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CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT
METHOD FOR DISTRIBUTED FLUX RECONSTRUCTION

YIFENG XU AND JUN ZOU

ABSTRACT. We shall establish the convergence of an adaptive conforming finite
element method for the reconstruction of the distributed flux in a diffusion
system. The adaptive method is based on a posteriori error estimators for the
distributed flux, state and costate variables. The sequence of discrete solutions
produced by the adaptive algorithm is proved to converge to the true triplet
satisfying the optimality conditions in the energy norm, and the corresponding
error estimator converges to zero asymptotically.

1. INTRODUCTION

The heat flux distributions are of significant practical interest in thermal and
heat transfer problems, e.g., the real-time monitoring in steel industry [2] and the
visualization by liquid crystal thermography [17]. Considering its accurate distri-
bution is rather difficult to obtain in some inaccessible part of the physical domain,
such as the interior boundary of nuclear reactors and steel furnaces, engineers at-
tempt to recover the heat flux from some measured data, which leads naturally
to the inverse problem of reconstructing the distributed heat flux from the mea-
surements on the accessible part of the boundary or the Cauchy problem for an
elliptic/parabolic equation. Several numerical methods have been proposed for this
classical ill-posed problem, among which the least-squares formulation [39], [41],
[42] has received intensive investigations and has been implemented by means of
the boundary integral method [42] and the finite element method [39].

However, the story is far from complete from the viewpoint of numerical simula-
tions. One main challenge is to detect local features of unknown fluxes accurately
and efficiently, particularly in the presence of nonsmooth boundaries and discon-
tinuity or singularity in fluxes. Compared with the finite element reconstruction
over meshes generated by a uniform refinement, which often requires formidable
computational costs to achieve a high resolution, adaptive finite element methods
(AFEM) are clearly a preferable candidate to remedy the situation as it is able to
retrieve the same result with much fewer degrees of freedom.
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2646 YIFENG XU AND JUN ZOU

A standard adaptive finite element method consists of successive loops of the
form:

(1.1) SOLVE — ESTIMATE — MARK — REFINE.

That is, one first solves the discrete problem for the finite element solution on the
current mesh, computes the related a posteriori error estimator, marks elements to
be subdivided, and then refines the current mesh to generate a new finer one.

A major force used to drive the process (1.1) is the module ESTIMATE, which
relies on some computable quantities (often called a posteriori estimation), formed
by the discrete solution on the current mesh and given data. Since the pioneer
work [3], a posteriori error estimations have been extensively investigated for finite
element approximations of direct partial differential equations and the theory has
reached a mature level for elliptic systems; see the monographs [1}, [6], [40] and the
references therein. As far as PDE-based inverse problems are concerned, there are
also some important developments, e.g., [5], [8], [9], [10], [11] [12], [19], [21], [24].
But a vast amount of literature is available on PDE-constrained optimal control
problems; see [7], [22], [23], [25], [26] and the references therein, although inverse
problems are quite different in nature due to the severe instability by data noise.

On the other hand, the study of AFEMs itself is also a research topic of great
interest and has made substantial progress in the past decade. Specifically, the
convergence and the computational complexity of an AFEM have been analyzed in
depth for the numerical solution of second order boundary value problems; see [13],
[14] [16], [18], [31], [32], [33] [35], [36]. But there are still no developments available
for inverse problems. To our knowledge, the only related work is the one in [20]
and it studied the asymptotic error reduction property of an adaptive finite element
approximation for the distributed control problems with control constraints, where
the adaptive algorithm requires one extra step for some oscillation terms in the
module MARK and the interior node property in the module REFINE.

In this work, we shall fill in the gap and establish a first convergence result for an
adaptive finite element method for inverse problems, namely, we shall demonstrate
that both the finite element error (in some appropriate norm) and the estimator
converge to zero when the AFEM is applied to reconstruct the distributed flux on
some inaccessible part of the boundary from partial measurements on an accessible
boundary part. Compared with [20] for an optimal control problem, the algorithm
studied here is of the same framework as the standard one for (direct) elliptic prob-
lems (e.g. [14] [33]), particularly no more marking for oscillation terms as well as no
interior node property is enforced in the module MARK and the module REFINE,
therefore it is advantageous to practical computations. Our basic arguments follow
some principles in [35], [32] for a class of linear direct boundary value problems.
In this sense, the current work may be viewed as an extension of [32], [35] for the
AFEM to inverse problems, but due to the nature of the inverse problem there are
some essential technical differences as mentioned below.

o The direct problems of some linear partial differential equations were con-
sidered in [32], [35], while a nonlinear optimization problem for solving an
inverse problem with the temperature field (state) and the flux (control)
coupled in a diffusion equation is the focus of this work, which leads to a
saddle-point system.
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CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT METHOD 2647

o In [32], [35] for linear direct problems, a key observation is the strong conver-
gence of a sequence of discrete solutions generated by the adaptive process
(1.1) to some limit, which is a direct consequence of the standard finite el-
ement convergence theory such as Cea’s lemma [15]. In contrast, achieving
such a result for the inverse problem is highly nontrivial. We shall view
the approximate fluxes generated by (1.1) as the minimizers to a discrete
optimal system, and employ some techniques from nonlinear optimizations
to establish the strong convergence of the adaptive sequence to a minimizer
of some limiting optimal systeni.

o The convergence was established in [35] by first demonstrating the weak
vanishing limit of a sequence of residuals associated with the adaptive so-
lutions, then proving the strong limit of the sequence of adaptive solutions
is the exact solution. But this approach does not apply to our current
problem as the exact state and the limiting state depend on the exact flux
and the limiting flux respectively. As a remedy, we shall introduce an aux-
iliary state depending on the limiting flux to help us realize the desired
convergence.

