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Abstract

We address the numerical approximation by finite element methods of an optimal
design problem for a two phase material in one space dimension. This problem, in the
continuous setting, due to high frequency oscillations, often has not a classical solution
and a relaxed formulation is needed to ensure existence. By the contrary, the discrete
versions obtained by numerical approximation have a solution. In this article we prove
the convergence of the discretizations and obtain convergence rates. We also show a faster
convergence when the relaxed version of the continuous problem is taken into account when
building the discretization strategy. In particular it is worth emphasazing that, even when
the original problem has a classical solution so that relaxation is not necessary, numerical
algorithms converge faster when implemented on the relaxed version.

Key words. Control in the coefficients, composite optimal design, relaxation, numer-
ical approximation, finite elements.
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1 Introduction

This paper is devoted to the finite element numerical analysis of a problem of optimal
mixture of two (thermal or electrical) materials in order to minimize a given functional
in one space dimension.

Let © be a bounded open set of RY, N > 1 (although our analysis is limited to the
case N = 1, the problem makes sense in any space dimension) and consider the following
optimization problem,

Find wy € U such that

) = min (). (L1)

Here w, the control, is a measurable subset of €2, J(w), the cost functional, is of the form,

J(w) :/Fl(x,u, Vu)dac—i—/ Fy(z,u,Vu)dz, (1.2)
w Q\w
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where Fi, F5 : © x R x RV — R are given functions, and u, the state, is the solution of,

~div((axw +B(1 = xw) Vu) =/ in @,
u=20 on 0f), (1.3)
for some given source term f : £ — R. The positive constants «, 3 represent the two
materials, determining the coefficients of the corresponding diffusion matrices. Some
restrictions can and have to be imposed to the control w depending on the problem. For
example, an interesting case is when the material « is more efficient than the material
08 but it is also more expensive. Then, it is usual to consider a restriction of the form
lw| < K, limiting the use of the material &. We include this restriction in the admissible

set of controls U,
U={wCN: wmeasurable, |w|<k}. (1.4)

The existence of an optimal set w fulfilling these constraints, for which the function
u solution of (1.3) minimizes J does not hold in general ([13], [14]). In these cases, it is
natural to look for minimizing sequences, i.e. sequences {w;}7°; C U such that

p 0 = I8,

since they provide near optimal designs. A usual procedure to find such sequences is to
introduce a relaxed version of the problem for which a minimizer exists. Then, a suitable
approximation of the minimizers provides minimizing sequences of the original problem.

For a sequentially continuous functional g, in the weak topology of the Sobolev space
HY(Q) ([1], [11], [18]), this relaxation can be obtained by replacing in equation (1.3)
the function y,, by a measurable function 6 taking its values in the closed interval [0, 1]
and the function (ax., + 5(1 — xw)) by a matrix function A in the set K(0) of matrices
constructed by homogenization (see e.g. [15], [17], [19]) mixing the materials o and
with respective proportions # and 1 — . Remark that the set K(6) is known in the case
described above, corresponding to the mixture of two isotropic materials ([12], [20]), but
not in other interesting cases such as the mixture of more than two materials, anisotropic
materials... Henceforth we denote by U the set of relaxed controls (6, A).

Note that functionals of the form (1.2) are not sequentially continuous in the weak
topology of H!(Q), in general. In those cases, to obtain the relaxed version ([4]) we must
replace the set of controls y,, and coefficients (ax., + 3(1 — xo)) by the pairs (9, 4) € U
as above, and the functional J by another one of the form

g(@,A):/H(x,u,Vu,AVu,H) dzx. (1.5)
Q

where u is solution of the homogenized problem,

—div(Avu) —f inQ

u=0 on 0f2. (1.6)

An explicit expression of the function H is only known in some particular cases ([2],
[4], [5], [6], [9], [10], [16], [21]). It satisfies H(z,u,Vu, AVu,0) = Fi(x,u, Vu)x, +
Fy(z,u, Vu)xo\w if 0 = xw and A = (axw + B(1 — xw)) I and, so, the relaxed functional
is in fact an extension of the original one to the larger set of relaxed controls. The relaxed
control problem reads

Find (6, 4g) € U such that

J(0o, Ag) = min J(0, A).
(6,4)elU

(1.7)
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In practical applications, in order to solve numerically the above control problem (1.1),
it is necessary to introduce a discretization of both the control set and the functional. In
the present context we have at least two approaches to this numerical approximation
issue. The one based on the discretization of the original problem and the one relying
on the discretization of the relaxed version. Recently, in [6] and [7] both discretization
procedures have been shown to converge (in these articles some partially relaxed versions
have also been studied in which the class of controls under consideration is enlarged but
not to the extent of exhausting the class of the relaxed version of the problem; we refer
to [10] for a related result).

In this paper we compare and get convergence rates for the sequences of discrete
minimizers obtained with both approximation methods. These issues are addressed in the
simplest one-dimensional setting, where the partial differential equation (1.3) is reduced
to an ordinary differential equation, the set K(6) is well known to be reduced to the
harmonic mean of o and (8 with respective proportions # and 1 — 6 and the function H
is explicitly known. Note that in this case we can write (6, A) = () in (1.5), since A is
completely determined by €, and U is just the set of measurable functions 6 : Q — [0, 1],
with integral less or equal than k.

To make precise our results we first consider the discretization of the set of controls
but not of the the state equation (1.3). In the context of finite element approximation
methods, we can consider a decomposition of €2 in elements with maximum size r and
subsets w constituted by unions of a subset of such elements. If we denote by U" the set
of such subsets, the discrete problem reads

Find wj € U", such that

N (1.8)
J(wp) = min J(w).

The discrete space of controls obtained in this way U" is compact in the strong topology
of L'(Q) and the corresponding state functions are compact in H'(f2). Therefore, the
discretized problem has a solution without the need for a relaxed version.

In this way we obtain a sequence of discrete minimizers {w(}, that are likely to con-
stitute a minimizing sequence of J in U, as » — 0. We show that this is the case and we
give convergence rates for

J(wp) — inf J(w), as r — 0. (1.9)
wel
On the other hand, instead of discretizing the original control problem we can discretize
the relaxed version. After introducing a decomposition of 2 in elements, with maximal
size r, we can consider the set U" of functions § € U which are constant on each element.
The discrete relaxed problem reads,

Find 96 € U" such that

3(0y) = min J(6), (1.10)
oeur

As above, we show that

J(05) — inf J(u) — 0, asr — 0 (1.11)
wel

and we give convergence rates.
Once a discrete relaxed minimizer is known ég we can construct a sequence {w" ey C
U such that
lim (W) = J(65).

k—o0



This provides a minimizing sequence of the original problem. As we show, the sequence
{wk’r}z‘;l can be constructed explicitly from 96, without almost no computational cost.

Our results show that it is better to discretize the relaxed problem, in the sense that
we get a faster convergence rate, as r — 0, for (1.11) than the one obtained for (1.9). This
is true even in the case where the original problem has a solution and so, the relaxation
is unnecessary from a theoretical point of view. Despite of this, the relaxed version of the
original minimization problem can always be formulated and our results show that it is
indeed better to approximate numerically the optimal design problem in these cases too.

From a computational point of view, besides of discretizing the set of controls we must
also discretize the state equation ((1.3) or (1.6)). This requires a second decomposition of
Q) constituted by elements of maximum size h. A natural assumption is to consider this
new decomposition as a refinement of the one used for the control set, or vice versa.

In the context of the original unrelaxed control problem, denoting by u” the P;-finite
element approximation of the solution of (1.3) and defining 3" by

Hh(w):/Fl(x,uh,Vuh) dx—}—/ Fy(z,u", Vul) d,
w AN\w

the full discrete control problem reads,

Find wg’h € U" such that

1.12
P(5") = min 3t @). (12

Analogously, we can define a full discretization of the relaxed problem by considering
Jm0) = / H(z,u", Vu", AVu", 0) da. (1.13)
Q

where u" is the Pj-finite element approximation of (1.6). The fully discrete relaxed prob-

lem in this case is -
Find 06’ € U" such that

U . 1.14
3(85") = win 3 (6). S
feur

We focus on the convergence rates for the sequences {wg’h}r’h and {ég’h},«,h obtained

with the two approaches above respectively. More precisely we compare the sequences
1h' 3 700 7h 3
d(wo") = imf d(w),  and  J(65") - inf I(w),

as r,h — 0.

The following results are proved:

e Discretizing the relaxed formulation we show that, solving the state equation by the
P, -finite element method in a mesh of size h and taking the control 6 to be piecewise
constant on elements of a coarser mesh of size \/E, the error is of order h.

