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Are submitted the computer system for
radiation creep simulation, developed on the basis
of the offered model of a radiation creep and the
method of dynamic simulation of a dislocation
movement, and results of computer experiment on
radiation creep research on an example of
technical uranium and its alloys with the small
additions of molybdenum (0,9 % + 1,3 %).

1. INTRODUCTION

The special interest represents study of a
radiation creep of materials. The majority of
experimental data on radiation creep concerns to already
used in working reactors materials, which were tested in
conditions close to working modes of reactors. The
experimental researches of radiation damage of materials
and change of their properties are connected to the large
expenses of work, means and time, and also frequently
with  significant  difficulties of technical and
technological character. The large variety of theoretical
models of radiation creep is united by one common
parcel - presence in an irradiated material of high
concentration of point defects (PD) and sinks for them.
The account of this parcel with attraction of dislocation
representations allows to explain features of radiation
creep of materials under a loadings by result of gliding
and climbing of dislocations in a field of the distributed
obstacles. The theoretical models, constructed on the
basis of these representations and using the analytical
description, allow to receive analytical expressions for
speed of radiation creep, allowing qualitatively to judge
character of influence of some factors on radiation creep
rate. However quantitative revealing of features of
radiation creep on the basis of model of dislocation
movement in a field of the distributed obstacles is
possible only with attraction of methods of mathematical
simulation on a computer. Therefore special value is
represented by development of computer systems for
radiation creep simulation, allowing to receive
estimations of radiation creep speed in significant ranges
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of change of such parameters, as temperature, loading
and density of a radiation flow.

The computer simulation of nuclear structures
of defects in crystals and their reorganizations under
influence of loadings, thermal fluctuations and
irradiation became the important method of research.
The authors [1] consider, that the time comes nearer,
when the statement anyone (especially expensive)
experiment in radiation physics will be preceded by its
computer simulation. Many models of computer
simulation of radiation defects allowing aré nowadays
known to find in this or that approximation types of
defective structures. Clearly, however, that the finding of
defective structures, that is finding of distributions in
space of a various sort of defects of a crystal lattice, is
only first step of research. Its following step should
consist in study of influence of all set of defects on
change of those or other physical properties of metals at
an irradiation. The development of computer simulation
of radiation damages, as was emphasized in [2], is
connected to development of complex computer
simulation systems, which will unite in themselves
various more private algorithms of simulation of nuclear
structures of defects in crystals and their reorganization.
Preliminary structure of such system submitted in a fig.1
there was discussed.

The development of ideal computer system for
radiation creep simulation demands development of
complex simulation system, which structure will be
coordinated to structure submitted on a fig. 1. However
development of such system while remains by affair of
the future. Today efforts are concentrated on
development simplified simulation radiation creep
system, which main component is the system of
dislocation movement simulation, for which work all
other necessary making (fig. 1) are set as entrance
parameters, for with the help of such systems it is
possible to receive estimations of radiation creep speed.
In the future the developed simmlating systems of
dislocation movement will enter by a key part in ideal
computer system simulating radiation creep of materials.
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Fig. 1. The structure of system simulating influence of an irradiation on mechanical properties.

2. PHYSICAL MODEL OF
RADIATION CREEP

The physical model accepted by the author, assumes
presence in an irradiated material active to movement
dislocations, obstacles for driving dislocations, as which
the spherical centers of expansion of various capacity
and dislocation loops of a edge type were considered,
and PD (interstitials and the vacancies), generated by an
irradiation (in divided materials PD are generated also by
process of braking of splinters of division), and the
established concentration PD considerably exceeds
thermoequilibrium. The model of a radiation creep is
explained within the framework of the mechanism of
gliding and climbing dislocations based on the
conception of a dislocation as not ideal sink for PD [3].
The model is efficient for installed concentration PD,
considerably  exceeding thermally steady state
concentration. The gliding of dislocation are describing
as due to moving dislocation kinks in Peierl’s relief. The
climbing of dislocation are describing as due to moving
dislocation jogs.

3. METHOD OF DYNAMIC
SIMULATION OF FLEXIBLE
DISLOCATIONS MOVING

The mathematical model of dislocation movement is
based on model of dislocation gliding in a Peierl’s relief,
carried out by means of movement of kinks, and on
model of dislocation climbing carried out by means of
movement of dislocation jogs being sinks for PD [3].
The obstacles are described by the fields of stress, for
example. voids, spherical congestions of point defects,
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spherical allocation in alloys and, under certain
conditions, admixture atoms in solid solutions of
replacement, and also the introduced splinters of divided
materials are described by a stress field of a spherical-
symmetric center of expansion. :

According to a method of dynamic simulation of
dislocations movement mathematical simulation on the
computer of gliding and climbing of flexible dislocation
was carried out as follows. On a dislocation line gets out
N of basic points (each point there corresponds an
elementary segment of a dislocation line), the movement
by each of which pays off according to the equations of
the following system:

V.§)=0,
(Vilig)=A ’dﬁell(ﬁgﬂ {d?fr ‘(dFelvﬁgl)}"l)a M

B N G,
(V.ng)) =A, (dF +Fop, N¢))=A, (dFep +Feon, Ny),

where V - speed of movement of a basic dislocation
point, € - unit tangent vector of a dislocation line, gy~

unit vector determining a direction of gliding, 7, - unit

vector determining a direction of climbing, dF), - force

caused by elastic stress fields (a stress of external
loading, a stress of obstacles, a stress of dislocation self-

action), dF - force of friction determined by a starting

stress of dislocation, A,-coefficient, the meaning for
which can be received from expression for ipeed of

gliding dislocation, AJ- the coefficients, the meanings
for which can be received from expression for speed of
climbing dislocation, F cfm - concentration forces caused
by superfluous concentration of PD [3]



The equation system (1) is adhered to local
system of coordinates, formed by vectors f,ﬁg,,fzd,

and at movement of flexible dislocation these vectors
can change the direction, therefore in common system of
coordinates the making speeds of movement of a basic
point are defined by the following expression

Vi=£V,,  Lj=123, ()

where V; - are calculated on the equations (1), fij-

cosines of angles between axes of local and common
systems of coordinates. The location of a basic point "n"
in common system of coordinates through k- steps of
account is defined by expression

(x? )k=(x?)k—l+(V;n )k T, where 1 =1,2,3. (3)

The location of a dislocation line is defined by means of
approximation of the locations of basic points. At
realization of simulating accounts it was considered, that
at the initial moment of time dislocation is rectilinear
and has edge character, that the boundary points of a
dislocation line are so removed from obstacles, that the
direction of a dislocation line in these points remains
constant.

4. COMPUTER SYSTEM,
SIMULATING OF A RADIATION
CREEP, AND RESULTS OF
SIMULATION

The computer system simulating of radiation
creep of the block of a model crystal, taking place under
action of stretching loading, is developed, according to
above described theoretical model of radiation creep and
method of dynamic simulation of gliding and climbing
dislocations. It is considered, that in the block of a model
crystal a planes of active dislocation gliding are focused
in relation to the enclosed external loading according to
angle A= 45° and active dislocations, which movement is
simulated and also which movement causes creep, rely
originally rectilinear and parallel to an axis OX,.

Agrees [4] creep rate of the simulated block of a
crystal is estimated according to expression

£ =bpu’, 4)

. 1 <
where U =HZ AS,, (5)

p - density of mobile dislocations, b - module of a
Burger's vector, ASi— area, covered i dislocation in

time At, V - volume of a crystal, N - number of
dislocations in volume V.

As obstacles were considered spherical centers
of expansion and edge dislocation loops (simulates of a
prismatic dislocation loop both interstitial and vacancy
type formed in a plenty in uranium at an irradiation).

The account of stress (external stress, stress of
the spherical center of expansion, stress of a dislocation
loop, stress of dislocation self-action) is carried out in
elastic continuum approach.

At realization the computer experiments on
radiation creep research for the block of a modeling
crystal the parameter of a crystal lattice, size of atom,
coefficients of diffusion, characteristics and other
parameters, which task is necessary for modeling were
set appropriate for uranium. Let's result some of them:
1=7,05-10" N/m?, v= 0,35, radius of atom r,=1,41-107"°
m, Burger's vector of dislocation b=2,5-10"m,
dislocation density p~10" m™, formation energies of
vacancy and interstitial accordingly - Fy=2:10"" J and F;
~ 5-10™ J, formation energy of a dislocation kink Fi
~1-10™" J, formation energy of Fj,; 1-10™" J. In a wide
range of temperatures active dislocation, ensuring
deformation of uranium, are dislocations, having a
Burger’s vector in direction [110] and system of sliding
(010) [110].

At realization the computer expgrimems on
radiation creep research of technical uranfum and its
alloys with the small additions of molybdenum (from 0,9
% up to 1,3 %) the following results are received. The
received dependence of the established radiation creep
rate of technical uranium from external loading has
linear character and is in the good consent with
experimental data [5]. The dependence of the established
radiation creep rate of technical uranium from interstitial
concentration is received. As the interstitial
concentration is proportional to density of a neutrons
flow, the comparative analysis of the submitted curve
and experimental dependence of established radiation
creep rate of technical uranium from density of a flow of
neutrons is competent [5]. The comparative analysis
shows that settlement and experimental dependence
qualitatively and quantitatively are coordinated among
themselves [5]. Comparison of the received results and
experimental data also allows to make a conclusion that
the established interstitial concentration in uranium at
density of a flow ~10" n/em’s is in an interval 10"+ 10°

In the fig.2 the curve of dependence of the
established radiation creep rate from temperature for the
technical uranium received as a result of simulating
accounts at loading ~1-10"7 N/m® and established
interstitial concentration~10" is submitted. In the fig.2
the curve of dependence of the established radiation
creep rate from temperature for allgys of uranium with
the small additions of molybdenum (0,9%<+1,3 %),
received as a result of simulating accounts at loading
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Fig. 2. The temperature dependencies of the established radiation creep rate € for the technical uranium (curve
1) and for alloys of uranium with the small additions of molybdenum (0,9%+1,3 %) (curve 2) at neutron flow density
~10" n/cm’s and loading ~1-10" N/m?, where T - temperature (* - experimental meanings [6, 7]).

~1-10" N/m? and established interstitial concentration
~10"", is also submitted. At construction of a curve the
experimental data given in works [6, 7] were taken into
account and marked on figure by asterisks.

5. CONCLUSION

The computer system for radiation creep
simulation, developed on the basis of radiation creep
model, considering gliding and climbing dislocations as
a not ideal sink for PD, and method of dynamic
modeling of dislocations movement, is submitted.

The results of computer experiment on radiation
creep of technical uranium and its alloys with the small
additions of molybdenum (from 0,9 % up to 1,3 %) are
received.

Are submitted the curve of dependence of the
established radiation creep rate from temperature for the
technical uranium and the curve of dependence of the
established radiation creep rate from temperature for
alloys of uranium with the small additions of
molybdenum 0,9%<+1,3 %), received as a result of
simulating accounts. The submitted curves allow to
predict temperature behavior of uranium and its alloys
and having practical importance for successful designing
of reactor elements, their safe operation and forecasting
of their behavior in emergencies.

The received results show that the developed
computer system is effective addition to direct
experimental researches.
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ITPO OITMH METO/I AJIAIITUBHOI AITPOKCUMAIIII HEIIEPEPBHHX
CHUTHAJIIB AITPOKCUMYIOYHUMH IMITYJIbCHUMHU CHEKTPAMH

Boponosa O.C.

Bimninenns riOpuaHAX MOJETIOKOYHX Ta kKepytounx cuctem B eHepretuul IIMME HAH Ykpainu,
m. KuiB, Bys1. ren. Haymosa 15, 1. 444-98-35

BuknajieHo MeToj ajanTailii CiTkH Ui HenepeBHHX
CHIHAMB 3 JOBUILHOIO KUTBKICTIO OCcOOIMBOCTEH, sikui 0a-
3VETHCA HA AMPOKCHMYIOUHX IMTIvIbeHHX cmektpax (AIC).
Haseaeno npuxnaam sacrocysanns meroay. Orpumani pe-
3VILTATH TODIBHIOIOTBCA 3 PE3VIBTATATMH aANMpPOKCHMALIi
TI0 PIBHOMIPHHM CITKaM.

TIpu 0Opobui ingopmauii yacTo BHHHKAE noTpeda
aNPOKCHMAIlil CHTHATIB, IO € KOMOIHAL[IE€ MBUAKO Ta
NOBIILHO 3MIHIOKYAXCA KOMIIOHEHT. Y BHIAKY arpok-
cHMallii TAKMX CHIHAJIB MO CHCTeMi JOKaIbHHX Dasmc-
HUX (YHKLIH BHHHKAE MUTAHHA PO BHOIP HaCTOTH JMC-
xperm3anii abo, IHIIMMH CIOBAMM, KPOKY CiTkH. BHko-
PHCTaHHS PIBHOMIPHOI ciTku npsBozurs abo 1o Han-
JMIIKOBOTO MPEACTABJIEHHSA CHTHAJY Ha MiIAHKAX, 7€
NEPeBaXaloTh KOMIIOHEHTH, 10 MOBiBHO 3MIHIOKThLCSA
(sx110 BHOIp KPOKY BH3HAYAETHCS TOUHICTIO aNpOKCHMa-
Ui MIBHAKHX KOMIIOHEHT), ab0 10 BeJHKHX noxuOOK B
ANPOKCHMALil IIBHAKO 3MIHIOKYHXCA KOMIIOHEHT CHI-
Hany (nue. man.1,0).