Our convergence theory is basically established in three steps. In the first step, we
shall show the sequence of discrete triplets (the approximate state, costate and flux)
produced by the adaptive algorithm converges strongly to some limiting triplet.
Unlike for the direct problem of differential equations, we need to deal with a
nonlinear optimization system with PDE constraints; see Section 4. In the second
step, we will prove the limiting triplet is the exact one. To do so, we have to consider
and study the limiting behaviors of the residuals associated with the approximate
state and costate and introduce an auxiliary problem to resolve a technical difficulty;
see Section 5.2. Finally in the last step, we will demonstrate that the error estimator
has a vanishing limit. This will be the consequence of the previous steps and the
efficiency of the error estimator; see the proof of Theorem 5.2.

The rest of this paper is organized as follows. In Section 2, we give a description of
the flux reconstruction problem and its finite element method. A standard adaptive
algorithm based on an existing residual-type a posteriori error estimator is stated
in Section 3. In Section 4, we prove the sequence of discrete triplets converges to
some limiting triplet. The main results are presented in Section 5 and finally the
paper is ended with sonie concluding remarks in Section 6.

Throughout the paper we adopt the standard notation for the Lebesgue space
L*®(G) and L2-based Sobolev spaces H™(G) for integer m > 0 on an open bounded
domain G C R%. Related norms and semi-norms of H™(G) as well as the norm of
L>*(G) are denoted by || - ||m,G, | - Im,c and || - ||co,c respectively. We use (-,-)¢ to
denote the L? scalar product on G, and the subscript is omitted when no confusion is
caused. Moreover, we shall use C, with or without subscript, for a generic constant
independent of the mesh size and it may take a different value at each occurrence.

2. MATHEMATICAL FORMULATIONS

Let 2 C R? (d = 2,3) be an open and bounded polyhedral domain. The bound-
ary I' of Q is miade up of two disjoint parts I'; and I'; such that I' = I'; UT';, where
I';, and I'; are the accessible and inaccessible parts respectively. The governing
diffusion system of our interest is of the form

(2.1) -V -(aVu)=f in$,
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2648 YIFENG XU AND JUN ZOU

ou _ - Ou r

%+7u—'yua only; a% =—q onl}

where n is the unit outward normal on I' and the given data include the source
f € L?(2), the ambient temperature u, € L?(T',), the heat transfer coefficient v > 0
and the diffusivity coefficient o > 0. For simplicity v and « are both assumed to be
constants, but it is straightforward to extend all our analyses and results to the case
when both are variable functions. The inverse problem is to recover the distributed
flux ¢, when the partial measurement data z of temperature u is available on I',.
We note this problem is highly ill-posed since the Cauchy data z imposed on T,
is inevitably contaminated with observation errors in practice [39]. To overcome
this difficulty, we often formulate it as a constrained minimization problem with
the Tikhonov regularization:

(2.2) a

1
(23) @) = 3lhuta) ~ e, + Dlalir,,

min
qeL2(Ty)
where u := u(q) € H'(Q) satisfies the variational formulation of (2.1)-(2.2):
(2:4) a(u,$) = (f,4) + (Yta, P)r, — (¢, ¥)r, V ¢ € H(Q)

and the constant 8 > 0 is the regularization parameter. Here a(-,-) := (aV:, V) +
(7, *)r, is a weighted inner product over H(2) and its induced norm ||- ||, is equiv-
alent to the usual H'-norm due to the Poincaré inequality. There exists a unique
minimizer to the system (2.3)-(2.4) [39]. Moreover, with a costate p* € H(f)
involved, the minimizer (¢*,u*(¢*)) is characterized by the following optimality
conditions [24]:

(2:5) a(u*,¢) = (f,¢) + (Yta, d)r, — (¢*,d)r, V ¢ € H(Q),
(2.6) a(p*,v) = (u* —z,v)r, Vve HI(Q),
(2.7 (Bg* —p*,w)r, =0 YV we L3(Ty).

Next we introduce a finite element method to approximate the continuous prob-
lem (2.3)-(2.4). Let T be a shape-regular conforming triangulation of Q into a set
of closed simplices, with the diameter hr := |T |1/ 4 for each element T € T},. Let Vj,
be the usual H!'-conforming linear element space over 7, and Vi, := Vi|r, the
feasible discrete space for ¢. Then the minimization (2.3)-(2.4) is approximated by

) 1 B
(2.8) o in In(an) = §||u,,(q,,) e [ gll%llﬁ,n,

where up := up(qn) € V4 solves the discrete problem

(2.9) a(un, on) = (f, ®n) + (Yta, dr)r, — (qh, dn)r; V @ € Vi

As in the continuous case, there exists a unique minimizer to (2.8)-(2.9), and the
minimizer q;, € Vi r,, the discrete state and costate u;, € Vj and p; € V), satisfy
the optimality conditions:

(210) a(u;n ¢h) = (fa ¢h) + (7“0,’ ¢h)l"., - (Q;L7¢h)l"¢ v ¢h € Vha
(2.11) a(py,vn) = (up, — 2,vn)r, V vp € Vi,
(212) (:qu - p;:,ywh)l"i =0 Vv wp € Vh,l"i'
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CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT METHOD 2649

3. A POSTERIORI ERROR ESTIMATION AND AN ADAPTIVE ALGORITHM

In this section we review a residual-type a posteriori error estimate and a re-
lated adaptive algorithm developed in [24]. For this purpose, more notation and
definitions are needed.

The collection of all faces (resp. all interior faces) in 7} is denoted by Fj, (resp.
Fr(f2)) and its restriction on I’y and I'; by Fr(T';) and Fx(T';) respectively. The
scalar hp := |F|'/(@-1) stands for the diameter of F' € F},, which is associated with a
fixed normal unit vector nr in the interior of Q and ny = n on the boundary I'. We
use D7 (resp. D) for the union of all elements in 7, with nonempty intersection
with element T € 7}, (resp. F € F3). Furthermore, for any T € 75, we denote
by wr the union of elements in 7} sharing a common face with T', while for any
F € Fr() (resp. F € Fp(I's)UFr(I';)) we denote by wr the union of two elements
in 7y sharing the common face F (resp. the element with F' as an edge).