This constitutes a bigrid or multi-scale strategy, implemented on the relaxed version,
in the sense that the discretization of the PDE and that of the control are performed
on two different grids. The PDE is discretized in the fine grid of size h while the
control is discretized in the coarse one of size v/h.

e Discretizing the original unrelaxed problem, solving the state equation by a P;-finite
element method in a mesh of size h and taking the control y,, piecewise constant in
the elements of such mesh, we show that the error is of order h'~¢, with ¢ arbitrarily
small if the functions F; in (1.2) do not depend on the variable v and ¢ = 1/2
otherwise.



A bigrid strategy but discretizing the PDE in the coarser grid (instead of the finer
one) can produce lack of convergence both for the unrelaxed and relaxed problems. In
particular, the minimizers for the discrete problem will possibly give a non-minimizing
sequence of the continuous control problem, as r, h — 0.

We also give an explicit example in which the functional is independent of u, showing
our estimates are nearly sharp. To be more precise, our example shows the optimality
of the estimates in the case in which the relaxed version of the problem is discretized,
while an order h of convergence is obtained when the original problem is discretized, thus
showing that our estimates are nearly optimal.

Therefore the approach based on the discretization of the relaxed formulation provides
a better approximation and a faster convergence rate with a lower computational cost.
The computational cost and the complexity of this approach is lower since the controls are
discretized in a mesh or order v/h instead of h. Furthermore, the minimizers for the cor-
responding discrete optimization problems are easier to find numerically. Indeed, thanks
to the convexity of the relaxed control set, gradient like algorithms can be implemented.
This is in contrast with the unrelaxed problem where the control set is not convex and we
cannot compute variations. Instead, much less efficient methods as Montecarlo or genetic
algorithms should be used.

By the contrary, the advantages of discretizing directly the original problem are that,
on one hand, one does not need to know the relaxed formulation and, second, it provides
a physical control (i.e. a characteristic function) instead of a relaxed one. However,
this later drawback can be overcame when dealing with the discretization of the relaxed
problem since can approximate the relaxed optimal control by physical ones, with almost
not computational cost.

This paper provides a complete analysis of the rate of convergence of the finite element
approximation of the optimal design problem under consideration. Whether this classical
engineering practice leads to convergent algorithms is unknown in many other optimal
design problems, except in some other particular examples as it occurs when dealing with
the optimal shape design of the domain for Dirichlet Laplacian in two space dimensions
(see [8]). Note however that, in the later, there is no result about the convergence rate.

Although the present article is devoted to the study of the 1-d optimal design problem,
some remarks about the N-dimensional case are given in the last section of the paper.

Some definitions and notations:

e For a number r € R we denote by [r] the integer part of r.

e For a (Lebesgue) measurable subset E of (0, 1), with positive measure, and a function
w in L'(0,1), we denote the mean value of w in E by

1
wd:v:/wdx.
]{; E| JE

e The set of functions of bounded variation in (0,1) is denoted by BV (0,1). If ¢ is in
BV (0,1) and I is a subinterval of [0, 1], then V(1) represents the total variation of 1 in
1.

e Along the paper, o and 3 are two positive constants.

e For p € [0, 1], we denote by M (p) € R the harmonic mean of « and 3 with proportions
p and 1 — p respectively, given by

_(p 1-p\T'_ P
M(p)_<a+ ﬁ) (I-pla+ps’

Note that M(1) = «, M(0) = 3, and

a< M(p)<p, VYpel0,1]. (1.15)



For every 6 € L>°(0,1; [0, 1]) we define My € L>(Q2) by
My(x) = M(0(x)), forae. z€(0,1).

e For a matrix A € RV*V we denote by Eig(A) the set of its eigenvalues.

e Let @ be a function defined in the interval (0,6), for some § > 0. The equality
® = o(h) (Landau symbol) means

®(h)

lim ——= = 0.

e We denote by C' a generic positive constant which can change from line to line.

2 Discretization and error estimates

2.1 The main results

In this section we state the main results of the paper. They are referred to the numerical
analysis of a control problem for the 1 — d elliptic state equation in 2 = (0, 1) below, the
control being the space-dependent coefficient:

i (ot 8O- )T =1 )

u(0) =u(1) =0,

(2.1)

where a and 3 are two fixed positive constants and f a given function in (at least) L'(0,1).

Defining, for a fixed constant x > 0, the set of admissible controls as (1.4), our aim is
to choose w € U such that the unique solution u, € Hg(0,1) of problem (2.1) minimizes
the functional J : U — R defined as the 1-d version of (1.2), i.e.

J(w) = / I (%Um duw) d33+/ F <x,uw, duw) dr, Yw e l. (2.2)
w dzx 0,1)\w dx

Here F1, Fy : (0,1) x R x R — R satisfy
F; ¢ Wh((0,1) x (~R,R) x (R, R)), Vic{1,2}, VR>O0. (2.3)

As we said in the introduction « and 3 represent two materials which we want to mix
in order to minimize J. The constant k is the maximum quantity of material « that can
be used in the mixture. Remark that taking x > 1 would be equivalent to not imposing
any restriction in the set of admissible sets w.

Remark 2.1 In (2.1), we consider homogeneous Dirichlet conditions to fix ideas, but our
results also hold for non-homogeneous Dirichlet conditions or other boundary conditions
such as Fourier or Neumann ones.

We can also consider the functions F; satisfying weaker assumptions than (2.3) but
then the error estimates we find for the numerical approximations defined below are worse.

It is well known that the original minimization problem (1.1) has not a solution in general
([13], [14]). Therefore, it is necessary to introduce a relaxation. However, as we have
mentioned in the introduction, for numerical purposes it is often convenient to work in
the relaxed version of the problem even when the original formulation has a minimizer.
The relaxed version thus plays a key role in the numerical analysis we develop in this
article.

The following result provides a characterization of the relaxation:
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Theorem 2.2 A relazation of problem (1.1) is given by

Find 6y € U such that
d(60) = ming(6),
fcUu

where

U= {QELOO(O,l;[O,l]) : /Oléd:cgn}, (2.5)

and § : U — R is defined by

. 1 My d My d
J(0) = /0 (0F1 <m,u@, Of;;) +(1-0)F, <£L’,U49, ;(Zf)) dzx, (2.6)

for every 0 € U, with u = ug the solution of

d du :
—— (Mgdx> =f in(0,1) (2.7)
u(0) = u(1) = 0.

Remark 2.3 Theorem 2.2 also holds true for every f € H~'(0,1) and more general
nonlinearities Iy, Fs. Indeed, it is enough to assume that Fy, Fy are two Caratheodory
functions (measurable with respect to x and continuous with respect to (s,&)) such that
for every R > 0, the functions p1.r, p2,r defined as

pir(r) = sup [Fi(z,s,§)|, forae xe(0,1), Vie{l 2}
[s|+I¢I<R

belong to L1(0,1).

Remark 2.4 For every w C (0,1) measurable, we have

A~

3(&)) = H(Xw)'

Therefore, § is in fact an extension of the functional x. — J(w) defined on L>(0,1;{0,1})
to the relazed control set L>°(0, 1; [0, 1]).

Remark 2.5 Theorem 2.2 is a generalization of Proposition 4.1 and Theorem 4.3 in [4],
where the multi-dimensional case is also considered.

In the present paper, we are interested mainly in the numerical analysis of problem (1.1).
For this purpose, thanks to Theorem 2.2, two choices are possible: to discretize directly
problem (1.1) or two discretize the relaxed problem (2.4). Our goal is to compare these
two possibilities.
To this aim, given r > 0, we take a partition P" = {y,},", of [0, 1], with m, € N, such
that
= max (yk = Ye-1) (2.8)

Then, we define U” and U" as the subsets of U given by

W={0el:0=>> tiXy 1y ae in(0,1), witht,e[0,1], 1<k<m,} (29)
k=1

U ={wc(0,1) : x, €U (2.10)
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Associated to these subsets we can consider the two discretizations of the control problem
given by (1.10) and (1.8).

Note that problem (1.8) is a discretization of the original minimization problem (1.1),
while (1.10) is a discretization of the relaxed problem (2.4).

The following theorems provide estimates on the difference between these problems
and (2.4). Some versions of Theorem 2.6 can also be obtained in the N-dimensional case,
see Section 8.

Theorem 2.6 Assuming f € L'(0,1), problem (1.10) has a solution for every r > 0, and
we have

0 < min J(6) — min J(0) = o(r). (2.11)
feur U

Moreover, if f € L*(0,1) and problem (2.4) has a solution 6y in BV (0,1), then

0 < min J(6) — min J(0) < Cr?. (2.12)
feur oeU

Theorem 2.7 Assuming f € L*(0,1), problem (1.8) has a solution for every r > 0, and
we have

0 < min J(w) — inf J(w) < Crz. (2.13)
weur well

Moreover, if for some integer | > 1, we have that f belongs to W5(0,1) and Fy(z, s, §),
Fy(x,s,£) are independent of s and belong to C’ll(;lc([(), 1] x R), then we have

0 < min J(w) — inf J(w) < Oriiz, (2.14)
weur well

2.2 Optimality
We now give an example showing that the previous results are nearly optimal:

Proposition 2.8 We consider problem (1.1) with o < 3, f =1, k =2/3 and J given by

J(w) = —a/w

For every n € N, we define Py, as the partition of [0,1] given by

2
dx — 3
(0,1)\w

2
da. (2.15)

duy,

da

dug,

Ppn={k107": 0<k<10"}.