B po6oTi NponoHYETbCH OOMH 3 ANTOPUTMIB anarn-
Talii CITKM Ta anpokcumauii Takoro poay currams. [la-
HHil ANTOPHTM CIMPAETLCH HA OCODNMBOCTI NOKANBLHO-
iMnybCHUX cucTeM OasncHux QyHKIi, a came, cucTe-
Mt GasHCHHX (YHKLIH, 10 CKIANaeThesa 3 ONOYHO-IM-
NyJLCHUX Ta KyCKOBO-TiRifiHux OasucHux QyHKUHH, fxa
¢ mopudikauiero cucreMu 3anponoHoBanoi B [1, 2]:

vit)=o(t-(-Dh-a)-o(t-ih-a), (1)

w,.(z):[z%a)-ﬂﬂi] Vilt)s b= By, 2)

3py4HicTs Takoi cucremu OasucHux QyHKuUiH B TO-
My, IO MO-TIEPLIE, 1S CHCTEMA € OPTOrOHANEBHO, a TIo-
Apyre, B KOXHIH MiJCHCTeMi MPOMDKKM BH3Ha4YeHHs Oa-
3sucHuX QYHKUIA He nepeTHHarOTHCA. OTKe MM MOKEMO
PO3rMsAAATH ANPOKCHMALIIF0 CHTHANTY HAa KOXHOMY IHTep-
sani [a+ (i—1)h, a+ih] nesanexHo Bin pewtu obnacti
BU3HaueHHA curnany. JIiCHO, MpW BMKOPHMCTaHHI JO-
KanbHO-iMnynscHux dyukuii (1)-(2) Mi orpumyemo kyc-
KOBO-TIOJIIHOMIAJILHYIO aNPOKCHMALI0 CHIHATY:

X, (1) =D (X (v, 1)+ X, ()w; (1)), (3)

i=l

ae Xy ta X, — KOMNOHEHTH BEKTOpa X CTEKTpa CHTHATY
x(1) [2]:

a+ih a+ih

1
[xov@a= [ x0a. @

a+(i-Dh aHi-Dh

o=,
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a+ih
I (1) w, () dt =

a+(i-1)h

X,(0) = j”

. (5
a+ih 5\
. J' x(l)(MHZi \di
h h )

SIk MOXHA NMOMITHTH 3 (3), anpoKCHMYIO4HIT TOJI-
HOM X,(7) akTHyHO CKanamaeTbes 3 m NOIMHOMIB Tep-
ol CTENeHi, KOXeH 3 SIKMX BH3HAYEHO HA TNPOMIKKY
[a+(i—1)h,a+ih]. He Baxkko nepekoHaTHCH, IO Bill-
XHJICHHA anpoKcumalii x,(!) B 3a7aHOrO CHrHAy Ha
BCLOMY iHTepBani [a, b] € cyMow0 BiIXuIeHs BiJl CHrHa-
ny momuomis Burmsny: Xo(i)v,(1)+X,(i)w;(¢), ne
i =1, m — HOMep MixiHTepBa1y.

Hexaii posrisinacThes curHan x(f) Ha NMPOMIKKY
3Minu aprymenTy - [a, b]. Ha upomy inTepBanizsseneMo
piBHOMIpHY CciTKy 3 Kpokom hy: wo= {1, =a+ihy,
i=1,mgy}. IlpanycTHMO, MO CEpeAHbOKBAAPATHYKA NO-
x10OKa NOBHHHA PONOALIATHCS PIBHOMIPHO, TOMI MOXHa
nepeiiTy BiJ OLIHKK MOXMOKH Ha BCiii 0OnacTi BU3HAUEH-
HS IO OUIHKM CepeiHbOKBanpaTHuHOl noxubku Ha i-To-
my miniaTepeani. IIpy uBOMY Ha KOKHOMY iHTepBai
[a+(i—1)hg, a+ihy] inTerpan cepenHbOKBaAPATHYHOI
noXuOKM NOBHHEH CKNajaTH €/m,, O€ € — 3aJaHa To4-
uicth. [Ipore, npu anpokcumauii CHrHANYy MO PiBHOMIp-
Hill CiTUi wg 3yCTPIYATHMYTBCS HIAIHTEPBAIH, Ha AKUX
noxudku OyayTh 3Ha4HO Oinbine (MeHIE) 3a7aHOTO No-
porosoro 3HaueHHs (auB. Man. 1,6).

O6Gepemo O1H 3 NiJIHTEPBANIB, HA AKOMY NOXHO-
ka Oinpine sajaHoro 3Hadenus. Hexall ana Bu3Ha4eH-
HocTi ne Oyne npomixkok [a, a+ hy]. Posrnagatoun iioro
AK HOBY 001acThb BH3HAYEHHS CHTHAJY, IO NOCIILKY-
ETHCS, MOKHA BBECTH HA HHOMY PIBHOMIPHY CITKY @ 3
MEHLIUM KpPoKOM A1, (ckaxiMmo, hy = hy/2) Ta oTpumMaru
Ha Hiil Gl TouHy anpokcumauio. OLIHABIIN BiTXH-
MeHHs Ha KOXKHOMY MiZIHTEpPBAN CITKH W), MOXKHA 3HO-
BY BHLIMTH ALISHKH, HA AKHX MOXHOKa nepesuulye 3a-
naHy TOYHICTb Ta 3aCTOCYBATH 10 HHUX 3aMpONOHOBaHY
MPOLEAYPY.

Taxum 9HHOM, MH OTPHMYEMO iTepailiiinuii npouec
noxpamaxHs CiTkd. SIKIO Ha KOXHiH iTepauii Mu Oyze-
MO MOIMGIKOBYBATH CITKY, 3aMIHIOIOYH Ti JUIAHKM CIT-
KH w; 1, HA AKWX MOXHOKa MepeBMLIyE TNOPOrose 3Ha-
yeHHs, OiTbII TOYHHMH CITKAMH f])j, T OTPHMAEMO He-

a+(i-1)h

PIBHOMIPHY CITKY (w, HA KO)KHOMY TiIIHTEpBal AKOi am-
POKCHMAIIIS BIIXHIAETLCA BiJl CHTHANY Y MPUITYCTHMUX
mexax. binsiun Toro, skmo B npoueci moaudikauii ciTku
mu Gynemo 30epiraTi CHEKTP CHIHANY Ha THX NUIAHKAX,
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6)

Man. 1. Ilpuxiian annpokcHManii CUrHazia no piBHOMIpHIH citui. (a) Curaan, 1mo anpoxcHMyeTscs, Ta (6) noxubka anm-
poxcumali [bOro CHrHaNy Mo PIBHOMIpPHIH citul 3 Kpokom A = 0.0625.

ae noxubxa anpoxcnmauii JIEKHUTDL Y NPUINYCTUMHX ME-
Kax, MOYKHA OTPHMATH CHEKTP Ta anpOKCHMALIX0 CHrHa-
7na no citui w.

Ockinbku cucrema Oasucrux dynkuii (1)-(2) Oes-
MOCEPENHBO 3aJIEKUTh Bill BHOOPY CITKH, TO MOXHA To-
BOPHTH TIPO iTepauiiiHy 3MiHy cHCTEMH BasucHMX (yHK-
uiii. MoXHa Takok 3ayBaXKHUTH, 1O B 3aMPONOHOBAaHii
NPOUENyPl BHKOPHCTOBYFOTHCS ENEMEHTH Teopili Mylb-
THPE3OMKUIAHOTO aHanizy [3,4], OCKiNbKH OTPUMaHy Ta-
KHM 9HHOM CHCTeMy OasucHHX (QYHKUIH, BH3HA4YeHY Ha
HePIBHOMIpHIH CITII, MOXHA PO3T/IANATH AK CHCTEMY,
11O MOPODKYETHCA 3 “MaTepuHcbKol GyHKU” (B JaHOMY
BUMAJKY ABOX “MaTepHHCHKHX QyHKIii) misxoM mac-
wtalyBaHHA Ta 3cyBY. KOpPHCTYIOUHCE TI€H0 ¥ TEPMiHO-
noriel0 mpo BuxigHy cuctemy (1)-(2) MokHA CKasaTH,
1[0 BOHA MOPOIKYETHCH 3 MATEPHHCHKHX (DYHKIH ume
33 JOMOMOTOHO 3CYBY.

JIns HAOYHOCTI MPOIEMOCTPYEMO 3aIPONOHOBAHHH
aNropHTM ANpOKCHMALii Ta BiAHOBICHHSN CHTHANY Ha
npuknani. Posrnsanemo curnan (man. 1,a):

5@ = Leos@n®)+e 6)
n

Ha IHTepBai 3MiHM aprymenTty [—1, 1] Ta 3agamo mops-
nox Tounocti € = 10" Beenemo BuXimHy piBHOMIpHY
CITKY wg, B SIKOi KiJILKICTh iHTEpBaNiB NOpPiBHIOE M = 8.
Hani Oynyemo 3a Qopmynamu  (3)-(5) anpoxcumariiio
curnana (man.2,a) Ta OLHUMO iHTErpas CepelHbOKBA-
paTH4HOI NOXHOKH Ha KOKHOMY MiAIHTEPBaIi CITKH:

e, =1 0.00745, 0.00036, 0.00005, 0.00005,
0.00011, 0.00002, 0.00029, 0.00804 }

Axkimo BpaxyBaTH NPHUNYINEHHS NP0 PIBHOMIPHHIA
PO3N0/LT NOXHOKH, TO OTPHMAEMO, 1O HA KOXKHOMY Mijl-
iHTepBasi MOXHOKAa HE NMOBUHHA NEPEBHINYBATH €/m =
=0,125-10"°. B HamOMy BUNANKy L€ BHKOHYETHCA
CKpi3b 3a BuHATKOM 1, 2, 7 Ta 8 migiHTepBanis wq. Mo-
audikyemo Al-cnektp dyHkuil x(f), 3anHcaBmn Hymi
3aMiCTh 3Ha4€Hb CIICKTPY Ha NEPIIHX ABOX Ta HA OCTaH-
HIX 7BOX mijiiHTepBanax Ta 30epexeMo OTpPHMaHMI
cnexrp. Jnd cnpolneHHA MPOLENYPH BIJAHOBJIEHHS CHI-
Hany HeoOxinHo Takox 30epertu indopmauiro npo mo-
TO4YHY CITTKY. B sIKOCTI napaMerpiB, 1O OIMCYIOTH CITKY
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Oynu obpani BenWYHHA KPOKY, KiTBKICTH BPaxXxOBaHHX
TMJIHTEPBAiB Ta NiBa Mexa 00nacTi, Ha AKiH BU3HAYEHO
citky. TakuM 4HHOM, "acTuHA cnektpy GyHKuil x,(7),
sIKa BiAMOBifae m = §, MaTHMe BUIIISL;

{{0.0, 0.53575, 0.86909, 0.94073, 0.46411, 0,0,
0,0,0.10302, 0.16958, — 0.10692, - 0.34964, 0,0}, % ,8,-1 }

3riZHO 3aNpOMOHOBAHOI MpPOLENYPH, PO3TISHEMO
nBi obmacti: [y =[-1,-0.5] 1a I, =[05,1] Koxna 3
uux obnacreii CKIanaeThCA 3 JABOX IHTEPBANB CITKH wy. |
30ubpMo (Ui BH3HAYEHOCTI MMOABOIMO) KINBKICTE iH- ’
TepBatiB po3buTTs s KoxHOI 3 obnacreit [ Ta ;. In-
IIHMH CIOBaMHK, MH NEPEXOAHMO IO HOBOI PIBHOMIpHOi
CITKH ;) 3 m = 16, ane pPO3TIANATHMEMO CHHTAN NHIIE
HA mepeTuHi w; 3 BKasaHumu oOmactamu OCKinbkH 3
TOUKH 30py MYNbTHPE3OIIOUIHHOTO aHaN3y napaMerp m
M(KHA PO3TIAAATH SK mapameTp macmTaly, TO MOXHA
FOBOPUTH NPO MPENCTABIEHHS CHIHAIY Ha HOBOMY Mac-
wrabi. Omke nepeiineMo Ha HOBHII MacmTal Ta moci-
JIOBHO MOBTOpMMO Ans obnacreit /; ta [, Bumesramany
npouenypy. byaemo nosroproBaTH L0 NpoUeAypY AsA
Bce Oinbll TOYHMX MacmTabiB MpeACTaBAEHHS CUTHAIY
JIOTH, ZIOKHM Ha KOXHOMY MiAIHTEpPBai OTPHMAHOI HepiB-
HOMIpPHOI CiTku noxubka He Oyne nepesuiysat €/m,,
ne m; — macuTabHuil napamMeTp BiANOBIAHOI CITKH.

B nHamomy npHknazni Npouec YTOYHEHHs CiTKH 3a-
BEPUIMTBCA MicHs TpeOX itepawiii (man2): m =38,
m =16, m = 32, 1 Mu OTPHMAEMO CrieTKp QyHKLil x1(7):

X= {{{ 0,0,0.53575,0.86909, 0.94074, 0.46411,0,0,
0,0,0.10302, 0.16958, - 0.10692, - 0.34964,0,0 },
1
F }
{{~0.00679,0.12961,0,0.30781,
0.35818, -0.23501,0,0.17337 }, 1 .4, -1},
{{0.10908,0,0,0.03274,
i Vi
0.02675,0,0,0.34338 }, 1.4, 1 }
{{7 0.13549, - 0.01376, - 0.00099,0.10951 }, & &~ 3 }
{{0.24720,0.28762, 0.08756, - 0.19398,
0.06183, - 0.03499, - 0.15465 - 0.00257 }, .14, g }}
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Man. 2. Kinbka iTepauiii npouecy ananTaii citki. JKHPHOIO KPHBOIO TIOKa3aHi anpOKCUMYIOUi [OJIHHOMM Ha piBHOMIp-
. - - - x
HMX CITKaX, [0 BBEIECHI Ha [1IiHTEPBANax, a TOHKOK KPHBOK — CHTHAJI, IO AI[POKCHMYETBCH. 4

.

