Downloaded 05/23/13 to 193.144.185.28. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

SIAM J. CONTROL OPTIM. (© 2012 Society for Industrial and Applied Mathematics
Vol. 50, No. 4, pp. 2355-2372

SECOND ORDER ANALYSIS FOR BANG-BANG CONTROL
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Abstract. In this paper, we derive some sufficient second order optimality conditions for control
problems of partial differential equations (PDEs) when the cost functional does not involve the usual
quadratic term for the control or higher nonlinearities for it. Though not always, in this situation
the optimal control is typically bang-bang. Two different control problems are studied. The second
differs from the first in the presence of the L! norm of the control. This term leads to optimal controls
that are sparse and usually take only three different values (we call them bang-bang-bang controls).
Though the proofs are detailed in the case of a semilinear elliptic state equation, the approach can
be extended to parabolic control problems. Some hints are provided in the last section to extend the
results.
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1. Introduction. The aim of this paper is to prove some sufficient second order
optimality conditions for optimal control problems of elliptic partial differential equa-
tions (PDEs) when the cost functional does not involve the control in an explicit form.
In particular, the Hessian of the Hamiltonian with respect to the control vanishes so
that the classical Legendre—Clebsch condition does not hold. In these situations, the
optimal control is usually bang-bang. In the case that the Legendre—Clebsch condi-
tion holds, there are several papers providing sufficient second order conditions (see
(3], [4], [6], [10], [11] [13], [14]). The results that we present here cover the case of
bang-bang controls. The main difference with the usual second order conditions is
that the inequality J”(@)v? > §|lv||? for every v in some cone of critical directions
does not hold in general, and it has to be replaced for a weaker assumption, but one
that is still strong enough to warrant the strict local optimality of the controls.

As far as we know, there is no second order analysis for bang-bang controls within
the framework of PDEs. However, the case of ODEs has been extensively studied;
see, for instance, [18], [22], [23], [24], [25], [26], [27]. The analysis for control problems
of ODEs is based on the assumption of a finite number of switching points, and at
those points the derivative of the switching function does not vanish. The extension
of this approach to the case of PDEs is not clear at all. Here we will present a different
approach. We give a sufficient second order condition for strict local optimality in
the L? sense, with a quadratic growth. Both of them, the sufficient condition and
the quadratic growth, are based on the L? norm of the linearized state. This is in
contrast to the usual situation, where the L? norm of the control is involved in both
terms. One of the referees drew our attention to the Goh transformation [20], which
has been recently used in [2] to give some sufficient second order conditions for control
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problems governed by ODEs. Though the Goh transformation is different from our
approach because he considered the primitive of a given control v and we use the
linearized state in the direction v, both approaches coincide in changing the usual L?
norm of the control by the L2 norm of the primitive or the linearized state.

In this paper, we will consider two different control problems. The first problem
is studied in section 2, and it is a control problem associated with a semilinear elliptic
equation where all the functions involved in the problem are of class C? with respect
to the state. In the second problem, studied in section 3, the cost functional includes
the L' norm of the control so that it is not differentiable. To deal with this case
we will combine the approach developed in section 2 and the ideas of [5]. In this
second problem, the structure of the optimal control is typically bang-bang-bang
because there are three possible values for the optimal control instead of the usual
two extreme values corresponding to a bang-bang control problem.

It is well known that the solution stability with respect to data perturbations
and conditions for strict local optimality are closely related facts. This justifies the
attention paid to the second order analysis for control problems. On the other hand,
the sufficient second order conditions are essential in the numerical analysis of the
nonconvex control problems. They have been used to derive error estimates for the
discretization of control problems; see, for instance, [1], [5], [7], [8], [9], [12]. In all
the precedent papers, the Legendre—Clebsch condition was satisfied, which excludes
the case of bang-bang controls. For linear-quadratic control problems some error
estimates for the approximation of bang-bang controls were obtained in [16]. However,
for nonlinear PDEs there are no results. It is our aim to use the sufficient second order
conditions obtained in this paper to prove these error estimates.

2. A bang-bang control problem. Let us consider the control problem

minJ(u)z/QL(x,yu(x))d:c,

a <u(r) < B,

(P1)

where v, is the solution of the Dirichlet problem

Ay+ f(zy) = u inQ,
(2.1) { y = 0 onl,

—00 << f<+00,and L, f : Q x R — R are Carathéodory functions of class C?
with respect to the second variable satisfying the following.
(A1) f(-,0) € LP(Q2), with p > n/2,
of

a—y(a:,y) >0 forae xz€f),

and for all M > 0 there exists a constant C'r pr > 0 such that

2
‘Z_ch(xvy)‘ N ‘g—yé(xay)‘ <Cpm forae zeQand |yl <M.

