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NUMERICAL RECONSTRUCTION OF HEAT FLUXES*

JIANLI XIET AND JUN ZOU#

Abstract. This paper studies the reconstruction of heat fluxes on an inner boundary of a
heat conductive system when the measurement of temperature in a small subregion near the outer
boundary of the physical domain is available. We will first consider two different regularization
formulations for this severely ill-posed inverse problem and justify their well-posedness; then we will
propose two fully discrete finite element methods to approximate the resultant nonlinear minimization
problems. The existence and uniqueness of the discrete minimizers and convergence of the finite
element solution are rigorously demonstrated. A conjugate gradient method is formulated to solve
the nonlinear finite element optimization problems. Numerical experiments are given to demonstrate
the stability and effectiveness of the proposed reconstruction methods.
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1. Introduction. Consider a heat conductive system which occupies an open
bounded domain 2 with an outer boundary I', and an inner boundary I';; see Figure 1.
We are interested in a heat conductive system which can be modeled by the parabolic
equation

(1.1) % =V - (a(z,t)Vu) in Qx(0,7),

assuming the initial condition
(1.2) u(z, 0) = up(z) in Q

and the heat flux exchanges through the outer and inner boundaries I', and T'; as
follows:

(1.3) —a(x,t)%

(1.4) —a(x,t)%

= c(z, t)(u(z,t) — ug(z,t)) on I, x(0,7),
= q(z,t) on I';x(0,7).

Here a(x,t) is the heat conductivity, c¢(x,t) and u,(x,t) are specified functions, and
g(z,t) is the heat flux on the inner boundary I';.

The forward initial-boundary value problem (1.1)—(1.4) has been well studied.
The focus of this paper is on a physically more interesting and challenging inverse
problem: Is it possible to effectively reconstruct the heat flux ¢(z,t) on the inner
boundary I'; for all time ¢ € [0,7] when I'; is inaccessible?
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F1G. 1. Physical domain Q@ = wq U (@ \ T'o).

In order to possibly reconstruct the heat flux ¢(z,t), some extra information on
the temperature u(z,t) is needed. One choice is to assume the temperature data
available in a small subregion w near the outer boundary T', (see Figure 1). Some
high furnaces in steel companies are such examples, where special small devices are
installed inside the furnaces but near the outer boundary to measure temperature.

This reconstruction problem is known to be a severely ill-posed inverse problem.
One of the main difficulties in the reconstruction comes from both the space and time
dependence of the heat flux ¢(z,t) and the fact that the inner boundary is away from
the small measurement subregion. The most severe instability of an inverse problem
is triggered when the reconstruction involves some profile at the initial time and on
some large boundary portion of a physical domain [7], [17], [19], [20], as is the case
encountered here. As far as ill-posed inverse problems are concerned, not much work is
found in the literature addressing numerical reconstructions of some physical profiles
of both space and time; even less work can be found on convergence and stability
analysis for numerical reconstruction methods. We refer readers to [1], [2], [3], [8],
[9], [18], and the references therein for numerical reconstructions of profiles of some
time-independent parameters in parabolic and elliptic systems.

The aim of this paper is to justify both theoretically and numerically the val-
idation and effectiveness of two regularization formulations for solving the afore-
mentioned severely ill-posed inverse problem of heat flux reconstruction. Indeed,
as will be seen from the theory, numerical analysis, and simulations developed in
what follows, the regularization methods are very stable and effective in numerical
reconstruction of heat fluxes, without any constraints enforced on the search space
of heat fluxes if appropriate regularizations are selected. In particular, the resulting
nonlinear finite element minimization systems can be efficiently solved by conjugate
gradient method.

The rest of this paper is organized as follows. In section 2, we investigate the
first formulation with an L2-regularization of both space and time for the heat flux
and validate the “true” well-posedness of the formulation under no constraints on
the search space of heat fluxes. In section 3, we study the ill-posedness of heat
flux reconstruction and the stability of the regularization. In section 4, we study
an alternative formulation of the inverse problem, which uses an L2?-regularization
in space and H'-regularization in time. As will be seen, this formulation turns out
to be able to demonstrate much more satisfactory reconstructions. Regarding the
approximation of the regularized nonlinear minimization systems, it is very tricky and
essential to decide how to effectively discretize in both time and space the nonlinear



1506 JIANLI XIE AND JUN ZOU

optimizations and the associated parabolic equation so that the resulting fully discrete
schemes converge. For this purpose, two fully discrete finite element approximations
are proposed in sections 5 and 6, and the unique existence of discrete minimizers
and their convergence to the continuous minimizer are rigorously demonstrated. For
solving the nonlinear finite element minimization systems involved in the formulations,
a conjugate gradient method is formulated in section 7, and the numerical experiments
are presented in section 8 to verify the effectiveness of the proposed reconstruction
methods.
We end this section with some useful notation. We define

H™(0,T;B) = {u(t) € Bfor ae. t € (0,T) and ||ulzrm0.7:5) < oo}

for a Banach space B and m > 0, with its norm given by

m o 1/2
l[ell 0,7y = {Z/O ||u(k)(t)||23dt} :
k=0

For a given domain O, H™(O) stands for the standard Sobolev space of mth order
for any m > 0. The norms and seminorms of H™(O) are denoted by || - ||;m,0 and
| - |m,0, respectively. When m = 0, we write L?(O) = H°(O) with the norm | - [|o.0-
The domain O in the subindex will be dropped if O = .

Further, C' is frequently used to denote a generic constant, which depends only
on the given data such as domain §2 and coefficients in (1.1)—(1.4) and is independent
of unknown functions involved and the discrete time step 7 and mesh size h.

2. First regularization formulation. Recall that the inverse problem of inter-
est here is to reconstruct the heat flux ¢(x,t) in (1.4) on the inner boundary T';, given
the temperature measurement z(z, t) ~ u(z,t) in the small subdomain w (cf. Figure 1).
The first approach we will study for solving the inverse problem is to formulate it into
the following constrained minimizing process with L2-regularization in both space and
time for possible heat fluxes:

(2.1) min J(q) = ;/OT/w(u(q) — 2)2dxdt + g /OT/F q>dsdt

subject to ¢ € L2(0,T; L*(T;)) and u(q) = u(q)(-,t) € H* () satisfying
(2.2) u(z,0) = up(x) in Q,

(2.3) /@vd:ﬂ—ﬁ—/aVU.Vvdx—k/ cuydg:/ cuavds—/ quds
q Ot Q r - -

for all v € H'(Q2) and for a.e. t € (0,T).

In what follows, we will demonstrate that the inverse problem for reconstruction
of heat flux is an ill-posed problem and that the formulation (2.1)—(2.3) is a true
regularization of the inverse problem; that is, the minimizer ¢ not only exists uniquely,
but also depends on the observation data z continuously.

For the subsequent analysis, we often use the following compactness result (cf. [13]).

LEMMA 2.1. Suppose that By C B C B are Banach spaces, By and B are
reflexive, and By is compactly embedded into B. Let

d
W = {v; ve L*0,T;By), v/ = dit’ € L?(0,T; Bl)},



NUMERICAL RECONSTRUCTION OF HEAT FLUXES 1507

with the norm ||v|lw = |[v]|L2(0,7:8,) + |V’ || L2(0,7:8,)- Then W is compactly embedded
into L?(0,T; B).

Throughout this section, the parameter functions a(z,t), c¢(z,t), and uq(z,t) in
(1.1)~(1.4) are assumed to satisfy the following natural conditions:

alz,t) > ap >0 forae. (x,t)eQx(0,T),
(2.4) c(x,t) > co >0 forae (x,t)el,x(0,T),
alz,t) € L*(0,T; L*(Q));  c(x,t), uq(x,t) € L*(0,T; L*(T,)).

We start with the following unique existence.

THEOREM 2.2. There exists a unique minimizer to the optimization problem
(2.1)-(2.3).

Proof. Clearly min J(q) is finite over L2(0,T; L?(T;)); thus there exists a mini-
mizing sequence {g"} such that
(2.5) nh_)n;o J(¢") = inf J(q).
This implies the boundedness of {¢"} in L?(0,T;L?(T;)) and thus the existence
of such a subsequence, still denoted! as ¢", and {¢g"} converges to ¢* weakly in
L?(0,T; L?(T;)). We now prove that this ¢* is the unique minimizer of (2.1)—(2.3).
We divide the proof into four steps.

