theory. Solution tables are found and systematized, which include
so-called «best» three-block matrices L(p, q), where p > ¢ is the number of non-conjugated symmetric matrices of the order in question,
and ¢ is the number of block-symmetric matrices which coincide with Williamson’s solutions. The iterative Procrustes algorithm which
reduces the norm of the maximum entry in a matrix is proposed for obtaining Hadamard matrices by searching for local and global
conditional extremes of the determinant. Practical relevance: The obtained Hadamard matrices and quasi-orthogonal matrices of
orders n=4¢t — 2, n=4t — 1, n=4¢ + 1 are of immediate practical importance for the problems of noise-resistant coding, compression
and masking of video information.

Keywords — orthogonal matrices, Hadamard matrices, Hadamard conjecture, circulant matrices, negacirculant matrices, two-
circulant matrices, Williamson array, Balonin — Seberry array, Procrustes algorithms.
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Introduction

Boundary value problems (BVP) for differ-
ential and integro-differential equations (IDE)
with multipoint and nonlocal boundary condi-
tions arise in various fields of mechanics, phys-
ics, biology, biotechnology, chemical engineer-
ing, medical science, finance and others [1-14].
More precisely these are elasticity, heat and mass
transfer, diffraction, underground water flow
and population dynamics problems. Perhaps the
first known problem which was reduced to the IDE
alyw(t)+y(t):—a2ﬁlK(t, x)y'’(x)dx is Proctor’s
problem of Equilibrium of an elastic beam in XVII
century. Fredholm integro-differential equations
with nonlocal integral boundary conditions and or-
dinary differential operators, probably, first were
considered by J. D. Tamarkin [15]. Problems with
nonlocal boundary conditions for elliptic equa-
tions first were investigated by A. V. Bitsadze,
A. A. Samarskii[16], while BVP for parabolic equa-

tions with nonlocal integral boundary conditions
were studied by J. R. Cannon [5], L. I. Kamynin [7],
N. I. Ionkin [6] and others. Later such investiga-
tions for Laplace, Poisson and heat equations were
explored by V. A. II’in and E. L. Moiseev [17] and
others [18—-20]. Nonlocal BVP involving integral
conditions for hyperbolic equations were studied
in [21]. Multipoint and nonlocal BVP with inte-
gral boundary conditions for ordinary differential
equations were considered in [22, 23]. Fractional
IDE with integral boundary conditions were given
in [24]. The problem of the existence of solutions
for nonlocal BVP was the subject of many papers
[19, 20, 23, 25—-28]. Exact solutions of BVP with
Fredholm IDE were considered in [29] and [30]. In
most cases numerical methods are employed. Here,
the necessary and sufficient solvability conditions
of the abstract operator equations:

Bu = Au — Qu, Qu = gF(Au),
D(B)={u € D(4) : D)= N¥W)} @

14 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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Biu =A%u - Qqu, Qu = qF(Au) + gF(4%u),
D(B,) = {u € D(A2) : ®) = N¥w),
®(Au) = DF(Au) + N¥(Au), @)

and their exact solutions are obtained in closed
form. This formalism is applied to solve Fredholm
IDE with multipoint or nonlocal integral boundary
conditions, when A is a differential operator and @,
Q, are integral operators with separable kernels. The
problems (1), (2) arise naturally from A. A. Dezin,
R. O. Oinarov extensions of linear operators [31,
26], which are not restrictions of a maximal operator,
unlike the classical M. G. Krein, J. Von. Neu-
man extensions [32, 33] in Hilbert space and in
Banach space [34]. This work is a generalization of
the papers [26—28, 35], where integral boundary
conditions have not been considered. Solving
differential or Fredholm IDE with integral boundary
conditionsisacomplicated problem, sincetheoperators
B and B, in (1), (2) are obtained by perturbations of
boundary conditions and the action of an operator
A. Whereas in [26—28, 35] the operators B=A +@,

9(B)=D(4) and B =42+q, @(Bl)=:o(212)

are obtained only by perturbation of the action of a
correct operator A whichisarestriction of amaximal
operator A.

Terminology and notation

Let X, Y be complex Banach spaces and X* the
adjoint space of X, i. e. the set of all complex-valued
linear and bounded functionals on X. We denote by
f(x) the value of f on x. We write ©(A) and R(A) for
the domain and the range of the operator A, respec-
tively. An operator A, is said to be an extension of
an operator A;, or A, is said to be arestriction of A,,
in symbol A; c Ay, if D(4,) 2 D(4;) and A x =A,x,
for all x € ©(A;). An operator A: X — Y is called
closed if for every sequence x, in ©(A) converging
to x, with Ax, — f,, it follows that x, € ©(4) and
Axy=1fy. A closed operator A is called maximal if
R(A)=Y and ker A # {0}. An operator A:X —>Y
is called correct if R(A)=Y and the inverse A
exists and is continuous on Y. An operator A is
called a correct restriction of the maximal operator
A if it is a correct operator and Ac A. If ¥, € X',
i=1, ..., n, then we denote by ¥ = col(¥y, ..., ¥,)and
Y(x) = col(¥;(x), ..., ¥, (x)). Let g=(gy, ..., g,) be a
vector of X”. We will denote by ¥(g) the n x n ma-
trix whose i, j-th entry ¥,(g)) is the value of func-
tional ¥, on element g Note that ¥(gC) = ¥(g)C,
where C is a n x k constant matrix. We will also
denote by O, the zero and by I, the identity n x n
matrices. By 0 we will denote the zero column
vector.

Extension methods for ordinary differential
and Fredholm IDE

on
Let A:X—>X be an ordinary m*® order differ-
ential operator
Au(x) = agu™(x) + o u™(x) + ... + o, u(x),
o, € R 3)

and X be a Banach space. Usually X =CJ[a, b]
or X :Lp(a, b), p>1. In the sequel we denote by

X% =(D(A

differentiable functions with norm ||u(x)||XA =

) the Banach space of all m times

f) ( x)HX and by X’7! the Banach space of all

m — 1 times differentiable functions with norm

etz = 3.

i=0

ul?) (x)H . @)

X

Note that for X = C[a, b] the spaces X7, X771
are defined by C"[a, b], C™ 1[a, b], respectively. It is
a well-known fact that the operator defined by

Au(x):ocou(m)(x)+
roqu ™Y (x) 4. apu(x) =1,
o, € R, x €la,b], b)
D(4)-=
~{u(x)eC™[a, b):u(a)=u'(a)=...=u"™ " (a) =0

is a correct restriction of A and the unique solution
of (5) is

()= A ()= L H ) (o)
B _(m—l)! a ’
f(x) € Cla, b]. (6)

Lemma 1. Let A;, B,, C;, D are n x n matrices,

NeB, 2018 N\

A Ay Ag
wherei=1, 2, 3,and G=| By By Bg |. Then the
C; C, Cg
next properties of determinants hold true:
Ay Ay Ag
det| By By Bj |=
€ C C3
A;+DB; A,+DB, Aj+DBj
=det B, By B3 5 (7)
¢ Cy Cs
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Ay Ay Ag Ay AytA3D Ag
det| By By Bg |=det| By Bs+BgD B3 |. (8)
C, Cy Cg C; Cy+C3D Cg
I, -D 0,
Proof: Let H=|0, I, O0,| Then 1§
I, D o0,
=0, I, 0,| detH=detH'=1, HG|=H|G|=
=|G| and [H'G| = [HY|G| = |G|. So (7) holds.
Let now H=|0, I, 0,|. Then H =
0, D I,
In On On

=10, I, 0,| H[=HY=1, |GH =|G[H =|G|
0, -D I,

and |GH| = |G|H Y = |G|. So (8) holds and Lemma 1
is proved.
Remark 1. Consider a n?xn? matrix G=

All cee Aln
S ,whereAij,i,jzl,...,narenxn
A, o Ay,

matrices. Let I' be the matrix obtained from G by
multiplying from the left a row by the n x n matrix
D and then adding it to another row, or by multi-
plying from the right a column of G by the matrix
D and then adding it to another column of G. Then
detG = detI.

Theorem 1. Let X be a complex Banach space,
on

A:X—>X an operator from (3) with finite dimen-
sional kernel z = (zy, ..., 2,,) which is a basis of ker A,
and let A be a correct restriction of A defined by

D(4)={ueD(A4):0(u)=0}, ©)

the components of the functional vectors
@D =col (P, ..., P,), ¥=col (Y, ..., ¥)) and F =
=col (Fy, ..., F,) belong to X™1 and respectively.

Suppose also that @, ..., @, biorthogonal to z,,
... Z,, and that the components of vector g =(gy, ...,
g,) € X" are linearly independent and Nisam x n
matrix. Then:

(i) The operator B defined by

Bu =Au - gF(Au) =,
feX;
D(B) ={u € D(4) : Du) = N¥(v)} 10)

is injective if and only if
detV =det[I, — ¥(z)N]= 0 and
detW = det[I, — F(g)] # 0. (11)

(ii) If B is injective, then B is correct and for all
f € X the unique solution of (10) is given by

u= B‘lf = A‘lf + [A_lg + zNV_l‘I’(A_lgﬂ X

xW‘lF(f)+zNV_1‘~I’(A_1f). 12)

Proof: (i). Let detW = 0, detV # 0 and u € kerB.
Then Bu=Au- gF(Au)=0, ®u)=N¥Y(@w) and
[I, - F(@IFAw) =0, D@ — zN¥w)=0. The last
equation, since (9), implies u—-zN¥(u)e CD(A)
From [I, - F(g)]JF(Au)=0, since detW =0, fol-
lows F(Au)=0. Then Bu=Au=0 which yelds
A(u —zN‘I’(u)) =0 and so u=zNW¥w). Then
Y(w) =¥Y@N¥Yw) or [I, - ¥@N]¥w)=0. The
last, since detV =0 implies ¥(u) =0 and so from
u=zN¥(u) we get u=0, i. e. kerB={0} and B is an
injective operator.

Conversely. Let detV =0. Then there exists a
vector ¢ = col (¢4, ..., ¢,) = 0 such that Ve = 0.

Consider the element uy=zNc=#0, otherwise
Nc=0 and from [I, — ¥(z)N]Jc=0 follows ¢=0,
which contradicts the hypothesis c¢#0. Note
that u, € D(B), since ®(u,)=Nec, ¥(u,) =¥ (z)Nc,
D(uy) — N¥(ujy) = Ne — N¥(z)Ne = N[I, —¥(z)N]c =
=NVe =0. Itisevident that u, € kerB. Sou, € kerB.
Hence ker B # {0} and B is not injective. Let now
detV = 0, but detW = 0. Then there exists a vector
¢ =col(cy, ..., ¢;) # 0 such that We = 0. Note that ge# 0
because of g4, ..., g, is alinearly independent set and

that the element uj = [A’lg + zNV’l‘{’(A’lg)}c #0,

otherwise g = 0. For u, we obtain
g = [A*lg ; zNV’l‘I‘(A’lg)}c £0,
®(up)~N¥(ug) =NV '¥(A"g)e-N¥(Ag)e-
~N¥(z)NV'¥( A g)e-
=N[1, —‘I’(z)N]V‘l‘P(A_lg)c—N‘I‘(A_lg)c -

~

:N‘I‘(A_lg)c—N‘I’( ‘1g)c=0,

Buo =Au0 —gF(AuO):
:gc—gF(g)c:g[In—F(g)]c:ch:gO:O.
So ug € kerB. Consequently kerB #{0} and B

is not injective. Hence B is injective if and only if
detV = 0,detW = 0. The statement (i) holds.

16 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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(ii) Let detW %0 and detV #0. By statement
(i), the operator B is injective. Since z € [ker A]™,
®(z) =1, the problem (10) is written as

Bu=A(@u — zN¥@w) — gF(Au) =T,
feX;
DB) ={u € D(QA) : P(u — zN¥Y@w)=0}. (@13)
Then, applying Equation (9) and relation
Bu=A(u-zN¥(u))-gF(Au)=f  we  obtain
u-2N¥(u)eD(A), Bu=A(u-2N¥(u))-gF(Au)=f
and for every u € D(B), f € X using (10), (13) we ob-
tain

|:In _F(g
F(Au
u—-zN¥(u
W(u)-¥(z)N¥(u)=

)JF(Au)=F(f),

)=WF(f),

:A_lgF(Au)+A_1f,

g|F (Au)+‘I—'(A_1f),
~¥(47),

\P(u)=V‘1[\P(A‘1g W‘lF(f) ( )]

u=Blf=A"

V\_/

¥(4™
(1, - ¥(2)N]¥(u) =¥ (AW

f+ A‘lgW_lF(f) +
+2NV! [\P(A’lg)W’lF(f)+‘P(A’1f)}.

From the last equation for every f € X follows
the unique solution (12) of (10). Because f in (12) is
arbitrary, we obtain R(B)=X. Since the operator
A7! and the functionals F, ., F,Y, .. ¥, are
bounded, from (12) follows the boundedness of B71.
Hence, the operator B is correct if and only if (11)
holds and the unique solution of (10) is given by (12).
The theorem is proved.

From the previous theorem for g=0 follows
the next corollary which is useful for solving some
classes of differential equations with nonlocal
boundary conditions.

Corollary 1. Let a complex Banach space X, the
operators A, A, the vector z and functional vectors
®, ¥ and the matrix N be defined as in Theorem 1.
Then:

(i) The operator B defined by

Bu=Au=f,
feX;
D(B) ={u € D(4) : ®(u)=NW¥(w)} (14)
is correct if and only if detV = det[I, — ¥(z)N] = 0 and
for all f € X the unique solution of (14) is given by

u=Blf=Alf +zNV‘1qJ(A‘1f). (15)

Theorem 2. Let a Banach space X, the vectors z, ®@,
¥, F, the operators A, A be defined as in Theorem 1
and the operator B;: X — X by

Byu =A% — qF(Au) — gF(A%u) = f; (16)
D(B,) = {u € D(A2) : D)= N¥(),
®(Au) = DF(Au) + NP(Au)). 17

Suppose also that the vectors q and g are linear-
ly independent, q = (¢;, ..., q,)), €= (€15 .., &) € X",
and D, N are m x n matrices. Then:

(1) The operator B, corresponding to the problem
(16), (17) is injective if and only if

detL =
0, FzN K -Fi'g)
ot V —T(A_lz)N K —‘-P(A_zg) Lo, (18)
. v K, —\P(A‘lg
n 0, Flq) W
where

K; =1, -F(z)D-F(A'q), Ky =¥(2)D+¥(Aq),
K :\P(A‘lz)D+\P(A‘2q),
W=1,- F(g), V=1,- ¥@N. (19)

(ii) If the operator B, is injective, then it is cor-
rect and the unique solution of (16), (17) is given by

u=B{lf=A2f+
+(zN, A_lzN, A lzD+ A_zq, A_zg)x
«Leol F(A7'7), w(A4727), w(47f), (7). 20)

Proof: (i) Let detL # 0. Since ®(z) =1, the rela-
tions (17) can be represented as

®u - zNYw) =0,
®(Au - zDF(Au) — zN¥(Au) =0,

which taking into account (9) imply
u-zN¥(u)eD(A); @1)
Au-7DF(Au)-2N¥(Au)eD(4). (@)

Then, since z € [kerA]™, AcA and A is cor-
rect, from (16) we obtain

A(Au - z[DF(Au) + N‘I’(Au)}) -

- qF (Au)-gF(A%u)-7,

NeB, 2018 N\
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Au—z[DF Au)+N\P(Au)] ~ A qF(Au)-

teF(4%)=4
Au- zw<u>> A DF (40 + N ()]
~A7qF (Au)- A7'gF(A%u)= A7,
u—zN¥ (u)- A™'2[ DF(Au)+N¥(Au)]-
~A%qF (Au)- A%gF(A%u)= A7,
Then taking into account (16) we get
A%y = qF(Au) + gF(A2u) + f,
Au =2 DF(Au)+N¥(Au)]+
+A_1qF(Au)+A_1gF(A2u)+[l_lf,
u=2N¥(u)+ A '2N¥(Au)+
+ (A’lzD + A’2q)F(Au) + A’ng(Azu) +A72f. (23)

Further acting by functionals F and ¥ we get the
next system

F(Au)=F(z) DF(Au)+N¥(Au)]+
+F(Aq)F(Au)+F(A g |F(A%)+F(A7'),
¥ () = ¥(2)NP (u) + ¥ A2 NP (Au) +
+[W(A*lz)D+W(A*2q)}F(Au)+
+'1/(A*2g F(Azu)+‘{’([f2f),
¥(Au)="¥(z) DF(Au)+N¥(Au) ]|+
+\I’(A_lq)F(Au)+‘I‘(A_1g)F(A2u)+‘P(A_1f),

F(A%u) = F(q)F(Au) + F(g)F(A2u) + F(f), or
—F(z)N‘I‘(Au)+[In —F(z)D—F(A_lq)}F(Au)—
—F(A‘lg)F(Azu)=F(A‘1f),

V() -¥(A'2)NY (Au)-

. [‘I—’(A_IZ)D+‘P(A_2q)]F(Au)—
(

:t>>

V¥(Au [‘I’( )D+ (4! }F(Au)—
- \P(A‘lg)F(Azu)=\P(A‘1f),
- F(@F(Auw) + [, - F@IF(A%u) = F(f).

Using the notations (19) from the above equa-
tions we get the system

X (Au) (24)

i
Flat “‘L

Let u € kerB;. Then in the systems (23), (24) /=0
and from (24) we get Lcol(W(u), P(Au), F(Au), F(A2u)) =
=0, which since detL # 0, yields W(u)=Y(Au)=
=F(Auw) = F(42u) = 0. Substitution of these values
into (16), (17) imply Byu = A%u = 0, ®(u) = ®(Au) = 0.

Taking into account (9) we acquire u e@(A2) and

Blu=A2u=0. By hypothesis A is correct and so
u = 0. Thus ker B; = {0} and B, is injective.

Conversely. Let detL =0. Then there exists a
vector ¢ = col(cy, ¢y, C3, €4), Where ¢; = col(c;q, ..., C;p)»
i=1, ..., 4 such that ¢ # 0 and Le¢ = 0, which since
(24) yields

~F(z)Ney +Kjeg - F(A‘lg)c4 -0;  (25)
Ve, —W(A*lz)ch ~Kjes —'11(1&*2;;)(:4 =0; (26)
Ve, —Kyes —\P(A‘lg)c4 =0; @7
-F(q)c3 + We, =0. (28)

Consider the element
ug =zNey + A~'2(Ney +Deg )+ A2 (qeg +gey ). (29)

Note that u, # 0, otherwise because of the
linear independence of the vectors ¢, g, z and

D(A)NkerA={0} [18], we get Ne,=Ne,=cy=
=¢,=0. Then from (27) follows that ¢,=0 and
from (26) we obtain ¢; =0. Thus ¢;=0, i=1, ..., 4
and ¢=0. But the last contradicts the hypothe-
sis ¢# 0. So u,# 0. From (29), since ®(z)=1,,

K3 = ‘I’(A_lz)D+‘I’(A_2q) and (26) we get
ALLO = Z(NCZ + DC3 ) + A_l (qc3 +8¢Cy ),
A2y =qceg + gey,
®(ug) - N¥(ug ) = Ney - N¥(2)Ney ~N¥(A'2)x

x (Neg +Dc3)—N‘I’(A_2q)C3 —N‘I’(A_2g)C4 =
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:N[Vcl (4712 Ne, - Kses —T(A*g)cd _
~NO=0.

Then ®(u,) = N¥(u,) and so u satisfies the first
boundary condition (17). We will show, using (27)
and (25), that u satisfies the second boundary con-
dition (17)

®(Aug ) - DF (Aug )~ N¥(Aug) = Ney + Deg -
- DF(z)(Ney + Deg )~ DF( 4 )es ~DF( A g e, -
- N¥(2)(Nea + Deg ) -N¥( A g e ~N¥(A"g)e, -
- N[Vc2 ~Kyes —‘I’(A_lg)c4}+

+D[—F(z)Nc2 +Kyey —F(A’lg)cd ~N0+D0=0,

where K, K, from (19). So u, € ©(B;). Now, using
(25) and (28) we will show that u € kerB;

Byug = A%y, —qF(AuO)—gF(A2u0 ) = qes +gey —
- ql:F(z)(ch +Deg)+F(A7q)es +F(21_1g)c4}—
~gF(q)c3 -gF(g)ey =
:q[—F(Z)NCz +Kjc3 —F(A_lg)c4]+

+g[—F(q)c3 + Wc4] =q0+g0=0.

So there exists a nonzero element u, e D(B,)
and u, € kerB;. This means that B; is not injec-
tive. Hence the operator B, is injective if and only
if detL = 0.

(ii) Since detL # 0, the system (24) for all f € X
has an unique solution

col(‘I-'(u), ¥ (Au), F(Au), F(A%)):
:L—lcol(F(A‘lf), \11(21‘2f), \P(A‘lf), F(f)) (30)

and the operator B;, by statement (i), is injective.
Substituting (30) into (23) we obtain the unique
solution (20) of the problem (16), (17). In the above
solution an element f is arbitrary. Consequently,
R(B;) = X. Since the operators A_2 A7l and the
functional vectors F and ¥ are bounded from (20)
follows the boundedness of Bl , 1. e. the operator
B, is correct. The theorem is proved.

The next corollary follows from the above the-
orem for q =g =0 and is useful for solving some
classes of differential equations with nonlocal
boundary conditions. .

Corollary 2. Let the operators A, A, the vectors z,
®, ¥, F, V and matrices D, N be defined as in Theo-
rem 2 and the operator B; : X — X be defined by

Biu=A%u=f,
D(By) ={u € D(A?) : ®u) = NY¥(), (31)
®(Au) = DF(Au) + N¥(Auw)}.
Then:

(i) The operator B, corresponding to the problem
(31) is injective if and only if

0, -F(z)N I, -F(z)D
detLy =det| V —\P(A*lz)N —T(A*lz)D #0. (32)
0, A% -¥(z)D

(ii) If the operator B, is injective, then it is cor-
rect and the unique solution of (31) is given by

~

u=Bilf=A" f+(zNA 2N, A zD)
xL}lcoz( (4717), w(4%), ‘P(A‘lf)). 33)

Proof: (i) For g =q =0 from (18) and (19) imme-
diately follows

0, -F(z)N I,-F(z)D 0
i-1 wi i-1
detL=det| ¥ ‘P(A )N ‘F(A Z)D On .(34)
0, v ¥(z)D 0,
0, 0, 0, I

It is evident that detL =detL;. From (20) for
g = q = 0 follows the solution of (31)

u=B{f=A" f+(zN A712N, A12D, 0)

xL—lcol(F(A‘lf), w(A72f), w(A7f), B

It is easy to verify that

). @5)

(2N, A7'2N, 47'2D, 0)x

) (i) w{ie m)
- (zN, AN, A‘lzD) X
« L;lcoz(F(A‘lf), w(A%), ‘I‘(A‘lf)).

Hence, from (35) follows (33).

x L_lcol( (

Examples

In the next example we use the extension method
from Theorem 1.

Example. The multipoint problem for loaded in-
tegro-differential equation on C [0, 1]
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u" - 3tf;x u"(x)dx +%(t2 + 1)[u’(

1)-u'(0)]=
=8t2 +2t+12, (36)

u(0)=gu(y2)+u(t), w(0)=2u(1)

is correct and the unique solution of (36) is given by
u(t) = 413 + 2¢2 + 2¢ + 1. 37)

Proof: If we compare (36) with (10), it is nat-
ural to take Au=u"@t), D) ={u<c C2[0, 1]},

x%=c?[0,1], x}=C![0,1], m=n=2, z=(z,
z29)=(1,1), Au=Au,

D(4)={ueD(4):u(0)=u'(0)=0},
Bu:u”—3tI;x u”(x)dx+é(t2 +1)[u'(1)—u’(0)]:
:u”—3tJ‘;x u”(x)dx+%(t2 +1)J-;u"(x)dx,

(B)-

s 5015 e e

Since (5), the operator A, is correct and its
. . -1 t
solution is A f(t):jo(t—x)f(x)dx. Further
comparing (36), (38) with (10), we take g;=3t,
25 =—%(t2 +1), f=8t2+2t+12,

NZ[I{)G 12//1;3} Fl(Au)zj‘;x u'(x)dx,
Fy(Au)= [ u'(x)dx.

Then

R (f)= [y 2 (x)dx, B(f)= [ f(x)dx,
- i {vio
o)

The set z = (1, £) is biorthogonal to (¥;, ®,). From
V@) = u(1/2)| < Hu||(C +|w||c = lul| o1 follows that

¢y eCY = X7 = x4 By analogy ¥,, ¥, e C¥¥,
1

on2f(x)dx S||f||¢

it follows that F € (C[O, 1]* =X". By analogy it is

i=1, 2. Further from |F1(f)|=

proved that F, e X *. We can apply Theorem 1. Now
we calculate

A1 _ t t
A gl(t)—jo(t—x)gl( x)dx= I (t- x3xdx—?

Alg, (t)= —%J‘;(t - x)(x2 + l)dx = —%

; t2(t2+6)
|20 2a |

Further we find Y;(z))=2,(1/2)=1,

W, (z5) =
= 22(1/2) =1/2, \Pz(zl) = 21(1) =

1, Wy(z5) =25(1) = 1.

112 i1
Then ¥(z)= 11 f Further compute ‘I’l(A gl):

=116, Wy(A7g)=1/2, wi(A g )--25/384,
v, (A*lg2 ) =-7/24, then

1/16 —25/384
1/2 -7/24)

\P(A‘lg){
Now we find
(81)= jsx dx=3/4,
j 2? (2% +1)dx =-4/15,
Fz(g1)=j03xdx=3/2,

Fy(g)-= —%j;(ﬂ +1)dx=-2/3.

Then

Flo) - (3/4 ~4/1 5]

32 -2/3 )

Since

wor-ri-{ 4, 4.

v {3 S 2 )
:(5/6 -1/6 j
-1/6 13/18

and detW = 0, detV # 0, the problem (36), by

Theorem 1 (ii), is correct. For f=8t2+ 2t + 12 we
calculate

20 7/
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) . 152(2152 +t+18)
A (t)= jo(t —x)(2x+4)dx g

R (f):j;x2 (827 +2x+12)dx =61/10,
Fy(f)= jol(8x2 +2x+12)dx =47/3.
Then F(f) = col(61/10, 47/3). We also compute
WA= AT,y =19/12,
¥a(ATN=AT =T
Then
W(A7f)=col (19/12,7).

Substitution of these values into (12) yields the
solution to the problem (36)

u(t)= A f+[A g+ 2NV (A g IWIF(f) +

R 152(2152 +t+18)
+zNV g (A7l -

/3 t2(t2+6) +(1 t)[l/ﬁ 1/18J><

N2 0 2/9

[5/6 -1/6 jl[l/IG —25/384]] 1 [100 —16]X

“l-1/6 13a18) (12 -7/24 |49 90 15
61/10 1/6 1/18)(5/6 -1/6 )
X(47/3j+(1’t)[0 2/9}(—1/6 13/18] :

19/12
x[ é j:4t3+2t2+2t+1.

Conclusion

The main results of this paper are Theorems 1
and 2, where the problems Bu = f, B;u = f are solved by
extension method. This method is essentially simpler
and more convenient in the case of quadratic opera-
tor B, = B2. In this case the solvability condition and
a solution of Bju=f can be obtained by application of
the formula for solution of Bu = f twice. The upcoming
Part 2 of this paper will be devoted to decomposition
method for this case. Note that the extension method
is a generalization of direct method which is present-
ed in [30]. The essential ingredient in our approach is
the extension of the main idea in [26].
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HepUM, MEIUIMHCKON HayKu, GUHAHCOB U Apyrux. HaxoxjeHue TOUHBIX PelIeHul KPaeBhIX 3a4a4 ¢ (PpeArossMOBEIME UHTEIPO-audde-
PEeHIMATBHBIMYU YPABHEHUAMHU ABJIAETCA TPYAHON NMPo0seMoii. B GOJIBIINHCTBE CIyUaeB PEIIeHU OJIYUYal0TCA YUCJIEeHHBIMYU METOJaMU.
ITenb: MOMCK HEOOXOAMMBIX U JOCTATOUHBIX YCIOBUH Pa3pemImMOCTy a0CTPAKTHBIX OIIEPATOPHBIX YPABHEHUH M METO[ IIOCTPOEHUS MX
TOYHBIX pelleHuil. Pe3yJpTaTsl: IPeAIOKeH IPAMON METOJ AJIA TOYHOI'O PEIleHUs HEeKOTOPOro KJacca OOBIKHOBEHHBIX nuddepeHIn-
aNbHBIX WU (DPEATrOIbMOBBIX MHTETPO-AUDdepeHIINATBHBIX YPAaBHEHUH ¢ cenapabeIbHbBIMU AAPaMU 1 MHOTOTOYEYHBIMU U MHTETPaJIb-
HBIMM TPAaHUYHBIMHU ycaoBuaAME. MccreoBane! abeTpaKkTHEIe ypaBHeHNA Buia Bu = Au — gF(Au) = f u Bju =A%y - qF(Au) — gF(A%u) =1
C HeJIOKAJbHbIMU I'paHuUHbIMY yeaoBuamu ®(u) = NP (u) u®(u) = N¥(u), ®(Au) = DF(Au) + N¥Y(Au) COOTBETCTBEHHO, TJ€ (, g ABIAIOTCA
BekTOopamu, D, N — marpuniamu, a F, ®, ¥ — QyHKIIMOHAIBHBIMYU BeKTOpaMu. IIpeI0sKeHHBIN METO IPOCT B MCIIOJIb30BAHUY U MOYKET
OBLITH JIETKO MHTEIPUPOBAH B JIIOOYIO CHCTeMY KOMIIbIOTepHOH anre6pnl. MccienoBana KOPPEKTHOCTh ypaBHeHuit suna Bu=fu Bju=f
U X TOUHBIE pelleHus. Bropasa yacTs aToit craThu OyaeT IMOCBSAIIeHa CIydaio, KOorja oneparop B, mMeeT KBaJPaTHUHYIO ()aKTOPU3ALUIO.

KuaroueBsie cioBa — auddepeHIINANTbLHEBIE U (DPEATOIBMOBEI HHTErPo-auddepeHInaIbHble YDABHEHN A, MHOTOTOYEUHBIE I HEJIOKAJIb-
Hble NHTerPaJIbHbIe TPAHUYHbIe YCIOBU A, PA3JIOKeHNe OIlepaTOPOB, KOPPEKTHOCTh OIIePATOPOB, TOUHbIE PEIlleHU .
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MocTaHoBKa nNpobneMbl: B OCHOBE MeTofa Pe30HaHCHOW HOPMasibHOM (hOPMbl JIEXUT CBEAEHUE CUCTEMbI HEIMHENMHbIX
00bIKHOBEHHbIX AncpepeHLnanbHbiX ypaBHeHUI K 6osiee NnpocToMy BUAY, UccrefoBaTh KOTOpbI npoue. bonee Toro, ans
psija aBTOHOMHbIX HEJIMHENHbIX 3a[ay yAaeTcs NojlyuynTb B IBHOM Buze (hOPMYJibl, anfpoKCUMUPYIOLLME YUCTIEHHbIE pacye-
Tbl CEMENCTB UX NePUO[NYECKMX PeLLIeHNI. 3aMeHa YNCIEHHbIX BbIYUCTIEHUI NX 3apaHee MPOoCYMTaHHbIMU (hopMynammu BegeT
K CyLeCTBEHHO! 9KOHOMUMN BbIYUCIIATENILHOIO BpeMeHu. [1ofobHble pacyeTbl Aenaamucb U paHee, 0HaKo UX TOYHOCTb Oblia
He[oCTaTO4YHOW, a TPyA0eMKOCTb Oblsla BecbMa Benvka. Lienb: npumeHeHne meToa pe3oHaHCHONM HOpMasibHOW ¢hopMbI v pas-
paboTaHHOro f/1s1 3TUX Ljesiedi NporpaMMHOro nakeTa K cucTeMaM YeTBepPTOro nopsifika f/1sl NoBbILLIEHUSI CKOPOCTU BbIYNCIIEHWIA.
Pe3ynbTaTbl: NoKa3aHo, YTO NPy MOMOLLM €ANHOIO aJIFOPUTMa BO3MOXHO U3y4YaTb ypaBHEHUS BbICOKUX NOPSAKOB (Y4eTBEPTOro
u 6onee). CpaBHeHMe TabyIsILMUM MONYYEHHbIX (POPMYST C YNCSIEHHBIMU PELLEHUSIMU COOTBETCTBYHLUMX YpaBHEHUI MOKa3bIBa-
eT Xxopollee Konm4yecTBeHHoe cornacue. K ToMy Xe CKOpOCTb BbIYUCIIEHUI O 3apaHee NoAroToB/IeHHbIM armnpoKCUMUPYHO-
MM hopMynam Ha nopsifaKU MPEBOCXOAUT CKOPOCTb YUCEHHbIX pacyeToB. [1osydeHHbIe annpoKcuMupyroLumue npubanxeHus
ycCreLIHO NPUMEHUMbI U K HEYCTONYMBLIM pelueHusiM. Tak, B cucteme XeHoHa — Xewneca nepuoamnyeckue peLleHnst oKpyxe-
Hbl XaOTUYECKUMU PELLUEHUAMM, U MPU YNCIIEHHOM UHTErPUPOBAHUMN aJIrOPUTMbl 3a4acTyro Ha HUX HeycTon4uBbl. lpakTuye-
CKasi 3HaYMMOCTb: pa3paboTaHHbIN NOAX04 MOXET bbiTb MCMONb30BaH MPU MOAENMPOBaHUN (PU3NYECKUX U BUOSIOTNYECKMX
cuctem.

KnioyeBble cnioBa — pe3oHaHCcHas HopMasibHasi (popMa, AUHAMUYECKME CUCTEMDI, JIOKANIbHbIE MEPUOJNYECKME CEMEICTBA
peLueHuii, KoMMbtoTepHas anrebpa.

ITutuporanue: Ennepan B. @., Tumodeesckas O. [1. ITouck meprogriyecKux penieHnit 00bIKHOBEHHBIX Nu(GEePEeHIINANBHBIX YPaBHEHU
¢ TIOMOII[BI0 MeTO/a HOpMaJabHO# (opmel. Cayuail ypaBHEHUI YeTBEPTOro mopAxka. MH@opmayuonno-ynpasraowue cucmemst, 2018,
Ne 6, c. 24-34. d0i:10.31799/1684-8853-2018-6-24-34

Citation: Edneral V. F., Timofeevskaya O. D. Normal form method in search for periodic solutions of ordinary differential equations.
Case of the fourth order. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 6, pp. 24-34 (In
Russian). doi:10.31799/1684-8853-2018-6-24-34

Bsenenue

Meton HOpMAaJbHOU (OPMBI OCHOBBIBAETCSA HAa
IpeoOpa30BaHUU CUCTEMBI OOBIKHOBEHHBIX nudde-
peHIInaJIbHBIX YpaBHEeHUI K 00Jiee IpoCToii cucTe-
Me, Ha3bIlBaeMOIi HOpMaJbHOUI (DOPMOI B OKPECTHO-
CTHU cTaluoHapHOil Touku. CructemMaM BTOPOTO IIO-
panka 6wlia mocssaieHa padora [1]. Ha BakHOCTD
39TOT'0 METOZa B CJIyYae MCCJeIOBAHUA OOBIKHOBEH-
HBIX OuddepeHIInaIbHBIX ypPaBHEHUI 00paTHIu
BHUMAaHWE JOCTATOYHO JaBHO, CM., Hampumep, [2]
niu [3].

Camo ompeeieHrie HOPMAaJabHOI (DOPMbBI 1 HOpMA-
JIN3YIOIIET0 IPeoOpa3oBaHUsA NAeTCs B HECKOJIBKO
pasauuaronuxcsa hopMax B 00IIeM U CHEIHATbHBIX
cryuaax. Tak, oueHb pa3BUTHI IPUJIOKEHUA I ra-

MUJIBTOHOBBIX cucteM [4—T; 8, u. 1, 2]. PesonaHcHBIE
u HOpPMaJIbHBIE (opMBI Beauiikoro mcciemyrooTcsa
B paborax [9; 10, u. 5, § 20; 11]. CymrecTByeT HEMAJIO
aJITOPUTMOB (M WX peasm3aruil) IJas TOCTPOEHUS
HOPMAaJbHBIX (POPM M COOTBETCTBYIOIIUX IIpeodpa-
3oBaHU#. [[151 raMUIBTOHOBA CJIyUYas dTO YJIYyUIIIEH-
b1 anroput™m Henpu m Xopu [12] u ero cumBoJsiu-
yeckas aJiredpamuecKas peajusalus B CHUCTEMe
REDUCE [13]. CyuiHocTh MeTOIa YUMCJIEHHOTO II0-
CTPOEHUA HOPMAJIBHBIX (DOPM AJIA TaMUJIHTOHUAHOB
omuckiBaeTcss B pabore [14]. Bompockl cxogumocTu
HOPMAaJU3YIOIero mpeobpasoBaHUA O00CYIKIAIOTCA
B paborax [6, 7, 15, 16]. Yo :Ke KacaeTcs IOCTPoe-
HUA HOPMaJbHOIN (hOPMBI B OOIIEM CIIyUyae, MbI yIIO-
MsHeM 37ech (B qonmoaHenne K KHure A. I[. Bprono
[17]) Tak:ke ctaThu [18—20].
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B Hacrogimeii pabore MbI OyaeM HCIIOJIb30BATH
aJITOPUTM, OCHOBAHHBIN HA MOAXOMAE, KOTOPBIN OBII
passur A. II. Bprowno [6, 7, 9, 10, 17] nnsa pesoHaHc-
HOII HOpMaJbHON (opMbl. BamkHBIM Ipeumylie-
CTBOM 95TOTO IOAXOAa SABJISETCA BO3MOYKHOCTH HC-
CJIEZOBAHMA IITNPOKOr0 KJIacCa aBTOHOMHBIX CHCTEM
B paMKaX eIMHOM CXeMBbI, KOTOpasd JIETKO MO aeTcs
AJITOPUTMUSBAI[UH.

B uactHOCTH, 9TOT TMOAXOJ ObGecmeumnBaeT KOH-
CTPYKTHUBHBIA METOJ IIOJYUYeHUA NPUOIUKeHU
IS JIOKAJbHBIX CEMEMCTB IePUOAUYECKUX U yC-
JIOBHO IIEPUOAUYECKUX PelleHuil B (popMe CTeleH-
HBIX/Qypbe-pAnoB. MbI yaesnsem ocoboe BHUMaHTE
mpobjemMe CXOOUMOCTU IIPUMEHAEMBIX Ipeobpaso-
BaHUI, YTO IIO3BOJIAET HANEATHCA HA JOCTATOUHYIO
TOYHOCTDH IOJIyUaeMbIX Hpubau:keHuii. Kpome ca-
MUX PeIlleHnii, Mbl MOKeM TaKiKe HalTu mpubJiu-
JKeHUA AJIA HAYaJIbHBIX YCJIOBUT, KOTOPbIe MHUITUU-
PYIOT TaKue mepuoguuecKkue peireHusd. To eCTh BO3-
MOXKHO ITPOBOJUTL HEKOTOPbIE dJIeEMEHTHI (pasoBOro
aHaJIm3a.

IIpyroe mIOCTOMHCTBO WCIIOJB3YeMOTO IIOAXOHA
COCTOUT B aJITOPUTMUYECKOM IPOCTOTE ITOCTPOCHUSI
HOPMaJIbHOU ()OPMBI M COOTBETCTBYIOIIETO IIPEe06-
pasoBanusi. Mbl mMeeM MOPAMYIO PEKYPPEHTHYIO
dopMysy IJ1d 9TOM IPOIEeAYPhI, KOTOpas He TpebyeT
XpaHeHus OOJIBIIIOT0 00'beMa IPOMEKYTOUHBIX pe-
3ysbTaToB. Ilogxon cBOOOIEH OT HEOOXOAMMOCTH Pe-
IaTh IPOMEKYTOUHbBIE CCTeMbl yPaBHEHUI, a TaK-
JKe He UMeeT KaKUX-Iu00 OrpaHMYeHuil Ha caydaun
PEe30HAHCOB HUBKUX IIOPATKOB.

C moMoIIbI0 IpenIaraeMoro MeToaa TaKiKe BO3-
MOJKHO TIOJIYYaTh MPUOINIKEHUA A Hellepruoguye-
CKUX ceMelcTB. B aToM ciryuae mosryuaemMble pe3yib-
TaThl OJIM3KYU K Pe3yJIbTaTaM MeToAa JUHeapus3aIuu
Kapsemana. [l mepuoguiecKux 1 YCJIOBHO IIEPUO-
IUYECKUX CJIyUYaeB MeTOJ IpeacTaBasgeT co00ii 0000-
mienue nogxoxaa Ilyankape — JluHacrena.

HccnemoBaHWIO CHCTEMBI IIIECTOTO IIOPAAKA JM-
nepa — Ilyaccoma mocBsinena padora [21]. Uccaemo-
BaHUIO JIOKAJIbHOI MHTETPUPYEMOCTH CUCTEM OOBIK-
HOBeHHBIX nuddepennuaabubix ypaBHeHU (OY)
nocBaIeHa pabora [22]. Hakoner, kK cepuu paborT mo
U3YUEHUI0 NHTErPUPYEMOCTHU CUJIBHO BHIPOIKIEHHOMN
nByxmepHoit cuctembl OIIY oTrHOCcATCA paboTs! [23,
24]. Meton TaksKe OB IPUMEHEH IJIA BbIUNCIECHUS
OIEHOK IIMKJIWYHOCTH B IIJIAHAPHOU KYyOMYECKOM
cucreme [25] B ¢cBA3U ¢ IIECTHAAIATON IIPOOJIEMOIL
T'unanbepra. 3aBepiiias 3TO IepedYuCcJIeHne, CIeLyeT
OTMETHUTh HPOAYKTHUBHOCTH OIKUCHIBAEMOI'0 MeToma
He TOJIbKO [IJIsI IIOMCKA YKCTO II€PUOJUUYECKUX Op-
OUT, HO ¥ AJIA ONUCAHUA YCJOBHO II€PUOAMUECKO-
ro ABUIKeHUs. IIpuMepoM MOKeT CJIYKHUTHL pabora
[26], rme mocTpoeHO TMPUOIMIKEHUE, OMMCHIBAOIIEe
IBUJKEHNe JIBOMHOrO MasaATHHKA. IIpu sToM cuer
IO IIOJIYYEHHBIM AlMPOKCUMUPYIOIUM (hopmMyIam
oIepe’kaeT COOTBETCTBYIOIME PACUeThl IO METOLY
Pyure — KyTTbI B cOTHU pas.

IIpumepsI 0OBIKHOBEHHBIX
nugdepeHIUATBHBIX YPaBHEHUN
YeTBePTOro MopamKa

Cucrema Xenona — Xeiizeca

B pabGorax [27-29] omuchiBaeTca TpUMeEHEHUE
MeTOoAa HOPMAaJIbHOI (hOPMBI IJIs IIOCTPOEHUSA aHa-
JUTUYECKON alIIpPoOKCUMAIIUMU BceX (BKJOYAsA KOM-
IJIEKCHBIE) JIOKAJBHBIX CEMEHCTB IepUOIUUYECKUX
peleHni B OKPECTHOCTH Hauaja KOOPAUHAT JJIA CU-
creMbl ypaBHeHUit XeHoHa — Xeiingeca. CemeiicTBa
pelIeHuii IpeACTaBJIE€HLI B BHUIE OTPE3KOB DPANI0B
dypre ¢ TPUOIUIKEHHBIMU KOd(DduiimenramMu u
YacTOTaMH’, a COOTBETCTBYIOIME TPAEKTOPUU OIIH-
CaHBbI KaK IepeceyeHusl IUIepIOBEePXHOCTeN, KOTOo-
pble oIIpeieIeHbl B BUIe MHOTOMEPHBIX CTEIeHHbBIX
PAIOB OT 3HAUEHUII MeXaHUYECKON 9HEPruu CUCTe-
mbl. CpaBHeHMe UYMCJIEHHBIX B3HAUEHUH, TOJYyYeH-
HOoe TabyaupoBaHMEM NPUOJMKEHHBIX pes3yJbTa-
TOB, IIOJYYEHHBIX ONMUCAHHLIMU BBIIIIE METOHZAMU,
C pe3yJbTaTaM{ YMCJIEHHONM MHTeTrpaluu CUCTEMBI
Xenona — Xeiijgeca IeMOHCTPUPYET XOPOIIIee CorJia-
coBaHMe, KOTOPOT'O MOCTATOYHO, UTOOBI TPUMEHATH
9TU NPUOIUIKEHHbIe PEIIeHNA B NHIKEHEPHBIX IIPU-
JIOJKEHUSIX.

Cucrema ypaBHeHUuit Xemona — Xeiiieca mepBo-
HAYaJIbHO BOBHUKJIA B TEOPUU IBUIKEHUS YACTHI]
B aKCHAJIbHO CUMMETPUYHOM I'DaBUTAIIMOHHOM TIO-
Jie, TOUHee, 13 3aJjaUM O ABUKEHUU 3Be3]] B raJaKTU-
yeckoM moJie [30], kak mpocTasa Moeab AJIA YUCIIeH-
HBIX 9KCIEePUMEHTOB. ITO cucTeMa ABYyX auddepeH-
IUAJbHBIX YPABHEHUH BTOPOI'O IMOPSAAKA

x=—x—2xy;y=—y—x2+y2. 1)

Ona MOXKeT OBITH 3aIlcaHa KaK CucTeMa aB-
TOHOMHBIX OOBIKHOBEHHBIX Au(M(epeHIInaTbHBIX
ypaBHEHUI BUIa

X = ®(x), (&)

rae X = (xy, ..., X,) — BeKTOPHaA QyHKIMUA BPDEeMeHMU;
def

x = dx /dt — Bpemennas npoussoguas; ® = (¥, ...,

®,) — BEKTOD, KOTOPLIii ABNAETCA PyHKINeH OT X U,

BO3MOYKHO, KaKUX-TO IIapaMeTpPOB, KaK IaMUJILTO-

HOBAa cucTeMa ypaBHeHuii ¢ pyHKIuen 'aMuiIbToHA

H =%[(x)2 F(@)? 422 +y2]+x2y—§y3. ®)

JIuueiiHas 3aMeHa ITepeMeHHBIX

X =y +ys3, x=-i(y1 —y3);
Y=Yz +Y4, Y=-i(Yy2 —Y4) “@

npeobpasyert (1) k popme ¢ fUATOHAIBHON JIMHEHHOM
YaCThIO

NeB, 2018 N\

VNHOOPMALIVIOHHO-YMNPABASIIOLLIVE CUCTEMBI N\ 25



4 TEOPETUHECKAS! Y NPUKAAAHASI MATEMATUKA /

Ui =My 6,4 +@;(¥), 01 =0,i=1, ..., n, (5)

HJIN B IIEPEMEHHBIX CHCTEMBI K BUAY
Y1 =iy —i(y1 +Y3) (Y2 + Y4);
s =1 =101+ 95)* ~ 02 + 90) T
Y3 =iys +i(y; +y3)(ya + Y4);
s =iys + T 0 W 0L ©)

CoOCTBEHHBIMY 3HAUEHUAMU 9TON CUCTEMBI SB-
JISIOTCS ABE TTaphbl KOMIIJIEKCHO COMPAMKEHHBIX MHU-
MbIx egunautn, A = (—i, —i, i, i). Takum obpasom, 3TO
WCTUHHO Pe30HAHCHAA 3a7a4a, a 9T0, KaK U3BECTHO,
CaMbI¥ TPYAHBIN TUII 3aaY AJIA PEIleHnsI MeTOTaMU
TEOPUU BO3SMYIIIEHUH.

Hopmaapnasa ¢opma cucrembl XeHoHA — Xeijeca

s cucremsr Xenona — Xetiseca (1) oTHOIIEHMA
BCeX Tap COOCTBEHHBIX 3HAUEHWH paBHBI *1, mO-
STOMY 9TO PE30HAHCHBIN CIyUYail HUIIIEro IoPA KA.
HanomuuM, uTO hopMaIbHO yCIOBHE A BBITTOJHEHO
[6], ecoiu cylecTByeT He 3aBUCAIIUNA OT BDEMEHU U
WHAEKCA [ mapaMeTp ® TaKoii, YTO HopMaJbHasd (hop-
Ma CHCTeMBbI YOBJIETBOPAET YPaBHEHUAM

A={z: y; =);z0, eciu Rek; = 0;
2 =0, econ Red; 205 i=1, .., n}.  (7)

Ecau ycnoBue A nna (1) BRIDOJIHEHO, TO HOpMA-
Jusyiolnee mpeodpas3oBaHMe CXOAUTCA W PEIIeHUs
HOPMAaJIbHOU (hOPMBI COAEPIKAT BCE JIOKAJIbHBIE IJIA
JTaHHOM HeIIOABUKHOI TOUKY CeMeNCTBa Iepruoamye-
ckux perrtennii. HopmanabHas popMa OIS CUCTEMbI
(6) umeeT BUA

] def
2 :Zl'gi = 7\.1'21' +
111 92 .93 44
2 Z gi,quqZ,(h,q‘; 1 22 23 24 ’
q;>-1,
q1-Gi-1:0i115-- 9420,
q1+92=¢3+q4>0
i=1,2, 3, 4. 8)

VYeaoBue A nas (1) onpenenseTcs CUCTEMON ypaB-
HeHui (7)

_ q1 92 5493 5494
Aizio =22 +Zizgi,q1,qz,q3,q421 25723724

i=1,2, 3,4, (C))

rae ® ecTb QYHKIUA 2y, ..., 24, KOTOPAs He 3aBUCUT
OT WHJEKCA i 1 BpeMeHU t, HO OIPeJesIsieTCa TOIbKO
ycaoBueM A.

ITouck Bcex perrenuit cucrembl Tuma (9) mpen-
cTaBJIgeT cO00M He3aBUCUMYIO 3aJauy PEeIIeHus CU-
cTeM YpaBHEHUH B KOJIbIle (OPMaIbHBIX CTEIIEHHbBIX
pAamoB. BamHo, UTO IPU YOOBJIETBOPEHUHN YCIOBUA A

B KOJIBIIE TAKUX PSII0B COOTBETCTBYIOIIME PEIIIEHU S
UMeIoT 6a3uC, COCTOAIIUIN M3 CXOAAIIUXCA PAIOB.
ITosToMmy um cemelicTBa IEepPUOAUUYECKUX peIIeHU
(9) MoryT OBITH BBIPAsKEHBI B TEPMUHAX CXOIAIITUAX-
cqa panos. g pemreHus cucteMbl Tuna (9) Mbl Boc-
MOJIb3yeMCs MIPOCTOH (haKTOPU3AIIUEH.

TTockosbKy cuctema XeHona — Xeiineca (1) meit-
CTBUTEJIbHA, TO B HOpMAaJIbHOI (hopme (8) psambl gj(z)
TOJI3KHBI YAOBJIETBOPATH YCJIOBUIO AEHCTBUTEIHLHOCTHI

8j2(z)=g;(2);
242 =% =1, 2.

3meck HaguepKuUBaHUE 0003HAUAET IIPOIEAYPY
KOMILJIEKCHOTI'O COIIPSAKEH M.

Ucnonabays nmporpammy NORT [24], nasa cucTeMbr
XenoHa — Xeiijieca MbI IIOJTYYUIN

. 7 -1.2 2 5
83 = l'|:1—§2123 24 +52224 —52123 +

+ﬁ231212222 + 1572%22 —5—921222 —

01 403 2 2 223 2 2
§21222324 108 o 2923 T o 108 2123 +

+21203222 1,4 67025 3 1.4
12223724 + 5052173 24 T

21206 3 3 22387 2 3 67627 _ 2 9
+—— 105 2924 135 212924 +——o— 1030 21292324
20551 3. 2 3832 3.2 4789 2 2

360 217324 ~ 405 227374 ~ {5 “1%223%4
46313 2.3 102541 3 _3 8\ |.
5160 212293 T 5450 2173 +0(z )},

84 :i-[1—§z224 +E2123 —122232»2;1 -

785 2 2 605 _2 2
108 2924 t o 108 2124 + 21222324
17
+§Z§2§ - 92122§ - 595212223?;241 —

65495 3 3 40139 2, .3 129 2, 2
T 1296 2274 T g5 P12224 T 521222324 —

12472 3 2 25295 3.2 5226 2 2
105 212324 +—1+ 222324+ 1080 21292324
16307 2.3 30626 3.8 77777 3 4 -1
135 217273 o5 “173 * 1596 227374

130753 -
—mzlzzzzg.ql +0(28 )}. (10)

Broluncienre HoOpMaJbHOUM (DOPMBI M HOPMAJIU-
3YIOIIETO IpeodpasoBaHUA AJIA CUCTEMBI XeHOHA —
Xeiimeca 1o 11-ro mopsaaka Ha NORT B pariroHaIbHOM
apudMeTKe 3aHAJIO OKOJIO 6 CeKYH/] Ha KOMITLIOTEDE
Pentium-Pro 200 MHz u gaio 110 4ieHOB HOPMAJIb-
HOU (opMBbl, a Tak:Kke 1250 uIeHOB HOPMAJIM3YIOIIIE-
ro mpeobpa3oBaHUA. B ommchiBaeMoOM 37eCh IIpUMepe
HOpMAaJbHaA hopMa Obliia BEIUKCJIEHA [0 YJIeHOB 19-ro
TOPSIIKA B PaIlMOHAJIBLHOU apudMeTnKe 6eCKOHEUHO
TouHOCTH. OTMETHM, UTO CYIIIECTBYEeT 3HAUNTEJIHLHOE
pasyimume B CKOPOCTY BBIUMCJIEHUI IIPU MCIIOJIb30Ba-
HUM Pa3IUYHBLIX apudMeTUK (c IaaBaromieil 3anaroi,
IJIMHHOM IIeJIOM, MOAYJIAPHOI) AJsi 00pabOoTKH UmC-
JIEHHBIX K03((OUIIEHTOB.
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JlokaJbHbIE CEeMelCTBA IEPUOTMYECKUX
peurenuii cucremsl XeHoHa — Xeilzeca
B OKPECTHOCTHU HavyaJja KOOPIUHAT

VpaBaenusa (9) moryT OBITHL IpeAcTaBJIEHBI (II0-
CPEeJCTBOM MCKJIIOUEHUA (0, KOTOPOe OTJUYHO OT HY-
JISl IJIsT HEeTPUBUAJIBHBIX PEIIeHUH) B TAKOM BU/IE:

def
Pl = 2123 [gl(z) + g3 (Z)] = 0;
def
Py = 2924[82(2)+84(2)]=0;
def
Py = 2124 81(2) + 84(2)]
def
P4 = 2923 [g2(2)+g3(2)]:0. (11)

0;

HaxorxneHne Bcex JIOKAJbHBIX CEMEICTB IIEPUO-
IUUEeCKUX PeIleHni cucTeMbl (8) 9KBUBaJEHTHO OIIpe-
JleJeHuIo Beex perrreHuit cucteMsl (11). s kaskmoro
u3 petrieHni (11) cooTBeTCTBYIOIEE CEMEICTBO pellie-
Huii (8) Besaencreue (9) umeeT BUL

zj =cjexp(-int); zj,9 =¢j, 9 exp(int), i=1,2.(12)

KoHcTaHTBI ¢; — TOCTOAHHBIE MHTETPUPOBAHUA
u o — napamerp u3 (9), KOTOPBII UTrpaeT PoOJb Ya-
CTOTEHIL.

BasxwHo, uTO 115 10008 00paTUMOM CHUCTEMBI 00a
nonuHoMa P, u P, B (11) uMeroT OAMHAKOBBIA MHO-
sxkurensb [9; 10, . 5, §10]

Py(2) = (21 2] —2323)@4 (2);

Py(2) = (2] 24 — 2523)Qs(2),

re ru S — HauMeHbIIIe HATyPaJIbHBIE I[eJIbIe, YI0B-
JIETBOPSAIOIINEe YPAaBHEHHIO A7 — Ays = 0.

Cucrema Xenona — Xeijeca obpaTuMa U mMe-
eT s =r=1, HO GJaromapsA AOMOJHUTEIHHON CUMMe-
Tpun us (10) u (11) MoKHO HAHTH, UTO

85 59
P = oc(zlzzi —2§2§)[I+§2123 ~1g22% +O(z4)};
Py =-o(z 23 —22223%)[1+O(22)J, (13)

e o # 0 — umcsioBad KOHCTAHTA, a ITOCJIeTHIE MHO-
JKUTEJW WMEIOT HeHYJIeBble IIOCTOSHHBIE UJIeHBI,
T. €. OHU HE MOTYT JaBaTh BKJIAJ HA B KAKOE JOI0JI-
HUTEJbHOE CEMeIiCTBO pellieHn il (HaIlOMHNM, UTO MbI
WHTepecyeMcs peIIeHUAMU, KOTOPbIe BKJIIOUAIOT
cranuoHapHyoo Touky z = (0). Takum obpasom, BMe-
CTO IIepBoii mapsl ypaBHeuui B (11) MbI UMeeM JIUIIb
OIHO YpaBHEHUE

21224% —2%23‘? =0.

YpaBHeHUe 2124 =12923 ONNUCHIBAeT IIapy I'MIep-
TIOBEPXHOCTEN

h, ={z:2124 =2923} u h_={z:2124 =223} (14)

COOTBETCTBEHHO. [[JId BTOPO¥ ITaphl ypaBHEHU B CU-
creMme (11) umeem:

eCIIU 2124 = 2923, TOTHA Py =P2124(32123 —2924)
x (2123 —32924 )[1 + %(2123 +2924)+ O(z4 )};

Py =—P2923(32123 — 2924 )(2123 — 32924 )[1 +0(22 )};

€CJIN 2124 = —2923, TOTHA
23 19 4
Py =vz124(2123 - 2224)[1 —1g4173 + 12224 +O(2 )J;

Py =—yz923(2123 - 2224)[1 + 0(22)}

r7ie f U Y — YucJIeHHbIe KOHCTAHTHI, He PaBHbIE HYJIIO.
OnpezennM TaksKe IUIEPIIOBEPXHOCTHI

hy ={2:32123 = 2924 };
hy ={z: 2123 =32924};
he={z: z23= 2324};
b ={z:2,=0}, i=1,2,3, 4. (15)

Taxkum obGpazoM, mMeeTCsS JBe BETBU pPeEIeHUit
ypaBHenwui (11), KoTOpble COOTBETCTBYIOT TIepeceye-
Huio b Nh,u h  Nh,, 1 O1HA BETBb, COOTBETCTBYIO-
mas nepecedenuio h_Nh,.. Eile nse BeTBU pelieHui
COOTBETCTBYIOT II€PECEUEHUIO THUIEPIIOBEPXHOCTEH
hinhy 1 hgnhy.

HNwmeercda TakKe mapa BeTBeH, KOTOpasd COOTBET-
CTBYeT KOMILJIEKCHO COIIPAMKEHHBIM ceMelicTBaM
pelieHnii ¢ HyJeBOW SHeprueil M eTUHWYHON ua-
croToii ®. Ilepsaa BeTBr — TO0 hyNhjy, a Bropas
BeTBb — hyMh,. IlepedncienHble BETBU HCUYEPIIBI-
BAIOT BCe BO3MOJKHBIE JIOKAJILHBIE ceMelicTBa Iie-
pUOAUUYECKUX peIleHruil ypaBHeHui (6) uepes Imom-
craHoBKY (12), KOHCTAHTHI CBABU ¢; 1 BBIYMCIIEHIe
COOTBETCTBYIOIIUX YACTOT ® B BUJE PAJOB OT ITUX
KOHCTaHT.

ITHu ceMb BETBel PENIeHUI CUCTEMBI YPaBHEHUH
(11) moposkgaror 10 pasIUUYHBIX JIOKAJbHBIX Ce-
MeHCTB IIePUOANYECKUX pelleHui cucreMsl (1) ¢ ue-
TBIPBMSA PA3JIMYHBIMU YyacToTamMu [cM. (17) Huxe]:

cemeiictBa lu 1’ (hy Nhy): 2124 = 2923, 32123 = 29243
cemeiictBa 21 2' (hy Nhy): 2124 = 2023, 2123 = 329243
cemeiictBa 3 u 8’ (h_ Nh,): 2124 =—2923, 2123 = 2924}
cemeiictBo 4 (hg Nhy): 29 =24 =0;
cemeiictBo 5 (hy Nhg): 2, =23 =0;
cemeiicTBO 6 (B Nhg): 21 =25 =0;
(ks )

cemeiicTBo 7 (hg Nhy): 23 =24 =0. (16)

HexoTopble 13 9THUX ceMeHCTB OBLILIM IIPeACcTaB-
Jgens! B pabore [31]. [IpuumHOi 1y6ampoBaHus Iep-
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BBIX TPEX CEMENCTB SIBJISIETCSI CUMMETPHUS [ePBOHA-
YaJabHOI cucTeMslI (1) IO OTHOIIIEHUIO K 00pAaIIeHUI0
BpeMeHU. ITO oOpallleHre N3MeHsIeT 3HaKU B X U [,
TaKuM o0pasoM AyO6ampysd umcao cemeirictB. Ho 06-
pallieHre BpeMeHH TOJIBKO IIepPecTaBJiseT ceMeicTBa
6 u 7 1 5KBUBAJIEHTHO TPUBUAJIbHOMY BPEMEHHOMY
COBUTY AJiA ceMeicTB 4 u 5.

Ucnonways nmpencrasienue (12), MOKHO mepemnu-
caTh IPUBEJIEHHBIE BBIIIE COOTHOIIEHNUA Uepe3 KOH-
CTAHTHI MHTETPUPOBAHUA Cy, ..., C4, IPOCTO 3aMEHUB
TaM z;—> ¢;. Ecim MBI MHTepecyeMcs CeMeWCTBOM
IeCTBUTEJNbHBIX pertenuii (6), Torma MBI IOJMK-
HBI BBIOpaTh B BhIpaskeHuu (12) ¢; =c3 u cy =c4.
OpHaKO B Pe30HAHCHOM cJiydae TpebyeTcs GoJibIiie
IOIIOJIHUTEJBbHBIX YCJOBUM, UTOOBI rapaHTUPOBATH
IelicTBUTEeLHOCTL pelileHuii. IlepBad mapa ypas-
HeHuit B (11) — 9TO0 KpUTHUUECKOE YCJIOBUE AENCTBU-
TEJILHOCTU PE30HAHCHBIX PEIIeHWI, YTO CJIeNyeT
u3 (12). Tak xkak cuctema (1) aBTOHOMHAs, pellle-
HUS cOAep:KaT OOBIUYHBIN (Da30BbBIN CABUT, KOTOPHIM
MOKHO IIpeHeOpeub, U TOT[a BCE KOHCTAHTHI MOTYT
OBITH BBIOPAHBI OEMCTBUTEJbHBIMU (MM, MHOTAA,
uyrcTo MHUMBIMU). Ilocse 3TOro Kaskmoe pelieHUe
(16) (kpome CyIIleCTBEHHO KOMILJIEKCHBIX CEeMEeHCTB
6 1 7, KOTOpPBIE OIIPEAEJIAIOTCI KOMILJIEKCHBIMU KOH-
CTaHTaMMU) OIIPEIEJIAETCS TOJHKO TPEMA 13 YeThIPeX
NeCTBUTENbHBIX KOHCTAHT c¢;. I[losTomy Kasmoe
IEeNCTBUTEIBHOE CEMECTBO pelteHuii cuctemMb (12)
3aBUCHUT OT €IMHCTBEHHON KOHCTAHTHI.

Hcnonesysa ompefeseHHYI0O KOHCTAHTY ¢;, CKa-
sKeM, ¢y (AJIA JefiCTBUTENbHBIX IapaMeTPUYecKuX
cemeiicTB 1-5), mogcraBuM ee B cuctemy (12) u mosry-
YHUM COOTBETCTBYIOIIYIO BEJIMUNHY YaCTOTHI ® B BU-
ne pajga 1o ¢ depes (9). UToObl HANTH COOTBETCTBY-
[olue ceMeicTBa mepuognueckux perrennit (1) kax
YCeUeHHBII PAJ IO STOM IIOCTOSHHOM, MBI IIOJCTA-
BuM (12) B paHee moACUMTAHHOE HOPMAJM3YIOIIEe
npeobpasoBaHue u B mpeodbpasosaune (4). Haxowerr,
KOHCTAHTAa ¢; MOKeT ObITh 3a()MKCHUPOBaHA IIOACTA-
HOBKOI1 pernenus (1) B BeIpaskeHue AJA sHepruu H
u3 (3). OHeprus (KOoTopas He 3aBUCHUT OT BpemeHu!)
TOTZA IIPEACTABJISAET COO0M DAL IO OJHOM ITOCTOAH-
HOH (CKakeM, c;), 1 oOpaljeHreM 9TOT0 PALa Besu-
UMHA €; MOKeT OBbITh HalifleHa KaK PAJ IO CTeIeHAM
SHEPruu, U TOTJa BCce APYTrre KOHCTAHTHI MOYKHO HC-
KJIYUTH. [JId neficTBUTEIBHOTO CIydYasda PeIleHusd
IPECTaBIAIOTCA B BUI€ YCE€UEHHBIX PALOB Pyphe.

ATO JaeT IPUOIMIKEeHHbIe YaCTOThI AJIA ceMelicTBa
IepUOaUYECKUX pelrenuii cucteMsl (1) Kak QyHKIIUN
MexXaHUYeCcKoll sHepruu (3), KOTopble paBHBI

O =1-2H+ LH? + 20 T3 4
51952319 ;4 1675438657 1,5,

3732480 111974400 =’
5 95 .2 54935 ;.3
=1-Sg-% g2 549853
©2,5 6 48 7776
_ 22030445 ;74 200207485 po5,
746496 1492992 ’

4.1y 2,,2 5389 ..3
m3—1+§H gH +—2430H
52393 -4 29471957 .5

5832 729000
0)6,7 = i]., (17)

Tlie MHIEKCHI ¥ (® COOTBETCTBYIOT IPOHYMEpPOBaH-
HBIM BBIIIE BETBAM perteHui. [Jia KasKIo0# 4acTo-
THI COOTBETCTBYIOIIaA ANIPOKCHUMAIIUA CeMeicTBa
ePUOINYECKUX PEIeHnN IIpecTaBIsIeT coO0l P
Dypbe 110 BpeMeHU U CTelleHHOH paf 110 H, KOTOpbIl
mpuBoxuTCcA B pabore [31].

PesyapTaThl OPOBEPASNCH OBYMS CIOCOOaMI.
IIepBBIii cOCTOAN B IPAMOM IOACTAHOBKE PALA B IIEP-
BOHauaJibHbIe ypaBHenusa (1). Pesyabrarhl comep-
JKaJM TOJBKO UYJIEHBI IPEHEeOPEe:KMMO MAaJbIX II0-
PAAKOB. BTOpoii myTh COCTOA B CDPABHEHUU YHUCJIEH-
HOTO pemteHuA (X,,m (1), Ynum @) Xnum @)s Unum (@)
ypaBHeHui#t (1), BRIUMCIEHHOTO C HCIIOJB30BAHUEM
merozna Pyure — KyTTel, c TaOyimpoBaHUEM BEJIUUNH
MPUOINIKEHHBIX PeIlleHnit (xapp(t), Yapp (1), xapp(t),
yapp(t)), BBIUNCJIEHHBIX C HCIIOJIb30BaHUEM IIpeaBa-
PUTEJBFHO PACCUUTAHHBIX (opmys. PerreHus Obl-

1

JIM BBIUMCJICHBI IIPU 3HAUCHUAX dHeprum H =
1 1

H:ﬁ u Hzg. I9Tu 3HaueHUs ObLIU B3ATHI U3

opuruHaJbHO# paborsl [30]. OmmnbKa BEIUKUCIAIACD

METOIOM OTHOCUTEJbHONU CpeqHeKBaapaTuUYecKo

OLITHOKI:

def
ferr = maXte[O,Zn/wi]X

2 2
(xnum ()-xapp(®)) +(.l/num (O)~Yapp (t)> )

KB um O+ oum O+ ko um (O +Toum (t)

. (5Cnum(t)*jcapp(t))2 +(ynum(t)*yapp(t))2 .

B um O+ Youm (O+ Eum (& +Taum ()

PeSy.J'ILTaTLI YHNCJIEHHOI'O CpaBHEHUA (T. €. BeJIu-
YNHBI TaKOBBI:

err

H:i: H=_:
JJISL PEIIeHuH C o : 1,3><10_5 7,6x10_4;
4,7x107° 4,4x1073;
1,1x107° 5,0x107%;

1,3x10™° 7,6x107%;

JIUI PeIlleHuH ¢ oy :
JJIS pellleHuil ¢ og :
JJISL peIIeHn ¢ iy :

LA pemeHmiic g 1 2,9x107°  1,8x1075,

1
Tak Kak aaa sHaueHus H = cucrema (1) ume-
. 1 1
eT xaotuueckuii xapakrep [30], sHaueHUA T

He ABJAIOTCA PUSMUYECKH MajabIiMU. [[J1d sHaUeHUS
1
H =g MaKCHMaJbHAsg OTHOCUTENbHAA CPeJHeKBa-

Ipatuueckas omubka coctasisaet 10 %.
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Mpger HEe TpOBOAMIIN YNCIIEHHYIO IPOBEPKY IJIA Ce-
MelcTB 6 1 7, KOTOpbIe OTHOCATCA K CIEeIUAJIEHOMY
Tuny. Takue ceMeiicTBa CyIleCTBYIOT IJI JI000MH cu-
CTeMbI, Yy KOTOPOI eCTh 110 KpaliHeil Mepe OJHO MHU-
Moe coOCTBeHHOe 3Hauenue [32].

TewMm »xe cambIM 00pa3om ObljIa MccieqoBaHa 0000-
meHHaa cucreMa XeHoHa — Xelijgeca Kak ciaydain
mapamMeTpUYecKOd CHCTEeMBI UYeTBEPTOTO IIOPALKA
[33]. Hexoropbie cemelicTBa MEPUOIUUECKUX PeIIIe-
HUM CYIeCTBYIOT TOJIBKO IIPU (DUKCUPOBAHHBIX Be-
JINYMHAX ITapaMeTPOB CUCTEMEI, a APYTHE CeMeicTBa
CYIIECTBYIOT B MHTEPBAJie 9TUX BeJIUYUH. ITO IIPU-
Mep Ou(ypKanOHHOT0 aHaJIN3a MEeTOLOM HOPMAaJIb-
HOM (opMbI. 3amMedyaTesJTbHO, UTO CHCTEMa HMEET
JIOIIOJTHUTEIbHOe HeTPUBHAJIbHOE KOMILJIEKCHOE ce-
MeliCcTBO IIepHOJUUEeCKUX PelleHUuY Ipu HEKOTOPOU
(puKcupoBaHHON BeJIWYUHe ITapamMeTpa.

Eme ogun npumMep cucTeMbl
4yeTBepTOro nopaaka. PesonancHbIit
¥ HEPEe30HAHCHBIN cIyyan

B srom pasgene GymeT m3ydueHO CEMEIMCTBO JIO-
KaJbHO TEPUOANYECKUX PEIeHU TaMUJIbTOHOBOM
cucTeMbI 00BIKHOBEHHBIX Au(depeHInaIbHbIX ypaB-
HeHUN ¢ KyOmueckoil HesmHenHOCTHIO [34]. Takaa
cucTeMa BO3HUKAET IIPU PACCMOTPEHUU IIPOOJIeMbI
pacIpocTpaHeHUsA BOJH Ha IIOBEPXHOCTU BOJBI ITOCJIE
CBeIieHUA ee K HOpPMaJIbHOU (opme. Byzner HaiimeHo
JIOKAJIbHOE CEMEMCTBO IIEPUOAMYECKUX DPEIIeHUN U
IPOAEMOHCTPUPOBAHA BAYKHOCTh CHEIIMAJIBHOTO WC-
CJIeIOBaHUA PE30HAHCHOTO IOBEAEHUSA IIPU COOTBET-
CTBYIOIIUX 3HAUCHUAX TapaMeTPOB.

HaBaiiTe pacCMOTPUM CUCTEMY C TaMHUJIBTOHUAHOM

2 B3 1 4

H=x9y; —x +1 2, %52+ 20 -2k
2Y1 —*1Y2 2!/2 21 31 41-

ATo cucTeMa UYeThIpex auddepeHnaaIbHbIX YPaB-
HEeHUN

.9.61 :.QC2;
Xg =Yg —X13
. 2 3.
U1 =Yg —axy —Pag +x7;
Yo =11 (18)

Cucrema o0paTuMa II0 OTHOIIEHWIO K MHBOJIO-
oun: (X4, X9, Y1, Yg) —> (X1, —Xg, —Y1, Ys). Hauaso xo-
opauuar (0, 0, 0, 0) — cramumoHapHas TOYKa, 1 CO0-
CTBEHHBbIE 3HAUCHUS PABHEI

{_\/_1_\/5, J-1-Va, —-1+a, \/-1+JE}. (19)

Husxe MBI 00CyAuM cirydaii ¢ TOJTOKUTETHHON O,
Korja MBI IMeeM 110 KpaliHeil Mmepe OAHYy mapy MHHU-
MBIX COOCTBEHHBIX 3HAUEHUN.