For every M > 0 and € > 0 there exists § > 0, depending on M and &, such that

o0 f 0?

f .
8—y2(x,y2)— a—y2(aj,y1) <e if ly1],|yel < M, |y2 —y1| <9, and for a.e. x € Q.
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(A2) L(-,0) € L'(Q), and for all M > 0 there are a constant Cp, py > 0 and a
function ¥y, € LP(Q) such that for every |y| < M and almost all z € Q

oL 2
8_y($’y) < Yy (x), 8—y2(x’y) <Cr.m-

For every M > 0 and € > 0 there exists § > 0, depending on M and ¢, such that

0?L 0?L

8—y2(x,y2) - a—yz(x,yl) <e if jyrl],|ye] < M, |y2 — 1| <6, and for a.e. z € Q.

(A3) We also assume that € is an open and bounded domain in R"™, n < 3, with
a Lipschitz boundary I'; and A denotes a second order elliptic operator of the form

n

Ay(x) = = > 9, (aij ()0, y(@));
inj=1
the coefficients a;; € C(2) satisfy

n

A€ < Z a;; ()¢ YEER", forae xeQ,

ij=1
for some A4 > 0.
Hereafter, we will denote

Upg = {u € L=(Q) : a < wuz) < B for ae. xz e N}

For every u € LP(Q), with p > n/2, the state equation (2.1) has a unique solution
yu € HE(Q) N C(Q). The proof of this result is a quite standard combination of
the Schauder fixed point theorem and the L*°({2) estimates [28]. For the continuity
of the solution in Q, see, for instance, [19, Theorem 8.30]. Moreover, the mapping
G : LP(Q) — HE(Q) N C(RQ) is of class C2. In what follows, we will take p = 2, and
we will denote z, = G'(u)v, which is the solution of

of _ :
(2.2) Az—l—a—y(x,y)z = v in ),

z = 0 onl.

As usual, we consider the adjoint state equation associated with a control u

., of oL .
(2.3) Aw+ay(x,y)<p = 8y(x,y) in Q,

Y = 0 on I,

where y = G(u) is the state corresponding to u. Because of the assumptions on L,
we have that ¢ € H}(Q) N C(Q). Moreover, there exists M > 0 such that

(2.4) [Yulloo + l[@ulloc < M Vu € Usg.

Under the above assumptions, the problem (P1) has at least one solution @ with
an associated state § € H}(Q2)NC(Q). The cost functional J : L?(Q) — R is of class
C?, and the first and second derivatives are given by

(2.5) J’(u)vz/ﬂ@(x)v(x)dx
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and

2 2
(2.6) ﬂwwmm=[X%§mmm%ww@§@mwo%mwawm,

where y is the state associated with w, solution of (2.1), and ¢ is the adjoint state,
solution of (2.3), and z,, = G'(u)v; is the solution of (2.2) for v =v;, i = 1,2.
Any local solution @ satisfies the optimality system

2.7) { Az?+f(a:,y; - 8 (1;11(13
(2.8) ATp + g—‘;(x,y)sé = Z—j(x,g) in Q,
v = 0 onT,
(2.9) / @(x)(u(z) — u(z))de >0 Yu € Uga-
Q

From the last condition, we deduce, as usual,

7 I ) 20 if u(z) = a,
) { 25 (E0Z0 md ew 20 e am<s

The cone of critical directions associated with @ is defined by

>0 ifu(z) =«
Ca=<{veL?(Q):v(x) { <0 ifulz)=4p
=0 ifg(x)#0

Then, the necessary second order conditions satisfied by the local minimum @ can be
written in the form

(2.11) J"(@)w? >0 Yo € Cy.

For the above results the reader is referred to [6] for the analogous case of a
distributed control problem associated with a semilinear Neumann boundary problem
or to [11] for the Dirichlet case associated with a quasilinear equation.

Let us remark that in the case where the set of zeros of ¢ has a zero Lebesgue
measure, @(z) is either o or 8 for almost all points = € ; i.e., 4 is a bang-bang
control. Moreover, in this case, Cz = {0}; therefore, (2.11) does not provide any
information. Consequently, it is unlikely that the sufficient second order conditions
could be based on the set Cz. To overcome this drawback we are going to increase
the set Cz. For every 7 > 0 we define

>0 ifa(r) =«
CI ={vel*Q): v <0 ifa(z)=p
=0 if

It is obvious that C2 = Cz. The next example, due to Dunn [17], proves that, in

general, the second order condition based on the cone Cj is not sufficient for the local
optimality.
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Ezample 2.1. Given the function a(x) = 1 — 2z, let us consider the optimization
problem

1
min J(u) = / [2a(x)u(x) — sign(a(z))u(x)?]dz,

0
u € L*(0,1), u(z) >0 for a.e. x € [0,1].

