VARIATIONAL APPROACH TO SHAPE DERIVATIVES FOR A
CLASS OF BERNOULLI PROBLEMS

KAZUFUMI ITO, KARL KUNISCH, AND GUNTHER PEICHL

ABSTRACT. The shape derivative of a functional related to a Bernoulli problem is
derived without using the the shape derivative of the state. The gradient informa-
tion is combined with level set ideas in a steepest descent algorithm. Numerical
examples show the feasibility of the approach.

1. INTRODUCTION

In this paper we consider the shape optimization problem

. _ o1 2
(1.1) mFan(u,F):mFln 5 /Fu ar

subject to the mixed boundary value problem
—Au = f in

(1.2) u = ga on Iy,
g—z = g on I

where the boundary 99 of the domain Q C R? is the disjoint union of a fixed part I'y
and an unknown part [' both with nonempty relative interior.

We shall characterize the shape derivative 0.J(u,I")h of J(u,I') with respect to
perturbations of the domain €2 defined by a vector field A. Once the shape derivative is
available we proceed to solve (1.1) numerically by means of a level set implementation.
The shape derivative is used to update the level set equation during an iterative
minimization technique and the zero-level-set of the level set function represents the
desired boundary I'y.

The approach that we utilize for computing the shape gradient appears to differ
from the commonly employed techniques. To put it into a perspective with other
methods we proceed formally and consider the family of perturbed problems,

min / luy — 2 [2d%,
subject to e(u;) =0, with u, € F(£2).

Here e represents the equality constraints due to the partial differential equation and
boundary conditions, F(£2;) denotes a function space over €2, and Q, = F;(2), where

(F)
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F;: Q — R? is the transformation given by Fi(z) = x + t h(z), for t € R. Moreover
zi:  — R are given and »; are subsets of €2;,. Typically ¥; = €; or ¥; = I'; which
arises in case we consider the perturbed form of (1.1) — (1.2). Henceforth, if we use
no index for the variables u, 33, z it is understood to represent their values with ¢ = 0.
The most common approach for computing §.J(u, £)h = limy_g 1(J (ug, 3y) — J (u, X))
is based on the chain rule, i.e. u is considered as a function of the domain, and the
”chain rule” is applied ¢t — J(uy, ;). In optimal control of partial differential equa-
tions this is referred to as the approach based on the "reduced” functional. In the
present context it requires to compute the shape derivative of the cost J with respect
to the domain and the state u, followed by the shape derivative of u. Alternatively
both the state variable u and the geometric variable can be interpreted as independent
variables. Then the equality constraint e(u) = 0 can be imposed by means of a La-
grangian approach. The associated Lagrange multiplier becomes the state variable of
the adjoint equation. This technique which was investigated in [DZ1, DZ2], strongly
depends on sophisticated differentiability properties of saddle point problems. Dif-
ferently from the ”chain rule” approach, the Lagrangian (or saddle-point) technique
does not require the shape derivative of the state variable and as a consequence it
has the potential of allowing the characterization of the shape gradient of the cost
functional under weaker regularity assumptions.

In the technique that we employ for characterizing the gradient we again consider
the state variable u as a dependent variable. However, differently from the ”chain
rule” approach, we avoid using the strong shape derivative of the state variable.
Rather the shape derivative of the state variable is only required in variational, i.e. in
weak, form, allowing a characterization of the shape derivative of the cost functional
under weak regularity assumptions. We next explain formally the main step of the
proof for the existence of a shape derivative of the cost J(u,Y). The integrals on 3
are transformed to a reference geometry ¥ by transforming functions v; defined on ¥,
and €, to functions v defined on ¥ and © by means of v* = v, 0 F}. Let w; denote the
element which transforms the infinitesimal elements d¥ and d¥, i.e. d¥; = w;d>X.
Then we have

1 1
TS — T3 = 2 [ Juy — =[2ds, — -/ = 22d5)
2 Js, 2 Js
1
= —/[|ut — 2w, — |u — 2|*)dE
2 /s
1
= 5/[(’% —D)(Ju" = 2 = u = 2?) + (0 — Du — 2|
>

+2(ut —u)(u — 2) + [ut — ul?)dE = Ji(t) + Jo(t) + Js(t) + Ju(t).
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Assuming that

(13 i =] = =21, [uf = ~ oft)
(1.4) lim F(wy — 1) exists
(1.5) Pr% 1| (u' —u)(u—2)dE exists,

- p)

we have J;(0) = J4(0) and lim,_q F(J(ue, 5y) — J(u, X)) exists. The treatment of Js
will suggest the form of the adjoint equation. On the technical level Hlder continuity
of the state with exponent greater than % with respect to the deformation of the
shape is needed, see Proposition 3.5.

Let us turn to a brief description of the organization of this paper. The short Section
2 gives the precise problem formulation. In Section 3 we gather necessary tools from
shape analysis and verify (1.3) - (1.5) in a precisely defined sense for problem (1.1)
- (1.2). The existence of a shape derivative and its analytic expression are proven
in Section 4. In Section 5 a level set approach, its implementation and numerical
examples are described. The proofs of some technical results used in Section 3 are
postponed to an Appendix.

