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MudopmaTtuka mn
MH(POPMALMOHHbIE TeXHONIOrMm

VIK 616.12

OINIEHKA XAOTUYHOCTHU ®OPMbI ®PAI'MEHTOB
OJTHOKAHAJIbHOM DJIEKTPOKAPJIAOT PAMMBI

JI.C. ®aiimzuanbepr', K.B. Opuxosckas', H.B. Baxosckuii’

! Mesicoynapoonstii nayuno-yueonsLii yenmp ungopmMayuonnbIX mexnonozuii u
cucmem HAH Ykpaunvt u MOH Ykpaunut (2. Kuee)

2 . N
Hayuonanonoiit mexnuueckuit ynugepcumem Yxpaunot «KIIH» (2. Kues)

IIpoBeneH cpaBHUTENBHBIM aHAIN3 PA3IWYHBIX NOAXOAOB K
OLIEHKE cTeneHn xaoTHmyHOcTH ¢opmel snemeHToB OKI. IlpemnoxeH psan
YCOBEpPIICHCTBOBAHWI  W3BECTHBIX MeTofoB. IlpencraBieHa cTpykTypa
WHCTPYMEHTAIBHONH CHUCTEMBI, OPUCHTUPOBAHHOH Ha BBIOOp M HACTPOUKY
BBIYHC/IUTENBHBIX AITOPUTMOB, 00ECIIEUYNBABIINX OIIEHKY XaOTHYHOCTH (POPMBI
anementoB OKI'. IIpencraBieHs! pe3ynbTaThl 3KCIEPUMEHTOB, IPOBEICHHBIX C
MIOMOIIBIO CHCTEMBI Ha MOJIETIBHBIX U PEANIbHBIX JAHHBIX.

Knioueevie  cnosa: nHMOPMAIMOHHAS  TEXHOJIOTHS,
Xa0THYHOCTh OMOIOrndeckoro curaana, gopma ¢parmenro IKI', cepaeunsrit
puTM™.

[poBeaeHO MOPIBHIBHUI aHATI3 Pi3HUX MIAXOIB 10 OLIHKA
crymeds xaotwuHocti  ¢opmu ememenriB  EKI'. 3ampomoHoBaHO — psim
YIOCKOHAJICHb BiZIOMUX METOMiB. [IpeicTaBIeHo CTPYKTYPY IHCTPYMEHTAIbHOT
CHCTeMH, Opi€HTOBaHOI Ha BHOIp 1 HamAIITYBaHHS OOYHCIIOBATBHUX
aNrOpUTMIB, 110 3a0e3MmeuyoTh OLiHKY XaoTudHocTi (hopmu enementiB EKT.
Hapmano pe3ynmbTaTé €KCIEPHMEHTIB, IIPOBEICHUX 3a AOIOMOrOI0 CHCTEMH Ha
MOJIENBHUX | peabHUX JAHUX.

Kniouosi cnosa: indopmariiiina TEXHOIOris, XaOTHYHICTh
Giomoriunoro curnany, hopma dhparmenris EKT, cepueBuii purm.

BBEJEHUE

[lpn w3ydyeHNW IWHAMHAKA TIOBEICHUS CIOXKHBIX MEIUKO-OMONIOTHYECKUX
cucreM Bce Oonbliee BHUMAaHWE TIPHBICKAIOT METOOBI TEOPHH Xaoca u
cuHepreTuku [1], mo3Bossromie Ooliee MOJHO PACKPBITH W IPOAHAIN3UPOBATH
MEXaHW3MBl (YHKIHMOHUPOBAHHUS >KUBOH CIOKHOOPTaHH30BAHHOW CHCTEMBIL.
OTu MeToAbl HAalUIM MPUMEHEHHE M B KapAMOJOTHU ULl OLEHKHM XaOTHYHOCTH
CepACYHOTO pUTMa, KOTOPEIH HeceT mH(OpMannio 0 GYHKIIMOHAIEHOM COCTOSIHAN
BCEX 3BEHBEB PETYJIMPOBAHMS >KU3HEIESATENbHOCTH 4YeJIOBeKa KaK B HOpME,
TaK ¥ TpU Pa3NMUUHBIX maTtomorusx [2—4]. Takas ormeHka OOBIYHO IPOBOIUTCS
0  JUHAMHUYECKOMY  psiIy  NPOAODKUTENBHOCTEH  CepACYHBIX  LIMKIIOB
(R—R wuHTEpBaJIOB), KOTOpble ONPENENAIOTCS B MPOLECcCe pPEerucTpaluuu
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anekrpokapauorpammsl (OKID) [5].

B TO e BpeMsi Henb3s MONHOLEHHO CYAUTH O (PYHKIIMOHAIBHOM COCTOSIHUH
caMoro cepama Kak OCHOBHOTO CHCTEMOOOpPAa3yIOIIEro OpraHa JIWIIh> Ha OCHOBE
aHaJIM3a XaOTMYHOCTH pUTMa cepaua. IloaToMy npencraBiseT UHTEpEC pa3BUTHE
METOZIOB U HHCTPYMEHTAJbHBIX CPEICTB CHHEPreTUKM B KapAHUOJIOTHH,
OPUEHTUPOBAHHBIX Ha OLEHKY XaOTHYHOCTH HE TOJNIbKO R — R WHTEpBaJIOB, HO U
IpYTUX AWATHOCTHYECKH IEeHHBIX mokaszarenedt JKI, Hecymmx wHpOpMaIumo o
dopme PparmentoB DKI or nukina k nukiay — 3youoB P,Q,R,S,T , HHTEepBaJIOB
P-0O, O-T wu cermenta ST . Creayer 3aMeTUTb, YTO PE3yJIbTATHI
HCCIICZIOBAHUN XAOTHMYHOCTH TaKUX IIOKa3aTeled MpaKkTUYEeCKH OTCYTCTBYIOT B
JIOCTYITHOW HAYYHOH JTUTEPATYPE.

Henp — co3maTh MHCTPYMEHTAIBHYIO CHCTEMY JJIsI HMCCIIEIOBaHUs
XaOTHYHOCTH (POPMBI 3JeMeHTOB oxHokaHansHOH OKI[' Ha OCHOBE pa3mUYHBIX
SHTPOMUUHBIX OLIEHOK M IPOBECTH MX CPABHUTEIbHBINA aHAIW3 HAa MOJIEJIBHBIX U
peaNbHBIX JaHHBIX.

AHAJIN3 U3BECTHBIX TOJAXO0/I0B K OIIEHKE XAOTUHYHOCTH BPEMEHHBIX
PSIJIOB

B ocHoBe MHOrMX MaTeMaTHY€CKMX METOZOB HCCIEIOBAHUSA XaOTHYHOCTH
JMHAMHYECKHX PSIIOB JIGKUT u3BecTHAS (hopmyna llleHHOHOBCKOH SHTpOmUH [6]

H=-) plog,p,, (1)

I=1
TIPEeTIOKEHHAS JUTSl OIIEHKA HEOMPEEIICHHOCTH CHCTEMbI, HAXOMSIICHCS B OJHOM
U3 7 COCTOSIHHUH ¢ BepoATHOCTAMH p,, [=1,...,n. Uem Gonbie BemmunHa H ,
TeM Jaibllle CHCTeMa HAXOAWUTCS OT YIHOPSAOYEHHOTO COCTOSHHUS, MPHIEM
MaKkCHMalbHOE 3HaueHue 3HTponuu IlleHHOHa focTUraercs, KOraa Bce p; PaBHBL,
T.€. COCTOSIHUSI CHCTEMBI PABHOBO3MOXHHI [ 7].

I[J'Iﬂ aHaJIM3a XaOTUYHOCTU KOHCYHOTI'O BPEMCHHOTI'O psJa

A=ay, ay, .., ay, 2)

3JIEMEHTBI KOTOPOTO MPEJCTABIAIOT cO00i CKalApHble BEIMYMHBI a; €[a; ,a; ],
i=1,.., N, mpuHamIexamune 3aJanHpIM HHTEepBajaM, B psiie paboT, B YaCTHOCTH,

B [8], mpemaraeTcs mpsiMo BOCHONB30BaThes popmyioit (1), OlleHHB BEPOSTHOCTH
("4acToThl) monaaHus 3HAYCHHH psifa (2) B ykasaHHBIC HHTEPBAIIBL.

Opnnaxo BenuuuHa (1) uneapuanmua OTHOCUTENBHO MEPECTAHOBOK JIEMEHTOB
pana (2). ITosToMy mpu HEMOCPEACTBEHHOM HCIONb30BaHUM (opmyisl (1)
OLICHMBACTCSI HE XAOTHYHOCTH IIOCIEIOBATEIBHOCTH (2), a HEONpeHelIeHHOCTh
CITy4aifHOH BENWYHNHBI, IOPOXKIAIOMICH Ty ITOCIEI0BATENIFHOCTh, YTO HE OIHO U TO
xe.

Hampumep, nBe mocinenoBaTensHOCTH — PEryIsipHAs

4=10,10,1,0,1,0,1,0,1,0,1,0
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U Xa0THYHAast
4=0,10,0,0,0,1,1,0,1,1,1, 0,1,

OyIyT IMETh ONMHAKOBBIEC 3HAUEHUS SHTporuu H =1.

OueHuTh XaOTUYHOCTh BPEMEHHOrO psila 1pUd  HENOCPEACTBEHHOM
UCTIONB30BaHUU  GopMynsl (1) MOXKHO IUIIE B TOM  CIly4ae, eCIH
MOCJIeIOBATEIbHOCTh (2) 00pabaThiBaTh MO YacTsAM (B OKHAX) HJIM OICHUBATh
H3MEHEHUE SHTPOIIHH 110 XOAY HAKOIUICHHUS TaHHBIX

n
H(k)==3 p;(k)log, p;(k), k<N. 3)
i=1
CyluecTBYIOT U JApYrHe MOIXOAbl K PEUICHUIO NAaHHOM 3aJayd, HalpuMmep
WCIIONIb30BaHUE YCIOBHOW »HTponuu [9]. mst sToro mocnemoBaTtenbHOCTH (2)
pa30uBaeTcs Ha OAOCIEIOBATEIHLHOCTH (TTATTEPHBI)

x(i) =[a(@),a(i +1),a+m—1)], i=1,...N —m+1 ()

C Pa3MEPHOCTBIO BIIOKEHUS 7 , OLEHUBAIOTCS BEPOSTHOCTU (YaCTOThI) MOSBICHUS
KOHKDPETHBIX TATTEPHOB M BBIYHCIACTCS YCIOBHas SHTpomus E(m|m—1) xax

npupaiieHue IIIeHHOHOBCKOM »HTpONMHM MpH Mepexoie OT MaTTePHOB C
pa3MepHOCThIO m—1 K m , T.€.

N-m+1 N—-m+2
E(m|m—1)=E(m)-Em-1)=— Y ppnp,+ X puilnp,. (5)

i=l i=l
Cornacho [10], nepexon OT MOCIEAOBATEIILHOCTH CKAISIPHBIX BEJIWYMH (2) K
BeKTOpaM (4) MOXKHO MHTEPIPETUPOBATH KaK mepexof B (ha3oBoe (TriceBnodazoBoe)
MPOCTPAHCTBO, B KOTOPOM H ITPOBOAUTCS JaTbHEUIINH aHAIN3.
Jns Gonee IMOMHOrO aHalM3a CIOKHOCTH MEIHKO-OMOJIOTHYECKHX CHCTEM
MONYYMJIA  W3BECTHOCTh  OPYTHE OJHTPONUIHBIE OICHKH, B  YacCTHOCTH,
annpoxcumayuonnas s3umponusi ApEn (Approximation Entropy) [11], koTopyio B

PYCCKOSI3BIYHOM JIMTEPATYpE HA3BIBAIOT 9HMponus nododus [12].

[Ipu ee BRIYMCIEHUH WCXOMHAS ITOCIEIOBATENHHOCTh TAaKXKe pa3OMBacTcs Ha
maTTepHel (4), OMM30CTH KOTOPBHIX B (ha30BOM MPOCTPAHCTBE OICHUBACTCS
paccTosTHIEM

d[x(i),x(j)]= max ﬂa(i+k—1)—a(j+k—1]} (6)

k=l1,....m
Mexay Bcemu mapamu x(i) u x(j), i=L..,.N—-m+1,j=i,..,N-m+1. [lanee

OIICHUBAIOTCS BEPOSTHOCTU (YACTOTHI) TOSBIEHUS B TIOCIENOBATEINBHOCTH (2)
TaKUX Tap MaTTePHOB, PaCCTOSHUE MEXKIYy KOTOPBHIMH HE IMPEBBINIACT 3aJaHHBIH

nopor dg [13]. Jns 3Toro onpenensroTcst BeTHNIHHbBI

m) (-
"
B koropeix U™ (z) — KOJIMYECTBO 3HAYCHMH d[x(i),x( j) , YAOBJIETBOPAIOLINX
YCIIOBHIO
dlx(@)x()|<dy, j=1,..N—m+1, (8)
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WU B SKBUBAJICHTHOM (i)opMe 3allnuCHu

(m)( ) 1 N-m+1
Ci)=— O(dy —d[x(i),x())]),
p Y~ /ZZI (do —d[x(0),x())]) ()]
rre
o) = l,ecrun =0, 10
= 0,ecrun <0 (10)
— ¢ynkus XeBucaiiaa.
Ucnione3ys Beipakenus (7) unu (9), MOXKHO BEIYUCITUTE BETMUUHY
1 N-m+1
0 (r)=—— InC™ (i), 11
()N_mﬂg1 70) (1)

KOTOPYIO TaKXKe MIPUHATO Ha3bIBaTh O€3yCIIOBHOW SHTpomureH [9].

AnmpokcuManvoHHasi ~ DHTPOMHSI  OMpenemseTcss  Kak  IpHUpallcHue
0esyciiopHor sHTpornu (11) mpH mepexoie OT MOCIEAOBATEIbHOCTH MATTEPHOB
JUIMHOW M1 K MOCJIEOBATEeIbHOCTH [UTMHON m +1 1o ¢opmyrie

ApEn=0"(r)— 00" (). (12)
OO0braHO [14] st pacyera HCMONB3YIOT MPUOIIDKEHAYIO (popMyITy

1 N-m cm
!
ApEn= v > In o (13)
r

—m g

3HaueHHs anMpOKCUMAIlMOHHON AHTPONHUM AJIsl PEryISpHOM M XaOTUUECKOH
rocnenoBaTensHocTel A m A, OymyT cooTBeTCTBEHHO paBHBI ApEn(A;)=0,08
u ApEn(A4;)=0,4.

Cnenyer 3ametuTh, 4TO oOneHka (13) sBIseTCS CMEIMIEHHON OIEHKON
aTMPOKCIMAMOHHOM SHTPOITNH, 3HAYCHUS KOTOPOH aCHMIOTOTHYIECKH BO3PACTAIOT
C yBEIMYEHHEM KoilnyecTBa N 3JIEMEHTOB BpeMmeHHoro psna [12]. us
yCTpaHEHHsS JTOro HemocTatka B pabore [15] mpemnokeHa HeOombIIas
MonuduKamus MeToAa BbUWCIeHHS ApEn, KOTOpas NpexycMaTpHBaeT

HCIIOJIb30BAHNE BEIHYINH
o+U™(i
Cr(m) (1) — ( ) , (14)
N-m+1
YUCINUTENb KOTOPBIX, B oTiauuue OT (7), COmEepKUT (PUKCHPOBAHHYIO I00aBKY
6 >0, a B ycioBue (8) BBOIUTCS NONOIHUTEIBHOE OTPAHUYEHUE | # J .

HanpHelimass MoauUKalys anIpOKCHMAIMOHHONH JHTPOIUH  ITO3BOJHIIA
TNPeMIOKATE dHumponuio  wabnonoe SampEn (Sample entropy) [16], mpu

BBIYMCIIEHUU KOTOPOU TaKXKE UCIIOJIb3YETCSI OTpaHUUEHHUE i # j , a caMy SHTPOIHIO

OIPEACIACT BbIPAKCHUC
Um+l (r)

SampEn=—In
u”(r)

=InU"(r)- U™ (7). (15)
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Takast ornenka, B ornuune oT (12), sSBIsSETCS HECMENIEHHOW, a €€ 3HA4YCHUE
MPAKTUYIECKH HE 3aBHCHUT OT KOJMYECTBA JIEMEHTOB BpeMeHHoro psaa N [16].

Eme omHMM cpeacTBOM OLEHKH XaOTHYHOCTH BPEMEHHBIX DSIOB SBIISCTCS
nepecmanosounas swmponus PE (Permutation Entropy) [17], ocHOBaHHas Ha
aHanm3e MaTTepHOB (4) HE ¢ TOUKH 3PCHHS PACCTOSHHUS MEXKIY HUMH B (Da30BOM
MPOCTPAHCTBE, a C TOYKH 3pSHUS UX POpMBI (Ki1acca).

Jns xnaccuuKamiy maTTepHOB KaXIOMY €ro dIIeMEHTY a(i) TpHCcBanBaeTCs
METKa, XapaKTepU3yIomas YPOBEHb JJIEMEHTa IO OTHONICHUIO K COCENHEMY,
Hanpumep, meTku 0, 1, 2. Toraa npu m =3 MoxHO pa3nuyaTh 3! (II€CTh) KJIacCOB
MaTTepHOB Ty, My, ... ,Mg, OOPA3OBAHHBIX TPOHKOW MOCIIETOBATENBHBIX 3HAYEHIH

COOTBETCTBYIOIIEro ypoBHs (puc.l).

VAR PFAILAY RN

, =012 w, =102 m, =201 m, =021 w, =120 w, =210

Puc 1. Knmaccel maTTepHOB IIepecTaHOBOYHOM SHTPOIUH MPH M = 3.

[epecraHOBOYHAS PHTPOIHUS BEIUHACIISIETCS 110 (popMmyIae:

N-m+1
PE(m)=- Y p(n;)log, p(n;), i =1,..m!, (16)
i=1
B KOTOpOI p(T;) — 9acToTa MOSBJIEHUS TATTEPHA i -TO KJacca Mpu 00paboTke

HCXOJHOH MOCIEOBATEIHLHOCTH (2) CKONB3AIINM OKHOM U3 1M TOYEK.

3HaueHus nepecTaHOBOYHOU AHTpomnuu (16) s peryispHOd U XaoTHUECKOH
HoclefoBaTeNnbHOCTEH 4] U Ap; COOTBETCTBEHHO paBHbl PE(4))=1 n
PE(4,)=196.

B ToM cimygae, korma SJeMeHTHI BpeMeHHOro psaa (2) oOpa3yloT He

CKaIipHBIC BENUYMHBI «@;, a R -MepHble BeKTopa d; =(a;|,....a;g), INIA

R
HWHTETPaJIbHOW OLIEHKH XaOTUYHOCTU TAKOTO psla MCHONb3YIOT KOPPEJSALUOHHBII
unrterpai [18]. Jnst ero BBIYMCICHHS KOMIIOHEHTBI BEKTOPOB a; = (aj|,...,d;p)

MIPEABAPUTENIFHO HOPMHUPYIOTCS W JNalbHEHIass o0paboTka OCYIIECTBISETCS B
* *
(ha30BOM ITPOCTPAHCTBE C HOPMUPOBAHHBIMH KOOPIUHATAMH ;1 ,..., ;R -

Ouenky xoppemsuuonHoro uHTerpana C(dy,/N) mnpu KoHedHOM umcie N

HaOJIIOJICHHH JaeT BhIpakeHHE:
- .o
C(dg,N)=—5 X.0(dg —d(d},ay,)), (17)
N m,l=1
B KOTOpoM d(a;,d,,) — EBKIUIOBO PACCTOSHHE MEXAY [ -M U 7 -M BEKTOPaMH B

R -mepHOM (ha30BOM IPOCTPAHCTBE, d(j — 3aJaHHBIN HOpor, a O() — QyHKIHA

XeBucaiina, onpenensiemast BeipakenueM (10).
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TeM caMbIM OIICHHWBACTCS CPEAHSS BEPOSTHOCTH TOTO, YTO HOPMHPOBAHHBIE
Bektopa  a; =(a;1,.,a;r), i=L..,N, oOpasylomue 00pabaTbIBacMyIO
MIOCIIEOBATENBHOCTD, OKaXYTCSI Ha PACCTOSHHUH, HE TPEBBHIMAIONIEM 3aJaHHBIN
nopor dy .

WzeectHo [19, 20], uro mua ¢pakTadbHBIX (CaMOMOTOOHBIX) MHOXKECTB
XapakTepHa 3aBUCHMOCTD:

lim C(dy,N)=dP,
P (do,N)=dy (18)

rnie D — pasmeprocms ammpaxmopa (Fractal dimension), koTopas Takxke
OLICHMBAECT XAOTHYHOCTh BPEMEHHBIX CHUTHAIOB B R -MepHOM (ha3oBOM
npoctpaHcTse [21].
N3 (18) cnexyet, 9TO IO BRIYMCICHHOMY KOpPpeIsIHOHHOMY WHTErpany (17)
MOXHO OIIPENEITUTh Pa3MEPHOCTh aTTPAKTOpa 10 popmye:
b i Jog(C(dy)
do—0 logd,,

(19)

Ha ocHoBanum (19) 3akimrogaeM, 4To GpakTalbHYIO PasMEPHOCTb ) MOXXHO
ONPENENUTh MO0 HAKIOHY NpPSIMOH JIMHUU PErpecCHd, IMOCTPOCHHOH IO

SKCIIEpIMEHTAIFHBIM JaHHBIM B kKoopauHaTax InC(dyy), Ind, .

I[J'If{ y,[[O6CTBa BbIPpAa3UM 3Ty 3aBUCUMOCTL B IBHOM BUJEC!:

N N N
N> logdy(i)-log(C(dg (1))~ Y log d (i)Y log(C(d (i)))
D= i=1 5 i=5v i=1 . (20)
N3 (logdy(i))* — (X logdy (i)

i=l i=l

W3BecTeH W Apyroi Momxoj K BRIYUCIICHHUIO (DpakTabHOW pasMepHocTH [21],
OCHOBaHHBI Ha pa3MepHOcTH MmuHKOBcKoro D). (Box-counting dimension).
Meron 3akimrodaeTcs B ONpPEACICHWH MHHAMANBHOrO umcna M (d) «aaeex»
¢dazoBoro mpocTpaHcTBa auamMeTpoM d —> (0, KOTOPBIMH MOXHO «HAKPBITH)
HCXOJHOE MHOXECTBO TOUCK.

[ocme psma mpeoOpa3oBaHWiA TONYyYHMM B SBHOM BHIE OKOHUYATEIHHYIO
dopMynmTy I BBIYHACICHHUS pa3MepHOCTH MUWHKOBCKOIO KakK  yTIIOBOM
K0O(hQUITHEHT TPSMOI JIMHUK PErpecCcHy, MOCTPOSHHON MO AKCIEPUMEHTATBHBIM

To4KaM B koopauHatax InM (d),Indy(i):

Nim%@MMM@%%m%@imMM@)
Dy, =—1=1 . i=1N i=l . 1)
N3 (Indy(i)* — (3 Indo (i)

i=l i=l

Eme omnum pgocraTodHo OpoCThIM H 3(1)(1)CKTI/IBHI)IM MCTOAOM aHaJIn3a
HECTAlMOHAPHBIX BPCMCHHBIX PSAAOB SABJISICTCA TaK Ha3pIBaeMbId R/ S - aHaJIn3,

OCHOBaHHBII Ha BBIYMCIECHUH undekca Xepcma H, (Hurst exponent) [22] mo
MOIH(PHUIINPOBAHHOMY BPEMEHHOMY PSIIY
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Z; =

M=

(a; —ag), i=1...k, (22)
1

1

rne k<N, d;y — CpeNHEC  3HAYCHHE  OICMCHTOB B HCXOIHON

mocienoBatenbHOCTH  (2) W3 N DIIEMEHTOB, WM JK€ 10 JIPYrOMY
MOIU(UITUPOBAHHOMY DSy B BHJE JOrapr(pmMa OTHOIICHUMN:
a.
z; =log(=tl), i=12,.,N-1.

1
I[J'If{ BBIYHCIICHUA HHACKCA XCpCTa AOCTATOYHO ONPEACIINTD pa3Max

R®) — ‘max (z;)— min (z;) (23)

=L,y =L,y

" CTaHOAPTHOC OTKIIOHCHHE

1 £
S(k) = _k IZ(ai —dep )2 (24)
T =l

MIpU HEKOTOPHIX (PUKCHPOBAaHHBIX 3HAUCHISIX k < N .
YcranoBineno [22], 9ro s OONBIIMHCTBA CTOXACTHYCCKUX  PS/IOB
BEINTOITHSAETCSI COOTHOIICHUE:

RK) ys®) _ prtlo (25)

T.C. HOpMMp06aHHblL7 pa3Max npornopuruoOHaJICH CTCIICHU k , TJC HO — IIOKa3aTCJIb

Xepcra, a L — HEKOTOpas KOHCTaHTA.
Jns ompeneneHus mokasarens Xepcera B yIoOHO# Gopme mponorapupmupyem
ypaBHeHue (25)

log(R™ /8"y =log L+ Hy logk (26)
W, TAKKe KaK B IIPEIBIIYIIHMX CIydasx, BRIPa3UM 3HAaUCHUE UHeKca XepeTa B BUIE
YIII0BOro Ko>(pQHIMenTa OpsaMoii JUHHM perpeccur (26), KOTOpas HaWIydlIdM

00pazoM ammpOKCHMHPYET IKCIIEPUMEHTANBHBIC TOUKH log(R(k )5k )) u logk,

HalIeHHbIC TIPY PA3TUYHBIX (PMKCHPOBAHHBIX 3HAYCHUAX k < N .

B pesynbraTe, mocne psaa OYEBHIHBIX INPeoOpa3oBaHUU, OCHOBAHHBIX Ha
00paboOTKe METOJOM HAWMEHBIIMX KBAJpaTOB 3HAYCHHWH psAAa TIpH  BceX
k=1,...,N , nonydum

N N N
logk > logklog(R®) /8™y~ 3 logk Y log(R™) /5H))
Hy = k=1 k=1 k=1 . 7)

N N
logk S (logk)? — (3 logk)?
k=1 k=1

PaBYMCCTCﬂ, HpPIBCI[CHHI:If/'I aHaJIN3 CyHICCTBYIOIIUX METOAOB HC NPECTCHAYCT
Ha IMOJIHOTY, TEM 60nee, 4YTO MCETOAbI OLCHKHW XaO0THUYHOCTH BPEMCHHBIX PSAI0B
INOCTOAHHO pPa3BHUBAIOTCA. Mazr PacCMOTpPEIIn  JIMIIb Hanbonee MOITYJIAPHBIC
noAXOoAbl W IMOJYYHIIM OKOHYATCIbHBIC (i)OpMYJ'IbI, y,[[O6HI)IC LI MMPAKTHYCCKOTI O
MNPUMCHCHM .
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Ha ocHOBaHWM TIpOBENCHHOTO aHAlM3a MOXHO CIEIaTh BBIBOL, YTO
COBpEeMEHHAs HayKa pacronaraet Y3 eKTHBHBIMA METOAMH U BEIYHCIUTEIHHBIMU
QITOPUTMaMH, KOTOPHIE MO3BOILIIOT C PAa3NUYHBIX CTOPOH OLEHHUTH CTEINCHb
Xa0THYHOCTH BPEMEHHBIX PAOOB, MOPOXKIAEMBIX MEANKO-OHOIOTHUECKIMU
CHCTEMaMH.

B 10 xe BpeMs aHaNM3 AOCTYITHOH JHUTEPATypHl HE JAaeT IONHOU SCHOCTH B
TJIABHOM BOIIPOCE: KaKOH W3 METOIOB ILENecOo00pa3HO MPUMEHHUTH MPH PEHICHUN
KOHKpemHOUl TIpUKIAmHOM 3amagu. K ToMy jke, KaIBId BBIYMCIUTEIHHBIN
QITOPUTM COICPXKUT TIapaMeTpbl, OT BEIOOpa 3HAYCHUH KOTOPBIX 3aBHCHUT
MOMYyYeHHBIH pe3ynpTarT. OIHAKO HE CYIIECTBYeT (hOPMAaJbHBIX MOIXOIOB K
ONTUMANIBHOW HACTPOWKE BBIYHCIHUTENBHBIX alTOPHTMOB, HAIpUMeEp, K BHIOOPY
ONTHMAJIBHBIX 3HAa4YeHWH mmopora d, B mpouenypax (8), (9), (17) wmmm xe

pa3MEepHOCTH BJIOXKEHHS m TpH Tepexoie OT MocienoBaTenbHOCTH (2) K
natrepHaMm (4). OTcrona cieayer, YTo NpH MOCTPOSHUU KOHKPETHBIX MPHUKIATHBIX
CHCTEM BBIOOp MOAXOISIIETO0 BBIYUCIHTEILHOIO AlTOPUTMa W €r0 HACTPOUKY,
perieHne 0 HeOOXOIUMOCTH €T0 MOTU(UKALINH HITH pa3padOTKH aabTepHATHBHOT'O
QITOPUTMA MIPUXOAUTCS MPHHAMATE HKCIIEPUMEHTAIBHBIM ITyTeM Ha MOACIBHBIX U
peaNbHBIX AaHHEIX (puc. 2).

bubnnorexa METOIOB OLIEHKH
Xa0THYHOCTH

!

Bri6op meroza

}

Ormpenenenrue ONTUMAIBHBIX
rmapaMeTpoB

A

Her

Hatinensr?

Ouenka pe3yibTara

Her Monudukarus uim
pa3paboTka HOBOTO
MeTonaa

Y noenerBopsier?

da |}

Hcnonp30Bath B NpUKIAAHON
CHCTEME

Puc. 2. Vines BEIMOTHEHUS SKCIIEPUMEHTOB
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PaccmorpuM mpemiaraeMblii IOAXOX K IOCTPOCHHUIO HHCTPYMEHTAJIbHON
CHCTEMEBI, O00ECICUMBAIONIEH IPOBEICHUE TAKHX HKCIICPUMEHTOB Ha IpHUMeEpe
OLICHKH XaOTHYHOCTH (POPMBI (parMeHTOB onHOoKaHANEHOH DK

OBLIAS UAESA U CTPYKTYPA HHCTPYMEHTAJIbHOM CUCTEMBI

Jig peanvzanyy OTACNBHBIX dTanmoB npemiaraemoi WMT o6paborku OKI
pa3paboraHa HWHCTpyMeHTaJdbHas cucrema (puc. 3), TMOCTPOSHHAas Ha OCHOBE
OTEUECTBEHHOTO  MOPTATHBHOTO  3JEKTpoKapauorpada OA3ATPAD" ¢
OpUTHUHAITHHBIM CEHCOPOM C TIAJIBIIEBBIMHE dIEKTpoAamMu [24].

Dnexrpokapanorpad ®AZATPAD®
> — —

ba3a zanucei KI ‘

Aodpadn i adn i Ao drcd A daml i da daubada A

il

baok mapamerpuzamuu IKI

E,[i]. bp i1 57 [i] wp L]

e EQ] B[] 0 [0]. pp [ 2 [,
i=1,.,N

{1

BJiok onpenesieHUs1 Xa0TUYHOCTH NAPaMeTPOB

AH  ApEn .PE .D.H,...

Puc. 3. CtpykTypa HHCTpYMEHTAJIBHON CHCTEMBI

Cencop no3BojsieT HaaexHo peructpupoBaTs DKI' mepBoro cranmapTHOro
oTBeleHUsT 0e3 CHATHA OHCKIBI HE TOJNBKO B KIMHHYECKHX, HO M B TIOJIEBBIX
YCIOBUAX, TPH 3aHATUSAX CIOPTOM, HEMOCPEACTBEHHO Ha paboueM MecTe W B
nomamHux ycnoBusax. Oumdposannsie 3ammcu DKI' gepe3s USB mopt BBomsTCS B
KOMITBIOTEp M COXpaHsroTcs B 0a3e maHHBIX (B/I) coBMecTHO ¢ HEOOXOAMMBIMU
MePCOHANFHBIMH JaHHBIMH 00CIIETyeMOTO.

