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Abstract. The paper concerns optimal control problems for dynamic systems governed by a parametric
family of discrete approximations of control systems with continuous time. Discrete approximations play
an important role in both qualitative and numerical aspects of optimal control and occupy an intermediate
position between discrete-time and continuous-time control systems. The central result in optimal control of
discrete approximations is the Approximate Maximum Principle (AMP), which is justified for smooth control
problems with endpoint constraints under certain assumptions without imposing any convexity, in contrast
to discrete systems with a fixed step. We show that these assumptions are essential for the validity of the
AMP, and that the AMP does not hold, in its expected (lower) subdifferential form, for nonsmooth problems.
Moreover, a new upper subdifferential form of the AMP is established in this paper for both ordinary and
time-delay control systems. This solves a long-standing question about the possibility to extend the AMP

to nonsmooth control problems.
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1 Introduction and Preliminaries

This paper is devoted to discrete approximations of continuous-time control systems that, viewed as
a parametric process with a decreasing discretization step, occupy an intermediate position between
control systems with discrete and continuous times. As the basic model for our study, we consider
discrete approximations of the following Mayer-type optimal control problem governed by ordinary

differential equations with endpoint constraints:

[ minimize J(z,u) = po(z(t1))

subject to

z(t) = f(t,z(t),u(t) ae telto,t1], =z(to) =z € R",
u(t) € U a.e. tE€ [to,t1],

pila(t) <0, i=1,...,m,

wi(xz(t1)) =0, i=m+1,...,m+r,

\
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over measurable controls u(-) and absolutely continuous trajectories z(-) on the fixed time interval
T := [to, t1]. It is well known that many other control problems (of Lagrange and Bolza types, with
integral constraints, on variable time intervals, etc.) reduce to the form of (P). Observe also that
the results of this paper can be easily extended to control problems with non-fixed initial vector
(i.e., when ¢; in (P) depend on both endpoints z(tyg) and z(¢;) for alli =0,...,m + r) as well as
to problems with continuously time-dependent control sets U = U ().

Problem (P) may be treated as an infinite-dimensional optimization problem with special
equality-type dynamic constraints governed by differential operators as well with geometric con-
straints given by arbitrary control sets; this makes it to be nonsmooth even under all smooth
functional data f and ¢;. On the other hand, it is natural to explore a different way to study
continuous-time problems (P), which goes back to Leibnitz and Euler and which consists of approx-
imating (P) by a family of discrete-time systems arising when the time-derivative %(t) is replaced

with the finite differences

x(t)%w as h—0.
Allowing also perturbations of the endpoint constraints (which is very essential for variational sta-
bility), problem (P) is replaced in this way by the following family of discrete-time problems (Py)
depending on the natural parameter N = 1,2,...:

4

minimize J(zn,un) := @o(zn(t1))

subject to

en(t+hy)=2n(E) +hnf(tzn(t),un(t)), zn(to) =z € R",
(Px) & un() €U, t€Tyi={to,to+hn,....ts — hn},

vilzn(t1)) <7vin, 1=1,...,m,

lpi(zn(t1))] < din, i=m+1,....m+r,

t1—t
| o= 1N°, NelN:={1,2,...},

where v,y — 0 and d;x } 0 as N — oo for all i. For each fixed N € IN problem (Py) is finite-
dimensional and seems to be simpler than the continuous-time problem (P). Indeed, applying
well-developed methods of finite-dimensional variational analysis, it is possible to derive necessary
optimality conditions in problems (Py) even with nonsmooth data and general dynamic constraints
governed by discrete inclusions and then obtain the corresponding results for optimal control of
differential inclusions by passing to the limit from discrete approximations; see [4, 6, 13] for detailed
proofs and discussions. However, this approach has some limitation regarding necessary optimality

conditions of the mazimum principle type.



As well known, the central result of the optimal control theory for continuous-time problems
(P), the Pontryagin Maximum Principle (PMP) [11], holds with no convezity assumptions on the
admissible velocity sets f(¢,z,U). This specific result, from the general viewpoint of optimization
theory, is strongly due to continuous-time dynamic constraints in (P) governed by differential
operators. It happens that continuous-type control systems enjoy a certain hidden convezxity, which
is deeply related to the classical Lyapounov theorem on the range convexity of nonatomic vector
measures and eventually leads the to maximum principle form. It is not surprising therefore that an
analogue of the maximum principle for discrete-time control systems does not generally hold without
a priori convexity assumptions. This may create troubles for applications of the PMP in numerical
calculations of nonconvex continuous-time control systems, which inevitably involve finite-difference
approximations via time discretization. To avoid such troubles, it is sufficient to justify not a full
analogue of the PMP, with the exact maximum condition, but its approzimate counterpart, where
an error in the maximum condition depends on the discretization stepsize tending to zero when the
latter is decreasing.

The first result of this type in the absence of convexity assumptions was given by Gabasov
and Kirillova [2, 3], under the name of “quasi-maximum principle,” for parametric discrete systems
with smooth cost and dynamics and with no endpoint constraints. The proof of this result, purely
analytic, essentially exploited the unconstrained nature of the problem.

The following Approximate Mazimum Principle (AMP) for the nonconvex constrained problems
(Py) was established by Mordukhovich [4, 5]. The proofin [4, 5] is geometric based on the discovered

finite-difference counterpart of the hidden convexity property and the separation theorem. Denote

(]"]') H(t7 $7p7 u) = <p7f(t7 x? u)>7 p E Bn?

the Hamilton-Pontryagin function for the dynamic constraints under consideration.

APPROXIMATE MAXIMUM PRINCIPLE. Let the pairs (Tn,un) be optimal to (Py) for all
N € IN, where U is a compact subset of a metric space with the metric d(-,-), where f is continuous
with respect to its variables and continuously differentiable with respect to x in o tube containing
the optimal trajectories Ty (t) for large N, and where each @; is continuously differentiable around
the limiting point(s) of {Zn(t1)}. Impose the following assumptions:

(a) The CONSISTENCY CONDITION on the perturbation of the equality constraints meaning that

h
(1.2) lim —~ =0 forall i=m+1,...,m+r.
N—oo O; N

(b) The PROPERNESS of the sequences of optimal controls {uy}, which means that for every

increasing subsequence {N} of natural numbers and every sequence of mesh points Tov) € In



satisfying To(ny = to + 0(N)hy, O(N) =0,1,...,N — 1, and mpn) — t € [to,t1] one has
either d(un(To(n)), un (Tg(n)+q)) = 0 or d(un(Tow)), un (To(n)—q)) — 0

as N — oo with any natural constant q.

Then there are numbers {\in|i=0,...,m+r} and a function (t,hn) — 0 as N — oo uniformly

it € Ty such that

(1.3) H(t,Zn(t),pn(t+ hn),tn(t) = max H(t,Zn(t), pn (t + hn),u) +e(t, hy)

uelU
for all t € Ty and that
(1.4) Ain(pi(@n(t1)) —vin) = O(hy), i=1,...,m,
m—r
(1.5) AN >0, i=0,....m, and Y Ay=
=0

for all N € IN, where pn(t), t € Ty U{t1}, is the corresponding trajectory of the adjoint system

oOH
(1.6) pn(t) =pn(t+hn) + hN%(t,Q_UN(t),pN(t),ﬂN(t))a t €Ty,
with the transversality condition
m+r
(1.7) pn(t) == D AinVei(@n(t)).
=0

Observe that the closer hy is to zero, the more precise the approximate maximum condition
(1.3) and the approximate complementary slackness condition (1.4) are. This means that the AMP
in (Py) tends to the PMP in (P) as N — oo, which actually justifies the stability of the Pontryagin
Maximum Principle with respect to discrete approximations under the assumptions made.

It has been shown in [4, 5] that the consistency condition in (a) is essential for the validity of
the AMP in problems with equality constraints. The first goal of the paper is to examine the other
two significant assumptions made in the above theorem: the properness condition in (b) and the
smoothness of the initial data. We show in Section 2 that both of these assumptions are essential
for the validity of the AMP.

Note that the properness of the sequence of optimal controls in (b) is a finite-difference counter-
part of the piecewise continuity (or, more generally, of Lebesgue regular points having full measure)

for optimal controls in continuous-time systems. It turns out that the situation when sequences of



optimal controls are not proper in discrete approximations is not unusual for systems with non-
convex velocities, and it leads to the violation of the AMP already in the case of smooth problems
with inequality constraints.

