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YIIPABJEHUE JUHAMUYECKUMU CUCTEMAMHA

V]IK 517.917.56
DOI: 10.17223/19988605/49/1

C.1. Kagsiposa, K.b. Mancumos

OB OITUMAJIbHOCTH KBA3HOCOFBBIX YIIPABJIEHUI
B OJJHOM TPAHUYHOM 3AJTAUE YIIPABJIEHUS
JUCKPETHBIMU CUCTEMAMMU THUIIA POCCEPA

PaccmarpuBaeTcss ofHa TpaHWYHas 33jada ONTHMAJIBHOTO YIIPABICHUS IBYXIIAPAMETPUYECKHMH JUCKPETHBIMU
cucremamu tuna Poccepa. IIpu npennonoskeHnu BEITYKIOCTH 00NacTH yIIPaBIeHHS! YCTaHOBICHBI INHEAPHU30BaHHOE
YCIJIOBHE ONTHMAIBLHOCTH U HEOOXOANMBIE YCIIOBHS ONITHMAIBHOCTH B (popMe HEpaBEHCTBA [UIsI KBAJPATHYHOH (hOPMBL
KnroueBble ciioBa: QuCKpeTHas JByXIapaMeTpuueckas cucreMa Thma Poccepa; JMHeapH30BaHHOE HEOOXOIMMOE
YCIIOBHE ONTUMAILHOCTH; BBIMYKIIAsi 00/IacTh YIIPaBICHNUS; ONITHMAIBHOE YIIPABIEHHE; KBa3U0CO00E yIpaBIcHHE.

MHorue TexHUYecKre MPOoLecChl OMUCHIBAIOTCS Pa3IUYHBIMU JUCKPETHBIMH MHOTOIapaMeTpUIECKU-
MU CHCTEMaMH, B YaCTHOCTH JMCKPETHBIMHU JIBYXIIapaMeTPUUSCKUMU crucTeMamu Tuma Poccepa [1-7].

B pabore [8] paccMoTpeHa 3ajaua ONTHMAIBHOTO YIpaBJICHUs THOPUIHON cucTemoii Tuna Poccepa
(mucKpeTHO-HETIpephIBHAS 3ajjaua ONTHUMAJIBHOTO YIIPaBIEHUS) M JAOKa3aHbl HEOOXOAMMBIE YCIOBUS ONTH-
MaJIBHOCTH TIEPBOTO MOpsiKa. Jloka3aTenbCcTBY HEOOXOJUMBIX YCIOBHI ONTUMAIbHOCTA OCOOBIX B CMBICIIE
npuHOUNa MakcuMyMma [IoHTpsruHa ynpaBieHnH, a Takke KBa3HOCOObIX YIPABIECHUIH B THOPUAHBIX CHUCTE-
Max tuna Poccepa mocssimens! padotsr [9, 10].

B [11] naiineHo npejacTaBieHre pEIICHUS KPASeBOW 3a/1a4u ISl IWHEHHON HEOTHOPOTHOW THOPHIHOM
cucTeMbl ypaBHeHHH Tiia Poccepa.

HocTtatouHoe yciaoBue ONTUMaIbHOCTU TuNa ycinosuid B.®. KpoToBa B 3a/1aue onTUMaIbHOIO yIpaBs-
neHus cuctemMamu tuna Poccepa mokazano B pabote [12]. HeoOxoammoe u AOCTaTOYHOE YCIOBHE OIITH-
MaJbHOCTH B (hopme mpuHIMIa MakcuMmyma [loHTpsirnHA B MMHEHOM cirydae yctaHoBieHo B [13]. Ucce-
JIOBaHUIO OCOOBIX B CMBICIIE NMPHHLUUNA MakcuMyMa lIOHTpsiruHa ynpaBieHMH Ha ONTHMAalIbHOCTH B JHC-
KpeTHBIX cuctemMax Poccepa mocesimena padora [14].

B nacroseli pabore paccmarpuBaeTcs 3afada ONTUMAJIbHOTO YIPABICHUS JUCKPETHBIMU IBYXIIapa-
METPUUECKUMH cucTeMaMu Tuma Poccepa, ynpapisieMbIMU [TOCPEICTBOM BBIOOpa TPaHUYHOIO YCIOBHUS, IPU
MIPENIOJIOKEHUH, YTO TPAaHUYHOE YCIOBHE SIBIISIETCS pEIIeHHEM aHajiora 3afgadn Kommwm g HenmuHEiHOro
OOBIKHOBEHHOT'O Pa3HOCTHOTO YpaBHEHHMs C 3ama3iblBaHUEM. TakuM o0pa3oM, paccMarpuBaemasi B pabote
3aja4a OTJIMYAETCS OT 3aa4, KOTOPBIM IOCBAIIEHBI padoThl [8—11], u sBisieTcst Oosiee oOMIeH, YeM 3a1aun
u3 [12-14]. Ilpu npeanonoxeHnn BBITYKIOCTH 00NacTH YIpaBIeHUs 10Ka3aHO HEOOXOANMOE YCIOBHE OIl-
TUMaJIBHOCTH B (pOpME JTMHEAPU30BAHHOTO yciaoBHus MakcuMmyma [15—19]. Jlanee, npumeHss Moauduupo-
BaHHBI BapUaHT METOJa MpUpAIleHUH, pa3BUTHIA B padoTax [18, 19], BbIBeneHBI HEOOXOAUMBIC YCIOBUS
ONTHMAJILHOCTH KBa3MOCOOBIX ynpasienuii [16, 19, 20].

1. ITocTanoBKa 3agaun

[IpenmonoxxuM, 4ToO ynpasisseMblil JUCKPETHBIN MPOLIECC OIUCHIBAETCS CUCTEMOM IBYXMEPHBIX HEIH-
HEHHBIX Pa3HOCTHBIX YpaBHEHHUH
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z(t+1x)=f(t.x,2(t.X),y(tX)), t=totg+Lunti—1, X=Xg, X +1 Xy, 1)
y(t,x+1)

1 Kpa€BbIMH YCJIIOBUAMU

g(txz(tx),Y(t.X)), t=to,to+Lonly, X=X, % +1.X 1,

Z(tg,x)=a(x), X=Xg,Xg+1..., %, @
y(t.X)=b(t), t=tg,ty+1...t.

3necw f(t,X,2,Y) (g (t, X, Z, y)) — 3anaunas N(M)-MepHast BeKTOP-QyHKIMS, HENPEPbIBHAS [0 COBOKYTHO-
CTU TNEPEMCHHBLIX BMECTC C YaCTHbBIMU MNPOU3BOAHBIMH I10 (Z, y) A0 BTOPOro mnopsAaka BKJIHOYHUTEILHO,

to, . Xo, X, 3aJaHBI, IPHYEM Pa3HOCTHU t; —ty, X; — Xy €CTh HaTypalbHbIC YHCIIa, b(t) — 3azaHHas M -MepHas
IUCKpETHAs! BEKTOP-(QyHKUNS, a(x) — N-mepHast BeKTOP-(YHKLUS, SBIISIOLIASACS PELICHUEM OOBIKHOBEHHO-
IO HEJIMHEHHOIO Pa3sHOCTHOI'O YPaBHEHHUS € 3al1a3[bIBAHUEM
a(x+1)=F(xa(x),a(x=N),u(x)), X=X +1L...% -1 3)
C HA4YaJIbHBIMU YCIOBUAMU
a(%—N)=a, _y,a(X)=2y, (4)
rne F (X, a,C, u) — 3amaHHas N-MepHas BEKTOP-(QYHKIMs, HETPEPHIBHAS MO COBOKYMHOCTH MEPEMEHHBIX

BMECTE C YaCTHBIMHU IIPOU3BOIHBIMH 10 (a,c,u) J10 BTOPOTO MOPs/IKA BKIFOYHTEIBHO, &, ,...,d, — 3a1aH-

HbBIC MOCTOSIHHBIE BeKTOpbl, N — 3aJaHHOE HATypalbHOE YHCIO (3ama3lbIBaHue), u(x) — r-MepHbII auc-
KpPETHBIH BEKTOp YIPaBJIAIOMINX BO3AEHCTBHUM CO 3HAUEHUSIMH M3 33/JaHHOTO HEMyCTOT0, OrPaHUYEHHOTO U

BBINYKJI0ro MHOXecTBa U — R", T.€.
u(x)eU cR", xeX={xy,% +1...% —1}. (5)
Takue ympaBieHUs HA30BEM JOMYCTHMBIMU YIPABICHUSMH, & COOTBETCTBYIOIIME MPOIIECCHI
(u (X) , a(x), Z (t, X), y(t, X)) — JIOMYCTUMBIMH MPOLECCAMH.
B nanbHeifleM npenonaraeTes, 4To NpH KakIoM 3a1aHHOM JOMyCTHMOM yripasienuu U(X) cucte-

Ma ypaBHeHwi (1)—(4) nMeeT eAMHCTBEHHOE PEIIeHIEe (a(x), z (t, X), y(t, X)) .

Ha pemenusix 3agaun (1)—(4), HOpOXKIEHHBIX BCEBO3MOKHBIMH IOMYCTUMBIMH YIIPABICHUSMH, OTIpe-
nenuM (QyHKIHOHAT
X -1 -1
S(u)=py(a(x))+ = Gl(x,z(tl,x))+tzt G, (ty(tx)). (6)
X=Xy =l

3n1ech (pl(a) , G (X, Z), G, (t, y) — 3aJlaHHbIC CKAIPHBIC (PYHKIMH, HETPEPBHIBHBIE TI0 COBOKYITHOCTH TIepe-

2 2
MEHHBIX BMECTE€ C YaCTHBIMHU MPOU3BOIHBIMU a(pl(a) , 0 (Plga) , aGl(X'Z), oG, (ZX’Z), an (t'y) ,
oa oa 0z 0z oy

8%G, (t,Y)
ayZ

W3yuum 3agauy o munumyme yrakinonana (6) npu orpanndenusx (1)—(5).

HomycTtuMoe ynpasiieHue u(x), JOCTaBIIsIfOIee MUHUMYM (QyHKIMOHATY (6), MPH OrpaHUYEHUsIX
(1)—(5) Ha3oBeM ONTHUMAJIBHBIM YIIPABICHHEM, @ COOTBETCTBYIOLIHIA ITPOIIECC (u(x),a(x), Z(t, X), y(t, X)) -

OIITUMAJIBHBIM ITPOLIECCOM.
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2. ®opmyia npupaleHusi BTOPOro MOPsiIKa KpUTEPHUs KayecTBa

[lycts (u (x),a( ), Z(t, X), y(t, X)) — (QurcHpoBaHHBIN JOMycTUMBIH mporecc. Yepes U (X; s) =
=8V(X)+(1—8)U(X) 0003HAa4YUM TIPOM3BOJIBHOE JOMYCTUMOE YIPABICHHE, TAKOE YTO COOTBETCTBYIOIIEE
eMy pelIeHue a(x,s) YIOBJIETBOPSET COOTHOIICHHIO

a(x+Le)=F(xa(xe),a(x—N;&),u(x e))=
=F(x,a(x €).a(x=N; a),sv(x)+(1—e)u(x))

a(x—N;e)=a, .. a(Xp:e) =2y, (8)

rae €€ [0, 1] — IpoM3BOIBHOE 4Kcl0, a V(X)eU (X e X ) — IpOoM3BOIBbHOE JOMyCTHMOE YIPABICHHE, COOT-

(7)

C KpacBbIMHU YCIOBUAIMU

BercTByromee U(X;€).
3TO BO3MOXKHO B CHITY BBITYKJIOCTH MHOXKecTBa U.
SICHO, YTO IIPH 3TOM (z(t, X €),y(t,x s)) OyJIeT pelIEHUEM 3a/1auK

z(t+1x €)= f(t,x,z(t,x; e),y(tx s)) (9)

y(t,x+L €)= g(t,x,z(t,x; e),y(t.x; s))
2(t, % e)=a(x ), y(t,x;€)=b(t). (10)

TTonoxnm
oz(t,x; €) _oy(txe) _da(x; g)
0(t,x)= |, m(t,x) = ~ a(x)= P szo, (11)
_dz(txe)| _Py(tx;e) _da(xe)|

Z(t,X)—Tszo, Y(t,X)—ngo, A(X)— 882 SZO, (12)

Ay F ()= F(x.a(x),a(x—N),v(x))-F(x,a(x),a(x—N),u(x)).
Hcnonb3yst CBOMCTBO IIaAKOCTH BeKTOp-(ynkumii f (t, X,Z, y) , g(t, X, Z, y), F (x,a,u), IIPH TIOMOIIH
(7), (9), (10) noxaspiBaetcsi, 4TO BEKTOP-PYHKIMH ﬂ(t,x), m(t, X), (x(X), Z (t,X), Y(t,X), A(X), ompere-
nsiemble cooTHomeHusMu (11), (12), sBnsroTcs peneHneM CleayonnX ypaBHeHU !
((t+1,x)=f, (t,x,z(t,x),y(t,x))f(t,x)+ f, (t,x,z(t,x),y(t,x))m(t,x), (13)
m(t,x+1)=g, (t,x,2(t,x),y(t,x))¢(t,x)+g, (t.x,2(t,x), y (t,x))m(t,x),

((ty,X)=a(x), m(t,x;)=0,

a(x+1)=F,(x, a(x) u(x))a( ) F( a(x),a(x=N),u(x))a(x=N)+ w
+F, (x.a(x),a( U(X))(v(x)=u(x)), a(X=N)=0,..., a(x,) =0,
Z(t+1 X) of (t X, Z(taZX) (t,X)) (t X) of (t,X,Z(;;(),y(t,X))Y(LX)_F
+0'(t,x) f, (t x,2(t,X), y(t x))ﬂ( X)+'(t, x)f (t,x,z(t X), y(t x))m(t x)+ (15)
+m'(t,x) f,, (txztx X)) L(tx)+m'(t,x) f (txztx )m
Y(t,x+1)=g (txztx, (t.x))Z (t.x)+g, (t.x.z(t,x), y(t, )) (t, )
+0'(t,X) 95, (t X,z (t,x) )6 (t,x)+0'(t,x) gzy(t x,Z(t,x), y(t,x)) (t,x)+ (16)
+m'(t,x) gy, (t X, 2(t,x),y(t,x))£(t,x)+ gyy(t,x,z(t,x),y(t,x))m(t,x),
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Z(to,x)= () Y (t.x)=0
e Fslohls M) )8l M)

+F, (xa(x),a(x=N),u(x))(v(x)-u ) Fac (X aU a(x=N),u(x))a(x=N)+

W (x-N)F, ( o < N).u(x))a(x)

'(X)Fau (x.( (X))(v(x)-u(x))+

+(v(0)-u(x) R, ( () a(x=N),u(x))a(x)+

(x=N)Fe (xa(x),a(x=N),u(x))(v(x)-u(x))+ (17)
+(v(x)-u(x)) Fic(xa(x).a(x=N),u(x))a(x=N)+
V() -U(x)) Ry (x:a(x),a(x=N),u(x))(v(x)-u(x)), a(x) =0.

[Ipu sTOoM cnennanbHOE MpupanieHne QyHKIMOHAIa KauyecTsa (6), OTBEYAIOLIee JOIyCTUMbIM YIIPaB-

+o

X

JICHUAM u(X;s) u u (X) , C Ucronb3oBanueM (opmyssl Teilnopa npeacraBisieTcs B BUAE:

& o*9(a(x))

AS, (u)= S(u(x;s))—S(u(x))zswa(xl)+?a’(xl)Ta(x1)+

oa
&2 o' (a(x)) x-10G; (X, 2(ty, X)) g2 %l 6zGl(x,z(tl,x))
T A(X1)+8xzx0—82 f(tl,x)+?xzzxof (t,%) p x
2 % 1~ ) )
<0 (1, X) + = Zla ?Gy (x, Zz(tl ))Z(tl,x)+stzlaG2 (ty(t Xl))m(tixl)Jr
2 x= Xg oz t=ty ay (18)
241 %G, (t, y(t,x 24-10G, (t,y(t,x
+%t_ztom'(t,xl) 2(ay2( 1))m(t,xl)+%t_zto—2( 6y( 1))Y(t,xl)+o(82).
Beenem ananmoru Gpynknuu I'amunbroHa—IloHTpsiTMHA B BUIE:
H(t,xzy,pa)=p f(t.xzy)+ag(txzy),
M(x,a,u,y)=y'F(xa,c,u).
3necw (\|/ (X), p(t,X), y(t,x)) SIBIISIETCS PEIICHUEM COTPSKEHHON CUCTEMBI
p(t-1x)= Hx(t,x,z(t,x),y(t,x), p(t.x),q(t,x)),
q(t.x=1)=H, (t,xz(t,x),y(t.x), p(t.x),q(t.x)),
W (x=1) =M, (xa(x),u(x),w(x))+ 19)
+Mc(x+ N,a(x+N),a(x),u(x+N),y(x+ N))+ p(ty —1,x),
Gy (%, 2(t,%)) G, (ty(tx))
p(tl—l,x)_—T, q(t,xl—l)——T,
opla(x
Wﬂ)rw, w(x)=0, x>x-1. (20)

YuuthiBas BBeAeHHbIC 0003HaueHus u ypaBHeHus (19)—(20), crnenuansHoe npupaiienue (18) kpure-
pHsl KauecTBa 3aKMChIBAETCS C TIOMOIIIBIO Clieayoleit GopMyIbl:

AS, (u)=—¢ Xil M, (x,a(x),u(x),\y(x))(v(x)—u(x))+§{a’(xl)a(’+gxl))a(xl)+

X=Xo
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X1 %G, (x,z(t,, x t-1 0°G, (t,y(t,x
+ X 0'(t,X) 1( 2(1 ))K(tl,x)+ > om'(t,x) 2( i( l))m(t,xl)—
X=Xg oz t=t, oy
X -1

+a'(x=N)M (x,a(x),a(x=N),u(x),y(
+20’(X) My, (x,a(x),a(x— N),u(x),\u(x))
+20/(x=N)My, (x,a(x),a(x— N),u(x),w(x

!

2 2 [0 (tx2(tx),y(60), p(tx) At 0))(x)+
+'(t.X) Hyy (%, 2(8,%), y (£.%), (%), 0 (t, %)) m(t, x) + 21)

3. HeoO0xoanMpble yCI0BUSI ONTUMAIBHOCTH

CrnenmanbHas popmyia npupanienus (21) kputepust kauecTsa (6) MO3BOJSET MOTYYUTh HEOOXOIUMOE
YCIIOBHE OINTHMAJIbHOCTH IEPBOr0 Mopsaka B (opMme aHaiora JUHeapu30BaHHOrO (An¢¢epeHnaibHOro)
ycioBusi MakcumyMma (cM., Hamp.: [15-18]), a Taxke HessBHOE HEOOXOIMMOE YCIIOBHE ONTUMAIBHOCTH KBa-
3MOCOOBIX YIPaBJICHUH.

U3 paznoxenns (21) ciemyer

Teopema 1. /I8 ONTUMAIBFHOCTH JOMYCTUMOTO YIIPABICHUS u(x) B 3amaue (1)—(6) HEoOxoaMMO,

YTOOBI HEPAaBCHCTBO
:l_Z:MG(x,a(x),u(x),w(x))(v(x)_u(x))g0 -

BBIITOJHSJIOCH IS BCEX V(X) eU, xeX.

Teneps nccnenyeM ciaydail BRIpOXKAESHUS JTHHEAPHU30BAHHOTO yciIoBHUA MakcumyMa (22). I1o anamoruu
c [16, 18] BBemem

Onpenenenne 1. Ecim st Beex onyctumbix ynpasiennit V(X) €U , X e X , BBINONHAETCSA COOTHO-
IeHHE
p
T M (x.a(x),u(x),w(x))v(x)-u(x) =0,
X=Xo
yIpaBJICHUE u(x) Ha30BeM KBa3HOCOObIM yrpaBieHueM B 3agaue (1)—(6).
U3 pasnoskennst (21) cieyer, uto ecim U(X) — KBa3sHocoGoe ONTUMATLHOE YIPABIEHHE, TO HepaBeH-

CTBO

o) B0 ) 6 T
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+tlz_:1m’(t,xl)a G, (gy)g(t,xl))m( Xlzz [OL X a( ) (X),W(X))a(x)+

#2000 M3 ((6),0(6), () () +
+a<> ( a(x),a(x~N),u(x),w(x))a(x~N)
Mo (%,2(5).(x =N ) u(x),w(x))x(x)

+a'<x—N> - (%a(x),a(x-N),u(x),(x))
£20,09Me (%(6),0(),w () (x-N) | -

> [f’(t,x) H,, (t%,2(t,x), y(t.x), p(t.x),q(t,x))£(t,x)+ (23)

=
|
=z

BBIITOJIHSIETCS IJIS1 BCEX V(X) eU, xeX.

HepaBenctBo (23) sBiseTCS HEABHBIM HEOOXOJHMMBIM YCIOBHEM ONTHMAIBHOCTH KBa3HMOCOOBIX
yrnpasiieHuid. [103ToMy KOHCTPYKTHUBHOE MCIIOIB30BAHKIE ATOTO YCIOBUS ONTUMAILHOCTH BeChbMa 3aTPyIHU-
TeabHO. OHAKO C ero MOMOIIBIO YIASTCS HOIYYHTh PSI HEOOXOIUMBIX YCIOBUH ONTUMAILHOCTH KBa3HOCO-
OBIX YIIPaBJICHUH, BEIPAKEHHBIX HEMIOCPEACTBEHHO Yepe3 mapaMmeTpsl 3axaqn (1)—(6).

[lycte MarpuuHble (QYyHKIIUU CD(X,S), Vij (t,X; ‘E,S), I, =12, ABIAIOTCS PEIICHUAMH CIIEAYFOLIMX

3aaa4.
D(x,5-1)=D(x,5)F,(s.a(s).u(s))+ (24)
®(x,5+N)F (s+N,a(s+N),a(s),u(s+N))+®(x,s)F,(s,a(s),u(s))(v(x)-u(x)),
O(x,x-1)=E, ®(x5)=0, s>x-1, (25)
Vi (6% t=18)=Vy (% 1,5) f, (r,s,z(r,s), y(r,s))+
Vo, (8% 1,5) 9, (T.5.2(T.5), Y(T.9)),
Vo (8% 1,5 -1) =V, (8% ©,5) f, (1.5,2(1,5), y(T.8)) + 6)
+Vp, (1,%; 1,5) g, (r 5,2(t, s),y(r,s)),
Voy (% T=1,5) =V, (t,% 1,5) f, (1.5,2(1.5), y(r.5)) +
+Va, (1,% 1,5) 9, (1.5,2(1.5), Y (1.5)),
Voo (1% 1,5 =1) =V (t.%; 1,5) f, (1,5, 2(T,8), Y (1.5) ) +
Va, (1, 1,5) 0, (1.5, 2(1.8), y(1.5)),
Vi (X t=Lx-1)=E, V,(t,xt-Lx-1)=E,,
Vi (6xt=15)=0, X <s<x-2, V(t,x 1,x-1)=0, ty<t<t-1, (27)
Vo (6 t=15)=0, Xy <s<x—1, Vo (t,X 1,x-1)=0, ty<t<t-2,
rae E;, 1=12, — exuHUYHBIC MATPHUIIBI COOTBETCTBYIOIIMX PA3MEPHOCTEIH.

Kak BunHo, ypaBaenus (13), (14) sBistoTCs JIMHEMHBIMU HEOAHOPOIHBIMU PAa3HOCTHBIMH YPaBHEHHS-
mu. Pemenue 3agau (13), (14) nomyckarot (cMm.: [18, 21]) npeacraBieHus
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o(x)= Xf(b(x,s)F (s.a(s).u(s))v(s)—u(s)), (28)
=%
0(t,x) =Vyg (tx+1 tg LX) a(X) + Xilvll(t,x+]; to—1,5)a(s), (29)
Mtx)= S V(415 t ~18)or(s). (30)
5=
Ionoxum
QLxS)= 3 Vip (tX+1: tg —L7)D(1,8)+Vyp (X +1; ty L X)D(x,5),
T=s+1

Q,(t,x,s)= Xil Vo (t+1 Xty =1, 1)D(X,5),

T=5+1

0,(x,5)=0(x5)F, (5(5).4(5)), Q5(tX5) =Gy (X9, (5:2(5).u(5)).
Q (t,%:5)=Q, (t.x,5)F,(s.a(s).u(s)),

Toraa npeacrasienus (28), (30) MoxxHO mepenucaTh B BUJIE!

a(x)= S Dy (xs)(v(s)-u(s)), (31)

s=%
((tx)= "5 Q(txs)(v(s)-u(s)), (32)

s=X
m(t,x) = b Q4 (t,x,5)(v(s)—u(s)). (33)

s=Xp

BBenem B paccMOTpeHHE MATPHUYHYIO (DYHKITHEO
s -1 0°G, (x,2(t,
K(r,s):—CD’(xl,s)%CD(xl,r)—sziZ(T’S)HQé(tl,x,s) 1(’;222( 1) 0 (t,%1) -
1 0°G, (t,y(t,x))

—Z Qs (t, %) Y Q,(t,x,7)+

+§:X_m;§s)ﬂ[Q§ (t.x,5)Hy, (t,%,2(t,x), y(t,x), p(t,x),q(t, X)) Qs (t.x,7) +
+Q4 (t, X, r)HZy(t X, z( t,x), p(t,x),q(t,x))Qs(t, x,8) +

Q4 (6 X 7)Hye (6x,2(6,%), y (6,%), P(6:X),(tX)) Qa (t,x,5) + (34)
) ,q(t,x))Q4(t,x,s)]+

)
oy [q)i(x,r)Maa(xa(x),a(x—N),u(x),w(x))CI)l(x,s)Jr

x=max(t,s)+1
+@'(x, 1= N)Mc, (x,a(x),a(x=N),u(x),y ()@ (x,7)+
+CD1(x,s)Mac(x,a(x),a(x— N),u(x),y(x )CD(x,r— N)+

+®7 (x, 7= N)M. (x,a(x),a(x - N),u(x),\y(x))(bl(x,s— N)]

Ucnonwzys npencrasinenus (31)—(33), u yuutsias (34), HepaBencTBo (23) mo cxeme u3 [18, 19] mpe-
o0pazyercst K BULY

+Q4tXTHW(tXZtX (t,x),

X1 %-1 4

> X (v(r)-u(r)) K(ns)(v(s)-u(s))+

S=Xy T=Xg

10
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2| % (1(6)-u6) Mas(5:205)u(5) w5150+
+(v(s)—u(s))l M, (s.a(s).a(s—N),u(s),y(s))®,(s—N,x) jl(V(X)—U(X))-F (35)

!

25 (v(x)-u(x)) My (x.2(x),a(x~N),u (%) () (v(x) ~u(x)) <0.

X=Xg
Takum 0Opa3om, KoKazaHa cieayomast
Teopema 2. Ecim U(X) (X e X ) kBasnoco6oe ynpasnenue B 3aaqe (1)—(6), To 111 €ro onTHMabLHO-

CTH HEOOXOJMMO, YTOOBI HepaBEHCTBO (35) BBIMOIHAIOCH [ BCEX V(X) eU, xeX.

HepagsenctBo (35) sBusiercss oOmuM HEOOXOJUMBIM YCIOBHEM ONTHMANBHOCTH KBa3MOCOOBIX yIIpaB-
neHni. M3 Hero Mo>XKHO MONYYUTH PSIIT JIETKO TPOBEPSEMBIX, HO Ooiiee crabbIX YCIOBUIH ONTHMATBHOCTH.
[IpuBeneM oHO U3 HUX.

Teopema 3. Eciu U (X) (x e X ) xBa3uocoboe ympasienue B 3aaa4e (1)—(6), To i €ro onTUMAILHO-

CTH HEOOX0UMO, 9TOOBI HEPABEHCTBO

(v=u(0)) [K(6,0)+ My [0] ](v—u(6)) <0 (36)

BBIIOIHSIIOCH It Becex e X , velU .
3akiaouenne

B pabote paccMoTpeHa 3ajada ONTUMAIBLHOTO YHPaBICHHUS JUCKPETHBIMU JIByXIapaMeTpHYECKUMHU
2D-cucremamu Trmna Poccepa. YcTaHOBIIEH aHATIOT JUCKPETHOTO JIMHEAPU30BAHHOTO YCIIOBHS MakKCUMyMa U
OT/IENIBHO M3y4eH KBa3HOCOOBIN ciydail. BeiBemeHo oOmiee HEOOXOAMMOE YCIOBHE ONTUMAJIBHOCTH KBa-
310CO0BIX YIpaBlICHUH, U3 KOTOPOrO B YAaCTHOCTH, CIEAyeT aHalor YCIOBHUsS oNnTHMaibHOCTH ['abacoBa—
Kupunnosoii.
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Gadirova S.Sh., Mansimov K.B. (2019) ABOUT OPTIMALITY QUASI-SINGULAR CONTROLS IN ONE BOUNDARY
CONTROL PROBLEM OF ROSSER TYPE DISCRETE SYSTEM. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie
vychislitelnaja tehnika i informatika [Tomsk State University Journal of Control and Computer Science]. 49. pp. 4-13

DOI: 10.17223/19988605/49/1

Suppose that controlled discrete process by system of two-dimensional nonlinear difference equations is described
2(t+1x)= f(tx,z(tXx), y(t.x)), t=toto+L ..t =1, X=X, % +1...,%, @
y(tx+1)=g(t,x,z(t,x),y(t,X)), t=tolg+1..t;;  X=Xg, % +L Xy —1,
and boundary conditions
Z2(tg,X)=a(X), X=Xg, X+, X,
y(t.x)=b(t), t=tyto+1...t.

Here f(t,x,z,y) (g(t,x,z, y)) — given n(m)-dimensional vector function continuous set of variables together with partial deriva-

@

tives with respect to (z,y) to second order inclusive, t, tj, Xo, X — given, and the difference t; —t;, X, — X, — to second order inclu-

sive, b(t) given —m -dimensional discrete vector function, a(x) — n-dimensional vector function that is a solution of an ordinary
nonlinear difference equation with delay
a(x+1)=F(x,a(x),a(x=N),u(x)), x=%p% +L..% 1, ©)
with initial conditions
a(x—N)=ay y, . a(Xy)=ay, 4)
where F(x,a,c,u) — given n -dimensional vector function continuous over a set of variables together with partial derivatives with

respect to (a,c,u) to second order inclusive, a, _y,...a

% — given constant vectors, N — given natural number, u(x) -

X
r -dimensional discrete vector of control actions with values from given non-empty, bounded and convex set U c R" , i.e.

u(x)eU cR", xeX ={Xy,% +1L..% -1} . (5)
On the solutions of problem (1)—(5) generated by all possible admissible controls we define the functional
X -1 -1
S(u)=nm(a(x))+ £ Gl(X,Z(tl,X))thZt)O Gy (ty(t.x))- Q)
X=Xy =

We study the problem of the minimum of the functional (6) with constraints (1)—(5).
A necessary condition for the optimality of quasi-singular controls is established.

Keywords: discrete two-parameter system of Rosser type; linearized necessary optimality condition; convex control domain; optimal
control; quasi-singular control.
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A.H. IlapmyxoB

METO/J CUHTE3A MOJAJIBHOI'O PEI'YJIAATOPA IJIs1 OB BEKTA YIIPABJIEHUSA
C UHTEPBAJIbHOM HEONPEJIEJEHHOCTBIO KOY®PUIIMEHTOB

IpennoxeH METol CHHTe3a POOACTHOTO MOJAIBHOTO PETYIISTOPa, MOJIYyYeH KPUTEpHil poOAaCTHOTO KayecTBa YIpaB-
JICHVSI B YCJIOBUSIX MHTEPBAIBHOIN HEOIpeeIeHHOCTH K03 (GUIUESHTOB B MO O0BEKTa yIpaBieHus. JJaHHbII Me-
TOJI CHHTE3a JOBEJICH 10 BBIYUCIHMTEIBHBIX MPOLEIYpP ¥ MOXKET OBbITh peann3oBaH Ha OBM. Merton cuHTe3a pOMI-
JIFOCTPUPOBAH MPUMEPOM.

KroueBble ci10Ba: MHTEpBaJIbHAsE HEONIPEAEICHHOCTD; MOJAIBHBIN PETYISTOP; pOOACTHOE KaueCTBO YIPaBIICHHSI.

B pesynbraTe naeHTUGUKAIMN TEXHOIOTHUYECKUX MTPOIECCOB MOJICTb 00OBEKTa YIIPaBICHHS Yalle Bce-
T'0 BOCCTaHABIIMBASTCS B BUJIE IMHEITHOTO nudhepeHIInanbHOTO YpaBHEHHUS (3aJaHHOTO MTOpsAIKa), Ko3ddu-
LUEHTHl KOTOPOIO ONpPENENICHbl ¢ TOYHOCTHIO A0 MPUHAIUIEKHOCTH HEKOTOPHIM MHTepBasnaM. dakTudecku
TaKasi HHTepBaJIbHAsI HEONPEACICHHOCTh KO (HUINEHTOB 03HAYAET, YTO OOBEKT YIPABICHHUS ONMCHIBACTCS
LIEJIBIM CEMEWCTBOM MOJEIEH.

B OonbpIIMHCTBE KIACCHYECKHUX CXEM CHHTE3a PEryJIATOP PAacCUUTHIBACTCS VIS MOJEJIU C TOYHO 3a-
JNaHHBIMU K03 dunuentamu. B ciiyyae oObexTa ynpaBieHUs] C HHTEPBAIBHONW HEONPEAETICHHOCTRIO KO3(-
(PUIMEHTOB PETYISITOP MOKET OBITh PACCUUTAH 10 KIACCHYECKHM CXEMaM JJIsl MOJENU CO CPEIHUMH 3Haue-
HUSMHU U3 33J]aHHBIX MHTEpBasIoB. [Ipu 3TOM mocie 3aMbIkaHUs 00BEKTa yNpaBieHHs (OMHCHIBAEMOIO Ce-
MEHCTBOM MOJIeNiel) CHHTE3UPOBAHHBIM PETYISATOPOM B nepeaarounoi ¢pyrkiun ([1D) 3aMKHYTOH cHCTEMBI
MOSIBJIIETCSL HEOIpeeNeHHOCTh. [10CKONbKY CBOMCTBAa YCTOMUMBOCTH M KadyecTBa YIPABIEHHUS CHCTEMBI
OTIPE/IETISIOTCS pachosioxkeHneM moiitocoB ee [1M, BO3HUKAET BOMPOC: MpU KaKUX pa3Mepax WHTepBaIbHOMH
HEOIPEIeICHHOCTH B OOBEKTE YIPABICHUS 3aMKHYTasi CUCTEMa €Ille COXPaHUT CBOMCTBA YCTOHYHNBOCTH (poO-
0acTHast yCTOWYMBOCTD) M Ka4eCTBa yrpasiieHus (podacTHOE Ka4eCTBO YIpaBJIeHuUs)?

B cxeme momanbhoro ympasnenus [1. C. 8-21; 2. C. 9-12] kauecTBO ynpaBjieHHs 3a1aeTCs B BHJIC
o0yacTi S Ha KOMIUIEKCHOM INIOCKOCTH, ONIPENeNsIoIIeH xenaeMoe pacnooxenue nomocos I1d. Cnenosa-
TEJILHO, BOIIPOCHI UCCIIE0BaHUs (IIPOBEPKH) poOACTHON yCTOWYMBOCTH M pOOACTHOIO KadeCcTBa YIPABICHUS
MOTYT OBITH PAaCCMOTPEHBI C €OUHBIX MO3ULUI: TpeOyeTcs MPOBEpUTh, NPUHAIUIEKAT JIM KOPHHU 3alaHHOTO
ceMelcTBa MOJIMHOMOB 00nacTu S.

[Ipobnema uccnenoBanusi poOACTHOM YCTOMYMBOCTH W POOACTHOTO KauyecTBa YNPaBICHHUS LIMPOKO
mpeacTaBieHa B TuTepatype. MOXKHO BBUIENUTH TPH TJIaBHBIX HANpaBlCHHSA, B paMKaX KOTOPBIX peLIaeTcs
naHHas 3ajmava; 1) mpuHIMN uckioueHus vyt 2) teopust H”; 3) meton LMI.

[MpuHIMn ucKrOYeHHs HyJIsl BIiepBbie ObUT chopMysmpoBaH B padoTtax [3—4]. O600ImeHHsIM MPUHITH-
T1a NCKIIIOYEHHUS HYJIA Ha pa3MyHbIe CIydad, a TakKe pa3padOTKe Ha NX OCHOBE BBIYMCIUTEIBHBIX METOIUK
MPOBEPKH POOACTHON YCTONYHUBOCTH MOCBSIIEHO OONBINOE KOMMYecTBO crarei (cm., Hamp.. [5-6]). B yka-
3aHHBIX paboTaXx OCHOBHOE BHUMAaHHWE YACIACTCS MPOBEpPKE pOOACTHON yCTOWYMBOCTH (3a7ada MCCIEIOBa-
HUS poOACTHOTO KavecTBa YIPaBJICHHS HE PACCMaTPUBAETCH).

Crenyer OTMETHTB, 4TO B [7, 8] U HEKOTOPBIX JAPYTHX CTATHSIX OBLIH MONYyYEHBI JOCTATOYHBIE KPHUTE-
pu# po0ACTHOTO KadyecTBa yIpaBIIeHHS ISl CITydaeB, KOrja o01acTh S uMeer crienuainbHyo popmy — hopmy
Tpanenuu B [7] unu cekropa B [8]. O0mas hopmyaupoBKa KpuTepHsi poOaCTHOrO KauecTBa yIpaBleHHs, HE
3aBucsImas oT popMel obnactu S, He moiyueHa [6. C. 227].
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Memoo cunmesa modanbHo20 pecyismopa 011 00beKma YnpaeieHus.

Mertonsl Teopun H” (cm., Hamp.: [9-11]) mo3BossitoT GpopMyIMpoBaTh JOCTATOYHOE YCIOBHE pOOACTHOI
YCTOWYMBOCTH TIPH HAIMYMHK KaK MapaMeTpruecKod (HeompeaerIeHHOCTh KOA(Q(UIMEHTOB B omepaTopax),
TaKk ¥ CTPYKTYPHO-TIApaMETPUUECKON (HETOYHOCTh 3aJaHusl MOPSAKOB OIEPaToOpOB) HEOINpeneseHHOCTEH
B omucaHuu 00bekTa. OJHAKO CYIIECTBEHHBIM HEIOCTATKOM TAaKHX KPUTEPHUEB SIBISICTCS WCIONB30BaHHE
H*-MeTpuku omepaTopoB, 4TO CHIIBHO OrpaHHUunBaeT kiacchl [1D, Ay KOTOPBIX BBHIMOIHSIOTCS YCIOBHUS
9THX KpuTepueB. Kpome Toro, TpeboBaHMsI K KaUuecTBY YIpaBJICHUS CJIOKHO BBIPAa3UTh B TepMUHaX H*-HOpM
OIIEpPaTOPOB.

Mertoa nuHeHBIX MaTpuuHbIX HepaBeHCTB (LMI) MoxxHO paccmarpuBaTh Kak AajbHelIIee pa3BUTHE
H*-teopun. OcuoBy LMI monxona cocraBnsier «gactoTHas TeopeMa» [12]. JlaHHBIM MeTO[ MO3BOJSIET pe-
ath pAj 331a4 TEOPUH YIpaBiIeHUs (HapuUMep, 3aJa4d ONTHMAaTbHO-KBaJpPaTHUHOTO YIIpaBiIeHus, podacT-
Horo H*-ympaBieHusi, ONTUMAaJIbHOTO TallleHUs] BHEIIHMX BO3MYIICHUI B paMkax Teopun H*-ynpanenus
U Jp.) IyTeM CBEACHHA K JIMHEHHBIM MaTpU4HBIM HepaBeHcTBaM [13-16]. Ilpu aTom Bce 3amedanus, cae-
JaHHbIEe K Teopun H®, ocTaloTcs cripaBeyTUBBIMU | AJIs1 JAHHOTO METO/IA.

Takxum o6pa3oM, chopMyIMPOBaHHAS BHIIIE 33/1a4a UCCIIEAOBaHNS POOACTHOIO Ka4eCTBa YIPABICHUS
OCTAETCsl HEPEILICHHOM.

B Hacrosimeii ctatbe B pa3BUTHE PE3YJIBTaTOB, U3JI0KEHHBIX B [60], pa3pabaThiBacTCs BEIYMCIUTEIbHAS
TEXHOJIOTHS UCCIIeIOBAaHUS POOACTHOIO KauecTBa YIIPaBJICHUSI.

Janee mpuHATHI ClIeAyIOIIME 0003HAUYEHHS: = — PaBHO IO ONPENCIICHHIO; * — Oomepanusi KOMIUIEKCHO-
ro conpspkeHust; j — Munmast enununna; R", C" — mpocTpaHcTBa N-MEPHBIX BEKTOPOB X i(xl,. . .xn), ko3 Pu-

IMUCHTBI KOTOPBIX COOTBETCTBCHHO BCUHICCTBCHHBLIC MJIM MHUMBIC 4YHCJIA, Z, S — KOMIUIEKCHBIE NEPEMCHHBIC,
S — o6nacts Ha C!; 8S — rpanuna o6nactu S; int S — BHyTpeHHss yacTh 06acTu S; t — HEMPEPLIBHOE BPEMS;
p' — omeparop i-it crenenu auddepeHIMPOBaHS 10 BPSMEHU:
i i i. ; 0.
p'=d'/dt'; ie0,n, p®=1.

«[TonuHOMHATBEHBIM OTepaTopoM» cTenenu | Oynem Ha3biBaTh nUddepeHIMaIbHbIN OnepaTop BUaa:
|
fa,p)=2 fip" )
i=0

rae fi — mocrostuubie koadduumentsr (i €0,1). B usobpaxkenusx mo Jlamnacy oneparopy (1) coorBeTcTBY€ET

anre6panqe01<m71 ITIOJIMHOM
|
f(,5)=3 fs',
i=0

onpeneneuublii Ha Cl; 3meck 3a S 0003HaYeHa epeMenHas npeodpasosanus Jlamaca (S € Cl).
«MHOXxecTBO KopHeit (Hyneit)» nmomuaoMa f(l, S) Oynem o6o3nagars A(f):
ACF)={% 2 F(14)=0, iell}.

«MuTepBasibHBIM A GepeHITaTbHBIM OlIepaTopoM» cTernieHu | Oymem HasbiBaTh ceMeicTBO A de-

PEHIOMATILHBIX OIICPATOPOB BHUJA.
|

F(LEp)= f(LEp) =S fip's VE=(f, -~ f)eF} @
i=0
rac
F=lfeRM:vh e|f0—af, fO+AR] 1020, Af20, i=01}-
00sacTh (MHOrOMEDPHBIN MapasIelenuIIe]) 3a1aHHast B IPOCTPAHCTBE KOO (PUIIMEHTOB.
Boinonusst B (2) hopMaibHyro 3aMeHy P Ha S, OJIy4aeM «UHTEPBAIBHBIN OJTMHOM

f(I,F,s)= f(I,f,s)iZl"fis‘: vfeF . (3)

NuTepBanbHbIid TOTMHOM (3) MOXKHO MPEACTABUTH B BH/IE!

f(I,F,s)=fo(,s)+Af (I, AF,s), (4)
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rac
|
fO(ls)=> %" —
i=0
«TO“IC‘IHI)II‘/'I» IIOJIMHOM, a

Af(l,AF,s)i{Sf(I,Sf,s)éi&‘is‘: Wt = (3, - af,)eAF},

AF ={of 1 Vof e[-Af;, Af], i=01}-

HHTepBaJ’IBHLIﬁ MMOJIMHOM C CUMMETPHUYHBIMU MHTCPBaJIaMU HCONIPCACIICHHOCTHU KOS(l)(i)I/IHI/IeHTOB.

1. Cxema cuHTE3a pOGACTHOIO MOAAIBLHOIO PEryJisiTopa
W 3a/1a4a Mcciel0BaHus po0acTHOI0 Ka4ecTBa yIpaBJIeHUs!

[Tycts nuHelHbIH 00BEKT ympaBieHus 3aqaH AnpGepeHHaTbHBIM YpaBHEHHEM N-TO TOpsAAKa C HH-
TEPBAIHLHON HEOTIPENCICHHOCTHIO KO (DUITMEHTOB

a(n,a, p)y(t)=b(m,b, plu(t), n>m, al=1 Aa, =0, (5)
371ech U — BXOJIHO# (YIPaBJISIONINIA) CUTHAM, Y — BRIXOIHO# (YnpaBisieMblil) curaai, a a(n, a, p) u b(m, b, p) —
muddepeHnmansHble oneparopsl Buaa (4). Moaeib

a’(n,p)y(t)=b"(m,p)u(t), (6)
MIpUHAIeKAIYI0 CeMENCTBY Mojieseit (5), Ha30BeM «HOMHUHAIBHOM».

KauectBo ympaBnenus OyjqeM Ha3Ha4yaTh B BU/E 00JIAaCTH S, ONpeeNstomieii TOMyCTUMOE PACTIONOKEHHIE
nomrocos [1® na CL. Ipeamonaraem, 4o o61acTh S yIOBIETBOPSAET CIEAYIOMIUM YCIOBUAM: PACIOIOKEHA
B orpanuueHHoi yactu C! ciieBa OT MHUMOI#i OCH; OJHOCBA3HA; IS JIOOOH TOUKU S € S TaKiKe BHIIOIHAETCS
s*¥eS.

B TexHonornu cuHTE3a MOAANBLHOTO peryisaTopa (cM., Hamp.: [1. C. 8-21]) perynsTop uieTcs B BUIe
i depeHnmaibHOro ypaBHeHus (N — 1)-ro nopsaka:

B(n-1p)u(t)=a(n-1p)y(t)+x(a.p)a(t), a<n-1 B,,=1 7
31Iech § — 3aJaHHBINA TporpaMMHBIi curHal. KosddunuenTst onepatopos B(n — 1, p) u an — 1, p) perymsaro-
pa (7) pacCUNUTHIBAIOTCS U3 YCIIOBUS OOpAIEHUS B TOKIECTBO YPaBHEHUS

a"(2n-1s)=a’(n,s)p(n-Ls)—b’(m,s)a(n-1s), as =1, (8)
rae a®(2n-1, s) — 3ajaHHBIA XapaKTEPUCTHYECKMI MOJMHOM STAIIOHHOW CHCTEMBI yHpabieHus (nagee —
«3Ta.]'IOH»); BBI60p 3TaJIOHa OFpaHquH YCJ'IOBI/IGM

A(a")cints. (9)

OueBHHO, YTO BBIOOD MoMHOMA ¥((], S) HE BIMSET Ha CBOWCTBA pOOACTHOM YCTOMYMBOCTH M POOACTHO-
T'0 Ka4ecTBa yIpaBJICHUs, TIOATOMY BOIIPOC pacyuera mojaunHoMa ¥(J, S) B TaHHOU paboTe HE pacCMAaTPHUBACTCA.

B ypaBuenuu (8), npupaBHuBast K03()OUIMEHTHI IPH OJMHAKOBBIX CTENEHSX MEPEMEHHON S, MMoNTyJa-
eM crucTeMy U3 2N — | TuHEeHHBIX anreOpandeckux ypaBHEHHH OTHOCHUTENHHO 2N — 1 HEeM3BeCTHHIX K03(hhu-
1reHToB moauHoMoB B(N — 1, S) m an — 1, S) [Tam xe. C. 12-13]. [TanHas cucteMa 0JHO3HAYHO pa3perinma,
ecyi kopHM nojmHoMa a°(N, S) He coBmagaroT ¢ KopHamu nojuroma b°(m, s) [2. C. 11].

[Tocne 3aMbIKaHUS UCXOTHOTO 00BEKTA (5) PEeryasToOpoM, CHHTE3UPOBAHHBIM 110 cxeMe (7)—(9), momy-
ynM [ID 3aMKHYTOW cHUCTeMBI (TIOCKOIBKY OMeparus JAeJeHIs Ha MHOKECTBO TOJMHOMOB HE OTpejesieHa,
3aMmych HOCUT YCIIOBHBINA XapakTep):

W (s)=b°(m+q,B,s)/a°(2n-1 A B,s),
b®(m+q,B,s)=b(m,B,s)x(a.s),
a’(2n-1,AB,s)=a(n,As)B(n-1s)—b(m,B,s)a(n-1s).
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MHoskecTBO moarHOMOB a°(2n — 1, A, B, S) Ha30BeM «ceMelCTBOM XapaKTePUCTUUCCKUX MTOJTHHOMOB)
3aMKHYTOH CHCTEMBI; 3TO CEMEHCTBO MOYKET OBITh 3aIlCaHO Yepe3 cBou eMeHTh a%(2n — 1, a, b, s):

a“(2n-1,AB,s)={a’(2n-1ab,s): VaeAbeBj, (10)
31eck (¢ yaeToM ycioBus (8))
a“(2n-1ab,s)=a(n,as)p(n—1,s)-b(mb,s)a(n—-1,s)=
=a"(2n-1s)+da(n—1,8a,s)B(n—1,5)—38b(m,3b,s)a(n—1,5).
MHoxkecTBO
A(a“):{ki : JaeAJbeBa’(2n-Lab,)=0, i :],T—l}

Ha30BeM «MHOXKECTBOM KOpHEI» ceMeiicTBa XapaKTepUCTHIECKUX MOJIMHOMOB (MM «MHOXECTBOM IIOJIIO-
coBy» ITD W(s)).

Bynem cumraTh, 94TO 3aMKHYTasl CHCTEMa C XapakTepucTuaeckuM noiamaomMoM (10) obmamgaer pobdacr-
HBIM Ka4eCTBOM YIIPABIICHUS, €CIIM MHOXKeCTBO A(8°) IeXuT BHYTpU 00NacTH S, T.€. BHIIOIHEHO yCIIOBHE
(manee — yc1o0BHe po6ACTHOIO Ka4eCTBA YIPABJIEHHUsI)

A(ac)c intsS. (11)

[lpy HanW4YMKM WHTEPBAILHOW HEONPENCICHHOCTH KO3(D(HIMEHTOB B OOBEKTE YIPABICHUS HEb3s
3apaHee TapaHTHPOBaTh, YTO MOAAIBHBIA PETYIATOP, paccUuTaHHbIA 1Mo Gopmynam (7)—(9), Oymer obectme-
4yuBatTh BhIMoTHEeHUE ycnoBus (11). Takum 00pa3zom, 3a7aya CHHTE3a MOJAIBHOTO PEryJIATOpPa B YCIOBHSAX
HEOIPECIICHHOCTH B O0BEKTE YITPABICHUS COCTOUT U3 CIEAYIOIIUX ATATOB:

1) cuHTE3 MOIAIBHOTO PEryJISITOpa Il HOMHHAIBHOTO 00bekTa (6) (1o hopmynam (7)—(9));

2) moceayromnas mpoBepKa BHIMOIHEHUs yciaoBus (11) i 3aaaHHOrO0 ceMelcTBa XapaKTepHCTHUE-
ckux moauHoMoB (10) (3axava ucciie0BaHusi POOACTHOr0 KaYyecTBA YIPaBJIEHHUS).

B crnenyromem pazzene pazpabarbiBaeTCsl BHIYUCIUTENbHAS TEXHOJOTHS UCCICIOBaHUS POOACTHOTO
Ka4yecTBa YIPABJICHUS [T CEMEHCTBA XapaKTEPUCTHUECKHUX MOTMHOMOB Bua (10).

2. BeruncauTeJbHasi TEXHOJIOTHS MCCJIEOBAHMS POOACTHOr0 KayecTBa yNpaBJieHHUs
2.1. Kpumepuii po6acmnozo kauecmaea ynpagienus

Bripaxkenue (10) npeacrasinsier adhUHHOE CEMENCTBO MOJIMHOMOB (371€Ch U Jaliee HeCYIECTBEHHBIE
JUISL PacCy’KJICHUI apryMEHThI IIOJIMHOMOB OYIEM OITyCKaTh)

a“(s)={z(a,s)ﬁzo(s)+i'zlaizi(s): g=(&, - a.)ea(v)}, (12)

rae

. Aa_s7B(n-1s), ieln-1,
W)= @n-Ls) (8= " anovs), iennTm

l=n+m,

a E(y) — |-mepusb1it ky0 B ipocTpancTBe K03 dhuirentoB cemeiicraa (12):

E(y)i{ge R':[g|<y, Vi eZLI}
(3mech v = 1). O603HaunM 3a Z(y, S) MHOXKECTBO 3HAYCHHU («T€OMETPUYECKHI 00pa3») ceMeHCTBa MOJUHO-
MOB (12) st Touku S € 0S :

Z(y,s):{zo(s)Jrile:&izi(s): |§i|s«/}ccl. (13)

Hoxkazano (cM., Hanp.. [6. C. 174]), uTto reomerpudeckuii 00pa3 apdpuHHOrO ceMericTBa moJuHoMoB (12)
IPEICTABIISAET BBITYKITYIO JHHEHHYO 000J104Ky (MHOTOYronbHUK) Ha Cl, BepImHbl KOTOPOH Onpeensorcs
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BEPIUMHHBIMK TOMMHOMaMH Z,(S)£7Z;(S), i€ll; obmee 4ucio BepmMH MHOTOYTONBHUKA HE MPEBBILIAET

2l. Toukn KOMITJIEKCHOI MJIOCKOCTH, COOTBETCTBYIOIINWEC BCPIIMHHBIM IMOJIMHOMAM, HA3BIBAIOTCA «TOUYKaMU-
KaHaugaTaMu». anymaﬂ JUHEWHasT 000I0UKa Z(’Y, S) 3alMCBIBACTCS Y€PE3 CBOM TOUKHU-KAaHIUIAThI:

Z(v,5)=Conv{z,(s)+yz(s), iell}.

CymiecTByeT MHOKECTBO aITOPUTMOB MOCTPOCHUS BBITYKJION JIMHEHHOW 000JI0YKH Ha TJIOCKOCTH TI0
M3BECTHBIM TOYKaM-KaHAUAaTaM (Harmpumep, aroputmsl ['paxema, Ixapsuca u ap. [17. C. 106-112]).

CrpaBennuBa cieqyroLias TeopeMa.

