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A GRADIENT METHOD APPROACH TO OPTIMIZATION-BASED
MULTIDISCIPLINARY SIMULATIONS AND NONOVERLAPPING
DOMAIN DECOMPOSITION ALGORITHMS*

QIANG DUT AND MAX D. GUNZBURGER?

Abstract. It has been shown recently that optimization-based nonoverlapping domain decom-
position algorithms are connected to many well-known algorithms. Using a gradient-type iterative
strategy for the optimization problem, we present further discussion on how to develop various algo-
rithms that can integrate subdomain solvers into a solver for the problem in the whole domain. In
particular, the algorithms we discuss can be used to develop efficient solvers of multidisciplinary prob-
lems which are constructed using existing subdomain solvers without the need for making changes
in the latter.
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1. Introduction. Domain decomposition is a realization of the divide and con-
quer strategy in which one attempts to treat a (computationally) intractable prob-
lem by replacing it by two or more simpler problems, each of which is presumably
tractable. In particular, domain decomposition methodologies provide an effective
means of introducing parallelism into problems which may not exhibit obvious, inher-
ent parallelism.

The decomposition of problems based on a division of the computational domain
into two or more subdomains is useful in two contexts. First, one may introduce
(often artificial) subdomains and then define problems over the subdomains which,
when solved repeatedly through an iterative procedure, yield practically the same so-
lution as that of the original problem. Such algorithms have been studied extensively
in the past decade; see, e.g., [1, 3, 6, 7, 8, 9, 15, 20, 21, 23, 32, 33]. On the other
hand, a domain decomposition methodology can also be viewed as an integrator of
subproblem solvers in a complicated system; see, e.g., [24, 38, 39]. Specifically, we
have in mind problems where the subdivision into subdomains occurs naturally, re-
sulting from changes in the mathematical models from one subdomain to another.
In the simplest realization, we merely have different data in the model equations in
the different subdomains. For example, we could have a wave propagation problem
or a heat transfer problem wherein the media properties, e.g., the speed of sound
or the diffusion coefficient, respectively, are piecewise continuous. In more compli-
cated settings, we have completely different model equations in the different subdo-
mains. For example, for aeroelastic problems, fluid dynamics equations in a flow
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domain are coupled with structural dynamic equations in an elastic body, e.g., an
airplane, immersed in the fluid. It is perhaps for this last type of setting that the
algorithms we discuss in this paper are most relevant and useful, especially when mul-
tidisciplinary simulations are merely an ingredient of a multidisciplinary optimization
(MDO) problem. Specifically, one has available satisfactory subproblem solvers, e.g.,
a computational fluid dynamics (CFD) code for the fluid simulation and a linear elas-
ticity code for the structural simulation. One then wants to use these existing codes
in an efficient manner to solve a coupled fluid-structure interaction problem such as
the response of an airfoil to wind gusts. By efficient we mean not only in terms of
computational storage and CPU costs, but also in human programming effort and
time.

Domain decomposition methods are characterized by two features which in fact
serve to define specific methods. First, one must define the subdomain problems. The
only aspect of their definition that is not obvious is the coupling conditions between
solutions in the different subdomains. It is through these coupling conditions that
one ensures that the solution of the subdomain problems are indeed solutions of the
original problem. Here, we define the coupling conditions through an optimization-
based strategy. (The idea of using optimization-based domain decompositions has
been discussed in [15, 17, 22, 27, 28, 29]. The specific approach we follow here is
related to that of [17, 27, 28, 29].) The second feature that characterizes domain
decomposition methods is the iteration strategy used to update the data of the sub-
domain problems in terms of the solutions in other subdomains. Here, we examine a
gradient method—based update strategy. Our discussion is based on a simple model
problem; this is largely done for the sake of keeping the exposition simple. Most of
what we say extends in an obvious manner, especially from an algorithmic viewpoint,
to more complex and realistic problems.

The class of methods we study falls under the general framework of generalized
substructuring or nonoverlapping domain decomposition methods. These methods
have a long history in the mathematical and engineering literatures; see, e.g., [1, 30].
It is shown in [17] that the optimization-based approach employed here recovers many
known substructuring methods and also defines some new methods. The methods
discussed here may also be viewed as interface relazation methods; indeed, some of
the methods are related to those discussed in [38, 39].

The rest of the paper is organized as follows. We first present the model problem,
then we present the more detailed theory using Neumann data as the control variable,
followed by its finite element discretization. We then consider the Dirichlet control
case. We also discuss how to modify the theory when an interior subdomain is present.
Finally, we discuss the generalization to nonlinear problems such as the Navier—Stokes
equations.

1.1. The model problem. To better clarify our presentation, let us consider
a simple model problem, namely, the Poisson equation with a piecewise constant
coeflicient along with homogeneous Dirichlet boundary condition

(1.1) —div (aVu) =f inQ and u=0 onT,

where  is a bounded, simply connected domain in R™ with Lipshitz boundary I". In
the simplest case, () is partitioned into two simply connected nonoverlapping subdo-
mains Q1 and Qo, so that Q = Q1 U Qs and we assume that a = a; > 0 on §; for
1 =1,2. This is in fact an interface problem and the interface between the two subdo-
mains is denoted by I'g so that Ty = Q1N Q. Let I'1 = Oy NT and T'y = QN (See



OPTIMIZATION-BASED DOMAIN DECOMPOSITION 1515

2

Fic. 1.1. The domain Q2 divided into two nonoverlapping subdomains.

Figure 1.1 for a two-dimensional example.) Regularity conditions on the interface T’y
will be assumed later.
Let a pair of functions uy, us satisfy the given equations in the subdomains:

(1.2) —a;Au; = f  in Q; and u; =0 only fori=1,2.

In the standard setting, to piece u; and ug together to form the solution of (1.1), we
need the interface conditions

(1.3) uy =us =\ onl)y,
8u1 8’&2
1.4 — = —y—— = T.
( ) a any a2 s g only
Here, nq and ny are the unit outward normals of €; on I'g so that n; = —ns.

For (A, g) defined over suitable function spaces and for the solutions (u1,us) of
(1.2), an energy functional J can now be defined such that its minimizer (u1, ug, A, g)
corresponds to those subdomain solutions that satisfy (1.3)—(1.4). Some equivalence
property must be satisfied by J. In light of the interface conditions (1.3)—(1.4), it is
natural to have the following property.

EQUIVALENCE PROPERTY 1.1. There exists a unique solution u to the problem

(1.1), and
y

is the unique minimizer, over suitable function spaces of the functional J(uy,us, A, g)
subject to (1.2).

The above equivalence property implies that solving the minimization problem
minimize J(u1,uz, A, g) over uj, uz, A, and g in suitable spaces, subject to (1.2), is
formally equivalent to solving the original problem (1.1).

There are more general forms of 7 for various types of interface conditions; there
are even many choices of the functional J for (1.3)—(1.4). For example, in the case
a1 = ag, given a constant 6 > 0, the functional

2
N

with appropriate Hilbert spaces X; and Y; equipped with norms || - ||x, and || - ||y,
(i = 1,2), respectively, was used in [17]. For the above functional, taking § = 1,
X, = L?(Ty), and enforcing additional constraints that A = uy, a;0u1/dn; = g, and
as0us [Ong = —g, we get

(1.5) T (u1(9), u2(9), 9) = luz — w[lg r,

ou

{u|91vu|927uFoa ale - = a28n2

2

1
jé(’l,tl,UQ,)\,g) = § Z {6||ul - )\||,2X1 + ’

i=1

8ui
a;
! 8774

+(-1)'g
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where || - [[x = || - [lo.r, is the standard L? norm on I'y. This is the functional used
in [28] for the case a1 = as. There, an additional penalty term was incorporated to
assure the bounds on the data; we show later that this is not necessary.

