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Abstract

Raw materials are anisotropic and heterogeneous in nature, and recovering their conduc-
tivity is of utmost importance to the oil, aerospace and medical industries concerned with
the identification of soils, reinforced fiber composites and organs. Due to the ill-posedness
of the anisotropic inverse conductivity problem certain simplifications are required to
make the model tracktable. Herein, we consider such a model reduction in which the
conductivity tensor is orthotropic with the main diagonal components independent of one
space variable. Then, the conductivity components can be taken outside the divergence
operator and the inverse problem requires reconstructing one or two components of the
orthotropic conductivity tensor of a two-dimensional rectangular conductor using initial
and Dirichlet boundary conditions, as well as non-local heat flux over-specifications on
two adjacent sides of the boundary. We prove the unique solvability of this inverse coeffi-
cient problem. Afterwards, numerical results indicate that accurate and stable solutions
are obtained.

Keywords: Inverse problem; Orthotropic thermal conductivity; Two-dimensional heat
equation; Nonlinear optimization.

1 Introduction

The reconstruction of coefficients in the parabolic heat equation, [3,10], has been the focus
of attention in several fields, e.g. finance, groundwater flow, oil recovery, and heat trans-
fer. In particular, the identification of coefficients in two-dimensional heat conduction
problems has received significant attention from many researchers [5,6,11,15,20]. Most of
these studies relate to isotropic materials. However, it has been found that factors such as
manufacturing and curing processes have impact on the material properties of a structure,
often introducing extra variations, including anisotropy, [7]|, which are difficult to mea-
sure directly. The estimation of thermal properties for multi-dimensional inhomogeneous
and anisotropic media is quite limited in the literature, see e.g. [2,12]. Such a coefficient
problem presents several difficulties because it is inverse, nonlinear and ill-posed.



At steady-state, the study on the determination of the diffusivity/conductivity of a
layered and orthotropic medium has been addressed in [1,2]. At the same time, the general
case concerning the identification of an anisotropic spacewise dependent conductivity in
the elliptic Laplace-Beltrami equation was thoroughly investigated, [19]. However, in the
time-dependent case the scenario has received limited attention from researchers. Here,
we only highlight the nonlinear identification of a temperature-dependent orthotropic
material, [18], the recovery of the leading coefficients of a heterogeneous orthotropic
medium, [8,9,14], and the space-dependent anisotropic case addressed in [12].

In a recent paper, [8], the authors have investigated the recovery of the thermal con-
ductivity coefficients a(y,t) > 0 and b(x,t) > 0 of an orthotropic rectangular conductor
along with the temperature u(x,y,t) in a two-dimensional problem given by the parabolic
heat equation

2 2
G 00 = a0 ) T 0,0.0) + W) 5 (5,00 + Fla. )

ot
(x,y,t) € Qr = (0,h) x (0,€) x (0,7T), (1)

where h, £, T are given positive quantities and f(z,y,t) is a given heat source, subject to
the initial condition

u(z,y,0) = ¢(z,y), (z,y) € D:=[0,h] x[0,], (2)
the Dirichlet boundary conditions
w(0,y,t) = par(y, 1),  wlh,y,t) = ma(y,t), (y,t) €[0,4] x [0, 7], (3)
U(l‘, 07 t) = MQI(x)t)a U(.ZU, l)t) = M22(I7 t>7 (Z‘,t) € [07 h] X [07 T]v (4>
and the heat flux over-specifications
ou
ay, )5 (0,9,8) = k(y, 1), (y,t) € [0,€] x [0, T], (5)
ou
b(x,t)a—y(x,(),t) = Kro(x,t), (z,t) € [0,h] x[0,T], (6)

where ¢, 1, pg; for i = 1,2 are given functions satisfying compatibility conditions, and
k1 and ko are given heat flux measured data. In this paper, we generalise the local heat
flux measurements (5) and (6) to the more general non-local over-specifications

oo t) (905 (0.:0) + Mol 5y, )] = 8), (0) € 0,6 x 0,7, (7
bz, 1) [V21(x,t)g—Z(:v,O,t)+V22(x,t)g—Z(x,€,t)] = sz, t), (2.t)€[0,h] x [0,T], (8)

where s and sz, are given functions and (v; ;); j=1 2 are given coefficients. Of course, when
V11 = vg1 = 1 and v49 = 199 = 0, expressions (7) and (8) become (5) and (6), respectively.
Expressions (7) and (8) are linear combinations of heat fluxes across the opposite sides of
the rectangular heat conductor D = (0, h) x (0, 7).