Cayuaii oo > 1
B aToM cayduae TOMBLKO IepBas mapa COOCTBEHHBIX
3HAUEeHUI YNCTO MHUMAI:

o— (g -1)2%, 0i>2

coOCTBEHHBIE 3HAUEHUS OYYT PaBHBI

{—icoo, ing, —\Ico% -2, \/m(z) —2}. (20)

ITocsie HOpMaIU3AIUK TIOJAYUYAEM CHUCTEMY B HO-
BBIX KOOPJAUHATAX (2}, Zg, 23, 24):

def
21 =—iog2; +21 P (21 -2, 23°24) = V13
) def
29 =1002g +29P5(21 - 29, 23 24) = V35

) P def
23 =4/ —223 +23P3(21 *29, 23 '24) = VY3;
) P) def
24 Zﬂ(x)o—224 +Z4P4(21'22, 2’3'2’4) = VYy. (21)

3uecb Py, .., P, — panbl, BLIYKCIEHHBIE Ha
MATHEMATICA 1o TpeTbero mopsigka Io mepemMeH-
HBIM Z;. 3aMeTHM, YTO PAALI P; B IpaBoii CTOpPOHE 3a-
BHCAT TOJIBKO OT IPOU3BENCHNUM 2; + 29 U 23 * 24.

ITeprogruHOCTDL YCIOBUIA HAaIaraeT TpeboBaHUe,
YTO JIOKAJbHOE IMEepuoAnuuecKoe CeMenCTBO pele-
HUH JOJIPKHO YAOBJIETBOPATH ycaoBuAM A. Tak Kak
UMeTCs HeHYyJIeBble IefCTBUTEeIbHbIe YaCTHU B CO0-
CTBEHHBIX 3HAUEHHUSAX Ag, A4, TO yciaoBue (7) TpelOy-
eT, 4To0bI Z3 = 2, = 0. Ho BRIUMC/IeHHBIe BEJIMUNHBI
P, u P, rtakoBel, uT0o P(21 29, 0)=—Py(21 -29, 0),
cJemoBaTeJIbHO, BUIHO, UTO II0 OTHOIIEHUWIO K (21)
IIpou3BefieHne 2 -29 IOCTOAHHO, U MBI MMeeM Of-
HoIlapaMeTpuuecKoe! ceMeHCTBO IIepHOAMUECKUX
pemtenuit (21)

21 =pexp(—i-o-t); 29 =pexp(i-o-t); 23 =24 =0, (22)

; 2 .
rfe gacTtoTa =g +i-P(n”, 0); 1 — meficTBUTENB
Hasl MOCTOSHHAs. BbIUMCIEHUS NAIOT IS HUSIINX
TIOPAAKOB II0 |1

O=0g +
2 B2(20-58m3) - 90i (0F —2)(5ea —2)

o). (23
120303 -10° (@ -2Gog -2

IlepBblit mopsfok? pemeHns 4 (X, Xy, Y1 Ys)
(MBI IOJTY YU/ €T0, IIOJCTABIIASA Z;, HOJTyUeHHBIE BbI-
111e, B HOpMaJIuayiolee mpeodpa3oBaHue) paBeH

1 MuI onycTuan TPUBUATLHBIH BpeMeHHOM CABUT KaK
rmapamerp.

2 BrIcmine YJIeHb B |1 He IPUBOAATCA B CUIY TPOMOB]-
KOCTH.
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cos(wt
(s
®o — 1
sin(wt)

g -

2nmq , 2nmq sin(wt), 2ucos(oot)j. (24)

WUrak, MBI mMeeM [IBa BHEIIHUX IIapaMeTpa
2
[a:(m%—l) I/IBJ, ONVH BHYTPEHHHUI mapaMmeTp

(IOCTOAHHYI0 MHTETPUPOBAHUA |1) U TPUBUAJILHBIN
BpPeMeHHOI CABUT.

Cayvain 0 <a <1
B sTom cayuae Bce cOOCTBEHHBIE 3HAUEHUSA UKCTO
MHHMEI, T. €. co(2) < 2, 1 coOCTBeHHbIEe 3HAUEHU S PABHBI

{—i(oo, i0g, —iy2— 03, iy2-o3 } (25)

Mpgz1 Tenmeph UMeeM IBa MOACHyUYasd: COOCTBEHHBIE
3HAUEHUS He COOTHOCATCA KaK IleJible UKCja U Pes3o-
HaHCHBIN cayyJaii.

Cayuaii, Korma coGCTBeHHbIE 3HAYEHU
He COOTHOCATCS KaK IeJIble YHCIIA

o,
D10 03HAUAET, UTO APOGH Ay /A3 = ——2— He B-

1/2—(9(2)

JIgeTcs paluoHaJbHBIM uncjoM. HopMaausoBaHHOE
ypaBHeHHe He OyJeT MMeThb Ty Ke caMyio dopmy,
urto u (21), HO OyJeT ypaBHEHUEM, BCe COOCTBEHHBIE
3HAUEHUsS KOTOPOr0 UMCTO MHUMBI. MBI OImycKaem
YCJIOBHO TIEPUOAMYECKUN MBYXUACTOTHBIM CayYai.
Ho nepuoguueckue cemeiicTBa MOTYT 3[€Ch IIO-
SABUTBCA TOJBKO ecau 23=2,=0 ummm z;,=2,=0.
Ecm z53=2,=0, Kaxk B ciyd4ae BbIIIe, MBI Oyaem
UMeTh TY Ke caMyio yacToTy (23) u To Ke camoe pe-
mrenue (24). IlosTomy 3TO cemMeicTBO CYIIeCTBYeT IJIs
a> 0.

Ecau z; = 25 = 0, MBI OyZieM HMeTh APYTYIO YACTOTY

+ O(p4) (26)

¥ MIEPBBIN MOPSAL0K IPUOIMIKEHN O PeIIeH it

(ZH co:(wt) o2 s11;(cot) ,
oo — 1 ®o — 1
2114/2 — w2 sin(ot), 2uc0s(cot)). (27)

B sTux BBIDAXEHUAX qac'ro'rm cozmepxartT IIOJIIO-
ca. Nmerorca moJsroca mpu 0)0 0,2/5,1,2, 8/5.

ITocmoTpuM, Kaxkue COOCTBEHHBIE 3HAUEHUS COOT-
BETCTBYIOT STUM BeJIUUMHAM:

(0(2) =0, 1, 2 — KopaaHOBa MaTpHUIlA
B JINHENHON YacTu;

(0(2) =2/5, 8/5 — pesoHaHCHBIN cayuaii
B JIMHENHOM YaCcTuU:

={—"\E’ i\/g, —2i\E, 2i\/g}. 28)

[TosTomy mmeroTcs 00J1aCTH B O (WK 0), TAe pa-
Ibl MEJJIEHHO PACXOJATCA WM MOTYT TEePATH CMBICII.
ITOo CBA3AHO C XapaKTepPUCTUKAMU JUHENHONA YaCcTH.
MBI OIyCTHM 3eCh PACCMOTPEHNE CAyUad 3KOPLAHO-
BOM (DOPMBI TUHEITHON YacTH.

Pesonancnbm caydan

IIpu 0)0 2/5, 8 /5 Bce cOOCTBEHHBIE 3HAUEHUA
COITOCTaBUMBI. B HaIIteM ciyyae MbI MMeeM Pe30HaHC
TpeThero mopanka (1:2), T. e. A;/Ags = 1/2. Ilopamox
pesoHaHca ompeedeTcad KaK CyMMa UWCJIUTENd U
3HamMeHaTeJaa sToii apobu. Ilocsie HopMaIM3amuu
B 9TOM CJIy4Yae MMEeeM CUCTEMY

. . (2

21 =—l\/;21 +21P1(21, 29, 23, 2’4);

22 = i\/g.ZZ +22P2(21, 29, 23, 24);
:—21\/72’3 +Z3P3(21, 29, 23, 24),

.é4 = 21\/724 +24P4(2]_, 29, 23, 24) (29)

Mo:xHO BRIOpPaTh 9TO pelrieHre B hopme (MbI (PUK-
cupyeM HU)Ke TPUBHAJBLHBIN BPEeMEHHOW CIBUT, BbI-
Oupas IIOCTOSHHYIO 4 B 21, 29 YHCTO IeHCTBUTEIbHOI):

21 =aexp(—i-m-t), 29 =aexp(i-o-1);
23 =(n—ic)exp(-2i-w-t);
24 =(u+ic)exp(2i-w-t). (30)

Ilocsie mMOACTAHOBKY 3THX II€PEMEHHBIX B yCJIO-
Bue (7) (ypaBHEHU 3[IeCh Te »Ke, UTO 1 B padboTe [27])
moJiyuyaeM cooTHoreHnue ac = 0, KoTopoe uMeeT aBa
pereHus.

ITodcayuaii ¢ =0. OcTaToK yCJOBUA IIE€PUOTUY-
HocTH (7) maeT cBA3b MEXKAY BeIWUMHAMU @ U L.
Pasperiasi 3Ty CBsI3b, MBI II0JIyYaeM YacCTOTY

\F
o=, [|=+
5

5(25 125 2, 30625 o 2j
+.|=| —Bp—— +0 31
\E(ISBM 5 M 364 —B m*. @31

ITodcayuaii a = 0. Hactora

\f \F 125
231104"

455;&2 216)+O(M) (32)
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Kaxk BumHO, y BEIMYNH YaCTOT He BOSHUKAET CHUH-
TYJISpHOCTEN Tpu M3yUYeHUU pes3oHaHca. PerreHusa
TaKyKe He MMEIT I0JII0coB. MOKHO JaTh CJIELYIO-
IyI0 OOIIYyI0 PEeKOMEHIAINIO: CJeAyeT OTAEeJTbLHO
u3yvaTh PE30HAHCHI B KaKJOM ITOPSAKe, KOTOPBIM
MEHbIIIe YeM ITOPAI0K HOPMAaJIbHOU (DOPMBI, NCIOJb-
3yeMoii IJIs aHaIM13a.

Wrak, nya JOKAJIbHBIX CEMEIHCTB IIePUOSUUYECKITX
perieHnit cucTeMbl KyOMYEeCKNX YPABHEHUM C ABYMS
BHEITHUMU IIapaMeTpaMu, IPUBEeIeHHON BBIIIIE, MOYK-
HO 3aKJIIOUNTD, UTO CYIIECTBYET ABe 00JIACTU AJIT KarK-
JIoro mapamMeTpa. B rmepBoit 061acTi — OHO CeMeCTBO
ePUOAUYECKUX PEIeHN C OHUM BHYTPEHHNM IIapa-
MeTPOM, IJIsI BTOPOIi 06JIacTH — [OBa ceMeiicTBa ¢ Of-
HUM BHYTPEHHHUM ItapameTpoM. IlokasaHo, 4To peso-
HAHCHI HUBIIINX YPOBHEI CJIeIyeT U3ydYaTh OTAEIHHO.

3aKJIo4YeHne

Taxum o6pasoM, IpU MOMOIIY METOAa HOPMAJIb-
HBIX (DOPM ITOCTPOEHBI JOCTATOYHO TOUHBIE AIIIIPOK-
cuMupyiomme GOPMYJIbl IJIA IOJYyUYeHUS KOJIUYe-
CTBEHHBLIX MPUOIMIKEHNN CeMENCTB MePUOJNUECKITX
pertenuit aBToHOMHOI cucteMbl OIY B OKpecTHOCTH
HYJIEBOI HauvaJbHOM TOuKM. MeToa MOKeT TaKiKe
YCHEITHO TPUMEHAThCA AJIA Ou(pypKaImOHHOTO aHa-
JaW3a W uccJefoBaHUS (Pa3oBOii KapTuHBI. Takike
IIPOIEMOHCTPUPOBAHO, UTO TOAOOHBIN aHaims a(d-
(beKTUBEH JINIIIL €CJIU €r0 IPOBOAUTEH B OKPECTHOCTH
HEKOTOPOTr0 3apaHee BLIOPAHHOTO Pe30HAaHCA.

Ilybnmukamus TOATOTOBJEHA IIPU TOAJEPIKKE
IIporpammer PYITH «5-100».
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Normal form method in search for periodic solutions of ordinary differential equations. Case of the fourth order
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Introduction: The method of resonant normal form is based on reducing a system of nonlinear ordinary differential equations to a
simpler form, easier to explore. Moreover, for a number of autonomous nonlinear problems, it is possible to obtain explicit formulas
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which approximate numerical calculations of families of their periodic solutions. Replacing numerical calculations with their pre-
calculated formulas leads to significant savings in computational time. Similar calculations were made earlier, but their accuracy was
insufficient, and their complexity was very high. Purpose: Application of the resonant normal form method and a software package
developed for these purposes to fourth-order systems in order to increase the calculation speed. Results: It has been shown that with
the help of a single algorithm it is possible to study equations of high orders (4th and higher). Comparing the tabulation of the obtained
formulas with the numerical solutions of the corresponding equations shows good quantitative agreement. Moreover, the speed of
calculation by prepared approximating formulas is orders of magnitude greater than the numerical calculation speed. The obtained
approximations can also be successfully applied to unstable solutions. For example, in the Henon — Heyles system, periodic solutions
are surrounded by chaotic solutions and, when numerically integrated, the algorithms are often unstable on them. Practical relevance:
The developed approach can be used in the simulation of physical and biological systems.
Keywords — resonant normal form, dynamic systems, local periodic families of solutions, computer algebra.

Citation: Edneral V. F., Timofeevskaya O. D. Normal form method in search for periodic solutions of ordinary differential equations.
Case of the fourth order. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 6, pp. 24-34 (In
Russian). doi:10.31799/1684-8853-2018-6-24-34

References

1. Edneral V. F., Timofeevskaya O. D. Looking for families of 1992, vol. 292, no. 1, pp. 411-444. https://doi.org/10.1007/
periodic solutions of ordinary differential equations sys- BF01444629
tems by normal form method. Part I. Vestnik RUDN. Seriya: 17. Bruno A. D. Local method in nonlinear differential equa-
Matematika. Informatika. Fizika [RUDN Journal of Mathe- tions. Springer Series in Soviet Mathematics. Berlin etc.,
matics, Information Sciences and Physics], 2014, no. 3, Springer-Verlag, 1989. 348 p.
pp- 28-45 (In Russian). 18. Walcher S. On differential equations in normal form. Math.

2. Anosov D. V., Bronshtejn I. U., Aranson Samuel Kh., Ar- Ann., 1991, vol. 291, pp. 293—-314. https://doi.org/10.1007/
nold V. 1., Grines V. Z. Dynamical systems I (Encyclopaedia BF01445209
of Mathematical Sciences). N. Y., Springer-Verlag, 1988. 19. Walcher S. On transformations into normal form. J. Math.
237 p. Analysis and Appl., 1993, vol. 180, pp. 617-632. https://doi.

3. Guckenheimer J., Holmes P. Nonlinear oscillations, dynami- org/10.1006/jmaa.1993.1420
cal systems, and bifurcations of vector fields. Applied Mathe- 20. Vallier L. An algorithm for the computation of normal
matical Sciences, N. Y., Springer-Verlag, 1983. 420 p. forms and invariant manifolds. Proceedings of the 1993 In-

4. Deprit A. Canonical transformation depending on a small ternational Symposium on Symbolic and Algebraic Compu-
parameter. Celestial Mechanics, 1969, vol. 1, no. 1, pp. 12— tation, Kiev, Ukraine, July 1993, N. Y., ACM Press, ed. by
30. https://doi.org/10.1007/BF01230629 M. Bronstein, 1993, pp. 225-233.

5. Hori G. I. Theory of general perturbations with unspecified 21. Bruno A. D., Edneral V. F. On integrability of the Euler —
canonical variables. J. Japan Astron. Soc., 1966, vol. 18, Poisson equations. Journal of Mathematical Sciences,
no. 4, p. 287. Available at: http://adsabs.harvard.edu/ 2008, vol. 152, no. 4, pp. 479-489. https://doi.org/10.1007/
abs/1966PASJ...18..287H (accessed 8 August 2018). $10958-008-9085-4

6. Bruno A. D. Analytical form of differential equations. I. 22. Bruno A. D., Edneral V. F. Algorithmic analysis of local in-
Trans. Mosc. Mat. Soc., 1971, vol. 25, pp. 119-262. Availa- tegrability. Doklady Mathematics, 2009, vol. 79, no. 1,
bleat: http://www.mathnet.ru/php/archive.phtml?wshow=— pp. 48-52. doi:10.1134/S1064562409010141
paper&jrnid=mmod&paperid=256&option_lang=eng (ac- 23. Bruno A., Edneral V. On possibility of additional solutions
cessed 8 August 2018). of the degenerate system near double degeneration at

7. Bruno A. D. Analytical form of differential equations. II. the special value of the parameter. Proceedings of 15th
Trans. Mosc. Mat. Soc., 1972, vol. 26, pp. 199-239. Availa- International Workshop “Computer Algebra in Scientific
bleat: http://www.mathnet.ru/php/archive.phtml?wshow=— Computing”, Lecture Notes in Computer Science, 2013,
paper&jrnid=mmod&paperid=256&option_lang=eng (ac- vol. 8136, pp. 75—87. http://dx.doi.org/10.1007/978-3-319-
cessed 8 August 2018). 02297-0

8. Bruno A. D. The restricted 3-body problem: plane periodic 24. Edneral V. F. Application of power geometry and normal
orbits. Series: De Gruyter Expositions in Mathematics. Ber- form methods to the study of nonlinear odes. EPJ Web of
lin, New York, 1994. 362 p. Available at: https://www.de- Conferences, 2018, vol. 173, pp. 01004. https://doi.org/
gruyter.com/view/product/137385 (accessed 8 August 10.1051 /epjconf/201817301004
2018). 25. Edneral V. F. Computer evaluation of cyclicity in planar cu-

9. Bruno A. D. Normal forms. J. Mathematics and Computers in bic system. Proceedings of the ISSAC’97, Hawaii, USA, July
Simulation, Elsevier, 1998, vol. 45, pp. 413—-427. Available 1997, ed. by W. Kiichlin, N. Y., ACM, 1997, pp. 305—-309.
at: https://ideas.repec.org/a/eee/matcom/v45y1998i5p413- doi>10.1145/258726.258823
427.html (accessed 8 August 2018). 26. Edneral V. F., Khanin R. Investigation of the double pendu-

10. Bruno A. D. The power geometry in algebraic and differen- lum system by the normal form method in MATHEMATICA.
tial equations. Amsterdam, Elsevier Science (North-Hol- Programming and Computer Software, 2004, vol. 30, no. 2,
land), 2000. 395 p. pp. 115-117. https://doi.org/10.1023/B:PACS.0000021271.

11. Bibikov Yu. N. Local theory of nonlinear analytic ordinary 80969.ef
differential equations. Series: Lect. Notes Math. Berlin, 27. Edneral V. F. Computer generation of normalizing transfor-
New York, Springer-Verlag, 1979, vol. 702. 146 p. mation for systems of nonlinear ODE. Proceedings of the

12. Mersman W. A. A new algorithm for Lie transformation. 1993 International Symposium on Symbolic and Algebraic
Celestial Mechanics, 1970, vol. 3, no. 1, pp. 81-89. Available Computation, Kiev, Ukraine, July 1993, N. Y., ACM Press,
at: https://link.springer.com/article/10.1007/BF01230434 ed. by M. Bronstein, 1993, pp. 14-19.

(accessed 8 August 2018). 28. Edneral V. F. About normal form method. Proceedings of the

13. Shevchenko I. I., Sokolsky A. G. Algorithms for normaliza- Second Workshop on Computer Algebra in Scientific Comput-
tion of Hamiltonian systems by means of computer algebra. ing (CASC’99), Munich, Germany, 1999, ed. by Ganzha et
Comp. Phys. Comm., 1993, vol. 77, no. 1, pp. 11-18. https:// al., Springer, 1999, pp. 51-66.
doi.org/10.1016/0010-4655(93)90032-8 29. Edneral V. F. An algorithm for construction of normal

14. Godziewski K., Maciejewski A. J. Normalization algo- forms. Computer Algebra in Scientific Computing, Lecture
rithms of Hamiltonian near an equilibrium point. Astro- Notes in Computer Science, Springer Berlin Heidelberg,
physics and Space Science, 1991, vol. 179, no. 1, pp. 1-11. 2007, vol. 4770, pp. 134-142.
do0i:10.1007/BF00642349 30. Henon M., Heiles C. The applicability of the third integral

15. Ito H. Convergence of Birkhoff normal forms for integrable of motion: some numerical experiments. Astronomical J.,
systems. Comment. Math. Helv., 1989, vol. 64, no. 3, 1964, vol. 69, pp. 73—-79. doi:10.1086/109234
pp. 412—461. 31. Edneral V. F. A symbolic approximation of periodic solu-

16. Ito H. Integrability of Hamiltonian systems and Birkhoff tions of the Henon — Heiles system by the normal form
normal forms in the simple resonance case. Math. Ann., method. J. Mathematics and Computers in Simulation, Else-

N 6, 2018 AN VNHOOPMALIVIOHHO-YMNPABASIIOLLIVE CUCTEMBI N\ 33



4 TEOPETUHECKAS! Y NPUKAAAHASI MATEMATUKA /

vier, North-Holland, 1998, vol. 45, no. 5-6, pp. 445— ing (CASC 2001), Konstanz, Germany, 2001, ed. by Ganzha

463. et al., Springer Verlag, Berlin Heidelbedg New York, 2001,
32. Edneral V. F. Complex periodic solutions of autonomous pp. 167-176.

ODE systems with analytical right sides near an equilibri- 34. Edneral V. F. Periodic solutions of a cubic ODE system. Pro-

um point. Fundamentalnaya i prikladnaya matematika, ceedengs of the Fifth Workshop on Computer Algebra in Sci-

1995, vol. 1, no. 2, pp. 393—398. entific Computing (CASC 2003), Passau, Germany, Septem-
33. Edneral V. F. Bifurcation analysis of low resonant case of ber 20-26, 2008, ed. by Ganzha et al., Tech. Univ. Miinchen,

the generalized Henon — Heiles system. Proceedengs of the Munich, 2003, pp. 77-80.

Fourth Workshop on Computer Algebra in Scientific Comput-

YBaxkaeMmble aBTOPHI!

IIpu MOATOTOBKE PYKOINCEli CTaTell HEOOXOAIMMO PYKOBOICTBOBATHCSA CACAYIONINMY PeKOMEeH/ AU sIMU.

CraThpu SOJIKHBI COZEPIKATh M3JIOKEHNEe HOBBIX HAyYHBIX pe3yJsbTaToB. HasBaHme cTaTbu JOJIKHO OBITH KPDATKUM, HO NHPOPMATUB-
HBIM. B Ha3BaHUM HEJIOIIYCTUMO UCIIOJIb30BaHNE COKPAIIleHN, KpoMe caMbIX o0menpuuaTsix (PAH, PO, CAIIP u T. 11.).

O6beM cTaThu (TEKCT, TAOIUITHI, UIIIOCTPAIINY U OubIrorpadus) He SOJIKEH IPEeBHIIaTh 9KBUBaseHTa B 20 cTpaHUIl, HAalleYaTaHHBIX
Ha Oymare popmara A4 Ha ogHOU cTopoHe uepes 1,5 unTepBasa Word mpudrom Times New Roman pasmepom 13, mosis He MeHee IBYX
CaHTHUMETPOB.

O6s3aTebHBIMY 9JIeMeHTaMu 0(hOPMIIeHUS CTaThH ABAAI0OTCA: nHAekc ¥ K, sarmaBue, nHUIHAILL U (haMUIHs aBTOpPA (ABTOPOB), yue-
Hasd CTeleHb, 3BaHUe (IPU OTCYTCTBUY — JOJIKHOCTH), IIOJIHOE Ha3BaHNe OPraHu3alluy, aHHOTAIUA U KJII0UeBbIe CJI0BA HA PYCCKOM U aH-
TJINACKOM A3BIKaX, 9JIEKTPOHHBIE aJI[peca aBTOPOB, KOTOphIe 10 TpeboBaHuio BAK noskHBI OBITH OTyOJIMKOBAaHBI HA CTPAHUIIAX JKYPHAJIA.
IIpy HanucaHWY aHHOTAIIUY He KCIIOIb3yiiTe a006peBraTyp U He JesaiiTe CCHLIIOK Ha MCTOUYHUKY B CIUCKe juTeparypsl. [Ipegocrasisiite
IOJPUCYHOUHBIE ITOAIINCY U Ha3BaHUA TaOJIUI] HA PYCCKOM U aHTIJIUMCKOM A3BIKAX.

CraThu aBTOPOB, HE UMEIOIIUX YUEHOU CTEIIeHN, PEKOMEHIyeTcA My0INKOBAaTh B COABTOPCTBE C HAYYHBIM PYKOBOJIUTEIEM, HATUUNE
TMOAIIVICH HAYYHOTO PYKOBOLUTEJNSI Ha PYKOIIMCH 00513aTeILHO; B CIIyIae CAMOCTOATEIbHOM IybInKanuy 00s13aTeIbHO IPeJocTaBaAiTe 3a-
BEPEHHYIO 110 MeCTY PaboThl PEKOMEHIAIINI0O HAYyYHOT'O PYKOBOAUTEJIA C YKa3aHUeM ero (paMuiny, MMeHU, 0OTYeCTBa, MecTa paboThl, JOJIK-
HOCTH, YUEHOTO 3BaHUA, YUEHO! cTeleHn — 3Ta nHpopManus OyJeT ony0JNKOBaHa B CChLIKe Ha IIEPBOM CTPaHUILE.

®opmyasl HabupaiiTe B Word, He mcnosib3yst popmyabHblin pegakTop (Mathtype wiau Equation), mpu Heo0XoquMOCTH MOXKHO HC-
OoJIE30BaTh (DOPMYJIBHBIN PeJaKkToOp; AJ1sa Habopa OfHOM (hOpMYJIbl HE UCIOIb3YiTe [Ba PeflaKkTopa; nIpu Habope popmysa B (DOPMYILHOM
pefaKkTOpe 3HaKU IPENMHAHNA, OrpaHnyuBaoIue GopMyiy, HabupaiiTe BMecTe ¢ GhOPMYJIOi; A YCTAHOBKY pasMepa mpudra HUKorga
He moJb3y#Tech BKIagkoit Other..., ncnonbsyiiTe 3aBOACKME YCTAHOBKY PELAKTOPA, He MOATOHANTE padMep CUMBOJIOB B (DOPMYJIax IoOf
pasMep mpudTa B TEKCTE CTAThU, He PACTATUBANTE U He CKUMAliTe MBINIBI0 (POPMYJIbI, BCTABJIEHHBIE B TEKCT; B (DOPMYyJIax He OTJeNANTe
mpobesnamMu 3HaKU: + = —.

sz Habopa dopmys B Word HUKOrza He ucnosbayiite KoHcTpyKkTOp (Ha BepxHei manenu: «Pabora ¢ popmynamu» — «KoHCTPYK-
TOP» ), TaK KaK 9TOT pecypc IpefHA3HAUEH TOJIbKO JJIsI BHYTPEHHETO UCI0Jb30BaHusa B Word u He ITOAePKUBAETCA IIPOrpaMMaMu, IIpe-
Ha3HAYEHHBIMU JJIs N3TOTOBJIEHUSA OPUTUHAI-MaKeTa JKypHaja.

ITpu Habope CHMBOJIOB B TEKCTE IIOMHUTE, UTO CUMBOJbI, 0003HAUYaeMbIe JATHHCKUMU OyKBaMu, HAOMPAIOTCS CBETJIBIM KYPCHBOM,
PYCCKUMU U IPEYECKUMU — CBETJIBIM IIPSIMBIM, BEKTOPHI M MATPUI[BI — IPAMBIM IIOJIYKUPHBIM IIPUDTOM.

HnsrocTpanyu IpeoCcTaBISgI0TC OTAEIbHBIMU NCXOJHBIMY (DaiiylaMu, IONAAI0IINMUC PeJaKTHPOBAHUIO:

— PUCYHKH, rpauKM, AHATPAMMEI, OJIOK-CXeMBbI IIPeJOCTABIAINTE B BHJE OTAEIbHBIX NCXOAHBIX (DAiiioB, MOALAIONTNXCSA PeLaKTH-
POBaHUIO, UCIOJIL3YsI BEKTOPHBIE IIporpaMMbl: Visio (¥.vsd, *.vsdx); Coreldraw (*.cdr); Excel (*.x1s); Word (*.docx); Adobe Illustrator
(*.ai); AutoCad (*.dxf); Matlab (*.ps, *.pdf mau skcmoprt B dhopmar *.ai);

— ecJIu pefaKTop, B KOTOpoM BbI nsrotaBimBaeTe pUCYHOK, He II03BOJISIET COXPAHUTH B BEKTOPHOM (popMaTe, UCIOIL3YiiTe PYyHKIIIIO
9KCIoOpTa (TOJIBKO II0 OTHOLIEHUIO K HCXOLHOMY PUCYHKY), HaIpumep, B dopmar *.ai, *.esp, *.wmf, *.emf, *.svg;

— ¢oro u pacTpoBsie — B hopmare *.tif, *.png ¢ makcumasbHBIM pasperenueM (He meHee 300 pixels/inch).

Hamune noaprCcyHOYHBIX OANNCEH 00513aTeIHHO (?KeIaTeIbHO He IIOBTOPSIOIINX JOCJIOBHO KOMMEHTAPUY K PUCYHKAM B TEKCTE CTAThH).

B pexakiuio npexocTaBIgIOTC:

— cBefieHusA 00 aBTOpe (haMuiausd, UMsA, OTYECTBO, MECTO PAGOTHI, JOJKHOCTh, YUeHOE 3BaHUe, yUueOHOe 3aBe/JeHNe U I'OJl eT0 OKOHYA-
HUfA, yIeHAas CTeIeHb U I'oJ 3aI[UTHI JUCCEPTAI[UY, 00IaCTh HAYIHBIX NHTEPECOB, KOJMIECTBO HAYUHBIX IYOINKAIINN, JOMAIITHUHN U CIy-
sKeOHBIN agpeca u TeaedoHsl, e-mail), GoTo aBTOpoB: aH(dac, B TeMHO oesx/Je Ha 6e1oM (oHE, JOJKHBI ObITh BUIHBI IJIEUN U I'PYAb, BbI-
COKasd CTelleHb YeTKOCTU U300paskeHns 0e3 TeHel U 0TOJIeCKOB Ha JuIle, (DOTO MOYKHO IIPEICTABUTH B 3JIEKTPOHHOM Buje B (hopmare *.tif,
*.png ¢ MakcuMaJabHbIM paspernenuem — He meHee 300 pixels/inch nmpu munumanbHOM pasmepe Goto 40x55 mm;

— 9KCIIePTHOE 3aKJI0YEHUeE.

Cnucok JuTepaTypsl COCTABIIAETCS 10 MIOPAJKY CCHLIOK B TEKCTe U 0hOPMIISETCS CIEAYIOIINM 06pasoM:

— [J15 KHUT ¥ COOPHUKOB — (haMUINA U WHUINAIBI aBTOPOB, ITOJTHOE HagBaHUe KHUTHU (COOPHUKA), TOPO/J, U3ATEeILCTBO, I'Of, 00IIIee
KOJINYECTBO CTPAHMUIL;

— IJI KYPHAJIBHBIX cTaTell — (paMuJINs U MHUIMAJIBI aBTOPOB, IIOJIHOE Ha3BaHUe CTaThU, Ha3BaHUeE JKYyPHAJIa, roJl U3JTaHUA, HOMeD
JKypHasia, HoMepa CTPaHuIL;

— CCBLJIKM Ha MHOCTPAHHYIO JUTEPATYPY CJIeLyeT NaBaTh HA A3bIKe OpUTMHAJIA 0e3 COKpAIlleHU;

— IIpU UCIOJB30BaHUU Web-MaTeprasioB yKasbIBaliTe afipec caiiTa u AaTy o0palieHns.

Crucok JauTepaTypsl opopMisiiiTe AByMS OTAeAbHBIMYU OI0KaMu 1o oopasimam lit.dot Ha caitre :xypuana (http://i-us.ru/paperrules):
JIlureparypa u References.

Bousee moapo6Ho npaBuia MOArOTOBKY TEKCTa ¢ 00pasiiaMu U3JI0YKeHbI Ha HaIlleM caiite B paszgeie «OdopmieHne craTeii» .

KoHTakTsI
Kyzna: 190000, Cauxr-IlerepOypr,
B. Mopckasa yui., . 67, TVAII, PUILL
Komy: Penakmus sxyprana « MHGOPMAIOHHO-YIPABIAONINE CUCTEMbI»
Teun.: (812) 494-70-02
1. mouTa: ius.spb@gmail.com
CaiiT: www.i-us.ru

34 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI VAT 6, 2018



\_OGPABOTKA UHOOPMALUU U YNIPABAEHVUE S

UDC 004.932
doi:10.31799/1684-8853-2018-6-35-45

Background extraction method for analysis of natural images
captured by camera traps

M. N. Favorskaya?, Dr. Sc., Tech., Professor, orcid.org/0000-0002-2181-0454, favorskaya@sibsau.ru

V. V. Buryachenko?, PhD, Tech., Associate Professor, orcid.org/0000-0003-1151-1159

aReshetnev Siberian State University of Science and Technology, 31, Krasnoyarsky Rabochy Av., 660037,
Krasnoyarsk, Russian Federation

Introduction: Automatic detection of animals, particularly birds, on images captured in the wild by camera traps remains
an unsolved task due to the shooting and weather conditions. Such observations generate thousands or millions of images
which are impossible to analyze manually. Wildlife sanctuaries and national parks normally use cheap camera traps. Their low
quality images require careful multifold processing prior to the recognition of animal species. Purpose: Developing a background
extraction method based on Gaussian mixture model in order to locate an object of interest under any time/season/meteorological
conditions. Results: We propose a background extraction method based on a modified Gaussian mixture model. The modification
uses truncated pixel values (in low bites) to decrease the dependence on the illumination changes or shadows. After that, binary
masks are created and processed instead of real intensity values. The proposed method is aimed for background estimation of
natural scenes in wildlife sanctuaries and national parks. Structural elements (trunks of growing and/or fallen trees) are considered
slowly changeable during the seasons, while other textured areas are simulated by texture patterns corresponding to the current
season. Such an approach provides a compact background model of a scene. Also, we consider the influence of the time/season/
meteorological attributes of a scene with respect to its restoration ability. The method was tested using a rich dataset of natural
images obtained on the territory of Ergaki wildlife sanctuary in Krasnoyarsk Krai, Russia. Practical relevance: The application of
the modified Gaussian mixture model provides an accuracy of object detection as high as 79-83 % in the daytime and 60—69 %
at night, under acceptable meteorological conditions. When the meteorological conditions are bad, the accuracy is 5-8 %
lower.
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Introduction

Monitoring of animals in the wild using camera
traps is one of the promising ways for monitoring
animal behavior in the wildlife sanctuaries and
national parks. Camera traps provide tremendous
amount of information capturing any motion in
a scene. Some camera traps produce a set of still
images of moving object (animal, bird, or human)
through 5-8 s, while other devices deliver a short
movie. In this article, we deal with a set of still im-
ages, which are automatically marked by current
date and time. Each camera trap has own station-
ary position in a predefined place, such as animal
trails, watering places, and so forth. The stored
amount of such information, for example for a half
of a year, can achieve several terabytes from dozens
of camera traps that makes impossible to process
them manually.

For recognition of animal species or analysis of
animal behavior, we need to process the original
images sometimes of low quality in such manner
that allows us to separate a visual object of inter-
est from cluttered background. The well-known
scene background challenges make this task dif-

ficult for solving. Among them, it is worth noting
the cluttered background, occlusions, color shad-
ows, moving background (for example, fluttering
of leaves or waving trees), illumination changes
within a day, flash shooting within a night, season
changes, and meteorological impacts. At the same
time, a scene remains unchanged principally and
it is profitably regarding the computational costs
to store a background pattern of a particular scene
with a possibility to transform it into another
state depending on the time/season/meteorologi-
cal attributes.

Our contribution is twofold. First, we propose a
simplified background extraction method based on
the modified Gaussian Mixture Model (GMM). The
modification uses the truncated pixel values (in low
bites) in order to decrease dependence from illumi-
nation changes and shadows with following crea-
tion and processing the binary masks instead of re-
al intensity values. The proposed method separates
a scene into persistent (trunks of growing and/
or fallen trees) and non-persistent (snow, foliage,
grass, sky, lake, river, and Earth surface for boreal
forests) textured regions. The persistent textured
regions serve as the landmarks in any season with
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a non-changeable distribution, while the distribu-
tions of the non-persistent textured regions are
changed respect to a current season. Such approach
provides a compact background model of a scene.
Second, we consider the influence of the time/sea-
son/meteorological attributes of scene respect to
restoration ability. Note that we need not to provide
a high accuracy of the proposed background models
because the goal is to detect the location of the ob-
ject of interest.

Related work

Background subtraction method compares the
current image with a reference image called back-
ground model. However, this method has many
disadvantages because of illumination changes,
shadows, occlusions, noise, and dynamic back-
ground [1]. All these impacts make unreasonable
to employ this method in many applications. In
such cases, the background extraction algorithms
are necessary.

In [2], one can find the detailed survey on tradi-
tional and recent background models with the com-
plete classification from basic models to domain
transform models. Traditional background models
are classified in the following categories:

— basic models (average calculation, median
processing, and histogram analysis);

— statistical models (Gaussian models, support
vector models, and subspace learning models);

— cluster models (K-means models, codebook
models, and basic sequential clustering);

— neural network models (general regression
Neural Network (NN), multivalued NN, competi-
tive NN, dipolar competitive NN, self organizing
NN, and growing hierarchical self organizing NN);

— estimation models (Wiener filter, Kalman fil-
ter, correntropy filter, and Chebychev filter).

In last decade, appearance of visual content from
mobile devices and Internet videos requires the de-
velopment of background subtraction methods for
challenging environments. The recent background
models are classified in the following categories:

— advanced statistical background models (mix-
ture models, hybrid models, nonparametric models,
and multi-kernels models);

— fuzzy background models (fuzzy background
modeling, fuzzy foreground detection, fuzzy back-
ground maintenance, fuzzy features, and fuzzy
post-processing).

— discriminative subspace learning models (dis-
criminative subspace models and mixed subspace
models);

— Robust Principal Components Analysis
(RPCA) models (RPCA via principal component
pursuit, RPCA via outlier pursuit, RPCA via spar-

sity control, RPCA via sparse corruptions, RPCA
via log-sum heuristic recovery, RPCA via iterative-
ly reweighted least squares, Bayesian RPCA, and
approximated RPCA);

— subspace tracking (Grassmannian Robust
Adaptive Subspace Tracking Algorithm (GRASTA),
transformed-GRASTA, lp-norm robust online sub-
space tracking, and Grassmannian online subspace
updates with structured-sparsity);

— low rank minimization (contiguous outliers
detection, direct robust matrix factorization, di-
rect robust matrix factorization-row, probabilistic
robust matrix factorization, and Bayesian robust
matrix factorization);

— sparse models (compressive sensing models,
structured sparsity, dynamic group sparsity, dic-
tionary learning, and sparse error estimation);

— transform domain models (fast Fourier trans-
form, discrete cosine transform, Walsh transform,
wavelet transform, and Hadamard transform).

Not all from mentioned above methods are suit-
able for the monitoring task in the wild. Advanced
statistical models and codebook models are among
the most promising methods.

Background extraction is the cornerstone of
background subtraction method. One of the tradi-
tional methods suitable for natural scene analysis
is a temporal median filter method [3]. It requires a
durable observation during training step. A medi-
an value of the certain pixel points extracted from
K frames is taken as the background pixel value in
this point. The improvement of this method called
as the average method supposes to calculate the
average value instead of the median value. The in-
cremental form of the average method is often used
for real-time application, when for each pixel & the
background model is update using equation

n-1 1
By =——Bp +—1I, )}
n n

where B;, and B, are the intensities in the current
background model and new background model,
respectively; n is the number of frames; I, is the
intensity in current frame.

The incremental method has lesser computation-
al cost respect to the temporal median filter meth-
od and provides better extraction result. In [4], it
was shown that if n = 100 and more the incremental
method has become a running average background
learning method:

Bk+1 Z(l—G)Bk +0cIk, (2)

where a is the learning factor, o = 0.01, oo = 0.1, or
another experimental constant.

This method is widely used in practice; however,
it is prone to generate the ghosts.
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The Gaussian mixture model for background es-
timation was proposed in [5]. In the GMM, the pixel’s
intensity values over a time are modeled by a single
Gaussian or as a mixture of several Gaussians. The
background pixels are identified by comparing the
pixel values and mean values of models. Many im-
provements of the GMM are available in literature
[6—11]. The GMM is appropriate for complex natu-
ral scenes including tree branches shaking, water
rippling, etc. The disadvantages of the GMM are
the high computational complexity and necessity to
store the Gaussian model parameters.

Difficulties in building a proper mathematical
model, which describes the probability density func-
tion of pixel values, led to development of a non-par-
ametric approach for background modeling. In [12],
a Kernel Density Estimation (KDE) was proposed
with the main idea to evaluate the intensity density
of pixels directly from sample history values that
made this method sensitive to detection of moving
objects. A nonparametric background generation
model for on-line surveillance was proposed in [13].
First, the statistics of background variations with-
out training samples were estimated. Second, the
background was generated using a heuristic frame-
work. The combination of the KDE and GMM was
offered in [14] in order to estimate accurately the
density function of background. Nonparametric es-
timation methods adapt to fast changes’ detection
in a scene. At the same time, they have unsatisfac-
tory background building in situations, when sev-
eral moving objects have different speeds.

In [15], the background was modelled using a
codebook algorithm. This method is referred to
cluster models. For each pixel, a codebook consist-
ing of one or more codewords is constructed based
on a color distortion metric together with bright-
ness bounds. Generally, the clusters represented
by codewords do not correspond to single Gaussian
or other parametric distributions. If the color dis-
tortion of incoming pixel to some codewords is less
than the threshold and its brightness lies within the
brightness range of that codeword, then this pixel
is classified as background, otherwise, it is classi-
fied as foreground. The codebook algorithm esti-
mates a background over a long period with a lim-
ited memory. The original algorithm was improved
in several ways. Thus, a multilayer codebook model
was proposed in [16], which removed most of the dy-
namic background and significantly increased the
computational efficiency.

A universal sample-based background subtrac-
tion algorithm called as Visual Background extrac-
tor (ViBe) was developed in [17]. A classification
model was based on a small number of correspond-
ences between a candidate value and the correspond-
ing background pixel model. The ViBe can be ini-
tialized with a single frame under assumption that

neighboring pixels share a similar temporal distri-
bution. Also, an original mechanism for updating
the background model over time for a set of frames
was presented. Hereinafter, the extensions of the
ViBe approach were proposed in order to eliminate
the ghosts [18]. The ViBe method has advantages in
the computation speed and detection effect but does
not invariant to frequent background changes.

A robust background extraction algorithm
called as Neighbor-based Intensity Correction (NIC)
method was offered in [19]. The NIC method identi-
fied and modified the motion pixels from the differ-
ence of the background and the current frame. The
first frame was considered as an initial background
and updated by the pixel intensity from new frame
based on the analysis of neighborhood surrounding.
In the intensity modification procedure, the com-
parison of the standard deviation values calculated
from two pixel windows was executed. Finally, the
foreground is detected by the background subtrac-
tion algorithm with an optimal threshold calculat-
ed by the Otsu method.

Two universal modifications, such as dynamic
background estimation and complementary learn-
ing, were implemented in GMM, ViBe, and code-
book algorithms for complex dynamic background
modelling and accurate foreground objects [20].
Combining the complementary learning technique,
these improved algorithms had good performance
on the detection of dynamic background including
waving tree, rippling water, and fountain.

The approach, when the background model was
augmented with an explicit foreground model,
was developed in [21]. Thus, two statistical models
(background and foreground) were used in a closed
loop. A background model is periodically updated to
account for illumination changes, while foreground
detection corrupts the intensity of the background
model. In addition to a non-parametric background
model, these authors used a foreground model based
on small spatial neighborhood. The hypothesis test
and the Markov random field improved a spatial
coherence of the detections. Such approach can be
combined with non-parametric kernel or mixture of
Gaussians.

In [22], a texture-based background model was
proposed using Local Binary Patterns (LBPs). In
spite of LBPs are invariant to illumination chang-
es, they are not robust to noise. For example, if the
central pixel value in LBP is affected by noise, then
the corresponding LBP histogram provides the in-
creased number of false positive or false negative
errors.

A short literature survey shows that the interest
to the background extraction algorithms remains
stable. These algorithms are developed in various
directions, such as accuracy of object detection,
computational costs, and robustness to various
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factors. Also, a goal of solving task determines a
choice of approach.

Mixture of Gaussians models

In Gaussian mixture model, each pixel’s intensi-
ty is determined by a mixture of K Gaussian distri-
butions, where K is a small number ranging between
3 and 5. Each Gaussian distribution is associated
with its contributing weight. The mean p,,, the var-
iance ok, and a weight w,, are the main parameters
of GMMs. Evaluation of these parameters can be
implemented using an Expectation Maximization
(EM) algorithm with recently observed data. The
EM algorithm has high computational cost, instead
of which a recursive algorithm that updates the
GMM parameters at each time instance is common-
ly used.

Thus, in general GMM each pixel is considered
as a mixture of K Gaussian distributions, which
probability P(X)) is evaluated by equation

K
P(Xy)=2 wjs *n(Xt’ Mjto Zj,t)’ 3)
i

where X, is the pixel value at time ¢; K is the number
of Gaussian distributions; w;, is the weight value;

w;, is the mean value, and 2z j,t is the covariance
matrix of the jth Gaussian at time ¢, respectively; 1
is the Gaussian PDF. The Gaussian PDF 1 is defined
by equation

ﬂ(Xt, Hj,ty Zj,t) =

1 —
1 le‘g(Xt‘“f,t)T(Zj,t) I(Xt‘“fst), @

n

(2m)2

2
Z;,t‘

where n is the dimension of X,.
For simplicity, the covariance matrix )y jt isde-

fined as c?,tl for the j** component, where I is the

identity matrix, under assumption that the compo-
nents of X, (Red, Green, and Blue) are independent
and have the same variances.

The background distributions have higher prob-
abilities and smaller variances due to the probable
background colors stay longer than the foreground
colored objects. This observation makes the GMM
an updating model. New coming pixel is checked re-
spect to the existing model components. If the pix-
el value is within 2.5 standard deviations of some
weighted Gaussian distribution, then this distribu-
tion is updated. In the opposite case, a distribution
with minimum weight is replaced by a new distri-

bution using the current mean value. This new dis-
tribution obtains the high initial variance and low
prior weight. Then the K distributions are sorted
according to value w; ,/c; ,, where o, , is the 1D var-
iance of the j*h Gaussian in the mixture at time ¢.
The first B distributions are selected as the back-
ground model using equation

b
B= argmin[ Z wp,>Tpg J, b)
b k=1

where b is the number of selected Gaussian
distributions; T is the predefined threshold (it
represents the minimal quantity of the data that
ought to be considered as the background model and
usually is set to close to 90 %).

When the matching process of the incoming pix-
el is completed, the prior weights of K Gaussian dis-
tributions are changed by equation

Wy =(1— 0wy, 1 +a( My, ), (6)

where o is the learning rate; M, , equals 1 for
the matched distribution and equals 0 for the
unmatched distribution.

The weights of distributions are renormalized
by updating the values of mean and variance apply-
ing equation

e =(1-p)uyg +pXy5
G? :(I_P)G?—l +P(Xt —Hg )T (Xt — g ), )

where

p=om(X;|u, of)-

The multiple modifications of GMM follow the
main idea to support three consecutive stages:
background initialization, background estimation,
and background update.

Proposed method for object detection

Consider a scene, where an object (animal, bird,
or rarely human) is periodically appeared and its
appearance is captured by a camera trap. The loca-
tion of camera trap is chosen by foresters based on
long-time observations of a territory. A camera trap
captures any motion in scene in any time and as a re-
sult provides a series of images through 3-5 s (this
means an obtaining of 6—8 images with a relative-
ly good visibility) or a movie with duration 8-10 s.
Suppose that we have a set of image series taken in
different seasons.

A scene remains the same with different chroma-
ticity due to a season. This means that we can elab-
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orate a background initialization in detail building
the GMMs for all seasons. The following two stages:
background estimation and background update, are
executed when a new image series is incoming. Note
that each image contains information about time,
day, and temperature, and each GMM is also asso-
ciated with time and season information. Thus, we
ought to find a correspondence between the current
image series and GMM by query.

Consider the consecutive stages of the proposed
method.

Preliminary image segmentation

The best selection for preliminary image seg-
mentation is a winter season, when a background
has a restricted palette of colors with prevailing
white, brown, and black colors and their corre-
sponding color shades. Let us roughly consider a
scene as a combination of the structural elements
(trunks of growing and/or fallen trees), which posi-

tions change rarely, other textured regions depends
from season and unknown moving objects.

First, the dark colored masks (in the case of bo-
real forests) are extracted from a series of winter
images and combined in order to create a common
winter mask. During mask creation, only exten-
sional dark regions are marked as the candidates
for structure elements. Second, this procedure is
applied for the series of spring, summer, and au-
tumn images As a result, the common spring, sum-
mer, and autumn masks are obtained. Note that the
sizes of structural elements are the biggest in the
winter mask, while in other seasons trunks can be
overlapped by foliage. Third, the generalized masks
with structural elements are created by imposing
the common masks. Only the common parts of all
masks are considered as the reliable landmarks in
a scene. The building of season masks is depicted in
Fig. 1, a—d, while their combination and obtaining
the reliable landmarks is given in Fig. 2, a—c.

a) b)

c) d)

B Fig. 1. Examples of background model building: a, b, c — original images (the top row — at night time, the bottom
row — at daily time); d — detected structural elements of the corresponding images

a) b)

©)

B Fig. 2. Background model building using reliable landmarks: a — images with animals; b — reference background

images; ¢ — results of animal detection
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The detected structural elements may be useful
for alignment of following incoming images.

Then the distributions of corresponding tex-
tured regions (trunks, snow, foliage, grass, sky,
lake, river, and Earth surface for boreal forests) are
built using the rich experimental material stored
by 5 previous years. In other word, a description of
each texture transmitted from RGB- to YUV-color
space is a feature vector, which includes statistical
parameters of distribution (mean value M, vari-
ances ¢, homogeneity U, smoothness R, and entro-
py E) [23]. The corresponding formulae are pointed
in Table 1.

Also, two modified texture features — relative
smoothness R, ;, and normalized entropy E,, — can
be calculated using equations

R .- —logR if R>0;
md =1 10 if R=0, ®)

E,, =E/log,L, 9)

where L is a number of brightness levels, L > 1.

If parameter R = 0, then we forcibly maintain a
relative smoothness R, ;= 10 (small empirical val-
ue differing from 0). Normalized entropy E, indi-
cates some equalization effect in dark and bright
areas of frame.

The main parameters are the mean value and
variance. The remained parameters, such as the

B Table 1. Statistical texture features

Caption Equation
Central moment = 3
by order & uk(z)= i:O(Zi _M) p(zi)
L-1
Mean value M M =7 zp(z)
i=0
9 L-1 9
Variance ¢ o” =pg(2)=2 (2 -m)" p(z)
i-0
L-1 9
Homogeneity U U= p*(z)
i=0
Ro1-_ 1
Smoothness R 1+62(2)/(L—1)2
L-1
Entropy E E=-3" p(z;)logy p(2;)
i=0

homogeneity, smoothness, and entropy, serve as the
additional parameters in order to decrease a num-
ber of background clusters.

Background initialization (training stage)

Suppose that the training set includes several
dozen of images captured by a single camera trap
in all seasons. Each image is divided into non-over-
lapping blocks of sizes of n x n pixels. Each block
is characterized by two parameters: the normalized
mean value M calculated as follows:

1 n n
M=—>"% pvy, (10)
n-i=1j=1

where pv;; is the pixel value in the position (i, j)
of the block, and binary bitmap BM similar to
modified LBPs:

b 1, if pY;; >M;
Yij = 0, otherwise, 1)
where bv;; means the bit in the position (i, j) of a BM.
During experiments, we used n =4 and n =8
depending an image resolution.

To avoid a impact of sunny weather that stimu-
lates the deviation of hue and shadows’ presence,
we replace two low bits of pixels’ values in textured
regions by zeros.

The forest background is such that small number
of clusters describes a background model. Initially,
K different binary bitmaps are randomly generat-
ed for {BM,, BM,, ..., BM} blocks with the weights
1/K. Each binary bitmap is assigned a weight w,, be-
tween 0 and 1 and the sum of K weights equals 1.
A new block BM,,,, is compared with the K bitmaps
using the Hamming distance HD provided by fol-
lowing Equation, where £ is in the range of [1, K],
@ is the summation of mod 2:

n n

HD(BMye, BMy) =2 (b0} ®{bvy}, ) (12)
i-1j-1

The block BM, ,, matches to the block BM, if

inequality (13) is satisfied, where TH is the prede-
fined threshold, and, otherwise, the block BM, ,  is
regarded as a new background cluster:

min HD(BM,,,,,, BM})<TH. 13)
Then, the weight of each block is updated by:
wj, = aW, +(1-o)wy, (14)
where o is the learning rate; W, is the coefficient,

which for the best-matched bitmap equals 1 and for
remaining bitmaps equals 0.

40 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N6, 2018



N\

The GMM, which short description one can find
in Section “Mixture of Gaussians models”, helps to
create a generalized background model, reliable in
statistical meaning. For simplicity, we analyze the
variances instead of using a covariance matrix.
According to Equations (8)—(14), we create sev-
eral GMMs for all seasons in daily/night time for
Y-channel in YUV-color space. The requirements to
GMM can be weaken and computation becomes sim-
plifier through use of texture descriptor in a view
of a binary bitmap.

The proposed method provides the background
models of a single scene with low computational
loads during the working stage because the compar-
ison is implemented on the level of binary values.

Background estimation and background update
(working stage)

The stored images through a half of a year are
processed in the package mode. First, they ought to
be sorted manually or automatically respect to cam-
era traps and seasons. Second, a procedure of back-
ground estimation and update is executed based
on the initial corresponding GMM. The working
stage does not principally differ from the training
stage. The calculations use Equations (10)—(14) but
the goal of the working stage is to find the position
of an object of interest. Note that camera trap cap-
tures an image, when a movement in a scene is de-
tected. The algorithm finds the region in an image,
which distribution differs from the background
distributions. The definition of animal or bird type
is outside of this article.

The described scheme works well under good me-
teorological conditions. However, meteorological
conditions impact significantly on the quality on
an image and, consequently, a potential ability for
animal/bird detection. At this sense, the algorithm
ought to detect the type of meteorological impact,
estimate a degree of distortion, and restore an im-
age if a degree of distortion is minor.

Fog can be detected by analysis of color ranges.
If the color ranges are restricted and deposed to the
higher values, then the effect of “whitened color”
has a high probability. This is a simple procedure
of histogram analysis in RGB-color space. The
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threshold of decision making is determined empiri-
cally.

Rain and snowfall are simulated as a noticeable
noise with specific structure. For example, rain re-
mains the short line segments of white color, which
have the identical directions. Snowfall keeps the
white spots of different size and shape. Thus, the
algorithm searches these structural elements uni-
form distributed on a whole image. Also, the deci-
sion marking is based on empirical observations.

The most interest cases appear, when the distor-
tions are small and the algorithm tries to restore
the damaged images. One can read about possible
restoration techniques in previous publications of
the authors [24]. Sometimes the complex methods
including morphological closing of visual objects
ought to be applied. Example of reconstructed im-
age is depicted in Fig. 3, a—d.

However, when meteorological conditions are
too bad during shooting, the object detection is im-
possible ever by a human vision.

Experimental Results

Experiments were conducted using the dataset
of images captured in the territory of wildlife sanc-
tuary Ergaki, Krasnoyarsky Kray, Russia. This
dataset includes more than 38,000 images of ani-
mals captured by camera traps in different weather
conditions and different seasons. The most number
of images have the complex structure, various arti-
facts, and noises. Near for 1,000 images, there were
built the masks with the localized animals or birds
manually (Fig. 4, a, b).

During experiments, the automatic detection of
localization of animal or bird was implemented us-
ing the marked volume of dataset. The designed al-
gorithm includes such main steps as a background
modelling, saliency detection, and localization of
animal or bird in an image. Some results are depict-
ed in Fig. 5, a—e.

Animal localization using saliency detection
procedure shows good results if an animal is situ-
ated in the middle area of an image and also if an
animal differs by color or intensity compared the

a) b)

c)

d)

B Fig. 3. Examples of complex cases: ¢ — high illumination at night; b — foreground object close to the camera; ¢ —
weather impact (small fog); d — example of a reconstructed image
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a)

b)

B Fig. 4. Examples of ground truth images from Ergaki 2018 dataset: a — original images; b — ground truth masks

a)

b)

¢)

d)

e)

B Fig.5.Examples of segmentation and animal localization using Ergaki 2018 dataset: a — original images 2012_bear.
ipg, 2017 _IMG5044.jpg, and 2013 PICT1696.jpg; b — ground truth image segmentation; ¢ — saliency detection; d —
masks obtained from background and saliency estimation; e — results of localization
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a)

b)

B Fig. 6. Examples of saliency detection using Ergaki 2018 dataset: a — successful examples; b — poor examples

B Table 2. Comparative results of detection of animals
and birds using a coverage measure

Method | e | Coverage | (Mt o
SeleCti[‘;%]S"amh 2829.7 | 5903.5 | 13882(99.8)
GOP [26] 2489.1 | 3984.6 | 9874 (98.2)
MOP [27] 335.8 | 482.3 | 891.7(96.7)
FCOP [28] 132.8 | 384.2 | 393.1(90.4)
SORPPV [29] 95.4 237.3 | 626.9(93.1)
Proposed method 127.2 226.1 689.1 (94.2)

B Table 3. Common comparative results of detection of
animals and birds using F-measure

Method F-measure
EC-Best [30] 0.7703
YOLO [31] 0.7515
Fast-RCNN [32] 0.7937
SORPPV [29] 0.8398
Proposed method 0.7812

background (Fig. 6, a, b). In some cases, an animal
localization in an image is even difficult even for a
human (Fig. 6, b).

For efficiency evaluation, the F-measure was ap-
plied:

2TP

Feer—— (15)
2TP+FN +FP

where TP is the number of true positive; FP is the

number of false positive; FN is the number of false

negatives. A region is considered as a true positive

if it has more than 50 % intersection with a ground-

truth bounding mask.

Also many algorithms are evaluated using a
term of coverage as a numerical measure of the
corresponding detected and ground truth pixels
[25—29]. The comparative results using a coverage
measure and common comparative results using
F-measure for detection of animals and birds in the
images, which are involved in Ergaki 2018 data-
set, are represented in Tables 2 and 3, respectively.

The best resulted in Tables 2 and 3 are marked by
Bold.

The efficiency of detection of animals and birds
in images achieves 70—80 % depending an image
quality and weather conditions. The use of saliency
detection algorithm allows us to increase this pa-
rameter on 3-8 %.

Conclusions

In this article, a background extraction method
for automatic detection of animals and birds in the
wild using camera trap images was developed. The
experiments were conducted using rich dataset of
natural images obtained on the territory of wildlife
sanctuary Ergaki, Krasnoyarsky Kray, Russia. The
proposed method provides the detection of animals
and birds on a level 70—80 % due to the multiple chal-
lenges caused by shooting and weather conditions.
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Merton u3Bieuenus oHa B €CTECTBEHHBIX H300PAKEHUAX, MOJYUEHHBIX OT (DOTOJIOBYIIEK

M. H. ®aBopckasa?, JOKTOp TeXH. HayK, Ipodeccop, orcid.org/0000-0002-2181-0454, favorskaya@sibsau.ru
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aCUOUPCKUI rocyJapCTBEHHBIM YHUBEPCUTET HAYKY U TeXHOJOorui uM. akagemuxka M. ®@. Pemernésa, KpacHospcruii
pabouwuii mp., 31, Kpacuosapck, 660037, PD

ITocTaHOBKA MPOGIEMBI: aBTOMATHUECKOE O0HAPY KEHNE }KUBOTHBIX U IITUIL B IPUPO/ie Ha N300PAKEHUAX, IOJYUEHHBIX OT (DOTOJIOBY-
IIeK, OCTAeTCA HePeIeHHOH Mpo6IeMoil 13-3a YCIOBUH CheMKH U IIOTOAHBIX aKTOpoB. B pesynbrare Takux HabJIOLeHUI (hopMUpPYyeETCa
6OJIBIIION 00'beM M300PaKeHUl, ThICAUYN UJIN MUJIJINOHBI, KOTOPbIe HEBO3SMOYKHO aHAJIU3UPOBATH BPYUHYI0. OOBIUHO B 3aII0BEIHUKAX U
HaAIMOHAJbHBIX HapKaX UCIOJb3YIOTCA G0JKeTHbIe (POTONOBYIIKHU. II09TOMYy HUBKOKAaYeCTBEHHBIE N300PaKeHNUA, ITOJIyUeHHbIE C UX 110~
MOIIbIO, TPEOYIOT TIaTeIbHOI MHOTOKPATHOI 00paboTKY Iepe] TeM, KaK PACIIO3HABATH BULI JKUBOTHBIX miau nrtul. Ileas: paspaboTka
MeTo/ia N3BJIeueHuA (PoHA Ha OCHOBE MO/[eJI CMEeCU rayCCUaHOB AJIs O0HAPY KeHUA 00 beKTa NHTepeca IIPHU JI00bIX BDeMEeHHBIX /Ce30HHBIX /
METEOPOJIOTUYECKUX YCJIOBUAX. Pe3yIbTaThl: IPEJIOKEH MeTO/| N3BJIeueHud (hoHA HA OCHOBE MOAUGUITMPOBAHHON MOJEJIN CMECH rayCCu-
aHoB. Moaupukramusa 3aKI0YAETCA B yCeUeHNN 3HAUeHUH TUKCEJIOB (MJIAAIINe PA3PANBI) AJIA YMEHbIIEHNA 3aBUCUMOCTH OT U3MeHeHU
OCBEIIEHHOCTY U HAJIMUYU TeHel ¢ IOCJeAYIONUM CO3JaHueM 1 00paboTKOoI OMHAPHBIX MaCOK BMECTO PeasIbHbIX 3HAUEHUII MHTEHCUBHO-
creii. IIpenyaraemMblil MeTOs IpefHA3HAUEH JJIA OIEHKY ()OHA €CTECTBEHHBIX CIIEH B 3alIOBEJHUKAX U HAIIMOHAILHBIX NapKax. CTPYKTyp-
HbIe 9JIEMEHTHI (CTBOJIBI PACTYINUX U (MJIN) YIABIINX J€PEBbEB) CUUTAIOTCA PETMOHAMHU, Me/JIEHHO N3MEHAIOIUMICSA B Te€IEeHNe Ce30HOB,
B TO BpeMs KaK JPyrue TeKCTyPUPOBAHHBIE 06JIaCTH MOJEIUPYIOTCS TeKCTYPHBIMU MIa6I0HAMY, COOTBETCTBYIOII[UMU TEKYIIIEMY Ce30HY.
Taxoit mogxon obecrieunBaeT KOMIAKTHYIO MOZedb (poHA cieHbl. [JoMuMO TOTO, MBI pacCMaTPUBaeM BIUAHNE BPEMEHHBIX /CE30HHBIX/
MeTEeOpOJIOTUUECKUX aTPUOYTOB CIleHbI OTHOCHUTEIHHO BO3MOKHOCTH €e BOCCTaHOBJIeHUA. MeTox GBI IPOTECTHPOBAH C MCIOIH30BAHUEM
6oraToro Habopa JaHHBIX €CTeCTBEHHBIX N300paKeH i, IOJyYeHHBIX Ha TeppUTOpUY 3anoBeguuka « Epraku», Kpacuospckuii kpaii, Poc-
cuda. IIpakTuyeckass 3SHAUMMOCTB: IPUMEHEHNEe MOAUDUIIPOBAHHON MOJEIN CMEeCU IayCCUAaHOB IIOKA3bIBAET TOYHOCTb PACIO3HABAHUA
00BekTOB 79—-83 % B mHeBHOEe BpeMs 1 60—69 % B HOUHOE BpeMs CYTOK IIPU HOPMAJIbHBIX METEOPOJOTUYECKUX YCI0BUAX. IIpu aToM TOY-
HOCTH BOCCTAHOBJIEHHBIX U300PaKeHU, MOJYUSHHBIX IIPU IIJIOXUX METEOPOJOTUUECKUX YCIOBUIX, CHUKAaeTCA Ha 5—8 % .

KaroueBsie ciioBa — BeruuTaHue ()OHA, ECTECTBEHHAA CIIeHA, MOJIeJIb CMECH rayCCUaHOB, O0HAPYKeHUe YKUBOTHOTO, MOJeJIb (hoHA.
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HarnagHocTb BU3yanin3auumumn faHHbIX B reouucbopmaquouuoﬁ
cucremMe npm ucnoJsib3oeaHn CBOUMCTB 30J10TOro cevyeHusd

A. B. BOpoHUH?, KaHA. TeXH. HayK, AoueHT, orcid.org/0000-0002-0956-0413, aleksey.v.v@mail.ru

I. H. ManbuesS, fokTop TexH. Hayk, npogheccop, orcid.org/0000-0002-6755-5700

M. 0. CoxeH®, kaHf. TexH. HayK, orcid.org/0000-0001-9080-4368

agenepasnbHbIN NCCreOBaTENbLCKUIA LLEHTP «MHGhopmaTuka u ynpasneHne» PAH, BaBunosa yn., 4. 44,

Kop. 2, MockBa, 119333, P

6BoeHHO-KOCMMYecKas akafemus uM. A. d. Moxaiickoro, XaaHosckas Hab., 13, CaHkT-[leTepbypr, 197198, P
B3akpbITOe aKLMOHePHOe 06LecTBO «3BpuKa», Mockosckuit np., 118, CaHkT-IeTepbypr, 196184, P®

MocTaHoBka npo6neMbl: HArNAHOCTbL BU3Yanu3aymm aHHbIX UMEET BaXHOE 3Ha4yeHue A1 paboTbl onepaTopa reouHgop-
MaLMOHHOM CUCTEMbI U ONPEAENSET YCI0BUS, B KOTOPbIX OH MPUHUMAET PELLEHNS M0 0TOBpaxaeMbIM faHHbIM. Micronb3oBaHmne
CBSA3aHHbIX CO CBOMCTBaMM 30/10TOrO CEYEHUsI 3aKOHOMEPHOCTEN 3pUTETbHOrO BOCTPUATUS M306paXeHNUI MO3BOISIET ChoOPMY -
JIMPOBAaTb KPUTEPUI HArISAHOCTY BU3Yyann3aunm 4aHHbIX, XapakTepu3yroLLmi BOZMOXHOCTH KOMIIEKCHOrO BOCMPUATHUSA ore-
paTopoM reoMHOPMAaLMOHHON CUCTEMbI BUAEOAAHHbIX, 0TOBPaXaeMbiX Ha dKpaHe BULEOKOHTPOJILHOrO yCTPOICTBA B BUAE
271eKTPOHHOM KapTbl. Llenb: 060cHOBaHMe KpUTepUs HarfSgHOCTY BU3yanu3aumn faHHbIX B re€OMHEOPMALMOHHbBIX CUCTEMAX
C MCMOJIb30BaHNEM CBOJCTB 30/10TOI0 CEYEHUS U UCCIE[0BaHNE YCOBUIA 06ecredeHns HarfsiAHOCTY 0TOBPaXeHUs reofaHHbIX
M MeTafaHHbIX Ha dKpaHe BULEOKOHTPOJIbHOIO YCTPOKCTBA B COOTBETCTBUM C MPEA/IOKEHHbIM KpUTepueM. MeTos: hopMasib-
Hoe onpefeneHne u uccienoBaHNe CBOMCTB KPUTepUs HarfIAHOCTY BU3Yanu3aumm faHHbIX B FeOMHEPOPMALMOHHbIX cUCTe-
Max C MCMosib30BaHUEM B KayeCcTBe MokasaTens KoahuuymeHTa NoKpbITUS MIoLWagM aKpaHa uHgopmaLmed, onTuMasnbHoe
3HaYyeHne KOTOPOro COOTBETCTBYET MaTEMaTUYECKOMY ONPEAENEHNIO 30/10TOT0 CeYeHUs. Pe3ynbTaTbl: HA OCHOBE MPOBELEH-
HOro aHa/mM3a 0Cco6eHHOCTEN 3PUTENILHOrO BOCMIPUATUS BUAEOAAHHbIX M CBOKCTB 30/10TOM0 CEYEHUS NPY BU3Yann3aLmm nHpop-
MaLuu NPeSsIoXeH KPUTEPUI HarNSa4HOCTY BUSYann3aLmmn SaHHbIX, UCMONb3YIOLLMI CBOWCTBA 30/0TOM0 CEYeHUs U XapaKTepu-
3YIOLLMIA BOZMOXHOCTM KOMIMIEKCHOIO BOCMPUATHS ONEpaTopoM reouHEOopMaLMoHHON CUCTEMbI BULEOZAHHbIX, 0ToBpaxae-
MbIX B BUE 37IEKTPOHHOM KapTbl. PaspaboTaHbl MTEPALMOHHbIE anropuTMbl BbiGopa MacluTaba oTobpaxeHusl BULEO[aHHbIX
110 KPUTEPUIO HAMTISAHOCTH, CBA3aHHbIE CO CBONCTBAMM 30/10TOM0 CeYeHUs: 6a3oBbIi anropuTM, KOTOPbINA NPUMeHsIeTCa ANs
Kax[oro c/iosl 0ToOpaxaeMbiX Ha 3/IEKTPOHHOM KapTe reofaHHbIX, U aIrOpUTM MoC/Ie[0BATENIbHOIO aHann3a pa3inyHbIX CI0eB
oTobpaxaeMbix reofaHHbix. Bbibop MacluTaba oTo6paXxeHUsl BULEOAAHHbIX B COOTBETCTBUM C pa3paboTaHHbIMU anroputMma-
MU MOXET OCYLLECTBATLCA 0NePaTopoM reouHgopMaLMOHHON CUCTEMbI NPEABApUTENIbHO Ha OCHOBE NapaMeTPOB TUMOBbIX
9/1EKTPOHHBIX KapT M HABOPOB reofjaHHbIX N METafaHHbIX, XapaKTepHbIX AJ1S peliaemMoli NpuknagHoi 3agaqun. YiccnegoBaHo
B/MsIHME MacluTaba oTo6paxaeMblX Ha S7IEKTPOHHOM KapTe reofaHHbIX U MeTafaHHbIX Ha HarNsAHOCTb UX BU3yanusaumm Ha
9KpaHax pas/IMyHbIX Pa3MepoB: /151 PACCMOTPEHHBIX TUMOBbIX 06bEMOB 0TOOPaXaeMbiX reofaHHbIX M MeTafaHHbIX Hansy4lias
HarnsgHoCTb UMeeT MEeCTO MPpU UX 0TOBPaXeHUN Ha dKpaHe CTaHZAPTHOrO KOMMbIOTEPHOIO MOHUTOPA B CPABHEHUM C MopTa-
TUBHbIM HOYTOYKOM 1 BU3Yyanin3alMoHHbIM dKpaHoM. lMpaKTuyeckas 3HaYMMOCTb: MPELI0KEHHbIN KPUTEPUIA M peKoMeHZaLmnm
1o BbIGopy paaMepa akpaHa BULEOKOHTPOJIbHOIO yCTPOWCTBA M CTPYKTYpbl 0TOBPaXaeMblx re006bEKTOB U METafaHHbIX MOTyT
6bITb UCMOML30BaHbI MPU NMPOEKTUPOBAHUM F€OMHGPOPMALMOHHBIX CUCTEM, @ TaKxe [4J/15 NpeaBapuTeslbHoro Bblbopa onepaTo-
POM reouHopMaLMOHHON CUCTEMbI CTPYKTYpPbl 0TOOPaXaeMbiX JaHHbIX.

KniouyeBbie cnoBa — FEOVIHdJOpMaL[VIOHHaFI cucTemMa, aNIeKTPOHHasA KapTa, HarnagHoCTb BU3yann3aunn faHHbIX, 30J10Toe
ceyeHue.

ITutuporanue: Bopouun A. B., Mansues I'. H., Coxen M. 10. HarnagHocTh BUBya n3anuy JaHHBIX B TeONH()DOPMAIMOHHON CUCTEME TIPU
HMCIOJIb30BAHUU CBOMCTB 30JI0TOTO ceueHUuA. MHpopmayuonto-ynpasasowue cucmemvt, 2018, Ne 6, c¢. 46—57. doi:10.31799/1684-8853-
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BBenenmue

Busyanusanusi faHHBIX HUTrpaeT BaKHYIO POJIb
B IpPaKTUKe IPUMEHEHUA TreonH(OPMAIMOHHBIX
cuctem (I'IC) [1-4]. KauecTBO 1 HAIJIAAHOCTHL BU-
3yajmsanuy OAHHBIX, IIPEKIe BCEr0 I'eOmpPOCTPaH-
CTBEHHOUN wH(MpOPMAIIUM, OIPENeJd0T YA0OCTBO
paboter omeparopa I'MC u ycioBUs, B KOTOPBIX OH
IIPUHUMAET PEIleHUusd 0 OTOOpaKaeMbIM JaHHBIM.
B o61iem cayuae oneparop I'MIC, kak mpaBujo, ume-
€T IeJI0 ¢ TUHAMUUYEeCKU U3MEHAIOecAa 0ToOpaska-

eMOU cuTyaliieii, 60JbIINM YHCJIOM I'e000'beKTOB 1
MeTagaHHBIX, KOTOPbIe IPU OTOOpasKeHnr Ha dKpa-
He BHIEOKOHTPOJHLHOTO YCTPOHCTBA (POPMUPYIOT
CJIO’KHBIE TIpeCTaBJIeHNA, KOTOPhIe He JOJKHBI 3a-
TPYAHATH 3PUTEIHHOE BOCIPHUATHE HNH(POPMAIUHU,
OIIEHKY CUTYaIluW U IIPUHATHE pemreHusa. ITosTomy
Busyausaiug fauabix B ['VIC gosskHa OITH MH(POP-
MAaTHBHA 1 HATJIATHA.

