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OPTIMAL CONTROL OF DELAY SYSTEMS WITH DIFFERENTIAL
AND ALGEBRAIC DYNAMIC CONSTRAINTS*

BORIS S. MORDUKHOVICH! AND LIANWEN WANG?

Abstract. This paper concerns constrained dynamic optimization problems governed by delay con-
trol systems whose dynamic constraints are described by both delay-differential inclusions and linear
algebraic equations. This is a new class of optimal control systems that, on one hand, may be treated as
a specific type of variational problems for neutral functional-differential inclusions while, on the other
hand, is related to a special class of differential-algebraic systems with a general delay-differential in-
clusion and a linear constraint link between “slow” and “fast” variables. We pursue a twofold goal:
to study variational stability for this class of control systems with respect to discrete approximations
and to derive necessary optimality conditions for both delayed differential-algebraic systems under
consideration and their finite-difference counterparts using modern tools of variational analysis and
generalized differentiation. The authors are not familiar with any results in these directions for such
systems even in the delay-free case. In the first part of the paper we establish the value convergence
of discrete approximations as well as the strong convergence of optimal arcs in the classical Sobolev
space W12, Then using discrete approximations as a vehicle, we derive necessary optimality condi-
tions for the initial continuous-time systems in both Euler-Lagrange and Hamiltonian forms via basic
generalized differential constructions of variational analysis.
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1. INTRODUCTION

This paper deals with a new class of dynamic optimization problems modelled as follows:

b
minimize J[z, z] := ¢(z(a), z(b)) —|—/ flz(t),x(t — A), z(t), 2(¢),t) dt (1.1)
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subject to the constraints

H(t) € Fa(t), o(t — A), 2(£),t) ae t € [a,b], (1.2)
2(t) = 2(t) + Ax(t — A),  t € [a,b], (1.3)
o(t) = c(t), tela—A,a), (1.4)
(z(a), z(b)) € @ C R*", (1.5)

where z : [a — A, b] — IR™ is continuous on [a — A, a) and [a, b] (with a possible jump at ¢ = a), and where z(t)
is absolutely continuous on [a,b]. We always assume that F: R™ x R" x IR" X [a,b] = IR" is a set-valued
mapping of closed graph, that 2 is a closed set, that A > 0 is a constant delay, and that A is a constant n x n
matrix. Let us label this problem as (P) and note that the methods used in this paper allow us to include the
cases of multiple delays A; > Ay > ... > A,, > 0 as well as varying delays A(t) with |A(t)| < a € (0,1) a.e.
t € [a,b], which are not consider here for simplicity. We do not also consider the limiting case of A | 0 required
additional assumptions.

Observe that the variational problem (P) involves two kinds of state variables: “slow” z and “fast” «x,
which satisfy interrelated dynamic constraints given by the delay-differential inclusion (1.2) and the linear
delay-algebraic equation (1.3). Furthermore, the integral functional in (1.1) depends on on both slow and fast
variables as well as on the time-derivative of slow variables (fast variables may not differentiable in time). All
these specific features are highly essential for the methods developed and the results obtained in this paper.

On one hand, problem (P) containing both differential and algebraic constraints on slow and fast variables
may be viewed as a special subclass of delayed differential-algebraic control systems providing, by definition,
descriptions of control process via combinations of interconnected differential and algebraic dynamic relations.
There are many applications of such dynamic models (called DAEs, i.e., differential-algebraic equations) es-
pecially in process systems engineering, robotics, mechanical systems with holonomic and nonholonomic con-
straints, etc.; see [1,2,14,15] and the references therein. Observe, however, that the dynamic relations (1.2)
and (1.3) and the assumptions made are generally different from those conventional in the control theory for
DAEs, especially for deriving necessary optimality conditions. The most advanced results in this direction for
the so-called index one DAEs are obtained in [14], where it was particularly discovered that optimal processes
in such systems do not satisfy the (strong) Maximum Principle in the absence of a convexity hypothesis on the
velocity sets.

On the other hand, the problem (P) under consideration is strongly related to functional-differential control
systems of the so-called neutral type, which contain time delays in velocity variables. Indeed, the dynamic
constraints (1.2) and (1.3) can be unified as

d

= [o) + At = &)] € F(a(t),a(t - A), () + At = A),1) e,

that, provided the absolute continuity of Z(¢) (which is not the case under the assumptions made), may be
written in the general form of neutral delay differential inclusions

x(t) € G(x(t),z(t — A),z(t — A),t) a.e. (1.6)

Similarly, the cost functional (1.1) transfers under this substitution into the form

b
o(x(a),z(b)) + / g(:ﬂ(t), x(t — A),z(t), &(t — A),t) dt. (L.7)

Thus we can treat problem (P) as a special case of Bolza-type variational problems for neutral delay-differential
inclusions. However, in this way we loose the principal feature of the considered problem (P), which is crucial
for the methods applied as well as for the results obtained below. This specific feature of problem (P) is as
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follows: both the dynamic constraint (1.6) and the cost functional (1.7) depend in fact not on @(¢) and &(t — A)
but on the derivative of the same linear combination z(t) + Az(t — A). That is why we treat this linear
combination as a new state variable in (1.3) and consider problem (P) in the natural form (1.1)—(1.5), which
emphasizes both delay-differential and linear algebraic constraints on the system dynamics.

Our approach is based on the method of discrete approzimations, in the line developed in [8,10-12] for
nondelayed differential inclusions, delay-differential inclusions with A = 0, and for a special class of the neutral-
type problems that corresponds to (P) with F' independent of z and with f independent of (z, 2). Some results
for delayed differential-algebraic problems of type (P) were announced in [13] in the case when both F' and f
are independent of z, while f depends on the velocity Z described by (1.2).

The discrete approximation method is of undoubted interest from qualitative as well as numerical viewpoints,
and the present paper contains results in both of these directions. Our main emphasis, however, is the qualitative
aspect, which allows us to derive necessary optimality conditions for delayed differential-algebraic systems by
passing to the limit from their discrete-time analogues. A crucial issue is to establish variational stability of
discrete approximations that ensures an appropriate strong convergence of optimal solutions.

Once such a stability is established, discrete-time control problems for delayed difference-algebraic inclusions
reduce to special finite-dimensional problems of nonsmooth programming with an increasing number of geo-
metric constraints that may have empty interiors. To handle such problems, we use appropriate generalized
differentiation tools of variational analysis introduced earlier by the first author. In this way we derive necessary
optimality conditions for the discrete-time and then for continuous-time problems under consideration.

The rest of the paper is organized as follows. In Section 2 we show that any admissible pair to the delayed
differential-algebraic system (1.2) and (1.3) can be strongly approzimated by the corresponding admissible pairs
to its finite-difference counterparts. This result is definitely important for its own sake. It also plays a crucial
role in the construction of well-posed discrete approximations to the original problem (P) and in the subsequent
justification of the strong convergence of their optimal solutions to the given optimal solution for (P).

Such a convergence analysis is conducted in Section 3 involving appropriate perturbations of the endpoint
constraints (1.5) that is consistent with the step of discretization. The required strong convergence of optimal
solutions is justified under an intrinsic property of the original problem (P) called relazation stability. This
property imposing the equality between the optimal values in (P) and its relaxation goes far beyond the
convexity assumption on the velocity sets F'(z,y, z,t).

Section 4 contains basic constructions and required material on generalized differentiation that are appropriate
for performing a variational analysis of discrete-time and continuous-time optimal control problems in the
subsequent sections. These constructions and calculus rules of generalized differentiation are used in Section 5
for deriving general necessary optimality conditions for nonconvex discrete-time inclusions arising in discrete
approximations of the original control problem (P). The main necessary optimality conditions in the forms
of Euler-Lagrange and Hamiltonian inclusions for (P) are derived in Section 6 via passing to the limit from
discrete approximations.

Our notation is basically standard; ¢f. [8] and [17]. Recall that, given a set-valued mapping (or multifunction)
F: X =Y between finite-dimensional spaces, the Painlevé-Kuratowski upper/outer limit of F(x) as ¢ — T is
defined by

Lim sup F'(z) := {y eY|Jar—=z, Jyp, —y with yp € F(ay) forall ke ]N},

T—T

where IN stands for the collection of all natural numbers.