Teopema 1. ITycts noausoM a®(2n — 1, s), npunamiexammuii cemeiicty (10), yI0BIETBOPSET yCiIo0-
Buto (9). Torma mns cemerictBa noiamHOMOB (10) BBRITIOMHSAETCS yCIOBHE POOACTHOTO KAa4eCTBA YIPABICHUS
(11) ecnu u TONBKO ecnu

0¢Z(Ls), Vseds. (14)

/lokazamenscmeo. PaccMOTpUM NPOU3BOJIBHBIN MOJUHOM, NpUHAANEKanmii cemeicTBy (10). M3me-
HEHHE KOJIMYECTBA KOPHEH 3TOr0 MOJMHOMA, JISKAIIUX BHYTPH 00JACTH S, MOXKET MPOUCXOAUTH TOIBKO B
TOM CJIydae, KOrjia X0Ts Obl OJIMH U3 HUX (TMPY BapHalusIxX BEKTOPOB mapameTpoB a< A u b € B) nepeceuer
rpanuity odiactu S u yciosue (14) Oyaer HapyuieHo. Yto u TpeGoBalioch J0Ka3arh.

Touka Zo(S) SBIACTCS IEHTPOM MOCTPOEHHS BBIMYKJION JHHEHHONW 06omouku (13), Takum oOpaszom,
MHOkecTBO (13) MokeT OBITH 3aIHCaHO:

Z(v:8)=12,(s)+AZ(1.5),
rae AZ(y,s)=Conv{iyzi(s), iel,_l} — CHMMETpUYHAs BBINyKJIas JHMHEHHAs 000JN0YKa (CHMMETPHUS

AZ(y, s) na C! cnenyer u3 cummerpun Ky6a Z(y)). B pesynbrare ycnosue (14) npuauMaeT BU
Z,(s)eAZ(Ls), Vseds. (15)
OCHOBHasI CII0KHOCTB TIPOBEPKH ycioBus (15), kKak U B cirydae 3a1a4u po6acTHOW yCTOHYHUBOCTH, CO-
CTOUT B HEOOXOIMMOCTH:
1) 3 heKTHBHO CTPOUTH MHOTOYTOJIBHUK AZ(y, S) Ha KOMIUIEKCHOH IJIOCKOCTH ISl TOUKH S € 0S
2) 3¢ (heKTUBHO MPOBEPSATH BBITIONHEHME YcIoBH (15) tst Touku S € 0S .
Texnonorus nmpoBepkH ycioBus (15) u3noxxeHa HILKe.

2.2. Memoouxa nposepKu poo6acmuozo Kauecmea ynpasieHus

Auroput™ I'paxema [Tam xe. C. 106—110] popmupyetr MHOKECTBO TOUYEK-BepIiuH 00010uku AZ(1, S)
B MOPS/IKE UX 00XO/a MPOTHB YaCOBOM CTPENKH (TMMOCKONBKY MPH MOCTpoeHun obomouku AZ(1, S) Touka S
npennonaraercsi QUKCUPOBAHHOM, Jlajiee apryMeHT S OyeM OITyCKaTh):
0., kel2r (r<l).
Bepmuns! 0k(y) obomouku AZ(y) (¢ mpOU3BOIBHBIM 3HAYEHHEM Y) TIOIY4aIOT 1Mo Gopmyram
0,(v)=v0,, kel2r.

[Ipu mposepke ycnosus (15) Oyaem Beinensath ABa cinydas: =1 u r> 1. B cinygae r = 1 MHOroyrosns-
HUK AZ(y) BBIPOKAAETCS B OTPE30K

Z(v.8)=y[-6,, 6] (16)

B ciyuae r > 1 npu y = 0 mHOroyrojpHuk AZ(y) cxumaercs B Touky (0, jO), mpu y — 00 MHOTOYTOJIBHHK
CTPEMUTCS KO BCEH KOMITJIEKCHON TUIOCKOCTH.
[MocTaBuM cCleyIONIYIO BCIOMOTATEIbHYIO 32/1a4y: ISl TOUKU S € 0S5 TpeOyeTcs HAlTH 3HaYeHHE

y(s)ﬁmin{y: ZO(S)eéAZ(y,S), yZO}, a7

€CJIM OHO CYHIICCTBYCT.
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Paccmotpum coydaii ' = 1. Touka zp MOkeT mpuHaAIEXKATh OTpe3Ky (16) TONBKO B TOM citydae, eciu
OHa MIPHUHAIJICKUT JIMHUN

aRe(z)+bIm(z)=0, a=-Im(6,), b=Re(6,), (18)
Ha KOTOpOW HaxomuTcs otpe3ok (16). loompeaenss y(S) = oo B TeX Ciydasx, KOTJa TOYKa Zo HE JICKHUT Ha
muaun (18) mosyuaem cieayroiee BoIpaxeHue st Y(S):
(5)= |2,|/]64], aRe(z,)+bIm(z,) =0,
" w0, aRe(z,)+bIm(z,)=0.
Paccmotpum cirydaii r > 1. MHoroyromsHUK AZ(y) MOXKET OBITH 33/I1aH CHCTEMOW JTMHEWHBIX anrebpa-
WYECKUX HEPABCHCTB

(19)

a, Re(z)+b Im(z)+c >0, kel 2-r, (20)
K03 ULMEHTHI 8k, Dk, Ck onpeaensoTes mo GopmynaM (Uit MPOCTOTHI 3amuck Gpopmya (21) npuHUMaeTcs
O2rs1= 91)Z

i =Re(0,., 0, )m(0, )~ Im(0, , -0, )Re(0, ). . =7lv..

a :{ IM(0.:—0,), W20, b :{_Re(em =0,), w20, 1)

“|-Im(0,,,-0,), w,<0, “ | Re(,,-0,), w,<O.
Touka zo mpuHaINEKUT Tpanuile AZ(Y) B CIEAYIOMUX CITyJasX:

1) Touka Zp HaxoauTcs Ha K-i cTopoHe MHOTOyrONBHUKA AZ(Y), IpH 3TOM B JaHHOM Touke K-e¢ Hepa-

BeHCTBO cuctembl (20)—(21) obpaTuTcs B paBEHCTBO, OTKYyla HAXOAWM 3HAUYEHHE mapameTpa Y (0003HaunM

€ro 3a Yi):

T =—(a Re(z,)+b, Im(z,)) /v, ;
2) TouKa Zo HaXoAuTCsI B K-if Bepinae MHOTOYroIbHUKA AZ(Y), ipu 3ToM K-¢ u (K + 1)-¢ HepaBeHCTBa
cucremsl (20)—(21) oOpaTsTcst B paBeHCTBa.
ChopmupyeM MHOKECTBO

F+(S)i{yk=—(akRe( )+b, Im(z, )/|\|/k Y 20, keﬁ}.

OTMETHM, UTO [0 CMBICITY 33/[a4l CPa3y BCE 3HAUCHHUs Yk, (K €1,2- ) He MOTYT ObITh OTPUIATENBHEI, CIIEI0-
BaTeNIbHO, MHOXECTBO ['+(S) He mycTo. OYEeBUIHO, YTO HCKOMOE 3Ha4YeHHE Y(S) HAaXOAUTCS 10 GopmyJie

v(s)=max{y, eI (s):
a,Re(z,)+b Im(z,) +v,|w| >0, Vi eﬁ} (22)

[TpuBeneHHBIE pacCyKICHUSI MOKHO paccMaTpuBaTh B KauyecTBE HECTPOTOrO JIOKA3aTEeIbCTBA CIIEMY-
IOLIEN JIEMMBL.

Jlemma 1. Pemenue 3amgaun (17) mis Touku S €0S omnpenensiercs popmynamu (19) B ciyqae r=1u
(22) B cmywae r > 1.

OCHOBBIBasICH HA JAHHOU JIEeMMe, TeopeMy | MoxeM nepeopMyInpoBaTh CICIYIOIIAM 00pa3oM.

Teopema 2. [Iycts nomuaom a®(2n — 1, s), npunaiexamuii cemeiicty (10), yaoBIeTBOpSET yCio-
Buto (9). Torma nns cemerictBa noiarmHOMOB (10) BBITIONMHSETCS yCIOBHE POOACTHOTO KAa4eCTBA YIPABICHUS
(11) ecnu u TONBKO eciA

Y. —mlny( ) 1,

sedS
rue y(S) — pemwenue 3agaqn (17).
Benuunna y- ompezenseTr, BO CKOJNBKO pa3 CleAyeT YBEIWYUTHh (TIpu y- > 1) wim yMeHbIUTH (TIpu
Y- < 1) ogHOBpEMEHHO BCE€ MHTEpBAJIBI B MojaenH (5), 4ToObl s xapakrtepuctudeckoro noiauHoMa (10)
BIIEpBbIE OBUIO HAPYLIEHO yCIOBHE podacTHoro kauecTBa ynpasieHus (11). Teopema 2 siBiusieTcss OCHOBOM
JUTS. U3JI0’KEHHOTO HIDKE aTOPUTMA MTPOBEPKH poOACTHOTO KadecTBa yIPaBICHHUS.
[IycTh Ha OS 3a7aHO MHOKECTBO TOUYEK

Q(m)={s,ieln’}, (n'<w). (23)
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AJITOPUTM HCCIeTOBAHUS POGACTHOr0 KayecTBa yNpaBieHHsI
1. B kaxo# Touke S, € Q(n’) o opmynam (19) u (22) BerauciauTh y(Si).
2. Tlo dopmyne y_ =miny(s,) paccunrars y-.
iel,N
3. [IpoBepuTh BBHITIOTHEHUE YCIOBUS
Y- > 1. (24)

Ecmm ycrnoBue (24) BpImonHeHO, TO Mg cemeiicTBa moianHOMOoB (10) BeIMONHSETCS poOAaCTHOE KadecTBO
YIPaBJICHHS, €CJIM HET — pOOACTHOE KaY€CTBO HE BHITIONHSICTCS.

[IpoBepka pobacTHOro KadecTBa yrpaBlieHHUs 3aKOHUCHA.

3ameuyanue. O4eBHUIHO, YTO IJI TOTO, YTOOBI MO YCIOBHUIO (24) MOXHO OBUIO CYOUTH O POOACTHOM

Ka4yeCcTBE yNPaBICHHS, HEOOXOMMO, YTOOBI MHOXKECTBO ToYeK (23) OBUTO Kak MOXHO OOJIBIIE U paciojiara-
JIOCh JIOCTATOYHO PABHOMEPHO Ha OS.

3. [Ipumep ucciieqo0BaHUA POOACTHOr0 Ka4ecTBA yNPaBJIEHUS

[lycThb 3aaH 0OBEKT yIPaBICHUS C HHTEPBAIILHOW HEONPEACICHHOCThIO K03 (pHUIIMEeHTOB
(a°(2,p)+aa(L p))y(t)=(b°(1 p)+Ab(1 p))u(t),
riae
a’(2,p)=p?+4p+13, b1, p)=10,67p+138,67,
ra(t.p)=[11p+[44], Ab(tp)=[-11]p+[-11]
TpeboBanus K KaueCTBY YIIPABICHUS 33JAF0TCSI 00JIACTHIO
S={sin, <—Re(s)<m, [m(s)|/|Re(s)<1},
rmeN1=25 =2, p=1.
XapaKTepUCTHUCCKUH TOJIMHOM 3TaJIOHa BEIOEpEM
a"(3,5)=s"+15s" + 755 +125.
Jli1s1 HOMUHAIBHOM MOJICITH
a’(2, p)y(t)=b"(t, pu(t)
u sranoHa a®(3, S) paccunuTan MOJAILHBIA PETYIATOP:
(p+9,062)u(t)=(-0,182p—0,052) y(t)+x,9(t).
CeMeiicTBO XapaKTePUCTHUECKUX TIOJMHOMOB 3aMKHYTOH CUCTEMBI
a°(3,s)=a"(3,s)+Aa(Ls)B(Ls)—Ab(Ls)a(Ls). (25)
TpeOyercs HaiiTh 7-.

Pewenue. B pesynbrare pacu€roB GyHKIMY Y(S) BIOIL OS mosydeHo 3HaueHue y- = 1,19. Oto o3Haya-
€T, 4TO CeMEHCTBO (25) coxpansieT pobacTHOE Ka4eCTBO YIPABIICHHUS.

3akiIouyenue

B nannoii paboTe 000cHOBaHa cxeMa CHHTE3a POOAacTHOrO MOJAILHOTO PEryisTopa. BaxkHol 4acThio
IIPOLIEypBl pacdera peryisaropa sABIseTcs 3ajada UcCileoBaHus poOaCTHOro KauecTBa ynpasiieHus. B cra-
The TIOJIy4eHO 0000IIeHe MPUHIINIIA UCKITIOYEeHHUs HyJIs (Teopema 1), Ha OCHOBE KOTOPOro pa3paboTaHa BbI-
YUCIUTENIbHAs TEXHOJIOTHSI TIPOBEPKH po0acTHOrO KauecTBa ympasiieHHs. lIpennoxeHHas cxema CHHTE3a
[IPOMJUTIOCTPUPOBAHA IPUMEPOM.
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As a result of the identification of technological processes, the model of the control object is most often restored in the form of
a linear differential equation (of a given order), the coefficients of which are determined with accuracy to belong to certain intervals.
In fact, such interval uncertainty of coefficients means that the control object is described by the whole family of models.

In most of the classical schemes of synthesis, the regulator is calculated for the model with exactly the desired coefficients. In the
case of a control object with interval uncertainty of coefficients, the regulator can be calculated according to classical schemes for
a model with average values from the given intervals. In this case, after the closure of the control object (described by the family of
models) by the synthesized controller, uncertainty appears in the transfer function of the closed system. Since the properties of stability
and control quality of the system are determined by the location of the poles of its transfer function, the question arises: at what size
of the interval uncertainty in the control object the closed system will still retain the properties of stability (robust stability) and con-
trol quality (robust control quality)?

In the modal control scheme, the control quality is set as an area S on the complex plane, which determines the desired location
of the poles of the transfer function. Therefore, the questions of research (verification) of robust stability and robust control quality
can be considered from a single point of view: is it necessary to check whether the roots of a given family of polynomials in the do-
main S?

In the literature devoted to robust theory focuses on the problem of robust stability, and the problem of robust quality control
fades into the background and is still not solved.

The aim of the study is to develop a scheme for the synthesis of a modal controller for the case of interval uncertainty of the coef-
ficients in the object model and a method for the study of robust control quality for a closed control system.

This paper generalizes a theorem known as the" zero elimination principle" and the problem of checking the robust quality of control
is reduced to the problems of constructing a" geometric image "of a family of polynomials with interval uncertainty of coefficients and
subsequent verification of the belonging of a given point to a "geometric image". The geometric image of such a family represents
a convex linear shell on the complex plane. The technology of construction of convex linear shells is described in many works.

In the article the method of synthesis of a robust modal regulator is offered, the criterion of robust quality of control is received.
The synthesis method is brought to computational procedures and can be implemented on a computer. The synthesis technology is
illustrated by an example.
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of

Practical significance: this method of synthesis allows to calculate the regulator settings in the conditions of interval uncertainty
coefficients in the control object model.

Keywords: interval uncertainty; modal regulator; robust control quality.
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E.A. Ilepeneaxkun

POBACTHOE YIIPABJIEHUE CUCTEMOM MACCOBOI'O OBCJIY KUBAHUSI

Pemena 3ajaya cHHTE3a CUCTEMBI YIPaBICHHS COCTOSIHHEM OJHOKAHAJIBbHOH MapKOBCKOH CHCTEMBbI MaccoBOrO 00-
CITy)KMBaHHUS C ITyaCCOHOBCKHM 3aKOHOM ITOCTYIUICHHUS 3asBOK, SKCIIOHEHIMAIBHBIM 3aKOHOM 0OpabOTKU 3asBOK U
OTpaHMYEHHBIM YHCIIOM 3asBOK B cucteme. [Ipeanonaraercs, 4T0 HHTEHCHBHOCTD MOCTYIUICHHS 3asBOK U HHTEHCHB-
HOCTb 00pa0OTKHU 3asBOK HEU3BECTHBI M MOTYT MEHATHCS B Ipoliecce (pyHKIMOHUPOBaHHs cucTeMbl. OnucaH anro-
PUTM CHHTE3a yIpaBJIeHUsS B BUAE 00paTHOH cBs3H. [laHO 000CHOBaHNE aCHMIITOTHYECKON YCTOMYMBOCTH U podact-
HOCTH CHUCTEMBI C 00paTHOH CBsI3b10. [IpHBeIeHBI pe3yIbTaThl MOJECTNPOBAHHS.

KiioueBble ci10Ba: cucTeMa MaccoBOro 00CITyKUBaHHUS; eperpy3ka; podacTHOE yIpaBJeHHE.

HccnenoBanust 1o ympaBisieMbIM CHCTEMaM MacCOBOTO OOCTY)KMBaHHUS MPOBOJISATCS B TEUCHHE He-
CKOJIBKUIX AecatuieTuii. Kak mpaBuito, Mo yrmpaBieHHEM B CHCTEME MAaCcCOBOTO OOCITY)KMBAaHUS TOHUMAETCS
ONITUMU3AIUS CTPYKTYPHI, TTAPAMETPOB U PEKUMOB PaOOTHI CUCTEMEI [1, 2] MM MOCTPOECHHE ONTUMATBHOTO
CTOXaCTHYECKOTO YIIPABIICHUSI CHCTEMON OOCTY)KWBaHUS KaK MapKOBCKUM IPOIECCOM C KOHEYHBIM MHOXE-
CTBOM COCTOSTHUH [3].

C pa3BUTHEM KOMIBIOTEPHBIX CETEN BO3HUKIIM HOBBIE 33J]a4H YIIPABJICHMUS, CBSI3aHHBIE C YCTPAHECHUEM
Meperpy30K B KOMIbIOTEPHBIX ceTsax [4]. [Ipu pemienun 3THX 3a7a4 HAIUIM NPUMEHEHUE METOAbl TEOPUU
ABTOMAaTUYECKOro ymnpasiieHusa. HanpumMep, B cucTeMax ¢ aKTUBHBIM yrpaBiieHHeM ouepenbto TCP-nakeroB
MpeIaraeTcs NCIOIb30BaTh KIACCHYECKHE 3aKOHbI YIPABIECHUS B BHIe 00paTHOM cBsi3u [5—-8]. Ypasnenue
B TaKMX CHUCTEMax OCYIIECTBISIETCS MAapKUPOBKOH (OTKIIOHEHHEM) MOCTYMANKX B Oydep y3ia KOMITbIoTEp-
Hoit cetn TCP-maketoB. [Ipu 3TOM OTKIIOHEHHE TTAKETOB BHITIONHSIECTCS C HEKOTOPOH 3aIaHHON BEPOSTHOCTHIO.

B nanno#t pabore paccMmarpuBaeTcs BO3MOXKHOCTb HMPHUMEHEHHs MPOIMOPIHUOHAIHHO-MHTErPaIbHON
00paTHOM CBS3M JJISl pEIlCHUs 3a/ayd YIPaBJICHUS COCTOSHHEM OJHOW W3 HamOoiee MPOCTBIX CHCTEM
MaccoBOT'O OOCIY)XMBAaHHS — OJHOKAHAIBbHON MapKOBCKOW CHCTEMBI C MyaCCOHOBCKHM 3aKOHOM ITOCTYILIE-
HUS 3asBOK, SKCIIOHEHIIMAILHBIM 3aKOHOM O0OpabOTKH 3asBOK U OTPaHUYEHHBIM YHCIIOM 3asiBOK B CHCTEME.
[Ipeanonaraercs, 94To cucteMa QYyHKIIMOHHPYET B YCIOBUSAX MEPErpy3KH, KOTJa WHTEHCHBHOCTH MOCTYII-
JIEHUs 3asiBOK BBIIIE MHTEHCHUBHOCTH 00paboOTKH 3asiBOK. [IpyM 3TOM WHTEHCUBHOCTH MOCTYTUIEHUS 3aIBOK
U MHTEHCHBHOCTH OOpabOTKM 3asBOK HEW3BECTHBI U MOTYT MEHSTHCS B mpolecce (pyHKIMOHUPOBAaHUS
CUCTEMBI.

ITox cocrosiHueMm cuctemsl X(t) OyaeM MOHMMATh YUCIO 3asBOK B CHCTEME B MOMEHT BpeMeHH t.
VYnpaBieHne OCyIIECTBISIETCS OTKIOHEHHEM IOCTYNAIOIIMX 3aBOK C HEKOTOPOW BEpOSITHOCTHIO. CucTeMa
yIpaBieHHUs 0JDKHA OOECIeUHUTh JKelaeMoe CpeIHee YHCIIO 3agBOK B CHCTEME M TEM CaMbIM HMCKIIOYUTh
BO3MOKHOCTb IT€PETPY3KH CUCTEMBI.

BriOop ympasiieHHs B BHJE TPONOPIIMOHATBLHO-UHTETPAIbHOW 0OpaTHOW CBs3M 00YCIIOBJICH CBOW-
CTBOM pOOACTHOCTH M MPOCTOTOHN peau3alliél CUCTEMBI yNpaBieHHA. B oTiu4mMe OT aJanTHBHBIX CHCTEM
yIpaBJIeHUsI B JAHHOM cllydae He TpeOyeTcs OleHHBAaTh HHTEHCUBHOCTH MOCTYIUICHUS U 00pabOTKHU 3asBOK
W HACTpauBaTh CUCTEMY YIIPaBJICHHS B Ipoliecce ee PyHKIMOHUPOBAHUSI.

B pabote naH0 000CHOBaHWE aCUMITOTHYECKOH YCTOWYMBOCTH M POOACTHOCTH CUCTEMBI C 00paTHOMN
cBs3pt0. OINMUCaH alTOpUTM CHHTE3a 00paTHOW CBs3u. [IpuBeseHbI pe3ylbTaThl MOJICIIUPOBAHUS CHCTEMBI
C YIIPaBJICHUEM.
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1. O0beKT ynpaBieHus

BeeneM 0003HaueHUs: A — UHTEHCUBHOCTD MOCTYIUICHUS 3asBOK; |[L — HHTEHCUBHOCTh 00pabOTKH 3a-
SIBOK; U — BEPOSITHOCTh OTKJIOHEHHSI IOCTYNHUBINECH 3asBKH; N — IOMYCTUMOE YUCIIO 3asBOK B cucteme, Pi(t) —
BEPOSTHOCTh HAXOXKICHHUsI CHCTEMbI B COCTOSIHUU | =0, 1, ..., N B MOMEHT BpeMeHH t. 3HaUeHHs A U [\ HeU3-
BECTHBI M MOTYT MEHSTBCA B TIporiecce (hYHKITMOHUPOBAHUS CHCTEMBI.

CpenHee 4nciIo 3a8BOK B CHICTEME B MOMEHT BpeMeHH { paBHO

y(t) = pi(t) +2p, (1) +3p3(t) +...+np, (1) .

3ajaua yrnpaBieHUS 3aKITI0YACTCSl B 00CCIICUCHNH 3aIAHHOTO CPEIHEro 4mcia 3asBok B cucteme Y(t) =V,
O<y<n.

PaccmoTpum 00beKT yrpaBieHHs Kak KOHEUHYo e MapkoBa. JlnHamuka nienn MapkoBa ONHCHIBA-
eTcs cucteMoi ypaBHeHui Konmoroposa [9]:

p=Ap+(Bpu, y=cp, ep=1, (1)
rae
By 0o .. 0 0 ]
[ po | A -A-p p ... O 0 0
Py 0 A —A-p ... O 0 0
o=l : | A=l : . . : . |
Pn-1 0 —A-pou 0
Py 0 0 A —h-pou
|0 0 0 0 A —n
A 0 0 0 0 O]
-» A 0 0 0
0 -2 & ... 0 O
B=| : TR i i, ¢c=[01 2 ... n, e=11..1].
0 0 0 .. x 0 O
0 0 0 .. -» A 0
0 0 0 .. 0 -x 0

Cucrema (1) oTHOCHTCS K KiTaccy OmnnHEHHBIX cucteM [10] ¢ orpaHu4eHHsIMHU Ha IepEeMEHHBIE COCTO-
stHUS U yripaBiieHus. CHHTE3 yIpaBJieHUs B BUIC 0OpaTHOM CBSI3M I10 BBIXOAY JIJISl TAKOTO POJIa CHCTEM SIBJIS-
€TCs JOCTATOYHO CJIOKHOU MaTeMaTH4IeCcKou 3agaueit [11].

2. PoGacTHOoe ynpaBjienue

[lepeiinem k Oosnee MpocTOMY OMMCAHHUIO OOBEKTA YIIPABICHUS. 3aMETHM, UYTO
cCA=[A A—p ... A—p —p], cB=[-A —-A ... —A O0].
U3 cucremsl ypaBHenwuii (1) nomyunm
Yy =cp=CcAp+(cBp)u =—A(l— py)u+A(— py) —u(d—Po) -
CrenoBatenbHO, TMHAMUKA CPEJTHETO YKCIIa 3asBOK B CUCTEME MOTUUHSETCS YPaBHEHUIO
y=-au+b, 2
rae a=A(L-p,), b=A(- p,) (- po).
VYpaBuenue (2) Oynem paccMaTpuBaTh Kak YpaBHEHHE CUCTEMBI C HEKOHTPOJIUPYEMBbIM BHEIIHUM BO3-

MyIIEHHEM D 1 HeolpeaeneHHbIM TapaMeTpoM a. YTpaBieHHe OyJeM CTPOHUThH B BHUJIE MPOIOPIMOHAIBHO-
WHTETPaIbHOM 00paTHO CBSI3U
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rae Y =Yy—Y OTKIOHEHHE CPEIHEro Ymcia 3asBOK B CHCTEME OT 3aJaHHOrO 3Hauenus Y, K,, ki — koad-

(uIHMeHTH 00paTHOM CBSI3H.
3aMKHyTasl CHCTEMa ONKCHIBACTCS YPaBHEHUSIMU

y=-ak,y-akz+h, z=7.

. . 2
XapakTepuCTHIECKUiT MHOTOWIEH 3aMKHYTOH cucTeMbl paen A(S) =S +ak s +ak; . 3amxnyTas cu-
cTeMa OyeT acCUMIITOTHYECKH YCTOWYMBOW mpH Mr006oM a >0 Torja u TOJbKO TOrja, Kornaa kp >0, k; >0.

W3 acHMNTOTHYECKON YCTOHYUBOCTH 3aMKHYTOM cHcTeMBbI crienyer lim y(t) =Y .
t—>w
. CnenoBa-

[TycTh nM3BecTHa OLIEHKA MAKCUMAJIBHOI'O 3HAUCHUS MHTEHCHBHOCTH IOTOKA 3aiBOK A,
TeNbHO, 0<a <A, . Koobduunentsr oOpaTHON CBA3M paCCUNTAEM HPU & = A, - 3AAAJUM JKEJIaeMbIE O-

JIOCHI 3AMKHYTOH CHCTEMBI paBHBIMU S; =S, =—T, I >0. Torzna
2r re
k, = k=
p N !
max
[Ipu peanuzanmy CUCTEMBI YIIPaBIeHUS CIIEAyeT YIUTHIBATh OTpaHUYCHNE, HAKIIAABIBAEMOE Ha yIIpaB-
nenne, 0<u <1. Takke He0OXOAMMA OIICHKA CPEIHErO YHUCIIA 3aIBOK B CHCTEME. DTy OICHKY MOYKHO TOJTY-

YUTb, MNPUMCHAA H3BECTHLIC AJITOPUTMbI IIOCTPOCHUA HOCHCZ[OBEITGJII)HOI\/'I OILICHKH CpCAHUX 3HAYCHUH

}"max

Hanpumep, MOKHO TPUMEHUTH SKCIIOHEHIIMABHBIN (PUIBTP MIEPBOTO MOPSAKA

y(t) =—a(Y(t) — x(t)) ,

rae Y(t) — oleHKa CpeHEero Yucia 3asBOK B CHCTeMe B MOMEHT BpeMmenu t, X(f) — Habmromaemoe ducio 3a-
SIBOK B CHCTEME B MOMEHT BpeMeHu t, o > 0 — mapametp GpuibTpa.

3. llpumep

PaccmoTpum cuctemy obcmyxuBanus ¢ napamerpamu: =200, 0<A <1000, n=100. [TycTs xena-
eMoe cpelHee 4HMCIO 3asBOK B cucrteMe Y =40. 3amagiuM NONIOCH 3aMKHYTOH CHUCTEMBI PaBHBIMU

Sl = 52 :_10 . TOFL[a kp = 0,02 , kl :0,1
Chauvana pemnM ypaBHeHus Kosmoroposa, 1omnojHeHHbIe ypaBHEHHsIMU oOpatHoi cBsizu. Ha puc. 1, 2

MOKa3aHbl TpaMK CPEIHETO YHCIIa 3asBOK B CUCTEME U TpadHK YIPaBICHUS PH TPeX 3HAYCHHUSX HHTCHCHBHO-

CTH TOCTYIUTCHHUSI 3as1BOK. PacyeThl MpoBOIMIIMCH IPH HAYalIbHBIX YCIOBIAX Py(0)=1, p;(0)=0, i=12,..,n.
y u
704 1 f'/.:-\#&.
0.8 i \i\‘“-—hf_ ..................................
60 ’ r ~
I, T—_———-— - ———— — — A
50 ; i
- ' |I
0.61 |y /\
40! ';___&7—_— rl |
307 o411 ) \_/
i |! [
20! i
j — X\ =300 0.27 /1 —— A =300
10 ——= A=T00 I —T T A=T00
''''' = A= 1000 i == A =1000
0 T T T T T 0 L T T T T T T T T T
1 12 14 16 1.8 2 0O 02 04 06 08 1 1,2 14 16 18 2
l,Ccex.

0 02 04 06 08

l,cex.
Puc. 1. Cpennee 4ncio 3asBOK B CHCTEME

Fig. 1. Average number of requests in the system

Puc. 2. BepoaTHOCTb OTKJIOHEHUS 3asBOK
Fig. 2. Probability of rejection of requests
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3aTeM BBINOJHMM HMHUTAIIMOHHOE MOJEIUPOBAaHKE. Pe3ysibTaThl MOJEIMPOBAHUS, MMOJYYCHHbBIE TIPH
kp,=0,02, ki =01, A=1000, moka3ansl Ha puc. 3, 4.

X 7 U TTTTYTTTTAaTTTTTYTTTTT CTTT T [ e [ [ i
70 1 : ot T
1 084 e ” | 1 I| _E i - N- - II|J|J ]..
60- SR I | i
%07 T e R R TS E R S S
40- L
301 R Rl AL EEES S SOl SRR SO R
20+ A
: R T S e S S
10+ A
0 0 e e e TR e e e
0 0 1 2 3 4 5 6 7 8 9 10
L, cex.
Puc. 3. Uncio 3asBOK B cucreMe Puc. 4. Ynpasienue (BeposSTHOCT OTKJIOHEHHS TIOCTYIAIOIIEH 3asBKH)
Fig. 3. Number of requests in the system Fig. 4. Control (probability of rejection of arriving requests request)

Bce pacuersl m MoIenMpoBaHHE BBHINOJIHSUICH B CHCTEME KOMIBIOTEPHOM MaremMaTuku Scilab.
PesynpTaThl MOETMPOBaHUS TOATBEPKAAIOT CBOMCTBO POOACTHOCTH CHCTEMEI C YIIPABICHUEM.

3aka0ueHnne

B craThe pemieHa 3ajaya CHHTE3a CUCTEMBbI YIIPABJICHUS B BUE OOPaTHOM CBSI3M AJs1 OJHOKAHAJILHOM
MapKOBCKOW CHCTEMBI MacCOBOTO OOCTYXHBAHH C ITyaCCOHOBCKHM 3aKOHOM IOCTYIUIEHHUS 3aBOK, IKCIIO-
HEHIMAIBHBIM 3aKOHOM 00pa0OTKM 3asBOK M OIpaHMYCHHBIM YHCIIOM 3asiBOK B cucTeme. llpenmnonaraercs,
YTO WHTEHCUBHOCTH MOCTYIUICHHS 3asBOK M MHTEHCHBHOCTH OOpaOOTKM 3asiBOK HEW3BECTHHI U MOTYT Me-
HATBhCS B Tpoliecce QYHKIIMOHUPOBaHMS CHCTEeMBbl. B pabote maHo 000CHOBaHUE aCUMIITOTHYECKOW yCTOM-
YMBOCTH U POOACTHOCTU CHUCTEMBI ¢ 00paTHOH cBsi3bt0. ONUCAaH aNropuT™M CHHTE3a 00paTHOIl cBs3u. [IpuBe-
JI€HBI PE3yNbTaThl MOJIETTMPOBAHNS CUCTEMBI C YIIPABJICHUEM.

Pe3ynbrarel 4MCIEHHBIX SKCIIEPHUMEHTOB M WMHUTAIMOHHOTO MOJEIHMPOBAaHUS MOATBEPXKIAIOT BO3-
MO>KHOCTb IPUMEHEHHS MPEIOKEHHON CUCTEMBI YIIPABICHUS B CUCTEMAaX MAacCOBOT0O OOCIYXHBAHUS C BbI-
COKOW MHTEHCHBHOCTBIO MTOCTYIIEHHUS 3a5BOK.

[IpenyioxkenHas cucrema ynpaBiIeHUs] MOXKET ObITh HCIOJIb30BaHa B CHCTEMax Nepenadyrd u 00padoTKu
naHHbIX. HanprMep, B KOMIIBIOTEPHBIX CETAX C AKTUBHBIM YIPABICHUEM OUEPEIbIO TTAKETOB.
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We consider the queuing system as a control object operating under the congestion conditions. Control problem consists in
providing a desired system state. The system state is defined as the number of requests in the system. The number of requests in the
system is controlled by rejection of arriving requests with some probability. The control system should have a type of feedback and
should have property of robustness in relation to change of parameters of a control object and the entering flow of requests.

The control object as a finite Markov chain is described by the system of the Kolmogorov equations

p=Ap+(Bpu, y=cp,
where A, B, ¢ are matrices of the system, y is the average number of requirements in the system, u is a control signal. This is a bilinear
system with restrictions on the state and control variables. Analysis of this system has shown that it is possible to proceed to a simpler
description of the control object in the form of a first-order differential equation with uncertain parameters
y=-au+b.
We suggest applying the classic proportional-integral controller to solve the control problem of the state of this system
u =kp§/+kiz, =9,
where §=y—7Y is deviation of the average number of requests in the system from the specified value ¥, k,, k; are controller

coefficients.

We have described the algorithm of the controller synthesis by the specified poles of the closed system and investigated the con-
ditions of stability and robustness of the system with the controller.

The results of numerical experiments and simulation confirm the possibility of using the proposed controller in queuing systems
with a high intensity of requirements.

The proposed control system can be used in data transmission and processing systems operating under congestion conditions, for
example, in computer networks with active packet queue management.

Keywords: queuing system; congestion; proportional-integral controller.
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A.A. Ha3apos, SI.E. U3maiinoBa

ACUMIITOTUYECKHIA AHAJIN3 CUCTEMBI C TIOBTOPHBIMHA BHI3OBAMU,
BBITECHEHUEM 3ASIBOK U ®A30BbIM JOOBCJ Y KUBAHUEM

[IpoBoauTcs MccaenoBaHUE CHCTEMBI C MOBTOPHBIMH BBI30BaAMM, B KOTOPOH BXOJSIIMNA MOTOK SIBISIETCA MPOCTEH-
MM, C BBITECHEHHEM 3asBOK M ()a30BBIM J00OCITY)KMBAaHHEM METOAOM aCHMIITOTHYECKOro aHamusa. lcronb3osa-
JIOCH TIPENIeNIFHOE YCIIOBHE PACTYILEH 3aepiKKU 3asBOK Ha opOute. [IpumeHnsis npeaiaraemMslii MeTO Uil JaHHOH cu-
CTEeMBI C IOBTOPHBIMU BbI30BaMH (RQ-crcTeMsl), HoOKa3aHo, 4TO XapaKkTeprcTHIecKass GYHKINS Y¥cia 3asiBOK Ha Op-
Oute siBIsIeTCS TayccoBCKOi. HaliieHsI MpomycKHast CIOCOOHOCTh CHCTEMBI U TapaMeTPhl PACIIPEIENICHUs] BEPOSTHO-
CTel 4yncIia 3asBOK Ha OpOuTe.

KioueBble cJioBa: BRITECHEHHE 3asSBOK; 30HBI OpOUTHI; (ha3oBoe A000CTyKHBaHHE 3asiBOK; RQ-cuctema; Gobiias
3aepxKKa.

B cBsi31 ¢ TeM, 4TO B COBPEMEHHOM MHpPE HaOII0JaeTCs €KeroJHOE YBEJIMUCHHE 00beMa 1 PasMepHOCTH
MHGOPMALMOHHBIX TaHHBIX, Ipo0IeMa MPOEKTUPOBAHNS U aHAIN3a TEIEKOMMYHHUKALMOHHBIX CUCTEM SIBILSI-
€Tcs OJHMM U3 MPUOPUTETHBIX HANpaBJICHUH pa3BUTHA JII000H cTpaHbl. CucTeMa ¢ MOBTOPHBIMH BBI30BAMU
(RQ-cucrema) — 3TO MOJIE/Ib MAacCOBOTO OOCITYXHMBAHUs, KOTOpasi XapaKTEPU3yeTCsl TEM, YTO 3asiBKa, MPHU-
HIeImas B CHCTEMY, €CJIM OOHAPYKUT NpUOOP 3aHSATHIM, HOBTOPHUT HOIBITKY 0OpameHus A1 00CTyKUBaHUS
Yyepe3 HEKOTOpOoe CiydaiiHOe BpeMs, B TeUEHHE KOTOPOTr0 HaXOJUTCS HA opOWTe B 30HE OKuaaHus. B nure-
parype MoKa3aHo, YTO TaKHe MOJENH ABJSIIOTCS aeKBATHBIMU MaTeMaTHYeCKUMHU MOJCIISIMH TEIEKOMMYHH-
KaLMOHHBIX ceTel CBsI3U. Mexay MoBTOpamMu 3asBKH (KIMEHTbI, TpeOOBaHM) HaxoAsTcsl Ha opouTte. IlepBrie
CHCTEMBI C IOBTOPHBIMH BbI30BaMu OblTH paccMoTrpeHsl R.1. Wilkinson [1]. Haubonee nonHoe u rirybokoe
HCCIIeIOBaHNEe Pa3HOOOPa3HbIX mporeccoB B RQ-cucremax Obuto npuBeneHo B padborax .. Ganuna [2].

OnHOI U3 BaXKHBIX XapaKTEPHCTUK CUCTEMbI MaCCOBOTO OOCITYXHBAaHUS SBISETCS MPOIecC 00CITyKu-
Banus. B maHHO# pabote npemiaraetcs oOCy)xMBaHKe B JiBa 3Tana. Ha mepBom stame npubop oOpabaThiBaeT
BXOJISIIUE 3asBKU (TIepBUYHAs 00paboTKa), U Mociie 00CITyKUBAHUS Ha MEPBOI (a3e 3asBKH OTIPABIISIOTCS
Ha BTOpyIO ((hakTHueckoe oOCTyXKMBaHME). 3a7aul, BOSHUKAIOIINE B CHCTEMax YIpaBIeHHS U TpeOyromue
nByxgasznoro oociyxuBanus, Obutn npemioxensl B.T. Doshi [3]. K.C. Madan [4] ObLIM paccMOTPEHBI
crcTeMBbl MaccoBoro oociyxuBanust M/G/1, Tie 3asiBka mociie 00CTy>KUBaHUsI Ha TIepBOH (haze MOXKET TOKHU-
HYTh CHCTEMY HIIU TIepeiTH Ha BTOpYIo (hazy obciyxuBanus. B pabore B. Krishna Kumar [5] paccmarpusa-
€Tcs CHCTEMa, B KOTOPOHU 3asBKH, MPHOBIBIINE B CHCTEMY, BBITECHSIOT 3asBKH, HAXOJSIIMECS TOJIBKO Ha
nepBoit (aze, ¥ MpU STOM 0OCTY)KHBAIOIIMECS B TOT MOMEHT TpeOOBaHUsI PaKTUUYECKU TOKUAAIOT CHCTEMY
0e3 00CTy)KUBaHHUS.

Kak mpaBuiio, paccMaTpHBaIOTCsS CUCTEMBI, B KOTOPBIX BCe TPEOOBaHUS OJHOTHITHBIE, XOTS B PEallbHBIX
cHCTeMaxX HEKOTOPbIE JIOJDKHBI TIPETEHI0BATh Ha MIEpBOOYEPETHOEC 00CITyKUBaHHe, T.e. Ha npuopureT. Cucre-
MaM C IPUOPUTETAMHU MOCBSIIEHO OO0JIBIIOE KOJIMYECTBO UCCIIeI0BaHNM, HanpuMep padoTel K. Avrachenkov
[6], G. Ayyappan, A. Muthu Ganapathi [7], ILIL. Bogapora, O.W. ITaBnosoii [8], .M. Atencia [9], C. Kim [10],
AN. Dudin [11]. Jluteparypa mo RQ-cucremam oveHb obmmpHa. HekoTopbie 0030pbl Mopeneld MOMXKHO
Haiiti y J.R. Artalejo [12—13]. B naunoii pabote Oyaer paccmorpena RQ-cucteMa ¢ MOBTOPHBIMH BBI30Ba-
MH, (a30BBIM JOOOCTY)KUBAaHUEM U BEITCCHCHUEM 3asBOK.
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1. MaTemaTn4yeckasi MOJ€eJIb M IOCTAHOBKA 3a1a9H

PaCCMOTpI/IM RQ' CUCTEMY M/GI/1 ¢ BbITeCHEHHEM 3aBOK U O6CJ'Iy)KI/IBaHI/IeM 3aHOBO (pI/IC 1)
Opbuma
v -

‘o \o

' v

A B(x) —

Puc. 1. RQ-cucrema M/GI/1 ¢ BoITecHEHHEM 3asBOK
Fig. 1. Retrial queueing system M/GI/1 with exclusion customers

Onucanue MOAETH NpUBecHO B pabote [14]. [TokazaHo, 4TO MPOMYCKHAs CIIOCOOHOCTh RQ-crcTeMbI
C BBITECHEHHEM 3asBOK U OOCTy:KHBaHHEM HMX 3aHOBO mmeeT B S = B'(0), rme B(X) — dymnkims pacmpe-
JeNieHus BpeMeHH o0cimyxuBaHus. OTKyAa Al BpeMEHH 00CTy)KUBaHUsI, pacpeIeIeHHOTO 10 3aKOHY Op-
nanra, noaydaeM S =0. To ecTh CTAIMOHAPHOTO PEXUMA B TAKOW CHCTEME HE CYIIECTBYET.

[Toaromy paccmorpum RQ-crctemy ¢ BRITeCHEHHEM 3asBOK U (a30BBIM JT000CITyKHUBaHUEM (pHC. 2).

Opbuma

Puc. 2. RQ-cucrema M/E2/1 ¢ BeITeCHEHHEM 3asiBOK U JJOOOCTY>KHBaHHEM
Fig. 2. Retrial queueing system M/E2/1 with exclusion customers and phase follow-up

Ha BXoj cuCTEMBI ¢ OBTOPHBIMU BBI30BAMM MOCTYNAET MPOCTEHIINM MOTOK 3asBOK, UMEIOIIUNA HWH-
TEHCHBHOCTH A. Eciin mpuieamast 3asBKka 3actaeT npuoop cBOOOIHBIM, TO OHA 3aHUMAET €ro JJIsl O0CITYXKH-
BaHMs Ha repBoil (aze. Bpems oOciyxuBaHus Ha IEpBOil Ppaze UMeeT IKCIOHEHIIMAIBHOE pacipe/ielieHHe C
napaMeTpoM 1. [locse ycremHoro oKkoH4YaHus: 00CTy)KHBaHHs Ha TEPBOii (a3e 3asiBKa MEPEXOAUT HA BTO-
pytoo ¢a3y odcnyxkuBanus. Bpems oOciyxuBaHus Ha BTOpOH (pa3e MMeeT IKCIOHEHIMAILHOE pacipeesie-
HHE C mapameTpoM (. Eciii B MOMEHT MpHXo/ia 3asBKU PHOOP OKa3bIBACTCS 3aHSATHIM, TO 3asBKa, KOTOpast
MIPHUIILIIA, BEITECHSET 00CITYy)KHBAaEMYIO 3asBKY U BCTAaeT Ha MPHOOP. 3asiBKa, BEITECHEHHAs: MTHOBEHHO, Tiepe-
XOJIUT Ha OopOUTY B 30HY okumanusi. OpOuTa yCIOBHO pasjessieTcst Ha qBe 30Hbl. Ecim 3asBKa 00CITyKH1Ba-
JIaCh Ha MepBoi (paze, TO OHAa YXOIMT B MEPBYIO 30HY OPOUTHI, €CJIM Ha BTOPOH (ha3se, TO BO BTOpylo. B 30Hax
OpOUTHI 3asBKU OCYIIECTBISIIOT CIIyYaiiHyO 3a/1epKKy. [IpOIOSDKUTENLHOCTD TaKHX 3aIepIKEK UMEET IKCIIO-
HEHIMAJIBHOE pacrpeeseHue ¢ napamerpoM 6. C opOUTHI 1OCIe CIydaiHOW 3aepKKH 3asiBKa BHOBb 00pa-
maercs K MmpuOopy ¢ MOBTOPHOW MONBITKON oOciyxuBaHus. C mepBoil 30HBI OpOMTHI oOparaercs s
o0CITy>)KMBaHUS Ha TIEPBYIO (a3y, CO BTOPOIl 30HBI — HA BTOPYIO, TAKMUM 00pa3oM, IPOUCXOAUT (ha3oBoe J0-
00CITy>)KMBaHUE 3asBOK, 00CITy)KHBaHUE KOTOPBIX OBLIO MPEPBaHO.

Tak kak opOHTa pa3ensercst Ha B 30HbI, TO Oy/IeM MOJIarath:

G, =Y,0 — MHTEHCUBHOCTb OOPAIIICHNUS 3asIBOK C II€PBOI 30HBI OPOUTHI;

G, =7,0 — HHTCHCUBHOCTb OOpAILEHHS 3a5BOK CO BTOPOIl 30HBI.

O6o3HauuM i (t) — umco 3adBOK B IEPBO 30HE OPOUTHI; i, (t) — yKCIO 3a4BOK HAa OpOUTE BO BTOPOM
3one, K(t) orBeuaer 3a cocrosinue npudopa: K(t) =0, ecau npubop cBobonen; K(t) =1, ecnu mpubop 06-
CIIy’)KHBaeT 3asiBKy Ha 1epBoii (ase; K(t) =2, eciu mpubop o0CIyKHBaeT 3asiBKy Ha BTOPOii (ase.

[lepen HaMu CTOMT 3aj1aya HAXOXKICHUS JBYMEPHOIO paclpeie/ieHUs] BEPOSITHOCTEH YKciia 3asiBOK Ha
OpOHUTE M COCTOSTHUI pudopa.
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2. Ypasuenusi Koaimoroposa

Paccmotpum tpexmepHbiii pouece {K(t), iy (t), i, ()} -
OG603HaYNM CTAIIMOHAPHBIE BEPOATHOCTH P{k(t) =k, iy (t) =13,1,(t) = i2} =B (i.i,), k=0,1,2.

BBeneM ¢GyHKIMH CIETYIOIIETO BUAA:

o0 o0 P ..
Hk (Ul, UZ) = Z Z elullleJUZIZ Pk (il, iz), k = 0,1, 2 y
i,=0i,=0
rac J = ‘\/_1 — MHHUMas €ANHHIAa, KOTOPBIC ABIAOTCA YaCTUYHBIMU XapaKTEPUCTHICCKUMU (byHKHI/IﬂMI/I.

MO3KHO TI0Ka3aTh, YTO CHCTEMA YPABHEHUH I YACTMYHBIX XaPAKTEPUCTUYECKHX (DYHKIUM HMEET BUI:
OHo(up,uy) . OHg(ug,U,y)
+Jo,

0 0

~AHg (U, Uy) + jou +uyH, (ug,U,) =0,

Uy U,
j j . OH,(u;,u
—pugHy (Ug,Uy) + AH g (Ug, U, ) + e M2 H, (ug, Uy ) + A8 H, (uy,uy) — AH, (Ug,Uy) + jo, 1(gu1 2)
2
—jﬁle_jui M_ jglerZ_jul 6H2(u1*u2) :01
Oy ou,
. OH,(ug,u
CAH (Ug, Uy) — g Ho (U, Uy ) + 1 Hy (U, Uy ) + Jcl$_

1

— sze_juz M_ jGZerrjuz aHl(uliuz) -0.

ou, ou,
JaHHas cucTemMa TPYAHO peliaeTcs aHAIMTHYECKH, MOATOMY Ul UCCIIEAOBAHHS UCIIONb3YeM METO[
ACHMIITOTHYECKOTO aHanu3a [15] B peebHOM ycaoBuH 00b110# 3a1epkku (6 — 0).

3. ACMMITOTHYECKHI aHAJIHN3

BBenem o003HaYEHU:
K, — IpEeJIENIbHOE CPE/IHEE 3HAYECHHE YUCIIa 3a9BOK Ha OPOMTHI B IEPBOH 30HE;

K,— IpeJleNIbHOe CpejiHee 3HaUeHHe YKcIa 3assBOK Ha OpOUTEe BO BTOPOIl 30HE;
R, k=0,1,2 — pacnpenesnenue BepoSTHOCTEH COCTOSHMUI MPHOOPA.
Teopema 1. ITycts iy(t), i,(t) — umcno 3as1BOK B 30HaX opOUTH RQ-cuCTEMBI ¢ BBITECHEHUEM 3asBOK
u poobcmyxuBanueM. Torma B mpenenbHOM ycioBud G —> 0 juist BeposTHOCTEH cocTosHHN mpubopa
R, =P{k(t) =k} Bomonnstorcs pasencrsa
AA A A
Rozl____y R]_:_y R2:_l (1)
R L1 Lo
a JUI XapaKTePUCTHUECKUX (YHKIMIA BBIITOTHSIETCS MPENIEIbHOE PAaBEHCTBO
l'_r)no M exp{ juioiy (1) + ju o, (1)} =exp{ juig + jupic, |,
IJI€ TAPAMETPHI K; , K, UMEIOT BUI!
2 2
_ Ay _ Ay
Ky = , Ky = .
Y1(H1H2 —X(Hl"'lvlz)) Y2 (H1H2 —7“(“1"‘“2))

W3 mony4yeHHBIX B Teopeme 1 paBeHCTB (2) momnpeepbHbIe CPeIHUE 3HAUCHUS YHCIIa 3agBOK B 30HAX

(2)

K
Ha OpOUTE MOKHO alllPOKCHMHUPOBATH BETUUNHAMHU K k=12.
c

B pab6ore [14] mano onpeneneHne MPOIyCKHONH CITIOCOOHOCTH.
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CaencrBue. 13 nepBoro paBerctBa B (1) Teopemsl 1 momydaem 3HaYeHHE MPOIMYCKHON CITOCOOHOCTH
RQ-cuctembl ¢ BBITECHCHHEM 3asBOK U (ha30BbIM JTOO0OCITY)KMBAHUEM B BUJIC:

s=-Ht2 g
My +Hp
[TosTOMY CTalMOHAPHBIN PEXKHUM B TAKOM CUCTEME CYIECTBYET JIJISl TIOOBIX A < S .
Teopema 2. ITycts iy (t), i,(t) — uncno 3asBoK B 30HaX opOUTH RQ-CHCTEMBI C BEITECHEHHEM 3asBOK
1 ($a30BbIM J000CTyKHBaHUEM. Tora IMeeT MeCTO MpeelIbHOE PABECHCTBO

. . .2 L2
. . ROES S i, (t) -« ju ju .
(IJLT(])M exp{Julcy“\(/% L+ ju, oY 2\% 2}=exp{( 21) Q11+( 22) Q22+Ju11u2Q12},

THE Ky, K, OTPEENCHBI BBILIE, BEMUIMHBL Q)y, Qpp, Qg — PElleHHE HEOTHOPOIHON CHCTEMBI yPaBHEHUH
Qu (YlRo +71R —11RoZ0 + 1Rz + 1Rz — 1R 2, ) +Qp (—Y2R1 —Y2RoZ0 +V2RoZ2 —V2RiZ + 7, Rlzz) =

1 1 1 1
= E)\'Rl + EYlKlRo 5 Rovaiy + 5 Rivaks + 71K RoZs = ARy Zy + 71 Rp2) =75, R 2,

Qyx (YzRo +72R —v2RoYo +72R0 Y2 + V2R Y2 _Y2R1y1) +Qp (—Yle —71RoYo +11RoY1 — 1R Y2 +Y1R2Y1) =
1

1 1 1
= EkRz + 572‘(2 Ry + 5 Royixg + 5 Rivoky —ARy Y1 +7,K,Ro Y, +1260R Y, — 11 Ry i,
Qll(—Yle —1RoPo +11RoPL + V1R P — 1R, p2)+Q12 (YlRo +71Ry + 7Ry + 7R —v,Ro o +
+Y,Ro P2 = Y2R1 Py +72Ri P2 = 11RoSo + V1ReS, = 11R2S; + 11R8; ) +
+Qy, (_Yz Ry —72RoS0 +¥2RoSs +72RiS, —V2Ri81 ) = —Roviiy — Riyok, + 3)
Y119 Ro P = AR Py + 11K Ry Py — Voo R Po —AR,S; +7,K5RpS, + 12K, RS, — 11 Ry Sy

Benuuusl 2o, 21, Z2; Yo, Y1, Y2; Po, P1, P2; So, S1, S2 ABJIAIOTCS pEIIeHHEM cucTeM ypasHenwuii (4)—(7) co-
OTBETCTBEHHO.