BriOpannas 3amucer OKI' moctymaer Ha BXOI MOXIYJIS IapaMeTpH3allvy,
KOTOpBI 00ECIeunBaeT Mepexo]] OT MTUCKPETHBIX 3HAUYEHHWH CHTHalla K MacCHBaM
mapaMeTpoB, XapakTepm3yromux Gopmy 3yonoB P, O, R, S, T u cermenra ST

Ha MMOCJI€A0BATCIIbHOCTH CEPACYHBIX LINKIIOB.
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C »Toif menpl0 KaKABIA W3 YKa3aHHBIX (DParMEHTOB, IPEICTaBICHHBII

TIOCITIeIOBATENbHOCTRIO 3HaueHn# zj(¢,,), k<€{P,0,R,S,ST,T} B OuCKpeTHBIE

MOMEHTBl BpEMEHHU ¢ m=1,..,M}, anmpoKCUMHUpPYeTCs] HECUMMETPUIHOU

m»>

rayccoBoi (pyHKIHEH:
2
t —
94 ()= Ey expl- M) ke (PO, R.S,ST.T}, (28)
2bi (1]
B KOTOpOW mapaMeTpbl Ej;, U | OHpPEAeNstoT 3HaYEHUs aMIIUTY[ U MOMEHTOB

BpEeMEeHH, Koraa k - parMeHT MpHHUMAeT MaKCHMallbHOe 3Ha4YeHne npu £; >0

WM MUHUMabHOE 3HauYeHue npu £, <0, a mapaMeTpsl

pV v r<p
% k>

b (t) = ® (29)
bk Vt>uk,

aon 50 252
pu % * % MO3BOJIAAKOT OMMUCATh HECHMMMCTPHUYHBIC (i)paFMeHTI)I, HaIrpumep,

HECUMMETPHYHBIN 3yber T, ecinu b%l ) ¢b§2) (puc 4).

M, A NEY S0 )
1§ o T 128 2%
2 _ D 2 M
l" =ty tyg’ =t

Z

Puc. 4. ITapamerps popmbl pparmenTos 1ukiaa KT

OnrtuMansHbIe 3HAUCHUS TapamMeTpoB £y, Wy, b,({l) , b,(cz) IUTSL KaXKIOro k -TO
¢parmenTa k € {P,Q,R,S,ST,T} onpemensroTcs 1Mo KpUTSPHIO MUHUMYMa CYMMBI
KBaJpaToB YKIOHEHWH ¢yHKIMH (28) OT IUCKPeTHBIX 3HaudeHud zj(¢,,),

m=1,..., M} 3Toro ¢hparmMenra, T.e. yIOBIETBOPSIOT KPHTEPHIO:

My _ 2
Cri = 3, (B expl— M o, 0P (30)
- by 1]

B pesynbraTe kaxaplil i - nukn peanbHoi K[ MponomKUTENbHOCTBIO f([i]

nopoxnaaer 25 mapamerpoB Epli], bg)[i], bj(DZ)[i], wplil,...., Erli], b}l)[i],
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b}z) [i], wnrli], toli], xoTopple mpencTaBIAOT COOOH KOMITOHEHTHI BEKTOPOB

a; =(aj,...,a;p), i =1,...,N, R=25 BpemenHnoro psna (2).
Juts ananm3a xaotmyHocTy popMel pparmentoB JDKI' moctaTouHO MPUMEHUTH

K TocienoBaTensHoCcTsIM  Ep[i], bg)[i], bj(DZ)[i], wplil, ..., Erli], b}l)[i],

b}z)[i], urlil, toli], i=1,..,N moboif M3 PacCMOTPEHHBIX BHIIIE METOIOB,

KOTOpBIE ~ TMPOrPAaMMHO  pPEANHM30BaHBI B COOTBETCTBYIOIIEM  OJOKe
HHCTPYMEHTAJIbHOU CUCTEMBI.

OLeHka XaOTUYHOCTH JTMArHOCTUYECKHUX IPU3HAKOB, COCPEIOTOYEHHBIX Ha
WHPOPMATHBHBIX  (parMeHTax,  Takke  NPENCTAaBIsICT  HHTEpEC. B
HHCTPYMEHTAIBHON CHCTeMe 00eCIeUMBAETCS TEPexol] OT MAaCCHBOB MEPBUYHBIX

. . ) . . Dy ) .
mapaverpos Eplil, b'[i], b1, wplil..... Erlil, bp'lil, b1, nrlil,
foli] x maccuBam jmarHocTmdeckux mpusHakoB Ep[i], Epli], Egrli], E7[i],
POI[i], OTT[i], Apli], Aggslil, Brlil, toli], cTeneHb XaOTHYHOCTH KOTOPBIX OT

LUKJIa K LUKy TaKXKe OLIEHUBAETCs CPECTBAMHU HHCTPYMEHTAIbHOM CUCTEMBI.

BreiOop MCXOOHBIX MaHHBIX, METONA OLEHKH XaOTHYHOCTH M HACTPOiKa
MapaMeTpoB BBIYUCIUTENIBHBIX MPOLEAYP OCYIIECTBISETCS B HHTEPAaKTUBHOM
peKHMME ¢ HCIONB30BAaHHUEM DIIEMEHTOB  yIpaBieHHsS pabodero  OKHA
HHCTPYMEHTAIbHON cucTeMbl (puc. 5). PesynpraT 00pa®OTKH MpeICTaBISAETCS B
TEKCTOBOM H I'pa(iuecKoM BHIAX.

¥ Entropia =]
Dain
o |-
ll

! nopor % Wl m [ a
Surponus _0,090 I
) MemaHHbiR DHUNLTD

(& rpagm =)

alpha Q_A/S_A nopor 10 % Annp(;ncnuauuouual aHTponus = 0.726

190,559
171,503
152,447
N 133302
114,33
95,28
76,324
57,168

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 S0 52 54 56 5B 60 62 64

=

Puc. 5. Paboune okHa MHCTPYMEHTAILHON CHCTEMBI: JHAIOTOBOE OKHO (a);
OKHO 0TOOpakeHus rpaduka odpadaTeiBaeMoro maccusa (0)
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HpI/I peajiM3aliu npoueayp OHCHKH CTCIICHU XaOTUYHOCTHU OBLI BHECEH PO
YCOBCPH.ICHCTBOBaHI/Iﬁ B OIIMCAHHBIC BBIIIC TPAAUIIUOHHBIC MCTOIBI. B YaCTHOCTH,
B I/IHCTPYMCHT&J'ILHOfI CUCTEME PCAJIN30BaAH OpPIFPIHaJ'II:HLIfI BBIYHCIIUTEIIbHBIA
AJITOPUTM OLCHKH HepeCTaHOBO‘{HOﬁ OHTPOIIUH 110 TTOCJICI0BATCIbHBIM 3HAYCHUSAM

a_1, @i, a1, i=2,.N—1 BpemeHHoro curHama (2), KOTOpbli Ha ¢oHE
IOIyCTUMBIX HCKa)KCHHH aBTOMAaTHYECKM OTHOCUT 00pabaThIBaeMy TpPOHKY
3HaYEeHUH K OHOMY M3 ILITH KJIACCOB IATTEPHOB (pHC.6).

NN 7] [—

Makcumym MuHuUMyM Bo3pacranue YobiBaHue ITocTOsIHHBIH

Puc. 6. Knaccel matTepHOB npeayiaraeMoil mepecTaHoBOYHOM SHTPOIHH TIpH m = 3.

PE3YJIBbTATHI 3KCIEPUMEHTOB HA MOJIEJIBHBIX U PEAJIbHBIX IAHHBIX

O]_[CHKa CBOICTB PCAIIM30BAHHBIX BBIYUCIMUTCIIbHBIX MPOUCAYP HPOBOAUIIACH
Ha TCCTOBOM CHUTI'HAJIC B BUAC MOACIIN aBTOPECTPECCHUU!

Xip=aXp1+(A-a);_, ke[0;N —1] (31)
¢ HavyaipHbIM 3HaueHuneM X =0,1, B KOTOpoii a — mnapaMerp HacTPOUKU
(0<a<l), N=1000 — 4ncIO TUCKPETHBIX OTCUETOB, & € N(O,GZ) — BEKTOp

HE3aBHCUMBIX HOPMAJIBHO PACHPEACIICHHBIX CJ'Iy‘iafIHLIX BCJINYHMH C HYJICBbBIM

MaTeMaTUYeCKUM OKUIAHUEM U OTPaHHYEHHOH Aucnepcuen o2 =102 (puc. 7).

40 T T T T T T T T

30r J

0 100 200 300 400 500 600 700 800 900 1000
Puc. 7. Ilpumepst MoaenbHOro curiana (31) ¢ napamerpamu a = 0,9 (uepHbIii)
ua=0,1 (cepbrit)

YcpenHeHHbIe pe3yabTaThl aHAdU3a CUTHAJOB B CEPUU  UCIBITAHUUA C
pa3IMYHBIMKA TIapaMeTpaMH HACTPOWKH TpHBeleHbl B Tabn. 1. 3HaveHus
MOKa3aTeled XAO0TWYHOCTH CHUTHAJIA, KOTOPbI€ BBIYUCISUINCH HPH YMEHBIICHUU
mapaMeTpa a, pacCUUTHIBAIMCH Kak MpUpOCcT ( Ax, B MpOIEHTaX) K 0a30BOMY
YPOBHIO — 3HAUEHHIO X TIOKA3aTeNlsl XaOTUYHOCTH Ipu napamerpe a = 0,9 .
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Ta6amuna 1.

YCpe()HeHHble pes3yiomanivbl OYeHKU xaomudHocmu MOOENbHO20 CUSHANA

IlapameTp Xa0THYHOCTH
a=0,9 a=0,7 a=0,5 a=0,3 a=0,1

x, | Ax, | x, Ax, X, Ax, X, Ax, X, Ax,
en. | % | en. % efl. % efl. % ell. %

IMoka3zarenn

YcaoBHas JHTpONUS
E(m|m—1) 0,73 0 1099|358 [ 1,13 | 555 | 1,19 | 62,8 | 1,21 | 65,3

ANnpokcuManMOHHAS

——— ApEn 1,06 0 | 1,26 | 19,1 | 1.3 23 | 1,31 | 24,6 | 1,32 | 25,2

JHTpOnUs MAGJI0HOB

SampEn 14| 0 1,86 33,8 2,05 472 |2,16 | 552 | 2,18 | 56,3

IlepecTanoBo4Has
129 0 | 146 | 14 [149 | 16 1,5 | 16,7 | 1,51 | 17,7
surponus PE

Hupexc Xepera HO 0,73 0 |0,65]|-10,4|{0,61 |-16,2| 0,58 | 20,8 | 0,55 | -24,7

Kak BupHo w3 TaOnwipl, 3HAYCHUS BCEX OHTPONMUHHBIX  OICHOK
YBEJIIMYUBAIUCH MO MEpE YBEJIWYEHHsS] XAOTUUHOCTU CHUTHAJa, MPUYEM CaMoi
YyBCTBUTENBHON OKa3anach yciaoBHas dHTporuss E(m|m—1). Ilpu 3HaueHmn

napamerpa a =09 mnokazatenb Xepcra npuHHMan 3HaueHue Hy=0,73, T.e.

npuHagnexan oomacta 0,5 < Hy <1 ycTOWYHMBEIX (IIEPCHCTEHTHBIX) CHTHAJIOB C

mpu3Hakamu camomnomoOus. [losToMy Mo Mepe YMEHBIOICHUS IIapaMeTrpa d
(YBEMUYEHSI CTETIEHN XaOTUYHOCTH) WHAEKC XepcTa, B OTIINYHE OT SHTPOIIHIHBIX
OLICHOK, yMEHBINANICS, YTO COTJlacyeTcss C pe3yiabTaTaMH JApPYyTuX padoT, B
YacTHOCTH, ¢ paboroii [23].

[IpoBommnuck Takke SKCIEPUMEHTH IO OLEHKE CTENeHH XaOTHIHOCTH
uckycctBeHHbIX OKI' (puc. 8), KOTOpble I'€HEpHpOBAJIMCh Ha OCHOBE MOJENEH,
MIPUBEIICHHBIX B MOHOTpadun [24].

[epBerit curHan (puc. 8, a) MPEACTABIUI COOOH MOCIIENIOBATEIEHOCTD
STaJIOHHBIX IHKIOB, ¥ KOTOPBIX XaOTHYECKH H3MEHsUIach aMIunTyzaa 3youna T B
npenenax 30 % OGaszoBoro 3Hauenus Ay =0,2 uB . Bropoit curman (puc. 8, 0)

MOJICTIMPOBA aNbTepHAIMIO aMIUTYOsl 3yOma T ¢ ypoBHeM aibTepHAIN
60 MxB.

Takum oOpa3om, B mnepBoit OKI[ aMmmmTyga H3MeHsDIach CIydaiHBIM
00pazoM, BO BTOPOM — CTPOT'0 YepeaysiCh, XOTS BU3yaIbHO CHTHAIBI IIPAKTHYECKU
Hepa3nuauMsl (puc. 8).

Puc. 8 UckyccrBennas OKI': a) co cirygaifHbIM HCKa)KeHHEM aMIDTATYbI 3yoma T;
0) c anpTepHaNMed (YepeqoBaHneM) aMILTUTY] 3yOna T pa3HOro ypoBHS

© JI.C. ®aiinzunsbepr, K.b. Opuxosckas, 1.B. Baxosckuii, 2016
16 ISSN 0452-9910. Ku6epHeTuka u BbI4HCI. TexHUKA. 2016. Boim. 183



3aMeTHM, 4TO CpEeJHEKBaIpAaTHYECKUE OTKIOHEHHSA aMIUIMTYA 3yOnos T Ha
oboux curnanax Opum cxoxumu: CKO,,, =0,036 u CKO,y,,, =0,03. Tem e

MeHee, IIPU OICHKE YHTPOIIHI, STH OTIIHYHSI ObLTH OoJiee BRIpaKeHHBIMH (Ta0II. 2).

Tabuuua 2.
Pesyromamot o6pabomxu uckycemesenuvix IKI
Moxazarenn Moje/bHBlI CHTHAJ ¢ HCKaKkeHueM 3youa T
Cayuaiinoe AJbTepHanus
YcaoBHas JHTpONUS
E(m|m—1) 1,056 0
ANnpoxkcuManMOHHAS
SHTPONHUS ApEn 0,512 0,030
JHTpONnUs MAGJI0HOB
SampEn 1,5041 0
IlepecTanoBo4Hast
1,485 0,693
JHTPONHUSA PE
Huaexce Xepera H, 0 0,525 0

Janee paccMOTPUM pe3yabTaTHl OLEHKHA XaOTUYHOCTH PEalbHBIX CHUTHAJIOB
(puc. 9) — nmByx purmorpamm (100 mocnemoBaTenbHBIX R — R WHTEpPBaJoOB),
OTpaKaIIIUX PHTM Cepla CriopTcMeHa (puc. 9, a) u He ciopTcMeHa (puc. 9, 0)
omHoro Bospacta (20 yer) cpasy mocie (usnueckoil Harpysku (20 TiryOOKHX

npucenanuii 3a 30 cek).

ottt
m..||I||..|||II|I|IIII||.|.|I|I|||||||.||I||||I|||||I||III|||I|||II||I||I|I|I||||||||||I||||||||||||||.|I||||“|II|I||||IIIIII||II|

Puc. 9. PurmMorpaMMsl: a) ClopTCMEHa, 0) YeI0BeKa, He 3aHIUMAIOIIETOCs CIOPTOM
Xorta o0e PUTMOTrpaMMBbI HAMEIOT MPaKTUYECKU OIMHAKOBBIE

cpennexBanpatnaeckne orkiaonenus (SDNN =105), npu oreHke XaoTHYHOCTH

STHX CUTHAJIOB HAOIIOMAIOTCS pacXOXKICHHS psifa oKazaTenei (Tadi. 3).

Tabuuua 3.
Tokazamenu xaomuunocmu pumma cepoya nocie u3u4ecKol Hazpy3Ku
Ioka3aresnn Cnoprcmen He cnnopremen Orinuus, %
YcaoBHas JHTpONUS
E(m | m— 1) 0,559 0,670 19,9
ANnpoxkcuManMOHHAS
surponus ApEn 0,535 0,617 15,3
JHTpONUs MAGJI0HOB
SampEn 1,017 1,034 2,8
IlepecTanoBo4Hast
1,350 1,351 0,07
surponus PE
Hnpexc Xepera [ 0,791 0,761 3.8

© J1.C. ®aiinzunsbepr, K.b. Opuxosckas, 1.B. Baxosckuii, 2016
ISSN 0452-9910. Ku6epHeTuka u BbI4HCI. TexHUKA. 2016. Boim. 183 17



Ha puc. 10 npencrarieHbl puTMOrpaMMa MaeHTkn A. 67 et (puc. 10, a),
y KoTopoi Habmromanach ymepeHHas aputvus (SDNN =63) u puT™Morpamma
MPaKTHYECKH 3JI0poBoro ueimoBeka B. (puc. 10, 6) B Bo3pacte 31 roma c
MPaKTUYECKH TAaKUM JK€ 3HAYCHHEM ITOKa3aTellsl BapHaOembHOCTH pUTMa CepAla
(SDNN =50).

XapakTepHas O0COOCHHOCTh PUTMOTPaMMBI MarmeHTKH A. (puc. 10, a) —
anbTepHALMS TPEX 3HAUYEHUI MPOAOIDKUTENBLHOCTH R — R HHTEpBaioB, KOTOpHIE
MocJe10BaTeIbHO YepenyroTes Apyr 3a ApyroM. Ha putmorpamme nauueHta B.
(puc. 10, 6) Takre 0OCOOEHHOCTH OTCYTCTBYIOT. 3aMETHM, YTO YKa3aHHBIC OTIIHIHUS

MpaKTUIeCKu He 3aMeTHBI Ha ucxomHbeix DK (puc. 11), Mo KOTOPHIM CTPOWIIHCH
PHTMOTPaMMEI.

1.4

1.z

4

C8

o

oL

o

1.4

uIuInI1.|nIn||.InI|||||I|.In|||I|.I|.InI|.I1.I|.I|ll||||.I|.I|I.I|.I|.I|.I|[I||In||||nh|2

1.z

e

Puc. 10. PutMorpammel: a) maieHTKH A., 0) MPaKTUYECKH 370pOBOro naiueHTa B.

08

Puc. 11. Ucxonusie OKI': a) — manpienTKH A., 6) 310pOBOro nanueHra B.

B 10 ke Bpems M B JTaHHOM CITydae HaONOIANMCh CYIMICCTBEHHBIC OTIIHYMUS
MOKa3aTeNlel XaOTHIHOCTH STHX PUTMOTpaMM (Taoi. 4).

Tao6auna 4.

Tokazamenu xaomuurnocmu pumma cepdua nayuenmoes

TloxasaTeaun ITaumnent B. ITaumenTka A. Otaununs, %

Ycii0BHAsI JHTPONHSA

E(m | m— 1) 0,713 0,530 -25,7
ANNpoKCUMALMOHHAS YHTPONUS

ApEn 0,533 0,301 -43,5

JHTpONUs MAGJI0HOB
SampEn 1,142 0,348 -69,5

IlepecTanoBo4Hast
1,323 1,261 -4,7
JHTPONHUHA PE

Hnpexc Xepera [ 0,688 0,538 21,8

Kak BHUIHO, ITOKA3aTCJIM OHTPOIIHNHU Yy ITAIUCHTKHU A. CYIICCTBEHHO HUKE, UEM
Yy manucHTa B. Oto CBHUACTCIILCTBYET O TOM, 4YTO, B OTJIMYHUEC OT PUTMOI'PaMMbI
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3I0POBOT0O TMAIMEHTa, PUTMOTpaMMa C allbTepPHAIIEH UMEET YETKO BBIPAKECHHYIO
PETYISIPHYIO COCTABIISIOIIYIO.

Unpexc Xepcra y 3mopoBoro manuenta B. Ovmn Ha 22 % BhIIIE, YeM y
MAIMEeHTKH A. DTOT (aKT TaKKe COTNIACyeTcsl ¢ JaHHBIMU padoTHI [25], B KOTOpOit
oTMedaercs, 4To Ooliee HU3KUH ypOBEeHb MHIEKCa XepcTa HeceT nHOpMAaIio 00
YXyOIIEHAH (UHONOTHYSCKAX WM TMAaTO(OU3NOIOTHIECKUX IPOIECCOB B padoTe
CepACYHO-COCYUCTON CHCTEMBL.

B 3aBeprmienue mpuBeneM HHTEPECHBIC PE3YIBTATHI 10 CPABHUTEIBHOM OIIEHKE
CTETIeHH XaoTHIHOCTH moka3areneit DKI', Hecymux nHpOpMAaIio 00 H3MEHEHUH
¢dopmer pparmenToB DKI', B IBYX Ipynax HCOBITYeMBIX (Tab. 5).

Tao6anua 5.

Paznuuusi cpeonux snavenuil nokazamenet xaomuunocmu popmul ¢ppaemenmos SKI
6 08yx epynnax, (x+Sx), n=70

Ioka3arens popmsl pparmenta IKT CTeneHb Xa0THYHOCTH MOKA3aTeJIsl

HaumenoBanue O0o3HaueHue (cr};l[)));lg;:m) (e :rf)oy[?Tll?wzﬂm)
IIpaBocroponuuii Hakion 3y6ua P bP(Z) 1,5240,24%* 1,71+0,28
MomenT nosiBenus 3yéua P Wp 1,26+0,3** 1,48+0,37
AMniuTyaa 3youa Q AQ 2,12+0,39* 1,94+0,41
Jlesocroponnuii naxsion 3yéua O bQ(l) 1,5+0,28* 1,68+0,29
AMniuTyaa 3youa R AR 2,11+0,45%* 1,85+0,48
MoMeHT nosiBJieHus 3youa R HR 1,114+0,34** 0,87+0,33
AMmiuTyaa 3youa S Ag 1,82+0,26* 1,61+0,47
MoMenT nosiBjaenus 3yéua S g 1,15+0,35* 0,91+0,41
MoOMeHT NOSIBJIeHHS cerMentTa S/ UsT 1,51£0,3%** 1,14+0,4
AMniuTyaa 3youa T AT 1,96+0,45* 1,61+0,64
JIeBOCTOPOHHMIA HAKJIOH 3y01a T bT(l) 1,93+0,28** 1,71+0,32
IIpaBocropounuii Hakion 3y6ua 1 bT(Z) 2,08+0,4%* 1,8140,39
MoMenT nosiBaenus 3yéua 1 ur 1,22+0,35%** 0,79+0,35
Cummerpus 3y6ua 1 BT 2,55+0,45% 2,32+0,43

[pumeuanne: IOCTOBEPHOCTh pazmmumii mo Kputepuio CrelogeHTa: * —

p<0,05;** p<0,01;*** p<0,001

['pymnmbl cocTOSUIM W3 MOJIOABIX BOJIOHTEPOB O0OEro Toja B BO3pPACTe
1824 ner. I'pynma 1 Bxmrodana 28 CIOPTCMEHOB BBICIICH KBaJIM(DUKAIIWH,
KOTOpBIE 3aHUMAIOTCS OOKCOM, pa3HBIMH BHJAMH OOpHOBI M TPHATIOHOM.
B rpynmy 2 Bonumn 42 4YenoBeKa, HE 3aHAMAIONIMXCS  CIIOPTOM.
Anamm3 xaormuydoctu curHana (100 mocnmemoBatenbHBIX Kapauorukiio OKI
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Ka)XIIOTO HCIBITYEMOr0) MPOBOIMJICS Cpa3zy TMocie (u3mueckodl Harpy3Ku
(20 rryboxux mprcenanuii 3a 30 ceK.) ¢ MOMOIIBIO SHTPOIUH MAOIOHOB SampEn

o gopmyite (15). JIocTOBEpHOCTh OTIIMYH B TPYITIAX OICHUBAJIACH IO KPUTEPHIO
CTbpIO€EHTA.

Kak BuaHO H3 TaONMIBI, y TPCHHPOBAHHBIX W HETPEHUPOBAHHBIX JIUIL
HaOJIFOJIAIOTCS.  JIOCTOBEPHBIC  OTVIMYMS ~ XAOTHYHOCTH psAga  IoKas3aTeseH,
xapakrepusyrommx Gopmy dparmento DKI'. [Ipu 3TOM y TpeHUPOBAHHBIX JIHII
Xa0THYHOCTh OJHHMX TIOKa3aTeled TI0J Harpy3kod ObUIa BbIIE, 4YeM Y
HETPEHUPOBAHHBIX, a IPYTUX MTOKa3aTellel — HUKE.

OOHapyXeHHbIC (DaKThl, BEPOSTHO, OTPAXKAIOT PA3IUYHSI B CTCHEHH
«OOYYIEHHOCTH» OTACIBHBIX YYaCTKOB MHOKap/a CIIOPTCMEHOB U HE CIIOPTCMEHOB
K BBINIOJTHEHHIO Harpy3ok. Pasymeercs, OOHapyKeHHbBIC SIBJICHHUS, KOTOPhIE MOTYT
OTKPBITh HOBBIC BO3MOXKHOCTH B OIICHKE aJ€KBAaTHOCTH PEAKIIMH OpraHHW3Ma Ha
Harpy3Ky, TpeOyIOT IaJbHEUNINX YIIyOJICHHBIX WCCICIOBAHUNA C yYacTHEM
(hM3HOJIOTOB M CIIOPTUBHBIX Bpauei.
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ASSESSMENT OF CHAOTIC FRAGMENTS’ SHAPE OF
THE SINGLE-CHANNEL ELECTROCARDIOGRAM

L.S. Fainzilberg', K.B. Orikhovska', I.V. Vakhovskyi’

!International Research and Training Center for Information Technologies and
Systems of National Academy of Sciences of Ukraine and Ministry of Education and
Science of Ukraine (Kiev)

’National Technical University of Ukraine “Kiev Polytechnical Institute” (Kiev)

Introduction. Building an effective information technology (IT), which
provides chaotic assessment of the electrocardiogram (ECG) fragments’ shape, has
both cognitive and practical importance. Therefore, the problem of developing
methods and computer tools that provide assessment not only by the rhythm of the
heart, but also on other parameters of ECG that have diagnostic value is relevant.

The purpose of the article is to propose instrumental system for the study of
single-channel ECG elements shape chaoticity, based on the various entropy
assessments and make a comparative analysis of these estimates in the model and
the real data.

Methods. The proposed instrumental system based on the national portable
electrocardiograph FAZEGRAF® with the original finger electrodes sensor, which
can record the ECG from the first standard lead. In addition to determining the
chaoticity of parameters, that characterize the shape of the main elements of the
ECG, also estimating the diagnostic features chaoticity. Introduced a number of
improvements in the considered methods which determine the signal chaoticity
degree. In particular, an original evaluation algorithm for permutation entropy
evaluating that can automatically identify 5 classes of patterns is proposed.

Results. Processing of model and real data showed that the computing
algorithms implemented in IT allow to adequately assessing the degree of signals
chaoticity. Based on the parameters chaotic assessment, that carry information
about the ECG elements shape, diagnostically important subtle signal differences
in healthy and sick patients, as well as significant differences in parameters of the
ECG elements shape chaoticity in people with varying degrees of organism fitness
were found.

Conclusions. Instrumental system provides the convenience of experimental
studies with searching for new biomarkers of cardiac abnormalities and evaluation
of organism adaptation capabilities.

Keywords: heart rate, the entropy of the process, synergy, shape of ECG
fragments.
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VK 004.932:616-073.7

BbBIBOP TAPAMETPOB METOJIA ITOBBIIITEHU A
KAYECTBA BU3YAJIN3AIUN MAMMOI'PAMM

A.E. ®unaToBa

Hauyuonansnotit mexnuueckuit ynueepcumen «XapvKoecKuii NOJIUMeXHUYECKUil
uncmumymy (2. Xapvkog)

Paccmorpena 3amawa  BbeIOOpa BHJa M MapaMeTpoB
CUTMOMIANBbHOM  (QYHKIMH  HEIMHEHHOro  KOHTPAacTHPOBAaHMS  METOAa
MOBBIIICHUA KadecTBa Bu3yanusanuu Mammorpamm IMRI-MAM, a Taxke
BBIOOpa  KpHUTEpHsS  OLEHKM  KadecTBa  K300pakeHHs.  Beimonnena
JKCIIEpUMEHTANbHasl IPOBEpKa BH3YalbHOTO KadecTBa  00pabOTaHHBIX
U(POBBIX MAMMOTPaM C MOMOIIBIO IPEUI0KEHHOTO KPUTEPHUSL.

Kniouegvie cnoea: curmounnanbHas (yHKIUS, HEIHMHEHHOE
KOHTpacTUpoBaHue, Mammorpamma, meron IMRI-MAM, kputepuii kadecTBa
1300paKeHUsL.

PosrmsiHyro  3amauy  BuOOpy BHAYy 1 IapaMerpiB
curMoinansHol (yHKIIT HEeNiHIHHOrO KOHTPACTYBaHHS METOIY IIiJBHIICHHS
sikocTi Bizyaunizanii mamorpam IMRI-MAM, a Takox BHOOpPY KPUTEPIO OL[iHKA
SIKOCTI  300pa)KeHHs. BHKOHAHO eKCIepHMEHTAIbHY IMEPEBIPKY Bi3yalabHOL
SIKOCTI 00pOoOIeHNX M(POBUX MaMOrpaM 3a IOMOMOIO0 3alpOIOHOBAHOTO
KpHTEPITO.

Kniouosi  cnosea:  curmoimanbHa — QyHKIS, — HemiHiiiHe
KOHTpacTyBaHHs, Mamorpama, wMeroq IMRI-MAM, «kpurepiii  sikocTi
300paKeHHSI.

BBEJEHUE

Ha ceromnsmHuii ngeHp 10 JaHHBIM ~ BceMupHOW — Oopranusanuu
3paBOOXpaHEHUsl pak MoyiouyHOU sxene3bl (MJK) 3aHumaer BTOpoe MECTO IO
9acTOTe Cpedd OHKOJIOTMYECKHX 3a0ONeBaHUH Tocie paka JErKuX. OCHOBHBIM
METOZOM IMAarHOCTUKM paKa MOJIOYHOM »ene3bl, B TOM 4YHCIE W Ha PaHHUX
CTaNUsAX, SABISETCA peHTreHonormdeckas Mammorpadus [1, 2]. KauectBo
BU3yaIM3allMd MCCIEOYEMBIX OpraHOB IpU IMPOBEICHHH PEHTI€HOJOTHUYECKUX
HCCIEOBaHMUI 3aBUCHT OT MHOXKECTBa (DaKTOpOB, CBS3AaHHBIX KaK C
XapaKTEpPUCTUKaMH PETUCTPUPYIOILEH anmapaTrypsl (3HEprus HOHU3HUPYIOLIETO
U3ITy4YeHHUs], BPEMs HKCIO3ULIMHU, IPOCTPAHCTBEHHOE pa3pelleHne U T.1.), TaK U C
XapaKTepPUCTHKAMU CaMOr0 OOBEKTa BU3yAIHM3allMH (TONIIMHA W IUIOTHOCTH
TKaHel, pa3Mepsl aHaTOMHYeckux CTpykTyp u T.4.) [3]. ITlosTomy 3amada
MIOBBIIICHNST KAUECTBA BH3YAIH3AIM MaMMOTPaMM 3a cdeT HU(POBOii 00pabOTKH
M300paskeHUH SBIISIETCS aKTYaJIbHOW HAyYHO-TIPAKTHYECKON 3a1auei.

ITOCTAHOBKA IMTPOBJEMBI U AHAJIU3 JTUTEPATYPBI

3amaua TOBBIMICHHWS KadecTBa BHU3yaNIM3alMd MH(POBHIX MaMMOTPaMM
JIOCTATOYHO YCIIEIIHO PEIAeTCs MHUPOBBIMH JIUAEPAMHU CO3aHHsI IPOrPAMMHOIO
obecrreuennst (I10) mast 0OpabOTKM MEIWUIIMHCKUAX H300pa)KeHUH TaKUMH Kak,
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Hampumep, mBenckas ¢upma ContextVision. Takoe IIO  mocratouno
JIOPOTOCTOSIIEE, a MPOrPAMMHBIA KO 3aKPBIT IS BHECEHUS JIFOOBIX M3MCHEHHH.
[MosToMy ¢  pa3BUTHEM  MPOHW3BOACTBA  OTCUCCTBEHHBIX  IU(PPOBBIX
PEHTTEHOIOTUIECKUX YCTAaHOBOK pa3pa0OTKa MeToJa IIOBBINICHUS KadecTBa
BH3yallM3allid MaMMOTpaMM Ui co3maHus Hemoporo [1O ¢ OTKPBITBIM KOIOM
SIBIISICTCS aKTyaIbHOM.

