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Abstract

Stationary-action formulations of dynamical systems are considered. Use of stationary-action formulations allow one to generate
fundamental solutions for classes of two-point boundary-value problems (TPBVPs). One solves for stationary points of the
payoff as a function of inputs rather than minimization/maximization, a task which is significantly different from that in
optimal control problems. Both a dynamic programming principle (DPP) and a Hamilton-Jacobi partial differential equation
(HJ PDE) are obtained for a class of problems subsuming the stationary-action formulation. Although convexity (or concavity)
of the payoff may be lost as one propagates forward, stationary points continue to exist, and one must be able to use the DPP
and/or HJ PDE to solve forward to such time horizons. In linear/quadratic models, this leads to a requirement for propagation
of solutions of differential Riccati equations past finite escape times. Such propagation is also required in (nonlinear) n-body
problem formulations where the potential is represented via semiconvex duality. The dynamic programming tools developed
here are applicable.
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1 Introduction As our motivating interest is in solution of TPBVPs for

The classical approach to solution of energy-conserving
dynamical systems is integration of Newton’s second
law. An alternative viewpoint is that a system evolves
along a path which makes the action functional sta-
tionary, i.e., such that the first-order differential around
the path is the zero element. This latter viewpoint
appears particularly useful in some applications in
modern physics, including gravitational systems where
relativistic effects are non-negligible and systems in
the quantum domain (cf. [9-11,17]). Our interests are
more pedestrian; the stationary-action formulation has
recently been found to be quite useful for generation
of fundamental solutions to two-point boundary-value
problems (TPBVPs) for conservative dynamical sys-
tems. For sufficiently short time horizons, stationarity
of the action typically corresponds to minimization of
the action. That is, the stationary point is a global
minimum of that action (cf., [6,14,15]). For longer time
horizons, the stationary point is more typically a saddle.
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conservative dynamical systems, we note that this specif-
ically includes mass-spring, wave equation and n-body
problems [6,14,15]. By appending a min-plus delta func-
tion terminal cost to the action functional, we obtain
a fundamental solution object for such TPBVPs. Min-
plus convolutions of this object with functionals associ-
ated to specific terminal conditions yield the solutions of
the specific TPBVPs. As a change in the boundary data
only requires convolution with a different functional, our
object may best be termed a fundamental solution for
TPBVPs, corresponding to the given time horizon. It
is worth remarking that, further, one can populate the
fundamental solution semigroup by convolving the fun-
damental solution with itself, enabling solution of the
TPBVP for all strictly positive horizons.

As noted above, for sufficiently short time horizons, one
may obtain the stationary action solution by minimiza-
tion of the action functional, in which case it is obvious
that the fundamental solution is derived from the value
function for an optimal control formulation. However, for
longer horizons, we must find the stationary point, and
this requires a new set of tools. We define stationarity
and value for such problems. Surprisingly, for a specific
class of terminal costs, one may obtain a dynamic pro-
gramming principle (DPP) for stationarity, where this is
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directly analogous to standard DPPs (for optimization).
We do not look for the absolute weakest assumptions,
but only a reasonable first-foray set. We also formally
write the corresponding Hamilton-Jacobi partial differ-
ential equation (HJ PDE), and then obtain a verification
result, which is also quite similar to that found for clas-
sical optimal control problems. We remark that a veri-
fication result implies that any solution of the HJ PDE
in the specified class must be the value function. This
validates the approach of solving a stationarity problem
(and hence the related TPBVP if the stationarity prob-
lem is generated by such) by solving the associated HJ
PDE problem.

In the mass-spring case (which appears in Section 3 as
a motivating example), the stationary-action problem is
linear-quadratic, and the HJ PDE reduces to a differen-
tial Riccati equation (DRE). By the above-noted verifi-
cation result, we see that solution of the DRE yields so-
lution of the stationarity problem, and any correspond-
ing TPBVP. The wave equation [6] also yields a DRE,
albeit infinite dimensional. The n-body problem may be
reduced to a parameterized set of time-dependent DREs
[14,15]. We see that in all cases, solutions of DREs form
a critical building block. Of course, DREs can exhibit
finite escape times, and do so in these cases. In clas-
sical optimal control, one is not interested in propaga-
tion of the solution past such escape times. However, in
stationarity problems, these may correspond to points
where one loses convexity [concavity] of the payoff. Al-
though the minimum [maximum] may go to —oo [+00],
the stationary value may be well-defined and finite past
such asymptotes, and one must propagate the solution
beyond them. The DPP yields a means for propagation
through escape times, and this will be indicated.

Although stationary action is the motivating problem
class, the theory developed below is applicable to wider
classes of problems, where one is seeking a stationary
point. An obvious example is that of certain differential
games. Extensions to stochastic cases appear possible as
well, but are not considered here.

Section 2 contains relevant definitions. Section 3 presents
a simple mass-spring TPBVP motivating example. Sec-
tion 4 contains the main results — the DPP and HJ
PDE verification theorem. Section 5 reduces to the lin-
ear/quadratic case, and indicates a means for propaga-
tion of DREs past escape times. Section 6 very briefly
indicates some application areas.

2 Stationarity definitions

Recall that we are seeking stationary points of payoffs,
which is unusual in comparison to the standard classes of
problems in optimization. In analogy with the language
for minimization and maximization, we will refer to the
search for stationary points as staticization, with these

points being statica (in analogy with minima/maxima)
and a single such point being a staticum (in analogy
with minimum/maximum). Prior to the development,
we make the following definitions. Suppose ) is a generic
normed vector space with Gy C ), and suppose F :
Gy — IR. We say § € argstat{F'(y) |y € Gy} if § € Gy
and either

limsup ———= =0, (1)
yopeoy\fsy 1Y~

or there exists 6 > 0 such that Gy N Bs(g) = {y}
(where B;(g) denotes the ball of radius ¢ around 7). If
argstat{ F(y) |y € Gy} # 0, we define

stat F(y) = stat{F(y) |y € Gy}
YyEGy

={F(y)|y € argstat{F(y) |y € Gy} }. (2)

If argstat{F(y)|y € Gy} = 0, statyeg, F(y) is unde-
fined. Throughout, we will abuse notation by writing
g = argstat{ F(y) |y € Gy} in the event that the argstat
is the single point, {7}, and similarly for stat.

In the case where ) is a Hilbert space, and Gy C Y is
an open set, F' : Gy — IR is Fréchet differentiable at
y € Gy with Fréchet derivative F,(y) € Y if

[F(y+v) = F(y) = (F)(y),v)]

lim =0.
v—0, §+vEGy\ {7} [v]

3)

The following is immediate from the above definitions.

Lemma 1 Suppose Y is a Hilbert space, with open set
Gy CY and § € Gy. Then, § € argstat{F(y) |y € Gy}
if and only if Fy,(y) = 0.

3 Motivational examples

As indicated in the introduction, an important problem
class which motivates this effort is that of TPBVPs for
conservative systems.

3.1 A simple mass-spring problem

We first examine the classic one-dimensional mass-
spring example in a substantial detail in order to provide
motivation and insight. Although the problem is essen-
tially trivial, it provides a nice means for obtaining a
sense of the stationary action principle as a tool for un-
derstanding system dynamics and TPBVPs. Further, as
remarked above, the stationary action viewpoint is the
accepted viewpoint in modern physics (cf., [9-11,17]),
and as such, it will be ultimately necessary for advanced
applications. It also provides exceptional computational
advantages for difficult classes of problems, such as
TPBVPs in the gravitational n-body case [14,15].



