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1 Introduction

In the past few decades a great deal of interest has been directed towards to
the study of the problem of determining the coeflicients and right-hand sides
simultaneously in partial differential equations from some additional data. Such
problems constitute a prominent branch of the theory of differential equations
and are called inverse problems. Inverse problems arise in various fields of
human activity, such as seismology, mineral exploration, biology, medical vi-
sualization, computed tomography, Earth remote sensing, spectral analysis,
nondestructive control, etc. From historical background can be seen, that the
foundations of the theory and practice of studying inverse problems were estab-
lished and developed in the pioneering works of Tikhonov [34], Lavrentiev [25],
Ivanov [20], and their followers (see, for example, [18,26, 30, 32] and references
therein).

One-dimensional nonlocal inverse problems for the various partial differen-
tial equations have been extensively studied, notably in [6,21,24,28,33]. Let us
now browse the content of some works devoted to inverse coefficient problems
for parabolic equations: in [2] an inverse problem for a 2D parabolic equation
with an integral overdetermination condition is investigated. First, the con-
sidered problem was reduced to some auxiliary problem with trivial boundary
conditions, and the existence and uniqueness of a solution to an equivalent
problem applying the contraction mapping principle is shown. Then, using the
equivalence, the existence and uniqueness theorem for the classical solution of
the original problem is proved. The authors Baglan and Kanca [3] studied a
coefficient problem for a quasi-linear 2D parabolic inverse problem with pe-
riodic boundary and integral overdetermination conditions. In the work, the
existence, uniqueness, and continuously dependence upon the data of the solu-
tion is proved by iteration method. In the paper by Huntul and Lesnic [15] the
retrieval of the timewise-dependent intensity of a free boundary and the tem-
perature in a 2D parabolic problem is solved numerically for the first time. A
stability theorem is proved based on the Green function theory and Volterra’s
integral equations of the second kind. The resulting nonlinear minimization
is numerically solved using the MATLAB optimization routine. The deter-
mination of a time-dependent perfusion coefficient of 2D heat equation with
a classical and total energy integral overdetermination condition was studied
by Ismailov et al. [17]. In [19], Ivanchov and Kinash the conditions for the
existence and uniqueness of a smooth solution to the inverse problem for the
2D heat equation with unknown leading coefficient depending on time and the
space variable is studied. In the article published by Kinash [23] an inverse
problem of identifying the time-dependent coefficient in a 2D parabolic equa-
tion is considered and the existence and uniqueness conditions for the classical
solution to this problem are established. The work [31] discusses the existence
of a positive radial solution to the generalized p(z)-Laplacian problem using the
variational methods. In the paper [35] on the basis of the formula for solving
the first initial-boundary problem for the inhomogeneous heat equation, inverse
problems of finding the initial condition and the right-hand side are studied.
For this problem, theorems of uniqueness, existence, and stability of solutions
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are proved.

Numerical aspects of inverse problems for 2D parabolic equations with va-
rious boundary conditions were studied in [8,9], and the references therein.
Huntul et al. [11,12,13, 14, 16], numerically investigated the inverse problems
of reconstructing the timewise coefficients in a 2D parabolic equation.

A distinctive feature of the presented paper is the study of the inverse
problem for a 2D parabolic equation with nonlocal boundary conditions in
both space and time variables. It should be noted that in the literature, the
term ”nonlocal boundary value problems” refers to problems that contain con-
ditions relating the values of the solution and/or its derivatives either at dif-
ferent points of the boundary or at boundary points and some interior points.
The term ”nonlocal conditions” and their classification were introduced by
Dezin [10]. The applied significance of problems with nonlocal conditions is
associated with the study of processes occurring in the turbulent plasma, the
processes of diffusion, heat conductivity, moisture transfer in a capillary-porous
medium, problems of mathematical biology, as well as some inverse problems
of mathematical physics.

This article is outlined as: the 2D inverse problems have been stated in
Section 2. The unique solvability of the inverse problems is proved in Section 3.
The numerical discretization of the forward problem based on ADE scheme
is briefly presented in Section 4. The numerical procedure for solving the
inverse problems is given in Section 5. The results outcomes for benchmark
test example are discussed in Section 6. Finally, the conclusions remarks are
highlighted in Section 7.

