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Abstract. For a nonlinear optimal control problem with state constraints, we give conditions
under which the optimal control depends Lipschitz continuously in the L2 norm on a parameter.
These conditions involve smoothness of the problem data, uniform independence of active constraint
gradients, and a coercivity condition for the integral functional. Under these same conditions, we
obtain a new nonoptimal stability result for the optimal control in the L norm. And under an
additional assumption concerning the regularity of the state constraints, a new tight L°° estimate is
obtained. Our approach is based on an abstract implicit function theorem in nonlinear spaces.
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1. Introduction. We consider the following optimal control problem involving
a parameter:

1
(1) minimize /0 hp(z(t), u(t))dt
subject to
i(t) = fp(z(t),ut)) ae. t €[0,1], z(0)= 2",

(
gp(z(t)) <0forallt €[0,1], ue L®, xe W™,
where the state z(t) € R", & = 2z, the control u(t) € R™, the parameter p lies
in a metric space, the functions h, : R" x R™ — R, f, : R®* x R™ — R", and
gp : R" — RF. Throughout the paper, L%(J; R™) denotes the usual Lebesgue space

of functions u : J — R™ with |u(-)|* integrable, equipped with its standard norm

Ry |u<t>|adt)1/a,

where | - | is the Euclidean norm. Of course, &« = oo corresponds to the space of
essentially bounded functions. Let W™ <(J; R™) be the usual Sobolev space consisting
of vector-valued functions whose jth derivative lies in L* for all 0 < j < m; its norm
is

m

lullwma= > [l |za .

=0

When either the domain J or the range R™ is clear from context, it is omitted. We let
H™ denote the space W™?2, and Lip denote W1, the space of Lipschitz continuous
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functions. Subscripts on spaces are used to indicate bounds on norms; in particular,
W< denotes the set of functions in W with the property that the L* norm of the
mth derivative is bounded by x, and Lip, denotes the space of Lipschitz continuous
functions with Lipschitz constant k. Throughout, c is a generic constant, independent
of the parameter p and time ¢, and B, (x) is the closed ball centered at x with radius
a. The L? inner product is denoted (,-), the complement of a set A is A°, and the
transpose of a matrix B is BT. Given a vector y € R™ and a set A C {1,2,...,m},
y.4 denotes the subvector consisting of components associated with indices in A. And
if Y € R™*™ then Y4 is the submatrix consisting of rows associated with indices in
A.

We wish to study how a solution to either (1) or the associated variational system
representing the first-order necessary condition depends on the parameter p. We
assume that the problem (1) has a local minimizer (z,u) = (24, u) corresponding to
a reference value p = p, of the parameter, and the following smoothness condition
holds.

Smoothness. The local minimizer (2., u,) of (1) lies in W2°° x Lip. There exists a
closed set A C R"xR™ and a § > 0 such that Bs(z.(t), u.(t)) C A forevery ¢ € [0, 1].
The function values and first two derivatives of f,(x,u), gp(z,u), and h,(z, u), and the
third derivatives of gp(x), with respect to « and u, are uniformly continuous relative
to p near p, and (z,u) € A. And when either the first two derivatives of f,(z,u) and
hp(z,u) or the first three derivatives of g,(z), with respect to = and u, are evaluated
at (x4, ux), the resulting expression is differentiable in ¢, and the L>° norm of the time
derivative is uniformly bounded relative to p near p,.

Let A, B, and K be the matrices defined by

A=V,fu(xe,uy), B=Vyfa(xs,ue), and K = Vg, (xy).

Here and elsewhere the * subscript is always associated with p.. Let A(t) be the set
of indices of the active constraints at (x,(t), p.); that is,

At) = {i € {1,2, -, k} : gu (x4 (t)); = 0}.

We introduce the following assumption.
Uniform independence at A. The set A(0) is empty and there exists a scalar
a > 0 such that

D wiKi(t)B(t)| > afva
i€ A(t)

for each ¢ € [0, 1] where A(t) # 0 and for each choice of v.

Uniform independence implies that the state constraints are first-order (see [12]
for the definition of the order of a state constraint). This condition can be generalized
to higher order state constraints (see Maurer [17]), however, the generalization of the
stability results in this paper to higher order state constraints is not immediate.

It is known (see, for instance, Theorem 7.1 of the recent survey [12] and the
regularity analysis in [8]) that under appropriate assumptions, the first-order necessary
conditions (Pontryagin’s minimum principle) associated with a solution (z.,u.) of (1)
can be written in the following way. There exist 1, € W2 and v, € Lip such that
T = Ty, Y =Yy, U= Uy, and v = v, are a solution at p = p, of the variational system:

(2) &= fp(z,u), z(0) = 20,
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(3) IZ) = _vap(xa 7/% u, V)a 1/}(1) = Oa
(4) 0=V, Hy(z,v,u,v),
(5) gp(x) € N(v), v(1) <0, >0 a.e.

Here H), is the Hamiltonian defined by
H,(z,¥,u,v) = hyp(z,u) + i folz,u) — VTVgp(x)fp(x,u),

and the set-valued map N is defined in the following way: given a nondecreasing
Lipschitz continuous function v, a continuous function y lies in N(v) if and only if

y(t) <0, o(t)Ty(t) = 0 for a.e. t € [0,1], and v(1)Ty(1) = 0.
Defining
Q = vme*(w*)a M = vruH*(w*); and R = VuuH*(w*)7

where w, = (X4, Yy, s, Vi), let B be the quadratic form

B(z,u) = %/O z(t)TQ()x(t) + u(t) T R(t)u(t) 4+ 2x(t) T M (t)u(t)dt,

and let L be the linear and continuous operator from H! x L? to L? defined by
L(z,u) = & — Az — Bu. We introduce the following growth assumption for the
quadratic form.

Coercivity. There exists a constant o > 0 such that

B(z,u) > o(u,u) forall (z,u) e M,
where
(6) M ={(x,u):x € H', uwe L? L(z,u) =0, 2(0) = 0}.

In the terminology of [12], the form of the minimum principle we employ is the
“indirect adjoining approach with continuous adjoint function.” A different approach,
found in [13], for example, involves a different choice for the multipliers and for the
Hamiltonian. The multipliers in these two approaches are related in a linear fashion
as shown in [11]. Normally, the multiplier v, associated with the state constraint,
and the derivative of 9 have bounded variation. In our statement of the minimum
principle above, we are implicitly assuming some additional regularity so that v and
¢ are not only of bounded variation, but Lipschitz continuous. This regularity can
be proved under the uniform independence and coercivity conditions (see [8]).

In section 3 we establish the following result.

