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Abstract. This paper studies a regularization approach for simultaneously reconstructing space-
time dependent Robin coefficient (x,t) and heat flux g(x,t). The differentiability results and
adjoint systems are established. A standard finite element method (FEM) is employed to discretize
the constrained optimization problem which is reduced to a sequence of unconstrained optimization
problem by adding regularization terms. We propose an improved algorithm for the introduced
problem based on modified conjugate gradient method (MCGM) for quadratic minimization.
Numerical experiments present the efficiency, accuracy, and robustness of the proposed algorithm.

Key words. Simultaneous identification, Numerical reconstruction, Robin coefficient and heat
flux, Tikhonov regularization, FEM, MCGM.

1. Introduction

The inverse problem arising in reconstructing the heat transfer coefficient, called
Robin coefficient y(x,t), which represents the convection between the conducting
body and the ambient environment from the boundary measurements of the solu-
tion and space-time dependent heat flux ¢(x,t). Héo [8] determined the space or
time dependent heat transfer coefficient using nonlinear conjugate gradient method
combined with a boundary element direct solver. In many distributed parameter
identification problems, the Robin inverse problem suffers from ill-posedness, such
as, small error in the data which leads to large deviations in the solution. Therefore,
specialized techniques are necessary to keep the stability in the solution. Numer-
ically, an engineering approach has been applied to estimate the time-dependent
Robin coefficient from the measured temperature data for quenching process [,
using the sequential function specification method [2]. However, the approach is
generally influenced by the noise in the data and then the accuracy of the solutions.
Another popular engineering approach is the variational method [14, 23]. Maridn
[19] studied the recovery of a time-dependent Robin coefficient in a semilinear par-
abolic equation from an over-specified nonlocal boundary conditions and proposed
a temporal discretization based on Rothes method with some convergence analysis.
However, the spatial discretization that is necessary for practical computations was
not considered.

Slodicka, et al. [I§] introduced a mathematical analysis for the estimation of
the time-dependent Robin coefficient in a nonlinear boundary condition for one-
dimensional heat equation, and showed the existence and uniqueness of the solu-
tion. Deng, et al. [3 [4] introduced a two-level space-time domain decomposition
method for solving an inverse source problem associated with the time-dependent
convection-diffusion equation in three dimensions. Jiang, et al. [II] proposed an
efficient overlapping domain decomposition method for solving some typical linear
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inverse problems,; including identification of the flux, source strength, and initial
temperature in second order elliptic and parabolic systems. Jin and Lu [13] studied
the space-time dependent Robin coefficient in one and two dimensional cases using
nonlinear conjugate gradient method. Xie and Zou [21] introduced the mathemat-
ical and numerical justification of regularization approaches for reconstructing the
heat flux in both space and time with investigation of a FEM.

Recently, Jiang and Abdelhamid [12] focused on the simultaneous reconstruc-
tion of the spatially-dependent Robin coefficient and heat flux using Levenberg-
Marquardt and surrogate functional method. Abdelhamid, et al. [26] studied the
simultaneous reconstruction of the time-dependent Robin coefficient and heat flux
in the heat conduction problem. Abdelhamid, T. [27] introduced the numerical
reconstruction for the space-time dependent heat transfer coefficient and spatial-
dependent heat flux in the parabolic systems. The present study focuses on recon-
structing the space-time dependent Robin coefficient and heat flux, simultaneously
using MCGM for solving the nonlinear inverse problem.

The rest of this paper is organized as follows: Section [2]describes the mathemati-
cal and variational formulation of the problem. Section [3investigates the Tikhonov
regularization approach in the case that v(x,t) and ¢(x,¢) are unknowns parame-
ters. Section [ derives the differentiability results to find the gradient formula with
respect to y(x,t) and ¢(x,t). Also, introduces the adjoint problems to find explicit
relations that simplify computing the step lengths. Section [ introduces the FEM
and its convergence analysis. Section [(] introduces the numerical algorithm based
on the MCGM. Section [[ presents the numerical experiments to investigate the
efficiency, accuracy, and robustness of the proposed algorithm. Finally, we draw
the conclusion and the future work in section [§

2. Mathematical formulation

Let Q € R% d > 1 be a bounded, connected, and polyhedral domain. Consider
the following parabolic system with the Robin and Neumann boundary conditions

% -V (a(x)Vu) = f(x,t) in Q x (0,7,
0(0) % 9, ulx,1) = g(x,1) on s x (0,7),
(1) "
ou
a(x)% =q(x,1) onT'. x (0,T),
u(x,0) =0 x €.

We assume that the boundary 02 consists of two parts, i.e. 9Q = I'; UT., and
r.=rT.,,Url., UT,, is a finite collection of disjoint, smooth (d — 1)-dimensional
polyhedral domain. Also, y(x,t) and ¢(x, t) are the heat transfer coefficient (Robin)
and heat flux respectively which are contained in the following sets

K ={y(x,t):0 <y <~v(x,t) <y <ocae inT; x(0,T)}

Ko ={q(x,t): 0 < q1 <q(x,t) < g2 <o0ae. inlex(0,T)},

where 71,72, q1, and g2 are positive given constants. In this problem, the Robin
boundary condition is specified on I'; and the Neumann boundary condition on T..
We refer readers to [9] and the references therein for more physical backgrounds
and [16] 25] for the analytical and numerical methods to solve the inverse problems.
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Let u(x,t) solve the forward problem (I)) and 2° € L2(0,T; L?(T..)) represent the
measured data on I'. over ¢ € (0,T). The parameter § is used to emphasize the
existence of noise in the data. We recall the following lemma for setting the inverse
problem to achieve the uniqueness results (see [5]).

proposition 2.1. Suppose that €2 is an open, bounded, and connected domain with
the boundary 0. The given source strength f(x,t) € L?(0,T;L?*(Q)), g(x,t) €
L?(0,T; L3(T;)), and q(x,t) € L?(0,T; L*(T.)). The thermal conductivity a(x) €

C(2) such that 0 < ap < a(x) < a1 < 00, and g and ay are positive constants.

