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Abstract

For a linear-quadratic state constrained optimal control problem, it is proved in [11] that under an independence condition
for the active constraints, the optimal control is Lipschitz continuous. We now give a new proof of this result based on an
analysis of the Euler discretization given in [9]. There we exploit the Lipschitz continuity of the control to estimate the error
in the Euler discretization. Here we show that the theory developed for the Euler discretization can be used to derive the
Lipschitz continuity of the optimal control. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

We consider the following linear-quadratic problem
with state constraints:

1

1
minimize - / (x(OTOx(t) + u())TRu(t))dr (1)
2 0

subject to

2(t) = Ax(t) + Bu(t)

for a.e. t€[0,1], x(0)=a, 2)
Kx(t)+b<0 forallze]0,1], 3)
uel?, xeH', (4)

where x(z) € R", u(¢t) € R™, the matrices Q,R,A4 and
B have compatible dimensions, K is a k X n matrix,
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a € R", and b € R¥. Throughout, L? denotes the usual
Lebesque space of functions with integrable p-power,
p =1, and H' is the space of absolutely continuous
functions with derivatives in L>. We assume that O
is positive semidefinite and R is positive definite, and
that there exists a pair (x,u«) satisfying the constraints
(2)—(4). Under these conditions, there exists a unique
optimal solution (x*,u*) of problem (1).
Let .o/ denote the active constraint set defined by

A()y={je{l,2,....,k} | Kx*(¢t)+ b; =0},
where K; is the jth row of the matrix K. We assume
that the constraints satisfy the following regularity

condition introduced in [11]:

Independence: </(0)=0 and there exists >0
such that

> KBl = Bl (5)

jes(t)
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for all t€[0,1] where </(t)#0 and for all v=
{vj| 7€)}

As shown in ([8], Eq. (43)), this regularity condi-
tion can be extended to the set of g-active constraints;
that is, there exists an & > 0 such that the independence
condition holds with the set .o/ replaced by

A ()={je{1,2,... .k} |K;x*(t) + b; = —¢}.

The independence condition also implies that there ex-
ists a feasible control # such that the corresponding
trajectory x =X associated with u =& in Eq. (2) satis-
fies

K3(t) +b<0 forall £ €0, 1]. (6)

This fact follows from the more general results con-
tained in ([7], Lemma 3) or ([8], Lemma 3.6).

There are various forms available in the literature
for the first-order optimality conditions (maximum
principle) for the problem (1). For our purposes here,
it is convenient to use the following duality based re-
sult from Hager and Mitter [12]: If there is a feasible
pair (X, u) satisfying Eq. (6), then there exists a func-
tion v* of bounded variation which is nondecreasing,
right continuous, and with v*(1)=0, and a function
W* € H' which satisfy the following relations for al-
most every ¢ € [0, 1]:

W (1) =R™'BT(KTv(t) — (1)), (7)
Y(t)= — ATY(t) + ATKTv(t) — Ox* (1),
Y(1)=0, )

1
/ (Kx*(¢) + b)T dv(¢) =0. 9)
0

Although u* only lies in L? according to Eq. (4), it
follows from Eq. (7) that there exists a member of the
equivalence class associated with u* that has bounded
variation. Consequently, we assume henceforth that
u* is a particular element of the equivalence class
that has bounded variation. In this paper, we establish
Lipschitz continuity properties for the solution and the
associated multipliers.

Theorem 1. The multiplier v* is Lipschitz continu-
ous on [0,1), while the equivalence classes associ-
ated with x*, u*, and lp* contain functions that are
Lipschitz continuous on [0, 1].

This theorem is proved in [11] by applying a gen-
eral homotopy approach involving “compatible data”.
Here we present another proof of this result using a dis-
crete approximation approach. Our proof goes along
the following lines. We first show that the solution of a
discretized problem converges in an appropriate norm
to the solution of the original problem. After show-
ing the solution of the discrete problem is Lipschitz
continuous in discrete time, with a Lipschitz constant
independent of the mesh size, Theorem 1 is obtained
through a compactness argument. With the help of
additional results from [9], the analysis in this paper
can be extended to handle control constraints, time-
dependent matrices, and a weaker coercivity condition
for the objective function.