Metoapl 1UppoBor 00pabOTKH H300PaKCHHH, ITO3BOJISIONINE ITOBBICHTH
KadeCTBO BHU3YallM3allM¥, MOXHO pa3NeNuTh Ha 2 Kiacca: II0JJIEMEHTHBIC
mpeoOpa3oBaHusl (M3MEHEHWE SIPKOCTH W KOHTPAaCTHOCTH) ¥  OKOHHBIC
npeoOpa3oBanusi (JIMHEHHBIE W HEIMHEHHBIE MeETOonbl (uiubTparuu) [4-9].
[TosmemeHTHEBIE TPe0OPa30BAHMUS 32IAI0TCS BEIPAKCHUEM:

Jx,y=fx,y(1x,y): (O

J

roe [/ X,y

X,y 3HAYEHUs SPKOCTH mukcened wucxomnoro I=(7, y) u

obpaborannoro  J=(J,,) usobpaxennii ¢ xoopauHatamu (x,y)eM ;
M — MHOXECTBO NUKcenel, NPUHAIEKAMMX H300paKeHnIo; [y, — QyHKUus

IODJIEMEHTHOrO  npeobpasoanus. Dynkums f, B (1) Moxer ObITh Kax

JIMHEWHOM, Tak M HelmHeiHoi. Kpome Toro, mpeobpa3oBanue (1) MOXeT OBITH
OTHOPOTHBIM M HEOTHOPOIHBIM.

Jns OKOHHBIX TpeoOpa3oBaHUil BHIOOp THMA (QHIBTpa 3aBUCHT OT MOIEIH
nIymMa M crocoba ero HaJoKeHUs Ha u3obpaxkeHue [4-9]. B cinydyae axnuTuBHON
MOMEXH, pacHpenelieHHOM 1Mo 3akoHy [aycca, WCHONB3YIOT —JIMHCHHBIC
CTIIaKUBAOIIHE (PUIBTPHI C pa3IUnIHBIMU (YHKIUSIMA OKHA. B ciydae HanoxeHus
UMIYJIbCHOH TIOMEXH MOTYT OBITh WCIIONB30BAHBl HEIUHEHHBIE PAaHTOBBIC
GUIBTPEl (HampuMep, MeAWaHHBIN ¢mIeTp). Ecnmm mpenmomaraercs, 4ro mym
MYJIBTUIUIMKATHBHBIA, TO NpPUMEHseTcss ToMoMopdHas ¢uibTpamms [9].
Ecnmu monesHpIif cHMTHaM HECTAIlMOHAPHBIA, PEKOMEHIYEeTCsS HCIIOIh30BaTh
aIalITHBHYIO ($uIbTpanuIo, HaTpuMep, BHHEPOBCKUI ¢bmIbTp
[10, 11]. Otknuk amanTtuBHOrO (QUIBTpa BuHEpa ¢ JIHHEWHBIMH pa3Mepamu
aneptypbl N x L 3JIEMEHTOB ONPEIeNseTCs BbIPaXKECHUSIMMU:

(52 - VZ
X,y .
Jx,y =Hyy t (52 (Ix,y_ux,y)v (2)
X,y
l"l‘ :L ZI/ /'02 :L ler /—“2 3
X,y X,y Ox,y X,y “Hxys (3)
NL X.yen NL X yen

2
rac l.lx’y . Gx,y — JIOKAJIbHOC CPEAHEC U JIOKAJIbHAA OUCIIEPCHUA B OKHE (i)I/IJ'H:Tpa;

V2 — AUCIEpCUA IyMa; 1| — MHOXCCTBO MUKCeIei I/I306pa)KCHI/I${, IIOIIaBIINX B

OKHO (pUIIBTpA.

Ecnu AUCTICPCHA IIyMa V2 alpyuopr HEU3BECTHA, TO
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1
TP 4)
X,y

Taxke MOXXHO BBIJCTUTH TPYIIy METONOB, MO3BOILIIOMINX ITONYYHUTh
pe3yIbTHpYIOIIee N300pakeHre Ha OCHOBE aHANM3a ABYX NPYTUX H300paskeHHMA
(ucxomnoro u koppektupytouiero) [12, 13]. OHM HIMPOKO HCHONB3YIOTCA B
rpaduyeckom penakrope Adobe Photoshop [14, 15] u Ha3bIBAIOTCS pEXKUMaMH
HAJIOKEHUS, KOTOPBIE IEISTCS Ha IIECTh OCHOBHBIX TPYIII:

1) 06azoBeie (Normal, Dissolve) —  ycpeAHEHHWE HCXOTHOTO H
KOPPEKTUPYIOLIETO H300pasKeHHIA;

2) saremusromue (Darken, Multiply, Color Burn, Linear Burn, Darker Color)
— KOpPEKTHPYIOIIee H300paKeHNE 3aTEMHET HCXOIHOE;

3) oceermmtomme (Lighten, Screen, Color Dodge, Linear Dodge, Lighter
Color) — xoppekTHpyIoIIee H300paKeHNE OCBETIISIET HCXOIHOC;

4) xontpactasie (Overlay, Soft Light, Hard Light, Vivid Light, Linear Light,
Pin Light, Hard Mix) — xoppekTupyriee H300pakeHHe HU3MEHSACT KOHTPAcCT
HCXOTHOTO (OCBETIISET WITH 3aTEMHSIET H300paKeHUE B 3aBUCHMOCTH OT SIPKOCTH);

5) cpaBuenms (Difference, Exclusion, Subtract, Divide) — pe3ymnbraT
3aBHCHUT OT Pa3HUIIBI MEKIY UCXOTHBIM H KOPPEKTHPYIOIIHM H300pasKeHUSAMHU;

6) xommonentHele (Hue, Saturation, Color, Luminosity) — pe3ymsTar
Ka)XIIOTO I[BETOBOT'O KaHaJa 3aBUCHT OT COIEPKIMOTO BCEX KaHAJIOB HCXOTHOTO U
KOppeKTUpyomero  u3o0paxeHus  (IPUMEHHM  TONBKO  JUIL  IIBETHBIX
H300paskeHuR ).

W3 mpuBeneHHOHN BBINIE KIaCCH(pUKANUU PESKAMOB HAIOXKCHHS BUIHO, UYTO
Uit 00paOOTKH PEHTT€HOBCKUX W300paKEHUH, SBISTIOMIAXCS IIOXyTOHOBBIMH,
MOT'YT OBITh IPAMEHUMBI TIOUTH BCE PEKUMBI, KDOME MTOCIECIHEH TPYIIITEL.

Jdns  pelmeHus 3amadd  MOBBIICHWs KadecTBa Bm3yammsamuu MK Ha
MamMMmorpamme aTopoM B [16] mpemmoxen wmeronq IMRI-MAM. B wmetone
IMRI-MAM paccMmaTpuBaeTcs cuenayronas MaTeMaThJyecKas MOJIETb

n300paXkeHust MoIoYHOH sxene3sl 1= (1, p) e

I=D+F+R, (%)

rae D=(D, ,) — cocrapisitouias U300paxeHusl, Coaepikallas CTpyKTypy TKaHEH;

F=(F,,) — ¢oHoBas cocrapiustomas n300paxKeHUs, OTPAKAIOLIAs CPEAHIOKO
IUIOTHOCTh @HATOMHYCCKUX CTPYKTYp; R=(R, ,) — IIyMOBas COCTaBISIOLIAs
Iy, Dy, Fy,, R,, — SPKOCTH IHKCEICH C KOOPIWHATAMH (x,y)eM

n3obpaxennit I, D, F, R, coorBercrBenno; M =M "M,; M, M, —
ITOIMHOXKECTBA TIHKCeNeH, MpuHaAIeKanmx n3o0paxkeHuto MXX u ¢poHy cCHHUMKa
COOTBETCTBEHHO.

Tak kaK XapakTEepPUCTUKH ITyMa HEW3BECTHHI, a TOJE3HBIA CHUTHAN SBIISECTCS
HECTAIlMOHAPHBIM, TO IS YCTPAaHEHHS IIIyMOBOW COCTABIISIFOIIECH Tpeiaraercs
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WCIONIb30BATh ANANTHUBHBIN (ruiapTpa BuHepa ¢ KBaJpaTHBIM OKHOM pa3MepoM
prxpr-
A = wiener(L, py),

rae A=(4,) — u300paxenue nocie Gpunbrpaunn; A, y — SPKOCTb ITHKCEIIS C
KoopauHataMu (x,y) € M ; wiener() — GYHKIHS, peanu3yrolias BUHEPOBCKYIO
GUIBTpaMio TO BEIpaKEeHUSIM (2)—~(4); p; — JIWHEHHBIA pa3Mep amepTypsl
(mampumep, p; =5).

OreHka M300paKeHUs ]N)=(5x,y) Mozenu (5) ompenensieTcss A Ka)XIoro

MUKCENs ¢ KOOpAUHaTaMu (X, )) IO BBIPAKEHUIO

~ AX,)’ .
D = B—mxl V(x,y)eMl,’
e X,y
mxlI V(x,y)eM,,
rae By, — SPKOCTb IUKCENS ¢ KOOpAMHATAMH (X, V) uzobpaxenus B =(B, v);
B = wiener(1, pp) — Mopens ¢GoHA MOJOYHOH *xKemnessl ( p, cocraBmsier 2—3%
or pasmepa l); mx] — MaKCHMaimbHOE 3HAYCHHE SIPKOCTH H300paXKCHUS;

vy >1 — mapamerp A y-KOPPEKIHH.
Omenka m300pakeHUs F= (I? X, y) Mozenu (5) ompenensieTcst JUIsl Ka)IoTo

MUKCENs ¢ KOOpAUHaTaMu (X, )) IO BBIPAKEHUIO

mxl -4,
mx] ————==mxI V(x,y)eMi;
Bx’y
mxlI V(x,y)eM,.

Fry=

Torma c yweroMm mpemnaraeMod MareMaTtudeckod wopenu (5) oreHka

usobpaxennst MK 1=(/,,) BbluHCICTCS Ui KaXIOrO IHKCENS €
9,

KOoopAHHAaTaMH (X, ) MO BBIPAXKEHUIO

D, +F,
T = % V(x,y)eM;
X,y

mxlI V(x,y)eM,.

JIJIs KOppeKIHH IMHAMUYECKOTO THaa3oHa H300pakeHHs 1 TpeaaraeTcs
BBITIOJIHATh HEJIMHEWHOE KOHTPACTUPOBAHHME C WCIOIB30BAHMEM CHUTMOWIATHHON
(G YHKITHH.

Henr — BBIOOp BHIA W TApaMETPOB CHUTMOWIBI JJIS BBITOJTHECHUS
HenuHeHoro koHTpactupoBanus B merone IMRI-MAM wu oneHka KadecTBa
00pabOTaHHBIX H300paKEHUH.
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BbIBOP CUT'MOU/IbI JJIs1 HEJIUHEMHOI O KOHTPACTUPOBAHUS

PaCCMOTpI/IM HanboIee YacTo HCIOJIb3YyEMbIC CUTMOUIBI:

1
Si(x)= m > (6)
/> (x) =tanh(bx) ; (7)
bx
S(x) = W , (8)

rne b — k03¢ OUIMEHT KPYTU3HBI CUTMOUIEL.
Oynknus (6) mpruHUMAaeT 3HAYCHHS W3 MHTEpBaja [0,1], a((?) u((8) — us3
WHTEpBAa [— 1,1]. Tak Kak BXOAHBIE W BBIXOJAHbIC 3HAYCHUS (YHKIIUH

KOHTPACTHPOBAHHUS JODKHBI OBITh HEOTPHUIIATEIBHBIMHE, TO BBITOJIHUM CIIEIYIOIINE
npeodpazoBanust GyHKIHA (6)—(8):

1
fl(x)=1+e_mé )
£ = tanh(b(xz— a)+1 : (10)
b(x—a) ‘1
blx—d|+1 (11)
f3(X)=f,

TZle a — BENMYMHA CABUTA IO OCH abcCIwcc.
[TokaxxeM, uro Gynknuu (9) u (10) SKBHBaJICHTHBI IPYT IpyTy. BeIpaskeHue
(10) MOXHO TIepenucaTh B CICAYIOIIEM BH/IE:
eb(x—a) _e—b(x—a)
e R S ) B (12)
2 eb(x—a) +e—b(x—a) 1+e—2b(x—a) ’

S3(x) =

1 _ tanh((x—a)b/2)+1
14 b0-0) 2
¢yukum (9) u (10) sKBUBaJICHTHBI ApyT Apyry. [103TOMy paccMOTpHM CBOMCTBa
¢byakmuiz (9) w (11), 9TOoOBI BBIOPATH BUI CUTMOHABI JUIS HEJIMHEHHOTO
KOHTpacTHpoBaHHus (puc. 1).

N3 (12) Jnerko 3aMeTHUTh, 4YTO

B

W3 puc. 1 BumHO, uto QyHKIMA f3(x) HENpUTOXHA IVl HEIWHEHHOro

KOHTpaCTUPOBAHUA, T.K. MAaKCHUMaJIbHOC u MHWHHMAaJIbHOC 3HAYCHUA
JUHAMHUYCCKOIro AauariasoHa HCXOIHOI'O I/I306pa)KCHI/I${ HC 0T06pa>1<a}0Tcs{ B
MaKCHUMaJIbBHOC 1 MUHHUMAJIBHOC 3HAYCHUA JUHAMHYCCKOTO JHalla30Ha BBIXOJHOI'O

n3o0paxenus, T.e. mpu x >0 f3(x)>0 mopu x —>1 f3(x)<1. B cBoro ouepens
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¢byHkmusa f](x) MOXXeT OBITh HCIIONB30BaHA ISl HETMHEHHOTO KOHTPaCTHPOBaHM,

TK.OpH x >0 fi(x) >0 mmpu x >1 f3(x)—>1.

O T T I T T T T T T T
0 o1 02 03 04 05 0,6 0,7 08 09 1

— ) — — B

Puc. 1. I'paduxu curmona: a = 0.5 (cepenuna unrepsana [0,1]) u b =25

Takum o6pazom, B Mmeroge IMRI-MAM nis BBINOJHEHUS HEITUHEHHOTO
KOHTPACTHPOBaHHMsI OYJeM HCIOIB30BaTh CHTMOUIAIBHYIO (GyHKIHIO BUa (9).

ONTUMU3ALUA HAPAMETPOB ®YHKIMA HEJJMHEWHOI' O
KOHTPACTUPOBAHUSA B METOJAE IMRI-MAM

Omnpenenum mapametpsl pyakmuu (9). C menblo yHU(UKANUU apryMeHTa

byukuuu (9) mpemiaraercss HopMEpoBaTh H300paxkenne I mo cienyromemy
MpaBUILY:

Lyy— min (Iy))
(x,y)eM|
J X,y = =~ X =~ P (13)
max ([,,)—- min (I.,)
(x,y)eM] (x,y)eM;
rae J,, — SPKOCTb IHKCENs € KOOpAMHATaMH (X,y) HOPMHPOBaHHOTO

usobpaxenust J =(J, ), npuosrom J, ), €[0,1] V(x,y)eM;.

Hns ompenenenus mapamerpa a ¢GyHKIuH (9) BOCIOIB3yeMCst TeM (haKToM,
9TO CpelHee 3HAUEHHWE APKOCTH WCXOMHOTO H300paKeHWs [ JIOJDKHO

1
0TOGpakaThcs B CepelMHE JMHAMUYECKOTO IHANa3oHa, T.c. ﬁ=0.5.
1+ 074
2y
b - - M
Torma e P9 =1, cnenosatensno, a=[i, rue p=(x’)|))%|l —  OILIEHKH
1

MaTEMAaTH4YCCKOI' O OXXHAaHUA ﬂpKOCTCfI MUKCeIen I/I306pa)KCHI/I$I J .
IpUHAMJIC)KAIINX MOJIOUHOH >kene3e. McciaemoBaHus Ha PCAIBHBIX ]_[I/I(i)pOBI)IX
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MaMMOTpaMMax IMoKa3ajH, 4To KodhQHUImeHT KpyTu3Hel b QyHKIH (9) 00paTHO
MPOIIOPIIMOHANICH KO (DUIIMEHTY BapHaliyl 3HAYCHUH SPKOCTH M300pakeHus J ,
T.C.

p=2, (14)
(e}

>, -]

(x,0)eM;
M| -1

Ql
Il

rac OLCHKa CTAaHAAPTHOTI'O OTKJIIOHCHUSA ﬂpKOCTCfI

UKceNel n300pakeHns J , IprHAIISKAIINX MOJIOYHOM JKelese.
Beruncnenne kodddunmenta kpytusHel 1o (14) 1enecooOpasHo, ecin
Bk=0.5. OmHako, ecnm cpeiHee 3HAUYEHUE CIJIBHO OTIHYACTCS OT CEPeAUHBI

naTepBana [0,1], T.e. |ﬁ—0.5| >>(0, TO JJI1 TOBBIIICHHUSI KOHTPACTa BBIXOJHOTO

n300pakeHusT HEOOXOAUMO YBETHUYUTH KO3()(PHUIIMEHT KPYTH3HBI CHTMOHIBL. TaKk,
ecmt 1=0.5u 6=0.02, 0 10 (14) b=25,H0 ectt 1 =0.2 U G =0.02, TO IO
(14) =10, dYro paer HENpPHEMIIEMYIO XapaKTEPUCTUKY M HETHHEHHOro
KOHTPAaCTHPOBAHUS C IOMONIBI0 CHTMOHMITANBHOH QyHKIH (puc. 2). ITostomy
mpeayaraeTcsl CIeylolnas OSMIMpUYeckas ¢(opMmyna pacdera KodpQHuIHreHTa
KpPYTHU3HBI b :

b=22, (15)
(e}

rae k >1 — monpaBOYHBIH KO3(DDUIIEHT.
Tak kak BenwmumHAa Kod(pUIMEHTAa k MODKHA YBEIHYHUBATHCA C POCTOM
otkimorenus [ or 0.5 w mpm p=0.5 momkHo k=1, TO mpemiaraercs

HOIPaBOYHBIA  KOd()(QHIMEHT BBIYUCIATH [0 BBIPAKEHUIO Kk =1+ |ﬁ - 0.5| )
IMoxncraBus 510 BeIpakenue B (15), momydum
0.5+0.5i-0.5
po 05+ 0E-05

(o}

(16)

Torma ecmu 1=0.2 u 6=0.02, o o (16) b =32.5, UTO MAET KOHTPACTHOE
n300pakeHue MOCIe HETMHEHHOTO0 KOHTPacTHPOBaHUS (pHC. 2).

Tak kak 3HAYEHUS SPKOCTH BBIXOAHOTO H300paKeHUS IOCIEe HETHMHEHHOro
KOHTPACTHPOBaHHS ¢ MOMOINbI0 GyHkuu (9) npuHamiexut uatepsany [0,1], To
IUTSL OTOOpaKeHHUS W300paKeHUs C MOMOIIBIO CPEICTB BU3YaNH3alNN (HAIIPHIMED,
HAa MOHHUTOpE WJIH C TIOMOINBIO MPHHTEPA) HEOOXOMMMO YMHOXHUTH 3HAYCHUS HA
BEIXoAe QyHKIMH (9) HAa MaKCHMAaJIbHO BO3MOXHOE 3HAUEHWE SIPKOCTH mxl .
Taxum 00pa3oM, pyHKIHS KOHTPACTHPOBAHUS OYIIET MIMETh CIEAYIOMINAN BHI:

s = mxl (17)
X,y — _ _~ )
l+e (Jx,y Wb
rae S=(S,,) — BblxoxHoe wusobpaxenue; J=(J, y) — HOPMHPOBAaHHOE

© dunarosa A.E., 2016
ISSN 0452-9910. Ku6epHeTuka u BbI4HcI. TexHUKA. 2016. Boim. 183 31



nuzobpaxenue mo (13); b — kodhUITMEHT KPyTU3HBI CUTMOUIBI, BEIYUCIISEMBIHA
o (16).

)

Pt

»

CLOOOCoo
OS—DNW A UNAAI0O—

0 o1 020304050, 0,708 09 1

—_— ==a=0.5b=25 == = a=0.2,b=10
a=0.2, b=32.5 em—=().8, b=32.5

Puc. 2. I'paduiku CHrMOUI ¢ pa3IMYHBIME NTapaMeTpamMu @ U b

KPUTEPUIA ONEHKA KAYECTBA U30BPAKEHUI

Cy1ecTByeT MHOXKECTBO MOJIXO0/0B K KOJIMYECTBEHHON OLIEHKE BU3YaJbHOI'O
KadecTBa W300pa’keHWH, HO OHH HE JAIOT a0CONIOTHO OOBEKTHBHYIO OIICHKY
BH3YallbHOTO KadecTBa, COBIMAJAIOMIYI0 C CYOBEKTHBHOW OIIEHKOH DJKCIIEPTOB.
Hanbonee gacTo kauecTBO N300pakeHIsI OLIEHUBACTCS T10 TAKUM TapaMeTpaM, Kak
SIPKOCTb, KOHTPACT U MOJIHOTA UCIOIb30BaHUS I'pajalluil SPKOCTH.

C ydyeroM BBIOOpa ITapaMeTPOB CUTMOWIATBHON (PYHKIHMH Il HETHMHEHHOTO
koHTpactupoBanus meroma IMRI-MAM, kputepuii OLIEHKH SIPKOCTH JTOJDKEH

DI
. _ (n,y)eM,
y‘{I/ITHBaTL OTKJIOHCHHC cpe/:(Hero 3HAYCHUA ﬂpKOCTeI/I m=——————-——— oT
|M|
cepeauHbl nuanasoHa mxl/2. IloaTomy mnpennaraercst CIEAYIOLIUN KpUTEepUid
OLCHKHA ﬂpKOCTI/I H306pa)KeHI/I$IZ

(18)

[Ipu stom QObe[0,1], Ob=1 npu ontuManabHOH sipkocTd U Qb =0 s
a0COJTIOTHO YEPHOT'O MIIA a0COIIIOTHO OEI0r0 N300paKeHHSI.

Jnst OIeHKH KOHTpacTa B padOTe MpeaaracTcsl MCIOIb30BaTh CIEHYIOIINI
KpUTEpUI:
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max (S, ,)— min (S,,)

(x.y)eM) (x,y)eMy
c = .
Q max (S, ,)+ min (S;,) (19)
(xyeMy 77 (wyeMy

IIpu stoMm Qce[0,1], Qc=0, ecnmu n3obpaxkeHne ogHOTOHHOE, U (Oc =1

COOTBCTCTBYCT MAKCUMAJIbHO KOHTPAaCTHOMY H306pa)KCHI/IIO.
IlonHoTa HCIOIB30BAHUS rpaz[aunﬁ SAPKOCTH MOXKET OBITH OLCHCHa II0

THCTOrpamMMe n3odpaxkenust h; (i =0,mx/ ) Mo KpUTEpHIO

-1
Ocd=58"", (20)
mxl

r7e g — KOJIMYECTBO YPOBHEH SIPKOCTH, [UI KOTOPBIX /; > o (0 — KOHCTaHTa).
[Ipu satom Qcd €[0,1], Ocd =1, ecau MOTHOCTBIO MCHOIB3YETCSA BECh TUAIA30H
rpanmammii ceporo, 1 QOcd =0 A OMHOTOHHOTO H300paKEHUSI.

Torma ¢ yd4eroM CBOWMCTB pacCMOTPEHHBIX JIOKanbHBIX KpuTepues (18)—(20)
WHTETPANbHBIN KpUTEpuil KadecTBa m300paxkeHUs () MOXKET OBITh BBIYHCICH

CIIEYIONUM 00pa3oM:

0-30b 0c-0cd. @

3nauenne wuHTErpampHoro kpurepus Q <[0,1], mpuuem, dem Oombime

SHAYCHUEC KPUTEPH:, TEM JIYUIIC BU3YaJIbHOC KAa4YCCTBO H306pa)KCHI/I$I.
3AKJTIOYEHHUE

B pabGore BrImONHEHAa OKCIIEpUMEHTANBHAs IIPOBEpKa pPabOTHl MeTonma
MOBBIICHAS ~ KadecTBa  Bulyanmm3amuu  mMammorpamm  IMRI-MAM ¢
ucrionp3oBanueM curmounsl  (17). C  momomero metoma IMRI-MAM ¢
HCIONIb30BAHNEM pacyeTa KpyTU3HBI HAKJIOHA CUTMOUIBI IO BEIpakeHUsM (15) u
(16) ObLTH 0OpabGoTanbl 350 MaMMOIrpaMM, TOTYYEHHBIX C MTOMOIIBIO ITH(GPOBOTO
PEHTTEHOIOTHIECKOr0o MamMmorpaduiaeckoro komiwiekca SYMA (Ipou3BOICTBO
¢upmsr «Pammupy, r. XappkoB, YkpanHa). B Tabn. 1 mpuBeaeHB! TaHHBIE pacdeTa
KpHUTEPUEB OICHKH KadecTBa i 30 Takux n3o0paxkeHuit 10 00paboTKu (KOJOHKA
«mo»), mocie o0pabotkn mBenckoit kommanueir ContextVision (komonka «CVy») u
meronoMm IMRI-MAM c wucnons3oBanueMm BbeipaxkeHuit (15) m (16) (komoHKM
«(15)» u «(16)» coorBercTBeHHO). Ha puic. 3 mpencraBieH mpuMep MamorpaMMBbl
J0 U 1ocine 00pabOTKH, TOATBEPKIAIOIINI MOBBIIICHHE Ka4eCTBa BH3YaU3aIdN
MaMMOTPaMM.
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Tabuuua 1.
3nauenus Kpumepues oyenKu Kavecmea mammozpamm, paccuumarnvle no (18)—(21)

N ob Qc Qcd 0

Wl lev|as)|ae | xo | cv|as)|ae | x | cv |as) | a6 | xo | cv|as) |ae

—

0,96 0,801 0,78 0,98 | 0,26 | 0,47 | 0,60 | 1,00 | 0,32 0,48 | 0,10| 0,56 | 0,43 | 0,57 | 0,36 | 0,82
0,96 (0,8210,69|0,98 (0,28 0,42|0,41 | 1,00|0,34|0,44 | 0,06 | 0,60 | 0,45 | 0,53 | 0,25 0,84
0,95(0,8210,67|0,98(0,29|0,43|0,37 1,00 0,36 |0,48 | 0,04 | 0,62 | 0,46 | 0,55| 0,21 | 0,84
0,95(0,5810,83]0,98(0,33|0,75|0,69 | 1,00| 0,40 | 0,47 | 0,16 | 0,55|0,50 | 0,59 0,45 | 0,81
0,48 {0,891 1,00]| 1,00 | 0,67 | 0,41 1,00 | 1,00| 0,26 | 0,24 { 0,33 | 0,49 | 0,43 | 0,44 | 0,69 | 0,79
0,50 {0,711 0,94 0,93 | 0,68 | 0,64 | 1,00 | 1,00| 0,26 | 0,24 | 0,42 | 0,46 | 0,44 | 0,48 | 0,73 | 0,75
0,29(0,9410,99|0,95(0,84|0,36|0,96 | 1,00 0,20 | 0,17 { 0,21 | 0,46 | 0,37 | 0,39 | 0,58 | 0,76
0,29 (0,5710,89|0,84 (0,87 0,80 | 1,00 | 1,00| 0,20 | 0,18 { 0,29 0,38 | 0,37 | 0,44 | 0,64 | 0,69
0,25(0,9410,73]0,93(091|0,34|0,43(091]0,22|0,22{0,13|0,53|0,37 0,41 |0,34|0,76
0,730,531 1,00] 1,00 |0,54|0,87|1,00|1,00]0,39|0,37|0,48|0,48|0,54(0,55|0,78|0,78
0,75(0,8810,81|0,98 | 0,46 | 0,44 | 0,64 | 1,00| 0,34 0,32 |0,22|0,59|0,49 | 0,50 | 0,48 | 0,83
0,65(0,7110,990,99 | 0,56 0,65 1,00 | 1,00|0,29|0,30 | 0,42 | 0,48 | 0,47 | 0,52 0,75 0,78
0,57 {0,6410,97] 1,00 |0,65|0,74|0,96 | 1,00 | 0,28 | 0,26 | 0,25 | 0,56 | 0,47 | 0,50 | 0,61 | 0,82
0,53(0,7710,95|0,95(0,69| 0,56 | 1,00 | 1,00 | 0,20 | 0,27 | 0,45 | 0,44 | 0,42 | 0,49 | 0,75 | 0,75
0,5310,7710,96 0,96 | 0,71 | 0,56 | 1,00 | 1,00 | 0,21 | 0,27 | 0,45 | 0,45 | 0,43 | 0,49 | 0,76 | 0,75
0,58 {0,8410,98|0,98|0,61|0,48|1,00(1,00]0,25|0,27(0,37|0,46|0,45(0,48|0,71|0,76
0,52(0,7310,93|0,91 |0,67]0,62|1,00|1,00]0,27|0,25(0,37|0,48|0,46 | 0,48 | 0,70 | 0,76
0,64(09210,850,900,59]0,39|0,59(0,83]0,33|0,37 0,32 0,53 0,50 | 0,51]0,54|0,73
0,64 (0,6310,99]1,00|0,58]0,75|1,001,00]0,32|0,28 {0,50|0,48|0,50(0,51]0,790,78
0,54 (0,8410,98|0,99|0,65|0,49| 1,00 |1,00]|0,28|0,25(0,53|0,50|0,46 (0,47 | 0,80 0,79
0,770,751 0,97 0,96 | 0,46 | 0,60 | 1,00 | 1,00 | 0,30 | 0,27 { 0,36 | 0,49 | 0,47 | 0,50 | 0,71 | 0,78
0,78 (0,78 10,98 0,99 (0,38 0,57|0,98 | 1,00| 0,23 0,30 { 0,33 0,49 |0,41 | 0,51 | 0,68 | 0,79
0,66 0,791 0,94 0,96 | 0,58 0,56 0,93 | 1,00| 0,30 | 0,30 { 0,42 0,52 |0,49 | 0,51 | 0,72 0,79
0,7310,8310,990,99 |0,50|0,50| 1,00 | 1,00 0,31|0,29 { 0,39 | 0,48 | 0,48 | 0,49 0,73 | 0,78
0,33(0,8810,98|0,98(0,87|0,38|1,00(1,00]|0,17|0,19(0,38|0,46|0,37 | 0,40 0,72 0,77
0,2310,9910,97|0,96 (0,89 0,25 1,00 | 1,00| 0,14 | 0,20 | 0,35| 0,44 | 0,31 | 0,37 | 0,69 | 0,75
0,28 {0,9510,86|0,80|0,86|0,31|1,00(1,00]0,19|0,18(0,28|0,38|0,36 |0,38]|0,62 0,67
0,30{0,95]0,98|0,98(097|0,31|1,00(1,00]0,17|0,21 {0,39|0,43|0,37 | 0,40 0,73 | 0,75
0,24(0,9710,960,95(091|0,27| 1,00 | 1,00| 0,14 | 0,23 | 0,37 | 0,40 | 0,31 { 0,39 0,71 | 0,73
0,32(0,861093|0,93(0,82 041 1,00 1,00 0,14 0,22 035 035 033 043 0,68 0,69

e | (N[ |~ |WwW (N
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B) r)

Puc. 3. Mammorpamma Nel8 u3 Tabu. 1: a) o 06paboTkm; 6) mocie 06pabOTKH KOMIaHUEH
ContextVision; B) mocie 00paboTKH ¢ ydeToM BeipaxeHws (15); T) mocie 00paboTku
¢ yueroM BeIpaxkeHust (16)
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UDC 004.932:616-073.7

SELECTION OF PARAMETERS
OF THE VISUALIZATION QUALITY
IMPROVEMENT METHOD OF MAMMOGRAMS

Filatova A.E.
National Technical University "Kharkiv Polytechnic Institute"” (Kharkov)

Introduction. The main method of breast cancer diagnosis is X-ray
mammography. Visualization quality of studied organs of during radiological
examinations depends on many factors that are related both to characteristics of
recording equipment (an energy of ionizing radiation, exposure time, spatial
resolution, etc.) and to characteristics of a visualization object (thickness and
density of the tissue, dimensions of anatomical structures, etc.). So the task of
visualization quality improvement of mammograms due to digital image
processing is an important scientific and practical task. To solve this problem, the
author developed the visualization quality improvement method of mammograms
that is called IMRI-MAM. The main idea of the IMRI-MAM method is reviewed
in the article.

