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MODELS OF CORRELATION FUNCTIONS OF NONSTATIONARY PROCESSES AND
SEQUENCES FOR TECHNOLOGICAL SYSTEMS

Precision technological processes for the production of modern microelectronic products require compliance with the quality of
source materials, working environments, and precise adherence to regimes. Due to natural fluctuations in the properties of materials
and the environment, and variable states of all technological processes, the parameters of the product and technological processes
cannot be described by deterministic laws. Due to the inevitable natural properties of fluctuations in the parameters of technological
equipment and its operating modes, the state variables of all technological processes are random functions of space-time
coordinates. In most cases, these accidents cannot be neglected, since they all affect the output parameters of the products. The
most complex mathematical models of technological systems and processes in modern theory are random spatiotemporal fields,
representing both input and output characteristics, as well as parameters of the systems under consideration. The purpose of this
work is to model real-valued values of correlation functions of non-stationary random processes and sequences. When constructing
a correlation theory of random processes and sequences, a complex representation is widely used, i.e. random functions of the form
E(1)=&(t)+i&, (1), — are considered: continuous or discrete time. This approach made it possible to construct a correlation theory

of nonstationary random functions using the spectral theory of non-self-adjoint or unitary operators and to introduce the concept of
complex spectrum. For applications of the correlation theory of nonstationary random functions and their modeling, it is convenient
to deal with real-valued correlation functions. The construction of real-valued correlation functions can be carried out using the
well-known fact that the real part of complex-valued correlation functions is also a correlation function (for the imaginary part this
statement is unfair, since the imaginary part is a cross-correlation function of the real and imaginary parts of the corresponding
random process or sequence) . The resulting models of correlation functions of non-stationary random processes and sequences can

be used to construct algorithms for forecasting and filtering non-stationary random functions
Key words: mathematical expectation, correlation function, non-stationary random function, non-stationary random

sequence, quasi-deterministic signals

Introduction.

Precision technological processes for the production
of modern microelectronic products require compliance
with the quality of source materials, working
environments, and precise adherence to regimes. Due to
natural fluctuations in the properties of materials and the
environment, and variable states of all technological
processes, the parameters of the product and

technological processes cannot be described by
deterministic laws. Due to the inevitable natural
properties of fluctuations in the parameters of

technological equipment and its operating modes, the
state variables of all technological processes are random
functions of space-time coordinates. In most cases, these
contingencies cannot be neglected, since they all affect
the output parameters of the products.

The most complex mathematical models of
technological systems and processes in modern theory
are random spatiotemporal fields, representing both input
and output characteristics, as well as parameters of the
systems under consideration. To solve complex
technological problems, developments in modeling non-
stationary random functions using correlation and poly-
Gaussian methods can be used [4, 6, 7, 11, 12].

The purpose of this research is to model real values
of correlation functions of non-stationary random
processes and sequences.

Analysis of the latest research.

When constructing a correlation theory of random
processes and sequences, a complex representation is
widely used, i.e. random functions of the form are
considered &(¢)=¢(7)+i&,(¢),r —time is continuous or

discrete [1-4, 7].

This approach made it possible to construct a
correlation theory of nonstationary random functions
using the spectral theory of non-self-adjoint or unitary
operators and introduce the concept of complex spectrum
[2]. The corresponding spectral expansions of
nonstationary random functions represent, as in the
stationary case, a superposition of internal states of
harmonic (continuous or discrete oscillators), but with
complex frequencies. New types of spectral expansions
in internal states of strings (continuum harmonic
oscillators) are appearing [2, 4]. For applications of the
correlation theory of nonstationary random functions and
their modeling, it is convenient to deal with real-valued
correlation functions [7].

Formulation of the problem.

Therefore, the problem naturally arises of
constructing real-valued correlation functions, the
structure of which would take into account the complex
spectrum. The problem of reconstructing nonstationary
random functions from a given spectrum is effectively
solved for fairly wide classes of nonstationary random
functions by passing to the corresponding Hilbert space
and using triangular and universal operator models [2]. In
this case, it is essential that the corresponding Hilbert
space is necessarily a complex Hilbert space, and,
therefore, the correlation functions are complex-valued
correlation functions.

The construction of real-valued correlation
functions can be carried out using the well-known fact
that the real part of complex-valued correlation functions
is also a correlation function (for the imaginary part this
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statement is unfair, since the imaginary part is a mutual
correlation function of the real and imaginary parts of the
corresponding random process or sequence) [5]. The
resulting models of correlation functions of non-
stationary random processes and sequences can be used
to construct algorithms for forecasting and filtering non-
stationary random functions [8, 9].

Solution.