2. DISCRETE APPROXIMATIONS OF DIFFERENTIAL-ALGEBRAIC INCLUSIONS

This section deals with discrete approximations of an arbitrary admissible pair to the delayed differential-
algebraic system (1.2)—(1.4) without taking into account the endpoint constraints. We show that, under fairly
general assumptions, any admissible pair to (1.2)—(1.4) can be strongly approzimated in the sense indicated below
by the corresponding admissible pairs to finite-difference inclusions obtained from (1.2)—(1.4) by the classical
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Euler scheme. This result is constructive providing efficient estimates of the approximation rate, and hence it
is certainly of independent interest for numerical analysis of delayed differential-algebraic inclusions.

Let (Z, z) be an admissible pair to (1.2)—(1.4), i.e., Z(+) is continuous on [a — A, a) and [a, b] (with a possible
jump at t = a), Z(-) is absolutely continuous on [a,b], and relations (1.2)—(1.4) are satisfied. Note that the
endpoint constraints (1.5) may not hold for (Z, z); if they do hold, (Z, Z) is called feasible to (P). The following
standing assumptions are imposed throughout the paper:

(H1): There are two open sets U C IR", V C IR™ and two positive numbers £r, mp such that Z(t) € U
for all t € [a— A,b] and z(t) € V for all ¢ € [a,b], that the sets F(x,y, z,t) are closed, and that one has

F(z,y,z,t) CmpB for all (z,y,2,t) €U xU xV X [a,b],
F(Ilaylvzlat) - F(I25y25227t) +€F(|$1 - $2| + |y1 - y2| + |Z1 - ZQl)lB

if (z1,y1,21), (X2,Yy2,22) €U x U x V and t € [a, b], where IB stands for the closed unit ball in IR".
(H2): F(z,y,z2,t) is Hausdorff continuous for a.e. t € [a, b] uniformly in (z,y,2) € U x U x V.
(H3): The function ¢(+) is continuous on [a — A, a].
Following [3], we consider the so-called averaged modulus of continuity for the multifunction F(z,y, z,t) with
(x,y,2) €U x U x V and t € [a,b] defined by

b
T(F;h) ::/ o(F;t, h)dt,
where o(F';t,h) := sup {ﬁ(F;m,y,z,t, h)‘ (x,y,2) € U x U x V} with

h h
O(Fsz. 2.0, h) = sup {hans(Fa, . 2010) Flop2,) | (1) € o= 5.0+ 5] il |

and where haus(-,-) stands for the Hausdorff distance between two compact sets. It is proved in [3] that if
F(z,y,z,t) is Hausdorff continuous for a.e. ¢t € [a,b] uniformly in (z,y,2z) € U x U x V, then 7(F;h) — 0 as
h — 0. This fact is essentially used in what follows.

Let us construct a sequence of discrete approximations of the given delayed differential-algebraic inclusion
replacing the derivative in (1.2) by the classical Euler finite difference

sy~ 2EED =20 ’2 —21),

For any N € IN := {1,2,...} we consider the step of discretization hy := A/N and define the discrete
partition t; := a + jhy as j = —N,...,k and tp1 := b, where k£ is a natural number determined from
a+ khy < b < a+ (k+ 1)hy. Then the corresponding delayed difference-algebraic inclusions associated
with (1.2)—(1.4) are described by

an(tj+1) € 2n(t) + hnF(an(t)), on(t; — A),2n(t5),t;) for j=0,....k,
zn(tj) =an(tj) + Azn(t; —A) for 7=0,...,k+1, (2.1)
zn(tj) =c(t;) for j=-N,...,—1

Given discrete functions zx (t;) and zn (¢;) satisfying (2.1), we consider the extension of xn(t;) to the continuous-
time intervals [a — A, b] such that xx (t) are defined piecewise-linearly on [a, b] and piecewise-constantly, contin-
uously from the right on [a — A, a). We also define piecewise-constant extension of discrete velocities on [a, b] by

zn(tj+1) — zn(t)

’UN(t) = hN )

te [tj,tj+1), 7=0,...,k.
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It is easy to see that
t
2y (t) = zn(a) +/ un(s)ds for ¢ € [a,b],
a

where zy () = zn(t) + Axn (t — A).
Let Wh2[a, b] be the classical Sobolev space with the norm

b 1/2
()l 1= mas o(6)] + ( / |sc<t>|2dt> .

The following theorem, which plays an essential role in the subsequent constructions and results of the paper
being also important for its own sake, establishes the strong W1 2-approzimation of any admissible pair to the
given delayed differential-algebraic inclusion by corresponding solutions to its discrete-time counterparts.

Theorem 2.1. Let (Z,z) be an admissible pair to (1.2)—(1.4) under hypotheses (H1)-(H3). Then there is a
sequence (Tn(t;),Zn(t;)) of solutions to discrete inclusions (2.1) with Ty (to) = Z(a) for all N € IN such that
their extensions :L'N(t), a—A <t <b, converge uniformly to Z(-) on [a— A,b] while Zn(t), a <t <b, converge
to z(t) in the Wt2-norm on [a,b] as N — oo.

Proof. Using the density of step-functions in L'[a,b], we first select a sequence {wn(-)}, N € IN, such that
each wy (t) is constant on the interval [t;,¢;11) for j = 0,...,k and that wx(-) converge to z(-) as N — oo in
the norm topology of L'[a,b]. It follows from (H1) that

lwn ()] < |wn(t) = 2(8)] + [2(t)] <1+ mp

for all ¢ € [a,b] and N € IN. In the estimates below we use the sequence

b
En = / lwn(t) = 2(t)|dt — 0 as N — <.
a
Denote wy, := wn(t;) and define discrete pairs (un(t;), sn(t;)) recurrently by

=2Z(t;) for j=—N,...,0,
=un(t;) +Aun(t; —A) for j=0,...,k+1,
sn(tjy1) == sn(t;) + hywn, for j=0,... k.

Then the extended discrete functions satisfy

(J) forte[tjvt]Jrl) jz*N?"'afla
sy(t) = N()JrAuN(th) for ¢ € [a, b],
z(a) +

/ ~N(s)ds fort € [a,b].

Next we want to prove that uy(¢) converge uniformly to Z(t) on [a,b]. Denote ry(t) := un(t) — Z(¢) and
yn(t) :=|rn(t) + Arn(t — A)|. For any t € [a, b] one has

un(t) = [sw(t) = 20)] < [ fon(5) = )] ds < €, (2.2
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which implies the estimates

P (O] < yn(t) +Allrn (E = A)] < yn () + [Alyn (t = A) + [AP|ra (= 28)] <
< yn(t) + [Alyn (t — A) + .+ [Ayn (E = mA) + [A ey (t — (m+1)A)].

Observe that ¢(-) is wniformly continuous on [a — A, a] due to assumption (H3). Picking an arbitrary se-
quence By | 0 as N — oo, we therefore have

le(®") — c(t")| < By whenever t',¢" € [tj,tj11], j=-—-N,...,—L

Choose an integer number m such that a — A < b — (m + 1)A < a. Then ¢t — (m + 1)A € [t;,t;4+1) for some
j€{=N,...,—1}, which implies that

Irn (t = (m+ 1A < [e(t;) — et — (m+1)A)] < B
Since m € IN does not depend on N, this gives
Irn ()] < Env(+ A+ ...+ A™) + A" By == on — 0 as N — oo (2.3)

for all ¢ € [a,b] due to the construction of ry(-). Now consider a sequence {{y} defined by

k
(v o= hy Y dist(wy,; Flun(t;), un(t; — A),sn(t;), 1)
§=0

and show that {y | 0 as N — oo. By construction of {5 and the averaged modulus of continuity 7(F';h) we
get the following estimates:

k ti+1
(v = Z/ dist(wn;; F(un(ty), un(t; — A), sn(tj),t5)) dt
j=0"%

k tit1
= Z/ dist(wn,; Fun (t;), un(t; — A), sn(t;),t) dt
j=0""

+Z/ 41 dlst (Wi Fun(ty), un(t; — A),sn(t;),t;)) — dist(wn,; Fun(ty), un(t; — A),SN(tj),t))] dt
- o ti+1
< ZO/ dist(wn;; Fun(tj),un(t; — A),sn(t)),1)) dtJrZ/t‘ o(Fsit, hy)dt

k
< z_;/t dist(wy,: Flun(t)), un(t; — A), s (t;), 1)) dt + 7(Fs hy).