B mmrmpoxoM cMbIcIe IO HATJIAHOCTHIO IIOHTMA-
eTCs CBOMCTBO MCUXUUYECKUX 00pa30B 00HLEKTOB II0-
3HAHNSA, BRIPAsKAIOIee CTeIleHb JOCTYIIHOCTH U II0-

46 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N6, 2018



\ OBPAGOTKA UHMOPMALIMA N YNPABAEHVNE N\

HATHOCTHU 3TUX 00Pa30B AJIA IIO3HAIOIIEr0 Cy0heKTa
[5, 6]. IIpumenuTenbHO K oToGpaskaembiM B 'VIC Bu-
IEeONAHHBIM ITOJ HATJIAJHOCTBIO CJIeAyeT MOHUMATH
BO3MOJKHOCTH JIETKOT'O X 3PUTEJTHHOTO BOCIPUATUAA
onepatropom I'MIC. Ilockonbky Bumeomauubie B 'YIC
IpeACTaBJISAIOT cO00i m300pasKeHnsa, opMuUpyeMbie
PAacIIoJIo;KeHNEeM U pa3MepaMu re000beKTOB, 6JIOKOB
COIIPOBOAUTENILHON U APYyroii mH(opMaIuu, KOTO-
pbIe 0TOOpaKaITCA Ha 9KpaHe BUIEOKOHTPOJIHLHOTO
YCTPOMCTBA B BUje dJIeKTpoHHOU KapThl (IK) coor-
BETCTBYIOIIIETO MacIiTaba, HATIAZHOCTH BU3YyaJIn-
sanuu faHHbIX B [YIC MoKeT OBITH (hopMain3oBaHa
B PaMKaXxX MOJeJIeil 3pUTEJILHOr0 BOCIPUSITUS U Pac-
Tmo3HaBaHUA 00LEKTOB IO U300pakeHuaMm [7, 8].

B sureparype mo Bompocam moctpoenus ['MIC
OCHOBHOE BHUMAaHUe yaeisderca apxuTekType I'MIC
TIPU PeIIeHN N PAasINYHbIX MPUKJIATHBIX 3a0a4, Xpa-
HEHWIO U JIOTUYEeCKOMY BBIBOJY HAHHBIX IJA OTO-
OpasKeHUsd, TPOrPAMMHBIM PeIlleHnuAM 00paboTKU U
IOCTyIla K nH(pOpMAaIIUU, a BOIIPOCHI BU3yaIU3AIIUN
MaHHBIX pacCMaTpUBAIOTCA, B OCHOBHOM, IIpUMe-
HUTEJbHO K OTAEeJbHBIM BHJIaM OTOOpaKaeMoil MH-
dopmatuu [9-12]. B macTosamieir pabore, UCXOAI U3
aHaJaM3a 3aKOHOMEPHOCTell 3PUTEJHLHOT0 BOCIIPUA-
TUSA 1 PACIIO3HABAHUS 00LEKTOB II0 N300PaKeHUIM,
copMyJIUPOBAH OOIIUII TOAXOM K ITOBBIIICHUIO Ha-
TJISSAHOCTY Busyaausanuu nauubsix B 'VIC Ha ocHOBe
BbIOOpa ITapaMeTPOB U CTPYKTYPHI OTOOpaKaeMbIX
BUJEONAHHBIX C HCIOJb30BAHMEM CBOMCTB 30JIOTO-
ro ceueHud. IIpemsiosxeH KpuTepuil HATIATHOCTHU
Busyaausanuu nanueix B 'YIC u npencraBiieHbI pe-
KOMEHJAIINY II0 BbIOOPY CTPYKTYPHI I'€OJaHHBIX U
MeTaJaHHBIX IIpU oToOpaskeHUU DK ¢ pasHOPOIHOMN
nHGOpMAaIiuei o 60JIbIIIOM YKCJIe Te000HEeKTOB.

Ananns oco6eHHOCTEel 3PUTEJIHLHOTO
BOCIIPUATHUS BUIEOTaHHBIX U CBOMCTB
30JI0TOT0 CEUYEHUA MPU BU3YATH3AIUA
uHpoOpMauuun

Busyanusanusa ganasix B I'YIC Ha coBpeMeHHOM
Talle UX PasBUTHUS IIPeAIIoJaraeT oToOpasKeHue reo-
TPOCTPAHCTBEHHOI MH(MOPMAIIUY ITPENMYIIEeCTBEHHO
B BuJie OK cOBMECTHO ¢ MeTaJaHHBIMU — COIIPOBOJIH-
TEJILHON TEeKCTOBOU mH(popManmeil u rpadpuyecKuMu
obobexkTamu. Ilpu 5TOM compoBOAUTENbHAS WHQOP-
MaIlusa BBIBOAUTCA Ha 9KPAH C 3aTeMHEHUEM (3aKphI-
TreM) a1eMeHTOB OK. BoIbIIMHCTBO MMeOIUXCA pe-
IIeHUH MPeAIIoaraoT KCIIOJIb30BaHUE IIPO3PAUHBIX
i «BcIubIBaromux» (opm Ha IK. Ilpm Gosbirom
ymcJie OToOpakaeMbIX re000LEKTOB 1 MeTaJaHHbIX HA
sKpaHe (hOPpMUPYIOTCSA CJIOKHBIE IIPeACTABICHNIS Pas-
HOPOAHBIX JAHHBIX, UTO 3aTPYAHAET BOCIPUATHE OTIe-
paropom I'MIC oTto6paskaemoii nHGOPMAIIAH B IIEJIOM.

Bupneoganusie B I'YIC mpencTaBisaioT cob0it 130-
OpasKkeHUs, (POPMUPYEMBbIe PACIIOJNIOKEHNEeM 1 Pas-
MepaMHu reoo0OBEKTOB 1 PA3HOOOPA3HBIX MeTamgaH-

HBIX, KOTOpPBIe oToOpaskatoTcsa B Buae K. ITosaTomy
JLJI TIOBBIIIIEHU A HATVIATHOCTHU OTOOPaKeHU A BUIE0-
mauabix B 'YIC meobxogumo npu BeIbope hopm, pas-
MepPOB U B3AUMHOT'O PACIIOJIOMKEHU 0TOOPAKAEMbIX
rpadpuyeckux m HerpahuIeCKUX O00HEKTOB YUUTHI-
BaThb OOBEKTHUBHLIE M CYO'BeKTHBHBIE 3aKOHOMED-
HOCTU 3PUTEJHHOTO BOCIPUATHUA U PACIIO3HABAHUA
00'bEKTOB II0 N300paKeHUIM.

IIpu BpuUTESTBLHOM BOCHPUATUU W300paAKeHUN
onepatop I'MIC peanusyeT CTPYKTYpPHOE pacIo3HAa-
BaHMe OTOOpa’kaeMbIX Ha 9KpaHe 00BEKTOB [6, T].
OCHOBHBIMU CTPYKTYPHBIMU IPU3HAKaMU IIPU BU-
3yaJIbHOM PAaCIIO3HABAHUU OO'BEKTOB SIBJISIIOTCA UX
TomoJiornyecKue (pasMepsl u (popma) M APKOCTHBIE
(ToH, IBeT) mpu3HaKu. IIpu CTPYKTYPHOM pacio3Ha-
BaHUU HaOIO#aeMble OOBEKTHI XapPaKTEPUIYIOTCA
OIIMCAHMEM UX CTPYKTYPHI (00pasa) COBOKYITHOCTHIO
HECKOJIbKMX CTPYKTYPHBIX MpU3HAKOB. IIpu sTom
JII000¥ CJIOKHBIN IO CTPYKTYPe HaOII0IaeMblil 00b-
eKT MOJKHO IIPEJCTABUTH B BHUIE CTPYKTYPHUPOBAH-
HOU B IIPOCTPAHCTBE COBOKYITHOCTH 00Jiee IIPOCTHIX
00BbeKTOB (00BEKTOB C IIPOCTOII TeoMeTPUUYEeCKOI
dopmoii, xapaKTepu3yeMbIX OIHOPOTHON SPKOCT-
HOM CTPYKTYPOI1).

K umcay ocHOBHBIX 3aKOHOMEPHOCTEH 3PUTEJIb-
HOT'O BOCIPUATUA M300paKeHUI UeJI0OBEKOM-OIlepa-
TOPOM MOYKHO OTHeCTH cJexnyiomiue [13—15]:

— IDOCTOBEPHOCTH BU3YAaJBHOI'O PAaCIIO3HABAHUA
YeJI0BEKOM-OIIEPaTOPOM IIPOCTHIX 00BEKTOB Ha M30-
OpasKeHHrAX 3aBUCUT OT JUHENHOT'0 pasperiennsa Ha
00beKTe, (OPMBI 00BEKTa M MaKCUMAaJBLHOTO JIU-
HelHOro pasMepa 00beKTa Ha M300pasKeHuu, JIis
KJaccuuKanum o0beKTa Ha ero JUHEeHHBIN pasMep
IOJIKHO IPUXOAUTHCA 5—8 2/IeMEeHTOB pa3peIeHns;

— IIPY OAMHAKOBOM YHCJIE IIPUXOMSAIINXCS Ha 00b-
€KT BJIEMEHTOB pasperieHus 00beKThI, OTINYAIOIIIIe-
Cs1 IT0 KOHTPACTY U 110 (hopMe KOHTYPa, PACIIO3HAIOTCS
YeJIOBEKOM-OIIEPATOPOM C PA3JINUHON BEPOATHOCTHIO;

— BEPOATHOCTh PACIO3HABAHUS UEJIOBEKOM-OIIe-
paTopoM IPOCTOro 00'beKTa Ha M300paKeHUN OBHI-
11aeTcs, €CJU 3TOT O0BEKT HAXOAUTCA B YIIOPSAIO-
YEHHOM OKDY/KEHHUH IPYTUX MPOCTHIX 00'BEKTOB, U
IIPX 9TOM MMEIOT MECTO OIpPeAesIeHHBIE ITPOIOPIIUY
JUHENHBIX Pa3MepPOB IIPOCTHIX 00'HLEKTOB, COBMECTHO
00pasyromux 060 HeKT 60Jiee CI0KHON (POPMBI;

— IPONYCKHAs CIIOCOOHOCTH YeJIOBEKa-OllepaTo-
pa II0 3aIIOMUHAHUIO ¥ COBMECTHOMY AaHAJIU3y He-
CKOJIBKUX M300pasKeHuil orpaHUYeHa, MIpaKTUye-
CKH 00'beM OIIePATHMBHON IIaMSATH YeJOBEKa II03BO-
JIAET COXPaHATHh B MaMATU OJHOBPEMEHHO He 0oJiee
5—8 mzobpasKeHn.

3aBUCUMOCTb BEPOATHOCTH BU3YaJbHOTO PACIIO-
3HaBaHUA OOBEKTA Ha M300pa’KEHUU OT CBOMCTB
u3obpakeHud nmeet Bup [14, 16]

2
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rae K ¢ — KoadduuueHT GopMBbI Ha0J101aeMOro 00'b-
eKTa; Al — JIuHelHOe paspellieHre Ha 00'beKTe B 130~
Opasxkennu; L — JuHeHHBIN pasMep 00beKTa B M30-
opaxxenun. Bequuuna N = (Al/L)?, BxonAmasa B BbI-
paskenue (1), ecTb UMCJIO 5JI€MEHTOB pas3pelneHunsd,
OPUXOLAINUXCSA B M300paskeHny Ha HaOJII0JaeMblIi
oobext. Koopdurnuent dopmbr Ky ana pasnnd-
HBIX O00'BEKTOB OIpejesideTcsa sMINPUUYecKu. Bepo-
ATHOCTb BU3YaJIbHOT'O PACIO3HABAaHUA O0BEKTa Ha
M300paKeHNN YBeJIUUYNBAETCA C YBEJINUEeHNeM UKC-
Jia 5JIEMEHTOB pas3pelleHus B U300paskeHnn 00beKTa
N u xoa(pdurmernTa ero popmsul K(b.

JIluneiiHoe pasperienue Al Ha 00'beKTe B U300pa-
JKEeHUU OIIpeJesisdeTcs B pe3yJjbTaTe PeIIeHusA ua-
CTOTHO-KOHTPACTHOTO yPABHEHU S

CT(x) = K ;05(x), (&)

rme C — APKOCTHOU KOHTpacT obobekTa; T(k) — ua-
CTOTHO-KOHTPACTHAA XapaKTepPHuCTHUKa wusobpake-
HUS; KHOP(K) — IOpPOToBas XapaKTePUCTUKA CUCTEMbI
perucrpanuu, YUIUTHIBAIOIAS BINSHNIE BCEX 3HAUU-
MBIX MCTOYHUKOB 3alIyMJIEHUS U300PaKEHUsA U TI0-
POroBO€ OTHOIIIEHNE CUTHAJ/IIIYM 3PUTEIbHOTO aHa-
Jusatopa. Pasperatorieii criocooHoctu Al cOOTBET-
CTBYeT IIPOCTPAHCTBEHHAs YacToTa K, ABJIAIOMAACA
HaWMeHBIINM KOpHeM ypaBHeHHd (2): Al = 1/x,.

Bripaskenus (1) u (2) cocTaBIAIOT OCHOBY 00JIb-
IIMHCTBA MOJeJiell BU3YyaJbHOTO pAaCIIO3HABAHUS
00BbEKTOB 10 M3o0OpaskeHUAM. Pasperaroniad CIO-
COOHOCTh PACCUUTHIBAETCSA [JIS YaCTOTHO-KOHTPACT-
HBIX XapaKTEepPUCTUK U300paKeHUN TeCT-00bEKTOB,
TIOPOTOBOII XapaKTEPUCTUKU UX 3PUTEJTHHOTO BOC-
NPUATUS U TEXHUUYECKUX XaPAKTEPUCTUK BUIEO-
KOHTPOJIBHOTO ycTpoiicTBa. IIpu oToOpaskeHUU BU-
meonaHHblx B 'MIC numeliHoe paspeleHue Ha 00b-
eKTe OIIpefiesiieTcA PasMepoM dJIeMeHTa m300paske-
HUSA, COOTBETCTBYIOIIETO 3JIEMEHTY paspelieHus Ha
SKpaHe IIPU IPeAbABICHNN N300pakeHNA OIepaTo-
py T'UC, Hu:xkHUE npenes JIUHEHHOTO pasperieHns
OrpaHUYMBAETCS Pa3sMepPoOM IIHKCEJS SKpaHa BUIe-
OKOHTPOJILHOTO ycTpoiicTBa. KoHTpacTt ob6bexta C
pPacCUUTHIBAETCA II0 OTHOIIEHHUIO K OKPYKAIOIIeMy
ero Ha udobpaskenuu ¢ony. IIpocTpancrBenHaa ua-
CTOTA K, COOTBETCTBYIOasA paspemIaronieii crrocos-
HOCTHU Al, TeM BBIIlle, YeM BBIIIIe TPAHUYHAA YACTOTA
YaCTOTHO-KOHTPACTHOM XapaKTEepPUCTUKU u306pa-
sKeHusa T(K), ueM MeHbIIIe B 06JIaCTH 9TOM I'paHUY-
HOM YaCTOTHI IIOPOTOBAA XapPAKTEPUCTUKA CUCTEMBI
perucrpanuu KHOP(K) ¥ YeM BBIIIe KOHTPACT 00'beKTa
Ha uszobpaxenuu C.

Oro6paskaembie B 'YIC Buneomanubie B Bujae K
C reoO0BEKTAMU M METAaJaHHBIMU IIPEACTABIIAIOT
c0o00# COBOKYIIHOCTBL GOJIBIIIOTO UYMCJA IIPOCTHIX U
CJIOJKHBIX O0BEKTOB HA OJHOM u3oOpakeHuu. [lpu
BBITIOJTHEHUU YCJIOBUU XOPOIIETO WX 3PUTEIHLHOTO
BOCIIPUSITUSA B OTAEJIbHOCTHU (JIMHEIHOEe paspelneHne
¥ KOHTPACT), OIIPeeIsIeMbIX MOJIEJIBI0 BU3YAJIbLHOTO

pacrosHaBaHUSA 00BEKTOB II0 M300paKeHUAM, T
TIOBBITIIEHUS KaveCcTBa BOCHPUATHUA U300paKeHUT
B IIeJIOM (ero HarJISAHOCTHU) AOJIMKHBI OBITH YUTEHBI
0COOEHHOCTH COBMECTHOT'O 3PUTEJHLHOTO BOCIPUA-
THSA IPOCTHIX 00HEKTOB B COCTAaBE CJIOMKHBIX 00bEK-
ToB. K unciy Takux ocobeHHOCTell OTHOCUTCS HAJIN-
Yue 30JI0TOTO CEUEHU s, ONIPEAEJIAOIIETO IPOIOPIINHT
MeXKIy pasMepaMu 3JI€MEHTOB CJIOMKHBIX 00'bEKTOB,
TP KOTOPOM MX M300pa’KeHud HaUJIYUIIUM o0pa-
30M BOCIPUHUMAIOTCA UeJIOBEKOM.

3o0J10TOE CEUeHMe C MaTeMaTUYeCKON TOYKU 3pe-
HUSA — O5TO WPpAIMOHAJILHOE OECKOHEUHOE UWCJIO

D= (1 + \/5)/2 ~1,618, KoTopoe ompemeaseTcsa U3

orHomeHua 1/x = x/(1 — x), roe x — pauHa O0JIbIIIE-
r'0 OTPe3Ka B TeOMETPUUECKOM TPAKTOBKE 30JI0TOTO
ceuenus [17]. TeomeTpuyueckasa TpaKTOBKA 30JI0TOTO
CeueHUs COCTOUT B fesieHuU oTpeska AB equHUYHON
nnunsl ((AB|= 1) Toukoit C Ha ABe 4acTHu, IPU STOM
nrHA GOJbIero oTpeska cocTasiser |BC|= x, au-
Ha MeHbIIIEro oTpeska coctasiasgeT |[AC|=(1 — x) u
BRIIONIHAETCA cooTHommenue |AB|/[BC|=|BC|/|AC|.
B mporieHTHOM 3HAUEHWM BeJIUYMHA 30JI0TOrO Ce-
yenud @ ecTh oTHolleHue BeamuuH 61,8/38,2.
30/10TOE CeueHUe IIPUCYTCTBYET B OOJIBIIIMHCTBE
111eIeBPOB M300PasUTENHLHOT0 UCKYCCTBA U apXUTEK-
TYPHI ¥ TAPMOHU3UPYET BOCIPUATHE U300paKEHUH
CJIOJKHBIX 00'bEKTOB, YUEMY IIOCBSAIIEH DA CIIEI A Th-
HbIX mccaenoBanuit [18, 19]. IlosTomy cBsA3aHHBIE
C 30JIOTBIM CeUYeHVEeM 3aKOHOMEPHOCTY 3PUTEIHLHOTO
BOCITPUATUS U300PaAKeH U, ABIAACH CYO'beKTUBHbI-
MU, HAXOASAT MHOTOUYMCJIEHHBIE ITPOSBICHUSA, U UX
1eJiecoo0pasHO KCIIOJIB30BATh IIPU BU3YaJIU3aI[UU
maHHBIX B I'VIC nid ux HaWJIy4IIero KOMIIJIEKCHOTO
3pUTEJbHOr0 BocupuATud oneparopom I'MIC.

C 30JI0THIM CEeUEeHKEeM CBA3AHBI 30JI0ThIe (PUTYPBI
TeOMEeTPUU — 30JI0TOH IPAMOYTOJbLHUK U IPaBUJIE-
HBIN OATUYTOJbHUK.

B 3osoTom mpamoyrosabHuKe (puc. 1, a) oTHOIIIE-
HUe CTOPOH ((hopmMaTHOE OTHOIIEHNE) PaBHO uucay D.
Ecau oTmesuTs OT 30J0TOTO IIPSAMOYTOJbHUKA
ABDE kBagpar ADFC co cTopoHO#1, paBHOII MEHb-
11eii CTOPOHE 30JI0TOTO IPAMOYTOJbHUKA, TO OCTAB-
muiica npamoyroabHuKk CFEB Toxe Gyzmer 30J10-
TeiM. To Ke camMoe IPOM30MIET, €CJAU OT 30JI0TOT'O
npamoyroabauka CFEB otmenuTs kBagpar GFEH,
u T. A. Ecau mpoBecTy quaroHaJu B ABYX B30JIOTHIX
npamoyroiasaukax CFEB u CGHB, To onu Bcerma
IIepeceKarwTca oA NIpAMBIM yriaoMm. Touka mepe-
ceueHUs auaroHaJeii SABJAETCA TeoMeTPUUYECKOH
TOUKON NPUTAKEHUA, KyLa YXOAUT OeCKOHeUHad
TIOCJIEOBATEIBHOCTD ITOJIYYAaeMbIX 30JI0TBIX IPAMO-
YTOJIBHUKOB. B 30710TOM MPSIMOYTOJIbHUKE TOUKAMU
MPUTAMKEHUA MOTYT OBITh ueThbipe Touku I'1, I'2, T'3,
I'4 — B 3aBHCUMOCTHU OT TOr0, KAKUM 00pPa3oM BBI-
IendaioTca 0ojiee MeJIKWE 30JI0ThbIe IPAMOYTOJIBLHU-
Ku. Kpome TOro, B 30J10TOM NIPAMOYTOJbHUKE CY-
IIECTBYIOT TAK HasbIBaeMble (DOKYCHBIE TOUKU UJIK
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B Puc. 1. 3om0TbIe QUTYPHI TEOMETPUN: @ — 30J0TOM IPAMOYTOJIBHUK; 0 — IPABUJIbHBIA HATUYTOJHHUK
B Fig. 1. Golden figures of geometry: a — golden rectangle; 6 — a regular pentagon

3pUTEJbHBIE IEHTPHI, PACTIOJIOKEHHbBIEe Ha yIaJIeHUN
|AB|/® u |AD|/® ot ero cTropon. TAKUX TOUEK TaKKe
yeTsipe: Ql, Q2, Q3, Q4 — oHU ABJIAIOTCS IIEHTPAMU
3PUTEJIHHOT'O0 BOCIIPUATH.

B mpaBusbHOM nmaTuyronabHuKe (puc. 1, 6) oT-
HOILIEHWEe [IJIWHBI AUATOHAJMW K [JNHE CTOPOHBI
paBHO umcity @, manpumep: [IM|/|IK| = [1J|/|IL|= ®.
Huaronaju mpPaBUJBHOTO IATUYTOJbHHKA oOpa-
3YIOT IPaBUJBHYI0 IATHUKOHEUHYIO 3Be3AY, y KO-
TOPOM KaKIBbIHI OTPE30K JeJUTCS IepeceKaroniuM
€ro OTpPe3KOM B B0JOTOM CEUYEeHWUU, HAIIPUMeEp:
|[JK|/|JP| = |JP|/[PK| = ®. Kpome Toro, BLITIOJHAETCS
|LK|/|[LN| = |LN|/|PK| = |PK|/|[NP| = ®. 13BecTen Tak-
JKe 30JI0TOM TPEeYTroJbHUK — PaBHOCTOPOHHUU Tpe-
YTOJIbHUK, IJUHBI CTOPOH KOTOPOI'O PAaBHBI JJINHE
CTOPOHBI IPABUJBHOTO AECATUYTOJbLHUKA, BIUCAH-
HOTO B KPYT, ¥ PAIUyCy 9TOT'0 Kpyra.

CBoiicTBa 30JI0TOTO CEUEHUA MOTYT OBITH IT0JIO-
JKEeHbI B OCHOBY KPUTEPHUA HATJIATHOCTY BU3yaaIn3a-
AU JaHHBIX, UCIIOJb30BaHKE KOTOPOro IPpU 0TOOpa-
sKeHuu BugeogaHHbIX B I'MIC mo3BOMIAET YIYUIIUTH
ux cy0beKTuBHOe BocipuaTrue omneparopom I'MC u,
KaK CJeICTBUE, CO3MaTh eMy 6oJiee KOM(pOPTHHIE yC-
JIOBUS NPU NPUHATHUU PEITeHUli 110 0ToOpakaeMbIM
JaHHBIM IPU PEITeHNY TPUKJIATHBIX 3aad4.

Onpenenenne KPpUTEPUA HATIITHOCTH
Busyaausanuu JaaabsIix B TUC

C HCII0JIL30BAHUEM CBOICTB

30JI0TOT0 CeYCHU

Paccmorpum cayuaii oroopaskenusa B I'MIC 9K
¢ Te000'BEKTaAMY U MeTaJaHHBIMUY, IIPEICTABJIAIOIIN-
MU co00#1 PA3HOPOIHYIO COTPOBOAUTENLHYO0 HH(OP-
marnuio [20, 21]. Busyasusaiusa reornpocTpaHCTBeH-
HOM mH(pOPMaINU U METaJaHHBIX OCYII[€CTBJIAETCA
COTJIACHO MacIiTaldy yJacTKa OTOOpasKeHUus I'eomol-
JIOJKKU, YHUCJIY Te000BEKTOB M OJIOKOB COIIPOBOLM-

TeJbHON MH(POPMAIMK, COOTHECEHHBIX K KasKIOMY
reoo0BbexTy. [ HaT/IAIHOTO BOCIPUATUS TEOIIPO-
CTPAHCTBEHHOII 1 COIIPOBOAUTEIBHOII MHMOPMAINHI
B BUIe, YAOOHOM [ TMOHWUMAHUA ¥ BU3YAJHLHOTO
aHaJusa, TpebyeTcs oToOpaskeHHe Ie000HEKTOB U
COIIPOBOAUTENILHON mH(poOpMAIuU 06e3 3aTeMHEHIS
(3aKPBITUA) CYIIECTBEHHBIX IJI5 BU3YyaJLHOI'O aHa-
JIN3a BJIEMEHTOB M300paKeHnd.

Ob61aa mJomaab rec00beKTOB, 0TOOparKaeMbIX
Ha IK, 3aHMMaeMasa MU Ha SKpaHe BUJeOKOHTPOJIb-
HOT'O YCTPOICTBA C YUETOM IPOCTPAHCTBEHHBIX Pas-
MepoB 00beKTOB 1 MacinTaba K, MoskeT ObITH OIrpe-
IejieHa B BUE

I
Ssro = MY X,Y;, ®3)
i=1

rme M — wmaciiTab 3JIeKTPOHHOM KapThl; I — uuc-
JIO Te000'beKTOB; X; — [JKHA i-r0 Te000beKTa B pe-
aJIBHOCTH; Y; — IIMPHHA i-T0 re000BEKTa B PeaJbHO-
ctu. [lnimHa 1 mupuHa n306pakeHus i-T0 Te000'beK-
Ta npu orobpakenun Ha IK cocraBasawor Ly, = MX;
u Ly, = MY, COOTBETCTBEHHO.

WNsmenenune macinraba mpocmorpa K Bemer K gu-
HAMUYECKOMY KOH(PUTYPUPOBAHUIO (M3MEHEHUIO)
pasMepoB oToOpaskaeMbIX reoo0beKToB. IIpu aTom
pasMepbl n300pakeHnsa reoodbexTa Ha IK moK-
HBI OBITH He MeHee JIMHEeHHOTr0 pas3pellneHnsa Ha 130-
Opakennu Al, He0OOXOAMMOT'O B COOTBETCTBUU C BBI-
paxkeruem (1) s obecreueHusa 3aJaHHOTO YPOBHS
BU3yaJILHOTO paclo3HaBaHUsA 00'beKTa, HO He OoJiee
pasmepa, BBIAEJAIIIEr0 Te000BEeKT IO OTHOIIIEHUIO
K JPYTUM COM3MEPHMBIM OO0BEKTAaM, PACIIOJIOKEH-
HeIM Ha K. HumxkHUI mpenes ciaegyeT m3 MOJEIHN
BU3YaJILHOTO paclo3HaBaHUSI 00HEKTOB II0 m300pa-
JKeHUAM, a BepXHUI Ipenesl — U3 CyObeKTUBHBIX
0COOEHHOCTel 3PUTETbHOT0 BOCIPUATUS CJIOMKHBIX
usobpaskenuii. [[Js mIonaay n3oopaskKeHusi i-ro reo-
o0weKTa S_,; 9TO yCIOBHe MMeeT CIAeJyIOIUil BUL:
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Siin < Sp0; < S j» THE Sy, = A2 — mmomass MuHU-
MaJIbHOI pasMepHOCTH; S,; — IJIOIIalb COU3MepHU-
MO PasMepPHOCTHU II0 OTHOIIEHUIO K IPYTUM O0beK-
TaM, pacroJiosKeHHBIM Ha JK.

O61ada omanb, 3aHNMaeMasd Ha 9KpaHe BUAEO0-
KOHTPOJIBHOTO YCTPOMCTBA METaLaHHBIMU (COIIPOBO-
IUTeNbHOI nH(popMaIueii), BeiIBoguMbiMu Ha OK co-
BMECTHO C Te000'beKTaMU, MOYKET OLITh OIIpeaeieHa
B BUJIE

J
SZM}I = z UiVi, 4)
i1

rae J — uucyio 6JIOKOB MeTaZaHHbBIX; Uj — JIJIuHA
j-To GJIOKAa MeTaJaHHBIX; VJ — mupuHA j-To 6J0Ka
MeTagaHHbIX. Hambosee pacopocTpaHeHHBIM BUIOM
meragaHHbIX B 'YIC aABIAIOTCA TEKCTOBLIE JaHHLBIE.
OHU BBIBOAATCS HA 9KPaH B BUIE TEKCTOBBIX (hpar-
MEHTOB IPAMOYTOJHHOU (POPMBI UM BBIHOCOK, OT-
HECEHHBIX K COOTBETCTBYIOIIUM I'€000BEKTaM.

Omnpenensemble Beipaskenuamu (3) u (4) obGimue
ILJIOIIIA 1M, 3aHMMAaeMble Ha 9KPaHe BUAEOKOHTPOIb-
HOT'O YCTPOICTBa OTOOpasKaeMbIMU re000beKTaMu 1
0J0KaMU MeTafaHHBIX, CYMMUPYIOTCS U 00pasyioT
CYyMMAapHYIO IJIOIAb, 3aHIMAaeMYyIO Ha 9KpaHe reo-
JaHHBIMU 1 MeTaJaHHbIMH:

Sy =Sspo + SZMA . )

OrHollleHre CyMMapHO# MJIOMIan, 3aHIMAaeMOMn
Ha SKpaHe I'eOJaHHLIMH M METANaHHBIMH, K ILJIO-
olagy 9KpaHa HasdoBeM KoM (OUITMEeHTOM IIOKPBITUA
IJIOLIAIM SKpaHa nHpopMaIme:

k=Ss/S,, (6)

rae S, — IJIOIM[aLb 3KPaHa, OIpejesaeMas ero JIu-
HelinbIMu pasmepamu Hy u Hy: S, = HyH<y. B cooT-
BETCTBUU C OIIpejesieHneM Kod(hduimeHT £ HOpMU-
poBan: 0 < k< 1.

OrMmeTuM, 4TO (pOopMATHI OTOOpPaKeHUs KU300pa-
JKeHUI B COBPEeMEHHBIX BUIEOKOHTPOJIbHBIX YCTPOM-
CTBaX XapaKTepU3YIOTCA OIIPeNeJeHHBIMU COOTHO-
MIEHUAMU YUCJIA TUTKCEJIOB 0 KaKIOMY JUHEHHOMY
pasmepy sKpaHa. IloaTomMy yBesnueHuHe pasMepa
SKpaHa MOJKET COIIPOBOXKJATHCA YBEeJIUUYEHUEM Be-
JauYuHBI Al, oIpeesAoIeil JMHEMHOe paspelieHne
B ©300paKeHnu, 1 He BJIUATDH HA YBEJIUYECHUE UYNCIA
aiemeHTOB paspemenus N = (Al/L)2, mpuxogaIuxcs
B 1300pakeHn Ha HAOJI0JaeMblil 00'bEeKT.

KoasdduiimenT mokpeITHA MJIOMAaAN SKpaHa WH-
dopmariueit k, omnpenensemMblii BbIpa:keunueM (6),
BJIMSET HAa BU3YaJbHOE BOCHPUATHE (HATVIATHOCTH)
oToOpaskaeMoro Ha 9KpaHe CJIOKHOT0 U300pasKeHusd,
IPEeICTABIAIOIIET0 CO00II COBOKYIIHOCTL TI'€OIPO-
CTPAHCTBEHHOM 1 COMPOBOAMTEIbHON NHGOPMAIUU.
Yem rkoa(dpuiiueHT k 6oibille U OJIMKe K eJUHHUILE,
TeM 6OJIbITIe 3aKPhITHE T'eONaHHBIMU U METaJaHHBI-

MU KapTorpad@uyecKoi TOAJOKKY U HACHIIIIEHHOCTD
n300pasKeHus B 1eJoM. deM K0a(pDUIIUEHT £ MeHb-
e u 6JIMKe K HYJII0, TeM MEHbIIIe BEPOATHOCTDb pac-
TMO3HABAHUS MaJIOpa3sMepPHBIX 00-eKTOB Ha m300pa-
JKeHUM U HMKe MH(OPMATHBHOCTL M300paKeHUs
B IleJioM. B oboux ciaydasgx yXyAIlaeTcs KaduecTBO
3PUTEJBHOTO BOCHPUATHUA U300paKeHUI B IIeJIOM U
CHUJKaeTCA HATJIAAHOCTh BU3yaJim3aIuy oTobpaska-
€MbIX JaHHBIX.

Wcxomsas w3 KayeCTBEHHOTO aHaJIM3a BIUSHUA
Koa(p(pullMeHTa MOOKPBITHUA ILJIOIMAAM JSKpaHa WH-
dopmanuei £ Ha KOMIIJIEKCHOE BOCIPUATHE BUIEO-
JTaHHBIX MOKET ObITh IPEeIJI0KEeH KPUTEePU HaTJIA-
HOCTH BU3yaJsusanuu faHnubsix B ['YIC ¢ ncmosb30Ba-
HUEM CBOICTB 30JI0TOTO ceueHnA. B JaHHOM cirydae
MIPOTIOPIINY, OIpeAeideMble 30JI0TBIM CeUeHUeM,
COITOCTaBJIAIOTCA C JOJIEH ILIOIaau SKpaHa BUIEO-
KOHTPOJILHOTO YCTPOMCTBA, 3aHUMAaeMOU 0ToOpasKa-
eMBIMU BUJEOJAHHBIMHU. B KauecTBe KpuUTepusA Ha-
TJIAJHOCTY BUByAJM3aIlMM JAHHBIX IIpeIyaraercs
HWCIOJIb30BATh 3HaUeHUE KO3 (punmeHTa TOKPHITUA
ILJIOIIA Y SKpaHa nH(popmartuein k, 6auskoe K 0,382.
HamHoe 3HaueHWe KOd(PPUITMEHTa £k COOTBETCTBYET
3HAUEHUIO 3HAMeHaTeJ s APo0U, OIpeaesaolleii Be-
anuuHy P. B aTOM cayduae IIOKPLITHE IIJIOINA M 9K Pa-
Ha BBIBOJMMBIMHU HA HETO I'e000beKTaMU 1 MeTaJaH-
HBIMU MeHee ITOJIOBUHBI BCEl MJIOIIAaIM 9KPaHa U Ha-
TVIATHOCTh BU3YyaJaW3alluy OTOOpaKaeMbIX JTaHHBIX
BBICOKAs — MMeeT MEeCTO HauJyulllee KOMIIJIEKCHOe
BocmpusTue BuaeomaHHbIX omeparopom I'MIC. Ilpu
9TOM 3HauUeHUe KoadduiueHTa k, 6Jim3Koe K 3HaUe-
Huio 0,618 unciaurens gpodu, ompeaessioiieil Be-
auuuHy @D, moslaraeTcda IPeNeSbHO JOIMYCTUMBIM.
B sToM cayuae mOKpPBITHUE ILJIOIIAAU SKPaHA BBIBO-
IVMBIMU Ha HETO T'e000BheKTaMHM W MeTaJaHHBIMU
6oJiee TIOJIOBMHBI BCell IIJIOIAAU SKpaHa W mmojara-
eTcd, YTO KOMIJIEKCHOE BOCIPUATHE BUAEOTAHHBIX
omepatopom I'MIC sarpyameno. B mmamasone sHaue-
HUN Koa(@uiieHTa IOKPBLITHUA IIJIOINAAN SKpaHa
unpopmarnueir 0,382 < k£ <0,618 B cooTBeTcTBUU
C CyObeKTUBHBLIMU JAHHLIMU KauecTBa 3PUTEJIHLHOTO
BOCHPUATHUSA MN300pPaKEeHUN KOMIIJIEKCHOE BOCIIPH-
ATre BUIeomaHHBIX omeparopom ['MIC Bo3MOIKHO,
HO He HarJIAIHO. BBeIeHHBINT KpUTepuii HATJISATHO-
CTH BU3yaJM3aIlUM OAHHBIX MOKET OBITh HCIIOJIb-
3oBaH npu npoektupoBaHumu I'MIC, a Tak:ke omepa-
TopoMm I'MIC B mpoiiecce perieHus UM HPUKJIATHBIX
3ajad.

Ha mpaxTuke mas BbIOOpa MaciiTaba oTobOpa-
KeHUaA OK, o0ecrmeumBaIOIEro HAWJIYUIIYIO Ha-
MIAJHOCTH BU3YAJIU3AIUU JAHHBIX B COOTBETCTBUU
C TPEeNJIoKeHHBIM KpPUTepueM, HeOoOXOAUMO yUu-
THIBATh 3aBUCUMOCTh KO3 (duiimeHTa k oT ymcaa u
TeoOMeTPUUYECKUX Pa3MepPOB BBIBOAMMBIX Ha SKpPaH
BUIEOKOHTPOJLHOTO YCTPOMCTBA Te000HEeKTOB U
06JIOKOB MeTaJaHHbBIX, & TAKKe OT PasMepPOB CaMOT'0
sKpaHa. B 06111eM cayuae KoaPUIIUEHT k ABIAETCA
GyHKIUEH paga napaMeTpoB:
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k(M, I, Xy, ..., X1, Yi, o0, Yp,
Ut «oes Uy, Vis oo, Vi, Hy, Hy )=
=(Sgro (M, I, Xy, ooy Xp, Yy, o0y Yy ) +

+SZM,Z((J’ Ul’ ceey UJ’ Vl’ o0 VJ))/
(S, (Hy, Hy))- @

Omnpenenenne Koad@duiienTa £ B COOTBETCTBUU
C ero 3aBHUCHMOCTBIO OT IIapaMeTpPOB OToOpakae-
MBIX Ha 9KpaHe re000beKTOB 1 0JIOKOB MeTaJaHHbIX
U pasMepoB 9KpaHa, OIpeAessieMOll BbIpaKeHUeM
(7), m BBIOOP MacmiTaba orobpaskeHma IK, obecme-
YMBAIOMIET0 HAWJYUIIYI0 HAIVISAHOCTL BU3yaJu-
3alUM JAHHBIX B COOTBETCTBUU C IIPEIJIOMKEHHBIM
KpUTEPUEM, COOTBETCTBYIOIIIUM 30JI0TOMY CEUEHUIO
(k~0,382), MOKeT ObITh AJITOPUTMU3UPOBAHO.

Aunropurmsl BbI0Opa Macumrada oToopaskeHus
BHMIEOJAHHBIX, 00€CIeUYNBAIOIIEr0 BHICOKYIO
HATJATHOCTh BU3yaJIU3AIUM,

C MCII0JIb30BAHUEM CBOIICTB

30JI0TOTO CEYEeHUST

Ha ocHOBe IpoBeieHHOTI0 aHaJIM3a CBOMCTB 30JI0-
TOTO CEUEeHUS ¥ BBEIEHHOTO KPUTEPUA HATJIATHOCTA
BU3yasusanuu gaHubiXx B ['VIC ¢ mcmosb3oBaHUEeM
CBOICTB 30JI0TOT'0 CeUeHH’s pasdpaboTaeM MOCJeI0Ba-
TeJIbHOCTD JeMiCTBUII U CUETHYIO IPOILEeNypy, OIpe-
JIeJISIoNIe aJrOPUTM BbIOOpa MacIiiTadba oToopaske-
HUS BUAEONAHHBIX, 00€CIIeUBAIOIIET0 BHICOKYIO Ha-
TVIAIHOCTDL Busyaausanuu ganusix B I'VIC. B ocHOBe
BbIOOpa MacIiTaba oToOpaKeHns BUAEONAHHBIX Jie-
JKUT aHAJIU3 3aBUCUMOCTU KOd(M(PUITMEeHTa IIOKPHI-
TUA IJIOINAIY SKpaHa nH(popMaIieii £ oT reoMeTpu-
YeCKUX IIapaMeTPOB 0TOOpakaeMbIX HA SKPaHE r'eo-
00bEKTOB 1 0JIOKOB MeTaJaHHBIX U Pa3MepPOB dKpa-
Ha, oupenesgemoii BeipakeHueM (7). COBOKYITHOCTb
mapaMeTpPOB, OT KOTOPBIX 3aBUCUT KO3(pumuenr k,
MOJKeT ObITh O0BbeJnHeHa MOHATUAMU CTPYKTYPbI
TeolaHHbIX M MeTa aHHbIX.

BceaenctBue saBucumocTu Koah@UIIMEHTaA II0-
KPBITUA ILJIOIAAN dKpaHa nHpopMaliuei £ ot 60Jb-
moro yucjaa napamerpos (M, I, X, ..., X, Yy, ..., Y,
J, Uy o Uy V4, o, V), Hy, Hy) BEIGOP MacimTaba
oTOOpakeHusA BUAEONAHHBIX OCYIIECTBJIAETCS UTe-
PaIMoOHHO B pe3yJbTaTe IOCJeI0BaTEJNbLHON TpaHC-
dopManuu CTPYKTYPhI T€OJaHHBIX WM MeTaJaHHBIX
C IIOMCKOM COUYeTaHUs ITapaMeTpOB, obecIieuunBalo-
IMUX TOCTUXKEeHNEe BLIOPAHHOTO KPUTEPUA HATJIAMI-
HOCTHY BU3yaudanuu AJaHHBIX. OUeBUIHO, UTO IIPU
MHOroo0pasuu JaHHBIX, oTobOpaxkaeMbix B I'VIC, u
peliriaeMbIX Ha OCHOBe MX aHaJIu3a MPUKJIATHBIX 3a-
ad BBIOOD CTPYKTYPHI T€OMaHHBIX M METaJaHHBIX
MOJKET OCYIIeCTBJAThcA omepaTropom ['MIC mpen-
BapuUTeJbHO Ha OCHOBE ITapaMeTpPoB TUIIOBBIX OK u
Ha0OpPOB TeOJaHHBIX M METAJAaHHBIX, XapaKTePHBIX

IIJIs pellaeMoi IpuKJIagHoi 3agaun. OCHOBHEBIE 9Ta-
Il BBIOOpa MacITaba oToOpakeHusa BUAEOMAHHBIX
cJIeyIoIne.

1. OmpegensieTca cJoit (c01) BEIBOZUMBIX HA OK
TeoJaHHBIX W MIepeYeHb OTOOparKaeMbIX I'€000beK-
TOB.

2. OnpepnensaioTcsa oToOpaskaemMble MeTagaHHBIE
(commpoBomUTEbHAS WHMOPMAINA), COOTHECEHHBIEe
K KaKJIOMy 0TOOpaskaeMoMy I'e000BeKTy.

3. PaccunThiBaeTcsa cyMMapHas ILIOIIaAb Teo-
00'BEKTOB, BLIBOAUMBIX HA 9KPaH, C yUeTOM UX IIPO-
CTPAHCTBEHHBIX pa3MepoB u mMaciirada K.

4. PaccunuTsiBaeTcs cyMMapHas IJIOIIAAbL 0JI0-
KOB MeTaJaHHBIX, BBIBOAUMBIX HA 9KpaH, C YUETOM
UX IIPOCTPAHCTBEHHBIX Pa3MeEPOB.

5. Ompepenaerca cyMMapHas ILIOIIALb, 3aHU-
MaeMas Ha 9KpaHe TeoJaHHBIMU W MeTaJaHHBIMU,
¥ IJIsI 3aJaHHOTO pasMepa sKpPaHa PaCCUUTHLIBAETCS
KO9(h(PHUIIMEeHT TOKPBHITUA IIJIOIIaau 9KpaHa MHQOp-
maiuen k.

6. ITonyuenHoe sHaueHUe Koa(uimenTa k cpas-
HUBaeTCAd ¢ KPUTePUaJbHBIM 3HaUeHueM (Juamaso-
HOM 3HAUYEHWUI), COOTBETCTBYIOIIUM BBITOJIHEHUIO
KpUTepUs HATVIATHOCTY BU3yAJIN3aIlNN JaHHBIX.

7. Ecaiu 3HaueHue KoadduimeHTa k OTINYAETCS
OT KPUTEPHAJbLHOTO 3HAUeHMWs (Iuamas3oHa 3Haue-
HUH), COOTBETCTBYIOIIETO BBIIMOJHEHUIO KPUTEPUS
HATVISTHOCTH BU3yaJM3alluU JAHHBIX, TO CTPYKTYypa
TreoJJaHHbBIX ¥ METaJaHHbBIX TPAHC(POPMUPYETCS U TI0-
BTOPSETCS BBIMOJIHEHNE 9TAaIoB 3—6 10 BBIITOJIHEHUS
KpUTepUs HATVIATHOCTY BU3YAJIU3AIUN JaHHBIX.

8. Eciu 3HaueHme Ko3((duimeHTa k£ coBIajgaer
C KpUTEpUAJbHBIM 3HaUeHWEM (IUAama3oHoOM 3HaUe-
HUIT), COOTBETCTBYIOIIUM BBIMIOJHEHUIO KPUTEPU
HATJIAJHOCTY BU3yaJIU3aIl[UU NAHHBIX, TO BBIOPAH-
Has CTPYKTypa reofaHHbIX 1 MeTaJaHHBIX COOTBET-
cTByeT MacHiTaby HaumboJiee HATJISITHOTO OTOOpasKe-
HUS BUAEOTAHHBIX.

9. g Busyanmsanuy BBIBOAUMBIX Ha BKpPaH
JTaHHBIX MCIOJb3yeTcA BBIOpaHHASA CTPYKTypa reo-
JaHHBIX WM MeTaJaHHBIX, ONPeNedioias MaciiaTad
0TOOpasKeHNA BUAEOJaHHBIX IJIsI paO00ThI ollepaTopa
T'ucC.

IIpakTuyecKu [nOJIsi BBIIOJHEHUS AaJIFOPUTMa
1eJjiecoo0pasHoO 3aJaBaTh AMANa30H 3HAUYEHUH KO-
ahdunmenta k. ITo MOKeT OBITH JUOO AMAAZ0H
sHauvennii 0,382 — Ak < k<0,382+ Ak B OKpecT-
HOCTH 30JI0TOT'O CeUeHUs, rae Ak — IOMyCTUMOE OT-
KJIOHEHWE OT OINTHUMAJILHOTO C TOUKH 3PEHUS KOM-
TJIEKCHOTO BOCHPUATHUSA BUAEOTAHHBIX OIIePaTOPOM
TUC suauenus k= 0,382, 1ubo nuamnasoH 3HAUCHUIT
0,382 < £<0,618, B KOTOPOM KOMIIJIEKCHOE BOC-
nmpusaTe BUAeogaHHBIX omepaTopom I'MIC Bo3MOK-
HO, HO HeJIOCTATOYHO HATJISIHO.

PaccMOTpeHHBINT aJrOPUTM ABJIsSEeTCA 0Aa30BBIM,
Ha IPaKTHKe I[eJIeco00pasHo ero MpPUMEeHSTb II0-
CJIEIOBATEJILHO B HECKOJIBKO IIPOXOAOB AJIA KaiKIO0-
ro cjos oToOpaskaeMbIx Ha OK reofaHHbBIX, IpUYEM
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KasK bl MOCJEAYIOIUI CJI0M paccMaTpUBaeTCs CO-
BMECTHO C YK€ PACCMOTPEHHBIMU CJIOSIMU, W OITH-
MaJIbHASA CTPYKTYPA re0JaHHbIX U METaJaHHBIX BbI-
OupaeTcs IJs1 COBOKYITHOCTU CJIOEB, paccMaTpuBae-
MBIX Ha JaHHOM IIpoxoje. IIpu mcrmosb30BaHuu IJIsd
oTtobpaskeHusi reoo0beKTOoB Ha K L cioeB obiree
YUCJIO IPOXO0B cocTaBiaser L. Ha mepBoM mpoxoze
paccMaTpuBaeTcsi OLUH CJIOU, HA BTOPOM IIPOXOIe —
JIBa CJIOA M T. 1I., Ha ITOCJIeJHEM ITpoxoae — Bce L cJo-
eB. Bbi0op maciirtaba oToOpaskeHusS BHUAEONAHHBIX
C TOCJIeOBATEIbLHBIM PACCMOTPEHUEM Pa3JIUYHBIX
cjoeB oTobpaskaeMblx Ha DK reofaHHbBIX Ha KaKIO0M
[-M mpoxoge, =1, 2, ..., L, TPOXOAUT IIO0 CJIELYIOII[NM
sTaTaM.

1. OnpegensoTrca ciaou BeIBoguMbIX Ha IK reo-
MTaHHBIX U IIepeYeHb 0TOOPakaeMbIX Te000HEKTOB.

2. OnpenensamTrca oroopaskaembie Ha IK reoo6s-
€KThI OUEPEHOr0 [-T0 CJIOA.

3. OnpenensaioTcsa oToOpaskaemMble MeTaJaHHBIE
(compoBoauTeNbHASA WH(pOPMAINA), COOTHECEHHBIE
K KaKJI0My 0TOOpaskaeMoMy I'e000BeKTy [-T0 CJIos.

4. Ecau [=1, To aHAJIM3UPYIOTCA TOJBKO TI'€0-
O00'BEKTHI U MeTaJaHHbIe, OTHOCAIIUECA K OJHOMY
I-my caoio; eciz 1 < [< L, To re0o00'bEKTHI U MeTa-
JaHHbIe, OTHOCAINECS K [-MYy CJIOI0, 00'beJUHSIIOTCS
¢ reoo0bEeKTaM U MeTaJaHHBIMU, KOTOPbIE aHaJIu-
3UPOBAJIUCH U IJIS KOTOPBIX Oblja BBIOpaHA CTPYK-
Typa Ha mpeabiayiem (I — 1)-m mpoxoje, 1 aHaJIU3U-
pyeTcs mOJyUYeHHas COBOKYIITHOCTH Te000BEeKTOB U
MeTaJgaHHBIX [ CJIOeB.

5. PaccunThiBaeTcsi cyMMapHas IJIOMIAAb CO-
BOKYIHOCTY aHAJU3UPYEMBIX Ha [-M IIPOXOIe I'eo-
00'BEKTOB, BLIBOAIUMBIX HA 9KPAaH, C YUETOM UX IIPO-
CTPAHCTBEHHBIX pasdMepoB u Macinraba K.

6. PaccumThiBaeTcA cyMMapHasa ILIOIIALb COBO-
KYIIHOCTY aHAJU3UPYEeMBIX Ha [-M Ipoxone 0JIOKOB
MeTaJaHHBIX, BEIBOZUMBIX Ha 9KPAaH, C YUETOM UX
TIPOCTPAHCTBEHHBIX PA3MepPOB.

7. OmpenesisieTcss cyMMapHas ILJIOINAlb, 3aHIMAa-
eMas Ha 9KpaHe COBOKYIIHOCTHIO aHaJIU3UPYEeMbIX
Ha [-M IIpoxofie Te000HEKTOB U MeTaJaHHBIX, U IJIA
3aIaHHOT'O pa3Mepa 9KpaHa PaCcCUUTHIBaeTCA KOd(-
(QUIIMEHT MOKPBITUA ILJIOIIAAU 9KpaHa nHpopMaIlu-
eii k.

8. Iloryuenuoe 3Hauenme Koa(duiiuenta k mias
COBOKYITHOCTH aHAJIU3UPYEMbIX Ha [-M IIPOXO0Je reo-
00'BEKTOB U MeTaJaHHbIX CPABHUBAETCSA C KPUTEPU-
aJbHBIM 3HAUYeHHEeM (I1alla3soHOM 3HaueHUIi), COOT-
BETCTBYIOIIIMM BBIIIOJHEHUIO KPUTEPUS HATJISIHO-
CTU BU3YyaJIU3aIUU JaHHBIX.

9. Eciiu 3HaueHue KoaduimenTa k£ oTamdaeTcs
OT KpHUTEpHaJIbHOTO 3HAUeHUdA (HuamasoHa 3HaUe-
HUIT), COOTBETCTBYIOIIETO BBIIOJHEHUIO KPUTEPUS
HATJIAJHOCTY BU3YaJU3aIUU TaHHBIX, TO CTPYKTYPa
COBOKYITHOCTHU aHaJIU3UPYEMbIX Ha [-M IpPOXoe reo-
ITaHHBIX W MeTaJaHHBIX TPaHCHOPMUPYETCS U II0-
BTOPAETCS BBITIOJTHEHE 3TATIOB 5—8 [0 BHITIOTHEHU S
KpUTEPUs HATJIAJHOCTUA BU3YaJIU3AIINN JaHHBIX.

10. Ecau smauenue xkoadduiuenta k coBmamaeT
C KpUTEePUAJIbHLIM 3HAUEHUEM (AUamnasoHOM 3Haue-
HUIi), COOTBETCTBYIOIIUM BBLITIOJHEHUIO KPUTEPUS
HATJIAJHOCTA BU3yaJM3alluU TaHHBIX, TO BBIOpAH-
Has COBOKYIHOCTh aHAJIUBUPYEMBIX Ha [-M mpoxoje
TeOoJaHHBIX W MeTaJaHHBIX COOTBETCTBYET MACIIITA-
0y HamboJiee HATJISIAHOTO OTOOpa’KeHUsl BUAEONAH-
HBIX.

11. Eciu 1 <[< L, TO TOBTOPSAETCA BBIMOJIHE-
Hue 3TanoB 4—10 ¢ cOBMeCTHBIM aHAJIN30M HaleH-
HOM COBOKYIIHOCTU I'€OJaHHBIX U METaJaHHBIX MIJIA
l cjT0eB U TeOTaHHBIX ¥ METAJAHHBIX, OTHOCAIITUXCS
K (I + 1)-my cuoro; ecau [ = L, To BEIOpaHHAA CTPYK-
Typa reofaHHbIX 1 MeTaJaHHbIX BceX L CJI0eB COOT-
BeTCTBYeT MacuiTady HaunboJjee HaTJISHOTO 0ToOpa-
JKeHUA BUAEONAHHBIX.

12. Ins Bm3yanmsamuu BBIBOAMMBIX Ha JKpPaH
JTaHHBIX MCIOJb3yeTCsA BBIOpaHHAS CTPYKTypa Teo-
JaHHBIX W METaJaHHBIX, OIpeaessaioliasd MacIiITabd
oTOOpasKeHnA BUAEOJaHHBIX IJIsI PaO0ThI oIlepaTopa
T'ucC.

IIpeumyIecTBa JaHHOT'O AJTOPUTMA C MOCJIEI0-
BaTeJIbHBIM DPACCMOTPEHMEM Ha KayKkIOM IIPOXO0e
Pa3JIMUYHBIX CJ0eB oToOpaskaeMblix Ha IJK reoman-
HBIX II0 CPABHEHUIO ¢ 6a30BBIM aJITOPUTMOM, Ha OC-
HOBe KOTOPOT'O OH IIOCTPOEH, 3aKJIYAITCSI B YCKO-
PeHNM TOWCKAa OITHUMAJBHOH CTPYKTYPBI TeOqaH-
HBIX ¥ MeTaJaHHBIX U B OIEPATUBHON Pe3yJIbTaTUB-
HOCTY IPOMEKYTOUHOM M MTOTOBOUM BU3yaJIU3AINN.
IIpu BBeIEeHUU MOMOJHUTEJIbHBIX YCJIOBUM BBIMIOJ-
HEHUs Ka'KIOr0 IPOXOoJa M IIPOME’KYTOUHOI BU3Y-
anusaluy Pe3yJIbTaTOB BBIIIOJIHEHUS aJropuTMa Ha
Ka’KJIOM TIPOXOe aJITOPUTM MHO3BOJISIET BBITTOJTHATD
OIITUMUBAINIO IIOCJIOMHON U II09JIEMEHTHON BU3Y-
aJIM3alnuy JaHHBIX, UTO JAaeT BO3MOYKHOCTH OIepa-
Topy I'MIC omepaTHBHO II0JIyUYaTh IIpPeACTABIeHNE 00
WHTEPEeCYIOINX ero reco0’beKTax ¢ HarIAJHBIM OTO-
OpaskeHmeM MaHHBIX, YAOOHBIM IJIs KOMIIJIEKCHO-
ro BocupuATHus. Kak ¥ mpu BBIIIOJHEHUU 6a30BOTO
aJITOPUTMA, IJs1 BBITIOJHEHUS AaJITOPUTMa C IOocje-
[IOBaTeJIbHBIM PACCMOTPEHUEM pAa3JINUYHBIX CJIOEB
ortobpaskaembix Ha IK reogaHHBIX Ieaecoo00pasHO
3aJaBaTh [OUAIIA30H 3HaueHW# Koahduiimenrta k
anbo B BHUIAE AUAala30HA AOIYCTUMBIX OTKJIOHEHN
B OKPECTHOCTH 30JI0TOT'O CeUeHUs, JU0O0 B BUE AUa-
[MasoHa 3HAYEHUI, B KOTOPOM KOMILIEKCHOE BOCIIPU-
sATHe BUIeoJaHHbBIX omepaTropoM I'MIC BO3MOKHO, HO
HeIOCTaTOYHO HATJIATHO.

HccnemoBaHue ycJoBUii 00ecIieUeHU ST
HATJISTHOCTH BU3YyaJIU3aIlMH TaHHBIX
B I'IC ¢ ncnojabp30BaHNEM CBOMCTB
30JI0TOr0 CeYEeHU T

Br110 mpoBeeHo ucciefoBaHTe YCJIOBUHM obecrie-
YeHUSA HATJIATHOCTU BUsyaJamusanuu naHHbix B ['YIC
B COOTBETCTBUU C IIPEIJIOKEHHBIM KPUTepUeM Ha-
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TISATHOCTY BU3YaJIU3AIlNMK TaHHBIX C HCIIOJIb30BAa-
HUEM CBOICTB 30JI0TOTO ceUueHUsA. AHAIM3UPOBAJINCH
3aBUCUMOCTHA KO3 (pHuIlmeHTa MOKPBITUA MJIOMIaAN
9KpaHa nHpoOpPMaIuel £ 0T CTPYKTYPHI FeOqaHHbBIX
U MeTaJaHHBIX — YHCJa U TeOMeTPUUYECKUX mapa-
METPOB OTOOpaKaeMbIX Ha SKpaHe re000beKTOB U
0JIOKOB MeTaJlaHHBIX U Pa3MepoB 9KpaHa. Pacuersl
Kos(ppuimenTa k MIPOBOAUINCH B COOTBETCTBUU
¢ BeipaskenuaAMu (3)—(7) 115 pa3IUUHBIX COUeTAHUM
mapaMeTpPOB reoo0BeKTOB 1M OJIOKOB MeTagaHHBIX,
OIIPEeIeIAIONTINX MacIlITad 0ToOpasKeHns BUIeOmaH-
HBIX HaA dKpaHe BUIEOKOHTPOJBHOI'O YCTPOMCTBA
T'HUC.

T'paduku 3aBUCUMOCTH KO3(PUIIMEHTA ITOKPHI-
TUA ILJIOHMIAAM SKpaHa MH@opMamueid k OT uucaa
reoo0BeKTOB I IpK Pa3IMyYHON MoK dKpaHa S
mpeacTaBJeHbI Ha puc. 2, a. Ilosaramgock, 4TO MJIO-
manbk M300paKeHHsI KaKIOoro reoobbeKTa S, ;=
=2 mm?2 (pasmep reoodbexta 1 x 2 M, macmtad DK
1:1000) u 6s10Ku MeTaJaHHBIX OTCYTCTBYIOT. KpuBas I
coorsercTByeT S, = 0,15 x 0,8 M (3KpaH MOPTATHBHOI'O
HOyTOyKa), KpuBasa 2 — S_ = 0,35 x 0,65 m (pKpan Mo-
mutopa II9BM), kpusasa 3 — S, = 1,50 x 2,50 m (Bu-
3yaJIM3aIlMOHHBIN 9KPaH).

B mamHOM ciayuae 3HaueHUA Koa(dduiimenta k
HEBEJUKU U CYIIEeCTBEHHO MEHbIIle OINTHUMAaJbLHOTO
sHaueHua k= 0,382, coOTBETCTBYIOIIETO 30JI0TOMY
ceueHuto, gasxke apu I = 5000, a mpu I = 2000 ume-
et mecto k < 0,1. 9T0 sABJIsIETCA CJIEICTBUEM MAaJOro
pasmMepa IJIOMIaau M300pakeHnA KasKIoro reo00b-
eKTa S ; U OTCYTCTBUA OTOOpa’XaeMbIX MeTaJaH-
HBIX. C yBeIMueHNeM IJIOIIa Ay sKpaHa S, BeTUYnHA
Koa(duiuenTa k, u 6e3 TOro MeHbIIAd OINTUMAJIb-
HOrO B3HAUEHWUS, YMEHBIIAeTCs, YTO IIOKAa3bIBAaeT
HeIleJIecoo0pa3HOCTh yBEJIMUEHUS Pa3MepPOB 3JKpa-
Ha pu otobpaskeHuu JK, Ha KOTOpPhIX oTOOpaskae-
Mble Te000BbEKTHI 3aHUMAIOT HEOOIBITYIO IJIOIIA b,
B paccmoTpeHHOM ciiydyae HAUIydInas HarIsigHOCTh
MMeeT MeCTO IPU OTOOpakeHNM NaHHBIX Ha dKPaHe
TOPTATHUBHOT'O HOYTOYKA.

I'padpuru saBucuMoOCTH KO3(pGUIIHEHTa ITOKPHI-
TUA IJIOWIAAU 9KpaHa MHGOpMaImei k oT yuciaa
0JIOKOB MeTaJaHHBbIX J IIPU PA3IUUYHON IIJIOIAIN
SKpaHa S, IpeJcTaBjeHsl Ha puc. 2, 0. Ilonaramocs,
YTO ILJIOIIAah M300paKeHus KaKJoro 0JIoOKa MeTa-
AaHHBIX S, ;=25 cm2 (pasmep 06JI0Ka MeTaJaHHBIX
5 x 5 cM) 1 re000BEKTEI OTCYTCTBYIOT. KpuBas 1 co-
orsercTByeT S, = 0,15 x 0,3 M (9KpaH MOPTATUBHOTO
HOyTOYKa), kpuBasg 2 — S, =0,35x 0,65 m (sxpan
moruTOopa II9BM), kpusas 3 — S, =1,50 x 2,50 m
(BuU3yaIM3aIMOHHBINA SKpaH), MITPUXOBBIMU JIMHU-
AMU TIOKa3aHbl YPOBHU, COOTBETCTBYIOIIUE 3HAUE-
HUAM KO3(PUIIMeHTa MOKPBLITUA IJOMIAAW SKpaHa
uHpopmarueii k= 0,382 u k= 0,618.

B nannOM cayuae sHaueHus KoadpuiteHTa k m1s-
MEHSIOTCSA B IIMUPOKUX TIpelesiax U B 3aBUCUMOCTU
OT COOTHOIIIEHUS MEKAy PasMepoM JKpaHa U YuC-
JoM OJIOKOB MeTaJaHHBIX IPUHUMAIOT 3HAUEHUI

a) 0,02,

0,015

0,01

0,005

iy
0 1000 5000

6)

B Puc. 2. 3aBucuMOoCTHU K03(h(PUIleHTa TOKPBITUA 10~
miaau dKpaHa uHopMaluei oT yuciaa reoo6beKToB (a);
yucaa GJIOKOB MeTaJaHHBIX (0); pasmMepa sKpaHa BUIEO-
KOHTpoJIbHOTO ycTpoiictBa I'YIC (8)

B Fig. 2. Dependences of the information coverage co-
efficient of the screen area of the number of geoobjects
(a); number of metadata blocks (6); screen size of the de-
vice monitoring GIS (8)

MeHbIIIe, OOJbINNe W OJN3KKNEe K ONTHUMAJIHLHOMY
sHaueHuio k= 0,382, coOTBEeTCTBYIOIIEMY B30JI0TO-
MY CEeUeHUI0. TO ABJIAETCA CIEACTBUEM JOCTATOUHO
0O0JIBLIIIOTO pasMepa ILJIOIMIaAN M300paKeHns 0JI0OKOB
MeTa aHHBIX SMM.. 3uauenue k = 0,382 gocruraercs
IIPH CIEeAYIOUINX COUYeTaHNAX 3HaueHn J u S:JJ =7
uS,=0,15x0,30 m; J=32 u S,=0,35x0,65 m.
IIpu J < 50 1 S, = 1,50 x 2,50 m snauenue k = 0,382
He pocturaercda. Ilpum J =10 u S,;=0,15%x0,30 m
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umeetr mecto k> 0,618. C yBennueHHeM ILIOINAIH
sKpaHa S, BeJMuYMHA Kod(h(duiuenTa k yMeHBIIa-
ercsa. Tak, mpu J =15 nad sKpaHa IIOPTATUBHOTO
"HoyTOyka k=0,83, nasa sxkpama mouuTopa II9BM
k=0,17, nna Budyanusamuonuoro skpana k= 0,01.
B paccmoTpeHHOM ciiyuae Ipu IMIUPOKOM Juana3oHe
U3MeHEeHH!s ero 3HAUeHHUH 3a cueT BbIOOpa PasMepoB
sKpaHa npu orobpakenuu K, Ha KOTOpBLIX 0TOOpA-
JKaeMble OJIOKM MeTaJaHHBIX 3aHUMAIOT OOJIBIITYIO
TJIOIA b, MOYKET ObITH 00ecIleueHo 3HaueH1e Koa(-
dunuenTa k, 6;113K0e K ONTUMAJIBLHOMY, IIPU 3TOM
HaAUJIy4Iasa HaTJISAHOCTh UMeeT MEeCTO IIPK 0Toopa-
JKeHNU JaHHBIX HA 9KpaHe MouuTopa II9BM.

Ha puc. 2, 8 mpeacTaBieHbl rpaUKy 3aBUCHMO-
CTU KO3(h(puIiimeHTa IOKPHITUA IIJIOIAA1 S9KpaHa UH-
dopmarueii £ oT pazMepa SKpaHA BUIEOKOHTPOJIB-
HOro ycrporicrBa I'YIC, xapaKTeprn3yemMoro HoMepoM
BapuaHTa pa3Mepa sKpaHa 11, IPU Pa3JInYHbIX 3HAYUEe-
HUSAX YKCJIa Te000beKToB I 11 6JI0KOB MeTagaHHbIX oJ.
SHaueHUA JUHEHHBIX pasMepoB sKpaHa Hy u Hy
s PACCMOTPEHHBIX BapuaHToB n =1, ..., 10 opu-
BelieHbI B Tabsuile. OcTalbHble 3HAUEHUSA YKa3aHbI
BoItite. KpuBas 1 coorBerctByer I = 50, J = 50, Kpu-
Bag2 — I=1,J =50,kpuBaa 3 — I =50, =1, murpu-
XOBBIMU JTUHUAMU ITOKA3aHBI YPOBHU, COOTBETCTBYIO-
e 3HAYeHUAM KOoa(h(PHUIIMeHTa MOKPBITUSA ILIOIAI
sKpaHa nHpopmarueii k = 0,382 u k= 0,618.

B manmoM cayuyae JOMUHHUpPYIOIee BIAUSHUE HaA
3HaueHUs Koa(d@uiineHTa k oKasbIBaeT Ymucjao 6J10-
KOB METAJaHHBLIX BCJEICTBUE AOCTATOUHO OOJIBIIIO-

B BapuaHThI pa3MepOB dKpaHA BUJEOKOHTPOJIBLHOTO
yerpoiicrea I'1C

B Screen size options for a GIS video monitoring device

Bapuanr n Hy,m Hy, ™
1 0,2 0,4
2 0,4 0,8
3 0,6 1,2
4 0,8 1,6
5 1,0 2,0
6 1,2 2,4
7 1,4 2,8
8 1,6 3,2
9 1,8 3,6
10 2,0 4,0

ro pasmepa IJoiagu 6JJOKOB MeTaZaHHBIX SMm o
CPaBHEHUIO C Pa3MepOM ILIOIIaAu re000BEKTOB S, ;.
B pesyabrare sHaueHus KoadduiuenTa k B ciayda-
ax,xorgal =50,J=50ul=1,J =50, orsinuarorcs
HegHauuTe bHO. C yBeJIMUYeHMEM ILJIONIAAU SKpaHa
S, = HyHy BennunHa Kod(pdumnuenta k yMeHbIIa-
€TCs, YTO CBUIETEJLCTBYET O HeIleJecoo0pasHOCTU
yBeJIMUYEHUS PasMepPOB SKpaHa IIPU OTOOPAKEHUU
9K, Ha KOTOPBIX 0TOOpaKkaeMble Ie000BeKTRI U 6J10-
KU MeTaJaHHbIX 3aHUMAIOT HeOOJbIIYIO IJIOIIALb.
B paccMoTpeHHOM caydae mpu MaJioM 00'bemMe MeTa-
mauHbIX (I =50, J =1) sHaueHus xKosppuimenta k
HEBEJIUKW U CYIeCTBEHHO MEHBIIIe ONTUMAaJLHOTO
sHauenusa k=0,382, cOOTBETCTBYIOIIETO 30JI0TO-
MY CEUeHUIO, a IpU OOJIBIIIOM 00beMe MeTaJaHHBIX
(=50, J=50 u I=1, J=50) snauenusa rKoahdu-
nuenTa k, OJU3KUe K ONTHUMAJbHOMY 3HAYEHUIO,
HMeIOT MecTo AJia BapuanTa n =2 (S, = 0,4 x 0,8 m),
OJIM3KOro K mapaMmerpam sKpaHa moumtopa ITOBM.
B ro sxe Bpema ansa BapuanTtan =1 (S, = 0,2 x 0,4 m),
OJIM3KOro K mapaMeTpaM sKpaHa IMOPTATUBHOTO HO-
yTOyKa, IIpu 0OJIBIIIOM 00beMe MeTaJaHHBIX MMEeeT
mecTo k£ > 0,618, uTOo COOTBETCTBYET YCJIOBUIM, KOT-
la KOMIIJIEKCHOEe BOCIPUSTHE BUIEOMAHHBIX OIepa-
topom I'MIC 3aTpynHeHo.

TakuM o6pa3oM, C TOUKU 3PEHUA HATJIAIHOCTU
BU3YyaIM3AIlNM JAHHBIX M KOMILICKCHOI'O BOCIIPUS-
TuA BugeomaHHbIX onepaTopoM I'MIC Bo Bcex paccmo-
TPEHHBIX CJIyUYasx Helesiecoo0pasHo MCIIOJIb30BaTh
BU3yaJIM3aIlMOHHBIE 9KPAHBbl OOJBINIUX PasMepoB,
KOTOPBIM COOTBETCTBYIOT BapuUaHTBI n.=15H, ..., 10.
OHU MOT'YT UCIIOJIb30BATHCA JIUIITH KaK CPEICTBO KOJI-
JIEKTUBHOTO OoTOOpaskeHus nHdopmauu. I[Ipu 601b-
oM o0beMe MeTaJaHHBIX TaK:Ke Hellesiecoo0pasHo
WCIIOJIb30BaHME IOPTATUBHBIX HOYTOYKOB C dKpa-
HaMH MaJIbIX pPas3MepoOB, KOTOPHIM COOTBETCTBYET
BapuaHT 1 = 1, TOCKOJBbKY TIPU 9TOM CYIII€eCTBEHHO
3aTPYAHAETCS KOMILIEKCHOE BOCIPUSATHUE BUJEO0-
mauuablx omeparopom I'MIC. CiremyeT OoTMETUTH, UTO
IpU aHaJu3e He YUUTBIBAJINCh (popMaThl 0TOOpaske-
HUA M300paKeHnil Ha dKpaHe BUIEOKOHTPOJIBLHOTO
ycrpoiicrBa 'MIC, xapaKkTepusyeMble COOTHOIIIEHUEM
YycJia MUKCEJOB 0 KaKIOMY JIMHEHOMY pasMepy
skpaHa [22]. IIpu 3agmanum Gopmara oToOpaKEeHUS
u300pasKeHus U pasMepa IUKCeJa BUIEOKOHTPOJIb-
HOT'0 YCTPOMCTBa JOCTH KHMbIE 3HAaUEHUs K0od(Pdu-
IMeHTa TOKPBITUS IIJIOIALU SKpaHa mHpopMaIuei
k MOTryT OBITH YTOUHEHBI, OAHAKO 00II[11e peKOMeHa-
IIUU 0 BEIOOpE pa3Mepa sKpaHa 1 CTPYKTYPhI 0ToOpa-
JKaeMbIX Ie000beKTOB I MeTaJaHHBIX CIAEAYIOT YiKe
13 Pe3yIbTATOB IPOBEIEHHBIX UCCIENOBAHMII.