The above-defined functionals satisfy the equivalence principle given earlier, and
we call the minimization problem the least squares approach [28]. There are many
possible choices for the functional, depending on the choices of norms (or constraint
spaces) for the variables. Let X be a function space for A and Y be a function space
for g. To illustrate the choices, we use H™(Q), H*(2), and H*(I') to denote the
standard Sobolev spaces and the trace spaces and also define

HE () ={ve HY(Q) : v=0 on Ty}, Hy)*(To) = {v[r, : ve HIQ)}.

The connection of the optimization-based approach with some well-known meth-
ods studied in the literature has been made in [17]. For a simple alternating domain
approach for solving the minimization problem, it was shown in [17] that the choice of

X = Héé *(Ty), Y = H-Y/2(Ty) leads to the well-known Dirichlet-Neumann alternat-
ing methods [9, 16, 35, 36, 37, 41], while the choice of X = L?(I'g), Y = H~'/2(I'y)
or X = 362(1"0), Y = L*(T) leads to a well-known method analyzed in [34] that
uses a Robin-type boundary condition for subdomain problems; see also [1, 14]. The
choice X =Y = L?(T) used in [27, 28, 29] leads to a new algorithm.

The alternating domain approach may not be the most efficient minimization
strategy in practice. In [27, 28, 29], gradient-type methods were considered, but only
with the choice comparable to X =Y = L?*(Ty) for the functional (1.5). We shall
discuss various generalizations of the studies given in [27, 28, 29] and also discuss
the case where no penalty term is added to the functional. The generalizations allow
us to derive other methods, some of which have been examined by various authors
[2, 15, 22, 31, 39], and to obtain some new features of those methods.

1.2. Features of the optimization-based framework. The optimization-
based framework considered here offers the some advantageous features for integrating
solvers for the subdomain problems in the multidisciplinary setting. First, we have
the choice of solving specific types of boundary value problems in the subdomains.
For instance, if for some technical reasons, the subdomain solvers can only deal with
Neumann-type (fluz-like) boundary conditions on the interface, then we have the
appropriate choice of control variables and the spaces to be used. Different choices
might be more suitable if Dirichlet-type boundary conditions on the interface are
preferred by the subdomain solvers. Second, the integration of subdomain solvers
can be completed with mismatched (or nonmatching) grids in the subdomains and
different discretizations, and error estimates (usually of optimal order) can still be
derived. Third, interior subdomains are allowed with slight modifications to take
into account solvability conditions. Fourth, unlike most multidisciplinary simulations
algorithms in use today, the algorithms discussed here can be implemented so that the
individual disciplinary problems are solved in parallel. Of course, the generalizations
given here have the promise of wide applications in cases with multisubdomains and
for nonlinear equations (see [28, 29] and later discussions in section 6 for the case
of the Navier—Stokes equations). For the sake of clarity, in this paper, we focus our
discussion mostly on the model equations and the two nonoverlapping subdomain case.
The ultimate goal is, naturally, to be able to treat both small and large numbers of
subdomains, and this will be pursued in future research.
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1.3. Notation. Before proceeding to more detailed discussion, we define some
technical terms. With proper assumptions on the boundary, it is known by inter-

polation theory that He*(To) = [H§ (Do), L?(Lo)]1 /2. For any 6 € H)/?(Ty), the
Steklov—Poincaré operators S; from Héé *(Tg) to H-1/2(Iy) are defined by

8101'
ani

Si(0) = a;

on Fo,

where {w; = R;(0), i = 1,2} are the harmonic extensions defined by
—Aw; =0 in Q;, w; =0 onT}y, w; =60 onTy.

We let § = §1+S,. We assume proper regularity of the boundary I' and the interface
Ty [25], so that both S;, Sz (and consequently S) and their inverses are bounded.
The Steklov—Poincaré operators are self-adjoint positive definite operators, and they
have been used frequently in the studies of the domain decomposition methods. Its
discrete matrix analog is the Schur complement [9].

2. Domain decomposition algorithms via Neumann control. We now
study gradient-type methods for iteratively solving the minimization problem. Let
H be a Hilbert space equipped with an inner product (-,-)g and J be a continuous
functional on H which is Fréchet differentiable. Let J’ be the Fréchet derivative, i.e.,
(J' (), w)g = (dT (v+ew)/de) |e=o. The gradient-type iteration is given by choosing
some appropriate sequence a,, > 0 and setting

Un4+1 = Up — anjl(’l)n).

To apply a gradient method, we must identify the independent variable which we
wish to use since, by compatibility, for any i = 1, 2, the interface data \; and g; cannot
be chosen independently. We follow [28] by first considering g as the independent
control variable. More precisely, letting X, Y be two Hilbert spaces, we have

Min  J(g) = [lus — u2[l%
over g € Y and uq,us that are subject to (1.2) and (1.4).

Note that, in the abstract setting, the minimizer g satisfies a linear Euler-Lagrange
equation and the gradient-type iteration corresponds to the weighted Richardson
method for the linear equation of g.

We consider here the choices X = L?(T) and X = Héé2(1“o), along with ¥ =
L?*(Ty) and Y = H~'/2(I'y). Notice that for the discrete case, we may use discrete
mesh-dependent norms.

For convenience, we define operators P and Q by

(2.1) (v,w)x = (v,Pw)or, Vov,welX,

(2.2) (v,w)y = (v, Qw)or, Yv,wey,

where (-, -)o.r, denotes the standard inner product in L?(I'g). We can get the Fréchet
derivative by

(T'(9), Qu)or, = (T (9),v)y = (us — uz, P(S;t + Sy )v)or, VYgveY.
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Thus, viewing u; and wuy as functions of g, we have on I'y,
J'(9) = Q7 HST + S )P(ur — ua).

Then, the gradient-type iteration is given by

(2.3) gn+1 = gn — T (gn)-

One easily obtains the following result.
THEOREM 2.1. Given ay, > [ > 0, if the iteration (2.3) is convergent and

u|q,= ”1220 Uim for i=1,2,

then u is the solution of (1.1) on the whole domain Q.
Let e, = g, — 9u . then

Tm’
ent1=[I —a, @ (ST + Sy HP(STH + 857 en i=N(an)en

As a result, we obtain the following convergence criterion.
THEOREM 2.2. The algorithm (2.3) is convergent if and only if, for any e,

(2.4)

—0 as n— o

H N(ax)eo
k=1

in some suitable norm and with some suitably chosen sequence {cuy,}.

2.1. Example 1. We first consider the case discussed in [28], X =Y = L%(T).
An additional penalty term is used there. In the limit when the penalty term goes to
zero, the algorithm in [28] is a special case of (2.3) with the above choice of spaces,
which corresponds to P = Q = I, the identity map. Thus the iteration is given by

Gt = g — (ST + S — up) |

Implementation can by given by first solving for u" € H}((Q;) (i = 1,2) from

—a; Aul = f in Q,
(2.5) ou” i1
@iz = (=1)""g, on Io.

