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Abstract

We analyze a typical 3-D conductivity problem which consists in
seeking the optimal layout of two materials in a given design domain
Q) ¢ R?® by minimizing the L2norm of the electric field under a con-
straint on the amount on each material that we can use. We utilize a
characterization of the three-dimensional divergence-free vector fields
which is especially appropriate for a variational reformulation. By us-
ing gradient Young measures as a main tool, we can give an explicit
form of the ” constrained quasiconvexification” of the cost density. This
result is similar to the one in the 2-D situation. However, the char-
acterization of the divergence-free vector fields introduces a certain
nonlinearity in the problem that needs to be addressed properly.

1 Introduction

In this paper, we will study a typical optimal design problem in conductiv-
ity, which consists in looking for the optimal distribution of two different
conducting materials with isotropic constants « and § (0 < a < ) on a
domain  C IR?, such that it minimizes a certain functional cost which
depends on the underlying electric field of the state equation in the form

I(x) :/Qa(wjx(fv))IVU(x)—F(x)\zdx (1)

where u is the unique solution of
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—div ((ax + (1 = x))Vu) =g in Q,
u=1ug on O,

(2)

and the functions a, F', g and ug are known. The function y € L*°(Q2,{0,1})
is the design variable and it indicates where we place the a-material. The
amount of a-material is given, and therefore we have to enforce the volume
constraint

/ @)de < to]Q) (3)
Q

with to € (0,1) fixed.
In short form, the optimal design problem is to

min ()
X

under
—div ((ax+ (1 —x))Vu) =g in €,
u=1ug on O,

where the admissible set of x’s is the set of the characteristic functions over
Q under the volume constraint

1
IQ/Qx(:v)dx < to.

This problem has been extensively studied in the two-dimensional case
([1],2], [10], [13]), and it has also been examined in the three-dimensional
case ([3]). In this paper, we would like to pursue a more direct analysis of
the three-dimensional situation in order to deal with a more natural gen-
eralization, as compared to the treatment in ([3]), of the two-dimensional
case. In doing so, we will have to overcome a certain non-linear structure
which does not have a parallelism in the 2-D case. This is the result of using
Lemma 1 below, a suitable characterization of three-dimensional divergence-
free vector fields.

It is well understood the lack of classical solutions for this type of prob-
lems. This is the reason why we reformulate the problem through relaxation
techniques. The theory of homogenization is an important tool which intro-
duces new types of composites as structural elements through the concepts
of H-convergence or G-convergence ([1]). The theory of homogenization is
especially useful when we work with non-explicit dependence on the flux
Vu(zx).

Our strategy is directed towards the understanding and computation of
the constrained quasiconvexification of a certain integrand which is obtained
as a result of a suitable variational reformulation of the problem ([10], [12],
[13], [14]).



Notice, to begin with, that

a|Vu — F|* = a|Vu|* = 2aVu - F + a|F)?,

and that the second part —2aVu - F + a|F|? is linear in Vu, therefore it
suffices to study the case F' = 0. The optimal design problem we will treat
will be

min I —/a:):, z))|Vu(z)|*dz
100 = | ale ()| Vu(a)

subject to,
—div ((ax+ (1 —=x))Vu)=g in Q
u=1uy on 0N
Jo x(z)dz < to]Q.

We want to reformulate this problem in a different form. We take G € H*(Q)
such that
div (G) = g in 9,

so that the state equation can be rewritten as
— div ((ax + B(1 — x))Vu + G(z)) =0 in Q C R®. (4)

The treatment of this equation is the main novelty with respect to the
two-dimensional case in which the divergence-free fields are characterized as
the counterclockwise 7/2-rotation of the gradients of scalar functions, while
in the three-dimensional case the situation is more complex, we will use a
characterization by ” Clebsch potentials”. There are different results in which
n-dimensional divergence-free vector fields can been represented in terms of
(n-1) arbitrary functions. For the three dimensional case, if F € R? with
div(F) = 0, then there exist Clebsch potentials v, w such that F' = Vv x Vw.
The proof of this result is beyond the scope of the present paper and we refer
[8], [11]. [18], [15]. In fact, looking at the specialized literature, is seems
that this representation en terms of the Clebsch potentials is not always
valid ([7]). But this is a fine point for experts which we have avoided. We
simply use this representation in the sequel.