Remark 2 Although the mass-spring model has an an-
alytically solvable form due to the quadratic potential,
this potential is not physically reasonable (the potential
approaches 400 as |z| = o0), and induces degeneracies,
particularly at half-period times. Nonetheless, it is useful
for building intuition.

Consider the mass-spring problem with mass, m, and
spring-constant, K (typically given as = —(K/m)¢).
The associated stationary action TPBVP payoff, J° :
T X R xUse x IR — IRU{o0} with T = {(s,t) € IR2|0 <
s <t < oo} and Uy, = L5(0,00), is given by

T<(sst,,2)= [ D) = €0 dr 4 9 (E), 2),
| @
where €(r)=ulr), re(sf), &) =x ()

o . [0 if x =2z,
¥ 2) = {+oo otherwise.
Solution of this stationary-action problem will yield
solution of the TPBVP given by dynamics m&(r) =
—VV(&(r)) with initial position € IR™ and terminal
position z € IR™ for the given duration ¢ and given
potential function [14,15], where in this example the
potential is V (z) = (K/2)x?

The stationary action solution, u*, is such that
JP(s,t,z,u*, z) = 0, where J3° denotes the Fréchet
derivative of J° with respect to u as per (3). Here,
we take K = m = 1. In [14,15], one notes that if
t—s < m/2, then J* is strictly convex in u, and defining
W (t — s,x,2) = infyey,, J(s,t, 2, u, 2), one finds

W (t—s,x,2) = L [P(t)z” + 2Q(t)zz + R(t)z%], (7)

where, formally, P(s) = R(s) = —Q(s) = +o0, P =
—-1- P2 Q = —PQ, and R = —Q?2. Letting

¥e(w,2) = Sla — 22 (®)

for ¢ € (0,00), and noting that ¢ — 1> as ¢ — oo, one
may show that the solution does, in fact, have this form,
and further that the solution is given by [14,15]

P(t) = R(t) = cot(t —s), Q(t)=—1/sin(t—s), (9)

which is guaranteed by the aforementioned convexity to
be valid on at least t — s € (0,7/2). From here, one
may obtain the control and state trajectories solving the
TPBVP, which are given, in the case s = 0 as u*(r) =

P(t=r)€(r)+Q(t—r)z = =R (r) =

1
sin(t—r) sin(t—r)
&*(r) = x cos(r) + %(05(” sin(r). However, at t = 7/2,
one loses convexity of J*° in u, and one must seek a
staticum rather than a minimum.

z, and

One method for extending past 7/2 to the stationary-
over-u case is to break the interval into multiple seg-
ments of duration less than 7/2, and then concatenate
these. Suppose we wish to find the solution to TPBVPs
for this mass-spring example with duration 37/4. As an
illustration of this approach, let us break the interval
up into two halves, where the payoff is then convex on
each half-interval. Suppose we introduce an intermedi-
ate point, ¢ € IR. Then, the stationary action problem
with s = 0 is given by

W (3r/4,z,2) = stat
uELo (0,%)

J>(0,37/8,z,u, ()

J>(0,37/4,x,u, 2)

= stat { stat
CelR L uely(0,32)

+ stat

ueLy(3x,3x

J7(0,37/8, 2, u, )

J°°(3W/8,37T/4,C,u,z)}

= stat { stat
CelR L uely(0,38)

+ stat

J(0,37/8,(,u, 2) ¢,
st T (0.3m/8¢ )}

where the second equality follows from time-invariance.
Next, noting the convexity of each subsegment,

W (3m /4,2, 2) = sta {WOO(37T/8, x,¢)
W (37/8, ¢, z)}

= 4 stat { P(3n/8)a? + 2Q(37/8)aC + R(37/8)"

P(31/8)¢2 + 2Q(37/8)C2 + R(3m /8)22},

and setting the derivative with respect to ¢ equal to zero,
we find this is
= H{[P(31/8) —
(2?4 2%)
—2Q%(37/8)/(P(3r/8) + R(3m/8))xz},

— Q*(37/8)/(P(3m/8) + R(37/8))]

which by (9) and trigonometric identities,
= L{ cot(3m/4)(2* + 2°) — (2/ sin(37/4))zz}
= H{P(3r/4)2® +2Q(3n/4)zz + R(3m/4)2°}.

That is, surprisingly, one finds that the solution is iden-
tical to that which one would obtain if one had naively
propagated the analytical solution of the DRE forward.
In fact, introducing additional intermediary points for
increasingly long time durations, one continues to find
that the solution is identical to that found by naive ap-
plication of the above analytical solution (7),(9) for ar-
bitrarily long periods. We will see that this is not a coin-
cidence, and solution of stationary action problems may
be obtained in the linear-quadratic case by proper prop-
agation of the DRE past escape times.



3.2 Other example problem classes

Although the motivational mass-spring example is suffi-
ciently simple to be presented in near entirety, staticiza-
tion tools are applicable to a wide variety of problems,
specifically including our main motivating class: TPB-
VPs for conservative systems. As indicated in the in-
troduction, one may solve such problems by minimizing
the action functional if the time horizon is sufficiently
short. For general system durations, it is necessary to
develop the staticization method so as to find station-
ary points of the action functional. Major problem sub-
classes include the wave equation and the n-body prob-
lem. In both cases, least action has been applied to ob-
tain fundamental solutions of TPBVPs, and this is be-
ing extended to arbitrarily long-duration problems with
the aid of the theory developed here.

Least action for the wave equation is discussed in [4-
6]. One TPBVP in this class, with underlying domain
[0, L], L > 0, and known initial/terminal position data,
is expressed as
i=—-Az, (11)
.7;(0,-) :y(')’ x(t7'> :Z(')’ t>0, (12)

where A is a positive, self-adjoint, unbounded linear op-
erator densely defined on X = £5[0, L] by

y € dom (A), (13)
y, Oy abs. cts., 0%y € X, }

Ay =-0%y,

dom (A) =& = {y ex 4(0) = 0 = y(L)

in which 0 is the (spatial) differentiation operation.

A fundamental solution for TPBVP (11), (12) is con-
structed in [4-6]. For short time horizons ¢ > 0, this
construction proceeds via the optimal control problem

w2 = int { [ - Vo)
| ST

y,ze.)c'%, peR,

V(y) =3 lyli,

Iyl = (v, )

) =utr), &0 =y,
() = & [lull? + & Jul,
(y,2)1 = (AP y, A3 2),

1 1
2 3’

in which the controlled state £(r) evolves in a Hilbert
1 .
space X 1= dom (A2%) as a consequence of an applied
input u € U = Cg([(),f];)(%). Here, X% is equipped
with an inner product () 3 that is defined with respect
to the unique, positive, self-adjoint, unbounded square-

root A% of A, and the standard inner product (,)on X,
as indicated above.

