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Abstract

We consider the problem of flux identification for 1-d scalar conservation laws
formulating it as an optimal control problem. We introduce a new optimization
strategy to compute numerical approximations of minimizing fluxes.

We first prove the existence of minimizers. We also prove the convergence of
discrete minima obtained by means of monotone numerical approximation schemes,
by a I'-convergence argument. Then we address the problem of developing effi-
cient descent algorithms. We first consider and compare the existing two possible
approaches. The first one, the so-called discrete approach, based on a direct compu-
tation of gradients in the discrete problem and the so-called continuous one, where
the discrete descent direction is obtained as a discrete copy of the continuous one.
When optimal solutions have shock discontinuities, both approaches produce highly
oscillating minimizing sequences and the effective descent rate is very weak. As a
remedy we adapt the method of alternating descent directions that uses the recent
developments of generalized tangent vectors and the linearization around discon-
tinuous solutions, introduced by the authors, in collaboration with F. Palacios, in
the case where the control is the initial datum. This method distinguishes descent
directions that move the shock and those that perturb the profile of the solution
away from it. As we shall see, a suitable alternating combination of these two classes
of descent directions allows building more efficient and fast descent algorithms.
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1 Introduction

The optimal control of hyperbolic conservation laws is a difficult topic both from the
analytical and computational point of view. One of the main difficulties is that classical
analysis usually fails due to the presence of discontinuous solutions. In the last years a
number of methods have been proposed to deal with this singular solutions, to reduce
the computational cost and to render this type of problems affordable, both for scalar
equations and systems (see [1], [2], [10], [11], [16], [19], [21], [26], [35]).

In this article, we focus on the simpler scalar conservation law:

O+ 0;(f(u)) =0, inRx (0,7),
{ u(z,0) =u’(z), =€R, (1.1)

T > 0 being a given finite time horizon.

We address the problem of flux identification in which the flux, which is the nonlin-
earity f of the equation, is treated as a control parameter.

To fix ideas, given an initial datum «® € BV(R) N L*(R) N L'(R) and a target
u? € L?(R), we consider the cost functional to be minimized J : C1(R) — R, defined by

1) =5 [ e T) = (@) da. (1.2)

where u(z,t) € L®(R x (0,7)) N C([0, T); L*(R)) is the unique entropy solution of (1.1).

This problem has been previously studied in [26] where particular applications to
identification of mixtures concentrations in chromatography are presented. We also refer
to [25] where a complete description of the mathematical modeling of such problems and
their numerical approximation is given.

Although this paper is devoted to the particular choice of J in (1.2), most of our
analysis and numerical algorithms can be adapted to many other functionals and control
problems.

We also introduce the set of admissible nonlinearities U,y C C'(R), that we will
make precise later in order to guarantee the existence of minimizers for the following
optimization problem: Find f™® € U,4 such that,

J(f™™) = min J(f). (1.3)

feuad

As we will see, the existence of minimizers can be easily established under some natural
assumptions on the class of admissible nonlinearities i,; using well known well-posedness
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and compactness properties of solutions of scalar conservation laws. However, uniqueness
is false, in general, due, in particular, to the possible presence of discontinuities in the
solutions of (1.1). We show that these discontinuities may also affect the performance of
the optimization algorithms.

In practical applications and in order to perform numerical computations and simula-
tions one has to replace the continuous optimization problem above by a discrete one. It
is then natural to consider a discretization of system (1.1) and the functional J. If this
is done in an appropriate way, the discrete optimization problem has minimizers that are
often taken, for small enough mesh-sizes, as approximations of the continuous minimiz-
ers. There are however few results in the context of hyperbolic conservation laws proving
rigorously the convergence of the discrete optimal controls towards the continuous ones,
as the mesh-size goes to zero.

One of the first goals of this paper is to provide such a convergence result based on a
fine use of the known properties of monotone conservative schemes.

In the following we will denote by ua the approximation of v obtained by a suitable
discretization of system (1.1) with mesh-sizes Az and At for space-time discretizations.
We also denote by Ja a discretization of J and by U,qa a discrete version of the set of
admissible fluxes, or controls, U,4, and consider the approximate discrete minimization
problem,

JA(fR) = min  Ja(fa). (1.4)

fa€Uaa,n

For fixed values of the mesh-size A, the existence of minimizers for this discrete prob-
lem is often easy to prove. But, even in that case, their convergence as A — 0 is harder
to show. This will be done, as mentioned above, in the class of monotone schemes.

From a practical point of view it is also important to be able to develop efficient
algorithms for computing accurate approximations of the discrete minimizers. This is
often not an easy matter due to the large number of parameters involved, the lack of
convexity of the functional under consideration, etc.

The most frequently used methods to approximate minimizers are the gradient ones
(steepest descent, conjugate gradient, etc.) although they hardly distinguish local and
global minimizers. This is an added difficulty in problems with many local minima, a fact
that cannot be excluded in our optimization problem, due to the nonlinear dependence of
the state on the initial datum. However we will not address this problem here. We shall
rather focus on building efficient descent algorithms.

As we have said, this flux identification problem has been previously studied in [26].
Also, some numerical methods are discussed to solve the optimization problem but they
are based on a classical approach that can be justified only for smooth solutions. The
main contribution of this paper is that we deal with solutions having discontinuities. In
fact, we propose a new optimization technique where the position of the discontinuity is



treated as a new variable in the optimization process.

The convergence of an algorithm based on this idea is a difficult and interesting open
problem. To understand it in more detail we observe that our strategy can be inter-
preted as a relaxation method in finite dimensions where partial derivatives are used to
descend in a cyclic way. In our case, we propose a decomposition of the gradient in two
vectors that are used alternatively. One of this components concerns the position of the
discontinuity and the other the usual smooth variation to both sides of the discontinuity.
Convergence of relaxation methods in finite dimensions is known under convexity and
regularity assumptions on the cost functional (see [18]). A generalization to the present
situation could be obtained with similar hypotheses on the cost functional. However, the
cost functional under consideration is neither convex nor differentiable.

The rest of the paper is organized as follows: in section 2 we prove the existence
of minimizers for problem (1.3). In section 3 we prove the convergence of the discrete
minimizers of (1.4) to minimizers of the continuous problem. In section 4 we analyze the
sensitivity of the continuous functional (1.2). We analyze it both for smooth solutions and
for solutions having a single isolated shock. In section 5 we introduce a new characteri-
zation of the sensitivity of the functional which allows to identify variations that do not
move the shock position. This allows us to define a new optimization strategy which is
the main contribution of this paper. In section 6 we show how to implement numerically
a gradient algorithm to solve the discrete optimization problem. In particular we use the
sensitivities computed in the previous sections. Section 7 is devoted to show some nu-
merical experiments which illustrate the efficiency of the different optimization methods
described in the paper. Section 8 contains some concluding remarks. In the Appendix
at the end of the paper we prove the linearization result for the scalar conservation law,
with respect to the nonlinearity, in the presence of shocks.

2 Existence of minimizers

In this section we state that, under certain conditions on the set of admissible nonlinear-
ities U,q, there exists at least one minimizer of the functional J given in (1.2).

We assume v’ € BV (R) N L>®(R) N L*(R). The Kruzkov theorem states the existence
and uniqueness of a unique entropy solution u(x,t) of (1.1) in the class u € BV (R x
(0,7))NC°([0,T7; L}, .(R)) (see [27], [7]). Note that, in our case, the solution also belongs

to C°([0,T]; L*(R)). From the maximum principle (see for instance [19], p. 60), this
unique entropy solution u(x,t) satisfies the upper bound

(s Ollzem < lu e, (2.1)

and therefore, only the values of the nonlinearity f in the interval [—||u°|| 1o, ||u®||r] are



relevant to solve (1.1). According to this, the restrictions we will impose in the fluxes, if
any, only make sense within that bounded range.
We consider the class of admissible fluxes U, :

Uag = {f € W ([=[Jt°|| e, [t z¢]) = || llw2so (= fu)ipoo a0l o) < CT (2.2)

where C' > 0 is a constant. Note that U, is a compact set with respect to the topology
of Whoo([—||u®|| s, [|u°||]), since the interval [—||u®||pe, ||u®]|z] is bounded.

On the other hand, in [29] it is proved that the application f — u, where u; is the
unique entropy solution of (1.1) with initial datum u°, satisfies

Jug(- ) — ug(, Ol ey < I = gllille’ll sy e)- (2.3)

This continuity result for the solutions of (1.1) with respect to the fluxes f, provides easily
the following existence result (see [26] for details):

Theorem 2.1 Assume that u® € BV (R) N L*(R) N LY(R), u? € L*(R) and Uy,q is as in
(2.2). Then the minimization problem,
in J 2.4
min J(f), (2.4)
has at least one minimizer f™® € Uyg.
Uniqueness is in general false for this optimization problem.

Proof. The existence of a minimizer is easily obtained from the direct method of the
calculus of variations. We briefly sketch the proof.

Let us consider a minimizing sequence {f;};>1 in U,e. Since U,y is bounded in
W22 ([—|[u®|| oo, [|[u®]| =]), the sequence f; contains a subsequence, still denoted f;, such
that f; — f weakly-* in W22([[[u® =, 0] o<]) and strongly in W2([— | e, [u°]| ).
Obviously, f € Uyq and it is a minimizer if we show that lim; .., J(f;) = J(f).

Let u; be the unique entropy solution of (1.1) with numerical flux f;. Then, as we
mentioned above, only the values of f; on the bounded set [—||u®|| o, ||u®|| =] are relevant
to obtain wu;, and therefore to evaluate J. This, together with the continuity result in
(2.3), provides the continuity of J.

The lack of uniqueness of minimizers can be easily checked for some specific choices of
the initial datum. This can be easily seen observing that the flux f only affects the slope
of the characteristics associated to (1.1) on the range of u. Thus, for example, the shock

wave function /
lif x <t/2,
u(z, 1) = { 0ifz> /2,

which only takes two values u = 0,1, solves (1.1) whatever f is, provided f’(0) = 0,
(1) =1 and f(1)— f(0) = 1/2. If we take u® = u(z,0) and u? = u(x,T), all these fluxes
f are minimizers of (2.4) for which J(f) =0. m
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Remark 2.1 The proof above can be slightly modified to deal with larger classes of ad-
missible nonlinearities Uyq. For instance, one can take Uyg C WH([—||u®|| poo, [[u®]] L])
with the bound || f'|| oo (= |ju0|| oo Jlu0 | poo]) < C- The main difficulty is that we cannot apply
the Lipschitz dependence property (2.3) to deduce the L'-convergence of solutions, when
considering a minimizing sequence f; — f. Instead, we use the uniform convergence
fi — f which holds, at least for a subsequence. Then, it is possible to pass to the limit in
the weak formulation

/0 /R<uj¢t  fiu)) de i+ /Ruo(x)w(x,O) _0, Ve CHR x [0,T)),

since the solutions u; converge a.e. The later is guaranteed by the uniform BV estimate
on the solutions, consequence of the L'-contraction property and the fact that the initial
data are taken to be in BV . Obviously, since we are dealing with the unique entropy
solutions, a similar argument is needed to pass to the limit on the weak form of the
entropy condition. In this way, we obtain the convergence u; — u in L}, (R x (0,T)).

loc

The convergence of uw;(-,T) — u(-,T) in L}, (R) follows from the uniform BV estimate
of u;(-,T). Finally, the convergence in L*(R) can be deduced by proving that the integral
of |u;(-,T)| on (—oo,—K) U (K, 00) is small for large K, uniformly in j. This is easily
obtained arguing with the domain of dependence of u;(z,T) in x € (—oo, —K) U (K, 00),
the L'-contraction and the fact that u;(z,0) = u’(z) € L*(R).

In practice, we can also remove the W bound in the admissible set Uy,q by including a
reqularization term in the functional J, i.e. we can consider Uyg = W ([—||u®|| s, ||u° || L<])

and the penalized functional

I =3 / u(w, T) — ul(@)|? dz + K / F(s)] ds. (2.5)

for some penalization parameter K > 0. The same arguments as before allow proving
the existence of minimizers for this functional but, this time, without imposing a priori
bounds on the fluzes f.

In practical applications, the above infinite dimensional optimization problem is usu-
ally reduced to a finite dimensional one by considering a finite dimensional subspace of
the class of admissible fluxes U,4, that we denote by UM . More precisely, we take UM as
a subset of the set of linear combinations of some, a priori chosen, smooth basis functions

f17 ceey fM € WQ,OO([_HU’O“LOO? ||u0HLOO])’

a

uMt = {r =5 aif;,  witha; € Rforall j=1,..., M; 26)

and || f|[wz.es (- ju]| oo Ju] o)) < C} -
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The reduced minimization problem can be stated as follows: Find f™®* € UM such
that
J(f™) = mir]b J(f). (2.7)
felyq
Of course, the arguments in the proof of Theorem 2.1 allow showing that the minimizer
of (2.7) exists as well for all finite M. But this time things can be done more easily since
the space of possible designs/controls is finite-dimensional. More precisely, the bound
| 1l wr2.o0 ([ fju0]] oo [[u0 ]| o) < C'in the set of admissible controls can be relaxed to any other
one guaranteeing the boundedness of the scalar coefficients «;, ¢ = 1,..., M, in the linear
combination of the reference fluxes under consideration.
This is in fact the problem that we approximate numerically in the following section.