In the case k=1, corresponding to one state con-
straint, a stronger result is obtained in [10]. Namely,
under the independence condition, there exists an op-
timal control which is a piecewise analytic function
of time. This follows from the more general result,
proved in [10], that in this case there are finitely many
points where the state constraint changes from active
to nonactive. The generalization of this result to prob-
lems with multiple state constraints is an open prob-
lem. For recent works on regularity of solutions in
optimal control, see [2—4, 13, 14].

Throughout this paper, c is a generic constant which
is independent of time ¢ and mesh size 4, Var( f') is the
total variation of f on the interval [0, 1], Var(f )|§ is
the total variation of f on the interval [o, f], B,(x)
is the closed ball centered at x with radius », and
O(h) is an expression that is bounded by ch.

2. The discrete problem

Let N be a natural number and define #=1/N. The
Euler approximation to problem (1) associated with
the grid ;, =ih, i=0,1,...,N, is the following:

N—1
1
minimize ; x] Ox; + u! Ru; (10)

subjectto  x; =Ax; + Bu;, xo=a,

Kx;+b<0, i=0,1,....N—1, (11)

where x] is the first divided difference, x/ = (x;11 —
x;)/h.

Utilizing the independence condition, we show be-
low that the problem (10) is feasible for % sufficiently
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small. Since R is positive definite and Q is semidef-
inite, Eq. (10) has a unique solution (x”,#"). More-
over, by the Karush—-Kuhn-Tucker conditions, there
exist Lagrange multipliers p” and u" such that the
following optimality conditions hold:

po=—0x—A"pi—K'w, py_1=0, (12)
up= —RleTPi, (13)
Kx; +b € N (1),

fori=0,1,...,N — 1, where E/VRQ(,u) denotes the nor-

mal cone to the positive orthant Rﬁ at the point y and
pi_ is the backward divided difference, p._ =(p; —
pi-1)/h.

The KKT multipliers p” and u” are connected to the
multipliers i and v of the continuous problem through
the following transformation:

N

v, =—h Z u;,  where uy =0, and
I=i

Yi=pi + K v (14)

We note that g; =v.. In terms of these transformed
multipliers, the first-order optimality conditions can
be stated in the following way: There exist multipli-
ers /" and v" associated with the solution (x",u") of
Eq. (10) such that (x”, u", ", v"") satisfies the follow-
ing conditions:

xj=Ax; + Bu;, xo=a, (15)
W= — AT — Oxi+ ATK vipr, Yo =0, (16)
Ru; + B"; — BTKTv; ;1 =0, (17)
Kx; +be N (V). (18)

Our first lemma compares a continuous state trajectory
to its discrete counterpart.

Lemma 1. Let v be a function of bounded variations
and let x = y be the solution of the state equation (2)
associated with u=v. Let v" be a discrete-time con-
trol and x = y" be the solution of Eq. (11) associated
with u=1v". Then we have

sup | y(t;) — »]|

0<j<N

N—1
< ch <Z vl — v(t;)| + Var(y) + Var(v)).

i=0

(19)

Proof. By the state equation (2), we have

W) — y(1) = / ) di

i

tit
= / Ay(t)+ Bo(t)dt
ti

= hAy(4;) + hBu(t;) +ri,
where

- / " AG) — (1)) + BQu(t) — on)) dr.

i

Combining this with Eq. (15) gives

Ayip1 = Ay; + hAAy; + hB(o(t;) — v}') + 74,
Ayo =0,

where 4y; = y(t;) — y!. It follows that

Jj—1

[Ayjl < e hlo(t) = vl + |ri]
i=0
N—1

< CZ (hv(t,») — o'+ /I+ |y(t) = ¥(1)
i=0 i

+ |o(2) — ()| dt)

=

h <|v<ti) — ol + Var(y)["

i

N
Q
I
(=]

+ Var(v)|*' )

N—1
<ch Y |u(t) — vf| + ch(Var(y) + Var(v)).
i=0

This completes the proof. [

As a consequence of Lemma 1, we have the exis-
tence of feasible points for (11).