I[J'IH Zo, 21, Z2.
—(7» +71K + V0K ) Iy + (X +Y1K1) L +YoKpZy =Y1Ky, — (H'l +72K; ) L+ (Hi +72K, ) Z, =L +7,K,,
HoZy +(7¥+Y1K1)21 _(k+ Uy +Y1K1)22 =Y1K (4)
Jis Yo, Y1, Ye:
—(X +Y1K + Ysz) Yo + (7b + Y1K1) Y1t VoKoYo =YKo, — (P‘i +Y2Ko ) Y+ (Hl +7Y2Ko ) Yo =—YoKy,
Mo Yo + (A 471Ky ) Y —(A+ 1o +71Ky ) Yo =A+73Kq. (5)
HHH Po, P1, P2:
—(k +71% +3’2‘<2) Po +(7L+Y1K1) Pt YKo P =—Y2Ks, _(Ml +Y2K2) P+ (M1 +Y2K2) Py =YKy,
Lo Pg +(k+le1)p1—(%+u2 +V1K1) Py =A 4718, (6)
I[J'Iﬂ So, S1, S2.
—(k +71K 70K )50 + (7M + Y1K1)51 +Y2KS, =Y1Ky, — (l’lCL B FLY) )51 + (Hl RRZLY) )52 =A+7,Ky,
HoSo + (A 4710 ) S — (A + 1y + 71K ) Sp =718 (7)

3anuuieM XapaKkTepUCTHYECKYIO (DYHKIMIO pacIpeselicHUs BEpOSATHOCTEH YMCIa 3asBOK Ha OpOuUTe
B CJICAYIOIIEM BUIE:

- 2 - 2 - -
.U .u u u U, JU
H(u,u,) =exp J_lKlJFJ_szJF(J ) Q11+(J 2) szJrJ L) 2Qp |-
c c 20 2c c

W3 BBIIEU3IOKEHHOTO MOJydYaeM, YTO ABYMEPHOE pacIipe/iefieHue BEPOATHOCTEH uucia 3asBOK Ha
opOwuTe ABISETCS B Mpe/iesie TayCCOBCKUM pacIipe/ie]ICHUEM.
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3akiIouyenue

B pabote OblL1a Hcciie0BaHa CHCTEMa C TIOBTOPHBIMU BbI30BaMU, (ha30BbIM J1000CITYKHMBAaHHEM H BbI-
TECHEHHEM 3asIBOK METO/IOM aCHMIITOTHYECKOro aHanu3a. [lokazaHo, YTO MpejelibHas XapaKTepUCTHIEeCKast
(byHKLUS Y4uCiIa 3assBOK Ha OpOUTE MMEET BUJI XapaKTePUCTUUECKOM (DyHKIIMU IrayCCOBCKOTO pacipeieieHHsI.
I[TonmyueHo 3HaUCHHUE TPOIMYCKHON CIOCOOHOCTH JAHHOM CHCTEMBI U CCNIaH BBIBOJ] O TOM, YTO MPH 3HAYCHHUSIX
napaMeTpa HHTCHCHBHOCTH BXOJSIIEro MoToka A < S uis RQ-cucTeMbl ¢ BRITECHEHHEM 3asiBOK U (Da30BbIM
JI000CTy’)KUBAHUEM CTAI[HOHAPHBIN PEXKHUM CYIIECTBYET, B TO BpeMsl Kak Juisi RQ-CHCTeMbI ¢ BHITECHEHHEM
3a51BOK M 00CITy)KMBaHMEM 3aHOBO CTAIIMOHAPHOTO PEXMMa He cymiecTByeT. CuntaeM nenecooOpa3HbIM Hc-
cnenoBath RQ-cucTeMy ¢ BBITECHEHHEM 3asBOK M (ha30BBIM J000CITY:KUBAHHEM OOIIEro THIIA, T.€. KOrIa
npucytcryet N ¢a3s.
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Nazarov A.A., Izmailova Y.E. (2019) ASYMPTOTIC ANALYSIS RETRIAL QUEUEING SYSTEM WITH EXCLUSION
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In this paper, we consider a retrial queueing system, which has a two-phase serviced and displacement of customers. Frequently
such tasks arise in control systems. The input of the system is a simplest request flow with intensity A. If the received customer finds
the server free, it takes it for service in the first phase. The service time in the first phase has an exponential distribution with a
parameter 1. After successful completion of service in the first phase, the request goes to the second phase of service. Service time
in the second phase has an exponential distribution with a parameter pe. If the server is busy, then the incoming request pushes the
previous request out of service and takes its place, while the pushed out request goes to the orbit. The orbit is conventionally divided
into two zones. If the customer was serviced in the first phase, it goes to the first zone of the orbit, but if it was serviced in the second
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phase, then it comes in the second phase of the orbit. In the orbit zones, the requests are subject to a random delay. The duration of
such delays has an exponential distribution with a parameter . After a random delay the customer re-accesses the server from an
orbit to the re-attempt service. From the first zone of the orbit, the customer is appealed for service to the first phase, from the second
zone, one is appealed to the second phase, thus wise, the phase maintenance of customers whose service has been interrupted occurs.
The throughput of RQ-system with the displacement of customers and phase follow-up. By throughput we mean the maximum aver-

M2 g , S0 the station-
H1+H2

ary mode in such a system exists for any A < S . Further, the observation of the system is carried out using the method of asymptotic

analysis. It was shown that the limit characteristic function of the number of customers in orbit has the form of a characteristic func-

tion of the Gaussian distribution. Numerical experiments were carried out. The asymptotic probability distribution of the number of

customers in orbit was obtained for the selected parameter values.

age number of requests that the system can serve per unit of time. In this RQ-system it has the form S =

Keywords: exclusion of customers; zones in the orbit; phase follow-up customers; retrial queueing system; the long delay.
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ONTUMAJIbHASI OIEHKA COCTOSIHUA OBOBIIEHHOTI'O ACUHXPOHHOI'O
IOTOKA COBBITHI C MPOU3BOJIBHBIM YACJIOM COCTOSAHUM
PU HENMPOJJIEBAIOINEMCS MEPTBOM BPEMEHU

PaccmatpuBaetcs 3a1a4a ONTUMAIBHON OIICHKH COCTOSIHUIA 0000IIIEHHOTO aCHHXPOHHOTO JBXK/IBI CTOXaCTHIESCKOTO
MOTOKA COOBITHI C MPOM3BOJBHBIM (KOHEYHBIM) YHCIOM COCTOSHHH, SIBISIFOLIETOCS OMHON M3 MaTeMaTHYeCKHUX
MoJieNiei HHPOPMAITMOHHBIX TTOTOKOB COOOIICHUH, (QYHKIIMOHUPYIOIIUX B TSICKOMMYHHKAIIMOHHBIX CETAX. Y CIIOBHS
HAOJIO/ICHNST 32 TMOTOKOM TAaKOBBI, YTO KaXJ0€ HaOII0aeMoe COOBITHE MOPOXKAAeT MEePHOI MEPTBOrO BpPEMEHH,
B TE€YEHHE KOTOPOTO JPYTHE COOBITHS MOTOKA HEAOCTYIHBI HAOIIOJCHHIO M HE BBI3BIBAIOT MPOICHUS €r0 MepHoaa
(Henpo uieBaroleecss MepTBOe BpeMsi). Haxomutcs sBHBIA BHJ allOCTEPHOPHBIX BEPOSTHOCTEH COCTOSHHN MOTOKA.
Perenne 0 COCTOSHUH MTOTOKA BEIHOCHUTCS 10 KPUTEPHIO MAKCHMyMa arfOCTEPUOPHON BEPOSITHOCTH.

KiroueBsble ciioBa: 0000IICHHBIN aCHHXPOHHBIA JTBAXKIbI CTOXaCTUUECKHUNA MOTOK COOBITHIA; aTOCTCPUOPHAS BEPOSIT-
HOCTb; ONTHMAJIbHAs OIIEHKA COCTOSIHHIA; HEMPO/IEBAIOIIEeCs MEPTBOE BPEMsL.

Cuctemsl 1 cetu MaccoBoro oociyxuBanust (CMO u CeMO) mupoko NpUMEHSIOTCS B Ka4yecTBE Ma-
TEMAaTHYECKUX MOZEJCH pa3IUYHbIX TEXHUYECKUX, (PU3MUECKHX, IKOHOMUYECKUX M ApPYrux cucreM. Ciy-
YaifHpIe MOTOKU COOBITHIA, SIBIISIOECs] OCHOBHBIMU AneMeHTaMu CMO u CeMO, B cBOIO odepelib, puMe-
HSIOTCS B KaUeCTBE MAaTEMATUYECKUX MOJIENIEH Pa3IMYHBIX PEabHBIX IMPOIECCOB, MPOTEKAMINX B TaKHX
cucremax. B "acTtHocTH, citydyaiiHble TIOTOKH COOBITHI CITy’KaT MaTeMaTHYECKHUMH MOJCISIMHU MH(OpMAIH-
OHHBIX TTIOTOKOB COO0IIeHNH, QYHKIMOHUPYIOIINX B TEJIEKOMMYHHKAMOHHBIX ceTsx [1-3]. CoBpeMeHHBIMU
MaTEeMaTHYECKUMH MOJIEISIMA WH(POPMAIIMOHHBIX TIOTOKOB B TEIEKOMMYHHUKAITMOHHBIX CETSIX SIBISIOTCS
JBaKIbl CTOXAaCTHYECKHE OTOKH COOBITUI. OTHUME U3 IEPBBIX PadOT, MONOKUBIIMX HAYaJI0 CUCTEMaTHYe-
CKOMY HCCJICIOBAHHIO JIBAXK/IbI CTOXaCTUYECKHX MOTOKOB, ObLIH paboThl [4-9].

BonpmmacTBOM aBTOpOB HccaenoBanus CMO u CeMO ocyliecTBISIFOTCSL B YCIOBHSIX, KOTIa BCE CO-
OBITHS BXOJSIIEr0 MOTOKA JAOCTYITHBI HAOIIO/IEHUIO. B peanbHOCTH ke 3apernucTpupoBaHHOE COOBITHE MO-
JKET CO3JIaTh MIEPUOJI MEPTBOTO BPEMEHH JIJIsl perucTpupyroliero npuodopa [10], B TeueHre KOTOPOro Apyrue
COOBITHSI TIOTOKA CTAHOBSATCSI HEHAOIIOJaeMbIMHU U1l PErHCTpUpYIoIero npubopa (Tepstotcs). B 3Toii cBszu
MO>KHO CUMTaTh, YTO MEPTBOE BPEMsI BHICTYNAET MCKAKAIOMIMM (PaKTOPOM INPH PELICHUH 3a]1a4d OLCHHUBA-
HUS, TaK Kak 3QQEeKT MEpTBOrO BPEMEHH BJIEUET 32 cOOOW MOTEpH COOBITHI MOTOKA, YTO OTPUIATEIHHO
CKa3bIBa€TCS Ha OICHWBAHMHM KaK COCTOSHHMW, TaK W MapameTpoB MOToKa. Bce ycTpoiicTBa peructpanuu
JeJSITCS Ha JBe Tpynmbl. [lepByio Tpynmmy COCTaBiISIOT YCTPOWCTBA C HEMPOJIEBAIOIIEMCS MEPTBBIM Bpe-
meHeM [11-13], BTOpyI0 — yCTpOUCTBA C MpOoJIeBaromeMcss MepTBEIM BpemeHeM [ 14]. [lepnox nerabito-
JAEMOCTH COOBITUH IMOTOKA MOJKET MPOJOJKATHCS HEKOTOpOe (UKCHPOBAHHOE BpPEMA, a TAKKE MOXKET
OBITh CITy4alHBIM. 3JIeCh pPaCCMAaTPHUBACTCS CIydail HEPOAJIEBAIOIIETOCS MEPTBOrO BPEMEHH (PUKCUPOBaH-
HOM JUITMTEIIHLHOCTH.

B paGote [15] BBemeH 0600IIEHHBIN aCHHXPOHHBIN MOTOK COOBITHI C ABYMS COCTOSIHHSAMH (0000-
meHaslii MMPP-1ioTok), GyHKIIMOHUPYIONIHNA TIPU OTCYTCTBHH MEpPTBOTO BpeMeHU. O000IIeHne pe3yibTa-
TOB 3TOH pabOThI MOJNy4eHO B craThe [16], rae pelieHa 3ajadya ONTHMAJIbHOTO OLEHUBAHHUS COCTOSHHH
0000IIEHHOTO ACHHXPOHHOTO TTOTOKA COOBITHI C TIPOM3BOJIBHBIM YHCIIOM COCTOSHUI B OTCYTCTBHH MEPTBOTO
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BpeMeHH. B HacTosei craTbe, SBISIOECs] HETOCPEACTBEHHBIM pa3BUTHEM paboThl [16], pemaercs 3ana-
4a 00 ONTHUMAaJbHOH OIIEHKE COCTOSHHK 0O0OOIIEHHOTO aCMHXPOHHOTO IBAKIBI CTOXACTUYECKOTO IMOTOKA
COOBITHI C TIPOU3BOJIGHBIM (KOHEYHBIM) YHCIIOM COCTOSIHHUM NPH HEMPOJUIEBAIOIIEMCS] MEPTBOM BpPEMEHHU.
[Ipennaraercst anropuT™ ONTUMANIBHOM OLIEHKHM COCTOSHUH, KOTJIa PEIIEHUE O COCTOSIHUM MOTOKAa BEIHOCHUT-
sl IO KPUTEPUIO0 MaKCHMyMa anoCcTepHOpHOM BeposiTHOCTU [17]. JlaHHBIA KpuTepuii oOecriednBaeT MUHU-
MyM TOJHOM (6€3ycIOBHOI) BEpOATHOCTH OIIMOKK BhIHECEHUS pemenus [ 18].

1. IlocTanoBKa 3agaun

PaccmaTpuBaeTcss 0000IICHHBINM ACHHXPOHHBIN MOTOK COOBITHI (J1ajiee — MOTOK), COMPOBOMKIAROIINI
mporiecc (MHTEHCHUBHOCTB) A(l) KOTOPOro eCTh KyCOUHO-TIOCTOSHHBIN CITyYailHbIH MpoIecc ¢ N COCTOSHHMS-

mu: A(t) IpUHHMAaeT 3HAUCHHs U3 AUCKPETHOTO MHOXeCTBa 3HadeHUH {A,..,A.}, Ay >A, >..>A,=>0.

ByzeM roBopuTh, 4TO HMEET MeCTO i-e coctosiHue mporecca A(t), ecmu A(t)=A;, i=1,n, n=2,3,... Eciu

MMeeT MecCTo i-e cocTossHue mponecca A(t), To B TedeHHe BpeMEHHOI0 MHTEpBaia, korga A(t) =2A;, uMeeT

MECTO IyaCCOHOBCKHII IOTOK COOBITHIA C IapamMeTpoM (MHTEHCHBHOCTBIO) A;, | =1,n. JUtHTenbHOCTH TIpe-

ObiBanus mporiecca A(t) (moToka) B i-M COCTOSHHHM pacrpeieficHa MO SKCIOHEHIIHATbHOMY 3aKOHY C mapa-

METpoM o;, | = 1n. PaccmatpuBaeTcst craliioHapHBIN pexkuM (PYHKIIMOHUPOBAHMS TIOTOKA, MTOITOMY IIepe-
XOJIHBIMH IIPOLIECCaMH Ha MOIyHHTepBaie HaOmoaenus [ty,t) , rae t, — Hadano HabmroneHus, t — okoH4Ya-
HHe HabmoaeHus, npenedperaeM. Torna 6e3 noTepyu OOIMIHOCTH MOKHO MOJOXKUTH ty =0 . B aTux mpeamo-
cbutkax A(t) — cOmpOBOXIAIOIINIA CTAIMOHAPHBIN KYCOYHO-TIOCTOSIHHBINA CKPBITHII (MPHHIMIHAIBHO HEHa-
OJIF0TaeMbIii) TPAH3UTHBHBIN MapKOBCKHUH MTPOLIECC C MPOU3BOJIBHBIM YHCIOM COCTOSTHUM N (N=2,3,...).
O0001IEeHHBI ACMHXPOHHBIN MOTOK SABJISETCSA 0000IIEHHeM acHHXPOHHOTO ToToKa [11]. O600meHue

COCTOMT B CIIE/IYIOIIEM: B MOMEHT riepexo/a mporecca A(t) u3 i-ro cocTosHus B i-€ HHUIIMHPYETCS C BEPO-

SATHOCTBIO Pjj JIOTIOTHHTENBEHOE COOBITHE (C BEPOSTHOCTBIO (1 — Pjj) IOMOTHHTENEHOE COOBITHE HE HHHIIHH-

pyercs), i, j=1n, j#i; mepexo MpPOUCXOIMUT B MPOM3BOJIBHBIA MOMEHT BPEMEHH, HE CBSI3aHHBIH C MO-
MEHTOM HaCTYIIJIEHUsI COOBITUS I1yaCCOHOBCKOI'O IIOTOKA C NMAapaMETPOM A, IIPU ITOM UHULUUPOBAHUE J10-

MOJIHUTEIBHOTO COOBITHS OCYIIECTBIISIETCS B j-M COCTOSHMHU (CHadasia OCYIIECTBISICTCSI IEPEXO/1 U3 i-ro Co-
CTOSTHUSA B j-€ (TIepexo/] IepBUYUEH), 3aTEM — HHUIIMAPOBAHUE JTOTOIHUATEIHLHOTO COOBITHS B j-M COCTOSHHUM),

I, j=Ln, j#i; nepexon u MHUIUUPOBAHUE JIOTIOJHUTEIHLHOTO COOBITHSI IIPOMCXOIST MTHOBEHHO.

Matpuiisl HHQUHATE3UMAIIBHBIX XapaKTepUCTHK poiecca A(t) mpumyt Bu:

—(A+oy)  (-pplog, o @-py)oy, Ay POy o PinOy
D — A-pnloy  —(Ap+ay) o (1= Pa)ay, D. = P20y Ay e PanQly, 1)
[ Lt !
(1_ pnl)anl (1_ pnz)anz _(}\’n +a‘n) Pri®n  PnaOnz o 7\‘n
n . — R
rae o =—o4i, o =— ¥ o, 1=Lnjo;>0,0<p; <1, 0, j=1Ln, j#i.
i=1 j=i

Ionoxus B (1) p; =0, I,j=1n, j#i, nomyyaem MaTpuIbl HHPUHATEIUMAIBHBIX XaPAKTEPUCTHK

nporecca A(t) aIst aCHHXPOHHOTO TTOTOKA COOBITHH C MMPOM3BOJILHBIM YHCIIOM COCTOSIHHIA.

[locie kaxmoro 3aperucTpUPOBaHHOIO B MOMEHT BpeMeHH tk COOBITHS (Kak COOBITHS ITyaCCOHOBCKOTO
MOTOKA C MapaMeTPOM Ai, TaK U JOTIOJHUTEIBHOTO COOBITHS) HACTYNAeT BpeMs (PUKCHPOBAHHOM IIUTENHHO-
ctu T (MepTBOE BpeMsi), B TEUEHHUE KOTOPOTrO APyrre COOBITHSI UCXOJHOTO 00OOIIEHHOTr0 aCHHXPOHHOTO T0-
TOKa HeAOCTYNHBI HaOmoneHuto (tepstorcs). CoOBITHs, HACTYMUBIINE B TEUCHHE MEPTBOIO BPEMEHH, HE
BBI3BIBAIOT NPOJUICHUSI €ro Iepuoja (HempoaseBaronieecs MepTBoe Bpems). [lo okoHYaHHM MepPTBOTO Bpe-
MEHH IIePBOE HACTYNHUBINEE COOBITHE CHOBA CO3JAET NMEPHUO MEPTBOTO BPEMEHH UTUTENBHOCTH T U T.JI.
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Takum 00pa3oM, HIMYME MEPTBOTO BPEMEHH IPUBOAUT K TOMY, YTO B MCXOAHOM OOOOIIEHHOM aCHH-
XPOHHOM IIOTOKE ITPOUCXOHUT YaCTHYHAs IOTePs COOBITHIL. B cuity sToro Ha nonmyunrepsaie [t,,t) Habmonaer-

Csl «TIPOPEKEHHBIIN UCXOMHBIN TIOTOK, OyJeM Ha3bIBaTh €ro HabIoaeMbIM IOTOKOM. TpedyeTcsi Ha OCHOBAaHUU
MOCJICIOBATEILHOCTH BPEMEHHBIX MOMEHTOB (OT MOMEHTa 1y 1o MOMeHTa t) HacTyIIeHUsT COOBITHIA Ha0JIrO1a-

€MOT0 MOTOKa OIEHUTH cocTosiuue mporecca A(t) (moroka) B Moment Bpemenu t. OGo3Haunm A(t) oreHky
cocrosiHus pouecca A(t) B MomeHT BpemeHH t. [[iisi BbIHECEHUsI PEIeH s O cocTosiHMHU Tpouecca A(t) B Mo-

MEHT BpeMeHU t HeoOXOIMMO OIpelenuTh anocTepuopHble BeposTHocTH WA, [t)=w(A; |t ,....t, 1) =

=POMt) =2 |ty t,t), 1= Ln , TOTO, YTO B MOMEHT BpeMeHH t 3HaueHue nporecca A(t) =A; (M — komude-

CTBO COOBITHH, HACTYIIUBIIINX B MOMEHTHI BPEMEHHU 4,...,t, Ha HHTEepBaIC HAaOJII0 ICHUS (tO ,t)), mpu 3TOM

n
Y W(A; |t) =1. Pemenue o cocrosiuuu mpouecca A(t) (MOTOKa) BBIHOCHUTCS O KPUTEPUIO MAKCHMyMa aro-

cTepHopHOii BeposTHOCTH [17], cormacHo koTopomy A(t) =Xi, ecmn WA [) 2w [1), ] =1n.

2. SIBHBIN BHI aNlOCTEPHOPHBIX BepPOSITHOCTEH

Paccmorpum momyunrepsan [ty ,t.,;), K=1, 2, ..., Mexay IBymMs cOCeIHUMH COOBITUSMH HalOI01a-

€MOro MOTOKa. Tak Kak MOMEHTHI BpEMEHHM HACTYIUICHUsI COOBITHH B HAONII0JaeMOM MOTOKE CIIyYaiHBI, TO
JUIMTENILHOCT TONyuHTEpBana [t ,t,,,) — ciay4aiinad BennyuHa. J[JIUTENbHOCTL HAYanbHOIO IONyMHTEPBA-

na [ty,t;) — Takke ciaydaliHas BenuuuHAa. TakuMm 00pa3oM, 3HA4E€HHME JIMTEIBHOCTH IOJNyWHTEpBaia
[t..t.,) ectb 1 =ty —t,, k=0,1,.. C apyroit CTOpOHBI, TaK KaK HACTYIIUBIIEC B MOMEHT BPEMEHH t)
coObITHE HA0JII01aEMOr0 MOTOKA MOPOXKIAET IEPUO MEPTBOIO BPEMEHM JUIMTENBHOCTH T, TO T =T +1, ,
TI€ 1) — 3HaYCHHUE JUINTEIBHOCTH MHTEPBa/a M1y MOMEHTOM OKOHYAaHHUS IePHOJa MEPTBOIO BPEMEHH H
MOMEHTOM t, ., . Takum 00pa3oMm, BpeMEHHOM MmoayuHTepBan [t,,t, ;) pa3OuBaercs Ha JABa CMEXHBIX MOy~

HHTEpBala: nepsbid — [t ,t, +T), BTOpoil — [t, +T,t ). YCIOBHA HaXOXKAEHHU AllOCTEPUOPHBIX BEPOST-
Hocredr W(A, |t), i =1,n, Ha monyunTepsaie [t,,t, +T) umrensHocTd T 1 Ha moyuHTepBane [t, +T,t ;)
, 3HaU€HHUEe JJIUTEIbHOCTU KOTOPOIrO €CTh 1), , IPMHLIUINAIBHO pa3Hble. Kpome Toro, i HaX0KICHUS Be-

positHocTedt W(A, [t), 1=1,N, He0GXOUMO TOYHO 3HATH JUTUTENBHOCTH T MEPTBOrO BPEMEHH. B IIpOTHBHOM

cllydae OTCYTCTBUE MH(DOPMAIMK O JUIMTEIBHOCTH T MEPTBOTO BPEMEHH JIETIAET MOIBITKY CTPOrOro HaX0x-
nenus BepositHocTerd W(A, [t), | =1,N, HeBOBMOKHOIL.

B [16] cdopmynnpoBaH airoput™ pacdera armocTepHOPHBIX BepositHoctern W (A [t), j=1n, nm
ciydast otcyTcTBHs MepTBoro Bpemenn (T =0). ITpu stom mosenenne W(A; [t), j= 1,n, Ha noyuHTepBA-

e [tk ,'[k +1) , k=1,2,..., MexIy COCEIHUMH COOBITHSIMHU UCXOJHOTO 00OOIIEHHOr0 aCHHXPOHHOIO MOTOKA,
,a TAKXKe Ha MOJIyuHTepBane [ty,t;) Mexay HadaaoM HaOIIOJEHUS M HAOIIOJEHUEM [IEPBOrO COOBITHS OIpe-

ACIIACTCS BBIPAXKCHUEM

chmyjs 0 (1) o
Wk t)=—= , J=1n, t <t<t 4, k=01..; (2)

zz Cs(k)YIs ewS(titk)

1=1 s=1
W [t)=w(; |t +0), k=12,...; o, — xophu (cobcTBeHHbIE YHCIIa)

XapaKTepUCTHYeCKoro ypaHenus detD =0, D:||ds|||ln  dg=ay (s=1n, s=1), d =a,—o (s=1n),

agy =[— p)ays =291, 85 — cumBoa Kponekepa, S, | =1n, oy U P ompenenensl B (1); Vs — komrmo-
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HEHTBHI COOCTBEHHOT'O BEKTOpA 7® = (Yiss-en Yns)T , J,s= 1n (mbo yis; 1S :ﬁ ), OmpeneNnseMble H3
ypasuerns (A—o,E)y® =0, s=1n, B xotopom 7, =1 (s=1n), A= llag ||1n , E — enunnyHas Matpuna;

k o o
KO3 HUITHEHTHI CS() SIBIITIOTCS ~ PEIICHHEeM CHCTEMBl JIMHEHHBIX anreOpandeckux ypaBHEHUI

n -

ch(k)yjs =W(7\,j [t +0), j=1n, k=0,1,...; BeposiTHOCTH W(kj [ty +0), k=12,..., onpenemsiercst op-
s=1
MYJIOH IIepecyera

A‘jw(}\‘j |t _O)"'z pijaijWO\‘i [t, —0)
i1

w(k, |t +0)= . - : 3
ZWO‘i [t, —O0)[A, +Z Pis Qi
i=1 s=1
j=]71; P;i =0, p;; =0, k=12,..., B xotopoit W(%; [t, —0), i =1 n, BHIYMCIISETCS TIO bopmyite
Cs(kil)'Yis ews(lk_tk—l) o
w(i, [t —0)=—= i=Ln, k=12,...; 4)

n )
=1 s=1

anpropHbIe (PMHANBHBIE BEPOATHOCTH T ( j=1n) Toro, uro mporecc A(t) B MPOMU3BOIBHBII MOMEHT Bpe-

MEHH { HaXOJMTCS B j-M COCTOSIHHH, SIBJISIOTCS PEILICHHEM HEOIHOPOIHOM CHCTEMbI JIMHEHHBIX anreOpande-
CKHX ypaBHEHHI

n

Zn:niaij =0, j=1Ln-1, ¥n; =1, )
i-1

]:

rae o (i, J=1n) onpenenensr B (1). IloguepkHem, 4To B MOMEHT BpeMeHH {, (B MOMEHT HACTYIUICHHUS CO-
ObITHsI HAOJTIOIAEMOT0 ITOTOKA) allOCTEPHOPHAS BEPOATHOCTH (2) mpereprieBaeT paspsiB 1-ro poma (k =1,2,...).

TakuM 00pa3oM, BEIYMCIICHHE anoCTepHOPHBIX BepostHocTeir W (A [t), j=1n, no dopmyne (2) B
YCJIOBUSIX, KOTJIa JUIMTENILHOCTh MepTBOro Bpemenu 1 # 0, crpaBeyinBo Ha moiyuHrepBane [t, +T,t,.,),
3HAuCHHE JUIUTEIBHOCTH KOTOPOro ecTh My , K =1 2,..., u Ha nomyuHTepsaie [t,,t,). [Ipu >ToM HavabHOE
yenosue st W (R [t) nmpussseiBaetcs k MoMeHTy Bpemeru t, + T, T.e. B popmysie (2), BO-TIEPBBIX, HYKHO
W(Aj [t +0) samenuts na W(A; [t, +T), Bo-BTOpBIX, t, +T <t<t,,, K=12,...; s k=0 dopmyna (2)
ocraetcs 0e3 u3MeHenus. Gopmyina nepecueta (3) u popmyiia (4) ocTaroTcs IpU 3TOM 0€3 U3MECHEHUS.

Paccmorpum nonyunrepsan [t ,t, +T), k=1,2,... Tak kak Ha 3TOM HOJyMHTEpBAJIE IIUTEILHOCTH

T coOpiTne HAOMIO1aEMOT0 TTOTOKAa UMEET MECTO B IPaHUYHON Touke 1, , a HAa CaMOM MOJIyHHTEepBaje COOBI-
TUS HEAOCTYITHBI HAOIIOJCHUIO (IUIs HaOtoJaTelNss COOBITHUS OTCYTCTBYIOT), TO HEOOXOIUMO OIPEACIUThH

TIOBE/ICHHE allOCTEPUOPHBIX BeposTHOCTeir W(A ; [t), ] =1,n , Ha nonyunTepsane [t,,t, +T), k=12,...

Teopema 1. Ha nonyunrepnane spemenu [t,,t, +T), k=1,2,..., T.e. B TeueHHe MEPTBOrO BPEMEHH
JUTUTENILHOCTH T, alloCTEPHOPHBIE BEPOSTHOCTH COCTOSHUM 0GOOIIEHHOrO aCHHXPOHHOTO IOTOKA C TIPOM3-
BOJBHBIM (KOHEUHBIM) umcaoM coctosuii, W(A [t), j=1n, ynoBieTBopsioT cieyroueii cucteme Ju-

HEeHHbIX Au¢depeHInaIbHbIX YPaBHEHNH]:

dW(;"tj [t) =a, +_ni(oci,- — o WA 1), W, |t)=1—nzfiw(;¥j It), (6)

j=1

t <t<t +T, j=Ln-1,k=12,..
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Jokazamenscmeo. Matpuiibl nHOUHATE3UMATBHBIX xapakTepuctuk (1) mporecca A(t) mmst paccmart-

pHBaeMOro MoJyHHTEpBala MEPTBOro BpeMeHu [t ,t, +T), K=1,2,..., npumyr Bug Dy = Haij Hln , D, = "O”ln

R n R
;o> 0 i,j=1n,i=#j; oy = Zo‘ij , 1=1,n; Tak kak HacTyMIeHHE COOBITHI KaK MyaCCOHOBCKOTO TO-
=L, =i

TOKA, TAK U JJOTIOJHUTEIBHBIX COOBITHIT HE OKa3bIBACT BIUSHUS Ha moBeaeHue npoiecca A(t) (mpomece A(t)
(CKHBET CBOEH KU3HBIO» U B TEUEHUE MEPHOJIa MEPTBOrO BpeMenu). PaccMorpum mosyunrepsan [t,t+ At),
rae At — mocrarodyHo Mmaias BenwumHa, U t, <t+At<t, +T, T.e. moxyunrepsan [t,t+ At) pacrmonoxen

BHYTpM nonyuntepsana [t,,t, +T), k=12,... Haiinem anoctepuopuyro sepositiocts W(A; |t + At) Toro,
4TO B MOMEHT BpeMenu t + At mpomece A(t) Haxomures B j-M coctosuum, | =1,N. 3apukcupyem j-e cocto-
aune (j=1,n). ITycts B MOMeHT BpeMeHH t mporiecc A(t) HAXOAMUTCA B j-M COCTOSIHUM M Ha TIOJYHHTEPBAIIE

[t,t + At) mpouecc A(t) He mepewten B i-e coctosiame (1=1,n,i# J), T.e. ocrancs B j-M cocTosiHuu. Bepost-

HOCTB 3T0r0 coObiTHs ecTh W(Aj [t)(1+ oL jAt) +0(At) . Ilycts B MoMenT Bpemenu t npouece A(t) Haxomut-
cs B I-M cocrosiauu (1 = ﬁ) 1 Ha nonyunTepBaie [t,t + At) mporecc A(t) mepemren B j-e coctostaue (1# j ).

n
BeposiTHOCTE 3TOTO COOBITHSI €CTh Zo‘ij Atw(A, |t) + 0(At). [Ipyrue BO3MOXKHOCTH HMEIOT BEPOSITHOCTD

i=Lix]

0(At) . Torna umeem

n _
WA [t+AL) = 1+ o Aw(r [1) + At Z o W(A; [ 1) +0(At), i=1n. (7)
i=Li%]
Ipouseonas B (7) HeoOXoAMMBIE TPe0OPa3OBaHHUs, TIOCNE YEeTo Mepexoas K npeaeny npu At — 0, npuxoanm

K JINHEMHOM OJJHOPOIHO# cucTeme qudpepeHmanbbX ypaBaenuii [20] wis BepostHocTerd W(A i [t):
dw(r; [t) Q e
nga”wm It) (t <t<t +T,j=Ln, k=12..), (8)

¢ HavanbHbIMU ycnosusavu WA [t=t,)=W(}; [t, +0), k=12,... Hauamsusle yciosus ais cuctems (8)

dopmupyrorcs cnemyromum obpaszom. Ha momyunrepsane [t, , +T,t,), K=2,3,..., cMexxHOM TOIyHHTED-

Bany [t,,t, +T), Bepostoctu W(A | [t) paccumthiBatores o popmyne (2), rae W(kj [t +0) samensiotes

Ha WA [t 1 +T), k=23,..., ] =1n; 3aTeM B MOMEHT spemenn =1, , k=23,..., npoucxoaur mepecuer

BeposTHOCTel W(A [t) mo dopmyse (3), Tak uto ux 3HaueHus B Touke L =1, ectp W(A; [t +0), ] =1n,

k=2,3,..., KOTOpBIC SIBISIOTCS HAYAIBHBIMH YCJIOBUSIMH Juisi cucteMbl (8). JIisi rpaHHYHOTO HHTEpBasia

[to.ty) pacuer BepostrocTH W(Aj[t), ] =1n, npoussoauTes 110 Gopmylte (2) ¢ UX MOCHEAYIOLAM Tepe-

cuetom 1o popmyie (3) B MomenT Bpemenn t =t,. Anocrepropnsie BepositHoctn W(Aj [t) st moGoro t

n-1
YJIOBJIETBOPSIOT YCIOBHIO HOpMHUPOBKH. Torna Beipaxas, Hampumep, W(A, [t) =1—> w(h j|t) u noxcras-
j=1
75151 aHHOe TipezcTasienue B (8) npuxoauM K (6). Teopema 1 nokazana.
3ameuanmue 1. [Tockonbky A(t) — TpaH3UTHBHBII MapKOBCKHMil mpotecc, To mpu t — o amocrepuop-

HbIE BEPOSTHOCTHU CTpeMATCs K mpeaenam W(A j) , J=1n, He 3aBucAIMM OT Ha4YaIBHBIX ycnoBuii [19]. To-

raa cucrema (6) mpu t — oo mprobpeTaer BUA:

n-1 n-1
> (o — o W) =y, j=Ln-1, w(k,)=1-> w(k,). 9)
i=1 j=1
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[TomyuenHas cucTeMa TUHEHHBIX HEOTHOPOIHBIX alredpandecKux ypaBHeHHH (9) MIeHTHYHA CHCTe-
me (5), Tak uto W(A;) =T, j=1n.

Cucrema (6) ¢ HauanbHbIMU yenoBusiME (3) onpezensieT noseaeHue BepostHocreid W(A; [t), j=1n,
Ha nosyuHrepsaie [t ,t, +T), K=12,..., ee pelieHne ycTaHaBINUBACT CIEAYIOAs TCOPEMA.

Teopema 2. AOCTEpHOPHBIE BEPOSTHOCTH COCTOSHUI 0000IIEHHOT0 aCHHXPOHHOTO MOTOKA COOBITHIA

w(hjt), j =1n,Ha HOJIyHHTepBane BpeMerH [t ,t, +T), K=12,..., onpenemnstorcs Gpopmynoit

i=1

n-1 _ N0 n-1
WL 1) =75+ D A ©e™ win, (1) =1-> w(, |1), (10)
j=1

J=Ln-1, ¢t <t<t +T, k=12,

e ~ ~ ~ jn-1 o
rae T; (j=1n) - pemenue cucremsi (5); A;; — dneMeHTbl MAaTPULBL A = HAji Hl , COCTaBIECHHOM U3 COO-

=0ljj —Olyj ) TaK, 4To i-i cronben marpuubl A COOTBET-

~ N~ "1 .
CTBEHHBIX BEKTOPOB MaTPHIIbI azu(xjiul (a ji

i k o
CTBYET COOCTBEHHOMY YHCITY al i =1,n-1; xo>ddunmeHTH bl( ) sBnsrores pelIeHueM CHCTEMBI JINHEH-

HBIX HEOTHOPOHBIX alreOpandeckux ypaBHEHUH

n-1 _ i .
3 Aib e —w(n [t +0)—x; (j=Ln-1, k=12,.),

i=1

B kotopoit W(A | |t +0) onpenenstorcs hopmyaoii (3).

3ameuanne 2. U3 (9) serrekaer, uto 7; =W(A;)=limw(x; |t) npu t — oo, Torma u3 (10) cuenyer,

yTo Bee coberennsie uncaa o) i=1n-1, OTpHLATEIHHBI.
3ameuanue 3. U3 (10) cnenyer, uro
i p K@ T 15
W(?\‘j |tk +T)=TCJ' +2Ajibi e , W(}\‘nltk +T)=1—ZW(7\,J |tk +T), (11)
i=1 j=1

j=Ln-1, k=12,..
[lonmy4yenHsle GOpMyYIIBI TO3BOJIAIOT CHOPMYITUPOBATH AITOPUTM pacdeTa allOCTEPUOPHBIX BEPOSTHO-

creir W(A i [t), j=1n, u anmropur™m mpuHATHs pelieHust o cocTosiHuu mporecca A(t) B mo6Goit MOMeHT

BpeMeHH 1.

3. AJITOpUTM NPUHATHS pellieHns o cocTostnuu npouecca A(t)

AJITOpUTM pacyeTa anocTepuopHbIx BepositHocTeit W(A | [t) B moboii MomenT Bpemenn t:

1) 8 moment Bpemenu t, naxomares W(Aj|ty+0)=w(hr;[ty=0)=m; (] =1Nn) Kak pelleHne CH-
ctemsl (5);

2) no dopmyine (2) nas k=0 paccuntbipatorest Beposithoctn W(Aj [t) (] :]71) B JH000H MOMEHT
Bpemenu t (0<t<t)), rue t; — MOMeHT HaOIIOACHHS IEPBOTO COOBITHS HAOJIIOIAEMOr0 OTOKA;

3) mo dopmysie (2) misn k =0 paccuntsiBaroTcs BeposTHOCTH W(A j [t), ] :]71 , B MOMEHT BPEMEHHU
i W [t) =wj|t,-0);

4) k yBenuuuBaercsi Ha eauHUIly, 1 110 Gopmyie (3) wit K =1 mpou3BOIUTCS MEpecueT BEpOSITHO-
creii W(A;[t) B moment Bpemenu t =1, mpu stom W(A;[t;+0) (] =1N) ABIAIOTCS HAYANBHBIMU 3HaYe-

Husivu 7t pacaeta W(Aj [t) 1o dopmyse (10);
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5) o ¢popmyie (10) nast k =1 paccuntsiBatorest BepositHoctu W(A i [t) (] :]71) B 11000 MOMEHT
Bpemenu t (f <t <t +T);

6) no gopmyne (11) st k =1 paccuursisatorest BepostHoctn W(A; [t) (] =1,N) B MOMEHT BpeMeHHU
t=t +T, r.e. BepositHOCTH W (A i |t, +T); npu satom W(A i [t +T) (j =]71) SIBIIAIOTCA HAYAJIbHBIMU 3HA-
YeHWSAMH JUIsl BHIYMCIIeHus BepositHocTelt W(Aj [t) Ha crenyromem miare anropurma;

7) nna k=1 no dopmyrne (2), B xotopoit W(Aj [t +0) 3amenstorcs na W(A; |t +T), paccuntsiBa-
rorest BepostHoeTH W(Aj [t) (j=]?l) B m000it MomeHT Bpemenu t (t +T <t<t,), rme t, — mMomeHT

HaOIIOACHUS BTOPOTO COOBITHS HaOII0aeMOT0 TIOTOKA;
8) k yBenmumsaercs Ha equnuuy, u 1 k =2 no Gpopmyse (4), B kotopoii t; 3amensiercsa va t; + T,

BBIYUCILIFOTCS BeposiTHOCTH W(A; |t, —0) (1=1n), nocie yero no dopmyse (3) pacCUUTHIBAIOTCS BEPOSIT-
HOCTH W(kj [t, +0) (j=1n);

9) anropuT™ MEPEXOIUT Ha IIar 5, MOCye Yero Imarn 5—8 moBTOPSIOTCs Aast K =2 u T.1.

[MapasienbHO MO X0y BBIYMCIEHUS alOCTEPHOPHBIX BeposTHoctedt W(Aj[t), j=1n, B mMoment
BpeMeHH t BBIHOCHTCS pelieHHe O cocTostHud mporecca A(t) (I0ToKa) MO KPUTEPHUI0 MaKCHMyMa arocTe-

PHOPHOI BEPOSTHOCTH: i(t) =Ai, ecmn W(A; [t) =maxw(hr;[t), ] =1n.

3aka0ueHnne

[IpennoxeHHBId B HACTOSIIEH CTaTbe METOJ OLEHUBAHUSA COCTOSIHUM MOTOKA MO3BOJISIET MOIYYUTh
ONTUMAJTBHBIE OIIEHKH COCTOSIHUH 0000IIEHHOT0 aCHHXPOHHOTO TTOTOKA COOBITHI C TIPOU3BOJIBHBIM (KOHEY-
HBIM) YHCIIOM COCTOSIHHMA, (PYHKIIMOHUPYIOIIETO B YCIOBUSAX HEMPOJJICBAIOIIETOCS MEPTBOTO BpeMeHHU (hUK-
CHUPOBAHHOU JJIUTEIBHOCTU B PEKUME TEKyLIETo BpeMeHU. OLEHUBAHUE MTPOU3BOAUTCS MO KPUTEPUIO MAK-
CUMYMa aroCTepUOPHON BEPOSTHOCTH, 00ECTIeUnBaIONIET0 MUHUMABHYIO TTONHYIO (0€3yCIOBHYIO) BEpPOSIT-
HOCTH TIPUHSATHUS OIMIMOOYHOTO PEIIeHHs. AIOCTEpPUOPHBIE BEPOSITHOCTH MOMYUYESHBI B SBHOM BHJIE, YTO I103-
BOJISIET IPOU3BO/IUTH X BHIYUCIICHUE O€3 MPHUBICYCHUS YHCICHHBIX METOJIOB.
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In this paper, we consider a generalized asynchronous flow of events, the accompanying process (intensity) of which is a piece-
wise constant random process A(t) with n states: A(t) takes values from a discrete set of values {Aq,....An}, M >Ap >...>Ay 20.

Let's say that that the i th state of the process A(t) holds if A(t)=2;, i=1n, n=2,3,.... Ifthe ith state takes place, then during the
time interval when A(t) =; there is a Poisson flow of events with parameter (intensity) Aj, i=1n. The duration of the process
A(t) (flow) in the ith state is distributed according to the exponential law with parameter o, i=1n. We consider the stationary
mode of the flow functioning, therefore we can neglect transition processes on the observing semi-interval [tg,t) , where ty — the
beginning of observation, t — the ending of observation. In these premises, A(t) is an accompanying stationary piecewise constant
hidden transitive Markov process with an arbitrary number of states n (n=2,3,...).

At the moment of transition of the process A(t) from the ith state to the j th, an additional event is triggered with probability
Pij - ij =1,n, j=i;the transition occurs at an arbitrary time moment, not related to the moment of occurrence of the Poisson flow

event with parameter A;, while initiating an additional event occurs in the j th state; transition and initiation of an additional event

occur instantly.

After each registered event at the time moment t, ( both the event of the Poisson flow with parameter ; and the additional
event), there is a period of fixed duration T (dead time), during which other events of the generalized asynchronous event flow are
inaccessible to observation. An event that occurs during the dead time doesn’t cause an extension of its period (unextendable dead
time) At the end of the dead time period, the first event that occurred again creates a period of dead time of duration T and etc.

It is required, on the basis of the moments of occurrence of events (from moment ty to moment t) to estimate the state of the

process A(t) at the moment t. We denote the estimate of the state of the process A(t) at the time moment t as A(t) . We found an

explicit form for a posteriori probabilities w(Aj [t) =w(X; |t1,..., tm.t), i =1,n, that at the time moment t the value of the process

At)=Aj (m is the number of events that occurred at the time moments t;,...,ty, at the observation interval (tg,t)), here

n
ZW(xi |t) =1. The decision on the state of the process A(t) is made according to criterion of a posteriori probability maximum.
i=1
The algorithm for calculating a posteriori probabilities w(jlt), j=Ln,atany time moment t (t >ty =0) was formulated. In

parallel, as we calculate a posteriori probabilities w(jt), j=Ln, we can make a decision on the state of the process A(t) at the

current time moment t : A(t) =Aj, if w(ii [t)=maxw(rj|t), j =1n.
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FO.J1. I'puropnen

OLEHKA BJIM30CTHU ABYX I'PA®OBBIX CTPYKTYP HA IIPUMEPE
CPABHEHUS TIOOTUYECKHUX IEPEBOJOB

PaccmarpuBaeTcst HHTepIpeTanust Ha si3bIKe Teopun rpados Metona [loprepa oreHkn KauyecTBa MOITUYECKOTO Iepe-
Bona. [Ipemnararorcst HOBble MOAM(UKAIIMK KPUTEPHEB OLICHKU KauecTBa nepeBoia. [IpearaeMelii B ctathe KOJH-
YECTBEHHBIN TOAXO0] K OLCHKE KauecTBa MIEPeBO/Ia HE 3aTPArUBaET €ro COAEPKATEIbHYIO U 3CTETHIECKYIO CTOPOHHI,
TaK KaK 3TO BXOJWT B 3aJady cTaThH. lIpemmaraiorcs B oOIIeil CIOKHOCTH ISITh YaCTHBIX KPUTEPHEB KadecTBa, U3
KOTOPBIX MEPBBIE TPU 3aTParuBalOT CTPYKTYPHBIE CBOWCTBA OPHUTHMHAJNA U MEPEeBO/a, a OCTAJbHBIC ABA — UX CHMMET-
puro. B ocHOBe pa3BHBaeMOro Mmojaxofa JEXHUT aHaIN3 PUTMUYECKHX TOJIed opuruHama u nepesoja. Kaxmnomy ctu-
XOTBOPHOMY TEKCTY COIOCTAaBILSIETCS AEBSITH XapaKTEPUCTHK, KOTOPHIM CONOCTABIISIFOTCSI COOTBETCTBYIOIINE Tpado-
BBIE CTPYKTYpHL. B KadecTBe 3THMX XapaKTEPUCTHK BBICTYMAIOT CIOTOBBIH M TOHOBBIH OOBEMBI CTPOK, METp, PUTM,
pudma u 1.1, Jlekcruka (cocTaB 3HaMEHATENIBHBIX CIIOB, TOYHOCTh M BOJBHOCTB I1E€PEBO/A, KA4eCTBO pubM U Ip.)
U cHenagbHas aJanTalis M0AX0a K Pa3INIHBIM PUTMHUECKUM BapHaHTaM METpa B KA4ECTBE XapaKTEPHCTHUK CTHXa
He paccMmaTpuBaroTcs. OT™MedaeTcs BO3MOXKHOCTb JaJbHEHIEro pa3BUTHs JaHHOTO MOAXOAa I10 Mepe IMPUBJICUYEHUS
K PAaCCMOTPEHHUIO HOBBIX MIOITHYECKHUX CTPYKTYP K MaTeMaTHIECKUX METOIOB.

KnrodeBble c1oBa: KpuTepuii OIHM30CTH; TMHTBICTHIECKHH rpad); pUTMHUECKOE TI0JIE; CTPYKTYPa; CHMMETPHSI.

X0poII0 U3BECTHO, YTO TOMBITKH MCCIEA0BAHUS CTUXOBEIUECKUX MPOOIEeM MaTEMAaTHIECKUMHI METO-
namu tpeanpunumarorcest gasio [1; 2. C. 384-396; 3-6 u ap.]. DTO OTHOCHTCS M K OIIEHHBAHUIO KAavueCTBa
MTO3TUYECKOT0 ITepeBoia ¢ KoaudecTBeHHo! Touku 3peHus [7—10]. Hac 6yxer unTepecosars nmoaxon [lopre-
pa[10].

Lesnb gaHHON CTAaTBM — U3JIOKUTH CIIOCOO0 KOJMUECTBEHHON OLIEHKH KauyecTBa MOATUYECKOTO MePEeBoa
B TepMuHax Teopuu rpagos. C uncto GopMasbHONW TOYKM 3PEHHUS Takas OLIEHKAa JOJDKHA aBTOMAaTHUYECKH
CHMMAaTh AMCKYCCHOHHBIH BOIPOC O TOM, Kakoi mepeBoJ iydire. J[pyroe aeno, Kakue U3 3TOro AejiaTh BbI-
Bozbl. CaMblil IPOCTOM — TOpJ0 MPOUTHOPUPOBATH apryMEHTBl MaTeMaTUKOB. Ecin jke OTHECTHCh K 3TOMY
CEepBhEe3HO, TO U3 MOJ0OHBIX CPABHEHHUH MEPEBOTYHUK MOXKET 0oJjiee SIBHO yBHIETD ClIa0ble MECTa CBOErO Iepe-
BOJA U TaM, I'7Ie 3TO BO3MOXKHO, BHECTH KOPPEKTHBBI. BOT, COOCTBEHHO, U BCE, YTO MpecieAyeT JaHHas CTa-
Thsl. [Ipy HAMMUMM COOTBETCTBYIOLIETO MPOrPaMMHOI0 0OeCHeUeHHs NpeaaraeMblii B CTaThe MOJIX0 pea-
nu3yercs 0e3 0coObIX poOIeM.

3amada cpaBHEHHsI CTPYKTYp IBYX rpadoB (B HalleM ciiydae — JABYX IEPEBOAOB, KOTOPHIM COIOCTAaB-
JISIIOTCS. HA0OPHI COOTBETCTBYIOMIMX I'pad)oB) B MOJHOM 00BbEME 3aBUCHT OT €€ KOHKPETHOM MOCTAaHOBKU U
MOKa HE MMEET HCUEPIIBIBAIOLIETO PEIICHHs, XOTs IIyOOKMe moaxonsl K ee pemeHnto umerores [11]. Tak, B
00JIacTH aHaJM3a XUMHYECKUX CTPYKTYp pa3paboTaHO MHOTO KOJIMYECTBEHHBIX IOKa3aTeNiel (Tomojoruye-
CKHX W MOJIEKYJISIPHBIX JE€CKPUIITOPOB), HCHIOJIB3YEMBIX JUIS ONMCAHUS CTPYKTYPHBIX CBOWCTB Irpad)oB U CpaB-
HEHUSI TI0 HUM CTPYKTYp XMMHUeckux BemecTB [12]. OnHako mpencTaBieHHbIE B HUX MOAXOMABI K aHAJHM3Y
Om3ocTy Tpad)oB B HAIIEM CIydae, CKOpee BCEro, He TOJOWAYT, TaK KaK OHM MPUMEHHUMBI TOJIBKO K CBS3HBIM
rpadam. JInHrBUCTHYECKHUE Ke Tpadbl, Kak Mbl YBUIIUM, B CBOEM OOJIBIIMHCTBE SIBIISIOTCS HECBSI3HBIMU.

1. ITocTanoBKa 3agaun

OTnpaBHOM TOUYKOH ISl MOCTAHOBKM 3aJaud, pacCMaTpUBAEMOW B JaHHOM pabote, SBIAETCS CTAThs
[Toprepa [10], B KOTOPO#i 3aJ10’)KEHBI OCHOBHBIE UEH PACCMaTPUBAEMOTO MOAXO0/A.
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1.1. H3mepenue kauecmea nepesooa

bynem paccMarpuBath 3a7ady U3MEPEHUS CXOACTBA OPUTHHAIIA U IIEPEBOJA B IPOCTPAHCTBE JINHIBU-
CTHMYECKHX MapKepoB Ha sI3bIKE TeopHH TpadoB. McXoAHOMY CTHXOTBOPHOMY TEKCTY (OpHUTHMHAIY) COIO-
CTaBIISIETCSI COBOKYIHOCTb KOHEUHbIX (P, ()-rpadoB G =(Gy,...,G,), a ero mepeBoxy — OTOOpaKeHUE

0:G—>G' =(G[,...,G;,). 3arem ompenensiercss Habop uacTHbIX (yHKImoOHANOB K;:G; xG/ —[0,1],
i=1...,r, no3Bomsomux cpasauBath G u G'. Ceeprka kpurepueB Q = g(Ky, ..., K,) naer xomruiekc-

HBII KpUTEPHH, XapaKTepU3YIONIMi JaHHbIi mepeBo. CpaBHuBas nBa nepeoga G’ u G”, 3akimrogaem, 4To
nepesoa G’ myumie nepesoma G, ecom Q' > Q”.

1.2. «Illanmepa» P. Punvke

JUst mouTIoCTpay MOAX0Aa 1 OOJbIIeH HATJISAHOCTH MTOCTAHOBKY 331a4l PACCMOTPUM JIBa KOHKPET-
HBIX TiepeBona 3HameHuTol «llarteps» Punbke [13], mpuHamnexanx B. Onbcuepy [14. C. 107] u Boiga-
OIIEMYCsI TepPMaHKCTY U iepeBoqunky A. Kapenbckomy [14. C. 65]:

OT yacToro MeabKaHbs NPYTHEB B30P I'masam ycransiM — e nepeioXHyTb uM?
Ee tax Bsu1, yTO OH He B cmitax Ooine Kak ynep>kaTh XOTh MaJoii Bemu ciex?
XpaHuTh 4T0-I00. MHUTCS, HET U BOJIH, HcnonocoBaH B3IV MUJIOHOM NPYTHEB,
A TOJBKO MPYTHSI; MU MOJH TIPOCTOP. 1 32 MHJIBOHOM TIPYTHEB MHPA HET.
Be33ByunbIii THOKHH MIar MO KJIETKE OMOCTHLION Ynpyruii mar 6eCIIyMHBIX Jall 3BEPUHBIX,
OT TEMHOTO 0 CBETJIOTO yTiia YTO 37IECh B IPOCTPAHCTBE KPOXOTHOM KPYXKHUT, —
TlonoGen msicke HEKOI MOIITHO¥ CHIIBI KaK BEUHBII TaHell CUJIbl BKPYT CPEIUHBI,
Ilo xpyry TecHOMYy, I'Zie BOJIS 3aMepIa. TZie BOJISI yKPOILCHHAS JISKHT.
JIumes IpstHET M3pe/Ka 3aBeca HaJl 3padkoM, JInmre WHOTa PACIIMPUTCS MTHOBEHHO 3PadyoK
U 06pa3 uepe3 TUIIb CTOPOXKKYIO CYCTaBOB U OTpa)kKeHbE BrIIyOb BOJIET,
IIpoxoanT MeJIeHHO U BETMYaBO, MIPOHAET MO HAIPSDKEHHO JKIYIINM YIeHaM
UYto6 B ceplie y Hee 3aCThITh TOTOM. U B cepJua riryOrHe yMpeT.
Ilepesoo B. DnvcHepa Ilepesoo A. Kapenvckozo

Heobxonumble ncxoqHble AaHHBIE — PUTMHUYECKUE OIS OPUTHHAJNA, TEPEBOIOB M XapaKTEPUCTUKU
COOTBETCTBYIOIIUX MM JIMHTBUCTHYECKHUX I'padoB — cmpogdoudos, npeacrasieHsl B Tabu. 1-3. B neBbIx ya-
CTSIX ATHX TaOJIMI] IPEACTaBICHbl PUTMHYECKHE I10JIs1 OPUTHHAJIA U TIEPEBOIOB, a B MPABBIX YacTAX — Xapak-
TEPUCTUKU CTPYKTYpP BCEX CIIOEB apXUTEKTOHHKHM CTUXOTBOPEHHMS, NOJIy4YEHHbIE Ha UX OcHOBe. OHH mpen-
CTaBJICHBI JIEBSITHIO CTOJIOAMH, MTOSICHEHHS K KOTOPBIM JAIOTCS B CJIEAYIOILEM pa3/ere.