Lemma 2.1. Suppose that the norm || - || g1 (r,) is defined by

||U||§11(n) = ”VUH%?(Q) + HUH%%ri)a

this is equivalent to the standard norm Hqu{l(Q) and

crllullF e,y < lulling) < cllullzne,,
c1 and ¢y are positive constants (see Sec. 7.1 [5]).

Lemma 2.2. ([13]) For any (v,q) € K1 x Ky there exists a unique solution
u(v,q)(x,t) = u(y,q) € L*0,T; HY(2)) to the forward problem (). Furthermore,
it has the following reqularities

u(v,q) € L*0,T; HY(Q)), u(y,q) € L*(0, T3 L*(2)), u(v,q) € C(0,T; L*(%)).
Then, it satisfies the following priori estimate

(v, Dllz20,m1 @) < C (1fllz20,7522(0)) + l9llL20,7:22(00) + lall 20,7522, ))) -

Then, from Lemmas[ZTland 22 we deduce that the solution u(, ¢) of the forward
problem () is well-defined on L?(0,7T; H(Q2)).

3. Tikhonov regularization and the existence of minimizers

In this section, we investigate the Tikhonov regularization approach to the con-
sidered problem (IJ). The ill-posedness in the considered problem lies in the follow-
ing aspects:

(1) The solution of the problem u(7, ¢) does not necessarily exist for the given mea-
sured data.

(2) The solution may not be unique, and/or does not continuously depend on
the cauchy data which are collected experimentally using devices such as thermal
sensors. To cope with the numerical instability of system (), we introduce the
following Tikhonov regularization:

1 T
min J(7, - = u(v, q) — 2912 gt
(7,9)EK1x K> ('Y q) 2/0 || ('Y q) ||L2(Fc)
B n
(2) +§|‘7|‘%2(0,T;L2(Fi)) + 5”‘1”%2(0,T;L2(rc)),

where u = u(y, q)(x,t) € L?(0,T; H'(Q)) satisfies
(3) u(x,0) =01in Q,
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and

T T T T
/ /8tuvdmdt+/ /aVu~Vvd:cdt+/ / fyuvdsdt:/ /fvd:cdt
0 JQ 0 JQ 0 JTy 0 JO

T T
) +/ / gvdsdH/ / qudsdt ¥ v € L*(0,T; HY(Q)).
0 Tr; 0 I'e

The constrained optimization problem with § = 1 = 0 denoted by Jy, is equivalent
to the inverse problem when the cauchy data is achievable.

Theorem 3.1. ([12]) There exists at least one minimizer to system (2)-().

Proof. Clearly the functional J(v,q) is bounded from below by zero in K7 x Ks;
thus there exists a minimizing sequence {(y", ¢")} such that

(5) lim J(y",¢") = inf J(,q).

n—o0 (v,9)EK1x K>

From the uniform boundedness of the admissible set K1 x K, the sequence {(y™, ¢")}
is uniformly bounded in K; x K. Thus the existence of such subsequence as
{(v™,¢™}, and {(v"™,¢™)} — (v*,q*) weakly in K; x K5 (refers to Theorem 1.19
in [7]). Then from Theorem 3.1 [I2] it can be shown that there exists at least one
minimizer (v*,¢*) for [@)-) such that

J(v*,q")
1" 52
= 5 [ ) = e
B x e
Jr§||’7 H%2(0,T;L2(Fi)) + 5”‘1 H%2(O,T;L2(FC))
1 ’ 5112
= 3,lim . Ju(y™ h"™) = 2° |72,y dt
B e
+§||7 H%Q(O,T;LQ(D-)) + 5”‘1 H%%O,T;L?(rc))
T

B .. .
(v, q") — 26||%2(rc)dt + 5 nh_{go inf ||7n||%2(O,T;L2(Fi))

IN

2 e Jp, I

/T 2
+ 5 nhjolo inf [[¢" 17200, 7,221,y

6 < lim inf J(7™,¢") = inf J(v,q),
6) =< JliminfJ("¢Y) = il 000
which implies that (v*,¢*) is a minimizer of (2)-(@). O

4. Differentiability results and adjoint problem

In this section, we show the partial Fréchet derivatives of the forward solution
u(y,q) and their adjoint problems. Denote u}Y = u; (v, q)d and ué = u;('y, q)p, as
the partial Fréchet derivatives of the forward solution with respect to the Robin
coefficient y(x, t) and heat flux ¢(x, t) in any directions d € L2(0,T; L?(T;)) and p €
L?(0,T; L3(T.)), respectively. u# and ué can be obtained by solving the following
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systems
1
o~ Aul =0 in Q x (0,7),
Bu,ly 1
o+ YUy = —du(v,q) onT; x (0,7T),
(7)
1
2o on T, x (0,T),
ul(x,0) =0 in Q,
and
Aul

=+ —Auy =0 inQx(0,T),

1
%1:7 —|—7u}1 =0 onl;x(0,7),

661;"1 =p on T, x (0,7),

ug(x,0) =0 in Q,
which are linear with respect to d and p, respectively.

Theorem 4.1. ([13]) For any v,v +d € Ky and q,q+ p € Ka, the mapping
(v,q) = u(y,q) from Ky x Ky + L2(0,T; HY(Q)) is Lipschitz continuity and
Fréchet differentiable, then

lu(y +d,q) — ul(v,q) — ubllL2 (0,11 (@)

(9) =0,
ldll L2 0, s L00 (1)) =0 HdHL?(O,T;LOC(Fi))
and
u(y,q+p) —uly,q) — ull|m
(10) i [u(r,a+p) —u(r,9) — ugllme) _ N

1211 .2 (0,7 Lo (10 ) —0 Pl 20,755 (r.))