We define
R X 10
U™ = {9 el: 0= ZTICX((IC—I)I()*",/CI()*")? with T € [0, 1],Vk S {1, ey 1077,}} (216)
k=1
u" = {w elU: I C Py \ {1} withw = U (k:l()_", (k+ 1)10_”)} . (2.17)
kel
Then, we have R
min J(0) — inf J(w
lim %W O A _26—o) (2.18)
n—o0 10—2n 27003 '
. _inf
o S0 7 IR 5 a (2.19)
n—00 10— 54a3 '



Remark 2.9 This result shows that:

e FEstimate (2.12) corresponding to the case in which the relazed version of the problem
18 approximated is optimal.

o The estimate (2.14) for the case where the original problem is discretized is nearly
optimal as well, in the sense that the upper bound can not be of the order of o(r) as
in (2.11).

However the question remains whether we can replace the second member of (2.14)
by Cr.

The example considered in Proposition 2.8 is very particular. In this case problem
(2.4) has the unique solution R
0o = X(0,1/3)u(2/3,1) (2.20)

(see the proof of Proposition 2.8 in Section 6). Since 0o is a characteristic function, we
are in a case where problem (1.1) has a solution as well. Even in this case, as predicted
by the theory, the error for the discretized relazed problem (1.10) is a lot smaller than for
the discretized unrelazed one (1.8).

2.3 Direct versus relaxed discretization

By Theorems 2.6, 2.7 and Proposition 2.8 it is clear that in order to obtain an approxima-
tion of a solution of (2.4) it is better to use (1.10) than (1.8). Moreover, (1.10) is simpler
to solve because the set of controls is a convex set while in (1.8) we are minimizing in a
set of functions which only take the values 0 or 1. The unique advantage of (1.8) with
respect to (1.10) is that it provides a physical solution and not a relaxed control.

The following proposition shows that this is not a great advantage because it is very
simple to obtain a good unrelaxed control from a relaxed one. See Section 4 for its proof.

Proposition 2.10 We assume f € L*(0,1). Let P" = {yx};7,, with m, € N, be a
partition of [0, 1] with r as in (2.8). Assume that,

ez

0= Zth(yk_l,yk) elu,
k=1

with ti € [0,1] for every k € {1,...,m,}. Taking

i = {yk;gkl] Y sk:%, VEe{1,...,m),
k

we define w C (0,1) as

my Jk
w = U U(yk—1 + (= 1)k, yp—1 + (i — 1+ 1g)sp). (2.21)
k=1i=1
Then, we have
4(0) - 3(w)| = [30) — d0w)| < €0, (2:22)

whatever the functionalj is within the class of those considered in the general results of
Section 2.1.



2.4 Finite element approximation

So far we have focused on the discretization of the admissible set of controls. However, a
full discretization of the minimization problem (1.1) requires also the numerical approx-
imation of (2.1) and the cost functional (2.2). The aim of this section is to analyze this
fully discrete problem in order to see if the finite-element approximation of the relaxed
formulation provides better approximations than the finite-element approximation of the
direct optimization problem.

We first consider the finite element approximation of the non-relaxed problem. For
h > 0, we introduce a second partition P* = {z;}1, of [0, 1], with

h = max (x; —x;—1) (2.23)

1<i<ny,
and we denote by W the space of finite elements
= {v € CJ([0,1]) : v is affine on (z;_1,2;), 1 <i < ny}. (2.24)

Then, for every w € U we introduce the finite-element approximation u” of u as the
solution of the following finite-dimensional variational problem:

ul € Wh

! dul d 9.25
/ (axw + (1 — xw)) L—Ud / fodzx, Yo € Wh. (2.25)
0

We also set

h h
() :/F1 (x,ug,d%)dH/ F2< b, du”)dm, Vwel.  (2.26)
w dCE (0’1)\ dCC

Once we have introduced a natural finite-element approximation to evaluate the cost
functional we can state the fully discrete optimization problem defined by (1.12).

We now introduce the finite-element approximation of the relaxed formulation. For
every 6 € U", defined by (2.9) we introduce the finite-element approximation gy as the
solution of the following finite-dimensional variational problem:

ngGWh

bV dig d 1 (2.27)
/ My 220 LY g / fodz, Yoe Wh

0 d$ diU 0

We also set

R ! My d My d
3"(9):/0 <9F1 (x iy, Of d?) +(1-0)F, (x iy 50 d“9>>da; (2.28)

for the relaxed functional evaluated on the finite-element approximation. Note that, in
the particular case 6§ = x,,, we have

IMw) = 3" (xw). (2.29)

Remark that éh is a discretized version of the relaxed functional 9 and J" is a discretized
version of the unrelaxed functional J.
The following result is the key ingredient in our convergence results:

Lemma 2.11 Assume that r > h and P" is a refinement of P". For every f € L'(0,1),
there exists a constant C > 0 such that

ao)—3"0)| <cn, veel, (2.30)

for all functionals and finite element approximations as above.
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The condition » > h in Lemma 2.11 is necessary, in general, as we show below.

By Theorem 2.6, Theorem 2.7, Proposition 2.10 and Lemma 2.11 we have the following
two corollaries providing a numerical approximation of the control problem. Corollary 2.12
concerns with the discretization of the relaxed problem (2.4) while Corollary 2.13 concerns
with the discretization of the original problem (1.1).

Corollary 2.12 Assume f € L*(0,1) and suppose that there exists an optimal control 0
of the relaxed problem (2.4) which is of bounded variation in (0, 1).

For h > 0, we denote r = Vh and we consider two partitions P" = {yi
{z;}i", of [0,1], with P" a refinement of P fulfilling (2.23) and (2.8).

Defining U" by (2.9), we consider the full discrete problem (1.14) with g defined by
(2.28), which has a solution.

Then, every solution 6y of (1.14) satisfies

my h _
=1 {‘P -

0 < J(wp) — inf J(w) < Ch, (2.31)
welu

where the unrelazed control wy € W is defined from 6y by the mechanism (2.21).

Corollary 2.13 For f € L>(0,1) and h > 0 we consider a partition P" = {x;}1*, of
[0,1], satisfying (2.23). We consider the control problem

. ah
s 2.32
min 3" (w) (2.32)
with U defined by (2.10) (with h < r and P" a refinement of ") and Jh defined by (2.29),
which has a solution.
Then, every solution wy of (2.32) satisfies

0 < J(wo) — inf J(w) < Cre. (2.33)
wel

Moreover, if for some nonnegative integer, we have that f belongs to Wh1(0,1) and
Fi(x,s,£), Fo(x,s,£) are independent of s and belong to Cll(’)}:([O, 1] x R), then we have

+1

0 < J(wo) — in{(ﬁ(w) < Criz, (2.34)
we

Remark 2.14 Solving the corresponding finite-element control problems, Corollaries 2.12
and 2.18 provide a physical control wy € U such that J(wo) is close to the infimum of J.

From a computational point of view, the discretization considered in Corollary 2.12
s better than the one considered in Corollary 2.13 not only because the error is slightly
better but also because in Corollary 2.12 the set of controls is convex and so the discretized
problem (1.14) is simpler to solve. Moreover, the elements of the partition where the
controls are constant are a lot larger in Corollary 2.12 than in Corollary 2.13. This
reduces considerably the computational cost.

In Corollary 2.12 we have supposed f in L°°(0,1) and the existence of an optimal
control of bounded variation. If this is not satisfed, then taking in Corollary 2.12 r = h
we still have an estimate of order h in (2.31) thanks to (2.11).

2.5 The caser < h

In the convergence results of the previous section we assumed r > h. Here we give two
examples which show that if » < h some undesirable situations may appear. To fix ideas
we focus on the particular case r = h/2. The key point is the following lemma which
establishes that the result in Lemma 2.11 may fail in this situation.

11



Lemma 2.15 Let h = 1/k with k € N, let P = {xj}?zo, Ph2 = {y}?, be the uniform
partitions of [0,1] constituted by x; = jh, j = 0,1,...,k and y; = lh/2, 1 =0,1,...,2k
and let

k—1 ..
h2 _ Jg b h/2
w jL:J <k -+ 2k> e U2, (2.35)
Then, X R
lim 3(w"/%) = 3(00),  lim 3"(W"?) = §(0m), (2.36)

where 6y = 1/2 and 0,, = o/ (o + B). In particular, if 3(60) # J(6y) then (2.30) will not
hold.