The impact of nonsmoothness to the validity of the AMP happens to be even more striking:
the AMP does not hold in the expected conventional subdifferential form already for minimizing
convex cost functions in discrete approximations of linear systems with no endpoint constraints, as
well as for problems with nonsmooth dynamics. It seems that the AMP is one of very few results
on necessary optimality conditions that do not have expected counterparts in nonsmooth settings.

On the other hand, we derive the AMP in problems (Py) with nonsmooth functions describing
the objective and inequality constraints in a new upper subdifferential (or superdifferential) form,
which is also new for necessary optimality conditions in continuous-time control systems. The
main difference between the conventional subdifferential form, which does not hold for the AMP
but holds for the PMP, and the new one is that the latter involves upper (not lower) subgradients
of nonsmooth functions in transversality conditions. This form applies to a class of uniformly
upper subdifferentiable functions described in this paper, which particularly contains smooth and
concave continuous functions being closed with respect to taking the minimum over compact sets.
The results obtained solve a long-standing question about the possibility to establish the AMP in
nonsmooth control problems. We also derive the upper subdifferential form of the AMP in discrete
approximations of control systems with time delays, for which no results of this type have been
known before. The main results of this paper have been announced in [9]

The rest of the paper is organized as follows. Section 2 contains examples on the wviolation
of the AMP in smooth problems (Py) without the properness condition as well as in problems
with nonsmooth cost functions and/or nonsmooth dynamics. In Section 3 we discuss appropriate
tools of nonsmooth analysis paying the main attentions to the concepts of upper regularity and
uniform upper subdifferentiability, which are new in the study of minimization problems. The main
Section 4 is devoted to the derivation of the AMP for the discrete approximation problems (Py)
in the upper subdifferential form; it contains three slightly different modifications of this results in
somewhat distinct settings. In the final Section 5 we extend the AMP to discrete approximations of
constrained time-delay systems, where the results obtained are new in both smooth and nonsmooth
frameworks. We also present an example on the wviolation of the AMP in discrete approximations
of functional-differential control systems of neutral type, even under smoothness assumptions in the
absence of endpoint constraints.

Throughout the paper we use standard notation with some special symbols defined in the text

where they are introduced.



2 Counterexamples

Let us start with an example on the violation of the AMP in discrete approximations of linear
control systems with linear cost functions and linear endpoint inequality constraints but with no

properness condition.

Example 2.1 (AMP does not hold in smooth control problems with no properness
condition). There is a two-dimensional linear control problem with an inequality constraint such
that optimal controls in the sequence of its discrete approximations do not satisfy the Approxrimate

Mazimum Principle.

Proof. Let us consider a linear continuous-time optimal control problem (P) with a two-dimensional

state = (21, 22) € IR? in the following form:

minimize p(z(1)) := —z1(1)
subject to
(2.1) fEl = Uu, .’,‘UQ =X — at, (II1(0) = :EQ(O) = 0,
u(t) e U:={0,1}, 0<t<1,
a—1
L 272(1) < - 9

where ¢ > 1 is a given constant. Observe that the only “unpleasant” feature of this problem is
that the control set U = {0,1} is nonconvez, and hence the feasible velocity sets f(t,z,U) are

nonconvex as well. It is clear that @(¢) = 1 is the unique optimal solution to problem (2.1), and
a—1

that the corresponding optimal trajectory is z1(t) = ¢, z2(t) = — 5 2. Moreover, the inequality
L . . _ a—1
constraint is active, since Zo(1) = — 5

Let us now discretize this problem with the stepsize hy := ﬁ, N € IN. For the notation

convenience we omit the index N in what follows. Thus the discrete approximation problems (Ppy)
corresponding to (2.1) are written as:

( minimize o(z(1)) = —z1(1)

subject to

z1(t + h) = z1(t) + hu(t), z1(0)=0,

Ta(t + h) = z2(t) + h(z1(t) — at), z2(0) =0,
u(t) € {0,1}, te{0,h,...,1—h},

na(1) < 2T 4w,

\

i.e., we put vy := h% in the constraint perturbation for (Py).



To proceed, we compute the trajectories of (2.2) corresponding to u(t) = 1. It is easy to see

that z1(t) = t for this u. To compute z5(t), observe that

t2  th
[y(t +h) =y(t) +ht, y(0) =0 = y(t) = 5 — 5
Indeed, one has by the direct calculation that
t
t—h Lt Lo 2o
y(t)—h;::o—[putT—kh]—h kz::()k_h 5 R

Therefore for z2(t) corresponding to u(t) =1 in (2.2) we have

i=h a—1, a—1
za(t) =h ) (T —ar) =— ot + 5 ht.
7=0

By this calculation we see that, for h sufficiently small, z2(¢;) no longer satisfies the endpoint
constraint, and thus u(t) =1 is not a feasible control to problem (2.2) for all h close to zero. This
implies that an optimal control to (2.2) for small A, which obviously exists, must have at least one
switching point s such that u(s) = 0, and hence the maximum value of the corresponding endpoint

21(1) will be less than or equal to 1 — h. Put

u(t)::{ 1 t#s,
0 t=s

and show that
a—1,5 a—1
Ty Uty
(23) .’,UQ(t): a=1 5 a=1 5
—— g ht—h(t—s) + 17, t>s+h,

ht, t<s,

for the corresponding trajectories in (2.2) depending on h and s. We only need to justify the second
part of this formula. To compute z5(t) for ¢ > s + h, substitute z;(t) = ¢ — h into (2.2). It is easy

to see that the increment Azo(t) compared to the case when u(t) =1 is

h til (—=h) = —h(t — h —s) = —h(t — s) + hZ,
T=8+h

which justifies (2.3). Now let us specify the parameters of the above control putting ¢ = 2 and

s = 0.5 for all N, i.e., considering the discrete-time function

1 t#0.5,
u(t) := 7
0 t=0.5

note that the point ¢ = 0.5 belongs to the grid T for all N due to hy := ﬁ Observe that the

sequence of these controls does not satisfy the properness property in the assumption (b) of the



AMP formulated in Section 1. It follows from (2.3) that the corresponding trajectories satisfy the
endpoint constraint in (2.2) for all N € IN, since z2(1) = —3t? + h%. Moreover, it is clear from the
above calculations that the control u(t) is optimal to problem (Py) in (2.2) for any N. Let us show
that the sequence of optimal controls u(t) does not satisfy the approximate maximum condition
(1.3) at the point of switch.

The adjoint system (1.6) for problem (2.2) with any A is

*

p(0) = p(t 4 )+ haL (621,20, w)pl + ),

where the Jacobian matrix df/0z and its adjoint/transposed one equal

of [0 0 of* (0 1
Thus we have the adjoint trajectories

pi1(t) =pi(t+h) + hpa(t+h) and pa(t) = const,

where (p1,p2) satisfy the transversality condition (1.7) with the corresponding sign/notriviality

conditions (1.5) written as
pi(1) =Xo, p2(1) = =A1; Ao >0, Ay >0, Aj+ A7 = 1.

This implies that p; () is a linear nondecreasing function. The corresponding Hamilton-Pontryagin

function (1.1) equals
H(t,z(t),p(t + h),u(t)) = p1(t + h)u(t) + terms not depending on w.

Examining the latter expression and taking into account that the optimal controls are equal to one
for all ¢ but ¢t = 0.5, we conclude that the approximate maximum condition (1.3) holds only if p; ()
is either nonnegative or tends to zero everywhere except ¢ = 0.5. Observe that p;(t) = 0 yields
A1 = A2 = 0, which contradicts the nontriviality condition. Hence p;(#) must be positive away
from ¢ = 0. Therefore a sequence of controls having a point of switch not tending to zero as h | 0
cannot satisfy the approximate maximum condition at this point. This shows that the AMP does

not hold for the sequence of optimal controls to (2.2) built above. 0

Many examples of this type can be constructed based on the above idea, which essentially means
the following. Take a continuous-time problem with active inequality constraints and nonconvex
admissible velocity sets f(¢,z,U). It often happens that after the discretization the “former”

optimal control becomes not feasible in discrete approximations, and the “new” optimal control in



the sequence of discrete-time problems has a singular point of switch (thus making the sequence of

optimal controls not proper), where the approximate maximum condition does not hold.

The next example demonstrates that the AMP may be violated in problems of minimizing

nonsmooth cost functions in linear systems with no endpoint constraint.

Example 2.2 (AMP does not hold for linear systems with nonsmooth and convex cost
functions). There is a one-dimensional control problem of minimizing a nonsmooth and convez
cost function over a linear system with no endpoint constraints such that a proper sequence of

optimal controls to discrete approzimations does not satisfy the Approzimate Mazimum Principle.