Next, we derive the gradient formula of the functional J(v,¢q). From Theorem
[T we have the following expansions

u(y+d,q) = u(y,q) +u,(v,9)d+ O(Hd||2L2(O,T;L°°(F7,)))a

and

u(v,q+p) = u(y,9) +uy(v,)p+ OUpl 720100 (r.)-

Now, we define the adjoint equations for the partial Gateaux derivatives w

* pr—
N =
u;('y, q)*v and w; = u;('y, q)*¢ for any directions v and (, respectively as

duw>
ot

+Awy =0 inQx(0,7),

O fqwi=0 onT;x(0,T),

(11)
Ow”

oL =~V on . x (0,7),

wi(x,T)=0 in Q,
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and

in Qx (0,7),

aawng +yw; =0 on Ty x(0,7),

aawng =( onI'. x (0,7),

wy(x,T)=0 in .

The next theorem shows the differentiability of the functional J(v,¢) with respect
to y(x,t) and q(x,t).

Theorem 4.2. Suppose that the functional J(v,q) is Fréchet differentiable, then
its Fréchet derivatives J; (v,q) and J(; (7, q) in the directions d and p are respectively
given by

(13) // q)w’ + Bv] dsdt,

and

T
(14) J(; [p] = /0 /r p (w4 nq| dsdt.

Proof. From Theorem 1] and noting that

w3l 20,20y < Clldl| 20,000 (r)) and Jugll 20, 1:22(r.)) < ClIpll 20,1505 (1))
We have

T
15 min Jo(v,q) = u(v,q) — 2°)%dsdt.
(15) Lo () / /( (,9) — 2°)

Then, the difference of the functional J(v, ¢) with respect to the Robin coefficient
is computed as follows

R, = Jo(v+d,q) = Jo(v,9),
= / / (y+d,q) — 2°)%dsdt — / / u(7y, q) — 2°)%dsdt,
-3/ / )+ 0+ Ol o ey — =)
—(u(y,q) }dsdt
- / / )= 28l + Ol o0y

+ (u’)’ + O(Hd||L2(O,T;L°"(Fi))))2} det,

T
| ) = bt + Ol e st

Dividing the above equation by ||d|\%2(0 TiLo (Ts)) and taking the limit with respect
to ||d|‘%2(O,T;L°"(F7’))’ we obtain

(16) T old] = /O /F (u(y,q) — 2°)ul dsdt.
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Similarly, the Fréchet derivative J(;,O in the direction p is defined as

(17) Toolol = [ [ (utr0) = *)ujasar

Taking ¢ = u} and ¢ = w?, multiplying (@) by ¢, multiplying (II) by ¢, and
applying Green’s second identity, we obtain

/T/ {YV -V — oV -V} dadt

(18) //(99( w——)dsdtzo.

Substituting the boundary conditions for ¢ and 1, we obtain

(19) - /OT /r,, du(y, q)pdsdt = /OT /FC vpdsdt.

Taking ¢ = u, )= w,, multiplying (§) by ¢ and multiplying (IZ) by @. Then, we
apply Green’s second identity

/T/ 1/~)V~V¢37</3V~V1/~))dacdt

(20) / /m< w——>dsdt=0.

Substituting the boundary conditions for ¢ and 1[), we get

(21) /OT /Fcpwsdtz/oT/Fc C@dsdt.

Substituting (I9) into (I6), we deduce

(22) / / q)w’ + By] dsdt,
and
/ / dsdt

Similarly, the Fréchet derivative of Jy with respect to ¢(x,t) in the direction p has
the form

T
(23) J,[p] = / / p [w; 4+ nq| dsdt,
0o Jr.
and
T
p]z/ / pw, dsdt.
0o Jr,

This completes the proof of Theorem O
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5. Finite element method and its convergence

In this section we investigate the FEM for solving the continuous minimization
problem (2)-@). We define the finite element space V" using the continuous and
piecewise linear space over the triangulation 7" as

Vh = {cph BN AS C(Q) : cph|7-i Gp(Ti) \ 7-1 S Th} ,
where p(7") denotes the space of linear polynomials on the element 7. Also, we
define the spaces Vrh,, and Vrhc as the restrictions of V" on I'; and T, respectively.

Let {z;}, be the set of all nodal points of triangulation 7", then the constrained
subsets K7 and K5 are approximated by

KM = {y, € Ve i < < e ae. (2,t) € (0,T) x T},
KyT={gn e V" :q1 < qn < 2 ae. (2,8) € (0,T) x '}

To fully discretize the optimization problem (2)-(), for the time discretization, the
time interval (0,T) is divided into M equally spaced subintervals using nodal points
Ar:0=tg<t1 <--- <ty =T,
with t,, = n7,7 = T/M. For u : (0,T) — L*(9), we define u" = u(-,t,), 0 <n <

M. For a given sequence {u"}M  C L?(Q2) we have
u” — =1 1 tn
(24) out = —— " = —/ u(-,t)dt, and 4" = u(-,0) at n = 0.

T T thn_1

For the convergence analysis, we use the projection operator @, from H*(Q) to V"
(cf. |22 21])

lim [lo = Quollmi) = 0w € H'(Q)
1Qnv]lz2(0) < Clvllz2@), 1QwvllH1@) < Cllvllm ), Yv e H(Q)
(25) lv—=Qnvllr2y < Chllv|mrq), Vv e HY(Q).
We formulate the finite element problem corresponding to [2)-() as follows
. M T n 512
L T (s an) = 5 ;Pnﬂuh(%ﬂh) = 2°lz2 e, +
M M
(26) 28 pallilay + 51D pullahIFacr,):
n=0 n=0

where ul! = ull (v, qn)(x,t) € VP and u) = 0, satisfies
/ O-upvpdx +/ a""Vuy - Vopdx +/ Yhupvpds = / frondx
Q Q r; Q

(27) +/ glupds +/ q};vhds Yo, € Vvh.
T T

Here, {p,} are the coefficients of the trapezoidal rule, i.e., po = pys = % and p, =1
forn=1,...,.M —1.

