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OPTIMAL CONTROL OF A SEMILINEAR PARABOLIC
EQUATION WITH SINGULAR ARCS

J. FREDERIC BONNANS

ABSTRACT. This paper develops a theory of singular arc, and the correspond-
ing second order necessary and sufficient conditions, for the optimal control of
a semilinear parabolic equation with scalar control applied on the r.h.s. We ob-
tain in particular an extension of Kelley’s condition, and the characterization
of a quadratic growth property for a weak norm.

Keywords parabolic equation, optimal control, singular arc, second order optimal-
ity conditions, characterization of quadratic growth.

1. INTRODUCTION

We consider in this paper an optimal control problem of a parabolic equation
with a bound constrained scalar control, in which the state equation and integrand
of cost function are affine functions of the control. Such control affine problems have
been extensively studied in the ODE setting. Concerning second order optimality
conditions which are the subject of the paper, in the totally singular case (the
control is out of bounds at any time), the key results are the extended Legendre
condition due to Kelley [20], and the Goh transform [I8] allowing to obtain second
order necessary conditions involving the primitive of the control rather than the
control itself. Dmitruk [14] derived sufficient conditions for weak optimality, and in
[15] 16] obtained necessary or sufficient optimality conditions in the case of a non
unique multiplier. In the singular-bang setting, Poggiolini and Stefani [25] obtained
second-order sufficient conditions for the strong local optimality in minimum time
problem, and Aronna et al. [ 2] obtained second-order necessary conditions and
some sufficient conditions without uniqueness of the multiplier, and the local well-
posedness of a shooting algorithm.

There are very few papers on the optimal control of PDEs for control affine
systems. When the control is distributed, if the control is out of bounds on some
open set, it is sometimes possible to give an explicit expression of the control:
this is the theory of generalized bang-bang control, see Bergounioux and Tiba [3],
Troltzsch [27], Bonnans and Tiba [§].

In the elliptic case, Casas [10] considered the case of a distributed control and
obtained second order sufficient conditions. While this technique is quite specific
since time does not appear, these sufficients conditions are in the spirit of those
obtained in Goh’s theory, since they involve an Hilbert norm that is weaker than
the L? norm of the control. Casas, Herzog and Wachsmuth [11] consider the case of
an L' cost function, which may be viewed as an control affine problem if we take as
new control the positive and negative parts of the original control. Casas, Clason
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2 J. FREDERIC BONNANS

and Kunisch [12] study related problems in the setting of a parabolic equation. See
also the recent paper discussing several models [24], and the PhD dissertation [26].

Therefore there exists presently no analogous of the Goh theory in the setting of
control of parabolic equations; our goal is to set some first steps in this direction.
The paper is organized as follows. We present the problem, and derive the second
order necessary conditions in Goh’s form in section [2} Then we derive the second
order sufficient conditions, that characterize quadratic growth in a weak norm, in
section [3] Some numerical experiments, that give an experimental argument in
favor of the existence of singular arcs for optimal control problems of parabolic
equations, are presented in section 4} We conclude in section |5 by discussing some
open problems and possible extensions.

2. SETTING AND CLASSICAL RESULTS

2.1. Setting. Let Q be a smooth open subset of R", with n < 3. Set Q :=
2 x (0,T). We recall that, for p € [1,00] and p € N, p > 1, WP#(Q) denotes the
Sobolev space of functions in L*#(§2) with derivatives up to order p (taken in the
distribution sense) in L*(£2). We denote the closure of D(2) (set of C*° functions
over Q with compact support) in WP#(Q2) by W§*(Q2), and set HP(Q2) := WP2(Q)
and H?(Q) := WP?(Q). Similarly, W21#(Q) denotes the Sobolev space of function
in L*(Q) whose second derivative in space and first derivative in time belong to
LH(Q), and H>Y(Q) :== W2L2(Q). Set also 3 := 9 x (0,T), and

(1) W2MH(Q) 1= {y € W2I4(Q); y=0on 3},
The critical value
(2) fe = 1(n+2)
is such that, see [21I, Rem. 2.5, p. 21]:
(3) W2LE(Q) ¢ L™(Q), for all > p.
Fix v > 0 and T' > 0. We assume that
(4) (1) yo € Wo™(Q): (i) B e W (Q).

