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YIIPABJIEHUE JTUHAMNYECKUMHU CUCTEMAMHU
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J.A. I'apaeBa, K.b. MancumoB

HEOBXOJIMNMOE YCJIOBHUE OIITUMAJIBHOCTHU B 3AJIAYE YIIPABJIEHUSA
C IUCKPETHBIM BPEMEHEM IIPU HEJU®®EPEHIIUPYEMOM
KPUTEPUU KAYECTBA

Paccmorpena ofHa AuCKpeTHas 3a7a4a ONTHMAJIBHOIO YIIPABIICHUS C HErJIaJAKUM KPUTEPUEM KaueCTBa. Y CTAHOBJICHO
HEo0XOIUMOE YCIIOBHE ONTUMATBHOCTH B TEPMUHAX POU3BOJHBIX 10 HATIPABICHUSIM.

KiioueBble cj10Ba: qUCKpEeTHAs 33/1a4a ONTHMAIBHOIO YIIPABJICHHS; IPHUPAIICHAC KPUTEPHS KA4eCTBa; HEOOXOIIMOe
YCIOBUE ONTUMAJIBHOCTH; IIPOU3BOJHAS 10 HAIIPABICHUSAM.

B paborax [1-3] u3ydyeHa 3agaua ONTHMAJIBHOTO YIpaBJICHU, MPEACTABIAONIAas COOOH AMCKPETHBIN
aHaJIor OAHOW W3 3aJjad, pacCMOTpeHHOU B paboTax A.M. Mockanenko (cMm.: [4, 5]) u 3aHHMalOIIEH POMEKY-
TOYHOE TOJO0XKEHNE MEXTY 3aJa4aMi ONTHUMAJIBHOIO YIPaBJIEHUS C COCPEIOTOYEHHBIMH U paclpeaeIeHHBIMU
rapaMeTpaMHy. Y CTAHOBJIEH aHAJIOT AUCKPETHOTIO MPUHIMIIA MAKCUMyMa, YpaBHEHHUA Jilsiepa, BHIBEIEH aHAJIO0T
JIMHEApU30BaHHOI'O YCIOBUS MaKCUMyMa.

B npennaraemoil craTtee paccMaTpHUBaeTCs 3ajaya, aHAJIOTHYHAs 3a1ade u3 [1-3], HO IpH Ipeanonoxe-
Huu HequddepenupyemocTy GyHKIMOHANA KadecTBa. BeiBeeHO HEOOXOANMOE YCIOBHE ONTUMAIbHOCTH B
TEpPMUHAX TMPOU3BOJHBIX 110 HAMPABIECHUSAM.

1. ITocTanoBKAa 3aga4u

HyCTI: praBHHeMLIﬁ 00BEKT OMMCHIBAETCS CHCTEMOM Pa3HOCTHBIX ypaBHeHI/If/i

z(t + 1,x)= f(t,x,z(t,x),u(t)), t=ty,ty + 1.6, =1; x=x3,x,+L..,%, €))
C HAYaJIbHBIM yCIIOBHEM
z(to,x)zy(x), X=xp,% +1,..., %, 2)
rIe y(x) — n-MepHasi BEKTOP-(YHKIIHS, SIBISFOMIASCS PEIICHHEM 3aaun
y(x + 1)= g(x,y(x),v(x)), X=Xy, %) +1,...,x, =1, 3)
y(xo) =XYo-

3necy [ (t,x, z,u) (g(x, y,v)) — 3a/1aHHasl 71 -MepHast BEKTOP-(QYHKIIHS, HEPEPHIBHAS IO COBOKYITHOCTH
MEPEeMEHHBIX BMECTE€ C YAacTHBIMH TIPOM3BOAHBIMH TO Z (V); ), — 3aJaHHBIA IOCTOSHHBIH BEKTOD;
ty, 1, Xy, X, — 3aJlaHHBIC YHUCJIA, IPUYEM PA3HOCTH #; —f, U X; — X, €CThb HaTypaJbHBIC YHCIA; u(t) (v(x)) -
r (q) -MEpHBIIl BEKTOP YNPABIIOMINX BO3ICHCTBHIA CO 3HAYCHHSAMH U3 33JaHHOTO HEITyCTOr0, OrPaHUIEHHOTO
MHOXkecTBa U (V), T.C.

ut)eUc R, teT ={ty,ty +1,....t, -1},
v(x)chRq, xeXz{xO,x0+1,...,xl—l}. 4
[Mapy (u(t), v(x)) C BBIIICMEPEUNCIICHHBIMU CBOWCTBAMH HA30BEM JIOITYCTHMBIM YIIPABIICHUEM.
PaccMoTpum 3a7avuy 0 MUHUMYME yHKIIMOHAIIA



S(uv ( ) Z(pz(xzt x) 4)

=%
npu orpanuueHusix (1)-(4). 3mecy o, ( y) ((p2 (x,z)) — 3aJaHHas CKaJsipHas (YHKIMS, yIOBJIETBOPSIOIAs
ycinoButo Jlunmmna no y (z) W UMEIOILAs IPOU3BOIHBIE IO Y (z) 10 JTIF000MY HalpaBJIEHHIO.

Honmyctumoe ynpasieHue (uo (t), Ve (x)), JOCTaBJIAOLIee MUHUMYM (pyHKUIMOHATY (5) IpH OrpaHUYEeHHsX
(1)—(4), HazoBeM ONTUMANBHBIM YIIPaBICHUEM, a COOTBETCTBYIOIIHIM TIPOIIECC (uo (t),vO ()c),z0 (t,x), y° ( x)) —
ONTHUMAaJIbHBIM IIPOLIECCOM.

2. BenomorarenbHble GakThl
Iycts (u° (),v°(x),2°(t,x),»° (x)) —  (UKCHMpOBAaHHEI  JONMyCTHMEIH  mpomecc.  Uepes
(ﬁ(t) =u® (1) +Au(t),v(x)=v°(x)+Av(x), Z(t,x) =z (t,x) + Az(t,x), ¥ (x)=y°(x)+ Ay(x)) 0003HaYNM
MIPOM3BOJIBHBIN TOIMYCTHMBII MpoLecC.

Torpa npupaiuenue (Az(t,x), Ay(x)) COCTOSTHUSI ( x) ( )) OyZeT pelIeHneM 3a1a4n

(1
At 41,)= (0 20030 70) - 7l 220 0h (1), ©

(th ) (x), %
Ay(x + 1) (x, y ) ®)
Ay(xo)—o- ©)

Ucnonw3ys popmymny Teitmopa u3 (6)—(9), momydaem, 4to MpHUpaIieHUe (Az(t,x), Ay(x)) COCTOSIHUSA

(z° (¢,x),° (x)) SIBJIAETCSI pEIICHUEM JIMHEAPU30BaHHOM 3aa4n

Az(t+1,x)= f.(t.x)Az(t,x) + Ay, f(tx) +m, (8,5 Au), (10)
Az(to,x)z Ay(x), (11)

Ay(x+1)=g. (x)Ay(x)+ Av(x)g(x) +1, (X; Av(x)), (12)
Ay(x )=0, (13)

rac mo ornpeaciICHUIO

N (tx; Au)=Ay f.(t,x)Az(2,x) +0 (”Az 1,x)

M, (s Av(x)) = A g, (x) Ay (x) + 0, ([JAr(x)])
3Z[CCB U B ﬂaﬂbHeﬁﬂleM JJId TIPOCTOThL HU3I0KEHU HCIOJIB3YCTCA 0603HaquI/I$I THUIIA
I (t,x) = f(t,x,z0 (t,x),uo (t)),
g, (x)=g(x.p (x).v" (x)),
Ao (%) = £ (0,20 (6,%), 2 (1)) = f (63, 2° (8,x),u° (2)),
A8 (%) =g (2" (x).7(x)) = g (%57 (x).v° (x)).

VYpasnaenue (10), (12) MOXKHO MHTEPIPETUPOBATH KaK JTUHEHHOE HEOJHOPOTHOE PA3HOCTHOE YpaBHEHUE
OTHOCHUTEJIBHO Az(t,x) (Ay(x)).

):

[TosTromy Ha ocHOBe (GOpMYIBI O TPEJACTABICHUN PEIICHWUH JIMHEHHBIX HEOJHOPOIHBIX PA3HOCTHBIX
ypaBHeHU# (cM. HampuMmep, [6, 7]) pemenus 3amauq (10), (11) u (12), (13) cOOTBETCTBEHHO MOXKHO MPEICTABUTH

B BUJC
-1

Az(1,x)=F(t,t, = 1; x) Az(1,,x) + ZF(t,r; x)AE(r)f(t,x)vLm (t,x; Au(t)), (14)

=1,



x—1

D (x,5) A& (8)+ 14 (x5 Av(x)), (15)

=X

rac mo ornpeaciICHUIO

n3(tx Au(t ) ZF 1T x)nl(rx Au(t )) n4(x Av(x ) ZCD (x,5) nz(s Av(s ))

= s=xp
3necy F (t, T x) , CI)(x, s) — (n X n) MaTpUYHbIC QYHKIHH, SBJISIOIMECS PELICHUIMHU YpaBHEHUN
F(t,ﬂ:—l, x) = F(t,r; x)fz (r,x), F(t,t—l, x)= E, CD(x,s —1)= CD(x,s)gy(s),
CD(x, X— 1) =E,(E - (n X n) eIMHUYHAS MAaTPHULIA).
ITockonbky Az(to, x) = Ay(x) , To, yunutsiBas (15), npencraBnenue (14) pemenus Az(t, x) 3agaun (10),

(11) 3ammceiBaeTcs B BUIC
-1

= iF(t,to —1; x)q)(x,S)AV(S)g(S)'i' ZF(I,T; X)Aa(r)f(T,X)‘i‘T]S (t’x; Au(l‘),AV(X))’ (16)

§=X, =1,
TJIe TI0 OTIPENIEIICHUTO
up (t,x; Au(t),Av(x)) =1, (t,x; Au(t)) + F(t,t0 -1 x)n4 (x; Av(x)) .
B nanpHeliiem HaM TOHAAOOUTCS OIEHKA HOPMBI TIPUPAILICHHS TPACKTOPHUHU.

SlcHo, 9TO

11 X

Az(t+1,x) =Y (Az(t+1,x) = Az(T,x)) + Az(1,x), Av(x+1)=D" (Av(s +1)— Ay(s)).

Orcrona ¢ yuerom 3aaad (10)—(13) Oynem umersb i
8z(t+1,x) = Y[ £ (w07 (10).i7 (1)) - £ (502 (e)o” (1)) ]+ Ay (). (17)

x-1

Ay(x+1)= Y[ g (5.3 (s)7(5)) =g 55 (5)v° ()] (18)

S=Xg
[lepexons kK HOpMe B 000MX YaCTAX 3TUX COOTHOIICHUHN M WCIONB3Ys yciaoBus JIMMIIUIA, TOCIE HEKOTOPBIX
peoOpa3oBaHU MOTYIUM

Az (2 +1,x)| < E“AM S ()| + L, 2z (w0 +[av(x) (19)
(e )] < 3 s, 1 Sy )] 20)

3nece L, =const >0, i =1,2, — HEKOTOpPBIE IOCTOSHHBIE.

[pumensist muckpeTHbIN aHasor JemMbl [ ponyonna—benimvana (cM. Hanpumep, 7, 8]) k HepaBeHCTBY (20), momydnm

||Ay(x)||£L3i“Av(S s)| (£ =const>0). @1)

Hanee, yuntbiBas oueHky (21) B (20), a 3arem npumenss iemmy [ ponyomna—bennmana npuxoaum K
OLIEHKE

|z (1) < L, {Z“A() /(5.x)| +Z A2 () } (22)
rae L, =const>0.
3. HeoGX0mMoe yC/0BHE ONTHMATBHOCTH
TIpeAMONOKAM, HTO MHOJKECTBA
f(tx2(6x),0) = {az o= £ (62,2 (6,x).u), ueU}, (23)



g(x" (x).V)={B:B=g(x.°(x).V), ver} (24)
BBIITYKIJIBI.
HepeﬁneM K BBIBOOAY HCOGXOHI/IMOFO YCiI1oBuUA ONTHUMAJIBHOCTU B paCCManI/IBaeMOﬁ 3aJa4dc. Cunras

(I/lo (f),VO ()C)) ONTUMAJIBHBIM YIIPABJICHUCM, €TI0 CIICHUAJIBHOC ITPUPANICHHUEC OIIPCACIIUM I10 (bOpMy.TIe

{Aug(t) Eu(t; 8)—u° (t), teT,

(25)
Avg(x)EO, xelX,

rIe €€ [O,l] — IIPOHU3BOJIBHOE YHCIIO, a u(t; s) €U, teT, — NpoU3BOJIbHAS AOMyCTUMAsl YIpaBistomas QyHK-

LU, TaKasi, 4To

Au(l;g)f(t,x) = sAu(l)f(t,x).
3nech u(t) — MPOU3BOJIbHAS JIOMYCTUMAsl YIpaBisIomas GyHKIHs, COOTBETCTBYIOLIAS u(t; s) . OTO BO3MOXKHO
B CHIIy BBINYKJIOCTH MHOXecTBa (23). Uepes (AzL (t,)c),AyH (x)) 0003HaYMM CrIeNUaIbHOE IpUpaLIeHIe TpaeK-
TOpUU (zo(t,x), »° (x)), OTBeYarollee MpupalleHuto (25) ymnpasieHus (u° (¢),v° (x)) U3 ouenok (21), (22)

cpasy cIeIyer, 4To

X (x)" =0.
[Tosromy u3 (14) cnenyer, uTo
L(1,x)= sZF (t,0) A, f(t,x)+0(E).
t=t,
[Tonaras
-1
u)=g) F(4,)A,,f(t,x),
t=t,
9Ta (hopMyIia 3aIMChIBACTCS B BHIIC
Az, (t,x)=€l(u)+o(¢). (26)
Beraucnum crnienpanbHOE MpHpanieHne KpuTepusi kadecTBa (5), COOTBETCTBYIOIIES NpHUpalieHuto (25)
YIIpaBJICHUS (u° (¢),v° (x)) . Umeem

x -1

ASS(u",vo)sz'(u0 +Aug,v°)—S(u°,v°)= Z[(pz (x,z(tl,x)+AZ£(t1,x))—(p2 (x,z(tl,x))] =

X=X,

x -1

_ Z[(Pz(x z(tl,X)+8£(u)+o(s))—(pz(x,z(tl,x))] =

X=Xy

”MH

[(pz(x z(t,x)+el(u )+o(8))—(p2(x,z(tl,x)+8/5(u))+

+((p2 (x,z(tl,x) + sf(u)) -0, (x,z(tl,x)))].
TTockonbKy @, (x,z) yaoBierBopsieT yciuoBuio JIMIINNA [0 Z M MMEET IPOM3BOAHBIC 10 HAIPABICHH-

M, TO U3 TIOCJICAHCTO COOTHOLICHUA TTOJTy4acM, YTO BAOJIb OIITUMAJIBHOI'O ITponecca (I/lo (f),VO ()C))

sf acpz(x,z(tl,x))

X=X aﬁ (1/1)

OTcrofa mpy 10CTaTOYHO MAJIBIX € € [O, 1] CIEAYET, YTO

1 0p, (x,z(tl,x))
X=X (%(u)

+o(8)20.

>0. (27)



Teneps crenuanbHOE MPUPAILEHHE ONTUMAIBHOIO YIIPABICHHUS (u° (¢),v° (x)) oIpeaenum 1o Gpopmyie
Auu(t)zO, teT, Av“(x)zv(x,u)—v‘)(x), xeX. (28)

3meck pe [0,1] — MPOU3BOIBHOE YUCIIO, & v( p.,x) — MPOMU3BOJIbHAS AOMyCTUMAs! yIpaBIsiiomas QyHKIHs, Ta-

Kasl, 4To
A& (X) =14, 2(x),
rue v(x) — COOTBETCTBYHOIIAs v(x; p.) MIPOM3BOJIBHAS YIIPABISIONIAS (QYHKITHS.
Uepes (Azll (t,)c),Ayll (x)) 0003HAYMM CHENHATFHOE TPHUPAIICHUE ONTUMAIIEHOW TPaeKTOPHUHU, COOTBET-
CTBYIOIIEE MPUpPAIIEHHIO (28) yrpaBiieHUs (uo (t),vo (x)) .
U3 onenok (21), (22) cnenyer, 94To

HAZu (t,x)” ~ U, Ay, (x)” ~HU. (29)
C yuerom (29) uz npencrasienuii (15), (16) cnemyer, 4to
x—1
Az, (6,%) = D F (tsty =) @ (x,5) A g (s) +o(1), (30)
x -1
Ayu(xl)=uZCD(xl,x)AV(S)g(x)+o(u). 31

X=X,

Ilonaras

q,(v.x) = XZ_iF(tlﬂto —l,x)d)(x,s)Av(S)g(s), 0, (v)= Zq)(xl’x)Av(x)g(x)’

=X X=X,

npencrasienue (30), (31) 3amuimemM COOTBETCTBEHHO B BUJIC
Ayu (xl)ZSql (V)+O(H)a (32)
Az, (t,x)=eq,(v,x)+0(n). (33)

C nomorisio (32), (33) BBIUKMCINM CliElHaIbHOE NpHpalieHre QYHKIMOHAIA KaYeCTBa, COOTBETCTBYIO-
1iee npupamieHuio (28) onTUMAaIbHOTO YIIPaBICHUS (u° (¢),v° (x)) .

Hmeem
AS, (1) =8 (v +av, )= S (7)) =[ 0, (3° () + 3, ()~ @ (3 (%)) ] +
5o alhnn) 0, ()04
=L (" (x) + g, (v) +o (1)~ (" (x) + 1 () ] +[ 0 (5 () + g, (v)) =0, (3 () ]-
—ﬂ(% (32" (8:%) + 1y (v20) +0 (1)) = @3 (x:2° (1) + 1y (1)) ) +

+((p2 (x, 2°(t,x)+nq, (v,x)) -, (x,zo (fnx)))]

CJ'IC)_IOBaTeJ'IBHO, HUMECT MCCTO PA3JIOKCHUC

o0, (y° (x, )) u-l 0, (x,z° (tl,x))

AS (u’ v )=pn + +o(p). 34)
* ( ) oq,(v) Z:‘O g, (x,v) ()
U3 paznoxenus (34) B cuity NpOU3BOJIBHOCTH L € [0,1] ClIelyerT, 4To

%0 (x)) pIRAL (=2(05) (35)

0q, (v) i 0q, (v, x)
Chopmynupyem Moay4deHHBIN pe3yabTar.



Teopema. [Iycts MHOXKecTBa (23), (24) Bbimykisl. Torga i ONTUMAaIbHOCTH JOMYCTUMOIO YIPaBICHUS

(u° (t),vo (x)) HeoOxoauMo, 4ToObl HepaBeHcTBa (27) u (35) BBIMOJHSINCH COOTBETCTBEHHO MJIsl BCeEX

u(t)eU, teT, v(x)e V, xeX.

HepasencrBa (27), (35) sBiAr0oTCS HEOOXOAMMBIMH YCIOBHSMHU ONTHMANBHOCTH TEPBOrO MOpsSAKA B
TEepMHUHAaX, IPOU3BOJHBIX MO HANPaBJIeHUsAM (CM., Harpumep, [9—11]).

3ameuanue. Vcnonb3ys He0OXOAUMBIE YCIOBHS ONTHUMaIbHOCTH (27), (35), MOXKHO MONYYUTh HEOOXO-
JMMBIC YCIIOBUS ONTUMAJIBHOCTH B 3a/lade Ha MUHHMAaKc (cM., Hanpumep, [10, 11]). M3 HuX crmemyer Taxke
aHaJIOT AMCKPETHOTO YCIOBHUSA MaKCHMYyMa.

3akjIoueHne

I[J'IH OI[HOﬁ CHCLIH(l)H‘-ICCKOfI HeFJ’IaZ[KOfI 3ala4uu ONTUMAJBHOI'O YIPABJICHUA JUCKPCTHBIMU CUCTECMaMH
IIpy IOMOIIM aHajiora Meroaa SIBHOM JIMHCapHn3aluu MoJTy4CHO HCO6XOI[I/IMO€ YCIIOBUC ONITUMAJIBHOCTH IICPBO-
ro nopsjika B TCpMHUHAX MPOU3BOJHBIX 11O HAIIPAaBJICHUAM. HOHy‘IeHHBIﬁ PE3YIbTAT MOXKCET OBITH MNPUMCHCH JI1
HCCICAOBaHUs 3aJa4Y HA MUHHUMAKC IJ1A paCCManHBaeMOfI CUCTCMBEI.
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In this article we consider the problem of necessary optimality condition in one discrete control problem but assuming nondifferenti-
ability quality functional. We derive a necessary condition for optimality in terms of directional derivatives.
Let managed object described by a system of difference equations

z(t+1,x):f(t,x,z(t,x),u(t)), t=ty,tyg+1,...t, =1, x=x5,x)+1,..,x, @))]
with the initial condition
Z(to,x)=y(x), X=xy,Xy+1,...,x, 2

where n— dimensional vector function y(x) isa solution of

y(x+1)= g(x,y(x),v(x)), X =xp, X+ Ly xy — 1, y(xo) =Yp- 3)



Here f (t,x,z,u) ( g(x, y,v)) is the given n — dimensional vector-function continuous with respect to all variables together with the
partial derivatives with respect to z (), y, is a given constant vector, %, f, x,, x; are given numbers, the differences # -, and

x, — x, are natural numbers, u(t) (v(x)) is r(g)-dimensional vector of control actions with values from a specified non-empty, bound-
ed set
u(t)eUcR", teT ={ty,ty+1,..4, -1},

v(x)eV cRY, xeX ={x,x) +L....x—1}. 4)

Our goal is to minimize the functional
x -1

S(uv) = (y(x))+ T 02(x2(1,x))

X=X,
under the constraints (1)—(4).
Here ¢;(y) (9,(x.2)) is the given scalar function satisfying the Lipschitz condition with respect to y (z) and having derivatives

with respect to y (z) in any direction.
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J.I1. bypakos, M.W. I'apuna

UCCJEJIOBAHUE CTPYKTYPBI MPEANIOYTEHMI JIIIP C UCHOJIb30BAHUEM
THUMOBBIX OBOBIIAIOINX ®YHKIA

Ipemnaratorcst anroput™ TecTupoBanus npennourenuid JIIIP Ha cooTBeTCTBHE OXXHIAEMBIM MM pe3yibTaTaM BEIOOpa
TIPY UCTIONB30BaHMH 0000Iarommx (GyHKIMI 1 METOABI ONpeAeIeHNs THUIIa obodmaromeit GpyHKIMN 1 BEKTOpa eé Beco-
BBIX KO3()()UIMEHTOB, CIIOCOOHBIX cienaTh BeiOpanHyro JIITP Touxy Hammydmeil. PaccMaTpuBaroTcs aliuTHBHAS, MYJIb-
THTUTMKATUBHAS ¥ MAKCUMHHHAsI 00001Iaronue yHKIIA.

KnioueBble cioBa: obobmaromast (GyHKIHS; MHOTOKPHTEpHAIbHAs TEOpHUs IONE3HOCTH; mpexnmourenus; Ilapero-
JIOMHHHPOBAHUE.

W3BecTHO, YTO €clM CTPyKTypa NpEANouTeHHi nuia, npuHumatomero pemtenune (JI[IP), orBewaer
TpeOOBaHMSIM «PALHOHAIBHOCTH», T.€. COOTBETCTBYET aKcHOMaTHKe OJmkBopra—llapero, TO anbTepHATHBA,
BBIOMpaeMas B 3aa4e onpeieeHnsl ONTUMAIBHOW Ha OCHOBAaHHH ydeTra MHOTHX KPHTEPHEB, JOJDKHA HAXOMUTHCS B
MHoxecTBe [lapero Xp, T.e. HEIOMUHHPYEMBIX 1O BCeM KpuTepusaMm anbTepHaTtuB [1]. Takum obpazom, ecnu st
aIIBTEPHATUBBL a € X uMeeTcsl JoMUHUpYIomas ee 1o [lapero-ansrepHatuBa b € X (T.e. BHIONHSIETCS b;a ), TO

IpH J1I000M criocode ynopsaoueHus! albTepHATHBA b TOIKHA 3aHSTH OoJiee BRICOKOE MECTO, YeM d.

Otan popmymupoBanus npeanoutenuit JIIIP npenmectByer BEIOOPY ONTUMAIEHON aJIbTEPHATUBEL Yepe3
BEIOOP COOTBETCTBYIOLIETO €l HEIOMUHUPYEeMOro BekTopa y(x). IloaTomMy monmydeHHBIE pe3yibTaThl BEIOOpa
MOTyT HE COOTBETCTBOBATh HMHTYUTHBHBIM OXWAAHHUSM, KoTopbiMu JIIIP pykoBoacTBOBancs MpH
¢dopmynupoBannn npennoureHuid. Ilpemnourenust JIIIP, mnpencraBieHHbIE OTHOIIEHHEM BEKTOPHOTO
JIOMUHUPOBaHUS, MOTYT OBITh ONMHCaHbl OJHOH M3 Tpex obobOmaromux GyHkuui Fop [3]: anautusHOit AOD,
MyJAbTUTUTMKaTUBHOH MO® wmnmm makcumuHHOM (yHkumeidt ['epmeiiepa mO® [2], KOTOpble MOHOTOHHBI
OTHOCUTENBHO STOr0 OTHOUICHHWS. YKazaHHble (YHKIMMA HCIONB3YIOT BEKTOPHBIM mnapamerp w >0,
KOMITOHEHTBI KOTOPOT'O BBIPaXkat0T OTHOCUTENBHYIO BaXXHOCTh KpUTEpHEB ¢ TOUKH 3peHus JIIIP.

[TocTaBuMm cienyromryto 3agady. CymecTByeT Ju Ui BEKTOPHOW OLIEHKH y(X), BHIOPaHHOW B MHOYKECTBE

Y=F(X), Y < R", takas pyHkuus Fp 1 Takoil BekTop BecoB W (W >0, <w,e>=1,w,e,0 e R", e=(1, ..., 1),
0=(0, ...,0)), koTOpble IOCTaBWIA Obl yKa3aHHOW TOYKE HAMOOJbIIEe 3HAYCHUE CKAISIPHOW 000O0IIaroIei
¢bynkin Fp? W ecnu fa, To kakas 3T0 QyHKIUS U KAKOBBI KOMIIOHSHTHI W = (Wi, Wy, ..., Wy).

1. MoaeJan oneHNBAHUA

B MHOrokpurepuanbHBIX 33Jadyax paccMaTpPHBAIOTCS aJlbTEPHATUBBI, XapaKTepuzyemble HaOOpOM H3
1 TIPU3HAKOB, BBIPAXKAIOMMXCA QYHKIUAMHA f1(X), ..., f,(X) Tak, 9TO allbTEPHATHBE X B COOTBETCTBUE CTABUTCS
BEKTOpHAsA omeHKa Y(x) = (fi(x), /(x), ..., fu(X)), a MHOXecTBY anmbTepHaTUB X — MHOXECTBO HUX BEKTOPHBIX
oueHok Y (ecam dyHkumm f{x) uucnossie, To Y < R") [2]. Ha nabope npusHakoB JIIIP ompexnensier Habop
KpUTEpUEB BUA f{(X) —> extr, j = 1, ..., n (3TOro Bceraa MOKHO JOOHTHCS, BBE/S COOTBETCTBYIOLIME 3aMEHbI Ha
MHOXecTBe npu3HakoB U TpedoBanuii JI[IP). [Tocae aToro orHomenne nomunupoBanus [lapero nungynupyercs
OTHOIIIEHUEM TTOKOMIIOHEHTHOT'O BEKTOPHOTO JOMUHUPOBaHUs Ha Y Tak, uto Va,be X :y(a)2y(b) < a ib ,a

MHOXECTBO HEIOMUHUPYEMBIX BEKTOPOB Yp Y 00pasyer obpas Xp < X.

11



HazoBem [lapemo-obonouxoii mroscecmsa Y convp(Y) MHOKECTBO BEKTOPHBIX OLICHOK M3 Y, KOTOpBIE
o0pa3zyrot obbenuHenue MHOKecTB [lapero, monydaembIx Ha Y Ipu BCeX COUETAHMAX HAINPABICHUIN ONTHMHU3A-
uuu KputepueB. Touku, Bxomsmue B [lapero-o00mouky, mpuHAUIEKAT MOBEPXHOCTH Tena (HeoOs3aTenbHO
BBIITYKJIOT0) MHHUMAJIBHOTO 00BEMa, 3aKIII0Yaloniero B cebe MHOXECTBO Y 1enuKoM. B mpocrtelitnem ciyyae
(puc. 1) 3TO Temo MOXET MPEACTABIATH COOOI HEBBIMYKIIBI MHOIOIPaHHMK, BEPIIMHAMH KOTOPOT'O SIBJISIFOTCS
Touku convp(Y).

ScHo, uro mist MO0l BHYTpeHHEH Toukn y € Y\ convp(Y) npu mo00oM codeTaHuy HallpaBiIeHUI ONTH-

*
MU3AUH KpUTEpUEB HaiaeTcs Takas Touka y* € convp(Y), uto y =Yy . CienoBaTeibHO, TOUKAa y HH NP Ka-

KHUX YCJIOBHAX U crrocobax YIopaao4CcHrd Ha JaHHOM Ha60pe KPUTCPUCB HEC MOXKCT IMOJTYIUTh ICPBOC MECTO.

A

o
wi
@

wl

wl, (a-b)> =0 [<=> =wl, a= = =wl, b=]

w2, (a-b)> > 0 [<=r w2, a= » w2, b=]

\ e w3, (a-b)x < 0 [<=» «w3, a> < «w3, b>]
P
a b

Puc. 1. ITapero-o6omouku: a — Ilapero-obonouxa u nuHeHas 06010uKka Y; b — IByMEpHBIi ciTydail HCTIOIb30BaHUs aaauTHBHOI OD

[Ipeanaraercs anroputMm TectupoBaHusi mnpeanoureHuit JIIIP Ha cooTBeTcTBHE OXUAAEMBIM UM
pesynbraTtam BbiOOpa. st storo JIIP ykaseiBaer mpousBonbHyto anbTepHatuBy X € X. llepBwlii Tect
3aKJIIOYaeTcss B  ONPECNICeHHH TMOTEHIHAJbHOH ONTHMAJIbHOCTH YKAa3aHHOW ajbTepHAaTHBBL. UTOOBI
anpTepHaTBa OblIa MOTEHUMAIBHO-ONTHMAIBHON, OHa AOJDKHA NpuHaIexkats conve(Y) — Ilapemo-obonouxe
MHOKecTBa Y, mosnydaemoll obObequHeHuneM 2" MHOkecTB Ilapero Yp i BCeX BO3MOKHBIX COYETAHHIMA
HanpaBJIeHUH onTuMHu3anuu Kpurepues. Ecnu y(x) ¢ convp(Y), To HM IpH KaKOM COYETaHUU TpeOOBaHUH BUAA
Jf{x) = extr anpTepHAaTUBA X HE MOXKET ABIATHCS onTuManbHOU. CinenosatensHo, eciu JITIP npeanonaraer, 4ro
3Ta aJIbTEpPHATHBA ONTHUMAJIbHA, TO MY CIEAYyeT JOOaBUTh JOMOJHUTEIbHBIC TPU3HAKK U KPUTEPHH (TaK Kak
| Yp| pacter ¢ yBenmuuenneM n). Ecim y(x) € convp(Y), To nMeeTcst cmoco0 BeIOOpa yKa3aHHOW aTbTePHATHBBI X
B KayecTBE ONTUMAJILHOM, Oosiee TOro, cpeAn ykasaHHBIX (pyHKuMH F Halgercs: Takas, Il KOTOPOH MOXKHO
nogo0paTh W, IeNaromui y(x) ONTUMaNIbHOM.

2. AjymTuBHas 0000mamas GQyHKIMs

B cuny nmueitHocTH ammuTuBHOW oOoOmatomeil QyHkouu (AOPD) ee moBepxHOCTH Oe3pa3nuyus
(M30KBaHTBI) MPEICTABISIFOT co00# rumepriockoctd B R, moaMHokecTBOM KoToporo siBisiercst Y. Tloatomy
AO® moxer A0CTaBUTH HanOoblIee 3HaYeHNE (IIPU HEKOTOPOM KOHKPETHOM BEKTOPE BECOB W) TOJIBKO TEM
TOYKaM Y, KOTOPBIE BXOJAT B €T0 8bINYKIVIO AUHEUHYI0 000104Ky, conv,(Y), T.e. SBISIOTCS BEPIIUHAME BBITYK-
JIOTO MHOTOTPaHHHKA MHHUMAJIHHOTO 00beMa, TOTHOCTRIO BKITtoUatomiero B ceds Y (cMm. puc. 1, a). s nroboit
KoH(uUrypanuu MHOKecTBa Y Bemonusiercs conv(Y) < convp(Y) < Y < R”.

B stom cmbicie AOD cxoxa ¢ neneBoil ¢pyHKIueH CTaHIapTHOHM 3aJa4d JIMHEHHOrO MPOrpaMMHUpPOBa-
HUS1, KOTOpas BCErza B Ka4eCTBE ONTUMAIBHOIO PELICHHUs BEIOMPAET OAHY M3 BEPLIMH BBITYKIOrO MHOTOTPaH-
HUKA WIK B CiIydae MEPHEHAMKYIAPHOCTH OJHOW M3 €ro rpaHei — Jro0yio U3 TOUEK, MPHHAMISKAIINX STOH
rpaHu.

Paccmotpum aBymepHsbIil cinydaid. [lycTe MMEIOTCS JB€ BEKTOPHBIX OLEHKH a U b u ckamsipHas AO®:
Fa(w; y) =<w, y>, TiIe W — BEKTOp BecoB, w > (), w-e' = 1. Urobsl BEKTOPHBIE OLICHKU a U b uMenu oauHako-
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ByI0 oleHKy AO®, nHeobxoaumo, uToOsl rpagueHT AOD ObLT NepHeHUKYIAPEH NPSIMOH, TPOXOSIIEH Yepes
Toukd a u b. Tak kak rpagueHT AO®D — BEeKTOp W, TO 3TO PaBHOCHIILHO YCIOBHIO <W, (a — b)> = 0 — ckansipHOE
MPOU3BEECHUE PABHO HYIIO. DTO YCIOBHE PAaBHOCHIBHO <w, a> = <w, b>. 3a0qH0 3aMeTuM, 4TO 1O MpaBUIaM
MATPUYHOrO YMHOKEHHS FA(W; 2) =W'-a, a Fa(w; b) =w'-b . CreoarensHo, ecnu Tpedyercs HaifTi Takoii
BEKTOP W, YTOOBI BBITIOTHSIIOCH F'A(W; a) > FA(W; b), OH IOJIKeH yIOBIETBOPSATH CUCTEME

(w,a> > <W,b> (w, (a —b)> >0
w>0 , LJTH, YTO PAaBHOCHIILHO: 1 W >0
<Wae>:1 <W,e>=1.

Hapymenne TpeOoBaHUS HEOTPHUIATEIBHOCTH W CHUTHAIM3HPYET, YTO JUIS JOCTHOKEHUS BEKTOPHOM
oreHKoi HaunbombIinero 3HadeHnss AO® COOTBETCTBYIOMMN KPUTEPHUI TOHKEH MUHUMHU3UPOBATHCH (B UCXOJ-
HOW TTOCTAHOBKE 3a/ilaya HEsSBHO TpeOyeT MaKCHMHU3AIlUK BCEX KpuUTepueB). MIumroctparws Iuisi TBYMEPHOTO
ciTydas TpUBeneHa Ha puc. 1, 6.

B n-mepHoM ciydae ro0ble 71 BEKTOPHBIX OIEHOK 4y, ..., 8, 00pa3yror B R” runepruiockocts. YToObI OHU
MMeNY OMHAKOBBIC olleHKU AOD Fa(w; a;) = wT-aI-, TpeOyeTcs BBITIOIIHEHHUE YCIIOBUS

<w,(a,. —a/.)) =0,Vj=1,...,N,i#j.

CrnenoBaTenbHO, YTOOBI HEKOTOpAs OLIEHKA a; B TAHHOH T'MIEPIIOCKOCTH UMETa HauOOJbIIYI0 BEMUIHHY
AO®, Heo0X0AMMO HAUTH BEKTOP W, YIOBIETBOPSIOLINIA YCIOBHIO

(w.(a,-2,))>0,=1,....N,i# .
B maTpuunoii (hopmMe COBOKYITHOCTD CTPOK <W, (a,-a,; )> =0 umeer Bug w - AA" =0, Tie AA — MaTpuIa,

CTpOKaMHn KOTOpOﬁ ABJIAOTCA BEKTOPBI (a,. —a j) . Ecrm Touka a — BCpIIMHA MHOI'OI'paHHUKaA, T.C. JICKUT Ha I1C-

pecedeHuu k TpaHeid, TO IS €€ ONTUMAIBHOCTH JOCTATOYHO B3SITh B KAYECTBE W JIFO0O0H BEKTOD, SBIIIOIIUICS
BBITTYKJIOW KOMOWHAIMEH BEKTOPOB W |, ..., W ; HOPMaJiel COOTBETCTBYIONINX I'PaHeH.

3. MyabTHIVIMKATUBHAS 00001 a0mas PyHKUUS

Ecnu Touka JIXUT Ha TpaHd, HO HE SIBIISIETCS BEPLIMHOW MHOrorpanHuka, AO® cMoXeT crenaTb ajb-
TEpHATHBY, COOTBETCTBYIOLIYIO 3TOH TOYKE, ONTHUMAaJIbHON (IIPU W, SBIISIOMIEMCS HOPMaJIbIO K 3TOH rpaHu), HO
HE CMOXKET Pa3JIMUUTh €€ C APYTUMU TOYKaMH 3TOW rpaHu. st pa3iauyeHus: ToYeK MOXHO IPUBJIEYb MYJIbTH-
IUTMKaTUBHYIO 00o6maronyto ¢pynkuuto (MO®). Hanpumep, Ha puc. 2, a, AOD Fa(W; y) ¢ BEKTOPOM BECOB
w = (1/3, 2/3) npucBouT OaMHAKOBBIE OIEHKH ToukaMm A, B, C u D, HO m000e M3MEHEHHE BECOB CIENacT
Hamryymei mo AO® Touky A unu D; He ynactes nogodpath BEKTOp W, Beiouparouwmii B nu C.

a

Puc. 2. U3okBanrta MO®: a — pa3nmuaromue cBoiictBa MO®; b — norapudmudeckoe npeodpazoBanne MOD 8 AOD
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n w
MO®D F,,(w;y)= l_L_:1 Y, MOXET pa3IM4uTh TOYKU BHYTpH rpanu. Hampumep, st Toro xe BeKropa

BecoB W = (1/3, 2/3) MO® ymnopsimounBaeT TOUYKH IpaHH ciepyromuM oopaszom: B> C > D> 4. Ha puc. 2 B
BHJIE TUTIEPOOIT MMOKa3aHbl n30kBaHTEI MO®D s ciyyast R

3amaya moucka BEKTopa W, Takoro, 4to0sl MO® F)(w; y) B KauecTBe HaMITy4lled BeiOpana Obl yKa3aH-
HYIO TOUKY y TPaHH, CBOJUTCS K Y€ PAaCCMOTPEHHOM BBILIE 3aJadye Ha MOUCK BEKTOpa W, JOCTABIISIOIIEIO
Hanbonbee 3HadeHue AOD a1 yka3aHHON TOUKH JiorapupMupoBaHueM Fy(w; y):

In(F, (w;y))= ln(szlij’ ) = z;zle ‘In(y;) =(w,In(y)).

B mHoxecTBe norapudmupoBanusix oneHok In(Y) Touku A4, B, C u D nepecTaHyT JexaTh Ha OJHOMN
rpaHd, a 00pa3yloT BBITYKIYIO IIOBEPXHOCTD, KaK MOKa3aHo Ha puc. 2, b. CinenoBaTelbHO, MOXKHO PELIUTD
3ajayy 0 mogdope BEKTOpa BECOB, HAXOISLICTOCS BHYTPU KOHYca, 0Opa30BaHHOTO HOPMAJSIMU TpaHew,
IepeceKaronuXxcs B YKa3aHHOU BepiinHe (Hampumep, Bektop w = (1/3, 2/3), nocraBnstomuii HauOoIbIee
Ha rpaau 3HayeHrne MO® nns Touku B U M300paKeHHBIH ITPUX-IIYHKTUPHOU JIMHUEH, HAXOIUTCS BHYTPH
KOHYyca, 00pa30BaHHOT0 HOpMaJIAMHU Jisl rpaneit AB u BC, nepecekaromuxcsi B Touke B).

4. MakcumuHHas oboomarmas ¢pynkuusa (mOdP)

MO® He MOXET HUH MpPU KAKOM BEKTOpe W chenaTh JIydllled TOYKy, JeXamlylo B 00JacTu
convp(Y) \ conv,(Y) Huxe nzokBantel MO®, nmpoxozsineil yepe3 BepIIMHBI COOTBETCTBYIOLICH I'paHH JMHEH-
HOH obonouku conv,(Y). OnHAaKo 3TO MOXKET cAenaTb MakCUMHHHAs QyHKUUSA F,(w,y)=min-; _, {yrw;},
criocoOHasi B Ka4eCTBE JIyUIIero BRIOPATh 000N HEIOMHHHUPYEMBIN BEKTOP — KaK HAXOMSIIMIACS BBIIIE, TAK U
HIKE MaKCHUMAaJILHBIX Ha Y M30KBaHT F; u F), [4]. D10 cBsi3aHO ¢ Tem, uto y 3Toit OD camas HenmuHeHHAs Qop-
Ma M30KBaHTBI, IPEACTABIAIONIAsl COOOH MOBEPXHOCThH MPSMOYTOIBHOTO KOHYCA, HAIPAaBICHHOTO MPOTHUBOIIO-
JIOKHO KOHYCy NOMHHHPOBaHHUS TOYKH. Hawiydinee mecTo moiy4aeT TOYKa, paclojoKeHHas Ha HauOoiee
yIaneHHO! OT Havaja KOOPAWHAT JIMHUW YPOBHSI.