Corollary 1. There exists n>0 and h >0 with the fol-
lowing property: For all h < h, there exists a discrete
control i" for which the state x =%" associated with
u=1" in Eq. (11) satisfies

Ki"+b< —y<0 fori=0,1,...,N —1.

Proof. By ([7], Lemma 3), there exists a control
i1 € L for which the state x =X associated with u =u
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in Eq. (2) satisfies

Kx(t)+b< —n<0 forallze[0,1].

Since the infinitely differentiable functions C* are
dense in L?, & can be chosen in C*°. Defining
i =ii(t;), taking h sufficiently small, and applying
Lemma 1, the proof is complete. [

The discrete analogues of the L2, L°° and H' norms
are defined in the following way. For a sequence of

n-vectors zg,z1,...,zZy—1, We have
N—1

Izllz2 = | D Az,
i=0

zllze = sup |z,

0<is<N-1

zllrn =/ llzl1Z2 + N2/ [17:-

Defining H! = {x € H' |xo=a}, and H}, ={y € H' |
Yn—1 =0}, we consider the following map from
X:=H!xI>xH,x[*t0Y:=1>xL*><L*xH"
V) =w = —Lw) + F(w),

where
x; — Ax; — Bu;
Phwy = W+ AT+ Oxi — ATK vy
Ru; — BT + BTK v,
le' + b
and 7 is the set-valued map of the form

0

0

0
JVR@("?)

T (w); =

Letting w; = (x},u;, ", v}) denote the discrete func-
tion whose ith component is the value of the corre-
sponding continuous functions at #;, we have

Lhw*) + ot e 71 (w*), (20)
where 6 is the residual defined by
(0"

() — Ax] — Buj

W) + ATy + Ox — ATK v},
BTKT(V;‘H —v)

4;
(21)

with

0 if (Kx*(t)+b);<0
(4,), = forall t € (t;,t;11),
(Kx} +b);

j=1,2,...,k. Our second lemma provides an estimate
for the residual.

otherwise,

Lemma 2. For the residual 5" defined in Eq. (21),
we have

16"y = O(Vh).

Proof. Since v* and u* have bounded variation,
Eqgs. (2) and (9) imply that x* and l,b* have bounded
variation when restricted to some set £ C[0,1] of
measure one. Focusing on the first component of 5",
observe that

h|(x"); — Ax] — B"uj|

tit1
/ (x*(¢) — Ax; — Bu? ) dt
t

i

tiv1
< / () — £ e
t

i

< hVar(x*)

A (22)

1;

Here Var(x*) means the variation when restricted to £.
Let M denote the first integer > Var(x*). Since there
are at most M choices of the index i for which

Var(x")|" > 1,

2 < ¢ when 0 < ¢ < 1, we have

and since ¢
(Var(x")[;*)* < Var(x*)[;"!
when Var(*)|/' < 1,

and by Eq. (22),

N—1
D B = Ax) = Brup |
i=0

N—1
<h Y (VarE)[y

i=0

N—1 tit1
< MhVar(i*)* + > hVar(i*)
I:O ti
< MhVar(x*)* 4 h Var(x*)
=O(h). (23)
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Hence, the first component of 6" is bounded in L?
norm by O(v/4). A similar treatment of the second
and the third components of ¢” shows that they are
bounded in L? norm by O(v/4) as well.