-0, 4

8D

Man. 3. (a) Anpoxcumaris Gynxuii x; () no nepiBrOMIpHi# citui Ta (6) rpadik pyHKuii noxHEKH.

BiaHOBHTH CMrHAN MOMHA HACTYMHAM yuHOM. Jlns
KOXKHOT PiBHOMIpHOI miaciTku 3a dopmynowo (3) Gynye-
MO aNMpOKCHMYIOYHI NMONHOM, NPH LBOMY BCHO HEoD-
XigHy iHdopMallifo (eNeMeHTH BEKTOpa CIEKTPa, MPaHH-
i CyMyBaHHs, PO3MIP KPOKY, MeXi IHTEpBajia anpoKCH-
MaLii) MOXH4 OTPMMATH 3 Bi{MOBITHOI KOMIIOHEHTH BEK-
Topa X. CyMa OTpHMaHUX aNPOKCHMYIOYHX TIONHOMIB i
7A€ anPOKCHMALII0 CHIHANAa Ha BCil 001acTi BU3HAYEHHA
[a,b] (man3,a). Ha man 3,6 nokazano rpadik noxuOku
anpokcuMauii x,(f) mo ananrosaniii citui. Ilpy ubomy
iHTerpan cepeHbLOKBA/IPaTHYHOI NOXHOKHM Ha MPOMIKKY
[—1, 1] cknaB 0.522786 107>, Jins nopieusinns Hasene-
MO Pe3yNbTaTH aNPOKCHMALI JAHOIO CHIHAMY MO PiBHO-
MipHiii citui. MakcumanbHe 3Ha4eHHs MacTabHOro ma-
pameTpa, sIKe BMKODHCTOBYBAJIOCH MiA 4ac moOymosu
aJanToBaHOI CiTku AopieHioe m = 32. LlboMy MacmTaby

BIANMOBIZ4€ PIBHOMIPHA CiTKa 3 KpokoM A = 0.0625. I'pa-
dik noxubxu anpokcumartii no uiH ciTii NPOAEMOHCTPO-
BaHO Ha Man.l,a; OpH UBOMY IHTErpaj CepeAHbOKBapa-
THuHoi noxuGku cxias 0.114275-10
3anpornoHoBaHuit anroput™ Oyno peani3oBaHO y
BUIISI akeTy B cepenosuini cucremu Mathematica 3.0
[5] Ta 6yn0 NPOTECTOBAHO HAa CHrHANAX PI3HMX THNIB
(uanpuknan, manl,a ta man4,a). Ilpu nposenensi uu-
CeNbHHX PO3PaxyHKIB TaKOX OLIHIOBANACH LIBHIKOMIS
anTOpUTMY y MOPIBHAHHI 3 AITOPHTMAMH AMPOKCHMALLi
CHTHAJNB MO PiBHOMIpHIH ciTiii Al-cnekrpamu npyroro
nopanky. Hasememo peski oTpumaHi_pesynbtatu. [lpu
noOyA0Bi afaNTHBHOIO CIEKTPY CHIHANA, IO MAE TOYKH
po3puBy (Man.4,a), 361KHICTS ANTOPUTMY B 3HA4HIH Mipi
3a1eXkKHTh Bl BHOOPY [0YAaTKOBOi PIBHOMIDHOI CITKH.
Sxmo BUXiAHY CiTKY 0OpaHO Tak, IO ii BY3Nnu criBnana-
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Man. 4. AzanTHBHA2 anpoKCHMAaNist CUTHANY, IO Ma€ TOYKH PO3pHBY 1-ro pony. (a) Curnan, AKui CKIaAaEThCA 3 ABOX
CiHyCOIN Ta TaK 3BAHOTO “MEKCHKAHCHKOTO Kanemoxa™, (0) ATpPOKCHMALIiA LILOTO CHIHAITY 1O a7anToBaHil citui, (B) rpa-
dik noxubku anpokcHMaLii MO azanToBaHii citui Ta (r) BLIXHICHHA BiZl CHTHAJTY aMPOKCHMALLII 1O PIBHOMIPHIH CiTii 3

kpokom h = 0.0125.

JOTh 3 TOYKAMM PO3PHMBY, TO airopuT™ 30iraeTbes a0-
cuth WBHAKO (Tak s carHany 3 man.4,a npu BuOOpi
nouatkoBoro m, = 10 Ta 3amaniii Tounocti €= 10"
ananTuBHuil cnextp Oyno nodynosano 3a 9,65 cex.). Y
NPOTHAEKHOMY BMNAJKy aNrOpHT™M Mose 36iraTucs 1y-
we nosinbHO (mo 1,5 roa. ans TOro K CHrHaly MpH
mo=2 Ta €=10""). Tlpu ananTuBHii anpokcHMaii
CHTHAJIB, 110 HE MAlOTh TOHOK PO3puBY ab0 CKa4KiB, Bi-
Gip MOYATKOBOI CITKM HE CYTTEBO BILTMBAC HA LIBHIKICTH
36ixHOCTI anropuTMy. Posknan cursany X (1) no pisHo-
MipHiii ciTui 3 KPOKOM, 10 3a0e3neuye BIANOBIAHY TOU-
HICTb, BUKOHYETBCS (B 3a1€3KHOCTI Bijl BUTTIALY CHIHANA)
B 3-10 pasiB weumme.

ITpore, OCKinbkM NpH ANANTHBHINA AanpOKCHMALIi
BinGysaeThcs CyTTEBa KOMmpecia inpopmauii npo cur-
Han (10 45% B 3aN€XHOCTI BiZl THNY CHIHANA) Yy MOPIB-
HSHHI 3 TPEICTABJEHHSM 32 JONOMOIOK PiBHOMIPHOI
ciTkH, mo 3a0e3neuye BIANOBIAHY TOYHICTb, MPH BIIHOB-
JIEHHI CHTHANY MO HOr0 aZJanTHBHOMY CEKTPY MH OTPH-
MYyEMO 3HAYHHI BHrpam y msuakomi. Jina imocrpauii,
NOpIBHSEMO Hac, BUTpadeHuii Ha noOynosy rpadiky
dynxuuii moxubkn: §(f) = x(t) — x,(1), ne x(f) — cur-
Han, a x,(f) — anpokcumyiouuii noninom. Tax, Ha noGy-
nosy rpadikis 3 man.l,a Ta mandr sHanobunocs no
14 2cek. Ta 39.9cex., BiANOBiNAHO, a Ha NOOyAOBY rpadu-
kis 3 Man 3,6 Ta Man.4,B — 4,25¢cek. Ta 9.6¢cex., BIANOBIA-
#o. Tlpu oGuucnenHi iHTErpais CEpeIHBOKBAPATHYHOL
NOXHOKH U1 anpoKcHMALi Mo piBHOMIpPHIH Ta agamnTo-
BaHiil CiTkaMm pi3HMLA Yy BHTpaTax 4acy crae me Oinb-
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UIOH, OCKLTBKHM 1is onpeauist notpedye diblue 3BepHEHD
no dyHkuii, mo o0uMCIOE 3HAYEHHS ANPOKCHMYIOUYOro
TIONHOMY.

Bci po3paxyHKH NPOBOAMIHCE B CEPENOBMIII CHC-
temn Mathematica® sepcii 3.0 na IIK ¢ mpouecopom
Intel Pentium 166MHz Ta 64MB oneparuBHOI Mam’ ATi.
Yac pobotH anropuTMmis OMIHIOBABCS 3a JONOMOIOK
sOyznosanoi pynkuii Timing cucremu Mathematica®. B
SKOCTI OLIHKH LIBMOKOAI BHOMpANoCs CepelHe 3HA4eH-
HA 3 KITBKOX EKCTIEPHMEHTIB.
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Abstract. The paper represents the technique for
performance prediction of imaging systems based on
comparison of output signals from the real system and the
idealized one. It makes possible the identification of the
optimal balance between spatial, temporal and energetic
resolution for the given working conditions. The
optimization procedures based on fidelity maximization
are also discussed.

Key words: fidelity, imaging systems, spatial resolution
energetic resolution, signal-to-noise ratio.

1. Introduction

There are several requirements to an imaging
system (IS) that defines the performance - energetic,
spatial and temporal resolutions [1,2]. Energetic resolution
is ability to distinguish a small difference in output signal
amplitudes that is limited by noise. Spatial resolution is
ability to differ small objects or small parts of object's
image where the principal limitation factor is reduction of
high spatial frequencies caused by optics and detector
dimensions. Temporal resolution is ability to differ fast
changing of output signal amplitude in time when object
moves in a field of view. Its limitation factor is reduction
of high temporal frequencies in detector and read-out
electronics. Generally the energetic and spatial resolutions
are the most important requirements in IS design.

The key problem of IS design is to maximize the
integrate parameter of IS quality called performance [1,2].
It is obvious that the performance depends on the
mentioned requirements. Thus the results of design
procedures will be defined by the technique of
performance prediction. Summarizing said above it is clear
how important is to investigate the objective techniques for
performance prediction that consider all principal effects
of analog-digital and analog-digital-analog IS with or
without human observer [3,4].

© UkrObraz’2000

2. Performance prediction procedure.

The principal application of an IS is image
representation. For example, an analog-digital IS
represents the input optical signal in form of a matrix of
digital values, analog-digital-analog IS repesents it in a
form of a definite realization of an analog signal. Thus the
objective measure of IS quality will be defined by the
distortions introduced by an IS into output signal. To
calculate these distortions it is convenient to create
mathematical abstraction as an idealized IS. The idealized
IS is a model of an IS with infinity spatial, temporal and
energetic resolutions. Infinity spatial resolutions mean that
spatial and temporal modulation transfer functions are
equal to one and a detector and electronic do not produce
any noise. Mathematically we can calculate the output
signal of this IS. Now we can introduce performance as a
measure of similarity between output signals from an
investigated IS and an idealized one. Of course, there are
known some possibilities to calculate signal difference.
The least-square error shows the absolute value of the
difference, coefficient of correlation clears the difference
between linear combinations of the signal and the losses of
information represents the difference of amplitude
distributions [4,6].

3. Fidelity evaluation technique.

We consider the fidelity using the proposed
abstraction - an idealized IS. This approach is different
from the techniques mentioned in [4,5]. The fidelity will be
an absolute measure of difference between the output
signals of investigated and idealized IS in sense of
normalized least-square error [4,5].gt helps as to calculate
the losses in spatial and energetic resolutions. We consider
digital representation of output signals. Thus the fidelity
can be written in the following form [4]:
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O L j=ll (1)

where 1, ] - the coordinates of pixels,
Nx, Ny - the dimensions of the output signal
matrix,

U(i,j), Uc(iJ) - the output signals of the idealized
IS and the real one that are two-dimensional arrays of
pixels, respectively. The output signal of the real IS
contains two parts: the signal losses after spatial
transformations including spatial filtering, sampling,

digital processing - Ug(i,j) and noise Ux(i,j) [4,5]:
Uc(i,j) = U(i,j) - Ug (i, ) + U (i, )

We accept an assumption about absence of
correlation between noise and the losses Ugy(i,j) and noise
Un(i,j). Now we can rewrite (1) in the following form
doing some transformations:

Ny N

3 (UG)- UG J))

F - 1 kg i=l j=1 (2)

where  NSL - the normalized spatial losses coefficient
that characterizes the relationship between the signal losses

and energy of an output signal of an idealized IS:
Nyx Ny

Z Z Ug (i J)

i=1 =1

Ny Ny R

2. 2 UGj)

i=l j=1

NEL - the normalized energetic losses coefficient

that characterizes the relationship between variance of
noise and energy of the output signal of an idealized IS. It
is connected with the signal—to—noise ratio (SNR):

PR T
NEL® = 4% -
A

NSL? =

Ir

M-‘

i=1
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[t is obviously that each system has the definite
ratio between NSL and NEL. Other words, an IS
represents a definite balance between spatial and energetic
resolutions for the given working conditions. To get the
better IS it is necessary to find the better balance between
spatial and energetic resolutions.

4. Parameter optimization.

It is possible to apply the expression (2) for
optimization considering NSL and NEL as functions of IS
parameters including the coefficients of an embedded
digital filter:

(3)
F=1 —(NSLZ +NEL2)=
l‘(NSLz(plspz--pM=clac

+NEL*(pysPy--PysCyat

Cy)+

2..CN))-—) max

where  py,ps..pm — the parameters of an IS,

¢},Cs...Cy — the coefficients of a digital filter.

According to (2) optimization changes a ratio
between NSL and NEL to reach an optimum balance
between energetic and spatial resolutions to guarantee the
highest similarity of the output signals.

Note, NSL and NEL can be found for any IS
without human observer. But by adding characteristics of
human vision into the process of calculation of NSL and
NEL it is possible to get fidelity F for an IS with human
observer [1,2]. It is obvious that F=1 when an IS do not
introduce any distortions into the output signal, other word
when the [S acts as an idealized one (3). The case F=0
represents the situation when energy of the total distortions
is equal to one of the output signal of idealized IS and the
output signal of an IS is almost corrupted (2,3).