Jns ompeneneHns BEKTOpa W MOXXHO IMPOBECTH BEKTOp W' M3 Hayaia KOOPJAMHAT HEMOCPEICTBEHHO B
uHTepecyoiyo Touky. OH Bceraa OyzneT BHYTpH KOHYca MpeArnodreHus 3Toi Touku mo mO®. Hazosem ero
BEKTOPOM «KBa3W»-BECOB, IOTOMY YTO ISl IPEANOYTEHHs BRIOpaHHOH Touky Mo mO® Hajo B3STH BEKTOP W,
SIBIISTIOLIMICS OHOM U3 mepecTaHoBOK W'. J[71st IByMepHOro ciydasi W OyeT BEKTOPOM W', OTpayKEHHBIM OTHO-
CUTEIHHO TJIABHOHM IHAroHald, a B CIydae pa3MEpHOCTH MPOCTPAHCTBA 1 > 2 TaKUX BEKTOPOB MOTEHIIMATHHO
okasbiBaercs (n! — 1).

3akjIoueHune

TakuM 00pazoM IMOKa3aHO, YTO THUI KCIIONB3YEMOH JJIsi BHIOOpPA ONTHMAJIBHOTO peIIeHUs (QyHKIHH
OIIpeNeNsieTcss MEeCTOMONOKEHUEM Y(x) B obomouke Y: eciu y(x) econvp(Y) N conv,(Y), To MOXXHO HCIIONB30-
Batb AOD, ecu In(y(x)) € conve(In(Y)) N conv,(In(Y)), To moxHO urcmonp3oBath MO®D, a B MPOTUBHOM CITy-
yae — MakcuMUHHYIO yakuuto. [Ipu y(x) € convp(Y) MoxkHO onpenenuts napy <Fp, w>, IO3BOJISIIOLIYIO Clie-
naTh ykazaHHyo JIIIP anprepHaTuBy X ontuMansHOW. IIpm atom JIIIP mMeer BO3MOXKHOCTH HMPOBECTH TECT
MIPEIOYTEHHH C YKa3aHHEM CBOETO BEKTOpa W WJIM C YKa3aHHBIM UM TOPSAKOM IPEAMOYTSHHSI Ha MHOXKECTBE
KPUTEPHUEB, MTOPOKIAFOIIEM CEMEHCTBO BEKTOPOB {W}, KOMITOHEHTHI KOTOPHIX YJIOBIETBOPSIOT 3aJaHHOMY OT-
HOIIIGHUIO MOpsAIKa. B 3ToM citydae mpoBepsercs, MOTYT JIH yKa3aHHBIC TPEAIIOYTECHUS ObITh OMMCAHBI OTHOM
U3 Tpex TUMOBBIX Fp. Ecnu Takoe onucanue BO3MOXKHO, CUUTAETCS, YTO CTpYKTypa npeanourenuit JIIP npen-
CTaBMUMa THUIIOBOH oOoOImaromeil ¢pyHknueid. Ecnu ke momo0HOE OmrcaHue MPOTUBOPEUUT IMPEANOYTECHUSIM
JITTP, To OH WMeeT BO3MOXKHOCTh KaK CKOPPEKTHPOBATh CBOM IMPEAIOYTCHUS, 3aMCHUB W Ha aBTOMAaTHUYECKHU
OIIpENeNeHHBIN, TaK U UCIONB30BATh APYroi crocod perieHus. B nmpenensHoM ciydae ¢ cormacus JIIIP ocy-
IIECTBISICTCS aBTOMATHYeCKasi HACTPOIMKa MPEMITOYTSHHM 10 TpeOyeMbIi pe3yabTar, T.e. B pe3yabTaTe ykasa-
HUS ONTHMU3HpYeMOi anbTepHaTHBHI X JIIIP momydaer aBroMaTH4YecKyto HACTPOWKY 3a/a4i BIOOpa, TapaHTH-
PYIOIIYI0 ONTHMAIILHOCTh YKa3aHHOW anbTepHATUBHL llpesmaraercs CIemyIOUIMi alrOpUTM KCCISIOBAaHUSL
npeanoutennit JITTP:
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1. ITouck obonouku [Tapero u nuHEHHON BBITYKIION 0001m0ukn convp(Y) u conv,(Y) mist oGmaka BEKTop-
HBIX OLIEHOK Y.

2. IIpoBepka BO3MOXHOCTH cAenath BeiOpannyto JIIIP Touky Hammyumiell u npu yTBepAUTEILHOM OTBE-
Te — nouck noxaxopsmeit OP 1 BekTopa BecoBbIX KOIDDHUITEHTOB:

a. Ecnn Touka Bxoaut B Y\ convp(Y), oHa HE MOXKET CTaTh HAMITYYILeH.

b. Ecnmu Touka Bxomut B convp(Y) \ convy(Y), oHa MOXET CTaTh HAWIyYIIEH OpH HCIOIb30BaHUU
mO®.

c. Ecim Touka BxomuT B convy(Y) U sSBiIs€TCS BEpIIMHON, OHA MOXKET CTaTh HAWIYYILEH, MpHUYeM UMeeT-
CSl aHAJIMTUYECKH CIOCO0 OmpeeeHus HallpaBiIeHu onTuMHU3auy 1 Bektopa w st AOD.

d. Ecniu Touka BxoauT B conv,(Y), HO He SBISETCS BEPIIUHON, TO CAENaTh €€ MEePBOM Cpeau BEPLINH ee
rpanu cMoxer MO®, npuyeM MMeeTcs aHATUTHYECKH CIOco0 OnpeAeieHrs HalpaBICHUH ONTUMHU3AIMN U
BEKTOpa W.
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If decision maker preferences structure is under the conditions of rationality (axioms of Edgeworth-Pareto), then any object
determined as optimal with any multicriteria aggregative function must be in Pareto set Xp, e.g. set of non-dominated. All objects in
multicriteria tasks are characterized by n features, which are evaluated by functions fi(x), ..., f,(x). E.g. an object x has an assigned
vector y(x) = (f1(x), f2(%), ..., f(x)), and a set of objects X has an image — a set of vectors Y (if all functions f;(x) are numerical, then
Y < R"). The decision maker forms for every feature a criteria f(x) — extr, j =1, ..., n. At that, the component-wise vector domination
relation in Y induces the Pareto dominance relation, and the set of non-dominated vectors Y» < Y determines Xp  X. Because the step
of formalization of preferences precedes the step of choosing of an optimal object as one of non-dominated vectors y(x), the choice
results may differ from decision maker’s intuitive expectations.

We consider an algorithm of testing the decision maker preferences for compliance with his expectation. The decision maker
chooses any object x € X. The first test is about if this object can be optimal. The object can be optimal if it belongs to conv(Y) —
Pareto’s envelope of the set Y. This envelope is a union of 2" Pareto sets Yp for all possible combinations of criteria directions. If
¥(x) ¢ convp(Y), then object cannot be optimal with any combination of conditions f}(x) — extr. Therefore, if the decision maker wants
it to be optimal, he must add some more features and form the addition criteria for them (because | Yp| increases with n).

If y(x) € convp(Y), the conditions with which the object x can be optimal, are exist. Any of three aggregative functions F,, can de-
scribe the decision maker’s preferences expressed as the vector dominance relation: additive function, multiplicative function or maxmin
Germeyer function. All of them are monotone in respect of this relation. They use a vector parameter w > 0, which components fix the
relative criteria importance for the decision maker. If y(x) € convp(Y), then one of these functions can be used with some vector w to
choose y(x) as optimal, and we can calculate that vector w. The type of function is determined by the y(x) location in the envelope of Y-
if y(x) econvp(Y) M conv,(Y), then we can use the additive function, if In(y(x)) € convp(In(Y)) N conv,(In(Y)), then we can use the mul-
tiplicative function, and otherwise — maximin function. Here conv,(Y) is the linear convex envelope of Y. So, if y(x) € convy(Y), our
second test makes for decision maker a pair <F,, w> to choose the specified object x as optimal.

The decision maker may perform the preference test for concrete vector w, or for concrete order of preference of criteria. There is
the large set of {w}, components of which satisfy a given order. In this case, we must test if there is a standard aggregative function F
that can describe the given preferences. If yes, we declare that the decision maker’s preference structure can be represented by this
standard function. Otherwise, the decision maker can change his preferences by using the calculated vector w instead his own or another
decision method. If the decision maker agrees, then the automatic preferences configuration, which will provide the desired result, is
possible.
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This paper proposes adaptive predictors of continuous-time dynamic systems with unknown parameters. Predictors are
based on the truncated parameter estimators. In particular, there are considered the Ornstein-Uhlenbeck process and one-
parameter stochastic delay differential equation. In this paper the truncated estimation method is first applied to
continuous-time systems. Asymptotic and non-asymptotic properties of the predictors are investigated. There is also
found the rate of convergence of the second moment of a prediction error to its minimum value.

Keywords: truncated estimation; continuous-time dynamic systems; prediction; delay differential equations; Ornstein-
Uhlenbeck process.

Prediction is a momentous problem in modern world. Distinctive fields of science, for instance, econom-
ics, financial mathematics, engineering, biology etc. appeal to mathematical tools to get predictors of the real
dynamic processes they explore. If a model allows making predictions of high statistical quality it is considered
to be beneficial. Since models of dynamic systems often have unknown parameters, we have to deal with esti-
mation problem in order to construct adaptive predictors. The quality of adaptive prediction significantly de-
pends on a choice of estimators of the model parameters. Adaptive prediction problem for discrete-time sys-
tems was solved in [1] on the basis of truncated estimators proposed in [2]. In this paper we present analytically
investigated predictors of continuous-time systems constructed on the basis of truncated estimators of dynamic
parameters.

1. Prediction of Ornstein-Uhlenbeck process

Assume the model
dx, =ax,dt+dw,, t >0, @8
with an unknown parameter a, where x, is zero mean random variable having finite moments of all order, w,
is the standard Wiener process, x,and w, are mutually independent. Suppose that the process (1) is stable, i.e.
the parameter a < 0. Note that in this case for every m > 1
sup Exf’” < o0, 2)

20
The purpose is to construct a predictor for x, by observations x' ™" = (xs )0 <o<;, Which is optimal in a sense of
the risk function introduced below. Here u > 0 is a fixed time delay.

Using the solution of the process x, for given u > 0 we have the representation

xt = kxt—u + E.’t,t—u > t 2 u’

t
where A =e", ét,t—u = J. ea(t_S)dWs’ Eét,t—u =0 and ¢* := EE.:tzt—u =L|:ez““ _1:| .
t—u ’ 2a

Optimal in the mean square sense predictor is the conditional mathematical expectation

x'=A\x,_,, t>u.

t—u?
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As in practice the parameter a and, as follows, A are unknown, it is impossible to construct the optimal pre-
dictor for real processes. In order to solve the problem of prediction we define an adaptive predictor that is con-
structed by estimator @, of unknown parameter a.

Define adaptive predictor as

x(t-u)=h,_x_,, t>u, (3)

where A,_, =e"“", t>u; a,= proj_, a,, a, is the truncated estimator of the parameter a constructed similar

to discrete-time case [2] on the basis of the least squares estimator

t
Jxvdxv t
a, = Ol x(]xvzdvz tlog™ tJ. 4)
[x2av \°
0

Lemma. Assume the model (1). Then for t—u > s, = exp(2|a|)and some numbers C, estimators 4, and

A, have the properties:

A C
5o, ~a <2 5)
and
. 2 C
E(%—l)pﬁt—,f, p>1. (6)

Proof of Lemma. We prove the property (5) similar to [2]. By the definition (4) of the estimator «, and
using (1) let us find representation for the deviation of the estimator

vadwv . .
a,-a==% x(jxfdv >tlog™ tJ -a- x(jxfdv <tlog™ tJ.
jxfdv 0 0
0
Define
14 | 1
8 _;_(‘).xvdva g __2_61, fz _;_([xvdwv
Then
2p
E(a,—a)”’ =E{§} -x[gt >log™ z}+a2p -P[gt <log™ ZJ =1 +1,. (7)

In what follows, C will denote a generic non-negative constant whose value is not critical (and not always the
same).
Using the Cauchy-Schwarz-Bunyakovsky inequality for the first summand we get:

2p 2 2 k
- o EfY 2 - :
8 88, 8 k=1 8

1
Stgp+C-logt~Ef[2"-|g—g[|st£p+C-logt-(Ef[4p-E(g—g[)z)zS
C 1 2
St—p+C‘logt-t—p‘(E(g—gt) )2,
By the Ito formula for x; it is true that

dx} =2ax]dt+2x,dw, +dt
and then
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2

1 x5 1t
—g=——-——[|x,dw,.
g —g=5 = = lxdw,
Thus, by making use of the properties of the Ito integral and (2) for every m>1 it holds
m C
E(g, —g)" < - ®)
Then
n<Sic ey, ©)
t? t’”%
and applying (8) , as well as the Chebyshev inequality for ¢ > s, we have
2p C
I,<a* -PQgt - g|2 g—log™ t)Sﬁ.E(gt - g)4p <= (10)
(g —log~ t) 4

From (7), (9), (10) and definition of 4, the property (5) follows.

The assertion (6) follows from the obvious inequality ‘it —k‘ < u|&t —a|, which can be obtained by the

Taylor expansion for the exponent exp((4, —a)u). Lemma is proven.

Now we are ready to investigate the statistical properties of the adaptive predictor (3). The prediction er-
ror has the form

e, (f —M) =X, —)’et (t_u) = (}\' _}:';714 )xt—u + gt,t—u‘
Thus, for some C
mt-(Eelz(t—u)—Gz)SC

—>©

and if there is a’priori information that |a| <L then

Eel (t-u)-o’ S%, t>u+exp(2L).

2. Delay differential equation

Assume w=(w,,7>0) is a real-valued standard Wiener process, a and b are real numbers and
x=(x,, 12 —r) is a solution of the stochastic delay differential equation

dx, = ax,dt + bx,_.dt +dw,, t >0, an

with some fixed initial condition x, = X(¢), r €[ -1, 0], where X, (-) is a continuous stochastic process inde-

pendent of w(-).
The solution x of (11) exists, it is pathwise uniquely determined and can be represented as (see, e.g., [3, 4]):

X, =X, (t)XO (0) + b(j)rxo (t -5 - r)XO (s)ds + (j)xo (t — s)dws ,t2>0.

Obviously, it has continuous paths for >0 with probability one and, conditionally on X (), x is a Gaussian
zero mean process. Here (x,(¢), > —r) denotes the so-called fundamental solution of the deterministic equa-
tion

2(t)=axy (t)+bxy(t-r), x,(0)=1 and x,(7)=0,e[-r,0).
Assume in the next section that the solution x of (11) is being observed, the parameter a = 0 and the parame-
ter b is unknown and has to be estimated.

Estimation problems for stochastic differential equations with time delay have been considered in a few
papers up to now — see, e.g., [3; 5—7] and the references therein.
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2.1. One-parameter delay differential equation

In this section we consider the differential equation with time-delay of a special structure. Assume the

model
dx, =bx,_,dt+dw,, t20, (12)
with an unknown parameter b such that the process (12) is stable. Note it is stable when the parameter
be (—TE / 2,0), see [3]. Now we construct optimal and adaptive predictors for the process (12). Optimal in the
mean square sense predictor is the conditional mathematical expectation
2t -u)=E(x, | x.,)

that satisfies the following equation

(k) I:l—(u—r)]/\t t 0)
7 (t—u)=x_,+b [  x,_dv+b | Zy e (1 —u)dv +
t—u [[—(u—kr)]/\l
-1t
+ kal | zﬁ’;)(kfi)r (t—uw)dv, kr<u<(k+1)r, t>u. (13)

i=l¢—p

Here oA means the minimum between o and f.

Since the parameter b in the definition of the optimal predictors z*)(¢—u)is unknown, we define the

where b, is the projection

—u? t—u

adaptive predictor by formula (13) replacing the unknown b with b
by = PrOji_yn)br (14)

of the truncated estimator of the parameter b which is defined as follows

t

J‘xv—rdxv t
b, :’t—x[.[xf_rdv >tlog™ t} t> max(u,r).
.[xf_rdv '

Define the numbers o = ng (v)dv and s, = max{ r.exp(o,’ )} , where x, () is the solution of the characteris-
0

tic equation x,(v)=bx,(v—7r), v=0 of the process (12) with x,(0)=1 and x,(v)=0, when ve[-r,0).
For ¢>u + s, estimators (14) have the properties
A 2 p Cp
E(bt—b) St—p,pZL
which can be proven similarly to Lemma.
Denote the adaptive prediction error and rewrite it in the form

e,(k)(t—u):: X, —2,(k)(t—u)= el (r—u)+ é,(k)(t—u),
where e’ (t—u)=x,—E(x,|x,,) and ¢ (t—u)=z"(t—u)- 2" (t—u). Then for every fixed k>0 the fol-
lowing limit inequalities hold

Et.(E(et(")(t—u))2 —G(Z))S C.

t—0
If it is known that b e[b,,b ], —n/2<b, <b, <0, then for t—u>s, =max{ r,exp(csl'z)} , where o} =bi[1blfh]cs(2)
the non-asymptotic property is fulfilled
2 C
E(e(k) (t—u)) -o; ST.
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3. Simulations

To confirm the convergence of the truncated estimators (4) and the properties of predictors (3) construct-
ed on the basis of these estimators we made the simulations.
For this purpose we used the software package MATLAB. In Tables I, II the average

of estimators a; (k) constructed according to (4) by the k-th realization x*) = (x,(")) k=1,..100 of the process
(1) and its quality characteristics (empirical mean square error):

) _LIOO Y
S =155 2 lar (6)-a)

for different durations of observations 7 are given. Define the discretization step /4 and the number of discrete
observations N =h"'T.

Tablel
Estimators a, and their quality characteristics S2(T') for & =0,1
y N=1000, 7=100 N=2000, 7=200 N =15000, T =500
ar S2(T) ar Sa(T) ar S4(7)
-0,3 -0,3135 0,0065 -0,3051 0,0030 -0,3070 0,0011
-0,5 -0,5113 0,0082 -0,5180 0,0059 -0,4969 0,0017
-0,8 -0,8283 0,0154 -0,8034 0,0074 -0,7949 0,0033
-1 -1,0126 0,0186 -0,9979 0,0111 -1,0017 0,0051
Table 2
Estimators a, and their quality characteristics S>(T) for & =0,15
N=1000, T=150 N=2000, 7=300 N=15000, T=750
A
ar S2(T) ar Sa(T) ar S4(7)
-0,3 -0,3054 0,0050 -0,3098 0,0019 -0,3042 0,0001
-0,5 -0,5107 0,0053 -0,5081 0,0036 -0,5050 0,0014
-0,8 -0,8263 0,0124 -0,8114 0,0042 -0,8041 0,0020
-1 -1,0146 0,0111 -1,0165 0,0061 -1,0122 0,0028

According to the simulation results given in tables 1, 2 we can say that the empirical mean square error
(MSE) S’ (T ) of the estimators a; becomes less with growth of the sample size (see fig. 1 as well). It means

that the estimator’s value becomes closer to the true value of the parameter. This fact proves the effectiveness
of the presented estimation procedure.
There were also constructed predictors of the observed process by the obtained estimators of a =-0,5

with u=1,h=0,1:
%,(t-1)=e""x,,, t>1.
The results are presented on the graphs below. The solid one identifies the real values of the observed

process, the stipple one shows the predictor’s value (see fig. 2).
For the fig. 3 there was computed the empirical mean square prediction error that is equal to

sz(z)=if(x<k> —fc(")(lh—l))z [=10,N
x 100 — 1h Ih > >
with 7= 100, N = 1000, u = 1, » = 0,1. It shows that the prediction error converges to the value

o’ =1-e"' ~0,6321 which corresponds to the obtained theoretical results.
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Fig. 1. Empirical MSE SZ (T) for a=-0,5;T=100; 2 =0,1; N =1000
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Fig. 2. Process X, (—) and adaptive predictor %,(t1) (- - - -)
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Fig. 3. Empirical MSE 52 (1)

Conclusion

Adaptive prediction problem of the Ornstein-Uhlenbeck process and one-parameter linear stochastic de-
lay differential equation is solved. Non-asymptotic upper boundary of the prediction error is found. It is shown
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that this boundary is inverse proportional to the duration of observations. Non-asymptotic properties of adap-
tive predictors are obtained due to the usage of the truncated estimators [2] of the unknown parameters con-
structed by samples of fixed size. This method can be applied to various problems of parametric and non-
parametric statistics. In this paper it is first employed to continuous-time systems. The obtained results can be
used for the optimization problem of proposed predictors in the sense of special risk functions similar to dis-
crete-time models [1].
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Hozcaoosa Tamvsna Banepvesna, Bacunves Bauecnae Apmyposuuy (HanmoHanbHBIN MccaenoBaTenbekuii TOMCKHH ToCyapCTBEHHBII
yHuBepcureT, Poccuiickas Oeneparis).

AZanTHBHOE NPOrHO3UPOBAHME CTOXACTHYECKUX CHCTEM C HelPEePbIBHLIM BpeMEHeM.

Ki1ioueBble c10Ba: aIalTUBHBIC TIPOTHO3BI; YCEIEHHOE OLCHUBAHNE; CHCTEMBI C HEIIPEPHIBHEIM BpeMeHeM, auddepeHnuanbHbie ypas-
HEHUsI ¢ 3ana3sBanneM; nponece OpHireiina—Y neHOexa.

DOI: 10.17223/19988605/38/3

B nmanmoi pabore npencTaBiaeHs! afalTUBHBIC MPOTHO3EI TS JUHAMHYECKUX CHCTEM C HENPEPHIBHBIM BPEMEHEM M HEHU3BECTHBIMH
rapamMeTpaMy JUHAMUKH. [IpOTHO3BI CTPOATCS HAa OCHOBE YCEYEHHBIX OLEHOK ITapaMeTpoB. B wacTHOCTH, paccMarpuBaroTcs mporecc
OpHmTelina—YeHOeka W OAHOMApPaMETPUYECKOe CTOXacTHieckoe () (epeHIanbHoe ypaBHEHHE C 3amas3fbslBaHueM. B cratee
YCEUEHHBIH METOJ] OILCHUBAHUS BIIEPBBIC MPUMEHSETCS B CHCTEMaxX C HENPEPHIBHBIM BpeMeHeM. VcciiemoBaHBI aCHMITOTHYECKHE U
HEaCHMITOTUYECKHE CBOWCTBA NMPOrHO30B. HalineHa cKopocTh CXOAMMOCTH BTOPOrO MOMEHTA OMMOKY MPOTHO3a K €€ MUHUMAIBHOMY
3HAUCHHIO.
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I'.A. MenBeneBn
OB OJJTHOM KBAJIPATUYHOM MOJIEJIM BPEMEHHOM CTPYKTYPBI JJOXOJHOCTH

Paccmotpena kBagpaTHdHasi MOAETb BPEMEHHOH CTPYKTYPHI MIPOLEHTHBIX CTaBOK JOXOAHOCTH OECKYMOHHOM 00Hra-
1Y, KOTJ[a KPAaTKOCPOYHAs CTaBKa MMEET KBAIPAaTHIHYIO 3aBUCHMOCTh OT IIEPEMEHHBIX COCTOSHUS. AHAIHU3 ITPOBOHT-
sl IS CiTydast, KOTja epeMEHHBIE COCTOSIHUS 00pa3yloT BEKTOpP C HE3aBHCHMBIMHI KOMIIOHEHTAMH, a BPEMEHHAsI CTPYyK-
Typa OIpeleIsseTCsa P HEUTPAIbHOM K PUCKY BEPOSITHOCTHOM Mepe. Iloka3aHo, 4ToO B 3TOM Cilydae MPOLECC KPaTKO-
CPOYHOH CTAaBKH MMEET paclpeielieHre raMMa, Takoe ke Kak uis ahpurnoit mogemn Hadr—Kana. IIpoBoautces cpas-
HEHHE BPEMCHHBIX CTPYKTYP MOXOIHOCTH 3TOH ad(UHHONW MOIENIN ¢ KBaJpaTUIHON MOAETbIo AoxoaHocTu. [lokaszaHo,
YTO NpeebHbIe (KPaTKOCPOYHBIC M TOITOCPOYHBIE) JTOXOJHOCTH 3THX MOAENEH IOTHOCTHIO COBIANAIOT, XOTS CaMu
BpPEMEHHBIE CTPYKTYPHI pazinudatorcs. [Tokasano, 9To Ha popMy pacCMOTPEHHOH KBaAPAaTHIHONH BPEMEHHON CTPYKTYPhI
3HAUCHMSI KOMITIOHEHT BEKTOpa IMEPEMEHHBIX COCTOSIHUN He BIUSIOT, OHA 3aBHUCUT TOJBKO OT BEIMYMHEI CTApTOBOH MpO-
neHTHoH cTaBku. CpaBHHUTENbHEIE cBOicTBa addunHOr Monemn [laddu—Kana u xBagpaTHdHON MOAENIH TOXOXHOCTH
WILTIOCTPUPYIOTCS YHCIICHHBIM ITPUMEPOM.

Ki11o4eBble cj10Ba: BpeMEHHBIE CTPYKTYPHI TOXOJHOCTH; KBaAPATUIHBIE MOJIEIIH; HEUTPaIbHAs K PUCKY BEPOSTHOCTHAS
Mepa; apdurnaas moxens Jadppru—Kana.

B pamkax Teopuu auy3HOHHBIX TPOLIECCOB CYLIECTBYIOT Pa3HOOOpa3HbIE BEPCUU U3MEHEHHS KPaTKO-
CPOUYHBIX MPOLIEHTHBIX CTaBOK JOXOAHOCTH. TeM He MeHee 10 CHX MOp He MOSIBIIIOCh TAKOW MOJENH, KoTopas
cMoria Obl OBITh MOIXOASIIEH OCHOBOW ISl TOCTPOCHHS BPEMEHHOW CTPYKTYPBI JOXOTHOCTH, OJIHM3KOH K CY-
LIECTBYIOIIEH HA pealbHOM (MHAHCOBOM pbIiHKe. Hambonee M3BECTHBI MOAENH MPOLEHTHBIX CTABOK, IPUBO-
e K ahuHHBIM BpEMEHHBIM CTPYKTYpaM TOXOJHOCTH, ITOCKOJIBKY OHHU MPOCTHI M MOAPa3yMEBaIOT pelie-
HUE B aHAIUTHYECKOM Buae. OHAKO BOCIIPOHU3BENCHNS PEaIbHBIX BPEMEHHBIX CTPYKTYpP € MOMOIIbI0 adduH-
HBIX MOJIeNIell HeTOUYHBI. B nocneanee Bpemst pasBUTHE MOZENE UAET B IBYX HANpaBJICHUSAX: YBEIMUEHUE pa3-
MEpPHOCTH MoJeNel U 0TKa3 oT ap(UHHBIX CBOMCTB. B kauecTBe nmpeacTraBuTeneld TaKOro pasBUTHA Hanboee
MOMYJIAPHBI ceiiuac Tak Ha3bIBaeMbl€ KBaJpaTHUHbIE MOJEIN IPOIECCOB MPOLEHTHBIX CTaBOK [1], B KOTOPBIX
MPOLIECC MPOLEHTHON CTaBKH #(f) 3aJacTCsl ypaBHEHUSIMHU

dX(t) = X)) dt + o(X(¥)) dW(¥), t > th, X(to) = Xo,

H(t) = a + X()"PX(¢), X(t) e R", a € R', ¥ e R"".
OO6bryHO @ > 0, ¥ — cumMMeTpuueckas MONOKUTENBHO onpenencHHas mMatpuna. Koraa Bektop &(X) nuHelHO
3aBHCHUT OT X, a MaTtpuua 6(X) He 3aBUCHUT OT X, mporecc X(f) ABISETCS rayCcCOBBIM U B CTALIMOHAPHOM PEXUME
HMMEeT, CKakeéM, MaTeMaTHYECKOE OKUAAHNE L U MaTPUIy KOBapHaluu V.

Yr1Bepxkaenue. [Ipy npuHATBHIX YCIOBHUAX MpOHM3BOAsIIAS (QYHKIHMSI MOMEHTOB Ipollecca MPOLEHTHON

CTaBKH 7(f) ompenensieTcs COOTHOLICHUEM
M(z)= eazfuTV’lu/ZJr wfV=2z2rwry w2 14 |1/2 ,
V—2:zrev|”
rze |V] = detV, z — BemecTBeHHas epeMeHHas ¢ 00JIACTBIO ONpeeNieH s, 3aJaBaéMOi HEPaBEHCTBOM
| V-2zV¥V|>0.
CaencrBue 1. CtaiimoHapHOe MaTEMaTHUECKOE OXKUaHKE TIporiecca 7(f)
E[r]=a+u"Pu+ VoV,
n n

I7ie 0 — CyMMa IIPOU3BEICHHIT COOTBETCTBYIOMINX dIEMEHTOB MaTpul, Vo' = 3 3 V¥

i
i=1 j=1 /
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Caencrue 2. [Tycts W u V' — nuaronansnsie MaTpuubl ¥ = ¢/, V'=vl. B aTom cinydae

1
(1-2zvy)"?’

a OCHOBHBIE CTaIlMOHAPHBIE MOMEHTHI Iporiecca 7(¢) BBIYUCIAIOTCS 110 hopMymnam
E[rl=a+nvy+u'py, Var[r] = 2v (n v + 2p) y?,
E[(r—E[r])’]1 =8V (nv+3p) v’

CnencrBue 3. Eciu ycnoBust cineAcTBUS 2 AONOTHUTH paBeHCTBOM W = 0, TO MaprUHAIBHBIM pacrpere-
JieHueM mpotecca #(f) Oyaer CABHHYTOE paciipeelieHre TaMMa C IapaMeTpoM CIIBUTa 0, IIapaMeTpoM MaciiTa-
6a 1/2vy u napamerpom Hopmbl #/2.

3aMeTHM, YTO CABHHYTOE PacHpeAcieHHEe raMMa XapaKTepu3yeT Tarke KpaTKOCPOUHYIO HMPOLIEHTHYIO
craBky B monenu Haddu—Kana, rue npouecc 7(f) cnenyer croxacrudeckomy AuddepeHnnansHoMy ypaBHe-

HUIO [2]
dr(t) = k(0 — r(2))dt +, f2kDrg)_—_aa dw(e). @)

Taxum obpaszom, moaens Jaddu—Kana (1) u kBagpaTuaaas Moaeib
dX(t) =K X(¢) dt + Z dW(¢), t > t, X(ty) = Xo,
r(f) = o+ X(O)"PX(0), X(1) e R", a € R', ¥ € R", Q)
MOPOXKIAIOT ClyyaiiHble IpoLecchl 7(f) C OAHUM U TEM K€ pachpeeleHneM, KOria YCIOBHS CleACTBUM 2 u 3

M(Z) — euz— wnzy/(1-2zvy)

BBIMONHSAIOTCA, T.€. K = kI, ¥ — muaroHajbpHas MaTpula C 3JIeMEHTaMH m , ¥ =yl [lpu sTOM napamerpsl
ypaBHeHus (1) JOmKHBI OBITH COTIACOBAHBI C TTApaMeTpaMy MOJENH (2) CIeNyIOIMH PaBEHCTBAMMU:
O=a+nvy, D =2nvy~

[IpeacraBnser HHTEpEC BBISICHUTH, HACKOJIBKO Pa3HBIMH (WM ONMHM3KMUMHU) OyAYT BPEMEHHBIE CTPYKTYPBI
MPOLIEHTHBIX CTABOK JOXOAHOCTH JJIS 3TUX IBYX MOAEJEH MPU JaHHBIX yCIOBHsIX. PaccMOTpHUM 3TOT BONpoc B
HEUTpaNbHON K PUCKY IIOCTAHOBKE, KOT/Ia PHIHOYHBIE LIEHBI PUCKA PaBHBI HYJIIO.

OCHOBBIBasICh Ha U3BECTHBIX pe3yibTaTax [2], BpeMEHHYIO CTPYKTYPY MPOLEHTHBIX CTABOK JOXOJHOCTH
1(t) (KpUBYIO TOXOJHOCTH) U (OPBAPAHBIX MPOLEHTHHIX CTAaBOK f (T) (PpopBapaHyio KpuByr0) ais moaenu (1)
MOXHO 3aIKcaTh B BUE

O = @t (r—0) B(1) , knvy (1_ In(1+ gB(r))J’ 3
T G g
fi(t) =r+ nwy k B(t) — k B(t) (r — o) — 2kvy B(t)* (r — ), 4)

-1
rneB(r)z( £ 1+GJ e =K +dkvy , g=(c—k)/2, G=(c+k)/2.
e

3aMeTI/IM, 4yTo 00€ 3TU KPpHBBIC UMCIOT OAHU U TC KC MPCACIbHBIC 3HAUYCHU KaK IMPU KPATKOCPOYHBIX,
TaK U IIPH OJOJTOCPOUYHBIX JOXOJHOCTAX:

lim y,(t) = lim f{(t)=r; lim y;(t) = lim f(1)=y(0) =0+ 1S <. 5
0 0 T 0 2

st Monen (2) 3TH KpUBBIE OMPENESISIFOTCS C TIOMOLIBIO TUIEPOOIMIEcKUX (PYHKIMKA COOTHOILEHUSIMU [3 ]

n ] 2y X7 k.
)=+ Y —| —+ L 4] h(e.1)+ —Lsh(e: -k, 6
yA®) El 21(81. cth(g;t) +k; n[c (&%) s.s (S’T)J ’TJ ©)

1

(7)

i=1

n 2w X? 2 _ 2
ﬁ(T)=a+ Z[ 81 WIXZ 1 8l kl ]’

+
(g; ch(g;1) + k;sh(g,0))* 2 g;cth(e;n) +4
n
e & = k7 +4kvy, >k, 1 < i< n. Cormacho (2) umeeM r = o+ >y, X 2. Jljisi Hawero cyyasi, KOrxa 1o
i=1
MPUHATHIM MIPEAIOIOKEHUSAM MapaMeTpsl k, v U \J HE 3aBUCAT OT MHJEKca, (opmyisl (6) u (7) ynpouarorces K
BUJTY
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OV el SRS k _nk
yZ(T)_a+TSCth(ST)+T/€+2Tln(Ch(ST)+SSh(ST)j > )
A =a+ e (r—a) n & -k ©)

(sch(et)+ksh(et))’ 2ecth(et)+k’
KOTOPBIN HE MpeycMaTpUBAET IBHON 3aBUCMOCTH OT KOHKPETHBIX 3HAUYEHUH JTATEHTHBIX TEPEMEHHBIX COCTO-
sHUA X, a TapMeTpsl k, € U v Te ke, uTo u B ¢popmynax (3) u (4). AHanu3 nokassiBaeT, 4To Kpusble (8) u (9)
HMMEIOT OIMHAKOBBIE MTpeeNbHbIC 3HAUCHHS KaK MPU KPaTKOCPOUHBIX, TAK U IIPH JOJATOCPOYHBIX JOXOJHOCTSX,
TOYHO TaKHUE K€, KaK Y KpuBBIX (3) 1 (4), npuBEnEeHHBIX B paBeHCTBaX (5).

U3 npeacrasnenuii (8) u (9) BuAHO, YTO NMPH NPEANOIOKEHUAX CIASACTBUN 2 U 3 B KBaJAPaTUIHONU MOJe-
v (2) npu GUKCUPOBaHHOW MPOLEHTHON CTABKE 7 B OTJIMYHE OT OXKUAAEMOI0 CeMeicTBa KpUBBIX, Kak B [3],
CYIIECTBYIOT €IMHCTBEHHBIC KPUBHIE )5(T) B f5(T). DTO OOBIACHSAETCS TEM, UYTO 3T KPUBHIE 3aBUCAT HE OT KOH-
KPETHBIX 3HAYEHUH X}, a OT CyMMBI KBaIpaTOB BCEX MEPEMEHHBIX COCTOSHHM X;, KOTOpas KakK pa3 3agaeT (Quk-
CHPOBaHHYIO IPOLIEHTHYIO CTAaBKY 7.

3amernm, uro pynakimu (3)—(4) u (8)—(9) ansg MabIX T UMEIOT CIIEAYIOIIHE TPOU3BOAHBIE:

@ _1dh@| _1dn@| _1dh@| _kO-7)
d’tr2d’t| 2d’t| 4d’t| 2

=0 =0 =0 =0

b

rae 6 = o + 7 v Y — CTallMOHApHOE MaTEeMaTHYECKOe OXKHIaHUE MpoLiecca MPOLEHTHON cTaBKu 7(f). DTO TOBO-
PHT, B YaCTHOCTH, O TOM, YTO IPH MaJIbIX T, BO-IIEPBBIX, (opBapAHas KpuBas U3MEHIETCS B JABa pasa ObIcTpee,
YeM KpHBasi JOXOJHOCTU Ui 00EeMX MOJENEH, BO-BTOPBIX, BEKTOP JATEHTHBIX NEPEMEHHBIX X HE BIUSIET Ha
3HaK MIPOU3BOJHBIX, U, B-TPETbUX, KPUBbIE KBaAPAaTHYHON MOJEIH IIPH MAJbIX T U3MEHSIOTCS B JIBA pasa ObICT-
pee, ueM kpuBble apdunnor mogenu laddu—Kana.

Kax u3BecTHO, B TIpakTHKE OOBIYHO BCTPEUAIOTCS KPUBBIE JOXOMHOCTU (M (pOpBapIHBIC KPUBEIE) TPEX
THUTIOB: HOPMaJIbHBIE (MOHOTOHHO BO3pACTAIOIINE), MHBEPCHBIE (MOHOTOHHO YOBIBAOIINE) U KPUBBIE C MaKCH-
MyMoM («ropOaTbie»). Bece 3T Tpu THIIa MOTYT MOPOXKAATHCS PAaCCMATPUBAEMBIMH 31€Ch MOACISIMU B 3aBUCH-
MOCTH OT 3HaY€HHsI CTAPTOBOM MPOLEHTHO! cTaBkH 7. Korga r < y(0), momy4aercst HopmanbHas Kpusas. Korna
r > 0, KpUBBIE TOXOAHOCTH MHBEpCHBIe. Ecin y(w0) < 7 < 0, KpuBas 10X0AHOCTH uMeeT MakcumyM. Ha puc. 1-3
JUTA WIUTIOCTPALK 3TH CIy4ad MoKa3aHbl. YTOOBI MpeNCcTaBUTh 3TH KPUBBIE «IIETUKOM» JJISI BCErO MHTEpBaJia
3HauUeHWH cpokoB a0 moramieHus T € (0, o0), UCTIONB30BaHO HENWHEIHOE MTPeodpa3oBaHNEe CPOKOB 0 IoTaile-
Hus u = 1 — e "7, KoTOpoe oToOpakaeT MoIKHUTENbHYIO Tonyoch (0, «0) B emuuuunbii uatepsain (0, 1). Ilpu-
HATOE MpH pacueTax yncieHHoe 3HaueHue p = In10/30 = 0,07675 cooTBeTcTBYET TOMY, YTO CPOKH [0 ITOrare-
Hust ot 0 1o 30 orobpaxatorcst B uarepsai (0; 0,9). Tak uro y(t) orobpaxkaer Y(u), a f (t) oroOpaxaer F(u),
rae T=—In(1 —u)/p.

Y,F

0.35

0.30

0.25

Puc. 1. Hopmanbeasie Tumnbt kpuBblx Y(u) u F(u); r = 0,2 < y() = 0,3625
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Kpusbie noxoanoctu Y(1) mokazaHsl CIJIOMIHBIMH JTMHUSAMH, a ()OpBapIHbIe KpUBBIE F(1/) — TYHKTUPHBIMH.
Kpyrabivmu mMapkepaMu okaszaHbl peAebHble 3HaueHus1 goxoaHocted nmpu T —> 0 (u —> O) unpu 1 — o (u — 1).
Kpussie noxomgnoctu st monenu Jlagdu—Kana pacnonararorcst HiKe COOTBETCTBYIOIIMX KPUBBIX KBaIpaTH4-
HOW MOJENHU Ui HOpManbHOro Tuna (puc. 1) u BbIme — A HHBEpCcHOro tuma (puc. 2). B xkauecTBe napamer-
poB Mopenel ObiTH BBIOpaHs! ciaenytomme: oo =0, n=5,v=0,08, y =1, k= 0,7 (k= 0,5 ms puc. 3), 6 =04,
V(o) =0,3625 (y(0) = 0,3508 s puc. 3).

Y,F

045}

040+

0.0 0.2 04 0.6 0.8 1.0
Puc. 2. UnBepcHbie THmb! KpuBbIX; 7 = 0,5 > 0 = 0,4

Takum obpa3om, Korza B KBaJpaTHYHOH MOAENIH 000 pa3MEpHOCTH 71 JIATEHTHBIE [IEPEMEHHBIE COCTO-
stHUSI X HE3aBHCHMBI U OMHAKOBO PACIIPENEIEHBI IO HOPMAJIbHOMY 3aKOHY C HYJIEBBIM CPETHUM, TO BPEMEH-
Has CTPYKTypa IpPOLIEHTHBIX CTaBOK JIOXOMHOCTH HE 3aBHCHUT OT KOHKPETHBIX 3HAUCHWH NEpPEMEHHBIX X, a
orpenensieTcs TOIbKO CTAPTOBBIM 3HAYCHUEM 7 TEKYIIEH KPaTKOCPOYHOM MPOLIEHTHOW CTaBKM TOYHO TakK XKe,
Kak B adpuHHBIX MoAessix. [Ipu 3ToM monrocpoynble MpeneibHbIe CTABKU MOTY4alOTCsl TAKUMU e, KaK B MO-
nemn Japdu—Kana. [Ipudyem pacnpenenenne BeposTHOCTEN Ipoliecca KpaTKOCPOUYHON MPOLIEHTHOM CTaBKU B
3TUX MOJIENSAX OKa3bIBAETCS UICHTHYHBIM — CIIBUHYTBIM FraMMa-paclpeneleHuEM.