The Hamiltonian associated with the optimal control
problem (14) defines a pair of characteristic equations
that together take the abstract Cauchy form [2]

i) )
—A, , relnd, (15
(ﬁ@») (r@») <o

in which A, € L(X 1B ) is known. The uniformly con-
tinuous semigroup of bounded linear operators gener-
ated by A,, defines approximations for all solutions of the
wave dynamics (11). In particular, given any r € [0, ],
the corresponding element 7,,(r) € L(Xy & X) of this
semigroup converges strongly as p — 0 to an operator
To(r) € E(X% @ X) that describes precisely all solutions

of (11) on [0,7]. Consequently, as any solution of TP-
BVP (11), (12) can be represented in terms of 7o(t), the
optimal control problem (14) can be used to construct
any TPBVP solution via the corresponding character-
istics (15), and the aforementioned strong convergence
property of the associated semigroup. That is, this con-
struction yields a fundamental solution semigroup for
TPBVP (11), (12), see [4-6].

For longer time horizons, convexity of the cost in (14)
is lost, rendering the optimal control problem unde-
fined. However, the fundamental solution semigroup,
constructed as indicated above for a sufficiently short
horizon, may be propagated to arbitrarily long time
horizons without modification. This propagation is
enabled by a weakening of the least-action approach
described to one of stationary-action, again see [4-6].

TPBVPs in the class of n-body problems are discussed in
[12,14,15]. In [12], the problem of one small body (e.g., a
spacecraft or asteroid) moving among n — 1 large bodies
on predetermined orbits is considered, while in [14,15],
the general case is discussed. A typical problem in this
class is given as follows. Suppose the set of positions of
the n bodies at any time r € [0, ¢] is denoted by &(r) =
(€X(r),&%(r),...£"(r)) € IR*™. Suppose the initial and
terminal positions are specified as £(0) = = € IR®" and
£(t) = z € IR3". Classically, the problem is given as

—¢t)
- Y -om e

~ J#i
&0y =z, &1==

ie{1,2,...n}

Alternatively, the least-action formulation for the fun-
damental solution is given as [14,15]

W%%@ﬂg%ﬂéﬂ”)w(ﬁwT
+ U0, 2)



(v (r)|a* — 27)*
—Zui,jai,j(T) [1 - 5 )

3>

where p; ; = (3/2)3/2Gm;m;, T(v) = S5, m;|vi)?,
and U and A are appropriately dimensioned Lo and
L, spaces, respectively. Applying a Riccati differential
equation method as an aid for solving the inner (min-
imizing) player subproblem, one finds that there exists
a convex, finite-dimensional set, €2, such that for any
x, z, the value, W (¢, z, z) is given by the maximiza-
tion of an affine functional over . That is, the set
functions as a fundamental solution. A numerical ex-
ample in the case of a small body moving among a set
of large bodies appears in [12]. There, the staticization
was only performed over intermediary points on the tra-
jectories, where the subsegments were sufficiently short
to allow for least-action to be used in place of station-
ary action. The theory developed here will allow for a
stationary-action approach, and hence simpler analysis
of arbitrary-duration TPBVPs in astrodynamics.

4 Dynamic programming for staticization

In this section, we will obtain a dynamic programming
principle as well as a verification result for the appropri-
ate Hamilton-Jacobi PDE.

Remark 3 For clarity, we provide several definitions.
Let Y, Z be Hilbert spaces, and let F' : Y x Z — IR. We
say F is strictly uniformly convex on Y with respect to
z € Z, if there exists Cp > 0 such that for all y,v € Y,
z€ Z,|F(y—v,2) —2F(y,2) + F(y +v,2)| > Crlv|?.
We say F is coercive on Y if given R,M < oo, there
ezists R < oo such that F(y,z) > F(0,2) + M for all

lyl > R, |z| < R. We say F has bounded second-order
differences, if there exists Mp < oo such that

|F(y+ 06y 4+ 065,24 6] +035) — F(y + 07,z + 07)
— F(y+08,2+85) + F(y, 2)| < Mp[|61]* + |52

for all z,05,05 € Z, and all y,6{,05 € Y where &, =
(67,6%) fork =1,2.

We assume the time-invariant dynamics are given as
{(s) =z € R",

where f € C?(IR" x IR™; IR") is globally Lipschitz. For
(s,t) € T, let Uy = Lo([s,t); IR™). The inclusion of the
left endpoint in the domain of elements of U, albeit
a set of measure zero, will be helpful in definitions and
discussions below. Then, for z,z € IR" and u € Us ¢+, we

consider payoff J : T x R™ x U+ x IR™ — IR given by

J@mxmxwa/L@mnm»w+w@@¢x<m>

where L € C?(IR" x R™), ¢ € C*(IR" x IR"™) with
convex and coercive in x. We also allow ¢ = > given
by (6), generalized to domain IR™. Define

W(t—s,z,2)= Stz?t J(s,t,x,u, z). (17)
uEUs ¢

Conditions guaranteeing the existence of W for specific
classes of problems, particularly n-body problems, are
given in [14,15]. (These conditions were not satisfied by
the mass-spring example.) The next step will be to ob-
tain the DPP for W.

We make the following assumptions.

For any (s,t) € T and z,z € IR", there
exists a unique staticum of J(s,t, z,-,2),

u* = u*(s,t,x,z), that is, {u*} = (A1)
argstat, ¢y, , J(s,t,2,u, 2).

Given x, z € IR™, there exists §¢ > 0 such that

if0 <s<t< s+ 6 then for any ¢ € R",
J(s,t,(,-,2) is strictly uniformly convex on (A.2)
U, with respect to ¢ € IR"™ and coercive on

Us+.

Remark 4 We note that Assumption (A.2) is motivated
by the fact that for the standard stationary-action prob-
lems (cf., [14,15] and the references therein), the ac-
tion is strictly uniformly conver and coercive over suf-
ficiently short time-horizons. Moreover, the stationary-
action model is

§r)=u(r), &) =zeR",
¢($,Z> (Z‘,Z) and L(J?,U) :T(U) —V(.I‘),
where T(u(r)) = T(f( )) denotes the kinetic energy at
timer € [s,t], and V(£(r)) denotes the potential energy.

Let (s,t) € T and x,z € IR". Foru® e Up,s and ul € Us 1,
let

Jd<svt’x7u0vulaz) = /OS L(fo(r),uo(r))dr
5/u€mﬂwwm+wém@, (18)

where £9(r) = u%(r) on (0, 5) with £2(0) = z and £'(r) =
ul(r) on (s,t) with £1(s) = £9(s7). Define the concate-
nation C : Uy s x U+ — Uy by

[C(UO,UI)](T) - {UO(T) ifre [0,8),

ul(r) ifr € s, i),

where we suppress the detail that these are equivalence
classes of functions equal almost everywhere. One im-
mediately sees that, letting u® € Up s, u! € Us, and



u = C(u° u'), one has @ € Uy, and
J0,t, 2,1, 2) = Ja(s, t,x,u’, ul, 2). (19)

Analogously, letting 4 € U ¢, u®(r) = a(r) for r € [0, s)
and u!(r) = u(r) for r € [s,t), one again has (19). We
take the norm on Uy s X Us ¢+ to be |[(u®,ul)| = {|u’> +
|u'|?}*/2, where the norms on the right-hand side are the
respective L2 norms on [0, s) and [s, t). The following is
easily obtained from the above.