The following results illustrates the application of
the proposed approach for performance evaluation. We
consider the IS with typical values of parameters: it has
diffraction limited optics with aperture diameter 120 mm,
focal length 200 mm, a scanning system shifts image with
the linear velocity 1.2 m/sec, a linear focal plane array
contains CTH photodiodes working in 8 — 12 mkm optical
range and electronics that does signal integration during 20
mks. The object is a standard 4 bars test with background
temperature Tb=293 K, temperature difference “target-
background” AT, angular period of a bar ax [1,2]. The IS
computer simulation software calculated the characteristics
F, NSL and NEL as functions of the dimension of a
photosensitive elements Xe for the following working
conditions: case 1 - ax = 17, AT=0.1 K; case 2 <y = 2’,
AT=0.2 K; case 3 - ax = 2’, AT=0.05 K (Pic.1@,3). When
the dimension Xe is getting bigger the IS will have higher
energetic resolution and the lower spatial one (Pic.2). On
the contrary, the smaller dimension increases spatial
resolution but it decreases energetic one (Pic.3). Thus for



the given working conditions it exists the optimal values
Xe which guarantees the highest performance. The results
of computer simulation confirm this fact (Pic.1). The
characteristics F = F(Xe) has one global maximum that
corresponds the highest performance (Pic.1). The optimal
values Xe are 0.02 — 0.03 mm for the critical working

conditions (casel — case 3) and they are dramatically -

depends on test-object characteristics (Pic.1). These results
correspond to engineer’s practice where the dimensions
Xp, Yp are in the range 0.025 — 0.05 mm (Pic.1,3). These
results also show that for performance maximization it is
necessary to reduce NSL because the influence of spatial
harmonic reduction in case of a small test-object has much
more negative influence than noise. Thus the optimal
balance between energetic and spatial resolution will be
represented by the ratio NEL/NSL that is equal 0.05 - 0.1
for the mentioned above working conditions (Pic.2, 3).

5.Conclusions.

The proposed approach for performance prediction
has the following advantages. First, the performance
becomes an objective measure of output signal distortions
introduced by an IS for given working conditions. The
proposed mathematical apparatus takes into account all
principal factors that define efficiency of an IS -
characteristics of input signal, IS parameters,
characteristics of output signal. Second, the performance is
specified by a fidelity F. It makes possible parametric
optimization of an IS by maximization of a merit function
(Pic.1). Third, there is a convenient and convincing

graphical illustration of optimization process: variation of
IS parameters moves vector of an IS in space of the
energetic and spatial losses (Pic.3). This illustration helps
to identify the output signal distortions caused by limited
energetic or spatial resolutions and to find optimal balance
between them in sense of performance maximization
(Pic.1,3).
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Pic.1. The diagram represents the fidelity F as a merit function F(Xe) for the parametric optimization:
solid line - ax = 1°, AT=0.1 K; dash line - ax =2’, AT=0.2 K; dot line - ax =2’, AT=0.05 K.
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Pic.2. The diagram represents the ratio NEL/NSL as a function of the dimension Xe to illustrate the
optimal balance between the spatial and energetic resolutions :
solid line - ax = 17, AT=0.1 K; dash line - ax =2°, AT=0.2 K; dot line - ax =2°, AT=0.05 K. *
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Pic.3. The diagram represents the relationship between NEL and NSL while the dimensions Xe
changes from 0.01 mm to 0.1 mm and also illustrates the optimal balance between the resolutions:
solid line - ax = 1’, AT=0.1 K; dash line - ax =2’, AT=0.2 K; dot line - ax =2’, AT=0.05 K.
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AJITOPUTM I HNPUCTPIN OLIHKA CTIMKOCTI
HEJIHIMHUX HECTAIIOHAPHUX CUCTEM, SIKI

JONMYCKAKOTH JIIHEAPU3AIIIO
CEPI'TH IOXHMYYK
BinHUIBKHI IepXKaBHUI TeXHIYHUH yHiBepcuter, YKpaina, 21021, m. Binaung, XMeIbHHIBKE
moce, 95.Ten.(0432) 446848. ®axc: (0432) 433375. E-mail: uhim @ vstu. vinnica.ua

HapoauThca anropHT™ i QyHKIIOHABHA CXeMa NpH-
CTPOIO OLHKM CTIHKOCTI HEMiHifiHMX HeCTaLlOHapHHX
CHCTEM, fKi MOMIIHMBO JliHEapH3yBaTH. 3a paxyHOK ToO-
TakTHOI poOOTH MPHCTPOIO, HA AKUH OTPHMaHO MATEHT
Vkpainu, BiH J03BOJNAE PO3B’A3aTH 3ajady aBTOMATH3a-
il BU3HAYEHHA CTIAKOCTI KIacy CHCTEM, IO PO3IJIA/al0-
ThCH, Y 9aCTOTHIl obnacTi.

BCTYII

[Ipy npoeKkTyBaHHI MOOGHX aBTOMATHYHHMX CHCTEM
HeoOXinHo 3abe3meynTn X nMpane3faTHiCTh, TOOTO INpH
@yHkuioHyBaHHI BOHM NOBHHHI JIOCAITH MOCTaBICHOI
METH i3 3aJaHOK0 TOYHICTIO Ta sfKicTI0. 3po3yMmino, mo
YCTIMHO po3B’a3aTH Taki 3ajadi MOXIIMBO JIMIIE TPH
zabe3neueHH] HOPMATLHOTO X (YHKLIOHYBAaHHS Ta He-
YYTJMBOCTI 10 HEMHHYYHX CTOPOHHIX 30ypeHb, Bill AKHX
y NPHHIEATI HEMOK/IMBO M030aBHTHCS MPH €KCILTyaTalli
Oy/p -AKHX aBTOMAaTHYHUX CHCTEM KOHTDOJIO Ta yrpas-
JiHHA TEXHIYHHMX 1 TEXHOJNOTIYHAX 06 €KTIB Ta MPOLECIB.
To6T0, ABTOMATHYHI CHCTEMH TIOBHHHI CTIHKO mpaiosa-
TH, HE3BAXKAIOYH HA 10 Ha HHX Pi3HOMaHITHHX 30yPeHb.

Came TOMy, Mepiia 3ajadya aHanizy NOBEAIHKH, fKa
3aBK/IM PO3B’A3YETHCA NpPH JIarHOCTYBaHHI TAKMX CHC-
TeM - 3a/iaua OLiHKH ix crifikocTi. [IpudgoMy, SKmo CTid-
KicTh MiHIMHUX CHCTEM, UM SKHX CIpaBeUluBUll TIpUH-
MM Cynepno3uili, € ix BracTHpicTO (TOOTO BHMOra
CTIffiKOCTI TAKMX CHCTEM BH3HA4a€ ii CTPYKTYpY Ta 3Ha-
yeHHs BiAMOBIAHHMX MapameTpiB), A BU3HAYCHHA AKOT
iCHYIOTH BIIHOCHO TIPOCTi MareMaTW4HiI METOIH, TO JIA
He/TiHIHHUX CHCTEM PO3B’A30K 3ajay cTilikocTi Habarato
cinapnimmit. Jing TakuX CHCTEM HE ICHYE 3arajbHHX
KpuTepiiB CTiiikocTi, a iCHyrOuUM KpuTepii, K MNpaBHio,
MaloTh 0OMexkeHy 06IacTh 3aCTOCYBAHHS.

Ille Ginplme yCKIamHIOETBECA PO3B’A30K 3ajad CTiid-
KOCTI HENiHifiHMX ABTOMATWYHMX CHCTEM Y BHIMAIKY,
KOJIM ML €10 HEKOHTPONbOBAHHX 30YpeHb 3MiHIOIOTHCA
iX mapameTpH, TOOTO BOHH CTAKOTh HECTALIOHAPHMMH.
[pu upoMy ci1iji 0cOOIHBO MiAKPECIUTH, 1O, B MPHHLHK-
mi, myxe BaXKo 3abe3nevnTH HE3MIHHICThL mapameTpis
cHcTeM 0GOoro Knacy npH iX BUKOPHCTaHHI Y PealbHAX
MPOMHCIOBHX YMOBAX, B AKHX IPAKTHYHO HEMOXKIHBO
11036aBUTHCS Bill TAKMX HEKOHTPONBOBaHUX 30ypeHb AK
TEMIEPaTypa, BOJIOTICTh, 3amuileHicTs, Bibpamii, enexr-
POMarHiTHi 3aBajy, TOUIO.
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B imkeHepHiil NpakTHIi ITHPOKO 3aCTOCOBYIOTHCHA
TaKi METOAH PO3PaxyHKy HENiHIHHUX CHCTEM, K J03BO-
JISIOTH, MICHs AeAKUX COPOILIEHb, 3aCTOCYBAaTH MareMa-
THYHMIA anapaT, KMl BWKOPHCTOBYETHCH JUIS JOCHi-
IDKeHHA NiHifHMX cucreM. HaitnomupenimmmM 3acofom,
SKHH 103BONAE 3AIMCHATH Take CMPOLUCHH:A, € JliHeapH-
3anig HeniniHMX cuctem KpiM Toro, koiu napamerpu
CHCTeM, IO MOXYTh OYTH NiHEapu30BaHi, 3MIHIOKOTHCH
He Ginbine Hix Ha 20% Ha megkoMy iHTepBani vyacy, To,
SIKIIO BUKOPHUCTATH METOJ 3aMOPOXKYBaHHX KoedIiLieHTIB
Ha 1BOMY iHTEpBaJi, TO JNiHeapH30BaHy HEIiHiHHY cHC-
TeMy 3i 3MIHHHMH [apaMeTpaMH MOXJIHBO PO3LIANaTH
AK JiHifiHy i3 MOCTIHHMMH napaMeTpaMH, aHami3 nose-
HiHKM AKOi MOXIMBO 3iilicHioBaTH JoOpe, BiIOMMMH
metomamu [1, 2]. ]

1.MATEMATHYHA MO/IEJIb
OLIHKH! CTIMKOCTI

SAxmo spaxysat ocobnuBocti @yp’e - iHTErpaiL-
poro metony inentupirauii ®IMI [3], To meTon, wo
NPONOHYETHCA, MOXK/IHBO BHKODHCTAaTH JUis aHAI3y
CTIfKOCTI CHCTEM NpPH BHNANKOBHX IX BXIJHHX Ta BHXif-
HHX CHIHAJaxX.

Haragaemo ocHoBHi cmiseipHowenHs ©IMI, Buxo-
nsan 3 podoru [3]. Binomo, mo mns niniiinkx abo ninea-
PHU30BAHMX CHCTEM 3B'A30K MikK IX XapakTepuUCTHUKaMHM Ta
XapaKTepUCTHKAMH BXIJHOTO Ta BHXIJIHOTO CHTHANIB
3ajgaeThea piBuaHHAM Binepa-Xonda:

Ryx(0)= [Ry(x-tg(t)dt, (1)
0

e Ry, (1) — B3aemHO Kopensuiiia QyHKUisS BHXITHOTO
y(t) Ta BXinHoro x(t) curHajiB CHCTEM, IO AOCHIUKYIO-
TheA; Ry(T) — kopensimiiHa QyHKUIA BXiZHOTO CHIHATY
x(t); g(t) — Barosa xapakTepHCTHKa JiHiiiHol abo ninea-
PpH3YEMOI CHCTEMH.

SIxmo t, — Yac B3a€MHOI KOpenauii BUXiZHOro Ta
Bxizsoro curnanis (Ry(to) = 0), To Ha BimpisKy [-to, to]
nBi Kopensuidni Qynkuii, ski BXoaaTs y (1), MOXIHBO
poskinact y pazn Oyp’e, axi OyayTh MaTH BATIIAL:

Rx('r)za?O+ > ajcosloft, )
1=1
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e o] o0
a »
Ryx (1) =~2£ + > by cosloyt+ > ¢y sinlogt, (3)
=1 =l

e 0 = a

7
‘t—o“,
¢ &
Ay == _[Rx(t)coslm;rdr ;
_.tu
1%
by o JRyx(r)coslmltd'r 5 )
0 _t,
to
C] :t_ IRYX(T)SiDIOITdT 2

_t[)

w

Sxmo miacrasuti (2), (3) B (1), TOo micns Heckianl-
HUX TepeTBOPeHb, 3JificHeHMX B poboti [3], MoOXxHa
OTPHMATH, 110
by — s
-29+Zb1 coslo T+ ¢ smlmrc:gzQ Py+

= 1=l
(5)

ow o
Y aPloy ) cosloyt— Qo )sinlot
= =1

[opisHsiHas Koe(illieHTIB NpH OJHAKOBUX TrapMo-
HIHHMX CKJIANOBHX Y CHIiBBiIHOIMEHHI (5) MpHBOIUTE 10
CHCTEMH PIBHSHB:

3 i
P(0)= -

<bl ZHIP(I(DI), (6)
¢ = -2;Q(lwy).

A 3 (6) BuTiKaEe, WO:

b
P(]col)=a—ll , 1=0,1,2,..,n

. )
Q(le;)= —a—’ ,1=0, 1, 2,..., n,
1

ne P(lo,) ra Q(lw;) —sianoBiaHo, 3Ha4eHHs AilicHOT
Ta yABHOT YaCTOTHMX XapaKTePHCTHK CHCTEM, IO JOCIi-
JKyIOThCs, Ha 9actorax o=lo, (I=1, 2, 3..n) , a P(0) —
3HAYEHHA MiMCHOT YaCTOTHOI XapaKTepPHCTHKH CHCTEM Ha
gactoti ©=0 (BiamiTumo, mo Q(0)=0 ).