We consider the following semilinear parabolic controlled equation, close to those
discussed in [21]:

@ {0 A e <uBE) inQ=axT)

y=0on3; y(,0)=yo.
This is a prototype of a semilinear equation; taking the explicit nonlinearity y>
allows to simplify the analysis of the nonlinearity and to concentrate on the essential
features. Indeed, in the case when v = 0, although the problem is convex, our
characterization of quadratic growth is still of interest.
Consider the cost function

T
Juyy) =1 /Q (@, 1) — ya(z, 1) 2dzdt + o /0 u(t)dt.

Here o € R, the desired state yq belongs to LF(Q), for some [i such that

(6) > fhe.
We have control bounds
(7) a<u(t)<b, forallte(0,T),

for some real numbers a < b. The optimal control problem is therefore (we will be
more precise on the functional framework later):

(P) Min J(u,y) s.t. and '
uy
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The well-posedness of the state equation can be deduced from the following
result, in which we consider a more general r.h.s.:

{ y(x,t) — Ay(z,t) +vy3(z,t) = f(x,t) in Q:=Q x[0,7]

8
® y=0onY; y(-,0)=uyo.

Proposition 2.1. Let f € L*°(Q) and yy € Wol’oo. Then has a unique solution
y[[f]] in W2L9(Q) for all ¢ € (2,00), and the mapping f — y[[f]] is of class C>
from L>(Q) into W3L4(Q).

Proof. We just give a sketch of the argument; see also e.g. [B] 21I]. One classically
obtains an priori estimate in L°°(0,7T, L?(Q) N L?(0,T, H}(2)) by multiplying
by y(x,t) and integrating over Q. More generally, for ¢ € (2,00), with conjugate
number ¢’ such that 1/¢ + 1/¢’ = 1, combining Holder inequality and Young’s
inequality ab < a? /4’ + b1/q, for any nonnegative a and b, we get

_ _ C 1 1
9) /Qlfllqu F< ANl e = 1l I8 < @Ol + vl

Multiplying (8) by |y(z,t)|? 2y(x,t), and integrating over @Q, it follows that
1d 1 1

10 - q a2 < 2+ = |yll9.

(10) ol [ < S+ g

Since || f(t)[|4 € L'(0,T), with Gronwall’s lemma, this gives an a priori estimate of
y in L>(0,T, L9(2)). Taking q = 3/i, it follows that y> € L#(Q) and so § — Ay €
LA(Q) too. By the standard estimates for linear equations, we deduce that y[[f]]
belongs to W21#(Q), and so by (3), y[[f]] € L>°(Q). The existence is obtained by
standard Galerkin type arguments.

The conclusion follows, in the spirit of [4], by applying the Implicit Function
Theorem to the mapping F : Wa"9(Q) x L®(Q) — LI(Q) x W, 4(Q),

(11) F(y, f) == — Ay +y* — f.y(-,0) — vo),

with ¢ > p. so that W;’l’q(Q) C L*(Q). This mapping is obviously of class C'*°.
That its partial derivative w.r.t. y is an isomorphism is equivalent to check that,
for any (f,g) € LY(Q) x W %(RQ), the linearized state equation below has a unique
solution z € W %(Q):

(12) = Az+3yy%z=f inQ,
z=0on%; z(-,0)=g.

Since y € L°°(Q) this is easily checked. O
A composition of C*° mappings being of class C°°, we obtain that

Corollary 2.2. With each u € L*(0,T) is associated a unique state ylu] €
W214(Q), for all ¢ € [2,00), and the mapping u — y[u] is of class C>.

Theorem 2.3. The problem (P) has a nonempty set of solutions. If v = 0, then
the solution is unique.

