SIAM Journal on Control and Optimization (©1996 Society for Industrial and Applied Mathematics
Vol. 34, No. 4 (July), this is a preprint from the final TEX file, prepared in September, 1995

EQUIVALENT SUBGRADIENT VERSIONS OF HAMILTONIAN
AND EULER-LAGRANGE EQUATIONS IN VARIATIONAL
ANALYSIS *
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Abstract. Much effort in recent years has gone into generalizing the classical Hamiltonian
and Euler-Lagrange equations of the calculus of variations so as to encompass problems in optimal
control and a greater variety of integrands and constraints. These generalizations, in which non-
smoothness abounds and gradients are systematically replaced by subgradients, have succeeded in
furnishing necessary conditions for optimality which reduce to the classical ones in the classical set-
ting, but important issues have remained unsettled, especially concerning the exact relationship of
the subgradient versions of the Hamiltonian equations versus those of the Euler-Lagrange equations.
Here it is shown that new, tighter subgradient versions of these equations are actually equivalent to
each other. The theory of epi-convergence of convex functions provides the technical basis for this
development.
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1. Introduction.

In the classical theory of minimization problems involving an integral functional
fttol L(t,z(t),(t))dt with Lagrangian expression L(t,z,v) on [to,t1] X R" x R", a
key role in analyzing the optimality of an arc z() : [to,t1] — IR" is played by the
Euler-Lagrange equation,

p(t) = Vo L(t,z(t), 2(t)) for p(t) = VuL(t,x(t),&(t)). (1.1)

When L(t,z,v) is twice differentiable and the Hessian matrix in v is positive defi-
nite, the Legendre transform can be applied in the v argument to get a Hamiltonian
H(t,z,p) in terms of which the Euler-Lagrange equation can be expressed equivalently
as the Hamiltonian system

@(t) = VipH (t,z(t), p(t)), —p(t) = Vo H (t,z(t), p(t)). (1.2)

The differentiability assumptions in this scheme have long posed difficulties, however.

Many problems of interest fail to meet all the criteria for utilizing the Legendre
transform, and in such cases (1.2) may only be a consequence of (1.1), not equivalent
to it. Then the arcs z(-) and p(-) can have “corners” where their derivatives are
discontinuous. Tonelli’s theory for the existence of optimal arcs demands an even
broader setting: problems must be studied with z(-) merely assumed to be absolutely
continuous, so that (1.1) and (1.2), to the degree that they are valid, have to be
interpreted in an almost everywhere sense.

Questions of existence have also challenged the suitability of classical assumptions
in other ways. Tonelli showed that the convexity of L(t,z,v) in v is a crucial property.
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2 R. T. ROCKAFELLAR

If this is lacking, a convexification process can be introduced to achieve it as a justifi-
able sort of regularization (or relaxation) of a given problem, but convexification can
disrupt differentiability. Thus, Lagrangians L need to be admitted for which certain
derivatives may be absent. The theory of optimal control has pushed this direction of
generalization much further through the recognition that a vast range of applications
can be covered “neoclassically” in terms of Lagrangians that aren’t even continuous
everywhere and can take on the value oo, as a device for representing constraints on
x(t) and #(t) through infinite penalization when they are violated.

As far as possible in the face of this far-reaching extension of the classical frame-
work, one would nonetheless like to make sense of the Euler-Lagrange and Hamiltonian
equations as necessary conditions for optimality. The Hamiltonian can always be de-
fined by appealing to the Legendre-Fenchel transform of convex analysis [1] instead of
the Legendre transform:

H(t,x,p) = Ui%z{@’ v) — L(t,x,v)}, (1.3)

where (p,v) denotes the inner product of two vectors p and v in IR". Provided that
L(t,x,v) as a function of v is convex and lower semicontinuous, one has

L(tvxvv) = pselgjn{<pav> *H(t,fﬂ,p)}, (14)

so that a one-to-one correspondence is set up between Lagrangians and Hamiltonians
without calling for their differentiability. In the possible absence of gradients of L and
H, the idea is to try to rewrite (1.1) and (1.2) in terms of some kind of “subgradients.”

This program was first carried out in the fully convex case, where L(t,x,v) is
convex as a function of (x,v) (rather than just v), which corresponds to H(t,x,p)
being concave in & and convex in p. Subgradients of convex analysis were used by
Rockafellar [2], [3], [4], to establish an Euler-Lagrange condition

(p(t),p(t)) € OL(t,x(t),&(t)) a.e. t (1.5)

and a Hamiltonian condition

(—p(t),4(t)) € OH(t, z(t),p(t)) a.e. t, (1.6)

where in (1.5) the subgradients are those of L(t,-,-) as a convex function, while in
(1.6) they are those of H(t,-,-) in the special sense employed for concave-convex func-
tions. The equivalence of these Euler-Lagrange and Hamiltonian conditions was shown
through the dualization rules for subgradient relations in convex analysis.

In a major advance, Clarke [5], [6], developed a robust concept of subgradient
which could serve for nonconvex functions and be used in pushing the Euler-Lagrange
and Hamiltonian conditions further. This concept has evolved considerably since its
introduction, both in the pattern of definition and the role of the convex hull operation.
The subgradients in question can now be described in several ways, but for purposes
here it is easiest to start with proximal subgradients and then take limits.

Consider a function f : R* — IR (where IR denotes the extended reals). A vector
z is a prozimal subgradient of f at ¢ if f(y) is finite and for some p > 0 and 6 > 0 one
has

fly) = f@) +(zy—9) —3oly — g2 when |y—g| <o
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It is a subgradient in the general sense, expressed by z € 9f(f), if there are sequences
y* — g and z¥ — z such that z is a proximal subgradient of f at y* and f(y*) — f(7).
It is a subgradient in the horizon sense, expressed by z € 9°°f (%), if this condition holds
with the modification that, instead of z¥ — z, one has A\¥z¥ — z for some sequence
of scalars \» \.0. (In these expressions and below, we use superscript v as the generic
index for sequences.)

