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AHANN3 SPDEKTUBHOCTU ANITOPUTMOB MNMITAHUPOBAHUA
NEPEOQAYN KAOPA B CETAX LTE

B craTbe nccie10BaHbl aIrOPUTMBI IIJIAHUPOBAHMUS, KOTOPBIE BXOJSAT B COCTAB IOACUCTEMBI 00ECIIEUEHHs KauecTBa OOCIYKMBAHUS B CETAX
LTE. IIposenens! uccienoBanus 3pGeKTUBHOCTH alrOpUTMOB IIaHUpoBaHMs Kaapa 1o merogaM FIFO, SJF u RR. CpaBHeHue npoBoauiocs mo
TaKUM IIapaMeTpaM, Kak CpeJjHee BpeMs OXKUIaHus B OUepelin, CpefHee BpeMst 00paboTKH MakeTa, 3anoiaHeHne Oyepa JaHHBIMH M KOIHYECTBO
OTOpOIIEHHBIX MaKETOB.

AHanm3 noKasal, 4To Ipy HeOONBLINX JIMHAX NIAKETOB CPEIHee BpeMeHsl OxkuiaHus B ouepenu A anroputMos RR u FIFO npubnusurensHo
onuHakoBo, a anroput™ SJF 1o sddexruBHOCTH Ha TpeTh npeBocxoaut anroputmel RR u FIFO. C yBennueHneM JUIMH NaKETOB CPEIHEE BpeMs
OXKUJIAHUS B odepesu pacteT ObicTpee s anroputMa RR, juist anmropurma FIFO poct BpeMeHH 0XuIaHuUs B 04epeI HECKONbKo Huske. CaMblit
MHMHHMAJIbHBIH POCT BpeMEHH OKMJAaHUs B ouepeay uMeer anroput™ SJF.

IMomyyeHsl 3aBUCUMOCTH CPEIHETO BpeMEHU 0OpaOOTKH MaKEeTOB OT MAKCHMaJbHOW JUIMHBI NAKETOB. AHAIU3 M0Ka3aj, YTO U IO ITOMY
I0Ka3aTeNI0 3aMETHbIH BBIUTPBII faeT anroput™ SJF.

IIpoBeneH aKCnepUMEHT ¢ OrpaHHYEHHBIM 00beMOM Oydepa ouepein. AHaIN3 NoKa3aj, 4To 3anoaHeHne Oydepa JaHHBIMU I aIrOpHTMa
FIFO npoucxonur uHTeHCUBHEE, yeM i anroputMa SJF. ITo mpoleHTHOMY OTHOLIEHHIO OTOPOIIEHHBIX AKETOB JIy4IIHe OKa3aTeId HMEET
anroput™ SJF. Takum oOpasom, juist fanbHeiflero ynyuieHus kayectsa 1 3GQEeKTHBHOCTH nepeiaun JaHHbIX B ceTsx LTE pexomennyercs
anroput™ SJF, kotopsrii naet eiurpsim ot 18% mo 50%.

KnroueBble c10Ba: anropuTMBbl MIAHUPOBaHUA Kazapa, cetb LTE.

HOMEHKJIATYPA

BE — Best Effort;

DL — nucxopsiee HampaBleHHE;

FIFO — mepBbIM mpuimiesn, nepBbIM BHIIIET,

FDD — nymuiekcHblii pa3HOC B YaCTOTHOM 00JIACcTH;

MAC — Media Access Control;

nrtPS — Non-real-time Polling Service;

OFDM — MynbTHIIIEKCHPOBAaHUE C OPTOTOHATBHBIM Ya-
CTOTHBIM pa3/eleHueM;

QoS — kavyecTBO 0OCIY)KMBaHUS;

RR — Round Robin;

rtPS — Real-time Polling Service;

SJF — Shortest-Job-First;

TDD — nymuieKcHbIN pa3HOC BO BPEMEHHOM 00JIacTH;

UGS - Unsolicited Grant Service;

UL — Bocxopsiiiee HampaBlICHUE,

AC — aboHeHTCKas CTaHIIHS;

BC — 6a3oBas craHims;
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[IK — nmaHupoBIINK KaJgpoB;
CKO — cpenHekBapaTuyecKoe OTKIOHEHHUE;
CMO - cucremMa MaccoBOro OOCITYy)KHBaHUS;

T — OPOMEXYTOK BPEMEHH, B KOTOPOM TeHepHpyeTcs: k
3a5BOK;

k — 4ucio 3agBoK;

p(k,T) — BepOATHOCTH TeHEpUpOBaHHsA Kk 3asBOK B MPO-
MEXKYTKE BPEMEHH T,
A — MHTCHCHBHOCTH IIOTOKA B €AMHUILY BPEMCHH;
[L — HHTCHCHBHOCTh OOCITY)KUBaHHS;
F(t) — dyskust pactpeneaeHus;
p(t) — IIIOTHOCTD pacIpeieNCHHS;
m — MaTeMaTHYECKOe OXKHAAHHE BPEMEHH MEXKIy 3asB-

KaMu;

o2 — mucriepcus;

P, — BepoatHOCTh TOTO, 40 B CMO 00cmyxuBaercs k
3a5BOK;
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My, — CPEHUI pa3sMep ouepen;

P, — BEPOATHOCTh OTKa3a B OOCITY)KHMBaHHHU 3asBOK;
mj, — CpeJHee YHCIIO 3aHATHIX KAaHAIOB OOCITYKHBaHHS,
P — BEpOATHOCTb 3aHATHS BCEX k KAHAJIOB;

3

P — BepOATHOCTH 3aHATHA BCEX k KAHANOB U § 3asIBOK B
odepen;

oy — CpeIHee BpeMs OXKUIAHUA B OYepeny;

to; — BPEMs OKHJAHHA j-TO IIAKETA B OYEPEIH;

Fy — BepoATHOCTb TOrO, YTO ILIAHUPOBIIMK CBOOOMCH;

P, — BepOsATHOCTb TOrO, YTO HAKeT-3asBKa IIOKUHET CUC-
TeMy He 00CIyXEHHOMH;

N — 4YHCJIO IIaKETOB B OYEpEy;

t,p — cpenHee BpeMsl 00pabOTKU MaKeTa;

t,pi — BpeMs 0OpabOTKM -TO MaKeTa;

mg — CPeNHss JUIMHA OUepelIH;

M — pasmep Oydepa;

n — KOJIMYECTBO KaHAJIOB OOCIY)KHBAHUS.

BBEJIEHUE

IIpr MHTEHCHBHOM Pa3BUTHH OECIPOBOJHBIX CETEH BO3-
HUKAIOT TpoOJIeMbl YBEITHUSHUSI WX MPOU3BOIUTEIHHOCTH,
HEOOXOAMMOCTE pa3pabOTKH aITOPUTMOB, 00ECIIEYHBAIO-
IIMX CBOEBPEMEHHYIO M HAJCXKHYIO Tiepenady WH(pOopMaIuy,
KOTOpBIE MOBEICAT KO3((QHUIUEHT MCTIOTB30BaHHUS ITOIOCHI
MIPOITYCKaHHMsI, COKPATAT BpeMsl pearupoBanus 6a30Boi CTaH-
MU Ha 3aIpochl a0OHSHTCKHUX CTAHIMH, obecriedaT QoS s
pa3IHYHBIX BHAOB Tpaduka [1, 2].

TeopeTndeckuM HCCIEIOBAaHHUAM H pa3padorke (yHma-
MEHTAJBHBIX OCHOB Iepenadyd WHGOpMaInU B TEIEKOMMY-
HHUKAIMOHHBIX CETAX, CO3JJAHHIO MOJENeH U METONOB YIpaB-
JICHHs] KaueCTBOM OOCIY)KUBAHHS TOCBSIIEHBl TPYIBI BUJI-
HEBIX yueHsIx J. Chen, W. Jiao, H. Wang, Dusit Niyato, Ekram
Hossain u MHOTUX Apyrux.

BaxueiMu mpoOiieMaMu B 00JIacTH OOecIieueHHsl Kaue-
CTBa OOCITY)KHBAHUS SIBIISIOTCS MPOOJIEMBI TIaHUPOBAHUSI.
B mponecce obecnieuenus QoS He0OX0IUMO TMIAaHUPOBA-
HHUE KaJpa JJIsi TOTO, YTOOBI ONPEACIUTh KaKoi Mmaker Oyaer
00CITY)KHBaThCS MEPBBIM B KOHKpETHOH ouepenu. Ha nman-
HBIi MOMEHT B CHCTEMax CBS3H HCIIOJIB3YETCS! aJTOPUTM
mwianupoBanust FIFO. [lnsa nanpHeimero ymydieHust Kade-
ctBa ¥ 3¢ dexTuBHOCTH nepenayn aaHHBIX B ceTax LTE [3]
TpeOyeTcs MCClIeZIOBAHNE W BBIOOP aJITOPUTMA IIAHUPOBA-
HUSI, KOTOPBIA TO3BOIUT COKPAaTUTh CPEIHEe BPeMs OKUAA-
HUS B OuYepelid, Cpe/iHee BpeMsi 00pabOTKH MakeTa, a TaKKe
KOJIMYECTBO OTOPOIICHHBIX ITAKETOB, YTO B CBOIO OYEpelb
MOBBICUT MPOMYCKHYIO CHOCOOHOCTh. Takum 00pa3om, ak-
TyaJbHOW SIBJIIETCS 3ajaua aHajim3a M BbIOOpa Oomee 3¢-
(EKTUBHOTO aJITOpUTMa IUIAHUPOBAHUS Kajpa.

OOBEKTOM HCCIENOBAaHUS SIBISIETCS MPOLECC MIaHUPO-
BaHus Kaapa B cersix LTE.

[pemvieT MccIIeIOBaHUS COCTABIISFOT MOIEITA M METOIBI TITa-
HupoBaHKS Kajapa B cersix LTE mpu pacnpeneneHny 4acToTHO-
BPEMEHHOTO pecypca MeKATy aOOHEHTCKHUMH CTaHIHSIMU.

Lenpro maHHOW paboOTHI SBJISIETCS MPOBEICHUE aHAIN3a
1 BbIOOp Oosiee 3 PeKTUBHOrO aNropuT™Ma IUIAaHHPOBAHUS
kazpa B cetsax LTE.

1 IOCTAHOBKA 3AJAYHN

B oOmiem cnydae miaHHpoBaHHE KaJpOB MOXET OBITh
npencranieHo, kak CMO [4] (puc. 1).

[IpuMeHHUTETHHO K TUIAHUPOBAHUIO YaCTOTHO-BPEMEH-
HOTO pecypca, KOMIIOHEHTBI 3TOW CHCTEMBI MOTYT OBITh
WHTEPIPETHPOBAHBI CICAYIOIUM 00pa3oM: 3asiBKOH SIBIISI-
ercs maker, obocmyxuBarontuM I1K. [TakeTsI-3asBKH MOCTY-
MaroT B o4epelb, Ipu ocBoOokaeHny [1K oxuH maker BbIOH-
paercst u3 odepenu u odcmyxusaercs B IIK [3, 4]. Tlox 06-
CIIy’)KMUBAaHUEM B JaHHOM CIIydae MOHHMAaeTCs ITOMENIeHHe
MaKeTa B OYEPEIHON KaJp.

OO6ciTy)krBaHHEe MOXKET OBITH MPEPBAHO MO CIETYIOLIHM
MPUYHHAM:

— 00paboTka makeTa 3aBepIIeHa;

— TaKeT 3aIpOCHJI BBHIIIOJHEHUE ONEpalyH, TPeOyromei
OXHIaHMS KaKoro-Tubo Ipyroro pecypca;

— BbIONHEeHue npepsado K.

[lepBbie nBa ciyuas ¢ Touku 3pernss CMO oauHaKoBHI: B
mo00M cTydae makeT o0paboTaH, MOMENIEH B Kaap U Iepe-
nan. Ecim maker He 00paboTaH, TO MOCIE MOTYYESHHS 3arpo-
[IEHHOT'O pecypca MakeT BHOBH MOCTYIIUT BO BXOIHYIO OYe-
penb. B cmydae mpepbeiBaHus nmakera no mHunmatuse [1K
MpepBaHHBIN (BBITECHEHHBIH) MAKEeT TOCTYIAeT BO BXOIHYIO
ogepens cpasy xke. ITopsgok oOCITyKUBaHUS BXOJHOH oue-
penn, o4epeJHOCTh BEIOOpa U3 Hee IaKEeTOB Ha OOCITyXKHBa-
HHUE M COCTABIISICT MUCHHMIUIMHY WJIM CTPATETHIO TUIAaHUPOBa-
HUsl. MEeTOABI TEOPUH MAacCOBOTO OOCIY)KMBAHUS MpHMe-
HSIOTCS I aHAJIMTHYECKOTO MOAETUPOBAaHHS Ipolecca
IUTAHUPOBAHMUSL.

CMO pensTes Ha CHCTEMBI C OTKa3aMH, CUCTEMBI C OYe-
pensiMu (OXKHIAHUSIMH) U CMEIIAHHOTO THUIMAa. BXOAHOMW mo-
TOK (ITOTOK MaKETOB-3aIBOK) — OCHOBHOM 3sieMeHT CMO, on-
penenstomnuii porieccel B CMO. Haunbonee oOmuM sBiiseT-
csa mnpoctermuii motok (Ilyaccona), obGmanmaromuit
CTAIlMOHAPHOCTHIO0, OPAWHAPHOCTBIO M OTCYTCTBHEM MOC-
JeAeHUCTBHUSL.

[Ipocreifmuii MOTOK B MPOMEXKYTKE BPEMEHH T T'€HEPH-
PYeT POBHO k 3asBOK C BEPOSTHOCTHIO [4]:

k
p(k,7) =%e‘“, k=1,2,3,.. (1)

OCHOBHBIE BEPOSTHOCTHBIE XapaKTEPUCTHKHU s
CMO ¢ myaccOHOBCKMM TOTOKOM [4]:

— ¢ynxums pacupenenenns: F(f)=1-— e_M;

Ouepenp MaKeToB
Bxon

[Inanuposmumk Brixon

KaapoB >

PI/ICyHOK 1- HpC,HCTaBJ'IeHI/Ie TIJIaHUPOBAHUA KaIpOB B BUAEC CUCTEMbBI MaCCOBOI'O OﬁCJ’Iy)KI/IBaHI/ISI
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—ht
— IDIOTHOCTB pactpeneneHus: p(t) =ie
— MaTeMaTH4YeCKOe OKMJIAaHHE BPEMEHH MEX/y 3asBKa-
M m=1/\;

— JIACTIePCHS o =1/3%;
— CPe[HEKBaAPaTHYECKOe OTKIOHEHHEe CKO = \/07 =1/%
— BEPOSITHOCTB TOro, yto B CMO 00ciyxuBaercs k 3asBOK:
-1

s P=Alp. ()

P n .k

k'p ,TI[CP()— kZ::OF

OCHOBHBIE BEPOSTHOCTHBIE XapakrepucTuku a1 CMO ¢
AKCIIOHCHITHATHHBIM TTOTOKOM [4]:

— IJIOTHOCTH pacHpeeleHNs JUTHTEeNBHOCTeH 00CITyKH-
BaHUs:

p6)=pe™; 3)
— MAT€éMaTHYCCKOC OXHWIaHUC BpeMeHI/I O6CJIy7KI/IBaHI/I$[Z

My = 1/ (L (4)
— CpeIHMH pa3Mep o4epenu:

Moy = Moy - 5)

Ilpu p =7 uucno 3as8BOK B OUEPENU C TEUEHUSIMH Bpe-
MEHH HEOTpaHHYEHHO Bo3pacTtaeT. OObruHO P < 7.
BeposiTHOCTE OTKa3a B OOCIYyXKHBaHUH 3asBOK [4]:

n
0TK=Pn=p_PO=p_ Zp_ . (6)

CpenHee 4HCIIO 3aHATHIX KaHAIOB OOCITY)KUBAHUS:

my = Z

BeposiTHOCTD 3aHsTHS BeeX k KaHAIIOB [4]:
pk
P3k=?P0,0<k<n 8)

BeposiTHOCTB 3aHATHS BCEX f KAHAIOB U § 3asBOK B OYe-
penu:

-1
Bl [Tn+mB)| 521, =116 (9)
m=1

tO)K

n+s

PI’H—S

npu B — oo cuctema nepexoaut B CMO ¢ oTkazamu, Tpu
B — 0 -8 CMO ¢ okumaHUAMH.
BeposiTHOCTH TOTO, YTO TUTAHMPOBILKK CBOOOJCH [4]:

-1

R e L)

CpenHsis AMHA O4Yepenu:

o n o s
P Sp
mg = ZSPnJrs = 72?— x

s=1 ©os=1 H(n+mB)

m=1

-1
n n o s
p p p
D T (1
k=0 S+ mP)
m=1

BeposiTHOCTB TOTO, YTO MAKET-3a5BKA MMOKHHET CHCTEMY
He oOcmyxeHHo [4]:

-1

B o e . )
[ ) (n+mp) | |0 :
m=1 m=1

Jlnst onmpeneneHust OCHOBHBIX BEPOATHOCTHBIX XapaKTe-
puctuk mis cetn LTE xak CMO HeoOXoanMo NpoBefeHHe
MMHUTAIIOHHOTO MOJICTIMPOBAHUS IIPH U3BECTHBIX HHTEHCUB-
HOCTSIX TTOCTYIUICHHUS MTAKETOB M UX 00pa0OTKU M ompenere-
HUE CPEeJHEro BPEeMEHM OXKHUJIaHUS B OUEPEeIU U CPEIHEro
BpeMeHH 00pabOTKHU IJIsi aJTOPUTMOB IUTAHUPOBAHHUS, KO-
Topble puMensitoTesa B TexHonorun LTE. Taxke nenpio cra-
TBhU SIBJISICTCS MPENOCTABICHUE PEKOMEHIAIMI 10 BBIOOPY
anroputrMa ruiaHupoBaHusi. Kpurepuem BbiOOpa sBIsETCS
MHUHUMAaJIbHOE BpeMsl OKHJIaHWS B OYEpeId U MHHHMAaIlb-
HOE BpeMs 00pabOTKH.

2 JIATEPATYPHbBIN OB30P

Mexanm3mbl mnanupoBanusi MAC onpenensitoT mops-
JIOK Tiepenadn maketoB. Kakaoe coerMHeHne acCOLMUPOBa-
HO C OIHUM MEXaHH3MOM IIJTAHMPOBAaHUS, KOTOPBIH ompe-
nensiercss Habopom mapamerpoB QoS. OmpeneneHsl cieay-
IOIMe MEXaHU3MBl ONpoca A IUNIAaHUPOBAHUS Tepenadu
MAKEeTOB:

— npenocraBieHHbiii rpanT (UGS, Unsolicited Grant
Service) mpeaHa3HAYCH VI MOAJICPKKH TTOTOKOB PEaJIbHOTO
BPEMEHH, TeHEPUPYIOIIHNX MaKeThl JaHHBIX (PUKCHPOBAHHO-
ro pasmepa, TaKuX Kak Iepefada mo kaHaiy notoka El u
roiioca noepx IP (VoIP) Ge3 moxapieHus mays;

— ompoc B peanbHoM BpemeHnu (rtPS, Real-time Polling
Service) mpeaHa3HAYCH VIS MOAJICPKKH TTOTOKOB PEaJIbHOTO
BpeMeHH, GOPMHUPYIOIHUX MAKETHl JaHHBIX NEPEeMEHHOH
JUTAHBI, JUT KOTOPBIX KPUTHYHA 3aJePyKKa BPEMEHH J0CTaB-
Ku, Takux kak MPEG-Buieo;

— ompoc He B peanbHoM Bpemenu (nrtPS, Non-real-time
Polling Service) npeaHa3zHaveH s MOIIEPKKH MOTOKOB,
TpeOyIOIUX MaKeTOB IMEePEMEHHOM UTMHBI, I KOTOPBIX He
KPHUTHYHA 33JIepyKKa BPEMEHH JIOCTaBKU, TAKUX KaK ITHPOKO-
noJjiocHasi ciyx6a FTP;
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— OIIPOC HAWIYYLIMHA M3 BO3MOXKHBIX YPOBHEH cepBuca,
WU TIOTOKHM HeTapaHTHpoBaHHOH nocraBku (BE) mpemmas-
HaueH 1 3¢ dexruBHOrO obcmyxuBaHus Tpaduxa best
effort, nanpumep, tpadux HTTP.

B MHOromonp30BaTeNbCKol OECIPOBOIHON CHUCTEME He-
00X01MO, YTOOBI IUIAHUPOBAHHE KAJPOB PacHpeIesiio
HMMEIOIMECs] pecypchl Nepefayd Mexay IOJIb30BaTeIsIMU
3¢ (G EeKTHBHO U CIpaBeANHBO. BBUIH MPEITOKEHBI pa3HbIe
METO/bI IUIaHUpOBaHMs KaapoB. Hambomee pacnpocTpaHeH-
HBIH CIIOCO0 TUTAHUPOBAHUS — 3TO CHPABEUINBOE ILIAHUPO-
BaHWE, TIPU KOTOPOM IOJB30BATENN MOITYYAIOT CEPBUCH B
COOTBETCTBHMHU C BECaMH, Ha3Ha4eHHBIMHU MM 3apaHee. B [5]
npencrarieHa mojaeab CMO anropuT™a ITaHUPOBAHUS JUIS
OecnipoBoHON cpenbl mepenaun. C Apyrod CTOPOHEI, CIie-
OUAJIBHO I OECIIPOBOIHBIX CHCTEM Mepenadd ObLIO pas-
paboraHo ruOKoe IUIaHHpOBaHHE. B 3TOM crocobe miiaHu-
pOBaHUs IS YAyYLICHUsS MPOIMYCKHON CHOCOOHOCTH BCel
CHCTEMBI UCTIONB3YIOTCSI OCOOCHHOCTH MHOTOIOIh30BATENb-
CKOro pexunma. B yacTHOCTH, B TEKyllleM BPEMEHHOM CJIOTE
MpaBo JUIsl Iepefadn OyleT MpeIoCTaBICHO IMONb30BATENIO,
MMEIOIeMy HauIydlllee KauecTBo kaHana. B [6, 7] npenso-
xeHa mozennb CMO it Takoro Tuma rjiaHupoBaHus. B [§]
nposeaeH aHanu3 CMO 11t pa3inuIHbIX CXeM pa3eNieHus
pecypcoB (MHHHUMAaKCHasi CHPaBeLIMBOCTh, MPOMNOPLIHO-
HaJIbHAs CIIPABEIUINBOCTD, OAaJTaHCHAS CIIPABETUBOCTB). [Iiist
Ka)XJIOM M3 3TUX CXEM HCCIIEIOBaHBI YCIOBUS CTaOMIBHOCTH.

B TO Bpems kak B OONBIIMHCTBE pabOT PacCMOTPEHO
TONIBKO BIIMSIHUE OECIIPOBOIHOTO KaHAJIA HA TPOM3BOJHUTEIb-
HOCTh CHCTEMBI, B HECKOJBKHX padoTax M3y4eHO BIUSHUE
pacnpesiesieHusl pecypcoB Ha NMPOU3BOJUTEIBHOCTh Ouepe-
neit. Hanpumep, B pabote [9] BiuusiHUE pacnpeneneHus pe-
cypcoB paccmorpeno B mogenu CMO cucrembl KOTHUTHUB-
HOTO PajJHo C MCIOIb30BAHUEM aJaNTUBHON MOIYSIUU U
koaupoBaHus; B pabore [10] mpoaHanu3upoBaHa cucrema
CDMA c aganTuBHOUM CKOPOCTBIO Tepenadn. JlaHHBIE HC-
CJIeIOBAHMS MIOKA3alld, YTO PE3EPBUPOBAHUE PECYPCOB TPaH-
3UTHBIX COGAMHEHHH, TAkKe KaK M aJanTalys CKOPOCTH Ie-
peaadu MOTYT CyIIECTBEHHO BIUSTH Ha MPOU3BOAUTENEHOCTh
ouepesielt /11 MOOMIIBbHBIX IOJIb30BATEIICH.

Anannz CMO wucnonb3yercst TakKe A7 yITyJIIeHus] KOH-
Tpounsi goctynom coenunenuit [11, 12]. B wactaoctn, mis
JIaHHBIX MapaMmeTpoB Tpaduka M KauecTBa OECIPOBOJHOTO
KaHaJla MpU AaHHOM CHoco0e JOCTyNa K cpene mepenad,
MOXET OBITh MOJydeHa WHOpMAIHs O 3aJiepKKaxX B ouepe-
JISIX ¥ TIOTEPSIX TAKeToB. DTa HHGOPMAIHS 3aTeM MOXKET ObITh
WCIIOJIb30BAaHA MPH MPHHSATHH PELIEHUs O MpHeMe HOBOTO
coenuHeHus. [IpyeM MM OTKIOHEHHE HOBOTO COEAWHEHUS
3aBHCAT OT TOTO, CMOTYT JIU TOIACPKUBATHCS TPeOOBaHUS
QoS Kak [Tl CyIIeCTBYIONINX COSNMHEHUH, TaK U JUIsl HOBO-
ro coenuHenus. B [13] npexnoxena monens CMO uist KOHT-
poNs JOCTYNOM COCAMHEHHH I OECIpPOBOJHBIX CeTe
Bluetooth, B [14] — nns cereii IEEE 802.11. B [2] paccmotpe-
Ha mozenb CMO A MHOTOQHTEHHBIX CHUCTEM.

CrnenyeTr OTMETHTb, YTO B H3BECTHBIX pabOTax OTCYTCTBY-
eT aHaym3 3G PEeKTUBHOCTH aNTOPUTMOB IUIAHUPOBAHUS U
paspabotka monmenu CMO ¢ y4eroMm alroputMa IiaHHpO-
Banus Juis cetu LTE.

3 MATEPHUAJIBI 1 METO/IbI

CylecTByeT JI0CTaTOYHO OOJIbIIONW HAOOp pa3HooOpas3-
HBIX QJTOPUTMOB IUIAHUPOBAHUS, KOTOPBIE MPEAHA3HAYCHBI
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JUTSL TOCTHYKEHHS Pa3IIMYHBIX Henield U 3QeKTUBHEI 1 pa3-
HBIX KJaccoB 3ajad. PaccMoTpuM HekoTopeie Hambolee
YIIOTPEOUTENBHBIE ANTOPUTMBI MIPUMEHHTEILHO K IPOIIEC-
Cy KpaTKOBPEMEHHOTO IJIAaHUPOBAHUSA.

[IpocreiimymM anropuTMOM IUTAHUPOBAHUS SIBJISETCS ajl-
TOPUTM, KOTOPBIH MPUHATO 0003HA4YaTh abOpeBHaTypoit
FIFO no mepBrIM OykBaM €ro aHIIHHCKOTO Ha3BaHUS — First
In, First Out. B TakoM pexnMe makeThl, HAXOIAIIHECS B CO-
CTOSIHUM TOTOBHOCTB, BBICTPOEHBI B ouepens. Korma maker
MIEPEXOIUT B COCTOSIHUE T'OTOBHOCTbH, OH ITOMEIAETCS B KO-
Hell 3TOH ouepenu. BriOop HOBOTO TMakeTa sl HCTIOTHEHUS
OCYLIECTBJISIETCS W3 Hadajla O4epeu.

Takoit anroput™ BBIOOpa MaKETOB OCYLIECTBISET HEBBI-
TecHsoLee mianuposanue. [laker, monmyuyuBmuii B cBoe
pacnopsiKeHue MpoIeccop, 3aHUMAET €ro A0 3aBepILEHUs
nporecca odpadorku. ITocae atoro mist 00pabOTKH BBHIOU-
paercs HOBBI MakeT U3 Havaya ouepenu. lIpenmymiecTBoM
anroputma FIFO sBnsieTcs 1erkocts ero peaan3aluy, HO B
TO € BpeMs OH MMEET U MHOTO HEIOCTaTKOB.

Juisa anropurma FIFO cpennee Bpems OXupaHus B Ode-
penu orpenensercs U3 BhIPAKEHHS

| N
t, :W;t"’" (13)

CpenHee BpeMsi 00pabOTKH makera

1 N
Tob == 2. obi- (14)
N 1

Momudukarmeit anropurma FIFO sBrsercst anroputm,
nomyanBmid Hazpanue Round Robin (RR). Ilo cyru nmena,
9TO TOT JKE€ CAMBIH aJTOPUTM, TONBKO PEATU30BAHHBIN B pe-
JKMME BBITECHSIOLIETO TUIAHUPOBAaHU. MOXHO TPECTaBUTh
cebe Bce MHOXECTBO TOTOBBIX MAKETOB OpPraHU30BaHHBIM
LUKJIMYECKH — TaKeThl CUAAT Ha Kapycenu. Kapycenb Bpa-
[IaeTcs Tak, YTO KKABIH MaKeT HAXOMUTCSI OKOJIO IPOIIECCO-
pa HeOomnbIIol (HUKCUPOBAHHBIM KBAaHT BpeMmeHH. [loka ma-
KET HaXOIHUTCS PSIOM C MPOLECCOPOM, OH MOIydYaeT Mpo-
LIECCOP B CBOE PACTIOPSDKEHHUE M MOXKET HCIIOMHSTHCS.

Peanuzyercst Takoil anropuTM Tak e, KaK M MpeIbIay-
[IMH, C TTOMOIIBI0 OPraHU3aIMH MMAaKETOB, HAXOAAIINXCS B
COCTOSIHUM TOTOBHOCTH, B ouepend FIFO. IlmanupoBuuk
BEIOMpAET ISl OUYePEeJHOrO MCIIOHEHHUS TaKeT, PacIIONOKeH-
HBII B Ha4ajie Ouepear, U YCTaHABIMBAET TaiiMep ISl TeHe-
pamMu mpephIBaHMs MO WCTEUYEHHH OINpPEIETICHHOTO KBaHTA
BpeMeHH. [Ipu BHIMONHEHUHU Tmpoiiecca o0pabOTKK makeTa
BO3MOXKHBI JIBa BapHaHTa:

1) BpeMsi HEPEpHIBHOTO MCIIOIB30BAHMSI IPOLEccopa,
HEo0XoUMOoe Tporieccy 00paboTKu makera (OCTaTOK TEKY-
miero CPU burst), MeHbIlle WM PaBHO MPOIOKUTEILHOCTH
KBaHTa BpeMeHHU. Torja makeT Mo CBOEH BOJIE OCBOOOKIAET
IIpOoLIECCOp J0 MCTEUSHHMs] KBAaHTa BPEMEHH, Ha HCIIONHEHHE
MOCTYIIaeT HOBBIM MAaKeT M3 Havajia ouepequ W TahMep Ha-
YHHAET OTCYET KBAaHTa 3aHOBO;

2) mpoAOIBKUTENBHOCTH octaTka Tekyiiero CPU burst
nmakera Oomblie, YeM KBAaHT BpeMeHH. Toraa mo MCTeUYeHHH
9TOro KBaHTa Mpolecc 00paboTKU MakeTa MpephIBaeTCs Ta-
MEpPOM M MOMEIAeTCsl B KOHEI[ O4epey MaKeToB, TOTOBBIX K
WCTIOJIHEHHIO, & MPOIECCOP BBIACISETCS ISl UCTIONb30Ba-
HUS TIAKeTy, HaXOMSAIIEMyCsl B ee HadaJe.
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Anroput™ «kpardaiimas pabora nepsoi» wim SJF. Anroputm
KPaTKOCPOYHOTO [UIAHUPOBAHNUS MOXKET OBITh KaK BBITECHSIOIINM,
Tak U HeBbITecHsAOIMUM. [Tpu HeBbITecH TOMEM SJF — nmnanupoBa-
HUM IIPOLIECCOp MPEeIOCTaBIIIeTCs N30paHHOMY [TaKeTy Ha BCE He-
obxoaumoe emy Bpemst. [1pu BeitecHsitomeM SJF — manupoBaniu
YUUTBIBACTCS MOSIBICHUE HOBBIX [1AKETOB B OYEPEIH OTOBBIX K
HCIIOJHEHHIO BO BpeMsi paboTsl BeIOpanHoro mnakera. Ecmu CPU
burst HOBoro nakera Mense, 4eMm ocratok CPU burst y ucronss-
IOIIEerocsi, TO 00pabaThIBaEMbIi MMaKeT BBITECHSIETCS HOBBIM.

4 OKCIIEPUMEHTbBI

C noMoIIbI0 UMUTALMOHHOIO MOJIE/IMPOBAHYS IPOBECH Ma-
LIMHHBIA 3KCIEPUMEHT, KOTOPBIH cocTosul B cenyrommeM. Ha Bxon
Oytepa ouepey MOAABAIUCH MAKeThl. YHUCIIO TaKeToB B oYepeny
N =15000. /UtnHBI aKETOB TCHEPUPOBAIMCH CIIydaifHBIM 00pa-
30M oT 1 1o 40 6ut. Mcnonb3yemslit Bux Moxysinnu 64QAM. B
CBSI3H C TEM, UTO CJIOT JUIUTEILHOCTBIO 0,5 MC COCTOUT U3 7 CUMBO-
JIOB, @ KaXKJIbIi CHMBOJI COCTOUT U3 6 OUT, Bpemst 00paboTku 1 6uta

cocrasisier ¢ = 1,19 1072 . Pa3mep Oydepa M ouepenu B naH-
HOM Cly4ae ObUI HEOrpaHUYCH.

Taxxe ObUI IPOBEJEH IKCIEPUMEHT C OIPAaHHYEHHBIM 00be-
mom Gydepa oueperru M = 700000 6Gaiit. Dxkcnepument cocro-
s1 B crenyroneM. Ha Bxox Oydepa odepeny mofaBaiich MaKkeThl.
JIIMHBI TAKETOB T'€HEePHPOBAIIMCH CIy4aifHBIM 00pa3oM oT 16 1o
64 6ur. KonnuecTBo makeToB B ouepeau usmensiack or N =1 jo0
N =15000.

5 PE3YJIbTATHI

B pesynbrare sKcriepuMeHTa OIY4CHb] 3aBUCUMOCTH CpEIHE-
ro BPEMEHU OXUIaHUs B ouepeau (13) oT MakcUManbHON JJIMHBI
[aKeToB (puc. 2) it anroputMa IaHuposanus RR — Bepxuss
kpuBas, 1t anroputMa FIFO — cpennss kpuBas, U A5l alnropur-
Ma SJF — HuXKHAS KpuBas.

Taroke HOJTy4eHbI 3aBUCHMOCTH CPEIHEro BpeMeHH 00paboTKH
nakeroB (14) oT MakcUMaJIbHOW JJIMHBI TAKETOB (puUC. 3) Ui anro-
putMma ruianupoBanus RR — BepxHsis kpuBas, 1uis anroputma FIFO
— cpenHsis KpuBas, U Juis anroput™a SJF — HIDKHAS KpuBas.

IMomy4ena 3aBucUMOCTB 3anoiHeHus Oydepa TaHHBIMU OT pa3-
Mepa odepen (puc. 4) s anropurMa FIFO u mis anroputva SJE.

Tak e nolrydeHa 3aBHCHMOCTb IIPOIEHTA OTOPOIIEHHBIX Ma-
KETOB OT KOJIMYECTBa MOCTYHMHBIINX MAKETOB B odepens N Uit
anroputma FIFO — Bepxuss kpuBast u anroputma SJF — HKHsS
KpuBas (puc. 5).
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N
(3

-
o

CpegaHee BpeMsi OXugaH1s B odepenm, Mc
[6)]

MakcumarnbHas AiviHa nakera, 6ut

PI/ICyHOK 2 — 3aBUCUMOCTh Cp€AHEr0 BpEMEHU OXHUJaHUA B
o4depenu ot MaKCHMaJIbHOM JJINHBI TIaKETOB
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CpenHee Bpemsi 06paboTku nakeToB, MC

(o

MakcumanbHas AnvHa nakeTa, 6ut

Pucynok 3 — 3aBHCHMOCTb CPEIHEro BpeMeHH 00pabOTKH MaKeToB
OT MaKCHMaJbHOW JJIMHBI IAKETOB
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MpoueHT 3anonHenus Gydepa, %
[}
o

20

Pasmep oyepeau, 6ut X 105

Pucynok 4 — 3aBucuMocCTh 3aronHeHus Oydepa JaHHBIMHU OT
pa3mepa ouepenu

MpoueHT oTBpOoLLEHHbIX NakeToB

KonuyecTtBo naketoB

PI/ICyHOK 5 — 3aBHCHMOCTh OT6pOHIeHHI>IX ITaKETOB OT KOJIMYECTBaA
TIOCTYNIUBIINX IMAKETOB B O4YE€PEIb
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

6 OBCYKJIEHHE

U3 rpaduxoB (puc. 2) BUAHO, YTO NpH HEOONBIINX JUTH-
Hax makeroB oT 1 1o 10 Our cpenHee BpeMeHs OXXKHAAHUS B
ogeperu m1g anroputMoB RR u FIFO npubnmsutensao oxu-
HaKoBO. B 3ToM auana3zoHe M3MeHEHMs JUIUH IIaKETOB aJlro-
pur™ SJF 1o s¢d¢exTHBHOCTH Ha TpeTh MPEBOCXOAUT ajro-
putmbl RR u FIFO. C yBenuuyeHneM JIMH IAKETOB CPEAHEE
BpeMsl OKHJAHHS B O4epel PacTeT OBICTpee IS alrOpHT-
Ma RR, nns anropurma FIFO pocT BpemeHU oxuIaHUS B
odepe HeCKolbko Huvke. CaMblii MUHUMANIBHBIA POCT Bpe-
MEHU OXuaaHusa B odepenu umeer aiaroputm SJF. Tak npu
qunHe 1maketoB 30 6ut BIMrpHIn anroput™a FIFO orHOCH-
tenbHO RR cocraBmser 18%, a anroputma SJF otHOCHTENB-
HO RR cocrasmser 45%. Ilpu jummae nakeroB 60 OHT BBIUT-
paim anroputma FIFO otHocutensHo RR cocrasiser 27%, a
anroputMa SJF orHocutensHo RR cocraBiser 50%.

Cynst 0 MOMYY4EHHBIM 3aBUCHMOCTAM (pHUC. 3), MOXHO
czienaTh BbIBOJ O TOM, YTO M IO 3TOMY IIOKA3aTENI0 3aMeT-
HbIH BeIUrpbIl gaeT anroput™ SJF. OtnocurensHo RR artor
BeIMIpbI cocTaBisieT 48%. OtnocurensHo FIFO — 32%.

W3 rpaduxos (prc. 4) BuHO, uTO 3anonHeHue Oyhepa qaH-
HbeiMH A1 anroputMa FIFO npoucxoauT MHTEHCHBHEE, YeM
qus anropurMa SJF. Tak, mns anropurma FIFO Gydep momHOC-

TBIO 3aIlOJTHEH IPH pa3Mepe odepery, paBHOH 6,9 - 105, a JuIt
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amropurma SJF mpu pasmepe ouepenu pasHoi, 8,5-10° Our.
OcTaibHbIe MAKETHl B JIAHHOM Ciiydae ObUTH OTOpoIieHsl. Ta-
KMM 00pa3oM, MPH UCTONB30BaHuK anroputMa SJF mossiister-

sl BO3MOXKHOCTH 00paborats Ha 1,6 - 10° 6ur Gobime. U3 mo-
JY4eHHBIX 3aBUCUMOCTEH MOXKHO C/ENaTh BBIBOI O TOM, YTO
MIPH MHTEHCHBHOM TTOCTYIUICHHUH TTAKETOB B O4Epellb, U, CIIEI0-
BaTeJIbHO, TIPH YBEIIMYCHNN pa3Mepa ouepein 00a auropurMa
OTOPACHIBAIOT MAKETBI, HO KOIMYECTBO OTOPOMICHHBIX OHT ai-
ropurmoM SJF Ha 18,8% menbiue, yem anropurmom FIFO.

W3 nonyyeHHBIX 3aBUCUMOCTEH (PUC. 5) MOXKHO CHeaTh
BBIBOJI O TOM, YTO IO NMPOLEHTHOMY OTHOIIEHHUIO OTOPO-
IIEHHBIX TTAKETOB JIy4IIne Moka3zarenu umeer anroputM SJF.

TakuMm 00pa3oM, AJis JalbHEUIIEro YIydllIeHHs Kade-
ctBa 1 3QPEeKTUBHOCTH TIepeaaun JaHHbIX B ceTsix LTE peko-
meHayercs anroputm SJF.

BbIBO/JbI

1. HccnenoBanbl anropuTMbl TIAHUPOBAHKS, KOTOPBIE BXO-
JIIT B COCTaB IMOJCHCTEMBI 00ecriedeHnsI KauecTBa OOCITy)KHBa-
nus B cersix LTE. TIpoBenensl nccnenoBanusi 3(h¢GeKTHBHOCTH
anropuTMOB TTanupoBanus kaapa no meroxy FIFO, SJF u RR.

2. AHanu3 rmokasai, 4To npu HeOOJbIINX JUTHHAX MAKETOB
ot 1 1o 10 OuT cpenHee BpeMeHs OXKHIAHHUS B OUYEPEIH JJIs
anroputMoB RR u FIFO npu6nu3urensHo onuHakoBo. B atom
JMana3oHe U3MEHEHHs JUTMH nakeToB anroput™ SJF mo a¢-
(heKTHMBHOCTH Ha TpeTh npeBocxoauT aaroputmbl RR u FIFO.
C yBenmMUYEeHHEM JUIMH MAKEeTOB CPeHee BPeMsl OKUIAHUS B
ouepenu pacteT ObicTpee A anroputMa RR, mist anropur-
ma FIFO poct BpemeHnn oxumaHus B o4epenud HECKOIBKO
Hike. CaMpli MUHUMAJIbHBI POCT BpEMEHU OXXUAAHHS B
ouepenu umeer anroputMm SJF. Tak, mpu nnvHe makeToB
30 6ut Beiurpeim aiaroputma FIFO orHocurensHo RR co-
crasnsier 18%, a anropurma SJF orHocurensHo RR cocras-
nsiet 45%. lpu e makeroB 60 OUT BBIMTPHILI aJrOPUTMA
FIFO otnocurensHo RR cocrasnsier 27%, a anropurma SJF
otHocuTenbHO RR cocrasmiser 50%.
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3. TlomyueHbl 3aBHCHMOCTH CPEIHETO BpEeMEHH 00pa-
OOTKHM IMAKETOB OT MAKCHMAJIbHOH JJIMHBI ITAKETOB. AHAlln3
[I0Ka3aJl, YTO U IO 3TOMY IOKAa3aTeII0 3aMETHBIN BBIUTPBHIIIT
naer aiaroput™ SJF. OtaocurensHo RR 3TOT BBIMTPHIII CO-
craBiger 48%. OtaocurensHo FIFO — 32%.

4. TIpoBeeH PKCIIEPUMEHT C OTpaHHYCHHBIM 00HEMOM
Oydepa ouepenu M =700000 Oaiit. [Tomydena 3aBucH-
MOCTb 3aloiHeHHs Oydepa NaHHBIMH OT pa3Mepa odepenn
st anroputma FIFO u gns anropurma SJF. Ananus mnoxa-
3aJ1, 9To 3anonHeHne Oydepa raHHbIME 111 anropurMa FIFO
MIPOMCXOOUT UHTEHCUBHee, yeM i anroputma SJF. Tak mms
anropurma FIFO Oydep moinHOCTBIO 3alONHEH IPH pa3Me-

pe odepeny paBHOH 6,9-105, a jurs anroput™Ma SJF mpu pas-

Mepe Ouepenu pPaBHOM 8,5~105 6ut. OcranbHEIE TaKeTHl B
JTAaHHOM ciIydae OBLTH OTOpomIeHBl. TakuM oOpas3om, mpH
UCIONIb30BaHuN anroputMa SJF nossisercs BO3MOXHOCTb

obpaborats Ha 1,6 10° Gur Gonbiue. M3 IPOBEJIEHHOTO aHa-
JIU3a CIeQyeT, YTO PU MHTCHCUBHOM IIOCTYIUIEHUU I1aKETOB
B O4epenb, U, CIEI0BATEIbHO, IPH YBEIMYEHUU pa3Mepa
odepenu oba anTopUTMa OTOPACHIBAIOT MAKETHI, HO KOIHYe-
cTBO oTOpomeHHbIX 6ut amroputMoMm SJF Ha 18,8% MeHB-
mie, yeM anroputmom FIFO.

5. Ilomydena 3aBHCHMOCTH IIPOIEHTa OTOPOIIEHHBIX ITa-
KETOB OT KOJIMYECTBA MIOCTYNUBIINX IIAKETOB B 04epeENb N UL
anroputma FIFO u anropurma SJF. Ananus nokasai, 4to 1o
TPOLIEHTHOMY OTHOIIEHHIO OTOPOIIEHHBIX IaKEeTOB JIydIIHe
nokazatenu mmeet anroput™ SJF. Takum obOpasoM, st naib-
HEHIero yiIyqIIeHns KadecTBa U 3(Q(PEKTUBHOCTH IIepeiadn
nansbIX B cemix LTE pexomennyercs anroputm SJF.
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AHAJII3 EOEKTUBHOCTI AJITOPUTMIB IVIAHY BAHHS ITIEPEJAYI KAJIPAY MEPEXKAX LTE

VY cTarTi JOCIIKEHO aJITOPUTMU IIJIaHyBaHHS, IKi BXOIATh O CKIIa[y MiJicucTeMu 3a0e3neueHHs IKocTi o0cayroByBanHs B Mepexax LTE.
IpoBeneno nociimkeHHs epeKTUBHOCTI AITOPUTMIB IUIaHyBaHHs Kajpa 3a mMerogamu FIFO, SJF i RR. ITopiBHSHHS MPOBOAMIOCS 33 TAKUMU
apaMeTpamH, SIK CepeiHiil uac 04ikyBaHHs B 4ep3i, cepe/iHiil yac 00poOKu nakera, 3arnoBHEHHs Oy(epa JaHUMU 1 KUIbKICTb BIIKHHYTHX MAKETIB.

AHauni3 1okasas, 110 IIPY HEBENUKMX JOBXKUHAX ITAKETIB cepeHiil yac ouikyBaHHs B uep3i 1 aropurMiB RR 1 FIFO npubmusHo onnakosuii,
a anroput™ SJF no edexruBHoCT Ha Tpetuny nepesepiye anroputMu RR 1 FIFO. 31 3011bIeHHAM JOBXKHH MAKETIB CepefiHii yac ouikyBaHHS
B 4yep3i3pocrae mBuame ast anropurmy RR, nust anropurmy FIFO 3pocranns yacy odikyBaHHs B uep3i Aelo Hikde. Haiimenrue 3poctanHs yacy
ouiKyBaHHs B uep3i Mae anroputm SJF.

OTpuMaHO 3aJIeXHOCTI CEPeIHbOTO Yacy 0OpOOKH MAKETIB BiJl MAKCHMAJIBHOI IOBKMHH ITAKETiB. AHAII3 I0Ka3aB, IO 132 LUM MOKa3HHKOM
roMiTHUH BUrpam nae anroput™ SJF.

[IpoBeneHo excriepuMeHT 3 oOMexeHUM o0csaroMm Oydepa uepru. AHai3 Moka3as, IO 3aNI0BHeHHS Oydepa nanumu i anroputmy FIFO
BiOyBaeThCs iHTeHCUBHIMIe, Hix 171 anroputMy SJF. To polieHTHOMY BiTHONICHHIO BiIKMHYTHX ITAKETiB KPAIlli TOKa3HUKH Mae anroput™ SJE.
TaxuM 9UHOM, IS IOJANIBIIOTO MOMIIIIIEHHS AKOCTi Ta epeKTHBHOCTI Iepenadi qaHux B Mepexxax LTE pexomennyetscs anroputy SJF, sxuit nae
Burpau Bix 18% mo 50%.

Kiro4oBi ciioBa: anroputmu IJIaHyBaHHS Kaapy, Mepexxa LTE.

Kolyadenko Y. Y.!, Alali A. M.2

Dr. Sc., Professor, Professor of the Department of Telecommunication Systems, Kharkov National University of Radio Electronics,
Kharkov, Ukraine

2Post-Graduate student of the Department of Telecommunication Systems, Kharkov National University of Radio Electronics, Kharkov,
Ukraine

THE EFFICIENCY ANALYSIS OF THE SCHEDULING ALGORITHMS OF FRAME TRANSMISSION OVER LTE NETWORK

The article investigates the scheduling algorithms, which are part of the subsystem to ensure quality of service in networks of LTE. The
effectiveness of frame scheduling methods FIFO, SJF and RR is studied. The comparison was made by parameters such as the average waiting
time, average time of packet processing, filling the buffer data and the number of dropped packets. The analysis showed that at small packet
length is the average waiting time in the queue for algorithms RR and FIFO is approximately the same, and SJF algorithm efficiency by a third
superior than algorithms RR and FIFO. With the increase in the average length of the packet the waiting time in the queue is growing faster
for algorithm RR. The increase of waiting time in the queue for the algorithm FIFO is slightly less. The SJF algorithm has a most minimal
growth of time waiting in queue. The dependences average processing time of the maximum length of packets from packets are founded.
Analysis showed that algorithm SJF by this indicator gives a noticeable gain. An experiment with limited buffer queue is conducted. Analysis
showed that the filling of the data buffer by FIFO algorithm is more intense than by the algorithm SJF. According to the percentage of dropped
packets the SJF algorithm has the best performance. Thus, to further improve the quality and efficiency of data transmission in LTE we
recommend the algorithm SJF, which gives a gain of 18% to 50%.

Keywords: scheduling algorithms frame, network LTE.
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“KaHO. mexH. Hayk, doyeHm kKagheOpbl KOMMbLIOMEPU3UPOBAHHBIX U UHGOPMaYUOHHBLIX mexHomoaull 8 npubopocmpoeHuu
Yepkacckoeo eocydapcmeeHHO20 MexHOM02U4eCcKo20 yHusepcumema, Yepkacchol, YkpauHa

NMPUHUUNBbI PACYHETA NbE3OJJNIEKTPUYECKUX ISNNIEMEHTOB
C YACTUYHO 3ANEKTPOAUPOBAHHBIMUA NMOBEPXHOCTAMMU

Pemrena akryasbHas 3a1aua ONpeieNIeHNs BBIYUCIUTENBHBIX MPOLEAYD, KOTOPbIE IT03BONISIOT BBIIOJIHUTH OLEHKY IIAPAMETPOB HANPSKEHHO-
e opMHPOBAHHOIO COCTOSIHMSL U MEPENaTOUYHBIX XapaKTEPHCTHK IbE303IEKTPUYECKHX 3JIEMEHTOB C YaCTHYHBIM 3JIEKTPOAUPOBAHUEM
nosepxHocrelt. [Ipenoxena nocnea0BaTeIbHOCTb BBIYUCIUTENBHBIX IPOLEAYP, KOTOPast O3BOJISIET [IPU PacyeTe NepeJaTOuHbIX XapaKTepUCTUK
YUHMTBIBAaTh MOJHBIH HAOOP (PU3MKO-MEXaHMYECKHX U T€OMETPHUECKHX MapaMeTPOB IbE30IEKTPHUECKOrO 1E€MEHTa U KOHEUHOEe 3HaueHue
BBIXOJIHOI'O EKTPUYECKOr0 MMIIEJ]AHCA TeHEepaTopa MEKTpUUYecKuX curHanos. Ilpeiokena MeTonuKa, KOTOpas MMO3BOJISIET BBIIOIHUTH
aJIeKBaTHYIO PEalIbHOM CUTyallMH OLeHKY 3((eKTa CBA3HOCTH YIPYrUX U JIEKTPUYECKUX MOJIEH B CIydae UX NPOU3BOIBHOIO PaclpeieeHus B
00beMe KoJeOIOILErocs be303MIEKTPUUEcKoro yeMeHTa. ChopMynupoBaHHbIH MOMHBIH HAO0P PaHUYHBIX 3314 TEXHUUECKOU AEKTPOANHAMUKI
U IMHAMHY€ECKOH TEOPUH YIIPYTOCTH IIPEACTABIIAET COO0H MaTeMaTHYECKOE CONEPKaHHEe IHEPTOCUIOBOIO METO/A aHAIN3a (PU3HUECKOTO COCTOSIHUS
[bE302IEKTPHUECKUX DJIEMEHTOB B PEXUME BBIHYXKJIEHHBIX KOJI€OaHUH 1ox 1efcTBHEM BHEIIHEr0 MCTOYHHMKA 3IEKTPUYECKOH SHEPruH.
IpennoxenHas 1M0CIEN0BATENLHOCT BHIUMCIUTENBHBIX IIPOLELYP MOXKET ObITh PEKOMEHIOBAaHA B KAUE€CTBE OCHOBBI pacyeTa XapaKTepHUCTUK
IIbE303JIEKTPUUECKHUX IEMEHTOB C YACTUYHBIM IEKTPOJUPOBAHUEM IIOBEPXHOCTH U MHKPOIIEKTPOMEXAHHUYECKUX CTPYKTYP.

KnroueBble cj0Ba: 4aCTUYHOE JJICKTPOAUPOBAHUEC HOBCpXHOCTCﬁ IIbE303JICMEHTA, MUKPOIJICKTPOMEXaHUYCCKUE CTPYKTYPBI.

HOMEHKJIATYPA
MOBMC — MUKpPO3IEKTPOMEXAHUUECKUE CTPYKTYpPBI;
xfj — MaTpHLa JU3JIEKTPUUECKUX NPOHUIAEMOCTEH;

ekﬁ — Marpula NbE303JICKTPUICCKUX MOI[yJIeﬁ;

E o

CBj — MAaTpHIa MOIYIEH yIpyrocti;

U — aMIUITyJa SJEKTPUYECKOro NIOTEHIMANA Ha HIEKT-
pOIMPOBAHHON MOBEPXHOCTH;

U, — aMIUTMTYIHOE 3HAYeHHe SEeKTPHYECKOro MOTEHIH-
aJa Ha BHIXOJIE I'€HEpaTopa;

® — KpyroBas 4acroTa;

t — Bpems;

E*(xk) — aMIUIATYIa TAPMOHHMYECKH M3MEHSIOMErocs
BO BPEMEHH BEKTOpa MHIYKINH;

H*(Xk) — aMIIIUTyAa TapMOHHUYCCKH HU3MCHAKOIICTOCI

BO BPEMCHHM BCKTOpa HAIIPSXKCHHOCTHU MArHUTHOI'O IIOJIA;
Tk

J

CTH TOKa MPOBOJUMOCTH,
Po — IUIOTHOCTb Je()OpMUPYEMOro TBEPJOrO Tela;

(Xk) — aMIUINTYyJla BEKTOpa MOBEPXHOCTHOM IUTOTHO-

Ce (co, 1‘[) — IUHAMHYECKAs DIICKTPUUIECKAst EMKOCTD ITbe-
30KEpAMUYECKOTO 3JIEMEHTA;

I — aMIUIUTY1a AIEKTPUYECKOIO TOKa B IMPOBOAHUKAX,
KOTOpPBIE€ MOJAKIKYAKTCA K 3JEKTPOJAUPOBAHHBIM y4acTKaM
MOBEPXHOCTH MbE303EKTPUUECKOTO JIEMEHTA;

. (0)) — JJIEKTPUUYECKUHA MMIIEIAHC MbE30IIEKTpHYeC-
KOTO 3JIEMEHTa;
%53 — KOMIIOHEHT TEH30pa JUIIEKTPUIECKON TPOHHUIIAC-

MOCTH B HalpaBIEHHH JIIEKTPHUECKON HONMSPU3ALIIH;

%] — KOMIIOHEHT TeH30pa UNIEKTPUYECKOH [POHULACMOCTH
B JTI000M HaNparIeHNH Ha TIOCKOCTH, KOTOpast MEPIeHIMKYIpHA
HaIparIeHNIO MEKTPUIECKON MOMSPH3alE Marteprania JIvcKa.

BBEJIEHUE

B 1986 . [1] BepBble Ha cTpaHMLAX HAY4YHOH IEPUONU-
KU HosiBIIIachk abopesuatypa MEMS, koropast 3amMeHsIa JUTHH-
HOE | JI0NTo npousHocumoe cioBocoderanne MOMC. B na-
cTosiee BpeMs Beayliue GpUPMBI — H3TOTOBUTEIH PaInO-
JNEKTPOHHBIX KOMIOHEHTOB CEPUHUHO BBIMYCKAIOT
JIOCTATOYHO OOIIUPHBIN TEPeYeHb SIIEMEHTOB, B COCTaB KO-
TOPBIX BKIIOUEHB! pazinnaneie MOMC. Dto, mpexae Bcero,
pa3NuYHBIE aKCeNePOMETPHI, KOTOPBIE BBITYCKAIOTCS MHOTO-
MIUTHOHHBIMH THPa)KaMH, PE30HATOPHl M peaTn30BaHHBIC
Ha UX OCHOBE (DPHIILTPBI AIIEKTPUICCKUX CUTHAJIOB, TPAHC(Op-
MaTopbl U APYTHe MUKPOMHHHATIOPHBIE DJIEKTPOMEXaHHYeC-
KHE CHUCTEMBL.

Texnonorun uzroronennss MOMC B Hacrosiiee BpeMs
MPUHATO HAa3bIBATh MHUKPOCHCTEMHBIMH TE€XHOJOTHSIMH.
MOBMC wunm, 91O TO K€ caMoe, MbE30AIEKTPHUIECKUe dIie-
MEHTBI, N3rOTOBJIEHHBIE C OMOIBI0 MUKPOCHCTEMHBIX TEX-
HOJIOTH, UMEIOT MHOTO OOIIEro ¢ OOBLIYHBIMM, T. €. HE MHUK-
POCKOIMYECKHX Pa3MEPOB, MbE303IEKTPUUESCKUMH JIEMEH-
TaMH, KOTOpPBI€ M3TOTOBJISIIOTCS U3 Mbe30KepaMuKu. Jlis
peanu3anyy TeX WIM UHBIX (YHKIMOHAIBHBIX BO3MOXKHOC-
teit B MOMC ncnonp3yroTcesi MOJUKPUCTAINTHIECKHAE CerHe-
TONIEKTPHUKH, KOTOPBIE MOMSIPU3YIOTCS TMOCTOSHHBIM JJIEKT-
PHUYECKUM IOJIeM B 3aJJaHHOM HamnpaBiieHuH. OObIYHbIE Tbe-
302JIEKTPUYECKHE DIEMEHTH HW3TOTABIMUBAIOTCS U3
MTbE30KePaMHKH, KOTOpasi M3HAYAIBHO SIBISETCS MOTHKPHC-
TAJUTMYECKAM CETHETODIEKTPHKOM, KOTOPBIM Ha MOCIETHEM
TEXHOJIOTUYECKOM JTarle M3TOTOBJICHUSI ITbE30KEPaMUUECKO-
r0 M3JeNHs NOJAPU3YETCS MOCTOSHHBIM JJIEKTPUUECKUM
mojeM 3aJaHHoW opueHTanuu. OTIWYUTETbHON depToi
Mexay MOMC u 0OBIYHBIMH TTHE303JIEMEHTAMU SIBIISIETCS
croco0 3JIeKTPOAUPOBaHUs pabouux rnoBepxHocTed. OObIu-
HBI€ TIHE302JIEKTPUUECKHE JIEMEHTHI UMEIOT, KaK MPaBHIIO,
CIUTOLTHOE AIIEKTPOANPOBAHUE TOBEPXHOCTH. B HEKOTOpPHIX
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CMEUANBHBIX CIIydasiX 3JIEKTPOABI pa3leistoTes (pa3pesa-
IOTCSI) Ha OTJENbHBIE 00JACTH, KOTOPbIE HE UMEIOT MEXIY
coboli rampBaHUUecKoi cBsizn. B MOMC, kak npaBmiio, Uc-
MOJB3YeTCsl YaCTUIHOE JJIEKTPOJUPOBaHNe paboUmX MoBep-
XHOCTEH, KOT/Ia TONBKO YacTh MOBEPXHOCTH IONSPU30BAHHO-
TO CETHETORIEKTPUKA TOKPHIBACTCS METAJUITHYESCKOW IIICH-
Koil. OTOT cmoco® SIEeKTPOAMPOBAHHS IIO3BONSAET
B030yxk1aTh B 00beMe MOMC HECKONBKO THIIOB YHPYTHX
konebanuii. MaHUITYIApys: TeOMETPUIECKUMHU TapaMeTpa-
MU 3JIEKTPOJHUPOBAHHBIX TOBEPXHOCTEH, MOXKHO YIPABIISAThH
SHEPIreTHUKON KonedaTeNbHbIX mpoueccoB B MOMC, T. e. co-
371aBaTh YCJIOBHS, KOTA OAMH THIT KOJICOATENbHBIX JBHKE-
HUI OyneT JOMHHHUPOBATh HaJ OCTAIBHBIMHU IO aMIDTHTYIE
BEKTOpa yIPYruX CMEUICHHH MaTepHa bHBIX YaCTHII.
Lenpto naHHON padoTHI SIBISUIACH pa3paboTKa BBIYHCITH-
TEIBHBIX TPOLEAYDP, KOTOPbIC TIO3BOJISIIOT BEIIOTHUATH OLEHKY
napaMeTpoB HaIpPsHKEHHO-1e()OpMUPOBAHHOTO COCTOSHUS
Y TIePEAATOYHBIX XapaKTEPUCTHUK ITHbE303JICKTPHUYCCKHUX dJIe-
MEHTOB C YaCTHYHBIM JJIEKTPOJAMPOBAHUEM MOBEPXHOCTEH.

1 IIOCTAHOBKA 3AJAYHN

PaccMOTpHM TIBE303MEKTPUYECKUH IEMEHT, IS OIpe-
JIEICHHOCTH B (hopMe IIaCTUHKH, OTPAaHHYCHHOH IIPOM3-
BOJIBHBIM KPHBOJIMHEHHBIM KoHTYpoM K (pmc. 1). Ilmacrun-
Ka pacrojaraercs B IeKapTOBOH CHCTeMe KOOpAUHAT
(X1,Xp,X3) TakuM 00pa30M, 4TO HAYaJIO0 CHCTEMBI HAXO-
JIUTCS HA CPEAMHHOM MOBEPXHOCTH IUIACTUHKH.

JUis yIpoIeHus MOCIenyoNuX pacCyXKIeHuH, OyneM
HOJIaraTh, YTO ITACTHHKA BEINOTHEHA M3 TIOIIPH30BAHHOMN I10
TONIIMHE, T. €. B HanpaBileHHU ocu OX3, MbE30KEPaAMUKH.
Bynem Taroke monaraTs, YTO HOMSAPH3AIMS BBITOTHEHA ITOCTO-
SIHHBIM JIEKTPHYECKHM II07IeM, aKCHAIBHBII KOMIIOHEHT BEK-
TOpa HAIPSHKEHHOCTH KOTOPOTO MIMEN MOCTOSHHOE 3HAYEHHE
B Jt000W TOuKe 00bEeMa IUIACTHHKU. DTO TIO3BONSIET YTBEPIK-
J1aTh, YTO MaTepHaJIbHbIe KOHCTAHTHI IbE30JIEKTPHIECKON
IUTACTUHKH (KOMIIOHEHTBHI TEH30pOB TUMIEKTPUUECKOH Hpo-
HUIIAEMOCTH, THE30MEKTPHISCKUX MOAYIEH U MOIyNel yIi-
pYrocTH) He 3aBUCIT OT KOOPJIWHAT TOYKH BHYTpPH OObema
TUTACTHHKH M 33/IAI0TCSI MaTPHLIAMH CIIEYIOLIErO BHUAA!

v €
a) MaTpul@a AUINEKTPUYECKUX POHULAEMOCTEH ¥jj, KO-
TOpBIE IKCIIEPUMEHTANIBHO OIPEAEIAIOTCA B PEXKUME MOCTO-

sIHCTBa (paBEHCTBA HYNIO) yNpyrux nedopmanuii (BepxXHHUN
CHUMBOII €):

xi 0 0
Xij| = Y25 01 M
X3§

e Xi1 = %32 # A533;
6) MaTpula NbE303IEKTPUYECKMX Moaylel Cxp
(k=1,2,3; =1,2,3,4,5,6— unpexc Poiirra):

0 0 0 0 es 0
lekg|=[0 0 0 ey 0 0
633 0 0 0

) @

€31 ©32

e e3; = e3) # €335 €15 = €4 = (€33 — €31)/2;
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Ureimt

X3 yA

2

-

PI/ICyHOK 1 - HLCBOSJ’ICKTPI/I‘ICCKI/Iﬁ OJICMCHT C YaCTUYHBIM
SJICKTPOAUPOBAHUEM HOBCpXHOCTCﬁ X3 =ta

B) MaTpHIla MOAyIeH yHpyrocTH Cl%w KOTOpBIE DKCIIE-

PUMCHTAJIBHO OHNPCACIISAIOTCA B PCKUME IIOCTOSIHCTBA (pa-
BCHCTBA H}UIIO) HAMPSYKECHHOCTH SJICKTPUYCCKOTO MOJISL (Bep-

xumit cumBon B), (B, L) =1, ... , 6 — urnekcer Doiirra):
E E E
i ¢ ¢3 0 0
¢ ¢ 0 0 0
‘cE ¢ 0 0 0
BAa| = E
e )
055 0
E
€66
E _ E E. E E E. E E.
TAC  C¢p =Cpp #C€335 €3 =C13 =C23>  Cgq =Cs5»

Chs = (Cﬁ - CFz)/Z-

[Ipeanonoxum, 4To Ha BepxHel (X3 = o) U HMXKHEH
(X3 = —0.) IOBEPXHOCTAX INbE30TEKTPHIECKOH MIIACTHHKH
MMEIOTCS TPOM3BOJIBHO PACIIONIOKEHHbIE obiactu Sy U Sy,
COOTBETCTBEHHO (pHC. 1), KOTOpBIE MOKPHITHI TOHKAM CIIOEM
MeTajuia, T. €. AJIeKTPOAUpOoBaHbl. [Ipu 3TOM, B 00LIEM City-
uae S| # S, # Sk, rue Sk — MOBEPXHOCTH ILIACTHHKH, Or-
pannueHHas koHtypoMm K. Ha moepxsocts Sq monmaercs or
reHeparopa 3JeKTPUYCCKUX CHUTHAIIOB JJICKTPUYECKHI TI0-

TEHIHAI er“”t (Uy — ammummTyna 3JIeKTPUYECKOro MOTEH-

Iuajia Ha 3IEeKTPOJUPOBAHHON IIOBEPXHOCTH S;; €CTECTBEH-

Ho, 4to Uy # U, i = 4/—1). CumBonom Z; Ha puc. 1 060-
3HA4YeH BBIXOHON SJEKTPHUYECKHI WMIEAAaHC TeHepaTopa
JJIEKTPUUECKUX CHTHAJIOB.