Tabnuna 1
Putmuueckas cxema «Ilantepsn P. Puibke
Purmuyeckas cxema Crtpodounmst

| 1 11 v \% VI G1 G2 Gs Ga Gs Gs G7 Gs Go
1 U * (AW U ok (GAW) U * ) 11 H XK i Ml pl 3 a 0,55
2 o * U * (AW o * o * 10 q M s M2 p2 4 b 0,80
3 U * U * o * U * U * ) 11 H K ' p3 5 a 0,91
4 o * U * U * o * o * 10 q M s s p4 5 b 1,00
5 U * U * U * U * U * ) 11 H XK i i p3 5 c 0,91
6 U * U * U * U * U * 10 q M st st p4 5 d 1,00
7 (U] U ok U ok U * U * ) 11 H XK i M3 pS 4 c 0,73
8 U * U * U * U * U * 10 q M s s p4 5 d 1,00
9 U * U * U * (AW U * v 11 H XK 'S M4 p6 4 e 0,73
10 U * U * U * U * U * 10 q M st st p4 5 f 1,00
11 U * U ok (AW U ¥ U ¥ ) 11 H XK i M2 p7 4 e 0,73
12 U * U * U * U * 8 q M st st p8 4 f 1,00

Ipumeuanue. \J * — gm0, \U U — nUppuXuil.
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Tabnuma 2
Putmuueckasn cxema «Ilantepspy Puibke B nepesoae B. DibcHepa
Purmmueckas cxema Crpodounast
| I 11 v \ Vi Vil | G G, G; G, Gg Gg Gy Gg Gg
1 U * (OA U * U * U * 10 q M s M5 P9 4 a 0,80
2 (A U ¥ U * U * U * U 11 H xK o M3 p5 4 b 0,73
3 U U U U * U * ) 11 H K st st p3 5 b 0,91
4 U * U * U * U * U * 10 q M s s p4 5 a 1,00
5 U * U * U * U * U | U* Y 13 H xK 1 M6 | plO 5 c 0,77
6 (W (A U * (A U * 10 q M ST Ml | pll 3 d 0,60
7 U * U * U * U * U * ) 11 H xK s s p3 5 c 0,91
8 (W U * (OA U * UuU | U* 12 q M o M7 | pl2 4 d 0,67
9 U U (A U * VU | U* 12 g M 'y M7 | pl2 4 e 0,67
10 U * U * U * U * (G2 U * U 13 H K s M6 | plO 5 f 0,77
11 (WS (WS Uy | WU U * ) 11 H K st M8 | pl3 3 f 0,55
12 U * (GAW) U * U * U * 10 q M s M5 P9 4 e 0,80
Ipumeuanue. \J * —amb6, U U — nuppuxuil.
Tabnuma 3
Purmuueckas cxema «Ilanteps» Puibke B mepeBoae A. Kapeiabckoro
Purmuyeckas cxema Crpodounast
| 1l 1 v \ Vi VIl | G G, G; G, G Gg G; Gg Gg

1 U * U * U * (GAW) U * W) 11 H XK s M4 p6 4 a 0,73
2 (AW (WA U * (W U * 10 q M s M3 P9 4 b 0,80
3 (G2 U * U * U * U * W) 11 H XK s M3 p5 4 a 0,73
4 (AW U *® U * (W U * 10 q M st M3 P9 4 b 0,80
5 U * U * U * U * U * ) 11 H xK s s p3 5 c 0,91
6 U * U * U * (GAW) U * 10 q M Pl M4 | plO 4 d 0,80
7 o * U ¥ U | UU | U* ) 11 H K s M4 p6 4 c 0,73
8 U * VU | Ux | UU | Uk 10 q M s M4 | pll 3 d 0,60
9 (A U * Ux | UU | U | UU * 13 H xK s M5 | pl2 4 e 0,54
10 | U U * U * U * 8 q M s M6 | pl3 3 f 0,75
11 U * (GAW] U * U * U * \ 11 H XK b M7 pl4 4 e 0,73
12 U * Uu | U U * 8 q M s M6 | pl5 3 f 0,75

Tpumeuanue. < » — M0, U U — MUPPUXHI.

U3 tabn. 1 ciaenyer, uto «[lanTepay HamucaHa S5-CTOMHBIM SIMOOM, HO PUTM €€ CTPOK BapbUpPYET, TaK
KaK B HUX Hapsaay ¢ CUJIbHBIMH CTOIIAaMM BCTPECYAIOTCA UIIOCTACH. B TMEPBBIX CTOIMAX npe):[nocnez[HeI‘/'I CTPOKH
OpHUTHHAJIA U MOCJCAHEH CTPOKH MepeBojia DIIbCHEPa OTMEUEHBI CrioHAeH. cX0o/s U3 CyObeKTHBHBIX CO00-
pa)KeHI/Iﬁ ABTOp 3aMCHUJI UX IMUPPUXUAMU. 9t0 CBHACTCIBCTBO TOTO, YTO B OHpeJIeJ'[eHHOﬁ CTCIICHU PUTMU-
YECKHUC IIOJIA MOTYT ONPCACIIAThCA CY6’I)eKTI/IBHO. B IIEJIOM K€ Ha/l0 CKa3aTb, YTO IIPU UX BOCIHPOU3BECACHUN
HCO6XOJII/IMO YUUTBIBATh 3aKOHBI IIPOCOAHNU TOI'O A3bIK4a, HA KOTOPOM HAIIMCAHO CTUXOTBOPCHHE, a TAKKC
C/IeJIaHHBIE TI03TOM aKIEHTHI.

2. buamn3ocTh OpUrHHAJIA M MepeBoja Kak rpagos

Kputepnn xadecTBa mepeBoa MOKHO PacCMaTPHUBATh B Pa3HBIX KOHTEKCTaX. MBI PaCCMOTPUM TOJIEKO
KpUTEPHH, MTOCTPOCHHBIE HA OCHOBE CPABHEHUS CIpPYKmMyp OpPUTHHAIIA U TIEPEBO/A, a TAK)KE aHATIN3a UX CUM-
Mempuu. Jpyrue KpUTEPHH, CKKEM, YIUTHIBAIOIINAE XY I0KECTBEHHYIO BEIPA3UTEIILHOCTh CTHXOB Ha CJIOBECHOM
ypoBHE (JIeKCHKa, CIIOCOOBI pU(MOBKH), B CTaThe HE PACCMATPUBAIOTCS, XOTS UX OTCYTCTBUE O0CIHICT aHAJIM3.
Ot KpUTepuH 00JIee UHIUBHUIYaIbHbI, TAK KaK OTPAXKAIOT IO OAAPEHHOCTH ¥ 00PA3HOTO MBIIUICHHS 1103Ta
Y, B OTJIMYHE 3aTPAaruBaeMbIX Jajiee OATUIECKUX CTPYKTYP, C OONBIIINM TPYIOM MOATAIOTCS (hOpMaTTU3aIHH.
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2.1. I'paghvr u cmpoghouowt

Cmpoghoudwvl — 3TO IMHTBUCTUYIECKHUE CTPYKTYPHI, IIPEJCTABICHHBIE B BHU/E TpadoB U PUKCUPYIOIIHE
pa3INYHbIC XapaKTEPUCTUKH CTHXOTBOpPEeHHUs [7]. DTO NaeT BO3MOXKHOCTH MOJOWTH K 3ajadue CpaBHECHUS
MepeBoJIoB ¢ (OPMaTbHON TOUKH 3pCHHUS KaK K 3ajaue OICHUBAHUS CXOJCTBA JNBYX I'PadOBBIX CTPYKTYP.
BripaboTka KpuUTepHEB CpaBHEHHsI PEIIACTCS Ha 3BPUCTUYECKOM YPOBHE W MOATOMY AOIYCKAaeT ajbTepHa-
THUBHBIE CIIOCOOBI PELICHNUS, OTIMYHBIE OT PACCMOTPEHHBIX B CTATheE.

I'padwl. Jlobomy cTuxoTBOpeHUIO (OpUTHHATY), TOAJIEeKaIIEeMy IepeBoay, cornacHo [10] conmocTas-
JA€TCsl COBOKYITHOCTB epagos (cnoes, cmpodoudos) {G,,..., G, }, B KOTOPBIX COAEPKHUTCSA (HOpMaTH30BaH-
Has nHdopMmanmsa o HeM. Kaxaoii cTpoke cooTBEeTCTBYeT BeplirHa rpada. BepuirHbl moMevyaroTcss MEeTKaMu
(arpubyTamu), OTpaKarOIMMK JTUHTBUCTUYECKHE CBOMCTBA CTPOK CTHXOTBOpeHHUs. Takue rpadbl Ha3bIBa-
10TCSl nomeuennvimy. Pa3merka BepmnH rpadoB opurnHana arpuOytamu Ha npumepe «l[lantepsn» Puibke
MOKa3aHa B MpaBbIX 4acTsax Tadim. 1-3.

Bepumnpl V, MMeomue OJMHAKOBBIE METKH, COEIMHSIOTCS peOpamu. OGoszHaunm G =<V, E> -
(p, g)-rpad, rae V — muoxectso Bepumn, p=[|, E — mHoxectBo pebep, q =|E|. Tlepesony coorser-
cTByeT Hem3oMopdHoe otobpaxenue ¢:G —>G', cormacHo koTropomy 00pa3 G’ MOMKEH COXpaHATh HEKO-
TOpBIE CTPYKTYypHBIE cBoiicTBa mpoobpasza G . Ctpodouast G u G’ ABIAIOTCA CPaBHUTEIBHO MPOCTHIMU

rpadamu 1 XapaKTepH3yIOTCs CIACAYIOIIMME CBOMHCTBaMH (XapakTepucTuku rpada G’ momedaeM mTpuxamu):

—rpadpl G u G' ABIAIOTCS HeopueHmupyemvimu,

- p'=p;

— MHOKECTBO V BepIIMH KaXXJ0ro rpada COCTOUT U3 BepHH V €V TOIBKO TPEX TUIOB — UZ0AUPO-
sannvix (degv=0), konyesvix (deg Vv =1) u unyudenmuvix osym peopam (degv=2), degv — cmenens
BEPIINHEI v ,

—rpadhet G u G' saBasrOTCA, Kak npaBuiio, HecBs3HbIMHU (cessnocmu K(G)=k(G')=0 [12. C. 60] n
COJIEPIKAT KOMNOHEHMbL C813HOCHU TOIBKO TPEX THIIOB — M30JIMPOBAHHBIC BEPIIUHEI, IIPOCTHIE TETH U ITUK-
nel. lenun u nmkiel ¢ N BepmmHamu obo3HadaeM P, u C, cooTBeTcTBeHHO. B paccMaTtpuBaeMbix rpadax
BCTPEYAIOTCS TONBKO 1ienH Pa, T.e. MapuipyTsl jumuHOM 1. Lukiasr Cn MOryT OBITE TIOOBIME € N < P ;

—rpader G u G’ sBusirores naanapuvivu [12. C. 127];

—rpadpr G u G' sABIAOTCA 06BEOUHEHUeM CBOUX KOMIIOHEHT CBSI3HOCTH, PACCMAaTPUBACMBIX KaK MX
onoxu [12. C. 41].

[IpencraBienue JIMHIBUCTHYECKOTO Tpad)a MOXKHO BIIOJHE SKOHOMUYHO PEasM30BaTh JBYMs CTPOKa-
mu g =(0,..., 9p) u h=(h,..., hy), rae snementsl cTpok g; u h; — 9TO MeTKM BEpLINH, CBA3aHHBIX Peb-
pom. Tak kak B HEOPHEHTUPYEMBIX Tpadax HET MeTelb, TO PaBEHCTBO ¢; =h, O3HA4YaeT, YTO COOTBETCTBY-

IOIIME BEPUIMHBI peOpoM He cBsi3aHbl. OObeAMHUB CTPOKH § W N B OMH OOBEKT, MOTYUHM HOOCMAHOBKY

9129

p-ti cmenenu C = . Ee cBoiicTBa (4€THOCTH, KOJTUYECTBO HE3aBUCHMBIX ITMKJIOB, B KOTOPHIE OHA

by, ... hy

paznararoTcsl) MOKHO pacCMaTpUBaTh KaK XapaKTepUCTHYECKHE CBOKWCTBA cTpodoua.
ITycte C — mojcTaHOBKA P-if CTEMEHHU, S — YMCIIO HE3aBUCHUMBIX IMKJIOB, B KOTOPBIC OHA pa3iaraetcs,
N — YUCJIO NEHUCTBUTEIHHO MEepeMeniaeMbIX CUMBOIIOB, N < p. BenuunHa A =N —S Ha3bIBaeTCA OeKpeMeH-

mom noactanoBku C [16. C. 36]. [lekpeMeHT XapakTepu3yeT CBOHCTBA KOMIIOHEHT CBSI3HOCTH rpada u Oy-
JIeT UCTIOJIb30BaH HAMU P 0OOCHOBaHUHU KPUTEPHSI CBI3HOCTH K1(3) .
Otobpaxenne ¢:G — G’ HaspIBaeTCH U30MOPGHbIM, ECITH OHO GUEKMUEHO W COXPAHSET OTHOIICHHE

cMekHOCTH. OTOOpakeHHEe OpUTHHANA B IIEPEBOA B MOJABISIONIEM OONBLUIMHCTBE CIy4yaeB SIBIISETCS HEU30-
MOpPGhHBIM, XOTSI ¥ OMEKTUBHBIM. B cuity aToro paccmarpuBaemsie nanee rpagpt G u G’ okaspiBaroTcs cy-
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IMIECTBEHHO Pa3NWYHbIMU. Omupasich Ha 3TO OOCTOSATENLCTBO, MBI U IOMBITAEMCS OIEHUTH CXOJCTBO HMX
CTPYKTYP C MOMOIIIBIO PA3JIMYHBIX KPUTCPHUECB.

Crpodouasi. Kak opurunan G, tak u ero obpasz G', T.e. mepeBoji, XapaKTepH3YIOTCS MHOKECTBAMU
rpagos {G,,...,G,} u {G,..., G}, monemupyromumu ux ctpykrypy. Cienys [10], Oynem Ha3bIBaThH HX
cTpodorgaMi BMECTE C NPHUCBOCHHBIMH UM ampuOymueHsiMy UMeHaMu (CIIOTOWI, dYeTHoun U T.1. [Tam
xke)). [IpuBenem ux onmucaHus, TOTOTHS UX TI0 MEepe HEOOXOAMMOCTH (DOPMATBHBIM XapaKTePHUCTHKAMH.

Cnozouo G; ONMCBHIBAET CIOTOBBIA 00BbEM CTPOK (KOJHYECTBO CIOTOB B CTPOKE). METKH €ro BepIInH

03HAYaIOT KOJIMYECTBO CJIIOTOB B COOTBETCTBYIOLIEH cTpoke. Yemnouo G, ompenenser 4eTHOCTh UM HeueT-
HOCTB YHCJIa CIIOroB B cTpokax. OueBuano, G, =C, UC,, rae r +S = p, T.e. YeTHOM]] BCETAA IPECTABIA-
eT 2-cBsasHbli rpad. Knayzouo G, conepxut uHpopmaiuio o thmax pudm. OCHOBHBIMU TUNAMU pH M
SIBIITIOTCSA MY>KCKHE (M), )KeHCKHE (K) B JakTuindeckue (;1). BcTpewarores u npyrue THIBI paQM.
Hnepyuouo G, ompeznenseT HHEPLHUIO FOCHOACTBYIOIET0 MeTpa JaHHOW cTpoku. Ilo aTomy moBomy

[Toprep mumier [7. C. 46]: «'ocrIoACTBO TOT'O WJIM MHOTO 2- WK 3-CJI0KHOTO KIACCHUYECKOT0 METPa MOXKHO
OTIPEICITUTh, HAIOKUB Ha CTPOKY 2- MIIH 3-CIIOKHYIO peleTKy. B mpocBeTax MeXIy MPYyThIMU OYAyT MOSIB-
JIATBCS HAOOPH! YIAPHBIX M HEYJIApHBIX CIOroB. TOT MeTp, KOTOPHII MOSBISIETCS B CTPOKE Hallle APYTHX, U
€CTh I‘OCHOI[CTByIOHlI/Iﬁ MCTP. B taknx ClIy4dadaX MbI TOBOPUM, YTO CTHUX IMOAYUHCH MHCPIUN MECTPa». B pac-
CMaTpHBaEMBIX B CTaThe MpUMepax MHEPIHS BCEX CTPOK OPUTHHANA U TIepeBoAoB — MO (s1). [ToaTomy nHep-
uuonz — peryisipHslii crenenn 2 rpap G, =C,,. Mempouo Gg onpenenser peanbHblii METp Kak10U CTPOKHU
B 3aBUCHMOCTH OT MECTOPACITOIOKCHUS B HEl UocTaceii (MUPPUXHUEB, CIIOHIEEB | T.I1.). CMBICT METOK CJle-
JyeT U3 KOHTEKCTa (I — MUPPUXUiA, Ludpbl — HOMep Oe3ynapHoii cTomnsl). Pummouo Gg ONMUCHIBAET AKLEHT-
Hylo cxeMy putMa. CoJepKaTelnbHBII CMBICI METOK IOHSATEH W3 NMPHUBOAMMBIX Tabmuim. Axyenmouo G,
onpeJenseT TOHOBbI 00bEM CTPOK (KOIMYECTBO AKIEHTOB B CTpOKe). Pugmouo Gg ompezenser crnocod

pudMoBkHu cTpok. OHA MOXKET OBITh IepeKpecTHoM (abab), cMexxHOH (aab0), KoNbIeBOH (a00a) Wi KaKoii-
1160 uHOH. BapraHToB 316Ch MOXKET ObITh OueHb MHOTO. Cuouo Gy omnpenensercs crpodounamu G; n G,
a MIMEHHO: METKH €r0 BEpIIMH COOTBETCTBYIOT 3HAUCHHSM CHIIBI WHEPIUH CTPOKH, KOTOpasl OMpeJeisieTcs
KaK OTHOIIICHHE YUCIIa BCEX CIIOTOB B yJIAPHBIX CTOMAX K OOIEMY YUCITY CIIOTOB B CTPOKE.

OueBuIHO, YTO JIEBSTH MEPEUYHCICHHBIX CTPO(QOUIOB HE OTPaXKAIOT BCEH MHOTOCIONHON CTPYKTYpPHI
CTHXOTBOPEHUS, XOTS M 3aTParuBarOT €€ CYIIECTBEHHYIO YacTh. DTO e OTHOCHTCS W K IMOCTPOEHHBIM Ha
ocaoBe TpagoB G u G’ dyacTHBIX U 00OOIICHHBIX KPUTEPHEB UX CXOACTBA. ITOrOBBIC BBIYHMCIICHUSI, CBSI-
3aHHBIE C TIOJHBIM CpPaBHEHUEM IIE€PEBOIOB DibcHEpa M Kapenbckoro, BEIHECEHBI B pa3aed 3.

2.2. Cmpykmypnocma

IIpemiaraemple 4acTHBIE KPUTEPUU CTPYKTYPbI Kl(i), i=1, 2,3, yYuThIBAIOT Pa3Iu4usi B CTPYKTYpe

rpadoB G u G', 3anoxeHHbIe B COOTBeTCTBYROIMX UM TojctanoBkax C u C'. Ha ux ocHoe hopmupyer-
cs1 0000IIEHHBIN KPUTEPUI CTPYKTYPHI

3 .
Kerpvie =/ 3)_21K1(I) : 1)
=
Bauzocth BepmnH U MapuipyToB. Kosdpduuuentom 6auzocmu éepuun papos G u G’ HazoBem
BEJINYUHY
w=P=HVVY) @
Y

rae H(V, V') — paccmoanue Xommunza mexpy Bekropamu V= (V;,...,V,) 1 V' =(V,..., V), paBHOe 4uciy

BCPIIHMH, B KOTOPBIX KOOPAUHATHI 9TUX BCKTOPOB PA3JIUYHBI.
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Kosdbdummenrom 6auzocmu mapupymos 8 G u G' Ha3oBeM BeINYnH
puipy. y

4d+Qq —0o

rae q, — JUIMHA Mapupymos (komudecTBo pebdep), odmux it G u G'. Ilockoneky g, <min{q, 9}, To
U <1, u paBeHcTBO U =1 nocTuraercs TOIBKO TOr/a, Koraa =0’ =g, T.e. B ciydae G ~G'.

Kputepuem oOnusocmu eepwun u mapwpymos opuruHana G =(Gj,...,G,) u mnepesoja
G'=(G,...,G},) , XxapakTepu3yeMbIx BeKTopaMu W = (W,,..., W,,) u U= (U;,..., U, ), HA30BEM BEIUIUHY

1) . -1 1 1
KO =(w,u)=m?xm, KD K =wju; 4

rie < , > — CKaJIPHOE NIPOM3BE/ICHNE B METPHKE (= m_16ij :

[Tockonmbky Wi, U; €[0,1], To uem Gomnblre 3HaYECHHE Kl(l), TEM BBIIIE B CTPYKTYPHOM OTHOIICHHH Ka-

1
4yecTBO nepeBoa. OueBHIHO, K1( ) e [0, 1]. CremoBaTenbHO, pa3IMYHbBIC TIEPEBOABI MOXKHO YITOPSAIOUUTH 110

1
Kl( ) B MOPSJIKE BO3PACTaHMs X KauecTBa.
Crenenn BepmmH. J[pyroii BO3MOKHbIH KputepHii cxoactBa ctpyktyp G u G’ crpouTtes cienyto-
M obpasom. Ilycts V(E) = 6/p — K03 GHUIMEHT BapHaluy CITy9aifHOM BENUUYHHbI {, MPHHUMAIOIICH JBa
TIOJIOKHUTEBHBIX 3HAYEHUS a M ) C PaBHBIMH BEPOATHOCTAMH, ol = Dg, n=EE — nucnepcus u cpennee §

COOTBETCTBEHHO. Tornaa

_a+b 5, _(a-b)?® [a=b
2 "% T2 V)= a+b

Bynem cpasnuate G; u Gj 1o cTeneHsM nx BEpUIMH, NIPEACTaBNeHHbIX auaronanamu d; =diag AJ-2
d! _ d A!2 2 12 ' o '
u 0y =diag A" matpunr Aj u Aj”, tne A; u Aj — marpuuer emexuocteit rpados G u Gj [13. C. 178].

[o ananoruu ¢ V() BBenem ero BekTOpHbIi Bapuant V(&) = “di —dj H / ‘

, rae [|X]|= (X, x) — eB-
KJIMJI0Ba HOPMA, U PACCMOTPHM KPUTEPUI Oauzocmu cmeneneti 6epuiun Kl(z) , TIOJIOKUB

KP =mTEMKE | K® =1-v;(). (5)
BrrauTanue v(£) u3 equHUALIBI O0BICHSETCS TEM, YTO IMEPEBOJI CUMTACTCS TEM JIydllle, YeM MeHbIe Kodddu-

LOUEHT Bapuanuu V(&) .

Cesiznoctb. Ciienys [17], BBeieM HEOOXOIUMBIC ONPECIICHUS, CBS3aHHbBIC C Pa30MEHUSIMU MHO-
xectB. [lon pasbuenuem p-3neMeHTHOr0 MHOKeCTBa V Ha K OJIOKOB MOHUMAETCs IPOU3BOJIBHOE CEMENUCTBO

n={A,..., A} Takoe, 9To
lkJAS=V, ANA=0, A=z0, 1<i<j<k,
s=1

MHoXecTBO Bcex pa3duenuii MHOkecTBa V Ha K G11okoB o603Hagaem [T, (V) , a MHOXXECTBO gcex pa3OueHui
I1(V) . OueBuano, uro T1(V) =T, (V)U...UTT, (V).
Ha muoxectse T1(V) BBexeMm oTHouIeHHe uacmuyHou ynopsoouennocmu = . Ecm m,cell(V) u

Kax/iplii 0710k B € G siBisieTcst cyMMol HEKOTOPOTO 4rcia OJOKOB pa3dueHust 7, TO OyJeM TOBOPHUTh, YTO
T €CThb UsMeNbieHue pa3dueHns ¢ U nucaTh T <G .

He Besikue 7Ba pa3sOMEHUSI T U G CPAaBHUMBI MEXKITy cO0Oi, HO BCEraa CyIIeCTBYET H3MebYeHHe T’
Takoe, 4to ' <. OnHaKo He oboe n3MelbueHrne pa3oueHuss ¢ OyeT HaC HHTepecoBaTh. YacTHUHO yIIo-
PANOYECHHOE MHOXKECTBO <V, -_<> Ha3bIBACTCS peuiemKol, eCii IJisl IPOU3BOIBHBIX X, Y €V CyIIecTBYIOT
TaKHe dJIEMEHThI @, b €V , 17151 KOTOPHIX BBHITIOIHEHBI YCIOBHS:

a<x,a<y, Vc: c=xc<y=c=<a.
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Takue anemeHTsl @, b €V , eciii OHM CYIIECTBYIOT, OTHO3HAYHO OIPENEISIFOTCS Yepe3 X U Y. DIEMEHT a
Ha3bIBACTCS HUJCHEll epaHuyeli STIEMEHTOB X U Y, KOTOPYIO 00O03HaYMM X A'Y .

Cornacao [17. C. 49, Teopema 1.17] muoxecto T1(V), ynopsmodeHHOE HA OCHOBE OTHOLICHHS H3-
MeNb4YeHUs], 00pa3yeT peueTky, npuieM

narc ={ANB:(Aen)A(Beoc)A(AAB=D)}. (6)

CootHomenne (6) maeT crnoco0 BBIYMCICHUS HW)KHEH TpaHMLBI TA G pa3OueHnid m U o . B kKoHTekcre
Hanrei 3aqa4un B posik pasOMeHnii T ¥ G BBICTYNAIOT pa3duenus MHOkecTB Bepumd V u V' ctpodounnos
GuG'.

ITycte A, A" — mekpeMeHTHI MOACTaHOBOK (4), coorBercTBYIomMX rpapam G u G'. Ha mpaxrtuke,
KaK MPaBUIIO, BBINIOJIHSETCS HepaBeHCTBO A > A’ . B orux ciyyasx k:=A’/A<1. B npoTuBHOM cliyyae BMe-
cro ortnomenus A'/A Gymem ucnonbsosars BenmuunHy k:=2—A'/A<1, T.e. B 00mem ciydae monaraem

K=|A-A'|/A". Bennunny

_ K (m;)
KP =m's, KD, K =1 ‘ 7)

!

‘Tl',j /\7'l',J

HA30BEM KPUTCPUCM C6A3HOCmMU OpUTrMHala U NIEpeBOaa, a OMPECACIAIOIINE €€ BEJINYNHBL K]FJ3) — OMHocU-

menbHbIMU Kodpuyuenmamu ceészHocmu ux j-x ctpodonnoB. Uem Oosbliie 3HaUCHHUE K1(3) , TEM BEHIIIE Ka-

4eCTBO IIEpeBOJA.
2.3. Cummempus

Kputepuii cummerpun Keyppy TOCTPOMM Ha OCHOBE JIBYX YaCTHBIX KPUTEPUEB CHUMMETPUU K;_'),

i =1, 2, yuuThIBaromux cBoiictea cummerpuu rpadoB G u G’ . Jlis storo nosnaraem

K = W 2)(KS +KE). (8)
OO6uMM MOAX00M K U3MEepeHUI0 cuMMeTpun rpada G sBiseTcst BBIYUCICHHE €ro HHICKCA CUMMET-
pun |(G). CpaBuuBast unmekcsl |1(G) u 1(G’), MOKHO 3aKIIFOYNTH, HACKOIBKO MEPEBOJ] OTKIOHUIICS OT

OpUTHHAJIA 110 KPUTEPHIO CHMMETPHH.
Hnoexcom cummempuu 1(G) rpada G HaspiBaeTcs MOpsIOK ero rpymmsl aBToMopdusmo Aut G

[15. C. 190], T.e.

1(G) :|Aut G| . 9)
B cuny ompezeneHus IMHIBUCTHYECKOTO Tpada Bce CTPOOHIbI COIepKaT B KAYeCTBE KOMIIOHEHT

CBSI3HOCTH TOJIBKO M30JIMPOBAHHBIE BEPIIMHBI, MAPIIPYTHI JUIMHOIO /1Ba (OTAEIbHBIE peOpa) U NPOCTHIE LIUKJIBL.
W3onupoBaHHbIE BepIIMHBI HAa TOPsAOK rpynnsl Aut G BIUsIHUS HE OKa3bIBaroT. [109TOMY MpOM3BONIBHBII

aBTOMOpPQU3M JH000T0 CTpodorIa MOKHO TOITYYNTh, BHIMONHSS CHAYaNa MPOU3BOJIbHBIA aBTOMOp(U3M Ha
Ka)XXJJOM U3 ero KOMIOHEHT CBSI3HOCTH, a 3aT€M COBEpIIas JTI00YI0 MEPECTaHOBKY MEXIY COO0H KOMIIOHEHT
CBSI3HOCTH C OJIMHAKOBBIM YKCJIOM BepliuH. [lepeOupasi Bce KOMOMHAIMH TaKUX OTOOpaXCHUH, MoJydaeM
uHnekc cummerpuu (9) rpada G .

Kpurepuem omnocumenvrou cummempuu Kél) HAa30BEM BEJIIMUUHY

, - min{I(G,), 1(G})}
K =KP G, 6)=mTILKE , Kf) = e
max{I(G,), 1(G})}

JpyruM BapraHTOM KpHUTEpHs OTHOCHUTENbHON cummerpun (10) sBIsieTcss KpUTepuid eapuayuu cum-

(10)

Mempuu, UMEIOIINI BU/I;

. [16)-16))

K? =KP(G,6)=1-m"zKP , K —. (11)
1G;)+1(G))
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Benmmanmst Kézj) B kpurepun (11) — 910 K03(h(HUIMEHTH BapHallii MHIEKCA CHMMETPHH I j-TO CTpodo-

Wja, T.e. OTHOIIEHHE CPETHEKBAIPATHYECKOTO OTKJIOHEHUSI PAaBHOMEPHOHN CIy4YaifHON BEIMYWHBI, TPUHIMA-

rowedt snauenns 1(G;) u 1(Gj), x ee cpennemy.

3. CpaBHeHmue nepeBoaoB JjbcHepa u Kapeabckoro

HcxonHple maHHBIC UISI CPaBHEHUS MEPEBOIOB DibcHepa W KapenbcKoro mpeacTaBiIeHBl B TaO. 4,
a pe3yNbTaThl CPaBHEHUS — B TabI. 5.

Tabnuma 4
HCXO}JHLIC JAaHHbIE 1JIs1 CPABHEHUS NIepeBoa0B Z-)nbcnepa H Kapenbcxoro
ABTOp, Xapakrepucruku ctpopounos Gj u Gj, j=1,...,9
TIEPEBOTUNK Tapaterpsr 1 2 3 4 5 7
Punbxe q; 11 12 12 12 8 11
;| 3 2 2 1 5 8 3 6 5
A 9 10 10 11 7 4 9 6 7
1(G)) 120 288 288 24 28 16 120 4608 120
Oubcrep o} 10 12 12 12 6 4 11 6 4
do 1 1 4 12 1 0 3 2 0
W] 5/12 2/3 2/3 1 1/6 1/6 7/12 2/3 1/6
uj 120 | 1/23 1/5 1 113 0 3/19 1/5 0
I A 3/9 204 204 1 5/11 8/12 37 6/10 5/12
A 8 10 10 11 5 4 9 6 4
1(G)) 1024 | 288 288 24 576 384 400 4608 384
Kapenbckuid dj 11 12 12 12 8 2 11 5 8
do 7 12 12 12 2 0 4 5 3
W 5/6 1 1 1 112 112 5/12 1112 1/3
uj 12 1 1 1 117 0 2/9 5/6 3114
| A 3/5 1 1 1 5/9 8/12 3/6 6/7 5/9
A 8 10 10 11 6 2 9 5 6
1(G)) 160 288 288 24 96 8 96 7680 9%
Tabnuna 5
Pe3ynbTaThl aHaIN3a: KPUTEPHH KavecTBa MepeBoaoB DibcHepa n Kapeasckoro
Hepesoan | Tapaverpsi Xapaxrepuctuku ctpoponnos Gj n G} , J=1...,9 Kprrepum
1 2 3 4 5 6 7 8 9
OmbcHep K 0,021 | 0,029 | 0,133 | 1,000 | 0,013 0 0,092 | 0,133 0 0,158
K 0,770 1 1 1 0,553 | 0,393 | 0,810 1 0478 | 0,778
K 0,333 | 0,500 | 0,500 1 0455 | 0,667 | 0,429 | 0,600 | 0417 | 0544
Kerpy 0,481
K$ 0,117 1 1 1 0,049 | 0,042 | 0,300 1 0,312 0,536
K 0,790 0 0 0 0,907 | 0,920 | 0,538 0 0,524 0,591
Kenmm 0,563
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OkoHuyaHue Tabm. 5

Mepenoxun | Mapaverps: Xapaxtepuctuku crpoponnos G un G, j=1...,9 Kpurepui
1 2 3 4 5 6 7 8 9
Kapensckuii K 0,417 1 1 1 0,012 0 0,204 | 0,278 0,434
K& 0,805 1 1 1 0,608 | 0,168 | 0,782 | 0,782 | 0,570 0,746
K 0,533 1 1 1 0,476 | 0,333 | 0,500 | 0,714 | 0,476 0,670
Kerpyk 0,617
KE) 0,750 1 1 1 0,292 | 0,500 | 0,800 | 0,600 | 0,800 0,749
K 0,143 0 0 0 0548 | 0,333 | 0,111 | 0,250 | 0,111 0,834
Kenmm 0,791

JIst CpaBHUMOCTH JIBYX Pa3HBIX MEPEBOJOB OOBEAWHUM KPHUTEPHHM CTPYKTYpHOTO cxoiactsa (1) u
cummeTpui (8) B 0JIMH 0000IECHHBIN Kpumeputll a0ekeamuoCmu, Wil Macmepcmesd nepesood.
Kamek = 3 Kerpyk + 2 Kenvm =l(23: Kl(i) + 22: Kéi)j . (12)
5 5 5\i= i=1
Torma cormacuo (12) u Tabmn. 5 noxydaem
Q =Kk (Ombenep) =0,514, Q= K,y (Kapembexmit) = 0,687 .

Tak kak Q, > Q;, To B COBOKYITHOCTH I10 BCEM IOKa3aTelsaM nepeBon Kapenbckoro mydie nepeBoaa Dibc-

Hepa, yTOoO U COOTBCTCTByCT I[CP'ICTBHTCHBHOCTI/I.
3akiIouyenue

PaccMmoTpeHHbIe OIIEHKN OJIM30CTH OpUTHHANIA M TIEPEBOJIa HE OXBATHIBAIOT BCETO MHOT000Opa3us HIO-
AHCOB, BO3HUKAIOIINX IIPU PEIICHUN Takoi 3amauu. CKakeM, B pPUTMUUYECKHUX TOJISIX MOKHO JIOTIOTHUTEIEHO
YUUTBIBATh, HAPSAY C YAAPHBIMU U O0€3yJAapHBIMU, c1a0ble U CHUIIbHBIC CJIorH. M BOOOIE CTPOUTH PUTMUYE-
CKHeE IOJIA HYy)XHO ¢ ydacTueM ctuxoBenoB [18. C. 88]. Ho B manHOM ciyyae BaKeH caM NMPHUHIIMII, cama
HJIesl KCII0JIb30BaTh PUTMHUECKOE MOJIe KaK UCTOYHUK MH(POPMAIMK /15 TIOCICIYFOIINUX BBIYMCICHHIA.

UpesMmepHBbIE MOMBITKHA YCHINTh MAaTEMAaTHIECKYIO0 COCTABIISIONIYIO MPearacMoro moaxo/ia IpuBe-
IYT K yTpaTe UHTEpeca K HeMy CO CTOPOHBI (pnii0s10roB. C Ipyroi CTOPOHBI, TOCKOHAIBHOE MOTPYKEHHUE BO
BCE CTUXOBEIUYECKUE TOHKOCTU TaKXKe MPUBEIET K MINUIITHEH CIIOKHOCTH MpeiaraeéMoil MeToanku. Baxxex
MPUHIMIL, & OCTATLHOE — /IS0 OYAYIIUX HCClieoBaTeneld, KOTOpble MOTIIH Obl MPOIOJKUTE COBEPIIECHCTBO-
BaHHUE AJIFOPUTMOB aHAJIM3a OPUTHHANA U TIEPEBOJIa B HEOOXOIUMBIX HANPABJICHUAX.
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A quantitative approach to estimation the quality of poetic translation is considered. The approach is based on Porter’s method
according to which any translation is characterized by a finite number of indicators reflecting the multi-layered structure of the poetic
text. In this case, a linguistic graph G is associated with every indicator. The attribution of such graph vertexes allows to work in
a proximity measure between graph G of the original and graph G’ of the translation. In development of Porter’s method new vari-
ants of the proximity criteria G and G’ constructed with graph theory application are suggested.

The proposed quantitative approach to estimation the quality of translation does not affect its substantive and aesthetic aspects.
The estimation of these parties is not a part of paper’s task. In total five partial quality criteria are suggested: three of them are con-
nected with structural properties of the original and the translation, and two others — with their symmetry. On such basis two inter-
mediate criteria of structure Kgrryc and symmetry Kqyym are formed. The generalized criterion Q = (3/5)Kgtruc + (2/5) Ksymm

after that is introduced. Such a convolution of individual criteria into one criterion makes it possible to compare different translations
of the same text among themselves. Let be Q; a quality criterion of i-th translation. If an inequality Q, > Q, takes place then a sec-

ond translation is better than a first translation.

The developed approach is based on a comparison of the rhythmic fields of the original and the translation which are the starting
point for further analysis. Each poetic text is matched with nine characteristics, i.e. nine graph structures. These characteristics are the
syllable and tone volumes of lines, the meter, the rhythm, the rhyming method, etc.

The vocabulary (composition of significant words, accuracy and poetic licence, quality of rhymes, etc.) and special adaptation of
the approach to various rhythmic versions of the meter as characteristics of the verse are not considered. The presentation is accom-
panied by an analysis of two translations of "Panther" by R. Rilke, made by Karelsky and Elsner.

Keywords: Criterion of proximity; linguistic graph; rhythmic field; structure; symmetry.
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OTBOP NPU3HAKOB B COBCTBEHHOE ITPOCTPAHCTBO OBBEKTA
HA OCHOBE MEPBI EI'O KOMITAKTHOCTH

PaccMarpuBaeTcs MCIOJIb30BAHUE JIOTHUECKHX 3aKOHOMEPHOCTEH B (hopMe THIepLIApOB ISl HOMCKAa COOCTBEHHOTO
IPU3HAKOBOI'O MPOCTPAHCTBA 00BEKTa BHIOOPKU M3 HENEPECeKAIOINXCs KIaccoB. Pa3paboTaH anroputM IpoBepKU
UCTMHHOCTU OTHOLICHHUS CBS3aHHOCTH OOBEKTOB IO CHCTEME IMIEpPIIApOB Ha ONpE/ieieMOM Habope NMpU3HAKOB.
OTHOIICHHE CBA3aHHOCTH MCIONB3YETCS YISl BBIUMCIICHHS 3HAYSHHSI MEPhl KOMIIAKTHOCTH O0OBEKTa MPH MOHUCKE €ro
COOCTBEHHOTO NMPU3HAKOBOT'O MIPOCTPAHCTBA.

KiioueBbie ¢10Ba: OTHOUICHUE CBA3aHHOCTH OOBEKTOB; COOCTBEHHOE MPU3HAKOBOE MPOCTPAHCTBO; MEpa KOMITAKT-
HOCTH.

[lonsTHE «COOCTBEHHOE MPOCTPAHCTBO O0BEKTA» CBS3aHHO C NpUHATHEM perieHus. Ilpunsrue pemie-
HUS 3aBUCUT OT 3aKOHOMEpPHOCTEH (KaK MpaBWIIO, CKPBITHIX), KOTOphIE HauboJee TOYHO MepeaaroT 0COOeH-
HocTH 00BekTa. B [1] 3Tl ocoGeHHOCTH OBLTO MPEIOKEHO UCKATh B BHJIE JIOTMYECKUX 3aKOHOMEPHOCTEH
B OKPECTHOCTH O0BEKTa. APryMEHTOM B IIOJIb3Y TaKOI'O MOAXOAa CIYKMJIO OTCYTCTBHE MAILIMHHBIX AJIrO-
PHUTMOB, O3BOJIIOLINX POU3BOIUTH MTOKCK JIOTHYECKUX 3aKOHOMEPHOCTEH 3a MPUEMIIEMOE BpeMsl.

Ot60p mHGOPMATHBHOTO HaOOpa MPU3HAKOB B OKPECTHOCTH OOBEKTa M BBIUMCIICHHE MHJEKCA 3/10PO-
Bbs (OLEHKH 00BEKTa) MO0 HEMY paccMmarpuBajcs B [2]. B kauectBe kpurepus ans oTOOpa MCIOIB30BAJICS
MONCK MAaKCHMyMa Pa3HOCTH YacTOThl BCTPEYAEMOCTH MPEACTABUTENICH ABYX KJIACCOB 110 CUCTEME BIIOXKEH-
HBIX TUIepmapoB. LieHTpoM runepiapos sSBISIICS paccMaTpUBaEMbIi OOBEKT.

Br100p 3BpUCTHK 1151 HOCTPOEHUSI aJITOPUTMOB Paclio3HaBaHUsI 00pa30B OCHOBBIBAETCS HAa TUIIOTE3E O
KOMITAKTHOCTH OOBEKTOB KJ1accoB. OOIIETPUHATOTO OMpPEICIICHUs] MEPbl KOMITAKTHOCTH He cyinecTtByer [3].
[lokazano [4], 4TO B METPUYECKUX AITOPUTMaX KIACCH(PHUKALNN KOMIAKTHOCTh 3aBUCUT OT MHOT000pa3us
CTPYKTYp OTHOILIECHHH MEXIy 00beKTaMH KiaccoB. Paznnyarorcs Mexay coOoil M YUCIEHHbIE METOABI JUIs
KOJINYECTBEHHOIO0 OLIEHMBAHUSI KOMIIAKTHOCTH. B OJHOMEpHOM ciydae Ui OLIEHHBAHHUS HCHOJIb3YIOTCS
WHTEPBAJIbHBIC METO/Ibl, B MHOTOMEPHOM — BBIYHCJIEHHE MEPhl KOMIIAKTHOCTH OOBEKTOB KJIACCOB U BEIOOPKHU
B LIEJIOM IO 3aJaHHOM MeTpuke. OOLIMM A1 OJHOMEPHOI'O M MHOTOMEPHOI'O CIIy4aeB SIBISETCS HaJIMYUe
o0JacTeld PU3HAKOBOTO MTPOCTPAHCTBA, B TPAHUIIAX KOTOPBIX BBIYUCIISETCS MepPa KOMIIAKTHOCTH.

B ojHOMEpHOM Cilydae Ha YMCIOBOW OCH MOYXHO TPOW3BOJUTH CpaBHEHHE OOBEKTOB 110 3HAUCHUSM UX
WCXOJIHBIX M JIATCHTHBIX MPU3HAKOB, UCIONB3YsI OTHOIICHHS «O0JbIIe», «MEHBIIIE) WIIN «paBHO». [Ipu Bhrumc-
JICHUW Mepbl KOMITAKTHOCTH B MHOTOMEPHOM citydae [4] IpHUMEHsIIOCh OTHOIIEHHE CBA3aHHOCTH OOBEKTOB
IO TTOJIMHOKECTBY (000JIOUKE) IrPaHIUYHBIX OOBEKTOB KIIACCOB IO 3aJJaHHON MeTpuKe. CBA3aHHOCTh OOBEKTOB
Si, Sj paccMaTpuBasioCh KaK CBOWCTBO JIOTHYECKHX 3aKOHOMEPHOCTEW B (hOpMe TUIEpIIapoB, IIEHTPaMH KO-
TOPBIX OHU ABJIAINUCEH. O6’LGKTI)I Si u Sj CUUTAJIUCH CBA3AHHBIMU, €CJIM B IEPECCUCHUU HUX T'UIICPIIapOB ObLIH
O00BEKTHI 00OJIOUKH.

CBS3aHHOCTh O0BEKTOB MPUMEHSIIACH IS aHAIHM3a KIACTEPHOH CTPYKTYPHI KJIACCOB C TTOMOIIBI0 Me-
pBl KOMITAaKTHOCTH. J[J1s1 BEIYUCIICHHUST Mepbl KOMITAaKTHOCTH B (0; 1] MCIOIB30BaINCh YUCIIO HEMIEPECEKaro-
IMUXCA I'PYIIT U KOJTUYCCTBO O6’beKTOB, B HUX BXOSIINX.

O160p MHGOPMATHUBHBIX MPU3HAKOB HAa OCHOBE METOJIOB KJIaCTepH3alluu paccmaTpuBaics B [5]. Uc-
I10JIb30BaJIOCH pa361/IeHHe IIPU3HAKOB Ha T'PYIIIb], U B Ka)KZIOﬁ Tpymme BBIACIISUIOCH IO OAHOMY HauboJee
TUIIMYHOMY IPEICTAaBUTENIO. Pe3ynbTaTsl TPYNIMPOBKH CYIIECTBEHHO 3aBHCEJIM OT BBOAUMOW Mephl pac-
CTOSIHUS MEXXIY IPU3HAKAMU.
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B [6] B kauecTBe KpuTepHuss MHPOPMATHBHOCTH MPH3HAKOB MPHUMEHsIACh (PYHKUIUS KOHKYPEHTHOTO
cxonctBa (FRiS-¢pynkuus). Cpeanee 3HadeHrne QyHKIMM KOHKYPEHTHOTO CXOJACTBA 3aBUCHT OT TOTO, KaK
ONMU3KO TPYIIBl O0BEKTOB HAXOIATCA OT pasAeistomieil rpaHunbl. Te 00beKTh, KOTOPBIE pacloararoTcs
B TECHOM OKPY>KEHHH CBOUX OOBEKTOB M 3HAYUTENBHO yJaJIeHbl OT OOBEKTOB JPYTUX KIacCOB, UMEIOT Ooliee
BBICOKOE 3HaYeHHe (QYHKLWH, YeM NepudepHitbie 00BeKTh, OJIu3KHe K ApyruM kinaccam. Otdop nHpopma-
THUBHBIX MPU3HAKOB MO3BOJSET CAENATh MPO3PAYHBIM CIIOCOO MOCTPOEHHS PEHIAIONINX MPAaBUI M KOJIHWYe-
CTBEHHO OLICHUTH KOMIIAKTHOCTH KJIACCOB.

[Ipu peanuzanuu alIropuTMOB 0TOOpa MH(OOPMATHBHBIX HAOOPOB MPH3HAKOB OOBEKTa HEOOXOIUMO
YUUTHIBATS:

— HaJM4Ke WIN OTCYTCTBUE CBOMCTBA MHBAPUAHTHOCTHU MPHU3HAKOB K MaclITabaM H3MEpPEHUH;

— BBIOOD MepBI OIM30CTH MEKIY O0ObEKTaMH CO CBOWCTBAMHU METPUKH;

— HaJIM4YKe NIyMOBBIX OOBEKTOB B BEIOOPKE M CIIOCOOOB UX OOHAPYKCHUS;

— UCTUHHOCTbH OTHOLICHUSI CBS3aHHOCTH O0OBHEKTOB KIIACCOB;

— BBIOOp crioco0a BRIYMCICHHSI MEPBl KOMIIAKTHOCTH 00BEKTa Kiracca.

B pabote ompenensercss OMHApHOE OTHONICHWE CBS3aHHOCTH OOBEKTOB OJHOTO OTIEIBHO B3STOTO
KJacca o0ydJaromieil BBIOOPKH. DTO OTHOIIEHHE MCIIONB3YETCs ISl BRIYUCICHUS MEPhl KOMITAKTHOCTH 00BEK-
Ta KJIacca ¢ [eNbIo 0TOOpa MPHU3HAKOB B €0 COOCTBEHHOE MPOCTPAHCTBO. Mepa KOMITaKTHOCTH paccMaTpu-
BAeTCs B KaUeCTBE MHJIEKCAa OOBEKTa IO OIpeieIsieMoMy HaOOpy MPU3HAKOB M CIY)KUT CPEACTBOM IS TO-
MCKa CKPBITHIX 3aKOHOMEPHOCTEH B 0a3aX TaHHBIX.

1. IHocranoBKa 3a1a4u

OnHo¥ U3 TieNie aHanM3a KIIACTEPHON CTPYKTYPHI TaHHBIX B [4] Yepe3 OTHOIICHHE CBSI3aHHOCTH OOBEKTOB
KJIAaCCOB OBLIO pEIeHHEe 3314l O MHUHAMAIILHOM TOKPBITHHA OOYyYaromiei BBIOOPKH O0BEKTaMH-3TaIOHAMH.
OOBEKTHI KaXKIOro Kilacca pa3duBaiCh Ha Hermepecekaromuecs rpynmbl. OTHOIIEHHE CBSI3aHHOCTH 00BEKTOB
rapaHTUPOBAJIO €JMHCTBEHHOCTh YMCIIA TPYI U UX cocTaBa. IIoMcKk 0OBEKTOB—ITAIOHOB MUHUMAJIBHOTO I10-
KPBITUSI IPOU3BOAMIICS IO KaXKIIOM rpynre B oTAeNbHOCTH. CpejHee Yucio 0OBEKTOB BHIOOPKH, MPUTATUBAEMbIX
OJTHUM 3TaJIOHOM, HCIIOJIb30BANIOCH KaK IOKa3aresb 0000MIaonell cliocOOHOCTH ajIropuTMa pacro3HaBaHMUS.
B unearne oTnenbHO B3ATHIM OOBEKT BHIOOPKM MOT OBITh €AMHCTBEHHBIM 3TAJIOHOM Bcero kiacca. Haydnslii u
MPaKTHYECKUI MHTEpEeC NPEICTABIAET OLEHKA BKJIaAa 0OBEKTa B 0000MIAIONTYI0 CIOCOOHOCTD.

KonnvecTBeHHass Mepa KOMIAKTHOCTH OOBEKTa 3aBUCUT OT CTPYKTYPBI €0 OTHOIIEHHH C JAPYTHMH
oObekTaMu obyuatomiell BeIOOpkH. Cpeau (pakTopoB, BIMSIONIMX HA OLEHKY CTPYKTYpBI, 0CO00€ 3HAUYEHHE
MMEET Pa3MEPHOCTH IPU3HAKOBOTO MIPOCTPAHCTBA [ /] U PACCTOSIHHSI MEXTy OOBEKTAMH T10 3aJIaHHON METpPH-
ke p(X, Y). C atiMu pakTopamu CBsI3aHO TaKOE MOHSITHE, KaK «IIPOKIATHE Pa3MEPHOCTH MpocTpaHcTBay [8].

3a/1aua BBIYHMCIICHUSI MEPbl KOMIIAKTHOCTH OOBEKTa B PaAMKax €ro COOCTBEHHOTO MPHU3HAKOBOTO TPO-
crpaHcTBa (opmynupyercs Tak. CauTaeTcsi, YTo 3a1aH0 MHOXKECTBO 00beKTOB Eo = {Sy, ..., Sm}, pa3nenenHoe
Ha Hemepecekatommecs: kiaaccel K1 n K. Onmcanne oObeKTOB MPOU3BOAUTCS C MOMOIIbIO Habopa H3
N pasHOTUOHBIX mpu3HakoB: X(N) = (X1, ..., Xn), & M3 KOTOPBIX U3MEPSIIOTCS B MHTEPBAJIBHBIX IIKAJIAX,
(n — &) — B HoMuHanbHON. Ha MHOKeCcTBe 00beKTOB Eo 3am1aHa meTpuka p(X, Y).

Hycts Iy =p(S,.S,)= Sr_reliKn p(Sd .S j) — paccrosHue oT Sq € Ky, t = 1, 2, 1o Gnukaiimero (rpaHuYHO-

ro) oobekra Sy € Ka, /K¢, p) — MHOXKeECTBO rpaHuuHBIX 00beKTOB Kiacca Kz . O6o3naunm yepe3 O(Sq,p) =
= {Si € Kip(Si, Sa) < ra} u Z(Sa, p) = {Si€ O(Su4, p)|p(Si, S < ra}, S" € I'(Ky, p).

OO6bekThl Sy, Su € K¢ cunrarorest csizanubiMu, eciti O(Sy,p) M Z(Sq,p) # . KoMIakTHOCT 00BEKTa
Sq € Ky Ha Habope X(k) < X(n), k < n, Berumcsercs kak

0, (X (K)) =|{S, € K 1O(S,,p) N Z(Sy.p) = D}| /K- (1)
Oueuno, uto 0 < 03(X(k)) < 1, tak kak Ky N Ko = &. Tpebyercs Haiiti Takoit Habop X(u) < X(n),

MIPH KOTOPOM
0,(X(u)= max 0,(X(k). )

X (k)X (
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Omnpenensiembrii mo (2) Habop X(U) mpuUMeHsETCsS IS OMUCAHUS COOCTBEHHOTO MPH3HAKOBOTO TMPO-
cTpaHcTBa 00BekTa Sy € Ky, a 3Hauenue 04¢(X(U)) Hcmonb3yercst Kak Mepa ero KOMIaKTHOCTH.