3 The discrete minimization problem

The purpose of this section is to show that discrete minimizers obtained through suitable
numerical schemes, converge to a minimizer of the continuous problem (2.7), as the mesh-
size tends to zero. This justifies the usual engineering practice of replacing the continuous
functional and model by discrete ones to compute an approximation of the continuous
minimizer.

We introduce a suitable discretization of the functional J and the conservation law
(1.1). Let us consider a mesh in R x [0, T] given by (x;,t") = (jAz,nAt) (j = —o0, ..., 00;
n =0,.,N+1sothat (N + 1)At = T'), and let u} be a numerical approximation of
u(x;,t") obtained as solution of a suitable discretization of the equation (1.1).

Let u = {u(])} be the discrete initial datum, which is taken to be an approximation
of the initial datum u° of the continuous conservation law. Similarly, let u} = {u¢} be
the discretization of the target u? at z;. A common choice is to take,

0 1 Tj+1/2 0 1 Tj41/2

U = A u’(z)de, ul u®(x)dz, (3.1)

u. = ——
7 Ax

Tj—-1/2 Tj_1/2
where 11/, = x; £ Az/2.
We also consider the following approximation of the functional J in (1.2):
_ Ax >

2

j=—o00

(T — ), (3.2)

JA(f) J J
In order to compute u} from f and uY\, we introduce a 3-point conservative numerical
approximation scheme for (1.1):

witt = = A (e = gap) . A= N J€Z n=0,..,N, (3.3)



where,

9?+1/2 = 9(“?»“2’11);
and ¢ is a Lipschitz continuous function usually referred as the numerical flux. These
schemes are consistent with (1.1) when g(u,u) = f(u).

As usual, in order to define convergence results of discrete solutions, we introduce the
piecewise constant function ua defined in R x [0, 7] by

UA(I’,t) = U;-l, S (l’j,l/Q,ﬁL'jJrl/Q), te [tn,tn+1).

We assume that the numerical schemes satisfy also the following two properties:

1. The following discrete version of the maximum principle in (2.1):

lua(z, )= < Jupllz=, ¥ >0. (3.4)

2. The discrete solutions converge to weak entropy solutions of the continuous con-

servation law, as the discretization parameter Ax tends to zero, with some fixed
A = At/Azx, under a suitable CFL condition.

The so-called monotone schemes (see [19], Chp. 3) constitute a particular class of conser-
vative numerical methods that satisfy these conditions. Recall that a method is said to
be monotone if the function H(u,v,w) = v—A(g(v,w) — g(u,v)) is a monotone increasing
function in each argument. Some examples of monotone methods are the Lax-Friedrichs,
Engquist-Osher and Godunov schemes, under a suitable CFL condition which depends
on each method. Their numerical fluxes are given, respectively, by

gLF(u’ U) _ f(u) "2i_ f(v) _ U2_)\u’ (3.5)
o) = 5 (1w o)~ [ 176, (3.6)
God U. v _ minwe[u,v] f(’LU), if u < v,

g7 (v, v) { maXyefp f(w), if u>w. (3.7)

For example, the CFL condition for the Lax-Friedrichs scheme is as follows (see [20], p.

139),
Jujpr) — fluy)

Uj+1 = Uy

<1

A max
J

In the sequel we make explicit the dependence of the numerical flux g on f by writing
g(u,v; f). We also assume that the numerical flux g(u, v; f) depends continuously on f €



UM with respect to the W2 norm, and that the Lipschitz constant of ¢ is independent
of f, i.e.
|g(ur, v1; f) — g(uz, v2; f)]

< C, Vuy,v; € [—]|u]|zee, ||t®|| o], 3.8
o e S P TS M X

with a constant C independent of f € UM. Note that in (3.8) it is enough to consider
values of w,v in a finite interval. In fact, the discrete maximum principle (3.4) ensures
the boundedness of the discrete solutions regardless of the chosen flux f € UM.

We then consider the following discrete minimization problem: Find fR® € UM such
that

JA(fA™) = min Ja(f), (3.9)

where UM is as in (2.6).

For each Az, At > 0 it is easy to see that the discrete analogue of the existence result
in Theorem 2.1 holds. Moreover, the uniform bound (3.8) and formula (2.3) allow also to
pass to the limit as Ax, At — 0.

Theorem 3.1 Assume that the hypotheses of Theorem 2.1 are satisfied. Assume also
that ua is obtained by a conservative monotone numerical scheme consistent with (1.1)

and that the associated numerical fluz g(u, v; f) satisfies (3.8) and it depends continuously
on f€UM. Then:

e Forall Ax, At > 0, the discrete minimization problem (3.9) has at least one solution
frin e YM.

o Any accumulation point of fR™ € UM as Ax, At — 0 (with At/Ax = X fized and
under the corresponding CFL condition), is a minimizer of the continuous problem
(2.4) in UM,

Proof. For fixed Az and At the proof of the existence of minimizers can be done as in
the continuous case.

We now address the limit problem Az — 0, when A = At/Az is fixed that, for
simplicity, we denote by A — 0.

We follow a standard I'-convergence argument. The key ingredient is the follow-
ing continuity property: Assume that {f;};>1 C UY satisfies f; — f weakly-* in
W2 ([—[|u®|| o=, [|u°[| 1=]) and strongly in W ([~ [u’|| e, [|u’]|L=]). Then

Jlim A = I, (3.10)
In the particular case under consideration, the convergence assumption on the nonlinear-
ities is equivalent to the convergence of the finite-dimensional parameters «; entering in
the definition of the set of admissible controls U .
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The continuity property (3.10) is easily obtained from the estimate,
[ Ja(f5) = JHI < NIalfs) = TN+ 1I(f5) = (I

The second term on the right hand side converges to zero, as j — 00, due to the continuity
of J stated in the proof of Theorem 2.1. Concerning the first term, we use the convergence
of the discrete solutions obtained with monotone numerical schemes, as A — 0, under the
CFL condition, in the L*°(0,T; L?*(R)) norm (see, for example, [19]). In fact, following
the argument in [19] (Theorem 3.4, pag. 132), it is easy to check that this convergence is
uniform with respect to the fluxes f € U2} under the uniform bound (2.6).

Now, let f € UM be an accumulation point of the minimizers of Ja, fR", as A — 0.
To simplify the notation we still denote by fRi" the subsequence for which fRir — f , as
Az, At — 0. Let h € U be any other function. We are going to prove that

~

J(f) < J(h). (3.11)
Taking into account the continuity property (3.10), we have
7 > T miny __ £
J(h) = lim Ja(h) > lim JA(fX™) = J(f),
which proves (3.11). m

Remark 3.1 Using the fact that the initial datum u® is assumed to be in BV, the same
existence and convergence results may be proved within larger classes of admissible sets Uy,q
and not only in the finite-dimensional one U . For the existence of minimizers we can
mimic the argument in Remark 2.1 as soon as Uyg C W (—||u°|| pec, ||u®||re) guarantees
the minimum compactness properties so that the nonlinearities converge uniformly on
bounded sets.

Concerning the convergence of minimizers, the main difficulty is to establish the uni-
form convergence of discrete solutions ua in L>(0,T; L*(R)) with respect to the fluzes in
Uaq. But, as we said in the proof above, this is a consequence of the uniform bound (2.6).
In fact, the BV assumption on the initial datum and the monotonicity of the numerical
schemes under consideration, ensure uniform BV bounds on the solutions, both discrete
and continuous ones, and this for all nonlinearities. This allows proving the uniform
convergence of un — u in L}, (R) for any t € [0,T]. Then, arquing with the domain of
dependence of discrete solutions and the fact that u® € L'(R) it is easy to obtain the umni-
form convergence ua(-,t) — u(-,t) in L*(R). Finally, the uniform bound in L™ provides
the convergence in L*(R).

Remark 3.2 Theorem 3.1 concerns global minima. However, both the continuous and
discrete functionals may possibly have local minima as well. Ezxtending this kind of T'-
convergence result for local minima requires important further developments.
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4 Sensitivity analysis: the continuous approach

In this section we describe and analyze the continuous approach to obtain descent di-
rections for the discrete functional Jan. We recall that in this case we use a suitable
discretization of the steepest descent direction obtained for the continuous functional J
on the subset UM,

The set UM can be parametrized by the vector of components a = (ay, ..., aps) € RM
with values on the subset determined by the W#* bound of the elements in M. Thus,
a natural way to impose this constraint is to assume that AM is given by,

AM = {(ay,...,apr) € RM such that |o;| <y, i =1,..., M}, (4.1)

for some constants v; > 0. The optimization problem (2.7) is then reduced to the con-
strained minimization problem: Find ay,;, such that,

J(Otin) = min, J(a). (4.2)
This optimization problem is usually written as an unconstrained problem for an aug-
mented cost function J(a) = J(a) + S2M, A\ja; which incorporates the Lagrange multi-
plier A = (A, ..., \yr) € R™. Note however that the main difficulty to obtain a descent
direction for the augmented functional comes from the computation of the gradient of J,
an issue that we address now.

We divide this section in three more subsections: More precisely, in the first one we
consider the case where the solution u of (1.1) has no shocks, in the second and third
subsections we analyze the sensitivity of the solution and the functional in the presence
of a single shock located on a regular curve.

4.1 Sensitivity without shocks

In this subsection we give an expression for the sensitivity of the functional J with respect
to the flux based on a classical adjoint calculus for smooth solutions.

Let f € C*(R). Let C3(R) be the set of C' functions with compact support and
u’ € Cj(R) be a given datum for which there exists a classical solution u(z,t) of (1.1)
in (z,t) € Rx[0,T7 + 7], for some 7 > 0. Note that this imposes some restric-
tions on u’ and f other than being smooth. More precisely, we must have T + 7 <
—1/min(inf, (f"(uo(x))uy(x)),0) to guarantee that two different characteristics do not
meet in the time interval [0, + 7].

The following holds:
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Theorem 4.1 Under the above assumptions on u°, f and T, given any function 5f €
C?*(R), the Gateauz derivative of J in the direction of §f is given by

SN = =T [ 0.6 (u(e. ) (e T) = w'(w) da. (43)

Remark 4.1 Formula (4.3) establishes in particular that only the values of §f in the
range of u at time t ="'T" are relevant for the Gateauz derivative of the functional J.

Remark 4.2 Note that for classical solutions the Gateauz derivative of J at f is given by
(4.3) and this provides a descent direction for J at f, as we have already seen. However
this is not very useful in practice since, even when we initialize the iterative descent
algorithm with f so that the corresponding solution u is smooth, we cannot guarantee that
the solution will remain classical along the iteration.

Corollary 4.1 Assume that the hypotheses of Theorem /.1 hold. Assume also that the
fluzes f are chosen in the finite dimensional subspace parametrized by AM in (4.1). The
derivative of the functional J at a in the tangent direction da = (dauy, ..., 0apr) € RM s
given by

M
0J(a)(0a) = —TZdam/ Ou(frn(u(z,T))) (u(z,T) — u’(x)) da. (4.4)
m=1 R
Thus, in the absence of constraints, the steepest descent direction for J at o is given by
S, = / Op(frn(u(z, 7)) (w(z,T) — u’(x)) du, forallme1,..., M. (4.5)
R

Remark 4.3 Formula (4.3) allows also to deduce a descent direction for J(f) when we
deal with the infinite dimensional space U,q, at least in some particular cases. For example,
assume that the solution u of (1.1) satisfies the following condition: there exists a finite
set of intervals {I;}1_, where u(-,T) is a strictly monotone function, i.e.

opu(z,T) #0,  forz e I,

and u(-,T') is constant outside these intervals. Let U; be the range of u(x,T) on x € I;.
Then, on each I; we make the change of variables x € I; — y;(x) = u(x,T) € U;, with
inverse y € U; — x;(y) € I;. We have

du; dy; de;\
s = Liay, ax:%ay:(di;) 9,  onzel
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and therefore,

0J(f)(0f) = —T/R@m@f(U(fﬂ,T))) (u(@, T) — u'(x)) dz

_ _TZ_;/U_(SJ”(@/) (y — u(2;(y))) dy

Sl D SR R G R

where xu,(y) is the characteristic function of the set U;.
This expression provides a natural way to compute a descent direction for the contin-
uous functional J. We just take 0 f such that

J

0f' () = xu,(w) (y—u(a;(v),  we U Uj. (4.7)

J=1

Note that the value of § f' outside the set U;.le U; does not affect the derivative of J.