2 JIAITEPATYPHbBIN OB30P

YactuyHOE 371€KTPOJUPOBAaHUE MOBEPXHOCTH MMEET CBO-
UM CIIEJICTBHEM TO, YTO IEKTPUUECKUE MOJIS B 0OBEME cer-
HETORJIEKTPUKa CTAHOBATCS 3aBHCHUMBIMU OT 3HaYE€HHUH KOOp-
JIMHAT TOYKW HAONIOAEHUS 32 MapaMeTpaMu JJIEeKTPUIECcKOro
nonst. IToT pEeHOMEH OTCYTCTBYET B OOBIYHBIX ITbE30DJIEKT-
puueckux 3neMeHTax. Ha ycinoBuM mocTosiHCTBa HaIpsiKeH-
HOCTH TEPEMEHHOr0, CO3/laHHOI0 BHEUIHUM I'€HEpaTOpoOM
SNEKTPUYECKUX CUTHAJIOB, 3JEKTPUIECKOTO IO B 00BbeMe
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IIBE303JICKTPHIECKOTO IeMeHTa 0a3upyoTCss METOIUKH Pac-
geTa HaNpsHKEHHO-AS(OPMHPOBAHHOTO COCTOSIHUS ITHE303-
JIEKTPHYECKUX IUTacThH [2] 1 obomnouek [3]. B ciydae wacrid-
HOT'O JIEKTPOJUPOBAHUSA MOBEPXHOCTU MbE303IEKTPHUECKO-
TO 3JIEMEHTa TH METOAUKU He PaboTaroT.

IMocnennee mOOyXHaeT UCKAaTh HOBBIE ITOAXOABI K IIPO-
Heaype pacueTa IMapaMeTpoB HaNpsKeHHO-IehopMupoBaH-
HOI'O COCTOSIHUSL U NEPEAATOYHBIX XapaKTEPUCTUK IIbE303-
JIEKTPUYECKHUX 3JIEMEHTOB C YaCTUYHBIM 3JIEKTPOAUPOBAHU-
eM moBepxHocTH. Hmxke Oyner m3nmoxeHa obmias cxema
BBINOJIHEHUS] BBIYUCIUTENbHBIX IPOLEAYDP, KOTOpasl, B IPUH-
LuIie, 03BOJAECT BBHIIOIHUTH OLEHKY NIapaMeTpOB Halps-
KEHHO-Ie()OPMHPOBAHHOTO COCTOSIHHS H IIepeIaTOTHBIX
XapaKTEPUCTUK IbE303JIEKTPHYECKUX HJIEMEHTOB C YaCTUY-
HBIM 3JEKTPOJUPOBAHUEM MOBEPXHOCTEH. DTa cxema Mo-
XKeT OBITH HCIIONB30BaHA B KAa4ECTBE TEOPETHUECKOH OCHO-
BbI IIpU MareMaTuueckoM Mozaenuposanuu MOMC.

3 MATEPUAJIBI 1 METO/IbI

O603HaYNM AMIUTUTYTHOC 3HAYCHHEC BCKTOpPA HAIIPSKCH-
HOCTH INCPEMCHHOI'O JJICKTPUUCCKOI'O IIOJsI CHUMBOJIOM

%
E (Xk). OIEeKTpUUECKYI0 HMOJISPU3ALUIO, KOTOpasi CO3/1aeT-

Cs1 ICPEMCHHBIM JJICKTPUYCCKUM IIOJIEM B 00beMeE IbE300-
HeKTpH‘ICCKOﬁ IJIaCTUHKH, 6yz[eM OnpeacasaTb U3MCHSAIO-

IIMMCA BO BPEMEHH TI0 3aKoHy ¢'®' BeKTopoM anekTpHdec-
Kol MHAyKIUHM, aMIUIHTY[HOE 3HAYEHHE KOTOPOTO

]
0003HAYMM CHMBOJIOM D (Xk)' HpI/I 9TOM MCEXAY KOMIIO-
HCHTaAMH BCKTOPOB 3JI€KTpI/I‘I€CKOI71 HWHAYKIIMU W HaIIPsSI?KCH-

HOCTHU 3JICKTPUYCCKOI'O ITOJIS UMECTCS JIMHEHHOE COOTBET-
CTBUC CICAYIOLICTO BUAA:

Dy (xi ) = x5E] (xi). @

B cootHomeHun (4) 1 BO BCEX MOCIEIYIOIIUX 3aIHCIX
MOZOOHOTO THIA MPENOIaraeTcss CyMMHPOBAHUE TI0 JIBAXK-
Il TIOBTOpSIIOIIEMYCsl UHACKCY. B dopmyne (4) Takum uH-
JIEKCOM SIBJISETCA CHMMBOJ ], KOTOPBIM MOCIIEN0BATENBLHO
MpUHUMAET 3Ha4YeHus 1, 2, 3.

XapaKkTepuUCTUKH TEPEMEHHOTO JNEKTPHIECKOro MOJs B
00beMe TbEe30NEKTPHIECKOTO 3JIEMEHTA OIpPEACIITIOTCS
ypaBHEHUSIMA MakcBesia, KOTOpbIe sl aMIUTUTYIHBIX 3Ha-
YEHUH DJIEKTPUIECKOW U MArHUTHOW COCTAaBJISIONINX JJIEKT-
POMAarHUTHOTO TIOJISL 3alIMCBIBAIOTCS B CIEAYIOLIEM BHJE:

rotﬁ*(xk)z j*(xk)+ iwﬁ*(xk), ®)

rotE*(xk) = —imB*(xk), ©)

e B(xy ) = noH"(xi )» Bo = 471077 Tu/m — MarsmTHAs
MIPOHHIIAEMOCTh BakyyMa. Tak Kak Mbe30KepaMHKa SIBIISETCS
JTIOBOJIBHO XOPOIIUM JAWDIEKTPHKOM, MOKHO 3allHcaTh, 4TO
j*(xk) = (. IocnenHee o3Ha4aeT, YTO peasbHONU Ibe30Kepa-
MHKE MPHUITICHIBAIOTCS CBOWCTBA MICANBHO IHDIICKTPHKA.

Brrancnsiss auBepreHnuio oT J€BOW M IPaBOW YacTeu
ypaBHeHus: MakcBeiuia (5), moiydaem, B cliydae HieaibHO-
TO IUDJIEKTPHKA, CISAYIOIINHA Pe3ylIbTar:

divD*(x, )= 0. ()

B monorpagun [3] nokassiBaercs, YTO B AHAra3oHe dac-
TOT OT HYJIS IO JIECATKOB Merarepll ypaBHeHue (6) misd mie-
aJbHBIX JUINEKTPUKOB MOKHO 3aIUCBhIBATh B CIEAYIOILEM
BUJIE:

rotE*(xk); 0. @®)

VYenoBue (8) CBUIETENBCTBYET O MOTEHIMATBHOM Xapak-
Tepe MepEeMEHHOTO HIEKTPUUECKOTO MO B 00beMe Ibe30-
JIIEKTPUIECKOTO 3IeMeHTa. [1o 3Tolf mpHYMHE BO3MOXKHO
OIIICAaHKE 3TOTO MO C IIOMOIIBI0 CKaISPHOTO MOTEHINA-

na q)*(xk)ei‘”t. [pu 3TOM aMILTUTYIHOE 3HAYCHHE E*(xk)
BEKTOpa HAINpPSHKEHHOCTH MEPEMEHHOTO JJIEKTPHIECKOTO
TOJIs, KOTOPOE CO3/IAeTCS BHEITHAM HCTOYHHKOM, T. €. TeHe-
PaToOpPOM ANIEKTPHIESCKUX CHUTHAJIOB, OMPEIENISISTCsl CTaHaap-
THBEIM [4] obpazom:

E*(xk)z —gradCD*(xk)- ©)

Moacrasnss onpenenenue (9) B cootHomenue (4), a mo-
Jy4eHHBIH pe3ylsTaT — B ycinoBHe (7) OTCyTCTBHS cBOOOJ-
HBIX HOCHUTEJeH dJeKTpudecTBa, moinydaeMm auddepernn-
anpHOe ypaBHeHHe Jlamaca, penieHue KOTOporo ompese-
JIIeT aMIUTUTYIHbIE 3HAYCHUS JIEKTPUYECKOro MOTeHIHaja

" (xy ):

00" (xy) N o 0" (xy) g2 o’ (x,)

8x12 GX% 6x§

e gz = X§3/ Xic'1 — KBaJIpaT KO PHUINEHTa aHU3OTPOIHU
JIIDIIEKTPHYCCKON TIPOHHUIIAEMOCTH MbE303ICKTPHKA.

Oobmee pemrenne aud hepennuansHoro ypapaenus (10)
JIOKHO YIOBICTBOPSITH CIICAYIOIMM YCIOBUSM Ha TPaHH-
1ax o0JacTH CYIIECTBOBAHUSI:

‘D*(XJM —a=Up ¥(x1,x;)eS;; (11
ac};—(xk) =0V(x;,xp)eSk =S, (12)
X3 X3 =0
007 (x) _ 0V (xy) ek, (13)
on
aq;_(xk) =0V(x;,x5)eSk =Sy, (14)
X3 X3 = —0
‘D*(ka o= 0V(x1,x;)eS,, (15)

e cnMBON 0/0N 03HAYaeT MPOM3BOAHYIO B HAIPABICHUH
BHEIIHEH €MHUYHOW HOpMallh K OOKOBOH MOBEPXHOCTH
IUIACTUHKH, KOTOpasl omupaercss Ha KOHTYp K.

VYenorus (11) u (15) camooueBuanbl. Yenosus (12)—(14)
HOCST NMPHUOJMKEHHBIN XapakTep [3] U BBIMOIHSIIOTCS TEM
TOYHee, 4eM OOJblIe OTIIMYAeTCs AUDJICKTPUIECcKas MPOHU-
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

HaeMOCTb IbE303JICKTPUKA OT I[I/I3JI€KTpI/I‘I€CKOI71 npoHuna-

-12
emoctn Bakyyma Xo = 8,85-107° ®/M. Jlus nbesokepa-
muku tuna LTC nusnexTpuyueckue NpPOHULIAEMOCTH

ij > 103)(0 Y TI09TOMY TpaHi4HbIe ycmoBus (12)—(14) mox-
HO CUHMTATh MPAKTHIECKH TOUYHBIMU. Ecim muanexTpudeckas
MPOHHUIIAEMOCTh MOJSPU30BAHHOT'O CETHETOMIEKTPHKA B
MOBMC menee 107y, 4To, KCTaTH CKa3aTh, €lI€ HE CIyda-
10ch, To yenosus (12)—(14) meobxoxmmo mepedopmymupo-
BaTh C YUETOM CYIIECTBOBAHUS IIONEIl paccesHHs.
Pemenne rpannunoi 3agaun (10)—(15) sisiercst mepBoit
BBIYMCITUTENBHON TPOLENYPOl MPH BBITIONHEHUH PacueToB
napaMeTpoOB HaINPSOKEHHO-Ie()OPMHPYEMOTO COCTOSTHHS
IBE309JIEKTPUIECKUX HJIEMEHTOB COBMECTUMBIX C MHUKPO-
CHUCTEMHBIMH TeXHONOrHsMH. Ha 3ToMm sTame (akTHaecku
OIIPENEINIOTCS YPOBHU PHEPTHU IEKTPUIECKOTO OIS B
10001, MPOU3BOIBHO 3aJaHHON TOUKE 00beMa IThe303JIeK-
TpHUYecKoro 3nmeMenTa. HeoOxomuMo momuepKHyTh, 94TO MO-
TEHIUAT cD*(xk) PACcCUHTHIBACTCS B MPEANIONOKEHUH, YTO
OH MOJIHOCTBIO OIpeenseTcs TeOMEeTPHISCKUMH MapaMeT-
paMu IBE303NIEKTPHUUECKOTO MIEMEHTAa U HE 3aBHCHT OT IIa-
paMeTpoB YIPYTUX M JJIEKTPHUYECKUX MONeH, KoTophie (op-
MHUPYIOTCSI B 00BbeMe KOIEOIIONMETocs Mbe303JIeMEHTa.

Ilocne ompeneneHus noreHuuana Q)*(xk) ypaBHEHUs

(1)I/I3I/I‘ICCKOF0 COCTOAHHUA KOJI66J'IIOHI€I‘OC$I NbE30DJICKTPU-
YCCKOIr'0o 2JICMCEHTA, paCdCTHAsA CXEMa KOTOPOIroO IIOKa3aHa
Ha puc. l, MOXKHO 3aIicaTh B CICOAYHOIIEM BHIC:

o 0

Gjj = Ci?k/ our _ Chij d + 0 ’ (16)
i 6Xk an 6Xk
du; oD 00"

Dy = Cmij P -t Xmgj _a + _5 > a7n
X Xj X

IJ€ Oj; — aMIUIMTYIHOE 3HAYE€HHE KOMITOHEHTA TE€H30pa pe-
3yIBTHPYIOIINX MEXaHUYECKUX HANPSDKEHUH; U, — aMIUIM-
TyJla U3MEHSIOLIErocsi BO BPEMEHU 0 TapMOHUYECKOMY

iot

3aKOHY ¢ /-TO KOMIIOHEHTa BEKTOpa CMCIICHUS MaTepHU-

anbHBIX YAaCTHIL IIbE303NIEKTPUKA; P = q)(xk) — CKaISIpHBII

MOTEHIIAT BHYTPEHHETO JIEKTPUUECKOro mons [5], KoTo-
pOe BO3HHKAET B Pe3y/IbTaTe CMEICHUS] HOHOB MbE302JIEKT-
pYiKa U3 PaBHOBECHBIX MOIOKEHHH Y3J0B KPHUCTAITMIECKON

pemerkn; ® = @*(x) ) — M3BECTHBIH CKANAPHEI MOTEH-

[UaJl IIEPEMEHHOT0 JICKTPUIECKOTO IIOJIsI, KOTOPOE CO3/a-
eTCsl BHEIIHUM HCTOYHHMKOM (reHeparopom). [lo cBoemy
(U3UYECKOMY COACPKAHUIO YpaBHEHHE (PU3HUUYECKOTO CO-
crosinus (16) sBisieTcs 0000IICHHBIM 3aKOHOM ['yka Juist
YIOPYTo# Cpeibl ¢ Mbe303JeKTpuiIecKuMu 3ddekramu, a
ypaBHeHue (17) — 3aKOHOM BJICKTPUYECKOW TONSIPU3ALUN
JIMDJIEKTPHKA C MBE303JCKTPUYCCKUMU CBOWCTBAMHL.
Bropoii 3akon HeioToHa B quddepeHiuanbHoit hopme
WITH, 9TO TO )K€ CAMOE€ — YPaBHEHHE IBI)KCHHUSI MaTepHAIlb-
HOHM 4YacTUIBl yIpyro nedopMupyeMoro TBEpaoro Tena, B
o0IIeM cllydae 3alHiChIBACTCS CIEAYIONIUM 00pa3oM:

6Gji(Xk,t) _ azui(Xk,t) (18)
=Py 3 .
0X; ot

18

Moxcranss B onpenenenue (18) ypapuenue (16), u npu-
HUMasi BO BHUMaHHWE, 4TO BCe (hU3MYECKHEe MONs B 00beMe
e OpMUPYEMOTO MHE30ITEKTPUIECKOTO dIIEMEHTA H3Me-

iot
HSIIOTCSL BO BPEMEHH 0 TAPMOHHYECKOMY 3aKoHy €', mo-
JIy4aeM YpaBHEHME CIEIyIOLIEro BUAA:

g 0%, )
Cijke

2 K
— — e + poo u; =1 (x
axkaxj kij axkaxj Po i i ( k), (19)

o*p*

K
e fi (Xk):ekij—ax o
k&3]

— aMIUTUTYIHOE 3HAYeHUE 1-TO
KOMIIOHEHTa BEeKTOpa 00BbeMHOHN IIOTHOCTH cuil KynoHa,
KOTOpBIE CO3AFOTCSI BHEITHHM HCTOYHUKOM (T€HEpPaTopoM)
aNeKTpuyecKoro nonsd. EcrecTBeHHO, 4TO BTOpoOe ciaraemoe
B JIeBoW 4actu ypaBHeHus (19) Takke MMeeT CMBICHT i-TO
KOMIIOHEHTa aMIUTUTYIHOTO 3HAYeHHs BEKTOpa 0O0BEeMHOMN
wIoTHOCTH cuil KylmoHa, KOTopble BO3HHKAIOT B 00beMe Jie-
(GOopMHPYEMOro Tbe303JIEKTPUKa BHYTPEHHHM JJIEKTpUYec-
KAM TIOJIEM W TPEMSATCTBYIOT €ro JeOpMHPOBAHUIO DIIEKT-
PUYECKUMH TOISIMU BHEITHUX UCTOYHUKOB. [Ipy ManbIx 3Ha-
YEHUSIX MbE303IEKTPHUUECKUX MOIYIEH, T. €. B cilydae, Korjaa

2
eyij <1 KJI/ M”, BTOPBIM CIaracMbIM B YpaBHEHHU MOXKHO,

B IIPUHIHUIIC, npeHe6pqu>. Ho JUIA TIBE30DJICKTPHUICCKUX KE-

pamuk trna LITC (PZT), y kotopeix eyjj < 20 KJ’I/ M2, cuia-

mu KynoHa BHYTpEHHETO JIEKTPHYECKOTO IOIs IpeHeOpe-
raTh HEIb3sl. OTH CHIIBL, T. €. BTOPOE CJIaraéMO€ B YpaBHEHUU
(19), me#cTBYIOT coracHO (CBS3aHHO) C CHJIAMH YIIPYTOCTH
(mepBoe ciaraeMoe) M yBeIHYHBAIOT 3(Q(EKTUBHYIO KECT-
KOCTb IIb€303JIEKTPUKA. B HEKOTOPBIX HAllpaBIEHUSX >KECT-
KOCTh ITbE30KEPAMHKH MOXET yBEIMUUBAThCA Oomee deM
Ha 50%.

YenoBue (7) OTCYTCTBUSI CBOOOTHBIX HOCHUTEINICH 3NEKTPH-
9eCTBA B IBbE3OJMAIICKTPUKE CHPABEIIHUBO, OUYEBHUIHO, IIPH
MF000M MPECTABICHAH BEKTOpa SNMEKTPHUECKOH HHIYKIIHH.

[Mockombky div ]3()( k) = (, TO, MOCIIE MOICTAHOBKU B 3TO YC-
noBue ypaBHenus (17), momyyaeM CIEIyrOIIUN pe3yibTaT:

, %0 1 0%y,
+ & + — _—

e ..
2 g my .
6X3 X1 axmﬁxj

2 2

0 qz) + 9 qz) =0. (20)

0x 1 0x 2

VYpaBuenus (19), (20) npencrapisiroT co00¥ B 001IEM CITy-
Yyae CHCTEMY W3 ueThipeX MU depeHIHaNbHbIX YpaBHEHUN
BTOPOTO MOPS/IKA B YACTHBIX MIPOM3BOIHBIX. EMHCTBEHHOCTH
pellIeHHs. ATOW CUCTEMBbl YpaBHEHHH OOECIICUYMBAIOT TPAHUY-
HbIe yCJIOBUS. ECliM Mbe303JIEKTPUUECKUN 3JIEMEHT Koeo-
JIeTcs B BaKyyMe, T. €. He UMEeT MEXaHMYEeCKHX KOHTaKTOB C
JPYTUMHU MaTepUaIbHBIMI OOBEKTaMH, TO Ha €ro OOKOBBIX
MOBEPXHOCTSAX BCJEICTBHE BBIIIOTHEHUSI TPETHETO 3aKOHA
HproToHa m0KHBI 0OpaIiaThesi B HYIb HOpMajbHBIE M Ka-
caTeNnbHbIe HANpPsDKEHHs, ACHCTBYIOUINE HAa DJIEMEHTAPHBIX
IDIOMIA/IKaX 3TUX MoBepxHocTed. [IpumMennTensHO K pacuer-
HOI cxeMe, KOTopasi MoKa3aHa Ha puc. 1, Cka3aHHOE BBIIIE
3aMKCBIBAETCS CIEIYIOIINM 00pa3oM:

du, oD D"
C3jke = ~ ©k3j
k

—+ =0VI(xy, S
ox oy on (x1.x2)< Sk (1)

X3=ta
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*
ou od 0D
n; Cijkﬂ_é_ekij -t — =OVXk ek, (22)
an an 6Xk
rac Ili — KOMIIOHCHTBI BCEKTOpa BHEITHEN eI[HHH‘IHOﬁ HOp-
MaJil K 6OKOBOﬁ HHHHHI[pH‘ICCKOﬁ MOBCPXHOCTH NbE303JIC-
MCHTA, B OCHOBAaHUU KOTOpOﬁ JIC)KUT KpI/IBOJII/IHGﬁHBIﬁ KOH-
yp K (puc. 1).
CKaJApHBIH ITOTCHIIHAI q)(xk) BHYTPEHHETO HIICKTPH-

YECKOI'o oIt AOIKEH YAOBJICTBOPATH CICAYIOIIHUM I'paHU4Y-
HBIM YCJIOBUSM:

CD(Xk]X3 =a OV(X] ’Xz)e 51 ’ @3)
GCD(Xk) :O\V/(Xl’xz)e SK —Sl, (24)
8x3 X3 =0
oD (xy ) _09(xy) =0V (x1,x,)e Sy (25)
aX] X3 = 8X2 X3 =
ni%: 0vx e K, 26)
1
q)(xk]x3 =—a OV(XI ’X2)€ S2, @7)
ad)(x_k) =0V(x;,x)e Sk - S5, (28)
8x3 X3 = -0
oD(xy) _09(xy) =0V (x1.%5)e S (29)
aX] X; = 6X2 X3 =0

CdopmynupoBanHas coorHorieHusMu (19)~(29) rpanuny-
Has 3aja4a sBIseTcsl HanOoliee MMOJHONW U 00IIel MaTeMaTu-
yeckol (pOpMYITMpPOBKON IpaHUYHOW 3aJa4U BJIEKTPOYIPY-
TOCTH YCTaHOBHBIIMXCSI TAPMOHMUYECKHX KONEOaHUH Mbe30-
SNEKTPUUYECKUX DJIEMEHTOB KOHEYHBIX Pa3MEpOB.

He BrmaBasice B mpoCTpaHHBIE PACCYKIEHHS, MOXKHO yT-
BEpKAaTh, YTO TOUHOE PEIIeHHe ATOM TPaHMIHOW 3a7aqu OCy-
LIECTBUTH HEBO3MOXXHO. BMecTe ¢ TeMm, BIOJNHE BO3ZMOXXHO
MIOCTPOUTH AJTOPUTM NPHOIIKEHHOTO PEIIEHHUs] TPaHUIHON
3amaun (19)—(29). BeluncauTenbHYO MPOLEAypY, O KOTOPOi
MOMIIET pedb, MOXKHO Ha3BaTh METOIOM MOCIEAOBATENBHBIX
npubaxkeHuit. [Ipu 3TOM HCKOMBIE KOMIIOHEHTBI BEKTOPa

cMenieHus U Z(Xk) U CKAIIPHOTO MOTEHIIHANA (D(xk) npen-
CTaBIIFOTCS CXOSIIMMUCS PSIAMHE CIIEYIOIIECTO CONCPIKAHMS:

u, () = u0) + 3 aul(xy),
v=1

()= 00(x)+ Ya00(x), o)
v=1

e uz(Xk) u @(Xk) — TOYHBIC PCIICHUA CUCTEMBI YPaBHE-

auii (19), (20); u(éo)(xk) u CD(O)(xk) — HYJIEBBIE TIPHOIIKE-

HHUSA K TOYHBIM PEIICHHIM, Augv)(xk) " Ad)(o)(xk) — mo-

IpaBKu v-IrO NopsiAKa K HYICBbIM HpI/I6JII/I)K€HI/I$[M TOYHBIX

pelieHui uz(xk) u CD(Xk).

H}UIGBOG HpI/I6JII/I)K€HI/Ie ugo)(xk) K TOYHOMY 3HAQYCHHIO

aMIUTUTYIbl /-TO KOMIIOHEHTa BEKTOpa CMEIIEHUs] MaTepHu-
aJbHBIX YAaCTHUI] MHE303JIEKTPUUECKOr0 JIEMEHTa HAXOAUTCS
B pe3yibTare peuieHus CleNylomiell CTallMOHAPHOW I'paHuy-
HOM 3aJa4M:

62u(0)
E ) 2 (0) _ K
Ciiy————— + po-uy’ = £, 31
ijk(¢ 6Xk6Xj Po V4 i @D
6u(0)
E Ji K
C3iy —— — G3: =0V(x7,Xx9)eS
3jke 5%y 3] (1 2) K, (32)
X3 =ta
aul0) K

n; Cijké—axé - Gij = OVXkE K, (33)
k

Tae "?j = ek3j(aq)*/axk)’ c’in< = ekij(aq)*/axk) — Io-
BEPXHOCTHBIE IUIOTHOCTH CHJI KylmoHa 2MIeKTpHUYecKoro mos
BHEIITHETO MCTOYHWKA HJIHM, YTO TO YK€ Camoe, HaIpsDKEHUS
Kynona.

Takum 00pa3oM, HyIeBOe MPHOIIDKEHHE K TOYHBIM 3Ha-
YEHHSIM KOMIIOHEHTOB BEKTOpa CMEMICHUS MaTepUaTbHBIX
YaCTHIl MMbE303JIEKTPUKa (HOPMHUPYETCS peIlIeHHEM TpaHU4-
Ho#t 3agaun (31)—(33). [lo puzmyeckomMy comepkaHHIO dTa
rpaHHYHAs 3aj1ada JUHAMUYECKOH TEOPHHU YIIPYTOCTH SIBIIS-
ercs 3aja4eil 0 BO30YKJICHUM TapMOHHMYECKUX KoneOaHUi

MbE303JIEKTPHYECKOTO JJIEMEHTa CUCTEMOW O0bEMHBIX (fiK)

Y TIOBEPXHOCTHBIX (Gilj() Harpy3ok. Ciieyer noJuepKHyTh, 4To
[IPU TIOJHOM 3JIEKTPOAMPOBAHUH MOBEPXHOCTEH Mbe303ie-
MCHTOB M JaXe B CIydae pa3pe3HbIX IEKTPOIOB OObEeMHast
IUIOTHOCTH cril KyloHa paBHA HY/IIO M BO3OY)KICHHE YIPYTHX
KoteOaHHil B TaKMX MbE30IEMEHTAX OCYIIECTBIIACTCS OBEP-

K
XHOCTHBIMU HAarpy3kamu Ojj .

[Mocne pemienns rpannyHoi 3anauu (31)—(33) onpenens-
eTCsl HyJIeBOS MPUONMIKCHHE K TOYHOMY 3HAYCHHIO CKAaJSp-
HOTO MOTEHIMaMa BHYTPEHHErO IEKTPUYECKOro momst. [lpu
3TOM ypaBHeHue (20) 3amuchiBaeTCs B CICAYIOIIEM BHJIC:

2o 200 %0 0 I~
ax% 6)(% 6x§ xi ’
020

0)_ i
e ol = emi g
Xm Xj
My 3HAYEHHI0O 00BEMHOW IUIOTHOCTH MOISPU3AIHOHHOTO
ANIEKTPUYECKOTO 3apsga B o0bemMe neOpMUPYEMOTo Mbe-

3o0anekTpuka. OOiee perienue ypaBHenus Ilyaccona (34),

— HYJIEBOE MPHOIIKEHHE K TOYHO-

T. . QyHKImsI Q)(O)(xk ), JIOJDKHO YIOBJIETBOPSTH TPAHHYHBIM
yenoBusiM (23)—(29).
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IMocne ompeneneHNst HYIEBOTO MPUONIKCHUS Q)(O)(xk)

BBITIOJTHSICTCST PACUET ITOMPABKH Au(él). Jlnst 9T0TO B ypaBHE-
HHE (19)

i) = 50 ) + A5 0(x,) 1 Dfx) = 00, ). Vpan-
Henue (19) npuHUMaeT Cienyomui BUI

IOACTABIIAOTCA 3HA4YCHUA

azAu(l)

)] 24 (1) _ ¢(0)

Ciy ———— + po0-Auy’ = £/, (35)
ijk¢ 9%,0 X Po 0 i

rae Au%l) u Aui(l) — HOHpaBKI/I HepBOFO nopsmKa K Hy.IIeBBIM

0 0 .
HpI/I6JII/I)K€HI/I$[M ug ) u ul(- ) TOYHBIX 3HAYCHHMM KOMIIOHCH-

TOB uK(Xk) n Ui (Xk) BCKTOpa CMeIHeHI/Iﬁ MaTCpHUaIbHBIX
e 220
kij 0 Xka Xj

ONIDKeHNe K TOYHOMY 3HAUeHHIO 1-TO KOMIIOHEHTa BEKTopa
obbeMHON TuTOTHOCTH cuil KynoHa, Kotopble (hOopMUPYIOT-
csl BHYTPEHHUM DIIEKTPHYECKHM TI0JIeM B oO0beme aedop-
MHPYEMOTO IbE303JIEKTPUKA.

EnMHCTBEHHOCTh pelIeHHsI CUCTeMbl ypaBHeHUH (35)
obecrieunBaeTcs TPAHUYHBIMU YCIIOBUSIMH, KOTOpBIE 3alld-
CBIBAIOTCS CIICAYIOIUM 00pa3oM:

YACTHII TTHE30DITEKTPHKA; ] — HyIIeBOE IIpU-

E 6Au9)
S

- Gg(}) = 0V(x1,x;,)eSk, 36)

X3 =ta

E 6Au9) (0)

n; CijkéaT—Gu ZOVXkE K, (37)
k

y

e of)) = e 000 /oxy). 60— ¢y (60005, ) -

1
HyJIeBble NPUONMKEHUST K TOYHBIM 3HAYSHUSM MOBEPXHOCT-
HBIX TUIOTHOCTEH cuit KyioHa, kotopbie (OpMUPYIOTCS BHYT-
PEHHHUM 3JICKTPUYECKHM I0JIEM B 00BEME KOJIEOIIOIIerocs
MbE302JIEKTPHYECKOTO DJIEMEHTA.

Crnenyer 0co00 MOTYEPKHYTh, YTO TpaHUYHAs 3a]1ada
(35)—(37) pemaetrcst o TOW e caMOW cXeme, M0 KOTOPOW
Obuta perieHa rpanuyHas 3anada (31)—(33). O1o o3Hauaer,
YTO MOCJE TMOCTPOCHUSI aHATUTHUECKOTO BBIPAXKECHHUS IS

ﬁ(O)(xk), T. €. Ul HYJIeBOro NPUOIMKeHUsI K TOYHOMY 3Ha-
YEHHIO BEKTOpa CMEIEHHs MAaTEePUaJIbHBIX YACTHL MbE303-
JIEKTPUYECKOrO 2JIEMEHTa, HE HY)KHO 3aHOBO KOHCTPYHMPO-

BaTh OOIIME PEUIeHHs AJs MONpPaBKU Aﬁ(l)(xk) IIepBOTO

=(v)
nopsiaka U aus mompaBok Au‘/(Xy ) Beex mocnemyrommx
MOpsIAKOB. J[JIst TOMydeHUs] YMCIIEHHBIX 3HAYEHUH MOMPaBOK
Aﬁ(")(xk) HEOOXOAUMO TOJBKO JIMIIL IOACTABIATE B 00-

uie peieHus rpannyHoi 3aaaun (31)—~(33) coorBercTBYIO-
IMe 3HaYCHHsT OOBEMHBIX M IIOBEPXHOCTHBIX IIOTHOCTEH CHIT
Kynona, xoropbie (hOpMHUPYIOTCS BHYTPEHHHUM SIICKTPUYEC-
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KHM TI0JIeM B 00BbeMe KOJEeONIOMIerocs] Mbe303IeKTprIec-
KOT'O DJIEMEHTA.

onyuus nepBoe OpuOINXKEHUE

ﬁ(l)(xk) = ﬁ(o)(xk) +A ﬁ(l)(xk) K TOYHOMY 3HAYE€HHIO BEK-
TOpa CMEIIEHHUsI MaTepUAJIbHBIX YaCTHIl, MOKHO BBITIOJTHUTh

OLIEHKy IonpaBKku AD (1)(Xk) K TOYHOMY 3HAUCHUIO CD(X k)

CKaJIAPHOro mnoreHnuaja BHYTPCHHETO J3JICKTPHUYCCKOIO
IoJI4. HO[ICTaBJIS[S[ 3HA4YCHUC

ﬁ(l)(xk): ﬁ(O)(Xk)+ Aﬁ(l)(xk) B ypaBuenue (34) u mona-

rasi Ipu 3TOM, 4TO CD(xk)z d)(o)(xk)+ ACD(l)(Xk), noJry-

JacM YpPaBHCHHUC HyaCCOHa JJIA OIIPCACIICHUS IMOIPAaBKH

a0 (x, )

o2a0l)  22a0W) L a0l apl) 68)
6x21 Ox% 6x§ o1
62Au£1)

e A pga) = Cmjj — [OIIPaBKa MEPBOro IOpsiiKa K

aXman

HYIIEBOMY HPHUONIDKEHUIO TOYHOTO 3HAUEHUs 00BbEeMHOU
IUTOTHOCTH TIOJIIPU3aIIMOHHOTO 3apsifa B o0beMe nedop-
MUPYEMOIO MbE303JIEeKTPUKA. ENMHCTBEHHOCTh pelIeHus
ypaBHeHHus (38) obecrnednBaeTCss TPAHUIHBEIMU YCIOBUSAMH

(23)-(29).
BHOBB, Kak U IpU ONpPEAEIEHUM MOIPAaBKU Aﬁ(l)(xk),
MOKHO CI€1aTh OYEBUAHBIN BBIBOA. 151 ONydeHUs ONpaB-

Ka AD (l)(xk) KaK, OY€BUIHO, 1 BCCX IOCICAYIOIHNX ITOIIpa-

BOK ACD(V)(xk), HET HEOOXOAWMOCTH B HOBOM PCIICHHH
ypaBHeHus (38) ¥ B MOCIEQYIONIEM YIOBICTBOPEHUHU Tpa-
HUYHBIX ycioBui (23)—(29). Jlns onpeneneHus: monpaBKu

AD (1)(Xk) HEOOXOAUMO U JOCTATOYHO IIOACTABUTH B 00IIEE

petieHue ypaBHeHus (34) BMecTo 00bEMHO# MIIOTHOCTH pgg)
1

BEJINYHHY Ap(m). O4eBHIHO, YTO MOMpPABKA V-TO MOPSIKA, T.

€. BEIMYUHA AcI)(V)(Xk), onpenensaeTcs 00IUM peuieHuemM

ypaBHeHus (34), B MpaBOil 4acTH KOTOPOTO 3aIllMChIBACTCS

HOIpaBKa Ap(n"a) (Xk )

[MpubnimkeHHOE BBIYKCICHHE KOMIIOHEHTOB BEKTOpA CMe-
LIEHHS] M CKAJSIPHOTO TOTEHIIMAIa BHYTPEHHETO dJIeKTpHYec-
KOTO TIOJSI COCTaBISIET COAEPKaHNE BTOPOM BBIYHCIUTENHHON
MpoLeaypsl IPH MaTEMaTHUECKOM MOAETUPOBAHHU HPOLEC-
COB, KOTOPBIE Pa3BUBAIOTCS B 00BbEME MBE303TIEKTPHIECCKOTO
9JIEMEHTa C YACTHYHBIM JJIEKTPOJUPOBAHUEM MOBEPXHOCTEH.

Pe3ynbraThl, KOTOpBIE MOMYYalOTCs MOCIE BBHIOIHEHHUS
MEePBOM M BTOPOW BBIYHCIUTEIBHBIX TPOIEAYP, T. €. pacdyer-

Hble (GOPMYNBI IS TOTEHIHAIA cD*(xk) JJIEKTPUUECKOTO

OIS, CO3ITAHHOTO B 00BEME MbE303IEKTPHUUYECKOTO AIIEMEH-
Ta TEHEPATOPOM 3JIEKTPHUUECKUX CHUTHAJIOB, JUIS CKAISPHOTO

MOTEHLMaa (D(xk) BHYTPEHHEr0 JIEKTPUYECKOro Mo U

BEKTOpa CMELICHUs ﬁ(xk) MaTepUAJIbHBIX YaCTHL, JTHHEH-
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HO 3aBHCAT OT DJICKTPHUYUCCKOIO IMOTCHIMAJla Uo, KOTOpBIf/i
CyHoIieCTBYECT Ha 3JI€KTpOI[I/IpOBaHHOI71 IIOBCPXHOCTH Sl' s
CKa3aHHOI'0 BbINIC CJICAYCT, 4YTO 3TH PACYCTHBIC COOTHONIC-
HUsL MOXHO IPEACTAaBUTH B CICAYHOLIEM BUIC:

O* (x4 ) = Up®*(xy,IT) » D(xy) = Ug®(xy,0,TT), (39)

uy(xy)= Uo%ﬁ((xk,m,n), (40)
33

rne &)*(xk ,H), dN)(xk ,co,H) u ﬁg(Xk ,co,H) — Oe3pazmep-
Hble (YyHKIHH KOOPAWHAT TOYKH HaOmioneHWs u Habopa
(GU3NKO-MEXaHHIECKHX M T€OMETPHUECKUX (CHMBOI [] B
CHIICKE apTyMEHTOB) MapaMeTPOB IbE303JIEKTPHUIECKOTO
3IIEMEHTA; KOHCTPYKIHS MpaBoH 4acTH BBIpakeHHS (40)
00yCIIOBIICHA PAa3MEPHOCTBIO BXOJAIINX B HEE BEIMUHH.

IMockoneky norenumnan Uy # Uy, T. e. morennuan Uy
(haKTHUECKHU SABIACTCA HEONpEICICHHOW BETHYMHOHN, ITO-
CTOJIBKY TPE€Tbsl M IOCJIEAHSS BBIYMCIHUTENbHAS MPOLEaypa
HMEET CBOEH LIENIbIO OIPENENeHUE aMILUTUTYIHOIO 3HAUCHUS
MOTEHIMAla Ha 3JIEKTPOJUPOBAHHON IOBEPXHOCTU IbE303-
JIEKTPHUYECKOIO JIEMEHTA.

OueBUIHO, YTO BIUAHHE MbE30IEKTPUUECKOTO HIEMEHTA
Ha aMIUIUTYly 3JIEKTPUYECKOIO TOKA B IIPOBOIHUKE, KOTOPBII
COE/IUHSIET €T0 C FEHEPATOPOM DIEKTPUYECKUX CHTHAIOB, MOX-

HO OIIMCaTh C IMOMOIIBIO 3JICKTPUYCCKOIO0 MMIICAaHCa ZBJ'I ((D)
IIBE302JICKTPUICCKOI'O DJIEMCHTA. 9JI€KTpI/I‘I€CKI/II71 UMIICaaHC

Z,, ((o) JIOJDKEH YIOBJIETBOPSATH OCHOBHBIM MOJIOKEHHSM U
ONPENIEIICHUSIM TEOPETHIECKON AJIEKTPOTEXHHUKH U, CTAJIO OBITb,
3akoHy OMa JUTsl ydacTKa SIEKTPUIECKOH LENH, T. €.

Zyy ((’)) = E’ S

I

rae | — aMIUIATYIa IEKTPUYIECKOrO TOKa B MPOBOJHHKAX, KOTO-
pbIe MOKITIOYAIOTCS K 3JIEKTPOIUPOBAHHBIM yJaCTKaM IIOBEp-
XHOCTH TIbe303JIeKTprueckoro ementa (puc. 1). Cuia Toka,
WK aMIUTATYIHOE 3HAYECHHE |, MPsIMO HPOMOPLIMOHATBHA CKO-
POCTH M3MEHEHHUsI BO BPEMEHH IICKTPUUYECKOro 3apsina Q Ha
JIEKTPOIUPOBAHHON TTOBEPXHOCTH IMbE303ICKTPUYECKOTO dJIe-
MeHTa. [Ipyu rapMOHHYECKOM M3MECHEHHH BO BPEMEHH IO 3a-

xory ¢'®" amMmmTyna | onpenensiercs cieayiomum oGpasomM:

[=-i0Q; = -10Q,, 42)
rae Q; u Q, — aMIIMTYNHbIE 3HAYEHHMS AEKTPHIECKUX 3apsi-
JIOB Ha TOBEPXHOCTSX S U S, (puc. 1).

AMIUINTYIHOE 3HAUYEHHE MIEKTpHYEcKoro 3apsana Q;
omperensieTcs cAeIyMuM 00pa3oM:

ou, o0 00"
) ds, = Lou el 0%
Q Js.J,. 3(x1.x5,a)dS, g e3jj ox; + %3 ox; + ox; i

ou;(xy 0,1 oD(xy , 0,11
dSl = UOJJ €3j %ul(;k—xf)) XB? %
S

+
j

D" (x) , T
+% »dS; = Uy C*(o,1T)-  (43)
Xj

X3 =0

Takum obOpazom, [ = _i(DUOCS(@,H) Y DJIEKTPUIECKUI
HMIIEIAHC MbE303ICKTPHICCKOrO IEMEHTA
1

—_— (44)
ioC(w,I1)

Zsn (('0) =

W3 cxembl NOAKIIOUEHUS FeHepaTopa 3IEKTPUUECKUX
curHanos (puc. 1) ciuenyer, uTo

., (49)

0 — UFZ3H(0)) — Ur
Zy + Zoy(®)  1-i0Z,C(0,11)

rae Cs(o),l'[) ompezelieHa ABOWHBIM HHTErpaioM B ¢op-

myne (43).

Brruncnenne anexkrpudeckoro norenuuana U siBisercs
COJICPKAHUEM TPETheil BBIYUCIUTEIHHON MPOLEAYypPHI MPU
MaTeMaTHYeCKOM MOJETHPOBAHHHU IThE303IEKTPUIECKHX dJIe-
MEHTOB C YaCTHYHBIM JJIEKTPOJAMPOBAHUEM MOBEPXHOCTEH.

[Mocre BHIMONHEHUS TPEThEH U MOCIETHEH BHIYACIHTEb-
HOHM MpOIEIypbl MOXHO 3aIHCaTh BBIPAXKEHHUE JJISI pacdyera
CMEIICHNH MaTepHUalbHBIX YACTHI[ MbE303JIEKTPHUECKOTO
SJIEMEHTa B CJIEAYIOIIEM, OKOHYATEIIbHOM, BUJIE:

633UF ~
= r 3 Jo,IT).  (46)
) c%ll—ierCS(m,ll)JW(Xk @)

Bripaxkenue (46) siBnsieTcss MaTeMaTHYECKOH MOJIEIIBIO
JTUHAMUYECKOTO HANPSIKEHHO-IEe(OPMUPOBAHHOTO COCTO-
SIHUSL TIbE303JIEKTPUYECKOrO 3JIEMEHTA C YAaCTUYHBIM DJIEKT-
pOMpOBaHUEM IOBEPXHOCTH U SIBJISETCS KIIFOYEBBIM COOT-
HOIICHHEM JJIsi KOJIUYECTBEHHBIX OIIEHOK IepeJaTOYHBIX
XapaKTepUCTHUK MbE303JIEMEHTa TPH JIIOOBIX BAPUAHTAX €r0
(GYHKIMOHATHHOTO UCIOJIB30BaHHA. YacTOTHO-3aBUCHMAS

GbyHKIHS Cs(co,l'[) SIBIIIETCS TEOPETUYECKOW OCHOBOW JIs

MOCTPOSHHSI YKBUBAIECHTHBIX JJIEKTPUUECKHX CXEM B TOM
CMBICIIE, B KOTOPOM OHHU ObUTH Mpemiokensl B 1925-1928 rr.
Banwsrepom I. Kogu papmounnkenepam, KOTopbie 3aHHMa-
JIUCh PacueToM M MPOEKTHPOBAHHEM BBICOKOYACTOTHBIX Te-
HEpaTopoB DJIEKTPUUECKUX CHTHAIOB C KBApLEBBIM PE30HA-
TOPOM B IICMIH CTAOMJIM3AIMK YaCTOThI TeHepanuu [6].

4 OKCIIEPUMEHTDI

PaccmoTpuM mepBYI0 BBIUHCIHUTENBHYIO IPOLELYPY,
T. €. pacyeT MPOCTPAHCTBEHHOTO PaclpeneeHus] B o0beme
MTbE303JIEKTPUIECKOTO dJIEMEHTa MEPEMEHHOTO dJIEKTpHIec-
Koro mois. PemieHwe 5Tol 3a1adu MO3BOJNSET BEIIONHUTH
OILIEHKY KOJIMYECTBA DHEPTHH, KOTOpas IOTpedseTcs mbe-
30DJIEKTPUYECKUM 3JIEMEHTOM OT BHELIHEro MCTOYHHUKA, T.
€. OT TreHepaTopa IEKTPUUECKUX CUTHAJIOB. JTa MpoLeaypa
SIBJISIETCSI TIEPBBIM ATAllOM YHEpProcuioBoro merona [7—10]
aHanm3a (PU3NIECKOro COCTOSHUS TMBE30TIEKTPUUECKUX dIe-
MEHTOB B PEXHME BBHIHYKJIECHHBIX KOJIEOaHUH MOI JEHCTBH-
€M BHEITHETO MCTOYHHKA JJIEKTPUIECKOH SHEPTHH.

Paccmotpum auck (puc. 2) U3 HOISPU30BAHHON MO TOJ-
rHe nbe3odnekrpuyeckoi kepamuku tuma LITC (PZT). Onek-
TPOI HA BEPXHEi (Z = Ol) MOBEPXHOCTH MbE30KEPAMUUYECKO-
ro aucka (no3unus 1 Ha puc. 2) umeeT Gopmy Kpyra pazyca

R c nentpom Ha ocn Oz HMIMHAPHYIECKOH CHCTEMBI KOOp-
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ot
TS
a
0 Ro R
I
2

PI/ICyHOK 2 - HLCBO&]’ICKTpH‘ICCKHI)’I JUCK C HaCTUYHBIM DJICKTPOAU-
poOBaHUEM HOBCpXHOCTCﬁ

nuHat. Ha 31oT 3rekrpon nmogaercss rapMOHUYECKH W3MEHSIO-
LIMHCS BO BPEMEHH I10 3aKOHY ot (= x/—_l ) aneKTpuyec-
KW TIOTEHIIHAT U(t) = erimt. Dnektpon Ha HiwkHed (z2 = 0)
MOBEPXHOCTH JIMCKa (TIO3UIMS 2 Ha pUC. 2) BBIMOJHEH B (op-
Me Konblia ¢ LeHTpoM Ha ocu Oz. KombleBoil anekrpon 3a-
3eMJIEH, T. €. €ro NOTEHLUAN BCEra paBeH HyIIIO.
Uccnenyem xapakTep pacnpenesieHus MepeMeHHOr0
SIEKTPHYECKOTO OIS B 00bEMe ITbe30KePaMHUIECKOTO JIHC-
Ka B IIPEIOI0KEHNH, 4TO BHEIHHUH paguyc R Bepxmero
AJIEKTPOZAA COBIIAAAET C BHYTPEHHHM PaJUyCOM HIKHETO.
Hrax, mepeMeHHOe 3IeKTpIIecKoe Hoje B 00beMe Ibe-
303JIEKTPUYECKOr0 JUCKA ONPENENAeTCsl ¢ NOMOIIBIO CKa-

JSIPHOTO TOTEHIHaja cD*(p,(p,z)e‘@t. ITpu coocHoM pac-

IIOJIOKEHUU BEPXHETO0 M HUXKHETO JIEKTPOJOB aMIUTUTY/-
HOE 3HAYEHHE CKAJSIPHOrO MOTEHLHala 3aBUCHUT TOJIBKO
JIUIIb OT PagUajbHOM P M aKCHaJbHOM 7 KOOPAMHATHI IH-
JIUHJIPUYECKOW CHUCTEMBbl KOOpAMHAT. | 0BOpS MHBIMHU CIIOBa-
MU, TOKa3aHHAs Ha PUC. 2 IIEKTPOJHAs CTPYKTypa CO3AaeT
B o0beMe JUCKa U3 MOJSIPH30BAHHON MO TOJIIMHE MBE30Ke-
PaMHKH OCECHMMETPUYHOE MEPEMEHHOE DJIEKTPUUIECKOe
ToJie, CKaJISIPHBIA MOTEHIHAal KOTOPOTo OIMpenessieTcs ypaB-
HeHueM Jlaruraca cieyroniero BUaa:

li G(D*(p,z) +§2 62(1)*(9’2):0’ (47)
pap 6p 622

e éz =15 / %1 — KBampar ko>dduimenta anu30TpoTHH

JIMRJIEKTPUIECKON MPOHUIIAEMOCTH TOJISIPU30BAHHON Kepa-
MUKH.

Jlnst ympoIeHus: mocaeayonuX BEIYUCICHHH pa300beM
00beM MbE30KePAMHUUECKOTrO JMCKa Ha JBe obiacTu. Ilep-
Byto obnacts (0 <p <R(; 0<z<a) Oyrem Ha3bBaTh
BHYTPEHHEH W JJIEKTPUIECKHUI MOTEHIIMAT B €€ Mmpeaenax
Oynem 0003Ha4YaTh CHMBOJIOM Cl)a)(p,z). KonbueByro 006-

nactb (Ry <p <R; 0<z< o) Gynem Ha3bIBaTh BHEIIHEH

00JIACTBIO HJTH BTOPOH 00JIaCThIO, & 3JEKTPHUCCKHNA MOTCH-
nyan B mpezenax 3Toil obmactu OymeM 0003HaYaTh CUMBO-

*
JIOM q)(z)(p,z).
Ha BHemHuxX v BHYTpEHHHUX MOBEPXHOCTSIX BHYTPEHHEU H
BHEIIHEN 00J1acTell MOTEHIINAIIBI (Da)(p,z) u (I)fz)(p,z) JI0JI-

JKHBI YJIOBJIETBOPSTH CIIEIYIOLUIUM TPAaHUYHBIM YCIOBHSM:

®{(p,at) = Uy Vpel0, Ro], (48)
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00()(p.2)

=0vpel0, Ry], (49)
oz

z=0
D)(Ry.2) - @))(Rg.2) = 0Vze[0, ],  (50)

B(I)a)(RO ,Z) 3 6@(2)(R0 ,Z)

0z 0z

= OVze[O, a]7 (51)

2@{)(p.2) _20ylp.2)

= O‘v’ze[O, (x], (52)

op op
p=Ry p=R,
oD/
900)(p.2) —0Vpe[Ry,R], (53)
oz ~
®()(p,0) = 0Vpe[Ry,R], (54)
290)(p2) =0vzel0, a. (55)

op
p=R

VYenosust (49), (53) u (55) siBisitoTest MPpUOITMKEHHBIMH [3 ]
Y BBIMOIHSIOTCSA TEM TOYHEE, YeM OOIbIIe NHIIEKTPHIEC-
KHe TIPOHUIAEMOCTH y 553 M y || OTIMHAIOTCS OT JUIJIEKTPHU-

YEeCKOW MPOHUIAEMOCTH BaKkyyma X = 8,85-10_12 CD/M,

ToCKONBKY AUANEKTPHIECKHIE TPOHUIIAEMOCTH X33 1 %11 Go-
Jiee YeM Ha TPH HOPSIKa MPEBOCXOAAT TUIICKTPUIECKYIO
MPOHUIIAEMOCTh OKPYXKAIOIIeH Mbe30KepaMUIeCKUH TUCK
cpensl, IOCTONBKY 3TH TpaHHYHBIE YCIOBHS MOXHO pac-
cMaTpuBaTh KakK MpaKkTHYECKU TouHble. YcrmoBus (50)—(52)
HMMEIOT CMBICIT YCIIOBHH CITUBAHUS PEIICHUI ypaBHEeHUs (47)
Ha rpaHule p = Ry BHyTpeHHel n BHemHeH obmacTeid.
Peurennie ypaBaenust (47) Kak BO BHEIITHEH, TaK U BO BHYT-
peHHel o0nacTsaxX, OyneM MCKaTh MO CTaHIAPTHOW TEXHOJIO-
THH pa3lelieHus nepeMeHHbx [11], T. e. Oymem monarartk, 4To

ofp.2)=ROp)ZM @) k=12, @6

e R(k)(p) u Z(k)(z) (YHKIMH, 3aBUCSIIIUE TOIBKO OT pa-
JIMAIbHOW M aKCHaJIbHOM KOOPJMHATHI, COOTBETCTBEHHO.

[Moacrasunss npeanonaraeMelii BUI pemieHus (56) B ypas-
Henue (47), nonyyaeM BO3MOXKHOCTH 3aIlUCaTh €ro B CIIEIy-
IOLIEM BHJIE:

L [1RMe) Ry |2 o22Me)
R(k)(p) P Op op? Z(k)(z) oz*

.(57)

PaBencTBO (57) MOXET BBITIONHSITLCSA TIPH MTPOU3BOJIBHBIX
3HAYEHMSIX TIEPEMEHHBIX P M Z TOJBKO B OJHOM CiIydae, Korma
€ro JieBas ¥ IpaBasi YacTH He 3aBHUCAT OT P U Z, COOTBETCTBEH-
HO, ¥ 00€ paBHBI OJIHOM M TOW e KOHCTAHTE, KOTOpasi Ha3bIBa-
ercsi KOHCTaHTOU paszienenus [11]. BeiOop KoHCTaHTBI pasziene-
HUS B 3HAUYUTENBHOH Mepe Iperonpenensercs Gu3ndecKum
conep)kaHueM pernaemor 3anadn. O003HaYMM, T yI100CTBA
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HOCIEAYIOIUX 3alUCcell KOHCTAHTy Pa3lIeNeHuss CUMBOIOM [32.
ITpu sToM U3 ypaBHEHHS (57) CIELYIOT J1Ba OOBIKHOBEHHBIX
T GepeHIIaTbHBIX ypaBHEHHS CIEAYIOMEro BHA!

L [10rMp)  oRMp)
RMp)p o0 op’

g2 622(k)(z)
_Z(kj(z) 0z?

OoOunne rpaHUYHBIX YCIOBHH (CM. cOOTHOIIEHHS (48)—
(55)) TpebyeT cooTBeTCTBYIOMEro HAOOpa KOHCTAHT B 00-

=P (s8)

=B (59)

[IMX PEIICHUSX q)zkk)(p s Z). OO0eceunTh COOTBETCTBYIOIIEE

KOITMYECTBO KOHCTAHT MOXHO CIEAYIOIINM 00pa3oM.
Paccmorpum BHYTpenHiow obnacts (k =1).
Ecnu B ypaBHerusix (58) u (59) onpenenuts napamerp 3
KaK JeHCTBUTENbHOE YUCIO [3), TO HOIydaeM CIeAykoliee
BBIpKEHHE ISl CKaISIPHOTO TOTEHIINAIA!

®fi1)(p.2) = To (Bip)[A cos(hyz) + By sin(h12)], (60)

rae IO(Blp) — momudunmpoBanHas Qynkius beccens Hyme-

BOro nopsiuka; Aj u By — koncrantsl; Ay = B/§; By — non-

Jexaniee ONpeaeIeHHI0 TeHCTBUTEIEHOE YHCIIO.
[IpeAnonoKuM Tereph, uTo napamerp B sBiIseTcs MHH-

MBIM 4HCIOM if35, T. €. [32 = —[3% Torma u3 ypaBHeHuit (58)

u (59) TNoJryqacM CJICAYIOIICC BBIPAXKCHUC U1 pacydcTa CKa-
JIApHOIro noTeHIraIa BHyTpeHHeﬁ obnactu JHUCKOBOI'O IIbEC-
303JICMCHTA:

®[5)(p.2) = To(B2.p) [Asch(h2) + Bosh(r,2)], (61)

rae J O(sz) — ¢ynxuus beccens HynmeBoro mopsiaka; A, u
B, — xoHCcTaHTBl; Ay =P, /E; By — momnexamee onpene-
JTeHuIo 4yucno. OYeBHIHO, YTO CYIEPHO3ULHA OOIIMX pemre-
HHit q)al)(p,z) u q)az)(p,z) TaKKe SBISETCS O0LIUM pe-

mieHueM ypaBHenus (47), T. e.
of))(p,2) = Dfi1)(p.2) + Do) (P 2). (62)
U3 rpannuHoro ycnosus (49) cienyert, 4to
2To(Bip)By +212J0 (B2p)By =0¥p e[0,R ] (63)

Ecmm monoxuts koHcTanTel By = B, = 0, To paBencTBo
(63) 1, COOTBETCTBEHHO, IpaHHuHOE ycioBue (49), OynyT
BBITIONTHATHCS aBTOMATHUECKH.

IMockonbKy yncna 1 1 3, MOTYT Ha3HAYaThCS O HPOU3-

BOJIy pacyeTyuKa, MOCTONBKY WX ONMPENeNIUM TaK, YTOOBI
BBINIOJHSJIUCH CIIEAYIOIIHNE YCIOBHUSA:

cos(?»la) =0, (64)

T,(B2Rg) =0. (65)

U3 ycnorwmii (64) u (65) cnenyer, 4to

B, =B, = %(l +20)%. n=0,1,2,... (66)

By =qm/Rg, m=1,2.3, ..., (67)

rae (,, — m-if KopeHb ypaBHEHUs J O(X) = (. IlepBbIe 1ATH
KOpHEH 3TOr0 YpaBHEHHUsI MMEIOT CIIGIYIOIIHNE YHCIIOBBIC 3HA-
uenus: q = 2,404826, q, =5,520078, q3 =8,653728,
q4 =11,791534 u q5 =14,930918. Jlerko 3ameTuThH, 4TO

dm — 9m-_1 ® T, OpH 3TOM OPHOIMKEHHOE PABEHCTBO BBHI-
TIONTHSIETCSI TEM TOYHEE, YeM OOINbIlie m HOMEp KOpHSL.

Tak xak cobcrennsre uncia By u Ay (k =1,2) o6pasy-
0T OECKOHEYHBIC MHOXECTBA, TO MM JIOJIXKHBI COOTBETCTBO-
BaTh OGCKOHEUHBIE MHOXXECTBA KOHCTAaHT Aq, u A, Ilpn
9TOM BBIP@KEHHE JUISl pacyeTa CKaJSIPHOrO MOTEHIHAa

qD(S(p, z) MIPUHUMAET CIEOYIOIIUH BUJI:

o)(p.2z)= X AlnIO(Bnp)COS|:;t—Z(1+2n):|+
n=0 (00

+ ZA2mJ0 AmP ch(Apm2), (68)
m =1 Ry

e Ay = qm/<é’5R0)'

Ilpu z = 0. 1OMKHO BBIIOJIHATHCS I'PAHUYHOE YCIOBHE
(49). Ioxncrasnsas z = o B pacdeTHyO (hopmyry (68), momy-
qaeM

Z AZmJO(qR_mOpJ Ch(}\'ma) = Uy. (69)
m =1

Oynknuu beccens Jo(qmp/RO) Ha MHTepBale

0 < p £ R() 006pa3yroT cucTeMy OpTOroHaNbHBIX QYHKIHH,
T. €. cymiecTByeT uHTerpai [12] crmemyromero Buaa:

1}0 ' ' q 0, Vm # p;
Plo(@mp/Ro)o(qpp/Ro)dp =
0 RGIT(qm)/2, m=p,

(70)

e J; (qm) — ¢ynkuus beccenst nepBoro nopsiaka. Mcmnomnb-

3ys cBOMCTBO oproroHanbHOocTH (70), U3 ypaBHeHus (69)
HOJy4aeM CIIEAyIONie 3HaUeHHs KOIQ(PUIHMEHTOB Ay

Aom =Ug ‘Z‘Zm(qm)’ (71)

rae 6e3pa3sMepHBIH MHOKHUTENIb AZm(qm) OIpeeNseTcs
CIIEYIOIIMM BBIPAKEHHEM:

2

Am ! 1(qm)ch{qma] |

(72)

A2m (qrn ) =

ERy

5 PE3YJIbTATbI

B Tabnuie 1 mpuBeneHbI pe3ynbTaThl pacyeToB Oe3pas-

MEPHBIX BECOBBIX MHOXXHUTEIICH A2m( m) JUIA IEPBBIX ABAaI-

1aTH KOpHEW ypaBHEeHHs ] (x) = (. IIpu BBINOTHEHUH BBI-

unciennit kodxdpduiment anuszorpornn £ = 4/ 53 / xi aw-
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKALIT

BHCKTpI/I‘IeCKOﬁ MMPOHNUIAEMOCTH HOJ'IS[pI/I3OB3HHOI71 ObE30-
KEpaMUKH NPUHAT paBHBIM CAWHUIEC, T. €. IIPUHATO, 4YTO

153 / %§1 = 1. B 1efiCTBUTETBHOCTH JUIs The30KEPAMUKH THIIA

LITC-19 koappumment & = 0,97 + 0,99. B tperneit konon-
ke Tabn. | mpuBeNeHBI 3HAYEHHST BECOBOTO KO3 PHIlHeHTa

Kgm = 1/ [qu 1(qm )] , KOTOpBIC HE 3aBHUCAT OT reOMETpHYIEC-

KOro napamerpa oc/RO. bespasmepHblil BECOBOM MHOMKH-

TCJIb AZm( ) PaCCHUTBIBAJICA IIPU Pa3/IMYHbIX 3HAYCHUAX

m
napameTpa G/R 0, 4YTO YKa3aHO B 3aroJIOBKax COOTBCTICTBY-
FOIIKUX KOJIOHOK Tabm. 1.

6 OGCYKJIEHHE

IpennoxeHa cxema pelIeHUs 3aJadd AJs Cilydasi, Koraa
PacCHONOKEHHBIE HAa TOPLEBBIX MOBEPXHOCTSX JUCKA JIIEKT-
POIBI UMEIOT (POPMY COOCHO PACIONOXKEHHBIX KPyra U KONb-
1a, NpUYeM HapyKHbIH pajuyc Kolbla pPaBeH pajuycy Au-
SIEKTPUYECKOIO AUCKA, @ PaJuyc Kpyra COBHAJAeT ¢ BHYT-
PEHHUM DPaJUyCOM KOIbLA.

IpennoxeHHas cxeMa pelleHUs 3aJaud HCIONb3yeT Me-
TOJ MOCIETOBATEIbHBIX IIPHOIIDKSHIH, YTO MO3BOISET MO-
JyYUTh aHATHTHYECKUE BBIPAXKCHHS A pacuyera kodddu-
LUEHTOB B MareMaTUYECKOM ONMCAHUU IIOTE€HLUANA 3JIEKT-
pudeckoro moinss B oObeMe JUCKa C aHU30TPOIHOM
JUBIEKTPUUECKON MPOHULAEMOCTBIO.