2 Mathematical formulation of the problem

Let T > 0 be a fixed time moment and let Dy = Q,, % [0,7] denote a closed
bounded region in space, where @, is defined by the inequalities 0 < x <
1 and 0 < y < 1. We consider the problem of determining the unknown
functions u(z,y,t) € C*>Y(Dr) and a(t),b(t) € C[0,T] such that the triple
{u(z,y,t),a(t),b(t)} satisfies in Dy, the following two-dimensional parabolic
equation

ut(ma Y, t) - C(t) (u’mﬂ(xv Y, t) + uyy(xv Y, t))
= a(t)u(z,y,t) + b(t)g(z,y.t) + f(z,y,1), (z,y,t) € Dr, (2.1)

with the nonlocal condition
T —_
u(w,9.0) + Bue i )+ [ pltule.y. 0t = w0), (2.0) € Quye (22)
0

the boundary conditions

uw(0,y,t) = uz(1,y,t) =0
Uy (2,0,t) = u(z,1,t) =0, (z,t) €[0,1] x [0,T], (2.4)
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and over-specification conditions
u(1,0,t) = hi(t), te]0,7T], (2.5)
u(wo, Yo, t) = ha(t), (@0,90) € Quy, t€0,7T7, (2.6)
where § > 0 is a given number and 0 < c¢(t), 0 < p(t), f(z,y,t), g(z,y,1),
o(z,y), h1(t), and ha(t) are known functions.

The method used in Theorem 2.3 from [1], is easily adapted to prove the
following theorem.

Theorem 1. Assume that 6 > 0, 0 < ¢(t) € C[0,T], 0 < p(t) € C[0,T7,
f(xvyat)a g(x,y,t) € C(DT) ( ) (Qw ) l(t)’h@( ) € Cl[ ] (t) =
h1(t)g(xo,yo,t) — ha(t)g(1,0,t) ;é 0, 0<t<T,h(t) € C[0,T], and the com-

patibility conditions

T
ha(0) + 65 (T) + / p(t)ha(£)dt = o(1,0),
0

T
ha(0) + 6ha(T) + / p(t)ha(£)dt = p(x0, o), (2.7)

hold. Then the problem of finding a classical solution of (2.1)—(2.6) is equiva-
lent to the problem of determining the functions u(x,y,t) € C>2Y(Dr), a(t) €
C[0,T] and b(t) € C[0,T] satisfying (2.1)—(2.4), and the conditions

Ry (t) = e(t) (uaa (1,0, 1) + uyy (1,0,1))

=a(t)h1(t) + b(t)g(1,0,t) + f(1,0,t), 0 <t < T, (2.8)
Ry (t) = c(t) (Uaa(T0, Yo, t) + tyy (0, Yo, 1))
= a(t)ha(t) +b(t)g(x0, Yo, t) + f(z0,90,), 0 <t <T.  (2.9)

3 Classical solvability of IBV problem

We seek the first component of classical solution {u(z,y,t),a(t),b(t)} of the
problem (2.1)—(2.4), (2.8) and (2.9) in the form

u(xz,y,t Z Z Uk, (t) SIN A COS VY, (3.1)

k=1n=1

where
U (t) = 4/ / u(z, y,t) sin Az cos vy, ydzdy,
0o Jo
A = g(%, 1), 7 = g(an 1), kkn=1,2,....

Applying the formal scheme of the Fourier method, from (2.1) and (2.2), we
have

Wy, (1) + (AR + 92 c(t)thn(t) = Frop(tiu,a,b), 0 <t < T, (3.2)

T
Uk n(0) 4+ dup  (T) + / () g (t)dt = Qpm, k,n=1,2,..., (3.3)
0
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where
Fk’n(t; u, a, b) = flc,n(t) + a(t)uk’n(t) + b(t)gk’n(t),

1,1
Jim(t) = 4/ / f(@,y,t) sin \g cos ypydady,
0o Jo
Jen(t) = 4/ / g(x,y,t) sin Agx cos yp,ydady,
o Jo
Ok = 4/ / o(z,y) sin A\gx cos yp,ydrdy.
0o Jo

Solving problem (3.2), (3.3), we find

iy Oy Rac(5)ds) ( . d)
e (] i etoyds) \ Jy Pt

t t
+ / Fk,n(T; u, a, b) exp ( - / M%,nc(s)d‘s) dr
0 T

1) d T — nc(s)ds
- exp fo Hin©()d5) / Fin(T;u,a,b)e Tfﬂk ) dr, (3.4)
1+ dexp(— fo 117, ,c(s)ds) Jo

where ,uim = A2 4+ 12. Substituting the expressions uy ,(t) (k,n
described by (3.4) into (3.1), gives

ex s T
l‘ y, ZZ{ p fO :ukn )d )ds) (@k,n o /Op(t)uk,n(t)dt>

1n=1 1+5exp(—f0 ,uk’nc(s)

t Sexp (— [ 42, c(s)d
+/Fk,n(7;u,a,b) exp (—/M% nC(S)dS)dT— exp (— [ /;k,nC(S) s)
0 o L+dexp (— [y pincls)ds)

T ¢
X / Fin(T;u,a,b) exp ( - / ,u%,nc(s)ds> dT} sin A2 cosypy. (3.5)
0 T

1,2,...)