This yields the steepest descent direction for the continuous functional. Note however
that this is not very useful since it requires a detailed analysis of the intervals where
uw(z,T) is a monotone function. Moreover, in practice, it is more natural to deal with
finite-dimensional sets of admissible nonlinearities as in (4.5) rather than with the full
complezity of the nonlinearities in (4.7).

Proof (of Theorem 4.1). The first idea is to prove that, for ¢ > 0 sufficiently small, the
solution w.(z,t) corresponding to the perturbed flux,

fe(s) = f(s) + €0 f(s), (4.8)
is also a classical solution in (z,t) € R x [0,7] and it can be written as
u. = u+ edu+ o(e), with respect to the C° topology, (4.9)

where du is the solution of the linearized equation,

9,00 + 0, (f/(u)ou) = =8, (8 f(w)),
{ du(z,0) = 0. (4.10)

Assume for the moment that (4.9) holds. Now, let §.J be the Gateaux derivative of .J at
f in the direction § f. From (4.9) it is easy to see that

0J = /R(u(x,T) —u(x))ou(z,T) dz, (4.11)
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where du solves the linearized system above (4.10). Note that the solution of (4.10) is
simply given by
ou(z,t) = —t0:(0 f (u(x,1))). (4.12)

t)
In fact, it obviously satisfies the initial condition du(z, 0

) =
Du(—t0. (0 f (ul, 1)) + Oul(— f ()t f (ulz, 1))
— —0,(6 (u(, 1)) — (8 (ular,£))yr) + D f' (e, )3 (i, 1) D)
— —0,(6f (ulx, 1)) — t0, (5 (ulix, £)) (Br — Du(F () = —Du(6 (ula, 1))).

Formula (4.3) is finally obtained substituting (4.12) into formula (4.11).

It remains to see that (4.9) holds. The proof is based on the classical characteristics
approach by writing both v and w. in terms of their initial data. We need some previous
estimates,

0 and

||u6('7t>||Lip S C) (413)
1

g HUE("t) - u("t)HLOO(]R) <C, (4'14)
iy 0,1 £) = Oy )] ey = 0. (4.15

uniformly in ¢ € [0, T'], for some constant C' > 0. Here, ||u.(-,1)||ip stands for the Lipschitz
norm of u(-,t).
Let us prove (4.13). Given 0 <ty <t < T and x,z’ € R, we have

Jue (@, t) —ue(z, )] = Jue(a" = (¢ —to) fL(ue(2', 1)), to) — ue(x — (t = to) fi(uc(, 1)), o)
lue (s to) | ip(lz = 2" + (8 = to) [ f2(ue (2, 1)) — fi(ue(x,))])

<
< lue( to)l[ip(le — @' + (& = to) [ fZ | Lo ue (2, £) — ue(x, £)]),

where || /|| 1o is the norm of f” in L™([—||u®|| g (r), [|[u°||L(r)]) since, by the maximum

principle, this interval contains the range of u.(x,t) for all z € R and ¢t € [0, T]. Obviously

| /]| is uniformly bounded in € for any function f. = f + &df with f,6f € C*(R).
Thus, for ¢t —to < [luc(-,to) || 5|l /2l %, we have

e (-, to) || Lip
L —(t = to) [luc (-, to) | Lapll f2]| Lo

If we apply formula (4.16) with to = 0 we obtain that the Lipschitz constant for u.(-,?)
is uniform in ¢ for ¢ € [0,¢;] with ¢; < ||u0||zi1p||f€”||zio, since u.(r,0) = u®(z) which does
not depend on e. In particular the Lipschitz constant for u.(-,¢;) is uniform in e.

Note that the same argument with ¢, = ¢; in formula (4.16) provides the analogous
result for the larger time ¢ € [0, 5] where ty is such that to — ¢ < [[uc(-,t1) || 25, [ f2 ]| -

lue (', 1) — ue(z,t)| < |z — 2] (4.16)
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Following an iterative process we could expect to cover the whole time interval [0, 7.
However, the Lipschitz bound for u.(-,t,) may possibly deteriorate in time and this ar-
gument could fail to reach the final time 7', since in this case

s =t < ueCo b ZL L =0, asn— oo (4.17)

Thus, before considering larger times, we prove that the Lipschitz constant for u.(-, ;)
can be shown to be independent of ¢ € [0,¢;]. In this way, the right hand side in (4.17) is
uniformly bounded from below and the sequence ¢, can be chosen in such a way that the
iterative argument above will cover the whole interval [0, 7.

The idea is to prove that (4.14) and (4.15) hold uniformly in ¢t € [0,%;]. Then, the
uniform bound for the Lipschitz norm of u.(-,t) in ¢ € [0,¢;] is easily obtained from the
regularity of u(z,t) and the uniform convergence (4.15), using a perturbation argument
that we show below.

Now, we prove that formulas (4.14) and (4.15) hold in ¢ € [0,¢;]. They are obtained
with similar arguments. We focus on (4.15) since the proof of (4.14) is easier.

Given t > tg > 0 we have

|0puc(x,t) — Opu(x, t)]

— 102 — (1 — to) (1), f0)) — Dulualr — (£ — o) (), o))

< [0pus(z — (t —to) f(ue), to) It — t0)[(f” (ue) Opue + 6 f (ue) Opue — f () Orul
+0pue(z — (¢ —to) filue), to) — Opulz — (t —to) f'(w), o) |1 — (t — to) f" (u) Ol
< (EN6f N oo + 1" (uele, 1)) Opue — f(ul-,8))Optul| oo ) (e (-, ) 1 (T — to)
+0|0,ue(x — (t —to) f2(ue), to) — Opulx — (t — to) f(ue), to)]

+C0pu(r — (t —t0) fL(ue), to) — Opulx — (t —to) f'(w), to)]

< EN6f N poe + L N oo 11052 (+5 8) — Ol )| poo ) e (-, )] s, (8 — o)
H(" (e (1) = ()| oo [l i) el 1 (8 — to)

+C || 0pue (-, to) — Opu(-, o) || oo

+C|0pu(x — (t — to) fi(ue), to) — Dpulx — (t —to) f'(u), to)],

with C' = 14(t—to) || f” || zo< ||ul| £ip- Thus, if we choose (t—t) < L mingeeee, |uc|| ;; 1| o
then

1

§H8xua(-,t> — Opu(, ) |lpoe < e 0 f ] oo llue (s D)l (= to)

)
+ 1 (e (5 1)) = S @ ) oo [ull i el g (F = to)
+C|0pu(z — (t — to) f2(us), to) — oulz — (t — to) f'(u), to)|
—I—C’||(9$u5(, to) — &Eu(x, tO)HL"O‘ (418)
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Now we take the limit as ¢ — 0 in this expression. The first term on the right hand
side converges to zero from the uniform bound of ||u.||1;. For the second term we also
use the regularity of f € C?, and the fact that we are assuming the uniform convergence
lue(-,t) — u(-,t)||Lom) — 0, as € — 0, stated in (4.14). The convergence of the third
term is easily obtained from the uniform continuity of d,u. In fact, v € Cj since it
is a classical solution with ug € C3(R). Finally, the last limit goes to zero if to = 0.
This allows to prove the convergence of the right hand side, uniformly in ¢ € [0, ¢;] with
t1 = MiNgcece, HUEHEzlp Hf”HIjolo :

Once we have proved (4.15) uniformly in ¢ € [0,¢;] we can deduce a uniform bound
for the Lipschitz constant of wu., independent of ¢t € [0,¢;]. As we said above, we use a
perturbation argument,

10,1 (D)l < 9ty )][ e + et = Dyl 8)]| e (4.19)

The hypotheses on the initial datum «° and T guarantee that the solution u € C}(R x
[0,7]) and therefore ||0yu(-,t)||z~ can be bounded by a constant C' independent of ¢ €
[0,7]. On the other hand, the convergence (4.15) guarantees that we can choose £ >
0 sufficiently small so that the second term in (4.19) is also bounded by a constant
independent of ¢ € [0, #].

Estimate (4.13) for larger time is obtained from a continuation argument. We choose
to such that ty —t1 < ||uc(-, t1)||zl;||fé’||zio. From formula (4.16) we obtain a bound of the
Lipschitz norm of u.(-,t), uniform in e, for ¢ € [0,¢5]. This allows us to prove (4.14) and
(4.15) in t € [0, 5], and a bound for the Lipschitz norm of u. independent of ¢ € [0, t5].
Following an iterative process we obtain a similar result on ¢t € [0,¢,], n > 1. Note that
we cover the interval [0, 7] in a finite number of steps since the bound for ¢,,1 — ¢, given
by [Jue (- ta) Iz 2] o, is bounded below by a constant independent of t,.

Once the previous estimates (4.13)-(4.15) are obtained we go back to the proof of
(4.9). Let us write

e — —\Ue — —edu).
w 6(u u — edu)

We have to see that lim._q ||us(,t)||L®) = 0 uniformly in ¢ € [0,7]. The function w.
satisfies system

dwe + Oy (f'(w)we) = =0, (6 f (ue) — 0 f(u))
—10,(f(us) — f(u) — f/(u)(ue —u)), te[0,7], zeR (4.20)
we(x 0) =0, r eR.

Note that system (4.20) is a linear conservation law where the nonhomogeneous term is
small, for € small. System (4.20) is analogous to the linearized system (4.10) for which
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the solution is given by (4.12). Thus, the solution of (4.20) is given by,

we = 10,5 (ue) — 8 () — 204(f () = f(w) = f(w)(owc — ).
Then,
lw(z,t)| < t|0f (u)Opue — O f (u)d,ul
21 () Dyt — () Oyts — () Bys(ae — ) = () @yac — )|
< tof (ue) — 0f (w)||0pu| + |0 f'(w)]|Opue — Opul
L1 () = () = () (e = )|y

t ! /
+g|f (Ue) —f (umaavue - az“’
SO f" | oo lltte — ullpoo ull 1y + E 10| oo O2ute — D] oo

t ! ! "

o100l oo (1 (ue) = f1(w) = fH(u) (e = )l
t /

2 e llue =l oo 10zte — Oul 2,

which converges to zero, as ¢ — 0, in view of (4.13)-(4.15) and the regularity of f. m

Remark 4.4 Formula (4.12) for du(xz,T) can be obtained by the method of characteris-
tics. In fact, (4.10) can be reduced to an ordinary differential equation when looking the
solution du along their characteristic curves, parametrized by (x(t),t) with t € [0,T]. In
this way, du(x(t),t) satisfies

du(x(t),t) = _/o exp (—/S O (f'(w))(x(r),r) dr) O:(0f(u))(x(s), s) ds. (4.21)

This expression can be simplified by using the bi-parametric family of changes of variables
yst - R — R defined by,

ysi(x) =« + f(u(z, $))(t — ), t €10,T], and s € [0,1]. (4.22)

Note that, for fivzed x € R and s € [0,T], the function r — (x+ f'(u(x, s))r, s+r) with
r € (—t,T —t) is a parametrization of the characteristic line, associated to (1.1), which
contains the point (x,s). Thus, the point of coordinates (ysi(x),t) is in fact the point of
this characteristic line corresponding to the time t, i.e. r =t — s. In particular,

Ysi(x(s)) = x(t), forall0 <s<t<T. (4.23)

This provides an easy geometric interpretation of these changes of variables that are well-
defined since we are assuming that u does not generate shocks in t € (0,T). If we apply
the change of variables x — y,+(x) for O.(f'(u(x,t))) and x — ys(x) for 0.(0 f(u(z,t))),
we see that (4.21) and (4.12) are equal.
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4.2 Linearization in the presence of shocks

In this section we collect some existing results on the sensitivity of the solution of con-
servation laws in the presence of shocks. We follow the analysis in [9] but similar results
in different forms and degrees of generality can be found in [1], [4], [5], [35] or [19], for
example.

We focus on the particular case of solutions having a single shock in a finite time inter-
val t € [0, 7], but the analysis can be extended to consider more general one-dimensional
systems of conservation laws with a finite number of noninteracting shocks. The theory of
duality and reversible solutions developed in [4] and [5] is the one leading to more general
results.

We introduce the following hypothesis:

(H) Assume that u(z,t) € BV(R x (0,7))NC°([0,T]; L. .(R)) is a weak entropy solution
of (1.1) with a discontinuity along a regular curve X = {(¢, ¢(t)),t € [0,T + 7]}, for some
7 > 0, which is uniformly Lipschitz continuous outside . In particular, it satisfies the
Rankine-Hugoniot condition on X

@' Oulery = [f(W)] 0 » 0<t<T+rT. (4.24)

Here we have used the notation [v],, = v(z]) — v(zy) for the jump at zy of any
piecewise continuous function v with a discontinuity at z = x.

Note that the hypothesis (H) before concerns a time interval [0,7" 4 7] larger than
expected for our optimization problem, which only requires the value of the solution u at
time t = T. This is to guarantee that, for solutions of (1.1) satisfying (H), sufficiently
small perturbations of the flux function f in (1.1) will provide solutions which still satisfy
hypothesis (H), with possibly different values of 7 > 0.