THEOREM 1.1. Suppose that the problem (1) with p = p, has a local minimizer
(T4, us) and that the smoothness and the uniform independence conditions hold. Let
Yy and v, be the associated multipliers satisfying the variational system (2)—(5) with
P, € W3 and v, € Lip. If the coercivity condition holds, then there exist a constant
w and neighborhoods V' of p. and U of wy = (T, Vs, Us, Vs ) in W x WO 5 [2° x
L, such that for every p € V, there is a unique solution w = (x,%¢,u,v) € U to the
first-order necessary conditions (2)—(5) with the property that (9':,1/.),u, v) € Lip,, and
(z,u) is a local minimizer of the problem (1) associated with p. Moreover, for every
pi € Vi = 1,2, if w, = (x;,¢,u4,v;) is the corresponding solution of (2)—(5), the
following estimate holds:

(7) 1 — w2llgr + |91 — Yallar + [Jur — uallz2 + |lv1 — vz < cEa,
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where

Eo = I fp, (x1,u1) = fpo (w1, u1)|| e + [[VaHp, (w1) — Vo Hp, (w1)|| Le
+HVUHP1 (wl) - Vquz(wl)HL"‘ + ”gpl (1‘1) - gPQ(xl)”WL”-

In addition, we have

2/3
lzy = w2llwoe + 11 — ollwroe + [lur — uz]lL + [lv1 — val Lo < B3,

The proof of Theorem 1.1 is based on an abstract implicit function theorem
appearing in section 2. In section 4 we show that the L estimate of Theorem 1.1
can be sharpened if the points where the state constraints change between active and
inactive are separated. In section 5 we comment briefly on related work.

2. An implicit function theorem in nonlinear spaces. The following lemma
provides a generalization of the implicit function theorem that can be applied to
nonlinear spaces. To simplify the notation, we let || — y||x denote the distance
between the elements = and y of the metric space X.

LEMMA 2.1. Let X and II be metric spaces with X complete, let Y be a subset
of I1, and let P be a set. Given w, € X and r > 0, let W denote the ball By(w,) in
X and suppose that T : W x P — Y and F : X — 2 (the subsets of I1) have the
following properties.

(P1) T(ws«,ps) € F(ws) for some p, € P.
(P2) For some 3> 0, ||T(wx,ps) — T(wi,p)|ln < B for allp € P.
(P3) For some € > 0, || T(w1,p) — T(we,p)|ln < €||lwy —ws||x for all wy,we € W
and p € P.
(P4) F~1 restricted to Y is single-valued and Lipschitz continuous, with Lipschitz
constant \.
If e < 1 and r > A\3/(1 — €X), then for each p € P, there exists a unique w € W
such that T'(w,p) € F(w). Moreover, for every p; € P,i = 1,2, if w; denotes the w
associated with p;, then we have

A
(8) lwy —w2llx < 37— T(wi,p1) = T(ws, p2) -
Proof. Fix p € P and define ®(w) = F~1(T(w,p)) for w € W. Observe that

[®(w1) — ®(ws)llx = [|F~"(T(w1,p)) — F~ (T (w2, p))llx
< AT (w1, p) — T(wa,p)|ln < Xellwy — wal|x

for each wy,we € W. Since e < 1, @ is a contraction on W with contraction constant
Xe. Let w € W. Since w, = F~H(T(w.,ps)) and r > A3/(1 — €)), we have

w. = ®(w)l|lx = [F~H(T(ws,ps)) — F~H(T(w,p))lIx
< AMIT(w,p) = T(ws, p)lln + 1T (ws, p) — T(ws, ps)|m)
<Aer+p) <r.

Thus ® maps W into itself. By the Banach contraction mapping principle, there exists
a unique w € W such that w = ®(w). Since w = ®(w) is equivalent to T'(w, p) € F(w)
for w € W, we conclude that for each p € P, there is a unique w(p) € W such that
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T(w(p),p) € F(w(p)). Defining w; = w(p;1) and wy = w(p2), we have

[wr = wallx = |[F~H(T(w1,p1)) = F~ (T (w2, p2))| x
< AMT(wi,p1) — T(we, p2)|Im
< AMT (w1, p1) = T(wi, p2)lln + AT (w1, p2) — T'(wa, p2)|ln
< MT (w1, p1) — T(wi, p2)llm + Aellwy — wal|x.

Rearranging this inequality, the proof is complete. 0

Let X, Y, and P be metric spaces and let w, € X. Using the terminology of [3],
f: X xP —Y is strictly stationary at w = w,, uniformly in p near p,, if for each
€ > 0, there exists 6 > 0 with the property that

|f (w1, p) — flwe,p)|ly < ellwr —walx

for all wy,ws € Bs(w,) and p € Bs(ps).

THEOREM 2.2. Let X be a complete metric space, let II be a linear metric space,
let Y be a subset of I1, and let P be a metric space. Suppose that F : X — 21, that
T : X xP —1I, that L : X — 11 is continuous, and that for some w, € X and p, € P
we have:

(QL) T (ws,ps) € F(ws);

(Q2) T (wsy, ) is continuous at ps;

(Q3) T (w,p) — L(w) is strictly stationary at w = w,, uniformly in p near p.;
(Q4) (F — L)1 restricted to Y is single-valued and Lipschitz continuous, with

szschztz constant \;
(Q5) T — L maps a neighborhood of (w.,p.) into Y.
Then for each Ay > X, there exist neighborhoods W of w, and P of p. such that for
each p € P, a unique w € W exists satisfying T (w,p) € F(w); moreover, for every
pi € P,i=1,2, if w; denotes the w € W associated with p;, then we have

l[wy — wallx < AT (w1, p1) = T (w1, p2)ll.

Proof. By (Q5) there exist neighborhoods U’ of w, and P’ of p, such that
T (w,p) — L(w) € Y for each w € U’ and p € P’. We apply Lemma 2.1 with the
following identifications: X, Y, and II are as defined in the statement of the theorem,
F(w) = F(w) — L(w), and T'(w,p) = 7T (w,p) — L(w). (P1) and (P4) follow immedi-
ately from (Q1) and (Q4), respectively. Choose € > 0 such that € < (Ax — A)/ (AL ).
Since Ay > A, it follows that for this choice of €, we have eA < 1 and A/(1— Xe) < Ay.
By (Q3) and the identity T'(w1,p1) — T'(w1,p2) = T (w1, p1) — T (w1, p2), there exist
neighborhoods P = B,(p.) C P’ of p, and W = B,(w.) C U’ of w, such that (P3)
of Lemma 2.1 holds. Let § satisfy A3/(1 — e)\) < r, and by (Q2), choose P smaller
if necessary so that (P2) holds. By Lemma 2.1, for each p € P, there exists a unique
w € W such that T'(w,p) € F(w), and the estimate (8) holds. Since T(w,p) € F(w)
if and only if 7 (w, p) € F(w), the proof is complete. 0

A particular case of Theorem 2.2 corresponds to the well-known Robinson implicit
function theorem [20] in which X is a Banach space, II is its dual X*, F(w) = Nq(w),
Q) is a closed, convex set in X, Nq(w) is the normal cone to the set Q at the point
w, T is differentiable with respect to w, both 7 and its derivative V,,7 are contin-
uous in a neighborhood of (w.,p.), and L(w) = T (W, px) + VT (W, Di) (w0 — wy)
is the linearization of 7. The Robinson framework is applicable to control problems
with control constraints after the range space X* is replaced by a general Banach
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space Y (see the discussion in section 5). However, for problems with state con-
straints, there are difficulties in applying Robinson’s theory since stability results for
state constrained quadratic problems, analogous to the results for control constrained
problems, have not been established. In our previous paper [3], we extend Robinson’s
work in several different directions. For the solution map of a generalized equation
in a linear metric space, we showed that Aubin’s pseudo-Lipschitz property, that the
existence of a Lipschitzian selection, and that local Lipschitzian invertibility are “ro-
bust” under nonlinear perturbations that are strictly stationary at the reference point.
In Theorem 2.2, we focus on the latter property, giving an extension of our earlier
result to nonlinear spaces. In this nonlinear setting, we are able to analyze the state
constrained problem, obtaining a Lipschitzian stability result for the solution.