Therefore using the Clebsch potentials, we have that (4) can be replaced
by,

(ax(z) + B(1 — x(2)))Vu(z) — Vo(z) x Vw(z)+ G(z) = 0 in Q.

We can therefore use (u,v,w) as new design variables provided they
satisfy the following pointwise constraint,

aVu(z) — Vu(z) x Vw(z) + G(z) =0
a.e. x €. (5)
BVu(z) — Vu(z) x Vw(z) + G(x) =0



It’s clear that we can identify the design variable x with the vector (u, v, w),
and conversely a vector (u,v,w) which verify (5) with a design variable .
We consider then the new design variable U = (UM, U®) U®)) = (u, v, w),
where U : R? — R? and VU(z) € R?*3,

Let A, be the (non-linear) manifold,

Ao ={Ae M¥3:yAD — A® x AB) 4 G(z) = 0}

where A® is the i-th row of the matrix A.
Put aq(z) = a(z, 1), ag(z) = a(z,0) and

hz) = Pan(r) — aas(),

and set

ao(2)| AW, if A€ Ay,
W(z, A) = { ag(@)[AD2, if A€ As,\ Mg,
400, else,
1, it Ae Aay,
V(x,A) = { 0, if AeAgz\ Ao,
400, else.

It is clear that the original optimal design problem is equivalent to the non-
convex vector variational problem

mUin I (U)z/ﬂW(x,VU(a:))da;

subject to
UeHY(Q)?3, UL =ug on 9Q
Jo V(z, VU (x))dz < to|€.

W(t, F) = af(ta+ (1 —1)8)[FO 24
(1= o+ t)([FO x FO2 4 G2 — 2(F® x F®). G)|+
208 +t(1 —t)(B — @)?)(FY - G — det F)

h(z) 2| (1)(2 (2) (3))2 2
7tﬁ(ﬁ—oz)2(ﬂ |FU12+ | F% x FY° + |G)F — 26 det F+
2(BFW — F® x ). ) 1 “f’[g"” (et F — G - F)
if h(z) > 0,9(t, F) <0,

(a2 FV12 4 |F@ x FO)2 4 |G — 2adet F+

(1—Ha(B—a)?
2aF® — FO  p®). ) 1 29 o p . p0y,
«

if h(z) <0,9(t, F) <0,
[ +oo else.




We will show that the variational problem
min t(x), VU (x))dx
min | ¢(1(). VU@))

subject to

Uec HY Q)3 UD =ug on 09, ¢(t(z), VU(x)) <0,

0<t(x) <1, [yt(x)dz<tolQ,

is a relaxation of the original optimal design problem, in the sense explained
in the next theorem. This result is the main objective of this work.

Theorem 1 This final variational problem is equivalent to ( a relazation
for ) the original optimal design problem ( determined by (1), (2), (3) ) in
the sense that

a) the infima of both problems coincide,

b) there are optimal solutions for the relaxed problem,

¢) these solutions codify (in the sense of the Young measure) the optimal
microstructures of the original optimal design problem.

For the particular case in which we take an(r) = ag(z) =1 and G = 0,
the above formulae simplify to

hz) =5 —a,

U(t, F) = af(ta+ (1= t)B)[FV)? + (1 - t)a +18)|FP x FO?
—(2a8+t(1 —t)(8—a)?)det F

Wl)(gwwp HIF® x FOR _ 93det F) + ;detF
—
o(t, F) = -
if (1, F) <0,
+00 else.

The main new contribution here is to understand how the non-linear
character of the manifolds A, above does not in fact interfere with the
analogous computations for the 2-D situation. This is so because this non-
linearity is intimately connected to the weak continuity of minors.

The work is organized as follows. We begin by studying a relaxation of
the original problem which is given by the constrained quasionvezification.
Next, we compute explicitly this relaxation by firstly computing a lower
bound (polyconvezification), and then seeking a laminate that recovers this
polyconvezification thus showing that the bound is optimal. Finally we prove
a basic result for the variational reformulation, Lemma, 1.