Proof. The existence is obtained by standard arguments based on minimizing se-
quences, passing to the limit on the nonlinearity of the state equation, see e.g.
[BL 21]. If v = 0 since the cost function is strictly convexity w.r.t. the state, the
optimal state is unique, and then so is the optimal control. O

In the sequel we denote by (@, §) a solution of (P).
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2.2. First order optimality system. The costate equation is
(13) D= AP+ 3 P=y—ya inQ
p=0on; p(-,T)=0.

Since § € L*(Q), and yq € L"(Q), this equation has a unique solution p €
W2LA(Q) C L*°(Q). We denote by F(u) := J(u,y[u]) the cost viewed as function
of the control only. This is a function of class C*> over L*°(0,T). In the context
of control affine problems, it is customary to call switching function the following
amount in L>(0,T):

(14) U(t) =« —|—/ B(x)p(x,t)dx.
Q
The linearized state equation is

{ 2 — Az +3y?z =v(t)B(z) inQ,

(15) z=0onY%; z(-0)=0.

For v € L?(Q), it has a unique solution z[v] € H>1(Q). The following result is
classical.

Lemma 2.4. The switching function coincides with the derivative of F', in the
sense that

T
(16) DF(a)v = /0 U(t)v(t)dt, for allve L=(0,T).

Proof. Let z = z[v] denote the solution of the linearized state equation . By
the chain rule, we have that using the integration by parts formula

T
DF(u)v = /Q(y — yq)zdxdt + a/o v(t)dt

T
:/fﬁprmw%m@@mw+g/vmw
(17) Q 0

T
= / p(2 — Az + 3y522)dzdt + a/ v(t)dt
Q 0

T
:/p@ﬁB@nmmw+a/zmmt
Q 0
The conclusion follows. O

Denote the contact set (for the control constraints) by I(u) = I, (@) U I(a),
where

(18) I(a) :={t€(0,T); wt)=a}; IL(u):={te(0,T); u(t)=">}

These sets are defined up to a null measure set. The (classical) first order optimality
conditions are as follows:

Proposition 2.5. We have that up to a null measure set:
(19) {t; ¥(t) > 0} C I (uw); {t;¥(t) <0} C Ip(a).

Set
Upp ={u e L>(0,T); a<u(t)<b, ae.}.

Proof. The differentiable function F' attains its minimum over the convex set Uy p
at u, and hence

F(u+o(v—1)) — F(a)

20 0<I = DF(u)(v—a).
(20) < lim - @~ 1)
Since DF(u)(v — @) = fOT U(t)(v(t) — u(t)dt, the conclusion follows easily. O
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We next need to analyze the first and second derivative of the switching function.
The switching function has a derivative in L2(0,T), and since B € W3">°(Q), we
have that

(21)
\I/(t) = —/ B(x)Ap(z, t)dx +/ B(z)(3’y§2(:17,t)]3(9:,t) —g(z,t) + ya(z, t))de
= — /:p(x,t)AB(x)dx + /:B(x)(3fyy2($,t)p(x,t) —y(z,t) + ya(z, t))da.

As expected from the theory of control affine problems in the case of ODEs, the
derivative of the switching function does not depend on the control. Set

k(z,t) =1—=6yp(z,t)y(x,t), (x,t)€ Q;

Rt) = /Q (2, £) B()2dz.

(22)

Obviously, k(x,t) and R(t) are essentially bounded. By , if y4 is smooth enough,
U has a second derivative in L?(0,7). The latter is necessarily an affine function
of the control, and it is easily checked that the following holds:

W (t)
 du

In view of Kelley’s result in [20], and of its extension to the case of control con-
straints in [I], we may expect that R(t) > 0 if the control constraints are not active
near time ¢. We will indeed prove this, see remark

(23) R(t) :=

2.3. Standard second order expansion of the cost. In the sequel we denote

(24) e(y) =y’
With problem (P) is associated the Lagrangian function
(25) J(u,y)+ /Qp(:z:, t)(Ay — p(y) + uB — y)dzdt + / p(z)(y(z,0) — yo(z))dz.

Let us consider the quadratic form corresponding to the Hessian of the Lagrangian,
where x was defined in :

(26) Q(z) ::/Qm(m,t)z(x,t)2dt.