3. Lipschitzian stability in L2. To prove Theorem 1.1, we apply Theorem 2.2
using the following identifications. First, we define

(9) w = (x,v%,u,v),

where

(10) z, 1 € W (with the H' norm), z(0) = 2°, 4(1) =0,
(11) u, v € Lip,, (with the L? norm), v(1) < 0 and © > 0 a.e.

An appropriate value for u is chosen later in the analysis. The space X consists of the
collection of functions x, 9, u, and v satisfying (10) and (11) with the norm defined
in (10) and (11). Observe that the norms we use are not the natural norms. For
example, the u and v components of elements in X lie in W1, but we use the L?
norm to measure distance. Despite the apparent mismatch of space and norm, X is
complete by Lemma 3.2 below.

The functions 7 and F of Theorem 2.2 are selected in the following way:

' & — fp(z,u) 0

Y+ Vo Hy(x,u,9,v) _ 0

N H, (i, 1, 5, ) and F(w) =
9p(7) N(v)

The continuous operator £ is obtained by linearizing the map 7 (-, p.) in L at the
reference point w, = (T4, V«, us, v4). In particular,

i — Ax — Bu
v+ AT+ Qr+ Mu— (KT + ATK )
Ru+M"2+B™) - B"KTv
Kz

(12) T(w,p) =

(13) L(w) =

Defining 7. = 7 (ws, px) — L(wy), let ax, s, 7y, and b, denote the components of 7,:
ay = — fu(Ts, us) + Az, + Bus,
5. = Vo H, (w,) — AT, — Qxy — Mu, + (KT + ATK"v,,
re = VyH,(w,) — Ru, — Mz, — B, + BTK"v,,
by = gu(xy) — Ky
The space II is the product L? x L? x L? x H', while the elements 7 in Y have
the form 7 = (a, s,7,b), where

(14) a, s, r € Lip (with the L? norm), b€ W2 (with the H' norm),
la = aullwree +[Ir = rellwree +[ls = sullwioe + (b= buflw2 <5,
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where & is a small positive constant chosen so that two related quadratic programs,
(37) and (41), introduced later have the same solution. As we will see, the constant p
associated with the space X must be chosen sufficiently large relative to k. Note that
the inverse (F — £) ™17 is the solution (x,1),u,v) of the linear variational system:

) & = Az + Bu — a, z(0) = 27,

) p=—AT)p— Qe —Mu+ (K+ATK" ) —s, (1) =0,
17) 0=Ru+M"2+B"—-B'K'v+4r,

) Kr+beN(), v(1) <0, 7 >0 ae.

Referring to the assumptions of Theorem 2.2, (Q1) holds by the definition of
X, and by the minimum principle, (Q2) follows immediately from the smoothness
condition. In Lemma 3.3, we deduce (Q3) from the smoothness condition and a Taylor
expansion. In Lemma 3.6, (Q5) is obtained by showing that for w near w, and p near
px, T (w,p) — L(w) and its associated derivatives are near those of m, = 7 (ws, ps) —
L(w,). Finally, in a series of lemmas, (Q4) is established through manipulations of
quadratic programs associated with (15)—(18).

To start the analysis, we show that X is complete using the following lemma.

LEMMA 3.1. If u € Lip,([0,1]; R"), then we have

lull g < max{ V3|ul z2, ¥/3ullul 72> } .

Proof. Since u is continuous, its maximum absolute value is achieved at some
time ¢, on the interval [0, 1]. Let w,, = u(t,,) denote the associated value of u. We
consider two cases.

Case 1. Uy, > p. Let us examine the maximum ratio between the oo-norm and
the 2-norm:

maximize {||ul[z/||ullz2 : [[ul|lL~ = um,u € Lip,}.

Since Uy, > i, the maximum is attained by the linear function v satisfying v(0) = w,,
and ¥ = —p. The 2-norm of this function is readily evaluated:

vl|22 = u2,(3 — 3a+ a?)/3, where a = ju/tup,.

Since a € [0,1] and since 3 — 3w+ o > 1 on this interval, we have [|[v]|2, > u2, /3.
Taking square roots gives

lollze= /vl e < V3,

which establishes the lemma in Case 1.
Case 2. Uy, < p. In this case, let us examine the maximum ratio between the
oo-norm and the 2-norm to the 2/3-power:
o 2/3 .
maximize {||ul|Le /[[ull7>" ¢ [|ul|Le = um,u € Lip,}.
The maximum is attained by the piecewise linear function v satisfying v(0) = uy,,
0 = —p on [0, un/p], and v = 0 elsewhere. Since

3
Um,

lollz- = 5.



Downloaded 06/09/15 to 128.227.133.83. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

LIPSCHITZ STABILITY FOR STATE CONSTRAINED CONTROL 705

it follows that
lollz= /0I5 < /30,
which completes the proof of Case 2. ]

LEMMA 3.2. The space X of functions w satisfying (9), (10), and (11) is com-
plete.

Proof. Suppose that wy, = (zk, uk, ¥, Vi) is a Cauchy sequence in X. We analyze
the v-component of wy. The sequence vy is a Cauchy sequence in L>* by Lemma
3.1. Since L*° is complete, there exists a limit point 7 € L°°. Since the vy converge
pointwise to 7 and since each of the vy is Lipschitz continuous with Lipschitz constant
w, v is Lipschitz continuous with Lipschitz constant p. Since each of the vy is non-
decreasing, it follows from the pointwise convergence that o is nondecreasing; hence,
v > 0. Since v(1) < 0 for each k, the pointwise convergence implies that (1) < 0.
This shows that the v-component of X is complete. The other components can be
analyzed in a similar fashion. O

LEMMA 3.3. If the smoothness condition holds, then for T and L defined in (12)
and (13), respectively, T — L is strictly stationary at w,, uniformly in p near p,.

Proof. Only the first component of 7 (w,p) — L(w) is analyzed, since the other
components are treated in a similar manner. To establish strict stationarity for the
first component, we need to show that for any given € > 0,

(19) N (fplz;w) = fo(y,v)) = Alz —y) = Blu =0z < elle —ylu + elju = vl 2,

for p near p, and for (x,u) and (y,v) € Wi’o" x Lip, near (7.,u.) in the norm of
H' x L?, where A = V, f.(7.,u) and B = V, f«(24,u,). By Lemma 3.1, (x,u) and
(y,v) are also near (x.,u,) in L>. After writing the difference f,(z,u) — fp(y,v) as
an integral over the line segment connecting (z,u) and (y,v), we have

(fp(z,u) = fp(y,v)) = Alz —y) = Blu —v) = (4 — A)(z —y) + (Bp — B)(u - v),

where (A, By) is the average of the gradient of f, along the line segment connecting
(z,u) and (y,v). By the smoothness condition, |4, — A/~ — 0and ||B,—B||f= — 0
as p approaches p, and as both (z,u) and (y,v) approach (z.,u.) in L. This
completes the proof. ]

LEMMA 3.4. If the smoothness condition holds, then for T and L defined in (12)
and (13), respectively, and for any choice of the parameter k > 0 in (14), there exists
6 > 0 such that T (w,p) — L(w) € Y for all p € Bs(ps) and w € Bs(w,) N X.