In the case of stationary random processes, the
following correlation functions are very often used when
analyzing experimental data [1]:

K(7)= Ce™ " cos pr,
(€>0.a>0,r=1-5,K(r)=ME(1)E(s). B < R);
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For stationary random sequences, correspondingly [1]:
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In the theory of nonstationary random processes and
sequences [2], the following representations are obtained
for the correlation functions of nonstationary random
processes and sequences of finite nonstationarity rank,
which in the corresponding Hilbert space are generated
by dissipative operators (compression).

K(t5) =K, (t=5)+ [W(t+r,547)dz, (1,55 0)
)
(K(n,m) =K, (n-

(in the case of asymptotic decay of a random function
K, =0).

+iW(n+z',m+z')j

=0

For nonstationary random processes and sequences
of finite rank (quasi-rank) of nonstationarity,
representations for the functions were obtained in [2, 4]

W(t,s), W(n,m), V(t,s), V(n,m),

characterizing the deviation of the process (sequence)
from the stationary (Hankel) one.
Infinitesimal correlation

Zcoa .

function

W(t,s)——aiK t+7, s+z'

characterizing the deviation of a non-stationary random
process from a stationary one. A

Z% .

correlation difference characterizing the deviation of a
non-stationary random sequence from a stationary one.
Moreover,

W(n,m)=K(n,m)-K(n+1,m+1)

K(t,s):<§[’§s>1[5 R é :e"ngoé :eitAfo,
(K(n’m):@"’g’”)f’g > S :T"§0) where £, (&,) -isa

nonstationary curve (sequence) in the corresponding
Hilbert space H, .
In the

A-4 H, ((I —TT*)H) are finite-dimensional, we

case when the subspaces

i
have

V(t,s)= —%K(l+r,s+r)

T-T°

?, (t) = <e[’A9goaea>s

W(n,m)=K(n+l,m)—K(n m+1 —12(0[1

a=1

. P
0,(n)=(T"%.e,). 1-T'T=3 (c.¢,)e,
a=1

It follows that to obtain representations for real-
valued correlation functions, it is enough to take the real
part of (1) or the corresponding scalar product. Further

ReK(1,s) we denote K, (,s),ReW (t,s)
accordingly W, (¢,s).From (1) we get
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K, (t s)=ReK (t—s)+
+IZ t+2' s+z’)+y (t+r)ya(s+r))dr.
0 a=1
Similar expressions have representations for

K(t,s), K(n,m) in other cases.

Following representations will be obtained for the
simplest non-stationary random processes and sequences.
Consider a random sequence generated by a sequence in

a Hilbert space Lfo;l] of the form 7, =7"n,, where T'— a

non-self-adjoint bounded operator of the form [2]

Tf (x) =4 f (x +lf<0 (x)e(x)f (v)dy.

dy =ty +if, # (dimImTlTo;l] - oo).

This sequence in a complex Hilbert space generates
a real-valued correlation function of the form:
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Let us consider a more general case of a
nonstationary random process in Lfo,l] of the form

7[(0
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is the solution to the Volterra integral

equation
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Let's consider

u(x,t)=e"f,(x), where A-

limited dissipative operator in /, of the form [2]:
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Then the correlation function has the form
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Thus, for modeling real-valued correlation
functions of the simplest non-stationary random
processes (sequences), a simple algorithm is obtained:

We consider a complex Hilbert space L,(Q),

which is a subspace of the Hilbert space; then we
consider a curve (sequence) cf, =g, (fﬂ =T ”50) in

this space.

Then, for various classes of non-self-adjoint (non-
unitary) operators 4 (7), the scalar product is calculated,
which is the correlation function of the original ones

& (£,). When calculating the scalar product, you can go

to unitarily equivalent elements, which allows you to use
model (triangular, functional, universal) representations
of the operator A D). Calculation

Re<§ ,&, >115 (Re<§n,§m >115 j leads to the desired result.

Similar representations of real-valued correlation
functions can be obtained for inhomogeneous continuous
and discrete fields [6, 7, 11, 12].

The simplest forecast algorithm uses the values of a

random function at one point in time &(%, ).

Conclusions and directions for further research

The main results obtained in this article were used
in the operation of technological quality assurance
systems for microelectronics products. From the above
relations it is easy to see that to represent the parameters
of a real technological process in the form of a Gaussian
random process (or random field), it is enough to select
the average value and the correlation function at any
given time (or at any point in space) and the correlation
coefficients between the readings.
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H. B. YEPEMCBKA