BbIBOJbI

B palore pelreHa akTyanbHas 3a/iaqa ONPEIEIICHHsT BBIYHC-
JIMTEIbHBIX MIPOLEAYP, KOTOPbIE IO3BOSIOT BBIIOIHUTH OLIEHKY
napamMeTpoB HAINpPsHKEHHO-Ie() OpPMUPOBAHHOTO COCTOSTHHS U
HEPENATOUHBIX XapAKTEPUCTHK IbE303IEKTPHUECKHX 3JIEMEHTOB
C YaCTUYHBIM IEKTPOIUPOBAHUEM MOBEPXHOCTEH.

Hayunas HOBU3HA pe3ylBTaTOB, MOMYYEHHBIX B CTaThe, CO-
CTOUT B TOM, YTO BIIEPBBIE NPE/IATraeTcs MOCIEA0BaTEIbHOCTh
BBIUMCIIUTENIBHBIX MPOLEAYp, KOTOpasi MO3BOSET MIPU pacdeTe
MepeIaTOYHbIX XapaKTePUCTUK YUUTHIBATH TOJHBIN HabOp
(U3HKO-MEXaHUIECKUX U TEOMETPHUYECKUX MapaMeTpOB IIbe-
302JIEKTPUYECKOTO 3JIEMEHTa M KOHEYHOE 3HAUY€HUE BBIXOIHO-
IO JIEKTPUYECKOro UMIIE]aHCca TeHepaTopa MEKTPUIECKUX

CHUTHAJIOB, @ TAaKKe BIEPBbIE MPEIAracTcs METOMKaA, KOTopasi
HO3BOJISAET BBIIOIHUTD aJICKBATHYIO PEAIbHON CUTYalluH OLICH-
Ky 3(peKTa CBSZ3HOCTH YHPYIHX H NEKTPUIECKHX MOTEH B CITy-
9ae WX IPOM3BOIBHOTO PacHpe/eNeHus B o0beMe KomeOro-
IIErocs Mbe303JIeKTpuaecKkoro sneMenTa. ChopMynupoBaH-
HBIH TOTHBIH HA0Op TPAaHUYHBIX 3a7ad TEXHHIECKOH
IEKTPOAUHAMUKY M AUHAMUYECKOH TEOPUU YHPYrOCTH HpEa-
CTaBIIIET COOOM MaTEMAaTH4ECKOe COIEepIKaHHE YHEPTOCHIIO-
BOTO METOJa aHAIN3a (PU3NUECKOIO COCTOSHMS ITbE303JIEKTPH-
YeCKUX 3JIEMCHTOB B PEXHME BEIHY)KICHHBIX KOICOAHUH ITOX
JIEACTBHEM BHEIIHEIO UCTOUHUKA JIIEKTPUUECKOH SHEpruu.
ITpakTHueckas 3HaUUMOCTb IONYYEHHBIX PE3yIbTaTOB
3aKJII0YaeTCsl B TOM, YTO MPEATIOXKEHHAs IOCIENA0BATENb-
HOCTH BEIYHCIHTEIBHBIX IPOIENYP MOXET OBITh PEKOMEH-
JIOBaHA B KAaUECTBE OCHOBBI PAacueTa XapaKTEPUCTUK IbE303-
JIEKTPUYECKHUX 3JIEMEHTOB C YaCTUYHBIM 3JIEKTPOAUPOBAHU-
€M IOBEPXHOCTH U MHUKPOIIEKTPOMEXAHUUECKUX CTPYKTYP.
IlepcnexTuBbl AalbHEHIIUX UCCIEIOBAHUN COCTOAT B
ONpe/eICHUN NPOLEAYPhl pacueTa aMIIUTYIHOIO 3Haue-
HUs NOTEHIMaja Ha IMOBEPXHOCTH JUCKOBOIO IbE303IEKT-
PHUUYECKOIO 3JIEMEHTA C YACTUYHBIM 3JIEKTPOIUPOBAHUEM.

BJIAT'OJAPHOCTH

Pabora BBITIONHEHA B paMKaX TOCOIOUKETHOH HaydHO-HC-
CIIETIOBATENBCKOH TeMBbl UepKacCKOro rocyapcTBEHHOTO TeX-
HOJIOTHYECKOTO YHUBepcHTeTa «Pa3paboTka HOBOW TEXHOIO-
TUX TIPOEKTHPOBAHUS W CO3JAHMS Ha €e OCHOBE Majorabapur-
HBIX HI3KOYACTOTHBIX IBE303IEKTPHUECKHX Mpeodpa3oBaTeneit
JUISL THAPOAKYCTHKH, YTEKTPOAKYCTUKH, KOMITBIOTCPHON TEXHH-
k1, npubopocrpoerms» (Ne roc. perucrpammm 0113U003349).
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Tabmina 1 — Pe3ynpraTsl SKCIepUMEHTOB

m 4 Z(Z)m AZm(qm)

a/Rg =0,1 a/Ry =0,2 a/Rg=0,4 | o/Ry=0,8
1 2 3 4 5 6 7
1| 2,404826(00) 1,601975(00) 1,556743(00) 1,433008(00) 1,068376(00) 4,581400(_01)
2 | 5,520078(00) | —1,064799(00) | —9,208959(-01) | —6,361205(-01) | —2,312844(-01) | —2,572544(-02)
3 | 8653728(00) | 8,513992(-01) 6,088411(-01) 2,924759(-01) 5,338622(_02) 1,677065(—03)
4 | 1,179153001) | —7,296452(-01) | —4,100099(=01) | —1,367963(01) | —1,305292(02) | —1,167732(~04)
5 1,493092(01) 6,485236(-01) 2,774129(-01) 6,530816(—02) 3,305117(-03) 8,422161(-06)
6 | 1,807106001) | —5.895428(-01) | —1,884451(-01) | -3,173932(-02) | —8,556177(-04) | —6,208900(-07)
7 | 2,12116401) | 5,441802(-01) 1,286367(-01) 1,564097(-02) 2243713(-04) | 4,646171(~08)
8 | 2435247(01) | —5,078936(-01) | —8,828160(02) | —7,790196(03) | —5,975099(=05) | —3,514693(-09)
9 | 2,749343(01) | 4,780125(-01) 6,090726(~02) 3,912089(-03) 1,600895(-05) | 2,680750(—10)
10 | 3,063461(01) | —4,528506(-01) | —4,222733(=02) | —1,977401(03) | —4,317264(06) | —2,057938(-11)
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12 | 3,691710001) | —4,125307(-01) | —2,055546(-02) | —5.127524(-04) | —3,186614(-07) | —1,230758(-13)
13 | 4,00584301) | 3,960282(-01) 1 441773(-02) 2,626185(_04) 8,707525(-08) | 9,572677(-15)
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[pumeuanue. 3amuch 1,856312(-05) sxeuBanentna 3amucu 1,856312x1073
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!Jl-p TexH. Hayk, npodecop, npodecop Kadenpu aKyCTHKHM Ta aKyCTOENEKTpOHikM HalioHanbHOro TeXHIYHOro yHiBepcuTeTy YKpaiHu
«KuiBcbkuit monitexHiuHui iHCTUTYT», KUiB, YKpaina

2JI-p TexH. Hayk, npodecop, 3aBixyBad KadeapH KOMII'IOTEpHU30BAHMX Ta iH(OPMALIHHNX TEXHOIOrIH B npuiaanoOyayBanHi YepKachbKkoro
JIep’KaBHOTO TEXHOJIONIYHOIO yHiBepcuteTy, Uepkacu, Ykpaina

SKaHJ. TeXH. HayK, JOLEHT KadeIpy KOMII I0TepPH30BaHUX Ta IH(MOPMAIIHUX TEXHONOTIH B Mpuiaano0yayBaHHi YepKacbKOro JepKaBHOIO
TEXHOJIOTTYHOro yHiBepcurery, Uepkacu, Ykpaina

“Kanj. TexH. HayK, JOLEHT KadeapH KOMII IOTEPU30BAHUX Ta iH()OpPMALIHHUX TEXHOJOri B Npui1ano0yyBaHHi YepKachbKoro aep>kaBHOIO
TEXHOJIOTTYHOro yHiBepcurery, Uepkacu, Ykpaina

NPUHOUIHN PO3PAXYHKY II'€30EJEKTPUYHHUX EJEMEHTIB 3 YACTKOBO EJEKTPOJOBAHUMH
MNOBEPXHsIMHA

Bupiniena axryasnbHa 3aja4a BU3HAYEHHS 00YMCIIOBAIBHUX IPOLIEYD, AKi JO3BOJIAIOTH BUKOHATH OLIHKY IIapaMeTpiB HanpyskeHo-nedop-
MOBAHOIO CTaHy Ta [€pPENATOUHHUX XapaKTEePHCTHUK I €30€1eKTPUUHUX €JIEMEHTIB 3 YACTKOBUM €JIEKTPOJYBAHHSAM I10BEPXOHb. 3alIPOIIOHOBAHA
HOCIIZOBHICTh 00YMCIIOBAILHUX IIPOLIENYD, SIKA I03BOJISIE IIPU PO3PAXYHKY IIEPeJaTOYHUX XapaKTEPUCTHK BPaXOBYBaTH IOBHUI Habip (i3uko-
MEXaHIYHHX 1 FEOMETPUYHUX MApaMETPIB I1’€30€NEKTPUYHOrO €IEMEHTA 1 KiHIIeBE 3HAUSHHs BUXIJHOIO €JIEKTPUYHOrO iMIenaHcy reHeparopa
€JIEKTPUYHUX CUTHAJIB. 3aIIPOIIOHOBAHO METONUKY, SIKA JO3BOJIsIE BUKOHATH a/IeKBAaTHY peallbHil cuTyawii OLIHKY e(eKTy 3B’I3HOCTI IPYKHUX
1 €IEKTPUYHHX IIOJIB y pa3i iX JOBUILHOIO pO3NOALTYy B 00°€Mi I1’€30€NEKTPUYHOIO elIEMEHTa, sKuil 31ilcHIoe konBaHHsA. ChHopMynboBaHHI
noBHuUil Ha0lp IpaHUYHUX 3a]a4 TEXHIUHOI eIEeKTPOJMHAMIKY Ta JMHAMIYHOI Teopii MpyKHOCTI SABJIsIE€ COO0I0 MaTEMAaTUUHHI 3MICT €HEProcu-
JIOBOTO METOJY aHallizy (Di3HYHOrO CTaHy I1’€30€JIeKTPUYHHUX E€IEMEHTIB B PE&KUMI BUMYIIEHHX KOJIUBAHB IiJl [i€I0 30BHILNIHBOIO JOKEpelna
€JIEKTPUYHOI eHepriil. 3anpornoHoBaHa MOCHIAOBHICT 00YMCIIOBAILHUX MPOLEAYp MOXe OyTH PEKOMEHIOBAaHA B SIKOCTI OCHOBH PO3PaXyHKY
XapaKTEepHCTUK I1’€30€NEKTPUYHUX €JIEMEHTIB 3 YaCTKOBUM €JIEKTPOLYBaHHIM MOBEPXHI 1 MIKPOEIEKTPOMEXaHIUHHX CTPYKTYP.
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PRINCIPLES OF CALCULATION OF THE PIEZOELECTRIC ELEMENTS WITH SURFACES PARTIAL ELECTRODES
COVERING

The sequence of computational procedures, which allows when calculating transfer characteristics to use the full range of physical,
mechanical and geometrical parameters of the piezoelectric element and the final value of the output electric impedance of the electrical
signals generator, is proposed. The method, which allows you to perform the real situation adequate assessment of the connectivity effect of
elastic and electric fields in the case of their arbitrary distribution in the volume of vibrating piezoelectric element, is proposed. The formulated
complete set of boundary problems of technical electrodynamics and elasticity dynamic theory is the mathematical content of the energy-
power method of the piezoelectric elements physical state analysis in the regime of forced oscillations under the influence of the electrical
energy external source. The proposed sequence of computational procedures can be recommended as a theoretical basis for characteristics
calculating of the piezoelectric elements with partial surfaces covering by electrodes and microelectromechanical structures.

Keywords: piezoelectric element surfaces partial electrodes covering, microelectromechanical structures.
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KOMMbIOTEPHOE MOOENUPOBAHUE NMoOnNynsauunu OCETPOBbIX
KACNuUA ¢ AaBymAa BupAMU BO3HUKHOBEHUA ANEPUOOUYECKUX
KONEGAHUI

B craThe npexnoxeHa OpuUrMHaIbHAs KOMIbIOTEPHAs MOJENb KU3HEHHOrO LUKJIA MOMYIALUH oceTpoBhIX pbi6 Kacmuiickoro mops,
BKJIIOUEHHBIX B «KpacHyto kaury» ¢ 2010 r. B Mozienu peanuzoBaHa COOBITUIHO-CTaJUiHAs BBIYUCIUTENbHASL CTPYKTYPA, KOTOPask BKIIOUAET
HEINpPEepbIBHBIE U JUCKPETHBIE COCTaBIIsIoMNE BpeMeHH. OCOOEHHOCTH IMHAMUKH MOJENH PACCMOTPEHBI HA OCHOBE YMCICHHOIO pELICHMs
KOHEYHOH 1ocneoBareabHoCTH 3a1a4 Koy 11t cucremsl quddepeHuanbHblX ypaBHEHHH yObUIM YMCIEHHOCTH 0c00ei nokonenui. Ilomyuena
UHTEpPECYIoLlas UXTUOJIOroB (yHKIMOHAIbHAS 3aBHCHMOCTb, KOTOPas MMEET J[Ba JIOKAIbHBIX KCTPEMyMa. YCTaHOBIIEHbI BO3MOXKHOCTh
HOPUTSKEHUS TPAGKTOPUHU K JIByM aTTpaKTOpaM M IMOsBIEHHE NEPEXOAHOro anepuonudeckoro pexxuma. Iocne Oudypkanuy Mcue3HOBEHUs
JIByX HETPUBUAIIBHBIX CTallMOHAPHBIX TOUEK BO3SHUKAET MHTEPBAIbHBIA aTTpakTop. /s JaHHOrO THUIA aTTpakTopa IO KiacCHpHKaluu
I'ykenxelimepa HaOmonaeTcs sIBJI€HHE T'PAHUYHOIO KPU3UCA, YTO JUIS IOMYISALUN OCETPOBBIX PbIO HMHTEPIPETUPYETCS KaK YrpoXKalollee ux
CYILECTBOBAHHUIO COOBITHE.

KnawueBble ciioBa: KOMIIBIOTEpHasA MOICIb OHMOJIOTHYECKUX Ipo1ECCOB, FI/I6pI/I,HHa$I cucrema, nepexonHmﬁ Xxaoc, 61/1(byp1<au1/1;1,
BBIYUCTUTETbHBIN OKCIIEPUMEHT.

HOMEHKJIATYPA

a — mapaMeTp PenpoAyKTHBHOIO ITOTCHIHANA;

b — mokazarenb NEUCTBHS JTUMHTHUPYIOUIUX (HaKTOpPOB;
g — mapameTrp o0beMa JOCTYIHBIX KOPMOBBIX PECYpPCOB;
[ — momnpaBKa B OrpaHUYCHHU CKOPOCTH PAa3BUTHUS HE CBSI-

3aHHOHM C IJIOTHOCTBIO;

N(f) — Tekyias YMCICHHOCTh MOKOJICHUS,

K — xpurnyeckas 6GmoMacca HEpPEeCTOBOIO 3araca;

R — nononHeHHe MOMISIMU JAHHOTO CE30HA,

S — HepecTyloIIui 3amnac psio;

U(S) — bynkuonan aeiicteus 3¢ dexra Onnwy,

¢ — OIpeEeNsIeT CTeNeHb BrIpakeHHOCTH 3 dekra Oy,
W — IMapameTp CKOPOCTH Pa3MEpPHOrO Pa3BHTHS MOJIOLIN,
Wp — YPOBEHb Pa3BHUTHS, HOCTHKEHHE KOTOPOTO MEHSET

neiicTBue (pakTOPOB CMEPTHOCTH;

0. — K09 GHUIMEHT 3aBUCAIIEH OT IUIOTHOCTH KOMIIEHCa-

LIMOHHONH CMEPTHOCTH;

B — k03¢ dHUUMEHT HE3aBMCUMOH OT MIOTHOCTH YOBLIH

YHUCICHHOCTH IIOKOJICHMUA,
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€ — OKPECTHOCTh IPEBBIIIEHHs MOPOrOBBIX 3HAYCHHUI;
A — CpelHssl IUIOJOBUTOCTb MOMYIISALUY;
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T — JUIMTEJIBHOCTh IIEPBOH KPUTHUYECKOW CTaJlMU Pa3BU-
THSI OpraHU3Ma PhIO.

BBEJEHIE

KomnproTepHpie METOBI MOJETUPOBAHUS OHOIOTHYEC-
KUX MPOLIECCOB PA3BUBAIOTCS B PaMKaX HECKONBKHX OTIENb-
HBIX MEXXIMCUUIUTMHAPHBIX HanpaBiaeHuil. Mi3HauansHO npea-
JOXKeHHsI 0 (opMaTH3alUU MONMYISIIAOHHON TUHAMUKA
3aKIII0YaJuCh B pa3paboTke cucteM auddepeHuanbHbIX
YpaBHEHHH € Pa3IMYHOrO BHAA NMPABBIMH YacTSIMH, OTpa-
KAIOIIMMH HEKOTOPBIE TEOPETHYECKUE MPEATIONOKEHUS O
XapakTepe B3aMMOJEHCTBUS OMOMAacChl KOHKYPUPYIOIIMX
BHJIOB. B nanpHeiineM u3-3a moTpeOHOCTH B OBICTPOM MPO-
BEJIEHUH PACUYETOB MOMYISIPHOCTD MOMYYHIN JUCKPETHBIE U
MaTpUYHBIE CIIOCOOBI MPEACTaBICHUS.

Wutepecsl palyioHaIbHOrO IIAHUPOBAHMS MACIITAOHOM
9KCIUTyaTallMi OMOPECYpCoB TPEOOBAIM aKTYaJ bHOIO IOJXO-
Jla, HECBA3AHHOTO € MPOOIeMaMH aHAJIUTHYECKOTO MCCIE0-
BaHUs pelieHuil nuddepeHmanbHbIX ypaBHEHUH, HO COOT-
BETCTBYIOILIETO MOSBUBIINMCS BBIYUCIHTEIBHBIM MOIHOCTSIM.
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B 3amagax MomenupoBaHHs cOOOIIECTB THAPOOHOHTOB B
1970-x IT. pa3BUBaIMCh AITOPUTMHUYECKHE METOIBI, OCHO-
BAaHHbIE HA UCCIEAOBAHUU JUCKPETHBIX BBIYMCIMTEIBHBIX
CTPYKTYp ¢ npumeHenrneM OBM. OreuecTBEHHON HIKOIOH
HPETIOKEHO 3HAYUTEIFHOE YHCIO Pa3HOOOPA3HBIX JUCKPET-
HBIX MOAENeH Ui MpoMbIcioBoi uxtuonoruu: B. B. Men-
myrkuHa, A. b. Kazanckoro, B. B. CyxanoBa. Pa3Butuem
HOZXOZa CTAJIO CO3JaHue B JIEHMHIpaJCKOM MHCTHTYTE UH-
¢dopmaruxn AH CCCP B 1989 1. BEICOKOYpOBHETO SI3BIKA all-
FOPUTMHUYECKUX CETell, MpeHa3HaueHHOro AJIs OINMCaHUs
mporecca HemporpaMMHPYIOIINM ITOTb30BaTeNeM 0e3 Ma-
TeMAaTU4YECKOU MOJATOTOBKH B BMJIE OPUEHTUPOBAHHOIO
«(hyHKITHOHATBHOTO» Tpada omepaTopos.

B03MOKHOCTH MOJAEIBHOIO ONKUCAHUS U IPOTHO3HPO-
BaHMS HOMYIAIMOHHBIX IIPOIECCOB CTONKHYIHCH ¢ (yHIa-
MEHTATBHBIMH NTPOOJIEMaMH TEOPUH YHHBEPCAIBHOCTH IIO-
BeJICHUs HEIMHEHHBbIX cucteM [1]. JIuCkpeTHO-MaTpUyuHbIE
HNONY/SLIMOHHBIE MOJENU, OPUEHTUPOBAHHBIE HA BBIYMCIIH-
TEIbHBIC METONBI MICCIENOBaHMUS, 00J1aJal0T HEeTPHBHAIBHBI-
MU BO3MOXHOCTSIMU M3MEHEHUSIMU IIOBEJICHUS C XaOTUUEC-
KAMH ¥ LHUKIMYECKUMH PEKUMAMU.

B crartbe Ha OCHOBE NIPEACTABICHHIT 00 YKOIOTIIECKHX 0CO-
OEHHOCTAX BOCIPOM3BOJCTBA aHAAPOMHBIX PBIO IIpe/Iaraercs
HOBast BBIUHCIUTENBHAS MO JMHAMUKY YHCIICHHOCTH, 00-
Jajaronias CBOMCTBOM B3aWMHOHN TpaHC(HOpMAIMH ABYX pas-
HBIX BHJIOB allepUOJUYECKOr0 IOBEIEHUS TPACKTOPHUU U3
CBOJCTB IPaHUIBI O0TACTH MPHTSHKCHHS aTTPAKTOPOB.

1 IIOCTAHOBKA 3AJAYHN

B ocHOBe Mozerneil SKCINTyaTHPYeMBIX HOMYNSAIHN PHIO
nexuT QGopmanmanus O6anaHca BOCHPOM3BOJCTBA U CMEPT-
HOCTH OT Pa3IN4HBIX (akTopoB. EcTecTBeHHas yOBLTH Ha
PaHHUX dTanax XH3HU Y KPYITHBIX aHAJAPOMHBIX PbIO OueHb
BEJINKA M €e W3MEHEeHHUs] KPUTUUECKH CKa3bIBalOTCS Ha Ona-
TONONy4YHH Tomynsiuui. OTBIT HAOTIONEHUH MOKa3al, YyTo
cpeziHee MONoiIHEeHUe R OT BEJIWYHMHBI POJUTENIBCKOTO 3ara-
ca S peaKo yIO0BJIETBOPUTEIbHO ONUCHIBAETCS JIMHEHHBIM

MU KYCOYHO-THHEHHBIM cooTHomeHueM: R = f(S) = asS,
S<K f(S)=X=cost,S>K.

[NononaenneM OyneM CUHUTATh YHCIEHHOCTH MOKOJIEHHS
OT OJTHOTO HepecTa, JOXKHBILETO JI0 YCTAaHOBJIEHHOIO MOMEH-
Ta. 75 pa3HBIX BUIOB PHIO STOT MOMEHT MOXKET OMpPENessTh-
csl TOCTM)KEHHEM TIPOMBICTIOBBIX Pa3MEpOB, MPOXOKACHHEM
nepuosa CMONTU(GUKALUK TPH afaNTalldd K MOPCKOMY Iie-
PHOY >KU3HH WM OKOHYAHHEM IIOJIOBOTO CO3PEBAHUSL.

B uxTHonoruu BO3HUKIIO HallpaBIEHHUE HCCIIEJOBAaHUM,
00BsCHSIONIEE 3aKOHOMEPHOCTH M3MeHeHHs 3((HEKTHUBHO-
CTH BOCIIPOM3BOACTBA. Llenpi0 mpeapIaymnx uccaeI0BaHui
SIBISTIOCH Ha OCHOBE JTAHHBIX HAONIOACHUI OIpeneieHue 3a-
BHCHMOCTHU JJISl IPOTHO3UPOBAHUSI CKOPOCTH BOCIOTHEHUS
MIPOMBICIIOBBIX 3anacoB [2]. O0oOIIeHHas 3a/1aua MpeacTaB-
JIieTCs MPOTUBOPEYNBOH, T.K. OUEBUAHBI PA3IUIHS KOJIO-
THYECKUX OCOOCHHOCTEH HepecTa pa3HbIX PhI0 U JUCKYCCHUS
0 €e PONH MPU HAKIAABIBAIOLIEMCS BIMSHHN a0HOTHUECKUX
(bakTOpoB MMeeT J0NTYI0 ucTopuio [3].

Henpro maHHOW pabOTHI SIBIISETCS YCOBEPIICHCTBOBAHUE
MaTEeMaTHYECKHX METOIOB HCCIIEI0BAHMS TMPOIecca BOCHOIN-
HeHHUs1 OMOpecypcoB Ha OCHOBE NMPUMEHEHHUs COBPEMEH-
HBIX CIIOCOOOB OpraHHM3alMy THMOPUAHON BBIYMCIHTENBEHON
CTPYKTYpPBI MOJIETIEH.

2 OB30P JIMTEPATYPbI

Konueniust Mozierniell BOCIIPONU3BOJICTBA 3aKIFOYACTCS B
OIMCAHUH JMMHUTHPYIOMIHX (HakTopoB V(S), AeicTByONIHX
HAa HEPECTHIUIIAX IPH MOBBINICHHONW IUIOTHOCTH 3araca ¢
penponykruBHbIM noterimaioMm a: R =aS/v(S). V. Puxe-
S

POM TIpeUIoKeHa JKCIIOHeHIHadbHas Gopma v(S) :eb ,
rae b mokazarenb NEHCTBUS JIMMHUTHPYIOMINX (aKTOPOB.

I[)K. I_Her[ap/:[ 000CHOBAII NPUMCHCHHUC 3aBUCUMOCTH I10 aHa-

JIOTHH C JIOTUCTHYECKOH Momenbio: v(S)=1+(S/K )b , TIe
ydTeHa KpuTudeckas Ouomacca 3armaca K. AHanu3 Mojenei
OpPOBOJAUTCS B BHAEC (YHKUMOHAJIBHBIX HTEpaluil
X4 = f(x,). Jdusg tpackropuu urepanuii GpyHkuuu Puxepa
[P BO3PACTAHUU d XapaKTEPHO M3MEHEHHE MOBEACHUS OT

YCTOHYHBOTO PaBHOBECHS R x xaocy depe3 kackan Deii-
reHOayma [4]. AnanormuHo Om(pypKanuy yIBOSHUS IEPHO-
na 1Kt Habmonatorest it moaeny lenapna. Hamu moka-
3aHO paHee, 4To OM(ypKAIMOHHBIE MAPAMETPHI B JABYX MO-
JIeNsIX UMEIOT MPOTHUBOMOJIOXKHBIN CMBICI, YTO BIEUYET
poOJIeMy UHTEPIIPETALUH PE3Y/IbTaTOB MOACITUPOBaHHUS [S].

ATTpaKTOp, BO3HUKAIOIINI B pe3ylbTaTte HAKOIUICHHS Kac-
Kajia OuQypKanuii YIBOCHHUS, SBISIETCS aHAJIOIOM KaHTOPOB-
CKOTO MHOJKECTBA (3aMKHYTOTO MHOXECTBA, HE COIepiKaIe-
r'O KaK BHYTPEHHUX, TaK W H30JMPOBAHHBIX ToUeK). CTPyKTYp-
HO XaOTHYECKUH aTTPaKTOp MPEACTaBIsIeT cOOOM pe3yisTar
O0BEIMHEHNS BCE YMEHBIIAIOMUXCSA CyOMHTEPBAIOB, KOTO-
pBIe COCTABIIIOT TOYKM OTPE3Ka 33 MCKIIOYEHHEM HECUeTHO-
T'O YHCIIa HEYCTOMYMBBIX TOYEK BCEX MEPUOAOB 2" M WX IMpPO-
00pa3oB. AHanu3 00pa30BaHUS U CBOWMCTB KAHTOPOBCKHX
MHOXECTB SIBJISIETCSI OTIENbHON 3ajiauell IPU HCCIIeI0BAaHUU
HEJIMHEWHBIX JTUCKPETHBIX Mojenei. Teopusi yHHBEpCcaIbHO-
CTH W3MEHEHUS IOBENEHHUS OTOOPaXEHHH, YIOBIETBOPSIO-
mux kpurepusim teopembl 1. Cumkepa [6] (SU-oToOpake-
HUS), OMKMCaHa JAOCTATOYHO MOJAPOOHO MHOIMMH aBTOPaMH,
Hampumep B kaure [7].

BrisiBieHne CBOWCTBa XaOTUYHOCTH BAXKHO JUIS OLEHKH
aJICKBATHOCTH OMOJIOrMYecKUX mojeneid. OObIUHO /IS orpe-
JIeJTIeHNs] XaOTHYHOCTH HCIIONB3YETCs] CBOMCTBO UYBCTBUTEIb-
HOW 3aBHCHMOCTH OT Ha4YaJlbHBIX YCIIOBHM, HO HA OCHOBE pa-
00ThI [8] MO)KHO BBECTH KPHTEPHII XaOTUYHOCTH OTOOpaKe-
Hus orpe3ka f:]—> 1 Ha OCHOBE TOIOIOTHYECKON
TPaH3UTUBHOCTH: UL BCEX OTKPBITHIX IOJIMHOXECTB
UV, U0 n Y cCV,Y# 3dn=0, ecnu BhINONHAETCS
f"(U)NY # &, T0 NOBECHHE XAOTHIHO.

[ToMrMO XaoTH3alMK U COOTBETCTBEHHO 3(dekTa 3KC-
MMOHEHIUAJILHOTO pa30eranus OJIU3KUX TPACKTOPUH B OTO-
OpaXCHUSIX BO3MOXKHBI JPYrue HEIMHEHHbIC 3PQEKThI, CBs-
3aHHBIE C OKHAMH MEePUOANIHOCTH. OTMETHM, YTO HETHHEH-
Hble 3QPEeKTh B AUHAMHKE JeNaloT MpoOieMaTHUUYHON
CYIIHOCTHYIO MHTEPIPETALNIO MTOBEJCHUS TUCKPETHBIX I10-
MYJISIUAOHHBIX MOZENEH, B 0COOEHHOCTH HE OTHOCSIIHXCS K
SU-cemencTBy.

Caepmenmsi 0 Bocripon3BocTBe ceBpioru Ha Hikueit Bonre
[9] mokazainu, 4yTo HaOMIOMACTCS BBIpAXKEHHAS HEYHUMO/IAIb-
Hasl 3aBUCHMOCTb C JBYMsSI BBICOKHMMH JHana3oHaMH d(dek-
THBHOCTH BOCIPOHM3BOACTBA, MEXKAY KOTOPBIMH CYIECTBY-
€T MPOMEXYTOK YMCIEHHOCTH 3amaca, Mpu KOTOPOM IJIs
MOMYJISALMHA XapaKTepHa HU3Kasi CIIOCOOHOCTh K BOCCTaHOB-
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nennto. C OMONOTHYECKOH TOYKH 3PEHHST MOXHO 00OCHO-
BaTh IPEINOIOKEHUE, UTO XapaKTEP 3aBUCUMOCTU SIBJISAETCS
CIIEACTBUEM pPa3Nu4usa (HaKTOPOB CMEPTHOCTH HA Pa3HBIX
JTamax pa3BUTHUS MOJIOIU OCETPOBHIX peIO Kacmmiickoro
MopsI, pa3MHOXAIOIUXcs B Oacceitne Hmxuedt Bonrn.

3 MATEPUAJIBI 1 METO/IbI

dusznonoru BBIACIIAOT CTAAUU PA3BUTUA MOJIOAN IO MEPEC
CbOpMI/IpOBaHI/IS[ OpraHOB U XapakTepa NCPCABUIKCHUS. Mox-
HO IPEANOJOKHTDb, YTO U3MCHCHUSA NMPOUCXOIAAT IO MEPE
Pa3sMEpHOTO pa3BUTHUA 3a CUCT IMUTAHUS OCO6€ﬁ, CKOpOCTb
KOTOpOro npeacTaBuM B ypaBHCHHUH O6paTHO nponopuuo-
HaJIBHOW TIJIOTHOCTH:

dw g

-— 5 k<l (1)
dt NF@)+1

B ypasHenne (1) BKIFOUEHBI MapaMeTpPhl, OrPaHIMIHBAO-
[IMe CKOPOCTh Pa3BUTHS W3-32 (PMKCHPOBAHOTO HAYAITHLHOTO
o0beMa JTOCTYITHBIX KOPMOBBIX PECYPCOB M TOMPaBOYHBIN
ko3 uIeHT s 3aMeUIeHHsT CKOPOCTH Pa3BUTHS HE CBS-
3aHHOIO C IUIOTHOCTBIO 0C0oOei. BakHele H3MEHEHMs, KaK
repexoy Ha aKTHBHOE NMUTAHWE M Ha4ajo CaMOCTOATEIIbHOMN
MUTPAIUA MO)KHO CUUTaTh COOBITHSIMH B JHHAMHKE TTOKOJIE-
HUSI, 9TO HO3BOJMT BBLIENIHUTD craguu: Dy, Dy, D5. Takum 06-
pa3oM, UMEIOTCS OCHOBAHUS Uil MPUMEHEHUS] THOPUIHON
CTPYKTYpBI MOJIENTH, CO CTPYKTYPOH, U3MEHIEMOW IIpH J10C-
THDKEHHH HEKOTOPBIX BBIACISEMBIX MPEIHKATAMU COOBITHI.

[peanoxenne mo popMaau3anyuu mnpomecca GopMupo-
BaHUSI TIOTIOJTHEHHS 3aKITIOYAeTCsl B OIMMCAHWH YOBLUTH Hayajlb-
HOW YHUCIIEHHOCTH TIOKOJIEHHS OT BBUIYIUICHHS U3 UKPHHOK
mddepeHaTbPHBIM YpaBHEHHEM Ha TPOMEXYTKE BpeMe-
uu [0,7] B IBHOM BHJIE YYUTHIBAIOIIUX pa3HbIe (HaKTOPBI cMep-
THOCTH M €¢ W3MEHEHHE 0 Mepe Pa3BHUTHS OCOOCH:

—(aw(t)N(6)+UB IN(), t<t;

— = 1~ (@ N@/ WO+ IN@), t>1, wt) <wpy;(2)

—ayw()N2 (1) , w(t) < wpy.

B monens (2) BKITIOueHbI cpasy JiBa Ko puiueHTa: cmep-
THOCTH, 3aBHUCSIICH OT IUIOTHOCTH, U HEWTPAJIbHON YOBLIH.
JmuTensHOCTh IePBO CTa Uy C YHAOTEHHBIM MUTaHUEM (JUTs
CEBPIOTH B CPEJIHEM COCTaBIseT 8 CyTok). BBenmeH ycioB-
HBI YPOBEHb Pa3BHUTHS, MPH JOCTHKEHUH KOTOPOTO MEHS-
eTcsi JelicTBrue (aKTOpOB CMEPTHOCTH, YTO HMHTEPIPETUPY-
eTcs DKOJIOTHEeH OOWTaHWs MOJOOW NPH Hayalle CaMOCTOsI-
TEIBbHOW MHUTpanyu. JIOTHYHO MPEaNOI0XKUTh, YTO OTPE3OK
BPEMCHHU B paHHEM OHTOI€He3e pbIO, B KOTOPOM B HauOo-
Jiee CHIIBHO NPOSIBIISIOTCS ACHCTBHS (PaKTOPOB CMEPTHOC-
TH — TaK Ha3bIBa€MbIl «HHTEPBAJ yI3BUMOCTH», HE SBISET-
Csl TIOCTOSIHHBIM M MOXET PacTATUBATHCSA 0 HEKOTOPOTO
MaKCHMAJIFHOTO 3HAUEHHsI NPU 3aMeUIEHHUH CKOPOCTH pa3-
MEpPHOTO Pa3BUTHSL.

OT a0CTPaKTHOTO «PENPOAYKTHBHOTO MOTEHLHANAY pa-
3yMHO TIEPEUTH K €CTECTBEHHOMY IOKa3aTel0 CpeaHeH IIo-
JIOBUTOCTH, OLIEHWBAEMOH MO JaHHBIM MOHUTOPUHTA, T. K. y
OCETPOBBIX HET IMOJIOBBIX XpPOMOCOM, U AU depeHIrams
MIPOMCXOANT dMHUraMHO. HadanbpHbIE YCIOBHS ATl ypaBHe-
Hui (1) 1 (2): w(0) = wy, N(0) =AS.
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ITo maHHBIM O BOCIPOM3BOACTBE BOIIKCKOH CEBPIOTH
BBISIBJICHO JICHCTBHE OTPHIATEIHHOrO 3 QeKTa TPpyms! (13-
BECTHOTO B JHTepaType kak «Allee effect»), korma mpn HI3-
KOI ITOTHOCTHM yMEHBIIAETCS BEPOSTHOCTH BCTPEY HA He-
pecTunnIax, 9To CHIBHO COKpAIlaeT MPOXyKTHBHOCThH He-
pecra. [loromy B npaByro yacTh (2) ansa craguu D, BBOAUTCS
¢dyukuust U(S), koTopast ObICTPO CTPEMHUTCS K €IHHHIE:
EU)=[2,1), Tx. 3¢ peKT HE MOXKET HMPOSIBIATECS IIPH HCTO-
PHYECKH ONTHUMAIIbHON JUIS IIPOMBICIIOBOM MOITY/ISIIHN YHC-
JICHHOCTH 3amaca:

U(S) =1+exp(-cS?), c <1, €))

T7ie eIUHCTBCHHBIN MapaMeTp ONpeaenseT CTeIeHb BhIpa-
XKEHHOCTH JaHHOTrO 3¢ dexra. JuddepennuansHoe ypas-
HeHue (1), BTopoe ypaBHEHHE B BHJE Ha0bopa IPaBBIX dac-
teit (2) ¢ pyakunonanom (3) mo3BonsAT HOPMHPOBATH He-
IPEPEIBHO-TUCKPETHYIO BEIUUCIHTEIBHYIO CTPYKTYPY.

4 OKCIIEPUMEHTbBI

[pemmoxenHass MOIIeNIb PacCUNTaHA Ha MPUMEHEHUE CO-
BPEMEHHBIX BBIYHCIUTENBHBIX CPEICTB, BKIIOYAIOMINX OMO-
JIMOTEKH MPOU3BOAMUTENBHBIX YHCIEHHBIX METOJIOB C Tepe-
MEHHBIM [IaroM HWHTErpHpoBaHUs. TecTHpOBaTH MPUTOI-
HOCTh YHCIEHHBIX METONOB [ 3anadd padoThl ¢
THOPHIHBIM BPEMEHEM MOXKHO IO TOSBIICHUIO TaK Ha3bIBa-
eMoro «d¢¢exra 3eHOHa», Korjaa HEeKOPPEKTHBIN alropHT™M
OCTaHABIIMBAET BpeMsl, H CUCTeMa OyneT OSCKOHEYHO MpH-
OMmKarthesl K TOYKE TMepexona, MOTo0HO AXHILIIECY, MbITAl0-
ieMycs JIOTHaTh 4yeperaxy M3 M3BECTHOH almopuH rpedec-
xoro dumocoda.

OCOOEHHOCTh JTUCKPETHO-COOBITHIMHOM ITOJXO/Ia COCTAB-
JIAIOT TEPeX0Jibl, KOTOPhIE MPOUCXONAT MEXIY COCTOSHMS-
MU MOJEIUPYEMOI CHCTEMBI COINIACHO Tpady BCeX BO3MOXK-
HBIX COCTOSIHWH. B mpumMeHsiemMoM Merone Ha OCHOBE Tail-
MHPOBaHHOTO THOPUIHOIO aBTOMAaTa MEpeKIIYEeHHE
peanusyeTrcss MeXy PeKMMaMH H3MEHEHHUs COCTOSHUS.
PexxuMaM M3MEHEHUs1 COnocTaBiieH Habop ¢opM mpaBoit
YacTH CHUCTEMbI ypaBHEHHH U3 (2), aJrOPUTM KOHTPOJIS Ipe-
JIUKATOB ONpEACsSeT BHIOOP pelraeMoil B JaHHBI MOMEHT
3agaun Komw ¢ nHUIMaIu3anueld HOBBIX Ha4albHBIX YCIIO-
Buid. [IpoMexxyTok MHTEpBana ysSA3BUMOCTH pa3JelieH Ha
MOCIIEJOBATEIFHOCTh KaJIpOB THOPUIHOTO MOJAEIBLHOTO Bpe-
MeHH. AJNTOPUTMHAYECKOE NPENCTaBICHUE MOAEIN peallu-
3yeTcs Ha OCHOBE aBTOMaTa C TaiiMHPOBAHHBIMH H IIPEIH-
KaTUBHBIMU TiepexonaMu. MHokecTBO pemenuii 3aga4d Ko

A gonyctumbix S € Z7' onpenenuT MHTEpecyIOIy HAC
3aBUCHMOCTH, Ha3bIBAEMYI0 B PabOTax MXTHOJOTOB «KpPHU-
BOH BOCHPOM3BOACTBA» MOMYJISLNH.

HccnenoBanue mogoOHBIX THOPHAHBIX MOJEICH MOXKHO
OCYILECTBIISITH B HMHCTPYMEHTAJIbHOW BBIYHCIUTENBHON Cpe-
ne AnyLogic5 (k cokaneHuro, pa3pabOTUYMKH OTKAa3aJIuCh OT
pa3BUTHS JAaHHOTO HANpaBJIECHUS B MOCIEAYIOLUINX BEPCUSX
cuctembl) U pa3pabateiBaemoii B Cankr-IlerepOypre cpene
MvStudium, B HOBO# Bepcuu MojiyduBIIed HazBaHue Rand
Model Designer. [IporpaMMHBbIi KO BBIIOIHIEMOH MOjie-
mu B Rand Model Designer renepupyercs Ha OCHOBE BXOJI-
HOTO SI3BIKA 3aIMCH MaTeMaTHYECKOW MOIENU U BHU3Yallb-
HBIX JUarpaMM JUIsS ONMCAHUS CTPYKTYPhl M KaueCTBEHHBIX
W3MEHEHUN MOBEIEHUS] MOJEITUPYEMOU CHUCTEMBI M aBTO-
MaTHYECKH KOMITWIIMPYETCS, YTO OOYCIIaBIMBAET BBICOKYIO
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MPON3BOJUTENBHOCTS IPH NIPOBEJCHUH YIPABISAEMBIX BEI-
YHUCIHUTENBHBIX SKCIePUMEHTOB. BxomHOM mackaneoOpa3HbIi
ANTOPUTMHUYECKHH S3BIK CPENbI IMO3BONSAET (OpMHUpPOBATH
MOJIeNb TIpoliecca W3 anreOpandecKux Hiau JudQepeHiu-
AIBHBIX ypaBHEHHI H Habopa mpexukaToB. OCOOEHHO IeH-
Ha JUI aBTOPA BO3MOXXHOCTH BBITIOTHATH MAPAMETPHIECKYIO
ONTUMH3AINIO MOJEICH C HCIONB30BAHHEM BCTPOCHHBIX
aNTOPHUTMOB.

5 PE3YJIbTATHI

B BEMHCIHTENBHON Ccpeie MONydeHa HeyHHIMOIATbHas
«BOJHOOOpa3Has» 3aBucuMocTh R = @(S)3anaca u momon-
HEHNS, O NIPUYMHAX HAOMIONEHNS KOTOPOI JUTS KPYITHEIX PBIO
mucan Puxep B [10]. 3aBucumocts (puc. 1) 6e3 yuera neii-
CTBUSI TIPOMBICIIOBOH CMEPTHOCTH XapaKTePH3yeTCs UEeTHIPh-

MsI HeTPHBHAIBHBIMH CTAIIOHAPHBIMH TOYKaMH Ri* Ji=1.4,
HepecedeHUIMH KPHUBOIl C OMCCEKTPHUCON KOOPIHHATHOTO
yma R=S.

I'padux BTOpOi HTepauuu @(¢(S)) = (p2 (S) mokaszan
YCTOMYHMBOCTH 9ETBEPTOH TOUKH HAPSMY C YCTOHUMBOCTBIO
R=0. HAnga nUCKpeTHOH JAMHAMHUYECKOW CHCTEMBI
Rn+1 = ®(R,,) BO3MOXHBI KaueCTBEHHO pa3IMYHbIC BapHaH-
THI TIOBEICHUS B 3aBHCHMOCTH OT BBIUHCICHHOTO 3HAUCHUS
GYHKOMH B JABYX TOYKAX JIOKATBHBIX 3KCTPEMYyMOB

min @(R), max ¢(R), Rl* <R< R;. Hanbonpmuit mpaxTu-

YeCKUH HHTCPEC NPCACTABIISICT BBIITOJIHCHUC YCJIOBI/Iﬁ Cy-
MICCTBOBAHHUEC MaJIoi OKPECTHOCTH € IPEBBIIICHUS IIOPOro-

BBIX 3HaueHuil: Q(R,,, +€)> R;,(p(Rmin te)< Rl*- Mpu
BBINIOJTHEHUH YCIIOBHH B BBIYMCIUTEIBHBIX 3KCIIEPUMEHTAX
¢buxcupyercs obpazoBaHue B (a30BOM IIPOCTPAHCTBE
00BEKTa, OTHOCAIIErocs K Pa3HOBHIHOCTH HEMPUTATHBAO-
IIMX Xa0THYECKUX MHOYKECTB.

Ecnmu s nuHaMuyecKkoil CUCTeMBI CyIIeCTBYeT ABa aTT-
pakTopa, TO IPU UCCIEAOBAHUU HEOOXOAMMO OMPEACTHTH
rpaHuily ux objacrtei mpuTsDKeHHs. B mpocrtefiiiem ciydae
TpaHUIel SBISETCS HEYCTOWYHMBAs «pereiiepHas» TOYKa.
B paccmaTprBaeMOM citydae TpaHHILy COCTaBISIET BCE MHO-

v *
’KECTBO IPO0Opa30B HeycToMuMBEIX ToYeK R.. Ob0e obmactu
1

NPUTSDKCHHS B JIOKAJIBHOM JTHANa30He [R;k , R; ] mpencrasns-
FOTCSL HECBSI3HBIM OOBEAMHEHHUEM MAJbIX HHTEPBAIIOB.

B 1omo0HBIX MOIENISAX C BOSHUKHOBEHHEM HEIMHCHHBIX
3¢ eKxTOoB BO3pacTaeT poiib TOYHOCTH NMPUMEHSIEMBIX BbI-
YHCJICHHBIX aJTOPHUTMOB MPH KOMIIBIOTEPHOM HCCIIEHIOBa-
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Pucynok 1 — I'paduk 3aBucumoctsl O(R) ¢ yerbppMs cranuonap-

HBIMH TOYKaMH

Hunu. CoBpeMeHHBIe OMOTNOTEKH MHCTPYMEHTAIbHBIX
CPEJCTB MPEAOCTaBISIOT OOMNBIIOH BEIOOP METOMOB IS 3KC-
HEpPUMEHTOB, HO HEOOXOIMMO PAIOHATBHO BEIOMPATh OJ-
XOIAIIUH, T. K. PE3YJIBTAThl MOT'YT OTIMYATHCA MPU CaMBIX
HE3HAYUTEIbHBIX MOrPENIHOCTIX HM3-32 (DYHIaMEHTAIbHBIX
CBOMCTB (hpaKTaIBHEIX 0OBEKTOB. XOPOLIYIO IIPUMEHUMOCTh
TIOKa3aJIa B YaCTHOCTH peam3anys B Onommorexe cpems! Rand
Model Designer gncnennoro merona Jopmana-Ilpuaca
YETBEPTOrO MOPSJKA, aJalTHPOBAHHOIO Ui THOPHIHBIX
cucreM. B momoOHBIX 3a7ja4ax MPHOPUTET HEOOXOMMMO OT-
JIaBaTh TOYHOCTH HaJ| CKOPOCTBIO BBIUHCICHHH, ITOTOMY HC-
cleloBaHNe (hpaKTANbHBIX CTPYKTYp B (ha30BOM IIPOCTpaH-
CTBE WM MOCTpOeHHE OM(ypKanMOHHEIX AMArpaMMm Tpedyer
3HAYUTEIILHBIX BPEMCHHBIX 3aTPaT.

Hamu mccrenoBancs cirydait 0Opa3oBaHIs KaHTOPOBCKOM
CTPYKTYpBHI TPAaHHUIEI, KOTOpasi MpeJCTaBIsAeT coOO0i BCIOXY
pa3phIBHOE MHOXKECTBO TOYEK, IIPUBOJUT K IIOSABICHUIO JIH-
TETFHOTO MEPEXOJHOTO XaOTHUECKOTO PEeKUMa, pealtn3yro-
mwerocst 10 MoMeHTa ¢ (Ry)) > R; (mm ¢ (R)) < Rl* ), €ro J10-
CTIDKCHHE O3HAYAeT CTPEMHUTEILHOS Pa3BUTHE PEAKOTO SIBJIC-
HUS UL PBIO, HCOXKHAAHHOW «BCIBIIIKA» YHCICHHOCTH
(puc. 2) momymsiiu. Yucno urepanuii Z npeObIBaHUS TPaeK-
TOPHU B MEPEXOJHOM alCPHOJHYCCKOM PEXHME IYBCTBHU-
TEJBHO 3aBUCHT OT HAYaJIbHBIX ycinoBuid [11] m coorBeTCTBEH-
HO OT TOYHOCTH BBIYHCIICHUIA.

IIpu paccMOTPEHHH B MOJICIH YBEIHUYCHHUS IIPOMBICIIO-
BOI CMEPTHOCTH HM3MEHSCTCS KOH(PHUTypaunusi CTalHOHAP-
HBIX TOYeK. JIJIsi IMHAMHYECKO CHCTEeMBI BO3MOKHA 00part-

* *
Has KacatenpHas Oupypkauus: cnusHue R;, R, € MCYE3HO-

BCHHUEM CTaHHOHapHOﬁ TOYKH, IIPHU COXPAHCHUH OCTABIINXCHA
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Pucynok 2 — BeIxo U3 pexuMa IepexoqHOro Xaoca: a — BpeMeHHas [uarpamma, 0 — ¢a3zoBas auarpamma
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MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

* *
Ry ,R). B TakoM ciiydae BO3MOXHBI JIBa BapHaHTa, OMpere-
JIeHHBIE CMEIAoIeMcsl 3HaueHueM @ (R;,) B TOUKe MH-
HIMyMa H3MEHeHHOH 3aBucmmoctu (puc. 3). IIpu Bemmon-

%
HeHun yeroBus @y (R ) > R TpaekTOpHH MpHUTSITHBAIOT-

sl K MHTEPBAIBHOMY aTTPAaKTOpy, HEYCTOHUMBAs TOUKa R,
CIY>KUT TPaHHULEH ¢ 0OIACTBIO MPUTHKEHHS TPUBHATBHOTO
pasHOBecus (puc. 4). Torma mociae oOpaTHOH KacaTeNbHOM
oudypkanuu TpaeKTOPHS MOMEHTANIBHO IIEPEXOIUT K yC-
TOMYMBOMY alE€pUOAUUECKOMY PEKUMY, YTO COOTBETCIBY-
eT KoJeOaHMsIM B JHara30He HU3KOW YHCIEHHOCTH IOMyIIs-
1y 0e3 BO3MOXXHOCTH BoccTaHOBIeHHUs. [lomoOHast curya-
IV U3-3a TTOCIIEACTBUH JUTUTEIIHHOTO IIeperioBa HabIrogaeTcs
ceifuac ¢ ocerpoBrIMH pelOamu Kacmmiickoro mops, rae
IIPOMBICET HE OBLI OCTAaHOBIICH CBOCBPEMEHHO.

B momenT moctwxeHus @ (R, ) < Rl* IIPOUCXOAUT Ipa-
HUYHBI KPU3UC MHTEpBaJbHOTO arTpakropa [12]. ITpu momob-
HOM KpH3HCE aTTPaKTOp COIPHUKACAETCS C IPAHULIEH, TepsieT
CBOMCTBO MHBAPUAHTHOCTH IIPH COXPAHEHUH JIOKAJIbHO-HECBSI3-
HOH CTPYKTYpBI Y BHOBb IOSBUBIIEIOCS HENPUTITUBAIOILETO
XA0TUYECKOIO MHOMKECTBA THIIA «XAOTHYECKOE CEI0» 10 Kiac-
cudukamy ['pedomku [13]. EAMHCTBEHHBIM aTTPaKTOpOM OC-
TAeTCs TPUBUAIBHOE PAaBHOBECUE, UTO ONUCHIBAET HEMUHYE-
MYIO JErpajalyio HOMYIAUHUY I0CHIE KOPOTKOIO MEPEXOIHOIO
aIepHONIECKOTO PeXHUMA (ITYKTYaIHH.

Ipu uccnenoBaHUU MOJENM YCTAHOBJIEHA BO3MOXKHOCTb
TpaHC)OpMAINH IBYX Pa3NIUYHBIX XAOTHUECKHX PEXKIMOB
IpH KacaTeNnbHOH Om@ypKaruy, NepexogHOro U YCTONIH-
BOTO, CBS3aHHOI'O C MHTEPBAIbHBIM aTTPaKTOpoM. [laHHas
TpaHCc(hOpMaIHs HHTEPIPETHPYSTCs KaK MOCIESCTBIE YCH-
JICHUsI IPOMBICIIOBOTO JaBIE€HHS U BIIEUET JUIUTENBHOE IIpe-
ObIBaHHUE IONMYIANNH B HEOTaTONPUATHOM IS IPOMBICIA
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Pucynoxk 3 — I'paduk 3asucumoctu Q(R) nocne obparuoit
KacaTeJbpHOM Oudypranuu

3,500.0

cocTosHMH. B nuHammdeckoif cucreMe MBI HaOIIOmaeM Joc-
TaTOYHO HEOOBIYHOE IOBEIEHHUE, CBS3aHHOE C TEM, 4TO
OOBIYHO B TAKMX MOJEISAX MMEIOT JENO C JBYMS TOIOJIOTH-
YECKUMH THUIAMM aTTPAKTOPOB: YCTONYUBBIM LIUKIOM HIU
KaHTOPOBCKUM MHOXKECTBOM HE COJEPKAlllM HU BHYTPEH-
HUX, HU M30HPOBAHHBIX TOYEK U OKPYKEHHBIM OECKOHEU-
HBIM KOJIMYECTBOM HEYCTOMUYMBBIX LIMKIUYECKHUX TO4YeK. B
knaccudukamym [x. ['ykeHxefiMep BBIIENUI TPU THIA aTT-
PaKTOpOB (DYHKIIMOHATHHBIX UTEPAIlNii, M TPETHIl TUII IIpes-
CTaBIsAeT OOBEIUHEHNE MaJIBIX MHTEPBAJIOB, 00JIaTalomux
TOIOJIOTMYECKON TPaH3UTHUBHOCTHIO [14].

6 OBCYKJIEHHE

Paspaborannas Monens GOpMUPOBAHUS MOKOJICHUH TT0-
MYJISIUA 00NaaeT psaoM JOMOTHUTENEHBIX BO3MOXKHOCTEH
10 CPAaBHEHUIO C U3BECTHBIMH aHAIOTaMH. B yacTHOCTH, CBOWA-
CTBa HENPEPBHIBHO-UCKPETHON THHAMHYECKOW CHCTEMEI T10-
3BOJIAT ONHMCHIBATH 3a()HIKCHPOBAHHBIE B psiae ciaydaeB [15]
JUTSL TIPOMBICIIOBBIX TIOMYISIUIM TOPOYITN THXOOKEaHCKOTO
nobepexxpsi Kanaapl M3MeHeHMs1, CBSI3aHHbBIE C CYIIECTBOBa-
HUEM JIByX YPOBHEH YHCICHHOCTH MONYISIWU: HU3KOTO U
BBICOKOW. [IpH HMBKOHM YMCIEHHOCTH TOMYJISIHS HCIIBITHIBA-
eT pe3kre (IIYKTyalluH, HO CYIIECTBYeT IEpCIEeKTHBA BOC-
CTAHOBJICHUSI BBICOKOH YMCIIEHHOCTH TPH TPEKPAIeHHH MPo-
MbIca. JlococeBble U OCETPOBBIE BUIBI CYIIECTBEHHO OTIIH-
YaroTCs UTUTELHOCTBIO KU3HEHHOTO LHKIA, OHAKO UMEIOT
CXOJHBIC PKOJIOTHYECKUE YCIOBHS BOCHPOHM3BOACTBA, UTO
MO3BOJISIET MPOBOJUTH CPaBHEHHE NAHHBIX MPOMBICIOBOMN
CTaTUCTHKU M YCTAHABIHMBATh AHAIOTMYHBIE CHTYallUH, KOTO-
pBIe MOTYT ONHCATh pa3pabOTaHHBIE MOJEIH.

OpHaKo, HETMHEWHBIE JeTePMUHUPOBAHHBIE MOJIEIH C
BO3HUKHOBEHHEM anepUOAMYECKON NHHAMUKH MMEIOT Ka-
KOe-TM00 OrpaHWYEHHE MPOTHOCTUYECKHUX BO3MOXKHOCTEH,
HMEHYeMOe B MONYISpHOW nuTepatype «3ddexr 6abou-
ku». B pa3paboranHON Mojenu AaHHbIN 3QQeKT mposBis-
eTcsi MHaue, 4eM B KJIaCCHUYECKON cucTeMe ypaBHEHHU
9. Jlopenma. B pexxnMe mepexogHoro xaoca Mbl HE MOXKEM
MIPEe/ICKa3aTh, K KAKOMY M3 aJbTEPHATHBHBIX aTTPAKTOPOB B
pe3ynbraTte YyCTpEeMUTCS TPaeKTOPHs U NaHHOE CBOMCTBO
ompeaensiercss Kak HeolmpeAeNeHHOCTh OTHOCHTEIBHO achM-
NITOTUYIECKOTO COCTOSTHHSI AUHAMHUYECKOH CHCTEMBI.

[IpennoxenHass MoAeNb OTINYAETCS CYIIECTBEHHOU
CJIOHOCTBIO M TpeOyeT CHeHaIbHBIX CIIOCOOOB MpPUMEHE-
Hust. MHTerpupoBath cuctemy (3) B COCTaB arpernpoBaHHOIO
MOJTMMOJENBHOTO KOMITIEKCAa MHOTOBHOBOTO YIIPAaBIECHUS
Oouopecypcamu MmpoOJIEeMaTHUHO, HO Y HEe MMEIOTCS JIPYrue
BO3MOKHOCTH. OCHOBHAS HJesl MPAKTHYECKOTO MPHMEHEHUS
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pa3paboTaHHBIX CUCTEM HENPEPHIBHO-IUCKPETHBIX YpaBHEHHUH
COCTOMT B OpraHM3alli HaOOpa BBIMUCIUTEIBHBIX MOJEIbHBIX
crieHapueB s aHaiau3a 3((EeKTUBHOCTH DKCIUTyaTalluu BOJ-
HBIX OMOPECYpCOB C y4ETOM DKCIIEPUMEHTAIBHBIX pe3ylbTa-
TOB TEOPUH ITAITHOCTH Pa3BUTHS PHIO [16] pasHBIX BUIOB.
VYcnoBueM NpUMEHEHUs! MOAX0a SIBIIETCS IMPEeCTaBICHHE
CTpaTeruy MpHpOIONONB30BaHMs, BEIpabaThIBaEMOH dKcHepTa-
MU COINIACHO HEKOTOPHIM BHYTPEHHUM IpaBHJIaM, IpPUMEHse-
MOM AJIs1 OCTHKEHMs IMPUOPUTETHOM nenu. opmupoBaHue
CLICHApHEB Ha OCHOBE MOJIENIEW TEOpUM BOCHOJIHEHUS 3alacoB
JIacT BO3MOXHOCTh PAacCMaTpUBaTh HE MPOCTO JTUHAMUKY OT-
JIETbHOM MOMYIISAILUY, HO OLIEHUTh KOHLENTyaIbHbIE CTPaTernu
YIPaBIEHUs] C TOUKHU 3PEHHS BO3PACTaHUs SKOJIOTHUECKUX PHUC-
KOB. B clieHapusiX MepCHeKTHBHO ONPEAEUTh CIOCOOBI BBIJIENe-
HUS (AKTOPOB-IIPEABECTHUKOB JUIS PETYISPHO OTMEYAEMOIO
TMIOCIIE/IHUE TOIBI SIBJICHUSI PE3KOTO CHIDKEHUS! YUCIEHHOCTU I10-
IYJISLMH 110 BCEM BO3PACTHBIM I'pyIIaM (TaKk Ha3bIBAEMOIO «KOJ-
Jlarica» IpOMBICIIOBBIX 3anacoB). CBOEBpeMEHHOE YMEHBILCHHE
JIOTIM U3BSTUSL U MPENOCTOPOXKHBIN TOIXO0]] OKA3bIBAETCS SKOHO-
MHU4eckd d(PEeKTUBHEE CTpaTerui MaKCUMHU3AlMK BbUIOBA, TAK
Kak OOJbIIME MOTEpU MPUHOCUT BCEH HKOHOMHKE PErHOHA BbI-
HY)KIEHHO BBOAIMMBIA MOpAaTopuil Ha MPOMBICEN B CIy4ae MOA-
pbIBa COCOOHOCTU OHOPECYPCOB K CaMOBOCCTaHOBIIECHUIO.

BbIBO/JbI

B crarbe paccMoTpeHa MOmMyISIIUOHHAsT MOJENb, M03BO-
nsonas oneHuBaTh 3GGEKTUBHOCTh (HOPMHUPOBaHUS MPO-
MBICJIOBBIX 3aI1acoB PbIO M YYHUTHIBAIOIAs M3MEHEHHS BBI-
YKMBAaGMOCTH MOJIOAM TIOKOJICHUSI B pAHHEM OHTOICHE3€ OCeT-
POBBIX BHJIOB.

Hay4yHnast HOBHM3HA NOJy4eHHBIX PE3YIbTaTOB COCTOUT B
TOM, 4TO BIIEpPBBIC IPEAJIOKEHA HEIPEPHIBHO-COOBITHIHAS
BBIYHCIIUTENbHAS CTPYKTYypa MOJIEIU PEHpOIYKTHBHOTO
mpouecca, alrOpUTMUYECKH PEeTM30BaHHAs Ha OCHOBE T'MO-
PHIHOTO aBTOMAaTa, TJIe YCIOBHS M3MEHEHHS PEeXHMa H3Me-
HEHHsI COCTOSIHUS ONPENENISAIOTCS Ha OCHOBE BBIUHCICHHS
YPOBHSI pa3MEepHOr0 Pa3BUTHA.

IpakTiyeckass EHHOCTh MOMyYSHHBIX PE3yIbTaToB 3aK-
JII0YaeTcsi B TOM, YTO IHONy4YeHa TPaJULIHOHHO HCIIONb3ye-
Masi B MPOMBICIOBOH MXTHOJIOTHH (YHKIIMOHAJIbHAS 3aBH-
CHMOCTb 3araca M IOMOJHEHHS OTpaXkarolas IelCTBUE H3-
BecTHOTO B dKoioruu 3pdexra Ommm [17], n3BecTHOrO Tak
ke Kak 3¢ (eKT arpernpoBaHHOW TPYNIBL. 3ajada MOIENH-
POBaHUs SBICHUS OKa3ajlach BA)KHOW HE TOJBKO IUISl JHMHA-
MUKH MJICKOTTUTAIONIMX M KPYIHBIX PHIO, HO M JUIS CHUTYallud
WHBa3UH HaceKoMbIX Bperutened [18]. IIposiBieHne naHHO-
ro ¢ dekra i1 TPOMBICIOBOH MOMYISIUN MOXET BBIpa-
3UTBCSI B PE3KOM COKpalleHHH d()(HEKTHBHOCTH BOCIPOU3-
BOJICTBA IIPU YPE3MEPHON IKCILIyaTallH U, KaK CIEACTBHE,
CTPEMUTEIBHOM Aerpaganun OHOpecypcoB, HEOXHIAHHOM
JUTSL OIPENEISIIONINX JTOMYCTHMBIN YPOBEHb U3BATHS CIELH-
amuctoB. [TomoOHBIH cLeHapHil pea30BalCs C MOMYIISIH-
SIMH KaCIIHCKUH 0ceTpoBbIX phI0 B KoHIlE 1980-x IT. Ha hoHe
OPraHM30BaHHOTO MCKYCCTBEHHOTO BBIYCKa MOJIOIH, OXKH-
naeMasi 9(p(HEKTHBHOCTh KOTOPOTO OKa3alach 3aBBILICHHOM,
KaK M IUTaHUPOBABIIHECS 00BEMBI ONTHMAIGHOTO BBUIOBA.