Lemma 5 For (s,t) € T,C : Uos X Usy — Upy is
a linear bijection. Further, the induced operator norm

satisfies |C| = |C71| = 1.
Lemma 6 Let (s,t) € T and z,z € R". Then,

W(t,z,z) = stat J(0,t,x,1u,z)

u€Up ¢

stat Ja(s,t,z,u’ ul, 2).
(u0,ut)EUpy, s xUs ¢

Proof: The left-hand equality is simply (17) with s =
0, where existence and uniqueness are guaranteed by
Assumption (A.1). In particular,

W(t,z,2z) = J(0,t,z,0*% 2), (20)

where @* = argstat, o, , J(0,t,2,4,z2). Let (s,t) € T

and z, z € IR". By (1),

0= hm ‘J(Ovtaxau72’?_‘_](07tax7u 7Z)|
a—a* |u—u*|

(21)

1y = C¢~!(u), and in particular,

ForanquUOt,let( O ut) =
. By (19), (21) and Lemma 5,

let (u%* ul*) =C~t(u*

B Ja(s,t,x,ul ut, 2)—Ja(s, t, o, u®* ub*, 2)|
? ul) = (u0r* ul>*) |(UO,U1) _ (UO’*,’U,L*)l ’

0
(u
which implies

argstat Ja(s,t,z,ul ut,2). (22)

(u9,ul)EU, s XUs ¢

Slmllarly, (@°, 4
that C(a°,a') €
sequently, (u®*

1Y € argstat Jy(s,t, o, u% ul, 2) implies
argstaty ey, J(0,t,2,4,2) = u*. Con-
,ut*) is the unique staticizer, and

Ja(s,t,z,u®* ub*, 2) = stat  Ja(s,t, 2, u ut, 2).
(u9,ul)EU, s XUs ¢

Also, by (19), Ja(s,t,x,u%* ub* 2) = J(0,t,2,u", 2).
Combining these last two equalities with (20) completes
the proof. O

The DPP is obtained as follows:

Theorem 7 Let (s,t) € T, t —s < 0¢ (where 6¢ is
given in Assumption (A.2) ) and x, z € IR™. Suppose that
for any ¢ € IR™, J(0,f ~'5,C,2) € C*(Unys). Sup-
pose J(0,t,x,C(+,-),2) € C*(Ups x Us 1), and that it has
bounded second-order differences. Then,

W(t,z,z) = stat {/OS L(E%(r),u®(r)) dr

u9 €Uy, s

+ww—a@@w@,

where £0(r) =
x.

FE°(r),u’(r)) forr € (0, s), with £°(0) =

Proof: Let (s,t) € T and z, z € IR". By Lemma 6,

W(t,z,z) = stat

0,1
Jd(S,t,l‘,U , U ,Z),
(u9,ul)EU, s XUs ¢

which by (18),

= stat L
(u”,ul GZ/[() SXUS + 0

+/ L), ul () dr + B(EL(D), ﬁ
() dr

Jul(r)) dr

= stat L
(u0,ut)EUy, s XUs ¢ { 0

+ J(s,t,fo(s),ul,z)}

_ $ 0 0
B (“Ovﬁl)esbgjfxuowt,s {/0 L(&"(r),u”(r)) dr
"’J(O,t—s,fo(s),al,z)}_ (23)

By the assumptions, the term in curly brackets on the
right-hand side of (23), as a function of u®, 4* over U  x
U1 satisfies the conditions of Lemma 17 (with ! tak-
ing the role of y, and u° taking the role of z there). Con-
sequently,

‘ LY o0
R S CRT
+J(0,t - s@%s),al,z)}
= stat min

. 8 0 0
uOely s 1 €Uo i s { /0 L(E (7’)7 u (T)) dr
+ J(0,t — s,go(s),al,z)}



+ min
al €Uo,t—s

J(Oat_ S7§O(S)7a172)}7

which by the assumed differentiability of J(0,¢ —
5,£9(s), -, 2) and the definition of W,

:uosg% {/OsL(go(r), ul(r)) dr + W(t —s,6°(s), z)}
(24)

Combining (23) and (24) yields the desired result. O

In addition to the above DPP, we now obtain a verifica-
tion theorem for the associated HJ PDE. The HJ PDE
problem, for each z € IR™, is

0 :vsetggn {L(z,v) = Wy(r,z,2) (25)
+ Walr,a,2) f(z,0)}, (r,2) € (0,t) x R",
W(0,z,z2) = ¢(z, 2), x € R". (26)

Theorem 8 Let t € (0,00). Suppose W € C3((0,t) x
R*™)NC([0,t] x IR?"™) satisfies (25), (26). Suppose there
exist K, Ky < 0o such that

|wa(x,v)\7 ‘va(x,U)L |va($,v>| < Kp,
|fo(z,0)], | fo(z,0)] < Ky,
|fmw(xav)|7 ‘fmv(xav)L |fvv(x7v)| S Kfv

for all (x,v) € R™ x IR™. Suppose there exists G : [0,t] x
R"™ — IR™ satisfying u(r,z) € argstat,cpm [Wa(t —
ryx,z) - f(x,v) + L(z,v)], such that @ is bounded on
bounded sets, and such that there exists Kf < oo such
that |f(z,@(r, ) — f(y,@(r,y))| < Kslz — y| for all
x,y € R" andr € [0,t]. Then, W(t,z,2) = W(t,z,2) =
statyers, , J(0, 8, x,u, 2).

Proof: Let t,z,z, W,4 be as assumed. By standard
results, there exists unique absolutely continuous

£ :[0,t] = R" satisfying £(r) = f(£(r),a(r, &(r))),

£(0) = x such that a(-,£(-)) € Up . By the Fundamental
Theorem of Calculus,
/ Wo(r &t —7), 2)

Wa(r,&(t —r),2) - f(a(t —r &t — 7)) dr,
which by (25),(26) and the choice of @,

— (), 2) + / LE(t - r),a(t — &t — 1)) dr

-/ L),

Wt x,z) =

a(r, E(r))) dr +P(E(t), 2). (27)

Let u*(r) = a(r,&(r)), £5(r) = &(r) for all + € [0,1].
Then, (27) may be rewritten as

W(t,x,z) (28)
- / L€ (), u* (1) dr + (€7 (1), 2) =

Now we must demonstrate that u* is the argstat of
J(0,t,z,-,2). Let & € Upy, 6 = 4 —u* € L2((0,1); R™)
with |6 < 1, and let £ be the corresponding trajectory

(ie., £(r) = z + Jo f(&(r),a(r))dr). By (28) and the
Fundamental Theorem of Calculus again,

J(0,t,z,u*, 2) = W(t,z,2)
=W(0,£(t),2) + [W(t,z,2) — W(0,£(t), )]
= W(Ov f(t), Z) + WT'(Tv é(t - T)’ Z)

which by (25),(26) (implying that the last term in brack-
ets below is zero),

— p(E(t). 2) + / LE(t — ) a(t — r)dr

+/ [— L(é(t—T),a(t—T)) + W .(r, é(t—r),z)
0

—Wa(r, &t —r),2) - f(E(t—7), it —1))]
— [fL(g (t—7r),u*(t — 7))+ W(r,&(t—r7),2)
Wa(r & (t—r),2) - f(E(t—7),u"(t —7))] dr,

and noting that the first and second terms comprise the
payoff for 4,
= J(0,t,z, 1, z)

+/ [ LE(t — ).t — 1)) + T, E(t — 1), 2)
0 PR ~ ~
CWalr (1), 2) - FE(E— )it — )]
& (t

— [ LE = r)u(t—7) + We(r, & (t =), 2)
Wa(r, & (t—7),2) - f(€"(t —r),u’(t —r))] dr.
That is,
|J(0, ¢, x, 0, 2) — J(0,t,x,u", 2)]| (29)

/ ‘ E(t — 1), it — 1)) + Wo(r, E(t — 1), 2)

W (r,&(t —T)»Z)-f(f(t—r)yﬁ(t—r))]
[ L€ (t—r)u™(t—7) + Wi(r, & (t—7),2)

Wo(r, & (t—r2))- (5*(t—7’),u*(t71"))] dr.