Note that 3 divides R x (0,7") in two parts: @~ and Q, the subdomains of R x (0,7")
to the left and to the right of ¥ respectively.

As we will see, in the presence of shocks, for correctly dealing with optimal control
and design problems, the state of the system has to be viewed as being a pair (u, p)
combining the solution of (1.1) and the shock location . This is relevant in the analysis
of sensitivity of functions below and when applying descent algorithms.

Then the pair (u, ) satisfies the system

SOl g 0T

O (t uw(t):fu@(t), te (0,7),

2(0) = . (4.25)
u(x,0) = u’(x), in {z <’} U{z > L}

We now analyze the sensitivity of (u, @) with respect to perturbations of the flux f. To
be precise, we adopt the functional framework based on the generalized tangent vectors
introduced in [9].
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Figure 1: Subdomains @~ and Q™.

Definition 4.1 (/9]) Let v : R — R be a piecewise Lipschitz continuous function with
a single discontinuity at y € R. We define the set I'(,,) as the family of all continuous
paths v : [0,g0] — LY(R) x R with

1. 4(0) = (v,y) and €9 > 0 possibly depending on ~y.

2. For any ¢ € [0,¢0], v(¢) = (ve,ye) where the functions v. are piecewise Lipschitz
with a single discontinuily at x = y., depending continuously on €, and there exists a
constant L independent of € € [0, o] such that

|ve(2) = ve(2)] < Lz — 2,

whenever y. ¢ [x,z'].
The paths () = (ve,ye) € D(vy) will be referred as reqular variations of (v,y).
Furthermore, we define the set T(,,y of generalized tangent vectors of (v,y) as the

space of (6v,dy) € L* x R for which the path Ysy.sy) given by Ysesy) (€) = (Ve, ye) with

v+ €0V + [V]y Xy+esyy U 0y <O
.= ol ’ . =y + 26y, 4.26
{ v+ edv — [V]y Xpyytesy if Oy >0, Ye =Y y (4.26)

satisfies Yisvsy) € Livy)-
Finally, we define the equivalence relation ~ defined on I', ) by

[[ve = V]l s
€

~v ~~"if and only if lli% =0,

and we say that a path v € T, generates the generalized tangent vector (0v,0y) € Ty y)
if v is equivalent to Ysvsy) as i (4.26).
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Remark 4.5 The path Ysvsy) € Uy in (4.26) represents, at first order, the variation
of a function v by adding a perturbation function €dv and by shifting the discontinuity by
edy.

Note that, for a given pair (v,y) (v being a piecewise Lipschitz continuous function with
a single discontinuity aty € R) the associated generalized tangent vectors (0v,dy) € Tiyy)
are those pairs for which dv is Lipschitz continuous with a single discontinuity at x = y.

The main result in this section is the following:

Theorem 4.2 Let f € C*(R) and (u,p) be a solution of (4.25) satisfying hypothesis
(H) in (4.24). Consider a variation 6f € C*(R) for f and let f. = f+edf € C*(R)
be a new flur obtained by an increment of f in the direction 0f. Assume that (ue, ;)
is the unique entropy solution of (4.25) with fluz f.. Then, for all t € [0,T] the path
(us(+, 1), pe(t)) is a regular variation for (u(-,t),¢(t)) (in the sense of Definition 4.1)
generating a tangent vector (du(-,t),dp(t)) € L' X R, i.e. (uc(-,t), () € T(su(-t).000t))-
Moreover, (du,dp) € C([0,T]; (L'(R) x R)) is the unique solution of the system

Or0u + O, (f’( )6 ) = —0:(0f(u)), nQ UQT,
590 ( )[ + 5(P (90 ( [ux]w(t) - [uxf ( )] )

¥ (t )[5U] = [f'(w)dulowy = [0f (W)lowy = 0, in (0,T), (4.27)
(5u(a: 0) =0, m {z <"} U{z > "},
dp(0) = 0.

We prove this technical result in an Appendix at the end of the paper.

Remark 4.6 The linearized system (4.27) has a unique solution which can be computed
in two steps. The method of characteristics determines du in Q~UQT, i.e. outside 3, from
the initial data u® (note that system (4.27) has the same characteristics as (4.25)). We
also have the value of u and u, to both sides of the shock X and this allows determining the
coefficients of the ODE that dp satisfies. Then, we solve the ordinary differential equation
to obtain d¢p.

Remark 4.7 Due to the finite speed of propagation for (1.1) the result in Theorem 4.2
can be stated locally, i.e. in a neighborhood of the shock . Thus, Theorem 4.2 can be
easily generalized for solutions having a finite number of noninteracting shocks.

Remark 4.8 The equation for d in (4.27) is formally obtained by linearizing the Rankine-
Hugoniot condition [u]¢'(t) = [f(u)] with the formula §lu] = [du] + [u.|0p.

We finish this section with the following result which characterizes the solutions of
(4.27).
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Theorem 4.3 Let f € C*(R) and (u, @) be a solution of (4.25) satisfying hypothesis (H)
in (4.24). The solution (du,dp) € C([0,T]; (LY(R) x R)) of the system (4.27) is given by,

du(z,t) = —t0. (0 f (u(z,1))), in Q- UQT, (4.28)
dp(t) = t[(sf(u<.’t))]¢(t), for allt € [0,T]. (4.29)
[U(-, t)]%(t)

Proof Formula (4.28) holds when w is smooth, as we stated in (4.12). The same
formula holds in the region where u is Lipschitz, i.e. Q~ U @™, by a density argument.

We now prove formula (4.29). Without loss of generality, we focus on the case t = T.
For simplicity we divide this part of the proof in two steps. First we show that

7155 Ty = [ (17 (o550 m 5, (4.30)
and then,
[ 50l L7 s+ 85 @) - 4 = Gl D) Dl (431)
At this point we have to introduce some notation. Let
= o) = Pl TIT, ot = o) = Pl TT,  (432)

and consider the following subsets (see Figure 2),

Q- = {(z,t) € R x (0,T) such that x < o(T) — f'(u(e(T)~,T)(T —t)},
QT = {(z,t) e R x (0,T) such that x > o(T) — f'(u(e(T)", T)(T —t)}, (4.33)

D =Q\Q, D =Q"\Q. (4.34)

Note that, in @~ U Q™ the characteristics do not meet the shock at any time ¢ € [0, 7.
In order to prove (4.30) we write the first equation in (4.27) as,

divy, (0u, f'(u)du+df(u)) =0, inQ UQT. (4.35)

Thus, integrating this equation over the triangle D~ = Q‘\Q‘, using the divergence
theorem and the fact that du(z,0) = du’(x) = 0 for all x € R, we obtain

0 = /m) (6w, f'(u)du + 0 f(u)) -n do = /Z(éu7 f'(w™)ou™ +6f(u”))-ndY
+ /_(5u, f(w)ou+0f(u)) -n do, (4.36)
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t=

t=0

Figure 2: Subdomains Q~ and Q*

where n denotes the normal exterior vector to the boundary of D~ and, for any continuous
function v, defined in = € (Q~, we have noted

v (z) =limv(r —en), forx e .

e—0

The curve v~ in (4.36) is the characteristic line joining (¢,z) = (0,27) with ({,x) =
(T, o(T)). A parametrization of this line is given by

v~ {(t,7(¢)) € (0,T) x R such that v~ (t) =z~ + ¢tf'(u(z~,0)), and t € (0,7)} .
(4.37)
With this parametrization the last integral in the right hand side of (4.36) can be written
as

/ (Gu, f (w)du -+ 5f(u) n do = / 5F(u(y(8),1)) dt = TS f(u(p(T)",T)), (4.38)

¥ 0

where the last identity comes from the fact that u is constant along v~, i.e. u(y~(t),t) =
u(p(T)~,T) for all t € [0,T].
Thus, taking into account (4.38), the identity (4.36) reads,

0 = /(5u—, Fu)ou +6f(u)) - ndS + Tof(ul(T)" T)).  (4.39)
=
Of course we obtain a similar formula if we integrate (4.35) this time over DT = Q+t\Q™,
0 = — / (but, f'(uh)out +0f(uh)) ndE —Téf(u(e(T)*,T)), (4.40)
>
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The sign in (4.40) is changed with respect to (4.39) since we maintain the same choice for
the normal vector.

Combining the identities (4.39) and (4.40) we easily obtain (4.30).

Finally, we prove that (4.31) also holds true. We consider the following parametrization
of X,

Y ={(x,t) € R x (0,7T), such that z = ¢(t), with t € (0,T7)} . (4.41)

The cartesian components of the normal vector to ¥ at the point (z,t) = (p(t),t) are
given by
P ) S
L+ (1) 1+ (¢'(1))?

This, together with the second equation in system (4.27), give

[ulsne + [f'(uw)du + 0 f (w)]sna
—P' O)00u(, Dlpw + [f ( (- ))oul 1) + 0 (ul-, 1))]ew

+ (¢'(1))?
_ 0" @)ul, Doy + 0(t ) (@' (O10zul-, )] — [0:(f (), V)]
V1I+ (1)
_ 0P ) B + 5p(t) (& B)0aul, )] + [0l D)]pn)
V1t (1)
1 d
= NI (o) [ul-, D)o - (4.42)
Thus, integrating on X,
/E([(Su]gnt+[f’(u)5u+5f( $Ny) :/ di u(+, )| pw) dt
= 0p(T)[ul:, T) oy — 0(0)[ul:, 0)lp) = o (T)[u(:, )]

where the last identity is due to the initial condition 0p(0) = 0 in (4.27). This concludes
the proof of (4.31). =

4.3 Sensitivity of J in the presence of shocks

In this section we study the sensitivity of the functional J. This requires to study the
sensitivity of the solutions u of the conservation law with respect to variations associated
with the generalized tangent vectors defined in the previous section.
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Theorem 4.4 Assume that f € C%*(R) is a nonlinearity for which the weak entropy
solution u of (1.1) satisfies the hypothesis (H). Then, for any 6f € C*(R), the following
holds,

J(f+edf)—J(f)

67 = i =re]
-1 0.0 (w)) (&, T) (u(z, T) — ul()) da
{o<p(T)}Ula>o(T)}
J— —77 u . T .
where .
n= 5 [(u(v T) - ud(gp(T)))Q] o(T) (4'44)

(W T) =P (D) )]y i 00(T) >0

if 0p(T) <0, (4.45)

3
I
——
N D=
—
I
=
|
<
PN
S
~
|
S
5
=

if u¢ has a jump discontinuity at x = ¢(T).

Remark 4.9 Note that, when u? is discontinuous at x = @(T), the value of n in (4.45)
depends on the sign of d¢(T). This means that the expression of dJ in (4.43) is not
necessarily the same if we take the limit as € — 0 for negative values of €. The functional
J in this case is not Gateaux differentiable, in general.

Formula (4.43) coincides with (4.3) in the absence of shocks or when [ f (u(-,T))],r) =
0. In this case the Gateauz derivative of J exists and it is as if no shocks were present.
We prove later that, in fact, if this condition is satisfied, then the variation 0 f, to first
order, does not mowve the shock position.

We briefly comment the above result before giving the proof. Formula (4.43) provides
easily a descent direction for J when looking for a flux f in the finite dimensional subspace
UM defined in (2.6). In this case the derivative of the functional J at « in the tangent
direction da = (dary, ..., dayr) € RM is given by

0J(@)(6a) = =) S, <T /R e (frn (W) (2, T) (u(z, T) — ul(z)) d
T ul- - ,
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where 7,, is the value of 7 in (4.45) when §f = f,,..
Thus, the steepest descent direction for J at « is given by

Som = T/Rax(fm(u))(m,T) (u(z, T) — ui()) da

M u(- T or all m . .
[u(',Tﬂga(T)T[fm( (\T)oery, forallme1,..,M (4.47)

Note however that this expression is not very useful in practice since it does not avoid
to compute the linearized system (4.27) for each f,,, with m = 1, ..., M, in order to compute
m, since the knowledge of the sign of §¢(7T') is required. This is due to the lack of Gateaux
differentiability of J that does not allow to apply a proper adjoint methodology.

We finish this section with the proof of Theorem 4.4.

Proof (of Theorem 4.4). We first prove the following,

N (V= i)

e—0t €
= / (u(z, T) — u(x))ou(z, T) dx — nép(T), (4.48)
{z<e(T)u{z>e(T)}

where the pair (du,d¢p) is a generalized tangent vector of (u(-,T),(T')) which solves the
linearized problem (4.27) and 7 is defined in (4.44)-(4.45).