Step 1. Letting u™ = u(q™)(z,t), we show that there exists a subsequence of {u™}
such that

(2.6) u™ — u* weakly in L*(0,T; H'(Q)) and L?(0,T; L*(T,)).
By the definition of u(g") in (2.2)—(2.3), u™ € H'(Q) satisfies u"(z,0) = ugp(z), and
8 n
(2.7) 9 vdz + / aVu" - Vudz +/ cu"vds = / cuqvds — / q"vds
o Ot Q r, r, r;
holds for any v € H(Q) and a.e. t € (0,T). Taking v = u™ in (2.7), we obtain
1d
(2.8) —— ™2 —|—/ a|Vu" [2dx +/ clu™?ds = / cuqu”ds —/ q"u"ds.
2dt Q T, Iy Iy

Integrating over (0,t), we derive

1 t t
§||u"(,t)||g+// oz|Vu”(J;,t)|2dxdt—|—// c(x, t)|u" (x,t)|*dsdt
0Ja oJr,

1 ¢ t
= —|jugl|? + // c(x, t)ug (x, t)u™ (x, t)dsdt — // q" (x, t)u"™ (z, t)dsdt;
2 0Jr, 0J/r;
then by the Cauchy—Schwarz inequality and assumptions in (2.4), we have
1 n n n
§||U (5 DIIE + ol Vu H%?(O,t;LQ(Q)) + collu H%2(O,t;L2(FO))
1 n n n
< 5llwolls + llewall 2 rizz oy lw™ |22 22y + 19" ez rizz @y [ 2 0 122
1 n n
< 3ol + € (I 2z + I lizszae )

IWhere no confusion exists, throughout this paper we shall always use the same notation to
denote a subsequence taken from some sequence.
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Using the Sobolev trace theorem, we can estimate the above last term as follows, a
technique that will be frequently used in the subsequent analysis:

Huhmuwn*/Wt mem</nu M 2ps/2

< ; ||Un(» $)1 71 ) ds
t

t
=, ||U”(',S)H%2(Q)d5+/o IV (-, 8)I12 () ds
2
< ("l 2 aszrc@y + IV 2oz )

Taking the square root on both sides, plugging the result into the previous estimate,
and then using Young’s inequality, we obtain

[u™ ()5 < "G ONE + ol Vu 220 4:2(0)) + collu™ 220 422 (r,))
¢
(29) <ol +C+ [ ") sy
This gives the boundedness of {u"} in L>°(0,T;L*(Q)) by applying Gronwall’s in-
equality; then using this bound one can get the boundedness of {u"} in L2(0, T; H'(12))
and L?(0,T; L*(T,)) from the second inequality in (2.9). Now the convergence in (2.6)
follows immediately from this boundedness.

Step 2. We prove u* = u(q*). Taking any function ¥(¢) € C[0,T] with ¥(T) = 0,
multiplying both sides of (2.7) by ¥, and then integrating over ¢t € (0,T), we get

T T
// cuav‘l/(t)dsdt—// q" vV (t)dsdt
0 JI, 0JI;

T T

f/ / unv\I/'(t)dxdtJr/ / aVu" - Vol (t)dzdt

0JQ 0JQ

T

—/ \D(O)uo(:n)vdw—i—// cuv¥(t)dsdt.

Q 0.Jr,

By the weak convergence of ¢" and u"™, we deduce from above that

T T
// cuav\II(t)dsdtf// q v (t)dsdt
o0 Jr, 0 JT;

T T

(2.10) ://aVu*-Vv\Il(t)dxdt—i-// cu v (t)dsdt
0Ja 0JT,
T

—/ \I/(O)uo(x)vda:—//u*v\I/’(t)dxdt.

Q 0Jo

Noting that (2.10) is also true for any ¥(t) € C§°(0,T), by integration by parts over
€ (0,T) for the last term we have

/ Ou vdz +/ aVu* - Vodz +/ cu*vds :/ cugvds 7/ q*vds Yo e HY()
o Ot Q r r r,

o o i

for a.e. t € (0,T). Using this and integration by parts again for the last term in (2.10)
shows that u*(z,0) = ug(x). This verifies u* = u(q*).
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Step 3. We prove the strong convergence

T T
(2.11) lim / / lu" — z|*dxdt = / / |u* — z|*dxdt.
= Jo Jw 0 Jw

It suffices to prove the strong convergence of {u™} in L2(0,T; L?(2)). By Lemma 2.1,
we need only show the boundedness of {2%"} in L%(0,T; (Hl( ).
It follows from (2.7) that for any v € L2(0 T; Hl(Q))

(2.12)

aun n n n
()| = OO ey + 1z + Tl + e ooy

this, along with the boundedness of {u™} proved in Step 1, implies the boundedness
(073 (' (@),

Step 4. We prove ¢* is a unique minimizer to the system (2.1)—(2.3). Using the
results in Step 3 and the lower semicontinuity of a norm, we have

J(q*) = ;/T/ lu(q*) — z|*dadt + 5 /T/ lg*|?dsdt

< lim //|u ) — 2)? dmdt—I—f hm mf// lq"|?dsdt
(2.13) < lim inf J(¢") = inf J(q),

so ¢* is indeed a minimizer. The uniqueness of minimizers is a consequence of the
convexity of u(g) and the strict convexity of J(q). 0

PROPOSITION 2.3. Assume that {q"}, with ¢® € L*(0,T; L*(T;)), is a minimizing
sequence of J(q) in (2.1); then {q"} converges to the unique minimizer of J(q) strongly
in L?(0,T; L*(T;)).

Proof. From the proof of Theorem 2.2, we know any subsequence of {¢"} has
a subsequence converging weakly to the unique minimizer of J(g). Thus the whole
sequence {¢"} converges weakly to the unique minimizer of J(g). Further, one notices
from (2.5), (2.11), and (2.13) that

T T
lim |q"|2dsdt:// lq* | dsdt;
n—oeJo JTy 0JT;

thus the weak and norm convergences imply the strong convergence. O

3. Ill-posedness of heat flux reconstruction and stability of the reg-
ularization. Next, we study the ill-posedness of heat flux reconstruction and sta-
bility of the regularization system (2.1)—(2.3). The following theorem confirms the
ill-posedness of the heat flux reconstruction problem (1.1)—(1.4).

THEOREM 3.1. Let u(q) be a mapping from L?(0,T; L*(T';)) to L*(0,T; L*(w)),
defined by the system (2.2)—(2.3) associated with any given heat flur q in
L2(0,T; L*(T;)). Then there exists a sequence {q"} from L?(0,T; L*(T;)) such that
u(q™) — 0 but ||¢"||12(0,1;2(r,)) — 00, and the inverse of u(-) is unbounded.

Proof. From the proof of Theorem 2.2, we know for any bounded sequence {¢™}%2 ;
there exists a subsequence {¢™*}7°, such that {u(¢™*)};2, is strongly convergent in
L?(0,T; L?(w)). Therefore, as an operator from L?(0,T;L*(T;)) to L%(0,T; L?(w)),
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u(+) is compact. On the other hand, one can directly verify that u(-) is a one-to-one
mapping and can be decomposed into u(q) = w(q) + u(0), where w(q)(-,t) € H*(Q)
solves the parabolic system (1.1)—(1.4) with w(¢)(x,0) = 0 in Q and u, = 0. The rest
of the proof follows the routine procedure; for example, see [10, pp. 13-14]. 0

The next theorem shows that the solution ¢ to the regularization system (2.1)-
(2.3) depends continuously on the observation data z, so system (2.1)—(2.3) is a “true”
regularization to the original inverse problem u(q) = z. The detailed proof can be
found in [14].

THEOREM 3.2. Let {2} be a sequence such that

(3.1) 2" — 2z in L*0,T;L%(w)) as n— oo,

and let {q"} be the minimizers of problem (2.1)~(2.3) with z replaced by z™. Then the
whole sequence {q"} converges in L?(0,T; L?(T';)) to the unique minimizer of (2.1)—
(2.3).