Further, assumption (H1) implies that for any ¢ € [¢;,¢;41) with j =0,...,k one has

dist(wn;; Fun(t;), un(t; — A),sn(t),t)) — dist(wn,; Fun(t), un(t — A),sn(t),t))
< dist(F(un(t), un(t; — A),sn(t;),t), Flun(t), un(t — A), sn(t), 1))
<Lp(lun(t;) —un@)] + lun(t; — A) —un(t — A)| + [sn(t;) — sn()]).
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Taking into account that

< (]. +mp)(tj+1 7tj) = (1 +mp)hN ‘=an l 0,

|sn(t;) — sn(t)] = |/t wn(s)ds

J

we arrive at

lun (t) —un(t;)] < an + [Allun (t — A) —un(t; — A)
<an(1+ A+ ...+ |A™) + |A™Hun (t — (m 4+ 1)A) — un(t; — (m+1)A)]
<an(L+]A|+ ... +[A™) + A" By :=bx | 0 as N —

and hence ensure that
dist(wn;; Fun(t;), un(t; — A),sn(ty),t)) — dist(wn;; Fun(t), un(t —A),sn(t),1)) < (an + 20N )LF.
It follows from (H1), (2.2) and (2.3) that for any ¢ € [¢;,¢;+1) and j =0, ...,k one has

dist(wn;; Fun(t),un(t — A),sn(t),t)) — dist(wn (t); F(2(t), 2(t — A), 2(t),t))
< dist(F(un (8), un(t — A), s (0),1), F(E(E), 5(t — A), 5(8), 1
<Llp(lun(t) —2z@)[ + [un(t — A) —2(t — A)| + [sn(t) — 2(¢)
< (20N +En)lp.

Combining the above estimates and denoting uy := any + 2by + 208 + En, We arrive at
dist(wn,; F(un (t;), un(t; — A), sn(t;), 1) < Lppn + dist(wn,; F(2(t), 2(t — A), 2(t), 1) < Lppn + |wn, — Z(t))
and finally conclude that

i+l

k t
(v < Z/ (lon, = 2()| + Lrpun) At + 7(F; hy)
j=0 "t
=¢év+lpun(b—a)+7(F;hn) :=9n 10 as N — oo. (2.4)
Note that the discrete functions (un(t;), sn(t;)) may not be a admissible pair for (2.1) because the inclusions

wn; € Flun(tj),un(t; —A),sn(t;),t;) may not be true for j = 0,...,k. Let us construct the desired pair
(Zn(tj),Zn(t;)) by the following prozimal algorithm:

fN(t]') = C(tj) for ]: 7Na' "af]-a EN(tO) - f(a)v
/Z\N(tj_;_l) = EN(tj) + hNUNj for 7=0,...,k,
2n(t;) = Bn(ty) + ABn(t; — A) for j=0,....k+1, (2.5)

UN; € F@n(tj),zn(t; — A),Zn(t;),t;) for 7=0,...,k,
|UNj — wNj| = diSt(wNj;F(fN(tj),ﬁC\N(tj - A), :Z\N(tj),tj)) for ] = 0, ey k.

It follows from the construction (2.5) that (Zn(t;),Zn(t;)) is a feasible pair to the discrete inclusion (2.1) for
each N € IN. Note that

|Zn(t) — Z2(t)| = 12N (t;) — Z(t)| = |c(t;) — c(t)| < By fort € [tj,tj41), j=—N,...,—1,
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which implies that the extensions of Zy (+) converge to Z(t) uniformly on [a — A, a). Let us analyze the situation
on [a, b].

First we claim that Zn(¢;) € U and Zn(t;) € V for j = 0,...,k + 1. Arguing by induction, we obviously
have Zn(to) € U and Zn(tg) € V. Assume that Zy(¢;) € U and Zn(t;) € U for all j = 1,..., m with some fixed
m € {1,...,k}. Then

TN (tmt1) = un (tmia)| = 28 (Emy1) = AZN (Engr — A) = 58 (Emp1) + Aun (g — A))
<NA[ZN (1 = A) = un(Empr = )| + [Z8 (Eng1) = sn (Empa)]
<JA|ZN (Emg1 — A) —un(tms1 — A)| + A28 (Em — A) —un (tm — Q)]
+ |5’J\N(tm) - ’U,N(tm)| + hNdiSt(wNm;F(fN(tm), :/L'\N(tm - A), ,’Z\N(tm),tm)).
Taking into account that
[ZN (tm) — un (tm)| < [A[ZN (tm-~) — un (tm-~)| + [A][ZN (Em—1-~N) — un (tm-1-n)]
+ 1ZN (tm=1) — un (tm=1)| + hndist(wn,, ,; F(@NEm=1), TN Em—1-N); ZN (Em=1)s tm—1)),
that
dist(wn,,_,; F(@N (tm—1), TN (tm-1-N), 28 (tm—1), tm 1))
< dist(wn,, ,; FunEm=1), unEm-1-nN), SN (tm=1);s tm—1))
(B () — sy (banr)| + B (1) — 83 ()
+ TN (tm1-N) —un(tm-1-~)]),  (2.6)

that
28 (tm) = sn (tm)| <1ZN (Em) = un(tm)] + [A[ZN (Em-n) = un (Em-n)]; (2.7)
and that |Zn(t;) — un(¢;)| =0 for 7 <0, one has

ZN (tmi1) — un(tmi1)| < Mihy Y dist(wn,; Fun(t;), un(t; — A), sn(t;), £5) < Miyn (2.8)
§=0
with some constant M; > 0. Now invoking (2.3) and increasing M if necessary, we arrive at
ZN (tm+1) — Z(tms1)] <€+ Miyy — 0 as N — oo,

which implies that Zn (¢;) € U for j =0,...,k+ 1.
Observing further that

|ZN (tm+1) = SN (tmt1)| < BN () — sn(tm)] + ha|ow,, —wn,,|
< [2n(tm) = s (tm)| + hndist(wn,,; F(@N (tm), Zn (tn — A), 28 (), tm)),

we derive from (2.6) and (2.7) the estimate

m

BN (tms1) = 58 (tmg1)| < Mahy Y dist(wn; Flun (), un(t; — A), sn(t;),t5)) < Moy (2.9)
=0

with some constant My > 0. Note that

|ZN (tm+1) = 28 (Emt1)] < 2N (Emr1) = SN (Em1)| + [N (Emt1) — 28 (Ems1)| < Moy + €,
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which ensures the inclusions Zn(t;) € V for j =0,...,k + 1. It remains to prove that Zx(t) converge to z(t) in
the W1-2-norm on [a, b], which means that

b
m[a)}()]‘zN (t)|+/ |EN(t)72(t)|2dtH0 as N — oo. (2.10)
t€la a

To furnish this, we use (2.8) and (2.9) to get the estimates

k+1 k+1 j—1
Z |fN(tj —un(t ZMl Z hydist(wn,,; F(un (Em), un(tm — A), SN (tm)s tm))
=0

k

< M (b Zdlst wi,; Flun (t)), un(t; — A), sn(t;),t5)),

Jj=
k+1 k+1 Jj—1
Z ‘EN(tj) — SN(tj)‘ < Z Moy hydist(wn,,; F(un (Em), un (tm — A), SN (tm)s tm))
j=0 j=0  m=0

k
< Ma(b—a) ) dist(wy,; Fun(t)), un(t; — A),sn(t), 1)),

which imply by (H1) that

b, kooptivn |
/ \EN(t)—wN(t)|dt=Z/ t) —wn(t)| dt
a 3=0 tj
k tit1 k
:2/ o, —wn,ldt = S hdist(wy,; F@n (t), En (t — A), 2n(t), 1))
j=0"1ti §=0
k
= > hydist(wn;; Fun(ty), un(t; — A),sn(ty),t5))
§=0
k
+ ) hnldist(wy,; F@n(t), 2n(t — A),2n(t), 1))
j=0

— dist(wn,; Fun(t;), un(t; — A), sn(t),t5))]

< ) hndist(wn,; F(un(ty), un(t; — A),sn(tj),t5))

-

<
I
o

k
+ > lehn [[En () — un ()] + Byt — A) —un(t; — A) + [Ev () — sn(ty)]]
j=0

k
<N+ Y Lrhy [|En(t) —un () + [En(t = A) = un(t; — D) + [Ev () — sn(ty)]]
=0
k
< AN +2(My + M2)(b—a)lp Z hydist(wn;; F(un(t;), un(t; — A),sn(t),t5))
=0

<N + 2(M1 + Mg)gp(b — a)’yN
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The latter ensures the estimates

/|zN —z(t |dt</|zN —wn(t |dt+/‘wN —z(t ‘dt

< An(1+2(My + Ma)(b—a)lp) +&n.