2 Relaxation

We have recast our optimal design problem as a typical variational problem.

We see that it is a non-convex vector problem that we are going to analyze

by seeking its relaxation. We use Young measures as a main tool in the

computation of the suitable density for the relaxed problem. We are going

to follow the same plan that in the two-dimensional case ([2],[10], [13]).
Put

m = inf { / W (z, VU (2))dx : U € H'(Q)3, UM —ug € HE(Q),
Q

/V(:c,VU(az))daz = tol9 }.
Q
We know ([2]) that
m > = inf { / COQW (2, VU (z), t(z))dx : U € HY(Q),
Q
U0 —ug € HY(Q),0 < t(z) < 1,/ Ha)dz = 1]}
Q

where CQW (x, F, t) is defined by,

COW (z, F,t) = in f{ W (z, A)dv(A) : v € A(F, t)}

M3X3

with
A(F,t) = {1/ : v is a homogeneous H'-Young measure,

F= Adv(A), /

V(z, A)dv(A) = t}. (6)
M3x3 M3x3

Notice that the previous inequality will be an equality when W is a
Carathodory function with appropriate growth constrains ([14]). However,
in our situtation it is still possible to prove this equality despite the fact that
W is not a Carathodory function. Let us consider the following minimization
problem

m = inf {/ W(x, A)dvy(A)dz : v € 3(u0,t0)}
9] M3><3
where

B(ug, to) = {1/ : H'-Young meas., supp(v;) C Aq UAg,3U € HL(Q)3,
UM —ug € HYQ), [ [asxs V@, A)dvg(A)de = t0]Q],
VU (z) = fMSXSAdux(A)}.

We have the following result.



Theorem 2 The equalities

m=1m=m
hold. Moreover, for each measure v € B(ug, to) such that supp(vy) C AqUAg
a.e. x € Q, there exists a sequence {VUy} such that,

i) Uy € (HY(Q))3, Uk(:l) —ug € HY(Q), {|VUL|*} is equi-integrable,
it) VUg(z) € AaUAg, ae. x € QVE, [,V (x,VU(x))dx = to, Yk

iit)  limp oo [o W(z, VUL(x))dz = [ [13x3 W(x, A)dv,(A)dx

Proof. It is enough to generalize to the three-dimensional case the
proof used in ([2]) for the two-dimensional case. This is a straightforward
generalization.

3 Constrained quasiconvexification

We would like to compute explicitly the constrained quasionvexification de-
fined as

CQW (z,F,t) = inf{ W(z,A)dv(A) : v € A(F, t)}

M3X%3
where A(F,t) is given in (6). This constrained quasiconvexification can be
expressed as

inf{ W(z, A)dv(A) : F _/
v M3x3 M3x3

Adv(A), /MH V(. A)dv(4) = 1
7

with v a homogeneous H'-Young measure with supp(v) C Ay U Ag.

For (F,t) (and z) fixed, we are going to calculate the value in (7), i.e.
CQW (x, F,t). The main difficulty here is that we don’t know explicitly the
set of the admissible measures, which we note as .A. The plan to follow will
be similar to the two-dimensional case. The first step is to calculate the
minimum over a greater class of probability measures A* O A where A* is
the set of all polyconvex measures. In this way we obtain a lower bound
( the (constrained) polyconvexification). Once this bound is computed, we
search a measure over a narrower class of measures ( the laminates) which
will tell us that the bound is attained, so that we will have in fact computed
the exact value CQW (z, F', t).

The polyconvexification CPW (z, F,t) can be computed through the fol-
lowing optimization problem

min W(x, A)dv(A)

v M3%3



subject to
v =tvs + (1 — t)vg, commutes with all (some) minors
Supp(V'y) C A’Y? ’Y = auﬁ)

F=t| Adva(A)+(1—1t) [ Advs(A).
Ao Ag

It is clear that the integral constraints have been incorporated in the
decomposition of the measure v. Let us first examine the constraints. We
introduce the following variables

S, = [ NN, with y = . ®)
R3

(1)

where vy’ is the probability measure resulting from the projection of v,

onto the first row. On the other hand, we put
F, = / Advy(A) for v =a,f.
A'Y

From the fact that the measure v = tv, + (1 — t)vg commutes with the
determinant, it is clear that

FAD =A@ x AB) L G =0

A€hy = { det A = AW . (AQ) x AB))

} =det A =~|AW)2 + FO) . @G,
(9)

thanks to the commutations with the minors. In particular, applied to the
determinant, it leads to

det F = t/ det Adva(A) + (1 — t)/ det Advg(A).
Aa As

Keeping in mind (8) and (9), we have that
det F = taS, + (1 —t)3Ss + F . G.