Proof. Consider the following sequence of one-dimensional optimal control problem (Py), N € IN,

for discrete-time systems:

minimize p(zn(1)) := |zn(1) — 7|

subject to

zN(t+hn) =N (t) + hyun(t), znx(0) =0,

un(t) e U :={0,1}, te€Tn:={0,hn,...,1 —hn},

where r is a positive irrational number less than 1 whose choice will be specified below. The
dynamics in (2.4) is a discretization of the simplest ODE control system & = u. Observe that, since
r is irrational and hy is rational, we have Zx (1) # r for the endpoint of an optimal trajectory to
(2.4) as N € IN, while obviously Z(1) = r for optimal solutions to the continuous-time counterpart.
It is also clear that for sufficiently small Ay an optimal control to (2.4) will be neither uy(t) =0
nor uy (t) = 1, but it will have at least one point of switch.

Suppose that for some subsequence N — oo one has Zny, (1) > r; put {N;} = IN without loss
of generality. Let us show that in this case the approximate maximum condition does not hold at

points ¢ € Ty for which @y (t) = 1. Indeed, we have
H(zn(t),pn(t),u) =pn(t+hy)u and py(t) = -1

for the Hamilton-Pontryagin function and the adjoint trajectory in (1.6) and (1.7), since Zx (1) > r
along the optimal solution to (2.4). Thus

meaﬁH(EN(t),pN(t—i— hn),u) =0 forall ¢t € Ty, while H(Zn(s),pn(s+ hn),un(s)) =—1
u

at the points s € Ty of control switch, where uy(s) = 1 regardless of hy.
Let us specify the choice of r in (2.4) ensuring that zx(1l) > r along some subsequence of

natural numbers. We claim that zy(1) > r if » € (0,1) is an irrational number whose decimal



representation contains infinitely many digits from the set {5,6,7,8,9}; e.g., r = 0.676676667....

Indeed, put hy := 10~", which is a subsequence of hy = N~!

as required in (2.4). It is easy to
see that in this case the set of all reachable points at t = 1 is the set of rational numbers between
0 and 1 with exactly N digits in the fractional part of their decimal representations. In particular,
for N = 3 this set is {0,0.001,0.002,...,0.999, 1}. Therefore, by the construction of r, the closest
point to r from the reachable set is greater than r, and such point must be the endpoint of the
optimal trajectory zy(1).

It remains to show that one always can choose a sequence of optimal control to (2.4) satisfying

the properness condition. Taking r as above, we denote by s(N) € T the point of the grid closest

to r. It is easy to see that the control

) { 1, t<s(N),
un(t) ==
0, t>s(N)+hy,

is optimal to (2.4) for each N € IN, and the sequence {uy} satisfies the properness condition. O

Example 2.2 contradicts the AMP with the transversality condition in the conventional subdif-

ferential form, which is

—pn(t1) € Op(zN(t1))

for problems with no endpoint constraints. In our example the function p(x) = |z — r| is convez,
and hence the subdifferential d is understood in the sense of convex analysis. Note that we actually

showed that the subdifferential agrees with the gradient
0p(Zn(1)) ={Ve(zn(1))} ={1} forall N e N

along the optimal trajectories in (2.4) due to the choice of r. Since any reasonable (lower) sub-
differential for nonsmooth functions must reduce to the convex subdifferential for convex ones,
Example 2.2 proves that there is no hope for an extension of the AMP in the conventional subdif-
ferential form to problems with nonsmooth costs.

The next example, complemented to Example 2.2, shows that the AMP fails even for problems

with differentiable but not continuously differentiable cost functions.

Example 2.3 (AMP does not hold for linear systems with differentiable but not C' cost
functions). There is a one-dimensional control problem of minimizing a Fréchet differentiable but
not continuously differentiable cost function over a linear system with no endpoint constraints such
that a proper sequence of optimal controls to discrete approximations do not satisfy the Approxrimate

Mazimum Principle.

10



Proof. Consider the same control system as in (2.4) and construct a minimizing function ¢(z)

satisfying the above requirements. Let ¢)(x) be a C! function with the properties:

P(z) 20, P(z) =¢(-z), (@) =0if |z|>2,
|[Vip(z)| <1 forall z, and Vi¢(—1) =a > 0.

Define the cost function ¢(z) by
1 2 o n
(p(q;) = ((II — §) + Z 10—2n—3d)(102n+3(x _ Z lo—k) - 1),
n=1 k=1

%, where it is differentiable and

which is continuously differentiable around every point but z =
attains its absolute minimum at. As in Example 2.2, we put hy := 107", and then the point
T = % cannot be reached by discretization. It is not hard to check that the endpoint of the optimal

trajectory Zn for each N is

N
zy(l) =Y 10% with Ve(zy(l) =a+ey,
k=1

where ey | 0 as N — oo. Proceeding as in Example 2.2, with the same sequence of optimal
controls, we have H(Zy (t),pn(t + hn),u) = —au, and the approximate maximum condition (1.3)

does not hold at those points where ay(t) = 1. O

The last example in this section concerns systems with nonsmooth dynamics. We actually
consider a finite-difference analogue of minimizing an integral functional over a one-dimensional
control system, which is equivalent to a two-dimensional optimal control problem of the Mayer
type. The discrete “integrand” in this problem is nonsmooth with respect to the state variable x; it
happens to be continuously differentiable with respect to  along the optimal process {Zn(-), an (")}
under consideration but not uniformly in N. Thus the example below demonstrates that the
uniform smoothness assumption on f in a tube containing optimal trajectories is essential for the

validity of the AMP formulated in Section 1.

Example 2.4 (violation of AMP for control problems with nonsmooth dynamics). The
AMP does not hold in discrete approzimations of a minimization problem for an integral functional
over a one-dimensional linear control system with no endpoint constraints such that the integrand
18 linear with respect to the control variable while conver and nonsmooth with respect to the state
one. Moreover, the integrand in this problem happens to be C with respect to the state variable
along the sequence of optimal solutions to the discrete approximations (Py) for all N € IN but not

uniformly in N.

11



Proof. First we consider the following continuous-time optimal control problem:

(

minimize J(z,u) := /Otl (u(t) + |z(t) — t2/2])dt
(2.5) subject to

T =tu, x(0)=0,

u(t) e U:={1,c}, 0<t<ty,

\

where the terminal time ¢; and the number ¢ > 1 will be specified below. It is obvious that the

optimal control to (2.5) is %(t) = 1 and the corresponding optimal trajectory is z(t) = t2/2.
Discretizing (2.5), we get the sequence of finite-difference control problems:

(

minimize J(zy,uy) = hy Z (un(t) + |zn () —t2/2])
teTy

(2.6) subject to
zN(t+hy) =zn(t) + hytun(t), zn(0) =0,
| un(t) €U ={l,c}, teTy:={khn},.

Let us first show that ux () = 1 remains to be the (unique) optimal control to (2.6) if the stepsize
hy is sufficiently small and (¢;,¢) are chosen appropriately. Indeed, similarly to Example 2.1 we

compute the trajectory to (2.6) corresponding to the control uy(t) = 1:

2
mN(t):%—thTN for all N € IN.

The value Jx (1) of the cost functional at ux(t) = 1 equals

t t2h
(27) I =+ Y o=t
2 4
teTn

+ O(hN).

If we replace un(t) =1 by un(t) = ¢ at some point ¢ € T, then the increment of the summation

hy Y un(t) equals (¢ — 1)hy. Hence
teTy

J(xn,un) =hy Y un(®) +hy Y |lant) —t2/2] > hy > un(t) >t + (c— 1)hy
teTn teTN teTN

for any feasible control uy (¢) to (2.6), which is not ux () = 1. Comparing the latter with (2.7), we
conclude that the control uy(t) = 1 is optimal to (2.6) if t2/4 < ¢ — 1 and N is sufficiently large.
Let us finally show that for #; > 2 and ¢ > t2/4 + 1 (e.g., for t; = 3 and ¢ = 4) the sequence
of optimal controls uy = 1 does not satisfy the approximate maximum condition (1.3) at points
t € Ty sufficiently close to ¢t = t; /2. Compute the Hamilton-Pontryagin function (1.1) as a function
of t € Ty and u € U at the optimal trajectory zx(¢) corresponding to the optimal control under

consideration with the adjoint trajectory py(¢) to (1.6). Reducing (2.6) to the standard Mayer form

12



and taking into account that zy(t) < t2/2 for all t € Ty due to above formula for the trajectory of

(2.6) corresponding to uy(t) = 1, we get

H(t,Zn(t),pn(t),u) =tpn(t+hy)u—u—|En(t) — t2/2|
= (tpn(t + hy) — Du+ (Zn(t) — £2/2),

where py(t) satisfies the equation
pn(t) =pNn(t+hn) +hy,  pN(t) =0,
whose solution is py (t) = t; — t. Therefore
H(t,zx(t),pn(t),u) = (t(t; —t +hy) — Du+ O(hy) = (=12 + t1t — D)u + O(hy).