Then, we solve for A} € H};(;) (i = 1,2) from

AN? =0 in Qi
z?ﬁ“ =(-1)"(uf —uy) on Ty

We then can update the iteration according to
(2.6) Int+1 = gn T an(A] = A3) .
For convergence, we have the error equation e,1 = N(ay)e,, where
N(ap) =T —an(S;t+8,1)2.
To show convergence, let us rewrite the error equation as

2] — an(S7 +851)2](€n+1 —en)+ (Sfl +85 ) (ent1 +en) =0.
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Taking the inner product with e, 11 — e,, we get

2||(en-|-1 - en)| (2),F0 - an”(sl_l +82_1)(en+1 - en)H(zJ,FO

HIST + Sy Dentallgr, = (ST + 83 Denlld r,-
Since for any g € L*(Ty),

1S+ 85 Dglloro < el(STH+ S5 Ngllgz < cllgll-12 < cllgllo,ry.

if we take
6> sup (St + S5 gllo,ro
g€L2(To) llgllo,ro
and if for all n, we choose
2

then we get as n — oo
én+t1 —€p — 0 in L2(I‘0).
Consequently, the error equation gives
(S;t+8,M2%e, — 0 in L*(Iy).
On the other hand,
len+1lld.r, = llealld.r, — 20nll(ST" + S Henlld r, +anll(ST + S enlld r,

_ _ 2
IS +57 Pealor,) ] _

Qn

= lleall3,r, — 20151 + 85 enl r, [ - (

(ST + 82 Denllor

n

Under the condition on a,,, we see that ||e,+1]lo.r, < llenllo,ry, €., € is uniformly

bounded in L?(Ty). Therefore, from the above convergence, we get
en — 0 weakly in L*(Ty) and thus e, — 0 in H*1/2(F0).

THEOREM 2.3. The gradient-type algorithm (2.6) is convergent for any e and
for any sequence {ay,} satisfying (2.7).

2.2. Example 2. We now consider X = Hy/*(T'p) and Y = H~1/2(Ty). There
are some choices for the norms. We consider, for example, that P = Sz and Q = S, 1
i.e., the iteration is given by

Gnt1 = Gn — nS1(Syt + S5 H)Sa(uf —uy) on Ty.
Equivalently, we have
Gnt1 = gn — an(S2 + S1)(uy —uy) on Ty.
So, the implementation is to solve first (2.5), then solve

AG=0 in Q,
Q‘ =0 on Fi,
G =ul —uy on I';,
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and update by
0
(2.8) In+1 = gn — Qn 0417 +as7—

As for convergence, one may derive a well-known geometric convergence result
based on the error equation e,11 = N (ay)e,, where

N(an) =T —an(S1+8) (St + 8.

THEOREM 2.4. There exist two constants a, and o such that for any eq and for
any sequence {ay,} satisfying

(2.9) 0<ay <a, <o,
the gradient-type algorithm (2.8) is geometrically convergent.
We omit the details here.

2.3. Example 3. We now consider X = Hé({2(1“0) and Y = L?(Ty). There are
some choices for the norms. We consider, for example, that P = (S;! 4+ S;*)~! and
Q = I; that is, the iteration is given by

ni

(210) In+1 = Gn — an(ul ug) on FO?

where v} and u} satisfy (2.5).

This iteration has been studied in [15] with the use of the Lagrange multipliers
formulation for saddle point-type problems and Uzawa’s algorithm. For convergence,
we have the error equation e,11 = N(ay)e,, where

N(an) =1 —an(S;t+85h).
Using properties of the Steklov—Poincaré operators, we know that if

(gv (Sfl + Sgl)g)O,I‘o

6> sup 5 ,
geL2(To) ||9||0,F0
and, for all n, we choose
2
(2.11) 0<pf<a,< 5

then we have the following result.
THEOREM 2.5. The gradient-type algorithm (2.10) is convergent for any ¢° and
for any sequence {ay,} satisfying (2.11).

3. Discrete implementation via Neumann control. Let us first define some
bilinear forms; for i = 1,2, V u,v € H}(Q;),

ai(u,v):ai/ Vu - Vv dS;.
Q.

7

We also use the following notation for the inner products:

(u,v)i:/ uv d); and (U,U)O)FO:/ uv dl.
Q To

k3
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Let V", V" denote finite element spaces such that V;» € Hj ,(€;) for i = 1,2. We
assume that the usual approximation properties hold, i.e., for i = 1, 2,

inf |lo—2o"|, -0, ash; —0
vh,E‘/'ih,

for any v € H&,i(Qi), and there exist an integer k£ and a constant C' such that

inf [lv— 0", < Ch|lv]

h n m—+1
vh eV

Vo € Hj () N H™ ()i = 1,2 and 0 < m < k; see [11] and [19]. Here hy, hy are
the mesh parameters for the triangulation of the two subdomains, respectively.

For convenience, let us define some discrete Steklov—Poincaré operators. Let 7/
be the projection operator from the trace space H~'/2(T'y) onto V;* |p,, that is,

(W?(g)avh)ofo = (g,vh)07p0 Vvh € ‘/ih |Fo .

Given the finite-dimensional space B" on Iy, for any ¢" € B” let us define the
discrete harmonic extensions in V;* by

a;(Rlg" vl) =0 Vol € VI nH (),

(Rig") Iro=mi'g".
Then, we define S!*(¢g") € V* |r, by
(SI(g") vioro = ai(R](g"),0p) Vi € V.

If B = VI |r,, then we see that S" is an operator defined from V}* |p, to itself.
Moreover, it is positive definite and its inverse is denoted by S{hl. We also have the

norm equivalence for small h, and u” € V" |,
h(, h hy1/2 h, h h
(SHum), uM % ~ IR0, ~ [0 1/2.r,-

It is also helpful to define some projection operators. Let P* ¢ H'/?(I'y) be a
finite element space defined on the interface I'y with mesh parameter hg with ap-
proximation properties to be given later. For any v € L?(T), let us denote its L?
projection in P" by 7v, that is,

(7", w")or, = (v,w")or, Yw" e P
In the case P" = V! |p,, we denote 7" by 7l for i = 1,2. A few properties of
the projection operators and the discrete Poincaré operators are included here for

completeness. The proof requires that the finite element spaces satisfy the following
type of inverse inequality [11]:

(3.1) " ls.ro < Cihi* 0" llery V0" € Vi [ry, 0<t <5 <1/2.

LEMMA 3.1. For small h;, i = 1,2, there exist generic positive constants cg, c1,
and co, independent of the mesh parameters hy and ho, such that

(3.2) It ullory < llullor, ¥ u € L3(To), i = 1,2,
(3.3) I7hullyjo,ry < collullijor, ¥ ue€ Hoh (To), i =1,2,
||7T£I’LL||_1/2_’FO S C()HU||_1/271“0 V (S LQ(FO), 1= 1,2
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Proof. The inequality (3.2) is obvious. Let R;u be an extension of u in H} (),
such that [|R;ull1,0, < c|lulli/2,r, for some constant ¢ > 0. Define 4! by

a;i(l, o) = a;(Ryu, o) Vol € VI
Using the H? regularity assumption for the Poisson equations in §2; with homogeneous
Dirichlet condition on I'; and Neumann condition on I'g [25], the standard finite

element estimates, and the Aubin—Nitshe lemma [11], we have, when h; is small,

|14} — Riulls., < chf||Riu

1,95 S 2071

for some generic constant ¢ > 0, independent of h;. By the trace theorem and an
interpolation inequality between boundary and interior norms [25], we get

lu =@ llorg < e {Ai%llu— bl g, + Al =it log, | < chi/*|Raull a0,
By the inverse inequality (3.1) and the best approximation property of ﬁfu in L2(Ty),

h ho s h
7l ull1ja,re < llmfu—alll 2,0, + llu = a4l /2,r,

< ch; P |lwhu —allory + llu — a2 j2.r,

—1/2 ~ N
< chy V{20 lu— @l o } + llu— a2l o,

< c|Riulli,0; < collulliyzr,

for some generic constant cg, independent of h;. The last inequality in the lemma
follows from the duality argument. 0

The above results are commonly referred to as “stability properties of the projec-
tion operators,” which were previously investigated in, e.g., [4, 5, 26].