4. An alternative formulation. In this section, we investigate an alternative
formulation for reconstruction of heat fluxes in the heat conductive system (1.1)—(1.4),
using an L2-regularization in space and H'-regularization in time for heat fluxes.
As one can see from numerical results in section 8, this new formulation is able to
generate more satisfactory reconstructions. This results in the following constrained
minimization:

(4.1)
min J(q) = %/0 /(u(q) — 2)2dxdt + g (/r ¢*(x,0)ds —+—/O - |qt(x,t)|2dsdt>

subject to ¢ € H*(0,T; L*(T;)) and u(q) = u(q)(-,t) € H' () satisfying

(4.2) u(z,0) = up(x) in €,

(4.3) @vdx—&-/aVu.Vvdx—F/ cupds:/ cuavds—/ quds
q Ot Q .

o o i

for all v € H(Q2) and a.e. t € (0, 7).

The following theorem justifies the well-posedness of the system (4.1)—(4.3) and
its stability with respect to the observation data.

THEOREM 4.1. There exists a unique minimizer to the optimization problem
(4.1)—(4.3), and the minimizer depends on the observation data z continuously.

Proof. Tt is clear that min J(q) is finite over H'(0,T; L?(T;)); thus there exists a
minimizing sequence {¢"} such that

nl;rr;o J(q") = inf J(q).

This implies the boundedness of {¢g"} in H'(0,T; L*(T;)) and the existence of a sub-
sequence, still denoted as {¢"}, such that

g" — q* weakly in L*(0,T; L*(I";)),
a n
% — p* weakly in L?(0,T; L*(T;)),

q"(z,0) — i weakly in L*(T;).
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We can show that p* = J¢*/0t and ¢*(x,0) = ¢§. In fact, taking any function
o(z) € LA(T;) and ¥(t) € C5°(0,T), we deduce

/OT/W %qn(%t)ap( Vb (t)dsdt = // (z, t)p(2)d' (t)dsdt.

Passing to the limit, we derive

/OT/F P (z, t)p(x)(t)dsdt = // (2, ) () (1) dst.

This shows p* = dq¢*/0t.
Then letting ¢(z) € L?(I';) and () € C*°(0,T) with (T) = 0 and (0) =
we obtain

T, 5 . I
I i@ ey (st = / 0@ 0ppla)ds - I (o () (@)

By the weak convergence of 9¢™/0t, ¢"(x,0), and ¢, we deduce

/OT/Fi %q*(m,t)sp(xW(t)dsdt z/ g (x)p(z)ds — A / (z,8)(2)y (t)dsdt.

Integrating by parts the left-hand side, we obtain for any p(x) € L?(T;) that

| di@e@as= [ '@ 0pwis

i

which implies ¢*(z,0) = ¢. The rest of the proof is similar to those of Theorems 2.2
and 3.2. a
Similarly to Proposition 2.3, we have the following strong convergence (cf. [14]).
PROPOSITION 4.2. Any minimizing sequence {q"} of J(q) in (4.1) over H*(0,T;
L3(T;)) converges to the unique minimizer of J(q) strongly in H(0,T; L*(T;)).

5. Finite element approximation of system (2.1)—(2.3) and its conver-
gence. We now propose a fully discrete finite element method for solving the contin-
uous minimization problem (2.1)—(2.3). For the sake of exposition, we study in detail
the case where the outer and inner boundaries I', and I'; are both circles centered
at the origin; see Figure 2. The subsequent results can be extended to more general
domains by combining the analysis used here and the finite element analysis for the
case when the approximation of the physical domain is involved [4].

Let us start with a triangulation of the domain €. To do so, we generate a set
of circles all centered at the origin, starting with I'; and ending with I',. Next we
choose a set of quasi-uniformly distributed points on I',, which are then connected to
the origin to yield a set of radial lines, and the intersections of these lines with all the
previous generated circles also yield a partition of each circle; see Figure 2. Now the
triangulation 7" of Q is formed by these sectorial elements. The arc segments on I,
and I'; generate naturally two triangulations of I', and I';, respectively, denoted by
I'" and I‘h

For each sectorial element K, say K = {(r cosf,rsinf); 1 <r <rg, 6 <0<
6}, there exists a one-to-one mapping Fg + K — K such that K = FK(K) where K
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FiGc. 2. Clircular partition of Q and partition of each circle.

is a rectangular reference element. For example, if K = [0,1] x [0, 1], we can take Fi
as

(5.1) {33 = (rray+ (1= 7)r1)cos(005 + (1 - 0)6y),

y=(rre+ (1 —7r)ry)sin(06s + (1 — 0)6;).

Now we can define the finite element space V" to be

Vh = {vh € C(Q); onl(@)|,. = b o Fl(x) Vo € Ql(f()},

where Q;(K) is the space of bilinear functions on the reference element K, and VFho ,
Vrhi are the restrictions of V" on I', and Ty, respectively.

To fully discretize the system (2.1)—(2.3), we also need the time discretization.
For this, we divide the time interval [0, T] into M equally spaced subintervals using
nodal points

(5.2) A: O=tog<ty1 <---<tyy=T

with ¢, = nr, 7 = T/M. For a continuous mapping u : [0,T] — L*(Q), we define
u™ = u(-,t,) for 0 < n < M. For a given sequence {u"}M , C L*(Q), we define its
difference quotient and the averaging 4™ of a function wu(-,t) as follows:

n

_ gn—1 1 tn
(5.3) dun =2 "% gn= f/ (-, t)dt,
T T J¢

n—1

where for n = 0, we let 4° = u(-,0).

In our subsequent convergence analysis, we need a crucial projection operator Qp,
from L2?(Q) into V" defined on sectorial elements, which should possess the following
L?- and H'-stability and optimal L?-norm error estimate:

(5.4) }llin% lv—Quulli =0 Yve HY(Q),

(5.5) 1Qnvllo < Cllvllo, 1Qnvlls < Cllvlly Vv € H' (),
(5.6) v — Quvllo < Chllv]|;y Yo € HY(RQ).
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Noting that the transform Fg: K — K is not of polynomial type and that the func-
tions in V" may not be piecewise polynomials, the standard L2-projection operator
from L2(€2) into V" (cf. [16]) does not satisfy these properties. Instead, we introduce
a novel weighted L2-projection operator @y, from L?(2) into V" as follows:

Z/Qhw | T (,y|d:pdyf2/wv|(] z,y)| dedy Yw e L*(Q),ve V",

KeTh KeTh

where Jx(z,y) = Jg(r,0) for all z,y and 7,6 defined by (5.1) and Jx(r,6) is the
Jacobian determinant of the transform Fx. One can show that this weighted operator
Qp is well-defined, and it possesses all the properties (5.4), (5.5), and (5.6). The
detailed proof was given in Xie [14].

Now we are ready to formulate the finite element approximation of the minimiza-
tion (2.1)—(2.3). We approximate the heat flux ¢(x,t) by a piecewise constant function
qn~(z,t) over the time partition A in (5.2):

(5.7) n,7(2,1) = an an(z

where ¢ (x) € Vlf‘i and x,(t) is the characteristic function on the interval (¢,_1,%y).