The purpose of the article is selection of the type and parameters of a sigmoid
function for performing of nonlinear contrast enhancement of the
IMRI-MAM method and a quality evaluation of processed images.

Results. In this article properties of different types of sigmoidal functions are
examined. The sigmoidal function of exponential form is proposed to use in the
IMRI-MAM method. The properties of exponential sigmoid function are
investigated. Optimization of parameters of nonlinear function of contrast
enhancement in the IMRI-MAM method is performed. Dependence of the
parameters of the sigmoid function of nonlinear contrast enhancement from the
statistical characteristics of processed image is shown. The analytical expressions
for calculating the parameters of the sigmoid function are found. Brightness,
contrast and completeness of brightness gradations are selected as parameters for
assessing of image quality. Local criteria for assessing of the image quality are
reviewed. An integral criterion of image quality based on the properties of
reviewed local criteria is proposed.

Conclusions. Experimental verification of the IMRI-MAM method of the
visualization quality improvement of mammograms with using exponential
sigmoid function was performed. 350 mammograms obtained with the digital
X-ray mammography complex SYMA (manufactured by "Radmir", Kharkov,
Ukraine) were processed using the IMRI-MAM method. Subjective assessment of
the experts showed a significant quality improvement of the processed images,
which is also confirmed by objective assessments of the images quality. Further
studies are aimed at generalization of the IMRI-MAM method to handle different
kinds of radiographic images.

Keywords: a sigmoid function, nonlinear contrast enhancement, mammogram,
the IMRI-MAM method, a criterion of image quality.
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CITIOCOB OIIPEJEJIEHUA KAYECTBA
IINJIOTUPOBAHUS 10 KOHTYPAM
KOPPEJISIHUOHHBIX MMOJIEA TAPAMETPOB
IHOJIETA B OCOBBIX YCJIOBUSAX

E.M. XOXJIOBI, 10.B. Fpnmex—ucoz, 0.H. Boioabko®
lHaytmo-Memot)utteCKuli uenmp npoueccnoz2o ananusa, (2. Kues)
2I/IHcmumym asponaguzauyuu HAY, (2. Kues)

B craTbe paccMOTpeH BONPOC HEAOCTATOUHOCTH MOTY4aeMOM
MWIOTOM HH(POPMALUK O KadeCTBE MHJIOTHPOBAHMA MPH cOoe 000pyIOBaHUS.
IIpoBeneH aHanM3 aBHANpPOHCIIECTBHMH M  PE3yNbTATOB HMMHUTAIIMOHHBIX
SKCIEPHMEHTOB, a TAaKK€ AaHAJIN3 IEPBBIX IIPHU3HAKOB IMOSBICHUS COOEB
obopynoBanust. [Ipennaraercst cmoco0 momy4eHus: JaHHBIX JUIS SKUIAaXa MyTEM
aHaJIM3a KOHTYPOB KOPPEISIMOHHBIX IOJEH MapaMeTpoB MoiéTa mpu cOosX
aBHOHUKH OOPTOBOTO 000PYIOBAHHS.

Knioueevie cnoga: KadecTBO NHIOTUPOBAHMS, KOHTYP,
KOPPEISIIIMOHHOE TIOJIE, YeI0BEUECKHil (haKTop.

B crarti poO3MISHYTO MHTaHHS HEJOCTaTHBOrO 00CAry
inpopMmarlii, Ky OTpEUMYe MiIOT Ui 3a0e3MeUeHHs] SIKOCTi MIOTYBaHHS MPH
3601 obnagnanns. [IpoBeneHo aHami3 aBiakaracTpod i pe3yabTaTiB iMiTaliiHUX
EKCIICPUMEHTIB, a TaKoX aHali3 IEepIIMX O3HAK IOsiBU 3001B 00JaJHAHHS.
[pomonyerbest croci® omepikaHHS HaHUX Ui eKiMaxy [UIIXOM aHami3y
KOHTYPIB KOPEJALiHUX TIONIB MapaMeTpiB MONbOTY HPH 300X aBiOHIKU
00pTOBOrO 00JIaHAHHS.

Kniouosi cnosa: sxicTh MiOTYBaHHS, KOHTYp, KOpEJsLiiiHe
ToJie, JIOACHKHUN (haKTop.

BBEJEHUE

[Ipu oKcIoTyatamu BO3MYIIHBIX CYIOB HOBOTO IOKOJICHHS, HWMEIOIIHX
ANIEKTpOHHOE OOpTOBOE 00OpymOBaHUE (0OPA3HO — «IETAIOIINE KOMITBIOTEPED»),
BO3HHKAIOT OTKa3bl, B KOTOPBIX JIEKTPOHHEBIE cOom coctaBistoT 10 70-80% wu
HAOJIONAIOTCS MHTEHCUBHBIE TPEHIBI UX pocTa. Tak MM WHaUe BCe pe30HAHCHBIC
aBuanpoucmiectBusg  (CxaminoB, CwmoneHck, Kampanp u T.1.) uMerOT
TEXHOJOTUIECKYI0 MpruuHy (causa finales) — KOMIIEKCHBIE COOM aBUOHUKH —
CHCTEM YIIPABIICHHS MK CHCTEM O€30IaCHOCTH.

3HaunTeNFHOE KOJIMYECTBO aBHAKaTacTpod) W CEPbE3HBIX HHIUICHTOB
MPOUCXOIUT MO TEXHOJIOTMYECKAM MPHIMHAM — OTKa3aM aBHOHHUKH H OOPTOBOTO
obopynoBanus. B pabore BmepBbIe M3ydaroTcsi cOOM aBHOHUKH KaK CIy9aliHBIC
OUKITAYIECKUE TPOLECCHl U ITYTH WX BBISIBICHUS.

IIOCTAHOBKA 3AJIAYHA

HpI/I BBHITIOJIHEHUH CIIOKHBIX TOJIETHBIX 3aJaHHi MUJIoTy HCO6XO,I[I/IM8.
OrnepaTuBHas I/IH(i)OpMa]_[I/If{ O KadeCTBC pa6OTI)I ABTOMATHKHN B CHCTEMC
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ympaBineHus caMoiéroM. Ha nérkmx caMonéraX KadecTBO MHIIOTHPOBAHHUS
MOJTHOCTBIO  3aBHCHUT OT TMWiIoTa. Ha BO3AYIIHBIX CyHaX, HMEIONINX
ABTOMAaTHYECKUE CHCTEMBI YIIPABIICHHUSL, TaKE B IITYPBAILHOM PEKAME HE JOIKHEI
JOITYCKAaThCsl HEKOOPIWHHUPOBAHHBIC SBONMIONMHA. Ho WHOrma 3TH CHCTEMBI U
cucteMbl Oe3omacHOCTH naroT cOoit. Ilog «cOoem» TOHMMAaeTcs BHE3AITHO
BO3HHKIIHNI WM BHE3AIMHO MCUE3HYBIIUH TEXHOJIOTUIECKUI OTKa3, KOTOPHIH, KaK
MPaBUJIO, HE TUATHOCTUPYETCSI OOPTOBHIMU M Ha3eMHBIMH CPEICTBAMH KOHTPOJISL.
Taxue HETaTHBHBIC CITyYallHBIC IIUKIIMYECKHUE MPOIECCHl MOTYT BOSHUKAThH B CAMIX
JNIEKTPOHHBIX CHCTEMax KOHTponsi Oe3omacHocTd. B pesynpraTte, cucrema
nesuHpopMupyer mwiotra. OXHON U3 MPUYHH SBISIETCS HCKaKEHHAS WH(POPMAITHS,
moiaydaemMass OT OTHENbHBIX [aTuukoB. J[lpyras — cOom, mpoucxomsmue B
JIIEKTPOHUKE, B OCHOBHOM, CBsi3aHHBIe ¢ PN mepexomamm (p — positive —
MOJOKUTEIBHBIN,  JBIPOYHBIA, WM DJEKTPOHHO-IBIPOYHBIA  TEpexol, N —
negative — OTPULATEIBHBINA, IEKTPOHHBIH — O0JIACTH IMPOCTPAHCTBA HA CTHIKE
IBYX MOJIYIPOBOIHUKOB P- M N-THIIA, B KOTOPOH MPOMCXOAUT IIEPEXOA OT OTHOTO
THIIAa IPOBOAMMOCTH K JPYTOMY) B DJIEKTPOHHBIX 31eMeHTax [ 1, 2].

Takwe cloXKHBIE CIOydaifHBIe cOOM, CONEpIKAIINe IOJNICTHBIE W HEMOJECTHHIE
YYaCTKA TPAEKTOPHH (3aKPUTHYECKUE YIIBl aTakd), MPUBOMIT OOBIYHO K
HEHCCIeA0BaHHBIM 3((heKTaM HapymIeHHUs OPTOrOHAIBFHOCTH W OPTOHOPMHPOBKU
BCEX KOOPOUHATHBIX CHCTEM, HCIONB3YEMBIX sl (HDOPMHPOBAHUS TEXHOJIOTUH
MWIOTHPOBAHUS W TEKYIINX 3HAUCHHUH ITapaMeTpOB TEXHHUKH IFJIOTHPOBAHUS,
KOTOpBIC ONPEACISIOTCS CIEAYIOIIMMHI TPABEIMA IPSMOYTONBHBIMH CHCTEMaMU
KOOpPJIMHAT — 3€MHOM, CBSI3aHHOM, TTOTyCBsI3aHHOM, CKOPOCTHOM [3].

CHOXHOCTP aHaiuW3a TAKAX CIyJaWHBIX  IUKIHYECKAX  HapyIIeHUH
OPTOHOPMHUPOBKH KOOPIUHATHBIX OOPTOBBIX CHCTEM COCTOHT TakkKe B TOM, UYTO
oOrmrast Teopusi co3iaHus OeccOOWHON (aHTHCOONHHOW) OOPTOBOK 3JIEKTPOHHON
ammapaTypbl 1 aBHOHHKHA HAXOAWTCS HA HaYaJbHOU CTamuu pa3paborku [4].

K coxanennto, TONHOE OTCYTCTBHE TEOPETUUECKUX HCCICIOBAHUHN 110
aHAJMTHKE KOMIUIEKCHBIX cOOCB aBUOHUKH, CBS3aHHBIX C d(deKkTaMu HapyIIeHUs
OPTOHOPMHUPOBKH OOPTOBBIX KOOPAWMHAT BO3AYIIHBIX CYAOB, HEBO3MOXKHOCTH
aHaluM3a OJTUX IIApaMEeTPOB HW3BECTHBIMH METOAaMH — KOPPEILIHOHHBIMU
(YHKIOUSAMH, AamnmapaToM MAapKOBCKHX MPOLECCOB, HM3BECTHHIMH  TEOPUSIMH
KOITMYECTBEHHOM W KadeCTBCHHOW WH(MOPMAIIMH, WCCIECIOBAHUS —OIepauii
TNPUBOOUT K HEOOXOIUMOCTH TEOPETHIECKOT0 OOOOIICHHS CYIIECTBYIOUIIX
moxxoa0B. O6patumces k puc.l a, 0, c.

B kmaccudeckux Tpymax 1mo TEOPHH BEPOSTHOCTH TPAKTYIOTCS TAKHE ITOHATHUS
KaK KOppeIsilus, KOppeILIUOHHAs CBsA3b (mpsMas, oOpaTHas, OTCYTCTBHE
Koppemsnun). Takoil HaydHOH TUXOTOMUU JUIS aHalm3a cO0eB Malo.

s ananm3a c60eB TH SBICHUS HHTEPIPETHPYIOTCS Oonee 00obmenno. Ham
HYXEH APYrof MOIXOA — B TEPMUHAX M YHHBEPCANUAX, IIHPOKHX KATETOPHUIX
KJIACCHYECKON KHOSpHETHKH, B TAaKUX (PYHAAMEHTAIBHBIX TOHATHAX Kak IIOJe,
KOpPEIANOHHOE TI0Je, TPYIIBl MpeoOpa3oBaHUil, KOHTYpHl (KOHTYpHI, (opma
¢uryp), rpymnmnosas o0J1acTh u T.1. [5].

[on koppersIIMOHHBIM TIOJIEM MOHMMAeTCs He TaOnWiia WM MaTpula, a Ta
TpyIIoBas 00IacTh, B KOTOPOU CYHISCTBYIOT KOHTYPHBIE (PUTYPHI (KOHTYPBI), HAJI
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KOTOPBIMH MOTYT OCYIIECTBISITHCS JIFOObIE TPYIIbBI MPe0OpPa30BaHuil BILUIOTH 0
CBOOOIHBIX.

IMoxxompl, OPUCHTHPOBAHHBIC HA AHAIUTHKY KOHTYPOB, KaK IOKa3bIBaeT
H. BuHep, pe3k0 yMEHBINAIOT KOJMYECTBO HEHCIIONB3YyeMOH HH(OpMALUA U
LEHTPUPYIOT BHUMaHHE Ha aHain3e KOHTYpOB (GUryp, m300pakeHHbIX Ha puc. 1.
Ho rtorma puc. 1 cinenyer TpakroBaTh Kak pHCYHOK «THITOBBIX mpeobpa3oBaHuit
KOHTYPHBIX QUIYp (KOHTYPOB) KOPPEISIAOHHOIO ITOJIS B JBYXMEPHON 061aCTHY.

Kak mokaszany Halll HCCICIOBAHUS APaMETPOB TEXHUKU HMHJIOTHPOBAHHUSL,
puc l.c mpekpacHo xapakrtepuzyeT 3(O(DEKT COXpaHEHHs OPTOHOPMHUPOBKU
O0opTOBBIX KoOpmuHAT. MMeHHO Takas ¢urypa HaOmomaercs INpH o00paboTKe
mapamMeTpoB camonucieB. OCOOCHHOCTh TaKuX (QUTyp JIt000i HopMbl — HanudHe
[UTOLIAJIA KaK MATEMATHYECKON BEIMYMHBI U KaK WHBAPUAHTA KOPPEISIIMOHHOIO
moist. OTCYTCTBHE IUTOMAAN co3aeT 3P PeKT HapyIIeHUs] OPTOHOPMHUPOBKH, UTO U
MPOUCXOAUT TMPU MPEHCTbHO CIOXKHBIX COOSX ABHOHHKH H  OOPTOBOTO
00opyIOBaHUS.
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Puc.1. Bunst KOHTYpHBIX KOPPESIIIMOHHBIX TTONTEH:

a — npsmas koppensius XCVY, 6 — oOpartnas koppensiius XCY, ¢ — oTCyTcTBHE
KOPPEJISIMHU B CIy4ae OPTOrOHAJIbHOM cucTeMbl X, V, Z (;1r00ble mapaMeTphl mojiera)

Heab — pa3paborath crnocod ompeneneHus KadecTBa NMUIOTHPOBAHMS MO KOHTYpam
KOPPESIIMOHHBIX TMONEH MmapaMeTpoB IOjJeTa HAa OCHOBE aHAJIHM3a ABHUANPOHCIIECTBHH U
MMHTAIIOHHBIX YKCTIEPUMEHTOB.

AHAJIN3 ABUAITPOUCHIECTBUIA U PE3YJIbTATOB UMUATAIIMOHHBIX
SKCIIEPUMEHTOB

[IpoBenem aHaMM3 KOPPEISAIIMOHHBIX TOJNEH aBHAITMOHHOTO MTPOUCIIECTBHS B
pailone aspompoma «CxHmioB» — 27.07.2002 r. XpoHOJOrHs H3MEHEHUS
MapaMeTpoB ITIOJIETa IO CTOJIKHOBEHHS C 3eMiieH TokazaHa B Tabmume 1: V. —
CKOPOCTB; ¥ — KYPC; Y — YToJl KpeHa; o, — yroi ataku. [Ipu momere mpou3orien

c6oif TOI0COBOrO MHMOPMATOPA: Ohonyeca = 24°— CpabaThIBaHHE TOIOCOBOIO
nH(pOpMaTOpa.
R

H. BI/IHep TEPMHUHBI «KOHTYPBI», «KOHTYpHas q)Hpra)) TIPUMEHACT KaK CHHOHHUMBI, © Mbl CHHUTAEM 3TO

TIpaBUJIbHBIM.
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Ha puc.2 moka3aH BUI KOPPEISAIIMOHHOTO MOMNS MAPaMETPOB (., Y Ha yIaCTKe
mojera 10 cOosl BO BpeMs BBIMOTHEHHUS (HUTYPHI BBICHIETO MIJIOTakKa — «KOCOH
TIETITH C TIOBOPOTOMY.

OOmryro KapTUHY MOSBICHUS KOMILIEKCHOTO cO0s ToJI0coBOro mHpopmaropa,
ABTOMATa YINOB ATAKH M IEPerpy3KH KOMAHIHp BO3AYIIHONO CYIHA — TO3KE
OXapaKTepH30Bal KaK «HEMOHATHOE W HEOXHIAHHOE IMOBEIEHHE camoneTra» [9].
3TO JOKa3pIBaeT KpailHIOIO HEOOXOJMMOCTh CO3[JaHHS AHAIM3aTOPOB MEPBBIX
MIPU3HAKOB TIOSBIICHUS TaKUX COOWHBIX, HUKIMYHBIX MporeccoB. OMBIT CO3MaHUS
aHAJIM3aTOPOB TAKOT'0 Kilacca umeercs [6].

Ta6amuna 1.

3nauenus napamempos mexHuxuy nuromuposanus npu asuanpoucuiecmsuu 27.07.200
¢ BC CY-27VF 6 patione aspoopoma «CkHu106»

CexkyHabI
HaszBanue o
OIOpPHOI CTOJIKHO- IMapameTpsbI
TOYKH BEHHUS C
TPAEKTOPHHI 3emurei
t, c H, m V, km/4ac v, ° v, ° a, °
BBox B “60uky” 33 178 491 317 -11.1 11.7
Brox s wocyio 29 220 514 311 131 | 16.4
NeTJII
Tpu passopote 21 655 409 229 1168 | 19.4
Ha 90
JlocTHaKeHUE
MAaKCHMAJIbHOI 16 845 347 158 -93.5 20.6
BbICOTHI (Hpmay)
Tpu passopore 14.5 826 361 130 935 | 21.6
Ha 180
Hauano
BBINOJTHEH Sl 9.5 596 384 65 -69.8 13.4
BpaleHust
Ilono:xenue
“BBepX 7.36 497 404 -178.9 16.6
KoJiecamu”
3aBepuieHne 6 333 428 139 25.6 26.9
BpALIEHHST 3aKpUTHYECKHE YIJIIbl ATAKK )
Bbixox na 3.5 137 | 381 | 120 | -85
MAKCHMALHbIE 3aKpUTHYECKUE YTIIBI aTaKH — TOJIOCOBOK MH(OpMaTOp He 31
Yribl aTaKu
(0 max = 31°) pabotaer
Mowerr 0 0 340 81 342 | 94
CTOJIKHOBEHUSA

Ananuz napamempos noiema 0o coos. Bricora momnera mo c6os — ot 685 mo
450 meTpoB. AHaJIM3 MPOBOAMJICS IO JEBATH ydacTkaM mojera (At) mo cOos
(Tabmn. 2). KoppensiuonHon CBsA3W MeXay o (YIJioM aTaku) W y (YIJIoM KpeHa) He
BEISIBIICHO.

*ok
Komanaup BO3IYNIHOTO CyAHAa — JICTYMK-HCIHBITaTeNb 1 kimacca, 20 JeT JeTHOH paOoTHI, yYaCTHHK

JAEMOHCTPAIITMOHHBIX IIOJIETOB Ha MEKAYHAPOAHBIX aBHAIIOYy, MAaCTEp IIO BBIIOJIHECHUIO (1)I/II‘yp BBICHICTO
MHJI0TaXxa.
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Puc. 2. IToner 1o c60s roj10coBOro HHGOpMaTopa 1 aBTOMaTa HHIUKAIINU
YIJIOB aTaKd U MEPErpy30K

Tao6auna 2.
Tlapamempor nonema 0o co6os —om 685 00 450 mempos
At
1 2 3 4 5 6 7 8 9
ITapameTpsl
a 70.7 66.8 69.5 68.8 113.1 133.95 178.6 264 79.8
Y 21.2 20.6 18.6 14.5 13.0 14.3 16.4 17.8 21.8

Ananuz napamempos norema npu c6oe. Bricora monera npu c6oe — ot 480 1o
108 METpOB, Ouonyexa = 24° (Tabm. 3, puc. 3). I'omocoBoil uH(oOpmarop mpu
IOCTYKEHUU o = 24° He BKIOYWIICS rU3-3a cOo4.

100 . . : : . .
Vroa

lq)&l[ﬂ.,'f
Tpagycsl
20,

32

o ¥roa aTakH, rpagycel O

Puc. 3. IToner Bo BpeMs cO0si TOJIOCOBOr0 HH(POpMATOpa U aBTOMATA MHIUKAIIUH
YIJIOB aTaKH M MEPErpy30K
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Tao6aunua 3.

Tapamempuor nonema 6o spemsi coosi — om 480 0o 108 mempos

At
1 2 3 4 5 6 7
IlapameTpsl
o 74.8 38.55 313 194 10.0 8.4 4.2
Y 21.8 25.6 26.6 26.9 28.1 28.5 30.6

[Ipu cboe mpoumsonuio mpeodpa3oBaHUE KOHTYPHOU (UTYPHI, HMEIOIIei
TUTOIAIb B KOOpAWHATAX O U Y, B KBa3WIHHEWHYI0 KoH(puryparwio (Puc. 3). beuto
YCTaHOBJICHO, YTO Ha BhIcOTax OT 450 MeTpoB 110 108 MeTpoB BO BpeMs cOOMHOTO
MpoIIecca TPACKTOPHS «IT0JIETa» HAIIOMIHAJA HEH3BECTHYIO (PUTYPY «X000T».

Takum 00pa3oM, MOXHO YTBEpXKIAaTbh, YTO IIPOU3OIUIA OIpPEACICHHBIE
HapyIICHUS B IPOIECCEe BHIIONMHEHIS MOJIETa, CBSI3aHHBIE C HAPYIICHUEM PEKIMOB
moJieTa Ha TAHHOM JTare. JTO CBI3aHO ¢ HApyIMIEHUEM CKOPOCTHOTO peKuMa H3-32
c00s1 TOJT0COBOr0 HH(OpMATOpA.

Ananuz napamempos noirema nocie cobos (tabn. 4, puc. 4). Ha Beicore 108
METPOB TOJIOCOBOW HH(OMaTOp BHe3amHo (Tipu o = 31 °) BKIIOYWICS W BbLIA
KOMaHIy «YTON aTakd MpenenbHBINY, MWIOT 3a 1,5—2 CeKyHABI U3MEHMI YTOMI J0
23,1-9,4 rpamxycos.

Tabuuua 4.
Tlapamempuwr nonema nocae cHos
At
1 2 3 4 5 6
ITapameTpsl

a 30.3 50.2 51.7 53.9 57.5 33.1
Y 28.3 28.1 26.6 254 23.1 94

Yromkpena y, T

TpamyChl .

U ]

NN TN TN N T N TN TN NN N SN TN TN N N SN S T T |
WHRBUHABEITROIDANDBUND XTI

a VTOmn aTaKH 0, TPATYCH

=y
o

Puc. 4. IToner mocie coos

Ananuz nrowjadeti KOHMYPHbIX KOPPENSYUOHHBIX NOLECU NAPAMEMPO8 NOJemA.
[IpoBeneHa oreHka mIomaneli KOHTYPHBIX KOPPEISIIUOHHBIX ToNeit 1o c6os (S)),
BO BpeMs cOos (S;) m mocie cOost (S3) KIACCHYECKUM METOIOM H3MEPEHUS
TUIOIAJIeH YMCIIOM 3aMOIHSIOIINX IIOCKYI0 GUTYPY SIHHUYIHBIX KBaapaToB [7].
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CoBpeMeHHBIE MOIM(PHUKANNK OSTUX MOAXOAOB W3BECTHBI KaK METOIBI
«ceTouHo  reomerpum»  [8],  MO3BONSIOIIME  WCKIIOYHTH  IPOLECCHI
HWHTETPUPOBAHUS IIPH TIOMCKE BETMYMH IDIOMAIeH KOHTYPHBIX QUTYP.

Takum oOpa3om:

S1=5550,025 oM’ — TIJIOIIA (b KOPPEIISAIIMOHHOTO MOJIS 10 cOOs

S5 =30,25 cM” — BO BpeMst cGos

S5 =21904 cM® — mocie c60s

OmnpeneneHsl MoKa3aTeny cpaBHEHuU (Talr. 5):

AS; = 81/55=15550.025/21904 = 0,25

AS, = 8/81 =30.25/5550.025 = 0,005

AS; = 8,/55=30.25/21904

Tabéauna 5.
Tlokazamenu cpasHerust niowadell KOppeIssYUOHHbIX Noaell
Buja nokaszarenst Jlo coost Bo Bpems coost ITocuie coost
S S, =5550,025 cm” S,=3025 cm’ S5 =21904 e’
Hoxazarean AS, =025 AS, = 0,005 AS; = 0,001
CpaBHEHMsI

B nmanpHeitmem mns uccienoBaHus KOHQHUTYpaIUi KOPPEILIIIUOHHBIX TONIEH
ObUTM OpraHW30BaHBI JKCIEpUMEHTH Ha camonere AH-140 ¢ BBIKIIOUCHHEM
IBHUTATENCH sl MMATAIAA COOEB.

[TocrenoBaTenbHO BBIKIIOYANNCH TEPBBI U BTOpoi aurarens AH-140 B
KpercepcKoM ToJIeTe Ha BBICOTE 3,5—4 KM, Takas HMUTAIHs ObUTa HeoOXoauMa JUis
aHanmm3a cOOeB, B KOTOPHIX HET BBIXOAA HA HEIMOJETHBIE YYACTKH TPACKTOPHH, a
TaKkXke Ui BBIACHEHWS, KaK MPOUCXOAUT TpaHc(HOpManus IDIOmanel KOHTYpPOB
KOPPEISIINOHHBIX TIOJNEH TIpH cOOSX TaKOro KiIacca.

Pe3ynpraTel mccnemoBaHUS HMMHUTAUM OTKAa30B IBHTATENCH Ha caMoieTe
AH-140 moka3zansl B Tab1. 612 1 Ha puc. 5-9.

[Tonet n0 cOo0s1, MepBBIN ABUTATENh paboTaeT (TadlI. 6, puc. 5).

207
Vron aTar o,
rpamycel
15[
1
o 1n 1 =
ooa ' T
1] ~
1 ~
1 Thi
e 13 ~ 4
5 Z/.
1
1
3
G o
Zum° -10° ° 1n° 0°

~  Vrom kpena y, rpamycel

Puc. 5. Ioner 1o c60s MepBOTO IBUTATENS
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Tao6auua 6.

Tlapamempuwr nonema 00 c60s nepaoco 08ueameis

At 1 2 3 4
IlapameTpsl
o 11 10 2.5 5
Y -2.5 7.5 -2 18

Bo Bpems cOost TepBBId ABUTATENb HEe padoraeT (Tabm. 7, puc. 6).

Taoauna 7.
Tlapamempuwr nonema 6o pemsi c60s nep6o2o dsucamelis
At
IlapameTpsl ! 2 3 4
1] 5 2 5 6
v 0 3 3 0
6 o
Vrom aTam o,
rpamycet s
o 4f°
e
3 &
2T -2° 0° 2 4°
. Yrom kpena y.
Tpamyce!

Puc. 6. [Toner npu c60e nepBOro IBUTATENs
[oce cOost mepBEIit IBUTATENH pabOTaET.
Jlo c6ost BTOpOit nBUTaTENh padoraet (Tabn.8, puc.7).
or 3
Vron atagm o,
TPamycEr e

Z4 -2 0° 2° 4°
| Vron xpenay,
TPamyCEl
Puc. 7. Ioner 1o c60s1 BTOPOTO ABUraTENs
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Ta6auua 8.

Tlapamempul nonema 0o cbos 6mopo2o dsueameis

At 1 2 3 4

ITapameTpsl
o 6 7 9 5
Y 0 3 -3 -1

Bropoii neurarens He padoTaer (Tadi. 9, puc. 8).

Tabéauna 9.
Ilapamempul nonema npu cboe 8mopo2o ogueameis
At 1 2 3 4 5
IlapameTpsl
1] 6 0 3 7.5 6
v 0 K 7 14 2
80
VTom artars o.
TpamgyCel
6 (-
o g1®
EHHE
2 (-3
D o o =]
=20 -10° 0 10
~ Vromn xpena v,
Tpamychl

Puc. 8. [Toner Bo BpeMsi cO0st BTOPOTO IBUTATENS

[Ipu cOoe BTOpPOIt MBUTATENH HE pabdoTaet (Tabi. 10, puc. 9).

147
Vron atasm o,

TPamyChI

12F

&
Bl x ~ - o
—40 -0 0 20 a0
" Vron gpena vy,
rpamyCcEl

Puc. 9. IMoner mocne c60s1 BTOPOro JBUTATENS
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Tao6auna 10.

Tapamempwr pabomul nocie coost 6mopoeo dsueamens

IlapameTpsl A ! 2 3 4 5
o 6 6 7.5 13 12.5
v 2 -185 225 30 30

Beutn ompenelieHbl MIOMIATA KOHTYPOB KOPPENAIMOHHBIX Tojel (Tabdn. 11,
12):

A. Tlo mepBOMY IBUTATEINIO:

S1=75 om?

S>=30 om?

S3=150 om?

AS;1=75/50=1,5

AS,=30/75=04

AS3;=30/50=0,6
Tab6auna 11.

Tokazamenu cpasnerust niowjadeil KOHMypos Napamempos
MEeXHUKU nuiomuposarust ((X u y)
Buja nokaszareist o coost IIpu cooe ITocuie coost
K S1=75cm’ S,=30M S3=50 M
IMoka3zarenn AS, = 1.5 AS, = 0.4 ASs= 0.6
CpaBHEHHA

b. ITo BTOpOMY IBUTATENIO:

S; =80 cMm2

S> =45 cm2

S3=65cm2

AS;=80/65=1,33

AS,=45/80=0,5625

AS;=45/65=0,6923
Ta6aunna 12.

Toxazamenu cpagnenus niowjadeil KOHMYpPoO8 Napamempos

MEeXHUKU NUTOMUPOBAHUS (0. U Y )

Buja nokasareist o coost IIpu cooe TTocuie coost
S S =80 cM® S, =45 eM® S5 =65 cm®
Hoxkasareun AS; =133 AS, = 0,5625 AS; = 0,6923
CcpaBHEeHHSI

Takum  06pazom,

MPEINIOKECHHBIA  CIIOCO0  OMpeAeleHUsT KadecTBa
MWIOTHPOBAHUS MO KOHTypaM (KOHTYpHBIM (HUTypaM) KOPPEISIIHOHHBIX
moJjiell mapaMeTpoB IOJETa 3aK/IIOYaeTcd B TOM, YTO IIyTEM OIpelesieHus

HAIMYUS WA OTCYTCTBHSI IDIOMAAEH KOHTYPHBIX (QHUTYP KOPPEISIHOHHBIX

noJei mapaMETpoOB IIOJIETa ONPCACIIAOTCA MEPBLIC IPU3HAKU ITOSABJICHUA WA

OTCYTCTBHA c00O€EB aBHOHHUKH B CIIOKHBIX YCIIOBHSX TTOJICTA.
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BBIBO/bBI:

Croco0 ompeneneHusi KadecTBa MIJIOTHPOBAHUS IO KOHTYpaM (KOHTYPHBIM
burypam) KOppersIMOHHBIX MOJel MapaMeTpOB IMoJieTa NpH COOSX aBHOHUKH U
O0OpTOBOr0  00OPYIOBaHUS I[MOKA3BIBAIOT JIOCTATOUHYI0 3()GEKTUBHOCTH IS
CO3/IaHUSI AHAIN3ATOPOB MEPBBIX IPH3HAKOB COOCB.