3aKaoueHne
HJISI OIIEHKMW HAIVIAAHOCTH BHU3yaJM3alluU OaH-

HbIX B 'MIC mIpenjio:keH KpUTEPHUii, UCIOJIb3YIOIUit
CBOMICTBA 30JIOTOTO CEUEHUS U XaPAKTEPUBYIOIUH
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BO3MOYKHOCTM KOMILJIEKCHOTO BOCIPUATUA OIle-
patopom I'MIC BuAEOmAHHBLIX, OTOOpasKaeMbIX Ha
9KpaHe BUAEOKOHTPOJIHLHOI'0 YCTPOMCTBA B Buae JK.
CBs3aHHBIE C 30JIOTHIM CEUEHUEM 3aKOHOMEPHOCTH
3PUTEJBHOI'0 BOCHPUATUA H300paKeHUM, SBJIASICH
CyObeKTUBHBIMH, HAXOAAT MHOTOUWCJIEHHBIE IIPO-
ABJIEHUA, W UX I1eJIeCO00Pa3HO HCIIOJH30BATh IIPU
Busyaausanuu gaHaeix B 'MIC. B KauecTBe IIOKa-
3aTesid HATJIATHOCTY BU3yaJW3allul NAHHBIX BbI-
cTynaeT Koa(pUIiueHT NOKPBITUA ILJIOMIaAUu SKpaHa
uHdopManueil, 3HaueHNEe KOTOPOI'0O B COOTBETCTBUU
C BBEJEHHBIM KPUTEPUEM [JOJKHO OBITH OJM3KUM
K 0,382, uTO COOTBETCTBYeT MATEMATHUUECKOMY
OIIPeNeJIEHUIO 30JI0TOT0 ceueHuA. IIpaKTuuecKu MO-
JKeT 3aJlaBaThCA AMANAa30H 3HAYEHUN AAHHOTO KO-
s¢pumnmenTa aub0 B BuAe AUATIA30HA JOMYCTUMBIX
OTKJIOHEHUH B OKPECTHOCTH 30JI0TOT'O CEUEHM A, TUOO0
B BUJle AUAIIa30HA 3HAUEHUI, B KOTOPOM KOMILJIEKC-
HOEe BOCIPUATHE BHUIEOJaHHBIX omepatopom IVIC
BO3MOKHO, HO HEJIOCTATOYHO HATJIAIHO.

Beauunna Kos(pPUITEHTa TOKPHITUA ILJIOIIATN
9KpaHa mHGOpPMAaIelr 3aBUCUT OT PsALa FeoMeTpH-
YeCKUX ITapaMeTPOB 0TOOpaKaeMbIX Te000BEKTOB U
0JIOKOB MeTaJaHHBIX 1 Pa3MepPOB dKPaHa. YCJIOBUIO

HAWJIYYIIell HAMIALHOCTA BU3YAJIMU3AI[UNA COOT-
BETCTBYET OIIPEeNeJIeHHbINI MaciiTab OToOpakeHUsA
BUEOJAHHBLIX ¥ COOTBETCTBYIOIIASA €My CTPYKTypa
reoJaHHBIX W MeTaJaHHBIX. IIpeacTraBiieHO ommca-
Hue 0as30BOro ajJropuTMa BbIOOpa MaciiiTaba oTo-
OpaskeHns BUAEONAHHBIX II0 KPUTEPUIO HATJIAIHO-
CTU, MCIOJIL3YIOIeMYy CBOMCTBA 30JI0TOTO CEUEHUS,
¥ IIOCTPOEHHOI'O Ha €ro OCHOBE aJIrOPUTMAa BhIOOpA
MaciirTaba oTo6paskeHns BUAEONAHHBIX C IOCJIENO-
BaTeJbHBIM aHAJM30M CJIOEB OTOOpaskaeMbIX Ha JK
reogaHHbIX. HMcciemoBaHbl yCJIOBUS OOecleUeHUs
HaIAIHOCTY Budyaausanuu qanuaerx B I'YC B cooT-
BeTCTBUU C IPEIJIOKEeHHBIM Kpurepuem. I[1s pas-
JUYHBIX 00bEeMOB 0TOOpaskaeMbIx Ha OK reogaHHBIX
¥ MeTaJaHHBIX IPOoaHaAJIN3UPOBAHA HATIAIHOCTD UX
BU3ya/IM3aIlNM HA SKPAaHAX PAa3JHUUYHBIX PAasMepPOB
¥ cHeJIaHBI O0II[Me PeKOMEeHIAIIMU II0 BhIOOPY pas-
Mepa sKpaHa BUIEOKOHTPOJIbHOro ycrpoiicrea I'C
U CTPYKTYPHI OTOOpakaeMbIX Te000BEKTOB U MeTa-
mauHbIX. IloyueHHbIE PEe3YIbTATHI MOI'YT OBITEH KC-
moJsib3oBaubl npu mpoexktupoBaHuu ['MIC, a Taksxe
IJs TIpeaBapuTeJbHOro BbIGopa omepatopom I'HIC
CTPYKTYPBI 0TOOPAXKaeMbIX I'€OJaHHBIX 1 METaJaH-
HBIX JIJIA PeIlaeMoi IPUKJIaJHON 3aJavuu.
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Introduction: Data visualization quality is important for the work of a geographic information system operator, determining the
conditions under which he or she makes decisions concerning the displayed data. Visual perception patterns associated with the golden
ratio properties allow us to formulate a criterion for data visualization quality which would characterize the possibilities of the operator’s
complex perception of the video data displayed on a control device screen in the form of an electronic card. Purpose: Substantiation of
a data visualization quality criterion for geoinformation systems using the golden ratio properties, and the study of the conditions
for providing good visualization quality for geodata and metadata on a video control device screen in accordance with the proposed
criterion. Methods: A formal definition of the data visualization quality criterion in geoinformation systems using the coefficient of the
screen area information coverage as an index whose optimal value corresponds to the mathematical definition of the golden ratio; and
the study of the properties of this criterion. Results: Based on the conducted analysis of visual perception of video data and golden ratio
properties during the data visualization, a criterion is proposed for data visualization quality, which uses the golden ratio properties
and characterizes the possibilities of complex perception of video data in an electronic map form by a geographic information system
operator. Iteration algorithms for choosing the video data display scale are developed, based on the visualization quality criterion and
related to the golden ratio properties. These are the basic algorithm used for each geodata layer represented on the electronic map, and
an algorithm of successive analysis of various layers of the displayed geodata. The choice of a video data display scale in accordance with
the developed algorithms can be preliminarily carried out by the system operator using the parameters of standard electronic maps and
geodata/metadata sets typical for the current applied problem. We have studied how the scale of the geodata and metadata displayed
on an electronic map affects their visualization quality on screens of various sizes. For the considered standard volumes of displayed
geodata and metadata, the best visualization quality was achieved when they were displayed on a standard computer monitor, as opposed
to a portable notebook or visualization screen. Practical relevance: The proposed criterion and the recommendations for choosing a
screen size for the video monitoring device or the structures of the displayed geo-objects and metadata can be used in the design of
geoinformation systems, or for preliminary choice of the displayed data structure by a geoinformation system operator.
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IIpeo6GpazoBanue MesinHA MITPOKO MCIOJIL3YEeTCS B PA3JNMUYHBIX 3aJavyax YUCTOU U
MPUKJIATHON MaTeMaTUKN, B YaCTHOCTU B Teopuu AudGepeHIInalbHbIX 1 THTeIPaJIbHBIX
ypaBHeHUH u Teopun panoB Jupuxie. OHO HAXOAUT IITNPOKOE IPUMEHEeHNEe B MaTeMaTH-
yecKoil GusuKe, TEOPUH UNCEJ, MATEMATHUYECKON CTATUCTUKE, TEOPUHU ACUMIITOTHUECKUX
PasIoKe i 1 0COOEHHO B TEOPHUHU CIICIMAJIbHBIX (DYHKI[UI 1 NHTErpaJbHBIX IIPpeodpaso-
BaHUM, a TAKIKe B aJITOPUTMAaX NHTETPUPOBAHUS B CUCTEMAaX KOMIILIOTEPHOU are0psl.

ITockosbKY GOJIBINTMHCTBO MHTErPAJIOB, BCTPEUAIOIIUXCS B MPUJIOKEHUIX, MOIKHO
CBECTU K BHJY COOTBETCTBYIOIIIMX IpeoOpasoBaHuii MesnHa ¢ ONpeAeeHHBIME ITapa-
MeTpaMu, 9Ta KHHUra TaKyKe MOKeT ObITh MCII0JIb30BaHA KaK CIIPABOYHUK IO OITPeIesIeH-
HBIM U HeOoIlpeJeJIeHHBIM NHTerpajiaM. 3aMeHOU IlepeMeHHbIX TpeoopasoBanue MeiuHa
mpeBpailiaeTcs B npeobpasoBauusa @ypee u Jlamaaca.
CrupaBoUHUK IIpeAHa3HAUEH MaTeMaTUKaM U CIeI[MaJluCTaM BO BceX 00IaCTAX HAYKHU
U TeXHUKU, T[[€ UCIOJb3YIOTCS MaTeMaTHUYeCKre MeTObl, a TAKIKe aclIupaHTaM U CTy-
IeHTaM YHUBEPCUTETOB.

Kuury moxxHo mpuobpectu Ha caiite msmarenbctBa CRC Press: https://www.crcpress.com/Handbook-of-Mellin-
Transforms/Brychkov-Marichev-Savischenko/p/book/9781138353350
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aCapaToBCKuI rocyfapcTBEHHbIN TEXHUYECKUIN yHUBepCeUTEeT UM. larapuHa [0. A., lMonntexHndeckas yn., 77,
Capartos, 410054, P®

SMaapuackuii NOIMTEXHNYECKUI yHUBepcuTeT, Pamupo ne MaecTty yn., 7, Magpug, 28040, cnaxus

BBegeHue: B HacTOALWMIA MOMEHT BO3PAacTaeT MHTEPEC K aHa/n3y MpoLeccoB, MPOTEKALWMX B KOPe rosoBHOro Mo3ra
BO BPeMs BOCMPUATUSA U 06paboTKMU CEHCOPHONM MHGhopMaLmMK, C UCTOSIb30BaHUEM MHOIOKaHasbHbIX CUrHa/IOB ero aJ1IeKTpu-
4ecKo# akTUBHOCTH. [pu aToM ocoboe BHMMaHNE CCOKYCMPOBAHO Ha BbisIBIIEHUM XapaKTEPHbIX CLiEHApUEB BOBJIEYEHUS pa3-
JINYHbIX OTAEN0B rOJIOBHOrO MO3ra B MPOLIECC CEHCOPHOro BocnpuaTus. Lienb: nccnegoBaHne 0cob6eHHOCTEN MPOCTPAHCTBEH-
HO-BPEMEHHOW M YaCTOTHO-BPEMEHHOW CTPYKTYPbl CUrHANIOB 3JIEKTPUYECKONM aKTUBHOCTM rOJIOBHOrO MO3ra BO BpeMs obpa-
60TKM BU3YasilbHON CEHCOPHOM MHGhopMaLun. Pe3ynbTaTbl: Ha OCHOBE METO0B YaCTOTHO-BPEMEHHOM0O aHan3a ucciefoBaHb!
MPOLIeCChbl UBMEHEHUST IHEPTUN IIEKTPUYECKON HEMPOHHOM aKTUBHOCTU B YacTOTHbIX 0bnacTsax 8—12 Iy (anbgha-aKTUBHOCTb)
1 15-30 Ny (beTa-akTMBHOCTb) B pa3MyYHbIX OTAesax roloBHOro Mo3ra. [lokasaHo, YTo BOCNpuATHE 1 06paboTKa BU3yaslbHOro
CTUMYJIa Bbi3bIBalOT YMEHbLUEHNE IHEPTUN aNlb(ha-aKTUBHOCTU U YBENIMYEHUE SHEPrun BeTa-akTUBHOCTH. [Ipy 3TOM AaHHbIe
npoueccbl HabnoJaTCs B PasMyHbIX OTAENaX roJIOBHOro Mosra. Takxe OTMEUYEHO, YTO XapaKTepHbIi NaTTepH BO3HUKAET
B 3aTblJIOYHON U TEMEHHOM [OJISIX U 3aTEM BOBJIEKAET HEMPOHbI LEHTPasabHOM M I06HON obnacTen ronoBHoro moara. lMpak-
TUYeCKasi 3HAYUMOCTb. BbISIBIEHHbIN CLiEHapUi HEMPOHHOW aKTUBHOCTU MOXET BbiTb UCMONIb30BaH npu pa3paboTke naccus-
HbIX MIHTEPENCOB MO3r-KOMIMbIOTEP, OCYLLECTBIISIOLMX MOHUTOPUHT U KOHTPOJIb COCTOSIHUSA YesloBeKa B rnpoLjecce 06paboTku
60/1bLUMX 06 BEMOB BU3YaslbHOM CEHCOPHOU MHGhOPMaLNK.

KnioueBble cnoBa — MHOrokaHasbHble curHanbl 33, BU3yanbHoe BOCMPUSATUE, YHACTOTHO-BPEMEHHOM aHann3, obpaboTka
CEHCOPHOM MHGhopMaLUn.

IIntupoanme: Makcumenko B. A., Kym A. K., IIucapuuk A. H., Xpamos A. E. MaremaTtuueckoe MO/eIUPOBaHUE IIPOIECCOB 06paboT-
KU BU3YaJbHOU CEHCOPHOU MH(OpMaAIUU II0 MHOTOKaHAJIbHBIM curHautam I9I. HHpopmayuorHo-ynpasasoujue cucmemst, 2018, Ne 6,
c. 58—65. doi:10.31799/1684-8853-2018-6-58-65
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Beenenmne

AHaaus mpoIeccoB, IPOTEKAOINX B KOPe T'0JIOB-
HOTO MO3Ta BO BpPeMs BOCIPHUATHUSA M 00pabOTKU CeH-
COpHOM nH(pOPMAIINN, ABJIAETCSI aKTyaJILHON 3aJavueii
Ha CTBhIKe (DUBMKO-MaTeMaTUUYeCKUX HayK U Heiipodu-
suosiorun [1, 2]. IuTepec K pereHno JaHHOM 3a1auu
CBABAH C BO3BMOYKHOCTBIO OOHAPY:KEHUA CIieHAPUEB
HeMPOHHOM aKTUBHOCTU, XapPaKTEPHBIX [JIA BOCIPUA-
THs OOJBIINX 00BEMOB CEHCOPHOI MH(MOPMAINU B yC-
JIOBUSIX BBICOKOIT KOTHUTUBHOM HATPY3KHU [3, 4].

W3BecTHO, UTO HEHpPOHHASA CEThb KOPbI I'OJIOBHOT'O
MO3ra IIPeJICTABJIAET COO0M PaCIpPeeIeHHYIO BBIYNC-
JINTEJILHYIO CHCTEMY, KOTopas 00JiaZlaeT CBOLCTBOM
aJaTITUBHOTO TIEPECTPOEHUSA CBOEll KOH(PUTryparuu
Ui 9PGEKTUBHON 00pabOTKM CEHCOPHOM WHMOpMAa-
OUU U OPUHATUS pelneHuii. CorjiacHo pesyabTaTaM
HEUPO(PU3MOJIOTTYECKUX WCCIEIOBAaHUM, IIPU PeIle-
HUM IIPOCTHIX 3aa4, KOTOPbIe He TPeOyoT 00paboTKMI
U aHajausa OOJBIIIOro 06beMa CEeHCOPHON MH OpMa-

UK, T'OJOBHOW MO3I AKTHUBUPYeT HeOOJbIIINe He-
POHHBIE TPYHIILI KOpTeKca. B TO Ke Bpems, Kormga
peltiernnre 3agaun TpedyeT OOJBIINX YCUJINI, MO3T 3a-
IefcTBYeT OOJIBITIOe YMCJI0 HEPOHHBIX CTPYKTYD, pac-
TIOJIOYKEHHBIX B OTAAJIEHHBIX 00JIaCTAX, 1 aKTUBUPYET
CcBA3U MeKIy HuMH [5, 6]. [lanHaa Teopusa m3BecTHA
B HAYUYHOI JIUTepaType KaK Teopus I100aIbHOT0 pado-
yero npocrpauctsa (Global workspace theory) [7].

B uacTHOCTH, M3BECTHO, YTO BOCIPUSATHE BUIY-
aJbHOI MH(MOPMAIINY CBSI3AHO C BO30OY K IeHNEM IIep-
BUYHOTO 3PUTEJIBHOTO IeHTPa-aHAJIM3aTOPa, PaCIo-
JIOKEHHOTO B 3aTHLJIOYHOI KOpPe I'OJIOBHOT'O MO3ra, 1
[IEHTPa BU3YaJbLHONO BHUMAHUS, PACIIOJIOMKEHHOI'O
B TeMeHHO11 o6s1acTu [8]. IIpu sTOM, COTIIaCHO PE3YJIh-
TaTaM Helpo(GU3NOJOTMUECKUX NCCIeJOBAHUN, IPHU
YBeJINUYEHUY BPEMEHH BBIIIOJIHEHNSI BU3YAJIBHOM 3a-
Jauyu UJIU IPU YBEJIUUEHUU CJI0KHOCTU IPeIbABJIIA-
€MbBIX BU3YaJbHBIX CTUMYJIOB HAPAAY C TeMEHHO-3a-
TBLJIOYHOM 00JI1aCTbI0 HA0II0JaeTCsa AaKTUBAIUSA JIO0-
HO¥ obs1acTu roJioBHOro Mosra [9].
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HecmoTpsa Ha 60JbI0e YKMCJIO PadOT, IIOCBAIIEH-
HBIX aHAJIN3Y 0COOEHHOCTEe! HeIIPOHHOI aKTUBHOCTH,
aCCOIMUPYIOIINXCSA ¢ 00pabOTKOM CEHCOPHOU MH(OP-
Mallui, MeXaHW3Mbl, OTBedalolue 3a (OpMUpPOBa-
HHEe IIOJO0OHON IIPOCTPaHCTBEHHO-PACIIpeIeIeHHOMI
CTPYKTYPhI B HEHPOHHOM CETH MO3T'a, OCTAIOTCS HEer3-
BecTHBIMHU. TaK, cj1a00 N3yUeHbI MEXaHU3MbI, TI03BO-
JIATOIIIe HEeITPOHAM, PACIIOJIOMKEHHBIM B PA3JIMUHBIX
00J1aCTsIX MO3Ta, B3aMOIEeiCTBOBATD APYT C APYTOM.

OgauM 13 9(P(PeKTUBHBIX HEMHBASWUBHBIX METO-
JIOB aHaJaM3a JUHAMUKU HEHPOHHO! CETH T'OJIOBHOTO
Mo3Ta ABJIAETCA JeTeKTHMPOBAaHME XapaKTEePHBIX Ua-
CTOTHO-BPEMEHHBIX U IIPOCTPAHCTBEHHO-BPEMEHHBIX
0COOeHHOCTeH HJIEKTPUUYECKON AaKTUBHOCTH IIyTEM
paccMOTpeHUsT MHOTOKAHAJbHBIX 3JIEKTPOsHIleda-
gorpamm (99I'). B mamHOM KOHTEKCTe TpPUMeHEeHIe
METOJIOB CTATUCTUYECKOTO U CIIEKTPAJIBHOI'0 aHAIN3a
IJIS1 NUBYUYEHHU CBOMCTB CUTrHAJI0B JII" II03BOJISIET MO-
IeJIUpPOBaTh PA3JINUYHbIE CIIEHAPUU AKTUBHOCTU Heli-
POHHBIX aHcaMOJeil Mo03ra Ha MUKPOCKOINYECKOM
yposze [10-12].

C yueToM BBIIIIECKA3aHHOT'O B HACTOAINEH pado-
Te WCCIeAYIOTCA YaCTOTHO-BpeMEeHHas U ITPOCTPAaH-
CTBEHHO-BPEMEHHAsI CTPYKTYPHI MHOTOKaHAJIBHBIX
curtayioB 99l B IIpoliecce BOCIPHUATHUSA BU3YaJIbHOI
ungopmauu. Ha ocHOBaHUY TOJyUYEeHHBIX Pe3yJIbTa-
TOB ONMCHLIBAETCS CIIEHAPUU HEMPOHHOII aAKTHUBHOCTU
TOJIOBHOT'O MO3T4a, aCCOIIUUPYIOITUCT C BOCIPUATIEM
1 06pab0TKOI BU3yaJbHOU CEHCOPHOI MH(M)OPMAIII.

Heiipodusunomoruueckuii 9KCIIePUMEHT

B skcmepuMeHTaX HPUHUMAJIHN yYacTUe BOCEMb
3I0POBBIX HOOPOBOJIBIEB B Bodpacte oT 20 mo 43 Jer.
Bce m06poBOJIbIEI IpPEAOCTABUIN WH(POPMUPOBAH-
HOe NHCbMEHHOe coTJjlacre Ha yJacTuhe B 9KCIepu-
MeHTe U OBLIN OCBEIOMJIEHBI 00 0COOEHHOCTSIX 9KC-
mepuMeHTaJbHONI padoThl. VccaemoBaHUSA IIPOBOLU-
JINCh B COOTBETCTBUU ¢ XeJbCUHKCKOU AeKJIaparuein
Bcemupnoii megunmHCKON accomuanuu. [[usaita u
00opyAoBaHUE SKCIIEPUMEHTAILHO paboThI 0J06pe-
HbI KoMuccueit mo stuke CI'TY um. arapuna FO. A.

B xkauecTBe BH3yaJbHOTO CTUMYJa WCIOJIB30-
BaJicA Ky0 Hekkepa, KOTOpBIl 4acTO IpUMEHAETCS
B HEMPO(PU3UOIOTNUECKUX U IICUXOJOIMYECKUX 9KC-
nepumenTtax [6]. Ky6 Hekkepa sBisfgerca HeomHO-
3HAYHBIM CTUMYJIOM U JOIYCKAET IBe BO3MOKHBIE
WHTepIpeTanuu. B pesyabTaTe IPOIleCC BOCIPUA-
TUSA TaHHOTO 00'beKTa BKJIIOUaeT Kak (pasy mepBuu-
HOT'O BOCIIPUATHUSA 3PUTEIbHON MH(pOPMAIIUU, TaK U
6oJtee CI0KHYIO KOTHUTHBHYIO aKTUBHOCTD, CBA3aH-
HYIO ¢ 00pab0TKOI BU3yaJIbHOI MH(pOPMAIIU U IIPU-
HATHUEM pPeIIeHUsI OTHOCUTENHLHO WHTEepIpeTaI[un
rpadGuuecKoro n3o0pakeHus.

B xoze sxcmepuMeHTa UCIBITYEMOMY TOOUYEPeIHO
ToKasbkIBaJu Kyobrl HekKepa, xapaKTepusymoInecs
PasIMYHBIMY KOH(MUIYPAIUSIMH BHYTPEHHUX I'pa-

Heli. IIpenbaBasgeMble KyObl OTIMUAJUCHL APYT OT
Apyra, 4TO IO3BOJIAJIO0O MUHUMU3UPOBATH S5(PQeKT
NPUBBIKAHUA WUCIBITYEMOIO0 K IIPEeAbABIAEMOMY
00BbeKTy. Bpems mpenbABIeHUA KaKIOTO CTUMY-
Jla BapbUpOBaJioch B Auamasome 1-1,5 ¢, a mepwuo-
IUYHOCTh IPeIbSIBIeHUS cocTaBisaiaa 5—7 c. Bechb
SKCIIePUMEHT IJUJICA OKOJO 15 MUH A KasKIoTo
yYacTHUKA, BKJIOUad KOPOTKHE 3amucu (DOHOBOM
AKTWBHOCTH TOJIOBHOTO MO3Ta JI0 ¥ TOCJIe IPebaB-
JIEHUsI BU3YAJBHBIX CTUMYJOB (0 2 MuH). UTOOBI
cleJiaTh BOCHpPHUATHE cJjenyiomnero Kyba Hekkepa
HEe3aBUCUMBIM OT IIPEABIAYINEro, MeK Iy IOCIeyI0-
UMY JeMOHCTPAIMAMU Ky0a HA SKpaHe MOHUTOPA
TIOKa3bIBaJicA aOCTPAKTHBIN PUCYHOK.

JdJIeKTpUUecKasa aKTUBHOCTL MO3Ta PeruCTPUPO-
BaJjIaCh C IOMOIIBIO 3JIEKTPOdHIe(dasorpauiecKo-
ro obopymoBauua «IHIiedansau-99I'P-19/26» (OO0
HIIK® «Menuxkom», P®). Ilpu samucu CUTHAJOB
WCIIOJIB30BAJICA METOJ] MOHOIIOJIAPHOIN permcrpa-
MUY U KJaCCUUYECKas pacCTaHOBKA 3JeKTPooB I
«10-20» [13].

O6paboTKa TaHHBIX U 00CYKIEeHUE
IMOJIyYeHHBIX Pe3yJIbTaTOB

OcHOBHBIE 3TAIlbl aJTOPUTMa O0OPAbOTKM SKCIIe-
PUMEHTAJIbHBIX JaHHBIX IOKAa3aHbI HA puc. 1, a.

Curnanasl 99" perucTpupoBavCh IPU IIOMOIIHA
Habopa saexTpomoB (01, O2 — zaTbLIOYHASA YaCTh;
P3, P4, Pz — rtemennas uactb; C3, C4, Cz — 1ien-
TpaJabHada yacth; F3, F4, Fz, Fpl, Fp2 — nob6ubIie
nmoan) (puc. 1, 6). Ina kasxkmoro kamaaa I B nua-
nasone dactor 1-30 Iy GbIT paccumTaH BemBJIET-

HBLi 9HepreTiaeckuii cuextp E" (f, t)=W, (f, t)2 .

B mamnOoM ciayuae W, (f, t) — KOMILTeKCHBEIE KO3(]-
(puieHTHI BEMBJIETHOTO TPeodpa3oBatusd, KOTOPhIE
BBIUMCJIAIOTCA IIPU IIOMOIIM COOTHOIIIEHN A

t+4/f

W, (f, )=F [ X, (0)w'(f, t)d, §)
t-4/f

rae n = 1...N — Homepa KaHaJjoB III" (N = 13 — 006-
ee KOJIUYECTBO KAHAJIOB, UCIOJIb3YEeMbIX [IJIA aHAa-
JIN3a); CHMBOJI «*» 03HaUaeT KOMILJIEKCHOE COIPsKe-
Hue. B kauecTBe MmaTepuHCKOro BetiBieTa y(f, t) ObLI
BBIOpaH BeliByeT MopJie, KOTOPHIIT YaCTO UCIIOJIBL3Y-
eTcd Ui aHan3a HeHpo(pU3UOJIOTNUECKUX CUTHA-
JioB [14]:

W(f, t)=FaAinT (o) [0l 2 )

rae o, = 21 — IapaMeTp, XapaKTePU3YIOIuii BeiB-
JEeTHYIO0 (DYHKIIUIO.

AHann3 BeWBJETHOTO CIIEKTPa IIPOBOJUJICS
B JBYX YaCTOTHBIX AuamasoHax: Af,: 8—12 I'm (auma-
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a
) 3 | Beruucienue suepruu E(t)

—> B IUamasoHax
8-12 T u 15-30 I'rg,

YacToTHO-BpEeMEHHOH
aHaIn3 curajos I9I

VYcpenueHue 3aBUCUMOCTEH | 5

IpeabsaABJIE€HHBIX CTUMYJIOB

Ananus HY-Tpenga
3aBucumocreit E(t),
dunprrpanusa BU-komnoHeHT

E(t) o Habopy >

2]

Perucrpaiusa MHOrOKa-
HaJIbHEIX IO
B pacctaHoBke «10—20»

1 T IIpenbaBienue
cTUMYJIa

0) Jlo6uaa mouasa

3aTLIIOYHASA 0

B Puc. 1. OcHOBHBIE 3Talbl IPOBEIEHUA DKCIIEPUMEHTAJIbHOI'0 UCCJIeOBAHUA U 00pabOTKY JaHHBIX (@) 1 PacIoIoKeHNe
PerucTpUpPyoOINUX 3JIEKTPOJOB B COOTBETCTBUU C MeKAYHAPOaHOU cucTeMoit «10—20» (6)

B Fig. 1.Schematic illustration of main stages of experimental procedure and data analysis (a) and position of record-

ing electrodes according to 10—20 EEG electrode layout (6)

mas30H aab(pa-aKTUBHOCTU) U AfB: 15-30 I'y (nuama-
30H Oera-akTuBHOCTH). CoryiacHO moOcJieTHUM pado-
TaM, BU3yaJIbHOEe BHUMAHIE CBSI3aHO C BOBHUKHOBE-
HIeM XapaKTepHBIX ITaTTePHOB HEHPOHHOM aKTHUBHO-
CTHU B YACTOTHHIX JUAIla30HaX ajab(da- u 6eTa-puTMOB
B BaTBLJIOYHOM M TeMeHHOU obsactax [8]. 3BecTHO
TaKJKe, YTO UBMEeHEHN A ajIb(Pa-aKTUBHOCTU CBA3AHBI
¢ Bu3yaJbHBIM [15] usu 3ByKoBBIM [16] BHUMaHUEM,
a U3MeHeHus 0eTa-aKTUBHOCTH — C 06pa6OTKOI CeH-
copHoit mHpopMaluu [17] u mepekJIIOUeHUEM PeKu-
Ma aKTUBHOCTU HEMPOHHOTO aHCAMOJIA B COCTOSIHUE
BHuMauuA [18, 19]. Posb HelipoHHON aKTUBHOCTU
B ajmb(da- u 6erTa-ob6yacTAX B IIPOIECCE BOCIPUATUA
BHU3yaJbHON WMHMOpMAIIVN aHAJM3UPYETCA TaKiKe
B pabore [20] B KOHTeKCTe mepenaun WHGOPMAIUN
B 3PUTEJILHON Kope.

s yxkasaHHBIX YAaCTOTHBIX JUAIIA30HOB COOT-
BETCTBYIOIIlE 3Ha4YeHus BeliBiaer-sHepruu K (t)
u E (t) PacCCUUTHIBAINCH IIYTEM YCPEIHEHMS CIIeK-
TpaJILHOI/I sueprun E"(f, t) 10 COOTBETCTBYIOIUM 06-
JIaCTAM CIIEeKTpa:

Elo(t)=—— | E*(f.t)r, @

Y () ar,

rae E;'(t) — snmauenme smeprmu E"(f, t), ycpen-
HEeHHOe II0 BCEMY pPacCMaTPUBAEMOMY CIIEKTDPY CHT-
Hajga Al

30 I'rg,
EX(t)= [ E"(f, t)df" @
1T
ITonyuennsle  KOa(HUITMEHTHI Eg’ﬁ(t) ObLI;

ycpenaenbl 1o K =20 mHTepBaJiaM BpeMeHU IJIU-
TEJIBHOCTHI0O 1 €, COOTBETCTBYIOIIIUM BOCIIPUATHUIO

u obpaborke 20 BusyaabHBIX cTuMyJsioB. Ha mocJres-
HeM aTalrie 00paboTKM IIoJyUeHHbIe KO3 (UITUEHTHI
yCpemHaAauch Mo KauajgaMm 99, pacmoosKeHHBIM
B Pa3JIMYHBIX OTAEJIaX MO3Tra.

MsBecTHO, UTO BOCIPUSTHE BU3YaJIbHOTO CTUMY-
Jia CBA3aHO C YBeJIUUYEHUEM 9HEPTUU 3JIEKTPUIECKOM
AKTHWBHOCTY HEHPOHOB B 3aTBIJIOYHOU moJie [21, 22].
IToT 3(p(peKT 00bACHAETCS JJOKATU3aIiuell B JTaHHON
obJ1acTu MO3Ta 3PUTENbHBIX o0acTeit [23].

Hna aHanusa UBMEHEHUI SHEPTIWU, BBHIZBAHHBIX
BOCIIPUATHEM W 00pabOTKOII BU3yaJILHON mH(MpOpMAa-
uu, ToJaydYeHHble KoahduiineHTsl (3) 66111 00pado-
TaHBI BBICOKOYACTOTHBIM (hubTpoM. Bee crieKTpasis-
HbIe KOMIIOHEHTHI, Je:kariue Bbie 10 I'm, OGbLinm
ynaneHsl. IlonyueHHBIe B pe3yiabraTe (DUIBTPAIIUN
CUTHAJIBI TOKa3aHbl Ha puc. 2. [IpeacraBiaeHHbIe KPU-
BBbIE XaPaKTePU3YIOT N3MEHEHNe BO BDeMEHU SHePIrum
anbha-akTuBHOCTH (puc. 2, a) u O6eTa-aKTUBHOCTHU
(puc. 2, 6) B pa3JIMYHBIX YUACTKaX I'OJIOBHOT'O MO3Ta.

Cpasy mocJe npeabaBiIeHnsa BUSYaJIbHOT'O CTUMY-
Jia (MOMEHT BpeMeHH t() Habaogaercs BpraxceHHoe
YMeHbIIIeHe 5SHepruu aabga-aKTUBHOCTU E ( )
B 3aTBLIOYHOM obJsiactu (cM. puc. 2, a). COI"JIaCHO
MOJIYYEeHHBIM paHee peadyJiabraraM [23], 3TO CBA3AHO
¢ BO30Y:KJeHUEM IIEPBUYHOTO 3PUTEJIHLHOTO IIeHTPA.
B momenT Bpemenu t; Haburojaercs Bpra?ReHHoe
YMEHBIIIEHIe SHEePrum abda-aKTUBHOCTU E ( )
B TEeMEHHOH 00JIacTH, UTO CBA3aHO C aKTUBaIlHeH
IeHTpa BU3yaJbHOrO BHUMAaHUA. CTOUT OTMETHUTDH,
YTO 3aThLIIOYHASA U TEMEHHAA 00J1aCTH aKTUBUPYIOT-
CA IPAKTUUYECKU OLHOBPEMEHHO, UTO IIOATBEPIKIAET
UX BEAYIIYIO POJb B IIpoIlecce MePBUUYHOI 00paboT-
KU BHU3YAJbHBIX CTUMYJOB. CxXoiKkas TeHIEHIUSd,
3aKJIIOUAIONIAACA B YMEHBIIEHUN SHEPTUu ajbda-
aKTUBHOCTHU, HAOJIIOLAaeTCA TaKsKe U B IPyTrux obJia-
CcTAX Mo3ra. B wacTHOCTU, M3 pUC. 2, @ MOYKHO BU-
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SHepruun

. VYwmenbieHuE
3aThLI0OYHAA OIS 9Hepruu 3aThLI0OYHAA TOJIA

B Puc. 2. 3aBucuUMOCTb OT BpeMeHH sHeprun ' curuaios B obsactu anbha-aktusHocTH (8—12 I'r) (a) u 6GeTa-aKTUBHO-
ctu (15—-30 I'y) (6) B mporiecce BOCIPUATHA BUSYAJIBHOTO CTUMYJIa. KPUBBIE IOTyUeHEI B PE3YJIbTATE YCPEAHEHUA SHEPT U
o ka"anam 99T, pacnosoKeHHBIM B PA3JINUHBIX 00JIaCTAX KOPBI MO3ra; 00JIacTy MO3Ta, XapaKTepU3YIOINecs YMeHbIIIe-
HUEM 9Hepruu aab(a-akTUBHOCTU (6) U yBeJIWUYEHVEM dHeprum 6eTa-aKTUBHOCTHU (2) B XapaKTepHBIE MOMEHTHI BpeMe-
HU t—t,

B Fig. 2. Temporal evolution of EEG spectral energy in alpha-band (8—12 Hz) (a) and beta-band (15-30 Hz) (6). Differ-
ent curves obtained by averaging energy values over corresponding EEG channels; brain regions characterizing by a de-
crease in alpha-band energy (6) and an increase in beta-band energy (2) at time moments #,—¢,

IeTh, YTO SHEPruA ajbda-purMa Eg (t) HauYMHaeT TPUUECKOM aKTUBHOCTH T'OJIOBHOT'O MO3ra B ajbda-
YMeHbBIIATLCA B IIeHTPaJbHOM obsactu (t,) 1 B J106- u 6eTa-4aCTOTHBIX qUanasoHax. BugHo, 4To B paccMo-
npix E. P (t) obnacrax (t3,4)- TIpu oTOM B TAHHBIX TPEHHBIE MOMEHTBI BPEMEHM tj < t; < t, < tg < t,
061acTaAX 3PHEKT IPOABIAETCA 3HAUUTEIHHO II03- o6s1acTh KOpPBI MO3Ta, AEMOHCTPUDPYIOIIasd YMEHB-
JKe: B IleHTpaJibHOI yacTu — uepes 0,2 ¢, a B IOOHBIX IIeHre SHePruu ajab(a-aKTUBHOCTH W yBeJIHWYeHNe
obsactax — uepes 0,4 ¢ mIocse MpeabaBJIeHNUA BU3Y- sHeprum OeTa-aKTUBHOCTHU, CBA3AHHBIE ¢ 00paboT-
aJILHOTO CTUMYJIA. KOU BM3YyaJbHOT'O CTHUMYJa, yBeJumuumBaercda. B To

Bocnpusarue Bu3yasbHOTO CTUMYyJIa COIIPOBO- JKe caMoe BpeMsdA aHaJIu3 puc. 2, a, 6 I03BOJISAET BbI-
JKJaeTcs yBeJINUeHHeM SHepruu 0OeTa-aKTUBHOCTU SBUTH PA3JIUUYNA B JUHAMUKE SHEPIUU PaCCMOTPEH-
(cm. puc. 2, 6). YuurwsiBasg, 4To 0eTa-aKTUBHOCTDH HBIX pUTMOB. JlaHHBIE PA3INYUS ONPEAEIAIOTCS CO-
acconumupyeTcsa ¢ 06paboTKOI CeHCOPHOM MHMOpMa- ToCTaBJIEHIEM MOMEHTOB BPEMEeH!, COOTBETCTBYIO-
muu [17] u mepekJiIOUeHUEM peKHMa aKTUBHOCTU MIMX BOBJIEUEHUIO PA3JUYHBIX objacTeir Mmo3ra B 00-
HeMpoHHOTo aHcaM0Jis B cocTossHMe BHUMaHuA [19], paboTKy BuU3yaJbHOI mH(popMamuu. CXxeMaTuuecKu
MOYKHO IIPEAIOJIOMKUTh, UTO yBeJIUdYeHue 00JacTu TaHHBbIE MOMEHTHI BpeMeH! 0003HaueHbl Ha pUC. 3.
resepanuy 0eTa-aKTUBHOCTH CBUIETEJILCTBYET O BO- PasiuuHbIi TUII CUMBOJIA COOTBETCTBYET MOMEHTAM
BJIEUEHUU OOJIBINIETO YKCJIA HEHPOHOB B 0OPabOTKY BpEMeHU, ONpPeesIeHHBIM Ha OCHOBe ajib(a-aKTus-
BU3YaJbHOI'O CTUMY.JIA. HOCTHU ¥ GeTa-aKTHUBHOCTH.

IIpomecc yBenmmueHus o6JacTH KOPHI MO3Ta, BO- Bugno, 4TO B MOMEHT BpeMeHH t;, COOTBETCTBYIO-
BJIEUEHHON B 00pabOTKY BHU3YaJbHOTO CTUMYJA MU TpeIbABIEHUIO BU3YaJIbHOT'O CTUMYJIa, HAOJII0-
(puc. 2, 8, 2), OCHOBaH Ha U3MEHEHUU SHEPTUU IJICK- IaeTcs aKTHUBAIlUA 3aTbLIOYHON obJsactu. O6 sTOM
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B Puc. 3. MoMeHTHI BpeMeHHU, COOTBETCTBYIOII[IE BOBJIE-
YEHUIO Pas3JUYHBIX OTIEJOB MO3Ta B BOCIPUATHE BU3Y-
anbHOUM MHGMOPMAIIUY, YCTAHOBJIEHHBIE B COOTBETCTBUU
C XapaKTepUCTUKaMU aib(pa-aKTUBHOCTU U OeTa-aKTUB-
HOCTU

B Fig. 3. Time moments corresponding to the involve-
ment of different brain parts in perception of visual in-
formation, estimated via characteristics of alpha-activi-
ty and beta-activity

CBUIETEJIbCTBYET OJTHOBPEMEHHOE YMEHbBIITeHUe Eo?
u yBenuvenue Eg'. 3areM, ¢ TOYKH 3pEHUs IOBe-
IeHus: OeTa-aKTHUBHOCTH, yepes 0,3 ¢ mocJe mpensb-
ABJIGHUS CTHUMYyJIa HaOJJ0maeTcsa OJHOBPEMEHHOEe
BOBJIEUEHIE 3aThIJIOUHON, IIEHTPAJbHON 1 JIOOHBIX
ob6sacTeit Mo3ra B 06paboTKy nHGOPMAINU (MOMEHT
BpeMeHH t¥). 9To cBUAETEILCTBYET O (hOPMUPOBA-
HUY DacIpeesIeHHOMN JIOOHO-TeMEHHON HEWPOHHOMN
aKTHUBHOCTH, peaJusyioleil 00paboTKy BU3yaJIbHO-
ro 1300PaKeHUA U IPUHSATHE PEeIleHn s,

Amnanus moBegeHUs aab(pa-aKTUBHOCTHU OKAa3bI-
BaeT, YTO BOBJIeUEHUE JIOOHOM 00JaCTU ITPOUCKOIUT
ToCTeneHHo. BuaHo, 4TO TeMeHHasa 00J1aCTh BOBJIE-
KaeTcs MPaKTUUYeCKU OAHOBPEMEHHO C 3aThIJIOUHOI.
ITeuTpanbHaa obsacTb BoBaeKaercs yepes 0,2 ¢ mo-
cJe IpeabABIeHU CTUMYJIa (MOMEHT BpeMeHu’ t%¥).
JIo6HBIe 06J1aCTH BOBJIEKAIOTCSA IMIPAKTUUYECKU OIHO-
BpeMenHO uepes 0,4 ¢ mocyie IpeabABICHUI CTUMYIa
(MOMEHT BpeMeHU 1%%%),

MOAEAVPOBAHNE CUCTEM N NPOUECCOB /

3aKaiouyeHne

Ilo mroramMm SKCIEPUMMEHTOB MOJKHO BBIJEIUTH
cJIenyroIe 0COOEHHOCTH CIleHapUs HeMPOHHON aK-
TUBHOCTHU BO BPeMs BOCHPUATUA U 00PaOOTKU BU3Y-
aapHON mH(pOPMAaIUU:

— HemocpeacTBeHHO B MOMEHT NpPeAbSIBICHUSI
BU3YaJIbHOTO CTUMYJA IIPOUCXOAUT BO30YIKICHUE
3PUTEJBHOIO IIEHTPAa B 3aTBIJIOUHOM 061acTu. B aTOT
MOMEHT 3JeKTPrUYecKasa aKTUBHOCTD B TaHHOM 00J1a-
CTU XapaKTepusyeTcs YMeHbIIeHeM aIb(a-aKTUB-
HOCTHU U yBeJuueHueM 0eTa-aKTUBHOCTH.

— Yepes 0,3 c mociie OpeabaBICHUS CTHUMYJa
TIPOUCXOAUT ero 06paboTKa ¢ ITOMOIILI0 aKTUBAIINHT
pacipeeaeHHOI JIOOHO-TEMeHHOI HeMPOHHOMI CeTH.
B 5TOT MOMEHT aJjieKTpUUecKasa aKTUBHOCTH B JaH-
HOIT 00JIacTH XapaKTepu3yeTcs yBeJnueHueM OeTa-
AKTUBHOCTH.

— B reuenne 0,3 ¢ mocJie IpeabABICHUSI CTUMY-
Jla aKTUBAIAs HeMPOHOB B aJib(ha-IuanasoHe IPOuc-
XOAUT mocTenenHo. IlocaemoBaTeIbHO BOBIEKAIOTCS
HeNPOHBI TEMEeHHOI 00J1aCcTH, a 3aTeM IeHTPaJIbHOI.

ITonyueHHBIE PE3YABTATHI MPEACTABJISIIOT WHTE-
pec A QyHIaMEeHTaJbHON HEWPOHAYKH U MMEIOT
MIOTEHIINAJ HAJbHEHNIINero MpakKTUYeCKOr0 HCIIOJIb-
30BaHUA. B KOHTeKcTe (PpyHIaMeHTaJbHBIX HCCJIe-
MOBAaHUI 3aCJyKHBAET BHUMAHUS IPOIAEMOHCTPHU-
poBaHHAS POJIb aJdb(Pa-aKTUBHOCTHU B YCTAHOBJICHUU
CBS3UW MEXKAY HEUPOHHBIMU aHCAMOJISAMU, PAacCIo-
JIO’KeHHBIMHY B 3aTBIJIOYHO-TEMEHHOM U JIOOHOU 00-
JacTax Mosra. IloTeHIraa IPaKTUUECKOTO IIPHUMe-
HeHHusi OOYCJIOBJIEH BO3MOYKHOCTBHIO KCIIOJIb30BaTh
pe3yJIbTaThI AJIA MOHUTOPUHTA KOTHUTUBHOM aKTUB-
HOCTU YeJIOBeKa B IIpolecce oOpabOTKM CEHCOPHOIt
uHQOpPMAaIuu MpU paspaboTKe MACCUBHBIX WHTEP-
deiicoB Mosr-kommboTep [24, 25], oCyIIecTBIAIO-
X MOHUTOPUHT X KOHTPOJIb HEHPOHHON AaKTHUBHO-
CTU BO BpeMs JeATEeJbLHOCTH UeJIOBeKa, CBI3aHHOI
C BBICOKOII KOTHUTHUBHON Harpys3KoIi.
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doHma QyHIaMEHTAJbHBIX KCCJIEeIOBAHUN (IPOEKT
Ne 18-32-20129) u Cosera mo rpanTam IIpesumeHnTa
P® (mpoexTtsr HIII-2737.2018.2 u MK-992.2018.2).
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Mathematical modeling of visual sensory information processing using multi-channel EEG signals
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Introduction: Processes in the brain cortex during the perception and processing of sensory information can now be analyzed using
multichannel signals of electrical activity. A special attention is paid to the detection of common scenarios of involving various brain
areas in the sensory perception process. Purpose: Studying the spatio-temporal and time-frequency structure of brain electrical activity
signals during visual sensory information processing. Results: Based on time-frequency analysis, we studied the dynamics of electrical
neural activity energy in the frequency ranges 8—12 Hz (alpha-activity) and 15—-30 Hz (beta-activity) in various brain areas. It was
shown that the perception and processing of visual stimulus lead to a lower alpha-activity energy and higher beta-activity energy. These
processes are observed in several brain zones. It was revealed that a characteristic pattern emerges in the occipital and parietal lobes,
and then involves the neurons of the central and frontal lobes. Practical relevance: The revealed neural activity scenario can be used in
the development of passive brain-computer interfaces which monitor and control neural activity during the processing of big amounts
of sensory information.

Keywords — multichannel EEG signals, visual perception, time-frequency analysis, sensory information processing.
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I'IporpaMMHo-anropuTMW-lecKaﬂ cucteMa
AN YUCJIeHHOro moaenupoeaHusa LLMPOKOMNOJIOCHOIoO
Na3epHoro ra3oaHain3a aTMOCCI)epr
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aUNHCTMTYT onTukm aTtMoccpepbl uM. B. E. 3yesa CO PAH, nn. Akagemuka 3yeBa, 1, Tomck, 634055, P®

BBepgeHue: akTyanbHol ucciefoBaTeNbCKoi 3afaqen ABnsieTcs pa3paboTka rmbkux nporpaMMHo-anropuTMUYECKUX KOM-
M/1eKCOB C BO3MOXHOCTbIO 9BOJIOLMOHHOIO pPa3BUTUS pacyeTHOro hyHKUMOHaNa 418 ycrewHoro pelenus npobnem ornepa-
TUBHOIO M Ka4eCTBEHHOIO KOHTPOJIA napaMeTpoB okpyxarolei cpefbl. Lienb: pazpaboTka MOAYIbHONM CUCTEMbI YNCTIEHHOIO
MOJenMpoBaHus N1a3epHoro razoaHanmsa atMocgepsl. PesynbTaTbl: Ha OCHOBe MaTeMaTUYeCcKoro annapata metoga Audg-
cbepeHymanbHOro nornoLeHusi paapaboTaHa nporpaMMHO-aIropuTMMYeckas cucTema, obecrieunBarolLasi pacyeT ceveHnit Mo-
JIeKYJIAPHOrO MOIJIOLEeHNs], KOIhULMEHTOB MOJIEKYIAPHOIO MOrIOWEHNS, CIEeKTPOB NPOMycKaH1s aTMocgepbl 1 TngapHbIX
CUrHanoB. PacyeT KOHTYpPOB IMHWUI MOITIOLLEHNS MPOU3BOAUTCA C UCMOIb30BaHNEM KOHTypa doiirta. B kauecTBe MCTOYHMKOB
arnpuopHou nHpopmaLmum ucrosnb3yTcs 6asbl crnekTpocKonuyecknx faHHbix HITRAN u cTaTucTnyeckne Mogenu pacrpege-
JleHnsi TeMnepaTypbl, faB/eHUs 1 ra30BbiX KOMIMOHEHT aTMoccbepbl. BMecTe ¢ TeM 415 MoAenupoBaHus nfapHbIX CUrHaNoB
paspaboTaHbl nMporpaMMHble B10KM pacyeTa u ydeTa KoaghpuymeHTa MOEKYAPHOro paccessHNsl u KoahuyMeHToB aspo-
30J1bHOIO MNOIJIOLEHNS N paccesiHnA. [1119 NpoBEPKN MPUMEHUMOCTU PasfInyHbIX 1a3epPHbIX ICTOYHMKOB B 3afaqax aKosiornye-
CKOro MOHUTOPUWHra aTMocgepbl paspaboTaH 610K pacyeTa oLMBOK BOCCTaHOBIEHNS KOHLEHTPaLUUIA NCCe[yeMbIX ra3oBbiX
KOMIMOHEHT aTMocchepbl MpU Hey4yeTe MOryoLLeHNs 1a3ePHOro U3J1yYeHNs1 CTOPOHHUMM ra3aMu. B ensix npoBepky KOppeKTHO-
CTU hyHKLMOHUPOBAHMSA MPOrpaMMHOro Komriiekca paapaboTaH nporpaMMHbIi 610K cpaBHEHUS pe3ybTaToB MOAEIMPOBaHUSA
CMeKTPOB MMOrJIOWEHNS U MPOMNYCKaHUsl aTMocgepbl ¢ MPUMEHEHUEM OOLLENPUHATON MHPOPMaLMOHHON cucTeMbl SPECTRA.
BennunHa HecoBnafeHns pe3ynbTaToB pacyeTa CreKTPOB MpPoMycKaHus aTMocgepsbl, MosyYeHHbIX C UCMOb30BaHNEM MPO-
rpaMMHO-aIrOPUTMUYECKON CUCTEMBI, NPU cpaBHeHUn ¢ pesynbTaTamm SPECTRA cocTasnsieT meHee 1 %. Takum obpasom,
Habop npefcTaBieHHbIX MPOrpaMMHbIX 67I0KOB MO3BOJISIET OCYLEeCTB/IATL KOMIJIEKCHOE MOLEeNMpoBaHue AUCTaHLUUOHHOIO
rasoaHannsa atMoceepsl. lpaKkTuyeckas 3HaYUMOCTb: MPOrPaMMHO-aJITOPUTMUYECKUI KOMIIEKC NMO3BONSAET MPOU3BOANTh
aKcrnpecc-oLeHKY BO3MOXHOCTeN MPUMeHEHUS LUMPOKOro Kpyra UCTOYHNKOB JIa3ePHOIo U3J1yYeHns B 3afaqax AMCTaHLUMOHHOIO
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BBenenue

B To Bpemsa Kak mpsMoe yIIpaBJeHHE ITPOIEeC-
caMmu TJI00AJbHBIX MACIITA00B Ha CETOAHS HEIO[-
BJIACTHO UeJIOBEUYECTBY, aHTPONOTeHHBIE (PaKTODHI,
mobOy:KJafolline Te WJIW WHBbIe IaryOHble TPeH.bI,
TIOJIBEPIKEHBI IPAMOMY KOHTPOJIIO I MUHUMU3AIUHN
mpu OOHAPYKEHUU HEIMOCPEeJCTBEHHOUW CBA3U C IU-
HAMUKOM He0JaronpUATHBIX U3MEeHeHUH.

OueBHUIHO, UTO OOHapY KeHUe ITOJO0HBIX CBs3eit
BO3MOKHO JIMIIH B CJIyUae MPUMEHEHU IePeIoBbIX
pelennii B 06J1aCTU KOHTPOJIS ITapaMeTPOB OKPY Ka-
IOITIeli Cpelbl, OTBEUAIOIINX KEeCTKUM TPeOOBaAHUIM
KauyecTBa, OIEPATUBHOCTU ITOJYUEHUA-00pabOTKU U
MHAOPMATUBHOCTHY PEe3yJIbTATOB.

Tak, c pasBUTHEM TeXHUKHU U TeXHOJOTUH, HAPS-
Iy C TAKUMHY YCTOABIIUMUCS ITOAXOAAMHU B ra3oaHa-
anse atrMoc(eprl, Kak MeTon Aud@epeHIuaIbHOTO
nomtomierusa (MIIT) [1] u guddepennmansuaa on-
Tuueckaa abcopbrmonuasa crnekTpockonua ([JOAC)

[2], Bce uallle BOSHMKAIOT UJeW KOHBEPTeHIINU He-
CKOJIBKUX KOHIeNIuii. B pesysbraTe mpenjgaraior-
cA B3aWMOJOIOJHAIONINE METOAUKY (HAmpuMmep,
MOTI-I0AC [3]), pelttatoliiyie TpagUITAOHHBIE CIOMK-
HOCTU UCXOAHBIX ITOAXOI0B.

C TOUKM BpeHUA JUCTAHITMOHHOTO Ta30aHAJIN3a
armochepbl 0COOEHHOe BHUMAHWE CETONHSA VAeIdeT-
ca ommkHeMy u cpegHemy WMK-muamasoHam cieKTpa
BBUY PACIIOJIOYKEHMA B HUX OOJIBIIIOrO YKcIa Kojeba-
TeJIbHBIX U KOJeOaTeJbHO-BPAIllaTeITbHBIX JIMHUH 110~
TJIOIIIEHUA apOMaTUIYEeCKUX BEIeCTB [4], BpeJHBIX BBI-
OpOCOB TIPOMBIIILJIEHHBIX ITPOU3BOACTB [5], TapHUKO-
BBIX T'a30B [6], a TaKKe HAPKOTUUECKUX BeIecTs [7].

Bosbinioit mHTEpeC K YKa3aHHOMY [AUAIla30HY
CIIEKTPA MOAKPEIIsAeTCA KaK SHAUMMBIMU yCIIeXaMu’
B CHHTEe3e HOBBIX HEJIMHEHHBIX KPUCTAJLJIOB [8] u mo-
CTPOEHMMU JIa3ePHBIX CUCTEM HA UX OCHOBE C BO3MOJK-
HOCTBIO IIJIaBHOM IIEPECTPONKHU JJIUHBI BOJTHBI BBIXO/-
HOro m3ydeHus [9], TaK U CyIIleCTBEHHBIM IIPOrpec-
coM B pasBuTuu oronpueMHbIx ycrpoicts [10].
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BwmecrTe ¢ Tem OypHOe pa3BUTHE I3LIKOB IIPOrPaM-
MUPOBaHUSA, POCT BO3MOXKHOCTEH COBPEMEHHOU BBI-
YUCJAUTEJbHON TEeXHUKU W TJIOABI Pa3BUTUA KOH-
HEeNIuu CBOOOJHOTO HIPOTPAMMHOTO oObecHeueHUA
[11] opemocTaBIAIOT HOBbIE MHCTPYMEHTHI IJIA II0-
BBHIIIIEHUA ITPOM3BOAUTEIBHOCTY CHCTEM HAYYHOTO
MOJeTUPOBAHUA.

ITenbio paboThI ABIAIOTCA paspaboTka u ampobda-
A B YUCJIEHHOM 9KCIIEPUMEHTEe IIPOrPaMMHO-aJIr0-
PUTMUYECKOHN CUCTEMBI JJIsl YUCJIEHHOI'0 MOJAEJINPO-
BaHUA JIa3€PHOT0 ra3oaHaIn3a aTMoc(epsl B OJITIK-
"HeM u cpegeMm K-guanasonax cuekTpa.

MaremMaTHUYeCKHUil aniapaT U aJITOPUTM
MOAeJMPOBAHNUSA CIIEKTPOB MOTJIOIIeHN A
M IPONyCKaHUsA aTMoc(epsl

PacueT cieKTpOB IIOIVIOIIEHMA U TPOIIYCKAHUA aT-
Moc(eprl, a TaKKe COITYTCTBYIOIMUX (GhYHKIIUI IPO-
BOJUTCS C UCIIOJIb30BaHIEM OOIIEIPUHATOTO MIOAX0A
«JIMHUS-3a-TUHNAEH», KOTOPBIA COCTOUT B IIOIIIATOBOM
pacueTe 1 yueTe BKJIAAA Ka K0 JUHUY MOTJIOIEH IS
Ta30BbIX COCTABJAIONINX aTMoc(hepbl B UTOTOBBIN
CHEKTP. OMIUPUUYECKON U TEOPETUKO-dMIIUPUUECKOI
OITOPOIi IIpoIlecca MOAEIUPOBAHUS CIIEKTPOB SBJIA-
ercsa 0asa crnexTpockonuueckux mgaHHbIXx HITRAN
[12], comepekaliiaa mHMOPMAIINUIO O IapaMeTpax Ju-
HUU NOTJIOIIeHUA Pa3JINYHBIX I'a30B. B mporiecce Mo-
IeIUPOBAHUS CIIEKTPOB IIOTJIOIIEHU A U ITPOITYCKAHMA
aTMochepbl He00X0IMMO YUUTHIBATh BIUAHNE BHEIII-
HUX (PAKTOPOB Pa3JIUYHOTO POJia.

Tak, BBUAY TEIJIOBOTO IBUIKEHUS MOJEKYJ ra-
30BBIX KOMIIOHEHT aTMoc(epbl BO3HUKAaET 3(phPeKT
VIIUPEHUsI CIEeKTPAJbHBIX JUHUN — sddext Iom-
Tepa, Ipy 9TOM PacueT IOJYIIINPUHBI KOHTYPA IIPo-
M3BOIUTCS CJIeAyIonuM oopasom [13]:

vo |2RTIn2
T)=Y0 |ZR 02
@)= M
V0 =Viine +(Pret) P> @

TZe Vjjp — LEHTD JUHUU MOTJIONIeHN s ra30Boi KOM-
TIOHEHTHI, & (P ..p)p — BEJUUMHA CABUTA IIeHTPA JIN-
HUU TOTJIOIeHU s, 00yCJIOBJIeHHAA JaBJICHUEM OKPY-
sKalomeii cpensl [12].

B cBoio ouepens 3()eKThI CTOJIKHOBEHUS TaKKe
IPUBOAAT K YIIUPEHUIO JUHUMN ITOTJIONIEHUSA U OIH-
chIBaiOTCA (PyHKIMEH JlopeHIia, IIpHU 9TOM JIOPEHIIEB-
CKasd TOJIYIITUPUHA, C YUYeTOM BJIUAHUSA TEMIIEPATYPhI
¥ aBJIEHNA, IPEACTaBIAETCA B ciaenyioiieM Buze [14]:

T Ngir
YL(Pgas, T)= (%} x
P—PgAs P
X| Yair(ref) (—) * Yself(ref) —— ’ )
ref ref

rie Poag — HapnuajibHOe JaBJIeHHe Tasa; P, =
=1 arm; T,.;= 296 K; n,;, — xoapdumnuesTt remme-
paTypHON 3aBUCUMOCTH YIIHUPEHUS IOJIYIIUPUHBI
BOBAYXOM; Vyipery — YIINPEHHE IIOJTYLUIMPUHBL BO3-
AYXOM DU P =DPyop B T =Ty of5 Velp(resy — CAMOYIIH-
peHue NOMyIIUPUHLI Ipu p = p,... 1 T = T, . [14, 15].

BmMmecTe ¢ TeM HE0OXOAMMO MPOU3BOAUTH TEMIIE-
PaTypPHYIO KOPPEKINI0 MHTEHCUBHOCTEN JIMHUNA II0-
riorenusd [15]:

Q(Trer) exp(-caEy,/T) y
Q(T) exp(—caEy, / Tyet)
[1 —exp(—cav/ T)]

[l—exp(—02v/Tref )J’

S(T) = S(Trer)

C2 = hC/kB , (3)
rae S(T,,;) — uHTeHCHBHOCTL JuHHK npu 296 K;
Q(T) — oOmiasa BHYTPEeHHSAA YacTUUHAA (QYHKITU;
¢y — BTOpasd pajualyoHHAs IOCTOAHHas; E; —

SHEepPruA HUKHero cocrosauud [14, 15].

Onupasich Ha TPUBEIEeHHbIE IIapaMeTpPhl CIeK-
TPAJbHBIX JUHUN, BOSMOYKHO ITPOBECTU UYMCJIEHHOE
MOJIeINPOBAHYE CIEKTPOB IOIJIOIIEHUS U IIPOIY-
ckauus armocdepsl. Tak, npoduab 06/bEMHOr0 KO-
s(ppuiimenTa ociabJeHNA JTa3ePHOr0 U3JIYUEHUs 3a
cueT MOJEKYJISAPHOTO IOIJIOIIeHUA MOYKHO IIpe/iCcTa-
BUTH B caenyroriem Buje [16, 17]:

Oma (V’ R) = n(R)KVoigt (v, R), @)

rae n(R) — KOHIIEHTpAIMA ra30BOll KOMIIOHEHTHI;
KVOigt(v, R) — mpodunb KosahduUIIMEeHTa MOTJIONIe-
HUA 30HIUPYIOIIETO JIa3ePHOTO U3JIYUEHUA MOJIEKY-
Jamu mceaemyemoro rasa [17, 18]:

oy SO [
KVOlgt(V’ R)= oM\ = o(x, y),
o(x, y) =R{w(2)}, 6]

roe o(x, y) — dyHrmua Poiirra, obecreunBaOIias
yuerT addeKTa YIIUPEeHUs CHEeKTPAJbHBIX JIMHUN
Homriepa u CTOJIKHOBEHUI OJHOBPEMEHHO.

dyarnuo Poirta BOZMOKHO HOJYUYUTL ITYTEM
BBIJIeJIEHUS BEIeCTBEHHOW YacTU KOMILJIEKCHOM
dyuaruu [18]:

2i 2
w(z) =exp 221+ exp(t“)dt |,
)]
Z2=x+1iy,

x:M\IInZ,

YD
y 'L /In2. (6)
YD
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BmecTe ¢ TeM CIIEKTD IMPOMYCKAaHUs aTMochepsl
BO3BMOJKHO TIOJIYUUTH CaeayiomuM obpasom [17]:

R
T(v, R)=exp| -2 j a(v, R)dR |,
0
(v, R) =y, (Vs R)+ 0y (v, R)+

+0aq (Vs R)+0s (Vs R),

(7

rae o,,,(v, B) — mpoduis o6beMHOro Koadduumenta
ocyIabJieHns JIa3ePHOT0 M3JIYUYEHHUS 34 CUeT MOJIEKY-
JIAPHOTO PACCeSHUS; O, (v, R) u o, (v, R) — mpoduin
KoadhuiimeHToB ocyiabeHns1, 00yCJIOBIEHHbBIX ITOTJI0-
IIIeHreM 1 pacceaHreM aTMOC(hEePHBIMU adPO30JIAMU.

Ha ocHoBe mpencTaBJIEHHOTO MAaTE€MaTUYECKOI'O
amnmapara paspaboTaHbl aJrOPUTM (PyHKITMOHUPOBA-
HUSA U IPOrPaMMHO-aJTOPUTMUYECKAs CUCTEMA s
YMCJIEHHOrO MOJEJIMPOBAHUSA IIIMPOKOIIOJIOCHOTO JIa-
3ePHOro rasoaHaans3a aTrMocqepsl.

PDyHKIIMOHAJTBHBIE BO3MOKHOCTH
IIPOrPaMMHO-AJTOPUTMUYECKOM CHCTEMBbI

IIpotecc hyHKIIMOHUPOBAHUS IIPOrPAMMBI MOXK-
HO pas3ieJIUTh HA TPU OCHOBHBIX dTala, IIpeJcTaBJIeH-
HBIX B BHU/Je CTOJIOIOB Ha puc. 1: 1) BEIGOP U TOATOTOB-
Ka BXOJHBIX IIapaMeTpPOB; 2) UMCJIEHHOE MOIEINPO-
BaHUe; 3) MPeACTaBIeHNE U COXPaHEHNE Pe3yILTATOB
pacuera.

B KauecTBe BXOMHBIX MTaHHBIX BBICTYIIAIOT Hapa-
MeTPEI TPacChl 30HAUPOBAHUSA, THUII TPACCHI (TOPU30H-
TaJIbHAS, BEPTUKAJIbHAS), XaPAKTEPUCTUKU KCTOU-

NPOIMPAMMHBIE N AMNMMNAPATHBIE CPEACTBA

7

HUKA U3JayJYeHusa (Habop JUHUI M3JIyUYeHUsd, Juara-
30H TIEPECTPONKHY, IITUPUHA JUHNY U3TYUEHU S, MOIII-
HOCTB) ¥ IIPHUEMHOM YacTu IIpuodopa.

B cnircok OCHOBHBIX (DYHKITMOHAJIBHBIX BO3MOK-
HOCTEH IIPOrpPaMMHO-aJITOPUTMHUUECKON CHCTEMbI
BXOIUT PACUET CEUEHUS MOJIEKYJISPHOI'O IIOIVIOIIe-
HUA, KO9POUIIMEHTa MOJEKYJIAPHOTO IIOTJIOIIEHUA
(puc. 2, a u 6), CHEKTPOB IIPOITyCKaHUA aTMOChephl
(puc. 2, 6) Ha ocHoBe 6a3bl fanHbIXx HITRAN [12] 1
CTATUCTUUYECKUX MOJeJiell pacupenesieHuss aTMoC-
depHBIX XapaKkTepuctuk [19]. BmecTe ¢ Tem aBTOpOM
paspaboTaH MIPOrpaMMHBIN OJOK MOAEeIUPOBAHUSA
JUAAPHBIX CUTHAJIOB (puc. 2, 2), B mpoiiecce GyHKITA-
OHUPOBAHUSA KOTOPOT'O IPOUBBOAATCA PACUET U yUeT
Koa(hpuIireHTa MOJEKYJIAPHOro paccessHus (puc. 3, a)
[20] 1 KOPDDUIIMEHTOB a3PO30JIBHOT'O MOTJIOIIEHNA
(puc. 3, 6) u paccesrusd [21] cOOTBETCTBEHHO.

Heob6xogumo oTMETUTD, YTO IIPH pacueTe YKasaH-
HBIX CIIEKTPOB IIPEIYyCMOTPEHA BOBMOYKHOCTH BHIOOpA
PaBIMYHBIX allllapaTHLIX (YHKIUN: IPAMOYTOJIbLHU-
Ka, TpeyroJabHuKa, ['aycca, Jlopeuna u ap. [22]. IIpu
9TOM, KaK OTMeUYaJioCh paHee, pacyeT KOHTYPOB JIU-
HUH TIOIVIOIIEHUA ITPOUBBOAMUTCA C UCIOJIb30BAHUEM
kouTypa Poiirra [18].

A mesneil MPOBEPKU MPUMEHUMOCTHU Pa3auy-
HBIX JIa3€PHBIX MCTOYHUKOB B 3a/lauyax 9KOJIOTHUYe-
CKOr0 MOHUTOPHHTA aTMoc(epbl paspaboTaH 6JIOK
pacueTra OIINOOK BOCCTAHOBJIEHUA KOHIIEHTPAIIUH
HCCJIeYeMbIX I'a30BbIX KOMIIOHEHT aTMOoc(ephl Ipu
HeydJeTe IIOIJIOIIEHUsI JIA3€PHOr0 U3JIYUYEHUsI CTO-
pOHHUMU razaMu. B pesynbrare HabOp IIpPeCTaB-
JIEHHBIX IIPOrPAMMHBIX 0JIOKOB IIO3BOJISIET IIPOU3BO-
IUTH KOMILJIEKCHOE MOZEJNPOBAHNE JUCTAHIMOHHO-
ro rasoaHaJjnsa aTMocdepshl.

Bxomabie qaHHbBIE
Tun Tpacchl 30HIUPOBAHUS

AnnapartHaa GyHKIUS

XapaKkTepUCTHKY Ja3epa

Biok

pacyeTa CIIeKTPOB IIOTJIOIeHU A
U IPOITyCKaHUuA aTMochepsl

CnekTpsl
TOTJIOIeHUA U NIPOIIyCKAHUA
aTMocdepsl

Ha6op nuHnit nsnyuyeHns
Junamna3oH mepecTpoiKu A

/

Basa maHHBIX
CHEKTPAJIbHBIX JUHUH MOTJIOIEH U
HITRAN

Biox

pacuera JUIAPHBIX CUTHAJIOB

JIHI[apHLIe CHUTHAJbI

Mogean

/

pacupe/iesieHus mapamMeTpoB
armochepsr T [K], P [rIIa]

Mogean

Biok

pacuera OIInO0K BOCCTAHOBJIEHU
KOHIIEHTPAIlUK rasa

Omunoxn
BOCCTAHOBJIEHUS KOHI[EHTPAI[NU
KOHTPOJILPYEMOTO ra3a

MOJIEKYJISIPHOTO PACCESTHUS U
a’PO30JILHOTO OCJIA0IeHUS

B Puc. 1. O6mas cxema GyHKIIMOHNPOBAHUS IPOTPAMMHO-aJITOPUTMUYECKOM CUCTEMBI
B Fig. 1. General scheme of the program-algorithmic system functioning
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B Fig. 2. Atmospheric absorption spectra (a, 6), atmospheric transmission spectrum (6) and lidar signals (2)
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B Puc. 3. 3aBucumocTu K03 PUIIIEHTOB MOJIEKYIAPHOT0 pacceIHNd (@) U a9PO30JIbHOTO MOTJIOITeHN (6) OT JJINHBI BOJIHBI
B Fig. 3. Molecular scattering (a) and aerosol absorption coefficients (6) versus wavelength

PesysbTaThl YMCIEHHOTO S9KCIIEPUMEHTA II0 BOCCTA-
HOBJIEHHUIO KOHIIEHTPAIIUY YIVIEKKUCJIOTO I'a3a Ha BePTH-
KaJILHOH Tpacce JieTa cpeqHuX muport [19] mpuBeneHbt
Ha puc. 4, TIe IOKa3aH MPUMeD BOCCTAHOBJIEHUA KOH-
LeHTPAIUN UCCcIeAyeMoi ra3oBoii KoMnoHeHTsI (CO,)
U pesyJILTAT pacueTa OIMUOKY, BOSHUKAIOIIEH BBUIY
HeyJeTa BAUAHUSA CJIa00 JUHUU IIOTJIOIITEHUS BOIS-
Horo mapa (puc. 2, 6 — 6321,55 cv™l), pacmosoxeHHOH
HeIofaJIeKy OT aHAJU3WUPYEMOM JIMHUM TIOTJIOIIeHM
yTyIeKucoro rasa (puc. 2, 6 — 6321,25 cv).

KoHIenTpaiusa BOAAHOrO Mapa CHUMKAeTCs C yBe-
JIMYEHNEM BBICOTHI, BBUAY STOrO IIPEACTAaBJIEeHHA HA
puc. 4 omubKa BANAHUSA MEIIAIONIETO MOTJIOIIEHUI

YMEHBITIaeTcs ¢ BbicoToi. OUueBUIHO, IPU yUeTe BJIN-
SAHUA BceX (DAKTOPOB, BEISHLIBAIOIIUX OIITMOKY BOCCTA-
HOBJIEHU ST KOHIIEHTPAIINIi ra30B, OyaeT HalII01aThCs
POCT BETMUUHBI OIITUOKY C BHICOTOM.

st cayuass MpuMeHeHUs PACUueTOB B IIPUJIOKeE-
HUY K AUCKPETHO W IIJIAaBHO II€PEeCTPamBAEMBIM IIO
YacTOTe MCTOUHUKAM JIa3€PHOI0 M3JIYUEHUS IIPeny-
CMOTPEHA BO3MOXKHOCTh MCIIOJIb30BAHUS JUHENHO U
KyOMUecK” WHTEPIIOJNPYEMbIX 3aBUCUMOCTEH MOIII-
HOCTHU JIa3€PHBIX MMIIYJIHCOB OT AJWHBLI BOJIHBI WJIA
BOJIHOBOTO uucJja (puc. 5).

BmMmecTe ¢ TeM IpeacTaBlieHHAs Ha BCeX PUCYH-
Kax rpadguka saBasAeTCSI MHTePaKTUBHOI, UTO CyIIe-
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B Puc. 4. Pe3ynapTaThl YHMCICHHOI'0 9KCIIEPUMEHTA II0 BOCCTAHOBJIEHUIO KOHIIEHTPALIUN YIVIEKKCJIOrO rasa: d — MOJelb-
Hasd 1 BOCCTAHOBJEHHAA 3aBUCUMOCTH KoHIeHTpanui CO, BAOJIL TPACCHl 30HANPOBAHNA; 0 — Pa3HOCTD JOTapupMOB BeJIn-
UMH JUAAPHBIX CUTHAJOB [16]; 6, 2 — omubka BoccTaHOBIeHus KoHIeHTpanuu CO, B IPOLeHTaX U B PPIM COOTBETCTBEHHO

B Fig. 4. The results of a numerical experiment to reconstructing the concentration of carbon dioxide: a — model and

reconstructed dependences of CO, concentrations along the sounding path; 6 — the difference between the logarithms of
the lidar signals [16]; 6, 2 — error of CO, concentration reconstructing in percent and ppm, respectively
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B Puc. 5. Ky6buuecKky mHTEePIOJIUPOBAHHASA II€PECTPOELY-
Has KpHUBasd Jiasepa ¢ IapaMeTpuyecKoil remeparueil cee-
Ta B cpegHem UK-auamasone criekTpa

B Fig. 5. A cubic interpolated tuning curve of a laser

with parametric light generation in the middle IR range
of the spectrum

CTBEHHO YIIPOIIIaeT IIPOIlecC aHAaJV3a Pe3yabTaTOB
MOJIEeJIMPOBAHUS M CIOCOOCTBYET YBEJIMUYEHUIO TIPO-
U3BOAUTEIBHOCTH PAbOTHI OIIepaTopa.