Now, consider the last component of 6" for which
we need to obtain an estimate in H'!. Observe
that if (Kx*(s) + b); =0 for some s€(0,1), then
K;x*(s7) = 0 and K;x*(s™) < 0 (otherwise the con-
straint Kx* 4+ b < 0 is violated). For any given t € E,
let s* denote either s* or s~ where we choose s if
Kix*(t)>0 and s~ if K;x*(¢) <0. It follows that if ¢
and s € (¢,t11), then

K™ (1)) < K™ (1) = Kx*(s™))

< ¢ Var(¥*)|'s < cVar(d )|, (24)

For any given i and j, either (4;);=0 or (4;);=
(Kx} +b);. In this latter case, there exists s € (#;, ti41)
such that (Kx*(s) + b); = 0. It follows that

|(4:);] = [(Kx] + b),|
= |(Kx*(ti) + b)]- — (Kx*(s) + b)j|

/ K () d
t

where we utilize Eq. (24) in the last inequal-
ity. Proceeding as in Eq. (23), we conclude that
| 4|2 =O(hVh). Since ||A||2 <2k~ 4] 2, it
follows that ||4||;1 =O(v/h). This completes the
proof. [

< ch Var(x™)

fit
i

Lemma 3. There exist positive numbers o,y and h
such that for every h < h, the map

y= (=L + 7 (y)

is single-valued and Lipschitz continuous from the
ball B,(6")C Y to X.

Proof. In ([9], Lemmas 10.1, 10.2, Corollary 10.3)
we prove this result in a more general setting, although
there it is assumed that the optimal control is Lipschitz
continuous, in which case the residual is O(%). The
regularity is exploited in the proof when we note that
the residual 6" goes to zero as 4 goes to zero. In this
paper, on the other hand, we show in Lemma 2 that the
residual still goes to zero, as /# goes to zero, when the
optimal control is of bounded variation. Hence, by
the analysis of [9], we obtain the Lipschitz continu-
ity result of Lemma 3 when the optimal control is of
bounded variation. To summarize the analysis of [9],
we first show that Independence implies surjectivity of

the gradient of the e-active state constraints. Using a
translation, we remove the parameter y from the con-
straints, obtaining a related linear quadratic problem
with a parameter entering linearly in the cost func-
tional. Exploiting the convexity of the cost function,
we show that the solution map is a Lipschitz contin-
uous function of the parameter in the cost function.
Finally, translating back to the original problem and
again utilizing the Independence condition, we obtain
that both the original solution map and the Lagrange
multiplier map are single-valued and Lipschitz con-
tinuous with respect to y. [

Corollary 2. For h sufficiently small, we have
[w* — w"||x =0(Vh), (25)

where wh = (x", u" ", v").

Proof. Referring to Lemma 2, choose /# small enough
that 0¢€ B,(6"). Since w'e(—-<L" + FM)~1(0)
and w* € (= %" + F")~1(6") by Eq. (25), the es-
timate Eq. (25) is an immediate consequence of
Lemma 3. [

Lemma 4. There exists ¢ and h>0 such that for all
h<h,

][ + G [[zoe + QWY (e + [V <ec.

Proof. See ([6], Lemma 4.2) or the first part of the
proof of ([9], Lemma 11.1). [J

3. Lipschitz continuity

We now establish Lipschitz continuity, first in the
discrete problem, and then in the continuous problem.

Lemma S. There exist ¢ and h>0 such that for all
O<h<h,

Gy [lzoe + 16" |z
@M e + 1O | <e.

Proof. By Corollary 2, ||x" — x*||;1 — 0 as & — 0.
Hence, for any given ¢ and for % sufficiently small, the
constraints active in the discrete problem (10) are ¢
active in the continuous problem (1). As noted in the
introduction, the independence condition also holds
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for ¢ active constraints. As a consequence, the inde-
pendence condition holds, for /4 sufficiently small, for
the solution to the discrete problem. The remainder
of the proof is a repetition to the second part of the
proof of Lemma 11.1 in [9], applied in our context.
For completeness, we present it here.