The multiplier —#2 + ¢1¢ — 1 is positive in the neighborhood of ¢ = t1/2 if its discriminant ¢ — 4 is
positive. Thus u = ¢, but not u = 1, provides the maximum to the Hamilton-Pontryagin function

around ¢ = ¢1/2 if hy is sufficiently small. O

Observe that the constructions in Example 2.2 and 2.4 are actually based on the same idea. The
crucial point in Example 2.2 (and similarly in Example 2.3) is that, due to the incommensurability of
the reachable set and the ideal point of minimum z (1) = r, the endpoint of the optimal trajectory
Zn(1) turns out to be in the zone, where the discontinuous derivative of the cost function has the

“wrong sign”. A similar situation is in Example 2.4, but in this case the function %—ZI is discontinuous

4

with respect to z, and the optimal trajectory in the discrete problem deviates to the “wrong side”

of the ideal (continuous-time) optimal trajectory.

3 Uniformly Upper Subdifferentiable Functions

In this section we present some tools of nonsmooth analysis needed for the formulation and proofs
of the main positive results of the paper: the Approximate Maximum Principle for ordinary and
time-delay systems in the new upper subdifferential form. Results in this form are definitely non-
traditional in optimization, since they concern minimization problems for which lower subdiffer-
ential constructions are usually employed. However, we saw in the preceding section that results
of the conventional lower type simply do not hold for the AMP. In Sections 4 and 5 we are go-
ing to employ upper subdifferential constructions for nonsmooth minimization problems of optimal
control, which happen to work for a special class of uniformly upper subdifferentiable functions we

describe and discuss in this section.
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Given an extended-real-valued function ¢: IR" — IR := [—00,o0] finite at z, we first define its

Fréchet upper subdifferential by

(3.1) 5"‘()0(52-) .— {(L‘* c R" lim sup o(z) — ]Tifj<;‘ﬁ,x —I)

<o}.
This construction is known also as the “Fréchet superdifferential” or the “viscosity superdifferen-
tial”; it is extensively used in the theory of viscosity solutions. The set (3.1) is symmetric to the

(lower) Fréchet subdifferential

0" p(z) = —0(—¢)(2),
which is widely used in variational analysis under the name of “regular” or “strict” subdifferential;
see, e.g., [12] and [14]. The upper subdifferential (3.1) is our primary generalized differential
construction in this paper. This set is closed and convex but may be empty for many functions
useful in minimization. In fact, both 5+<,0(§:) and 5(,0(5:) are nonempty simultaneously if and only

if  is Fréchet differentiable at z in which case
0 p(7) = dp(7) = {V()}.
Following [5], we define the basic upper subdifferential of ¢ at = by
0 p(z) := {:1:* € R 3z, —» & with o(z) = (@) and Iz} € 9t p(zy) with z}f — m*}

and call ¢ to be upper regular at 7 if 0T¢(Z) = 9% p(Z). This class includes, in particular, all
strictly differentiable functions as well as proper concave functions. In the concave case 5+<p(:7c)
reduces to the upper subdifferential of convex analysis, which is nonempty whenever Z € ri(dom ¢).
Moreover, 5+<p(:ﬁ) # 0 if ¢ is upper regular at T and Lipschitz continuous around this point. In
the latter case the upper regularity of ¢ agrees with the subdifferential regularity of —p at the
same point in the sense of [12]. It is interesting to observe that, for Lipschitzian upper regular
functions, the Fréchet upper subdifferential (3.1) agrees with Clarke’s generalized gradient do(z)
of [1]. Indeed, one has

Ip(T) = co 0" p(T)

if ¢ is Lipschitz continuous around Z; see, e.g., [5, Theorem 2.1]. Since 0T ¢(Z) = 9t p(z) for upper
regular functions and since 07¢(Z) is always convex, we arrive at 9p(Z) = 9T p(Z).
Let us now define a class of functions for which we obtain an extension of the AMP to nonsmooth

control problems in the next section.
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Definition 3.1 (uniform upper subdifferentiability). A function @: IR" — IR is UNIFORMLY
UPPER SUBDIFFERENTIABLE around a point T where it is finite, if there is a neighborhood V' of x
such that for every x € V there exists ™ € IR"™ with the following property: given any ¢ > 0, there
ws 1 >0 for which

(3.2) p(v) — p(z) — (2", v —z) <ellv — 2|
whenever v € V. with ||jv — z|| < n.

It is easy to check that the class of uniformly upper subdifferentiable functions includes all con-
tinuously differentiable functions, concave continuous functions, and also it is closed with respect
to taking the minimum over compact sets. The uniform upper subdifferentiability property of ¢
around z is actually a localization of the so-called weak convexity property for —¢ in the sense of
[10], which has been broadly used in numerical optimization. Note that if ¢ is Lipschitz contin-
uous and differentiable at some point, it may not be uniformly upper subdifferentiable around it.
Example: ¢(z) = z%sin(1/z) for z # 0 with ¢(0) = 0. The following result shows, in particular,
that uniformly upper subdifferential functions enjoy upper regularity and fully describes the set of

z* satisfying (3.2).

Proposition 3.2 (upper regularity of uniformly upper subdifferentiable functions). Let
@ be uniformly upper reqular around x. Then it is upper reqular at T, Lipschitz continuous around

this point, and property (3.2) holds for all z* € 5“'(,0(:1:) with = around 7,

Proof. Denote by G(z) the set of z* for which (3.2) holds. This set is nonempty and, as directly
follows from (3.2), it is closed, convex, and bounded for all x € V. One can immediately observe
from the comparison of (3.1) and (3.2) that G(z) C 9 ¢(z). Let us show that in fact G(z) = 9 ()
whenever x € V.

It follows from the results of [10, Section 1.1] that ¢ is locally Lipschitzian around z, directionally

differentiable on V' in any direction, and its directional derivative admits the representation
(3.3) ¢ (z;w) = min {(z*,w)| z* € G(z)} forall z €V, weR"

As well known, the Fréchet upper subdifferential (3.1) of a locally Lipschitzian function ¢ at x is

representable as

5+<,0(:1:) - {:1:* € Bn‘ (z*,w) > lim sup p(r + Tw) — p(x)

for all w e JR”}.
70 T

Comparing the latter with (3.3), we get G(z) = 0T ¢(z) for all z € V. Furthermore, it is not hard
to show directly from the definition that the mapping G: V' = IR" is closed-graph on any compact
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subset of V. Taking finally into account the construction of the basic subdifferential, we conclude

that 0t p(z) = 0T p(z) for all z € V. 0

Note that Proposition 3.2 is in accordance with [12, Theorem 9.16], which gives a characteriza-
tion of the simultaneous Lipschitz continuity and subdifferential regularity of a function on a open
set via the existence of the classical directional derivative and its upper semicontinuity with respect
to directions. Note also that we need an extra requirement on the uniform upper subdifferentiabil-
ity in Definition 3.1, which essentially restricts the class of functions suitable for applications to the
AMP in the upper subdifferential form, due to the parametric nature of finite-difference systems
viewed as a process as N — oo. In particular, the Lipschitz continuity and upper regularity are not
needed for upper subdifferential results related to necessary optimality condition for fized solutions

in various problems of constrained optimization and optimal control; cf. [7, §8].

4 AMP in Upper Subdifferential Form

This is a central section of the paper, which collects the main positive results on the fulfillment
of the AMP in the upper subdifferential form for the discrete approximation problems (Py). We
derive three closely related versions of the AMP in somewhat different settings of (Py). The first
version applies to problems with no endpoint constraints and establishes the upper subdifferential
form of the AMP with no properness requirement on the sequence of optimal controls and with an
error estimate as €(t,hy) = O(hy) in the approximate maximum condition. The second result,
with a different proof, is the major version of the AMP for the constrained nonsmooth problems
(Pyn), which extends the one formulated in Section 1. The last version of the AMP concerns
discrete approximation problems in the case of incommensurability of the time interval £, — ty and
the discretization step hy. This version is basic for the extension of the AMP to time-delay systems
obtained in the next section.