2. FORMULATION OF THE PROBLEM

Consider the shape optimization problem

: _ o1 2
(2.1) rrlran(u,F) :mrlni/ru dr

subject to the mixed boundary value problem

Au=f, inQ

(2.2) U = Uqg, on I'y,
ou on T
_— = 1
8n g7 )

where the boundary 0f2 is the disjoint union of a fixed part I'y and an unknown part
I’ both being nonempty and such that dist (I';,I") > 0. We assume that there is a
fixed convex bounded open set U C R? such that Q C U. We require ug € H*?(I',),
f € H*(U), s > 3 and that g is the trace on I' of a given function G € H?*(U).
Furthermore we assume that the shape optimization problem (2.1) — (2.2) has a
solution which is smooth enough to ensure Q € !, The class of feasible boundaries

I" will be described below.
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The optimization problem (2.1), (2.2) arises for example in free boundary problems
of Bernoulli type: Find (u,I") such that

—Au = f, in Q,
(2.3) U = ug, on I'y,
ou

on =9
Note, that a solution (u,I") of (2.3) provides a global minimizer for (2.1) corresponding
to vanishing cost. Conversely, if there exists an optimal shape such that J(u,I') = 0,

any such optimum determines a solution of (2.3).
Let us define the Hilbertspace

(2.4) Hy, (2) ={p € H'(Q): ¢|r, = 0}

endowed with the norm

u=0 and on I,

ol = (Veo, Vo),
where (-, )5 denotes the inner product in L?(S) for any measurable set S. Similarly,
we define for v € HY/2(Ty) the linear manifold

Hr, () ={p € H(Q): ¢lr, =v}.

It is known that (2.2) has a unique solution v € Hy ~(2) which can be characterized
yUd
by the variational equation

(2.5) (Vu, Velo — (f, ©)a — (g, 0)r =0
for all p € Hp, (Q).

The objecti\;e of this paper is to calculate directly the shape derivative of the cost
functional in (2.1) at a domain © € C'"! with respect to the boundary shape I' without
taking the shape derivative of u. The admissible set of free boundaries is described
by a particular class of perturbations of the domain €). Let H denote the set

(2.6) H = {h € C"(U)*: hlr, = 0}
and define for each h € H and t € R the transformation F,: @ — R?
(2.7) Fy(z) =z + th(z).

One can verify that F} is injective for [t| < ¢, ', ¢, = max{|Dh(z)|: € U} and defines
a Ct!-diffeomorphism from © onto Q; = F,(f2). For such ¢ one obtains , € C*! and
Q; C U. The boundary 9§ is the disjoint union of I'; and Ty = F(T).
The Eulerian derivative of the cost functional J in (2.1) at €2 in the direction of
the vector field h is defined as
5(u,T)h = lim %(J(ut, r)) — J(u,T)).

—0

where u, € Hy, (€) satisfies

(28) (VUt, Vgpt)ﬂt - (f? @t)Qt - <g7 @t)l—‘t =0
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for all p, € Hp, (€). The Eulerian derivative is called shape derivative if §.J(u, ')l

exists for all h € H and the mapping h — §.J(u,T')h is linear and continuous with
respect to the topology of C'(Q2)2.
In the discussion below we shall frequently use the notation

(2.9) 0" = poF,.

We also introduce the unit outward normal vector n and the unit tangential vector 7

(2.10) n = (Z;) and 7= (_n’”l‘?) .

The tangential vector is oriented such that €2 lies on the left of 7.

3. ANALYSIS OF THE STATE EQUATION ON THE PERTURBED DOMAIN

In this section we utilize the method of mapping to compare the solution w; of
(2.8) to the solution u of (2.5). We shall use ¢ to indicate a generic positive constant
which may depend on the geometry of €2 and the choice of the vector field h but is
independent of ¢t. We recall from [SZ] the following transformation theorems:

Lemma 3.1. 1) Let ¢y € L' () then @0 Fy € L(Q) and

/ o dxy = / pioFy det DF; dx.
Q4 Q
2) Let hy € LY(T) then hyoF;, € LY(T') and

/ ht dFt = / htOE det DE |<DFt)_TTL| dr’.
It r

In the formulation of the transformation formula for volume integrals we used
det DF;(x) > 0 on € for [t| sufficiently small. A proof of the transformation theorem
for surface integrals will be given in the Appendix.

Above we have used the abbreviation (DF})~T = ((DF;)T)~!. The following nota-
tion simplifies the discussion below.