Using the composite trapezoidal rule for the time discretization of the first integral
in (2.1) and the exact time integration for the second term, the fully discrete finite
element approximation to problem (2.1)—(2.3) can be formulated as follows:

(5.8)  minJns(gns) = i / Ve +7Z/| "2ds

over all g € Vi with u! = ul!(qn,,) € V" satisfying

(5.9) uf) = Quuo(z),
/8Tu2¢hdx+/ d"VuZ-Vq’)hdx—i—/ c"up opds
Q Q

o

(5.10) = / c'uy ppds — / @ onds Vo €V
T, r;
forn=1,2,...,M. Here {a,,} are the coefficients of the composite trapezoidal rule,

ie, ag=ay = % and a,, =1 for all n # 0, M.
For convenience, the minimization of J, ; also shall be regarded as the minimiza-
tion over the product space Hi/le Vi, and we will often write (5.8) as

(5.11)

M
. T
min et {alait 0l = 53 [ () S SN

n=1

Before verifying the existence of a unique minimizer to the finite element minimization
(5.8)-(5.10), we first derive some useful a priori estimates on the discrete solutions u}
to the system (5.9)—(5.10).
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In the rest of this section, we assume on the functions a(x,t) and c¢(z,t) in (1.1)-
(1.4) that

a€ HY0,T;L>®()) and c€ H'Y(0,T;L>(T,))
and introduce two related constants
Cr = llallgr o,z @)y, Co = llellaro,r000(r,))-

The following auxiliary lemma (cf. [14]) will be needed in the subsequent analysis.
LEMMA 5.1. For any

feHY0,T;L®(Q) and g€ L*(0,T;L=(Q)),
we have the estimates

(5.12) 1™ = F"Hlpee ) < \f||ftHL2(tn st Lo ()5

(5.13) 175" — Fg" [l r2@) < ”ftHL?(tn wtniLoo () 19122 (41 b0 22(02)) -

LEMMA 5.2. Assume that u} is the solution of the finite element system (5.9)—
(5.10) corresponding to g . Then we have the following stability estimates:

max up[§+ 7 Z IVup g + 7 Z i I3 .,

n=1

(5.14) < C(HUOHO + CQHUHHL?(O T;L2(T,)) T ||Qh T||L2(O T;L2(T; )))7

\max [|Vai |+ max [upl, S
n=1

(5.15) < Cr (lluollf + C3lluallZa(o,rir

M
T Z ”aTU'ZH?Hl(Q))’

n=1

(5.16) < C(C}+C3+7 %) (luollg + C3lluall T, 2r.y) + lanr 120,02 r0))-

2
(0,7:L2(T3))):

Proof. The proof of (5.14) follows directly by taking ¢, = Tu}} in (5.10) and then
applying the Sobolev trace theorem and Young’s and Gronwall’s inequalities.

Next, we show (5.15). Taking ¢n = 70,uf = ul —u) "' in (5.10), we obtain

Tlorupll + / a"Vuj -V (uf; —upt)de + / cujy(uy, — u~")ds
Q

I

:/ E"ﬂg(uﬁ—uz_l)ds—/ g (up — upt)ds.
r, r;

i
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Summing up the above equation over n = 1,2,... .k < M, we obtain
k 1 F
P oruild ¢ 3 D [ @ (VR - Vi s
el -
Ply / (g — g~ )

nl

<Z/ m— ds—i/ gr(upy — ult)ds.

Then using the discrete integration by parts formula
k k

(517) Z(an - anfl)bn = axby — agbo — Z an71<bn - bnfl);

n=1 n=1
where by appearing on the right-hand side can be any real number, we derive
. 1
TZHa uplls + OZOHVUhHo COHuhHOF

n=1

/’O\Vuh|2dx+ Z/ Y Vup P de
/ &lud ds 4 = Z/ (" -t ~12ds
+/ ka uhds—Z/ chal — " tat T Hupds

r

o

_/ qhuhds+Z/ h—dn ! uzfld&

where @ and ¢} are taken to be 0. We now estimate the terms on the right-hand side
of the above inequality. First, for those terms without summation, we can deduce by

using the properties of Q;, and the Sobolev trace theorem that
k
/ Fufugds < *||Ckuk||or +5 ||Uh||or <771 (TZ e o>7
T, n=1
M
||Uh||1 ST (”qhﬂ'”%z(O,T;Lz(Fi)) + TZ U;H%)

n=1

1 1
5/ @0|VU?L 2d$ + 5/ EO|’LL2‘2d$ < C(Cl + CQ)”U(]”%,
Q

/huhd5< H(Jh
r

i

Using (5.12) we have the following estimates:

k
4
Z/(@” — ")V e < SOWT Y IV R,
Q n=1

k
-n -n— n— 4 n—
Z/ (€ = Dl s < 3CVT 3 up ™ o,
n=1
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Applying the Cauchy—Schwarz inequality and the Sobolev trace theorem, we have
k
Z/ (@ay — " tay yup s <> [l
r n=1
k k k
S [ = s < S e+ 3
n=1 i n=1

n=1

k
G, + D lui Ml r,
n=1

Combining all these estimates with (5.14), we obtain (5.15).
It remains to show (5.16). For any ¢ € H(Q), taking ¢, = Qn¢ in (5.10), we
have

/aTuZQh¢dx +/ a"VuprVQnodz +/ cun Qrods :/ crul Qrods —/ g5 Qrods.
Q Q r r

o o i

Using the property of @, in (5.5) and the Cauchy—Schwarz inequality, we derive

| [ oruiQuods| < (€ IVui o + Collagllor, + Ca
Q

o.r, + llgkllo.r:) [[4l]1-

On the other hand, applying the Cauchy—Schwarz inequality and the property of Qp,
in (5.6), we obtain

/Q Oruf (6 — Quo)dz| < Chl|Dyup o]l

It follows from the above two inequalities that for any ¢ € H'(Q),

\ [ oruoa] < (€1 TRl + o
Q

or, + C2 |lugllor,

or; +hlloruglo)l ¢l

+ [lgn

which implies
0-up |z )y < C(C1l|Vupllo + C2 |lupllor, + Collug llor, + llaillo.r; + AllOruglo)-

Taking squares on both sides and adding up over n = 1,... , M, (5.16) then follows
from (5.14) and (5.15). O

Remark 5.3. Fortunately, the unbounded factor 7=1 in the estimate (5.15) can
be cancelled in the subsequent convergence analysis; see (5.28) and the last estimate
in the proof of Lemma 5.5.

Based on the stability estimates (5.14)—(5.16), we are now ready to show the
existence and uniqueness of minimizers to the finite element system (5.9)—(5.11).

THEOREM b5.4. There exists a unique minimizer to the finite element system
(5.9)—(5.11).

Proof. By the stability estimates of Lemma 5.2 and the same argument as in
Theorem 2.2, we know there exists a minimizing sequence {q,ll’k,qi’k, e ,qﬁ/[’k}?’zl
such that

1

. Kk 2.k M,kyy _ . 1 2 M
dm e Qan™s ava ™D =l I (s g a0d),
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and
qZ’k —¢y" imany normfor n=1,2,... , M as k— oc.

Next, we prove {g;™*, ¢>*,... ,qn"*} is the unique minimizer of (5.9)~(5.11). Let
qﬁﬁ and g . be the functions defined in (5.7) by {q;fk M and {g"}M |, respec-
tively; then wj(gy ) and uj(gy ) are the finite element solutions to (5.9)-(5.10)
corresponding to q,’jﬁ and g;, -, respectively.

Let wZ’k = uﬁ(q’,jT) — uj(qy ,); then wg’k =0and forn = 1,2,... , M, wZ’k
solves

/ dyw o dx + / a"vu . Vends + / &hwy* onds
Q Q

I

:/ (" — " pnds Yoy, € V.
I';

Taking ¢, = TwZ’k in the above equation, one can directly show by Gronwall’s in-
equality that

2
1<n< M 0.0

M
(5.18) max [wp |5 < O7 Yl — gt
n=1
This proves w]"* — 0, and so we have up(qy ) — up(qy ) as k — oo.
The rest of the proof is basically the same as that of Theorem 2.2. 0
The remaining part of this section is devoted to one of the central issues of our
interest: Will the discrete minimizer of the system (5.8)—(5.10) converge to the global
minimizer of the continuous problem (2.1)—(2.3)7 If yes, is the convergence only weak
or can it be strong in some norm? To answer this question, we need some preparations.
For a given function f € C([0,T]; X), with X being a Banach space, we define a
step function approximation, based on the time partition (5.2):

M
(5.19) Saf(@t) = xn(®) (@, tn)-
We know (cf. [21]) that

T
(5.20) Y ENCE S e

Next, we shall demonstrate a most important and technical result in the paper:
for any weakly convergent sequence gy, , in L?(0,7; L*(I';)) with respect to h and ,
the corresponding finite element solution u} (gn -) defined in (5.9)—(5.10) will converge
strongly in L?(0,T; L?(w)). More accurately, we have the following lemma.

LEMMA 5.5. If qn, converges to some q weakly in L*(0,T;L*(T';)) as h and T
tend to 0, then

M

Tzan/

n=0 w

T
(Wl (gn.r) — 2")2dz — / / (u(q) — 2)*dudt.
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Proof. For 1 <n < M, we shall use the following notation:

n

up = up(gnr),  u" =u(q)(tn).