The organization of the paper is as follows. In Section 2, the existence and uniqueness
of the solution (a(y,t),b(z,t),u(x,y,t)) of the inverse problem (1)—(4), (7) and (8) are
proved. In Section 3, we briefly describe the explicit FDM used to discretise the direct
problem. In Section 4, the numerical approach based on the minimization of the nonlin-
ear least-squares objective function is introduced. Numerical results are presented and
discussed in Section 5. Finally, conclusions are presented in Section 6.
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2 Unique solvability of the inverse problem

Consider the following assumptions:

(A1) ¢ € C*(D), pu; € CHH2([0,4] [0, 7)), pog € CHH72([0, 2] x [0, T), 14 €
C2([0,4] x [0, T1), vas € CT2([0, ] x [0, T7),0 € {1,2}, 0 € C72([0,4] x [0, T7),
s, € CY2([0,h] % [0,T)), f e C2Qy), for some v € (0,1);

(AQ) %(xay) >0, Spy(l‘ay) >0, ( ) € E %1( ) >0, Vll(y7 )+V12(yat) >0, (yat) €
[O,E] X [O,T], ( ) > 0, 1/21( t) +V22<$ t) > 0, ( ) c [O,h] X {O,T],

(A3) consistency conditions of the zero and the first orders hold.

In (A1), Ck+7,+9/2 for k € {0,2} and v € (0, 1), denotes the space of functions which are
k-times continuously differentiable in space and k/2-times continuously differentiable in
time, with the space partial derivatives of order k£ being Holder continuous with exponent
v and the time partial derivative of order k/2 being Holder continuous with exponent

v/2.

2.1 Local existence of solution

Theorem 1. Suppose that the assumptions (Al)-(A3) hold. Then, for some Ty € (0,7
there exists a solution (a(y,t),b(z,t),u(x,y,t)) of the problem (1)-(4), (7) and (8) such
that 0 < a € C/2([0,4] x [0, Tp]), 0 < b € C¥/2([0,h] x [0, Tp)) and u € C*FH1H2(Qp).

Proof. To prove the local existence of a solution to (1)—(4), (7) and (8) we are first going
to reduce it to an equivalent, in a certain sense, operator equation with respect to (a,b)
and afterwards apply the Schauder fixed point theorem.

To reduce the problem (1)—(4) to another problem with homogeneous initial and
boundary conditions we denote

e
Q/J({L', Y, t) = ,ull(ya t) - ﬂll(ya 0) + E (MlQ(yv t) - #12(y7 0) - ,ull(y, t) + H’ll(y7 0))
X
+pig1 (2, 1) — poi (7, 0) — [un(O, t) — 111(0,0) + E(Mm(o,t) — p112(0,0) — p11(0, %)
e

1011(0,0)) | 4+ % |pza () = pran(,0) = p (€:1) + pa (£,0) = = (el 1) = pnal £, 0)
—p11 (6, ) + paa (4, 0)) — po1(,t) + po1(,0) + p11(0, ) — p11(0,0)
+% (uu(O, t) — p12(0,0) — p11(0, ) — p111 (0, 0))]

and make the superposition

u(z,y,t) = v(z,y,t) + o(z,y) + ¥(z,9,1). (9)

For the function v we get the problem

Uy = a’(y’ t)UZ$ + b(l’, t)Uyy + F(ZL’, y7 t) + CL(y, t)(%sz(xa y) + ¢&?$(x7 y7 t))
+b(, 1) (pyy(2,y) + Uyy(z,9,1)), (2,9,1) € Qr, (10)

3



v(z,9,0) =0, (x,9) € D, (11)

v(0,y,t) =v(h,y,t) =0, (y,t) €10,¢] x[0,T], (12)
v(x,0,t) =v(x,l,t) =0, (x,t) €]0,h] x[0,T], (13)

where F(z,y,1) == f(z,y,t) — ¢u(,y,1).
With the aid of the Green function G(z,y, t; £, n, 7) for the Dirichlet problem associated
to the leading parabolic operator in (9), we have, [13],

oz, y.1) / / Gy, t:6m.7) [F(E .7) + aln, ) (peelEm) + wee(€.m,7)

FH(E ) (P (€ 1) + Yoo (&0 7)) | dSdndr,  (w,y,0) €Qr, (14)
and, using (9),

u(y,£) = p(z,y) + ¥z, y,t) / // (2.6, 1.7) [F(€ . 7) + al.7) (pee(6.1)

e (€7,7)) + B(E ) (P (E,m) + Y (& . 7)) | dedndr,  (w,y,1) € Qr(15)