Henceforth, we omit the superscript “4” on the dis-
crete variables. For any given i, let K; and b; denote
the sub-matrix of K and the sub-vector of b associ-
ated with the active state constraints at time level i.
We have

Kixi 1 +b; <0, (26)
K,~x,~ + b,‘ = 0, (27)
Kixiy1 +b; <0. (28)

Subtracting Eq. (27) from the Eq. (28) gives K;x! < 0.
Substituting for x! from Eq. (11) and »; from Eq. (13),
we obtain

K;Ax; — K;BR™'BT p; < 0. (29)

Similarly, subtracting Eq. (27) from Eq. (28) and sub-
stituting x;_ from Eq. (11) and »;—; from Eq. (13),
we get

— Kidx;_, + K:BR™'B" pi_; <0. (30)
Adding Eq. (30) to Eq. (29) results in
KiAx!_ — K;BR™'B"p!_ <.

1

Substituting for pi_ from Eq. (12) and rearranging
yields

K:BR™'BTK] i
< — KidAx,_ — K;BR™'B"A" p; — K;BR™'B"Ox,,
(31)

where " is the subvector of y; associated with the ac-
tive state constraints at time level i (recall that the com-
ponents of y; associated with inactive state constraints
are all zero). By the independence condition for the
discrete problem, the matrix K;BR~'BTK] is a sym-
metric, positive-definite matrix with smallest eigen-
value >0, independent of i and 4. Multiplying both
sides of Eq. (31) by the nonnegative vector ", and
taking into account Eq. (14), we obtain

70ui P

< — () (Kidx]_ + KBR™'BTAT (Y — K Tviy)
+ K;BR'BTOx)).

Since the right-hand side of this inequality is bounded
by c|p"| by Lemma 4, it follows that |[u|[z~ is
bounded, independent of 4, for all 4 sufficiently small.
Since v} = 1;, we conclude that ||V'|| .- is bounded, in-
dependent of /. This bound combined with Eqgs. (16)
and (17) gives us the desired result. [

Proof of Theorem 1. First, let us consider the con-
trol. Letting v” be the continuous piecewise linear
interpolant to u”, v" is uniformly bounded in L
by Lemma 4, while v" is Lipschitz continuous on
[0,1] with a Lipschitz constant independent of 4
by Lemma 5. Since the sequence {v"} is uniformly
bounded and equicontinuous, it follows from the
Ascoli—Arzela theorem ([1], p. 10) that there exists a
continuous function v* such that

" — v*|[ge =0 ash— 0.

The limit v* is Lipschitz continuous since the v” are
uniformly Lipschitz continuous. By the triangle in-
equality,

1
/ [(¢) — u*(¢)| dt
0
N-1 liv1
< Z/ ['(t) — ul'| de
i=0 Vi
N—1
+ > huf =]
i=0

N-1 lit1
+ /
i=0 Vi

lu*(t;) — u*(¢)| d.
On the right-hand side, the first term is O(%) by
Lemma 5, the second term is O(v/A) by Corollary 2
and the fact that the L' norm is bounded by the L?
norm, and the third term is O(/) since u* has bounded
variation:

N—1 it

> / lu* (1) — u*(1)] dt
i=0 Vi

tiv

N—1
< Z hVar(u®)| < hVar(u®).
i=0

ti

Hence, u* is the L' limit of v”. Since v” converges to

both v* and u*, we conclude that v* = u* almost every-
where. This shows that the equivalence class associ-
ated with u* contains a Lipschitz continuous function.
In a similar fashion, v* is equal almost everywhere
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to a Lipschitz continuous function on [0, 1]. Since v*
is right continuous on [0, 1], we conclude that v* is
Lipschitz continuous on [0, 1). The Lipschitz continu-
ity of x* and l//* can be deduced from the state equa-
tion (2) and the adjoint equation (9). [J

Utilizing the regularity established in Theorem
1, it can be shown (see ([9], Lemma 5.1)) that
16" |ly = O(h). Exploiting this estimate, as in Corol-
lary 1, yields

[w" — w*|[x =O(h),

which is the same estimate for the control error ob-
tained in [5] for a convex problem (see also ([6], Ch.
4)) and in [9] for a general nonlinear problem.
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