SIKI0 BHKOPHCTATH (OPMYJIOBAHHS YacTOTHOTO
kpurepito HalikBicTa [1a cTifikoi po3IMKHEHOI CHCTEMH,
TO 3aMKHEHa cucTeMa Oyae CTIHKO0, AKIIO BAKOHYETHCA
HACTYIHA YMOBA:

P(lw,)> -1 mpu modomy Q(lo,). (8)

TakuM 4MHOM, AKIIO BEKOpHCTATH yMOBY (8), a Bin-
MOBiHI 3HAYEHHS YACTOTHHX XapaKTEPHCTHK 3HAWTH 3a
nonomoror @IMI, To MoXkHa moOyayBaTd MPHCTPil 1
ABTOMATHYHOrO BH3HAYCHHSA CTIHKOCTI 3aMKHEHHX Heli-
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HIffHMX CHCTEM, SKi MOMIIMBO JIiHEApHU3YBATH, MO 4YacTo-
THHX XapakTepHCTHKaX po3iMKHeHHX cucTeM. Ilpu upo-
My THOKPECIHMO, IO K10 OPraHi3yBaTH MOTAKTHY po-
60Ty NPHCTPOIO, MIO TMPOTIOHYETHCA, TAKAM YMHOM, 1100
3a TakT Horo poGoTH mapamMeTpH NPaKTHYHO HE 3MiHIO-
BaTHCEH, TO TAKHI MPHCTPii MOMIHBO BHKOPHCTATH I
OLIIHKM CTIMKOCTI HeCcTaliOHAPHUX TiHeapH30BAHMX CHC-
TeM. 3 BHKJIAJIEHOT0 3p0O3YMLN0, M0 TaKHX YMOB MOMIIH-
BO JIOCAITH, KOJIM NIapaMeTpH He 3MiHIoITECA (abo 3Mminn
He3HauHi) 3a uac t;. ToGTo, NpH BUKOHaHHI BHIIE3raja-
HHMX YMOB MOXMUIHBO PO3B'A3aTH 3amady pobacTHoi cTili-
KOCTi HENiHIMHHUX HecTalliOHApHHX CHCTeM, AHHAMiYHi
NPOLECH B AKMX MOXJIMBO ONMMCATH JiHIHHHUMM CHiBBijl-
HOIIEHHAMH 3a PaxyHOK JliHeapH3aLlii.

2.AJITOPUTM OLIIHKHU CTIMKOCTI

Slxuio migcyMyBaTH BHIIE HaBelleHe, TO NPH YMOBI,
1[0 32 Yac ty NapaMeTpH JiHeapM30BaHNX CUCTEM HE 3Mi-
HIOKOTECA, 200 3MIHIOIOTBCA HE3HAYHO, TO [ aBTOMAaTH-
3anii mporecy BH3HAa4YeHHs CTIHKOCTI cHCTeM, 110 poO3r-
NANAK0TLECA, He0OXiaHOo:
— migpaxyBaTH 3HaueHHs QyHkuii Ry, (1) Ta R(1) , axi
Bxomats y (1);
— BH3HAYHTH 3HA4YEHHA KoedillieHTiB 1X posknamy y
panu @yp'e 3a crippigHomeHHAM (6.1.4.) Ta 3a nonomo-
roi0 1uX koe(iwieHTIB BH3HAYMTH 3HAYECHHs AiHcHOL
P(lo,) Ta yasuoi Q(lo;) 9acTOTHUX XapakTepHCTHK cue-,
TeM Ha yacrotax o=lo; (1=0, 1,...,n) 3a goroMoroio BH-
pasis (6);
— mpoBecTH NepeBipKy BHKOHaHHA ymoB (8) Ta 3abes-
MEeYHUTH IHIMKAWif0 BHKOHAHHA YH HEBHKOHAHHA LHX

YMOB.
3.0IIMC POBOTHU INPUCTPOIO

OLIHKHU CTIMKOCTI

[MpucTpiit npawoe TakuM YuHOM. Bximawmit x(t) Ta
BHXiHHI y(t) CHTHANH CHCTeMHM, CTiHKicTh fKoi Heob-
xigno susHauuTe (CK), nocTynaioTh Ha BXOIH KOpEns-
TOpY, AKHil MiAPAXOBYe 3HAYCHHA KOpeNnAliiHuX yHK-
wiit Ry(1) Ta Ryx(1). 3nauenna R,(1) Ta Ry, (1) nocryma-
[0Th, BIANMOBiAHO, HA NepmHii Ta Apyrui iHdopmariiini
Bxom¥ nepmioro 610Ky 3anucy Ta 3uMTyBaHHA. OnHoua-
CHO 3 TOYATKOM TIO/iavi CHIHANIB i3 BUXOXIB KOpensTopa
MOJAETHCS CUTHAN 3 BUXOLY TeHepaTopa TAaKTOBHX iMITy-
IbCiB HA BXiJl TEpIIOro NiYWJIBHOTO TPHrepy, a 3 ioro
iHBEpCHOTO BHXO/Y - Ha BXiJ yHpaBiliHHA nepuioro omo-
ky 3anucy Ta 3unTyBaHHd (B3C 1). Lleli curaan no3sonse
3amHC KoJoBaHHX 3HaueHb Ry(t) Ta R, (1) y B3C 1. Tpu-
BanicTh 3amucy curHanie y B3C 1 Bu3HavaeTsesa 4acto-
TOK IMITYJIBCIB, AKi BUPOOIAIOTECA TEHEPATOPOM i 3ane-
JKHTh Bil 06acTi 3acTOCYBaHHA MPHCTPOKO Ta XapakTe-
PHCTHK CHCTEM, L0 JOCHiOKyIoThed. J{na ycnimHol po-
6OTH MPUCTPOIO, WO MPOMOHYETHCSH, B TENEMEXaHIMHHX
cucTeMax HeoOXingHO BHOMpaTH 4acToTy iMMNYJLCIB 3a
CTIBBiIHOIIEHHIM: o

1
S :
u
Jie t, - TPMBATICTE BUMIPIOBAHHA CHIHAMNIB X(1) Ta y(t).



Bpaxosylouu BimideHi panime ocob6nHBocTi MeTo-
ny, Ha akomy Gasyersca poboTa MpHCTPOIO, HeOOXinHO,
mo6

tyato. (10)

3po3yMino, WO 4acTOTy IMIyJkCiB, fki BHpoOnse

reHeparop, MOXKI/IMBO 3MIHIOBAaTH B 3aJIXKHOCTI BiZl yMOB

BHKOPHCTAHHSA JaHOTO MPHCTPOIO Ta 0COOIHBOCTEH 3Mi-

HH TIapaMeTpiB CHCTEeM, CTIHKICTh fAKMX HEOOXilHO BH-

3HauuTH. [Ipu UpOMY 3MiHA 9acTOTH He BIUIMBAE HA PO-
6oty npucTpoio, podoTa SKOT0 PO3TNAIAETCA.

ITicns 3axiHYeHHsA Yacy t, CHTHAN 3 iHBEPCHOTO BH-
XOJy NepLIoro JiYHILHOTO TPHrepy A03BONAE 3UHTYBaH-
HSl KO[OBaHHX 3Ha4YeHb Kopemiuiuux ¢yukuii y B3C 1,
3 SIKOr0 BOHH NOCTYNAKOTh HA BXOJH NEpIIOro Ta Apyro-
ro mepersoproBadis @yp'e, Aki 3AIHCHIOIOTE PO3KNAl
Ry(t) T2 Ryx(7) y pamu @yp'e 3 4acToToro mepimoi rapmo-
HIKH ) 3a CHiBBi{HOWIECHHAMH (4).

Curnany, sKi BiANOBiNaOTh 3Ha4eHHAM Koedilien-

iz a; (1=0, n), nocrynatots Ha indopmauidinmii Bxix
MEPIIOro KOMyTaTopa, a 3HaYeHHs koediuieHTis by Ta ¢

(1=0, n) - pinnosiaxo, va nepumii Ta Apyruit iHpop-
MaliifHi BXONH Opyroro komyraropa. B el MOMeHT
Jyacy MOJA€THCA CHIHAN 3allyCKy Ha BXiJ TPETBOTO TPH-
repy.

Curnan 3 puxony enementy ABO mo3pomse mpoxo-
JDKEHHSI CHMIHAMIB, AKI BiAMOBIZAIOTh 3HAYCHHSM &, Ha
BXig mepmoro 610Ky MOPIBHAHHA, a 3HaYeHHA Koedilte-
HTiB b; Ta ¢, BIIMOBIZIHO, HA BXOAM MepmIoro QyHKuio-
HaJILHOTO 70Ky Ta GJIOKY 3MiHM 3HaKy.

V nepuromy Onoili NOpiBHAHAA peali3yeThCa Onepa-
uia nepepipku ymoBH a/~0. AKiio Lig yMOBa BUKOHYETh-
¢, TO CHTHAJ 3 OJIHOTO i3 BHXOZIB AaHoro GJIOKY mopis-
HAHHA TIOCTYITHTH Ha TPETii BXiJ IHAWKATOPY Ta Ha OMH-
HHYHUH BXil TPETHOTO TPHrepy, CHTHAM 3 MPSMOTO BH-
XOJy AKOTO MOJAcThes Ha BXin enemeHnty ABO Ta 3abo-
POHSIE Tepeayy CHIHAJiB 3 MEpLIOTO Ta APYroro Komy-
TaTOpPiB JI0 TOTO 4Yacy, MOKH HE MOCTYNHTE CHIHAN 3ay-
CKy IPHCTPOIO HAa HYIbOBHII BXill TPETHOIO TPHTrepy.
BigmiTamo, mo ymoBa a=( € yMOBOIO NMPHIHHEHHA PO-
60TH NPHCTPOLO, IO NPONOHYETLCA.

Axmo x a0, To cursan 3 nepmoro abo TpeTHOro
BUXOJIiB Mepmioro 6J0ka NOPiBHAHHA MOAAETHCA HA CHH-
XPOHI3yrO4Hil BXi pericTpa mam'ati, Ha iHdopmanifinuit
BXil IKOTO TIOJAETBCA CHTHAJ, BiANOBIIHMI 3HAYEHHIO
Koediuienty a=0.

Ilpu HAagBHOCTI CHTHATY Ha BXOAI CHHXpOHI3amil pe-
rictpa, 3HadeHHA koedillieHTy a; NOJAIOTLECA HA Nepiuit
Ta Apyruiil dbyHkuioHanbHi OokM, Ha BHXOAL axux dop-
MYIOTBCA CHTHAMH, BignosixHi 3navennaM P(lo,), Q(lo,)
y BignosiaxocTi 3 (7).

Ili 3nauenns ADUX sanucyrorscsa y Apyruil Oimok
3amucy Ta 3unTyBaHHA (B3C 2) npu nocTynneHHi Ha BXiX
ynpaeninas B3C 2 curramy 3 Buxomy onHomiGpartopa.
Curnan 3 onHoBibpaTopa NMOAacThCA Ha HYNBLOBHH BXin
IpYroro TpHrepy 3 NpAMHM IHHaMiyHMM BXozoM. Ha
OIMHWYHUI BXill IPYroro TpUrepy NONAETHCA CHTHAN 3
Buxofy enementy ABO. Curnan 3 0boro Tpurepy rojae-

THCH HA BXif ONOKY 3aTPMMKHM CHIHATY, NPHYOMY Yac
3aTPHUMKH T, JOPIBHIOE TPHBANOCTI BUKOHAHHA Oliepallii,
neoOXinHux mns orpuMmanus 3Ha4eHs P(lo) Ta Q(lo,) vy
BianosigaocTi 3 (7).

ITicns 3akiHueHHA Yacy T, i3 BHXOIY OIHOBiOpaTopa
NOJAETECA IMIYJIBC, SAKHH J03BOJIAEC 3alMC 3HAYEHD
P(lo,) Ta Q(lw;) y B3C 2.

OnHoYacHO 3 MOMEHTOM ToJaYi iMITyJIbCY 3 OHOBI-
Oparopa Ha Bxin B3C 2, nomaeTbca CHUrHan, Kod SKOro
JIOPIBHIOE ONIMHMILI, HA BXi Apyroro 6JIOKY 3MiHH 3HaKy
Ta CUTHAI HyJA - Ha BXiJl TPETHOro OJIOKY NOpPIBHAHHA
Ha npyri BX0oau Apyroro Ta TpeThoro 6:10KiB MOpPiBHAHHA
HOJaK0ThCsA, BifmoBiAHO, 3HadeHHs P(lo;) ta Q(loy).

[Tpu BukoHaHHI ymoB (8) AN KOXKHOrO 3HaYeHH:A
P(lw;) Ta Q(lw;) 3'sBUTBCA CHrHAN HA BHXOMI APYroro
eneMenty 1. 3posymino, mo mig Toro, mod NMpHAHATH
pilleHHA MpO CTIHKICTH CHCTEMH, SKA NOCIHIKYEThCH,
ymoBH (8) morwHHI BHKOHyBaTHCa ansa Beix P(le;) Ta

Q(loy) (1=0, n). sxmo ymosu (8) BuKOHYIOTECA A/1f

seix 3navens | (1=0, n), To na suxoni mpyroro ene-

MeHTy | curHan 3'sBuThCA n+1 pasis.