Finding from here the partial derivatives u,,u, and substituting them into (7) and (8)

we get the following nonlinear system of equations for the determination of a(y,t) and
b(x,t) :

a(y,t) (m(%t) (%(0 y) + ¥a(0,y,1 /// 0,9, 8:&m,7 F(Sﬂw)
a0, )€ + V€1, )) 4 6T o (€) + (6,07 dedin
#o1a(0) (a0 + 0l / / [ Gutbytion. ) [Fienm)

Fa(n, ) oee(Em) + (€ 7)) + BET) @an(Eam) + g €T dsdndf)»
salnt), (B e[0.0x0.T),  (16)

b(z,t) <1/21(x,t) <cpy(x, 0) + ¢y (z,0,%) + // Gy(x,0,t;€,n,7) [F(g,n,T)
a0 )€ + €1, )) 4 6T o) + (6.7 dedn
+ugo(x, t) (pr(:ﬁ,ﬁ) + ¢y (2, 0, 1) + /// Gy(x, 0, t;€,n,7) [F(&,n,r)

Faln,7)(@ee(€m) + Yecl€n. 7)) + BET)@m(Ern) + (a7 dfdndf)))
— (@ t), (5,0 €0 x[0,T. (17)



Using assumption (A2) we can estimate from below the following expressions appearing
in (16) and (17):

v11(y, 1)z (0, y) + v12(y, t)pa(h, y) > (Hlin%(fc,y)) ( min  (v11(y, t) +V12(y,t))>
D [0,]x[0,7]
=: M, >0,

vor(z, t)py(z,0) + vao(z, t)py (2, 1) > (mgn oy (z, y)) ([0 }E]nxi[% T](Vgl(l’, t) + voo(x, t)))
=: M, > 0.

On the other hand, the rest of terms in (16) and (17) are equal to zero when t = 0. Hence,
there exists a number Ty € (0,7 ] such that

via(y, t <wz (0,9,t) // Go(0,y,t:8,m, T (5777,7) +a(n, 7)(pee(€,n)

+¢££(5> 7, 7—)) + b(€7 7—)<507777<€7 77) + w7777<€7 7, 7_)):| dfdﬁd7> + V12<y7 t) (pr(h’ y)
talhy )+ [ [ [ Gulbyitséon ) [Flen. ) + aln. ) oeelé ) + veel€n7)

+b(€77—)(907777(€777) +w7777(€77777_))] dfdndT))‘ S %a <y7t) S [ng] X [O7T0]a (18)

a0 (0.0 + [ []64600.6600) [FlE.7) + ot n)pestsn
+¢§§(5, n, T)) + b(ga 7—)((107777(& 77) + wﬁﬁ(ga n, T))} dfdnd7> + a9 (‘T’ t) (Spy(x7 f)

sy )+ [ [ Gulattiéon ) [P n7) + atn7)eselen) + veeeon. )

MT (2.1) € [0.h] x [0.T]. (19)

FOE) (o) + (€ 7)deinr) )| <

Now we can replace (16), (17) by the system
a(y7t) = %1(y,t) (Vll(ya )(@x(o y —be O y7 + ///Gz«)ay?t;g?naT) [F(fﬂ?ﬂ')
0 D

a7 e (€1) + Gee(€7) + 06 T ipm(€) + (6,17

+v12(y, 1) (sox(h,y)+¢x(h,y,t)+/t//Gx(h7y,t;€,77,T) [F(S,n,f)

0 D

£l ) e €1) + Vee(€.7) + 0 () + (6o 7)) ) )
(y,t) € [0, 4] x [0, Tp],(20)



b(x,t) = se5(x,t) (Vgl(.f(],t) (goy(m, 0) + ¢y (2,0,t) +

//Gyl’Otfm )[F(ﬁn, 7)

D

+a(n, 7)(pee(§,m) + Yee(§m, 7)) + (&, 7) (P (&5 1) + Py (€1, T))] didndf)

o\

tomle) (o0, + wy(o )+ [ [[ Gytatienn[Fenn)
0 D

a1, )€ + Ve, ) 4 86 T o) + (67 decr) ) )
() € [0, 1] x [0, To).(21)

With the aid of (18), (19) we find from (20), (21) the estimates

oo 2w 1) 0y 78 )
0,6]x[0,To 0,¢]x[0,Tp
£ < IZA t) > :IA >0
a(y,t) < M, /2 voaly,t) 2 max @, (z,y) + M /2 ’ ’
D
(1) € 0.0 x 0,7, (22)