Let us obtain (4.48) in the particular case where u? is discontinuous at z = ¢(T") and
do(T) > 0, the other cases being similar. Let f. = f +&df and (u., ) be the solution
of (4.25) associated to the flux f.. From Theorem 4.2, (u., ¢.) is a path for a generalized
tangent vector (du, dp) satisfying (4.27). Thus, (u., ¢.) is equivalent to a path of the form
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(4.26) and we have,

ROARRI)

% (/R(ug(x,T) —u'(x))*dx — /R(u(x,T) a Ud<x)>2dx)

/ (u(z, T) — u(z))ou(x, T) dx

{2 <o(T)}ULe>(T)+edp(T)}

1 [P +ede(T) 42

. (u(z,T) = [ulpr) — u(z))” da
€ Jo(r)

1 [e(T)+edp(T) 9

—— (u(z, T) —u(z))” dz + O(e)
2 Jom)

/ (u(z, T) — u(z))ou(z, T) dx

{o<e(T)}U{a>p(T)+be(T))

2280 (o) 1) — (o))

_0p(T)
2

2

(u(p(T)F, T) — u(p(T) ) + Ofe)

/ (u(x, T) — u(x))ou(z, T) dx
{z<p(T)}u{z>p(T)+e60(T)}

~S0(T)[5 (ule, T) = ' (p(T)) i) + O(0)

We obtain (4.48) by passing to the limit as ¢ — 0.
The final formula (4.43) is then a consequence of (4.48) and Theorem 4.3. =

5 Alternating descent directions

In this section we introduce a suitable decomposition of the vector space of tangent
vectors associated to a flux function f. As we will see this decomposition allows to obtain
simplified formulas for the derivative of J in particular situations. For example, we are
interested in those variations 0 f for which, at first order, the shock does not move at

t="T.

Theorem 5.1 Assume that f is a nonlinearity for which the weak entropy solution u
of (1.1) satisfies the hypothesis (H) and, in particular, the Rankine-Hugoniot condition
(4.24). Letdf € C*(R) be a variation of the non-linearity f and (du, §p) the corresponding

solution of the linearized system (4.27). Then, 0p(T) = 0 if and only if

[0.f (ul-, T))]pery = 0.
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Moreover, if condition (5.1) holds, the generalized Gateaux derivative of J at f in the
direction 0 f can be written as

5J:-j4@@ﬂ@%nnwuﬂj—M@»w. (5.2)

Proof. The characterization (5.1) follows from the identity (4.29). On the other hand,
formula (5.2) is a particular case of identity (4.43). m

Remark 5.1 Formula (5.2) provides a simplified expression for the generalized Gateauz
derivative of J when considering variations 0 f that do not move the shock position at
t =T, at first order, i.e. those for which 6p(T) = 0. These directions are characterized
by formula (5.1).

In practice we assume that the fluxes f are taken in the finite dimensional space UM,
defined in (2.6). The set UM can be parametrized by o = (aq,...,ap) € RM. The
condition (5.1) reads

S @l fun - 7)) = 0. (5.

which defines an hyperplane in RM | corresponding to the set of vectors (ay, ..., apr) € RM
orthogonal to

(02 (uls TY]pays s [0fa1 (u(, T)pry) € RM. (5.4)

The results in Theorem 5.1 suggest the following decomposition of the tangent space
T, = RM constituted by the variations da € R of a vector o € RM:

T,.=T'oT? (5.5)

where T is the subset constituted by the vectors (day, ..., days) satisfying (5.3); and the
one-dimensional subspace T2, generated by (5.4).

According to (4.46) and (5.2), the derivative of the functional J at « in the tangent
direction da = (davy, ..., dapr) € T is as in (4.4) and the steepest descent direction for J
at «, when restricted to T}, is then given by (4.5).

Roughly speaking, we have obtained a steepest descent direction for J among the
variations which do not move the shock position at t =T, i.e. dp(T) = 0.

On the other hand, T2 defines a second class of variations which allows to move the
discontinuity of u(x,T).

Note that, contrarily to [11] we do not consider the class of variations that, moving the
shock, do not deform the solutiom away from it since this class is generically empty on the
present context in which the nonlinearity is perturbed by a finite number of parameters.
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We now define a strategy to obtain descent directions for J at f. To illustrate this we
consider the simplest case, i.e.

u? are Lipschitz continuous with a discontinuity at z = x%. (5.6)

As the solution u has a shock discontinuity at the final time ¢t = T, located at some
point x = ¢(T"), there are two possibilities, depending on the value of ¢(T):

1. o(T) # x?. Then, we perturb f with variations in 72 until we have ¢ = ¢(T).
This is in fact a one-dimensional optimization problem that we can solve easily.

2. We already have z¢ = ¢(T') and then we consider descent directions §f € T}. To
first order, these directions will not move the value of ¢ at t = T, but will allow to
better fit the value of the solution to both sides of the shock.

In practice, the deformations of the second step will slightly move the position of the
shock because the condition d¢(T) = 0 that characterizes variations in the subspace T7,
only affects the position of the discontinuity at first order. Thus, one has to iterate this
procedure to assure a simultaneous better placement of the shock and a better fitting of
the value of the solution away from it.

This alternating descent method can be interpreted as a particular case of the relax-
ation method in which local minima are attained by optimizing in the directions given by
the partial derivatives in a cyclic way. In our case, we divide the gradient in two compo-
nents and optimize using them alternatively. Convergence of such algorithms is obtained
under regularity assumptions on the functional and certain coerciveness conditions (see,
for example [18]). In the present situation the functional is not even differentiable due
to (4.43)-(4.45) and the convergence of this alternating method constitutes an interesting
open problem.

In the next section we explain how to implement a descent algorithm following these
ideas that, of course, can also be used in the case where the number of shocks of u” and

u? is not necessarily one, or the same.

6 Numerical approximation of the descent directions

We have computed the gradient of the continuous functional J in several cases (u smooth
and having shock discontinuities) but, in practice, one has to look for descent directions
for the discrete functional Jo. In this section we discuss the various possibilities for
searching them depending on the approach chosen (continuous versus discrete) and the
degree of sophistication adopted.

We consider the following possibilities:
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The discrete approach: differentiable schemes.

The discrete approach: non-differentiable schemes.

The continuous approach.
e The continuous alternating descent method.

The last one is the new method we propose in this article by adapting the one intro-
duced in [11] in the context of inverse design in which the control is the initial datum.

In the following Section we present some numerical experiments that allow us to easily
compare the efficiency of each method. As we shall see, the alternating descent method
we propose, alternating the variations of the flux to sometimes move the shock and some
others correct the profile to both sides of it, is superior in several ways. It avoids the
drawbacks of the other methods related either to the inefficiency of the differentiable
methods to capture shocks or the difficulty of dealing with non-differentiable schemes and
the uncertainty of using “pseudo-linearizations”. As a consequence of this, the method
we propose is much more robust and makes the functional J decrease in a much more
efficient way in a significantly smaller number of iterations.

The rest of this section is divided as follows: we first compute the gradient of the
discrete cost functional when the numerical scheme chosen to approximate the nonlin-
ear conservation law is differentiable. When the numerical scheme is not differentiable
the gradient of the cost functional is not well-defined and a descent direction must be
computed in a different way. The usual approach is to consider a particular choice of
the subgradient. We refer to [11] where this is treated in detail for the particular case
of Burgers equation. The last two subsections contain methods based on the continuous
approach. More precisely, the third one describes the a priori more natural method based
on the discretization of the continuous gradient while the fourth subsection is devoted to
the new method introduced in this work in which we consider a suitable decomposition
of the generalized tangent vectors.

We do not address here the convergence of descent algorithms when using the approx-
imations of the gradients described above. In the present case, and taking into account
that when dealing with the discrete functional Ja the number of control parameters is
finite, one could prove convergence by using LaSalle’s invariance principle and the cost
functional as Lyapunov functional, at least in the case of the discrete approach.

6.1 The discrete approach: Differentiable numerical schemes

Computing the gradient of the discrete functional Ja requires calculating one derivative
of Ja with respect to each node of the mesh. This can be done in a cheaper way using
the adjoint state. We illustrate it on the Lax-Friedrichs numerical scheme. Note that this
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scheme satisfies the hypothesis of Theorem 3.1 and therefore the numerical minimizers are
good approximations of minimizers of the continuous problem. However, as the discrete
functionals Ja are not necessarily convex the gradient methods could possibly provide
sequences that do not converge to a global minimizer of Jo. But this drawback and
difficulty appears in most applications of descent methods in optimal design and control
problems. As we will see, in the present context, the approximations obtained by gradient
methods are satisfactory, although convergence is slow due to unnecessary oscillations that
the descent method introduces.

Computing the gradient of Ja, rigourously speaking, requires the numerical scheme
(3.3) under consideration to be differentiable and, often, this is not the case. To be
more precise, for the scalar equation (1.1) we can choose efficient methods which are
differentiable (as the Lax-Friedrichs one) but this is not the situation for general systems
of conservation laws in higher dimensions, as Euler equations. For such complex systems
the efficient methods, as Godunov, Roe, etc., are not differentiable (see, for example [22]
or [28]) thus making the approach in this section useless.

We observe that when the 3-point conservative numerical approximation scheme (3.3)
used to approximate the scalar equation (1.1) has a differentiable numerical flux function
g, then the linearization is easy to compute. We obtain

St = Gu = A (807,15 + D11 o0 + Doy U

09715 — 019}y p0u 1 — Dagy, /Qéu}l) : (6.1)

Jj€Z, n=0,..N.

Here, 697, , = 0g(u}, u}, ;) where dg represents the Gateaux derivative of the numerical
flux g(u,v) with respect to the flux f. Note that (6.1) is in fact a suitable discretization
of (4.10).
On the other hand, for any variation § f € U,y of f, the Gateaux derivative of the cost
functional defined in (3.2) is given by
d0Ja = Ax Z(uNJrl — uh)sul (6.2)

J J J
JEL
which is the discrete version of (4.11).
It is important to observe that here we cannot solve system (6.1) to obtain the discrete
version of (4.12), as in the continuous case, since it is based on a characteristic construction
which is difficult to translate at the discrete level. Thus, unlike in the continuous case, we

must introduce a discrete adjoint system to obtain a simplified expression of the Gateaux
derivative (6.2).
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The discrete adjoint system for any differentiable flux function g is,

P = g A (8lgy+1 RO =PI 4 Oagl (0 — P )) (6.3)
pY = uNt Zud ez, n=0,.,N.

In fact, when multiplying the equations in (6.1) by an and adding in j € Z and n =
0, ..., IV, the following identity is easily obtained,

sz N+l _ ul = Aa:)\zz 89710 — 0951 0)P) (6.4)

JEZ n=0 jEZ

This is the discrete version of the identity

[ (e ) = )t 7) d / [ ou5 e 0t

which holds in the continuous case, and it allows us to simplify the derivative of the
discrete cost functional. Note also that (6.3) is also a particular discretization of the
adjoint system

_atp - f/(u)aftp - Oa S R? te (07T)7
p(z,T) =u(z,T) —ui(z), »eR.

In view of (6.3) and (6.4), for any variation §f € Uy,q of f, the Gateaux derivative of
the cost functional defined in (3.2) is given by

0 = Az Y (u) ™ —uf)sul Tt = Amzz 897 1/2 — 0G0 ;o) (6.5)

JEL n=0 jE€Z

which is the discrete version of

_/OT/R@m(éf(u(x,t)))p(x,t) dz dt.

Formula (6.5) allows to obtain easily the steepest descent direction for Ja. In fact,
given f € UM with f = Z%Zl Q. [ for some coefficients «,, € R, and

M
5f = Z 5amfma
m=1

making explicit the dependence of the numerical flux g on f by writing g(u,v) = g(u,v; f),
we have

M
59?4—1/2 = 59(”?7 u?—f—l; f) = 8fg(u?7 u?—i—l; f)éf = Z 8fg(u?’ u?—i—l; f)fm Oy,
m=1
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When substituting in (6.5), we obtain

N M
0Ja = —=AxAD> Y > (Opg (g f) fm = Opg (W, w5 f) fn) S D3, (6.6)

n=0 j€Z m=1

and a descent direction for J2 at fa is given by

N
oo, = Amx\z Z(ﬁfg(u?, iy f)fm — 0pg(uj_y, ufs f) fm) D fans (6.7)

n=0 jE€Z

Remark 6.1 At this point it is interesting to compare formulas (6.6) and (6.7) with
their corresponding expressions at the continuous level, i.e. formulas (4.4) and (4.5)
respectively. The discrete formulas are obtained by projecting formula (6.5) into the finite
dimensional subspace UM, while the continuous ones come from the projection of the
simplified expression (4.4). As we have said before, we do not know how to obtain a
discrete version of (4.4) from (6.5).

As a consequence, the discrete formula (6.7) involves more computations than expected
for any discrete version of (4.5), and it even requires to solve a discrete adjoint system.
From the computational point of view, this makes a priori preferable to use as descent
direction a suitable discretization of (4.5) rather than (6.7).

Remark 6.2 We do not address here the problem of the convergence of these adjoint
states towards the solutions of the continuous adjoint system. Of course, this is an easy
matter when u is smooth but is far from being trivial when u has shock discontinuities.
Whether or not these discrete adjoint systems, as A — 0, allow reconstructing the com-
plete adjoint system, with the inner Dirichlet condition along the shock, constitutes an
interesting problem for future research. We refer to [23] for preliminary work on this
direction.