I;(x) = det DF,(x),

(3.1) Ai(z) = (DFy(z))"Y(DF(z))" T I(z), z€Q
wi(z) = L(z) [(DE(2)) "n(z)], 2€T

We collect some useful properties of the functions defined in (3.1):

Lemma 3.2. Consider a fived vector field h € H and let the transformation F; be
defined by (2.7). Then there isty, > 0 such that the functions defined in (3.1) restricted
to J = (—tn, tn) have following reqularity

t - FecCYJ,CHQ), t —F'eC(g,cll)),

t — It € Cd(j, C(Q)), t — At c Cl( y (Q)),

t —w, e CYJ,0()),
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and the properties listed below:

(1) I; = 1+ tdivh + t*det Dh,

(2) There are positive constants o, oy and [ such that 0 < ag < Ii(z) < aq and

At( ) >6I for xz € Q,

(3) GFili=o =
(4) 4 DFt\t 0= Dh and < L (DF,)™ ;=0 = —Dh,
(5) 4 It\t o =divh,
(6) Aili=o = div hI — (Dh + (Dh)T) = A,
(7) hmtﬂo wy =1 and wt\t o = divr h,
where the surface dwergence divr is defined by

divp h = div h|r — (Dhn)-n
In particular the difference quotients defining the above derivatives with respect to

t exist uniformly in = € € respectively = € T.

Lemma 3.3 ([Ne|). For h € H we have p; € H'(Q) if and only if o' = poF; €
HY(Q). Moreover the following inequality holds

o< LIl IDhl
[ |H1(Q) = \/O-’_O |<lpt|H1(Qt)

In particular if ¢; = ¢|q, for some ¢ € H*(U) we have
[pro Bl ) < clelm)
Lemma 3.4. For any f € LP(U), p > 1, we have lim;_o foF; = f in LP(Q).

Proof. For & > 0 choose f. € C*(U) such that |f — f:|rr(r) < €. Using Lemma 3.1
and the uniform continuity of f. on U one obtains the estimates

1
|foFy — feoFy| o) < WU“ = Jfelrw)

|fsoﬂ falLP < 5|Q| /p
the last one of which holds for all ¢ sufficiently small. Then the claim follows from
|[foF, — flr@) < !fOFt — feoFi e + |foo By = felir) + | fe = flivo)

< Tl ~ Moy + 10 42

O

Lemma 3.5. Let ¢ € W??(U), p > 1. Then the mapping t — poF; from J —
WLP(Q) is differentiable at t = 0 and the derivative is given by

1
llm (gpoE ©) = Dy h.
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Proof. At first we establish the expansion in LP(€2)

(3.2) poFy(x) — () = ¢ /0 Dy(x + sth(z))h(x) ds.

Choose any ¢, € C*(U) such that |¢ — ¢.|wip@) < . Then (3.2) follows from the
estimate

1
|poFy — ¢ — t/ Do(-+ sth)hds| e
0
1
S |800Ft - (PsoFt|LP(Q) + |§05 - 90|LP(Q) + |(P80Ft — P — t/ D@s(“" Sth)’ d5|LP(Q)|hf|oo
0

1
+ ]t/ | D+ sth) — D(-+ sth)| ds| )| h|oo
0
As a consequence of (3.2) one obtains

| R (eoFi@) = pla)) = Dp@hiz)Pda
:/ |/ Dy(x + sth(x))h(x) ds — Dp(x)h(zx)|Pdx
Q 0
< | [ 1Deta+ sth(a)) = Dot Plha) dsda

which invoking Lemma 3.4 and the Lebesgue dominated convergence theorem ensures
the differentiability of t — poF}; at t = 0 with respect to the topology of LP((Q).

Since by Lemma 3.3 the lefthand side of (3.2) defines a function in W (£2) the same
regularity holds for the righthand side. We show that its distributional derivative for
fixed t € J is determined by

1 1
(3.3) D [ Dp(+ sth)hds = / [RTD?p(+ sth)(I + stDh) + Dp(-+ sth)Dh] ds.
0 0

Choose x € D(R2). Then using Fubini’s theorem and integrating by parts the distri-

butional partial derivative % is given by

/ Dy(-+ sth)hds, x) = /Q/O Dy(x + sth(x))h(x) ds 82)((:5) dx

8901
—/ / Dp(x + sth(.r))h(x)aiix(x) dxds

[ I3 gl sth) 5y + sty (a)e(e)

k=1 ]:1
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3 G o+ sthia)) (o)) ) dads

_ /0 /Q (W7 (2) D2 (x + sth(z))(I + stDh(z));
+ Dg(z + sth(z))(Dh(z));] x(z) dzds

_ /Q /O (17 (2) D%l + sth(x))(I + stDh(x));
+ Dg(z + sth(z))(Dh(z));] dsx(z) dz.

Note that (3.3) is valid also for ¢ = 0. As a consequence we obtain

ID( (9o F, — ) ~ DDeh)[3y e,

// | (z) [D*p(x + sth(z))(I + stDh(z)) — D*p(x)]|Pdsdz
/ / (Dp(x + sth(z)) — Dp(x)) Dh(z)[Pdsdz.

Now the proof of the lemma follows using the smoothness of ¢ and Lemma 3.4. [

Corollary 3.1. Let ¢ € H'(U). Then the mapping t — I; poFy from J to L*() is
differentiable at t = 0 and the derivative is given by

1
lim — (ItgooFt @) = div(ph).

t—0 ¢

Proof. The result is a consequence of
1 1 1
(LipoFi =) = (I = 1)¢' + 2 (" =) = @divh+ Doh = div(hy).
O

The Sobolev embedding theorem ([Ne, Theorem I1.5.5]) implies the following corol-
lary.