Furthermore, taking into account h(t) # 0 and substituting the expressions
represented by (3.1) into (2.8) and (2.9), and using and (3.4), we get

a’(t) = [h(t)}il{(hll(t) - f(la O,t))g(fﬂg,yo,t) - (h/Q(t) - f(x()ay()at))g(la Oat)

Z Z k+1 I’Oa y07t) - g(la Oat) sin /\kxo COS ’Ynyo)
k=1n=1

o (~ it eloi)
) L+6exp(—f§uz,nc<s>ds> (1= [ st
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0 — T2 — nc(s)ds
B exp (= Jy #Eacl / Fon(riu,0,b)e [/"k (s) d’T} }’ (3.6)
1—|—5exp( fo /,Lkn

b(t) = [h(t)]l{(h'z(t) = f(@o,y0, 1)) (t) — (P (8) — f(1,0,))ha(t)
Z Z ) sin Ao COS YnYo — (—1)k+1h2(t))

=1n
exp( fO :ukn dS) B T "
’ [1+56Xp(—fo 143 c(5)ds) (%’" /0 Pl k’"(t)dt)

t
- nc(s)ds
+/ Fy n(T;u,a,b)e !Mk dr
0

Sexp (= [T 12 c(s)ds T - nc(s)ds
- p(= ’;’“” (5)ds) / Fyn(T;u,a,b)e f”’“ dT]}. (3.7)
L+dexp(— [, uimc(s)ds

Thus, the solution of problem (2.1)—(2.4), (2.8), (2.9) was reduced to the
solution by systems (3.5)—(3.7) with respect to unknown functions w(z,y,t),
a(t), and b(t).

The following lemma plays an important role in studying the uniqueness of
the solution to problem (2.1)—(2.4), (2.8), (2.9). But we omit the proof of the
following lemma to avoid a lengthy digression.

Lemma 1. If {u(z,y,t),a(t),b(t)} is any solution of (2.1)—(2.4), (2.8), (2.9),

then the functions

U n(t) = 4/ / u(z,y,t) sin \yx cos ypydedy, k,n=1,2,...,
0o Jo

satisfy the system (3.4) on the interval [0, T).

It is clear that, if

U (t) = 4/0 /0 u(x,y,t) sin \px cos y,ydedy, k,n=1,2,...

is a solution to system (3.4), then the functions

u(z,y,t) Z Z g (1) SIn Agz cos Yy,

k=1n=1

a(t) and b(t) will also be solution of system (3.5)—(3.7).
From Lemma 1 it follows:

Corollary 1. Suppose that system (3.5)—(3.7) has a unique solution. Then the
problem (2.1)—(2.4), (2.8), (2.9) couldn’t have more than one solution, in other
words, if problem (2.1)-(2.4), (2.8), (2.9) has a solution, then it is unique.
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96 Y.T. Mehraliyev, M.J. Huntul and E.I. Azizbayov

In order to study the problem (2.1)—(2.4), (2.8), (2.9), we consider the
following spaces. Let us consider the functional space BSyT, introduced in the
study by Khudaverdiyev and Veliyev [22], such that B3 ;. denotes a set of all
functions of the form 7

u(z,y,t) Z Z Uk, (t) SIN A cos VY,

k=1n=1
)\k:g(mf*l)v an:g(Qn*l)v kon=1,2,...,

considered in domain Dp. Moreover, the functions ug,(t) (k,n = 1,2,...)
contained in last double sum are continuously differentiable on [0, 7], and the
norm in the space BS’T is defined as follows

1
2
Ju(z, y, D)l B3 . :{ZZ (1l (1) ||COT)} < +oo.

k=1n=1

Let E3 denote the space consisting of the topological product BQT X
C10,T] x C’[O T, which is the norm of the element z = {u,a,b} described
by the formula

Izl sz = llule,y,Dlsg . + la®llcror + 1160l cgo.7-

It is known that [22,27] the spaces B3 ;» and E3 are Banach spaces.
Let us now consider the operator

d(u,a,b) = {P1(u,a,b), P3(u,a,b), P3(u,a,b)}

in the space E3.,, where

o0
D (u,a,b) =u(z,y,t) = ZZ Up,n (t) cos Agz sin v, Y,
n=1k=1
Py (u,a,b) =a(t), P3(u,a,b

and the functions iy, (t) (k,n=1,2,...), a(t), and b(t) are equal to the right-
hand sides of (3.5), (3.6) and (3. ), respectively.