BJIATOJAPHOCTH

ABtop OnaromapeH paspaborurkam cpeasl Rand Model
Designer 3a BO3MOXXHOCTh HAaydHOTO HCIIOIB30BAHHS MPO-
rpaMMHOro obecrieueHsi. VIccieaoBanus BBIIOIHEHBI B paM-
kax npoekra Poccuiickoro goHma (GyHIaMEHTAIBHBIX HCCIIe-

noBaHHi «Pa3paboTka METOOB BBIYMCIHTEFHOTO MOJIEITH-
pOBaHUS TUHAMHUKHU MOABEPTaBIIMXCS YPE3MEPHOMY IIPO-
MBICIIOBOMY H3BATHIO TOITYIAIHI PEIO U OIEHKH 3()(HeKTHB-
HOCTH Mep O UX HCKyCCTBEHHOMY BOCCTaHOBJICHHIO Ha OC-
HOBE COOBITHITHO-YIIPaBISIEMBIX MOJEIBHBIX CIEHAPHEBY
(rparT Poccumiickoro ¢oHma ¢yHAaMEHTATBHBIX HCCIIEIO0BA-
Huit Ne 15-07-01230, pykoBomurens — npo¢. B. B. Muxaitnos).
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Kanpg. TexH. Hayk, crapmuii HaykoBuil cniBpoOitHuk Cankt-IlerepOyp3bkoro iHcTutTyTy iH(opmaruku i aBromarusauii PAH,
Cankr-IlerepOypr, Pocis

KOMIT'IOTEPHE MOJIEJTIOBAHHS MONYJIALIIT OCETPOBUX KACHIVCBKOIO MOPS 3 IBOMA TUNIAMU BUHMK-
HEHHA ANIEPIOAUYHUX KOJUMBAHb

V cTarTi 3aIpONOHOBaHa OpPUIiHAIbHA KOMIT I0T€pHA MOJEIb XKUTTEBOTO LIUKILY MOMyIsiLii ocerpoBux pu6 Kacmiiicbkoro mops, 1o 3 2010
p. BHeceHi 10 «HepBoHOT KHUIM». Y MOJIENi peali3oBaHo MOAiHHO-CTaliiiHy 00YHCITIOBANIbHY CTPYKTYpY, sIKa MICTUTH O€31epepBHi i AUCKPETHI
cknaioBi acy. OcobnmBOCTI AMHAMIKE HOBOI MOZENI PO3IITHYTI HA OCHOBI YHCEIBFHOTO PO3B’S3KY KIHIEBOI MOCIIIOBHOCTI 3anay Ko juist
CHCTEMH DIBHSHbB, SIKa ONHUCYE YOYTOK YMCEIBHOCTI OCOOMH IOKOMiHb. OTpHMaHa (yHKILIOHAJIbHA 3aJIXKHICTb, KA CTAHOBHTH IHTEpEC AN
IXTIOJIOTIB Ta Ma€ JBa JIOKAJIbHUX EKCTpEMyMH. BcTaHOBIEHA MOMKIIMBICTD TSKIHHS TPAEKTOPIT 10 IBOX ATTPAKTOPIB 1 BHHUKHEHHSI IIEPEXiTHOTO
anepionguuHoro pexumy. Ilicns Oipypkaiii 3HUKHEHHS ABOX HETPUBialbHMX CTALlIOHAPHUX TOYOK BUHMKA€ iHTEpBaJbHUHA arTpaxrop. s
JIAHOTO TUITy aTTpakTopa 3a Kinacudikarmiero 'ykenxeliMepa CIOCTepira€Thes SBUIIE I'PaHMYHOI KPHU3H, 1O JUI MOMYJALIA OceTpoBUX pud
IHTEPIIPETYEThCS SIK MOAIs, 10 3arPOXKy€e iXHBOMY MOAANBIIOMY ICHYBAHHIO.

KuiouoBi ciioBa: xomn’torepHa Mojeib 0i0JI0riYHUX IpoleciB, ridpuaHa cucTeMa, IepexifHuii xaoc, 6idypkalis, o6UnCIIOBATbHUI
€KCIIEPUMEHT.

Perevaryukha A. Yu.,

PhD., Senior Researcher of St. Petersburg Institute for Informatics and Automation, St. Petersburg, Russia

COMPUTER MODELING OF STURGEON POPULATION OF THE CASPIAN SEA WITH TWO TYPES OF APERIODIC
OSCILLATIONS

The article suggests the original computer model of the life cycle of sturgeon populations of the Caspian Sea, currently included in the «Red
Book» since 2010. In our model was implemented event-stage computing structure that includes continuous and discrete components of the
time. Features of the dynamics of the new model considered by us on the basis of the numerical solution of a finite sequence of the Cauchy
problem for the system of equations describing the subsided of number of individuals in generations. As a result, we obtained the functional
dependence, which be of interest to ichthyologists and which has two local extrema. The possibility of attraction of the trajectory to the two
attractors and the appearance an aperiodic transition regime is established. After the bifurcation of the disappearance of two nontrivial
stationary points arises an interval attractor. For this type of attractor on the Guckenheimer classification is observed the phenomenon of
boundary crisis that for the sturgeon populations is interpreted as an event that threat to their continued existence.

Keywords: computer model of biological processes, hybrid system, transient chaos, bifurcation, computational experiment.
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TAcnipaHm kaghedpu obyucnosansHoi Mamemamuku O0ecbko20 HayioHanbHo20 yHisepcumemy im. I. I. MeyHukosa, Odeca,
Ykpaina

2KaHO. mexH Hayk, npoghecop kaghedpu obyucnosansHoi mamemamuku OOecbKo20 HaujioHabHO20 yHieepcumemy

im. I. I. MeyHukoea, Odeca, YkpaiHa

AHANI3 EJIEKTPOEHUE®ANOIPA®IYHUX CUITHATNIB HA OCHOBI
NCEBAOO-NMEPETBOPEHHA BITHEPA-BIJIJIA

PosnisiHyTa 3a1aua BunineHHs enekrpoenuedanorpadiyHuX pUTMIB Ta NOIIYKY eNiIenTu(OpMHOI akTUBHOCTI. O0’€KTOM HOCHTIIKEHHS €
npolec BUAINEHHs enekTpoeHuedanorpadiunux Genomenis. IlpeqmeroM OCHiIKEHHS € METOJU YacCTOTHO-4aCOBOIO aHali3y
enekrpoenLedanorpadiuHUX CUTHAIB.

Meta po6OTH nosrae y niBUIIEHHI TOYHOCTI A1arHOCTYBaHHS IICUXIYHUX, TICHX0-COMATUYHUX, HEBPOTUUHHX Ta KOTHITUBHHUX PO3JaliB
moxaunu. Iposeneno ormsin mpouecy enekrpoenuedanorpadiunoro gocmimpkenns ta EEI apredakris. Posrisnyro Buan EED putMmis Ta
(heHOMeHiB, AKi MalOTh crenudiyHi YaCTOTHO-4aCOBI XapaKTEPUCTUKHU. 3alPONOHOBAHO METOJ BMJUICHHS eleKTpoeHuedansorpadiauHux
(heHOMEHIB Ha OCHOBI aHaNi3y eKCcTpeMyMiB (QYHKLIT CIIEKTPaIbHOI MIIBHOCTI 3IVIa13KEHOI0 I1CEeB10-TIepeTBopeHHs Birnepa-Binna. 3pobneno
MOPIBHSHHS 3alIPOIIOHOBAHOTO METOMY 3 BIKOHHMM IeperBopeHHsM Dyp’e. Sk kpurTepii OLiHKM MpoaHaIi30BaHUX METOAIB Oyio oOpaHO
4aCTOTHO-4acOBY PO3JUIbHY 3/IaTHICTh OTPUMaHUX (YHKLIH crekTpanbHoi minbHocTi. [IpoBeneno o6uncaioBanbHuil eKCIEPUMEHT Ha HA0OPi
enox EEI" curnanis, sIKi MiCTSTh BUCOKOYACTOTHI (heHOMeHHU. Po3pobieHo nmporpamMHe 3a0e3neueHHs, 110 aBTOMATU3Y€e MPOLEC AOCTiIKEHHS
EETI curHaniB Ta Bi3yalli3alilo OTpUMaHUX Pe3yJIbTaTiB.

PesynbraTi eKkcriepuMeHTIB OKa3yl0Th NEPEBaru JaHOTO X0y y YaCTOTHO-YaCOBIH po3/iIbHIN 31aTHOCTI HaJl BIKOHHUM [1€PETBOPEHHSIM
Dyp’e Ta JO3BONAIOTH PEKOMEH IyBATH 3aIIPOIIOHOBAHUI METO 10 IIPAKTUYHOTO 3acTOCyBaHHs Juisl BifokpemieHHst EET" puTmiB Ta BUaineHHs

BHCOKOYACTOTHUX (DEeHOMEHIB.

Kurouosi ciosa: EEI curnan, yacToTHO-4acOBUiH aHali3, BikoHHe neperBopeHHs: Pyp’e, neperBopenHs Birnepa-Bimna.

HOMEHKJIATYPA

h(t), g(t) — 3mmapKyrodi BikoHHI (yHKIIT;

k — nuckpeTHa 3MiHHA 4acy;

| — KiNBKICTh €KCTpeMyMiB (YHKIII CIIEKTpanbHOI
IIIJTBHOCTI;

m — JUCKpETHa 3MiHHA YacTOTH;

M — KUIBKICTh BIJUTIKIB JIMCKPETHOTO CHTHAIY;

N — KiJIBKICTh XapaKTEepHHUX 03HAK PUTMIB Ta ()CHOMECHIB;

P[k,m] — (yHKIIIS CHEKTPaIbHOI IIIJIBHOCTI JUCKPETHO-
ro neperBopeHHs Birnepa-Binna;

P(t,0) — QyHKIIS CeKTpalibHOI HIIJILHOCTI HENepepB-
HOTO TiepeTBopeHHs1 Birnepa-Bimna,

Powyp(k,m) — GyHKIlA cHeKTpanbHOT MIiTBHOCTI THCK-
pPETHOTO TICeBO-TIepeTBOpeHHs Birnepa-Binna;

Bowyp (T,0) — yHKLIsA CNEKTpanbHOl MIiTbHOCTI HCeB-
no-niepeTBopeHHs Birnepa-Bina,

Pspwvp (k,m) — dyHKuis crekTpanbHOl MINBHOCTI AUC-
KPETHOIO 3TJIaKCHOTO ICEeBIO-MepeTBOPeHHs Birnepa-
Binna;

Fspwyp (T, ®) — GyHKILIA cieKTpaIbHOI IIIBHOCTI 31 -
JKEHOT0 TICeBJI0-TIepeTBOPeHHsT Birnepa-Bimna;

s(t) — HemepepBHUI CHUTHAIL;

s*(t) — KOMILUIEKCHO-CIIPSDKEHU CHTHAT;

S — GaratokananbHUI eneKkTpoeHiedanorpadiTHmii CUTHAT,

SI.E (t) — enoxa enekTpoeHuedanorpadpiuHoOro CUrHaiys;

W — BikoHHa (DyHKIIis;

X — JTUCKPETHUM CHTHAI;

X} — npame nuckperHe nepeTBopeHHs Dyp’e;

Xk — BikoHHe neperBopenns Dyp’e;

Af — 4acToTHa po3JiNbHA 31aTHICTH NEPETBOPEHHS
dyp’e;

© Casxko O. O., Mopo3 B. B., 2015
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At —dacoBa po3JiIbHA 31aTHICTh epeTBOpeHHT Dyp’e;

Ay — 4acTOTHO-9acoBa PO3JLIbHA 3/IATHICTH MEPETBO-
penns Birnepa-Bimna;

T — HellepepBHA 3MiHHA 4acy;

(® — HelepepBHa 3MiHHA KYTOBOI YacTOTH;

() — MHOXWHHA XapakTepHHX o3Hak EET" puTMmiB Ta deHo-
MEHIB;

EEI" — enexrpoenuedanorpadis.

BCTYII

Enexrpoennedanorpadiyae TOCHIIKEHHS € OJHUM 3
Cy4aCHHUX METOJiB (YHKI[IOHATBHOI JIarHOCTUKHA HEPBOBOI
CHCTEMU JIIOAWHNA. BOHO BUKOPUCTOBYETHCS AJIS AiarHOCTY-
BaHHSI TICUXIYHUX, HEBPOTHYHHX, KOTHITHBHUX PO3JIAJIIB Ta €
OJTHMM 3 TOJIOBHMX METOJIB NPH TIarHOCTHII EIiJIerncii.

Amnaniz EEI' curHany — 1e KOMIUIEKCHHI MpOLIEC. Horo
MOYKHA PO3/IUIMTH Ha MEPBHHHY OOpOOKY, MOIIYK Ta JIOKa-
ni3zanito i aHaii3 Ta kiacudikaiito ¢peromenis. [Iporec mep-
BUHHOT 00pOOKH BKIIOUa€e B ceOe BUAAICHHS LIYMY; yCY-
HEHHs, SKIIO II€ MOYKJIMBO, 200 JTOKaIi3aIliio Ta BUIAIECHHS 3
anaiizy apredaxrie EEI’ curaasty, BiIOKpeMJICHHS Ta aHai3
EEI" purmiB, moOyn1oBy 4acTOTHO-4aCOBO-IIPOCTOPOBOI Kap-
TUHM cUrHaiy. Ha HacTymHHX KpoKax MPOBOAWTHCS HOIIYK
BiIOMHX ()CHOMEHIB Ta YHIKQJILHUX OCOOJMBOCTECH CHTHAIY.
Jami orpumaHi eHOMEHH aHAI3yIOThCS Ta KIACH(IKYIOTh-
¢ 3riHO 00paHoi MaTemaTtnuHoi Mozeii curHany EEI.

Metor pobOTH € JOCHTIHKEHHSI METO/IIB BiJJOKPEMIICHHS
enekrpoeHiiedanorpadiuHUX PUTMIB Ta BUAUICHHS BHCOKO-
YaCTOTHUX ()EHOMEHIB.

1 IIOCTAHOBKA 3AJJAUI

Enexktpoenuedanorpadiune n0CiaiHKEHHS € BaXJIMBUM
€TaroM MEIUYHOro OOCTEeKEHHS MALEHTIB 3 IJIUM CIIeKT-
POM ICHUXIYHUX Ta IICHXOIOTTYHIX 3aXBOPIOBAHb, TOMY LIBU/I-
Ka TOCTaHOBKA JTOCTOBIPHOTO JIiarHO3y € HEeOOXiJHOK yMO-
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BOIO BHOOpY HampsMKy JikyBaHHs. AHamiz EEI' curnamis €
CKJIQJHUM TIPOLECOM depe3 HeNiHIMHYy HecTallloHapHy MpH-
pORY caMOro CHTHANy Ta BENHKY KiJIBKICTh (DaKTOPiB, SKi
BIUTMBAIOTH HAa HBOTO IIiJl Yac MPOBEJECHHS IPOIEIYPH EleK-
TpoeHnedanorpadpigHoro gocuimkeHHs. ToMy Ie# mpouec
HONINAETECA Ha JeKinbka eramiB. OJHNM 3 TakKWX €TamiB €
aHaii3 enexrpoeHnedanorpadivHuX puTMIB Ta (hEeHOMEHIB.

Hexaii nano §, sKuii MOXHA IPEJICTABUTH SIK MHOXHHY

CHrHAmiB § = {Si (t)}, i=1,2,.16, t€[ty;tmaxl -

IMo3znaunmo vepes SiE (¢t) emoxy curnamy S; (¢) ax mges-

E
min» fmax ] :

Jis kKo)KHOT ermoxu HeoOXiTHO MOOYTyBaTH YaCTOTHO-4aco-

Kuii Horo 4acoBmii IIPOMIXKOK Ha iHTepBani ¢ € [t

BE TIOJIAHHA HA OCHOBi mepeTBopeHHst X, ¢, Powvyp(k,m)

ta Fypwyp (k,m). BukoHaTn momryk ekcTpeMyMiB (yHKIIT

dBspwyp (T, ®)
dt

3iCTaBHTH OTPHMAaHi 3Ha4eHHA 4acTor o;,i =0,...,/—1 3 xa-
paktepHuMu o3Hakamu EED putmiB Ta (eHOMEHiB

CIIEKTPaJIbHOI MIITBHOCTI: =0. Heobxino

Q= { [(’Oj,min ,w_j,max],j = 1,...,N}. BukoHaTH mopiBHSIb-
HHUI aHaJi3 3 pe3yIsTaTaMH BiKOHHOTO TepeTBOpeHHs Dyp’e.

2 OUIA A JJITEPATYPH

Amnani3 enextpoeHnedanorpadivyHUX CHTHAJIB CKJIa-
JTAEThCS 3 AEKITBKOX €TaliB, OfHNM 3 sKuX € aHawi3 EEI putmis
curHairy. [ToHATTS puT™My OyIO 3aIpoNOHOBAaHO HA ITOYATKy
PO3BHTKY enekTpoeHmedanorpadii 1 monermeHHs Bi3y-
anpHoOrO anamizy EEI" curnaimiB. Tak, onuH 3 3aCHOBHHKIB
EEI" nocnimxenns ['anc beprep, skuif mepmuM oTprMaB
JOACHKY eleKTpoeHmedanorpamy [1], onucas anbda Ta
oera-putmu. Y momansmomy EEI" putvu Oynu po3mupeni
ta nonoBHeHi I. JIxacnepom, B. Bonrepom [2] Ta iHIIMMH.
VY cyuacHiii enekrpoeHuedanorpadii puTMiYHHNA CKJIaJ] CUT-
HaJIy 3aCTOCOBYEThCS y SIKOCTI OJHOTO 3 KpPHUTEpiiB mocra-
HOBKH JIIarHO3y TPU PI3HOMAHITHUX MCHXIYHUX, TICHXOHEB-
POJIOTIYHUX TOPYIICHHSX.

OnHuM i3 6a30BUX IHCTPYMEHTIB Y4aCTOTHO-4aCOBOTO
anamizy EET" curnaniB € neperBopenns ®@yp’e. BoHo Buko-
PHUCTOBYEThCS ISl BUAUICHHS eleKTpoeHIedanorpadiuHux
puT™iB [3], miJ yac aBTOMAaTHYHOT OOPOOKH CHTHAJIIB, IETEK-
TyBaHHI CMUJICNITHYHUX NPUCTYIIB [4], s TOIIYKY COHHHX
BepereH [5].

[HIIMM IHCTPYMEHTOM YaCTOTHO-YaCOBOTO aHAaJi3y CHT-
HAJIB € nepeTBopeHHs Birnepa-Bimia, ske m03Bosisie mokpa-
LIUTH TIOIIYK JIOKAJIBHUX €KCTPEMYMIB €HEpTii 32 paxyHOK
Kpaloi 4aCTOTHO-4acoBOI PO3/iNIbHOI 3aaTHOCTI [6], [7], [8].
ITix yac EET" ananizy neperBopenns Birnepa-Binna Bukopu-
CTOBYETBCS VI JACTCKTYBaHHS CMUICHTUYHUX NMPUMAIKiB [9]
Ta MOUIYKYy OCOOMMBOCTEH eyiekTpoeHuedanorpad@iaHux
curHamis [10].

3 MATEPIAJIM TA METOIN

Curnan EEI' dikcyeTbest 3a TOIOMOTO0 30BHILITHIX a00
BHYTPIIIHIX €IEKTPOJIiB, PO3TAIOBAHMX HA CKAJIbII MAIli€H-
ta. CyuacHi enekTpoeHuedanorpapu JT03BOISIOTh PEECTPY-
BaTH Bix 12 1o 128 xanamiB.

HaiiGinbIn po3noBCIOPKEHOI0 CXEMOK PO3TalllyBaHHS
eNeKTpo/IiB € MibkHapoaHa cxema «10—20», Bmepiie 3amnpo-

34

noHoBaHa I. I Ixxactiepom [11]. Micust po3ranryBaHHs e1eK-
TPOAIB PO3PaXOBYIOTHCS y IMPOICHTHOMY BiJHOIIEHHI 1O
KICHUX Opi€HTHPI Yeperna. 3aMipsroThes IBi OCHOBHI Bi/ICTaHi:
BiJ IIepeHiccs 10 MOTUIIMYHOTO Oyrpa, BUMipsiHa depes Bep-
XiBKY, Ta MDX CIyXOBHMH IIPOXOJAMH, SKa IIPOXOAUTH depe3
cepeauHy nepuroi Bifgcrani. Lli BigcraHi mpuiAMAalOThes 3a
100%. Ilepmri enekTpoay BCTaHOBIIOIOTH Ha BijcraHi 10%
BiJl HOTHIJINYHOTO Oyrpa, HacTymHi depe3 20% momepery
TNOTHJIMYHUX 1 TaK Jaji, 10 J000BHX MONIOCHHUX EIEKTPOIiB,
sKi po3TamoBaHi Ha Bimcrani 10% Bix mepeniccs. [pyra
BiJICTaHb PO3IMOJUISETHCS aHAIOTIYHO MEpIniii: Ha BiIcTaHi
10% noropu BiX CIyXOBHX IPOXOJIB PO3TalIOBYIOTH CKPO-
HeBi enekTpond, depe3 20% LEeHTpanbHi, Ha CepemHii JiHii
geperry BCTAHOBIIOIOTH LEHTpanbHi (puc. 1).

Mix yac EEI" mocmimkeHHst (iKCYEThCS PI3HUIS €JIEKT-
PHYHUX INOTEHIaTiB PO3TAIIOBAHNX HA UEPEIli eIeKTPOJIB.
Cawm curnan EET npezncraBiisie cob0r0 cKitaqHUi HeNiHiHHUI
HecTarioHapHUi mporec. Yepes ne anami3z EEI" curnamy e
HETIPOCTOI0 MaTEMaTHYHOI0 IIPOOIEMOIO.

Iponec mocmimkenns EET curnamy yckmamHIOETbCS Ha-
SBHICTIO PI3HOMAaHITHHX apTedakTiB. BoHn MOXyTh OyTH
GI3MIHIME (HESIKICHUI KOHTAKT eNIEKTPOJIB, eMeKTPHYHI Ta
€IICKTPOMATHITHI 3aBaan) abo QizionoriqHIMu (OKYISpHI Ta
KOBTaJIbHI PyXH, M’S130Ba Ta CEpIieBa aKTHBHICTh, Ta IHIIL).
Tomy nomryk 1mux apredaxTiB € BaXKIMBOIO YaCTHHOIO 00-
pobku curramy EET.

Ipu wacrorHO-9acoBomy aHani3i EEI' curnamy BukopH-
croByeThesl MOHATT EEIT purmy. Koken purMm Mae xapak-
TEpHHUI aMILTITYIHO-YaCTOTHHUI Jliarma3oH Ta BiANOBizac jaes-
KOMY CTaHy MO3Ky JIIOMMHH. Tak, anb(a-puTM Mae 4acTory
8—12 I'm Ta ammriTyny 1o 100 MxB. Bin MakcuMaisHO BHpa-
KEHHMI B TIOTIIMYHHX BiUILIAX Ta PEECTPYETHCA Y OLIBIIOCTI
370POBHX JIOfIeH. ANb(ha-puT™M I0CSIrae MaKCUMAIBHOI aM-
IUTITYIM Y CTaHi MOKOK, OCOOJIMBO IMPH 3aIUTIOIICHUX OYax.
VY OGinbIIOCTI BUNAAKIB BUHUKAIOTh MOYIALIL, SIKi YTBOPIO-
IOTh BEpeTeHa TpHUBATICTIO 2—8 cex. AMIUTITYIa anbda-pur-
My 3MEHIIYETHCS MPH KOHIICHTpAIlil yBaru, po3yMOBOi ak-
THBHOCTI Ta 3aHEMNOKOEHHI.

Bera-putm Mae yvacrory 12,5-30 I'y Ta ammiityny 1o
15 mxB. [lesiki JOCITiTHUKY NOAUISIOTH OeTa-pUTM Ha JCKiJTb-
Ka CKJIAJIOBUX 3a iX JaCTOTHHMH Jiama3oHaMu. bera-putm
HaWKpalle peecTpyeThcs B 00JIACTI MEPEAHIX HEHTPaTbHUX
3BHBHH Ta INOB’3aHUH 3 COMATHYHUMH Ta CEHCOPHHMH Me-
XaHi3MaMH, 31 30UIBIICHHSIM KOHIICHTpAIll yBaru Ta BHpi-
IICHHI KOHKPETHUX 3a7a4. MIO-pUTM, SKUH Ma€ 4acTory 8—

Masion
10%

20% Vertex

/

—

Inion 10%
Pucynok 1 — Mixuapoana cxema «10-20» (Bioelectromagnetism.
Principles and Applications of Bioelectric and Biomagnetic Fields
1995)
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13 I'm [12] Ta ammitymy no 50 MKB, peecTpyeTbes y nesKux
MAIi€HTIB Y HEHTPaNbHil Ta EHTPaIbHO-CKPOHEBiil o0acTi.

Tera-putm Mae gactory 4-8 I'i 3 ammtiTynoro, sika Iie-
peBuiye 25 MxB Ta Moxxe gocsratu 300 MxB 1 6ibie. Tera-
PUTM 3pOCTa€ MiJ 9ac CHY; JOIYCKAETHCS y HEBENUKIi
KUTBKOCTI Ta 3 aMILTITYIOI He OUTbIIe alb(ha-puTMmy y 3710-
pOBOI aKTWBHOI JIIOMUHM, IO BKa3ye Ha 3HIDKCHHS PIBHA
(yHKIIOHATEHOT aKTHBHOCTI MO3KY, 4 B IHIIIMX BHTIAKaX BBa-
KA€TbCA maronoriero. TeTa-puT™M BUHHKA€E MiJ 9ac eMOIio-
HaJBHUX PO3NTafiB, 30KpeMa po3dapyBaHHS. [ menbpra-ax-
THUBHOCTI XapakrepHa dactora 0,5-3 'y Ta ammiityna, sika
Moske nepesuiryBati 25 MkB. CrioctepiraeTbes mig 9ac mpo-
OymkeHHs1, y (pa3i NTUOOKOT0 CHY Ta TPH MATONIOTTYHNX 3MiHAX
y pobGoTi MO3KY.

BinoxpemieHHs Ta kiacudikamist pUTMIB € BaXKIIMBEM KPO-
koM y aHamizi EEI" curnamy. Kpim purMiB, Bennke 3Ha9eHHS
MaloTh (PEHOMEHH — XapakTepHi ocobmuBocTi curHaiy. Of-
HHM 3 KJIaciB ()eHOMEHIB € emiaenTr(opMHa aKTUBHICTE. [[o
HEl BITHOCSATHCS CITAiKH, TOCTPI XBIUTI, OMICTIAHKH, KOMIUIEK-
CH CIIAiK-XBIIA Ta TOCTPA XBUJIS-TIOBLITGHA XBUJIAL.

Craiik — Iie TapoOKCH3MAIBHIH ()eHOMEH, KWl Mae 3a-
rocTpeHy (opMy Ta MOBEpPXHBO-HETaTUBHY HOJISIPHICTH, TPH-
BaJTiCTIO 10 70 MC Ta aMIUTITYIOK 3HAYHO BUILOIO, HIXK (o-
HOBa akTHBHICTh. [Tpn TpuBanocrti Big 70 Mc o 200 Mc Takuit
(heHOMEH Ha3HMBAIOTh TOCTPOI0 XBmielo. CHaiK-XBUIISA — IIe
KOMIITIEKC clalika Ta moBinbHOI xBmii. Lli (heHOMEHN 3a3BH-
gaif BinOyBaroThcs cepieto. IIpm 3pocTaHHI TPHBAIOCTI
CHalK-XBHJISA IIEPETBOPIOETHCA y (PEHOMEH TOoCTpa XBHIIS-
TOB1JIBHA XBIJIAL.

EmninenrrudopMHa aKTHBHICTD Bif3Hadae HASBHICTH CIIe-
I IYHEX MPOIECIiB y MO3KY JIIOJUHH Ta € BAKIHBUM KpH-
TepieM MiJ Yac AIarHOCTUKH Ta JOCIIKEHHS eMierncii.

OpauM 3 iHCTpyMeHTiB 00poOku EEI curHasis € yactoT-
HO-YaCOBI MepeTBOpeHHs. TpaauIliifHOI0 OCHOBOIO 4acTOT-
HO-4aCOBHX IIEPETBOPEHb HAa JAHUH Yac € IMepeTBOPEHHS
®dyp’e, ke PO3KIAJAE CUTHAT HA MPOCTI KOMUBAHHS Ta JIA€
MOXXJIMBICT OTPUMATH HOTO CIIEKTD.

[Ipssme nuckperHe meperBopeHHs Dyp’e 3amaerscs Ha-
CTYIIHUM YHHOM:

1 M-l —i27tkn
Xp=—>D x,e M | k=01..M-1.
M n=0

BoHO 103BOJISIE JOCTIANTH YaCTOTHI CKIIQJIOBI CHUTHAITY,
ajie He YaCTOTHO-YACOBY JIOKami3aiito. Yepes 1ie HOro BHKO-
pucranns ais aHanizy curHaniB EEI" € mocuts oOMexeHHM.

Jlnst oTpuMaHHs 4aCTOTHO-4aCOBOI JIOKaTi3allii BUKOPH-
CTOBYEThCSI BIKOHHE TepeTBOpeHHss Dyp’e:

o —i2nkn
Xk = DX Wyme M k=01, M-1.

n=-—oo

VY saxocTi BikOHHOT (YHKIIIT MOXYTh OyTH BUKOPUCTaHI
¢ynkuii Xeminra, ['ayca, XaHa Ta iHIIi.

Pe3ynbraTtoM BiKOHHOTO HEPETBOPEHHS € CIIEKTpOrpama.
[Ipu upomy Bix po3mipy BiKOHHOI (YHKIIIi 3aJICKHUTh Yac-
TOTHA Ta 4acOBa PO3[UIbHI 3AaTHOCTI CIEKTPY: SKIIO 3MECH-
LIyBaTH BIKHO, YacOBa PO3/iJbHA 3JIaTHICTh 30UIBIIYETHCS, &
YaCTOTHA — 3MCHILIYETHCS;, TAa HABIAKH, SKIIO 301IbIIyBaTH

MIMpUHY BiKHA, 9acOBa PO3JiTbHA 3MATHICTH Oyne 3MEHITY-
BAaTHCS, a YaCTOTHA — 301bIIyBaTHCA (pHC. 2). Y IBOMY HO-
JISITa€ OCHOBHUI HENONIK BIKOHHOTO TepeTBopeHHs Dyp’e.

Jlns ycyHeHHS HeONMIKiB BIKOHHOTO TepeTBopeHHs Dyp’e
Ta TOKpAIIEHHS YaCTOTHO-9acOBOi PO3MLIBHOI 3aTHOCTI PO3-
IJITHEMO IIepeTBOpeHHs Birnepa-Binia, sike HaIeXHTb 10 KIacy
KBaJ[paTHIHUX IIepeTBopeHs Koena. IeperBopenHs Bmepiie
Oymno mpencrasineno 0. Biraepom y pobori [13], ska Oyma
TIPHCBSYCHA KBAHTOBIH TepMoymHamiri, y 1932 p. ta Bukopu-
crane J[x. Bimtem s ananizy curaanmis [ 14] y 1948 poui. He-
HepepBHE MepeTBOpeHHs1 Birnepa-Bimra s mocmimpkyBaHo-

ro curHaiy S(¢) Mae HacTymHu# BUrS [15]:

o0
t * t —jot
P(t,0)= | s|t+—=|-s"|t1—=|-e7/®ar.
(no)= [ s v+ >

—00

Juckperne neperBopeHHs Birnepa-Bimna 3amaersest Ha-
CTYIIHUM BHPa30M:

—1 _ Amnm

N
P[k,m]= Z s[k+n]~s*[k—n]~e N dt,k=0,1,..,N, m=0,1,..,N.

n=|

PesynmeraTom meperBopeHHs Oyne (QyHKITiS P[k,m], sKa
MOXKEe MaTH iK JOJaTHi, TaK BiJ €MHi 3HAUCHHS, IIO JOJae
JIedKUX IpoOaeM y o3HadeHHi il sk (yHKmii crekTpambHOL
LIUTBHOCTI [6].

IMeperBopenns Birnepa-Bimna mae kpamry 9acToTHO-4a-
COBY PO3JiTbHY 3[aTHICTB, HK BIKOHHE IIepeTBopeHHs Dyp’e.
Lle € BayJIMBOIO TIEPEBATOIO TIPH aHANI31 HEMHIMHNX HecTami-
OHapHHX CHTHANiB. OCHOBHHM HEIOJIKOM II€PETBOPCHHS
Birnepa-Bita mij yac aHamisy ckiagHUX 0araTOKOMITOHEHT-
HIIX CHTHAJIB € NOsBa iHTepdepentiitHX ck1anoBux. s cur-
Hally 3 JBOX CKJIaJIOBUX IEPETBOPEHHS Ma€ Takuil BUDAx [16]:

Py 15, (1,0) = Py (r,m)+ F, (r,m)+ 2R{E 5, (1, 0)},

0
e Py, (1,0)= _[ 51 ’C+é -89 r—% eIy
—00
AHaNoOrivHO MO)KHAa OTPUMATH TepeTBOpPeHHs BirHepa-
Biyuta st curnany 3 N xommnoHeHT. Yepe3 nosiBy iHTepde-
PEHIIMHUX CKIIaJJOBHX TepeTBopeHHst Birnepa-Bina ckimamHo
BHMKOPHCTOBYBATH JIJIsl aHAJIi3y 0araroKOMITOHEHTHUX CUTHAIIIB.
OJHUM 3 METOJIB 3MEHIIICHHS IHTEHCHBHOCTI iHTep(epeHIl-
IHHUX CKJIAJIOBUX € BUKOPHCTAHHS CICKTPAJIbHHUX BIKOHHHX
¢yHk1id. TakuMH IEPETBOPEHHIMHU € TICEBA0-TIEPETBOPECH-

N ) CRLUR R R E LT 1 VLR AT T
- T T ] Tillrla - O Y -
——— . - — - - - — - — -

Pucynok 2 — Bikonne nepersopertst @yp’e (hinsTpoBaHOro
curnaiy EEI (Bigramyxenust F3, 15 ¢, Bukopucrana BikoHHa
(dyukiis Xeminra upuaoto 16, 32 ta 64 Bimmikis)
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MATEMATUYHE TA KOMIT'FOTEPHE MOJEJIFOBAHH S

Hs1 Birnepa-Bimna, sike 3a1a€TbCsi HACTYITHUM Bupazom [17]:
T t t .
Ppwyp (T,0) = _[ h(t)-s 1:+5 5" T_E .e—jwtd[,
—00

Ta 3IIaJpPKEHe TICEBO-TIepeTBOpeHHs Birnepa-Binma:

Pspwyp (T,0) = J h(t)j g(x—r)-{x+%)-s*[x—é)dx-efjmdt

L1i mepeTBOpeHHSI MAalOTh MEHIITy YaCTOTHO-4aCOBY PO3-
JITBHY 30aTHICTB, HiK IIepeTBOpeHHs Birnepa-Bimna, ane 3as-
JUIKM 3MEHIIIEHHIO IHTeHCUBHOCTI iHTep(epeHIlIHHIX CKIIa-
JOBUX JUCKPETHI mepeTrBopeHHsA FPpywyp(k,m) Ta

Pspwvyp (k,m) MoXxHA BUKOPHCTOBYBATH [UIsl aHAJI3y CKIIa/I-
HUX HeNiHIHUX HeCTaIliOHapHUX CHTHAMIB, TakuX sk EET cur-
HaJIM, HANIPHKIIAJ, [UIs aHali3y eniienTudopMHOI MapoKcH3-
MaJIbHOI aKTHBHOCTI.

3riHO 3 MPUHLKMIIOM HEBU3HAYEHOCTI, YACTOTHO-4aco-
Ba PO3/iJbHA 3aTHICTh BIKOHHOTO mepeTBopeHHs Dyp’e

obmexeHa Ar-Af 2%. Jns meperBopenns Birnepa-Bimna
o

. . . 1
Ma€ MICIIe 1HIIIa OIIHKA: Atf 22— [18]. Takum gmHOM, TIE-
T

perBopeHHs Birnepa-Bimia Mae kpamry 4acTOTHO-4acoBYy
PO3IITBHY 3/aTHICTh, HiX BiKOHHE HeperBopeHHs Dyp’e.

4 EKCIIEPUMEHTH

V nmaniit poboTi nceo-neperBopeHHs Birnepa-Bimna ta
Horo 3riapkeHud BapiaHT OyJI0 BUKOPHCTAHO JUIS aHATI3y
EET" putMmiB Ta MOIIyKy crmaiikiB. UncenbHHI eKCIIepHMEHT
OyB mpoBe/ieHNIT Ha HAaOOpi TecTOBHUX cuTHAIIB — ernox EET
CUTHAJIIB 3 Pi3HAMH (peHOMEHAMH: CIalKaMM Ta HIITUMH
¢dopmamu eminentudopMHOi aKTHBHOCTI. TecToBi curHamm
Oyiu OTpHMaHI 3a JOIMOMOTIOK elekTpoeHiedanorpada
Tredex «Excriepr-16». JIo KOKHOTO TECTOBOTO CHUrHay Oyio
3aCTOCOBAaHO BiKOHHE meperBopeHHs Dyp’e, mceBno-nepe-
TBOpeHHs1 Birnepa-Bimia Ta #ioro 3rmamkeHuid BapiaHt. 3i
CIIEKTPIB TECTOBHX CHI'HAJIB OyTM BHUIUICHI €KCTPEMYMH, SIK1
BU3HAYWIIM MEpPEeBaKarodi PUTMH, Ta IPOBENEHO IMOIIYK
eniienTUGOpMHOI aKTUBHOCTI.

UuicenbHUN EKCTIEPUMEHT MTPOBOJUBCS B OOUMCITIOBAIIb-
HOMY cepenoBuini Matlab. V sikocTi BIKOHHOTO NEpETBOPEH-
Ha Dyp’e Oyna oOpaHa BOymoBaHa (yHKIliS spectrogram 3
nakery Signal Processing Toolbox 3 BikoHHOW (yHKIII€O
Xeminra mupunow 16, 32 ta 64 Bimniki. s noOynoBu
(GYHKIIH CIEKTpanbHOI HIUTBHOCTI TICEBO-TNIEPETBOPECHHS
Birnepa-Binna Ta 3m1apKeHOro neesio-nepersopeHHs Birne-
pa-Binna Oynu Bukopucrtasi gyHkiii tiipwv Ta tfispwv Bigmo-
BimHO. [TapaMeTp 4acToTHOI PO3MIBHOI 34aTHOCTI N J0piB-
Hioe 256. 11i pyHKkiii € yacTMHOI MPOrpaMHOTo nakery Time—
Frequency Toolbox. Ilomyk ekcTtpemyMiB GyHKIIIT
CHEKTPaJIbHOI IIIJIBHOCTI OyJI0 peai3oBaHO 3 BUKOPUCTAHHSIM
CTaHIapTHUX (DYHKIIH OOYHMCITIOBAILHOTO CEPEIOBHUIIIA.

5 PE3YJIbTATH

TectoBi curHanu ta X QyHKIIT cEKTPaIbHOI HIUIBHOCTI
3M1a/HPKEHOTO TICEeB0-TIepeTBOpeHHs Birnepa-Binmna momani
Ha puc. 3 Ta puc. 4. TeMHi IUISHKH 4aCTOTHO-4aCOBOTO MpeJi-
CTaBJICHHS BIMOBIIAIOTh MAKCHMAJIbHUM 3HAUCHHSM €HEpTil
CHUTHAITY.
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Pucynok 3 — EEI" curHan Ta 4acTOTHO-4acoBe IoJaHHs (iIbTpoBa-
HOTO CHUTHaly, OTPHUMAHE 3IIaIXKEHUM IICEBIO-IEPETBOPEHHAM
Birnepa-Bimna. [lepeBaskanHns ansga-put™y y BigramyxenHi F3

—

Pucynok 4 — EEI" curHan Ta 4acTOTHO-4acoBe IoJaHHs (iuIbTpoBa-
HOTO CHTHally, OTPUMAaHE 3IJIaIXKEHUM IICEBIO0-I1EPETBOPEHHAM
Birnepa-Binna. Cnaiik nizg uyac gporoctumysanii 10 '

y BigramyxeHsi T3

6 OBI'OBOPEHHA

TecroBuii curaan (puc. 3) sBIsE COOOIO EIOXY JOBXKH-
HOIO 15 cekyHA, oTpuMaHYy 3 Bimramyxkernus F3 y crani cro-
koro. Lls emoxa XapakTepH3yeThCsl HASBHICTIO alb(ha-puIMmy,
IO MiATBEPUKYETHCSA aHATi30M YAaCTOTHO-YACOBOTO IPE-
CTaBJICHHS: MAKCHMyMH (DYHKIII CIIeKTpanbHOI MIUIBHOCTI
3HAXOMATHCA y Hiama3oHi 8—12 I'm. Pesymsratom 3actocoBa-
HHUX HEpPeTBOPEHb € MaTpuld (yHKOii cHekTpairbHOI
IITBHOCTI po3MipHicTIo 129x186 BiTIKIB JUIs BIKOHHOTO ITe-
perBoperHsa ®Pyp’e ta 128x3000 i 311aJKEHOrO NCEBO-
nepeTBopeHHs1 Birnepa-Bimma. OTprMaHe gacTOTHO-9acoBe
HpeCTaBICHHS Ma€e HabaraTto Kpamry 4acTOTHO-4acoBY PO3-
IiTbHY 3HAaTHICTB, HIX CIEKTP BIKOHHOTO NEPETBOPEHHS
®Dyp’e (puc. 2), mo A03BOISAE OITBII TOYHO JOKATI3yBaTH
EET putw™ y gaci.

TectoBuii curHan (puc. 4) sBIsE COOOI0 EIOXY JOBKU-
HOO 7,5 cexyHH, OTprMaHy 3 BixraayxeHHs T3 mix gac doto-
crumymsii 10 T, sika mictuth cnaiik. Yepes Te, 10 MceBIo-
nepeTBopeHHs Birnepa-Biiia € uyTiaMBUM /10 TOKaJIbHUX 0C00-
JIUBOCTEH CUTHAIY, YaCTOTHO-YaCOBE MPEICTABICHHS EIOXU
MICTUTh XapaKTepHUH BUCOKOYACTOTHHUI MakcUMyM (DyHKIIT
CIEKTPAJILHOI HIUIBHOCTI, IO BiJINOBIa€ YaCTOTHO-YACOBIH
XapaKTepUCTHIIl craiky. [Ipy 1IbOMy 4aCTOTHO-4acoBa PO3Ji-
iJIbHA 3[IaTHICTh OTPUMAaHOI (PYHKIIIi CIIEKTPaIbHOI IILTLHOCTI
JTO3BOJISIE JIOKATI3yBaTH ()EHOMEH Y Yaci 3 TOUHICTIO OLIBIIION0,
HDK y BIKOHHOTO TiepeTBopeHHs1 Dyp’e: BUKOPUCTAHHS TICEB-
Jo-TiepeTBOpeHHs1 Birnepa-Binna no3poise nokaiizyBaTu
cnaiik y yacoBomy okoiti y 10 BiyTikiB, @ MpU BUKOPUCTAHHI
BIKOHHOTO TiepeTBOpeHHst Dyp’e — TUIBKK y 4acOBOMY OKOJI1
y 64 Bimiiku. lle Hamae nepeBary BUKOPUCTAHHIO TICEBJIO-TIC-
perBopensst Birnepa-Binna s nmonryky ta kiacudikarii ermi-
JIenTU(POPMHOI aKTHBHOCTI.

BUCHOBKHA

Y po0oTi po3mIsSHYTI MepeBaru Ta HEOMIKH BIKOHHOTO Tie-
perBopenHst @yp’e Ta mceBmo-nepeTBOpeHHst Birnepa-Bisna
SIK METOJIIB 4aCTOTHO-4acoBoro anamizy EEI' curnanis; orm-
cani EEI" putmu 1 iesiki (peHOMEHH Ta iX 4aCTOTHO-YaCOBi Xa-
pakTepucTuku. ByB mpoBeneHU 0OUNCIIOBAILHUN EKCIIEPH-
MEHT 10 BUKOPHCTAHHIO TICEB/IO-TIEPETBOPEHHs Birnepa-Bima
it aHanizy putMiB EEI curHasiB Ta nmouyky eniientugopm-
HOI aKTHBHOCTI.

VY poGorti BHpillleHO akTyallbHy 3aiady aHaiizy EEI cur-
HaJIB, a caMe BiJIOKpEMJICHHS eleKTpoeHiedanorpadiuaux
PHUTMIB Ta BHJIUICHHS] BUCOKOYACTOTHHX (DEHOMECHIB.
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HayxoBa HOBM3HA pOOOTH IIONATAE Y TOMY, IIIO BHKOPHC-
TaHHS 3MIaDKEHOTO TICEBNIO-TIepeTBOpeHHs Birnepa-Binma ms
ananizy EEI" curHaiiB oTpuMaio MojaibIIvid pO3BHTOK.

IMeperBopenns Birnepa-Binna e mepcrekTHBHIM iHCTPY-
MEHTOM YaCTOTHO-YaCOBOTO aHANi3y TaKUX CKJIIATHUX He-
TiHIIHIX HecTalllOHapHHUX cUrHaiB, sk curHanu EET. Bono
Mae Kpally 9acoBYy Ta YAaCTOTHY PO3JIUIBHY 3JaTHICTh, HIK
BiKOHHE IepeTBopeHHs Dyp’e, MmO NO3BONSE NMPOBOJUTH
BimokpemieHas EET" puTMmiB Ta aHami3 JOKadbHHX OCOOIH-
BOCTEH CHTHaIly, HAIPUKIA] €HUIENTH(OPMHOI TapOKCH3-
MaJbHOI aKTUBHOCTI.

B Toif xe yac HefoIikaMu IepeTBopeHHs Biraepa-Bima
€ TosBa iHTep(epeHNiHNX CKIIQOBUX Ta BEITHKA OOUHCITIO-
BaJIbHA CKiTaaHicTh. [leprma mpobeMa 4acTKOBO BUPINTY€ETHCS
BUKOPUCTAHHSM ICEBIO-TIepeTBOpeHHsI Birnepa-Bimna, #oro
3714 DKEHOTO BapiaHTy Ta IHIIMX CXeM 3anymeHHs iHTepde-
penmiit. JIpyra npo6nemMa BHUPIIIYeThCS BUKOPHCTaHHIM
MoaH(iKOBaHHX PO3PaXyHKOBHX cxeM [19] Ta crae meHII
aKTYyaJIbHOIO 31 3pOCTaHHSAM OOYHCIIIOBATBHHX MOTYKHOC-
TeH CyJacCHMX KOMII'IOTePHHX KOMIDIEKCIB.

INpakTHdHa OiHHICTH OTPUMAHUX PE3YIBTATIB MOJATAE Y
TOMY, IIO PO3POONEHO IMpOrpaMHe 3a0e3NeueHHs, SKe 103-
BOJISIE TIPOBOJIUTH aHAJI3 PUTMIB Ta ()EHOMEHIB, K OJHOTO 3
eTaliB JOCTIPKeHHs eNleKTpoeHIe(arorpadiqHiX CHTHANIB.

IepcnexTHBY MOJANBITUX JOCTIMIKEHb MOIATAIOTH Y
anamizi BBy EET" apredaxTiB Ha 9acTOTHO-49acoBe Ipef-
CTaBJICHHS CHTHAINY, X NETeKTyBaHHI Ta JIOKaJi3amil, JOCTi-
KEHHI METOAMK 3MEHIICHHS OOYHCIIOBATBHOI CKIATHOCTI
3T7aJKEHOTO IICEeBIO-NIepeTBOpeHHs Birnepa-Binna ta mo-
IIyKy ONTHMAaNbHHUX MapaMeTpiB BIKOHHUX (DYHKIIH.

MOISIKA

Pobory BHKOHAHO B paMKax HayKOBO-ZOCITiTHOI poOoTi
Ne 229 «JlocnipKkeHHs ISSIKUX KJIaciB KpaloBUX 3a11a4 Tude-
PEHIIIMHUX PIBHSHB, X anpoKCcUMAIll Ta METO/iB 00pOOKH
300pakeHby Kadeapu o0YrcIoBabHOI MaTeMaTHK OJiech-
KOTO HalliOHAIBHOTO yHiBepcutery iM. 1. I. MeununkoBa.
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AHAJIN3 DJEKTPOOHUE®AJTOIPAOUYECKHUX CUI'HAJIOB HA OCHOBE NCEBJO-IPEOBPA3OBAHMUSA

BUT'HEPA-BUJIJTIA

PaCCMOTpeHa 3ala4ya BBIACIICHUS SHCKTpOE)HHC(baJ'IOI‘pa(bI/I'-IECKI/IX PUTMOB U ITIOUCKA SHHHCHTH(bOpMHOfI akTHBHOCTH. OOBEKTOM ucciaeaoBsa-
HUS ABJIACTCA IIPOLIECC BBIACIICHUA SHCKTpOE)HHC(baHOI‘pa(bI/I'-IECKI/IX (beHOMeHOB. HpC,HMeT HCCIENOBaHU COCTABJIAIOT METOAbI YaCTOTHO-BPE-

MCHHOI'0 aHaJiu3a SHCKTpOE)HIIC(I)aJ'IOI‘pa(bI/I'-IECKI/IX CHUT'HAJIOB.
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Llens paGoThl 3aKII04AETCS B MOBBIILEHHMHM TOUHOCTH JUArHOCTUPOBAHUS IICHXUYECKUX, IICHX0-COMATHYECKUX, HEBPOTHYECKUX U KOTHU-
THBHBIX paccTpoiicTB. IIpoBenen 0630p npouecca anekrposHuedanorpadpuyeckoro uccaenopanus u 931 apredakros. Paccmorpero Buist D3I
PHUTMOB U ()EHOMEHOB, KOTOPbIE UMEIOT ClieH(UUECKIE YACTOTHO-BPEMEHHBIE XapaKTepUCTUKH. IIpeuioskeH MeTo ] BbIIENEHHS AIEKTPOdHIIe-
(anorpaduueckux (HPEHOMEHOB Ha OCHOBE aHAIIM3a HKCTPEMYMOB (DYHKLMHU CHEKTPAIBbHOH IJIOTHOCTU CIVIA’KEHHOTO INCEBJO-IPE0Opa3oBaHus
Burnepa-Bunna. IIpoBeneHo cpaBHEHHUE NPEATIOKEHHOIO METOIAa C OKOHHBIM IpeoOpazoBaHueM dypwe. B kauecTBe KpUTEpHsl OLEHKH aHANH-
3UpyeMBIX METO/I0B OBLIO BEIOPAHO YACTOTHO-BPEMEHHOE Pa3pelleHHe IOTyYeHHbIX (DYHKIMI CIIeKTpanbHOM 10THOCTH. [IpoBeneH BbIUUCIH-
TEJbHbIHA IKCIEPUMEHT Ha Habope 31mox D3I curHanoB, KOTOpbIE COEPKAT BHICOKOYACTOTHBIE (peHoMeHbl. Pa3zpaboTano nporpaMmHoe obec-
HeyeHue, aBTOMaTU3MpYIoLee rpouecc uecnegopanus DI CUrHanoB ¥ BU3yalu3alLHio IOTyYeHHBIX PE3YIbTaTOB.

Pe3ynbraThl 3KCIEPUMEHTOB I10Ka3bIBAIOT IPEUMYLIECTBA JAHHOIO II0JX0Ja B YaCTOTHO-BPEMEHHOH paspemiaromieil crocoOHOCTH Hal
OKOHHBIM IIpeoOpazoBaHueM Pypbe U IO3BOJIAIOT PEKOMEHI0BATh NPEJIOKEHHBIH METO/ K IIPAKTHYECKOMY NIPUMEHEHUIO 111 oTaeneHus 900
PHUTMOB M BBIIEIECHHS BBICOKOYACTOTHBIX (PEHOMEHOB.

Kumouesble cioBa: D01 curnai, 4acTOTHO-BPEMEHHON aHalU3, OKOHHOE NpeoOpaszoBanue dypwe, npeodpasoBanue Burnepa-Buiia.

Savkov O. O.!, Moroz V. V.2
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EGG SIGNAL ANALYSIS BASED ON PSEUDO WIGNER-VILLE DISTRIBUTION

The problem of selection of electroencephalographic rhythms and epileptiform activity search was investigated. The object of study is the
process of extracting the EEG phenomena. The subject of study is time-frequency analysis methods of EEG signals.

The purpose of the work is to improve the accuracy of diagnosis of psychological, psycho-somatic, neurotic and cognitive disorders. A
review of electroencephalographic process and EEG artifacts was given. Types of EEG rhythms and phenomena, that have specific time-
frequency characteristics, were considered. A method for electroencephalographic phenomena selection that is based on the extreme values
analysis of spectral density function of smoothed pseudo Wigner-Ville distribution was proposed. Proposed method was compared with the
short-time Fourier transform. As a quality criteria for analyzed methods was chosen the time-frequency resolution of obtained spectral density
functions. Computational experiments on EEG epochs set that contains high-frequency phenomena were made. Software that automates EEG
analysis process and builds results visualization was developed.

The experimental results show the advantages of this approach in the time-frequency resolution compared with short-time Fourier
transform, and allow to recommend the proposed method for practical use for EEG rhythms separation and high-frequency phenomena
selection.

Keywords: EEG signal, time-frequency analysis, short-time Fourier transform, Wigner-Ville distribution.
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HEHPOIH®OPMATUKA
TA IHTEJIEKTYAJIBHI CUCTEMH

HEHMPOUH®OPMATHKA
N UHTEJUIEKTYAJIBHBIE CUCTEMDbI

NEUROINFORMATICS
AND INTELLIGENT SYSTEMS

Y/IK 004.912:004.8

BoasaHckun E. B.', Pabosa H. B.2, 3onotyxuH O. B.2

'[J-p mexH. Hayk, npogheccop, npogheccop kaghedpbl UCKYCCMBEHHO20 UHMEIIEKMa XapbKOBCKO20 HalUOHANIbHOZ0 yHUBEpcumema
paduoanekmpoHuKu, Xapbkos, YKkpauHa

2KaHO. mexH. Hayk, doueHm, u.0. 3a8. kaghedpol UCKYCCMBEHHO20 UHMeriekma XapbKO8CKO20 HaUUOHalIbHO20 yHUsepcumema
paduoanekmpoHuKu, Xapbkos, YKkpauHa

SAccucmeHm kaghedpbi UCKyCCMBEeHHO20 UHMesniekma XapbKo8CKO20 HayUOHallbHO20 yHUepcumema paduo3neKmpOoHUKU,
Xapbkos, YkpauHa

MHOIOCITOMHASA AOANTUBHAA HEYETKAS BEPOATHOCTHASA
HEWUPOHHASA CETb B 3AOAYAX KITACCU®UKALUU TEKCTOBbIX
AJOKYMEHTOB

PaccMotpena 3a1a4a kiaccu(UKaIul TEKCTOBBIX JIOKYMEHTOB Ha OCHOBE HEYETKOH BEPOSTHOCTHONH HEHPOHHOI CETH B PEKUME PEATEHOTO
BpeMeHH. B MaccuBe TEKCTOBBIX JOKYMEHTOB MOXET OBITh BBIJICJICHO PA3JIMYHOE KOJTHYECTBO KJIACCOB, K KOTOPHIM MOTYT OTHOCHUTHCS JaHHBIE
nokyMmeHTsl. [Ipu 3TOM mpenmonaraercs, 4TO JaHHbBIE KIACChl MOTYT MMETh B 7I-MEPHOM IIPOCTPAHCTBE PA3IMUYHYI0 (OPMYy M B3aUMHO
nepekpbiBarbed. IlpeqnoxeHa apXUTeKTypa MHOTOCIONHOW alanTUBHON HEUYETKOM BEPOSTHOCTHOM HEWPOHHOW CETH, KOTOpas MO3BOJSET
pemats 3anady Kinaccu(UKauy B MOCIEIOBATEIBHOM PEXUME MO Mepe IMOCTYIUICHHS HOBBIX JaHHBIX. [IpeiiokeH anroput™ oOydeHHs
MHOTOCIIOHOM aJJanTHBHON HEYETKON BEpOITHOCTHON HEMPOHHOM CEeTH, a TaKKe pelleHa 3a/1a4a Kiaccu(puKauy Ha OCHOBE TPeIOKEHHOU
ApPXUTEKTYPHI B YCIOBUAX MEPECEKAIONINXCA KJIACCOB, YTO MO3BOJIAET OTHOCHTh OAHH 3K3EMILISIP TEKCTOBOTO JIOKYMEHTA K Pa3HBIM KJlaccaM
C pa3IMYHON CTETIEHBIO BEPOSITHOCTU. APXHUTEKTypa KiIaccu(pUIUpyromeil HeHPOHHON CeTH OTIMYAETCs IPOCTOTOH YHCICHHON peann3aueit
1 BBICOKOI CKOPOCTBIO 00yU€HHs, U IIpeiHa3HaueHa Ui 00paboTKH OOMBIINX MAaCCHBOB JAHHBIX, XapAKTEPU3YIOINXCSA BEKTOPAMHU IPHU3HAKOB
BBICOKOH pa3zmepHoCTH. IIpennaraemas HelipoHHAs CETh M METOA €€ O0y4eHUs NMpeJHa3HA4eHBI U PaOOTHl B yCIOBHUAX IEPECEKAFONINXCS
KJIACCOB, OTIMYAIOIINXCA KaKk (JOPMOH, TaK M pa3sMepaMu.

KiueBble cjioBa: KHaCCH(bHKaHHH, aJlafiTuBHasA HEYETKas BEPOATHOCTHAA HCﬁpOHHaﬂ CETb, INEPECECKAIOMINECSA KIIACChI, HCﬁpOHBI B
TOYKaX JaHHBIX.

HOMEHKJIATYPA
AFPNN — Adaptive Fuzzy Probabilistic Neural Network;

| — mMpUHA aKTHBALMOHHOW (YHKIINH,
M — YHCIIO0 BO3MOXKHBIX KJIACCOB,;

EPNN — Enhanced Probabilistic Neural Network;
FLVQ — Fuzzy LVQ;

FPNN - Fuzzy Probabilistic Neural Network;
PNN — Probabilistic Neural Network;

WTA — Winner Take All;

¢, — cpenHee apudMeETHIECKOE;

N — KOIMYECTBO HEHPOHOB B CKPBITOM CJIOE;
wy(N) — obyuaromias BEIOOpKa;

M — mapameTp Iara o0y4eHHs;

D — eBKIUIOBO pacCTOsiHUE (METPUKA);

J — HelpoH-noOeuTeNb,

J* — MHIOEKC MPOTOTUIA-TIO0SIUTEIS,

k — HomMep HaOmOACHUS;

© bonsuckuii E. B., Ps6osa H. B., 3omoryxun O. B., 2015
DOI 10.15588/1607-3274-2015-1-5

N — o0beM oOyuarolieil BEIOOPKH;
1 — apHOCTh BEKTOPOB;
N y — KOIMYECTBO BEKTOPOB, OTHOCAIIMXCA K Klaccy X;

oy] — BBIXOAHOHM CHTHAJ CKPBITOTO CIIOS;

P — ampuopHasi BepOSITHOCTB;

P — OTHOCHTEIbHASI 4acTOTa MOSBICHUS 00pa3oB;
p(x) — QyHKIMS TUIOTHOCTH BEPOSITHOCTEIH;

q* — HelipoH-IoOeAUTENh BHYTPH OJIOKA;

U, — YypOBCHb NMPHHAUICKHOCTH;

Wj; — CHHAIITHYECKHH BEC,

wlT — TPAHCIIOHUPOBAHHBIN BEKTOP CHHAITHYECKUX BECOB,
x(k, j) — curHan BekTopa-o0pa3a, KOTOPHIH y4acTBOBAJ B

KJ1accu(pUKaIum;
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x(k, j) — curaan BekTopa-o0pas3a, ¢ U3BECTHOH KJIACCH-
¢bukammeit;
x(l) — cuHanTHYECKHE Beca B CKAIApHOH (opme;

x(k) — N-MEpHBII BEKTOp INPU3HAKOB C HOMEPOM Kilac-

cudpunupyemoro obpasa k;
G — mapaMeTp UIMPHHBI aKTHBAIMOHHON (DYHKIIHH.

BBEJIEHUE

Ha cerogusiiinmii 1eHp kinaccuUKamnys TEKCTa CIUTACT-
Csl IOCTATOYHO CIIOXKHOM mpobnemort. Knaccupukamms Tex-
CTa SBISETCS JEATENbHOCTBIO, KOTOpas CTaHOBUTCS Bce 0O-
Jiee 3HAQUYMMON B HAIIU JHH. JTO OOYCIOBICHO OTPOMHBIM
00BbEMOM JOCTYIHOHM MH(pOpManHuu U MpoOIeMOoil IMomcka
nH(popmaryu. K ToMy e OONBIIHHCTBO MCHONMB3YeMBIX 0a3
JIAHHBIX SBITIOTCS MOJIUTEMATHIECKUMH C OONBIIAM KOITH-
9eCTBOM KaTerOpHi, KOTOPBIE IPEBpPAINaioT 3aady KIacCH-
¢ukamum TekcTa B Ooiee CIOXKHYIO.

Bo3HUKIH HOBBIE MPOOIEMEI, CPENH KOTOPHIX Hambomee
ocTpoil aBIsAeTcs MH(GOpMAIMOHHAS IEPEeTPYKEHHOCTD H,
KaK CIIICTBHE, HEOOXOIMMOCTh KIACCH(HKAIINN MOCIET0-
BaTEJIFHO MOCTYHAIOMNX JOKYMEHTOB B PEXHME PEabHOTO
BpeMeHHU. JTa 3a/iaya BeCchbMa aKTyalbHa, HAIPHUMEp, IS
MH(OPMAIOHHEIX areHTCTB, pa3HooOpa3HbIX VHTepHeT-
M3/1aTeIbCTB, KOTOPHIE JOKHBI MOCTOSHHO KIIACCH(HIPO-
BaTh IOTOK MOCTYIAIOMNX TEKCTOBBIX HOKYMEHTOB, B TOM
9rciIe HOBOCTHBIX COOOIIECHHUH, aHATHTHIECKHX 0030pOB,
JTalKeCTOB, CTaTel, OKIAI0B | T.II. [Ipu 5TOM JOKyMEeHTEHI,
nojIexanye Kiaccuukanuy, Kak MpaBHIIO, XapaKTepH3y-
I0TCSA PAa3HOPOTHOCTBIO (MIOJUTEMATHIHOCTBIO), T.€. 3aTpa-
THBAIOT CPa3y HECKOIBKO TeM, KaK BECbMa PAa3JIMYHbIX, TaK U
OYeHb OJIM3KHX.

On-line xTaccu(UKans TAKOTO pojia TEKCTOBBIX JOKYMEH-
TOB HE SBIISETCS TPHBUAIBHON 3a1a4el, IIOCKOIBKY B HEOOMb-
oM (parMeHTe TeKCTa MOXKET COZIEpP)KaThCsl BeCbMa LIEHHAs!
nHpOpMaLHsl, © OTHECEHHE K COOTBETCTBYIOIIEMY KIIAcCy
HeJb3s1 UITHOPUPOBATh, a OJU3KO PacIONOKEHHBIE KIIACChI
MOT'YT TIepeceKaThCsl W/UIN cnuBaThesl. [loaToMy skenaTenb-
HO YYeCTh MPHUHAIICKHOCTh aHAIN3UPYEMOr0 JOKYMEHTa K
Ka)X/IOMy U3 TOTEHIUAIBHO WHTEPECYIOIIUX MOIb30BATENs
KJIaCCOB.

B T0 e Bpemsi GONBIIMHCTBO M3BECTHBIX METOIOB Kiac-
cH(UKALMU OTHOCST TEKCTOBBIA JTOKYMEHT K OZHOMY M3 YeT-
KO Pa3JIMUUMBIX Ki1accoB. OTCYyTCTBHE BOSMOXHOCTH IONY-
YUTh Hauboliee aKTyaJbHYIO M IMOJIHYIO WH(OPMAIHIO 10
KOHKPETHOH TeMe JenaeT Oecrioie3Hoi OONBIIYI0 YacTh Ha-
KOIUTEHHBIX pecypcoB. [TockonmbKy mccienoBaHue KOHKPETHOM
3a1a4u TpeOyeT Bce OONBIINX TPYI03aTpar Ha HEMOCPEICTBCH-
HBIH MMOUCK M aHAJM3 MH(POPMALUK N0 TeMe, MHOTHE pelle-
HUSI IPUHAMAIOTCSI HA OCHOBE HEMOJHOTO MPENICTaBICHUS O
npo0GJeme.