Let us set 4(x) = max{0, —a(z)}. Then we have that

1 1/2
J'(u)(u—1u) = /0 2[a(z)—sign(a(x))u(x)](u(z) —a(z))(z)dx = /0 2a(x)u(z)der >0

holds for all u € L?(0,1), with u(z) > 0. Taking into account that J'(u) = 2[a(z) —
sign(a(z))a(x)], which vanishes in [1/2,1], and @(z) > 0 for > 1/2, we see that the
cone Cy is given by

Cy = {v € L2(0,1) : v(x) = 0 for ae. 7 € [o, %] } .

Now, for v € Cy we have

1
@y =2 / V@ =20l

Thus, @ satisfies the first order optimality conditions and an apparently reasonable
sufficient second order condition. However, i is not a local minimum in L?(0,1).
Indeed, let us take for 0 < & < %

_Ju(z)+3e ifzeli—e3],
ue(w) = { u(zr) otherwise.

Then, we have J(u.) — J(a) = —3&3 < 0.

Before formulating the sufficient second order condition for the problem (P1), let
us take a look at the Tikhonov regularization of (P1). For any A > 0, let us consider
the problem

(P1,a) min JA(u):/QL(x,yu(x)) d;v—l—%/guz(x) dx.

UEUL 4

Then, we have
Jy(u)v = / (pu + Au)vdz
Q
and
0%L 0%f
JN (u)(v1,v2) = /Q <a—y2(aj,yu) - cpua—:y?(:r,yu)) Zuy Zue AT + A/Qvlvzdx.

For (P1,a) the following theorem holds; see [13].
THEOREM 2.2. Let u € U,q satisfy that

Jy(u)(u—1u) >0 Yu € Uyq and
JX(@)v? >0 Yo e Cy\ {0}.
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Then, there exist § > 0 and € > 0 such that
é
JA(ﬂ) + 5”’& — aHiz(Q) < JA(U) Yu € Bs(a) NUyq-

In the above theorem and hereafter, B.(u) denotes the L?()-ball of center at u
and radius . Let us remark that the presence of A > 0 in the cost functional implies
that the positivity of J” () on Cj is enough to deduce that @ is a strict local minimum.
It seems that we do not need to assume the strict positivity of the quadratic form on
the extended cone C7. However, this is not completely true as the following result
shows.

THEOREM 2.3. Let @ € Uyq satisfy Jy(u)(u —u) > 0 for every u € Uaq. Then,
the following assumptions are equivalent:

L. J{(u)w? >0 Vv € Cy \ {0}.

2. >0 and >0 s.t. JY(u)v? > 1/HU||2L2(Q) Yo e Cr.

3. >0 and >0 s.t. JY(u)? > ’/H2v||2L2(Q) Vv e CF,
where z, = G'(a)v.

The most delicate proof is 1 = 2, but this is already a known result; see, for
instance, [3] or [13]. The implications of 2 = 3 = 1 are immediate, and they hold
even if A = 0. As Dunn’s example shows, 1 is not enough, in general, to ensure the
local optimality of w. We will see later that 2 does not hold for A = 0. Then, it
remains to analyze if the assumption 3 is enough for the local optimality of @ when
A = 0. The next theorem proves that it is sufficient.

THEOREM 2.4. Let us assume that @ is a feasible control for problem (P1) sat-
isfying the first order optimality conditions (2.7)~(2.9) and suppose that there exist
0 >0 and T > 0 such that

(2.12) J"(@? > 8l|zl|20iq) Yo € CF,

where z, = G'(a)v is the solution of (2.6) for y = §. Then, there exists ¢ > 0 such
that

B
(2.13) J(a) + §||zu_ﬁ||i2(9) < J(u) Vu € B.(u) NUyg,

with zy—g = G'(4)(u — @).
The proof of this result requires some technical lemmas. For convenience, we
introduce the space Y = H}(Q) N C(Q) endowed with the norm
lylly = 1yl zr ) + 1Yllze(0)-

LEMMA 2.5. There exists a constant C1 > 0 such that

(2.14) lyu = Flly + low — @lly < Cillu — a2 Yu € Uaa,

where y,, and @, denote the state and adjoint state associated with w.

The proof of this lemma is a straightforward consequence from the the assump-
tions on A, f, and L.

LEMMA 2.6. For any u € Uyq and v € L?(QQ), denote z,, = G'(u)v. Also, we set
2, = G'(w)v. There exist constants Cy > 0 and C3 > 0 such that

(2.15) Iz — zolly < Collu — a2yl l2ie) Vo € LA(Q),
(2.16) ||ZU’U||L2(Q) < CBHU”Ll(Q) Yo e Lt (),

for every u € Uyq.
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Proof. Subtracting the equations satisfied by z, ., and z, and using the mean
value theorem in the nonlinear term, we get

af 0%f . N
A(ZU,v — 2y) + Fy(fayu)(zum — 2y) + 8—242(55’ 9)(Yu — )20 = 0,

where § = 3§ + 0(y, — §) for some measurable function 0 < #(x) < 1. Using (2.4), the
assumptions on f, and (2.14), we deduce from the above equation

zuw — 2ully < Cllyu — Yllze@)llzoll2@) < CCLllu — a2y ll20llL2(0),

which implies (2.15) with Cy = CC4.