If the data for the problem (2.1)—(2.4), (2.8) and (2.9) meets the following
four conditions

(Ch) so(:c,y),gaz(x,y),cpm(w,y),cpy(:c,y),goxy(x,y),soyy(m,y) € C(er)a
Py (T, Y)s Payy(T,Y), Praz(T,Y), Pyyy (T, y) € L2(Quy),
@(an) = @w(lvy) = (pxa:(oay) =0,0<y<1,
0y (2,0) = p(z,1) = pyy(x,1) =0, 0 <z <1

(02) f(x,yﬂf),fz(x’yyt)vfm(%y,t),fy(%y’t)vfzy(x,y,t),fyy(x,yJ)EC(DT%
fliy(xvyat%flyy(x7yat)7fill(xvyvt)7fyyy(xay7t) S L2(DT)5
f0,y,t) = fo(L,y,t) = fou(0,y,8) =0, 0<y <1, 0<t < T,
fy(x,0,t) = f(z,1,t) = fyy(z,1,t) =0, 0< 2 <1, 0<t < T;
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(C3) 9(z,y,1),92(2, Y, t),92 (T, Y, 1),9y (T, Y, 1), gy (2, Y, 1) ,gyy (2, y, t)}C (D7),
G2y (T, Y, ), Guyy (2,9, 1), Graa (X, Y, ), Gyyy (2, Y, ) € La(Dr),
9(0,y,t) = g2(1,y,t) = gax(0,y,t) =0, 0<y <1, 0<t < T,
9y(x,0,t) = g(z,1,t) = gyy(z,1,¢) =0, 0<z <1, 0<t<T;

(Cy) 6>0,0<p(t)€C[0,T],0<c(t)€C0, T), hi(t)€C[0,T] (i=1,2),
h(t)=h1(t)g(xo, Yo, ) — ha(t)g(1,0,t) #0, 0 <t < T, h(t) € C[0,T],

then we obtain

[a(z,y, D) p3 . < AL(T) + Bo(T)lla(®)llco,mllulz, v, )l b3 .

+ D) Ib®) oy + DD lulz,y, )l sz . (3.8)
la@®)llcro,r) < A2(T) + Ba(T)[[a(®)lco,m lulz, v, D)l 53 .

+ Ca(T) 16l o,y + D2(T)lulz,y, )l sz . (3.9)
1b(t)llcro,m < As(T) + Ba(T)lla(t) | cpo,rllu(@, y, )]sz,

+ Cs(M) 6@l cpo,m + D3(T)|ulz, y, )z ., (3.10)

where

AUT) = VI @aaa (2, 9) | 12(Quy) + VILCayy (@ 9) | La(@uy)
+ \/ﬁ“@mmy(mvy)nLﬂme) + \/ﬁ“@yyy(wﬁ‘/)HLg(Qw)
+ (L4 OVIT(| frwe (@, D)l L) + I Fry (@95 8) | La(Dr)
+ foﬂfy(l.7y7t)||L2(DT) + fox:r(%yat)”Lg(DT) + ||fyyy($7y’t)||L2(DT))7
By(T) = V11(1 + )T,
C1(T) = (1+ VT (|| gaae (@, Y, )| Lo(0r) + 19yy (Y D)ll (D)
+ 192y (@ ¥ ) Lo (D) + 9222 (@, 4, O LoDy + 1 9yyy (24 )| Lo(Dr))s
Dy(T) = \/ﬁTHP(t)HC[O 75
As(T) = [[[RB) lepo
< (R (1) — (1 0 t))9(wo, yo,t) — (ha(t) — fl2o,90,t))g(1, 0, ) cro,1)
< AlI(R1(t) — £(1,0,1))g(z0,y0,t) — (ha(t) — f(20,¥0,1))9(1,0, )l oo,
+ [le)(|g(zo, yo, )] + [9(1, 0, ) Dl o,y

X (Z Z/M;i) [”@mz(x»y)”Lz(sz) + ”S%yy(xay)”Lz(sz)

k=1n=1
+ 1 way (T Y| L2(Quy) + 1Pyyy (. ) L2(Qu)
+ (14 VT (| frwa (@, 9 )| 1o (Dr) + [ foyy (@5l 2o (D)
+ | foyy (@ ¥, )| Lo(Dr) + [ faay (@, 9, D) Lo(Dr)
+ [ fowa (@9, )l L2 (Dr) + 1 fyyy (@9, Ol 2 (0]}
Bo(T) = [[R(®)] " llco.mlle)(lg(zo. yo, )| + 19(1, 0, 8)) | oo,z