When f is continuously differentiable, 0 f (%) consists of just the gradient V f(g),
while 9=f(g) has just the zero vector. When f is convex, df(g) is a closed, convex
set, the same as the subgradient set of convex analysis, which if nonempty has 9°°f(3)
as its recession cone. In general, however, 0f(y) and 9°f(y) aren’t convex, although
they are always closed. Seeking a subgradient set that always would be both closed
and convex, Clarke, although his notation was different and his definition followed an
alternate route, ended up with the set

0f(5) = cl con [0f(5) +0=f ()],

where “cl” stands for closure and “con” for convex hull. He especially emphasized the
case where f is Lipschitz continuous around §; then 9f(g) is a nonempty compact set,
whereas 0=f () = {0}, so the formula simplifies to df(y) = con df (7). See Loewen
[7] for a recent exposition furnishing the details.

Nowadays the convexification in this definition is no longer seen as essential for
most applications, thanks to improvements in subgradient calculus achieved by Mor-
dukhovich, Toffe and others. In the treatment of the class of problems under discussion
here, which was Clarke’s chief concern, it has a natural genesis in taking weak limits,
however, and the question of the extent to which it is needed has been harder to
answer.

With full recourse to such convexification, Clarke was able to demonstrate in
some situations where L(t,-,-) is locally Lipschitz continuous [8] the necessity of the
Euler-Lagrange condition in the form

(p(t),p(t)) € OL(t,z(t),&(t)) a.e. t, (1.7)

where the subgradient set OL(t, z(t), 2(t)) refers to the function L(t, -, -) at (z(t),i(t))
and because of the Lipschitz continuity equals condL(t,z(t),&(t)). On the other
hand, he established in some other situations [9] where H(t,-,-) is locally Lipschitz
continuous the necessity of the Hamiltonian condition in the form

(—p(t),4(t)) € OH (t, z(t),p(t)) a.e. t, (1.8)

where the subgradient set 0H (¢, z(t), &(t)) is that of H(t,,-) at (z(t), p(t)) and, again
because of the Lipschitz continuity, is the same as con 0H (t, (t), p(t)). (See the books
[6], [10], for an overview of this development.)

Although Clarke’s conditions (1.7) and (1.8) reduce to (1.1) and (1.2) in the
classical case and to (1.5) and (1.6) in the convex case, and then are equivalent, neither
necessarily implies the other in general, even when both L(¢t,-,-) and H(t,-,-) are
locally Lipschitz continuous. Their precise relationship has therefore been a mystery.

Loewen and Rockafellar [11] showed, in building on Clarke’s results, that for a
major class of problems the Euler-Lagrange condition (1.7) and Hamiltonian condition
(1.8) do at least have to hold simultaneously for some arc p(-) when z(-) is optimal.
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Rockafellar proved in [12, Theorem 5.1] that when H(t,,-) is locally Lipschitz con-
tinuous the Hamiltonian condition implies

(p(t),2(t)) € con {(~w,v) } (w,p(t)) € OL(t,x(t),v), p(t) € DuL(t, z(t),v)}, (1.9)

which is a form of the Euler-Lagrange condition suggested by Mordukhovich [13],
[14], [15]. For Hamiltonians arising from bounded differential inclusions, Ioffe [16] has
established that this implication is an equivalence. Also identified in Rockafellar [12,
Thm. 3.4] is a broadly applicable case, beyond the known classical and convex ones,
where (1.7) and (1.8) are equivalent even with JL replaced by dL.

More recent work of Loewen and Rockafellar in [17] has raised the possibility of
establishing the Euler-Lagrange condition in the form

p(t) € con{w| (w,p(t)) € OL(t,x(t), ()} ae. t (1.10)
with the companion property that
p(t) € OuL(t, z(t),i(t)) ae. t. (1.11)

They were able to do this in a case where L is the indicator of a possibly unbounded
differential inclusion, which should allow extension to other Lagrangians L through
consideration of epigraphical mappings. This case also covers, for instance, the one
where L is the indicator of a Lipschitz continuous differential inclusion of the kind
underlying Clarke’s Hamiltonian results. Such an Euler-Lagrange condition has also
been obtained now by Mordukhovich [18] for a class of nonconvex differential inclu-
sions, and by Ioffe and Rockafellar [19] for certain finite functions L. In the special
case where L(t, z,v) is essentially strictly convex in v, which corresponds in the theory
of the Legendre-Fenchel transform to H(¢,x,p) being smooth in p, a case used as a
technical stepping stone in [17], (1.9) comes out as saying the same thing as (1.10)
and (1.11). In general, though, the combination of (1.10) with (1.11) is distinctly
sharper than the versions of Euler-Lagrange in (1.7) and (1.9), because the process of
convexification is much more limited.

Here we sidestep the exploration of the full range of situations in which the Euler-
Lagrange condition in form (1.10) might be necessary for the optimality of an arc z(-).
Instead we focus on the relationship between (1.10) and a corresponding version of
the Hamiltonian condition, namely

p(t) € con{w| (- w,&(t)) € OH(t,=(t),p(t))} ae. t (1.12)

along with
i(t) € OpH (t,2(t),p(t)) ae. t. (1.13)

This is sharper than the Hamiltonian condition (1.8) and has not previously been
considered. We’ll show it’s in fact equivalent to (1.10) in the kinds of circumstances
that are typically present in derivations of necessary conditions for the optimality of
an arc x(-). Efforts aimed enlarging the range of cases in which the Euler-Lagrange
condition holds in version (1.10) can thus count on the side benefit of improving
Clarke’s Hamiltonian condition in a hitherto unsuspected way.