By (5.20), we can directly verify

hm T z:: / —2")?dx = /OT/w(u(q) — 2)%dadt.

Therefore it suffices to show
hmTE an/ xfhmTE an/ — 2")%dx
h—0 h—0
7—0 n=0 7—0 n=0

or, equivalently,

(5.21) lim 7 Z/ )2dz = 0.

7—0 n=0"%

For this, we construct two interpolations based on {u}'}: the first one is the piecewise
linear interpolation over the time partition (5.2),

t—t -t .,
ung () = g L e (),

while the second one is the piecewise constant interpolation

Up,r(z,t) = an up, (z

By straightforward computations, we have

_ . o 2
I RS Rt DU 171 [ s O Zna A e
n=1

and
||uh,T||%2(O,T;H1(Q))

M
T n n— n— n—
= 30 [P+ 1 VR Ve P V- Ve
n=1

M
<7y llupll
n=0

These, together with the stability estimates (5.14)—(5.16), indicate that both {up ,}
and {i,} are bounded in L2(0,7;H'(Q)) and {Qus -} is bounded in L*(0,T};
(H'(2))). So by Lemma 2.1 there exist a subsequence of {uy, .} such that

(5.22) up ., — u* weakly in L?(0,T; H'(2)) and strongly in L?(0,T; L*(2)),
0

(5.23) p

up, > — v* weakly in L?(0,T; (H'(Q))"),
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and a subsequence of {4y ;} such that
(5.24) ip,, — @ weakly in L*(0,T; H'(Q))

for some u*,a* € L?(0,T; H*(Q)) and v* € L?(0,T; (H'(Q))").
From (5.23), we know for any ¢(z) € H*(Q) and ¢ (¢) € C§°(0,T),

(5.25) lim // 8uhT (=, t t)dxdt = // (z,t) () (t)dxdt.
h‘*O

Integrating by parts the left-hand side and using (5.22), we obtain
T T
- [ | tretar tdsdt = [ [ o @ ptaoodt,
0JQ 0Jo

ou*(z,t)
o

Next, taking any p(z) € HY(Q) and 9 (t) € C*[0,T] with 4(T) = 0, integrating by
parts to both sides of (5.25), and noting (5.26), we get

T
}%{‘ [ Quun(epta)(0)ds - / /Quh,7<x7t>go<x>w <t>dxdt}
T
_ /Q u* (2,0 (x)p(0) da — / /Q u (a, £ ())! (t) dadt.

By the convergence property of @5 and (5.22) we obtain

which gives

(5.26) v*(x,t) =

(5.27) u*(x,0) = up(x).
Next, we show u*(z,t) = 4*(z,t). In fact, by direct computing and (5.15), we obtain

T 3 M
- T n
(5.28) /O 7 (-, 8) = tinr (-, 1) 3t = 3 > lo-uplls < C;

n=1

this with (5.22) proves that iy, converges to @* strongly in L2?(0,7; L*()) and
u*(z,t) = 4 (x,1).
Below we will show u* = u(q). For any ¢(z) € HY(Q) and ¢(t) € C5°(0,T), let

o(x,t) = p(z)Y(t) and ¢y - (z,t) = 224:1 Xn(t)Qro(z,t,). Then we have
T
/ 16(+1) = bnr (- D20
0
T T
<2 / 16 1) — Sad(-)|2dt +2 / 1Sad(,1) — dnr (- D)3t
0 0

T
<2 [ 00.0) = SadC 0+ 2T max [B(OF [Que) = eI

Therefore by (5.20) and the convergence property of @, we deduce
(5.29) ¢~ converges to ¢ strongly in L*(0,T; H*(Q)).
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By direct computations we have the following equalities:

/ /8tuhTxtq&hfxtdxdthZ/@uthqut)

n=1

T
[ [ 0%V ottt = 5> [ "y Quotat)da,
o Ja 2 J,
T M
L ettt 0 o, st = DY | uiuote. t)as
T M
_/0 /FO (@, t)ua(z,t)pn - (x,t)dsdt = _TT;/I‘,, S Qnd(@, tn)ds
T M
/0 /F Qh,r (%, t)bp 7 (x, t)dsdt = Tnz_:l/l“ @Qnd(w, ty)ds

adding them together and using the discrete parabolic equation (5.10), we obtain

T T
/ / %uh,r(x,t)¢hn—(l‘7t)dmdt —i—/ / (@, ) Vi - (2, ) Vpr (z, t)dudt
(5.30) // a:tuhfxt)d)hthdsdtf// (z, ) ug(z, t)dp - (z, t)dsdt

//Qhr$t¢h7$td8dt+TZ/ wly — el Quo(x, ty)ds

Taking the limit as h and 7 tend to 0 and using the convergence (5.22)—(5.24) and
(5.29), we derive that for any ¢(z) € H*(Q) and ¥ (t) € C§°(0,T)

/ 815 dxdt+//aVu -Ve(zx dxdt+// cu*(x)(t)dsdt
(5.31) :// cuqp(x) dsdt—// q(x)y(t)dsdt,
0JT,

where we have used the limit

(5.32) hmTZ/ ctuy —cul )Qnod(x, t,)ds = 0.

To see this, it follows from (5.13), the trace theorem, and the Cauchy—Schwarz in-
equality that

M
T;/Fo(é” — ) Quo(x, ty)ds

M
< 07 s O 1Quelh X et - e,
=

M 3 /M 3
<Crt oA, W@ el (Z ||Czt||L2 tn_ 1,tn;L°°(Fo))> (Z ||ua||%2(tn1,tn;L2(Fo))>

n=1 n=1

< cToxgtagT O el edllzaorz= ) lallzzo.maw):
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Clearly, the fact that u* = u(q) follows then from (5.31).
Now we can show the desired relation (5.21). For this, setting f(z,t) = up - (x,t)—
u(z,t), we can write and estimate using Lemma 5.2 as follows:

M T
P30 [ e [ o) - ute 0l
M tn
= Z/t /Q(If(x,tnﬂ2 ~ | (e, 1)) dodt
M tn 2 M tn 2
{3 weas s {85 [ v - sl
n=1"tn-1 =1 /tn-1
M tn 2
SC{Z/ Hf('atn)_f('at)”gdt} .

th—1

By (5.22), the second term at the left-hand side of the above inequality tends to 0 as
h,7 — 0. But the last term can be estimated as follows:

M tn
3 / 1£ (o) — £ 0)2d8
n=1"tn-1

M tn
- / = " + (tn — £)0,uf|2dt
n=1"7tn-1
M ety Mt
< 22/ Ju — u”||2dt + 22/ /(tn — 1)2|0,up | 2dudt
n=1"7tn-1 n=1vtn-1/9Q
M oty 9 M
:2Z/t Ju w3t + 27 S 0, .
n=1 n—1 n=1
From (5.20) and (5.15), the last two terms both tend to 0, and (5.21) follows. O

Finally, we are ready to show the main convergence results of this section.

THEOREM 5.6. Let {q;‘m} be a sequence of minimizers to the finite element
minimization problem (5.8)—(5.10); then as h and T tend to 0, the whole sequence
{43, .} converges strongly in L2(0,T; L?(T;)) to the unique minimizer of the continuous
problem (2.1)—(2.3).

Proof. Using the stability estimate (5.14), it is easy to know that Jj, - (g}, ;) < C
for some constant C independent of h and 7. This implies that {q;‘w} is bounded in
L?(0,T; L*(T;)) and there exists a subsequence of {gj; .}, still denoted as {gj; .}, such
that g . — ¢ weakly in L?(0,T; L*(T;)) as h,7 — 0.