ITpu KOMILIEKCHBIX COOSX, CBSI3aHHBIX C IIEPEXOJOM OT IOJETHBIX YYaCTKOB
TPaeKTOPHUHU K HETOJIETHBIM Y4aCTKaM u 00paTHO, HabIroaaTes 3G dEKTh MOTHON
TpaHchopMaIru U TPeoOPa30BaHUsl MIIOCKOCTHBIX KOHTYPHBIX (DUTYp B JIMHEHHbIC
KOH(UTYpaIUu.

ITpu c60s1X, HE CBA3aHHBIX C MEPEXOJOM B HEMOJETHBIC YUACTKH TPACKTOPHH,
HaOMoMa0TCs 3P(EKTH CKATHUS U YMEHBINEHUS IUIONIAJeldl KOHTYPHBIX (uryp
(KOHTYPOB) KOPPENSAIHOHHBIX MTOJIEH.

IMepexon kK aHanu3y KOHTYPOB KOPPEISALHOHHBIX IOJCH MPHU PACHO3HAHHU
KOHTYPHO!H (DUTYpBI OrpaHUYMBAETCS JUIS BBISBICHHUS MTPU3HAKOB CIIOXKHBIX COOEB
4—6 TOYKaMHU OTCYETa MPHU BBISBICHHH (aKTa HANMYMS WIA OTCYTCTBHSI ILIOMIAIN
KOHTYPOB. DTO KpaifHe HeoOXOIUMO IUIS aHal3a OBICTPOTEKYIINX COOEB, IHUKIIBI
KOTOPBIX CpaBHHMBI C BPEMEHEM CEHCOMOTOPHOW PpEakKi[Mi aBHUAIMOHHBIX
OIepaTopOB.
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METHOD OF DETERMINING THE QUALITY

OF PILOTING BY THE CONTOURS OF CORRELATION
FIELDS OF FLIGHT PARAMETER IN SPECIAL
CONDITIONS

Y.M. Khokhlov', Y.V. Hryshchenko’, O.N. Volodko®
! Scientific and Methodological Center of Process Analysis (Kiev)

Institute of Aeronavigation, National Aviation University of the Ministry of
Education and Science of Ukraine (Kiev)

Introduction. Often during the operation aircraft of a new generation which
has electronic on-board equipment (literally "flying computers") there occur
failures, where electronic failures are up to 70-80% and we can observe intensive
trends of their increasing. One way or another all resonance aircraft incidents
(Sknilov, Smolensk, Cam Ranh, etc.) have technological causes (causa finales)
which are— integrated avionics failures — control systems or security systems.

A significant number of aircraft accidents and serious incidents occur due to
technical causes — failures of avionics and onboard equipment. This work for the
first time examined avionics failures as random cyclic processes and ways of
detecting them.

The purpose of the article is to develop and establish a method for
determining the quality of piloting by the contours of the correlation fields of flight
parameters which is based on the analysis aviation accidents and simulation
experiments.

Results. The proposed method of determining the quality of piloting by the
contours (contour figures) of correlation fields of flight parameters is that by
determining the presence or absence of areas of contour figures of correlation
fields of flight parameters, the first signs of absence or occurrence of failures of
avionics in complicated flight conditions are determined.

Conclusions. The method for determining the quality of piloting by the
contours (contour figures) of correlation fields of flight parameters, failures
avionics and onboard equipment shows sufficient efficacy for creating analyzers of
first signs of failures.

At the complex failures which are associated with the transition from the
suitable for flight path sections to not suitable for flight areas and vice versa, we
may observe the effects of complete transformation and conversion of plane
contour figures in the linear configuration.

At the failures which are not associated with the transition to not suitable for
flight path sections, we may observe the effects of compression and reduction of
the area of contour figures (contours) of correlation fields.

Transition to the analysis of contours of correlation fields at recognizing
contour figure is limited for signs of complex failures with 4—6 reference frames in
the identification of the presence or absence of contour area. It is essential for the
analysis of fast failures, cycles of which are comparable with the time of
sensorimotor reaction of aircraft operators.

Keywords: quality of pilotage, contour, correlation field, human factor.
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OBSERVABILITY ANALYSIS OF SPACECRAFTS’
ATTITUDE MEASUREMENT SYSTEMS

V.F. Gubarev', O.N. Diadenko’

Space Research Institute of the National Academy of Sciences of Ukraine and State
Space Agency of Ukraine (Kiev)

’National Technical University of Ukraine “Kiev Polytechnical Institute” (Kiev)

OmHMM W3 BaXHBIX AaCMEKTOB IIOCTPOCHHUS BBICOKOTOYHBIX
CHCTEM ympaBieHus kocmMudeckumu ammapartamu (KA) sBisiercs Be16op Takoro
OGOpTOBOrO  M3MEPHUTENFHOTO KOMIUIEKCa, KOTOPBIM OBl TapaHTHPOBAl
HAO0JI0IaEMOCTh CUCTEMBI U HE SIBIISUICS OBl M30BITOUHBIM. B pabote mpoBeneH
aHanM3 ~ HaOMIOJaeMOCTH  Hawbolee  PacmpOCTPAaHEHHBIX  OOPTOBBIX
W3MEPUTENBHBIX MPUOOPOB KOCMHYECKHX aIlllapaTroB, a HWMEHHO —
MarHUTOMETpA, TOCTPOUTENS MECTHONH BEPTHKAIU, aCTPOAATUHKA U JATUYUKOB
YIJIOBBIX CKOpocTed. OueHMBaHME NPUIOAHOCTH M KadecTBAa Pa3UYHBIX IO
COCTaBY M3MEPUTEBHBIX KOMIUIEKCOB CHCTeMbI ynpasiaeHus: KA ocHoBaHO Ha
CYIIECTBYIOIINX METOJAaX TEOPHUH HAOII0JAaeMOCTH AWHAMHYECKHX CHCTEM C
YYETOM YypaBHEHHMH HaONIOAEHWS M [JUHAMHUKU yrioBoro masmxeHus KA.
UccnenoBanus mokaszany, 4ro HamOoinee 3(QQPEKTHUBHBIM C TOYKHA 3PEHUS
HaOmomaemoctn  cuctemMbl KA, sBmseTcs WM3MEpUTENBHBIH KOMILIEKC,
COCTOSILLIMI U3 aCTPOJaTUYHKOB.

Kniouegvie cnoea: oneHUBaHUE COCTOSTHMS, HAOIIOIAaeMOCTb,
KBaTEPHUOH, KOCMUYECKUH annapaT, MarHUTOMETP, aCTPOJATIHK, IOCTPOUTEITH
MECTHOM BEPTUKAIIU.

OnmHuUM 3 B@KIUBHX AaCMEKTiB MOOYIOBH BHCOKOTOYHHX
cHCTeM KepyBaHHs kocMidnumumu anapatamu (KA) e Bubip takoro 60opToBoro
BUMIpPIOBAJILHOTO KOMILUIEKCY, SIKMH OM rapaHTyBaB CIIOCTEPEIKYBAHICTh CUCTEM
Ta He OyB OM HaAIMIIKOBUM. B po0OTi MpOBEICHO aHAN3 CIIOCTEPEKYyBAHOCTI
HAWOIMBII MOMIMPEHHX OOPTOBUX BHUMIPIOBATBHUX MPUCTPOIB KOCMIYHHX
amapariB, a camMe — MarHiTomerpa, mHoOymoByBaua MiCIeBOl BepTHKAIi,
acTpomaTyMka Ta OATYMKIB KyTOBHX MmBHAKOCTel. OmiHKa MPUAATHOCTI Ta
SIKOCTI PI3HHUX 3a CKJIaJOM BUMIpIOBalbHHX KoMIUlekCiB KA rpyHTyeThCS Ha
HasIBHUX METOAaX Teopil CIIOCTEePeXKyBAHOCTI IMHAMIYHHUX CHCTEM 3
ypaxyBaHHAM DIBHSHb CIOCTEPEKEHHS Ta IMHAMIKM KyroBoro pyxy KA.
JocmimkeHnss moka3zanu, MmO HaHOUIbl e()eKTHBHMM 3 TOYKH 30DpYy
CIIOCTEPEIKYBAHOCTI € BHMIDIOBAIBHUA KOMIUIEKC, SIKHI CKIIaJa€Thcs 3
aCTPONATUYHKIB.

Knrouosi cnosa: OLIHIOBaHHS CTaHy, CIIOCTEPEXYBaHICTb,
KBaTEPHIOH, KOCMIYHHI amapaT, MAarHiTOMETp, acTPOJAaT4YHK, MOOYA0BYBad
MICILIEBOI BepTHKAI

INTRODUCTION

It is very important to choose a set of measurement equipment, which on the
one hand is not excessive, and on the other — allows to estimate all attitude
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parameters with required accuracy while designing precision spacecraft (SC)
attitude control system (CS). The latter is achieved not only by proper selection of
measurement system, but also by mathematical processing of measurement data,
that ensures effective filtering of errors in the estimation of SC state parameters.

This article is focused on the problem of the minimization of onboard
equipment, which is especially important task for small spacecrafts. Suitability and
quality of different measurement systems is assessed using existing methods of
dynamic systems observability theory based on observation equations and
spacecraft’s angular motion. Such approach to the determination of spacecraft’s
attitude (in case of incomplete measurements) is particularly considered in [1],
where the vector of parameters that characterizes the attitude and angular velocity
is determined using local geomagnetic field characteristics. These characteristics
are obtained by calculation on measurements received from magnetometer with
three orthogonal oriented probes without involvement of other measurements.
Moreover, in [2] authors have shown the possibility to determine SC attitude using
only two (arbitrary) out of three magnetometer probes. Evaluation of observability
in both cases was carried out by dynamic filtering [3]. Sufficiently to show
observability of the full attitude parameters vector in case when SC attitude
quaternion, obtained from star sensor measurements, which is known in each point
of SC trajectory. Determination of the attitude and angular velocity only on results
of onboard measurements obtained from star sensor without involvement of other
devices is regarded in [4]. Kalman filter, which allows to effectively evaluate both
the quaternion attitude and angular velocity, was used in this research.
Furthermore, article [4] provides other of publications devoted to the solution of
the same problem by analogous as well as other possible methods.

PROBLEM STATEMENT

For observability evaluation of different measurement systems combinations
we have used an approach which is slightly different from those mentioned above.
The approach is based on the condition of solvability of nonlinear system of
equations, which are obtained from observation equations with the use of
Lyapunov differential operator [5].

We have considered not the full list of existing measuring sensors, but only
those ones which are the most commonly used in practice [6]. In particular, the
observability of various combinations of the following devices have been explored:

— Magnetometer with three orthogonally arranged magnetically sensitive
probes;

— Star sensors or different astro-measurement systems [7, 8, 9];

— Sets of angular velocity sensors;

— Builder of the local vertical.

Since the most interest is focused on the combination of sensors, which
provide incomplete direct or indirect information about the attitude parameters, we
used the information on system dynamics, which is defined by the equations of SC
angular motion. In addition, equations that describe the process of observation for
the described above measuring systems are included.

This will be presented in the first two sections below. In the third section will
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be described observability assessment procedures which are used in the study along
with their adaptation to the mathematical models. Results for the observability of
various combinations of measurement systems, the simplest possible estimator
based on astro-sensor and conclusions resulting from the carried out analysis are
presented in the final section.

MATHEMATICAL MODEL DESCRIPTION

Model of Spacecrafis’ Angular Motion. Mathematical model of the SC angular
motion may be written by using different coordinate systems and positional
parameters of attitude (Krylov angles or normalized quaternion components).
Establishment of observability or non-observability conditions does not depend on
the choice of models, attitude parameters or coordinate system.

However, due to significant nonlinearity of these models, there may be some
difficulties in analysis of the observability using approximation of the models.
Thus, if in the kinematic equations Krylov angles are used, then under certain
parameters a mathematical singularity occurs, but when someone moves to another
description, for example, using a normalized quaternion, this feature is eliminated.

Nevertheless, preliminary studies have shown similar results for the
parameters domain without singularity. Therefore, model with positional
parameters as components of the quaternion is used in this paper. As coordinate
systems we use the following orthogonal coordinate systems: SC related coordinate

u_u_u

system (RCS) Oxyz and certain inertial coordinate system (ICS ) Ox"y"z

Then, according to [10], under SC attitude we assume the orientation of RCS with
respect to the orientation of ICS. We use the results of [11, 12, 13] and write the
equation of angular motion of the spacecraft in case when angular coordinates are
the components of the quaternion

A= %B(A)w,

(1)

. -1 -1 =
o=J "m,~-J -oJot+m,,

where A is a quaternion with components Al = (7‘0: AT ), Al = (kl s Ao, A 3) which

satisfies the normalization condition:
JAE)? =23 0)+ 27 (0)-2e)=1. 2)

vector o= (col, 0y, 03 )T is composed of the projections ®;, i =1, 2,3 of absolute
SC angular velocity on RCS axis, J — symmetric positive definite matrix

J=JT>0 , which is a representation of SC inertia tensor in RCS with the respect

to the center O of RCS ; m, is a vector of control moments, and m, is a vector

of disturbing moments, which are defined by projections on the axis of the RCS;
matrix B(A) of 4x3 dimension and @ with 3x3 dimension have the following

form:
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0 —®3 O

A
®= ®3 0 — ,B(A)= — >
—0, o 0 7\.013 +A
where [; is an identity matrix3x3, A — matrix which has the same

representation as @ but with A;, A,, A3 components.

More detailed description of model (1) characteristics along with the
normalization condition (2) are described in [11, 12, 13].

Observation Equations. To write the observations equations for definite
measurement systems, we need the vectors transfer matrix for transition from ICS

to RCS, expressed in terms of the quaternion A . If v* andv are column-vectors

with components that are their projections on axis Ox"y“z¥ and Oxyz

respectfully, then according to [13, 14] we have
v =S(A)v, 3)
where S(A) is an orthogonal (S -1 (A)=s r (A), dets(A)= 1) 3x3 direction
cosines matrix of the axes Oxyz in Ox"y"z" which has the form
S(A)=1I5 =20 gk + 220, 4)

with matrix A having the described above representation.
MEASUREMENT SYSTEMS DESCRIPTION

Magnetometer. Magnetometer is certained to measure projections of the Earth
magnetic field induction vector on three orthogonally arranged magnetic probes
during the SC motion on the orbit. Typically, the magnetometer is made in a form
of monoblock and is mounted on the SC so that the measurement axes are parallel
to the axes of the base coordinate system (BCS), which may be the same as RCS or
can be associated with it by (3) and (4). In this case the transition quaternion from
the BCS to the RCS is strictly fixed, but under condition of flight may slightly be
different from those that were installed on the Earth. For simplicity and due to the
fact that the observability conditions are not affected by magnetometer disposition,
we consider the case of coincidence of BCS and RCS.

Such magnetometer allows to determine positional parameters of the attitude:
Krylov angles or transition quaternion from ICS to RCS. It is assumed that at each
point of the orbit trajectory components of the magnetic field in the ICS are known.
Moreover, to determine the attitude it is sufficient to know only the direction of

that vector, i.e. its direction cosines or vector by = (cos a(t), cosp(t), cos y(t))T

provided that cos? alr)+ cos? B(t)+ cos? v(t)=1. Then the equation of observation

may be written as
()= S(A@)-bole), (5)
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where y(t) is a vector of direction cosines of the unit vector, which has the same
direction as a vector of the measured magnetic field induction. The quaternion
normalization condition (2) should be added to the (5) in order to determine current

quaternion A(t) from the corresponding nonlinear equation using calculated b (t)

and obtained from the measurements y(r). However, as it is well known, this

problem cannot be solved uniquely.

Astro-measurement system. Astro-measurement system is composed of one or
more star sensors and each sensor in its field of vision registers n stars (n>2).
Usually astro-sensor measures angular coordinates of the axes of internal
coordinate system (IntCS), which is directly tied to the sensor’s line of sight in the
ICS. The number of used astro-sensors does not affect the observability conditions.
Therefore, we consider a single device, for which IntCS coincides with the RCS.
We assume that as a result of observations of several space objects (stars, the Sun)
and use of point algorithms described, for example, in [7, 15], on the output of the
astro-measurement system we get a normalized quaternion A(t), which contains

some component-wise errors.

Angular Velocity Sensors. One of the methods of construction a complete set
of the angular velocity sensors is a monoblock, comprising four identical fiber-
optic gyroscopes, which allows the most effective estimation of all three
components of SC angular velocity. Therefore, the equations of observation of this
set are quite simple. They contain values of angular velocity co(t) components
measured with some error.

However, when estimating the observability, for the sake of research
completeness, we will use individual components of the angular velocity.

Local vertical builder. On a number of satellites local vertical builder (LVB)
is widely used as a position sensor, which effectively measures the projection of
the Oy, axis unit vector on Ox and Oz axis, while the projection on Oy axis is
not measured. Then the observation equations that describes the process of
measurements carried out with LVB, can be written as

W)= GuS(A o +(0), (6)
where y(t) is a measurement vector, v, is a vector with components

vo = (0,1, O)T ,and () is a vector of measurement error, G, — matrix of 2x3

100
G, = .
00 1

dimension written as follows

OBSERVABILITY CONDITIONS

The above equations of spacecraft angular motion and some observation
equations are nonlinear. Obtaining the overall global observability conditions for
such systems is a complex problem today. Therefore, the most appropriate and
constructive approach to calculate the output time derivatives [5] is approximate
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analysis using linearization procedure and local observability conditions. Consider
a system described in state-space form as

)'c=f(x,u,t),

y=h(x,u,t),’ )

with state vector x € R", measurement vector y € R™; f and h are continuous

and differentiable as many times as required functions of their arguments —
namely this is the case considered in the problem. In order to calculate (or
measure) time derivative, we may write the local observability conditions. Let’s
write Lyapunov differential operator, defined on the system trajectory (7)

L[*]=%f+%”+%’ ®

where [*] denotes any differentiable vector-function of its arguments. As such

function we take y written in the form of (7) and differentiate the observation
equation with respect to of n-1 times. We get

y=h y=Lp]=Lh,... V= 1p. 9)

Thenx(t), which should be found according to the observability problem

statement, is the solution of equations system (9). For the system (9) unique
solvability in these conditions is necessary and sufficient that

T T T
rankD = rank oh iLh iLn_lh =n, (10)
Ox Ox Ox
oh 0O . . . .
where 5_ s a—Lh,--- are Yakobi matrices, which are calculated on the solution
X Ox

x= x(t) with known input (control) u(t) As a result, using rank criteria (10) we

can consider only a particular motion observability. Therefore, assessing systems
observability on the base of rank criteria (10) is not a constructive approach. If we
have a linear system

x=Ax+ Bu,
with linear observation equations

y=Hx+Cu,

where A, B,C, H are constant matrices of corresponding dimensions, then criteria
(10) given that

L[* ]=%(Ax+3u)+%d,

takes the well-known form
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| | | | -1
mnk[HT;ATHT;(AT)ZHT;---;(AT)' HT}=n. (11)
If matrices A, B, C, H are functions of time, then (10) will take the form

ranleg i HIT . i H,{_ll=n , 12)

where I1g=H(t), 11, =Tlx1+11;_- 4, k=L,n-1.
Each block in (11, 12) has nxm dimension (where m is dimension of vector
vy ), and overall dimension of matrix in square brackets equals to nxn-m. In

contrast to (10) the criterion (11) is global condition and gives full or partial
(incomplete) observability of the system on all system trajectories.

Assume that functions f( - ) and A( - ) from (9) can be written as :
f(x, u, t)= Ax + Bu +fNL(x, u, t),
(13)
h(x, u, t)= Hx + Cu +hNE (x, u, t),

where A, B,C,H are matrices of corresponding dimensions. Vector-functions

f M- and A have nonlinearity with respect to variables x, u of at least second-
order (it is assumed that f (0, 0, t)=h(0, 0, t)=0). The expansion (13) may be
carried out not only near zero, but in the neighborhood of any stationary state

x*,u®, with the same properties of functions f N and BV Observability matrix

I' provided (13) can be represented as follows

F:[(HA+D1(x, u, 1)) i (HA2 +D2(x,u,t)y- i i (HA’H+D,H(x, u, r)ﬂ, (14)

where matrices D;, i=1,n—1 have at least linearly dependent from x,u and
D; =0 providing that x=u=0. Since expressions for D; =D; (x, u, t) are

cumbersome and are not used in future sections, we will not provide them here.
Assume that the linearized system is fully observed, i.e.

Tt (R (YT
rankly=rank| A"H" \\4" | H" -1 |4 H" |=n. (15)

It means that among n-m columns of matrix I}, there are such n columns,

that square matrix determinant composed from these columns, will not be equal to

. *
zero. Let us construct matrix T =r5‘ +D" from these n columns, where D
consists of the same columns as matrix Fg . According to the properties of matrix

D;, D" =0 while x=u=0 . Since matrix Fg is nonsingular, we may write

* * * Y1 *
I =F0[In+(l"0) -D j
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1
According to the perturbation theory, matrix 7, + (FJ T D" is nonsingular for
(FO) D (FO) D

may be achieved by using small values of x and u. Thus, full observability

any matrix norm with condition <1. The condition <1

condition for all trajectories defined by linearized equations and which ensure
* _1 *
(FO) D

Although the resulting observability condition using linear approximation is
local, but it remains valid for a set of solutions near the equilibrium. If we cover

fulfillment of <1 follows from (15).

the entire set of acceptable x€ X and u € U with close enough stationary points
x*, u® such that in the neighborhood of each of them the system is observable, and

* _1 *
(FO) D

the intersection of sets defined by the condition <1 fully contain X

and U, then we have sufficient observability condition of the original nonlinear

system. If exist such x*,u® , where linear system is not fully observable, then in
order to find precisely the border between observable and non-observable area
more complex analysis may be required. In this case, instead of rank criteria of

observability, we will consider condition number of observability matrices Fg

(condl’ 5‘ ). The concept of practical observability, based on the concept of practical

rank of the matrix is introduced [16]. We consider the system to be practically
observable, if the inverse value of observability matrix condition number is greater
than or equal to a specified value €. The value of ¢ is usually agreed with existing
uncertainties in the measurements and motion equations. Than areas of X and U

where X(rf; )=condf 5‘ <e ! are practically observable. Singular value

decomposition may be used to evaluate practical observability of a rectangular

matrix I,
I, = PLO! (16)
0 o,

where P=[p,....p,]e R™" and O=|[qy,.... ¢y ]€ ™™™ are orthogonal
1, if =y
0, if i#j

L if i=j

., R™" and
0, if i#]j

matrices, i.e. p,—T-pj ={ and ql'T'qj ={

nmxnm : : :
R are matrix spaces of nxn and mmxnm dimensions respectfully,

Z=diag(61,...,6n) is a diagonal matrix of singular values arranged in

descending order, i.e. >0, 2...206, 20. Singular values of matrix I}, are

exactly half-lines of hyper ellipsoid E defined by the ratio E = {Fox : ||x||2 = 1}.

Condition number of matrix Fg according to [16] for Euclidean norm

(Frobenius norm) is given by
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ki)
x2\lo )J=—-
Gn

Condition number for different norms are equivalent in sense that there are

such constants ¢ and ¢, , that
ax2 Sxa SC2X2>

1
where o defines other norms. For example, for aa=1:¢; =—, ¢; =n.
n

Based on condition number we make judgment about sensitivity of the
estimation algorithm to errors in measurement data and to disturbances equations

in motion. As condl 5‘ >1 , then the closer X(Fg ) to 1, the more effective noise

filtering is achieved for any estimation algorithm. Therefore, when evaluating
observability using various combinations of measurement sensors not only the rank
of the observability matrices of the linear approximation will be assessed, but also
their condition numbers. The consistency issue in condition number and available
errors in the data and equations should be taken into account when estimation
algorithms are developed.

OBSERVABILITY ANALYSIS OF DIFFERENT MEASUREMENT SYSTEMS

Equation of spacecraft angular motion and observation equation, that describe
the processes of measurement may be expressed as (14), i.e with separated linear
part. First, it is necessary to select equilibrium state defined by nonlinear system of
equations (1). Set of all possible equilibrium states is defined by the condition

. = of

i.e. any quaternion which satisfies the normalization condition with zero angular

velocity components satisfy the equations of equilibrium. Quaternion AF defines
position of RCS with respect to ICS that is regarded as some initial state for the
perturbed angular motion. Than normalized quaternion A will define position of
RCS with respect to CCS for this perturbed motion. A purely formal relation

A=A 4+ x*, where x" is some four-dimensional vector x" = (xg,X,X2,X3)
(not a quaternion), which for small XN may be considered as some estimation

deviation of quaternion AF from A . Wherein the following equation, arising from
the normalization condition for A, must be fulfilled by:

kgxo +k1f:xl+k§x2 +k§x3 +%(x§+x12+x§+x32)=0. (17)

If formally substitute A=AF +x%, ©=x into (1), then equation of

perturbed angular motion near (AE ,0) may be written as (13).
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A lR(AE ) x® O3
2 +o
J .

]+fNL(x), (18)

m

* 033 U

where O35 and Oy43 are zero matrices of 3x3 and 4x3 dimension respectfully,
Rl ) oo
NL pap AN U . . . .
f (x): 2 is quadratic vector-function. Equations (18) should be
—~J %0
considered together with (17).

Let us choose in four-dimension set {/\E :HAE H = 1} a points collection {/\115 } in

the neighborhood of which the normalization condition is satisfied with acceptable
error. The totality of these neighborhoods gives all set of feasible A. It is not
difficult to be done, since set of all A is bounded. The partition should be done in

such a way, that quadratic vector-functions f NL (x) in the neighborhood of points

Ajl»; are small enough allowing to carry out practical observability estimation using

matrix Iy (16) i.e. the linear approximation.

In addition to the stationary states, equations (1) allow nonstationary motion,
near which it is also possible to linearize the system and to evaluate its
observability.

Assume that the pair (AE (t),coE (t)) corresponds to some nominal motion, in

the neighborhood of which equations of perturbed motion may be written by
analogy with (18). Than similar to (12) observability matrix I" may be constructed
in the neighborhood of nominal motion. Also for nominal and perturbed motion
corresponding representation of observation equations are written. Then, for each
time point from (12) we may estimate complete state vector observability for a
selected set of measurements, i.e. determine what areas of the trajectory are
observable and which are not. Such estimation will be global for the selected
nominal orbital motion. Approach similar to this was used in observability analysis
in [1, 2]. However, observability analysis is offered to be carried out locally on

time intervals where A (t) and ot (t) vary so weakly that can be considered as
stationary within these intervals. If, in addition to this, assume that ot (t) is small

enough and includes linear terms, which corresponds to the product of of and x*
components , into expression fp; due to their small values, we will obtain (18)
with more complex representation of f;. As a result, an observability analysis
may be done for all valid nominal mode subsets, i.e all the feasible orbital

trajectories in general.

Definitely, taking into account terms with of in the linear part, that can
improve observability conditions, but due to its small value, the condition number
will not change significantly (and in the case of it infinity can become finite, but
still big). In other words, unobservable cases in the proposed approach can become
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poorly observable when taking into account o, and estimation algorithms will
become very sensitive to errors in measurement data.
Therefore, observability analysis using (18) for the given measurement system

will be sufficient if on all feasible set {/\jf} full observability conditions are

fulfilled. If subsets {/\115 } with no full observability or with big condition number

exist, then trajectories which go through this subset can be unobservable with such
values of parameters and corresponding time intervals. Though more rigorous
evaluation of observability carried out with taking into account the non-stationarity
may have a significant impact on the observability. However, spacecraft control
system usually includes slow motion as well. Therefore, the proposed observability
analysis is more general with respect to the different control system operation
modes.

From the foregoing it follows that the observability estimations obtained using
proposed approach are more suitable from the practical point of view, than those
obtained on the basis of dynamic filtering.

Using the considered approach, the matrix will have the following form:

0) A
e { 44 43} ’
O34 O3

where Os3, O34, Oy4 are zero matrices of 3x3, 3x4, 4x4 dimensions

respectfully, matrix 443 has the following representation
E, 0, —af) ]
o Y
VR VA
% THh
Y VR &
Bhoth Th
-5, A5, A
" T T
It is necessary to include the normalization condition (17) into the observation
equation at any configuration of measuring system. For example, for magnetometer

taking into account normalization condition in decomposition (12) matrix H is
following

Ag3 =

H=[Hy O], (19)
}\.gnz - K§n3 }\.Ez‘nz + K§n3 - 2}\.%}’11 + }\.fnz - K€n3 - 2}\.?}’11 + }\.gnz + }\.?I’l:;
Hoax = —k§n1+7»fn3 kgnl —ZMEnZ +7»€n3 an1+7»§:n3 —Xf):nl —27»§:n2 +X§n3
“ Xgnl—kfnz kgnl —kgnz —ZMEn3 kf):nl +X§n2 —27L§n3 Mgn1+7»§n2 '
25 2 25 25

np =cosa, ny=cosP, n3=cosy,and expression
2(—)(?0)? + )?)?)bo
Ay =| 1
) (xg +xl X)
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A =(x0,xT), xI =(x, %y, x3) and x® = (xg, x5, x6 )] .

It should be noted that in fact we have a=al(t), B=P(¢), y = y(t). However,

where x

on the observation interval, where AF (t) and ot (t) are almost constant, direction
of the magnetic field also varies a little and therefore may be considered under the
problem solution as stationary related to some small part of the spacecraft
trajectory. Taking into account an existing error between calculated magnetic field
of Earth and its real value this is quite acceptable.

Matrix H and vector function #,; are written analogously with other
combinations of measuring devices.

In the observability analysis using the described approach, stationary points
for Ajl»; were determined based on the values of Krylov angles (y, v, 9), which

varied between

T T
el-——,—|, y,0e|-m mx|.
Y { ; 2} v.0el-n,7]

Then according to [11] quaternion values in the corresponding points were
defined by formulas

E E E E E E
735 =cos%cosw—cose——siny—sinw—sin%,
E E £ E E E
2 =sin%cos—cose——cosy—sinw—siHT,
(20)
E E £ E E £
75 =siny—cosw—sine—+cosy—sinw—cose—,
2 2 2 2 2 2
E E £ E E £
2 cos Y cos ¥ sind v 8

—C0S —sin— + sin —sin——cos —,
2 2 2 2 2 2

Normalization conditions in this case are fulfilled automatically.
When the measurement complex include magnetometer, properties of matrix
H in (19) are additionally analyzed depending on the orientation of the Earth's
magnetic field with respect to the ICS. Computational experiments were conducted
in order to determine such angles o, B, y for which matrix condition number is
the best and the worst. It should be noted that matrix A in (19) is either singular
(rank less than 3) or very ill-conditioned. In the latter case the approximate
normalization condition took effect under the linearization. This was confirmed by
verifying matrix H singularity, which was built when the positional orientation
parameters were Krylov angles (y, v, 9). In this case, the rank of the matrix H
for all a, B, y was less than three, and the system was unobservable at steady
approximation. While using magnetometer in combination with other

measurements the worst and the best orientation of the magnetic field with respect
to an inertial coordinate system were determined based on the condition number.

Moreover, for parameter (y, v, 9) without singularity in kinematic equations

based on Krylov angles, comparison of observability results for two models was
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conducted: using Krylov angles and using (17), (18). Results turned out to be
similar, which confirmed the validity of the formalism (17), (18).
For different combinations of measurement equipment matrices [}y were

formed. Using the SVD-transformation, matrix Fg was separated from matrix I,
and condition number XZ(FS ) was calculated. Including astro-sensor into the

system in addition to other measurement equipment led to Fg be mainly formed

from corresponding to astro-sensor columns. Wherein the condition number of

matrix Fg for astro-sensor was equal to 2 and was the best in relation to all other

possible combinations. Therefore, astro-measurement system gave the best
observability result due to conditionality stability of the inverse problem.

From all other measurement sensors, different configurations of measurement
complex were formed and presented in table 1. There are 31 such possible
combinations. “1” denotes that corresponding sensor is included into the
configuration, «-» denotes that the sensor is absent. Observability results for all
shown in table 1 configurations are presented in table 2 for different equilibrium

values All? in points of set ||AE || =1. In table 2 “+” and “-* denote that the system

is observable or not observable respectively, “+/-* denotes that such combination
of measurement equipment is not always observable.