Corollary 3.2. Let p € W*P(U), p > 1. Then the mapping t — @oFy|r from J to
W=1p2(T) is differentiable at t = 0.

Corollary 3.3. Let ¢ € H*(U). Then the map t — w; poFy|r from J to HY?(T) is
differentiable at t = 0 and the derivative is given by

1
11£in& Z(wt poF, —¢) = pdivp h+ Dy h.
Proof. The result follows from Lemma 3.2, 3.5

1
—(¢" =) = e divh+ Do-h

1 1
;(thDOFt —¢@) = ;((wt — 1)+ .
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and the trace theorem. O

For p = 2 in particular we infer the differentiability of ¢t — poF}; at t = 0 in L(T")
for arbitrary ¢ > 1 from the continuous embedding of H'/?(I") into L9(T").

Now we turn to the discussion of equation (2.8). It can be shown that u' = u;o0 F}
satisfies

(3.4) (AVu!', Voo = (If',0)a — (weg', 0)r =0

for all ¢ € Hy, ((Q2). Above we have set f* = foF,.
In fact, the chain rule for u; = u'o F;"" entails

Du, = Du'o F;Y(DF; ') = Du'o F; Y (DF,0 F; 1)t = (Du'(DF,) 1)oF !

which by Lemma 3.1 implies

(Ve Vo, = [ (Du(ee) (D4) (w0 o
= /Q t(Dut(DFt)*l)oFfl(xt) (DY (DE) ) o F, () day
= /Q Du'(DF,)"" (DY (DF,) ") Ii(z) dx
= /Q Du'(DF,) ™ (DE,) T I(DY")" dx = (A Vu!, Vi),

Apply Lemma 3.1 to obtain

(fa ¢t)Qt = f(xt)¢t(xt) dr; = / fOFﬂ/}tIt dr = (ftftywt)g
Qt Q

and
(9,%e)r, = /F goFyp'wy dU = (wig', ¢")r.
Hence (2.8) is transformed into
(AVu', Vo = (Lf', 4" )a — (wig', ¥")r = 0
for all ¢ € Hyp, ((©2). Now, the result follows from Lemma 3.3.

Proposition 3.1. The solutions u' of equation (3.4) are uniformly bounded in H'(Q)
fort € J. Moreover,

1
(3.5) lim %Kut — )| i) =0

t—0t

holds, where w is the solution of (2.5).
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Proof. The uniform positivity of A;(x) for x € 2 and (3.4) imply the estimate
Bl < (AVu!, Vi )g = (If' u')a + (weg', u')r
< f! 2ol 22@) + lweg' 2y e | 2y
< c([Lef'lr2() + [weg' |2y [u' |1,

where ¢ depends on the embedding constant of H'(€2) into L?(92) and the constant
appearing in the equivalence of |-|; and the full H! norm, but is independent of .
The following calculation

|[tft|%2(9) = /(ItOFtl)OFt(x)f2oFt(x) Ii(z) dox = / LioF ! f? dx < Ofl|f‘%2(U)
Q

Q4
entails the bound
’Itft %2(9) < 041‘f|%2(U)~
Concerning |wyg'|r2(r) one argues
|wtgt|Lz(p) S w\goFt|L2(p) S wce ’GOFt’Hl(Q) S wc|G\H1(U),

with w = max,¢p |wy(x)], and where the last inequality follows by Lemma 3.3. Sum-
marizing we obtain the a priori estimate

W'l < e flzw) + |Glaw))-
In order to prove (3.5) subtract (2.5) from (3.4) to obtain for x € Hp, ()
(V(u' —u),Vx)a = —((A; — )Vu', Vx)a + (A4 VU, Vx)a — (Vu, V)
= —((A = V', VX)a + (If' = f.xX)a + (0" — 9. X)r-
Since u' —u € Hy, (Q) one may choose y = u’ — u which gives

lut —ul? = —((Ay — D)Vu', V(u' —u))q + (Lf — f,u' —u)g

3.6
(36) + (wg" — g, u' — wr.

As a consequence one concludes

’ut —ufy < c(](A - I)Vut‘LQ(Q) + |[tft - f\LQ(Q) + ‘wtgt - 9’L2(r)),

which in view of Lemma 3.2, Lemma 3.4, Corollary 3.2 and the boundedness of u,
gt in HY(Q), respectively L*(T") implies

(3.7) limu' =u in H'Y(Q).

t—0
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Boundedness of g* follows from |g'|r2r) = |GoFilr2ry < ¢|GoFylmi) < ¢|Glaw)-
Finally dividing (3.6) by ¢ results in
1 1
¥|ut —uff = —(;(At — Vu',V(u' —u))q
1 1
+ (;(It —Dffu' —u)g + (;(ft — f)u —u)o+

1 1
+ (5w = g’ u' —u)r + (;(gt —9g),u’ —u)r,

which implies (3.5) using Lemma 3.2, Lemma 3.5, Corollary 3.2 and (3.7). O

4. THE SHAPE DERIVATIVE

In this section we turn to the calculation of the Eulerian derivative of the cost
functional in (2.1) which will turn out to be a shape derivative. We point out that we
do not use the shape derivative of u; with respect to I'. At first we assume f € H'(U).
This assumption will be weakened later on. In view of Lemma 3.1 one obtains

1 1
J(ut,Ft)—J(u,F): —/ ]ut|2dFt——/\u]2dF
2 r, 2 Jr
1
=—/mm%—mmﬂ
2 Jr

_ %/F [(we = ([ = [ul®) + (wy — 1) |ul® + [u']* = |ul*] dT

=5 [l = D0 = o) + = D P
+2(u" — w)u + |u’ — uf*] d0
= Ji(t) + Jo(t) + J5(t) + Ju(2).
Lemma 3.2 and Proposition 3.1 entail
(4.1) J1(0) = J4(0) = 0.