Now for any ¢ € L?(0,T; L*(T';)) and any fixed ¢ > 0, by the density results there
exists a g. € H'(0,T; H'/?(T;)) such that

la = acll20,m2 ) < e
Then we define an extension G. of ¢. as follows: G. € H'(Q) solves

—A¢g:=0in Q, g=¢q on I';,; ¢ =0 on [,.
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One can Verify that (ja = ]{1(0,717 Hl(Q)) and an”Hl(O,T;Hl(Q)) S C”qE”Hl(O,T;Hl/Q(Fi))'
Define

thg x,t )

HM§

Let g™ be the restriction of ¢"" on I';; then ¢"" € VFi and for any € > 0,

||q - quLZ(o TiL2 (1)) = ||q£ - QEHiQ(O,T;Hl/?(Fi)) < C”‘jQ’T - q€||2L2(0,T;H1(Q))

tn
_cz / 1@nd (- ta) — @ )] 3dt

tn—1

tn
gcz/ 1Qne (1) — Quie(+8) + Quiie (1) — (- 1) |2t

tn—1

T T
sc/ ||SAq;<~,t)—qe(~7t>||%dt+c/ 1Qnd:(-,t) — G-(-, t)||idt.
0

Thus ¢»™ — q. in L?(0,T; L*(T;)) as h,7 — 0. Using this and Lemma 5.5, we can
derive

M
J(¢*) < limzZan/(uh(q J) = 2" de + = hmlnf// |th| dsdt
=

< hm inf Jp, - (qp, ») < hm inf Jp, , (¢7)

T~>0 T~>O
p >
u(ge) — 2) d;vdt —|— q dsdt
= J QE

Letting € — 0, we deduce
(5.33) J(g*) <J(q)  VqeL*0,T;L*(Iy)),
which indicates that ¢* is the unique minimizer of the continuous problem (2.1)—(2.3).

The strong convergence follows by the same trick as used in Proposition 2.3. 0

Remark 5.7. All the results obtained in this paper can be naturally extended
to a three-dimensional domain 2 with every two-dimensional cross-section being the
domain as in Figure 2.

6. Finite element approximation of system (4.1)—(4.3) and its conver-
gence. Next, we shall discuss the discretization of system (4.1)—(4.3). As we did for
system (2.1)—(2.3), we use the composite trapezoidal rule for the time discretization
of the first integral in (4.1) and the exact time integration for the second term. But as
the time derivative of the identifying parameter ¢(z, t) is involved in the regularization
term now, we cannot ensure the convergence of the resultant fully discrete scheme for
the entire system (4.1)—(4.3) if the backward Euler scheme is still used for approximat-
ing the parabolic problem (4.3). Instead we shall adopt the Crank—Nicolson scheme.
This results in the following finite element approximation of (4.1)—(4.3):

(6.1)

M
min Jy, - (qn,r) —gzan (up — 2")?dx + 5 </ |an |2d5+72/|57%| d5>

n=0 w n=1
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over all i € Vi with uj! = uf(qn,r) € V" satisfying u) = Qpuo in Q and

n n—1 n n—1
/ Ol dnda + / v g+ / Tl S
Q Q 2 T, 2

n n—1
6.2) = / ST s — / W%@zds Vo, € VP
Ty T,

forn=1,2,... ,M. Here {a,} are the coeflicients of the composite trapezoidal rule:
Qp = ap = % and ay, =1 for all n # 0, M. The heat flux ¢ is approximated by gy, -,
a piecewise linear interpolation based on {g}'} over the time partition A in (5.2):

t—1th_1 -t
(6.3) Qnr(2,t) = T” ay + ”T gt t€ (bt tn).

For the fully discrete finite element scheme (6.1)—(6.2), we can show (cf. [14]) the
following theorem.

THEOREM 6.1. There exists a unique minimizer to the finite element problem
(6.1)—(6.2).

In the rest of this section, we study the convergence of the discrete minimizer of
(6.1)—(6.2) to the global minimizer of the continuous problem (4.1)—(4.3). For this
purpose, we assume on functions «a(z,t), ¢(x,t), and ug(x,t) in (1.1)—(1.4) that

(6.4) a € WhH*(0,T;L>*(Q)) and ¢, u, € WH*(0,T; L>(T,))
and introduce three related constants:

C1 = llallwreorLe@), C2 = llclwieoriLemw,), Cs= lltuallwie(o,rLe,)-
(6.5)

Using these constants, we can derive the following estimates (cf. [14]):
(6.6) @ —a" Mo < Cir,  |lEay — " ap | peor,) < 0203

For the convergence analysis, we first establish some stability estimates of the
finite element solution to (6.2).

LEMMA 6.2. Let u}} be the finite element solution of system (6.2) corresponding
to the given heat flux {q} . o; then we have the following stability estimates:

1112 M 12
Uh JFUZ uj, +uy~
max |uhHO TE T
0 1 0,0

M
6.7) <C <IIUOII3+C§C§+TZ IIqZIIE,ri)

n=0

TZIIC’) upll§+ max [[Vupg+ max [luil5r,

n=1

M M
(6.8) <C <||Uo||1+0203 + max, g 115 r, +Tz:1||37qh||or +Tz%||qh )
n n
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n n—1
Proof. Taking ¢y, = T% in (6.2), we have

2 2

+u71 1 un+un—1
SaRll3 = Sl 3 + aor [V | o cr || M
0 0,
un +un—1 q +qn 1 U +un 1
§T/ E"ﬁzih h ds—T/ h h h hds.
r, 2 r, 2 2
Summing up the above equation over n =1,2,... .k < M, we derive
n—1 2 n—1 2
k2 012 Uh +u, up 4wy,
—||u — —||lu -t +c T -
AR . o] ks N
n=1 sLo

nl n—1 w” n—1
<oy [ et z/ g s

then (6.7) follows by applying the trace theorem and Young’s and Gronwall’s inequal-
ities.

Next, taking ¢p, = 70-u} in (6.2), we have

1 1
o+ 5 [ an(VaRE = (9 i+ g [ R o s

o

mtqp ! _
:/ ¢y (up —up 1)d3—/ I T 2qh (up — up~)ds.
T, r;

Summing up the above equation over n = 1,2,... ,k < M and using the formula
(5.17), we deduce

k

1 1
™37 03 + S0l Ve I3 + Seollub I,

n=1

< 2/ a’|\Vud |2dx + = Z/ an —a" | vup ! de
7/ Ol Pds + Z/ w12 ds
+/ kkuﬁds—/cuuhds—Z/ ar — " tar Y ds
r

o

1 _
—5/ (q’ﬁ—I—q,]j 1)u’,§ds+§/ qhulds
r; r

n—1 n—2
qh+q +q -1
+E / ( £ 5 h )LLZ ds.

We now estimate all the terms on the right-hand side above. First, for those terms
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without summation, we can easily deduce

/a°|vug|2dx+/ Ol 2ds < C (Cy + Cs) uo1%,
Q o
1
[ @bas+ 5 [ dias < 0 @0+ ol
1
| #akutas < eoluflfr, + 0 C3CE
1 k—1
3 (thrqh Jupds < 040||Vuh||0+0 (ax up||§ + max H%Hor

1<n<M

Using (6.6), we obtain the following estimates:
1 k
1 Z/ NV Pde < 50172 Va2,
,Z/ —n_—n |2d8< CW'ZHUH 1”071_‘07
— Z/P (@a - tar Hurlds < C'r Z Jup 2, + C.
n=1 o n=1

For the last term, we use the Cauchy—Schwarz inequality to obtain

k n—1 n—2
Z/ (B - it ) as

1

Mo = ZH (g +aqp ") = (g +ap 2)H

2
i )°

Now (6.8) follows by combining all of the above estimates and using Gronwall’s in-
equality. ]
As we did for the finite element system (5.8)—(5.10), we need the following crucial
technical result for the convergence of the finite element approximation (6.1)—(6.2).
LEMMA 6.3. If gn, converges to some q weakly in H'(0,T; L*(T;)) as h and T
tend to 0, then

T
lim 7 E an/ up(qp) ”)Qd,r://(u(q) — 2)%dxdt.
h—0 0 w

7—0 n=0

1
2 0,I';

/\

(Ve 13 + = 13 + 10

oo
4o

Proof. As in the proof of Lemma 5.5, it suffices to show (5.21).
We first construct two interpolations based on {u}l}: one is a piecewise linear
interpolation over the time partition A,

t—1Tp— tn — 1
Up,r(z,t) = 7_" Lup + nT up™l, t€ (tho1,ty) for n=1,2,... M,
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and the other is a piecewise constant interpolation,