For compactness of presentation, let |=| denote the in-
tegrand in (29), and let

G(T,IE, U) = G(T,I, v; Z) = Wr(T,SC, Z) : f(:L',U), (30)

forz,z € IR™,v € R™ and r € (0,t). Using the assumed
smoothness, at any r € (0,t), and where also for com-
pactness of presentation, we drop the z argument of W
where confusion will not occur, the integrand in (29) is

|2 = | - E(t—r)u(t—r))Ai,
= Ly(& (t - 7") "t =7))0—r
- *[A/ m(x(t) r’ut P Ay
+ 24 zv(x? r?ut O 1 PR A m(:c? r»ut )0t 7“]
+Wm(7“7§ (t =)Dy + EAL W (r, 3 A,
— Ge(r, &t —r),u*(t —r) A
—Gy(r,&"(t—1),u (t—r))ét ”
B %[A/ Gll(r xt rvvt T)At r
+ 2A%_ Glo(r, 7 r,vt )0t
+ 07 Gyu(r, 1:,52 ,,,Ut )0t 7n]| (31)

where 575_7"—5(25—1“) Ay T_ﬁ(t—T) &t —r), and
2

£ (
for all r € (0 t) (xt r’ug r) (xtf 7ut r) (xt raut r)
lie on the line segment from (£*(¢t — r),u™(t — r)) to

(£(t —7),a(t — 7)) (where the use of subscript t — r for
time-dependence is helpful in saving space). Using the
assumed bounds on the second derivatives of L, (31)
yields

|E| S - Lw(g*(t - T)v U*(t - T))At—r
—L,(&({t—7),u"(t—7))0—r
+Wm(n EX(t =) Aty + 5AL W oga(r
Go(r &5 (t —7),u™(t — 7)) Ay
—Gq,(r E(t—r),u(t—r1))0—r
— 2[A}_ Gaa(r, xt i VA VI
+2A5_, Gyp(r, xt T,f)t ~)0t—r
+5£_T-G'U’U(r? x%—rvvt—r)ét—r]
+ C_'l(\At—r\Z + |5t—r|2) Vr e (0,) (32)

7*%1)At77‘

for an appropriate choice of C; < oc.

Now, by the choice of u*, Lemma 1 and (25),
Ll (0 =) =0+ Gulr€ (1= )0t =1)
= — {L (t—r),v) (33)

+wunsa—myﬂ€u—mWﬁ 0.

v=u* (tf's

Next, note that

Lo (€ (t —r),u*(t = 1)) = Weg(r, £°(t — 7))
+ G (r, &5 (t —r),u(t — 1))
_ %{L(m,u*(t — 1) = W (r )
+ Wa(r,z) - flz,u*(t—7))} (i)

d B —
= %{L(x,u(t - r,x)) - Wr(rv LE)

+ Wa(r,z) - f(z,a(t —r,7))} L:s*(t—ﬂ

*Wr(rv l’)
di
(&t 1)),

(t_r)dx

(t—r g (t—r))

r=¢
v=10

where the total derivative notation j—gﬂ outside the first
curly bracket is abused to denote the derivative with
respect to all x explicitly appearing in the bracketed
expression By (33), this is

= —{L a(t —7r,x)) — W(r,x)

+Wx(r,x)-f(m,ﬁ(t—r,x))}‘ —e* (t—r)
=0, (34)
where the last equality follows by (25) as the previous
right-hand side is the derivative of zero. Substituting
(33) and (34) in (32), we find
=] < ‘lA; TV e,
- 7[A2 r II(T ‘rt r’vt T)At T
+ 200 Goo(r, 32,02 )0s
+ 5£—T‘GUU (T’ ‘rtz—r’ Ut—r)(st—TjI
+ C1 (|8 |? + 10— *) Vre(0,8).  (35)

A,

In order to proceed, we need L., bounds on the trajec-
tories, £* and £. Note that for r € (0,¢),

e -éni< [ 1€

+ 1£(€(p),

— f(&"(p),a(p))]
( )) — f(&(p);u"(p))| dp,

which by the assumed bounds on the derivatives of f,

<Kf/ I€(p u*(p)| dp,

which upon application of the Holder’s inequality,

p)l +lap) —



(0 dp + K 7131/

<Kf/ (o

Applying Gronwall’s inequality to this, one finds that
there exists Cy = Cs(t) < 0o such that

€5 (r) — £(r)] < Cold] < Co V7 € (0,1). (36)

Similarly, using

r%ﬂd££”ﬂ€@%ﬂm€@ﬁ—ﬂ%ﬂm@ﬂ@

+AWﬂaﬂa@»@,

one may show there exists C3 = C3(t, |z|) < oo such that
|§*(T)‘ < C’S Vre (Oﬂt)7 (37)

where we do not include the details. Using (36) and (37),
one finds there exists Cy = Cy(t, |x]) < 00

E(r)],€°(r)] < Ca V7 € (0,1). (38)
By (38), the assumed smoothness of W and f, and the
assumed bounds on derivatives of f, there exists C5 =

Cs(t, |x|) < oo such that

‘Wrm (r, j1)|7 |G o (1, j?—m 6?—7«”7 |G (7, ‘%t27r7 6?—7‘”7

|Goo(r, 22,02 )| < Cs V7€ (0,t). (39)

Finally, combining (35) and (39), there exists Cg =
Cs(t, |x]) < oo such that

21 < Co(|Ar P+, 2) ¥re©b.  (40)

Applying (40) in (29), we have

|J(0,t, z, 4, z) — J(0,t,z,u™, )|
t
_é/ Mgy P00 ) dr = Co (|AP-+5]?
o [ (180 P4180f?) dr = Co (1A +5P)

which by (36),
S C’7|6‘2a

for appropriate choice of C7 = Cr(t, |z|) < co. Recalling
(1), we see that this implies that u* is the argstat of
J(0,t,x,-,2). O

5 Linear-quadratic example

We consider the linear-quadratic problem given by

L(z,v) = $v'Dv — 12'Bz,  f(z,v) = v, (41)

w(mvz) ZW(%Z)’ (42)

for all z,v,z € IR"™, where D > dI (where we write
A = B if A— B is positive definite), d > 0, B and D are
symmetric, and ¢ € (0, 00). We look for W of the form

W(t,z,z) = 3[a'P(t)z +22'Q(t)z + 2’ R(t)z]. (43)

With the above quadratic cost and given dynamics, the
HJ PDE (25) takes the form

0= stat [3v'Dv — 12'Bx — W, (r,z, z)

+Wa(r,z, 2) ~v}
= min [1v'Dv— $2'Bx — W, (r,z,z2)

veER™
+ Wa(r,z,2) - v] (44)
= —1a'Bx — W, (r,z,z2)
- %W;(r, z,2) D' Wy (r, z,2)]. (45)

Remark 9 That (44) is a minimum, in spite of the fact
that, for sufficiently long duration problems, the value is
obtained as a staticum, may appear at first glance to be
contradictory. The consistent minimum in the HJ PDFE
is due to the infinitesimal limit implicit there. If one ex-
amines the DPP (Theorem 7), we see that there are two
terms inside the outer staticization, where for sufficiently
short durations, t — s, the payoff underlying the second
term is convex with respect to the input in Us ;. It is also
worth noting that at the outset of the proof of the DPP,
one is already working with a value, W, which is defined
as a staticum rather than a minimum.