Lemma 5.1. For any sequence {(vy,q}')} of system (206)-(27) in K{” X KQ’T
converges weakly to some (v,q) € K1 x Ko as n — oo, we have

T T
i [ [ i) - Pdedt = [ [ a6 ) - st
n=oo Jo Jr, o Jr.
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Proof. Let {z"} be a sequence such that z" — z strongly in L?(0,T; L*(T.)). By
the definition of {(v7, ¢})}, we have

T T
lim / / [ (v, q) — 2" |Pdzdt < lim / / lu(7, q) — z|*dxdt
n—oo [o T, n—oo [o T,

V (v,q) € K1 x K.

This implies that {(},¢)} is bounded in K" x KJ'". Therefore, there exists a
subsequence denoted by {(v},¢})}, such that

(Yn>an) — (7", ¢") weakly in Ky x Ko,

Since, there exists a minimizer for the optimization problem (28)-(21) (Theorem
B), we deduce

up (v, qn) — u(y*, ¢%) srtongly in K7 x Ko
By applying Cauchy-Schwarz inequality, we have

T T
| [ w2 = [ [ i) - oo
0 T 0 T,

T

= [ ROR R — = R i)~ #F R OR. a) — <F
— |u(v*, q*) — 2|°) dadt,

- //{H Qu(rg,a) — 2 — =) + (u(if @) — u(v"07))

u(vp,qn) +u(y*,q") — 22)} dadt,

< / / |z — 2"|?dxdt) % / / [2u(~vr, qr) fz”|2d:£dt)%
[ R an) — ute g Pty
o Jr.
T 1
@) x| [ g+ ) - 2ePdsd
0 JT.
Taking the limit of (28] at n — oo, which concludes the proof. O

Next, we investigate the convergence analysis of the discrete minimizer to the
minimizer of the continuous problem (2])-#]). We introduce a step function approx-
imation of a function f(x,t) € C'((0,T); X) for a Banach space X

(29) Saf(x,t) Z

Then, the following limit holds [24]

T
(30) timy [ 1816 = S0 e =0,

We approximate the Robin coefficient y(x,t) and heat flux ¢(x,t) by a piecewise
constant functions vy, - (x,t) and gp,-(x,t) over the interval A, as follows:

Vi, (X, 1) = an )i (%) and  gn - (x,t) = an )iy (x
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where 71 (x) € Vi, qi'(x) € V!, and x,(t) is the characteristic function in the
interval (¢,,—1,t,), which we will use in the rest of the paper. To prove the existence
of the minimizer to the finite element problem (20)-(27), we show the following
continuity of u}(vn, ¢n) in (26)-(27) with respect to (v, qn).

Lemma 5.2. For any sequence {V;If - qZ S1in K{L’T XKS’T converges weakly to some

(v,q) € K" x KI'™in a certain norm as k — oo we have, forn =1,2,..., M

)

RV af 2) = up(v,q) in H'(Q) as k — oo.

Proof. By the definition of u} (y4,7, qn,), (for simplicity, we use the notations uj =
wl(Yh,rs qn,-) and u” = u(7y, ¢)(-, ") in the following proof), we have

/atquhdm+/ a”VuZ'V’uhd:ch/ 'y,’fyTquhds:/f”vhdm
Q Q r; Q

(31) +/ §nvhd5+/ q,’iﬂ’uhds Yo, € Vh
r r

i c

/&tu};vhdach/a”VuZ'Vvhdchr/ fythvhds:/f_”vhd:c
Q Q r; Q

(32) +/ g"vpds +/ qropds ¥ vy, € Vvh.
r; r.
Taking v, = Tu} in BII), we obtain

1 1, .
5”“2”%2(9) - 5”“2 ||2L2(Q) + TO‘”HVUZ”QB(Q) + T’Yl”“ZH%Z(r,,)

< ) + T||QZ||L2(FC)||UZ||L2(FC)
(33) < A1 -+ A2 -+ A3.
Using Young’s inequality and Sobolev trace theorem, we derive
T\ n n
(34) Av < S 720y + Tellupllzz o),
T 1=n)2 n|2
Az < _||9 ||L2(F-) +T€||“h||L2(F,-)
(35) < _|| ||L2(F + TEClHUhHHl Q)
(36) As < _thHL? r.) +7eca|luplin q)-

Substituting [B4)-(B8) into B3) and summing both sides over n = 1,2,...,k < M
we obtain

k k
1
5”“2”%2(9) +7e3 Z ”VUZH%?(Q) +7n Z HUZH%Q(F
n=1 n=1
k k
T n
(37) < 1z Z[Hf ||L2(Q) + llg" ||L2(I‘ )y T ||‘Ih||L2(F Y+ 7 Z ||Uh||L2(Q)
n=1 n=1

Here, ¢;(i = 1,2, 3,4) are constants that do not dependent on h, 7, and k, and ¢ is a
small constant. We have the initial u% =0,c3 =1—ec1—¢eco, and ¢y = e(14c1+c2).



438 TALAAT ABDELHAMID ET AL.

Then, using Gronwall’s inequality [5], we obtain

M M
(38)  Jax, lurliza@) < C 7Y VRl < C, 7> lluplloer,) < C.

n=1 n=1
And C is independent of h,7, and k. By subtracting BI) from (B2)), and let
wZ(k) = U’;LL,T(’YE’ qZ,T) - U’Z(,W‘M qh)) we get

/8tw2(k)vhd:c+/ a”VwZ(k)~Vvhd:E+/ fyﬁ,TwZ(k)’uhds
Q Q ;

k3

(39) :/ (va = 71, Jup (k)onds +/ (ar,+ — an)vnds ¥ v, € V.
T, re

Then, by taking v, = 7w} (k), it yields
1, . 1 _
§||wh(k)||2L2(Q) - 5”“’2 1(k)||2L2(Q)

+ra" [ Vwp (k) 720 + Ty lwh (B)I72r,

< max|yn = i llluh (6) | 2y lwh (k)| 2y
(40) +rmax gy - — anl[|wf (B)] 2(r.)-
By summing up the above equation over n = 1,2,...,k < M and using Young’s

inequality, we obtain

1 1
Sk 220y — 3 10h(0) 1320

k k
+7 ) a0l Vup (k)72 + 7 D nllwi (k)12
n=1 n=1
k
< TZjlglglw = Y b (Bl 2 e 1w (B) | 22 e
k
k
w 73 maxlal — ol )z

Then, we deduce wi(k) — 0 in H'(), by applying Gronwall’s inequality [15]
21]. O

The following theorem shows the existence of minimizers to system (26])-(21).
The proof of the following theorem is similar to Theorem [B.11

Theorem 5.1. There exists at least one minimizer to the finite element problem
29)-27).

