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Abstract—We address the optimal control problem for a class
of dynamical systems with constrained state trajectories. These
systems are modeled by a differential inclusion with a drift term
and a normal cone mapping associated with the constraint set.
The optimal control problem is considered in continuous-time
and discrete-time, where the latter provides a computational
advantage over the former. In both cases, the nonlinear problem
is reformulated as an infinite-dimensional linear program over
occupation measures. We show that this does not introduce any
relaxation gap, that is, the optimal value remains the same
for the reformulated linear program. Using appropriate tools
from functional analysis and optimal transport, we also show
the convergence of the optimal value of the discrete problem
to the optimal value of the continuous problem. We propose
finite-dimensional convex optimization algorithms based on the
moment-sum-of-squares hierarchy to provide numerical approx-
imations of the proposed infinite-dimensional linear programs.

Index Terms—Nonsmooth systems; Optimal control; Measure
relaxations; Young measure; Occupation measure; Moment sum-
of-squares approximation.

I. INTRODUCTION

Optimal control of nonlinear systems has remained a prob-
lem of interest for the control community over several decades.
Developments on the theoretical side as well as numerical
methods for efficiently solving such problems continue to
attract attention of researchers from different community. In
this article, we consider the optimal control problem for a
class of nonsmooth systems, and propose numerically tractable
algorithms for our approach. In particular, the systems that
we consider are described by a differential inclusion where
the right-hand side comprises a drift term and a normal cone
mapping associated to a time-varying constraint set; see [1] for
an overview of such models and their relevance in various ap-
plications that include robotics, mechanics, electrical circuits,
market equilibrium, and power systems with switching.

Let us recall that the optimal control of nonlinear systems
with well-posedness properties is a well-studied problem [2],
[3]. In contrast, optimal control for nonsmooth dynamical
systems with set-valued right-hand side is more complicated
and has been an area of active research over the last two
decades because of its theoretical and practical relevance [4].

Among the existing work on optimal control problems for
the class of nonsmooth systems (which are closely related
to the ones studied here), we note that the authors in [5]
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consider an evolution variational inequality with a closed
convex constraint set. By deriving the first-order optimality
conditions for the regularized problem, and taking the limit as
the regularization parameter tends to zero, the corresponding
optimality conditions for the original nonsmooth system are
obtained. Pontryagin Maximum Principle based optimality
conditions for discrete approximations of such systems are
derived in [6] and sophisticated tools from variational analysis
are used to derive the limit equation. In [7], the authors use
exact penalization-based techniques to extend the optimality
conditions to more general problems with weaker assumptions
on the system data. In a more recent article, [8] uses distance to
the constraint set as the penalization which allows the authors
to obtain uniform, w.r.t. control estimates and they show strong
convergence of the approximating trajectories in W12 metric.

Direct approach based on discretizing the problem and solv-
ing the resulting static optimization have several fundamental
issues. In [9], the authors pointed out that the error in gradients
of the simulation results are independent of the step sizes,
which means that optimization problems based on such dis-
cretization schemes often fail. The authors propose an optimal
control strategy that approximates the discontinuous system
with a smooth right-hand side and use the Euler integrator,
ensuring that the gradients approach the true values under suf-
ficiently small step sizes relative to the smoothing parameter.
Finite-element-based discretization along with time-freezing
methods have been recently proposed in software packages
[10]. Further in [11], the authors extend the finite element with
switch detection method to address optimal control problems
with nonsmooth differential equations by transforming them
into dynamic complementarity systems. For a class of linear
complementarity systems (closely related to the formalism
adopted in our present work), but where the right-hand side
of the differential equation is a Lipschitz continuous map, the
paper [12] presents first-order optimality conditions and some
numerical results.

On the other hand, global methods for nonlinear control
based on occupation measures have gained popularity in the
last decade because of their powerful modeling capabilities
and the availability of efficient algorithms and semidefinite
programming (SDP) solvers [13]. These methods reformu-
late a finite-dimensional nonlinear optimal control problem
into a primal/dual pair of infinite-dimensional linear prob-
lems. The primal problem is expressed in the cone of non-
negative Borel measures and the dual problem is expressed
in the cone of non-negative continuous functions [14], [15].
The infinite-dimensional linear problems admit a sequence
of finite dimensional relaxations using the moment-sums-of-
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Fig. 1: Outline of the approach developed in this paper for the optimal control of a class of nonsmooth dynamical systems.
For the continuous-time case, we first relax the problem using Young measures and then the occupation measures. It is shown
that this relaxation does not introduce any relaxation gap. For the discrete-time version, the problem is lifted to the cone of
non-negative Borel measures. We further show the convergence in the limit as 7 — 0 (no gap).

square(SOS) hierarchy [13]. Each relaxation is formulated as
an SDP and can be solved using off-the-shelf SDP solvers.
Under mild assumptions, the sequence yields a monotonically
non-decreasing sequence of lower bounds converging to the
true optima. Occupation measures were also studied in the
context of control of stochastic systems [16], [17]. One more
advantage of occupation measure-based methods is the ability
to easily handle uncertainty in the initial distribution.