0y (@) oy "2 )

0 0,To 0.h]>10,To
b(z,t) < =By, b(z,1) > =t 5o >0,
(z,1) M2 1 (z,) maxgoy(m y) + My /2 °

( €, ) [07 h] [OvTO]' (23>

Now, applying the Schauder fixed-point theorem we establish the existence of solution
to the system of nonlinear equations (20) and (21). Denote N := {(a,b) € C([0,/] x
[0, 70]) x C([0,h] x [0,Tp]) : Ao < a(y,t) < Ay, By < b(z,t) < B;}, and represent the

system (20) and (21) as an operator equation
w=Pw, weN, (24)

where w = (a(y,t),b(x,t)) and the operator P is defined by the right-hand sides of
equations (20) and (21). Due to the construction of N, the operator P maps N onto
itself. The compactness of the operator P may be established analogously to [11]. Hence,
there exists at least one solution (a(y,t),b(x,t)) of the system (20) and (21) in the space
N. Taking into account the assumption (Al), it is easy to see that (a,b) € C7/2([0, /] x
[0, Tp)) x C7/2(]0, h] x [0,Tp]). Substituting a and b into equation (1) we find u(x,y,t)
as a solution of the direct problem (1)~(4) from the space C**!*7/2(Qp ). The proof is
complete.

2.2 Uniqueness of solution

Theorem 2. Suppose that the assumption

(A4) 31(y,1) 0, (3,) € [0,4] x [0, T, ses(z,2) #0, (1) € [0, 4] x [0,

is satisfied. Then, the solution (a(y,t),b(x,t),u(x,y,t)) of the problem (1)-(4), (7) and
(8) is unique in the space C7/2([0, ] [0, Tp]) x CY72([0, B] % [0, Tp]) x C*FH1/2(Qp ),
with a(y,t) > 0, (y,t) € [0,€] x [0, TO] b(z,t) >0, (z,t) € [0,h] x [0, Tp).
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Proof. Suppose that there exist two solutions (ax(y,t), bx(z,t), ug(x,y,t)), k € {1,2}, of
the problem (1)—(4), (7) and (8) from the indicated class. Denote a := a; —ag, b := by —by
and u := u; — up. The triplet of functions (a(y,t),b(x,t),u(x,y,t)) is a solution to the
problem

Uy = <y7 t)u:m: + bl <$7 t)uyy + CL(ya t)UQII (I’, Y, t) + b(fE, t)Uny (I,E, Y, t)a

(z,y,t) € Qr, (25)

w(@,y,0)=0, (z,y)€D (26)
w(0,9,8) = u(h,y,t) =0, (y,1) € [0, x [0,T], (27)
w(@,0,8) = u(w,,t) =0, (x,t) € [0,h] x [0, 7], (28)

a(y,t)(vii(y, t)ur, (0,y,t) + via(y, t)ur, (h, y, 1)) = —aa(y, t) (V11 (y, t)u. (0, y, )
+v1a(y, ua(h,y, 1)) (y,t) € 0,4 x [0,T],  (29)

o
b(x,t)(var(x, t)uy, (x,0,t) + vao(x, t)uy, (,0,1)) = —ba(x, 1) (vo1(x, t)uy(x,0,1)
+V22(l‘,t)uy($,£, t))> ( T, ) [O’ h] [ ) ] (3())
With the aid of the Green function @(x y,t;€,n,7) for the problem (25)-(28) we obtain

u(z, .t /// (5,4, €,0,7) (@, Ttz (6,17, 7) + B(E, T)un,, (6,7, 7)) dddr,

(ZL’, yvt) S @T' (31)
Substituting (31) into (29) and (30) we obtain the system of Volterra-type integral equa-
tions

e i
a(y,t) = — ()G (0.t €1
() vir(y, thua, (0,9, t) + via(y, t)ur, (b, y, t 1n(y.t Y, 16,1, 7)

+V12<y7 t)éw(ha Y, t; 57 1, T))((l(?], T)u2§§ (57 n, T) + b(év T)U’?rm (57 n, T))dfdndﬂ
(y, 1) €[0,4] x [0,T], (32)
B ba(x,t) :
oz, ) = _ugl(x,t)u (2,0,t) + voa (@, t)uy, (x, £, 1) /// var(#,1)Gy (2,0, 6:6,m.7)

+V22((IJ, Zf)éy(l', 67 t; 5: UE T))(CL(?], T)”Zgg (f, n, T) + b(fa T)u27m (éa U T))dfd??dT,
(z,1) € [0,h] % [0,T]. (33)

Taking into account the equalities

10008, 0,9:8) 4 v O, (1. 0) = 2240 >0,
vor (2, )un, (2,0, 8) + van(, s, (x, £, ) = ;ﬁfg>a

and the homogeneity of the system (32) and (33), from the theory of Volterra integral
equations of the second kind with integrable kernel, we conclude that a(y,t) =0, (y,t) €
[0,4] x [0,T] and b(zx,t) = 0, (x,t) € [0,h] x [0,T]. Then, u(z,y,t) = 0, (z,y,t) € Qr,
and the proof is complete.