1 IIOCTAHOBKA 3AJTAYN

[Tycts 3aman MaccuB, copepkamuii N TEKCTOBBIX JIOKY-
MEHTOB, ONHUCHIBAEMBIX 7-MEPHBIMH BEKTOpaMH-IIPU3HAKA-
MH, TPU 3TOM YacTh JOKYMEHTOB SBISIETCA KIacCHOUIMPY-
€MBIMH, a 9acTh HeT. [Ipennonaraercs Takke alpuopHO, YTO
B MAacCHBE MOXET OBITH BBIJIETICHO /71 Pa3JINYHBIX KIAaCCOB, K
KOTOPBIM MOTYT OTHOCHTBHCS JaHHBIE JOKYMEHTHI. [Ipu 3TOM
MIPeAnoNaraeTcs TakXke, YTo JaHHBIE KJIacChl MOTYT UMETh B
M-MEPHOM IPOCTPAHCTBE PA3IUYHYI0 HOpPMY M B3aUMHO
nepekpeiBathesi. HeoOxoqumMo co3nath KiaacCH(QUIIHPYIO-
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mymoo Helipo-(ha33u cucTeMy, KoTopas MO3BOIUT IIPOU3BO-
JTH TPOCTOH M 3P ()EeKTUBHBIN METON KIACCH(HUKAINK HPH
YCIIOBHH B3aUMHO MEPEKPHIBAIONIUXCSA KIACCOB U IIPENJIO-
KHUTh APXUTEKTYPy KIACCH(PUIMPYIOIEH HEIETKOH BeposT-
HOCTHOH CeTH, KOTopasi MO3BOJIUT pa30MBaTh IONAIOINNE Ha
00paboTKy TOKYMEHTHI KaK ¢ TOYKH 3peHHs baiiecoBckoi,
TaK M HEYEeTKOH KIaccH(pHKaIuu oxHOBpeMeHHO. CeThb 1oI-
*Ha OBITH MPOCTOI B peayM3alliy M IIPUTORHOM 1yt oOpa-
OOTKH IOCTYMAIOMHKX HAONIONEHNH B MOCIETOBAaTEIHLHOM
online pexnme.

2 OB30P JIMTEPATYPbI

JocraTouHo 3)PEKTUBHBIM CPEACTBOM JUIS PELICHHS
3a/1a4¥ KITACCH(PHUKAMHA TEKCTOBBIX JOKYMEHTOB SIBIISIFOTCS
BEPOSITHOCTHBIE HeHpoHHbIE ceTn, BBeaeHHble [[. @. [Inex-
ToM [1], oOyueHHEe KOTOPBIX MPOU3BOAMUTCS IO NPHHIUILY
«HEHPOHBI B TOYKAX AaHHBIX», YTO JIENIAET €ro KpaiHe Mpo-
CTBIM ¥ ObicTpbIM. B [2—4] ObutH BBeeHBI MOTU(UKAIINA
PNN, npenna3zHaueHHBIE I 00pabOTKH TEKCTOBOH HH(Op-
Malfy ¥ OTJIMYAIOMINECS HAMYUEM JJIEMEHTOB KOHKYpEH-
UK B Iporecce 00y4eHUs U BOSMOXHOCTBIO KOPPEKIHH
PELENTOPHBIX MOJNEH sIePHBIX aKTUBALMOHHBIX QyHKIMA. B
[5—7] ObIM BBenEHBI HedeTKHE MOAM(DUKAIINH BEPOSTHOCT-
HBIX CeTel, B TOM YHCIie U Uil 00paboTKu TekcToB [8], mo-
3BOJISIIONINE pPElIaTh 3a7ady KJIacCU(PUKAUH B YCIOBHSIX
HepeceKaloImuxcs KiIaccoB. Bmecte ¢ TeMm, ncmonb3oBaHue
PNN u FPNN B 3aauax 00pa0OOTKH TEKCTOB YCIOXKHSECTCS B
cIryqasix, Korna o0beMbl aHAU3UpyeMOl HH(POPMAIH Be-
JIMKH, @ BEeKTOPHI MPU3HAKOB (00pa3bl) MMEIOT TOCTAaTOYHO
BBICOKYIO Pa3MEPHOCTb. DTO 3aTPyTHEHHE OOBSACHICTCS TeM,
gro kak B PNN, Tak u B Ipyrux HEHpOHHBIX CETIX, o0ydae-
MBIX 10 IIPUHLUILY «HEHPOHBI B TOYKAX AAHHBIX» [9], Komu-
9eCTBO HEHPOHOB MEPBOTO CKPHITOTO clos (CI0si 00pa3oB)
OMpeeNsIeTCs YMCIOM BEKTOPOB-00pa30oB 00ydJaromiel Bbi-
0opku N, 4TO, €CTECTBEHHO, ITPUBOJIUT K CHHIKECHHIO OBICT-
poneicTBUs U TpeOyeT XpaHeHUsI BCEX NaHHBIX, HCIOJIB30-
BaHHBIX B IpoIecce OOYydeHUs CeTH, YTO €CTECTBEHHO 3aT-
pynHsier paboty B on-line pexxume. it mpeonoieHus STOro
Henocratka B [10] Obuta mpezyioxkeHa YaydqilleHHas: BEpOsIT-
HOCTHAasi HEWPOHHAs CeTh, IJIC NIEPBBIA CKPBITHINA CIIOH 00pa-
30BaH He 00pa3aMu, a IPOTOTUINAMHU KIACCOB, BBIYHCIEH-
HBIX ¢ momolbio o0buHOro K-cpeanero (HCM) B maker-
HOM pexxuMe. [TockonbKy B 3aadax KJIACCH(HUKAIMK YUCIIO
BO3MOXKHBIX KJIaCCOB 711 OOBIYHO CYIIECTBEHHO MEHBIIE
o0bema oOyuaromeid Beioopku N, EPNN ropaszgo nyumie
npucrocoOlieHa Ul PEenIeHUs] peaqbHbIX 3a]a4, YeM CTaH-
naptaast PNN.

BwMmecte ¢ TeM, MOXXHO OTMETHUTh TaKHe OCHOBHBIE HEZO-
crarku EPNN, kak BO3MOXXHOCTh OOY4€HHUSI TOJIBKO B MAKET-
HOM peXHuMe, Korja oOydaroiasi BEIOOpKa 3ajlaHa 3apaHee,
Y YETKHU pe3yibTaT KiacCUPUKAIMU (OTHECEHUE MPEIbsIB-
JIIEMOTO 00pa3a TOJNBKO K OIHOMY KIIAcCy), B TO BpeMs Kak
mpu 00pabOTKE TEKCTOBBIX JAOKYMEHTOB JOCTATOYHO YACTO
BO3HHUKAET CUTYaIlHs, KOTJIa aHAIM3UPYEMBIH TEKCT C pas-
JUYHBIMA YPOBHSIMH NPUHAIIECKHOCTH MOXKET OJHOBPEMEH-
HO OTHOCHTBCS Cpa3y K HECKOIBKUM, BOSMOXXHO IepeceKa-
rouumMes kiaccam. B cBssu ¢ atum B [11] Oblia npeioxeHa
HeJeTKasi BEPOSATHOCTHAsI CETh, IJie B TIEPBOM CKPBITOM CIIOE
MIPOU3BOANTCS aAalTUBHOE YTOUYHEHHE MPOTOTHIIOB C MO-
mompio WTA-npaBuna obyuenus T. Koxonena [12], a BbI-
XOJHOW CIIOM OLIEHWBAaeT yPOBHH MPHHAIIEKHOCTH MOCTY-
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MAMKX HA 00paboTKy 00pa3oB K TeM MM MHBIM KJIaccam C
nomompio mpouenypsl Heuetkux C-cpennux (FCM) [13]. Ta-
Kasi CeTh CONEP)KUT MHHUMAIBHO BOSMOXKHOE KOJMUECTBO HEli-
POHOB, PaBHOE YHCIY KIIACCOB M IOTOMY XapaKTepU3yeTcs
BBICOKHM OBICTpozeiicTBreM. Bmecte ¢ TeM xe ceTh He ydu-
TBHIBACT HU Pa3Mephbl KIIAcCOB, HM YACTOTY IMOSIBJICHHST 00pa3oB
B K&)XJIOM M3 3TUX KJIACCOB, YTO €CTECTBEHHO OIPaHUYMBAET €
BO3MO)KHOCTH IIPU 00paOOTKe IaHHBIX, YbH MPOTOTHUIIBI Y-
JIEHBI JIPYT OT JIpyra Ha pa3iIHMYHOE PAacCTOSHHE, KOTOphIe K
TOMY K€ MOYKET U3MEHSTHCS C TEUCHHEM BPEMEHH.

3 MATEPUAJIBI 1 METO/IbI

Knaccudeckue BepOATHOCTHBIE HEHPOHHBIE CETH
. @. llnexra npeaHa3HaueHbI IS PEIICHAs 3a1a9 Oaifecos-
CKOM KJTacCH(pUKANMH (pacIo3HaBaHUS 00pa30B HA OCHOBE
0aiieCOBCKOrO TMOJIX0/1a), COCTOSIIETO B TOM, YTO KJIacC C HaW-
Ooree TIIOTHBIM pacIIpeiesIeHHeM B 00JIaCTH HeKIacCH(pH-

LOUPOBAHHOTO MPEABSBIIEMOro odpa3za x(k) OymeT UMeTb
IIPEUMYLIECTBO 110 CPAaBHEHUIO ¢ APYruMHU Kiaccamu. Taxoke
OyfeT MMeTh NPEerMYIIECTBO U KIACC C BBICOKOH alpHOpHOH
BepOATHOCTHIO. Tak, 1t Tpex BO3MOXHBIX KitaccoB 4, B u C B
COOTBETCTBHH ¢ 0alieCOBCKIM IIPABUIOM BBIOMpaeTcs Kiacc
A, ecmn Pyp 4(x) > P pp(x) AND Pyp 4(x) > Fc pc (x).

Crangaptaas PNN cocTout U3 BXOZHOro (peuentopHo-
TO) CIOsI, IEPBOTO CKPBITOr0, HMEHYEeMOr0 CI0eM 00pa3os,
BTOPOr'0 CKPBITOrO, HAa3bIBAEMOIO CJIOEM CYMMMPOBAaHHUS,
U BBIXOIHOTO CIIOsl, 00pPa30BaHHOTO KOMITApaTOpPOM, BEIJiE-
JAI0IIMM MaKCUMaJlbHOE 3HAau€HUE Ha BBIXOJE BTOPOTO
CKPBITOTO CJIOSL.

UcxonHolt nHpoOpManmen Ui CHHTE3a CETH SBISIETCS
oOyuaromasi BEIOOpka 00pa3oB, 0Opa3oBaHHAS «IIAKETOM)
n-MepHbIX BekTopoB x(1),x(2),...,x(k),...,x(N) c u3Becr-
Holt knaccudukammeit. [Ipennonaraercs taxxe, 94to N 4 Bek-
TOPOB OTHOCATCA K KIacCy A, Np K Knaccy B u N K Kiaccy

C,re. Ny+Np+ Ny =N, a anpuopHbIe BEpPOATHOCTH
MOTyT OBITh PACCUMUTaHBI C MOMOIIBIO dJIEMEHTaPHBIX COOT-
HOILIEHUH:
N N N
PA =_A,PB =_B,PC =_C,PA +PB +PC =1.
N N N
KonnuecTBo HelipoHOB B cioe obpa3oB ceru llImexra
paBHO N (IO OJHOMY HEHPOHY Ha KaKIblii 00pas), a ux
CHHANTHYECKUE BECa OMPEAEISIOTCS 3HAYEHUSMH KOMIIO-
HEHT 3THUX 00pa30B IO MPUHLHITY «HEHPOHBI B TOUYKAX JaH-
HBIX» TaK, 4rto wy; = x;([),i=1,2,..,n;1=1,2,..., N, unu B
~ T
BekTOpHOH dopme w; = x(/) = (x (1), x5 (1),..., x,, (1) -
OueBHIHO, YTO 00yUeHHEe B JAHHOM CITydae CBOIHTCS K Ofl-
HOPA30BOM YCTaHOBKE BECOB, UTO JETAET €r0 KpaiHe MPOCTHIM.

Kaxplit 13 HEHpPOHOB COsi 00pPa30B UMEET KOJIOKOJIO-
00pa3Hy (QYHKIHUIO aKTHBAIMH, C MOMOIIbI KOTOPOH

npeabsBisieMblii cetn curHan x(k) mpeobpasyercst B CKa-

JIIPHBIA BBIXOI HEHpOHA oy] (k)= (D(”x(k) -w

,G) yamie
BCEro Ha OCHOBE TayCcCHaHa

(k)= [
T, )

o1k = exp(-
2c

B [11] Obut0 MOKa3aHo, YTO B 3a/1a4aX HEUETKOHM KIIACCH-
¢ukamum Ooliee eCTECTBEHHO HCIIONB30BATh PaCIpe/IelieHUe
Komm B BUnE

i 1
oy =——s
L e -
EE T
2c
rue napameTp c 3ajaer WIUPUHY,

1 =1(4),2(4),...,N 4(4),N 4 +1(B),... N4+ Np(B),N 4 +
+Np +1(C),...,N(C).

I[JISI YOpomeHus YHCIIEHHON pcanr3aliui BXOOHbIC BCK-
TOPbI PEKOMCHAYCTCA NPEABAPUTCIBbHO HOPMHPOBATh Ha

runiepcdepy [12] Tak, uro "x(k)" = "Wl " =1, uro Bener k Go-

Jiee IpocToi (hopMe aKTHBAIIMOHHOW (DYHKIUH
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o) =5 —————.
o” +(1+w x(k))

Crnoif cyMMHpOBaHUS 00pa30BaH OOBIYHEIMH CyMMa-
TOpaMH, YHCIIO KOTOPBIX PAaBHO YHCIY KJIAcCOB (B paccMar-
pUBaEMOM ciIydae — TPH), KOTOPbIE MPOCTO CYMMHPYIOT
BBIXOJBI HEHPOHOB CIIOSL 00pa30B, a BEIXOJHON KOMIIapaTop
BBIJIEJIIET KJIACC C MAKCHMAIBHBIM BBIXOJXHBIM CHTHAJIOM
BTOPOI'O CIOSI.

IMockonbKy mpu paboTe ¢ TEKCTOBBEIMH JIOKyMEHTaMu N
MOXeT OBITh BENHKO, pabora B online-pexuMe ¢ MOMOIIBIO
crannapTHoii PNN BecbMa 3aTpyqHuTenbHa. IMEHHO 10 5ToH
nprunHe B [10] ObUIa BBefieHa KpalHe IpocTast apXUTEKTy-
pa, 4HCI0 HEHPOHOB B KOTOPOIl paBHO YHCIY KJIaCCOB
(B HameM TIpHMepe TPH), a KIaCCU(PHUKAINS IIPOU3BOANUTCS
C TIOMOIIBIO OILEHKH PACCTOSHHUS 0 MPOTOTHUIOB KJIACCOB,
BBIUHCIICHHBIX C ITOMOIIBIO CPEJHEr0 apHu(pMETHIECKOTO

1Y
—Zx(k,j),j =1.2,..,m,
Nj k=1

€j=

B HamieM ciydae m =3, j =1 coorBercTByeT Kiaccy A,
j=2-Buj=3-C.

[onaTHO, YTO Takas IEMEHTapHas cxeMa He CIoco0OHa
OLICHUTH HU pa3Mephl KJIacCOB, HA UX B3aUMHOE ITEPEKPHITHE.

Jlnist yeTpaHeHHs1 yKa3aHHBIX HEIOCTATKOB M MPEJIaraeTcs
MHOI'OCJIONHAs afanTHBHAs HEYEeTKas BEPOSATHOCTHAs HEH-
pOHHas ceTh, apXUTEKTypa KOTOPOH MpHBENeHa Ha puc. 1.

[epBblii CKPBITBINA CIIOW COACPIKUT 171 OJHOTHUIHBIX OJI0-
koB (Ha puc.l — A, B u C) no 4uciay BO3MOXKXHBIX KJIACCOB,
KOTOpPOE MOYKET MU3MEHSTHCS B mpoiecce online-o0yueHus.
Kaxnpiit u3 OJ0KOB COAEPKHUT OAMHAKOBOE YMCIO HEHUpPO-

HOB N +1(N =Ny =N, = N), upu 5ToM B Kaxz1oM 610-

ke N HelipoHOB (B HameM mpumepe 3) o0ydaroTcsl o NpUH-
LUy KHEHPOHBI B TOYKaX JAHHHBIX», & OJAMH HEUPOH

¢; (c A,CB’Cc) BBIYHUCIISIET MIPOTOTUIIBI KIaccoB. B xaxaom
O5I0Ke MEXAY OTACIHHBIMH HEHpPOHAMHU U MEXIy OlOKaMHU
B IIEJIOM 110 BHYTPHOJIOYHBIM U MEXKOJOYHBIM JIaTepalb-
HBIM CBA3SM OpTaHU3YeTCs MPOLEecC «KOHKYPEHIUU» I10
KoxoHeHy, TIO3BONSIONIMI OLIEHUTh KaK LIEHTPOU/IbI (ITPOTO-
THIIBI) KJIACCOB, TaK U MX pa3Mepbl. BTOpOl CKpBITHIN CIION
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Pucynox 1 — MHorocnoiiHas afanTuBHas HedeTKast
BEPOSITHOCTHAS CETh

CYyMMAaTOpOB aHaJlorudeH ciow B cetd llnexra, B TpeTbeM
CKPBITOM CJIO€ KOPPEKLHMH aIPUOPHBIX BEPOATHOCTEH IOI-
CUHTHIBAIOTCS YACTOTHI IOSBICHUS 00pa30B B KaXJIOM U3
KJIaCCOB, a BBIXOTHOM CIIOH-KOMITapaTop peayinsyeT coo-
CTBEHHO KIACCH(UKANUIO IPEIbIBICHHOrO 00pasa.
IMpormecc o0ydeHHsT ceTH HaYMHAETCSA C YCTAaHOBKH Ha-
YaJbHBIX CHHAITUYECKUX BECOB BCEX HEHpOHOB. s apxu-
TEKTYpbI, IPUBEACHHOI Ha pUC. 1, HEOOXOINMO MUMETh Je-
BATH ( N- m) KnaccuUIUPOBAHHBIX 00PA30B 110 TPU HA KaXK-

e knace A, Bu C.
Tak, Hanpumep,

x(1, 4) = w (0), x(2, 4) = w(0), x(3, 4) = w3 (0),
X(4, B) =Wy (0), X(S, B) = Ws (0)3 X(6, B) =Ws (0)7
x(7,C) = w;(0),x(8,C) = wg (0), x(9,C) = wy (0),

3 6 9
c4(0) :% Z x(k,A),cp(0)= % Z x(k,B),cc(0) = % z x(k,C).

k=1 k=4 k=7

Jlanee BeKTOpBI-00pa3bl, y4acTBOBAaBUINE B (HOPMHUPO-
BaHWM HAYaJbHBIX YCIIOBHUIi, HE UCIONB3YIOTCS M BCE ITOCIIE-
IYIOIME CUTHabI OymyT o0o3Hadathest X(k, j), eciu OHH
OTHOCSTCS K oOywarommeil Berbopke x(k), ecnu oHM mofie-
KM KilacCu()UKALIUU.

Urak, mycTs Ha BXOJ CETH oAaeTcs nepBbiid oopas x(1, ),
OTHOCHTEJIBHO KOTOPOTO M3BECTHA €r0 NPUHAIICKHOCTh K
koHKpeTHOMY Kiaccy A wiu B umm C. B pesynsrate mex-
OJIOUHON KOHKYPEHILIMH OIpEACIsIeTCsS MPOTOTHUIl MOOeau-

Teab j* (mpu 3TOM j He 00s3aTeIbHO PAaBHO j *), BEKTOp
napameTpos koroporo ¢ ;x(0) B cMbicie NPUHATOH MeTpH-
ki (OOBIYHO EBKIJIMJIOBOM) HamOosee OJIM30K K BXOJHOMY
curnany x(1, j), T. e.

j*=argmin(D(x(1, ).c,(0))) = arg min "x(l, N-c, (0)||2
)4

= arg max X! ()] p (0) = arg max cos(x(l, j),
p p

cp O)vp=L2,..,m,
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—1<cos(x(l, ),

cpO) =x" (1, e, () <1m 0<|x(1, )-c, (0)||2 <4.
HpI/I 9TOM BO3MOXXHO BO3HHMKHOBCHHC [IBYX B3aWMMOUCK-
JII0OYaromux CUTyalluu:
— BxoaHo# Bektop x(1,j) m mpororun-nobeauTens

npu 9TOM OYCBHUOHO, qTo

C jx (0) mpumaamexar omHoMy Kiaccy, T. €. j = j*;

— Bxomuo# Bektop x(1, j) u nmobemurens ¢ +(0) mpunaz-
JIeKaT pasHbIM KjlaccaMm, T. €. j = j*.

Jlanee npou3BoIUTCS HACTPOMKA NAapaMETPOB HEUPOHOB U
TIPOTOTHIIOB C TIOMOIIBI0 HedeTkoro LVQ npaswia oOyuerwst [14]

¢+ (0) +n(D(x(1, /) = ;+(0)), ecm j = j*;
¢;(1) =1 ¢ (0)=n)x(, /) — ¢ (0), ccom j = 7
¢;(0), ecin j-it HelpoH He mobe I,
3neck 0 <n(l) <1 — mapamerp mara oOy4eHus, BEIOMpae-
MBIl OOBIYHO M3 SMIHPHIECKUX COOOPaXKEeHUH.
Jlanee B caydae IepeceKarloHuXcsl KIacCOB HECIOXKHO

OIIPENIeNUTE YPOBEHB IPHHAIICKHOCTH 00pa3a x(1, j) k xax-
JIOMY U3 1M UMEIOLIUXCS Ki1accoB B Buje [14]

- fa.n-c,0f "

3 et = |
I=1

1,2,..,m.

Ha sTOoM 3Tam MexO0I04HOI KOHKYpPEHITHH 3aKaHIHBACTCS.
Ha sTame BHYTpHOIOYHONH KOHKYPEHIHH B OJOKE, COOT-
BETCTBYIOLIEM KJIAcCy j PacCUUTBIBAIOTCS PACCTOSHHS

2
D(c; (1), wy (0)) =[c; (1) = w, (0)
HOMEpa HEWPOHOB, COOTBETCTBYIOLIUX j-oMy kiaccy. [a-
Jiee BHYTPH j-T0 OJ0Ka PacCUMTBIBAETCSA CBOM IMOOEIUTENH

q*(0)=arg min(D(c‘ (D, Wy (0)), 6mmwkaiimuii K TpoOTOTH-
q

, TAe g mpoberaeT Bce

Iy j-TO Kjacca W B CIy4ae, €ClIM BBINONHSAETCS YCIOBHE

D(c;(1),w;«(0)) < D(c;(1),x(L, /), Bektop nentpa g *-it
¢byHKIME aKTHBAIMH 3aMeHsieTcs Ha x(1, j), yBenuauBas Tem
CaMBIM pasMephl Kiiacca, T.€. wq*(l) =x(1, j). B nporuBHOM

ciyqae Boe W, (0) ocTaroTcs HeM3MEHHBIMH, YBENHYHBAs

Ha €IMHHMITY TOIBKO CBOM MHIEKC TaK, 4To0 Wy 1= Wy (0).
Takum 00pa3om, B mporecce 00ydeHHS M0 MPHHIIUITY
«HEHpOHBI B TOYKAX JAHHBIX» BKIIIOYAIOTCS TONBKO HaOMomIe-
HUSL, TAJIEKO OTCTOSAIINE OT TEKYIIEro 3HauyeHWs MPOTOTHIIA.
[TycTh K MOMEHTY MOCTYIUICHUS k-TO HaOIoneHUs 00y-
yaroled BbIOOPKH CHOPMHUPOBAHBI BCE MPOTOTHIIBI
¢ (k—1) u BexTopsl mapamerpoB HeiiponoB wy(k —1) 06-

M ancom Nm. Torna mporece o0ydYeHHs epBOro CKpbi-
TOTO CJIOSI MOXKET OBITH 3alMcaH B BHJE CIENYIOLIEH mocie-
JIOBATEJILHOCTH ILIaTOB:

— TIOCTyIJICHHE Ha BXOJ CETH BeKTopa-obpaza x(k, j) c
M3BECTHOM KiaccupuKalmen;

— onpeziernenye nporotuna-odeurens ¢ « (k —1) raxoro, 4to
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J*(k=1) = argmin(D(x(k, j),c,(k=1))), p =12,....,m;
p

- HaCTpOﬁKa napameTpa HpOTOTI/IHa-HO6C,Z[I/IT€J'I$[ Tak, 4TO

cju(k =1 +n(k)(x(k, j)—cj«(k 1)), ecim j = j*;
c;(k) =4 cps(k=1)—m(k)(x(k, j) —cj(k—1)), ecmn j # j*;

¢ (k—1), ecnu j-it HeipoH He mobeau,

— pacdeT ypoBHEH IpUHAJUIEKHOCTH

1,2,...,m;

-2
x(kaj) _cp(k)
u, (k)= ’ﬂ ” ,P=
. -2
> [k, = ()|
=1
— pacdeT BHYTPHOJOYHBIX PACCTOSHHI B j-M Kiacce
D(cj(k), w, (k—1)), t1e g-Bce HHICKCH HEHPOHOB j -OroKa;
— ompezienieHre BHYTprOIouHOro nobeurens Wox(k —1)
Takoro, uro ¢ *(k —1) =argmin(D(c; (k),w, (k-1)),
q

- npu BEBEITNIOJIHCHUH

D(cj(k),wx(k=1)) < D(c;(k),x(k, j)) npoussomurcs 3a-
MEHa Wq*(k) = )C(k,]) u Wq (k) = Wq (k—l)

IMpomecc oOy4eHUs 3TOTO CIOS MPOU3BOIUTCS HO HC-
qyepraHusi 00ydJaromield BEIOOPKH, T. €. 3aBepIIaeTCsl BHIUUC-

YCIIOBUS

nenueM Beex ¢ (N) 1 Beex Nm Becos wy(N).

OJIHOBPEMEHHO C YTUM B TPETHEM CKPBITOM CJIOE TIPO-
MCXOMUT MPOIIECC MOJACUETA OTHOCHTENBHBIX YAaCTOT MOSIB-
JieHnst 00pasoB M3 PasHbIX KIIACCOB

Ha stom mporecc 00y4eHrss MHOTOCIIOWHOMN aJanTHBHOM
HEYETKON BEPOSTHOCTHON HEHpPOHHOM CETH 3aBepIIaeTcs.
ITycTh Ha BX0J OOYYEHHOH CETH IMOCTYMAeT HEKUH He-

KkaaccupunmpoBannsiii obpas x(k),k > N. DToT curHain mo-

cTymaer Ha Bce Nm HEHPOHOB CETH, Ha BBIXOJAX KOTOPBIX
MOSIBJISIFOTCS. 3HAYCHHUSI

(52

o> +(1+w] (N)x(k))

3/1ech ke B IEPBOM CKPBITOM CJIOE€ BBIYUCIISIOTCS yPOB-
HU NPHHAJISKHOCTEH K KaXKIOMy U3 BO3MOXKHBIX KJIACCOB

o (k) =

-]

3|k -, (V)|
[=1

u; (k) =

B npuHImIe, MOXHO TOBOPUTDH O TPHHALISKHOCTH X (k)
K KOHKPETHOMY KJIAaCCy [0 MAKCHMAIbHOMY 3HAYCHHUIO MPH-
HAJUICKHOCTH, OIHAKO B 3TOM CJIy4ae Pedb HIACT TOJIBKO O
HeueTkol knaccudukaimu [14], a He 6alieCOBCKOM.

I[anee CYyMMATOpbI BTOPOI'O CKPBITOI'O CJIOS BBIYUCIISAIOT
IIJIOTHOCTH BepOSITHOCTeﬁ

o) =Y M), j=1,2,...m,
q
a ¢ mpoberaer Bce HOMepa HeHpoHOB (Bcero N +1), coot-
BETCTBYIOIHUX j-MY KJIaccy.
B TperseM CKpBITOM ClI0€ BBIYUCISIOTCS IPOU3BEACHHE
N
o) =— 0l = Py p (k)
U, HaKOHEIl, KOMIIapaTop BBIXOIHOIO CJIOS BBIYMCIISET KIIace
nobexurens j**(k), xoropomy ¢ HaubGonblIeil BepOsITHOC-
TBIO TIPUHAUISKHUT NpebsBICHHbIH 00pa3 x(k).

IIpy mnpeabsiBIGHHH  HOCIEAYOLIMX 00pa3oB
x(k +1),x(k +2),... xmaccubuKanys MPOUCXOINUT aHATIOTHY-
HO TIpenpLaynieMy oopasy.

4 OKCITEPUMEHTDI

B xauecTBe 3KCIIEpUMEHTANBbHBIX JAHHBIX UCIOIb30BaJIaCh
BeIOOpKa «20 Newsgroups», KoTopast IIPEACTABIIET cOO0OH
Habop 3 npumepHO 20000 HOBOCTHBIX JOKYMEHTOB, pa3yie-
JeHHBIX Ha 20 pa3sauuHbIX Ipyni. DTOT TEKCTOBBIH KOpILyC
CTaJI MOIYISIPHBIM HAOOPOM JIAHHBIX JUIS SKCIIEPHMEHTOB B
00JIacTH MHTEIUIEKTYalIbHOH 00paboTKH TeKcTOBOH mMHMOp-
maruu. OIHON M3 OTIHYHTENLHBIX 0COOEHHOCTEN DTOM KOJ-
JIEKIMH SIBIIIETCS 3HAYNTENBHBIH pa30poc B pa3Mepax JOKy-
MEHTOB, YTO OCJIOXKHSET 3aJady o0paboTku MH(OpMAIIH.
Hcxonnas BEIOOpKA NAaHHBIX OBLTA paszeneHa Ha 00yJaromryto
u Tecrupyomyio (60% 1 40% COOTBETCTBEHHO).

Jns sxcriepumenTa G110 BEIOpaHO 150 TOKYMEHTOB M3
pa3nuuHBIX Kareropuil. Ilocne mpexBapurensHON 00padoT-
k# ObuTO moydeHo 61118 tepmunOB It hopMHEpOBaHHS
BEKTOpa MPH3HAKOB Il PAOOTHI BEPOSITHOCTHBIX HEHPOH-
HBIX ceTed. J[J1s OlCHKM KauecTBa KIaCCH(PHKALUU HCIIONb-
30BaJIMCh BHEIIHHE MEPHI HOIHOTHI M TOYHOCTH).

5 PE3YJIbTATbI

Pe3ynbraTel cpaBHEHUSI TPOU3BOAUTENBHOCTH MPOCTOM
FPNN u AFPNN 15 0muHaKoBOro KOJMYECTBA MPU3HAKOB
mpejicTaBiIeHb! B Ta0. 1.

B xozme skcmepuMeHTa paccMaTpHBalioch, MPEXIe BCETO,
kayecTBo paborel AFPNN. B Tabn. 2 mpencraeneH pe3yinsrar
paboThl MeTona WISl 3HAYeHHs! MTapamMeTpa IHUPUHBI AKTUBALIU-
oHHOH (yHKIMH o = 0,05. [loka3aHo, 4TO B pe3ynbTare pado-
TbI (hopMHpYyeTCss HAOOp 3HAYCHUI BEPOSTHOCTEH MPUHAIIICK-
HOCTH BXOIHOTO TEKCTOBOTO OOBEKTa K HECKOIBKHM KIacCaM.

6 OBCYKJIEHUE

[MpennoxenHas aBTOpaMu Hepo-(a33u ceTh MO3BOJISET
penIarth 3a/1a4y ¢ TOUKH 3pEeHHs KaK HEUETKOM, TaK M BEPOSIT-
HOCTHOH KJacCH(pHUKAIMK, YTO 00CCIICUMBACT € MpEeUumMy-
LIECTBO IO CPAaBHEHMIO C Kiaccuueckumu baiiecoBckumu
CeTAMHU U BEPOSTHOCTHBHIMH HEHPOHHBIMH CETSIMH, BCE M3
KOTOPBIX HE MOTYT pellarh 3a7ady B YCIOBHSIX IEPeKpbIBa-
fomuxcst kinaccoB. CTaHOBUTCS BO3MOXKHBIM ONPEAETUTh
Oonee TOYHBIE 3HAYCHUSI BEPOATHOCTEH NMPHUHAUICKHOCTH
BXOJSIIIEr0 TEKCTOBOTO O0BEKTa K Ka)XIOMYy M3 IOTEHIIHU-
aTbHO BO3MOXKHBIX KJaccoB. JlaHHBIA METOH MmpexycMaTpu-
BaeT BO3MOXKHOCTh 00paOOTKM MH(OpMAIMH MO Mepe ee
MOCTYIJICHHSI, XapaKTepU3yeTcs MPOCTOTOH peann3alnuu U
BBICOKOM CKOPOCTBIO 00pabOTKH HMH(OPMAIIHH.
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Tabmna 1 — CpaBHUTENIbHAS XapaKTepUCTUKA KauecTBa K1acCH(HUKaLMK ¢ ucronb3oBanueM cranaaptHoit FPNN u AFPNN

Haspanue knacca KomnnvectBo To4HOCTB OT3bIB
JTOKYMEHTOB FPNN | AFPNN | FPNN | AFPNN
comp.graphics 100 0,73 0,81 0,78 0,83
comp.os.ms-windows.misc 80 0,65 0,69 0,71 0,79
comp.sys.ibm.pc.hardware 70 0,63 0,67 0,69 0,76
comp.sys.mac.hardware 20 0,60 0,61 0,64 0,72

Ta6nuua 2 — Ipumep paGoThI KiacCHPUKALMK C TAPAMETPOM LIMPHHBI aKTUBALMOHHON QyHKunn & = 0,05

Ne Bxozsiiero BepositHoCTB BepositHoCTB BepositHOCTB
TEKCTOBOI'O TIPUHANJIC)KHOCTH TIPUHAUICIKHOCTHU KO TIPUHAJIC)KHOCTH K
o0BeKTa K IIEPBOMY KJIaccy BTOPOMY KJiaccy TPETHEMY KJIacCy
1 1 1,2412 107 1,0302 107
2 0,24081 9,1785107'¢ 0,75919
3 6,2498 107 1 7,7081 10
4 5,42710°° 1 2,3617 10
5 3,6966 107" 1 2,5228 10°%

BbIBO/JbI

Paccmotpena 3amada ogHOBpeMeHHOH online HedeTkoit
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BpEMEHU.

Beenena apxutekTypa KiaccHGUIUPYONIei HeHpOHHOM
CETH, OTJIMYAIOIIANACA IIPOCTOTOM YUCIEHHOM peanu3aluy U
BBICOKOH CKOPOCTBIO OOy4eHHUS M IpeqHa3HAueHHAs IS
00paboTKH OONBIINX MACCHBOB JAHHBIX, XapaKTEPH3YIOINX-
Csl BEKTOpaMU IPU3HAKOB BBICOKOH pasmepHocTH. Ilpemna-
raemMasi HeHpOHHAsI CETh M METOA ee OOydeHHs IpeJHa3Ha-
9eHBI A1 paboTHl B YCIOBHSAX IEPECEKAIONIUXCS KJIACCOB,
OTIMYAIOMHNXCS Kak (pOpPMOH, Tak U pa3MepaMH.

BJIAI'OJAPHOCTH

Pabora BbITIONNHEHAa B paMKaX TOCOIOIKETHOH HaydHO-HIC-
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BATATOIIIAPOBA AJIAIITUBHA HEYITKA UMOBIPHICHA HEMIPOHHA MEPEXA B 3AJJAYAX KJTACU®IKAILIII TEK-
CTOBUX JOKYMEHTIB

PosranyTo 3agauy kinacudikanii TEKCTOBUX JOKYMEHTIB Ha OCHOBI HEUIiTKOI IMOBIpHICHOT HEHPOHHOI Mepeski B peKHMi peabHOro yacy. ¥
MAacHBi TEKCTOBHMX JOKYMEHTIB MO)Ke OyTU BHUJUIEHO PI3HY KUIBKICTh KJIACiB, JO SIKMX MOXYTh BIHOCUTHCS JaHi JOKyMeHTH. IIpu mpomy
nepen0avaeThes MO JaHi KIacH MOXYTh MaTH B n-BUMIPHOMY IIPOCTOPI pi3Hy (OpMy 1 B3a€MHO MEpPEKpUBATHCS. 3aIPOIIOHOBAHA apXiTeKTypa
OaraTorapoBoi aJanTUBHOI HEYITKOI IMOBIPHICHOT HEHPOHHOT Mepexi, sIka J03BOJIAE BUPIIyBaTH 3aa4y Kiacuikallii B 10C/IiJOBHOMY peXUMi
0 Mipi HaJXOIXKEHHS HOBUX JaHUX. 3alpONOHOBAHUM aJIrOpUTM HaBUaHHs OaraTolmapoBoi aJalTHBHOI HEUYiTKOi iMOBIpHICHOI HeHpOHHOI
MepesKi, a TAKOX BUpIllIeHa 3aja4a Kiacudikallii Ha OCHOBI 3aIIPOIIOHOBAHOI APXITEKTYPH B YMOBAX II€PECIUHUX KIIACIB, 10 JIO3BOJISIE BIAHOCUTU
OJIMH €K3eMIUIIP TEKCTOBOI'O JOKYMEHTA 10 PI3HUX KJIACiB 3 Pi3HUM CTyNeHeM IMOBIpHOCTI. ApXiTeKkTypa Kiacu]ikylouoi HeHpOHHOI Mepexi
BiZIPI3HSETHCS IIPOCTOTOIO YHCEIBHOI pPeatizali€lo i BUCOKOI MIBUAKICTIO HABYAHHS, 1 IPU3HAYEHA 1711 00POOKH BEIMKUX MACUBIB JAHUX, IO
XapaKTepH3yl0ThCs BEKTOpaMU O3HAK BHCOKOI po3MipHOCTi. IIpornoHoBaHa HelipoHHa Mepexxa 1 MeToj il HaBUaHHs IpU3HAYeHi 11 poboTH B
YMOBaXx NEPECiYHUX KIACiB, 110 BIIPI3HAIOTHCSA SIK (HOPMOLO, TaK i pO3MIpaMH.

Kumouosi ciioBa: knacudikanis, afanTHBHA HEUiTKa IMOBIpHICHA HEHPOHHA MepesKa, KJIacH, 10 IepETUHAIOTHCS, HEHPOHU B TOUKAX JaHMX.
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MULTILAYER ADAPTIVE FUZZY PROBABILISTIC NEURAL NETWORK IN CLASSIFICATION PROBLEMS OF TEXT
DOCUMENTS

The problem of text documents classification based on fuzzy probabilistic neural network in real time mode is considered. A different
number of classes, which may include such documents, can be allocated in an array of text documents. It is assumed that the data classes can
have an n-dimensional space of different shape and mutually overlap. The architecture of the multlayer adaptive fuzzy probabilistic neural
network, which allow to solve the problem of classification in sequential mode as new data become available, is.proposed. An algorithm for
training the multilayer adaptive fuzzy probabilistic neural network is proposed, and the problem of classification is solved on the basis of the
proposed architecture in terms of intersecting classes, which allows to determine the belonging a single instance of a text document to different
classes with varying degrees of probability. Classifying neural network architecture characterized by simple numerical implementation and high
speed training, and is designed to handle large data sets, characterized by the feature vectors of high dimension. The proposed neural network
and its learning method designed to work in conditions of overlapping classes, differing both the form and size.

Keywords: classification, adaptive fuzzy probabilistic neural network, overlapping classes, neurons in the data points.
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[-p mexH. Hayk, npogheccop, npogheccop Kaghedpbl MpoepaMMHbIX cpedcme 3arnopoXcKo20 HauUOHasIbHO20 MEexXHU4YecKo20
yHusepcumema, YkpauHa

BEbICTPbIA METO[ BbIOENIEHUA OBYYAIOLWMX BbIBOPOK ANA
NOCTPOEHUA HEMPOCETEBbLIX MOOENEW NPUHATUA PELUEHUNA
No NPEUEOQEHTAM

Pemena 3anaua GpopmupoBaHus 00y4alomUX BbIOOPOK JJs aBTOMATH3aLUM IIOCTPOEHMs HEHPOCETEBBIX MOJENell 10 npeueIeHTaM.
Ipemnoxen meton GpopMupoBaHUs BEIOOPOK, KOTOPBII aBTOMATHUECKH BBIIENSAET U3 UCXONHON BEIOOPKH 00YYaIollyl0 U TECTOBYIO BBIOOPKH,
He TpeOys 3arpy3KH Bcel HCXOJHOH BBIOOPKH B HaMsATh DBM, ocylecTBIIsis HO3K3EMILIIPHYI0 00pabOTKy MCXOIHOM BEIOOPKH € X3MIUPYIOIHM
npeoOpa3oBaHUEM HA OAHOMEPHYIO OCb, (JOPMHPYET ITAJOHbI KIACTEPOB Ha OOOOIIEHHON OCHM, MUHUMM3UPYS HMX YUCIO, YTO IO3BOJISET
HOBBICUTB CKOPOCTb (HOPMUPOBAHHUS BEIOOPOK, CHU3UTH TPEOOBAHHS K BBIUUCIUTENIBLHBIM pecypcaM 1 namsatu 9BM u obecrieunts npuemieMslit
YPOBEHb TOYHOCTU CHHTE3UPYEMbIX Mojenell. PazpaboraHHblil MeTOn He TpeOyeT MHOTOKPATHBIX IIPOXOJOB IO BBIOOPKE, OrpaHHMYMBAsCh
BCEro Tpems npocMoTpaMu. [Ipu 3ToM MeTO XpaHHUT B OIEPATUBHON IAaMATU TOJIBKO OJMH TEKYLIMH SK3eMIUIp 1 HAaO0p chOPMHPOBAHHBIX
OJIHOMEpHBIX 3TAJOHOB, KOTOPBI MMHUMU3HPOBAH 110 00beMy. B oTmune oT METOIOB Ha OCHOBE CiIy4aiHOro ordopa M Kiacrep-aHalau3a
P EIOKEHHBII METO/I aBTOMATUUECKHU OlpeelsieT pa3Mep GopMupyembix obOyuaromieil U TeCTOBOH BEIOOPOK, HE TPeOys y4acTusi 4enoBeKa.
PaspaboTano nporpamMmHoe oOecliedeHue, peannsyloliee NpeIoKeHHbI METO, Ha OCHOBE KOTOPOI'O pelllieHa IMpaKThdeckas 3ajadya
MOCTPOEHMSI MOZIENIH NIPUHATHUS PeleHHH 11l MHAUBUYaIbHOIO IIPOrHO3UPOBAHMS COCTOSHUS MAllUeHTa, OOJIBHOIO TUIIEPTOHUEH.

KunioueBble cioBa: BbIOOpKa, popMupoBaHHe BEIOOPKH, SK3EMILIP, HEHPOHHAs CETh, MHAUBHYaIbHOE IIPOrHO3UPOBAaHHUE, 00yUYeHHE
10 IpeLeJeHTaM.

HOMEHKJIATYPA

OBM — snekTpoHHAs BBIYMCIIMTENbHAS MAIWHA;

w — HaOOp 3Ha4YEeHWH ITapaMeTpoB HEHPOHHOH CeTH;

X — ucxomHast BBIOOpPKa;

x’— HaOOp BXOIHBIX NPHU3HAKOB B 00ydaromieil BEIOOpKE;
X — Ha0Op BXOMHBIX MPU3HAKOB B MICXOTHOH BBIOOpKE;
X, — j-¥ BXOZHOM MPU3HAK B UCXOIHOH BBIOOPKE;

ci (k) — k-t xom-sTanon g-ro kacca;

ck - Ha0Op XOII-3TAJIOHOB k-TO Kiacca;

d — paccrosiHHe; max . .
X; " — MaKCHUMAJbHOE 3HAYeHHE j-I0 NpU3HAKA;
E — ommbka mopenw; )
o o min .
E , — ommOka oOy4eHHOH HeHpOMOmenu HmpH pacros- X — MMHHMAJIbHOE 3HAYEHHE j-TO NPH3HAKA;
HaBaHUHM OOy4Yarouieil BhIOOPKH; x* — §-H SK3EMIUIAP BHIGOPKH:

E omnbOka 00y4eHHOW HEHPOMOJEIH MPH PacIo3-
HAaBaHUH TECTOBOW BBIOOPKH;
f — kputepuii Ka4uecTBa; JCHTA:
9
F() — cTpykTypa HeHpoceTeBOW MO, X — oByuaiomas BeIGOpKa
o v 00. H
i* — HOMep OMIKaWIIero X3MI-3TajoHa K X3y paccMar- X~ TectoBas BHIGODKA;
9

S
X# — X3 §-TO IK3EMILISIPA;
xsj— 3HAUEHHUE j-TO BXOJHOIO MpHU3HAKA JJI S-TO IpeLe-

PHBAEMOTO K3EMIIIAPA; e

Ind — HabOp HOMEPOB JK3EMIUISIPOB KJIacca;

J — HOMEp TEKYLIEro npu3HaKa;

K — 4ncio Kiaccos;

k7 — ykazaTenp 4ucCiIa TaJOHOB ¢-TO Kiacca;

M — 00beM HCTOJb30BaHHON ONEPAaTHBHOM MaMSTH;

1 — Pa3MEepHOCTH BXOJ;

N — 49HCIO BXOOHBIX MPU3HAKOB;

O — cumBon Jlanpay;

opt — yCIOBHOE 0003HAYCHHE ONTHMYMA;

O — 4YHCIO KIacTepoB;

q — HOMeEp Kjacca;

Realmax — MakcuManbHOE BELIECTBEHHOE YHCIIO, TpeN-
CTaBUMOE B pa3psiiHON ceTke DBM;

S — HOMEp TEKYIIEro 3K3eMIULIpa

S — 4HCIO MpeleseHTOB B BBHIOOPKE;

S — 00beM copmHUpOBaHHOI 0Oy4aromieii BEIOOPKH;

t — Bpemsl, 3aTpadyeHHOe Ha (OpPMHUPOBAHHE BBIOOPKH;

¢, — BPEMs, 3aTpayeHHOE Ha OOy4eHHE;
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y — BBIXOJHOW TPU3HAK B UCXOIHOHN BBIOOPKE;

y* — 3HaYeHHUE BBIXOJHOIO MPU3HAKA VIS S-TO TPELEeHTa;

y' — BBIXOJIHOHM MpHU3HAK B 00y4aroleil BhIOOPKE;

X — BBIYMCIHTENBHASI CIIOXKHOCTH XJUI-NPE0Opa3oBaHus
OJTHOTO JK3eMILIAPA.

BBEJEHUE

Jist aBTOMaTH3alMK TONIEPKKU NPUHATHS PELICHHH B
JIMarHOCTHKE BO3HUKAET HEOOXOIMMOCTh MOCTPOCHUS JTHar-
HOCTUYECKHX MOjieiel. 3a9acTyl0 Ha MPaKTUKE M3-3a OTCYT-
CTBHS WJIM HEAOCTAaTKa HKCIIEPTHBIX 3HAHUM MMOCTPOECHHE JH-
AarHOCTUYECKHX MOJEJeH MpearosaraeT UCIONb30BaHUE K-
CIIepUMEHTalbHBIX HAaOJNIOAEHUH 32 COCTOSIHHEM
IUAarHOCTHPYEMOTo O00BeKTa, B MpoLecce KOTOPOro ¢ Mo-
MOIIbI0 METOAOB HMCKYCCTBEHHOTO MHTEIEKTa OCYIIECTB-
JISI€TCSI M3BIICUCHNE 3HAHUN U3 JaHHBIX. VICKyCcCTBEHHBIE HE-
pOHHBIC U Helpo-HeueTkue cetu [1] sBisitoTcs Hambolee
LIMPOKO MPUMEHSIEMBIM KJIaCCOM METO/IOB MCKYCCTBEHHO-
TO MHTEJUIEKTa MPU IMIOCTPOSHUH MOJENeH MO MpeLeaeHTaM.
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OOBEKTOM HCCIIEOBAHUS SIBISIETCS MPOIIECC TTOCTPOCSHHS
JIMarHOCTUYECKUX MOJIENIed Ha OCHOBE HEHPOHHBIX CETeH.

Meronpl 00ydenust Hefipoceteit [1, 2], kak mpaBmiIo, Xa-
PaKTepU3YIOTCS BBHICOKOH HTEPATHBHOCTBIO, & TAKXKE 3HAUM-
TEJIFHBIMH 3aTpaTaMU BPEMEHH Ha oOydeHHe Heifpocereif
pu OOJNBIION pa3MepHOCTH O0YdJaIOmMX JaHHBIX. B Takux
CITyqasix MPUMEHEHUE HEWPOCETEBBIX TEXHOJNOTUH OKa3bIBa-
€TCsl 3aTPYTHHUTEIBHBIM. DTO BBI3BIBAET HEOOXOMMMOCTH CO-
KpaleHus: 00beMa TaHHbBIX, HCIOJIB3YEeMbIX MPH O0YUYeHHH
HelpomoJenei.

[Ipenmer wcclieOBaHUS COCTABIISIFOT METOIBI (hOPMH-
poBaHus 00yJarOIINX BEIOOPOK U3 UCXOJHBIX BEIOOPOK OOJIb-
moro odbeMa Uit 00y4eHHsT HEHPOCETEBBIX MOJCIICH.

Lenpro manHON paboTHI SIBISUIACH pa3paboTKa METOoNa, Mo-
3BOJISIFOIIETO COKPATUTH BpeMs 00ydeHUs Helpocerell mpu
MIOCTPOSHUH MOJIENTH 10 OOJBIIOMY 00BEMY MPEIEICHTOB 32
cdeT pa30HeHHs] UCXOMHON BBIOOPKU OONbIIOro o0beMa Ha
00y4arollylo ¥ TECTOBYIO BBIOOPKH, oOecriedrBass MUHUMH-
3amuio o0seMa 00ydaromiel BEIOOPKH M €€ TOIOIOTHIECKYI0
PENpPE3eHTaTUBHOCTh OTHOCUTEIIBHO MCXOIHOW BBIOOPKH.

1 IIOCTAHOBKA 3AJAYHN

[IycTh MBI IMEEM HCXOIHYIO BBIOOPKY X = <x, > — Ha-
0op S mpeneneHToB 0 3aBUCUMOCTH V(X), X = {x*}, y={)'},
s =1, 2, .., S, xapaktepu3yromuxcs Ha0opoM N BXOIHBIX
MIPU3HAKOB {xj}, j=1,2, .., N, tne j — HOMep NpHU3HAKA, U
BBIXOIHBIM MpU3HAKoM y. Kaknplid s-if mperenenT npeucra-
BHM Kak <x’, y*>, x'= {xvj} , e ij — 3HAYCHUE j-IO BXOAHOIO, a
)* — 3Ha4Ye€HHUE BBIXOJHOTO MPHU3HAKA JIS §-TO MpeIeeHTa
(ox3emmsipa) BeIOOPKH, V' € {1, 2, ..., K}, tne K — uncio
KJ1accoB, K>1.

Torna 3ama4ya cuHTE3a HEMpPOCETEBON MOJETH 3aBHCHMO-
cTh y(x) OymeT 3aKII04aThCsl B OMPENENICHNH TaKUX CTPYKTY-
pbl F() ¥ 3HaueHHWi apamMeTpoB W HEMPOHHOHM CETH, TPHU
KOTOPBIX OyHeT YAOBJIETBOPEH KPUTEPHH KauecTBa MOIENH
AF(), w, <x, y>) —opt, TAC Opt — YCIOBHOE 0003HAYCHUE
ontumyMma [1]. OOBIYHO KpUTEpHiA KauecTBa OOydeHHUsI HEw-
poceTeii OnpeneNnsoT Kak QYHKIMIO ONIMOKA MOJCIH:

_ s
E :%Z(ys — F(w,x*))? = min.
s=1

Jlnst 3aau ¢ TUCKPETHBIM BBIXOJOM OIIHOKY OOy4eHHOM
CeTH MOXKHO XapaKTepU30BATh TAKKE (OPMYIION:

100% S
_TZ

E y® = F(w,x*)| — min.

s=1

B cnydae, xorna wicxomHas BbIOOpKa MMeeT OOJBIIYIO
pa3MepHOCTh, Mepe MOCTPOCHUEM HeHpoMoaean Heo0Xo-
JIUMO PELINTh 3aJady BbIAeNeHUs oOydarouieil BEIOOpKH
MeHbIIIero oobema (maHo: <x, y>, Hajgo: <x', y'>, x'e{x'},
V= ex'}, =y, §'<S, A<x, y'>, <x, y>) — opt).

Jlnst oueHku kavyectBa ChOPMHUPOBAHHON BHIOOPKH BO3-
MO’KHO HCTIONB30BaTh MIMPOKHH HaOOp MPEATIOKEHHBIX T10-
kazareneii [3—5]. Onqnako ux pacuer TpeOyeT CyIeCTBEHHBIX
3aTpaT BBIYUCIHUTEIBHBIX PECYPCOB, MOITOMY Uil YHPOIIe-
HUSL PAcueToB JTAHHYIO 33/1a4y MOXXHO pacCMaTpUBaTh B KOH-
CTPYKTHBUCTCKOM MOCTAaHOBKE (IaHo: <x, y>, Hajo: <x', y'>,
x'efx}, y={yhex'}, =)y, §<9).

2 JIMTEPATYPHBIA OB30P

Mertonp! n3BiIe4YeHHsT BEIOOPOK [6—12] BBIOEISIOT: BEpO-
SITHOCTHBIC U JICTEpMUHUPOBAHHEIC.

BepositHOocTHBIE MeTozpI [6—8, 12] npearonaratot ciryqaii-
HOE I3BIEUYEHHE HAOOpa SK3eMIUIIPOB U3 MCXOJHOH BHIOOp-
KU, TIPHYEM KKABIH dK3EMIUIIP UCXOTHOW BHIOOPKH MMEET
HEHYIEBYIO BEPOATHOCTH, KOTOPasi MOXKET OBITh TOYHO OIpe-
neneHa, ObITh BKIIOYEHHBIM B ()OPMUPYEMYIO BEIOODKY.
K BeposATHOCTHBIM MeTO#aM H3BIICYEHUS] BEIOOPOK OTHOCSAT:

— IIPOCTO#i cirydaiHbIH 0TO0p (simple random sampling):
13 MCXOJHOI BBIOOPKH CIydaifHBIM 00pa3oM oTOHpaeTcs
3aJJaHHOE YHCIIO SK3EMIUISIPOB;

— cucTeMaTHueckuit otoop (systematic sampling): nc-
XOJHAasI BEIOOpKA YIOPSATOYMBAETCA ONpEAeIeHHBIM 00pa-
30M H pa30HBaeTcs Ha IIOCIEIOBATENIBHBIC TPYIIIEI SK3EMII-
JISIPOB, B KOKAOW U3 KOTOPBIX BHIOUPAETCS JUISI BKIIIOUYCHHUS B
(bopMupyeMyI0 BEIOOPKY OOBEKT C 3aJaHHBIM INOPSIKOBBIM
HOMEpOM B TpYIIIIE;

— crparudunupoBaHHEIA 0TOOp (stratification sampling):
HCXOJHAs BEIOOpPKA pasjensercss Ha HelepeceKaronriecs
OJHOPOTHBEIE MOAMHOXKECTBA — CTPATHI, IPEICTABISIONIIE
BCE BUJIBI DK3EMIUISIPOB, B KaXKJIOM W3 KOTOPBIX NPUMEHSET-
csl CIy4aifHBIN WITM CHCTeMaTHYEeCKUil 0TOOp;

— BEPOSITHOCTHBIM TPOMOPIHOHAIBHEIN K 00beMy OT-
6op (probability proportional to size sampling): ucmons3y-
€Tcsl, KOTJa MMEeeTCsl «BCIIOMOTaTelIbHas TIepeMEeHHas» MU
«MeTprKa o0beMay, KOTopasi MPEAIoNaraeTcsi CBI3aHHOM C
HHTEpecylomel MepeMeHHON U KaXJ0To 3K3eMIUTIpa,
BEPOSATHOCTH BBIOOpA IS KaXJOTO 3IIEMEHTa HCXOMHOH
BEIOOPKH OyfeT MpONMOpHHOHATBHA €r0 METpPHKE 00beMa;

— orbop Ha ocHOBe KJacTep-aHamm3a (cluster sampling): mc-
XOJIHAs BRIOOpKA pa3fersiercsl Ha KIIACTePh, U3 TPYIIBI SK3eMIT-
JISIPOB KaXKJOTO KIACTepa CIIydaifHO BBIOMpAeTcss HEKOTOpOoe
TOZIMHOKECTBO 3K3EMIUIAPOB Uil OPMHUPYEMO BBIOOPKH.

JlocToMHCTBaMU TAaHHBIX METOJIOB SIBJISIFOTCSL X OTHOCH-
TeNbHasl MPOCTOTa U BO3MOXKHOCTH OLIEHKH OIINOKU BBIOOD-
KM, @ HEAOCTaTKaMH — TO, YTO OHU HE TapaHTUPYIOT, 4To chop-
MHpPOBaHHasi BBIOOpPKA Maioro oobema OyleT XOpOIIO OTO-
OpakaTh CBOMCTBAa UCXOJHOM BBIOOPKH, a TaKKe HE OyaeT
M30BITOYHON M HE OyIeT MCKYCCTBEHHO YNpOIIAaTh 3ajady.

JleTrepMuHUpOBaHHBIC METONBI (OPMUPOBAHUS BBIOO-
pok [6, 9—11] mpennonararoT U3BIEYEHHE YKIEMIUIIPOB Ha
OCHOBE TPEIONIOKEHUH 00 MX moyie3HocTH (MH(OpMaTHB-
HOCTH), TIPH 3TOM HEKOTOPBIE SK3EMIULIPHI MOTYT He OBITh
BBIOpaHbI WM BEPOSITHOCTh MX BHIOOPA HE MOXKET OBITh TOU-
HO OIIpesieNieHa; OHH, KaK MPaBWJIO, OCHOBAHBI Ha KJIACTEP-
HOM aHaJHM3€ M CTPEMITCS 00ECHEeuHuTh TOIOIOTHYECKOe
nmoio0ue McxomHou BeIOOpKe. K nerepMHUHUPOBAHHBIM Me-
TonaM (popMHpOBaHHS BBIOOPOK OTHOCST METOJBI:

— yaoOHoro orbopa (convenience sampling): ¢popmu-
pPYET Hepenpe3eHTATHBHYIO BBIOOPKY M3 HAUOOJEE JETKO
JIOCTYIHBIX JUTS UCCIEAOBaHUS OOBEKTOB;

— KBOTHOro 0ot0opa (quota sampling): ucxomHas BeIOOp-
Ka paslenseTcs Ha OTIMYAIOIIMecs] CBOHCTBAMHU MOATPYII-
TIBI, TIOCJIC YETO M3 KaKJON MOATPYIIBI BEIOUPAIOTCS 00bEK-
THI HA OCHOBE 3a/JaHHOW IMPOMOPIINH);

— neneBoro orbopa (judgmental (purposive) sampling):
00BEKTHI M3BJICKAIOTCS U3 MCXOMHOW BBIOOPKH HCCIIEIOBA-
TeJleM B COOTBETCTBUHU C €0 MHEHHEM OTHOCHTENBHO UX
MIPUTOJHOCTH JUISl UCCIIEIOBAHUSL.
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HenmoctaTkoM IaHHBIX METOHOB SIBISIETCS HEBO3MOXK-
HOCTH OIICHHBAHHSA OIIUOKH C(OPMHUPOBAHHEIX BEIOOPOK.
JIOCTOMHCTBOM JIETEPMUHIPOBAHHBIX METOJOB SIBIISIETCS TO,
9TO OHHM MOTYT BBISBUTH HAMOOIee 3HAYMMBIC IS PEIICHHS
3a/la9y MMOCTPOEHHS JHArHOCTUYECKOH MOJENN MpeIeneH-
TBI, KOTOPEIE TakKe MOTYT OBITh MCHOIB30BAHBI JUTS HHHIIH-
IN3aINH PACIIO3HAIONINX MOJeNell B yCKOpeHHs Iporecca
o0y4enns. [losToMy IS TOCTIDKEHHS IIENH, ITOCTaBICHHOH
B pabore, B KadecTBe Oasuca At (OPMHPOBAHHS BEIOOPOK
IpeUIaraeTcst BBIOPATh EeTePMUHIPOBAHHBIE METOMBI.

OnHako ClefyeT OTMETHTh, YTO AETCPMUHHPOBAHHBIC
METOZbI, OCHOBAHHEIE Ha KJIACTEPHOM aHAIH3E, SBIITIOTCS
CJIOXHO IPHMEHHMBIMH JUIS BEIOOPOK OONBIIOro o0beMa,
MOCKONBKY HPEATIONAaraloT pacdeT PacCTOSHUI MEXTy Bce-
MH 3K3eMIUIIpAMH U MaHHUIYISAIUH C MaTpPHIEH paccros-
Huid. ClienoBaTeNnbHO, JUIS TOBBIMICHUS CKOPOCTH 00paboT-
KI JTaHHBIX HEOOXOAMMO COKPATUTh 0OBEM BBIUHCICHHH 32
CUeT UCKIIFOUECHHsI HeOOXOAMMOCTH pacueTa pPacCTOSHUH, UTo
TaxoKe MO3BOJIUT COKPATHTH TpeOOBaHMA K mamsataH DBM.

3 MATEPUAJIBI 1 METO/IbI

Jis Toro, 4ToOBI IIPH OTpaHUYEHHOM OOBEMe oIepa-
TUBHON mamsatu DBM obecneunts 00pabOTKy MCXOTHOU
BBIOOPKH OOIBIIION Pa3MEPHOCTH, IpeIaracTcss OCYIIECTB-
JIATh MO3K3EMIUTLIPHYI0 00pabOTKy MCXOXHOH BBIOOPKH, 3ar-
py)Kasi B IaMsITh TOJBKO OJIMH TEKYIIU SK3eMIUISIP HA KaxK-
noi ureparum. [Ipu 3TOM 3aMeHATH N-MepHOE IpeJCTaBiIe-
HHE DJK3eMIIsIpa Ha OJHOMEpPHOE IOCPEACTBOM
0TOOpakeHHsI ero KOOPJAWHAT Ha 000OIIEHHYIO OCh C HC-
MOJIB30BaHMEM XHIIUPYIOIIETro MpeoOpa3oBaHus, COXPaHsI-
IOIIEro TOMOJIOTHIO UCXOJHOTO IIPOCTPAHCTBA HMPU3HAKOB B
CHHTE3UPYEMOM OJHOMEPHOM HPOCTPAHCTBE.

JIyist 5KOHOMHUH KaK PECYpCOB MAMSITH, TAK M BBIUMCIIATEI b
HBIX PECYPCOB IpEIIaraeTcss BMECTO pacueTa PacCTOSHHM
MEX/Iy BCEMH 3K3EMIUIIPAMH LIEIECO00Pa3HO OIEPUpPOBATH
TOJIBKO PACCTOSHHUSIMUA MEXKIY TEKyILIUM pPacCMaTpUBaEMbIM
9K3EMIUBIPOB U C(OPMHUPOBAHHBIMH LICHTPAMHU KIIaCTEPOB,
[PHYEM B OJHOMEPHOM MPOCTPAHCTBE X3II-KOIOB.

JUst COKpalIeHus BIMSHHS Y€I0BEYeCKoro (akropa Ha
pe3ynbratsl (HOPMUPOBAHKS BBIOOPKH YHCIIO STAJIOHOB IPE/-
JIaraeTcsi He 3a/1aBaTh, a OINPEACISITh ABTOMATHYCCKH, HAYH-
Has C OMHOrO WM HapalluBas M0 Mepe HEOOXOIUMOCTH.

C y4eToM H3JI0KEHHBIX BBIIIE HACH, MpeaoKeHHBIH
METOJI MOXKET OBITh MPEICTABIICH CICIYIOLUUM 00pa3oM.

Oran MHULMAIU3aluy. YCTaHOBUTE: s=1, C; - B, k=0,
q=1,.., K.

Oran x3HmMpyromero npeodpaszoanus. Ecnu s<§, toraa
CUMTATh C BHEIIHETO HOCUTEINS MaMATH OYepeIHON dK3eMII-
JISIp BBIOOPKHU X° B ONEPaTHBHYIO MaMsiTh. ONpenenuTs Ha OC-
HOBE 3HAYEHHIl NPU3HAKOB HK3EMIUIPA X° €ro XMl Xi, UC-
MONB3Ysl OTHO W3 MPeoOpa30BaHUM, MpeIokKeHHbIX B [13], B
MIPOTUBHOM ClTydae — MepeiTH K 3Tamy pa3OHeHHs BHIOOPKH.