Y,F
0.375

0.365 1
0.360 ¢

0.355¢

~

e - e - ———— —

0.0 0.2 04 0.6 08 1.0

u

Puc. 3. Kpusbie ¢ makcumymom; y(0) = 0,3508 <»=0,37<0=0,4
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OcobeHHOCThIO KBapaTHYHON MOjenu siBisiercsa Oonee ObicTpasi, yeM B Mozaenu Hadhdu—Kana, cxonu-
MOCTb K IPEACTHbHOMY 3HAUEHHUIO JOJITOCPOYHON JO0XOIHOCTH, KOTOpas WUTIOCTPUpPYETCS Ha pHuC. 4 ¢ moMo-
b0 OTHOLIEHUH

Y,(u)—y(o F,(u)—y(xo
y By o B@-ye)
¥ (u) = y(e0) F(u) = y(0)

oY, oF

‘ u
0.0 0.2 04 06 0.8

Puc. 4. Orromenns 8Y (BepxHsist KpuBasi) U OF (HIDKHSS KpHBast),
XapaKTepU3YIOIINe CPABHUTEIBHYIO CKOPOCTh CXOJUMOCTH KPUBBIX JOXOJHOCTH pHC. 1
K IpeIeTIbHOMY 3HAYEHHIO )/(o0)

W3 pucyHka ciemyer, 9To Ui JaHHBIX puc. | TPaKTUYeCKH ISl BCEX CPOKOB MOTANICHHS KpUBAst V»(T) B
IBa pa3za Oirxe K IpeaeibHOMY 3HaueHHIo y(o0), yeM KpuBas y;(t). Uro kacaercs ¢popBapaHoil KpuBoH f5(T), TO
OHA MPaKTHYECKU yXe JOCTUTaeT CBOEro MpeaesbHOro 3HaueHus aus t > 9 ner (u > 0,5).

K coxanenuro, XOTs KBaipaTHYHBIE MOIEITH TIOXOJAHOCTH aKTUBHO OOCYKIAIOTCS B JIUTEPAType, IPUPO-
Jla KBAIPaTHYHBIX MOJIETIEH OKa3bIBA€TCS 3araloqHON, MTOCKOJIBKY OHHM SIBIISTFOTCS MaTeMaTHUECKUMH a0CTpak-
[USIMU, ¥ HU OJTMH M3 aBTOPOB, ONMMCHIBAIOIIMX CBOWCTBA dTUX MOJIEEH, HE IPUBEN OOBSICHEHHUS, KaKKM 00pa-
30M ITOJTB30BATEIb ATUX MOJETed MOKET HaOII0AaTh 3HAYCHHS JIATEHTHBIX TIEPEMEHHBIX COCTOSTHHS X U BOOO-
II€ CYIIECTBYIOT JI OHH, KaK OHH OMPEEISIIOTCS U KaKOB HX YKOHOMHYECKUH CMBICIL.
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Within framework of the theory of diffusion processes there are various versions of an evolution of short-term yield interest rates.
Nevertheless till now there was no such model which could be a suitable basis for construction of term structure of yield close to exist-
ing one on real financial market. The models of interest rates leading to affine term structures of yield are simple, most known and im-
ply a solution in an analytical form. However, reproduction of real term structures by means of affine models are inexact. Recently de-
velopment of models goes in two directions: increase dimension of models and refusal of affine properties. As representatives of such
development are most popular now so-called quadratic models of interest rate processes in which interest rate process () is set by the
equations

dX(1) = &(X(0)) dt + o(X(2)) dW1), t > to, X(to) = X,
H(t) = o+ X(O)"PX(1), X(1) e R",a e R', ¥ € R™".

Usually a > 0, ¥ is a symmetrical positive definite matrix. When the vector £(X) linearly depends on X, and the matrix o(X) does not
depend on X, process X(¢) is Gaussian and in a stationary conditions has, say, expectation p and a matrix of a covariance V. If ¥ and V'
are diagonal matrixes ¥ = y/, V' = v/, and p = 0 the shifted gamma distribution with shift parameter o, scale parameter 1/2vy and form
parameter n/2 will be marginal distribution of process 7(¢). The shified gamma distribution characterizes also the short-term interest rate
in affine model of Duffie—Kan. Thus, the Duffie—Kan model and quadratic model generate the stochastic processes r(f) with identical
distribution. In the paper, the explicit expressions for the term structure of zero-coupon yield to maturity and forward interest rate curve
for both models are obtained. Also, the differences between the yield term structures of the models considered in the risk-neutral setting
are discussed, when the market price of risk is zero It is shown that if in quadratic model of any dimension » latent state variable X are
independent and identical distributed under the normal law with a zero expectation the term structure of interest rates of yield does not
depend on concrete values of variables X, and is depended only on starting value » of the current short-term interest rate in the same way
as in affine models. Thus long-term limiting rates turn out the same, as in model of Duffie—-Kan. Comparative properties of affine
Duffie-Kan model and quadratic model of yield are illustrated by a numerical example.
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THE SENSITIVITY FUNCTIONALS IN THE BOLTS'S PROBLEM FOR MULTIVARIATE
DYNAMIC SYSTEMS DESCRIBED BY ORDINARY INTEGRAL EQUATIONS

The variation method is applied to calculation sensitivity functionals, which connect the first variation of quality func-
tionals of systems operate (the Bolts's problem) with variations of variables and constant parameters, for the multidimen-
sional nonlinear dynamic systems described by the generalized ordinary Volterra’s second-kind integral equations.
Keywords: variation method; sensitivity functional; sensitivity coefficient; integral equation; conjugate equation.

The sensitivity functional (SF) connect the first variation of quality functional with variations of variable
and constant parameters. Coefficients before variations of constant parameters name the sensitivity coefficients
(SC). They are components of vector gradient from quality functional according to constant parameters.

The problem of calculation of SF and SC of dynamic systems is principal in the analysis and syntheses of
control laws, identification, optimization [1-7]. The first-order sensitivity characteristics are mostly used. Later
on we shall examine only SC and SF of the first-order.

Consider a vector output y(t) of dynamic object model under continuous time ¢ €[t,,'], implicitly de-

pending on vectors parameters a(¢),o and functional / constructed on y(¢) under ¢ €[t,, t']. The first varia-

tion 8/ of functional / and variations da.(¢) are connected with each other with the help of a single-line func-
1
t

tional — SF with respect to variable parameters ou(z) : dsnd = IV(t)S&(t)dt . SC with respect to constant pa-

10
rameters o are called a gradient of / on o : (dI /da)T = Vgl . SC are a coefficients of single-line relation-
ship between the first variation of functional &6/ and the variations Oa of constant parameters o :

8_1=(V-1)"8a = (dl / da)da = Za—_l 5aL, -
moa;

The direct method of SC calculation (by means of the differentiation of quality functional with respect to
constant parameters) inevitably requires a solution of cumbersome sensitivity equations to sensitivity functions
W(t). W(t) is the matrix of single-line relationship of the first variation of dynamic model output with param-

1
t
eter variations dy(¢) = W (¢)da . For instance, for functional 7 = I fo(t),a,t)dt we have following SC vector
0
pl
(row vector): dI/da = .[[(6 fo/0y)W(t)+0f,/0aldt . For obtaining the matrix W(¢) it is necessary to decide
0
bulky system equations — sensitivity equations. The j-th column of matrix W (¢) is made of the sensitivity

functions dy(t)/da. j with respect to component o ; of vector o . They satisfy a vector equation (if y is a vec-
tor) resulting from dynamic model (for y) by derivation [1-3] on a parameter ;.

To variable parameters such a method is inapplicable because the sensitivity functions exist with respect
to constant parameters.
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For relatively simply classes of dynamic systems it is shown that in the SC calculation it is possible to
get rid of deciding the bulky sensitivity equations due to the passage of deciding the conjugate equations — con-
jugate with respect to dynamic equations of object. Method of receipt of conjugate equations (it was offered in
1962) is cumbersome, because it is based on the analysis of sensitivity equations, and it does not get its devel-
opment.

Variational method [4], ascending to Lagrange’s, Hamilton’s, Euler’s memoirs, makes possible to sim-
plify the process of determination of conjugate equations and formulas of account of SF and SC. On the basis
of this method it is an extension of quality functional by means of inclusion into it object dynamic equations by
means of Lagrange’s multipliers and obtaining the first variation of extended functional on phase coordinates of
object and on interesting parameters. Dynamic equations for Lagrange’s multipliers are obtained due to set
equal to a zero (in the first variation of extended functional) the functions before the first variations of phase
coordinates. Given simplification first variation of extended functional brings at presence in the right part only
parameter variations, i.e. it is got the SF. If all parameters are constant that the parameters variations are carried
out from corresponding integrals and at the final result in obtained functional variation the coefficients before
parameters variations are the required SC. Given method was used in [7-9] for dynamic systems described by
ordinary continuous Volterra’s second-kind integral and integro-differential equations. In this article the varia-
tional method of account of SC and of SF develops more general (on a comparison with papers [8, 9]) continu-
ous many-dimensional non-linear dynamic systems circumscribed by the vectorial non-linear continuous ordi-
nary Volterra’s second-kind integral equations with variable and constant parameters. The more common quali-
ty functional (the Bolts's Problem) is used also.

1. Problem statement

We suppose that the dynamic object is described by system of non-linear continuous Volterra’s ordinary
integral equations (IE) of the second genus (more general than in the monography [7. P. 74]):

OGO RN jK(r, y(s), A(s),00,5) ds, ty <t<t', ty=t,(a), t' =¢'(q0). (1)
10
Here: initial ¢, and final ¢! instants are known functions of constant parameters o . (), o are a vector-
columns of interesting variable and constant parameters; y is a vector-column of phase coordinates; »(-), K(:)
are known continuously differentiated limited vector-functions.
Variables m(¢) at each current moment of time ¢ are connected with phase coordinates y(¢) by known
transformation
N =), 8(0), & 1), telty,r'], )
where 1(:) — also continuous, continuously differentiable, limited (together with the first derivatives) vector-
function. Equation (1.2) is often known as model of a measuring apparatus. The required parameters a.(z),a
are inserted also in it. A dimensionalities of vectors y and m can be various.

The quality of functioning of system it is characterised of functional
1

t
I= J.fo(n(t)aa(t)aa’t)dt'i'Il(n(tl)za’tl)’ 3)

0
depending on a(¢) and o . The conditions for function f,(), I;(-) are the same as for K(-), r(-). With use of
a functional (1.3) the optimization problem (in the theory of optimal control) are named as the Bolts’s problem.
From it as the individual variants follow: Lagrange’s problem (when there is only integral component) and
Mayer’s problem (when there is only second component — function from phase coordinates at a finishing

point).

With the purpose of simplification of appropriate deductions with preservation of a generality in all
transformations (1.1) — (1.3) there are two vectors of parameters o), o . If in the equations (1.1)—(1.3) parame-

31



ters are different then it is possible formally to unit them in two vectors a(t),a, to use obtained outcomes and
then to make appropriate simplifications, taking into account a structure of a vectors o (¢),a .
By obtaining of results the obvious designations:

r(t) = r(6(0), &1y, 1), K(t,8) = K(t,y(s), a(s),0,5) , n() =n(y(1),0(r),,0),
fo®) = f@®).&(0), 0,0, L") = [(n(t), e

are used.
Is shown also that the variation method without basic modifications allows to receive SF
1
t
3 (a) = fV(t)S&(t)dt +[dI(o0)/da(t)18G(r") + [dI (o) / d& ] 8a in relation to variable and constant parameters.

141 Bt
2. Variational method for models (1)—(3)

Complement a quality functional (2) by restrictions-equalities (1) by means of Lagrange’s multipliers

v (1), t€ty,t "1, (column vectors) and get the extended functional
ll t
I=1()+ [y O+ [K(t,s)ds—y(0)]dr , “
10 10

which complies with 7(a) when (1.1) is fulfilled. Take into account the form of functional 7/, change an order

of integrating in double integral inside of triangular area (see fig. 1):
A, A1

ic. ”A(t s)ds di= ”A(s tdsdt |,

toto 1ot
| Al
[v" @) j K(t,s)dsdt = j j v ($)K (s,t)dsdt, 5)
1y 4] tgt
and then extended functional (4) accepts a form:
ll ll
[ =15+ [{f@) +y Olr@) = yO1+ [y ()K(s,t) ds}dt . (6)
10 t
S S
tl tl
t —1

Fig. 1. Triangular area and order of an integration
Find the first variation for 7 with respect to dy(¢) and to da.(f) (t e [to,tl) ), 8&(t1) , oa taking account:
1) dependence the right member of IE (1.1) on y(¢); 2) interconnection (3) between m(¢) and y(¢), a(t), o,
3) dependence ¢, ¢', (') on @ [i.e. to =ty(@), t' = t‘(a) LY =I,(m@), o, ]:

afo(t) ne . OK(s,0) 4o .
81 = (") dy(t') + v () ds =y ()]dy() di +
l{) on(#) oy(r) ! (1)

/A
AL GINC G NCL I ()aI«s)
o @ eaw T Vo 0

ds150(¢) dt +
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L OL() on(e) sa() + {al(t)ﬁn(t) () |

6n(t)6 a(t') on(t") oo da
. I[afomén(r) A0 | 70, I ()a (st) sl
on(t) oo oo 6
0 d
+[fo<ro)+f O A ’”‘:) K(r,ro))dr]£+

Al (1" (e ma)
{&m) or' %Uﬁ }

here
ot an(e') _

1
one) oyt )

(7

Out of object equation (1) we calculate the first variation Sy(tl) (variation, included in the first addend

of (7))
1 1
oK () LOK(1',s)
oy(t )_,'[ >0o) Sy (s)ds + J. 3a0s) dau(s)ds +
6ﬂt)~ ﬁdt) VKU gd_ﬂ&v) KUtﬂd%+
T b oty ’
[a;(t)+K(t t)+jaK(t 25) 412 ]—

0

Then the first variation (7) obtains the following form:
8l =0, + 65,1 +0 1 I+641,

(l l

GK(tl,t)Jr@fo(t) on@ I ()5 (s,0)

ds—y" (1)18y(t) dt
oy(t) on@) oy(®) ?) Y (D)]oy(r)dt

[1
smg=ﬁ®¢)

of, (1) (1) aﬁxn ()aun O)GKEHJ)+IY “)&K@t)
on(?) 6a(t) aa (t) oal(t) oa(t) oaut)
[61 (2 8n(t ) o)) or(h)

W> &W)a(ﬂ oa(t'y

57— oI, (") on(' ) oI, (1"
* (") da da

a(l) J.[

186" ,

ar(t) J-(3K(t ,8)

+ () =

ds]+
10

6K(S t)

0/o® M) . 0/(® | /1 0= 5r(t)

+Hamn do o

j (8)———="ds)dt +

or(t" or(t)

0

d
{CD(t ==~ K(t'1)] fo(fo)+IY (f)[ — K(t.4)dt £+

wa) aKas)

+ K@+ j

[CD(t == ds] +

ds]8a(7) dt,

®)

©)

(10)

(11)

(12)
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L O () 6I(t) fo(t)} } (13)

6n(t ) ot
In a variation (10) we equate with zero factors before variations of phase coordinates dy and discover: the con-
jugate equations for Lagrange’s multipliers y(¢)

K0 OO o) ' 0K (s
w0 a3

These equations are decided in the opposite direction of time (from ).
In a result three components 8/ =85,/ + SN( 1)I + 041 of the first variation of quality functional / in re-
o’

v ()=o) ds, ty<t<t". (14)

lation to variables G.(f) and constant parameters G.(z'), o are submitted accordingly by formulas (11), (12)
and (13). This result is more common in relation to appropriate results of papers [7, 8]. Variables and constant
parameters are present in integrated model of object, also at model of the measuring device and at generalized
quality functional for system (the Bolts's Problem). An additional a dependence to,tl from o are taken into
account.

In a basis of calculation of sensitivity functionals the decision of the integrated equations of the object
model in a forward direction of time and obtained integrated equations for Lagrange's multipliers in the oppo-
site direction of time lays.

Example (The ordinary differential equations). Consider that the dynamic object is described by system
of non-linear continuous differential equations with variable and constant parameters o(z), o :

PO = fO.EO.80, 19 STt 3(tg) = yo(aLto) (15)
We transform model (15) in Volterra’s second-kind integral equation (1)

t
V0= yo(@to)+ [ £(1(9).0(s),as)ds, tg <t <1". (16)
10
Now
() =yo(a.ty) , K(t,8) = f(y(s),a(s),a,5)= f(s).
We write the conjugate equations (2.11) for Lagrange’s multipliers

0/o® M@ af (1)

O 300 v OO h()d v PSS

and SF (11), (12), (13)
Ol =85, +8 (11)1 + 0651,

0 afy () an(t) LW gy TO I (2L Of () yrsiacoy e
on(r) da()  oa) aa(r) 10)

al(t)an(t) 581"

adhy  an(d") aaue") ’

e ey anay o H2Cen) Iﬁf(s) s
* 6n(t) oo oo oa

5f0(t)5ﬂ(t) afo(f)
on(t) oa oa

8(1(1) - [
0

ayo( fo) f()

+ I[ () == j (s)ds]==Ldr +

=T y,(aL,t,) 1 aJ’o(aato)_ _
+ Iv (1= = | D= = (1)

-t 0
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These results it is possible to represent in more customary (for differential equations) form. After change
of variables:
1
t
o)+ [y (s)ds =1 (1), tg <t <t';ore —A () =y" (1), tg <t <" W () =@(e');
t

we obtain the conjugate equations in differential form

i) = 9/ M@ | (t)af(t) (=0, 1, <1<4

on(?) 5y(t) oy(t)
and than SF have the form
Ol =85, +8 | 1+0641,
a(t)

I[afo(t) o), A0 o, )6f( )

on() G0 | oa(r) | 0

_an)on) o

o' = on(e) 2y

- {alla)an(t) O |7 0@te) |
@) da oa oa

O] ———]da(t)dt,

KON , 0 37y 2 Dy,
() do  da

{M%)[@—f«on J%(to)}d”’

0

+j[

{q)(tl)ﬂtl) al(t") an(t") af(r) fm)} }

on@) o

Conclusion

The merit of variational method is applicability of its both for calculation of SF and SC. Besides the
equations for Lagrange’s multipliers remain without change.

Variables and constant parameters are present also at model of the measuring device and at generalized
quality functional for system (the Bolts's Problem). In a basis of calculation of sensitivity functionals the deci-
sion of the integrated equations of model in a forward direction of time and obtained integrated equations for
Lagrange's multipliers in the opposite direction of time lays.

Variation method of calculation of SF and SC allows a generalization on objects described by vectorial
ordinary Volterra’s second-kind integro-differential equations.

Integro-differential models structurally include separately integrated and differential models, and also
4 kinds of more simple integro-differential models which differ character of interaction of phase coordinates of
integrated and differential parts. It is necessary to carry out transition from the integro-differential equation to
corresponding integral eguation, to use results of this paper and in them to execute return to initial variables.
For the objects described by simpler integro-differential models enough in the received connected equations
and in SF and SC to turn into a zero a corresponding components.
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Variation method of calculation of SF and SC allows a generalization on objects described by vectorial
dynamic equations with delay time and different classes of discontinuous dynamic equations.

Results are applicable at design of high-precision systems and devices.

This paper continues research in [7-9].
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C.I1. Tpodpumos, A.B. UBanoB

PA3PBIB IBOMCTBEHHOCTH B INIOJTYBECKOHEYHOM
JUHEHXHOM ITPOIT'PAMMUPOBAHWU U AHAJIN3 KAYUECTBA OTPAHUYEHU
IF'EOMETPUYECKUX OBBEKTOB

PaccmarpuBaercs mapa ABOWCTBEHHBIX 33714 MOJMyOSCKOHEYHOTO JIMHEHHOro mporpamMupoBanus. [Ipemmaraercs reo-
METPHIECKHIi crocod aHann3a COOTHONICHUH ABOWCTBEHHOCTH Maphl 3a/ad, OCHOBAHHBIM Ha HCIIONB30BAHUN KOHHYE-
CKO# 0007109k KO3()(PHUIMEHTOB CHCTEMBI OrpaHUYCHUH. Y CTAHABIMBACTCS CBSI3b HAIMYUS Pa3pbIBa JBOMCTBEHHOCTH C
HE3aMKHYTOCTBIO TPAHHIGI KOHHIECKOH OOOJIOYKM TOYEK B MHOTOMEPHOM IpocTpaHcTBe. IlocTpoeH HeTpuBHAIBHBIN
npumep 3agaun JIII, 11s KoOTOpoi pa3phlB IBOMCTBEHHOCTH BBIMNOIHICTCS U1 HEKOJUIMHEAPHBIX LIeIeBbIX BeKTopoB. Ha
OCHOBE CTAaHJApTHBIX ONTHMHU3anMOHHBIX GYHKIMH MATLAB pa3paborana mporpamMma Ui aHajdn3a COOTHOIICHHI
JIBOMCTBEHHOCTH.

KiroueBsble cjioBa: 3a1aua JMHEHHOrO IPOrpaMMHUPOBAHUS; Pa3phlB IBOHCTBEHHOCTH; MHOXKECTBO JOIIYCTHUMBIX pelle-
HUI; KOHMYecKast 00051049Kka K03 pHImeHToB; cucTeMa TMHEHHBIX HEPAaBEHCTB; KPUTEPHH COOTHOIICHUS IBOHCTBECHHO-
CTH; BBIIIYKIIbII HE3aMKHYTBII KOHYC.

3amava momybeckoHewHoro JnHeiHoro nporpammupoBanus ([16JII1) sBnsercs BaXHBIM 00BEKTOM HC-
CIIeOBaHM B TEOpUH onTuMU3auu [1]. 3agada oOBIYHO U3ydaeTcsi C ABYX TOUYEK 3PEHHS.

YucneHHble, KOMIMYECTBEHHBIE METOABI MPEAINONAraroT 3alaHiue OECKOHEYHOT0 MHOYKECTBA OrpaHUYCHHH
C MOMOIIBIO MapaMeTpoB. B nanpHelinieM OeCKOHEUHas CHCTEMa allnpOKCUMHUPYETCs KOHEYHOW MOACUCTEMOM
U pelaeTcs CUMIUIEKCHBIMUA METOJaMH.

KauecTBeHHBIE METO/IBI HCIIONB3YIOT CBOWCTBA TOMOMOTMYECKUX MPOCTPAHCTB, a TAK)KE CTPOAT BBIMYK-
JIble ¥ KOHWYECKHEe 00O0JIOYKH TOUEK, COCTABICHHBIX U3 KOXQPHUINEHTOB cucTeMbl. [Ipu 3ToM 3agaua mocTpoe-
HUS BBITYKJION 000JIOYKH HE pacCMaTpPHUBACTCS.

OnHoli U3 BaKHBIX Lenei u3yuenus 3agauun [16J1I1 sBiseTcst mpoBepKa COOTHOIIECHHUS IBOWCTBEHHOCTH,
T.€. PAaBEHCTBA ONTHUMAJIbHBIX 3HAUYE€HUI MCX0aHOM U aBoMcTBeHHOMU 3aaa4 JIII. C onHOI CTOpOHBI, BOZHUKHO-
BEHHUE Pa3pbIBa JIBOMCTBEHHOCTH O3HAYAET PE3KOE YXYIUIEHHWE CBOICTB YHMCIECHHBIX METOAOB PEIIECHUS STOH
3a/a4y, a ¢ APYrod CTOPOHBI, HATMYHE pa3pbiBa TOBOPUT O HEJOCTATOYHOM KadyeCTBE OIpPAaHUYEHUN JOMYCTH-
Moro MHOkecTBa 3anauu [10JIIT [2]. Takum oO6pa3om, aHaINU3 COOTHOLICHUS IBOMCTBEHHOCTH MOXKET OKa3aThCS
MOJIE3HBIM PU aHAIIM3E KAauecTBa 3aJaHus TeOMETPHUECKOro 0ObeKTa: P 3aJaHUU TeOMETPHIECKOro 00beK-
Ta B BUJAE JOMYCTUMOrO MHOXeECTBa cUCTeMbl orpaHuueHuil 3azaun [I6JII1 omeHka kauecTBa ompenemsieTcs
CYLIECTBOBAaHUEM pa3phiBa JBOMCTBEHHOCTH Ha HEKOTOPBIX LENIEBBIX HAPaBICHUSX.

OtmernmM, yto 3agada [16JII1 ¢ pa3priBoM IBOWCTBEHHOCTH OOBIYHO pacCMaTPHUBAETCs KaK HEKenaTelb-
Has ¥ 9K30THUYeCcKas. Mexxay TeM B HacTosIell paboTe Mbl TIOKasbiBaeM, uto 3agauu [16JI11 ¢ pa3peiBoM aBOH -
CTBEHHOCTH 00pa3yroT OoraToe CEMelCTBO 3aJay, U CBS3bIBAEM HaJM4KMe pa3pbiBa JBOWCTBEHHOCTH C He3a-
MKHYTOCTBIO TPaHHILIbl KOHUYECKOH 000J0YKH TOUYEeK B MHOTOMEPHOM MPOCTpPaHCTBE. Pa3MepHOCTH 3TOr0 mpo-
CTpaHCTBA Ha €AMHUIYy OOJNbIIE KOJMUYECTBAa MEpeMEHHBIX 3afayr. C MOMOIIBIO Haphl ABOMCTBEHHBIX 3a/ad
[16JIIT ¢ pa3psIBOM ABOHCTBEHHOCTH OCYILIECCTBISETCS aHANN3 CTPYKTYPHI 3TOH HE3aMKHYTOH rPaHHIIbL.

1. /IBoiicTBeHHBIE 3a1a491 JJHHEHHOT0 MPOrPaMMHUPOBAHUS

Hapa Z[BOfICTBeHHI:IX 3agad JIMHEHHOr o nporpaMMHUpOBaHUA B TOIMOJIOTMYCCKUX BCKTOPHLIX IMPOCTpaH-
CTBaxX UMCCT BUJ

inf{(x, y,):T-xez,+Q,,xeQ,}, (1)
sup {(z,, ®):-T -0+y, €0y, 0€Q,} . (2)
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34ech TOMONOTrHYEeCKIEe BEKTOpHbIE TpocTpaHcTBa X U Y, Z u W HaxonsaTcs B JBOMCTBEHHOCTH; 1 — MTUHEHHBIN
v i . v
HenpepbIBHBIN onepatop u3 X B Z; T : W—Y — conpskénnblii k Hemy; O, < X, O, C Z — 3aMKHYTbIE BbI-

& * .
nykisle konycel; O, Y, O, W — conpskéHHbIE KOHYCBI.

PaccmoTpum 1Ba yacTHBIX ciTydas mapbl IBOWCTBEHHBIX 3a1a4 (1)—(2).
1. TpoctpanctBa X u Y — KOHeYHOMepHBIE pocTpancTBa R', Z u W — GeCKOHEYHOMEPHBIE MPOCTPaH-
CTBa, KOHYCHI Q, U (. SBISAIOTCA HEOTPHLATENFHBIMU OpTaHTaMu. Torza 3amaya (1) mpuHuMaeT By nomydec-
KOHEYHOM 3a/1a41 TMHEWHOTO IPOrpaMMHUPOBaHUS:
v =inf {(x, ¢) : Ax > b, x>0}. 3)
B aroit 3agaue 4 — nonyObeckoHeUHast MATPHIIA, CTPOKH KOTOPOH dq € R”, ot € 0, Q) — HEKOTOPOE CUETHOE MHO-
KECTBO MHACKCOB, b = (by)qeq — BEKTOP-CTOIOEI] U3 MTPOCTPAHCTBA RQ, U — ONITUMAaJbHOE 3HAUYEeHNE 3aJa4H.
JBoiicTBeHHas 3a1a4a (2) IpUHUMAET BUA
v¥=sup {(u,b) : A'u<c,u>0,ucf}, “4)
rJie f — MOANPOCTPAHCTBO TOCTIEAOBATENBHOCTEH 13 R, B KOTOPBIX JIHIIb KOHEUHOE YHCIIO DIEMEHTOB OTIMUHO
OT HyJIsl, U* — ONITUMaJIFHOE 3HaYeHUE IBOUCTBECHHON 3aJauu.
3anwuiem mapy JBOWCTBEHHBIX 3a1a4 (3)—(4) B apyroii, Obonee ynoOHOM ist Hac hopme:
v =inf {(x, ¢) : Ax > b}, ()
vk =sup {(u,b): Alu=c,u>0,ucf}. (6)
2. TlpoctpanctBa X U Y — KOHEUHOMEpHBIE MpocTpaHcTBa R'; Z 1 W — KOHEYHOMEPHBIE MPOCTPAHCTBA
R"; Oxu Q7 — 3aMKHYTbIC BBIYKJIbIC KOHYCHI COOTBETCTBEHHO B MpocTpaHcTBax R’ u R”.
[IpeobOpazyem 3amauy (1) k Buay (3). Orpanuvenue x € Oy 3anaun (1) SKBUBaJICHTHO CHUCTEME JIMHEH-
HBIX HEPAaBEHCTB

(x, )20, VyeQ,. @)
Iycte { e;: i = 1,...,n } — 6a3uc eAMHUYIHBIX OPTOB mpocTpancTBa R". Torma x = z; X,e. 1 OrpaHHYCHUE
T - x € zy + Q7 3agaun (1) SKBUBaJECHTHO CUCTEME
(T-( z;xiei )=z, ®)>0, Voe0,,
YTO PaBHOCHIILHO

Y x5 (Te.0)2(z, 0), Vo0, ®)

i=1
OObenuHenHas cuctema orpanndeHuil (7) u (8) aHanoruyHa cucreMe orpaHu4eHui 3agaun (5).

2. CooTHONIEHNE JBOHCTBEHHOCTH

3anmauu (5) u (6) AOCTATOUHO YHUBEPCAIBHBI M M3Yy4alOTCd BO MHOTHX paborax. B ocHOBHOM uccneny-

FOTCSI YCIIOBUSL, TIPH KOTOPBIX BBIMOIHSETCA COOTHOLIEHHE IBOWCTBEHHOCTH
v =v* )

B [1] moka3aHo, B 4aCTHOCTH, 4TO eciiu ¢ € int (cone{ aq, o € Q }), To paBeHCTBO (9) MMeeT MecTo.
B[4, 5] B xauecTBe nocraTouHoro ycnoBus s (9) tpeOyercs BbimonHenue ycnosust Creltepa Ui CUCTEMBI
OrpaHu4eHHH 3a1aun (5) ¥ 3aMKHYTOCTh KOHMYECKOH 000I0YKH MHOXKECTBA

K=cone {[a,; b,] : o € Q}.
31ech U najee 3amuch [a,; by| 0O3HaYaeT MprCOeTMHEHNE Yrciia b, K BEKTOPY-CTPOKE dy.

B [6] mns 3agaum (5) BBOOUTCS MOHSTHE PAaBHOMEPHOM ABOMCTBEHHOCTH, MPH KOTOPOM JUIS KaKIOTrO
¢ €ER' NOMKEH MMETh MECTO OJMH W3 CIEAYIOIIMX ciydaeB: 1) v=-o0, v*=-00; 2) v =+, V*=+ow;
3) v =+oo, v* = —0; 4) U KOHEUHO, 3a1a4a (6) paspemnma u v = v*.

HeoOxoauMpIM ¥ 10CTATOUHBIM YCIOBHEM PAaBHOMEPHOW IBOWCTBEHHOCTH NPH U < +oo SBISETCS 3a-
MKHYTOCTb KOHYyCa

K| =cone {{[ay; b,], x € Q},[0; —1]}.
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3. 'eomeTpHYecKuii MOAX0 K aHAIN3Y ABOMCTBeHHBIX 3aga4 JIII

B nacrosimeii pabore mpemnaraercs Kputepuil, CBsI3bIBarOIIMi paBeHCTBO (9) coO CBOWCTBAaMH HEKOTOPOrO
npoMexyTka. DakTHUeCK! 3TOT KpUTEpHi MO3BOJSIET B3MIIHYTh Ha 3a1a4ud (5) 1 (6) ¢ HEKOTOpOi equHOM reoMeT-
PHYECKOH TOYKH 3pEHHS, TPOSICHAET NPUBEIEHHBIE BBIILIE YTBEPKACHMUS U IIPUBOIUT K HOBBIM PE3YJIbTATaM.

Beenem o6o3naueHus

K1 = cone {{[aq; bo], o € Q}, [0; 1]},
P={[c;r] :r € R}.

ITokaxkeM, 4TO U3 TEOMETPUUECKUX COOTHOIIEHNI MEXTy KOHYCOM K 1 ITPSIMOIN P MOXHO TTOITyYUTh PST

BaXKHBIX CBOICTB 3a7a4 (5) u (6). Bo3sMoXHBI cienyromue ciaydan B3auMHOr0 pacroiaoxeHus K u P:

KnP=0, (10)
KnP=0Q, KnP=0Q, (11)
KnP=0. (12)

Haiinem onTuMaibHbIE 3HAYEHHUSA U U V¥ IS KQXKIOIO U3 3TUX CIIy4YaeB.
ya

3.1. BeckoneyHOCmMb ONMUMANBHBIX 3HAYEHUL Napbl 080UCMBEHHBIX 3A0aY

Iycts K NP = 0.

Torma K N P = O, noaToMy orpanuyeHus 3aaa4u (6) HECOBMECTHBI U, CIIEIOBATEIBHO, U* = —0.

Jlommyctum cucrema Ax > b HecoBMecTHA. Toraa, O4eBUAHO, U = +00,

Jomyctum, cuctema Ax > b coBmecTHa. M3BecTHO [5], 9TO HEPABEHCTBO (X, ¢) > 7 SBISETCS CIEICTBUEM
COBMECTHOMW CUCTEMBI Ax > b TOraa M TOJIBKO TOrJa, Korna [c, v] € K. JomycTtuM, Asi HEKOTOPOro ¥ HEpaBeH-
CTBO (X, ) >y SBISETCS CIIEACTBUEM cHuCTeMbl Ax > b. Torma ry € KNP= @, uaro HeBO3MOXKHO. [lodTomMy mmst
JIF000r0 7 HEPaBEHCTBO (X, €) =7 He MOXKET SBJISTHCS CIEACTBUEM COBMECTHON cucTeMbl Ax > b. Otciona v = —o.

Takum oOpasom, B cirydae (10) BO3MOKHBI JIMIIb ABE CUTYalLluH:

v = +o0, v* = —00 Wi
v =—00, U* = —o0,

3.2. Beckoneunocmos onmumMaibHO20 3HAYEHUS. O80UCMEEHHOU 3a0ayu

CripaBemiiBO CIEIYIOIIEe YTBEPKACHUE.
YrBep:xkaenne 1. Ecmu emonasiercs (11), To
v=sup {r:[c;r]eK }, (13)
v* =—0.

Joxazamenscmeo. O603HAUNM uepe3 7y MPaBYIO yacTh paBeHcTna (13).

Tak xak K " P # O, TO ry > —o0.

Ecmu 7y = 400, TO s mo0oro moctaTodHo O0NbIIOro 7 BEIMONHSETCS [c; 7] € K , T.€. (x, ¢) > r aBisieTcs
HEPaBEHCTBOM-CIICICTBUEM CHUCTEMBI Ax > b. JIns cOBMECTHOU cucTteMbl Ax > b 310 HeBO3MOXHO. [loaTomy
cucremMa Ax > b HECOBMECTHA, OTKyJa U = 1y = +o0.

ITycTe TEneps ry KOHEUHO.

Jokaxxem, uto cucrema Ax=>b coBmectHa. [lomyctum, 9ro 310 He Tak. lTorma w3 [5] momydaem
[0; 1] € K. Tak kak K N P # (), TO Ipu HEKOTOpOM 7| iMeeM [c; 7] € K . Torma mms moboro s > | uMeeM

[e;s]=(s—r)[0; 1] +[e; ] €K

OTcroa BBITEKAET ry = 00, YTO MPOTUBOPEUUT KOHEUHOCTH ry. Takum obpaszom, cucrema Ax > b COB-
MECTHA.

Bosbemem mpomsBonbHOE 7, Tipu KoTopoM [c; 7] € K. HepaBeHCTBO (X, ¢) > 7| SBISETCA CIEICTBUEM
COBMECTHOM cUCTeMBI Ax > b. [ToaTomy v > 1y, OTKyza

v >sup {r: [C;F]EEK\P}=F0.
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C npyroit CTOpOHBI, TaK Kak (X, ¢) > U SBISETCS CIEACTBUEM COBMECTHOM cUCTeMBI Ax > b 2-ro poxa [7],
1O [C; V] € K , OTKyna v < ry. Takum o0Opazom, v = ry,.

Bropas yacte yrBepxknenust 1 BoiTekaeT u3 paBeHcTBaK N P = J. B 3TOM ciyyae cucrema orpaHuye-
HuUH 3a1a4u (6) HECOBMECTHA, OTKyAa U™* = —oo. YTBepkaeHHe 1 1oka3aHo.

3.3. Koneunocmv onmumanbHulX 3HAYEeHUL Napbl 080UCMBEHHBIX 3A0ay

YrBep:xkaenne 2. Ecnu emonasiercs (12), To
v=sup {r:[cr] ef},
v¥=sup {r:[c;r] €K }.
Joxazamenscmeo. IlepBas yactb yrBepkaeHus copmagaet ¢ (13).
OO6oznauum ro=supir: [c;r] € K }. Torma cymecrByer mOCIENOBAaTENbHOCTh {r;}, Takas, YTO
lim; , r;=ry n[c;r] € K. Orcrona Kaxplii BEKTOp [c; 7;] MOXKHO NPEACTABUTH KaK KOHEYHYIO MOJNOXKH-
TENBHYIO IMHEHHYI0O KOMOMHALIMIO 3JIEMEHTOB MHOXKECTBA {[dy; by, ot € Q }. KoaurmenTs! sTrx komOnHa-
LU SBISIOTCS AOMYCTHUMBIMHU PEIIEHUSMH JBOMCTBEHHOH 3a7auu (6) CO 3HAUEHUSMU LIENEBOM (DYHKIUHU 7).
CrnenoBartenbHo, U* > 1y
ObpatHo: Tak kak K N P # (), To cucrema orpaHuueHHi 3a1auun (6) coBmectHa. Torma cymecTByer mno-
CleNIOBATENBbHOCT {1’} MOMyCTUMBIX peltenuit 3amaun (6), Takas uto lim, S (b, u') =v*. TosToMy s Kax-

JIOr0 HaTypaiabHOro [ uMeeM [c; (b, u')] € K , oTKyma ro > v*.
Urak, ro = v*. YTBepxkIeHuE 2 J0Ka3aHO.

3.4. Kpumepuil nanuuus paspwviéa cCOOMHoOuEeHUs 080UCMBEHHOCU

Ioctponm ¢ nomorpio koHyca K 1 pssMoi P 0THOMEPHBI MHTEpBAN S, KOTOPBIA HA30BEM XapaKTEPUCTH-
yeckuM rHTepBaioM 3agaun [16JII1. C yaerom yTBepskaeHHS 2 ONpenesuM HHTEPBaJ S CISAYIOUM 00pa3oM:
S=[sup{r:[c;r] eK},sup{r:[c;r] €eK}]. (14)
WnTtepsan S, ecau oH He MyCT, NPEACTaBISIET COOOM TOUYKY, OTPE30K, JIyd WM BCIO IpsAMYI0 P u pacro-
noxeno B npocrpanctee R"'. Eciu unTepBan S He BHIPOXKIACTCA B TOUKY, TO OH COJIEPIKUTCS HA IPAHMIIE 3a-
MBIKaHHUs KOHyca K, HO HE COAEPKUATCSA B caMOM KOHyce. B 3Tom citydae koHyC K He SABISETCS 3aMKHYTBIM.
Taxum 00pa3om, HHTEpBAI S CONEPKUTCS B HE3AMKHYTOM YaCTH I'PaHHLBI KOHYyca K.
UnTepBan S mo3BONSET ONpeneuTh ONTUMAaNIbHBIE 3HAYEHHs Naphl ABOMCTBEHHBIX 3axad (5) u (6) u,
CJIEZIOBATENNBHO, HATMYNE Pa3phiBa JBOHCTBEHHOCTH.
Teopema 1. [ XapaKTepUCTUUECKOIO MHTEPBAIA S UMEIOT MECTO PABEHCTBA
v=sup {r:[c;r] €S}, (15)
v¥*=inf {r:[c; r] € S}. (16)
Jlokazamenscmeo. TeopeMa BbITEKAET U3 ONPENEIEHNS NHTEPBaa S M yTBEpKIeHUH 1 u 2.
CaeacrBue 1. (Kputepuii paspoeiBa nBoiictBeHHOCTH). [lycTh v* > —c0. ¥V mapsl 3agau (5) u (6) cyme-
CTBYET Pa3pbIB JBOMCTBEHHOCTU TOTa M TOJIBKO TOTAA, KOI/Ia MHOKECTBO S UMEET HEMYCTYIO BHYTPEHHOCTb.

3.5. Cywecmsosanue onmumMaibHbiX peueHull

W3 BbIecka3aHHOTO clieayeT, 4To KoHyc K, mpsimas P W, BOOOIIEe TOBOpPS, HampaBjieHUE MpsMoi P
OTIPEENAIOT ONTUMANTbHEIC 3HaueHus 3a1a4 (5) u (6).

Hccnenyem Bompoc 0 pa3periMOocTH ABOMCTBEHHOM 3aaun. [IBoiicTBeHHas 3a1a4a (6) JOCTUraer cBoe-
r'0 3HA4YeHHS TOTJIa U TOJIBKO TOT/IA, KOTZIa CYIPEMYM B YTBEPKACHUH 2 JOCTUTACTCS.

Tak xak npu mepexone OT MHOXKECTBA {[dy; by], & € Q } kK KoHycy K orpanuyeHus 3agadu (5) TepsioT
CBOIO MHIMBUAYaJIBHOCTh, TO BOCCTAHOBUTH ONITUMAJIFHOE peleHne 3a1a4n (6), BooOI1e ToBopsi, HEBO3MOXKHO.