Another application of Lemma 3.2 and the observation divp h € C(I") (which follows
from z — n(z) € C (")) gives

. 1
(4.2) Jp(0) = §/|u|2dithdF.
T

Let p € Hy, () satisfy the adjoint equation

for all ¢ € HE, (). Then Js can be written as

J5(t) = (V(u' —u), Vp)a.
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Proceeding as in the derivation above (3.6) one finds

J3(t) = _((At —I)Vu', VP)Q + (Lf" = f.p)a + (wg' — g.p)r
which implies
(4.4) J3(0) = — (AVu, Vp)g + (div(hf), p)a + (h-Vg + gdivp b, p)r

using Lemma 3.2, Corollary 3.1 and Corollary 3.3. Note that so far v € Hf, () was

sufficient to justify the derivatives. Since Q € C*! elliptic regularity theory implies
u,p € H*(Q).

The first term in (4.4) will be manipulated using the formalism for the curl-operator
in R3. For this purpose we embed h, n, Vu and Vp into R? by appending a zero third
coordinate.

Lemma 4.1. The term —(AVu, Vp)q can be represented as

)
—(AVu, Vp)a = (V(h - V), Vp)a — (hAu, Vp)a — (Vu - Vp, h-n)p + (a_Z’ h-Vp)r.

Proof. The identity

(4.5) ((Dx)" = Dx)é = & x curl y,

which holds for y € H*(2)? and ¢ € R?, suggests to separate the skew symmetric
part of Dh in A as

—AVu = 2DhVu + (Dh' — Dh)Vu — div h Vu
= 2DhVu — div h Vu + curl(u curl h) — w curl curl h.
In the last step we used (4.5) together with
(4.6) curl(xv) = veurl y + Vo x x

which holds for all (y,v) € HY(2)? x H'(Q). Applying (4.6) once more with v = u
and y = curl A one obtains

—AVu = B — curl(Vu x h),
where we have set
B =2DhVu — div hVu + curl curl(uh) — w curl curl h.
Using curl curl y = grad div y — Ay twice one finds
B = —A(uh) + V(div(uh)) — ucurl curl h + 2DhVu — div h Vu
= —hAu — uAh — 2DhVu+ V(udivh + h - Vu)
—ucurlcurl A + 2DhVu — div h Vu
= —u(curlcurl h + Ah — Vdivh) — hAu+ V(h - Vu)
= —hAu+ V(h-Vu),
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which implies
(4.7) —AVu = —hAu+ V(h-Vu) — curl(Vu x h).

Let z = (Vu x h)3z denote the third (nontrivial) coordinate of Vu x h. Then Green’s
theorem implies

(curl(Vu x h), Vp)o = /(%22911 — 22y Pay) d
Q

- / Z(pxzm - pmxz) dr + / Z(pa:1n2 - p1’2nl> dl’
Q oN

——/(Vuxh,npr)dF
r
(4.8) =—(Vu-n,h-Vp)r+ (Vu-Vp,h-n)r

where we used the Lagrange identity
(a x b,exd)=(a,c)(b,d)— (a,d)(b,c)
for a, b, ¢, d € R®. The Lemma follows now from (4.7) and (4.8). O
Since h-Vu € H%d,o () it may serve as a test function in the adjoint equation (4.3).

Hence Lemma 4.1, (2.2), (4.3) and the divergence theorem together with hlr, = 0
imply

—(AVu, Vp)a = (h- Vu,u)r + (fh, Vp)o — (Vu - Vp,h-n)r + (g, h - Vp)r
= (h-Vu,u)r + (fp, h-n)r — (div(fh),p)e
— (Vu-Vp, h-n)r +(g,h - Vp)r.
Inserting this expression into (4.4) gives
J3(0) = (h - Vu,u)p + (fp, h-n)r — (Vu-Vp, h-n)r
+ (9. h - Vp)r + (h-Vg+ gdivr b, p)r
1 :
= FU ap), n)r p,n-n)r gavr i, p)r — U- VP, -N)r.
(V(5@* +gp), W)r + (fp,h-n)r + (g dive b p)r = (Vu - Vp, ho-n)
Combining the last result with (4.2) one obtains

1 1
(4.9) 6J(u,I)h = / [h-V(§u2 +gp) + (§u2 + gp) divp h] dU + (fp — Vu-Vp,n-h)r.
r
It is apparent that the Eulerian derivative is in fact a shape derivative. The repre-

sentation (4.9) can be further simplified if the integration by parts formula holds

(4.10) /(Vb-VerdivFV)dF:/(%+bdivrn)n-VdF
I I
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([SZ, Formula (2.144)]). A sufficient condition is C*-regularity of T.