This is a continuous quadratic form over L?*(Q). We denote by F(P) the set of
feasible control for problem (P), i.e., those that satisfy the control bounds.

Lemma 2.6. Ifu+v € F(P), then the following expansions holds:

T
(27) Fli+v) = F(@) + /O U(E)o(t)dt + LO(y) + O (I6y]13).

Proof. Let y = § + dy be the state associated with the control @ + v. Indeed, we
have that

T

(28) J(t+v,5+ 6y) = J(4,7) + /O (av + (5 — ya)dy + (6y)?)

and since @ + v € F(P), the state y remains in a compact set, so that

(29) e(§+0y) = o(7) + &' @)y + 2" (1) (6y)* + O(6y/*).
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Multiplying the costate by the difference of state equations with the pairs (u,y)

and (@, q), we get
(30)

0 = /Qﬁ (My —o(y) +o(y) +vB — Sy))
/Q 5+ Ap— o (5)D) 6y + /Q (B — 150" (5)(69)?) + O(poy]%.)
- / (5 — ya)oy + / (B — 150" (5)(69)?) + O(py]%.)

Q Q

Adding with , and using p € L*°(Q) and , we prove our claim .

Corollary 2.7. We have that
T
B)  F@+o=F@+ [ Ui+ 306) + 0.
0

Proof. Let ¢ > p.. We have seen in the proof of proposition that we can
apply the Implicit Function Theorem to the state equation, so that u — y[u], and
consequently F'(u). is a function of class C* over L. It follows that

(32) lyla + v] = y[ub] — z[v]||2 = O(|[v]|%.)

where z[v] denotes the solution of the linearized equation , so that, using the
definition of Q:

(33) ‘Q@y) = Q(2)| < Ikl I8y + 212118y — 2ll2 = O(llv]|Z)-
Since also [|0y|lcc = O(]|v]|cs), the conclusion follows. O

2.4. Classical second order necessary conditions. We recall that the lin-
earized state equation and its solution denoted by z[v] were defined in . The
critical cone C(u) is defined as

(34) C(u) ={ve L>*0,T); U(t)v(t) =0, a.e.; v>0on [,(u); v<0on Iy(a)},

where the above equality and inequalities should be understood a.e. The following
quadratic form (where x € L°°(Q)) has been defined in (22))) is obviously well-defined
and continuous over L?(Q):

(35) Qv) = / ()2 (x, £)2dt,
Q

Theorem 2.8. We have that

(36) Q(v) >0 forallv e C(a).

Proof. While this follows from general results on polyhedricity [19, 23] and [7],
Section 6.3], we give a short direct proof. Let v # 0 be a critical direction. For
€ >0, set

(37) ()= {

Then t+o0ve € Uy p, whenever 0 < 0 < &/||v]|c0, and v, is critical so that DF(@)v, =
fOT U(t)ve(t)dt = 0. Setting z. = z[ve], we deduce from corollary [2.7| that

(38) 0 < 2limint Fla+ "Z;) Ly, T

v(t) if u(t) € (a+¢e,b—¢),
0 otherwise.

When ¢ | 0, z. — z[v] in L?(Q), and since Q is a continuous quadratic form over
L?(Q), the conclusion follows.
O
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2.5. Goh transform. We next extend the Goh transform theory [18] to the present
setting as follows. Define the new “control” and “linearized state” resp. by

(39) w(t) = /0 v(t)dt;  E(x,t) := z(x, t) — w(t)B(x).

We have that £ = 2 — uB = Az — ¢/(§)z, and so ¢ is solution of
(40)
§(x,t) = Al(w,t) + @' (Y, 1))€ (2, 1) = w(t) AB(z) — w(t)y'(y(x, 1)) B(z) in €,
E=0on%; €(,0)=0
Since ¢'(y) € L>®(Q), has a unique solution &[w] € W21:5(Q) whenever w
belongs to L*(0,T), with s € [2,00). We define the set of primitives of critical
directions with value 0 at time O as

(41) PC(a) == {w € W>(0,T); @€ Cu); w(0)=0}.
Denote by PCs(i) the closure of PC(#) in L?(0,T), and set
(42) Q(w) =/ K@, ) (§[w](x,t) + w(t) B(x))*dt.