We prove this lemma in section 7 below.
Based on this result we show now two examples which exhibit the lack of convergence
of the fully discrete optimization problems.

Example 1. This example shows how minimizing sequences of the continuous optimiza-
tion problem can be far from being discrete optima when h << 1. In particular, this
means that any numerical algorithm able to solve the discrete optimization problem for
h small will not provide such minimizing sequences of the continuous problem.

We consider the minimization problem (1.1), with f =1, K = 1/2, and the functional

1
I(w) = /O u(z) — u*(z)[2dz, (2.37)

where u*(x) = (x — 2?)/2a* and a* = M(1/2) is the harmonic mean of a and 3 with
proportion 1/2. According to Theorem 2.2, a relaxation of this problem is given by (2.4).
Note that the relaxed problem has a unique minimizer corresponding to

Hmin = 1/27

since, in this case, the solution ug_,, of (2.7) coincides with u* and J(Omin) = 0. Thus,
this is a case where the original problem (1.1) does not have a minimizer in U.

Let us consider now the discretization of (1.1) given by (1.12), associated to the uniform
partition P* = {y;};2y where y; = jh and mj, = 1/h € N.

From Corollaries 2.12 and 2.13 we see that

lim min J"(w) = lim min J*(9) = inf J(w) = 0.
h—0 weUh h—0 ge(h wel

Moreover, minimizing sequences of the continuous problem and minimizers of the discrete
functionals as h — 0 are related, due to Lemma 2.11. More precisely, in the context of
the non-relaxed problem, minimizers of J" in U* constitute a minimizing sequence for
the continuous problem as h — 0. On the other hand, any minimizing sequence of the
continuous problem w/ constituted by elements in U" as h — 0, i.e. w!, € U, is close to
a minimizer of J” in U" in the sense that

: h¢ h : h _
Jim (3% (wpn) — min §%(w)) = 0.

Let us consider now the sequence w2 € U2 defined in (2.35). Tt is easy to see that
it constitutes a minimizing sequence as h — 0. In fact, as stated in Lemma 2.15, the
solution of (2.1) with w = w"/2, that we write u"/?(z), satisfies

u*(2) = Jim u"/?(z),

12



and therefore J(w/?) — 0 as h — 0.

A rather natural conjecture is to think that " (w"/2) should be close to inf /2 3" (w)
as h — 0. We see that this is not the case.

First of all, note that, as stated in Lemma 2.15,

lim 9" (w"/?) = §(6m) = 3(—

> 0.
h—0 oH—ﬂ)

On the other hand, we remark that limj,_qinf /2 Hh(w) = 0 since

0< inf J"w)< inf J*(w),
weluh/? wellh

and the right hand side converges to zero, as h — 0, as we have seen before. This shows
that the discrete method corresponding to take r = h/2 converges in this case. Let us
show in the next example that this does not always holds.

Example 2. This example shows that the value of the discrete functional at discrete
optima may not converge to the infimum of the continuous functional, as h — 0. For
a> (>0 and k =1/2, we consider problem (1.1), for

1
Iw) = /0 o () — *(2)|2dz,

with u*(x) = (22 — ) /(o + ) the solution of

_a+p d*u*
2  dr
u*(0) = u*(1) = 0.

=1 in (0,1)

Proposition 2.16 For h = 1/k, with k € N, we take P" = {xj};?zo and Ph? = {y,} 2k,
as the uniform partitions of [0,1] constituted by x; = jh, j = 0,1,...,k and y; = lh/2,
[=0,1,...,2k. Then, we have,

0=lim min §%(0) = lim min J"(w) < inf J(w). (2.38)
h—0 ge{(h/2 h—0 e Uh/2 well

Proof. For k € N, we take w™? € U"/? as in (2.35). Then, we observe that the solution
ul of

u e Wh
1 h 1
du" dv
1— —_——= d YoeWwh
/0 (OZX(,uh/2 +ﬁ( th/Q)) dz dx /[) var, Ve )
agrees with the solution u*" of
uth e W
a+ 8 [Hduhdv 1 h
— = d .
5 /0 I o /0 vdx, YoeW

Then, by the classical estimate for the solutions of elliptic equations via finite elements,
we know

[t — ull 10,1y < Ch,
which proves

0 < min é’l(@) < min Hh(w) < Ch2.
oeUh/2 weUh/2
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This gives the equalities in (2.38). However, let us prove by contradiction that
0 < inf J(w).
well

If not, by Theorem 2.2 there exists 6 € U, such that u* satisfies

_% (M(a)‘g) =1 in (0,1),

which implies that there exists a constant ¢ such that

(0 -32) -

C.

Taking into account that M (9)% is a continuous function and %(1 /2) = 0, we obtain

that ¢ = 0 and then that M (6) = %2 for a.e. 6, i.c.

= a%rﬂ a.e. in (0,1).

However, since we are assuming that « > 3, this 0 satisfies

1
a 1
fdx = > —
/0 v a+p 2

in contradiction with the volume restriction. O

3 Proof of the relaxation result

This section is devoted to prove Theorem 2.2 which characterizes the relaxation of pro-
blem (1.1). To do it, we use the following lemma.

Lemma 3.1 The functionalﬁ U C L>(0,1) — R is sequentially continuous for the
x-weak topology of L>°(0,1).

Proof. Given a sequence 6, € U which converges weakly-* in L*>(0,1) to a function
0 € U, we have to see that J(6,) converges to J(f). For a such sequence 6, we observe
that the corresponding solution ug, of (2.7) is given by

TEM) —cng [Ty oy @0 0n(t) + B0n(1)
o My, (t) = /O(F(t) ) af a

with F' a primitive of f in (0,1) and

= </ Medt@)> </ % i?t) dt) |

Therefore, it is immediate to show that

ug,, (z) = —

HU/QnHWLoo(O’l) <C, wup, — ug in CO([O, 1]), My T Mg—m — 0 in CO([O, 1]),

with ug the unique solution of (2.7). Then, by (2.3) we obtain

q ! My d M, d
lim H(Qn) = lim <0nF1 <x’ ug,, » Ofn %> + (1 _ Hn)F2 <.7), ug, , 0 U0n>> d
0

n—00 n—o0 dx

1 My d My d 5
:/O <0F1 <x7u9,aeduj> —i—(l—@)Fg (l‘,ug,ﬁe;f)) dl’zg(e)
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O

Proof of Theorem 2.2. Taking into account that the space of controls U given by (2.5)
is sequentially compact in the x-weak topology of L°°(0,1), from Lemma 3.1 we deduce
that problem (2.4) has at least a solution. On the other hand, by Remark 2.4 it is clear
that

inf J(w) = inf J(xo) > minJ(6).
wel xo€U el

Therefore, in order to check that problem (2.4) is a relaxation of (1.1), it is enough to
prove that for every 6 € U, there exists a sequence w, in U such that

Xen, — 0 in L>=(0,1) (3.1)

I(wn) — 3(0). (3.2)

The existence of this sequence wy, is well known (for example it is a consequence of Lemma

5.1 below), while by the continuity property of J proved in Step 1, (3.2) is a consequence
of (3.1). So, the proof of Theorem 2.2 is complete. O

4 Proof of the convergence estimates for the dis-
cretized relaxed control problem

In this section we prove Theorem 2.6 referred to the convergence of the discretization of
problem (2.4) given by (1.10). Note that we are discretizing the controls but not the state
equation. We also give the proof of Proposition 2.10 which permits to obtain a physical
control from a relaxed one.

Along this section, we consider a partition P" = {y;};'",, with m, € N, satisfying
(2.8). The space U is defined by (2.9).

In order to show Theorem 2.6 we will use the operator II" defined by

Definition 4.1 We define the projection operator II" : L*(0,1) — U" by
My .
HETESY Vs Xy ) YO € LY0,1). (4.1)
k=1 Yk-1
The following Lemma estimates the difference I1I"6 — 8 when r tends to zero.

Lemma 4.2 Let 0 be in L>=(0,1;[0,1]). Then, for every ¢ € W11(0,1), it holds
1
/ (0 —11"0) p dx = o(r) (4.2)
0

/

Moreover, if § is in BV(0,1), and ¢ in W1>°(0,1), we have the following improvement
of the previous estimates

/O " (0() — TI0(t)) () dt| d = o(r). (4.3)

1
/ (0 —11"0) pdx| < C‘ do r? (4.4)
0 Tl Lee(0,1)
1 x
L1 00 =mow) e ] e < el (4.5)

15



Proof. We take ¢ € W11(0,1), for a given = € [0, 1], we consider y; defined by
yj =supiyp: yp <, 0 <k <m,}.