Theorem 4.1. Let Q € C' and f € H*(U), s > 5. Then the shape derivative of
J at Q with respect to h € H is given by (4.9). If the integration by parts formula
(4.10) holds the shape derivative of J can be represented as

1 0 1 1
(4.11)  &6J(u,D)h = —/ [ (zu* + gp) + (5u° + gp)k + fp — Vu-Vp| n-hdl,
2 r an 2 2

where Kk denotes the mean curvature of .

Proof. At first we show that (4.9) is valid for f € H*(U), s > 5. This is a consequence
of the continuous dependence on the data of the solution of the state equation as well
as the adjoint equation

[ul 2y < (| flz2) + [wal sz, + 19lg2m),

Pl 20) < elul gz,
with a constant ¢ > 0 which just depends on 2, the continuity of the trace operator
from H*(Q) — H*V/2(T'), s < 1, and the density of H'(Q) in H*(Q).

The representation (4.11) follows from (4.9) and (4.10) setting b = su?+gp together
with the observation that
divn = &,

holds in R?. 0]

Remark 4.1. The derivation of the shape derivative of J used the fact that dist (I'y, I') >
0 in the embedding properties of H'/2(I") and the regularity of v and p. If 9§ is con-
nected H'/?(T") should be replaced by the space

Hy*(T) = {¢ € H'?(0Q): ¢ =0 on 92\ T}

Furthermore, in order to assure the required regularity of v and p one has to impose
the condition that I'; and I" meet at an angle less than 7.

5. NUMERICAL RESULTS

In this section we indicate how the derivative information in (4.11) can be combined
with level set ideas to obtain an efficient algorithm for the solution of the shape
optimization problem (2.1)-(2.2). The level set technique was introduced in [OSe] to
track moving interfaces. Meanwhile this technique is well known and used for a wide
range of applications. A thorough discussion of the method and many applications
can be found in the monograph [Se]. The basic idea is to represent a family of
domains Q, t € [0, 7], by a single level set function v : R? x [0, 7] — R such that for
all t € [0, 7]

QO = {z € R?: Y(z,t) < 0},
[y = {x e R*: ¢(z,t) = 0},



SHAPE DERIVATIVE 15

(Q0,T'g) corresponds to the pair (€2, I') of the previous section). Here we are interested
in the case of €; being a small deformation of a given reference domain €2, specified

by
(5.1) Q ={z(t; X) = X +th(X), X € Qo,t € (0,T]}.
The function 9 is determined by the requirement

X eTlyg=x(t; X) €Ty, t € (0,7,
which can be equivalently expressed by the identity

W(x(t; X),t) =0, te (0,7

for all X € I'y. A formal differentiation leads to the level set equation
Y+ Vi -h=0,
(-, 0) = tho,

where )y is any function such that Qy = {2 € R?: ¢p(z) < 0}. The representation of
the shape derivative of J

(5.2)

0J(u,I')h = /G(h -n)dl,

r
with a kernel G being determined by (4.11) suggests that any vector field h satisfying
Vi (x,0)
[V (z,0)]
for all  on the boundary I'g may serve as a descent direction for J at I'y. Since (5.3)

determines the deformation field A only on I'y the kernel G still needs to be defined
off I'y. Let G, denote a suitable extension of G and insert

Vi(x,t)
5.4 h(z) = —Gegi(x) =————=, t€10,7T],
o ( ST
into (5.2) to obtain the Hamilton-Jacobi equation
wt - Gewt|vw| = 07
¥(-,0) = to.
Evaluating J at r for T sufficiently small this choice of h ensures a decrease of J by
construction. Summarizing, the proposed level set based steepest descent algorithm
requires at each iteration the following steps:

(5.3) h(z) = —G(z)n(z) = —G(x)

(5.5)

(1) solve the state equation (2.2) and the adjoint equation (4.3) on the current
domain €,

(2) compute the kernel G,

(3) compute the extension Gy,

(4) solve the HJ-equation (5.5) for 1,

(5) update Qy by Qr = {z € R?: ¢(z,T) < 0}.
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Since T'y, t € (0,T], and Ty are close for T sufficiently small, ) and consequently G,
need only be known on a neighborhood N of Ty, ([ASel]). For the extension of G to
N we use the fast marching method of [ASe2]. As a by-product the signed distance
function

~ dist (Q], Fo) re N \ QO
Yo(z) = :
—dist (z,T9) € NNQy
is constructed by solving the eikonal equation

V| =1

on N. Hence 150 also serves as a level set function to represent {2y. It is noted that the
solution of the HJ-equation (5.5) remains a signed distance function if v is replaced

by 1o ([ASe2]). Therefore, integrating (5.5) over [0, T] we obtain using |V4(-,t)] = 1,
t € (0,7,