Math. Model. Anal., 29(1):90-108, 2024.
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00 oo 3
x (Z Zu@i) (1+0)T,
k=1n=1
Co(T) = MO ey lle(t) (l9(o, yo, B)] + 19(1,0,)) oo,y
x (Z Zu;i) (1 4+ OVT(Igsz (.5, )| La(or) + 9oy (2.9, )| La(5r)
k=1n=1
+ ||gza:y(x7y7t)”L2(DT) + ngwz($>y’t)|‘L2(DT) + ||gyyy(‘%’7y7t)||L2(DT))}})

Dy(T) = ||[h(t)]71\|C[O,T]

[N

x[le()(|g(xo, yo, )] + 19(1, 0,£))[[cro,1) (ZZMEi) Tllp(®)llciom,

k=1n=1
As(T) = I[()] " llcpo,my
< LN (R5(t) = f (2o, yo, 1)) (t) — (R (t) = f(1,0,£))h2(t) ]| oy

1

+ @) (@] + [ha ()l cro,ry (ZZ% n>

k=1n=1
X 1wz (@ L2 (@uy) + 102y (@ D La(Quy) + 192y (@9 L2(@uy)
+ 1Py (@Y | a(@uy) + 1+ OVT(| frae (@, 4, 0) Lo(Dr)
+ [ faoyy (@ 4, )l Laor) + [ foay (@4, D) L2(Dr)
+ || foza(z, y, )||L2 (0r) + 1 fyyy (9, Ol 2 (D)1}

[

Bs(T) = [[A(0)]) " lcpo.zylle®) (1 (8)] + [ (8)) | o7y
(ZZ“ )2 (1+ )T,

1

Cs(T) = |[AE)] o mlle®(hi ()] + [ha (0 llcpory (ZZM )

k=1n=1
X (1 + 5)\/T(||gzzx(xayvt)||L2(DT) + Hg:ryy(xvyvt)HLQ(DT)
+ ”gmmy($3y7 )”Lz (D) + ngzz(zvyvt)HLz(DT) + ||9yyy(xay,t)”Lz(DT))”a
Ds(T) = [[[B(] " lego,mlle®) (R ()] + [ha ()l o,y

(ZZMw) Tlp®llcio.m-
k=1n=1

From inequalities (3.8)—(3.10), we conclude

(. y. )5z, + la@®)llcror + 10 lepr < AT) + B(T)

X la(®llcomllulz, Ollsg . + CDONb()] el + D) |luz, D)l 53 .
where

A(T) = Ai(T) + Ax(T) + As(T),  B(T) = Ba(T) + B2(T) + Bs(T),

[N
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C(T)=C(T)+ Co(T)+ C3(T), D(T)=D1(T)+ Do(T) + Ds(T).
Thus, the following theorem is valid.

Theorem 2. Let the conditions (C1)—(C4) and
(B(T)(A(T)+2)+C(T)+ D(T))(A(T) +2) < 1 (3.11)

be fulfilled. Then, problem (2.1)—(2.4), (2.8), (2.9) has a unique solution in the
ball K = Kg(||z| g3, < R = A(T) +2) of the space E3.

Remark 1. Inequality (3.11) is satisfied for sufficiently small values of T

Proof. Consider the following operator equation
z =Pz, (3.12)

in the space E2, for which z = {u,a,b} and the components &;(u,a,b) (i =
1,2, 3) of operator ®(u, a,b) defined by the right side of Equations (3.5), (3.6),
(3.7), respectively. Then we obtain that for any z, 21,22 € Kpr the following
inequalities hold

12 g3 < A(T) + B(T)[a(®)llco,m lulz, )] 53 .