The following theorem is our main result. Through [17] it brings to light, among
other things, that (1.8) can be strengthened to (1.12) in Clarke’s context [9].
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In stating this theorem, we say that the Lagrangian L has the epi-continuity
property along x(-) if, for almost every t, there is an open set O(t) containing z(t)
such that

(a) L(t,-,-) is lower semicontinuous on O(¢) x R",
(b) for every point (z,7) € O(t) x R™ with L(¢,Z,0) < oo, and every sequence
xvV — &, there is a sequence v¥ — v with L(t,z¥,v") — L(t,Z,0).
Clearly (a) and (b) are satisfied in particular when L(t, -, -) is continuous on O(¢) x IR".

THEOREM 1.1. Let L(t,x,v) be convex in v (possibly with the value co), and let
H(t,z,p) be defined by (1.3). Let z(-) be an arc along which L has the epi-continuity
property. Suppose for almost every t that

(w,0) € O=L(t, x(t),i(t)) = w=0, (1.14)

this being true in particular if L(t,-,-) is Lipschitz continuous around (x(t),i(t)).
Then version (1.10) of the Euler-Lagrange condition is equivalent to version (1.12)
of the Hamiltonian condition and automatically entails (1.11) and (1.18). The same
holds when (1.14) is replaced by

(w,0) € 9=H (t,z(t),p(t)) = w=0, (1.15)

this being true in particular if H(t,-,-) is Lipschitz continuous around (z(t), p(t)).

The epi-continuity property invoked in Theorem 1.1 concerns the continuity of the
set-valued mapping that associates with each x the epigraph of the function L(¢,z, ),
as will become clearer in the next section. Assumption (1.14) concerns a kind of local-
ized Lipschitz continuity of this mapping. Such properties of epigraphical mappings
have long been implicit in most developments of the subject, in consequence for in-
stance of Lipschitz assumptions placed on L or H, or on some underlying differential
inclusion mapping, but their effects on subgradients haven’t been explored directly.
Here they emerge finally in the foreground. Also coming on stage for the first time in
such a setting, through the technique we’ll use to prove Theorem 1.1, will be a number
of tools of convex analysis. These include Fenchel’s duality theorem in convex opti-
mization, Moreau’s theory of proximal regularizations of convex functions, Wijsman’s
epi-continuity theorem for the Legendre-Fenchel transform, and Attouch’s theorem on
convergence of subgradients.

2. Dualization framework and epi-continuity.

For the task to be accomplished, the ¢ argument doesn’t matter; all questions
revolve around properties that hold for a fixed ¢t. We therefore suppress t. We consider
an open subset O of IR™ and take L(z,v) to be an expression defined for (z,v) €
O x IR™ such that, for each x € O, L(x,-) is a convex, lsc (lower semicontinuous)
function on IR™ which is proper, i.e., although possibly extended-real-valued does not
take on —oo and is not identically co. In the targeted applications to Euler-Lagrange
and Hamiltonian conditions we’ll have m = n, but for the sake of other potential uses
of the results to be obtained, we allow the dimensions m and n to differ. We define
H(xz,p) for (z,p) € O x R™ by

H(z,p) = sup {(p, v) — L(m,v)}. (2.1)
veER™
The Legendre-Fenchel transformation, on which this formula is based, has the property

that for each x € O, H(x,-) is, like L(z,-), a proper, convex, lsc function on R",
moreover with

L) = sup {(p.0) ~ H(z.p)} (2:2)
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This symmetric relationship between L and H will enable us to apply any result
proved for either function to the other function as well. We can later interpret O as a
neighborhood of some particular point of IR™ that happens to be under scrutiny.

The lower semicontinuity of L(x,v) in v, and of H(z,p) in p, has already been
incorporated into our framework, but nothing has been said yet about continuity
properties relative to . At the very least we’ll need L(z,v) to be lscin (z,v) € Ox R",
and similarly for H(z,p) in (z,p), but we're going to go further, clarifying on the
way the property that provides the simplest dualization scheme and best supports
our subsequent analysis. We'll be working with the concept of epi-continuity in the
dependence of the functions L(z,-) and H(x,) on x.

Recall that the epigraph of a function f : IR" — IR is the set

epi f = {(y7a) e R"™ x 1R|a > f(y)}

In general, a sequence of functions f : R" — IR is said to epi-converge to a function
f: R™ — IR if the corresponding epigraphs converge:

epi f = lim sup epi f¥ = liminf epi fv

V—00 V—00

in the Painlevé-Kuratowski sense as subsets of IR™ x IR. This is true if and only if

{lim inf, fv(vv) > f(v) for every sequence v¥ — v,
) (2.3)
limsup,, f¥(v¥) < f(v) for some sequence v¥ — v.
Epi-convergence was introduced for proper, lsc, convex functions by Wijsman [20],
who proved that the Legendre-Fenchel transformation was continuous with respect to
it. For more background on this topic, see Wets [21], Salinetti and Wets [22].
PROPOSITION 2.1. The following six properties are equivalent and imply in par-

ticular that L and H are lsc in both arguments jointly, as functions on O x IR":

(a) The set epi L(x,-) in IR" x IR depends continuously on x € O.

(b) Whenever ¥ — T in O, the function L(xV,-) epi-converges to L(Z,).

(¢) For any (Z,0) € O x R" and sequence x¥ — T, one has

liminf , L(xv,v”) > L(Z,0) for every sequence v¥ — 7,
lim sup, L(zv,v") < L(Z,v) for some sequence v¥ — 7.

