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Abstract. The task of signal recovery is one of the
most important for automated diagnostics and control
systems. This task is computationally complex,
especially in the case of multiple heterogeneous errors
in the signals and recovery is to be performed in real-
time. The article deals with the application and
investigation of a modified algorithm for the method of
quadrature formulas for the numerical solution of
Volterra integral equations of the I kind in solving the
problem of signal recovery in real time. A method is
proposed for selecting the parameters of regularizing
links of computing means.
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Introduction. The integral formulation of the
problem of reconstructing the input signal of a
stationary dynamic object is described by the Volterra
equation of the I Kind

JK(e=s)ylshas = 1) W

where the functions y(f) and f{f) represent
respectively the input and output signals, and the core
(function K (¢)) is the impulse response function of the
object.

Problem of solving equation (1) belongs to a class
of ill-posed problems, since the presence of errors in
the right side and core usually causes numerical
instability of the solution process, which makes it
necessary to use regularization methods [1].

In many cases, in order to increase the stability of
the solution process of the integral equation of type (1)
A.N. Tikhonov’s regularization method [2] is used, in
which the problem is reduced to solving the integro-
differential equation, one of the conditions for which is
K(0) # 0. However in real objects usually K (0) = 0,
which limits the possibilities of the method.

In this article to ensure stability of the computing
process a possibility is considered of using the
Lavrentiev’s regularization method with a specific
modernization of the regularization parameter’s search
process.

According to the Lavrentiev’s method, instead of
equation (1) the following equation is solved:

ay(t)+£1<(t_s)y(s)ds “ ). @

The problem of determining the regularization
parameter « is time- and effort-consuming [3]. In the
work [3] multiple ways of determining « are shown,
including the model experiments (examples) method
for Fredholm integral equation of the I kind.

Let us consider the possibility of applying the
model experiments method to determine the
regularization parameter « in the solution of Volterra
integral equation of the I kind. Parameter «
determination procedure consists of the following
steps.

1. For the integral equation (1) to be solved a
model equations is created

[0l —s)yolshs = fole) ®

in which Q(f) coincides with the predetermined
function K(f) and solution yo(#) is given (selected) in
such a way, that the right side fo(¢) is as close as
possible to f{7), i.e.

f<r>zfQ<z>=§Q<r—s>yQ<s>ds. @)

2. In practice, measurement mistakes are inevitable
and instead of the equation with exactly known right

side j; (t) we have approximate right side, i.e.
10)=7(0)+ a7 (0),
where Af (t) — error. Having the law (e.g., normal) of
Af (t) distribution, we can record
J0)=1)+& )

where £ — normally distributed random number.
Therefore, the right part of the model equation (3) we

perturb with an error, at which Values”AfQ” / " fQ” and

”AfQ” / ” fQ" are approximately equal, i.e. instead of

equation (3) we have
[0l -s)rolsks = /5 ©
where fQ* (t)= Jo (t)+ &o (t)



Applicating Lavrentev’s regularization method
allows to record of equation (3) as

a0} [0l =5}y, (skis = 750 ©

3. By repeated numerical solutions of (6), e.g. by
using quadrature formulas, for a row of values of «
Oopto 18 determined, at which

ib/g“ (tl.)—yQ(t,.)|2 =min, i=1Lm, (7)

where m — the number of sampling points.

4. The obtained value apip is used to solve integral
equation (1).

Numerical simulations show that using the
modeling experiments method in the development of a
numerical equation solving algorithm for signal
restoration problem (1) allows to determine the
effective values of parameter o, which regularizes the
problem.

When numerically solving the considered problem
it is important to understand possible results’ errors.

Note that for a linear integral equations the error in
solutions can be expressed using the errors’
fundamental formulas. Indeed, the machine solution
can be represented as depending on a number of
quantities qi, g2 .., ¢, characterizing the model’s
parameters, input actions, etc., deviations in which
cause result’s error. If there are deviations, real solution
can be decomposed in the limited Taylor series and can
be represented as

Y(t,ql +Aq,,...,q, +Aqn)zY(t,ql,...,qn)+

+uy(0)gy +us(0)gy +...+u,(t)g,,
where u(?), ux(?), ...,
coefficients.

Subtracting from (8) the exact solution of Y(¢, g,
q>, ..., qn), W€ obtain

AY(t)+ u, (t)Aq] +u, (Z)Aq2 +...+u, (t)Aq,, .