The components of F(? x F®) are the second order minors which have
been computed using the second and third row of the matrix F, and again
the commutation with v yields

FO O = [ A2 % AOdn(a) =
R3><3
ta/A(l)dua +(1- t)ﬁ/A(l)du@ +G =taF{V + (1 - t)8Fs +G.

Moreover

F=1F+(1—-t)Fy = FO =tFY + (1 - )FV.



Using the last equalities, we can deduce

F = 5 (BFW = FO < FO) 4 @)

(10)
(1 _ -

On the other hand, by the Jensen’s inequality
2
S’V > ’ / )\dV’(yl)()‘)’ = |F’$1)‘27 with Y= Oé,,@,
R3
and bearing in mind (10), we can write

(8 — )28, > BIFD? + |FO x FO12 4|62 -
268det F +2(BFY — F? x FO)y . @,

(1—-1)2%(8— )25 > 2| FOP + |FP x FO12 4 |G)2-
2acdet F + 2(aFM) — F@) x FG)). G,

The cost functional can be rewriten in terms of the S, variables as follows
taaSo + (1 - t)agSg.

Hence, we can rewrite the original optimization problem as a mathemat-
ical programming problem

minimize taq,So + (1 —t)agS
(SaSa) O (1 =1asSs

subject to
det F = taS,, + (1 - t)BSQ

BHFV12 4| F® x FO2 4 |G? — 268 det F+
2BFM —F® x FOY .G —2(8 - a)?S, <0,

A|IFOPR 4 1F® x FO12 1 |G - 2a det F+
2aFV — FA x FOY. G — (1 -t)%(8 - a)%85 <0,

where the parameters o, 3,a.,ag are part of the data set of the original
problem, and the variables ¢, F' (and x) are fixed.

The first issue about this mathematical programming problem is to com-
pute the admissible set for the variables (S, S3). This is determined by the
intersection of two semi-planes and one line; therefore the admissible set will



Figure 1: Mathematical programming problem

be the segment of the line within the two semi-planes. This is easy to see
geometrically in Figure 1.

The admissible set will be non-empty when the point of intersection
where the two inequality constraints become equalities (P in Figure 1) is
under the line represented by the equality constraint. This amounts to

aBta+ (1 - )B)[FV)? +
(1=ta+tB)(|F? x FOP 1 |G —2(F? x FO)Y. @)
+2af+t(1 =) (B —a))(FY .G —det F) < 0. (11)

The second issue is to decide the point(s) where the minimum value
is attained. It is clear that the optimal point depends of the coefficients
aq,ag. We have previously determined that the admissible set (when it
is non-empty) is a segment, and the functional cost is a linear functional.
Therefore the minimum value will be attained at one of the extreme points
of the segment, or become constant over all of the segment, depending on
the particular values of the parameters a,,ag. Let

h(z) = Baa(z) — aag(x)

It is easy to compute that the minimum value, which depends on the sign
of the function h(x), therefore assuming that (11) holds,

10



h(z
CPW (z,t,F) = M(52|F(1)|2 + |F(2) % F(3)’2 + ’G|2
x)

—28det F +2(BFV) — F@?) « FO)) . @) + aﬁé (det F — G - F(V)y

if h(z) >0,

—h((l?) (a2|F(1)|2 + |F(2) > F(3)|2 + |G|2

(1= t)alf—a)?

90 det F 4 2aF® — FO x FO). @)+ ) o - g p),
(6%

if h(x) <0.