For any (¢n,vn, wn) € Vi X Vi, X Vi, 1,, we define two element residuals for each
T e T, by

Rri(¢n) = f+V - -(aVer) and Rra(vn)=-V:(aVw),
and two face residuals for each face F' € Fj by

[V -nF) for F € Fr(9),
Jr1(dn,wn) = Yua —Y9r —aVep-np  for F € Fp(Ta),
—wp —aVop -np for F € Fn(T)
and
[@Vvp - np) for F € Fr(Q),
Jr2(Wh,dn) = ¢n—z—yoh—aVu,-ngp  for F € Fi(T,),
—aVu, - np for F € Fp(T;),

where [aV ¢y, - np] and [aVvy, - ng] are the jumps across F' € Fj,. Then for any
My, C Ty, we introduce the error estimator

nl2z,(¢havhawhsf7uaazaMh) = Z ”’%‘,h(‘ﬁhavhawhaf’uavz)

TeMp
= Z ("%,h,l(‘ﬁh, Wh, f, Ua) +n’%',h,2(vha¢hvz))
TeMy
with
"’%‘,h,l (¢ha W, f, ua) = hg""RT,l((ﬁh)“g,T + Z hF"JF,l (¢h’ wh)"(z),F
FcéT
and

3,2 (Vhs B, 2) = 3| Rro(on) 30+ D hrllTr2(on, én)ld F
FCoT
and the following oscillation errors that involve the given data and the related
elementwise projections:

osch(f, Mn):= D hEllf — Friir,

TeMn

0sch,(¢n, wh, Sp) = Z hellJry = Jrall3 e
FeSy

osch (vh, @n, S) == D, hrllJr2 — Jralld F
FeSy,
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2650 YIFENG XU AND JUN ZOU

for some My, C T and S, C F, where fr (resp. Jr,1 and jp,g) is the integral
average of f (resp. Jr1 and Jgz) over T (resp. F). When My, =T}, or S, = Fp,
M, or Sy, will be dropped from the parameter list of the error estimator or the
oscillation errors above.

With the above preparations, we are now ready to present the upper and lower
bounds for the errors of the finite element solutions in terms of a residual-type
estimator [24].

Theorem 3.1. Let (u*,p*,¢*) and (uy,p},q;,) be the solutions of (2.5)-(2.7) and
(2.10)-(2.12) respectively, then there exists a constant C depending on the shape-
regqularity of Tn and the coefficients o and v, such that

(B.1) ur—ulZ+llp* — Pl + llg* — aill3 < CB~ 203 (uh, Phy @iy £ Uas 2).

Theorem 3.2. There exists a constant C depending on the shape-regularity of Tn
and the coefficients a and ~y, such that for any T € Ty,

2,0 (U Phr Gy £ 0, 2) < Ol = wh |15 o + Ip" = PN o

(3.2) :
+llg* — @ lI3 ozrr, 08¢k (f, wr) + osch (uf, i, OT) + osci (b, ut,, 9T)).

Based on the error estimators provided in Theorems 3.1 and 3.2 above, the fol-
lowing adaptive algorithm was proposed for the flux reconstruction in [24]. In what
follows the dependence on the triangulations is indicated by the number k of the
mesh refinements.

Algorithm 3.1. Given a parameter § € [0,1] and a conforming initial mesh To.
Set k := 0.

(1) (SOLVE) Solve the discrete problems (2.10)-(2.12) on Tx for (uj,Px,qx) €
Vk X Vk X Vk,pi.

(2) (ESTIMATE) Compute the error estimator ni(uj, Py, Gy, f1Ua, 2)-

(3) (MARK) Mark a subset My C Ty, such that

(33) VT e Mk ﬂT,k(UZ,P;;,QE»f» ua,z) > eil‘lea%f W,k(u;)pz,q;afa ua,z).

(4) (REFINE) Refine each triangle T € My, by the newest vertex bisection to
get Tiy.
(5) Set k:=k+1 and go to Step 1.

A stopping criterion is normally included after step 2 to terminate the iteration,
which is omitted here for notational convenience. The maximum strategy [3], one
of the most common marking criteria, is used in the module MARK and we will
discuss more about other strategies in Section 5.3. In addition, the newest vertex
bisection in the module REFINE guarantees the uniform shape-regularity of {7}
[28] [29], [30], [37], [38], [40]. In other words, all constants only depend on the
initial mesh and the given data but not on any particular mesh in the sequel. We
point out a practically important feature in our algorithm: the additional marking
for oscillation errors and the interior node property for the refinement are both
not required, which are needed in the adaptive algorithm for an optimal control
problem in [20]. Finally, as the solution (uj,g;) € Vi X Vi r, is also the minimizer
to problem (2.8)-(2.9) with h = k, we shall view both of them as the same unless
specified otherwise.
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CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT METHOD 2651

The adaptive Algorithm 3.1 was implemented and analysed in [24]. Several
nontrivial numerical examples were tested there, with different types of singular
fluxes, including fluxes with large jumps, shape-spike fluxes and dipole-like fluxes.
From the numerical experiments we have observed that Algorithm 3.1 is able to
locate the singularities of fluxes accurately, with the desired local mesh refinements
around singularities. Moreover, all the examples in [24] have shown that Algorithm
3.1 ensures the convergence of the flux errors in L?-norm, even with essentially
fewer degrees of freedom than the uniform refinement. The aim of this work is to
provide a rigorous mathematical justification of the convergence of the adaptive
finite element Algorithm 3.1.