The following two lemmas are important for convergence analysis of the finite
element approximation

Lemma 5.3. Let u} (vn,qn) be the solution of system (26)-(27) corresponding to
(hyan) € KI°™ x KJ'T, then the following stability estimates are hold:

M M
s, Ve + 9 2 Wkl + 70 3 19k

(42) <C [||f||2L2(O,T;L2(Q)) + ||g||2L2(O,T;L2(Fi)) + ||Qh||L2(0,T;L2(Fc))}
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M
(max [Vailza) + 71 max Jufllze >+Tzlllafuﬁlliz<m
n=

(43) < C [Hf”%?(o,T;LQ(Q)) + ”gH%?(O,T;L?(Fi)) + ||Qh||L2(0,T;L2(Fc))} :

Proof. Take vf = Tul(yr,qr) in BI) and follow the same proof of Lemma (2]
then we obtain ([42). The stability estimate (3] can be proved similarly by taking
vy, = 707vp in (21); this concludes the proof of this lemma. O

Lemma 5.4. For any sequence {yn,qn} € K o Ké” and (Yn,qn) converges
weakly to some (y,q) in K1 X Ko as h, T tend to 0, then

M T
(44) T Z/ [ul (Y, qn) — 2°|2ds — / / lu(v, q) — 2°|>dzdt strongly.
n=0 re 0 e

Proof. We use u}, and u to denote u}} (s, gn) and u(7, g), respectively and

u" =uly,q;tn) =uly,qg;nr) for 0 <n< M,

1
ﬂ”zﬂ”(’y,q):—/ u(y,q;t)dt for 1 <n <M,
T Jgn—1
(45) a° =a"(v,q) = 0.

By taking v = 71wy, in (@), then integrating over (#*~!,¢") and subtracting it from

@), it yields

/ Or (up, —u")vpdr + — / / - Vopdxdt
/ / i (u w)vpdsdt
(46) = / / Y)uvydsdt + = / / — q)updsdt ¥ vy, € V.
tr—1 tn—1

Taking vy, = 77, in the above equation and letting n; = uj — Q,u", we have

]' n 1 n— n n
Sz = 5l iz ) + Teol VallZe) + v InklI o)

< / Ornpnpde + / / y)unpdsdt
tn— 1
/ / nidsdt ¥ vy, € VP,
4n = I)2 + (I)s.
Summing the above equation over n =1,2,...,k < M, we obtain

k k
1 1
§||77i]f||%2(9) - §||772||%2(Q) + Tag Z ||V77i?||%2(9) +™n Z ||77i7f||%2(9)

n=1 n=1
’ ’ k
48) <Y (M+> (D24 > (D3

n=1 n=1
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We next estimate (I)1, (I)2, and (I)s. For any sequence {ay, } and {b,,}, the following
formula is satisfied

k k
(49) Z(an — ap_1)b, = agbr — agbo — Z an—l(bn - bn—l)-
n=1 n=1
We have
k
Y =7 Z / a-( nrde,
n=1

k
/ (u* — a*)nfde — 7 Z / ("t — @ h o nrdr,
) —Ja

tk

ﬁ{ /

th—

1 1

T 2 k 2

+T{/O |ut||2L2(Q)dt} {ZWZLHL?(Q)} )
n=1

(50) < OVT.

Here, we have used the stability estimates ([@2))-([@3]) and the property of Qp

IN

2
) ||Ut||2L2(Q)dt} Imillz2 ()

k
Z(I)z = Z/ / Y)unpdsdt,
n=1 tn— 1
dsdt
%thn | i =l
’72 " 9
i — v||lul*dsdt,
Z AN A
ge! o [T 5
o1 < 5T nli +—// P l[ulfdsdt,
(51) B ;thHm(n) o I, Ivn — ||ul

IN

and
k
Z(I)B = / / q)npdsdt,
n=1 tn-t
(52) < CTZH%”L?(FC)-
n=1
Then
k k k
(53) (max |5} 72(0) < Z +> D2+ Y (D,
=r= n=1 n=1 n=1

E

k k k
(54) T 19l < S0+ Xt 3D
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and
k k k k
(55) T ilzam < DD+ Y (Da+ Y (s
n=1 n=1 n=1 n=1
Now, using the above estimates (I)1, (I)2, and (I)s as 7 and h — 0, we deduce
np — 0 and u} — Qru" as n — oo (see Lebesgue dominant convergence theorem
[I7]). Using the following relation

up — " = (upy — Quu") + (Quu" — "),

we obtain
k
(25 1k = ey = 0, 72 IV = ) gy =0
k
(56) and T Z lup — ﬂ”||%2(9) —0asT1,h—0.
n=1

Now, we can verify Lemma[5.4l Using the boundedness of u}!, vn, gn, and property
of Qp, it suffices to prove that

M T
I,Jy—IUETZ/ |uZ(’yh,qh)—zg|2ds—/ / lu(7y, q) — 28 |2dxdt — 0
/T o Jr,

(57) as 7,h — 0,
where 29 = Q;,2°. By rewriting (57) as follows

tn—1

M tn
69 1 17 =Y [ [ (uinan) - AP - ) - o) dec
n=0 c

Hence, by using the Cauchy-Schwarz inequality and stability estimates ([@2), we get