Inequality (2.16) follows from a regularity result for (2.2). Jerison and Kenig
[21] proved that the Laplace operator defines an isomorphism between W, (Q) and
W=LP(Q) for p in some range [2,par), with pys > 3 depending on 2. Moreover,
it is well known that W17 (Q) = W P(Q)* and W P (Q) = W—LP(Q)*, where
p' =p/(p—1) is the conjugate of p. Then, we can argue by transposition to deduce
that —A : Wol’p/ (Q) — WL (Q) is also an isomorphism for p}, < p’ < 2, where
Py 1s the conjugate of pps. The result of Jerison and Kenig can be extended to elliptic
operators with coefficients a;; € C(Q). It is enough to use the classical technique of
freezing the coefficients around a grid of points. Since L'(Q) c W—1P(Q) for every
p < n/(n—1), the inclusion being continuous, and p; < n/(n—1) < pr, then we have

1zu0llwa @) < Cpllvllie)-

The constant C), is independent of u because Uyq is bounded in L>°(Q2). Finally, it is
enough to take p close enough to n/(n — 1) to have the embedding W, *() C L*(Q),
and (2.16) follows from the above inequality. O

LEMMA 2.7. For every ¢ > 0, there exists p > 0 such that if |u — @12y < p
and u € Ugq, then the following inequality holds:

(2.17) T (w)o? = J"(u)v?| <ellzl|Fzy Vo € L*(9).
Proof. Let us define the function F : Q X U,q —> L>=(2) by

021 o2 f
F(xﬂu) = 8—Z/2(x’yU) - @ua—yg(ﬁayu%

where y,, and ¢,, are the solutions of (2.1) and (2.3), respectively. The assumptions on
fand L and (2.4) imply that F is well defined. Moreover, using again the assumptions
on f and L and (2.14), we know that given € > 0 there exists p; € (0,1) such that

_ g . _
(2.18) |1F(z,u) — F(2,0) |00 < 3 if |lu—al 20 < p1-
Also we have that
(2.19) I1F(x,u)||co < Kpr YV € Upg-

From (2.6) we obtain
T (u)? — J (@)? = / (F(o,u(@))22, — F(z,a(z))2} dr
Q

= / F(x,u(x))(zzv — 22)dx + / [F(z,u(x)) — F(x,u(x))]2? dx.
Q Q
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Using (2.18) and (2.19), we get

[T (u)o? = J" (@)o*| < Knr([l2u0]

e+ lzellzz@)lzu0 = 2ull 2@ + 5200120
< Knt(lzu0 = 2olla) + 2zl o) 1200 = 2ol @) + 5120020,
and from (2.15) we get
< Ku(Collu — | 2oy ll20llL2) + 2ll20llL2(0)) C2llu — @l L2y |20l L2(@) + %H%H%z(g)
< {KM(CQP1 +2)Cap1 + %} 120122 (-

Taking

. g
p= {pl’ 9K 31C2(Cs + 2)}

and recalling that p; < 1, we deduce (2.17) from the above inequality. O
Proof of Theorem 2.4. First, let us observe that for every v,w € L?(Q) and any
u € Uqq the following inequality follows from (2.19):

(2.20) [T (u)(v,w)| = < Kllzuoll 22 (@) 120wl 22 (9)-

/ F(z,u(x))zumzuw d
Q

From Lemma 2.7, we deduce the existence of £g > 0 such that
1 2 1 (=\,.2 J 2 : —
(2:21) 7o — 7" (@)?] < SlenllBagy i llu— @l < co

where 9§ is given in (2.12). Now, we take 0 < € < g¢ such that

(2.22) T _ K (Cae + 1)? B QK%/[(Cz&-F 1)*
' C2e,/]0] 2 5

)
>_7
— 4

where Cs, C3, and 7 are given in Lemma 2.6 and Theorem 2.4. Above, || denotes
the Lebesgue measure of €).
Now, given an element u € B.(4) N U4, we define

o) = { ulw) —alz) it |p(x)| < 7,

0 otherwise,

and w = (u — u) — v. Obviously, we have that v € C7.
Making a Taylor expansion of second order, we obtain for some @ = @+ 0(u — u),
with 6 € (0,1),

1
J(w) = J(u) + J'(w)(u —u) + §J”(ﬁ)(u —1)?
using (2.10) and that u — 2 = v+ w
= J(u) +/ |p||u — | dx + %J"(ﬂ)v2 + %[J"(ib)v2 — J"(@)v?] + %J”(ﬁ)uﬁ
Q