To determine the sensitivity coefficients, it is
possible to obtain the corresponding equations. We
assume that the parameters ¢, ¢z, ..., ¢, are determined
by the internal properties of the model, i.e. they are part
of the core of the solved machine equation, which in
this case has the form

ay(f)+£1<M (t=5,1snq, ) (s)ds = £(0).9)

(Y(#) — sought approximate solution)
Differentiating both sides of (9) by the parameter ¢;
(i=1,...,n), we obtain

®)

u,(t) — influence (or sensitivity)

IS s
aq,- ani

or
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q; oq
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+KM(t—s,ql,...,qn)aY(S)}ds =0.
aq;

Introducing the notation
8Y(s) =u, (l),
aq;

8KM(t—s,q1,...,qn)
aq,

1

:Kllwqi (t_saqla"-7Qn)’
we obtain the sought equations

a”i(t)+_[KM (I_S5QI""9CIn)Mi(S)dS =
0 (10)

t
=—[K}y, (t=5,qs-...q, )Y (s)ds.
0

As the function Y(s), on the right side of (10)
approximate solutions can be used. As seen from (10),
to determine the sensitivity coefficients we can decide
to use the basic solved equation, since the core of
equation (10) coincides with its core.

As in the case of differential equations, for linear
integral equations one can obtain an equation for the
error. We assume that while solving (2), equation
actually being solved looks like this

;(r>+gé(r—s>y<s>ds (),
G(t—s)=K(t—s)a,d(t)= 1)

Assuming that (N?(t—s) accounts for initial modeling

(11

where

errors (methodical and instrumental errors), and is the
sum

(N?(t - s) = G(t - S)+ AG(t - S).
Right side of equation (11) @ (t) contains the
external disturbance error and equals
()= olt)+ Aple)
f(t) — approximate solution determined by the relation
7(1)= o)+ Avle).
Where A4y(f) —solution’s total error. Then, by
subtracting expression (2) from (11) we obtain

Ay(e)+ £ {Gle = 5)+ AG( = 5)r(s)+ An(s)]-

- G(t - s)y(s)}ds = Aw(z).

Expanding brackets under the integral and
considering errors AG(t — s) and Ay(f) so small, that
their product can be neglected, we obtain the sought
equation

t t

Ay(t)+ [ Gt —s)Ap(s)ds = Ag(t)— [ AG(t — s)y(s)ds

0 0
or



(o) + Tt = 5)Av(s )ds = A7 ()~ [ AK (¢ )v(s ds.

0 0

This equation is difficult to use to calculate the
error Ay(t) because of the uncertainty generally
occurring in primary errors, as well as due to the fact
that rather than true solution y(s) on the right side we
must use read only approximate. However, it is
applicable for a qualitative study of errors, since in
particular, shows that various components of the total
error can be defined separately (leaving in the right side
only 4f(f), we can determine the result’s inherited error,
and leaving only the integral — numerical algorithm’s
error). In addition, the equation for the error allows us
to make its assessment. Let us give an example of such
an assessment.

If (¢ s
0<t<0,0<s<t and you can set constraints

maX|Kt s)|<K maX‘K t—s X<K

tsD

belongs to the region D,

max |AK(t —s) <9, max‘ 1<
(t s)eD ( X f f
max A <n,
1el0,5 f X n
then, using the results of [4], we obtain the estimate

Conclusion. Thus, the use of the Lavrentiev’s
regularization method in solving Volterra integral
equations of the I kind provides required stability of the
signal recovery process, and model experiments
method allows determining the values of the
regularization parameter. Expressions, obtained on
basis of the accuracy analysis of solved equations, are
the basis of deterministic and probabilistic error
estimates of the sought solution.
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CIIOCIB PETYJISIPA3AIIII 3AJTAYIT
BIZJTHOBJIEHHSA BXITHOI'O CUTHAJIY
JUHAMIYHOI'O OB’EKTY.

Amnppiit Bepnans, IO Crepten, IOpiit @yprar
3ajaya  BIiJHOBIIEHHS  CUTHAJIiB €  OJHIEIO 3
MEePLIOUSPrOBUX [UISl ABTOMAaTU30BAHUX CHCTEM JIarHOCTUKH
i ynpapninua. lIle oOuucnoBaIbHO —CKJIAJHA — 3ajauva,
0COONMBO TpPH HASBHOCTI B CHIHANAX BEJIUKOI KITBKOCTI
reTEepOreHHHX 3aBaJ] 1 HEOOXITHOCTI MPOBOANTH BiTHOBIICHHS
B peajlbHOMYy 4aci. B crarri po3risigaloThCs MHUTaHHS
3aCTOCYBaHHS Ta MOCHIKCHHS MOAN(DIKOBAHOTO aarOPUTMY
METOAy KBaJpaTypHHX (OPMYJ YHCEIBHOTO  pIllICHHS
IHTeTpalbHUX pIBHSIHB BombTeppa mepuioro poay mpu
BHUPILICHHI 3aJa4i BiJHOBJICHHS CHTHAJNIIB B pealbHOMY dYaci.
[MpononyeTbest cnocid BHOOPY mapaMeTpiB peryisipu3yrdnx
3B'SI3KiB MOJEIIOIYMX JIAHLIOTIB OOUYKMCIIOBAILHUX 3aC00iB.
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