(d) The set epi H(z,-) in R™ x IR depends continuously on x € O.
(e) Whenever ¥ — T in O, the function H(xVv,-) epi-converges to H(Z,-).
(f) For any (z,p) € O x R™ and sequence x¥ — T, one has

liminf , H(zv,p¥) > H(Z,p) for every sequence p¥ — P,
lim sup, H(xv,p¥) < H(Z,p) for some sequence p¥ — p.

Proof. Conditions (a) and (b) mean the same, by the definition of epi-convergence,
and (c) characterizes this property in accordance with the facts just cited. This pattern
holds for (d), (e) and (f) as well. But because L(z¥,-) and H(z¥,-) are proper convex
functions conjugate to each other under the Legendre-Fenchel transformation, which
preserves epi-convergence according to Wijsman’s theorem, (b) is equivalent to (e).
Hence, all the conditions are equivalent to each other. O

For short, we’ll say that the epi-continuity assumption is satisfied when the six
equivalent properties in Proposition 2.1 are present. Obviously this is true in particular
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when L is continuous on O x IR"™ (through (c)), or when H is continuous on O x R"
(through (f)). In typical applications the epi-continuity assumption merely means
(through property (c)) that, in addition to taking L(z,v) to be lsc in (x,v), rather
than just in x, we suppose that whenever (Z, ) is a point of O x IR"™ where L is finite,
and {x¥} is a sequence in O converging to Z, there must be a sequence {v”} converging
to v for which L(z¥,v") converges to L(Z,v).

Note that the epi-continuity condition used in the hypothesis of Theorem 1.1
merely requires for almost every ¢ that this should hold relative to some neighborhood
O(t) of z(t). Proposition 2.1 shows that the condition in question could be expressed
in terms of the Hamiltonian just as well as the Lagrangian. It’s actually symmetric
between the two functions (as long as the Lagrangian is Isc and convex with respect
to v).

The study of subgradients of L and H with respect to both of their arguments in
O x IR"™ requires working with the definition in Section 1 in terms of limits of proximal
subgradients. But subgradients of L in the v argument, and of H in the p argument,
enjoy the benefits of convexity. Convex analysis informs us that

p € OL(z,v) <<= wve€HH(x,p) < L(z,v)+ H(z,p) = (p,v), (2.3)

cf. [1, Thm. 23.5], where from (2.1) and (2.2) we know that L(z,v)+ H(x,p) > (v,p)
for all choices of (z,v,p) € O x R"™ x R".
PROPOSITION 2.2. Under the epi-continuity assumption,

(w,p) € L(z,v) = pé€ WL(z,v),

(w,v) € 0H(x,p) = v € OpH(z,p). (2.4)

Proof. Due to symmetry, it suffices to deal with the first of these implications.
Suppose (w,p) € OL(Z,v). By definition there exist (z¥,v¥) — (Z,0) and (w¥,p¥) —
(w, p) such that (w¥,p¥) is a proximal subgradient of L at (z¥,v"), and L(z¥,v") —
L(z,7). The proximal subgradient condition refers to the existence of p¥ > 0 and
0¥ > 0 such that

L@,v) > Lav,v’) + ((wr,p), (@,0) — (@%,0%)) — bp (o — ]2 + o — v [2)
when |(;U —xv, v — v”)| < 4. In taking x = x¥ we see that the convex function
fr(v) == L(zv,v) — {p*,v—v") + $pv|v — vv|?
must have a local minimum at v¥. This implies that 0 € 9f¥(v¥) = 9, L(a¥,v") — p¥,
or in other words, p¥ € 9,L(a¥,v"), a subgradient condition which, because of the
convexity of L(x,v) in v, can be written as the inequality
L(zv,v) > L(zv,v")+ (p¥,v—vv) forall ve R"

Consider now an arbitrary v € IR" for which L(Z,v) < co. Our epi-continuity as-
sumption ensures the existence of a sequence 9 — v with L(z¥,0") — L(z¥,v). For

each index v we have

L(zv,ov) > L(av,vv) + (p¥, ¥ — v").
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In passing to the limit as ¥ — oo and using the fact that L(z¥,v¥) — L(Z,v) in
particular, we obtain
L(z,v) > L(z,v)+ (p, v — 7).

We have shown this inequality to hold for any v with L(Z,v) finite, but it holds trivially
when L(Z,v) = oo. Hence it holds for all v € IR", confirming that p € 9,L(Z,v). O

Proposition 2.2 suggests approaching the subgradients of L and H in general by
looking at the set

M = {(z,v,p) € O x R" x R" ‘ properties (2.3) hold } (2.5)
and the set-valued mappings

St i (z,v,p) — {w | (w,p) € ﬁL(z,v)},

(2.6)

Su ¢ (z,v,p) — {w ’ (w,v) € 0H (z,p)}.
The graph of Sy, consisting by definition of all (z,v,p,w) such that w € Si(z,v,p),
is the same then as the graph of 0L, except for a permutation of arguments; likewise
for the graph of Sy in comparison with the graph of 0H.

PROPOSITION 2.3. Under the epi-continuity assumption, M is closed in O x
R™ x R"™ and the functions (x,v,p) — L(z,v) and (x,v,p) — H(z,p) are finite and
continuous on M. Moreover, the effective domains of the set-valued mappings S, and
Sy on O x R™ x IR" (the effective domains being the sets on which the mappings are
nonempty-valued) lie in M, and the graphs of these mappings are closed as subsets of
O x R" x R" x R".