Hapany ¢ mpeacraBieHHBIMU BO3MOYKHOCTAMU,
VHTYUTUBHAA apXUTEKTypa U MOAYJIbHAasA OpPraHU-

3aliA IPOTPAMMHOTO KOMILIEKCA ITPEOCTABIIAIOT
BO3MOJKHOCTD PACIIUPATH CYII[ECTBYIOIUH pacyer-
HBIN (DYHKIINOHAJI [IJIS PEIIeHNs CMEeKHbBIX 3a1ad.

Pesym,'ra'rm MOJeJIUPOBAHUA

IIpoBepKa KOPPEKTHOCTU (PYHKIITMOHUPOBAHUA
MIPOrPaMMHOI'0 KOMILJIEKCA IIPOBOAMWJIACH IIyTEeM
CpPaBHEHMsI PE3YyJIbTATOB MOJIEJUPOBAHUA CIEK-
TPOB C IPUMeEHeHHeM WNH(OPMAIMOHHON CHUCTEMBI
SPECTRA [23]. CpaBHUBaAJNCH PE3YIHTATHI MOIEJIN-
POBaHUS CIEKTPOB TIOTJIONIEHUS U ITPOITYCKAHMUA aT-
Moc(ephI B YCJIOBUAX JieTa CpeaHuX muport. Puc. 6, a
TIOKAa3bIBAeT KaueCTBEHHOE COBIIaJieHMEe XOoaa Koa(-
¢urenTa MOTJIOIIEHN B 00JI1aCTH KaK CJIa0bIX, TaK
¥ CUJIBLHBIX JIMHUH ITOTJIoIeHus. Ha puc. 6, 6 114 Ha-
TUISATHOCTY ITPUBEeHA YBeJInUeHHaA YacTh CIIeKTpa,
a MMeHHO onHa u3 jguHui noriomenus CO,. Ilpu
paccMOTpeHUN MTaHHOW JUHUU BUIAHO, UTO BEJIUUU-
HA K09(p(PUIIMEeHTOB IIOTJIOIIEHN COBIIAIaeT, OJHa-
KO TIOJIOKEHUS IEeHTPOB JUHUN UMEIOT HeOOJIbIIToe
pacxo:kaenue. V3 aHa/im3a KPUBOU OTHOCUTEIBHOM
PasHHUIBI MeXAY ciexkTpamu nponyckanusa CO, Ha
puc. 6, 8 MOXKHO ciesIaTh BEIBOJ, O TOM, UTO UTOTOBASA
BeJIMUMHA HECOBIAJEHMUS Pe3yJIbTAaTOB pacuera co-
crasiser meree 1 %.
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B Puc. 6. Pesynbrarsl pacuera CIEKTDPOB IIOTJIOIIEHUSI
(a, 06) u cnekTpos nponyckanus (8) CO,

B Fig. 6. Calculation results for absorption spectra (a,
0) and transmission spectra () of CO,

B 1mesmoMm peanusoBaHHBIN Ha AAHHBIA MOMEHT
(DYHKIIMOHAJ TPOrPaMMHO-aJITOPUTMUUECKOTO KOM-
IJIEKCA II03BOJISIET IIPOM3BOLUTEL SKCIIPECC-OIEHKY
BO3MOKHOCTEll TpPUMEeHEHUsA IITUPOKOTO Kpyra uc-
TOUHNKOB JIa3€PHOr'0 U3JIyUeHNsA B 3aJaUax AUCTaH-
IIMOHHOTO Ta30aHAJN3a aTMOC(ephI.

3aKIouYeHune

Paspaborana aBTOMaTHU3WPOBAaHHAS IIPOTPaAMM-
HO-aJITOPUTMUUYECKAs CHCTeMa, O00ecneumBaroias
pacuer KO3((PUIIMEHTOB IIOIJIOIIEHNSA, CIEKTPOB
MPOIIYCKAHUA aTMoc(epbl, JUTAPHLIX CUTHAJOB, a
TaKsKe OMInO0OK BOCCTAHOBJIEHUSA KOHIIEHTPAI1ii ra-
30BBIX KOMIIOHEHT aTMoc(pepbl. AHAJN3 Pe3yJIbTATOB
CpaBHEHUS CIEKTPOB, IOJYUYEHHBIX B IIporpaMMe,
¢ TaHHBIMU pacueTa 00Ien3BeCcTHON NH(POPMAIIMOH-
Hoit cucrembl SPECTRA mokasaj BO3MOMKHOCTD HC-
TOJIb30BAaHUA Pa3pabOTaAHHOTO IPOTrPAMMHOT'O KOM-
IJIeKca B 3aJjauax MOJeINPOBAHUS JUCTAHIITMOHHOTO
rasoaHaJjinsa arMocdepsl.

Pabora BbImOTHEHA ITPU YACTUYHOMN (hUHAHCOBOM
nonmepskke Poccuiickoro ¢ouHza GyHIaMeHTa b
HBIX uccaenoBanuii (rpaut Ne 16-45-700722 B ua-
cTU pas3paboTKu OJIOKA pacueTa CIEKTPOB IIPOIY-
crauusa armoc@epsl) u rpauTa Ilpesugenra PP mis
TMOANEPsKKY MOJIOABIX POCCUMCKUX YUEHBIX (IPaHT
Ne MK-1367.2017.5 B yacTu paspaboTKu 6JI0Ka Mojie-
JUPOBAHUA JUTAPHBIX CUTHAJIOB).
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Software system for numerical simulation of broadband laser gas analysis of the atmosphere

S. A. Sadovnikov?, Post-Graduate Student, Junior Researcher, orcid.org/0000-0002-3082-3521, sadsa@iao.ru
aV, E. Zuev Institute of Atmospheric Optics SB RAS, 1, Academician Zuev Sq., 634021, Tomsk, Russian Federation

Introduction: Successful monitoring of environmental parameters requires the development of flexible software complexes with
evolvable calculation functionality. Purpose: Developing a modular system for numerical simulation of atmospheric laser gas analysis.
Results: Based on differential absorption method, a software system has been developed which provides the calculation of molecular
absorption cross-sections, molecular absorption coefficients, atmospheric transmission spectra, and lidar signals. Absorption line
contours are calculated using the Voigt profile. The prior information sources are HITRAN spectroscopic databases and statistical
models of the distribution of temperature, pressure and gas components in the atmosphere. For modeling lidar signals, software blocks
of calculating the molecular scattering coefficient and aerosol absorption/scattering coefficients were developed. For testing the
applicability of various laser sources in the problems of environmental monitoring of the atmosphere, a concentration reconstruction
error calculation block was developed for the atmospheric gas components, ignoring the interfering absorption of laser radiation
by foreign gases. To verify the correct functioning of the software, a program block was developed for comparing the results of the
modeling of atmospheric absorption and transmission spectra by using the standard SPECTRA information system. The discrepancy
between the calculation of the atmospheric transmission spectra obtained using the developed system as compared to the SPECTRA
results is less than 1 % . Thus, a set of the presented program blocks allows you to carry out complex modeling of remote atmospheric gas
analysis. Practical relevance: The software complex allows you to rapidly assess the possibilities of using a wide range of laser radiation
sources for the problems of remote gas analysis.

Keywords — atmosphere, lidar sounding, differential absorption lidar technique, atmospheric trace gas.
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BBegeHue: coLmonHXeHepHble aTaku MOXHO pasfennTb Ha ABa Buaa: npsiMble (04HOX0[0BbIE) U MHOTOXO[0BbIE, POX04A -
Lme yepes Lenoyky nosb3osatesnei. TpaeKTopuen pacrnpocTpaHeHUs MHOMOXOL0BbIX COLMOMHXEHEPHbIX aTak Mexay AByMsl
ro/ib30BaTeNsIMU, Kak NpaBuiio, ABISETCS HEKOTOPOE HEMycToe MHOXEeCTBO. OLeHKN BEPOATHOCTU PAcrpoCTpaHEHUs aTaku
10 pasHbIM TpaekTopusaM ByAyT oTmyaThes. Lienb: BbisiBaeHne Hanbonee KpUTYHou (Hanbosiee BEPOATHOM) TpaeKTopum pac-
MPOCTPaHeHNs1 MHOIOX040BOW COLMONHXEHEPHON aTaku MeXAy [BYMS Mob3oBaTensaMu. MeTogbl: nouck, conocTaBsieHue 1
aHasnn3 anropuTMOB 4J15 BbISIBJIEHUS Hanbosiee KpUTUYHOM TPaeKTOPUM pacnpocTpaHeHns aTtaku. MeTogbl onuparoTcs Ha cBe-
LEHUS, XapaKTepU3syoLNe MHTEHCUBHOCTb B3aUMOAENACTBUS COTPYAHUKOB B KOMMaHUM, OCHOBaHHbIe Ha AaHHbIX, U3BJeKae-
MbIX U3 cOLMarbHbIX CETEN. YKasaHHbIe anropuTMbl CBOAATCS C UCMONb30BaHNEM psfa npeobpa3oBaHunit UCXOAHbIX faHHbIX
K anroputMam rovcka Hamkpatyasilero nyti B rpagpe. [puMeHsieMble OLeHKU BEPOSITHOCTY ycriexa MHOIOX040BOW COLMOMH-
XKeHepHOW aTaku pacCunTbIBAtOTCA C MOMOLLbIO METOA0B MOCTPOEHUS OL|EHKM BEPOATHOCTH CIIOXHOIo cobbITUs. Pe3ynbTatbi:
NpeasioxXeH MoAXo 4 K AEHTUDUKaLUM Hanbosee KpUTUYHbIX TPAEKTOPUI, OLjeHKa BEPOATHOCTYU ycriexa MPOXOXAEeHUs aTaku Mo
KOTOpbIM ByAeT Hanbosiee BbICOKOM. B npocTeliLiemM cryyae 3aga4a MOXET ObiTb PACCMOTPEHA Kak 3afaqya HaxoXAeHUS B rpa-
¢he nyTH, B KOTOPOM MPOU3BELEHNE BECOB BCEX PEBEP, BXOAALMX B AaHHbIA NMYTb, MakCUMasbHo. [pefcTaBneH nogxo K pe-
LIEHMIO 3a[a4M COKPALLEHNS Pecypco3aTpaTHOCTH airopuTMa rnpu rnomcke Hambosee KpUTUYHOM TPAEKTOPUM Ha MOJIHOM rpace
¢ 6O/IbLUMM KONIMYECTBOM BepLuMH. KpaTkuii 0630p METOLOB M anropuTMOB aBTOMAaTU3MPOBAHHOTO PELLEHUS 3afauu noucka
Hambosnee KPUTUYHONM TPAEKTOPUM PacrpOCTPaHEHUS] COLMOMHXEHEPHOM aTaky rokasas, YTo oHa B 06LyeM ciyyae npu psge
npeo6pa3oBaHuii MOXET ObITb CBefeHa K 3afaye noncka Hambosee KpUTUYHON TPAEKTOPUM C UCTIOIb30BAHUEM KOHGUIYpaLmm
anroputmoB JeiikcTpbl u bennmaHa — dopga. MpousBeaeHa aganTtayms BblGpaHHOro aaropuTMa Anisl yKasaHHOro KOHTEKCTa,
npeasioxeH MNOAX04 K pa3pexeHuto rpacha npu nouncke Haubonee KPUTUYHON TpaekTopuu. [pefcTaBaeHHbIe METOAbI VM alropuT-
Mbl peann3oBaHbl B MPOrpaMMHOM KOA€, AJ1S BepucbukaLum pedysbTaToB pacyeToB BbIMOJHEHbI YUCTIEHHbIE IKCEPUMEHTbI.
MpakTuyeckas 3HaYMMOCTb: pa3paboTaHHOEe MPOrpaMMHoOe obecrieyeHne, OCHOBAHHOE Ha MPEAJIOXEHHbIX B CTaTbe METO4e U1
anropuTMe, [onoNHAET hyHKLMOHAN NPE[LIECTBYIOLMX BEPCUI NMPOTOTUMOB NPOrpamMM /1S aHaIm3a 3aLmLLEHHOCTY M0Jb30-
BaTesneil UHGOPMaLMOHHbIX CUCTEM OT COLMOMHXKEHEPHBIX aTak. OHO MO3BONSAET yunTbIBaTb Goslee LWMPOKUI Kpyr ¢hakTopoB,
B/IUSIIOLLMX HA OL|EHKY BEPOSITHOCTYU ycriexa COLMOMHXEHEPHOM aTaku 3/10YMbILLIEHHUKA Ha M0/Ib30BaTESIS.

KnioyeBble cnoBa — nHpopmaLmoHHas 6€30MacHOCTb, COLMOUHXEHEPHbIE aTaKy, 3alymuTa nosib3oBaTesien, MHOroxo40-
Bbl€ COLMONHXEHEPHbIE aTaKu, TPAEKTOPUM PacrpoCTPaHEHUS aTak, BEPOSITHOCTb ycriexa nopaxeHusl nosb30BaTesis, cCoun-
aNlbHas UHXeHepus, aHaIn3 3aLLULLEeHHOCTHU Mob30BaTess, ayanT MHGPOPMaLUOHHOM 6e30MacHOCTHU, MOHUTOPUHI 3aLLMLLEH-
HOCTH, coymanbHbIi rpach KOMNaHUm, MUHTEHCUBHOCTb B3aUMOLENCTBUS COTPYAHNKOB, COL{UaIbHbIE CETH.
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BBenenue mpuberarT He TOJBKO K IOMCKY IPOrPDAaMMHO-TEX-
HUYECKUX YA3BUMOCTEll CHUCTEMbI, HO U K MEeTOJaM

B mocienmee BpemsaA HaOIOZAETCS POCT UMCJIA COIIMAJILHOM MHIKEHEPUH, T. €. IIOMCKY U DKCILITyarTa-
KunOepupecTyJeHu, YTO IPUBOAUT K CYII[€CTBEH- 1Y yA3BUMOCTEN moJsib3oBaresyeii. Takum o6pasom,
HBIM yOBITKaM Komnauuii [1, 2]. XapaxkrTep xubep- aKTyaJbHOI BUAUTCSA MPoOJeMa MOBBLIIIIEHUS YPOB-
IPEeCTYIJIEHUII TaKiKe CTAHOBUTCSI MHOTOOOpasHee, HA 3aIUINEHHOCTHN II0JIb30BaTeel MHMOPMAIINOH-
B HACTOsIIee BpeMs AJIA HapyIlleHus uH opMAaIiu- HBIX CHCTEM OT COI[MOMHKEHEPHBIX aTak. BaKHOi
OHHO 6€30IMaCHOCTU KOMIIAHUY 3JIOYMBIIIJIEHHUKNI COCTaBJIAIONIEN BTOU IPOOJIEMBI ABJIAETCSA 3akada
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aHaJIM3a ¥ MOHHUTOPUHTA 3aIUINEHHOCTU II0JIb30-
BaTesell MHGOPMAIMOHHBIX CHUCTEM OT COITMOMHIKE-
HEePHBIX aTak.

ConuonH)XeHepHbIe aTaKU II0 YUCIY 3aeHCTBO-
BaHHBIX IOJIb30BATeJIeil MOTYT OBITH OLHOXOIOBBIE
(mpAMBIe, HEOHMOCPeIOBAHHBIE) W MHOTOXOAOBBIE,
coBepIllaeMble Uepes IIEMOYKY II0JIb30BaTesiell, rie
HAYaJbHBIA U KOHEUHBIN IOJb30BATEJNM HE COBIIA-
afOT, ITOJIH30BATEJIU B IIETIOYKE HE IIOBTOPSAIOTCSH.
HexkoTopble moaxogbl K OIEHKE S3alUINeHHOCTH
TOJb30BaTENEH OT NPAMBIX COIIMONHIKEHEPHBIX
aTakK J0CTAaTOYHO IOAPOOHO M3JIOMKEHbI B paboTe [3].
B mammoii crarbe ucciaemyeTcs OOUH M3 ACIEKTOB
aHaJIM3a 3alUIeHHOCTHU MI0JIb30BaTesel nHpopma-
IUOHHBIX CHCTEM IIPU MHOT'OXOIOBBIX COI[MOWHIKE-
HEPHBIX aTaKaX — BbISBJeHUe HauboJsiee KPUTUY-
HBIX TPaeKTOpUil pacrnpocTpaHeHus ataku. [logxox
K OIleHKe BallUINeHHOCTV II0JIb30BaTeJiell IIpu
MHOT'OXOJIOBBIX aTaKaX, a TaKyKe K PacueTy OIeHOK
BEPOSITHOCTU PACIPOCTPAHEHUSI aTaKW OT II0JIb30-
BaTeJAd K IOJIB30BATEJI0 OBbLJI IIPeACcTaBJIeH B pabo-
Te [4]. OTMeTuM, UTO OIlEHKA BEPOATHOCTU ycCIleXa
MHOT'OXO/JTOBOU COITMOWHYKEHEPHOM aTaKu PaCCUUTHI-
BaeTcsd B IIPEJIIOJIOKEHNY, UTO OIeHKY BePOATHOCTH
pacIpocTpaHEeHUSA aTaKH OT OJHOrO MOJIb30BATEJIS
K apyromy u ob6paTHO paBHBI [4]. OmHaKO OlleHKa
BEPOSITHOCTH PACIPOCTPAHEHUSI aTaKH OT II0JIb30-
BaTeJId K IIOJB30BATEJI0 B IPSAMOM U 00paTHOM Ha-
IpaBJeHUU MOKEeT ObITh PasHoOil, COOTBETCTBEHHO,
He0O0XO0AMMO PacCMaTPUBaTh OPUEHTUPOBAHHBIN CO-
nuaabHBIHA rpad. Tak:ke B [4] He paccMaTpuBaOTCA
BOIIPOCHI IOMCKA HanboJjee KPUTUUHBIX TPAEKTOPUIA
pacmpocTpaHeHUA aTaku. Kak mpaBumio, CyIIecTBY-
eT HEeCKOJIbKO BO3MOMKHBIX TPAEKTOPHUIl PasBUTUSA
aTaK! OT OJHOTO II0Jb30BATENA K IPYTOMY, U BEPO-
ATHOCTU yCIieXa PaCIIPOCTPaHEHUS aTaKHU II0 KaiK-
IO M3 HUX B 0O0IeM caydae OyAyT MMeTh PasHbIe
3HAUeHUsdA. B CBA3UM C 3TUM aKTyaJbHOU BUIUTCA
3ajlaua MOMCKa Haubojiee KPUTUYHBIX TPAEKTOPUIA,
OIleHKA BEPOATHOCTU yCIleXa IPOXOXKJEeHUA aTaKku
10 KOTOPBIM OyaeT Hanbosee BbICOKOM. OgHa 13 moa-
3aa4y B JaHHOM KOHTEKCTe CBS3aHA C BHIABJIEHUEM
HaunboJee KPUTHUUYHBLIX TPaeKTopuit (T. e. Hauboee
BEPOSATHBLIX TPAEKTOPHI) PACHPOCTPAHEHUS aTaKU
OT OJHOT'O IOJIb30BATEJNA K APYroMY, U IeJbI0 JaH-
HOI pabOTHI IBJISETCS PelleHre STOH II0A3a1auu.

PeneBanTHbIEe paboTHI

3amesoM OJiA OAHHOTO WCCJENOBAHUS IIOCTY-
JKuau paboTsI [3, 4], B KOTOPBIX OMMMCAHBI ITOAXOIBI
K OIleHKe B3allUINEeHHOCTU IT0JIb3oBaTeell MHQ OpP-
MAaI[MOHHBIX CHUCTEM OT IIPAMBIX X MHOTOXOJOBBIX
COIMOMH)KEHEPHBIX aTak. B [5] mpencraBieH Kom-
MJIEKCHBIM TOAXOA K aHaam3y HWHOOPMAaIlMOHHOMA
0e30MacCHOCTY OpPraHM3aIuM, IIPEeIJIOXKEH IIOIXOI
K OIleHKe YA3BUMOCTH, HO IIPU 9TOM OOJIBITIaA YacTh
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ImapaMeTpOB OIEHNBAETCS CIIeIINaJIUCTOM 110 uH(OP-
MamuoHHo# GesomacHoctu. B [6] mpuBomaTcsa pe-
3yJIBTAThI, CBABAHHBIE C IPUMEHEeHUEeM 00y YaroIuX
UTP IJs1 COTPYOHUKOB KOMIIAHUU B IEJISIX CHUIKE-
HUSA PUCKOB YCIIEIIHBIX COIIMOWHKEHEPHBIX aTak.
IMIImpuUYecKue OLEeHKY, OJyUYeHHbIE B Pe3yIbTaTe
uccyefoBaHuii [7, 8], MoryT crioco6CTBOBATH IOCTPO-
€HUIO OIEHOK BEPOSITHOCTH YCIIEIIHON COI[MOMHIKEe-
HEPHOM aTaKu Ha IoJb3oBaTesisd. VccaemoBaHwue,
HaIpaBJIeHHOe Ha Pas3pabOTKy METOIOB 3aIl[UThI OT
HECKOJbKUX BUOB COI[MOMHIKEHEPHBIX aTaK, Ipe-
cTaBJIeHO B paboTe [9], oMHAKO MHOTOXOOBEIE aTaKK
He paccmarpuBaioTca. B pabore [10] npeacraBiena
MHOTOYPOBHEBASA MOJEJD OIeHKU YSI3BUMOCTH TI0JIb-
30BaTesiell K COI[MOMHIKEHEePHBIM aTaKaM, OCHOBAH-
Has Ha MCIOJb3yEeMbIX 3JIOYMBIIIJIEHHUKOM CIIOCO-
0ax KOMMYHHUKAIIUU C II0JIb30BATEJIEM, COCTOSHUU
CHCTEMBI B OIIPe/IeIEHHBIA MOMEHT BPEMEHY U Ha U3-
BECTHBIX CIIeHAPUAX aTaK, OJHAKO He YUUTHLIBAIOTCS
IICUXOJIOTUYECKe OCOOEHHOCTU U BJIUSAHUE CAMUX
TIoJIb30BaTesiell MHPOPMAIMOHHOM cucTeMbl. B [11]
U3yYaeTcss BOBMOMKHOCTD 3aITUThHI KOHMUIEHITNATb-
HBIX JAHHBIX, ITOJyYaeMbIX U3 COIMAJIbHBIX CETEeMH.
OCHOBHBIM O0'BEKTOM KCCJIEIOBAHUS ABJIAETCA CO-
UaJbHBIN I'pad B3auMOAENCTBUA IIOJb30BaTeIeH 1
coco0bI 00pPabOTKM HerKeJaTeJbHBIX (C TOUKU 3pe-
HUA KOH(PUIEHITMAJIbHOCTH) CBA3EH B COIUAJJIbHBIX
cetsax. B [12] mpemyiaraercss moaxon K TOBBITIIEHUIO
YPOBHA MHMOPMAIIMOHHOM 6e30IIaCHOCTU OpPraHm3a-
I[UY 32 CUET aHaJIN3a 3AIUINEHHOCTH IIOCPEICTBOM
aBTOMATH3WPOBAHHOTO cOopa JaHHBIX O COTPYIHU-
KaxX KOMIAHUU U3 OTKPBITHIX UCTOUHUKOB U UX II0-
CJIEIYIOIIETO M3YUEHUA U OIEHKHU B IEJIAX BBIABJIE-
HUA HauboJee ya3BUMBIX MecT. B [13] uccienyrorcsa
(aKTOpBI, BAUAOIINE HA YA3BUMOCTH IIOJIH30BAaTE-
Je# ¥ IPUUYUHBI IOABEPKEHHOCTH COI[MOWHIKEeHep-
HBIM aTakam. CyIIlecTBeHHBIN ILJIaCT UCCAeIOBaAHNI
B 00J1aCTH 3aIIUTHI TOJH30BATEJIEH OT COIMOMHIKE-
HEePHBIX aTaK MOCBAIIEeH UJeHTUPUKAIIUY U aHaIU-
3y BaIUIleHHOCTU OT arak Tuna gumuHr [14-20].
PesynbraThl TaKMX pabOT IIOJIE3HBI U MOT'YT OBITh
HCITOJIb30BAHLI IIPU PaspabOoTKe CHCTEM YIIpesKia-
[oIell UAarHOCTUKY U BBIPAOOTKY PEeKOMeHaaIluii
JINITaM, IPUHUMAIOIIUM PeIeHn .

dopmaan3anus 3aa4u BHISIBJIEHUS Hanboiee
KPUTHYHON TPAEeKTOPUH PACTIPOCTPAHEHUT
COLIMOMHKEHEePHO aTaKu

Ananns BO3MOMKHBIX TPAEKTOPUIH pacopocTpame-
HUSI COIMOMH)KEHEPHOI aTaKu IIperjaraercs IIpo-
M3BOAUTH HA OPUEHTUPOBAHHOM COIIMAJBLHOM T'pade
COTPYOHUKOB KomMmnauuu. Iloa comuaabHbIM Irpadom
COTPYAHMKOB KOMIAaHNU OyaeM IIOHIMATh I'pad, Bep-
IITUHBI KOTOPOTO COOTBETCTBYIOT COTPYAHUKAM KOM-
nmaHuu, a pedpa — CBA3AM MEXKIY COTPYAHUKAMMH.
dopmanusysa onucanHoe, 3aganum rpad G = (U, E),
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n
rme U ={User;{. , — MHOKECTBO BepIIHUH (II0JIb30-
ifj=

1

Baresen); E = {ui, Uj, pi,j} — MHOKeCTBO

1<i,j<n,i#j
YIIOPSAAOYEeHHBIX TPOEK C 3aJaHHOU OIeHKOUN Bepo-
ATHOCTU PACIPOCTPAHEHUA aTAKM OT IOJIb30BATEIA
K II0JIL30BATENI0 — P . 3aMeTuM, YTO paBEHCTBO D
up;;B ofbIeM ciydae He Ipefrojaraercsa. To ecTsb
BEPOATHOCTb PACIPOCTPAHEHUS aTaKW OT IIEPBOTO
TIOJIB30BATEJIA KO BTOPOMY MOKET OTJINYATHCS OT Be-
POSITHOCTU PACIIPOCTPAHEHUS aTaKU B APYTYIO CTO-
POHY — OT BTOPOTO K IIEPBOMY.

B paccmaTpuBaemoit Mozesin OIeHKa BEPOATHO-
CTH yCIIeXa PacIIPOCTPAHEHUs aTaKU OT IIOJIb30BaTe-
JIA K TIOJIb30BATEJ0 3aBUCUT OT UHTEHCUBHOCTY B3a-
UMOJEHCTBUA MeKIy moJb3oBarenaMu. CorsiacHo
[2], oHa MOKeT OBITH paccumMTaHa CJIEAYIOINIUM 00-

pasom: p; ; =1—Ht(1—p;’] )nt , roe p;’ — omeHka
BEPOATHOCTU yCIIEXa COIMOMHKEHEPHON aTaKu 3JI0-
VMBIIIIeHHUKA Ha MOJb30BaTe I 110 t-Ii CBA3H; 1, —
YUCJIO SIIM300B B3auMoeiicTBus. B paccmarpuBae-
MOM YaCTHOM CJIyYae MOJAEJIN, YUNTHIBAIOIIEH CBe/e-
HUS, U3BJIEKaeMble U3 COIIUAJTBHBIX CeTell, Pij > 0;
pebpa, rae oleHKa BEPOATHOCTU pi;= 0, uckJmoua-
IOTCSI M3 UTOTOBOI'O COL[MAJILHOIO Ipada.

Taxum obGpasom, 3ajmaua Imomcka Haubojiee Kpu-
THUYHOU TPAEKTOPUU MHOTOXOI0BOM COI[MONHKEHeP-
Hoit araku ot User; 10 Userj CBOJIUTCS K 3ajlaue Ha-
XOKAeHus: B rpade dJieMeHTapHoro nyTu (IIpocToro
u 6e3 ITUKJIOB) MEXKIY STUMHU BepImuHamMu. [Ipuuem
OyTh HOJKEH ObITh TAKMM, YTO IIPOM3BEJEHIE OIle-
HOK BepOATHOCTel TepexoJoB OT WIOJb30BaTes
K II0JIb30BaTeJI0, BXOAAIIUX B HETro, MaKCHUMAaJb-
HO. ByseM HaswIBaTh OIEHKY BEPOSITHOCTH yCIIeXa
MHOT'OXOJIOBO¥ COITMOMHKEHEPHON aTaku, KoTopas
npeacTaBaseT coOol IPon3BeeHe OIeHOK BepOsAT-
HOCTell pacIIpOoCTpaHeHUs aTaKu OT IIO0Jb30BaTeJs
K MOJIb30BATEJI0 U IIPSIMOM aTaKM Ha IIePBOro MOJIb-
30BaTeJIsA, IJIMHOU ITyTH.

IToxxox K BREIABJIEHUIO HanboJIee
KPUTUYHON TPAEKTOPHUU PACIIPOCTPAHEHU
COI[MOUWHIKEeHEePHOI aTaKu

Hna yuporeHus, He yMaJsasd OOIIHOCTH, pac-
cmorpum rpad G = (U, E'), rae U:{Useri}?zl
(monb3oBareneir); E'=

MHOMEeCTBO BEpPIIINH

=9l u;, U, —

i — MHOXX€eCTBO yIOpPALO-
bi,j

1<i,j<n,i#j

UYEeHHBIX TPOEK, rae }cam,uof/i mape moJIb30BaTeJel co-

IIOCTaBJIEHO YMCJIO

. BaMeTI/IM, YTO B 9TOM CJIy-
bi,j

4ae, eclIu p; ;= Ppp, TO p—Sp—, a NJINHA IyTH
i,j Lk

OyZmeT BBIUUCJIATHCS CJIEAYIOINUM 00pasoM: L:
1 -1 1 Pmi
=—H , TOe p., OIleHKa BEPOSTHOCTU

Pm i=m DPii+1

yciexa IIPOXO0iKIeHNA aTaKK OT II0JIb30BaTesA M 0
IIOJIb30BATeJd [; p,, — OIeHKa BEPOATHOCTHU ycIlexa
OpAMOUN COIMOMHIKEHEPHOU AaTaKU BJIOYMBIIIJIEH-
HUKa Ha I0Jb30BATEJ; P; ;11 — COOTBETCTBYIOIIAs
OIleHKA BEPOSITHOCTH PACIPOCTPAHEHUS aTaKU Ha
TI0JIb30BATEJIA Uepes APYToro Mmoab3oBaresid. Takum
o0pasom, OT 3aJauu IIOMCKA YT C MAaKCUMAJbHOM
IJMHOU IlepeiileM K 3ajauve IIONCKa IIyTHU C MUHU-
MAaJbHOH! OJIMHOM.

YT0o0bI IPUMEHHUTH AaJITOPUTMBI HaXO0MKICHUSI
MHUHUMAaJbHOTO IIyTH, HEOOXOAMMO IIPOMU3BECTHU P

mpeobpasoBanuii. CoryiacHO OCHOBHOMY Jiorapud-

log-L

MUYECKOMY TOXIECTBYy: — =¢€ Pij Torma mauHa
bij
Iy Ty OyJeT pacCUNUTHIBATHCA CIIELYIOIIUM 00pa3oM:

logi -1 log

-1
1 1 1 -
—:—l | =e Pm I |e pl’l+1:
Pmi Pm j—pm Pijinl i=m

=
=expilog—+ ) log .

Pm  i—m Piji+1

ITockoIBKY OIleHKa p,, ycliexa MPAMOTO COIIAOMH-
JKEHEePHOr0 aTaKyIoIero BO3AeiCTBIA Ha II0Jb30Ba-
TeJist m OyaeT oAMHAKOBA /IS BCeX TPAeKTOPUM, Ha-
YMHAOIINXCA C TIOJIb30BATEJIA M, TO 3aJadua CBOAUT-

-1
cA K TIOUCKY TMYyTU, B KOTOPOM — Z log p; ;11 MuHD-
=m
MaJibHaA Cpeay BCeX BO3MOJKHBIX TPAeKTOPU, HAUU-
HAIOIIUXCSA C TOJIb30BATEA M U 3aKaHUYNBAIOIIXCS
-1
IOJIb30BaTeJIeM [, 1IN, 4TO TO Ke, z log Diji+1 MakK-
=m
cumaJyibHa. TakuMm o0pasoM, 3ajaua IMIPeACTaBJISET
€000l CTaHZAPTHBIN NMOWCK HAWMKPATUAMIIIEro IIyTHU
B OPHMEHTHUPOBaHHOM rpacde 06e3 pedbep oTpUIlaATEIb-
HOTO Beca.

IIycTs n — umMCJIO BEPIMH B COIMAJIBLHOM rpade
(41CJI0 COTPYAHUKOB), M — UHCJO AYT B COIHAJb-
HOoM Tpade. [[yia pemieHusa 3agayun IOMCKa HauboJiee
KPUTHUYHON TPAaeKTOPUM Ha COI[MAJbHOM rpade ObI-
JIU pacCMOTpeHbI anropuTmbl Beinnmana — Poppa,
JleBura, ®@aoitna — Yopiresna, [leiKCTPHI U €T0 MO-
Iu(UKAIUY, TOMOJOTHYeCKasa COPTUPOBKa, A* [21—
23]. Anroputrmsbl JleButa u ®moiina — VYopimesia
UMEIOT BBICOKYIO BBIUUCJIUTEJbHYIO CJIO0MKHOCTD
B YCJIOBHUAX HAIIIEll 3aJa4uM, MOITOMY UX IIPUMeEHe-
HUe HereJecooOpasHo. [lJyid mpuMeHeHUs aJITOPUT-
Ma TONIOJOTUYEeCKOU COPTUPOBKU HCXOLHBIN Trpad
IOJIXKeH ObITh anuKJINYHbBIM. CoImaJabHBIN Tpad
COTPYAHUKOB KOMIIAHWUYW B OOJIBINIMHCTBE CJIydYa-
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eB He o00JiaJaeT STUM CBOMCTBOM, B CBA3H C UeM
YKa3aHHBIA aJTOPUTM He MOKeT OBITH IIPUMEHEH.
Agroputm A* ynoOeH TeM, YTO OCYIIIECTBJISET IIOUCK
KpaTyaiIinero pacCTOAHUS TOJbKO MEXKIY IBYMS
BepIINHAMU, a He Me:Kay BceMu. OTHAKO TPYAHOCTH
WCIIOJIb30BAHUA JAHHOTO aJITOPUTMa 3aKJI0YAETCA
B moabope MPaBUILHON 9BPUCTUUECKON (QYHKIIUU.
Kpome Toro, anroputrm A* TpebyeT 00JIBIIIOr0 00b-
eMa ImaMATH IIpu paboTe, B CBA3U C UeM €ro IpuMe-
HeHue HelesiecoobpasHo. Asnroputm [lefiKCTphI o-
XOMUT JJisl PelIeHus Halel 3amauu, o06JiagaeT BhI-
YHCIUTENbHOMH ciokHocTbio O(n2). IIpu aToM onTu-
MaJIbHAasA CJIOYKHOCTD AJIA aJITOPUTMOB, OCHOBAHHBIX
Ha ajgroputme [eifikcTprl, cocraBaser O(nlogn + m)
U JOCTUTAeTCs HPU IPEACTABJIEHUM AAHHBIX B BU-
me kyu @ubonauunr. OMHAKO KOHCTAHTBI, CKPBLITHIE
B aCUMIITOTUYECKUX OILEHKAX TPYAOEMKOCTHU YIIO-
MAHYTON MoZudUKaIMM, 3aYacTyI0 Ha IpPaKTUKe
BesuKku. C APyroil CTOPOHBI, HJaHHbIE MOMKHO Xpa-
HUTH B IBOMYHOM Kyue, TOrIa CJI0KHOCTH COCTABUT
O(nlogn + mlogn). Ho 3ameTuM, 4TO BpeMs pabOThI
Moau(UKaIU COKPATUTCS 10 CPABHEHHUIO C KJiac-
CHUYECKUM aJTropuTMOM J[eHKCTPHI TOJIBKO TIPHU yC-
JIOBUM m < n2, T. e. B cliydyae paspekeHHOro rpada.
B pamkax Hareil 3ajaun He Bceria IpeIoaaraeTcs
pabora ¢ paspeskeHHBIMU COIlaJbHBIMU IpadaMu.
Taxk:ke B cryuae, eCJIi YUCJIO YT B rpade MeHbIIe
yucJia BepinuH (m < n), To AJs IIONCKa HauKpaTJuaii-
IIero OyTHU WCIIOJb3yeTcs: aaroputMm Bemnvana —

SALLUNTA UHDOPMALUN AN

dopaa. Ero BuiumcauresbHas ciaokHOCTHL O(mn),
¥ B 9TOM CJIyyae OHa MEHBIIE, UeM y aJITOpUTMa
JerKCcTphI.

Takmum 00pa3oM, ¢ yUeTOM YKa3aHHBIX OCOOEH-
HoCTell HamboJiee TOAXONAIIIVMY BADUAHTAMHY SBJISA-
1orcsa anropuTmbl etfikeTpel u Benrnvmana — ®opza.
JaHHBIE aJITOPUTMBI ITIO3BOJIAIOT 00ECIIEUUTh PadboTy
IPU OKUJAEMBbIX BapUallWAX HCXOJHBIX COIMAJIb-
HBIX rpad)OB COTPYAHUKOB opraHmsanuii. [lyua Toro
uTOOBI JOOUTHCA 6oJiee OBLICTPOM PabOTHI AJITOPUTMA
0es yirepba AJid TOYHOCTHU, ObLIN BBEeIeHbI JOIIOJJIHI-
TeJbHBIE YCIOBUsA. A UMEHHO, IJIs YMEHBIIIEHUA BbI-
YMCJAUTEJTBHONU CJIOKHOCTU aJITOPUTMa YCTaHOBJIE-
HO IIOPOTOBOE 3HAUEHUE: €CJIU OLIEHKA BEPOATHOCTU
YCIIEIITHOTO PaCIPOCTPAHEHUs COIIMOMHIKEeHEPHON
aTaky OT HAUYaJbHOI BEPIIUHEI 10 00pabaTbIBaeMOHi
B JIAHHBINI MOMEHT BEDPIINHBI CTAHOBUTCS MEHBIIIE
3aaHHOTO IIOPOTa, TO OH MCKJIOUAeTCA U3 PACCMO-
TPEHUA.

Peanuzanmusa

OnwucaHHBIN TOAXOI ObLJI Peajin30BaH B KauecTBe
IOTIOJTHUTEJIHHOTO MOAYJIA KOMIIJIeKca JJIs aBTO-
MAaTH3WMPOBAHHOIO aHAJNM3a 3aIUIIEeHHOCTH II0JIb-
3oBareseii WHAOPMAIIMOHHBIX CHUCTEM OT COITHO-
WHI)KEHEePHBLIX aTaK, cXeMa U OIHNCaHWe KOTOPOTO
mmpefcTaBJIeHBI B paboTe [24]. Biok-cxema ajaropur-

OOHOBUTSH IIYTH 10
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B Puc. 1. Biiok-cxema aJropuTMa IorucKa Hanbojee KPUTUYHON TPAeKTOPUY PACIIPOCTPAHEHUS COI[ONHIKEHEePHOH aTaKku
B Fig. 1. The flowchart of the search algorithm for the most critical trajectory of the social engineering attack spread
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B Puc. 2. CKpUHIIIOT pe3yJibTaTa paboThl IPOrPaAMMHOTO MOAYJISA TOMCKA Hanboiee KPUTUYHON TPAEKTOPUY Pealn3aum
COIMOMHKEeHEePHOH aTaKu (BbIZeJIeHHAA TPAaeKTOpuA — HanboJiee KPUTHUYUHAST)

B Fig. 2. Screenshot of the software works result for search module of the implementations most critical trajectory of a
social engineering attack (the selected trajectory is the most critical)

Ma, 3aJI0’KEHHOI'0 B pPeajn3alui JaHHOTO MOXYJIS,
npeacTaBjeHa Ha puc. 1. B KauecTBe BXOOHBIX IIa-
PaMeTpPOB UCIOJb3YIOTCA UASHTU(PUKAIIMOHHBIE HO-
Mepa JBYX IIOJIb30BaTesell, HauboJiee KPUTUUHYIO
TPAeKTOPUIO PACIPOCTPAHEHUS COIMOMHIKEHEPHOM
aTaKy MeXIy KOTOPLIMY HEOOXOAMMO HANTH, a TaK-
JKe CoIaJIbHBIN rpad), IMoJaydaeMblii ¢ IOMOIIILIO Of-
HOT'0 U3 MOAYJIel YKa3aHHOTO KOMILJIEKCca IIPOrpaMm
HA OCHOBE JaHHBIX, U3BJEKAEMbIX U3 KOHTEHTA, IIy-
OJIUKYyeMOTo TOJIb30BATEJNAMU B COIMAJBHOM CeTu
BKonrakre [4]. PesynbraToM paboThI IPOrpaMMHO-
ro MOAYJs ABJIsieTcsa Hanbojee KPUTUUHAS TPAEK-
TOPUSA PACITIPOCTPAHEHUS COIMOMHIKEHEPHOM aTaKu,
OIIEHKA BEePOATHOCTH yCIIeXa IIPOXOKISHUS 10 KOTO-
poii MeKIy IBYMS IOJIb30BATENAMN MaKCUMaJIbHA.
IIpumep paGoThI MPOTPAMMHOrO MOIYJIA IIPEICTaB-
JneH Ha puc. 2. Ilna Budyaausanuum pesyabrata pa-
GOTHI MOIYJIA UCIIOJIb3yeTcsa 6udbanorexka JGraphX.

3aKJI0ueHne

B crarbe npensoskeH mOAX0M K BBISIBJICHUIO HAU-
6ojlee KPUTUYHON TPAEKTOPUU PaCIPOCTPAHEHUI

MHOTOXO/IOBOM COITMOMHIKEHEePHO aTaKU 3JI0Y MBIIII-
JIEHHUKA, OIIEHKA BEPOATHOCTH MPOXOKIEHUS II0
KOTOpOi MakcuMasbHa. IIpomsBemeH 00630p ajro-
PUTMOB, IIpUMeHeHWe KOTOPBIX BO3MOIKHO IIPU Pe-
IIIeHUU JaHHOM 3aJauu, OCYIIeCTBJIEHA aJallTallusd
BBIOPAHHBIX AJTOPHUTMOB K PEIeHUI0 3a0auu IIOMC-
Ka Hambojiee KPUTHUYHOI TPAeKTOPUHU PACIIPOCTPAa-
HEeHUA COI[MONHIKeHepHoH araku. PaspaboTaH ajiro-
PUTM BBIABJIeHUA HanboJiee KPUTUYHON TPAaeKTOPUU
U eT0 peayn3aIus.

IIpakTUyecKas 3HAUNMOCTD IOy YEHHBIX Pe3yJIb-
TaTOB 3aKJIOUAETCA B PACIIMPEHUU BO3MOYKHOCTEN
CYIIIECTBYIOIIETO TIPOTPAMMHOTO KOMILIEKCa A
aHaJim3a BalUINEHHOCTH II0Jb3oBaTeaelr WHQMOP-
MAIIMOHHBIX CHCTEM OT COITMOMHIKEHEePHBIX aTakK.
PaspaboTaHHble METON U AJTOPUTM JATYT B OCHO-
BY pellleHusA 3aJauu MOMCKa Haubojsee KPUTHUUHBIX
TPaeKTOpUN peaiMsaliuii aTak B MH(POPMAI[MOHHOI
cHCTeMe C yYeTOM YPOBHEH MOCTyIIa II0JIb30BaTeJieit
¥ KPUTUYHOCTH JOKYMEHTOB. IlepCIIeKTHBBI AAjb-
HeMIIero uccjaeJOBaHNs TaKiKe 3aKJII0Ua0TCA B pas-
paboTKe oAX0M0B K (hOPMaIU3aIUN 1 PEIIeHUIO 3a-
Iad GOKTPeKuHTa NHIIUAEHTOB. TaKiKe IIepCreKTUBEI
IaJbHEHINNX MCCJAeJOBAHNII MOTYT OBITh CBS3aHBI
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C pa3paboTKOU IIOAX0J0B K MOAEJIMPOBAHUIIO U OIEH-
Ke BepPOsATHOCTEH ycmexa pacipocTpaHeHsa MHOT0XO0-
JOBBIX COI[MIOMHKEHEPHBIX aTaK, B YACTHOCTH, MOYKET
OBLITH MCITOJIBL30BAH amIapar 0aiiecoBCKuX ceTett [25].

PaboTa BBITIOJIHEHA B paMKax IIPOEKTa II0 T'oCy-
mapctBerHomy 3amannuio CITMMPAH Ne 0073-2018-
0001 mpu puHaHCOBOU MoAAepkKe PDODU, mpoeKT
Ne 18-01-00626 «MeTtoasl peacTaBIeHNs, CHHTE3a

\ SALLVTA HDOPMALIN \

OIIEHOK MCTHHHOCTH M MAIIUHHOTO OOyYeHUus B aJ-
rebpanyecKux 6afeCOBCKUX CETAX M POJCTBEHHBIX
MOJIeJISAX 3HAHUM C HeOoIpeleIeHHOCThIO: JOTUKO-Be-
POATHOCTHBIN IOAXOR U CUCTEMBI rpad)oB»; IIPOEKT
Ne 18-37-00323 «CoruonHKeHepHbIe aTaKU B KOp-
IMOPATUBHBIX WH(MOPMAIIMOHHLIX CHCTEMAaX: IIOJ-
XOAbI, METOBI M AJITOPUTMBI BHIABJIEHUA HauboJee
BEPOSTHBIX TPAEKTOPUIA».
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Search for the shortest trajectory of a social engeneering attack between a pair of users in a graph
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Introduction: Social engineering attacks can be divided into two types: direct (one-way) and multi-pass ones, passing through a
chain of users. Normally, there are several propagation paths for a multi-pass social engineering attack between two users. Estimates
of the probabilities of an attack to spread along different trajectories will differ. Purpose: Identification of the most critical (most
probable) trajectory for a multi-pass social engineering attack between two users. Methods: Methods of searching, matching and
algorithm analysis are used to identify the most critical trajectory of attack propagation. They apply the information about the intensity
of the interaction between employees in companies based on data extracted from social networks. These algorithms are reduced, using a
number of transformations of the original data, to the algorithms of finding the shortest path in a graph. The estimates of a multi-path
social engineering attack success probability are calculated with the methods of constructing an estimate of a complex event probability.
Results: We have proposed an approach to identifying the most critical trajectories, whose estimate of the attack success probability is
the highest. In the simplest case, the problem can be reduced to finding a path in the graph with the maximum product of the weights of
all the edges involved. The resource intensity of the algorithm when searching for the most critical trajectory on a complete graph with a
large number of vertices can be reduced with a specially developed technique. A brief overview of the methods and algorithms providing
automated search for the most critical propagation path of a social engineering attack showed that in a general case it can be reduced,
with some transformations, to the problem of finding the most critical trajectory using the configuration of Dijkstra and Bellman —
Ford algorithms. The chosen algorithm was adapted for the specified context, and an approach was proposed to thin out the graph
when searching for the most critical trajectory. The presented methods and algorithms are implemented in software code. Numerical
experiments were performed to verify the calculation results. Practical relevance: The developed software based on the method and
algorithm proposed in this article complements the functionality of the previous versions of software prototypes for analyzing the
protection of information system users against social engineering attacks. It allows you to take into account a wider range of factors
affecting the assessment of social engineering attack success probability.

Keywords — information security, social engineering attacks, user protection, multi-path social engineering attacks, attack
trajectories, user’s defeat success probability, social engineering, user security analysis, information security audit, security
monitoring, company social graph, employee interaction intensity, social networks.
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Introduction: The goal of this issue is the analysis of evolution of the current and novel wireless networks, from second
generation (2D) to fifth generation (5G), as well as changes in technologies and their corresponding theoretical background and
protocols — from Bluetooth, WLAN, WiFi and WiMAX to LTE, OFDM/OFDMA, MIMO and LTE/MIMO advanced technologies with new
hierarchy of cellular maps design — femto/pico/micro/macro. Methods: We use new theoretical frameworks for description of
the advanced technologies, such as multicarrier diversity technique, OFDM and OFDM novel approach, MIMO aspects description
based on multi-beam antennas approach, various cellular maps design based on a new algorithms of femto/pico/micro/macrocell
deployment, and a new methodology of a new MIMO/LTE system integration based on multi-beam antennas. Results: We have
created a new methodology of multi-carrier diversity description for novel multiple-access networks, of usage of OFDM/OFDMA
modulation to obey inter-user and inter-symbol interference in multiple-access networks, of how to obey the multiplicative noises
occurring in the multiple-access wireless networks, caused by multi-ray phenomena, and finally, of how to overcome propagation
effects occurring in the terrestrial communication links by use combination of MIMO and LTE technologies based on multi-beam
antennas. For these purposes we present new stochastic approach that accounts for the terrain features, such as buildings’
overlay profile, buildings’ density around the base station and each user antennas, and so forth. These parameters allow us to
estimate for each situation occurs at the built-up terrain area the effects of fading, as a source of multiplicative noise. Practical
relevance: New methodology of how to estimate effects of multiplicative noise, inter-user and inter-symbol interference, occurring
in the terrestrial wireless networks, allows us to predict a-priory practical aspects of the current and new multiple-access wireless
communication networks, such as: the users’ capacity and user's links spectral efficiency for various configurations of cells
deployment — femto, pico, micro, and macro, as well as the novel MIMO/LTE system configuration for future networks of 4th and
5t generation deployment.
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Novel femtocell concept for modern networks
from 4G to 5G

The femtocell concept is one of the example of
new technologies, that makes use as of the exist-
ing 3G homogeneous and non-homogeneous cellular
networks to yield high speed mobile communica-
tions (up to 1 Gbps) [83—94]. A femtocellular con-
cept was introduced, as an example of how to im-
prove GoS and QoS for modern MIMO networks by
introducing a non-standard planning of the cells’
pattern instead of existing technologies of cells’
pattern design [22, 95, 96]. We present now a re-
cent configuration of femtocell concept combined
with WiFi-WiMAX existing networks for the pur-

pose to perform of a new 4! generation of wireless
networks. Such a configuration is presented sche-
matically in Fig. 17.

According to [83—94], we define femtocell as the
home access point (HAP) [called also Femto-Aps or
FAPs] arranged inside the existing micro- or mac-
ro-cell networks for the increasing of the rate of
information data stream for each home subscrib-
er. The increasing demand observed during the
recent decades for higher information data rate
in standard wireless networks has triggered the
performance of advanced cellular technologies
and modern networks. Thus, the third-generation
partnership projects (S3PPP and 3PP2) [86, 87],
HSPA [93], wideband code division multiple access

82 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N6, 2018



\ NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI AN

Broadband
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B Fig.17. Schematic presentation of Femtocell-WiFi-WiMAX configuration

(WCDMA-2000) and WCDMA/HSPA standards,
the modern forth-generation (4G) technologies and
the corresponding networks on the basis of WiMAX
(based on the protocol 802.16e) and LTE standards
[83, 85, 90], were continuously adopted to supply
the real mobile broadband experience for the mobile
customers. This occurs because of the growing de-
mand for mobile wireless communications, which
requires to determine and to fully understand the
capacity limitations of each technology due to the
fact that the capacity limit formulates the maxi-
mum data rates based on the channel capacity equa-
tion that was introduced firstly by Shannon [84].

One of the main approaches to overcome the fun-
damental capacity limitations and as a result to in-
crease the maximum user throughput is to use the
higher-order modulation techniques for broadband
networks, such as OFDM [91]. However, such a tech-
nique requires smaller cell radius especially when
the reuse of one frequency scheme is used.

Femtocell access point (FAP) networks have re-
cently received considerable attention from commu-
nication society due to their enormous potential for
capacity improvements by answering the small cell
radius requirement [83]. The initial standardiza-
tion of FAP by the 3GPP, 3GPP2, WiMAX Forum
[85—87, 90, 94] was completed lately, signaling that
femtocell technology has been recognized by the
highest profile standardization structures world-
wide.

Finally, the femtocell concept allow designers
of such combined femtocell-microcell or femto-
cell-macrocell networks to achieve a higher capacity,
that is, maximum possible rate of signal data pass-
ing via such indoor-outdoor channels with minimi-
zation in the multiplicative noise due to fading and
the noise caused by interference between users [83,
92-94]. At the same time we notice that the co-ex-
istence between the FAP, neighboring FAPs and mi-

cro- or macro-cell BSs (denoted as MBS), remains a
key problem that needs to be addressed [85—87].

A precise control of femto-macro cellular (FMC)
interference should be performed. This control re-
lates to sub-band scheduling and interference can-
cellation. Thus, to control FMC interference the
macrocell bandwidth should be split into sub-bands
and the short-rage femtocell links should allow their
power across these sub-bands. The corresponding
procedure of the macrocell partitioning into sub-
bands is done as follows.

The sub-band Af;, i € [1, N], is used in all M cells
and serves users located close to the each cell BS.
The other sub-bands Afj, j#1i, serve users close to
the cells’ edges. During sub-band partitioning, an
adaptive power control technique is usually used.
Such approach of powers allocation across the sub-
bands can maximize loading and GoS.

Finally, using femtocell APs, we can satisfy the
problem of macrocell interface, reduce inter-cell in-
terference between adjacent macrocells, mitigate
the femtocell-macrocell users interference, and im-
prove cell edge users’ performance. The main goal of
femtocell-macrocell and femtocell-microcell deploy-
ments is to avoid co-channel interference and to in-
crease the overall cell capacity, which in turn allows
achieving high data rate for each indoor subscriber.

All these benefits depend strongly on the propa-
gation phenomena (i. e., physical background) that
occur in indoor-outdoor communication environ-
ments. A good prediction of these propagation ef-
fects allows solving the problem of full radio cover-
age for each femtocell (e.g. indoor) subscriber locat-
ed in the area of each FAPs service.

Here, we focus our effort on the co-existence
analysis that takes into consideration the different
scenarios of FAPs deployment. The analysis is per-
formed in terms of channel capacity estimation for
different FAPs deployment strategies. Following

NeE, 2018 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 83



7/ NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI /

the [88-96], we formulate the capacity analysis on
the basis of four main terminologies:

—dedicated spectral assignment (DSA), that is,
the FAP deployment by using a dedicated spectrum
that is not used for the macro-cell network;

—shared spectral assignment (SSA), that is, the
FAP deployment by using the same frequency carri-
er as a macro-cell network;

— closed subscriber group (CSG), that is, the
FAP is accessible only for a local group of users ac-
cording to the defined access list;

—open subscriber group (OSG), that is, all MBSs
might access the FAP coverage service.

All the combinations DSA with CSG and OSG,
as well as SSA with CSG and OSG, we will analyze
below. We also notice that in the CSG case, the only
users, which are inside the indoor environment, are
assumed to be served by the FAP.

Some of the details on shared spectral channel
assignment deployment can be found in [88-90];
the comparison between the closed and open access
group list is analyzed in [91], and different power
control techniques are discussed in [92]. The Femto
forum white papers have also included studies for
co-existence analysis in terms of mutual interfer-
ence [94].

Channel capacity models

To analyze the potential of channel capacity of
mobile users in networks with integrated femtocell
deployments, Shannon’s equations were introduced
considering different FAP available configurations
(CSG and OSG) and spectral channel assignment
strategies (DSA and SSA) mentioned above. The
following conditions in such femtocell deployments
and channel capacity models were assumed:

a) the total spectral bandwidth of the system, B,,
is assigned to FAPs and MBSs according to the con-
sidered configuration: DSA, SSA, CSG, or OSG;

b) all users have the same available bandwidth,
which is assigned to comply with the highest avail-
able demand of service in the network, that is, each
MS receives the equivalent part of the B,;

c¢) all FAPs and MBSs transmit simultaneously
to all active subscribers, whether stationary or mo-
bile.

We notice here that to calculate the average re-
ceived signal strength accounting for slow and fast
fading phenomena caused by multiple scattering,
diffraction and reflection, the unified propagation
models for outdoor, indoor and outdoor-indoor sce-
narios were used following References [22, 7T7-89].

Now, let us introduce the main formulas for con-
sidering different FAP available configurations
(CSG and OSG) and spectral channel assignment
strategies (DSA and SSA).

Shared spectrum assignment with close subscrib-
er group. In case when the total spectrum band-
width B, is shared between the FAP network and the
macro-cell BSs (MBSs), the capacity of MS user iz in
FAP coverage, can be introduced as follows [95, 96]:

Cssa_¢sG_indoor i =

= B,y logy| 1+ Sji = (33)
ETByy+ Y, I+ I,
j=1,j#i =1

Here, B,y = B,/N is a bandwidth normalized to
number of users N served by FAP; Sy, is the signal
strength of the FAP in the location of MS user iy
served by FAP with i, € (1:N); I, is the interference
strength of MBS antenna with [ € (1:L), where L is a
total number of MBSs; I is the interference strength
of the neighboring FAP j with j € (1:J), when J is
a total number of FAPs; kETB, is the thermal noise,
where kj is a Boltzmann coefficient and T is a tem-
perature (in Kelvin). We notice that the MS users,
which were allocated indoor are considered to be reg-
istered in the CSG, otherwise they are not allowed
to be served by FAP. The capacity of the outdoor MS
user i,, can be calculated as follows [95, 96]:

Cssa ¢SG_outdoor i =

_B,plogy| 1+ Swi | @y
kTBtP+ZIJ-+ > I
j=1 1=1,1#i

where B,, = B,/P is a bandwidth normalized to
number of users P served by MS; S, is a signal
strength of the MBS in the location of MS user i,,
served by MBS with i, € (1:P).

Shared spectrum assignment with open subscrib-
er group. The main difference for this case is that
the MS users that are located outdoor can be poten-
tially served by FAP. Therefore, for MS users i,
which are served by FAP and located outdoor, the
channel capacity can be written as [95, 96]:

Cssa ¢SG_outdoor iF =

Sri

:BtN logz 1+ 7 T (35)
ETByy +Y I+ Y I
j=1 1=1,1#i

The decision if the outdoor MS served by FAP or
by MBS antenna is done by simple handover thresh-
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old, that is, the transmitter (FAP or MBS antenna)
with highest signal strength gets to serve the MS.
Dedicated spectrum assignment with closed sub-
scriber group. In case the dedicated spectrum is as-
signed to the femtocell network, there is no mutual
interference between the MBS and the FAP, however
the total bandwidth B, is divided between the FAP
and MBS network in some manner, that is, the allo-
cation can be potentially not symmetrical. Therefore
the channel capacity for the MS user i, that isin FAP
coverage can be introduced as follows [95, 96]:

Cpsa ¢sG_indoor i =

Sri

=B;ygqlogs| 1+ (36)

J b
ETBing+ Y, I
j=1,j#i

where B,y,; = B, FNR/N, and FNR is a FAP network
ratio, which defines the part of total B, spectrum
allocated for FAP network. The capacity of the
outdoor MS user i,,, which is served by MBS can be
calculated as follows [95, 96]:

Cpsa_cSG_outdoor i =

S
i @

ETBipg+ Y. I,
1=1,1=i

ZBth 10g2 1+

where B,p; = B, FNR/P is, as above, a bandwidth
normalized to number of users P served by MBS.

Dedicated spectrum assignment with open sub-
scriber group. In such a scenario, the channel capac-
ity for the MS users, ip, that is, located under the
FAP radio coverage (having better signal strength),
can be introduced as follows [95, 96]:

Cpsa_0SG_outdoor iF =

Sri

= BtNd 10g2 1+ (38)

J 2
ETBng + ) 1
j=1

where B,y = B, FNR/N is, as above, a bandwidth
normalized to number of users N served by MS
antenna.

Addressing the problem of optimal resources al-
location in the predefined built-up areas of interest
and for the above four scenarios, let us introduce a
well-known power allocation procedure called in the
literature the “spatial water-filling” [108—-110].

Analysis of femto/micro/macrocell
network configurations

In our numerical analysis of the four scenarios
described above, we assume that the users are ran-
domly, but uniformly, distributed in the investigat-
ed area of service. For the analysis two representa-
tive areas were selected: one is for an urban, and one
is for a suburban area (see definitions in [21, 22]).

We also assume that each FAP has 3 categories
corresponded to the output antenna power of 10, 15,
21 dBm, respectively. In each category, the power
dynamic range is 30 dB. Each FAP affects other us-
ers within a radius of 150 m.

For each distribution described above, we need
to optimize the maximum transmitted power. The
optimization criterion is to maximize the site’s to-
tal ergodic capacity, that is, the sum of maximum
available capacity for each user in the site under in-
vestigation [95, 96]:

Ciotar = 2 C; (outdoor _users)+
i
+Y_C; (outdoor _users_no_femto)+
i
+Y C;(outdoor _users_with_femto).  (39)

i

Propagation aspects of femtocell networks. To
analyze various scenarios in the outdoor-indoor
communication environments for the femtocell-mac-
rocell joint planning tool deployment, the multi-par-
ametric stochastic approach for signal strength pre-
diction in urban environment is used. This approach
is fully described in [21, 22] and some details on the
stochastic models for regular and non-regular dis-
tributions of buildings in the urban environment
are presented in references [97-107]. This stochas-
tic approach combines the multipath propagation
along straight crossing streets, areas surrounding
streets and other natural or man-made obstructions
randomly distributed (according to Poisson’s law as
an ordinary flow of scatterers) on the rough terrain.
General formulas were obtained in references [99—
102] for prediction of the signal path loss in various
scenarios with different elevations of the base sta-
tion and the subscriber antennas. In this paragraph,
the simplified approach based on reference [101] is
proposed, where multiple diffraction and scattering,
having the coherent and incoherent parts, have been
rearranged in the simple forms.

We will present the total path loss, presented in
[21, 22], accounting additionally for penetration of
the radio signal inside buildings and the additional
loss caused by walls, that is,

Lyy10)(r) = —32,4 — 30logfypyy,; — 30logryy,,; —
- Lfading_ Lwalls + (GBS + GMS)’ (40)

NeE, 2018 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 85



7/ NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI /

where, as in [22],

YoloF? (21, 22)

i 2 (oY |

Lfading =10log 172’ 41)

F2(z, 29)= (}7 -z ) 2. all other parameters are
described above in Part 2. Here we introduced also
a new term called loss by walls, L, ;. = 10log|T|,

|T| =.[1—(X|F|)2, 0.5 < X <1 according to Referen-

ce [85], where |T| is the absolute value of refraction
coefficient that equals: |T| = 0.9-0.95 for glass,
IT| = 0.75—0.85 for wood, |T| = 0.55—0.65 for stones,
and |T| = 0.15-0.2 for concrete (for X = 0.5-0.9)
[106, 107]. The wavelength of the radio wave has a
wide range that varies from A = 0.05 m toA = 0.53 m
and covers most of the modern wireless networks
[22, 105-107].

As for indoor channels, here we use the same
combination of the statistical waveguide model
describing propagation phenomena along the cor-
ridors and inside rooms lining each corridor (see
[22]), where instead of the time ¢, we account for
relations between time ¢=(r+7)/d and distances

1/2
rand 7= [dz +r2 —2rdcos (p} / . After straightfor-

ward derivations, we get:

Ltotal =-32.4 —2010gf[MHZ] —
—101og[Wsin2%}—2.4{y0(r+f)}—

d((r+7r)—dcoso
—1010g(| Taur ” Tfloor |)_1010g ((r+f)2 _dz )_

InX| [+ -d?]
- 8.6 -
a'(p) (r+7)—dcoso

+(Gps +Gys)|ap.  42)

In this formula we account for attenuation
loss caused by walls and by floors, as was done in
[105, 107] by introducing the absolute values of
the coefficients of attenuation caused by walls,

Tyay» and by floors, Tp,,: |Twall|:H|Twall,m
m

and |Tyoor |= [ | Tf00r,n| according to [105, 107].
n

Formulas (40) and (41) will be used below for analy-
sis of situation with path loss in outdoor macro- and
micro-cell environments and formula (42) will be
used for analysis of propagation inside femto-cell
indoor links.

Numerical analysis of different femtocell net-
work deployments. We analyzed numerically two
types of deployments for different types of femto-
cell configurations:

a) there are three types of standard FAPs with
maximum output power of 10, 15, and 21 dBm,
mentioned above;

b) the same analysis was performed after the im-
plementation of the power optimization algorithm
using the spatial water-filling approach proposed
previously.

Since both types of techniques gave the same re-
sults [95, 96], we present one of them on the basis
of the water-filling approach. Numerical computa-
tions were performed for the urban scene that corre-
sponds to the one of the built-up areaof 1.5 x 1.5km
(Fig. 18), after the power allocation optimization
algorithm using the water-filling mechanism. As it
follows from Fig. 18, there are 7 cells uniformly dis-
tributed in this area. The MS users were randomly,
but uniformly, distributed across the selected area
where the part of them was randomly allocated in
the indoor environment according to the real clut-
ter definition (that is, a different percentage of in-
door calls of 20, 40, and 60 % were simulated ac-
cording to conditions considered in [95, 96]).

The FAPs were also randomly uniformly distrib-
uted between the indoor users. Different percentag-
es of indoor MS users (from all number of users lo-
cated in area of service) of 50, 70, and 100 %, which
have FAPs, were also simulated. Different distribu-
tions of FAPs between the MS users were simulated
for the following configurations: uniform, where
80 % MS users are concentrated at the cell edge and
20% are concentrated in the cell centre, and vice
versa.

* BS -—a-— Qutdoor user
@ Femto user

- Indoor user

B Fig. 18. The tested urban area. The big stars corre-
spond to the MBS; different collared quadrates corre-
spond to femto users, indoor users and MS outdoor users,
respectively
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All types of FAPs configuration (CSG, OSG) with
SSA and DSA, were simulated and are presented in
Fig. 19-22 for the above mentioned scenarios of MS
users’ distribution. The analysis was performed
within the centrally positioned 7-cell pattern in the
cluster assuming the frequency reuse of one. In nu-
merical computations, the users’ density was taken
to be 480 users per square kilometre [95, 96].

Thus, in Fig. 19, a, b the CDF of signal data ca-
pacity for four network configurations (CSG, OSG,
SCA, DCA) and for different FAP’s distributions.

The effective irradiated power is 21 dBm and the
number of indoor users is 60 % from all subscribers
in the tested area. Once can see that the preferable
network configurations are the shared and dedi-
cated CSG and OSG femto-network configurations.
Figures 20 show the total probability of the signal
capacity (or maximum data rate) for shared CSG (a)
and dedicated OSG (b) for different FAPs densities,
of 50, 70, and 100 %, for indoor users using FAP of

NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI

N

60 % from the total number of indoor users in area
of service.

The dedicated OSG allows for achieving higher
data rate for the same usage of FAPs — 50, 70 or
100 %.

Figures 21 and 22 show the CDF of the signal
capacity for the dedicated CSG and shared network
configuration, respectively, for different percent-
age of indoor users, 20, 40, and 60 %, and for num-
ber of FAPs used by these indoor users: 70 % (a) and
100 % (b).

We can see that, again, the shared CSG concept
allows us to obtain higher data rate (or capacity) for
the same number of FAPs deployed by indoor users.

The obtained results allow us to conclude that the
water-filling techniques for the optimal power alloca-
tion of FAPs can be fully implemented for predicting
the different femtocell-macrocell network configura-
tions with different tradeoffs for indoor, outdoor and
femto-users densities. The similarly obtained results

a) Indoor users =60 % FAP=100% EIRP=21dBm
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B Fig. 19. Distribution of signal data capacity for four network configurations for different FAP’s distribution: 100 %
(a) and 50 % (b). The effective irradiated power is 21 dBm; the number of indoor users is 60 % from all subscribers in the
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B Fig.22. Network configurations vs. different percentage of indoor users, 20, 40, and 60 % , for shared CSG scenario

for two frameworks, with and without the water-fill-
ing mechanism, have shown an improvement in the
capacity distribution results between the users of
joint femtocell-macrocell co-existing systems.

Experimental verification of the total path
loss in femtocell — microcell areas

Now we will compare results of numerical com-
putations of propagation outdoor-indoor model for
femtocell employments in picocell and microcell en-
vironments with experiments curried out in special
built-up environment [22].

In the first cycle of experiments we show only the
part of the specific area topographic map that cor-
responds to a femtocell-picocell environment sur-
rounding one of the two-story building, as shown
in Fig. 23, where the position of the transmitting
antenna is denoted by the circle.

The vertically polarized transmitting sectoral
antenna was installed 12 meters apart from the
building, at 2-meter height. The receiving antenna
was positioned inside the building at a height of 5
meters (i. e., at the 21 floor). It was arranged at the

notebook as a wireless card with its dipole micro
antenna. This experiment corresponds to “femto-
cell-picocell-microcell” conditions.

Measurements were carried out for each meter
along the radiopath outside and inside the building,
and the corresponding signal strength was meas-
ured. The power of the transmitting signal was
12 dBm and the frequency was 2.450 GHz. Due to
scanning of the transmitting antenna (see straight
lines in Fig. 23) in the azimuth domain, different
angles of beam direction were taken, starting from
30 degrees up to 150 degrees, as it is seen in Fig. 23.
We will present two characteristic graphs obtained
experimentally according to 3D numerical code.
The measured results are shown in Fig. 24, a and b.

The corresponding numerical simulations of the
same conditions of the experiment are shown in
Fig. 25, a and b.

It was found, both, theoretically and experimen-
tally that after passing a wall of bricks the signal
intensity falls to —14+17 dB, and then attenuates
smoothly according to Equation (42) along the cor-
ridor. Despite the fact that the measured and the
numerically predicted results of the signal 3D pat-
tern have not the same shape and form, they both
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Stairs

Door Door

Antenna 12 meter

Door

B Fig. 23. The scheme of the experimental site. The transmitter antenna is denoted by circle and located outside the
building at the range of 12 m from the front wall of the building. Each line presents the radio path in azimuth domain
where the angle is changed from 30 to 150 degrees
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B Fig.24. Experimentally obtained 3D pattern of the signal power in the joint time-distance domain for the azimuth of
60 degrees (a) and 135 degrees (b)
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B Fig.25. Numerical simulation outdoor-indoor link where all simulation data corresponds to the experiment: a — pre-
sented in Fig. 24, a; b — presented in Fig. 24, b
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predict the sharp attenuation during as the signal
passes through the wall, and they predict the same
attenuation with accuracy of +(3+5) dB.

We should notice that inside the building, due to
multi-diffraction and multi-reflection effects from
each inner architectural construction, the meas-
ured data showed strong oscillations of the record-
ing signal strength (see Fig. 24, a, b), whereas the
simulated data show much weaker oscillations (see
Fig. 25, a, b).

Behind the building, theoretical model is a poor
predictor of the experimental data. The difference
between theory and experiment is of the order of

10-15 dB. This occurs because in formula (42) the
effects of attenuation due to several walls is not
taken into account, as well as the effects of furni-
ture and other architectural structures that can
work as the “secondary sources of diffraction”, in-
creasing overall intensity of the signal. Therefore,
the multi-parametric stochastic approach, present-
ed above, is limited, as a good predictor of propa-
gation phenomena in indoor/outdoor femtocell-mi-
crocell communication environment, where all fea-
tures and constructions, existing inside each room
under testing, should be taken into account.
Ending follows.

References

1. Jakes W. C. Microwave Mobile Communications.
Wiley, New York, 1974.

2. Lee S. C. Y. Mobile Cellular Telecommunication Sys-
tems. McGraw-Hill, New York, 1989.

3. Steele R. Mobile Radio Communication. IEEE Press,
1992.

4. Proakis J. G. Digital Communications (3d ed.).
McGraw-Hill, New York, 1995.

5. Stuber G. L. Principles of Mobile Communications.
Kluwer Academic Publishers, Boston, 1996.

6. Peterson R. L., Ziemer R. E., and Borth D. E. Intro-
duction to Spread Spectrum Communications. Pren-
tice Hall PTR, New Jersey, 1995.

7. Rappaport T. S. Wireless Communications: Princi-
ples and Practice. Prentice Hall PTR, New Jersey,
1996 (2nd ed. in 2001).

8. Steele R., and Hanzo L. Mobile Communications. 24
ed. John Wiley & Sons, Chickester, 1999.

9. LiJ.S., and Miller L. E. CDMA Systems Engineering
Handbook. Artech House, Boston-London, 1998.

10. Saunders S. R. Antennas and Propagation for Wire-
less Communication Systems. John Wiley & Sons,
Chickester, 2001.

11. Burr A. Modulation and Coding for Wireless Commu-
nications. Prentice Hall PTR, New Jersey, 2001.

12. Molisch A. F. (Ed.). Wideband Wireless Digital Com-
munications. Prentice Hall PTR, New Jersey, 2000.

13. Paetzold M. Mobile Fading Channels: Modeling, Anal-
ysis, and Simulation. John Wiley & Sons, Chickester,
2002.

14. Simon M. K., Omura J. K., Scholtz R. A., and
Levitt B. K. Spread Spectrum Communications Hand-
book. McGraw-Hill, New York, 1994.

15. Glisic S. and Vucetic B. Spread Spectrum CDMA Sys-
tems for Wireless Communications. Artech House,
Boston-London, 1997.

16. Dixon R. C. Spread Spectrum Systems with Commercial
Applications. John Wiley & Sons, Chickester, 1994.

17. Viterbi A. J. CDMA: Principles of Spread Spectrum
Communication. Addison-Wesley Wireless Commu-
nications Series, 1995.

18.Goodman D. J. Wireless Personal Communication
Systems. Addison-Wesley, Reading, Massachusetts,
1997.