Proof. Again, we focus on the first component of 7 — L, since the other components
are treated in a similar manner. Referring to the definition of Y, we should show that

(20) 1(fp(u) = fu(@e,us)) — Az — 20) — Bu — ) lwre < k/4

for p near p, and for (z,u) € Wﬁ"x’ x Lip,, near (z.,u.) in the norm of H' x L?. The
W1 norm in (20) is composed of two norms, the L> norm of the function values,
and the L* norm of the time derivative. By the same expansion used in Lemma 3.3,
we obtain the bound

||(fp(x7u) - f*($*7u*)) - A(-’L' - l‘*) - B(U - u*)HLoc < Ii/8

for p near p, and for (z,u) near (x,,u,). Differentiating the expression within the
norm of (20) gives

%(fp(xvu) — fu(@u,us) — Alx — 24) — B(u — u*))
= (Vafolz,u) — A)i 4+ (Vufplz,u) — B)i — A(x — 2.) — B(u — u.).
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By the smoothness condition, A and B lie in L*°, and by the definition of X, we have
||| < w. By the triangle inequality and by Lemma 3.1,
. . . . 2/3
lilloe < ll@llpee + 13 = dullpee < [l + /3ullz — 2.7
for « near x,. Moreover, by Lemma 3.1 and by the smoothness condition, V f,(z, u)

approaches A and V, f,(z,u) approaches B in L* as p approaches p, and (x,u)
approaches (x,u,). Hence, for p near p, and (z,u) near (z,,u.), we have

Hd(fp@«w ) = fulw,us) — A(w —2.) = Blu—w))|| < #/8.

Lo

dt

Analyzing each of the components of 7 — £ in this same way, the proof is complete.
|

We now begin a series of lemmas aimed at verifying (Q4). After a technical
result (Lemma 3.5) related to the constraints, a surjectivity property (Lemma 3.6) is
established for the linearized constraint mapping. Then we study a quadratic program
corresponding to the linear variational system (15)—(18). We show that the solution
(Lemma 3.9) and the multipliers (Lemma 3.10) depend Lipschitz continuously on the
parameters. And utilizing the solution regularity derived in [8], the solution and the
multipliers lie in X for p sufficiently large.

To begin, let I be any map from [0, 1] to the subsets of {1,2,...,k} with the
property that the following sets I; are closed for every i:

L=1"'0)={tel0,1]:ieI(t)}.

We establish the following decomposition property for the interval [0, 1].

LEMMA 3.5. If uniform independence at I holds, then for every o/,0 < o’ < «a,
there exist sets Jyi, Ja, ..., J;, corresponding points 0 =11 < 79 < --- < 7141 = 1, and
a positive constant p < min; (7,41 — 7;) such that for each t € [1; — p, 741 + p] N[0, 1],
we have I(t) C J;, and if J; is nonempty, then

(21) D K ()B()| > o luy,
Jj€J;

for every choice of v. The set J; can always be chosen empty.

Proof. For each t € (0,1) with I(t)¢ # 0, there exists an open interval O centered
at t with O C Nigryelf. If £ = 0 or 1, then we can choose a half-open interval O,
with ¢ the closed end of the interval, such that O C NIy If I(t)¢ is empty, take
O =[0,1]. For any fixed ¢ € [0, 1] with I(¢) # 0}, choose O smaller if necessary so that

(22) Z v Ki(s)B(s)| > o|vry)|
iel(t)

for each s € O and for each choice of v. Since B and K are continuous, it is possible
to choose O in this way. Observe that by the construction of O, we have I(s) C I(¢)
for each s € O and (22) holds if I(¢) is nonempty. Given any interval O on (0,1), let
012 denote the open interval with the same center but with half the length; for the
open intervals associated with ¢ = 0 or 1, let Oy /5 denote the half-open interval with
the same endpoint, 0 or 1, but with half the length. The sets Oy, form an open cover
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of [0,1]. Let O, Oy,...,0; be a finite subcover of [0,1] and let ¢y, to,...,¢ denote
the associated centers of interior intervals, and the closed endpoint of the intervals
associated with ¢ = 0 or 1. It can be arranged so that no O; is contained in the
union of other elements of the subcover (by discarding these extra sets if necessary).
Arrange the indices of the O; so that the left side of O; is to the left of the left side
of O;4; for each i. Let 7, m,...,7-1 denote the successive left sides of the O;, and
let p be 1/4 of the length of the smallest O;. Defining J; = I(t;) for i > 1, it follows
from the construction of the O; that I(t) C J; and (22) holds for each ¢ in an interval
associated with ¢; and with length twice that of O;. Since (7, 7;11) C O;, we have (21).
By taking p smaller if necessary, we can enforce the condition p < min;(7;41 — 75).
|

LEMMA 3.6. If uniform independence at I holds, then for each a € L* and
b e Whe°  there exist v € WH* and u € L™ such that L(z,u) +a = 0, (0) = 2°,
and

(23) K;(t)z(t)+b;(t) =0 for each j€I(t), te[0,1].

This (x,u) pair is an affine function of (a,b), and for each a > 1, there exists a
constant ¢ > 0 such that

(24) |21 — z2[lwie + [lur — uallLe < c([lar — az|[ze + [|br — b2|w1.«)

for every (a;,b;) € L® x Wh i = 1,2, where (z;,u;) is the pair associated with
(ai, bl) .
Proof. We use the decomposition provided by Lemma 3.5 to enforce the equations

A(t)z(t) — B(t)u(t) + a(t) = 0, x(0) =z,
t)+b;(t) =0 foreach j € J;\ Jiz1, t €[+ p,Tit1],
t)+b;(t) =0 foreach je J;NJi—1, t€[n, Tl

(25) a(t

) =
(26) Kj(t)z(
(27) Kj(t)x(

i =2, 3,...,l. Since Jj is empty, (23) holds trivially on [r1,72] = [0,72]. Suppose
that ¢ > 1, and let us consider (23) on the interval [r;,7+1]. Since I(t) C J; for
t € [13, Ti+1], we conclude that any j € I(t) is contained in either J;NJ;—1 or J; \ J;_1.
If j € J;N J;—1, then by (27), (23) holds. If j € J; \ J;—1, then by the construction of
the J;, j € I(t) for t € [1;,7; + p]. Hence, (26) implies that (23) holds.