Ortan GpopMHUpOBaHUS HaOOpa XAUI-3TAJOHOB (X3IIEH
LIEHTPOB KJ1actepoB). Eciu B HA0Ope X3I1I-3TaIOHOB IS Kilac-

S K
ca )* HeT HH OJIHOTO 3TanoHa, T. €. Cf = u kY = (), Torma
3aIrcaTh XA TEKYIIEro K3eMIULIpa KaK 3TaloH B HabOp
X3II-3TATIOHOB JyIs Kiacca )* o (opmyne (1):

ok 1, e Ry =xd e = udd ), ()
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3armcaTb HOMEP TCEKYLICIO JK3EMIUIIpa S B Ha6op HOMEPOB 3K-

s
semmisipoB kiacea V' Ind(y®,k” ) = s, nocsie uero Haittu pac-
CTOSIHIE OT HOBOTO XJII-3TAJIOHA JI0 CYHICCTBYFOIINX X3II-3Ta-
JIOHOB BCEX KJIACTEPOB BCEX KIIACCOB 1O (hopmyie (2):

d(cd” ("), () =d(cd (k),ed (k) =

=l ()=l Lk =1,...|CI ,g=1..K, (@

S s S S
yerarosuth: d(ci (k¥ ),cf (k¥ )) = Realmax u mepeiitn
K 3Tany o0paGoTKH HOBOTO SK3EMILIAPA.
B cioyuae ecnm HaGop X3II-3TAJIOHOB HENYCTOI

S
(C} # &), Tora onpenenuTh PACCTOSHUS OT XJIIa Xi Pac-
CMaTpUBAEMOI0 3K3EMILLApa X* A0 XOUI-3TAIOHOB BCEX Kila-
CTEPOB JITaHHOI'O KJlacca:

d(xd,e) (k) =

x5 ¢l (k)‘,k =1,..,|CY |,

3aTeM HalTH cpean MMCHOUIUXCI B Ha60pe X3MI-3TaJIOHOB
KJIaCTCpOB KJjlacca ys, HOMEp OJIIDKAMIIEro XdII-ITaloOHa K
Xomry xi paccMaTpuBaCMOro >5K3eMIIsIpa x5

#* =argmin{d(x, ¢l (), k=1,...|CL |,
k

S )
noene wero cenn d(xs,ed (#)<d(cd (*).cd (p)).
g=1,..K,p=1,.,|CI|, Torna npomycTuts s-if SKk3eMILIAP
U TIepelTH K 3Tamy o0pabOTKH HOBOIO SK3EMILISIPa, B IIPO-
THBHOM CJly4ae — JI00aBUTh HOBBIH X3II-3TAJIOH HA OCHOBE
s-ro sx3emiutsipa o Qopmyrne (1), 3amrcars HOMEp TeKyIe-
ro 3K3eMIUIpa s B HabOp HOMEPOB 3K3eMIULIPOB Kiacca )

S
s o
Ind (y ,ky ) =3, mocie 4ero HalTH paccTossHuE OT HOBOI'O
X3II-OTaJIOHa JI0 CYIIECTBYIOIIUX XAII-3TAJTOHOB BCEX KIac-
TEpOB BCeX kiaccoB mo ¢opmyne (2), YCTAHOBUTh:

d(cfx (kyA ),cfs (ky$ )) = Realmax w nepeiitn K 3Tany 06-
paboTKK HOBOTO SK3EMILISPA.

Oran 00paboTKH HOBOTO 3K3eMILISApa. YCTAHOBUTH s=s+1,
MEePEedTH K 3TAMy XIILIUPYIOIIEro npeodpa3oBaHHsL.

Oran pa3OueHus BBIOOPKHU. Bce SK3eMILIAphI, HCXOTHOM
BBIOOPKH, Ha OCHOBE KOTOPBHIX C(HOPMHPOBAHBI X3II-3TAJI0-
HbI KJIACTEPOB, 3aHECTH B 00ydarolLyro BHIOOpKY X, a oc-
TalbHBIE — B TECTOBYIO BRIOOPKY X, _:
Xog. = (<39 > Ind(y* k7 Y= 5,5 =10, S,k =1,..,| CL [},

Xreer. = X\ Xog.

[IpennoxeHHBIIT METO[ MO3BOJISIET 3arpyXaTh B Olepa-
TUBHYIO NamMsiTh DBM moinHoe mpu3HaKoBOE OMMCAHUE TONb-
KO O/IHOTO TEKYIIIEro dK3eMIuIsipa U He TpeOyeT pacuera mMat-
PHILIBI PACCTOSTHUN MEXAY dK3eMIUIIpaMH, 3aMEeHssT UX pac-
CTOSHUSAMHU OT paccMaTpPHBAE€MOro DJK3eMIsApa I0
OJHOMEPHBIX XDILI-TaJIOHOB, YTO MO3BOJISET CYIIECTBEHHBIM
00pa3oM CHU3HUTH TPEOOBaHUS K pecypcaM ONepaTHBHOMN
MaMsATH ¥ OCYIIECTBIATh 00pabOTKy BHIOOPOK OYEHBb 0O0JIb-
I0ro pasmepa.
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Jl1s mpennokeHHOro MeTojla BBIYMCIUTENbHAS CIOXK-
HOCTh B TaK Ha3bIBAEMOM «MSATKOM CMBICIIE» MOXET OBITh
oneneHa kak O(2NS+4SQ+SY ), tae X — BBIYUCIHUTENbHAS
CJIOKHOCTD X3II-TIPe0Opa30OBaHMs OIHOTO IK3EMILIAPA, KO-
TOpasi, OYEBUIHO, SBISETCS (DYHKIMEH YHClia TPU3HAKOB N.
Ucxonst U3 mpakTUYECKOro ONBITA, MOJIOXKHUM, 4TO X=N,
QO =In S, N=0,01S. Toraa BeIYUCIUTENILHAS CIIOXKHOCTH METO-
Jta MOKeT ObITh oretena kak 0(0,015%+4S In S).

ITpocTpaHCTBEHHAS CIOKHOCTH METOAa MOXKET OBITH OIle-
HeHa kak O(NS+HSK+3N+Q*+Q). Mpunsie K=2 u Q = In S,
N=0,01S, nomy4um OLEHKY IPOCTPAHCTBEHHON CIIOXKHOCTH
0(0,015%+2,035+(In S)*+In S).

B tepmunax pasmepHoct Bxoga n=NS~0,015%, npunss
st yapomienust In S~0,5N~0,05S, Mbl moryqumM rpy0yio
OLIEHKY BBIYMCIMTENILHON CIOXKHOCTU IPEATIOKEHHOIO Me-
Toma mopsinka O(21n) u TpyOyI0 OLCHKY IMPOCTPaHCTBEHHOM
cnoskaocTH — O(n+2,085+0,00255%).

4 OKCITEPUMEHTbBI

Jnst mpoBepku paboTOCIIOCOOHOCTH MPEIIOKEHHOTO
MeTona OH OBUT MPOrpaMMHO PEATM30BaH KakK JIOTIOJIHEHHE K
KOMITBIOTEPHON MporpaMMe «ABTOMATH3HPOBaHHASI CHCTE-
Ma CHHTEe3a HEHPOCETeBBIX M HEHPO-HEUETKHX MOJCNESH JUIs
Hepaspymammeld JHarHOCTHKA B KIacCU(PHKAH 00pa3oB
o npu3Hakam» (CBHAETENBCTBO O PETHCTPAIIMU aBTOPCKOTO
npaBa Ha npomssenerne Ne 35431 or 21.10.2010).

Pa3paboranHOe MaTeMaTHUECKOe 0OSCIIEUeHHE UCTIONb30-
BaJIOCH JUTSI IPOBENCHMS SKCTIEPHMEHTOB 110 PELICHUIO 3a/1a91
WHIMBUAYaJIBHOTO MPOTHO3UPOBAHUS COCTOSIHUS 3I0POBBS
OONIBHOTO THIIEPTOHUYECKOH OONE3HBIO MO pe3ylIbTaTtaM JKC-
MEPUMEHTAIIFHO TIONyIeHHBIX HAONIOJCHUH 32 COCTOSHHEM
3JI0pOBbSI TIAIIMEHTa ¥ MOTOJAHBIMHU YCIIOBHSIMU.

HcxonHast BEIOOpKa MaHHBIX ObLIA MOMTyYeHa B . 3amopo-
*be (YKpanHa) ¥ coziepkaina HaOmonenus 3a mepuon ¢ 2002 .
1o 2009 1., Tie KaxIbIi 3K3eMIUISp MPEICTaBIIsT co00i Habop
JTAaHHBIX, XapaKTePU3YIOIINX COCTOSIHUE MalleHTa B Orpere-
JICHHYIO 4YacTh JHS. B KauecTBe BpeMEHHBIX XapaKTePHCTHUK
WCIIONB30BAINCH JaTa (TOH, MECSL, JIeHb), KO JHS HEleny,
BpeMsi (4ac) HaOmronenus, ko vactu nas (0 — yrpo, 1 — Be-
yep). B kadecTBe 0OBEKTUBHBIX KIMHHKO-IAOOPATOPHBIX IMO-
Ka3zaresei NCIomb30BINCH HAOII0IaeMoe apTepraIbHOe aB-
JIeHHE (CUCTOIMYECKOE M TUACTOIIMYECKOE, MM. PT. CT.), MYJIbC
(ymapoB B MHHYTY), CBelleHUs O mpueMe siekapctB (Amio (0 —
Her, 1 —na), Orunok (0 — wer, 1 — aa), bepmumpuin (0 — wer, 1 —
na)), B kauecTBe CyOhEKTHBHBIX MOKa3aTeliel UCIIONb30BATUChH
XapaKTEPUCTUKA CaMOUYBCTBHUS (HAJIMUUE SKCTPOCUCTONBI (0
— Her, 1 — ecth), Hamuue 6o B ronose (0 — Her, 1 — ecTb),
Hannuue 6o B 3atbuike (0 — Het, 1 — ecTh), HAJIMYKE MyJIbCa-
uuu (0 — Her, 1 — ecTh), HanMuue Oonu B ieBoM 00Ky (0 — Her,
1 — ecth), Haymume 6omu B odnactu cepaua (0 — ver, 1 — ecTb),
HexBaTka Bo3nyxa (0 — Hert, 1 — ecTb), HayTM4Ke OONK B )KUBOTE
(0 — mer, 1 — ectp), oburas cnadocts (0 — Her, 1 — ecth)). B
KaueCcTBE METEOPOIOrHYECKUX XapaKTepucTHk [14] ucmoms-
30BaIMCh (Temneparypa Bo3ayxa (°C), atMocdepHoe naBie-
HUe (MM. pT. cT.), Tun odmaunoctu (0 — Her, 1 — manas, 2 —
o0na4Ho, 3 — nmacMypHo), Hajuuue Tpo3sl (0 — Het, 1 — ecTh),
Harnpasiienue Berpa (0 — mtwib, 1— ceBepHbI, 2 — ceBepo—
BOCTOYHBIHM, 3 — BOCTOYHBIH, 4 — FOTO—BOCTOYHBIH, 5 — FOXK-
HBIA, 6 — I0T0-3amagHbIi, 7 — 3amafHbI, § — ceBepo-3ama-
HBIH), CKOPOCTh BeTpa (M/C), JaHHBIC COTHEUYHOW AKTHBHOCTH
(Mg IT nnnekc [15]). ®parMeHT UCXOMHBIX JaHHBIX B Tpadu-
YECKOM BHJIE MPEACTaBIeH Ha puc. 1.
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Pucynok 1 — Busyanusanus ¢pparmMenTa BIOOpPKU JaHHBIX: 1 — JeHb
HeJlenH, 2 — BpeMsl, 3 — CUCTOJIIMYECOKOE AaBleHue, 4 — IMacTONH-
4YeCKOe JaBJICHHE, 5 — MyIbC

IMomydeHHbIe HAOMIOAEHHUS METONOM «OKOH» OBLIH HC-
TIOJIE30BAHBI TS TTOYYeHHsT BEIOOPKH IS PEIICHUS 3aadH
Ka4eCTBEHHOTO IPOTHO3MUPOBAHUS COCTOSHUS INAIMeHTa Ha
OmmKalIIyl0 BTOPYIO HMOJIOBHHY CYTOK ITO JaHHBIM IIpe[bl-
JIYIIVX HaOTIOEHUH: B Ka4eCTBE BXOMHBIX IPI3HAKOB HCIIONb-
30BAJMCH JAHHEIE 32 IPEIbIAYIIHe (YTPO M Beuep) U TeKy-
mue CyTKH (yTpo), a B Ka9eCTBE BBIXO/A — COCTOSIHHE ITalld-
eHTa BeuepoM B Tekymue cyrku (0 — HopmanbpHOe, 1 —
YXyILIEHHE COCTOSIHMSI, COMPOBOXKIAIOLIEECS MOBBIIICHU-
€M apTepHaIbHOTO JABIICHUS).

CcopmupoBaHHas BEIOOpKa MCHONB30BANACh I (op-
MHUpOBaHHs 00ydJaromeil ¥ KOHTPOIbHOI BEIOOPOK Ha OC-
HOBE IPEUIOKEHHOTO METOA, a TaKKe Psia M3BECTHBIX
MeTOJ0B (pOpMHUPOBAaHUS BEIOOPOK.

IMocme gero mms kKaxaol U3 chOPMHUPOBAHHBIX BEIOOPOK
CTPOMJINCH NPOTHO3UPYIOLINE MOJEIN HA OCHOBE TPEXCIOH-
HBIX HEHPOHHBIX CeTeil MPSIMOTo PacIpOCTPAHCHUS CHUTHa-
na. Kaxnas HeHpoHHas ceTh cojepikana Ha BXOHAeE
N = 3X26 = 78 npu3HaKOB, YHCIO HEUPOHOB BXOJHOTO
ciost — 10, YuCcIo HEHPOHOB CPEHEro CJosl — 5, YHCIO Hel-
pOHOB BBIXOAHOTO ciosi — 1. Bce HEHpOHBI HCIIONB30BaIH
BECOBYIO (IUCKPUMHHAHTHYIO) (DYHKIIMIO B3BCIICHHAS CyM-
Ma, a QYHKIUIO aKTUBAIMU — TaHTEHLIHAIbHBIA CUTMOUI.

Ilepen monmaveit Ha BXOABI CETH CHUTHAIBI HOPMHPOBa-

s min
s Xj—Xj
JINCh IO (QOPMYJIC: X ; = - —.
(bop J max min
i X

OOyueHue HelpoceTel OCYIIECTBISIIIOCh Ha OCHOBE
Merona JlesenOepra-Mapksapara [1, 2].

5 PE3YJIbTATbI

Pe3ynbraTsl MpOBEAEHHBIX YKCIEPHUMEHTOB IMPEACTaBIIe-
HBI B Ta0M. 1.

Kak BumHO U3 Ta0m. 1, npeioKeHHbIH METO/T MO3BOJISET
CYIIECTBEHHO COKPATUTh 00beM OOywarolieid BBIOOPKH,
oOecre4ynBasi IPU 3TOM BBICOKYIO TOYHOCTH Kak OOy4eHUs,
TaK ¥ pacro3HaBaHus (KaueCTBEHHOTO NMPOTHO3UPOBAHUS).

Pa3paborannblii MeTo]] He TPeOyeT MHOTOKPATHBIX TTPOXO-
JIOB TIO BBIOOPKE, OrPaHUYHMBAsICh BCETO TPEMSI MPOCMOTPAMH.
[puyewm, eci 3apaHee H3BECTHBI TPAHMYHBIE 3HAYEHUS TIPH-
3HAKOB, TO YHCIIO IPOCMOTPOB BBEIOOPKH MO’KHO COKPATHTH JI0
nByx. [Ipu 3TOM MeTon XpaHUT B OMEpPaTUBHON MaMSTH TOIBKO
OJIMH TEKYIIUH IK3EMIUISIP U HAOOp C(OPMUPOBAHHBIX OTHO-
MEPHBIX ATAJIOHOB, KOTOPBI MUHHUMHU3HPOBAH MO 00beMy. JTO
MO3BOJISIET CYIIECTBEHHO CHU3UTH 3aTPATHI KaK BBIUMCITUTENb-
HBIX PECYPCOB, TaK M PECYPCOB MAMSITH.
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HEMUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

Tabauua 1 — Pe3ynbTaThl 5KCIIEPHMEHTOB

Merto,1 hopMUPOBaHHS BBIOOPKH S'/S 1, CEK. M, Merabaiit E., % t55., CEK. Epaens %0,
CrnyuaiiHeiii  oTOOp (0€3 3arpysku 0,5 1,35 1,62 0 1768,6 2,01
BCEH MCXO/IHOI BEIOOPKHU B AMSTB) 0,25 0,68 0,81 0 936,6 4,14
0,1 0,27 0,38 0 373,2 7,42
0,05 0,14 0,16 0 191,3 12,97
Knacrep-ananus 0,26 690,37 101,34 0 920,4 0,41
IIpe10skeHHBIH METOR 0,21 93,62 0,79 0 912,5 0,49

6 OBCYKJIEHHE

[pemnoxkeHHpii MeTon (opMHUPOBaHKST BEIOOPOK IO CPaB-
HEHHIO C METOJIOM Ha OCHOBE CITydailHOro ordopa [6] obecrie-
YHBAET CYIIECTBEHHO OOJBIIYI0 TOYHOCTH MPOTHO3HUPOBAHIS,
COKpaIas mpu 3ToM BpeMsi o0ydeHus. OIHAKO TPeIoKeH-
HBII MeTo TpeOyeT OONBIINX 3aTpar BpeMeHH Ha (OpMHpO-
BaHWE BBIOOPKH, YeM METOJI CirydaitHoro ordopa [6].

Ilo cpaBHeHHMIO ¢ MeTonOM (OpPMHPOBAHUS BHIOOPOK
Ha OCHOBE KJIacTep-aHanm3a [9] mpemioxkeHHbI MeTo]| obec-
MEYNBAET COMOCTABUMYIO TOYHOCTH IPOTHO3HPOBAHMS, CO-
Kpaiasi Ipu 3ToM BpeMsi popMupoBaHus BeIOOpKH. OjHa-
KO MPEIIOKEHHBIH MeTOJ] TpeOyeT CYIIeCTBEHHO MEHBIITHX
3aTpaT BPEMEHH H PECYpPCOB MaMSTH NPU (HOPMHPOBAHUU
BBIOOPKH, YeM METOJ Ha OCHOBE KiacTep-aHamm3a [9].

Taxxe, B OTJIMYKE OT METOIOB HAa OCHOBE CIIy4ailHOTO
oTOOpa M KJIacTep-aHalN3a, MPEeIOKEHHBI METO/ aBTOMa-
THYECKH OIpeelsieT pa3Mep GOpMUPYEMBIX o0ydaromien
W TECTOBOH BBIOOPOK, HE TpeOysl yJacTHs YelloBeKa.

HenocraTkoM IpeIoKeHHOTO MeTofa SBJIACTCS TO, YTO OH
TpeOyeT 3aqaHusl mpeoOpa3oBaHus Ha OOOOIIEHHYIO OCh H 3a-
BHUCHUT OT €r0 TpeOOBaHMH K BBIYHCIUTENHHBIM PECypcaMm.

D¢ dexkTUBHOCTH MpUMEHEHUs pa3paboTaHHOTO METO/a
OyzeT TeM BHIMIE, YeM OOMbIIe MPH3HAKOB OyIeT XapaKTepH-
30BaTh MCXOMHBIH HA0Op JAHHBIX W 4eM Oomblle OymeT JK-
3eMIUISIPOB B UCXOJHOW BBIOOpKE AaHHBIX. [Ipr HEOOMbIIOM
o0beMe MCXOJIHOW BBIOOPKH 3(PPEKT OT MpUMEHEHHs pa3-
paboraHHOrO MeTona OyneT He3HAYUTEIIBHBIM.

BbIBO/JbI

B pabore pemiena 3amaya GopMuUpoBaHUS 00ydarOIINX
BBIOOPOK AJIS1 aBTOMATHU3aLUHU TOCTPOSHHSI HEHPOCETEBBIX
MOJIeTIel 10 TpereIeHTaM.

Hayuynass HOBH3Ha pe3y/IbTaToB, MOIYYEHHBIX B CTaTbhe,
COCTOUT B TOM, YTO BIEPBBIC MPEMIOKEH METOX (HOPMUPO-
BaHHS BBIOOPOK, KOTOPBI, aBTOMaTHYECKH BBIACISCT H3
HCXOIHOHM BBIOOPKH OOYYAaIOIyI0 M TECTOBYIO BBIOOPKH, HE
TpeOyros 3arpy3Ku BCell HCXOIHON BBIOOPKH B mamsth OBM,
OCYILIECTBIISISI TIOK3EMILTAPHYIO 00pabOTKy MCXOJHOM BBI-
OOpKH C X3UIMPYIOIIMM MPeoOpa3oBaHHEM Ha OJHOMEPHYIO
0ch, (hOPMUPYET ATAJIOHBI KJIACTEPOB HAa 0OOOIICHHOW OCH,
MHUHUMHU3UPYS UX YHCIIO, YTO MO3BONSET MOBBICHUTH CKOPOCTh
(¢hopMupoBaHUs BBIOOPOK, CHH3UTh TPEOOBAHUS K BBIUMC-
JIUTETBbHBIM pecypcaM ¥ naMsatd OBM u obecrnieyuts mpu-
€MJIEMBbIH YPOBEHb TOYHOCTH CHHTE3UPYEMBIX MOJEIEH.

[IpakTHyueckass 3HAUUMOCTH TONYYEHHBIX PE3YIbTaTOB
3aKJIFOYAETCs B TOM, YTO pa3paboTaHO MporpaMMHoe obec-
MIeYeHUe, pealn3yrollee MpeaIoKeHHbIH METOI, Ha OCHOBE
KOTOPOTO pelleHa MpaKTHYecKas 3a7adya MOCTPOSHUS] MOJe-
JIY TIPUHATHS PELIeHH IS MHAWBUIYAILHOTO MPOTHO3UPO-
BaHUs COCTOSIHMS IMAIMeHTa, OONBHOTO THIIEPTOHHEH.

[lepcriekTuBHl ManbHEHITUX HCCIEIOBAHUN COCTOAT B
TOM, 4TOOBI onpeaeiauTh 3G(GEKTHUBHBIC IO BPEMEHH U 3aT-
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paraM naMATH XOIMHPYIOMIUEe Hpeo6pa3013aHI/1$1 OK3CMILIA-
poB BI)I60pKI/I, COXpAaHAKOIIHUE TOIIOJOTUIO KJIAaCCOB B IIPO-
CTPaHCTBC NPHU3HAKOB, UCCIICAOBATH HpelUIO)KeHHBIﬁ METO
Ha Oonee IIUPOKOM KJIACCC 3a4a49 KOIMYCCTBCHHOIO M Ka4de-
CTBCHHOT'O IIPOTHO3UPOBAHHA W PACIIO3HABAHUS 06pa3013.

BJIAI'OJAPHOCTH

Pabora BBIMONHEHA B paMKax rocOIOLKETHON HaywdHO-
HCCIIENI0BATENbCKOM TEMBI 3allOPOKCKOr0 HAaLlMOHAIBLHOIO
TEXHHYECKOro yHuBepcureTa «HTemekryaabHbie HH(Op-
MAaIMOHHBIE TEXHOJIIOTHMU aBTOMATH3alMU IPOEKTUPOBAHUS,
MOZENHUPOBAHUS, YIIPABIEHUS U JUATHOCTUPOBAHUS IPOU3-
BOJCTBEHHBIX IIPOLECCOB U CUCTEM» (HOMEpP IoC. PETUCTpa-
mm 0112U005350) npu gacTHaHON HOJUIep)KKe MeXIyHa-
ponHro npoekra «LIeHTpbI NEpenoBOro OmbITa A MOJO-
JbIX YdeHbIX» nporpammsl Tempus EBponeiickoit Komuccruu
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IIBUJAKUA METO/Jl BUALJIEHHS HABUAJIBHUX BUBIPOK JIJISI IOBYJOBU HEMPOMEPEXEBUX MOJEJEN
MPUNHSATTA PINIEHD 3A IPENEJEHTAMU

Bupinieno 3aBnanHs popMyBaHHs HaBYaJIbHUX BUOIPOK A1 aBTOMATH3allii MOOy10BU HefipomepeskeBUX Mozieneil 3a npeleneHTaMu. 3ampo-
MOHOBAaHO MeTo[ (GopMyBaHHS BUOIPOK, SKHH aBTOMaTUYHO BMALIAE 3 BUXiZHOI BUOIPKM HaBYalbHY Ta TECTOBY BUOIPKM, HE BUMAaraiouu
3aBaHTAXEHHs BCiel BUXinHOI BUOipkH y mam’stb EOM, 31iiicHIOI0UH TOEK3EMILIIPHY 00p0oOKY BHXifHOI BUOIPKH 3 IelllyI0YUM IEPETBOPEHHIM
Ha OJTHOBUMIpHY Bicb, pOpMye eTalloHu KiIacTepiB Ha y3arajabHeHiil oci, MiHIMI3yI0UH IX YHCIIO, 110 JO3BOJISE MiABUIMTH MIBUAKICTb (JOPMyBaH-
H BHOIPOK, 3HU3UTH BMMOTH JI0 0O4MCIOBaNbHUX pecypci 1 mam’sati EOM i 3a0e3neunty npURHATHUN piBeHb TOUHOCTI CMHTE30BAHUX
Mozenelt. Pozpobnennii MeToy; He BUMarae 6araropa3oBHX IPOXOAIB 110 BUOIpIIi, 0OMexKyIOuHCh Jullie TpboMa nepertiaamu. [Ipu npomy mMetox
30epirae B onepaTHBHIM Mmam’sATi TUIBKU OJUH IOTOYHUII ex3eMIunip 1 HaOip copMOBaHUX OJHOBUMIPHHMX E€TAJIOHIB, SIKMH MIHIMI30BaHO 3a
obcsrom. Ha BinMiHy Bifl METOZIB HA OCHOBI BUIIQJIKOBOIO BiOOPY Ta KIIacTep-aHali3y 3aIllpOIIOHOBAHUM METO]l aBTOMAaTHYHO BH3HAYa€ pO3Mip
(hopMOBaHMX HAaBYAJILHOI Ta TECTOBOI BUOIPOK, HE BUMAralouu y4acTi JoauHu. Po3pobneno nporpamue 3abe3rneueHHs, o peallisye 3ampormo-
HOBAaHUH METOI, HA OCHOBI SIKOTO BHUpIllIeHa NPAKTHYHA 3aJa4a 100yl0BH MOAEI NPUHHATTS pillleHb IS iHAUBILYaabHOTO MPOrHO3yBaHHS
CTaHy MNalli€eHTa, XBOPOro Ha TilepTOHII0.
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THE QUICK METHOD OF TRAINING SAMPLE SELECTION FOR NEURAL NETWORK DECISION MAKING MODEL
BUILDING ON PRECEDENTS

The problem of training sample forming is solved to automate the construction of neural network models on precedents. The sampling
method is proposed. It automatically selects the training and test samples from the original sample without the need for downloading the entire
original sample to the computer memory. It processes an initial sample for each one instance with hashing transformation to a one-
dimensional axis, forming cluster templates on the generalized axis, minimizing their number. This allows to increase the speed of sampling,
to reduce the requirements to computing resources and to computer memory and to provide an acceptable level of accuracy of the synthesized
models. The developed method does not require multiple passes through the sample, being limited by only three viewing. At the same time the
method keeps in a random access memory only the current instance and the generated set of one-dimensional templates, which is minimized
by volume. Unlike the methods based on random sampling and cluster analysis the proposed method automatically determines the size of the
formed training and test samples without the need for human intervention. Software realizing proposed method is developed. On its basis the
practical task of decision-making model building to predict the individual state of the patient with hypertension is resolved.

Keywords: sample, sampling, instance, neural network, individual prediction, training on precedents.
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TWO-FACTOR AUTHENTICATION METHODS THREATS ANALYSIS

The article considers basic methods of two-factor authentication system constructing on the basis of the use of cryptographic mechanisms
to ensure the reliability, of formed authenticators, the risk of various methods of online attacks against a variety of two-factor authentication
systems is estimated, as well as a system PassWindow is considered, which provides two-factor authentication on the unique ability of the
matrix to transmit information in such a way that it is deciphered only to the imposition of the physical signs of the intended recipient pattern
and barcode pattern obtained by digital network devices, resistance to the analysis is provided by a unique barcode card pattern generation as
unique statistical images, a sequence of characters, or as more extended in an animated version.

The object of the research is the process of improving the integrity and authenticity of data packets in banking transactions security
protocols on the basis of two-factor authentication methods. The subject of the study is methods and algorithms of integrity control and
authenticity of data packets in banking transaction security protocols on the basis of two-factor authentication methods.

The aim of the paper is to increase the integrity and authenticity of data packets in banking transactions security protocols, a banking
transaction, threat assessment on two-factor authentication methods. A comparative analysis of various systems with two-factor authentication
PassWindow system in opposition to various Internet attack scenario is being carried out. An effective method for monitoring a practical two-

factor authentication PassWindow system in its application to the banking system.
Keywords: two-factor authentication, online attacks, social engineering.

NOMENCLATURE

ID is an unique digital number of a user;

OTP is a password that is valid for only one login session
or transaction, on a computer system or other digital device;

PIN is a numeric password shared between a user and a
system, that can be used to authenticate the user to the
system;

RSA is one of the first practicable public-key
cryptosystems widely used for secure data transmission;

SMS is a text messaging service component of mobile
communication systems.

INTRODUCTION

Existing authentication systems are based on a user
submitting a static pair ID / password to the computer.
However, in this case, the pair may have been compromised
due to the negligence of users or the possibility for a fraud
to guess passwords over [1-4]. Significant time intervals
during which the password and the identifier are unchanged,
allows applying various methods of interception and
selection. To improve the security of a computer system
administrators restrict the validity period of passwords, but
in a typical case, this time limit is weeks and months, which

© Evseev S. P., Tomashevskyy B. P., 2015
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is quite enough for an malefactor. A radical considers
implementing two-factor authentication system, when the
system asks a user to provide her with «what you know»
(name and possibly a PIN-code), and «what you have» —
any hardware identifier associated with the user [1, 2].

The purpose of the article is the investigation of the
main methods for constructing two-factor authentication
systems, risk analysis of different methods of online attacks
against two-factor authentication systems based on the
PassWindow system. A comparative analysis of the various
two-factor authentication systems in opposition to various
Internet attack scenarios is conducted.

1 PROBLEM STATEMENT

Currently, the Internet has become a primary method of
communication of our modern life. It will undoubtedly be
the main tool for the implementation of shopping and other
financial operations. The appearance of these technologies
has created a concomitant demand for authentication
methods that are based not only on the traditional
cryptographic methods (encryption, hashing, digital
signature), but also on the methods based on usage of
several factors to ensure the authenticity of the person
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performing the financial transaction. Two-factor security
system is based on the fact that a user in addition that one
knows the password to access a specific user name («login»)
owns a tool for the corresponding access key. The latter
can be an electronic security certificate stored on a computer
or received on a personal phone SMS with a verification
code or a fingerprint reader scanned by an electronic card
reader device [1].

2 REVIEW OF THE LITERATURE

Strict (two-factor) authentication methods are most
commonly used in the financial sector however may be used
in almost any other field. The main methods of constructing
two-factor authentication systems are given in Fig. 1 and
can be classified as following [3].

1. Software to identify a specific PC. A special program is
installed in a computer, which sets in it a cryptographic
token. Then, the authentication process will involve two
factors: the password and token embedded in the PC. As
the marker is always stored on the computer, to logon the
user only needs to enter login and password.

2. Biometrics. The use of biometrics as a secondary factor
identification is carried out by identifying the physical
characteristics of the person (fingerprint, iris, etc.).

3. Disposable e-mail- or SMS-password. Use of this
password as a secondary identification factor is possible
by sending second disposable password to one’s registered
e-mail address or mobile phone.

4. One-time password token. User is presented with the
device that generates constantly changing passwords. It is
these passwords which are entered by the user in addition
to the usual passwords during the authentication process.

5. External control. This method assumes a call from the
bank on a pre-registered phone number. The user must enter
the password via the phone, and only after that he will get
access to the system.

6. Identification using gadgets. This kind of identification
is carried out by placing a cryptographic tag on any user’s

[ TWO-FACTOR AUTHENTICATION METHODS ]
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Figure 1 — Basic two-factor authentication systems

device (e.g. USB-drive, iPad, memory card, etc.). During
registration, the user must connect the device to a PC.

7. Card with a scratch-off layer. The user is issued a card
with PIN-code, which can be used only once.

The analysis has shown that in the banking systems tend
to use two-factor authentication systems based on disposable
e-mail- or SMS-passwords, and various types of tokens.

3 MATERIALS AND METHODS

Today several companies offer two-factor authentication
systems based on the generation of OTP (One-Time
Password — OTP), including RSA Security, VASCO Data
Security and Activldentity.

To implement it the different types of OTP generators are
used. OTP Generator is a standalone portable electronic device
that can generate and display on a built-in LCD screen digital
codes. For a generation of VASCO’s Digipass devices one-
time password generation mechanism is based on the
cryptographic TripleDES conversion of data set consisting
of 40 bits of the current time and the 24-bit data vector which
are unique for every for each access identifier. The resulting
conversion is visible on the display in the form of six or eight
decimal digits is read visually and manually entered by the
user as a password in response to the authentication
application. Frequency of password change thus is 36 sec.,
so user receives truly a one-time password to login [4].

On the server part of computer system this password is
compared with the password generated by the server itself
by the same algorithm with the use of the current time on
server clock and unique device data that is stored in a special
database. In case of coincidence of passwords user is granted
with access to the system. Fig. 2 shows the operation of the
two-factor authentication systems of VASCO company.

Let concider the authentication based on PassWindow.
PassWindow is a way to provide two-factor authentication
in the online environment. It includes two matrix parts which
are a physical key with a printed pattern on a plastic plate
and a digital barcode template presented in the form of an
image on an ordinary electronic display, such as a laptop or
mobile device display. They generate a unique one-time
password and a set of numbers for a particular transaction for
a user, when they overlap each other. This password is then
used for online authentication and transaction authentication.
Information about a specific transaction is included in these
figures, such as an account number or amount of the intended

e @
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Figure 2 — The principle of operation of two-factor authentication
systems of VASCO company
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transaction that allows the user to visually confirm the
authenticity of the received authentication request. These
features make PassWindow one of the very few currently
available authentication mechanisms, which provides a robust
and accurate protection against the latest network security
threats MITM (Man-In-The-Middle) attacks [4].

PassWindow technology is based on the unique ability
of the matrix to transmit information so as that it stands only
to the imposition of the physical signs pattern of the intended
recipient (the user has this information already) after which
the barcode template is displayed (challenge pattern) on
the electronic network devices, such as computer,
smartphone, etc. The combination of the key and the
barcode template shows the encoded information only to a
single user, moreover a full template preview is only possible
from direct view. Any act of barcode interception via
electronic devices means that leaked information will not be
sufficient to let an attacker know the secret key of the user
template during the whole activity term of the card.

Barcode PassWindow templates can exist as unique static
images or a sequence of characters in the form of more
extended animated version, which is the main topic of this
paper. These animated barcodes consist of a sequence of
static patterns, each of them contains the encoded characters
or have no meaning and simply dynamically add an entropy
to the entire pattern. Barcode patterns sequences are
dynamically generated by the authentication server so that
each of them is unique (and hence it has a sense) only when
used together with the key to which it fits. Any interference
or counterfeiting of a barcode template will be passively
presented to the user in the form of appearance of
combinations in a pattern that does not meet the expectations,
for example, randomly placed segments that do not contain
any characters, random numbers, missing or excessive
numbers that appear within a template or performing the
verification of data that does not refer to the active transaction.

Any alphanumeric code can be reliably transmitted using
the PassWindow method, however the current
implementation of the method is aimed at the transfer of
short strings of random numbers for their use as a one-time
password in conjunction with the figures which identify
uniqueness of user authentication transaction. Once a user
confirms that the unique information within a transaction
encoded in the bar code corresponds to the desired, one
can complete the transaction by entering the appropriate
one-time password. The main stages of PassWindow are
presented in Fig. 3.

Construction and safety profile of transaction
authentication codes can be changed dynamically in order
to meet a wide range of online authentication specific tasks.

Let concider the safety assessment of two-factor
authentication systems.

Analysis of modern authentication systems showed that
their security is measured by dividing the difference between
the cost and benefits to the attacks on the value of the
attacker’s protection. So, expensive, though more secure
methods, such as cryptographic PKI-units with their own
secured communication channels of screens and keyboards
are evaluated so low on the scale of security, whereas the
banking system is still mainly based on the cheapest and
apparently the least secure way of using PIN-codes and
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2. After that the PassWindow authentication server creates the barcode with a disposable key
and the specific information: the last three digits «263»

Account verification

Using your key pattern, confirm that the last three digits
of your account 5763-0263 match with the figures
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information, then he inputs a one-time password to authenticate the transaction
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Figure 3 — The main stages of PassWindow

passwords. Total cost and complexity of deploying such
devices often outweighs the benefit of their ultra-high security.

Network security threats can be classified into network
attacks (information from a remote agent) and local attacks
that originate from malicious software already installed on
the client system, such as Trojans, rootkits, and so on.
Frequently authentication safety assessments are primarily
focused on network attacks assuming that the user terminal
(i.e. tablet PC, laptop or mobile device) is a protected platform
[11-14]. Nevertheless the attacker commonly gains full
access to the victim’s PC through hidden communication
processes remaining from malware that use unpatched
security holes in the licensed software.

The common attack methods are:

— compromised online databases — collected information
stored in merchant databases is stolen;

— man in the middle / phishing — a third party intercepts
and impersonates the client and server to the respective
other to record and/or alter their communications;

— social engineering attacks — customers are deceived
into revealing their private details to a hacker;

—man in the browser —malware is installed on the victim’s
computer to report network activity, keystrokes, and screen
capture data to the attacker allowing interception during
fund transfers in which funds can be unwittingly diverted
by altering the information displayed in the user’s browser;

— brute-force cracking of user passwords — the server is
polled with every possible password combination;

— simple theft — authentication details written down or
on a card can be physically taken and copied;

— shoulder surfing — an attacker can surreptitiously watch
the user enter their transaction details.

4 EXPERIMENTS

The analysis of PassWindow security threats has shown
that the most effective threat is analytic attack on the secret
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key (card bar-code). To succeed the algorithm three to five
monitoring sessions (OTP Bank transfer by client) have to
be accomplished.

Plastic cards monitoring algorithm consists of the
following steps.

1. Monitoring of the channel and receiving data by
sessions.

2. Transfer data to the indicator class (as binary code),
which can be operated as an object (indicator class
represents the array of 7 ones / zeros).

3. Verification of the possibility to form «digits» in every
position of the card (cycle by all sessions). Inside the cycle
a new cycle for each sequence begins, in turn each indicator
appears as «true» (we believe that it has a figure in itself).

Inside the cycle the verification is being conducted and
if the current position is «true», then a version in which
inverted generator indicator is written is being created and
in case it is «wrongy, position of the indicator is recorded.
After each cycle within a single sequence the intersection
of the previous versions of the sequence is executed and if
all the sequences in the current session had been crossed
then we release them, i.e. the end leaves (options) are
reviewed and their copies are thrown out.

4. Review of all the sequences in all sessions. The
intersection of letters between sessions serially (the first
session from the second is a result from the intersection of
the third session, etc.). After each intersection adjacent
session leaves the leaves are «clean» from copies.

5. The intersection of all session letters among
themselves. Cycle through all the letters so each option
(leaf) is checked for input by generator data, ifit has a conflict
with some of the indicators then this letter (option) is
discarded. As a result, there will be only one option which
does not conflict with any of the sequences of all the
sessions.

6. Displaying the final version of output.txt in binary
formatted string.

Plastic PassWindow cards monitoring algorithm is shown
in Fig. 4.

5 RESULTS

Designation SMS-systems or two-factor authentication
based on mobile phones is a mistake, a more precise term is
«out-of-band» authentication. Nevertheless with the spread
of GSM, smartphones and tablets connected to the network,
even this safety advantage may be lost if a user transaction
authentication is performed on the mobile device itself. In
addition, the growth of unwanted software for mobile devices
now allows an attacker to gain access to the authentication
codes sent via SMS, not only with the traditional interception
by a malicious software [5], but also by intercepting and
decrypting data sent over the GSM-network
telecommunications [6]. Mobile devices authentication
attacks are performed successfully even without such
technologies. Instead, an attacker simply impersonating a
user of the device, and requests all SMS messages to be sent
to another phone number for the entire attack period [3].
Another authentication method uses the camera a mobile
device to read the barcode image on the user’s workstation,
which is coded with the OTP information about the
transaction. This method contains the mistake of assuming
that the operating system on the user’s mobile device is not

exposed to such a vulnerability to malicious software, like all
other forms of software working with the network [8].

In the case of biometric authentication user data are
available for online authentication.

However, biometric authentication devices can not
communicate from local devices or network without being
confronted by malicious programs and / or «Man in the
middle» attacks [9]. This method is also impossible to re-
edit after the attacker has posed oneself as a user by using
biometric authentication.

Biometric authentication provides a user-friendly way
of generating online user name, but listening to the network
and a compromised device, the overall safety performance
of such methods is not better than when using normal user
name and password.

Electronic hardware tokens come in several types and
include various security authentication functions.

The most commonly hardware tokens generate one-time
passwords (OTP) using cryptographic algorithms with an
internal secret key, or, more often, the secret key is generated
on the basis of common values of the synchronized system
time. User reads the displayed numbers on a device and
manually enters them into one’s terminals to cross-reference
with the authentication server.

This simple method of generating electronic OTP is
vulnerable to attacks by an «intermediary» because users
are obliged to disclose the OTP without the means of
checking the authentication context.

In response, many token manufacturers have added a
small digital keypad, significantly increased the token size,
but allowing the user to enter information about specific
transactions that have been encrypted with a secret key before
the user inputs the result to one’s terminal. This is a type of
verification or signature of a transactions and it does provide
some protection against «Man in the middle» attack.

Nevertheless, this method is still vulnerable to attacks
using laborious manual process of a transaction signing.
Time and attention necessary to perform a manual operation
are successfully used to distract the user from the context
of the transaction information that one accepts, and,
consequently, attacks can be successfully committed on a
massive scale [10—11].

Printed OTP lists / number grids. An older method of
providing one-time password is printed lists of randomly
generated passcodes or transaction authorization codes on a
sheet of paper or a sketch-card. Each access code is requested
in sequence and is used to authenticate a transaction.

Alternatively, printing the symbol table can be used,
and an authentication server will issue a bar code, prompting
the characters located in certain coordinates.

Both methods use the keys and the signals that may be
communicated verbally. This allows an attacker to ask the
user to the next valid code by malware using social
engineering and phishing attacks. Moreover, the relatively
low lists or grids entropy requires frequent keys change in
order to prevent repeated code request by an attacker.

These techniques are vulnerable to the full range of
«Man in the middle» attacks for the same reasons that all
the authentication methods with an unknown context.

For the sake of PassWindow vulnerability testing against
such an attack, was created an hacking algorithm, which
tries to use these principles to perform this analysis.
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Figure 4 — Plastic PassWindow cards monitoring algorithm

The algorithm itself uses the technique of brute force. It
begins by generating all combinations with the result that

the numbers are the result that can be placed in the template.
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2-5-7-2-4-—--3-
2-—-5--7-2-4--3.

Each combination is estimated by well-known barcode to
calculate whether he could imagine the digit in the request or not.

Segments can either be present, if they are necessary to build
the solution or not, if they must be absent for it, or may be
unknown, if the segment is far from the digit, or imposed on the
barcode bit.

After a separate set of combinations for each interception, the
algorithm looks for the incompatibility between the combinations.
It takes the first combination of the first set, comparing it in turn
with each of the combinations of the second set. Ifit is incompatible
with each combination of the second group, the combination is
discarded.

Compatibility check continues so that each combination in
each set is compared with the combinations of each other set. If
the combination is discarded, then each subsequent set needs to be
revised. By sorting and analysing sufficient number of interceptions
algorithmis able to derive the key pattern with sufficient reliability.

However, this attack requires a significant amount of interceptions
by an attacker: 20-30 in case of small patterns, hundreds of templates
for large, several thousand in the case of using the method in the
animation mode ofincreased security.

Thus, the PassWindow safety is not so much the complexity
of the algorithm needed to solve it, as the systemic extracting
enough information from the target difficulties. If PassWindow
used correctly, there is a high probability that the necessary
information may not be available, even for the most experienced
hackers.

Let concider the Fake (weakened) PassWindow barcodes.

An attacker can try to weaken the protection, changing the
frame rate ofreal (intercepted) barcode before delivering weakened
(simplified) bar code to the user. This method reduces the entropy
ofthe bar code in order to change details that could facilitate the
analysis intercepting of requests / responses. However, clearly the
damaged barcode passively alerts the user to attempt an attack,
causing his suspicions about the use of computing and
communication channels.

However, this attack requires a considerable amount of
interceptions by an attacker: from 20 to 30 in case of small
templates and hundreds for large ones, several thousand in the
case of using the method in the animation mode with advanced
securitymode [1].

Thus PassWindow security is not so much the complexity of
the algorithm required to solve it, but the difficulties in the system
problems of sufficient information retrieval from the target. If
PassWindow is used correctly, there is a high probability that the
required information may not be available even for the most
experienced hackers.

The authors offer their algorithm of PassWindow system
monitoring, which allows in 3—5 sessions of transmission of OTP
passwords to get aunique card barcode of a user that almost leads to
destruction of the safety of the banking system.

6 DISCUSSION
Hypothetical attacks on authentication means
PassWindow.

Man in the middle and phishing attacks (MITM) involve
a third party intercepting communications between a client
and server, impersonating each to the respective other and
intercepting, recording, and/or altering communications
between them [12].

Phishing is a kind of MITM attack that usually involves
a fake login screen for well-known online services that
reports login details to the attacking third party before
seamlessly forwarding the user to their desired destination,
unaware that their authentication details have been
compromised to be used maliciously later [13].

This attack method is the most effective one. Standard
methods for one-time password (OTP) are unable to provide
protection because the OTP itself is simply passed to an
attacker, together with any other relevant information, such
as user name and password.

PassWindow solves this problem by providing a passive
check at the transaction level to ensure that the user knows
about the authenticity of the transaction, which one
performs to enter OTP at the completion of this transaction.
Thus, PassWindow protects transactions against fraudulent
MITM attacks and provides authentication both ways from
the user to the server and the server to the user.

Let concider the Social engineering attacks.

Social engineering involves the customer being
convinced to reveal their private details, and in the case of
hardware tokens, their OTPs.

A PassWindow key pattern is not easily communicated
verbally or by typing, thereby eliminating the most convenient
telephone social engineering attacks that are used against
electronic hardware tokens, a method that is called «vishing»
[14]. These attacks are based on the person who calls the
user and impersonating an authorized service representative.

An oral request is made to read a valid authorization
code from the authentication device of victim that
supposedly allow the caller to identify, for example, «an
important confidential information». It is unlikely that an
attacker will try to extract the PassWindow key combination
from the client this way, as it is difficult to explain in words
the visual characteristics of the PassWindow matrix segment.

Man in the browser or hacker infiltration. When an
attacker receives reports from the malware installed in the
victim’s computer and detects that the victim is accessing
their financial institution’s website, the software alters the
form data in the browser such that a different amount of
funds are transferred to a different account — usually a ‘mule’
account. The owner of the mule account then transfers this
money to the attacker.

Verification information about the transaction taking place
can be encoded into the PassWindow challenge pattern.
This can assure the user, for example, that the funds are
being transferred to the correct account.

Let concider the Simple theft.

The only way for a PassWindow key pattern to be
revealed and duplicated is by directly copying the card in
one’s immediate possession. This possibility is reduced by
the introduction of a tint that can be printed over the pattern,
hindering attempts at photography and photocopying.

However, because PassWindow should be used as the
second factor in the authentication strategy, mere knowledge
of the key pattern is insufficient for fraudulent authentication
without also knowing the victim’s username and password.

Shoulder surfing. While probably the most mundane of
the ‘hacking methods’, PassWindow is secure against
‘shoulder surfing’ — surreptitiously watching the user enter
their transaction details. Because the key/challenge solution
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is a one-time password, the shoulder surfer cannot benefit from
knowingit.

Again, a tint printed over the key pattern on the card renders
the pattern itself invisible to anyone but the user.

Direct attack on a PassWindows authentication server. An
attacker can try to directly attack a PassWindows authentication
server, to disrupt the integrity of the PassWindow authentication
procedure. The PassWindow authentication server uses very simple
and limited communication protocol, and the entire authentication
processing is performed on the server. Its functionality is limited
to the creation ofthe barcode image data and receiving short access
codes and user IDs, and eventually making a response (yes / no) to
the authentication request. In addition, different authentication
strategies run queries speed and response duration. This basic
digital communications with the authentication server give a small
opportunity for an attacker to directly occupy the server in any
effective manner, which may lead to a successful access.

Let concider the Analytic attack on the secret key.

An attacker can try to bring a printed the PassWindow key
combination of a user through the analytical (e.g. statistical or
algebraic) attack. This can be done using a complex program «attack
ofthe man in the middle» or malicious programs installed locally
on the basis of monitoring that will allow to intercept PassWindow
barcodes and appropriate user responses. With the time, as the
attacker accumulates these pairs of request / response, one can
potentially get some idea about the PassWindow key template
through the analysis of the captured data.

CONCLUSIONS

In this paper, the theoretical generalization of major the increase
principles of integrity and authenticity of data packets in security
banking transactions protocols based on authentication methods
of the two-factor authentication.

Scientific novelty lies in the fact that, for the first time proposed
mathematical tools and program implementation of the
PassWindow systemmonitoring allows to get a unique barcode of
the user’s card for 3—5 OTP passwords transmission sessions,
which almost leads to destruction of the banking system safety.
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lKaHH. TEXH. HAaYK, JOLUCHT Ka(beIIpI)I I/IH(I)OpMaIII/IOHHI)IX CUCTEM XapbKOBCKOI‘O HAalMOHAJBbHOTO SKOHOMHYECKOIO0 YHUBEPCUTETA

M. C. Ky3nena, XappkoB, YkpanHa

?KaHJ. TexH. HayK, BeAYyIIUH HAYYHbIH COTPYIHUK, CTAPLINII HAyYHBI COTPYIHUK HAyYHO-UCCIEI0BATEILCKOTO OT/IENA PAKETHBIX BOMCK U

apTUJUICPHH HAyYHOTO IIEHTPa CyXOIyTHBIX BOWCK, XapbKoB, YKpanHa

HCCJIEJOBAHHUE YI'PO3 METOJIOB JBYX®AKTOPHOI AY TEHTU®UKALIAA

B cratse paccMaTpuBaIOTCs OCHOBHBIE METOABI TOCTPOCHUS CHCTEMBI ABYX(aKTOPHOW ayTeHTH(UKAIME HA OCHOBE HCIONB30BAHHS KPHII-
TOorpapUIecKuX MEXaHU3MOB O0ECIEUEHMs] KPUNTOCTOMKOCTH, (OPMHUPYEMBIX ayTeHTH()HUKATOPOB, OLIEHUBACTCS PUCK PAa3IMYHBIX METO/OB
OHJIaKH-aTaK MPOTHB Pa3JIMYHBIX CHCTEM JBYX(DAaKTOpHON ayTeHTH(HKALMK, a TaKKe paccMaTpuBaercs cucreMa PassWindow, obecriednBaronas
nByX(haKTOpHYIO ayTeHTH(HKAIMIO Ha YHUKAJIBHOI CIOCOOHOCTH 9acTH MAaTpPHIl epeiaBaTh HH(OPMAIIUIO TAKUM 00pa3oM, 4TO OHA pacHmdpo-
BBIBAETCS TOJIBKO IPH HAJIOKEHUH (U3MYECKOTO MIa0IOHA 3HAKOB IIPEATIONAraeéMoro Moydarels U mabioHa MITPUX-KOZa, HOMyJaeMbIX depes
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3JIEKTPOHHO-CETEBbIE YCTPOKCTBA MOJIb30BATENEH, CTOMKOCTh K aHAIM3Y 00eCIeYHBaeTCs YHUKAIbHOCTBIO ()OPMHUPOBAHUS MIA0IOHA MITPUX-KONA
KapTO4YKU B BHJI€ YHUKAJIbHBIX CTATHCTHYECKHX M300paKEHMH, 110C/IeI0BATENbHOCTH CUMBOJIOB MJIM B BUje OOJiee pacIIMpeHO aHUMAaLMOHHON
BEPCHH.

OOBEKTOM HCCIIEN0BAHHUS SBIISIETCS MPOLIECC MOBBIEHHS LEIOCTHOCTU U ayTeHTMYHOCTH IAKETOB JAaHHBIX B IPOTOKONAX 0€30IacCHOCTU
0aHKOBCKMX TPaH3aKLMI Ha OCHOBE METONOB ABYX(aKTopHOH ayreHTH(uKanuu. [Ipenmerom uccnenoBaHus SBISIIOTCS METOIbI U aJlTOPHTMBI
KOHTPOJIS LIEJIOCTHOCTH U ayTEHTHYHOCTH IIAKETOB IJaHHBIX B IPOTOKOJIaX 0€30MacHOCTH GaHKOBCKHMX TPaH3aKIMil Ha OCHOBE METONOB JIBYX(aK-
TOpHOH ayTeHTH(UKAIMU.

Llenbto paOoTHI SABIAETCS MOBBIMIEHUE LETOCTHOCTH U ayTEHTUYHOCTH N1aKETOB IaHHBIX B IIPOTOKOJIaX 0€30MacHOCTH OAaHKOBCKHX TPAH3aK-
LU, OLIEHKa yrpo3 Ha MeToznbl AByX(akTopHO# ayreHTH(UKAUMK. [IpoBOIUTCS CpaBHUTENbHBI aHAIM3 PA3IMYHBIX CHCTEM ABYX(pAKTOPHON
ayreHTHU(uKauu ¢ cuctemoil PassWindow B cdepe mpoTHBOCTOSHMS pa3IMUYHBIM HHTEpHET-cLieHapusaM atak. [Ipemnaraercs 3¢ QexTuBHbIi
IIPaKTUYECKUH METOX MOHUTOPUHIA CUCTEMBI IBYX(aKkTopHOil ayreHTudukanuu PassWindow npu ee npuMeHeHUH B OAHKOBCKHX CHCTEMaX.

KuoueBble ciioBa: 1Byx(hakTopHas ayTeHTU(UKALHUs, OHIAHH-aTaKi, COLMAIbHAS MHKEHEPUs].

Escees C. I1.!, Tomamesckuii b. I1.2

'Kanz. TexH. HayK, IOLEHT Kadenpu iHpopmaniiHux cucreM XapKiBChKOTO HALIOHAJIBHOTO eKOHOMIUHOro yHiBepcurery iM. C. Kysuers,
XapkiB, Ykpaina

’KaH[. TexH. HayK, IPOBIJHUI HAYKOBUI CIIIBPOBITHHK, CTapLINii HAYKOBUH CHIBPOOITHHK HayKOBO-IOCIIIHOIO BiIily paKeTHUX BiliCbK Ta
apTuiIepii HayKOBOro LIEHTPY CyXOIYTHHX Bilcbk, XapkiB, YkpaiHa

JOCJIIKEHHS 3ATPO3 METO/IB IBO®AKTOPHOI AYTEHTU®DIKALI{

V crarTi po3nIAnaoThCs OCHOBHI METOAH 10OYNIOBH cUcTeMU JBO(aKTOpHOI ayTeHTH(IKALii HA OCHOBI BUKOPHCTaHHS KPUNITOrpadidHux
MeXaHi3MiB 3a0e3IeUeHHs] KPUITOCTIHKOCTI, ayTeHTU(IKATOPIB, sKi (OPMYIOTHCS, OLIHIOETHCS PU3HMK PI3HUX METOAIB OHJIAWH-aTaK IPOTU
pi3HUX cucreM ABo(haKTOpHOI ayreHTHdiKaLlil, a TakoK po3msinaeTbes cuctema PassWindow, 1o 3a6e3neuye 1Bo(pakTopHy ayTeHTH(IKaLlio Ha
YHIKaJIbHil 3aTHOCTI YaCTHHM MaTPULb epeiaBaTH iH(HOPMALLil0 TAKUM YHHOM, 10 BOHA PO3LIU(POBYETHCS TUIbKH PH HAKIIAAEHH] (Pi3HYHOrO
malIoHy 3HAKIB rependadyBaHOroO OfepxyBaua i abIoHy IITPUX-KOIY, ONEPKYBAHUX Yepe3 eNeKTPOHHO-MEPEKEBI IPHCTPOI KOPUCTYBauiB,
CTIMKICTb JIO aHaNi3y 3a0e3neuyeThesl yHIKAIBHICTIO (JOpMyBaHHS IAOIOHY ITPUX-KOMY KApTKU y BUIIS1 YHIKaJIbHUX CTaTHCTUYHMX 300pa-
*KE€Hb, MOCIIZOBHOCTI CUMBOJIIB 200 y BUIVIsAAI OLIbII PO3IIMPEHO aHIMALiHHOI Bepcii.

OO0’€KTOM JOCIIDKEHHS € IPOLEC MiIBUILEHHS LILTICHOCTI Ta aBTEHTUYHOCTI [TAKeTiB JaHUX Y IPOTOKOIAaX Oe3neky 0aHKIBCbKHX TPaH3aKIii
Ha OCHOBI MeTofiB JBoakTOpHOi ayreHTH(diKawii. [Ipeqmerom NOCHTiIKEHHs € METOAU Ta aIrOPUTMH KOHTPOJIIO LLTICHOCTI Ta aBTEHTHYHOCTI
[IAKeTiB JJAHUX y IPOTOKOJIaX Oe3reKky OaHKIBCbKUX TPaH3aKIiil Ha OCHOBI MeTOAIB 1BO(GAKTOPHOI ayTeHTHDiKaLllii.

Meroto poOOTH € MiABUILEHHS LUIICHOCTI Ta ABTEHTUYHOCTI [TAKETiB JAHUX Y IPOTOKOIAX Oe3reky OaHKIBCbKMX TPaH3aKIii, OliHKa 3arpo3
Ha Meroau JBo(aKkTopHOI ayreHTUudikauii. IIpoBoauThCS MOpPIBHANBHMI aHaN3 Pi3HUX cHCTeM ABOGAKTOPHOI ayTeHTH(IKALIl 3 CHCTEMOIO
PassWindow y cdepi IpoTUCTOSHHS pi3HUM iHTepHET-CLieHapisMu atak. IIpornoHyeTbes eeKTHBHUIA IPAKTUYHUIE METOJ MOHITOPUHTY CHCTe-
mu aBodakropHoi ayreHTudikawii PassWindow npu ii 3acrocyBanHi B GaHKIBCBKHX CUCTEMAX.

KuiouoBi cioBa: nBodakropHa ayTeHTU(IKaLlis, OHIARH-aTaKy, COLiabHA 1HXKEHEpis.
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ENHANCED MAC ALGORITHM BASED ON THE USE OF MODULAR
TRANSFORMATIONS

The article considers the choice of cycle functions in the provable persistent key universal hashing scheme, proposed model and method
of forming codes of integrity and authenticity of data on the basis of modular transformations, computational complexity reduce algorithm
of the hashing schemes implementation using cyclic functions. The object of the research is the process of improving the integrity and
authenticity of data packets in security protocols of telecommunication networks. The subject of the study are models, methods and
algorithms for monitoring the integrity and authenticity of data packets in security protocols of telecommunication networks. The purpose
of the study is to increase the integrity and authenticity of data packets in security protocols of telecommunication networks. The
developed enhanced method of forming a cascade MAC differs from the known (algorithm UMAC) using modular hashing on the last stage
of the MAC forming that provides high collision properties of strictly universal hashing and safety performance at the level of modern
means of demonstrable strength protection. Were obtained estimates of the computational complexity of the formation of the MAC using
modular hashing, found, that with comparable rates of resistance the complexity of modular hashing exceeds by 1-2 orders of known
schemes based on block symmetric ciphers. However, the use of modular transformations provides provable security and high collision

properties of strictly universal hashing.

Keywords: codes of integrity and authenticity of data, a modular transformation, universal classes of hash functions.

NOMENCLATURE

ged(x, ) is a greatest common divisor of x and y;

D is a dispersion;

f is a composition of f; and f5;

f11s a set of functions performing the mapping X — U;
/> is a set of functions performing the mapping U — Y;
m is a mathematical expectation;

H is a set of functions f;

H is an initialization vector;

H| is a set of functions f{;

H, is a set of functions f;

k is a number of elements in binary representation of n;
Key is a key rule;

L is a bit processor;

m.is a i-bit in binary representation of n;

n is an exponent ;

O(n) is a computational complexity;

P is a large prime integer;

q 1is a large prime integer;

U is a set of u numbers;

u is a count of numbers in set U,

X is a set of n numbers;

x is a number to be raised;

Y is a set of m numbers;

o is a generator of the ring of integers Z P

¢ is a fixed accuracy;
v 1is a bitwise logical OR operation;

1 n is a save lesser n-bits of m-bit result operation;
® is a modulo 2 (XOR).

INTRODUCTION

Studies have shown that the use of modular
transformations allows realizing of provably resistant
information hashing that satisfies the collisional properties
of universal hash functions. Demonstrably safe level of
strength is justified by reducing the problem of finding the
source and / or the problem of recovering the secret key
data to the solution of one of the well-known complexity-
theoretic problems [1-3, 6].
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At the same time, as shown by studies [1-3, 6], the
universal hashing using modular transformations has a
significant drawback — high computational complexity of
the formation of the hash codes. In fact, for each information
unit must perform a modular exponentiation that under
transformation module appropriate orders significantly
increases the time hashing information sequence. A
promising direction in this regard is the development of
multilayer universal hashing circuits using modular
transformations on the last, the final stage of the hash code
formation. This is as shown below, on the one hand provides
a high collision properties of the resulting codes of integrity
and authenticity of data generation circuit, on the other
hand — provides high performance and provable strength
level used transformations.

1 PROBLEM STATEMENT

The use of multilayer hash key circuits allows building
of effective mechanisms for monitoring the integrity and
authenticity of information in telecommunication systems
and networks. However, the known multilayer structure (for
example, the algorithm UMAC) together with the high speed
and the cryptographic strength when applying a
cryptographic transformation layer (using symmetric block
cipher) lose universal hash properties, which leads to
deterioration of the properties of the collision properties of
generated message authentication codes. The purpose of
the study is to develop a method of forming codes of
integrity and authenticity of data based on provably
resistant hash key that allows providing high levels of
security and with applying certain restrictions on the modular
transformations provide high collisional properties.

2 REVIEW OF THE LITERATURE

The analysis of [6-9] shows that the modular
transformations are used today in the construction of keyless
hash functions. Thus, in the fourth part of the international
standard ISO/IEC 10118-4 defined two keyless hash function
MASH-1 and MASH-2, which use modular arithmetic,
namely the modular exponentiation to construct hash [9].
The very name of functions MASH-1 and MASH-2 occurs
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from abbreviated Modular Arithmetic Secure Hash (secure
hashing based on modular arithmetic), emphasizing the use
of modular transformations in the formation of the hash
image.

Table 1 shows the results of a comparative analysis of
performance of some keyless hash functions, including the
hash function on the modular arithmetic MASH-1 and
MASH-2 [7].

The analysis showed that the major drawback of hash
functions MASH-1 and MASH-2 is the low hash code
formation rate. In fact, it is determined by the speed of RSA-
like encryption, which is 2—-3 orders of magnitude slower
than modern block symmetric ciphers. However, due to the
presence of the possibility of using the existing modular
arithmetic hardware and software used in asymmetrical RSA-
like cryptosystems, as well as because of the possibility of
providing a provable strength level (on the classification of
security models NESSIE) considered keyless hash MASH-
1 and MASH-2 were standardized [7, 9, 16].

3 MATERIALS AND METHODS

Development of a universal key hashing method with
demonstrable strength based on modular transformations.
In the basis of the proposed universal key hashing
method with provable strength is the use of modular

transformations, providing reduction of the problem of
finding the inverse image or a secret key in hashing scheme
to one of the well-known complexity-theoretic problems.
Such a justification of strength by security models
classification NESSIE is considered to be provable security,
thus emphasizing the reducibility cryptanalysis to one of
the well-known computationally intractable in a given time
complexity-theoretic problems [6]. Table 2 shows the results
of studies of cyclic functions: the first column contains the
complexity-theoretical problem of the function, the second
column shows the cyclic function analytical record, in the
third column — estimate of the calculating complexity of the
cyclic function values, the fourth — estimate of
computational complexity of the function inverting (strength
estimation).