Let us start with the upper subdifferential form of the AMP for problems with no endpoint
constraints. Throughout this section impose the following standing assumptions on the mapping f
and the control set U:

(H1) f = f(t,z,u) is continuous with respect to all its variables and continuously differentiable
with respect to the state variable z in some tube containing optimal trajectories for all u from the

compact set U in a metric space and for all ¢ € Ty uniformly in N € IV.

Theorem 4.1 (AMP for problems with no endpoint constraints). Let the pairs (Ty,un)
be optimal to problems (Py) with @p; = 0 for all i = 1,...,m + r. Assume in addition to (H1)
that @o is uniformly upper subdifferentiable around the limiting point(s) of the sequence {Tn(t1)},
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N € IN. Then for every sequence of upper subgradients x3 € 5"‘(,00(:?:]\7(151)) there is e(t,hy) — 0
as N — oo uniformly in t € Tx such that the approzimate mazimum condition (1.3) holds for all

t € T, where each pyn(t) satisfies the adjoint system (1.6) with the transversality condition
(4.1) pn(t1) = —z for all N € IN.

Moreover, e(t,hy) = O(hy) in (1.3) if @o is locally concave around Ty (t1) uniformly in N while

Of (-,u,t)/0z is locally Lipschitz around Ty (t) with a constant uniform inuw € U, t € Ty, N € N.

Proof. Considering a sequence of optimal solutions (Zy,un) to (Py), we suppose that zx(t)
belong to the uniform neighborhoods in the assumptions made for all N € IN. It follows from
the uniform upper subdifferentiability of ¢y by Proposition 3.2 that 5"‘(,00@ ~N(t1)) # 0 and that
inequality (3.2) holds for any z* € 9o (Zx (1)) as N — co. Now taking an arbitrary sequence of

Ty € 5+<P0(5N(t1))a we get

(4.2) po(z) — po(Zn(t1)) < (2, z —Zn(t)) +olllz — Zn (t1)]]),
—zn(t
where 0(“||$ xN((t 1))““) — 0 as  — zn(t1) uniformly in N. Moreover, one can clearly eliminate o,
r — TN\l
i.e., put o(|[z—Zn(t1)]]) = 0if ¢ is assumed to be uniformly locally concave. Letting py (¢1) := —27

as in (4.1), we derive from (4.2) that

(4.3) J(@n,un) = J(@ZN,un) < —(pn(t1), Azn(t1)) +o([[Azn (t1)]]),

with Azy(t) := zn(t) — zn(t), for all feasible processes (zn,un) to (Py) whenever zx(t1) is

sufficiently close to zx(¢1). From the identity
(v (), Az (t)) = Y (pn(t+hy) = pr(t), Azn () + Y (pa(t+hw), Aex(t+ hy) — Azn(t))
teTN teTn

and (4.3) we get

0<J(zn,un) = J(Zn,un) < —(pn(t), Azy(t1)) +o([[Azn(t1)]]) =
=—- > <pN(t+hN) —pN(t),AfEN(t)> —hn Y <pN(t+hN), %(taﬁ_ﬁN,ﬂN)AwN(t)>
teTn teln

—hy Y AyH(t 2N (), py(t+ ), un () + by > an(t) + o(|Azy (t)]),
teTN teTn

(4.4)

where the remainder 7y (t) is computed by

v = (21 2 (1) ot o), () = 20, T (1), (¢4 ), v (8),

(4.5) O
Az (1)) + ol |Azy (1)),
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with o(||Azx()]|) uniform in N due to (H1), and where
AyH(t,ZN(t),pn(t + ), in(t)) = H(t, Zn (1), pN (E+ hy),un(t) — H(E,Zn (1), py (E+ hN), N (1))

One can easily see that o(||Azy ()||]) = O(|| Az (t)||?) in (4.5), uniformly in N, under the additional
Lipschitzian assumption on 9f (-, u,t)/0x in the theorem.

Now let us consider needle variations of the optimal controls uy in the following form:

v ift=r,
4.6 un(t) =
(46) v {UN(t) itteTy\ {7},

where v € U and 7 = 7(N) € Ty as N € IN. All the controls (4.6) are feasible to the discrete
problems with no endpoint constraints. The trajectory increments corresponding to the needle

variations (4.6) satisfy

Azn(t) =0 for t=ty,...,7 and [|Azy(t)|=O0(hn) for t=7+hn,..., 1.
Taking this into account and substituting (4.6) into (4.4), we get
4.7) 0< J(zN,un) — J(@ZNn,un) < —hNAH (7,258 (T,pN (T + hy), an(T)) + o(hy),

where one obviously has o(hx) = O(h3;) under the additional concavity and Lipschitzian assump-
tions made in the theorem. Arguing by contradiction, we derive from (4.7) the approximative
maximum condition (1.3), with the specification of (¢, hy) under the additional assumptions, and

complete the proof of the theorem. O

Remark 4.2 (upper versus lower subdifferential forms of transversality conditions).
The main difference between the conventional (lower) subdifferential form, which is not actually
fulfilled in the case of AMP, and the upper subdifferential form of Theorem 4.1 is that the transver-
sality condition (4.1) holds for every upper subgradient =7, € 9 o(Z N (1)) instead of just for some
lower subgradient in the conventional transversality conditions for continuous-time and discrete-
time (with a fixed step) systems. In particular, for discrete-time systems with convex velocity sets
both lower and upper subdifferential forms of the (exact) discrete maximum principle hold; see [8],
where the upper subdifferential/ superdifferential form of the discrete maximum principle has been
established under milder assumptions on ¢ in comparison with Theorem 4.1. If ¢ is Lipschitz
continuous and upper regular and hence 5+<,00(:f3) = 0py(), which is the case for uniformly upper
subdifferential functions by Proposition 3.2, there is indeed a dramatic difference between the upper

subdifferential form of transversality conditions and a well-recognized form in terms of the Clarke
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subdifferential: instead of the fulfillment transversality just for some element of Gyg(7(t1)) we es-
tablish its fulfillment for the whole set! Similar situation takes place for continuous-time systems,
where the upper subdifferential form of transversality in the maximum principle can be proved, in
problems with no endpoint constraints, in the line of arguments of Theorem 4.1. Observe, however,
that there is a more subtle lower subdifferential form of transversality conditions for continuous-
time and discrete-time (of a fixed step) systems that involves basic/limiting subgradients but not
Clarke ones; see [5, 14]. This form is generally independent on the upper subdifferential form of
transversality conditions. Note that the major drawback of the upper subdifferential form is that
it applies to a restrictive class of functions. But, as we saw in Section 2, there is no alternative to

this form for the Approximate Maximum Principle.

Next let us consider a sequence of the discrete approximation problems (Py) with endpoint
constraints of the inequality and equality types. We are going to derive an extension of the AMP
formulated in Section 1 to these problems involving nonsmooth functions that describe the cost
and inequality constraints. The following upper subdifferential version of the AMP for constrained
problems impose the uniform upper subdifferentiability property on the cost and inequality con-
straint functions, the properness assumption on the sequence of optimal controls, and the consis-
tency condition on perturbations of the equality constraints. As we saw in Section 2, all the three
requirements are essential.

The proof of the AMP for constrained problems is substantially different from the one in Theo-
rem 4.1 and much more involved, although it employs the same approach to handle nonsmoothness.
The major part of the proof goes back to the smooth setting and is based on a finite-difference
counterpart of the hidden convexity properties for sequences of discrete approximations.

Before formulating and proving the theorem, we need an auxiliary result that actually reflects
the hidden convexity property in the nonsmooth setting under consideration. Let us first recall
some definitions from [4, 5]. Given a sequence of feasible solutions (zx,un) to (Py), we say that

the inequality constraint
(pi(xN(tl)) <N with 7 € {1, ce ,m}

is essential for zx along a subsequence M of natural numbers if p;(zn(t1)) — iy = O(hy) as

hy — 0, i.e., there is K; > 0 such that
—K;hy < (pi((IIN(tl)) —%n <0 as N —o00, NeEM.
This constraint is unessential for x along M if for any K > 0 there is Ny € IN such that

(,DZ'(:L‘N(tl)) — YN < —Khy forall N> Ny, N e M.
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Note that the notion of essential constraints in sequences of discrete approximation corresponds
to the notion of active constraints in nonparametric optimization problems. Without loss of gen-
erality we suppose that for the sequence of optimal trajectories zy to (Pxy) under consideration
the first [ € {1,...,m} inequality constraints are essential while the other m — [ constraints are
unessential along all natural numbers, i.e., with M = N

Assume now that 0% ¢;(Zxn(t1)) # 0 for all i = 0,...,] and N € IN sufficiently large and fix
some sequence of upper subgradients zy € 5+<,DZ-(:T:N(t1)) for such ¢ and N. Denote by A, ,Zn (%)
the endpoint increment generated by the needle variation (4.6) of the optimal control ux with some

7 €Ty and v € U. Form the set
(4.8) Sy = {(80, .. .,Sl) € IRn| S; = <‘II;;§<N,AT,’U',EN(t1)>, Te€TN, vE U}

along the fixed sequences of the above upper subgradients x}, and consider the negative orthant

in R given by
RY = {(z,...,7) € R z; <0 forall i=0,...,0}.