6.2 The continuous approach

This method is based on the result stated in Theorem 4.4 indicating that the sensitivity
of the functional is obtained by formula (4.3). In particular, when considering the finite
dimensional subspace UM the steepest descent direction is given by (4.4). A tentative
descent direction for the discrete functional is then obtained by a numerical approximation
of (4.4). One possible choice is to take, for each m € 1,..., M,

N+1 N+1 d d

w, ULy wy 4+ U5y

Sa,, = TZ fm ;\ril fm( N+1>) < J 5 J+1 7 : J+ )7 (6.8)
JEZ
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where v} is obtained from a suitable conservative numerical scheme regardless of its
differentiability. This formula is obviously consistent with the components of the steepest
descent direction in (4.5), if no shocks are present.

6.3 The alternating descent method

Here we propose a new method inspired by the results in Theorem 5.1 and the discussion
thereafter. We shall refer to this new method as the alternating descent method, that
was first introduced in [11] in the context of an optimal control problem for the Burgers
equation where the control variable is the initial datum.

To fix ideas we assume that we look for f in the finite dimensional subspace UM. We
also assume that both the target u? and the initial datum u° are Lipschitz continuous
functions having one single shock discontinuity. But these ideas can be applied in a much
more general context in which the number of shocks is larger and even do not necessarily
coincide.

To initiate the optimization iterative process we choose a nonlinearity f in such a
way that the solution at time t = T has a profile similar to u?, i.e., it is a Lipschitz
continuous function with a single discontinuity of negative jump, located on an arbitrary
point x € R. The main idea now is to build a minimizing sequence of J alternating
the following two steps: first we perturb the flux f so to move the discontinuity of the
solution u of (1.1) at time ¢t = T', regardless of its value to both sides of the discontinuity.
Once this is done we perturb the resulting f so that the position of the discontinuity is
kept fixed and alter the value of u(x,T") to both sides of it. This is done by decomposing
the set of variations associated to f into the two subsets introduced in (5.5), considering
alternatively variations 6, € T} and 4, € T? as descent directions.

For a given initialization of f, in each step of the descent iteration process we proceed
in the following three sub-steps:

1. Determine the subspaces T} and T2 by computing the vector (5.4). Note that T2 is
in fact a one-dimensional subspace.

2. We consider the vector (5.4) that generates T, and choose the optimal step, so to
minimize the functional in that direction of variation of the nonlinearity f. This
involves a one-dimensional optimization problem that we can solve with a classical
method (bisection, Armijo’s rule, etc.). In this way we obtain the best location of
the discontinuity on that step.

3. We then use the descent direction da € T to modify the value of the solution at
time ¢t = T" to both sides of the discontinuity. Here, we can again estimate the step
size by solving a one-dimensional optimization problem or simply take a constant
step size.
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7 Numerical experiments

In this section we present some numerical experiments which illustrate the results obtained
in an optimization model problem with each one of the numerical methods described in
this paper.

The following numerical methods are considered:

1. The discrete approach with the Lax-Friedrichs scheme. The optimization procedure
is based on the steepest descent method and the descent directions are computed
using the adjoint approach.

2. The discrete approach with the Roe scheme. It has the numerical flux,

9" (u,v) = %(f(U) +f(v) = [A(u, v)[(v = w)),

where the matrix A(u,v) is a Roe linearization which is an approximation of f’. In
the scalar case under consideration A(u,v) is a function given by,

fW)=f(v) , 1fu7év
s ={ i

The optimization procedure is again based on the steepest descent method and the
descent directions are computed using the adjoint approach. We recall that unlike
the Lax-Friedrichs scheme this one is not differentiable and the adjoint system is
obtained formally (see [19], [11]).

3. The continuous approach with the Roe scheme. We use the method described in
subsection 6.2. In this case, as we discretize the continuous adjoint system, the
use of a differentiable or a non-differentiable scheme is not relevant to approximate
the direct problem. However, in practice, a numerical scheme based on a pseudo-
linearization of the scheme used for the direct problem is usually more efficient.
This pseudo-linearization is usually obtained by considering a particular choice of
the subdifferential in the regions where the scheme is not differentiable.

4. The continuous approach with the Roe scheme using the generalized tangent vectors
decomposition and the alternating descent method described in subsection 6.3.

We have chosen as computational domain the interval (—4,4) and we have taken as
boundary condition in (1.1), at each time step t = t", the value of the initial data at
the boundary. This can be justified if we assume that both the initial and final data u°,
u? take the same constant value % in a sufficiently large neighborhood of the boundary
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x = £4, and the value of f’(u) does not become very large in the optimization process,
due to the finite speed of propagation. A similar procedure is applied for the adjoint
equation.

In our experiments we assume that the flux f is a polynomial. The relevant part of
the flux function is its derivative since it determines the slope of the characteristic lines.
Thus, we take f’ of the form

f(u) = a1 Py(u) + aaPy(u) + ... + agPs(u),

where a; are some real coefficients and P;(u) are the Legendre polynomials, orthonormal
with respect to the L?(a,b)-norm. The interval [a,b] is chosen in such a way that it
contains the range of ug, and therefore the range of the solutions u under consideration.
To be more precise, we take [a,b] = [0, 1] and then

Py(u)
Py(u) (

Ps(u) = v/80(3/2u? — 3/2u + 1/4), -
Py(u) = V/448(5/2u® — 15/4u® 4 3/2u — 1/8), (7.1)
Ps(u) = v/2304(35/8u* — 35/4u® + 45/8u® — 5/4u + 1/16),

P (u)

— /T1264(63/8u° — 315/16u* + 35/2u® — 105/16u + 15/16u — 1/32).

Experiment 1. We first consider a piecewise constant initial datum u° and target
profile u? given by
lifx <1,

0 _
ZL_{Oﬁx21, (7:2)
d _ 11fx<0,

_{OﬁxZQ (73)

and the time 7" = 1.

We solve the optimization problem (3.9) with the above described different methods.
The algorithms are initialized either with f = 0 or the nonlinearity corresponding to the
Burgers equation,

fu) =u?/2. (7.4)
Note that the solution u of the corresponding scalar conservation laws can be computed
explicitly for this choice of the initial datum and the nonlinearities. If f = 0, u(z,t) =
u’(z) while for the Burgers equation u(z,1) = 1 if z < 3/2 and zero otherwise. This
function u(z,1) has the same profile as u¢ but the discontinuity is shifted. Thus the
optimization method should find a nonlinearity that simply moves the discontinuity of
u(x,t) to the same place as the one of u¢(x) at time t = 1.
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Note also that any nonlinearity for which f/(0) < f’(1) and f(0) — f(1) = 1 is a
minimizer for J whose value is zero. Indeed, in that case u is a piecewise shock solution
that, at the final time, is located precisely at the point = 0. In particular, an obvious
minimizer is obtained by the linear flux f(u) = —u.

Recall that the stability of the numerical scheme chosen to approximate the con-
servation law depends on the CFL condition, which relates At/Ax with the speed of
propagation, characterized by f’(u). Despite of this, the discrete optimization problem
still has a sense without that constraint, but the convergence of the discrete optima is not
guaranteed in this case.

We have first conducted the experiment without any a priori bound on the size of the
admissible nonlinearities. In our experiment, regardless of the method employed (Lax-
Friedrichs, Roe, continuous, etc.), the nonlinearity obtained after the optimization process
turns out to be very sensitive to the CFL condition. This effect is more evident for the
Lax-Friedrichs scheme. In figure 3 we show the derivative of the nonlinearity f’ obtained
with At/Ax =1/2,1/4,1/8. We observe that its L>°-norm increases as At/Axz decreases.
Thus, roughly speaking, the CFL condition acts as an active constraint and the method
tends to saturate the admissible W1 *°-bound guaranteeing stability. This also indicates
the necessity of including a bound in the W1*-norm of the nonlinearities f in order to
ensure the convergence of the method, as required in our theoretical results.

—— Courant number 1/2
2r ---- Courant humber 1/4 |
Courant number 1/8 ||

[¢] 02 0.4 06 0.8 1

Figure 3: Experiment 1. f/(s) obtained after 30 iterations of the gradient method, for the
unpenalized functional (3.2), with the Lax-Friedrichs scheme and for different values of the
Courant number Az/At =1/2,1/4,1/8. The algorithm is initialized with f = 0.

In order to avoid this unstability, instead of considering a constrained optimization

problem including a bound on f, we incorporate a penalization term in the functional,
as indicated in (2.5). The modified functional penalizes f’ in the L?*(0,1)-norm. Note
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that the chosen norm is not a very important issue at this level since we are looking for
nonlinearities in a finite dimensional set.
Thus, we effectively minimize the functional

/|u93T—u )|? dr + — /|f )|*ds.

Of course, the nonlinearity f(u) = —u is no longer a minimizer of this functional but
minimizers are likely to be close.

In Table 1 we present the nonlinearities f obtained with the different methods and
the corresponding values of f(0) — f(1).

pemimgw=o | o | ap | as | as | oy | s || FO)—f(1) |
Lax-Friedrichs | —0.9082 | 0.2149 | 0.2014 | —0.1127 | 0.0675 | —0.0268 0.9082
Roe —0.9354 | 0.1347 | 0.1797 | —0.1048 | 0.0176 | 0.0059 0.9354
Continuous —0.9240 | 0.1575 | 0.2299 | —0.2108 | 0.0226 | —0.0139 0.9240
Alternating —0.9832 | 0.3000 | 0.0054 | —0.0046 | —0.0029 | 0.0078 0.9832

Ax = 1/40, fin; =0 H Qg ‘ Qg ‘ a3 ‘ Q4 ‘ Qs ‘ g H f(0) — f(1) ‘
Lax-Friedrichs || —0.9176 | 0.0681 | 0.1997 | —0.1167 | 0.0656 | 0.0237 0.9176

Roe —0.9648 | 0.0171 | 0.0797 | —0.1415 | 0.0183 | 0.0480 0.9354
Continuous —0.9465 | 0.0234 | 0.1304 | —0.2533 | —0.0136 | 0.1058 0.9465
Alternating —0.9865 | 0.1227 | 0.0831 | —0.1129 | —0.0407 | 0.0404 0.9865

Az =1/20, fin; = u?/2 H aq ‘ Q9 ‘ Qs ‘ oy ‘ Qs ‘ 7 H f(0) = f(1) ‘
Lax-Friedrichs || —0.9136 | 0.2220 | 0.1907 | —0.1070 | 0.0666 | —0.0320 0.9136
Roe —0.9536 | 0.1403 | 0.1201 | —0.0611 | 0.0241 | —0.0318 0.9536
Continuous —0.9125 | 0.1879 | 0.3727 | —0.1332 | —0.0488 | —0.1111 0.9125
Alternating —0.9782 | 0.3017 | 0.0404 | —0.0288 | 0.0169 | —0.0267 0.9782

Table 1: Experiment 1. Values for the parameters found after 12 iterations of the descent
algorithm with the different methods. The last column contains the value f(0) — f(1), which
must be 1 for the minimizers of the continuous functional without penalization. We assume that
the Courant number is At/Az = 0.5 and the algorithm is initialized with the indicated f = fip,.

In Figure 4 we show the value of the functional after the first 12 iterations for Az =
1/20,1/40. We see that the alternating method obtain lower values of the functional in
fewer iterations. Note also that the situation is similar if we consider finer meshes or
different initializations.
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Figure 4: Experiment 1. Log of the functional versus the number of iterations for the different
methods. At/Ax = 1/20 (upper left) and 1/40 (upper right) with initialization f = 0. The
lower figure correspond to the initialization f(u) = u?/2 and Az = 1/20.

Experiment 2. Now we consider a piecewise constant initial datum «° and target
profile u? given by

o J lite <=2
u'_{Oﬁxz—Z (7.5)
. [ lifz<2,
“"{Oﬂxzz (7.6)

and the time T' = 1.

We solve the optimization problem (3.9) with the above described different methods.
The algorithms are initialized with f = 0.
The main difference with the previous experiment is that the discontinuity of the
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initial datum and the target are now far away, and shifted to the right, unlike the previous
example. In fact, any nonlinearity f, with f’(0) < f’(1), which satisfies f(0) — f(1) = —4
is a minimizer of the continuous functional J without penalization. Another important
remark is that the characteristic lines corresponding to the minimizers will have higher
slopes and, therefore, we will require a smaller value of the Courant number to achieve
stability. We take At/Ax = 0.1.