19. Schiller J. Mobile Communications. 224 ed. Addi-
son-Wesley Wireless Communications Series, 2003.

20.Molisch A. F. Wireless Communications. John Wiley
& Sons, Chickester, 2007.

21. Blaunstein N. and Christodoulou C. Radio Propaga-
tion and Adaptive Antennas for Wireless Communica-
tion Links. 15t ed. Wiley & Sons, New Jersey, 2007.

22.Blaunstein N. and Christodoulou C. Radio Propaga-
tion and Adaptive Antennas for Wireless Communica-
tion Networks — Terrestrial, Atmospheric and Iono-
spheric. 2" ed. Wiley & Sons, New Jersey, 2014.

23.Hadar O., Bronfman I., and Blaunstein N. S. Optimi-
zation of Error Concealment Based on Analysis of
Fading Types. Part 1. Statistical Description of a
Wireless Video Channel, Models of BER Determina-
tion and Error Concealment of Video Signals. Infor-
matsionno-upravliaiushchie sistemy [Information
and Control Systems], 2017, no. 1, pp. 72-82.
d0i:10.15217/issn1684-8853.2017.1.72

24.Hadar O., Bronfman I., and Blaunstein N. S. Optimi-
zation of Error Concealment Based on Analysis of
Fading Types. Part 2. Modified and New Models of
Video Signal Error Concealment. Practical Simula-
tions and their Results. Informatsionno-upravliai-
ushchie sistemy [Information and Control Systems],
2017, no. 2, pp. 67-76. doi:10.15217/issn1684-
8853.2017.2.67

25. Vostrikov A., Kurtyanik D., Sergeev A. Choosing
Embedded WI-FI Module for Mobile Optic-Informa-
tion Systems. Vestnik. 2018, no. 4, pp. 26—29 (In Rus-
sian).

26. Vostrikov A., Balonin Yu., Kurtyanik D., Sergeev A.,
Sinitsyna O. On Hybrid Method of Video Data Protec-
tion in IP-networks. Telekommunikatsii [Telecommu-
nications], 2018, no. 2, pp. 34—39 (In Russian).

27. Erosh 1., Sergeev A., Filatov G. Protection of Images
During Transfer via Communication Channels. Infor-
matsionno-upravliaiushchie sistemy [Information
and Control Systems], 2007, no. 5, pp. 20—22 (In Rus-
sian).

90 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N6, 2018



\ NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI AN

28.Sergeev A. Generalized Mersenne Matrices and Balo-
nin’s Conjecture. Automatic Control and Computer
Sciences, 2014, vol. 48, no. 4, pp. 214—-220.

29. Sergeev A. M., Blaunstein N. S. Orthogonal Matrices
with Symmetrical Structures for Image Processing.
Informatsionno-upravliaiushchie sistemy [Informa-
tion and Control Systems], 2017, no. 6, pp. 2-8 (In
Russian). doi:10.15217/issn1684-8853.2017.6.2

30. Modulation and Coding Techniques in Wireless Com-
munications. Ed. by E. Krouk, and S. Semenov. John
Wiley & Sons, Chichester, United Kindom, 2011.

31. Specification of the Bluetooth System. Dec. 1, 1999.
Available at: www.bluetooth.com. (accessed 15 Au-
gust 2017).

32.Junaid M., Mufti M., and Ilyas M. U. Vulnerabilities
of IEEE 802.11i Wireless LAN. Trans. Eng., Comput.
and Technol., Feb. 2006, vol. 11, pp. 228—-233.

33.IEEE 802.11 Working Group. Available at: http://
grouper.ieee.org/groups/802/11/index.html (acces-
sed 15 August 2017).

34.Wireless Ethernet Compatibility Alliance. Available
at: http://www.wirelessethernet.org/index.html (ac-
cessed 15 August 2017).

35.Sharon O., and Altman E. An Efficient Polling MAC
for Wireless LANs. IEEE/ACM Trans. on WiMAX
Systems Evaluation Methodology V2.letworking,
2001, vol. 9, no. 4, pp. 439—451.

36.IEEE std. 802.11-1999: Wireless LAN Medium Access
Control (MAC) and Physical Layer (PHL) Specifica-
tions, 1999.

37. Qainkhani I. A., and Hossain E. A Novel QoS-aware
MAC Protocol for Voice Services over IEEE
802.11-based WLANSs. J. Wireless Communic. and
Mobile Comput., 2009, vol. 9, pp. 71-84.

38.Wireless LAN Medium Access Control and Physical
Layer Specification. IEEE Press, 1999, Jan. 14.

39. Zyren J. Reliability of IEEE 802.11 High Rate DSSS
WLANs in a High Density Bluetooth Environment;
802.11 section, 8—6, 1999.

40.Perahia E. IEEE 802.11n Development: History, Pro-
cess, and Technology. IEEE Communic. Magazine,
2008, vol. 46, pp. 46—55.

41.Ni Q., Romshani L., and Turletti T. A Survey of QoS
Enhancements for IEEE 802.11 Wireless LAN. J.
Wireless Communic. and Mobile Comput., 2004,
vol. 4, no. 5, pp. 547-566.

42. Wang W., Liew S. C., and Li V. O. K. Solutions to Per-
formance Problems in VoIP over 802.11 Wireless
LAN. IEEE Trans. Veh. Tech., 2005, vol. 54, no. 1,
pp. 366—384.

43.Robinson J. W., and Randhawa T. S. Saturation
Throughput Analysis of IEEE 802.11e Enhanced

Distributed Coordination Function. IEEE J. Select.
Areas of Communic., 2004, vol. 22, no. 5, pp. 917—
928.

44.Wang P., Jiang H., and Zhuang W. 802.11e Enhance-
ment for Voice Service. IEEE Wireless Communic.,
2006, vol. 13, no. 1, pp. 30—35.

45. Perez-Costa X., and Camps-Mur D. IEEE 802.11e QoS
and Power Saving Features Overview and Analysis of
Combined Performances. IEEE Wireless Communic.,
2010, vol. 17, no. 2, pp. 88—96.

46.Kopsel A., and Wolisz A. Voice Ptransmission in an
IEEE 802.11 WLAN Based Access Network. Proc. of
4th ACM Int. Workshop on Wireless Mobile Multime-
dia (WoWMoM ), Rome, Italy, 2001, pp. 24—33.

47. Veeraraghavan M., Chocker N., and Moors T. Sup-
port of Voice Services in IEEE 802.11 Wireles LANSs.
Proc. of IEEE INFOCOM’01, 2001, vol. 1, pp. 488—
497.

48.Kim Y.-J., and Suh Y.-J. Adaptive Polling MAC
Schemes for IEEE 802.11 Wireless LANs Suppor-
ting Voice-over-IP (VoIP) Services. J. Wireless Com-
munic. and Mob. Comput., 2004, vol. 4, pp. 903-916.

49. Andersen J. B. Array Gain and Capacity of Known
Random Channels with Multiple Element Arrays at
Both Ends. IEEE J. Selected Areas in Commun., 2000,
vol. 18, pp. 2172-2178.

50. Blaunstein N., and Yarkoni N. Capacity and Spectral
Efficiency of MIMO Wireless Systems in Multipath
Urban Environment with Fading. Proc. of the Europe-
an Conf. on Antennas and Propagation, EuCAP-2006,
Nice, France, 2006, pp. 111-115.

51. Tsalolihin E., Bilik I., and Blaunstein N. MIMO Ca-
pacity in Space and Time Domain for Various Urban
Environments. Proc. of 5" European Conf. on Anten-
nas and Propagation, EuCAP, Rome, Italy, 11-15
April, 2011, pp. 2321-2325.

52.Chizhik D., Farrokhi F., Ling J., and Lozano A. Ef-
fect of Antenna Separation on Capacity of BLAST in
Correlated Channels. IEEE Commun. Letters, 2000,
vol. 4, no. 11.

53. Gesbert D., Shafi M., Shiu D., Smith P., and Naguib A.
From Theory to Practice: An Overview of MIMO
Space-Time Coded Wireless Systems. IEEE Journal
on Selected Areas in Comm., 2003, vol. 21, no. 3,
pp. 281-302.

54. Radioplan. RPS user Manual 5.4. Available at: http://
www.actix.com (accessed 15 August 2017).

55. Philippe J., Schumacher L., Pedersen K., Mogensen P.,
and Frederiksen F. A Stochastic MIMO Radio Chan-
nel Model with Experimental Validation. IEEE J. Se-
lected Areas in Commun., 2002, vol. 20, no. 6,
pp. 1211-1226.

56. Gesbert D., Boleskei H., Gore D. A., and Paulraj A. J.
Outdoor MIMO Wireless Channels: Models and Per-
formance Prediction. IEEE Trans. Commun., 2002,
vol. 50, no. 6, pp. 1926-1934.

57. Boleskei H., Borgmann M., and Paulraj A. J. On the
Capacity of OFDM-based Spatial Multiplexing Sys-
tems. IEEE Trans. Commun., 2002, vol. 50, no. 1,
pp. 225-234.

58.Boleskei H., Borgmann M., and Paulraj A. J. Impact
of the Propagation Environment on the Performance
of Space-Frequency Coded MIMO-OFDM. IEEE J. Se-
lect. Areas Commun., 2003, vol. 21, no. 2, pp. 427-439.

Ne6, 2018 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 9l



7/ NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI /

59. Chizik D., Ling J., Wolniansky P. W., Valenzuela R. A.,
Costa N., and Huber K. Multiple-imput-multiple-out-
put Measurements and Modeling in Manhattan. I[EEE
J.on Selected Areas in Commun., 2003, vol. 23, no. 2,
pp. 321-331.

60.Oyman O., Nabar R. U., Boleskei H., and Paulraj A. J.
Characterizing the Statistical Properties of Mu-
tual Information in MIMO Channels. IEEE Trans.
Signal Processing, 2003, vol. 51, pp. 2784—
2795.

61. Paulraj A. J., Gore D. A., Nabar R. U., and Boleskei H.
An Overview of MIMO Communications — A Key to
Gigabit Wireless. Proc. of IEEE, 2004, vol. 92, no. 2,
pp. 198-218.

62.Forenza A., et al. Adaptive MIMO Transmission for
Exploiting the Capacity of Spatially Correlated Chan-
nels. IEEE Trans. Vehic. Technol., 2007, vol. 56, no. 2,
pp. 619—630.

63.Foschini G. J., and Gans M. J. On Limits of Wireless
Communications in a Fading Environment when us-
ing Multiple Antennas. Wireless Person. Communic.,
1998, vol. 6, no. 3, pp. 311-335.

64.Proakis J. G. Digital Communications. 4% ed.
McGraw-Hill, New York, 2001.

65.Paulraj A. J., and Kailath T. Increasing Capacity in
Wireless Broadcast Systems using Distributed Trans-
mission/Directional Reception (DTDR). US patent
5,345,599, Sept. 6, 1994.

66.Foschini G. J. Layered Space-time Architecture for
Wireless Communication in a Fading Environment
when using Multiple Antennas. Bell Labs. Tech. dJ.,
1996, vol. 1, no. 2, pp. 41-59.

67. Golden G. D., Foschini G. J., Valenzula R. A., and
Wolniansky P. W. Direction Algorithm and Initial
Laboratory Results using the V-BLAST Space-time
Communication Architecture. Electron. Lett., 1999,
vol. 35, no. 1, pp. 14-15.

68.Nabar R. U., Bolcskei H., Erceg V., Gesbert D., and
Paulraj A. J. Performance of Multiantenna Signaling
Techniques in the Presence of Polarization Diversity.
IEEE Trans. Signal Process., 2002, vol. 50, no. 10,
pp. 2553-2562.

69. Zheng L., and Tse D. Diversity and Multiplexing:
A Fundamental Tradeoff in Multiple Antenna Chan-
nels. IEEE Trans. Inform. Theory, 2003, vol. 49,
no. 5, pp. 1073-1096.

70. Varadarajan B., and Barry J. R. The Rate-diversity
Trade-off for Linear Space-time Codes. Proc. IEEE
Vehicular Tech. Conf., 2002, vol. 1, pp. 67-T71.

71. Godovarti M, and Nero A. O. Diversity and Degrees
of Freedom in Wireless Communications. Proc.
ICASSP, May 2002, vol. 3, pp. 2861-2864.

72.Raleigh G. G., and Cioffi J. M. Spatio-temporal Cod-
ing for Wireless Communication. IEEE Trans. Com-
munic., 1998, vol. 46, no. 3, pp. 357-366.

73. Wittniben A. Base Station Modulation Diversity for
Digital Simulcast. Proc. IEEE Vehicular Tech. Conf.,
May 1991, pp. 848—-853.

74. Seshadri N., and Winters J. H. Two Signaling
Schemes for Improving the Error Performance of
Frequency-Division-Duplex (FDD) Transmission Sys-
tems using Transmitter Antenna Diversity. Int. J.
Wireless Inform. Networks, 1994, vol. 1, no. 1,
pp. 49-60.

75. Alamouti S. M. A Simple Transmit Diversity Tech-
nique for Wireless Communications. IEEE J. Select.
Areas Communic., 1998, vol. 16, no. 8, pp. 1451-1458.

76.Tarokh V., Seshandri N., and Calderbank A. R.
Space-time Codes for High Data Rate Wireless Com-
munication: Performance Criterion and Code Con-
struction. IEEE Trans. Inform. Theory, 1999, vol. 45,
no. 5, pp. 1456-1467.

77. Ganesan G., and Stoica P. Space-time Block Codes: A
Maximum SNR Approach. IEEE Trans. Inform. Theo-
ry, 2001, vol. 47, no. 4, pp. 1650-1656.

78.Hassibi B., and Hochwald B. M. High-rate Codes that
are Linear in Space and Time. IEEE Trans. Inform.
Theory, 2002, vol. 48, no. 7, pp. 1804-1824.

79. Health Jr., R. W., and Paulraj A. J. Linear Dispersion
Codes for MIMO Systems based on Frame Theory.
IEEE Trans. Signal Process., 2002, vol. 50, no. 10,
pp. 2429-2441.

80. Winters J. H. The Diversity Gain of Transmit Diver-
sity in Wireless Systems with Rayleigh Fading. IEEE
Trans.Veh. Technol., 1998, vol. 47, no. 1, pp. 119-123.

81. Bjerke B. A., and Proakis J. G. Multiple-antenna Di-
versity Techniques for Transmission over Fading
Channels. Proc. Wireless Communic. and Networking
Conf., Sept. 1999, vol. 3, pp. 1038-1042.

82.Heath Jr., R. W., and Paulraj A. J. Switching between
Diversity and Multiplexing in MIMO Systems. IEEE
Trans. Communic., 2005, vol. 53, no. 6, pp. 962—968.

83.Chandrasekhar V., Andrews J. G., and Gatherer A.
Femtocell Networks: A Survey. I[EEE Commun. Mag-
azine, 2003, vol. 46, no. 9, pp. 59—-67.

84.Shannon C. E. A Mathematical Theory of Communi-
cation. Bell System Tech. J., July and October 1948,
vol. 27, pp. 379—423 and pp. 623—656.

85.Yeh S.-P., Talwar S., Lee S.-C., and Kim H. WiMAX
Femtocells: A Perpective on Network Architecture,
Capacity, and Coverage. [EEE Commun. Magazine,
2008, vol. 46, no. 10, pp. 58—65.

86.Knisely D. N., Yoshizawa T., and Favichia F. Stand-
ardization of Femtocells in 3GPP. IEEE Commun.
Magazine, 2009, vol. 47, no. 9, pp. 68-75.

87. Knisely D. N., and Favichia F. Standardization of
Femtocells in 3GPP2. IEEE Commun. Magazine,
2009, vol. 47, no. 9, pp. 76—82.

88.Chandrasekhar V., and Andrews J. G. Uplink Capac-
ity and Interference Avoidance for Two-tier Femtocell
Networks. IEEE Trans. Wireless Commun., 2009,
vol. 8, no. 7, pp. 3498—-3509.

89. Calin D., Claussen H., and Uzunalioglu H. On Femto
Deployment Architectures and Macrocell Offloading
Benefits in Joint Macro-femto Deployments. IEEE
Commun. Magazine, 2010, vol. 48, no. 1, pp. 26—32.

92 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI

7/ N6, 2018



\ NHD®OPMAUNOHHBIE KAHAABLI 1 CPEAbI AN

90.KimR. Y., Kwak J. S., and Etemad K. WiMAX Femto-
cell: Requirements, Challenges, and Solutions. IEEE
Commun. Magazine, 2009, vol. 47, no. 9, pp. 84-91.

91. Lopez-Perez D., Valcarce A., de la Roche G., and
Zhang J. OFDMA Femtocells: A Roadmap on Inter-
ference Avoidance. I[EEE Commun. Magazine, 2009,
vol. 47, no. 9, pp. 41-48.

92.Chandrasekhar V., Andrews J. G., Muharemovic T.,
Shen Z., and Gatherer A. Power Control in Two-tier
Femtocell Networks. IEEE Trans. Wireless Commun.,
2009, vol. 8, no. 8, pp. 4316—4328.

93.Yavuz M., Meshkati F., Nanda S., et al. Interference
Management and Performance Analysis of UMTS/
HSPA + Femtocells. IEEE Commun. Magazine, 2009,
vol. 47, no. 9, pp. 102-109.

94. Femto Forum. Available at: http://www.femtoforum.
org/femto/ (accessed 15 August 2017).

95. Blaunstein N. S., and Sergeev M. B. Channel Capaci-
ty Prediction for Femtocell-Macrocell Deployment
Strategies in the Urban Environments with Congest-
ed Layout of Users. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2012,
no. 3, pp. 54—62 (In Russian).

96.Tsalolihin E., Bilik I., Blaunstein N., and Babich Y.
Channel Capacity in Mobile Broadband Heterogene-
ous Networks based on Femtocells. Proc. of Eu-
CAP-2012 Int. Conf., Prague, Czech Republic, March
26-30, 2012, pp. 1-5.

97. Blaunstein N., and Levin M. VHF/UHF Wave Atten-
uation in a City with Regularly Spaced Buildings. Ra-
dio Science, 1996, vol. 31, no. 2, pp. 313—323.

98.Blaunstein N. Prediction of Cellular Characteristics
for Various Urban Environments. J. Anten. and Prop-
agatat. Magazine, 1999, vol. 41, no. 6, pp. 135-145.

99. Blaunstein N. Average Field Attenuation in the Non-
regular Impedance Street Waveguide. IEEE Trans.
on Anten. and Propagat., 1998, vol. 46, no. 12,
pp. 1782-1789.

100. Blaunstein N., Katz D., Censor D., et al. Prediction
of Loss Characteristics in Built-up Areas with Vari-
ous Buildings’ Overlay Profiles. J. Anten. and Propa-
gat. Magazine, 2002, vol. 44, no. 1, pp. 181-192.

101. Yarkoni N., Blaunstein N., and Katz D. Link Budget
and Radio Coverage Design for Various Multipath Ur-
ban Communication Links. Radio Science, 2007,
vol. 42, no. 2, pp. 412—427.

102.Katz D., Blaunstein N., Hayakawa M., and Kishi-
ki Y. S. Radio Maps Design in Tokyo City based on
Stochastic Multi-parametric and Deterministic Ray
Tracing Approaches. J. Anten. and Propag. Magazine,
2009, vol. 51, no. 5, pp. 200—208.

103. Okumura Y., Ohmori E., Kawano T., and Fukuda K.
Field Strength and its Variability in the VHF and
UHF Land Mobile Radio Service. Review Elect. Com-
munic. Lab., 1968, vol. 16, no. 9-10, pp. 825—843,

104. Wells P. J. The Attenuation of UHF Radio Signal by
Houses. IEEE Trans. Veh. Technol., 1977, vol. 26,
no. 4, pp. 3568—362.

105. Bertoni H. L. Radio Propagation for Modern Wire-
less Systems. Prentice Hall PTR, New Jersey, 2000.

106. Seidel S. Y., and Rappaport T. S. 914 MHz Path Loss
Prediction Models for Indoor Wireless Communica-
tions in Multifloored Buildings. IEEE Trans. Anten.
Propagat., 1992, vol. 40, no. 2, pp. 200-217.

107. Yarkoni N., and Blaunstein N. Prediction of Propa-
gation Characteristics in Indoor Radio Communica-
tion Environments. J. Electromagnetic Waves and
Applications: Progress in Electromag. Research,
PIER, 2006, vol. 59, pp. 151-174.

108.Yu W., Ginis G., and Cioffi J. M. Distributed Multi-
user Power Control for Digital Subscriber Lines.
IEEE J. Select. Areas in Communic., 2002, vol. 20,
no. 5, pp. 1105-1115.

109. Scutari G., and Barbarossa D. P. P. Optimal Linear
Precoding Strategies for Wideband non-cooperative
Systems Based on Game Theory. Part II. Algorithms.
IEEE Trans. Signal Processing, 2008, vol. 56, no. 3,
pp. 1250-1267.

110. Scutari G., Palomar D. P., and Barbarossa S. Asyn-
chronous Iterative Water-filling for Gaussian Fre-
quency-selective Interface Channels. IEEE Trans. In-
formation Theory, 2008, vol. 54, no. 7, pp. 2868—
2878.

YK 621.371
doi:10.31799/1684-8853-2018-6-82-94

IBOJIIOIUA MHOTOIIPOLIECCOPHBIX CHCTEM CBSI3M — COTOBBIX ¥ HECOTOBBIX — B HCTOPUYECKOI mepcrnekTuse. Yacts 3

A. M. Ceprees?, crapiunii mpemnogasareiib, orcid.org/0000-0002-4788-9869
H. III. Brayrmreiin®, fokTop @us.-MaT. Hayk, mpodeccop, nathan.blaunstein@hotmail.com
aCaukTr-ITeTepOypreKuii rocyfapcTBeHHBIN YHUBEPCUTET a9POKOCMUUECKOro npudopocrpoenus, B. Mopckas yi., 67,

Caukrt-IleTepbypr, 190000, P

SHerepckuit yausepcuter um. Ben-T'ypuona, I1.0.B. 653, Ben-T'ypuona yu., 1, . Beap-Illesa, 74105, Vspanis

ITocranoBKa MpPoO6JIEMBI: IIEJIHI0 JaHHOT'0 0030pa ABJAETCA aHAJINS dBOJIOINY CUCTEeM O6€CIIPOBOHOI CBA3U OT BTOPOii reHepamnuu (2D)
o Ao remepanuu (5G), a TaKIKe NBMEHEHNUS TeXHOJIOTHI U UX CYIECTBYIOIIUX TEOPETHYECKUX OCHOB M IPOTOK0JI0B — OoT Bluetooth,
WLAN, WiFi u WiMAX no LTE, OFDM/OFDMA, MIMO u LTE/MIMO — npoJBUHYTBHIX TEXHOJOTHI ¢ HOBOI MepapXUYECKOU CTPYKTY-
poii fusaiiHa COTOBBIX KapT GeMTOo/INKO0/MUKPO/MaKkpo. MeToabI: NCII0Ib30BaAHbI HOBBIE TEOPETHUUYECKYEe IIOLXObI A1 OIIMCAHNS IPOLBU-
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HYTBIX TEXHOJOT U, TAKUX KaK MHOTI'OIIOJIb30BATEIHLCKAA TEXHUKA pasaeaeHus noab3osareseii, OFDM u OFDM HoBe#iuii moagxox, HOBbIE
acuekThl onucanus MIMO-cucrem Ha 6a3e MCIIOJIB30BAHUSA MHOTOJIYYEBBIX aHTEHH, IU3allH PA3JIMUHBIX COTOBBIX KapT Ha OCHOBE HOBBIX
aJITOPUTMOB IIOCTPOEHUs (heMTO/IINKO/MUKPO/MaKPO COT, a TaKKe HOBOI MeTogoJsiornu nuHterpupoBanusd HoBoit MIMO/LTE-cucrems ¢
IIOMOIIIBI0O MHOT'OJIYYeBbIX aHTeHH. Pe3yJbTaThI: CO3ZJlaHa HOBAs METOJOJIOTUA OIIMCAHUA MHOTOIIOJIH30BATEIbCKOTO Pa3/ieJIeHUA, UCII0JIb-
3oBaHua KoMOuHUpoBaHHON OFDM/OFDMA-Monyaanuu 4 o6X0KAeHN NHTeP(MEPEHIIUN MeXK/AY IT0Jb30BATeIAMU U MEXKAY CUMBO-
JlaMU B HOBBIX MHOTOIIPOIIECCOPHBIX CHUCTEMAaX, MYJIbTUILINKATUBHBIX IIIYMOB, UMEIOIINX MECTO B 0ECIIPOBOAHBIX MHOTOIIPOIIECCOPHBIX
CHCTeMaxX CBA3U, BHISBAHHBIX ABJIEHUAMU MHOI'OJIyYeBOCTUA. B mTOre mpeajoskeHo, Kak 060iTH 3¢ (}eKTh pacIpOCTPAHEHUA, NUMEIOIe
MEeCTO B Ha3eMHBIX KaHaJlaX CBA3U, UCHoab3ysa KomOuHanuio MIMO- u LTE-TexHoornii, OCHOBAHHBIX HA MPUMEHEHUU MHOT'OJYUYEBBIX
auTeHH. [y 9TUX Iiesell padpaboTaH HOBBIM CTOXACTUYECKHUN ITOAXO/ K IIpobJyeMe, YUUTHIBAIOIUI 0COOEHHOCTH 3aCTPONKHU 3€MHO 110-
BEPXHOCTHU, TaKHUe KaK IPO(PUIb 3aCTPONKH JOMOB, ILJIOTHOCTH 3aCTPOMKY JOMOB BOKPYT aHTEHH 0a30BO# CTAHIIUY U II0JIb30BATEJIEH U T. [I.
9T XapaKTEePUCTUKY ITO3BOJISAIOT B UTOTE OLIeHUTh 3(PMEKTHI (heIMHTa KAK MCTOYHUKA MYJIbTUILINKATUBHOTrO nryma. IlpakTudyeckas 3Ha-
YUMOCTbh: HOBas METOMOJIOTUA OIeHKY d3(P(HeKTOB, CO3JaHHBIX MYJIbTUILINKATUBHBIM IITYMOM, HHTEeP(EPEeHIINeH MeK Iy 0JIb30BaTeIAMN
¥ MKy CUMBOJIAMU, UMEIOIUMY MECTO B HA3€MHBIX CUCTeMaX 0eCIIPOBOLHOI CBA3M, II03BOJIAET IPOTHO3UPOBATH IPAKTUYECKYIE ACIIeK-
THI CYIIECTBYIOIIUX U HOBBIX MHOTOIIPOIIECCOPHBIX 0ECIPOBOAHBIX CHUCTEM CBA3U, TaKMe KaK €MKOCTh (KOJMUYEeCTBO) IIOJIb30BaTeleil u
cueKTpasbHad 3G (HEeKTUBHOCTH KAHAJIOB II0JIb30BaTeIeH IJIA PA3JINUYHBIX KOH(PUTIYypaIuil IOCTPOeHUA cOT — (eMTO/INKO0/MUKPO/MaKpo,
a Takske HoBedmiux Korpurypamnuii cucrem MIMO/LTE nna nocrpoeHud OyAyIux cucteM 4-ro 1 5-ro TOKOJIEHUN.

KaroueBsie c10Ba — €MKOCTb, 3aKPbITasA OJIb30BaTeIbCcKasa rpynmna, CSG, ycTaHOBIEHHOe CIIEKTpaabHOe 00o3HaueHue, DSA, dem-
TOCOTa, MYHKT (hemTomporecca, FAP, ypoBens cepsuca, GoS, KauecTBo cepBuca, QoS, MHKPOCOTa, MaAKPOCOTA, OTKPHITASI IT0Jb30BATE I b-
ckasd rpynmna, OSG, moTepu Ha IIyTHU PacIPOCTPAaHEHUs, INKOCOTA, BLIOOPOUHOE CIIeKTPaibHOEe 0003HaueHne, SSA, OTHOIIIEHNE CUTHAJIA K
mymy, SNR, BOTHOBOJHAS MO/IEJIb YIUIILI, CTOXaCTHYeCKAas MOEJIb TOPOICKOM 3aCTPONKY, OeCIIPOBOAHAS I0JIb30BaTeIbCKAasA ceTh, WiFi,
OGecripoBofHas ceTh MeTponoanu, WiMAX.

IMuruposanue: Sergeev A. M., Blaunstein N. Sh. Evolution of multiple-access networks — cellular and non-cellular — in historical
perspective. Part 3. MudopmarnonHo-ynpassioniue cucremsl, 2018, Ne 6, ¢. 82-94. doi:10.31799/1684-8853-2018-6-82-94

Citation: Sergeev A. M., Blaunstein N. Sh. Evolution of multiple-access networks — cellular and non-cellular — in historical perspective.
Part 3. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 6, pp. 82-94. doi:10.31799/1684-8853-
2018-6-82-94

NAMATKA AN ABTOPOB

ITocmynawuwue 6 pedarkyuio cmambvu npoxodsm 06sa3amesbHoe pey,eH3UposaHue.

ITpu HaTMYNY MOJIOKUTENILHON PEIleH3UN CTaThs PACCMATPUBAETCS PEJaKIIMOHHON KOJLJIeTen.
IIpunATas B meuaTh CTaThA HAIPABJIAETCA aBTOPY AJIA COTJIACOBAHUS PeJaKTOPCKUX ITpaBok. I1o-
cJIe COTJIACOBAHUSA aBTOP IPEACTABIACT B PeAAKIINIO0 OKOHUATEJIbHBIN BaPUAHT TeKCTa CTAaThHU.

IIpomenypsl cormacoBaHusA TEKCTA CTAThU MOT'YT OCYIIECTBISATHCA KaK HEIIOCPeACTBEHHO B pe-
JaKIHuHU, Tak 1 1o e-mail (ius.spb@gmail.com).

IIpu oTKJIOHEHUU CTAThU PEJAKIIU IIPEICTABIAET aBTOPY MOTUBUPOBAHHOE 3aKJII0UEHIIE U Pe-
IEeH3UI0, IIPU HeoOXOAUMOCTH JOPaboTaTh CTAThI0 — PeIlleH3u0. PyKoIlrcu He BO3BpaIatoTCs.

Pedakryus HypHaaa HANOMUHAENL, LINO OMBEMCMBEHHOCMb
3a 0ocmosepHOCMb U MOLHOCIb PEKIAMHBLY MAMEPUAL08 HeCYM PeKIamo0amenu.
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YK 621.396
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MeToa HaBurayum m KonnaﬁopaTuBHoro o
nonyaBToMaTnu4eCKoro noCTtpoeHua KapTt CUrHasioe Wi-Fi

BHYTPH ﬂOMGlI.I,EHMﬁ

M. C. LLlekoToB?, Hay4YHbIV cOTPY[HUK, orcid.org/0000-0003-0817-6791, shekotov@iias.spb.su
aCaHKT-[leTepbyprckuit UHCTUTYT MHGDOPMaTUKK u aBTomMaTusauymn PAH, 14-s nuHns B. 0., 39,

CaHkT-lleTepbypr, 199178, P®

MocTaHoBKa npobnemMbl: 04HOM U3 NPobsieM, CBSI3aHHbIX C MPUMEHEHNEM MeTofa MynbTunatepauuu curHanoB Wi-Fi nim
Bluetooth Low Energy n meToga paguootneyatkoB curHanos Wi-Fi gns onpeneneHns MeCTOMOIOXEHUS M0/1b30BaTeNs BHYTPU
romelLeHus], ABAsieTCA TpyAoeMKas npolenypa HacTpoliku obopyoBaHus, KoTopasl BKOYaeT B cebsi MoCTpoeHne KapThl pa-
aunocurHanos Wi-Fi u kannbposky mogenu pacnpocTtpaHenuns curdana Wi-Fi wnm Bluetooth Low Energy. Llenb: pa3paboTka me-
Tofa HaBuraymm v KonabopaTuBHOIo NoJlyaBTOMaTUYECKOro MNocTpoeHuns kapT paguocurHanoB Wi-Fi, koTopblii obecnieynBaet
HaBurayumro nosib3oBaTesisi BHyTPU MOMELLEHNs N OJHOBPEMEHHO C 3TUM MO3BOJISIET KambpoBaTb MOAesb pacrnpoCcTpaHeHUs
curHana Bluetooth Low Energy u cTpouTb kKapTbl paguocurHanoB Wi-Fi. Pe3ynbTaTbl: npefioxeH MeTo KoinabopaTUBHOro ro-
JlyaBTOMaTnyeckoro noctTpoeHns kapt curHanoB Wi-Fi n HaBuraymm BHyTPpY MOMeELLEHNUI, OCHOBAHHbIN Ha KOMBUHaLMn MeToAa
MynbTUnaTepaLum npuHuMaemoro curHana Bluetooth Low Energy, MeTona paguootnedatkos Wi-Fi, nonyaBToMaTnyeckoi npo-
Lenypbl KanMbpoBKM Mogenmn pacnpocTpaHeHns curHana Bluetooth Low Energy n meToga KonnabopaTuBHoro céopa pagmnoor-
neyaTtkoB. []ns1 noslyaBToMaTU4ecKoi npouenypbl KanmbpoBku Mofenu pacnpocTpaHeHusi curHana Bluetooth Low Energy v gns
MeTofa KonnabopaTMBHOIO NoJlyaBTOMaTU4YeCKoOro NocTpoenns kapt curHanoB Wi-Fi u HaBuraymm BHyTpY NoMeLLeHni npes-
JI0XKeHbl COOTBETCTBEHHO aJIrOPUTM KambpoBKU M anropuTM MeToAda KosinabopaTUBHOIO MosyaBTOMaTUYECKOro NoCTPOEHUs
kapTt curHanos Wi-Fi u HaBuraummn. HarmmcaHo MobuibHoe NMpuioxeHune, peannsyoLuee npeasioxXeHHble anropuTMbl, ¢ MOMOLLbHO
KOTOpOro npoBefeHbl TeCTUpOBaHue paboThbl aropuTMOB METOAa M aHanu3 pesynbTaToB. [pakTUyeckass 3HaYMMOCTb: Npes-
JIOXEHHbI METOJ] M03BOJIAET He OCYLLEeCTBAATb TPYAOEMKME MPOLEeRYPbl MOCTPOeHUs KapTbl paguocurHanos Wi-Fi v nonyaBTo-
MaTuyecKoi kanmbpoBKM MOAENM pacnpocTpaHeHusl curHana Bluetooth Low Energy B ocpnaiiH-chase.

KnioueBbie cnoBa — onpepesieHne MeCcTOMOSIOKEHUS BHYTpU rnomeLyeHu, KOHTEKCTHO-OPpUeHTUpoBaHHbleé CUCTEMBI,

MynbTURaTepayms, KpayLCoPCUHT.

IMutuposanue: [llexoros M. C. MeTo HaBUTAIIUY U KOJIJIa00OPATHBHOI'O II0JIyaBTOMATUYECKOI'0 IIOCTPOeHn A KapT curiayios Wi-Fi BuyTpu
nomenteHuit. Hn@opmayuonno-ynpasasoujue cucmemst, 2018, Ne 6, ¢. 95-104. doi:10.31799/1684-8853-2018-6-95-104

Citation: Shchekotov M. S. Method of indoor navigation and collaborative semi-automatic Wi-Firadiomap construction. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2018, no. 6, pp. 95-104 (In Russian). doi:10.31799/1684-8853-2018-

6-95-104

Beemenmne

CepBUCHI OIIpeiesIeHns MECTOIIOJIOKEeHU (JToKa-
JU3AaIN) BHYTPHU IIOMeIleH!IT, HeCMOTPSA Ha UX Ma-
JIYI0O PACIPOCTPAHEHHOCTh, OCTAIOTCA AKTYaJbHBIM
HaTIpaBJIeHUEM [AJIs IIIUPOKOTO CIIeKTpa MCCJenoBa-
Huit. TpaguliMoHHO B KadyecTBe 3AaHUM, AT KOTO-
PBIX peltaeTcsa AaHHaA 3ajadya, PACCMATPUBAIOTCS
aspoIIOpPTHI, My3eu [1], TOproBbie IEHTPHI UIU ODYIC-
HbIe IOMeIleHnA. B 3aBuCMMOCTHY OT ITOCTaBJIEHHON
3aJauM B KauecTBe JIOKAJIN3yeMOro 00 beKTa MOXKHO
paccmarpuBath TOUKy moctymna Wi-Fi [2], omopHbIit
ysea [3], MoOUIBHOE YCTPOMCTBO, poboTra [4] u T. .
Kpome Toro, B kKauecTBe 00'b€KTa paccCMaTPUBAIOTCS
He TOJBKO 3JaHUsA, HO U Apyrue (OPMbI MHIKEHep-
HBIX COOPY:KEHMUl, TAKUX KaK IIaxThl U T. I. [5—T7].
Taxkske 06JIaCTHIO OITPEIEIEHUST MECTOIIONOKEHUSI 1
00'BEKTOM JIOKAJNM3AIlN MOJKEeT ObITh TPAHCIIOPT-
HOe cpeacTBo [8, 9]. CirexyeT OTMETUTH, UTO METOIBI
oIrpeieJIeHUsT MECTOIIOJIOKEHUsST BHE IIOMEIeHUH,
OCHOBaHHBIE Ha (DUKCAIIUY YPOBHA MPUHATOI'O CUT-
HaJia, BpeMeHU IIPUXOAa PaJMOCUTHAJIOB OT Tepe-

matunkoB [10—12], pasuuiie BpeMeHU IPUOLITUA Pa-
nuocurHasioB [13], BpeMeHU IPOXOMK/AEHUSA CUTHATIA
OT IIepeaTunKa K mpueMHuKy [14, 15], yriy mpuema
curunaJja [16, 17] u Hanpasiaeruu npuema [18], mpu-
MEHUMBI K 3ajaue OIpeIesIeHNs MeCTOIIOJIOKEeHU ST
BHYTPU IOMEIIeHNUA.

s momerieHuii 6oJiee TPASUITMOHHBIMU SABJIS-
oTca Meron pagumoormedaTkoB (fingerprinting) m
MeToj MyJabTujiaTepanuu. IIepBbIii OCHOBBIBAETCA
Ha M3MepPeHUU yPOBHEH CUTHAJIOB B OIIPEIeIeHHbBIX
3apaHee TOYKaX, KOTOPOe IIPOU3BOAUTCA B OIaiiH-
dase, T. e. 10 ompegeIeHNS MECTOIIOJIOMKEHUSA TI0JIb-
3oBaTresisg. B onHsmaiH-(Qase, niu (pase HaBUTAIUU,
MIPOM3BOAUTCS OIEHKA MECTOIIOJIO}KeHUs O0BheKTa
IIyTeM COIIOCTABJIEHUS W3MEPEHUU, MIPOBEIeHHBIX
B OHJIAMH-(Dase, C IpeIBaAPUTETHHO COOPaHHBIMU U3~
MepenusaMu B odaaita-dase [19, 20]. Merox paguo-
OTIEYATKOB CIIOCOOEH JOCTHUYL TOUYHOCTU JIOKAJIU-
3anuu nopAgka 2,5—3 M [21]. Meron myabTmaaTe-
pamuy ypoBHEH CUTHAJIOB OIIEPUPYET MOJEJIBIO pac-
IIPOCTPAaHEHUA CHUTHAJA B IIOMEIeHWU, Ha OCHOBE
KOTOPOH MOKeT OBITh IIPOM3BeIeHa OIleHKAa PacCToA-
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HUH 10 NCTOUYHNKOB curuaia. OCHOBHAS TPYAHOCTbD,
C KOTOPOM IPUXOAUTCA CTAJKUBATHLCA IIPU Peasiu-
3aIi1 JaHHBIX METOOB, — JTO TPYAOEMKAas IIPoIe-
nypa coopa ImpefBapuTeIbHBIX U3MEPEHU YPOBHEH
curaaJjosB. [Ipy MCIOJIb30BAHUY METOAA PATUOOTIIE-
JaTKOB TpedyeTcsa cobpaTh UBMepPeHUsT YPOBHEH CUr-
HAJIOB JJIsI TOT'0, UYTOOBI COCTABUTH 0a3y PagUOOTIe-
YaTKOB, a JJIS MeTOAa MYJIbTUJIATePaIlu, — UTOOBI
OTKaJIMOpPOBaTh IIapaMeTphl MOJEJIU PacIpocTpaHe-
HUSA CUTHAaJa B KOHKpPeTHOM ImoMernienuu. [logqooubie
IIaTy CYIIeCTBEHHO YCJIOKHAIOT IIPOIEIYyPY Pa3BeP-
THIBAHUSA CUCTEM OIIPeesIeHUs MECTOIOJIOKEHU U
MIPUBOLSAT K 3HAUUTEIBHOMY POCTY CTOMMOCTU HX
BHEIpPEeHUA.

g Toro 4ToOBI 060iTHCH 663 TPYIOEMKOM IIPO-
meAypbl UBMEPEHUsA YPOBHEN CUTHAJOB B Oo(JiaiiH-
(dasze, mpensaraercsa MUCIOJIb30BATh KOJIIa00pPaTUB-
HOe m3MepeHue YPOBHel CUTHAJOB BHYTPU IOMeIIle-
Huii. [JlaHHBIH MeTO[ mpenmnosaraeT c6op HeoOXOoaAM-
MO HMHMOPMAIIUU HEIOCPEeACTBEHHO II0JIb30BaTe-
JISIMU BO BpeMsdA UX IMEepeMeleHU# Mo 3TaHUI0 U He
TpebyeT HelmoCpPeACTBEHHOI'0 KOHTPOJIS CO CTOPOHBI
moab3oBareseii. IIpenmosmaraercsa, 4To OOBEKT JIO-
KaJausaluyu — 9TO YeJIOBEK ¢ MOOMJILHBIM YCTPOIi-
CTBOM, a 00JIaCTh JIOKAJIU3AIUY — DTO 3JaHUE, I0-
CTYIIHOE [JIs TOCEIleHUs INUPOKOMY KPYTy JIWII.
Tax xax MeTop JIOKAJIM3aIlUU TpPeOyeT HAJUUUS
IJIaHA IIOMEIeHU, IIpeZIoiaraeTcsa, UTO TaKad
KapTa y:Ke IIpeJBapuTeJIbHO mosyueHa. Ilenbo me-
TOJa ABJAETCA 00ecIleueHWe TOUHOHN JIOKAJIU3AIUN
B MIOMEIIeHUAX 6e3 MCII0Nb30BAHUS IPeNBaAPUTeIb-
HOI KaJUOPOBKU MOMEJU PAacIpPOCTPaHEHUs CUTHA-
Jla U HaNOJHeHuA 0as3bl paAmooTiieyaTkoB. [lia
JOCTHIKEHUsI 9TON IeJM pPacCMaTpPUBAETCS MeTO[
HABUTAIIMM HaA OCHOBE MYJIbTUJIATEpPAIlUU CUTHA-
jgoB Wi-Fi u Bluetooth Low Energy (BLE) B mome-
IIEHUAX, IJIA KOTOPBIX HET JAHHBIX B 0ase paauo-
OTIIEYATKOB, W METOJ HABUTAIIMN HA OCHOBE 0asbl
paauoorneuarkoB Wi-Fi u BLE B momerneHusx,
UL KOTOPBIX eCTh MaHHBIE B 0ase pPaguMoOTIEYAT-
KOB. {11 yTOUHEHUSA MECTOIIOJIOKEHUSA IPU HaBU-
ralyuy UCIOJIb3YeTCA METOH CUMCJIEHUS KOOPAMHAT
(Pedestrian Dead Reckoning — PDR), ucmoabay-
IOIUI TaHHbIe BCTPOEHHBIX CEHCOPOB cMapTdOoHA.
B cBot0 0uepes BO BpeMsA Ipoliecca HaBUTAIIMY IIPO-
HWCXOOUT aBTOMATHUYECKOEe [IOCTPOEHNE KapThl PAIUO0-
CUTHAJIOB C TIOMOIIBI0O METOJ0B MYJbTHUJIATePaIluu
¥ CUHMCJIeHUs KoopaumHAaT. JlaHHBIN IIPOIlecc IIpous-
BOJAUTCSA KaKIBIM II0JIb30BaTeJIEM II0 KpaliHel Mmepe
eIMHOMKABI I Ka'KAOT0 IOMEIIeHUs. YTOUHEHUe
MECTOIOJIOKEHUSI MEeTOJOM CUMCJIEeHUS KOOPAUHAT
TPOU3BOAUTCSA IIOCPENCTBOM II0JIyaBTOMATUYECKOMN
POIeAYPHI KAaJNOPOBKY MOZEJNHU PACIPOCTPAHEHU
pazmocurHasia. JTOT METOJ WCIOIb3yeT Jorapud-
MHUUYECKYI0 MOJeJib IOTeph ypoBHA curHaiga Wi-Fi
wiu BLE. [lanHas Momens nMeeT mapaMeTrp, YIUThI-
BAIOIUI 0COGEHHOCTH CPeAbl. ITOT ITapaMeTp MOK-
HO OIIPEJEeJUTh SMINPUUECKU BO BPEMs IIPOIEYPhI

KaJIMOPOBKHY [JIA KaKOr0 MCTOUHUKA CUT'HAJIA, UTO
IIOMOJKET YUYeCTb 0COOEHHOCTH CPeAbl pacIIpoCTpaHe-
HUS CUTHAJIA ¥ CHUSUTH OITUOKY JIOKAJIU3AI[UH.

Camokaauopymonmneca 1 KoJLIa0opaTHBHBIE
CHCTEMBbI OIPeIeTeHU MECTOMOJIOKEeHN
BHYTPH IIOMEIIeHN

CyirecTByeT psAjJ METOJOB OIPeesIeHUs MeCTO-
TIOJIO}KEHU S BHYTPU ITOMEIEeHN, 00eCIIeUnBaIOIINX
CaMOKAJUOPOBKY IJiA Pa3JIUUYHBIX Iteneii. OgHako
UMeeTCA He TaK MHOTO METOAUK, YUUTHIBAIOIIMX
KOPPEKTUPOBKY MOJEJU PACIPOCTPAHEHUS CUTHA-
Ja.

IIpensosxenusblit B pabore [22] aaroputm Tpuia-
Tepaluu OCHOBAH HA MOJEJU II0TePh YPOBHS CHUT-
HaJa, 3aBucdIeil or Jorapudma paccrosuus (log-
distance path loss), ncmoabsyroreit caMoOKaInGPOB-
Ky Ha ocHOBe omTuMusanuu pod yactull (PSO) nnsa
OmpeieIeHUA IapaMeTPOB KaJUOPOBKU MOJEIU
IOKasaTejsi [OTePh YPOBHS CHUTHAJA, 3aBUCAIIE-
ro ot Jsorapudma paccroauusa. B [23] npexcraBier
MeTOJ] PaJUOOTIIeEUaTKOB, OCHOBAHHBIA Ha MeETOMe
OmiKamInero cocena. AJTOPUTM UCTHOJIB3YeT (QUIb-
rpanuio KanimaHna nid cMmArdyeHus sddexra Koje-
0aHMI YpPOBHA cCHUTHAJIa. 3aTeM HEKOTOpble IIapa-
MeTpPhI IIPEACTAaBJIEHHON MOAEIUN IpeoOpasoBaHUA
PannoOTIIeYaTKOB KaJMOPYIOTCSA C IIOMOIIIBIO Me-
TOla HAUMEHBINX KBaapaToB. B [24] paccmoTpeHOo
HECKOJIBKO ITPOIEIYP aBTOMATUYECKOM KaJInOPOBKU
(BupTyaJsbHOU KanubpoBKu). IIporeaypbl yUUTHIBA-
IOT KOJIMUECTBO CTEH, Ie€PEeCeKaeMbIX CUTHAJIOM, U
KO3(D(PHUIIMEHTHI 3aTyXaHUA IJI 9TUX CTEH U IOJIOB.

Cucrema jgoxanusamnuu PiLoc [25, 26] ucmonbay-
eT KpayACOPCHUHT AJs1 c6opa TpaeKTopuil mepemelre-
HUA NOJIb30BATEJIeH C TOMOIIIBI0 BCTPOEHHBIX JaTUN-
KOB cMapT(OHOB U PagMOOTIIEYaTKOB CUTHAJIOB Wi-
Fi, cBsg3aHHBIX ¢ KOOPAMHATAME COOPAHHBIX TPaeK-
TOpUII IIepeMeIleHuA. AJITOPUTM KJacTepusaIuu
HUCHOJIb3YeTCs NJA 00befUHEeHUA 3HAUEHUN YPOBHS
curHaysia Wi-Fi u TpaekTopuii mepemeIrieHus B He-
repeceKarnrecs Habophl, 0XBATHIBAOIINE PABINY-
Hble rToMelreHns. CremeprupoBaHHbIE HeIepeceKaro-
mrecs HabophI UCMIOJIB3YIOTC I8 IOUCKA TTOXO0KUX
CerMeHTOB, KOTOPBIE COBITAfalOT Ha OCHOBE BEKTOPOB
epeMeIIeHsa W CUTHAJOB ToueK mpoctyma Wi-Fi,
a TaKiKe TPaeKTopuu O0BeIUHSIOTCA IJIA IIOCTpoe-
HUS TTO9TAKHBIX IIJIAHOB ITIOMEITeH M.

Meton, ommucaHHBIN B [27], mpegHasHaueH IJs
KaJuOpPOBKM JIOTAPU(PMUUECKON MOAeJr IIOTepPh
ypoBH4 curxaja BLE. PaccmarpuBaembIiMu mapame-
TpaMHu SBJAIOTCSA IOKAs3aTesb IIOTePh YPOBHS CHUT-
Hajla M ypOBEHb IpHMHUMaeMoro curfaga. OueHKu
TIOJIOJKEHU s, IOJIyUeHHble Ipu 00paboTKe IPUHU-
MaeMOr'o CUTHAJIA, UCIIOJb3YIOTCS IJIS IOCTEIIeHHOMN
KOPPEKTUPOBKY 3HAUEHUI ITapaMeTPOB MOJIeJIU pac-
MIPOCTPAHEHU CUTHAJIA.
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IIpomieaypa xKaanOpPOBKM, OCHOBAHHAS HA KaJu-
OpoBKe y3Ji0B ZigBee [28], HauuHaeTca ¢ 3ampoca
KaJauOpoBKH MOOMJIBLHOI'O y3Ja, KOTOPBIA IIOJIyYa-
eT Kanubpyembiii y3ea. OTIpaB/ieHHOE COOOIeHe
umeeT nHGOPMANUO 0 (PUKCUPOBAHHOM y3Je, KO-
TOPBIN HYKHO OTKaJubpupoBaTh. llocse mosryue-
HUA 3aIpoca KaJuOpOBKHU y3eJs KaJuOpPOBKU Iiepe-
IaeT IMaKeT BLIOpAaHHOMY y3Jy. BBIOPaHHBINA y3ell
TOJIyYaeT ero M MOBTOPHO IepenaeT coollleHme Ha
MOOMJIbHBIN y3€JI MOCJe OIIpeleseHHON 3aepP:KKHU.
ITonyuennbI pedynbTaT U3MePEHU BpeMeHU Iepe-
Jlauy COOOIIeHUA UCI0JIb3yeT A AJIA AUHAMUYECKON
OIEHKM 3aIePiKKU, KOTOpAasl BBINOJIHAETCS IJIS
KaKI0oro (pMKCUPOBAaHHOTO y3Ja.

MeToa HaBUTAIIMH M KOJIJIA00PATHBHOTO
IMOJIyaBTOMATHYECKOTO ITIOCTPOEHUST KapT
PagMoOCUTHAJIOB

IIpensmaraeMbIii METOL HaBUTAIMY BHYTPHU IIOMe-
IIeHUs ¥ IOCTPOEHU S KapT PagUOCUTHAJIOB II03BOJIA-
eT pelllaTh 3aJauy HaBUTAIMU BHYTPU TIOMEIeHUS
C U3BECTHBIM ILJIAHOM IIOMEINeHUA 1 PACIIOJOKEeHU-
em masakoB Wi-Fi u BLE B ycioBuax, Korjma Momesn
pacmpocTpaHeHns CUTHAJIOB He OTKAaJMOPOBaHBI U
KapThl PaAMOCUTHAJIOB He ITocTpoeHbl. Tak Kak B oc-
HOBe HABUTAIlUU JIEJKUT WCIOJb30BaHNE CUTHAJIOB
Wi-Fi u BLE, To a4 codpauus s(pGeKTHBHOIO MEeTO-
Jla HaBUTAI[UU BHYTPHU ITIOMeIeH i HeoOX0q1MMOo pac-
cMaTpuBaTh Te€ OTrPaHUYEHUS, KOTOPble HAKJIAIbI-
BaeT WCIIOJb30BaHIE HAHHBIX TeXHOJIOTUii. B wact-
HOCTH, ucnosibdoBanre BLE He mo3BoJigeT CTPOUTH
KapThel paguocurtaoB BLE u 6paTh X KaK OCHOBY
IS METOIa PaJruOoOTIIeUaTKOB. B CBA3U ¢ 3TUM s
HaBUTAIIUU TpeAJaraercs HCIOJb30BaTh MYJILTHU-
narepanuio curfajoB BLE. [lina saBuramuu Ha oc-
HOBe curHayioB Wi-Fi npennaraercsa mcrnoiab3oBaTh
MEeTOJ pPaguooTIIeuaTKoB. Tak Kak MeToJ pamuo-
OTIIEYATKOB OIepupyeT 0a30il pPagumooTIevaTKOB,

B KOTOPOI XpaHATCA JaHHbIe 00 YPOBHAX PagUOCUT-
HaJla B TeX UJIU WHBIX OMIOPHBIX TOUKAX IOMEIeHNnd,
UMEIIINX KOOPAUHATHI, TO MOKHO YTBEPIKAATH, UYTO
06asa paguoOTIEeUYaTKOB II0 CBOEH CYyTH ABJIAETCA Kap-
TO¥ PaJHOCUTHAJIOB, KOTOPYIO CJAEAYeT MOCTPOUTD.

KoMOuuMpys manuble TEXHUKY OIIPeIeIeHIs Me-
CTOIIOJIOJKEHUSA, MOMKHO OOOUTHCA CYII[EeCTBEHHOTO
TIOBBIIIIEHUA TOYHOCTHU JIOKAJIU3AIUU, TaK KaK HC-
nosb3oBaHre MasgKkoB BLE mosBosigeT oTuactu pe-
maTh Ipo6JIeMy HEeOIIPeaeIeHHOCTH, BOSHUKAIOIIY IO
B TeX CJaydasX, KOoTJa PasHBIM ydyacTKaM ToMeIre-
HUS COOTBETCTBYIOT OAHU U T€ K€ YPOBHU CUTHAJIOB.
Kpome Toro, Gyiarogaps MOpPeaI0KE€HHOMY METOHY
MOJKHO CYIIIECTBEHHO YIIPOCTUTH Oo(iaiiH-(pasy, mc-
KJIIOUMB 13 Hee IPOIeCChl HOCTPOEHU A KapThI PagU0-
CUTHAJIOB (HamoJHeHUs 6as3bl PaJMOOTIEUAaTKOB) U
KaJuOpOBKM MOJAENN pPacIpoOCTpaHEHUsS CHUTHAJa
BLE.

Takum o6pasom, pa3y HaABUTAIINH JAHHOT'O METO-
Jla MOYKHO PasfeJInTh Ha IBa peKumMa.

Pexcum 1. OnHoBpeMeHHOe ompefiesieHIe MeCTO-
TIOJIOKEHUSA C TOMOIIBI0 MYJbTUJIATEPAIlUU CUT-
Hay0B BLE u HamoianenHme 6a3bl PaguOOTIIEYATKOB
M3MEePeHHBIMU 3HAYEHNUAMU YPOBHEN cUTHAJIOB Wi-
Fi akTUBHBIX TOUEK AOCTyIIa B IPUBSI3KE K OIpele-
JIEHHBIM KoopamHaTaM. J[Jis TMOBBIIIEHUA TOUHOCTU
MYJIBTHAJIATEPAIIUN HCIIOJIb3YEeTCA IPOoIenypa IoJIy-
aBTOMATHUYECKON KaJMOPOBKU ITapaMETPOB MOJAEJN
pacmpoctpaHeHud curaajga BLE.

Pexcum 2. Oupenenenre MeCTOIOJIOMKEHUSA C TO-
MOINBIO MyJbTUJIaTepanuu curaajioB BLE u metona
paamoorneuatrkoB Wi-Fi.

KonnenryanpbHas cxemMa MeTOAa HABUTAIIUU U
KOJLJ1a00paTUBHOTO MOCTPOEHUA KapT PaJgUOoCHUTHA-
JIOB IIOKa3aHa Ha puc. 1.

PucyHOK 2 MJIIOCTPUPYET IIPOIlecC OIpenesie-
HUS MECTOIOJOKEeHUA I0Jb30BaTeNId U cO0p 0asbl
PaguoOTIIeYaTKOB C IIOMOINBLIO MYJIbTUJIATEPAI[UU
curtayos BLE, rne Touku Py, ..., P5 COOTBETCTBYIOT
TOUKAM, B KOTOPBIX OIIPEeAesIsSeTCS MeCTOIIOJI0MKe-

MynbTriaTepanus ITonryaBTOMaTnueckas
BLE ranuopoBka BLE
Pexxum 1
yCTaHOBuKa MecTomnonoxenue
¥ HACTPOHMKa IOJIB30BATEN S
o0opyAoBaHUsS
Basa pagumoormneuarkoB Wi-Fi
Metox paguoorneuarkoB Wi-Fi

Pesxxum 2

Oduaitu- dasa Omnnaiin - pasa

B Puc. 1. KoHmenryaabHasd cxeMa MeTO/Ja HaBUTAIlUU 1 KOJLJIa00PaTHBHOI'O IIOCTPOSHUA KaPT PaJuOCUTHAIOB
B Fig. 1. The concept schema of the indoor navigation and collaborative radio map construction method
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B Puc. 2. OupegesieHne MeCTOIIOJOKEHUA C OMOIIBIO
MyJbTUIaTepanuy curaiajgos BLE

B Fig. 2. Indoor localization via BLE signal multilater-
ation

HUe TOJIb30BaTeNd U IPOBOAATCA U3MEPEeHU YPOB-
Ha curHajyia Wi-Fi touku gocryma AP. I[lonyueHnubie
3HAUYEHUA YPOBHEH CUTHAJIA BaHOCATCS B 6a3y paguo-
ormeuyaTkoB. Paccrosnusa d;, d,, d3 COOTBETCTBY-
IOT PACCTOAHUAM OT II0JIb30BaTe s 10 MaAKkoB BLE
¥ OmIpelesieHbI ¢ IIOMOIIbI0 MeToZa MYJbTHUJIaTepa-
nuu. B xome JaHHOrO IIpoIiecca UCIIOJIb3yeTCA IPO-
meaypa MmoJayaBTOMATHUYECKON KaJMOPOBKU MOZEJU
pacupoctpanenus curHasa BLE. armnaa mpoie-
Iypa 3amycKaeTcsA NMpU CONMMMKEHUMN IOJb30BATEeJs
¢ madgKoM BLE 1 cIy:XuUT [JIs MOBBIMIIEHUA TOUHOCTHU
oIrpe/ieJIeHUsI MECTOIOJOKeHusA. B xome mporexny-
PBI UCIIOJIB3YETCA METO]] CUUCIeHNA KOOPAWHAT s
oIpesleIeHUsI PACCTOAHUA, Ha KOTOPOe IIEPEeMeCTHI-
cA T0JIb30BATeJb, U €0 OPUEHTAINN OTHOCUTEJHLHO
maska BLE. Ilporecc kanu6poBKu TpedyeT mepeme-
IIeHUs II0Jb30BaTEJIS 110 IPAMOJINHEIHON TPAaeKTo-
puu U B caydae ero OTKJIOHEHUS OT Hee IIpeKpalaer-
cs. Ha puc. 2 mporiecc KaInOpPOBKY MO PACIPO-
CTpaHeHuW: curHaJa ajda maaxka BLE; npoussogurces
[IpU NePeMeIeHnun Mex 1y Toukamu Py u P;.
MyabTuaaTepalus — 59TO METOH JIOKaJu3aIuu,
KOTOPBIH onnpaeTcsA Ha KapTy IMIOMEIeHUs U TeoMe-
TpUUYECKVEe OTHOIIECHUS MEKIY OIMOPHBIMU y3JIaMU,
a UMEHHO MH(OPMAIIUI0 O IIOJIOKEHUAX OIMOPHBIX
TOUEK B Cpelie U PacCTOAHUU 1m0 HuX. Tpedyercs mo
KpaliHell Mepe TPU OIOPHBIX y3Jia, UTOOBI OIpeze-
JIUTH PACCTOAHUA MEXKAY IeJEBBIM Y3JIOM U KavK-
OILIM OIIOPHBIM y3J0M. KaXIbIii OIIOPHBLIN y3ell
o0pasyeT OKPY’KHOCTHL BOKPYT cebs, a ero pajau-
yC COOTBETCTBYET PACCTOSHUIO IO IIEJIEBOTO y3Ja.
IlepeceueHme 3TUX OKPY:KHOCTEl OXBaThIBaeT 00-
JIACTh JIOKAJIUBAIIUU [IeJIEBOTO y3Ja. B manHOM Ciry-
Yyae B POJIM OIOPHBIX Y3JIOB BhICTyNAOT MadKu BLE.

IITupoko uCcIoIbL3yeMbIMH IIOAX0AAMHU I8 00padboT-
KM TIOJIYUYEHHBIX MaHHBIX SABJIAIOTCA (PUILTPAIIUAS
Kanmamna [11], ckosbasiee cpenrHee u Tect I'padbcea,
UCIONB3YEeMBIN A o0Hapy:KeHUA BbIOpOocoB [11].
B kauecTBe MOz IM pacIIPOCTPaHEHUA CUTHAJIA TTPU-
HUMAaeTCs MOMEJb II0OT€Ph CUTHAJIA, 3aBUCAINAS OT
gorapudma paccrosauusd (log-distance path loss):

@D

ORss’

PL=PT—PR =PLO +10n1gdi+X
0

roe PL — mokasaTesb MOTePh MOIIHOCTU CUTHAJIA,
nb; P, — nepenaBaemMas MOIHOCTD, 1BM; Pp — ypo-
BEHbB (MOIITHOCTD) IPUHUMAEMOT0 CUTHaJa, 1bm; d —
peayibHOE pacCTOsSHIE MeXKIY IepefaTunKoM 1 Ipu-
e€MHUKOM; /I — 9KCIIOHEeHTa IOoTeph curHaia; PLy —
IIOTePU CUTHAJAa, 1BM, Ha pacCTOAHNA dj; BeTMINHA
Xopgg — ClydaiiHasd BeIWYMHA OMINOKH, ABM.

IIpormecc ompeneseHUsA MeCTOIIOJIOMKEHUS C WC-
IOJIb30BAHMEM MYyJIbTHJIaTepanuyu curaajioB BLE
u MeToma pammooriedaTkoB Wi-Fi mpousaiocTpu-
poBaH Ha puc. 3. IIpy usMepeHUU YPOBHS CUTHAJA
Wi-Fi onpegendmTca myTeM MMOMCKA COOTBETCTBUI
B 60ase paAMOOTIIEYATKOB TOUKM C SKBHBAJIEHTHBIM
3HaueHWeM ypoBHA curHana Wi-Fi — Py, .., P,
B naHHOM cJuydae. C IIOMOIIIbIO METOJAa MYJIBTHUJIA-
Teparuu curHaysoB BLE ompenpenaioTcsa paccros-
HuA dy, dy, dg, COOTBETCTBYIOLINE PACCTOAHUAM OT
noab3oBaresasa Ao MmasdkoB BLE, Ha ocHOBe KOTOPBIX
ompesessieTcs 30Ha, B KOTOPOM HAXOMUTCA ITOJIH30-
BaTeJib. B KauecTBe TOYEK, I'lle MOMKET HAaXOIUTHCS
TM0JIb30BATENb, PACCMATPUBAIOTCA TOJIBKO T€ TOUKH,
KOTOpBIE IIONIajJin B 9Ty 30HY. B m1amHOM cjaydae 3To
Touku Py, P,.

/
O O O O OO0

B Puc. 3. OnpenesieHne MeCTOIIOJOMKEHUA C IIOMOIIIBIO
myabTuaaTepanuu curianoB BLE u meroga paamooTiie-
gyaTkoB Wi-Fi

B Fig. 3. Indoor localization via BLE signal multilater-
ation and Wi-Fi fingerprinting
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Torma aaroputm OIpeneIeHNA MECTOIOJIOMKEH IS
MOJKHO 3aIIMCaTh CJEAYIONTNM 00pa3oMm.

1. ismepuTh ypOBEeHb CUTHAJIOB AKTUBHBIX Masd-
®KoB BLE.

2. Eciim Momesb pacnpocTpaHeHUs CUTHAJA IJIs
JTaHHOTO MasdKa He OTKaJuOpoBaHAa, TO IIPOMU3BECTU
KaJIMOpOBKY.

3. Ha ocHoBe ypaBHeHUdA (1) orrpeeInTh pPaccTo-
AHUA 1o MaaKoB BLE 1 onpenenuTs 30Hy JOKaJIM3a-
U 00'bEeKTa.

4. UsmepuTh ypoBeHDb curHasoB Wi-Fi paboraro-
XX TOYEK JOCTYyIIA.

5. HaiiTu coorBeTcTBUA B 6a3e pPaagMOOTIEUATKOB
¥ TIOJIYUYUTHh MHOKECTBO OIIOPHBIX TOUEK.

6. Eciu pagmooTniedaTKu HalAeHbI, TO HCKJIO-
YUTHh U3 PACCMOTPEHUS OIOPHBIE TOUKU BHE 30HBI,
onpenenennon mo masgkam BLE (cm. puc. 3), u 3a-
KOHUYUTH BBINOJHEHUE aJropuTMa. B mHOM ciydae
nepeiTH K mary 7.

7. Eciu pagmooTiieyaTKy He HalAeHbI, TO Ha OC-
HOBE MECTOIIOJIOKEeHNs, OIIpeeIeHHOTO Ha IIare 3,
cos3zaTh pagmooTneuaTok curxaajgoB Wi-Fi u mome-
CTUTH €70 B 623y pPaAMOOTIIEUaTKOB.

ITockosbKy 6asa paguoOTIIEUaTKOB He HAIIOJIHS-
eTcs IIpegBapuTeabHO B odIaiiu-(ase, To aTa Ipoie-
Iypa IPOUCXOIUT BO BpeMs (pas3hl HaBUTAIIUU ITyTeM
cObopa mH(poOpMAaIM OT BCeX IIOJIb30BaTejell B IIac-
cuBHOM pe:kume. IIporiecc 3amycKaeTcsi aBTOMATH-
YeCKHU II0CJIe BXOZA IO0JIb30BATENA B COOTBETCTBYIO-
mmee nmomernienue. IIpeaBapuTesbHO MOMeEIleHNE yC-
JIOBHO pas30uBaeTcs HA MHOYKECTBO OIOPHBIX TOUEK
P, ... P,, B KOTOPBIX MOKeT ObITh M3MEPEeH CUTHAT
Wi-Fi. KoanuecTBo TOUeK AJIA KK IOT'0 IIOMEIIe I
ompezessieTcsa U3 ero pasmepos. lajee, mpu mocTy-
MJIeHNW MaHHBIX OT IIOJb30BaTesel, OCYIeCTBJIA-
eTcsl yCpeJHeHne 3HAUeHUN YPOBHS CHUTHAJA, eCJIU
omHOI TouKe Pi cooTBeTCTBYeT k 3HAUEHUIN YPOBHA
curHaJja.

ITonryaBTOMaTHYECKAa KAINOPOBKA
mapaMeTpoB MOJIeJIH PACIIPOCTPAHEeHU T
curmajaa BLE

W nes mosryaBTOMATUUECKON KAaJINOPOBKY 3aKJII0-
yaeTcad B TOM, UTO UeJOBEK C MOOUJIBLHBIM YCTPOM-
CTBOM MOJKET IIPEJOCTABUTh HEOOXOAUMbIE JaHHBIE
UL KaJnOPOBKY IapaMeTPOB MOIEJIM PACIPOCTPa-
HEeHUsS CHUTHaJa BO BpeMs IIepeMeIleHUus BHYTPU
TOMEIIeHNsT M WCIIOJb30BAHUSA CIIEINAJIbLHOTO MO-
OMJILHOTO MPUJIOKeHudA. KaimbpoBka HeoOxommma
IJIsi 0o0ecIleueHusI TOYHOCTU OIpPeesIeHUsT MEeCTOIIO-
JIOXKEeHUsI Ipu cOope JaHHBIX 00 YPOBHAX CHUTHAJIOB
IS cO3qaHUA 0a3bl PAAUOOTIIEUATKOB. [JIA BBHIMIOJI-
HeHUSA JAaHHOH IIpoIeaypbl HEOOXO0AMMO UMETh Kap-
Ty TIOMEITeHUA, MHPOPMAIINIO O MECTOIOJIOKEHUAX
pasMelleHHbIX MasgKOB U TeXHUUYECKUe [1apaMeTpPhl
maakoB: UUID, momrHOCTS IepeiaBaeMoro CUTrHaJia

u T. 1. [lokasaHus ceHCOPOB HAUMHAIOT COOMPATHCS
B U3BECTHOU TOUKE, COOTBETCTBYIOIEH OImsKaiIes
K HEKOTOPOMY MasAKy 30He 6sm3ocTu. JlJis aToro uc-
TMOJIBb3YIOTCSA BCTPOEHHBIE JaTUMKU cMapT(oHa, Ta-
KMe KaK aKceJepoMeTp W rupockomn. Kpome Toro,
Kaprorpaduueckasa uUHPOpPMAIUA U OIIpeAesieHHe
30HBI Osim3ocTu K MaAKy BLE mcmonb3yioTcs s
durcauu MOMeHTa Hauajia KaJuOpoBKu. B KoHeu-
HOM HTOre IIpeajiaraeMasi IIOJyaBTOMAaTHUUYeCKas
mmpoIeaypa KaauOpoBKU OCHOBaHA Ha CIleHAPUU IIe-
peMeIreHnA M0Jb30BaTed BHYTPYU IOMEIeH A, TIPU
KOTOPOM IT0JIb30BaTeJIbh MOYKET IBUTATHCA B JIIOOYIO
CTOPOHY, HO IPAMOJNHEHO.

PaccmoTpuM BasKHBIE OCOOEHHOCTHM, Xapak-
TepHbIe AJIA 9TOH IPOIleAypbl. Bo-TIepBBIX, MasKU
cragzapros iBeacon u Eddystone mmeroT HeCKOJIb-
KO 30H C YCTOMYMBLIM yPOBHEM CHUTHAJIa, OKpPYKa-
omux Mmadak BLE Ha ompeneeHHBIX PaCCTOAHUSAX.
PasauuaioT 30HY HemmocpeacTBeHHOoM 61u3ocTu (011-
ke 0,5 M), 6rusxHIO 30HY (0T 0,5 10 3 M), JAIBLHIOO
30HY (0T 3 mo 30 M) U Hem3BeCTHYIO (KOTZa MadK He
MOJKeT ObITH 00Hapy:KeH). B paccmarpuBaeMoM cJiy-
yae ITOCTATOYHO OOHAPYKUTH 30HY HEIOCPEICTBEH-
HO# 6JM30CTH, TAK KaK OHAa YKa3bIBAeT TOUHOE Me-
CTOIIOJIO}KEHNE I0JIb3oBaTesA. TakuM oOpasom, CH-
Jia curHaJja Ha onopHoM paccroauuu (0,5 M) usBect-
Ha. Ha sToM paccTOAHWHM cuJia OIIOPHOTO CUTHAJIA
Bapbupyercs oT —50 mo —40 nBbm. Tak Kak omopHoe
paccTosHTe TaKyKe M3BEeCTHO, SKCIOHEHTa MOTepPhb
MOIITHOCTY CHUTHAJIa 7 MOJKeT OBbITb BbIpasKeHa U3
ypaBHeHu (1).

IIpenmosiaraeTcsi, 4TO €cCJau IIOJIb30BATEJb IIO-
SABJSAETCS B 30HE HEMOCPEeACTBEHHON OJM30CTH,
OH BCerja OCTaeTcs Ha I'paHUIle 30HbI, IOTOMY UYTO
HeT IeJIU OUPENeJUTh MECTOIIOJIOMKEHNe IT0JIb30Ba-
Tesia TouHee, ueM 0,5 M, ¥ UTO MOJIB30BaATEIb C MO-
OMJIBHBEIM YCTPOMCTBOM B PYKe€ B 9TOM CJydae He
Ooyzmer HaxomuThea Oamke 0,3—0,5 M K masgxy BLE.
ITonb3oBaTeN 0 He HYJKHO KOHTPOJHPOBATH MOMEHT
BXOJIa B 3Ty 30HY OJII30CTH.

OueBUIHO, UTO MPOCTOE M3MEPeHUEe SKCIIOHEH-
Tl IIOTEPHh MOIIHOCTH CHUTHAJIAa Ha OJM:Kauiiem
pacCTOAHUYN He ABJIAETCSA HaAEKHBIM. V3MepeHUS
B HECKOJIbKUX OIOPHBIX TOUKAX HEOOXOAUMBI IJIS
TOTO, UTOOBI KaJIUOPHUPOBATL 3HAUEHUE SKCIOHEH-
THI TOTE€Ph MOIIHOCTUA CUTHAJA, WCIOJb3YsS METOZ
HaUMEHBININX KBaApaToB. A aToro HEOOXOZUMO
paccuuTaTh 3HAUEHUA paccTodHUsA. VI3 ypaBHeHUS
(1) BuAHO, YTO 3aBUCHUMOCTL MEKIY JOTapu(pMoM
PacCCTOAHUSA U MOIITHOCTHIO IIPUHUMAEMOT'0 CUTHAJIa
auHeitna. IIpeoOopasoBeiBas ypaBHeHue (1), MOKHO
TMOJIYUYUTH CJIeAYIOolee BhIpasKeHue:

d
PR :PRo—lonlga-FXo.Rss, (2)

rae Ppy = Py — PLy 11 COOTBETCTBYET MOIITHOCTH CHUT-
HaJja B TOUKe d,.