T
w('a T) - "ZO + Ge:pt o |V¢(7 8)' ds = 1/;0 + GemtT-

This representation for ¢ is used in the neighborhood N. Alternatively, (5.5) may be
solved applying one of the ENO schemes discussed in [OSe, Se, Sa]. The choice of the
final time T is a delicate issue. We determine T according to the following heuristic
which is inspired by the Armijo-Goldstein line search strategy. Using (5.1) and (5.4)
a formal expansion gives
J(UT, FT) >~ J(UO, Fo) + 5J<UO, Fo)hT
= J(ug, o) = [|G| |22y T
where u; denotes the solution of (5.5) on €2, t € [0,7]. The requirement
J(ur,Tr) = aJ(ug, To)
for some a € (0,1) then suggests the choice

r
T = M(l —a).
G172 ry)

We demonstrate the feasibility of this approach by means of the outer Bernoulli
problem: find a domain  and a function u € H'(Q) such that

Au =0, in (2,

u=1, on ['y,
(5.6) u =0, on I,
ou

%:g7 OHF,
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.l iter  J(ur,r) HGHQLQ(FT) T
Ll 1 3.15340 39.28927  0.0722
2 017410  1.07601  0.1456

3 0.00521 0.01775 0.2641
il 4 0.00037 0.00132  0.2521
l r 5 0.00004 0.00013 0.2414
oer 6 0.00002 0.00009 0.1858
.l o mean radius 0.4983
o2 variance 0.0008
% o2 es o5 o5 1 12 14 15 15 2 | tte = tex || o 0.0021

FIGURE 5.1 TABLE 5.1

where I'y is the fixed inner, and I' the unknown outer boundary component of €2. It is
known that (5.6) has a solution (Q,u) if A < 0 and Ty is Lipschitz continuous ([AC]).
A survey of the Bernoulli problem can be found in [FR].

5.1. Example 1. First we consider the case where I'; is given by the circle
Lo ={(z,y): (x = 1L1)*+ (y = 1)* =rg}.
In this case the free boundary is a concentric circle with radius R which is determined
by
R = rdefﬁ

and u is given by
(z =112+ (y — 1)
Ta .

1
u(z,y) = 591tlog

In the numerical example below we set ry = 0.2, R = 0.5 and calculate g from w.
As an initial guess for the free boundary we choose an excentric ellipse with axes of
length 0.7, respectively 0.6, rotated counterclockwise by % and center at (0.9, 1.2),
see Figure 5.1.

Table 5.1 shows the convergence history of a numerical realization of the proposed
algorithm. The state and adjoint equation are solved by a variant of immersed in-
terface techniques which were introduced by Z. Li and R. Leveque ([Li, LeLi]) on a
rectangular grid with mesh size h = 4%. The parameter o was set to a = 0.1. The
algorithm terminated after 6 iterations by the condition ||G/|7, () < tolg, toly = 107
The intercepts of the computed free boundary are located approximately on a circle
with center (1.1,1) and mean radius R,, = 0.4983 with variance 0.0008. The error of
the computed solution at interior grid points is ||u — u.|| =~ 0.0021. We restart the
optimization at the previously obtained interface interpolated on a grid with mesh
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iter  J(up,I'r) HGH%Q(FT) T

>
109, ,IIDJII

1 0.0000352 0.0002924 0.1082
2 0.0000016 0.0000069 0.2088
3 0.0000002 0.0000007 0.2094

mean radius 0.4998

variance 0.0002

B S O e ||te — Uer| oo 0.0009
FIGURE 5.2 TABLE 5.2

size h = % using the more stringent termination parameter tol, = 107°. Figure 5.2
shows the combined convergence history on a logarithmic scale: the solid line refers
to logy, ||GH%Q(FT), the dashed line illustrates log,, J(ur,'r). The restart increases
the initial cost, however the optimization terminates after only 3 additional iterations
at a significantly reduced cost, improved mean radius and variance. The error of the

computed solution u. is reduced by a factor 2, cf. Table 5.2.

5.2. Example 2. We again consider the outer Bernoulli problem. Now the fixed
boundary is L-shaped as specified by the list of corners (3.1, 3.1), (5.1,3.1), (5.1,4.5),
(7.1,4.5), (7.1,7.1), (3.1,7.1), cf. Figure 5.3. In this case the solution of the Bernoulli
problem is not explicitly known. Figure 5.3 shows the free boundaries computed by
the 2 level optimization strategy sketched above: first we solve the problem on a grid
with mesh size h = .2 on the computational domain [0, 10] x [0, 10] starting from the
circle (z —5)% + (y — 5)* = 4.2% as initial guess. Then the resulting level set function
is interpolated on a 3 times finer grid and used as an initial guess for the second
run. The computed free boundaries are almost indistinguishable. Nevertheless, the 6
additional iterations on the finer grid, however, reduce the cost as well as ||G ||%2(Ft)
by two orders of magnitude, cf. Table 5.3 and Figure 5.4.