Then, using the inequality

o)~ pds|<

<[
Yk—1

t _
dt 3 \V/ € [yk layk]

LY (yr—1,yx)

we have

‘j Yk Yk T Yj+1
:Z/ 9—][ 0ds cpdt—i—/ 0—][ Ods | pdt
Yk—1 Yk—1 Yj Yj

k=1
Ik Uk Yk x Yj+1 (4.6)
:Z/ 9—][ 0 ds cp—][ pds dt+/ 9—][ Ods | pdt
k=1 Yk—1 Yk—1 Yk—1 Yj Yj
J
dp r r
< 7 10 =10 L1 (g1 ) T+ 1l o0,y 10 — TI7O| L1y )
k=1 Ll(yk—17yk)

Integrating this inequality in (0, 1), we get

/1 / (O() — TI°0(t)) o (¢) dt| da
0 0

myr

my—1 .
dgp , " Yi+1 .
< Z T 10 —T"0| 1 (g1 e) T 10l oo 0,1) / 160 —11"0|[ L1(y, 2y d2
k=1 LY (yr—1,Yk) j=0 7V
o " "
<> o 10 =TI 1y, 1) + 2l Lo,y 1€ = 1O 10,1y 7
k=1 LY (yk—1,Yk)
(4.7)
If  belongs to W1°°(0,1) and @ belongs to BV (0, 1), using in (4.7)
de de r
I <[] ey <Ves@rn @
THL (i1 m) TllLee(0,1)

we deduce (4.5).

Inequality (4.4) is a consequence of (4.6) with =1 = y; and (4.8).

In order to show (4.2) and (4.3) we now take a sequence @, in W1°°(0,1) which
converges to ¢ in WH1(0,1) and a sequence 6,, in BV (0,1), with 0 < 6, < 1 in (0,1),
which converges to 6 in L1(0,1). Then, we estimate the right-hand side of (4.7) as follows

o= || deo . \
Z I 10 =10l 1y, 4 i) T+ 0l oo 0,010 = TT"0 10,1y 7
k=1 LY (yr—1,yk)
<2H¢¢“ F el 18— 6 — T8 — 6110y
L1(0,1)
mr d(pn . .
+Z A |0 — 11 QHLl(yk_hyk) + ”SO||L°°(O,1)||6n —1I 9n||L1(0,1) r
k=1 X Ll(ykflﬂyk)
d(p — pn .
L I [ P IR SRR P
x L1(0,1)

Vio,1)(0) + HSO||L°<>(0,1)V(0,1)(9n)> r

a(

L(0,1)
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Dividing this inequality by r and passing to the limit first when r tends to zero and then
when n tends to infinity, we deduce (4.3). The proof of (4.2) can be obtained reasoning
in a similar way with (4.6). O

For 6 € L>(0, 1;[0,1]), the following lemma estimates the difference between the solution

of (2.7) and the solution of the analogous problem when 6 is replaced by I1"6.

Lemma 4.3 Assume f € L'(0,1). For 0 € L>(0,1;0,1]), we consider " =T1"0. Then,
the solutions ug and ugr of (2.7) for 6 and 0" respectively, satisfy

g — uor|[L1(0,1) < o(r) (4.9)
d dugr
HMQU" ~ My 2 < o(r). (4.10)
d dx L°(0,1)

If f is in L*°(0,1) and 0 is in BV (0,1), then in (4.9) and (4.10) we can take
o(r) = C V1) (0) r?

Proof. The functions uy and ugr are given by

1
/ I_gs —I—c/ Mds for a.e. x € (0,1) (4.11)
0
€T x 1
ugr(z) = —/0 ]wgm ds + CT/O Y7 ds for a.e. z € (0,1) (4.12)

with ¢ a primitive of f and ¢, ¢, € R defined by

1 -1 .1 g
c= —dm / dx, Cr = ( dm) dz. 4.13
</o > My o Mpr o Mo (4.13)

Using these expressions and taking into account that

min{«, 3} < My, Mpr < max{a, 8},

/Ol(ﬁ—ﬁr) dx

fwwmwt

we easily deduce

1
Hu(g — 'LLQ?"HLl(OJ) S C <‘/0 (0 — Gr)gdl' +

1 1
+/ dw+/
0 0

KW%WWWt

i)

and
d dugr 1 1
HM(;WJ—]WWU{9 SC(/ (0—0")gdx| + / 0—0") d:c).
d dx L(0,1) 0 0
Lemma 4.3 is then a simple consequence of Lemma 4.2. O

We are now in position to prove

Proof of Theorem 2.6. The existence of solution for problem (1.10) is a simple conse-
quence of the compactness of (2.9) in L(0,1).

On the other hand, using that F} and F, are locally Lipschitz, and that the functions
ug, ugr defined as in Lemma 4.2 are bounded in W1°°(0,1) independently of r, we have

13(6) — 3(67)]
1 1
Mg d'lm / M9 dUQ
<\l F r j2 r
_Algwawyemm OﬁwMMJwem
) dx.

du, dugr
+C/ (”U,g—um‘—l— ’MQQ—MQT 0

dx
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Thanks to Lemma 4.3, we then deduce (2.11) and (2.12). O
To finish this section, we now give the proof of Proposition 2.10.

Proof of Proposition 2.10. Reasoning as in the proof of Theorem 2.6, we have that
the result is an immediate consequence of the following lemma, which is similar to Lemma
4.2. O

Lemma 4.4 Assume 0 and w as in the statement of Proposition 2.10, then for every
o € WH>°(0,1), it holds

dp

2 4.14
Ir T (4.14)

L>(0,1)

/01(9xw)s0dx

< ‘

1
/ 4o < el o) 7> (1.15)
Proof. Since in each interval [yx—1 + (i — 1)sg, yx + isg], with 1 < k < m,, 1 <i < j
the functions 6 and x,, have the same integral, we can reason as in the proof of (4.6) to
deduce that for every = € [0, 1], we have

/0 " (001) — v (1)) olt) di

/Ox (9—xw)90dt' < H;li

10— Xwllz1(0,1) r’ + el oo o,0ll0 = XollLry s (4.16)
L>(0,1)

where I is an interval of the form [yg_1 + (i — 1)sk, yx + sk containing 2. Taking z = 1 we
get (4.14). On the other hand, since # and x,, belong to L>°(0, 1; [0, 1]), inequality (4.16)
implies

/0 6 - Xw)cpdt‘ <12 @l o

for every x € [0,1]. This inequality immediately proves (4.15). O

5 Proof of the convergence estimates for the dis-
cretized unrelaxed control problem

Let us now prove Theorem 2.7. As for Theorem 2.6, we will need some preliminary
lemmas.

Lemma 5.1 We consider§ € L*°(0,1) andl € N, then, there existsw C (0,1) measurable
such that

1
/ t0(t) dt = / tidt, Vje{0,---,1}. (5.1)
0 w
Moreover w can be chosen in the following way:

If Il =2n, withn € N,
w= (O,bo)U (U(%@)) ;

i=1
where m <n and 0 < by < a; <b; < -+ < am < b, <1.
Ifl=2n+1, withn € N,

wherem <n+1and0<a; <b < - <apy<b, <L1.
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Proof. Let us prove the result in the case [ = 2n + 1, the other one being similar.
We define D ¢ L'(0,1) as

m
D:{gbeLl(O,l): =D Xap) Withm <n+1, O§a1<b1<---<am<bm§1}
=1

and ¥: D — R by

2n+1

UOEDYS (/Oltj<0<t>—¢<t>>dt>2, Ve D,

j=0

Since D is compact in L'(0,1) and ¥ is continuous, we know that ¥ attains its minimum
in some function

¢ = ZX(ai,b-) €D
i=1
Then, we define the polynomial P as
2n+1 1 '
P =) ( / t7(0(t) —gb(t))dt) N
j=0 0

We fix k, with 1 < k < m. For ¢ € R, with |¢| small, ¢ > 0 if k = 1 and a; = 0 the
function

P = XUizr(aibs) T X(ag+ebi)
belongs to D. Taking into account that

2n+1

U(p) = Y ( / 00) - 6l de + / " dt)z,

=0 b

and that ¢ is a minimum point of ¥, we can derive with respect to € in W(¢.) to obtain
that
P(ak):0ifak7é0, P(al)EOifalzo.

Analgously, we can prove
P(by) =0if by #1,  P(by) > 0if by, = 1.

If P has 2n + 2 zeros, then it is the zero polynomial and we obtain the conclusion of
the lemma. So, we assume in the following that P has at most 2n + 1 zeros. By the above
proved we deduce that

m=n+1, a; =0 and/or by41 =1,
or
m <n—+ 1.