Substituting form (43) in (45), one obtains

0=—1a/Bzr — 1[a'P(t)z + 22/Q(t)z + 2/ R(t)z]
= 5(P()z +Q(t)2) D™ (P(t)z + Q(t)2).

Equating like terms yields

P(t) = —B — P(t)D"'P(t), (46)

Q(t) = —P(t)DIQ(t), (47)

R(t) = -Q'()D~'Q(1), (48)

and the initial condition (i.e., (42), (26) and (8)) imply

P(0) = R(0) = ¢l = =Q(0). (49)

Note that if P,Q, R are well-defined on (0,t), then the
optimal control is given by u*(r) = P(t—r)z+Q(t—7)z
for r € (0,t), and one has u* € Uy . Further, one can
verify that the assumptions of verification Theorem 8
are valid on this interval. Consequently, W is the value
function on this interval.

We are now faced with the prospect that P, @Q and R
may exhibit finite escape times, while there may exist



an argstat remaining finite (a.e.) indefinitely. In fact,
one finds that W continues to have form (43) past such
escape times, and one must obtain the means to correctly
propagate the solution of (46)—(48) past such times. The
means for this was indicated in the specific mass-spring
example above, and we proceed to obtain this in a more
general context.

Suppose we have successfully propagated forward to
time s € (0,00), and wish to propagate to t > s, where
t —s < d° (defined in (A.2)), and one might have an
escape in (s,t). We will use the staticization DPP (i.e.,
Theorem 7) to propagate from s up to t. For y € IR",

define
u(r)dr =y;.
/o ") }

We need to verify that the conditions of Theorem 7 hold
for sufficiently small 6¢ > 0 (see [14,15] for similar com-
putations). We have:

UOS—{uGZ/IOS

(50)

Lemma 10 Suppose 0¢ < 1/2d/ max{1, \} where X is

the mazimal eigenvalue of B in (41). Let T € (0,0°) and
¢,z € IR™. Let J be given by (16), where L, f are given
by (41). J(0,7,¢,-, 2) is a conver quadratic function on
Uo,~-

Proof: We prove only the convexity. Let u,§ € Uy .,
ut = u+6, u” =u-—7; &0 ) = £H(0) = £7(0) = ¢;
(r) = u(r), 5(r) = ut(r), £(r) = u(r) on (0,7).
One easily sees that

J(0,7,¢,ut,2) —2J(0,7,¢,u, 2) +

=4 [ 36703 - (J75(0) dp)

+ 5\/0 §(r)dr

5 [T
=5 | 15y dp|* ar
0

J(0,1,(,u", 2)
B(fy 5(p) dp) dr

> §|5‘2L‘2(0,7')

d ) 5\ T r )
> §oton =5 [ v [ WP dpar

d 2 9
> {2 - 4} 62,0,y O

The assumptions of bounded second-order differences
and C? behavior are not difficult to verify, and we do
not include verifications of these. Uniqueness assump-
tion (A.1) does not always hold for purely quadratic
problems, and we simply assume it here. (One may note
the nonuniqueness of trajectories for the scalar mass-
spring system when z = z = 0 and the duration is a

10

half-period, as an example.) Applying Theorem 7, and
recalling notation (50),

{ [ pematena

+W(t - 5,50(3),;2)}

{[ vewmar

+W(t— S,C,z)}

W(t,z,z) = stat

u% €Uy, s

= stat stat
CER™ yoeus ™

-l [0t 0]
+W(t—s,¢ 2 }
:(Sg%%t"{ (s,x C)+W(t—s,§jz)} (51)

As we have already propagated forward to s, we have

W(s,z,() = %[m’P(s)x +22'Q(s)¢ + (’R(S)C]. (52)
Further, as t — s < §¢, we have strict convexity on the
t — s duration segment, and consequently we have
W(t - S, Cv Z) = %[C/P(t - S)C + QC/Q(t - S)Z
+ 2'R(t — 5)z]. (53)
Combining (51)—(53), one finds staticizing point ¢* =
—[R(s) + P(t — 8)]71[Q'(s)x + Q(t — s)z], and conse-
quently,
W(t,z,z) = [z’ P(t)z 4+ 2'Q(t)z + 2'Q(t)z + 2’ R(t)z],

(54)
where P(t), Q(t), R(t) are given by

P(t)=P(s) = Q(s)[R(s) + P(t — 5)] Q' (s), (55)
Q()=Q(s)[R(s) + P(t — )] Q(t — 5), (56)
R(t)=R(t —s) = Q'(t = s)[R(s) + P(t — 5)] 7 Q(t —(537))

That is, (55)—(57) allows us to propagate past the finite
escape time occurring in interval (s,t). We remark that
forward propagation by repeated application of updates
similar to (55)—(57) for general DREs is discussed in
[16] for the finite-dimensional case, and in [6-8] for the
infinite-dimensional case.

6 Applications

The initial motivation for consideration of stationarity
problems is the stationary action principle for dynam-
ical systems. However, from the above, one sees that
the main results, specifically the dynamic programming



principle and the relation to the associated HJ PDE,
are valid on a much larger domain. One may seek the
staticum in a wide variety of problems. One obvious ad-
ditional application is in the area of zero-sum games. In
particular, when value exists, this value is a minimax
solution over the control pair, say (u(-),w(-)) where u
is the minimizing player control and w is the maximiz-
ing player control. If the payoff is continuously differen-
tiable, the minimax value function is a staticum over the
combined control, & = (u,w). Consequently the results
here may be applied for solution. Of course, there is more
structure in a game than what is assumed or discussed
here.

Returning to the original motivation domain, recall that
the stationary action may be the least action over a short
time-interval. In the least-action case, one may apply
standard techniques from optimal control to solve the as-
sociated control-problem formulation. This is discussed
in the context of the n-body problem in [12,14,15], and
in the context of the wave equation in [4-6]. The results
obtained in this paper allow such results to be extended
to arbitrary duration problems.
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7 Appendix

Some technical results related to staticization follow.
Suppose ), Z are Hilbert spaces, and let the inner prod-
uct on Y x Z be given by ((y', 2'), (%, 2%)) = (y',y%)y +
(z',2%),, where (-, ), and (-, ), denote the inner prod-
ucts on Y and Z, respectively. Suppose G C ) is open
and convex. Suppose F : G x Z — IR. We present re-
sults under subsets of the following assumptions.

F e C*Gx Z;R). (A.F1)

F is strictly uniformly convex on G. (See Re-

mark 3.) (A.F2)

Either: a) G = Y and F' is coercive on ) as
defined in Remark 3; or b) G is bounded, and
for every z € Z, there exists § = g(z) € G
such that F(7,z) < F(y, z) forally € G\ {g}.

(A.F3)

The following result is standard, and we do not include a
proof. See also [18]. Note that for r > 0, welet B, = {y €
Y|yl < ¢}, where throughout, the relevant underlying
space will be implicitly clear.