NeE, 2018 N\

VNH®OPMALIVIOHHO-YMPABASIIOLLIVE CUCTEMBI N\ 99



7/ NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI /

TaxuMm o6pasoM, SKCIIOHEHTA IOTEPh MOIIIHOCTH
CUTHaJIa MOJKeT OBITh BhIpasKeHa CJIeLYIOIIUM oopa-
30M:

_ Prom — Ppy 3)
101lgd

Kak 0bl10 oTMeueHO BEIIIE, M3MEPEHLEe PacCTo-
AHUA JIEKUT B OCHOBe IIpollecca KaaubpoBru. [[as
U3MepPeHUs PACCTOAHUS IIpeaaraeTcs OnpeneaTh
II1aTu IOJIH30BATEJIA C IIOMOIIHI0 BCTPOEHHBIX CEHCO-
poB cmapTdona (puc. 4).

CrieHapuili IepeMelleHns IMOJb30BaTeJasd IIPes-
mojiaraeT IpsAMOe ABUIKEHNE OTHOCUTEJLHO MadKa
BLE (cm. puc. 4). 3arem npu mM3MepeHUU YPOBHSA
curHaja, COOTBETCTBYIOIEro OJM:KHeH 30He O0Ju-
30CTH, YUUTHIBAETCS IMEepeMellleHre II0JIb30BaTeIs
o KacaTeJbHOUM K I'paHuUIle 30HBI. TaKuM o6pasom,
oIpefie/IeHHbIE B HEIIOCPEACTBEHHOM 30He 3HAUCHUA
paccroaHusa d; IO MasgKa X MOIIHOCTH CUTHaja Pp
U omIpefesieHHbIe TOCJe HeCKOJbKUX IITaroB HOBBIE
3HAUEHUS PACCTOSHUA ¥ MOIIHOCTH CHUTHAJa HC-
TOJB3YIOTCA AJIA KaJUOPOBKU SKCIIOHEHTHI ITOTEPh
MOIITHOCTH curHaJja. OQHAKO 9TOT CIIeHAPUI MOKET
UMeTh HEeCKOJbKO HeJIOCTATKOB, TAKUX KaK OTCYT-
CTBME BO3MOJYKHOCTU MJIA II0JIb30BaTEJA IBUTATHCS
IIPSIMO U BJIMSHUE HA CUTHAJI CO CTOPOHBI TeJIa CAMO-
T'0 TIOJIb30BaTE .

AJTOpUTM TOJIYyaBTOMATHUUYECKON KaJIMOPOBKU
MOXKET OBITH OITpeieJIeH CJIeAYIOIUM 00pa3oM.

1. Uaununanusanua mapamerpos dgy u Pp,, OT-
HOCSAIIMXCSA K 30HE HEMOCPEeICTBEHHOIN OJM30CTHU.
HauanpHaoe paccrosnue dy = 0,5 M u Py, = —50 n1Bm.

B Puc. 4. IsamepeHmne ypoBHeH cUrHajia BO BpeMs KaJju-
OpPOBKU

B Fig. 4. RSS measurements during BLE beacon
semi-automatic calibration

2. Obuapy:keHre 30HBI HEIMOCPEACTBEHHOMN OJIu-
3octu Magka BLE. Eciiu MOIITHOCTS IPUHATOTO CUT-
HaJla BBIIIe OIIpefieJieHHOro mopora Pp,, TO I0Ib30-
BaTeJIb BOINIEJI B 30HY HEIIOCPeACTBEHHOM 0JIM30CTH.
ITosnosKeHMe MOJIB30BATENISA OIlEHMBAETCA KaK HAaXO-
IAITeecs Ha TpaHuUIle 9Toi 30HbI. C 3TOTO II1ara Ha-
YyMHaeTCsA aBTOMaTUYecKasd KaJuopoBKa.

3. I[lonb3oBaTe b HaUMHAET ABUTAaTbCA IIPSIMO.
BroimosHsAeTCAa BEIUUCIEHNE PACCTOSHUSA C TOMOIIIBIO
IaTunKoB cMapTdona. Haummaercs oTcuer ImIaros
TIOJIb30BATENA, KOTOPhIE METEeKTUPYIOTCS BHYTPEH-
HUMH ceHcopamMu cMmapTdoHa. Brlumciaenmoe pac-
CTOSIHYE KUCIIOJIb3YEeTCS IJIS IMOJYUEHUSI PACCTOSHU S
0 MasiKa C ITOMOIIbIO JeTeKTUPOBAHUSA IIIaTrOB U Te-
opemsl ITudaropa.

4. Ecnu caBur paccroarus paseu 0,5 M, To usme-
pAeTcA ypoBeHb curtana Pp. IlosyuenHOe sHaUeHNE
YPOBHSA CUTHAJIA UCIIOJNb3YeTCs I MOJYUEeHU I dKC-
TOHEHTHI II0OTePh MOIITHOCTH II0 YpaBHEHUIO (3).

5. Eciu mpolijleHHOE pacCcTOsSHNE pes3yJbTaTa
60JIbIlIe YeM 3 M, UTO COOTBETCTBYET I'PaHuIle OJIMIK-
Hel 30HBI 0s13ocTu Masgka BLE, To xainbposka 3a-
KaHuYMBaeTCcA. B MHOM ciayuae HEOOXOAUMO ITepeiTu
K 1. 3.

K coskasieHmnio, BRINIEYIIOMAHYTAS IPOIeypa He
YVUUTHIBAET HECKOJBKUX WCKJIIOUUTEIbHBIX CHUTYya-
Ui, TAKUX KaK HEIIPsSMOoe IIepeMelleHne, mepemMe-
IeHUs MOJb30BaTe e, YbU Tejia MOT'YT BIUATH HA
YPOBEHb CUTHAJIA, U OPUeHTaIUs cMapTdoHa.

CueHapuii, ONMMCAHHBIA BBINIE, PACCMATPUBAET
HalpaBJIeHUE IT0JIb30BaTeJIsI OTHOCUTEJIHHO 30HEI He-
TOCPECTBEHHON OJIM30CTH MAasKa, HO OH He IIPUHU-
MaeT BO BHUMAHIE BOIPOCHI, CBA3aHHbBIE C 3aBUCU-
MOCTBIO SKCIIOHEHTBI II0TePh YPOBHS CUT'HAJIA OT Ha-
TIpaBJIeHUA cMapT(oHa OTHOCUTEJIbHO MasdKa (opu-
eHTanuu). B yKazaHHOM BBIIIIE CJIyUae YroJ MeKIy
HaAIIpaBJIeHUEM IIepeMeIleHus ITOoJb30BaTe s U Ha-
mpaBJieHeM Ha MadK coctaBiasgeT 90°. OgHaKo yroJ
[OCJIe HeCKOJIbKUX IITaroB B IIPSIMOM HAIIPaBJIEHUN
MOKeT UMeTh ApyTroe sHaueHue. Eciiu moib3oBaTe b
TIOBEPHETCS B ATOM HOBOI TOUKE, TO IIOKAa3aTeJb I10-
Tepb YPOBHS CHUTHAJA, OUEBUAHO, M3MEHUTCA. ITa
mpobJieMa MoOKasaHa Ha puc. 5, a u 0, re MoJb30Ba-
TeJIb MEeHseT OPUEHTAIINIO B HOBOX Touke Py.

s mpeomosieHuss 3TOr0 HeJOCTaTKa HEeoOXOomu-
MO OTKaJMOpOBAaTh 3HAUEHWE SKCIIOHEHTHI HOTEPh
YPOBHSA CHUTHAJIA B 3aBUCUMOCTH OT OPHUEHTAI[UU
[I0JIb30BATEJISI OTHOCUTEJIbHO MasiKa, HAIPABJICHUS
TmepeMeIieHns MoJb30BaTe/ s OTHOCUTEIHLHO 00IIei
CHCTEeMbl KOOPAMHAT U PACUETHOI'O PACCTOSAHUS OT
TOJIb30BaTe A 10 Masgka. Takum o6pa3oM, Kaanbpo-
BOUYHOE U3MepeHue IIpecTaBiisgeT co0oii Koprex M,
KOTODPBII MOYKHO OIIPEIEeSIUTh KaK

M =(B, d, o, B, Pp), “)

rame B — sTo mpeHnTudgukarop Mmaska; d — paccTo-
SHUEe MeXXIy II0Jb30BaTeJeM U MasgKOM; 0. — YTOJI
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B Puc.5. HaHpaBJIeHI/Ie II0JIb30BAaTEJId Ha CTapTe KaJII/I6p0BRI/I (a) U1 HOBOE€ HaIIpaBJIEHME I10JIb30BaTeJId I10CJIe HECKOJIBKUX

m1aros (6)

B Fig.5. User’s direction at the calibration start (¢) and new user’s direction after several steps (6)

OPHEHTAI[MY TI0JH30BATEJsI OTHOCUTEJIBHO MasKa;
B — yros mHampaBJieHUs TepeMeleHus I0ab30BaTe-
JI OTHOCHUTEJIBHO 0011l CHCTeMBbI KoopawHaT; Py —
MOIIHOCTD IPUHATOIO CUTHAJIA.

Taxkum obpaszoM, pe3yabTaTOM PabOThI aJITOPUT-
Ma SBJIAETCS HaOOP KOPTeXKel, CoAepsKalllux OTKAa-
JIOPOBaHHBIE 3HAUEHUS SKCIOHEHT II0TePb YPOBHSA
CcUTHAaJia B COOTBETCTBUM C OPUEHTAI[MEl T0JIb30Ba-
TeJIsT OTHOCUTEJBHO MasiKa, HAlIPpaBJICHUEM IIepeMe-
IeHUs MOJH30BATeJIsI OTHOCUTEJIbHO 00IIell cucTe-
MBI KOOPIUHAT.

IKCIIePUMEHTHI

Hna TecTupoBaHUA MPEIJIOKEHHOTO MeToma
OBLJIO pPeayin30BaHO CIIEIUAJFHOE MOOMJIBHOE IIPU-
JIOKeHMe [OJIA omepanuoHHoi cucteMmbl Android.
IIpunosxkeHre mpenHa3HAUEHO IJIA OIEHKM PACCTO-
AHUA MEXIy NepeJaTdnKoM U IPUEMHUKOM, a TaK-
JKe [JIA BBIIOJHEHUS II0JYaBTOMATHUUECKON KaJIu-
OpoBKU 3amaHHOro0 uncaa MmaakoB BLE. BeiOparHbIe
MasgKMN IIOAJEeP:KUBAIOT IIPOTOKOJ iBeacon. 9to
IPUJIOKEHNEe HaXOOUT INIPEIBAPUTENBLHO OIIpeje-
JIEHHBbIe MAafAK! II0 UX UAeHTHu(GUKaTopaM U HU3Me-
pAeT 3HAUEHUsS YPOBHEN CHUTHAJIA KayKIOT0 MasdKa.
IIpencraBieHHBIN aJTrOPUTM peasin30BaH, a OIeH-
Ka II0JIyaBTOMATHUYECKON KaJMOPOBKU IIO3BOJISIET
TOJIYUYUTh KOPTEKU KaJMOPOBAHHBIX IIOKasaTesei
9KCIOHEHTHI ITOTEPh YPOBHSA CUTHAJIA, TOTOBBIX K HC-
TOJIB30BAHUIO B MYJILTUJIATEPAIINN.

Has TecTUpoBaHUSA IIPOIEAYPHI IIOJIyaBTOMATU-
YeCKOH KaJuOPOBKU M3MEPAIUCH CPefHUe 3HAYEHUA

MOIITHOCTY IIPUHUMAaEMOT0 CUTHAJIA Ha 3aJaHHbBIX pac-
CTOSHUSX OT OJHOI'O MasiKa, PasMeIIeHHOro B IIpe/e-
JlaX OIHOM KOMHATHI. JTU N3MEPEHUS TPON3BOANIINCH
UL KasKJOM TOYKY B IPSIMOM HAIIPABJIEHUU C MHTEP-
BaJsioM 0,5 M B OyIMIKHEN 30HE PaCIIPOCTPAaHEHU A YCTOM-
yuBoro ypoBHsa curtana BLE. Henocpencrsennasa 30-
Ha OJIMB0CTU OIIPEJEe/ISeTCS C IMOMOIIBI0 MOOMJILHOTO
TIPUJIOKEHUA aBTOMAaTUUYECKH.

IToryaBTOMaTHueckas KaJIMOPOBKA BBIMIOJIHEHA
LIS CIleHAPUA ¢ IPAMBIM IIePeMeIleHNeM U ¢ U3Me-
HEHHEeM OpHeHTAI[MU I0JIb30BATEeNd OTHOCUTEJIbHO
masaka BLE.

Ha puc. 6 nmpuBeeHBI pe3yabTaThl KaJINOPOBKHU
C U3MEeHeHNeM OPUEHTAIIUY II0JIb30BaTes B KaKI0M

100,00
90,00
80,00 -
70,00
60,00
50,00 N
40,00
30,00
20,00 A
10,00

0,00
0,00

——

OTHOCUTEIbHAS OIINOKA, Y0

40,00 80,00 120,00
Yrosa opueHnTamuu, rpamn
1,58 m 2,06 m 2,556 ™M

160,00

--1,12m™m 3,04 m

B Puc. 6. OpI/IeHTaIII/IH II0JIb30BaTeEJIA II0CJIE€ HECKOJIb-
KHUX IIaroB B IPAMOM HaIllpaBJIEHUN

B Fig. 6. User heading regarding the beacon after sev-
eral steps in straight direction
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U3 OIIOPHBIX TOUEK TPAEKTOPUU II€PEMEIeHA IOJIb-
30BaTes . Yoy opueHTauu cMapT(oHa N3MeHAeTC s
Kaxablii pas Ha 30°. [Torb3oBaTensb mocaes0BaTE b-
HO IIOBOpauuBaeTcd JUIOM K MadKy. B pesynbrare
CpefHAA IOTPENTHOCTD JIOKaJIu3anuu Huske 1,5 M.
ITokaszano, UTO IIpuM MAaJbIX PACCTOAHUAX MEXKIY
noab3oBareseM u MagkoM BLE u masbix yriaax opu-
€HTAIIUY II0JIb30BaTEJId OTHOCHUTEJIBHO MasgKa II0-
TPEITHOCTH 0O0JIbIlIe, YeM IPU OOJBININX PACCTOAHU-
fAX ¥ MaJbIX yIiax.

3aKJI0ueHne

Biaromapsa mpemsaraeMoMy MeTOLY HaBUTAI[UU
BHYTPHU IIOMEIeHUA U MOCTPOEHUSI KapT paJuOCHUr-
HAJIOB MOYKHO DPeIlaTh 3aJauy HaBUTAIIUU BHYTPU
TIOMEIIEeHNs ¢ U3BECTHBHIM IIJIAHOM U PACIIOJIOKEHU-
eM Touek gocryna Wi-Fi u masgkos BLE B yciioBusax,
KOrJa KapThl PAJUOCUTHAJIOB He IIOCTPOEHEI, 1 CTPO-
UTH KapThl PaANOCUTHAJIOB (6a3bI PaA00TIIEUATKOB)
nyTeM KoJrabopaTuBHOTO cbopa mHMOpMAnuu 00
YPOBHAX CUTHAJIOB. B OCHOBe MTaHHOTO MeTOna Jie-
JKUT IpeACcTaBIeHHAA ITOJIyaBTOMAaTUUecKas IIpore-
Iypa KaJauOpOBKU I MYJIbTUIATEPAIINY Ha OCHOBE
MOJieJI IIOTePh CUTHAJIA, 3aBUCAIIEH OT Jorapudma
paccrosirus (log-distance path loss). C ogHoit cTopo-

HBI, IIPOIleAypa MPOBOAUTCS IAPAJLICJIbHO C MYJIb-
Tunaarepanueit curaagoB BLE B menax yayunieHus
TouHOCTU. C IPYroil CTOPOHBI, IIPOIEAypa BBIIIOJI-
HAETCS IMapajljIeJIbHO CO CUMCIEHNEeM KOOPAWHAT Ha
OCHOBEe JaTUYMKOB cMapT(oHA WM MyJIbTHUJaTepaliuei
JIJIsI TIOBBIIIIEHNSI TOYHOCTH OIIPEIEJIEHUsI MEeCTOIIO-
JIOJKEHU TI0JIb30BaTeNA ¢ UCIOJIb30BAHMEM UH(MOP-
MAaIlMM O 30HAX C YCTONUYMBBIM YPOBHEM CUT'HAJIA Ma-
axoB BLE. HecmoTpda Ha TO YTO II0JI30BaATEIBCKOE
MIPUJIOKEHe PeaIns3yeT MyJIbTUIaTePAIUIO U TIPeI-
JIOJKEHHYIO IIPOIenypy, OOHapy:KuBaeT OJM30CTH
TOJIb30BATEJIA U aBTOMATUYECKU 3aIlyCKaeT KaJiu-
OPOBKY, /IS BBIIIOJHEHUS TOUHON KaJNOPOBKU IIPO-
TPAaMMHON peaju3alluy IIpPeAIoJiaraeTca IPAMoe
HaIpaBJieHUe ITIepeMeleHns IT0Jb30BaTess1. B mHOM
cJIyJae TOYHOCTH KaJIUOPOBKY CHUKAETCH.
IIpeumyInecTBaMu MPEAJIOKEHHOT0 MeToJa sB-
JISIOTCS BO3MOYKHOCTh OHJIANH KaJaumOpOBKH, cOopa
PanMoOTIIEYaTKOB M O00PabOTKYU M3MEHEHUs OPUEH-
TalUU II0JIb30BaTessA. IIorpemrHocTs ompeneaeHus
MeCTOIIOJIOXKeHua — HuKe 1,5 M (B ciyduae mIpsaMOTo
repeMeIreHus moJjib3oBaress). Hemocrarkamu npes-
JIO}KEHHOT'O MeTOa SABJISAIOTCS OTCYTCTBHE 00paboT-
KU CJIO}KHBIX TPAEKTOPUH IePeMEIleHus II0Jb30-
BaTeJieli IPU MOJyaBTOMATUUYECKOW KaJaubpoBKe,
OCTATOYHO OOJILIIINE OIMOKY OIPEeNeeHUs MECTO-
MOJIOXKEHUSA Ha MaJbIX PACCTOIHUAX OT Masgka BLE.
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pp- 2480—-2485. doi:10.1109/JLT.2014.2327623 13th International Symposium on Information Pro-
18.Deliang L., Kaihua L., Yongtao M., Jiexiao Y. Joint cessingin Sensor Networks, 2014, pp. 143—-153. doi:10.
TOA and DOA localization in indoor environment us- 1109/IPSN.2014.6846748
ing virtual stations. IEEE Communications Letters, 28.Luo C., Hong H., Chan M. C., Li J., Zhang X., Ming Z.
2014, vol. 18, iss. 8, pp. 1423-1426. doi:10.1109/ MPiLoc: self-calibrating multi-floor indoor localiza-
LCOMM.2014.2333006 tion exploiting participatory sensing. IEEE Transac-
19. Zhao X., Xiao Z., Markham A., Trigoni N., Ren Y. tions on Mobile Computing, 2018, vol. 17, iss. 1,
Does BTLE measure up against WiFi? A Comparison pp. 141-154. d0i:10.1109/TMC.2017.2698453
of indoor location performance. Proc. of the European
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Method of indoor navigation and collaborative semi-automatic Wi-Fi radiomap construction

M. S. Shchekotov?, Research Fellow, orcid.org/0000-0003-0817-6791, shekotov@iias.spb.su
aSaint-Petersburg Institute for Informatics and Automation of the RAS, 39, 14 Line, V. O., 199178, Saint-Petersburg,
Russian Federation

Introduction: An important and complicated problem related to the multilateration of Wi-Fi or Bluetooth Low Energy signals as
well as Wi-Fi fingerprinting is the procedure of infrastructure adjustment which includes Wi-Fi radio map construction and Wi-Fi

or Bluetooth Low Energy radio signal path loss model calibration. Purpose: Developing a method for navigation and Wi-Fi radio map
construction, which would provide user’s indoor navigation, Bluetooth Low Energy path loss model calibration and Wi-Fi radio map
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collaborative semi-automatic construction. Results: The paper presents a collaborative semi-automatic Wi-Fi radio map construction
method based on the combination of Bluetooth Low Energy multilateration, Wi-Fi fingerprinting, Wi-Fi radio map collaborative semi-
automatic construction procedure and semi-automatic Bluetooth Low Energy path loss model calibration. For the semi-automatic
calibration procedure of the Bluetooth Low Energy signal propagation model and for the method of collaborative semi-automatic
construction of Wi-Fi radio map and indoor navigation, a calibration algorithm and an algorithm of collaborative semi-automatic
construction of Wi-Fi radio map and indoor navigation were proposed, respectively. A mobile application has been developed which
implements the proposed algorithms in order to test them and analyze the results. Practical relevance: The proposed method allows
you to avoid time-consuming procedures of constructing a map of Wi-Fi radio signals and semi-automatic calibration of Bluetooth Low
Energy signal propagation in the offline phase.
Keywords — indoor positioning, context-oriented systems, multilateration, crowd-sourcing.

Citation: Shchekotov M. S. Method of indoor navigation and collaborative semi-automatic Wi-Firadiomap construction. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2018, no. 6, pp. 95-104 (In Russian). do0i:10.31799/1684-8853-2018-
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MocTaHoBKa Npobnembl: B HacTosiliee BpeMsl TPeBYHOTCS HOBbIe PELLEeHUsT AJ1 YNPaBeHUsl pecypcamMu B MPOMbILLIEHHO-
CTU U Apyrux obacTsix, KOTOpble JOMKHbI MOAAEPXKNBATL BbICOKMIA YPOBEHb aflanTUBHOCTU U ONepaTUBHOCTU. Knaccuyeckue
KOMOUHATOPHbIE UM 3BPUCTUYECKME METOAbI U UHCTPYMEHTbI He 0becreynBaloT afilekBaTHble peLleHusl 3aay yrnpaBreHus
pecypcamu B peasibHOM BpeMeHu. Lienb: paspaboTka MeTo4a niaHUpOBaHUs MPOU3BOACTBEHHbIX PECYPCOB Ha OCHOBE MYJTbTU-
areHTHbIX TEXHOMOMMI U OHTONIOMMM A1 afanTalyum CUCTEMbI K HENMpecKasyeMbiM COObITUSIM, TaKUM Kak MOCTYyrIeHne HOBOro
3aKasa, HeJOCTYNHOCTb pecypca u T. . Pe3ynbTaTbl: pa3paboTaH METOA afanTUBHOIO NIaHUPOBAHUS, B KOTOPOM areHTbl He-
MpepbIBHO YNYYLIAKOT MOKa3aTeNn CUCTEMbI B PEXUME PEasibHOro BPEMEHU MyTeM BbiSIBNIEHUS] U Pa3peLleHnsi KOH(YANKTHbIX
CUTYaLui, MOPOXAEHHbLIX HEMPeABULEHHbIMU COObITUSMYU, MPU hOPMUPOBAHUM pacrncaHuii UCMOIb30BaHUsI pecypcoB. s
HacTPOWKN MySIbTUAreHTHOro MNJIaHMPOBAaHUSI B COOTBETCTBUM C 0COBEHHOCTSIMY NMPOU3BOACTBEHHOIO NPOLjecca UCMoNb3YHTCS
ceMaHTHYeckue ceTu (OHTOI0rMu), KOTopble SIBASIKOTCS OCHOBOM OHTONIOrMYECKMX 6a3 3HaHWUM A1 XpaHeHUs HGbopMaLum o
creyuguke KOHKPETHOro npeanpusTus. B aToi cBs3u paspaboTaHbl: 6a30Basi OHTONOMUS NIaHUPOBAHUS, KOHCTPYKTOP OH-
TOSIOMMM, C MOMOLLbH KOTOPOr0 MOXHO CO3/aBaTb CreLuann3upoBaHHyH OHTOJIOMMIO NMPeanpusaTUs; 6a3a 3HaHWi B BUje ce-
MaHTUYeCKol Bukuneamny npeanpusTus; MysbTUAreHTHbIN NiaHUPOBLYMK, HACTPauBaeMblii ¢ MOMOLLbIO 6a30B0M U crieyuani-
3MPOBaHHOM OHTOJIOMMI B COOTBETCTBUM C 0COBEHHOCTSIMU MPOU3BOACTBA M TPeGOBaHUSIMU K OnepaLusiM TEXHOIOMMYECKOro
npoyecca. MpakTuyeckas 3HAYUMOCTb: MPUMEHEHUE CUCTEMbI, pa3paboTaHHON Ha OCHOBE METoAa NJIaHUPOBaHUST MPOU3BOL -
CTBEHHbIX PECYPCOB, HE OrPaHNYMBAETCS paMKaMu NPEANPUATIIA MALUMHOCTPOUTEILHOIO MPOGUIIS, @ MOXET ObITb PEKOMEHA0-
BaHO K UCMOIb30BAHUIO MPY YrpaBeHnn MpoeKTamy, Lieroykamm nocTaBoK U T. 4.

KnroyeBble cnnoBa — C/10XXKHbIE€ CUCTEMDI, ynpaBrieHne pecypcamu, niaHnpoBaHune B pexume peasibHOro BpeMeHu, OHTO-
norus, 6asa 3HaHui, MYJibTUAreHTHbleé TEXHOJI0Ornn, CeTb l'lOTp66HOCTeF1 M BO3MOXHOCTEMN, camMmoopraHnsauunsa, agantne-
HOCTb.
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Beemenmne

Ha coBpemenHOM sTare pa3BUTUSA CUCTEM yIIpaB-
JIEHUSA IIPOM3BOJCTBOM U CHUCTEM pPacIpefeeHUus U
IJIAHUPOBAHUA PECYPCOB IPEAIPUATUA PAOOTHUKY
B YCJIOBUAX BBICOKON AWHAMUMKU CTAJKMBAIOTCA CO
3HAYUTEJSLHBIMY ITPO0JIEeMaMU, TOPOKICHHBIMY He-
ompeziesIeHHOCThI0. HeompeieieHHOCTh MOKET OBITH
CBfABaHA C TPYOHOCTAMH yUyeTa MHOKeCTBa Pas3Jiny-
HBIX ()aKTOPOB, TAKUX KaK HEOOXOAUMOCTb UHINBU-
IyaJbHOTO MOAX0Ma K KalKJOMy 3aKasy, JUHAMHUKA
IIeH Ha KOMILJIEKTYIOINe, BADUATUBHOCTD MIOCTABOK
OT IIPeANPUATUN-CMe)KXHIKOB, CPBIB CPOKOB, HeIIpe-
PBIBHBIE M3MEHEHUSA TEXHOJIOTMI, BO3HUKHOBEHIE
Pa3JIMYHBIX HEIPEABUIAEHHBIX COOBITUI, HEIIOCPEe.-
CTBEHHO BJIUSAIONINX Ha MPOU3BOICTBEHHBIE IIPOIlEC-
CBI IIPEJIPUATHUA B [1€JIOM, U T. J.

Cy1ecTByOINEe CUCTEMBI YIIPABJIEHUA IIPOU3-
BOJICTBOM MMEIOT IIIUPOKUH (hYHKITNOHAJ U BOZMOK-
HOCTH WHTETPAIlUU C HCIOJHUTEJIbLHBIMU MOIYJIA-
mMu. OHU COIIPOBOKIAIOT ITPOM3BOACTBEHHBIE IIPO-
IIECCHI OT BHIIYCKA 10 (DOPMUPOBAHUSA HA JOCTABKY.
OpHaxko OHU JUINEHBI MHCTPYMEHTOB MOAAEP:KKU
MIPUHATUS PeIlleHuil U peakIuu Ha JUHAMUYECKUe
u3MeHeHUA cutyaruu [1-4].

Takum ob6pasom, HmoAaep:KaHue IIPOU3BOJCTBEH-
HBIX IIJIAHOB B aIeKBATHOM COCTOSHUY HA BCEX YPOB-
HAX C YUETOM HEOIPeIeJIeHHOCT BPEMEHU U XapakK-
Tepa M3MEHEeHU CTAHOBUTCS aKTyaJbHOI 3ajgaueri.
CoBpeMeHHbBIe WHTETPUPOBAHHBIE ITPOM3BOICTBEH-
HBbIE€ CUCTEMBbI JOJKHBI TMOKO U OIEepPaTUBHO pearu-
poBaTh Ha COOBITUS, YUYUTHIBATL PAaCIIpPeIeeHHbIN
xapaxTep OOJBIIMMHCTBA IIOJCUCTEM YIIPABJIEHUA U
OTCYTCTBUE IEHTPAJIU3ANUNA B HUX, CAMOCTOSITEIb-
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AreHTHI 3aKa30B 3HAIOT TPeOOBaAHUSA

AreHT 3axkasa

ATreHTBI 3aKa30B UIIYT CBOOOLHBIE MECTa
B PACIIHCAHUU, PECYPCHI «II€PEMaHUBAIOT»
3aKasbl B CUJIY UX BBHITOJHOCTHU

3akas 1
k I bipka

3akas 2

S

AreuTs! moazamau
(omepariuii)

B Puc. 1. Cuena mupa 3aKa30B U PECypPCOB
B Fig. 1. A scene from the world of orders and resources

¥ YT BApUAHTHI PECyPCOB

O

ATreHTHI 11eX0B

Arent
IPeAIpPUATUA

AreHTBHL
TeXHOJIOTUUECKUX
IIPOIECCOB

l
AreHTBL

000pyIOBaHUA

AreHTBL
CIIEINAINCTOB

HO MPUHUMATDH peIlleHusA 00 MCIpaBJIeHUU U ITapu-
pOBaHUU HENPEIBUIEHHBIX CUTYyallMi U BbIAAaBaTh
00HOBJIEHHBIE COTJIACOBaHHBIE TIJIaHbI [5]. OCHOBHBIE
TPUHIAIIBI TOCTPOEHUA U BHEAPEHUSI TaKUX CUCTEM
paccMmoTpeHbI B pabore [6]. Pemenue mogo6H0I 1110~
X0 (DOpPMAJIM30BAHHON 3aJauy JOJI’KHO BBITTOJTHATH-
cdA B PeXKUMe peabHOTO BpeMeHU, [I09TOMY CUCTeMa
YIOpaBJIEHUA TOJIKHA CTPOUTHCA HA CETEleHTpUYe-
CKHUX MNPUHIUIIAX U ObITh aJalTUBHOM K M3MeHe-
HuaMm. Cucrembl ILJIAHUPOBAHUS, OCHOBAHHBIE HA
IMEeHTPAJTN30BAHHBIX IOAXOMaX JUHENHOTO M MaTe-
MaTUYECKOr0 IIPOrpaMMUPOBAHUS, HEHPOHHBIX Ce-
TAX, TeHETUYECKUX AJTOPUTMAaX U IBPUCTUKAX, HE
TIO3BOJISAIOT B IIOJIHOM Mepe YUUTHIBATH BHICOKYIO AU~
HaAMUKY M3MEHEeHUH, TOCKOJIbKY HEOOXOAUMO Tepe-
CUUTHIBATH DPACIUCAHUA U IIOKA3aTeaUu AJs COTEeH
B3aMMOCBSI3aHHBIX ITPOU3BOJCTBEHHBIX PECYPCOB U
TBICAY BBITTyCKAaeMbIX magenuii [7—11].

ITosTomMy nJia yuera HempenBUAEHHBIX COOBITHIH,
HeoIlpeleIeHHOCTel, MUHAMUKU IIeH U JOCTYIIHO-
CTU pecypcoB GOJBINIOE PacIpOCTpPaHeHUe IIoJyda-
IOT MYJIbTHAT€HTHBIE CUCTEMbBI, B KOTOPBIX TEKYIIlee
pacoucaHuWe CTPOUTCS IIPU IIOMOIIM areHTOB 3amau
U PecypcoB, B3aUMOIEHCTBYIOIINX IyTeM IIepesadn
COOOITNeHNTT B CeTAX MOTPeGHOCTe U BO3MOMKHOCTEMH
(IIB-ceTsx) Ha ocHOBe caMoopraHusaiuu [12].

MyJILTHaPeHTHBIe TEeXHOJOIruMn
OJIA IIJIAHUPOBAHUA PeCypcoB

PaspaboTaHHBIN ITOAXOJ OCHOBAaH HA KOHIIEI-
uu ceTeil moTpebHOCTEN 1 Bo3MOKHOcTel [13, 14].
Arentsi [IB-cetu [15] BBauMoAeiCTBYIOT IPYT C APY-

TOM ITOCPEJICTBOM IIEPETOBOPOB B CIleHE MUPA, KOTO-
pas CTPOUTCS KaK OTPasKeHUe PeasibHOM CUTyalluu
B peaJIbHOH JKM3HU, C TEKYIIUM IJIAHOM OeiicTBUii
1 0KUJaeMbIMU Pe3yJbTaTaMi, JOCTYITHBIMU areH-
TaM MPENNPUATUSA WUJIW IoApasneseHus (Hampu-
Mep, Iexa) Ha COOTBETCTBYIOINX YPOBHAX (puc. 1).
AreHT 3aKasa CUNTHIBAET CTPYKTYDPY IPEAIPUATUAS
U3 OHTOJIOTUY U OIPeeJiAeT OTHOIIEHUA PECYPCOB,
HEOOXOAMMBIX [IJs ero WCIOJHEeHUsA. ATeHT HOBO-
ro 3aKasa, IIOCTYIIMB B CIIeHY, oOpalaeTcsa K areu-
Ty IPEIIPUATHA CO CBOUMU TPpeOboBaHUAMMU. ATEHT
npeanpuaTus (I1TabHOI areHT) aKTUBU3UPYET areH-
TOB IOJPasieIeHNil, KOTOPhIE CO3NAIOT areHTOB TeX-
HOJIOTUYECKUX IIPOIIECCOB, ONepaluili m Ioasajnad,
KOTOPbIE HAIIPABJIAIOT 3aIIPOCHI K pecypcaM — CTaH-
KaM, 000pyZoBaHMIO, MaTepuajaM. AT€HTHI BBITIOJ-
HAIOT MATYUHT 10 COOTBETCTBUSAM THUIIOB, IPOU3BO-
IUTEJILHOCTU, TPeOOBAaHUAM K IepcoHasy. Pecypcel
(cTaHKU, CIEIMaJIMCTh) aHAJU3UPYIOT JIOKAJbHbBIE
pacnrcaHuA W TPOBEPAIOT BO3MOIKHBIE DasMerre-
HUA. ATEeHT HOBOT'O 3aKa3a IbITAeTCA JOTOBOPUTHCA
C MeIIAoIMHU eMy 3aKasaM’ O MOJBMUIKKAX W CO-
OTBETCTBYIOIIUX KOMIIEHCAIIUAX, B PEKUME IIPO-
aKTUBHOCTU MeHAsS JIOKaJbHbIe pacuucauus. [lpu
TOCTIM)KEHUU KOHCEHCYCa HOBOE PACTINCAHME IPUHU-
MaeTcsA BCEeMU YYaCTHUKaMU. B IPOTUBHOM ciiydae
urepanuu (BOJHBI) IEPErOBOPOB 3aTParuBaioT 0oJiee
TIy0OKMe CJIOM PacIUCaHUs C yUYacTUEeM OTAaJIeH-
HBIX YYACTHUKOB II0 IEII0YKE.

Takoit pacrpeneaeHHBIH MOAXO]] ITO3BOJISET IIO-
BBINIATDH CJIOYKHOCTH PeIllaeMbIX 3aJad, CKOJb YIof-
HO paciimpsAsa IIOCTAHOBKY 3aJauyd ¥ BBOMAS HOBBIX
areHTOB, HAIIPUMeD, IJId yueTa peMOoHTa 060pyAoBa-
HUS, TPAHCIIOPTUPOBKY MIPOAYKI[UA U T. [I.
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MeTo agannTUBHOTO IMJIaHUPOBAHUS

dopmasm3oBaHHAA MOCTAHOBKA 3a1ayyd OCHOBA-
Ha Ha IMOMCKe KOHCEeHCyca MeXKJy areHTaMU Ha BUP-
TyaJabHOM pbIHKe IIB-cereii u MmokeT ObITH chopMmy-
JUpoBaHa ciaenyiomum obpasom [16].

IIpenmosoKuM, YTO BCEe areHTHI MOTpPeOHOoCTeHl
¥ BO3MOJKHOCTEI MMEIOT CBOU COOCTBEHHLIE IIeJIU,
KPUTEPUU, MIPEAIOUTEeHUA U OrpaHuYeHusa (Hampu-
Mep, CPOKHU, CTOMMOCTh, PUCKU, IIPUOPUTETHI, He-
00xoguMoe 000OpyIOBaHUE WJIN KBAJUPUKAIIUN Pa-
OOTHMKOB). BalKHOCTH KaKIOTO KPUTEPUS MOKET
OBITHL IIpPeACTaBJIeHAa BECOBBIMU KO3(h(PUIlEeHTaMKI
B JIMHEHHOI KOMOMHAIIMU KPUTEPUEB IJs TAHHOMA
CUTYaIlNU, HO MOKET MEHAThCS IPU (YOPMUPOBAHUU
WJIU MCTIOJHEHUN PACTIUCAHUSI.

Beemem (yukmuio ynosierBopeHHOCTH (Satis-
faction function) nis kakgoro arenra, Koropas 0y-
IeT TOKAa3bIBAaTh OTKJOHEHHNE TEKYINero 3HaAUeHUSI
9TON (PYHKIIMHU OT 3aJaHHOI'0 UAeabHOIO II0 JIF000-
MY U3 KPUTEePHeB TeKYIIEero I1ara morucKa perieHns.

ITyers y Kax D0 MOTPEOHOCTH j €CTh HECKOJIBKO
WHAWBUAYAIbHBIX KPUTEPHUEB X; U IPeJJ0KeHHBIX

d
ufeaNbHBIX 3HAUEHUH X;; . JlJIs KaKIOoro aresra
noTpedHOCTH | HOpMHpOBaHHaﬁ GYHKIIUSA BBIYHUC-

JseTcd KOMIIOHEHTOM i, 3aIlaHHBIM, HAIIpUMeEDP, KaK
id
ij
CTBe cJIyuaeB 9Ta QGYHKIKUA nMeeT (popMy KOJIOKOJIa
C BEPIINHON B TOUKe IIPeAIIoJIaraeMoro 1uaeajbHOIo
3HaUYeHUA. B KauecTBe MTOrOBOTO pe3yJabTaTa s
KaK 0l IMOTPeOHOCTU OLEHMBAETCS CYMMa BUPTY-
aJIbHBIX 3HAUEHUU AJIA KaKJI0ro KPUTepud i ¢ 3a-

IaHHBIME BECOBBIMU K0o(DHUIIeHTaMU (xtJaSk.

IIpu mpaBUJIBLHOM BBHIOOPE MIPU3HAKOB W (DOPMBI
GYHKIINY IeJIb KaKIOr0 areHTa MOKeT ObITh Iepe-
dopmysMpoBaHa KaK yBeauUueHUe (MAKCUMUIAIINA)
BHAYEHHHA Y; nmoTpebHOCTU j (3amava BEePXHETO
WHAEKCAa O3HAUYaeT, YTO 3HAUEHUS IIPUHAJJIEKAT
areHTaM IIOTPEeOHOCTH):

nMuHehHaA GYHKIUA fltaSk(xi x] ) B GosbuH-

task Zatask task ld)

(x; — Xij

roe Vj BecoBble KO3(DPUIIMEHTHI HOPMUPOBAHBI:

Z oc’d =1.

IIpobieMa HaxOKAeHUA COCTOAHUIT x?j areHTOB
noTpebHOCTEel j, MAKCUMUBUPYIOIIUX OOIITYIO CTOU-
MOCTh BCEX 3aKas30B, MOKeT ObITh C(hopMyIupOBaHA
CJaeIYyIONINM 00pasom:

task Z Btask task

_Z B;askz task task(xi xlz]d) (1)

N
ytask _ max(ytask ),
X

rie BtaSk — 9TO Bec MOTPeGHOCTH, KOTOPHIH [I03BO-

JIsIeT YCTAHABJIMWBATL W AUHAMUYECKUN H3MEHATH
IIPUOPUTETHI, IIOKA3LIBAIOIINE BAaYKHOCTH KPUTE-
pues.

AnajornyHo (YHKIUA 3HAUEHUN MOKeT OBITh
3aJaHa JAJIA PecypcoB IO KPUTEPUAM 2, C (PYHK-

nueit fi;° (zk —2}3), BecoM oy’ KpuTepus k A

pecypca | u 3sHaueHHeM pecypca P;°° mss cucTeMb

(uTO aHMaJOTMYHO Becy (DYHKIIUI areHTOB IOTPeO-
HOCTelt):

L3y
— Z pres zk oGS . fres (zk _ 2]13 )’ 2)

res res \.
Yy = max(y ),
2k

z, e DX, x; e DVi, k,
I:Dim(DK), K=Dim(DK). ®3)

ITepeMeHHbBIE X U Z OTHOCATCS K HEKOTOPHIM 00-
JaCcTSM IIPOCTPAHCTBA KPUTEPUEB MOTpeOHOCTelr u
BOBMOXKHOCTel, ] u K ABIAIOTCA pasMepaMU COOT-
BETCTBYIOIIIMX IIPOCTPAHCTB KPUTEPUEB, BEPXHUHA
WHJAEKC res O3HAYAET, UTO 3HAYEHUS IIPUHAIJICKAT
areHTaM BO3MOIKHOCTE.

Taxum o6pasom, B IIB-ceTm 3amaua omTmMmumaa-
muu chopmupoBana Kakx pernenue (1)—(3). Paspa-
0OTaHHLIN MeTOJ OCHOBAH Ha KoHIlennuu IIB-ceru,
TIle areHThI CYIIeCTBYIOT Ha BUPTYaJbHOM PBHIHKE U
TMIOCTOSHHO CTPEMATCA YAYUIIUTh CBOU UHIUBUIY-
aJbHBbIE (DYHKIIUY YIOBJIETBOPEHHOCTU (KOTOPBIE OT-
paskaioT uX 3aJaHHble MHOTOKPUTEePHUAJIbHBIE I1eJIN)
C UCIOoJb30BaHUeM (PYHKIIUHA OOHYCOB U HITPadoB
(puc. 2).

AreHTBI TBITAIOTCA MaKCUMH3UPOBATH CBOU
(DYyHKIIUKM yIOBJIETBOPEHHOCTH, HUCIIOJIb3YA OOCTYII-
HbIe UM BUPTyaJbHbIe JeHLIH: YeM JIyUIlle TO3UITnA,
TeM 00JIbIlle O0HYC 1 TeM OOJIbIIIE eHer Ha BUPTYaJlb-
HOM cueTe areHTa. dem OoJIbIlle AeHET, TeM OOJIbIIe
BapUaHTOB [JIs IePeCTPONKY pacnucanus. PyHKITUN
0OHYCOB U IITPA(OB OTPAKAIOT UBMEHEHUS B (PYHK-
Y YIOBJIETBOPEHHOCTH areHTOB 1 OIPeaeIsIioT Tr0-
KOCTb KOMIIPOMMCCOB IIPH PEIIeHN Y KOH(DINKTOB.

IIpoToKOMBI perieHuA KOH(MPIMKTOB OCHOBAHBI
Ha MOAUMUKAINAX KOHTPAKTHOM ceTH — KaiKaas
3amavya MOXKeT OBITh PacHoJIoXKeHa Ha CBOOOTHOM
cJIOTe, CIBUHYTA, OTOPOIIeHa, pasaeseHa UIn 3aMe-
Hena. OgHAKO B ciiyuae KOH()JIMKTA OGUH areHT MO-
JKeT MPEeAJoKUTh KOMIIEHCAIIUMIO IPYyroMy areHTY,
a BTOPOM areHT IPUMeT IPeaJ0KeHre, TOJbKO eCJIu
ero (DYHKIIUSA YIOBJETBOPEHHOCTH HE YXYAIIUTCAH.
PasHbIe TPOTOKOJIBI MOT'YT ONPENENATh PA3JIUUHbIE
MeTOABI perteHnsa KOHQIUKTOB.

OcHOBHAs YacTh pa3pabOTaHHOTO METOAa MOXKET
OBITH OIIpeesieHa CIeLYIOIIUM 00Pa3oM.

NeE, 2018 N\
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DyHKIUA YIOBJIETBOPEHHOCTA — IIeJIb areHTa
OnrumasibHOE 3HAUeHUe

I
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— KPI
| |
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100 o
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B Puc. 2. IIpumep QYHKIIUU YIOBJIETBOPEHHOCTH areHTa
B Fig. 2. An example of the agent satisfaction function

1. Bo3MOXHOCTh BBOJUTH UHCJIO KOHKPETHBIX
KJIaCCOB AareHTOB, IIPEJCTABJIAIONINX CICIUPUKY
IpeaMeTHOH o0JlacTu ¢ TpeOyeMbIM yPOBHEM [eTa-
JIUBAIAU.

2. ®yHKIIUU yA0BJIETBOPEHHOCTU 1 HyHKIIUU 60-
HYCOB U MITPag)OB OIIPEeIeIII0TCA JUHEHHON KOMOU-
Haleil MHOTOKPUTEPUAJNLHBIX IeJel, IMpeanouTe-
HUHU 1 OTPAaHUYEHUN KaKI0T0 areHTa.

3. 3amaHbl IPOTOKOJIBI B3aWMMOIEHCTBUS AareH-
TOB, KOTOPBIE OMPEIeSIOT, KaK BBIABISATH KOH-
(GIUKTBEI U HAXOAUTh KOMIIPOMUCCHI C OTKPBITBIMU
CJ0TaMU, CABUTaMU U CBOIIAMU 3aa4 (oImeparmii).

4. UToroBoe pacuucaHue (GOPMHPYETCI B IIPO-
mecce camoopranusamnuu areatos I1B-cetu.

5. BoiOpaHHBIE TPOTOKOJIBI 3aIllyCKAIOTCA TIPU
BO3HUKHOBEHUN HOBBIX COOBITHH (HAIlpuMep, IIpU
MOCTYIJIEHUY HOBOTO 3aKa3a):

a) HOBBIIT 3aKas3 IIOCTYIIaeT B CUCTEMY, U eMY IIPH-
CBaMBaeTCs areHT;

0) areHT 3aKa3a HAXOAUT TeXHOJOTUUYECKUN MU
6usHec-iporecc B 6ase suauuii (B3), cosgaer areu-
TOB 3a/]1a4, CBA3AHHBIX OTHOIIIEHUSMU, U 3aIIyCKAET
UX IJI HauaJia pelleHus IpoodeMbl;

B) aTeHT 3ajJaull CUNTHIBAET CIIMCOK TpeboBaHMIt
u3 B3 1 oTpaBiseT coobIleHre BceM areHTaM, Ipu-
CBOEHHBIM [JOCTYIIHBIM PecypcaM, O TOM, UTO €My
TpebyeTcA pecypc ¢ ompeeeHHBIMU ITapaMeTpaMu
U OH MOJKeT 3aIlIaTUTh 34 dTOT PECypc OIpeaesieH-
HOE KOJIMYECTBO BUPTYAJIbHBIX JEHET;

T) Bce areHThl PEeCcypcoB, oOJamalomiue yKasaH-
HBIMU QYHKIUAMHA (IOJHOCTHIO WJIW YACTUUHO) U
CTOSIII[NE MEHBIIE WJIM CTOJBKO K€, CKOJIBbKO OBIJIO
yKa3aHo areHToM 3aJaul, IpeaaaraioT eMy CBOU yC-
JIYT'H;

I) areHT 3aJauyyd BHIOMpPAeT M3 IIPEAJIOKEeHHBIX
HamboJiee IOAXONAINUI CBOOOAHBIN pecypc. Ecam
TIOAXOAAIINX PECYPCOB HET, aTeHT 3aJauU IIBITAeTCA
IePEMAHUTh PECYypC, KOTOPBIN y:Ke OBbII HasHaUeH
Ha IPYTOi 3aKas, mpeaJjiaras KOMIIEHCAIIUIO;

e€) areHT 3ajgadyud, KOTOPOMY ObLiIa IIpemJoiKe-
Ha oIpeJeeHHadA KOMIIEHCAINA, paccMaTpPUBaeT
npenyoxenre. OH OIpUHUMAaET €ro TOJIHBKO B TOM
caydae, ecau KOMIEHCAIIUA ITO3BOJISET eMy TOJy-
YUTH APYTOI yAOBIETBOPUTEIbHBIN PECypec U OJHO-
BPEMEHHO YBEJUYUTH OOIIYI0 yIOBJETBOPEHHOCTH
CHCTEMBI;

JK) €eCJIM aTeHT 3aJa4uu IPUHUMAET IPeJIoKeHue,
OH PEOPraHU3yeT PaHee YCTAHOBJIEHHbBIE OTHOIIIEHU A
C 9TUM 3aKa30M, 3aJadyeii U PecCypcoM U UIIeT HOBbIE
OTHOIIIEHUA C PECYPCOM, YBEeJMUUBasA OOIYIO YIOB-
JIETBOPEHHOCTH CUCTEMBI;

3) 9TOT K€ IPOIeCC BHITOJHAETCA U AJIA areHTOB
PecypcoB, KOTOPBIE MOT'YT TeHEPUPOBATH IIPEAJIOKE-
HUSA areHTaM 3a7a4 ¢ KOHKPETHBIMM KOHTEKCTHO-
OPHMEHTHUPOBAHHLIMU TPEOOBAHUAMU.

6. [laHHBIN IIpoIllecCc IIOBTOPSIETCA OO TeX IIop,
IIOKa BCe pPecypchl He OYAYT CBA3AHBI C 3aKasaMu
U areHTHI DOJIbIIIE HE CMOTYT YJIYUIIUTH CBOE TEKY-
11ee COCTOsHUe, UJIU IO TeX II0p, IOKa He OymeT uc-
YepIaHo BpeMd.

7. B 3TOT MOMEHT areHT CHCTEMBI HAUMHAET Iiepe-
CcMaTpPUBAaTh KJIOUYeBbIe ITOKa3aTesid 9P(PeKTUBHOCTU
(KPI) cuctemMbl 1 HaXOAUTH areHTOB ¢ MUHUMAJb-
HOII yIOBJIETBOPEHHOCTHIO MO Hambojiee BaKHBIM
KPUTEPUAM.

8. ATeHTHI cUCTEMBI IIPeAJaraloT STUM areHTaM
oIpo6OBaThH OMPENEJIUTh CYMMY BUPTYAJbHBIX Je-
HET U Ty CTOUMOCTH, KOTOPYIO MOYKHO JOCTUYb B XO-
Jle IeperoBOPOB.

9. Iloryuasa OpemIOKeHUsa OT OSTUX areHTOB,
areHT CHCTEMBI MOJKET BBIOpPATh IIPENJIOKEHUE
C JIYUIIINM COOTHOIIIEHWEM IIeHHOCTh — IleHa IJIA
yaydlneHusa Hanbojiee BasKHBIX KJIOUEBBIX ITOKAa3a-
Teselnt 5PEeKTUBHOCTH.

IIpu HeOOXOMMMOCTHU TIOJIL30BATEh MOYKET B MH-
TePaKTUBHOM PeKUMe BMeIIaThbCA B IIJIaH B JII000i
MOMEHT U BPYUYHYIO IIE€pelesIaTh paclucaHue, Iepe-
TaI[UB Ollepalluy — B pe3yJibTaTe ILJIaH OyAeT aBTo-
MaTUYeCKU N3MEHEH.

OO611ee OBeeHYE CJIOMKHBIX CHCTEM — BTO pas-
BUTHE Uepe3 B3aMMOJEICTBHE areHTOB, YTO, B CBOIO
ouepenb, OTPaHUYUBAET UX IoBeneHue. Takoe IIo-
BeJleHMe Has3bIBaeTCA aMepaAsKeHTHBIM. OHO HezeTep-
MUHUPOBAHO M HEIPEACKa3yeMoO, HO He XaOTHUHO.
UpesBbluaiiHas CUTyaIllUlsd IIPUBOAUT K HEYCTONUU-
BBIM PaBHOBECUAM, CBA3AHHBIM C OOOCHOBAHHBIM
KOHCEHCYCOM MHOTMX KOH(M)JIMKTYIOIINX AareHTOB,
KOTOpbIEe TPEACTABJSAIOT cOajaHCUPOBAaHHBIE pac-
nmrcaHusA, obecneunBaIONIe a alTUBHOCT K BHEII-
HuM haxTopam. BoJsiee mogpPOOHO JTOTUKA IPUHATUA
peleHnit ¥ TPOTOKOJIBI TIEPETOBOPOB areHTOB IIPe/I-
cTaBJIeHBI B paboTe [6].
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Hcnoas30BaHue OHTOJIOTHH JJIST HACTPONUKH
MYJbTHATEHTHOTO IIJIAHUPOBAHUA

OnTomoruueckass B3
JIJIS aJANTUBHOTO YIIPABJIEHUS pecypcaMu

Ilepexon K 1u(ppPOBOM SKOHOMUKE IIPEAII0JIaraeT
pasBuTHE METOHOB U CPEACTB (POPMAaIM30BAHHOIO
npeJcTaBJIeHUSA 3HAHUN, KOTOPBIE HOJKHBI o0ecIie-
YHUBATh BO3BMOKHOCTD YHU(DUIITMPOBAHHOT'O IIOCTPOE-
HUA UMPOBBIX MOJIeJIed BCeX aCIeKTOB JeATeIbHO-
CTU IPEAIIPUATUN I CO3AAaHUA YCIOBUH II0 yIIpaB-
JIEHUIO pecypcaMy MNIPeNIpUATUIN, II0 IOJAepIKKe
B3aMMOJAEHUCTBUA B PAMKAX OTPACJEBBIX ITUMPOBBIX
mraT@opM, MPO3PAvYHOCTH [ABUKEHUS TOBApOB U
IPeIOCTaBJIEHUSA YCIYT U T. 1.

Takoro poma Momeau HOJKHBI BKJIIOUATL B ce0sA
onucaHnue o0beKTa U IpeaMeTa NeATeJTbHOCTU IIPe-
npuAaTusd, TpeboBaHUA K KaueCcTBY U3AEJUHA U IPO-
I[ECCOB, COCTaB IMOAPAa3AeJeHUI 0 YPOBHA KaKIOTO
COTPYIHUKA C UX KOMIIETEHITUAMU 1 UMY IPUMeHsIe-
MBIMU UHCTPYMEHTAMHU, TeXHOJOTUUECKNe UJIN O13-
HEeC-TIPOIIECCHI U IPYTYI0 HOPMATHUBHO-TEXHUUECKYIO
ITOKYMEHTAIINI0, PEeTJIaMEHTHI B3BAUMOAENCTBUH TO-
paszaesieHni U CIeINaJIUCTOB, Pe3yabTaThl MOJEJb-
HBIX ¥ HATYPHBIX UCIBITAHUYN 00 HEKTOB U T. 1.

Takue 3HaHUA MOKHO d(PGEKTUBHO XPAHUTH
B BUJI€ OHTOJIOTUI M UCIIOJb30BATH JJIs YIIPABICHU S
pecypcamMu npennpuaTuii. lVsBecTHBIe KOHCTPYK-
Topel ouTONOruii (Protégé, OntoEdit, OntoLingva
W [Ip.) OpeciefyioT HCCIeNOoBaTeJIbCKUE IeJIu, He
IpegHasHAUeHBI AJIA ITIOCTPOCHUS Mofesiel AesaTelb-
HOCTH, TeM OoJjiee MacinTaba MpeqIpUuATUN, He Ja0T
BO3MOJKHOCTH CTPOUTHL B3 ¢ ThicATUaMM 3K3€MILIA-
POB, CJIO}KHBI ¥ TPYAOEMKHU B UCIIOJIL3OBAHUU.

B 371011 cBABK CTAaHOBUTCSA aKTyaJIbHOUN U 3HAUU-
MO paszpaboTKa MeTO0B U CPeACTB (hOpMaIn30BaH-
HOTO IIPECTABJIEHUA 3HAHUNA, KOTOPBHIE ITO3BOJIAT
CBA3aTh B €IMHYIO CEMaHTHUYECKYIO CeTh Pa3InUHbIe
1o ceouM dopMaraMm AaHHBIE, 00eCIIeUnUTh YA00HbII
IOCTYI MOJIb30BaTeel K 9Toi nH(popMaIuu, a Tak-
JKe clleJlaTh 9THU 3HAHUSA TPUTOJHBIMHU AJIA KOMIIBIO-
TepHOU 0O0paboTku. IIpu sTOM BasKHO IIPENOCTABUTEH
MOJIb30BATEJISIM BO3MOKHOCTH CEeMaHTU3AIIUU WH-
dopmanuu (KaaccupuUKAIIUU ¥ MapaMeTpUl3aIiuu
KBAHTOB 3HAHUM, UX CBA3BIBAHUA U T. 1I.), BKJIOUAI
TIOCTPOEHNE CEMAaHTUUYECKUX JAEeCKPUIITOPOB (Me-
TaTaHHBIX), TOAXONAINX AJA KOMIIBIOTEPHON 00-
paborku. Ho cama mpupoja cucteM 3HaHUI He CTa-
TUYHA, OHA IIOCTOSHHO PA3BUBAETCA — B DTOI CBAZU
HYKHO cIeJIaTh 3HAHUSA aKTUBHBIMHU 34 CUET IIPUMe-
HEHUS MYJbTUATEHTHBIX TEXHOJOTUI, YTOOBI MMETh
BO3MOXKHOCTH MHOAAEPKAaTh ITPOIECChI COIIOCTaBJIe-
HUS KBAHTOB 3HAHUI, X KaTeropmusaamuu, KJIacCu-
duKamuu, CBA3LIBAHUS U T. 1.

B pesysnbrare sHaHUA TPEIIPUATUAA MOTYT OBITH
OpPraHM30BaHBI B MHTYUTHUBHO IOHATHYIO CHUCTEMY
Tuna BuUKHUIenuu, B KOTOPOH IIOAAEP:KUBAIOTCS
TIIPOIECChl CAMOOPTaHU3AIUYU TaKUM 00pas3oM, UTo-

OBbI 3BHAHUS OBLJIN 10 BO3MOYKHOCTH IOJHBIMU U CBS-
B3aHHBIMU, HE IPOTHUBOPEUMBLIMU, HATISTHBIMUA U
IIPO3PAUYHBIMU, OTKPHITHIMU K U3MEHEHU M.

TexyIye TeHAEHIINY PASBUTUA UHTEJJIEKTYAJb-
HOT'O TPOM3BOJICTBA CBA3AHBI C NCIOJIb30BAHUEM Ta-
KHUX METOJOB, KaK OHTOJIOTMUECKOe IIPeCTaBIeHUe
3HaHNI, MaInHHOE 00yueHure, 6a3bl 3HAHUKI U T. 1.,
KOTOPBIE ABJIAIOTCS OUEHb BaKHBIMU U TIEPCIIEKTUB-
HBIMH JIJIsI IPAMEHEHU S B IIPOMBIIILICEHHOCTH.

B [17] mpencraBiieHa WHTEJIEKTyaJbHAA MYJIbTH-
areHTHas CHUCTeMa YIIPaBJIEHUS TPOU3BOACTBOM Ha
ocHOBe oHTOJIOTUH. C IOMOIITBI0 CEMAHTUYECKUX TeX-
HOJIOTHH 00eCcIIeunBaOTCs BHICOKAS aJalTUBHOCTD U
PEaKTHUBHOCTL HACTPOMKU MEJIKOCEPUITHOrO ITPOM3-
BOJICTBA BBICOKOTEXHOJIOTUYHOHN IIPOAYKIIUU, TaKOH
KaK IIPOM3BOJICTBO CAMOJIETOB, HA CTAAUH ramp-up.

B [18] ommceiBaeTcsi TpUMEHEHUE OHTOJIOTUU
B paciupefieIeHHO CeMaHTHUUECKOII CEeTH ITPOU3BOJI-
CTBEHHBIX I€XOB MIPEANIPUATHA I (DOPMUPOBAHUS
o deKTUBHON M MacIITabUPyeMO# CHCTEeMbI B3au-
MOJEMCTBUS W IMOWCKA JAaHHBIX IO WHMOOPMAIIIOH-
HBIM 3aIIpocaM.

B [19] paccmaTpuBaeTcsa BOBMOYKHOCTE ITPUMEHe-
HUA OHTOJIOTMH IJIs Pa3OMeHMA CJIOKHBIX 3aJad Ha
COCTaBHBIE — 0 YPOBHSA aBTOHOMHBIX. OZHAKO OH-
TOJIOTUYECKOE OIMCAHWE OTHEJbHBIX OIlepaluil He
IIPOM3BOIUTCS.

B [20] nokasaHo, uTO paspaboTKa OHTOJIOTUI 00-
JIeTUaeT MPABUJIbHOE TIOHUMAHWE IPEeIMETHON 00Jia-
CTH, CJIEJOBATEJIHLHO, 3HAHUSA 13 BHEIITHUX NCTOUHUKOB
MOTYT PaCIpPOCTPAHATHCA Uepes3 CBA3aHHBIE OTKPHI-
ThIe JaHHBIE WU HATIPAMYIO MHTEIPUPOBATHCS (COTIO-
CTaBJIATHCSA) C UCIOJb30BAHMEM II0IX0/[a COIIOCTABJIE-
Husa oHToJoruii. IlokazaHo, Kak omucaHMe OHTOJIOTU-
YeCKUX JAHHBIX MOYKET CIOCOOCTBOBATH B3aMMOMEH-
CTBUIO MEKIY MOZEJIbIO JaHHBIX KOMIIAHNY U HOBBIMU
UCTOYHUKAMU WH(OPMAIuM, a TaKyKe OOHOBJIEHUIO
COXPAHEHHBIX MaHHBLIX IIYTEM COIIOCTABJIEHUSI OHTO-
Joruii. [leMOHCTPUPYeTCa BOSMOYKHOCTh IIPUMEHEHU A
OHTOJIOTUM [IJI MHTErpaIluy JaHHbBIX, UTO, OJHAKO, He
perraer 3a1auy X OHTOJIOIMTUECKOT'O OIIMCAHUA.

B [21] oTpaskeHa BO3MOKHOCTH KOH(MDUT'YypaI[UU
CEePBUCOB, ITOCTPOEHHBIX HA OHTOJOTHAX. [loKasau
MIPOTOTUN IJIA WU3yUYEeHUA T'UOKOI ITPOM3BOACTBEH-
HOII CHCTEeMBbI, ITO3BOJISIOIIUNA IPOBEPUTH OCYIIe-
CTBUMOCTH «}KaJHOI» JIOKAJIHLHOU PEKOH(MUTYPAIUNT
YCAYT IJis KOHKYPEHTHBIX U COBMECTHBIX CUTYAIlUi
IIPOMBIIIIJIEHHON aBTOMATU3AIINN.

B [22] nmoxrasbIiBaeTca BO3MOYKHOCTH KOODAWHA-
U1 U KOHTPOJISA ITOJ00HOI CJIOYKHOII CICTEMBI Uepes
B3aUMOJEHCTBIE YYACTHUKOB C WCIOJb30BAHUEM
METOZOB M TeXHUK IIPOEKTHUPOBAHUS, IIPOBEPKU U
Pa3BepPTHIBAHUA CEPBUCOB, BO3MOXKHO, «HA JIETY»,
YTO ZieJIaeT IPOEKTUPOBAHNIE CEPBUCOB HEN30EKHBIM
TIOIX0IOM K PaspaboTKe HOBOTO IMTOKOJEHUS ITUPo-
BBIX IIPOU3BOJCTBEHHBIX cucTeM. [IomoOHbBIE cepBuU-
ChI, KOTOPbIe MOT'YT MHKAIICYJINPOBATh WU abcTpa-
THUPOBATh HE TOJLKO IPOrpaMMHOE 00ecIieueHne, HO
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u (pusuyeckoe moBefeHUe (KaK 3TO AeaioT 1udpo-
Bble JBOMHUKM), OTHOCATCA K WHTEJICKTYaJTbHBIM
amanTUBHBIM cucteMam cbopku. IIpemocrasisercs
riybokasa ceMaHTHYecKada WHGOpPMaIusa, KoTopasd
JOTIOJIHAET abCTPAaKTHBIA ypPOBEHB OHTOJIOTHH CO-
BMECTUMOCTH CEPBUCOB.

B [23] onuchiBaeTcs mcronb3oBaHUe OHTOJIOTUY
IJis HACTPOMKH HHTep(eiica B3auMOmeNCTBUA uUe-
JIOBEKAa ¥ aBTOHOMHBIX areHTOB B UeJIOBEKO-MaIllnH-
HBIX KOMaHJaX.

Baxnplil mpuMep NpuUMeHEHUsA OHTOJOTHUI maeT-
ca B [24]: pacrpenenenue 3ajad U yIpaBJIeHUE UMU
UTpaT BaKHEHUITYI0 POJIb B IIPOIECCE B3aMMOMIEH-
CTBUSA «UeJIOBEK — POOOT» BO BpeMs IIOUCKOBO-CIIaca-
TeJbHBIX Ollepaluii. ABTOpPHI pa3pabaThIBAIOT 1 OIle-
HUBAIOT OHTOJIOTHIO, KOTOPas IIPEeIOCTaBISIET OOIIMiA
CJIOBaph IS YJIEHOB KOMAHMABI, KaK JIIOJel, TaKk U
po6oToB. OHTOJIOrMA NCHOJIb3YEeTCs AJIsI 00IeruYeHI s
o0MeHa JAHHBIMU W BBITTOJHEHUS MUCCHUI, a TaKiKe
obecIireueHn s HeOOXOAMMOM ITOAIePKKY AaBTOMATU3H-
POBAHHOTO YIIpaBJIeHU 3afauaMu. Pe3yabTaThl CBU-
JIETEJIbCTBYIOT O TOM, UTO IIpejiaraeMas OHTOJIOTUA:
1) obsieruaet o6mMeH nHGOPMAIIEN BO BPeMs MUCCHI;
2) momMoraeT PyKOBOJUTEJIO I'PYIIBI B pacipenee-
HUU 3a7a4 U YIPaBJIeHUW WMU U 3) 00ecIreumBaeT
aBTOMATUYECKYIO TIOAIEPIKKY YIIPABICHUS CIAYKOO0I
TOPOJICKUX TIOMCKOBO-CIIACATEJILHBIX OIlePaIrii.

W3 sTux mpUMEpOB y:Ke BUIHO, UTO OHTOJIOTUU
CTAHOBSATCA CPEJCTBOM YIIPABJIEHUA ITPUJIOKEHUA-
MH, HO BO3MOKHOCTDH JETAJLHOTO OMMCAHUA 3aJa4u
He ObLJIa WCCJIefOBaHAa.

PaccMoTpuM OCHOBHBIE 3Talbl CO3JAHUA IIPO-
ToTHIIa HOBOM B3, OCHOBAHHOI HA OHTOJIOTUH, IJISA
alanTUBHOTO IIJIaHUPOBaHUA. B3 BKJIOUAET WH-
dopmaiuio, B HACTOAIIEEe BPeMs OTCYTCTBYIOIIYIO
B UMEIOIeMCA YUYETHOM KOHTYpe CYIIIeCTBYIOIIUX
0a3 TaHHBIX IPeAIPUATHH [25], a *MEHHO cBeleHnA:

— 00 opraHmsaIy moApasaeJeHuil B YaCTH CBsA-
31 pabounx CTaHIIUI C IIePCOHAJIBbHBIM COCTABOM pa-
6ounx;

— 0 TOM, KaKNe YacT! U3JeJausa Ha KaKUX yJacT-
KaX BBITIOJIHAIOTCS;

— 0 CBSA3U UBAEJUH M TEXHOJOTMUECKUX IIPO-
IeccoB, pabounx IMEeHTPOB, OCHACTKH, MAaTEePUAJIOB U
ApyTHux;

— 0 CBA3AX TEeXHOJOTUYECKUX Olepauii (Mex 1y
co0boii: mapaJiyieibHbIe U IIOCJeI0BaTeJbHbIe, IPU-
HAIJIE’KHOCTH PA00OUUM IIeHTPaM, CBS3b C KOMIIETEH-
muAMU pabouux U APyTHe);

— 0 KOMIETEHIUAX pabounx (MX peasibHBIX Ha-
BBIKAX U YMEHUAX);

— 0 BO3MOJKHOCTU YCUJIEHUS OIepaIiuii TeXIpo-
II€CCOB JOIIOJHUTEJIbHBIMU PA0OUNMU;

— 0 COBMECTHMOCTHU Paboumnx B CMEHaX;

— 0 THUmax pabouux, KOTOPbIE MOJIXKHBI KOMOU-
HUPOBATHCSA B CMEHE;

— Ipyrue cBemeHusA (0 MIAHUPYEMBIX PEMOHTaX
uT. I.).

Kpome Toro, B Hauajie paspabOTKU IIpOrpaM-
MHOI'0 00ecIleueHunsi OUeHb CJI0KHO (DOPMAIN30BaTh
CKPBITbIE 3HAHUSA, W OHU CTAHOBATCSA TOCTYITHBI-
MU TOJIBKO TOT[[a, KOI/a IepBble BapUAHTHI PaCIIu-
caHUil, CreHepUpPOBAaHHBIE CHCTEMOI, IIOCTYHAIOT
K TI0JIb30BATEJIAM.

B kauecTBe nepgozo samana Oblia paspaboTaHa
«BasoBad OHTOJIOTUA IJIAHWPOBAHUA», B KOTOPOI
OIMCHLIBAIOTCS CIEAYIOIINE KJII0UeBble OHITHA:

— 3aKa3 — ONMCHIBAET, KAKOU IIPONYKT UJIU yC-
Jyra Tpedyercs;

— TeXHOJIOTWYECKWI wmau OusHec-Ipormecc —
OIIMChIBAeT HAOOP BHITIOTHAEMBIX 3aa4 (omepaIiumii);

— Bajauva (omeparius) — ompezesisgeT paboTy, Ko-
TOpas IOJKHA OBITH BBINIOJIHEHA, BKJIOUYAA BCe He-
00xX0auMbIEe PeCypPChI;

— pecypc — JoAM, 000pyIOBaHUE NI MaTepua-
JIbI, HEOOXOAMMBIE JJIS BLIIOJHEHUS 3a1aY UJIN OIle-
paimii;

— IOPOAYKT — nobaBjieHVE BBIIYCKAeMOIl IIPO-
IYKINU, UCIIOJIb3yEeMOI B OllepaIinsix;

— OTZEeJ — COCTOUT M3 PECYPCOB PA3HBIX TUIIOB.

Kpome Toro, 6bL1 BBeeH P KJIACCOB OTHOIIIE-
HU JJId YBA3SKY BBINNIEYIOMAHYTHIX TOHATH, B TOM
yucJe:

— 3aKas «Co3IaeT» 00bEeKThl — OIUCHLIBAET, Ka-
K1e 00'beKTHI OYIYT CO3JaHBI AJIA 3aKa3a;

— 00BbeKT 1 «ABIseTCA-4acThIO» O0BEKTa 2 —
OIMCHIBAET COOPKY OOHEKTOB;

— OOBEKT «MMeeT» OM3HEeC-TIPOIeCcC — OIMUCHIBA-
€T TeXHOJIOTUUECKUe NN OM3HeC-IIPOLECChI, JOCTYII-
HBIE JJIA IPOU3BOACTBA 00'HEKTOB;

— 3ajava 2 «ABJAETCA-CJIeNYIOIeN-Nan-Tpeabl-
IyIed» nis 3agadm 1 — onuchIBaeT B3AaUMO3aBUCH-
MOCTb 3a/1a4 B OM3Hec-IIpoIecce;

— Bajmava «TpebyeT» pecypc — OIUCHIBAeT IIpa-
BIJIa COOTBETCTBUS IJIA BHIOOPA PECYPCOB;

— 3ajiava «IIPOU3BOJUT» IPOAYKT — OIUCHIBAET
IIPOM3BOMMbBIE O0'BEKTHI AJI 3a/1a4;

— 3ajlaue «HY/KHBI» MaTepuaJibl — OIUCHIBAET
BXOJHBbIe O0'BEKTHI AJI 3a5a49 U T. I.

Ha emopom smane 6bliu paspaboTaHbl KOH-
CTPYKTOP OHTOJIOTMM 1 0Oasa 3HaHHUI, CO3MAaHHAS
B Buje cemauTuueckon Wiki (puc. 3).

C MOMOIIBbI0O KOHCTPYKTOPA OHTOJIOTUU MOIKHO
CIIPOEKTUPOBATH OHTOJIOTUIO IIJIAHWUPOBAHUA MIJIA
oIpelieIeHHOIT IIpeIMeTHOII 00J1acTH, a 3aTeM Ha 0cC-
HOBE ATOU OHTOJIOTUM JOMeHa paspaboTaTh OHTOJIO-
TUYECKYI0 MOJIeJIb (OHTOMO/EIb) IPEeATIPUATHS.