+CM)b®)lcror + DT Ju(, ) p3 ., (3.13)
@21 =Pz gy < B(T)R(||ua(x, y, ) —uz(z,y, 1)l 53 . +llax(t)—a2 () cro,11)

+ C(D)[1b1(t) = b2 (D)l cpo,1) + D(D)l|ua (2, y, 1) — ua(z,y,t)| 5z .- (3.14)

So, by (3.11), from estimates (3.13) and (3.14) it is clear that the operator
@ acts in the ball K = Kpg, and is contractive. Therefore, the operator &
has a unique fixed point in the ball K = Kpg, which is a unique solution
of Equation (3.12), i.e., {u,a,b} is a unique solution of the systems (3.5)—
(3.7) in the ball K = Kg. Thus, we obtain that the function u(z,y,t), as
an element of the space BS,T is continuous and has continuous derivatives
ufc(xa Y, t)a Umm(xa Y, t)a uy(:c, y7t)7 umy(xv Y, t)? uyy(m’ Y, t) in DT~

Hence, it is easy to show that u;(z,y,t) is also continuous in the region
Dp. Furthermore, it is not hard to verify that Equation (2.1) and condi-
tions (2.2)—(2.4), (2.8), (2.9) are satisfied in the usual sense. Consequently,
{u(z,y,t),a(t),b(t)} is a solution of problem (2.1)—(2.4), (2.8), (2.9), and by
Lemma 1 this solution is unique in the ball K = Kr. O

In summary, from Theorem 1 and Theorem 2 we conclude the following main
result.

Theorem 3. Assume that the hypotheses of Theorem 2 and compatibility con-

ditions (2.7) hold. Then problem (2.1)—(2.6) has a unique classical solution in
the ball K = Kg of space E3.
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4 Numerical solution of the direct problem

The discretization of the forward problem (2.1)—(2.4) is considered in this sec-
tion when a(t), b(¢), c(t), g(z,y,t), (x,y) and f(x,y,t) are given functions,
and the solution u(z,y,t) is to be identified. We divide the domain Q7 into
a mesh of the equal length by M;, My, N, and Az = 1/M;, Ay = 1/Ma,
At = T/N. To represent the forward problem, we denote u}'; := u(x;, yj,tn),
where x; = iAx, y; = jAy, t, = nAt, a” = a(ty), b = b(t,), p" = p(tn),
= cftn), 97y = 9(@i, Y. ta), 11 = f(xi,y5,tn) for i = 0, My, j = 0, Ma,
n =0, N. The ADE scheme [4,5,29] is used to discretize Equation (2.1), which
is an unconditionally stable method, as follows.
Let z7'; and v7’; be the solutions of the following equations:

n+1 Anzn -‘an( :L+1]+Z7, 1])

i, Zij+1 +Zu 1)+Dn(bngz7j+ i)

(2
i=1,M -1, j=1,My—1, n=0,
vift = AR BT (0ol ) +CT (v Tf;ﬁfl vi i)+ D" (0 g + fi),

i=M —1,1, j=My—1,1, n=0,N

where
1-A" (At)c™ (At)c™
A" = —— B'=————+——— ("= ——
L+ An (Az)2(1+ A™) (Ay)?(1+Am)
At c" c" a”
D" = N=At| ——=+ —— — — ].
T+ A ((mv Ty 2 )

The conditions (2.2)—(2.4) are given as:

T T
z%—l—éz%—&-/o p"z(x,y, t)dt = v%—l—év%—&-/o p"u(z,y,t)dt = p(x;,y,),

i=0,M;, j=0,M. (4.1)

In Equation (4.1), the integral is calculated using trapezoidal rule as follows:

T
n 1 T_ T
/0 p"z(zi, y;,t)dt ~ IN <p z,] +2 Zp ;D Zi,j)a

7’:07M17 j:O7M2a

and similar expression is used for fOT p"v(x,y,t)dt,

n o _.n _n _ .n _ - _

20,5 Zapg, ;= V0,5 = Vaay, 5 = 0, 7=0,M3, n=1,N, 4.2
n _.n _.mn _.mn _ - _

Zyi o =ZiMy = Uy = Vin, =0, i=0,My, n=1N. (4.3)

In expressions (42) and (4.3), the derivative of 23, ., zy | is approximated,
for simplicity, using forward finite differences as
n+1 n+1 n+1 n+1
no _ M1y T AMig o o _ Fidl T Fio
ey Az v Pyio T Ay J
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and similar expression is used for v} My and vy . These values are then re-

placed into the simple arithmetic mean approximation

n+1 n+1
ij T Vi

uTL+1 =

] 2

5 Numerical solution of the inverse problem

The numerical solution of (2.1)—(2.6) is obtained by minimizing

i:[ 1,0,t,) } ij[ w(0, Yo, tn) — ha(t )r, (5.1)

where t, = nAt, At = T/N, N is the number of time steps and wu(z,y,t)
solves numerically using the ADE scheme [4, 5,29] the direct problem (2.1)-
(2.4) for given a(t) and b(t). The minimization of (5.1) is accomplished using
the lsqgnonlin subroutine in MATLAB, which does not require supplying by the
user the gradient of the objective function. This routine attempts to find the
minimum of a sum of squares by starting from the initial guesses and marching
to the next iterate according to a trust region reflective search method [7].