CPW (z,t,F) =

This lower bound will become an exact value for CQW (z,t, F) if these
extreme points can be attained as the second moments of some measures
Vo, vg (according to (8)) and that the convex combination tv, + (1 — t)vg
is a laminate.

We explicitly find such measures in the case h(x) > 0, where the extreme
point is attained when

FFOE 4 FE x FOP 4GP
—208det F +2(BFV) — F® x FO)) .G —2(3 — a)?S, = 0.

In this case we have

S = / AW Pdva(A) = |FV,
R3

and bearing in mind that the functional [, |AM 2dy, (A) is strictly convex,

we can deduce that v, = dg, for G, € A, and G&l) = Fo(él).
Let the functions g, h : R**® — R be defined as

g(F) = 2B FOP £ |[FO x FOI 4 (a2 4 608 + ) (det F — G - F1)?
—2afB|FVPF® x FO — G . FO12 —2a8(a+ B)|FV*(det F — G- FO)
—2(a+B)F? x F® —q. FOP(det F — G- FV),

h(F) = (a+B)(det F — G- FW) —afFO2 - |[F® x FO) — G2,

Lemma 1 Let F ¢ A, UAg and such that g(F) > 0 and h(F) > 0. Then,
there exist a € R?, (r,s) € R? and A € R such that,

a a
F+| ra | €Ay, F=X| ra | €Apg. (12)
sa sa

11



Proof. Conditions (12) can be written as

{ aa—sF® xa—rax FO® = —(aFM) - FO x FO + @),
3)

Ba—sF® xa—rax FO = Lgp0) _ F@ 7O 1 ), (13

where we have

1
(6 —a)

Thus the above system has solutions if and only if

a =

[mﬂﬂ_ﬂ”xﬂ$+®+§wﬂﬂ_ﬂ®xﬂ$+my

a-(aFV —F® x FO) 1 G+ aa) = 0. (14)

The necessity is elementary while for the sufficiency simply notice that any
vector (aF(M) — F?) x FG) 4 G 4 aa) orthogonal to a, can be decomposed
as a linear combination of the basis {F?) x a,a x F®)}.

It is elementary to check that (14) is equivalent to Sp(1/)\) = 0 with

Sp(z) = 228laFY — F® x FO) 4 q)?
+z(a+ B)(aFY — FO x FO L @) . (BFY — FO x FO®) 4 @)
—l—a\ﬂF(l) — F(2) X F(3) + G’Q

Sr is a second degree polynomial that will have real roots if its discriminant
is non negative, i.e., g(F) > 0. On the other hand, it is easy to check
that Sp(0) > 0 and therefore there will exist positive solutions if Sp is
decreasing in 0, i.e., h(F) > 0. It is easy to check that these conditions are
the hypotheses of the lemma.

There exist then two solutions, namely

1 1
X 2(B2|FD]2 + BIF@ x FG) — G2 — a(det F — G - F()))

((8+a) (@ + At F — G- FV)) — a2+ |F@ x FO - GP)
+(-1)'(5 - a)Vg(F))

and the corresponding (7, s;) and a; with ¢ = 1, 2.

Let us put Pr(t) to designate
(3 —a)?(det F — G- FD)2 4 (ﬁ|aF(1) —F@ x FO®) 4 G2
—Oé’,BF(l) _ F(Q) % F(3) + G‘Z - (ﬁ - a)Q(detF —q. F(l))))t

+a|FY — F@ x PO 4 G2,

12



After some additional algebraic manipulations, one can show that condition
(11) is equivalent to Pp(t) < 0. Moreover, it is elementary to check that
Pp(t) = Sr(1%), and therefore the conditions which guarantee that t €
(0,1) are g(F') > 0 and h(F) > 0. Let us put t;, i = 1,2 the two roots of
Pp,

1 1

f=
5 T 2F—a)det F) =G . FD

af|FV )2 — |F? x FO) — g?

+(—1)i\/§(F)}i —1,2.

It is clear that these remarks imply that the set where C PW is finite
can be described as the pairs (¢, F') such that

g(F) > 0, h(F) > 0, te [tl,tQ]. (15)

To summarize, we have that for a pair (¢, F') verifying (15), by Lemma 1, we
can guarantee that there exist exactly two first-order laminates supported
in A, UAg and barycenter F'; from here we can obtain a second-order lam-
inate which attains the optimal value of CPW. We can see the geometrical
situation in Figure 2.