Due to Zn(t) € U and Zn(t) € V, we get from (H1) by (1.2) and (2.5) that ‘EN(t)| < mp, |2(t)] < mp, and

hence
b . 2 b, . . .
/\EN(t)—z(t)\ dt:/ |Zn(t) = 2(t)||Zn (8) + 2(t)| dt
< 2mpyN(1+2(M1 + Ma)(b—a)lp) +€én] L 0 as N — oo.

Observing finally that

b
max ‘zN Z(t)‘2 < (bfa)/ ‘EN(t) — f(t)‘2dta
te[a b] a

we arrive at (2.10) and complete the proof of the theorem. O

3. STRONG CONVERGENCE OF DISCRETE APPROXIMATIONS

The goal of this section is to construct a sequence of well-posed discrete approximations of the dynamic
optimization problem (P) such that optimal solutions to discrete approximation problems strongly converge, in
the sense described below, to a given optimal solution to the original optimization problem governed by delayed
differential-algebraic inclusions. The following construction explicitly involves the optimal solution (Z, Z) to the
problem (P) under consideration for which we aim to derive necessary optimality conditions in the subsequent
sections.

For any natural number N we consider the following discrete-time dynamic optimization problem (Py) for
functional-difference inclusions:

minimize Jy[zn,zn] = ga(:EN(to) oy (tee1)) + |on(to) — Z(a)|?

+hy Zf (mN zn(tj — A),zn(t)), ZN(th;)L - ZN(tj)atj)

N

k tj+1 t. _ t. 2
+Z/ N(tirn) = 2n(t) —:)| @t (3.1)
— [, hn
Jj=0""%
subject to the dynamic constraints governed by (2.1), the perturbed endpoint constraints
(xN(tO)ny(thrl)) € Qn = Q+nnB, (32)
where Ny := |Zn(tk+1) — Z(b)| with the approximation Zy(t) of Z(t) from Theorem 2.1, and the auxiliary
constraints
len(ty) —2(t;) <&, [an(ty) = 2(t)[ <&, j=1,...,k+1, (3.3)

with some € > 0. The latter auxiliary constraints are needed to guarantee the existence of optimal solutions
in (Py) and can be ignored in the derivation of necessary optimality conditions; see below.
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In what follows we select € > 0 in (3.3) such that Z(t)+eB C U for allt € [a— A, b] and Z(t)+ecIB C V for all
t € [a,b]. Take sufficiently large N ensuring that ny < e. Note that problems (Py) have feasible solutions, since
the pair (Zn,zn) from Theorem 2.1 satisfy all the constraints (2.1), (3.2), and (3.3). Therefore, by the classical
Weierstrass theorem, each (Py) admits an optimal pair (T, zZx) under the following assumption imposed in
addition to (H1)-(H3):
(H4): ¢ is continuous on U x U, f(x,y,z,v,-) is continuous for a.e. ¢ € [a,b] uniformly in (z,y,z,v) €
UxUxV xmpB, f(-,+,-,,1) is continuous on U X U x V X mpIB uniformly in t € [a,b], and Q is
locally closed around (Z(a), Z(D)).
We are going to justify the strong convergence of (Zn,zn) to (Z,Z) in the sense of Theorem 2.1. To proceed,
we need to involve an important intrinsic property of the original problem (P) called relazation stability. Let
us consider, along with the original system (1.2), the convezified delayed differential-algebraic system

(3.4)

2(t) € co F(x(t), z(t — A),z(t),t) a.e. t €a,b],
2(t) = z(t) + Az(t — A), t € [a,b],

where “co” stands for the convex hull of a set. Further, given the integrand f in (1.1), we take its restriction
fF(xayaZavat) = f(xaya'z)Uat) + 5(U7F(Iay7zat))

to F'in (1.2), where §(-; F') stands for the indicator function of a set. Denote by fp(:ﬂ, Y, 2,0, t) the convezification
of fr in the v variable and define the relazed generalized Bolza problem (R) for delayed differential-algebraic
systems as follows:

minimize J [z, 2] := p(z(a), (b)) —|—/ Fr(@),z(t — A), 2(t), 2(t),¢) dt (3.5)

over feasible pairs (z, z) with the same analytic properties as in (P) subject to the tail (1.4) and endpoint (1.5)
constraints. Every feasible pair to (R) is called a relazed pair to (P).

One clearly has inf(R) < inf(P) for the optimal values of the cost functionals in the relaxed and original
problems. We say that the original problem (P) is stable with respect to relazation if

inf(P) = inf(R).

This property, which obviously holds under the convexity assumptions on the sets F(x,y,z,t) and the inte-
grand f in v, goes far beyond the convexity. General sufficient conditions for the relaxation stability of (P)
follow from [4]. We also refer the reader to [8,10,19,20] for more detailed discussions on the validity of the
relaxation stability property for various classes of differential and functional-differential control systems.

Now we are ready to establish the following strong convergence theorem for optimal solutions to discrete
approximations, which makes a bridge between optimal control problems governed by delayed differential-
algebraic and difference-algebraic systems.

Theorem 3.1. Let (Z,z) be an optimal pair to problem (P), which is assumed to be stable with respect to
relazation. Suppose also that hypotheses (H1)—(H/) hold. Then any sequence {(Zn,zZn)}, N € IN, of optimal
pairs to (Py) extended to the continuous interval [a — A, b] and [a,b] respectively, strongly converges to (T, Zz)
as N — oo in the sense that Tn converge to T uniformly on [a — A,b] and Zy converge to z in the Wh%-norm
on la,b].

Proof. We know from the above discussion that (Py) has an optimal pair (Zy,Zzy) for all N sufficiently large;
suppose that it happens for all N € IN without loss of generality. We consider the sequence (Zy,Zzy) from
Theorem 2.1. Since each (T, Zy) is feasible to (Py), one has

JN[IZ'N,EN] < JN[&J\N,:Z\N] for all N € IN.
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For convenience we represent Jy[Zn,Zn] as the sum of three terms:

k

INEN, ZN] = e(@n (1), B (th1)) +hv Y f (fN(tj), TN (t; — A), Zn (), EN(th,)l — EN(tj)vtj)
N

Jj=0
k

tit+1
- Z/t

j=0"%

2

EN(thrl)*EN(t]') 72@) dt .= 11 + Ir + Is.

hn

It follows from Theorem 2.1 and the assumption on ¢ in (H4) that

I — o(Z(a),z(b)) as N — oo.