6 Numerical results

The approximation solutions for a(t), b(t) and u(z,y,t) are constructed in this
section. We use

N 511/2
RMSE Z( Numerzcal ) aEzact(tn)> :| ’ (61)

—

Z\H ZN

RMSE(b) [ ﬁ:(bNumemcal(n) pEact (4 ))11/2’ (6.2)

for measuring the accuracy. Now, we choose T' = 1, for simplicity. The lower
bound for a(t), b(t) is selected as —102? while 10? for the upper bound.

To measure the errors in this data, the hy(ty,), ha(ty), in (5.1) is substituted
by perturbed data h{!(t,), hs'(t,), as follows:

Rt (tn) = ha(tn) + €ly, hS2(tn) = ho(ty,) +€2,, n=1,N, (6.3)

where €1,, and €2,, are are random variables with mean zero and with S.D. The
standard deviations o1 and og are taken as:

o1 trer[lggll()lxpv o2 trerfgg]lz()\xp, (6.4)

where p represents the noise.
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Let us investigate the problem proposed in Equations (2.1)—(2.6) with un-
known functions a(t) and b(t), with:

§=0, p(t) =0, p(z,y)=—2"(z—2)°(y" —1)°,u(0,y,t) = us(1,y,t) =0,
1+t
c<t):%7 uy(2,0,t) =u(z,1,t) =0, g(z,y,t) = 2*y*(2—1)*(y—1)%¢",

f(z,y,t) = %etx?’ —30(14t)(x—1)3(y—1)%y® — 30(x — 2)°2%(y* — 1)°
+ 30t (z — 2)°22(y? — 1)° + (1 + t)(x — 2)3 (=1 + 3*)3(23(4 — 36y?)
+8(y% —1)2 —18z(y® — 1)* + 2*(9y* — 1) + 2%(5 + 18y* + 9y)) |,
hi(t) = u(1,0,t) = —e, (6.5)
ha(t) = u(zo, yo,t) = —59049¢! /1048576, x4 = 0.5, yo = 0.5,

where

59049¢2
h(t) = hi(t)g(xo,y0,t) — ha(t)g(1,0,t) = 1291967296 #0, Vt € [0,1].

It is shown that the criteria of Theorem 1 is fulfilled, indicating that a unique
solution is observed. The analytical solution is considered as

’U’(Iayat) = _xS(x - 2)5(y2 - 1)56t7 (1177y7t) € DT7 (66)
a(t)=t, bt)=1+t, te][0,1]. (6.7)
First, when a(t), b(t) is supplied by (6.7) the accuracy of (2.1)—(2.4) is tested us-
ing the data (6.5). Figure 1 shows the analytical (6.6) and estimated u(x,y,t),

as well as absolute errors, for various grid sizes.
Also, the RMSE defined by

N

1 / - 971/2
RMSE(hy) = [N Z (h?“m”“‘” (tn) — hﬁ”mt(tn)) } , (6.8)
n=1
1 N 4 971/2
RMSE(h2) =[N > (h’zw’"””‘” (tn) — hSWf(tn)) } , (6.9)
n=1

indicated in Table 1 for estimated hq(t), ha(t), shows more clearly their de-
creases as the grid size becomes smaller.

Table 1. The RMSE values ((6.8) and (6.9)) for h1(t) and ha(t), with My = M2 = 10 and
with various N € {10, 20, 40, 80} for forward problem.

M; = M; =10 RMSE(h;) RMSE(hs)

N =10 0.001002 0.001953
N =20 3.0359E-3  0.001116
N =40 7.4728E-4  2.7236E-3

N =80 1.0135E-4  5.7539E-4
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Analytical solution Numerical solution Error

ufxy 1)
ufxy1)

Analytical solution Numerical solution Error

uxy,1)
uxy.t)

Analytical solution Error

uxy.1)
ufxy,1)

(c)

Figure 1. The analytical (6.6) and approximate u(z,y, 1), with absolute errors for

Az = Ay = {5 and (a) At = {5, (b) At = 55 and (c) At = 45, for forward problem.

Now, we investigate the IP. We fix M7 = My = 10 and N = 40 and start the
investigation for reconstructing the functions a(t), b(t) and u(x, y, t) in absence
of noise in the measured data (6.3). The initial guesses for a¢ and b are chosen
as follows:

a®(t,) =a(0) =0, °(t,)=b(0)=1, n=1N.