This example was also solved in [HKKP] by a completely different technique. There,
we formulated the optimization problem
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iter cost ||DJ|? t
1 42.5073820 75.6076829 0.5060

ol 2 2.5646458  2.6962668 0.8561
3 0.1157191  0.0848614  1.2273
4 0.0115121  0.0092944  1.1147
5 0.0012156  0.0006600  1.6576
6 0.0001781  0.0001228  1.3057
7 0.0000540  0.0000345  1.4101
1 0.0025375  0.0029234  0.7812
2 0.0001348  0.0000636  1.9079
3 0.0000803  0.0001466  0.4929
4 0.0000128  0.0000084  1.3723
) 0.0000020  0.0000016  1.1400

L ‘ 6 0.0000004  0.0000003  1.2876

FIGURE 5.3 TABLE 5.3
subject to the Dirichlet problem
—Au =0, on €
U = 17 on Fd,
u =0, on I

The free boundary was represented by a piecewise quadratic Bezier spline, the state
equation was solved by an embedding domain technique and the optimization was
carried out by a derivative free global method. Figure 5.5 shows a comparison of the
free boundary obtained by the composite level set technique after 13 iterations with
the result of the global method after 10000 function evaluations. The circles mark the
final position of the control nodes of the Bezier splines which were allowed to move
only on the indicated segments. A complete discussion can be found in [HKKP].

6. APPENDIX

Proof of Lemma 3.1. Let p: T'— V be alocal patch for an n—1-dimensional manifold
M in R™, T being open in R", V open in M. Let f: M — R satisfy supp f C V.
Recall that f is integrable over V if t — foyp [det(Dy? (t)Dyp(t)]*/? is integrable over
T. One then defines

/Mf(ﬁ) dM:/Tfogo(t) [det(DSOT(t)Dgp(t)]l/Q dt.

We also note the following result which is useful in the manipulation of the surface
element.
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Lemma 6.1 ([M]). Given independent vectors xy,...,x,—1 inR™, let X be the nxn—1
matriz X = [x1,...,2,_1] and let n denote the vector with coordinates

n; = (=1)"tdet X(1,...,1,...,n),

where 1 indicates deletion of the i-th row in X. Then n is a normal to the hyperplane
determined by x4, ...,x,_1 of length

l|n]| = v/det(XTX).
(Hence ||n|| gives the volume of the parallelepiped spanned by x4, ..., x,—1.)
Since 2 € CY! there exists a family Oy, ..., O,, of open sets in R" covering I' and

Cl!-diffeomorphisms ¢;: O; — B(0,1) such that
¢(QNO;) ={¢ e B(0,1): & <0},

Define By = {¢/ e R*"': ||¢/|| < 1} and let h;: By — I' N O; stand for the restriction
of hy =c; ' to {£ € B(0,1): £, = 0}. Then hi: By — I'NO; determines a local patch
of T, hence F,oh;: F,(T") N F,(O;) is a local patch of T, = F,(I"). Using a suitable
partition of unity we may consequently assume supp f; C Fy(I') N F,(O;). To simplify
notation we subsequently omit the index i. By definition of the surface integral we
have

(6.1) fi(x)dly = | fro(Fyoh)[det (De(Fyoh) Dei(Froh))]Y? dg'.
I Bo

From the relation relating the inverse of a matrix to its algebraic complement we
obtain

(6.2) det Dh (Dh) "e, = (adj Dh)"e,, = fioh,
2 12
10F
1 11
0 0
-1 1N
5
]
52 —2:8
3 g
o 3 3
4 4
5 5
6 6
of
L E A R 5 10

FIGURE 5.4 FIGURE 5.5
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which is to be evaluated at (¢',0), & € By. Therefore fioh = fioh. Observe that the
i-th coordinate of noh is given by
(oh); = (=1)"""Vdet(Degh(1,...,i,...,n)), i=1,...,n.
From Lemma 6.1 we infer that noh is a normal vector to I' of length
(6.3) ||[voh]| = |det Dh|||(Dh) e, || = [det (Dgh” Derh)]M2.
Using the chain rule and (6.2) we furthermore obtain
D(F,oh) e, = (DF,)""oh (Dh) "e, = (det Dh) " (DF,) T ohfioh
= (det Dh) "' ((DF;,)""n)oh||it||oh

where n denotes the normalized vector n oriented such that it points to the exterior
of Q. Inserting this result and (6.3) with h replaced by F;oh into (6.2) results in

fi(zy)dly = / fio(Fyoh)det(DF,oh) ||D(F,oh) Te,|| d¢’

Ft BO

— fio(Fyoh)det(DF,oh) (det Dh)Y||(DE,)"Tnl|oh ||7]|oh de’

Bo

= ftO(FtofL) det(DE,oh) (det DR)™!|(DF,)"Tn||oh[det (DgfiLTDgliLﬂl/Q de'

By

- /B (ftoFt)oiLdet(DFt)oh||(DFt)_Tn||oh [det (DglhTDgliL)]l/Q d¢’

_ / fioFydet DF;||(DF,) Tn]|dr,
r

which is the desired transformation rule. Finally we point out that in view of (6.3)
we have for f € L'(T'), supp f C O; N T

/ fdr = [ fohdet (Dgh” Deh)|M? de’
r Bo

= foh|det Dh|||(Dh) Te,|| d¢,

Bo
which is the definition of the surface integral given in [SZ]. O
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