2. OT00p NPU3HAKOB B COOCTBEHHOE NMPOCTPAHCTBO 00bEKTA

ITpu ot6ope Habopa X(K) < X(n), k<n, mist onucanusi MpU3HAKOBOTO MPOCTPaHCTBA 00BeKkTa S € Eo
HE00X0IUMO:

— MPOM3BECTH BHIOOP METPHKH B KAYECTBE MEPBI PACCTOSIHUSI MEKIY 00bEKTaMu;

—3a7aTh Crocod HOPMHUPOBAHHS 3HAUYCHUH KOJMYCCTBEHHBIX MPU3HAKOB JUIS YHU(PHUKALUK MACIITa-
00B M3MEpEHUN;

— ONpPEJCIUTh HAIMYUE IIIyMOBBIX 0OBEKTOB B OKPECTHOCTH 00BEKTa S.

Omnucanue J0MyCTUMOro OOBEKTa B paMKax €ro COOCTBEHHOTO MPOCTPAHCTBA M3 MH(POPMATHBHBIX
MPU3HAKOB HEOOXOAMMO JUISl HaXOXKJICHHUS WHAUBHYaTbHOW MEPBI CXOJCTBA (Pa3jinyusi) C APYTUMHU O0BEK-
TaMH. DTa Mepa J0JDKHA OTPakaTh OTHOLICHUS MEXKIY OOBEKTaMH U CIYKUTh CPEACTBOM JUIS TPUHSITHS
pelieHus.

OG6o3Ha4YuM 4epes i, ] — MHOXKECTBO MHAEKCOB COOTBETCTBEHHO KOJMYECTBEHHBIX U HOMHHAIBHBIX
npu3HakoB B Habope X(N). st yHUpHKAIHKE MacIiTab0B M3MEPEHHI 3HAYEHHUSI KOJTMYECTBEHHBIX IPH3HAKOB
IpOOHO-TMHEHHBIM peoOpa3oBanrneM otodpasum B [0; 1]. B kauecTBe Mephl pacCTOSHUS MEXKITY 0ObEKTaMU
Su,Sv € Eo (Sc = (act, ..., &n), =1, ..., m) 6yaem ucronb3oBarh MeTpuKy JKypaBiépa

P(,:5,)= T~y + £ 2 T
icl ica |0, a,; =4a,-

Jlnst BeiOopa undopmariBHOro Habopa npusHakoB X(r) < X(n), r < n, u3 coOCTBEHHOTO MPOCTPAHCTBA
00BeKTa TpearaeTcsi IpPONU3BOIUTE PeNoOpadoTKy AaHHBIX. CMBICT TPeqoOpadOTKH 3aKII0YAeTCs B IMO-
HCKe TIEPBOii mapsl MPU3HAKOB (X, Xj) < X(Nn), i # J, Wi uHbOpMaTHBHOTO Habopa.

MHokecTBO paccTosiHuii 00beKTOB Eo 0T Sy € K¢ 1o mape (Xi, X;), I, j € {1, ..., n} paccmarpuBaeTcs Kak
paarychl BIOKEHHBIX THIIEPIIAPOB, MPEACTABICHHBIX B BU/IE YIOPSI0UYCHHON ITOCIIEI0BATEIEHOCTH
p( Sy, Sdl)""!p(sd ' Sd“)""!p(sd ’ Sdm ) Sy = Sd1 ' 3

rae u = |Ki|. O6o3unaunm uvepes Mi(i, j)(M3(i, j)) uncmo Gmmkaiimux k Sg 06bekToB 1Mo (3) U3 K (Ksy) npu
yeoud, uto Ni(i, j) + nax(i, j) = p. Tpu nax(i, j) = 0 Bce 06bexThI Kimacca K comepikaTcs B TUTIEpIApE ¢ 1eH-
tpoM B S¢. C momoribro 3Hauenus (i, j) pemaercs mpodaeMa BpIOOpa MEpBOro Iara mpu oToéope coOCTBEH-
HOTO TIPOCTPAHCTBA 00BEKTA.

B nporecce npeno6paboTkr HEOOXOIMMO MCKITFOUHTH TOSIBJICHHE CXOAHBIX ¢ Sy € Ky onucanuii 00b-
extoB u3 Ks.r. [IoTHOCTH pacnpesnenenus npeacraBureneii knacca Ki B OkpecTHOCTH 00BbekTa Sq 1o Habo-
pam u3 {(Xi, Xj)} mpennaraeTcs ONpeaeNaTh 0 3HAYCHUIM

0; = max (z,(u)-2z, (u)),y; =arg_max (z,(u)-z,(u)), (4)

1<usn, (i, ) 1<usn, (i, J)
rie Zi(U)( Zs-+(U)) — uncimo oowsexToB Kitacca K (Ks-i) B runeprape paamyca p(Sd » S, ) M3 TOCIIe0BATENBHO-
ctu (3).

[TycTh p(Sd 5 Sy, ), k >2 — 3HadyeHue paguyca rumnepinapa u3 (3), onpeaeisieMoro 1mo pacCTOSHUIO J10
nepBoro Ommwkaiimero oobekta Sy € K, . Jlna BiGopa mepBoii mapsl mpusHakos B X(r) < X(n), r<n, us

MHOXecTBa HabopoB {(Xi, Xj)} mcmonbzyercs matpuria B(Sq) = {bij}nxn, 3HaAUEHNS DIIEMEHTOB KOTOPO# BBI-
YHUCIISIOTCS KaK

b — O,p(Sd,Sdk)IO,
! |O(Sd ,P)| x0; /v;,p(Sy ank )>0.

Ienpro BeIYKCIICHUS 3HAYCHUH Djj 70 SBIISETCS MOMCK KJIACTEPOB JAHHBIX C MAKCHMAJIbHOW IUIOTHOCTHIO
00BEKTOB OHOIO ¢ Sq € K; kiacca.

(%)
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CymecTByeT 3aBHCUMOCTh KOJIMYECTBA CBA3aHHBIX ¢ S¢ € Ki 00BEKTOB JJIsi BRIYMCIICHHS (2) OT HaIH-

YHsl WK OTCYTCTBHUS IIyMOBBIX 00bekTOB. LIIymMoBbIe 00beKThI U3 Ks-¢ o X(P), p < N, u metpuke p(X, Y) a1t
00bekTa Sy € K¢ mpeiiaraercs onpeieNsTh CleIyomuM 00pa3om.

[Tycte 7(p) — MHOXKECTBO TpaHUYHBIX 00BEKTOB KitaccoB mo X(p) < X(n), p < n, u merpuke p(X, Y),

G(p):{gi}sier(p)’ e g =

{SjeKe’_C p(Sj,Si)zgleigp(Sj,Sr)}‘ — 4YHUCIO OOBEKTOB, Ul KOTOPBIX

Sie Kc N I(p), ¢ =1, 2, seasiercst rpanngabiM. O0bekT Si € Kt N 7(p), t = 1, 2, cunTaeTcs myMOBBIM OTHO-
CHUTENBHO 00BbeKTa Sq € K¢ eciu:

1) p(Sy,S) = min p(S,.S,);

2) gil|Kd > 10(Si, p)I/|Ks-1.

Pesynbrathl ipenoOpaboTku ¢ ucnonb3oBanueM (3), (4) B Buae mapel npusHakoB H(2) = (Xi, Xj) pac-
CMaTPHBAIOTCS B KAYECTBE HAYATLHOTO MPUOIMKEHHUS 3BPHUCTUUCCKOrO aNrOpUTMa MOMIaroBoro 0Toopa uH-
(hopMaTUBHBIX MPU3HAKOB 00beKTa Sy € K:. [TocmenoBarebHOCTh MIATOB O Peau3alliy ajropuTMa TakoBa.

Iar 1. Beox H(2). p = 2. X(p) = H(2). count =0. T =0.

[ar 2. TTo HaGopy X(p) BHIYHCIHTE MHOXKECTBO rpaHHdHbIX 00bekToB /(p) u G(p)=1{g, |, r(p)”

Iar 3. Onpenemuts 06bekT Sc € Kat N I(p) ¢ p(S;.S,)=_ min_ p(S,,S, ). Ecmi gd|K{ > O(Sc, p)/|Ka-,

S, eKay f\l"( p)

TO OOHOBHTH MHOKECTBO I'paHUYHBIX 00beKTOB /(P) mo X(p) Ha Eo\{Sc}.

[lar 4. Beruncauth 3Ha4eHus deMeHTOB MHOXKecTBa Z(Sq, p) 1 0¢(X(p)) mo (1). Ecim 04(X(p)) > T, To
T = 04(X(p)), H(p) = X(p), u=p. Ecmu T = 1, 10 viaTHn 7.

IIIar 5. count = count + 1. Ecim count = n, To uaru 7.

[lar 6. R = 0. v = 0. Hayano uukJia: J[is Bcex Xa € X(N)\X(p) Buruncas Ty 3uauenus 0, yij mo (3) u
(4) ma X(p + 1) = X(p) U {Xa}. Ecam |O(Sa,p)| * Oifyij > R, To R = |O(Sq, p)| * Oiilyij, v = a. Konen mukia.
Xp+l)=Xp)u{x}.p=p+1. Uaru?2.

Iar 7. Bemox T, H(u).

IIar 8. Konerr.
20.0 20.0
452 aS2
17.5 | 17.5 1
15.0 453 15.0 aS3
12.5 1 12.5 1
5 T 5
1
10.0 . 100 4%t
7.51 751
uS7
5.0 w56 .55 5.0 56 4S5
2.5 2.5
0.0 T T T T 0.0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Puc. 1. MmocTpanust nporecca BEIOOpa CBI3aHHBIX 00BEKTOB /IS S4 10 M TIOCIE YAAISHHUS IIyMOBOTO 00BbeKTa S7
Fig. 1. lllustration of the process of selecting connected objects for S4 before and after removing the Sz noise object

[Ipomecc BEIOOpa CBSI3aHHBIX OOBEKTOB JUTSI BEIYMCIECHUS MEphl KoMITakTHOCTH (1) 10 m mocie yaaie-
HUS IIIyMOBOTO 00BEKTa IMOKa3aH Ha puc. 1.

3. BeluMcauTeIbHBIH IKCIIEPUMEHT

Jlist sxcrieprMenTa Obina B3siTa BeIOOpKa manHbix German us [9]. Beibopka npencrasiaena 1 000 06b-
eKTaMH, pa3lesieHHbIME Ha JBa kimacca Ky u Ko, Kaxkpiii 00BbeKT paccMaTpuBaeTCsl Kak KpEAUTHAS HCTOPHS
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kiueHTa Oanka. KpemuTtHas ucropusi onuckiBaercs 20 mpuU3HAKaMH, 7 W3 KOTOPHIX U3MEPSIOTCS B KOJIUYE-
CTBEHHBIX ITKanax, 13 — B HOMUHAIBHEIX. B Tabn. 1 u 2 mpejacraBieHa MOCIIEA0BATEIBHOCTh OTOOpA MPH-
3HAKOB B COOCTBEHHOE ITPOCTPAHCTBO I 00BEKTOB Sgo7 € Ky 1 Ss € Ky anroputmom u3 pasa. 2. KonuuecTBo
00BEKTOB B THIEPIIIAPE U CBA3AHHBIX MOJIYYCHO TOCIIE yIAICHUS [ITYMOBBIX 0OBEKTOB.

Tabnuma 1
OT60p NPU3HAKOB B COGCTBEHHOE MPOCTPAHCTBO 00beKTa Sgo7 € K1
KonnuecTBo 00BEKTOB
Hab6op npu3HakoB 3nauenue (1)
B TUIIEpIIape CBSI3aHHBIX
X9, X20 23 23 0,0000
X5, X9, X20 32 31 0,0443
X5, X6, X9, X20 63 58 0,0829
X5, X6, X9, X14, X20 55 54 0,0771
X5, X6, X9, X12, X14, X20 59 90 0,1286
Xs, X6, X9, X12, X14, X16, X20 49 85 0,1214
X5, X6, X9, X11, X12, X14, X16, X20 77 96 0,1371
X2, Xs, X6, X9, X11, X12, X14, X16, X20 72 91 0,1300
X2, X5, X6, X9, X11, X12, X14, X15, X16, X20 63 101 0,1443

Ha nabope Xo, X20 (cM. Tabm. 1) 3mauenwue (1) paBHo 0, Tak Kak cymecTByeT 00beKT u3 Ki, onmcanue
KOTOPOTO COBMNaAaeT (IepecekaeTcs) ¢ onucanueM Ommkakiiero k Sgo7 € Ki o0bexra u3 Ko.

Tabnuma 2
OT00p NPU3HAKOB B COGCTBEHHOE MPOCTPAHCTBO 00beKTa Sg € K2
KomnruecTBo 00bEKTOB
Habop npuznakos 3navenue (1)
B TUIIEpIIIape CBSI3aHHBIX

X8, X13 7 16 0,0000
X4, X8, X13 16 23 0,0000
X4, X8, X13, X14 16 24 0,0000
X4, X8, X13, X14, X18 18 19 0,0000
X4, X8, X11, X13, X14, X18 37 41 0,0586
X4, X5, X8, X11, X13, X14, X18 42 48 0,0686

Kak BumHO 13 Ta0JI. 1 U 2 KOJIMYECTBO CBA3aHHBIX 00BEKTOB MOXKET OBITh 0OJIbIIIE, MEHBIIIC WIIK PABHO
KOJIMUYECTBY 00beKTOB B rumepmape. CoOCTBEHHbIE HA0OPHI IPU3HAKOB JIJI1 BOCBMH CIIy4ailHO BBIOPAHHBIX

00bekToB 3 kiaccos Kiu Ko mpuBenens! B Tabi. 3.
Tabnuma 3
Pe3yanTaThl 0T00pPA NPU3HAKOB B COOCTBEHHOE MPOCTPAHCTBO BOCKMH 00heKTOB U3 KiaccoB Ki u Kz

Howmep oObekra (ki1acc) Habop npusHakoB 3nagenue (1)
310 (1) X5, X10, X11, X12, X14, X18, X20 0,0400
325 (1) X1, X5, X12 0,0871
460 (1) X1, X2, X5, X7, X8, X9, X10, X12, X13, X14, X15, X16, X18, X19, X20 0,1171
826 (1) X2, X3, X4, X5, X7, X8, X10, X11, X12, X14, X15, X16, X17, X18, X19, X20 0,0771
38 (2) X2, X4, X5, X6, X7, X16, X17 0,0167
125 (2) X1, X5, X11, X19 0,0167
707 (2) X2, X3, X5, X6, X10, X12, X14, X15, X16, X18, X19, X20 0,0300
827 (2) X1, X2, X5, X6, X8, X9, X10, X11, X12, X13, X17, X18, X20 0,0267

Kax BugHO u3 Taba. 3, CBONCTBOM COOCTBEHHOTO MPOCTPAHCTBA OOBEKTOB Kitacca K (Tmoxue KineH-
ThI) SIBJSIETCSt OTHOCUTEIBHO HHM3KOE 3HAYEHHE KOMITAKTHOCTH TIO0 OTHOUICHHUIO CBS3aHHOCTH OOBEKTOB
(cm. 3nagenue (1)) mo cpaBHeHUIO ¢ K1 (Xopoire KITUeHTHI).

Jist CpaBHHUTENBHOTO aHAM3a paccMOTpUM (OPMHUPOBaHKE COOCTBEHHOT'O TPU3HAKOBOTO MPOCTPaH-
cTBa 00BeKTOB M3 TaOin. 3 mo kputeputo u3 [10]. YcroiumBocth oObekTa Sg € Ky mo (3) Ha Habope
X(K) < X(n) BbrumcsieTcs Kak 3HaueHHEe (PyHKIIMOHAIA

_[z(i) oz ()
PO e e ) ©
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rae zy(i), Zz+(i) — 9ucI0 0OBEKTOB B {Sdl s Oy yC By, onpenensiemsix 1o (3), cooTBeTcTBEHHO U3 Ki1accoB Ky
1

u Kz« MHOXECTBO HOMyCTUMBIX 3Ha4YeHWi (6) mpunHamiexkutr uatepBany (0; 1]. YcmoBuem mis moucka
Habopa nHGOpMATUBHBIX MPU3HAKOB X(W), 1L < N, 1is Sq € K sBnsieTcs

F(Sy, X (1)) =maxmaxF(S,, X (k)). ©)

1<ks<n {X (k)}

Bri6op nepBoit mapel npusHakoB B X(2) u3 {(Xi, Xj)}ije(1,....ny mpousBoautcs no (7). IIporecc orbopa
pean3oBaH B BHJIE ITOCIIEIOBATENBHOTO (TOMAroBOro) nobaBiieHus mpu3HakoB B X(uw), pu = 2, 3,... Cymie-
CTBCHHBIM OTJIUYMEM O0TOOPa MH()OPMATUBHBIX MPU3HAKOB it Sy € Kt 1o (7) ot (1) siBisieTcst «Oe3paszinuuey
K HATMYIHIO ITyMOBBIX 00BekTOB U3 Kiacca Kat. UH(bopMaTHBHBIE HAOOPHI IPU3HAKOB, MOTy4aeMbIe MO IKC-
Tpemymy (7), IpuBeAeHBI B Ta0MI. 4.

Tabnuma 4
HNHpopmaTHBHBIE HAG0PHI NPU3HAKOB 00bEKTOB N0 KpUTepuIo (7)

Howmep o0bekTa (kmacc) HaGop npusHakon 3nauenue (7)
310 (1) X2, X5, X14 0,2238
325 (1) X1, X3, Xs 0,3819
460 (1) X1, X2, X5, X14, X16 0,3571
826 (1) X3, X5, X9, X19 0,2481
38 (2) X6, X10, X13, X16, X20 0,2090
125 (2) X1, X2, X7, X15, X20 0,2143
707 (2) X2, X4, X20 0,2338
827 (2) X1, X13, X14, X16, X20 0,3014

OTHOCHTENFHO MaJIOe pa3iuyre MeXITy OlleHKaMmHu 110 (7) U3 pa3HBIX KIaccoB (cM. Tadm. 4) oOBsACHS-
€TCsl OTCYTCTBHEM ydeTa HAJIWYHs IIYMOBBIX OOBEKTOB U HEITyCTOTO MHOXeCTBa 00bhekToB m3 Ky u Ko, omm-
CaHUs KOTOPBIX Ha ompejensieMoM Habope npusHakoB X(U) < X(n) coBmaaaror.

3akiIouyeHue

Pa3paboran meroq oTOOpa NPU3HAKOB B COOCTBEHHOE NMPOCTPAHCTBO OOBEKTa Ha OCHOBE OTHOLICHUS
CBSI3aHHOCTH OOBEKTOB 110 CHUCTEME rurnepuapoB. OTHOIIEHUE CBI3aHHOCTH NMPUMEHSETCS I BBIYUCICHUS
Mepbl KOMIIAKTHOCTH OOBEKTa OTHOCUTENIBHO CBOETO KJlacca B ONPEeNIIeMOM IOIPOCTPAHCTBE 33 JAHHOTO
MPU3HAKOBOT'O MPOCTPaHCTBA. MeToJl MOKET OBITh UCIIOJIL30BAaH JJIsl TIOUCKA CKPBITHIX 3aKOHOMEPHOCTEH
B JIaHHBIX B paMKax WHPOPMAIMOHHBIX MoJieliel n3 ciabo GopMaln30BaHHBIX MPEAMETHBIX 00IaCTEH.

JIMTEPATYPA

1. JTrox B.A. MeTo/10/10THs TOKCKA JIOTHUECKUX 3aKOHOMEPHOCTEH B MPEIMETHON 00JIACTH ¢ HEUETKON CUCTEMOJIOTHEH: Ha MpuMepe
KITMHUKO-9KCTIEPIMEHTATBHBIX NCCIEIOBAHMM © AUC. ... A-pa TexH. Hayk. CII106., 2005. 309 c.

2. Ignat’ev N.A., Mirzaev A.I. The Intelligent Health Index Calculation System // Pattern Recognition and Image Analysis. 2016.
V. 26, No. 1. P. 73-77.

3. Baropyiiko H.T'., bopucosa 1N.A., [o6anoB B.B., Kyrnenko O.A. KonnuecTBeHHass Mepa KOMIIAaKTHOCTH U CXOJCTBa B KOHKY-
peHTHOM npocTpancTse // Cnbupckuit xypHan nHAycTpranbHoi matemaruku. 2010. T. 13, Ne 1 (41). C. 59-71.

4. Ignatyev N.A. Structure Choice for Relations between Objects in Metric Classification Algorithms // Pattern Recognition and
Image Analysis. 2018. V. 28, No. 4. P. 590-597.

5. Konecnukosa C.11. Meronp! aHann3a HHGOPMATHBHOCTH PAa3HOTHIHEIX MpH3HAKOB // BecTHuk TOMCKOT0 rocyjapcTBEHHOTO yHU-
BepcUTeTa. YIPaBICHUE, BEIYUCIUTEbHAS TexHuka 1 nHpopmaTuka. 2009. Ne 1 (6). C. 69-80.

6. 3aropyiiko H.I'., Kyraenko O.A., Bopucosa 1.A., /Tro6anos B.B., Jleanos [I.A., 3sipssHoB O.A. Bri6op na}popMaTHBHBIX IpH-
3HAKOB JUIsI TUarHOCTHKY 3a00JI€BaHUIl 10 TreHeTHYeCKUM JaHHbIM // BaBuioBckuit sxypHan reHeTuku u cenekuuu. 2014, T. 18,
No. 4/2. C. 898-903.

7. AitBazsn C.A., Byxmtabep B.M., ExroxoB 1.C., Memankun JI.JI. [Ipuknagnas cratiuctuka. Kinaccuukanus u CHIXKEHHE pas-
MepHocTH. Mo. : @uHaHCH ¥ ctaThcTHKa, 1989. 607 c.

8. I'yndemnoy ., bermkuo U., Kypsmmis A. [iybokoe oOyuenue : miep. ¢ aurit. M. : IMK Ilpecc, 2018. 652 c.

9. The UCI Machine Learning Repository. URL.: http://archive.ics.uci.edu/ml/datasets (accessed: 09.04.2019).

10. UrnarseB H.A. UnnexcupoBanne 00bEKTOB 0 HHANBHAYAITEHBIM HabopaM MH(POPMAaTHBHBIX NpH3HaKkoB // Bectauk Tomckoro
roCyIapCTBEHHOT'O YHHBEPCUTETA. YTIpaBieHHe, BEIYUCIUTEIbHAs TexHuKa U nHpopmaruka. 2016. Ne 4 (37). C. 27-35.

60



Om60p NPU3HAKOB 6 cobcmeennoe npocmpancmeo 00beKma Ha ocHose Mepbl €20 KOMNAKmHocmu

Iocrynuna B pegaxuuto 17 anpens 2019 r.
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Considered using of logical regularities in the form of hyper-sphere for the selection of feature into the own space of the object
from sample Eo = {Sy, ...,Sm}. Sample divided into of disjoint subset (classes) K1 and Kz. The objects are described by means of the
set of n diverse features X(n) = (X1, ..., Xn). On the set Eo, the metric p(X, y) is given.

Let r, =p(Sy.S,)= sT»i?tp(Sd ,Sj) be the distance from Sq € K¢, t = 1, 2 to the nearest (boundary) object Su € Ka+, 7 (Kt, p) be
jeKa

the set of boundary objects of the class Kz.+. Denote by O(Sa, p) = {Si € Ki|p(Si,Sd) < rd} and Z(Sq, p) = {Si € O(Sq, p)|p(Si, S7) <rd},
S" e I'(Ks, p). The objects Sq, Su € Kt are considered to be connected if O(Su, p) N Z(Sq, p) # &. The compactness of the object Sq € Kt on
the set X(k) = X(n), k <n is calculated as
0, (X (K) =[{S; € K, |O(S;,p) N Z(Sy.p) = D}/ K-
The object Si € Ka.+ N I'(p), t =1, 2 is called noise relative to the object Sq € Kt if:
L p(84,S)= Sg&( P(Sq-S:)s

2. gil|Ky > |O(Si,p)l/|Ks4|, g; = ‘{Sj eK, is the number of objects, where Si € Kz« N 7(p) is the nearest

p(S;.S;)= min P(Si'sf)}

reKst

one.
The set X(u) = X(n), computed on Eo\{Si} as 0,(X (u)) = max 6, (X (k)) is considered informative for the object Sq¢ € K,

X (k)=X(n)
and the value of 6a(X(u)) is considered as a measure of its compactness.

To implement the algorithm of step by step selection of features into an informative set, data preprocessing is performed. The
purpose of preprocessing is to select the first pair (xi, xj) into an informative set based on the proposed criterion. The criterion is used
to search for a cluster of data with a maximum density of descriptions of objects of one with Sq class K by sets of {(xi, xj)}.

The results of the computational experiment are described according to 1 000 bank customers. Customers are divided into 700 good
and 300 bad customers. From the results of the experiment, it was concluded that the measure of compactness among good customers
is higher than that of bad ones.

Keywords: relation of connectedness of objects; object’s own space; measure of compactness.
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CTPYKTYPHO-TAPAMETPUYECKAS UWIEHTUO®UKAIIUA MOJAEJIN
TEXHOJIOTHYECKOI'O ITPOHECCA ITPU UCIIOJIb30BAHUN
POTOPHO-IIYJBbCAIIMOHHOI'O AIIITIAPATA

PaccmarpuBaeTcst 3amada CTPYKTypHO-IIApaMEeTPUYECKOi MICHTH(HUKAIMA MOJENH, OIHCHIBAIOMIEH TEXHOJIOTHYE-
CKMH IIpoliecC ¢ NPUMEHEHHEM POTOPHO-ITYJIbCALMOHHOTO anmapara. s HOCTPOSHHUsS MOJENH TEXHOJIOTHYECKOTO
nporiecca UCIoIb3yeTcsl alapar TEOPHH HENpephbIBHBIX Ipobeil. ITokazaHo, 4TO HKCIEPHUMEHTAIbHBIC JaHHbIC HPO-
1iecca annpoKCUMUPYIOTCS Pa3sTOHHON XapaKTepHCTHKOH alepuoarIecKoro 3BeHa IepBOro MopsAKa ¢ HepeMEHHBIMU
ko3 dueHTamu.

KoroueBble ciioBa: CTpyKTYpHO-TIapaMeTpHiecKas HICHTH(HKAIHS; HellpepbIBHAs Ipo0b; meperaToynas GyHKIus,
TEXHOJIOTHYECKUH MPOLecC; POTOPHO-IY/IbCALIOHHBIN ammapar.

[Ipobnema naeHTUPUKALNN MOZETIeH TUHAMUYECKUX OOBEKTOB U TEXHOJIOIMYECKUX MPOLIECCOB SIBIIS-
€TCsl O/THOHM M3 aKTyalbHBIX B COBPEMEHHON MHUPOBOH Hayke W mpakTuke [1-16]. MaremaTndeckue Momenu
HCTONB3YIOTCS IPAKTHUECKH BO BCEX OTPACIAX COBPEMEHHOM MPOMBIIUIEHHOCTH, U MIMEHHO C UX IpUMEHe-
HHUEM CBS3aHbl YCIIEXH CHCTEM aBTOMAaTH3alMHU NEHCTBYIOLIMX NMPOU3BOACTB. He sABsieTcss UCKItOUeHnEeM U
MIMBOBapEHHAasi HHIyCTPHUs, KOTOpPas 3a MOCJIEAHNE ACCATHICTHS OCYIIECTBIIIA MPUPOCT MPOU3BOACTBECHHBIX
momHocTeld. Hauano XXI B. 03HaMEHOBaHO CTPEMUTENBHBIM TEXHUYECKHM PAa3BUTHEM OTEUECTBEHHOMU IH-
BOBapEHHOM OTpaciy, HAalpaBJIeHHBIM Ha yBeJIMUYeHHE 00BEMOB MPOU3BOACTBA HMBA, PACIIMPEHUE Ero accop-
TUMEHTa W IOBBIIIEHHE KayecTBa. B MMBOBapeHHM TEXHOJOIMYECKHH MPOLECC OXMEJICHUS! MUBHOTO cycia
UrpaeT BaXXKHYIO poiib. B mporecce oxMeneHus: MpOUCXOIUT PsA TEXHOJIOTMYECKUX SIBICHUH, TAKUX KakK 3KC-
TparupoBaHHE U U30MEPU3ALs TOPbKUX BEILIECTB XMEJs, IPUAAHIE XMEJIEBOH IOpeyH, apoMaTu3amys TMBHO-
ro cycia u 1.1. [IpuMensemble B MPOMBILIIEHHOCTH CIIOCOOBI OXMEJIEHHS MMBHOTO Cyciia HE Jal0T JOCTaTOYHO
MOJTHOTO ¥ 3Q(PEKTUBHOTO BBIXOJA HKCTPAKTUBHBIX BEILECTB, ClIEU(UIECKUX KOMIOHEHTOB XMes. [1oaTo-
My B MOCJIEJHEE BpeMsl B POCCHHCKONM NMPOMBILICHHOCTH OJHUM U3 HanOoJjiee NMEepCIEeKTUBHBIX CIIOCOOO0B
WHTEHCU(HKALIMYU IPOLIECCa OXMEICHHS TMBHOTO CYCIIa SIBISETCS UCIIOJIb30BaHUE POTOPHO-ITYILCALIMOHHBIX
anmapatos (PITA) [17-22], koTopble MO3BOJIAIOT MAaKCUMATBHO U3BJIEKATh TOPHKUE BEIIECTBA M3 XMEIS.

Jiist u3yyeHns: 3aKOHOMEPHOCTEH BIHMSHUS TEXHUYECKHX M TEXHOJIOTHUECKUX XapakrepucTuk PIIA Ha
MIPOILIECC OXMEJIEHUS MMMBHOTO Cyclla MPEJCTAaBISIETCS] aKTyaJbHBIM MIPOBEIEHIE MaTEMaTHIECKOTO MOJIEIIHU-
pPOBaHMS 3TOTO TEXHOJIOTMYECKOro mporecca. [lepBble MONMBITKM MOJENIMPOBAHUS INPOLECCOB Ha BBIXOJE
PIIA ©b11u ocyIecTBIEHB HA OCHOBE PErPECCHOHHBIX MOJIENIEH TUIAHUPOBaHUS dKCIiepuMenTa [23], ogHako
JUTE UX TIOCTPOEHHUS] HEOOXOTUM OOJBIION 00BEM 3KCIIEPUMEHTAIBHBIX JAHHBIX, YTO HE BCET/a SBISETCA
MIPaKTHYECKU peain3yeMbIM. Taxke UMeeTcs psJl UCCIeTOBaHUI M0 ONPEAETICHUIO BIUSHUS THAPOMEXaHH-
YECKHMX M aKyCTHUecKuXx sBieHni B PIIA Ha xapakTepucTHKH ToirydaeMoro mpoaykra [17-19]. B paborax
[20-22] npoBoauTcs YMCICHHOE MOJICTMPOBAHUE TIPOIIECCOB PACTBOPEHUSI B JaHHBIX anmapaTax. OHako Ha
CETOAHAILITHUM JE€Hb BOMPOC MOAECTUPOBAHUS TMHAMUYECKUX mporeccoB B PITA octaeTcst OTKPBITHIM.

B cBa3m ¢ oTUM TIpeacTaBiseTCS AKTyaJbHBIM HCIIOJIb30BaHWE aANbTEPHATHBHBIX METONIOB
MOJIETTMPOBAHMS TAHHOTO TEXHOJOTHYECKOro mporecca. OIHUM U3 TaKOBBIX SBISIETCS KHOEPHETHUECKHH
nmoaxoj kK ananu3y PIIA. B pabore Ha OCHOBE aJlrOPUTMHYECKOTO arrapara HEIPEePhIBHBIX IpoOeit Oymer
paccMOTpeHa CTPYKTypHO-TIapaMeTpuieckas HISHTU(QUKAIWS, MO3BOJISIONIAsS MOCTPOUThH JUHAMHYECKYIO
MOJIETb TIOJYYEHHUS XMEJIEBOTO IKCTPAKTa B YCIOBHUSX OTCYTCTBHS anmpHOpHONW MH(MOPMAIMU U TPU MUHH-
MaJIbHOM 00bEME 3KCIEPUMEHTANIBHBIX JaHHBIX.
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1. IlocTaHoBKa 3a1a4H CTPYKTYPHO-IAPAMETPUYeCKOi HIeHTH(PUKANNT
AUHAMHYECKOTro 00beKTa

AmpHOpHAas HEOPEICIICHHOCTh M MCHSIFOIUECS YCIOBUS (DYHKIIMOHUPOBAHUS TUHAMHYECKUX OOBEK-
TOB SIBJISFOTCSI XapaKTEPHON YEPTOW HAYYHBIX MCCICIOBAHMI, YTO 3HAYMTEIHHO 3aTPYAHSCT MPUMEHCHUE
0OJIBIIIOTO KOJMYECTBA CYMIESCTBYIOIUX METONOB WaceHTU(UKauu [1-17], B KOTOPHIX BOCCTaHOBJICHUE
CTPYKTYpPBI MOJICIU SIBIISICTCS HEOYEBUIHBIM IPOIIECCOM W MPHBOAMT K TepeOopy MpOOHBIX Mojeiel Ha
OCHOBE CyOBEKTUBHOTO SKCIEPTHOTO 1MoaX0Aa. [109TOMY € 1eNbI0 IPUHSTHS HAYYHO 00OCHOBAaHHBIX TEXHU-
YECKHX PEIICHUA CTAHOBUTCS aKTYalIbHBIM HCIIONB30BAaHHE METOJOB CTPYKTYpPHO-TIAPAMETPUIECKON HIICH-
THQUKAITAN.

JIuHeiHbI TnHAMITYECKUH 00BEKT OMICHIBAETCS HEMTPEePBIBHOM nepenaTtounoi ¢pynkmuen (HIID)

m m-1 2
G(S)ZY(S)meS +b, 8" +..+bs’ +hs+h,

X(s) as"+a,,8"" +..+a,s +as+a,
r7e S — nepeMeHHas npeobpasoBanus Jlamaca [3]. M3BecTHO Takxke MonmanbHOe npenctasieHrne HIID o00b-
ekTa [3, 24]:

()

6(s)=k f1ls-?)/ T1(s-s,). @

rae K = bm/an, $1% 2% ..., Sm’ —nymu HII®, S3, S, ..., Sn — nomocsl HIID.

Hcnonb3oBaHne COBpEMEHHBIX CHUCTEM YIPaBICHUS W HOBEHIIMX WH(POPMAIMOHHBIX TEXHOJIOTUH
NPUBOAUT K HU(PPOBBIM MpoLieccaM MoaydeHHs: U 00paboTku nH(popmaluu, mo3tomy BxoaHoe X(t) 1 BbIXO.I-
Hoe Y(t) Bo3aeicTBUsI 00BEKTa MOTYT OBITh IIPEICTABICHBI Pe3y/IbTaTaMH U3MEPEHHUIT ¢ HEKOTOPHIM BPEMEH-
HbM 1marom A: X[0] = x(0A), X[1] = x(1A), x[2] = x(2A), ... y[0] = y(0A), y[1] = y(1A), y[2] = y(2A)... Torna
MOJIENb JUHAMUYECKOTO 00beKTa B IU(POBOI GOopME ¢ MCIIOIB30BaHKEM MTpeoOpa3oBanus Z = e [24] ume-
eT BUJI:

Y(z) b,z"+..+bz"+h
X(z) az"+.+az’+l’

G(z)= 3)

rne G(z) — muckperHas nepenarounas ¢yukims (JAI1P) aunamudeckoro odwekra [24, 25], X(2), Y(z) —
Z-npeoOpa3oBaHus YMCIIOBBIX MOCIIEN0BATENLHOCTEN 3HAYEHUI BXOJHOTO U BBIXOJHOIO Bo3zeicTBHi. [luc-
KPETHYIO MOJIEb 00BEKTa MOKHO MPEJICTABUTH U B (POPME KOHEYHO-PAa3HOCTHOTO YPABHEHUS

y(nAt):g;)bix[n—i]—éaiy[n—i]. (4)

Takum oOpazom, 3aadell CTPYKTypHO-TIapaMeTpUIecKoil uaeHTH()UKAIMY JUHAMUYECKOTO 00BeKTa

SIBJISIETCST TIOCTpoeHue Mojenei uaa (1)—(4) mo pesynpTaTaM U3MEPEHUN BXOJHOTO U BBIXOJHOTO BO3CH-
CTBUH C IIArOM JAUCKPETHU3aIu A.

2. CTpyKTypHO-TIapaMeTpUYecKasi WAeHTH(PUKAIUS JTHHAMHYECKOr0 00beKTa
HA OCHOBE TEOPHMH HeNpPepbIBHBIX Apolei

B nocnennue necaruiieTys annapaT HENpepbIBHBIX APoOei JOCTATOUHO aKTUBHO pa3BUBaeTcs B 00ia-
cTH (yHIAMEHTAIBHBIX UCCIEAOBaHUN WX CBOWCTB [26—28]. OmHAKO BOMPOCY KCIOIB30BAHUS HEMPEPHIB-
HBIX Ipo0ell B MPUKIIaIHBIX UCCIEIOBAHUSAX OTBOIUTCS OUYEHb MaJlasi pOJib.

Panee B aBTOpCcKUX padotax [24, 25, 29] Teopus HempephIBHBIX ApoOel Oblla YCIEHIHO UCIIOJB30-
BaHa JJIsl PELICHMs IIUPOKOTO CIEKTpa NPUKIATHBIX 3afad. TakoBBIMHM SIBISUIMNCH 33aAaddl CTPYKTYpHO-
napaMeTpruuecKor HACHTU(PHUKALNN MOJIENIeH Pa3InuHbIX JUHAMHUYECKIMX OOBEKTOB, aHAJIN3a CBOICTB M Xa-
PaKTEepUCTUK JETEPMUHUPOBAHHBIX, MEPUOJUUECKUX U CTOXACTHUECKHX IPOLIECCOB, OLEHKH PUCKA 00BEK-
TOB M CUCTEM U T.A.

Jist moctpoeHuss Mozien 00BEeKTa MOMECTUM Pe3yJbTaThl M3MEPEHUI BXOAHOTO M BBIXOJHOTO BO3-
neiicteuii B ctpoku Ne 0 u Ne 1 matpunsi-ugeatugukaropa (5):
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croibery Ne 0 cronbery Nel cronben Ne 2 cronbery Ne 3

crpoka Ne 0 x[0] x[1] x[2] x[3]

crpoka Ne 1 y[0] y[1] y[2] y[3] )
crpoka Ne 2 ay a,, 8y a3

crpoka Ne 3 Ay a,, 8y A3

OcTanbHBIC AIIEMEHTHI MATPHUIIBI-HICHTH(PUKATOPA HAXOAATCS 110 PopMyam
Ak = a1n—2,k+1/a‘rn—2,0 _a'm—l,k+1/a'm—l,0 ) (6)
aO,k = X[k]9 alyk = Y[k]: k= Oa la 29

Pacuer matpuubl-uaeHTH(HUKaTOpa IPEKpaIIaeTCs IPH TOSBICHUN CTPOKU C HYJIEBBIMHU 3JIEMEHTaMH.
HanHpiii QakT sBIsSETCS KPUTEPUEM OCTAaHOBA BBIUYMCIUTEIBHON Hpoueayphbl mo ¢gopmyie (6). DIeMeHTHI
ctonbua Ne 0 Matpuiibl (5) 00pa3yroT HENPEPhIBHYIO MpaBuibHY0 C-1po0b [24, 25], annpoKCUMHUPYOIILYIO
JAII® nuHamuyeckoro oObeKTa:

Gz)=— 0/ %0 (7)
14 3207271
a0
1+---
B cinygae y[0] =0 cTpoka Ne 1 marpuilbl cBUraeTcs Ha OJHH 3JIeMEHT BiieBo. OTpuUIlaTebHas cTe-
TICHb TIEPEMEHHOH Z ISl JTAaHHOM CTPOKM YBEIMYMBACTCS HA CIHHUILY.
3areM HempepbiBHYIO ApoOb (7) CBOpaYMBAaIOT B JAPOOHO-PALMOHAILHOE BBIPAXKCHHE, aHAIOTUYHOE
(3), v ompenensIOT ee HyJIM U TOMIOCkL. 1iist BoccTaHOBIeHHs Moienu o0bekTa B popme HIID (2) Tpebyetces
HCTIONBb30BaTh COOTHOILICHHE

1+

s=(In|z|+iargz)/A. (8)

[Ipu ycnoxxaennu oobexTa y JAI1® MOryT NOSBIATHCS JOMOTHUTENBHBIE HYJIH | TTONOCH [24, 25], KO-
Topble 0TCyTCTBYIOT B HII®. DTO OTpHLATEIbHBIC MM PABHBIC HYJIFO KOPHH YHCITHTENs U 3HaMeHaTens (7).
JlomoTHUTETbHBIE HYJIH U TTOJIFOCHI 110 opmyste (8) B S-IUTOCKOCTh He nepeBostTes [24, 25].

Hanee Haxomsat xodp¢umueHt K cormacHo TeopeMe 0 KOHEYHOM 3HA4YE€HUH [3] OCHOBHBIX CBOMCTB
Z-peoOpa3oBaHus:

limG(z)=K. 9)

z->1
IIpumep. B kayecTBe mwnmocTpauuy padoThl METOIa CTPYKTYPHO-TIapaMETPUIECKON HIeHTU(DUKALINN
paccMoTpuM anepruonndeckuit 00vekT 1-ro nopsaka. Ero HII® umeer Bup [3]:
K
G(s)=—F— (10)
Ts+1
rne T — mocrosiaHas BpemenH, K — koadduiment ycunenus. Peakius o0bekTa Ha eIMHUYHOE CTYNIEHYATOE

BO3/IEHCTBHE ONMMCHIBAETCS pasrOHHON xapaktepuctuku h(t) Buma:

h(t)= K{L—eT), (11)
3aﬂaHHM HeKOTOpBIﬁ mar InCKpeTu3anuun A ¥ 3aI0JTHUM ManI/H_IY'I/I,Z[eHTH(l)I/IKaTOp:
1 1 1
K 1_ e—A/T K 1_ e—ZA/T K 1_ e—3A/T
( ) K( ) K( ) 12)
a‘20 aZl aZZ
0 0 0

Crpoxka Ne 0 onpeznensieTcsi 3HaYEHUSIMUA BXOAHOTO €IMHIYHOTO CTYIIEHYaTOr0 BO3AEUCTBHA. DJIEMEHTHI CTPO-
ku Ne 1 — 3HaueHus pa3roHHol xapaktepuctuku (11), paccuntaHHble ¢ MIaroM JUCKpeTH3anuu A. DIeMEeHTHI
cTpoku Ne 1 CIBUHYTHI HA OJTUH CTOJIOCTI BJICBO. DJIeMEHTHI cTpoku Ne 2 paccunTasl 1o hopmyire (6):
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_ _ A-AIT —(K+1)AIT —AIT
Ay =gy 1 /80—y, /By =—€ " (L€ )/ @—e?"),
npuIeEM
—-AIT
A, =—€" .
Onementsl ctpoku Ne 3 paBHbl as = 0. [losiBieHrne CTpOKM C HYJIEBHIMH 3HAYCHUSMHU OIPEACIISET
HIID obbekra:

-1 -AITy,-1
G(Z) = . B .i = K(l_?A/T )-f ' (13)
1+a,z l-e™'z
B AII® (13) Hyneit HET, TONIOC paBeH
z=e?T
YTO MPH TIEPEXO0JIe B S-TUIOCKOCTh JaeT
S1 = ~1/T.

[locmeanawmii pe3ynpTaT coBmagaer ¢ noirocoM oowekrta (10). Torma Momens muHammgeckoro oowekTa (10)
UMeeT BUJT:

G(s)=k—r - KT
s+1/T Ts+1
Jlnst onipenesnenust koabduimenta nepeaayun KT Bocmob3yemcs popmyitoi (9) u momydum
lim G(z)=K.
z—1
JluckpeTHas MOJEIb Pa3sTOHHOM XapaKTEPUCTUKU IPUHUMAET BUL:
h[n]=e™'T-h[n-1]+K@a-e™'T)-x[n-1]. (14)

() § hln]

4
Ve

0 0,5 1 15 2 25 3 35 4 45 5 55 6 I

Puc. 1. Pasronnas xapaxrepuctuka (11) v 3HaueHHs ee quckpeTHoi Moaenu (14) (crutonHas yepHast THHUS —
rpaduK HenpepbIBHON Pa3rOHHOW XapaKTePUCTHKH, CHHHUE KBaJIpaThl — 3HAYCHHS IUCKPETHOH MO/IEIH)
Fig. 1. Overclocking characteristic (11) and values of its discrete model (14) (solid black line —
graph of continuous acceleration characteristics, blue squares-values of discrete model)

Ha puc. 1 st cpaBHUTENBHOTO aHaM3a MPUBEICHBI rpaduKy 3HAYCHUIH Pa3TOHHON XapaKTepUCTUKU
(11) u ee muckpetnoit mogenu (14) s A =1, K=2, T = 1. OueBuiHO, YTO JUCKPETHASI MOJIENb TOYHO OIle-
HUBAET 3HAYCHUS] HCTHHHOW Pa3rOHHOM XapaKTePHCTUKU 00BbEKTa M MOXKET OBITh MCITOIB30BaHA JJISI OLEHKH
COCTOSIHUSI TIpoliecca Ha BbIXoJie 00bekTa. TakuM 00pa3oM, Ha OCHOBE IH(POBBIX OTCUETOB BXOJHOTO U BbI-
XOJIHOTO BO3JICUCTBHN aneproJnYecKoro 3BeHa 1-ro MOpsjKa € HCIOJIb30BAHUEM METOAA CTPYKTYpHO-
napaMeTpUuecKoi naeHTHu(GUKAIUK ObUIHA ONPEICICHBI CTPYKTYpPa U IapaMeTpbl Mojieiu oobekTa (10).

3. CTpyKTypHO-TIapaMeTpUYecKasi WACHTH(PUKAIUS MOeTN
TEXHOJIOTHYEeCKOr0 NMpo1ecca MmoJiy4eHusi XMeJIeBoro IKCTPaKTa

Pa3paboTka MaTeMaTHYECKOW MOJIEIH, OTIMCHIBAIOIIEH TEXHOJIOTHYESCKUI TIPOIIECC MOTyIeHUsT XMelle-
BOTO PKCTpakTa Ha Beixoae PITA, sBisieTcs akTyaiabHOW 3amadeil Juisl MHBOBAPEHHBIX OTpAciiel IMPOMBIIII-
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JICHHOCTH, TIOCKOJIbKY JJaeT BO3MOXKHOCTb ONPENENINTh HEOOXOAUMBIE TEXHOJIOIHIECKHE TapaMeTphl paboThI
(TemnepaTypa, 4acTOTa BpPaLICHUS POTOPa), KOTOPHIE MO3BOMIAT MAKCUMAIBHO YIIyYIINTh MTOKA3aTeNH MO BbI-
X0y dKcTpakTa. OCylecTBUM CTPYKTYpHO-TIapaMeTPUUIECKYI0 HACHTU(PHUKALIUIO 3TOTO Mpoliecca ¢ UCTIONb-
30BaHMEM OIMCAHHOI'O BBIIIE METO/A.

Bxoanem Bo3zaelictBueM Ha PIIA siBnsieTcss KOTMUECTBEHHOE COOTHOIICHUE HEOXMEIEHHOTO cycia U
rpanynupoBaHHoro xmens F. BosneiictBue Ha Beixoge PITA — mokasatens 3¢ eKTHBHOCTH Mporecca — Co-
JepKaHue M30TYMYJIOHa B XMEJIEBOM 3KCTpakTe (B MI/i). TeXHHYECKUMHU U TEXHOJIOTHYECKUMHU ITapaMeTpa-
MU, BIMSIOIIMMH Ha IIPOLECC OXMEJIECHHUS IMBHOTO Cycila XMEJEBBIMH 3KCTPAaKTaMU, SIBJISIFOTCS TEMIIeparypa
nepepabateiBaemoii cpennl t (°C), wactora BpameHust poropa N (06/MUH) U BeIMYMHA 3a30pa MEXKIy POTO-
POM U CTaTOpPOM, H3MepsieMasi B MuyuinMeTpax. C moMoIIbio 1abopaToOpHBIX HCCIIEAOBAHUN DKCIIEPTaMU ObI-
JI0O YCTaHOBJIEHO, YTO MU BEIMYMHE 3a30pa MEXAY POTOPOM U cTatopom, paBHoil 0,3 MM, HaOmogaercs
JMYYIIUA BBIXOJ M30TYMYJIOHA B XMEJNEBOM JKcTpakte. [103TOMy mpHu mpoBeneHHH AajlbHEHIINX pacueToB
OyZeT UCIOIB30BATHCSI KIMEHHO 3TO 3HAYCHUE 3a30pa.

3adukcupyem 3HadeHus napameTpoB t = 55°C, n = 2 500 o6/MuH. DxcniepTamMul ObLTH TIPEIO0CTABICHEI
3HAYEHHUs PA3TOHHON XapaKTEPHCTHKH' 0 CONEPKAHMIO M30TYMYJIOHA, M3MEPEHHBIE ¢ maroM A = 1 MuH, B
Ka4yecTBE BXOAHOTO BO3JCHCTBHSI OBLIO B3STO MOCTOSSHHOE COOTHOLICHHE HEOXMEJIEHHOTO CYClla U TpaHyIIu-
POBaHHOTO XMeJIs, paBHOE 8 MI/1II.

PaccuntaeM MaTpuily-uaeHTUGHUKATOpP, B KOTOpol cTpoka Ne O 3aHATa 3HAYEHUSIMH BXOJHOTO BO3-
JehcTBUsA, a CTpoKa Ne 1 — 3HaueHUSIMU pa3rOHHOM XapaKTEPUCTUKU:

8 8 8 8 8
18,82 20,06 22,33 22,38 22,40
—0,065887 -0,186504 -0,189161 -0,190223
—-1,764758 -1,684464 —1,190223
1,876144  1,908832

B ctpoke Ne 1 ocyiiecTBiIeH CABHT Ha OJTUH CTOJIOEI] BIIEBO, TAK KaK 3HAUCHHUE Pa3TOHHOW XapaKTepH-
CTHKH B HaYaJIbHBIF MOMEHT BpeMeHH paBHO (. 3HaYCHHUS MOCIIEIYIONIMX CTPOK pacCUuTaHbl 1o popmyie (6).
Crpoka MaTpuiibl Ne 5 MOXKET CUUTATHCS PaBHOM HYIIO ¢ TOYHOCTHIO TIPOBEACHHBIX H3MEPEHUH.

OnemenThl cTonoma Ne 0 MOpOXkKIAI0T HEMPEPEIBHYIO IpOOh BHIA!

18,82 4

z
8
G(z)=
g 0065887z

176475827
1+1,876144z7"

CBopauuBasi TOJYYCHHYI HENPEPHIBHYIO JPOOb, MOJIyYUM APOOHO-PAIIMOHAIIEHOE BBIPAKEHHUE IS
JI1® obnvexTa

2,3525z 7% +0,2620352
G ( Z) = 1 _ o
1+0,045499z 0,123614z

B s-mmockocTh mepeBOAMTCS TONBKO oawH mmomoc — Z1 = 0,329574, momywaem S; =—1,109. Torma
T=0,9009, K = 2,836078. HII® npumet BU:

(15)

2,8361
G(s)=—F"—r—, 16
( ) 0,9009s +1 (16)

a KOHCYHO-PAa3HOCTHOC YpaBHCHUEC
h[n]=-0,045499- h[n—1]+0,123614-h[n—2]+2,3525- x[n—1]+0,262035- x[n—2]. (17)

! Jlanubie cOOpaHbI KaHAMAATOM TEXHUYECKUX HAYK, JTOIEHTOM Kaeaphl « T€XHONOTHUECKOe MPOEKTHPOBAHUE MUIIEBBIX TIPOU3-
BoJcTB2 MHCTUTYTA HHKEHEPHBIX TexHoornii Kemeposckoro rocynapcrsennoro yausepcutera E.A. CadoHOBOM.
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Ha puc. 2 npuBeneHa nuHelHHas almpoOKCUMAIUS UCXOAHBIX JaHHBIX U MOJYYCHHOH AUCKPETHOW MO-
nenu. PesynbraThl uaeHTHOUKAIMY TIPU IPYTUX 3HAYCHHUSIX TEMIEPATyp U YacTOTaxX BPALICHHS POTOPA MPH-
BeJeHbl B Ta0i. 1, 2.

hin)

25

20

15

10

1 2 3 4 5 6 7 8 n

Puc. 2. JIuneiiHas anmpoKCUMAaLUs SKCIEPHUMEHTAIbHBIX JAHHBIX U TIOJIyYCHHON AUCKPETHON MOJENH Pa3sTOHHON XapaKTePHUCTUKH
(crutonrHast yepHas JIMHUS — 3HAUSHUsI KOHEYHO-Pa3HOCTHOTO YPaBHEHUsI, cepasi JIMHUS C KBaJpaTaMy — JIMHEHHAs allpoOKCHMAIHs
9KCTICPHIMEHTAIBHBIX JaHHBIX)

Fig. 2. Linear approximation of the experimental data and the resulting discrete model of the acceleration characteristic
(solid black line — values of the finite difference equation, gray line with squares-linear approximation of the experimental data)

Tabnuma 1
3uauenus K npu pazanusbIx tu n
Hacrora Bpamienus poropa n (1 000 06/mun)
K
n=25 n=3
t1 =55 2,836078 3,388565
Temmnepatypa t, °C t2=70 3,209291 3,879953
t3=85 3,605610 4,279379
Tabnuma 2
3navyennsi T mpy pa3aIMYHBIX t U N
Hacrora Bpamenus poropa n (1000 06/muH)
T
n=25 n=3
t1=55 0,9009 0,9950
Temmnepatypa t, °C =70 0,7348 0,8292
t3=85 0,7610 0,7407

CpaBHUM pe3yJbTaThl UACHTU(DUKAIIMK MPOIIECCa OXMEJICHHS ¢ pe3ysibTaTaMH UieHTH(UKaIMK arie-
puoaryueckoro 3BeHa 1-ro mopsaka. Hamwmaune momoimHUTENnbHBIX HyNsS U nonroca 1D B momenu mporiecca
OXMEJICHHUS MO3BOJIACT CIEIATh MPEIIOI0KEHUE O TOM, YTO O0BEKT HACHTH()HUKAIIMY UMEET 00JIee CIIOKHYIO
CTPYKTYPY U HE SBJISACTCS JINHCHHBIM.