2.3 Statement of a simplified inverse problem

In this section, we give a statement of a simplified inverse problem obtained when the
coefficient b is known and taken, for simplicity, to be unity. Then, equation (1) simplifies
to

ou 0*u 0%u
ot (SC y7t) *a(yat)@(xayat)+a_y2($7y7t)+f($ayat)a (x,y,t) € QT' (34)

The local existence and uniqueness of solution of the inverse problem (2)—(5), (34) were
established in [11] and read as stated in the following two theorems.

Theorem 3. Suppose that the following assumptions are satisfied:

(B1) ¢ € C*(D), i € C*H([0,4] x [0,T1), pai € C*'([0,h] x [0,7]), i = 1,2,
k1 € CY0([0,4] x [0,T]), f € CQr) for some vy € (0,1);

T,

:u12t<y7 t) - Hz,, <y7 t) - f(h> y?ﬂ > 07 "f1<y7 t) > 07 ( Y, ) [ [
,y,t) € Qr;

(BQ) ng(Jf,y) > 07 ("L‘wy) < Ev ﬂ11t<y7t) - ,ullyy<y7 ) f(O Y, ) < 0
] x
pai, (2,1) >0, i =12, (2,1) € [0,h] x [0, T], fu(z,y,1) 20, (z

(B3) conditions of consistency of order zero [13] between the initial condition (2) and the
Dirichlet boundary conditions (3) and (4) hold.

Then, there exists Ty € (0,T], which is determined by the input data, such that the
problem (2)-(5), (34) has a solution (a(y,t),u(z,y,t)) € C7°([0,4] x [0, Tp]) x C**(Qx,),
with a(y,t) >0, (y,t) € [0,4] x [0, Tp].

Theorem 4. Suppose that the condition C7°([0,£] x [0,T]) 3 k1(y,t) # 0, (y,t) € [0,4] x
0,77, is satisfied. Then, the inverse problem (2)-(5), (34) cannot have more than one
solution in the class (a(y,t),u(x,y,t)) € C70([0,4] x [0,T]) x C*1(Qr), with a(y,t) > 0,
(y,t) €10,€] x [0,T7].

3 Numerical solution of the direct problem

In this section, we consider the direct initial boundary value problem (1)-(4), where
a(y,t), b(z,t), f(z,y,t), ¢(z,y) and g, i,j = 1,2, are known and the solution u(x,y,t)
is to be determined. To achieve this, we use the forward time central space (FTCS)
finite-difference scheme which is conditionally stable.

We subdivide the solution domain ()7 into My, Ms and N subintervals of equal step
lengths Az and Ay, and uniform time step At, where Ax = h/M;, Ay = ¢/M, and
At = T/N, for space and time, respectively. At the node (i,j,n), we denote uj; :=
w(x;, yj, ), where x; = iAzx, y; = jAy, t, = nAt, a;, = a(y;,t,), bin = b(z;,t,) and

o= i, y,t,) for i = 0, My, j =0, M, and n =0, N.
The simplest explicit difference scheme for equation (1) is given by

u Tt — u g — 2up + ul up ;g — 2u; 4 uf
7, Y i+1,5 i—1,5 b 7,7+1 i,7—1 n 35

8



fori =1,M;—1, j = 1,Ms—1 and n = 0, N. The initial and boundary conditions
(2)—(4) give

u?,] = ¢<x27yj>7 1= 07 M17 j - 07 M27 (36>
u&j = Mll(yj>tn)7 uﬁdl,j = Mu(yj?tn)) ] = 07 M27 n = ]-7 N> (37>
'LLZO = /,Lgl(l'i?tn), 'LLZ]V[2 = /LQQ(SL’i,tn), 9 = 0, Ml, n = 1, . (38)

Let @ and b be the maximum values of a(y,t) and b(z,t), respectively, then, the stability
condition for the explicit FDM scheme (35) is [17],

aAt bAt

TSERRYE (39)