Table 1
Possible Configurations of Measurement Systems

- ~ ) £ - ~ ) £
P P P o 8 P P P o 8
2 2 2 | 2 2 2 2 2| S 2,
5 g g g | = 2z 3 g g S| = 2
Tl 2120228 2212022 ¢
el 8| £ = g | E| E| = =
| S| Z| 2| 2| E|E|m 3 2|2 2]28)¢
B | 2 2 g s z B | 2 2 g s z
] i i i = 15 < i i E — )
= = = = s £ = = = = B £
= = = Q s = = = Q s
&n &n &n < = &n 33 & 2 =
= = = - < = = = - <
< | < | < 2 < | < | < 2
0 | - - - - - 1 |16 | 1 - - - - -
1 | - | - [ - [ -1 -7 [ - - [ - [1 -

2 - - - 1 - 18 1 - - 1 -
3 - - - 1 1 - 19 1 - - 1 1 -
4 - - 1 - - - 20 1 - 1 - - -
5 - - 1 - 1 - 21 1 - 1 - 1 -
6 - 1 1 - - 22 1 1 1 - -
7 - - 1 1 1 - 23 1 - 1 1 1 -
8 - 1 - - - 24 1 1 - - -
9 - 1 - - 1 - 25 1 1 - - 1 -
10 - 1 - 1 - - 26 1 1 - 1 - -
11 - 1 - 1 1 - 27 1 1 - 1 1 -
12 - 1 1 - - 28 1 1 1 - -
13 - 1 1 - 1 - 29 1 1 1 - 1 -
14 - 1 1 1 - - 30 1 1 1 1 - -
15 - 1 1 1 1 - 31 1 1 1 1 1 -
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Rank of the matrix Fg as well as minimum and maximum values of the

condition number are reported. The value inf corresponds to an infinite condition
number, i.e. unobservable state. Configuration of measurement sensors that ensure
full observability, have rank 7. This holds for numbers 17, 19, 21, 23, 25-31. There
is no full observability in all other cases.

Table 2
Observability Analysis of the Measurement Systems Configurations
£ £ £
2 2 2
S|z 5 s |z 5 S| 2 5
® @ = ® @ = ® @ =
= = £ = = £ = = £
- et = - et = - et =
= s = < < = = = =]
N B2 R I - s e B2 g
© ] = © ] = © ] k=
g s T = s T = s E
< > =) < > =) < > =]
& 5 &) & 5 &) & 5 @)
w w w
= = =
=) =) =)
0 | 7 | Yes 2 1| a7 | Nl oting | 22 | 67 | N | ioto10v
always always
1 3-6 No inf 12 2-3 No inf 23 7 Yes 2.32-67
2 | 12| No inf 13| 57 | N lioio0) 24 | 67 | N | ioto10v
always always
3 4-6 No inf 14 3 No inf 25 7 Yes 3.05-111
4 | 12| No inf 15 | 5-7 Not i 1927 26 | 7 Yes | 10"-10"
always
5 a7 | Nl ozinr | 16 | 67 | N 10107 27 | 7 | Yes | 24267
always always
6 3 No Inf 17 7 Yes | 3.72-122]{ 28 | 7 Yes | 10"-10"
7 a7 | NVl qoninr | 18 | 67 | N li0m-107 ]l 29 | 7 | Yes | 2.41-73
always always
8 2 No inf 19 7 Yes | 3.10-67 [ 30 | 7 Yes | 10"-10"
9 | 46| No inf 20 | 6-7 Not i jo7ll 39 | 7 Yes | 2.24-67
always
10 | 2-3 No inf 21 7 Yes 2.61-79

STATE ESTIMATOR USING ASTRO-SENSORS

In the previous section, it was found out that the best observability conditions
has astro-measurement system even without involvement of other equipment. The
output of this system are quaternion components with discrete time step, therefore,
it is possible to correctly estimate their derivative, using regularizing operator. In
the simplest case regularizing operator for the derivative calculation of a function
given approximately, has the following form

R(y’): Vi _AJ’k—l , @1

where A is mesh width of function y discretization, error which is selected in
accord with the function y error. If A is more than astro-sensor quantization step,
than regularizing operator can be composed based on more than two points £ and
k—1. When A is smaller than the pitch of the signal entering astro-measurement

system, it is advisable to improve the accuracy of estimation by using two or more
astro-measurement systems.
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Then astro-sensors are querying with some time offset, it is possible to obtain
data with a suitable for (22) value of A and get stable value of the derivative. For
definiteness we assume that (21) gives acceptable approximation of the derivative.

[ ]
Then the first equation in (1) may be used to estimate the vector @, in which A is

replaced by a regularizing operator, evaluated in accordance to (21). We get the
overdetermined system for calculation of wj_;. To solve it we use Least Square

Method and get
O -1 = Ao -1 By =M g—1 Ry = Ao Ry + A3 41 Ry s
0 k1 =M -1 Ro+ A po1 Ry —Ap 1 Ry —A3 1Ry s (22)
O3 f—1 =hoj—1 Ry —Appoy Ry + Aoy Ry =351 Ry,

where R is a regularizing operator for calculating derivative of A, component,
and R;, R,, R are regularizing operators of component-vector A .

Considering (22) as initial condition for vector @ at point k —1 and using the
second equation in (1) it is possible to predict its value in the required for the
control point (e.g., point & or k+1 ). It is better to do this from a discrete
predictor, which is obtained from the second equation of (1) in the form

O =01 +AS _l(mu,k—l - ék—lek—1)~ (23)

We note here that measuring quaternion with less error allows to reduce the
parameter A and regularizing operator (21) more accurately approximates the
derivative. Reducing measurement errors may be achieved by applying various
filtering or averaging procedures when a large number of measurement data is
used.

CONCLUSIONS

As it was expected, magnetometer with three orthogonal magnetically
sensitive probes does not ensure practical observability. Adding local vertical
builder solves the observability problem with acceptable condition number.
According to the condition number analysis, there is no significant improvement in
the properties of estimator as a filter, if angular velocity sensors are added to the
system.

The most effective observability is ensured by astro-measurement system. It is
characterized by close to an absolute minimum (one) condition number. Moreover,
the simplest state estimator, which is described in this article, may be build using
astro-sensors.

According to the research carried out in this article, spacecraft attitude
parameters estimator should be constructed using only position measurements —
Krylov angles or quaternions.
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Introduction. One of the important tasks for small spacecrafts is the

optimization of onboard measurement equipment, which on the one hand is not

excessive and on the other — allows to estimate all attitude parameters with
required accuracy.

The purpose of the article is to conduct observability analysis of the most

commonly used measurement systems, such as magnetometer, star and angular
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velocity sensors, local vertical builder in order to identify the minimum required
set of onboard measurement equipment, which ensures observability of the
spacecratft.

Approach and Methods. Measurement systems observability assessment
utilizes existing methods of dynamic systems observability theory and is based on
observation and spacecraft’s angular motion equations. Model of the spacecraft’s
motion is described using quaternion components as positional parameters. Since
the models are essentially nonlinear, obtaining the overall global observability
conditions for such system is a complex problem. Therefore, linearization
procedure is applied and local observability conditions are assessed based on the
rank and condition numbers of observability matrices of the linear approximation.

Results. Astro-measurement system ensures the most effective observability
and may be used as the simplest measurement system. Magnetometer with three
orthogonal magnetically sensitive probes does not ensure practical observability of
the system, unless local vertical builder is added.

Keywords:  State estimation, observability, quarternion, spacecraft,
magnetometer, star sensor, local vertical builder.
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VK 681.513.6

MOJEJIb ITPOCTPAHCTBEHHOT O IBUKEHUA
CAMOJIETA JIAA KOMIVIEKCHOI'O PEHIEHUSA
3AJTAYH NOBBIINEHUA KAYECTBA U
BE3OITACHOCTH ITOJIETA

H.H. Komap', H.B. Kopmynos’, B.B. I1apios'

1 . . .
Medncoynapoonstit HayuHo-yueoHblil YeHmMpP UHPOPMAUUOHHBIX M EXHON02UT U
cucmem HAH Ykpaunvt u MOH Ykpaunoi, (2. Kues)

2F 11 «Aumomnoey, (2. Kues)

Paccmorpen  Bompoc 0 HEOOXOOMMOCTH  CO3JAaHUSI  CHCTEMBI
aBTOMATHYECKOTO  YNPABICHHUA CaMOJIETOM, OONajaromiell  CBOMCTBAMHU
KUBYYECTH M OTKAa30yCTOMYMBOCTH, KOTOpasi B ABTOMATHYECKOM pPEXUME
MO3BOJIMT TIAPUPOBATh HETATHBHBIE TIOCICICTBHS BO3ACHCTBHS BHEIIHUX
BO3MYILEHUI M OTKa30B aBUALIMOHHOW TEXHUKH. J[J1s1 MOBBIILIEHUS KauecTBa U
0e30macHOCTH  MoJieTa MpeajaraeTca NPUMEHEHHE BCEX HMEIOIIUXCS
JIOCTYIHBIX KOMIIOHEHTOB a3pOJMHAMHUYECKON CXeMBI camoneta. [ pemenus
MOCTAaBJICHHOW 3a/1a4M TpEAJiaraeTcs MCIOIb30BAaHHE KOMIBIOTEPHOH MOAETH
CHUCTEMBl  CBSI3aHHOIO  YOPABJICHUS BBICOTOH M CKOPOCTBIO  TOJETA,
paspaboranHoii B cpeae MatLab Simulink ¢ ucnons3oBaHueM MpEeHMYIIECTB
KOMOMHHPOBAHHBIX CHCTEM U TEOPUH HHBAPUAHTHOCTH.

Knwoueevte  cnoea: CHCTEMa  aBTOMATHYECKOI'O YIIpaBICHHUS,
0e30MacHOCTh IMOJIeTa, HHBAPUAHTHOCTh, OTKAa3, BO3MYILECHHE, KOMIBIOTEPHAS
MOJEIIb.

Po3ristHyTo MTaHHS HEOOXiJHOCTI CTBOPEHHS CHCTEMH aBTOMATHYHOI'O
KEpyBaHHS JIITAKOM, 10 MA€ BIACTHBOCTI )KUBYYOCTi Ta BiIMOBOCTIHKOCTI, siKa
B aBTOMATHYHOMY PEXHMi J03BOJIUTH MapUPyBaTH HETATHUBHI HACTIAKK il
30BHIIIHIX 30ypeHb 1 BiAMOB aBialiifHOl TexHiku. J{Jsl MiABUILECHHS SKOCTI Ta
0e3MeKH IMOJbOTY HPOMOHYETHCS 3aCTOCYBaHHA BCIX HAasBHUX JOCTYHHHX
KOMIIOHEHTIB aepoJUHAMI4HOI cxeMu JiTaka. [y BUpIIIEHHS TOCTAaBICHOTO
3aB/IaHHS IIPONOHYEThCS BHKOPHUCTAHHS KOMI'IOTEPHOI MOJIETl CHUCTEMH
KEpyBaHHS BHCOTOI 1 MIBHAKICTIO IMOJBOTY, PO3POOIICHOI B CEepeIOBHILI
MatLab Simulink 3 BukopucTaHHsIM mepeBar KOMOIHOBaHUX CHCTEM 1 Teopil
iHBapiaHTHOCTI.

Kniouosi cnosa: cucremMa aBTOMaTUYHOrO KePyBaHHsI, Oe3MeKa MojboTiB,
iHBapiaHTHICTb, BiIMOBA, 30yPEHHSI, KOMIT'IOTEPHA MOJIEIb.

BBEJEHUE

Bospacranme xonmdecTBa (YHKIMOHATBHBIX CHCTEM, arperaToB W IPYTHX
00BEKTOB OOPTOBOrO 00OpPYIOBaHUS COBpEeMEHHOH aBHAMOHHON TexHUKH (AT)
BEI3BIBAET HEOOXOJMMOCTh aBTOMATH3alUH IIPOIECCOB KOHTPOJNS TEKYIIEro
cocrosiHusl ~ Bo3aymHoro — cymHa  (BC), OopToBOrO  00OpYHOBaHHA,
JIMAaTHOCTHPOBAaHUS OTKa30B W (POPMHUPOBAHUS YHPABILIOMIMX BO3ICHCTBHU Ha
Bcex drTamax moiera. [locTosHHOE yCIOXHEHHE OOpTOBOrO OOOPYIOBAaHHS HE
TOJIBKO YBEIMYUBAET BEPOATHOCTh OTKA30B TEXHUKU, HO M 3aTpyIOHSET
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NEATeNbHOCTh  JKUMAXka, SBIDLICH IMPHUYMHON  JIOMONHHUTENBHBIX  OMIHOOK
MWIOTHPOBaHUsA. PoCT WHTEHCHBHOCTH wcnonb3oBanmsi AT um cmemuduka ee
(GYHKINOHUPOBAHUS (OPMHUPYIOT TIOBHIIIEHHBIE TPEeOOBAaHHUS K O0OCCIICUCHHIO
OezomacHOCTH ToNeToB. [IpruMeHeHHWe Ha MPaKTUIECKOM YPOBHE pa3paboToK,
3aTparvBalOMUX Kak cQepy yIpaBieHHS BO3MYIIHBIM IBIDKCHHEM, Tak U chepy
BEIITOJTHEHUS TIOJIETOB, MTO3BOJIUT JOCTHTHYTHh BBHICOKOTO YPOBHS 0O€30IMacCHOCTH U
3¢ (EeKTUBHOCTH aBHAIIMOHHBIX TIEPeBO30K [1].

IIOCTAHOBKA 3AJIAYHU

U3BectHO, uTo noner BC nmpoTekaer Ha pa3inUyHBIX PEXKUMAX U B YCIOBUAX
pa3HOro poja HEONpeleNIEHHOCTeH XapaKTepUCTUK, NapaMeTpoB U BO3IEHCTBUI
BHeUIHeH cpenpl. Pe3yiabTaToM BO3AEHUCTBUSA 3TUX HEONPEAEICHHOCTEH MOXKET
OBITH HE TONBKO YCIOXKHEHUE YCIOBHUH ITOJIeTa, HO M BOSHUKHOBCHHE HEIITATHBIX
CUTyalluil, HapuMep, OTKAa30B, KOTOPhIE MOT'YT MIPUBECTU K aBAPUIHON cUTyalu
C ee TAIBbHEHIITNM MIePeX0JI0M B KaTaCTPOPHIECKYIO.

HeratuBHple BO37€WCTBUS BHEIIHEH Cpedbl HNPUBOAIT K YXYALICHUIO
a’POIMHAMHUUCCKAX XAapaKTEPHCTHK CaMoJleTa: YMEHBIICHHIO Kod(duimuenrta
MOJbEMHOM CHIIBI, YBETUICHUIO KOA(P(HUIINEHTA CHIIBI JIOOOBOTO COMPOTHBIICHUS U
YMEHBLIEHUIO a3pPOJMHAMHUYECKOr0 KauecTBa. YXYIIIEHHE a3pPOAWHAMHUYECKUX
XapaKTEPUCTUK CaMoJIieTa MPUBOIUT K COOTBETCTBYIOILIEMY YXYIIIEHUIO JIETHO-
TEXHUYECKUX XapaKTepucTUK. Hampumep, BIusSHUE JMBHEBBIX  OCAJIKOB,
TOPU3OHTAIBHBIX M BEPTUKAJIBHBIX  IOPHIBOB  BeTpa  BBIpa)kaeTca B
JOTIOTHUTENBHON cocTaBisromeit ckopoctu BC. [l oOecriedeHws] IBHKSHUS
caMmolleTa TO pacyeTHOW TPAaeKTOPHH HEOOXOAWMO IapHpPOBATH ATy CKOPOCTh
COOTBETCTBYIOIIAUM H3MEHEHHEM YTila HAKIIOHA TPAGKTOPHH M pekuMa paboTHI
nsurareneid [2]. Taxxke MOpeIB BeTpa MOXET W3MEHUTb YIOJl aTakd U Yroi
ckonbxenuss BC. BenencrBue 3Toro M3MeHsieTcsl BEIMYMHA ad3POIUHAMHYECKUX
CWJII M HX MOMEHTOB, KOTOpbIE, B CBOIO Ou€pelb, BBI3BIBAIOT HapyLICHHE
paBHOBecus BC.

OcoOble cHTyalnny, BO3HUKAIOIIME B TIONET€ B pe3yJbTaTe BO3ACHCTBUS
HeONaronpusATHBIX (HaKTOPOB WIIM HMX COYETaHHH, TPEeOYIOT BBICOKOTO YPOBHS
MOJTOTOBKH M MacTepCTBa dKHIaXka. B ¢Bs3M ¢ 3THM 1enecoo0pa3Ha U aKTyalbHa
pa3pabotka cucTeMbl aBTOoMaTtuueckoro ympasieHus (CAY), obmagaromeit
CBOMCTBAMHU HUBYYECTH M OTKAa30yCTOMUMBOCTH, KOTOpas B aBTOMAaTHUYECKOM
peXrUMe MO3BOJIUT MapupoBaTh HETaTUBHBIE MOCIEICTBUS BO3ACHCTBUS BHELIHUX
BO3MYILEHHUN U 0TKa30B AT Ui yrpomenns paboThl SKUTIaKa U CHUKEHHSI YPOBHS
MCUXO(U3NONOTHIECKON pasrpy3ku Ha Hero. JInsd MOBBIMIEHHS KadecTBa
ynpaBienuss BC akTyanbHO NpUMEHEHHE BCEX MMEIOIUXCS KOMIIOHEHTOB
a’pOJMHAMHUYECKONH CXEMbl, IOMUMO pyJieil BBICOTHI M HampaBlieHHs. Takxe, npu
OTKa3ax, OO0 YXYAIIEHUSIX XapaKTePHCTHK, HEOOXOIUMO HCIONB30BAHUE BCEX
JOCTYITHBIX HEOTKA3aBIIUX KAHAJIOB YIPAaBJICHUSA U YNPAaBISAIOMIMX OBEPXHOCTEN
BC (1.H. xoH(urypaunmoHHoe ympaBieHue). llomoOHast TexXHONOTHS C
UCTONB30BaHueM pekoHdurypanun CAY mpuMeHseTcss B BOSHHOW aBHAIlMH U
umeer HasBanne CCV (Control Configured Vehicle) — camonér c
KOH(UTypaIieil, onpenesiieMoi CHCTEMOM YIIpaBICHHS.
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B ocHOoBe mroboro  wWccClemOBaHHWA ~ CHCTEMBI  YIPaBICHUS — JICKUT
KOITMYECTBEHHAsI OLIEHKA KadecTBa ee¢ padoTHI, BKIIOYAIOIIAS PEIICHUE 3aladd
aHaluM3a W CHUHTE3a CHCTEMBL. AHANN3 IPEIyCMAaTPUBAET W3YUCHUE Pa3IUIHBIX
CBOMCTB CHCTEMEI IIPH OIIPEICNCHHBIX YCIoBUAX. CHHTE3 3aKIII0YaeTCs B CO3TaHUN
CHCTEMEI, 00JIaaroIIeil 3aJaHHBIMH CBOHCTBAMH B ONPEACTICHHBIX YCIOBUX [3].

Jns pemenns 3agaqn cuHTe3a U anamm3a CAY HE0OXOAMMO HCIIONB30BaHUE
KOMITBIOTEPHOH MOZENH KaK MHCTPYMEHTa MAaTeMaTHYECKOTO MOICITHPOBAHUS B
CHUTYalllH, KOTJa TPOBEICHIE JICTHBIX MCIBITAHUN U DKCIIEPUMEHTOB Ha PEaTbHOM
00bEKTEe BJCKYT 3a COOOW OIpENeNIeHHBIH PUCK M TPeOYIOT OOJBIIHUX 3aTpar
MaTepHaIbHBIX CPEACTB.

MaremaTtndeckass CTPOTOCTh MPUMCHEHHUS BBIUHCIATENBHBIX  METOMIOB
MO3BOJIICT CO3/aBaTh MareMatuueckue monenu (MM), anexkBaTHBIE MTOBEICHUIO
peanpHOr0 O0BEKTa, KOTOPHIE JOCTATOYHO TOYHO BOCHPOH3BOMAT TpeOyeMbie
rmapameTpbl 00bekTa [4].

Anamu3 JnWTepaTypel IOKa3aj, dYTO OOJbIIOEe KOIUYECTBO HCTOYHHUKOB
MOCBAMICHO KaK ONHCaHWI0O MaTeMaTmdeckuX Momemeii BC kak oObekra
VIIpaBIICHHS, TaK ¥ UX MPUMEHEHHS [UIS PEIICHUS 3a/1a9 CBA3aHHBIX, C JMHAMUKON
moJjera.

Crnemyer OTMETHTB, YTO B HEKOTOPHIX pabOTax, HapuMep, B UCTOYHHKE [5],
HCTIONIB3YIOTCS 3HAYUTENBHO YIIPOIICHHBIE MOAEIH poaoisHOro Apmkenus BC. B
HanmonanpHOM aBHAIIMOHHOM YHHBepcuTeTe MM HCIIONB30BaIHCh ISl OMTUCAHUS
WHBapUAHTHBIX CHCTEM aBTOMATHYECKOrO IIMJIOTHPOBAHUS W KOMIICHCAIHU
BO3MYILCHUN TIpH TIOJIETe B TypOyneHTHOH aTMoctepe [6]. Ilpu HU3KOM ypoBHE
Pa3BUTHS BBIYUCIUTENFHON TEXHHUKH OONBIIOE KonmmdecTBO MM, BCTpedaeMbIX B
TUTEpaType, MOABEPraroTCs IpeNeIbHOMY YIPOIICHUIO YpaBHEHUH NBIDKCHUS U
nuHeapu3ammu. B 3apyOexnoit nmteparype omumcanbel MM BC m  ux
WCIOJB30BAHME JJISI pelieHus paznuuHbix 3azad [7, 8]. Muxenepst NASA B
pabote [9] BEIIENAIOT 0cO0YI0 POITE KOMITBIOTEPHOT'0 MOAennpoBaHus nonera BC
B CBOMX IIEPCHEKTHBHBIX a’pOKOCMHUYECKHUX mporpammax. Ilo mpuaune
COXpaHEHUS KOMMEPYECKOW TaWHBl B OTKPBITON II€YaTH HET YIOMHHAHHWH 00
yHHBepcaIbHBIX MM BEBICOKO# CTENEHH aeKBAaTHOCTH IOBENEHIIO peansHoro BC
IUTSL peIIeHus MHUPOKOro CIIEKTPa 3a1ad JHHAMUKH I10JIeTa, KOTOpEIE, 0€3yCIOBHO,
HCIIONIB3YIOTCS KaK OTEYCCTBEHHBIMH, TaK M 3apyOC)KHBIMH aBHACTPOHTEITHHBIMU
KOMITaHISIMA JJ1s1 pa3paboTKu HOBBIX 00pa3ioB AT.

C pa3BUTHEM BBIUHCIUTEIFHON TEXHUKH M MOSBICHUEM IMUPOKOTO CIIEKTpa
mporpaMM —MaTeMaTHYeCKOIO MOIENUpOBaHWs, HampuMep Matlab, cramm
JIOCTYITHBI TOTOBBIE KOMITBIOTEPHBIE MOJENH MPOCTPAHCTBEHHOro ABMKeHUs BC
[10], HO B HUX HET BO3MOXKHOCTH OTIEIBHO BBIICITUTH BIUSHAC TPO(OUIIS KPblia U
€ro MexXaHW3aIlud Ha M3MeHeHHne K0d()(UIIMEHTOB MOIbEMHON CHIIBI U JIOOOBOTO
COIPOTHBIICHUS, TAKXKE OTCYTCTBYET BO3MOKHOCTD BBEJICHHS B CHCTEMY OTKa30B U
OTCIIeKMBaHUS WX BIMSHAS HA KAa4eCTBO IEPEXOMHOr0 IIpOIecca, HEBO3MOXKHO
MOJICTTMPOBAThH B3aMMOJICHCTBIE PA3THIHBIX OPTaHOB YIIPABICHHUS MEKITY COOOH.

Heas cratbm — pa3paboTka KOMIBIOTEPHOH MOIENH IPOCTPAHCTBEHHOTO
nerokerns BC B IpomonbHOI TUIOCKOCTH TIPH TIOJIETE€ B BOSMYIIECHHONW aTtMocdepe
U ee HCIONIb30BaHNE B KAUECTBE WHCTPYMEHTA IS PEIICHUS 3aa4dn 00eCIIedeHuUs
MPUEMIIEMOTO YpOBHsI OE€30MacHOCTH TojeTa M KadecTBa ympasieHus BC B
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PA3INYIHOro poJa HCIITATHBIX CUTyallUuAX, CBA3AHHBIX C BO3JICHICTBHEM BHEIIHHX
BOBMYHICHHfI, otka3ax AT U UX COUCTaHHUAX.

MOJIEJIb MPOCTPAHCTBEHHOI'O JIBUKEHUSI CAMOJIETA B IIPOJOJbHOM
IJIOCKOCTH IPU MOJIETE B BOSMYIIIEHHO ATMOC®EPE

Jdns  pa3paOOTKH CHCTEMBI aBTOMATHYECKOTO YIpPaBJICHHUS, CIIOCOOHO
CBOIWTH BIMSHUE BO3MYIICHUH K MHUHHUMYMY, T.e. OOJamaromed CBOHCTBaMuU
WHBapUAHTHOCTH, enecoodpa3Ho HCIIONIb30BATh MIPEUMYILECTBA
KOMOMHHPOBAHHOTO YIpaBICHU (MPUHIWII YIIPABICHUS [0 OTKIOHEHUIO U
VIIpaBIeHUS IO BO3MYINeHHI0). KomMOWMHHMpOBaHHAs cHCTeMa aBTOMATHYECKOTO
PETYNHPOBaHMS  TO3BOJSET  ONHOBPEMEHHO  VIOBIIETBOPATH  TPEOOBAHHS
ABTOHOMHOCTH ¥ WHBAPHAHTHOCTH pETyJIMpPOBAaHUSA, HE Hapymas Mpd 3TOM
ycroitunBocTy cucteMbl [11]. Takast cucremMa MOXKET YCIIEIIHO MPUMEHSTHCS [UTS
ciy4asi, KOrjJa HaIo0 BBHIIOJHHUTh KadeCTBCHHOE pETYINPOBAHHE HECKOIBKIX
KOOPIMHAT IBMYKCHHSI CAMOJIETa.

MaremaTnueckoe  MOJCIMPOBAaHHE B  COYCTAHMH C  COBPEMEHHBIM
BEIYHCIUTENEHEIM 000PYIOBaHUEM ITO3BOJISIET TOIYYaTh KOMITBIOTEPHBIE MOIEIH
MPaKTUYECKH WICHTHYHBIE OOBEKTY HCCIENOBAHUSA. B 3aBHCHMOCTH OT LeNeH,
XapakTepa 3aJadydl M TPeOOBaHUA K MOJENN OT pa3paboTIMKOB Tpedyercs
obecrieueHre ee aIeKBaTHOCTH, TOYHOCTH M HEMPOTHBOPEUHMBOCTH ITOBEICHUIO
peanpHOr0 00bekTa. TOYHOCTP MaTeMaTH9YecKOoH Mopaenu (Majas MOrpEelIHOCTh
MOTYYEHHBIX PE3YIbTATOB) M HEMPOTHBOPEUMBOCTH (MONIYUIECHHE HEOOXOIMMBIX
Ka4eCTBEHHBIX ~ OCOOCHHOCTEH  HMCCIEOYeMBIX  IPOLECCOB)  MOCTHTACTCS
BEIITOTHEHHWEM  OIPE/ICIIEHHBIX TPeOOBAaHMA K MATEeMaTHYECKOMY OIHCAHUIO
oobekra [4]. Kak ckazano Beimre, moner BC mpoTekaeT B YCIOBUSAX pa3IMYHBIX
HEONpEICICHHOCTEH XapaKTepUCTHUK, IapaMEeTPOB W BO3ACHCTBUI BHEUTHEH
cpenpl. [loaToMy, Tpu omeHke amekBatHOcTH MM HEOOXOOMMO YYUTHIBATH, YTO
HEBO3MOXHO aOCONIOTHO TOYHO TIpemyraiaTh IPOCTPAHCTBEHHO-BPEMECHHBIC
XapaKTepUCTHKHA aTMoc(epsl (BKIOYAs MOPBIBEI BETpa) W HEBO3MOXKHO TOYHO
3HaTh aOCONOTHO BCE XapaKTEPUCTHKH JIeTaTeNbHOro ammapara. CliefoBaTensHo,
uneHTadukam MM 1 BCEBO3MOXKHBIX PEKIMOB — 3aJadya HETPUBHAITBHAS.
B Takux cirygasx memecooOpa3Ha pa3paboTKa MOJEIH, ONMMCHIBAIOIIEH OTACIbEHBIC
ATAITBI TIOJIETA B OMPEICIEHHBIX YCIOBHSIX.

B pesynmpTare, Ha OCHOBaHMM MaTeMaTHUeCcKoi Mozenn nemkeHmst BC B cpene
MatLab Simulink pa3paboraHa MoOImems CHCTEMBI aBTOMATHYECKOTO YIIPABICHUS
IBIDKSHHS CaMoOJleTa B MPOMOIBHOM IUTOCKOCTH, COCTOSIIAS W3 JBYX OCHOBHBIX
KaHAJIOB (KaHaJl yIpaBJICHUS BBICOTOM MOJNETa M KaHaj YIIPaBICHHUS CKOPOCTHIO).
Taxoke 100aBICHBI OMONHUTEIBHBIC KOHTYPHI VIIPABICHHS ABTOMATHYCCKAMHU
3aKphIIKaMHU O3 W Pa3ABMKHBIMH INensaMu O ¢ mpodmirs kpsita Clark Y.

B of6mem ciryuae OBIDKEHHS CaMolieTa IO TPAEKTOPHH CKOPOCTHh W3MEHSETCS
M0 3aJaHHOM mporpamme. l3MeHEHHe CKOPOCTH BBI3BIBACT JIOMOTHHUTEIHEHOES
OTKJIIOHEHHE KOOPAWHAT caMOJIeTa I10 BBICOTE /1, YIIIy TaHTaXa 3 W YIiy HaKIIOHA
TpaeKkTopud 6 OT 3aJaHHBIX KOOPAWHAT, TAK KaK MEXKIY IMPHUPAMICHUEM CKOPOCTH
U KOOpAWHATAMH caMoOJIeTa CYIIECTBYET OIlpelneNieHHas CBs3b. Jms Momemu
aBTOHOMHOTO perynupoBanus koopauHat BC paccumTanbl u  J100aBIICHBI
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K03()(DHUIIMEHTEI, Yepe3 KOTOPbIE OCYIIECTBISETCS CBS3b MEXKIY OCHOBHBIMHU
KaHamamu. JIisf BBITOJIHEHHS YCIOBHH aBTOHOMHOCTH KaHajla yIIPaBICHHS
ckopocThio BC ot kaHaa yrnpaBieHHs BEICOTOH HEOOXOIUMO B KaHAJ YIPaBICHHUS
TATOM IMOJAaBaTh CHTHAI OT yIja HakJIOHA TPAeKTOPUW M yrjia TaHraxka. UToObl
OCYIIECTBUTh ABTOHOMHOCTD YIPaBJIEHHS YIJIOM TaHTaXa W BBICOTOM IIOJIETa OT
KaHaJla YIpaBJIeHUS CKOPOCTHIO, HY)KHO B KaHaJ YIIPaBICHHUS PyJeM BBICOTHI U B
KaHal yOpaBJI€HHS aBTOMATHYECKHMH  3aKpbUIKAMH  II0AaBaTh CHTHAJBI,
MPOIOPIIHOHAIEHBIE MU3MEHEHUIO CKOpPOCTH Tojera. COOTBETCTBEHHO M B KaHAJ
VIIpaBlieHHsT TATOW aBHMAIBHMIATeNleil IIOJAETCA CHMTHAl I HEWTpaln3alu
JOTOJIHUTEIBHOTO CONPOTHBIIEHHS, BO3HUKAIOIIETO IPH OTKIOHEHWH 3aKPBLIKOB
03 ¥ N3MEHEHNH KOH(HTYpannuy meneif Og .