Q

This quadratic form has a continuous extension over L2(0,T).
Lemma 2.9. We have that Q(w) > 0, for all w € PCs(1).
Proof. Let w € PC(u) with derivative v € C'(4). By theorem [2.8) Q(v) > 0, and

since Q(v) = Q(z) = Q(¢ + wB) = Q(w), we have that Q(w) > 0, so that Q
is nonnegative over PC(#%). Since @) is continuous over L?(0,T), the conclusion

follows. O
Definition 2.10. Let t1, t2 belong to [0,7] with t; < t2. We say that (¢1,t2)

is a singular arc if, for all # > 0 small enough, there exists ¢ > 0 such that
u(t) € [a+e,b—¢] for a.a. t € (t1 + 0,t2 — 60), a lower bound arc if u(t) = a for
a.a. t € (t1,t2), and an upper bound arc if u(t) = b for a.a. t € (t1,t2). Lower and
upper bound arcs are called boundary arcs.

Corollary 2.11. Let (t1,t2) be a singular arc. Then

(43) R(t) >0, te (tl,tg).

Proof. Consider the problem of minimizing the quadratic form Q over the set

(44) PCy(a) = {w e LX0,T); w(t) =0, te (0,T)\ (ht2)}.

Since PC%(u) C PCq(a), by lemma w = 0 is solution of this problem. By the
Legendre condition for this problem (itself a consequence of Pontryagin’s principle
[9]), we deduce that the conclusion holds. O

Remark 2.12. As in the finite dimensional setting we have recovered the Kelley
condition [20]: when the control constraint is not active, is nonnegative.

2.6. Geometrical hypotheses. We will next characterize PCs(@) under the fol-
lowing assumptions. This will be useful for the characterization of quadratic growth
obtained in the next section. By maximal arcs we mean an arc that is not stricly
included in another arc. Consider the hypotheses of finite structure:

(45) There are finitely many boundary and singular maximal arcs
and the closure of their union is [0, 77,

and of strict complementarity:

(46) ¥ has a.e. nonzero values over each boundary arc.
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Since these hypotheses hold in the sequel, by “arc” we will now mean “maximal
arcs”, and we then redefine “punctually” the contact sets I, (@) and Ip(@) as

(47) L@ ={te0,T) Wt > 0F (@)= {t e [0,T); V(t) <0},
We say that the boundary arc (¢, d) is initial if ¢ =0, and final if d = T.

Lemma 2.13. If - holds, then

[ we L*0,T); w is constant over boundary arcs
(48) Py (u) = { and w = 0 over an initial boundary arc '

Proof. By the strict complementarity hypothesis (46), every v € C(u) has zero
values over boundary arcs, and so every w € PC(a@) is constant over boundary
arcs, with zero value on an initial arc. Since the set of fonctions that are constant
over a given arc is closed in L?(0,T), we deduce that PCy(@) is included in the

r.h.s. of .
Conversely, we have to show that any w in the r.h.s. of belongs to PCy ().

Let (c,d) be a singular arc with 0 < ¢ < d < T. The set of C' fonctions over
(¢,d) with value w(c™) (0 if ¢ = 0) at point ¢ and w(d') at point d (when d < T)
is a dense subset of L?(c,d). In view of ([45)), w is therefore the limit in L?(0,7)
of a sequence w* having the same (constant) values than w over boundary arcs,
and of class C! with value 0 at 0, so that their derivative v* is a critical direction.
Therefore wk € PC(i), and so the limit function w belongs to PCy(u) as was to
be proved. O

3. SECOND ORDER SUFFICIENT CONDITIONS
We first state the main result of this section. Consider the following condition:
(49) There exists p > 0 such that Q(w) > p||wl|2, for all w € PCy(a).
Consider the strong complementarity condition (indeed stronger than ):

(50) U has nonzero values over the interior of each boundary arc
and at time 0 (resp. T') if an initial (resp. final) boundary arc exists,

and the additional condition at bang-bang junctions:
(51) R(7) has positive values for each bang-bang junction time 7.