4. A LIMITING TRIPLET

In this section, we demonstrate the convergence of the sequence {(uj,pk,qx)}
generated by Algorithm 3.1. To this end, with {Vi} and {Vi r,} induced by Algo-
rithm 3.1, we define two limiting spaces:

Voo i= U Vi (in H'-norm) and Qu := U Vi,r, (in L?-norm).
k>0 k>0

We remark that V,, and Qo are a closed subspace of H*(Q) and L?(T';) respectively.
Then we introduce a constrained minimization problem over Qoo:

. 1 B
(4.1) in Jo(q) = Elluoo(Q) — 2|3, + 5”‘1"3,1‘,.,

where Uy := Uoo(q) € Vi satisfies the variational problem:

(4.2) a(uoo, ®) = (f,8) + (Yta, $)r. — (¢, )r; V ¢ € Vo

Following the arguments of [39] for the system (2.3)-(2.4), we can show that
there exists a unique minimizer to the optimization problem (4.1)-(4.2).

Next we present the first result of this section, namely the sequence {g;} gen-
erated by Algorithm 3.1 converges strongly to the minimizer g%, of problem (4.1)-
(4.2). For this purpose we need some auxiliary results.

Lemma 4.1. Let {Vi x Vir,} be a sequence of discrete spaces generated by Algo-
rithm 3.1. If the sequence {gx} C Ug>o Vi.r; weakly converges to some ¢* € Qoo in
L?(T;), then there ezists a subsequence {gm} withm = ky, such that for the sequence

{um(gm)} C Ugso Vi produced by (2.9) with h replaced by m and uso(q*) € Voo gen-
erated by (4.2) with ¢ = ¢* there holds

(4.3) Um(gm) = oo(q*)  in L*(T).

Proof. Taking ¢ = uk(gx) in (2.9), we immediately know that |jux(gx)|/s is uni-
formly bounded independently of k£ and hence there exist a subsequence, denoted
by {um(gm)} with m = kj,,, and some u* € H'(Q2) such that

(4.4) Um(gm) = u*  weakly in H(Q), Um(gm) = u*  in L*(T).

We only need to show u* = ux(g*). As V is weakly closed, u* € V. For any
positive integer !, when we choose m > [, we know from (2.9) that

(@Vum(gm), Vér) + (Yum(gm), d1)r. = (f, &)+ (Ytta, d1)r, — (Gm, d1)r, V&1 € V1.
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2652 YIFENG XU AND JUN ZOU

Letting m go to infinity and noting the convergence results in (4.4) as well as the
weak convergence of {gx}, we find

(@Vu*, V) + (vu*, d)r, = (f, 41) + (Yeas d)r, — (¢, )r, YV ¢ € Vi
As | and ¢; € V] are arbitrary, we further obtain

(aVu*, V) + (vu*,d)r, = (f,¢) + (Yea, d)r, — (¢, ®)r; V ¢ € Voo,
which leads to the desired conclusion. O

Lemma 4.2. Let {Vi X Vi,r;} be a sequence of discrete spaces generated by Algo-
rithm 3.1. If the sequence {qx} C Ui>o Vi,r; strongly converges to some ¢* € Qo
in L2(T;), then for the sequence {u(qx)} C Uk>o Vx given by (2.9) with h replaced
by k and ueo(q*) € Vo given by (4.2) with ¢ = g* there holds

(4.5) uk(gr) = Uoo(q*) in HY(Q).
Proof. We begin with an auxiliary discrete problem: Find ux(g*) € Vi such that
(4.6) a(uk(q*),9) = (f,8) + (Veta, d)r, — (¢",®)r; VY ¢ € V.

Subtracting (4.6) from (2.9) with ¢ = uk(gx) — uk(¢*) and using the trace theorem
as well as the norm equivalence we come to the estimate

luk(g*) — uk(gr)lls < Cllg* — gkllo,r,-

On the other hand, we note that (4.6) is a finite element approximation of (4.2)
with ¢ = ¢* € Q, so the Cea’s lemma admits an optimal approximation property

lluoo(q™) — uk(g*)lls < C inf [lue(q") — vl
vEV}L

Finally, the desired convergence (4.5) is the consequence of the above two estimates
and the density of Uk20 Vi in V. O

Now we are in a position to show the first main result of this section.

Theorem 4.1. Let {Vi X Vir,} be a sequence of discrete spaces generated by Al-
gorithm 3.1, and {q;} the corresponding sequence of minimizers to the discrete
problem (2.8)-(2.9) when finite element spaces Vi, and Vi, r, are replaced by Vi and
Vi,r. (and functional J), will be denoted by Ji accordingly). Then the whole se-
quence {q}} converges strongly in L2(T;) to the unique minimizer q7, of the problem
(4.1)-(4.2).

Proof. The fact that ||gj|lo,r, is uniformly bounded implies there exist a subse-
quence, also denoted by {g;} and some ¢* € Q such that

(4.7) qt — q*  weakly in L%(T;).
Then from Lemma 4.1, we know by extracting a subsequence with m = k,, that
(4.8) um(gh) = Ueo(g®) in L3(T,).

On the other hand, for any ¢ € Qo there exists a sequence {q;} C ;5o Vi,r; such
that -

(4.9) Jim [lg: — gllo,r, =0,
—00
which, by Lemma 4.2 and the trace theorem, implies

(4.10) lim [lua) = 2l r, = ueo@) = 2lr,.
o0
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CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT METHOD 2653

Choosing k > [ for sufficiently large | and noting the whole sequence {g;} are
minimizers of Jx over {Vi r,}, we can derive

. 1 B
Ii(gi) < Ti(@) = 5lul@) = 2[5 r, + S lalf .
Then a collection of (4.7)-(4.10) gives
w1 . By«
Too(@") = 5 lioe(@”) = Mz, + 5 la" R,
.1 . By
< Jlim 2 llum(gm) = 20,r, + liminf = llgnl3 r,
< liminf Jn(q},) < limsup Jn(g),) < limsup Jk(gi)
m=—00 m—roc0 k=00
< limsup Ji(@1) = J(q) V ¢ € Quo,
=00
which indicates that ¢* = ¢¥_ is the unique minimizer of the problem (4.1)-(4.2).