LEMMA 3.2. For small h;, i = 1,2, there exists a generic positive constant c,
independent of the mesh parameters hy, ha, such that for any wl € V' |,

IS w -1 /2m0 < elwflliyzre, IS W ly2r, < clwfll-1yzr,-

Proof. First, for any v € H&éQ(FO), we have

(SPwl,v)o,r, = (8w, wlv)or, = a:;(Ryw], RiTv)o,r,
< c|RIw! 10,

Rimivlla, < w2, 7 vlly2.r,
for some generic constant ¢ > 0. Thus,

Shwhvop
IS ulllajar, = sup  (Sotlone
veHL? (To) []]1/2.r,

7 vll1)2,r

< C”wzhHl/Q,Fo sup < C||wzh||1/2,r0-

veHL/? (Do) [oll1/2,r,

On the other hand, for w? € V! |r, let ul' € V! be defined by

a;(u',v}) = (w, v/ )or, Vol €Vl

177
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Let us also define u; € H};(€;) as the solution of

ai(ui,vi) = (U)Zh,’l)i)(),po Yo, € Hzl,O(Ql>
Then, we have ||u;|1.0, < c|lwl|_
element estimates, we also have

1/2,1, for some constant c. By the standard finite

luf = uilliz,, < lluf —uillie, < clluillie, < cllwfll-12,0,-
Thus, by the triangle inequality, we get

-1, h h h
IS, hwi hjery = lufll1/org < cllwfll-1/2,r,
for some constant ¢, independent of h;. ]

3.1. Discrete example 1. The finite element discretization of (1.2)—(1.4) can
be given by the following. Find u? € V;* such that for v} € V|

(3.4) ai(ui,vf) = (f,01)i = (=1)"(g" v o,ro,
where (+,+); and (-,-)2 denote the standard inner products on L?(€;) and L2(£2;),
respectively.
Then, the finite element approximation of the optimization problem is
Min ||7Th(ui11 U2)||1/2 To
over (ul, ul, ") eVl x VJ}} x P", subject to (3.4) for i =1,2.
Before we discuss the convergence of the iterative scheme, we first consider the
equations for the discrete minimizer and the discretization error.
The minimizer of the above optimization problem is given by the solution of the
following optimality system. Find (ul,uf, g") € V{* x Vi x P" such that
ar(uf, vf) + az(uf,v3) — (g" v} )o,re + (9", v8)o,ry
= (fohi+ (fod)e Vol eV, i=1.2,
(3.6) (ul —ul w)or, =0 Ve Ph

)

(3.5)

We follow some techniques like those presented in [19, 26] to show the existence
of the minimizer.

THEOREM 3.3. Assume that min{hy, ha} is sufficiently small; comparing with
ho, there exists a unique solution to the system (3.5)—(3.6). Moreover, letting u be
the solution of the original equation (1.1), we have the following error estimate: there
exists a constant ¢ > 0 such that

-1 /2,r0>

Proof. Since ay,ay are bounded coercive symmetric bilinear forms on H{ ;(€1)
and H{ (), respectively, in order to apply the general framework in [19], we just
need to check the inf-sup condition

=l 1., + llu—ubll1a, + llar 2% — "l -1 /2.1,

ou
a;— — wh

ony

<c inf u— v,
vheVi whePh

(3.7)

h h h
sup (ul Ug, W )O,Fo > ﬁ

inf
SRy APV || PRy P P Py R

for some constant 3 > 0.
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To verify this, for any w” € P", we consider for either i = 1 or 2

{ Au; =0 in

aigZi =(-1)*w" on I'y, u;=0 on I}

(3.8)

Let Ul" denote the set of all solutions for all functions w”" € P". Ul forms a finite-
dimensional subspace in Hz‘l,o(Qi)- For any small constant € > 0, since the unit ball of
Ul is compact in Hil,o(Qi)a by applying the standard approximation property of the
finite element spaces, we can have, for sufficiently small h; in comparison with hg,
that there exists some constant C; which depends only on the subdomain €2;, such
that

: h : h h
u?}g‘f/ih Jui’ = will1j2,0, < ¢ u?}g‘f[ih lui? = willn; < cielluillia; < Ciellw™|[—1/2,r,

uniformly for any u; € U (or w" € P"). On the other hand, using trace inequality
and regularity estimates [13, 25], it is easy to check that

[w™|—1/2,r < Gilluille, < Elluill1y2.r,
for some generic constant & (i = 1 or 2). Thus, there exists u? € V;* such that

[uf /2.0 > lluillj2.m, =l = w20, > lillj2r, — Coellw" || 12,0,
> (1- éiCie)Hwh”*l/QyFo'

If we choose a suitably small e, i.e., sufficiently small h; (either ¢ = 1 or 2) in com-
parison with kg, and let u/ = 0 for j # i, then

h

(uff —uf, w)or, ai(u, uf) > cllu[[f o,

> c(llutlle, + lublle,) lw—1/2,r,-

The theorem then follows from the above inf-sup condition and the general framework
presented in [19]. O

Based on the above theorem, the order of the approximation can then be obtained
from the best approximation properties and

ow
a1—=— |r, —oh

877@

inf

jnf <Chg™'  inf  |wllma, , 1<m <k, i=1,2.
vheP

—1/2 weH™(Q;)

In the above theorem, the subdomain mesh parameters are assumed to be small
compared with the mesh parameter on the interface. In special circumstances, such
restriction is not always required. For example, if we let P* = V/* | , then for any
w" € P", we may take u} = 0 and u} to be an extension of Sy jw" in V" such that
i

lutlli,o, < c||Sl_,1whH1/27po for some constant ¢, independent of h. For example, ul?
can be defined as a generalized interpolant of the harmonic extension of S; iwh in
H}(€;) as defined in [40]. Moreover, assuming that the inverse inequality (3.1) holds,

we get from the bounds on S given in Lemma 3.2 that

[l —1/2,00 < llSTpw" /2.0,

for some constant ¢ > 0, independent of hy. Then,

() —uz,w)or, = (Sp, "), w)or, 2 cllS7; (w)F)2r,

"I- "I-

> cflw"|Z1 2, 1u" 11,0, = cllw]|Z1j2.r (U™ [l1,0, + [u"]1,0,)-
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So, we have

inf sup (uf — u, w")or, >3

0w P ot uiyevixvy (1uflln + lulln) [w ]| -1 2
for some constant 8 > 0. Then, similar to the previous theorem, we get the following
theorem.

THEOREM 3.4. For P" = V! |r,, i = 1 or 2, there exists a unique solution to
the system (3.5)—(3.6). Moreover, the error estimate (3.7) remains valid.

As for the order of approximation, since we used V/* |p, for the approximation
of both the interface values and their normal derivatives, the optimal order estimates
hold if we assume that the normal derivatives are in Héf (T'v). Notice that for the
case where V" = V" |o. and P" = V" |, the solution is equivalent to the standard
finite element approximation and the error analysis has been well documented (see,

g., [10], [11]). On the other hand, one may view the optimality system given here as
a method to incorporate two different finite element meshes on different subdomains
together through a use of coarser grids. Such an idea has been used in [26] to treat
inhomogeneous boundary conditions for the second-order elliptic problems as well as
Stokes and Navier—Stokes equations. Those ideas have also been explored extensively
in the context of domain decomposition methods via the use of mortar elements (see,
e.g., [5] in the overlapping setting).