The cost function (5.1) is depicted in Figure 2(a), where a monotonically
decreasing convergence is achieved in 5 for a prescribed tolerance of O(10732).
The exact (6.7) and estimated functions a(t) and b(t) are portrayed in Fig-
ures 2(b) and 2(c). It is observed that the numerical outcomes are accurate
with RMSE(a) =1.3012E-4 and RMSE(b) =0.009159. It should be noted that
in case of exact data, i.e., p = 0, no regularization was needed to penalise the
cost function (5.1). Nevertheless, for higher noise the instability in recovering
the functions a(t) and b(¢) will become obvious and regularization would need
to be applied.

Next, we associate 0.1%, 1% noise with the simulated data (2.5) and (2.6),
as in Equation (6.4). It is significant to note that the IP is not well posed

Math. Model. Anal., 29(1):90-108, 2024.
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Figure 2. The cost function (5.1), and the analytical exact curves (6.7) and
approximate a(t), b(t), with p = 0.

therefore, we anticipate that the cost function needs to be regularized for the
sake of stability and accuracy in results.

Figure 3. The analytical exact curves (6.7) and approximate a(t), b(¢), for
p =0.1%, with 8 € {0,107°,107%}.

Figures 3 and 4 show visuals of the reconstructed terms a(t), b(t). From
Figures 3(a), 3(c) and 4(a), 4(c) it is clear that, as expected, we obtain inac-
curate and unstable solutions with RMSE(a) = 0.2686 and RMSE(b) = 0.3231
for p = 0.1%, and RMSE(a) = 1.3429 and RMSE(b) = 1.8279 for p = 1%,
respectively, as the problem is noise sensitive and ill-posed. Hence, regulariza-
tion process is crucial for stable solutions. For this, we penalise the cost func-
tion F' (5.1) by adding penalty term § to it, where 8 > 0 is the Tikhonov’s
regularization parameter to be selected. Then, the Tikhonov functional recasts
as

Fy(a,b) = Fla,b) + (i (‘%)2 + i (MATIY) :

n=1
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Figure 4. The analytical exact curves (6.7) and approximate a(t), b(t), for p = 1%,
with 3 € {0,1078,1077}.

The regularization parameter § is chosen to be 1072, 108 for p = 0.1%
noise (see Figures 3(b) and 3(d) obtaining RMSE(a) € {0.0537,0.0269} and
RMSE(b) € {0.0629,0.0320}, and B € {1078,1077} for p = 1% noise (see
Figures 4(b) and 4(d) obtaining RMSE(a) € {0.1343,0.1074} and RMSE(b) €
{0.1587,0.1265}, which provide stable and comparitively accurate approxima-
tions for the time dependent functions a(t) and b(¢). Although not presented,
it is illustrated that the regularized cost function Fj3 versus no. of iterations
monotonically decreasing convergence is observed. Other details about the
RMSE ((6.1) and 6.2)), and the iterations, with and without regularization are
listed in Table 2. Eventually, from Figures 2-4 and Table 2, it is observed that
the MATLAB simulation results are fairly stable and accurate.

Table 2. RMSE values and iterations with p€{0.1%, 1%}, 8€{0,10~°2,10=8,10~7,10~6}.

D B RMSE(a) RMSE(b) Iter
0 0.2686 0.3231 40
0.1% 109 0.0537 0.0629 20
7% 1078 0.0269 0.0320 20
10=7  0.0372 0.0418 20
0 1.3429 1.8279 90
1% 10—%  0.1343 0.1587 30
0 10-7  0.1074 0.1265 30
106 0.1263 0.1402 30

7 Conclusions
In the work, the classical solvability of a nonlinear inverse boundary value prob-

lem for a 2D parabolic equation with nonlocal conditions was studied. First,
the considered problem was reduced to an auxiliary inverse boundary value

Math. Model. Anal., 29(1):90-108, 2024.



106 Y.T. Mehraliyev, M.J. Huntul and E.I. Azizbayov

problem in a certain sense and its equivalence to the original problem is shown.
Then using the Fourier method and contraction mappings principle, the exis-
tence and uniqueness theorem for auxiliary problem is proved. Further, on
the basis of the equivalency of these problems, the existence and uniqueness
theorem for the classical solution of the original inverse coeflicient problem is
established. Moreover, the discretization of the forward problem was solved
based on the ADE technique. The non-linear optimization problem was nu-
merically solved by the MATLAB [sqnonlin routine. The investigated problem
was ill-posed, therefore, the Tikhonov regularization was applied in order to
tackle the stability. The approximation results show that ADE is an accurate,
stable and robust regularization method for reconstructing the timewise lowest
and force terms from knowledge of additional measurements.
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