Then the whole sequence {g; } converges weakly to g%,. Moreover, the choice ¢ = ¢*
in the above estimate yields equality "}gn TIm (@) = Joo(q*) = inf Joo(Qoo) and
(o ]

it follows that kl-i_)m Ji(gx) = inf Jo(Qoo) for the whole sequence {g;}. Similarly,
(o o)
the strong convergence in (4.8) also holds true for the whole sequence {uj(qf)}.

These two facts guarantee that klim lgtll2 . = llg%ll2 ., which, along with the
—00 R 4 EE 2
weak convergence, implies the strong convergence. a

As in the continuous case, after we introduce a Lagrangian multiplier po, € Vi to
relax the constraint (4.2), the minimization problem (4.1) is recast as a saddle-point
problem of the following Lagrangian functional over Voo, X Voo X Qoo

LC - 1 2 ,3 2
(tow:Poos @) = 5 lico = 2l r, + S lali
= &(Uoo; Poo) + (f, Poo) + (YUa) Poo)ra = (€ Poo)T:-

The minimizer g, of (4.1) and the related state u}, are determined by the following
system:

(411) a’(u;ov ¢) = (f1 d’) + (7“0,1 ¢)Fa - (Q;o7¢)l"; v ¢ € VOOa
(4.12) a(pse,v) = (uy — 2,v)r, Vv €V,
(4.13) (Bg3 — Do W)r; =0 VW€ Quo.

Finally, for the above system, we have the second main result of this section.

Theorem 4.2. Let {Vi x Vir,} be a sequence of discrete spaces generated by
Algorithm 3.1, then the sequence {(uf,pj,qx)} of discrete solutions converges to
(ud,, P2, q%), the solution of the problem (4.11)-(4.13), in the following sense:

(414) g —uglh =0, Ipk —Polli 20, llgk — gSollor =0 as k= oo

Proof. The third convergence follows directly from Theorem 4.1. Then by Lemma
4.2 we obtain the first result. It remains to show the second one. We introduce an
auxiliary problem: Find py € Vi such that

(4.15) (aVPk, Vv) + (vPk, v)r, = (Ui, — 2,0)r, Vv € V.
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2654 YIFENG XU AND JUN ZOU

Combining (2.11) and (4.15) with v = p; — p} and using the trace theorem as well
as the norm equivalence we obtain

(4.16) 2% = pills < Clluk — ucolla-

On the other hand, it is not difficult to find that the problem (4.15) is a discrete
version of (4.12). Hence Cea’s lemma gives

(4.17) P50 — Pll1 < C inf [Ip3, — vll1.
vEVL

The desired result comes readily from (4.16), (4.17), the first convergence in (4.14)
and the construction of V. O

Remark 4.1. As a matter of fact, the convergence results in Theorem 4.2 have no
connections with any particular strategy adopted in the module MARK as in the
case of linear elliptic problems [32], [33], [35]. So other marking strategies also work
here; see Section 5.3 for details.

5. CONVERGENCE

In this section, we shall establish the convergence of Algorithm 3.1 in the fol-
lowing senses: (1) the discrete solutions {(u},px,gx)} converge strongly to the true
solution of the problem (2.5)-(2.7); (2) the error estimator 7, converges to zero.
With some properties of adaptively generated triangulations and the error esti-
mator stated in Section 5.1, the proof of our main results is presented in Section
5.2. We will discuss the generalizations of the current arguments to other marking
strategies in Section 5.3.

5.1. Preliminaries. We first introduce a convenient classification of all elements
generated during an adaptive algorithm. For each mesh T, we define [35]:

T =7 and T :=Te\T;.

1>k

So 7?' consists of all elements not refined after the k-th iteration and the sequence
{T:'} satisfies 7,* C T;} for all k > I. On the other hand, all elements in T are
refined at least once after the k-th iteration, that is to say, for any T € T2, there
exists [ > k such that T' € 7, but T £7,4;. Correspondingly, the domain  is split
into two parts covered by 7? and 77? respectively, i.e.,

Q=T uTY) = Qf ud.

We also define a mesh-size function hy : @ — Rt almost everywhere by hy, (z) = ht
for = in the interior of an element T € T; and hg(z) = hr for z in the relative
interior of a face F' € F. It is clear that the sequence {hi} given by Algorithm 3.1
strictly decreases on the region refined by the newest vertex bisection. In fact, we
have the following observations (Corollary 3.3, [35]).

Lemma 5.1. Let x) be the characteristic function of Y, then the definition of T2
implies that

. 0 _ . _
(5.1) A {lhexilloo = Hm [lhkfleo,09 = 0-
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In the subsequent convergence analysis, the sum of %1 1 and nr k2 over Ti will
be split by 7,2 and 7?, and with the help of Lemma 5.1 and the local approximation
properties of a classic nodal interpolation operator [15], we are able to control the
relevant residual in Q9 (see the proof of Lemma 5.3 below). For the remaining part,
we have to resort to the marking strategy (3.3), which implies that the maximal
error indicator in T \ My is dominated by the maximal error indicator in M.
Therefore it is necessary to study only the convergence behavior of the latter.

Lemma 5.2. Let {7k, Vi x Vir,, (us, P}, q5)} be the sequence of meshes, finite
element spaces and discrete solutions produced by Algorithm 3.1 and My the set of
marked elements given by (3.3). Then the following convergence holds:

(52) kllyngoTnelax nTk(ukspkanv f, Uq, Z) =0.