CucremMa aBTOHOMHOW cTaOMIM3aIMy KOOPAWHAT caMmoleTa /i, 3 | CKOpOCTH
V ipu monete B TypOyIIeHTHON aTMOc(hepe OIMUCHIBACTCSI CHCTEMOH YpaBHEHUH:

(P+ K CoV +(Cy = C2Y0+ CEG—r+ C58g + CB383 = (C,y — CH)oy — K1 CyU, 5
—KyCyU, +60 -9 — i~ CoS 85— C385 = (CY +Cy )y, — K2 Cy

—m"V —k;0+ (kg + Ws(p) + ks p)® —m®8 —m®S &g —m*383 = m*auy;

0-ph=0;

(Kh +th)h+(K9 +K9p)8—Khh3 -0= 0,

Ky(V-V3)+K; pV

—-B(p)( )—r=0;
K,C
J V+ 83 =0;
g
K,C
z V+d S = 0.
g
d
roc p =E, 8 — OTKJIOHCHHEC PYJId BBICOTHI, 63 — OTKJIOHCHHEC 3aKPbIIIKOB;
t
8¢ — KoHurypauuu Iienel; » — MOPUPANICHHE TSIIW aBHAIBUIATENeH;
op u U, — npupamieHue yria atakd ¥ MO/l BEKTOPA IIyTEBOH CKOPOCTH,
BBI3BAHHBIC HeﬁCTBI/IeM BCPTHUKAJIBHBIX W TOPU3OHTAJIBHBIX IIOPBIBOB BETPA,
k n K ¢ Pa3siIMIHbIMU  HHACKCAMH — IMEPEAATOYHBIC 4YHCIIa KOHTYPOB
aBTONWIIOTA; h, F3 — NPUPALIEHUE BBICOTHI; V, V3 — mpupalieHie CKOpPOCTH;
9 0 o — mpupameHHs YIJIOB TAaHTaKa, HAKIOHA TPAEKTOPHH U YIJa aTaKu;
b b

Ws(p) — mnepenarounas ¢ynkuus BC [12]; B(p) — mepematounas QpyHKIUSA

aBuamsurateneir; C W m C pa3IMYHBIMA WHAECKCAMH — KOO (QUIMEHTHI
o t

a’pOAMHAMHUYECKUX CHJI 1 MOMEHTOB, JeiicTByronx Ha BC B monere; 1=— —
T4

Oe3pasMepHas TOCTOSHHAs BpeMEHH, T, — a3pOJWMHAMHYECKas ITOCTOSHHAsT

Bpemenu BC;
VYpaBHEHUS TMHAMUKHA CaMOJIETa CIEAYET NOMOJHUTh YPaBHEHUSMH C YUETOM

© Komap H.H., Kopmyros H.B., ITanos B.B., 2016
74 ISSN 0452-9910. Ku6epHeTuka u BbI4HCI. TexHUKA. 2016. Boim. 183



KOO()(QUIIMEHTOB TEPEeKPECTHBIX CBS3ed H  JOMONHHUTENBHBIX  YIIPABIISIONIIX
MMOBEPXHOCTEM:

(p+ K CV +(Cy—C2IO+CLY—r + CI585 + CB85 = (Cy — CH)ay ~ K1C,U, 5
~KyC,U, +0-8 -0~ CO885 — C383 = (CY + Cy)ay, — Ko\ s
—m"V —k;0+ (kg + W5 (p)+kgp)9—m®8 —m S &g —m®383 = m®ay;
60— ph=0;,
14 o 83 KZCy
O-m'V-m ocb—(Kh+K}~lp)h—D3—DS—m (K3ab+m(V+UF))—

3-y

K,C

1) 2

—m®S (Kgay +——2—(V +Ur)) ~ (Kg + K3 p)9 = Kh3;
KsCyS

KyC,
63 = K30Lb +8—(V + UF);
Co Ky

K,C,
8 =Koy +——(V +Ur);
COS Ky

(p+Dr=K,Ky(V-V3)+KypV _KL(C)) -CHO+0ay) -

g
3 3 o
C3 C.s C U
S X g X 9L,
Kg Kg Kg Kg
chym83 m83 chym8S
D3 =—88(V+UF)+—8(K1 —K3)ab,DS =T8(V+UF)+
K3C 3m m K3C Sm
3

m
+—5(Kj = Kg)o;
m

K, — ko3¢ duruenT, XapakTepu3yromuil paboTy aBUaIBUraTesnei;

Ha coBpemennsix BC  mmpoko  HCHONB3YHOTCA — JONOJHUTENbHbBIE
YOPaBJISIOMIME MOBEPXHOCTH — IIMTKH, 3aKPBUIKU, HPEAKPBUIKU, Pa3IBUKHBIE
menu [3]. [apamienbHoe HCNOIB30BaHUE BCEX IOMOJHUTENBHBIX MOBEPXHOCTEN
MO3BOJISIET HE TOJNBKO B IMIMPOKHUX Ipelesiax W3MEHATh MOABbEMHYIO CHILy Kphblia,
pasrpyxasi Ipd 3TOM OCHOBHOM KaHaj YIpaBJIeHUs BBICOTOW IojeTa, HO HU
yllydumiaTb HIpPOJOJBHYIO  YCTOHMUMBOCTb, YHPaBISEMOCTb M MaHEBPEHHbIE
XapaKTepUCTUKA Ha JO3BYKOBBIX CKOpocTsx monera [13]. Pa3paborannas cxema
VYUTHIBACT OMHOBPEMEHHYIO Pa0OTy MEXaHHM3alUH KpbLIa ¥ TO3BOISET OTCICIUTh
BIISIHUE IUHAMHYECKOTO W3MEHEHHs KOH(QUTypaluyd Kpblla Ha KadecTBO
nBuwkeHns BC mpu  KoMIleHcalluM BETPOBBIX BO3MYILEHHUHM, NapUpOBaHHUU
MOCJIEICTBUH BO3HUKHOBEHHSI OTKAa30B YIPAaBISIOIMX IOBEPXHOCTEH, mpu
BBIIIOJIHEHUM MAaHEBPOB B IUIOCKOCTH IIPOIOJIHOTO JBMIKEHHUS, HamlpuMep,
VKIIOHEHUS B KOH(IUKTHOW CcHUTyannd. Mozenb BKIIOYaeT B ceOs KaHaIbl
YOpaBJI€HUsT  CKOPOCTbIO  BBICOTOM  MMOJ€Ta W KOHTYpPBHl  YIpPaBIEHUS
JONOJHUTEIbHBIMU  YHPABISIOLMMHA  TOBEPXHOCTSMH,  YTO  IIO3BOJISET
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MOJICTIMPOBATh MX THOKOe B3ammopmeiicTBue U moner BC B CIIOXKHBIX pexuMax,
TpeOYIOMUX MOBBIIICHHOH ToYHOCTH BhIepkuBanms BC. [Tlomumo aBrommiora, B
CHUCTEME NPEAYCMOTPEH aBTOMAT TAru. Takxke cxeMa MMeeT pAl MPEeUMYIIECTB: B
Hee JIETKO BBOIWTH HOBBIC CBSI3M, OBICTPO HAXOIUTh HEOOXOMMMEIC 3HAUCHUS
K0O()(OHUITMEHTOB 3BEHBEB OINECPATOPOB, B HEH YUMUTHIBACTCS XapaKTEPHCTHKA
MPUBOZOB NOBEpXHOCTEW ympaBieHus. Ha paHHOM sTame Mopaeiab MO3BOJSET
Ka4eCTBCHHO OIIEHUBATh IEPEXOMHOM mporecc W orobOpaxkaer peaknuio BC B
MIPOIOJIBHON IMJIOCKOCTU Ha BO3JEHCTBHE BO3MYILUEHHH, BEI3BAHHBIMU OCHOBHBIMU
OTKa3aMH, TaKUMH, KaK: OTKa3 OJHOIO WJIM HECKOJIbKHX 3aKpBUIKOB, OTKa3 WU
W3MEHECHUE XapaKTepUCTHKH PaOOTHI JBUTATENEH, aBTOMATa TSTH, PYJsS BBICOTHI
WIH € OTKa3sl B KaHaje YIOpaBICHUS pa3ABIKHBIMA IMIEISAMH, JHOO
COBOKYITHOCTh HECKOJIBKMX BBILIETIEPEUUCICHHBIX OTKa30B. C MOMOIIBIO CXEMBI
BO3MOXKHO TIPOCIEIUTh KAueCTBO OTPaOOTKM CHUTHAjJa W3MEHEHWsS BBICOTHI WU
ckopoctu monera BC mpH pasmuyHBIX KOHOUTYpanusx NPOQWISL KpbLia,
rpaguueckn OTCICKMBATH HM3MCHEHHE VYIJIa arTakd, TaHTaXa W HAKIIOHA
TPAeKTOPUH, B PYUHOM PEXUME 3a7aTh OTKA3 B OJHOM U3 KaHAJIOB U C IOMOIIbBIO
BO3ZCUCTBUS HA WHCIpPaBHBIE OpraHbl YIOpPaBIEHUS KOMIIGHCHUPOBATh €ro.
Cy1iecTByeT BO3MOXXHOCTh BBOAWTH BO3MYILEHHS, OMHMCHIBAIOLIUX BO3JIEHCTBHE
BHELIHEN Cpe/ibl B BUJIE TOPU3OHTAJIBHBIX U BEPTHUKAIbHBIX TOPHIBOB BETpA.

6 : : : i 04
. . . . . o |
4 0
E,. 3 “g -0.2
T 5 > 04
1 0.6
0 0.8
1 i i i i _1 i
3 10 15 20 23 30 35 5 10 15 20 25 30 35
t.c t,c
a)
0,5 ]

lela, rad

Lh
Lh

Puc.1. I'paduueckoe oroOpakeHne pe3yIbTaTOB MOIEIUPOBAHHS

MogenupoBanue MpoBOIMIIOCH B cpeme MatlLab B makere Simulink.
Paccmorpena cutyanms nerkenus BC Ha s1iesoHe W CMEHBI BBICOTHI TojieTa. Ha
puc. 1. a. mMoOKa3aHO W3MEHEHWE 3HAYEHHMs BBICOTHI IOJE€Ta IPH OTpaboTKe
3aJaHHOI0 CHTHAJa OTKJIOHEHHEM TOJIBKO pyJIsi BBICOTBI — KpuBas | u ¢
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MPUMEHECHHEM HM3MCHEHUS KOH(HTYpalMH Kpblla M Py BBICOTHI — KpuBas 2.
Ha6op BBICOTHI IPH UCTIONB30BAHUHU TOJBKO PYJIS BEICOTHI HECKOIBKO 3aMeIIeH 110
CpPaBHEHUIO C HCIOJIB30BAHMEM BCEH JOCTYITHOM a’pomumHamudeckon cxembl BC.
PaspaGoTaHHass cxema TI0O3BOJIIET OJHOBPEMEHHO C WM3MCHEHHEM BBICOTHI
OTCIIeKUBaTh W3MeHeHHe ckopoctd BC. Ha puc. 1. O mokaszaHO H3MEHEHHE
3HAYEHUS CKOPOCTH TIOJIETa MPH OTKIOHEHWH TOJIBKO PYyJS BHICOTHI — KpuBas 1 u
HM3MEHECHUHM KOH(MUTYpalMy KpbUTa M OTKIIOHEHWHW PYJIS BBICOTHI — KpuBas 2. U3
rpa¢uka BHIHO, YTO JONOJHHUTEIHHOE CONPOTHBIICHUE, BO3HUKAIOIIEE IPH
OTKJIOHCHHWH MEXaHW3allMU Kphlja ¥ U3MEHEHHH KOH(GHUTYpAIUH IIeCH, MPHUBOIUT
K OonpleMy majaeHuto ckopoctr nojera BC. Ha puc. 1. B. u puc. 1. r. moka3aHbl
W3MEHCHHE yIja aTakKk W W3MEHEHHWE yIjla TaHTaxka NpH HaOope BBICOTHI C
OTKJIOHEHHUEM TOJILKO PYJIsl BBICOTHI — KpHBass 1 W M3MEHEHUEM KOH(HUTYpaIiu
KpblUIa ¥ OTKJIOHEHHWEM pyJisi BBICOTHI — KpuBas 2. U3 pucynkoB 1. B. u 1. r.
BUHO, uT0 BC MeHee BO3MYIIEH 10 YTy aTaKd W TaHTaka MPH UCIOIb30BAHUU
BCEl OCTYIMHON aspoauHaMudeckoi cxembl BC.

Pe3ynpTaThl MOAenMpoOBaHUS HE MPOTUBOPEUYAT OMHCAHHBIM B JUTEPAType
paHee TIONYYEHHBIM pE3yNbTaTaM TIPOBOJIWBIIUXCS JIETHBIX WCHBITAHUA W
MopenupoBanwii [ 14].

BBIBOBI

HAns pemmenHust 3amadd CHHTe3a CHCTeMBl ympaieHus BC, cmocoOHOi
OIEpPaTHBHO pEarupoBaTh HAa OTKa3bl M BHEIIHHE BO3MYIIEHHS, CBOISI WX
HETaTHBHOE BIMSHHUE K IPHEMIEMOMY MHHHMYMY, IIPOBOISTCS WCCICIOBAHUS C
MIOMOIIBI0 KOMITBIOTEPHON MOZAETH CHUCTEMBI CBSI3aHHOTO YIIPABJICHUS BBICOTON
CKOPOCTBIO TIONETa, pa3zpaboTanHoi B cpene MatLab Simulink ¢ ncnonp3oBanmeM
MPEUMYIIECTB KOMOMHUPOBAHHBIX CHCTEM M TEOPHH WHBAPHAHTHOCTH.

OObenuHEeHNE IBYX OCHOBHEIX KaHaloB yrpaBieHns BC B mpomonbHOM
TUTOCKOCTH TIO3BOJIICT OTCIICKUBATh pa3ddHbIC Mapamerpbl aBmkeHus BC.
I'mbkoe B3amMoOmeicTBHE MEXITy KaHaJaMH YIPaBICHHUS BBICOTOH M CKOPOCTHIO
nmonera BC pacmupsier Kpyr BO3MOXKHOCTEH IJIS peIIeHUs 3a1ad, CBSI3aHHBIX C
nuHamukor nonera BC.
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MODEL OF SPATIAL MOVEMENT OF THE AIRCRAFT
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Introduction. The article discusses the question of the necessity to create an
aircraft control system having the properties of survivability and fault tolerance.

The purpose of the article is to show the usage of computer modeling as a
tool for the achievement of an acceptable level of safety and quality control of the
aircraft in various emergency situations related to the impact of external
disturbances, faults and their combinations.

Results. The authors proposed the usage of a computer model of the aircraft
altitude and velocity control system, developed in the MatLab Simulink with the
use of advantages of the combined systems, and the theory of invariance. The
model of aircraft movement in the longitudinal plane is created. This model is
based on the physical parameters of the aircraft and its aerodynamics and takes into
account the effect of the turbulent atmosphere. It is shown that using such model is
possible to conduct research for solving problems related to the dynamics of flight.

Conclusion. It is shown that the usage of computer modeling as a tool of
mathematical modeling to create adaptive automatic control system is proposed.

Keywords: automatic control system, flight safety, invariance, failure,
disturbance, computer model.
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MepumumHckaa m 6monormueckKas
KubepHeTuka

VIK 614.2.001.18 : 61.001.891.57

MOJIEJIb ITPOTHO3A THHOBAIIMOHHOM
IPPEKTUBHOCTHU HAYYHO-
HNCCIEAOBATEJBCKUX PABOT B COEPE
3APABOOXPAHEHMUSA

A.E. Iop6ans', M.JI. Kounna®

1 . N N
Ykpaunckuii yenmp HayuHOU MeOUUYUHCKOU UHGOpMayuU U RAM eHMHO-
Jnuyen3uonnoii pabomol M3 Yxpaunsl (2. Kues)

2
Xapvkoeckan meouyunckan akademusn nocieounioMHozo oopasosanus (2. Xapbkoe)

IIpencraBneHo HaydHoe OOOCHOBaHME U  PE3yNbTaThl
pa3paboTKM MOZENH NPOrHO3a HWHHOBAIIMOHHOW 3((EKTUBHOCTH HAYYHO-
uccnenoparenbckux pabor (HUP). Jlns sTtoro OpUIM  MCHONB30BAaHBI:
pa3paboraHHas cucreMa OasIbHOW OIEHKH HAyYHBIX pPE3y/lbTaToB U
npoaykuuu HUP, nayuHoro noreHuumana KoUIEKTHBA WCHOJHUTENEH, YPOBHS
MIPEATONAaraeMbIX HCCIEJOBAaHUN 1Mo mKane ['pamarum HoKa3aTenbCTB U CHIIBI
PEKOMEeHaIuH, a TakXKe IIKaJla SKCIEePTHBIX OIEHOK. Vcronp30Banue METoI0B
HEUYETKOW JIOTHKU IIO3BOJMJIO BBISIBUTH MH(OPMATHBHBIE IOKA3aTENH OLEHKU
HUP u nHa 3TOM OCHOBE MOCTPOMTH MOJEINb IMPOrHO3a €€ MHHOBALIMOHHOMN
3¢ GEeKTUBHOCTH HA 3Talle INIAHUPOBAHUS HA OCHOBAHUHU 3KCIIEPTHBIX OIIEHOK.

Knioueevie cnoga: Mopmenb TIPOrHO3a, HEYETKas JIOTHKA,
VHHOBAIMOHHAS 3 (EKTHBHOCTD, HAYIHO-HCCIIEI0BATENbCKAs padoTa.

IlpencraBineHo HayKkOBe OOTPYHTYBaHHS 1  pe3yibTaTd
pO3pobiieHHsT MOAeTi MPOrHO3y iHHOBAaWiWHOT e(EeKTHBHOCTI HAYKOBO-
nocaigaux pobit (HAP). dnst 1poro 6yino BUKOPUCTAHO: PO3pOOIeHA cUCTeMa
0anbHOI OLIHKM HayKoBUX pe3ymbrariB 1 mpoaykuii HJIP, wHaykoBoro
MOTEHI[iay KOJCKTUBY BHKOHABIIB, PiBHS MepeadadyBaHHX MOCHTIDKEHb 3a
mikanoro ['pagariii qoka3iB i CHIIM PEeKOMEH/IAIIM, a TAKOXK IIKada eKCIePTHUX
OLIHOK. BUKOpHUCTaHHS METOMIB HEUITKOI JIOTIKM [O3BOJMJIO BUSIBUTH
inpopmaruBHi mokazHuku ouinku HJIP i Ha uiii ocHOBI moOyayBaTu Momelb
nporuo3y ii iHHOBaIiiHOI eeKTHBHOCTI Ha eTami IUIAaHyBaHHS HA IIiJCTaBi
€KCIIEPTHHX OL[iHOK.

Knwouosi cnosa: wmonmens [POrHO3y, HEYiTKa JIOTiKa,
iHHOBaIliiiHA e()eKTUBHICTh, HAYKOBO-IOCIiIHA POOOTA.

BBEJEHUE

B 3npaBooxpaHeHN YKpauHbl ¢ KaXKIbIM TOJJOM YBEIHYUBACTCA KOJTUYECTBO
Hay9IHO-HCCIenoBaTeabckux padotr (HUP), koToprie BHIMOTHSIOTCS KOITEKTHBAMH
BEICIINX MEAWIIMHCKAX y4YEOHBIX 3aBENCHHWM, HAYYHO-HCCIECIOBATEIHCKIX
WHCTUTYTOB MMUHHCTEpPCTBA 3ApaBOOXpaHeHUs YKpauHsl W HaruonaneHoM
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aKaJIeMUH MEIUIMHCKUX HayK YKpawHbl [1, 2]. 3HaunTenpHAsl 4acTh 3TUX PaboOT
¢unaHcupyercss m3 odmero ¢ouma [locymapcTBeHHOro OrOmKeTra YKpawHBL
OcHOoBaHWEM Ui BBIACNEHUS (UHAHCOBBIX CPEICTB SBIAIOTCS  PEIICHUS
COOTBETCTBYIOIIMX  KOHKYPCHBIX  KOMHCCHIl, = KOTOpbIE  paccMaTpUBarOT
MpeJCTaBlIEHHbIE IPOEKTHBIE 3asiBKU Ha IpoBeleHue uccienoBanuil. [lpouenypuo
3TO COOTBETCTBYET TPEOOBAHUSAM 3aKOHOAATENBCTBA YKpAaWHBI M OTPACIEBBIX
HOPMaTHUBHBIX JOKyMEHTOB [3]. i NpUHATHUS KOMHUCCHUSMHU IOJOXKHUTENbHBIX
pemeHuii OoipIIoe 3HAUCHHWE WMEET IMPOTHO3 OXKHAAEMOH BOCTPeOOBAaHHOCTH
MOJly4YeHHOH Hay4YHOM TNpPONYKIMM M  TEpPCHEeKTHBBl €€ BHEAPEHHUS B
31IpaBOOXpaHeHue Y KpauHbl.

[Iporuo3 oxmmaeMoii BOCTpeOOBaHHOCTH MPOAYKTa KaK B MEAWIMHE, TaK U B
Ipyrux cdepax IPOU3BOICTBEHHOH AEATEIBHOCTH OCYIIECTBISIETCS —ITYTEM
MPOBEACHUS MPEIBAPUTENIbHBIX MApKETUHIOBBIX HCCIENOBAaHUM pBIHKA C
BEISBIICHHEM OCHOBHBIX IMOTpPEeOHOCTEH, 4To camo mo cebe sBisercss (PHHAHCOBO
€MKHM TIPOIIECCOM W TpeOyeT 3HAYUTENBHOTO BpPEMEHH. YUHTHIBas (HakT
©KETOMHOTO COKpamieHus: o0beMa (QUHAHCHPOBAHWS HAYIHOU IESTEIHHOCTH,
MPUMEHEHHE JaHHOTO WHCTPYMEHTapHs IMPOrHO3UPOBAHUS HE MPEICTaBIIAETCS
BO3MO>KHBIM.

OTy mpobieMy MOXKHO pemIaTh IIyTeM IPOTHO3HPOBAHMS  0a30BBIX
XapaKTEpUCTUK HAayyHOW MpoAyKuuu. B  1aHHOM ciydae OCHOBHBIMH
XapaKTePUCTUKAMHU  SIBJSIFOTCS: CHIDKCHHE CEOSCTOMMOCTH —TPOAYKIMH  TI0
OTHOLLEHUIO K MPUMEHSEMONM B HACTOsIIEe BpeMs, IIOBBIIIEHHUE YPOBHS €€
KayecTBa, 4YTO B MEOUIMHCKOM JEATeIbHOCTH MOMKET COOTBETCTBOBATH
XapaKTEePUCTHKE TOKA3aTeIbHOCTH, 0€30IMacCHOCTH IPpUMEHEHHS U T.1. [4, 5, 6].

B npous3sBOICTBEHHBIX Hpoleccax 3TH XapaKTEPUCTUKU OTHOCATCS K
COCTABIIIOIIAM TIOHSTHS KOHKYypeHTOCIocoOHOCTH. Mcxoms W3 ompeneneHuid,
MPEIyCMOTPEHHBIX  JIEHCTBYIOUIMM  3aKOHOAATENIbCTBOM  YKpauHel [3, 4],
pPEryIUpPYIOIIMM  HWHHOBALIMOHHYIO  JI€STEIbHOCTb,  BBICOKAas  KOHKYpPEHTO-
CIOCOOHOCTH SIBIISIETCSI OCHOBOITOJIATAIOIIEH YepTOif MHHOBAIMOHHOTO IMTPOIYKTA.

[Ipu mnanupoBannn HUIP Gonblnioe 3HaYeHWE HWMEET MPOTHO3WPOBAHHUE
3 PEKTUBHOCTH €€ BBHIIOIHEHIS, TOCKOIBKY (MHAHCHPOBAHHUE Pa0OT, H3HAYAIBEHO
HE HMEIMMX JODKHOIO  HMHHOBAIMOHHOTO  A¢¢eKkTa, NPUBOAUT K
HEepaIMOHATbHOMY HCIIOJB30BAHUIO OIO/UKETHBIX CpPEICTB. TakuM o00pa3om,
MPOTHO3UPOBaHKE 0A30BBIX XapaKTEPHCTUK IPEANONIATaeMOr0 HAyIHOTO IIPOYKTa
Ha OJTalme IUIAHHPOBAHWS €ro pa3pa0OTKH MOXHO pacCMaTpHBaTh  Kak
00s13aTEeTBHBINA ATaI 00IIero HHHOBAIMOHHOTO IpoIecca.

B Hacrosmee Bpemss Ha drtane rutanupoBanuss HMP mporHo3upoBaHuwe ux
WHHOBAIIMOHHON 3()()EKTHBHOCTH MPOBOIMUTCS ITyTEM ydeTa DKCIIEPTHBIX MHEHUH,
OT3BIBOB CIICITHATIIICTOB COOTBETCTBYIOUIETO MPOMUIS W YPOBHA KOMITCTECHITHH,
OLIEHKH IPEAbLAYILEro ONbITa HAYYHBIX KOJJIEKTUBOB B PEILIEHUH MOXOXKHUX 3aJad,
CYIIECTBYIOIINX PECYPCHBIX BO3MOXKHOCTEH OpraHm3amiii, 00ecIeUnBaIOIINX
MpOBEICHNE HWCCICAOBAaHMNA W Tak jamee. TakuMm oOpa3oMm, Iporecc
MPOTHOZUPOBAHHS BKIIOYACT B ce0S KOMIUIEKCHYIO WHTETPABHYIO OICHKY
pa3MYHBIX TAPaAMETPOB, KOTOPBIE B JAHHOE BPEMsI HE UMEIOT YETKOM CTPYKTYphI U
KOJINYECTBEHHBIX XapaKTEPUCTHUK.
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B  coBpeMEHHOM  OTEYECTBEHHOM  3/paBOOXpaHeHHH wmmeercs 118
MEIUIMHCKAX CIICIHATBHOCTEH, eXKeromHbli 00bEeM IPOBOJMMEIX HAYYHBIX
pa3paborok — Oomnee 400, KOMMUECTBO SAWHUII BBITYCKAEMOW B T'0f HAYJIHOU
nponykunn — Oomee 1500. CTaHOBUTCS OYCBHIHBIM, UTO MPUHSATHE PEIICHUI B
TaKoOW CHUTyanuu TpeOyeT cepbe3HOH HH(OPMAIMOHHON MOIICPIKKH, TMOCKOIBKY
MPOTHORMPOBAHHE Ha OCHOBE CYOBCKTUBHBIX MHEHHH HE YIOBJIETBOPSET
MOTPEOHOCTIM  D(PPEKTUBHOIO YIIPABICHUS WHHOBAIIMOHHOW ESTEIEHOCTHIO
[1,2,4,5].

Bce  BEIMIEM3NOXKEHHOE JIUKTYeT HEOOXOOUMOCTH pa3paOOTKH  HOBOWM
CTPYKTYpPBl H CTaHIAPTU3UPOBAHHBIX KOJNHYECTBEHHBIX XApPaKTEPUCTHK IS
MPOTHOZHOW OLICHKM WHHOBAIMOHHON MPONYKIUH Ha HTale IUIAHHPOBAHHS €e
co3manms. Pemenue 3Toil mpoONEeMBI BO3MOXKHO TONBKO C HCIHONB30BaHHEM
COBPEMEHHBIX HH(POPMAIIMOHHBIX TEXHOIOTHH.

Heas padorsl — HaydHOE OOOCHOBaHWE W Pa3padOTKa MOIENH IIPOrHO3a
HWHHOBaIMOHHOM 3¢ extnBHOCTH HUP.

OBBEKT U METO/IbI UCCJAEJOBAHUS

ITocTpoenne Moxmenu mporHo3a Ha 3Tane miaHupoBanuss HUP cramo
BO3MOJKHBIM ITOCTIE pa3pabOTKH CHCTEMBI OAJTBHOM OIICHKH HAYYHBIX PE3YJIbTATOB
n nponykiuun HUP, HaydHOro moTeHNnana KOJJIEKTHBA HWCIIOTHUTENCH, YPOBHS
MPEATIoIaraéMbIX HMCCIICIOBAHUI IO MmIKaie ['pamanuu TOKa3aTeIbCTB M CHIIBI
pEKOMEHAIMH, a TAK)KE IIKAJIBI IKCIEPTHBIX OeHOK (puc. 1).

Bamms

Bawiel 10 [Ikare rpajauiy I0Ka3aTelbCTs 0.1-5
1 CHITBI peKoMeHmanmit

CTpyKTypa KOIH49eCTBEHHOI

vy Bamiel 110 [IKane BHEOPEHHS Pe3yIbTaToB 0,1-5

OILIHKH pe3ynsTaros HIAP :
HIP
Bamne! mo IIIkane 3kCIePTHRIX OLEHOK 0-7
Barnbl 3a moxasaTelH Hay9HOTO KOJIEKTHBA 1-5

Puc.1. CocrasJsiromye KoIu4ecTBeHHOM oneHKH 3¢ dextuBHOCTH HUP.

Jis  wHTeIUIeKTyalbHOro aHaim3a uHpopmammu o HHWP wucmonb3oBana
HeueTkass joruka [7, 8, 9]. [lns BBISBICHHS 3aKOHOMEPHOCTEH B HMEIONTUXCS
Habopax xapakrepuctuk HUP ncmonb3oBaH MeTOm HEUETKOH KiIacTepu3alud, a
IUTSL TIONyYeHUs mporHo3a s¢¢exTuBHOCTH tanupyembix HUP Opima moctpoena
MOJIEJIb TPOTHO3a, OCHOBAHHAs Ha CUCTeMe HeueTKoro BeiBoga Mamuaanu [10].

Cratuctryeckass o00paboTKa pe3ynbTaTOB WCCIENOBaHWI IIpOBENEHA C
WCIOJb30BAHUEM METO/OB OINUCATEIbHON CTAaTUCTHKUM W HelmapaMeTPHUECKUX
metozn0B (U kputepuss ManHa-YUTHH).

Heuerkmii kmaccudukarop OBIT peanmn3oBaH C HCIONB30BAaHHEM ITaKeTa
nporpamm MATLAB [11]. Hdns permenus 3afadd HEUETKOW KIIACTEpU3AIlMU Ha
OCHOBE aITOPUTMa HEUETKHX C-CPEOHHUX OBLI HCIONB30BaH HAOOp MporpaMm
Fuzzy Clustering and Data Analysis Toolbox.
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PE3YJBbTATBI U UX OBCYKJIEHUE

JIJIs moCTpoeHuss MOJIENIA MPOTHO3a MHHOBAIMOHHOW 3¢ ¢dextuBHoctH HUP
ObUTM WCIIONB30BaHBl JAaHHBIE 56 3aBEpPIICHHBIX pPa0OT, BHITONHABIIMXCS B
20122014 rr. KomnuectBenHas omnenka 3hdexruBHoctd HUP mpoenena c
HCIIOB30BaHHEM (opM, coneprxkaimux [lIkasr (puc. 1).

IIpn nmmanupoBannm HIMP, a Takke Ha pa3HBIX 3Talax €€ BBINOJHEHUS HE
MEHEe TpeX OKCIEPTOB OLEHUBAIOT IpelnojaraeMble MWIM IOJIy4YeHHBIE
pe3yJbTaThl ¢ UCIONb30BaHKUEM cooTBeTcTBYIoLIeH LlIkanel (puc. 2).

MHEHEMAJIBHO JOIYCTHMBIH

HanMeHoBaHHEe MOKAa3aTeas OnenkKa B fatax YDOBEHB

VpoBeHb HAYIHOH HOBH3HBI

3HAYHMOCTE 118 HAYKH H NIPAKTHKH

CTenens BJIHAHMA pesyasTaTa HHP
Ha HayKY H NPAKTHKY

0-7 3

CTeneHs COOTBETCTBHA 3ampocaM
HAaYKH H NPAKTHKH

Ouenka 3@ deKTa 0T BHEIPEHHA

MeToaH4ecKHH YPOEeHE H
MaTepHAIbHO-TeXHHYecKas 6asa
HCCIeTOBAHHH

0-5 2

Haju4ue NpeJBAPHTE/IBHOI0 OIBITA

1-3 2

KeanupHKanHA OCHOBHEIX
HenoaeHTe el HHP

PealbHOCTE CPOKOE EBINOTHEHHAA

HHP 0-3 L5

OO00CHOBAHHOCTh YPOBHSA
¢punancuposanus HUP

1-2 1

IR
{AR(

Puc. 2. Ctpykrypa 3kcnepTHOU otieHKH ¢ dexTrnBHOcTH HUP.