Lemma 11 Suppose F satisfies (A.F2) and (A.F3). For
each z € Z, there exists a unique §(z) € G such that
F(y(2),z) < F(y,z) for ally € G\ {g(2)}. Further,
given R, < oo, there exists R, = Ry(R,) < oo such that
y(z) € Bg, forall z € Bg_.



Lemma 12 Suppose F satisfies (A.F2) and (A.F3).
Suppose that for each z € Z, F(-,z) € C?(G; R). Sup-
pose that for any Ry, R, < 0o, there exists Ky < 0o such
that |F(y,z') — F(y,2?)| < Ko|z' — 22| for ally € Bg,,
21,22 € Bp.. Letj: Z — G be as defined in Lemma 11.
There exists Ky = Ky (R,) < 0o such that § is Holder

continuous, with |§(z*) — §(22)| < K|zt — 22|12 for
all 2, 2% € Bg.(0) C Z.
Proof: Let R, < oo, 2',22 € B, andj: Z — G

be as given. Let © = #(2?) — 9(z'). Suppose © # 0;
otherwise there is nothing more to prove. By (A.F2), for
alld € (—1,1),6 € (—1,0) U (0,1),
[F(y(2") 4+ 60 — 60, 2") — 2F (y(z") + 00, 2")
+ F(y(z") + 00 + 60, 2")] /6° > Cp.
Define G(8) = F(y(z')+09, 21) forall § € [—1,1], where

we note that by Assumption (A.F1), G € C?. Further,
by (58),

(58)

d*G

dé?
Also, by Lemma 11, G(9), G( §) > G(0) for all 6 €
(—=1,1), and conbequently, d6( ) = 0. Combining this
with (59), we see that G(&) — G(0) > (Cr/2)d? for all
0 € [-1,1]. Taking § = 1, and recalling the definition of

)

F(5(z%),2") = F(g(z"), 2"

2G> Cp Ve (-1,1). (59)

) 2 (Cr/2)l5(2%) — y(="),
or, equivalently,
19(=%) — g <

Proceeding similarly, but at 22 instead of 2!,

(2/Cr)[F(y(z%),2") — F(y(z"),2")].
(60)
one finds

5(=") = 9(2*)1” < (2/Cp)[F(5(2"), %) — F(5(=*),2%)].
(61)
Now, by Lemma 11, there exists R, = Ry(R.) < oo

such that 5(z) € Bg, for all z € Bg_, and in particu-
lar, 7(z'),5(2%) € Bg,. Then, using the assumed local
Lipschitz nature, there exists Ko(R,) < oo such that

[F(5(=
[F(5(=

N —
— —
=N
S— —r
[
g
Q)
—~ =
N
N =
S— —r
%] =
—~ =
IN N
gt
_T

|

w

Summing (60) and (61), we have

y(zH? < (2/Cp)[F(5(2°), 2
+ F(y(z"),2%) —

2/5(=%) - ) = F(g(z"),2")
2

F(y(2%),2%)], (64)

which by (62),(63),
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Lemma 13 Suppose F satisfies (A.F1), (A.F2) and
(A.F3). Lety: Z — G be as defined in Lemma 11. Let
R, < 0. There exists K, = K(R,) < oo such that
15(21) — 5(2%)| < K|zt — 2] for all 21, 2% € Bpg..

Proof: The conditions assumed in Lemma 13 are suffi-
cient to guarantee the conditions of Lemma 12. Conse-
quently, by (64), we have

9(=*) =g <
—F(y(2'), ) + F((z"), 2°) -

(2/Cp) [F(5(*), 2"
F(y(2*),2%)]. (65)

For y,y® € G, we will let 42, 3* denote the line segment
from y® to y°, and similarly on Z. By (A.F1), there

exists 23, 2% € 21, 22 such that

F(y(ZQ)VZZ) - F(gj(z2)7z1) = <FZ(Q(Z2>,ZB),ZQ - Z1>»
(66)

and

F(y(z"),2%) = F(g(z"), 2') = (Fa(g(2"), 2%), 2% = 2"),
(67)

where partial F,(y, z) € Z for each pair (y,2) € G x Z.
Combining (65)—(67), we have

5(2%) — 5(z")]? (68)
< (2/Cr)(F:((z"), 2*) — F.(4(z°), 2%), 2* = ")
< (2/CF)|F. (@(zl) 2 = F.(y(2%), 2%)||2* — 2.

As Gisopen, there exists € > 0such that ¢ : (—¢, 14¢€) —
g x Z, where
C) =1 =2 (=1, 2") + A (9(2%), 2°) .

Then, letting G(A) = F.(((\)), wehave G € C ((—e, 1+
€); Z). With a slight abuse of notation,

|Ex(y(2"), 2)
= |F.(¢(0)) -

7Fz(y(22)’ )|

F(C() =1G(0) - GA).  (69)
Defining M1 = maxyepo, 1] ‘%(A)’ < 00, and using the

Integral Mean Value Theorem (cf., [13]), (69) implies

|F2((2"), 2*) = Fa(5(2%), 2%)| < Mo,[¢(1) = ¢(0)]
—Mm!( (1), %) = (5(*), 2°)]
< Moa [[5(2") = g(2%)| + 2" = 2°]. (70)



Combining (68) and (70), we have

9(=") = g(=)* < (2/Cp) Mo [l7(z") = 5(z*)| 2" — 27
+ ‘Zl _ Z2|2]

1
1)+ 5| (2/Cr)* MG, + (2/Cr) Mo,y

. |Zl —Z2|2,

which yields the desired result. O

Lemma 14 Suppose F satisfies (A.F1), (A.F2) and
(A.F3). Lety : Z — G be as defined in Lemma 11. Then,
F(y(-),-) is Gateauz differentiable, with Gateauz deriva-
tive IF((§(2), z);v) = (F.(§(2),2),v) for all z,v € Z,
where F,({,z) denotes the partial (Fréchet) derivative
of Finzaty €qg.

Proof: Let 2°,v € Z, |v| =1, w € R, y° = 3(2°). Let
2(w) = 2% +wv. By (A.F1), given w € [0, 1], there exists
7 € y°, §(2(w)) such that

.F1) and the definition of y°,
=y, Fyy(3,2°) (W) = "))y

+F(y",2°%) + F(5(2(w)), 2(w)) = F(5(2(w)), 2°),

20,
= F(yoa ZO) + <Fz(y(é(w))v Zo)a 2(0‘}) - Zo>z
+ 13 W) — 2, Fua (5(w), D) (3w) — ).
+ 3 (GEW) = ° Fyy (3,20 W) —9%))y
Equivalently,

= FZ(Q(Q(LU)), ZO)7 z(w) - Zo>z
+1(W) — 2% P (9(E()), D) (W) - 2)s
+ 3 GEW) = ¥° Fyy (3, 2°) (5 (W) = 9%))y,
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+ 5|Fyy (5, 2°)] [5(2(w) — ", (71)