B oHTOJIOrHI0 MAIITHHOCTPOUTEIHLHOTO IPEAIIPU-
ATUA BXOJAT CJIENYIOIIe OCHOBHbBIE Pa3/IeJIbI:

— OpPraHM3aIMOHHO-IIITATHAS CTPYKTypa IIpPem-
IPUATHUA, OIUCHIBAIOIIAA II€PEUeHb IoApasaeie-
HUM, COTPYOHUKOB, WX IIPOPECcCuu, MIOJIKHOCTH,
KOMIIETEHIIUY U T. [I.;

— UHQPACTPYKTYpPHAA MOJeJb MIPEeNIPUITHI,
ONMCHLIBAIOIIAsI OCHOBHBIE TeXHUUYECKUE CPeICcTBa
(o6opymoBaHUe, UHCTPYMEHTBI, MaTE€PUAJIbI, YUACT-
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/I IToxpasnenenue

Ilpunamimexar

VYupasisier

IIpunapmexar

| PykoBoxuTess mpoexkTa |

| CekTop |

CocTout-us

Tpebyerca

WNuxenep

Tpebyerca

| HNwmeer

ITpunanimexar
PykoBogurenb
Cosgaer
OTBeTCTBEHHBIE
WUspenne |
Cocrout-us
| Cy6usnenus | IIpoexT
TpebyioT
Bxon
| TexHosorus |
| 3ajzaua
Cospgaer
| JHoKkyMeHT Brixon

YmMmeHUA

| O06BeKT

B Puc. 3. PparmeHT 6a30BOI OHTOJIOTUHY IIJIAHUPOBAHUA
B Fig.3. A fragment from the basic Planning Ontology

KM TIPOM3BOJACTBA, COOPYKEHUSA, XapaKTEePUCTUKU
MaTepuaJbHBIX OO0BEKTOB, (PU3NKO-TEXHUUYECKIIE
IPUHIAIILI PA0OTHI U T. [.);

— OU3HEeC-TIPOIECChl MMPEAIPUATHAI, OMNCHIBAIO-
Iue TPOIeCChl OCHOBHOU AeATENBHOCTU (TEXHOJIO-
U TPOU3BO/ICTBA);

— M3roTaBJIMBaeMble U3JeJINA U YCIYTH, IPemo-
cTaBJiAeMble TMPEINPUATHEM, KJIOUeBble IMOoKas3aTe-
Ju KauecTBa 1 9P PEKTUBHOCTY PeaIu3aluu yCayT;

— mpodeccroHaIbHAS CIIEITAIN3a A U KOMIIe-
TEeHIIUU PabounX;

— Ipyrue 3HaHusA, HeOOXOAMMbIe JIs ILIaHNPO-
BaHUS OIlePaIliii TeXHOJOTUUECKUX ITPOIECCOB.

KiroueBble MOHATHUA M OTHOIIEHUS OHTOJIOIHU
OIePATUBHOTO TJIAHWPOBAHUS AJA MAIIUMHOCTPOE-
HUS IPUBEIEHbBI Ha puc. 4.

OcHoBHOI yacTbi0 B3 ABIAeTCA IIOHATHE «3aLa-
ya» W ee SK3eMILJISAPBI JJIs BBITTOJHEHUSA KOHKPET-
HBIX OMB3Hec-omepalruii WUJIN TeXHOJIOTHMYEeCKUX 3a-
JIad, HampuMep JJis 3aBonoB (puc. 5) [26].

T'naBHasa uaes 3gech 3aKJI0YAIACH B TOM, UTOOBI
paspaboraTh areHTa 3ajgauM, KOTOPBIA MOMKET CUM-
THIBATh U WHTEPIIPETUPOBATh OTHOIIEHNE «He00Xo-
IUMBIM» B KaueCTBe IPaBUJIA COOTBETCTBUSA HJIA JU-
HaMMUYECKOTO IIONCKA YKa3aHHBIX PECYPCOB.

AT OTHOIIEHUS CBA3LIBAIOT IIOHATHE «3aJaua»
C IPYTUMU CYHTHOCTAMU IJIA IMJIaHUPOBAHUA, KOTO-
pble MOTYT MCIIOJIL30BATHCA areHTAMHU 3a1au CJIeay-
IOIIM 00pa3oMm:

«IIpenpipymiasa 3amaua» (1) u «Coemyrorias sa-
mada» (6) — IIO3BOJIAIOT areHTY 3aaud HaXOAUTh
OPEeIbIAYIYI0 3amauy C IIPOCh00OM IepedBUHYTHCS
paHee, MEPEIJIAHUPOBATH WJIM HAWUTU CJIENYIONIIYIO
3alauy ¥ OTIIPABUTH €e areHTy cooOIieHme O 3a-
JIepiKKe;

«BxogHbIe 00BbEKTHI» (2) 1 «BbIXOHBIE 00BEKTHI»
(5) — mokasbIBalOT, KaKMe areHThl HYKHBI IJId Ha-
yaJja BBINIOJHEHUA 3aJaul, a TaKiKe UYTO OyJeT AB-
JATHCA PE3YJIBTATOM BBITIOJTHEHUS 314N,

«CocraBuasa 3agaua (Hacte-Ilemoe)» (3) — moka-
3BIBAET, UTO 3a/lavua ABJIAETCA YaCThI0 COOPKM, areHT
KOTOPOH IOJTydaeT napaMeTphl PACIUCAHUA, U (paKT
BBITIOJTHEHU S 3a0a4UN;

«TpeboBanusa K COTPYSHUKY» (4) — omIpeneser
TPeOOBaHMA K UCIIOJHUTEIO 3a/1aul;

«Kro gesan B mponibiii pas?» (7) — HaXOIUT CO-
TPYAHUKOB, KOTOPHIE yiKe BBITIOJHAIN MOJ00HbIE 3a-
Iauu.

PaspaboraHHbIii HOAXO[ MO3BOJISET I00aBJIATH
HOBBIE IIPaBUJIa COOTBETCTBUA «HA JIETY» C yue-
TOM HOBBIX (PAKTOPOB CJIOMKHOCTU, BBIABJIEHHBIX
IpU IJIAaHUPOBAHUM KOHEUHBIMU II0JIH30BATEIAMMU.
Hanpuwmep, 06beKT «McrosHuTe b 3aKau» BEIOUPA-
eTcs IJId KasKI0U 3a1auu 0 ee TPeOOBAHMAM:

— B KaKOM IIOJIpa3/eJIeHuN PaboTaeT;

— Ha KaKoM paboueM ITeHTpE;

— KaKyI0 KBAJIU(PUKAIIUIO TMEET;

— KaKue KOMIIETEeHIIUY UMEeT;
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CocraBHasa Crnenyromas
3ajaua 3ajmava
Ilpenpipymasa
3ajaua
YHacrs-Ilenoe
Cuenyrommas
Kaacendurarop 3agauu
IIpenmecrsyer HaumeHoBanwue 3agaun
Hanknace sagaun ( : ) O6mext 4
ITogkace 3amaun
Bxoxnnie CgoiicTBa 3ajaun Brixogmbie
O6wexr 1 00'BEKTHI TpymoeMKoCTH 00'BEKTHI
O0BeKT 2
Tpe6GoBauus
O0BeKT 3 K COTPYAHUKY Corpymmm
» Pes ar 1
(@HO-1) > yabTaT
Corpynuux » Pesyibrar 2
TpeGoBaHUS K COTPYAHUKY: (®UO0-2) th

00JIaCTh CO3AaHUA AHTEHH
cTask 60JIbIIE TPEX JIET

Ko nenas B mporabiit pas?

B Puc. 5. OcHOBHBIE TUIILI OTHOIIIEHUH KJjacca «3azadas
B Fig.5. The main types of relations in the «Task» class

— ymeeT i paboTaTh C 3JIEKTPOHHOM MOIEJIBIO
UBIeJIU;

— KaKue 3aJjauM paHee BHITIONHAJ UCIOTHUTED
U T. 1.

0O6wekT «TexHOMOrMUECKUIT IIPOLECC» OIPeesIs-
eT, KaKue oIlepaluy MOKHO JejiaTh IOCJIef0BaTe Ib-
HO WJIM IapaJijieJIbHO U KaK YCUJIUTH OIEePaIluio Ipu
HEeOOXOAMMOCTHM:

— KaKoe usjejre cooupaeTcs;

— YTO BXOAUT B COCTAB M3Jeaus (KOMIJIEKTYIO-
mjue);

— KaKas YacTb SBJIAETCS 3aKJIAJIHON, [O3BOJIAS
pamblile HAaUNHATH COOPKY;

— B KaKoM(uX) moapasaeaeHnn(AX) AesIaeTcs;

— U3 KaKuX OmepaIuii COCTOUT IPOIeCC;

— KaKNe YaCTH MOXKHO JeJIaTh TOJBKO IOCJIeN0-
BaTEJILHO, 4 KaKue — I1apaJLiIeJIbHO WJIH II0C/IeI0Ba-
TeJILHO;

— Ha KaKuUX pabouux IeHTPax AeIaeTcs;

— MOKHO JIX YCUJIUTD BHITIOJIHEHUE ITPOIIecca;

— B KaKUX YaCTAX IIPOIECC MOKHO YCUJIUTD.

O6mekT «M3nenne» 3agaeT KOMILJIEKTYIOINE, Ha-
JUYre KOTOPBIX AJIA ollepaluii c6OpKU MpoBepAeTCs
0 IIJIaHY KOMILJIeKTAIIUY WJIU Ha CKJIAIe:

— KaKas 3TO YacTh 60Jiee CJIOKHOT0 U3,

— KaKUM TeXHOJIOT'MYECKUM IIPOIleccoOM cobupa-
eTcs;

— KaKNe KOMILJIeKTYIOII[1e Ha BXOo/e HY KHbI;

— Ha KaKoM paboueM IeHTpe co0upaeTcs.

B kauecTBe mpemvezo smana 6bl1 paspaboTaH
MYJbTHATeHTHBIN IIJIaHUPOBIIUK HA OCHOBE O0IIell
B3, KoTopkIil MOKeT OBITh HACTPOEH AJIS JII0OOTO TH-
na npexnpuaTusa. Hoswie oTHomeHuA B B3 nobasis-
IOTCS B KAueCTBe HOBBIX IIPABUJI COOTBETCTBUS, UTO
IaeT BOBMOXKHOCTH KOHEUHBIM ITOJIH30BATEJIAM pac-
IIUPATH OHTOJOTHIO IIPEIMETHOM 06JIaCTU 1 OHTOMO-
IeJIb IPEeAIPUATUS «HA JeTy» U T€M CAMBLIM yJIyd-
II1aTh KaueCTBO PACIUCAHUIMA.

IIpumep ucnoas3zoBanus b3
IpY IVIAHUPOBAHUH OIEePAIIUIT
TEeXHOJIOTUYECKOTO IIpoIecca

Ognnoit us pyurmuii B3 aBnsercs ee ucmoab3oBa-
HUe OJid creluduKanmuy TpeboBaHMil K IIJIaHIPOBAa-
HUIO KaKI0I OlepaIny TeXHOJOTUUECKOT'0 IPOIlec-
ca. B aTux menAax MOryT ObITH 3aJaHbl ITapaMeTPbI
CTPYKTYPBI UBAEJN, TEXHOJOTUUECKUX ITPOIIECCOB,
0CcOO0eHHOCTH pabouux U OOOPYAOBAHUSA, a TaKiKe
MHBIE OOBIYHO IIJIOXO OIIpelesIeHHble 1 Hedopmaiu-
30BaHHBIE OKCIIEPTHBIE CBEIEHU S, BaKHBIE JJIA I1JIa-
HUPOBAHUS PAaOOTHI IPEAIIPUATHUA.

Coucok pecypcoB, HEOOXOAMMBIX [JIS BHITIOJIHE-
HUA 3ama4yu, opopMJidgeTcsa B Buae Habopa TpeboBa-
Hui. Kaxnoe rpeboBaHMe XapaKTepU3yeTC:

— KOJINUECTBOM PECYPCOB JaHHOTO BUA;

— TPYI0EMKOCTBIO IJIsI 9TOT0 BUa Pecypca;

— MepeuHeM aTpudyTOB, OTPAHUYUBAIOIUX MHO-
$KeCTBO IIOIXOAAIINX IO OIIKCAHIe PECYPCOB.
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Knenanpmuku

Knenansmuku
4-ro paspazna

MoryT BHIIOJIHATH
TPAHCIOPTUPOBKY

Kiaenansimuk 4-ro paspaza,
MOYKET BBITIOJIHATH TPAHCIIOPTUPOBKY

B Puc. 6. I'paduueckasa naETepupeTanua TpeOOBAHUN K pecypcam
B Fig. 6. Graphical interpretation of requirements to resources

B TIpumep omucanus madbJ0HA TEXHOJOIMUYECKOTO IIPo-
mecca

B Anexample for description of a technological process
template

Onucanue 3agauu
(00'beKT)

Onucanue 3agauyu

(cy6mex) OrHoIIeHne

3agaua «Coopka |Umeer
orcexa D2» noasamauy

3agaua «Coopka
TCE_7620»

3agaua «Coopka |Hmeer
orcexa D2» noxsagavy

3agaua «Coopka
TCE_7550»

3anmaua «Coopka |IIpousBomut | KommonenTt
TCE_7620» «TCE_T7620»

3agaua «Coopka |Ilorpednser | KommoneHT
TCE_7550» «TCE_17620»

3amgaua «Coopka |Umeer
TCE_7620» noj3anauy

3agaua «Coopra
kapkaca TCE 7620»

3agaua «Coopka |Tpebyer Pecypc «Pabounii»:

kapkaca TCE npodeccusa =
7620» COOPIUK-KJIeIab-
UK
paspsang > 4

Ha puc. 6 moxasamo mocjieioBaTeIbHOE CYKeHIE
MHOK€eCTBa BO3MOKHBIX UCIIOJIHUTEJIEl 3aJaul B CO-
OTBETCTBUU C TPEOOBAHUAMU: JIIO00H COTPYIHUK —>
KJIETIAJIBIIUK —> KJIETAJbIIUK 4-TO paspana —> KJe-
HaJbIUK 4-TO paspsna, MMEONNil KOMIIETEHIIIIO
«MOJKET BBIIIOJIHATH TPAHCIIOPTUPOBKY ».

IIpumep onmcaHUsA TEXHOJOIMUYECKOTO IIpollecca
B BUJle HaOopa 3anucetr B B3 mokasaH B Tabauiie.

PeSyJIBTaTBI AJAIITUBHOTO yIIPABJIE€HUA
pecypcamu

OnucaHHBIE pa3paboOTKY TOMOTAIOT TOCTUYD CJIe-
IYIOIIUX pe3yabTaToB [27]:

— yIIpaBJieHUEe CJOXKHOCTBIO IJISI HYKI IIPOU3-
BOJCTBEHHBIX KOMIIAHUI, yIpaBJeHUe MeIMouKaMu
IIOCTAaBOK U APYTUMU CETAMU;

— pellleHre «HEPa3peIlrnMbIX» IPo6JeM ¢ BO3-
MOXKHOCTBIO TIPUBJIEUEHUS OOJIBIIIET0 KOJHUECTBA
$aKTOPOB, KPUTEPUEB, MPEAIOUTEHUN W OrpaHUYe-
HUN;

— IO ep:KKa KOMaHIHOU paboTHI ¢ II0JIb30BaTe-
JAaMu, QOPMUPYIOITNME OaTaHC UHTEPECOB;

— JeTaJibHOE IMpe[cTaBjieHne O0BEKTOB W IIPO-
1IeCCOB PeaJibHOTO MUPA;

— aJalTUBHOE pearnupoBaHue Ha COOBITUS B pe-
JKUMe peaibHOr0 BpeMeHU;

— WCIIOJIb30BaHMe 3HAHU, OTHOCAIIINXCS K KOH-
KPEeTHOI IIpeMeTHON 00JIaCTy NI KOMIIAHUM, IJIs
CO3MaHUA MOMMYCTUMBIX PACIUCAHUMN, KOTOPHIE CO-
OTBETCTBYIOT MPOTUBOPEUUBLIM ITPEAIIOUTEHUAM U
OrPAHUYEHUSIM JINII, IPUHUMAIOIINX PEIIeHNsT;

— noxaaepskka B3 mpeanpuATuA AJA yIpaBie-
HUS pecypcaMM C IIOMOIIbI0 cemMaHTmueckonn Wiki
B KOHCTPYKTOPE OHTOJIOTHI1;

— BU3yaJu3alus IIPOIECCOB NPUHATHUSA pelle-
HUU U TOAAEPsKKa BOBJEUEHUS ITOJIb30BaTesel IJis
MHTEePaKTUBHON KOPPEKTUPOBKU PEIeHUH ¢ moce-
IYIOIAM HMHTEJJIEKTYAJbHBIM PYYHBIM IIepepacue-
TOM pacIUCaHWIi;

— BO3MOKHOCTH II€pecMaTpPUBATh OrPAHUUYEHUS,
06aJIaHCOBYIO CTOMMOCTD, MPUOBIIbL U YPOBEHb 00CITY-
JKUBAHUSA B UHAUBUAYAJTHLHOM IIOPAIKE I 3aKa30B
U PECyPCOB;

na 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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— IIPO3PAYHOCTb ¥ MHTErpaIlus MPOIeCCOB ILIa-
HUPOBAHUSA TI0 BCEM KOPHOPATUBHBLIM U OM3HEC-TIPO-
meccam;

— BO3MOKHOCTH TPOBOAUTH MOJAEJUPOBAHIE
«4TO ecJIu» MMapaJijieIbHO C OCHOBHBIM IIOTOKOM OIIe-
PaTUBHOTO MJIAHWPOBAHUS;

— TOAAEeP:KKa IMoAPOoOHOTO pacueTra 3aTpaT Ha 0C-
HOBe JelficTBUII IJIid 3aKa30B U PECYPCOB;

— paboTa ¢ OTPAaHUYEHUSAMHU B CYIIECTBYIOIIUX
TEeXHOJIOTUYECKUX PeIIeHUIX.

3akJroueHne

B crarnbe omumcan MeTOon IIPMMEHEeHUd MYJIbTH-
areHTHOro IMoAXoja U 0a3 3HAHWIT HA OCHOBE OHTO-
JOTUI AJiA 3ajau ILIAaHNPOBAHUS PECypPCOB B peaJib-
HOM BpeMeHU. O0Cy K IaI0TCA KJIIOUEBbIe TPeOOBAHMA
K CHCTeMe U ITOBEJIeHUI0 areHTOB, BJIUSIOIIMEe Ha IIPO-
IIecc IMPUHATUSA PEINeHN 1 OIITUMU3AIINIO0 TEKYIITTX
ILJIAHOB IO OCTYHAIOIUM cOObITHSAM. IIoKasaHo, 4To

MyJbTHATE€HTHAs cucTeMa obecreumBaeT aJalTHB-
HOCTb IIOCTPOEHHOTO ILJIaHa, a MCIOJb30BaHIE OHTO-
JIOTUU TIpeAMEeTHOM obJiacTu obecrneunBaeT TMOKOCTb
CHUCTEMBI AJIS TPeOJoJeHNA OTPAHUYEHU U TTOCTPO-
€HUA KOHCEHCYCHOro pelreHusa. IIpenMyIiecTBo B uc-
TIOJIb30BAHUM OHTOJIOTHH 3aKJIYaeTcAd B IIOCTPOe-
HUU OTHOINIEHU IIOHATUH 3a/1a4 U PECYPCOB, UTO TAET
BOBMOJKHOCTH YUNUTHIBATH OCOOEHHOCTU HOBBIX 3a1aY
M OCYINIECTBJATDH ILJIAHUPOBAHME HA OCHOBE HOBBIX
onmcaHUM 3a7ja4 1 pecypcoB. IlpeasmaraeMbril mogxox
MIPOUJLIIOCTPUPOBAH HPUMEPOM HCIOJIb30BaHUA B3
I paspaboTKy MIabjioHa TeXHOJOTMYEeCKOU omepa-
MUY TPENIPUATAA MAIITUHOCTPOSHUA.

CraTbs TOATOTOBJIEHA HA OCHOBE MaTepUAaJIOB Ha-
YUHBIX HCCJIEJOBAHUN B paMKaX roCOI0IKEeTHOU Te-
mbr UITYCC PAH Ne AAAA-A16-116040410059-7
«PaspaboTKa u uccaegoBaHUe MOJeJieil, MEeTOIOB U
AJITOPUTMOB ITOCTPOEHU S IIJIAHOB CMEHHO-CYTOUHBIX
3aJaHuUi TPU TPOU3BOACTBE MPOAYKIINU B YCIOBUAX
HEeOIIPe/IeJIEHHOCTH U BBICOKOU AWHAMUKY M3MeEHe-
HUH TPOU3BOACTBEHHOI 00CTaHOBKM».
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Introduction: Currently, new solutions are required in managing industrial resources, in order to maintain a high level of
adaptability and efficiency. Classical combinatorial or heuristic methods and tools cannot provide adequate solutions for real-time
resource management. Purpose: Development of a method for planning industrial resources based on multi-agent technologies and
ontology, in order to adapt the system to unforeseen events, such as new orders, unavailable resources, etc. Results: An adaptive planning
method has been developed, in which agents continuously improve the system performance in real time by identifying and resolving
conflict situations caused by unforeseen events. To adjust multi-agent planning to specific features of the production process, semantic
networks (ontologies) are used, which are the basis of ontological knowledge bases for storing information about the peculiarities of
a particular enterprise. In this regard, the following elements have been developed: the basic planning ontology, an ontology editor
for creating a specialized enterprise ontology, a knowledge base in the form of a semantic Wikipedia for the enterprise, and a multi-
agent scheduler which can be customized using the basic and specialized ontologies in accordance with specific production features and
requirements for the technological operations. Practical relevance: Application of the system developed with the method of planning
industrial resources is not limited to machine-building enterprises, but can be recommended for managing projects, supply chains, etc.

Keywords — complex systems, resource management, real-time scheduling, ontology, knowledge base, multi-agent technology,
demand-resource network, self-organizing, adaptability.
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CBEAEHUA Ob ABTOPAX

/

ABPAMOB
Maxkcum
BukTopoBuu

HayuHBIil COTPYAHUE JTa00paTOPUI
TEOPETHYECKUX ¥ MEeKAUCIUILIN-
HapHBIX IpoOJIeM WH(DOPMATUKI
Cankr-IleTepOyprckoro MHCTUTYTA
UHQOPMATUKY ¥ aBTOMATU3AIUH
PAH, crapimii mpenogaBaTess Ma-
TeMaTUKO-MeXaHIUEeCKOro (GhaKyJIb-
rera CaHkT-IlerepOyprckoro rocy-
IapCTBEHHOI'0 YHUBEPCUTETA.

B 2013 romy oxonuma CaHKT-
IlerepOyprekuit  rocyapCTBEHHBIH
VHUBEPCUTET 10 CIIEI[UAJIBHOCTH
IIpuknagaas naGopMaTUKa B cde-
Pe MeXK/TyHAPOAHBIX OTHOIIIEHUIA».
B 2018 roxgy samuTui auccepra-
[UI0 HA COMCKAHNE YUYEHOH crere-
HU KaHAUJaTa TEXHUIECKUX HAYK.
SIBnsercs aBTOpOoM 72 HAyUHBIX
myOIUKAIAT,

ObsacTh HAyYHBIX WHTEPECOB —
uH(popMAaMOHHAA 0e30I1aCHOCTbD,
COLMOVH)KEHEPHbIe aTaK|, KJIu-
€HT-CePBEPHbIE TEXHOJOTUY, Ou3-
Hec-aHAJUTUKA U .

9. agpec: mval6@list.ru

BAJIOHHUH
Huronai
Anexceesuu

IIpodeccop Kadeapsl BBIYUCIIH-
TeNbHBIX cucTeM u cereil CaHKT-
IleTepOypreckoro rocyjapcTBEHHOIO
VHUBEPCUTETA a3POKOCMUYECKOrO
TIpHOOPOCTPOEHUA.

B 1982 roxy oxonuna Jlenuurpaz-
CKU BIIeKTPOTEeXHUUECKUN UHCTH-
ryT um. B. U. Yiasauosa (Jlexuua)
[0 CIIeNUAJbHOCTH «ABTOMATHUKA
¥ TeJIEMEXaHUKa».

B 2008 roxgy samuTmi aumccepTa-
M0 HA COMCKAHME YYEHOU CTere-
HH JIOKTOPA TEXHUYECKUX HAYK.
SBnserca aBropom Gosee 100 ma-
VYHBIX ITyOJUKAIUil, B TOM YHUCJIE
Tpex MOHOrpaduii.

O6acTh HAayYHBIX WHTEPECOB —
TEOPUS JIUHAMUYECKUX CHUCTEM,
TEOpUA HUASHTUPUKALUU, TEOPUS
0IIepaToOpOB, TEOPUsS MATPHUIL, BbI-
YHUCJIUTEIbHBIE METObI, UHTEPHET-
POBOTOTEXHUKA, HHTEPHET-KHUTH
C HCIOJIHSEMBIMU AJTOPUTMAMUY,
HayYHbIE COIIMAIbHEIE CETH.

9. agpec: korbendfs@mail.ru

BJIAYHIITENH

Haran

IIMaeBuu

IIpodeccop Mepycammmckoro Tex-
HOJIOTUYECKOr0 HUHCTHUTYTA, IIPO-
(heccop-amupuryc Kadeapsl CUCTEM
CBSIBM WHIKEHEPHOro (aKyjbTeTa
Heresckoro yausepcutera um. Ben-
T'ypuona, Beap-IlleBa, spauib.

B 1972 roxy oxorunn Tomckuii rocy-
NIAPCTBEHHBII YHUBEPCUTET TI0 CIIe-
nuanpHoCTH «PagnodusnKa u aJiek-
TPOHUKA, BKJII0OUYAs KBAHTOBYIO».

B 1991 romy samwutui guccepra-
M0 Ha COMCKAHWE YYEHOH CTele-
HU JOKTOpa (DPM3MKO-MaTeMaTuye-
CKUX HayK.

fAsnsercsa aBropom oxosio 200 Ha-
YUYHBIX IIyOJUKALUIA, B TOM YUCJE
12 moHoOrpadwmii, IATH TATEHTOB U
Tpex u300peTeHuii.

06acTh HAYYHBIX WHTEPECOB —
paguoGusnKa, CUCTEMBI IIPOBOJ-
HOU U 0eCIPOBOAHON CBSA3W, paja-
DBI, OIITUKA U JINJAPbL.

1. agpec:
nathan.blaunstein@hotmail.com

BYPAYEHEKO
Baagumup
BukToposuu

Crapmuii mpemnogasaTesnb Kade-
Pl MHQOPMATUKA ¥ BBIUUCIIV-
rejpHOM TexHMKKM Cubupckoro
roCyIapCTBEHHOTO YHUBEPCHUTETA
HAYKHU ¥ TeXHOJIOTUN UM. aKaJeMu-
ka M. ®. Pemrernésa, Kpacuosipck.
B 2011 roxy oKOHYMI MarucTpaTy-
py Cubupckoro rocymapcTBeHHOr0O
29POKOCMHUUECKOT0 YHUBEPCUTETA
uM. akagemuka M. ®@. Pemernésa
mo crenuanabHocTu «VIHTeIeKTy-
aJIbHBIE CHCTEMBL».

B 2014 ropy samuTui auccepra-
M0 HA COMCKAHNE YUEHOMU CTele-
HU KaHAUJaTa TEXHUIECKUX HAYK.
SIBnsiercs aBrOopoM 23 HAYUHBIX
myOJUKAIVi U IBYX CBU/IETEIBCTB
HA DPErMCTPAINI0 IIPOrPAMMHBIX
MPOAYKTOB.

061acTh HAYYHBIX WMHTEPECOB —
nudposas obpaboTka u3obparke-
HAH ¥  BUJEOINOCJEI0BATEIbHO-
crell, cTabuaIn3anus BUAEO0.

1. agpec:
buryachenko@sibsau.ru

BACHUJIBEB
Hukonain
Huxomxaesnu

n8

Crapiiuii HayuHBIA COTPYAHUK
1a60paToOpUN TEOPUU IIPELCTaB-
JEHUN ¥ JIWHAMUYECKUX CHUCTEM
Cankr-TlerepOyprckoro  orgesie-
Husa MareMaTn4ecKoro MHCTUTYTA
um. B. A. CrexksnoBa PAH.

B 1975 romy okoHUMJI MareMaTH-
KO-MexaHu4YecKuil (axyapTeT Jle-
HUHTPAJCKOTO TOCYZapCTBEHHOTO
VHHUBEPCHUTETA 10 CIEIUAJBHOCTH
«Aurebpa u TeOpUS UUCEJI».

B 1990 roay samumrtun guccepra-
IUI0 HA COMCKAHNE yUeHOH crelle-
HU KaHAuAata (UsHKO-MareMaru-
YeCKUX HayK.

fsnsercs aBropom Gosee 120 Ha-
VYHBIX TyOJUKAIIVI.

061acTh HAYYHBIX WMHTEPECOB —
KOMIIbIOTepHAS ajrebpa, BBIUUC-
JnuTeNbHAA anrebpanueckas Ieo-
MeTpusS ¥ KOMMYTATHBHAsS aJjre-
Opa, Teopus AWHAMHUYECKUX CH-
creM, He0ecHasI MeXaHMKa.

9. agpec: vasiliev@pdmi.ras.ru

BOPOHUH
Aunexkceii
Baagumuposuu

Benymuit HayuHbIi cOTpyaHUK De-
IePaJIbHOTO  VICCJIE0BATENBCKOIO
nenTpa «MH(OpMaTHKa 1 yIpasJe-
uue» PAH, MockBsa.

B 1989 roxy oxonumn Briciiee Bo-
€HHOE KOMaH/IHOe YUUJINIIE CBA3H
um. M. . KanuHnHa 110 crenuaib-
HocTH «PaguocBasey.

B 2001 rogy samuTui auccepra-
M0 HA COMCKAHME YYEHOU CTere-
HU KaHAUJATa TEXHUYECKUX HAYK.
SfBnsercsa aBropom Gosee 130 Ha-
VYHBIX TyOJUKAIIVI.

061acTh HAYYHBIX WHTEPECOB —
samuTa HHpOpManuu, wHGOpMAa-
IUOHHAs (e30I1acHOCTh, MH(pOPMA-
THUKA U YIpaBJeHue.

9. agpec: aleksey.v.v@mail.ru
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30JI0THH Crapmuii WH:KeHep-paspaboTunK ETHEPAJI Crapummiii  HayuHBII COTPYAHHUK
A}mpeif[ EIIAM Cncg'eMc T'm6X, ®Ppank- BukTrop HUN SATEePHO (usuxu
N P — dypr-ma-Maiine, ['epmanus. S — um. [I. B. CroGenbipina MockoB-

B 2015 romy oxomumn CaHKT- 0P CKOTO T'OCYapCTBEHHOI'O YHUBED-
IleTepGyprekuii rocyjapCTBEHHBII cutera uM. M. B. JlomoHocOBa, 110~
VHHUBEPCUTET [0 CIEIMAJbHOCTH uent Poccuiickoro yuumBepcuTera
«MaremaTuyeckoe — obecreueHue IpysKObI HAPOJIOB, BeTEPAH TPYy/a.
U aIMUHUCTPUPOBaHUE MH(pOpPMA- B 1976 roxy oxonums MocKoBCKuUit
IUOHHBIX CHCTEM». TOCYJAPCTBEHHBI  YHUBEPCUTET
B 2018 rogy samuTui amccepra- um. M. B. JlomoHOCOBa TI0O cIemu-
U0 HA COUCKAHME YUEHOU cTele- anpHOCTU «DPUBUK».
HU KaHaujgara (pusmro-MaTeMaTu- B 1981 rogy samwmrun amccepra-
YECKUX HAYK. M0 HA COMCKAHWEe YUEHOU crere-
fAsnserca aBropom 37 HAYUHBIX HU KaHaujgara (pusuko-MaTeMaTy-
ny0IUKAIAN. YECKUX HAYK.
O6sacTh HAyYHBIX HHTEPECOB — Asnserca aBropom 6Gosee 100 Ha-
BEPOATHOCTHBIE TpaduiecKie Mo- VUHBIX TYOJIUKAIWNA U IIATH CBU-
nesau, ajrebpanuecKkue 6aiiecos- JIeTeJILCTB O PETUCTPAIUU IIPAB
CKIe€ CeTH, TaHHBIE C HEOIPeIeIeH- Ha IPOrpaMMHOe 06ecIieueHue.
HOCTHI0, HEUeTKNEe BBHIUUCIEHUS, O6macTh HayYHBIX HHTEPECOB —
0aileCOBCKUE CETH IOBEpUs, 3aja- KOMIIbIOTEpPHAdA aure6pa, AUHAMU-
YW JINHEHHOr0 IPOrpaMMUpPOBA- YeCKHe CUCTEMBbI, IOCTPOEHNE HOp-
HUA U IP. MAaJIbHBIX (hOpM.
1. afgpec: 9n. agpec: edneral vf@rudn.ru
andrey.zolotin@gmail.com
RY1I MaructpanT Kadegpbl aBTOMATH- JJAXHWH PyKoBOZUTETH HaTpaBJIeHus,
AJIeRcaHHp 3aIIéII’I, yHnpaBJeHNUdA, MeXaTpPOHU- OJer 000 é«HHK «PagymHbIe perrie-
ku CapaToBCKOTI0O IOCYZapCTBEHHO- Hus», Camapa.
Koncranrunosuy TO TEeXHUYECKOI'0 YHUBEPCUTETA HBanosuy B 1998 roxy oxomumsn IloBousk-
um. l'arapuna 10. A. CKU MHCTUTYT UH(OPMATUKY, pa-
B 2017 roxy oxoHumn 6Gakaias- IVOTeXHUKY U CBSI3H 110 CIEIHAb"
puar CapaToBCKOT0 rocyapCTBeH- Hoctu «IIporpamMmMHOe obecmeue-
HOT'O TeXHWYECKOT0 YHUBEPCHUTETA HUe BBbIUNCIUTEIBHOH TeXHUKHI
um. 'arapuna I0. A. 1o crenuan- U aBTOMATU3UPOBAHHBIX CHUCTEM»,
Hoctu «MexaTpoHUKA U POBOTO- B 2006 rogy — Camapckuii rocy-
TEXHUKA». IIapPCTBEHHBII SKOHOMUUECKUH YHU-
SIBiseTCsA aBTOPOM ABYX HAYYHBIX Bepcuter mo @DefepanbHO IPO-
myOIIKAIW ¥ OHOM IIPOrpaMMBI rpaMMe IOATOTOBKM yIIpaBJIeHdYe-
s OBM. CKHUX KaJpOB.
O6nacTh HAyYHBIX HHTEPECOB — fAsnsiercs aBropoM 31 HAYUHOI 1Iy-
MeTObl aHaJIM3a Herpo(uamnoIo- OMIMKAIIVIL.
TUYEeCKUX CUT'HAJIOB, HEHPOHAYKA, Ob6sacTh HAyYHBIX HHTEPECOB —
METOIBI MaTeMaTUYECKOTO MOJe- MYJIBTAATeHTHBIE TeXHOJIOTUU IS
JIMPOBAHUA POOOTOTEXHHUECKUX CO3JaHNA WHTEJJIEKTYaJbHbIX CH-
CHCTEM. CTeM yIIpaBJIEHNS PeCyPCaMu B pe-
9. agpec: kuc1995@mail.ru aJIbHOM BpPEMeHM, HCIIOIb3YIOIIIX
OPUHOUIEL CAMOOPTaHU3AINHA U
9BOJTIOIIVIN.
9. agpec: lakhin@yandex.ru
MAMOPOB PykoBoguTess otesa paspadoTKI MAKCHUMEHEKO IomerT CapaTOBCKOTO ToOCYAap-
Hrops MaTeMaTUIeCcKNX MoZesel, MeTo- Baaguvup CTBEHHOTO ’IFXHI/ITJBCK;)SO XHI/IBep'
Bia uMupoOBHY noB u axroputrmos OO0 «HIIK AJTeKCcaHIpOBIY curera uM. I'arapuna 0. A., crap

«PagymHbIe pemenus», Camapa.

B 1989 roxy oxoxumI husudecKmit
(axyabrer KyiiObimmeBckoro rocy-
IAPCTBEHHOTO YHUBEPCUTETA IO
creruatbHOCTU «DUBMKA».

B 2017 romy samwuTui amccepra-
W0 HA COMCKAHNE YUYEHOU CTere-
HU KaHAUJaTa TEXHUYECKUX HAYK.
SABnaerca aBropom 6osee 40 Hayy-
HBIX TyOJIMKaAIIW.

O6sacTh HAyYHBIX HHTEPECOB —
CHCTEMBI MCKYCCTBEHHOTO HHTEJ-
JIeKTa, MYJbTHATeHTHbBIE CUCTEMBI,
TEOPUSA ONTUMHUBAIUU, IUCKDPET-
Has MaTeMaTHhKa.

9. agpec: imayorov@kg.ru

U HAYYHBIN COTPYAHUK HAYIHO-
obpasoBaresbHOro meHTpa «Hemn-
HeliHasd QMHAMUKa CJIOKHBIX CH-
cTeM».

B 2012 romy oxomumn Caparos-
CKU rOCYAapCTBEHHEII YHIBEPCH-
rer uM. H. I. UepHsbImeBckoro mo
cmenuanbHOCTH «PUBUKA OTKPHI-
TBHIX HEJIMHEHHBIX CHCTEM».

B 2015 rogy sammTui amccepTa-
L[MI0 HA COMCKAHWE yUYeHOH cTere-
HU KaHAnAaTa (Pus.-MaT. HayK.
SBnsercsa aBropom 6osee 50 Hayd-
HBIX TyOJUKAWiL.

061acTh HAYYHBIX WHTEPECOB —
aHAJIN3 YCTONYMBOCTY JUHAMUYE-
CKUX PEKUMOB, PeaTU3yIOMIUXCA B
IPOCTPAHCTBEHHO-PACIPELeIeH-
HBIX CHCTEMaX PasJIMYHOI TIPUPO-
IBIH ID.

9I1. ajgpec:
maximenkovl@gmail.com
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MAUJIBITEB ITpodeccop kadenpsr KocMmuue- ITAPACHUOUC IomeHT Kadegpsl 9JIEKTPOTEX-
Teopruii CKHX PajIMOTEXHUYECKHUX CHCTeM HoaHHUC HuKu TexXHOJIOrMYecKoro uH-
HukomaeBma BoeHHO'KOCMI/I‘{eCKUOH aKafeMun cruryTta ®@eccanuu, I'penus.
um. A. ®. Mosxaiickoro, CaHKT- B 1980 roxy oxoHums mareMa-
IlerepOypr, Baciay:KeHHBIA med- Tuueckuit (Qarynprer Kazax-
Teslb HayKu P®, meificTBUTENbHBIH CKOT'O T'OCYJapCTBEHHOI'O YHU-
ujeH AKafeMu# KOCMOHABTUKH Bepcurera uMm. C. M. Kuposa
um. K. 9. IluonkoBckoro. (AsnmMa-Ara) mo crenuaJIbHOCTHA
B 1980 roay oxomumsn BoeHHBI «MaremaTurar.
WHKeHepHBI KpacHosHaMeHHBIH B 1989 roay samuTua guccep-
uacTUTYT UM. A. @. Moskaiickoro TAIMI0 Ha COUCKAHWE YyYEHOI
mo cmenuagbHocTH «PagmorexHum- cTeneHW KaHaugaTta (OU3UKO-
YeCKHe CUCTeMBI KOMILIEKCOB» . MaTeMaTUYeCKUX HayK.
B 1994 ropgy sammTua guccepra- fABnsercs asropom 30 Hayu-
I[UI0 HA COUCKAHUE YUEHOIH crere- HBIX ITyOJIHKAIAH.
HIU JOKTOPA TEXHUYECKUX HAYK. O6sacTh HAyYHBIX HHTEpe-
SfAsnsercsa aBropom Gosee 300 Ha- COB — DpACIIUPEHUS OIEPAaTo-
YUHBIX IyOIuKanuii u 27 IaTeHToB POB, KpaeBble 3ajaun A gud-
Ha N300peTeHNs. epeHIaNBHBIX ¥ WHTETPO-
O6sacTh HAYYHBIX HHTEPECOB — nuddepeHIINaIbHBIX ypaBHE-
00paboTKa CUrHAJIOB B DajUOTEX- HUN, CIeKTpajbHbIe 3amadm,
HUYECKUX U ONTUKO-3T€KTPOHHEIX obpaTHbIe 3a/aul, PASHOCTHEIE
“H(DOPMAMOHHEBIX CUCTEMAX U AP. ypaBHEHUA.
1. ampec: 911 agpec: paras@teilar.gr
georgy maltsev@mail.ru
IINCAPYHERK IIpodeccop, Bepymuii HayUHBIH HPOBI/II[AC HomeHT Kadeapsl MAaIIWHO-
AJIeRcaHJ:[p COTPYAHUK HEHTPa OGuoMeaMIH- Edumuoc cTpoeHusi TexXHOJIOIMUYEeCKOro
HuxonaeBua cKux TexHoJoruii TexHWYECKOro uncturyra @eccanuu, I'perusa.
yHuBepcutera Mazapuzna, akape- B 1984 roxy okoHunI 6aKaaas-
MUYECKUN peJaKTop JKypHaja puar MaremMaTmyeckoro (a-
PLoS One u 1p. KyJIbTeTa ApucroTresbcKoro
B 1976 roxy oxonuma Bemopyc- yHuBepcureta ropoxa CaJyioHu-
CKWI1 rOCyJapCTBEHHBII YHIUBEPCH- Ku, 'perus.
TeT 110 CIeNNAIbHOCTH «DPU3UKa». B 1991 roay samuTua guccep-
B 1990 roay sammTui auccepra- ranuio (PhD) ma darynbsrere
IMI0 HA COMCKAHNE yUeHOH crere- MaTeMaTUKA ¥  CTATHUCTUKU
HU KaHAuzaaTa (pusuKo-MareMaTu- BpyHenabcKOro yHUBEpCHUTETA,
YEeCKUX HAYK. Benuxobpuranus.
SfBnsercsa aBropom Gosnee 300 Ha- SBnsgerca aBTopom 32 Hayu-
VUHBIX TYOJIMKALAN U IATH TaTeH- HBIX TYOJIUKAIAN.
TOB Ha N300PETEHNA. O6nacTh HaydYHBIX HUHTEpe-
06acTh HAyYHBIX WHTEPECOB — COB — IIPUKJAJHASA MaTeMaTu-
HeJIWHeHHas [WHAMUKA, Xaoc, Ka, nuddepeHiuaabHble, HHTE-
CHHXPOHU3ANUsA, HEHPOHHAA [U- TpaJIbHbIE U PA3HOCTHBIE yPaB-
HAMWKA,  MYJIBTHCTA0UIBHOCTD, HEeHUsd, YUCJIEHHBIE MEeTOXHL,
croxactuueckue 3Q(eKThI, aHAIN3 MeTOJ KOHEUHBIX 9JIEMEHTOB.
Hepo(PU3NOJOrNUeCKUX JTaHHBIX 911. agpec: providas@teilar.gr
u nHTEP(ENCH MO3T-KOMIIBIOTED.
9I1. ajgpec:
alexander.Pisarchik@ctb.upm.es
CAI[OBHI/IROB AcniupaHT, MJIa NI HAYYHBIN CO- CEPT'EEB Crapmuii mpenogaBaTesnb kaden-
Cepreit TPYAHUK I/IHCEHEY? OH’Ié/I(;CgAf}_'lI" AJlekcan ap PBI BBIYMCIUTENBHBIX CUCTEM U Ce-
AlleKcaHIpPOBHY %31\0/[%32%1 um. b. k. syesa , MuxaitToBuy reii Camkr-IleTepbyprckoro rocy

120

B 2015 roxy oxorunst Tomckuii ro-
CY/apCTBEHHBIN YHUBEPCUTET CH-
CTeM YIpaBJIEHUS U PaJOdJIeK-
TPOHUKH IO crernuaibHocTu «dDo-
TOHUKA U OITONH(POPMATHAKAY.
fBnaerca aBTopoM 16 HayYHBIX
nyOauKaIuii.

06acTh HAYYHBIX WHTEPECOB —
aTMoc(epHBIi TIOTPaHUYHBIH
cioit, (pusmKa Ja3epoB, CIEKTPO-
CKOIIUSA aTMOC(epBHI.

9. agpec: sadsa@iao.ru

IIAPCTBEHHOTO YHUBEPCHUTETA a9PO-
KOCMMYECKOT0 IIPUGOPOCTPOEHU .
B 2004 roxy oxomumn CaHKT-
IleTepOyprexkuil rocymapcTBeHHBIR
VHUBEPCUTET a3POKOCMHUUECKOr0
prUOOPOCTPOEHHS TI0 CIIEI[UATBHO-
ctu «BerumcauTebHbe MAUINHEL,
KOMILIIEKCBI, CHCTEMBI U CeTH».
SfABnserca aBTOpOM 35 HAYUHBIX
nyOIMKAIU.

OGsacTh HAYYHBIX HHTEPECOB —
YICJIEHHbIE METOZAbI, TEOPUS BBI-
YHC/IATEIBHBIX MPOIECCOB, IPOEK-
TUPOBAHNE CIEINATN3NPOBAHHEIX
IIPOLIECCOPOB.

9. agpec: asklab@mail.ru
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CEPTEEB IIpodeccop, pupexrop MHCTHTYTA CHMOHOBA Benymuit ananutug 000 «HIIK
Muxaui BBIUNC/IATEILHBIX CHCTEM U IIPO- Enena «Pagymuble pemenus», Camapa,
IrpaMMMPOBaHUSA, 3aBEIYIONINIT Ka- noueHT Kadeapbl MHGOPMAIMOH-
Bopucosuy (bexpoil BEIYUCIUTENBHBIX CHUCTEM Burannena HBIX CHCTEM U TexHosoruit Camap-
u cereit Cankr-IleTepOyprckoro CKOT'0 TOCYAApPCTBEHHOI'O a3pPOKOC-
TOCYZAPCTBEHHOTO YHUBEPCUTETA MHIYECKOTr0 YHUBEPCUTETA HM. aKa-
a9POKOCMUYECKOr0 IPHOOPOCTPOe- nemuka C. IT. Koposesa.
HUs, TOYETHBIN PAOOTHUK BBICIIIE- B 1985 romy oxonumma KyitObr-
ro mpodeccroHaJIbHOrO 00pasoBa- IIEBCKU aBUAIIMOHHBINA HHCTUTYT
uua PO. um. akagemuka C. I1. Koposesa o
B 1980 roay oxomuma JIOTU mo CIenUaTbHOCTH «ABTOMATU3UPO-
CIIEIUATBHOCTH «DJIEKTPOHHBIE BBI- BaHHBIE CUCTEMBI YIIPABJICHUI».
YUCIUTEIbHBIE MAIITUHEI». B 1994 ropy sammuTuia amccepTa-
B 2001 romy samuTua xuccepra- M0 HA COMCKAHWE YUEHOU CTere-
IIMIO Ha COUCKAHNE YUeHOH CTeIeHN HU KaHANATA TEXHUUECKUX HayK.
JOKTOPA TeXHUYIECKUX HAYK. SfABnserca aBropom 126 Hay4HBIX
fAsnserca asropom Gosee 100 ma- myOIUKAIAN,
VUHBIX IyOauKanuii u 14 mareHTOB O6sacTh HAyYHBIX HHTEPECOB —
Ha n300peTeHu . paspaboTKa HWHTEJJIEKTYaJbHBIX
O6macTh HAyYHBIX HHTEPECOB — CHCTeM YIPaBIEHUS MOOUIBHBIMU
TEOPUA PAasPALHBIX BBIUNCJIEHUIH, pecypcaMyu Ha OCHOBE MYJIBTH-
MeTOABl ITIPOEKTHPOBAHUA CIIEI- areHTHBIX TeXHOJIOTHH U .
TIPOIIECCOPOB JJIA CHCTEM KOHTPO- 9I1. azpec:
I ¥ YIIPABJIEHUA U IP. simonova.elena.v@gmail.com
9. agpec: mbse@mail.ru
CKOBEJIEB Bepymuit Hay4HBIH COTPYZHUK COXEH IlepBrIil BaMecTUTENb TeHEPATBHO-
Iletp Waucruryra npobieM yIpaBIeHHS Muxauj ro ampexTopa mo passuTuio 3AO0
OJIeroBuY croxubIMU cucTemamu PAH, mpo- IOpLeBP[‘{ «IBPUKA», Caukr-Iletepoypr.
(eccop Kadenpbl MHIKEHEPUU 3HA- B 1997 roxy oxomums Boennyio
it IT0BOJKCKOTO TOCyZapCTBEH- WHKEHEPHO-TEXHUUYECKYI0 aKaje-
HOTO YHUBEPCUTETA TEJIEKOMMYHIU- muio uM. A. ®@. Mo:xxaiickoro mo
Kanuit u uapopmarugu, Camapa. CIeIMaTbHOCTH «3aImura MH)Op-
B 1983 roxy oxonuna Kyii6biies- MaI[MOHHBIX TeXHOJIOTHii».
CKWIl ABUAIMOHHBIA HHCTUTYT B 2000 roxy sammurua amccepra-
um. akagemuka C. II. Koposesa mo M0 HA COMCKAaHME YUeHOU crelre-
crenuanbHocTH «ACY U IpuKIaz- HU KaHJUJaTa TeXHUYECKUX HAYK.
Hasd MaTeMaTUKa». SBnsercs aBropoM Gostee 25 Hayy-
B 2003 romy sammruia auccepra- HBIX ITyOJIMKAIIWH.
IUI0 HA COMCKAHNE YUYeHOH crelle- O6acTh HAyYHBIX WHTEPECOB —
HU JOKTOPA TEXHUIECKUX HAYK. CHCTeMBI Pa1IOCBSA3Y, MOHUTOPUH-
fAsnserca asropom 191 mayuHoit ra, reomH(GOPMAIMOHHBIE CHUCTe-
my0nIuKanuy U TPeX [IaTeHTOB Ha MBI
1300peTeHm . 9. agpec: sohen@eureca.ru
06acTh HAYYHBIX WMHTEPECOB —
MYJIbTHATEHTHBIE TEXHOJOTUY [JIs
CO3JaHUA WHTEJJIEKTYaJIbHBIX CH-
CTeM yIpaBJIEHUs PECYPCaMHU B pe-
aJIbHOM BPEMEHHU U JIp.
1. ajgpec:
petr.skobelev@gmail.com
THUMO®EEBCKAA ToneHnT KadeIpsl KBAHTOBOU TEO- TYJAYIIBEB BaBepyoomuii Jaboparopueir Teo-
Oabra puul ¥ (QUSMKHA BBICOKUX SHEPIUil Anexcanap PeTUUEeCKUX U MeXIUCIUILIIHAD-
HMHTpHeBHa (pusmueckoro q)a}cynb're'ra MockoB- JII:BOBI/I'-I HBIX npoﬁﬂeM nHPOPMaTUKHU

CKOI'0 TOCYZapCTBEHHOTO YHUBED-
cutera uM. M. B. JlomonocoBa.

B 1974 roxy okonumia (usuue-
ckuil gakynasrer MI'Y mo cmenu-
anpHOCTH «@usuk». B 1978 roxy
3aIUTHIA TACCEPTALIMIO Ha COUC-
KaHVe yYeHO! CTeleH! KaHauaaTa
(huBUKO-MaTeMaTHUeCKUX HAYK.
SBasercs aBropom Gosee 90 Hayu-
HBIX IyOJUKAIV, B TOM YHCJE
IBYX KHHUT.

06acTh HAyYHBIX WHTEPECOB —
KOMIIbIOTEpHAA ajiredpa, KBaHTO-
Bas TEOPHs, KBAHTOBLIE BBIUMCIIE-
HUSA ¥ KBAHTOBasA MHD)OPMAIIVS.
9. agpec: timofod@mail.ru

CaukT-IleTepOyprckoro HMHCTUTY-
Ta MH(QOPMATHKUA U aBTOMATH3a-
muu PAH.

B 1992 ropy oxomuma CaHKT-
IleTepOyprexuii rocyfapcTBeHHBII
VHHUBEPCUTET IO CIENWAJBHOCTH
JIpurnajHas MaTeMaTUKa», B
1997 rogy — mo cmenuaJIbHOCTU
«Conmonorus», 8 2003 romy —
Uennckuit yausepcuter, CIITA.

B 2010 rogy sammrui amccepra-
LU0 Ha COMCKAHWE yUYeHOH CcTere-
HU JOKTOpa (PU3MKO-MareMaTuue-
CKUX HayK.

fAnserca aBropom 400 HayUHBIX
myOIUKAIAN,

Ob6sacTh HAyYHBIX HHTEPECOB —
mpejcraBiieHne U 00paboTKa maH-
HBIX U BHAHUHN C HEOIpPeJeeHHO-
CTBIO U JIP.

AI1. ajgpec:
alexander.tulupyev@gmail.com
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yd CBEAEHWNS Ob ABTOPAX
DABOPCEKAd ITpodeccop, saBexyiomas Kaden- XJOBBICTOBA Craxxep-uccienoBaressb Jaboparo-
Maprapura poit multbopma'rmm HC BGI:I‘{I/ICJII/I- AHacracus pun TeopETH‘{eC}éI/IX u Mo(ebm;mcun-
TeNbHOW TexHUKH CubupcKoro MJIMHAPHBIX P00JIeM HH(OPMATH-
Huxonaesna rOCyJapCTBEHHOTO YHUBEPCUTETA Omerosna ku Caukr-IlerepOyprekoro muCTH-
HAYKY ¥ TEXHOJIOTUI UM. aKaJeMu- TyTa HHOOPMATUKHU U aBTOMATH3a-~
ka M. @. Pemernésa, Kpacuoapck. muu  PAH, crygentka CauKT-
B 1980 roay oxonumia Prious- IlerepGyprckoro rocygapcTBeHHO-
CKUIl aBUAIIMOHHBIN TEXHOJIOTHYe- T'0 YHUBEPCHUTETA.
CKUIl MHCTUTYT II0 CIIEI[AAJbHOCTI O6sacTh HAYYHBIX HHTEPECOB —
«KoHCTpyHUpOBaHUE ¥ TIPOM3BOJ- COIVIOMH KEHEPHbIe aTaK, TI0BeJie-
CTBO  9JIEKTPOHHO-BBHIUUCIUTEID HHUe I0Jb30BaTeNeil B KOHTEKCTe
HOU ammapaTyphl». nH()OPMAIMOHHON 0e30IIacHOCTH,
B 2011 roay samuruia auccepra- OLlEHKa YSA3BMMOCTHU II0Jb30BaTE-
[UI0 HA COMCKAHWE YUEHOH CTele- s, TPO(GUIL KOMIETEHIUU 3JI0-
HU JOKTOPA TEXHUIECKUX HAYK. VMBIIIIEHHUKA [P aHAJIH3e 3a-
fBnsiercss aBropom okoJio 160 Ha- IUATHl UH()OPMAIMOHHBIX CHCTEM
YYHBIX TyOJUKAIAI. OT COLIMOMHKEHEPHBIX aTaK.
O6sacTb HAyYHBIX HHTEPECOB — A1, agpec:
pacmosHaBaHue 00pasoB, mu- akhlobystova@yandex.ru
poBasi 00paboTKa WU300paKeHMit,
KJIACTEPHBI aHAJIN3, WHTEJLIEK-
TyaJbHBEIE TEXHOJOTHH 00paboTKI
NAHHBIX U 1.
9. aapec: favorskaya@sibsau.ru
XPAMOB Bapenyiomuit Kadepoli aBTOMa- I[IEROTOB Hayunsiii corpygHur Jsabopato-
} Makgcum PHE MHTETPUPOBAHHBIX CUCTEM aB-
Anercanap THBAINY, YIPABIEHUT, MEXaTpo C I SvpD-
HuKU CapaToBCKOr0 rOCYAapCTBEH- Cepreesuu TOMATHSAIIMM LAHKT-LIeTepOypr
EBrenneBnu p CKOI'0 MHCTUTYTa WH(POPMATUKHI
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HOTO TeXHWYECKOT0 YHUBEPCHUTETA
uM. larapuna 0. A., mpodeccop
xadefpbl AIEKTPOHUKU, Koueba-
Huit u BoaH (CapaToBCKOro To-
CYAapCTBEHHOT'O YVHHUBEPCUTETA
uM. H. I. UepHBIIIEBCKOTO.

B 1996 roxy oxomumn Caparos-
CKUI FOCYAapCTBEHHEBII YHIBEPCH-
rer uM. H. I. YUepHsIiesckoro.

B 2005 romy sammruia amccepra-
L[MI0 HA COMCKAHVE yUYEHOU CTere-
HHU JOKTOpa (pU3MKO-MaTeMaTuye-
CKUX HayK.

Asnserca aBropom 6Gosee 200 Ha-
VUHBIX Ty0IUKAINH.

O6GacTh HAyYHBIX MHTEPECOB —
HellpOHAyKa, TeOPUs CI0KHBIX ce-
Tell, BeBJIeT-aHAIN3 ¥ €r0 MIPIJIO-
JKEHUA B HEJIMHEIHOHN IUHAMUKE 1
HelpoHAyKe, HeIPOMHTEP(DENCH.
9. agpec: hramovae@gmail.com

u apromaTusanuu PAH.

B 2013 romy oxomumn CaHKT-
IlerepOyprexuii rocymapcTBeHHbI
9JIEKTPOTEXHUYECKUN  YHUBEPCH-
rer (JIOTU) mo cmeruasbHOCTH
«AHbopMaTUKA U BBIUUCIUTEH"
HAs TeXHUKA».

fBnsercs aBTopoM 19 HayuyHBIX
ny0IMKaIAT,

O6acTh HAYYHBIX MHTEPECOB —
yIIpaBJieHe 3HAHUAME, TPO(QUIIH-
poBaHue, 6as3bl JAHHBIX, MOOHJIb-
HbIE TeXHOJIOTHH, 00JIaYHbIe TEXHO-
JIOTHH.

9J1. afgpec:
max.schekotov@mail.ru
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Balonin N. A., Dokovié D. Z. Symmetric Hadamard matrices of orders 268, 412, 436 and 604

Balonin Yu. N., Sergeev A. M. Two-circulant Hadamard matrices, weighing matrices,
and ryser’s conjecture

Blaunstein N. S., Ben-Shimol Y. Prediction of operational parameters of radio signals passing
a land-satellite link through stormtime ionosphere

Blaunstein N. S., Sergeev M. B., Nenashev V. A. Impact of built-up terrain on operational
parameters of signals in land-satellite communication links

Engelberg S., Keren O. Error-correcting codes for ternary content addressable memories:
a new perspective

Favorskaya M. N., Buryachenko V. V. Background extraction method for analysis of natural
images captured by camera traps

Lyandres V. Model of deep fading

Maksimenko V. A., Runnova A. E., Kulanin R. A., Protasov P. A., Zhuravlev M. O., Chholak P.,
Pisarchik A., Hramova A. E. Algorithm for automatic estimation of human brain activity
features during mental task evaluation

Martynova L. A., Bezruk G. G., Myslivyi A. A. Application of differential mode for auv location

Mikhailov V. V., Perevaryukha A. Yu., Reshetnikov Yu. S. Model of fish population dynamics
with calculation of individual growth rate and hydrological situation scenarios

Pastushok I. A. Efficiency evaluation of scheduling algorithms for delay-sensitive traffic
in OFDM downlink

Runnova A. E. Mathematical model of pattern selection for complex multichannel data in EEG
processing

Sergeev A. M., Blaunstein N. Sh. Evolution of multiple-access networks —
cellular and non-cellular — in historical perspective. Part 1

Sergeev A. M., Blaunstein N. Sh. Evolution of multiple-access networks —
cellular and non-cellular — in historical perspective. Part 2

Sergeev A. M., Blaunstein N. Sh. Evolution of multiple-access networks —
cellular and non-cellular — in historical perspective. Part 3

Sinjuk A. D., Ostroumov O. A. Theorem about key capacity of a communication network

Trofimov A. N. Random coding bound for channels with memory — decoding function
with partial overlapping. Part 1. Derivation of main expression

Trofimov A. N. Random coding bound for channels with memory — decoding function
with partial overlapping. Part 2. Examples and discussion

Vassiliev N. N., Parasidis I. N., Providas E. Exact solution method for Fredholm integro-
differential equations with multipoint and integral boundary conditions. Part 1. Extention
method

Arees C. A., Caenko U. B., Korenxo U. B. MeToz u aJIropuT™Mbl 00HAPYKeHUA aHOMAJI NI
B Tpa(uKe MYJIbTUCEPBUCHBIX CeTeil CBA3M, OCHOBAHHBIE HA HEUETKOM JIOTUYeCKOM BbIBO/IE

Bamonun H. A., Ceprees M. B. Kak runorese Anamapa nomMmous cTaTh TeopeMoii. HacTs 1

BPHTOB I’ C. OnTumanibHOE TEPMHUHAJIbBHOE ITMArHOCTHUPOBaHNE YIIPaBJAEMbIX ITMHAMUYECKUX
CHUCTeM

Bypakor M. B., Konosaiuor A. C. Heuerkuii cynepsusop II1I-peryasTopa
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Bopouun A. B., Maasues I'. H., Coxen M. I0. HarnsagHocTs BU3yaausanuu JaHHBIX B TeonH(pOP- 6 46
MAITMOHHOM cucTeMe IIPU UCII0JIb30BAHUY CBOMCTB 30JI0TOI'0 CEUEHU ST

T'amunauna O. C., Auapees C. /1., Tropaukos A. M. Yuer cienmuduKu gocTyIia 60JIbIIIOT0 YUCIa 4 105
YCTPOMCTB IPU MEKMAIITNHHOM B3aMOIEICTBUY B COBPEMEHHBIX COTOBBIX CETIX

Topnees A. B., 'opeaux /1. B. CpaBHUTE/IbHOE TECTUPOBaHNE KOHTEIHEPHOU U TUIIE€PBU30PHOIA 2 60
BUPTYaIU3AIUNA
Topomenxuii A. E., Kyp6anos B. I'., Tapacosa H. JI. [IpuHaATHe pellleHnT B IIeHTPAJIbHOI HEPBHOMN 1 21

cucTeMe poboTa

I'puropses A. I1., Bypayuxwuii C. I., YepueaeBckuii A. O. [[uarsocTupyoIas cucTeMa 2 96
IeATeJIBHOCTY OllepaTopa-HaBUraTopa Ha OCHOBE 3aJaYHOTO IIOAX08a

Eroposa U. C., Husikcon B. M. O630p fAuHAMIYECKUX METOI0B BOCCTAHOBJIEHUS YACTUUHBIX 2 67
crernupuKamuil MPporpaMMHBIX OMOJIMOTEK HA OCHOBE aHAJIM3a IIPOrPAMMHBIX ITPOEKTOB

Eropos H. B., Meaexun B. ®. Cioco6 opraHusaIiiy aBToMaTa ¢ IaMAThHIO C TTOBBIIIIEHHON yCTONYM- 2 18
BOCTBIO K MATKUM OTKa3aM U PerucTparueil MArKux OTKa30B

Enuepan B. ®@., Tumodeerckas O. [I. [Torck meproguyecKux pelneHnii 00bIKHOBEHHBIX Audde- 6 24
peHIInaJIbHBIX YPABHEHHH C IIOMOIIBIO METOLa HOpMaJIbHOM hopmbl. Ciyuait ypaBHEeHUI
YeTBEPTOrO HOPAJKA

Edumos A. A. MonennpoBaHTe CUCTEMBI YIIPABJIEHUA B CKOJIb3AIIEM PeXKUMe aKTUBHBIM IIPe06- 2 49
pasoBaTeJyieM TOKa

3uatounos C. U., Ocumos JI. A., Coxomona 0. B. Cunres q1ucKpeTHBIX (DUIBTPOB METOLOM 3 10
WHBapUAHTHBIX NP epeHnaIbHbIX YPaBHEHUN

HNuoukun @. M., Kpyriuos C. K., Bponmreiin HU. I. IIpeonosienue 1udpakIimoHHOT0 Ipegeia 1 96
IIPU OITHUYECKUX U3MEePEeHUAX I'PAHUI] 00'EKTOB

Kapacés E. 10., Batamaniok H. B., Caeases A. U., Porskun A. JI. ApxuTeKkTypHbIe pellieHnsa 1 2
WHTeTpaIuy MOLYJISA BUAE0-KOH(EPEeHII-cBA3Y B KNOep(hU3NIEeCKOe NHTEIIEKTYaIbHOE
MIPOCTPAHCTBO

Kuasaxexuii A. 10. CuHTes 1 aHaIN3 TOYHOCTY CUCTEMbI M3MEPEHHUA I1apaMeTPOB MOPCKOTO 2 91
BOJIHEHUS, UCIIOJIB3yeMOil Ha HU3KOJIETAIIeM alapare

Kosun HU. C. MeTon obecrieuennss 6€30IIaCHOCTH MIEPCOHANBHBIX JAHHBIX IPU UX 00padoTKe 3 69
B nH(GOPMAIMOHHOU CUCTEeMe Ha OCHOBE aHAJIN3a MOBeJeHU A 0JIb30BaTe el

Kopurynos I'. 1., iunataukos B. A., Illepuenko A. A., Maasimes B. F0. MeTox aganTuBHOTO 4 61
yIIpaBJeHU 3aIUTON NH(OPMAIMOHHO-BEIUNCINTEIbHBIX CeTell Ha OCHOBE aHaJI3a JTUHAMUKYI
IeHCTBUU HAPYIIIUTES

Kpacuasaukos H. H., Kpacunsaukora O. 1. IIpo6iema COBMECTUMOCTH CUCTEM TEJIeBU3UOHHOTO 1 11
Bemauus 2D u 3D u meToz ee peleHns

Kproxos [I. A., Teckep U. A. T'enepainus mceBIocayuYaiiHbIX Unces HA OCHOBE TPeo0pasoBaHmUt 2 2
rpaduyecKux 00'beKTOB

Kysuemnos B. A., JIrogae M. IO. CrepeodoTomeTpruecKkoe TpexXMepHOe CKaHUPOBaHIE 3 25
C UCIIOIb30BAHNEM UMIIYJIBCHOT'O OCBETUTEJISA

Kyumus A. FO. IIpo6irembl naeHTUGUKAIINYA HECTAITMOHAPHBIX TUHAMUYECKUX 00'HEKTOB 2 28

Jlaga A. H., Maiiopos H. B. MyabTuareHTHBIN MeTO IIOCTPOEHUSA CMEHHO-CYTOUHBIX 3aJaHU 5 112
LI 3aJaUM IIJIaHUPOBAHUSA IIPOU3BOACTBEHHBIX PECYPCOB B PeaJIbHOM BpEMEHU

JlamkoB HU. B. ITogxon K pacriosHaBaHUIO CTUJIA BOKIEHUA BOJUTEA TPAHCIIOPTHOTO CPEICTBA 5 2
Ha OCHOBE UCII0JIb30BAHMA CEHCOPOB cMapTdoHa

Jlumanosa H. ., Ataes C. I'. MeTon aHa/I13a CHUMKOB KOMIIBIOTEPHOM ToOMOrpauu 3 98
HA OCHOBE IO9TAIHON OMHAPU3AIINY N300PAKEeH Nl 1 ero MPorpaMMHas Pean3allus
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Maxkcumenko B. A., Ky A. K., IIncapuuk A. H., Xpamos A. E. MaremaTrueckoe MomeInpoBaHUe
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Maxcumenko B. A., Xapuenko A. A., JIrorteéxann A. ABToMaTu3npoOBaHHAA CUCTEMA
IIJISI IPEeLCKAa3aHUsA SIIUJICIITUYECKUX IIPUCTYIIOB II0 MHOI'OKAHAJIBHBIM 3aIIUCAM 9JIeKTPUUYECKOMA
AKTHUBHOCTHI MO3I'a

Mauasues I'. H., Axumos B. JI., Conosses C. B., Jleoegesa H. B. Ilepsuunasa o6paboTKa
TeJIeMeTPUYeCKO NH(PpOPMAIINH C UCII0JIb30BaHNEM TNHAMUYECKUX MOJejIel n3MeHeHU T
mapaMeTpPOoB U HapiuaJbHONI HeJINHeHHON (PUILTpaIlunl

Maasues I'. H., Axumos B. JI. [locTOBEpHOCTH MHOT'03TAITHOT'O KOHTPOJIS TEXHUUYECKOTO COCTOAHU S
00'bEKTOB UCIBITAHUHA

Mapreinosa JI. A. Meton spdexTuBHOrO yaep:rauus nososkennsa AHITA Ha mapiipyTHOI
TPaeKTOPUU IIPU BeIeHUU CeliCMOpasBe Ik’

Mapreraosa JI. A. Perrenure 3ajauu OABOHOTO HAGIIOAEHUS B YCJIOBUAX IPUMEHEHU S
MHTeJJIeKTYaJbHBIX IIOMeX

Martsees H. B., Tropaukos A. M. Ciorossiiit ALOHA ¢ utepaninoHHOM OpOIeAy POl paspenieHus
Kosnusuii. CTabMILHOCTE U HeCTaOUIbHOCTD

MotopuHu /1. E., ITorios C. I'. AIroprT™M MHOTOKPUTEPHUAJIBHOTO IIOUCKA TPAEKTOPUH IBUIKEHUA
po6oTa Ha MHOTOCJIONHOI KapTe

Mypomues /1. IO., I'puokos A. H., Tiopun H. B., llamkun B. H. [IpoekTupoBaHue 6a3bl 3SHAHUHI
VHTEeJJIeKTYaIbHOU NH(GOPMAI[MOHHO-YIIPABJISIONIEH CUCTEMBbI JJIs MHOTOMEPHBIX
TEeXHOJIOTUYECKUX 00'HEKTOB

Henames B. A., Ceprees A. M., Kanpanora E. A. VcciieqoBaHue 1 aHAJIN3 aBTOKOPPEISAIMOHHBIX
(YHKIIUH KOIOBBIX IIOCJIEI0BATEIBHOCTER, CPOPMUPOBAHHBIX HA OCHOBE MOHOITUKJIMYECKUX
KBa3dvOPTOT'OHAJIbBHBIX MaTPUIL

Ilonomapes A. B. Mogesb u MeTOA OIeHKY KauecTBa BKJIaZla YYaCTHUKA CUCTEMBI COBMECTHOIA
pasMeTKU n300pasKeHni

IIyrun E. O., Ilaxsito A. A. HeiiponHas ceTb ¢ KOHKYPEHTHBIM IIOPOTOM [AJIsI TeHepaIlii MaJIbIX
OPraHUYECKUX MOJIEKYJIAPHBIX CTPYKTYP

PyunoBa A. E., Makcumenko B. A., I[Tueannuesa C. B., Kynanuu P. A., Xpamos A. E. MeTozx
BefIB.TIeT'aHaJII/I-?:a IIaTTEPHOB ,ZLBI/IFaTeJILHOﬁ AKTHUBHOCTHU HaA SKCIIEPUMMEHTAJBHBIX JTaHHBIX MHOT'O-
KaHAJbHOU 2JIeKTPOosHITedaIorpapun 4eI0BeKa AJid YIPaBJIeHNA BHEIIHUMY YCTPOUCTBAMU

CaI[OBHI/IROB C.A. HpOI‘paMMHO'aJII‘OpI/ITMI/I‘{eCRaH cucreMa AJid YNCJIEHHOI'O MOJeJIMPOBAHUA
MIXPOKOIIOJOCHOTO JIa3ePHOI'0 razoaHain3da aTMmochepst

Ckoo6eaes II. O., JJaxuu O. U., Maiiopos U. B., Cumonosa E. B. AganTuBHOe MyJIbTHareHTHOE
IJIAHNPOBAHIE IIPONU3BOACTBEHHBIX PECYPCOB HA OCHOBE OHTOJIOIMK

Cropoxomos f1. A., Auapees A. M. MogenupoBaHnue PyHKIITMOHUPOBAHUSI KOCMUUYECKOTO CEeTMEHTa
CHCTEMBbI aBTOMATUYECKON UAeHTU(MUKAIINY MOPCKUX CYI0B

Cysopoga A. B., Tyaynses A. JI. CurTes cTpyKTyp 6aii€COBCKOU CeTHU AOBEPUS AJSI OIEHKHU
XapaKTePUCTUK PUCKOBAHHOIO IIOBEJCHUA

Tarapaukosa T. M., Boaxbckmuii A. B. OrieHKa BepOATHOCTHO-BPEMEHHBIX XapPaKTEPUCTUK CETEBBIX
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denopuenko A. B., Korenko U. B. Koppensanua nadopmaiuu B SIEM-cuctemax Ha ocHOBe rpada 1 58
CBsi3eil TUIIOB COOBITUI
Xmao6sicToBa A. 0., A6pamos M. B., Tyaynses A. JI., 3oxotun A. A. ITouck Kparuaiiiiei TpaeKkTo- 6 74
PHUY COITMOMHIKEHEPHOM aTaKM MeXK Iy ITapoil moJib3oBaTeseli B rpade ¢ BepOATHOCTAMU IIePEX0I0B
Xopes B. C., Hmioyxaros 0. M., Jlanmesa E. E., Kucenes A. P., 'pugues B. 1., Bespyuko B. I1., 1 42
Byrenko A. A., Ilonomapenko B. U., KapaBaes A. C. [[uarnoctTrka HalrpaBJIeHHON CBA3U
KOHTYPOB PEryJIAINYN KPOBOOOPAIIEHNA 110 BDEMEHHBIM PAaM MaTeMaTUUYeCKOU MOIeIN
CepIeUHO-COCY/IUCTOH CUCTEMbI YeJIOBEKA
IIItansko C. B. OrpannueHre HeCAHKIIMOHNPOBAHHOI'O JOCTYIA B PAANOTEXHUUYECKUX CHCTEMAaX 5 57
C MIUPOKOBEINATEeJILHON IIepeaadeil mHpopMauu
ITymckas O. O., sKexesnsr M. AanTUBHBINA aJITOPUTM BCTPaUBaHUA NHMOPMAIIMU B CIKAThIE 5 44
JPEG-usobpakeHus: Ha OCHOBE OIlepalli 3a MeHbI
IllexoroB M. C. MeTon HaBUTAIIUU U KOJJIA00PATUBHOIO II0JIyaBTOMATHUYE€CKOI'0 IIOCTPOCHUS KapT 6 95
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