Suppose that j € J; and let o; be any given Lipschitz continuous function. Ob-
serve that if

d
(28)  Kj(m)z(m) +0j(r) =0 and a(KJ(t)a:(t) +0;(t) =0 ae. te[n, 1,
then K (t)z(t) +0;(t) =0 for all ¢ € [7;, T;+1]. Carrying out the differentiation in the
second relation of (28) and substituting for 4 using the state equation (25), we obtain
a linear equation for u. By Lemma 3.5, this equation has a solution, and for fixed ¢
and x, the minimum norm solution can be written:

(29) u(t,r) = M;(8)[=6,(t) + K, (H)al(t) — K, (t)z — K, () A(t)a],
where
(30) M;(t) = (K, () B(t)T[K, () B(t) (K5, () B(t)) "]~

In the special case where J; is empty, we simply set u(t,z) = 0.
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These observations show how to construct « and u in order to satisfy (26) and (27).
On the initial interval [0, 73], u is simply 0 and x is obtained from (25). Assuming
x and u have been determined on the interval [0,7;], their values on [r;,7i+1] are
obtained in the following way: the control is given in feedback form by (29), where
fOI‘j eJ;NJd;_1,

(31) o;j(t) =b;(t) for t € [r, 71

For j € J; \ Ji—1, 0;(t) = b;(t) for t € [1; + p, Ti41], while o} is linear on [, 7; + p]
with

(32) oj(r;) = —Kj(m)z(m;) and o;(7i + p) = bi(7i + p).

With this choice for o, the first equation in (28) is satisfied, and with = and u given
by (25) and (29), respectively, the second equation in (28) is satisfied. Also, by the
choice of o,

K (t)a(t) + () = I (1)a(t) + by () = 0

for each j € J;NJ;—1 and t € [1;, Ty41], and for each j € J;\ J;—1 and ¢ € [1; + p, Ti11].
Hence, (26) and (27) hold, which yields (23).
For j € J;, it follows from the definition of ¢ that

lo;(t)| < c(|x(n)| + ||b||W1.oo) a.e. t € |[m,Tit1]

When u in (29) is inserted in (25) and this bound on |5;(t)| is taken into account,
we obtain by induction that z € W and v € L*. By the equations (25) for the
state, (29) for the control, and (31)—(32) for o, (x,u) is an affine function of (a,b).
Moreover, the change (6x,6u) in the state and control associated with the change
(6a, 6b) in the parameters satisfies

(33) 16210 0,77y + 16ull 2o 0,7y < c(lI6allza(o,m)) + 1661 Lo (f0,m]))

for each i where o is specified in (31)—(32).

To complete the proof, we need to relate the o term of (33) to the b term of (24).
For j € J;, 60;(t) = 6b,(t) if t € [7, + p,Tip1] or if j € J;_q and t € [1;, 7, + p]. For
j € J; \ Ji—1 and t € [Ti,Ti + p], we have

665(0)] < (18, + )|+ | (2)32(7))/p < (V] 1= + 67
< c(|16bllwre + [62(7)]).-

Consequently, for almost every t € [7;, Tit1],
(34) 165(8)] < c(6bllwre + [66(8)| + [62:(73)]).
Since 6z(0) = 0, let us proceed by induction and assume that
6x(7i)| < c(lléallLe + |6b]lwre) for i=1,2,...,j.
Combining this with (34) and (33) for i = j + 1 gives
62 llw .o (o,r,427) + N16%ll Lo (0,7,527) < € (N16alle + (18]l wra ) -

Since [62(7j41)] < [|0z[|w1.((0,r,,.]), the induction step is complete. 0
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In the following lemma, we prove a pointwise coercivity result for the quadratic
form B. See [4] and [7] for more general results of this nature.
LEMMA 3.7. If coercivity holds, then there exists a scalar a > 0 such that

(35) B(xz,u) > af(z,z) + (u,u) + (&, )]  for all (r,u) € M
and
(36) v R(t)v > av'v for every t € [0,1] and v € R™.

Proof. 1f (z,u) € M, then L(z,u) = 0 and x(0) = 0. Hence, the L? norm of x
and @ are bounded in terms of the L? norm of u, and (35) follows directly from the
coercivity condition. To establish (36), we consider the control u. defined by

_f v for t—€/2<s<t+¢€/2,
ue(s) = { 0 otherwise.

Let the state x. be the solution to L(z,u.) = 0, 2.(0) = 0. For any ¢t € (0,1), we
have

B ) . 9
lim Blwe,ue) =v"R(t)v and lim (e, ) =}
e—0 € e—0 €
Combining this with the coercivity condition gives (36). d

Consider the following linear-quadratic problem involving the parameters a, s,
r € L™ and b € Wh>:

(37) minimize B(z,u) + (s, z) + (r,u)
subject to
L(z,u) +a =0, x(0)=2"
Ky (t)z(t) + by (t) <0 for all ¢ € [0,1],
z € Whe([0,1;R"), ue L>([0,1];R™).

If the feasible set for (37) is nonempty, then coercivity implies the existence of a unique
minimizer over H! x L2. Using the following lemma, we show that this minimizer lies
in W1 x [>° and that it exhibits stability relative to the L? norm.

LEMMA 3.8. If coercivity and uniform independence at I hold, then (37) has a
unique solution for every a,r,s € L and b € W, Moreover, the change (6x,du)
in the solution to (37) corresponding to a change (8a,éb,bs,6r) in the parameters
satisfies the estimate

(38) 162z + [|6ullz < c(l[6allLz + (|60l e + [[6s]| L2 + [[67]| L2)-

Proof. By Lemma 3.6, uniform independence at I implies that the feasible set
for (37) is nonempty, while the coercivity condition implies the existence of a unique
solution (z,,u) in H' x L?. From duality theory (for example, see [10]), there exists
A € L*° with the property that u = wu, is the minimum with respect to u of the
expression

B(z,u)+ (s,z) + (r,u) + (\,& — Ax — Bu+ a)
over all u € L*. It follows that

(39) R(t)u,(t) + M (t) Tz, (t) + r(t) — B(t)"A(t) =0,
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and by (36), u.(t) is uniformly bounded in ¢. From the equations L(z.,u.) = 0 and
2.(0) = 20, z, € Wb,

The estimate (38) can be obtained, as in Lemma 5 in [2], by eliminating the
perturbation in the constraints. Let A be the affine map in Lemma 3.6 relating the
feasible pair (x,u) to the parameters (a,b). By making the substitution (z,u) =
(y,v) + A(a,b), we transform (37) to an equivalent problem of the form

(40) minimize B(y,v) + (o, y) + (p,v)
subject to
L(y,v) =0, y(0) =0,
Krq)(t)y(t) <0 for all t € [0,1],
y € Wheo(j0,1;R™), ve L=([0,1];R™).

Here o and p are affine functions of a,b, s, and r. Utilizing the coercivity condition
and the analysis of [9, section 2|, we obtain the following estimate for the change
(by, 6v) corresponding to the change (60, 6p):

a(llsyllz + 16vlZ2) < 8ol 18yllzee + l|8pllz2 6v]| 2
< lléalllléyllar + 16pll 2 [[60] 2

Hence,
6yl + 116v][12 < c(lléo]|Lr + [[6p] L2)-

Taking into account the relations between (z, u), (y,v), (o, p), and (a, b, s, ), the proof
is complete. 1]

Now let us consider the full linear-quadratic problem where the subscript I on
the state constraint has been removed:

(41) minimize B(z,u) + (s, x) + (r,u)
subject to
L(z,u) +a=0, z(0)=2"
K(t)z(t) + b(t) < 0 for all ¢ € [0, 1],
x € Wh([0,1;R™), u e L>=([0,1;R™).