The following result is due to the hidden convexity property of finite-difference systems established

in [4, 5], with the adjustment to nonsmoothness via uniform upper subdifferentiability.

Lemma 4.3 (hidden convexity). Let (zy,un) be a sequence of optimal solutions to prob-
lems (Py) with no equality constraints and with the inequality constraints such that the first
[ € {1,...,m} of them are essential for the sequence of Ty while the other are unessential for
this sequence. In addition to (H1) assume that each @i, i = 0,...,1, is uniformly upper subdiffer-
entiable around the limiting point(s) of {Zn(t1)}, N € IN, and that

(H2) the sequence of optimal controls {un} is proper.

Then there is a sequence of (I + 1)-dimensional quantities of order o(hy) as hy | 0 such that
(4.9) (co Sy +o(hn)) N R =0 for large N € IN,

where co Sy stands for the convex hull of the set Sy in (4.8) built upon the given sequences of upper

subgradients x}y € Ot oi(En(t1)), i=0,...,1.

Proof. It follows the proof of Lemma 3 in [4] based on the hidden convexity property of Theorem 1
therein (respectively, Lemma 16.3 and Theorem 15.1 in [5]). The only essential difference is that

the equalities
pi(Zn(t1)) — @i(@n (1)) — (Vei(zn (t)), Azn (01)) +o(|Azy (E)]) =0, i=0,...,1,
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in the smooth case of [4, 5] are replaced with the inequalities

ei(@n (1) — pilEn (1) — (s Aoy (h) + o[ Azy (1)]) <0, i =0,...,1,
due to the uniform upper subdifferentiability of ¢;; cf. the proof of Theorem 4.1. O

Based on Lemma, 4.3, we get the following extension of the AMP to finite-difference problems

with nonsmooth inequality and smooth equality constraints.

Theorem 4.4 (AMP for problems with endpoint constraints). Let the pairs (Ty,un) be
optimal to problems (Py), where the first | € {1,...,m} inequality constraints are essential for Ty,
N € IN. In addition to (H1) and (H2) assume that @; are uniformly upper subdifferentiable around
the limiting point(s) of {xn(t1)} for i = 0,...,1 and continuously differentiable around them for
1=m+1,...,m+r, and that

(H3) the consistency condition (1.2) holds for the perturbations §;n of the equality constraints.

Then for any sequences of upper subgradients x;y € (§+<pi(:%N(t1)), 1 =0,...,l, there are numbers
{Ain|i=0,...,0,m+1,...,m+r} and a function (t,hy) — 0 as N — oo uniformly in t € Ty
such that the approzimate mazimum condition (1.3) is fulfilled with the adjoint trajectory pn(t) to

(1.6) satisfying the transversality condition

l mAr
(4.10) pn(t) = =D dinzin — Y. AinVei(Zn(t))
i=0 i=m+1
along with
(4.11) (,Oi(iN(tl)) _'YiN:O(hN) for +=1,...,1,
[ m+r
(4.12) N >0 for i=0,...,1, and > Ny+ > Ay=L
i=0 i=m+1

Proof. Let us first consider the case of inequality constraints, i.e., when ¢; = 0 for the indices
i=m+1,...,m+rin (Py). Take arbitrary sequences of z}y € O pi(En(t1)) as i = 0,...,1.
By Lemma 4.3 we apply the separation theorem to the convex sets in (4.9). It follows from the
structures of these sets that there are \;y > 0 for i = 0,...,[ and all N sufficiently large satisfying
)\%N—l—...—i—)\?N: 1 and

!
> (27N, Arp@n(t1)) + o(hy) 2 0
1=0

for any 7 € Ty and v € U. Then considering the trajectory py(t) of the adjoint system (1.6) with

the transversality condition

l
p(t) = = > Xinziy
1=0
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and arguing as in the proof of Theorem 4.1, we get the inequality
hn[H(1,ZN5(7),pN (T + hy),v) — H(7,Z8(7),pN (T + hn), @n (7))] + o(hy) <0

held for all 7 € Ty and v € U. This easily implies the approximate maximum condition (1.3).
Since (4.11) just means that the inequality constraints are essential for Zy as i =1,...,[, we arrive
at all the conclusions of the theorem for the case of inequality constraints. Observe that the result
obtained ensures the fulfillment of the AMP with zero multipliers corresponding to unessential
inequality constraints.

Next let us consider the general case of (Py) when the equality constraints are present as well.

Each equality constraint ¢;n(z) = 0 can be obviously represented as the two inequality constraints
(4.13) pin(2) == @i(z) = din <0,  @in(z) = —pi(x) = din <0

fori=m+1,...,m+r. Let us show that if one of the constraints (4.13) is essential for z along
some subsequence M C IV, then the other is unessential along the same subsequence under the
consistency condition (1.2). Indeed, suppose for definiteness that the constraint ;i (Zn(t1)) <0

is essential for some ¢ € {m + 1,...,m + r} along M. Then by (1.2) we have
ein(@n (1) = —i(@n (1) + din — 20y = @iy (Tn (1)) — 20iv < Khy, N €M,

for any K > 0 as N — oo, which means that the constraint ¢;, (Zny(t1)) < 0 is unessential.
Since ¢; is assumed to be C! for i = m 4+ 1,...,m + r, both gozf"N and ¢, are uniformly upper
subdifferentiable around the reference points. Applying now the inequality case of the theorem that
has been already proved, we find either AjN or A;y corresponding to one of the essential constraints

ein(@Nn(t1)) <0 and ¢, 5 (Zn (1)) < 0, respectively. Finally putting
)\iN::A;l_N or )\iN::—)\i_N, 1=m+1,...,m+r,
depending on which constraint is essential, we complete the proof of the theorem. O

Note that both Theorems 4.1 and 4.4 concern the discrete approximation problems (Py) with
t1 —tg = Nhy, i.e., when the time interval and the discretization step are commensurable. Of
course, it is not always the case in applications. Moreover, to extend the AMP to time-delay
systems in the next section, we reduce them to systems with no delays but with incommensurable
t1—tg and hy. To proceed in this way, one needs to use modifications of the above results in the case
of incommensurability. Let us present the corresponding modification of Theorem 4.1 for problems
with no endpoint constraints. For simplicity we use the notation f(¢,zn,un) := f(¢, zn(t), un(t))
and consider the following sequences of discrete approximations with the grid

_ti—t
N

t1 —tg]’

TN::{to,to-l—hN,...,tl—?LN—hN}a hy : hn

. hy ::tl—tg—hN[
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where [a] stands as usual for the greatest integer less than or equal to the real number a. The

modified problems are written as

(
minimize J(zy,un) 1= @(xn(t1))

subject to

(Pn) rN(t+hy) =2zn({t) + hnf(t, oy, un), tE€TN, wzn(to) =20 € R",
oy (t) = xn(t — hy) + by f(t — by, 2y, uy),

\ un(t) €U, teTy.

Theorem 4.5 (AMP for problems with incommensurability). Let the pairs (Zn,un) be
optimal to problems (Py). Assume in addition to (H1) that ¢ is uniformly upper subdifferentiable
around the limiting point(s) of the sequence {Zn(t1)}, N € IN. Then for every sequence of upper
subgradients xy € Ot o(Zn(t1)) there is e(t,hy) — 0 as N — oo uniformly int € Ty such that the

approzimate maximum condition
H(t,zn,pN,un) = glg[}(H(t,fN,PN,U) +e(t, hn)
holds for all t € Ty =Ty U {t1 — TLN}, where the Hamilton-Pontryagin function is defined by

(pn (1), f(t — by, on,u))  if t =t — D,

and where each py(t) satisfies the adjoint system

H(taxNapNau) =

*

0
pn(t) =pNn(t+hy) + hNa_ﬁ (t,zn,un)pn(t +hy), t€TN,

*

PN (b = hy) = px(t) +hy 5= (= b, 2, n)py (f)

with the transversality condition py(t1) = —x’.