We next state our sufficient optimality condition in the form of a characterization
of quadratic growth.

Theorem 3.1. Let (50)-(B1) hold. Then holds iff we have the following (weak)
quadratic growth condition: there exists p’ > 0 such that, if u € F(P), then setting

vi=u—u and w(t) = fotv(s)ds, we have that
(52) J(@+wv) > J@) +p|wl3, if vl is small enough.
We first need to prove the following expansion of the cost function.

Proposition 3.2. Let @+ v be feasible, and set w(t) = fot v(s)ds. Then we have
that:

(53) J(U+v)=J(U)+/Q‘I’(t>v(t)d(t)+é@(w)JrO(lly—ylloollw§)~

Remark 3.3. This is to be compared to the classical expansion stated in lemma 2.6
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Proof. We start from the expansion . Reminding that z is the solution of the
linearized equation , we claim that

(54) Q0y) — Q)| < O Iyl llwll)
From it follows that
(55) ‘Q@y) — Q)| =[5l (16yll2 + ll2]l2) 16y — 2[l2.

We next obtain estimates for ||dy|2 + ||z|l2 and ||0y — z||2. For this we apply a
variant of the Goh transform to the state equation. Set w(t) := fg(ﬂ(s) + v(s))ds.
Then 7 :=y — wB satisfies n = ¢ — (& +v)B = Ay — »(y), and so

{ i1 — An + o(n+@B) = WAB in Q,

56
(56) n=0onY%; n(,0)=uyo.

Set w(t) := fot @(s)ds, 7=y — wB, and on = n — 7. We get, since w = b — @:

{ 6n — Aén + p(n + wB) — p(7j + wB) = wAB in Q,

(57) on=0on%; on(,0)=1yo.

Since @ + v € F(P) a.e., the arguments of ¢ (equal to y and g) are uniformly
bounded, and so there exists f[v] in a uniformly bounded subset of L>°(Q) such
that

(58) ¢(n+wB) — (7] + wB) = 0[v](dn + wB).

Substituting this expression in (57), we get that |69 z2.1(q) = O(||w||2), and so
(59) 10yll2 = [16m + wBll2 < |69]]2 + [| Bllsolwll2 = O([Jw]|2).

By similar arguments we get that

(60) 212 = I§ +wBll2 < [|€]l2 + [ Bllso|lwll2 = O(l|w]l2)-

Next, by and , we have that y := dn — £ is solution of

(61) X = Ax + @' (@)x = () — o(y) + @' (§)dy = c(z,1)(y),

for some bounded function c. If Jy = 0, the conclusion obviously holds. Otherwise,
X = X/||0y|| s is solution of

(62) X = AR+ ¢ @R = e(@,1)(0y)*/ |6y
The L? norm of the r.h.s. is by of order ||dy|l2 = O(||w]]2), and so
(63) [0y — zllm=r = 16 = Ellg2r = [Ixlla20 = [10ylloc X 20 = O([[0y]loo | wll2)-

Combining with and —, we deduce that the claim holds.
¢) We also have with that

(64) 159113 < 16yl 169113 = O (I16ylloc [l]13) -
We conclude by combining this inequality with and . O

Proof of theorem[3.1 a) Assume that holds, and let the sequence (vy,wy)
contradict the weak quadratic growth condition , ie, u+uv, € F(P), v #0,
[lvgll2 = 0, wy, is the primitive of vj, with zero initial value, and

(65) J(@+vy) < J(@) + o (Jlwe)3) -

Set Wy, := wy/||wk||2- Extracting if necessary a subsequence, we may assume that
v — 0 a.e., and that the unit sequence 0y, has a weak limit say @ in L?(0,7). By
the dominated convergence theorem, vy, — 0 in L*(0,T) for all s € [1,00), and so
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the associated state y; uniformly converges to ¥.
b) We claim that @ € PCy(u). By proposition we have that

(66) (@ + vg) — J(3) :/0 U)o (£)dt + O([[wn]|2).