Employing the Integral Mean Value Theorem (cf., [13]),
one finds that there exists § € §(2(w)), y° such that

|FL(5(2(w)), 2°) = Fx (4%, 2°) [ < | Fy= (3 ZO)||Z7(5(W))(Z/7(;I)'
Substituting (72) in (71), we have
|F(5(2(w)), 2(w)) = F(y°, 2°)
—(Fa(y°,2%), 2(w) = 2°).|
< | Fya (3, 20)] (2 () = °] [2(w) — 2°]
+ P (5(2(w)), B)] |2 (w) — 20
+ 51 Fyy (3, 2°) 1 15(2(w)) = 4°P,
which by Lemma 13,
< [RelFy= (3, 20)] + 3P (g(5(w)), 2)]
+ %I_(%|Fyy(g,z°)|} w?, (73)

We will obtain bounds on the second-derivative terms,
independent of w € [0, 1]. Consider first, the | F,, (7, 2")|
term. For each w € [0, 1], there exists A € [0, 1] such that

(7,2°) = (W + (1= Ng(" +wo), 2%, (T4)
Consider
C={(y,2°) €G x Z|3\we0,1]s.t.

y ="+ (1= Ny(z° +wo)},
and let G : [0,1]2 — C be given b;Y Gh\w) = (W0 +
(1=Ny(2% +wv), 2°%). Let (\,w), (A, @) € [0,1]%. Then,

G @) < A=Al + 1A = Allg(2° + wv)|
+ 1= Ng(z" +@v) = §(z° +wo)],

G\ w) -

which, noting |1 — 5\\ < 1, and using Lemma 13,
< (210 + K )N = A + K |w — @,

which implies that G is Lipschitz. As [0, 1]? is compact
and G is Lipschitz, we see that C is compact. Then, by
(A.F1), the restriction of |Fy,(-,-)| to C is a continuous,
functional on a compact set, and consequently, there
exists Dy, = Dy, (v) < oo such that
~ 0

|Fyy (4, 2°)| < Dy,
By a completely analogous proof, there exists D,, =
D,.(v) < oo such that

Yw e [0,1]. (75)

|Fy.(9,2°) < Dy, Yw e [0,1]. (76)



Ounly |F..(7(2(w)), Z)| remains. In a similar manner to
above, note that for each w € [0, 1], there exists A € [0, 1]
such that

(#(2(w)),2) =

Letting

C.. = {(y,

(G(2° + wo), 2° 4+ (1 — Nwv).

2)€Gx Z|INwe[0,1] s.t. y = §(z° + wv)
and z = 2% + (1 — Nwv},

and G [0,1]> — C.., be given by G()\ w) = (g(z° +

wv), 2% + (1 — Awv), we find that G is Lipschitz on a
compact domain, [0,1]2, and consequently, C,, is com-

pact. Then, again similarly to the above, there exists
D,.,=D.,,(v) < oo such that

[Foz(y(2(w)), 2)| < Dz Vwe[0,1]. (77)
[F(5(2(w)), 2(w)) = F(y°,2%)
—(F.(y",2°), 2(w) —2°).]
[KLDyz +5D.. + 5K D] W,
which yields the assertions.
Lemma 15 Suppose F satisfies (A.F1), (A.F2) and

(A.F3). Let § : Z — G be as defined in Lemma
11. Suppose F has bounded second-order differences.
Then, F(g(-),-) is Fréchet differentiable with derivative
DF(y(2),2) = F.(§,2) for all z,v € Z, where § = §(2)
and F.(y,z) denotes the partial (Fréchet) derivative of
Fn z.

Proof: Fix z € Z. For z € Z,

[F(5(2),2) — F(y(2), 2)|

< |F(5(2),2) = F(y(2), 2)| + [F(4(2), 2) — F(5(2), 2)]
<|F(5(2),2) = F(y(2), 2) — F(y(2), 2) + F(y(2), 2)|
+1F((2), 2) — F(y(2), 2) |+ F(y(2), 2) — F(y(2), 2)],

and because F has bounded second-order differences,
there exists M7 < oo such that this is

< My[|5(2) = §(3) 1+ |2 - 2P

+IF(5(2),2) = F(y(2), )|+ F(5(2), 2) = F(y(2), 2)I,

and by (A.F1) and the choice of g, there exists My < 0o
such that this is
< Mi[l5(2) = §(3) + |2 — 2] + Ma[l(2)
+[F(5(2),2) = F(y(2), 2),

7(2)7]
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which by Lemma 13,
< [Mi(1+ K}) + MaK3) |z — 2

This implies

|F(9(2),2) — F(y(2),2)|/|z — 2|
< [Mi(1+ K}) + MaK7] |2 — 2|
+[F(9(2), 2) — F(9(2), 2)|/]2 — 2I.

Consequently, using (A.F'1), the Fréchet derivative of
G(z) = F(y(#), z) exists and has the asserted form.

Lemma 16 Suppose F' satisfies (A.F1), (A.F2) and
(A.F3), and has bounded second-order differences. Let
g: Z — G be as defined in Lemma 11. Suppose (y*, z*) =
argstat(, . egxz F(y,2) (where uniqueness is implicit).

Then, y* = §(z*) and z* = argstat,c z F(y(2), 2).

Proof: By Lemma 1, DF(y, z ’(yz () = 0, where

0 denotes the zero element of L(Yx Z; Y x Z). By (A.F'1)
and standard results, this implies
DyF(y7

z*)|y:y* =0 and DzF(y*,z)| =0, (78)

z=z*
where we continue to use 0 to generically denote the zero
element of the appropriate space, and D, D, denote
partial Fréchet derivatives with respect to the indicated
variables. Next, note that by (A.F1) and the definition
of 7,

DyF(y.2)|,_y.) =0 Yz€Z. (79)

By definition and (79),
F Uy s — 3 F , = st tF , . 80
(y(2),2) min (y, 2) stat (y,2) (80)

In particular, g(z*) = argstat,cg F'(y,2"). Combining

this with (78), we see
v =u(z"), (81)

which is the first assertion. Now, by (81) and Lemma 15,
and then applying (78),

DF(Q(Z>’ Z) |z:z* = DZ (y*7 Z) |z:z* =0. (82)
Then, by (82) and Lemma 1,
z* € argstat F(g(z), 2). (83)

z€EZ

Now suppose z! € argstat,.z F(y(z),2), which by
Lemma 1, is equivalent to
=0.

DF(y(2),2)] (84)

z=z%



Let y' = (z7). By (84) and Lemma 11,

D.F(y',z)| =0. (85)

z=z1

Also, by the definition of yt and (A.F1),

D,F(y,z")] =0. (86)

y=yt

By (85)7 (86) and (AFl)v DF(y7Z)||(y,z):(yT,zT)

0, which implies, using Lemma 1, that (y',z7) €
argstat, . egxz £'(y, 2), which, by the lemma assump-
tions, implies (yf,2") = (y*,2%), and of course, this
implies 2! = z*. Combining this with (83) yields the
desired result. O

Lemma 17 Under the same conditions as Lemma 16,
one has

tat  F(y,z) = F(y*, 2*) = stat F(j(2),
s (y,2) = F(y",2") = stat F(y(2), 2)

= stat min F'(y, z) = stat stat F'(y, z).
ZEZ yelg (y7 ) z€EZ yeG (y7 )

Proof: The first equality is simply a restatement of one
of the assumptions. Recalling (80), statycg F(y,2) =
mingeg F(y,2) = F(§(2),2) for all z € Z. Combining
this with the existence implied by the second assertion
of Lemma 16 yields the last two equalities. Also by the
last assertion of Lemma 16, and then the first assertion
of Lemma 16,

stat F(y(2), 2) = F(y(z"),2") = F(y",27). D
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