M 1/2
tn
LIy < 71 <Z/t IIV(UZU)II%z(rC)dt)
n=0

n—1

M 1/2
tn
X <Z/ ||V(UZ+U222)||%2(FC)dt) ,
n=0

tn—l

Mo 1/2
(59) < C (Z/ |V (up — u)||%2(Fc)dt> .
n=0

tn—l
Moreover, the following identity is true
2 _ 2 _ 2
|V (up — U)HL2(FC) < |[|V(up — Un)||L2(rc) +V(u— Un)||L2(rc)-
Using the obtained results of (B3))-(G3]) and the approximation property of the aver-
aging function, we deduce I}]lw — I as 7 and h tend to 0. The proof is complete. [

Next, we prove the convergence analysis of the finite element problem (26)-(27).

Theorem 5.2. Let {(V} ., ¢} ) }hr>0 be a sequence of a minimizer to the finite
element minimization problem (26)-(27). Then each subsequence {(7j; ., @ ;) }n,r>0
has a subsequence converges weakly to a minimizer of the continuous problem (2)-

-
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Proof. First, we take v5r = 71 and gn» = ¢ in 20) and u} (a7, qn,-) be the
corresponding solution to (26])-(21), we easily see that

I @) < TN, m) < C.

Using the stability estimates [@2)-([3), with C' not depend on h and 7. Hence,
by the definition of J,JXIT we have |7} _|lr20,7:02(ry)) < C, and g5l 2(0,7522(r)) <
C. Subsequently, there exists a subsequence of {(v}; ., qj ;) }r,>0 still denoted by
(Y .+» @) converges weakly to some (v*,¢") € K1 x Kz as h,7 — 0 (see [7]).
Now, for any (v,q) € K1 x Ko and 1,62 > 0, there exists a function (vy.,¢.) €
HY0,T; H2(T;)) x H'(0,T; H2(T.)); (see [6]) such that

e = YllL20,ms22(ry)) < €1 and |lge — qll2(0,722(r.)) < €2.

Define an extension (%, §-) of (v, ¢.) such that (5.,4.) € H(0,T; H(Q)) x
HY(0,T; HY(Q)) (see [20]),

||’§/€||H1(0,T;H1(Q)) S CH,YEHHl(O,T;H%(Fi))
and
1911 0,711 (2)) < Clldell o g i3 -

Noting that (v ,, g} ;) is a minimizer of nyr over KI"™ x Kl we define

M M
AT t) =D Xn(H)QnAe (%, tn) and ¢ (x,8) = Y xn () Qnde (X, tn).
n=1 n=1
Suppose that v»7 and ¢™7 are restrictions of 47 and ¢™ on I'; and T, respec-

tively. Then, (v27,¢"7) € K{” X K;” and for any € > 0, we have

Ve(x,t)  if 1 <A (x,t) < v,

VT(x,t) =4 m if Yo (x,t) <1,
Ve if Yo (x,t) > 72,
and
dg(X, t) if q1 S qAE (X7t) S q2,
qg’T(X,t) = q1 if qu(30) < q1,
q2 if ¢-(x) > ¢o.

Then, using the trace theorem, we have

2

h, 7 2 h, 7
027 = e mzeny < 2T =%l e

—~
D
o

=

A\

CIAL™ = AellL20.1m1 () = Cll@nA= — Aell 20,711 ()

2

a2 = ellZao.rizaoy < Na2™ = eIl o 2ot

(61) < Clldh = @ellzzorm ) = Cll@Qnds — 4=l L2072 (2))-
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Thus, (v*7,¢"7) = (Ye,¢.) in K1 x Ko as h,7 — 0.
By using this, the lower simi-continuity of L?-norm, and Lemma [5.4] we deduce

* % 1 r * %
0t = g [ ) = e

1 * 1 *
+§5||7 1220, 02(r0)) + 577”‘1 1200, 22(r0)):

. M

< lim inf Jh’,,-(,y;; Qo)
h,7—0 ’ ’

< lim inf J%T(’YS’T,QQ’T%

h,7—0

1" s
2
3 e = =l

1 1
+§ﬁ||7€”2L2(O,T;L2(Fi)) + §n||q6||2L2(O,T;L2(FC))’
= J('Ya q)-
Taking ¢ — 0 and using Lemma [Z.1] we deduce

J(v.q") < J(v,9) Y(v,q) € K1 x Ka.
Then, (v*,¢*) is a minimizer to system (2)-(@). This completes the proof. O

6. Numerical algorithm

In this section, we describe the MCGM for the numerical solution of the opti-
mization problem. Every iteration of the algorithm requires solving two auxiliary
equations (adjoint and sensitivity) which are needed for computing the gradient
and step lengths, respectively. The modification consists of simultaneously recon-
structing the space-time dependent parameters Robin coefficient and heat flux. The
detailed steps of the proposed algorithm are given below.

Algorithm 6.1.
(1) Choose the initial guess (7°,q°), set (dY,d3) = (=Jp0,—J0), and k = 0.
(2) Solve (@) for u(v*,q") and compute residual at ky, step

rf; = u(v*,¢") — 2% on T, x (0,T).