Figure 2: Spatial situation

We are now going to work in the plane determined by F' and the two
rank-ones directions. We seek a matrix M, such that,

M, € A,

yo_ 1

e (BFY) — F?) x p3)), (16)

13



A matrix M belongs to that plane if

M:F—I—O'Al—I—IU,AQ (17)
where
Qj
Ai = ria; 1= 1, 2,
S; Q4

are the rank-one directions determined in Lemma 1 and (o, 1) € R? are
arbitrary.
When we impose to a matrix in the plane (17) that its first row be given
by (16), we find a unique pair (o*, u*) given by
N )q(t-i-)\zt—)\g)

g = y

t(A1 — N\2)

. —>\2(t + A\t — )\1)
t(A1 — A2)
Note that u* = 1—0c™*. Then the issue is to check if M, = F+o*A1+p* A
belongs to Ag,.
We take a matrix M in the plane (17) and force that M to belong to
A, . Having in mind (13),

siF(Q) X a; + ria; X FO = qFr®) _ @ » pG) 4 G+ aa; withi=1,2,

M=F+0cA) + pAs o
M e A,

a(FY + oay + pag) + G =
(F®) 4 oria; + praas) x (F®) + os1a1 + psgag) =
FO 5 FO 4 6(s1F® x ay +ria1 x F®) 4+ pu(s9F? x ag + r9ag x FO)) =
{using (13)}
FO 5 FO 4 (o + p)(aFV — F@ x FO) L @) + a(ca; + pag) <
(1—0—p)(aFM —F® x FO L G)=0.

Then a matrix M = F + 0 A1 + Az belongs to A,, if and only if p =
1 — 0. From this we can deduce that the intersection between A, and the
plane determined by the rank-one directions is a linear manifold, and most
important, M, = F + 0*A; + p*As belongs to A,, since u* = 1 — o*.

Therefore, the characterization of this intersection can be written in the
form

14



M=F+cA; + (1 —U)A2 :O'le +(1 —O’)Fag,

where F,; = F + A;, i = 1,2, are the intersection between the rank-one
directions and the A, manifold (the black points in Figure 2).

In a similar way, we can show that the intersection between the rank-one
directions and the Ag manifold is again another linear manifold determined
by

M=F+0Ai+(1-0)Ay=0Fg;1+(1—0)Fp>

where Fjg; = F 4+ \jA;, @ = 1,2, are the intersection between the rank-one
directions and the Ag manifold (the green points in Figure 2).

Then we have v, = 7, such that supp(ve) C Aq. If we seek vg as a
convex combination of two Dirac masses with support in the Ag manifold, we
may produce a second-order laminate supported in A, U Ag. The situation
in the plane can be drawn as in Figure 3 where laminates are shown with
green and yellow colors.

Figure 3: Plane of rank-one directions
Let Fg; = My +1;(Fg; — Fai). It is easy to check that
Fgi=UFp1+(1—=1f)Fp
with

. Ai—tha+1)
p=lfio 2
tOh — Aa)

15



To sum up, if we consider the matrices,

7
Foi=F+ A, Fg;=F—XNA; with A= ra; |,i=12,
S;Q4
i} . . v A(tHAat=X
My =0"Fo1+(1—-0")Fa2 with o= 1%17532)2)’

Fgi=1iFg1+ (1—1f)Fgo with [ = 4A§&tl(i§>l 2

and the scalars

R t—/\i(l—t) L tf)\j(lft)
Pij = x=x i T IatD =N

we can define the second-order laminate with support on A,UAg, barycenter
F, and mass in A, equal to t, by putting

Vij = Tij0Fs,; + (1 = 7i5)(pi0p, , + (1= pij)on,)

with i,7 € {1,2}, i # j where,

det(Fg’j - Ma) =0

and

det(Fa; — (pijFa; + (1 — pij)Ma)) = 0.

A similar result holds for the other point where the optimal value is attained.

1.

This finishes the computation of CQW (x, t, F') and the proof of Theorem
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