Let us prove that in all these cases P satisfies

m

P(A) >0 in | J(ai,b), P(A) <0 in (0,1)\ | J(as,bs) (5.2)
=1

=1

i) Case m =n+1, a1 =0, by41 = 1. Since we are supposing that the number of zeros of
P is strictly less than 2n + 2 and P vanishes in the 2n points ap with Kk =2,---n+ 1, by
with £k = 1,--- ,n we have that P has 2n or 2n + 1 zeros in [0, 1]. If the number of zeros
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is 2n + 1, then using that P(0), P(1) > 0 we deduce that the other zero of P is in 0 or 1
and that P satisfies (5.2). If the number of zeros is 2n, then we have P(0), P(1) > 0 and
(5.2) is satisfied.

ii) Case m =n+1, a; =0, b,y1 < 1. In this case we have that the 2n 4 1 zeros of P are
given by the points ap with k =2,---n+1, by with k =1,--- ,n+ 1. Since P(0) > 0, we
deduce (5.2).

iii) Case m =n+1, a; > 0, by41 = 1. It is similar to the case ii).
iv) Case m < n+ 1. In this case, we take a point ¢ € (a;, b;) for some i € {1,---m}. Then
for € > 0, small enough, the function
e =0 — X(c—e,c+e)
belongs to D. Using that

2n+1

Vi)=Y < / L 0() — o) dt + / T dt)z,

=0 -

and deriving with respect to € we deduce that
m
P(c) >0, Vee | J(aib).

Analogously, if ¢ € (0,1) \ " [a;, b;], taking

=9+ X(c—e,cte)>
we deduce that

P(e) <0, Vee (0,1)\ | Jlas, bil.
i=1
Thus, (5.2) is also proved in this case.

To finish, let us prove that (5.2) implies the conclusion of the Lemma. For this purpose,
we just write

2n+1

> (/ 00 — (1) dt) -/ 1

0

2n—+1

Z/ (0 ) dts’ | (0(s) — ¢(s))ds

_ /0 P(s)(0(s) — (s)) ds,

(5.3)
If s € Ui~ (ai, b;), (i-e. ¢(s) =1) then by (5.2), P(s) > 0 and since 6(s) < 1, we have

P(s)6(s) < P(s)¢(s).
If s ¢ U2 (@i, bi), (ie. ¢(s) =0) then by (5.2), P(s) < 0 and since 6(s) > 0, we also have

P(s)f(s) < P(s)o(s).
Therefore the last integral in (5.3) is nonpositive which proves

2n+1 2

> ( B - o) i) o

j=0
This proves Lemma 5.1. (|

As a consequence, we deduce
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Lemma 5.2 Let a, b be in R with a < b and let {y;}", be a partition of [a,b] of size

0= — Yp_1).
1I§T}€3§Xm(yk Yk—1)

Let also 0 be in L*(a,b;[0,1]). Then for every l € N there exists I C {1,...,m} such
that

w= U(ykflayk% (54)
kel
satisfies
b
@] < / 0.dz, (5.5)

< C0—a) " Dol prapy + Collpllim(ap, Ve € WHHH0,1),

(5.6)
where C' is a positive constant which depends on | but it is independent of 0, §, a and b.

/ab(9 — Xo)pdz

Proof. It is enough to show the case a = 0, b = 1. The general one follows using a
translation and a dilatation which transforms (a,b) in (0,1).

For a given [ € N, by Lemma 5.1 we know there exists w C (0, 1), satisfying (5.1) and
such that the number of discontinuity points of y,, in [0,1] is at most [ + 1. We then
define

I'={ke{l,---,m}: (yx—1,yx) C w}.

and @ by (5.4). By definition of ©, we have @ C w, and then using (5.1) when j = 0 we
obtain (5.5). Moreover, using that x,, has at most [ 4+ 1 discontinuity points in [0, 1], we

have
lw\o| < (+1)0. (5.7)

We now fix ¢ € W11(0,1). Taking a polynomial p of degree I such that

1
/0 o — pldz < CIID* ol o),

with C' independent of ¢ (take for example the Taylor polynomial of degree [ of ¢ €
WHL1(0,1) € CY([0,1]) in some point of [0, 1]), we get

1 1 1
/ (0 — xa)pdx| < / (0 — Xxw)(p —p) dz| + ‘/ (Xw — Xa)p dz
0 0 0 (5.8)
< C|D" ooy + (1+1)3 |l oo 0,1)-
This proves (5.6) for a =0, b = 1. O

Lemma 5.3 Forr > 0, small we take a partition P" = {yp};',, with m, € N, such that
(2.8) is satisfied. We define U by (2.5) and U by (2.10)

a) For every 0 € U there exists w € U such that

<Cr3plwiioy, Vo el01], Ve Wh(0,1),  (5.9)

/Ox(H — Xw)pds

where C' is a positive constant independent of 6 and .

b) For every 0 € U and every | € N there exists w € U™ such that

! [£3% I+1.1
/ (0 - xo)pds| < Cris gl Vo€ WHI(0,1), (5.10)
0

where C' is a positive constant which depends on | but it is independent of 6 and r.
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Proof. We take [ € N, v € (2r,1) and a subpartition P7 = {2}/ C P" of P" which
satisfies

y—r<z—z_-1<7v Vie{l,--- ,m, -1}, T < Zmy, — Zmy—1 < -

This implies in particular
3
m~y < 1< —. 5.11
v, t1ls 5 (5.11)
Using that for every i € {1,--- ,m, — 1} the points y;, with z;_1 <y < 2; are a partition
of [zi_1, z;] with mesh r we can apply Lemma 5.2 in each interval [z;_1, 2;] to construct a
set w € U such that for every i € {1,--- ,m, — 1}, we have
- 11| i1
/ (0 - x)pda| < C (YD Gl ey s + el 1 20 T) (5.12)
Zi—1

for every ¢ € WL1(0,1).
For x € [0, 1], we take the larger j such that z; < x, then, thanks to (5.12) and (5.11),
we have

/Om(9 — Xw)pds

=|/0 (Q—Xw)¢d5+/ (0 — xw)pds

i (5.13)
3r
< POl + el (2 + @ - 5)).
For [ = 0, the above inequality and x — z; < 7 prove
[ 6= xeds| < D ellsion + Clillmon (5 +7)-
Minimizing in + this quantity we deduce (5.9).
On the other hand, for x = 1 = z; inequality (5.13) gives
! I+1) pl+1 r
| 0= ds| < D gl + Cllelimon -
which minimizing in v proves (5.10). O

Using Lemma 5.3 and reasoning similarly to Lemma 4.3, we easily deduce

Lemma 5.4 Let 0 be in U and f € LY(0,1). Then, for every r > 0 there exists w € U"
such that, defining ug, u, as the solutions of (2.7) for 6 and x,, respectively, we have

a)

1
[uo — Ur||L1(0,1) < 0(1 + ||f||L1(0,1))7“2- (5.14)
b) If f belongs to Wh1(0,1), then
dug du, I+1
HMGCZJU — M g (o) < C(l + HfHWU(O,l))THQ' (5.15)

Lemma 5.5 Let f € L'(0,1) and 6 be in W, then for every r > 0, there exists w € U”
such that

3(0) — J(w)| < CT%(l + HfHLl(o,l))- (5.16)

If for some | € N we have that f belongs to WHY(0,1), Fi(z,s,£), Fa(z,s,€) are
independent of s and belong to Cllélc([O, 1] x R), then

13(6) — 3(w)| < Criz (1+ || flwnr o)) (5.17)
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As a consequence of this Lemma we can now prove

Proof of Theorem 2.7. The existence of solution for problem (1.8) follows from the
compactness of {x, : w € U} in L1(0,1).

The proof of (2.13) is easily deduced from (5.16) with [ = 0 reasoning as in the proof
of Theorem 2.6. Analogously, (2.14) is a consequence of (5.17) and that the functions
Fi(z,s,§) are supposed independent of s. O

6 An example

In this section we consider a particular case of problem (1.1) for which we can explicitly
obtain the optimal control. As a consequence we will give the proof of Proposition 2.8.