Proof. Let T be the element where the error indicator attains the maximum among
M. As T € My C T2, the local quasi-uniformity of 75 and Lemma 5.1 show that

(5.3) |Dg| < C|T| < C||h¢ lloo, o >0 ask—oo.
By means of a trace theorem, the inverse estimate and the triangle inequality, we

can estimate the error indicator 7z, : (nT pat n% . 2)1/ 2 as follows:

nf,k’l(uk»%,f» Ug) < C("uk"l,Df + hf”‘lk"gyafnp +hZ ||f|| =+ hallua2 oFnr.)
< Cllux — uioll} + llugollf oy + llgk — qoollo Ts
+hill @l o7inp, + REIFIS 7 + hlluall} o7ar.)
7IT K, 2Pk Uk, 2) < C(lIpkll3, b+ llukll3, ps T hT||z||0 oFr,)
< C(lIpk — Pooll? + IPSlI3 b + lluk — uiol?
+llugoll? oy + hall2ll} ozar,)-
Now the result follows from (4.14), (5.3) and the absolute continuity of || - ||; and
Il - llo,r with respect to the Lebesgue measure. O

Remark 5.1. By inverse estimates we can deduce the following stability estimates
for any T € Ty:

(5:4) nrk,1(uks gk frua) < Clluilly,or + lgkllo.orars + I fllor + lluallo,orar. ),
(5:5)  mrk2(Pk, uk, 2) < C(lIPkll,or + l1uklls,or + ll2ll0,6rnr,)-

Remark 5.2. From the proof of Lemma 5.2, we know that the maximum strategy
(3.3) in the module MARK is not utilized. Therefore this lemma is valid also for
other markings.

5.2. Main results. Now we turn our attention to the main results of this work.
It is not difficult to know that once we can prove the solution triplet (u%,, pl, a5 )
to the system (4.11)-(4.13) is the exact solution triplet (u*,p*,¢*) to the system
(2.5)-(2.7) in some appropriate norm, then our expected first convergence result,
namely the sequence of discrete solutions {(u},pj,q;)} generated by Algorithm
3.1 converges strongly to the true solution of the problem (2.5)-(2.7), will follow
immediately from Theorem 4.2. To do so, we shall first show the two residuals
with respect to u} as well as p} have weak vanishing limits for u%, and p, (see
Lemmas 5.3 and 5.4). It is worth noting that compared with the case of the direct
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2656 YIFENG XU AND JUN ZOU

boundary value problems, the inverse problem under consideration involves a major
difficulty, i.e., u* and u}, are determined by different fluxes ¢* and g7, respectively.
To overcome the difficulty, we define an auxiliary pair (u(g% ), p(g%)) through (2.5)-
(2.6) with ¢* replaced by ¢%,. Then we will show that the pair (u(g%,),p(g%)) is
the same as the limiting pair (u%,, p%,)-

As stated above, the first two residuals with respect to uj(g;) and pi(qj) are
defined by

(R(u}), 8) := (£, $) + (e, )r. — (af D)r: — aluf, @) ¥ ¢ € HA(R),

(R(pi),v) == (uf — z,v)r, —al(pk,v) VveHY(Q)

Since {q; } is a converging sequence of minimizers by Theorem 4.1, it is uniformly
bounded in L%(T;), so are {u}} and {p}} in H'(2) by means of (2.10) and (2.11).
Thus, we know {R(u})} and {R(p;)} are two sequences of uniformly bounded linear
functionals in H(2)’, namely there exist two constants independent of k such that

(5.6) IR(uilzr @)y < Cunt,  IR(PE)Er @) < Cune.
In addition, we can easily observe from (2.10) and (2.11) that
(5.7 (R(ug),v) =0 and (R(pg),v)=0 VoveV.

Using these relations, we can establish the following weak convergence.
Lemma 5.3. The sequence {(uj,pk,qs)} produced by Algorithm 3.1 satisfies
(5.8) lim (R(uf),¢) =0, lim (R(p}),4) =0 Vo€ H'(Q).

k—o0 k—o00
Proof. We prove only the first result by borrowing some techniques from [35], as
the second convergence can be done in the same manner. We easily see that 7;"' C
Tt C Tx for k > I. This implies Q) = Q(Tx \ T;%) := U{T € Tx,T ¢ 7,1} and
any refinement of 7x does not affect any element in 7;*. Now we set Q} := J{T €
T, TN QY # 0} and QF := U{T € T, TN Q;f # 0}, and write Iy and I{* for
the Lagrange and Scott-Zhang interpolations, respectively, associated with Vi [15],
[34]. Then for any ¥ € C*®(f2), we can derive for w = ¢ — Ixy) € H*(Q) by using
the orthogonality (5.7) and elementwise integration by parts that

(R(ui), ¥)| = [(R(uh), ¥ — L] = [(R(up), w - I¥uw)|
<C Y nrralubai frua)l$ — Il or

TeTx
(5.9) =C( > nrkauh, @ frua) Y — Iktlyo,
TET\T,*
+ Y mrka(uks gy frua) 1Y = Ikvlly,pg) -
TeT*

Using (5.4) and the uniform boundedness of ||u} |1 and ||gf|lo,r;, we have
(5.10)

* 1/2 * * ~
(Y. bk, frua)) /2 < Cllugll + llgkllo.r, + I £llo + luallr,) < &,
TeT\T;*
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where C is independent of k. Furthermore, we can apply the local interpolation
error estimate for I [15] and the monotonicity of the mesh-size function hj to
obtain
(5.11)

¥ = Iewllva; < Cllulloosaz ll2: (19 = Tetblly gx < Clibtllog g 9112 < Clil-

Now it follows readily from (5.9)-(5.11) and the local quasi-uniformity of 7; that
for any k > I,

(512) |[(R(ue), ¥)| < Calllalibilloo,g + Colllla( Y e (uk. gk £rua) 2.
TeT*

To proceed with our estimation, we can choose for any given € > 0 some sufficiently
large | by using Lemma 5.1 such that

€

5.13 h < ———.