Proof. We can view M as the graph of the mapping G that associates with each
x € O the set of all (v, p) € IR™ x IR" such that p is a subgradient of the convex function
L(z,-) at v. According to Attouch’s theorem on subgradient convergence (see [23]),
the epi-convergence of L(x¥,-) to L(z,-) implies the set convergence of G(z¥) to G(z).
In particular this entails the closedness of the graph of G in O x R"™ x IR".

As functions of (x,v,p), both L(x,v) and H(x,p) are lower semicontinuous by
Proposition 2.1 and never take on —co. But on M they are related by H(x,p) =
(v,p) — L(z,v) and L(z,v) = (v,p) — H(z,p), so they can’t take on oo either and must
be upper semicontinuous as well. Hence they are finite and continuous on M.

The assertion about the effective domains of S; and Sy just restates Proposition
2.2. Verifying the closedness of the graphs of S, and Sy comes down to verifying the
closedness of the graphs of 0L and 0H. The graph of 0L consists by definition of the
closure, in a special way relative to O x R" x IR™ x IR", of the set of all (z,v,w,p)
such that (w,p) is a proximal subgradient of L at (x,v). The closure consists of all
limits of sequences (z¥,v¥,w",p") that not only converge themselves but have the
additional property that the values L(z¥,v”) converge. But whenever (w¥,p¥) is a
proximal subgradient of L at (z¥,v¥) we have in particular that p” is a proximal
subgradient of the convex function L(z¥,-) at v¥. This implies p¥ € 0, L(a¥,v"),
hence (xzv,v¥,p¥) € M. The convergence of the values L(x¥,v") is then automatic
because L is continuous as a function on M. Thus, the special feature of the closure
process falls away, and the graph of OL is seen to be a closed set in the ordinary sense
relative to O x R"™ x IR" x IR". For OH the argument is parallel. 0O

Our strategy for proving Theorem 1.1 is now perhaps becoming clear. Under
the epi-continuity assumption, we need only come up with additional conditions on a
point (Z, 9, p) € M which guarantee that the sets S¢(Z, v, p) and —Sg (Z, v, p) have the
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same convex hull. The fact that these sets don’t necessarily agree in advance of taking
convex hulls is evident from simple examples. For instance, if L(x,v) = ¢(x) +1(v) for
a finite, continuous function ¢ on IR™ and a proper, lsc, convex function [ on IR", we
have H(x,p) = —c(x) + h(p) with h the proper, lsc, convex function on IR™ conjugate
to I. Then M is the product of IR™ with the graph of dl, and for (z,v,p) € M we see
that

SL(jv’D>p) = ac(j>7 SH(‘,E’T}J;) = _a(_c)(:f)'

While d¢(Z) is the set of subgradients of ¢ at Z as defined in the manner explained,
from limits of proximal subgradients introduced “from below,” —J(—c)(Z) has the
analogous interpretation with proximal subgradients introduced instead “from above.”
These two sets are known often to differ for a nonsmooth function ¢, although they
have the same convex hull when ¢ is Lipschitz continuous on a neighborhood of Z.

The key to further progress will be the following regularized functions associated
with L and H:

Rufw,u) i= inf {L(,0) + o - ul2},

veER™ 1 (27)
Ru(w,u) = inf {H(z.p) + 3lp— ul?},
pERn
where | - | is the Euclidean norm. Also important will be the corresponding prozimal
mappings:
Pr(z,u) = argmin{L(:c,v) + 3o — u\z},
veER™ (28)

Py (z,u) = argmin{H(:mp) + %lp— u|2}
pER™
In dealing with these regularized functions and proximal mappings for a fixed w,
we draw heavily on the theory of Moreau [24]; for reference see also Rockafellar [1,
Thm. 31.5]. For any fixed « € O, the functions v — Rpr(z,u) and u — Ry (x,u) are
finite, convex and continuously differentiable on IR". They satisfy the identity

Rr(z,u) + R (z,u) = 5|ul2. (2.9)

The mappings v — Pr(z,u) and u — Py (z,u) are single-valued from R" into IR" and
nonexpansive—globally Lipschitz continuous with constant 1-—and they are related by

Pr(xz,u) + Pg(x,u) = u, (2.10)

Pr(z,u) = VuRu(z,u), Pr(z,u) = VyRr(z,u). (2.11)

The proximal mappings Pr, and Pg are especially of interest in providing a con-
venient parameterization of M in terms of (z,u).

PROPOSITION 2.4. Under the epi-continuity assumption, Ry (x,u) and Ry (z,u)
are not just continuous in u, but with respect to (x,u) € O x R"™. This holds also for
Pr(x,u) and Pg(x,u). The one-to-one correspondence between points (x,v,p) € M
and points (x,u) € O x IR™ that is set up by the relations

U=v+Dp, (Uap): (PL(J:’“))PH(x’U’))’

is then a homeomorphism.

Proof. From the theory of epi-convergence [21], [23], the convex functions L(zv, -)
epi-converge to L(z, -) if and only if the regularized functions Ry, (xV, -) converge point-
wise on R" to Ry (z,-). These regularized functions being not only convex but finite,
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their pointwise convergence implies uniform convergence on all bounded subsets of
R", cf. [1, Thm. 10.8], and then their gradient mappings VR (a¥, ) converge in such
a manner to VRy(z,-) as well [1, Thm. 24.5]. The assertions about Ry, and Pr, and
similarly those about Ry and Pp, thus follow from the meaning of the epi-continuity
assumption as designating the six conditions in Proposition 2.1. (The indicated cor-
respondence is one-to-one because the elements v = Pr(z,u) and p = Pg(z,u)
satisfy (2.10) and are characterized by the relations 0 € 9,L(z,v) + (v — u) and
0€0pH(x,p)+ (v—p).) O

The gradients of Ry, (x,u) and Ry (x,u) with respect to u are pinpointed by (2.11),
but we can also determine, or at least estimate, subgradients with respect to (z,u).