Proposition 6.1 We consider f € L*(0,1), f not identically zero, such that

ft)=f(1-1t), ae te]|0,1], (6.1)

and we define F' as the unique primitive function of f satisfying F(1/2) = 0.
For k > 0, with

k< [{te(0,1): F(t)#0}| (6.2)
and 0 < a < 3, we consider the control problem (2.4) corresponding to the functional
given by (2.15). Then, the optimal controls for (2.4) are the functions 6y € L>°(0,1;[0,1])
which satisfy

1 1
/ Bo(t) dt = 1, / Ft)bo(t) di = 0, (6.3)

0 0

L df [F()] >
0 = 6.4
o { 0 i 1P < o4
with

Yo =inf{y>0: [{t € (0,1): |F(t)| >} <~} (6.5)

Proof. Using that for every § € L*>°(0, 1;[0,1]) one has

due_ch‘
dt My

Le— F <
dt =0<=c= /da:) /da?
/0 My 0

and that the integral of F in (0, 1) vanishes, we have
dug

N 2 (Y e—F)(c—F)
3(9)_—/0 My |20 dx——/o T

1 . 1 -1 1 2 F2
e ) U th) -
o M o My o Mp o M

n (0,1),

with ¢ defined by
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Since the application (z,y) € R x RT — 22/y € R is convex, we then deduce that J is
convex in ¢. Moreover, taking into account that F' is odd with respect to 1 /2, the above
expression shows that given 6 € L>°(0,1;[0,1]) and defining € L*°(0,1; [0, 1]) as

O(t) =0(1—t) ae. te(0,1),

we have R o

a(0) =3(0)
and so, by convexity, the symmetrized function 6 of an optimal control 6y defined as
05 = (6o + o) /2 satisfies

. 1/. . . . .
3(05) < 5 (3(00) + 3(00)) = 8(00) = 3(05) = 3(00). (6.6)
Using now that for every (x1,y1), (2,y2) € R x RT one has
T+ X2 2
2 | _ Uz laef | & _ @
%+ % 2 2y v Y2

we deduce that (6.6) implies

1 1
/ Foydt / Foydt
0 0

1 1
a+(ﬁ—a)/0 0o dt a+(ﬁ—a)/ 0o dt

0

)

which using that F' is symmetric with respect to 1/2 is equivalent to

1
/ Flydt = 0. (6.7)
0

Therefore, the control problem (2.4) is equivalent to

1 1
max {/ |F 0 dt : / fdt <k, / Fﬂdt:O}
0€L>(0,15[0,1]) 0 0

But thanks to (6.2) is immediate to show that the solutions of problem

1 1
max {/ |F|260 dt / Hdtgn},
0eL>(0,1;[0,1]) 0 0

are the functions 6y € L*°(0,1; [0, 1]) which satisfy the first condition in (6.3) and (6.4),
and clearly the fact that F' is odd with respect to 1/2 permits to construct functions
satisfying these properties and (6.7). This finishes the proof. O

Proof of Proposition 2.8. By Proposition 6.1 problem (2.4) has a unique solution 6y
given by (this is true for every f which satisfies (6.1), does not changes its sign in (0, 1)
and it is not the zero function)

B0 = X(0,1/3)u(2/3,1)

and
1

3(90)——2/03 L

— dt—— f—t dt (6.8)
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Taking
n—1
kn=3> 10,
=0

the same reasoning used in Proposition 6.1 also shows that problem

min J
oeur

has a unique solution 6 given by

1 if te(0,k,107™)U (1 — k,107™,1)
1
0y (t) = 3 if te (k107" (ky+1)107™) U (1 = (kp +1)107",1 — £k, 1077)
0 if te((kn+1)107"1— (k,+1)107")
and
. 9 kn10—™ 1 2
)= —— — —t| dt
o= -2 [7 )3
_ (6.9)
2 4 (k:n+1)10 n 1 2
—<+)/ 5t t—/ ——t dt.
3a 36/ Jr0-n kn+1)10-7
Let us now consider problem
min J.
welun

We have seen in the proof of Proposition 6.1 that the symmetrization #° of a function
0 € L*>=(0,1;10,1]) satisfies (6.6). This implies that

min 3(w) = min I(xw) > pin 3(0), (6.10)

with
={helU":0e{0,1/2,1}, ae. in (0,1), § symmetric with respect to 1/2},

but using that F' is strictly increasing we easily get that the minimum in the right-hand
side of (6.10) is attained in a unique function #;* defined by

R 1 if te(0,k,107™) U (1 — k,1077,1)
) t —
0 if t€ (kol0™ 1 — k,107").

Since this function is a characteristic function, we deduce that the inequality in (6.10) is
in fact an equality and

R 2 kn107™ 1
i =3J(0y) = —— f—t dt — — f—t dt. 6.11
min 3) = 305) = — | / . (6.11)
From (6.8), (6.9) and (6.11) we easily deduce (2.18), (2.19). O

7 Solving the state equation by the finite element
method

The purpose of this section is to prove Lemmas 2.11 and 2.15. Lemma 2.11 will permit to
estimate the differences (see Corollary 2.13) between control problems (1.10), (1.8) and
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the corresponding control problems where the state equations are approximated by the
finite element method P!. Lemma 2.15 provides a counterexample for Lemma 2.11 when
the hypothesis A < r is removed.

Proof of Lemma 2.11. We know that the solution ug of (2.7) is given by (4.11) with
c given by (4.13) and g a primitive of f, which we take with zero mean value. Then, we
define w as
T th r 1

w(z) = ; Eds—c ; mds, a.e. v € (0,1), (7.1)
with I1" the operator defined by (4.1) (relative to the partition P" = {z}}",). Then, w
is continuous and since 6 is constant in each interval (zy_1,x) we get that it is affine in
each interval (zj_1,x)). Taking into account that the integral of II"g coincides with the
integral of g in each interval (zj_1, k), we get that w(0) = w(1) = 0. Therefore, w is
in W". Moreover, using that in each interval (z;_1,2;) the integral of Mg agrees with

the one of MyG> dw we deduce that for every v € W one has

dw dv du dv
e dr = | My dr=— | g—dx= d
/0 Ode dz T / Odw dz " /g v /f” -

This proves that w agrees with the solution gy of (2.27).
On the other hand, comparing (4.11) with (7.1) and using that g is in W1(0,1) we
deduce that
lug = tgllwr1(01) < Cllflro,1)h-

From this inequality ug, iy bounded in W°°(0, 1) independently of h and the Lipschitz
property (2.3) of the functions F}, F» we easily deduce (2.30). O

Proof of Lemma 2.15. Since x converges weakly-* in L>°(0,1) to 6y as k tends to
infinity, the first limit in (2.36) is a consequence of Lemma 3.1. Concerning the second
limit, note that, in the weak formulation of the discrete problem (2.25), both % and
g—g are constant on each element (z;,x;+1). Therefore, the left hand side in this weak
formulation can be written as
1 h 1 h
/0 (axw + B(1 — ))Cilujvdx—/ adi@dx

dr dx
where @ takes a constant value, in (z;, x;41), given by

1 [Tit1
a(z) = h/ (axw + B(1 — xw))dz, a.e x € (x;,Tit1).

%

Assume that h = 1/k with k € N and let us consider the particular sequence of controls

ko, .
ko j—1j-1/2 h/2
v _]U:1<k’k e ur

When considering the particular sequence w”, we see that @(z) takes the constant value

(o + B)/2 everywhere and for any h. Therefore, the weak formulation in (2.25) coincides
with the weak formulation associated to the constant coefficient problem with constant a
and then, thanks to (2.30),

lim JY*(wF) = lim JY*(8) = §(6),

k—o0 k—o0

where 0 is the constant value such that

u@ =12

i.e. @ = a/(a+ () which, in general, is different of 6y = 1/2. O
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8 Some remarks about the N-dimensional case

Although the aim of the paper is the numerical study of the one-dimensional control
problem (1.1), let us give in this section some remarks referred to the N-dimensional
problem.

For a bounded open set € RY | two Carathéodory functions (measurable with respect
the first variable and continuous with respect the second and third variables) Fi, Fy :
Q x R x RNV — R such that there exist C > 0, h € L'(Q) satisfying

|[Fu(@, 5,6, [Pz, 5,)| < C (h(z) + s +[€[7), V(5,6) eRxRY, ae z e,

for a distribution f € H~!(Q) and three positive constants «, 3, &, we consider the control
problem

wel

min (/ Fi(z,uy, Vuy,) dz +/ Fy(z,uy, Vuy,) da:) . (8.1)
w QNw

where, analogously to the control problem (1.1), we have denoted by U the set

U={wCN: wmeasurable, |w| <k} (8.2)

and by wu,,, for every w € U, the solution of

—div (axw + 6)(9\“,) Vu=f in
(8.3)
u =0 on 0.

As we said in the introduction, problem (8.1) has not a solution in general and so, it is
usual to work with a relaxed version of this problem: For p € [0, 1] we denote by K(p)
the set of matrices constructed via homogenization mixing the materials corresponding to
the diffusion matrices ol and BI with respective proportions p and 1 — p, and by U (the
relaxed control set)

U= {0, M) e L®([0,1]) x L(QRMN) . M € K(6) ae. in Q}. (8.4)

It is proved in [5] (see also [2], [3], [4], [9], [16], [18], [21] for related results) that the
relaxed control problem is of the form

min/ H(z,u,Vu, MVu,0)dz
Q
—divMVu=f in Q, u=0 on 0N (8.5)

(0, M) e U, /eda:g K,
Q

for a Carathéodory (measurable with respect to the first variable and continuous with
respect to the other ones) function H. Some remarks are needed:

Remark 8.1 As in (2.4), the control 0 in (8.5) represents the proportion of material o
we are using in the mixture in each point, but now the mixture does not only depend on
this proportion but also on the geometric configuration of the materials. Thus, the set
K(0) is not reduced to a point as it holds for the one-dimensional problem. In the case
we are considering here, corresponding to the optimal mizture of two isotropic materials,
an algebraic representation of K(0) is known ([12], [20]). However this does not hold for
other interesting problems such as the mizture of more than two materials or the mizture
of anisotropic materials. In this sense, it is interesting to remark that in problem (8.5)
the matriz M always appears multiplied by Vu. Thus, problem (8.5) does not permit to
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calculate M but only the product MV u. In order to work with (8.5) it is enough to know,
for every € € RN and p € [0,1], an explicit characterization of the set

K(p)¢={MEeRY . M e XK(p)}.