Ha ocHoBe monydeHHBIX pe3yabTaToB 3agaauM 3asucumoct K = K(t,n) u 7= T (t, n) u mamee pac-
CUMTAEM MX 3HaYEHUS C TIOMOIIHIO0 METO/1a HANMEHBIITUX KBaJPATOB:

K =—0,6886+0,0126t + 0,6986n +0,0081tn —0,0001t? ,
T =0,9340—0,0276t + 0,6461n —0,0076tn + 0,0003t>. (18)
OmunbKku MOAETUPOBAHNUS, HAlIEHHBIE C TIOMOIIBIO0 KBaAPATHYECKOTO KPUTEPHS, OKAa3aJIHCh PABHBI:
Z(Kij - K(ti »N; ))22 0,001, Z(Tij —T(ti N, ))2: 0,004
Takum oOpazom, /s 3HaueHni mapameTpos t, N (55 <t <85, 2,5 <n < 3) moxens nporecca oxmerne-
HuUA nuBHOTO cycna Ha Beixoje PIIA onuceiBaerca HIID Buna:

K(t,n)
(s):T(t,n)s+1’
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a pa3rOHHAs XapaKTEPUCTUKA — CIICIYIOIIEH (GopMyIIoi:
h(t)=K(t,n)-fL—e/TEM), (19)

rae sHauerns K(t, n) u T (t, n) maxomsres cormacuo (18).
3akiaoueHue

B pabote mokazaHo, 4TO IKCIEpUMEHTAIBHBIC TAHHBIE, OMHCHIBAIOIINE TEXHOJIOTHYECKHH IPOIIECC
OXMEJIEHUSI MUBHOTO cyciia Ha BbixoAe PIIA, ynoBIeTBOPUTENBHO aIPOKCUMUPYIOTCSI PA3rOHHOM XapakTe-
PUCTHKOW areproAMYEcKOro 3BEHa MEepPBOTO MOpsAKa, IIpHYeM HauOoIbllee COBMAJCHHE HAOIoaeTcs B
ycranoBuBiieMcs pexknme. HIID Takoro 3BeHa nMeeT mepeMeHHbIe KOA(PUIIEHTHI, a 3aBUCUMOCTh K03(-
(DMIIMEHTOB OT TeMmrepaTypbl W YacTOTHI BPAIICHHUS POTOpa MMEET KBaApaTHdHyio mpupoxay. IlomydeHHbie
mozeu (17)—(19) mo3BoIAIOT OCYIIECTBUTH BHIOOP ONTUMAIbHBIX TEXHOJIOTHYECKHX MapaMeTpoB oOpada-
THIBAEMOH CpeNbl, KOTOPBIE YIIYYIIAT MOKA3aTEN! 0 BBIXOY U30TyMYJOHA. [JOCTOMHCTBO MPEIOKEHHOTO
MTOIX0/a 3aKIF0YAeTCsl B TOM, YTO JJISi MOJEIMPOBaHUS HE TpeOyeTcs Halu4us OONBIIOro 00beMa u3Mepe-
HuH. Vcmonb30BaHne MaHHOTO MOAXO0/a ITO3BOJISIET aBTOMAaTHYECKH OIICHUTh HEM3BECTHYIO 3apaHee CTPYK-
Typy MaTeMaTHYecKOl MOeln 00BEeKTa, a TaKKe BCE €ro MapaMeTphl, YTO CYIIECTBEHHO OTJIMYAET €ro OT
CYIIECTBYIONINX aHAJIOTOB. JTO MPEUMYIIECTBO OCBOOOXIAET HMCCIEeNOBATENsT OT HEOOXOMUMOCTH TPUHH-
MaTh 3BPUCTHYECKUE PEIICHNUS, COMPSKEHHBIE C OITHOKaMHU.
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Novoseltseva M.A., Gutova S.G., Kagan E.S., Borodulin D.M. (2019) STRUCTURAL AND PARAMETRIC IDENTIFICATION
OF THE PROCESS MODEL USING A ROTARY PULSATION MACHINE. Vestnik Tomskogo gosudarstvennogo universiteta.
Upravlenie vychislitelnaja tehnika i informatika [Tomsk State University Journal of Control and Computer Science]. 49. pp. 63-72

DOI: 10.17223/19988605/49/8

The paper addresses the task of structural-parametric identification of a model describing the technological process of obtaining
hop extract at the exit of using a rotary pulsation machine (RPM). In the literature, there have been attempts to simulate the process
at the output of the RPM based on regression models of experiment planning, but their construction requires a large amount of experi-
mental data, which is associated with repeated interruption of the technological process for taking measurements. This makes it im-
possible to use a passive experiment for data acquisition. Based on equally spaced measurements of the input and output effects, it is
proposed to construct an identifier matrix. Basing on the values of its zero column, a continuous fraction is restored, which is con-
verted into a discrete transfer function. Using the inverse formula for a consistent z-transform, the zeros and poles of the continuous
transfer function (which is the final goal of the simulation) are determined. The transformation of the denominator polynomial of the
continuous transfer function leads to the determination of the time constant T, the transfer coefficient K is determined by the finite
value theorem. The constructed transfer function allows obtaining a model of any reaction of the object, including the RPM accelera-
tion characteristics.

The empirical data allowed the authors to determine that the model of the desired RPM acceleration characteristics corresponds
to the aperiodic link of the first order. However, in the discrete transfer function, obtained using the apparatus of continued fractions,
there is an additional pole and zero. This indicates the presence of a nonlinear relationship between the input process, which is the
quantitative ratio of unhopped wort and granulated hops, and the output process — the content of isohumulone in the hop extract.
Additional technological parameters are the temperature t at which the hopping process occurs and the rotor speed n. Studies have
shown that for different values of t and n, the parameters of the transfer function change.

The resulting models allow selecting the optimal technological parameters of the processed medium, which will improve the per-
formance of isohumulone output.

Keywords: structural and parametric identification; continuous fraction; transfer function; technological process; rotary pulsation
machine.
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AJAIITUBHOE 2OPEKTUBHOE OIEHUBAHUE ®YHKIIUU
B TETEPOCKEJIACTUYHOM PETPECCHUHA

Paboma evinonnena npu gunarncosoii noodepicke Poccuiickoeo nayynozo ¢onoa, epanm Ne 17-11-01049. Paboma émopoeo aémopa
yacmuuHo nodoepiicana Munucmepcmeom Hayku u evicuie2o o6pazosanus P® (cocydapcmeennoe 3adanue Ne 2.3208.2017/4.6).

W3ywaroTcss acHMITOTHYECKHE CBOMCTBA aIallTHBHOM YIIy4IIEHHOH MpoLexypbl BEIOOpa MOAENM A OLEHHBAHUS
HEU3BECTHOH (DYHKIMH B TETEPOCKENACTUYHOH peTpeccuy. Y CTaHOBIICHO, YTO MPOLELypa SBISIETCS aCHMITOTHIECKH
3¢ (EeKTHBHOH B CMBICIIE CPETHEKBAAPATUIECKOTO PUCKA, T.€. aCHMITOTHYECKUH CPeIHEKBAAPATHICCKUH PUCK MPO-
LEeAYpHI COBIIAZIAET C COOTBETCTBYIONIEH KOHCTaHTOH [InHCKepa, oOecnieunBaromell TOUHyI0 HIDKHIOIO TPAaHHUIly PHUCKa
10 BCEM BO3MOXHBIM OLIeHKaM. IIpHBoOAATCS pe3yIbTaThl YUCICHHOTO MOAEIUPOBAHHSI.

KimoueBbie c10Ba: HemapaMeTpUUeCKas reTepOCKEACTHYHAS PETPECCHS; YIyUYIIEHHOE OIICHHBAHUE; CPEIHEKBA-
paTHUYEeCKU PUCK; OPAKyIbHBIE HEPABEHCTBA; ACHMIITOTHYECKAs 3 (EKTUBHOCTD.

PaccmarpuBaeTcs 3amavya aJanTUBHOTO aCUMITOTHYECKU 3()(EKTUBHOTO OLICHMBAHUS B HEMapaMeT-
pHYECKOI IreTepOCKEeNaCTUIHON pErpECCUOHHON MOACIIH

yjzs(xj)"'cj&j,lglgna 1)
rae X; = J /N — rouxu pas6uenus cermenta [0, 1], S — HenspectHas 1-mepuoyeckas GyHKIMA, KOTOPYIO
Tpedyercst oueHuTh, (& j)K j<n — TOCIIE/IOBATEIIBHOCTD LICHTPUPOBAHHBIX HE3aBUCHMBIX OJMHAKOBO pacipe-

JACIICHHBIX CHy‘laﬁHBIX BCJIMYHUH C GHHHHHHOﬁ ,Z[PICHGpCPIefI, (Gj )JS — HEU3BCCTHLIC K03(1)(1)I/ILII/ICHTLI BOJ1a-

j<n
THJIIBHOCTH, 3aBUCAIIME OT TOUYEK X j " (byHKLII/II/I S, N — 4HUCJ1I0 Ha6JIIO,Z[eHI/II7L

I'erepockenacTuyHbIE PETPECCUOHHBIE MOJETIH IIMPOKO NMPUMEHSIOTCS B 9KOHOMETPHUYECKUX HCCIe-
JIOBaHUSIX, B YACTHOCTH TIPU aHAJIN3€ MHBECTHIIMOHHOTO MOBeAEHUsI QUPM, JUIS 33/1a4¥ OTPEOIeHHS U Ip.
[1, 2]. Taxxe perpeccronHast Mojesb Tuma (1) UCHONB3yeTCS B CTOXACTUYECKUX TU(PPEepEeHIHATbHBIX ypaB-
HEHHSX JJIsl anmnpoKcuManuu JuQ@y3uOoHHBIX TPOIECCOB C HENMPEPHIBHBIM BPEMEHEM ITyTEM MPUMEHEHUSI
MIOCJIeIOBATENBHBIX SIAEPHBIX OIEHOK [3, 4]. BaxkHoit sBnsercs 3agada Ka4eCTBEHHOW CTAaTHCTHYECKON
uIaeHTU()UKALIMK TaKUX MOJIeNeH [5].

Lenp manHON paboTHI — 0Ka3aTh CBOWCTBO aCUMOTOTHYECKOH (IIpH N —> o0 ) 3(h(HEeKTUBHOCTH YiIyd-
LICHHOW MPOLEAYpbl BHIOOpa MOJEIH, IPEIOKEHHOM aBTopaMH B [6], U1 olleHuBaHus QYHKIUU S B MOJe-
mu (1). PaccmatpuBaeTcs amganTHBHAs MOCTAHOBKA 3alayH, T.€. B YCIOBHSAX OTCYTCTBUS MH(OPMALH O
[JIQJIKOCTH HEM3BECTHOM PyHKIMU S.

[lonsaTe acuMOTOTHYECKOH A(PQPEKTHBHOCTH CBS3aHO C ONTHUMAIBHOW CKOPOCTBIO CXOAMMOCTH
MHHHMAaKCHOI'O PUCKa, T.€. BaXHBIM BOIIPOCOM B PE3YyJIbTAaTaX ONTHUMAJIBHOCTH SBISIETCS MU3yYE€HHE TOYHON
ACUMIITOTHKH MHUHUMAaKCHOTO pucka [7]. IIpoOnema acMMITOTHYECKOTO HEMapaMeTPHYECKOro OLIEHUBA-
HUSI B MOJICJIM T€TEPOCKENaCTHUHON perpeccuu n3ydainch B padortax [8—10]. ns gokas3arenbcTBa acuMi-
TOTHYECKOH 3(P(PEKTUBHOCTH MPOLEAYPHl HEOOXOIMMO MOKa3aTh, YTO €€ aCUMITOTHYECKHH KBaapaTuy-
HBI PUCK COBIIAAAET C HIDKHEH rpaHuuei, onpenensemoid konctantoi [IuHckepa [11]. B mannoii pabore
MOCTaBJICHHAs 3aJaya pelaeTcs ¢ MCIOJIb30BaHUEM I10/IX0Ja, OCHOBAaHHOI'O Ha METOJaxX BBHIOOpa MOJENH
U TOYHBIX OpaKyJbHBIX HEPABEHCTB, pa3paboTaHHbIX B cTaThsix [10, 12]. B ornnuue ot ykasaHHBIX padoT,
B CTaThe MPUMEHSETCS METOJ YJIYYIIEHHOIO aJalTHBHOIO HEMapaMeTPUYECKOro OLEHHWBAaHHS, NMPEAJIO-
JKEHHBIH B [6, 13].
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CraThsl COCTOUT U3 YEThIpeX pa3zienoB. B pa3a. 1 onuceBaeTCs MOCTpOCHKE alallTUBHON YIyUIIEHHON
MpoLeaypsl BBIOOpa MOJEIU M QOPMYITHPYETCsl TOUHOE OpaKyJIbHOE HEPaBEHCTBO AJISl CpelHEKBaApaTHye-
CKOTO pHCKa MpOoLEAypHl OolleHUBaHus. B pasn. 2 mokaspiBaeTcsi TeopeMa 00 acMMOTOTHYECKOH 3 (eKTHB-
HOCTH TIPOLEAYpHl BbIOOpa MOAENH B MHHMMAaKCHOM cMmbiciie. B pa3a. 3 u3ydaeTcs 3amada OLICHHBaHUS
Henepuoanyeckoil Gpyukuuu B mozaenu (1). B pasza. 4 npuBoasTcst pe3ynbTaTbl YUCICHHOTO MOJEITMPOBAHUSI.

1. AnanTuBHas npoueaypa Bbidopa Mmoaean. OpaxKy/jbHOe HEPABEHCTBO

Jlnst onleHWBaHUS Hew3BeCcTHOM ¢yHKimu S B Mojenu (1) mpemiaraercsi MCIOIb30BaTh CEMEHCTBO

(S;),.x YIydIICHHBIX B3BEIICHHBIX ONCHOK HAMMEHBIINX KBAAPATOB, ONPEeICHHOE B [6], T.e.
n
Sx(x)zz)“jej,nd)j(x)' (2)
j=1

IJIe BEKTOP BECOBBIX KO3(GHUUUEHTOB A =(A,...,A,) NPUHAUIOKUT HEKOTOPOMY KOHEYHOMY MHOXKECTBY

Ac[0,1]"c n>3, (¢,),c, — cHCTEMa OPTOHOPMUPOBAHHBIX TPUTOHOMeTpHUeckuX dyrkimii B L,[0,1],

d A
:Ze?n’ zyld) (XI

C, A
9. = l_é_l{lsjéd} ej,n’

n

3necy ko3bduumenr €, ~d/n, d= n®/lnn, 0<d<1, 1a — HHANKATOP MHOXXeCTBa A. 3aMeTuM, uTO

¢, > 0 mpu n—oo. B 1anHO# paboTe NCHONB3yeTCsl MHOKECTBO BECOB /A, BBEICHHOE B cTaThe [12], T.c.
A={,aecA}, A={l,..k}x{t,..t},

rae t,=iem m= [8’2] — Henas yacTh uncna € >. Cuutaem, uto mapamerpsl K >1 u 0<g <1 — QyHKImu ot

n,T.e. K=K, U €=¢g, Takue, 4TO

limk,, =0,

n—o n—>» |nn

:0,

lime, =0, limn’g, =+o0

n—oo n—o

st moboro & > 0. Hanpumep, MOKHO B34Th 11t N = 3

€, :i, K, =k ++/Inn,
Inn

rae K — Hekoropas HeoTpuuaTenbHas nmoctosiHuas. s moboro o= (B,t) € A mojaoxuM, 4TO BECOBOI BEK-

T0p A, =(A Ayn) € KOMIIOHEHTAMHU

Ao =Licica +(1-(]J /O‘)u)ﬁ)l{dqéwu}'

a2

3nece d =d(n) =[w, /Inn],

o, =@+ (k,tn)

— 2p
» Ky = (B+DER+/( ),
U © — HEKOTOpas HeOTpHULATEIbHAS TIOCTOSHHAS.
Mertoa BeIOOpa MOJIENH 3aKJIFOUaeTCsl B OIMMCAHWY MPaBHIla BEIOOpA MPOLIETYPhl U3 CeMEHCTBa OLIEHOK (2),
T.€. HY’)KHO BBIOpaTh BEKTOP BECOBBIX KO3(PUIHMEHTOB A € A B (2). [y 3TOr0 ecrecTBEHHO MUHUMH3HPO-
BaTh SMIMPHUYECKYIO KBaJPaTHUECKYIO omn61<y BUJA:

Em () =[s, -S| == 2087 (x)=S(5)° ;Me’fn—zzlx,-e}nej+||S||2-
= J=

OnHaKo MOCKOIBKY BO BTOPOM ciaraeMoM Kod(QuiueHTs 6; Hen3BecTHBI, TO MUHUMHU3ALMSA 3TOTO

BBIpQ)KEHHsI HE NMPHBOAUT K HaXOXKICHHIO K03(dunueHtoB A. HeoOXoauMMoO BEIMUYHHE 6? .0, 3ameHHTH

HEKOTOPBIMU OLICHKAMMH. B kagecTBe Takux OIEHOK npeajararoTcs

74



Aoanmuenoe s¢pghexmuenoe oyenusanue GyHKyuU 8 2emepocKedacmuiHou peepeccuu

B 1

j.n ji,nYj.n —— Gy
n

rac én — HCKOTOpasd OLCHKAa MHTET pHpOBaHHOﬁ AUCTICPpCUH LIIyMa

1g 2
G ==2.0
n4
[Tpm ocymiecTBIeHNN 3TOH 3aMEHBI B SMIMPHYIECKON OMIMOKE HYXKHO 3aIUIATHTh «mTpady. Onpenenum a-
TEXHYI0 (PYHKITHIO KaK

J,0)=>2307, —2> 1,6, +pP,(b). (3)
j=1 j=1

3neck 0<p <1 — HEKOTOPBIH MOJOKUTETBHBIN KOIDPHUIINEHT, 3aBUCSIIMN OT N U Tako#, yTo p(N) — 0 mpu

N — o0 U IMCHAJIM3AIUOHHOE CJIaracMoe
2 A

3 |>\‘ gn 2 . 2
P(y="20 A =D0A0
n =
OTmMmeTuM, 9TO B ClIydae, KOraa Mocie10BaTenbHOCTh (o i )< j<n » A3BECTHA, TO
2
)
poy=ls 'ng“ .

[Tonaras teneps

A =argminJ_(A),

reA
OImpeaciInM Npoucaypy BI>I60pa MOACIN PAaBEHCTBOM

S =5". (4)

A
3amMeTuM, 94TO A CYIIECTBYET, MOCKOJIBKY MHOXECTBO A KOHE4HO. B ciydae, Korma A He €IMHCTBEHHOE,
OepeM 1000 U3 HUX.

O6o3naunM nanee depes P, cemeiicTBo pacmpenenenuii p B R" Bexktopos (&,...,&,) B Momenn (1),

TaKUX YTO KOMIIOHEHThI §; COBMECTHO HE3aBUCHUMBI, ICHTPUPOBAHBI C CIMHUYIHOM JTUCTIEPCHEH 1

max E(g}) <1,

1<k<n

yjoBneTBopsier yciosusaM liml =oo, liml /n®=0, mns mo6oro &§>0.

n—oo n—oo

rae nocnenosaresbHocTh (1))

n>1

Jlerko BumeTh, 4TO A MFOO00TO N>1 HEHTPHPOBAHHOE T'ayCCOBCKOE paclpe/ieiicHHe B R" ¢ eguHMuHOIM
KOBapUalMOHHOW MaTpHUIIEH PUHAUIEXUT ceMencTBy P, . Jlia onenku S’ ompenenuM cieayomui podact-

HBII CpEIHEKBAAPATUIECKUI PUCK
2

R (S°,9) =sup Es o [S” —s“n, (5)

no HabmozaeHuaM (Y,,...,Y,)

rae Eg , — maremaTndeckoe OXHAaHHE OTHOCHTEIBHO pacrpeneneHus Ps

¢ (uxcupoBaHHON QyHKIMEH S M PUKCHPOBAHHBIM pactpeeNenueM p € P, ciaydaidHbIX BenmmanH (&), .,
B Mozenu (1).
3ameuanme 1. Eciiv onieHka S onpejienieHa TOJbKO B TOUKaX (X; )y <, » TO NPOJIOIKAEM €€ CTyTeHYa-

Toit pyHkuumelt Ha cermeHt [0, 1] cnemyrommmM oOpazom:
S (x) = S*(X1)1[o,x1] (x)+ ZS*(X| )L, 1 (X) s mo6oro 0<x<1.
=2

Torma puck, He 3aBuCAIINI OT pazdbuenus cermenTa [0, 1], onpenenrM paBeHCTBOM
* * 2
Q,(8",8) =supE; , |s" 5[, (6)
peP,

rre || o6osnauaer Hopmy B L,[0,1].

75



E.A. Iuenunyes, C.C. Ilepenesckuii

B pabote [6] ycTaHOBICHO, YTO OLICHKA (2) MPEBOCXOUT MO CPEIHEKBAPATUICCKONH TOYHOCTH MPO-
Heaypy BbIOOpa MOJENH, MOCTPOCHHYIO HAa OCHOBE B3BEIICHHBIX OICHOK HAWMEHBIINX KBAJAPAaTOB S, U3
[12], momydeHo BBIpaXeHHE TSI MUHUMAIBFHOTO BEIUTPHITIA B TOYHOCTH, T.€.

* 2 2
R, (5,,S)-R.(S,,S)<—;. (7)
Taxoke B pabote [6] momyueHo cieayrolee OpaKylbHOE HEPaBEHCTBO, ONPEACIISIIONIee HEACHMIITOTHYECKYIO

TOYHYIO BEPXHIOIO MPaHMILy T CPEIHEKBAAPATHICCKOTO prcka (5) mporeayphl orieHnBaHus (4).
Teopema 1. I[Tycmo nabmodenus onucevieaiomest ypasnenuem (1). Toeoa ons mob6oeo 0<p<1/3 cpeo-

nexeaopamuueckutl puck (5), npednosicennoil npoyedypwi evibopa mooenu (4) onn oyenusanus gynxkyuu S
Y008iemseopsiem ciedyiomemy OpaKyibHOMY HePaGeHCMEY .

ﬂ%n(s*,s>s11_‘2"p minR, (,8) + -, (p),

20e lim¥ (p)/n® =0 ona mobozo &> 0.

2. AcumnroTnyeckas 3¢pPeKTHBHOCTH

[ycth Cger,l(R) — MHOXecTBO 1-mepuoanueckux K pas audpdepenuupyembix R — R QyHkumii u

mycTh GyHKIH S B Mojeny (1) mpuHaIIeKUT CIeAyIoeMy COO0JIEBCKOMY IIapy:

K
k k . P
W=t e, R3O <1
i=0
rae K>1u r >0 — Heu3BeCTHbIE MAPaMETPBI.

OGo3HauMM dYepe3 X, MHOXKECTBO BCEX OIEHOK S, M3MEPUMBIX OTHOCHTEJIBLHO HAOIIONCHUH
(Yis---,Y,) - TIpenmonoxkum, 410 KOdPPHUUMEHTE! BONATHIBHOCTH (O)))s, YIOBIETBOPSIOT CIIEIYIOIINM
YCIIOBHSIM.

Ci) 6,(S)=0(X;,S) mna mexoropoii HemssectHOi ¢ymkmmu g :[0, 1] x L,[0, 1] > R,, koTopas
KBAJIPaTUYHO MHTErPUPYyEMa 110 X U TaKasi, 4TO

1 n
limsup|=>"g*(x;,8) —¢(S) =0,

«In4=

j=1

n—oo w;
rae ¢(S)= I:gz(x,S)dx. Kpowme Toro, g. = OIQXLIVUI 9%(x,S)>0 u ¢(S) <.

C2) Jns nexoroporo x [0, 1] oneparop g*(x,-) :C[0, 1] >R auddepenuupyem B cmbicie Dperte
npu m060it puxcuposannoit pynxiuu f, usz C[0, 1], T.e. ans moGoit f u3 HeKOTOpPOi okpecTHOCTH f; B
clo, 1]
gz(xl f)= gz(x, fo) + Lx,fo(f - fo) +Y(X, fo' f),

rae npousBognas nmo @peme L . :C[0,1]] > R — orpanndyeHHbIN JTMHEHHBIN OMEpaTop, a OCTATOYHBINA YJICH

X, fo

Y(x, fy, f) mns kaxmoro x €[0, 1], ynoBIeTBOpSIET CIeIyomeMy CBOHCTBY:
Y(x, f,, f

lim " ( 0 )" —

|t~ fol| ., —0 "f _ f0||00 0, "f" w:SUpOstsl| f (t)l

C;) CymiecTByeT HEKOTOpas MOJIOKHUTeNbHAsS NMocTostHHas C, Takas 4To il M060i GyHKiuu S u3
C[0,1], onepatop L, , onpenenennsiii B Cz), yJ0BIETBOPSET CleNYIOIEMY HEPABEHCTBY JIs JIF00O0H (PyHK-

mwin f w3 C[0,1]:

Ls(F)]<C(

SO 0ol +| £+ (sl ). [],= I ©pt.
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C4) Oynxumsa g,()=9(,S,) , coorBercTBYyOmas S, =0, ABIACTCS HENpepbIBHOM Ha uHTepBane [0,1].
Kpowme Toro,
limsup sup |g(x,S)—g(x,S,)| =0.

50 p<x<1|s| <5
3ameuanue 2. 3 ycnosus Ci) cnenyer, 4to QyHKIHS § paBHOMEPHO MHTETpHpyeMa Mo MepBOU Ime-
PEMEHHOI, OT/IENEHa OT HyJIs M orpanuyeHa Ha kinacce W OTAenMMOCTb OT HyJIsi pABHOCUIIEHA HEBBIPOXK-

JICHHOCTHU pachpe/ieliecHus1 HaOJII0ICHUI, a OTPaHUYEHHOCTh 03HAYaeT, YTO MHTEHCUBHOCTD IIyMa KOHEYHA.
W3 ycnosuii Cy) u C3) BBITEKAET CBOWCTBO PETYIISIPHOCTH (QYHKIIUS § 1O BTOPOii mepemenHoit. Ycnosue Ca)
obecreyrBaeT HEMPEPbIBHOCTh (YHKIMU B TOYKE So.

Hanpumep, B kadecTBe (pyHKIUH, YIAOBICTBOPSIONICH mepedrcieHHbM yeioBusiM Ci1)—Ci), MOXKHO
B3SITh MPENJIOKEHHYIO B [1]

9%(x,S) = ¢, + X +C,S%(X) +csj'82(t)dt ,
rae ¢, >0, ¢ 20 1<i<3, - HeKoTOphIic HEN3BECTHEIE HOCTOSIHHE»IG. B sToMm cirydae
o(S)=c, +0,5¢, +(c, + c3)j'82(t)dt
u npousBoHas Dpee 0
L,s(f)=25(x)f(x)+ ZTS(t) f(t)dt
0

2k
X0opoIIo U3BECTHO, YTO ONTUMalIbHasi CKOPOCTh CXOJMMOCTH paBHa N2l xorma puck Oepercs pas-

HOMepHO 110 Kiaccy W . CrpaBe iiBbI CIEIYIOIIHE ACHMITOTHYECKHE PE3YIIBTATHL.

Teopema 2. Ilycmo 0ns modeau (1) evinoanenwvt ycnosus Cz)—Ca). Toeoa pobacmuvii puck (5) ons
6cex k=1 u r >0 yooeremeopsiem credyowemy acumnmomu4eckomy HepaseHcmay:

2 %,(S,.5)

liminf n2<+ inf sup —"
n—oo SnEEn SEWrK Yk

20e v, (S) =T, (g(S)?®™M, T =((2k + D) D (k / (n(k +1)))*'®**Y — koncmanma Iunckepa.

Jloka3aTenbCTBO ATOH TEOPEMbI aHAJIOTMYHO J0Ka3aTeabcTByY Teopemsl 4.3 u3 padotsl [10].
Teopema 3. Ilycmo ons mooenu (1) evinoaneno yciosue Ci). Toeoa ons pobacmuoeo pucka (5) npoye-

>1,

oypul evibopa modeau S ecex k=1 u r >0 cnpasednueo nepasencmso

2k R (S.,S

limsup nk+ sungl. (8)
N s’ Y, (S)

Joxa3zaTtenbcTBo. JlJis 0Ka3aTenbCcTBa TEOPEMbl HEOOXOJMMO HAWTH OIEHKY M3 ceMeiicTBa (2), s
KOTOPOI BO3MOHO MOJIyYUTh aCUMIITOTHUECKYIO BEpXHIO0 rpanuLty (8). [Tonoxum
I, =min(inf{i >1:ie >T(S)},m), 7(S)=r/¢(S)
u BoiGepem a=(K,{ ) e A, e k =1 — nemssectHbIit mapamerp muoxectBa WX u f, =1 & . Onpenenum
S=S;, A=A .
SIcHO, YTO 9Ta OIEHKA MPUHAUICKUT CEMENUCTBY (2) M 3aBUCHT OT HEM3BECTHBIX mapameTpoB K, r u 7 (S),
CJIeZIOBATEIIbHO, HE MOXKET OBITh SIBHO BBIYHMCIICHA M IPUMEHSTHCS JIJISI pEIICHHS 3a7]aql OIICHUBAHHS B aJ1all-

THUBHOM ITIOCTaHOBKE. O,Z[HaKO JJI prUCKa 3TOH OLICHKH, ITPUHUMAass BO BHUMAaHHUEC HCPABCHCTBO (7) )51 TeopeMy
5.1 u3 [10], umeem
2k 3 2k 2
. 2 ) (S,S) . 2 ] (S.,9)
limsupn?+ sup #,65.5) <limsupn2+ sup ——2 - <
N> sews Yy n—seo sawf Y (S)

(9)
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Teneps, npuMeHss OpaKyJIbHOE HEPABEHCTBO M3 TeopeMbl 1 U MONYYeHHYIO BepxHIOK rpaHully (9),
MPUXOJIUM K HepaBEHCTRBY (8) mis pobacTHOrO prcka mponeaypsl (4). Teopema 3 nokazana.

CaenctBue 1. 13 Teopem 2 u 3 cnedyem, umo npoyedypa 8v100pa mooenu S;*, onpeoenennas ¢ (4),

ABNAMCA AcCUMNMomuyecku dgghexmusHoi, m.e.
2 R(S.,S)
limn?+ sup —2— =
n—o Sewk Yy (S)
3ameuanue 3. Y1BepxkaeHus Teopem 2 u 3 Takke CpaBeATIUBEI ISl pOOACTHOTO pUcKa (6), ITOCKOIb-
Ky HETPYIHO BUJETH, uTO Juist Joboro 0<38 <1 u moboit onenkn S, € X, ¢GyHkiuun S eW crnpaBeminBo

HEPaBEHCTBO

S - sH2 >(1-9)[T(S)-s[ ~-nr/n?,

roe T(f)(x)= f()ﬁ)l[o,xl](x)“Lz f (%)L, (X) . [laHHOE HEPaBEHCTBO €CTH OLCHKA IOTPEIIHOCTH OT all-
1=2

IIPOKCUMALUHU HOPMBI B L,[0,1] sMIHpHYeCKON HOPMOM.

3. OueHuBaHue HenepuoAu4ecKoii pyHKUUM

Paccmotpum 3amady oneHuBaHus Henepuoauieckoi ¢yakmum S B monenu (1). B atom ciydae Oynem
oleHUBaTh GYHKIMIO S Ha JTF0O00M BHyTpeHHeM cermente [, b] u3 [0,1], T.e. mst 0 < a < b < 1. Caenyer ot-
MCTUTD, YTO B I'PaHUYHBIX TOYKax x=0ux=1 HCO6XOI[I/IMO HCIIOJIL30BATh AACPHBIC OLICHKU, IMPCAJIOKCH-
HbIC B [14].

ITycts y:[0,1] > R", — OGeckoneuno muddepenuupyemas GyHKUUs U Takas, 4to ¥(X) = 1 mus
a<x<b u x®0)=¢®1)=0 mna Bcex k>0. Ymuoxas ypasuenue (1) Ha Qpynxuuio (-) 1 Mojgenupys
HOCNEN0BATENBHOCTE (), <, HE3ABUCUMBIX CTAH/IAPTHBIX HOPMAIBHBIX CIyYaHbIX BEJIUYMH, TIPUXOUM K
3aj1aue OLleHUBaHMs nepuoanyeckoit yHkuuu S (X) = S(X)x(X) 1o HabIOAEeHUSIM

¥, =S,(x)+6,(S)E,, 1<j<n,

rae 6,(S)= G?(S)XZ(X)-FSZ ,

: 0,05 g
MEXCRAENON
i i
n €>0 — HEKOTOPBIH JOCTATOYHO MaJbIi MapaMeTp. 3aMeTUM, YTO €CIIM MOCIIeI0BaTeIbHOCTD (cs i (S))]S_<
j<n

ymoBieTBopseT yeiaoBusaM Cq1)—Ca), TO U MOCIEI0BATENLHOCTE (6 i (S))]S,< YJOBJIETBOPSIET 3TUM YCIOBUIM
j<n

¢ dymxmmeit G(x,S)=/g%(x, S)2(x) +&? .
4. YucjaeHHoe MOACTUPOBAHUC

B 3ToM pa3zzerne npowIrocTpUpyeM TEOPETUUECKU YCTAHOBIIEHHBIE PE3yJIbTAaThl C IIOMOILBIO YUCIIEH-
HOTO MOJienpoBanus B cpere MatlLab. B xadectBe dpynkiuu S B MoJienu (1) BIOepem

S(x) = xsin(27nx) + x* (1 — X) cos(4mnx).

[ocnenosatensrocTs (&), ., — HE3aBUCUMBIE CTAHJAPTHBIE FAYCCOBCKUE CITydaiHble BETHYUHEL, KO-

1
LHUEHTHl BOJATUIBHOCTH G? =24X;+ SZ(Xj)+ J S?(tydt. [lnst BbrYMCIEHHS BECOBBIX KOI(PMUIMEHTOB
0

(Ay)yep TOTOXKUM JUIS N >3
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k=100++/Inn, ¢ =ﬁ, m=[In°n],

1

=, =100+ (Atn)®.
P ™ (A)

B Ttabnuie nmpuBeneHbl pe3yNbTaThl MOBEACHHS SMIIMPHICCKHX CPETHEKBAJIPATUYCCKUX PHCKOB TI0
N = 1 000 peanuzanusm nporueayp Bsioopa Moaenu (4).

HopMmupoBaHHbIe SMIIUPUYECKHE KBAIPATHYCCKHE PUCKH

n 1001 2001 10 001 20 001 40 001 50 001

2 R(S™,S)

2k+1 ) 4,0856 2,0009 1,0117 1,0020 1,0006 1,0002
Y

W3 tabnuipl BUOHO, YTO C POCTOM YMCIa HAOMIOACHUI N HOPMHPOBAHHBIE AIMIIUPUUYECKUE CPEIHE-
KBaJIpaTHUECKHE PUCKU CTPEMSTCS K €AMHUIIE, YTO YHCIEHHO nmoaTBepxkaaeT Cnencraue 1.

Puc. 1. I'paduxn Habmonennit (y;,...,Y,) , pyHKIHN perpeccun S u ee orenku npu n = 1 001

Fig. 1. Graphs of the observations (y,,...,y,) , regression function S and its estimate for n = 1 001

Puc. 2. I'padukn nHabmonenuit (y,,...,y,) , PyHKunu perpeccuu S u ee ouenku npu n = 10 001
Fig. 2. Graphs of the observations (y,,...,y,) , regression function S and its estimate for n = 10 001

Ha puc. 1, 2 npencrasnens! rpadpuxku HaOmoaeHuit (y,,...,Y,), UCTUHHOM (YHKIHMU PErpeccud S

(crutorrHas 6emast TMHMS) U €€ OIEHKH (4) (ITpuxXoBaHHAs Oeast JTIMHHS).
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3akiaouenne

OTMeTHM, YTO JaHHAs CTaThs SABJISACTCS MPOJOJHKCHHEM HCCIICIOBAHMM, MPEICTABICHHBIX aBTOPaAMH
B paboTe [6], ¥ 3aBepIIaeT pemeHue 3a/1a4M YIIyqIIeHHOTO aIallTHBHOTO OIICHWBAaHMUS B HEMApaMETPUIECKOH
TeTePOCKEIACTUYHON perpecCUoHHOM Mojienu (1) B CMBICIE CPEIHEKBAAPATHUCCKON TOYHOCTH. Y CTaHOBIIC-
HO, YTO TIPEIJIOKCHHAS YIy4IICHHAs TPOIeypa BEIOOpa MOJIEIH SBISIETCS aCHMITTOTHYECKH (P PEeKTHBHOM.
[IpoBeneHHbII YNCIICHHBIN aHaIM3 TOATBEPKAACT PA0OTOCIIOCOOHOCTD MPOIEAYPHI H IOCTATOYHO OBICTPYIO
CXOAMMOCTh HOPMHPOBAHHBIX PUCKOB K TOYHOW HIDKHEH TpaHUIle, omnpezaeseMoli koHcTaHTol [TuHckepa.
PesynbTathl paboThl pEKOMEH TyeTCSI IPUMEHSATh B 3a/1a4e KATHOPOBKH C IICIBIO TOBBINICHHS Ka4yecTBa CTa-
TUCTUYCCKOHN MICHTH(UKAIIHH.
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We consider the problem of adaptive asymptotically efficient estimation in a nonparametric heteroscedastic regression model
Y;=S(X)+06;§;, 1< j<n, @)
where the design points x; = j/n, S is an unknown function to be estimated, (§;),.;, is a sequence of centered independent ran-
dom variables with unit variance and (o,),.;., are unknown scale functionals depending on the design points and the regression

function S.
To estimate the unknown function S in model (1), it is proposed to use a model selection procedure based on improved weighted
least squares estimates, defined in [6].
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Denote via P, a family of distributions p in R" of the vectors (&,,...,&,) in the model (1) such that TEXE(&‘Q)S l,, where the

sequence |, is such that liml =oco, liml /n®=0, forany &> 0. For estimate S~ we define the following robust mean square risk

n—w n—o

R,(5".S) =supE | -
peP,

’
n

where Es, is the expectation with respect to the distribution P, of the observations (y,,...,y,) with the fixed function S and the

P
fixed distribution p € P, of random variables (&;),.;., in the model (1). Under some additional conditions on the volatility coeffi-
cients in the model (1), the following asymptotic equality is proved:

2 R(S-,S)

limn2k+ sup
N sewt Y, (S)

which means that the proposed model selection procedure S; for estimating the function S from the Sobolev ball er is asymptoti-

1,

cally efficient. The results of the numerical analysis confirm the efficiency of the procedure and sufficiently fast convergence of the
normalized risks to the sharp lower limit defined by the Pinsker constant vy, (S) .

Keywords: nonparametric heteroscedastic regression; improved estimation; mean square risk; oracle inequalities, asymptotic
efficiency.
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AHAJIMTUYECKOE NPEJICTABJEHHUE IOJTHOM PEAKIIAN
OJHOI'O KJIACCA ABOUYHBIX 3D-MHOI'OMEPHBIX
HEJIMHENHBIX MOJYJISAPHBIX JUHAMHUYECKUX CUCTEM

PaccMarpuBaeTcs BOIPOC MPEACTABICHUS MOJHON PEaKIMH OJHOTO Kiacca JBOMYHBIX 3D- MHOrOMEpHBIX HENHHEH-
HBIX MOAYJSPHBIX JUHAMUYECKHX CHCTEM B BHJE JBYX3HAYHOI'O aHAJIOTra IIOJIMHOMa BonbTeppsl M HaxoKaeHHE
HEU3BECTHBIX KOA()(HUIMEHTOB 3TOr0 MOJMHOMA IIPH HM3BECTHBIX BXOJHOH M BBIXOAHOI IOCIENOBATEIBHOCTSIX
paccMaTpHBaeMOil CHCTEMBI.

KuoueBble ci10Ba: 3D-MHOrOMepHbIE HETMHEHHBIC MOAYIIAPHBIC AUHAMHYECKHE CUCTEMbI; MHOTOIIapaMeTPHYECKUE
CHCTEMBI; QUKCHPOBAHHAS MAMSTh; OTPAHUYCHHAS CBSI3b; IBYX3HAUHBIH aHAJIOT MOJIMHOMA BOJIbTeppbl; HEM3BECTHBIC
K03 GHULMEHTEL; PEKYPPEHTHOE COOTHOIIICHHUE.

Mopynspasie quHamudeckue cuctembl (MJIC) [1—6] oTHOCATCS K KIaccy JUCKPETHBIX JUHAMHYECKUX
CHCTEM, B KOTOPBIX BXOJHBIE, BEIXOJHBIE MOCIEIOBATEILHOCTH U MOCIEI0BATEIHHOCTH COCTOSHUS MPUHU-
MAIOT 3HA4YEHHs U3 KOHEUHOTO I0JI W KOJIbIa (TOHATHE MOIYJISIPHON JTUHAMHUYECKOM CHUCTEMbI — CHHOHUM
TIOHATHS «KOHEYHBIE TIOC/IeA0BaTEeIbHOCTHRIE MaIMHED) [7]). MJC mupoko NpUMEHSIOTCS B BEIYUCIUTEb-
HOW TeXHHKE, CHCTEMax TUarHOCTHKH, KOJAUPOBAHUU M JEKOTUPOBAHUH TUCKPETHBIX COOOIICHUH, B KPHIITO-
rpaduu, MOACIUPOBAHUH, YIIPABJICHUH HETIPEPHIBHBIX U TUCKPETHBIX 00BEKTOB U T.1. [1, 2, 5, 6, 8—12].

MJIC nenutcs Ha OHONIapaMETPUUYECKUE I MHOTOIIapaMeTpruieckue kiacchl. OHomapaMeTpuyecKue
M/IC 3BONIOIMOHUPYIOT B TUCKPETHOM BpeMeHH. MHoronapamerpudeckue, T.e. ND-MIC »Bomonuonupy-
10T B TUCKPETHOM BpeMeHH U (N —1) -MepHOM TUCKPETHOM (KJIETOYHOM) MPOCTPAHCTBE U MOITOMY UMEIOT

0oJjiee MUPOKYIO0 BOZMOXKHOCTh MPUMEHEHHS (3/1eCh N — HATYpaJIbHOE YUCIIO U N > 2 ). M3-3a 3TOTO OHM 4a-
CTO MPHUBJICKAIOT BHUMaHUe uccienosarenei [13—16].

[locraHoBKa U pelieHre TEOPETUIECKUX W NMPUKIaAHbIX 3aaa4 s ND-MJIC ocHoBeIBaeTcs Ha ypas-
HEHUH, ONUCHIBAIOIIEM X TIOBEJIEHUE B TIPOCTPAHCTBE COCTOSHUH, MITU Ha MPEACTABICHUH WX TIOJTHON peak-
uuu. B paborax [3—6] mpuBeneHs! ypaBHEHHsS] B MPOCTPAHCTBE cocTOsHUE nuHelHbIx ND-MJIC B o6miem
Buze. B cnydae Henmuueitnpix ND-M/IC nenecooOpa3HO MONMYyYUTh YpaBHEHHS B HPOCTPAHCTBE COCTOSIHUN
WJIM TIPEJICTaBJICHNH TIOJTHON peakluy MPH KOHKPETHBIX 3HAUYEHUX N.

K HacTosmemy BpeMeHU /sl ONUCAHUS MOJHOW PEaKIMH OJTHOTIAPAMETPHUIECKHUX U JABYXIapaMeTpH-
yeckux HennHeWHbXx MJIC mony4eHo npeacTaBieHne B BUIE IBYX3HAYHOI'O aHAIOTa IMOJIMHOMA BonbsTepphl
[5, 6, 17]. Otmetum, yto M/IC co ckansipHBIMU BXOAHBIMU U BBIXOAHBIMU mocienoBareiabHocTsiMu 1 MJIC
C BEKTOPHBIMU BXOJHBIMH U BBIXOJIHBIMH MTOCJIEIOBATEIFHOCTSIMHU UMEIOT Pa3HbIe MPECTaBICHUSI.

B pa6orax [5, 13] apouunsie 2D-nenuneiinsie MAC (2D-HMJIC), 3ananHbie B BUE IBYX3HAYHBIX
aHAJIOTOB TOJMHOMa BombTepphl, MPUMEHEHBI NPU MOJIETMPOBAHUN HEKOTOPHIX JABYXIIapaMeTPUUYECKHUX
00BEKTOB C paclipe/ielieHHbBIMU TapaMeTpaMi. Bo MHOTHX oTpacisx (HedTera3osasi, HeTeXHMUYECKas,
JHepreTHyecKas M T.[.) OOBEKTHI yIpaBiIeHHWS MMEIOT Oojee OByX mapaMmeTpoB. s mx MonaenupoBaHWs
Tpedyercs npumenenne ND-HM/JIC, rae n>3. B pabote [7] momydeHO MpeAcTaBICHUE MOTHON pPEeakIUu
3D-HMJIC B Buae ABYX3HAYHOTO aHAJIOra MOJMHOMAa BoNbTepphl, e BXOAHBIE M BHIXOJHBIC MOCIIEA0BA-
TeabHOCTH cyTh ckasipabie. A 3D-HMJIC ¢ BEeKTOpHBIMH, T.€. MHOTOMEPHBIMH, BXOJHBIMU M BBIXOJHBIMHU
MIOCJIEZI0BATENBHOCTSIMA K HAacTOSAIIEMY BPEMEHHU HE HccieloBaHbl. HECOMHEHHBIN MHTEpeC MpEACTaBIsaeT
UCCJIeJOBAaHUE Pa3IMYHbIX 3a/1a4 TEOPUH U NPHIIOKeHHe KiaccoB MHoromepusix 3D-HMJIC (3D-MHM/IC).
[losTOoMy B naHHOI paboTe paccMaTpUBAETCs BONPOC BBIBOJAA (DOPMYJIBI aHATUTHYECKOTO MPEACTaBICHUS
nostHOM peakiu 3D-MHMJIC, 3a1aHHBIX BXOIHO-BBIXOHBIMH COOTHOIIICHUSIMH.
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1. ITocTanoBKAa 3aga4un

Paccmorpum 3D-MHM/JIC ¢ ¢uxcupoBaHHOI HaMATbIO N, ¥ OrpaHUYEHHON CBA3bl0 P =P, xP,,
MOJTHAS PEaKIsl KOTOPBIX XapaKTepU3yeTcs CISAYIOMUM (DyHKIIMOHATBHBIM COOTHOIICHHEM:

y[n,c]=G{u[z,c+ p]jn—n;<t<n, peP} (1)

3pecs neZ,, c=(c,c,), ¢ e€Z, i=1,2, p=(p,p,)eP=PxP,, PcZ,i=12, e Z u Z, ects

MHOKECTBO LIEJIBIX M HEOTPHILATENIbHBIX LIe/IbIX Yrcen cooTBeTcTBerHHO; Y[N,c]le GF*(2) u u[n,c]e GF'(2) —
BBIXO/IHAs ¥ BXoaHas nocnenosarensHoct 3D-MHM/C, Gf...} = (Gl{...}, -G L} )T , GF(2) — xoneunoe

none, a GF*(2) u GF "(2) ects k u r-MepHble THHeitHBIE TIpocTpaHCcTBa Hax noneM GF(2) . Bripakenue

P, x P, cyTp nekapToBOro IpoM3BECHNSA MHOKECTBA P, 1 P, .

IIycts P ={p;@,....p; (1)}, pi@®<..<pi(r), p(j)e{..-101...}, ] ::L_ri, i=1,2, u, Kpome TOrO,
p;(Q) u p,(r) xoHeuHsie uenbie yncina (i =ZL_2) . Torna coornomrenue (1) MOXHO 3anucarth B BUIE:
y,[n.c.c,1=GAu;[t,c +p,.C, +p,ln—ny<t<n, p,eR,p,eP, j=1...r}, v=1..k. @)

3amaya aHamUTHYECKOTO NpeAcTaBnenns noiHoi peakmun 3D-MHMJC (1) nim (2) cocTouT B mipe-
craBneHnn orodpaxenne G{...}B Buje IBYX3HAYHOTrO aHaliora MOJMHOMA BONBTEpphl 1 ONpeaeeHUH He-

N3BCCTHBIX KOBq)(pI/I]_II/IeHTOB 3TOTO0 ITOJIMHOMA HpI/I N3BCCTHBIX BXOZ[HOFI 58 BBIXOHHOﬁ IIOCJICIOBATCIIBHOCTAX
3D-MHMJIC.

2. [TornHOMHUANBLHOE COOTHOLIIEHHUE /ISl TPeacTaBJIeHus1 moTHoi peakuuu 3D-MHMIC

B (1) nns xaxnoit ve{l,...,k} orobpaxenue G {...} MoxHo 3amucath B Bune ¢yHkiumii f , 3aBucs-

mux ot (N, +1)r-r, apryMeHToB, ¥ 3T apryMEeHTHI CYTh JIEMEHTHI MHOXKECTBA
U={y[t.c+p©)In-n<t<n, jefl,...r}, oefl,....r,}}. (3)
3nmecy I = |P| =rr,,a p(c) ecTh o -if 3JeMeHT MHOXecTBa P .

B xaxnoit Touke (n,C) MomymsipHyto ¢yHkuuro f (...) MOXHO MpeacTaBUTH B BUAE NMOIMHOMA HaJ
KOHE4HBIM 1ojieM GF(2) ¢ moMoIpio Mpou3BeICHUS IEMEHTOB MHOKeCTBa U B pa3inMyHBIX BO3ZMOMKHBIX
KOMOHMHAIMAX. B BO3MOKHBIX pa3HBIX KOMOMHAIMSAX MPOHM3BEACHHUN 3JIeMEeHTOB M3 U YHCI0 MHOKHUTENEH
(cTenenb) MoXKeT OBITH OT HyJd 10 (N, +1)Ir, ¥ KOIMYECTBO TAKUX MPOU3BEICHHUMN CYTh 200D Kascnoe
TaKoe Mpou3BeaeHne nMeet kodduimentst u3 nmonst GF(2) .

Bri6epem npoussonbHoe i €4{0,...,(N, +1)rr,} 1 paccMOTpUM NPOU3BEAEHUS AIEMEHTOB U3 (3) B pas-
JMYHBIX KOMOHMHALMSX, KOJNMYECTBO MHOXHTEIEH KOTOphIX paBHa I. IlycTh B MPOW3BOJIBHO BBIOPAHHOM
nponssenennn Juis kKakabix j €{l...r} n p(c) eP u3 muoxectsa U,  ={u;[, c+ p(e)]|£=01,....,n,}
YYacCTBYIOT MHOXHTENH, YHCIO KOTOPBIX CyTh M; . Torgma N0MKHO OBITH YIOBIETBOPEHO PABEHCTBO

My +e My, +o+m +..4+m =i Ilycrs

D) ={M = (M, 1,y o, )My €400 +3, =11, 0=11, M+ +m, +oem =i} (4)

QG M) ={¢|¢ fl,..r}u m,; +..4m, . #0}, Qi,M, j)={o;[o; efL....yu m; =0}, (5)
Jlns xaxaoro Hadbopa M e ®(i) mpousBeleHUE CO CTENEHBIO | B 00LIEM BHJE MOXKHO 3aricaTh Clie-

TYIOTIIIIM 00pa3oMm:

ﬁ u;[n—-1(j,5;.§;, ).c+p(s;)l - (6)

QM) oyeQm i) g =L
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®uxcupyeM i€40,...,(ny +Dr-r,} u Med(i). dna seex (j,0;), rne jeQ(i,m), o;e{l,...,r}, BBenem
0003HaveHNUS

Fl(mjvcj):{?mj :('c(j,cj,1),...,1:(j,c5j,mj’cj))|0£r(j,cj,l)<...<r(j,cj,mj’gj)£no}. @)
Hpu i€{0,...,(ny +Dr-r,} u Med(i) aa eex (j,0;), rae jeQ(i,m), o; €{l,...,r,}, obpasyem u3 Bek-

TOPOB T, 6104HbI BEKTOP T . MHOXKeCTBO BCeX GJI0YHBIX BEKTOPOB (Habopos) T obozHauum I'(i,M):
rim= [T Tum). (8)
jeQ(im)

OueBuano, Kaxaomy tel(i,M) cooTBercTByeT mpousseneHue Bujaa (6). Takum oOpa3oM, cIpaBelInBa
Cclieytomias Teopema:

Teopema 1. [Tycts nmeroT Mecto cootHomeHus (4)—(8). Toraa monnas peakuus 3D-MHM/IC ¢ duk-
CHPOBaHHON NaMATBIO N, M OrpaHMYEHHOH cBs3bl0 P =P, x P,, xapaktepusyromasics cootHomenueM (1),
MOKET OBITh MpEICTaBICHa B BUE ABY3HAUYHOI'O aHaJora nojuHoMa Bonbrepps:

m.
(ng+1)rip boj

y[n.cl=K,, + > 2 Koo IT  IT  ITuln-t(io;8;,,).c+plopl,

i= me® (i) Tel (i,m) jeQ(i,m)  o;eQ(i,m,j) é—iyﬁj=l (9)
GF(2), v=1...,k.
3neck K, K, .[T]- xoadpduumentsr sroro nomuoma, rae tel'(i,Mm), Med(i), iefL..,(n, +)rr},

vedl... k}.

Teneps paccMOTpUM MOCTPOEHHE MOJIMHOMUAIBLHOTO IPEACTAaBICHHA A (YHKIMOHAIBHOTO COOT-

i,v,m

Homenust (2). [ xaxmoro ved{l... k} orobpaxenue G {...} MOXHO HpeICTaBUTh B BHUAE MOMYIAPHON
¢Gyskuuii f 0T apryMeHTOB M3 MHOXKECTBA
U={ulo.c+p.c,+pln-n<o<n, lefl..r}peP,p,eh }
®dynxmm f, ve{l,...,k} MoxHO mpencraBuTh B BuAe MoianHOMa Haj moieM GF(2) ¢ momomibio

Hpou3BeIeHHs d1eMeHTOB U B pa3sHbIX KOMOMHALMSX, B KOTOPBHIX KOJMYECTBO MHOXKHTEJEH (CTENeHb cia-
raemoit) moxer ObITh 0T 0 10 (N, +1)rrr, .