By the first order optimality conditions, the above integral is nonnegative. Com-
bining and (66]), we get that
1

[k 2

(67) /0 (o)t - 0.

Let (¢,d) C (0,T) be a boundary arc, and let ¢ € D (¢, d), i.e., ¢ is of nonnegative,

and of class C°° with compact support in (¢,d). The integrand in @ being
nonnegative, we deduce that

d d
(68) / (1)U (t)dwy (t) = / o) U)o (t)dt — 0.

Since ¥ € H'(0,T), we may integrate by parts and we deduce that

1

[[wk ]2

d
(69) 0 = lim / = (t)) g (t)dt = / %(go(t)\ll(t))d;(t)dt.

Assume for instance that @ = a on (¢,d). For some € > 0 the support of ¢ is
contained in (¢ +¢€,d —¢). On (¢,d) we have that vy > 0 and so wy, and @ are
nondecreasing. In particular, w has bounded variation on (¢ + ¢,d — ¢). By the
integration by parts formula with one of the function having only bounded variation,
see [I7, Vol. I, ch. 3, Theorem 22, p. 154], we get with that

d—e
(70) / e(t)¥(t)dw(t) = 0.
c+te
Over [c+ &,d — €], since ¥(t) > 0 by the strict complementarity assumption ,
dw(t) > 0, and @ is an arbitrary element of Dy (¢, d) with support in (¢+¢,d —¢),
we deduce that @ is constant over (¢+e,d—¢). Since € > 0 may be taken arbitrarily
small, we see that w is constant over boundary arcs.

If (0,d) is an initial boundary arc, then @ is equal to some 6 € R over (0,d).
Let ¢ € C*°(]0,T])+ have support in [0,d — &) with ¢(0) = 1. Since 1 (0) = 0, by
similar integrations by parts we deduce that 0 = Od ;t (p(®)¥(t)) w(t)dt = —6T(0).
Since ¥(0) # 0 by (50), we deduce that § = 0, i.e., @ vanishes on (0,d). We deduce
then our claim from lemma
¢) Let Is :=[0,T]\ (I, U I;) denote the closure of the union of singular arcs, and
Tep denote the set of bang-bang junction points. For ¢ > 0, set

(71) Igp :={t<€[0,T]; dist(t,IsUTp) <ec}; I;:=1[0,T]\I5pp-

In view of the strong complementarity condition (50), and the condition at
bang-bang junctions, there exists 8 > 0 such that

(72) [ (¢)] > B is uniformy positive over I§.
Now, let (¢, d) be a connected component of I§. Take £ > 0 small enough, and set

(73) { e1r =0 ifc=0, ey =e otherwise,

eg =0 ifd=T, ey = ¢ otherwise.
By and (| ., we have that

d— 62
0= hm/ (t)dag(t) > hm/ (t)dwg(t) > Bli}gn(wk(d —e9) —Wi(c+e1))
+e1
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and since Wy, is monotonous over [c+e1, d—e3], it follows that it uniformly converges
over I§ (we already know that the limit is constant over each maximal boundary
arc)

d) Using (65] proposmon H fo t)dt > 0, and |lyx — F|leoc — 0, we deduce
that
(75) lim sup Q (i) < o(1).
k
Set, for w € PCy(u), Qp('w) = — pfo t)2dt. Applying corollary to

this quadratic form, we deduce that R( ) > p over ISBB. Since R(t) is a contmuous
function, we deduce that there exists € > 0 such that

(76) R(t) > 5p over Iggp.