In Figure 5 we show the value of the functional after the first 20 iterations for Az =

1/20.

log(J)

-0.2

-0.4
o]

0.8r

06-

0.4r-

02

— Lax-Friedrichs
--- Roe

—e— Continuous
—v— Alternating

4 6

lterations

8

10

12

Figure 5: Experiment 2. Log of the functional versus the number of iterations for the
different methods. We assume that the discretization parameter is Az = 1/20.

parameters H oy ‘ Qo a3 ‘ oy ‘ as g H f(0) — f(1) ‘
Lax-Friedrichs | 3.0128 | —0.7864 | —0.7380 | 0.0834 | 0.0728 0.0011 —3.0128
Roe 3.0236 | —0.9298 | —0.6349 | 0.1732 | 0.0640 | —0.0505 —3.0236
Continuous 2.9050 | —0.9717 | —0.8027 | 0.3290 | 0.0037 | —0.0700 —2.9050
Alternating 3.2532 | —0.5759 | —0.5268 | 0.2900 | —0.0408 | —0.0963 —3.2532

Table 2: Experiment 2. Optimal values for the parameters with the different methods

(Az = 1/20).

Experiment 3. Now we consider

|

sin(27z) if |z| < 2,
0if |z > 2,
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and the time T = 1.

Note that the linear flux f(u) = u/2 is a minimizer of the continuous functional. We
solve the optimization problem (3.9) with the above described different methods. The

|

algorithms are initialized with (7.4).

The main difference with the previous experiment is that there is no discontinuity
neither in the initial datum nor in the target. However, the solution generates shocks due

to the oscillations of u°.

In Figure 6 we show the value of the functional after the first 20 iterations for Az =

1/20 and At/Az = 0.5.

Figure 6: Experiment 3.

different methods.

—— Lax-Friedrichs

Roe 1
—e— Continuous
—— Alternating

sin(2m(z —1/2)) if |z — 1/2] < 2,
0if |z —1/2] > 2,

Log of the functional versus the number of iterations for the

parameters H o ‘ o ‘ Qs Qy Qs Qg
Lax-Friedrichs || 0.4601 | 0.5786 | 0.0016 | —0.0954 | —0.0034 | —0.0383
Roe —0.5497 | 1.4065 | —0.0901 | 0.1191 | —0.0165 | 0.0446
Continuous —0.5326 | 1.0487 | —0.0246 | 0.0244 | —0.0020 | 0.0030
Alternating 0.4902 | 0.1256 | 0.0276 | —0.0804 | 0.0037 | —0.0110

Table 3: Experiment 3. Optimal values for the parameters with the different methods
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— Target — Target
150 | e Solution u at T=1 1.5 | e Soluton at T=1

5 2 0 2 4 1% 2 0 2 4
2 : ‘ 2 ‘ ‘
— Target — Target
1.5 | Solution at T=1 1.5 | Solution u at T=1

Figure 7: Experiment 3. Target and solution at time 7" = 1 with the optimal f found with
the Lax-Friedrichs (upper left), Roe (upper right), continuous (lower left) and Alternating
(lower right) methods.

Experiment 4. Now we consider

0 max(—(z — 1)2/8 +1/2,0) if z < 1,
v { min((z — 1)2/8 — 1/2,0) if x > 1, (7.9)
d max(—(x + 1/2)%/8 +1/2,0) if z < —1/2,
v { min((z + 1/2)2/8 — 1/2,0) if z > —1/2, (7.10)

and the time 7' = 1.

In this case the flux f(u) = —3/2u is a minimizer of the continuous functional without
penalization. We solve the optimization problem (3.9) with the above described different
methods. The algorithms are initialized with (7.4).

In Figure 9 we show the value of the functional after the first 20 iterations for Az =
1/20.
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------ Initial datum
— Target
1- | —— Solution u at T=1 at initialization

Figure 8: Experiment 4. Initial datum «°, final datum u? and the solution u(z,T') with
the initialization parameters a;.

— Lax-Friedrichs
------ Roe

—e— Continuous
—— Alternating

Figure 9: Experiment 4. Log of the functional versus the number of iterations for the
different methods.

8 Conclusions

In this paper we have considered the numerical approximation of a flux optimization
problem for a one-dimensional scalar conservation law. To compute the gradient of the
cost functional we have discussed both the discrete approach and the continuous one
for smooth solutions and solutions in presence of a single shock. The discrete approach
requieres to solve an adjoint system while the continuous one does not. More precisely,
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— Target — Target
...... Solution at T=1 ----- Solution at T=1

— Target — Target
------ Solution u at T=1 == Solution u at T=1

Figure 10: Experiment 4. Target and solution at time 7" = 1 with the optimal f found with
the Lax-Friedrichs (upper left), Roe (upper right), continuous (lower left) and Alternating
(lower right) methods.

parameters H o \ Q9 \ o \ oy \ Qs \ o \
Lax-Friedrichs || —1.4628 | 0.9797 | —0.0459 | 0.0006 | —0.0030 0

Roe —1.4591 | 1.1609 | —0.0695 | 0.0257 | —0.0072 | 0.0043
Continuous —1.4564 | 1.1437 | —0.0451 | 0.0196 | —0.0031 | 0.0028
Alternating —1.4518 | 0.9447 | —0.0927 | —0.0047 | —0.0108 | —0.0005

Table 4: Experiment 4. Optimal values for the parameters with the different methods

when dealing with smooth solutions, we have deduced a new formula for the gradient of
the continuous functional which does not require to solve the associated adjoint system.

In the presence of a shock, the gradient calculus requires a suitable linearization of the
solutions of the conservation laws, based on the generalized tangent vectors introduced
in [9]. This provides a new formulation of the gradient which takes into account both
small variations on the value of the solutions and small variations on the position of the
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discontinuity. Due to the different nature of the admissible variations it seems natural to
consider separately descent directions producing changes on the shock position and those
that do not move it. In this way, we have introduced a new optimization strategy where
these directions are used alternatively in the optimization process.

From a numerical point of view, both approaches (the continuous and the discrete
one) provide good results. However, the continuous approach requires less computations,
due to the fact that the adjoint system is not solved. The alternating descent directions
strategy yields better results than the other methods, when the displacement of the shocks
is relevant, mainly in the first iterations.

In the experiment 3 above we also see that, when using a descent direction based on
a displacement of the shock, we can avoid some local minima in some specific situations.

9 Appendix

In this final section we prove Theorem 4.2. The proof is divided in several steps. In
step 1 we prove that, for all ¢ € [0,7T] the path (u(-,t), p:(t)) is a regular variation for
(u(-,t), o(t)), in the sense of Definition 4.1. Once this is proved we have to see that its
associated generalized tangent vector is (du, dyp), for all t € [0, 7], i.e.

.1 .
lim — ||u€(-, t) —u(-,t) —edu(-,t) — [u]%O(t)X[@(t),w(tHs&o(t)}HLl(R) =0, if §p > 0,

e—0t €

1 .
Bim = lue(, 1) = ul £) = 20ul, 1) = [uloo Xipw oo e 11z = 0: 1 00 <0, (9.1)
where x4 is the characteristic function of the set [a, b] C R. To fix ideas we assume that
dp(t) > 0int € [0,7]. If 0p(t) < 0int € [0,7] or if it changes the sign in this interval
we argue in a similar way on each time interval where the sign of dp(t) is preserved. In
step 2 we prove the boundedness of the sequence

% (ue(st) = ul- 1) — edul-t) + [ulote) Xip() o) +eso) () (9:2)

in L'(R), uniformly in ¢ € [0,7]. In step 3 we identify the weak limit as zero. In step 4 we
prove that the convergence is strong in L'(R). Finally, in step 5 we prove some identities
that are assumed to hold in the previous steps.

Step 1. We prove that for all ¢ € [0,T] the path (u.(-,%), (1)) is a regular variation
for (u(-,t),¢(t)). Since (u, ) satisfies (4.24) we may assume that there exists g9 > 0
such that for € < gy the function w,. is Lipschitz continuous in R x [0, 7] with one single
discontinuity at x = @.(t) for ¢t € [0,T]. Moreover, from (2.3), we have

e — ullr@y < tellofllzillu’llBve-

44



This means, in particular that u.(z,t) — wu(z,t) pointwise, i.e. for all (z,t) outside the
discontinuity >, and

lo:(t) — @(t)] < Ce, as ¢ — 0 for all t € [0,7], (9.3)

for some constant C' > 0. Moreover, for each ¢ € [0, 7T, to both sides of the discontinuity
x = @.(t), the Lipschitz constant for u. is uniform in €. This is easily obtained adapting
the argument in the proof of (4.13) above. This proves that u. is a regular variation in
the sense of Definition 4.1.

Step 2. Boundedness of the sequence in (9.2), in the L' (R)-norm. We first focus on the
region where both u and u. are Lipschitz continuous and the estimates can be obtained
using the characteristics of u. For each e > 0 and ¢t € [0, 77, let us introduce the following
subsets

Q- = {reRst. z<min{p(t), ¢(t)}},
;t = {zx e Rs.t. z>max{p(t),p-(t)}},

0o = {zeRst. min{p(t), p.(t)} <o < max{p(t), p-(t)}}.
We prove that

1

el #) =, Ol ey < € (9.4
li_r)% [Ozue(-,t) — axu('at)”Ll(Q;tqut) =0, (9.5)
.1

ll_{% - Jue(-,t) — u(-, t) — duf,, t)HLl(Q;tuQ:t) =0. (9.6)

We first consider the bound in (9.4). To fix ideas we focus on z € Q7, but the same
will be true for Q_, with analogous arguments,

S 1) e, )] = el — (¢ — to) e, 1)), o) — e — (6 — 1) (ula, 1), 1)
< el — (¢ = t0) el 1)) 1) — e = (¢~ t0) el 1), o)
2 e 10) g (¢ = 10)| e, ) — e, 1)
< = Nt to) = e t0)
2 e t0) g (6 1) (1 (i, 1)) = (e, )]+ € 6] )
< 2 N t0) = ules o)l ey,
2 e t0) gy (6= 10) (I Nt ) = e Dl ey + 2 167 )
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Here, ||u(-, )| ip stands for the Lipschitz norm of u(-,#y) when x > (o), which is uni-
formly bounded in ¢, € [0, 7] by hypothesis. Therefore, if (t —to) < ||u(, tO)”Z; [P

1 || ( t) ( t)” < % “ua(-,tO) - u(-,tO)HLoo(Q:to)

— Ul —ul-, (Ot ~

€ L(QF ) 1 —(t—to) [|u(, tO)HLip 171 o
F{lul to) |, (8 = to) 0.0l e - (9.7)

In particular, for ¢, = 0, this establishes the estimate (9.4) for ¢ € [0,¢;] with ¢; <
HuOHZilp ||| s~ - Then, we can apply (9.7) for t, = t; to obtain the estimate in t € [t, 2t]
and so on until covering the whole interval [0, 7.

Concerning the limit (9.5) we observe that, as before, it is enough to obtain it for a
sufficiently small time interval and then combine it with an iterative argument in time.
For 0 <ty <t < T, we have,

/+ |0yus(z,t) — Opu(z, t)|d

Q.

= /Q+ |81(U5(ZE - (t — to)fel(us), tO)) — a;p(U(ZL' _ (t _ to)f,<u),t0))|dl’

= /Q+ |Opuz(z — (t — to) fL(uz), to)|(t — to)|(f" (ue)Opue + €0 f (us)Opue — f"(u)Opuldx

+ /Q 10rtua(r = (¢ = o) (1), o) = Dl — (¢ — 10) /() )] [1 = (¢ — to) " (w)sulx
< (5 e+ 18 1)t — £l )0l ) Tt )] (8 o)

#O [0t — (¢ = o)), t0) = Do — (0 to) ) )l

+0 [ 1ot = (1= )20, o) = Do = (1 = 0) ). )l
< 108 e+ 17 e 1021 — Bl ) el ¢ )
el 1)) = 57 O e Tl ) el 2 = )

|8yu8(y7 tO) - ayu<y7 t0)|
—f-C’/ dy
oty (1= (& = to) [1FZ1I pee llucll 1)

+C o |Oau(w — (¢ — to) f1(ue), to) — Oulx — (t — to) f'(u), to)|dz,

with C' = 14+ (t—to)|| f" || Lo ||w|| Lip- Thus, if we choose (t—tp) < ming<.<, HUEHEP ||f”||£§o )
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then

3 : 1 "
g [ Oste:0) = Gpu ) < Clim |0 = 1@t

+C, lir% X |0pu(z — (t —to) fl(ue), to) — Opul(x — (t — to) f'(u), to)|dx
e Qs,t

+C5 lir% |0puc(x,tg) — Opu(x, to)|dx, (9.8)
e— Q:vto

for some constants C1, Ca, C3 which only depend on ||ul| ;[ /"l oo s [ucll 1 > 12 ]] o and
(t — tp); which are quantities that do not depend on £. Now, we show that the first two
limits on the right hand side of (9.8) are zero. The last limit is obviously zero for ¢y = 0
and, for larger time, we can apply the iterative argument described before. The first limit
on the right hand side is zero as a consequence of the uniform convergence of f”(u.(-,t))
to f"(u(-,t)) as e — 0, which is due to the uniform continuity of f”(s) in the compact set
s € [ ||u®]|, ||u°]]] and the estimate in (9.4).