Iycte ied{l...,(n, +Drnr,}. PaccMoTpuM Te Npou3BENeHUs 2JEMEHTOB U3 MHOXecTBa U B pasHBIX
KOMOHHAIIMAX, KOTOPBIX CTENEeHb paBHa i . [lycTh B POU3BOJIBHO BHIOPAHHOM MPOM3BEIACHUH VISl KAXKIOTO
¢ efl,...,r} w3 muoxecrea U, ={u,[n—§, ¢, + p,(a),C, + p,(B)IJ0<E<n,, 1<a<r, 1<B<r,} yuactsyor
MHOXKHTEIH KOJIMYECTBOM Tm,, TAe M, +..+M, =i. ScHo, uro st HekoTopeix [ e{l,...r} Moxer ObITh

n, =0. Beeaem obosnauenune: N =(1,,..,Mn,). [lycts
A ={n=0gm)| g+, =i, €01 (g +Drn}a=1r}, (10)
QM) ={¢ |je{L...,r} n mn,#0; 1, ecTb KOMIOHEHT BeKTOpa T}, (1)

h 0

YYm,p=n, .M, €00+ a=1r,B=1r,}  (12)
a=1p=1

D, (m) :{mt; = (mt;,l,ll"'i m/,rl,rz)
Q,(n,,m,) ={(oc,[3)| m, ,p €CTb KOMIIOHeHTa M, mu m, ., #0, a =1,_r1, B =1,_rz} . (13)
C oMU 0003HAYEHUSIMH, PACCMOTPEHHOE TIPOU3BEICHNE MOXKHO 3alKCaTh B BUJIE:

H H I_OIB u[n—(a,,B,,0), ¢ + pi(a,).C, + P, (Bt)] : a4

eQ(m) (o ,B,)eQ; (n,,m,) c=1

Brenewm criemyroriyie MHOXECTBA!

om= [ @ Mm) e@m=[] QMm.m), mM=(m,.m), (15)

£eQy (M) £eQy (M)
Lyop (M) =Ly = (0, (@Bt (@ Bim, )OS T, (@B D) <<, (@B, ) <N (16)
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Hns Beex (o,B) €Q,(n,,M,) obpasyem u3 BEKTOPOB T, ,, OJOYHBIA BEKTOp T. MHOXecTBO Bcex

6JIOUHBIX BEKTOPOB (HaGOpoB) T 06o3HauuM uepes I, (;7,,M,):

r, (n/ ) m/) = H Fﬁ,a,ﬁ (mﬁ,a,ﬁ)- (17)
(a,p)eQ; (n»M;)
ITycts
Ir(n,m)= H r/(nl;’mr:) . (18)
(eQo (M)

DreMeHTHl MHOKecTBa I'(T),M) o6o3Hauum yepe3 7. SlcHo, uto kaxmomy t €I'(i,M) cooTBeTcTBYET TMpO-

m3Benenue Buna (13). Mcmonssys (10)—(18) moxem 3ammcaTs:
(ng+1)rnr,

y.[n.c.c]= Ko + Z Z Z z Ki,v,ﬁ,rﬁ[%] x

i=1 NeA(i) med(n)  Tel(7,m)
My By -
< [T Il [T uwln-v(,.B. o) ¢ +p(a,).c,+ p(B)].GF(2), v=1Kk. (19)
eQy(m) (o ,B,)eQ,(m,,M,) c=1

Hycts iefl,...,mn(ng +D}, neA(), (eQ @), M, e®,(7,), A(M,) =(M, ), a=Lr, p=Lr,.
Vnanss Hynesble CTONOLBI U CTPOKK MaTpuubl A, (M,), noctpouM MaTtpuuy B, (M,) . [as Bcex aneMeHToB
MHOecTBa @, (T),) BbIIICYKa3aHHBIM ITyTeM IOCTPOUM COOTBETCTBYIOILYI0 MaTpully B(M,) . 13 anemenros
MHOXecTBa @, (1),) MOCTPOUM CHELHAIbHbIE MTOJMHOXKECTBA CIEAYIOUIMM 00pa3oM: 1) mo00i 371eMeHT U3
MHOXecTBa @D, (T1),) BXOIUT B OJHO M TOJBKO B OHO CHELHATBHOE MOAMHOXKECTBO; 2) €CIH VISl DJIEMEHTOB
m, u M, u3 MmHOxectBa ®,(1,), cooTBeTcTBYIomMe MaTpuusl B(M)) n B(M,) cosmagatot, Torma oba
3NIEMEHTa BXOJAT B OJIHO U TO K€ CIIeNHaIbHOE MOAMHOXkecTBO. O603HaunM uepe3 A(7,) KOIMUYECTBO CIIe-
IUAJIbHBIX MOJAMHOXECTB MHOectBa @,(1,). i,-€ cHeuuanbHOe MOJMHOXECTBO O0O3HAUUM Yepes
@) (n,,i,). Paccmorpum kakoe-nmn6o nogmuoxkectso D) (n,,i,) MHO)ecTBa @, (n,). [lycTs 3TOMY MOAMHO-

’KECTBY COOTBETCTBYeT Marpuna B pasmeproctsio v, (f)xy,(() :

B=(m.;) a=Ly,({), B=Lv,(0).

Torna snemenTsl MHOXecTBa D) (1,,i,) MOXKHO IPEJICTABUTh B CIECAYIONIEM BHJIE

My, 00 = m;,ﬁ’ a=Ly,(0), B=Ly,(), m,, =0, (&,7) &{h: J2»-+er jzl}x{ulvuzv-w“zz}-

Kaxmoir mape  (j(0),[(¢)) coorBerctByer osmemeHT u3 MHoxkectBa @' (n,,i,). 3neckh

IO =(0(Dsdyy iy (0) 1 7O = (1(0),7, (0)  sBISHOTCSH HAGOpaMH COOTBETCTBEHHO B L, (v,(()) m
L., (v, (), e
L2 (v (0) ={T () = (32 (0, T 0y (D)) \1S L) <<y st}
L, o (v, () ={B(0) = (1 (0,1, (D) \1S (0 <..<p, () s} (20)

Baejiem crienyroiiee 0003HaYCHHE

118 7v2(4)
Fl‘ (T]/) = {(’Yl(f)! YZ(f)v ml)‘ mf, = (m/',l,l’ ) mf,,l,YZ(/‘)""! m/,yl(/),yz(/‘))v mr,,a,ﬁ ="M, ;
o=l p=l
M, o5 €{0,...ng + L a=1y,(0), B=1Lv,(0); (Vaefl,..,(OPEBeL...v,(O}) = (M, .5 #0); 1)
(VBefl ..V, (ONEael..r,(ON = (M, ., #0); v,(O)efl...r.}, 0= 1_2}
Q M, 7. (0),y,(0),m,) ={(ct,B) |m(‘,a,ﬁ €CTh KOMIIOHEHTa M, u M, , 4 =0, a=1y,(0),B=1y,(0)},
FMm)= H F(n), L= H L.(r(), L= H L,,(v.(0), (22)

(eQy (1) 1eQy (M) eQy (M)
L=0@ (M), 7= 0@ 12(M), F=(G@),J00), E= GO, R(), T = (MW,
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SlcHo, uTO SnMeMeHTH MHOXecTBa F(T) cyTb Habop B Bume (y.,v,,M) u (y,,Y,,M)=

= (2 (1) v (1), m, )ses (12 (CR) 2 (LR), M, ), te R :|Q0 (ﬁ)|, a /..l g CyTb HOMEpa HEHYJIECBbIX KOMIIO-

HeHToB M e A(i). Kaxnomy (y,(¢),y,(¢),Mm,) e F,(n,) COOTBETCTBYeT OJHO CIELMAIbHOE MOJMHOKECTBO

muoxkectsa @, (n,). Hostomy A(m,)=|F,(m,)| u [F@)|= [ *.™M,).
1eQy (M)

Hpn 7, eF[”aYB(m(‘%B), (o,B)eQ/(M,, v, (0),y,(0),m,), a=Ly,(¢), B=1y,(f), MmHOXKECTBO BCcex

GJI04HBIX BEKTOPOB (HabopoB) T, oGosnauum uepe3 I, (v,(£),y,(¢),m,). Iycts

L(v, 72 m) = H L, (v (0),v,(0),m,) (23)
eQ (M)

¥ HneMeHTH MEHOXKecTBa 1'(y;,7,,M) 0603HAUYMM yepes T .
Teopema 2. Ilycts umeroT Mecto cootHomeHus (10)—(18) u (20)—(23). Torna momnas peaxmus 3D-
MHM/IC ¢ dukcupoBaHHOH NaMATBIO N, U OrpaHUYEHHOM cBsA3bt0 P = P, x P,, XxapakTepusyommascs cooTHO-

menueM (2), MOXKeT OBITh TIPE/ICTaBIIeHa B BHJIE CIEAYIOIIETO IBYX3HAYHOTO aHajIora mojmHoMa BombsTeppsr:

(ng+1)rer,

ALEYSEUEES JD D NI D M ST A R

i=1 AeA()  (ureMeF®@ (TRelxl, Tel(1.7,.M)
mz,ou,p, -
<11 I1 [T uln-ta,.B,.0).c+ P, (O).c, + (s (D], GF(2), v=1k.(24)

eQ(m) (o ,Br)eQi (M, 1 (£)v2(£),M,) o=1

3. HaxoskaeHne HeM3BeCTHBIX KO3 (PHUNEHTOB NOJTUHOMHAJIBHBIX NPeICTABICHUI
1Jist nostHo# peaxkuun 3D-MHMIC

[lycTh npy 3a/@HHBIX 3HAYEHHAX BXOHOH mocnepoBarenbHoctu U;[y,c+pl, n—n,<y<n, peP,

J=1r, u3BecTHBI 3HAYEHHs BBIXOJHOM MocienoBarebHOCTH. Haiimem B mosmHoMme (9) xoadduimeHTs!

Koy KivnlMm], v =1,k , st Beex n,er(i,m), med(i), iefl...,(n, +1)rr,} cooTBETCTBYIOIINE U3BECT-

i,v,m
HBIM BXOHHOﬁ u BBIXOHHOﬁ IIOCIIEA0BATCIIBHOCTSAM.

Dr-
20D Yyeno BeeBO3MOKHBIX

Uucno HensBecTHHIX K03 dumreHnToB B monmuHOME (9) cocTaBiseT
pasmuHbIX HabopoB 3mavennit U[y,c+p], n—n,<y<n, peP, j=1r, Takke paBHo 2o Do Yy
ThIBasg B TMpaBoil dYacTu mnoauHOMa (9) BCEBO3MOXKHBIE pa3IUYHbIE HAOOpHI 3HAYeHUH U j[y,CJr p],
n—n,<y<n, peP, j=L1r, Moxuo nonyuuts cucremy Han GF(2) mz 200" jmmeitnpix anreGpaude-
ckux ypasuenuii ¢ 20" yeyspectHpIMU. Kod)dHUIMEHTHI HEH3BECTHEIX B 9TOI CHCTEMe 00pa3yroTCs U3

NPOM3BE/ICHNI M3BECTHBIX 3HadeHuit U;[y,c+p], n—n,<y<n, peP, j=1r. fcHo, uro sr1a cucrema

MMeeT eANHCTBeHHOe pemreHne. CTpyKTypa MOIydeHHOW CHCTEMBI allre0panyecKuX YpaBHEHUH TaKoBa, YTO
IJIA €€ peIHeHI/Iﬂ MOXHO HOCTpOI/ITB peKyppeHTHLIe COOTHOLIICHMNS.
ScHo, uro s kaxaoro K e{l,...,r}
y.[n,c]=f, (u[nc+ p@]...u[n—n,c+ p@]....u,[n—ny,c+ p(r)].....u.[n—ny,c+ p(r,)]) .
U3 (9) BugnO, uTO
Ko, = f,(0,...,0,..,0,..,0) . (25)

Tlonoxum

X ={u;[n—1,¢c+ p(0)]|t=0,...ny; 5=1,....1p; j=1,...,r}. (26)
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[ycrs uj[n—1,c+p(c)]=1, a ocranbuble mepemenHble W3 X NpUHAMAOT 3Havenus 0, rae
1€{0,...,n.}, oefl...r} je{l...r}. B stom cimydae oGoszHauum 3Hauenue ¢yHkumm f (...) uepes
f,(U;[n—7,c+ p(c)]=1) . VunrsiBas 3Hauenns nepeMeHHbIX MHOXKeCTBa X , U3 (9) mosny4aem

Kivg o (@] =Ko, + £, (Uj[n—1.c+ p(c)]=1), GF(2), (27)
rae 3aeck uepes (1; ) oGosnauen snement M e (1), B kotopom M, ; =1, a oCTANIbHBIE KOMIIOHEHTBI STOIO
aneMeHTa cyTh 0.

Hyers  u; [n-7,,.,C+p(o,,)]=1, &zl,f—m, oc=].,_9x , A=lg, rme i e{L....r}
O €Ll T4 €{0,-;ny}, @ oCTanNBHBIE NEpeMenHbIE M3 MHOMKECTBA X NPHHUMAIOT 3Ha4eHus 0.
Ipu osrom wepes f (u; [n—1,,..C+p(c,,)] =1‘E_, ZJva a=16,, A=1g) obo3HaueHO 3HaueHHe
¢bynkuun f (...). BBenem o60o3HadeHus:
0=(0110),  L=((Lygrn Lug )Lyl ) s S=Lyg bt lyg Foot Lyy 4ot Ly . (28)
Torma momuHOM, 00pa30BaHHBINA U3 AIEMEHTOB MHOXKECTBA
{u; [n-7, ,..c+ p(o, e =17, ,, a=106,, 1=1g}
MO’KHO 3aITHCaTh CIIEIYIOIINM BHJIE:
fu; N7, ,.C+ P(o, )] =1e =17, ,, a=10,, x=1g)=

S X Bpru

SUTEO IR YD SERUNIL ) B SRS S N

__ - To Pyl
o=l (u7.B.p)eR (»,9,0,7) TeQ

all
Il

B
GF(2),v=1..,Kk,
riae Au B ecth criemyroniie HaOOPHI:

A= ((BXPG eByo )RS (C B ), (30)
75 Pty 1Oy Py,
B=((t o T e (T yens ey
Pud T pggan Prad Mooy 1By g 1 Premyy Moy nyy 1 Pramyy Tt ey Priog gy (31)
Py, VT 177 Tp. VT 8 ))
R T TR Tty Py g P
m My n M PPy

B (29) muoxectBa F, (o, g,@,?) uQ (?) €CTh CJIEJIYIOIINE MHOYKECTBA!

wiB.p

F(@9,0, )={(waBpL<n<g A=(n,,..m,) 1311% <0, , %= ) €VL(Q),

B = (Bxl""'Bxp)’ Bxu :(anvpml""’meph,nx ) 1<Bxu Pry o xu Pyy.a Uzl’“' azl’nxu’
My,
[_):(57(1"""—)%“)’ 5X1) :(pxml""’px‘),nx\ ) (6 ) L= 1 “” ZZBX\ Py = 7 (32)
v=l a=1
: My
WTBP ()= HH Yoo p,ua xu pyua) (33)
rue
V(@) =0t = Ot 1)L 20 < <2, < O3 (34)
N, 0,) =15, = (01090, 1P < <P, <0, T, (35)
Xu’px"' ( Yo pxU ) {_XU pxU ( Lo pxu 1 ,nxu'pXUva'BXvaXu,a ) 1S Tcxl)'pXu,fl'l < (36)
W<

</ .
XU'pXuv“'ﬁXvaxu,a X\)vpxu,oc}

ﬂCHO 4TO B HpaBOﬁ qacTu (bOpMYJ'H:I cjlaraéMoe, COOTBECTCTBYIOIICC CTCTICHU S umeer KOB(l)(l)HLII/ICHT

KSV((’11 ----- 1,00 ) (lg 1 ge))[((rlll’ 111’11) ’(leelyl""’rl:el:’l‘el)’""(Tgveg’l""”cgyeg”g,eg)].
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Hosromy u3-3a u; [n—1, ,.,C+ p(o; ,)]=1,6=11(, ocsz_Gx , A =1,0, u3 popmyil (29) moTyIHM

KSV((’M vvvvv £1,69 (g1l 0q ))[((Tlll’ 111’11) ’(le%xl""’rlv%[l,el)""’(‘ngegyl""’rgyeg:’g,eg)]:

= f,(u, =7, ,..c+ (o, J=1e=17,, a=10)+ K, +5 > K, A[B]x

w=1 a7 = _ (7
(.7.B.P)eF2 (,9.0,7) meQ s55(

-

b Ny Prega

111 H X(jy 1Oy p 1Ty . )GF@)v=lk (37)

%0 Py 0
v=1l a=1 &=1

Takum 0Opa3oM, moTydaeM A0Ka3aTeIhCTBA CIEIYIOIIEH JIEMMBI:

Jlemma 1. Ilyers u; [n-v, ,..C+p(o; )]=1, &z]TM, oczl,_ek, A=1g, rae i, efy...r},
G, €.} Thot €{0,...,n,}, a ocranpHele NepeMEHHbIE U3 MHOKeCTBa X NPUHUMAIOT 3HadeHus 0.
Hpu srom wepes f (u; [n—1,,.,C+p(o,,)] =1‘§ =l€_w, o =l_6x, A=10) 06O3HAYCHO 3HAUCHHE
¢yuxmun f (...). I[Tycts nmeer mecto (28)—(36). Toraa cripaBennuso dopmyna (37).
Mpu npomsBormeueix T el(i,M), Med(), vefl...k} u iefl...(n,+r-r,} kodbdunuenta
[T] onpenensieTcst Ha OCHOBE CJlEIYFONIEH TEOPEMBI:

|vm

Teopema 3. Iycts: 1% M e ®(i), tae iefl,...,(n, +)rR}; 2°. Henynessie snemenTsl HaGopa M ecTh
Mjq, » TAC O eQ(i,m, j), j eQ(i,m); 3 Q(,m)={j,,.. Sk QUM ;) ={0;1,..0,6,}, THE =1r,

c, ,=Ln, oczle A=1,9; 4° Muoxecrsa I (m; - ), a= Lek, A =10, ecTh Cleayiomme MHOXKE-

;O

CTBa
Fl(mj)uam)={?(jx,csm)=(t(jx,csx’a,l),...,r(jx,cx’a,mh,cm))|0£
< T(jk'Gx,a'l)<"'<T(jk’6k,a'mjk,cx,a)Sno};
5. ¢, =M o . a:]T%w A=1g; 6° B cmyuae, koraa u, [n—t(r,0,8),c+ p(o, ,)]=1, £=1¢, .,

=16, , A=1g, txe 6, <r, ¢, <n +1 g<k, j efL..r}, o,, e{L...R}, 1(10,Ee{0,...,n} a

OCTaJIbHBIC TMEPEMEHHbIE M3 MHOKecTBa X mNpuHUMarOT 3HaueHus 0, mis kaxmgoro v e{l,...k} dgepes
f,(u; [n=t(x, 0, 8),c+ p(o; )] =1‘§ =1l . a =l._6k, A ::L_g) obo3HaueHo 3Hauenue ¢yHkuuu f (...);

7°. Umerot mecto cootHomenus (30)—(36). Torna MHOkecTBa I'(i,M) comepsKUT CieayIOMNiA €IMHCTBEH-

T=( (r@12),...,t@L4;4)), s (21 0,,D), 0 T(L 0, €y ), (200, 6 ’1)'---’17(9'99’59,99 )

u 115 kodbdummenta K. _[T] mommsoma (9) cripaBemuBa cieryromas Gopmyna:

i,v,m

Kiwnl®1= f, U, N =700, 008).+ p(o, )] =1e =17, ,, =16, , A=1g)+

+K,, + Z > > K,.A[Bl.GF(2),v=1,..k. (38)

©=0 (b B.p)eF(0.9.8,7) e ;= (7)

Jloka3aTensCTBO TEOPEMBI 3 MOXKHO ITPOBOAMTE Ha OCHOBE JIEMMHI 1.

dopmyna (38) Bmecte ¢ dopmynamu (25), (27) ompenensioT PeKyppeHTHOE COOTHOIICHHE s
HaxoxAeHus! Ko3(dureHToB noauHoMa (9) npu U3BECTHBIX 3HAYCHUSAX BXOJIHBIX M BBIXOJHBIX HOCIIEA0BA-
tenpHOCTEH 3D-MHMJIC.

Bameuanue. 1) B popmymnax (8), (15), (17), (18), (22), (23) u (33) 3nax II ectb 3Hax onepanyn ne-
KapToBOTro Ipou3BeeHnst MHOXecTB; 2) [IpucyrcrBue 3anmcu GF(2) B dopmynax (9), (19), (24), (27), (29),

(37) u (38) ykasbiBaeT, 4yTO 3TH (OPMYJIbI BHIIONHSIOTCS Haj noeM GF(2), T.e. omepamusi CIIOXECHUS H

YMHOXCHUS €CTh CJIOKCHUC U YMHOXKCHHUC 110 mod 2.
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3akioueHne

JByx3HauyHble aHanoru noiauHoma Bomnbreppsl B Buae (9), (19), (24), sBuasrorcs odmmM (HyHKINO-
HaJIbHBIM COOTHOLIEHHEM I HeKOTOphIX ki1accoB 3D-MHMJIC ¢ pukcupoBaHHOM MaMATBIO N, W OTPaHH-

4eHHOH CBsA3bI0 P =P xP, 1 MOryT OBbITh UCIIOJIb30BaHbI IIPU UCCICIOBAHUH UX PA3JIMYHBIX CBOKCTB, IPH

MOCTAaHOBKE U PEUICHUH I HUX Pa3IUYHBIX MATEMAaTHUECKUX W MPUKIAAHBIX 3a1a4 U T.4. [lomyuenHoe pe-
KypPpPEHTHOE COOTHOIIIEHHUE UIA OnpeAeNeHnsT K03((PHUIMEeHTOB MONMHOMHUANBHBIX TIPEICTaBICHUI MOXET
OBITh HCITOJIL30BAHO NPU pa3pabOTKe aJrOpUTMOB U MPOrPaMM JUIsl  BBIYMCIICHUS 3HAYCHUH 3THX K03 du-
LIUCHTOB.
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Feyziyev F.G., Mekhtiyeva M.R. (2019) ANALYTICAL DESCRIPTION OF FULL REACTION OF ONE CLASSES BINARY
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Upravlenie vychislitelnaja tehnika i informatika [Tomsk State University Journal of Control and Computer Science]. 49. pp. 82-91
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Binary 3D-multidimensional modular dynamic system with fixed memory n, and limited connection P =P, xP,, which the
full reaction characterized by the following functional ratio, is considered:
y[n.cl=G{u[t,c+ pljn-n,<t<n, peP} 1)
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Here neZ,; c=(c,C,), ¢,€Z, i=12; p=(p.p,)eP=PxP,, PcZ, i=12; y[ncleGF*(2) and u[n,c]eGF'(2);
G{...}:(Gl{...},...,Gk{...})T; GF(2) is finite field, GF*(2) and GF"(2) are k-dimensional and r-dimensional linear spaces respec-
tively over the field GF(2).

When B ={p;@),.... p;(r)}, p@D<..<p(r), p(J)e{..-101.}, j:ﬂ, i =1,2 formula (1) is written in the form:

y.[n.c.c,] :Gv{uj['fvcl"'pllcz +p2]\n—n0 <t<n, peR,p,eR, j=1..1} GF(2), v=1..k. (2
Let’s
D) =M= (MM onM, My, €40y +3 =11, 0=10, my+. +m, +.+m =i}, ®)
QM) ={¢ [t el i M, +.+m, =0}, Q(i.M, j)={o; |o; e{L... .} u m,,, #0}. 4
Fl(mj,cj):‘ﬁj,oj :(T(Lijl)r---vT(ijjrmj,cj ))‘Ogr(jlcjvl)<"'<T(jrcjlmj,cj)gno}' ®)
r@i,m)= H rl(mj,cj)' (6)
jeQ(i,m)

Using the formulas (3)-(6) for the functional relation (1), it is obtained representation in the form of the following two-valued
analogue of the Volterra’s polynomial:

m
(no+1)r- 1o

y‘,[n,c]:KOYV+ z z Z Ki,v,m[ﬁz] H H H uj[n_’c(j’cj’&j,cj)vc+p(cj)]v )

izl  med(i)Tel(i,m) jeQ(im) ojeQ(i,mj) &jq;=1
GF(2), v=1..,k.
For the functional relation (2) also representations in the form of a two-valued analogue of Volterra’s polynomial are given. In

the work with known values of the input and output sequences, the recurrence relations for finding the unknown coefficients in (7)
are obtained.

Keywords: 3D -multidimensional nonlinear modular dynamic system; multiparameterical systems; fixed memory; limited connection;
two-valued analogue of Volterra’s polynomial; unknown coefficients; recurrence ratio.
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TESTING SIGNIFICANCE OF RANDOM EFFECTS
FOR THE GAMMA DEGRADATION MODEL
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Gamma degradation models with fixed or random effects are widely used for reliability analysis. In this paper,
the problem of testing significance of random effects for the gamma degradation model is considered. We propose
two statistical tests which enable to reveal the existence of random effects in degradation data corresponding to
the gamma degradation model. The first test is the well known likelihood ratio test and the second one is based on
the variance estimate of the random parameter of the “random-effect” gamma degradation model. These tests have
been compared in terms of power with Monte-Carlo simulation method. Moreover, the example of GaAs lasers
degradation analysis has been considered.

Keywords: gamma degradation model; fixed-effect model; model with random effects; reliability; GaAs lasers.

Statistical degradation models are used for the analysis of lifetime data of tested items in the cases
when along with the failure time data there is the detailed information about the change of degradation index
[1, 2]. Parametric models, which are distinguished by the distribution of increments of degradation index
and the existence of random effects, are widely used in practice. In [3-5] and [6, 7], the authors consider the
gamma degradation model with random effects, where the scale parameter is a random variable from the
gamma distribution. Thus, considering the “random-effect” degradation model, we need to take into account
the distribution of the random parameter and hence, the number of unknown parameters of the “random-
effect” model is larger than the number of unknown parameters of the “fixed-effect” model. As a result, the
accuracy of parameter estimation for the “random-effect” model may decrease. On the other hand, if the
unit-to-unit variability is rather large, then the “fixed-effect” model is not appropriate, and in this case, the
use of the “random-effect” model could provide more accurate estimates. By this reason, the use of the deg-
radation model with random effects is not advisable when the random effect is insignificant or not observed
at all. So, it is necessary to have the statistical test which can reveal the random effect influence and help
with the choice between fixed- and random-effect degradation models.

In [8], the Hausman test is proposed for distinction between the “fixed-" and “random-effect” models.
However, this statistical test is applied only for linear regression models where the estimates are calculated
by the least square method that does not allow using the Hausman test for degradation models. Other criteria
for comparison of statistical models are AIC and BIC information tests [9]. These tests are based on values
of the maximum likelihood function and apply the penalty for test statistics value taking into account the
number of estimated parameters. Such information criteria enable to compare statistical models, but they are
not used for hypothesis testing. Hereby, it is necessary to develop a criterion which can test the hypothesis of
absence of random effects in degradation data. So, the goal of this research is to develop a statistical test,
which enables to reveal the existence of random effects in degradation data corresponding to the gamma deg-
radation model.

In this paper, we propose two tests for the hypothesis of absence of random effects for the gamma deg-
radation model: the likelihood ratio test and the test based on the variance estimate of the random parameter.
Moreover, we use Monte Carlo simulations to investigate the power for the constructed tests for different
pairs of competing hypotheses. Then, we illustrate testing significance of random effects for the gamma deg-
radation model using the example of GaAs lasers data analysis, which is often considered in publications,

92



Testing significance of random effects for the gamma degradation model

devoted to the investigation of degradation models [4, 6, 9, 10]. In [4], the “random-effect” gamma degradation
model was fitted. In [6], these data have been analyzed using gamma and Wiener degradation models. Inverse
Gaussian degradation model is described in [9] as another variant of the degradation model for the lasers data.

1. Gamma degradation models

Stochastic process Z(t) characterizing degradation process is referred to as the gamma degradation
process, if

- Z(0)=0;

— Z(t) is astochastic process with independent increments;

— increments AZ(t) =Z(t + At)—Z(t) have the gamma distribution with probability density function:

Av(t)-1 X

fGamma(X;G’AV(t)) :GA\/(t)—e °,

r(av(t))
where Av(t)=v(t+At)—v(t) is the shape parameter and o is the scale parameter, v(t) is a positive in-

creasing function [7].
If random variables &, and &, follow the gamma distribution with scale parameter ¢ and shape pa-

rameters v, and v,, correspondingly, then & +&, follows the gamma distribution with scale parameter o

and shape parameter v, +v,. This property explains the fact of using the gamma distribution as a distribu-

tion of increments.
Let the mathematical expectation of degradation process Z(t) is

M(Z(t))=m(t),
where m(t)=m(t;y), v=(Yp-7s )T is a trend function of the degradation index. Then, the shape parameter
Am(t)

(&}
In this paper, we consider two types of trend functions:

is equal to Av(t)=

—linear function m(t)=vyyt, v, >0;
— power function m(t)=yt’?, v, >0, y,>0.
Taking into account the given assumptions, the stochastic process Z(t) at time moment t=t,_ has the

o . m(t,
gamma distribution with the shape parameter equal to v(t,) = Y :
()

The time to failure is the random variable
T =sup{t:Z(t) <z},
where z, is the critical value of the degradation path. Then, the reliability function for the gamma degrada-
tion model is given by:
S(t) = P{T >t} =P{Z(t) < 2y} = Fsarma (Z0; 0, V(1)) . 1)
As was noted in the introduction, if the unit-to-unit variability is rather large, then it is necessary to
take into account the heterogeneity in degradation paths. In [3], the “random-effect” gamma degradation
model is specified by considering parameter o as a random effect. To obtain mathematically tractable distri-
butions, it is assumed that the random parameter n=c"" has the gamma distribution with the density func-

tion f (x;8‘1,e) , Where 0 is the shape parameter and &1 is the scale parameter. Here n has mathematical

Gamma

expectation Mn=6/8 and variance Dn=0/5, and ¢ has finite mathematical expectation Mc5=8/(9—1)
for 6>1 and finite variance
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82

(0-1)(0-2)
for 6>2 [3]. Then the marginal density function for Z(t) in the case of gamma degradation model with
random effects is equal to:

f X 3,0, v( wf amma X ;0 V(1)) fapmma (@:87,0)do=————
Z(t) _([ G ()) G ( ) (X+6)v(t)+9

where B() is the Euler beta function. The shape parameter of the gamma degradation model with random

effects is v(t) :w . It can be noted that Z(t) has an F-distribution with parameters 2v(t)

e .
8v(t)
and 26 . In this case, the reliability function can be written as

0-2,
y2v(t); 20 |. 2
sty 202 @

Let the realization of stochastic process Z(t) for the i-th item is denoted as

S(t)=P{T >t}=P{Z(t) < z0}=zj° f,0(%8,6,v(t))dx = F(

={(0,2=0),t},Z}), (&2}, i=Ln,
where k; is the number of time moments, in which the degradation index was measured. Then, the sample of
independent degradation index increments can be written as:

X,={X]=2}-2],i=1n, j=1k}.
Maximum likelihood estimates (MLEs) of parameters ¢ and y of the “fixed-effect” gamma degrada-
tion model are calculated by maximization of the likelihood function:

n ki . .
L(X,) =HHIn foamma (X5:0,V}), (3)
i=1 j=1
where v’ —v( ) ( ) i=1n, j= Lk are the values of shape parameter.
If Z'(t), i=1n are the gamma degradation processes with random effects, then the likelihood func-

tion can be written as a multiplication of the joint density functions of increments X} on the common
random effect:

=TT (X0 XX )HJ{Hme(x;;m1,Av(tj))}feamma(w,5l,e)dmz

o r((t)) < (X)) 4)
i1 F(e) (Z +6) e ,:11"( ( ))

=1

2. Testing hypothesis of absence of random effects

Let us assume that observed degradation paths are the realizations of the gamma degradation process.
If the unit-to-unit variability is rather large, then random effects in these data can be significant and
the “fixed-effect” model is not appropriate. So, it is necessary to test the hypothesis of absence of random
effects, which means that the parameter ¢ in the gamma degradation model is not random:
H,: Do=0.
In fact, the acceptance of this hypothesis will imply that data correspond to the “fixed-effect” model.
The competing hypothesis H, corresponding to the “random-effect” model is written as:

H,: Do >0.
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Let consider two statistical tests for the null hypothesis: the likelihood ratio test and the test based on
the variance estimate. The likelihood ratio test (LR test) is usually constructed for distinguishing between
two competing statistical models. The LR test statistic value is calculated as follows:

_ I L(Xn | Hl)
n— n——71
L(X, H,)

where L(Xn | HO) is the maximum value of the likelihood function (3) in the case of “fixed-effect” model,

()

L(X,|H,) is the maximum value of the likelihood function (4) in the case of “random-effect” model. The

testing hypothesis H, is rejected for large values of A, . According to the Neyman-Pearson lemma, the LR

test is the most powerful criterion, when testing a simple hypothesis. However, the hypothesis is composite,
so this test cannot be the best one.
As an alternative approach, we consider the variance estimate of the random parameter (VERP):
82
d, = . (6)

o)

where én and Sn are the maximum likelihood estimates of the shape and scale parameters of the “random-

effect” model (2), correspondingly. In Table 1, there are the means and standard deviations of estimates d, ,
obtained by N =10000 simulated samples from the “fixed-effect” and “random-effect” models. The true
values of parameters for the “random-effect” model are 6=10, §=15, y,=0,002, and for the “fixed-

effect” model are 6 =14, vy, =0,002 . The time moments for measuring degradation were chosen as follows:
t\ =t , +250, where t{ =0, j=Lk , i=1n, k =16.

]

Table 1
Means (M) and standard deviations (SD) of estimates d,
True model Descriptive statistic n=5 n=10 n=20 n=30 n =50
) M 2,55-10°° 2,23-10° 1,95-10° 1,79-10°° 112-10°°
“Fixed-effect” model
SD 4,08-107™ 2,19.10™ 1,36-10™ 1,02.107™ 7,53-107%
M 4,01-10°° 3,63-10°° 3,61-10°° 3,56-10°° 3,54-10°°
“Random-effect” model
SD 1,08-107 4,28-10°° 6,88-107° 5,49-107° 2,86-107°

As can be seen from Table 1, the means of variance estimate d, obtained for the “fixed-effect” model
tend to 0 with the sample size growth in contrast to the means obtained for the “random-effect” model, which
tend to the true value of Do =3,49-107°. Thus, the variance estimate d, of the random parameter can be
used as a test statistic for testing the hypothesis of absence of random effect. Let us refer this test to as the
VERP test. Similar to the LR test, the hypothesis H, is rejected for large values of d, .

The theoretical statistics distributions for the proposed tests are not known as there are a number of
factors influencing the form of the statistics distributions: the method of model parameters estimation, the
type of trend function, the values and the number of time moments of measuring degradation, the sample size
and others. So, to apply the LR and VERP tests we use the parametric bootstrap method according to the fol-
lowing algorithm:

1. Generate a sample of increments from the “fixed-effect” model with parameters &, and y, ac-

cording to the given time moments t'J i=1n, j:],_ki; here 6, and 7, are the MLEs obtained from the

source data.
2. Determine the MLEs of parameters o and y of the “fixed-effect” model from the simulated

sample of increments using the likelihood function (3).
3. Determine the MLEs of parameters 6, 6 and vy of the “random-effect” model from the simulated

sample of increments using the likelihood function (4).
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4. Calculate the test statistics, namely A, and d, .
5. Repeat points 1-4 N times to obtain the empirical distributions G, (s| H,) for each proposed test.

6. Calculate the p-values o, =1-G, (S, | H,) , where S is a value of test statistic (A, or d,), calcu-

lated from the source sample.
7. If o, is less than the significance level o, then hypothesis H, is rejected.

3. Empirical power study of the LR and VERP tests

The test power 1—f3 is the probability to reject the null hypothesis H, with the significance level o
when the competing hypothesis H, is true:
1—B=1—G(Sa | Hl).
Actually, the more powerful test is, the higher its ability to distinguish close competing hypotheses. We have

carried out the investigation of the LR and VERP test power for various pairs of competing hypotheses
through Monte Carlo simulations.

The estimates of test power have been obtained for different sample sizes, sets of time moments t ¥

j =1k and magnitudes of the random effect. The number of simulations used N =10000. The estimates of
tests power were calculated with the nominal significance level o =0,01.

In Table 2, the powers of the proposed tests are presented for different sets of time moments for meas-
uring degradation:

T, t,=t,, +400, where t =0, j=1,10,

T,:t,=t,, +250, where t =0, j=116,

T,:t; =t, , +125, where t; =0, j=132.
Under hypothesis H,, samples of increments were generated from the “fixed-effect” gamma degradation
model with the scale parameter ¢ =14; and in the case of true hypothesis H, samples were generated from

the “random-effect” model with parameters 6=1.56=28. The linear trend function with parameter
v, =0.002 was taken.

Table 2
The power estimates of the VERP and LR tests for different sets of time moments T
Time frequency | n=5 | n=10 | n=15 n=20
VERP test
T 0,69 0,93 0,99 1,0
T, 0,70 0,94 0,99 1,0
T, 0,71 0,94 0,99 1,0
LR test
T, 0,67 0,92 0,99 1,0
T, 0,69 0,93 0,99 1,0
T, 0,70 0,95 0,99 1,0

As can be seen from Table 2, the power of both tests increases with the growth of the number of items
n and the frequency of measuring degradation.

The second experiment has been designed to show, how the power of proposed tests changes depend-
ing on the magnitude of the random effect under competing hypothesis H,. For this research, we consider

different values of the shape parameter: 6, =42, 6, =35, 6, =28 with the scale parameter 6 =1,5, which
correspond to different magnitudes of the random effect, as the variance Do decreases with the shape pa-
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rameter growth. Time moments for measuring degradation index were taken corresponding to values of T,

from the first experiment. In Figures 1-4, there are the examples of generated degradation paths according to
the “random-effect” gamma degradation model with different values of shape parameter and the “fixed-
effect” gamma degradation model. As can be seen from Figures 3 and 4, in the case of the “random-effect”
model with 6 =42 the unit-to unit variability looks very similar to the case of the “fixed-effect” degradation
model, and it is difficult to distinguish these cases without a special statistical test.

In Table 3, the estimates of power of the proposed tests are presented for different values of shape 6
of the random parameter ¢ and number of tested items n. The estimates of tests power were calculated with
the nominal significance level o =0,01.
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Fig. 1. The degradation path with the second Fig. 2. The degradation path with the second
experiment conditions and 6 =28 experiment conditions and 6 =35
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Fig. 3. The degradation path with the second Fig. 4. The degradation path with the second
experiment conditions and 0 = 42 experiment conditions for the “fixed-effect” model
Table 3
The power estimates of VERP and LR test for different values of shape 0
of the random parameter ¢ and number of tested items n
Shape parameter | n=>5 | n=10 | n=15 | n=20
VERP test
0,=42 0,69 0,94 0,99 1,0
0,=35 0,69 0,94 0,99 1,0
0,=28 0,70 0,94 0,99 1,0
LR test
0, =42 0,67 0,93 0,98 0,99
0,=35 0,68 0,93 0,98 0,99
0,=28 0,69 0,93 0,99 1,0
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As can be seen from Table 3, the tests power slightly increases with the growth of random effect mag-
nitude. Moreover, it can be seen from Tables 2 and 3, that VERP test is a bit more powerful than the LR test
in the considered cases.

4. The GaAs lasers data analysis using LR and VERP tests

In this section, we illustrate the analysis of the GaAs lasers data [10, 11] with the use of proposed LR
and VERRP tests. Gallium arsenide (GaAs) lasers are used in telecommunication systems, processing of mate-
rials, various fields of medicine. The aging process of some lasers leads to deterioration of light output
throughout the whole life cycle. The lasers fail when the consumption current exceeds nominal value on 10%.
Developing the lasers, engineers had some requirements: lasers have to work no less than 200000 hours un-
der temperature of 20°C without failure. During the accelerated experiment 15 lasers were tested under the
stress of 80°C for 40 000 hours. The degradation paths for tested lasers are shown in Figure 5.
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Fig. 5. The degradation paths for the GaAs lasers example

As can be seen from Figure 5, the degradation paths distinctly differ from each other. However, we
cannot be sure that the random effect is significant here. Thereby, it is necessary to test the hypothesis of
absence of random effect using proposed tests.

The results of the model parameters estimation, test statistics values and corresponding p-values for
LR and VERRP tests are presented in Table 4.

Table 4
MLEs of gamma degradation model parameters, test statistics values and p-values for LR and VERP tests
i LR test VERP test
Gamma degradation model MLEs of model parameters
Ay p-value d, p-value
“Fixed-effect” model 6,=14.15, ¥, =0.002 \ .
< - ~ 24,24 10° 0,0001 10
“Random-effect” model 5,=145, 6, =28,86, 7, =0,002 < <

Considering the fact that p-value < a=0,05 for both LR and VERRP test, the hypothesis of absence of
random effect is rejected. Therefore, the “random-effect” gamma degradation model is more appropriate
model for the GaAs lasers data.

In Figure 6, the reliability functions of the “fixed-effect” and “random-effect” gamma degradation
models (dashed and solid line correspondently) and the empirical reliability function of the interpolated la-
sers failures are presented. As can be seen from the figure, the reliability function of the “random-effect”
model is closer to the observed failure distribution. So, this fact demonstrates that the gamma degradation
model with random effects is more appropriate for describing considered GaAs lasers data.
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Conclusion

In this paper, we have considered the problems of testing the hypothesis of absence of random effects
in degradation data. The likelihood ratio test (LR test) and based of the variance estimate of the random
parameter ¢ (VERP test) were proposed to reveal the existence of random effects in degradation data corre-
sponding to the gamma degradation model. The conducted research of the tests power showed that the VERP
test is a bit more powerful criteria than the LR test for smaller sample sizes.

0.8 1

0.6 1 "Random-effect" model
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3000 3500 4000 4500 5000 5500 6000 6500 7000 t

Fig. 6. The reliability functions of the “fixed-effect” and “random-effect”
gamma degradation models and the empirical distribution of lasers failures

The example with the GaAs lasers data was considered. Based on the results of the investigations, we
recommend to use the gamma degradation model with random effects for the further analysis of the lasers
data because this model is more appropriate for describing the change of degradation index than the “fixed-
effect” model.

REFERENCES

1. Nikulin, M. & Bagdonavicius, V. (2001) Accelerated Life Models: Modeling and Statistical Analysis. Boca Raton: Chapman &
Hall/CRC.

2. Antonov, A.V. & Nikulin, M.S. (2012) Statisticheskie modeli v teorii nadezhnosti [Statistical models in reliability theory].
Moscow: Abris.

3. Lawless, J. & Crowder, M. (2004) Covariates and Random Effects in a Gamma Process Model with Application to Degradation
and Failure. Life Data Analysis. 10. pp. 213-227. DOI: 10.1023/B:LIDA.0000036389.14073.dd.

4. Tsai, C.-C., Tseng, S.-T. & Balakrishnan, N. (2012) Optimal Design for Degradation Tests Based on Gamma Processes with
Random Effects. IEEE Trans. Reliab. 61. pp. 604-613. DOI: 10.1109/TR.2012.2194351

5. Chimitova, E.V. & Chetvertakova, E.S. (2015) A comparison of the “fixed-effect” and “random-effect” gamma degradation
models. Applied methods of statistical analysis. Nonparametric approach, AMSA’2015, September 1419, 2015: Proc. of the Int.
Workshop. Novosibirsk. pp. 161-169.

6. Tsai, C.-C., Tseng, S.-T. & Balakrishnan, N. (2011) Mis-specification analyses of gamma and Wiener degradation processes.
Journal of Statistical Planning and Inference. 12. pp. 25-35. DOI: 10.1016/j.jspi.2011.06.008

7. Chimitova, E. & Chetvertakova, E. (2014) The construction of the gamma degradation model with covariates. Vestnik Tomskogo
gosudarstvennogo universiteta. Upravlenie, vychislitel'naya tekhnika i informatika — Tomsk State University Journal of Control
and Computer Science. 4(29). pp. 51-60.

8. Hausman, J.A. (1978) Specification Tests in Econometrics. Econometrica. 46. pp. 1251-1271.

9. Chimitova, E., Chetvertakova, E., Sergeeva, S. & Osintseva, E. (2017) A comparative analysis of the Wiener, Gamma and Inverse
Gaussian degradation models. Applied Methods of Statistical Analysis. Nonparametric methods in cybernetics and system analysis.
Krasnoyarsk, Russia, September 18-22, 2017: Proc. of the Int. Workshop. Novosibirsk: NSTU. pp. 160-167.

10. Meeker, W.Q. & Escobar, L.A. (1998) Statistical Methods for Reliability Data. New York: John Wiley and Sons.

11. Meeker, W.Q., Doganaksoy, N. & Hahn, G.J. (2009) Ispolzovanie dannykh o degradatsii dlya analiza nadezhnosti izdeliy [Using
degradation data to analyze product reliability]. Metody menedzhmenta kachestva — Methods of Quality Management. 4.

Received: April 28, 2019

99



E.S. Chetvertakova, E.V. Chimitova

Chetvertakova E.S., Chimitova E.V. (2019) TESTING SIGNIFICANCE OF RANDOM EFFECTS FOR THE GAMMA DEGRA-
DATION MODEL. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie vychislitelnaja tehnika i informatika [Tomsk State
University Journal of Control and Computer Science]. 49. pp. 92-100

DOI: 10.17223/19988605/49/11

Yersepraxosa E.C., Unmutosa E.B. [IPOBEPKA 3HAUMMOCTHU CJIYYAMHOI'O DO®EKTA JUIA JEIPAJALIMOHHOM
TFAMMA-MOJEJIU. Becmuux Tomckozo 20cy0apcmeeHHo20 yHueepcumema. Ynpaeneuue, Gbl4UCIUMENbHAS MEXHUKA U
ungopmamuxa. 2019. Ne 49. C. 92-100

JlerpananionHble TaMMa-MOJENHN MIHPOKO HCIIOIB3YIOTCS UL OLEHKH (YHKIIMH HAJISKHOCTH MO JaHHBEIM 00 M3MEHEHUH IIOKa-
3aTens Jerpajallii BO BpeMeHU. B naHHOI cTaThe paccMaTpUBalOTCsS MPOOIEMBI MOCTPOSHHUS JETPaJalliOHHON raMMa-MOJETH CO
ciryqaiiHbIM 3 eKToM, KOTOpast yIUTHIBaeT pa3dpoc MexIy AerpalallioHHBIMU HporieccaMu. [Iperoixkens! 1Ba CTaTHCTHUECKHX
KPHUTEPHsI, KOTOPHIE ITO3BOJISIIOT BEISIBUTH HAMYHE CITy4alHOro 3¢¢dexTa B JaHHBIX, COOTBETCTBYIOIINX PacCMaTpHBacMON MOJEINH.
[lepBoIii KpUTEpHA NPEACTABIAET COOOH XOPOIIO M3BECTHBII KPUTEPUil OTHOLICHUS MPAaBIONOA00uS, a BTOPOil OCHOBAaH Ha OLICHKE
JUCHepcHHu ciydaifHoro napamerpa. C UCIOJIB30BAHUEM METOA0B MMUTALMOHHOTO MOJENUPOBAHUS IIPOBEICHO HCCIIEA0BaHNUE MOIII-
HOCTHU JaHHBIX KpuTepueB. [IpuMeHeHne pa3paOOoTaHHBIX KPUTEPHEB PACCMOTPEHO Ha MpUMEpe JaHHBIX 00 MCCIEIOBAHNH apCeHU-
rayutneBbixX (GaAs) azepos.
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MIXED DIAGNOSTIC TESTS STRUCTURE FOR LEARNING AND TESTING SYSTEMS

A new method of increasing the efficiency of students’ educational activity is proposed. The method is based on the
creation of learning trajectories, formed in the process of applying the mixed diagnostic tests. The learning trajectories
are constructed by using specific mixed diagnostic tests, which are an integration of known unconditional and condi-
tional tests. The mixed tests are used as in blended education and training, and in massive open online courses.
The mixed testing provides the monitoring of the students' knowledge, professional and personal skills and abilities,
as well as constructing learning trajectories for each student. The paper presents the innovative interdisciplinary tech-
nique for construction of the mixed diagnostic tests.

Keywords: blended education and training; massive open online courses; learning trajectory; tree of mixed diagnostic
tests; interdisciplinary testing.

The search for ways to improve the effectiveness of teaching is a well-known educational problem.
This task becomes even more important when the teacher disappears from the class at certain stages of the
learning process. It is this problem that arose due to the emergence of blended education [1], which is an in-
tegration of the e-learning and the traditional learning [2]. Technologies of blended education very naturally
fit into the concept of Mass Open Online Courses (MOOC) [3, 4], which is based on the maximum contribu-
tion of the teacher at the stage of course development and the almost complete exclusion of the teacher during
the course. Today, the blended learning becomes popular both in education and in industry. The number of
MOOCs implemented on the base of different educational platforms is growing. The number of people wishing
to study at MOOC grows.

One of the known challengers in higher education is developing mechanisms for effective teaching of
large groups of students [5]. A simple example of the blended training is a learning that uses various of re-
sources and methods. It has to be noted that despite the wide integration of information and communication
technologies (ICT) (including the technologies of artificial intelligent) the blended education are not used
enough. Developing the software systems supporting the blended training is highly time and cost consuming
task [6, 7].

Obviously, the students with different abilities have diverse preferences in learning and different
achievements. A qualitative research [8] a specific questionnaire was used in order to study attitudes, priori-
ties, preferences of university students. A number of the initial students’ characteristics were taken into ac-
count. Among them: initial knowledge, skills, and learning experience. Taking into account the students’
particular interests and capacities should make the learning process more effective. Any student of the high
school, should be able to obtain the proper solution of his specific educational and industrial tasks. Moreover,
he/she should understand very clearly why and how he/she will be able to utilize the obtained knowledge,
professional and personal skills, and abilities to achieve personal goals.

In [1], Bliuc, et al. identify three different ways for defining the blended learning. The blended learning
can be considered as a combination of: 1) web based technology models, 2) various pedagogical approaches,
3) emerging educational technologies with a face-to-face training. A comprehensive review of computer-
based assessment methods including emergent blended learning is presented in [9].

The concept of the mixed diagnostic tests (MDT) was introduced in [10]. The mixed diagnostic testing
is a compromise between unconditional and conditional components, which expediently to use in blended
education and training. Today it is one of the popular and useful means of learning assessment. A number of
innovative assessment technologies were developed on the base of the MDT [11, 12].
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Our paper is a development of the classic MDT [Ibid.]. We propose to use MDT for creating various
learning trajectories of the educational process. It provides a highly desirable flexibility in choosing different
learning trajectories. Such property is highly appreciated by students.

A number of problems have to be solved in order to implement the MDT approach effectively:
a) offering students the instrument for designing their own learning trajectories, b) providing interactions
between the teacher and a student, and c) increasing accessibility of information. We believe that the pro-
posed MDT based approach will result in growing efficiency of the educational process.

1. Scientific Background

Our society is a highly dynamic society. Its intensive transformation defines new challenges for peoples.
Today students and graduates have to be ready to solve various technological and educational problems [5].
In such complicate situation, the blended learning seems to be a very appropriate since the blended learning
enables developing the range of emerging skills and competences.

In [10] the MDT as a new approach of intelligent systems design has been proposed. The approach uses
pattern recognition methods. An implementation of the MDT in intelligent learning and training systems was
presented [11].

The main achievement of the MDT is its contribution to solving the problem of student motivation.
The majority of the available testing methods doesn’t motivate students sufficiently. The MDT approach
provides high flexibility of the procedure of creating learning trajectories. According to our hypothesis, in-
creasing flexibility in choosing leaning trajectories allows to motivate students more and, as the result, im-
prove the efficiency of the learning process.

We assume that a curriculum of any academic discipline may be represented as a specific ontology’s
structure comprising a number of content blocks. We associate each of the content blocks with a specific
didactic unit. A set of didactic units can be chosen either arbitrary, or depending on the students' abilities
demonstrated in studying previous didactic units. In this way, a set of interrelated disciplines to be studied
can be presented. Moreover, for each student, the study of specific didactic units can be represented as the
sequence of independent content blocks. The essence of the proposed approach is the fact that the MDT is
namely the structure comprising all the content blocks.

2. Basic Concepts and Definitions

The main concepts used in our paper are the following [11]:

Respondent (a person/student participating in a testing process).

Diagnostic test (a test, providing to define the level of the respondent’s knowledge and skills in com-
parison with a predetermined level).

Mixed diagnostic test (a diagnostic test comprising both unconditional and conditional components).

Unconditional component of mixed diagnostic test (UCMDT) (a portion of the test that includes tasks
undependable on previous test results. UCMDT allows the concurrent representation of constituent tasks).

Conditional component of mixed diagnostic test (CCMDT) (a portion of the test that includes tasks,
sequence of which depends on previous test results. Tasks included in CCMDT are called conditional tasks).

MDT tree (a structure representing relationships between separate blocks (tasks) of the MDT. The root
node is associated with the unconditional component of MDT. Each of the remaining nodes is associated
with either unconditional or one of the conditional tasks. The MDT tree edges define connections between
nodes).

3. Formulation of the Problem

In our paper, we demonstrate a method for constructing a mixed test, that can be used as a pretest
which is run before the course. The pretest is based on a number of prerequisites. The main idea of such
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a test is an assessing the initial level of the students’ knowledge. The pretest is intended to clarify the level of
understanding different disciplines, which are far away from each other. This fact makes the using of MDT
unconditional components highly desirable. Such components, being isolated from each other during the
testing, contribute their own weight into the total value of estimated knowledge. We call such a test as MDT
with extended structure of the unconditional component.

3.1. Structure of the Test Tree

The structure of the mixed diagnostic tree is introduced in [12]. The tree comprises a set of uncondi-
tional and conditional components intended for using during the learning a specific subject of the course.
As a continuation of the study [12], we extend the structure of the diagnostic tree by increasing a number of
possible directions. Such extension enables to form the strategy of learning different disciplines.

Next, we introduce a concept of the basic structure and a conditional fragment of the structure in order
to represent the MDT structure in compact form.

The basic MDT structure is shown in Fig. 1. The structure comprises one unconditional component
and a number of conditional tasks connected with this component. Conditional fragment of the MDT tree is
a conditional task with a number of other conditional tasks connected with the fragment.

U

»
Lg

v

Fig. 1. Basic structure of MDT (U is unconditional component of the MDT; C;i is i-th conditional task,
wherei € {1,2,...,6,q,9+1,q+2,q+ 3} Ljis j-th conditional task being a leaf of the tree, j €{7,8,9,q+4, ...,q +8})

We will use a minimized representation of the basic structure shown in Fig. 2a and a minimized
representation of the conditional fragment shown in Fig. 2b.