“

Moreover, using the sign “~” for expressions equivalent as N — oo and the notation

;ﬁN (t) — ZN(thrl]z]; ZN (tj) ’

te [tjathrl)a j:O,...,k,

we have the relations

k
Iy =hn Yy f@N (), x5 — A), Zn (), On (t), 1)
i=0

tit+1
~ / f@n(t)), Zn(t; — A),Zn (L), On(t), 1) dt
b
= [ 10,3 - 8)20). 20,0t as N - o0,
a
k 2 b 2
L= [on (t) — 2(t)| dt:/ [On (1) — 2(t)|” dt
b 9
:/ Zn(t) — 2(t)]"dt — 0 as N — oc.
This implies that Jy[Zn,2Zn] — J[Z, Z] as N — oo, and therefore

limsup Jy[Zn, ZN] < J[Z, Z]. (3.6)

N —o0

It is easy to observe that the strong convergence claimed in the theorem follows from

2 b 2
pn = |Zn(a) — Z(a)| —|—/ |Zn(t) — 2(t)|"dt — 0 as N — oo.
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On the contrary, suppose that the latter does not hold. Then there are a constant o > 0 and a subsequence
{Ny} C IN for which py,, — o as m — co. Employing the standard compactness arguments based on (2.1) and
the boundedness assumption in (H1), we find an absolutely continuous function z: [a,b] — IR™ and a function
Z: [a— A, b] continuous on [a — A, a) and [a, b] such that

Zn(t) — Z(t)  weakly in L2[a, b],

that Zx (t) — Z(t) uniformly on [a— A, b] as N — oo (without loss of generality), and that z(¢t) = Z(t)+ AZ(t—A)
for t € [a,b]. By the classical Mazur theorem there is a sequence of convex combinations of Zn (t) that converges
to Z(t) in the norm topology of L?[a,b] and hence pointwisely for a.e. t € [a,b] along some subsequence.

Therefore ]

Z(t) € coF(Z(¢),z(t — A),Z(t),t) a.e. tE€EJa,b],

Z(t) = z(t) + AZ(t — A), t € [a,b)].
Since Z(-) obviously satisfies the initial tail condition (1.4) and the endpoint constraints (1.5), it is a feasible
solution to the relaxed problem (R). Note that

hNZf<93N ), TN () *A),EN(tj)azN ' e -

t1+1 ) b .
—Z/t Fn(ty), Ex(t —A),zN(tj),zN(t),tj)dt_)/ FGEW),5(E— A),3(0), 5(1), £) dt

as N — oo due to the assumptions made. Observe also that the integral functional

is lower semicontinuous in the weak topology of L?[a, b] by the convezity of the integrand in v. Since one has

zk: /tm

Jj=

(tj+1) —2n(t;) -
— e - 2(t)

the latter implies that

r

Using the above relationships and passing to the limit in the expression (3.1) for Jy[Zn,Zn] as N — oo, we
arrive at the inequality

z ]+1 ZN(tj) 72(15)
N

A(t) - At )\ dt<hm1nfz /

J[f,g] +a< th JN[jN,ZN].
By (3.6) one therefore has
Jz,Z] < JZ, 2] —a < Jz,Z] if a>0.

This clearly contradicts the optimality of pair (z,Z) in the relaxed problem (R) due to the assumption on
relaxation stability. Thus o = 0, which completes the proof of the theorem. O



298 B.S. MORDUKHOVICH AND L. WANG

4. TOOLS OF GENERALIZED DIFFERENTIATION

The convergence results of the previous section allow us to make a bridge between the original infinite-
dimensional optimization problem (P) for delayed differential-algebraic inclusions and the family of finite-
dimensional dynamic optimization problems (Py) for delayed difference-algebraic inclusions. The further strat-
egy is now clear: to obtain first necessary optimality conditions for the discrete approximation problems (Py)
and then to derive necessary optimality conditions for the original problem (P) by passing to the limit from the
ones for (Py) as N — oo.

Observe that problems (Py) are essentially nonsmooth, even in the case of smooth functions ¢ and f in
the cost functional and the absence of endpoint constraints. The main source of nonsmoothness comes from
the (increasing number of) geometric constraints in (2.1), which reflect the discrete dynamics and may have
empty interiors. To conduct a variational analysis of such problems, we use appropriate tools of generalized
differentiation in finite dimensions introduced in [5] and then developed and applied in many publications; see,
in particular, the books [6,17,19] for detailed treatments and further references.

Recall the the basic (general limiting) normal cone to the set  C IR™ at the point T € ) is

N(z; Q) := Limsup N (z; Q), (4.1)

Q _
r—x
Q _ .
where x — T means that x — & with = € Q, and where

lim sup w < O} (4.2)

N(z;Q) = {x* € R"

is the cone of Fréchet (regular, strict) normals to € at Z. For convex sets  both cones N(z;€2) and N(z;Q)
reduce to the normal cone of convex analysis. Note that the basic normal cone (4.1) is often nonconvexr while
satisfying a comprehensive calculus, which is to the case for (4.2).

Given an extended-real-valued function ¢: IR® — IR := [—00, 00| finite at Z, the basic (general, limiting)
subdifferential of ¢ at T is defined geometrically

Op(z) := {a" € R"| («",—1) € N((z, o());epi) } (4.3)
via basic normals to the epigraph epiy := {(x,u) € R""| u > ¢(z)}; equivalent analytic representations
of (4.3) can be found in the books [6,17-19]. One of the most convenient representations of (4.3) is via the
Painlevé-Kuratowski upper limit (i.e., robust regularization) of Fréchet subgradients, which are the same as

subgradients in the sense of viscosity solutions.
Given a set-valued mapping F': IR" = IR™ with the graph

gph F:= {(2,y) € R" x R™|y € F(x)},
the coderivative D*F(Z,3): R™ = IR" of F at (Z,§) € gph F is defined by
D*F(z,9)(y") := {a* € R"[ (¢, ~y*) € N((z,5);gph F)}. (4.4)
Note the useful relationships
9p(z) = D" Ey(z,9(2))(1) and D g(z)(y") = {y", 9)(x), y* € R™,

between the subdifferential and coderivative introduced, where E,(z) := {u € R| pn > ¢(z)} is the epigraph-
ical multifunctions associated with ¢: IR™ — IR, and where (y*, g)(z) := (y*, g(x)) is the scalarized function
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associated with a locally Lipschitzian mapping g: IR™ — IR™. Observe that
D*g(z)(y*) = {Vg(z)"y*} forall y* e R™

if g is strictly differentiable at z. This means that the coderivative (4.4) is a natural extension of the adjoint
derivative operator to nonsmooth and set-valued mappings.

The subdifferential /coderivative constructions (4.3) and (4.4) enjoy a variety of useful calculus rules that
can be found in the books mentioned above and their references. Let us formulate two results crucial in the
method of discrete approximations. The first one gives a complete coderivative characterization of the classical
local Lipschitzian property of multifunctions imposed in our standing assumption (H1); ¢f. [7], Theorem 5.11,
and [17], Theorem 9.40.

Theorem 4.1. Let F': IR™ = IR™ be a closed-graph multifunction locally bounded around T. Then the following
conditions are equivalent:

(i) F is locally Lipschitzian around T.
(ii) There exist a neighborhood U of T and a number £ > 0 such that

|

sup{|:c S D*F(:c,y)(y*)} <Lly*| foral z €U, ye F(z), y* € R™.

The next result (see, e.g., [6], Cor. 7.5, and [18], Th. 3.17) provides necessary optimality conditions for a general
problem (M P) of nonsmooth mathematical programming with many geometric constraints:

minimize ¢o(z) subject to
¢J(Z)SO7 jzl)"'7T7
g](z):O7 jZO)"'7m7
ZEAj, 7=0,...,1,

where ¢;: R — IR, gj: R — R™, and AjC Re.

Theorem 4.2. Let Z be an optimal solution to (M P). Assume that all ¢; are Lipschitz continuous, that g; are
continuously differentiable, and that A; are locally closed near Z. Then there exist real numbers {p;] j =0,...,r}
as well as vectors {1 € R"| j =0,...,m} and {z] € R j=0,...,1}, not all zero, such that

w; >0 for j=0,...,m (4.5)
MJQS](E) = 0 fOT j = 1’ A '7T7 (4.6)
z; € N(z;Aj)  for j=0,...,1, (4.7)

l T m
=Y e Do mes) @)+ Y Vo) (4.8)

For applications in this paper in the case of nonautonomous continuous-time systems we need the following
modifications of the basic constructions (4.1), (4.3), and (4.4) for sets, functions, and set-valued mappings
depending on a parameter t from a topological space T' (in our case T' = [a, b]).