Next, we consider the finite element implementation of the gradient method which
can be defined as follows. Given g;' € P" seek uih € Vlh, us” € Vgh, )\? € Vlh, and
)\g € Vgh such that

Q; ( U ps U ) (fv U; ) - (—1)1-(92,’0?)0,1"0 v ,U'Lh € ‘/ih’

a(\! ) = (=1)"(" (ug ), — ui ), v )or, Vo € VP
and seek g7 ™! € P" such that
(gr " wor, = (g, w)or, + an(A} = A3,0") V' e P
Its limit (uf, A}, ub, A&, g") € [Vﬂ2 X [Vgh]2 x P" satisfies the optimality system

az(ul )y Ug ) = (fv U; )Z - (_1)1‘(92’1)?)0’1“0 Vvlh € Vz‘h7 i = 1,2,
a(N" o) = (=D (ugh — us), ol )or, Yol e Vit i=1,2,

A" =" wh) =0 Yuwhe P

For Ph = V] |, there exists a unique solution given by (uf,0,u%, 0, g"), where

(uf, ult, g") satisfies (3.5)—(3.6). The error equation is then given by

h h 1_h_h\2 h
€ni1 = Cn — (Slh+7r17r28 h7r27r1) en-
Let o(-) denote the spectral radius; then the iteration is convergent, provided that

0< 0. <ap <0 <2/o(rimhS; mym) + 81 ,)°

The convergence rate depends on the mesh parameter.
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3.2. Discrete example 2. In this case, the finite element approximation of the
optimization problem is
Min (Trh(u’f—uz) Shaltah(u ]f—ug))or
over (ul',ult, g") eV x VJ* x P" subject to (3.4) for i = 1,2.

By viewing P" as a subspace of H~'/2(T'y), the finite element implementation of the
gradient method can be given by the following. Given g' € P", solve for uyy, € v,

uyy, € V3 by

(3.9) ai(uf,vf) = (f,00)i — (=1)(gr vt o, Vol € V.
Then update by

(gt wh)ory = (g, wh)o,r,

(3.10)
+Oén((81 +82h M (ugh —uy™), wh) Y wh € P

Note that if we let A\ € V|

a;(\ o) =0 Vol e Vihn HE(Q)),

h__h h

)\h |F0_7T m ( —ul}),

and 0 € V! |, such that

08, M) or, = ai(N",00) Vol e Vit

177
then SPalrh(ugh —uy) = 6 and (3.10) is the same as
(g}7;+1v wh)O,FO = (927 wh)O,Fo + an(elf + Hga wh) v wh S Ph'

Any limit (u?, ub, g", A\, Ab 67) € [Vlh x Vit x Ph]2 satisfies the optimality system

ar(uff, v}) + az(uf, vy) — (", v} — v3)or,

=(f, oM+ (f,olh)y Vol eV i=1,2,
a1\, wp) + as(Aa", wh) + (0", wh — wh)or,

=0 VuwleVi" i=1,2,
(AT, 200, — (7" (Wl — ub), 20 )or, =0V 21 € " |y,
(A5, 28)or, — (7" (Ul —ub), 25)or, =0 V25 € V2" I, .

It is not difficult to check that for P* =V} |1"0 (or P" =V} |r,), the solution to the

above system is unique and is given by (uf,ul, ¢",0,0,0), where (ul,u?, g") satisfies

the weak form (3.5)—(3.6). In this case, the error equation is given by
i1 = € — an(ST + TSy ) (ST, + 7Sy ms)en = N e e,

Let 8" = Sh + nhrh Shalrh. Note that S" is positive definite and let S~" denote its
inverse. Thus we have the following lemma.

LEMMA 3.5. For small h;, 1 = 1,2, there exist generic positive constants c1 and
ca, independent of the mesh parameters hy and hs, such that for any w{b € Vlh Iry s
(3.11) cr(wt, S wi)o,r, < (Wl (S, + 718, )5 wY o,y
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and

(Seh+wbsyhmut S" S+ als; iebul)

)

(3.12) < 02(w1 ) S U}{L)o To-

Proof. The inequalities (3.11)—(3.12) follow from Lemma 3.1 and the bounds on
the discrete Steklov—Poincaré operators and their inverses given in Lemma 3.2. ]
From the above lemma, we get

(ehr S e )or, = Nien, ST A er)or,
= (ep, 87 "er)o.r, — 2an(el, (Sih + 7S5 75 )eror,
0‘%((51_,}1 +m '52 nTy)e Z,Sh(SLh +m 52 13 )en)0.r,
< (eh, 87 or, — 2cian (e, ST M) o ry + aZealel, ST e o r,

= (1 —2ciay, + c2a?)(el, S Mo 1y
If we take any two positive constants o, and ¢* such that
0<o. <0 <2c/ca,
then for
(3.13) o <a, <ot

we have the mesh-independent geometric convergence of the iteration.
THEOREM 3.6. The discrete gradient-type algorithm (3.9)—(3.10) is convergent
for any €9 and for any sequence {a,} satisfying (3.13).

3.3. Discrete example 3. Using the same optimization as before but viewing
P" as a subspace of L?(I'y), we get the finite element implementation of the gradient
method as follows. Given g7 € P", seek u} € V", ult € Vi, such that

ai (uzvvz) (f7 z)i - (-1)%92,0{1)0;‘0 szh € V;h‘
Then update by

(g}?—i_l) h)O,Fo = (gﬁ’wh)o,ro - an(u2h - ulhvwh) v wh € Ph'

The limit (u}, u}, g") satisfies the weak form (3.5)—(3.6). If we take P" = V" |p,,
then we have a unique solution like before. The error equation is given by

oh 1_h
eni=en (S1h+7T182 nTy)en
It is convergent, provided that
1_h_h -1
0< v <an <vy*<2/o(ninyS,y T+ S ),

where, as before, o(-) denotes the spectral radius. The convergence rate will depend
on the mesh parameter.
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3.4. Implementation issues and other forms of gradient-based itera-
tions. Comparing the different examples, we see that though a mesh-independent
rate can be obtained for the algorithm in section 3.2, its implementation requires
both Dirichlet- and Neumann-type solvers with respect to the interface data. On the
other hand, the algorithm in section 3.3 can be implemented with only one Neumann-
type solver with respect to the interface data and such solvers need to be performed
twice for the algorithm in section 3.3. Similarly, it will be shown in the next section
that, via the Dirichlet control, various algorithms can be implemented, including, in
particular, algorithms that only require Dirichlet solvers with respect to the interface
data. Though those algorithms may not be the most efficient iterations, the freedom
given by them in choosing specified types of solvers can be an advantage in some
applications as discussed in the introduction.

Besides implementing the simple gradient-type iterations, one may also apply
conjugate gradient-type methods (with or without preconditioning/bistabilization) to
solve the optimization problem. An example can be found in [27]. A least squares
formulation is employed there. The convergence analysis of the conjugate gradient
type methods, in the finite-dimensional settings, again rests upon the spectral prop-
erties of the gradient operators J’. Using standard techniques and the properties of
the discrete Steklov—Poincaré operators, a mesh-independent convergence rate can be
proved for the iteration presented in section 3.2.

4. Domain decomposition algorithms via Dirichlet control. Now, we
switch to consider \ as the independent control variable. Again, let X,Y be two
Hilbert spaces; we consider

ou Oug 2

Mi = lla == o2
m J(g) ‘ @ 8711 + a2 8712 v

over A\ € Y, uj,ug, subject to (1.2) and (1.3).