1
< -
-2

The combination of the heat fluxes (7) and (8) can be calculated using the second-order
FDM approximations:

FAl (yj; tn) = aj,n (Vll(yjy tn)ux(oa yj7 tn) + Vl?(yja tn)ux(ha yj7 tn)) )

j=1,My—1, n=1N, (40)

1=1,M;—1, n=1,N, (41)
where
du(xy, y;, tn) — w2, Yi tn) — 3p011(Yj, tn
7=1,My—1, n=1,N, (42)

4U($M1_1, Yj, tn) - u(xM1—27 Yij, tn) - 3#12(%; tn)

ux(hayjatn) = YN 5
j:17M2_17 nzlaNa (43>
du(zi, y1, tn) — w(ws, Yo, tn) — Spio1 (4, tn)
uy(a:i,O,tn) = 2Ay s
i—=T1.0M, =1, n=1.N, (44)
4 iy —7tn - (3 —Jtn _3 i7tn
uy(xi,l,tn) — u(x Ynp—1 ) u(fzif\;2 2 ) M22<‘T )7
i=T M, —1, n=1,N. (45)



4 Numerical solution of the inverse problem

In this section, we aim to obtain stable reconstructions for the principal direction compo-
nents a(y,t) > 0 and b(x,t) > 0 of the two-dimensional orthotropic rectangular medium
together with the temperature u(z, y, t) satisfying the equations (1)-(4), (7) and (8). One
can remark that at initial time ¢ = 0 the values a(y,0) and b(z,0) can be obtained from
the non-local over-specifications (7) and (8) as

_ %1(3/7 0)
a(y,0) = i1 (Y; 0)¢2 (0, y) + v12(y, 0)pu(h, y) (46>
bz, 0) = (2, 0) (47)

V21(x7 O)SOy(x? O) + V22(x7 O)QOy(ZE, ﬁ)

The inverse problem is solved based on the nonlinear minimization of the least-squares
objective function

2

Fla) = a0 (410 00a00,0,8) + sl 1)) = (000
2
+ Hb(m, t) (V21<£L',t)uy($, 0,t) + Vgg(x,t)uy(:c,f,t)) — (z, )] (48)
or, in discretised form
N Mo 2
F(a,b) = Z Z [ajm (Vll(ij tn)uz (0, Yj, tn) + Vl?(yja tn)uz(h, Yj, tn)) - %1(yja tn)]
n=1 j=0
N My 2
+ Z Z |:bi,n (V21($z‘> to)uy (24,0, ) + vao (24, tn)uy (24, £, tn)) — o(xy, tn)i| , (49)
n=1 =0

where u(zx,y,t) solves (1)—(4) for given a and b. The minimization of the objective
functional (49), subject to the physical simple bound constraints a > 0 and b > 0 is
accomplished using the MATLAB optimization toolbox routine lsgnonlin, which does
not require supplying the gradient of the objective function, [16]. This routine attempts
to find the minimum of a sum of squares by starting from an initial guesses. Furthermore,
within lsgnonlin, we use the Trust Region Reflective (TRR) algorithm [4], which is based
on the interior-reflective Newton method. Each iteration involves a large linear system of
equations whose solution, based on a preconditioned conjugate gradient method, allows
a regular and sufficiently smooth decrease of the objective functional (49). Since the
MATLAB routine lsqnonlin accepts only a vector of unknowns we make the matrix
a long vector by renumbering its components. Upper and lower bounds on the thermal
conductivities a and b can be specified according to a prior: information on these physical
parameters.

In the numerical computation, we take the parameters of the routine lsgnonlin, as
follows:

e Maximum number of iterations = 10°x (number of variables).

e Maximum number of objective function evaluations = 10”x (number of variables).

10



e Solution and objective function tolerances = 10717,

The inverse problem (1)—(4), (7) and (8) is solved subject to both exact and noisy mea-
surements (7) and (8). The noisy data is numerically simulated as

el

i (Yj, tn) = 21 (Yyj, tn) + €Ly, 7=0,My, n=1N (50)

%52(%7%) = %Q(xi,tn) +€2i,n7 7 :O,Ml, n = 1,N, (51)
where €l1;,, and €2; ,, are random variables generated from a Gaussian normal distribution
with mean zero and standard deviations o1 and o2 given by

ol =px max s (yi, tn)|, o02=px max o (i, tn)|, 52
DX e siom 1 Wrte) DX ol o 2 o) (52)
where p represents the percentage of noise. We use the MATLAB function normrnd to

generate the random variables €l = (€l;,), g7 ,—1x and €2 = (€2;,), as
follows:

1=0,M1,n= lN’

el = normrnd(0,01, My, N), €2 = normrnd(0,02, My, N). (53)

In the case of noisy data (51), we replace s (y;,t,) and se(x;,t,) by 3 (y;,t,) and

35 (x;,t,,), respectively, in (49).