Given Q: T'= IR"™ and & € Q(t), we define the extended normal cone to Q(t) at Z by

N(z: Q) = Limsup N (z;Q(t)). (4.9)

(tx) 57 (F.2)
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For ¢: IR" x T — IR finite at (Z,7) and for F': IR" x T = IR™ with § € F(Z,1), the extended subdifferential of
@ at (7,1) and the extended coderivative of F at (Z,y,t) with respect to x are given, respectively, by

Oop(@,8) = {a € B[ (2", —1) € N (&, p(@, D) epi (D) } (4.10)
and, whenever y* € IR™, by
DiF(@5,0") = {o* € R (o, ~y") € N((,5); sph F(D) } (4.11)

Note that the sets (4.9)—(4.11) may be bigger in some situations than the corresponding sets N(z;Q(?)),
Opp(Z,t), and DXF(Z,7,t)(y*), where the latter two sets stand for the subdifferential (4.3) of o(-,1) at
and the coderivative (4.4) of F(-,1) at (z,%,1), respectively. Efficient conditions ensuring equalities for these
sets are discussed in [8,9,11].

It is not difficult to check that the extended constructions (4.9)—(4.11) are robust with respect to their
variables, which is important for performing limiting procedures in what follows. In particular,

N(z: Q) = Limsup N(z;Q(t)). (4.12)

(tx) 57 (F.2)

Note also that the constructions (4.9)—(4.11) enjoy a full generalized differential calculus similar to one for (4.1),
(4.3), and (4.4). We do not need this calculus in the present paper, however.

5. NECESSARY OPTIMALITY CONDITIONS FOR DIFFERENCE-ALGEBRAIC SYSTEMS

In this section we derive necessary optimality conditions for the discrete approximation problems (Py)
by reducing them to those in Theorem 4.2 for nonsmooth mathematical programming problems with many
geometric constraints.

Given n € IN, consider problem (M P) with the decision vector

e (N N N N N N N n(3k+5
W= (2, TR 20 s 21 Vp UL ,...,vk)elR( )

and the following data:

d)o(U}) = (xévaxilfv—i-l) + ‘xév - j(a/)|2 + hNZf (x_gv7x§V—N7Z]]Va’U]]v7t])

+y [N — (1)) dt, (5.1)

j=0 "t
2} —z(t)) e, j=1...k+1,

¢j(w) := ’ -
ey —2(tje1)l —e, j=k+2,...,2k+2,

Aj = {(:L'O, ,v,]gv) }UJN ( ;V,xév_N,sz,tj)}, 7=0,...,k,
A = {0 | (z) 2ny1) € QN },
gi(w) =20, — 2 —hyvY, j=0,...,k,

hj(w) 3:Z§V*CE§V7A:C§V,N, ji=0,...,k+1,
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where :L';V = c(t;) for j < 0. Let w™ = (z),... ,:EkNH, Z,.., E{CVH,@éV, ...,UY) be a given optimal solution

o (MP). Applying Theorem 4.2 with the equality constraints given by (g, h;), we find real numbers uév for
J=0,...,2k + 2, vectors wj € R™3k+5) for j = 0,...,k + 1, vectors név € R" for j = 0,...,k, as well as
vectors wév € R™ for j =0,...,k+ 1, not all zero, such that conditions (4.5)—(4.8) are satisfied.

Taking w} := (x5 ;, . - Ty 205 s Pheg o Vo - ,v,’;yj) € N(wN;Aj) for j =0,...,k, we observe that
all but one components of w} are zero and the remaining one satisfies

(LL‘;],I; N]?Zj*]a j]) €]V(( ] ’ évNa jNa ] ) gphF(a ’ "y ]))7 ]:Oaak
Similarly notice that the condition wy,; € N (zV; Agy1) is equivalent to

(356,1@+173UZ+1,1€+1) eEN ((350 ,ka) QN)

with all the other components of wj_ , equal to zero. Employing Theorem 3.1 on the convergence of discrete
approximations, we have ¢;(w”") < 0 for j = 1,...,2k + 2 whenever N is sufficiently large. Thus uév = 0 for
these indexes due to the complementary slackness conditions (4.6). Let A := p2" > 0. Observe further that

k
Z Vg] 775\[ = (Oaaoanév7név _n{\anlivfl _nlév7nl]cv7_hNnéva)_hN77]]gv)7
7=0

and that one has
k+1
> (Vhy (@) 0 = (= o + AN, —ol AN
=0
- wlﬁ,‘v—N-{-l + A*wli:v-',-h _w]]cv—N+2a RS —¢1iv+1a¢évv T 777[]]va+1)07 T 7O>

From the subdifferential sum rule for ¢ in (5.1) we deduce that

J+1 .
dpo(w™) C Bz, 2, 1) + 2(z) — +hNZaf N 2N 2N oY ) +Z/ z(t))dt

with 0 f standing here and in what follows for the basic subdifferential of f with respect to the first four variables.
Thus the inclusion (4.8) in Theorem 4.2 is equivalent to the relationships

* * * __WN, N N N N N
_$0,0_$0,N_x0,k+1 —)\ UO “l‘)\ hN’l90 “l‘)\ h/NK/O+

20N (2 — @(a)) — ¥§ — A*YY,

gy = w3 = AN £ MWl N — AN =1 k- N+,
—at, = AV NN — N, j=k—N+2,.. K (5.2)

—Thi g1 = AN uk+1 wljcv+1a
_Zj,:)\NhNa% +¢]N+77§v_1_77§\[a J=0,...,k,

v“*)\NhNL )\N9§V7hNn]N, 7=0,...k,

with the notation

tit+1
Wl udy) € 0@ ), (0N kY ool ) € af @, 2Ny, 2N 0N ty), oY ;:2/ (o — 2(t)) dt.
t
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Based on the above relationships, we arrive at the following necessary optimality conditions for discrete-time
problems (PN) where fj('v ERE) ) - f(a R 'atj) and Fj('v ) ) = F('a ) '7tj)'

Theorem 5.1. Let wY be an optimal solution to problem (Py). Assume that the sets Q and gph F; are closed
and that the functions ¢ and f; are Lipschitz continuous around the points (Z) :E,Hl) and (zl 3, ;V N ]N, ’ujv),
respectively, for all j =0, ..., k. Then there exist \NV >0, p] (j=0,....,k+N+1), ¢ qj (j==N,....,k+1),

and T§V (j=0,...,k+1), not all zero, such that

py =0, j=k+2,...,k+N+1, (5.3)
V=0, j=k-N+1,... k+1, (5.4)
(pév + Q(])V7 _p{cVJrl) € AN@@@(])\[@I@NH) +N((j(])\[ajkN+1)§QN)v (5.5)

N N N N N N NgN
P =P Qv — QN 15—y AT0; 4N LGN e
hy h T hy 0 hy PTG T

G)\Nafj(j’ ;vNa ]Naj)+N((]ﬂ ;vNa ]Naj)gphF) j:]-a"'ak7 (56)

with the notation

P]-N = pév—l-A*pﬁN, Q;V = qév +A*qﬁN.

Proof. Most of the proof has been actually done above, where we transformed the necessary optimality conditions
for (M P) into the ones for (Py) written in the form of nonsmooth mathematical programming. What we need
to do is to change the notation in the relationships of (5.2). Let us first denote

N . 1/)?] forj=1,...,k+1,
7710 forj=k+42,....,k+N;

TN Me¥ ot v/hy forj=1,...,k =N +1,
7700 forj=k—-N+2,....k;

v ::név_1 forj=1,....k+1.