+J"(@) (v, w)
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with (2.12), (2.20), and (2.21)
_ _ ) 9 6 9
> J(u)+ Q|‘P||w|d$+§||zv”L2(Q) _gszHm(Q)

Ky
—— 28,720y = Kmllzaoll L2 @) | 20wl 22 @)

_ 30
> J(@) + 7lwllie) + Flzliz)

Ky
2
From (2.15), we get

(2.23) 28,0720y — Kmllzaoll 2@ 128wl L2 () -

llza,wllz2) < 200 — 2wllz2(@) + |2wllL2) < Collt—ull L2 |2wlL2(@) + 12wl 22(0)-
Since
4 —alp2) = 10(u — )| 22Q) < lu—tllL2@) <&,
we conclude
(224) HZ&_’wHL2(Q) S (026 + 1)||Zw||L2(Q) VU) S LQ(Q)

An analogous estimate holds for [|z4,,(/22(q). Now, by the Schwarz inequality we
obtain

lwllzr@) < VIQUwl L2 < VIQlu— L2y < eV/[9,
and therefore
w21y <
——||w wl| 1 (0)-
E\/@ L1(Q) = L1(Q)
Inserting (2.16) into this inequality, we obtain
=zl < ol
——— 2w < ||w|z1(a)-
C2:,/]0)] L2(Q) LY(Q)
Combining (2.23), (2.24), and (2.25) and using the Young inequality, we have

T 9 30 9
Wﬂzwﬂm(m + §||Zv||L2(Q)

(2.25)

J(u) > J(u) +

KM(CQ<€+ 1)2
—————"2ullZ2() — Km(Coe + 1)?|Izull L2 (0120l L2

2
36 0
> J(u) + §H2v|\%2(n) - §||Zv||2L2(Q)
T Ky (Coe+1)2 2K2,(Coe +1)* 5
3 - - HZwHL2(Q)
C3e/19 2 g
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with (2.22)

) é ) )
= J(u)+Z”ZUH%Q(Q)+ZHZWH%2(Q) = J(U)+§H2v+zw|\%2(§z) = J(U)+§qu—ﬂ||2L2(Q)a

which concludes the proof. a
COROLLARY 2.8. Under the assumptions of Theorem 2.4, there exists € > 0 such
that

) _ _
(226) J(U) + §Hyu - y”%2(9) S J(U) Yu € BE(U) ﬂb{ad.

Proof. 1t is enough to prove the estimate

V8 ~
(2.27) ?Hyu = Jll2) < llzu—allz2@)

for all [|u — @||L2(q) < €, for a convenient € > 0, and then apply (2.13).
Let us set z =y, — § — 24—g. From the equations satisfied by v, ¥, and z,_z we
obtain
. af .
Az + f(xayu) - f(xay) - 8_y(xay)zu7ﬁ =0 in Q.
Making a second order Taylor expansion of f(x,y,) around gy, we deduce for some
=9+ 0(y, — ), with 0 < 0(x) <1,

of
Az + 8—y(x,y)z +

192 . _ .
58—yj20(x,y)(yu — y)2 =0 in Q.

Now, from (2.16) and taking into account (2.4) and the assumption (Al), we
obtain

C3Cy mr

I2llz20) € === NIy = 9l 72) = Callyu = Fl72(0)-

Hence,
1yu = Gl 2@ < lzu-allzz@) + 12l 2@) < l2u-all2@) + Callyu — Gl 720
which implies
(1= Callyu — 9ll2) Iyu — ll22) < 2u—allL2(@)-

Using (2.14) and taking £ < (3 — 1/8)/(3C,Cy4) such that (2.13) holds for this value,
we deduce

V8

1= Cullyu = §ll2) > 1 = C1Cullu — || r2(0) > 1 — C1Cye > 3
The last two inequalities prove (2.27). O
We finish this section by proving that statement 2 of Theorem 2.3 does not hold
for A = 0. Indeed, let us assume that it holds. Then, a simple modification of the

proof of Theorem 2.4 leads to the inequality

(2.28) J(@@) + gHu —lf2aiqy < T(u) Vu € Be() NUaa,
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for some v > 0 and € > 0. Then, u is a solution of the problem

1%
P, i Y w—a)?de.
®) i Jw-F (@0t

The Hamiltonian of this control problem is given by
v _
From the Pontryagin principle we deduce

H(z,y(z), u(z), p(z)) = H[lir}a] H(z,5(x),t, o(x)) for a.e. z € €.
te|a,
However, invoking (2.10), we obtain that this is a contradiction with the following
facts that can be easily checked:

i0 < 3(x) < 5(8 - ) = Hi,§w). B.5(x)) < H(w, 5(a), . o)),

if 0> p(x) > %(a = B) = H(z,y(x), 0, p(x)) < H(z,y(x), 5, p(x)).