( ) I l"oo,ﬂ? = 2C1|[%]

In addition, the marking strategy (3.3) and Lemma 5.2 ensure that

lim max Uy, Pr, qx» frUa, 2) < lim max Up, Pr, Gy frUa, 2) =0
k—)OOTEﬂ;\MknT’k( k’pkan’fa a) )_k—)ooTEMknT’k( k)pk7Qkafa ay ) 3

which, together with 7;* N My, = 0, implies

lim max UT,k(UE,PZ,QZ, fa ’Ll.a,Z) =0.
k— o0 TE?T"

Therefore, we can choose K > [ for some fixed I such that when k > K,
(5.14)

. .
max 17 k1 (uk, @5, frta) < max nrk(ul, bt ab, ) tay 2) < —————| 77|73,
T€7;+nT 1( k’Qkafa a) TE77+7’T ( k)pk)qk,f, a) ) 202“,¢'"2| l |

Then we can see from (5.12)-(5.14) that (R(ux), ¥) is controlled by € for any k > K
and ¥ € C>*(Q), i.e, ‘

(5.15) lim (R(u}),¥) =0 V¢ e C>().
k—oo
This gives the first convergence in (5.8) by the density of C*() in H(Q). O
Remark 5.3. One may see from the second estimate in (5.14) that for a fixed I,
(516) khm nk(u;’pi’q;,fvua’z’ﬁ-") =0.
—00
This observation will be used in the subsequent proof of Theorem 5.2.

Lemma 5.3 yields a important direct consequence. Indeed, we know from (4.14)
that for any ¢ € H*(Q) and v € H(9),

(R(u;o)’ ¢) = (fa ¢) + (’)"U,a, ¢)F¢ - (Q;o’ ¢)Fi - a(u:ov ¢) = kli)nolo(R(ui)’ ¢> ’
R0 = (=29, - alple,) = Jim (R(pD)0).

Then the application of Lemma 5.3 leads readily to the following results about the
vanishing residuals associated with u? (g% ) and p% (qZ).

Lemma 5.4. The solution of the problem (4.11)-(4.13) satisfies
(5.17) (R(u),9) =0 and (R(p%,),4)=0 V¢e€ H(Q).
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2658 YIFENG XU AND JUN ZOU
To continue our analysis, we now introduce two auxiliary continuous problems.
Find u(q?,) € H}(R?) and p(q%,) € H(R) such that

(5.18) a(u(¢),4) = (f,4)+ (Ve d)r, — (¢, P)r. V¢ € H(Q),

(5.19) a(p(es),v) = (u(gk)—zv)r, YveH (Q)

Lemma 5.5. For the solution (u%,,p%.,q%,) of the problem (4.11)-(4.13) and the
solutions u(qZ,), p(q,) of the problems (5.18) and (5.19), it holds that

(5.20) us, =u(gh) and pi =plgs) in H'(Q).
Proof. The Poincaré inequality, (5.18) and Lemma 5.4 yield that

Cllu(gs) — usolli < sup a(u(gs,) —us, 4) = sup (R(ug),¢) =0,
il =1 llgll:=1

so the first equality is proved. Then the second equality in (5.20) follows from the
first result, (5.19) and the following estimates:

Clip(g%) — Poo ()1 £ sup a(p(gs) — Poo, )

llvlla=1

= sup {(u(q;o) - 2,9)r, — a(p:o,'v)}

Jlvlla=1

= e { (w56 (g5) = 2,v)r, — a(ps,v)}
v =

= sup (R(pL),v) =0. O
[lvlla=1

Now we are ready to present the first main result in this paper.

Theorem 5.1. Let (u*,p*,q*) be the solution of the problem (2.5)-(2.7). Then
Algorithm 3.1 produces a sequence of discrete solutions (uy, pf,qf) which converge
to (u*,p*,q*) in the following sense:

21)  lim fJu* —ulfy =0, lim [lp* —pili=0, lim ||¢* - gillor, =0O.
(5:21)  lim flu* —uily =0, lim [[p* —pill =0, Lim |lg" —gillor. =0

Proof. We first show ¢* = ¢, which together with Theorem 4.2, leads to the third
convergence. By means of the definition of @, in Section4, the trace theorem and
the density of |J;q Vi in Vi, it is not difficult to get pi|r, € Qo. Then there
exists a sequence {px} C Uk>o Vi such that py — pZ, in H!(Q), which together
with the trace theorem, allows

pklr, = peolr;  in Lz(ri)'
Thus we have from (2.7) and (4.13) that

(5.22) Bg* =p*, B¢, =pi, on T,

On the other hand, we deduce from (2.5)-(2.6) and (5.18)-(5.19) that
(5.23) a(u(gs,) —u*,9) = (¢* — g%, d)r, Vo€ H'(Q),
(5.24) a(p(g,) — p*,v) = (u(g) — u*,v)r, VveH (Q).

By taking ¢ = p(q},) — p* and v = u(g},) — u*, respectively, in (5.23) and (5.24),
we derive

lu(gd) — w*lIg.r. = (¢" — @5, P(a%) — P*)r.-

This content downloaded from 137.189.49.142 on Fri, 02 Dec 2022 08:27:27 UTC
All use subject to https://about.jstor.org/terms



CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT METHOD 2659

With (5.22), we are further led to
(5.25) Bllg* — g% lIg,r. + llulaZ) — w3 r,
=(¢" = 6%, 89" — B3, + P(5,) — P*)r,
= (4" — 95, P(950) — Poo)r: < llg" = @ollo,r:lIP(a%) — Pollo,rs
which, together with the second equality in (5.20), implies
lg* = g llor, < B7MlIp(a%) = Piollor: < CB7 Ip(g%) — Pillr = 0.

So the last convergence in (5.21) holds thanks to Theorem 4.2. Moreover, it follows
directly from (5.23) that

(5.26) u(gk) =u* in HY(Q).

Now the first convergence in (4.14) and the first equality in (5.20) yield the first
result in (5.21), i.e., uf — ul = u* in HY(Q) as k —» oo. Similarly, we can
show, using (5.24) and (5.26), that p(g%,) = p* in H'(Q2), then the desired second
convergence in (5.20) follows from Theorem 4.2 and Lemma 5.5. g

With the help of Theorem 5.1 and the local efficiency (3.2), we are ready to
establish the second main result of this paper.

Theorem 5.2. The sequence {nk(uy, Pk, qk, f,Ua, 2)} of the estimators generated
by Algorithm 3.1 converges to zero.