1

2(uh +uf™h), t€ (tp-1,tn) for n=1,2,... M.
Using the definition of g5 - in (6.3) and the simple identity

’ahﬂ—(l‘, t)

n
G =7 0-q +qp,

k=1
we can directly see that
M 2
0
T 0 =|= ,
> s, =] o
n=1 i (O,T,L (Fl)

||qg|‘g,ri < QTTZ 10-af 113 or; T 2”‘]2”3,13--

k=1
With these relations, the assumption on gy, -, and the stability estimates (6.7)—(6.8),
we can easily check that both {uy, .} and {@ -} are bounded in L?(0,T; H'(Q2)) and
that { Zuy, -} is bounded in L?(0,T; L*(12)). So there exist a subsequence {uy, , } such
that

up,» — u* weakly in L?(0,T; H*(Q)) and strongly in L*(0,T; L*(9)),
9, Lo
Y

and a subsequence {@p, ,} such that

weakly in L*(0,T; L*(2)),

(6.9) i, — 4% weakly in L?(0,T; H*(Q2))

for some u* € H1(0,T;L?(Q)) and @* € L*(0,T; H*(2)). We can further show that
u*(z,0) = up(z) and u* = @* using the fact that

T 3 M
- T
(6.10) | ) = el = T 3 0l — o

Next, we show v* = u(q). Let ¢y (z,t) be defined as in the proof of Lemma 5.5.
By simple computations we have the following equalities:

[ |5 [ o
auhﬁ(x,t)d);w(x,t)dxdt = TZ/ Orup Qno(x, ty,)de
_ up +u
/ / a(x, )V, - (2, t)V oy - (2, 1) dwdt—TZ/ anv-hl—h VQh¢($ tn)dx
/ / xtuhTmt)¢hTactdsdt—7'Z/ 7"uh+uh Qnd(z,ty,)ds
/0 /F c(x,t)ua(m,twhﬁ(:b,t)dsdtZTZ/F cunQro(z,ty)ds

n—1

//thxt¢hrxtd8dt—TZ/ thrqh ————Qno(z,t,)ds
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Adding them together and using (6.2), we obtain a similar equation to (5.30). The
rest of the proof is basically the same as that in Lemma 5.5. O

By virtue of Lemma 6.3, we can show the convergence of the finite element ap-
proximation (6.1)—(6.2), following the same lines as for Theorem 5.6; see Xie [14].

THEOREM 6.4. Let {qj, .} be a sequence of minimizers to the discrete minimiza-
tion problem (6.1)~(6.2); then as h and T tend to 0, the whole sequence {4 .} con-
verges strongly in H'(0,T; L*(T;)) to the unique minimizer of the continuous problem
(4.1)-(4.3).

7. Solutions of finite element minimizaton problems. In this section, we
shall formulate a conjugate gradient algorithm to solve the nonlinear finite element
minimization problems (5.8)—(5.10) and (6.1)—(6.2). We present details only for sys-
tem (6.1)—(6.2), while the algorithm for system (5.8)—(5.10) can be formulated simi-
larly; for details of the latter system, we refer to Xie [14].

We first derive the Gateaux derivative of the cost functional Jnr(gn,7) in (6.1), o
the form J, - ({g),... ,q}"}). Let N = dim(V{ ), and let {1/)1 *, be the basis of Vh
For any element from space Vlﬁi X oee X Vlf”i, say {q0,...,q} }, let U = u}(gn,+) Dh.r
be the Gateaux derivative of solution u} (g ,) to (6.1)~(6.2) in the direction py, ,, or
{P,... ., pM}. We easily see that Uy = 0, and for n = 1,2,... , M and any ¢, € V",
the derivative U € V" satisfies

ur un 1 ur un 1
/ 8. Ul nda + / anv% Vendr + / a"%%d
Q FO

n—1
:_/ M(bhds-
n 2

This enables us to derive the first and second derivatives of the cost functional Jj -
n (6.1):

(71) Jh'r(qh'r Phr*TZOén/ U,?dx

n=1

g ( / qugdswz / or gy 3Tp2d8>,

(72) Jh T(Qh T) Ph,sTh,r = Tzan/ uh 4h, 7') Dh, T) (uh(qh T) Th T)dx

n=1

+ 3 </ phrids + TZ/ 0-py, 8T7'st>.
Ty n=1"Ti

Clearly, evaluating the derivatives of Jj, , at a given point gy, using formula (7.1)
is extremely expensive. To reduce the cost, we introduce an adjoint equation for the
Crank—Nicolson scheme (6.2), which seems to have not been studied in the literature
before. This needs to be done carefully in order to meet our final goal. A discrete
sequence {wl}M_is defined in such a way that wh =0andwy € V" for n # M solves

1 ~n n ~n —1
_/whfwz ¢hdx+/a+1th+a Vwy Véndr
Q T Q 2

-n4+1,.n -n,, n—1
(r3) 4 [ T s —a, [ - )onda Von € VI
r w

o
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Now taking ¢, = U]} in (7.3), we can rewrite the first term in Jy, -(gn.-) pn,- as

M n _ . n—1 M *nJer n A n—1
o= [t Y [ ST g
n=1 n=1

2

M -n+1, n -n, n—1
@ w; + ctw
—l—g b h_Upds.
r 2
n=1 o

Then using formula (5.17), the identity?

k k
Z(an + anfl)bn = akbk - aObO + Z anfl(bn + bn71)7

n=1 n=1

and the equation for U}, we obtain
M -1 M n—1
ur —uy ur+uy
Jp, = Z/ Zh—Th w;’;—ldm+2/ "Vt Vup~ da
n=1"% T n=1"%
M -1
upr +uy
+Z/ grh _Th +2 h w}?_lds
n=17To

M n n—1
+ _
= —Z/ pih ph ’LUZ 1d$.
n=1 r; 2

This, along with (7.1), leads to a very simple formula for evaluating the derivative of
‘]}L,T:

M n—1 n—1
Blap — -
Il = | (ﬁq2p2+z{ (@~ )i
¢ n=1

=
n n—1 n—1
(7.4) —T(p”pg ) })ds.

Next, we are going to formulate the conjugate gradient method for the nonlin-
ear minimization (6.1). Let us first establish one-to-one correspondences between
finite element functions and their coefficient vectors. For any ¢, € Vlfl , we write its
representation in terms of the basis {1;}, as

N
@, = Z i
i=1

Then each finite element function gy~ or {qg, q,l17 . ,q,]l\/f } corresponds uniquely to an
(M + 1)N-dimensional vector

2

0 0 1 1 2 M MN\T
q:(qla"' yANsd1y -+ 54N> 91y ANy - 5T 5 - 7QN) .

2This crucial identity has not been seen in the literature before and has no continuous counterpart,
unlike the widely used identity (5.17) that is known as the discrete integration by parts formula.
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Letting f(q) = Jh.~(qn,r), one can directly verify the relation for the first derivatives
of f(q),

agé?) = Jnr (a5 an' D (0, i, .., 0}),

2

and the relation for the Hessian H = (h;;),

82
= 21D aah D0 e DO 0D,
0q;] 0q,,

This leads to the following expression:

fla) = ya" Ha+ V5(0)a + £(0).
We see that the evaluation of the Hessian H is extremely expensive. Fortunately,
only its products with vectors are needed in the conjugate gradient method, and
such products can be done with much less cost by noting the identity that Hq =
Vf(q) — Vf(0) and the simple formula (7.4).

We are now ready to state the conjugate gradient algorithm for solving the discrete
minimization problem (6.1)-(6.2). We shall use (Jj, -(qn,-))’ for V f(q) to emphasize
the dependence of the first order derivatives on mesh size h and time step .

CONJUGATE GRADIENT ALGORITHM

Step 1. Given a tolerance ¢, compute go = (Jj, (0))’.
Step 2. Given an initial guess qg,)z, solve the direct problem (6.2) and the adjoint

equation (7.3), then compute gy = (Jh’T(q,(Bq),))’ by using (7.4). Set do := —go

and k := 0.
Step 3. Solve the one-dimensional problem
Jhﬂ'(qgf'z)- + Oékd§f7)_> = moin Ih,r (q,(fl + Oédgf) )

T

by computing

_ gi i
W= By _
dk((Jh,T(dh,T)) — &o)
Set q,(fjl) = q,(lkz + ozkdgfl and k := k + 1. Compute

gr = (Jur (gD,

_ gfgk
Br=—F"—",
8r_18k—1
dp = —gi + Brdi—1.