5 Numerical results and discussion

In this section, we present numerical results for the reconstruction of the orthotropic
thermal conductivity components a(y,t), b(z,t) and the temperature u(z,y,t), in the
case of exact and noisy data (50)-(53). To assess the accuracy of the numerical solution
we employ the root mean square errors (rmse) defined by:

- ] N M, 1/2
- numerical e:pact 2
e = | T 30 3 ()= 1) | e
o 1 N M, 1/2
_ numerical (. __pexact( . 2
rmse(b) = NOLTT) nz:l 2 (b (i, tn) — b4, 1)) ] : (55)

For simplicity, we take h =0 =T = 1.

5.1 Example 1

Consider the inverse problem (1)-(4), (7) and (8) with unknown coefficients a(y,t) and
b(x,t), and the input data ¢, w;j, vij and 54, i,j = 1,2:

3+2t+x+y
QD(ZE,y):U($,y70):—(—2+l’>2—<—2+y)2, f(fE,y,t) =2+ 100 y
:ull(yvt> = U(an7 ) =—4 + 2t — (_2 + y>2a Ml?(y7t> = U(l,y,t) =—-1+4+2t— (_2 + y>2a
por(m,t) = u(w,0,t) = =4+ 2t — (=2 +2)%,  poo(w,t) = u(z, 1,t) = =1+ 2t — (=2 + 2)?,
y+t+1 324+x+t
v1(y,t) = vi2(y, t) = vy (2, 1) = vaa(,t) = 1, 51(t) = %7 ny(t) = %

11



One can notice that the conditions of Theorem 2 are satisfied and therefore, the uniqueness
of the solution is guaranteed. In fact, it can easily be checked by direct substitution that
the analytical solution is given by

aly )= T (0 € 0.1] % 0.1), (50)
b, 1) = % (2.1) € [0,1] x [0, 1], (57)
U(J},y,t) = —(13—2)2— (y_2)2+2t7 (:L’,y,t) E@T' (58)

We take M; = My = N = 10 which together with the upper bound 1/40 for the
unknown coefficients a and b ensure that the stability condition (39) is always satisfied at
each iteration of the minimization process. We also take the lower bound 10~ to impose
the physical constraint that the thermal conductivity coefficients must be positive.

We start the investigation for simultaneously determining the unknown components
a and b for exact p = 0 and noisy input p = 10% data. Figure 1 presents the objective
function (49), as a function of the number of iterations. From this figure one can notice
that a rapid monotonically decreasing convergence is achieved in 8-9 iterations, with the
objective function reaching a very small value of O(1072Y).

0
10°

10°

10—10

Objective function

107%

1020 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9

Number of iterations

Figure 1: The objective function (49), for p = 0 and p = 10%, for Example 1.

Figures 2 and 3 show the reconstructions of the orthotropic thermal conductivity com-
ponents for p = 0 and p = 10%, respectively. Table 1 shows more details of the numerical
computation including the results for p = 1% noise. As expected, the numerically ob-
tained results become more stable and accurate as the percentage of noise p decrease.
From Figure 3 it can be seen that for the significant amount of noise p = 10%, the numer-
ical solution obtained by minimizing the nonlinear least-squares functional (49) becomes
visibly oscillatory and unstable.
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(a)

Exact solution Numerical solution

Absolute error

IN

N

Figure 2: The exact ((56) and (57)) and numerical solutions for noise level p = 0 for (a) a(y,t)
and (b) b(z,t), for Example 1. The absolute error between them is also included.

Table 1: The rmse values (54) and (55) for various noise levels p € {0,1,10}%.

Example 1 p=0 | p=1% | p=10%
No. of iterations 8 8 9

Value of (49) at final iteration | 2.7E-19 | 3.9E-19 | 5.6E-19
rmse(a) 4.7E-12 | 1.6E-4 | 1.6E-3
rmse(b) 6.6E-12 | 1.8E-4 | 1.9E-3
Computational time 21 min | 23 min | 25 min
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(a)

Exact solution Numerical solution

Absolute error

Exact solution Numerical solution

0.02..
0.018.
= 0.016] 0‘

>
o 0.014

Absolute error

0.012]. ‘

0.014 - ‘

Figure 3: The exact ((56) and (57)) and numerical solutions for noise level p = 10% for (a)
a(y,t) and (b) b(z,t), for Example 1. The absolute error between them is also included.