Different choices of X and Y can again be considered as before. Notice that

0 0
(T'(A), Pw)or, = (T'(A), w)x = (alu1 +as a2, QS + Sz)w) VAweE X,
onq onag 0.T%
or
ouy ouy
! )\ — —1 71 72 F
j( ) P (81 +82)Q<a18n1 +a28n2 on Iy,
where u]' satisfies the equations
—a;Aul = f in €,
(4.1) u =0 on T,
up = A" on I'g.
Thus, the gradient-type iteration is given by
(4.2) Ant1 = An — an T (Mn).

Again, we have the following result.
THEOREM 4.1. Given ay, > 6 > 0, if the iteration (4.2) is convergent and

ulg,= lim u}' fori=1,2,
n—oo

then u is the solution of (1.1) on the whole domain €.
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Let e, = A\, — u |p,; then
Ent1 = [I - anpfl(Sl + SQ)Q(Sl -+ 52)} e, = D(an)en

As a result, we get the following convergence criterion.
THEOREM 4.2. The algorithm (4.2) is convergent if and only if for any €°,

H D(a)e’
k=1

in some suitable norm and with some suitably chosen sequence {auy,}.

In comparison with the Neumann control case, we now consider some examples
which lead to algorithms that, in particular, always require Dirichlet-type subdomain
solvers with respect to the interface data.

—0 as n— oo

4.1. Example 1. We first consider X = H(%Z(FO), Y = H-Y2(Iy) with P = S,
Q =87+ 8, Thus the iteration is

_ _ ouy ou
(43) )\n+1 = /\n - Otn(Sl ! + 82 1) ( 87 +a az anz>

which has been studied in [2]. It can be implemented as follows: given A", first solve
for u,uy € H4() from (4.1); then, solve for (T, (3" € H}4(€2;) from

{ A =0 in €,

acr 8 oul
a; ai‘i = (=1)(ay aZi +as52) on Dy;

29ny
then we can update by
Ant1 = An +an((f — 7))
The error equation is e,+1 = D(ay,)e,, where
San) = (I = an(S" +851)(S1 + 82))en
Let f, = Se,; thus we have
s = (I = an(81 +82)(S +83 ) o

The above iteration is then equivalent to the case discussed before in section 2.2.
Thus, similar to Theorem 2.4, we have Theorem 4.3.

THEOREM 4.3. There exist two constants ., and o such that for any eq and for
any sequence {ay,} satisfying (2.9), the gradient-type algorithm (4.3) is geometrically
convergent.

As for the discretization, we first have the weak form for the feasible solution: for
i=12 gl eV,

(44) al(uz ) Uy ) (fa Uy )2 (gzha ?)0 o v vh € ‘/;h’
(45) ( )\h )0 Iy = 0 Vv w S Vh |1"0 .

The finite element approximation of the optimization problem is
Min (w3 (g} + 98). Ssimh(gh +8))

over (ul, ul, \") eV} x VI* x P", subject to (4.4)—(4.5) for i = 1,2.
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Taking P" as a subspace of H~1/2(Ty), the finite element implementation of the
gradient method can be defined by the following. Given A} € P seek ul € Vi,

ub € V', such that
ai(ul, o) = (g7 o) = (F,0l)i Vol e VP,
(uf, wi) = (A, wi) - Yl € VM n,

79

and
ai(G" o) = (1) (7" g7k + g ) o) Vol e Vit
Then we update by
A w)or, = A7, w)or, — an(C — G w")  Vw" e P

We again first consider equations for the discrete minimizer and the error. Find
(uf, g1, ' ub, g5, C3 A") € VI x V' [pg x VI x V3" x V3" |py V5" x P such that
ar(uf, vf) + az(uf, v) — (91, v1)o,ro — (95,05 )o,r,
= (frof) + (fod)2 Vol eVit, i=1.2,
(u )\h )0 Ty = =0 V w € Vlh IFO,

)

(uh = A" wh)or, =0 Vwh € V3 |n,,
ai (¢, z) (=1)i(x" (g} + gB),vl) Vol e Vil
(G —=<¢hw )0,1“0 =0 Vwh"ePh
For P" = V' |r,, the solution again is given by (u?, g",0,ul, —7whg" 0,u& |r,),

where (ul,ul, g") satisfies the weak form (3.5)—(3.6).
The error equation is given by

Z+1 ep — anﬂ'g(‘% h771 + S5 h)ﬂz (S + 53)62

The convergence property is the same as that for the algorithm (3.9)—(3.10).
Thus, we may get as before that for «,, satisfying the condition (3.13), the iteration
is geometrically convergent with a rate independent of the mesh parameters.

4.2. Example 2. We now consider X = Hl/Q(I‘O), Y = L?3(Iy) with P = Sy,
Q@ = I. Thus the iteration is

6U1 8u2
Ant1 = An — 0 (@15 — +azm— ).
+1 a <a1 oy + as 8n2>

Its implementation is straightforward. The error equation is given by
ent1 = (I — apS)e,.

Since S is not bounded from H&é ?(T') into itself, no constant choice of a,, yields a
globally convergent iteration. In some special geometry where the spectral information
of § can be more explicitly stated, it may be possible to choose appropriate sequences
of {a,} to get the convergence.
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In the discrete case, using notation as before, we may consider minimizing

7" (g7 + 93)lo,r,-

Viewing P" as a subspace of Hééz(l“o), the implementation of the gradient iteration
is defined by the following. Given A} € P, first solve

a;(uly,, vl = (f,of) Vol e VPN H(Q), i=1,2,
(ul,h )‘h ) wlf)O,Fo =0 Vv U){L € Vlh |Foa
(uf ) — Ay, wh)or, =0 Vwly eV |p, .

Then,

(gzh’v?)ovrozai( lh’ z) (favl)l VU?G‘/Z‘}L, i:1,2,
()‘Z+17wh) = ( Zﬂwh) - an( (gl h +g;h),wh) v wh e PP,

Similar to before, for P" = V! |, we get the limit of (U s G5 1o U 1y 95 15 AR) B be

(ul, g™ ul, —mlhgh ult |r,), where (ul,ul, g") satisfied the weak form (3.5)—(3.6).

In the discrete case, the error equation is given by
h
eni1 = (I — an(m3Simy + 83))er
It can be convergent, provided that
0<6, <a, <0 <2/o(ryShrh +Sh).

Again, o(-) denotes the spectral radius. The convergence rate will depend on the
mesh parameter.

The algorithm given above is, to some extent, similar to that given in [39], where
the normal derivatives on the interface are calculated explicitly via differences, result-
ing in limiting solutions that differ from the standard Galerkin finite element solution.
Due to the mesh-dependent convergence rate, a preconditioner is also proposed there.
Similar algorithms and conjugate gradient variants were also studied much earlier, in
[15].

4.3. Example 3. We now consider X =Y = L?(Ty) with P = Q = I; thus, the

iteration is given by

_ (97.1,1 Ous

It can be implemented as follows: First solve for uf',uy € H}(€;) from (4.1),
then solve for A, Xy € H} () from

A =0 in Q;,
ou? Oouj
;= Fiv
Cl < 8 1 ta 8n2> on
and then make the update
ot %%
Antl = Ap —
+1 o < L .

The discretization can be given just like those presented for the previous examples.
Similar to before, we only expect global convergence for the discrete case and the
convergence rate may depend on the mesh parameter.
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Fic. 5.1. Two nonoverlapping subdomains, including one in the interior.