/

(3) Solve [I2) for wi(v*, q*) with the boundary conditions and compute the gra-
dient:

J,(0*,d%) = wi (", ") + nd*.
(4) Determine the conjugate coefficient:
Yok ok
k_ HJq(’y g )||%2(0,T;L2(Fc)) .
! ”Jq(7k717qk71)||%2(07T;L2(FC))
(5) Compute the descent direction for q(x,t)
B = T ) +

(6) Solve (8) for ué('yk,qk).
(7) Compute the step length

B

p o eug(Y ) a0z + (R ) 20,1 L2 L))

Qg =~ % %
? ||Ué(’7k7 q*, dq+1)||%z(07T,L2(rc)) + 77||dq+1||%2(0,T,L2(FC))
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(8) Update q(x,t) by
¢ =" + apdg ™t
(9) Solve (@) for u(v*,¢**1) and compute the residual for
= u(y*, ") — 2% on Te x (0,T).
(10) Solve (I1) for wi(v*,¢"**) and compute the gradient:
L, (V% ") = —u(yF, T (vF, ) + ByE
(11) Determine the conjugate coefficient:
gk = 175, (% DI 0,702 ()
TR OR Do ria )
(12) Compute the descent direction for vy(x,t)
B = T g ) 4 B

(13) Solve [@) for ul (v, ¢"*1).
(14) Compute the step length

ok — Tk, U#(Vk, g+, d§+i)>L2(O,T,L2(FC)) + 5@2 Ci’;+1>L2(O,T;L2(Fi)).
! ||U:y(’7kaqk+1adv+ )”%2(0,T,L2(FC)) + Blldyt H%%O,T;L?(Fi))

(15) Update y(x,t) by

P =% 4l
k+1 H,ykJrl

llq - quL2(0,T;L2

_ A~k ]

(16) If k (Fc)) § €1 and - fy HL2(07T1L2(F7,)) § €9 StOp,'
lq ”L?(O,T;L?(Fc)) |y HL?(O,T;L?(Fi))

otherwise k :=k+ 1 and go to 2.

The quadratic approximation of the cost functional determines the step lengths
a’; and afj. The numerical experiments indicate that the step lengths work very
well. There are many successful applications in various scientific fields that provide
the numerical procedure for Hilbert space gradient. Jameson [I0] observed that,
the aerodynamic shapes are generally smooth while the gradients are not. In addi-
tion, recommended for an explicit smoothing in the optimization process which is
now regarded as one of the most successful implementation of the gradient adjoint
method in aerodynamic design and optimization. Also, applications of the inverse
problems into other fields such as: electrical impedance tomography, inverse spec-
tral problem, and the Cauchy problem with the boundary conditions have been
investigated. From the previous works and their applications, it encourages us
to study the performance and the simultaneous reconstruction of the parameters
identification v and ¢ for the optimization inverse problem (2])-(@).

7. Numerical experiments and discussions

The previous section introduced the numerical algorithm [6.1] using the MCGM
for solving the nonlinear optimization inverse problem. In this section, we shall
execute the proposed algorithm [6.1] for reconstructing the parameters identification
heat flux and Robin coefficient, simultaneously in (2))-(#). The considered solution
domain {2 is a rectangular as Q = (0,1) x (0,1), discretized using triangular mesh
which is generated by dividing each element of the regular rectangular mesh into
two triangles. The domain boundaries consist of two parts, I'; = {(z,y) : © =
1, 0 <y <1}, and T, = 9Q/T;. The number of triangular finite elements N is
equal to 2x N x M, where N, M are the step sizes of x and y, respectively. We solve
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TABLE 1. The numerical results with 1% noise in the data.

Example | § At k| RE, | RE, | J(v,q) | NE| B n
1 0.01]0.06]|5] 0.039 {0.0352| 0.039 | 512|10°3] 1073
0.01 | 0.01 | 4| 0.0382 | 0.0167 | 0.0202 | 288 | 104 | 103
3 0.01 | 0.01 | 5| 0.0392 | 0.0296 | 0.0367 | 864 | 103 | 103
4 0.01]0.02|410.0379|0.0271 | 0.024 | 512 | 1073 | 1073

the forward problem () using linear FEM for space discretization, and backward
difference scheme for the time discretization. In our test cases, the simulated noisy
data 2° are generated by adding some uniformly distributed random variable R
varying in [—1, 1], where

(1) 2% =u+JdRuon T, x (0,T).

In the following study, the random variable R is realised by using the MATLAB
function rand(-) and the regularization parameters § and 7 and the tolerance pa-
rameters €; and €2 are set to be 1073, In all numerical experiments the time varies
in the interval [0, 1], step size At is optional, and thermal conductivity « is fixed
to 1.

Next, we illustrate the numerical experiments for reconstructing the unknown
parameters and discuss their performances with the exact solutions.

Remark 7.1. The relative error of the Robin coefficient is defined by RE, =
7" = Allz20,7:22(r0))
IVl 220,752 (1))
Hq - Q||L2(0T L2(T, ))
||Q||L2(0 T;L2(T.))

and the relative error of the heat flux is defined by RE, =

Example 7.1. Take the exact Robin coefficient v(x,t) = i

I; and the exact heat flur q(x,t) = 1(z — 1)* x sin(27t) + 3 on .. Consider the
analytical solution of the forward pmblem to be u(x,t) = 3(z® + y?)sin(rt) and
then, the source function is given by f(x, t) (x +y )COS(?Tt — 2sin(nt), and
the ambient temperature is given by g(x,t) = wsin(mt) + $v(x,t)(2? + y?) sin(nt).

Example 7.2. Take the exact Robin coefficient v(x,t) = (y — 1)e?~* 4+ 3 on
L; and the exact heat flur q(x,t) = $(t — 1)(z — 1)* + 3 on T.. Consider the
analytical solution u(x,t) = 2%+ y? + t cos(xy) and then, the source function given
by f(x,t) = cos(wy) — (4 — tcos(zy)(x? + y?)) and ambient temperature g(x,t) =
2z — tysin(zy) + v(x,t)(2% + y? + tcos(xy)) on T;.

W=t x sin(7t) + 2 on

Example 7.3. Take the ezact Robin coefficient y(x,t) = 1(y — 1)e®=9 +3 on T
and the exact heat ﬂua: q(x t) = Lz — 1% +3 on F Consider the exact
solution u(x,t) = x? + y* + tcos(xy), the source function f(x,t) = cos(xy) —
(4 — t(x? + y?) cos(xy)), and the ambient temperature g(x,t) = 2x — tysin(zy) +
v(x,t) (22 + y% + t cos(zy)).