Paccmorpum paspemmmMocTb UCXOAHOM 3a1aun. M3BecTHO, YTO B Cllydyae COBMECTHOCTU CHCTEMBI Orpa-
HuueHn 3amaun (5) dyHKuMs ontUMyma vU(c) sBIsieTcss COOCTBEHHOM, BOTHYTOM W MO YTBEPKACHUIO 2
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v(c)=sup {r:[c;r] K }. Cnencrue 23.5.3 u3 [8] yrBepxkaaer, uto cyomuddepeHnuan ov(c) npeacTaBiser
€000l BCE MHOXKECTBO ONTUMAaNBHBIX pemieHnit 3anauu (5). M3 reomerpuueckoro cmbicia cyoanddepennuana
MOJy4aeM CIeIyIolee YTBEPKACHUE.

YrBep:kaenue 3. 3agaya (5) uMeerT oNTHUMaIbHOE PELICHUE TOr/A M TOJIBKO TOrJa, KOrga Yepe3 TOUKY

[¢; v(c)] MOXHO IPOBECTH TUIIEPIIIOCKOCTD, TAKYIO, UTO €€ MoArpadguk coaepkut Konyc K .
3.6. CeA3b ¢ panee u36eCmHbIMU Pe3YTbMAMAMU

1. 3 Teopemsl 3 crathu [9] BeITeKaeT cienyroee. Eciu konyc K 3aMKHYT, TO JBOWCTBEHHAs 3aaa4a (6)
nocrmwkuma. Ecmu konyc {[Ax +z; (x, ¢)—r] :x € R",z>0,r>0} 3aMKHYT B JICKapTOBOM IPOH3BECICHUHU
R? x R' ¢ Tononorueii mokoopIMHATHON CXOTMMOCTH, TO HCXOIHAS 3a/aua JOCTHXKUMA. A U3 YTBEPXKICHAS 2
BBITEKAET, YTO U3 OJHOT0 KOHYca K MOXKHO OIPEAEIUTh JOCTHKUMOCTE 3a1a4 (5) u (6).

2. B npocrpanctee R ¢ TIOKOOPIMHATHON CXOIMMOCTHIO HOIOKHTENbHBIH KOHYC HE HMEET BHYTPEHHO-
cru. [lostomy ycnmoBust tuna CrneliTepa (Hampumep, CYMIECTBYET Xo TaKOW, 4TO (Xg, dy) > by UL KaXaOro
o € () HEemOCTaTOUHBI [T aHAJIM3a pa3pblBa ABOMCTBEHHOCTU. JTO U HE YAMBUTEIBHO, TaK KaK JaHHOE YCIIO-
e ClieiiTepa paBHOCHIIBHO [Xo; —1] € int K~ 1 He cBsi3aHO ¢ TpaHuIeii KoHyca K, OT KOTOPOil, B COOTBETCTBHH
C YTBEPKIAECHHUEM 2, 3aBHCUT Pa3phbIB.

3. U3 yrBepxnenuii 1 u 2 5erko BBIBECTH TeopeMy O ciaboi ABOHCTBEHHOCTH [4] B HECKOJBKO HM3Me-
HEHHOH (HOPMYIHPOBKE: eciH U(Cp) KOHEUHO, TO

v*(cp)= lim sup v*(c),
dB(cy)—0 ceB(cy)

rie B(cy) — map ¢ meHTpoM B ToUKe ¢y 1 paguycom dB(co).
3.7. [Ipomusononosicnas 3aoaua JII1

3aMeHNM B MCXOAHOW 3aaaye (5) KpUTepuil M 3HaKU HEPABEHCTB B CHCTEME OrpaHMYECHHM Ha MPOTHUBO-
nostoxkHele. [lomydeHHyI0 3aady Ha30BEM MPOTHBOMNONOXKHOM 3amadeit JIIT:
v =sup {(x, ¢): Ax < b}. (17)
JIBoMicTBEHHOI K HEW sABIIAETCA 3aaua
v'*=inf {(b, u): A'u=c,u>0}. (18)
[loBTOpHOE PUMEHEHNE NPOLEAYPHI IIOCTPOSHHS IPOTHUBOIIOJIOKHON 3a1a4 BO3BPAIIAET HAC K UCXOA-
Hol 3amade (5). Takum oOpa3om, mapa NMPOTUBOMONOKHBIX 3a/a4d U Hapa JBOMCTBeHHBIX 3anay JIII obnamator
OJTHUM U TEM K€ CBOMCTBOM B3aUMHOW OOPATHMOCTH.
Haiinem v'. Mcnonb3yem H3BECTHOE MPaBHIIO 3aMEHBI KPUTEPHEB MPU ONTHMHU3ALMH MPOU3BOJIBHOM
¢$byHkuuu f(x):
sup flx) =—inf (—f(x) ).
Torma v' = —inf {(x, —) : —Ax > —b}. Ucnonp3ys yTBepxacHUE 2, IPOIOIHKACM
v =-sup{r:[-c;rle-K}=—(-nf {—r:[-c;r] e-K})=inf {~:[-c;r] €e-K }.
Cnenaem 3ameny ¢ = —r. [lomyuaem
V' =inf{t:[-c;—] e-K}=inf{t:[c;f] €K }.
AHaJIOTMYHO TIOTy4aeM
v*=inf {¢:[c;f] e K }<sup {t:[c;t] € K }=v*
Teopema 2. J[J11 mpOTUBONOIOKHON CUCTEMBI BBITTOIHSIOTCS COOTHOLIECHUS
v =inf {t:[c;7] €K},
v*=inf{t:[c;t] €K }.
[Ipu 5TOM cnipaBenIMBO TPOITHOE HEPABEHCTBO
U= v*>u'E>0 (19)
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3.8. [lonycmumoe muosicecmeo npomugononoxcHou sadawu JII1

OTHOCHTENTFHO OrpaHIMYEHUH MPOTHBOIOIOKHON 33/1a491 MOYKHO BBICKA3aTh CIIEIYIOIINE YTBEPKICHUS.

YrBep:kaenne 4. Ecmu M ={ x : Ax > b } — HelrycTOE, OrpaHUYCHHOE MHOXECTBO, HE COCTOSIIEE U3 OJI-
HOW Touku, To M' = {x : Ax <b } = Q.

Jlokazamenscmeo. [lormyctum mipotuBHOE: Ax) < b Tipu HEKOTOpOM X,. Torma mis moboro x u3 Ax > b
BbITEKaeT A(x — xo) > 0. Otcromga s moboro A > 0

A(x+Mx—x0))=Ax +2A4(x—x0) > b. (20)

Tak kak { x: Ax > b } orpanuueno, To u3 (20) noixydaem x = Xy, T.€. { X : Ax > b} = {x¢}, 4TO MPOTUBO-
PEUHT YCIIOBHIO.

YrBep:xknenue S. Ilycte M = {x: Ax>b } neorpanmdyeno. Eciu muoxectBo M' = { x : Ax < b } Hemy-
CTO€, TO OHO HEOIPaHUUYEHO.

Jokazamenscmeo. I1yctb xy € M. I3 HeorpaHW4eHHOCTH M BBITEKAET, UTO HAWJETCS HEHYIEBON BEKTOP
e, Takod, uto mis Jroboro ¢ >0 BeIMONHSIETCA Xo + fe € M, T.e. A(xo+ te)=>b. C yuerom Axy > b momyyaem
Ae > 0. lonyctum, x' € M'. Torma A(x' — te) < b, T.e. MHOXECTBO M’ HEOTpaHUYEHO.

W3 yrBepkaeHuid 4 U 5 ciemyer, 4TO MPOTUBOIOJIIOXKHAS 3a]a4a MOYKET OKa3aThCs IMOJE3HOW WMEHHO
IIPY HAJMYMHA KOHEYHOT'O Pa3pbiBa JABOWCTBEHHOCTH IS 3a1a4 (5) u (6), Tak Kak 3TOT pa3pbiB CYLIECTBYET
TOJIBKO TOTJa, Koraa { x : Ax >b } HeorpaHU4eHO.

4. IIpumepsl

Ilpumep 1. B cremyroieM mpuMepe UCXOMHAS ¥ TPOTHUBOIIOIIOKHAS 3aa9l UMEIOT KOHEYHBIE Pa3PhIBBI
JIBOMCTBEHHOCTH:

inf x,
Xy 21,
Xy 22,
(1/n)x; +x, 20,
A/ m)x; +x,23, (n=1, 2,...).

Konyc K HatstHyT Ha cineaytonme Touku: C=[0, 1; 1], B=[0, 1;2], D"=[1/n, 1,0], A"=[1/n, 1;3],
HE 3aMKHYT ¥ COICPXKHTCS B IIpocTpancTse R (puc. 1).

b A
3 . " ~A
Al /7
21 L7 B
7
7
/7
1+ 4 C
/4 .
0 ¢ ;
1 4
|
Dl

a

Puc. 1. TpexmepHslii koHYC K C HE3aMKHYTOH TpaHULCH

[MocnenoBatenbHOCTh {A"} cxomutes k Touke A = [0, 1; 3], {D"} cxomutes k Touke D = [0, 1; 0], npu-
4yeM TOUYKH A u D nexaT Ha He3aMKHYyTo# rpanune konyca K. LleneBoit Bekrop ¢ = [0, 1; 0]. [Ipsamas P npoxo-
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ut yepe3 Toukn 4, B, C u D. Otpe3ok [4, B] sBisiercsi XapaKTepUCTUYECKAM JAJIsl HCXOAHON 3a7jauH, a OTPE30K
[C, D] sBnsieTcs XapaKkTepUCTHUECKUM ISl IPOTUBOIOJIOKHON 3a1aun. Vcrone3ys TeopeMy 2, moay4aeMm
v=3v¥=2v*=1,v"=0.

Ipumep 2. Ilpusenem npumep 3agauu [16J1I1 c Tpems nmepeMeHHBIMHE, AJ1s1 KOTOPOH pa3pbIB ABOHCTBEH-
HOCTH BBITIOJIHSCTCS 17151 HEKOJUTMHEAPHBIX 1eIeBBIX BEKTOPOB. CHCTEMa OrpaHUYeHH 3aaud UMEET BH]

X +Xx > 1,

xl - )CZ Z 1,
(1-1/n)x; +x, +(1/ n)x; 22,
A-1/n)x;—x, +(A/n)x3 22, n=(2, 3,...).

Jlnst paccMaTpuBaeMoi cUCTeMbl KOHyc K HaTsSHYT Ha cienyromnme touku: A" =[1—1/n, 1, 1/n; 2],
B'=[1-1/n,—-1,1/n;2],C=[1,1,0; 1], D=[1,-1, 0; 1].

IMocnenoBatenpHocTh {A"} cxomurest k Touke 4 =[1, 1, 0; 2], {B"} cxoautcs k Touke B =[1, -1, 0; 2].
Paccmotpum Tpexmepnyro runepruiockocts H : ([a; b], d) =0, tne d = [0, 0, 1; 0]. Touku 4, B, C, D, a Takxe
BEKTOp A JexKaT B runepruiockoct H, a touku A" u B" — B nonymiockoctu ([a; b], d) > 0. TloatoMy TOukH 4 1
B npunaexart 3amMbIKkaHUIO KOHyca K, HO He caMoMy K, T.€. I&KaT Ha HE3aMKHYTOH TpaHUIle KoHyca K.

N A

Puc. 2. TpexmepHOe ceueHHE JEeTHIPEXMEPHOro KOHyca K TPEeXMEpHOH THIIEPINIOCKOCTEHIO

Hoctpoum ceuenme K '=K N H (puc.2). BossMem gBa uenesbix Bekropa g=[1,1,0;0] u f=[I,
—1, 0; 0]. BekTops! g, f TMHEHHO HE3aBUCHMbI U IPUHALIEKAT KOHYCy K '. Bo3bMeM BEKTOp ¢ KaK MPOM3BONb-
HYIO BBITYKITYI0O KOMOMHAIINIO 3TUX BEKTOPOoB ¢ = a-g + (1 — a)-f; 0 <o < 1. Iy mieneBoro BeKTOpa ¢ 1Mo yTBEp-
JKICHUIO 2 UMEEM:

Dv=sup{r:[c;r] € K } =2, u cynnpemym gocruraercs B Touke a-4 + (1 — a)-B;

2)v*¥*=sup {r:[c;r] € K } =1, ucynpemym nocruraercs B Touke o-C + (1 — a)-D.

5. Ipumenenune MATLAB s anaan3a cOOTHOIIEHU I JBOHCTBEHHOCTH

Jns mpoBeneHUsT YUCIEHHOTO aHaln3a COOTHoIIeHUH nBoicTBeHHOCTH (19) paspaborana MATLAB-
nporpamMa [12]. B nmporpamMmMe Hcroib3yloTcsi cTaHAAPTHRIE ONTHMU3aUMOHHBIE QYHKUUH fSeminf u linprog,
MpeAHa3HaYeHHbIe 111 TPUOIMKEHHOT0 PElIeH s TOTYOeCKOHEUHBIX HETMHEWHBIX 1 KOHEYHOMEPHBIX JIMHEH-
HBIX 337124 ONTHUMHU3AIMH COOTBETCTBEHHO. DYHKIMS fSeminf MOKET ObITh NCTIONB30BaHa IS HAXOXKCHUS OIl-
TUMaJBHBIX 3HaueHui v u V' 3amad (5), (17), a linprog — niis HaxoXKIeHUsT ONTUMAJbHBIX 3HaYeHUH v* u v'*
3amad (6), (18).

Ocobennocteio MATLAB-niporpaMmel sIBJIsIeTCS YKa3aHHE KOHEUHOI'O 3HAUEHUS /1 B MOMTyOECKOHEUHBIX
OrpaHUYEHHSIX UCXOOHOM 3a1aud, YTO MPUBOAUT K 3ameHe 3azaun [I0JIIT 3amaueii JIII ¢ KOHEUHBIM YHCIOM
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orpaHnyeHHH. CTOUT OTMETHUTH, YTO JAHHAS 3aMEHa MOYKET IPUBECTH K M3MEHEHUIO ONTHUMAJIBHOTO 3HAUEHUS
obenx 3amad. B mepcnektuBe mpeamnonaraercsi pazpaborka HoBoi MATLAB-nporpamMmbl ¢ BO3MOXHOCTBIO
JUISL TIONIb30BaTeNel yKa3aHusi 0ECKOHEUHON MOCIIEI0BATENbHOCTH OrPaHHYECHUH.

I+ B 5 B R B R B B B B -

|.’U V’U* AU,* DU"

0.5 o o0l 02 03 04 05 06 07 05§ 09 1 Q

Puc. 3. 3navenms v, v¥, v, v* mpu {o | =0,1-k, 0 <k <10}

Ha puc. 3 npencraBnensl pe3yabTaThl YUCICHHOTO peleHus npuMepa 2. V3 pucyHka BHIIHO, YTO TpaK-
TUYECKH IpH Bcex o0 v =2, v*¥*=1,v' =1,v*=1.

3akIoueHne

B pabote mponeMOHCTpUPOBaH reOMETPHYECKUAN MOIXO K aHanu3y noinyoeckoneynbix 3aaau JIII. Jlan-
HBIM MTOJXOJ TIO3BOJISET MOJEINPOBATH 3aJlaul C 3aJaHHBIMM CBOMCTBaMHU pa3phlBa ABOMCTBEHHOCTHU. Ilokasa-
HO, YTO pa3pbIB MOJHOCTBHIO ONMpENENseTCs CBOWCTBAMHU TpaHHUIBI KOHyca Kod(duuueHToB. Panee mpuBoau-
JIUCH TIPUMEPHI C pa3pbIBOM JABOMCTBEHHOCTH JJISl M30JIMPOBAHHBIX LENEBBIX BEKTOPOB. B 3TOM ciiydae MHOXe-
CTBO II€JIEBBIX BEKTOPOB, ISl KOTOPBIX BOSHUKAET KOHEYHBIN pa3phiB, 00pasyeT Jiyd. B nanHO# cTaThe mokasa-
HO, YTO MHOXECTBO LIEJIEBBIX BEKTOPOB C Pa3phIBOM MOXET MPEACTABISATH COO0M CIIOKHBIE MHOTOMEPHBIE 00-
nactu. Takum o0pa3oM, 3aauu ¢ pa3pbIBOM JBOMCTBEHHOCTH HE SIBIISIOTCS SK30THYECKUM HEXKENaTeIbHBIM
00BEKTOM, a TOJKHBI MCCIIEA0BATHCA LeTICHAIIPABICHHO.

Pa3peIB ABOMCTBEHHOCTH BO3HMKAET, KOTZIA OTPAHMYEHHS MHOXECTBA JOMYCTHMBIX PEHIEHUH HMEIOT
crenyromuii HenoctaTok. [Ipu OECKOHEYHO MallbIX BO3MYILEHHSX MPaBBIX YacTEH OrpaHUYEeHHUIl IOMyCTHMOE
MHOYKECTBO Ha HEKOTOPBIX HANpPaBICHHUSIX HAUYMHAET AaHOMAJIBHO PACHIMPATHCSA. OTO MPOSBIAETCS B PE3KOM
W3MEHEHWH ONTHMAIBHOIO 3HAUEHHUS MCXOAHOW 3ajayd. Takum oOpa3oM, KauecTBO OTpaHWYEHHH, KOTOpBIC
OIPEIETSIOT TEOMETPUUECKUI OOBEKT B BHJIE IOMYCTUMOIO MHOXKECTBA, MOXKHO CUHTATh HEJOCTATOYHBIM.
Ham noaxon mo3Bonser HaXOAUTh HANPaBJIEHU, HA KOTOPBIX MPOSIBISIETCA aHOMAJIBHOE PacIIipPEHNE TeOMET-
pudeckux 0o0bekToB. [1o700HbIE SBIEHUS MOT'YT BO3HUKATh B PAa3JIMUHBIX O0JIACTSX TEXHUKH, YKOHOMHUKH, CO-
LUOJIOTUHU U MTOJIUTUKH.

JlaHHBIN OIXO0J MOXKET MCIIONB30BAaThCS TAKXKE NMPHU aHAIM3E CTPYKTYphl HE3aMKHYTOM I'DaHHUIBI BBI-
MYKJIBIX MHOKECTB B MHOTOMEPHBIX MPOCTPAHCTBAX, MOCKOJIBKY MBI C TPYZAOM MOKEM MPEACTABUTH Ce0e MHO-
rOMepHBIE MHOKECTBA, a TaK)Ke CTPOUTD IpaduK QPyHKIHHA C KONUYECTBOM IIEPEMEHHBIX 0oJiee BYX.

JIMTEPATYPA

1. Goberna M.A., Lopez M.A. Linear Semi-Infinite Optimization. Chichester : Wiley, 1998. 356 p.

44



2. Glashoff K., Gustafson S.A. Linear Optimization and Approximation: An Introduction to the Theoretical Analysis and Numerical
Treatment of Semi-Infinite Programs. N.Y. : Springer, 1983. 212 p.

. Karney D.F. Duality gaps in semi-infinite linear programming // Math. Progr. 1981. V. 20, No. 1. P. 129-143.

. Duffin R.J., Karlovitz L.A. An infinite linear program with a duality gap // Management Sci. 1965. V. 12, No. 1. P. 122-134.

. Ueprnkos C.H. JIuneiinsie HepaBencTsa. M. : Hayka, 1968. 489 c.

. Jeroslow R.G. Uniform quality in semi-infinite convex optimization // Math. Progr. 1983. V. 27, No. 2. P. 144-155.

. Epemun LU., AcradseB H.H. Beexenne B Teopurio IMHEHHOTO 1 BRITYKJIOr0 IporpammupoBanms. M. : Hayka, 1976. 192 c.

. Rockafellar R.T. Convex analysis. Princeton, NJ : Princeton University Press, 1970. 260 p.

. Kretschmer K.S. Programmes in paired spaces // Canad. J. Math. 1961. V. 13. P. 221-238.

10. Schechter M. Linear program in topological vector spaces // J. Math. Anal. Appl. 1972. V. 37. P. 492-500.

11. Tpodmmos C.I1. Kpurepnii paspsiBa IBOHCTBEHHOCTH JUIS HOMYOSCKOHEUHBIX 3a/ad JIMHEIHOTro porpammuposanus // [Ipotusope-
YHUBBIE MOJIENH onTUMm3amy : ¢6. Hayd. Tp. CBepmiock : UMM VHI[ AH CCCP, 1987. C. 64-70.

12. TlporpamMa 4HCIIEHHOTO aHalM3a COOTHOHICHWH  nBoiicTBeHHOCTH. Pemoszutopuit  MATLAB-mporpammer.  URL:
https://github.com/re3burn/DGA (mata obpamenus: 20.08.2016).

O 03N L AW

Tpoghumos Cepzeii Ilasnosuu, xaun. pus.-Mat. Hayk, goueHT. E-mail: tsp61@mail.ru
Heanoe Anexceii Bumanveeuu. E-mail: av.ivanov.2014@yandex.ru
VYpansckuii penepansusiii yauBepcureT (. ExarepunOypr)
INocrynmna B penaknuto 20 mapta 2016 .

Trofimov Sergey P., Ivanov Aleksey V. (Ural Federal University, Russian Federation).

The duality gap in semi-infinite linear programming and the quality analysis of geometrical objects’ constraints.

Keywords: linear programming problem; duality gap; feasible set; conical hull of coefficients; system of linear inequalities; duality
relation criteria; convex unclosed cone.

DOI: 10.17223/19988605/38/6

The paper focuses on the universal problem of linear programming (LP) with an infinite number of linear constraints and a finite
number of variables. The authors demonstrate how the LP problem, which limits use a convex closed cone, is reduced to the above-
mentioned one. The geometric interpretation using the conical K shell of the system constraints coefficients is proposed for a pair of the
dual LP problems. The other two cones (i.e. the K cone epigraph and hypograph) are additionally constructed to analyze the dual prob-
lems. The one-dimensional interval using three cones and the target vector of the original problem is also constructed. The characteris-
tics of the interval allow us to determine the main characteristics of the original problem: the optimal values and the solvability of both
problems. The interval lies on the boundary of the multidimensional K cone.

With regard to the results achieved, we suggest a qualitative analysis of the geometric method of the semi-infinite LP problem with-
out using either the Gauss method being commonly used or the simplex method. It is shown that the basic information of a pair of the
dual problems is contained in the characteristics of the surface of an unclosed convex K cone.

A new type of dual problem is put forward for the LP problem. It is different from the classic one based on the Lagrange multipli-
ers. It is sufficient to replace the criterion and the inequalities of constraints signs with the opposite ones. The similarity between the two
is in the fact that their characteristics are determined by the epigraph and the hypograph of the K cone. Thus, they equally provide in-
formation on the surface of an unclosed X cone.

The paper shows that the duality gap is not an unwanted extraordinary case. The existence of a gap indicates the places where the
feasible set starts to expand abnormally at infinitesimal relaxation of constraints. Thus, gap analysis allows to determine the "weak"
places by setting constraints of a feasible set. Similar problems arise in politics, economy and any other sphere in which various con-
straints are imposed on a set of objects.

We construct numerical example of a semi-infinite LP problem with three variables. The characteristics of the surface of an un-
closed four-dimensional K cone are analyzed. It is shown that the target vectors with duality gap do not form an isolated ray and fill the
two-dimensional region in.

The example of the code allowing to carry out the numerical analysis of duality relations by the use of MATLAB are given. The
program is based on such standard optimization functions as fseminf and linprog designed to find approximate solutions of finite-
dimensional linear and non-linear semi-infinite optimization problems respectively. A distinguished feature of the MATLAB program is
replacing of a semi-infinite linear programming original problem by a LP problem with a finite number of constraints. It is noted that
this substitution may change the optimum value of both problems It is worth mentioning that the authors are planning to develop a new
MATLAB-program with the ability for users to specify an infinite sequence of constraints.
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CUCTEMBI YIIPABJIEHUS HAYUHBIMHU ITIPOEKTAMMU

Onucan mponecc pa3pa60TKH 0a3bl 3HAHUI 3KCH€pTHOI\/'I CHUCTCMbI YIIPABJICHUSA HAYYHBIMU WU MHHOBAIIMOH-
HbBIMU NPOCKTAMU, OCHOBBIBammHﬁCH Ha aHaJIn3¢C KOHKpCTHOﬁ CUTyalluu, CTCIICHU PAa3BUTHA IIPOCKTA B
orlpeneneHHmﬁ MOMCHT BPEMCHHU, OLICHKE €T0 COCTOAHMS, a TAKKC aHAJIN3C MPCAbIAYIINX YCJIOBI/Iﬁ pa6OTI>I
C JaHHBIM IIPOCKTOM.

KiaroueBble ciioBa: OKCIICPTHAA CUCTEMA; YIIPABJICHUC HAYYHbIMHU IIPOCKTAMU; I1OJIC 3HaHPII>i; baza paBUII;
CHCTEMHBIA aHAJIN3.

C opraHuzalOHHONW U TEXHOJOTUYECKON TOUKHU 3PEHHUS MPOIIECC OLICHKU MOTEHI[MATa HOBBIX MPOEKTOB
CEroJIHSI OCTaeTCsl eIlle JAOCTATOYHO TPYIOSMKUM U ClIa0o(opMaIn30BaHHBIM B paMKax IPOH3BOJICTBEHHON
JeSITebHOCTH npennpusitus. [Ipu BEIOOpE KOHKPETHOTO MPOEKTa UMEET MECTO COBOKYITHOCTh HAYYHBIX, KOM-
MEPUECKHUX, OpraHU3aIllMOHHBIX, PECYPCHBIX U APYTUX COCTABISIONIMX YCIICIIHOTO Pa3BUTUS MPOCKTa, TPEIo-
MpEIENICHHBIX CIIeNU(PUKON ero pa3BUTHS U ONPEACIAIONINX KAUYeCTBO OIMMCAHUS MTPOSKTa, M H3MEHEHUE JIF000-
r'0 U3 CllaraéMbIX B 3HAYUTEIBHON Mepe CKa3bIBACTCS Ha CTENECHU PEaIu3yeMOCTH IIPOEKTA.

Heo0xoauMocTh TIepeoleHKH BHEIIHUX U BHYTPEHHUX (PAKTOPOB BIMSHUS HA Pa3BUTHE MPOEKTa TPeOy-
€T 4acToro oOpaleHus K dKCIepTaM COOTBETCTBYIOIICH O0JIACTH, YTO 3HAYUTEIHHO OCIIOKHSET MPOIIECC OICH-
KM ¥ aHaJIM3a HaYYHBIX U WHHOBAIIMOHHBIX TIPOCKTOB, a CJICAOBATEILHO, ¥ IPUHATHS penieHni. D dekTuBHOES
pelIeHue 3a7a9u MPOrHO3UPOBAaHUS H3MEHEHHUST YKOHOMUYECKOTO U COMMANLHOTO A(h(pekTa HaydHBIX MPOSKTOB
Ha »Tanax HWP u OKP 3akmtouaercss B UCMONB30BAaHUU SKCIEPTHBIX CUCTEM, TOCTPOCHHBIX Ha COBOKYITHOCTHU
(hopMaTM30BaHHBIX U OMHUCAHHBIX 3HAHWHA 3KCIIEPTa KOHKPETHOM MPEAMETHOMH 00JaCTH, CTPYKTYPHUPOBAHHBIX B
OTIPEACIEHHOM MOPSIKE YIS TOCTPOCHUS Mpoliecca NMPUHATUS PELLICHUS.

B cBoro ouepens, A ycnemHoro GyHKIIMOHUPOBAHUS DKCIEPTHOW CHCTEMBI HEOOXOJUMO HE TOIBKO
YYUTHIBATh UMEIOIIMECS JaHHbBIC, HO U IMETh BO3MOXXHOCTh ITpeoOpa3oBaTh HH(GOPMAIHIO B (hOPMY, ITO3BOIIS-
101110 () (PEKTUBHO OIEHUTH OMMCAHHBIC YCIOBHS U CUTYAIUIO M BBIJATh PEKOMEHIaTEIILHEIC PEIICHUSI.

1. ®opMupoBaHue 1MOJIsI 3HAHUHT

HcxonHpIM TIOHATHEM Ha CTAaIUU MPOSKTHPOBAHUS dKCIepTHON cucteMbl (DC) SBIsIETCS MONyYEeHUE U
CTPYKTYpPHpOBaHHE 3HAHUN DKCIEpTa, UMEHYEMOE TI0JIeM 3HAHU, ONpenenseMoe Kak 3aJJaHHOE B Pa3IUYHBIX
(dhopmaTax HehopMaTbHOE OMUCAHUE OCHOBHBIX MOHSTUN MPEAMETHOW 00JIACTH M B3aMMOCBSI3EH MEXITy HUMHU
[1. C. 59].

[one 3HaHwMit 3a7aeTCsl ONMUCAHUEM COCTOSHUS CPEAbl (CHUTYallMH) U COBOKYITHOCTBIO BCEX BO3MOXKHBIX
IIaroB PeIIeHHs 3aauu — IPOCTPAHCTBOM cocTosHuM. [Torck pemennii ocHOBBIBaeTCS Ha (hOpMaTH30BAHHOM,
yIoOHOM JJisi pabOTHI alITOPUTME MIPECTABICHHUS 3a/1a4 U OMMCAHUU TTOCIEIOBATEIIEHOCTH CMEHBI COCTOSIHUM,
BEAYIIMX K JIOCTHKCHHUIO MOCTABICHHON ienu. [Ipoiiecc moucka pemreHus 3aauu TakKe HOCUT Ha3BAaHUE BhI-
Boja 1enu. [locpencTBoM 3alaHHBIX ACHCTBUIN alTOPUTM MEPEBOAUT 3a]a4y W3 OAHOTO COCTOSIHUS B JIPYTOC.
st onucaHus yKa3aHHOTO Mpoliecca Bocnoiab3yeMcs nepeBoM noucka [2. C. 50-51].
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Hcxonst u3 BapuaHTOB TIPEACTABIICHUS PE3yIbTATOB MPUHATHS PEIICHUA U 3aJaHHOW MHOTOMEPHON MO-
nemu [3. C. 59], mocTpouM Tofie 3HAHWI HAICH MPEIMETHON 00JIACTH, ONpPEACIsaeMOl KOHIISNITAMUA — OCHOB-
HbIME 35ieMeHTamMu cucteMbl CIITP, u ux atpubyramMu — qOIMTyCTUMBIMHU 3HAYCHUSIMHU, TAaKUM 00pa3oM (popmu-
Pys KOHIENTYAIbHYIO CTPYKTYPY OIS 3HaHu (puc. 1).
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CrpykTypa (YHKIMOHAIFHON COCTAaBIISIONICH MO 3HAHUI MOJEIMPYET OCHOBHBIEC CBSI3M WJIM OTHOIIIE-
HUSl MEXKIY KOHIIENITAMH M MX aTpuOyTaMu, 0Opa3ylOLIMMHU TOJie 3HAHUH. DTH CBS3M OTPAXKalOT CTPATETHIO
MPUHSTUS PEICHH dKCriepToM (puc. 2).

C wenbio moapoOHOTO MpencTaBlieHus paccykaeHuii JC BblAaBaeMble pEKOMEHIANHN Leeco00pa3Ho
MPEACTaBUTH B BHUJIE IPOMEKYTOUHBIX BBHIBOAOB U TOABEACHUS WTOrOBOI'O PEIICHHS, IMPEICTaBISIOMUX OO0
OT/ENbHBIC OJIOKKU MH(POPMALIH.

Takum 00pa3oM, HAKOIUIEHHE M OpraHU3alMs CIENHATBHBIX 3HAHWHA — OJHA M3 CaMbIX BaXKHBIX 3ajad
3C, uensM uX pacIIMpeHHs U HAKOIJICHUS CIYKUT 0aza 3HaHHU, KOTOpas, Mo cyTH, sBisercs sapom OC. [pu
9TOM 3HaHUS JOJDKHBI OBITH BBIPAXKCHBI B SIBHOM BUJE U OPraHU30BAaHbI TaK, YTOOBI YIPOCTUTH MPHUHATHE pe-
meHuit [4]. Oto TpeboBaHMe 3acTaBIsAET SKCIEPTHBIE CUCTEMBI OTIEPUPOBATH HE TOJIBKO JaHHBIMHU, HO U MOHS-
TUHHBIMH KOHLENTYaJbHBIMU 3HAHUSIMH, BBIPAKCHHBIMH Ha €CTECTBEHHOM S3BIKE M B TEPMHHAX NPEIMETHON
obnactu. IlpaBuina, cogeprkamuecs B 0a3ze 3HAHUH, COOTBETCTBYIOT 3aJaHHOIM MPHUKIAAHOW IPOrpaMMe U MOTYT
OBITH PAa3IMYHBIMU 110 (POPMATy MPeACTaBICHUS.

2. opmupoBanne 6a3bI MPaBUJI

Omnwucanye KOHIENTOB U WX aTpruOyTOB MO3BOJISIET MEPEHTH K MOCTPOCHHUIO 0a3bl (GakTOB M MPaBHJI, AJIS
3TOT0 MPUMEHSIOTCS (OpPMaIbHBIC S3BIKH, OOBIYHO HAIlOMUHAIOIINE €CTECTBEHHBIN S3bIK, HO ropas3no Oornee
cTporue u orpanuyeHHbie. CyniecTByeT HECKOIbKO 0a30BBIX CIIEHHATH3MPOBAHHBIX MAIIMHHBIX S3BIKOB MPE.-
CTaBJICHUs 3HaHUH, cerofHs HauOonbliee pacnpocTpaHenne B JC MOMYyYMI S3bIK NPOAYKIMOHHBIX MPaBHI,
nmetorux popmy ECJIN «YcnoBue» — TO «CoObituey.

[IponykunoHHbIe MpaBMiia 00ECIIEUNBAIOT €CTECTBEHHBIH CIIOCO0 OMMCAHUS MPOLECCOB, YIPABIIIEMbIX
CIIOKHOHM W M3MeHstromeiics: cpenoi. [IpaBuna qaroT BO3MOKHOCTE OMMCATh XOJ PELICHUS 3aJauu, He UMes 3a-
paHee aJIrOpUTMa ATOTO PEIICHHs], a TAKKE KOPPEKTUPOBATDH CIIOCO0 PeIleHus MyTeM A00aBJIeHUs] HOBBIX Mpa-
BUJI, HE U3MEHSIS CYIIECTBYIOLINX, YTO 00ECIIEYNBAET BHICOKYIO MOIYJILHOCTh 0a3bl 3HaHui [2. C. 45].

B o0mem npogyKkipoHHast MoJens uMeer cienyromui Bua (1):

i=<T;L;A > B;Q >, (D)
rae T — onucanue cutyanuu; L — ycrnoBue, mpyu KOTOPOM MPOAYKLHUS akKTUBU3UpYyeTcs; A—B — anpo npomyk-
WY, MpeAcTaBIstoniee codoi ycioBue: ecinu A, To B; Q — moctycioBre npoayKIMOHHOTO MTPaBHIla, OMUCHIBA-
eT JelCTBHsI, coBepIIaeMble Iociie peann3anuu B.

B paszpaborannoii nadopmanmnonno-aHanutundeckoi cucreme (MAC) [3. C. 60] B kauecTBe MCXOOHOM
nHpopManuu i1 GOPMUPOBAHHSI CIIUCKA PEKOMEHIYEeMbIX ACHCTBUN HCIIONB3YIOTCS:

— 3Ha4YeHUs OLICHOK MPOEKTa, MOTYUYCHHBIX IPU BBEICHUN NPOEKTa B 0a3y JaHHBIX;

— JaHHBIC MPEABIAYIIMX PE3YNbTATOB MOAAYH 3asIBOK 11O IPOEKTY;

— OIMCaHME CUTYalluH, B YCIIOBHAX KOTOPOH pean3yeTcsl MPOeKT.

Koncrpyuposanue BeiBoma B DC 00BIYHO TOApa3yMeBacT CIEAYIOMINE ONEpaliu: XpaHeHWe 3HAYeHHH
BCeX aTpuOyTOB M MPOBEpPKa HA UCTUHHOCTH B MIPOLIECCE PELICHHS 3a7a4l — UICTUHHBIM CUMTaeTcsl PaKT, ecny OH
MOXeT OBITh BBIBEZICH IO 3aKOHaM (popMasibHON JIOTHKU M3 UMeroleiics 6a3pl GakToB u npaswi. [Ipu oOpare-
HHUH K TpaBHjaM COIVIACHO 3aJaHHON CUTyaluH OOHOBISICTCS COIEPIKUMOE padodeil mamsTH, IpH HaXOXICHUU
npasuia (B), conmocraBumoro dakty (A), mpaBuiio cpabaTbIBaeT U BEIBOAUTCS COOTBETCTBYIOLIEE PELICHUE.

[Tycts y — koHKYpC; D(y) — ycnoBust KOHKypca; (X) — MPOEKT, 0TOOpaskaeMblii B CIIUCKE TOIXOASIINX
s ydgactus B kKoHKypee (y); S(X) — cocrosiHue mpoekrta; F(X) — cuTyanusi, B KOTOPYIO 3aKIIOUEH IPOEKT;
T(X) — pe3yabTaThl y4acTHs B MPEABIAYIINX KOHKYpcax U R(X) — OKOHUaTeNbHOE pelieHrue 00 y4yacTud B KOH-
kypce. [Ipu 3ToM Hanu4Ke 1 OTCYTCTBUE KaKUX-THOO0 JaHHBIX 3a7al0TCs MIOHATUSIMH «HCTHHA» (true) U «I0XKb»
(false) coorBeTCTBEHHO.

HcTouHnKoM NaHHBIX JUIS OLIEHKU MPOEKTa CIYXKHUT CIIEIHalbHO pa3paboTaHHas 0a3a JaHHBIX HAYYHBIX
COTPYIHHMKOB, IPOEKTOB U KOHKYPCOB, peanu3oBanHas Ha maTdgopme SQL Microsoft SQL Server [5. C. 34].

Ha ocHoBe BBeZIeHHBIX MEpEMEHHBIX ONuIeM mpaBuia b3 u ycnoBus ux cpabaTeiBaHUsL.

HavanbHbIM ycroBreM akTyanu3anud 0a3bl MPaBHII SBISETCA BBHIIIOJIHEHUE YCIOBHS COOTBETCTBHSA MPO-
eKTa 3aJJaHHBIM IlapameTpaM oToopa: X = D(y).
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Hanee cpabaTpIBalOT OCTaJIbHbBIE IPAaBUIIA.

Bbrnok «Pemenne» BBIBOIUT UTOTOBBIE PEKOMEHAALNN UCXO/S U3 3aJaHHBIX YCIOBHUI, COCTOSIHUS TTPOEK-
Ta ¥ OLIEHKH aKTHBHOCTH IO MpoekTy. O003HaunM ee pyHKIuen (2):

R(x) = {<8(x),F(x), T(x),>}, )

rae R(x) — peienue nmo y4acTHro nmpoekTa (X) B BBIOpaHHOM KOHKypce, V(x)AR(X) = {pewenue}; S(x) — BBIBOI O
COCTOSTHUHM TIpoeKTa (X), V(X)AS(x) = {6w1600}; F(X) — pekoMeHmanmu o paboTe ¢ IpoeKToM (X) B cllydae yda-
ctusi B BRIOpaHHOM KOHKYypce, V(X)IF(x) = {pexomenoayus}; T(X) — peKOMEHIAIMU 11O MOATOTOBKE 3aBKHU I10
MPOEKTY (X) Ha BBIOpaHHBIM KOHKYpC, V(X)AT(X)= {pexomenoayus}.

[IpaBuio 6a3bl 3HaHUH A1 GOPMUPOBAHMSI OKOHYATENBHOIO PEIICHUS M0 MPOEKTY MPENCTaBIseTCs B
CIIEAYIOIIEM BHJIE:

«Bpimaya pemenns» = <«Pemenuey, 0ok akryanusupoBat, S(X)AF(x)AT(X) — BwIBon = {pewenue},
WHaue = «HEJOCTaTOYHO JAHHBIX», PELIEHHE 00 YIaCTHH B KOHKYpCe™.

B ciryyae Heo0X0IUMOCTH MOTY4EHHS JOMOTHUTENIFHOW HHPOPMALMH aHATUTUKOM JJIsl BBIOOpa IMPOeKTa
Ha KOHKYpC OH oOpaliaercs K MHOTOMEPHOMY aHalu3y (CM. pHc. 2), 0003HaYnM ero kak M(x) — pe3yJbTaTbl
MHOTOMEPHOI'0 aHajIm3a npoekTa (x), V(x)IM(x)e {false; true}.

Torna npaBuiio 0a3el 3HAHUH 11 HOPMHUPOBAHUS OKOHYATENBHOTO PELICHHUS IO IPOEKTY MPENCTaBISET-
Csl B CIIEAYIOILEM BHJIE:

«Bbiaua pemenus» = <«Pemenue», 0ok axryanusupoBat, S(X)AFX)AME)A(T(X)AM(x)) — BbI-
BOI = {peuienue}, NHAUE = KHEAOCTATOYHO JAHHBIX», pelIeHHE 00 YIaCTHH B KOHKYpCEe™.

Hanee B TaOnule npuBeeH IpUMeEp 3alCH IPABUII C YUETOM KOHIENTYaIbHOTO MPEACTABICHUS 3HAHUN
JKCHEpTA.

IIpumep 3anucu npaBu

Bbiok Yenosis [IpomexyTO4HBII BBIBOJ / peIlICHHE
If and or P A AP
[IpoekTt cooTBETCTBY- 00 ={201;300}A 00 ={301;400} A TIpOGKT HMEET BICOKH HAyUHbI HOTCHIHA

! CT YCHOBHAM VKT = {00,534 RIT={0,51:0,.8}1 n(l))nxonm JUIS y4acTHs B BligpaHHOM KOHKypée

KOHKYypca 03 ={81;100} 03 ={21;40} ™

He umeer

N Panee moarorosneno 3 PykoBouTenbh aKTUBHO y4acTBYET B KOHKYpCax.
2 JIEUCTBYIOLIETO

u Ooree 3asBOK [IpoekT roToB K y4acTuio
rpaHTa

B cucreme umeercs 1maboH 3asBKH 71 JAHHOTO)
Hmeercs 3anonHeHHAs|

3 sasBKa Wmeercst mabioH 3asBKY] KOHKYpCa, €CTh BO3MOXKHOCTh aBTOMaTHYECKU
SIBK
3aII0JTHAUTE 3aBKY

«BbIcOKUI Hay4HBII
MOTEHIUAID

4 «"oroB Kk ydactuio» | «B cucreme ects mabdiaom»|CHopMHUPOBATE U TOAATH 3aSBKY

Tpumeuanus. OO — obmas onenka npoekra, MKII — nanekc kommepueckoit mpuBiekaTensHocTH, O3 — OIEHKa 3aBEPIICHHOCTH IIPOSKTA.