Studies have shown that the most appropriate solution
should obviously consider the use of the cyclic function,
the problem of inverting which is associated with the solution
of the complexity-theoretic problem of the extraction of
square roots modulo 7.

Under certain restrictions on the values of the composite
module » this computational complexity inverting problem
comparable to the problems of factorization and discrete
logarithms. At the same time, the direct calculation of the

Table 1 — A comparative analysis of some keyless hash functions

. The length of . . . Security model
The hash function hash Applied conversion Processing speed (by NESSIE)
256,
SHA-2 384, logical and arithmetic 108..109 bit/sec Practical Security
512
Whirlpool 512 In finite Galois fields 107..108 bit/sec Practical Security
GOST 34311-95 256 Block symmetric encryption 107..108 bit/sec Practical Security
RIPEMD-160 160 logical and arithmetic 108..109 bit/sec Practical Security
ek
MASH-1 Modular squaring 105..106 bit/sec «Provable Security
kk
MASH-2 * Modular exponentiation 28+1 = 257 104..105 bit/sec .
«Provabley Security

* Determined by the dimension of the conversion module.

** If the parameters of the modular exponentiation comply with the limits for RSA-like systems.

Table 2 — Estimate of the complexity of some complexity-theoretic problems

Estimate of the

the?)(r)er:ilzle)r(:)tbyl-em Candidates Cfozltiléeﬁclgrcltsit(l;gcnon of the computing Estimate of the inverting complexity
P y complexity
Integer Fe His)=x:H_y s O(n?) , where Lyl ﬁ):ex;{(ﬁ+0(1))(10gN)“(10g10gN)1‘“) For the field
factorization Function is defined over large prime n= |—Iog2 p—|+ number of the general form of the inverting complexity
problem numbers X; = p and H; | =¢q +[log, ¢ 1o(13 (64
N 3 9 5
) O(log, €) . 5
RSA problem f(xl-,l-[l-,l):(x,- ®Hi—1) mod (N), multiplications, the For a field number of a special type N =a~ +c¢ the
ged(e, 0(p,g))=1, N=pq fast exponentiation . . onis Lo L 332
algorithm complexity of the inversion is L 340
O (log 5 n)

The discrete
logarithm problem

Fl 1) =l Imod (p),

o — generator Zp

multiplications, the
fast exponentiation
algorithm,

o(n®) for a=2,
where 5 = |'10g2 p—|

Diffie-Hellman
problem

#106,Hy) =l Jmod(p),

o — generator Zp

o) for w=2,
where 5 = |_10g2 p-|

min{\/;, Ly(a, ﬁ)}, where
yfo. )=exilB+clogFlogog) ) For a primitive
field GF(p) the complexity of the inversion is

il (55

For a primitive field GF(2™) the inversion complexity is

LN(%,IA)
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values of aE(xz)mod(n) requires significantly fewer

operations.

It should be noted, however, that the use of a quadratic
cycle function does not lead to construction of a universal
hashing. Next to the computational complexity is a cyclic
function

Sl Hiy)=(x; @ Hiy ) mod(N), M

inversion problem which is associated with the solution of
the complexity-theoretic problem in RSA, where

ged(e,9(p,q))=1,N = pq.

Thus, the use of cyclic function (1) based on modular
exponentiation allows to construct a provably resistant
universal hash function only under the constraints on the
value of the modular exponent and absolute value of the
change.

Another candidate for the cyclic function in the iterative
hashing scheme is a function of the form:

S (xi Hiy ) = (ax,- OHi )mOd(P) ’ &)

inversion problem which is associated with the solution of
the complexity-theoretic problem of the discrete logarithm.

Use of a cyclic function ensures the construction of
provably resistant hash, collision properties which satisfy
the conditions of universality.

Thus, studies have shown that for the construction of
universal hash information with provable security level
should be used the cyclic function of the form (1) or of the
form (2).

Development of algorithms for iterative key hashing with
demonstrable strength based on modular transformations.

Iterative key hash algorithms with demonstrable strength
based on the use of modular transformations is based
algorithm MASH-1, subject to change initialization vectors
and use of the above cyclic functions satisfying certain
restrictions on used modular transformations.

Iterative key hashing scheme using cyclic function (1)
developed by analogy with the scheme in Section
2 NHhashing is shown in Fig. 1. An algorithm for calculating
the hash value based on the cyclic function (1) differs from
the algorithm MASH-2, basically, by system settings and
the determination of constants.

Using the cyclic function (2), the inversion problem of
which is based on the solution of the complexity-theoretic

I Lo
C ° )| C °
i '
C(K@M,)"mod(N)) K GHI(-BMZ)“mod(N))
T

(H,./®M,)'mod(N)

b -

IRA

Hash

Figure 1 — Iterative key hashing scheme using the expression (1)
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problem of the discrete logarithm, construct the following
hashing scheme (see Fig. 2).

Designed algorithms differ from the keyless hash
algorithms MASH-1 and MASH-2 basically, by system
settings and the determination of constants. In addition,
the proposed schemes are key hashing, as the secret key
data used interchangeable initialization vector H, = Key.
For applied modular transformations in key hashing cyclic
function imposed limitations discussed above.

Thus, the proposed universal hashing method using
modular transformations allows formation of authenticators
(hashes) to provide the required performance security.
Designed algorithms allow practically implement the
proposed hashing schemes in software and in hardware
form.

4 EXPERIMENTS

Development of proposals for the implementation of the
iterative hash key with demonstrable strength using modular
transformations.

The proposed universal hashing method is an iterative
scheme of formation of the hash code with the cyclic
function, built using modular transformations. To ensure
high collision properties of universal hashing proposed
cyclic function must be implemented with the use of the
expressions (1) or (2) with the corresponding constraints
on the modular transformations.

The analysis shows that the most expensive from a
computational point of view the operation in the
implementation of cycle functions (1) and (2) is the operation
of modular exponentiation. With the direct exponentiation
operations through the chain of multiplications,
computational complexity of the implementation of such
cyclic functions increases in proportion to the exponent,
i.e. for the construction of x the power n generally needs
n —1 multiplications:

N

X = X X-X'..0X
- /v

n—1 multyplications

An asymptotic estimate of the computational complexity
of this exponentiation operation implementation is O(n)
multiplications.

To reduce the computational complexity of the
implementation of the hashing scheme using cyclic
functions (1) and (2) algorithm applied for fast

n

(@***mod(p)

:
|

("1 ®¥)mod(p)

= B @ I

Hash

Figure 2 — Iterative key hashing scheme using the expression (2)
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exponentiation, which is based on the representation of x”
in the following form:

X" = x((..‘((mk~2+mk,1)-2+mk,2)~2+...)~2+m1)-2+m0 _

= (™) x ™1y )2 M2 M 3)

where (mk,mk_l,...,mo) — binary representation of 7,

i.e. m;e{0,1} and

nzmk'2k+mk_1-2k_1+...+m1-2+m0. @

Rearranging the factors in the representation of x” we
obtain the following expression:

2 3 k
x}’l :xmo _(x2)m1 (x2 )m2 (x2 )m3 (x2 )mk s

which implies that for the construction of a number x to the
power of n required to implement at most t operations of
squaring and at most % operations of multiplication, where
k+1 — number of elements in the binary number 7, i.e.
k =(log, n)—1. Thus, the computational complexity of

calculating the asymptotic x” can be estimated as O(log, n).

The above algorithm can significantly speed up the
computation of cyclic functions (1) and (2) underlying the
proposed method of universal hashing. Table 3 shows the
dependence of the implementation complexity of the
operation of exponentiation through a chain of
multiplications and through the representation (3), (4),
indicating the minimum necessary order of the conversion
module to achieve the required level of security.

The data in the second row of table 3 shown using the
equivalence conditions (on computational complexity) of
the squaring and multiplication operations.

Analysis of the data in table 4 shows that the
implementation of the proposed universal hashing method
through a traditional exponentiation algorithm
computationally unattainable. The number of multiplications
to be executed to compute a value of the cyclic function,
even at the lowest level of security (cardinality of the set of
key data block symmetric cipher is equal to 2%) exceeds the
capabilities of most modern computer systems.

The last row of table 3 is, in fact, is the computational
complexity estimate of the proposed hashing scheme. Thus,
at the lowest level of strength (cardinality of the set of key
data block symmetric cipher is equal to 2%) to calculate one
value of cyclic function takes no more than 2046 operations
multiplications. For a sufficient level of strength (cardinality
of the set of key data BSC equal to 2128) relevant to the
national standard encryption USA FIPS-197 (AES), to
calculate the cyclic function need to do no more than 6142
multiplications. For high-level strength (cardinality of the
set of key data BSC equal to 2256), corresponding to the
current domestic standard symmetric cryptoconversion

GOST 28147-89, to calculate the cyclic function does not
need to perform more than 30718 multiplications.

Developing a model of MAC cascade formation using
modular transformations and justification of practical
recommendations on its use.

The article proposes a cascade formation model of codes
of integrity and authenticity of data (MAC) using the
modular transformations. The proposed model is based on
a multi-layer universal hashing circuit using the last, the
final stage of modular transformations.

Properties of multilayer (composite) design is best
explained with the help of mappings language [4, 5]. Let
X,Y,U aresets of n,m,u elements, n <m <u. I, is a set of
functions f; performing the mapping X — U and H, is a set
of functions f, performing the mapping U — Y. Then
H = H, o Hy is aset of functions ', which is the composition

f=het

Characteristics of a multilayered structure presented by
the results of the following theorem [1-3].

Theorem 1. The composition of the universal hash functions
class &) —U(Ny,n,u) and strictly universal hash functions
class €y —SU(N,,u,m) is strictly a universal class with
parameters € — SU (N1 N,,n,m), where € =¢; +&, —g;¢,.

Thus, using the composition of authentication codes
algorithms that are equivalent to an algorithm for computing
the universal and strictly universal hash functions classes
we obtain a multi-layer scheme for generating MAC [11-
15]. Properties thus generated codes of integrity and
authenticity of data will satisfy the properties of strictly
universal class of hash functions.

In the method of forming codes of integrity and
authenticity of data, the first layers are proposed to be
realized with traditional UMAC high-speed but
cryptographically weak universal hashing schemes
algorithm, the last layer is proposed to implement using the
developed safe (cryptographically strong) strictly universal
hashing scheme based on the modular transformations.

Formally, the proposed cascade formation scheme of
codes of integrity and authenticity of data shown in Fig. 3.

The main part of the information data is processed first
layers of universal hashing. Formed as a result of such
conversion hash code on the last processed final stage
cryptographically strong universal hash function based on
the modular transformation.

Thus, based on the proposed scheme, MAC formation
using modular transformations is used:

— on the first layers high-speed universal hashing
methods (NH-hashing, polynomial hashing, Carter-Wegman
hashing) are used;

— on the last layer secure strictly universal hashing based
on modular transformations (using cyclic functions (1) and
/or (2)) is used.

Table 3 — Dependence of the implementation complexity regarding the exponentiation method

i Procedure for conversion module / equivalent length of symmetric cryptographic algorithm key
Exponentiation method 1024/ 80 3072/ 128 15360/ 256
Through a series of multiplications 10308 10924 104623
Fast exponentiation algorithm 2046 6142 30718
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CW-hash

Universal hashing using
modular transformations

MAC

AN

Mac formation multilayer scheme using universal hashing and provable security modular transformations

s

i

High collisional propertics, high performance,
cryptographically weak

High cryptographical propeties, high collisional
properties, low performance

AN

Universal hashing methods

Modular transformations

Universal hashing NH-scheme

Polynomial universal hashing scheme

Carter-Wegman universal hashing scheme

RSA problem

Discrete logarithm problem

Figure 3 — Proposed cascade formation scheme control codes of integrity and authenticity of data using the modular transformations

The work [3] proposes technique of statistical studies
of collisional properties of MAC, in particular, introduces
statistical indicators characterizing the collision properties
of forming circuit of control codes integrity and authenticity
of data, allowing using methods of probability theory and
mathematical statistics to obtain estimates with prescribed
confidence interval and the required accuracy.

Experimental studies of collisional properties of message
authentication codes UMAC for the relevant sections of
the conversion:

— in the first stage investigate collision properties of a
mini-version of the universal hashing. To do this, the
theoretical estimates of the number of generated hash codes
collisions occurring in the course of the experiment must be
confirmed;

— in the second stage conduct an experimental study of
the properties of pseudo-conflict substrates based on
analysis of the properties of the reduced Baby-Rijndael
cipher model. Similar studies in the available literature aren’t
described, appear to be carried out by us for the first time;

— in the third stage conduct an experimental study of the
properties of collision properties generated by using mini-
UMAC integrity and authenticity of data control. This is
the most important part of the research, as it would answer
the question of maintaining the properties of universal
hashing after application of the cryptographic
transformation of the information layer.

Estimates of the number of collisions generated elements
will be carried out focusing on the universal hashing collision
properties. In fact, we need to confirm or refute the
hypothesis of the saving of universal hashing collision
properties at all stages of generating of the mini-UMAC
control codes of integrity and authenticity of data.

64

S RESULTS

Consider a cyclic functions MASH-1 and MASH-2 for
the construction of the key universal hash functions and
hash option when the initial state (initialization vector) is
given by some key rule, i.e. choose H, = Key. In this case,
we have a certain class of hash functions, depending on the
parameter Key. For experimental studies selected the
following parameters: p =17, ¢ =19, N =323. Study were
to verify the conditions of universal hashing with exhaustive
search of all the values of initialization vectors
(Key=0,...,2" —1,m =8) for a sample of the population
values of information blocks. The results obtained are
summarized in table 3.

Thus, studies have shown that the application of
transformations using modular arithmetic allows to build
universal and strictly universal hash functions classes,

Table 3 — The results of studies of collisional properties of a key
hashing algorithms built on the basis of MASH-1 and MASH-2 by
changing the values of the initialization vector secret key

Based Based
algorithm algorithm
MASH-1 MASH-2
Ai(ny) 41.42 0
D(ny) 42.74 0
Py = P((ny) —m(n)| < 5) 0.98 ~1
7i(ny) 3.99 1
D(ny) 0.01 0
Py = P(ii(ny) — m(ny)| <0.025) 0.99 ~1
fi(n3) 0.26 0.31
D(ny) 0.21 0.22
Py = P(|fii(n3) — m(n3)| < 0.1) 0.97 0.97
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which on one hand allow high collision properties, on the
other hand, under certain restrictions on the value of the
modular exponential ensure high security and the
applicability of the model demonstrable strength.

For comparison with other key hashing schemes in terms
of the resistance and performance will take the following
assumptions. Let one multiplication operation on numbers

m

with the order of 2™ requires {f—‘ operations of bitwise

modulo two addition (XOR). This assumption is most often
used when evaluating the complexity of the cryptographic

m
algorithms implementation. In this case, the estimate of {f—‘

gives the approximate number of L-bit processor cycles
necessary for the implementation of the one multiplication
operation of numbers the bit length of which does not exceed
m. At the same time, hashing using modular transformations
process immediately /8 information data bytes.

Table 4 shows the results of comparative studies of the
performance of key hashing schemes for fixed security
performance. Speed is expressed in an S amount of the
32-bit processor cycles necessary for generating one byte of
the output data. Security indicator was fixed over the length
of the secret key the attacker needed to hack. For schemes on
modular arithmetic the equivalent length of the key block
symmetric cryptographic algorithm is shown (see. Table 2).

The data presented in Table 4 show that the use of
modular transformations for solving the key hashing
problems significantly increases the computational
complexity and reduces algorithms speed by 1-2 orders of
magnitude. At the same time, the proposed key hashing
schemes have provably resistant safety level (problem of
finding the hashing key or the inverse image is reduced to
solving a certain complexity-theoretic problem). In addition,
it was shown above that such authentication schemes
satisfy the properties of universal hashing to ensure the
high collision characteristics of the generated MAC.

Table 5 shows a comparison of the computational
complexity of some hash functions. Data on performance
for the proposed MAC scheme with modular
transformations are given for the minimum level of
persistence (cardinality of the set of key data block symmetric
cipher is equal to 2%) and a sufficient level of strength (for
modular transformations equivalent length block symmetric
cipher key is 128 bits). Length of the MAC generated is 80,
and 128 bits, respectively.

For all the functions listed in Table 5 (except the proposed
using modular transformations) specific complexity of the
codes of integrity and authenticity of data is not dependent
on the amount of data processed. For the proposed model
using a modular transformations specific complexity with
increase of length of data to be processed is reduced. So for
a high level of strength (equivalent length block symmetric
cipher key is 128 bits) already for data blocks of 32768 bytes
is comparable to well-known and used in network security
protocols, algorithms form the MAC. For the lowest level of
strength (cardinality of the set of key data block symmetric
cipher is equal to 2%) the proposed scheme of codes of
integrity and authenticity of data cascade formation using
modular transformations already for data packets of 2048
bytes is not inferior in performance used to date the
formation of the MAC algorithm in network security
protocols, including protocols IPsec.

6 DISCUSSION

Analysis of the data presented in Table 3 allows claiming
the adequacy of the experimental results. For fixed accuracy
¢ were obtained high values of confidence probability that
indicates the validity and reliability of the results according
to their statistical properties of the entire population of data.

Analyze the results of statistical studies and compare

them with the theoretical estimates: with P, |H| =1
(the first criterion), with |H |/|B| =1 (the second criterion)

and with P, -|H| =1 (the third criterion).

As seen from the data in Table 3 realization of a key
hashing scheme based on MASH-1 algorithm when
replacing the values of the initialization vector with the
secret key does not enable high collision properties. The
number of collisions occurring substantially above the upper
theoretical limit on both the first and the second criterion,
consequently, this structure is not a universal hashing

Table 4 — Estimation of the complexity of hashing algorithms in
the S number of the 32-bit processor cycles per byte of data

processed
. Resilience Number pf
Hash function (key length) | cycles s

SHA-2 (512) 512 80
SHA-2 (256) 256 64
SHA-1 160 30
RIPEMD-160 160 160
MD5 128 64

80 512

Modular arithmetic hashing 128 1536

256 7680

Table 5 — Estimate of the complexity of different MAC forming schemes

Algorithm The length of the input data, bytes|
2048 4096 8192 16384 32768 65536

HMAC-MD5 (128 bits) 9 9 9 9 9 9

HMAC-RIPE-MD (160 bits) 27 27 27 27 27 27

HMAC-SHA-1 (160 bits) 25 25 25 25 25 25

HMAC-SHA-2 (512 bits) 84 84 84 84 84 84

CBC MAC-Rijndael (128 bits) 26 26 26 26 26 26

CBC MAC-DES (64 bits) 62 62 62 62 62 62

Proposed MAC scheme using modular transformations 38 29 14 10 3 7
(80 bits)

Proposed MAC scheme using modular transformations 204 150 73 0 24 15
(128 bits)
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scheme and so, is not a strictly universal hashing scheme.
This result was obtained with a high confidence level
Py = P(W(nl-) —m(nl»)| <€)>0.9 for high precision. So for
the first criterion the confidence interval was 4142 +5
(confidence level 0.98), for the second criterion the

confidence interval was 3.99+0.025 (confidence level 0.99),
and for the third criterion the confidence interval was
0.26+0.1 (confidence level 0.97). The key hashing scheme
based on MASH-1 algorithm by changing the values of the
initialization vector with the secret key satisfies only the
third criterion (m(n3) = 0.26).

The use of key hashing based on MASH-2 algorithm when
replacing the values of the initialization vector with the secret
key by contrast provides high collision characteristics of
universal hashing. For all three criteria resulting estimates are
below the upper theoretical limit m(n;) <1, i=1,2,3. This
statement is confirmed with almost 100% probability. So for
the first and the second dispersion criterion value D(n;) and
D(n,) that characterize the dispersion of the hash rules values
(MAC formation rules), with the equalities (3.1) and (3.2) with
respect to their mathematical expectations m(n;) and m(n,)
respectively, equals to zero which means the identity of the
results obtained in all tests and practically certain that
m(n) =0, m(ny)=0. The resulting estimate for the third
criterion also lies below the upper theoretical estimation
(m(n3)=0.31) and this value is confirmed with high

confidence level of Py = P(|n~1(n3) —m(n3 )| <0.1)=0.97 for

fixed precision (confidence interval is (.3140.1).

The explanation for this behavior of the modular
transformations in the MASH-1 and MASH-2 schemes lies in
the chosen parameters of the modular exponent. Thus, for the
MASH-1 algorithm cyclic function (4.3) assumes the value of
the modular exponent e = 2 that always breaks the condition
(4.5). In the algorithm MASH-2 exponent is set e = 28+1 = 257
that for the chosen parameters p=17, ¢=19, N =323
satisfies the constraint (4.5): gcd(e, (N)) = ged(257,288) =1.
Therefore, the key hashing built on the basis of modular
transformations in some cases allows to provide for the
universal properties and strictly universal hashing. To perform
these properties condition (3.5) is necessary to be performed
which a scheme for the selected parameters on the basis of the
algorithm MASH-2 shows.

CONCLUSIONS

In this paper were obtained the theoretical generalization
and new solution of scientific-applied problem, which is to
develop and research of models and methods of effective
mechanisms for monitoring the integrity and authenticity of
data packets while minimizing the number of CPU cycles per
byte of information to process to provide the necessary
reliability and data security in telecommunications networks.

Scientific novelty of the work is following.

1. For the first time to analyze the collision properties of
the codes monitoring the integrity and authenticity an
approach is suggested based on the creation of scale models
(mini version) algorithms of UMAC, which allows them to
retain the algebraic structure.

2. For the first time mathematical apparatus and methods
for the analysis of statistical studies of collisional properties
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are suggested which allows to determine the distribution of
codes formed on the entire set of key data and obtain
estimates of collisional properties with the required accuracy.

3. For the first time model and method of forming codes
of integrity and authenticity of data using at the final stage
cryptographically strong strictly universal hash function
based on modular transformations. The proposed solution
provides high collision properties of strictly universal
hashing, low computational complexity and high security
performance at the level of modern means of cryptographic
protection with provable security.

Practical advice on building a cascade formation schemes of
MAC based on modular hashing was justified the
implementation of which will ensure the delivery time information
packet to 0.5 sec; safe time more than 200 years; the probability
of imposing a false message is not more than 10-%; the probability
of message modification message is not more than 10-*. The
usage of the developed models and methods of forming the
MAC to control the integrity and authenticity of data packets in
security protocols of telecommunication networks and internal
payment banking systems.
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[IpenoxaBarens kadenpsl MHGOPMAILMOHHBIX CHCTeM, XapbKOBCKUH HAI[MOHATIbHBIA dKOHOMHYeckuil yHuBepcureT um. C. KysHueua,
XappkoB, YkpanHa

YCOBEPIIEHCTBOBAHHEBIA AJITOPUTM MAC, OCHOBAHHBI HA MUCIIOJIb30BAHUA MOJYJISAPHBIX MPEOB-
PA3OBAHUI

OO0O0CHOBBIBAETCs BHIOOP LMKIOBBIX (yHKLHH B CXeME J0Ka3yeMO CTOWKOTO KJIFOYEBOTO YHHBEPCAJIbHOTO XCIHIMPOBAHWS, IpeJiaraercs
MOz B MeTo (JOPMUPOBAHMS KOIOB KOHTPOJIS LIEMIOCTHOCTH M ayTEHTHYHOCTH JaHHBIX HAa OCHOBE MOAYILIPHBIX IPeoOpa3oBaHMil, alroputM
CHM)KCHHSI BBIYMCIMTENIBHOM CIIOXKHOCTH pEai3alliil CXEM XCLIMPOBAaHHsS C HCIOJIb30BAHHEM LMKIOBHIX (QyHKIHI. OOBEKTOM HCCICIOBAHUSI
SIBISIETCS TIPOLIECC MOBBIIICHUS LEMOCTHOCTH M ayTeHTUYHOCTH ITIAKETOB JAHHBIX B IPOTOKONAX 0E30MaCHOCTH TEIEKOMMYHHKAIIMOHHBIX CeTe.
[IpeameroM HccIeIOBaHUS SBISIOTCS MOAENHU, METOABI U AITOPUTMbI KOHTPOIS IIETOCTHOCTU M ayTEHTUYHOCTH MAKETOB JAHHBIX B IIPOTOKOIAX
06e30IaCHOCTH TENEeKOMMYHUKAIIMOHHBIX ceTeil. 1leapio paboThl sBISETCS MOBBIIEHHE LETOCTHOCTH U ayTEHTHYHOCTH NMAKeTOB JaHHBIX B
IPOTOKOJIAX 0E30MacHOCTH TEICKOMMYHHUKALMOHHBIX ceTel. Pa3paboTaHHBIl yCOBEpIIEHCTBOBAHHEINH MeTOJ KackagHoro ¢opmuposanus MAC-
KOZ0B oTian4aercsi oT u3BectHoro (anroputm UMAC) npuMeHeHHeM MOIY/SIPHOTO XCLIMpOBaHMS Ha mocieaHeM srtane ¢opmupoBanus MAC,
YTO TO3BOJSIET 00ECIECUUTh BBICOKHE KOJUIM3HOHHBIE CBOMCTBAa CTPOTO YHHUBEPCAIHHOTO XCIIMPOBAHHS M IOKa3aTesld 0e30IacHOCTH Ha ypOBHE
COBPEMEHHBIX CPEICTB 3aIUTHI JOKa3yeMoil cToiKocTH. [1omydeHb! OLEHKH BBIYMCIMTENBHON cIoXHOCTH (opmupoBanus MAC ¢ HCIoiIb30Ba-
HHEM MOAYISIPHOTO XEIIUPOBAHMS, YCTAHOBJIEHO, YTO IPU CPAaBHUMBIX IIOKA3aTENSIX CTOMKOCTH CIOKHOCTh MOAYISIPHOTO XEIIMPOBAHUS Ipe-
BBIIIACT Ha |—2 MOpsiKa M3BECTHBIE CXEMbI Ha OCHOBE OJIOUHBIX CHMMETPHYHBIX Hin(poB. TeM He MeHee, IPUMEHEHHE MOIYJSIPHBIX Ipeodpa-
30BaHU 00ecleunBaeT JOKa3yeMbli ypOBEHb 0E30IIaCHOCTU U BBICOKUE KOJUIM3HOHHBIC CBOMCTBA CTPOTO YHUBEPCAIBHOTO XCHIMPOBAHHS.

KioueBble c10Ba: KOAbl KOHTPOIS LENOCTHOCTH U ayTeHTUYHOCTH JAHHBIX, MOIYJISpHBIC NPeoOpa3oBaHUs, YHUBEPCAIbHbIE KIAaCChI
XEIUPYIOWKX (QyHKIHUIL.

Kopons O. T.

Bukianad kadenpu iHopmariiinux cucteM, XapKiBCbKUH HaliOHaIbHUH exoHOMiuHumii yHiBepcuteT im. C. Kysuews, Xapkis, Ykpaina

BJIOCKOHAJIEHUI AJITOPUTM MAC, 3ACHOBAHUI HA BUKOPUCTAHHI MOAYJSAPHUX MEPETBOPEHD

OOrpyHTOBY€ETHCSI BHOIp IMKIOBUX (YHKII y CXeMi J0Ka30BO CTIKOTO KIIIOYOBOTO YHIBEPCAIBHOTO XCUIyBaHHs, MPOMNOHYETHCS MOJIEIb
i Meron opMyBaHHSI KOJIB KOHTPOJIIO LIUTICHOCTI Ta aBTEHTHYHOCTI JaHMX HAa OCHOBI MOAYJISIPHUX IIEPETBOPEHb, AITOPUTM 3HIKEHHs 004MC-
JIFOBAJIBHOI CKJIQAHOCTI peaiizalii cXeM XEIIyBaHHS 3 BUKOPHCTaHHSIM LUKIOBUX (yHKIiH. O6’€KTOM HOCHIIKEHHS € IPOLeC MiJABUIICHHS
[UTICHOCTI Ta aBTEHTHYHOCTI MAKETIB JJaHUX Yy MPOTOKOJIAX OE3MeKH TeIeKOMyHIKamiitHiux Mepex. [IpeaMeroM HOCTIKeHHS € MOJIENi, METOIH Ta
ITOPUTMH KOHTPOJIIO IUTICHOCTI Ta aBTEHTHYHOCTI MAKEeTiB JaHUX Yy MPOTOKOJaxX Oe3MeKH TelIeKOMyHiKauifiHux mepex. Merot poboTu €
IIBMIIECHHS IITICHOCTI Ta aBTGHTUYHOCTI MAKETiB JaHMX Yy MPOTOKOJNAX OE3IEKH TeNCKOMYyHIKalliiHUX Mepex. Po3pobnenuil ynockoHaneHu
MeToJ KackagHoro ¢opmyBaHHs MAC-koxiB Biapisuserscst Bix Bimomoro (amroputm UMAC) 3acTocyBaHHSIM MOAY/ISPHOTO XCUIYBaHHS Ha
ocTtanHbOMY eTari GpopmyBants MAC, 1o 103BOJIsIE 3a0€3MeYNTH BUCOKI KOMI3iifHI BIACTHBOCTI CYBOPO YHIBEPCAIBHOTO XEIIYBAHHSI i MOKA3HHU-
Ku Oe3reKkH Ha PiBHI CyYacHHX 3ac00iB 3aXHMCTy IOKa30BOi CTiiikocTi. OTpUMaHO OIIHKH OOYHCIIOBAJIbHOI cKiIamHOCTi GpopmyBanus MAC 3
BHKOPHCTAHHSM MOZYJISIPHOTO XEIIYBAaHHS, BCTAHOBJICHO, IO HPH MOPIBHSHHUX MOKA3HHKAX CTIMKOCTI CKIAIHICTh MOMYJSPHOTO XellyBaHHS
nepeBuilye Ha -2 MOPSAKH BiZOMi CXeMH Ha OCHOBI OJIOKOBUX cHMeTpHUHHX IMGpiB. [IpoTe, 3acTOCyBaHHSI MOIYJISIPHHX IEPETBOPEHb
3a0e3meuye JI0Ka30BUil piBeHb OE3MEKH i BUCOKI KONi3iiiHI BIACTHBOCTI CYBOPO YHIBEpPCATBHOTO XEIIYBaHHS.

Ka1040Bi cj10Ba: KoM KOHTPOJO LUTICHOCTI Ta aBTEHTHYHOCTI JAHUX, MOIYJSIPHI TIEPETBOPECHHS, YHIBEpCaIbHI KIACH XCIIYIOUHX (YHKII.
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REVISED FAST FOURIER TRANSFORM

The problem of realisation of the Discrete Fourier Transform in on-line is analysed because of non-efficient consuming a time for a new
recalculation of spectrum samples if one discrete-time signal sample or even some small portion of samples in period are replaced by new
sample or by new samples, respectively. Using Fast Fourier Transform (FFT) procedure it is assumed that some signal samples in the respective
period available for processing digitally are updated by a sensor in real time. It is urgent for every new sample that emerges to have a new
spectrum. The ordinary recalculation of spectrum samples even with highly efficient Cooley-Tukey FFT algorithm is not suitable due to
speedy varying in time real process to be observed. The idea is that FFT procedure should not be recalculated with every new sample, it is needed
just to modify it when the new sample emerges and replaces the old one. We retrieve the recursive formulas for FFT algorithms that refer to
the spectrum samples modification. In a case of appearing one new sample, the recursive algorithm calculates a new spectrum samples by
simple addition of a residual between an old and new samples, multiplied on respective row of Fourier ‘code’ matrix, to a vector of old spectrum

samples. An example of 8-point FFT is presented.

Keywords: digital signal processing, discrete Fourier transform, fast Fourier transform.

NOMENCLATURE

DSP is a digital signal processing;

DFT is a discrete Fourier transform;

FFT fast Fourier transform;

{x(n)} is a discrete-time real valued signal or sequence
of real numbers;

L is a length of a real valued signal;

n is a number of signal sample;

X (w) is a Fourier transform of a discrete-time signal;

j is the imaginary unit;

® is an angular frequency;

X (k) is a spectrum sample;

k is a number of spectrum sample;

N is a general number of spectrum or signal samples;

kisisa periodic function with only A different values;
x,,4(D) is an old /-th sample of real valued signal;

x,,,(1) is a new I-th sample of real valued signal;

X ;K is an old k-th sample of spectrum;

X, (k) is a new k-th sample of spectrum.

INTRODUCTION

The continuous-time Fourier series are broadly used in
theory as well as in practice where functions are continuous.
DFT can be treated as its discrete-time counterpart. DFT
has also been implemented digitally in the area of filter
synthesis, image processing, various audio and video signal
developments, and many types of spectrum analyzers that
compute sampled power spectra and frequency response
functions. The properties of ordinary DFT are accurately
described. On the other hand, it is known that ordinary DFT
involves a lot of redundant calculations. Therefore, usually,
ordinary DFT algorithm is replaced by highly efficient
computer procedures, known as FFT algorithms. Also there
is a considerable amount of literature available on DFT and
FFT, mentioned here just a few (e.g. [1-9]) that are coupled
with DSP. However, some problems, encountered with FFT
applications to measured samples of signals, are not
generally understood [3], especially, analysing varying in
the time processes, e.g. if some portion of samples or even
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one sample in the given period is replaced by new samples
or one sample, respectively, and for each such real time case
we have to obtain a new spectrum. Therefore, it is needed to
modify DFT and FFT in order to recalculate only some
products of the Fourier ‘code matrix‘ with the respective
samples replaced. The next section introduces the statement
of the problem to be solved. In Section 3 we worked out the
recursive equations that allow to modify the ordinary FFT
procedure. Examples are presented in Section 4. Section 5
contains conclusions.

1 PROBLEM STATEMENT

Consider a discrete-time finite duration real-valued signal
{x(n)} oflength L (i.e., {x(n)} =0 for » <0 and > L) that
has the Fourier transform

L-1 _ -
X(w)= Y x(n)e '™ Voe0,2r, (1)
n=0

where the upper and lower indices in the summation reflect
the fact that {x(n)}=0 outside the range of 0 <n=0>L—1.
Here j is the imaginary unit. When we sample {X(w)} at

equally frequencies ®, =2nk/N VkeO0,N -1, with
N > L, the resultant samples are as follows:

X{(k)} = X(%j = Nilx(n)e— Jamkn/ N @

n=0

For convenience the upper index in the sum has been
increased from L —1to N —1since {x(n)} =0 for » > [ Here
N is the general number of samples of the basic real valued
signal {x(n)} under consideration. The relation in eq. (2) is
called DFT of {x(n)} and is used for transforming the sample
sequence {x(n)} into a sequence of frequency samples
X{(k)} oflength N. Rewriting eq. (2) in the form

N-1
X{(k)y =Y x(mwh Vke0,N—1, 3)
n=20
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Wl]‘\;’=e_j2nk"/N, “)

one can realize that the integer product kn repeats for

different combinations of k and 7, and that 4" is a periodic
function with only N different values. Therefore, various
fast and efficient DFT algorithms without redundant
calculations were worked out [1-9]. Frequently, the FFT is
computed by decimating the sample sequence {x(n)} into
sub-sequences until 2-point DFT’s remain.

Assume that the frequencies analysis of real-time
streaming sensor data {x(n)} is needed. The aim of the paper
is to work out an recursive approach that would update the
spectrum samples given in eq. (3) as fast as possible with a
sensor’s sample that emerges, without anew recalculation
of spectrum samples by FFT algorithm.

2 REVIEW OF THE LITERATURE

Recursive methods are important for the property that
observations of time-varying phenomenon by their use can
be processed by computer in real time. Hence, they may be
applied in on-line monitoring and analysis of generally time-
varying processes, and also combined with on-line control
strategies to produce adaptive control algorithms. Some of
them were used to the parametric identification of nonlinear
Wiener systems [10]. Recursive procedures can be effective
by processing various characteristics of stacionary as well
as nonstacionary random processes and systems [11].

It is well-known that the most important area of DSP
includes searching for different characteristics of signals
and systems in frequency domain. Here more popular are
DFT and various FFT procedures. However, as it is
emphasized in [3], that the use of the DFT with the digitized
signals are not generally understood. For example, ordinary
DFT requires that in the given period N all samples ought to
be fixed. Indeed, the author of this paper has not found any
published work that addresses the recursive calculation of
the DFT or FFT on an N-point complex valued function,
when the samples of the varying in the time signal are
observed by sensor. On the other hand, it is known that the
processes, functioning in real life are dynamic and time-
varying.

Therefore, it is important to work out procedures based
on ordinary DFT that allow us to find spectrum samples,
when some samples of discrete-time signal in the respective
period, available for processing digitally, are updated by a
sensor in real time.

3 MATERIALS AND METHODS

It is not efficient to recalculate the basic spectrum
samples anew, if only one signal sample or even a small
portion of new samples emerges continuously, especially,
when speed is a main issue. Then, the computation time can
become prohibitive, in spite of the fact that FFT requires
only Nlog2 Ncomplex multiplications and complex

additions to compute each of the N spectral samples. In
such a case, it is important to work out an approach for
modifying FFT in order to decrease the calculation time
significantly. Let us retrieve now recursive formulas for

recalculating the basic spectrum samples X (k)Vk € 0, N —1

partly, when a new sample X, (/) appears in the given N

new

samples of a signal x(n) Vn e 0, N —1 while the respective

old one vanishes. For real valued x(n) Vne0,N —1 eq.(3)
can be rewritten as

2tk Nt
Xold (k) = Xold (Tj = Z xold (}’l) WII{\;’ ’ (5)
n=0

or

27tk Nt
Xnew (k) = Xnew(_j = Z xnew(n) W]ﬁ ’ 6)
N n=20

if only the old and new samples of the sequence {x(n)} are
used, respectively. Here X ,,(/), x,, (OVIc0,N-1 are
I-th old and new samples, X ,,(k), X (k) Vke0 N-1
are values of the old and new samples in frequency domain,
correspondingly.

Suppose now that in eq. (6) all the new samples are
equivalent to the old ones, except, the sample x (1). Then,
we can rewrite eq. (6) as follows

-1
X = Yx mwk+x (Owk+

new

n=20
N-1
+ X x,(mwh vYkeo,N-1.
n=1+1
Subtracting the values X (k) from X, )
Vke0,N —1 we obtain the relationship of the form
Xnew (O) - Xald (O) W118
Xnew (1) - Xold (1) lei/'

: = ['xnew (Z) — Xold (Z)] N
Xnew(N - 2) - Xold (N - 2) W%N_z)
XWW(N—I)—Xold(N—l) WIA(/N—l)

It can also be rewritten in the recursive form
Xnew (0) Xo/d (0) Wl]\(/)
Xnew (1) Xald (1) Wll\ll
: = H e (D) =%, (D] * ()
Xnew(N - 2) Xald (N - 2) W%Niz)
Xnew(N - 1) Xo/d (N - 1) W%N_l)

assuming that a new sample x (/) emerges and replaces
the old one x y ).

Suppose now that in eq. (6) all the new samples are equivalent
to the old ones, except a some portion of new samples
x D,x (+D,...x (+p=-2),x (I+p-1), that
appears in the given N samples of signal {x(7)}, while the
respective portion of the old samples vanishes. In such a case,
the final expression can be rewritten recursively

X ()= Xy () + S [y (m) = Xy ()W Yk €O N 1,

m=l
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or in extended form

new(0) X a0

newD) X @

: =l : [ % () —

X, (N-2)| | X, (N-2)
X (V=D | X, (V=D

(] (e |

wh wy!
X (D] ot [0 (0) =50 (V)] - ®

W]]\sN—Z) W%(N_Z)
W%N—l) W%(N—l)

Here v=1[+p—1.
4 EXPERIMENTS

Let us describe now two experiments that are carried out
while analysis of recursive FFT. In both experiments we
consider the discrete-time periodic signal

x(n) ={...24,8,12,16,20, 6,10, 14,...}. )

By inspection, the period N =8. DFT is computed
according to

7 o _
X(k)= Y x(n)exp(—j—nk),Vke0,7 . (10
n=0 8
or in a form

[x©o)] [1 1 1 1 1 1 1 1 (247

XM | |1 a=)) —-j  bA+)) -1 b(d=j) j a(+)) 8

x| 1 -; -1 j 1 -j -l J 12

XGQ) ||V b(+)) j  a(-=)) -1 al+j) -j b(d-)) 16 11

X@| |1 -1 1 -1 1 -1 1 -1 20’( )

XG) | |1 b(=j) —=j al+)) -1 al-j) j b(+)) 6

x©| (1 ;-1 - 1 VA 10

LX(D] [1 al+)) j b(l-j) -1 b(+)) —j al-j) [|[14]

using Fourier ‘code’ matrix. Here @=0.7071 and b = —a.
Afterwards, the spectrum samples X (0), X (1),..., X(7) are
determined by FFT using Matlab as follows: ffi([24, 8, 12,
16, 20, 6, 10, 14], 8). The spectrum samples are: X (0)=110,
X()=4 — 483, X(2)=22 + 16/, X(3)=4 — 0.83],

X(4)=22, X(5)=4+0.83}, X(6)=22 — 16/, X (7)=4+4.83).

In the first experiment we change in (11), firstly, fourth
sample, and, secondly, the sixth one. Suppose that a new
fourth sample ‘25” comes in (9), and the old one ‘20’ goes
out. Then, the system of linear complex valued equations
(10) is of the form

X, O] - S
new 1 1 1 1 1 1 1 1 24
X"w(l) 1 1-5) -J b(1+j) -1 b(l-j i 1+ 8
a(l-j) -j 1+ /) (-5 j al+))

Y@ 1 = 1 j S A B 12
KO |_[U 0+ j al=)) =1 al+)) —j bA=j) |[16
X, @ 1 -1 1 -1 1 -1 1 -1 25|
WO L b= —j ey -1 al=j) b)) 6

X, (6 1 j -1 - 1 S 10
x | atep j ba=j) -t b)) —j al=j)  J[14]
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Afterwards, the
X ,0,X (OD,..,X  (7) are recalculated anew by
Matlab: ff#([24, 8, 12, 16, 25, 6, 10, 14], 8). Their values now

are: X (0)=115, &, (D=-1-483, X (2)=27+16j,
X B=-1-083 X, #H=27 X, (5=-1+083,
X, (0)=27-16j, X, (7)=—-1+4.83j. The same spectrum

0, X, @,...X  (7) can be determined
recursively by eq. (7) as follows

spectrum samples

samples X

new new

_ o

new (

[110+(5)-1 1 [115
Yo | a_a83j+5)1)| |-1-483
X w2 22416, +(5)-1 27416/
X0 @) | [4-083j+(5)(-1)| |-1-0.83;
X @ [2+6)1 =157 :
()| 410837 +(5) (=1 | |-1+083)
GIRERUACOR 27-16
44483j4(5)-(-1)] [-1+4.83;)

_Xnew (7)_

It is obvious, that in both cases we obtain the same set
values of X (0), X(1),..., X (7), respectively. Suppose now that
just after finishing recursive calculations the new sixth sample
with values ‘5’ come in the set of samples (9) and the respective
old one with values ‘10” go out. Then, the previous values of
X (0),X (1),...,X (7)can be treated now as old ones,

ie. X ,0=Xx_(0,X O=X_@®O,..X, (6=
=X, 0),X (1)=X  (7)respectively. The current values
of X(0), X(),...,X(7) are treated as
X, ,,0),X (1),..,X (7). They can be obtained by the
recursive formula

new

| new(o)_ B T B 7
115+(=5) 1 110
X . . .
new —1-4.83j+(=5)-j ~1-9.83
X e @ 27416/ +(=5)-(=1) | |32+16;
X | | -1-083+(=5)-(=)) | |-1+4.17,
X, @ |27+(=5)-1 22 '
5)| |-1+083/+(=5)- —1-4.17/
X_© 2716 +(=5)-(=1) 32-16;
) | —1+4.83+(=5)-(=j) | [-1+9.83/]

Let us check now the previous recursive FFT by the
ordinary one using Matlab: fft([24, 8, 12, 16, 20, 6, 5, 14], 8).
The spectrum samples are:

X(0)=110, X(1)=—1-9.83j, X(2)=32+16j,
X(3)=—1+4.17j, X(4)=22, X(5)=—1-4.17j,
X(6)=32-16j, X(7)=-1+9.83;. (12)
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It is assumed in the second experiment that both samples
in (9) emerge at the same time. They appear just after
calculations performed with initial set of samples (9). The
new fourth and sixth samples with values ‘25’ and ‘5’ come
in (9) and the respective old ones with values ‘20” and ‘10’
go out. Then, eq. (11) obtains the form

[x©)] 1 1 1 1 1 1 1 24
X(1) 1 oa(l-j) —-j b(+j) -1 b(-j) j a(l+)) 8
x| [t -j -1 j 1 - -1 12
X@| |1 s+ oal-p) -1 al+)) —j b)) 16
xX@| |1 -1 1 -1 1 -1 1 -1 250
XS | |1 A=) —=j al+j) -1 al-j) j b(1+)) 6
xe©| [t -1 — 1 S 5
LX) (1 al+)) Jj b(l-j) -1 b(+)) —j al-j)  J[14]

According eq. (8) recursive 8-point FFT expression is

Koo (©) [110+(5)- 1+ (=5)-1 1 T110 1

YooV |1 4-483/45)- (<D +(-5)) 1-083

Koow @) 22416/ +(5)-1+(=5)-(-1) 32+16;

X3 | [4-083+(5)-(-D+(=5)-(=))| |-1+4.17/

X, @) - 22+(5)-1+(=5)-1 |22 - (13)
o3| 410837 +05) =D+ (=5)-j —1-4.17j

X, (6] |2716/+(3)1+(=5)-(=D 32-16

x| [4+483/+0) D+ | [-1+9.83)]

L* new

Thus, the results (13) given by the recursive FFT of the
form (7) are coincident with the results (12) that are obtained
by ordinary FFT using Matlab standard function ff¢. Let us
analyse now the recursive FFT using the special form

6 +wH(©)
X GO)+WeH(1
X() M +WgH()
x@2)| |GO+WSH?2)
X3 | |GR+WHE)
XH | | G0)-wdH(©0)
X(5) 1
G()—WiH(1
X(6) ) 82 Q)
x(7)| |COTRH®
| GB) =W H(3)

of ordinary FFT for the given period N. Here

3 3
G(k)= Y, xQ@mW/[" H(k)= Y xQ2n+)W,"
n=0 n=0
Vk=0,1,2,3.

Suppose that a new fourth sample ‘25” comes in the set,
given by the initial eq. (9), and the old sample ‘20’ goes out.
At the same moment, every value of G(k) Vk e 0,3 changes,
while corresponding value of H(k) Vk eO_,3 remains the
same. Then, one can obtain

_G(O) +(5)-1+ W H(0)

X, (0) (X,O] . -
X | [COrE-Eh O | !
X, @| | COOIHO | |y o) |
X, 0@ | |GO+E)-(D+WHO) | | X,,() R
Koo ® || G(0)+(5)-1-WH(0) Xora® 1
X 03 6+ (5D W HQ) X, -1
X .0 § X,,(6) 1
X | |GQrO1WH) | x ] T

|GR)+(5)-(-D=WSHE) |

This relationship is coincident with the formula (7), too.

5 RESULTS

It follows from the 8-point DFT example with real-valued
samples set (9), that recursive FFT on an 8-point complex valued
function, requires 8 operations (here operation is defined as
one complex valued multiplication plus an one complex valued
addition [3]) if one new sample comes in, and twice more both
operations, if a portion of two samples emerges.

6 DISCUSSION

Thus, N-point DFT requires N complex-valued operations if
one new sample emerges in a period, and 2N operations if a portion
of two samples goes in, respectively. On the other hand, direct
computation of the DFT on an N-point complex valued function
requires NI operations to recalculate all N spectrum samples.
Calculations increase even four times if twice increases the general
number of samples to be processed. The Cooley-Tukey algorithm,
that belongs to the class of FFT algorithms, takes approximately
Nlog2 N operations [12, 13]. It is known [4], that for small values
of N (say, 32 to 128) the FFT is important. For large values of N
(1024 and above), the FFT is incredibly more efficient. For example,
FFT is even hundred times faster than DFT, when N = 1024.
Nevertheless, recalculation of spectrum samples by FFT is not
only nonracional but also nonefficient if one sample emerges
replacing an old one. In such a case, recursive calculation by (7) is
much more effective. In order to change old spectrum samples the
recursive FFT requires only 1024 operations on an 1024-point
complex valued function, while the ordinary FFT requires 10 times
more by anew their recalculation.

CONCLUSIONS

For discrete-time signals the DFT coefficient values have
been proposed to recursively determine if one new signal
sample or new portion of samples emerge in the given period
of a realization replacing the old sample or old portion of
samples, respectively. The number of operations for their
speedy calculating is essentially reduced by the original
recursive expression in comparison with the ordinary DFT
or FFT equations (2), (3), respectively, used in the case of
fixed values of samples x(n) Vn e 0,N —1 in a fixed period
N. An example, presented here, has shown us the efficiency
of the recursive approach, too. Therefore, it is not rational
to recalculate frequency samples by ordinary DFT or even
FFT algorithms if only one sample in the given period or if
some small portion of samples is replaced by new sample or
some new samples, respectively. The recursive FFT approach
could be effective, especially, in real-time applications when
speed of calculations is the main issue.
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Kanx. TexH. HayK, JOLEHT, CTApPLINI COTPYIHUK OTJeNa IPOLEeCcCOB paclo3HaBaHUs, BunpHiocckuil yHuBepcureT, Bunbnioc, JIutsa

HUCHPABJIEHHOE BBICTPOE NPEOBPASOBAHUE ®YPbBE

ITpobnema peanu3anuu JUCKPETHOrO mpeobpasoBanus Dypse B pexxuMe OH-TalH aHAIH3UPYeTCs U3-3a Hed(DPEKTHUBHBIX 3aTpaT BPEMEHH I
HOBOTO IlepecueTa OTCUETOB CIEKTPa, €CIM OTCYeT OJHOrO CHTHAla ¢ JAUCKPETHBIM BPEMEHEM HIH Ja)ke HeOOIbIIas 4acTb OTCUETOB B NEPHOIE
3aMEHEHbl Ha HOBBII OTCUET MM HOBBIE OTCUETHI, COOTBETCTBEHHO. Vcmonp3oBanue mpouenypsl 6sicTporo mpeodpasoBanus Oypse (BIID)
IIPE/IIONAaraeT, YT0 HEKOTOpble OTCUETHl CUTHAJa B COOTBETCTBYIOLIEM IIEPHOJE, JOCTYIHBIEC MUl HU(POBOH 00pabOTKH, OOHOBISIOTCS C OMOIIBIO
JaTYUKa B PEXKHME PEaIbHOTO BPEeMEHH. DTO aKTyalbHO U Ka)JOro HOBOTO OTCUETa, KOTOPHII IPUBOAUT K MOITYyYEHHIO HOBOTO CIIEKTpa.
OOBIYHBIH TIepecyeT OTCUETOB CIIEKTpa Jaxe ¢ BBHICOKOd((eKTUBHEIM anroputMoM BII® Kymu-Teioku He MOIXOOHT HM3-32 OBICTPO U3MEHSIONIEroCs
BO BpEeMEHH HaOJII0NaeMOro peanbHOro mpomnecca. ges 3akmodaercs B ToM, 4To mpouexypa BII® He momkHa HepecdHTHIBATHCS € KaXKIBIM HOBBIM
OTCYETOM, Hy>KHO IIPOCTO MOAU(HIINPOBATH €T0, KOIZa HOBHI OTCUET MOSBISLETCS M 3aMeHseT crapblil. IlomydeHsl pekyppeHTHbIe (HOpMyIbl I
anroputMoB BII®, xoTopble OTHOCATCS K MOAM(HKAIUN OTCUETOB CIEKTpa. B ciaydae BOZHHKHOBEHHS OJHOTO HOBOTO OTCUETA, PEKYPCHBHBIM
AJITOPUTM BEIYHCISICT HOBBIC OTCUETHI CIIEKTPa MPOCTHIM J[00ABJICHHEM K BEKTOPY CTapbIX OTCUETOB CIIEKTPAa Pa3HOCTH MEX/IY CTapbIMH M HOBBIMH
OTCYeTaMHU, YMHOKEHHOW Ha COOTBETCTBYIOIIMH psii MaTpuubl «koma» PDypswe. [IpuBenen npumep 8-roueunoro BIID.

Karwueblie ciaoBa: nudposas o0paboTka CHTHANOB, JUCKpeTHOe mpeobpasoBanue Pypoe, OpicTpoe mpeobpazoBanue Dypse.

Myneiikic P.

Kanz. TexH. Hayk, JOLEHT, CTapIIUii criBpOOITHUK BNy mpoueciB po3nisHaBaHHS, BiibHIOCEKHH yHiBepcuteT, BinbHioc, JIuTBa

BUITPABJIEHE IBUJKE NNEPETBOPEHHS ®YP’€

IIpobaema peamnizanii quckpeTHOro mneperBopeHHs Pyp’e B pekuMi OH-NAiH aHaNIi3yeThCsl 4epe3 Hee(eKTUBHI BUTPATH 4Yacy I HOBOTO
nepepaxyHKy BIATIKIB CHEKTpY, SKIIO BiJUIiK OJHOrO CHTHAy 3 JUCKPETHHM 4YacoM abo HaBiTh HEBEJIMKA YacTHHA BIIIKIB B mepiofi 3aMiHeHi Ha
HOBHMH BiJulik a00 HOBI BiMJIIKH, BiNNMOBigHO. Bukopucranus npouenypu msuakoro nepersopenns ®yp’e (IUIID) npunyckae, mo neski BiATKa
CUTHAJly Y BiAMOBIZHOMY mepioai, 1ocTymHi s uudpoBoi 00poOKH, OHOBJIIOIOTHCS 32 JOMOMOTOK0 JaTYMKa B PEKUMI peanbHOro yacy. Lle
aKTyaJIbHO IJISI KOXKHOTO HOBOTO BiNJIKy, SKHH HPU3BOAUTH IO OTPUMAHHS HOBOIO CIHEKTpa. 3BHYaHHHUI IepepaXyHOK BiMTIKiB CIIEKTPY HaBiTh
3 BHcokoehekTHBHUM anroputMoM LITI® Kymi-Teroku He MiZXOAMTH Yepe3 IIBHIKO MIiHIMBOTO y 9aci CIOCTEPEKYBAaHOTO PEaIbHOTO IIPOIECy.
Inest momsArae B ToMy, mo npouexypa LIIP He moBuHHA IepepaxoByBaTHCS 3 KOKHMM HOBHM BiITiKoM, MOTPiOHO mpocTo Momu(iKyBaTH Horo,
KOJIM HOBHH BIiMJIK 3’SBIs€ThCA i 3aMiHIOE cTapuii. OTpuMaHo pekypeHTHi Gopmynu ans anroputMmiB LIIID, ski BigHOCATHCS N0 Moaudikamii
BIIUTIKIB criekTpy. Y pa3i BUHMKHEHHS OJTHOTO HOBOTO BIIJIIKY, PEKYPCUBHHI aJrOPUTM OOYHMCIIOE€ HOBI BiJUIIKM CHEKTPY MPOCTUM JONABaHHIM
J10 BEKTOpa CTapuX BIAJIKIB CIEKTPY Pi3HHII MK CTapUMH i HOBUMH BiJUliKaMH, TOMHOXXEHOT Ha BiAMOBIIHUN P MaTpuli «koay» Dyp’e.
Hageneno mpukiian 8-rouxosoro IITID.

Kuarouosi cioBa: nudpoa o6podka curHamis, AuckperHe neperBopeHHs Dyp’e, mBuake nepersopeHus dyp’e.
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'[-p mexH. Hayk, npogecop, npogecop kagedpu iHhopmayiliHux mexHomnoeail i cucmem HauioHanbHOI MemanypeiliHoi akademir
YkpaiHu, m. [HinpornemposcbkK, YkpaiHa

2KaHO. mexH. Hayk, doyeHm, doueHm kaghedpu iHghopmayiliHux mexHonoeil i cucmem HauioHanbHOi MmemanypeiliHoi akademir
YkpaiHu, m. [HinpornemposcbkK, YkpaiHa

SAcnipaHm [JHinponemposcbko20 HayioHanbHo20 yHigepcumemy imeni Onecs [oHyapa, m. [Hinpornempoeckbk, YkpaiHa

niABUWEHHA NMPOCTOPOBOIO PO3PISBHEHHA BATATOKAHAJIbHUX
AEPOKOCMIYHUX 30BPAXXEHb BUCOKOIO NMPOCTOPOBOIO
PO3PIBHEHHA HA OCHOBI INMNEPC®EPUYHOI'O NEPETBOPEHHA

VY po6oTi BupilleHO aKTyajbHE 3aBAaHHS PO3poOKH iH(OpPMaliiHOI TEXHOIOTIl MiJBUILEHHS Bi3yallbHOI SIKOCTI OaraToKaHaJlbHHX
aepOKOCMIUYHUX 300pa’keHb BUCOKOIO IPOCTOPOBOro po3pisHeHHsA. OO’€KTOM JIOCHIIJKEHHS € MPOLEC 3IUTTA HaHXPOMHOTO Ta
MYIBTHCIEKTPAJIbHOrO (OTOrpaMMETPHUYHHUX CKAHEPHUX 300pa)KeHb, OTPUMAHUX KOOPAMHATHO-YYTIMBUMH CEHCOPAMH y BUAMMOMY Ta
iH(pauepBOHOMY JiaNla30HaX €IEeKTPOMArHiTHOro NMpoMiHHs. IIpeaMer NOCHiIKeHHsS CTaHOBILATH METOJM IONEPENHBOI Ta CHHEPreTHYHOi
00poOkH GaraTokaHaJIbHUX JAaHUX JUIA MONIMIIEHHS SKOCTI Pe3yIbTYIOUOTo 300pakeHHsS Ta 3MEHIIEHHs KOJIbOPOBHX CIIOTBOpEHb. Meta
poOOTH: aBTOMATH30BAHE IT1IBUILIEHHS IIPOCTOPOBOTO PO3Pi3HEHHS IEPBUHHOIO 0araToKaHaJIbLHOTO 300pakeHHs Ta B IIOPIBHAHHI 3 ICHYIOUMMHU
METOJaMH YCYHEHHsI CIIEKTPaJIbHUX CIIOTBOPEHb B JIOKAIBHUX 00nacTax. KpiM Toro, npornoHoBaHa TEXHOJIOTis 103BOIUTh €HEKTUBHO IPOBOAUTU
Hojablle pO3i3HaBaHHA i onepaTuBHUI MOHITOPUHT 00’ €KTiB iHpacTpyKkTypu. Y poboTi 3aIpOIIOHOBAHO HOBY iH(OPMaLiiiHy TEXHOJIOriI0
31U TTs 6araToKkaHaJIbHUX a8pOKOCMIYHUX 300pakeHb Ha 0CHOBI HSV-koHBepTyBaHHs i rinepchepuyHOro NepeTBopeHHs Koabopy, IO J03BOJIE
HOMIMIIUTU NIPOCTOPOBE PO3PI3HEHHS NEPBUHHOIO LU(PPOBOTO 300pa’keHHs I YHUKHYTU CIIEKTPalbHUX CIOTBOpeHb. lle mocsraernces,
30KpeMa, 3a paxyHOK IONepeqHboi eKkBalli3auii NepBUHHUX 3HIMKIB, 0OpOOJEHHS JaHUX Y JOKali30BaHUX CIEKTpalbHUX Oazucax,
OITUMI30BaHOrO 3a iH(OPMALIHHUMH XapaKTEPUCTHKAMHU, TA BUKOPUCTaHH iH(opMaLil, sKy MiCTHTb 300pa)KeHHs iHppayepBOHOTIO Aiana3oHy.
Po3pobieno nporpamHe 3abe3neyeHHs, M0 pealidye 3anponoHoBaHui minxin. [IpoBeneHo eKCriepUMEHTH 3 JOCIIIKEHHS BIAaCTHBOCTEH
3aIIPONIOHOBAHOIO ANropuTMy. EXCriepuMeHTalIbHI OLIHKY MPOBE/IeHI HA BOCBMUKAHAIBHUX 300paXkeHHAX, OTPUMAHUX CymyTHUKoM World-
View-2. Pe3ynbraTi TeCTyBaHHS MiATBEPAUIIH, 110 3aIIPOIIOHOBAHMH MIAXi] JO3BOJISIE JOCATTH BUCOKOI CIIEKTPAILHOI Ta IPOCTOPOBOT SKOCTI
OararokaHalIbHUX 300pa)keHb Ta IEPeBEPLIye iICHYIOUi METOMU.

KuouoBi cioBa: ckanepHe 300pakeHHs, BEHBIIET-EPETBOPEHHS, rinepcdepuuHe NepeTBOpeHHs, iHPOPMATUBHICTb, 3IIUTTS.

HOMEHKJIATYPA

ERGAS - relative Dimensionless Glabal Error;
HCT - hyperspherical color transform;

HSV — hue, saturation, value;

ICA - independent component analysis;
MUL — multispectral image;

NIR — near infrared channel;

SSIM — structure similarity;

PAN — panchromatic image;

RGB - red, green, blue;

J33 — nucraHIiiiHe 30HIYBaHHS 3eMJIi;

KA — kocmiuHuit anmapar;,

I — IHTEHCHMBHICTD SICKPaBOCTI;

0 — KyTOBI 3MiHHI;

Band — kaHa W MYJIBTHCICKTPAIBHOTO 300pakeHHS;
N — HOMep KaHaly 300pa’keHHS.

BCTYII

Meroponorisi 00poOkH 1 AemnpyBaHHs TaHUX JUCTAHII-

(oTorpaMMETPHYHUX JaHUX JEKUTHKOX KaHAIIB 3 METOIO OfIep-
YKaHHS IITYYHOTO 300paKeHHs i3 TOKPAIICHHUMH MOKa3HUKa-
MH iH)OPMATHBHOCTI y TOPIBHSAHHI 13 IIEPBUHHIMHE 3HIMKa-
MH Ta IX nojaiblmi aHamti3 [ 1-4].

Ha cporomHimHiii 1eHb OIHUMH 13 HAHCYy4aCHHX CYITyT-
HUKIB BHCOKOTO MPOCTOPOBOTO po3pizHeHHs € WorldView-2
ta WorldView-3. Anaparypa 1ux CymyTHHKIB Ma€ JIy’Ke CXOXK1
TEXHIYHI XapaKTEepPUCTUKH. MYIBTUCIIEKTPAIbHUN CEHCOP
VNIR WorldView-3 He3HaYHO BiJpi3HIETHCS CBOIMH MOX-
JUBOCTAMH Bij ceHcopa WorldView-2, BiIMiHHICTb — TUIbKA
B Tpoxu Oinbiiomy pospizHenHi. KA WorldView-3 mo3Bomnsie
BECTH KOCMIYHY 3HOMKY 3 pO3IiIBHO 31aTHICTIO 10 0,31 M.
VY GaratocneKTpalbHOMY PEKHMi PO3JiJIbHA 3JaTHICTh CHC-
TEMH CTAaHOBUTH 1,2 M, a B OnwkHil [U-ninsuii ciekrpa — 3,7
M. JlonaBanHs HOBoro [Y-nmiama3zoHy 3akaliayio BKIFOUCHHS
JIOAaTKOBOTO 8-KaHaIbHOrO Moayis 3 [Y-gerekTopaMu B KOH-
CTPYKLIIO ONTHYHOI CHCTEMH CYyIyTHUKA. 3a3HAYUMO, II0
3niMku WorldView-3 Bxe 3poOunu cBiii BiutuB Ha MiHicTep-
ctBo toprieii CIIIA, sike MpHIHANIO pillIeHHS 3HATH 00Me-

iiHOrO 30HMYBaHHs 3emii ([I33) maBHO i 10Ope ompaiboBa-
Ha. [[Iupokunii KOMEPIIHHUIA JOCTYI JI0 CYITyTHUKOBHX JaHHX
BHCOKOTO PO3PI3HEHHS BIJKPHB 0araTo HOBUX MOXIIHUBOCTEH
Ut iX BUKOpucTaHHs. Tunouii HaOip TaHuX 3 anaparypu /133,
BCTaHOBJICHOI Ha CYIIyTHHKaX, BKIIOYAa€ MYJIBTHCIEKTPAJIbHE
300paxends (MUL) B TpboX 1 Oinblile KaHaIaX BUIUMOTO Ta
iH(ppauepBOHOTO Jiana3oHiB 1 manxpomue 300paxenns (PAN)
y BuAuMoMY jiarnasoHi [1]. [TaHxpomHe 300paskeHHsT Mae 3a3-
BHUYal OUIBII BUCOKY IMPOCTOPOBY PO3JALIBHY 3JaTHICTh, HIXK
MYJABTHCIEKTpalbHe. AKTYaJbHOIO OONIAacTIO CydacHHX Hay-
KOBHUX JOCTI/IKCHb € CHHEpreTH4YHa 00poOKa (3JIUTTS) TaKHX

© I'marymenko B. B., Kasar O. O., IlleByenko B. 0., 2015
DOI 10.15588/1607-3274-2015-1-10

JKEHHSI, [0 PO3MOBCIOKYBAINCS HA KOMEPIIHHE BUKOPHC-
TaHHS CYNyTHHKOBUX (ororpadiii, Ha sKHX BiIoOpa)keHi
00’ektn 3 ¢izuyHuMHU po3mipamu MeHiie 50 cMm. Bxke cwho-
roani DigitalGlobe moxe nponmaBaTu 300paxenHs 3 40-caH-
THMETPOBUM PO3PI3HEHHSIM, @ B HACTYITHOMY POILli KOMIIa-
Hisl OTpUMAE JTO3BIJI HA MPOJAXK 3HIMKIB 3 PO3JILIBHOO 3/1aTH-
ictrio 10 31 cm. OcraHHi DOCHiIKEHHS MOKa3alaH, IO
8-kaHayIbHA 3IOMKa BIICBHEHO 3a0e3Mevye IMiBUILCHHS TOY-
HocTi pemundpysanHs Ha 15-30% mopiBHSAHO 3 TpaguLik-
HOI 4-KaHaJIBHOIO 3HOMKOIO [5]. AJie icHyroUl pillleHHS Tpo-
0JieMH MiJBHUIICHHS iH)OPMATUBHOCTI NMEPBUHHMUX OaraTo-
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KaHaJIbHHX JJAHUX OPi€HTOBAaHI IePeBaXKHO Ha 301IBIIEHHS iX
Bi3yaIbHOI SKOCTI 0e3 ypaxyBaHHS () i3HUHHX MeXaHI3MiB
¢ikcarii BHIOBOI iHpOpMaNii, po3pOOTAIHNCS IS MYIBTH-
CIIEKTPAJIBHUX 3HIMKIB ONTHYHOTO Aiana3oHy i TOMy MaioTh
PSIT HEAOMIKIB, OCHOBHHMH 3 SIKMX € CYTTEBI KOJIPHI CIIOTBO-
peHHS 300paxeHs [1-4]. TakuM YHHOM BHHHKAE He-
00XiIHICTH PO3pOOKH HOBHX METOAIB OOPOOKH MEPBHHHHX
BOCBMHKAHAIEHUX a€POKOCMIYHHX 300pakeHb IS SKiCHO-
TO 1 KiTbKICHOTO 301TBIIEHHS 1X IH)OPMATHBHOCTI.