5.2 Example 2

In this example, we consider a simplification of the model described in subsection 2.3,

obtained by taking one of the coefficients, say b(z,t), known and, for simplicity, equal to

unity. Consider the inverse problem (2)—(4) and (34) with unknown orthotropic thermal

conductivity component a(y,t) and solve this inverse problem with the input data ¢, uy;

and p9;, © = 1,2, and k1 given by

Py, 1) = ule,y,0) =2~y flr.y.1) = e —y),
1

(
(

iy 1) = w(0,y,t) = =Py, pa(y,t) = u(l,y, 1) = (1 - y),
por (2, 1) = u(z,0,t) = Pz, pgs(x,t) = u(z, 1,t) = /°(x — 1),
1
r1(y,t) = —e/2(1+t+1). (59)

100
Remark that the conditions of Theorem 3 and 4 are satisfied and therefore, the local
existence and uniqueness of the solution are guaranteed. In fact, it can easily be checked
by direct substitution that the analytical solutions u(x,y,t) and a(y,t) are given by

U($, Y, t) = 6t/5($ - y)? (ZE, Y, t) € @7 (60)
aly )= T € 0.1) % 0,1) (61)
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We investigate the inverse problem as we did in Example 1. We take M; = My =5
and N = 60, i.e. Az = Ay =1/5 and At = 1/60. We choose upper bound UB = 0.2 for
a such that the stability condition (39) is always satisfied in the iterative process. Also,
since a represents a positive physical quantity we take the lower bound for a to be a small
positive number such as LB = 1074,

We start our investigation for reconstructing the unknown orthotropic thermal con-
ductivity component a(y,t) and the temperature u(z,y,t) for exact and noisy measured
input data (5), i.e., for the cases p € {0, 1,3,5}% of noise. The initial guess for a(y, t) has
been taken as

y+1

W, Yy e [O, 1] (62)

a’(y,t) = a(y,0) =
Note that the value of a(y,0) is available from (46). The objective function (49), as a
function of the number of iterations, is plotted in Figure 4. From this figure, it can be
seen that a monotonic decreasing convergence is achieved in about 10 to 11 iterations to
reach a very low prescribed tolerance of O(1072°). The numerically obtained results for
a(y,t) are illustrated in Figure 5 and summarised in Table 2. From this figure and table,
it can be seen that as the percentage of noise p decreases the numerically obtained results
becomes more stable and accurate.

Objective function

Number of iterations

Figure 4: The objective function (49), as a function of the number of iterations, for various
noise levels p € {0,1,3,5}%, for Example 2.

Table 2: The number of iterations, the value of the objective function (49) at final it-
eration, the rmse(a) values (54) and the computational time, for various noise levels

p €{0,1,3,5}%, for Example 2.

Numerical outputs p=0 p=1% | p=3% | p=5%
Number of iterations 10 10 10 11
Minimum value of (49) | 3.0E-24 | 2.8E-23 | 3.0E-23 | 8.8E-25
rmse(a) 1.2E-6 | 3.4E-4 | 1.0E-3 | 1.7TE-3
Computational time 37 mins | 37 mins | 37 mins | 40 mins
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Figure 5: The exact (61) and numerical solutions for the orthotropic thermal conductivity
component a(y,t), for various noise levels: (a) p =0, (b) p=1%, (¢) p = 3% and (d) p = 5%
noise, for Example 2. The absolute error between them is also included.
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6 Conclusions

In this paper, the inverse problem involving the reconstruction of the orthotropic ther-
mal conductivity components and the temperature in the two-dimensional parabolic heat
equation (1) from the non-local heat flux over-specifications (7) and (8) has been inves-
tigated. Sufficient conditions which ensure the unique solvability of a local solution are
provided and proved. The direct solver based on the FDM has been employed. The in-
verse problem solution based on a nonlinear least-squares minimization problem has been
solved using the MATLAB optimisation toolbox routine lsqnonlin. As shown in Tables
1 and 2, the computational time is of the order of tens of minutes, which is reasonable
bearing in mind that a nonlinear and ill-posed problem has been solved. Numerical re-
sults presented and discussed for both exact and noisy data show that accurate and stable
solutions have been obtained. In principle, the analysis of this paper can be extended to
three-dimensional problems; however, this non-trivial investigation is deferred to future
work.
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