Fig. 2. Minimized representation:
a —the basic MDT structure; b — the conditional fragment of the MDT tree

A number of extended MDT tree structures can be constructed.
I. An extended tree structure including a connection of the basic structure with t other basic structures,
which are not interconnected as shown in Fig. 3a.
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Il. An extended tree structure including connections between t basic structures, which are not inter-
connected, but have outputs connected with the input of another basic structure, as shown in Fig. 3b.

I11. An extended tree structure including connections between t basic structures, which are not inter-
connected, but have outputs connected with the input of conditional component of the structure, as shown
in Fig. 3c.
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Fig. 3. The extended MDT tree structure:
a — the first type; b — the second type; ¢ — the third type

Let us move to a number of examples of the using above extended structures of MDT trees in learning
specific disciplines and assessment of student achievements.

1. The strong prerequisite for learning math is a certain level of knowledge of high school math (Fig. 4).
The initial part of the MDT indicates whether student is ready for the perception and understanding the
course content. In general, the MDT can be used for evaluating students’ achievements in learning math.

School
Mathematics

y
Linear Algebra Analytic
Analysis Geometry

The assessment of higher Mathematics

Fig. 4. The extended MDT tree structure for mathematical courses

2. Learning the BSc course “Introduction to Algorithms” depends on students’ prior knowledge of
math models, discrete math and a number of initial programming skills (Fig. 5). Evaluating such require-
ments combined with formulating recommendations for learning additional topics enables decreasing the
time required for learning a new subject.

Mathematical i Algorithmic
Discrete Math Ignguage
y

Basics of
algorithms

Fig. 5. The extended MDT tree structure for the courses “Introduction to Algorithms”
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Fig. 6. The extended MDT tree structure for the courses “Optimization methods”

3. Course “Optimization methods” is the mandatory course for students studying disciplines connected
to the applied math (Fig. 6). For the successful learning of the course, a deep knowledge in calculus, algebra,
geometry, probability theory, discrete math is required. The MDT allows to detect the missing topics of con-
tent in students’ knowledge and, in the case the absence of such topics, to provide the permission to start
leaning a new course.

4. Constructing Data Structures of the MDT Tree Nodes
4.1. In this section, the data structures of the unconditional MDT component is discussed
4.1.1. For each unconditional test component, a coefficients matrix of the correct answers has to be

constructed. The matrix comprises weighed coefficients of questions, for simplicity called weights (Table 1)
[12].

Table l
Matrix of coefficients for one of the unconditional test component
1 2 | ... J ] -] k| weight
llan| a2 | ... | ... | .. | ax W1
2 |an|ax|..|ay|..|ax W2
i | a1 | a2 | ... | aj| .. | aik Wi
n|an| an| ... anj ... | ank Whn

Rows of the matrix are associated with test tasks proposed to the respondent while he passes a test
component, columns of the matrix correspond to a number of respondent’s answers, n is the number of ques-
tions, k is the maximum number of possible answers. The weight w; of the answer has to satisfy the condition
O<w; <1 forany i.

For test tasks of so-called closed type, with the only possible answer, k is equal to the number of pos-

m B .
sible answers. For test tasks of the closed type with multiple answer k =Y C,., m is the number answers, Cy,
i=1
is the number of combinations from m elements on i. For the test tasks comparing two lists: k = |1, where | —
the length of the list. For the test tasks of recognition of the correct sequence: k = s!, where s is the number of
the sequence elements.
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A matrix element at the intersection of the i-th row and the j-th column specifies a weight of the j-th
answer to the i-th question. Note that the total number of answers for different questions may be different. As
the result, the matrix may contain a number of empty elements.

Complementary to the above matrix, a so-called threshold assessment of learning material p,
0<p, <1, pt (tis anumber of MDT tree nodes), has to be specified. The assessment is performed simultane-

ously with testing. After that, the result of the assessment is compared with a threshold.
4.1.2. The results of the testing according to the unconditional components are inserted into a table as
a sequences of pairs. Each pair comprises: 1) a question number; 2) a corresponding response number.

4.2. Let us consider a data structure for the conditional component of the test

4.2.1. For each of the conditional fragment of the tree (see Fig. 3) the matrix of coefficients and weight
of questions have to be constructed (Table 2).

Table 2
Matrix of coefficients for one of the conditional fragment of the tree
1 2 U I T k |weight
q dgl ag2 . . .. Agk Wq
q+ 1| ag+11 | ag12 | ... . ... | Ag+ik | Wg+1
i ai1 ai2 | oai | .. aik Wi
r arl ar2 ol ag | ... ark Wr

Rows of the matrix are associated with the test tasks given to the respondent while passing a test com-
ponent, the columns is the index (number) of respondent’s answers, n is the interval of numbers of questions,
k is the maximum number of possible answers (both correct and incorrect answers). Answers weight w; has
to satisfy the condition 0<w; <1 for any i.

Rules for defining k, p and filling out the matrix of the coefficient are the same as in the above uncon-
ditional matrix of coefficients.

4.2.2. The results of the testing are included during the testing into a table in a form of the sequence of
pairs containing: 1) the question number; 2) the answer number. The resulting table can be used for recon-
structing the test trajectories.

5. The Test Strategy
5.1. The test strategy for the unconditional component of the MDT

An unconditional node is an initial node of any test (Fig. 2). A respondent receives all the tasks on this
part. His answer is recorded in a form of a pair i, j(i), where i is the number of the question, j(i) is the number
of the selected answer to the i-th question. This information enables then to reconstruct the passing the test

by each student. According to test results, intermediary assessment is calculated V,, = (an & iy X W, )/ n.
i=1

The score is compared with threshold value py, after which there is an appeal to any other uncondi-
tional test component determined on the MDT tree, moves to the conditional component of the test, or to the
recommendations to return back for learning the corresponding topic [11]. The above step is based on methods
of fuzzy and threshold logic.

Similarly, every other component of the unconditional test is tested. An appearance of a node of
a conditional task changes this similarity.

106



Mixed diagnostic tests structure for learning and testing systems

5.2. The test strategy for the conditional component of the MDT

The concept of MDT assumes that only one conditional task is selected from the list of conditional
components of the test (Fig. 4). The test tree can be determined on the base on its response. The respondent’s
answer is registered in a form of a pair i, j(i), where i is the question number, j(i) is the number of the chosen

question. An intermediary assessment is calculated V; =#; ji;) xW on the base of test results. Then this value
is compared with the corresponding threshold p. , where i is the number of a chosen conditional task. There-

after, another component appears. The component can be determined by the MDT tree. Otherwise, it will be
recommended to study a specific topic again. It should be noted that if there are several questions concerning
the set of conditional components in the course material, they are supposed to be equal. Just one of them has
to be chosen, for example, randomly.

5.3. The test strategy for the MDT tree first type traversing

The testing begins from a specific basic MDT structure U; (Fig. 5). On this stage, table are filling out
by the results described in 5.1 and 5.2. The received information may be widely used in order to form indi-
vidual trajectories for each of students. The possible ways for future testing, first of all, depend on the calcu-
lated assessment (grade) of knowledge.

A. A certain portion of the test is passed successfully. Choosing one of the next basic structures from

{Up1,Ugp, -+, Uy } for testing is determined by the expert, the test developer:

— the sequential enumeration of all remaining basic structures;

— the random enumeration of all remaining basic structures;

— a certain order of running specific basic test structures.

B. A certain portion of the test is not passed. Some recommendations for repeated studying specific
topics of the course are provided. Particularly, repeated staying that begins from the unconditional compo-
nent can be recommended.

Every basic structure of {U;;,Uy,,---,Uy;} is running independently, being isolated from other basic

structures. The final result is forming gradually. It can be reported in a form of the set of results for each of
the basic structures or as integrated test based assessment (grade).

5.4. The test strategy for the MDT tree second and third type traversing

The order for the testing of the basic MDT structures from {Ul, u,, ---,Ut} is determining by expert,

test developer, as it is described in section 5.3.A. The final result is forming gradually. It can be reported in
a form of the set of results for each of the basic structures or as integrated assessment (grade) for the con-
sidered block of the basic MDT structures. The concluding step of the testing can be presented as the basic
MDT structure (Fig. 1) and as a conditional fragment of the MDT structure (Fig. 3).

Since the evaluation of test results is produced for each traversed node of the test tree, the total score is
gradually accumulated and, if necessary, testing can be interrupted at any step, with the further renewal.

The final grade can be both quantitative and qualitative if a mutual agreement between qualitative and
quantitative scales is specified.

An important advantage of the MDT is the ability to use both the intermediary and the final results of
testing for the cognitive analysis. A visualized representation of students’ achievements demonstrates the
progress in learning and can serve as an additional means for motivating students.

Conclusion

The concept of a mixed diagnostic test (MDT) combining unconditional and conditional components
is introduced. A technigue for the development and application of the mixed diagnostic tests is provided. We
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demonstrated that utilizing the mixed diagnostic tests in blended education and training for assessing
knowledge, professional and personal skills and abilities. The proposed approach for developing the MDT
uses methods of fuzzy and threshold logic [11].

The use of MDT can support the process of the curriculum development. It provides valuable recom-
mendations for constructing learning paths, which reduces the time and cost expenses for the organization
and management of the educational process. Since the MDT can actually replace the teacher as a consultant,
the proposed approach can be used for blended education and training as well as in MOOC based learning
[13-15]. The technique is illustrated by a number of examples of interdisciplinary interaction in the study of
new disciplines.

The proposed MDT approach provides a unique possibility to interrupt the testing procedure and to
restart it later from the same point. Mainly since that, we strongly believe that the proposed approach is
applicable for planning long-term educational processes.
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SnxoBckas A.E., Jlesun U.C., dykc U.JI. CTPYKTYPA CMEIIAHHBIX JUATHOCTUYECKUX TECTOB JJIAA OBYYAIO-
X N TECTUPYIOUIUX CUCTEM. Becmuux Tomckozo eocyoapcmeenno2o yHugepcumema. Ynpasnenue, 8bl4uCiumenvHas
mexuuka u ungpopmamuxa. 2019. Ne 49. C. 101-109

[pemnoskeH HOBBIM METOX MOBBILECHUS Y(PPEKTUBHOCTH ydeOHOH HeATeNFHOCTH 00yJaromuxcs. MeTo; OCHOBAaH Ha CO3IaHUH
00y4Jaronmx TPacKTOPHH, MOTydaeMbIX B IIpOIeCCe NMPUMEHEHHsS CMEIIAaHHBIX JAMarHOCTHYECKUX TECTOB. TpPaeKTOpHU OOydeHHs
CTPOSITCS C UCHOJIb30BAHUEM CIICHUAIBHBIX CMEHIAHHBIX AUArHOCTHYECKHUX TECTOB, MPEICTABIAIONIMX COOOH ONTUMAIIBHOE CoyeTa-
HHE 0E3YCIOBHBIX M YCIOBHBIX KOMIIOHEHTOB. CMeIIaHHbIe THarHOCTHYECKHE TECTHI MOTYT OBITh HCHOJIB30BAaHbI KAK B CMEIIAHHOM
o0Opa3oBaHMU U OOY4EHHH, TaK M B MACCOBBIX OTKpPBITHIX oHnaiH-kypcax (MOOC). CMemaHHOe AHAarHOCTHYECKOE TECTHPOBaHKE
obecrieyrBaeT MOHUTOPUHT 3HAHHH, MPO(ECCHOHANBHBIX M IMYHBIX HABBIKOB M CIIOCOOHOCTEH yJammxcs, a TakkKe IIOCTPOSHHE Tpa-
EKTOpHil 00yueHHs Ul KaXKIOro yyamerocs. B crarbe npesicrapieHa HHHOBAIMOHHAS MEKAUCLMIUIMHAPHAS METOJUKA ITOCTPOCHUS
CMEIIAaHHBIX THarHOCTHYECKHX TECTOB.
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AJTATITUBHBIA TEHEPATOP-WIMP-UHTEP®ENCA
PEJIAKTOPOB BA3bI 3HAHUI HA OCHOBE OHTOJIOT U

Paboma svinonnena npu vacmuynoi ¢urHarcosoi noddepaicke gonoa PODU Ne 17-07-00956,
Ne 19-07-00244 u KIIOU «/lanvruii Bocmoky Ne 18-5-078.

PaccmarpuBaloTcs KOHIEMIMS W OCHOBHBIC IPHHIMIBI IPOSKTHPOBAHUS, PETH3alMM W aJanTHBHOH TeHepaluu
nonp3oBaTenbekux WIMP-uHTEpdeiicoB 001a4HbIX peAakTOPOB 0a3 3HAHUI U JaHHBIX IO UX OHTOJIOTHH U 0a3e 3Ha-
HUH O IpaBWIaxX MPOEKTHPOBaHUs MHTep(eicoB. sl WILTIOCTpaiK MPEATI0KeHHOTO TT01X0/1a TIPUBENICHbBI KOHIIETI-
TyaJlbHbIE CXEMbI TeHepalui HHTepdeiica 1 MpeicTaBIeHbl COOTBETCTBYIOLINE IPUMEPHI.

Kiouessle cioBa: WIMP-unTepdeiicsl; oHTONOIHN; aJalTUBHOCTD; peAaKTop 0a3bl 3HAHUH.

[Nonb3oBarensckuid nHTEPdEHC ABISETCS HEOTHEMIEMBIM KOMIIOHEHTOM IOJIABIISIFOIIETO OOJBITMHCTBA
nporpammMHuoro obecrieueHust (I10). Ero paspaboTka 10CTaTOYHO TPyAOEMKa U, MO OLECHKAM Pa3JIUYHBIX CIIe-
[UAJTUCTOB, 3aHUMAET HE MEHEe IMOJOBHUHBI BpEMEHH, TpeOyemoro Ha pa3padortky 10 B niemom [1, 2]. Pa3pa-
0oTunky uHTep(delica NPUXOAUTCS yUUTHIBATh TPeOOBaHUS MOJB30BATENEH, X OMBIT, MPEIINOYTCHUs, KOH-
TEKCT MCIOJIb30BaHMS POrPAMMHOTO CPEZICTBA, 3HAHUS CTAHAAPTOB pa3pabOTKH, PYKOBOJICTBO MO CTHIIIO Iie-
JIeBOH MIaTGOpMBbl U T.11. TakuM 00pa3oM, KauecTBO MOJIb30BATENBLCKOTO HHTEpdelica IETMKOM H TTOTHOCTHIO
3aBUCUT OT HAaBBIKOB M YMEHUIA ero pazpaborynka. [I03ToMy aKkTyalbHOCTh UCCIIEAOBAHUI B 00JaCTH aBTOMa-
TU3AIMH pa3pabOTKH MOJIb30BATEILCKUX HHTEP(PEHCOB ¢ yUeTOM 0OJIBIIONO KOJTMUECTBA (haKTOPOB OUCBH/IHA.

Cpenu mHOecTBa Kinacco [10 BeiensieTcs 0coObIil Kiace — cucteMsl ¢ 6azamu 3Hanuii (CB3), koTo-
pBle B HACTOsIII[Ee BpeMsi aKTUBHO MCIIOJIB3YIOTCS JUIsl PEUICHUs] MHOTHX HAay4YHBIX W MPAKTUYECKUX 3ajad,
MO>KHO TOBOPHUTH O MIEPUOJIE 3PEJIOCTH JIAHHOTO Kilacca cucteM. HecMoTps Ha psf yCrexoB, JOCTHUTHYTHIX
KaK POCCHUCKUMHM Tak W 3apyOeKHBIMU KOJUIEKTHBAMH, Pa3padaThIBAIONIMMU UHCTPYMEHTHI JJIsl HX MPOEK-
TUPOBAHMUsI, OJJHOM M3 OCTPBIX OcTaeTcs mpobiema (GopMupoBaHMs 0a3bl 3HAHUH SKCHEPTAMU MPEAMETHON
obnactu 6e3 MOCPEAHUKOB B JIMIE MHXXEHEPOB 3HaHUI M mporpaMMmucTtoB. OTHUM W3 PELIeHUH 3TOW Mpo-
OJeMBI SIBIISICTCS MCIIOJB30BaHUE OHTOJIOTHUECKOTO MTOAX0A.

CymecTByomue peJakTopsl 0a3 3HaHWN, B TOM uucie Ha ocHoBe oHronoruid — IWE, Protégé,
OntoEdit, GrOWL, Graphl, RDFGravity, WebVOWL, Ontolingua, OntoSaurus, OilEd, WebOnto, WebODE
U J1p., IPEAJIaraioT MoJb30BaTeNsiM pa3IniHble HHTepQeiicHbIe pemeHns. B OonpmmHCTBE 13 HUX MHTEpdEnc
pelaKTopa OCHOBaH Ha 3KpaHHbIX (opmax (WIMP-unrepdeiicl). B HekoTOpBIX pemakTopax MHTepQEiic
C MOMOIIBIO IUIArMHOB WJIM BCTPOCHHBIX CPEICTB MOXKET OBITh TaKKe pacUIMpeH APYTMMH BHIAMHU TIpE.-
craBneHui (rpadoBbie CTPYKTYpHL, rpaduyeckue CXeMbl, TAOIHIBI U Ap.), KOTOPbIE peallu3yloT, KaK MpaBu-
JI0, TOJBKO MPOCMOTP MH(GOpMAalKH; €€ BBOA U PEOAKTHPOBAHHE OCYIIECTBISIOTCS ¢ momomsio WIMP-
uHTepdeiica kKak Hanboiee PacupOCTPaHEHHOT0 M MHTYUTHBHO NOHATHOro. OJHAaKO, HECMOTPSI Ha Pa3HO00-
pasue HMHTepQEHCHBIX pEIIeHUH, OHW HMEIOT (CKECTKH» HMHTep(QEHCHBIH CTHIIb, HE aalTHPYIOLUIMNACS
K CIMPYKIYpe COOepAHCUMO20, GHYIMPEHHEMY UIU GHEUUHEM) OKPYICEHUIO, USMEHEHUI0 muna noib308amels,
paboratomtero ¢ 110, u Tomy nogoOHOMY B COOTBETCTBHHU C TPeOOBAHUSMH HNPOCKTUPOBaHMS (CTaHIApTaMHU

L WIMP-untepdeiic (windows, icons, menus, pointers — okHa, MAKTOrPaMMBbI, MEHIO, YKA3aTeNH) B 4€JOBEKO-KOMITBIOTEDHOM B3au-
MOZEHCTBHN 03HAaYaeT B3aNMOJEHCTBHE C KOMITBIOTEPOM Ha 0a3e ITUX JIIEMEHTOB.
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103a0umutil). B TO ke BpeMs BaKHOCTH aJalTHBHBIX TEXHOJIOTUI B 00JaCTH pa3paboTKH UHTEPPENCOB aK-
TUBHO 0OCYyXKJaeTcs B jureparype [3, 4], Ipy 3TOM BO MHOTHX NPUIOKCHHUIX (KOMIIBIOTEPHBIX UTPaX, PAIC
MOOWJIBHBIX CEPBUCOB) MMEHHO aJJaITHBHBIC HHTEP(EHCHBIE TEXHOJIOTUHU TTO3BOJWINA BRIBECTH X HA HOBBIN
YPOBEHb, OJIarofapsi YMEHHIO «HHTEIUICKTYaJbHOY» IMOJCTPOUTHCS MOJ KaXKIbIe 3ajady W I0JIb30BaTelsl.
YuuthIBas, 4T0 pa3paboTYMKaMH 0a3 3HAHUU SBIISTIOTCS 3KCIIEPTHI B IPEIMETHON 00JacTH (B COOTBETCTBHU
C COBPEMEHHBIM IMOAXO0JIOM K pa3pab0OTKe MHTEIUICKTYyabHBIX CHCTEM), UMEIOIINE Pa3HbId YPOBEHb BIajie-
HUS KOMIBIOTEPHBIMU TEXHOJIOTHUSMU, HCCIICIOBAHMS B 00JIACTH CO3/aHMS [T0JIb30BATEILCKUX UHTEP(EIHCOB,
YUUTBIBAIOIINX CTPYKTYPY UCXOHBIX JaHHBIX, YCTPOMCTBO, TUIATPOPMY, MPEATIOUTCHUSI U 0COOCHHOCTH TOJb-
30BaTelIs, JAJI PEJAKTOPOB 0a3 3HAHUH U CIIOKHOCTPYKTYPHPOBAHHBIX JAHHBIX SBJISIOTCS aKTYaJIbHBIMH.

Llenpro paboOTHI SIBJISETCS ONMMCAHUE KOHIICTIIIUU CO3JIaHUS aJallTUBHBIX TCHEPATOPOB TOJH30BATEIIb-
ckux WIMP-unTepdeiicoB o onTosioruu 3Hanuil. OnrcaHa apxXuTeKTypa IpOrpaMMHOTO CPEJICTBA U €€ 0C-
HOBHBIC KOMIIOHCHTEI.

1. Konuenuusi aBTOMaTH3alMU Pa3padoTKH aJalTUBHBIX PeAaKTOPOB 0a3 3HAHMI

B Hacrosiiee Bpemsi HanOosIee pacpOCTPaHEHHBIM SIBIISIETCS MOAXO0/ K (hOpMUpPOBaHHIO 0a3 3HAHHWI Ha
ocHOBe oHTonormiA. B paborax [5—13] moapobHO 0OCyx)maroTcsi MpeuMyIecTBa TaKOro moaxona. B coorser-
CTBHH C HUM Ha IIEPBOM STaIle HHKEHEP 110 3HAHUSAM CO3/1aeT OHTOJIOTUIO TIPEAMETHON 001aCTH (MITH OHTOJIOTHFO
3HAHMI), HCTIONB3YS S3BIK ONHCAHKS OHTOJIOTHH, HA BTOPOM — aBTOMAaTHYECKU TeHEPHPYETCsl PeIaKTop 3HAHHI
(o oHTONOTHM), W 3aTeM DHKCIEPT MPEIMETHON 00NacTH (BO3MOXKHO, C WHXKEHEPOM I10 3HAHUAM) (HOPMHUPYET
0azy 3HaHwWii [14—17]. [Ipu sTOM MeTox TeHepalu HHTepdelica perakTopa Mo CO3MaHHONH OHTOJIOTHH SBIISETCS
¢ukcupoBaHHBIM. TakiuM 00pa3oM, OCHOBHOI HEJJOCTATOK ONMMCAHHOTO IOAXO0/a COCTOUT B TOM, YTO MHTEpderic
TCHEPUPYETCs] HA OCHOBE OHTOJIOTUH IO <OKECTKOI CXeMe», BCTPOCHHOI B reHepaTop penakTopos (puc. 1).

reHepatop

—> UHTEpMENca

v

Pegaktop 6a3bl
3HaHUIA

PepakTop
OHTONOTMH
OHTon orus ba3sa 3HaHui

VIHKeHep no 3KCNepT  UkKeHep no
3HAHUAM 3HAHUAM

Puc. 1. TpaguiroHHBIH TOIX0/1 K TeHEpALUU PEJAKTOPOB 3HAHUH
Fig. 1. The traditional approach to generating knowledge editors

Jns ycTpaHeHus yKa3aHHOTO HEAOCTaTKa MPEeUIaraeTcs HOBas KOHLUEMIMUS, OCHOBHBIE ITOJIOKEHUS
KOTOPOH 3aKJIFOYAKOTCS B CIIEAYIOLIEM:

1. BBoguTcss MHOKECTBO aOCTpPaKTHBIX 3JEMEHTOB MHTep(eiica, T.e. DIEMEHTOB, KOTOPHIE PEIIaioT
orpejieNieHHbIe MHTep(delcHbIe 3a1a4n (BBOJI CTPOKH WIJIM YHUCIIA, BEIOOP U3 MHOXECTBA, BBIBOJI CTPOKH MM
Yrcia v T.11.), HO He PUKCHPYIOT KOHKPETHBIH HHTepPEHCHBIN 3JIEMEHT U €0 BU3yalbHOE MPE/ICTaBICHUE.

2. JInst kaxmoro abCTpakTHOTO 3JeMeHTa WHTepdelica 3a/laeTcsi MHOXKECTBO €ro ajianTanudil — BO3-
MOXHBIX BapUAHTOB BHU3YaJbHOTIO NpeacTaBieHus. KaxaoMy BU3yaabHOMY IPEICTABIEHUIO COOTBETCTBYET
HekoTopbii dnemenT WIMP-untepdetica ¢ Habopom napamerpoB. [Ipu 3TOM ¢ KaIbIM JIEMEHTOM aJlarTa-

1 Or amrn. usability — y1o6cTBO MCTIONMB30BaHNS, IPUTOIHOCTD HCTIONB30BAHMUS, SPTOHOMUYHOCTD — CTIOCOOHOCTD TIPOIYKTa OBITH
MIOHMMAaeMbIM, U3y9aeMbIM, HCIIOJIB3yeMbIM U IPHUBJIEKATENbHBIM JUIS MONb30BaTelsd B 3agaHHbIX ycrnoBusx (FOCT P MCO/MBK
25010-2015).
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uun (WIMP-snemenTom) cBsi3aHO yclIOBHE €ro MPUMEHUMOCTH, KOTOPOE 3aBHCUT OT THIIA ONEPaluOHHON
CHCTEMBI, YCTPOHUCTBA, CTPYKTYpPbl HHQOpMAIIMH, THIIA TTOJIH30BATEIS, €r0 MPENNOYTEHUM, CPebl NCTIONIB30-
BaHUs M APYrux (aKTOpOB. YUUTHIBAs, YTO WHTEPQEHCHBIC SIIEMEHTHI, 3HAHHUSI O MPOSKTUPOBAHUH, IJIaT-
(OpMBI U YCTPOWCTBA MMOCTOSTHHO M3MEHSIOTCS U JOJDKHBI HETIPEPHIBHO COBEPILICHCTBOBATHCS, COOTBETCTBHUE
MEXIy aOCTpakTHBIMH HHTep(QEHCHBIMU dIeMEHTaMHU U UX aJalTalusIMH 3aJaeTcsa B 0a3e 3HAHUH O MPOeK-
TUPOBaHUU UHTEpdeiica.

3. Mopgenb unTepdeiica (Monenb 3aaa4). Moaens uHTepdeiica onpeaenseT nepapxuro, PacioioKeHNEe
U TIOPSIIOK 0TOOpaxkeHus (a0CTPaKTHBIX) HHTEPEHCHBIX AIEMEHTOB B Tpoliecce pabOThl C CEPBHCOM C yue-
TOM BBINIOJTHEHUSI TIPOTPaMMHOM Joruku. Monenb uHTepdeiica onpeaenseT MpeAnouTeHHs MOIb30BaTeNs
(unaTep(eiicHbI CTWIIB, THI IWAJIOTa, YPOBEHb BIAACHUS KOMIBIOTEPOM U Tp.). Bes nndopmanus, momy-
4yeHHasl 1100 OT MOJIb30BaTeNs, IM00 B MpoIEcce ero paboThl ¢ PEAAKTOPOM (UHMCIIO OUIMOOK, CKOPOCTh pa-
0O0TBI, OPSIIOK BHECEHUs MH(OpMaIMK U Ap.) coxpansercs. Ecnu mons3oBarens He 3aJaeT HAYaIbHYIO WH-
(dbopmaluio, To UCTIONIB3YETCS CUCTEMa YMOJIUaHUH, a aJanTalus OCyLIECTBIACTCS HA OCHOBE ANHAMUUECKOI
(moy4enHoit B mporiecce paboThI C MONB30BATENEM) HHPOPMAIIHH.

4. Pa3pabatbiBaeTcs TeHeparop uHTepdelica, KOTOPBIH MO OHTOJIOTHH TPeIMETHON oOiacTH, Oasze
3HaHUU O MPOEKTUPOBaHUH MHTEpdeiica u Moaenu uHTepdeiica GopMUpyeT moIb30BaTENLCKUN HHTEPPEiic
1 00ecrieurBaeT ero afanTaluio K MoJIb30BaTelo B Iporecce GopMUpOBaHUS 0a3bl 3SHAHH.

B cootBercTBMM C NpPHBEACHHBIMH BBIIIC IMOJOXKEHUSAMH KOHLEHIMM M COBPEMEHHBIM IOAXOIOM
K pa3paborke Cb3 He0OX0MMBI ClleAyIomTie HHHOPMAITHOHHBIE PECYPCHI:

1. Onronorus WIMP-aniemenToB 1 chopmupoBanHas no Heil 6aza (0ubimorexka) WIMP-3nemeHTOB,
coJieprKalas IOBTOPHO UCIIOIb3yeMoe U pacmupsemoe MHOKecTBo WIMP-31emMeHTOB 1 ux aTpuOyTOB, 3a-
BHCAIINX OT TIATGOPMBI U YCTPOUCTBA, a TAKXKE CIIEIUAILHOTO (II0JIb30BaTENbCKOr0) MHOXKecTBa WIMP-
AJIEMEHTOB — PeaH3alni A1l KOHKPETHOU MPEIMETHOM 00IacTH.

2. OHTOJIOTHS 3HAHWH O MPOEKTHPOBAHWU MHTEPQEHCcOB u 0a3a 3HAHUNA O MPOCKTHUPOBAHUH WHTEP-
(eiicoB, COOTBETCTBYIOIIAs CTAHAAPTAM IPOSKTUPOBAHUSL.

3. OHTonorus Moaenu naTepdeiica.

2. ApXMTEeKTypa NPOrpaMMHOI0 CPeICTBa

B cooTBeTcTBMM ¢ NpUBEICHHON KOHIENIMEH Hpemaraercs cienyromas cxema renepaunua WIMP-
nHTep(elicoB peAaKTOPOB 3HAHMH (pHC. 2).

Paspabortka MoarotoBka Mogenu WIMP-uHTepdenca Paspaborka 6asbl
OHTOMorMM NO 3HaHun NO

~ Pa3paGoTunku

“ nnargopMel

}
OHTONOrUM Ans MOAEJ'IHl

WIMP-uHTepdeiica

h 4

OxTonorua 63 o
NPOEKTUDOBAHMM
WIMP-uxTepdeiica |

Oxtonorus WIMP
anemexTos

OHTONOMMA MoZenu

Ontonorusa MO o
uHTEpDEiica

BnoK 3HaHui Ans
mogenu WIMP-
v MHTepdeiica \ 4 \ 4 \ 4

Ba3a 3Hanmin WIMP- > Hwefao

3NEMEeHTOB

> Mogens peiica Basa 3sakuit MO
WIMP-uxTepdeiica

4ol ) + 4 f

I

PenakTop mogenu
npeacTaeneHnA
3HaHUA

t 1 t
Q\ ' ' ’
Q) L\ 5\

3KcnepT B 06nacT
npoeKkTUp MHTepceit 3kcnept MO

PenakTop 3HaHui/ rexepatop WIMP-

PenakTop oHTonomMmM < o >
€AaKTop Mogeny uHTepelica uHTepdelica =|

WrxeHep no " B
3HAHNAM DusaitHep uHTepdelica

Puc. 2. ®opmupoBanue pepakropa ¢ agantuBHeiM WIMP-unTepdeiicom
Fig. 2. Formation of an editor with adaptive WIMP-interface
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dopMupoBaHHE OHTOJIOTHH MPOU3BOJIUTCS, KaK M B TPaAMIMOHHOM crocodOe. [lanee skcmept mpen-
MeTHOH oOnact opmupyeT Monenb uHTepdeiica (YkasblBaeT MPeanoUYTeHUsI MOIb30BaTeNsl, YPOBEHb BIla-
JICHNS1 KOMIIBIOTEPOM, IPENNOYTUTENLHBINA THIT IUMaliora U Ap.) Tubo Au3aiiHep nHTEpdeiica 3agaeT B Moje-
1 uHTepdelica oOIenpUHITEIE B IPEAMETHONH 00JacTH CIIOCOOBI MpeACTaBIeHUs HHPOPMaIUH. DTOT 3Tal
MOKET OTCYTCTBOBaTbh, TOTAA MCIIONB3YETCsl CUCTEMa YMOMYaHHUM, IPH 3TOM B mpoliecce paboThl MOJIb30Ba-
TeJlsl ¢ PEAaKTOPOM 3HAaHUK MOJIEeb HHTepdelica JOMONHAeTCS AMHAMUYECKO HH(pOopMaIeH o mojbp3oBarele
(ckopocTh pabOTHI, YKCIIO OMNOOK, MOPAIOK ACHCTBHHA U Ap.). | eHepaTop peaakTopa 3HaHWH MO OHTOJIOTHH,
MoJenu uHTepdetica u 0asze 3HaHUN O MPOEKTUPOBaHWH HHTEp(delica popMUpyeT MoIB30BATENBLCKUI HHTEP-
¢eiic u ynpasiseT UM B mpouecce GopmupoBaHus 6a3bl 3HaHUK. OTACTBHBIM OJOKOM CHUCTEMBI SIBIISIETCS
¢dopmupoBanue 0a3bl 3HAaHWH O MPOEKTHUpOBaHUM UHTepdelica. ba3za 3HaHMII pa3padaTbiBaeTCs HA OCHOBE
OHTOJIOTMH 0a3bl 3HAHUHM MO TEXHOJOTMH CO3JAHHs OHTOJIOTHH, MPH 3TOM HCHONB3YyeTCsl OMOIMOTeKa
WIMP-35emMeHnTOB, KOTOpas Takxke HOPMHUPYETCS [0 COOTBETCTBYIOIIEH OHTOJIOTHH.

3. Ourtouaorug WIMP-3j1eMeHTOB

Jliist opManbHOTO MPEACTABICHHSI OHTOJOTHI OYIeT MCIOIp30BaThCs HoTarws s3bika MPYO [17-18].
Owntonorust WIMP-351eMEHTOB COCTOUT M3 JIBYX OCHOBHBIX pa3fesioB: MHOkeCcTBO WIMP-3nemenToB
Y1 MHOYKECTBO CTHJIEH:
Onmonocuss WIMP snemenmos {
~copy WIMP-azemenmor {~ set WIMP -onemenm {
~copy CSS-cmunu
<Habop ynuxanvuvix ceolicme>
ds
~copy CSS-cmunu {~set CSS {
~copy selector {<...>}
~copy body {<...>}
ds
WIMP-semenmpr — 3TO CTaHAApPTHBIE «OKOHHBIC» HHTEP(EHCHBIC 3JEMEHTHI: ba30BbIA 3JEMEHT
(Div), Tekcr (Text), Knomnka (Button), TekcroBoe mone BBosa, Crucku (IIPOMCTHIBAEMBIH, BBITTA AIOIIIHIA)
(List, Combobox), Bkmaaku (Tabs), Pagro-knomnku (RadioGroup), Uek-60kcel (CheckboxGroup), [Ton3ynok
(Slider), ITuxrorpamma (Picture). CTpyKTYpHO KaXKIbli U3 3THX 3JIEMEHTOB COCTOMT M3 HEKOTOPOro Habopa
YHHUKaJIbHBIX JJIS1 JAHHOTO 3JIeMEHTa aTpuOyToB U ctuieit CSS.

OnTonorua anementos WIMP {CMIMCOK} &£ ( ='copy') (ref-new) @ &2 || v x ©
¥ > CSS{CMUCOK} Z ([*] listmm') (all) @ & [ v » ©

» selector ( = 'copy’) (ref-new) v ¢

» » options ( = 'copy') (ref-new) & A

onucams anemenm criucka. M A @ D @ @

¥ common elements {CMUCOK} & (= ‘copy’) (ref-new) @ # 711 B A v » @
» > Text ([*] listmm’) (ref-new) v »

» > Div ([*] 'listmm’) (ref-new) & A v

» > Button ([*] listmm') (ref-new) & A w

P > List ([*] listmm') (ref-new) & A v x

» > Combobox ([*] listmm') (ref-new) & A v »

» > Radiobutton ([*] listmm") (ref-new) &% A v »

» Radiogroup ([*] 'listmm') (ref-new) & A w

» Checkbox ([*] 'listmm’) (ref-new) & A v »

» Input ([*] 'listmm') (ref-new) & A

onucams anemerm criucka. @ @ @ D @ @

» custom elements ( = 'copy') (ref-new) & A

Puc. 3. Cxpunmor ontosorur WIMP-sriemeHToB
Fig. 3. Screenshot of the ontology of WIMP-elements

CSS-cmunu — 310 KackaaHble TaONUIBl cTUiielt (aHanornuneie TadnmuiaM Cascading Style Sheets —
CSS u3 BeO-TexHOJIOTHIT), KOTOPBIC 3aJal0T MHOKECTBA BO3MOKHBIX THIIOB O()OPMJICHUS BHEIIHETO BUAA

113



B.B. I'pubosa, J1.A. Pedopuwes

WIMP-31eMeHTOB, HauMHAas OT MPOCTHIX, TAKUX KaK MPHUPT, IBET, pa3Mep AIEMEHTOB, A0 COCTaBHBIX, CO-
Jeprkaiux Habopsl mHTepdeiicHbIX pemeHnid. X ompenenenne ocymiecTBIsETCS B COOTBETCTBUN NPUHATHIM
ompenesneHneM B BeO-pa3paboTke [19] u cocTOUT u3 «cenekropa» u «renay. «CeneKkTop» OnpeaeisieT, s
KaKHX MMEHHO 3JIeMEHTOB HHTep(delica MpUMEHHTh 3alaHHbIe TIpaBuia (CBOHWCTBa). «Temo» CTHIIS COAepPKUT
Ha0Op CBOKCTB, KOTOpBIE OyIyT IPUMEHATHCS JJIs1 COOTBETCTBYIOIIUX CENIEKTOPY JIEMEHTOB (pHC. 3).

4. Onrogorusa b3 o npoexkTuposanun WIMP-untepdeiica

baza 3nanwmii o mpoektupoBannu WIMP-unrepdeiica ctpoutcss Ha 0CHOBE OHTOJIOTHH, KOTOpAas 3a7aeT
HA0OpBI COOTBETCTBHI MEXKIY aOCTPaKTHBIM MHTEP(QEHCHBIM 3IIEMEHTOM W €T0 BO3MOXXHBIMH TMpPECTaBIIe-
HUSMU B UHTEepdeiice (puc. 4).

¥ ABcTpakTHble HTepdelicHbie sanaun {CMUCOK} & ( = 'copy’) (ref-new) @ & {71 @
¥ Beon {CMUCOK} Z ([+]'setmm)(al) @ & || v x ©
» > Peanusauus ( = ‘copy') (ref-new) v
[OaHHble (copT: CTpokosoe) (!'one’) (all) & [ & A v x
¥ > Agantauun {CMIACOK} . ( = 'copy') (ref-new) @ &2 1] & A @
¥ > ApanTauus {CMIUCOK} 2 "mm') (ref-new) @ & 1 §@
¥ CenekTop {CTIMCOK} . ( ='copy’) (ref-new) @ &2 (1 v x ©@
» > YeTpoieTtso ( = "copy’) (ref-new) v 3¢
» [antbie ( = "copy') (ref-new) & A v

» > Monk3oBaterns ( = 'copy’) (ref-new) & A
onucams anemerm ciucka. @ @ @ @ @ @
» > Peanusauus ( = 'copy') (ref-new) & A
onucams anemerm criucka @ @ @ ® @ @
onucams anemermcnucka. @ @ @ ® @ @
onucams snemerm criucka: @ @ @ ® @ ®
» Boieog ([+] 'setmm’) @@ll) &% A v
P KoHtelHep ([+] 'setmm’) (ref-new) & A v »
» Buibop ([+] 'setmm’) (ref-new) & A

Puc.4. CxkpuHmot oHTONMOTHH ¢ 6a3aMu 3HaHUI 0 ipoekTupoBannu WIMP-unTepdeiica
Fig. 4. Screenshot of an ontology with knowledge bases on designing a WIMP-interface

[IprMEHUMOCTD 3JIEMEHTa ONPE/CIIICTCS HAOOPOM YCIIOBHI (aaanTariuii).
~one Abcmpaxmubiti unmepgeticuoiil onemenm {

~one -> WIMP-szemenm

~set <Aoanmayus>

¥

WIMP-s1emenm — 310 ccpimka Ha WIMP-anemMeHT (C KOHKpETHBIMH TMapaMeTpaMu) U3 OHTOJIOTHH
WIMP.
<Aoanmayusi> — 3T0 MHOXXECTBO BapPHAHTOB MPUMEHUMOCTH MHTEP(EHCHOTO 3JIeMEHTa B 3aBUCUMO-
CTH OT yCJIOBUIA:
~set Aoanmayus {
~copy <Cenexmop adanmayuu™>
~copy < Peanuszayus>
}
<Cenekmop adanmayuu> — 3T0 HA0Op YCJIOBUW ananTalli¥, TIPU BBIMOJIHEHWU KOTOPBIX WHTEp-
(helicHBIN 3NIEMEHT TONTyYaeT ImapaMeTphl, yKa3zaHHble B Oj0ke <Peammzamus™>. YcIoBHS peaiu3aliu orpe-
JENISIOTCS CIIETYIOIUMU (paKTOpaMu: YCTPOMCTBO, TAHHEIE, MTOJIb30BATEb!
~copy Cenexmop adanmayuu {
~copy <¥Ycmpoticmeo>
~copy </lanHnvie>
~copy <Ilonvzosamenvb>
}
<¥Ycmpoiicmeo> onpenensier ero Tun (Hanpumep, 1K, mianmer, cmMapThoH), OnepallMoOHHYIO CHCTe-
My (aHampumep, Android, Windows, 10S) u pazmepsi.
</lannvie> CONEPKUT NapaMeTPhl, XapaKTEPU3YIOIIUE BHEITHEE WIIH BHYTPECHHEE OKPYKEHHE dIIEMEH-
Ta, KOTOPOE MOXKET BIHATH Ha MPEACTaBICHNE JAHHOTO 3JIEMEHTa, HAIPUMEP KOIUIECTBO TIOTOMKOB.
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<Ilonv306ameny> omnpeneseT NapaMeTpsl aaNTaluy, 3aBUCSIIME OT JaHHBIX IOJIb30BATENs], KOTOPbIH
paboTaeT B HacTosiIee BpeMs ¢ uaTepdericom. JlaHHbIe moabp30BaTeNst MOTYT OBITh JUHAMUYECKUMH (CKOPOCTD
paboThI, KOMTUYECTBO OMIMOOK U Jp.) U CTATHYECKHMU (BO3PACT, 0cOOBIE 3alIPOCHl U OCOOCHHOCTH U JIp.).

C xaxJpIM a0CTpPaKTHBIM 3JIEeMEHTOM HHTepdelica MOKeT OBITh CBA3aHO MHOXKECTBO BO3MOKHBIX HH-
TepdelCHBIX JIEMEHTOB, KaK ONpe/IeIeHHBIX Pa3paboTYMKaMy CHCTEMBI, TaK U pa3padOTaHHBIX MOJIb30BaTe-
nsivu. CIIACOK TaKMX 3JIEMEHTOB ObLT COPMUPOBAH aBTOpaMH JAaHHOM padOTHl HAa OCHOBE aHANM3a JIUTEpa-
Typsl [2—4] U COOCTBEHHOTO ONBITA MPOSKTUPOBAHUSI MHTEIIEKTYalbHBIX HHTepdeiicoB [16—18]. Kaxnmpiit
aOCTpaKTHBII ANIEMEHT 33/1aeTCsl CBOMM MMEHEM U HabOopoM mapameTpoB (puc. 5):

3nemeHT BBOAA {] Buibop E

+ Tun BEOAMMOro 3NEMEHTA: CTPOKa, Lenoe, BellecTEeHHoe + MHO¥eCTB0 3Ha4eHui ans sxibopa
+ [I1ana30H 3HaYEHNI. HIKHAR MPaHNLa-BEPXHAR rPaHuLa + [I1anasoH 3HadeHni

+ LLar esoaa

+ Tun 20100pa (COEBMECTHLIN UK HECOBMECTHLIN)

OnemMeHT BbIBOAA $:]
J Buibop ¢ BBOgOM {I

+ Tun 3MeMeHTOR BLIB0Aa: CTPOKA, UMcno, daiin 7 : ; ~
+ Aflpec anemeHTa: CTpoka + MHO¥ecTz20 3HaYeHui Ans seidopa

+ [IuanasoH 3HadeHun

+ LWar ssoaa

+ Tun e=100pa (COBMECTHLIN UNK HECOBMECTHEIN)

KouTeiinep $:| + BBoa: cTpoka

+ Tun: CNXCOK UNW ansTepHaTUBa

Puc. 5. AGcTpakTHBIC 31IeMEHTHI HHTEpdetica
Fig. 5. Abstract interface elements

Ha puc. 6 npuBeneH npuMep BO3MOXKHBIX peanu3anuii 1y adbctpaktHoro anementa «BbIBOP». Kak
BUJIHO U3 JIAHHOTO TPHMEpPa, BHIOOP 3JIEMEHTOB MOKET OCYIIECTBIISATHCS C HCIOJIb30BAaHUEM HECKOIBKHX
BO3MOXHBIX AneMenToB WIMP-unTepdeiica: rpynmoi paIuoKHONOK, TPYMIIOi Y4eK-00KCOB, MPOJIUCTHIBAE-
MBIM W PacCKpbIBAIOIIUMCS cIUCKamH. BriOop xoHkperHoro snementa WIMP-unrepdetica onpenensiercs
JAHHBIMU (KOJTMYECTBOM DJIEMEHTOB M OCOOCHHOCTBIO MX BBIOOPA — HECOBMECTHBIHN (€TMHCTBEHHBII) BEIOOD
WJIM COBMECTHBII), THIIOM TOJIb30BaTENs (IPOABUHYTHIN MJIM HOBUYOK) U T.1.

Tpynna paguo-KHONOK

BapuaHnT 1

BapuaHT 2
Tun Bui0Opa: HECOBMECTHBLIA, @ Bapuant 3
Konu4yecTeo 3nemeHTos: < 5

BapuaHT 4

Tun Bei0Opa: HECOBMECTHLIA,
KonuyecTso 3nemeHToB: > 5,
YPOBEHb NONL30BATENR: NPOABUHYTEIA BapmaHT 1

Bhbinagarowui CnMcok

ABCTPaKTHbIR
3nemeHT "BbIBOP"

Tvn ei00pa: HECOBMECTHEIN,
Konu4ecTeo 3NemeHTos: = 5

YpoBeHb NoNs308aTeNA: HOBUYOK

Cnuncok

BapuaHT 1
BapuaHT 2
BapuaHTt 3
BapuaHTt 4

| BapnaHT 2 BapuanT 5
BapuaHTt 6

Tun ex=idopa: COBMECTHBIN

| BapuaHT 1

[l Bapuant 3

| BapuaHTt 4

Puc. 6. Bo3moxusie peanuzaunn WIMP-anemenToB st aberpaktHoro unrepdeiicuaoro anementa «BbIBOP»
Fig. 6. Possible implementations of WIMP-elements for the "SELECT" abstract interface element
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AOCTpaKTHBIM 3JI€MEHTaM COOTBETCTBYET HE TOJIBKO MHOXKECTBO KOHKpeTHBIX WIMP-anementoB, HO
U MHOXKECTBO BapHUaHTOB peallM3allii Ka)XI0TO0 WHTEP(EHCHOro 3IeMeHTa I Pa3IUuHbIX ONEPAllHOHHBIX
CHCTEM U YCTPOUCTB (pa3Mephl SKpaHa, BO3pacT MoJb30Batelis U Ap.) — agantanui. Eciu HU onHa aganTtanus
HE YAOBJIETBOPSET yCIOBUSIM, TO HEOOXOIUM OTIEIBHBIN BapHaHT aJanTaluu MHTEp(ercHOro 3j1eMeHTa —
HekoTopeli WIMP-anemenT no ymomuanuto. MIHTepdeiicHbIN 3IEMEHT IO YMOTYaHUIO — 3TO CCBUIKA HA JIFO-
0011 onucannplii WIMP-a5emMeHT (¢ KOHKpETHBIMU TlapaMeTpaMu) u3 oudmuorekun WIMP-anemenTos.

VYcnoBus B CENEKTOpE ajanTaliii UMEHT CBOW IPUOPUTET. IIpuopuUTETHI MOTYyT MMETh 3HAUEHUE B
cllydyae, KOT/Ia BBITIOJIHWINCH BCE YCIIOBUS [T IBYX WM O0Jiee CeNEeKTOPOB, COACPIKAIIMX HEKOTOPBIE OJTU-
HAKOBBIE MTapaMeTphl n3MeHeHus1 B peanuzannu WIMP-anementa. B Takom ciryuae OyaeT BeIOpaH TOT mapa-
METp, CEIEKTOp KOTOPOro MMEeT OOJBIINA CyMMapHBIA MPHOPUTET: MPUOPHUTET CEIEKTOpa paBeH CyMMe
IIPUOPUTETOB BCEX €I0 YCIOBUM.

5. OnTOoNT0THS MO€eU HHTEpdeiica

OnTonorust Moenu uaTepdeiica XpaHuT HHPOPMAITHIO CIEAYIONINX BHIOB:

1. Ilonwp3oBarensckas (MHGOpMAIs, MOTYIeHHAS OT TIOB30BATENs).

2. luaamudeckas (nHGOpMAIIHsI, TOTydeHHast B ITpoliecce paboThI C CEPBUCOM).

Onmonozaus 6azvl 3nanuti o npoexmuposaruu WIMP-unmepetica {

~copy [onvzoeamens { ... }
~copy Hunamuuecxas ungpopmayus { ... }

}

Mopnens nHTEpQEiica onpeaenseT nepapxuo, pacoiIoKeHHE U TOPAA0K 0TOOpaxeHus (a0CTPAKTHBIX )
nHTEP(ENCHBIX DIIEMEHTOB B MPOIIECcCe PadOTHI C CEPBUCOM C YUETOM BHITIOTHEHHUS MPOTPAMMHOHN JIOTHKH.
Omnpenensercss oToOpakeHHEe W TIOBeleHHe MHTepdeiica B COOTBETCTBUN C WHAMBHIYaTbHBIMU XapaKTEPH-
CTUKaMH | MPEIOYTSHUSIMH TI0JIh30BaTEls CEpBHUCa.

[Tomp30BaTenb cam 3amoyHAET JaHHBIE 0 ceOe, BHOCUT IpeanodTenns. Eciu monp3oBareis He 3a/1aeT
HavYaJbHYI0 UHPOPMAIIHIO, TO UCTIOIB3YIOTCS TapaMETPHI TI0 YMOTIaHUI0. MOJIENb MoIb30BaTens BKIOYaeT
CJIEyFOIIE KOMITOHEHTHI: I10JI, BO3PAcT, 00pa3oBaHUE U JIp.

~copy Ionvzosamens {

~one -> [Ton {Myoxc | )Ken}

~one -> Bospacm [integer]

~set -> Ilapamemp {
~one -> Kmou [string]
~0ne -> 3nauenue [String]

}...

Junamuueckas HHGOPMAIKS BKIOYACT CICIYIOIINE BUABI JaHHBIX: YHCIIO OMIMOOK, CKOPOCTh pado-
ThI, TOPSJIOK BHECEHUS MH(OPMALIUY U JIp.
~copy Hunamuuecxas ungopmayus {
~one -> Yucno owubdok [integer]

3akiaoyenue

IlpennoxkeHa KOHUEMIMS CO3JaHUA  AJAlTUBHBIX TE€HEPATOPOB TMOJIb30BaTelbcKux WIMP-
nHTep(ENCOB M0 OHTOJIOIMU 3HAHHUM. B cTaThe onrcaHbl HEOOXOAMMBIC B KOHIICIIIIUH OHTOJIOIMH (OHTOJIO-
rusit WIMP-a51eMeHTOB, OHTOJIOrHS 3HAHUK O MPOSKTUPOBAHUN UHTEP(HEHCOB U OHTOJIOTHUS MOJCIH MHTEP-
(etica) ¥ COOTBETCTBYIOIIME UM 0a3bl 3HaHUH. OCHOBHOH pe3y/IbTaT pa0bOThl 3aKIH0YACTCA B MOIU(DUKALIUN
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noaxojaa K (opmMUpOBaHUIO pelakTOpoB 0a3 3HaHUM U pa3pabOTKe KOHLENIUM aBTOMATU3HMPOBAHHOIO CO-
3nanns WIMP-unTepdeiica ¢ ucnonp3oBaHneM BBEACHHBIX aOCTPaKTHBIX aJalTUBHBIX 3JIEMEHTOB HHTEP-
(eiica, COOTHOCALINXCS C 3JIEMEHTaMU MeTasi3blka U oToOpakaembiMu WIMP-snementamu. B pesynbrate
BMeCTO (PMKCHPOBaHHOTO METOJIa TeHepaluy uHTepdeiica penakropa mpeaiaraeTcs aganTUBHBI MEXaHU3M,
AaBTOMATHYECKH yUUTHIBAIOLINN M3MEHSIONIUECS MapaMeTphl peanu3auy uHTepdetica: ycTpoHCTBO, CTPYK-
Typy UH(pOpMAIH, TPEATOYTCHUS MTOTB30BATEIS.
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The concept of creating adaptive generators of user-defined WIMP-interfaces on knowledge ontology is proposed. In accordance
with this concept, a domain ontology is created, a knowledge editor is automatically generated, and then a domain expert creates
a knowledge base. The article presents the ontologies necessary in the concept (the ontology of WIMP elements, the ontology of
knowledge about interface design and the ontology of the interface model) and the corresponding knowledge bases.

The Ontology of WIMP elements consists of two main sections: the set of WIMP elements and the set of CSS styles. WIMP ele-
ments are standard “window” interface elements: buttons, text fields, controls, containers, and others. CSS styles are cascading style
sheets that define a set of possible types of appearance design for WIMP elements.

The knowledge base on designing a WIMP interface is built on the basis of an ontology that defines sets of correspondences
between an abstract interface element and its possible representations in the interface. The applicability of an element is determined
by a set of conditions (adaptations).

The ontology of the interface model stores information of both the user and dynamic information obtained in the process of
working with the service.

The novelty of the research lies in the modification of the approach to the formation of knowledge base editors and the develop-
ment of the concept of the automated creation of a WIMP interface using the newly introduced abstract adaptive interface elements
that correlate with the elements of the metalanguage and the displayed WIMP elements. As a result, instead of the fixed method of
generating the interface of the editor, a new adaptive mechanism is proposed that automatically takes into account the changing
parameters of the interface implementation: device, information structure, user preferences. To illustrate the proposed ideas, concep-
tual schemes for generating the interface are given and relevant examples are presented.

Keywords: WIMP-interface; ontologies; adaptability; knowledge base editor.
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