Some tools in our approach come from the theory of optimal
transport — a research topic dealing with the optimal way to
transport an initial distribution of mass to some final distribu-
tion. In [18], the authors solve an optimal transport problem
for a Lagrangian-based cost obtained from a dynamical system
with nonholonomic constraints. The problem of uniqueness
and the existence of solutions for Lagrangian cost derived from
linear quadratic regulator were studied in [19]. Similar ideas
have been pursued in [20]. In these works, the problem of
mass transport for Lagrangian systems is seen as a decoupled
problem where the lower level computes the optimal control
for the finite-dimensional particle system and then this cost is
used to find an optimal map to transport the initial measures
to the final configuration.

In the present work, we address the problem of optimal
control of nonsmooth dynamical systems. We use occupation
measures to relax both the discrete-time problem and the
continuous-time problem into an infinite-dimensional linear
problem defined in the cone of non-negative Borel measures.
Under some mild assumptions, we show that this does not
produce any relaxation gap. This means that the value of the
linear problem is equal to the value of the original optimal
control problem. Further, we use tools from optimal transport

theory to show the convergence of the discrete-time problem
to the continuous-time problem when the time step size goes
to zero. The overall layout is summarized in Figure 1. Apart
from the independent theoretical interest, the convergence
of the discrete-time problem to the continuous-time problem
is also of practical importance, as solving the discrete-time
problem provides an approximation to the continuous-time
problem. We also propose numerical techniques which provide
finite dimensional approximation of the relaxed discrete-time
problem.

A. Problem Setting

We consider a controlled nonsmooth dynamical system
modeled as an evolution variational inequality:

&(t) € fat),u)) = Nsw(2(t), 2(0)=z0 (1)

where f: R" x R™ — R” is a given map (called vector field,
or drift), and Ng(;)(z(t)) denotes the outward normal cone to
the compact convex set S(t) at the point z(t) € R™ at each
time ¢ € [0, T]. The control u(t) € R™ at each time ¢ belongs
to a convex compact set U C R™. We make the following
assumption for the existence and uniqueness of the solutions.

Assumption 1. There exist a compact set {2 and constant
Ly > 0 such that, S(t) C Q for each ¢t € [0,T], and for
every x,x1,xs € ), we have

mave |, 0)| < Ly(1+|z)
|f(xlau) - f(ac27u)\ S Lf|.’171 - .'L'2|

Assumption 2. The set-valued mapping S : [0,7] = R"
satisfies the following:

Yu € U.



o Foreveryt € [0,T1], S(t) is nonempty, closed and convex.

e S(-) is Lipschitz continuous w.r.t. the Hausdorff dis-
tance: there exists Ly > 0 such that dy(S(t),S(s)) <
Lg|t — s| for t,s € [0,7] where dy(A,B) =
max{sup,, dist(z, A),sup, dist(z, B)} is the Hausdorff
distance between sets A, B C R".

An optimal control problem for such a system, over a finite
interval [0, T, can be formulated as

T
* = inf 2
TACOR T R CIORT0)

s.t. () € =N (x(t) + f(x(t), u(t)),
z(0) =x0, u(t)eU, Vtel0,T]

where L£(x,u) is a continuous cost function in z,u. Further
assumptions on the cost function and the drift term, that are
necessary for our purposes, are formulated as follows:

Assumption 3. For each x € R", the image set f(x,U)
is convex. The cost £(z,u) is convex in u for each z, and
satisfies the growth bound:

L(z,u) <I(x)(1+ |u*) VzreR"andu € R™ (3)
where [ is locally bounded and Borel-measurable.

In order to study the discrete-time version of (2), consider
a partition of [0,7] = {0 = to,t1,...t;, ...y = T} with ¢, —
ty—1 = 7 being the time step between two samples. We use a
time-stepping-based algorithm to define the evolution of states
[1]. Let xf, resp. =, be the state at time k7 resp. (k + 1)7,
and let uy be the control at time k7. They are related by

Thyr = Po, (Tfr(ak, uk) + ) )

where Pg, is the (unique) projection onto the compact convex
set S = S(k7).