Mertoro poboTH € po3poOKa HOBOI TEXHOJIOTIT aBTOMATH-
30BaHOTO MiABUIIEHHS MPOCTOPOBOTO PO3PI3HEHHS MEpPBHH-
HOTO 0araToKaHAJIFHOTO 300paXeHHS I YCYHEHHS CIEKT-
paJbHUX CHOTBOPEHB B JIOKANBHHUX OOJNACTSIX.

1 IOCTAHOBKA 3AJTAYI

VY 4KOCTI BXiJTHUX JaHUX BHKOPHCTOBYIOTBHCS BOCHMHKA-
HaJbHI 3HIMKH cymyTHHKa WorldView-2. HeobxinHo po3po-
OWTH HOBY TEXHOJIOTIIO MiJBUINCHHS iH)OPMAaTHBHOCTI aepo-
KOCMIYHHX 300pakeHb, IO JO3BOJIUTH ONEpXKaTH Oaratoc-
HEeKTpaIbHI 300pakeHHs OUIBII BHCOKOTO IPOCTOPOBOTO
po3pi3HeHHs 6e3 BTpaTH chekTpanbHoi iHpopmamii. OcHo-
BOIO TEXHOJOTIi € TimepcdepuyHe MepeTBOPEHHS KOIbOPY.
AnropuTM NoeHAE B o0l IepeBary 3aMilieHHs KOMIOHEHT
1 GaraTomacmTabHOro aHanizy. BynryTs oTpuMaHi KiTbKicHI
OI[IHKH SKOCTI CHHTE30BaHHMX MYIBTHCIICKTPaIbHUX 300pa-
KeHb Taki sK: enrporist, SSIM, ERGAS, Quality index Ta iHmri
[6, 7]. 3a3Ha4eHi METPUKH TO3BOIATH OIIHUTH SKICHI TIOKa3-
HHUKH HEPBHHHOTO Ta 00pOOJICHOrO 300paskeHb.

2 OUIA L JITEPATYPHA

AepokocMidHi 300paxkeHHs (iKcoBaHOro 00’ekTy (cIe-
HU), OfIepKaHi y Pi3HUX CHEKTPAIbHHUX IHTepBallaX, MAlOTh
Pi3Hy IIPOCTOPOBY Ta pafiOMETPHUIHY PO3PI3HEHICTh 1 BHAC-
JIJIOK IIBOTO CYTTEBO PO3PI3HAIOTHCA 33 IMPOCTOPOBUMHU PO3-
MOAIJIaMH SICKPaBOCTI. Pa3oM 3 THM, KOXKHE Take 300paKeH-
HS Mae OoKpeMy iH(opMaliiiHy 3HA4yLIiCTh IOI0 MOJAHHS
XapaKTepUCTUK 00’€KTy (CLICHHM).

BukopucranHs konbopy i1 BigoOpaxeHHs ganux 133 e
OJTHUM i3 HalOUTBIIT BAXKJIMBHX ACTICKTIB, 1110 MOB’sI3aHi 3 00p00-
Kor0 300pakeHHs. Konip MOXHa BUKOPHCTOBYBATH HE TLTbKH
JUIS BiOOpasKeHHsT MYJIBTUCTICKTPAILHIX 3HIMKIB, ajie 1 171 BU-
JIy4eHHS 3 HUX HeoOXijHOT iHdopMalil (po3mi3HaBaHHS).

[Ipu onuci CHpUWHATTSA KOJIBLOPOBOTO 300pa)KCHHS, K
NPaBIJIO, HE KOPUCTYIOTHCS TAKAMHU HOHSATTAMH SIK BITHOC-
Ha JIONsI YePBOHOTIO, 3€JICHOTO YW CHHBOrO Kombopy. Came
TOMY BHXIiJIHI KOJbOPOBi koMmoHeHTH RGB kopucHo mepe-
TBOPIOBATH Y KOMIIOHCHTH, II[0 Bi[IOBIAaIOTh TOHY, HACHYE-
HocTi Ta iHTeHcuBHocTi (HSV). Came Take mepeTBOpeHHs €
OCHOBOIO BiJIOMHUX METOJIB MiJBUIIEHHS SKOCTI IU(POBUX
300paxens [1-5, 8].

Haxkanb okpeMe BUKOPHCTAaHHS ICHYKOUHMX METOJIB
IiIBUIICHHS ITPOCTOPOBOTO PO3pPi3HEHHS OaraToKaHaJIbHUX
300paxenn, Takux sk HSV, ICA, Color Normalized Brovey,
Grama-Schmidt, PC Spectral Sharpening, He nae npuitHATHO-
ro pe3ynsrary [6, 8 10].

CHiJIbHOIO Ta OCHOBHOIO MPOOJIEMOIO, TTOB’ SI3aHOKO 31 3JTHT-
TSM CKaHEPHUX 300pa)keHb, OTPHMAHUX CYJaCHHMHU acpo-
KOCMIYHUMHU CHCTEMaMH, € iCTOTHE KOJipHE MOPYIICHHS.
[Tpu4MHOI TaKUX CHOTBOPEHB € TOW (DAKT, 1[0 ICHYIOUH allro-
PUTMH TOJIOBHAM YMHOM PO3POOJISUTHCS ISl 00 € THAHHS 300-
paxens cynmytauka SPOT. Ha BimMiHy BiJl BiITIOBiJHAX XapaK-
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TEPHUCTHUK 3a3HAUYCHOTO KOC-MIYHOTO amapary JOBKHHA ITaHX-
pom-xBuni cydacHux cynyTHHKIB (IKONOS, QuickBird,
Worldview-2 Ta iH.) Gyita po3IIupeHa BiJi BHAUMOTO J0 OIFK-
HBOTO 1H()PaUepBOHOTO JTialTa30Hy.

Haii0inpn GIM3BKOI0 10 HAIIOTO JOCITIPKEHHS € podoTa
[11], anme B Hilf aBTOPH He BUKOPHCTOBYIOTH Tiepexix 1o HSV-
HPOCTOpY, 3AIMCHIOIOTH 32 IHIINM IIPAaBHJIOM 3aMiHYy SICKpaB-
ICHOI KOMITOHEHTH TIpH TinepcheprIHOMY IMEpeTBOPEHHI Ta
3aCTOCOBYIOTh «a trous» — ajlTOpHTM, IO B pa3i 3HaYHHX
BiZIMIHHOCTEH KOHTPACTHHUX XapaKTEPHUCTHK IEPBHHHUX 300-
pa’keHb HEMHHYyYe HMPU3BOAUTEH IO MOCHIIEHHS HeiH(popMa-
THUBHOI IITyMOBOI CKJIaJOBOI OJHOTO 300pa’XeHHS JO PiBHA
CYTTEBUX CTPYKTYPHUX OCOOJMBOCTEH 1HIIOrO 300paKCHHS.

3 MATEPIAJIX TA METOIHN

B naniit po6oTi MH IPOIIOHYEMO aITOPUTM, 3aCHOBAHHIA
TakoXk Ha rinepcpepuanomy nepersoperti (HCT), sxwuit
BUTHHUI BiJI 3a3HaYEHHX BUIIE HEOMIKIB 1 30aTHAH eeKTHB-
HO TIPAIOBaTH 3 OyIb-SIKOO KiNBKICTIO BXiJHIUX KaHAJIB MYITh-
THCIEKTpaNbHOro 300pakenHs. Kpim Toro, Ha okpemMux Kpo-
KaxX TEXHOJIOTIi peali3oBaHi Taki METOIN 00POOKH, SIK 3BaXke-
HE ycepeTHEeHHs, aalTHBHA TICTOrpaMHa eKBaTi3allist, MeTO]
HSV ta nakerne BeiiBner-neperBopeHHsa. Cxema 3amporo-
HOBAHOTO alTOPUTMY HojxaHa Ha puc. 1. PosrmsHemo oc-
HOBHI €Tany IepeTBOPEHHs MEPBUHHUX OaraToKaHalbHUX
300paxeHb.

1. 3aBaHTaX<yeMO (hOTOTpaMMETPUYHI 3HIMKH CyITyTHHKA
WorldView-2: marxpomse — PAN, mynsrrcnexrpamsae — MUL
(Coastal, Blue, Green, Yellow, Red, Red Edge, NIR1, NIR 2).

2. BukoHyemo MacmtaOyBaHHS MYIBTHCIEKTPAIBHOTO
(MUL) 306paxenHs 1o po3MipiB manxpomuoro (PAN)
3HIMKa METOIOM IHTEPIIONANIT 31 31Ia/LKyBaTBHIM (DITETPOM,
IO CTBOPIOE MIKCENb K CepPeIHbO3BAXKCHE IMIKCEINIB, IO
MICTSATBCS B 00J1aCTi, sika onuHmIacs mix gpinerpom. Leid mpo-
nec GpopMye 300pakeHHs 3 IUIABHMMH TIEPEXOAaMH B Cipo-
My piBHi [1].

3. OCKUTbKH XapaKTEPHOK PHUCOI0 OLIbIIOCTI (hoTorpam-
METPUYECKHX 300pakeHb € 3HaUHa MMTOMA Bara TEMHUX LIS~
HOK 1 TIOPIBHSHO Malie YHCJIO AUISHOK 3 BHCOKOIO SICKpaBi-
CTIO, TOMY HAaCTYITHUM €TamoM IMPOMOHYETHCS MPOBECTH
€KBaJIi3allil0 MYIBTUCIEKTPAIBHOTO 1 TAHXPOMHOTO 300pa-
JKEHb, 32 JIOTIOMOTOI0 SIKOT KOPUTYEMO TMEPBUHHI 300parKeH-
Hsl, BUPIBHSBIIM 1HTETPaJIbHI IOl AUISHOK 3 PI3HUMH SICK-
paBocTsMHU. [IponoHYyeEMO BHKOPHCTOBYBATH aJalTHBHY
ricrorpamHy ekBaiizaiito [10].

4. TeperBoproemo 300pakeHHs 3 popmary RGB B konb-
opoBy cuctemy HSV [9]. lnsg maHXpOMHOTO 300paKeHHS
TaKe MEePETBOPEHHS 3JIIHCHIOETHCS 3 MOMEPEIHIM BHOOPOM
y skocTi okpeMux R-, G-, B-KOMIOHEHT MOJIYyTOHOBOTO
PAN-300pakenHs. s MyJIBTHCIIEKTPAIBLHOTO 300pakeH-
HSl TaKe MEPEeTBOPEHHS 3IIMCHIOETHCS 3 MOMepeHiM BHOO-
pOM y sIKOCTi OkpeMuX R-, G-, B-kOMIIOHEHT BiINOBIHUX 300-
paxkeHb 5-ro, 3-ro Ta 2-ro KaHaIB.

5. 3aMiHIOEMO SICKPABICHY V-KOMIIOHEHTY MYJIBTHUCIICK-
TpasbHoro 300paxenuss MUL . V-KOMIOHEHTOI MaHXPOM-
Horo 300paxenHs PAN, ..

6. 3IifICHIOEMO 3BOPOTHE TIEPETBOPEHHSI OTPUMAHOIO Ha
nornepeHLoMy erami 300paxenHs 3 ¢popmary HSV B koinb-
opoBy cucteMy RGB. Otpumane 300paxenns MUL, .. Bike
Oyne MaTH MiJBHUIICHE MPOCTOPOBE PO3PIZHEHHS Yy MO-
PIBHSIHHI 3 TICPBUHHUM 3HIMKOM Yy HATypaJbHHUX KOJIbOpaXx.

HSV
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Pucynok 1 — Cxema anroputmy

7. TlepeTBOpIOEMO BOCHMHUKAHAIIBHE MYIBTHCIIEKTPAIb-
He 300paxkenHs, mo ckagaerbes 3 MUL, . 1 300paxens 1,
4, 6, 7, 8-ro KaHaNIB MiCJIsA e€KBaii3allii) B rinepchepuvHuit
KOJNIpHUH TIPOCTIp, kUi 3anaetbes Gopmynamu (1)—(4) [11]:

1 =\/Band12 +Band22...+Band]2v ) (1)

\/Bandjzv + Bandjzv,l... + Band22

0; = arctan|
: Band,; . @

\/Bandjzv + Bandjzv,l

0 y_, =arctan

Band y_, > 3)
6 y_; =arctan Bandy_ @)
BandN_l ’

8. 3aMiHIOEMO SICKpaBiCHY /-KOMIIOHEHTY OaraTokaHallb-
HOTO 300paKeHHS MAaHXPOMHUM 300pakeHHsIM PAN.

9. 3acrocoByemo 3Boporne HCT-mepeTBopeHHs Ta OT-
pumyemo pesynsrar MUL, (. 32 Gpopmynamu (5)—(8):

Band; =1 cos0y, )

Band, = IsinB;cos0,, (6)

Bandy_; =1sin0;sin0,...sinOy_,cosOy_1,  (7)
Band ; =1sin0;sin0,...sinOy_,sinOp_; . 8)

10. IleperBoproemo orpumane 300paxenns MUL . B
MIEPBUHHY KOJIBOPOBY MOZENb.

11. 3acrocoByemo BeiiBieT-ieperBoperHs [12]. Poskian
BIJINIOBITHUX KaHAJIB SCKPAaBOCTI 0araToKaHAJILHOTO 300pa-
JKEHHS 3IMCHIOETHCS JI0 3aJaHOT0 PiBHS JCKOMITO3UIIIT 3a
ONTUMAJILHOTO MAKETHOTO BEWBJIET-0a3UCy Y BiAMOBIAHOCTI
3 oOpaHoro (yHKIi€ iHPOpPMaLIHHOI BapTOCTI (KpUTEpieM
iH)OPMATHUBHOCTI), OOYHMCIIOBAHOT BIIIHOCHO KOe(illi€HTIB
BEHBJIET-PO3KIIa/ly BEpIIMHHU-TIpAIypa Ta BEPIIUH BCIX HOr0O
Hamaakis. [aii 3aiiicHFOEMO ()OPMOYTBOPEHHSI HOBHX CKJIa-
JIOBMX PO3KJIAAy 3TiIHO 3 00paHHM MpPaBUIIOM 00’ €IHAHHS
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Koe(ilieHTiB, 3BOPOTHUH NMaKETHHI BEHBIIET PO3KIA] Ta IIe-
pexin 1o BuXimHOI KombopoBoi Merpuku [10]. Otpumyemo
pesynbratr RES y BUDTAAi BOCBMHKAaHAIBHOTO 300paskeHHS 3
IiIBUIIIEHIM IPOCTOPOBUM PO3Pi3HEHHSM 0€3 BTpAT CIIeK-
TpaneHOi iH(popMaii.

4 EKCIEPUMEHTH

BukoHaeMO eKCIlepUMEHTallbHE JOCHTIKCHHS e(eKTHB-
HOCTi pO3pOOJICHOTO METOLy Ha OCHOBI TimepcdepuaHOro
neperBopeHHs. [l 1boro GyneMo BUKOPHCTOBYBATH KiNbKiCHI
OI[IHKH SKOCTI CHHTE30BaHHX MYIBTHCIICKTPaIbHUX 300pa-
xeHb: eHtpornis, SSIM, ERGAS, Quality index ta iH. [6, 7].

Jlns peanizarii OkpeMHX eTaliB 3alIpONOHOBAHOTO ajro-
PHUTMY Ta HOTO IOpPIBHSHHS 3 BIIOMHMH METOIaMH BHKOPHC-
TOBYBAJIUCH IIPOTPAMHUM HPOAYKT Ui 00poOku manmx J[33
ENVI 5.0 i maker juis imxeHepHHX po3paxyHkiB Matlab 12.0
[13]. B mporpamuomy xomruiekci ENVI 5.0 Bukopucrano me-
tomr HSV, PCA, Grama-Shmidt, Color Normalized (Brovey) Ta
exBari3amnig. B makeri Matlab 12.0 mamMu nporpamHO peaizo-
BaHO Ta 3/iHCHEHO rinepcdepuuHe Ta BeiBIeT-TIepeTBOpPEH-
HS, a TAKOK PO3PAXYHOK KiNBKICHHUX OIIIHOK e()eKTHBHOCTI
meroniB: entporii, SSIM, ERGAS, Quality index.

5 PE3YJIbTATH

Ha puc. 2a mogaHo ¢parMeHT HaHXPOMHOTO 300pakeH-
HS 10 00poOKH, Ha pHC. 20 — MepBUHHE MYyIETUCIEKTPAIbHE
300pakeHHS 3 BHOOPOM Y SIKOCTi okpemux R-, G-, B-xommo-
HEHT BiJIIOBITHHUX 300paxxeHb 5-ro, 3-ro Ta 2-ro kaHamis. Ha
puc. 2B momaHO (parMeHT MYIBTHCIEKTPaIbHOTO 300pa-
XKEHHS IICIIsT 0OpOOKH 3aIPOIIOHOBAHUM y POOOTI aNropHT-
MoM. [l fioro RGB-Bisyamizamiil Takok BHKOPHCTAHO 5-i,
3-ii Ta 2-ii KaHANH.

VY Tabn. 1 HaBeneHO pPO3paxoBaHi 3HAUCHHS E€HTPOMIl,
OIiHEH] IS TIEPBHHHNX MYIIBTHCIICKTPAIBHOTO Ta MTAaHXPOM-
HOTO 300pa’keHb, a TAKOXK JUIS CHHTE€30BAHOTO OaraToKaHalb-
HOTO 300pa)KCHHS 32 3alpPONOHOBAHUM METOA0M (po3Mip
¢dparmenTiB 300paxenb 500x500 mikceniB). Y tabn. 2 HaBe-
neni 3HaueHHss ERGAS i SSIM ist cHHTE@30BaHUX MYJIBTH-
CIIEKTPAJILHUX 300pa)keHb, OTPUMAHUX OKPEMO BiJOMUMHU
metonamu 3mutTd (PCA, Grama-Shmidt, HSV, Wavelet) i 3an-
POTIOHOBaHUM y pOOOTI METOJIOM.

6 OBI'OBOPEHHSAA

Sk BUOHO 13 Tabn. 1, 3amponoOHOBaHHWI METOJ AIHCHO
MiJBUIIYE 1HHOPMATHUBHICTH MYIIBTHCIIEKTPAJILHOTO 300pa-
JKEHHSI, OCKIJIbKHM 3HAUCHHSI €HTPOIIIT B TMOPIBHSIHHI 3 BXIJHU-
MH JJAHUMH € BUIUM. 3 pe3y/IbTaTiB Tabn. 2 MOKHA Oa4yuTH,
[0 Halle)eKTUBHIIIMM METOIOM 3JIUTTS 300pakeHb € 3arl-
pononoBanuii meroy; (RES). Ha ne Bkasye 3HadeHHs Oe3-
po3MipHoi mobanbHoi moMuiiku ERGAS, 110 € HaliMeHImM
(ERGAS=1,52) y nopiBHsHHI 3 ICHylOUMMH METOJAMH i
CBIZIYUTH MPO MIHIMAIBHY «KUIBKICTB» CIIEKTPAJIbHUX CIIOT-
BOpEHb (POTOrpaMMETPHYHUX CKaHEpHUX 300paxkeHb. [Ipo
e(eKTHUBHICTh PO3pO0JICHOI TEXHOJIOTIl TAKOXK CBi4aTh OT-
pumaHi 3HaueHHs iHmekcy SSIM, sikuii BU3HA4Yae CTPYKTYyp-
HY CXOXICTh JIBOX 300paKeHb (€TAJIOHHOTO Ta CHHTE30BaHO-
ro 300paxeHHs). CTPYKTypHa CXOXICTh pPO3YMIETHCS HAMHU

Pucynok 2 — ®parmMeHTH 300pakeHb: a — IEPBUHHE MMAHXPOMHE,
0 — MepBHHHE MYJIbTHCIICKTPAJIbHE, B — CHHTE30BaHE ITICIIs
00pOOKH 3arpOIIOHOBAHUM aJITOPUTMOM

Ta6muus 1 — KinbkicHi 3Ha4€HHST SHTPOITIT

SIK TOAI0OHICTh TEOMETPUYHUX CTPYKTYP 300paXKeHb, siKa iHBa- 3oGpakens SHavueHHs
. R . . . CHTPOII
iaHTHA J0 PO3MOALTIB IXHBOI SICKPABOCTI Ta KOHTPACTHOCTI.

IIZ[ 8 pv A . P {306 P IMTanxpomaruune (Pan) 7,2932
POCTOPOBHIl POMOALT SCKPABOCTI 306paKeHHS, OTpHMa- Mysmricnextpabie (Mul) 72719

HOTO Ticiist 0OpOOKH, 3p0O3YMiNIO, BiIPi3HAETHCS Bill MEPBUH- Curresosane 306pasenis (RES) 7,5118
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Tabmuus 2 — [lopiBHsIBHUM aHANI3 €EKTUBHOCTI METOJIIB

Meron E/I}:g) /:HS< a SSIM
PCA 2,21 0,768
Grama-Shmidt 1,95 0,831
HSV 2,48 0,672
Wavelet 1,89 0,875
3anpononosanuii (RES) 1,52 0,982

HOTO, 1[0 BUIUIMBAE i3 caMoro (hakTy oOpoOKH, CIpSIMOBa-
HOI Ha MiIBUIIEHHS iHPOPMATUBHOCTI BUAOBUX naHuX. [Ipu
I[bOMY IPHUHITUIIOBE 3HAYEHHA Mae 30epexeHHsI CTPYKTypH
HEepBHHHOTO 300paXkeHHs B 00pOOIEHOMY 3HIMKY, iHBapi-
AQHTHOMY IMOJO SICKPABOCTI # KOHTPACTHOCTI 00poOIEHOro
3HIMKa (K IapaMeTpiB, sKi OB S3aHi 3 «30BHIIIHIME (hak-
TOpamMm», HAPHUKIAJ, YyTIUBICTIO JaTIMKa BHIOBOI iH(Op-
Marii). Hamu y sikocTi eTaioHHOTo 300pakeHHs OylIo B3SITO
HMaHXPOMATHYHE 300pakeHHs, Mo 3 Habopy OaraTocmekT-
palbHUX JaHUX Mae HaHOLIBII BHCOKE IMPOCTOPOBE (CTPYK-
TypHE) PO3pi3HEHHS.

TakuM 9HHOM, aHaJi3 Pe3yIbTaTiB CBIMYUTH IIPO TE, IO
CHHTE30BaHE 300pa)X€HHSI BHUCOKOTO IIPOCTOPOBOTO PO3pi3-
HEHHS 3 MaKCHMAaIbHOIO 1H()OPMATHBHICTIO 3a0e3medye
KOMIUTCKCYBAaHHSI CaMe 3a 3alpONOHOBAHOIO TEXHOIOTIEI0 3
HOIIEPETHBOI0 EKBaJTi3alli€l0 MepBUHHUX 300paeHb.

BUCHOBKUA

VY po0oTi BHpIIEHO aKTyalbHy 3ajady aBTOMAaTH30Ba-
HOTO HiJIBHIIEHHS MPOCTOPOBOIO PO3PI3HEHHS MEPBHHHHIX
OaraTokaHaJbHUX 300pa’KeHb.

HaykoBa HOBH3Ha pOoOOTH TONSATAaE y po3poOIi HOBOTO
METO/Y 3JTUTTA OaraToKaHAIHHUX aePOKOCMIUHUX 300pa-
*eHb Ha ocHOBI HSV-koHBepryBaHHS i rinepchepruaHoro
MEPETBOPEHHSI KOIBOPY, IO J03BOJSE MONIMIIATHA MPOCTO-
POBY 3JaTHICTh NMEPBUHHOTO HU(PPOBOTrO 300pakeHHS U
YHUKHYTH CIIEKTPaJIbHUX CIIOTBOPEHb B JIOKAJIBHUX 0OJac-
TsX. Y TOPIBHSAHHI 3 ICHYIOYMMH METOJAMHU 3JTUTTS 3aIPOIIO-
HOBaHa iH(opMaIliiiHa TEXHOJOTis JO3BOJSE IMiABUIIUTH
iH(OPMATHUBHICTh OaraToOKaHaIBHOTO 300pakeHHs 0e3 iCToT-
HUX KONIpHHX CHOTBOpeHb. Lle mocsraerncs, 30Kpema, 3a
paxyHOK MONepeaHbOI eKBaji3allii MepBUHHUX 3HIMKIB, 00-
poOJIEHHS TaHWX Y JIOKAJIi30BAaHUX CHEKTPAJIbHUX Oa3ucax,
ONTHMI30BaHOTO 3a iHQOPMAaLIMHUMHU XapaKTEPUCTHKAMH,
Ta BUKOPUCTaHHS iHoOpMaIlii, IKy MICTUTh 300pa)K€HHS
iHQpaYepBOHOTO Jiana3oHy.

[IpakTH4Ha IIHHICTH OTPHUMAHUX PE3YJILTATIB TONATAE B
TOMY, II0 PO3pOOJICHE MporpamMHe 3a0e3NeucHHs, sSKe pea-
Ji3y€ 3a0PONOHOBAHUII METOM, HO3BOJSE MOKPAI[YBATH
iH(OPMATHUBHICTh NEPBUHHOTO LU pOBOro 300paxenus. Le
JIO3BOJISIE B CBOIO YEPTy ITiABHIIYBATH JIOCTOBIPHICTD MO/IAIb-
IIOr0 PO3Mi3HABAHHS 00’€KTIB 1 BUIICHHS 3aTIHEHUX JiJIsi-
HOK Ha U(POBOMY 300pak€HHI BHCOKOTO MPOCTOPOBOTO
PO3pi3HEHHS.

INepcrieKTHBY MOMATBIIMX TOCIIPKCHb IIOJIATAI0Th Y IIPO-
BeJICH] TOAAIBIINX TOCITIHKEHD, ITOB’ I3aHMX 3 KOMIIEHCAIIIEI0
BIUIMBY HU3KH ()AKTOPIB, SIKi CYTTEBO BIUIMBAIOTh HA MTPOCTO-
POBY Ta PajiOMETPHUYHY PO3PI3HEHICTh OaraToKaHaJlbHHUX
AEPOKOCMIYHHMX 300pa)KCHb, @ TAKOXK BH3HAUCHHSIM MOYKIIH-
BOCTI 3a0e3neveHHs 3aaH0i JOCTOBIPHOCTI MOAAJIBIIOTO
pO3Mi3HaBaHHs 00’€KTIB 36MHOI MOBEPXHI.
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

[uarymenko B. B.!, Kasan O. 0.2, llleuenko B. 10.?

!Jl-p TexH. Hayk, mpodeccop, npodeccop Kadeapsl HHOOPMALIMOHHBIX TEXHONOTHH U cucteM HaloHanbHOW METa/uTyprudecKoil akageMuu
VYkpaunsl, I. JIHeponeTpoBcK, YKpauHa

2KaHza. TeXH. HayK, DOLEHT, JOLEHT Kadeapbl HHPOPMAMOHHBIX TEXHONOTHI U cucTeM HanmoHambHON MeTayuryprudeckoil akajeMHu
VYkpaunsl, I. JIHeponeTpoBCcK, YKpauHa

3AcniupanT JIHEnmponeTpoOBCKOr0 HAMOHANBHOTO yHHBepcuTera uMenu Ounecs ['oHuapa, r. J[HENpONMETPOBCK, YKpauHa

HNOBBIIIEHUE NMPOCTPAHCTBEHHOI'O PASPEIIEHUA MHOT'OKAHAJIbBHBIX ADPOKOCMUYECKHUX U30BPAXKE-
HUI BBICOKOI'O MPOCTPAHCTBEHHOT'O PA3PEIIEHUSI HA OCHOBE TI'IIEPC®EPAYHOI'O IMPEOBPA3OBAHUS

B pabote pelreHa akTyanbHas 3ajada pa3paOOTKH WH(OOPMALMOHHON TEXHOJIOTUH MOBBIMICHHS BHU3YyaJbHOTO KadeCcTBAa MHOTOKaHAJIbHBIX
a’POKOCMHYECKUX U300paKeHUI BBICOKOTO IPOCTPAHCTBEHHOTrO paspemeHus. OOBEKTOM HCCIEIOBAHUS SBISETCS MPOLECC CIHAHHA ITaHXPOM-
HOTO U MYJBTHUCIEKTPAIBHOTO (hOTOrpaMMETPUUCCKUX CKAaHEPHBIX M300pakeHHH, MOTYyYEHHBIX KOOPIWHATHO-4yBCTBHTEIBHBIMU CEHCOpPAaMHU B
BUIMMOM M MH(PaKpacCHOM AManasoHaX 3JIEKTPOMArHUTHOTO M3iaydeHus. [IpenmeT McclieqoBaHHS COCTABISIOT METOABI NMPEABAPUTEIBHON U
CHHEPreTH4ecKod 00pabOoTKM MHOTOKAHAIBHBIX JAHHBIX IJIS YIYYIIEHHs KadecTBa Pe3yIbTHPYIOLUIEr0 M300paXKEHUS U YMEHBIICHUS I[BETOBBIX
nckakeHuit. 1lenb paboThl: aBTOMATU3HPOBAHHOE IOBBIIIEHHE NIPOCTPAHCTBEHHOTO pa3pelleHHs MEePBUYHOI0 MHOTOKAHAIBHOTO H300pa)KeHHs
U IO CPaBHEHHMIO C CYIIECTBYIOIIMMHU METOJAaMHU YCTPAaHEHHE I[BETOBBIX MCKaXXEHHH B JIOKalIbHBIX oOnacTsax. Kpome Toro, mpemiaraemas
TEXHOJIOTHUs TO3BONUT 3()(HEKTUBHO MTPOBOAUTH JajbHEilllee paclo3HaBaHUE M ONEPATHBHBIII MOHUTOPHHT O00BEKTOB HMH(PACTPYyKTyphl. B
paboTe mpensiokeHa HOBask MH(MOPMAI[HOHHAS TEXHOJOTHUs CIMSHHS MHOTOKAQHAIBHBIX a9POKOCMHUYECKHUX M300paxkeHHil Ha ocHoBe HSV-koH-
BEPTHPOBAHUS U THUNEPCHEPUIECKOro mpeodpa3oBaHus IBETa, KOTOPas MO3BOJSIET YIYUIIHTh MPOCTPAHCTBEHHOE pa3pellieHHe MEPBHYHOTO
1(pOBOTro M300pakeHus1, N30eXKaB IPU ITOM CHEKTPATBHBIX UCKOKEHMIL. DTO JOCTUraeTcsi, B YaCTHOCTH, 32 CUET MpEJBAapHTEILHOM dKBaIM3a-
LM TIEPBUYHBIX CHUMKOB, 00Opa0OTKM JAHHBIX B JOKAIH30BAHHBIX CHEKTPAJIBHBIX 0a3ucax, ONTHUMHU3HPOBAHHOHN 1O MH(POPMALMOHHBIM Xapak-
TEpUCTHKAM, U HCIIOIb30BaHMs MHGOpPMAIMH, COAepKalieiicss B n300paxkeHnu MH(pakpacHOro auamasoHa. PaspaboraHo mporpammHoe obec-
NeYeHUe, pean3yloniee NpeIoKeHHbIH moaxo. [IpoBeqeHsl dKCIIEpUMEHTHI 110 HCCIIEI0BAHUIO CBOMCTB JAHHOTO aNTrOpUTMA. DKCIEpHUMEH-
TaJbHbIE OLCHKM IPOBEACHBI HAa BOCHMHKAHAIBHBIX H300paXCHMSIX, MONydeHHBIX crnyTHHKoM WorldView-2. PesynbraTel TecTHpOBaHMS
MOATBEPAMIHN, YTO NPEIOKEHHBIH MOAX0J MO3BOISAET JOCTHYL BBICOKOTO CIEKTPAIbHOTO U IMPOCTPAHCTBEHHOTO KauecTBAa MHOTOKAHAJIBHBIX
n300paKeHHH U MPEBOCXOAUT CYLIECTBYIOIINE METOJIBI.

KuioueBble ciioBa: ckaHepHOe M300pakeHus, BeHBIET-peoOpasoBaHue, runepcepudeckoe mpeodpa3oBaHusi, HHHOPMATUBHOCTD, CIIHSHUE.
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IMPROVEMENT THE SPATIAL RESOLUTION OF MULTICHANNEL AEROSPACE HIGH SPATIAL RESOLUTION IMAGES
ON THE BASE OF HYPERSPHERICAL TRANSFORM

In this paper we solve an actual problem of development of information technology to improve the visual quality of multi-channel space
images of high spatial resolution. The object of the research is the process of fusing panchromatic and multispectral photogrammetric images
obtained coordinate-sensitive sensors in the visible and infrared regions of the electromagnetic radiation. The subject of research are methods
make preliminary and synergistic multi-channel data processing to improve the quality of the resulting image and reduce the color distortion. The
purpose of the work is to increase the spatial resolution of the automated primary multi-channel images and compared with existing methods of
eliminating color distortion in the local areas. In addition, the proposed technology will effectively carry out further recognition and real-time
monitoring infrastructure. In the paper we propose a new information pansharpening technology based on HSV-converting and hyperspherical
color conversion, which allows not only to improve the spatial resolution of the primary digital image, but also avoid the spectral distortion. This
is achieved, in particular, by image pre-equalization, data processing localized spectral bases, optimized performance information, and the
information contained in the infrared image. The software implementing proposed method is developed. The experiments to study the properties
of the proposed algorithm are conducted. Experimental evaluation performed on eight-channel images obtained WorldView-2 satellite. Test results
confirmed that the proposed approach can achieve high spectral and spatial quality multichannel images and outperforms existing methods.

Keywords: scanner images, the wavelet transform, hyperspherical color transform, informative, pansharpening.
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DEVELOPMENT OF A COORDINATION METHOD FOR EFFECTIVE
DECISION-MAKING IN A HIERARCHICAL MULTILEVEL INDUSTRIAL
SYSTEM

In modern conditions of manufacturing the ever increasing size of enterprises leads to objective changes in the interdependence of their
subordinated structures. The resulting complexity requires modernization of the process management systems. One important direction
task in this modernization is the development of effective methods of coordination. Therefore, this article addresses the problem of
coordination in decision making among a group of autonomous production units. The object of study is the local decision making process
on a dairy plant, which operate with three production lines. The subject of study is the coordination of operations when there is only one
packaging machine. The objective of this work is to increase the overall effectiveness index of a system of production units by means of
optimal resource allocation and synchronization of operations of technological processes. For effective coordination it is proposed a
method that ensures the optimization of processes while considering the particular preferences of each local decision-making unit. For each
subordinated decision unit or coordinator, an objective function measures the effectiveness of the subprocesses activities. The coordinator
affects the lower-level decision-making so that the performance of the whole system is optimized. It incorporates a hierarchical multilevel
system for the management of activities, and the detailed mathematical modeling of the sequencing of operations. The method proposed
is based on the theory of fuzzy sets and fuzzy logic. The decision-making process is accomplished by a minimax estimation of the
membership functions. The coordinated operations give as result a higher global effectiveness. Additionally, for the comparison of
preferences, the normalized criteria of effectiveness based on the technological characteristics of each process are suggested.

Keywords: coordination of subprocess, fuzzy method, hierarchical multilevel system, decision-making.

NOMENCLATURE

opt is an optimal (desired or acceptable) value of the

performance of the whole system for the problem being T i? a compleFion time;
solved; t,, is a start time of the first subprocess;

B is a volume of buffer i: t,, 1s a start time of operation of the packing and transfer
/ ’ device;

R, is a coordination vector (resource allocation);
S is a vector of sequencing of activities;

B is a maximum capacity of the temporary stores;

maxi

C is a production cost;

E is a effectiveness criterion of the system;
eff; is a value of a normalization constant;
K, is a central coordinator;

K |, are the subordinated coordinators;
K, is a coordinator of the packing device;
P is a revenue;

p, is a performance of the production lines;
p, is a performance of the packing device;
R_is a finished product;

R is a raw material;

© Bayas M. M., 2015
DOI 10.15588/1607-3274-2015-1-11

t, is a buffer 7 loading time;
1, is a moment of completion of the process;
t , is a buffer i unloading time;
L, is an end time of operation of the packing and the
transfer device;
1 is a processing time;
X , is a decision vector (raw material request);
o;, A; are coordination variables;
G i is a measure that takes into account the statistical

characteristics of the subprocess.
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INTRODUCTION

In modern conditions of manufacturing the ever
increasing size of enterprises leads to objective changes in
the interdependence of their subordinated structures. The
resulting complexity requires modernization of the process
management systems. One important direction task in this
modernization is the development of effective methods of
coordination.

The objective of this paper is to increase the overall
effectiveness index of a system of production units by means
of optimal resource allocation and synchronization of
operations of technological processes.

1 PROBLEM STATEMENT

Given a system comprised of a set of subprocesses
(production lines) <SP,, SP,, ..., SP > with the inputs (raw
material) <R , R, ... , R, > intermediate outputs (produced
units) <R , R, .. R > and the following restrictions: buffers
<B,, B,, ..., B >; production line performances < p , p,, ...
p,>, performance of a shared single packing and transfer
mechanism p . Taking into account the physical and
technical constraints the problem of system coordination is
to find a decision vector < R, R, ... , R, > in order to
obtain E = F(eff)—>opt, where in E is the effectiveness
criterion of the system and eff the effectiveness criteria of
the different subprocesses.

As the object of study let’s consider the problem of
coordination of local decisions of a dairy plant, which
produces three types of dairy products. The technological
process of preparation and packaging of milk is a complex
technological task automation, which should provide some
technological operations: receiving, separation,
homogenization, normalization, packaging and packing. Each
operation is a time-consuming process that requires
continuous monitoring. The objective of the management
system is the coordination of the operations when there is
only one packaging machine. The presence of only one
packaging device makes it very difficult the parallel operation
of all the lines, and therefore it leads to downtime and loss
of profits. Figure 1 shows the typical scheme of coordination
of the dairy plant.

L Coordinator
K
Y
=\ Coord1 Coord 4
K, K,
R, ¢ R, — ¥
-*[ Subprocess SP, H l:g er } 77777 >
& -\ Coord2
i K, =)
i ¢ R 2
E = Subpocess 5P, W B"gfa’ },b E
g 2
03 R
#[ Subprocess SP, R[ BHBEH } 77777 >
= VI

(—

Figure 1 — Scheme of coordination: mp— mass flow,
— — data flow,— — subprocess pending for packing and transfer
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2 REVIEW OF THE LITERATURE

The problem of development of science-based
hierarchical management systems becomes relevant in a
continuous adaptation of modern industries to external
changes. It is important to highlight the Mesarovic’s theory
of management of hierarchical multilevel systems [1] among
one of the most significant developments in the field of
hierarchical structures of a different nature. Also significant
contributions were made in the work of the following
researchers, T. Malone and K. Crowston, A. A. Voronin,
S. P. Mishin, V. N. Burkova, D. A. Novikov, M. B. Gubko,
M. J. Beckmann and several other researchers [2-9]. The
basis of most of these works on classical is the methods of
mathematical programming, game theory, the theory of
dynamic systems. The study of hierarchical systems has a
number of basic problems of operation and control. In
particular, the problem of decomposition of the system, the
task of coordinating the system, the task of accounting for
uncertainty of parameters and variables in hierarchical
decision-making systems are of interest [10].

The coordination method of the multi-level hierarchical
system, of course, has an impact on its most important
characteristics, such as efficiency, reliability, and cost.
Therefore, the determination of the optimal coordination
method is an important task in the design of complex process
control systems [1-10].

The principal methods focus mostly on iterative and non-
iterative algorithms for deterministic coordination. However,
the variety of problems of coordination, the large size of the
problem, the uncertainty in estimating the state of the
coordinated processes requires further research. In
particular, the published studies do not consider the problem
of resource allocation in relation to the task of synchronizing
parallel processes [10—13].

3 MATERIALS AND METHODS

The main task in the development of a multi-level system
is the specification of system elements. In the simplest case,
a coordinator K can be modeled by input/output relation
K c Ix0, Iis the set of inputs and O the set of outputs. In
most cases, the mapping from one set to another is not
expressed explicitly. The input and output variables and
parameters of the coordinators are showed in fig. 2.

Coordinator
KIJ

Coordinators
K‘.'J KZ) KS

Coordinator

Figure 2 — Coordinators’ input and output variables and parameters
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One key factor in process management systems is the
performance analysis. This analysis ensures that the system
meets the technical requirements; the final products are
delivered on time, and manufactured within reasonable
costs. For each subordinated decision unit or coordinator,
an objective function eff, measures the effectiveness of the
subprocesses activities and is a function of the sub-systems
input and output variables. The objective of the coordinator
is to affect the lower-level decision-making so that the
performance of the whole system is optimized. Having a
performance index for each subprocess allows to make the
sub-system decision-making problems independent from
each other and to remove the possible «conflicts» caused
by the interconnections between the sub-systems.

The full use of productive capacity is an objective
optimization of industrial processes. The amount of
resources allocated to each subprocess determines the
degree of utilization. However, if the assignment exceeds
the performances then the lines work in low-efficiency
regimes. The efficiency criterion must, therefore, consider
these factors, equation (1):

2
_(Xi_Tj
effi = el exp p;i. ' O

pi

One of the issues when measuring effectiveness criteria
of the different subprocesses concerns the scale, fig. 3.
Scaling coefficients are used to represent all numerical
quantities to comparable orders of magnitude; in this case
they are normalized to one.

To formalize the effectiveness criterion of the packing
and transfer device, it is necessary to formulate the model
of the process, a Gantt chart is shown in fig. 4.

Tia
SP, ta | tg fu |tw|ee

SP, |x_.~ n] tiz IrL e
SP, | s |fus| B |fus|eee

A wide range of problems, including the coordination of
production activities are solved using search methods.
These methods aim to find an optimal solution within a
search space QQ, defined by a series of constraints. In most
cases, the search requires high computational costs.
Analytical methods, such as gradient-based methods are
not applicable when the space is multidimensional search
or the task has a combinatorial nature. For this reason
researchers prefer heuristic methods such as genetic
algorithms or random search methods [10, 12—-14].

Then the criterion of effectiveness of the packing machine
can be written as follows in the equation (2):

i&
i1 P
effs ==l

tfu —loy

@)

The task of the coordinator of the packing machine is to
minimize coefficient eff,. The sequencing of the operations
is carried out as follows:

1. Finding the number k of subprocesses that can work
in parallel, equation (3):

1.2 '|
1 4
0.8
=08
0.4
0.2
0 ; ___min | i max ; !
a 50 100 15 200 250 300 350
Xi[Ton]
—eff 3 =——Cut

Figure 3 — Effectiveness criteria of the different subprocesses

Y ;

5Py,
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Figure 4 — Model of the process
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re(l,n) k+1
2P =Pi <Py < QD 3)
i=l i=l
2. The k subprocesses are sequenced according to the
value of the buffer load time so that if 7, > tlj then 7, <ty
3. The remaining n—k subprocesses are sequenced from
the lowest to the highest according to the buffer loading
time.
4. The start time of the subprocess k+1 is equal to
equation (4):

tg)—t .
irer(lﬁi)( £i) = Uk @)
For the calculation of the start time and final time of
operations, the following procedure is proposed:
Let to consider the parallel processes. The start time of
the process is equal to the start time of the first subprocess
t,,=0, and the start time for the 7 subprocess is given equation

)

i
t  =@G-DI- 3 5
== Zt,j Q)
ie(L,k) J=2
where T}, is the sum of #;; and #,,. The completion time of the

sub-processes is written as ¢ i loi And the process time
b is given by equation (6):

piT (6)

From these equations, the completion time of the parallel
subprocesses k is given by equation (7):

t = t . + max ke & .

f max 01 ; 7
. Lk 7

l:arg(tpmax) i) Pu

For subprocesses n—k, that work in series, the start time and
the completion time are calculated by equations (8) and (9):

telk+ j)=tolk+ j)+1,(k+ ) ®)
tolk+j)=t g —t1(k+ ) ©)
Therefore,
n n
U=kl fmax = 2 it Dlpis (10)
i=k+1 i=k+1

The start time of the packing device 7 =t, and the
completion time ¢, =7, .
A number of sub-processes can work in parallel if the

conditions illustrated in fig. 5 are met by equation (11):

tp +ty =Ty,
z tui = Tlu’

n k (11)
Ztli = (k_l)z Lui.
i=1 i=1
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Figure 5 — Gant diagram of the analysis for the completion time of
the subprocesses

The coordination can be achieved through the variation
of the quantities stored in temporary spaces and the variation
of the performance of the lines. By the introduction of the
coordination variables a.; for temporary store B, and A; for
machines performance, equation (11) can be rewritten in the
parametric form as the equation (12):

T :f(o“i’ki)’

s.t. (12)
i o;Bmax; _ (n 71)i o;Bmax; .

i1 hispi i=1 PulisPi

Thus, the coordination task is reduced to finding a vector
X(a;,A;), which satisfies the above-mentioned conditions:

min|Zt1((xi,7»i)—(n —1)ztu (G,i,li)s
s.t.

o< [amin > O max ] >

Le [)\‘min 7}‘max]>

The values O pnin> Omax> Amins Amax. €nsure that the
subprocesses operate in the rank of better efficiency.
Equation (13) is solved either by genetic algorithms or a
random search method, based on sampling and local search.

As the criterion for evaluating the effectiveness of the upper-
level coordinator, it is proposed the relationship between the net
profit and maximum completion time in the equation (14):

P-C
E=""—.
. (14)

(13)

It is worth noting that the execution time 7' depends on
the amount of raw material, designated by each line and its
technical parameters. Thus, the selected criterion is a
function of the resources allocated to each line and the
sequencing of operations.

The overall decision-making is based on the
coordination of the decision of the subprocesses. These
decisions are the result of the optimization procedures. The
value of optimization problems can be modisied with a set
of weight coefficients, in order to make the subprocesses
decision problems independent from each other.
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When designing complex systems, there is often
ambiguity in one or more of the following elements:
constraints, demands or objectives. This imprecision arises
because of the scarcity of information or the same nature of
processes, which does not allow a satisfactory formulation
of the design goals, and thus the inability to assess the
relative importance objectives.

4 EXPERIMENTS

To coordinate the making decision process of the object
of this study it applied the proposed a mechanism based on
fuzzy sets [11]. Formulating a fuzzy coordination problem
entails developing membership functions m for each
constraint and each objective. It is important that the
membership functions are normalized to comparable value,
usually 1. The membership function of a subprocess is the
coordination function of that subprocess. On the other hand,
the criteria of effectiveness, which act as the degree of
satisfaction of the subprocess is the coordination function.

It is desirable to find a solution that maximizes the value
of each criterion. However, such a situation occurs only in
ideal cases, therefore, for real problems a compromise
solution is required. This leads to the need to specify the
sequence of application of the criteria and the relative
importance. The minimax criterion for the solution of the
decision-making problem allows overcoming the
disadvantages that appear when applying the additive and
multiplicative indicators. The intersection of the membership
function of subprocesses objectives, including the upper-
level coordinator, yields the membership function of the
system:

Ho :min(HOaul’MZ"”aun)' (15)

The value that maximizes the global decision is defined
as follows:

max Hg(¥)= max minpg (Lo, 1o, ly)- (16)
xeX xeX
The block diagram shows the management process, with
the resolution of optimization problems of local
subprocesses and the coordination of the isolated
solutions.
1. Begin.
2. Selection of the solution vector.
3. Selection of weight coefficients.
4. For i=1 to n subprocess:
a) assigning solution vector to lower levels subsystems;
b) solution of local optimization problems;
¢) calculation of membership functions.
5. End for.
6. Calculation of the global membership function Hg.

7. If Hg < minp, repeat from step 2.
8. End.

5 RESULTS

Figures 6 and 7 show the evolution of the values of the
coefficient of effectiveness as a function of the iterations of
the process of coordination. The top figure corresponds to
system index and lower figure to subprocesses. At the point
of coordination, all subprocesses operate within the ranges
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Figure 6 — Coefficient of effectiveness of system with
coordination and without coordination
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Figure 7 — Coefficient of effectiveness of subprocesses

set forth in the optimization process and under these
conditions the overall effectiveness is higher for the case
with coordination compared with the case without
coordination.

6 DISCUSSION

The results fully support that coordination has a positive
effect on the performance of control systems. However, the
determination of the effectiveness criteria exerts a large
influence on the results. For example, if to take the balance
of the criteria of effectiveness as the stopping condition
then in the second iteration the program would have stopped.
This fact would have led to a suboptimal result as it is clearly
illustrated in Figures 6—7. Another important aspect that we
have found is the stability of the algorithm. Even though,
the behavior of the curves for the indices of effectiveness
for each subsystem seems to be erratic, the overall result
has a monotonous improvement in each iteration. The
method was developed with the characteristics and
peculiarities of a specific application under certain
conditions; therefore is necessary to take into consideration
these conditions for other applications.

CONCLUSION

A fuzzy method for the coordination of the activities of a
dairy plant was developed. It incorporates a hierarchical
multilevel system for the management of activities, and the
detailed mathematical modeling of the sequencing of
operations. The decision-making process was accomplished
by a minimax estimation of the membership functions. The
coordinated operations give as result a higher global
effectiveness.

83



VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

ACKNOWLEDGMENTS 8. Boponmn A. A. OnTHManbHBIEe HepapXHIECKHE CTPYKTYpHI /
A. A Boponus, C. I1. Munms. — M. : UITY PAH, 2003. - 210 c.

This work was supported by the grant «The Ministry of 9. Malone T. W. The interdisciplinary study of coordination /

Higher Education, Science,. Technology and Innox./atiop» T. W. Malone, K. Crowston // ACM Comput. Surveys. — 1994. —
SENESCYT «Ecuador, and is sponsored by the University Vol. 26, Ne 1. — P. 87-119.
of Santa Elena» «UPSE», Ecuador. 10. Dubovoy V.M. Decision-making in the management of branched
REFERENCES technological processes: monograph / V. M. Dubovoy,
G. Y. Derman, 1. V. Pylypenko, M. M. Bayas. — Vinnitsa : VNTU,
1. Mecaposua M. Teopust HepapXUIeCKHX MHOTOyPOBHEBBIX CHCTEM / 2013. — 223 ¢.

M. Mecaposuy, /. Maxo, 1. Takaxapa. — M. : Mup, 1973. — 344 c. 11

. CucremHuii aHaini3 CKJIaJHUX CUCTEM yIPABIIHHS : HABY. 110Ci0. /
2. Jlapaniok O. A. ABTOMaTH3UPOBaHHOE yIPaBJIEHHE B3aHMOCBSI-

[A. II. Jlapantok, f1. B. Cwmittox, JI. O. Bnacenko Ta in.]. — K. :

3aHHBIMU HOJCHCTEMAaMU TEXHOJIOTHYECKHX KOMILIEKCOB IHIIIE- HYXT, 2013. — 274 c.

BbIX TIPOU3BOJICTB: UCEPTalliiina poboTa Ha 37100yTTs HayKOBOIO 12. Bayas M. M. Efficient Resources Allocation in Technological
CTyIeHIO kary. TexH. Hayk / O. A. Jlanamiok. — K. : 1996. - 176 c. Processes Using Genetic Algorithm / M. M. Bayas, V. M. Dubovoy

3. Bypros B. H. OcHOBbI MaTeMaTH4ECKOH TEOPHH AKTHBHBIX CHC- // Middle-East Journal of Scientific Research. — 2013. — Vol. 14,
tem / B. H. Bypxos. — M. : Hayka, 1977. — 255 c. Ne 1. — P. 1-4. DOI: 10.5829/idosi.mejsr.2013.14.1.16313.

4. Hosuxos [I. A. Mexauusmbl GyHKIHOHUPOBAHHS MHOTOYPOBHE- 13. Bayas M. M. Efficient Resources Allocation in Technological
BbIX opraHu3anuoHHbIX cucreM. / J. A. HoBuko. — M. : ®onn Processes Using an Approximate algorithm based on Random
«Ipobnemsi ynpasnenus», 1999. — 150 c. Walk / M. M. Bayas, V. M. Dubovoy // International Journal of

5. Beckmann M. Management production function and the theory Engineering and Technology. — 2013. — Vol. 5, Ne 5. —
of the firm / M. Beckmann // Journal of Economic Theory. — P. 4214-4218.

1977. — No 14 — P. 1-18. 14. baitac M. M. KoopauHanuus peieHnil 0 pacrpeaeneHuu pecyp-

6. Goubko M. V. Optimal hierarchies of co.ntrol for cost functions COB Ha OCHOBe reHeTHueckoro aropurma / M. M. Baitac,
presentable as sum of homogenous functions. / M. V. Goubko // B. M. JlyGosoit // Indopmauiiini TexHoorii Ta KoMmIOTepHa
Automation and Remote Control. — 2010. — Vol. 71, Ne 9.— imkenepis. — 2014. — Ne 2. — C. 4-12.

P. 1913-1926.

7. Mishin S. P. Optimal stimulation in multilevel hierarchical
structures. / S. P. Mishin // Automation and Remote Control 65,
2004. — Ne 5. — P. 768-789.

Article was submitted 07.11.2014.
After revision 22.12.2014.

Bbaitac M. M.

AcnupaHT KageIpbl KOMIBIOTEPHBIX CUCTEM YIPaBIICHNs, BUHHUIIKNIT HAallMOHAIBHBIM TEXHNUYECKUI yHUBepcuTeT, BUHHMIA; IpenofaBa-
tenb «Universidad de la Peni nsula de Santa Elena», DxBamop

PA3PABOTKA KOOPIUHALIMOHHOI'O METOJA [1JISI 9®®EKTUBHOI'O IIPUHSTUSA PEILEHUMA B UEPAPXUYEC-
KO MHOT'OYPOBHEBOU MPOMBIILIJIEHHON CUCTEME

B ycnoBusX cOBpEMEHHOTO IPOU3BOACTBA MPOUCXOAT OOBEKTHBHBIC H3MEHEHHS B ()YHKIMOHUPOBAHUU MPOMBIIITICHHBIX PEIIPUITHH,
YTO CBSI3aHO C POCTOM HX Pa3MEPOB M CIOKHOCTBIO BO B3aMMO3aBHCHMOCTH MOAYMHEHHBIX CTPYKTYp. [losToMy Ha nmpennpustun Heodbxoquma
MOZEPHHU3ANNs CUCTEM ympaBieHHs mnporeccamu. OTHUM U3 BaXKHBIX 3aJaHUH B 3TOH MOJICPHM3ALNH SABIACTCS pa3padorka 3((EeKTUBHBIX
MeToz10B KoopauHanuy. [1o3ToMy B JaHHOH CTaThe paccCMaTpHBAIOTCS MPOOIEMbl KOOPIUHALNY B IIPHHATHU PEIICHUI B TPYIIIIe aBTOHOMHBIX
MIPOU3BOJCTBEHHBIX eAUHUL. OOBEKTOM HCCIIEOBaHUS SABIISIOTCS MPOIECCHl NPHHATHSA JIOKAJIBHBIX PEHICHWH HAa MOJIOKO3aBOJE, HA KOTOPOM
paboraeT Tpu IPOU3BOACTBEHHBIE TMHIUH. [IpeMeToM ncene1oBaHus SBISETCS KOOPAMHALINS ONepaltii, KOTia MIMEETCs TOJIBKO OHA YIIAKOBOY-
Has MamuHa. Llens 1anHO# paboThl — yBeMMUUTH 00N HHAEKC 3()(HEeKTUBHOCTH CHCTEMBI IPOU3BOCTBEHHBIX CAMHHUIL 3@ CUET ONTHMAILHOTO
pacIpeneNeHus PecypcoB M CHHXPOHHU3AIMHU ONepanyii TEXHOIOTHIECKoro nponecca. s 3¢ pekTHBHON KOOpAMHAIINN MPEIaraeTcs METox,
KOTOPBIA 00ECTIeYNBAET ONTUMM3AINIO IPOIECCOB IPH PACCMOTPEHHN KOHKPETHBIX NMPEANOYTEHUH Ka)KIOTO JIOKAIBHOTO ONIOKa MPUHATHS
pemeHuid. {71 KaXKI0ro MOAYNHEHHOTO OJIOKA TPUHATHUS PEIICHUH MM KOOPIUHATOpPA, eneBas QyHKIUA u3MepsaeT 3 PEeKTHBHOCTD JICATENbHO-
cTu noanponeccoB. KoopauHarop BIMsET Ha MpOLECC MPUHATUS PEIICHUIT 6oliee HIU3KOro YPOBHS, TAK YTO NIPOM3BOJUTEIBHOCTD CHCTEMBI B
L[eJIOM ONTUMH3NpyeTcs. KoopanHaTtop conepKuUT MepapXu4ecKyl0 MHOTOYPOBHEBYIO CHCTEMY JUIS YHPABIICHHUS AEATEIBHOCTBIO, a TaKXkKe
JleTaIbHOE MaTeMaTHIEeCKOE MOZISTMPOBAHKE TTOCIIEI0BATEILbHOCTH orepanuii. IIpenyiokeHHbIil METOl OCHOBAaH HA TEOPUH HEYETKUX MHOXECTB
1 HedeTKol soruku. [Iporecc npuHATHA peleHnil 0CyIecTBIAETCA TOCPEICTBOM MHHIMAKCHOM OLIeHKH (DyHKIIUH MpHHAIIexkHoCcTH. Koopau-
HUPOBaHHBIE ONIEPAIMHU JAIOT B KAaUECTBE pe3ynbrara Ooliee BEICOKYI0 obansHyro 3¢ dexTuBHOCTS. Kpome Toro, 11 cpaBHEHUS PEIIOYTEHUI
MIPEATIOKEHBI HOPMUPOBAHHbBIE KPUTEPUH 3 PEKTHBHOCTH, OCHOBAHHBIC HA TEXHOJOTHYECKHX XapaKTEPUCTUKAX KaXKIOro Mporiecca.

KrodeBble cj10Ba: KOOpAWHANUS MOAIIPOLIECCa, HEUETKUI METOA, HepapXudeckas MHOTOypOBHEBas CHCTEMa, IPUHATHE PEIICHUH.

baitac M. M.

ActimpaHT kKadeapu KOMIT IOTEPHUX CHUCTEM YIpPaBJiHHS, BIHHUIBKUI HaliOHANPHUIN TEeXHIYHUU yHiBepcuTeT, BiHHHWIS; BHKIaIadka
«Universidad de la Peninsula de Santa Elenay, ExBagop

PO3POBEKA KOOPIMHALIMHOI'O METOAY JJIsI EGEKTUBHOI'O IPUMAHATTS PIIIEHB B IEPAPXIYHINA BATATOP-
IBHEBII1 IPOMUCJIOBIA CUCTEMI

B ymoBax cy4acHOro BHpPOOHHUIITBA BiIOYyBarOThCs 00’€KTHBHI 3MiHH y (DYyHKI[IOHYBaHHI IMPOMHCIOBHX MIiAMPHUEMCTB, IO TIOB’SI3aHO 3
pOCTOM iXHIX PO3MIpIB 1 CKJIaJHICTIO Y B3a€MO3aJIEKHOCTI MiAMeruX cTpykTyp. ToMy Ha mignmpueMcTBi HEOOXiqHA MOIEpHi3allis CHCTEM
kepyBaHHs nporecamu. OIHUM 3 BaXXJIMBUX 3aBIaHb Y Il MOJEpHI3allii € po3poOka eeKTHBHUX METOMIB KoopauHarii. Tomy B maHiii crarrti
PO3DIAAAIOTECS TPOOJIEMH KOOPAMHALLiT B IPUUHATTI PillieHb Y IPYIi aBTOHOMHUX BHPOOHHYMX ONUHHUIL. O0’€KTOM JOCIIKEHHS € MPOLIECH
NPUHHSTTS JIOKAJIBHUX DillIeHb HA MOJIOKO3aBO/Ii, Ha SIKOMY TIPALioe TpU BUpOoOHUYI JiHii. [IpeaMeToM TOCITiKEeHHS € KOOpMHALs onepailiii,
KOJIM € TUIbKH OJJHA MTaKyBaJbHa ManinHa. Mera 1aHoi poO0TH — 30UIbIINTH 3arajibHuil iHAEKC eEeKTHBHOCTI CHCTEMH BUPOOHUYHUX OTMHULB 32
PaxyHOK ONTHMAaJbHOTO PO3IOITY pecypciB i CHHXpOHI3awil onepanii TexHomoriyHoro mnpouecy. [t eeKTHBHOT KOOpAMHALT TPONOHY€ETh-
csl MeTo[I, 110 3a0e3nedye ONTHMI3alliio MPOLECiB MPH PO3MIII KOHKPETHUX TepeBar KOKHOTO JIOKAJIBHOTO ONOKY MpUIHATTS pimeHb. s
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KOXXHOTO IiANOPSIIKOBAHOTO OJIOKY NPUHHATTS pillleHb a00 KOOPAUHATOPA, LiNboBa (QYHKIIA BUMIPIOE epEKTUBHICTb JisIbHOCTI MiANPOLECIB.
KoopauHarop BIuMBae Ha HPOLEC NPUIHATTS pillleHb OLIBII HU3BKOIO PIBHA TaK, IO IPOLYKTUBHICTb CHCTEMHU B LIJIOMY OHNTUMI3Y€ThCS.
Koopaunarop MiCTUTh i€papXiuHy OaraTopiBHEBY CHCTeMY IJId KepPyBaHHsS AIUIBHICTIO, a TAKOX NETallbHE MaTeEMAaTH4YHE MOJEIIOBAHHS IO-
CITIIIOBHOCTI orepaliif. 3anpornoHOBaHUI METO/ 3aCHOBAHUM Ha TeOopil HEUITKUX MHOXHUH i HediTkoi Jioriku. IIpouec npuiiHATTs pimeHs
31ifCHIOETBCS 32 JOIMOMOIOI0 MiHIMAKCHOTO OLIHIOBaHHS (yHKLiH HanexHocti. KoopauHoBaHi onepatii 1atoTh sSIK pe3yabTaT OUIbII BUCOKY
niobanbHy edekTuBHICTb. KpiM ToOro, 1s MOpiBHAHHS HEepeBar 3alporoHOBaHI HOPMOBaHI KpuTepii epeKTUBHOCTI, 3aCHOBAHI Ha TEXHOJIOTIY-
HHUX XapaKTepPUCTHKAaX KOXHOTO HpOLECY.

KuouoBi ciioBa: xoopauHallis MiJNpoLECy, HEUITKUI MeTox, iepapxiuHa GaraTopiBHEBa CHCTeMa, NPUIHATTA pillleHb.
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