The second limit on the right hand side of (9.8) is obtained by a density argument.
Since d,u(-,t9) € L'(p(tg),00) there exists a sequence h,(z) € Ci(p(ty),00) such that
hy, — Oyu(-, to) in L' (¢(to), 00). Then

o0 (¢ = 1) 2000, o) = B (¢ t0) ), o)
< /+ |Opu( — (t — to) fL(uc), to) — hn(x — (t — to) fL(uc), to)|dx
Q7
"‘/Q+ |h (2 — (t — to) fl(uc), to) — hn(z — (t —to) f'(w), to)|dx
+ /Q+ |hn(x — (t —to) f'(u), to) — Opu(z — (t — to) f'(u), to)|dz. (9.9)

Thus, it suffices to see that the first and third limits on the right hand side converge to
zero as n — oo, uniformly in €, while the second limit converges to zero for each h,. The
convergence of this second term is obvious since h,, is smooth and,

[f(ue) = ()] S NN pee lue(, ) =l )l oo,y < C

Concerning the first term in (9.9) we observe that, after the change of variables y =
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x — (t —to) fl(uc(x,t)), we obtain
/Q+ |Opu(x — (t — to) f2(ue), to) — hn(z — (¢ — to) fi(uc), to) |dx

< /Q+ [Oatu(y, to) — By, t0)| (1 = (¢ = to) [L£ ]| oo lltell )~y

e.tg
0o

< (1= (t—to) 1f7 ]l e HUEHLip)_l/ |0xu(y, to) = ha(y, to)ldy,

v(to)

which converges to zero, uniformly in e, as n — oo, when (t—ty) < ||u5||221p | £7]| - Recall
that both |luc| i and || f|| e are uniformly bounded in e, when = € QF,. Similarly, the
third term in the right hand side of (9.9) tends to zero, uniformly in €, as h — oo.

We consider now the limit in (9.6). Let us define

w, = é(uE —u — edu), intel0,T], z>max{p(t),p:(t)} .

Note that w, is a Lipschitz continuous solution of the system,
Opwe + O0x(f'(w)we) = —02(3f (ue) — 6./ (u))

—20a(f (ue) = f(u) = f'(u)(ue — u)), t €0, T], v > max{p(t), g(t)}
we(x,0) =0, x> .

(9.10)
System (9.10) is analogous to the linearized system (4.10) for which the solution is given
by (4.12). Thus, the solution of (9.10) is given by,

we = 10,5 (ue) — 5 () — 0u(f () — F(w) = f'(u) (e — w).
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Then,

/ oz, 1)| d < ¢ / 16 (u) e — 6 f(w)Duu]d
QF Q.

e,t

—i—E/ |/ (ue)Opue — f/(w)0pu — f"(u)dpu(ue. —u) — f'(u)(Opue — Opu)| dx
3 Qr

e,t

gt/ 5 (u2) —5f’(u)||8xu|dx—|—t/ 167 (w)||9ue — Dyulda
o, o,

i ! — f(u) — f"(u)(ue — u)||0pu| dz
#2170 = e = i d

e,t

+§ \/Q‘F |f/(u€) - f/(u)Haxua - axlb|dl‘

e,t

T e T ST Py e

e,t €,

2 ull gy 1) = () = £ () e = )]

3

t
I e e =l [ 100~ Ol

e,t

which converges to zero, as ¢ — 0, in view of (9.4)-(9.5).
Once (9.4)-(9.6) are proved we address the boundedness of the sequence in (9.2). We
have,

é Hus —u—eou+ [u]cp(t)X[eoeraéwl ||L1(JR)
1
= z Hue —u —&du + [U]w(t)x[%Wrdsﬂ] HLl(Q;tuQ;ﬁt)
1
+g Hue —u—edu+ [u]w(t)X[%erﬂSw] HLl(QQ,t)

] (W)
< c lue —u — €5U|\L1(Q;tuQit) =

||X[so,go+e6<p} HLl(Q;tuQ;t)
1
‘l—g Hue — U — €6U + [U] (1) X[ pte5¢] HLl(QQ,t) '

Here, the first term on the right hand side is bounded, as € — 0, due to (9.6), the second
one is bounded since the support of the function inside the L'—norm is of the order of ¢
and the third one is bounded since the function inside the L'—norm is uniformly bounded
in L*° and the measure of Qgt is of the order of €, uniformly in ¢, due to (9.3) together
with the definition of Q2 ,.
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Step 3. Identification of the weak limit of (9.2). From the previous step we deduce
that the sequence in (9.2) converges, as € — 0, weakly in L', at least for a subsequence
that we still denote . To identify the limit we focus on the weak formulations of u. and
u. We have,

0 — / / (e = 0+ (o) = F)005) dads

= = // u6 —u—eou + [u]w(t)x[%wea@]) oppdxdt
€ Rx(0,T

- / )]0t (0, 8) (0 — o — ebip)dt

/ / [l o) Xip.ptesg)) Ortpdadt
Rx(0, T)

/ / (fe(us) — f(u)) Oppdadt
Rx(0,T)
4= / ()0, ) (92 — 0 — eB), o1

€
for all ¢» € C3(R x [0,7)), the set of C' functions with compact support. Assume for the
moment that the last three terms in the right hand side of (9.11) tend to zero as ¢ — 0,
le.

0 = lim{ // edu— ] o X[W@%M)@twdacdt
e—0 Rx(0,T)

//RX(OT (fe(ue) = f(u)) Opibdxdt

! / ()]0t 1) (- —90—65s0)dt}- (9.12)

3

Then, if we consider particular test functions ¢ (x,t) with support in the following neigh-
bourhood of X

{(z,t) such that |z — p(t)| <e*, 0<t<T},

the first term in the right hand side of (9.11) vanishes as € — 0 since the integrand is
bounded by Cte/e and the support of the integral is a region of measure e2Cte, as € — 0.

Therefore
T

tim > [ () 0b(6, (0. — ¢ — 28p)dt = 0, (9.13)

e—0 € 0
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This provides the convergence,

[F(@)lo2 (- — 0 — ebp) — 0, (9.14)

at least in the sense of distributions.

From (9.11), (9.12) and (9.14) we obtain the convergence of the first term of (9.11),
for any test function ¢. Now, if we consider ¢ (x,t) = 1 (t)12(x) in separate variables in
formula (9.11), then

1T
0 = lim- / / (ue — u — e0u + [y X[p.ptesg]) Yitbadadt
e~ 0 JR
T 1
= / P liné B (us —u—edu + [U]w(t)X[w,saJrs&w]) Yodxdt, (9.15)
0 e~ R

where we have used the dominated convergence theorem. Note that the integrand of the
time integral is uniformly bounded in ¢ € [0, 7] since the bound for (9.2) obtained in the
step 2 above can be chosen independent of ¢. Therefore we obtain,

o1
hn% c (ue — u — e0u + [u]p)X(pprese)) Yodz = 0, ace. t € (0,T),
E— R

for all 1, € C}(R). In fact, the same is true for v, € L>(R) with compact support, since
e (ue — u— e0u + [uy) X[p.presy)) is bounded in L*(R) for each ¢ € [0,T], as e — 0.
This shows the weak convergence

e (ue(-t) — ul, ) — edul-, ) + (W) Xip@) w)+esom) () — 0 weakly in L'(R). (9.16)

Step 4. Strong convergence of (9.2). In order to prove the strong convergence in L' it
suffices to see that the convergence in measure holds, for any measurable subset B C R
with finite measure (see for example [36], p. 122). This means that, for any § > 0, the
measure of the subset

{ @ € B for which |7 (us(,t) — u(z,t) — edu(=, 1) + [ulp Xip.p+sp0) (7)) | > 0}
(9.17)
converges to zero, as € — 0. Recall that, as we stated in (9.6), in the region @, U Q;t,
e Nue(x, t) — u(z,t) — edu(z,t)) converges strongly in L'. Thus, we only have to check
(9.17) for subsets B in the region Q2, U [p,¢ + edyp]. But the measure of this subset
converges to zero as € — 0 and therefore the convergence in measure holds. This proves

(9.1).
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Step 5. It remains to check that formula (9.12) holds true. Observe that it suffices to
prove the following two identities:

T
im= [ [ oy (Tl s) Ot — | e oo, nar

:/0 (=02 f (W]peyd0(t) + ¢ [l o(y00(t) + [ul o0 (1)) ¥(o(t), t)dt,  (9.18)

fim = {//RXOT (f-(ue) —f(u))8x¢dxdt+/OT[f(u)]waxw(go,t)(gpe—gp)dt}
-/ / (@b ) 0u, 019

In fact, if (9.18)-(9.19) hold then (9.12) is equivalent to

o sonnas [ o

[ o )Lo<t>590(t)+90’[3IU]¢<t>590(t)+[U]¢<t>5¢’(t))w(%@(t),t)dt,

0

which is the weak formulation of the linearized problem (4.27).

We first focus on the limit in (9.18). As we are interested in the limit as ¢ — 0, only
first order terms with respect to e are required. In the following, we write O(¢e) for any
term satisfying

lr% O6)] < C'te, uniformly in (z,1).
£— £
We have
1 T o(t)+edep(t)
/ / ®Xlp, (p-‘ra&p]) Oppdxdt = / (] o2 / oppdtdx
Rx(0,T) e 0 o(t)
[ ] d [e+ede(t)
EA dt \/Lp(t)
1 /T
+- / [u]pr) (" +0¢") (o +edp, t) — (e, 1)) dt
0
1 (T 4 @(t)+edep(t)
= — — (|u Wdxdt
S g [
1 T
2 [ oty (8 + 08 00 + 200,) = (p,0) . (9.20)
0
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Note that, in the last identity, the boundary terms coming from the integration by parts
vanish since we are assuming ¢ (z,t) of compact support in t € [0,7") and J¢(0) = 0. To
simplify the first term on the right hand side we write the jump [u],) in a more explicit
way. Let us introduce the following notation

+ oy - _
u(x ,t)—alh%>0u(x+5,t), u(x™,t) = 5l51?>0u(x d,t).

Observe that

%([ o) = jt( ()", t) —u(p(t)™,1))

= Ouu(p(t)",t) — du 90( )75 1) + pulp(t), 1)@ (1) — Duulp(t) ™, 1)’ (1)
= [Owu] o) + @' [0pu] o) = —[02.f (W) + €' [0xu] o), (9.21)

where we have used in the last identity that, to both sides of the discontinuity, the function
u satisfies the first equation in (4.25).

On the other hand, as 1 is assumed to be smooth, it can be expanded near x = ¢(t)
using Taylor formula, i.e.

U(p + 0, 1) = P(p, 1) + 0pduth(p, 1) + O(£?). (9.22)
Therefore, at first order, we have

1 [e)+ede(t)

E / wdzdt = (0 1)50(1) + O(e). (9.23)

€ Je(t)

From (9.21)-(9.23) the right hand side of (9.20) can be written as
T
/0 (= (02 f (W)]pwydo(t) + ¢ [Osulorydp(t) + [uloiryd¢' (1)) P (o(t), t)dt

+ [ Bl O5O0:0(0(0). 0+ O(0)

This allows to deduce the limit in (9.18).
Concerning the identity (9.19), we have

li _
tig /R gy 0] = F00) 0

= lim — / / o, flue) +edf(ue) — f(u)) 0x) dadt

e—0 &

+Tim © / / Fue) + 26 f(us) — F(u)) Duth dadt (9.24)

e—0 g
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Observe that, on Q_; U Q:t, the Taylor expansion of both f and §f at u give us

flus) = fuw)+ f'(w)(ue —u) + O(|fu. — ul[}),
0f(us) = 6f(u)+O([|us — ull ).
This, together with the convergence results stated in (9.4)-(9.6), provide

.1
fimy = I (se) = S () = ef" ()l aqz 2 = O,

6f(uc) = 0f(u) + O(e).
Therefore, the first limit on the right hand side of (9.24) can be simplified as follows

e—0 g

lim = / / Flus) + 20 (us) — F(u)) Dutp dadt
Q- V7,

:hm// WS + 6 () Dy dudt
QU7

e—0

/ / w)ou + 6 f(u)) Ox1) dadt. (9.25)
Rx( OT)

Finally, to simplify the last limit in (9.24) we assume, without loss of generality, that
©-(t) > ¢(t). In this case, in Q?, we have,

Hus('vt> _u(@(t)_vt)HLoo(Qgt) < ||Ua( t) _ué?(SO - t HLOO(QO

< fluel )l [0 (8) = ()] + Ce = O(e),
€ 8) = wle® " O oy < Il Ol [9=(8) = 2(B)] = O(e),

and .
/ / |0u(z, t)|dzdt < T ||6u|| - meas (Q2,) =O(e).

Thus, the last limit in ( 9 24) can be simplified as follows,

/ /0 (ue) + &0 f(ue) — f(u)) Oppdudt

_ _E/ / D,dtdt + O(e)

—— [ oo Z Lt + OC). (9.26)

Substituting (9.25) and (9.26) into (9.24) we obtain (9.19).
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