The first-order necessary conditions for this problem are precisely (15)—(18). Observe
that @, u., ¥, and v, satisfy (15)—(18) when 7 = m,. Since the first-order necessary
conditions are sufficient for optimality when coercivity holds, (x4, u.) is the unique
solution to (41) at m = m,. In addition, if uniform independence holds, we now show
that the multipliers ¢» and v satisfying (16)—(18) are unique; hence, x., u., 1., and
v, are the unique solution to (15)—(18) for 7 = ..

To establish this uniqueness property for the multipliers, we apply Lemma 3.5
to the active constraint map A of section 1. Let J; be the index sets associated
with I = A in Lemma 3.5. Since A(t) C J; for each ¢ € [1;, 7;11], the complementary
slackness condition v, (1)Tg.(1) = 0, associated with the condition (5) of the minimum
principle, implies that (v.);e = 0 on [r,1], while (21) along with (16) and (17)
imply that (v.), and ¥, are uniquely determined on |7, 1]. Proceeding by induction,
suppose that 1, and v, are uniquely determined on the interval [7;11,1]. Since (vy) Je
is constant on [7;, 7;41], it is uniquely determined by the continuity of v,, while (v,),
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and 1, on [7;, T;+1] are uniquely determined by (21), (16), and (17). This completes
the induction step.

We now use Lemma 3.8 to show that the solution to (41) depends Lipschitz
continuously on the parameters when coercivity and uniform independence at .4 hold.
We do this by making a special choice for the map I. Again, let J; be the index sets
associated with I = A by Lemma 3.5. Since A(t) C J; for each ¢t € [r;, Ti41], the
parameter

(42) €; = —sup{(g«);(t) : t € [, Ti31],7 € I}

is strictly positive for each i. Setting e = .5 min¢;, we consider (37) in the case I = A,
where A.(t) is the index set associated with the e-active constraints for the linearized
problem:

(43) Ac(t) = {i: Ki(@)w.(t) 4 (b2)i(t) = —e} = {i : (9+)i(t) = —€}.

Since A.(t) C J; for each t € [7;, 7;41], Lemma 3.5 implies that uniform independence
at A, holds.

We now observe that the solution (x,,u.) of (41) at # = 7, is the solution of
(37) for I = A, and m = m,. First, (z.,u.) is feasible in (37) since there are fewer
constraints than in (41). By the choice I = A, all feasible pairs for (37) near (x.,u)
are also feasible in (41). Since (x4, u.) is optimal in (41), it is locally optimal in (37) as
well, and by the coercivity condition and Lemma 3.7, (2., u,) is the unique minimizer
of (37) for m = m,. By Lemma 3.8, we have an estimate for the change in the solution
to (37) corresponding to a change in the parameters. Since ||6z|p~ < [|6x| g1, it
follows that for small perturbations in the data, the solution to (37) is feasible, and
hence optimal, for (41). Hence, our previous stability analysis for (37) provides us
with a local stability analysis for (41). We summarize this result in the following way.

LEMMA 3.9. If coercivity and uniform independence at A hold, then for s, r,
and a in an L> neighborhood of s., s, and a,, respectively, and for b in a W
neighborhood of b, there exists a unique minimizer of (41), and the estimate (38)
holds. Moreover, taking I = A. with e = .5bmine;, where €; is defined in (42), the
solutions to (37) and (41) are identical in these neighborhoods.

Now let us consider the multipliers associated with (41).

LEMMA 3.10. If coercivity and uniform independence at A hold, then for s, r,
and a in an L™ neighborhood of s., v, and a., respectively, and for b in a WhH>
neighborhood of by, there exists a unique minimizer of (41) and associated unique
multipliers satisfying the estimate:

(44) 160l + 6wl L2 < c(l[6allz2 + [[6b]ar + [|6s][L2 + [|67(|2)-

Proof. Let A, be the e-active constraints defined by (43), where ¢ = .5mine;.
Let J; be the index sets and let p be the positive number associated with I = A
by Lemma 3.5. Consider m = 7, + 67 where 67 is small enough that the active
constraint set for (41) is a subset of A.(t) for each t. By the same analysis used
to establish uniqueness of (1, v.), there exist unique Lagrange multipliers (i, v) =
(Vs vs) + (60, 6v) corresponding to m = 7, + ém. We will show that

(45) 1600 + [l6vlL2 < (|62l L2 + 16ullL2 + (188l L2 + [[67(]L2)-

Combining this with Lemma 3.9 yields Lemma 3.10.
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We prove (45) by induction. Let us start with the interval [7, — p,1]. If i € JfF,
then v;(t) = 0 for each ¢ € [, — p, 1]. Hence, éve =0 on [, — p,1]. Multiplying (17)
by KB, we can solve for év;, and substitute in (16) to eliminate v. Since (1) = 0,
it follows that

(46) 16Vl ((o—pap) + 10V L2 (0 —pa)) < cl|Oz][ 22 + [6ull2 + (65| L2 + (|67 2)

for o = 77.
Proceeding by induction, suppose that (46) holds for o = 7,41; we wish to show
that it holds for o = 7;. If i € J5, then v;(t) is constant on [7; — p, 7j41], and we have

Tj+1 X o Tit1
/ S (t)2dt = w/ Sv;(t)2dt.

5= P j+1—P
Combining this with (46) for o = 741, it follows that
16vill L2 (fo—p1)y < e(lloz][ L2 + |6ull L2 + [[6s]l L2 + [[67(|L2)

for 0 = 7;. Again, multiplying (17) by KB, we solve for év;, and substitute in (16).
Since [6¢(75)| < (|09 1 ((r;,17), the induction bound (46) for o = 711 coupled with
the bound already established for év;, i € J7, gives (46) for 0 = 7;. This completes
the induction. ]

LEMMA 3.11. Suppose that smoothness, coercivity, and uniform independence at
A hold and let k be small enough that 'Y is contained in the neighborhoods defined in
Lemmoas 3.9 and 3.10. Then for some p > 0 and for each m € Y, there exists a unique
solution (x,u) to (41) and associated multipliers (1, v) satisfying the estimates (38)
and (44), (x,v,u,v) = (F — L) 7, and we have &, 1, u, v € Lip,,.

Proof. If w = (x,1,u,v) denotes (F — £)~1m, then w satisfies the first-order
necessary conditions (15)—(18) associated with (41). Lemmas 3.9 and 3.10 tell us that
the unique solution and multipliers for (41) satisty the estimates (38) and (44) for =
near m,. Since the first-order necessary conditions are sufficient for optimality when
coercivity holds, the variational system (15)—(18) has a unique solution, for 7 near
74, that is identical to the solution and multipliers for (41), and the estimates (38)
and (44) are satisfied.