Proof. We split the estimator for k¥ > | as in the proof of Lemma 5.3 such that
(5.27) 17Uk Phr @8 o Uas 2) = MR (uk, Ph, Gs frUas 2, TR \ T})
+ R (uk, F Gy s 2, T,

It follows from (2.10)-(2.11) and the strong convergence of {g;} that ||ugl|1, ||Pkll1
and ||gx|lo,r; are all uniformly bounded above by a constant Cgtep. Summing up
the lower bound (3.2) over all elements in 7% \ 7;, we obtain

ﬂ%(ui»pz, QE, fa Ug, 2, Tk \ 7;+)
<C Y (Iu = w3 + 0" = Pil3r + " = a3 0mrr,
TeT\T;*
+osc2(f,wr) + osc? (u, g}, OT) + osc (p}, uf, OT))
< C(llu* = w2+ llp* = phI2 + la* — ail12
+ max  hr(IfI3+ lualr, + i3 r, + ezl + 222 + a3 5,)),
TeT\T,

< C(llu* = will? + llp* — pill§ + llg*" — aili3 r,
+_max_hr(IfI3 + luallf r, + 213 r, + Clan)),
TEeT\T,

where we used the facts that fr, Jp,; and Jpo are the best L2-projections onto
constant spaces and hr < Chr for any F' € 8T N Fx(T'). To complete the proof,
we recall that maxper \ 7+ hr < ||hillo,00 — 0 as I — oo by Lemma 5.1 and the
monotonicity of hx, and the convergences in (5.21) and (5.16), hence we can require
two terms in (5.27) to be smaller than any given positive number once we fix a large
[ and choose k sufficiently large. O
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5.3. Generalizations to other marking strategies. In this section we shall
extend the convergence results of Algorithm 3.1 established in Section 5.2 above
to the cases when the marking criterion (3.3) in Algorithm 3.1 is replaced by three
other popular marking strategies, i.e., the equidistribution strategy, the modified
equidistribution strategy and the practical Dorfler strategy.

By carefully reviewing the previous analysis, it is not difficult to discover that
Theorems 4.1 and 4.2 and Lemmas 5.1 and 5.2 are all independent of any specific
marking strategy, and the maximum strategy (3.3) is only used in the proof of
Lemma 5.3 for the condition

(528) Teg'la\xM nr, k(uk,pkn qk’ f, Ua, Z) < nela‘x nr, k(uk)pka Qk, f’ Uq, Z)
to hold. Therefore, it suffices for us to check whether condition (5.28) is satisfied
also by the aforementioned three strategies.

The equidistribution strategy. Given a parameter § € [0,1] and a tolerance
TOL, this strategy selects a subset My of all such elements T' € Ty to mark, which
satisfies

(5.29) Mz (Uk» Pis Qs fr Uy 2) 2 0 TOL/A/|Ti-

In practice, if ni(uf, Pk, @k, [, Ua, 2) < TOL, the adaptive algorithm is terminated.
It is easy to verify that whenever n(uj, Pk, g5, f, Ua; 2) > TOL the element with
the maximal error indicator is always included in M}, according to (5.29). Hence,
(5.28) holds for the equidistribution strategy. Then arguing as in Theorem 5.2 for
the case of the maximum strategy, we have the following similar conclusion.

Theorem 5.3. Let (u*,p*,q*) be the solution of the problem (2.5)-(2.7)
and {(uy,pf,q;5)} a sequence of discrete solutions produced by Algorithm 3.1 with
(5.29) in place of (3.3) in the module MARK. Then for a given tolerance TOL, the
following inequality holds after a finite number of iterations:

(5.30) Mk (uk, Pks Gk frUa, 2) < TOL.

The modified equidistribution strategy. Given a parameter 6 € [0,1], this
strategy selects a subset M, of all such elements T € T} to mark, which satisfies

(5.31) N (We> Pir Gho» fr Uas 2) 2 OMkc(uk, Dk, O [r Uay 2)/V/ | Tl

With this marking strategy, the convergence results (5.21) and Theorem 5.2 still
hold true for Algorithm 3.1 since we may easily observe that the modified equidis-
tribution strategy satisfies (5.28).

The practical Dorfler strategy. Given a parameter § € (0,1], this strategy
marks a subset My, of elements in 7y that satisfy

(5.32) M (Uk, Pks @iy fr Ua, 2, M) > Oy (uk, Dk, Gk, £, Uas 2),
(5.33) Tlgln 01,k (Uk, Dk, Gk fr Ua, 2) >TenTla\xM 01,k (Uk, Dk> Gk » [r Uas 2)-

We can easily verify that (5.33) ensures the condition (5.28), so the convergence
results (5.21) and Theorem 5.2 still follow.

This content downloaded from 137.189.49.142 on Fri, 02 Dec 2022 08:27:27 UTC
All use subject to https://about.jstor.org/terms



CONVERGENCE OF AN ADAPTIVE FINITE ELEMENT METHOD 2661

CONCLUDING REMARKS

We have investigated a new adaptive finite element method for the distributed
flux reconstruction proposed recently in [24]. It has been demonstrated that as the
algorithm proceeds the adaptive sequence of the discrete triplets generated by the
algorithm converges to the true flux in L2-norm, the true state and costate variables
in H'-norm and the relevant sequence of estimators also has a vanishing limit. The
latter guarantees that the adaptive algorithm may stop within any given tolerance
after a finite number of iterations. For the sake of convenience, convergence results
are established in the case of the maximum strategy in the module MARK and then
extended to other more practical marking strategies.

In the course of the convergence analysis, we have employed some techniques
from nonlinear optimizations to derive an important auxiliary result: the sequence
of adaptive triplets generated by the algorithm converges strongly to some limiting
triplet. We believe there exist similar results for other inverse problems in terms
of output least-squares formulations with PDE constraints, so we may follow the
same line to study their related AFEMs.

The convergence theory developed here may be extended to some nonlinear in-
verse problems such as the reconstruction of the Robin coefficient on an inaccessible
part of the boundary from some accessible boundary measurement data on the basis
of an adaptive finite element method.
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