IMTopanema po6oTa QaHOro NMPHCTPOIO NPHCBSYEHA
nepesipili BUKOHaHHAA yMOB (8) s BCiX 3HaY€Hb rapMo-
HIYHHX CKNafoBHX (5). Jlma Toro, mo0 3miHCHATH Taky
TepeBipKy, CHIHAJT 3 BUXOAY APYrOro eNeMEHTY I momae-
ThCH HA JIYMABHHE BXiA JAIYWIbHHKA, AKHH 3AiHCHIOE
MipaxyHOK KiMBKOCTI IMITyNIbCIB, SIKi MOCTYHAKOTE 3 ApY-
roro eneMenty . Curnan, Binnoeiguuit xoxy 3Ha4eHsb |

(I1=0, n) 3 niwmnbnuka, nogaeThes Ha Apyrwil BXin
qyeTBepToro ONOKy MOpIBHAHHA, HAa MepUIMi BXIA AKOro
MOZIAETHCA KOJX 9YMCJAa TApMOHIYHHMX CKmazoBHX L=n+l1
paais (2) Ta (3). Axuio ymosu (8) OyayTs BHKOHaHHI Ui
BCiX 3Haiaenux 3Havens P(lo;) ta Q(lo,), To 3’aBUTHCH
CHIHAJl HAa JPYroMy BHXOHi 4eTBeproro OIOKy nHopis-
HAHHA, AKAH NONAEThCA Ha Mepimiwit BXia OmoKy iHIMKa-
1ii, MO 3aCBiMYYE CTIHKICTh CHCTEMH, IO KOHTPOIIOETH-
cs (CK). IlosiBa Takoro CHrHaly € 03HAKOIO MPHIHHEHHS
poBoTH NpUCTPOI.

Sxmo x ymoBH (8) He BUKOHYIOThCH Xoua 6 s on-
Hi€l rapMOHIYHOI CKIafgoBOi, TO 3'MBAATHECA CHTHANH Ha
IHIIMX BHXOJax APYroro Ta TPEThOro OJNOKiB MOPiBHAHE,
aKki OyXyTh mojaHi Ha BXOJH TPETLOTO eNeMeHry I, 3
SKOr0 CHIHAN MOCTYNMTH HAa APYrHit BXif iHAMKaTOpY.
TosBa TAaKOro CHrHANY € O3HAKOIO TOTO, L0 CHCTEMA,
AKa JOCHIIKYETLCA, € HECTIHKOIO Ta TAKOXK € O3HAKOI0
NPUIHHEHHS po0OTH NPUCTPOIOD.

OxpeMo Bifi3HAYMMO, IO KOPOTKHI iMIyNIbC 3 BH-
XOXy Apyroro eneMeHTy | momaeThcs TakoX Ha BXiA iH-
BEPTOpA, HA BUXOMi SKOTO 3'BUTBCA CHIHAN, BiIMOBiZ-
HHH PIiBHIO NOriYHOTO HYJA, AKHH MOOAETHCA HA BXin
nepmoro enementy I, Ha Buxogni sxoro Oyne piBeHs 10-
rivHOro Hyns, AKuii NojaeThcd Ha BXin enementy ABO
Ta 3a00poHsE 3UNTYBaHHA CUI'HaJB 3 KOMyTaTopis. Ilic-
JI5L TOTO, K IMITyJIBC 3 IPYTOTO eleMeHTy | 3anmmeTscs y
JMYWIBHHK, Ha BXi iHBepTOpa Oyde TONaHMil CHrHAI,
BiNIOBiIHMIT PiBHIO JIOTIYHOI OJMHHUII, @ HA HOro BHXOXI
3'SBHTHCA CHIHAI, BiINOBIIHWI PIBHIO JIONIYHOTO HYJIA.
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SIKWIO K YHMCHOo rapMOHiuHMX cknamoBux L=I+1 menme
yycna, AKe MifpaxoBaHe B JIYWIBHUKY Ta AKe MOJAETHCA
Ha BXiJ uyeTBEpTOro GOKYy TIOPIiBHAHHSA, TO 3'SBHTBHCA
CHTHAJ Ha MEpIIOMy BHXOAI yeTBepToro OJOKy mopis-

usaapa. Lleii curnan Gyme momaHWH HAa Apyrii BXin nep-
woro enemenTy I, 3 Buxoay skoro Oyze nojanuii Ha BXia
enementy ABO, 1o [03BONMTE MOAALIIE 3YUUTYBAHHS
CHTHaNiB 3 KOMYTATOpIB Ta MepeBipKy ymoe (8).

o i
[ KopenasTtop |
g 1]
IF'enepaTop Mepm ui Mepwnuii 6nok 3anucy
TpHTEP Ta 3YMTYBAHHSA
1 &
Depwui HNpyrui
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|

loo.

1§ 1 X
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e B — 1
Mepmui 6noxk Bmok 3sMiHH 3HAKY
Enement NOpIBHAHHA
ABO T
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—
& + +
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HanbHHH OGN0k HaneHHUi Gnox
L
— I
> HApyrui Bnox Oano- Ipyruii 610k 3anucy
r TPpHTEp 3aTPHMKH siGpaTtop Ta 34HTYBaHHA
spcno 717 Bnok 3Minm
3JHAKY yucno "0
1 i I
IeBep- Jdpyruit 6nok Tperiit 610K
Tap NOpiBHAHHS NOpIiBHAHHA
| Joerog——"ri T
e
rH epm Hil eNEMEHT IJ._ l Hpyruii enement | I ereTiﬁ eneMenT I I
| ]
x + L, 1
| NivuIbHHEK | 1Hcao "L Innn-
l | KaTop
LBanycx YereepTHnii 6n0k
/ NOpiBHAHHA
J T

Puc.6.1. DyHKIIOHATEHA CXeMa MPUCTPOIO VIS BH3HAYCHHA CTIHKOCTI CHCTEM, SIKi MOMKIIHBO JIiHEapH3yBaTH.

BUCHOBKH

TakiM 9HHOM, 3alpONOHOBAHMI MPUCTPIH mpainoe
OTAKTHO O MOMEHTY TIOSBH CUTHATY Ha OJIHOMY i3 BH-
xoiB iHaukaTopy. HoBHil LMK NEPEBIPKH Ha CTIHAKICTb
[IOYMHAETHCA TIC/A MOJadi CHrHaIy 3alycKy, SKHil NpH-
BOJIUTH JHYMIBHHK Ta TPETIi TpHUrep Y MOYATKOBHH CTaH.
IpH LOMY CIi MiAKPECINTH, O MOMEHT NOJadi CHr-
HATy 3amycKy HeOoOXiHO Y3roIKyBaTH i3 TPHBATICTIO
IMOyJILCIB, AKi TEHEPYIOTBCA TI'EHEPATOPOM TAaKTOBHX
IMITYJTBCIB.

Ha 3aBepmieHHs CTaTTi BiI3HAYMMO, IO TPHCTPIH,
AKMil 3aIpOTMOHOBAHO, PO3B'A3y€ 3anauyy BU3HAYCHHA
CTIMKOCTI CHCTEM, IO JOCIHIDKYIOTECS, Y XOAi iX HOp-
ManbHOI eKcIUTyaTaiii, 6e3 mojadi TECTOBHX CHMIHAIIB,
HE NOpYLIyIoYH iX QyHKIiOHYyBaHHA. BaX/IMBUM € Te, 1O
BUKOpHCTaHHA koedilieHTiB panis ®yp'e nd po3s’s3Ky
pisusngs (1), Ak BiazHayeno B poboti [3], nossonse mix-
BAIIATH TOYHICTH PO3B’A3KY B 3B'43KYy 3 THM, IIO NpU
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BUKOPHCTAHHI TaKHX KOeQillieHTIB 3aBXKIu 31IACHIOETE-
ca (QinbTpanis agANTHBHOI NEPEKOaN 3 HYJIBLOBHM Ce-
penHiM, TOGTO BOHH BONOJIIOTH peryjiApH3alliHHAMH
BNIACTHBOCTAMH Yy Oinbuifi cTyneHi, Hix Oynb-gka iHma
CHCTEMa OPTOrOHANBHHX (yHKILIA.
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VY pobori posrnsnatotecs 6asoBi JneMeHTH Ta
onepauii  ¢yHnaMeHTanbHOI anre6pH  NpeIHKATHHX
onepauiii Ta iX 3aCTOCYBaHHA NpH po3pobui imiTaniitHoi
MOJeni OpAMHapHOI poskpameHoi citku [letpi.
Po3pobneno MeTon BH3HAYEHHA MHOXHHHM TYMIKOBHX
CTAHOBHII CHCTEMH 3 BHKODHCTAHHAM MNpe/CTaBJICHHA
JNIOTIYHOI CTPYKTYpH po3kpameHoi citku Iletpi B
TepMiHax QynnameHTanbHOI anreGpu IpeaMKATHHX
omnepauiii. 3anponoHoBaHa nporpamna cuctema ISICPN,
AKa MO3BOJIAE pO3pobNATH 1 BHUKOHYBaTH iMiTamiiHi
MOZeNi CHCTeM Ha MOBi po3kpamenux citok Iletpi Ge3
KOHTPOJIO 49acy, KOperyBaTH CTPYKTYPY CiTkHM Ta
aHalisyBaTH Jeski 1l BJacTMBOCTI, w0 GasyeThcs Ha
amapati  QyHIAMEHTaNbHOI anreOpH  TNpeNMKaTHHX
onepawii.

Kmouosi cnoBa: npenukarH, anrefpa npeIMKaTHHX
onepauiii, poskpameni citkn [letpi, imiTauiiine
MOJETIOBAHHA, MHOXKHHA TYMIKOBHX CTAHOBHILL,

BCTYII

Anrebpa npenukaTis Ta anrebpa NpeaMKATHHX
onepaiif Hanexarts A0 0obnacTi TOTHYHOT MaTeMaTHKH,
AKa BHHHKIA y 3B'A3Ky 3 HeoOXximmictio ¢opmansroro
onHcy ob'ekTiB i mpoueccis.

Anrefpa mnpelMKaTiB € y3aralbHEHHAM anapary
Oynesux ¢yHkuifi (mepexin Bix ABilvacTHX 3HAKiB 10
Oyks) Ta anmapaty Garato3HauHoi Jioriku (mepexin Bin
(yHkuiii 10 BiNHONIEHSB) i ABNAE cO6OI0 YHiBEpCANLHUI
MaTeMaTHYHUMA  amapar, SKuif  BHKOPHCTOBYETHCH
TEOPi€l0  iHTeNeKTY s  QOPMAIBLHOrO  OmHCY
BigHOmeHs([1].

Anrebpa npenuKaTHUX onepauiii sBasE  coBoro
HanOynoBaHHs  Han  anreGpow  npejaukaris, 1T
nomupeHHs.  Anrefpa  npenMkaTiE  OXOIUTIOETHCA
anreOporo NpeIHKaTHHX OTepauii.

INpenukaTthi onepailii BHKOPHCTOBYIOTBCA Yy THX
BUTIAZKaX, KOJIM BMHMKac HeoOXimHicTe mpoBomuTH Aii
HaJl npeauKaTaMH abo ONMMCYBAaTH 3'BA3IKH MiX HuUMH [2].
AnreGpn NpenHKaTHHX omnepauii MOXHa
BUKODHCTOBYBATH TMiJl 4Yac NPOEKTYBAHHA CHCTEM
06pobxu indopmauii, pisaux iHdopmauiiiHux cTpykTyp
Ta iX EeNeKTPOHHHMX cxeM. Anrebpw npeaMKaTHHX
omnepauii JOHLUTEHO BHKOPHCTOBYBAaTH s
(hOpMYJIBHOTO 3amMHMCy BJIACTHBOCTEN IHTENEKTYalIbHOI
MOBENIHKH TOro, IO BUNPOOYETHCA, MiX Yac BUBYEHHS
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MeXaHi3MiB iHTenekTy moauHd. Cama % 1A NOBEiHKa
BJIAJIO OTHCYEThCA MOBOIO are0pH NpeAMKaTiB.

Anrebpa npemukaTiB Ta anrefpa NpeRMKATHHX
onmepauiii no3ponAOTL (opMatisyBaTH BiIHOMEHHS,
Oyap BOHM peakli€lo JMIOAWHH HAa 30BHilIHI JisHHA abo
BiIHOIIEHHA Mik OykBaMH B CIOBi Ta C/lOBaMH B
PEYCHHI, ale MpH MOJENMOBAHHI IMHAMIYHHX 00'€KTiB
BHHHKAKOTH A€AKi TPYIHOLII.

IcnytoTe iHII iHCTpYMEHTM JOCHIJKEHHA CHCTEM,
GunbIn npuAaTHI JUIS HaBeIeHHA QHHAMIYHOI MOBEIHKH
CHCTEMH WIO MOJEIOEThCA, Hanpukiaan citku [lerpi. Ha
ueii 4yac icHye Gesmiy Momudikauiit cirox Ilerpi,
3anponoOHOBAHMX MJA TOro, mod Oineln amexksaTHO Ta
3pY4YHO BHpaXaTH y TepMiHaX CiTOK 0coOIHBOCTI
(YHKUIOHYBaHHA peaNbHHX MHCKpeTHHX cucTeM. L
momudikauii NpUBOMATE 1O KNACiB - CITOK, Oiibi
NOTYXHHX, HiX knac citok [Ilerpi. Hanpuknaz,
imiTauiéiui citku Iletpi, perynspui citku IleTpi, yeprosi
citku Iletpi, perynapui croxacruuni citkn [lerpi,
poskpaiweni abo nosHaveHi citku [Tetpi [3], anreGpaiuni
citku [letpi[4].

Ilpu mopemosanHi citkamu [letpi mMCKpeTHHX
cucTeM iKMW 4YacTo BiANOBiZalOTh 06'€KTaMm, 1O
TepeialoThCA Bill KOMIIOHEHTY 10 KOMIIOHEHTY CHCTEMH
(manuM B iHdOpMaLifHUX CHCTEMaX, NETAJAM, pecypcaM
i T.i.). 9acTime ui o6'ekTH MalOTh NOHATKOBI aTpubyTH,
fIKi 103BOJIAIOTH PO3MI3HABATH iX TA BUKOPHCTOBYBATH 1
PI3HHII 1719 YNPaBNiHHA (YHKUIOHYBAHHSM CHCTEMH.
Onnak, ¢imku B citkax ITetpi "GezocoGosi" i He
BiI0OpaXKatOTh TaKi pi3HHMLI.