Kaxxaprit u3 mokasareneit paspaborannoit [lIkansl skcrepTHON omenkn HIUP
HMEET TIpajallid, B COOTBETCTBUM C KOTOPBIMH JKCIEpPT BBICTABISAET
OKOHUaTeNbHEBIe Oaibl. [t mpuMepa npuBeneM ¢parmeHT lIKanmsl, Kacaromuiics
MperonaracMoil HOBU3HBI M TpakTH4eckoi 3Haunmoctd HUP (tab6i.1).

ITocne npoBenenus oueHku rmanupyemorn HUP B coorBerctBuu co Lllkamnoit
MPOM3BOJIUTCS BBIYUCIIEHUE CPEIHUX 3HAUEHUH KaXIOro U3 OLEHUBAEMbIX
TOKa3aTelen.

Janee mpOM3BOAUTCS BBIYMCICHHE CpPEIHUX 3HAYEHUH KaXIOro U3
OLICHHBAEMBIX ITOKa3aTeNeH.

B pesynapraTe mUpeABapHTENBFHOrO aHAW3a MMOMYYEHHBIX JaHHBIX OBLIO
YCTA@HOBJIEHO, YTO OoNTHUMasibHOe pasneneHue HUP mo creneHn MHHOBAIlMOHHOMN
3¢ PEKTUBHOCTH OCYIIECTBISETCS MO 3HAYCHMSIM YeTHIpeX IMokazareneil. Bee ot
MOKa3aTeNld OTHOCATCS K KaTeropuu SKCHEPTHBIX oueHoK (puc.2). Cpemu HUX
Hanbonee MHOOPMATUBHBIME OKa3allMCh TMOKa3aTenu HOBU3HBI (H), oxmmaemoro
MenumuHCKoro ¢ dekra or BHeApeHUs (OM), METOAMYECKOro YPOBHSI U
MaTepHaIbHO-TeXHHUYeCKor 0a3bl nccnenoBanust (MY), kBammpuKanud OCHOBHBIX
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ucnonautenei (KM). [TombITkH MCHonb30BaTh OONBIIMN HAOOpP MOKa3aTened Juis
KJIACTEpH3aMK MPUBOIIIN K TMOSBICHUIO OMMOOK TPH €€ MTPOBENCHUU U
paccerBaHUIO JaHHBIX.

Tabmuua 1.
®@paemenm Lllxanvt sxcnepmuoii oyenku HUP

HauMmeHoBaHHe NMOKa3aTeJIsi | XapakTepucTHKA | Banasl
1. HoBusna
1.1. YpoBeHb Hay4YHOWH HOBU3HBI
Bricokuii IIpoBoauTcs BepBbie B MUPE 5-7
OTHOCHTEJIBHO BEICOKHH ITpoBoxuTcs BepBBIC B YKpaHHe 3-4
HenoctaTouHO BBEICOKHIA Hosusna Ha ypoHe otnensnoit HHP 1-2
Ot1cyTcTBYeT He umeer 3HaUeHUS )11 HAYKH U MIPAKTUKH 0

2.3HaYMMOCTH 1151 HAYKH U NPAKTUHKHA

2.1.Crenens BiusHuA pe3yiabraroB HVP Ha HayKy ¥ IpakTHKY

Bricokas OxaxeT KapJUHAIBHOE BIIMSHUE Ha JalbHeiiniee 5-7
pa3BHUTHE HAYKU U TPAKTUKH

OTHOCHTEJIBHO BBICOKAs OxakeT CyLIECTBEHHOE BIMSHHE Ha JalbHeiiniee 34
pa3BHUTHE HAyKU U TPAKTUKH

HemoctaTo4uHo BHICOKas OKaxeT OnpeziesIeHHOE BIMSHIE Ha Pa3BUTHE HAYKH H 1-2
MIPAKTUKU

OT1cyTCcTBYET He umeer 3HaueHUst A1 pa3BUTUS HAYKU U TIPAKTUKH 0

2.2. CreneHb COOTBETCTBHUS 3alIpOCcaM HAYKH M IPAKTUKU

Bricokas Hmeer  mepBocTeNeHHOE 3Ha4YeHUE Ui HAyKH H 5-7
MPAKTUKU

OTHOCHTEJIBHO BBICOKAs HMeer BaKHOE 3HAYEHHE 34

HemoctaTo4Ho BBICOKas Vmeer onpezieieHHOE 3HaYeHHE 1-2

OT1cyTCcTBYET He cooTBeTcTBYET 3ampocaM HayKH ¥ MPAKTUKU 0

2.3. OueHka ypoBHs 3G deKra 0T BHEAPSHUS

Bricokuii Ilupokoe BHexpeHHWE HAa HAIIMOHAIHHOM YPOBHE CO 4-5
3HAYUTENBHBIM 3 HeKToM

OTHOCHTEJIBHO BBICOKUI BHenpeHne B HECKOJIBKUX PErMOHAX CO 3HAYMTEIbHBIM 2-3
adpdexTom

HenoctaTouHO BBEICOKHIA BHenpeHne B HECKOJNIBKMX — OpraHm3ainusx — 0es 0,5-1
omnpeneneHus 3pdhexra

OT1cyTCcTBYET BHenpeHue oTcyTcTBYeT 0

[IpenBapurenpHas HOPMHPOBKA AKCIIEPTHBIX OICHOK C HCIONBE30BAHAEM
pa3paboTaHHOrO HAMH MUHHMAIIFHO JOIIYCTHMOT'O YPOBHS 3HAUEHUH IOKa3aTenei
MO3BONIMJIA CYIICCTBEHHO YIIYUIIHTh PE3YNIbTaT KIACTEPU3AIMH W JOOHTHCS
0e30muO0YHOr0 pasfeleHuss Ha Kiactepsl (puc. 2). B pesymprare meneHus
cpemHuX 0allIoB, MOMYYEHHBIX IIPH SKCIEPTU3E 3asABKU Ha GuHaHcHpoBanue HUP,
HA MAHUMAJBHO AOIYCTUMBIN YPOBEHB OBLIH ITONYYECHBI OTHOCHTEIFHBIC 3HAUCHUS
MoKa3aTenel, KOTOphIe W  HWCIONB30BANUCh TIPH TPOBENCHHH HEYETKOM
KJIaCTepH3AIIHH.

Jns cuHTE3a MOIENU MPOTHO3a B COOTBETCTBHU C AITOPHUTMOM (pmc. 3) Ha
BXOJ CHCTEMBI OBLIH IONAHBI IMOKa3aTend 3(PPEeKTUBHOCTH 36-TH 3aBEPIICHHBIX
HUP (Beibopka 1). OTm mokazaTenw OBUTH KIACTEPH30BAHBEI [0 AITOPHUTMY
HEUETKHX c-CpelHuX. B pesynpTare KiacTepu3anui ObLUIO BEIIEICHO TPU KiIacTepa
W OmpenereHbl KOOPAWHATHI WX IEHTpOB. Jlanmee Ha OCHOBAaHWUU PE3YIBTATOB
KJIACTEPH3AINH WCXOJHBIX NAHHBIX OBUT MPOW3BEACH CHHTE3 HEUETKHX HpPaBWI U
amIMpOKCHMAanusl QYHKIMH MPUHAICKHOCTH 00BeKTa K Kimactepy [11]. dyHkmums
MPUHAIICKHOCTA B KAKIOM ClIydae IO3BOJICT OLEHUTH CTEHECHb OJIM30CTH
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00BEKTa K BBIJCICHHOMY KJIACTEPY IO 3HAYCHHUIO BBIICICHHOro mokasarens. J{ist
[IPOBEPKU MOJIENH M HACTPOMKH €€ MapaMeTpoB ObLIHM HCIOJIb30BAHBI MOKA3ATENN
20-Tu 3aBepireHHbIx HUP (BoIOOpKa 2).

Hauamo

TToraszatenu
stbderTiEHOCTH
33BEepImeHHEIX

HHP (gerbopra 1)

Y

Knacrepuzaria
TIOKazaTened mo
ANTOPHUTMY
HEYSTKMX C-CPeTHNX

Koopouaarer Koopounare: Koopauaate:
rnactepa Ne 1 rnactepa Ne2 rrmactepa Ne3

h 4

AnmporcumMariua
MapaMeTpoB MOIEH
B COOTBETCTEMH C
KOOPAHMHATAMH EIACTEPOR

A 4

r 3

-+
Y ]
TorazaTenn =
IIporHos adbexTHEHOCTH Hactpoiixa
adderTHEHOCTH
23E epIIeHHEIX HIP c ncnonszoeaHmnem [apaMETPOE MOIEIH
HIIP (gr1bopxa 2) MOMEH [IPOTHO3a

F

IIporuos naet
MHHHMATEHYE
ommbky?

Konen

Puc. 3. Anroputwm pa3pabotku monenu 3¢ dexrupaoct HAP.

Hcnons3oBanue HEYETKOMH KIIaCTCpu3aliuu IMO3BOJIMJIO SKCTparupoBaTtb H3
ChIPbIX IOAHHBIX PpEIIaroIMue IIpaBUjia, B JlanbHeHIIeM HCIIOJIb3YIOIIUECCA TIPpH
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MOCTPOCHUH TPOTHO3HOM MOIENH Ha OCHOBE CHCTEMBI HEUETKOTO JIOTHYECKOTO
BBIBOAA [9, 11].

Ha ocHoBanmm anamm3a mcxomHoH WHQOpMAIMK ObUIA MONXyYeHAa HEYETKas
0a3a 3HaHWU B BUIE TPEX JOTHUECKUX YPaBHEHUI:

Rr1(X) = (xp) N op1(62) Ny (03) O g (%)
B2 (X)) =g (xp) N Hop(x2) N asy2(x3) N g (Xg)

Br3(X) = ppz(xp) N oasz(x2) N3 (X3) N g3 (X))

e Mr(X), Hg2(X), Hg3(X) — creneHb BEITOTHEHNS MPaBHI HEUSTKON 0a3bl
3HaHMH JUIA  BXONHOI'O  BEKTOpa  mapamerpoB  sddektuBHocTH  HIUP
X = (x1,X2,%3,%4) ; e (1) Mo (X2)s Bagyin (X3)s Mazn (X4) —
COOTBETCTBYIOIIMEC  (YHKIMH  MPUHAUICKHOCTH  3HAUCHHWS  Iapamerpa

s¢pdexruBrocTH HUP HewerkoMy mpasmity 0a3sl 3HaHHH; L g,(X,,) — mapaMeTp
HOBHB3HBI, [5),(X,) — [apaMerp OXHAAEMOro MEIULIMHCKOro 3ddekra ot
BHEIPEHUS; [y, (x,) — HapaMeTp METOAMYECKOrO YPOBHS M MaTepHalbHO-

TEXHUYECKOH 0a3bl HMCCIENOBaHUA; Wgyz,(X,) — NapaMeTp KBaau(HKaHH

OCHOBHBIX HCITOJIHUTEIICH.

I[J'Iﬂ aIIrpoKCuMallnn (1)YHK]_[I/II/I NPpUHAJICKHOCTH KaXJ0ro HEUYCTKOro
KJ1aCtepa (1)YHK]_II/I$IMI/I OpUHAIIC)KHOCTU BXOJHBIX W BbBIXOJHBIX IIECPEMEHHBIX
HCIOJIb30BaHA ABYCTOPOHHSA rayCcCcoBa (1)YHK]_[I/I$IZ

~(x-b)*
e 2¢° ,x<b
W' (x)=4 1 ,x=b
~(x-b)*
e %2 x>b
rme p'(x) — QYHKIMS NPUHAIOKHOCTH MEPEMEHHOH Xx; b — mHapaMerp

(GYHKIUN TPUHAIICKHOCTH, COOTBETCTBYIOIIMH KOOpAWHATE MakcuMmyma (B
JAHHOM CIlydae — KOOpJHMHAaTa LEHTpa KIacTepa); c|, C; — HapaMeTpsl CKaTHs-

pacTsbkeHus (QYHKIUY IPHHAIICKHOCTH.

JUIs  monydyeHHs TPOTHO3a HMHHOBAIMOHHOW »ddektuBHOCTH HUP ¢
HCIIONIb30BaHNEM pa3paboTaHHON Monmenu e€ omncaHue HEOOXOAWMO 3arpy3HTh B
MporpamMmy, pealu3yloulyl0 MallliHy HEYEeTKOro BhIBoAa MamjiaHu, HalpuMep, B
MaKeT MPUKIaIHBIX mporpamMMm Matlab Fuzzy Logic Toolbox.

Hacrpoiika napameTpoB MOAEIN IPOBOJMIIACH OTAENBHO AJIs JIEBOM U MpaBoil
BeTBel (PyHKIMI NpHHAIISKHOCTA. [IOMCK ONTHMANBHBIX MapaMeTPOB CHKATHS-
pacTsbkeHHS (YHKIUM TIPOBOMNIIICS IO METOAY HAaWMEHBIINX KBaJPAaTOB.
[MapameTpbl MogeH IPOTHO3a MPUBEICHEI B Ta0MI. 2.

[NomydenHast MPOrHO3HAST MOIENH IMPEACTaBIACT CO00H KOMOWHAIMIO 0a3bl
3HaHWHA, COCTaBJICHHYI0 H3 Ha0bopa HEYETKUX MpPaBWI, M ONTHMH3HPOBAHHBIX
GyHKIUH TprHAIISKHOCTH. OCOOEHHOCTHIO TAKOH MPOrHO3HON MOJEIH SBIISACTCS

TO, YTO I IHOJYUYCHHA HOMEpA KIIaCTepa, K KOTOPOMY OTHOCHUTCA KOHKPCTHAA
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HI/IP, HCO6XOI[I/IMO BOCIIOJIb30BAaTHCs PCIIAOIIMMUA ITPABUIIAMU

otHOcuTCs K rpymme |, ecnmn 0 < y <1,5
HUP =4 orHocuTcs k rpynme 2,ecnmul,5< y <25,

OTHOCHTCS K Tpyrme 3, ecmu 2,5 < y <3,0

re y — pe3yibTaT, MMOJyYeHHBI Ha BBIXOJE MAIlMHbl HEUETKOr'O JIOIMYECKOIo
BBIBOJIA.

Ha ocHoBanmu paspaboranHoii Mmozenu Bce HHMP, onenennsle ¢
WCIIONIb30BAHNEM TIPEATIOKEHHON CHCTEMBI 0ailioB, OBUIM pa3ieleHbl Ha TpU
knactepa. OObEMBI TIEPBOrO M TPETHETO KIACTEPOB cocTaBmi 1o (28+7,5)% ot
Bcero konmuectBa HUP, BToporo knacrepa — (44+8,3)%.

Tabnuua 2
Tlapamempor onmumMuzupOBaAHHBIX PYHKYUL RPUHAOIEHCHOCTIU
(DyHKuuﬂHapaMeTp b ol ¢
p(X) 1,998 0,3748 0,08507
Ui (X) 1,012 0,01594 0,3784
p3(X) 2,99 0,323 0,00118
g () 0,6484 0,428 0,01388
tami () 0,3339 0,0005551 0,1249
Uy (3) 1,051 0,08925 0,3261
M (X4) 1,5 0,2855 3,185¢-005
tyo () 0,6665 0,1464 0,0001297
Uanma(x) 0,6628 0,1184 0,005312
Umya(x3) 1,09 0,09258 0,4666
U (x4) 1,5 0,2807 3,185¢-005
pnys(x) 0,6667 0,1198 9,472¢-006
Uam3(x2) 0,3334 1,426e-005 0,1006
Umys(x3) 0,001492 0,002027 0,2782
g3 (X4) 0,001211 0,001645 0,4767

[Mocme xkmacrepu3anyu OBUT IIPOBENEH pacyeT CYMMapHBIX 0aJIOB IO KaXKIOH
HUP, oTHeceHHON K ONpEeNeNeHHOMY KJIacTepy, C HCHOJIb30BAaHUEM BCEX
MOKa3aTeNieil B COOTBETCTBUH C pa3paboTaHHBEIMH (hopmamu. Pacuer GamioB 3a
nonydeHaple B HUP mHayudble pe3ymbTatbl W MPOXYKIUIO (METOAWYIECKUE
peKOMeHIamu, WH(POPMAMOHHBIE IHCEMa, HOBOBBEACHUS, IATCHTHI, CTATBH,
MOHOTpaduH, IUCCEPTAllMd W JAp.) TMPOBOAWICA C YYETOM KOJIHYECTBA
UCTIONHUTENEeH paboThl, YTO OCYHIECTBIIIOCH TyTeM NEJICHHs CYMMapHOro Oaiia
32 9TH BHIBl PE3yINbTATOB HAa KOIWYECTBO HCIONHHUTENCH. OTO IO3BOIMIO
MOCTABUTh B paBHBIC YCIOBHS BCE HAaydHBIE KOJUIEKTHBEL. [lomydeHHBIE
HOPMHUPOBAHHBIEC 0aJUTBI IPHOABISUIHCE K o0mei cymme OammoB. CpenHue 6amisl 1
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WX pa3Max B KlacTepax MpeAcTaBlieHBl B Tabn. 3. CpaBHEHHE CyMMapHBIX 0ajioB,
moaydeHHBIX 32 HMP, B  pa3HBIX Klactepax €  HCIOIB30BaHHEM
HenapaMeTpu4eckoro Kpurepus MaHHA-YUTHH [ YPOBHS 3HAYMMOCTHU
(P < 0,01) mo3BoMIIO BEISIBUTH HAMYHE JOCTOBEPHBIX OTIIMUUN MEXIY MEPBHIM U
BTOPEIM, MIEPBBIM B TPETHUM, BTOPBIM U TPETHUM KIIaCTEPaMH.

Taoauna 3.
Cpeonue bannvt 3a s¢pgpexmusnocmo HUP
. MuHUMAaJBHBII MakcuMaJIbHbII CranaaprHoe
Kaacrep Cpeanmnii 6ani
oas oas OTKJIOHEHHUE
1 (n=16) 50,8" 34,3 76,5 15,1
2 (n=24) 40,9 26,3 58,5 10,7
3 (n=16) 29,3’ 222 428 7,2
Ipumeyanus: — pasnuuus B 6aniax MeKAy NePBbIM U BTOPBIM KIIACTEPOM JOCTOBEPHBI; -

pasnuups B 6aIIAX MEXIY BTOPBIM H TPETHHM KIACTEPOM JOCTOBEPHbI; - — Pa3/uums B Oaiiax
MEXXIy IEPBBIM U TPETHUM KJIACTEPOM JOCTOBEPHBI; # — 00BEM KiIacTepa.

HUP, oTHeceHHbIE K EPBOMY KJIACTEpy HA OCHOBAHHMU IKCIIEPTHBIX OLIEHOK,
MOTY4YrIIA HanOoJblee KOMMIecTBO O0amoB. IHTepBan n3MeHeHnsT OaJIoB B TOM
KJIacTepe Tarke HaMOONBIIUIl M cocTaBiseT 42,2 Oana, BO BTOPOM OH PaBHSCTCS
32,2, a B TpetbeM — 20,6 Oamtam. Ha ocHOBaHWM pe3yiIbTaTOB, MPEACTABICHHBIX
B Tabm. 3, MOXKHO TaKK€ OTMETUTh, YTO CYIIECTBEHHO Ppa3IUYAIOTCI MEKIY
KJacTepaMH MUHHMAIbHBIE W MakcuManbHble Oammel 3a HUP, a Ttaxke
CTaHJAapTHEIC OTKIOHEHUs. B mepBrIX nByX Kiactepax pa3dpoc 6aJuioB BHIIIE, YeM
B TPETHEM, UTO YKa3bIBaeT Ha IOCTATOYHO BhICOKOE cxoacTBO HUP, oTHECEHHBIX K
3TOMY KJIacTepy.

AHanu3 CTpyKTypbl IOKazaTelled B KJAacTepax MO3BOJIMI YCTaHOBHUTb, UTO K
mepBOMy KiacTepy oTHeceHbl HambOonee 3¢ddexkruBaeie HUP, xo BTOpOMYy —
MIPOMEKYTOUHbIE, K TPETbeMy — HEYCIICUIHbIE, [IPU BBINOJIHEHUH KOTOPBIX HE
MOTyYeHBl BECOMBIE PEe3yJbTaTHl JIMOO ATH PE3yNAbTATHl JOJDKHBIM 00pa3oM He
MIPEACTABICHEl B BUIE COOTBETCTBYIOMINX IMO3HMLUH (IyOJIMKAalWK, IHCCEPTAIHH,
METOIUYECKIE PEKOMEHANH, BEICTYILICHHUS Ha (OpyMax | T.II.).

Otnecenue mnanupyemoir HUP x ompeneneHHoMy KiacTepy Ha OCHOBaHUH
SKCIIEPTHBIX OIIEHOK II0 YETHIPEM BBIIEICHHBIM MH()OPMATHBHBIM IOKA3aTEISIM C
HCIIONIb30BAHNEM Pa3pabOTaHHOW MOIETH IMPOTHO3a IMO3BONSET IPENCKa3aTh C
JIOCTaTOYHOW TOYHOCTBIO BO3MOXHYIO A(QQEKTHBHOCTH €€ BBINONHEHUS. Tak,
orHecenne HHMP k mepBoMy wuiu TpeTbeMy KiacTepy I03BOJII€T MPHHSATDH
COOTBETCTBYIOIIEE peIIeHHe O (UHAHCHPOBAHUH Cpa3y, IOCKONBKY B IIEPBOM
Kiactepe codpansl BbeicokodhdekruBabie HUP, a B TpethbeM — HeapeKTHBHBIE.
Ecim B pesynbraTe MCIONb30BaHHUS pa3paboTaHHOW MporHo3Hod moxenn HUP
mormazaeT BO BTOPOH Kacrtep, TO B ITOM ciydae IMPHHATHE PEHICHUS OymeT
3aBHCETH OT JIOMOIHHUTENBHBIX (DaKTOPOB, HAIIPUMEp, HHPOPMAIHHN O TPEIBIIYIICi
YCIIEUTHOCTH HAyYHOrO KOJUIEKTMBA WJIM HAJIM4Ms Y HEro JOCTaTOYHOU
MaTepHaIbHO-TEXHHYECKOW 0a3bl, BBICOKOW KBANU(HUKAUN HCIOTHUTEICH,
3HAYMMOCTH IUTS HayKH W MPAKTUKHA 3asBisieMor Tembl. Kimaccudummposats HUP,
TMOMABIIYIO0 BO BTOPOM KJlacTep, O CTENEeHU MPOTHO3UPYEMOM YCIEIIHOCTH MOMKHO
TaKKe MyTEM IPOBEIEHUS MOBTOPHOU KIIaCcTepU3aluH. DTa MpoLeaypa Mo3BOIUT
pazmenuts HUP sToro ximacrepa Ha mporHo3upyemo Ooliee yCIEIIHBIE W MEHee
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YCHEIHBIE, [TOCIIE Yero OyAeT NPHHATO OKOHYATEIbHOE PElICHHE.

Takum oOpa3om, Mojnenb nporHo3a 3ddekrnBHocTh HUP Moxer OBbITH
peanu3oBaHa c HCIIOIb30BAHUEM OJIHOCTYIIEHYATOrO aJIrOpUTMa,
MPENCTABICHHOIO B JaHHOW CTaThe, W JBYXCTYIIEHYATOrO AIrOPHUTMA
KJIacTepu3anud (4T0 MOXKET OBITh BBIMOJHEHO TIPH HAIUYUKA  OOJBIIOrO
KOJMYECTBA HCXOJHBIX JAHHBIX), JUOO Ha BTOpoM »dTame BbIOOp HUP st
(buHaHCUpOBaHUS OY/IET OCYIIECTBIATHCS C YUETOM JOMOIHUTENBHBIX (PAKTOPOB.

JIist WIUTFOCTpAIMK [TPOrHO3HOM MOJIENH Ha pHc. 4 moKazaHa paboTa CHCTEMbI
HEUYETKOr'0 BBIBOJIA ISl TPEX BBIICICHHBIX KIIACTEPOB.

e Edt  iew Optiens

ot « B.867 oot = 88T ot

|

=

amn e () T &
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HoensHa MeguYHni edexT plaeHs | OCHOBHNX |

Bif BNpOBaMeHHA MaTeplansHo- BHKOHaBUIB
TexHluHa Gasa
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807 80887 1 1 5 - el e -
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Puc. 4. Dxpannas ¢popma nporuosza 3dpdexrusHoctn HUP
¢ BxogabiMu mapameTpamu 0,666667; 0,666667; 1; 1,5.

Ha Bx0J cucTeMbl IOCTyNaeT BEKTOP BXOAHBIX MapaMeTPOB: HOPMUPOBaHHbBIE
MOKAa3aTeNld DKCIIEPTHOM OIeHKH ypoBHsA HoBu3HBEL (Inputl), okumaemoro
MemumuHcKoro 3¢dekra or BHenpenms (Input2), MeTogMYEecKOro YpoOBHS U
MaTepHalbHO-TeXHHYeckod 0a3pl  mccnmenoBanus (Input3) w kBammdpukanmu
ocHOBHBIX HcromHuTeneit (Input4). B tabnwuie, mpencraBieHHOW Ha puc. 4, B
MPSIMOYTONBHEIX OJIOKAaX pa3MemeHbl Trpadukd (QyHKOHH TIPHHAIISKHOCTH
BXOJHBIX (UeTBIpe CTONOIA CleBa) W BBIXOAHBIX IIEPEMEHHBIX (OAWH CTONOCI]
cnpaBa). Kaxnmas ctpoka (momedena mudpamu 1, 2, 3) yCIOBHO COOTBETCTBYET
OIHOMY He4yeTKOMY NpaBuiy. JKupHOW JMHHMEH OTMEUEHO UYMCIEHHOE 3HauyeHHE
COOTBETCTBYIOIIETO BXOJHOrO Tmapamerpa (OTIOKEHO Ha ocH abcumcc).
3akparmeHnabie 00IaCTH MO TpauKaMi COOTBETCTBYIOT aHTEHEACHTaM (CTECHECHIM
BEITONTHEHUsI  YCIOBUH HEUSTKWX MpaBWII), TIONYyYEHHBIM B  pe3ylbTaTe
¢dazsuduranmm  (BBemeHUsA  HedeTkocTH). Ilog  rpadukamum  GyHKIMHA
MPUHAIICKHOCTH, PACIIONOKEHHBIMI B TPeX BEPXHHX OJIOKaX CIIpaBa, MOKA3aHBI
KOHCEKBEHTBI — 3aKJIFOUEHUS IO KaXKIOMy U3 COCTaBHBIX MpPaBUJI (3aKpallleHHbIE
obmactn). B derBeprom (HmKHEM) OIIOKE TOKa3zaH pe3yAbTaT aKKyMYJSIIAN
3aKIIIOUCHHI TI0 BCEM IpaBmiIaM (3aKpalleHHas 00JacTh) U neda33uuuupoBaHHOe
YeTKOE 3HAUCHHE Pe3yIbTaTa MPOrHo3a (IIHPOKast JKUPHAsI JTHHU).

Takum 00pa3om, MoTydeHHe MPOrHo3a HHHOBaMOHHOM 3¢ pexrnBHOCTH HUP
B cdepe 3ApaBOOXpAaHEHHWS C HCIIONB30BAaHUEM pa3pabOTaHHOH MOIEIH
MPOMCXOIUT B HECKOJbKO 3TamoB. Ha mepBoM 3Tame MpOBOIUTCS SKCIIEPTHAS
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oleHka 3ampoca Ha ¢uHaHcHpoBanue HUP He MeHee ueM TpeMst sKCIepTamMH ¢
ucnonb3zoBanueM Ilkanel. Ilocne dero BBIYUCHAIOTCS CpEIHUE 3HAYEHUS
WHPOPMATHBHBIX TOKa3aTedeld (HOBU3HBI, OXKHIAEMOTO METUIIMHCKOTO ddekra
OT BHEIOPEHHS, METOOMYECKOrO YPOBHS W MaTepHATBHO-TEXHUUECKOH 0a3bl
HCCIeOBAaHUs,  KBaNM(UKAIIMA  OCHOBHBIX  HCIIONHHUTENEH), KOTOpBbIE
HOPMHUPYIOTCA Ha MHUHUMAQJIbHO JONYCTHUMBIH YpOBEHb 3HAYEHHH 3TUX
nokazateneil. IlomydeHHble HOPMHMpPOBAHHbBIE IOKAa3aTeNM 3arpyKaroTcsi B
MporpamMmy, peaji3yrollyo MalliHy HeYeTKOro BeiBoAga Mamaanu. Ha ocHoBanuu
pa3paboTaHHBIX pEIMIAIOMMX MPaBHJI  ONpeHersieTcss Kiactep, K KOTOPOMY
otHocutcs KoHkperHas HUP. Otnecenne HUP k wiactepy Ha ocHOBaHUM
3HaYeHUH MH(POPMATHBHBIX MOKAa3aTeNeH MO3BOISET MpeIcKa3aTh C TOCTATOYHOM
TOYHOCTBIO BO3MOXKHYIO 3(p(pEKTUBHOCTD €€ BHIITOTHEHUSI.

BBIBOBI

PaspabGoTannbiii MeTon OamibHONM oneHkn HMP mo3Bosier KoNMMYeCTBEHHO
OIICHUTh e¢ A(P(GEKTUBHOCT, Ha JTanax IUIAHUPOBAHHS, BBITOJIHEHUS |
3aBepIICHUSA, YTO JaeT BO3MOXHOCTh OOBECKTUBHU3HPOBATHL  pEIICHHE O
MPEOCTABICHAN WM TPOJOJDKCHHH (DMHAHCHPOBAHHUSA, & TAKXKE ONPEACIUTh
PEUTHHT HAYIHOTO KOJIJIEKTHBA.

Hcnonp30oBaHre  METONOB  HEUETKOM  JIOTHKH  TIO3BOJIMIIO  BBISIBHUTH
nH(GOpPMATHBHBIC TIOKA3aTEIM W Ha 3TOH OCHOBE IOCTPOMTH MOJENIH IMPOTHO3a
s¢pextuBHocT HUMIP Ha »Tame IuTaHMpOBaHWS Ha OCHOBAaHWUHM 3alpoca Ha
(MHAHCHpOBaHUE.

HaunGomee WHGOPMATHBHBIMH JUISI  NPOTHO3UPOBAHHMS  HHHOBAIIMOHHOMN
s¢¢pextuBHOcTH  HUP  sgBHsAOTCS  HOpMHpPOBaHHBIE ITOKA3aTeId  HOBH3HBI
HCCIICIIOBAHHUS, OKAIAEMOT0 MEIUIIMHCKOTO 3 (eKTa OT BHEAPCHHS Pe3yIbTaTOB,
METOJMYECKOTO YPOBHS M MaTepHAIbHO-TEXHUYECKOH 0a3pl HCCIICAOBaHUS,
KBJIA(UKAITUH OCHOBHBIX HCITOTHUTEIICH.

Hcnonp3oBanue pazpaboTaHHOW Mojaend HporHosza 3¢dekruBHocTH HUP Ha
3Tare IJIAaHHUPOBAHUS MO3BOJISET OICHUTh MHHOBAIIMOHHBIN MOTEHIIMAN PabOThI C
WCIIONIb30BAHUEM TOJBKO DJKCHEPTHBIX OIEHOK, YTO SBISIETCS TOIICPKKON
TIPHHSTHS PEIICHUS 0 e¢ (QDHMHAHCHPOBAHHHU.
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FORECASTING MODEL OF INNOVATIVE EFFICIENCY
OF RESEARCH WORK IN THE HEALTH CARE
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!Ukrainian Centre of Scientific Medical Information and Patent-Licence Provision of
Ministry of Health of Ukraine (Kiev)
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Introduction. When planning research work (research) predicting the
effectiveness of its innovative performance, which is crucial in determining the
prospects of its funding is of great importance.

The purpose of the article is to give scientific substantiation and development
of forecasting model of innovative efficiency of research.

Methods. Scoring system developed by the scientific research results and
products, the scale of expert assessments were used. To construct forecasting
model of fuzzy logic was used.

Results. The usage of fuzzy logic revealed informative indicators for
predicting of the innovative effectiveness of research, which include peer reviews:
the novelty of the research, the expected medical effect of the introduction of the
results, level of methodical and material base of research, qualification of basic
performers. The usage of the model of expert estimates forecast the effectiveness
of research at the planning stage.

Conclusion. The usage of this method of scoring the results of research and
forecasting model of its effectiveness can be the basis for a decision on the
financing of the work at the planning stage and allow us to determine the rating of
scientific staff at its completion.

Keywords: forecasting model, fuzzy logic, innovation efficiency, the research
work.
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