MOJIEJII KOPEJSINIITHUX ®YHKII HECTAIIIOHAPHUX HPOIECIB TA OCJIIIOBHOCTE JJIs1
TEXHOJIOTTYHUX CUCTEM

[peuusiitHi TEXHOJOTIYHI TPOIECH BUPOOHHUITBA Cy4YaCHHX MIKPOCJICKTPOHHUX BHUPOOIB MOTPEOYIOTh NOTPHUMAHHS SIKOCTI
BUXIIHUX MarepiaiiB, poOOYHX CEPEHOBHUIL, TOYHOCTI JOTPUMaHHS pexxumiB. [lapamerpu BupoOy Ta TEXHOJIOTIYHHX IPOLECIB
4yepe3 mpuponaHi (UIyKTyarii BIACTUBOCTEH MarepialiB Ta HABKOJUIIHHOTO CEPEIOBHUINA, 3MIHHHX CTaHIB YCiX TEXHOJIOTIYHHX
MIPOIECiB HE MOXYTh OyTH OIHCaHi AETepPMIHOBAHMMH 3aKOHOMIPHOCTAMH. Uepe3 HEMUHYUI IPHUPOAHI BIACTUBOCTI (MIIyKTyarii
TapaMeTpiB TEXHOJOTIYHOTO OONagHAHHS Ta PEXUMIB HOro poOOTH 3MIHHI CTAaHM BCIX TEXHOJOTIYHHX IPOLECIB € BUIAJKOBUMH
GYHKLISIME TIPOCTOPOBO-4aCOBHX KoopauHaT. HaifuacTimie UMM BHIIAJKOBOCTSMU 3HEXTYBaTH HE BIAEThCS, OCKUIBKH BOHH
BIUTMBAIOTh Ha BHXIiJHI mapameTpu BupoOiB. HaiiGinbm ckiaqHumMu B cydacHii Teopii MaTeMaTHYHUMHU MOJCIISIMU TEXHOJIOTTYHUX
CHCTEM 1 HpOLECIB € BHUIAIKOBI MPOCTOPOBO-YACOBI MOJIS, L0 IPEICTABSIOTH SIK BXiAHI Ta BHUXIAHI XapaKTePUCTHUKH, TaK i
napaMeTpud CHUCTEM, [0 PO3MIANAIOThCA. METO [aHOi € MOJCNIOBaHHs MAiHCHO3HAYHHMX 3HAYCHb KOPEIIHHMUX (YHKIIN
HECTAL[IOHAPHUX BHUITAZIKOBHX HpoleciB 1 mnochigoBHocTeil. [lpu moOymoBi KopesiuiiiHOT Teopil BHMNAAKOBHX IPOLECIB i
HOCIIZTOBHOCTEH IIMPOKO BHUKOPHCTOBYETHCS KOMIUICKCHE YSBJICHHSA, TOOTO pO3IIIANAIOThCA BHMIAAKOBI (QyHKUIT BHAIY:
E(r)=&(t)+i&, (1), t— yac HenepepBHuii a6o nuckpeTHuid. Taknii miaxin 103B0IMB HOOYLYBaTH KOPEIALIiHHY TEOPil0 BUIAIKOBHX

HECTaliOHAPHUX (YHKLIH 32 IOMOMOIOI0 CHEKTPAIbHOI Teopii HecaMoCHpsDKEHHX abo YHITAPHUX ONMEpaTopiB i BBECTH MOHSTTS
KOMIUIEKCHOTO cnektpy. Jyist 3acTocyBanb KopessiniiiHol Teopil HecTalioHApHUX BUIIAAKOBUX (GYHKLIH Ta iX MOAETIOBAHHS 3pYYHO
MaTH CHpaBy i3 MiMCHO3HAYHHMHU KopersinidHumu ¢yHKuisMu. [loOymoBy AifiCHO3HAYHUX KOPEISIWHUX (YHKIIH MOXKHA
3IICHUTH, BUKOPUCTOBYIOUHM TON BimoMuil (akT, mo AilficHa dacTHHA KOMIUIEKCHO3HAYHUX KOPEALIMHUX (GYHKLIN Takox €
KOpeIILiHHOW (yHKIi€ (I8 YSABHOI YaCTHHH L€ TBEPKCHHS HECIPABEAJIMBO, TOMY IO YSIBHA YacTHHA € B3a€MHOIO
KopersniiiHoo QyHKIieo aificHol Ta ysBHOI 4acTuH) . OTpuMaHi Mozesi KOpesiiHuX (QyHKIIH BUIIAIKOBUX HECTalliOHApPHHUX
MIPOIECiB 1 MOCTITOBHOCTEH MOXYThb OyTH BHKOPHCTaHI IJIsI MOOYNOBH alrOpUTMIB NMporHo3y i (inbTpamii HecTamioHapHHX
BUIMAAKOBUX (QYHKIIiiL.

KimrouoBi cioBa: xopemsiuiiina (yHKINs, HecTalioHapHa BHIAAKoBa (YHKILs, HECTAl[lOHapHA BUIIaAKOBA IOCIIIOBHICTb,
CIIEKTpaJIbHa TEOPish HEe CAMOCIPSDKEHNX a00 YHITAPHUX OIEpaToOpiB, KOpessiLiiiHa pi3HUL
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