Takum oOpa3om, Tpoiiece MONIy4YeHUs pelieHus B pa3padboranHoil IC uMeeT NpsAMyo IEN0YKy BhIBOJA!
TIOMCK BeJETCsS Ha ocHOBe naHHBIX (data-driven search), mporiecc perieHus 3aadyud HAYMHACTCS C MCXOMHBIX
(hakToB, 3aTEM, MPUMEHSIS JIOMTyCTUMBIC MTPaBWIIa U3MEHEHHS COCTOSIHUN, OCYIIECTBIIIETCS MEPEX0]] K HOBBIM
(dakTaM, U Tak JI0 TeX MOp, IOKa Ielb He OyeT IOCTUTHYTA, B HAIlleM cliydae 3To (opmupoBanue 3¢ HeKTus-
HOM PEKOMEHAINH CIICIHAIUCTY 110 paboTe ¢ MPOSKTaMHU.

3akjaoueHne

Pa3paborannas 6aza 3Hanuii OC noBbimaeT 3Q(HEKTUBHOCTh aHadn3a U 00pa0OTKH AaHHBIX O HAYYHBIX
MPOEKTaX, CHOCOOCTBYSI CHIKEHHIO WH(OPMALMOHHOW HAarpy3kd, a 3HAUHMT, U BPEMEHHBIX 3aTpaT COOTBET-
CTBYIOIIMX CIEIHMAINCTOB M, KaK CJICACTBHE, MOBBIMIACTCS 00bEM BBIMOJHEHHOW UMM pabOTHI, YTO B CHIY
YCKOpEHHsI TIPOLiecca HAKOIICHHS ONbITa U aBTOMAaTH3aLUU PadOThl C MPOEKTaMH, HECOMHEHHO, MOJI0KUTENb-
HO CKa)KeTcs Ha pe3y/bTaTax peai3allii HayYHbIX MPOEKTOB, a TAaKXKe NX KOMMepIHaTu3alyy.

A noBbiieHre 3¢ QexTHocTr 00paboTKN HHPOPMALIUN O COCTOSIHUN MPOEKTa Ha ONpeAeIeHHBIH MOMEHT
BpEMEHH B YCJIOBHSIX 3aJJaHHOW CHUTyalllu U BBIOOp (hOpM ee mpeacTaBiIeHus TNy, IPUHUMAIOLIEMY PeIleHHE,
MPHUBOAAT K POCTY ONPEAEICHHOCTH BBIOOpA YIPABIEHYECKOrO PELICHUSI.

50



JIUTEPATYPA

1. I'aBpunoBa T.A., XopomeBckuii B.®. ba3b! 3nanmit naTeruiexryansHeix cucreM. CII6. : Iurep, 2000. 384 c.

2. MypowmreB /I.1. Beeaenne B Texnonoruto dkcneptHbix cucrem. CII6. : CII6 I'Y UTMO, 2005. 93 c.

3. ITepesenentes 1. A. Pazpaborka UML — mozenn nHGOpMannOHHO-aHATTUTHYECKONH CHCTEMBI MIEPCIICKTUBHBIX HAYIHBIX IPOEKTOB //
Bectuux VbxI'TY umenn M.T. Kanammnankosa. 2015. Ne 4. C. 58-60.

4. CymenkoB M.C., CymenkoB C.M. DkcriepTHEIE CHCTEMBI IIPH NPHHATHH penieHui Ha npeanpusatiyn / busnec. Menemxment. [1paso.
2003. Ne 2. URL.: http://www.bmpravo.ru/show_stat.php?stat=193 (nata obpamenus: 15.05.16).

5. bnarogarckuit I'.A., IlepeBenennes 1. A. MHbopMarmoHHO-aHATNTHYECKAsT CHCTEMA TTOIEP>KKI HAyIHOH JSSTEIbHOCTH IPEIIpHs-
i 1 BY30B «UNIProject» // Coopuuk marepmanoB XX PecmyOnmkaHCKOM BBICTABKH-CECCHU CTYACHUECKHMX HHHOBALMOHHBIX
mpoekToB. MxeBck : MaHOBa, 2015. C. 31-37.

T'opoxosé Makcum Muxaitnosuu, n-p Gus.-Mat. Hayk, npogeccop. E-mail: insys2005@mail.ru
Ilepeseoenyes /[enuc Anexceeguu. E-mail: perevedencew(@mail.ru
OI'BOY BO «MxI'TY um. M.T. KanammukoBay (T. MxkeBck)
INocrymuna B pemakimio 26 centsops 2016 T.

Gorokhov Maksim M., Perevedentcev Denis A. (Izhevsk State Technical University, Russian Federation).
Design of the knowledge base of expert system for management scientific projects.
Keywords: Expert System; management of science project; system analysis; IAS «UNIProject».

DOI: 10.17223/19988605/38/7

This article describes the process of developing the knowledge base of the expert system for management scientific and innovative
projects based on an analysis of the specific situation, the degree of development of the project at any given time, assessment of its con-
dition, as well as the analysis of the previous conditions of work with the project. We present the algorithm and method of bring to the
information from the database to the form, which allows to describe the conditions and assess the situation in the form of a rule base for
obtainment interim findings and final decisions.

On the base of the analysis and formalization of the decision-making process for the management of scientific projects are deter-
mined the directions and content analysis of the available data, next, based on the ER model was developed multidimensional data mod-
el, allowing to determine the possible dimensions of the cube and their hierarchies. Dataset values are database tables that include quan-
titative and qualitative data.

Formalization and description of the expert knowledge of the studied subject area in the form of conceptual and functional models in
the field of knowledge allowed us to determine the conditions and procedure for decision-making and develop a base of rules for the
formation of interim findings and final decisions on working with a specific project.

With the purpose of detailed presentation of the reasoning ES issued recommendations it was agreed to submit an interim findings
and summing the final decision as separate blocks of information. Thus, the final decision in each project depends on a General assess-
ment of the project, a situation in which it is at the moment, as well as conditions of participation in the contest.

Block "project Status" contains information obtained from the processing of the calculated estimates of the project, the output status
of the project is based on the analysis of the overall assessment, of index of commercial viability and the assessment of completeness.

Block "Work with project” outputs guidelines for working with the project, based on the results of the analysis of the situation the
project development.

Block "Work with application" also lists recommendations for working with the project based on the analysis of previous results of
the preparation of applications.

Block "Solution" displays a summary of recommendations based on the given conditions, the state of the project and evaluation ac-
tivity for the project.

Thus, the process of obtaining the solutions in ES is a direct chain of inference: the search is based on data (data-driven search), the
process of solving the problem begins with the source of the facts, then, by applying valid rules of state change is the transition to new
facts, and so until then, until the goal is reached, in this case the results of the recommendations for the specialist for working with the
projects.

REFERENCES

1. Gavrilova, T.A. & Khoroshevskiy, V.F. (2000) Bazy znaniy intellektual'nykh system [Knowledge bases of intelligent systems]. St.
Petersburg: Peter.

2. Muromtsev, D.I. (2005) Vvedenie v tekhnologiyu ekspertnykh system [Introduction to expert systems]. St. Petersburg: ITMO.

3. Perevedentsev, D.A. (2015) Development of UML-Model of Information Analytical System of Promising Scientific Projects. Vestnik
1IzhGTU imeni M.T. Kalashnikova — Vestnik of Kalashnikov Izhevsk State Technical University. 4. pp. 58-60. (In Russian).

4. Semenkov, M.S. & Sumenkov, S.M. (2003) Expert system in decision-making at the enterprise. Business, Management, Law. 2.
[Online] Available from: http://www.bmpravo.ru/show_stat.php?stat=193. (Accessed: 15th May 2016).

5. Blagodatskiy, G.A. & Perevedentsev, D.A. (2015) [Information-analytical system of support of scientific activities of the enterprises
and institutions “UNIProject”]. Proc. of the Republican exhibition of the 20th session of innovative student projects. 1zhevsk: Inno-
va. pp. 31-37. (In Russian).

51



BECTHHUK TOMCKOI'O TOCYAAPCTBEHHOI'O YHUBEPCUTETA

2017 VYrpaBneHue, BBIYUCTUTEIbHASI TEXHUKA U UHPOPMATHKA No 38

YK 004.272
DOI: 10.17223/19988605/38/8

A.A. I1azuukoB

ONTUMU3ALIUSA JEJETUPOBAHUA BBIIIOJTHEHUSI KPUTUUECKUX CEKITAM
HA BBIAEJIEHHBIX IIPOIECCOPHBIX AJPAX

Paboma evinonnena npu noodepacke PODHU (epanmer Ne 15-07-02693, 15-37-20113, 15-07-00653, 16-07-00712, 15-07-00048).

B pabote paccmoTpeHa 3aaua ONTHMH3AIMK METOA SJICTUPOBAHMUS BBITIOIHCHUSI KPUTHIECKHUX CEKIWi Ha BBIAEICH-
HBIX TporeccopHsix aapax (Remote Core Locking — RCL). JlaHHBI METOA MO3BOMSET MOBBICUTH MACIITAOHPYEeMOCTh
MHOT'OIOTOYHBIX IPOTPaMM 32 CUET CHIKEHHS KOHKYPEHTHOCTH JOCTYIA K KPHUTHUECKUM CEKIHSIM M IPOCTPAHCTBCH-
HOH JIOKanm3anuy oopameHnit K mamstu. [Ipeuioxen anropuT™ ONTHMU3AIMH BRIJEICHHS MaMATH B IporpaMMax Ha
ocHoBe RCL B MHOTOsiIEpHBIX CHCTEMax ¢ HEOJHOPOIHBIM JOCTYIIOM K IaMsATH. BEIONHEHO MccrenoBaHue Ha Kia-
CTEepHOH BBIYMCIHUTENBHON crucTeMe. [lokazaHo, 4TO onmTHMHU3amuMs JOCTHUTAeTcsl Onaromapsi BBIACJICHHIO MAMSTH Ha
NUMA-y3nax, Ha koTopsix ¢yakimornpyer RCL-cepsep.

KioueBsble cioBa: RCL; MHOromorounoe mporpaMMHpOBaHIe; KPUTHUSCKUE CEKIUH; MACIITaONPyeMOCTb.

B Hacrosimee BpeMsi UMEET MECTO 3HAUHUTENBHOE yBEIHMUCHHE KOMUYECTBa IPOLIECCOPHBIX SIAED B BHI-
yrcauTenbHbIX cucteMax (BC) c¢ obmei mamsateio [1], otHocsmuxcs k kiaaccaM SMP u NUMA. B cBsizu ¢
3THM BO3pPAacTaeT MOTPEOHOCTh B CO3JaHUM MacCIITaOMpyeMBIX MapauIeNbHBIX HMporpaMm, 3¢ (QeKTUBHBIX MPU
OOJBIIOM KOJIMYECTBE MapajIeNbHBIX TOTOKOB.

Cpeny mepCreKTUBHBIX TMOAXOA0B, MO3BOMSIONIMX OOECIEUUTh BBICOKYIO MacIITaOMpyeMOCTh mMapal-
JIeTbHBIX IPOTPaMM, CIIENYET B MEPBYIO OYEpEAb BBIACIUTH alTOPUTMBI U CTPYKTYpPbI JaHHBIX, CBOOOAHBIE OT
onokupoBok (lock-free) [2], u mporpaMMHyI0 TpaH3aKLIHMOHHYIO MaMATh (software transactional memory) [3].
Henocratkamu HEOIOKHUPYEMBIX alTOPUTMOB M CTPYKTYP AaHHBIX SBISIOTCS OTpaHHYEHHAs OOJIACTh X MpU-
MEHEHUS U CYILECTBEHHBIE TPYA03aTPaThl, CBSI3aHHBIC ¢ pa3pabOTKON mapauienbHBIX nporpaMm. Kpome Toro,
MPOITYCKHAA CIIOCOOHOCTh TAKUX CTPYKTYpP YacTO COMOCTaBMMA C aHAJIOTMYHBIMH CTPYKTYpaMH JaHHBIX, OCHO-
BaHHBIMH Ha OJ0KupoBKax. [IporpamMmHas TpaH3aKIHOHHAS NaMATh Ha CETOAHSIIHMNA JCHb HEe oOecreunBaeT
JOCTaTOYHBIN YPOBEHDb MIPOM3BOIUTEIBHOCTH MHOTOIIOTOYHBIX IPOTPaMM U HE MOTYy4riIa IHUPOKOTr0 PUMEH e-
HUS B pEaJIbHBIX MPHIIOKEHUSX.

TpaauuMOHHBIN MOAX0J OpraHM3alH KPUTHYECKHX CEKLUI B MHOTOIOTOYHBIX IpOrpaMmax C IIOMO-
1Ipl0 OJIOKUPOBOK CErofHsi ocTaércsi Hambolee pacupoCcTpaHEHHBIM B MHOTOIIOTOYHOM IIPOrPaMMHUPOBaHHU.
BrokupoBku mpoiie B HCIOIb30BAHUH 110 CPAaBHEHHUIO C HEOJIOKMPYEMBIMHU aJrOPUTMaMH M CTPYKTYpaMH JaH-
HBIX ¥ 00€CIEYNBAIOT BEICOKUH yPOBEHBb MPOU3BOAUTENLHOCTH. KpoMe Toro, 0OCHOBHas 4aCTh CYILECTBYIOLINX
MHOTOIIOTOYHBIX MPOrpaMM pa3paboTaHa ¢ UCIONb30BaHHEM OJOKHPOBOK. [109TOMY BOCTpeOOBaHHBIM SIBIISIET-
csl cO3/1aHUE MacIITaOUPyeMBbIX aJrOPUTMOB PEATH3aluy B3AaUMHOTO UCKITIOYEHHSL.

MactabupyemMocTb OJIOKUPOBOK CYIIECTBEHHO 3aBHCHT OT pELIeHHs Mpo0JeM, CBA3aHHBIX C KOHKYpPEHT-
HBIM JIOCTYIIOM (access contention) MapauieibHbIX TOTOKOB B Pa3AeNsieMbIX 00IACTSIX MaMsITH U IPOCTPAaHCTBEHHON
JIoKaNM3ayel oopatiennii K kam-namsaTu (cache locality). KoHKypeHTHBIH JOCcTyn nMeeT MecTo Ipu OAHOBPEMEH-
HOM OOpaleHNH HECKOJIBKUX MOTOKOB K KPUTHUECKON CEKIWH, 3aIUIIEHHON OTHUM OOBEKTOM CHHXPOHU3ALIUH,
YTO MPUBOAUT K YBEIWYEHHUIO 3arpyKEHHOCTH KAII-MaMsATH. JIOKAIBHOCTD K3Illa MMEET CYIIECTBEHHOE 3HAYCHHE B
TOM ClIy4yae, KOr4a BHYTPY KPUTUUECKOW CEKLMM BBIMOMHSETCS OOpallieHne K pa3leisieMbIM JaHHbIM, KOTOpbIE Tie-
pea 3TUM UCIIONB30BAIUCH HA JpyroM simpe. JlaHHOE 0OCTOATENHCTBO MPHBOIMT K IIpoMaxaM Mo Kd3mry (cache
Misses) ¥ 3HAYUTEILHOMY YBEJTHUYCHHUIO BPEMEHH BBIIOTHEHHSI KPUTHUESCKUX CEKIHH.

Cpenu Hanbonee 3¢ HEeKTUBHBIX MOIXOI0B K peaan3alii MacIITabupyeMbIx OJTOKMPOBOK MOYKHO BbIJie-
muth CAS spinlocks, MCS-locks [4], Flat combining [5], CC-Synch [6], DSM-Synch [6], Oyama lock [7]. Or-
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JeTTbHO HEOOXOIUMO BBIICIUTH PSII METOAOB, MPEANONATalONINX JIeJICTUPOBAHNE BBITIOJIHEHUS KPUTHUIECKUX
CeKIMH BBIAETICHHOMY MPOLIECCOPHOMY SAIpPY Uil MOBBILIEHHS JOKaIbHOCTH Kama [5, 8—10]. Pabotsr [9, 10]
MOCBSAIIEHB! Pa3pabdOTKe MOTOKOOE30NaCHBIX CTPYKTYP AaHHBIX (CIIMCKOB M XelI-TabJHIl) Ha OCHOBE JIENIerupo-
BaHUA BBINIOJHEHNA KPUTHYECKUX ceKIuil. B crarke [§] mpemnaraercsd yHuBepcaabHOE anmapaTHOE pEIleHHE,
BKJTIOYaroliee Habop MpOLeCCOPHBIX MHCTPYKIMH [T Tiepeadr yIpaBiIeHHs BbIACICHHOMY APy Mpoleccopa.
Flat Combining [5] oTHOCHTCS K IpOrpaMMHO-peaIn3yeMbIM MeTonaM. B ponu cepBepa, BBIOTHSIOMETO KPH-
TUYECKHE CEKIIMH, BBICTYNAIOT Bce MOTOKH. OIHAKO BBINIOIHEHUE POLEAYPHI TIEpEAau yIpaBiIeHNs KpUTHYE-
CKOM ceKLrell MeXIy NMOTOKaMH NMPUBOIUT K CHWKEHHIO NMPOU3BOAUTEIBHOCTH JaXKe MPH HE3HAYUTEIHHOM
KOHKYPEHTHOM jaoctyne. Kpome Toro, JaHHble alrOpUTMbl HE TOAJEPKUBAIOT OJIOKUPOBKH MOTOKOB BHYTPH
KPUTHYECKUX CEKLUH KaK BCIEICTBUE aKTUBHOI'O OKHMJIAHMsI, TaK U U3-3a OJOKMPOBKH MOTOKA HA YPOBHE siApa
OIlEpPAllMOHHON CHUCTEMBI.

1. Meton AeJIETUPOBAHUSA BBINMMOJHCHUA KPUTUICCKUX CEeKIHUil HAa BbIeJeHHBIX MPOIECCOPHBIX AApPax

BpeMH BBIITOJJHCHUC KPUTUYCCKUX CeKHI/Iﬁ B MHOI'OIIOTOYHBIX HIpOorpamMmax CKJIIaJAbIBACTCA U3 BPEMCHU
nepeaavun ImpaBa BbIITOJIHCHUA 6J'IOKI/Ip0BKOI71 U BPCMCHU BLIIIOJIHCHUA I/IHCprKIII/Iﬁ KpHTH‘ICCKOﬁ CCKIIUH
(pI/IC. 1) HpI/I nepeaavc npaBa BJIaJICHUA 6J'IOKI/Ip0BKOI71 BO3HHUKAIOT HAKJIIAAHBIC paCXo/dbl BCJICACTBUC IMCPCKITIO-
YCHUS KOHTCKCTA, 3arpy3Ku KOUI-JIMHUU, conepmameﬁ FJ'I06EIJ'II>HYIO MNECPpCMCHHYIO CUMHXPOHU3allu1, U3 OIcpa-
THUBHOI NaMsTHh, aKTUBU3ALIUU TTOTOKA, BBIIMOIHAIOMICTO KPUTUYCCKYIO CCKIIUIO. Ha BpCEMs BBIIIOJHCHUSA HWH-
CprKLII/Iﬁ KpHTI/I‘{eCKOﬁ CCKIIMU CYHICCTBCHHO BJIMACT NPOCTPAHCTBCHHAA JIOKAJIMU3alUA 06paH_IeHI/Il>’I K TJ0-
OaaLHBIM MMEPEMCHHBIM. Tpa,Z[I/IIII/IOHHI:Ie AJITOPUTMBL B3aMMHOI'0 HMCKJIKOYCHHA IMPCAINOIararoT 4actoc Imepe-
KIIFOUCHUE KOHTCKCTA, KOTOPOC IMMPUBOAUT K BBITCCHCHUIO PA3ACIACMbIX IICPEMEHHLIX U3 KIII-TIAMATHU.

T1 T2 T3 3
SR

ool 1 I
e U S 2
_______________ ]‘_g’é I 5
CS2 g 3 3
______________ g g
]<—<cE | &
———————— + :
CS3 5 & 2
1 5 3

=

— BBITIOJIHCHHUEC KpPITPI‘IeCKOfI CCKIMHU
== —IICpeaava rpaBa BbIIIOJHCHUS KpHTH‘IeCKOﬁ CCKIHHU

Puc. 1. Kpurudeckuii myTh BBITTOTHEHNS KPUTHUESCKUX CEKIMU

B pabGote paccmaTpuBaeTcs METO BBHITIOTHEHHSI KPUTUIECKUX CEKIUH Ha BBIIEICHHBIX y3JIaX MPOIECCO-
pa (Remote Core Locking — RCL) [11], mo3Bomnsromuii MUHIMH3UPOBATH BPEMSI BBIIIOJIHEHUS CYIIECTBYIOLINX
MHOT'OITOTOYHBIX MPOrpPaMM 3a CUET YMEHBIICHUS KPUTUUECKOTO ITyTH BBHIMOJTHEHUS] KPUTUUECKUX CEKIIUMU.

JaHHbI MeTon mpennonaraeT 3aMeHy B CYHIECTBYIOLIUX IMPOrpaMMax BBICOKOHATPYKEHHBIX KpUTHYE-
CKUX CEKIIMH Ha yNajaCHHBIA BBI30B MPOLEAYpP [Js BBIMOJTHEHHS Ha BBIICICHHBIX IMPOLIECCOPHBIX SApaxX
(puc. 2). Bce kpuTHUeCKuEe CEKIMH, 3aIUIIEHHBIC OJTHOW OJIOKUPOBKOM, BBIMOIHSIOTCS TOTOKOM-CEPBEPOM,
paboTaromuM Ha BbIIEICHHOM sifpe. [10CKOMbKY KPUTHYECKHE CEKIIMM BBITIOTHSIOTCS B OTACIHLHOM TIOTOKE,
OTCYTCTBYIOT HaKJIaJHbIC PACXO/bl Ha MepeAady IpaBa BIaJcHUs KPUTUUECKOU CEeKITUEH.

RCL Ttakke mo3BoisieT COKpaTUTh BPeMsI BBIOJHEHUS MHCTPYKIUN KPUTUUECKUX CEKIUNA. ITO TOCTUTa-
eTCs TeM, UTO pa3zeisieMble JaHHbIC, 3AIUIIEHHBIE OJOKMPOBKOM, ¢ OOJBIION BEPOSATHOCTHIO HAXOATCS B J10-
KaJIbHOW KRII-MIAMSITH S71pa, Ha kKotopoM (yHknuoHupyer RCL-cepBep, uTo obecrieunBaeT CHUXKCHHE YUCIIA
poMaxoB 1Mo k31y. KOHKYypeHTHOCTh AOCTyma CHUMKAeTCs 32 CUET MCIOJb30BaHUS OTACIBHON BBIIEICHHOU
KOUI-JTMHUM T KQXKIOTO TIOTOKA-KIIMEHTa, KOTOpas OTBEYAeT 3a XpaHeHUE WH(POpMAaIUU O KPUTHIECKOH CeK-
WY ¥ aKTUBHOTO O’KUJIaHUS IMOTOKa-KIMeHTa (puc. 3).
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vl 2
T1-T3 — paboune MOTOKH
S — cepBep, QYHKIIMOHHUPYIOLINIA HA BBIICICHHOM SIIIpe
CS1-CS3 — BbINOTHEHNE KPUTHUECKUX CEKIUH
v1, v2 — pa3nensieMble epeMeHHbIe

Puc. 2. JlenerupoBaHrie BHITIONHEHIS KPUTHYECKIX CEKIIUI HA BBIICIICHHOM IMTPOIIECCOPHOM SIIpe

o Baokuposka AprymeHTbl DyHKIHA
g NULL NULL NULL req,
a _—
5'3 &lockl 0x34dcf8af &funcl reqp
& _—
E &lock2 0x45adcf9e &func2 reqs
= 1 T 1
1 1
= 1 1
g _—
= NULL NULL NULL req,

Pa3Mep KOUI-JIMHUHU

Puc. 3. Tabnmna 3ampocoB Ha BEITIONHEHNE KpUTHIECKHUX ceknuii B RCL

B cymectBytomeli peanuzanuun RCL He yduThiBaeTcsd HEOAHOPOAHBIM gocTynm k nmamsatd B NUMA-
cucteMax. B manHO# paboTe mpemnaratoTcsi aarOpUTMBI, MO3BOJISIONINE MHHUMU3UPOBATD BpeMs OCTYIa K
MaMATH B CHCTEMaxX ¢ HEOJHOPOJHBIM JOCTYIIOM K MaMATH NPHU BHIMOJIHEHUH MHOTOMOTOYHBIX IIPOrpaMM Ha
6a3ze RCL.

2. OnTuMHM3anus AJITOPUTMOB JIeJIeTHPOBAHUS BBINOJIHeHUsI KpuTHYecKuX cexknuii B NUMA-cncremax

B Hactosiiee BpeMsi BBIYMCIUTENBHBIE CUCTEMBI C HEOQHOPOAHBIM JTOCTYNOM K ob0meil mamaru (Non-
uniform memory access — NUMA) (puc. 4) HOITyduIn MIMPOKOE pacrpocTpaHeHue. Takue CUCTEMBI IPECTaB-
JISIIOT cOO0O0M KOMIIO3UIIMM MHOTOSIIEPHBIX MTPOIIECCOPOB, KXKIBIN U3 KOTOPBIX CBSI3aH C JIOKAJILHOH 00J1acThIo
rinobansHOM namsTu. [Ipomeccop Bmecte ¢ ero JiokansHOH namsaTeio popmupyer NUMA-y3en (NUMA-node).
B3anMopeiicTBre MEXIly poLeccopaMy B 0OpalleHne K NaMsITy ocylecTBisiIoTes yepes mwuny (AMD Hyper-
Transport, Intel Quick Path Interconnect). OOpamieHue K «I0KaJIbHOW» 00JaCTH NMaMATH BBIMOIHSETCS HEIo-
CPEACTBEHHO, oOpalleHNe K «yJaJ€HHOI» 00JacT maMsTH SABJsieTca Oonee TpyAOEMKHM, MTOCKONbKY BBITON-
HAETCA Yepe3 TPaH3UTHBIE Y3IIbI.

B MHOronorouHsIX mporpaMMax IOpH BBIOJHEHUM KPUTUYECKHX CEKUIMH Ha BBIJEIEHHBIX IPOIECCOp-
HBIX $iIpax CYHIECTBEHHYIO pPOJb MIPAeT JIATeHTHOCTh Npu oOpamieHnn RCL-cepBepa K ydacTKam NIaMATH
BHYTPH KPUTHUYECKHX CeKIMid. [Io3ToMy B Takux mporpammax Ba)KHO BBIIEIATH MaMsATh B 00NacTH MaMsTH,
JIOKaJBHOH Y31y, Ha KoTopoM (yHkuuonupyer cepsep RCL. DTo mo3BossieT coKpaTuTh BpeMst oOpamieHni K
MaMATH U MUHUMH3UPOBATh BPEMsI BBITTOJIHEHUSI MHOTOITIOTOYHOW MTPOrPaMMBIL.

B Hacrosmeld cratbe vccienyeTcs BIUSHHUE MOJUTHKH BbiaeneHus namsatd B NUMA-cuctemax Ha 3¢-
(eKTHBHOCTb METO/A JENETUPOBAHMS BBINONHEHHS KpuTHueckux cekuuid. IIpemnoxxen amroputm RCLA-
wareMalloc, Mo3BOMSIOMINI MUHUMH3UPOBATh BPEMs BBIMIOIIHEHHUS MTapaJuICNIbHBIX IPOrPaMM 3a CUeT ONTHMHU-
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3anun Bbinenenus namata B NUMA-cucremax. CyTh anroputMa 3akitodaercs B ciepytomem. [Ipu Bemonne-
HUU MHOTOIIOTOYHOH HporpaMMbl mamsTh Bbaensercss Ha ToM NUMA-y3ne, Ha KOTOpOM (QYHKIHOHHPYET
RCL-cepsep. OcHoBHbIe maru anroputma RCLAwareMalloc:

1. [Tpu BeImonHeHMH (YHKUMH BBIACIECHUS MaMSATH MPOBEPSIETCS, MHUIMAIN3UPOBAHBI JIU B IIPOrpamMMe
RCL-610kupoBku (3amymienst 11 RCL-cepBepsr).

rIIIITlrIIIIT
TIIIITITIIIIT

KoHTpossiep NaMsaTH

lllllslllllls

J‘nll‘:lllll‘

Puc. 4. OynkimonansHas cxema MHoromporeccopHoit NUMA-cuctemst

2. Ecnu B mporpamme He nHunmanu3npoBanbl RCL-6mokupoBku, To ucnonsdyercs pynkuus Default-
Malloc BrIAEIEHNS TAMSATH IO YMOJTYAHHUIO M YKa3aTelb Ha BBIACICHHBIA CErMEHT NaMsTH J00aBiseTcs B CIIU-
cok AllocList.

3. Ecnu B mporpamme nHuimanu3upoBadbl RCL-0n0KHpOBKH, TO MpOBEpsieTCs, BBIIONHSIOTCS JIM BCE
RCL-cepepr! Ha oqHOM NUMA-y31e.

4. Ecan Bce RCL-cepBeps! BeimonHAoTca Ha onfHoM NUMA-y31e, To ycTaHaBIMBaeTCs MOJIUTHKA BbIJE-
nenus namsati Ha janHoM NUMA-y3ie. B npotuBHoM ciydae ucnonssyercs: pynkuust DefaultMalloc.

5. Ecnu nocne ouepennoro 3amycka RCL-6okupoBku obHapyxkeHo, uTo He Bce RCL-cepBeph! BHINOI-
HAIOTCS Ha OAHOM Y3J1€, TO OCYIIIECTBIsETCA MpHUBsA3Ka BblAeaeHHs naMatu kK NUMA-y3my.

6. [lpn mannmanm3anuu nepsoii RCL-OnokupoBku mpoBepsercs, myctoi iu coucok AllocList. Ecnu
CIIMCOK HE ITyCTOW, TO BBINOJNHSAETCS MHIpalus OJIOKOB BbIAENeHHON mamsatd Ha NUMA-y3en, Ha KOTOpOM
¢ynkunonupyer RCL-cepBep.

3. Pe3y1bTaThl 9KCIIEPHMEHTOB

DKCHEepUMEHTHI TPOBOAMIMCH Ha y3Jie BeIYuciauTenbHoro kinacrepa Oak LleHTpa mapayuienbHBIX BBIYHC-
JUTENbHBIX TexHomorui @enepanbHOr0 TOCYAapCTBEHHOTO OIOKETHOTO 00pa30BaTENbHOTO YUPESKACHUS
BbIciiero oOpasoBanus «CHOUPCKH TOCYAapCTBEHHBI YHUBEPCUTET TEICKOMMYHHUKAMKA U WH(POPMATHKIY.
VY3en ykoMIieKToBaH JBYMS YeThIpEXbsiaepHbiMU Tpoueccopamu Intel Xeon E5420, 24 T'6 namaru. CooTHo-
LIEHHE CKOPOCTHU JOCTYIA K JIOKAJbHOMY U yJAJIEHHOMY CerMeHTaM nmamstH 2:1.

MopnenupoBaHue alrOpUTMOB BBIMOMHSJIOCHh HA OCHOBE CHHTETUYECKOTO TecTa. TecT pealn3yer NTepaTHB-
HBI JIOCTYI K 27IeMeHTaM MaccuBa JUTHHEL b =5 x 10°, Vicrons30Banock Tpu maGIoHa JOCTYIA K HIEMEHTAM:

— CIy4allHBIN: Ha KQXKJIOH UTEepalli BEIOMpAETCsl CITyYaiHbIi 2JIEeMEHT MacCHBa;

— TIOCIIEIOBATENbHBIN: Ha KaXXI0W HOBOW UTEpPaLMU BEIOUPAETCS DIIEMEHT, CIEAYIOMNHI 3a MPEeabIAYIINM;

— C MHTEPBAJOM: Ha KaXXJOi HOBOW MTEpallMy BBHIOMpAETCS 3JIEMEHT, PAclONOKEHHBIH HA PaCCTOSHHUU
s = 1000 s1eMeHTOB OT MPEaBITYLIETO.

Yucno p napaienbHBIX MOTOKOB BapbHpOBanoch oT 1 10 8 (KOJMUecTBO MPOLECCOPHBIX SiI€P HAa BbI-
anCTHTENEHOM y371¢). Kaxcaplit moTok BemonHan n = 10° / p omepauuii HHKpEMEHTa COOTBETCTBYIOIIETO 3ie-
MEHTa TeCTOBOT0 MaccuBa. MHIEKC 3J1eMeHTa MacCHBa ONpPeAeIsUIcs mabIoHOM TOCTyIa K MacCHUBY.

[IpoBoauocs cpaBHEHUE ABYX aJTOPUTMOB BBIACIECHUS MAMSITH:

1. Beinenenue namsatu o ymonuanuto (DefaultMalloc).

2. Beinenenne mamsatu ¢ yuérom pacnonoxenuss RCL-cepsepa (RCLAwareMalloc).

BeimonHsuiack npuBs3Ka MOTOKOB K MPOLIECCOPHBIM SAPaM BBIUUCIUTEIBHOTO y37a:

— MOTOK, BBIMONHIONMH Beiaenenue namsatu: NUMA-y3en 0, npoueccopHoe siapo 0;
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— RCL-cepBep: NUMA-y3en 1, npoueccopHoe sizipo 0;

— tectoBbii oToK 0: NUMA-y3en 0, nporieccopuoe siapo 0;

— TectoBbid TOTOK 1: NUMA-y3en 0, mporieccoproe sapo 1;

— TtecToBbIX OTOK 2: NUMA-y3en 0, mporeccopHoe siapo 2;

— tecToBbIi OTOK 3: NUMA-y3en 0, mporeccopHoe sapo 3;

— tectoBbIi MOTOK 4: NUMA-y3en 1, npoueccopHoe siapo 1;

— TtecToBbld MOTOK 5: NUMA-y3en 1, nporeccopHoe s11po 2;

— tectoBblit TOTOK 6: NUMA-y3en 1, mpoueccopHoe siapo 3.

B kauectBe nmoka3zatenei 3¢(eKTUBHOCTH HCIIOIb30BATACh IPOMYCKHAsI CIIOCOOHOCTE b =1/ t (f — BpeMms

BBITIOJIHEHHUS DKCIIEPUMEHTOB) U 71 — MIPOLIEHT MPOMaxoB 1o k3ury (cache misses).

h, 1000 onep/c m, Yo
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Puc. 5. D deKTHBHOCTH BBHITIOTHEHHS TECTOBOH MapajIeIbHOM MPOrpaMMBbl: @ — IPOITYCKHAsI CIIOCOOHOCTB, O — IPOMAXH T10 KAIITY.
—— _ DefaultMalloc, ciygaiinsiii joctym; — o-_ DefaultMalloc, mocnemoBaTenbHbIH TOCTY,
- DefaultMalloc, moctym ¢ uaTEpBaIOM; ——_ RCLAwareMalloc, cirygaifHbIH ZOCTYII;
-0-_ RCLAwareMalloc, nocnenosarenshsiit gocryn; — M= '~ RCLAwareMalloc, nocTyn ¢ MHTEpBanioM

OKcnepuMeHTsl nokasanu (puc. 5), uro anroput™ RCLAwareMalloc BbiaeneHust maMsiTH, Y9UTHIBAIO-
it pazmenienne RCL-cepsepa B NUMA-cucteme, m03BOJISIET TOBBICUTH (IO CPAaBHEHHIO € alroputMoM De-
faultMalloc) mponyckHyIO CIIOCOOHOCTh KPUTHYECKOW CEKITUH 32 CUET COKpAICHUS BPEMEHH BBITIONHEHUS 00-
pamennii RCL-cepBepa k namsru. [lpennoxkennslii moaxox Hanbonee 3pPeKTUBEH NP CIydaliHOM JOCTYIE K
JJIEMEHTaM MaccHBa W B CJlydae JOCTyla K DJeMEHTaM MacCMBa C WHTepBaloM. OQQEeKTUBHOCTH
RCLAwareMalloc yBennunBaeTcsi ¢ pOCTOM YHCIa TOTOKOB.

3akjaoueHne

P a3pa60TaH AJITOPUTM BBIACICHUSA MMAMATH B BBIYMCIIUTCIBHBIX CUCTEMAX C HCOJHOPOJAHBIM AJOCTYIIOM K
MaMATU IIPU BBIITOJIHCHUMU KPUTUYCCKUX CeKIII/Iﬁ Ha BBIJCIICHHBIX ITPOUCCCOPHBIX Apax (RCL) AJ'II‘OpI/ITM I103-
BOJIACT MUHHUMU3NUPOBATH BPEMS BBINIOJIHCHUA KPUTHYCCKUX CGKHI/If/’I 10 CpaBHCHUIO C BBIACICHUEM IMAMATH 110
YMOJI4YaHHUIO 3a CU€T MUHMMH3ALMN KOJIHNYECTBA 06pameHI/1ﬁ K YZ[aJ'IéHHI:IM NUMA-cermMeHTam naMsaTu. Airo-
pUTM pPCAIM30BaH B BUAC OHONMOTEKH M MOXKET OBITh HCIIONBL30BaH C OEJIbI0 MUHHUMHU3AUN CYHICCTBYHOIINUX
MHOT'OITOTOYHBIX IMTPOrpaMM.
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The number of processor cores in shared memory computer systems is increasing nowadays. Therefore, the need of scalable parallel
programs rises up. These programs must be efficient on large number of parallel threads.

Among the perspective scalable approaches of multithreading programming, one can emphasize lock-free algorithms and data struc-
tures and software transactional memory. The main drawbacks of lock-free algorithms and data structures are their restrained area of
applying and essential complexity of parallel programs development. Besides the throughput of those structures is comparable with
lock-based structures. Current implementations of software transactional memory do not provide high performance of multithreading
programs and have not common in real applications yet.

Classical approach of lock-based critical sections in multithreading programs remains the most prevalent. Locks are easier than lock-
free algorithms and data structures and ensures high level of productivity. Besides that, the most of present software is lock-based. Thus,
development of scalable locks is substantial now.

Locks scalability depends on access contention while accessing of parallel threads to share memory and space cache locality. Access
contention takes place while simultaneous access of multiple thread to one critical section, protected by one synchronization object. This
leads to cache become inefficiency. Cache locality is significant when the critical section contains the access to shared data, which was
accessed previously on the other core. This circumstance leads to cache misses and severe critical section execution time increasing.

The most efficient approaches of scalable locks implementation are CAS spinlocks, MCS-locks, Flat combining CC-Synch, DSM-
Synch, Oyama lock. However, these methods cannot guarantee the minimum of critical section execution.

The critical section execution time includes time of lock ownership transfer and critical section execution time. In this work, we
consider the method of critical section execution on remote processor cores (Remote Core Locking, RCL). RCL minimizes the execu-
tion time of legacy multithreading programs by reduction critical section execution critical path. This method replaces critical sections in
legacy programs by procedures remote calls. All critical sections protected by one lock are performed by server thread launched on re-
mote core. Therefore, by execution of the critical section by the particular thread minimizes the overheads of lock ownership transfer.

In the current implementation RCL, they do not consider the non-uniform access to memory in NUMA-systems. These systems are
the compositions multicore processors connected with local area of global memory. Time of critical section execution in RCL depends
on RCL-server latency while accessing to memory blocks within critical section. Thus, in these programs memory should be allocated
on NUMA node with the RCL-server. This reduces time of memory accesses and minimizes of programs execution time.

In this work, we propose the algorithm minimizing the memory access time in NUMA systems while RCL-programs execution. The
algorithm optimizes the memory allocation on NUMA-systems. The essential of the algorithms is allocating on the NUMA-node, on
which RCL-server is executing. The results of experiments show that the memory allocation algorithm increases the throughput of criti-
cal sections execution by reducing the time of RCL-server access to memory.
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A.B. Capanyaos, A.b. YMancknii

PEKOH®UI'YPUPOBAHWUE BOPTOBOM BHIYNCJINTEJIbHON MAIIIMHBI
JIJISI HOBBIIIEHUS OTKA30YCTOMYUBOCTH

PaccmarpuBaeTcs 3aa4a MOBBIIICHUSI OTKA30yCTOMYUBOCTH OECIIMIIOTHOrO JIETATENIFHOTO aIlapaTa, HeCOCOOHOro 0
Macce u rabapuTam MMETh B CBOEM COCTaBE PE3ePBUPOBAHHBIC DIIEMEHTHI CHCTEMBI yrpaBiieHus. [1oka3aHbl 0COOCHHO-
CTH HEPE3ePBUPOBAHHON BBHIYMCIMTEIHHON MAIIMHBI HA 0a3e CrelUaIn3UpOBaHHBIX BhrauciuTeseil. [IpoBenena Momu-
(uKanus TPAJAUIIMOHHBIX aITOPUTMOB PabOTHI MEKMOYILHOTO B3aUMOJICHCTBUS, TPEIOKECH AITOPUTM PeKOH(HUTypa-
UK C TIepepacipeieiCHHeM 3a1ad MEKIy UCIIPABHBIMU JIeMEHTaMHU. [[0SICHIETCSI, ISl KAKUX CITY4aeB METO OKaXKETCs
3¢ HEKTHUBHBIM.

KiioueBbie ci1oBa: cucrema yrpaBieHust, 60pToBasi 1u)poBasi BEIYUCIUTEIFHAS MAIIMHA; CHCTEMa KOHTPOIS U (PYHK-
[HOHAILHOW 3aIUTHL;, PEKOH(UTypaIHsL.