3. A bang-bang-bang control problem. In this section we will analyze the
control problem

min 1(u) = J(u) + j0) = [

L(z,yy(z)) dx + u/ |u| da,
Q

(P2) 0

a < u(zr) < B,

where y,, is the solution of the Dirichlet problem (2.1), g > 0, and —co < a < 0 <
B < 4+00. We also assume the hypotheses (A1)—(A3) introduced in section 2, and Uyq
will stand for the set of feasible controls. The motivation to include the L' norm of
the control in the cost functional is the following. In many cases, it is not desirable
or not even possible to control the system from the whole domain €2; we do not want
or we cannot put controls at every point of domain. Instead we prefer to select a
small domain w where we put the controllers. The issue is to decide which is the most
convenient domain w to localize the controllers. The solution of (P3) is sparse; the
bigger w is, the smaller the support w of the optimal control is. Therefore, solving
(P2) for a convenient p we discover the most convenient place w, to put the controllers
as well as the power of these controllers.

It is obvious that (P2) has at least one solution 4. Moreover, using that [ is the
sum of a smooth function and a convex function, we deduce the existence of A € 95(u)
such that J'(a)(u—u)+ (A, u—u) > 0 for every u € Uyq. Recall that j is Lipschitz and
convex; then the generalized gradient (see [15]) and the subdifferential in the sense of
convex analysis coincide. Now, from (2.5), we obtain the optimality system

(3.1) {Ay+f(x7y; - ;rrllg;
R )
(3.2) Aptg @ye = F @y g,
o = 0 onT,
(3.3) [ 9l + @) (o) ~ a(e)) dz 20 v € U
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From (3.3) we deduce the following properties for @ and A.
THEOREM 3.1. Let @, @, and X satisfy (3.1)—(3.2); then the following relations
hold

(3.4) @) < p = alw) =0,
(3.5) o(z) > +p = u(z) = a,
(3.6) p(x) < —p = ulz) = B,
(3.7) B(x) = +p = alz) <0,
(3:8) P(a) = = lw) = 0,
- 1
(3.9) Aw) = Proji_ (-~ 7, 0(2)

Moreover, from the last representation formula it follows that A€ HY(Q)NC(Q) and
A is unique for any fized local minimum u.
Proof. First, we recall that the fact A € 9j(@) implies that

= +1 if a(z) > 0,
(3.10) ANz){ = -1 if u(x) <0 a.e.,
e [-1,41] ifa(z)=0

Let us consider the following different cases.

1. @(x) > p. Then, we have that @(z) + uA(z) > 0. Hence, (3.3) implies that
t(xr) = a < 0, and (3.5) holds. Finally, (3.10) leads to A(x) = —1, which proves that
(3.9) is fulfilled in this case.

2. @¢(z) < —p. Then we can argue analogously to conclude that (3.6) and (3.9)
hold.

3. |@(z)| < p. Let us check that @(z) = 0. Indeed, if, for instance, u(z) > 0,
then (3.10) implies that A(z) = 1; consequently @(z) + uA(x) > 0. Hence, according

0 (3.3), a(z) = a < 0, which contradicts the assumed positivity. Analogously we
can prove that u(x) < 0 leads to a contradiction; therefore, a(x) = 0 and (3.4) is
proved. Using once again (3.3) and the fact that o« < @(x) = 0 < S, we get that
@(x) + pA(x) = 0, and therefore (3.9) is fulfilled in this case, too.

4. p(z) = +p. If AMz) > —1, then @(z) + pA(z) > 0, and from (3.3) we get
that @(x) = a < 0, which contradicts (3.10). Therefore, A(z) = —1, and (3.9) holds.
Moreover, according to (3.10) we have that @(z) < 0, which proves (3 7).

5. @(xr) = —p. Arguing as above we prove that (38) and (3.9) are also satisfied
in this case. d

Remark 3.2. In most of the cases, the identity |@(x)] = p is satisfied in a
set of zero Lebesgue measure; then (3. 4) (3.6) imply that u(x) € {«, 5,0} almost
everywhere, which justifies our denomination of bang-bang-bang control.

To write the necessary second order conditions we follow [5] and introduce the
cone of critical directions:

= {v € L*(Q) satisfying (3.11) and J'(@)v + pj'(@;v) = 0}

with

(3.11)
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and

i (1w —imw— v(x) do — v(x) dx v(x)| dx
(.12) (o) = lim L2 _/m()d JECL +/QO'”'d’
where

Qp={ze:ax) >0}, Qo={ze:a(x) <0}, and Qo ={z € Q:u(z) =0}.

As proved in [5, Theorem 3.6], if @ is a local minimum of (P3), then J” (@) v? > 0
for every v € Cy. However, we observe that this condition is empty in many cases
because Cj is frequently reduced to {0}. This is a consequence of the following
proposition that characterizes Cy.