Proof. It is similar to the proof of Theorem 4.1 with the following modification of the increment

formula for the minimizing functional:

0 <J(zn,un) —J(@n,un) < —(pn(t1), Azy(t1)) + o[[Azy(t1)])
- Z <pN(t+ hn) —PN(t),A$N(t)> - <PN(t1) —pn(t — hy), Azy(t —i~7,N)>

teTy
of ., - _ ~ of - -
—hn tgr:N <pN(t + hw), %(taxN,UN)AfEN(t» - hN<pN(t1), %(tl — hn,Zn,un)Azy (61 — hN)>
—hy Y AuH(tzy,py,un) +hy Y av(t) + oAy (1)),
tE']A;N tEj‘:’N

where A, H and ny(t) are defined as above. Substituting now the adjoint trajectory into this

formula and using the needle variation (4.6), we arrive at the conclusions of the theorem. O

Similarly to the proof of Theorem 4.4 we can get its modification to the case of incommensura-

bility with the transversality and related conditions (4.10)-(4.12).
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5 AMP for Discrete Approximations of Delay Systems

This section is devoted to the extension of the AMP in the upper subdifferential form to finite-
difference approximations of time-delay control systems. Actually we are not familiar with any
previous results on the AMP for optimal control problems with delays, so the results obtained
below seem to be new even for smooth delay problems.

We pay the main attention to discrete approximations of the following time-delay problem with

no endpoint constraints:

minimize J(z,u) := o(z(t1))

subject to

(D) z(t) = f(t,z(t),z(t — 0),u(t)) a.e. tE€ [to,t1],
z(t) = c(t), t€ [to—0,to),

\ u(t) e U a.e. t € [to,t1]

over measurable controls and absolute continuous trajectories, where @ > 0 is the constant time-
delay, and where c: [tg — 6,ty] — IR" is a given function defining the initial “tail” condition that
is necessary to start the delay system. Based on the above constructions for non-delayed systems,
one can derive similar results for delay systems with endpoint constraints. We may also extend
the results obtained to more complicated delay systems involving variable delays, set-valued tail
conditions, etc. On the other hand, we show in the end of this section that the AMP does not
hold for discrete approximations of functional-differential systems of neutral type that contain time-
delays not only in state variables but in velocity variables as well.

Let us build discrete approximations of the time-delay problem (D) based on the Euler finite-
difference replacement of the derivative. In the case of time-delay systems we need to ensure

that the point £ — 6 belongs to the discrete grid when ¢ does. It can be achieved by defining the
t — to

discretization step as hy := N in contrast to hy = for the non-delayed problems (Py). In
such a scheme the length of the time interval ¢; — %y is generally no longer commensurable with the
discretization step hy.

To this end we consider the following sequences of discrete approximations of the delay problem

(D) with the grid on the main interval [ty,¢1] given by

- 0 -
Iy = {to,to +hy,....tr —hy —hy},  hyv =, hNiztl—tO—hN[

1 —1
thO]’
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but also involving the grid Tyx on the initial interval [ty — 6, 9] as below:

,

minimize J(zxn,un) := @(xn(t1))
subject to

(DN) :L‘N(t + hN) = J?N(t) + th(t,J?N(t),:L‘N(t — NhN),uN(t)), te Ty,

zn(t1) = ox(ty — hy) + hyf(ty — hy, 2 (1 — hy), un (b — hy)),
o (t) =c(t), t€Ton:={to—0,to—0+hy,... to},
’LLN(t) eU, tely.

To derive the AMP for the sequence of problems (Dy), we reduce these problems to the ones
without delays and employ the results of Section 4. This follows the “method of steps” developed
by Warga [15] in the case of delay problems for continuous-time systems. Our assumptions on the
initial data of (P) are similar to those in Section 4 for non-delay systems. A counterpart of (H1) is
formulated as:

(H) f = f(t,z,y,u) is continuous with respect to all its variables and continuously differentiable
with respect to (z,y) in some tube containing optimal trajectories for all u from the compact set
U in a metric space and for all ¢t € TN =Ty U{t; — EN} uniformly in N € IN.

For convenience we introduce the following notation:

En(t) = (an(t),an(t —0)), En(t) = (zn(t), 2N (t —0)),
f(tagNauN) = f(t7$N(t)7$N(t - 9)7UN(t))a f(tagNauN) = f(tviN(t)viN(t - 0)7UN(t))a

in which terms the adjoint system to (D) is written as

p(®) = p(t+ h) + b oL (8, Ex i )pa(E + )

0
o, . o

- S S
pn(ti —hn) =pn(t) + hNa_i (t1 — by, &N, un)pn (t1)
along the optimal processes (Zy,un) to the delay problems for each N € IN. Introducing the

corresponding Hamilton-Pontryagin function

<pN(t+hN),f(t,$N,yN,U)> lfteTNa

(51) H(taxNayNapNvu) = ~ i ~
(pn(t), f(t —hy,zN,yN,u)) ift =1 —hy,

with yn(t) = zny(t — 0), we rewrite the adjoint system as

o0H  _ OH _
pn(t) =pn(t+hy) +hy [%(t,fN,PN,ﬂN) + 8—y(t + 9,§N,PN,@7N)], te T,

pn(ti —hy) = pn(t1) + hN%(tl — hN,éN, PN, UN).
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Theorem 5.1 (AMP for delay systems). Let the pairs (Zn,un) be optimal to problems (Dy).
Assume in addition to (H) that ¢ is uniformly upper subdifferentiable around the limiting point(s) of
the sequence {Tn(t1)}, N € IN. Then for every sequence of upper subgradients x7 € 5"’(,0(5:]\7(151))

the approzimate maximum condition
(5.3) H(t, &N, pn,Un) = IgggH(t,gNapN,u) +e(t,hy), teT,

holds with the Hamilton-Pontryagin function (5.1) and with some (t, hy) — 0 as hy — 0 uniformly

imte fN, where the adjoint trajectory pn satisfies (5.2) and the transversality relations

(5.4) pN(t1) = —zy, pN(t) =0 as t>t.

Proof. Let us reduce the delay discrete approximation problems to the ones with no delay by the

following multistep procedure. Denote

le(t) = (I,‘N(t—hN), tE{t0+2hN,...,t1—?LN},
yin(t) :=cen(t —hy), te€{to—0+hn,...,to+ hn},
yan (t) :=yin(t — hy), € {to — 0+ 2hn,...,t1 — hn},
ynn(t) :=yn_in(t —hy), tE{to,....,t1 — ’NLN}a
and observe that the values of y1n(t1),...,ynn(t1) can be defined arbitrarily, since they do not

enter either the adjoint system or the cost function. To match the setup of Theorem 4.1, define

yin(t) ==aon(t — ?LN), yon (t1) == yin(t1 — ?LN), o ynn(t) == yn—n (- iNLN)-
After the change of variables one has

N(E—0), te{to+0+hn,....t1—hy},
ynn(t
, tE{tO,...,t0+9}.
The original system in (Dy) is thereby reduced, for each N € IN, to the following non-delayed

system of dimension RN+

655 { an (b + hv) = 2x(8) + hvg (b, 2, ux), £ € T,
zn (1) = 2y (t1 — hy) + hyg(ts — by, 2v, un),
with the state vector zy(t) := (zn(t),y1n(t),-..,ynn(t))* (the star stands for transposing) and
with the mapping g(¢, 2y, un) given by
ftzn(t), ynn (1), un(t))
zn(t) —yin(t)
g(t,zn (1), un (1)) = v ,

yn-1,8(t) —ynn(t)
hn
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where Ay should be replaced by h N fort =1t — h N in the last formula.
Let us apply Theorem 4.1 to the minimizing the same functional as in (Dy) on the feasible
pairs (zn,un) of the non-delayed system (5.5). The adjoint system in this problem, with respect

to the new adjoint variable ¢ € RN+1" has the form

*

15)
qN(t) = qN(t + hN) + hNa_g (t,ZN,fLN)q(t + hN), teTy,

(5.6) B B ZB * B
qn(t1 —hn) = gqn(t1) + hNa_Z (t1 — hn, 2y, un)gn (t1)
with the transversality condition
(5.7) an(t) = —(23,0,...,0)" for =}y € 9" (@ (h)).
. . Og
Computing the matrix 2 we get
af*
h 1 ... 0 0
N oz
ot 1 0 -1 ... 0 0
0z hy| ..
hn of o ... 0 -1
OYnN