Step 4. If ||gk|| < e|lgoll, stop; otherwise goto Step 3.

8. Numerical experiments. In this section we show some numerical experi-
ments on heat flux reconstructions using the two regularization methods (5.8)—(5.10)
and (6.1)—(6.2). The physical domain €2 is taken to be Q = {(z,y); ($)* < 2z? +y* <
1}. The domain © is triangulated as in Figure 2 using sectorial elements, with each



1530 JIANLI XIE AND JUN ZOU

’l’l"" i ;ll
104 il it
W\
A
I AT
Ml iy RSNy

TS

FiG. 3. Ezxact q.

[T
i i
il KU
"l"”lllll””’l””l’]l['l’l'llllll/’l"',"l'i'.f;ﬁ‘:" llll'l,l,l','"'.,'\«\\\\
I N
"l”llllll”l""'l‘ I" A‘ \ \\\
W7 HARN
i NN
g AW

il ’,’”’l:l’lill,l,",""‘\‘\\\\\\\:\::\\ "’\\\\\\\\\\

Ty,
l”m TR

A\
AN
TINNTHRN

I l,”ll’ll”ll',,,"‘.‘\\\ WHHITA

AR
iy WA

T TRESS

111 ALY
a2 ]
!

FIG. 4. Method (6.1) used, 3 =7 x 1076, iter = 21, error = 4.19 x 1072,

circle divided into 60 arcs of equal length. The time interval [0, 1] is divided into 40
equally spaced subintervals. For the conjugate gradient method, we take the tolerance
e = 1074, and the initial guess q,(fi of the heat flux is taken to be a constant zero
everywhere in the whole space-time domain. In all three-dimensional figures shown
below, the z-axis stands for the time interval varying from 0 to 1 and the y-axis
stands for the inner boundary I'; = {(x,y); 4+ y? = (3)?} represented by the polar
coordinate 6 varying from 0 to 27, while the z-axis shows the magnitude of the heat
flux at each point (¢,6). The errors listed under each figure are the relative L?-norm
errors between the exact and numerically reconstructed heat fluxes.

In our simulations, the coefficients «, ¢, and u, in (1.1) and (1.3) are taken to
be a(x,t) = 1,¢(x,t) = 1, and us(x,t) = 0. In order to select more general and
difficult profiles of heat fluxes for our tests, we add a source term f(z,t) in (1.1). As

our first example, we try the exact solution u(z,y,t) and the heat flux ¢(x,y,t) to be
reconstructed as follows:

u(z,y,t) = 2% 4+ 2y% + t +sin(xyt), q(x,y,t) = 4o? + 8y* + dayt cos(xyt).

Instead of the exact data u(z,y,t), we use the perturbed data of the form z(x,y,t) =
u(z,y,t) + du(z,y,t) as the measurement data, with the noise level § = 1% (1%
relative noise pointwise). We first test the case when the measurement region is
taken to be w = {(z,y); (3)* < 22 +y? < 1}. Figure 3 plots the exact heat flux, while

Figure 4 shows the numerically reconstructed heat flux using the finite element method
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FiGc. 6. Method (5.8) used, plots from the initial 4 and last 5 time points removed, error =

(6.1) with L2-regularization in space but H!-regularization in time for heat fluxes.
From Figure 4 we see that the numerical reconstruction works very well, considering
the difficult oscillation of the heat flux in space. Also the conjugate gradient iteration
performs very stably for such an oscillating heat flux, starting with a very bad initial
guess of constant zero everywhere in the space-time domain. Figure 5 presents the
numerical reconstruction using the finite element method (5.8) with L?-regularization
in both space and time for heat fluxes. One finds that the quality of reconstruction
is far from satisfactory compared to the result we have seen in Figure 4 using the
1); the reconstruction is especially bad near the initial and
terminal time. But interestingly, when we remove the bad reconstruction at a few
initial and terminal time points, the remaining reconstruction seems very satisfactory
again; see Figure 6.
We have also tried to see the effects of the measurement region When the mea-
surement region is reduced to a smaller subdomain w = {(z,y); (3)* < 2% 4+ ¢* < 1},
the numerical reconstructions are not affected too much; see Flgures 7 and 8.
As our second example, we take the exact solutions u(x,y,t) and ¢(z,y,t) in
and (1.4) as the following functions:

(1.1)
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FIG. 8. Method (5.8) used, 3 = 6 x 1075, iter = 13, plots from the initial 4 and last 5 time
points removed, error = 3.57 x 1072.

Again, the perturbed data z(z,y,t) = u(x,y,t) + 6 u(z,y,t), with 1% noise pointwise,
is taken to be the measurement data in w. We ﬁrst test the case when the measure-
ment region is taken to be w = {(z,y); (£)? < 2% +y? < 1}. Figure 9 plots the exact
heat flux ¢, which appears to be very challengmg for numerical reconstruction as it
oscillates widely in both time and space direction. Figure 10 shows the numerically
reconstructed heat flux using the finite element method (6.1) with L?-regularization in
space but H'-regularization in time for heat fluxes. This demonstrates very satisfac-
tory performance of the numerical reconstruction algorithm, especially the stability
and effectiveness of the conjugate gradient iteration, considering that it is such an
oscillating heat flux and that it starts with a very bad initial guess of constant zero
everywhere in the space-time domain. Figure 11 presents the numerical reconstruc-
tion using the finite element method (5.8) with L2-regularization in both space and
time for heat fluxes. Again its quality of reconstruction is not as good as the one
obtained using the finite element method (6.1), and the accuracy is much worse.

When the measurement subregion is reduced to a smaller subdomain w =
{(z,y); ($)? < 2? + y* < 1}, again the numerical reconstructions have not been
affected much, as we have seen in the first example.

9. Concluding remarks. The inverse problem of reconstructing profiles of both
time- and space-dependent heat fluxes on an inner boundary of a heat conductive
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FIG. 11. Method (5.8) used, 3 = 4 x 1078, iter = 29, error = 11.59 x 10~ 2.

system is investigated. The reconstruction problem is severely ill-posed as it involves
the heat flux profile at the initial time and on the inner boundary. Validation and
effectiveness of two regularization formulations are justified both theoretically and
numerically for the reconstruction, without any constraints enforced on the search
spaces of heat fluxes when appropriate regularizations are selected. Regarding the
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approximation of the regularized nonlinear minimization systems, it is very tricky
and essential to decide how to effectively discretize in both time and space the non-
linear optimizations and the associated parabolic equation and its adjoint so that the
resulting fully discrete schemes converge. Two such discrete approaches are proposed
to approximate two nonlinear minimization formulations: the first uses the backward
Euler scheme in time, while the second requires the Crank—Nicolson scheme, with both
adopting piecewise linear finite elements for space approximation and the trapezoidal
and midpoint rules for discretization of the cost functionals. A novel weighted discrete
projection operator @, is introduced which possesses both L?- and H!-stability and
L?-optimal error estimate, crucial to the success of convergence analysis of two fully
discrete schemes. The resulting nonlinear finite element minimization systems are
shown to be well suited for the solutions by conjugate gradient method. Numerical
experiments have demonstrated the stability and effectiveness of the reconstruction
algorithms.

There exists little work on numerical reconstruction of both time- and space-
dependent physical profiles, and even less on convergence analysis of numerical recon-
struction methods. As we have seen, the convergence analyses of the fully discrete
schemes are much more difficult and trickier than the cases with only space-dependent
profiles. This paper provides a relatively complete study on reconstruction of both
time- and space-dependent heat fluxes, including well-posedness of the regularized sys-
tems, convergence of fully discrete approximations, numerical algorithms for solving
discrete nonlinear minimizations, and numerical experiments. Most technical tools
should be useful in theoretical and numerical analysis of regularization methods for
other inverse problems.

Acknowledgment. The authors wish to thank an anonymous referee for his
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