PROPOSITION 3.3. Cj is the the cone formed by the elements v € L*(Q) satisfying

() = a and ¢(x) = +p] or [u(z) =0 and @g(z) = —pl,

if |
(3.13) w(z){ <0 zf |[ﬂ(a:) =8 and ¢(z) = —p] or [u(x) =0 and @¢(z) = +pul,

Proof. Given v € L*(Q), from (3.4)—(3.8) and (3.12) we deduce that

T+ i (wiv) = [ g(o)do
Q
where ¢ is defined by

)i e(z) >+,
) ife(r) < —p,
z)v(x) + plo(z)| if |o(z)] < +u,
) if ¢(z) = +p and u(x)
p(=v(@) + [o(@)]) i G(x) = —p and ala)
0 otherwise.

:0’
:O’

Now, if v satisfies (3.11), then g(z) > 0 for almost every x € Q. Therefore, v € Cy if
and only if g(z) = 0 for almost every = € €2, which is equivalent to (3.13). O

As for the problem (P;), we cannot base a sufficient second order condition on
the cone Cj;. Recall also Example 2.1. We extend the cone of critical directions as
follows. Given 7 > 0, we define

Cy = {v € L*(Q) satisfying (3.11) and J' (@) v + 15" (% v) < 7|20/ 22(0) }-

Analogously to the problem (Pq), let us take a look at the Tikhonov regularization of
(P3). For any A > 0, we consider the problem

(Pa.A) min Ip(u) = Ja(u) + pj(u).

uEU.q

This problem was studied in [5]. This problem has at least one solution, and the first
order optimality conditions are given by (3.1), (3.2), and

(3.14) /Q(@(x) + Au(z) + pA(@)(u(@) — w(z))de >0 Yu € Uya,

where A € 9j(u); see [5, Theorem 3.1]. Now, we have the following results analogous
to Theorems 2.2 and 2.3.
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THEOREM 3.4. Let u € Uyq satisfy (3.1), (3.2), (3.14), and the second order
condition

JX(@)v* >0 Vv e Cy\ {0}

Then, there exist § > 0 and € > 0 such that
.0 12 _
Iz (u) + §Hu — |72y < Ia(u) Vu € Be() N Uag.

THEOREM 3.5. Let u € U,q satisfy the first order optimality conditions given by
(3.1), (3.2), and (3.14). Then, the following assumptions are equivalent:
L. JY(a)v? >0 Vv e Cyz \ {0}.
2. >0 and >0 s.t. J(u)? > 1/HU||2L2(Q) Yo e Cr.
3. >0 and 7 >0 s.t. J(u)v? > 1/H2U||2L2(Q) Yv e CF,
where z, = G'(@)v.
Theorem 3.4 was proved in [5, Theorem 3.7]. The only delicate point in the proof
of Theorem 3.5 is the implication 1 = 2. Indeed, since Cy C C7 for every 7 > 0,
then it is obvious that 2 = 3 = 1, which holds even for A = 0. The proof of 1 = 2
can be found in [5, Theorem 3.8], and it requires A to be strictly positive. Looking
at the precedent two theorems, we will take a decision on the convenient formulation
for the sufficient second order condition for problem (P2). As in the case of problem
(Py1), condition 1 is not convenient because of Example 2.1 and the fact that Cy can
be reduced to {0} as a consequence of Proposition 3.3. Condition 2 does not hold
for A = 0 as we will prove later. Therefore, condition 3 remains. The next theorem
states the sufficiency of this condition.
THEOREM 3.6. Let us assume that @ is a feasible control for problem (P2) sat-
isfying the first order optimality conditions (3.1), (3.2), and (3.3). We also suppose
that there exist 6 > 0 and 7 > 0 such that

(3.15) J" (@ > bl zl|72) Vv e CF,

where z, = G'(@)v is the solution of (2.2) for y = §. Then, there exists € > 0 such
that

B
(3.16) I(@) + Z||zu_ﬁ||i2(9) < I(u) Yu € Bo() NUya,

with zy—g = G'(4)(u — @).
Proof. From Lemma 2.7 we deduce the existence of €1 > 0 such that

o
(3.17) [[J" (@) — J" (u)]v?| < 5szn‘iz(m Yu € B., (@) NUyq and v € L*(Q).
From (2.2) we infer the existence of a constant Cy > 0 such that
20l 22(02) < Callvllrz@) Vv € L*(9).

Now, for 7 fixed in the statement of theorem, we take

L 2T
€ = min 51’7(5—1—[{1\4)04 ,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/23/13 to 193.144.185.28. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

SECOND ORDER ANALYSIS FOR BANG-BANG CONTROLS 2369

where 6 > 0 is also given in the theorem and K is defined in (2.19). Then, if
lu— L2y < e and u € Uya,

2
(3.18) lzu-allzzc@) < Callu— alla@) < Cae < 57 ;M.

Let u € Ugq N Be(u); then we will prove that (3.16) holds. We will distinguish
two cases.