To complete the proof, we need to show that i, zjj, u, v € Lip, for some con-
stant g > 0. This follows from the regularity results of [8], where it is shown that
the solution to a constant coefficient, linear-quadratic problem satisfying the uniform
independence condition and with R positive definite, ) positive semidefinite, and
M = 0 has the property that the optimal u and associated v are Lipschitz continuous
in time, while the derivatives of x and v are Lipschitz continuous in time. Moreover,
the Lipschitz constant in time is bounded in terms of the constant « in the uniform
independence condition and the smallest eigenvalue of R. Exactly the same analy-
sis applies to a linear-quadratic problem with time-varying coefficients; however, the
bound for the Lipschitz constant of the solution depends on the Lipschitz constants
of the matrices of the problem and of the parameters a, r, s, and i), as well as on
a uniform bound for the smallest eigenvalue of R(t) on [0, 1] and for the parameter
« in the uniform independence condition. By Lemma 3.9 and with the choice for I
given in the statement of the lemma, the quadratic programs (37) and (41) have the
same solution for s, r, and a in an L* neighborhood of s, 7., and a, and for b in
a W1 neighborhood of b,. Hence, for parameters in this neighborhood of r,, the
indices of the active constraints are contained in I(t) for each ¢, and the indepen-
dence condition (21) holds. Lemma 3.7 provides a lower bound for the eigenvalues of
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R(t). If (a,s,r,b) € Y, then the Lipschitz constants for a, s, r, and b are bounded
by those for a,, s, 7+, and b, plus . Hence, taking p sufficiently large, the proof is
complete. |

Proof of Theorem 1.1. We apply Theorem 2.2 with the identifications given at
the beginning of this section and with p chosen sufficiently large in accordance with
Lemma 3.11. The completeness of X is established in Lemma 3.2, (Q1) is immediate,
(Q2) follows from smoothness, (Q3) is proved in Lemma 3.3, (Q4) follows from Lemma
3.11, and (Q5) is established in Lemma 3.4. Applying Theorem 2.2, the estimate (7) is
established. Under the uniform independence condition, coercivity is a second-order
sufficient condition for local optimality (see [4, Theorem 1]) which is stable under
small changes in either the parameters or the solution of the first-order optimality
conditions. Finally, we apply Lemma 3.1 to obtain the L*° estimate of Theorem
1.1. d

We note that the coercivity condition we use here is a strong form of a second-
order sufficient optimality condition; it not only provides optimality, but also guar-
antees Lipschitz continuity of the optimal solution and multipliers when uniform
independence holds. As recently proved in [6] for finite-dimensional optimization
problems, Lipschitzian stability of the solution and multipliers necessarily requires a
coercivity condition stronger than the usual second-order condition. For the treat-
ment of second-order sufficient optimality under conditions equivalent to coercivity,
see [18] and [21]. These sufficient conditions can be applied to state constraints of
arbitrary order. For recent work concerning the treatment of second-order sufficient
optimality in state constrained optimal control, see [16], [19], and [22].

4. Lipschitzian stability in L°°. One way to sharpen the L estimate of
Theorem 1.1 involves an assumption concerning the regularity of the solution to the
linear-quadratic problem (41). The time ¢ is a contact point for the ith constraint of
Kz +b<0if (K(#)z(t)+b(t)); = 0 and there exists a sequence {t;} converging to ¢
with (K (tr)x(ts) + b(tx)); < 0 for each k.

Contact separation. There exists a finite set I1, Io, ..., Iy of disjoint, closed inter-
vals contained in (0,1) and neighborhoods of (ax, 7+, s.) in W1 and of b, in W2
with the property that for each a, r, s, and b in these neighborhoods, and for each
solution to (41), all contact points are contained in the union of the intervals I; with
exactly one contact point in each interval and with exactly one constraint changing
between active and inactive at this point.

Observe that if for (1) with p = p,, there are a finite number of contact points,
at each contact point exactly one constraint changes between active and inactive,
and each contact point in the linear-quadratic problem (41) depends continuously on
the parameters, then contact separation holds. The finiteness of the contact set is a
natural condition in optimal control; for example, in [5] it is proved that for a linear-
quadratic problem with time invariant matrices and one state constraint, the contact
set is finite when uniform independence and coercivity hold.

THEOREM 4.1. Suppose that the problem (1) with p = p. has a local minimizer
(x4, us) and that smoothness, contact separation, and uniform independence at A
hold. Let v, and v, be the associated multipliers satisfying the first-order necessary
conditions (2)—(5). If the coercivity condition holds, then there exist neighborhoods V
of px and U of Wy = (T, Vs, Us, Vi) in WH® X WL x [2° x L% such that for every
p € V, there exists a unique solution w = (x,v,u,v) € U to the first-order necessary
conditions (2)—(5) and (x,u) is a local minimizer of the problem (1) associated with
p. Moreover, for every p; € Vi = 1,2, if w; = (x;,;,u;,v;) is the corresponding
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solution of (2)—(5), the following estimate holds:
1 = z2flwree + [[Y1 = Y2llwree + [Jur —uzfze + l11 = 12|~ < cFu.

To prove this result, we need to supplement the 2-norm perturbation estimates
provided by Lemmas 3.9 and 3.10 with analogous co-norm estimates.

LEMMA 4.2. If coercivity, uniform independence at A, and contact separation
hold, then there exist neighborhoods of (ax, 7+, s+) in WH and of b, in W2 such
that for each a;, r;, s;, and b;, i = 1,2, in these neighborhoods, the associated solutions

(i, u;) of (41) satisfy

[62]lwrce + 160 ]lwroe + [[6ull Lo + [[6v]
< c(llballpee + 16bllwree + [|6r]ee + [[65] 1ec)-

Proof. Letting A, denote the e-active set defined in (43), we again choose € =
.Smine;, where ¢; is defined in (42). We consider parameters a, r, s, and b chosen
within the neighborhoods of the contact separation condition, and sufficiently close
to a«, T, S, and b, that the active constraint set for the solution of the perturbed
linear-quadratic problem (41) is contained in A(t) for each ¢t. By eliminating the
perturbations in the constraints, as we did in the proof of Lemma 3.8, there is no
loss of generality in assuming that a = b = 0. We refer to the quadratic programs
corresponding to the parameters (11, s1) and (rq, $2) as Problems 1 and 2.

Let (x,u) be either (z1,u1) or (x2,us). If t € (0,1) is a time for which K;(t)z(t) =
0 for some 4, then %(Kix) = K;z + K;i = 0. Substituting for 4 using the state
equation & = Az + Bu and for u using the necessary condition (17) yields

(47)

K;BR™YKB)"v = —-K;z — K;Az + K;BR"YB ™ + Mz +r).
This equation has the form
(48) NZ‘I/ = Slm + TH,ZJ + Uir

for suitable choices of the row vectors N;, S;, T;, and U;. Hence, at any time ¢ where
K;(t)z1(t) = K;(t)z2(t) = 0, the change in solution and multipliers corresponding to
a change in parameters satisfies the equation

(49) Ni(O)6v(t) = Si(t)6x(t) + Ti(£)60(t) + Us(£)6r(t).

By the contact separation condition, Problems 1 and 2 have the same active
set near t = 1. Since the components of v corresponding to inactive constraints
are constant and since v;(1) = 0 if K;(1)z(1) < 0, it follows that év;(t) = 0 for
t near 1 when K;x1(1) < 0 > K;x2(1). The relation (49) combined with uniform
independence, with the L? estimates provided in Lemmas 3.9 and 3.10, and with a
bound for the L norm in terms of the H' norm, gives
(50) [0Vl zocpe,y < cllér]zoe + (|65 Loe).-

Using the bound (36) of Lemma 3.7 in (17) and applying Gronwall’s lemma to (16),
we have

6|l wisooe,1) + 169 lwroo 1) + 10Ul Loope,1) + [0V oo, 1)

(51)
< c(l|érflze + 165l z-)
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for all ¢ < 1 in some neighborhood of ¢ = 1. As ¢ decreases, this estimate is valid until
the first contact point is reached for either Problem 1 or Problem 2. Proceeding by
induction, suppose that we have established (51) up to some contact point; we now
wish to show that (51) holds up to the next contact point.