B Hactosiee BpeMsi CTAaHOBHUTCS aKTyaJbHBIM HCIIOIb30BaHUE OCCIMIIOTHBIX JIETaTENbHBIX anmapaToB
(BIUTA) B pasnuuHbIX cepax >KU3HENESITENbHOCTH YeIOBEKa, KOTOpPHIC BBIMOIHSIOT pa3iuyHble (PyHKIHH,
TaKWe KaK JJOCTaBKa MOCBHUIOK, OpraHU3alus TeIeKOMMYHUKAIIMOHHBIX CETel, MOHUTOPHHT U (oTorpadupoBa-
HUE€ MECTHOCTH H T.[I.

[Ipu mpoextupoBanumn coBpemeHHbIX cucteM ympasienus (CY) BIIJIA monaratorcst Ha cliemyroniye
MPUHIUIBI: HAASKHOCTh M Majble rabapuThl. BaxHbBIM TpeOOBaHMEM TaKKe SBISETCS BO3MOKHOCTB MPOIOJI-
XeHus! QyHKUHOHUPOBAHMSA MPH OTKa3ax 35eMeHToB CVY, yToObI MOBBICUTH BeposATHOCTH criacenus: BIUIA nns
MIOBTOPHOM 3KCILTyaTallly.

B ocnose coBpemennbix CY JIA HaxonsaTcs uudpoBble BelYucauTenbHble MamuHbl (LIBM). Onu mpoek-
TUPYIOTCSI KaK CIIOKHBIE CHCTEMBI, COJEpKalIie HECKOIbKO HU(POBBIX BEIUUCIUTENEH, KOTOPBIE MOTYT pado-
TaTh KaK B PeXHME HE3aBUCHMOTO PELIECHUs pa3HbIX 33/Ja4, TAK U B peKUMe pe3epBupoBaHus [1].

1. Onncanne 60pTOBON BLIYHCINTEIHLHON MAIIMHBI

B paspabateiBaemoii CY ucnonsdyercs LIBM, crposimascst 1o MarucTpaabHO-MOAYIbHOMY NPUHIIMITY, B
OCHOBE KOTOPOT'O JIGKHT YIPAaBISIOIINI TpeXKaHAIBHBIA CUCTEMHBIH Moaynb (CM), obecrieunBalomuii moBbI-
IICHHYIO 0TKa3oycTtoiunBocTh [IBM. CM coenuneH ¢ octambHbiMU MoAyisiMu 1IBM (Berauciurenu (nanee —
BM), monynu obmena (manee — MC) ¢ BHemHMMHU aboHeHTamu (BA)) pe3epBHpOBaHHON CHCTEMHOH Maru-
ctpanbio [2, 3]. CM oTBevaer 3a 0OMEH C BHEIIHUMH YCTPOMCTBaMHU U MCIOIHUTEIBHBIMHA OpranaMu, BM ot-
BedaeT 3a oTpaboTKy JOrMYECKOH YacTu (yHKIMOHAIBHBIX anroputMoB (puc. 1).

C yuerom TpeboBaHuii 1o cToiikocT i 1 poBoi yactu CY mpu paboTe B SKCTPEMAIBHBIX YCIOBHAX
(mmpokuil Anana3oH U3MEHEHHs TeMIIepaTyp, MEXaHHUECKHE BO3/ICHCTBUS B BHAE YIApOB U IIMPOKOMOIOCHON
BHOpAIINH, TIOJIel MOHU3HMPYIOIIETrO U3IYYCHUS U T.I1.) ¥ BO3MOYKHOCTEH OTCUECTBEHHOM AJIEMEHTHOM 0a3bl 3ada-
CTYIO BO3HHMKAeT MpobieMa HEXBATKH MPOM3BOIUTENBLHOCTH OJHOTO BBIYMCIMTENS ISl PEIeHHsS BCEro CIEeKTpa
3amad CY. Hcxons u3 aToro, mis odecredeHust petieHns: Heooxoaumoro nepedns 3aaad CY npuberaror K HCIOMb-
30BaHUIO CHEHUATM3UPOBAHHBIX BEIUMCINTENEH, COCTABIIAIOIIMX PACIIPEAETIEHHYIO BEIUYUCIUTENBHYIO CHCTEMY.

OnHOBpPEMEHHO C 3THM, MPU OTCYTCTBHH TpeOOBaHHMW paOOTHI MPH OAHOW BO3MOKHOW HEHCIIPaBHOCTU
13-32 HEBO3MOYKHOCTH NPHMEHEHHUS CTPYKTYPHOIrO pe3epBHpoBaHMs ammaparypbl LIBM BcriencTBue Mambix
rabaputoB JIA, npenbsBIAIOTCS TpeOOBaHUS MO 0OECIIEUEHHIO criaceHus anmnaparypsl JIA B ciydae cOoeB u
otkazoB anmnaparypsl CY. Takas 3agada TpeOyeT BEIpaOOTKH HOBBIX aITOPUTMOB (PYHKIIOHHPOBAHUS BBIUMC-
nutensHoro nporecca [IBM CVY BIIA.
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Puc. 1. CrpykTypHas cxemMa MarucTpalbHO-MOIYIIEHON BBIYUCITUTENFHON MAIIMHBI
C pacrpeneneHreM 3aa4 0 BEIYUCIUTENAM

2. [Iponecc pexoHuUurypannu

B mensix moBBIIEHHST OTKA30YCTOMYMBOCTH W BO3MOXKHOCTH oOecredeHus: aBapuitHoro crmaceHus CY
BIUTA mpennaraercs ciaenyromias opraHu3anys BYUCIUTENbHOro mponecca [IBM. Kaxapli BeluMcauTensb
COZEPKUT MPOrpaMMHBIA KO BceX (PyHKIMOHANBHBIX 3afad, pemaeMbix [IBM. CM, paGoTaromuii nukinye-
CKH, BBIJAET B Ka)KJbIH BBIUMCINTEND KOMaH]y, 3alIyCKAIOIIYIO CIEIYIOIYIO 3aauy. OTH KOMaHAbl pacroio-
skeHbl B CM mociieioBaTenbHO B NMOpsiiKe yObIBaHUS UX mpuopuTeTa. B Hadane nepsoro nukina CM paspaer
3a/la4¥l BCEM BBIYMCIUTEISAM U IUKINYECKH aHAIU3UPYET PETHCTP COCTOSIHUS Ka)KJOrO BBIYMCIUTENS HA MpPO-
croil. [Ipu obHapyxenun cBobomHoro Beruncnutenss CM ompenenser eMy CIEAYIOIIYIO 3a1ady, HpeaBapH-
TENBHO CIIKCBIBAs €r0 CTEK, B KOTOPOM HaXOIATCS MPOMEKYTOUHBIE PE3ybTaThl BEIYMCICHNH, HEOOXOAUMBIE
JUISL peleHus ATOH ke 3aJjaul B CIICAYIOIIEM IIUKJIe C HOBBIMU JaHHBIMU OT BHEIIHMX a00HEeHTOB. CTEK KOMH-
pyeTcs o MaTeMaTHYECKOMY HOMEPY BO BCE BBIUHCIUTENN OAHOBPEMEHHO. B ciaydae, ecnu onuH U3 BEIYHCIH-
TeNel BBIMIET U3 CTPOs, APYrol CMOXKET NPOJOKUTE PELICHUE 3TOH 3aa4ul, MMesl BCIO aKTyalbHYI0 HHOP-
MaLMIO 32 MPEABIAYIINN UKII.

dakTHYecKH BbIJaua KOMaHIbI BBITJISAUT KaK 3allUCh B siYeiKy maMsaTH BM Homepa 3a1aun U3 TaOnuisl
3a1a4, 4To 00ecleYnT MHHUMAIBHOE BpEMsl OT MOMEHTA CUMTBHIBAHUS MH(POPMALMHU U3 SUSHKH 10 Mepexona
4epe3 COOTBETCTBYIOUIYIO CTPOKY TAOIHUIIBI K BBITIOIHEHHIO HYKHOU 3a1auu.

[Tockonbky HUKIOrpamMMa OIpEAeNnseTcsl TUHAMUYECKH, Tpedyercs cieayromee yciaoBue: uukia [IBM
JIOJDKEH OBITh B JIBa pa3a MEHbIE HKUKJIa paboThl BHEIHUX aboHeHToB. Takum obpasom, LIBM Oyner nomydats
HOBYIO MH(OpMAIMIO U3 BHELIHUX CHUCTEM, HAlPUMEpP OT WHEPUUAIGHON CHCTEMbl HaBUIALWH, MPAKTUYCCKU
0e3 mpomyckoB. B cimydae enMHUYHBIX cOOEB MPOMYLICHHBIE JAaHHBIE MOTYT OBITH DKCTPAIOIUPOBAHBI, MO-
CKOJIbKY MH(pOpManms, ModydeHHas: OT BHEIIHUX aOOHEHTOB, JUIS pEIIeHHs 3aJay HaBUTAllMW MPEICTaBISIET
co00i1 U3MEHEeHre 110 CPABHEHUIO C MIPOLUION UTEpaLIHEH.

Takast opraHu3anys BEIYMCIUTEIBHON CUCTEMBI 1a€T BO3MOKHOCTh PAaBHOMEPHOT'O PACIIPENENEHUs MPO-
W3BOJIMTEIBHOCTH MEXKAY BBIUMCIUTEISIMA. MeXaHn3M BBIJAYd KOMaH[ 110 MPHOPUTETHOCTH OyAeT oTOpachl-
BaTh 3aJa4d, HAaMMEHee BIUSIOMNE HAa (PYHKIHMH TOJIeTa, IPU CHIDKEHUH OOIIel MPOU3BOIUTEIBHOCTH CHUCTE-
MBI. JTH 33/1a44 BCe Takxke OyayT HAXOOUTHCS B OYepelH, HO, HE YCIIEB Ha BbIady /10 3aBEpLICHUS [IUKIa, OY-
IyT TiepeMelieHbl 00paTHO B KOHell. HanMeHbIINH MPUOPHUTET, HAlIPUMEp, MOTYT UMETh 3aJau, KOPPEKTHPY-
IOLIME OCHOBHBIC BBIUMCIICHHS Ul MOBBIIICHUS TOYHOCTH. BeieacTBue oTOpackiBaHus 3TUX 3a1ad TOYHOCTh
moJjiera Mo 3aJaHHOW TPaeKTOPHH ammapaTta ynajaeT, HO B TO e Bpems obecneuuTcs QyHKIMOHUPOBAHHUE C 3a-
JeiCTBOBAaHUEM HEOOXOAWMBIX aJrOPUTMOB CHACEHHS, YTO OKaXkercs 2(PQPEeKTUBHBIM B CIydasx, KOTAa Hexe-
JaTeNnbHa MOTeps BCEro M3JENHs WK OTAENbHBIX ero yacreil. [Ipu 3ToM oCHOBHOMN CIOXXHOCTBIO OyzmeT obec-
MeYeHne TOYHOTO ONpeneleHusl cOOeB Hepe3epBUPOBAHHON YacTH amlmapaTypbl, YTO MOTpedyeT peanu3aliu
JONOTHUTENHFHOTO (PYHKIIMOHAIBHOTO KOHTPOJIS MPOrPaMMHO-aJITOPUTMHUYECKIMHU CPEICTBAMH.

3. CucremMa KOHTPOJISA M (PYHKIMOHAJIBHOM 3alMThI

¢)YHKLII/IOHI/Ip0BaHI/IC KaXXZI0ro BbIYUCIIUTCIBHOIO MOAYJISI KOHTPOJIUPYCTCA CUCTCMHBIM MOOYJICM. CM
CHUHXPOHHU3UPYCT pa60Ty BBIYHUCIINTCIIBHBIX MO}.Iy.]'IefI pa3 B UKJI C IOMOLIBIO O,ILHOBpeMeHHOfI 3alliuCu B UX
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TPUTTEPHI NpepbIBaHU. BeruncnuTenbubie MOAYIN CAMOCTOSATEIBLHO BEAYT CUET BBHIMTOJHEHHBIX IIUKIOB, KOTO-
pBIi IEPUOINYECKU CIIUCHIBACTCS CUCTEMHBIM MOAYJIEM IJI CPABHEHUS CO CBOUM CUETUYHUKOM.

[MoMrMO 3TOr0 B Ka)JIOM BBIYMCIHTEIC HAa OCHOBAaHWUM BBITIONHEHUS (PYHKIIMOHAIBLHOTO aJTrOPUTMa
(hopMupyercs mpu3HaK, MOATBEPKAAOINN paboTOCIOcOOHOCTh. CM KaXKIIblid IIUKII CYMTHIBACT JUIS aHAIIN3a B
CHEIHUATBLHYIO SYEHKY ¢ TaHHBIM MPU3HAKOM U TOcie 3Toro oouymser ee. [lpusnaku padorocnocobHoctn BM
cpaBHuBalOTCS B CM C 3TaloHOM. ANTOPUTMHYECKUI KOHTPOJIb OCHOBAH Ha TOM, YTO KaXkablii BM, BbINIONHSIS
pacyerhbl, TPOBEpsieT BXOXKICHUE PE3YyNbTaTOB B JOMYCTUMBIC 30HBL. Takke mepuoanuecku BM BeimomHsieT
TECTOBBIN MIPUMEp, CPAaBHUBAS PE3YJIbTAT C 3TAJTOHOM-KOHCTAHTOMW, 3alTUCAHHOW B 00JaCTh TOCTOSIHHOM MaMsi-
TU. TeCTOBBIMH IPUMEPAMH MOTYT SIBIISITHCSI IPOCTEHINNE apruMETUUCCKIE 3a]]a91, HAIIPUMEP CIIOKEHUE 11e-
JIBIX YMCEN WX C TUIaBaroIIel TOUYKOM, €Cu MO3BOJSET YCTaHOBJIECHHOE BpeMs IuKia. Beixon 3a pacyeTHbie
TPaHUIIBI WK OMMOKU B TECTOBBIX MpUMepax (GOPMHUPYIOT MPU3HAK, 0003HAYAOIINI BOSHUKHOBEHUE COOS B
MOJIETHOM TIpOorpaMme.

JlocToBepHOCTh TIepeaBaeMoil HH(OPMAIIUU TIPH MEKMOYTLHOM OOMEHE JIOMOIHUTEILHO 00eCIeuu-
BaeTCs MPOBEPKON KOHTPOJIBHON CYMMBI, KOTOPOU COIPOBOXAAETCS MacCUB HH(OpMaIny.

Jlyis moBkIIIeHHsT HAAGKHOCTH (DYHKITMOHUPOBaHUS JIA mporpamMmbl KOHTPOJIS HAXOJATCS B 3a0JIOKHPO-
BaHHOM Ha 3aIUCh YaCTU MOCTOSHHON MaMsITH 7Sl UCKIIOUCHUSI BOBMOXHOCTH HETIpeAHAMEPEHHON KOPPEKIIUU
WJTU CIIy4aifHOT'O MCKAXKECHUS.

3akaoueHne

B pabote paccMoTpeH BapuaHT pelICHHs aKTyaJbHOH HayYHO-TEXHHYECKOW 3amaud: oOecrieueHue mo-
BbIieHHOU skuBydectu BIIJIA ¢ HepesepBupoBanHOi anmapatypoii CY B ycIOBUSX BO3HHKHOBEHHS cOOEB U
OTKAa30B.

[Ipeanoxensl Moaens opranuzauu padotsl [IBM u anroputmsbl nepepacnpeneneHus 3a4ad Mo BeIYHC-
JUTENSIM B COOTBETCTBHUHU C MX COCTOSHHMEM. JIaHHBIM MeTox mepepacnpenenceHus 1eaecoo0pa3Ho MPUMEHSTh
TOJILKO B OTOBOPEHHBIX CIIy4asiX C ONpeneieHHBIMH TPeOOBAaHUSAMHM, TIOCKOJIBKY IPH OTKa3ax ammapar MOXET
MOTEPATh 3HAYNTEIBHYIO YacTh (DYHKIMOHAA, pean3ysl BBIIIOJHEHHUE TONBKO 0a30BBIX (PYHKIHHA, HApUMEp
crabunuzanmio B atMocdepe. B yacTHOCTH, Takoe pelieHrne MOKET 0Ka3aThesl 9Q(OEKTUBHBIM B CIydasx, Koraa
He Jonyckaercs moreps anmapatypsl U BIIJIA nomkeH nepeiiTu, HalpuMmep, Ha BBIIOJIHEHNE MPOrpaMMbl 1O
BO3BpALICHUIO HA 0a3y.
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The article examines the problem of increasing the stability of the onboard computer compact unmanned aerial vehicle in case of
failure. The problem of the use of traditional redundant structure and its disadvantages was under review. We offer organization of com-
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puting process on the basis of already used the onboard digital computer (OBDC) with a clear interaction. Board computer is based on
the main-modular. It is based on a reliable three channel system module (SM).

We pose the following problem: used board computer does not allow the use of computing modules (CM) required performance.
Thus, there is a need for multiple CM, which are distributed parallel system. The algorithm of redistribution of tasks requires a dynamic
sequence diagrams, and SM distributes tasks to perform in real time. Each sequence diagram is given strictly defined time limit. With
the condition of the length of the cycle SM is half the length of the external subscribers cycles, achieved no omissions of relevant infor-
mation.

The programming code of the functional tasks is written in all the computing modules. The ability to solve the same tasks on differ-
ent devices is achieved through the distribution of the stack with intermediate data between all CM.

Completing the performance of a tasks computer generates a signal for claim line. It needs to check the status registers of CM seek-
ing the released. His stack SM copies to all the other devices and sets the following priorities tasks.

This algorithm makes sense in cases where the unit, which has a failure, is expected by the operator at the base, instead of continu-
ing the full functioning. The return of the entire apparatus enables reuse of its constituent parts. This decision sets another problem: the
precise definition of equipment failures.

The control system includes a number of ways to determine the fault. Algorithmic methods include counting and comparing the cy-
cle number of the modules, the analysis of the results of calculations for entry into certain limits or repeated calculations on a simplified
algorithm, as well as the decision calculators test examples and results are compared with the standards. The transfer of accurate infor-
mation is analyzed with the help of checksums.

Thus, we propose an algorithm for the realization of functioning of small-sized unmanned aerial vehicle in case of faults and failures.
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TECTUPOBAHHUE CUCTEMbI ABTOMATOB

CraThsl IOCBAIICHA MPOOJIEME TECTUPOBAHUS COCTABHBIX CHCTEM, KOMITOHEHTBHI KOTOPBIX MOJEIUPYIOTCS KOHCYHBIMU
aBTOMAaTaMH, a B3aUMOJICHCTBHE MEKIy HUMH — OOMEHOM COOOIICHUSMH O CHMIUICKCHBIM KaHanaMm cBs3u. Cucrema
OIMCHIBACTCS OPUCHTUPOBAHHBIM Tpad)oM CBsI3€H, BEPIIMHEI KOTOPOrO COOTBETCTBYIOT aBTOMAaTaM KOMITOHEHTOB, a JIy-
TH — KaHalaM CBs3U. [Ipu TecTHpOBaHMK BO3MOKHO HAOIIOICHUE COCTOSIHHN aBTOMATOB H IEPEIaBaCMBIX COOOIICHUIA.
l'urmoresa o cBA3SX MpeaonaraeT, 4ro rpad cBsA3eH CTAaTHYECKUI U HE COAEPKUT OMIMOOK. DTO MO3BOJSET CYIIECTBEHHO
COKPAaTUTh BPEMsI TECTUPOBAHUS JETEPMHUHUPOBAHHON CHUCTEMBI BIUIOTH JO 3KCHOHEHIIMAIHHOI'O YMEHBIICHHUS YHCIia
TECTOBBIX BO3JCHCTBUIL.

KuroueBble ci10Ba: OpUCHTUPOBAHHEIHN Ipad; MOKpITHE Tpada; B3aNMOICHCTBYIONINE aBTOMATHL;, TECTUPOBAHHE; CETH.

BonbIIMHCTBO CIIOKHBIX, OCOOEHHO pachpelelEHHBIX CHCTEM MpeAcTaBiisieT coboil Habop B3ammozeii-
CTBYIOIINX KOMIIOHEHTOB. B maHHOl cTaThe KOMIOHEHTH MOAETHPYIOTCS KOHEUHBIMUA aBTOMATaMu, a B3auMO-
nericTBre — OOMEHOM COOOILICHUSAMHU MEKIy aBToMaTtaMu. CTpyKTypa CBs3ed MEXIy KOMIIOHEHTaMU MOJENH-
pyercs OpueHTHPOBAaHHBIM TpadoM (epagom ceazeli), B BEpUIMHAX KOTOPOrO HAXOIATCS aBTOMATHI, a JyTH CO-
OTBETCTBYIOT CHUMIUIEKCHBIM KaHanaM Iepenayn cOOOeHnt. BuympenHue yru COeNUHSIOT aBTOMAThl MEXIY
co00H, a gHewHue TYTU CBSI3BIBAIOT CUCTEMY C €€ okpyoicenuem. Buewnsas exoonas oyza BeAET U3 BHEIIHEH
Cpelbl B OIUH U3 aBTOMATOB, & BHEUHSA BbIXOOHAs Oy2a BEAET U3 aBTOMATa BO BHEIIHIOO cpeny. Ilpu Tectu-
POBaHUM TECT UIPaET POJb BHELIHEH Cpedbl: epeaaéT cCOOOMEHNS B CUCTEMY 0 BHEIIHUM BXOJHBIM AyTraM U
MPUHUMAET OT CHCTEMBI COOOIIEHHS M0 BHEITHUM BBIXOAHBIM JIyTaM.

Ecnu rpad cBszeil craTuyeckuii, T.e. He MEHSIOLIMICA B Tpoliecce pabOTHl CHCTEMBI, CUCTeMa (Tak ke
Kak e KOMIIOHEHTHI) MOXKET MOJEIHPOBATHCS KOHEYHBIM aBTOMATOM, IOJYYaIOMIUMCS M3 aBTOMAaTOB-
KOMITOHEHTOB C IIOMOILBIO TIOAXOJSIIIEr0 OllepaTopa KOMIO3UIUH, YUUTHIBAIOILETO Tpad CBsI3eH.

Cuctema paboTaeT NpaBUIIbHO, €CTIH CTPYKTYpa €€ CBsI3el MpaBWIIbHA U KayKAbI aBTOMAT B CUCTEME pa-
6otaet npasmibHO. OOpaTHOE, BOOOILIE TOBOPSI, HE BEPHO, €CIIM TpeOOBAaHUS K CHCTEME HEOAHO3HAYHO OIpee-
JSI0T e€ CTPYKTYpY, HanpuMmep, QpyHKIMOHAJIbHBIE TPEOOBaHUS K CHCTEME, CBS3BIBAIOIIME COOOIIEHUS, MOy~
YaeMble OT CHCTEMBbI, C COOOLICHUSIMH, TIOCBUIAEMBIMH B CUCTeMy. B 1aHHO# cTaTbe Lenblo TECTUPOBAHUS SIB-
JIsieTcsl MOKPBITHE TEPEX0J0B aBTOMATOB CUCTEMBI, TOCTHXKUMBIX TPH padOTe STHUX aBTOMAaTOB B cucteme. Ilo-
ITOMY €CIIM B CTPYKType CBsI3ell HET omMOOK (eunomesa o céa3six), T.e. rpad cBA3el aBTOMAaTOB COBIAJAET C
3aJaHHBIM, TO TAKOE TECTHPOBAHUE CBOIUTCS K MPOBEPKE MPABUIBLHOCTU MEPEX0I0B Kakaoro aBromata. IIpo-
OneMa B TOM, YTO aBTOMAaT MOXKET TECTUPOBATHCS TOJIBKO KaK YacThb CHCTEMBI, T.€. TECT HE UMEET Hernocpe.-
CTBEHHOT'O JIOCTYTIa K aBTOMATY, U BBIHY)KJCH OCYILECTBIISATh TECTOBBIE BO3ACHCTBHS C TOMOIIBIO COOOIIECHHH,
MOCBIJIAEMBIX 110 BHEITHUM BXOAHBIM AYTaM, KOTOPBIE BEAYyT, OBITh MOXKET, B IpyTHE aBTOMATHL. TecTHpoBaHne
KOMITOHEHTa TaKOW CHCTEMBI [TOX0XKE Ha TECTUPOBaHHUE B KOHTEKCTE [ 1—5], Korja 3TOT KOMIIOHEHT paccMaTpu-
BaeTcs KaK TeCTUpyeMas CHCTeMa, a OCTajJbHble — KaK KOHTEeKCT. CylllecTBEHHOE OTJIMYHE, OJHAKO, B TOM, YTO
B TAKOM KOHTEKCTE TO)KE BO3MOKHBI OIIMOKH, HO €CIIM BEpPHA CHIIOTE3a O CBS3SIX, TO TONBKO B KOMIIOHEHTAaX, a
He B rpade cBszerd. C Apyroit cTOpOHBI, IPU TECTHPOBAHUH MTPOBEPsiETCs padoTa cpa3y HECKOIbKUX KOMIIOHEH -
TOB, Yepe3 KOTOpbIe MPOXOIT cooOmeHus. [IocKkoIbKy aBTOMAT TECTUPYETCs KaK YacTh CUCTEMBI, MOT'YT OBITh
MIPOBEPEHBI HE BCE €r0 MePexo/bl, KOTOPHIE MPOBEPSIOTCSA IIPH aBTOHOMHOM TECTHPOBAHUH C MPSIMBIM JOCTY-
MOM K aBTOMary. Pedb HIeT TOJIbKO O Mepexonax aBTOMAaTOB, OOCIMUNCUMBIX TIDH €ro paboTe B cocTaBe CHCTe-
MBI
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TecTupoBaHHEe KOMIIO3UIIMOHHOI'O aBTOMAaTa CHCTEMBI, MOJYYarOIIerocs KOMITO3UIIMCH aBTOMATOB IO
3alaHHOMY Tpady cBs3ell, 00eceunBaeT MPOXO/ IO BCEM €ro JOCTIKUMBIM iepexonaM. [Ipu 3Tom, KoHEUHO,
MPOBEPSIOTCS BCE JTOCTHIKUMBIC MTEPEX0/IbI aBTOMATOB-KOMIIOHEHTOB, HO MOXET JIENaThCs MHOTO <«JTUIITHEH pa-
00TBI». ['UIMOTE3a 0 CBA3AX MO3BONSET CYIIECTBEHHO COKPATHTD BPEMS TECTHPOBAHHSL.

B cratbe nipeiaraercs alropuT™M MOCTPOSHHS Habopa TECTOB, KOTOPKIH SIBISETCS MOJHBIM (TIPOBEPSET
BCE€ JIOCTHKUMBIC TTEPEX0/Ibl aBTOMATOB-KOMIIOHEHTOB) IPH BBHIOJIHEHUHU JIBYX YCIOBHUI: 1) BepHa rumoresa o
CBSI3SIX; 2) CHCTEMa SBIISCTCS JIETCPMUHUPOBAHHOH. JONMOIHUTENHHO QJITOPUTM ONMPEACIIST HEAOCTHKUMBIC
nepexopl aBToMatoB. [Ipenmonaraercsi, 4To HaM WU3BECTHO, KAKUM JOJDKEH OBITh Kbl aBTOMAT (3ajaH
rpad mepexooB aBTOMAaTa C TOYHOCTHIO JIO M30MOp(H3Ma), U UMEHHO 3TO MPOBEPSETCS MPHU TECTUPOBAHUH.
Kpowme Toro, Tect MokeT HaOIIOIaTh KaK COCTOSIHHSI aBTOMATOB B BEpIIMHAX Tpada CBA3e, TaK U COOOIICHUS
Ha ero ayrax. [IocKkoabKy HE HallaraeTcs OrpaHUYEeHUI Ha CBA3HOCTH TPad)oB MEPEX0JI0B ABTOMATOB, IOJHBIN
HaboOp TECTOB MOXKET conepxaThb Oosiee omHoro Tecta. [Ipu mepexoze oT 0JHOTO Tecta K APYromy Tpedyercs
pectapT cucteMbl. Takue MPeAroioKEeHUs: MOT'YT ObITh OIPaBAaHbl, HATIPUMED, MPH UMUTAIIMOHHOM TECTHPO-
BaHWU ammapaTypsl (simulation-based verification) (cMm. Harpumep, [6]).

1. Moaean

Hyra paccMaTpuBaercsi Kak ouepenb coodbmenuil mmuHbl 1. [lo gyre MokHO TocCiaTh cOOOLIeHUE, eClTi
oHa nycma (Ha HEH HEeT cOOOLIEHUH), ¥ C AYTH MOXKHO MPHUHSTH COOOIICHUE, €CIM OHA He MycTa (Ha Heil ecTb
coobmenue). Ecnu coobuienne nepena€resi mo BHyTPEHHEH ayre a — b, To OHO OBUIO MOCTaHO aBTOMAaTOM B
BepILIMHE a ¥ OyAeT MPUHATO aBTOMAaTOM B BepiunHe b. Eciiu @ — b — BHeIHss BXOAHAS yra, TO d — BHEIIHISA
cpena. Ecnu a — b — BHelHAsA BBIXOAHAS IyTa, TO b — BHEIIHSS cpena. ABTOMAT MOXET IPUHUMATh OAHOBpE-
MEHHO HECKOJBKO COOOIICHUHN 1O HECKOJIBKUM (HE 00s3aTeNbHO BCEM) BXOIHBIM IyraM, HO He Ooinee OZHOro
COOOIIEHMSI IO KaXKI0W yTe, W MOChUIaTh HECKOJIBKO COOOIICHUH 10 HECKOJIBKUM (HE 0053aTeIbHO BCEM) BBI-
XOIHBIM JyraMm, HO He 0oJiee OIHOrO COOOMICHHS MO0 KaKAOW ayre. ABTOMAT IpeArnoaraercs AeTepMHUHHUPO-
BaHHBIM. B rpade cBsizeil MbI momyckaeM KpaTHBIE AYTH, U Pa3IMUCHUs] KOTOPBIX OyJaeM MoMedaTh UX CHM-
Bonamu u3 andasuta Z. g mpocToThl OyAeM cuuTaTh, YTO BCE BEpIIMHBI mepeHyMmepoBansl 0, 1, 2, ..., k, Taoe
k — 4Mco BepUIMH, B KOTOPHIX HaXOIATCA aBTOMAThl, a HoMep 0 cooTBeTCcTBYeT BHemHel cpene. Beeném ¢op-
MaJIbHBIC ONPEACIeHUs 1 0003HAYCHUSI.

I'pagh ceazeni onpenensiercs xak vHadop G = (V, Z, E), tne V= {0, 1, ..., k} — KOHEYHOE MHOXXECTBO BEp-
umH, EC (Vx Zx )\ ({0} x Z x {0}) — koHe4YHOE MHOXecTBO AyT (y BHeIHeH cpenpl 0 HeT ayr-merens). Ay-
ra (v, z, w) 3a1laHa Ha4aJIbHOM BEPLIMHOW V, IOMETKOH z U KOHeuHO! BepimHON w. [yra (0, z, w) — BHEIIHISA
BXOJHas ayra, (v, z, 0) — BHeIIHsAsA BeIxomHas ayra. Kpome toro, 1, = {(a, z, v) | (a, z, v) € E} — MHOXeCTBO IyT,
3aKaHuyMBaroUMxcs B BepmuHe v, O, = {(v, z, b) | (v, z, b) € E} — MHOXECTBO IyT, HAUMHAIOLINXCS B BEpIINHE
v. Iy COIEepKUT BCe BHEIIHHUE BXOIHBIE 1yrH, Oy — BHEIIHUE BhIXOAHbIE OyTH, £ \ (Ip U Op) — BHYTpEHHHE IyTH.

[Tycts M — MHOXXECTBO BCEX BO3MOXKHBIX CO0OWeHull, 001Iee TSl BCEX aBTOMATOB B CUCTEME.

Jlns MuOKecTB A 1 B uepe3 A” 0603HaUNM MHOKECTBO BCeX OTOOpaKeHHii u3 B B A.

Cucmema asmomamos onpeaensercs kKak rpad csazeil G, B KOTOpOM Ka)IOH BEpIIMHE V TIOCTAaBJICH B
coorBerctBue aBromar 4, = (M, S,, X,, Y,, T,, S¢), TOe S, — KOHEUHOE MHOXKECTBO COCMOsHUL aBTOMATa,
X, = {x|3f(x=f& f e M")} — mOX)ECTBO CrumMyn06 (BXOMHBIX cUMBOIOB), ¥, = {y |If (v = f & fe M)} —
MHOXECTBO peaxyuti (BBIXOOHBIX CUMBOJNOB), T, = S, X X, x Y, x §, — KOHEYHOE MHOXKECTBO nepexodos,

Sov € S, — HauanbHoe cocmosanue agmomama. O6o3HauUM: s — 7xly — ¢ £ s, x,v,0) e T,, s—Wxly > £ 3¢ (s,

X, ¥, t) € T,. Tam, rae 5T0 He MPUBEAET K HEAOPA3yMEHHUIO, MBI OyzieM B He()OPMaIbHOM TEKCTE CaM MepEXox
(s, x, y, f) obo3HauaTh crpenkoit s — ?x!y — t. CocTosiHUE ¢ OyeM Ha3bIBaTh nocmcocmosHuem nepexona. Ec-
JIM TIOCTCOCTOSIHUE HECYIIECTBEHHO, TO Mepexon (s, X, ¥, ¢) OyaeM o0o3HauaTh cTpenkod s — ?xly —. Jyry u3
1, Oynem Ha3bIBaTh 6X00HOU Oyeoli aBTOMaTa B BEpIIUHE v, a nyry u3 O, — 6bIX00HOU 0y2oll 3TOTO0 aBTOMATa.
Crtumyn aBToMaTa — 3TO YAaCTHYHO OnpeenéHHoe oToOpakeHue x: [, — M, KOTOpoe KakJoH BXOIHOW Iyre
i € Dom(x) cTaBUT B COOTBETCTBHE cooOLIeHue x(i), MpUHUMaeMoe 1o 3Tol ayre. Peaknust aBromaTta — 3T0 4a-
CTUYHO onpenenénHoe oroopaxenue y: O, — M, KOTOpoe KaxIoi BBIXOAHOU nyre j € Dom(y) cTaBUT B COOT-
BETCTBHE coOo0IIeHuE )/(f), MOChUIaeMOE 10 STOU JyTe.
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Jlnis omucaHusl COCTOSIHHSI BXOJHBIX M BBIXOJHBEIX JYyT aBTOMaTa B BEPIIMHE V BBEAEM JBa YaCTHYHO-
OIPENENEHHBIX OTOOPaXKCHUS xv#: I,—> Mmn yv#: 0, — {M}. llepBoe oTOOpaKeHNE KaXT0M HEITYCTONH BXOTHOM
nyre i € I, CTaBUT B COOTBETCTBHE cooOIIeHUEe m € M, Haxopsleecs Ha 3Tol ayre. Bropoe oToOpakeHue
Kamﬂoﬁ MyCTOI BBIXOAHOM Ayre j € O, CTaBUT B COOTBETCTBHE MHOXKECTBO co00IIeHNH M. ITH 0TOOpaKeHHS
x,” 1y, HOPOKIAOT MHOKECTBA nOMEHYUATLHBIX CTUMYIIOB M NOMEHYUATbHBIX PEAKIHI, KOTOPEIE aBTOMAT
MOXKET, COOTBETCTBEHHO, MPUHSITh U MOCIATh MPU JAHHOM COCTOSHUU BXOAHBIX U BBIXOJHBIX IIYT, €CIH, KO-
HEYHO, B TEKYILIEM COCTOSHHH aBTOMATa OINPEAEIEHbI COOTBETCTBYIOIINE MEPEXO/IBI:

= {x: I, M | Dom(x) c Dom(x,") & Vi € Dom(x) (x(i) = x,/(i))},
= {y: 0,— M | Dom(y) < Dom(y,")}.
OnpenennM GopMaIbHOE yCIOBHE BBHIMOMHEHHUS mepexona s — xly — t:x € X,/ & y € ¥\,

2. JleTepMHHU3M

st Toro 4roObl cucTeMa aBTOMAaTOB OblIa JETEPMHHUPOBAHHOM, MOTpeOyeM IeTepMHUHHPOBAHHOCTU
Ka)KJIOr0 U3 3TUX aBTOMaToB. [Ipexae Bcero, COCTOSIHME U CTUMYJ JIOJIKHBI OTHO3HAYHO OIPENENTh PEeaKIUIo
1 MTOCTCOCTOSHUE NIepexoa:

D) Vsxx' yy 6t s—=Wly—o>t&s—-%Yy > =y=y &t="¢.

Pacrpenenenue x,” cOOOIIEHHH 110 BXOTHBIM JyraM aBTOMATa HEOAHO3HAYHO OMPEIENSeT CTUMYIL, IPH-
HUMAaeMBbIH aBTOMAaTOM, TIOCKOJIbKY aBTOMAaT MOXKET KaK MPUHUMATh, TaK M HE IPHHAMATh COOOIICHUS C HEly-
CTBIX BXOAHBIX OYT. ByseMm roBopHuThb, UTO CTUMYINBI X U X' cogmecmumyl, © 0003HAYATh X = X', €CIH MPH HEKO-
TOPOM OTOOPAKEHHH X, aBTOMAT MOXKET IPUHATH JTFO0O0M U3 3THX CTHMYJIOB, T.¢. x € X," u x' € X,”. dopmais-

HO X = X' £ Vi € Dom(x) N Dom(x") (x(i) = x'(i)). 3aMeTHM, 4TO BCE CTHMYJIBI BO MHOXECTBE X, COBMECTHUMBI

apyr ¢ apyrom. OTcrozia BBITEKaeT BTOpoe TpeOOBaHHE ACTCPMUHU3MA aBTOMATA!

2) HeT NMepexo0B U3 OJHOTO COCTOSHUS TI0 pa3HBIM COBMECTHMBIM CTHMYJIaM:

Vs x X' )y ,0tf x#x &x=x = (s —Wxly > & s — %'y —).

Teopema 1. Eciiu BoimonHeHbl 00a TpeOOBaHUS AETEPMUHHU3MA, TO COCTOSHHE S, aBTOMaTa B BEpPIIMHE V
¥ OTOOpaXeHHs x,” U y,’ OJHO3HAUHO OMpEENSIOT, BHIIONHSET I ABTOMAT KAKOH-THO0 Mepexo, i eClid Bbi-
TIOJTHSAET, TO CaM MEPEXO], T.€. OJHO3HAYHO ONMPE/IENAIOT IPUHAMAEMEIH CTUMYII X, , HOCHUIAEMYIO PEAKIIMIO ),
¥ IOCTCOCTOSHHUE £,

Jokazamenscmeo. T1o onpeneneHnio oTodpaxeHus x, 1 y,” 0HO3HAYHO OmpeneNsoT MHOXKeCTBA X, 1
Y,". U3 BToporo Tpe6oBaHus JeTepMUHHE3MA CIIEYET, 4TO TIPH JII0O0M PacHpeieNeHnH X,” cooBIenHil Ha BXOJI-
HBIX J[yraX aBTOMATa, MOPOKIAIOMEM MHOKECTBO X,  OTEHIHANBHEIX CTHMYJIOB, He 60JIee OJHOrO U3 STHX CTH-
MYJIOB X, € X,’ MOXeT GbITh IIPHHSATO ABTOMATOM B JAHHOM COCTOSIHHH S,. TaKoif CTUMYI X, Oy/ieM Ha3bIBATh Gbi-
Oupaemvim, OH MOXKET OTCYTcTBOBaTh. [IpaBia, 5TO He O3HAYaeT, YTO BBHIOMpAEMBI CTUMYI X, (€CIU OH €CTh)
00s13aTenbHO OyIeT MPUHST aBTOMATOM, ITOCKOJIBKY BBIIONHEHHUE Mepexoa ¢ MPUEMOM 3TOr0 CTUMYJIa 00yCIIOB-
JIEHO BO3MO>KHOCTI)IO MocTaTh PEAKIHUIO. PaCCMOTpI/IM BCE CIy4au MOBEICHUs aBTOMara B COCTOSHUM S, PH 3a-
nanHbIX X, ¥ y," (omHO3HAUHO onpenensromumx X, u Y,), onpenenss, Gymer JIM BBIMOJHEH MEPEXOLL, U €CilH Oy-
JIET, TO CaM IIePEXO, T.€. IPUHIMAEMbIi CTHMYJI X, , TIOCHUIAEMYIO PEaKIHIO ), U MOCTCOCTOSHHE #,

Ecu uMeercs BHIOMpaeMblil CTHMYI X, € X,”, To OH eIMHCTBEHHBIT 10 BTOPOMY Tpe60BaHI/IIO JleTepMHU-
Hu3Ma. [IpH 9TOM, €CITH [1s HEKOTOPOil peakiluy y ecTh mepexon s, — 2xly — tuy € Y.\, T.e. peaxuus y Moxer
ObITH MocnaHa (Hy>KHbIE BRIXOAHBIE IyTH nyCTLI) TO aBTOMAT BBIMOJHUT STOT NEPEXOLL (OH eIMHCTBEHHBIN 110
MIEPBOMY Tpe60BaHI/I}0 z[eTepMHHmMa) X, =X,¥, =y,t, = t. B IpDOTHBHOM CiTydyae aBTOMAT HE BBHINOIHHUT HHU-
KaKOro mepexona, x, = @, y, = @, t,, = s,. IlocoenHee MMEET MECTO M B CIIydae OTCYTCTBHS BHIOHPAEMOTO
ctumyina. Teopema 1 nokasana.