Taking this into account and performing elementary calculations, we arrive at the adjoint system
(5.2) and the transversality relations (5.4) for the first component py (¢) of the the adjoint trajectory
v (t) satisfying (5.6) and (5.7). Denoting by H (¢, zy, qn, u) the Hamilton-Pontryagin function (5.1)
to the non-delayed system (5.5), one has

ﬁ(tazl\UQN?u) = <QN(t+hN),g(t,§N,U)> = (pN(t‘i‘hN),f(t,gN,U»+T(t,2N,QN,hN)
:H(t,gN,pN,U)+T(t,5N,QN,hN), tETNa

and similarly for ¢t = ¢; — hy, where H is given in (5.1), and where the remainder (¢, zx, gn, hn)
does not depend on w. Finally applying the approximate maximum condition (1.3) from Theo-

rem 4.1 to system (5.5), we arrive at (5.3) and complete the proof of the theorem. 0

Note that in the case of continuously differentiable cost functions ¢ around Zx(¢1) uniformly

in N, the transversality relations (5.4) reduce to

pn(t1) = —Ve(zn(t)), pN(t) =0 as t > ;.

Similarly to the proof of Theorem 5.1 we can deduce from Theorem 4.4 its delay counterpart for

discrete approximation problems with endpoint constraints. In this result we add assumptions
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(H2) and (H3) to those in (H) and replace the transversality relations (5.4) in Theorem 5.1 by the
conditions (4.10)—(4.12) with px(¢) =0 as ¢t > #;.

Finally in this section, we consider optimal control problems for finite-difference approximations

of the so-called functional-differential systems of neutral type
(5.8) z(t) = f(t,z(t),z(t — 0),z(t — 0),u(t)) ae. tE€ [ty,t1],
which contain time-delays not only in state but also in velocity variables. A finite-difference coun-

terpart of (5.8) with the stepsize h and with the grid T := {¢o,tp + h,...,t;1 —h} is

(5.9) x(t+h):x(t)+hf(t,x(t),x(t—9),$(t_9+h})l_$(t_9),u(t)), teT,

and the adjoint system is given by

g "0 =Dl D)+ B (G Eaple+ )+ RS (1 +0,Ew)ple+0 +1)
. +hg—f (t+6—h,&a)p(t+0)— 8—f (t+6,&,a)pt+0+h), teT,

where (Z, %) is an optimal solution to the neutral analogue of problem (Dy), and where

£(t) = (2(0), 2(t - 9), ot = 9”2 — 2t = 9)), LET.

It has been proved in [8] that optimal solutions to problems like (Dy) for discrete systems of
the neutral type (5.9) satisfy the exact discrete maximum principle with transversality conditions in
the upper subdifferential form provided that the velocity sets f(t,z,y,z,U) are convex around &(t).
What about an analogue of the approximate maximum principle with no convexity assumptions
on the velocity sets? The following example shows that the AMP is not fulfilled for finite-difference

neutral systems, in contrast to ordinary and delay ones, even in the case of smooth cost functions.

Example 5.2 (AMP does not hold for neutral systems). There is a two-dimensional control
problem of minimizing a linear function over a smooth neutral system with no endpoint constraints
such that some sequence of optimal controls to discrete approzimations does not satisfy the approx-

imative mazimum principle regardless of the stepsize and a mesh point.

Proof. Consider the following parametric family of discrete optimal control problems with the

28



parameter h > 0:

( minimize J(x1,z2,u) = 2(2)

subject to
zi(t+h) =x1(t) + hu(t), t€T:={0,h,...,2—h},

(310 zo(t + h) = xa(t) + h(wl(t —t hf)L —mt= 1))2 — hul(t), teT,
z1(t) = x2(t) =0, t€Tp:={-1,...,0},

lu(t)| <1, teT.

\

It is easy to see that

1-h
xzo(l) = —h Z u?(t) and
=0

2—h 2—h
Fonymn ) im52(2) —as(1) 45 S (:1:1(t ~1 +h})l—:1:1(t — 1))2 ChY w2
T 2-h 2
=—h Z uw?(t) + h Z u?(t) — h Z u?(t) = —h Z u?(t).
t=0 t=0 t=1 t=1

Thus the control

_ 0, te{0,...,1—h},
u(t) =
1, te{l,...,2—h},

is the only optimal control to (5.11) for any h. The corresponding trajectory is

i 0, te{0,...,1—h}, 0, tefo,...,1—hl,
Ti(t) = To(t) =
t—1, te{l,....2—h}; —t+1, te{l,...,2—hl.

Computing the partial derivatives of f in (5.11), we get
0 0 0 0
of — , of = , and
O 0 0 Ay 0 0

O o1y ! ’
ozt =3 (2($1(t+h)—$1(t)) 0>'

Hence the adjoint system (5.10) reduces to

p1(t) =p1(t+h) +2(z1(t) — z1(t — h))p2(t + 1) — 2(Z1(t + h) — Z1(¢))p2(t + 1 + h)
po(t) = const, t€{0,...,2—h},

with the transversality conditions
p1(2) =0, p2(2) = =1; pi(t) =p2(t) =0 for ¢t>2.
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The solution of this system is

p1(t) =0, po(t) = —1 forall te€{0,...,2—h}.

Thus the Hamilton-Pontryagin function along the optimal solution is

J?l(t— ].+h) —$1(t— 1))2 _u2}

H(t,z1,Z2,p1,p2,u) :Pl(t+h)U+P2(t+h){( 3

=u? forall t€{0,...,1—h}.

This shows that the optimal control %(¢) = 0 does not provide the approximate maximum to the

Hamilton-Pontryagin function regardless of h and the mesh point ¢ € {0,...,1 — h}. Note at the

same time that another sequence of optimal controls with @(¢) = 1 for all ¢t € {0,...,2—h} satisfies
the exact discrete maximum principle regardless of h. O
References

[1]
[2]

3]

[4]

[9]

[10]

[11]

F. H. CLARKE, Optimization and Nonsmooth Analysis, Wiley, New York, 1983.

R. GABASOV and F. M. KIRILLOVA, On the extension of the mazimum principle by L.S. Pontrygin
to discrete systems, Autom. Telem., 27 (1966), pp. 46-61.

R. GABASOV and F. M. KIRILLOVA, Qualitative Theory of Optimal Processes, Marcel Dekker, New
York, 1976.

B. S. MORDUKHOVICH, Approximate mazimum principle for finite-difference control systems,
U.S.S.R. Comput. Maths. Math. Phys., 28 (1988), pp. 106-114.

B. S. MORDUKHOVICH, Approximation Methods in Problems of Optimization and Control, Nauka,
Moscow, 1988.

B. S. MORDUKHOVICH, Discrete approximations and refined Fuler—Lagrange conditions for noncon-
vezx differential inclusions, SIAM J. Control Optim., 33 (1995), pp. 882-915.

B. S. MORDUKHOVICH, Necessary conditions in nonsmooth minimization via lower and upper sub-
gradients, to appear in Set-Valued Anal.

B. S. MORDUKHOVICH and I. SHVARTSMAN, Discrete mazimum principle for nonsmooth optimal
control problems with delays, Cybern. Syst. Anal., 2002, No. 2, pp. 123-133.

B. S. MORDUKHOVICH and I. SHVARTSMAN, The approzimate mazimum principle for constrained
control systems, Proc. 41nd IEEE Conf. Dec. Cont., Las Vegas, NV, 2002, pp. 4345-4350.

E. A. NURMINSKII, Numerical Methods of Solutions to Deterministic and Stachastic Minimaz Prob-
lems, Naukova Dumka, Kiev, 1979.

L. S. PONTRYAGIN, V. G. BOLTYANSKII, R. V. GAMKRELIDZE and E. F. MISHCHENKO, The
Mathematical Theory of Optimal Processes, Wiley, New York, 1962.

30



[12] R. T. ROCKAFELLAR and R. J.-B. WETS, Variational Analysis, Springer, Berlin, 1998.

[13] G.V.SMIRNOV, Introduction to the Theory of Differential Inclusions, American Mathematical Society,
Providence, RI, 2002.

[14] R. B. VINTER, Optimal Conirol, Birkhduser, Boston, 2000.

[15] J. WARGA, Optimal Control of Differential and Functional Equations, Academic Press, New York,
1972.

31