PROPOSITION 2.5. Under the epi-continuity assumption, consider any (T,u) €
O x R" and let v = P(Z,u) and p = Py (Z,u). Then

ORL(Z,u) C {(w,p) |p =p, (w,p) € 8L(5c,v)},
O~RL(z,u) C {(w,p) |p =0, (w,0) € 8°°L(£E,T1)},

ORy(Z,u) C {(w,v) ’v =7, (w,0) € aH(i,p)},
=Ry (z,u) C {(w,v)|v=0, (w,0) € 9~H(Z,p)}

Proof. Let f(z,v,u) = L(x,v)+ 5|v—ul?, so that Ry, (2, u) = min, f(z,v,u). For
(%, @) the minimum is attained uniquely at . A general calculus rule in [25, Thm. 3.1]
gives us

ORL(Z,u) c{wp\ eafm )},
8*Rp(z,a) C {(w,p)|(w € 0~f(z,v,u)},
but also in terms of the smooth function fo(z,v,u) := 3|v — u|? we have (cf. [7,

Lem. 5A.1]) that

of(z,v,u) = [0L(z,v) x {0}] + V fo(Z,v, ),
O=f(z,0,u) = [9=L(x,0) x {0}],

S

where V fo(Z,9,4) = (0, v — @, @ — 0). The combination of these two sets of relations
yields the inclusions claimed in the proposition for ORL(Z,a) and O*RL(Z,u). The
ones for Ry (Z,u) and 0°Ru (Z,u) follow by symmetry. O
Lipschitz continuity of the regularized functions with respect to « will be critical
to us at a certain stage. This property is the subject of the next proposition.
PRroPOSITION 2.6. Under the epi-continuity assumption, the following four prop-
erties are equivalent to each other at a point (z,u) € O x R":
(a) Ry is Lipschitz continuous around (ZT,a).
(b) Rp(z,u) is Lipschitz continuous in x around T.
(¢) Ry 1is Lipschitz continuous around (ZT,a).
(d) Ru(x,u) is Lipschitz continuous in x around Z.
These properties are present in particular when the unique vectors v and p satisfying
u=v+p and (T,0,p) € M are such that

(w,0) € 0=°L(z,7) = w=0, (2.12)

or such that
(w,0) € 0~H(z,p) — w=0. (2.13)
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As a special case, the first of these two conditions is implied by L being Lipschitz con-
tinuous around (Z,v), whereas the second is implied by H being Lipschitz continuous
around (Z,P).

Proof. The equivalence is apparent from the identity in (2.9) and the fact that
Ry (z,u) and Ry (x,u) are finite, convex functions of u, hence locally Lipschitz con-
tinuous in w. (As a matter of fact, they are globally Lipschitz continuous in u with
constant 1.)

By a result of Rockafellar [26], the function Ry, because of its lower semicontinuity
on O x R"™ (Proposition 2.1), is Lipschitz continuous around (Z, @) if and only if the
set 0=°Rr(Z,u) contains only (0,0). This is true under (2.12) by virtue of the second
inclusion in Proposition 2.5. In the same way, (2.13) suffices for Lipschitz continuity
of RH.

If L is Lipschitz continuous around (Z,v), so that 0<L(Z,u) = {(0,0)} by the
result cited, we have (2.12) trivially. Likewise, if H is Lipschitz continuous around
(z,p), so that 0=H (z,p) = {(0,0)}, we have (2.13) trivially. O

For the record, conditions (2.12) and (2.13) aren’t equivalent to each other, and
they therefore can’t actually be equivalent to the Lipschitz continuity property in
Proposition 2.6, but merely sufficient for it. This is seen through the example of
L(z,v) = z4/3v2 on R' x R', which is convex in v and continuously differentiable
in (z,v). Since VL(0,0) = (0,0), the point (z,9,p) = (0,0,0) belongs to M. We
have 9<L(0,0) = {(0,0)} because L is Lipschitz continuous around (0, 0); thus (2.12)
is satisfied. But (2.13) isn’t satisfied, which is seen as follows. Our choice of L
corresponds to

p?/4x4/3  when x # 0,
H(z,p)=14 0 when z =0 and p = 0,
00 when = 0 and p # 0.

Away from z = 0, H is twice continuously differentiable, so its gradients VH (x, p) =
(— p2/327/3, p/2x4/ 3) are proximal subgradients. We aim at constructing a nonzero
vector (w,0) in 9<H(0,0) in accordance with the definition of that set in terms of
limits of proximal subgradients. Consider any sequence ¥ \.0 and let zv = (t¥)9,
p¥ = (t¥)5. Then (a¥,p”) — (Z,p) = (0,0) and H(zv,p¥) = (t¥)2/4 — 0. Let
(w,v¥) = VH(2¥,p¥) = (— (t¥)=4, (t¥)=3/2). Then for A» = ()4 we have \¥ \.0
and A (wv,v¥) = (—1,t¥/2) — (—1,0). This limit vector belongs to 9=H (0,0) and
demonstrates that (2.13) fails.

3. The main arguments.

With this foundation in place, we can turn to the subgradient arguments that
lead to the equivalence relation in Theorem 1.1.