3. Komno3nuusa

OnpenenuM KOMITO3UITUIO JICTEPMUHUPOBAHHBIX aBTOMATOB 110 3aJaHHOMY Tpady cBszell. Pesynbratom
kommo3unmu Oyner aBToMar (S, X, ¥, T, sp), oTpakaromuii paboTy CHCTEMBI B IIEJIOM, BKJIFOUasl BCE aBTOMATHI-
KOMITOHEHTHI U BCE OYTH.
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CocTostHuE CHCTEMBI ecTh Habop s = (1, S2, ..., Sk, D), TI€ §1, S2, ..., Sx €CTh HA0OP COCTOSTHUN € aBTOMAa-
TOB, a D: £ — M — yacTnuHO-onpeaenéHHoe 0ToOpaxeHne, 3aarolee pacnpeaesieHine COOOEeHUH 0 JyraM
rpacda cBs3eil: OHO JUTA KaXXJO0i HEMmyCTOM AYrM yKas3bIBaeT Haxojsieecs Ha Hell coobuienne. HauamsHoe co-
CTOSTHHE CHCTEMBI S = (510, 20, --» Sk0, &), B KOTOPOM KaXJIbIii aBTOMAT HAXOMUTCS B CBOEM HAYAIILHOM COCTO-
SIHWH, & COOOIIEHNI Ha yrax Her.

OmpeneneHrie Mepexo0B KOMIIO3UITHH 3aBUCUT OT MPEANOIaraeMoro pexnuma padbotel. B cHHXpOHHOM
PEKUME 3a OJIMH TAKT cPabaTHIBAIOT BCE aBTOMATHI, KOTOPHIE MOTYT BBITIOIHUTH MIEPEXO, & B ACHHXPOHHOM —
TOJIBKO OJIMH TAKOW aBTOMAT (BOOOIIE TOBOPS, HEKOTOPOE MOJMHOXKECTBO aBTOMATOB), BEIOMpAEMbIii HeZeTep-
MUHHPOBAaHHBIM 00pa3oM. [ToCKONbKY B paMKax JTaHHOW CTATbU HAC HHTEPECYIOT TONBKO ACTCPMHUHUPOBAHHBIC
CHICTEMBI, ACHHXPOHHBIH PSKUM Jajiee He pACCMAaTPHUBACTCS.

OmnpenenuM mepexopl KOMITO3UIKUK (HOpMaIbHO. B COCTOSHUU CHCTEMBI § BHEIIHSS Cpea MOXET IMMo-
CIIaTh B CUCTEMY COOOIIEHHUS 1O JIFOOBIM MYyCTHIM BHEITHUM BXOJHBIM JyraM U MPHUHSATH COOOIIEHUS C JIFOOBIX
3aHATBIX BHEIIHUX BBIXOJHBIX JyT. JTO OMpPEACTSeT MOMYCTHMbIC BHEIIHHE CTUMYJBI M peakiinu. CTUMyI

x: Iy— M oonycmum, ecnmu Dom(x) N Dom(D) = J, B 4aCTHOCTH BCerja JOMYCTHM ITyCTOH CTHMYJI X = .

Peaxrust y: Oy — M donycmuma, ecivu y C D, B 4aCTHOCTH BCerja MOMycTUMa mycrtas peaknus y = . Ecmu

CTUMYJI X U PEAKLHs y JOMYyCTUMBI, TO B KOMIIO3UIIMM OIpenensieTcsa nepexon s — 2xly — tA, e { = (tlA, tzA,
,t, D). Onpenennm uis KaxIoro v IoCTCOCTOSIHUE £, M pacipeencHue coodmmenuii D .

PaccMoTpuM BepuIuHy V. JIIsl COCTOSHMS CHCTEMbI S OHO3HAYHO OIPEICISIOTCS OTOOpaXeHHe X,  Kak
Cy)eHHe oTobpaxeHHs D Ha MHOXECTBO I, BXOJHBIX Ay V-ro aBroMaTta: x,” = {(i, m)|(i, m) € D & i € I,}, n
oTOBpaXKeHHeE y,’, KOTOpOE Kax10il IIYCTOi BHIXOHOI Jyre V-ro aBTOMATA CTABHT B COOTBETCTBHE MHOXKECTBO
M Bcex coobmenuit: y," = {(j, M) |j € O,\Dom(D)}. ITo Teopeme 1 npu 3a1aHHBIX s,, X, 1 y,’ aBTOMAT B BEp-
LIMHE V BBINOJHSET He 6onee OZIHOTO TEepexofia, ¥ OAHO3HAYHO OMpPENeNsIoTCS NMPUHUMASMBbIH crTmyn X, u
TOCBITaEMAst PeaKIHs Yy , 4 TAKKe MOCTCOCTOSHHUE £, , KOTOPOE M CTAHOBUTCS YACTHIO COCTOSHHUS £ .

Onpenenum D, CHavana nonoxum D : = D. PaccMOTpHM, Kak JOJKHO MEHATHCSA PACTIONOKEHHE CO06-
uieHuit Ha ayre e = (i, z, j).

1. B cocrostauu s ayra e Oblia mycToi, 1.e. e € Dom(D). Ecnu j # 0, To j-if aBTOMAT HE IPUHUMAET C Heé
coO0OIIIeH s, T.€C. € & Dom(xf). Ecim i # 0, To i-ii aBTOMAT MOCHUIAET O 3TOH Jyre COOOIIEHUE m, eCIH
e € Dom(y;) & y;(e) = m, Torna napa (e, m) nobasnserca 8 D . Ecu j = 0, To e ¢ Dom(y). Ecimu i = 0, T0
e € Dom(x) = ¢ € Dom(D") & D'(e) = x(e), T.e. ecll¥ BHEIIHSA CPe/a MOChUIACT MO BHEIIHEH BXOIHOM JyTe e
coobenue x(e), To napa (e, x(e)) nobasmsercs 8 D'

2) B cocrostanu s Ha ayre e ObL10 cooOmieHue m, T.e. ¢ € Dom(D) & D(e) = m. Ecnu j # 0, T0 j-if aBTO-
MaT MPUHEMAET 3T0 coobuiente, ecu e € Dom(x;) & x; (e) = m, Torna mapa (e, x; (¢)) ynanserca uz D'. Eciu
i# 0, To i-il aBTOMAT HE MOXKET MOCJIATh 10 ATOH Ayre HUKAKOTO COOOIICHHUS, MIOCKONbKY Ayra B COCTOSHUU §
3amATa, T.€. ¢ ¢ Dom(y,). Ecnuj =0, 10 e € Dom(y) = e ¢ Dom(D") & D(e) = y(e), T.e. ecliu BHEIIHsAA Cpesia
IPHHEMAET 110 BHELIHEi BBHIXOJHOI ayre e coobuienne y(e), To mapa (e, y(e)) ynansercs nz D', Ecmu i = 0, To
e ¢ Dom(x).

Tem cambim, D' = (D Ux Uy, U..Uy)\ux U...ux).

Bynem roBoputh, 4TO Takas KOMIIO3ULUS JETEPMHUHHPOBAHHBIX aBTOMATOB JIETEPMUHHUPOBAHA, €CIH B
Ka)X/IOM JIOCTH)KUMOM (M3 HAQYaJIbHOTO COCTOSHUS) COCTOSIHUM Ka)KAas Mapa JOIMYCTHMBIX CTHMYJia U PEaKLIUH
OJJHO3HAYHO OMpeIeIseT MOCTCOCTOSHIE CUCTEMBI, T.€. BBITOIHIEMBIN TIEPEX O],

Teopema 2. KoMno3umus 1eTepMUHIPOBAHHBIX aBTOMATOB JIETEPMUHUPOBAHA.

Hoxazamenscmeo. HyxHo moka3aTh, 4To 1) KaxIbplii aBTOMAT BEPUIMHBI Ipada CBsI3eld MOXKET BBITION-
HUTH He GoJIee OIHOTO Iepexoa U 2) paciupenencHue D ompenensercs oaHO3HauHo. M To M Apyroe ciemyer
U3 TeopeMbl | U onpenenenns KoMno3unuu. Teopema 2 goka3aHa.

4. I'enepauus TeCTOB

B )IaHHOfI CTAThbC LECIIbIO TCCTUPOBAHNA CUCTCMbI aBTOMATOB SBJIACTCA IMMOKPLITUC BCCX JOCTHIKUMBIX IIC-
pPEX0a0B aBTOMATOB. Ha KaXXA0OM TaKTC TECT IMOCHBUIACT B TCCTUPYCMYIO CUCTEMY C006III6HI/I$I o MmMyCThIM

66



BHEIIIHUM BXOJHBIM JyraMm (He 00s3aTeIbHO BCEM) M MPUHUMAET OT CHUCTEMBI 10 3aHSTHIM BHEUTHUM BBIXOJ-
HBIM AyraMm (He 00s3aTelbHO BCEM) MMEIOIIMECS Ha HHUX cooOmeHus. OnpenenuM KOMIO3HUIIMIO CUCTEMBI U
Tecta. COCTOSTHUE KOMITO3UIIMM €CTh Iapa COCTOSIHUM cUcTeMbl U TecTa. [lepexon KOMIO3UIIUHU COOTBETCTBYET
nape (JOMyCTUMBINA CTUMYI, JOITYCTHMAs PEaKIIHs), YTO OMPEASIsieT BO3MOXKHBIC ITOCTCOCTOSTHUSI CHCTEMBI H
TECTa, T.€. BO3MOXKHBIE TIOCTCOCTOSIHUAS KOMITO3HUIIMH. 3aMETUM, YTO MPUEM WU HEITPUEM TECTOM COOOILECHUH C
BHEIIHUX BBIXOJIHBIX JYT' CUCTEMBI, TI0 CYTH, SBJSCTCS JONMOJHUTEIHLHBIM TECTOBBIM BO3ICHCTBHEM Ha CHCTE-
MY, TIOCKOJIBKY MEHSIET BBIITOTHUMOCTh TE€X WJIM MHBIX TepexonoB. CaM mepexoj] KOMIIO3HUIIMH SBJISCTCS BHYT-
PEHHHM, T.€. HUYEM HE IIOMEYECH, IMOCKOJIbKY KOMITO3HIIMS CUCTEMbI M TECTa 3aMKHYTa M HU C YeM HE B3aMMO-
neiictByer. @opMallbHO MEPEX0bl KOMITO3UIIUU CHCTEMBI M TECTa OIMPEICISIOTCS CICAYIOIUM MPAaBUIOM BBbI-
Boja: s —xly >t & s'—NWIx > ' Fss' > .

Ecnu tecT u cucrema neTepMUHUPOBAHBI, TO UX KOMIIO3UIUS TOXKE OyJeT ACTEPMUHUPOBAHA B CIEIYIO-
IIEM CMBICTIE: B KOXKJIOM €€ COCTOSSHUU OIIPE/EIIEHO HEe OoJiee OTHOT0 Mepexoa.

TectoBas MOCIEOBATENBHOCTh €CTh KOHEUHAS MOCICIOBATEIBLHOCTE 1Map (X1, 1), ..., (Xn, Vu), KOTOPOH B
TECTUPYEMOH CHCTEME COOTBETCTBYET MapHIPYT (I[EMOYKa CMEKHBIX MEPEXOA0B) So — 7X11y1 = §1—...— S, —
— 7%,y — Su, @ B TECTE — MApUIPYT 8’0 — 211!1x1 = 8'1— ...— 80— 2 !x, — 5", Kaxnoe cocrostHue s; 1 §'; COOT-
BETCTBYET NPE(PHUKCY TECTOBOM MOCIENOBATEILHOCTH JJIMHOM i. J[7Is Takol TeCTOBOM MOCIENOBaTEILHOCTH Jc-
TEPMUHUPOBAHHBIN TECT COCTOUT TOJBKO M3 YKa3aHHOH BBIIIE I[EITOYKU TIEPEXO/IOB.

Kaxkue mpoBepku BBIMIOJHSOTCS MPU IMPOTOHE TECTa Ha KaXJIOM i-M Takte? 1) BelmomHuics iu B Tecte
nepexof '; — 7YX — 8’415 €CIIM HE BBIMOIHWICS, TO (UKcHpyeTcs ommoOka. 2) J{ns kaxxaoro aBromara B
CHCTEME: TIPABWIILHO JIM M3MEHUJIOCh €r0 COCTOSIHUE, MIPABHIILHO JIM OH BBIIIONHWI NMPUEM CTUMYJA (C KaKHX
BXOJIHBIX JYT' TIPHUHST COOOIEHUS ), TIPABUIBHO JIX OH BBHITIOJHKII BBIIauy peakiuu (Ha KaKue BBIXOIHBIC IyTH
ocyal COOOIIEHMsI, ¥ TPABUIILHBIC JIW ATH COOOIICHHS ).

[Iporon TecToBON MOCIEAOBATEILHOCTH MOKPHIBAET HEKOTOPOE MHOXKECTBO MEPEXOJIOB ABTOMATOB CH-
crembl. [lockombKy cuCTeMa IETEPMUHUPOBaHA, TO MHOXKECTBO OJTHO M TO K€ IPHU Pa3HBIX MPOroHaX JaHHOU
TECTOBOM IMOCIENOBATEILHOCTH (C PECTAPTOM MEXKJY MPOrOHAMH), TIOITOMY TECTOBYIO IOCIIEAOBATEIBHOCTD
JIOCTATOYHO MPOTOHATH OJWH pa3. Mbl OyeM paccMaTpUBaTh TOJIBKO KOHEYHBIC HAOOPHI TECTOB, MOCIIE 3aBep-
IICHUS TPOTOHA OJHOTO TECTA BBIMOJIHACTCS PECTapT CUCTEMBbl W IPOTOHSETCS CICAYIOIUN TeCcT U3 Habopa.
Habop TecToB MOKpBIBAET MHOXKECTBO IMEPEXOJIOB aBTOMATOB, KOTOPOE SBJISICTCS OOBEIMHEHHUEM MHOXKECTB
MEePEX0JI0B aBTOMATOB, TTOKPHIBAEMBIX TECTaMH U3 3TOro Habopa. HaGop TecToB Oy/eM Ha3bIBAThH HOJHLIM, €C-
JIU OH TIOKPBIBAET BCE MEPEXOJIbl BCEX aBTOMATOB, IOCTUKUMbBIC TP PaboTe ITHX aBTOMATOB B cucteme. Cra-
BUTCS 3aJ]aua TeHepalluy IOJTHOro Habopa TeCTOB.

Jlns petienust 3TOM 3a/1a4K MBI TIpEIIaraeM UCIONb30BaTh JIIO00H aJlrOPUTM TeHEepaIiy MOJTHOT0 Habopa
TECTOB JUIS OJJHOT'O aBTOMaTa. TakuX anropuTMOB MPEATI0KEHO JOBOJIEHO MHOT'O, TIO CYTH, OHH CBOJASATCS K I10-
CTPOCHHUIO Ha0Opa MapIIPyTOB, MOKPHIBAIONINX I'pad Mepexoj0B aBTOMATa, JOCTHKUMBIX U3 €ro HadajabHOTro
cocrostaust (cM., HanpuMmep, [7]). B kadecTBe Takoro aBroMara Jjis HammXx Ieneil 0epércs aBTOMaT CUCTEMBI,
MOJTy4aeMbId C MTOMOIIBIO KOMITO3HIIMH, OMIMCAHHOW B MpeAbAyIIeM pasjene. [lokpbiBas Bce JOCTHKUMEIE TIe-
pPEXO0MbI KOMITO3UIIMOHHOTO aBTOMATa CHCTEMBI, Mbl, KOHEYHO, IOKPHIBAEM BCE JOCTUKUMBIC ITEPEXOJIbI ABTO-
MaTOB-KOMIIOHEHTOB. OJTHAKO TakoW HaOOp TECTOB MOXKET OBITh M30BITOUHBIM JIJISl PEUICHHS HAIlCH 3a/lauu:
MOKPBITHE BCEX JOCTHKUMBIX IMEPEX0J0B aBTOMATOB-KOMIIOHEHTOB HE 00s3aTEIbHO TPEOYeT MOKPHITHS BCEX
JIOCTHKUMBIX TIEPEX0/I0B KOMITO3UIIMOHHOT'O aBTOMATa CHCTEMBI.

[osTomy mpemiaraercs B mporiecce TeHepaliy MOTHOro Habopa TECTOB sl KOMIIO3UIIMOHHOIO aBTOMAaTta
CHCTEMBI IIPUMEHSITh npoyedypy urbmpayuu, KOTopasi OyZieT 0T0pachiBaTh JIMIIHUE» TECThL. JTa MpoIeaypa pa-
Ooraer criemyronpM oopazom. C caMoro Hadasa co3faéresl MyCToe MHOXKECTBO 7 TeHepUpyeMoro Habopa TEeCTOB H
MHOXXECTBO P HEMOKPHITHIX MEPEXOJI0B aBTOMATOB, KOTOPOE CHavyajla PaBHO MHOXKECTBY BCEX IMEPEXOJI0B BCEX aB-
tomaroB. Korjga renepupyercst ouepeaHol i-it Tect 7; Wi KOMIIO3UIIMOHHOTO aBTOMAaTa CHUCTEMBI, BBIYHCIISCTCS
MHOXECTBO P; epexoi0B aBTOMATOB, MOKPHIBAEMOE 3TUM TECTOM. TeCcTy COOTBETCTBYET MApIIPYT B KOMITO3UIIH-
OHHOM aBToMare. Kaxknomy mepexoay 3TOro MaplipyTa COOTBETCTBYET MHOXECTBO IIEPEXOJOB B aBTOMAaTaxX-
KOMITOHEHTaX (He 0oJiee OTHOro B KaXIOM aBTOMATe); 00bEIMHEHUE ITUX MHOXKECTB TI0 BCEM IepexoiaM MapIpy-
Ta U €CTh MHOXKECTBO P;. Jlanee anroput™ (GUIILTpaliiK MPOBEPSICT, ITOKPBIBALT JIH i-i TECT KaKOH-THO0 HOBBIH, emé
HE MOKPBITHIN Mepexoj] KaKoro-mmbo aBTomMaTa KoMroHeHTta. Eciu P; N P=(J, TO HUKAKUX HOBBIX MEPEXOI0B
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i-i TeCT He MOKpbIBacT, U OH OTOpachiBaeTcsi. B mpoTuBHOM ciydae TecT nobaBiseTcs K HabOpy TecTOB
T:=Twv {T;}, a U3 MHOXKECTBa HEMOKPBITHIX MEPEXOJI0B yAAIAIOTCA HOBBIE nepexoasl P := P\ P, Ilocne Toro
KaK BCE TECThl CI'eHEpUPOBaHbl U OT(OUIBTPOBAHBI, MMOTYYHBLIEECS MHOKECTBO I SIBIISIETCS TMOJHBIM HaOOpOM
TECTOB, & MHOXECTBO P — MHO)KECTBOM HEAOCTHKUMBIX IIEPEX00B aBTOMATOB KOMITOHEHTOB.

5. O pa3mepe TecTOBOr0 HabGopa

Teopema 3. Jlns1 11000r0 yrcina COCTOSHHUI aBTOMAaTOB KOMIIOHEHTOB 711, My ,..., 1l CYILIECTBYET TaKasl CH-
cTeMa, 4TO BpeMsl TECTUPOBaHUsI (B TaKTaX), HEOOXOAUMOE AJISl TTOKPBITHSI BCEX TOCTHKMMBIX IIEPEX0J0B KOM-
MO3HULINH, PaBHO (2(717;...1;), @ MUHUMAJIBHOE BpeMsl, JOCTATOYHOE JISl MOKPBITUS BCEX JOCTHKUMBIX MEPEXo-
JIOB aBTOMAaTOB-KOMITOHEHTOB, paBHO O(n+ny+...+1y).

Joxazamenscmeo. PaccmoTpum cuctemMy, H300pakE€HHYIO Ha puc. 1.

OKpY:KEHHe

rpadg
cBsizeil

aid)!fai g, 1)

rpad
nepexoaoB

2 ' 2 / 2a: 1)! Plail)! .
(a,l) @., (a, 1)/ & (a,l)! (ai, 1) & aBTOMAaTa I
‘f‘(h,, Dlfain1)

Puc. 1. [Ipumep cucteMbl aBTOMaTOB

3necy uMeeTcs equHCTBeHHOe coobmenune: M = {1}. Bce aBToMathl B BepIIMHaX OJHOTHITHBIC U pa3iv-
YaIOTCSI YMCIIOM COCTOSIHUM 7;, ABTOMAT B BEPILMHE | UMEET JIBE BXOIHBIC TyTH, 0003HAUCHHBIC a; U b;, U OJIHY
BBIXOJIHYIO AYTY d;. COOTBETCTBEHHO, MMEIOTCS N1Ba ctumyna (a;,1) u (b;, 1) 1 enMHCTBEHHAs! HEMycTas peak-
us — (a;+1, 1). ABTOMAT i B COCTOSIHUU j # n; — 1, ToiTy4yasi IO BXOAHOHN Ayre @; cooOIieHue 1, mepexoaur B
cienyromiee coctosHue j+1 0e3 BhIIauM PEaKlid, a B COCTOSHUU #; —| MepexoauT B HavaslbHOe cocTosiHue 0 ¢
MTOCBUTKON COOOMIeHHsI | TI0 €IMHCTBEHHOM BBIXOAHOM YT d;+1. T€M caMbIM aBTOMAT i Ha KaXKIIyIO MTOPIUIO U3
MIPUHSITBIX UM 7; COOOIIEHUH MO BXOMHOM Jyre @; MOChIIACT OJHO COOOIICHHE CIEMyIOIIeMy aBToMaty i + 1
WM BHEIIHEH cpene, ecnu [ = k. Kpome toro, B coctossHuu () €cTh Mepexon-NeTiis 1o mpuéMy COOOIICHUS 110
nyre b; ¢ BeIIauei COOOIIEHHS CIEAYIONIEMY aBTOMATY i + | UM OKpYKEHU0, ecl i = k.

PaccMOTpHM COCTOSIHHE KOMITO3UMIIMU BHIA § = (1, Sy, ..., Sk, &), TI€ COCTOSIHUE i-T0 aBTomara s; = 0, ...,
n; 1. Hagameroe cocrosiaue so= (0, 0, ..., 0, &). O003HAUUM Spax = (11— 1, 1y — 1, ..., n— 1, ©@). Cocrostaue s
MOYHO MTOHUMATh Kak mapy s = (s, &), rae s~ — 4uciio, 3aMCaHHOe B MO3UIIMOHHOW CHCTEME CUHMCIICHUS ClIeBa
HampaBo OT MJAMIeH mo3uuu 1 k crapuiedt mosunmu k: 1, 2, ..., k, ¥ n; — OCHOBaHUE CUCTEMBI CUUCIICHUS B
MO3UINH i. YHCTIO TAKMX COCTOSHUI PaBHO 71175...Hy. 1IOCKOIBKY BCE OHU JIOCTHIXKUMBI U3 HAYaJIBHOTO COCTOSI-
HUsI, BPeMs TECTUPOBAaHUS KOMITO3UITMOHHON CHCTEMBI paBHO Q(n11;...71y).

Kax Haunbomnee ObICTPO MOKPHITH BCE Tepexojpl aBTomara i? Jljs aToro mocratouHo: 1) n; pas mocinaTh
COOOIIEHHE TI0 IyTe a; ¥ 2) OAuH pa3 — 1o ayre b;. s aBromarta O MyHKT 1 TECT MOXKET BBITIOTHUTH HEMOCPE/I-
CTBEHHO, TIOCKOJIBKY JyTra @ BHemHss. [yis aBTomMaTa i > 1 myHKT 1 MOXHO BBITIOJHUTH, ITOCEUTAS 7; Pa3 co00-
IIEHHE 110 BHEIIHEH Jyre b; | B MPeAbIAyIIni aBToMaT ¢ HoMepoM i — 1. [TyHKT 2 TecT Tak:ke MOXKET BBIIOJI-
HUTH HEMTOCPEICTBEHHO, TIOCKONIbKY yTa b; BHEIIHsA. TeM caMbIM, BpeMsi TECTUPOBAHUS BCEX MEPEXOIOB aB-
TOMATOB-KOMIOHEHTOB paBHO O(n; + ... + ny). Teopema 3 noka3zaHa.

3aMeTuM, UTO I 11 = Ny = ... = N = n UMEEM COOTHOIIICHHE n* u nk, T.e. 171 PUKCHPOBAHHOTO YHCIa k
KOMITIOHEHTOB TTOJTy4aeM 3KCIIOHEHIIMAILHOE YMEHBIIICHHE BPEMEHU TSCTUPOBAHUS.
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3akjIoueHne

Cdopmynupyem HampaBICHUS JATBHEHIINX HCCICIOBAHMIA.

1. Onummzanus. [peanmoxeHHbI aropuT™ (GUIBTPAIIMA CTPOUT HAOOP TECTOB HE 00S3aTEIBLHO OINTH-
MaJbHBIN TI0 BpEMEHH TECTHPOBAHUS ¥ / WIIM YHCITY TECTOB. Bo3HMKaeT 3a7a4a moucka ONnTUMAILHOTO Habopa,
KOTOpasi, BOOOIIE TOBOpPSI, CBOANMMA K 3a/1a4€ O TIOMCKE MUHIUMAJIBHOIO TIOKPHITHA [8, 9].

2. Henerepmunuszm. HyxHO onpenenuTh Takue OrpaHUYCHHs] Ha HENETEPMUHU3M CUCTEMBI U / WIHA CO-
CTaBJISFOIIUX €€ aBTOMATOB, KOTOPHIE IMO3BOJISITN OBl BBIMOJHATH TIOJTHOE TECTUPOBAHKE 32 KOHEYHOE BPEMsI H
pa3paboTaTh COOTBETCTBYIOIIHE alTOPUTMBI TECTHpOBaHUSA. Herutoxue pemieHus 3TOW 3aadd MPEUIOKEHBI
JUTSI aBTOHOMHOT'O TECTUPOBAHMUSI, KOT/Ia aBTOMAT HaXOJUTCS MO HEIIOCPEICTBEHHBIM yIpaBieHueM tecta [10—
13] (He B KOHTEKCTE OKPYXKAIOIICH €ro 4acTH CHCTEMBI ).

3. Koudopmuocts. B maHHOW craThe TpU TECTUPOBAHHMU IPOBEPSETCS W30MOP(PHU3M aBTOMATa-
KOMIIOHEHTa pealin3alluu ero crenu@ukanmy, 3aaHHoNH Kak aBToMaT. B o0mieM ciydyae MeXay aBTOMaTOM
KOMIIOHEHTa B Peali3alii U aBTOMAaTOM KOMITOHEHTAa B crienu(uKaImu 3a1aéTcsi OTHOIICHHE KOH(POPMHOCTH,
KoTopoe cnabee nzoMophusMa: KBa3u-peayKUusl, CUMYJSIIHS U T.11. DTO TpeOyeT Oosee CI0KHOTO alropuTMa
TecTUpOBaHMs. B TO ke BpeMs, eClii IpH TECTUPOBAHUU MBI MOXKEM HAOIIOJaTh COCTOSIHHE peanu3anuu (Kak
npearnonaraercs B JaHHOW CTaThe), TO BO3MOXKHO MOJTHOE aBTOHOMHOE TECTHPOBAaHUE 32 KOHEUHOE BpeMs s
KOH(OPMHOCTH THNA PEAYKIMH WK ciaboit cumymsuuu [2, 3, 10-20]. Jlnsg cocTaBHOW CHCTEMBI BO3HUKAET
mpobiiemMa JeKOMITO3UITMN CUCTEMHBIX TPeOOBAaHMIA, U3BECTHAS TAKXKE KaK IMpoOeMa HeCOXpaHeHUsT KOH(POpM-
Hoctu. OHa 3aKIII0YaeTCsl B TOM, YTO KOMITO3UIIUS peain3aluii KOMIIOHEHTOB, KOH(DOPMHBIX CIienU()UKaIHsIM
3TUX KOMIIOHEHTOB, B O0IIEM ciy4ae HEKOH(POPMHA CrelU(DHUKAIIMYA CHCTEMbI, B YaCTHOCTH KOMITO3UITUH CIIe-
nudUKanui KOMIIOHEHTOB. DTOM MpodiieMe MOCBSIIEH psija padoT [2, 4, 21], HO BO3HUKAET 3a7a4a IIEPEOCMBbIC-
JICHUS TIPEAJIOKEHHBIX PEIICHUHN JIJIsl TECTUPOBAHUS KOMIIOHEHTOB COCTABHOM CHCTEMBI, KOTJja BEpHa CUIOTE3a
0 CBA3SIX.

4. O6o0uenue. B gannoii padore ayra rpada ceszeld peanmsyer odepenb aauHbl 1. Ho MoryTt ObITE U
JOpyrue Ayrd: oduepenei Oonbplield, B TOM 4Kcie HEOTPaHWYEHHOH JUIMHBI, OYepeH C MPHOPUTETAMH, CTEKU U
T.1. Hy’kHO 0000IIMTh MOHSTHE AYTH C IOMOLIBIO ONpeZeieHus: aBTomaTa nyru. bomee Toro, aBromat ayru
MOT OBl UMETh HECKOJIBKO BXOJIOB M BBIXOJIOB, KAK aBTOMAT BepIIUHBL. KoMIo3uius qomKHa OBITE OMpenencHa
JUIs TIapbl aBTOMATOB, BBIXOJ OJJHOT'O U3 KOTOPBIX COEAUHEH C BXOAOM Jpyroro. Ha Takom coearHeHuu mpouc-
XOIUT CHHXPOHHOE B3aMMOJICHCTBUE aBTOMATOB, I/I€ OJMH aBTOMAT MOCHUIAET COOOLIEHNE TOraa 1 TOJIBKO TO-
I/1a, KOrja Jpyroi aBToMaT 3TO COOOIIEHUE MpUHUMAET. [ JeTepMUHU3MAa CUCTEMBI, TTO-BUTUMOMY, K aBTO-
MaTy IYTH HY>KHO MPEIbIBUTH JONOTHUTEIBHBIC (IT0 CPABHEHUIO C aBTOMATOM BEPIIUHBI) TPEOOBAHUSI.
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The problem of testing of aggregate systems is considered. The system is described as an oriented graph where the nodes correspond
to component automata while edges correspond to simplex communication channels. The following hypothesis is assumed: the graph of
links is static and the link structure is error-free. At each state, a component automaton can accept and send multiple messages through
incoming and outgoing edges (at most one message through each edge). The goal of testing is to cover transitions of component automa-
ta reachable during the system work. It is assumed that during testing it is possible to observe the state changes of automata and the mes-
sages on the edges. The general model is considered when the system can simultaneously contain multiple messages, but not more than
one for each edge. An automata composition is defined and the restrictions on automata making the system deterministic are described.
An algorithm of test generation is proposed basing on test filtration generated for covering all transitions of the deterministic composi-
tion system. A test is rejected if it covers only transitions of the components that are covered by other tests. A simplified system model
with only one message in transit is considered at the end. Using this example, we show that the hypothesis on links allows considerably
reduce the number of required testing actions from the product of state numbers of the component automata to the sum of these num-
bers. If all the automata have the same number of states then it gives the exponential reduction of the number of test actions. In conclu-
sion, some directions of future research are considered.
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PaccmarpuBaercs npobieMa CHHTE3a CaMOTECTHPYEMOro AETEKTOpa Ul MTOJMHOXKECTBA KOMOBBIX CIOB. Brimemsiorcs
CBOMCTBa TECTHPYEMOCTH IPOTPAMMHPYEMBIX JIOTHIECKUX OJIOKOB, HA BXOJBI KOTOPBIX MOCTYHAIOT MOAMHOMKECTBA KO-
JIOBBIX CIIOB CIIEIMAIIBHOTO BHIA.

Kirouessie ciosa: [1JIb; camoTrecTUpyeMblil IETEKTOP; PABHOBECHBIN KOJ.

VBenmuurBaromyecs CIOKHOCTh U 3HAYMMOCTh TUCKPETHBIX (LHU(PPOBBIX) CHCTEM TPeOyIOT MX BBICOKOH
HageKHOCTH. CIIOKHOCTh CHCTEM IOBBIIIAET BEPOSTHOCTh BO3HHUKHOBEHHs HeHcnpaBHOCTEH B HUX. OOHapy-
KEHUE HEUCIPAaBHOCTH B IMEPBBIM kK€ MOMEHT €€ NPOSBJICHHUS Ha BBIXOJaX yCTPOWCTBA MO3BOJSIET 3aIUTUTH
CHCTEMY, B KOTOPYIO YCTPOWCTBO BCTpoeHO. Takoe oOHapyKeHHe HEHCHPAaBHOCTH MOXET JOCTUTAThCS,
HanpuMep, 3a CUeT UCIOIb30BaHHUS CAMOIIPOBEPSIEMBIX CXEM, MO3BOJISIONINX O0HAPYKHBATh HEUCIIPABHOCTHU B
peXHUME HOPMAJIBLHOTO (QYHKIIMOHUPOBaHUS cxeMbl [1]. OOHapy:KeHHe OCYIIECTBISIETCS C TOMOIIBIO IETEKTOpa
KOJIOB, KOTOPBIH OOBIYHO SIBIISICTCS] CAMOTECTUPYEMBIM.

Ecnu npu nosiBeHNN HEMCHPAaBHOCTH U3 HEKOTOPOT'O KJIacca HEMCIIPABHOCTEH B MPOLIECCE HOPMAILHOTO
(yHKIMOHUPOBaHUS CXeMbl (B paboueil obmacT (GyHKIMOHUPOBAHUS) JaHHAS HEHCIIPABHOCTH JINOO OOHApY-
KHUTCS HA BBIXOJAX CXEMbl B MOMEHT €€ I1ePBOro MPOsIBICHHSI, TM00 HUKAK HE BIMACT Ha (YHKIUOHUPOBAHUE
cxembl (ocTaercst HeoOHApY>KUMOH B pabouell oOmacTi (yHKIMOHHUPOBAHUS), TO TaKylo cxemy Oyaem Hasbl-
BaTh CAaMOITPOBEPSIEMOI OTHOCUTENBFHO PACCMAaTPUBAEMOI0 KJIacca HEHCIIPaBHOCTEH.

CamorecTHpyeMOCTh e O03Ha4aerT, YTo B PaMKax pacCMaTpuBaeMOro Kjiacca HEMCHPaBHOCTEH A KaxIOH
W3 HEHCIPABHOCTEH CYIIECTBYET TECTOBBI HA0OP Cpear MHOXKECTBA KOJIOBBIX CIIOB eTekTopa. B uactHocTH, ecnu
MBI IMEEM JIETIO C ACTEKTOpOM (m1, 11)-KoAa (IETEKTOPOM PaBHOBECHBIX KOAOBBIX CIIOB), TO MHOMKECTBO KOIOBBIX

cloB BKIrodaer B cebs C }:n 6YJ'I€BI>IX BCKTOPOB UIMHBI /1, COACPIKAIIUX M CAUHUIHBIX KOMIIOHCHT.

ABTOpPOM paccMaTpUBAIOTCS ACTEKTOPHI, TIOCTPOCHHBIE C UCIOIb30BAHUEM MPOTrPaMMHUPYEMBIX JOTHYe-
CKHX OJIOKOB.

Panee [2] npennarancst MeTo MPOEKTUPOBAHHS CAMOTECTUPYEMOT'O IETEKTOpa JJIsi MHOXKECTBa BCEX KO-
JIOBBIX CJIOB PaBHOBECHOTO Kofa (AeTekTopa (m, n)-KOAOB), OCHOBAHHBIM Ha MCHONB30BaHUK MPOTpaMMHpYye-
MbIx Joruyeckux 0nokos (IVIB). [Ipenmonaranock, 4To nporpaMMupyeMble Jorudeckrie 6J0KH peanrn30BaHbl B
pamkax LUT-TexHonmorui, T.e. MOryT OBITH 3aIIpOrpaMMHPOBAHBI Ha PEaTU3alfIo JJIOOBIX HHTEPECYIOINX HAC
OyneBbIX (pyHKIMI 3aJaHHOTO YKCIIA IEPEMEHHBIX.

PaccmatprBanoch MHOKECTBO } HEMCHPaBHOCTEH JETEKTOpa, KOTOpPOE BKIIOYAeT B ce0sl BCE KpaTHBIC
KOHCTaHTHbIe HeucnpaBHocTH Ha Bxomax [LJIB. IIpu sToM B cxeme JeTeKTopa HEHCIPaBHBIM MOXKET OBITh
tonbko onuH [1JIB. Ilpeanonaranock, 4To B cHcTeMe caMONpoBepseMas cxema, IEeTeKTop (1, 1)-KOJ0B HeHc-
MPaBHBIMU MOTYT OBITH JIHO0 cXeMa, JIN0O IETEKTOp, HO He 00a BMeCTe.

K camorecTpyeMoMy NeTEKTOPY NPEnbIBISIINCEH CIENYIOUIHE TPeOOBaHMS:

1) npu MoABNIEHUHU Ha BBIXO/E CXEMBI (MJIM Ha BXOJE JAETEKTOpa) B HEKOTOPBI MOMEHT BpEMEHH ¢ HEKO-
JIOBOTO CJIOBA JETEKTOP JOKEH BBIATH COOTBETCTBYIOLIMK CHTHAI;
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2) B caMOM JIETEKTOpPE MOYKET MPOU30MTH HEHCIIPABHOCTh U3 PaCCMAaTPUBAEMOT0 MHOKECTBA HEHCIIPAB-
HOCTeW V, KoTopas IoibkHa ObITh OOHapyXuMma B paboueill obiacTé (pyHKIMOHMpOBAHHS AETEKTOpa, T.e. Ha
MHOXECTBE BCEX KOJOBBIX CIIOB. JTO O3HA4YaeT, YTO JOJDKEH CYIIECTBOBATh BXOJHOW HAaOOp (KOJOBOE CIOBO
(m, n)-xoma), Ha KOTOPOM 3Ta HEMCIPABHOCTh MPOSBIISIETCS Ha BBIXOAAX IETEKTOPA.

CaMoTecTUpyeMBbIii IETEKTOP UMEET IBa BHIXOAA, MPUUYEM KOMOWHAIINH 3HAYCHUH CUTHAJIOB UMEIOT Clie-
IyIOIIre HHTEPIPETalru:

a) (01) umm (10) o3HAUaIOT, YTO BXOAHOM HAOOD SBISIETCS KOAOBBIM CIIOBOM (71, 1)-KOJa M AETEKTOp UC-
MpaBeH;

b) (00) nnm (11) o3HauaroT, yTO MO0 BXOXHOW HAOOp HE SABJISIETCS KOIOBBIM, MO0 IETEKTOpP HEUCHpa-
BEH.

Konosrie cnoBa (m, n)-koma MOryT OBITH MPENCTAaBICHBI JU3BbIOHKINEH KOHBIOHKIHMH paHra n. O003Ha-

anm oty JIH® D, (X), rne X = {x1, X2, ..., X,} — MHOKECTBO MepeMeHHBIX. J{1s IpeICTaBIeH s BCEBO3MOKHBIX

(m, }’Z)-KOZ[OBBIX CJIOB paHEe [2] 6])1.]'[3 NpEeAJIOKCHA CIICHHaJIbHAsA (bopMyJIa Pa3I0KCHUA
m _ C i 1 m—i 2
D, (X)—Z;,Dg(X )DI(X7). (1)

HazoBem HekoTopoe umcio k ocrogou paznosicenus (k moxcem Ovimv uuciom 6xooos ¢ I1JIF), THO

Dy, D{"™" — gpynryusmu paznodxcenus. IleppoHadanbHOe MHOXKECTBO IIEPEMEHHBIX X MOLIHOCTH 71 JIETUTCS Ha

nBa nogmHOKecTBa X ' i X % ‘Xl‘ =g= !_n/2-|, |X?|=s=n—g. Ecim g>kus >k, o gopmyna (1) cHOBa Hc-

TIOJNTB3YETCS TS KAXKIOW (PYHKIIUU Pa3ioKeHUs D;,,D;" ~, i=0,m, uT.0 B pe3yabrare Mbl uMeeM (GOPMYITY

A JJIs1 BCEX KOOOBBIX CIIOB (I’l’l, I’l)-KOI[a, JJI HArJISIAHOI'O MPEACTABJICHHUA KOTOpOfI YI[O6HO HCII0JIB30BaTh COOT-
BETCTBYIOLLEE IEPEBO.
Paccmorpum mpumep. Ilomyunm dpopmyny 4 mis D174 , k=T
X'= {1, X2, X3, X4, X5, Xe, X1}, X = {Xs, Xo, X1, X11, X512, X13, Y14}
D, = D}(X")D] (X*)v Dy(X")D7 (X?) v D7 (X)D;(X*) v D3 (X)D7 (X*) v
v D3 (X)D3(X*) v Dy (X)D7 (X*)v D7 (X")D3(X*)v DI (X")D7 (X?).

HpI/I BI:I6paHHI>IX 3HA4YCHUAX m, n U k AOCTATOYHO OJAHOI'O IIara pas3joKCHUA ¢ UCIIOJIb30BaAHUECM (bOpMy—
sl (1).