Now write, in view of ,

(77) Q(ig) = Qu (i) + Qa(tr) + Qs(t),
with

Or(y) = /Q b, 1) (€[] )% + 26 ], By (t) B(x) ),

Qalin) = [ ROWEPdL Qalin) = [ ROyu(o?ar

IEBB Ié
Since the mapping w — 5[ ] is compact L?(0,T) — L?*(Q) we have that Q1 is
weakly continuous. By (76| QQ restricted to L2(I Spp) is a Legendre form, in the
sense that, it is weakly l.s.c. and satisfies

(79) wy, — w and Q(wy,) — Q(w) implies w — w in L2(Igzp).
So we have that (using the uniform convergence of wy, over I§):

(80) Q) =1imQu(ihy); Q2(w) < limQs(ir); Qs(ih) = lim Qs (i) = 0.

With this implies that Q( w) < 0. Since w € PCy(u), by (49| ., w = 0. By (80| .,
Q2 (1) — Qo(10). We deduce with ( (79) that @y — @ in L*(0,T), in contradiction
with the fact that @y, is a unit sequence and w = 0.

e) Conversely, assume now that the weak quadratic growth condition ) holds.
For v € L>(0,T), set wlv fo s)ds. Applying the second order necessary
condition (lemma to the problem of minimizing J(u,y) — p'||w[u]||3, that ( .
holds.

4. NUMERICAL EXPERIMENTS

An open question is the existence of singular arcs. We could consider the convex
case when v = 0 and try to solve explicitly the optimality system; this however
seems very difficult. We refer to Dhamo and Tréltzsch [I3] for an example of
an almost analytic resulution of an optimality sytem, in the context of parabolic
equations.

On the other hand we can try numerical experiments and see if a singular arc
seems to occur and is stable with respect to the discretization. We discretize the
problem by standard finite differences, and solve the resulting optimal control prob-
lem with finitely many states using the optimal control toolbox BOCOP [6], which
itself uses the nonlinear programming solver IPOPT [28].

The problem consists in controlling the one dimensional heat equation by the
Neumann condition at one end. More precisely, the horizon is T' = 20, Q = (0, 1),
the control is the Neumann condition at x = 0, and the Neumann condition at
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xr = 1 is zero. We present the results obtained with 50 space steps, 200 time
steps, the implicit Euler scheme, and taking yo = 1, y4 = 0, a« = 0. We display
next the optimal control, and the states function of time. The control constraint
is u(t) € [—1,1], and we see that it is not active for ¢ > 5. The same behavior
is observed if we perturb the data and stepsize. So we may conjecture that this
problem really has a singular arc.

control.1
0.0

-0.1+
-0.2-
-0.34
-0.4-
-0.5-
-0.6-
-0.74
-0.8-

-0.91

-1. T T T T T T T T T 1
° 2 4 6 8 10 12 14 16 18 20
Time

FIGURE 1. Optimal control: v € [—1,1].

state.1 state.50
1.0q 1.07

0.9+
0.8+
0.6 0.7
0.6

0.5+

0.0 0.3]
0.2

0.1

2 4 6 8 10 12 14 16 18 20 . 2 4 6 8 10 12 14 16 18 20
Time Time

FIGURE 2. State at boundary = = 0.

5. CONCLUSION

‘We have established second order necessary and sufficient conditions for the local
optimality of an optimal control problem of a parabolic equation, the Hamiltonian
being affine w.r.t. the control, in the case when the optimal control has a singular
arc. The main result is a characterization of a weak form of quadratic growth,
that extends to the setting of control of parabolic equations the recent results and
techniques in [1] (see in particular the proof of our key theorem [3.1)).

It is not easy to prove if such singular arcs occur. However, we give strong
numerical aguments supporting such an existence, actually in the case of a boundary
control.

The present study deals with a simple case. It seems possible and of interest
to extend our results in several directions: (i) the case of finitely many control
variables, (ii) the case when the coefficients of the control, in the cost function and
state equation, also depend on the state, (ii) the case when finitely many constraints
on the terminal state are present.

Note also that, in real engineering devices, the action on the state equation is
not the control itself, but rather the result of some integrations of the real control.
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To be specific, we mignt consider the case when @ = v where v is now the control,
and u becomes a state variable, which is of course subject to bounds. This raises
the question of extending the present framework to the case of state constraints.
Let us observe that little is known, even in the ODE setting (see the analysis of
optimality conditions in [22]).
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