It follows from (5.2) that
SN+ A*SN = TN = XN9N + 27 /h,

sz\lN = )\N,‘jSN + I;fN,j/h]\“ ( )
~N ~N 5.7
Tit1 =T N N ]J
e =)

I SJ + hN’
—)\NGN/hNJrer =\N L +v* /hN

for all j = 1,...,k. Define the sequences 'ﬁ;v , and Z]V]N by the recurrent formulae

pY =pNy —SVhy with pV =0 for j=k+2,....,k+N+1,
g =N, —TNhy with gY =0 for j=k—-N+1,....k+N+1.
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Putting q]N = (?]N + A*qWJlYi_N, we rewrite (5.7) as

(27;\11 - ij\iﬂ - (15;\[ - qJN) LA (ﬁﬁN-}-l - Q%_N-i-l) - (ﬁﬁz\f - ‘Ijj\g_zv)
hN hN
k. )

:)\Nﬂlév+hj—;, ]:1,...,k,

(@ N1+ A*QJ'YH) — (g N+ A%qY) TN, .
J + J hN J J :)\NKJ;V_N+ ]hN,j’ ]:1;-..7k7 (58)

~N ~N =N ~N
T T P TPy :)\NO‘N—I—@ j=1,...,k

hN hN ] hN) ) ) b

~ v

—ANON [hn + T :ANLJA’+hJ—J’VJ, j=1... .k

Letting finally

o = ANug + a5 — 40 s
pj»v ::ﬁ;quév forj=1,....k+ N +1,
N ._ N

Ty =T —ﬁ;v forj=1,....k+1,

we arrive at all the relationships (5.3)—(5.6) and complete the proof of the theorem. O

Corollary 5.2. In addition to the assumptions in Theorem 5.1, suppose that the mapping F; is bounded and
Lipschitz continuous around (a‘cév,:?c;v_N, ,EJN) for each j =0,...,k. Then the conditions AN >0 and (5.3)-(5.6)

hold with ()\N,pkNH,?“liVH) #0, i.e., one can let
2 2 2
Y+ R [+ i) = 1. (5.9)

Proof. If AN =0, then (5.6) together with (5.3) and (5.4) imply that

kN—H Ilcv IZcV—N Ilcv-i-l L Ilcv
p p q L * =N =N sN ~N N N
eD I*k T T1._ z v — - .
hN ; hN ; hy ( k»YkE—N>*k » Yk ) ( Pr+1 k+1)

Assuming now that p,i\q_l =0 and r,]fV_H =0, we get

—pi —an - N =N N -N
k7 ’ ; ED*Fk(jkajk—Nazka@k)(O)7

hn ° hn  hn
which yields p{cv =0, q{i y =0, and rl]cv = 0 by Theorem 4.1. Repeating the above procedure, we arrive at the
contradiction with the nontriviality assertion in Theorem 5.1. O

6. OPTIMALITY CONDITIONS FOR DIFFERENTIAL-ALGEBRAIC INCLUSIONS

In the concluding section of the paper we obtain the main results of this study that provide necessary
optimality conditions for the original dynamic optimization problem (P) in both extended Euler-Lagrange
and Hamiltonian forms involving generalized differential constructions of Section 4. Our major theorem es-
tablishes the following conditions of the Euler-Lagrange type derived by the limiting procedure from discrete
approximations.
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Theorem 6.1. Let (Z,z) be an optimal solution pair to problem (P) under hypotheses (H1)-(H4), where ¢ and
f(, o+ t) are assumed to be Lipschitz continuous instead of the plain continuity. Suppose also that (P) is stable
with respect to relaxation. Then there exist a number A > 0, piecewise continuous functions p: [a,b+ A] — IR™
and q: [a — A, b] — IR™ (whose points of discontinuity are confined to multiples of the delay time A), and an
absolutely continuous function r: [a,b] — IR™ such that p(t) + A*p(t + A) and q(t — A) + A*q(t) are absolutely
continuous on [a,b] and that the following conditions hold:

A+ p(0)| + Ir(0)] = 1, (6.1)
p(t) =0 for te (b,b+A], ¢qt)=0 for te (b—A,bl,
(p(a) + ¢(a), —p(b)) € A0p(z(a), (b)) + N((Z(a), 2(b)); ),

<§t [p(t) + A*p(t + A)], %[q(t - A)+ A*q(t)],f"(t))
€ co{(u,v,w) | (u,v,w,p(t) + q(t) +r(t) € AOf(Z(t), Z(t — A), Z(t), 3(t), t) (6.4)

+N((i(t),f(t—A),Z(t),é(t));gphF(t))} a.e. t € la,bl.

Proof. To prove this theorem by the method of discrete approximations, we first construct a sequence of discrete-
time problems (Px) whose optimal solutions (Zy, Zx) strongly approximate (Z, Z) in the sense of Theorem 2.1.
By necessary optimality conditions for (Zx,zZy) from Corollary 5.2 we find AN > 0, pJ , qj , and T§V satisfying
relationships (5.3)—(5.9) for all N € IN.

Without loss of generality we suppose that AV — X as N — oo for some A > 0. Recall that the symbols
zN(t), Z2N(t), pN (1), ¢V (t — A), rN(t), PN(t), and QN (t — A) stand for the piecewise linear extensions of the
corresponding discrete functions from Theorem 5.1 with their piecewise constant derivatives on the continuous-
time interval [a, b].

Considering 0; from Theorem 5.1, we define O~ (t) := 0N /hy for t € [t;,t;41) as j = 0,...,k and conclude
by Theorem 2.1 that

tit1
Z(t) — 2N(t)|dt ;= vy — 0 as N — oc.

b
Z(t —*N‘dt_Q/
a

We may assume without loss of generality that

/|9N )| dt = Z|0N|<22/

oV(t) :=zN(t) — 2(t) and ON(t) » 0 ae t€a,b as N — oo.

Let us estimate (p™ (¢), ¢~ (t — A), 7™ (t)) for large N. Using (5.3) and (5.4), we derive from (5.6) the inclusions

N N N N N N
Pirn 7P \NgN =N+t TGN NN Tir1 T NN
th 7o th j—N> hN ] )

)\NGN
B hn +pj+1—|—7“j+1 )‘NL;\[ EN((xéV,xévN,ZJN, J) gphF)
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with some (ﬂj-v, ;V IO AR L Ny e of; (@ i ;V NiZ j ) V) o) forall j = k—N+2,...,k+1. This means, by definition
of the coderivative (4. ) that

N N N N
P —p} )\NﬁN T Y NN T T NN
hy hy Ri-N> Ty J

AN oN
€ D* F( T, ;VN,ZJN,’UJN) )\Nbéer hN] *pj]\zr1*7"j]\£r1

for such j. Thus it follows from Theorem 4.1 that

N N N N
P —py —ANgY, G N~ OGN NN T T NN
h hy TN T 3
ANoN
N N J N N
SEr AT+ e TP T T

forj=k—N+2,...,k+1. Since |(19§V, ;V N+ O J , | < ¢y due to the Lipschitz continuity of f with modulus
£, we derive from the above that

(N a n o) < Lpl0) |+ (Lp + Dhnly + (Cehn + DYy, ¢ i1 7))
< Cpl0N| + (Lrhn + D)Lp|0Y |+ (Cp + Dhnls + (Cphy + 1) (Cp + 1)hnty
+ (lphn +1)° |(pj+27Qj—N+277“j+2 |<...
< exp[ﬁp(bf a)](l +£f(£F + 1)/61:‘ Jrgpl/]\[), j=k—N+2,....k+1,

which implies the uniform boundedness of {(pév,qév_N,rév) |7 = k—N+2,....,k+ 1} and hence that of
(pN(t)a qN(t - A)v TN(t)) on [b - Aa b]
Next we consider j =k —2N +2,...,k — N + 1 and derive from (5.6) that

. K. .
hy i’ hn =N Ry J

N N N N N N
<pj+1 “Pj NN GieNe1 TGN N N T T )\NUN>‘

NN
)\NLj-\[—i—)\oj N

N N
<tr I T Pjt1 91 T T

+

hn hn

<A*p§'v+N“ ApHN A — Aq) O)‘

This implies due to Theorem 4.1 and the uniform boundedness of the above vectors pé-v and q]N by some constant
a > 0, and so

N N N N
|<pj+1pj —ANgY, G N~ N AN Tl T NN
hn hN j ' hn J
NHN a
NN J N N N
SO N e TP T G T T g




306 B.S. MORDUKHOVICH AND L. WANG
forj=k—2N+2,...,k— N + 1. Therefore
(0 a) norP < LplON |+ (Lr + Dhnly + (Cehn + D)(p)y 104 w1 T7e0)| + (Erhy +1)a
< €F|9;V| + (EFhN + 1)£F|9§YH| + (EF + 1)hN£f + (gph]\] + 1)(61:‘ + 1)hN£f
+ (Urhn + 1) (Cr + D+ (Crhy +1)[(0752, G n2s T2)| < -
<exp[lr(b—a)](l+ (Zf +a)lp+1)/lp+Llpvy), j=k—2N+2,....k—N+1.