OOBIYHO ACTCKTOp CTPOUTCA Ha TOM K€ BJIIEMEHTHOM 6336, yTO M cxema. Yacro MOCTPOCHUEC ACTCKTOpPA
OCHOBAHO Ha ONPCACIICHUHN BCCAa BXOAHBIX KOJOBBIX CJIOB. I[J'ISI STOM el MPUMCHAIOTCA CXEMbI, OCHOBAHHBIC
100 Ha IMOPOIroBLIX CXEMaX, 100 Ha napaJuICIIbHBIX CUCTUMKAX [3, 4] Taxue nmoaxoAbl KOHICIITYaJIbHO HC-
KIIIOYA0T IMOCTPOCHUEC ACTCKTOPA, OPUCHTUPOBAHHOI'O Ha IMOAMHOXECTBA KOAOBLIX CJIOB, B TO BPEM KaK Ha
BBIXOJaX CaMOIIPOBEPACMOro yc’I‘pOﬁCTBa, K KOTOpOMY HNOAKIIOYCH JCTCKTOP PAaBHOBCCHLIX KOJOBBLIX CJIOB, HC
BCCraa JOCTHUT'AaKOTCA BCCBO3MOXXHBIC KOAOBBIC CJIOBA. Yucino [ JOCTHUI'a€MbIX KOAOBBIX CI0OB MOXCET OBITh Cy-
MICCTBECHHO MCHBIIC 4YHCJIa BCCBO3MOXXHBIX KOAOBBIX CJIOB. U3 ckazanHOro CJICAYCT, YTO HCKOTOPBLIC HCUC-
MPaBHOCTU CaAMOTCCTUPYCMOI'O ACTCKTOpA, MOAKIIOYCHHOTO K BbIXOAAaM CaMOIIPpOBEPACMOI0 yc’I‘pOﬁCTBa, MO-
T'yT OKa3aTbCA HeO6Hapy>KI/IMBIMI/I, TaK KakK 06Hapy>KI/IBaIOH_II/IC HCUCTIPABHOCTU KOAOBLIC CJIOBA HC IMOCTYIAKOT
Ha BXOAbI ACTCKTOpPAa BO BpCMA paﬁOTBI CaMOITIpOBEPACMOr 0 YCTpofICTBa. He06Hapy>KeHHasI HCUCHIPABHOCTDb
ACTCKTOpAa MOXKCET IMPUBCCTU B ,Z[aJ'IBHCfIH.IeM K TOMY, 4TO ACTCKTOP HEC O6Hapy>KI/IT HCEKOJOBOC CJIOBO, IMOCTYyIIA-
HOMICC Ha HET'O € BBIXOA0B CAMOIIPOBEPACMOI 0 yc’I‘pOﬁCTBa, BCJICACTBHUC HCUCIIPABHOCTH, BO3HUKIIIEH B YCT‘poﬁ—
cTBe. JTa HCUCHIPABHOCTb MOABUJIACH ITOCJIC HCUCIIPABHOCTU B ACTCKTOPC. Taxkas CUTyaulus B ):[PICerTHOﬁ CHu-
CTeME, COCTOSIIIIEN U3 CaMOIIPOBEPSEMOr0 YCTPOICTBA U AETEKTOPA KOJIOB, HEAOMYCTUMA.

BBIXO):[OM U3 Hee MOXET OBITh )_'Ly6J'II/Ip0BaHI/Ie ACTCKTOPOB U CPABHCHUC UX peakunﬁ. Hpennonaraerca,
qTo Ka)KI[I:Iﬁ pa3 HCUCHIPABHOCTDH IMOABJIACTCA 1100 B OﬂHOﬁ W3 KOITHH ACTCKTOpA, 1100 B CaMOIIpOBCPsICMOM
yc’I‘pOﬁCTBe. HOCKOJ’IBKy BO3HUKHOBCHHEC OJMHAKOBBIX HeHCHpaBHOCTeﬁ B KOIIUAX ACTCKTOpPAa MaJIOBEPOATHO,
Takas CUCTEMa CIIOCOOHA HaaCKHO pa60TaTB B YCJIOBUAX, KOI'Ja HEC BCC KOAOBBIC CJIOBA JOCTUTAKOTCA HA BBIXO-

JlaX CaMOIPOBEPSAEMOro ycrpoictBa. Hemoctatkom nyOnupoBaHus SBISIOTCS OONBINKE amnmapaTypHbIe 3aTpa-
ThI (Ooee 100%).
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Wrak, ecnu Mbl HE XOTHM JAyOJIMPOBATh JETEKTOPHI PABHOBECHBIX KOJIOB, TO HEOOXOAMMO oOecreueHue
CBOICTBa CAaMOTECTUPYEMOCTH Ha TEX KOJIOBBIX CJIOBaX, KOTOPHIE JOCTUTAIOTCS B IPoIiecce paboThl caMOIpo-
BEPSIEMOro TMCKPETHOr 0 YCTpoMCTBa. Peanu3zanus Takoro moaxoaa BO3MOXKHA MPU CUHTE3E€ CaMOIMPOBEPSIEMO-
r'0 MOCJIEA0BATEIBHOCTHOI'O TUCKPETHOrO YCTPOMCTBA HA ATAle KOAUPOBAHUS €0 COCTOSIHUM. 3Hasl, 17151 KAaKUX
MMEHHO KOJIOBBIX CJIOB MTOCTPOEH CAMOTECTUPYEMBIM ETEKTOpP, MBI MOXKEM 3aKOJUPOBATH COCTOSIHUS UMEHHO
STUMU KOJOBBIMU CIOBAMH.

[locTpoeHne camorecTUpyeMoro jaerekropa (m, 1)-KOIOB I TMPOU3BOILHOTO Yrciia [ KOJAOBBIX CIIOB
OCHOBAHO Ha PEILICHUU JBYX MOA3aAa4:

1. [IpencraBiieHe MHOXKECTBA KOJIOBBIX CIIOB MOIIHOCTH / OOBEIMHEHNEM ITOJMHOKECTB PaBHOBECHBIX
KOJIOBBIX CJIOB, TaK YTO KaXKJO€ U3 MOJAMHOXKECTB 337]a€TCs CYIIECTBEHHBIM MOIEPEBOM JIepeBa GOpMyIbI A.

2. ITocTpoeHue caMoTecTUPyeMOro JETeKTOpa Ha 0a3e MOMyYeHHOTO TPECTaBIICHHS.

Merop npencraBiIeHuss MHOXKECTBA MOIITHOCTH [ onucad B [5, 6]. Mero mocTpoeHus CaMOTECTHPYEMOT0
JIETEKTOpa ISl MOJAMHOXKECTBA KOJOBBIX CJIOB TOT €, UYTO U METOJ IOCTPOEHUS CAMOTECTUPYEMOT0 JE€TEKTOpa
JUISL TIOTHOTO MHOKECTBA KOJIOBBIX CJIOB, 1 OCHOBAH Ha MOKPBITUM JIEPEBA PA3NOKEHUS IPOrPaMMUPYEMBbIMU
morudeckuMu Onokamu [1]. B gaHHO# cTaThe BBIIENSAIOTCS CBOMCTBA MPOrPaMMHUPYEMBIX JIOTHYECKUX OJIOKOB,
Ha BXOJIbl KOTOPBIX MOCTYNAIOT MOJAMHOKECTBA KOJOBBIX CJIOB CHELIMAIBHOIO BUJIA.

B nanpreliem Oyaem mpeanonararh, 4To 9ucio k BxoqoB B [1JIb He MeHbIIE 6.

1. BoisiBJIeHHE CBOICTB NPOrPAaMMHPYeMbIX JIOTHYeCKHX 0JI0KOB W MOACXeM U3 HHUX,
peann3ylonux KoI0BbIe CJIOBa PABHOBECHOT0 KOJa

Onpenenenne 1. HazoBem ynkuuro, npeacrasnsemyto JHD DZ , 0 < q<p pynxyueri muna 1.

[Ipumep Takoii GyHKIUN A D32 npuBeneH B Ta0u. 1. B Hell cTonOIbl comocTaBieHbl ¢ OyleBbIMU Ile-

PEMEHHBIM, a CTPOKH NPEICTABISIOT eAMHUYHBIE Ha0OpbI OyneBoil GpyHKIMH (OyIeBbl BEKTOPHI).

Tabnuma 1
Ipumep dpynkuun Tuna 1

=
=

8]
=

"

——|o
—|lo|—
o~

Onpenenenne 2. Qyuxyueti muna 2 Ha30BEM (YHKIHMIO, KOTOpasi yIOBIETBOPSET CIEAYIOIIUM YCIOBU-
SM: B K&KJIOM cToJ0e TaOIUIbL, TPEICTABIAIONIEH MHOKECTBO €€ CAMHUYHBIX HA0OpOB, €AMHUYHAS KOMIIO-
HEHTa MPUCYTCTBYET OAWH M TOJBKO OJMH Pa3, U B KAXKAOW CTPOKE YHCIIO SAMHUYHBIX KOMIIOHEHT OJJHHAKOBO.
[Ipumep ¢ynkiun THNA 2 TprBEAEH B Ta0J. 2, KOTOpas MOCTPOEHA aHaJIOrMYHO Tad. 1.

Tabnuma 2
Ipumep ¢pynxnuu Tuna 2

=

N E=1k=}
—|o|lo|
o|l—|o|&
ol—|o|E

olo|—|&
olo|—|&

Onpenenenne 3. Dyuxyuer muna 3 Ha30BEM (QYHKLHNIO, 00IACTh SIMHUYHBIX 3HAUYCHUH KOTOPOW mpen-
CTaBJIeHA JBYMSI B3aMMHO MHBEPCHBIMU BEKTOPaMHU.
[pumep ¢ynkmu Trna 3 npuBeneH B Tad. 3, HOCTPOEHHOH aHaornyHo Tabnuie GyHKuy thmna 1.

Tabnuma 3
Ipumep ¢pynxnuu Tuna 3

X1 X2 X3 X4
0 0 0 0
1 1 1 1
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Teopema 1. JIns Beixoma ogHoBbixoanoro 11JIb, peanusytomero ¢ynkuuto tTuna 1, 2 unu 3, 1 KpaTHOM
HEHMCIIPaBHOCTH Ha BXOIHBIX U BhIXxonHOM nomrocax I1JIb nubo cymectByer TecToBblii Habop U3 00aacTu enu-
HUYHBIX 3Ha4eHUN QyHKOuK Tna 1, 2 unu 3, 1o KpaTHas HEUCIIPABHOCTh MPOSBIISIET ce0sl KaK HEUCIpaB-
HOCTb «KOHCTaHTa 1» Ha Beixoze I1JIb. /lokazaTensCTBO TeopeMbl IPUBENEHO B [7].

Teopema 2. Eciii Ha 0AHOM 13 BBIXOJ0B JBYXBBIXOAHOI'0 OJI0Ka peanusyercs GyHkuus thna 1, 2 umm 3,
TO Kakoi Obl HU OblIa BTOpas QyHKIHMA, comocTaBisgemMas 0JIOKy, KpaTHasi HEMCIPABHOCTb HAa BXOIHBIX IOJIO-
cax 3Toro Onoka b0 oOHapy>KUBaeTCsl Ha COOTBETCTBYIoueM (pyHkumuu tuna 1, 2 nim 3 TecToBOM Habope U3
00JIaCTH €IMHUYHBIX 3HAUYCHUH (YHKUIUH, MO0 MPOSIBIIIETCS HAa ATOM BBIXOAE Kak KoHcTaHTa 1. Jloka3arens-
CTBO TE€OPEMBI IIPUBENEHO B [7].

Paccmorpum cuctemy u3 AByX OyieBbIX (QPYHKIMH C HENEPECEKAIOMIMMHUCT MHOXKECTBAMUA HA0OPOB HMX
eIMHUYHBIX 3HaYeHUH. bynem roBoputh, 4TO cUCTEMa COCTOMT U3 OPTOrOHAJIBHBIX OyseBbIX QyHKIuil. O60-
3Ha4YuM 4epe3 M o0beInHEeHHEe MHOKECTB AMHUYHBIX HA00pOB (PYHKIMIA ATOH CUCTEMBI.

Teopema 3. Eciiu MHOXXeCTBO M CHCTEMBI OPTOTOHAJBHBIX OYJIEBBIX (YHKIMMA, peann3yeMon ABYXBbI-
XOIHBIM OJIOKOM, IIpeAcTaBisgercs Tadbmauuel GyHkuuu Tina 1 (2), To KpaTHasi HEMCIIPaBHOCTH Ha BXOAX 3TOTO
O1oka 100 0OHapy)UBaeTCA Ha OAHOM U3 €r0 BBIXOIOB IPH MOCTYIUIEHUH Ha BXOABI 0JIOKa TeCTOBOro Habopa
u3 M, mubo nposBiser cedst Ha OJHOM M3 BBIXOIOB KaK KOHCTaHTHAasi HeMcrpaBHOCTh 1. Jloka3zaTenbCcTBO Teo-
peMBI IPUBEIEHO B [7].

OTMeTHM, 4TO MPH MOKPHITUN MPOrpaMMHUpPyeMbIMU OJI0KamMu epeBa hopmyibl 4 [1] ¢ menbro mocrpoe-
HUSI CXEMBI CAaMOTECTHPYEMOT'0 JAETEKTOpa JJsl BCEX KOMIOBBIX CIIOB (IIOKPHITHE BBIMOJIHSIETCS MPH MPOCMOTPE

JepeBa OT KOHIIEBBIX BEIIMH K KOPHIO) CHauana ucronb3ytores 116, peanusytomue ¢pynkuun D] mist coot-

BETCTBYIOIMX 3HaUeHUU k U q. 311ech k — KOJINYECTBO BXOAOB B IPOTrPaMMHUPYEMBIH JIOTHUECKHH OJIOK, a ¢ —
YHUCJIO €IWHUYHBIX KOMIIOHEHT BEKTOpa M3 00JAacTH eIMHUYHBIX 3HaYeHUH (DYHKLUH, pean3yeMor OIOKOM.
3arem ucnons3ytorcs [1J1b, peanusyromme GyHkuuy Tmna 2, ¥ TONBKO OHH.

[Ipu NOKPBITHH TOAMHOXECTBA CYIIECTBEHHBIX MOJIEPEBLEB AepeBa GOpMYIbl A TPOrpaMMUPYEMbIMU

6J'IOKaMI/I, pCaIN3yrOmMnMU (byHKL[I/II/I Dl , MOXCT 0Ka3aThbCs, YTO Ha BXOIbI Oyoka MOCTYMNAKT TOJIBKO HECKOTO-

PBIC KOAOBLIC CJIOBA M3 MHOXKCCTBA, IMPEACTABIACMOIO Dg . B aTom CJ1Iyda€¢ Mbl HC MOXEM TrapaHTHPOBATH

CBOICTBO CaMOTECTUPYEMOCTH TTOCTPOCHHON CXEMBbI JETEKTOpa, OMUPAsACh Ha MPUBEACHHBIC BBIIIEC TEOPEMBI U
meroa cuHTes3a [1]. B Takoil cuTyauuu OpuxXOOUTCS UCCIENOBATh MOAMHOXKECTBA KOIOBBIX CJIOB, IOCTYIAIO-
umx Ha Bxoawl [1JIB. byneM ucnonb30BaTh Kak OAHOBBIXOAHBIE, TaK U ABYXBbIXoaHbIe [1JIb.

O06o3HaunM gepe3 M Bc€ MHOXKECTBO KOJOBBIX CIOB (¢, k)-KO/a, peaanu3yeMoro mporpaMMUpPyeMbIM J10-
TUYECKUM OJIOKOM, a uepe3 M; — ero MoJAMHOXKECTBO MOIIIHOCTH /, TAKOE, YTO B KaXKIOM CTOJIOIIE TaOIUIIBI, CO-
JleprKallel Bce BEKTOPHI TOJIMHOXECTBA M), IPUCYTCTBYIOT KaK HYJIEBbIC, TAK U €AMHUYHBIC 3HAUCHUSL.

Omnpenenenne 4. HazoBem (GpyHKIHIO, 00JIACTh SAMHUYHBIX 3HAYEHUH KOTOPOH COBMAAaeT C IMOJAMHOMKE-
cTBOM M), hynkyueri muna 1.

[Ipumep Takoil pyHkMm npuBenex B tadi. 4.

Tabnunoa 4
Mpumep dpynxnuu Tuna 1°(/ =11)
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[ycrs TUIB peanusyer dynkuuio DY . 3eck k — KOMMYECTBO BXOZOB B IIPOrPAMMHUPYEMBIH JIOTHYECKUN

OJI0K, @ ¢ — YHCIIO eNUHIUYHBIX KOMIOHEHT, 0 < g < k. IlycTh Ha BXOI IPOrpaMMUPYEMOro JIOTHYECKOro 0J10Ka
MPUXOAUT HEKOTOPOE OAMHOKECTBO M; KOIOBBIX CIIOB (¢, k)-Koaa.

Teopema 4. Eciu Ha Bxogp! [LJ1b, peanusyromero MEOXeCTBO M Beex KOOBBIX CIOB (g, k)-koma, 0 < g <k,
nofaéresl X MOJAMHOXKECTBO M), TO Ui KpaTHOH HercnpaBHOCcTU Ha Bxonax [1JIb mibo cymecTByer TecToBbIi
Habop u3 M, 1nbo KpaTHasi HEUCIIPABHOCTh MPOSIBIISIET ce0sl KaK HEHCHPAaBHOCTh «KOHCTaHTa 1» Ha BBIXOAE
IJIB.

Jloka3aTenbCTBO TEOPEMBI TPUBEACHO B [§].

Teopema 5. Eciin Ha o1HOM M3 BBIXOAOB JBYXBBIXOAHOTO ONOKa peanu3yercs QpyHKuus thna 1°, To ka-
Koii Obl HU ObLi1a BTOpast GyHKLMS, CONOCTaBIsIeMas OJIOKY, Ul KpaTHOW HencnpaBHocTH Ha Bxogax I1JIb nu6o
CYIIECTBYET TECTOBBI HAOOp U3 M, , TAKOM UTO HEUCHPABHOCTH MPOSBIISIETCS] HA BBIXOJIE OJIOKA, peasln3yolie-
ro pyHKuuio Tuna 1’, 1nbo HeMCIPaBHOCTh MPOSBISIETCS. HA ATOM BBIXOJE KaK KOHCTaHTa 1.

JlokazaTenbCTBO TEOPEMBI IPUBEACHO B [§].

Paccmorpum cucreMy M3 ABYX OPTOTOHaJbHBIX OyneBBIX (DYHKLUUH, B KOTOpOH M ecTh oObenWHEHue
MHOECTB €TUHUYHBIX HAOOPOB (QYHKLUI STOH CHCTEMBI.

Teopema 6. Eciin MHOXXEeCTBO M cHUCTEMBI OPTOTOHAIBHBIX OYJIEBBIX (YHKLHH, peann3yeMol ABYXBbI-
XOIHBIM OJIOKOM, MpeAcTaBisieTca Tabnuued QyHKOuM Tuma 1, To Ui KpaTHOM HEMCIPAaBHOCTH Ha BXOJax
[JIb nubo cymiecTByeT TeCTOBBIA HaOb0p 13 M , TaKOH 4TO HEMCIIPABHOCTH MPOSBIISIETCS HA OJHOM M3 BBIXOJIOB
0110Ka, JINOO HEUCTIPABHOCTh MPOSBIISIETCS HA OHOM M3 BBIXOJaX 0JI0Ka KaK KOHCTaHTa 1.

Joxazamenscmeo. YTBepKIeHUE CIIEAYET U3 TOro (aKTa, YTO MHOXKECTBA IEPEMEHHBIX (YHKLIUH OAHO-
r'O ¥ TOr0 e OJIOKa COBMAJAIOT, a caMu (PYHKIIUH peaiu3yloTcs Ha oTAenbHbIX O1okax namstu (LUT). Ha Bro-
pOM BbIxofe 0JI0Ka KpaTHasi HEUCIIPABHOCTh MOKET BOOOIIE HE MPOSBIATHCS. DTO 3aBHCUT OT BUJa (QYHKIHH,
peann3yeMoi BTOPBIM BBIXOZIOM.

Teopema noka3zana.

Bocnonb3yeMcs NpuBEAEHHBIMH BBIIIE TEOPEMaMH AJIS aHAJIM3a 3aJaHHONO0 MHOXKECTBA KOJOBBIX CIIOB
Ha BO3MOXHOCTb IIOCTPOEHUS I HEr0 CaMOTECTUPYEMOIO IETEKTOPA.

AJITOPUTM aHAJIN3a NOAMHOKeCTBA KOJOBBIX CJIOB.

1) Pa36uBaeM MHOXXECTBO 7 NIEPEMEHHBIX Ha W MOJMHOXKECTB TaK, KaK 3TO JAENAeTcs MPH MOCTPOCHUHU
¢dopmynel A ans 3aganHoro k. B pesympraTe MOAMHOKECTBO KOIOBBIX CIOB pa30OMBaeTcs HA W MHOXECTB
¢parmenToB OyseBbIX BeKTOpoB. inHa kaxzaoro gparmenrta OysieBa BeKTopa He Oonee k. AHaIM3UPyeM BeK-
TOPBI KaX10ro pparmenta X, i = 1,_w .

2) PaccmoTpuM (parMenT, conoctapisemblii X . PazoupaeM ero BEKTOphI Ha 4aCTH 10 BeCy.

3) [nst kaxkaoi yacTu, KOTopasi He coBIaAaeT HU ¢ pyHKuuel tuna 1, Hu ¢ GyHkuuel Tuna 1°, Haxonum
TaKyl0 4acTbh, YTO Iapa MNPEICTaBIAIOIUX 00€ YacTh OPTOrOHAJBHBIX (YHKUUHA 3a7aeT eIuHUYHbIE HAaOOpHI
¢ynkuuu Tuna 1’. Kaxkaast 4acte MOXKET BXOIUTH TOJBKO B OJHY Tapy.

4) Ecnu HeoOX0auMoe KOJIMYECTBO Map MOCTPOUTH HE YAAETCsA, TO CAMOTECTUPYEMOCTh JIETEKTOpa pac-
cMaTpUBaeMbIM METOJIOM CHHTE3a HEBO3MOKHO oOecrieunts. BBIXO/I.

5)Unauei=i+ 1.

6) Ecnu i < w, nmepexonum B 1. 2.

7) Ilpu i = w camoTecTupyeMocTh aeTekTopa obecrieunBaercs. BBIXO/I.

[okaxxem, 4TO AJ1s1 MPUBEACHHOTO BBIIIE TTOAMHOXECTBA KOJOBBIX CJIOB, / = 11, MOXKHO MOCTPOHTSH Ji€-
TEKTOp, UCIOb3Ys JAaHHBIN alrOpUTM. DTO MOJMHOXKECTBO KOAOBBIX CJIOB SIBJIETCS 4acTbIO KOJOBBIX CJIOB,

npencrasiusgembix JHO Dé’. Bocmonezyemcs paznoxenuem mno gpopmyse (1):
D63(x1=x2=x$’x4=x5=x6) =Dé)(xl,xz,)cs)D;(x4,x5,x6)vD%(xl,xz,)cs)Df(x4,x5,x6)v
VD}Z(x1:x2:x3)Djl(x4:x5:xé)VDSS(xI:xZ:xB)D?(xmxS:)%)'

Ananmusupys Ta0i. 5, BuauM, 4o Ha Hekoropeie [1JIB, peanusyronme konossie cnosa JJH® DY, nocry-

@)

IaroT HE BCC KOJOBBIC CJIOBA.
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Tabnuia 5

Onucanne 31eMeHTOB CAMOTECTUPYEMOr0 IeTEKTOPA /1151 MOAMHOKeCTBa MouHocTu / =11

DyHKIHA, O003Ha- O003Ha-
DyHKIMA, peanuzyemMas
Ne 1T peanuzyemas YCHUE YCHUE ObecrnieueHne caMOTECTHPYEMOCTH
Ha 1-M BBIXOZIE
Ha 2-M BeIXOZle | 1-ro BEIXOna |2-T0 BBIXOJA
Cucrema ynkimi, peanmuzyemas [1J1B, ynosie-
1 DY(x;, %, x D3 (x;,%y,x ’ ’
3 (X152, %3) 3 (X1, %2, %3) N 1 TBOPSIET TEOpEME 6
Ha Bxon IUIB, peanusyromero JHD
D; (%}, X, X3) , IPUXOIUT HELIOJIHOE MHOXKECTBO
1 2 koznoBbix cinoB. Ha Bxon I1JIb, peanusytomero
2 D (xy,%,,x3) Dy (xy,x,,x3) Y3 Vs 2 ’
JH® Dj (x;,X,,x3), IPUXOAUT IOITHOE MHOKE-
CTBO KOJIOBBIX CJIOB, T.€. PEAIN3YETCS CHCTEMA
(YHKIHH, yIOBIETBOPSIOMIAs TeopeMe 2
Cucrema ynkimi, peanmuzyemas [1J1B, ynosie-
3 D3 (xy, %5, X DY(xy, X5, ’ ’
3 (X4, %5, X6) 3 (X4, %55 X6) % e TBOPSIET TEOPEME 6
Ha o6onx Bexozmax IVIB peanusyrorcs ¢hyHKIuH
4 D (x4, X5, X D} (x4, x5, X
5 (X, X5, % ) 3 (X4, X5, %) e e Trma 1 (Teopema 2)
5 VaVa VY Beron IJIb peanuzyet ¢ 10 a2 (Teopema 1)
- u3yeT Ko Tuna 2 (1 M
ViV2V3Ya N V1V2)3V4 JieTexTopa p yeT (pyH P
6 P2 Ve V Vs Y Beron IJIb peanuzyet ¢ 10 a2 (Teopema 1)
- u3yeT Ko Tuna 2 (T M
VsYeY1Vs NV VsV6V1Vs JieTexTopa p yeT pyH P

Cxema ACTCKTOpA MPEACTaBJICHA HA PUC. 1.

V1| V3 s V2 |V Ya| Vs
TUIB1 1JIB2 TDIB3 1114
| [ [ ] | [ [ ]

I I

X1 X7 X3 X4 X5 X

Puc. 1. Cxema caMoTeCTUPYEMOro IETEKTOpa ISt HOAMHOXKECTBa MOITHOCTH [ = 11

OZ[HaKO HC IJId JIF000ro IIOIMHOXECTBA KOAOBBIX CJIOB MOXKHO obecrneunTn CaMOTCCTUPYEMOCTb ACTCK-
TOpa NPCAIOKCHHBIM IMOAXOA0M. PaCCMOTpI/IM IIOIMHOXXCCTBO KOJOBBIX CJIOB B Tabm. 6. MOH_IHOCTB l-ro noa-
MHOXCCTBA TAaKKC paBHa 11. I[J'IH 9TOIr'0 MOAMHOXECTBA HCIIb3S ITOCTPOUTH CaMOTCCTpreMBIfI ACTCKTOP.

Tabnuia 6

IIpumep noaMHOKeCTBA, HA KOTOPOM HeJlb3sl 00ecneYnTh CBOICTBO caMoTecTHPyeMOoCcTH AeTekTopa (/= 11)

X, X, X, x, X, X,
0 0 0 1 1 1
0 0 1 0 1 1
0 0 1 1 0 1
0 0 1 1 1 0
0 1 0 0 1 1
0 1 0 1 0 1
0 1 0 1 1 0
1 0 0 0 1 1
1 0 0 1 0 1
1 0 0 1 1 0
1 1 0 1 0 0
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O‘ICBI/IILHO, CBOMCTBO CaMOTCCTUPYECMOCTH HAPYyHIACTCA 110 IIYHKTY 4 aAJIropuTMa aHajin3a HOAMHOKCCTBA
KOJOBBIX CJIOB.

3akjaoueHne

Brissnens! cBoiictBa I1JIb, mo3Bosnsionye NnoCTpOUTh CaMOTECTUPYEMBIN IETEKTOP AJIA 3aJaHHOTO TMO/-
MHOXXECTBa KOJIOBBIX cJOB. [IpemioxkeH anropuTM aHajau3a MOAMHOXECTBA KOAOBBIX CIOB C IIENbIO MOCTPOE-
HUSI CAMOTECTUPYEMOTO IETEKTOPA, PEANU3YIOIIEro 3TO MOAMHOXKECTBO.
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Butorina Natalia B. (National Research Tomsk State University, Russian Federation).
The properties of programmable logic blocks realizing code words of (i, n)-code.
Keywords: self-checking circuit; (m, n)-code; self-testing checker; CLB.

This paper deals with a problem of self-testing checker (STC) design for a subset of code words of (m, n)-code.

A self-testing (m, n)-code checker is used in concurrent error detection (CED) technique under suggestion that all code words appear
on its inputs. It is supposed that either the circuit or the checker may be fault but not both. In practice only some code words are reacha-
ble on outputs of self-checking circuit and consequently on inputs of self-testing checker. In that case some faults of the checker can be
undetectable as the proper code words do not appear on the circuit outputs. As a result, wrong code word on the fault self-checking cir-
cuit may be not detected by the checker. That is why it is necessary to provide the self-testing property of the checker for the corre-
sponding sub-set of all code words of the same weight.

A method of a self-testing (m, n)-code checker design based on using of CLBs was proposed before. CLBs were supposed to be real-
ized in the frame of the LUT-technology and, hence, could be programmed to implement any Boolean functions of a fixed number of
variables. The set V of the checker faults includes all multiple stuck-at faults at the CLB inputs. Only one CLB in the checker can be
fault.

The self-testing checker has to satisfy the following conditions:

1) if a non-code word appears at the output of the circuit (or at the input of the checker) then the checker should give the appropriate
signal;

2) any fault from the set V" should be detected in the set of all code words. It means that there should be a code word for which the
fault manifests itself at the checker outputs.

The self-testing checker has two outputs with the following meanings of signals combinations:

a) (01) or (10) mean that the input word is a word of the (m, n)-code and the checker is faultless;

b) (00) or (11) mean that either the input word is non code one or the checker is fault.

To represent all possible (m, n)-code words, a special decomposition formula was proposed

D)= £ D)D),

The decomposition formula is used several times. The result of its application is represented by the corresponding tree. The design
of a self-testing checker for arbitrary number / of code words of (#, m)-code is based on the decision of two tasks:

1. Getting representation of / code words by sum of code words presented by proper sub-tree of the tree.

2. Deriving the self-testing checker based on the received representation.

Here the second task of the problem is considered.
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The properties of programmable logic blocks which inputs receive a sub-set of code words of special type are described. Based on
the properties the algorithm of analysis of the given sub-set is developed. It allows finding out if it is possible to design a self-testing
checker or not.
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85 aer nmpodeccopy Tapacenko ®eankcy [erpoBuuy

6 mapta 2017 r. ucnomHMIOCh 85 JE€T JOKTOPY TEXHUYECKHUX
Hayk, mpodeccopy, akagemuky MAHBILL, uneny-koppecnoHIeHTY
PAEH, 3acnyxxenHomy aestento Hayku P®, modetHoMy paOOTHHKY
BbIcIIero mnpodeccuoHanbHOro obOpasoBaHusi P®, 3acmyxeHHOMY
npodeccopy ToMckoro rocynapcTBeHHOro yHuBepcurera Demukcy
ITerpoBuuy TapaceHko.

[Tocne oxoHuaHus myxckoi cpennelt mkonbsl Ne 41 r. KpacHo-
sIpCKa ¢ 30JI0TOM Menanbio B 1950 r. oH mocTynuin Ha paauodusnye-
ckuit paxynprer TT'Y. B 1955 r. OKOHYHI C OTIMYMEM YHHUBEPCUTET
M0 CHEHUalbHOCTH «paauodus3muka-anekTponukay. C 1955 .
@.I1. TapaceHKO NPOJOIKUI CBOKO NEATENbHOCTh B T1'Y: acnupaHT,
accucTeHT, AouneHT (1955-1960), 3aB. kadenpoil S1eKTPOHHOH BbI-
YUCIUTENFHON TeXHUKH U aBToMatuku TI'Y (1960-1964), 3aB. ka-
¢benpoii craructuyeckoit paguopusuku TI'Y (1964-1965), 3aB. otae-
oM kuOepHernkn CuOHUPCKOT0 (U3NKO-TEXHHUYECKOIO0 HHCTHTYTA
uM. akaa. B.Jl. Kysnenosa (1970-1977), 3aB. kadeapoit teopetnueckoit kubepueruku TI'Y (1977-1998),
nekan MexxaynapoaHoro ¢akynsTera ynpasieHuss (MOY) TT'Y (1992-2013).

B pasnble rogst untan B TI'Y kypcsl: Gu3nkn; KNOSPHETHKH; CTATHCTHKH; TEOPUH CHCTEM, CUCTEMHO-
ro aHaiuza; MeHepkMeHTa. Hayunas pesrensHocts @.I1. TapaceHko cBs3aHa ¢ mpoOieMaMu TEOPUU HH-
¢dopmanum, KUOEpHETHKH, HEMapaMeTpUIecKOr U poOacTHON CTaTUCTUKH, CHCTEeMHOro aHaim3a. B 1975 . B
coBere npu TT'Y 3ammtun guccepranuio «[IpoGiemsl nepegayn HHPOPMAIMH IO KaHAJIAM C YaCTHYHO HJIH
MOJTHOCTBIO HEU3BECTHBIMU paCHpeAeICHUSIMH IIYMOB» Ha COMCKAHHE YYEHOH CTENEeHM IOKTOpa TeXHUYe-
CKUX HayK. SIBJIsieTCs] OCHOBOIIOJIOKHUKOM HAayYHOW IIKOJIBI, pa3BUBAIOIIEHCS B IBYX HampasieHusx: «He-
napaMeTpuyeckue U poOacTHbIE CTATUCTUYECKHE METO/IBI B KuOepHeTnke» u «CTaTUCTHYECKUI aHaIIU3 JaH-
HBIX M pa3pa0doTKa Mojenell COMaTbHO-SKOHOMUYECKHX ccTeM». 110 3TUM HampaBiIeHUsIM UM MO OTOBJIE-
HO 7 nOKTOpOB U 36 xannuaatoB Hayk. Denukc [lerpoBuy onyonukoBan 4 monorpaduu u 6onee 165 Hayu-
HBIX paboT B POCCUHCKUX W 3apyOeKHBIX HAYYHBIX M3IaHUIX. HayuyHoe npu3HaHue BBIPa3uiioch B H30paHuu
@.I1. Tapacenko B coctaB: Hayunoro coera AH CCCP mo kubepHeTnke (Cexuus Teopuu HH(popMmaiun),
CoBerckoro komuTeTa Mo aroMaThdeckomy ympaBieHnio HN®DAK, paboueil Tpynmbl MO COBETCKO-
aMepukanckoMy cotpyaaudectBy mo kubepHetnke AH CCCP. @.I1 TapaceHKO ymoCcTOGH MpeMUH
uMm. B.M. ['nmymikoBa ¢ BpydeHHEM 30JI0TOH MeaanH JlaypeaTa 3a pa3pabOTKy TEOPETHYECKUX OCHOB M CH-
CTEMHOI'0 CHHTE3a CIOKHBIX HAYKOEMKHX TEPPUTOPUATBHBIX HH(POPMALMOHHBIX CHCTEM.

®ennkc [lerpoBry — mpeKpacHbIil penoiaBaTellb, HHULHATOP MHOTHX 00pa3oBaTellbHBIX MmpoekToB TTY.
OH aKTHBHO TNOIMYJAPU3UPYET U Pa3BUBAET UAEH CHCTEMHOIO aHaJIM3a U CUCTEMHOIO MOAX0/Aa B MEHEKMEHTE.
CBoli Kypc IO MPUKIAIHOMY CHCTEMHOMY aHAJIM3y OH YMTAJ B BY3aX B pa3HbIX rOpOAaxX AJs CTYJECHTOB pa3iny-
HBIX cnenuansHocTel. MM Hammcano yuebHoe nocobue «lIpuxnagnoit cucremnsiii aHanmu3 (Hayka u uckyceTBo
petenns npobiaem)» (Mocksa: Knopyce, 2010, ucnp. u mon. B 2017 r.) 1 niepeBeAeHbl Ha PYCCKUI S3BIK LIECTh
KHHT KJIACCHKOB cucteMHoro aHanmsa (2007-2016), nge u3 Hux — B pamkax npoekta HUY TI'Y «Monorpadun
BBIJAIOIINXCS 3apYOSKHBIX HCCIIeOBaTENeH: BIIEPBBIC HA PYCCKOM SI3BIKE». DTH KHUTH CTajlM PYKOBOJACTBOM 10
BBIPa0OTKE PEILICHHH /11 MHOTHX COBPEMEHHBIX PYKOBOIUTENIEH.
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CBoeii HayuHOU 1 mpakTHyeckoi padoroit @.I1. TapaceHko BHec cymiecTBEHHBIN BKJIal B pa3BUTHE
Tomckoit obmactu 1 1. Tomcka. O0 3TOM CBHIETENBCTBYET psill (PaKTOB U3 €ro npodeccuoHanbHol Onorpa-
¢un. B 1970-x rr. OH BXOOMI B KOMILJIEKCHYIO HayYHO-TEXHUYECKYIO TPYIITy, KOTOpasl 3aHUMaJlach pas3pa-
0OTKOH OCHOB TEXHHYECKOI'0 MPOEKTa IO CO3JaHHMI0 aBTOMATH3MPOBAHHOH CHCTEMBI YIPaBIICHHS XO35i-
crBoM Tomckoit obmactu (0BT 3aMecTHTENEM TreHepalbHOro KoHcTpyktopa ACY Tomckoi obmacth);
y4acTBOBaJl B KOOpJAMHALUK IPOrPaMMHO-LIENIEBOr0 KoMmiuiekca «Jlec um jecomepepaboTka» — OZHOTO U3
19 HapoaHOX 034K CTBEHHBIX KoMILIekcoB Tomckol obnactu (1970-1975 rr.). Bynyun nekanom M®VY opra-
HU30BaJl IOATOTOBKY BBICOKOKBATU(HUIMPOBAHHBIX CHEHUAINUCTOB MO ['0CyaapCcTBEHHOMY M MYHHILIMIAIIb-
HOMY ympaBieHuro uisi T. Tomcka u ToMckoi obnactu. B unciie mepBbIX ciaymaTenel mo mporpamMMe BTOpo-
ro BbIcHIero 00pa3oBaHMs ObUIN TJ1aBbl MYHHLIMIAIBHBIX 00pa30BaHUM, WX 3aMECTHTENH, COTPYIHUKH aj-
MuHHCcTpauuu obnactu. Penukc lerpoBUY mMpUHUMAN ydacTHe B pa3pabOTKe 3aKOHOAATEIHHOH OCHOBBI
Hay4YHO-WHHOBAIIMOHHBIX mpoueccoB B cotpynHudectse ¢ TO CO PAH u By3oB 1. Tomcka (2000-2001). On
ObUT MTHULIMATOPOM CO3JaHMS W TEPBBIM Mpe3uaeHToM PortapuaHckoro kiyba B r. ToMcke, npeacenareneM
KOMHTETa MEXKIyHapOAHBIX MPOEKTOB ToMckoro Porapu-kiyba, mpeacematenem Bcepoccuiickoro ¢onzaa
obpazoBanus (ToMcKkoe TOpPOACKOE OTAENEHUE), MHUIMATOPOM CO3/IaHUSI HAYYHO-00pa30BaTENbHOTO KaHala
(HOK) na teneBumeHuu B r. ToMcke. YuyacTBOBaJl B peasiu3alliil MEXAYHAPOAHOU mporpammsel «O0pa3oBa-
HUe u OuzHec B Cubupm». OCylIecTBIIsII HaydYHOE PYKOBOACTBO paboT 1O OLEHKE MepCreKTuB Hedreraso-
HOCHBIX paiioHoB Tomckoit obmactu (2000-2001) u pabotsl o Teme «OTpaboTKa METOIMKH pa3pabOTKH
MpOrpaMM COLHATbHO-PKOHOMHYECKOTO Pa3BUTUS MYHHUIMIIANBHBIX 00pa3oBaHWil Ha mpumepe TOoMCKOro
paitona» (2003 r.). Oka3biBan 6JaroTBOPUTEIBHYIO TOMOIIb PSITYy TOMCKHX JETCKHX M MEIMLIMHCKUX Ydpe-
XaeHui. Pe3ynbraTsl ero paboTbl OblIM OTMedeHbl OpoH30BoM Meaabio B/IHX.

@.I1. TapaceHKO SBISJICA TJIABHBIM PEOAKTOPOM Hay4yHO-TIpaKkTHYecKoro >xkypHana «I[IpoOGmemsr
yIIpaBJIeHHS B COLMAJIbHBIX CHcTeMax», u3aaBaemoro B TI'Y. B Teuenue moutu 40 jer Bxoami (4acto
BO3TJIABJISIL €ro) B OprkoMuTer Bceecoro3noit (mo3mHee MexIyHapomHOW) IIKOJBI-CEMHHApa 10
HermapaMeTpUIecKuM B pOOAaCTHBIM CTATUCTHYECKUM MeToJaM B kuOepHeTnke. HeoqHOKpaTHO mpuriamaics
JUISL ITEHUS JIGKUUH Ha MeXAyHapoaHble cuMno3uymbl. B 1967-1968 rr. xak skcnepr IOHECKO 6bin
nektopoM [lap-ac-Canamckoro yHuBepcuTera B TanzaHun. OH ABISIETCS YJICHOM AMEpPUKAaHCKOIO
MaTeMaTHyeckoro obuiectsa. Ero 6uorpadus BxiodeHa B cipaBouHUKH «KTo ecTb KTO B Mupe», «KTo ecTh
kto B Poccum». B 1994 r. Amepukanckum Ouorpa)miecKiM HHCTHUTYTOM Ha3BaH 4YeJIOBEKOM ToOja.
Harpaxxnen opaenom TpymoBoro Kpachnoro 3namenu, menansimu «3a 10071eCTHBIN Tpyd B 03HAMEHOBaHUE
100-netuss co nHa poxnaenus B.U. Jlennna», «Berepan Tpyma» u «3a 3acayru nepen Tomckum
yHHUBepcuTeToM». OTMEUEH HarpyAHbIMH 3HAKaMH «3a 3aciIyru nepen ropogoM ToMmMckom» U «OTINYHHK
BBICILICH IIKOJIBI.

W B nacrosmee Bpemsa denukc IlerpoBud nonoH cun u sHepru. YuTaer cBoii Kypc Mo NpUKIaIHOMY
CHCTEMHOMY aHaJIM3y JJIsl MHOCTPAHHBIX CTYJEHTOB Ha aHIJIMHCKOM S3bIKE, 8 TAK)KE KaMITyCHBIE KypChI IS
CTY/IGHTOB BY30B M mpennpuHumareneil r. Tomcka, mepeBOOUT Ha PYCCKHH SI3BIK HOBBIE 3apyOeKHBIE
MoHOrpaduu U MyOJIHKaINY, y4acTBYET B paboTe MEeKIyHapOJHBIX KOH(pEpEeHINH Kak 3a pyOekoM, Tak U B
Poccun.

Hoporoii ®enuxc Ilerposuy!
IMo3apasasiem Bac ¢ ro0unsieem u kejiaeM 310pOBbS HA MHOTHE TO/IbI!
Teopuecknx Bam ycnexos!

Dakyremem npukiaorou mamemamuxu u kubeprnemuxu TI'Y.
Peoaxyuonnas xoaneeus scypnana «Becmuux TI'Y. Ynpaenenue,
BHIUUCTIUMETLHASL TNEXHUKA U UHDOPMATNUKAY.

Kageopa meopemuueckoii kubepnemuxu
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