Again, by the contact separation condition, there is precisely one constraint, say
constraint j, that makes a transition between active and inactive at the current contact
point. Suppose that on the interval (a, 3), the active sets for Problems 1 and 2 differ
by the element j, and let 7 be the first contact point to the left of « for either Problem
1 or Problem 2. If there is no such point, we take 7 = 0. By the contact separation
condition, the difference a — 7 is uniformly bounded away from zero for all choices of
the parameters s and r near s, and r,. There are essentially two cases to consider.

Case 1. Constraint j is active in Problem 2 to the left of ¢ = 3, and constraint j
is active in Problem 1 to the left of ¢t = a.

Case 2. Constraint j is active in Problem 2 to the right of ¢ = «, and constraint
j is active in Problem 1 to the right of ¢t = (.

Case 1. Since constraint j is active in both Problems 1 and 2 at ¢ = «, it follows
from (49) and from the uniform independence condition that

bvr ()| < c([[or]|ze + [[0s]| ) + clévre(a)l,

where I' is the set of indices of active constraints at ¢ = «. Since év; is constant for
i € I'“ on (a, 8), the induction hypothesis yields

(52) |bvpe ()| = [bvre(B)[L~ < c(||6r[lLo + [[05]|L=).
Hence, we have
(53) |6 ()| < c([|ér]| Lo + (65| o).

Since v; is constant in Problem 1 on (a, ), and since it is monotone in Problem 2,
the bound (53) coupled with the bound (51) at ¢t = § implies that

(54) 16v51 Lo (fa81) < (|6l oo + [|85] o).
Since v; is constant on (a, B) for i € I'?, it follows from (51) that
(55) [6vrellLes (fa,8)) < (]| + [|88( o).
Relation (49), for i e '™ =T\ {4}, along with (54) and (55) yield
(56) 160l (a7 < €(ll67]| Lo + [[65]| =)
Combining (54)—(56) gives

(57) 160 Lo a8y < (|67 ]| + [|68] o).

On the interval from ¢ = a down to the next contact point 7, precisely the same
constraints are active in both Problems 1 and 2. Again, the relation (49) combined
with uniform independence, with the L? estimates provided in Lemmas 3.9 and 3.10,
and with a bound for the L norm in terms of the H! norm gives

(58) 16V Loe (fr,an) < c(167]| Lo + [[65]| <)
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Relation (50) for ¢t = (3, along with (57) and (58), gives
160 Loe (prapy < c(l167] Lo + [[65]| <)

And combining this with (15)—(17) gives (51) for ¢ = 7. This completes the induction
step in Case 1.
Case 2. The mean value theorem implies that for some v € (7, ), we have

(0 =) 082(0)] ., = Ky(@)bale) — K;(r)be()

< 2| K|z |6zl < e(ll6r] Lo + [|68] Lo )-

t

Hence, even though the derivative of K;x; may not vanish on (7, ), the derivative
of the change K;éz is still bounded by the perturbation in the parameters at some

v € (1,):

(K (t)sa (1))

(59) T

< e(l|érflzee + [16sllzoe) /(e = 7).
t=~

Since « and 7 lie in disjoint closed sets [ associated with the contact separation
condition, o — 7 is bounded away from zero by the distance between the closest pair
of sets. Focusing on the left side of (59), we substitute 6 = Adx + Bdu, and we
substitute for 6u using (17) to obtain the relation

(60) Nj(v)ov(v) = Sj(v)ox(y) + Tj(v)d(y) + U (v)ér(v) + Ay,

where |Aj| < c(||67]|re + [|8s]|=)/(cc — 7). Let T denote the set of indices of the
active constraints at ¢ = 3. Combining (60) with (49) for i € I~ =T\ {j} gives

[6ve (V)] < c(l|67]| Lo + [|88]| Lo ) + clbvre (7).

The analysis for Case 1 can now be applied, starting with (52) but with « replaced
by 7. ]

Remark 4.3. In the proof of Lemma 4.2, we needed to ensure that the difference
« — 7, appearing in Case 2, was bounded away from zero. The contact separation
condition ensures that this difference is bounded away from zero, since o and 7 lie in
disjoint closed intervals I. On the other hand, any condition that ensures a positive
separation for the contact points o and 7 in Case 2 can be used in place of the contact
separation assumption of Theorem 4.1 and Lemma 4.2.

Proof of Theorem 4.1. The functions 7, F, and £ and the sets X, II, and Y are
the same as in the proof of Theorem 1.1 except that L? is replaced by L™ and H' is
replaced by W1 everywhere. Except for this change in norms, and the replacement
of the L? estimates (38) and (44) referred to in Lemma 3.11 by the corresponding
L estimate (47) of Lemma 4.2, the same proof used for Theorem 1.1 can be used to
establish Theorem 4.1. 0

5. Remarks. As mentioned in section 2, Theorem 2.2 is a generalization of
Robinson’s implicit function theorem [20] to nonlinear spaces. His theorem assumes
that the nonlinear term is strictly differentiable and that the inverse of the linearized
map is Lipschitz continuous. In optimal control, the latter condition amounts to
Lipschitz continuity in L°° of the solution-multiplier vector associated with the linear-
quadratic approximation. For problems with control constraints, this property for the
solution is obtained, for example, in [1] or [4].
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In this paper, we obtain Lipschitzian stability results for state constrained prob-
lems utilizing a new form of the implicit function theorem applicable to nonlinear
spaces. We obtain optimal Lipschitzian stability results in L? and nonoptimal sta-
bility results in L°° under the uniform independence and the coercivity conditions.
And with an additional contact separation condition, we obtain a tight L stability
result. These are the first L°° stability results that have been established for state
constrained control problems.

The uniform independence condition was introduced in [8], where it was shown
that this condition together with the coercivity condition yield Lipschitz continuity
in time of the solution and the Lagrange multipliers of a convex state and control
constrained optimal control problem. Using Hager’s regularity result, Dontchev [1]
proved that the solution of this problem has a Lipschitz-type property with respect
to perturbations. Various extensions of these results have been proposed by several
authors. A survey of earlier results is given in [2].

In a series of papers (see [14], [15], and the references therein), Malanowski studied
the stability of optimal control problems with constraints. In [15] he considers an
optimal control problem with state and control constraints. His approach differs from
ours in the following ways: he uses an implicit function theorem in linear spaces and
a compactness argument, and the second-order sufficient condition he uses is different
from our coercivity condition. Although there are some similar steps in the analysis
of L? stability, the two approaches mainly differ in their abstract framework.

A prototype of Lemma 3.5 is given in [1, Lemma 2.5]. Lemma 3.6 is related to
Lemma 3 in [2], although the analysis in Lemma 3.6 is much simpler since we ignore
indices outside of A(t). In the analysis of the linear-quadratic problem (37), we follow
the approach in [4].

Acknowledgment. The authors wish to thank both Kazimierz Malanowski for
his comments on an earlier version of this paper and the reviewers for their construc-
tive suggestions.
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