This shows that pév, qﬁN, and rj»v are uniformly bounded for j = k —2N +2,...,k — N + 1, and hence the
sequence {p™ (t), ¢~ (t — A), 7V (t)} is uniformly bounded on [b — 2A,b — A]. Repeating the above procedure,
we conclude that both sequences {p™ (t),¢™ (t — A),rV ()} and {PN(¢), QN (t — A)} are uniformly bounded on
the whole interval [a, b].

Next we estimate (PN ), QN (t — A), 7V (t)) on [a,b] using (5.6) and Theorem 4.1. This yields, for t; <t <
thrl with j = 0, ey k, that

- . PN PN QN QN . N N
PN OVt — A). 7+ (¢ )‘ _ Jtl "ty j—N+1 =N Tj+1 7
|(PY 0.0V - 20,7 1) o S
NHN
< p WYY+ =l = gl |+

<L |0V 4+ Lp [pia | + e g | + € | |+ (e + 1) £y

Thus the sequence {PN(t),QN(t — A),7N(t)} is weakly compact in L'[a,b]. Taking the whole sequence of
N € IN without loss of generality, we find three absolutely continuous functions P(-), Q(- — A), and r(-) on
[a, b] such that

PN(t) — P(t), QN({t—A)—Qt—A), #N(t)— () weakly in L'[a,b]

and PN(t) — P(t), QV(t — A) — Q(t — A), vV (t) — r(t) uniformly on [a,b] as N — oo. Since p™(t) and
¢ (t — A) are uniformly bounded on [a, b+ A], they surely converge to some functions p(t) and q(t — A) weakly
in L'[a,b+ A]. Taking into account the above convergence of P (t) and Q¥ (¢t — A), we get that p(-) and ¢(-)
satisfy (6.2), that

P(t)=pt)+ A'p(t +4), QI—A)=q(t—A)+ A%(t), tE€]la,b],

and that p(t) and ¢(t) are piecewise continuous on [a, b+A] and [a— A, b], respectively, with possible discontinuity
(from the right) at the points b — iA at ¢ = 0,1,... Conditions (6.1) and (6.3) follow by passing to the limit
from (5.9) and (5.5), respectively, by taking into account the robustness of the basic subdifferential (4.3) and
the normal cone (4.1).

It remains to justify the Euler-Lagrange inclusion (6.4). To furnish this, we rewrite the discrete Euler-Lagrange
inclusion (5.6) in the form

SN YN N N N N )\Ngj\f
(PV (1), QY (= 2),# (1)) € { (v w)]| (0,0, (1) 0¥ (t00) + 77 (1g10) =

e War@N(t;), zV (t; — A), 2N (ty), 05 ;) + N (&N (t5), 2" (t; — A),ZN(tj)aﬁév);gphFj)} (6.5)

for ¢ € [tj,t;11] with j = 0,...,k. By the classical Mazur theorem there is a sequence of convex combinations
of the functions (PN (t), QN (t — A), 7V (t)) that converges to (P(t), Q(t — A),7(t)) for a.e. t € [a,b]. Passing
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the limit in (6.5) and taking into account the pointwise convergence of 8 (¢) and vV (¢) established above, as
well as the constructions of the extended normal cone (4.9) and the extended subdifferential (4.10) and their
robustness property (4.12) with respect to all variables and parameters, we arrive at (6.4) and complete the
proof of the theorem. O

Observe that for the Mayer problem (Pys), which is (1.1)—(1.5) with f = 0, the generalized Euler-Lagrange
inclusion (6.4) is equivalently expressed in terms of the extended coderivative (4.11) with respect to the first
three variables of F' = F(z,y, z,t), i.e., in the form

d

(G0 -+ 4°p(e-+ Q)L late = &)+ 400 7))

€coD} F(z(t),z(t — A),z(t),2(t)) ( — p(t) — q(t) — r(t)) a.e. t€[a,b]. (6.6)

z,Y,z

It turns out that the extended Euler-Lagrange inclusion obtained above implies, under the relaxzation stability
of the original problems, two other principal optimality conditions expressed in terms of the Hamiltonian
function built upon the mapping F' in (1.2). The first condition called the extended Hamiltonian inclusion is
given below in terms of a partial convexification of the basic subdifferential (4.3) for the Hamiltonian function.
The second one is an analogue of the classical Weierstrass-Pontryagin mazimum condition for the differential-
algebraic inclusions under consideration. Recall that an analogue of the Maximum Principle (centered around
the maximum condition) does not generally hold for differential-algebraic systems, even in the case of optimal
control problems governed by smooth functional-differential equations of neutral type that are a special case
of (P).

The following relationships between the extended Euler-Lagrange and Hamiltonian inclusions are based on
Rockafellar’s dualization theorem [16] (see also [19], Sect. 7.6, for another, more simple proof) that concerns
subgradients of abstract Lagrangian and Hamiltonian associated with set-valued mappings regardless of the
dynamics in (1.2). For simplicity we consider the case of the Mayer problem (Pj;) for autonomous differential-
algebraic systems. Then the Hamiltonian function for F in (1.2) is defined by

H(z,y,z,p) :=sup {(p,v)| v € F(z,y,2)}. (6.7)

Corollary 6.2. Let (z,Z) be an optimal solution pair to the Mayer problem (Pyy) for the autonomous delayed
differential-algebraic inclusion (1.2) under the assumptions of Theorem 6.1. Then there exist a number A > 0,
piecewise continuous functions p: [a,b+ A] — IR™ and q: [a — A,b] — IR™ (whose points of discontinuity are
confined to multiples of the delay time A), and an absolutely continuous function r: [a,b] — IR™ such that
p(t) + A*p(t+ A) and q(t — A) + A*q(t) are absolutely continuous on [a,b] and, besides (6.1)-(6.4), one has the
extended Hamiltonian inclusion

(G0 + A%t + &), late = &)+ Aa(0]. 1))

€ co{(u,v,w) | (= u,—v,~w,5() € OH (2(t), 3t ~ A), 2(), p(t) + a(t) +7(1)) | (65)

and the maximum condition

(p(t) +a(t) +r(t), 2(t)) = H(z(t), 2(t — A), Z(t), p(t) + q(t) + (1)) (6.9)
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for a.e. t € [a,b]. If moreover F is convex-valued around (Z(t),z(t — A), Z(t)), then (6.8) is equivalent to the
FEuler-Lagrange inclusion

(G50 + A%t + &), late = &)+ Aa(0]. 7))

€ coD*F(z(t),z(t — A),2(1),2(t)) (— p(t) — q(t) — r(t)) a.e. t€ [a,b], (6.10)

which automatically implies the maximum condition (6.9) in this case.

Proof. Since (P)ys) is stable with respect to relaxation, the pair (Z,z) is an optimal solution to the relaxed
problem (Rjys) whose only difference from (Py) is that the delayed differential-algebraic inclusion (1.2) is
replaced by its convexification (3.4). By Theorem 6.1 the optimal solution (Z, Z) satisfies conditions (6.1)—(6.4)
and the relaxed counterpart of (6.6), which is the same as (6.10) in this case with F replaced by the convex hull
co F. According to [16], Theorem 3.3, and [19], Theorem 7.6.5, one has

co{(u,v,w)‘ (u,v,w,p) € N((m,y,z,q);gph(coF)} C co {(u,v,w)‘ (—u,—v,—w,q) € GHR(x,y,z,p)},
(6.11)
where Hp stands for the Hamiltonian (6.7) of the relaxed system, i.e., with F replaced by co F. It is easy to
check that Hr = H. Thus the extended Euler-Lagrange inclusion for the relaxed system implies the extended
Hamiltonian inclusion (6.8), which surely yields the maximum condition (6.9). When F is convez-valued,
(6.8) and (6.10) are equivalent due to the equality in (6.11) proved in [16]. This completes the proof of the
corollary. (I
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