The discrete-time optimal control problem can then be
written as

N
JX(zo) = inf TL(x, uk) o)
z, €R
up ER™ k=0
st. a1 = Ps, (7 fr(xh, ur) + zr)

z(0) =z, wureU, Vk=0,1,...,N.

B. Contribution

The primary problem studied in this paper concerns the
continuous-time problem (2) and discrete-time problem (5)
for the nonsmooth system (1). In particular, we provide
an alternative formulation for these problems and study the
relation between them as the sampling time tends to zero. The
main contributions can be summarized as follows:

« We study the optimal control problem in both continuous-
time (2) and discrete-time (5) by formulating or relaxing
them to linear optimization problems in occupation mea-
sures.

« We prove that this relaxation introduces no gap, meaning
the value of the linear problem on measures matches the
value of the original optimal control problem.

o We analyze the convergence of the relaxed discrete-time
problem to the continuous-time problem using interpolation
schemes based on optimal transport.

« We propose numerical techniques for solving approximately
the infinite-dimensional linear programs using the moment-
SOS hierarchy, a family of finite-dimensional semidefinite
programs of increasing size.

A preliminary version of this work was presented in the
conference paper [21]. In this article, the theoretical framework
is developed in a more rigorous manner with complete proofs
and the results have been further generalized to accommodate
time-varying constraints. Additional contributions include the
analysis of the convergence of the value function, as well
as new sections on numerical methods and an illustrative
example. Due to space constraints, proofs of certain technical
statements have been included in the extended version [22].

C. Outline

The remainder of the paper is organized as follows: In
Section II, we discuss the relaxation of the continuous-time
optimal control problem, first using Young measures and then
using occupation measures. We also examine key aspects of
this relaxation process, such as the absence of a relaxation gap.
In Section III, we formulate the relaxation of the discrete-
time problem in the space of measures, ensuring that the
relaxation does not introduce any gap between the optimal
values of the problems. In Section IV, we analyze the con-
vergence of the relaxed discrete-time optimal control problem
to its continuous-time counterpart. Finally, in Section V, we
introduce relaxations based on semidefinite programming for
the relaxed discrete-time problem and illustrate the proposed
approach with an academic example.

D. Notation

Here we introduce the key mathematical symbols and defi-
nitions used throughout the paper. The Borel o-algebra B(X)
of a topological space X is the smallest collection of sets that
can be formed by countable unions, intersections, and comple-
ments of open sets in X. We denote by M(X) the space of
signed Borel measures on X, which are mappings from B(X)
to R, satisfying p(0) = 0 and p (U2, Ai) = Doy pu(A;) for
every countable pairwise disjoint collection {4;}. The space
of continuous functions from X to R, resp. R", is denoted
by C(X), resp. C(X;R™). If X is compact, the dual space to
C(X) consists of all bounded linear functionals on C(X) and
it can be identified with the space of signed Borel measures
M(X). We use C4(X) and My (X) to denote the sets
of nonnegative continuous functions and nonnegative Borel
measures on X, respectively. We further denote by C*(X)
the space of k-times continuously differentiable functions on
X, by Co(X) the space of continuous functions that vanish
at infinity, and by C,(X) the space of continuous bounded
functions.

The duality pairing between a measure p € M(X) and
a continuous function f € C(X) corresponds to integration:

(u: f) =[x 1 dp.



For 1 < p < oo, the space of p-integrable functions with
respect to a measure g on X is denoted by

L”(X,u)—{f:X%R|/X|f|pdu<oo}.

When p is the Lebesgue measure, we simply write LP (X ). For
p = oo, L>°(X, p) denotes the space of essentially bounded
functions.

We say that a sequence {f;};en of functions in LP(X)
converges weakly to a function f € LP(X), denoted f; — f,
whenever

hm/fjgdu:/fgdu for all g € LY(X),

where 1 < p < o0, % + % =1 and L9(X) is the dual space
to LP(X). In dual spaces, weak-x convergence is used, which
tests convergence against functions in the pre-dual space. For
example, we say that a sequence {f;} of functions in L>°(X)
converges weak-x to a function f, denoted f; X f, whenever

lim / fig :/ fg forall g€ L*(X),
J]—0 b’ D'

where we note that L'(X) is the pre-dual of L*(X).
Similarly, we say that a sequence {u;} of measures in
M(X) converges weak-x to a measure p € M(X), denoted
fj = p, whenever lim; o [y fdu; = [y fdu forall f €
C(X).Given a measurable function f : X — Y, the push-
forward of a measure p is denoted fxpu and is defined by
(f#p)(B) = u(f~Y(B)) for all B € B(Y'). For comprehen-
sive treatment of related notions from functional analysis and
measure theory, see [23], [24].