4.4. Additional comment on the regularity of solution. Before we con-
clude this section, let us note that for the Dirichlet control with only X = L?(T),
the derivation of the algorithm in the continuous level (PDEs) is only formal due to
the lack of sufficient regularity estimates. Nevertheless, its discrete version can still
be rigorously validated if the finite element spaces for the Dirichlet interface data are
. 1/2
in fact subspaces of Hy)"(T'o).

5. Neumann control with interior subdomains. We now consider a parti-
tion of the domain € into two subdomains €2;, ¢ = 1,2, such that 9Q; NT = 0, i.e.,
such that €5 is an interior subdomain. See Figure 5.1. In this case, I'g = 0€2;. This
case is of interest in many applications, such as the simulation of three-dimensional
superconductors in the external applied magnetic field [18], as well as the simulation
of the motion of elastic structure in the fluids.

What distinguishes the situation here from what we discussed previously is the
fact that the interface data A and g lie in spaces different from those used earlier. We
discuss the necessary modifications here, which will also be helpful for the study of
the decomposition with a large number of subdomains including interior ones.

To this end, we define the following spaces:

H)?(To) = {U € H;/Q(FO),/

vdl' =0 } ,  HY?*(Ty) = Dual of HY?(Ty).
To
Since H;/2’*(I‘o) = H~Y%(Ty)/R, we equate H;/Q’*(I‘O) with

H7Y2(Ty) = {ve H (), (v,1)or, =0 }.

We consider, for any g, € H~/2(Ty),

—Aw2 = 0 in 927
0
(5.1) 452 = go onTy,
8n2
wo ‘1’* = 0

The solution wy is unique. We now define the Steklov—Poincaré operator Ss by
Sa(ws |ry) =g2  and 85 '(g2) = w2 [r, om Ty,
where wo and g satisfy (5.1). Moreover,

lwall1/2,00 ~ w210, ~ lg2ll-1/2,10-
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Now, for wy € HY?(Ty), let Rw; be its harmonic extension in 7 and define

81(w1) = ay %Rwl on FO .

We have S;(w1) € Ha_l/z(I‘o). Meanwhile, for any ¢, € Ha_l/z(I‘o), we consider

_Awl - 0 in Ql7
(5:2) ag = o only,
(Lwi)or, = (1,85 791)o,r,-

The solution w; is unique. Moreover,
lwillrjz,p, ~ lwillio, ~ llg1l-1/2.r,-
We then define the inverse of &7 by
S (g1) =wi on Ty,

where w; and g; satisfy (5.2). We have (S;' + S, ') (g1) € H;/z(I‘O) for any ¢; €
HJI/Q(FO). Moreover, from the elliptic regularity, we get that S;l (i = 1,2) are
bounded operators from H,;l/z(l"o) and H~'/2(Ty) to HY/?(T), respectively, and

||S¢_1(9i)H1/2,F0 <clgill-1/200, i=1,2 Vg€ H;1/2(F0)-

Meanwhile, S; and S, are bounded operators from H'Y/?(Ty) to Ha_l/z(Fo) and
H~1/2(Ty), respectively, so that

I1Si(wi)l|1/2,r0 < cllwillijzr,, i=1,2 Yw; € H/*(Iy).

Let A denote the projection of H~/2(T¢) to H;1/2(F0), ie.,

1 _
A(g) =g~ W(LQ)OIO Vge HVA(Ty).
Notice that

(5.3) IA9) =1 /2,00 < Collgllor, Vg€ H?(To)

for some positive constant ¢;. We also let S = &1 + So.

Let X and Y be subspaces of H;/Z(FO) and H,;l/Q (To), respectively. For the case
of Neumann control, we have the following equations for i = 1, 2:

—CLZ’AUZ' = f in Qi,
ug =0 on I
aing =(-1)g on Ty,

(L,u1)o,ry = (1, u2)o,rq-
Then we minimize J'(g) = 3|lui — u2|% subject to the above equations.
Using notation similar to that given before, we have

(QT'(9),v)o,r, = (P(uy — uz), (S;' + S5 )v)or, VYveEY.
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So, the general gradient iteration is given by
Int1 = gn — n AQTH(S + S AP (uf — uf)
and the error equations are given by
ent1 = [I = AQ™H(SH + Sy HAP(ST + 8571 en i= N(an)en.

Similarly, we may derive iterative schemes for the case of using Dirichlet control.
Details are omitted here.

5.1. Example 1. Here, P = Q = I, and the iteration is given by
(5.4) Gn1 = o — (ST + S5 ) (uf — up).

Implementation is done by solving first

—a;Aul = f in Q,,
uy =0 on I,
a3 = (~1)'g" on T,

(1,u1)o,r, = (1,u2)o,r,
for i = 1,2, then
A)\z =0 in Qi,
/\2 =0 on F,
a; 21)\11 =(-1)"(u? —uf) on Ty,
(1,A\1)o,r = (1, A2)0,r0>

and then updating by
In+1 = Gn + an(>\1 - )\2)

Note that in the above implementation, we may solve for u; and us independently
and also A\; and Ay independently and match the conditions

(Lui)or, = (L,u2)or, and (1,A1)or, = (1,A2)o,r, =0

by adding appropriate constants to u; and A;p.
The error equation is given by

eni1 = €n +an(Syt+ Sy (ST Sy e
As discussed before, let L2(Ty) = L2(To) N Hy */*(Ty); if we take

0> sup (S + 85 Mgllo,r,
g€L2(To) lgllo,ro

)

and if for all n we choose
(5.5) 0<B<an<2/6®,

then we obtain the following result.
THEOREM 5.1. The gradient-type algorithm (5.4) is convergent for any ey and
for any sequence {ay,} satisfying (5.5).
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5.2. Example 2. We now consider X = Hééz(l“g) and Y = H~'/2(Ty). For
example, we let P =&; and Q = ASy L. that is, the iteration is given by

(5.6) Intl = gn — anASQ(Sfl + 851)81 (uf —ufy) onTy.

So, the implementation is to solve first

—a; Aul = f in Q;,
uy =0 on I';,
&igZZ = (=1)'g" on [,

(1,u1)o,r, = (1,u2)0,1y,

followed by

ACi =0 in Qi7
C2 =0 on Fiv
G = uf —uy on T,

and then the iteration is updated by

400 e [ 96 ),

gn+1 = Gn — Qp (al ony Oy ‘1—‘0‘ - Oy

The error equation is
ent1 = en — A (81 + S2) (51_1 + 32_1) e".
By properties of the Steklov—Poincaré operators, for any g € Hy 1/2 (T'o), we have
(9, (ST + 83 1)g)ore ~ (ST +821)g. (ST +81)9) o, -
Thus,
(Noen, (ST 4S5 HNwen)ory = (€ny (ST + Sy Den)ors
20, ((S7 + 85 en, ST+ S5 Hendory
"’O‘i((sl_l + Sz_l)AS(Sl_l + S;l)en,AS(Sl_l + 82_1)6’”)0,F0
< (en, (ST + 85N en)ory — 2€10n(en, (ST + S5 )en)or,
+an e AS(STH + S5 enll-1/2.r,
< (en, (Sfl + Sgl)en)o’l“o — 2¢10m(en, (Sfl + Sgl)en)O,Fo
+aneaco||S(STH + 85 Henll 12,1,
< (en, (ST 4+ 85N en)o,re — 2610 (en, (ST + S5 en)o,r,
+op atoes(en, (S + Sz_l)en)—1/2,r0
= (1 — 2610 + Col2C30 ) (€n, S €n)o,ry

where ¢y is given in (5.3) and the positive constants ¢, ¢a, and ¢ are defined as

G = inf (97 (’51_1 + Sz_l)g)O,Fo

gEH~1/2(Ty) (9:8579)o,r,

) (ST +8319.9)0r,
Co = sup

geH; Y2 (Ty) ”9”—1/2»FO

)
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and

B 1SS + 819021 /ary
C3 = sup —1 —1 2 )
gEH—1/2(Ty) (97 (31 +8; )Q)O,Fo

So, if we take any two positive constants «, and a* such that
(57) 0<a, <apa* < 251/(605253),

then we have the geometric convergence of the iteration.
THEOREM 5.2. The gradient-type algorithm (5.6) is convergent for any eg and
for any sequence {a,} satisfying (5.7).