LEMMA 3.1. Under the epi-continuity assumption, suppose that (w,p) is a proz-
imal subgradient to L at a point (Z,7) € O x R"; in other words, L(Z,v) is finite and
there exist p > 0 and § > 0 such that

L(z,v) > L(z,0) + (0, x — Z) + (p, v — 0) — 5p|z — T2 — 3plv — 0|2

- - (3.1)
when z € O, |z — | <4, |[v—70| <.
Then there exists € € (0,9) such that
L(l’,v) 2 L(j7’[)) + <7I]7 T — i.> + <pa Cla 77> - %p‘l’ - i‘|2 - %p|’U - 77|2 (3 2)

for all ve R™ when z € O, |x — %] <e.
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Proof. We can write (3.1) equivalently as
p~L(z,0) + (p~'w, & — &) — 3|z — Z2 < f(z) when z€O, |z—z| <6, (3.3)

where .
flz): = | mlf ) {p~1L(z,v) + 3lv =0 = (p~1p, v~ )}
v—o|<
) _ 2 _
= Jinf {p='L(x,v) + z|v = (@ +p=p)|"} — 31p~ D>

v—1o|<
The question is whether (3.3) will continue to hold when the constraint |v — o] < § is
dropped in the definition of f, at least if § is replaced by some smaller value in (3.3).

We can answer this by applying the facts about proximal regularization to the

function
p~1L(z,v) when |v—17| <9,
00 when |v — 8] > 4,

L(z,v) = {

in terms of which we have f(z) = R(z,u) for u = v+ p~!p. Here L(z,-) is the sum of
two convex functions, namely p~1L(z, -) and the indicator of {v ‘ lv—v| <6}. Forz =
T, the effective domain of the first function meets the interior of the effective domain
of the second, and this is enough to guarantee through the convergence theorem of
McLinden and Bergstrom [27] that whenever ¥ — Z and L(aV,-) epi-converges to
L(z,-), the sum Z(x”, -) epi-converges to E(f, -). It follows then from our epi-continuity
assumption that, for z in some open neighborhood O’ of Z within O, E(z, -) depends
epi-continuously on x.

Through Proposition 2.4 we conclude that the associated proximal mapping P;,
which gives the unique minimizing v in the formula for f, is continuous on O’ x
IR". Moreover, the minimum defining f(Z) is attained at @, because of the proximal
subgradient inequality; thus, P>(Z,u) = v. There must, then, exist an ¢ € (0,0)
such that when z € O’ and |z — Z| < € we have |P3(x,a) — | < §. For such x the
constraint |v — | < § in the formula for f(z) is inactive. Since the function of v being
minimized in this formula is convex, the constraint can in this case be suppressed
without affecting the minimum value that is attained. O

LEMMA 3.2. Under the epi-continuity assumption, suppose (,p) is a proximal
subgradient of L at a point (Z,0) € O x IR", and let @ = v+ p. If Ry is Lipschitz
continuous around (Z,u), then (—w,v) € ORy(T,u) = con ORy (T, ).

Proof. We start by noting that in particular (w, p) € OL(Z, v), hence p € 9, L(Z, v)
by Proposition 2.2. Thus (Z,9,p) € M. We have

o = VuRy(Z,) (3.4)

by (2.11); this will be needed later.

Through Lemma 3.1 the proximal subgradient condition can be identified with the
existence of p > 0 and € > 0 such that (3.2) holds. Replacing the second occurrence
of pin (3.2) by p+ 1, which certainly maintains the inequality, we get

F(Z)+ (0,2 — %) — 3plt — %2 < F(z) when |z—2Z|<e (3.5)
for the function

F(z) = Uig{n {L(z,v) — (p, v—0) + 1o+ - 72},
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which has F(z) = L(Z,7). As a consequence of (3.5) we certainly have w € 9F(Z).

To carry the analysis of @ further, we’ll make use of Fenchel’s duality theorem [1,
Thm. 31.1] to represent F in a different way. For any fixed = the definition of F(x)
can be interpreted as saying that

F(x) = inf {p(v) —9(v)}

veR™

for the convex function ¢(v) := L(z,v) + 5|v — 7|2 and the concave function ¢ (v) :=
(p, v — ) — 3p|v — B|2. Because ¢ is finite everywhere, the effective domains of these
functions overlap in the manner required by the duality theorem in question, and we
are able to conclude from it that

—F(z) = inf {¢*(p) —¢*(p)}

peER™

for the functions ¢* and 1* conjugate to ¢ and . From the definition of the convex
conjugate ¢* we calculate that

©*(p) = sup {(p,v) — L(z,v) — 3|v— 02}
veER™

= inf {L(z,v) + 3[v]2 = (0 +p,v) + 5[0+ p|2 — 3|0+ p|2 + 3]0]2}
veR™

2|0+ = 3101 = Re(a,0+ p) = Rig (2,9 +p) — 3]0f2,

where the final steps use definition (2.7) and the identity (2.9). The definition of the
concave conjugate 1* yields

V@)= inf {(p) = (B0 =0) + Folo 0P} = (p.5) 3o~ lp 5l

Out of these calculations we get

—F(x) = inf {Ru (2,0 +p) = 3102 = (p.0) + 30~ |p — PI?},
pelzn

which can be transformed to

—pF(z) = inf {pRu(,v+p)+3|p— (o0 +5)[} = 3plp+ 1B (3.6)
p

In terms of H(x,p) := pRy(x,v + p) this has the interpretation that

pF(z) = —R=(z,4) + 5p(p + 1)[5]2  for @ =pi+

= : (3.7)

i

Proposition 2.4 assures us that H (x,p) is finite and continuous in (x,p) € O x R".
It’s convex in p besides. We can therefore apply our proximal regularization results to
this function in place of H. By assumption, H is Lipschitz continuous around (Z, p).
We have pv € 9,H (Z,p) by (3.4), hence also p = P=(z,4) and pv = Vo Ry (Z,a).

By means of Proposition 2.6 we see that R~ is Lipschitz continuous around (Z, @).