II. RELAXED CONTINUOUS-TIME OPTIMAL CONTROL

In this section, our aim is to describe the relaxation of the
continuous time optimal control problem (2) in the space of
non-negative Borel measures. As a first step in this direction,
in Theorem 1, we study weak convergence of the sequence
of inputs (u;) using Young measures, and show that the
corresponding sequence of state trajectories (x;) is strongly
convergent. We then introduce the relaxation of problem (2)
using Young measures and demonstrate in Theorem 2 that this
does not alter the optimal value, i.e. there is no relaxation gap.
Then, we introduce occupation measures, which allow us to
further relax the optimal control problem so that the resulting
problem becomes linear with respect to the measures. Finally,
in Theorem 3, we prove that this last reformulation does not
introduce any relaxation gap.

A. Minimizing sequences and Young measures

Let us consider a minimizing sequence (x;(-),u;(-));en
of control and state trajectories. By that, we mean that each
state trajectory x;(-) is a solution to (1) for the given control
u;j(-), and the value of the problem (2) decreases when j
increases. Next we consider the control sequence of this
minimizing sequence to be weakly convergent and we study
the convergence properties of the sequence of associated state
trajectories.

Note however that the nonlinearity of the dynamics in (1)
does not preserve weak convergence. For a simple illustrating
example, consider a sequence of functions (g;);en defined as
follows:

= Z 1[%72“1] (t) — 1[2i+1 2'i+2} (t) (6)

27 25 72

=0

where 1;(t) is equal to one if ¢ € I and zero otherwise.
Given p € [1,00), the sequence (g;)jen converges weakly
to zero in LP([0,1]), ie. lim; oo [ @(t)g;(¢ )dt = 0 for all
¢ € L1([0,1]), where q € [1,00) satlsﬁes f—&—a = 1. But if we
consider a nonlinearity f(u) = |u|, then f(g;(t)) =1 for all
j € N. So, we observe that lim;_,, f(g,;) # f(lim; e gj) =
f(0) = 0. Rather, the oscillating behavior of the weakly
converging sequence can be captured by Young measures [25].

Definition 1 (Young measure). Let [ = [0,7] and X = R".
A Young measure on I with values in X is a mapping t +—
v, € P(X) such that for every ¢ € C,(X) the function

Frs /X 6(z) dn(z)

is Borel measurable on I.

In the previous example, the sequence generates a family
of homogeneous (i.e. independent of ¢) Young measures w; =
% which capture correctly the weak-x convergence

g [ o= [ [ st

lim
— -1 + 51 —
B A /]Rd)(t)|Ll| 2 ar= /0 Ple)de

where ¢ € L*([0,7]). Thus, we obtain the correct weak-
* limit of the compositions, f(g;(-)) — 1. The next result
formalizes this mode of convergence: Young measures encode
the limits of compositions (¢, z;(t),u;(t)) when (z;,u;)
converge weakly and v is a Carathéodory integrand. A func-
tion ¢ : [0, 7] x R™ x R™ — R is called Carathéodory if it is
measurable in ¢ for each fixed (z,u), and continuous in (z, )
for almost every ¢ € [0, T].

dwt

Proposition 1 ( [25, Theorem 6.2]). Let (z;,u;)jen be a
sequence of measurable and equibounded functions, and let
¥ :0,T] x R™ x R™ — R be a Carathéodory function. For
every weakly convergent sequence (Y(t,x;(t),u;(t)))jen in
LY([0,TY)), there exists a subsequence (without relabelling),
and a family of probability measures (V¢)icjo,1), such that

T

bt (1),

lim
]—)OO 0

uj(t))dt =

T
/ / Y (t, x, u)dvg(x, u)dt.
0 nxXR™

The above result can be understood as a statement about the
convergence properties of sequences of compositions of non-
linear functions, with Young measures encoding the limiting
behaviour. In this context:



» The sequence (zj,u;);cn can be seen as generating a
sequence of Dirac measures (5(%%.))]»61\; in the space
L>=([0,T); M(R™ x R™)). !

o The weak-+ convergence of d(,,,,) in this measure
space yields a Young measure (w;):c[o,7] Which captures
the limiting behavior of (x;,u;) when tested against
functions in L1([0,T];Co(R™ x R™)).