Poskpaweni citku [Iletpi sBwmots  coforwo
monudikauiro citox IMetpi, B kil dimkam npunmcani
HesKi O3HAKW, HANpHKIAL, pi3HI KONBOPH, a YMOBH
30paubOBYBaHHA NEPEXOAIB Ta NpaBHIA 3MIiHH PO3MITKH
CiTKHM 3aJal0ThCs ClELiaibHOK TabNuieo, MO BPaXxoBye
KOJBOPH (ilIoK.

Poskpameni citku [letpi - me MoBa MoONemOBaHHA
pa3sBMHEHA JUIA CHCTEM, B SKHMX pO3MOXIN pecypcis,
KOMYHiKallili Ta CHHXPOHI3allii rpaloTe BaXNHBY POJb.
Poskpameni citku Iletpi of'ennyiots B cobi cumy
OpAMHAPHHX CiToK [1eTpi 3 CHIOI0 MOBM MpOrpaMyBaHHs
BHCOKOTO piBHA.

Jina MolemoBaHHA AEAKIX CHCTEM MOXKE BHHHKATH
norpeba y  BH3HaYCHHI ® JOMAaTKOBMX  YMOB
3MpalbOBYBaHHA MEPEXOMiB, @ TAKOXK OLIbII 3aranpHuM
MaTeMaTH4YHMi onuc QyHKuioHyBaHHA ciTku. Lle Tarne
3a cobor0 po3pobky HoBuX Monudikauii - anrebpaiynux
citTok Ta anrebpaiunux citok IleTpi BUCOKOTO piBHSA.
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1. AITEBPH IPEIMKATHUX
OIIEPAIITi

V Tepmidax anrebpn npeaukartie [1] BigHOmEHHs
BH3HAa4YalOTECA TAKAM YHHOM. BXimHi cHrHamm, sxi
Npen'sBlflOTE  TOMY, XTO  BHNpoOyeTeCE B
eKCIIEPUMEHTax, IO BiJHOCATBCA Jo0 Teopii T,
Ha3uBalOThCA mnpeaMmeramMu Teopii T. Hemopoxkus
mHoxuHa U Beinakmx npenmetis Teopii T HaszuBaeThes
yHiBepcymoM Teopii T. Hexall X;, X5,..., Xm - BCLIAKI
MiCOd ~ TOpPEeIMETiB, IO  BHKOPHCTOBYIOTECH B
excriepuMenTax Teopii T. Bonm  HasuBawoThCH
npeIMEeTHHMH 3MiHHHMH Teopii T. flkmo npeamer a
3HAXoAuTheA Ha Micui x; (i =T, m), To roBOpATS, MO
3MiHHa X; IpUiiMac 3HaUeHH a i MHIIYTE X;= a.

SAKmo ay, ay,..., 3 €U Tax; =2y, X3= 2y, ..., Xm = 2,
TO TroBOpsATh, WO Bexkrop (abo Habip) (a;, aj,..., ay)
HANEXHTh A0 mpocropy npeamerie U™ . Ilpoctip U™
Teopii T yTBOpeHO i3 BCINAKHX BEKTOPIB (X1, Xa,..., Xm),
AKi CKNIaleHi 3 MpeIMeTIB X, Xg,..., Xy, B Teopii T. Yucno
m Ha3MBaeThCA posMipHicTio mnpoctopy U™. Boso
nmoBHHHO  3biratWcas i3 umcaoM  Micup, 1o
BHKOPHCTOBYETLCH B eKCriepuMeHTax Teopii T.

Bynb-ika MHokHHa P mpocropy U™ HasuBaeTbcs
BiTHOWIEHHAM, mIo 3amaHe Ha U™ . Bynas-ska dyHkuis,
P(x;, X3,..., Xp), MO Binobpaxye wmHoxkuny U™ vy
MHOkHHY X = {0, 1}, Ha3HBa€ThCA MpEOHKATOM, LIO
samanuit Ha U™ , abo mpocto npemmkarom Ha U™
EnemMeHTH MHOXHMHHM I Ha3MBaIOTBCA  JIOTIYHHMH
koHcTaHTamMu. Enement 0 HazuBaeThcs XubO0, €EMEHT
1 - ictunoro. [Ipeaukar P HasMBaeThCsA KiHIEBHM, AKINO
MHOXkMHa U kiHuesa, Ta OeskiHueBHM - y
NpOTHIEXKHOMY BHOAAKy. BimMinHi X;, Xi,..., X,
Ha3MBaNOTRLCA apryMeHTaMHu npeaukara P(X,, Xz,..., Xq )-

Takum uynHOM, anreOpa npemWkaTie  J03BOJNSAEC
OITHCYBATH Y BUIJIA/I PiBHAHB TUIBKH JETepMiHOBaHI Ta
NHCKpeTHi npouecH. Take BH3HAaYEHHA BHKIIOYAE 3
posrnany 6e3nepepsHi inpopMmaliiii npouecy.

Hexait U - yniBepcyMm npeameris; X;, Xj, ..., Xp -
npeaMeTHi BiIMiHHI. M - MHOXWHA BCiX npemukaris P
(Xi, X3 .., Xn) Ha npenmerHomy npocropi U™
MuoxuHa M Ha3sHMBacTbCA YHIBEPCYMOM NpeIHMKATIB.
Binminni, mo BM3Ha4eHi Ha MHOXHHI M, HazMBalOTHCA
NPEeAMKATHUMH BiOMIiHHMMH. IX 3HaYeHHs - mpemuKaTH,
wo 3amani Ha U™ Muoxuaa M" HasuBaeThcH
NpeAMKaTHAM  OPOCTOPOM  pPO3MIpPHICTHO N Hajl
npenukaTHuM npocropom U™. Enementu MuOXuHH M"
(Habopu mpenuKaTiB) HA3MBAIOTLCA TPENMKATHHUMH
BEKTOpaMH.

Bynb-aka dyHKLis

F(X g, Xy o Xa)= X, (L.1)
wo Bigobpaxye MHOXHHY M" y wMHoxuEy M
HA3MBAETHCS MPENMKATHOIO Omepamielo. R - MHOXHHA
YCiX NpeIHKaTHHX omepauiil. Anre6poi0 NpexvKaTHHX
onmepaniii Hag R HasuBaethcs Oyamb-fika anreGpa, o
3ajiaHa Ha Hocii R.

V [2] BusHaueni OyneBa anreGpa mNpemwKaTHMX
onepauiii, anrebpa mnpeaMKATHMX  onepauwii i3
KOHCTAHTaMM  Ta  BiAMIHHHMH,  JW3'FOHKTHBHO-
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KOH'IOHKTHBHA airepa mNpeIMKaTHHX onepamii i
¢$yHaamenTanbHa anrebpa NpeJHMKaTHAX Onepairii.
QyHIaMeHTATbHOK anrebpoio HasMBaeThea anrebpa
NpeAMKaTHUX onepauii, B AKili GasucHUMH onepaiiaMu
CIyXKaTh OM3MOHKIIA Ta KOH'IOHKUiA, a Oa3HCHUMH
snieMeHTamMM - npeaMkat 0 Ta Beingki  npenukartu
nmisHaBaHHs mpenMeTiB X' (i = IL,m, a € U) ma

Tpe/MKaTH Mi3HaBaHHs npemukatie X, ( j= Ln ,
P e M).

Teopema mono noBHOTH QYHOAMEHTANLHOT anrebpH.
QynpamenTanbHa anrebpa mns Oyme-akux U, m u n
nosHa. JloBeJeHHS TeopeMH HaBeleHo B [2].

2. IPEJCTABJIEHHS JIOT'HYHOI
CTPYKTYPH PO3KPAIIEHOI
CITKH IIETPI Y TEPMIHAX
®YHJAMEHTAJBHOI AJITEGPU
IPEJUKATHUX ONEPAIIINA

IlpencraspMo  y  TepMiHax  (PYHAAMEHTANbHOI
anrebpu TNpeWKaTHUX ONEpalliii po3KpameHy CiTKy
Ierpi. Poskpamena citka TleTpi BH3HA4Ya€TBCA TAKOIO
m'atipkoro: N=(P,m, F, H, Cond, V, M),

Jge P - cxiHueHHa HEMOpPOXKHA MHOXHHa
cumponis {P,, P,, ... P.}, fKi Ha3UBAIOTLCH MiCLIAMH.
Ilpeactasumo iX AK CKiHUEHHY HEMOPOXKHIO MHOKHHY
NpeauKaTiB BUIY

P (%, X2 o X)) = K™ AT ACLA xj‘j oI e )
ne a; - KinpkicTs ¢imok j - ro Tuny B Micui P;, a; € {0,
1,2,..};

n - KiMBKIiCTh Micub;

m - KiIbKiCTh THNIB ¢ilrok (konbopis).
BynemMo BBakaTH, IO B pO3KpalleHidl CiTIi B KOXHe
MiCLE MOXYTh MOUIMHTH (ilIKH TLNBKH BH3HAYECHOTO
THIY i HiAKi iHwi. TakuM 4MHOM, AKINO JHeAKe a; NpH
Oynb-sikiii po3MiTui HOpiBHIOE HyMO, TO X;” - MOXHO
YBa)XaTH HECYTTEBOIO BiIMiHHOIO.

F - yHKuis iHIMACHTHOCTI, 1O BKa3y€e HA HAsBHICTH
AyT, AKi 3'€IHYIOTh Micus 3 nepexogamu. [IpencraBumo
il sk npemuxat F (P, P2, ... Pa) A€ pi€ {1, 2,..Kk).
SAxmo icHye myra iz Py BV, TO p,' = 1. Takum 4yHHOM,
¢yHKuia iHWAReHTHOCTI Wis citku Iletpi 3 puc.l moxe
6yTn 3amicana B TakoMy Burani: F: = p A p)’ Apia
APEAPSADEADP =1, memmap! i=T,m j=T,k;
i=1.7 3=1.6:

H - dyHKuis iIHIMOEHTHOCTI, O BKA3ye HA HASABHICTH
IyT, fAKi 3'€HYIOTh NMEPEXOIM 3 MICIIAMH, BU3HAYAETHCA
ananorivHo ¢yHkuil F, sk npemuxat H(vy,va,...vy).
Slxmo icuye myra iz V, BP;, 10 vi=1, e v; € {1,
2,... n}. Takum uuHOM, TaGnuus iHUMAEHTHOCTI AN
citku Iletpi 3 puc.l Moxe GyTH 3anMcaHa y TakoMy
parsani: H=v,' Av;)? AV AvPavi Aaviavs'=1,
ge mma v i=Lk:;j=Ln; i=15; j=_ljﬁ

Cond - MHOXWHA YMOB 3MpallbOBYBaHHA TNEPEXOiB
{C,, Cy,...Ci}, ne x - KuIbKiCTh nepexomiB ciTku. Jlia
poskpaienoi citku [Tetpi Cond Gyne MaTh Burmsim




Pucynoxk 2.1 Poskpamena citka [leTpi Ta yMOBH 30pallbOBYBaaHHS NMEPEXOY t.

KOH''OHKLII JIOTIYHUX BHpa3iB, Tak A CiTkd 3 puc.l
ymosa C, s nepexony V, 6yne MaTti BHIIA:
Cr=X/ 0Py (Xp5..05 X10) V X1 / 0 P (Xy5... , Xp0)) A
A(x6/0 P, (X] $is g Xm) Vv Xa /0 P5 (Xl Ses & Xw)) A
AXe/OPy (X1,... s X10) VX3 /O Pg (Xp,.n. 5 X10)) =
= 0. 2.2)
3pyuHille 3amHCaTH YMOBH Y BHIVIANI CHCTEMH
PiBHSHB:
C21: Xg/O P| (Xl,... 5 xlo) VX /0 P6 (X! panwy xlo) =i,
Cu=%s/ 0Py (X15--- , X10) VX2 / 0 Pg (X,... , X10) =0,
C;_;‘—_XG/O Pl (Xg,... 5 Xlo) VX3 /0 Pﬁ (X1 S g xlﬂ) =0

Jlns Toro mo6 BH3HAYMTH 3aralbHHil BHITIAL YMOBH
3MpalbOBYBAHHA MEPEXOAY I PO3KpalleHOi CiTKu
ITerpi BBeZEMO npeauKaTHy onepauino G:

G (P, X)=%/X P (X5 %) 5 _ (2.3)
ne X mMoxe npuitMaty 3avenns 0; x; ' x, .

~Tomi ymoBa (2.2) Gyne MaTh BUIIAL :

Ca=Gs (P, ,X)vGi(Ps,X)=0,

Cu=Gs(P, ,X)VvGy(Ps . X)=0,

Cs3=Ggs (P, ,X)vG;3(Ps ,X)=0, (2.4)
ae X =0.
BukopucToBytOYH (2.3), ymoBH 3MiHH pO3MITKH
BHXiZTHMX Micup niepexony V citku ¢ puc.]l 3anumemo y
BUTJIAL:

R21=G, (P2, X),

Ry =Gy (P, X),

Ry=G; (P, X), (2.5)

rae X = x; **!