Casel. (u—u) € C7. We recall that the convexity of j implies that j(u)— j(a) >
J'(@; u—u). Moreover, since u— @ satisfies (3.11), then J'(@)(u—a)+pj’ (@;u—u) > 0.
Hence

()~ (1) 2 () = T () 4 i () =T i) () 4 i (0 —3) 3. () (0
T @) — ) 4 17 0) — @) )

for some point 4@ = @ + 6(u — @) € Be(u) NUzq. Then, we invoke (3.15) and (3.17) to
get

.90 5 5
I(u) —I(u) > —qu—ﬂ||2L2(Q) - —qu—ﬂ||2L2(Q) = —qu—ﬂ||2L2(Q)a
2 4 4
which proves (3.16).

Case II. (u—a) ¢ CT. Since u — @ satisfies (3.11), we have that J'(a)(uv — @) +
pi' (s u —a) > 7| 2u—al 2(q). Arguing as above and using (2.19) it follows that

() T8) > /() — )+ i (350~ ) + 3" (i) (u — 0)°

K
> Tl zu-allL2) — T”ZU*EH%%Q)'
Now, from (3.18),
L0+ Ky Ky 1)
I(u) —I(u) > 5 lzu—all72() — THZU—E||2L2(Q) = §|\Zu—ﬂ|\%2(9),
which concludes the proof. d

An obvious modification of the proof of Corollary 2.8 leads to the analogous result.
COROLLARY 3.7. Under the assumptions of Theorem 2.4, there exists € > 0 such
that

N _ _
(3.19) I(u) + g”yu - y||2L2(Q) < I(u) Yu € B.(a) NUgqg.

We conclude this section by showing that condition 2 from Theorem 3.5 is never
fulfilled in case A = 0. To this end, we first observe that if it holds, then an obvious
modification of the proof of Theorem 3.6 leads to the existence of ¢ > 0 and v > 0
such that

I(a) + gHu — 3y < I(w) Vu € Be(@) Nlna,

This inequality implies that @ is the solution of the problem
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1%
P, i I(u) — = — ) dax.
(o) i T =3 /QW u)”dz

The Hamiltonian of this control problem is given by

H(z,y,u, ) = L(x,y) + plu| + o(u = f(z,y)) - %(u —a(x))*.

From the Pontryagin principle we deduce

H(z,y(z),u(z), p(z)) = tér[loit%] H(z,y(x),t,o(z)) for almost all z € Q.

However, this contradicts the following inequalities that can be easily checked:

if 1< @la) < ot 5lof = H(w,5(x).0.6(2) < H(z,5(x), 0. 5()),

if p < —@(z) < p+ gﬂ = H(x,y(x),0,¢(x)) < H(z,y(x), B, p(x)),

it 0 < p(e) < pand g — p(x) < ol = Hiz, 5(2), o, $(2)) < H(z,§(2),0,5(z))

if —p < @(x) <0and p+p(x) < gﬁ = H(z,y(z), 5, p(x)) < H(z,y(x),0,p(x)).

4. Final remarks. The reader should notice that the approach followed to define
the extended cone C7 in section 2 is different from the one of section 3. Indeed, in
section 2 we could consider the cone

E7 = {v € L*(Q) satisfying (3.11) and J'(2)v < 7||2y | 12(0) }-

Observe that (2.10) and (3.11) imply that J'(a)v < 7||z[/z2() > 0. The cones £,
and C7 are different, and they both contain Cz. Furthermore, Theorems 2.3 and 2.4
remain valid if we change C? by ET. Additionally, we could consider a third cone

St = {v € L*(Q) satisfying (3.11) and J'(@)v < 7||v| 120},

and Theorems 2.3 and 2.4 still would hold. However, the cones S7 are bigger than
CT and EZ. More precisely, it is immediate to check that for any 7 > 0 there exists
To > 0 such that C’g/ C S7 and E}L/ C SI for every 7/ < 7. If we replace CI by
E7 or ST in the second order condition (2.12), then the proof of Theorem 2.4 can be
simplified following the same approach of the proof of Theorem 3.5. In particular,
the estimate (2.16) is not necessary, which is very important if we want to extend
our proofs to the control of parabolic equations. Indeed, the estimate (2.16) does not
hold in the parabolic case, and consequently Theorem 2.4 fails. There are two ways
to overcome this difficulty. The first and most interesting way is just to replace CT
by EI or S7 in the condition (2.12). The second alternative is to maintain (2.12) in
the same form and to conclude the strict local optimality of @ in an L> ball B.(a),
which is less interesting from the application point of view.

Unlike what happens for the parabolic case, Theorem 2.4 is also valid for the case
of Neumann controls because the L?(£) estimates of z, in terms of |[v||z1(r) hold. Of
course, the alternative of considering the cones E7 or ST is also valid.
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