Young measures also help to establish strong convergence of
state trajectories for certain class of dynamical systems even
under weak convergence of control sequences. For example,
consider the following dynamical system:

(t) = |u()] ()

with the sequence of inputs (u;)jen = (gj)jen Where g; is
defined in (6) and x(0) = 0. The sequence converges weakly
to zero in LP([0,T]) for each p € [1,00), and in weak-x
sense for p = oo. Thus, we might expect that, in the limit,
#(t) = |u(t)] = 0 and hence z(t) = 0 for ¢t € [0,7]. But
the sequence of solutions to (7), corresponding to u;, is given
by z;(t) = t which uniformly converges to x(t) = t¢. This
sort of convergence can be explained by the use of Young
measures, where we describe the limiting control by a measure
and system (7) with such inputs is interpreted as follows:

i(6) = [ luldanw) = [ o)1 =1

The last equation clearly implies that 2:(¢) = ¢. Note that
system (8) is a relaxation of system (7) in the sense that system
(8) corresponds to the particular choice of Young measure
dw;(u) = dy(s) in system (8). We therefore expect system (8)
to have a larger set of solutions than system (7).

We next show that, given a weakly convergent control
sequence (u;(-));en, the corresponding sequence of state tra-
jectories (z(-))jen is strongly convergent when interpreting
limiting controls in the sense of Young measure. Moreover,
each pair (x;(-),u;(-)) satisfies (1) and the limit trajectory
x(+) satisfies

i(t) € N (x(t)) + /U Fa(t),w) do(ult).  ©)

®)

Theorem 1. Let (u;)jcn be a weakly converging sequence, in
L*>([0,T]; R™), which generates the limiting Young measure
dwy. Then, up to a subsequence, the sequence (z;)jen of
associated solution trajectories (1) converges uniformly to x
satisfying (9).

Proof. Let us consider the weakly converging sequence
(uj)jen with the Young measure w, as the limit (in the sense
of Proposition 1) and associate with it a sequence of absolutely
continuous functions (z;);en Where each z; : [0,7] — R™ is
obtained as a solution to (1) by applying the control input u;,
J € N. We aim to prove that the sequence (z;) ;e is uniformly

IThe spaces L' ([0,7T];Co(R™)) and L°°([0,T]; M(R™)) form a dual
pair, with their duality relation given by

T
o) = [ [ ol

for v € L>([0,T]; M(R™)) and ¢ € L1([0,T]; Co(R™)).

Young measure

A
X 3 aj)‘
Moreau Moreau
Yosida Yosida
X j x

Fig. 2: Schematic diagram of the proof of Theorem 1.

convergent to x, where = is described by (9). The proof
consists of three steps: (1) approximation by regularization,
(2) convergence to Young measure, (3) uniform convergence
of the relaxed dynamics.

1) Approximation by regularization: We consider the Moreau-
Yosida regularization of the dynamics in (1)

iy(t) =

(a3 () = Py (27(1)))-
(10)

> =

Fla (), u5(1)) =

For X\ small enough, z}(t) € Q and we borrow the
following inequalities from [26, Theorem 3.1]:

2Ly + Ly
|2} (t)| < exp(2LT)|2}(0)| + (exp(2LsT) — UQT
Y
DY A A
25 (O < 2Ly + Lyl (O] + Ly max |25(s)] + L
(12)

which establish the bounds on x? (t) and x;‘(t) are uniform
in j and \. So, considering a sequence of xg\() for A — 0,
we can use the Arzela-Ascoli theorem to conclude that the
sequence converges uniformly to z,(-) satisfying (1) with
u = u,;(t).

2) Convergence to Young measure: Now we address the

convergence of sequence x;‘() — 2*() as j — oo.
Using the bounds in (11), we conclude that the sequences
x?‘()wg\() are uniformly bounded in j. So, using the
Arzela-Ascoli theorem, we conclude that xj* converges
uniformly (up to a subsequence) to some x*. To charac-
terize the limit 2*(¢), we use Proposition 1 to infer that
the sequence {:rg\(),uj()} generates a Young measure

v (+,-|t) € P(R™ x U) such that

1
iMNt) = /RWXU [* X(X* Psy(x))+
f(x7u)}d1/)‘(x,u|t). (13)

2In Assumption I, the set  can be chosen such that x;‘(t) € Q holds for
small enough A and all ¢ € [0, 7).