The fact that w € OF(Z) gives us in (3.7) that pw € 0;(—Rz)(Z,1). But by the
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Lipschitz continuity of R(-, %) at & the Clarke subgradient relation O —Ry)(z,a) =
fézRﬁ(f,ﬂ) holds, i.e., con 0x(—R)(Z, @) = — con 0y R(Z,u), cf. [5], [7]. Therefore

—pW € con Oy R (Z,1). (3.8)

Next we analyze the set 0, R~ (Z, ). Because of the Lipschitz continuity of R
around (Z, @), the rule holds that

xRz (z,u) C {w|3v with (w,v) € 5‘Rﬁ(_,ﬂ)},

see [7, Lem. 5A.3]. Now Proposition 2.5, as applied with H in place of H (using the
fact that @ = pv + p with pv € 9, R5(Z, %)), says that

OR5(2,3) © {(w,0)|v = pv, (w,p0) € OH(7,5)}
where from the choice of H we have dH(Z,p) = pdRpy(Z,w). In combination with
(3.8), this gives us (—w, ) € con IRy (Z,u), as claimed. O

THEOREM 3.3. Under the epi-continuity assumption, consider the mappings S,
and Sy of (2.6) at a point (Z,v,p) such that either Sp(z,v,p) or Sg(Z,v,p) is
nonempty, or merely (Z,9,p) € M. Suppose for @ = 0+ p that Rr(-,u) is Lipschitz
continuous around T, or equivalently, that R (-, 1) is Lipschitz continuous around Z.
Then both Si,(Z,v,p) and Sy (ZT,,Dp) are nonempty and compact, and

con S(Z,0,p) = — con S (Z,0,D).

Proof. In all cases we have (Z,9,p) € M, since otherwise both S.(Z,v,p) and
Sy (Z,v,p) are empty by Proposition 2.3. The equivalence of the Lipschitz continuity
assumptions is shown by Proposition 2.6, which also reveals they imply that Ry and
Ry are Lipschitz continuous around (z, @).

It will be demonstrated there is a compact set W such that whenever w &
Sr(Z,0,p) we have w € W and —w € con Sp(Z,v,p). The full conclusion of the
theorem will follow then by symmetry.

By the definition of subgradients in general, the relation w € Sp(Z,v,p) im-
plies the existence of proximal subgradients (w¥,p¥) to L at points (z¥,v") — (Z,0)
such that (w”,p¥) — (w,p). The points u¥ = v¥ + p¥ then converge to 4, so that
eventually (z¥,u”) lies in the neighborhood of (Z,%) in which Ry is Lipschitz con-
tinuous. Omnce this is true, we can apply Lemma 3.2 at (x¥,u”) to ascertain that
(—w”,v¥) € ORg(zv,u”). In the limit this yields (—w,?) € Ry (Z, ). In particular
w belongs to the image W of Ry (Z, @) under the projection (w,v) + —w. This im-
age set W is compact because Ry (Z, @) is compact (in consequence of the Lipschitz
continuity of Ryr). Since ORy (xV,uv) = con Ry (x¥,u”), the inclusion for IRy (T, @)
in Proposition 2.5 gives us

(—w,v) € con {(—w,v) |v =7, (—w,v) € aH(J’c,ﬁ)}.

This implies that —@ € con S (%,7,p) as required. O

The proof of Theorem 3.3 discloses an additional property of the mappings Sp,
and Sy which is worth noting. Recall that a set-valued mapping is locally bounded
at a given point if some neighborhood of that point has bounded image under the

mapping.
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PROPOSITION 3.4. Under the hypothesis of Theorem 3.3, the mappings Sp and
S are locally bounded at (Z,0,p). The same is true also of the mappings (x,v,p)
con Sp(x,v,p) and (x,v,p) — con Su(x,v,p), which in this case must, like S, and
Su, have closed graph relative to some neighborhood of (Z,v,p).

Thus, whenever (z¥,v¥,p¥) — (Z,0,p) and w¥ € con S (xv,v”,p"), the sequence
{wv} must be bounded, and all of its cluster points must belong to con Sy (Z,v,p);
likewise with St replaced by Sgr.

Proof. This comes from the observation in the proof of Theorem 3.3 that when
(z, v+p) belongs to the neighborhood of (Z, v+p) on which Ry is Lipschitz continuous,
we have Sp(z,v,p) C {w ’ (—w,v) € ORL(x,v)}. The mapping IRy, is known to be
locally bounded on such a neighborhood. The local boundedness of Sy, along with the
closedness of its graph (Proposition 2.3) ensures the same properties of the mapping
con St,. The case of Sy follows by symmetry. O

In conclusion we summarize how the results we have obtained fit together to
produce the main result stated in Section 1.

Proof of Theorem 1.1. Let Ly = L(t,-,-) and Hy = H(t,-,-). The assumption
that L has the epi-continuity property along the arc z(-) puts us for almost every ¢ in
the picture of L; and H: satisfying the epi-continuity assumption of Section 2 relative
to some open set O(t) containing z(¢). Then by Proposition 2.2, if either (w,p(t)) €
OL¢(z(t),&(t)) or (— w,&(t)) € OHy(x(t),p(t)) we have p(t) € OyL¢(x(t),#(t)) and
i(t) € OpHy(x(t),p(t)). Thus, the Euler-Lagrange condition (1.10) and the Hamilto-
nian condition (1.12) automatically give (1.11) and (1.13). The equivalence of (1.10)
and (1.12) follows from Theorem 3.3 whenever the regularized function Ry, happens
to be Lipschitz continuous around (x(t), :c(t)) for almost every t, or equivalently, the
function Ry, is Lipschitz continuous around (z(t), p(t)) for almost every ¢. Proposi-
tion 2.6 shows that such cases occur under the additional assumptions furnished in
Theorem 1.1. O
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