5.3. Example 3. We now consider X = L?*(Tg) and Y = H_l/Q(FO). If we
consider, for example, that P =1 and Q = 81_1 +82_1, i.e., that the iteration is given
by

(5.8) gn+1 = gn — anA(uf —uz) on I,

then the implementation is to solve first

—a;Aul = f in €,

uy =0 on I,
8ui .

in —1)'g" r )
oot = (<1 on Ty

(L,u1)or, = (1,u2)or,,
and then
gn+1 = gn — an(ul —uz).
The error equation is
Entl = €n — Qip (Sfl + S{l) e”.
If we take

g > sup (ga (Sl_l + SQ_I)g)07FO
gEL2 (L) Hgﬂg,ro

)

and if for all n, we choose
(5.9) B<a,<2/0

for any positive constant 3, then we obtain the following result.
THEOREM 5.3. The gradient-type algorithm (5.8) is convergent for any ey and
for any sequence {ay,} satisfying (5.9).

6. The case of nonlinear constraints. We now give a brief discussion about
the extension of the framework to nonlinear problems. We consider a generic nonlinear
problem given by

L(u)=0 in Q,
(6.1)
0 on I' = 09,
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and also the associated subdomain problems

E’(uz) =0 in Qi,
(6.2) Bi(u;) =0 on I' N 99,
Cil(u;) =g on I'g N 0.

We consider the case of two nonoverlapping subdomains, as in section 1, with a control
variable g defined on the interface I'g, and we seek g to minimize the functional

J(9) = A" (ur) — A*(u2) | x,

where X is a suitable Hilbert space and A?, A7 are suitable operators. To calculate the
Fréchet derivative of the functional 7 with respect to g, we differentiate the equations
and boundary conditions given in (6.2) to obtain

Ly (ui(9)) pi =0 in Q;,
B; (ui(9)) i =0 on T';,
C, (ui(g))pi=g  on Ty,

where p1; = Ogu;(g)g. It is convenient to denote the map § — p; by

Notice that S; may be viewed as generalizations of the Steklov—Poincaré operators
defined in earlier sections.
Let P, Q be defined as in (2.1)—(2.2); then, the gradient iteration can be given by

(63) In+1 = Gn — O‘ngilpzlp [Al (u?) - 'A2(ug)} )

with D} denoting the adjoint operator of 9,.A; (u})S1(gn) — OuA2(ul)S2(gn), ulr =
u;(gn), and 9,.A; denoting the derivative of A; for ¢ = 1,2. One may try to pick a
suitably chosen parameter «,, so that the iteration is convergent to the solution of the
minimizer of 7, i.e., the solution of the original nonlinear equation (6.1).

More generally, one may consider some modified gradient-type algorithms to ac-
celerate the convergence or simplify the computation; for example, instead of using a
parameter «;, as in (6.3), we may define the iteration by

In+1 = gn — AnQ71DZP [-’41 (uf) — AQ(USL)] )

where A,, is a suitably defined operator.

We illustrate the possible generalizations with the Navier-Stokes equations of
incompressible, viscous flow, again in the simple two-subdomain setting of section 1.
Let u denote the velocity vector, p the pressure, f a given body force, and v the
constant kinematic viscosity; then the problem to be solved is

—vV - (Vu+ (Vu)T) +u-Vu+Vp=f in 0,
(6.4) V.ou=0 inQ,
u=20 on I'.

We may use either u |, or the boundary flux —pn+v(Vu+ (Vu)?) -n—1(u-n)u as
the control. For simplicity, let us only consider the case of using the Neumann (flux)
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control; that is, instead of (6.4), we solve the pair of problems

—vV - (Vui + (Vui)T) +u;-Vu; + Vp; =f in Q,,

V- u; = 0 in Qi7

w; =0 on I';,

pin; —v(Vu; + (Vu)?) -n; + 3(u; - ny)u; = (—1)'g  on Ty

(6.5)

for ¢ = 1,2, where n; and ns denote the unit outer normal vectors to €1 and s,
respectively. We choose g € Y so that

2
[ur — w2k

is minimized with respect to some appropriate norms in the space X, subject to
the constraint (6.5). Again, the choices of spaces X and Y can be similar to (the
vectorized version of) Hg)?(To) or L2(Ty) and L2(Ty) or H~/2(Ty), respectively.
We now give a couple of examples that illustrate the various implementations of the
gradient algorithms or the modified gradient algorithm.

6.1. Example 1. Letting X = [Hy,*(T0)]}, Y = [H~1/2(Ty)}®, we have the
following:

Step 1. Given g = gy, find u?, i = 1,2, from (6.5).

Step 2. Solve the problems

A& =0 in Qi,
gi =0 on Fi7
fi = 11? — llg' on Fo.

Step 3. For g, = gflll + gﬁz, solve for (p;, ¢;) from the Stokes-type problems:

vV (Vi + (Vi)™) + 5 (pi- (fVu?)T —u - (Vi)")

—u - Vu;+ Vo, = in §Q,
(6.6) AV i = 0 in Qia
u; = 0 on Fi,

o +v(Vig — (Vig)T) - ng + 5 - ny)p; = (—=1)°g,  on I,
Step 4. Solve the problems

An; =0 in Q,
n; =0 on I';,
N = 1 — Mo on I.

Step 5. Update gn+1 = gn — an, (g—:ﬁ + %ﬁ).

Using the convergence theory on the gradient algorithm (see, e.g., [12]), one may
verify that, under a small data assumption which guarantees the uniqueness of the
solutions for (6.4), one can find suitably chosen parameters «, to get the convergence
of the above iteration. Notice that the majority of the computational time is spent

on solving the nonlinear equations in the first step.

6.2. Example 2. One may use the modified gradient algorithm to simplify or
precondition the iteration. For example, by choosing X = [Hééz(Fo)]g and Y =
[L?(T'0)]?, one simplified algorithm is given by the following iteration.

Step 1. Given g = gy, find u?, i = 1,2, from (6.5).
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Step 2. Solve the problems

A’I]l =0 in Qi7
;=0 on I,
7, = 11 — U2 on Fo.

Step 3. Update gns1 = gn — an(n} — 7).
This implies that the operator A,, is defined by

ALt = Q71 [S1(gn) — Sa(9a)]" P,

1539

where the operators S;(gy,) are defined by S;(9»)g = p: |r,, with u; solving the linear
Stokes-type problem given by (6.6). The implementation can be further simplified by
removing the second step and letting 7;* = u}; then the iteration will involve only the
solution of nonlinear subdomain problems. The convergence of the above iterations
as well as more systematic (both theoretical and computational) studies of using
general modified gradient as well as preconditioned conjugate gradient algorithms for
the construction of optimization-based domain decomposition methods for nonlinear
problems will be discussed in future works.
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