V - CKiHY€HHAa HEMOPOMKHA MHOKWHA MPEIHKATHHX
onepauiii {V;, Va,... Vi}, M0 30BYThCA mNepexonamu.
3npanboBYBaHHA NEPEXO/a € MHOXKHHOIO Omepaiil Haj
npeaMkataMy P; Ta, OTKe, NMpeIMKAaToM pPOo3MiTKH M ski
MalTh BHTJISAIL

Vi=Ca (G (P; , X)) v Ra (G (P, Y)), (2.6)
“mel=Tuji=lk;j=T,n; :
s e {1, m};

- 1. £ as+l
X=x""; Y= x*".
M, - noyarkoBa po3mitka. Po3miTka sBnse coboro

NpeIuKaT BULY
M=P,vPyv..VvP,. 2.7

Busnauenns oGMesxeHoi opauHapHol citku [Tetpi B
TepMiHax anreGpu NMpeaWKaTHUX Onepaliii HaBeAeHO B

Bl

2.1 BUBHAYEHHSA MHOXXKWHHA
TYIIIKOBHUX CTAHOBHII]

Citku Iletpi 6ynu po3poGneHi i BUKOPHCTOBYIOTECA
ana  MomemoBaHHs. OJHAK €aMO - MOJEMIOBAHHSA
manokopucHe. HeobxinHO npoBecTH amanis cHcTeMwu,
mo moaenwoerscd. lledt anamis, MoxiImuBO cnomiBaTHcH,
npuBele A0 TIMOOKOro MPOHHKHEHHA Y MOBENIHKY
CHCTEMH, IO MOMEMETLCA. JIeKinbka METOOIB aHaMu3y
BKe po3pobiieHo, onHak B obnacti aHanisy citok Iletpi
icHye e 6araTo nmpobnem.

Citkn Tletpi MOXHa aHali3yBaTH TPbOMa DI3HHMH
metonamu. [lepmuit Meton - imitauis. Lle myxe cxoxe
Ha BUUTAJKYy Ta BHKOHaHHA mporpamu. Lle o3nauae, mo
MH MOXEMO BHKOHYBaTH Mojenb citku Iletpi mis
OTPUMAaHHS CTATHCTHYHHMX PE3YNLTATiB MpO MOBEMIHKY
CHCTEMH, IO MOJEJIOETHCS.

Jpyruit Merox aHamily - BxomkeHHs rpadis (abo
npoctip craHoBMm, abo Jocaraemicts  rpadis).
OcHOBHOIO ifecro micia BXOMKeHHs rpadis € nobynosa
opieHTOBaHOrO rpady, SKHH Mae By30n A KOXHOIO
MOXIMBOrO CTAaHOBHINA CHCTEMH i IOyry i KOXHOL
MOMJIMBOI 3MiHH cTaHoBHINA. OueBHAHO, Takuil rpad
MOXe OyTH XyXe BEeJIMKHM HaBiTh JJIS MAJIEHBKOI CiTKH
Metpi. Onnmak, BiH Moxe Oyt noGynosanuii i
NpoaHani3oBaHMil MOBHICTIO aBTOMAaTH4YHO. [CHYIOTH
TEXHIKH, #AKi pobnaTh MOXIMBAM Taky o0GpoOKy
YIIITBHEHHX BXOUKeHb rpadis. L{i TexHiku ocHOBaHi Ha
KJlacax eKBiBaIEHTHOCTI.

Tperti#t meton awmamisy - iuBapianté Micus. Ilei
METON OYXE CXOXHMH 3 BHKODHCTaHHAM IHBapiaHTiB y
npocrtiii Bepidikauii nporpamMu. KopHcTyBau KOHCTpYio€
MHOXHHY piBHAHb, #Ki 3af0BONBHSIOTE KOKHOMY
CTAaHOBHILY CHCTEMH $KE€ MOXHA JOCATTH. PiBHAHHS
BHKODHCTOBYIOTECS Ul JIOBEJEHHA  BIACTHBOCTEH
CHCTEMH, 10 MOJEIOETBCA, TOOTO BIACYTHICTE MEPTBUX
TOYOK (TYMIKOBUX CTAaHOBMINI).
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TymikoBHM CT2HOBHIEM CHCTEMH Ha3MBAETHCA
CTAHOBMIIE, B JKOMY JKOJEH MEpexin CiTKH He Moxe
Oytu 3amymenuii. BUKOPHCTOBYIOYHM TpEACTAaBIEHHS
JOTiYHOI CTPYKTYpH po3kpameHoi citkm Iletpi y
TepMiHax QyHIaMeHTanbHOI anreOpH NpeAMKATHHX
omepalliif, MHOXXHHa PO3MITOK, WO BiANOBIiNAIOTE BCiM
MOXUIMBHM TYNIKOBHM CTaHOBHILAM CiTKH, MOXHa
BH3HAYHTH fK MHOXHHY pIlIEHb CHCTEMH JOTIYHHX
DiBHAHB BHIY:

C1=1;
=l
Ckzl,

Jie K - KUIbKICTb Mepexo/IiB y CiTLi.

ANTOpDHTM mOWMYKYy pillleHE CXOXKHX  CHCTEM
JeTalbHille po3risnaercs B [6].

[laM MeToOM MOXJIHBO JOBECTH Y MaTeMaTHYHOMY
pPO3yMiHHi, 110 CHCTEMa Ma€ TIeBHY MHOXHHY
BrnactuBocTedl nopeiiHkH. OIHAK, NIPOMHCIOBI CHCTEMH
9acTo Taki CKJIajHi, 0 He MOMIHBO abo, MpH HaiiMHi,
J0poro 3pobuTh NOBHE NOBENEHHS IXHBOI KOPEKTHOCTI.
Tomy, ¢opmaneni wetomn Bepidikauii nosuHHI
pO3rIsAaTHCS K JNONOBHEHHA /10 Okl HeOopMaTbHHX
pe3ynbTaTiB, IO OJep)KaHi 3a JONOMOrow 3acobis
imiTauii. Buxopuctanas QopmansHoi Bepidikauii yacTo
BHALUIAE Oitbm BakMBI mincuctemu abo GiutsLr BaXHBi
acrneKkTH BCi€T CHCTEMH.

3.CHCTEMA ISICPN
IHTEPAKTUBHOI IMITAII
PO3KPAIIEHOI CITKY IIETPI

Cucrema ISICPN - iHcTpyMeHTanbHHH 3acif s
poboTu 3 po3kpamesuMH ciTkamu Iletpi 6e3 KoHTpomO
4acy, IpaBHia 3MpalbOBYBaHHA MEPEXOHiB  AKOI
peanisyloTeCi 32 JOMOMOTOK  (yHIAMEHTAILHOT
anrebpu  npeaukaTHMX  omepauiii. Lla  cucrema
obnanHaHa 3py4HHM iHTepdeiicom i mpusHadeHa s
iHTepakTHBHOI iMmiTamii pozkpamenoi citkm Ilerpi
(PCII), 3 HagaHHAM MOXMUIMBOCTI BHECEHHA 3MiH Yy
CTPYKTYPY CiTKH Ta Te€peBipKH  BIIaCTHBOCTei
30epexxeHns 1 obMexxenocti. [Iporpama peanizopana Ha
mogi Delphi.

BxigHuMH JaHMMH € napaMeTpu Ta cTpykTypa PCII-
CITKH IO BBOAATBCA KOPHCTYBa4eM, BHXiOHI JaHi -
CTpyKTypa ciTkum  (TekcToBMi  aiin), 3HaYeHHH
BJIACTHBOCTEH U1 IaHOT CTPYKTYpPH.

PCIl-moneni Ge3 KOHTpomO 4Hacy 3BHYAiiHO
BHKODHCTOBYIOTBCH [UIA TMepeBipkd  (yHKUiOHANBHO-
JOTHYHOI KOpeKTHOCTI cucTeMu. [1ix yac iHTepakTHBHOT
iMiTauii xopucTyBa4y kepye BciM mponecoM. MoXIHBO
nobauuty edekT OKpeMHX KpokiB OesnocepemHbO Ha
rpaiusoMy 300paxeHHi poskpawmeHoi citku Iletpi. Lle
O3Hayae, IO KOPHCTYBau MOXE HOCTIIKYBaTH pi3Hi
CTaHOBMIIA Ta OOMpaTH MK MOXKIMBHMH NEPEXONaMH.
[HTepaxTiBHA iMiTallis CX0Xa Ha TMOKPOKOBY BiaNafKy.
Lle nae MOMUIMBICTL NpH HackpisHoMy koHtponai PCII-
Mozeni IOCHi/KyBaTH pi3Hi cueHapii Ta nepesipaTH, uH
Binnosinae pobora momeni  ouwikyBaHHam. Lle
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NpOTHIekKHO OaraTeoM, iMiTaUiMHMM NakeTaMm, WO He
noTpebyIoTk 0poOOK KOPHCTYBAYa, SKi YaCTO Mil0Th, K
9OpHi AIIMKH, Je KOPHCTyBad MOXeE BH3HAYaTH BXilHi
HaHi i MepeBipATH pPe3y/NbTaTH, e Mac OyXe Malo
MOXUTHBOCTEH 3pO3yMiTH MoJesib, Ha sKill 30CHOBaHa
iMiTanis.

BHCHOBKH

3actocyBaHHA dyHIaMeHTaTBHOT anrebpu
NpeNUKaTHUX oOmepamiif Mid NpelCTaBNeHHS Ta OMHCY
¢dynxuionysanaa citok Ilerpi mae cyrreBy exoHOMIO
pecypciB  mpH  MpoTpaMyBaHHi, ocobnuBo A
MOJEMOBAaHHA  CKIIAAHMX  CHCTEM, TOMY IO
NpEeNCTAaBIEHHA MATPHLbL iHUWIIGHTHOCTI Yy BHrmani
NOTIYHHX BHpa3iB (YNOPSAKOBAaHHH PANOK CHMBOJIIB)
3HaUHO 3KOpOYye 4Yac MOMYyKy. J[laHe TBepkKIeHHA
HECTIPaBEUIMBE TUIBKY B ONHOMY BHMAJKY, SIKUIO B CiTIi
KOXHe Micue Oyne BUSBIATHCA BXiTHUM Ta BHXiIHHM
MiCLIEM JUIS KOXHOTO MNEpEeXody, IO MAanoiMOBIpHO.
@OynnamenTaneHa  anrebpa nNpeaMKaTHHX — onepamii
nossonse GopmanisyBaTH Taki IIEPETBODEHHS CiTOK
Iletpi, K NpHENHAHHA, BHWIy4YeHHS, HAKIANEHHA 1 T.i.
citok Ilerpi y anrebpi perymapumx citok Ilerpi [3].
BHKOpHCTaHHS MOAUIMBOCTEH po3kpaueHux citok Iletpi
B TO€QHAHHI 3 anapatoM (QyHIaMeHTanbHOI anreGpu
IPEIMKaTHHUX ONepauiif [03BONSE YCMIIIHO MOIETIOBATH
¢bynkuii inTenekry momuuH. Cucrema ISICPN moxe
OyTH BHKOpHCTaHa SK iHCTpYMeHTAIbHMH 3acif min gac

po3pobku iHTEeNeKTyanbHHUX areHTiB. Onnak,
po3s'A3aHHAd B JaHMX TepMiHax 3afay JOCSDKHOCTI
pa3MeTKU 3HA4HO T ABHIITHTE eeKTHBHICTD
MOJIE/TIOBaHHS.
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MATEMATHYHI MOJAEJII CTPYKTYP TEKCTOBO-
I'PAPTYHUX TAHUX PEJAKTOPA ®OPMYJI
AJIT'OPUTMIB-CEKBEHIIIN

Bonooumup Oscax, Bacune bpumxoscexuii
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Y cratri mnopani mouarwoBi i Kimmesi
MATEMaTH4YHI MoOJeJi CTPYKTYP AaHHX peAaxKropa
dopmyn anropurmis-cexsenuii MOJIAJI

BCTVYIL B anrebpi anroputMis-cekBenmuiii [1, 2] €
€JJEMEHTH TEeKCTY 1 CIM 3HaKiB omepauiii 1 KOXKeH 3 HHX
Mmae  cneundiuny rpadiuHy  CTPYKTYpy,  sKa
YTBOPIOETHCA TPH iX Habopi B CTBOPEHOMY TEKCTOBO-
rpadiuHoMy pepakTopi, Haseamomy MOJAJI [3, 4], i
Ha3MBAETHCA MOYATKOBOKO CTPYKTYPOIO AHUX. 3 METO
ix 3bepexenns B OnHOTHNMHOMY @aiimi pospoOiaeHa
KiHleBa CTPYKTYpa JaHUX 3HAKIB onepauiii i enemMenris
TEeKCTY.

1. MOYATKOBI CTPYKTYPH JAHHX

Boun onucylotecs TakumH Qopmynamu  anreGpu
anropuTMIB cexBeHuii [1]:
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6) 3HaK onepallii HMKITIYHOTO eNiMIHYBaHHS
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2. KIHHEBA CTPYKTYPA JAHHX

Bona ommcyetbea Takor opmynoio (1):
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KIHIIEBOI CTPYKTYPH JaHHX .
EnemenTu anroputMy onucyiotscs GopMynamu:
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3. MOJEJb KlH]IEBOi CTPYKTYPH
JAHHUX
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BHCHOBKH. 1) 3acobamu Teopii anroputmis 2. B.Oscak. Agrefpa anropuT™MiB-CeKBEHIGH. //

cexBeHL{# onucani GopmanizoBaHi NOYATKOBI 1 KiHLEB]
CTPYKTYPH TEKCTOBO-TpaiiHHX [JaHHX pejaKTopa

dopmyn  anropurmis-cexsenuii = MOJAJL  2)
Iobynosana MaremaTHyHa Mojens po3pobneHnx
CTPYKTYp RaHuX.
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