In our case, the mizture of two anisotropic materials, X(p)& can be characterized in the
following way (this set is known in more general situations, [4], [22]): Denoting by A(p)
and A(p), with p € [0,1], the harmonic and arithmetic mean of a and  with proportions
pand 1 —p, i.e.

-1
a0 = (24150) L A = s -,

we have that K(p)& is the ball
Kp)E={neRY: (1n-A@p)) - (n—Ap)¢) <0}.

Therefore, problem (8.5) can be written in the equivalent form
min/QH(x,u, Vu,o,0)dx
—dive = f inQ, u=0 on 0N} (8.6)
0 € L>(Q;[0,1]), /Qﬂdx <k, (6—=AO)Vu)-(c—AB)Vu) <0 a.e. in Q.

This permits for example to substitute in the definition of the relaxed control set U the set

K(p) by the (more simple) set of symmetric matrices whose eigenvalues are compressed
between A(p) and A(p).

Remark 8.2 Defining

E={(&np) e RN xRY x[0,1]: (n—A(p)¢) - (n — A(p)¢) < 0},

the function H which appears in (8.5) is a Carathéodory function with domain QX R x E.
An explicit expression of H in the whole of its domain is not known in general.

In the particular case where Fi(x,s,§), Fa(x,s,£) are affine functions in the variable
&, we have

H($,S,€,77,p) :pFl(x737§) + (1 —p)FQ(x,S,f), v(87§7777p) € R x Ea a.e. x € Qa

while for nonlinear functions F; in the variable &, an expression of H is only known in
some particular cases (which essentially concern with the nonlinear function |¢|?), see [3],

[4]; [6]; [9] and [16].

However an explicit representation is always known in the boundary of its domain

{(@,5,6,m,p) € X XRXRx[0,1] 1 (n—A(p)§) - (n— A(p)§) =0},

where H(x,s,&,m,p) is given by

F1($737§) pr:l

Fy(w,5,¢) ifp=0 (8.7)
BE —n n—af :

pFy (a:, s, p(ﬂ—a)) + (1 —p)Fy (x, s, (1_17)(5—04)> if p#0,1.

Observe that the last line can be taken as the general expression for H, taking the values
forp=10 and p =1 by continuity.
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Analogously as we did in the one-dimensional case, in order to numerically solve problem
(8.5), for » > 0 we decompose €2 as

my
Q= U K;, K; disjoint, measurable, diam(K;) <r, i€ {l,--- ,m,}. (8.8)
i=1

Then, we discretize problem (8.5) as
min/ H(z,u,Vu, MVu,0)dr
Q
—divMVu=f in Q, u=0 on Jf) (8.9)

(G,M)Eﬂ, (0, M) constant in K;, 1 <1i<m,, /degn.
Q

As we said in Remark 8.2 in the case where the functions Fj(x, s,£) are nonlinear in the
variable &, one of the main difficulties to solve problem (8.9) is that H is not known. To
solve this difficulty we can replace H by another function. The following result is proved
in [6] in the particular case Fi(z,s,£) = Fa(z,s,§) = F(£). The general case follows
similarly:

Theorem 8.3 We consider a function H: QxR x E —RU {+00} such that

ﬁ(., s,&,m,p) is measurable in Q, V(s,&,n,p) ER X E (8.10)
H(z,.,.,.,.) is lower semicontinuous in R x E, for a.e. x € Q (8.11)
I:I(x,s,ﬁ,ocf,l) = Fi(z,s,§), I:[(x,s,g,ﬂﬁ,O) = Fy(x,s,§) (8.12)
H(x,s,&m,p) > H(z,5,6n,p), V(s,6,n,p) ERXE, ae €. (8.13)

For every r > 0, we decompose Q by (8.9). Then, the problem

min/ H(x,u, Vu, MVu, 0) dx
Q
—divMVu = f in(Q, u=0 on 00 (8.14)

(G,M)Eﬂ, (0, M) constant in K;, 1 <i<m,, /degn,
Q

has a solution (not unique in general) (0., M,). Taking u, as the solution of
—divM,NVu, = f in €, u. =0 on 09,

we have

3 lin% IfI(w,uT,VuT,MTVuT,GT)dm =1,
T— Q

with I the minimum value of problem defined by (8.5). The sequence (6., My, u,) is
bounded in L*°(Q) x L=®(Q;RN*N) x HL(Q). EBvery function (0, M,u) € L*(Q) x
L®(QRNXNY 5 HY(Q) such that there exists a subsequence of r, still denoted by r, sat-
isfying

0, >0 in L°(Q), M, > M in L®(GRYNY w, —~u in HNQ),

is such that the function (0,0,u), with 0 = MVu is a solution of (8.6).
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Remark 8.4 A first choice of function H is to take
F1($,8,§) lfpzla 77:045
H(z,5,6n,p) = Fa(w,5,8) ifp=0, n=p¢

~+00 otherwise.
In this case, taking into account that ﬁ(ac,u, Vu, MVu,0) < 400 a.e. in Q implies that
0 is a characteristic function we get that problem (8.14) can be written as

min {/ Fi(x,u,Vu)dx + Fy(z,u, Vu) dw}

QN\w
—div(axe + Bxa \w)Vu = f in Q, u=0 on dN

Irc{1,---,m;}, such that w = UKi’ lw| < k.
iel
Therefore, with this choice of function H Theorem 8.3 gives the convergence of the nu-
merical method consisting in discretizing directly the original (unrelazed) problem (8.1).
Thanks to (8.7), another possibility for H is to take H = H in 0D(H), and H = 400,

otherwise. For this choice of function H, taking into account that for p # 0,1 a matriz
M € K(p) satisfies

(ME = A(p)§) - (ME = A(p)§) =& for some § # 0

<= M 1is a lamination of al, GBI with proportions p and 1 —p
< Eig(M) = (A(p),Alp),- -, A(p))-

we can write problem (8.14) as

i o (o By ) oo (s 55 ) )

—divMYVu = f inQ, u=0 on 0N
0 € L*™°(Q;[0,1]), M symmetric with Eig(M) = (A(0),A(0),--- ,A(0)) a.e. in Q

0, M constants in K;, 1 =1,---,m,, / Odr < k.
Q

In this case, problem (8.14) consists in discretizing a partial relaxation of problem (8.1)
consisting in considering not only the original controls but also the ones obtained by a
simple lamination.

Clearly, when H is known another possibility is to take directly H = H. In this case
we are discretizing the relazed control problem (8.9).

Remark 8.5 Although Theorem 8.3 gives the convergence of the discretized problem
(8.14), it does not provides any error estimate. In particular, it does not shows what
choice of the functions H mentioned in Remark 8.4 is better.

As we saw in the proof of the estimates for the one-dimensional problem, in order
to obtain an estimate for the convergence rate of the numerical method, one idea is to
construct from a relazed control (0, M) another control (0", M") in the set of discretized
controls such that the solutions of the state equations relative to (0, M) and (60", M") are
close. In the case where H = H (which can only be used if H is known) one idea is to
take (0", M") as the mean value of (6, M) in each element of the triangulation. Denoting
by u and u” the solutions of

—divMVu=f inQ —divM"™Vu" = f inQ
u=0 on 09, u=0 on 09,
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with f in H=Y(Q) and taking into account that
—divM"V(u—u") = —div(M" — M)Vu in Q,

we deduce that
/ |V(u—u")|)? da < C'/ |(M" — M)Vu|? dz,
Q Q

which permits to estimate the difference of u —u” depending of the smoothness properties
of M and u and then to estimate the error for the discretized method.

When H is not known and therefore we need to discretize directly the original problem
or to consider some partial relaxation the choice of (6", M") is not clear.

Remark 8.6 In Theorem 8.3 we have discretized the set of controls but the state equation
1s directly solved. It will be interesting to study the convergence when we also discretize
this equation and in particular what is the relation we must use between the triangulation
chosen for the controls and the one chosen for the resolution of the state equation. A
result in this sense can be found in [6], showing that in some cases the method converges
using the same triangulation to discretize the controls and the state equation.
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