Example 7.4. Consider the exact Robin coefficient v(x,t) = +e=" x sin(nt) + 3
onT; and the exact heat flux q(x t) = T(z—1)*xsin(rt)+3, on T'¢, u(x,t) = 2 (2 +
y?)sin(nt), f(x,t) = 5(z* +y )cos(mf) — 2sin(7t), and the ambient temperature
function g(x,t) = :Esin(mf) + 27(x, t)(z? + y?) sin(xt) on T;.
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exact solution reconstruction solution exact solution reconstruction solution

FIGURE 1. Exact and reconstruction Robin coefficient (a) and heat
flux (b) for Example [[J] and (7°,¢%) = (2,3) at 1% noise in the
data.

In this work, we study the numerical experiments using variant functions to
show the accuracy and efficiency of the proposed algorithm. For the proposed
inverse problem (2)-(]), there are some input parameters of great influence on
accuracy of the obtained results. Such parameters includes, step sizes N, M, At
and the noise level in the data, the regularization parameters n and 3, as well
as the initial guess 7° and ¢°. Moreover, in case of initial guess taken to be some
constants with 1% noise in the data, the numerical results appear quite satisfactory.
The numerical experiments show that the reconstructed results are reasonable. In
inverse problems, we can not expect the error rate to be very small along with the
behaviour because of the nature of ill-posed inverse problems. We focused on the
behavior of solutions in addition to the accuracy errors which were defined by the
relative errors.

Table [I] presents the relative error, residual error, the number of iterations, and
the cost functional in Examples [[IH7.4l For all examples, 1% noise was added
to the measured data and the initial guess was taken to be constants. It can be
clearly observed that both plots in each of Figures [[H4] are satisfactory. Hence, the
proposed method has a reasonable reconstruction accuracy and low errors. On the
other hand, Figures [[i(b), Bla), Bi(a), @(b) apparently, look undesirable. This is
because, it is difficult to expect the exact reconstruction of the inverse problem es-
pecially, for cases where multiple space-time dependent parameters are required. In
addition, the heat flux represented on three parts of the domain boundaries causes
discontinuity problem. Also, the Robin inverse problem is highly ill-posedness. In
particular, small change in the input parameters makes large deviations in the so-
lutions of the problem. As a test case, we considered the initial guess is close to
the exact solution of the Robin coefficient and heat flux. It can be observed that
the exact and reconstructed Robin coefficient and heat flux shown in Figures
are quite satisfactory. This can be attributed to the reduced amount of noise in
the data. Figure [9 shows the exact and noisy data obtained by Algorithm for
Examples and [[4l One of the important advantages of the MCGM is being
fast and accurate as shown in Fig. [0l The accuracy errors are defined by residual
errors [|u(y,q) — 2°l|z2(0,r;z2(ry)) and |lu(v,q) — 2°||L2(0,r;z2(r,)) With respect to
~v and q. The relative errors of v and ¢ are reduced gradually with the iteration
number k.



SPACE-TIME ROBIN COEFFICIENT AND HEAT FLUX 447

exact solution

reconstruction solution exact solution reconstruction solution

o)
.

FIGURE 2. Exact and reconstruction y(x,t) (a) and ¢(x,t) (b) for
Example [7.2 and (7%, ¢°) = (3,3) at 1% noise in the data.

exact solution reconstruction solution exact solution reconstruction solution

)

FIGURE 3. Exact and reconstruction Robin coefficient (a) and heat

flux (b) for Example and (7°,¢%) = (3,3) at 1% noise in the
data.

exact solution reconstruction solution exact solution reconstruction solution

a9

AR
AR
.{’:",%

A
AR
”Q
KX

FIGURE 4. Exact and reconstruction Robin coefficient (a) and heat

flux (b) for Example [[4] and (7°,¢°) = (2,3) at 1% noise in the
data.
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exact solution reconstruction solution exact solution reconstruction solution

¥, 9
qx, )

FIGURE 5. Exact and reconstruction Robin coefficient (a) and heat
flux (b) by Algorithm [6] for Example [[11

exact solution reconstruction solution exact solution reconstruction solution

)

FIGURE 6. Exact and reconstruction v(x,t) (a) and ¢(x,t) (b) by
Algorithm for Example

exact solution reconstruction solution exact solution reconstruction solution

FIGURE 7. Exact and reconstruction Robin coefficient (a) and heat
flux (b) for Example
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reconstruction solution

exact solution

reconstruction solution

a9

FIGURE 8. Exact and reconstruction Robin coefficient (a) and heat
flux (b) for Example [[4

exact data

noisy data

exact data

noisy data

FIGURE 9. Exact and noisy data (a) and (b) for Examples[7.2] and
[4] respectively by Algorithm

Relative RE,, RE,
v g

Relative error
°
5

Residual error

Residual E , E
Vv a

F1cURE 10. Convergence history of the method: the relative errors
(a) and residual errors (b) of v and ¢ by Algorithm 6.1l with 6 = 1%

noise in the data for Example [l

449
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8. Conclusions and outlook

In this paper, the variational formulation of the parabolic inverse problem is
derived and the Tikhonov regularization approach is investigated. We derived the
differentiability results to obtain the gradient of the Robin coefficient and heat flux.
Also, introduced the adjoint equations to simplify computing the minimizer. We
proposed a fully discrete FEM to solve the minimization problem and proved its
convergence. A numerical algorithm is proposed for simultaneously reconstruct-
ing the unknown parameters using a MCGM. The numerical results show that the
proposed algorithm is accurate, efficient, and robust. Furthermore, the proposed
method introduced a convergent and stable numerical results for the parameters
identification. Several experiments are introduced to verify the efficiency and ac-
curacy of the MCGM.

As a future work, we plan to extend the modified conjugate gradient method to
simultaneously reconstruct different parameters in the nonlinear inverse problems,
such as reconstructing the space-time dependent conductivity, diffusivity coefficient
and others.
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