)



A

In order to show that the trajectories x7(t) converge

pointwise to z*(¢) at each time ¢, we consider

(1) = 23 ()] = [0

+/0t/nXU [f(x,U) - %(X—
— 20— [/Ot f(x?-(t),uj(t))—%(x?(t)—Psu)(x?(t)))} ’

where we have used the fact that 27(0) = 2*(0) = .
The pointwise convergence x;‘(t) to ©*(t), implied by
Proposition 1, and it being integrable allow us to use the
dominated convergence theorem to conclude that |z} (t) —
2 (t)] — 0 pointwise in ¢t as j — oo. Moreover, since
we have pointwise convergence of the whole sequence and
uniform convergence up to a subsequence, we can conclude
that each subsequence converges uniformly to the same
limit #*(¢). The Young measure v;* can thus be written
as v*(dz, dult) = 0, ) (da)w(dult) [25, Theorem 6.2].
Consequently, the dynamics in (13) reduces to

P (2 (1))
Z‘A u wliu .
+/Uf( (1), w)dew(ult)

3) Uniform convergence of the relaxed dynamics: Next, we
consider the convergence of the sequence x*(t) — z(t)
as A — 0. We note that the term [, f(2*(t),u)dw(ult) in
(14) is Lipschitz and it satisfies the linear growth condition.
Thus, the dynamics in (14) satisfies bounds similar to
(11) which ensure uniform convergence of z*(t) — x(t)
using the Arzela-Ascoli theorem. Using arguments similar
to those in [26, Lemma 3.4], we conclude that the limit
trajectory x(-) satisfies (9).

Thus we have the following inequality

[l2:5(-)

(1) =~ () -

(14)

—2()] < [l () = 2} O]+
23 () = 2O + [|l2*() = ()

and we have already established uniform convergence for
all the three terms on the right-hand side of the inequality.
By applying the ¢/3 argument, we establish that x;(-)
converges uniformly to z(-), where x(-) is the solution of
system (9). O

B. Relaxation with Young measures

In the previous section, the formalism of Young measures
was introduced to describe the selection of optimal control
inputs. The dynamical system (1) also contains a multi-valued
mapping for which we need to consider a selection rule. Fol-
lowing [27, Section 3], we make a selection from N () by
choosing a probability measure 7(-|t, z(t)) € P(Ngw (x(1))).
Then, (1) can be expressed as

i(t) = — / Cdn(Clt, z(t)) + Fla(t),ult))
Ns ) (z(t))
= g(x(t),u(t))

s.t. (0) = zg. (15)

Let (z;(-),u;(-))jen be a minimizing sequence of state
and controls of the problem defined in (2) such that
lim; o0 [ L(2(t),u;(t))dt — J*(x0). Under Assumption 3,
the function £(x, u) is upper bounded by |u|? and the uniform
boundedness of w;(-) implies that (L(z;(-),u;(-)))jen is
uniformly integrable. Thus using Proposition 1, we get

L(x;(t) uj(t))dt:/O /n Uﬁ(x,u)dut(x,u)dt.

Following the results stated in Theorem 1 and [25, Theorem
6.2], v; can be written as v; = 538(,5)&1,5. Thus,

OT L(x;(t),u;(t))dt = / / L(x (ult)dt

Using this relaxation of the cost function and Theorem 1,
the optimal control problem defined in (2) can be relaxed as
follows

T
Ji(zg) =  inf / / L(z(t),u) dw
z(-), wil)Jo Ju

subject to,

(t) = /U F(a(t), u) dw

x(0) = xp,
n(lt,z(t)) € P(Nsq)(x(t))),
For this relaxed optimal control problem, our next result shows

that this relaxation does not introduce any gap in the optimal
value.

T

lim
J‘)OO 0

lim
j*)OO

(ult) dt  (16)

Wi - [ Canltat),
Ny (z(t))
)

w(-lt) e P(U), Vt €10,T).

Theorem 2. The optimal value J*(xq) of optimal control
problem (2) and the optimal value J}(xo) of Young’s measure
relaxed optimal control problem (16) are equal.

Proof. (Proof of J'(zg) < J*(x0)): We observe that if
(z(-),u(-)) is feasible for (2), then it is feasible for (17). So
if we consider an optimal solution (z*(-),u*(-)) of (2) then
(2*(-), 0y=(.)) is feasible for (17), so

J*(xo) = /OTE(QC

u* (t))dt

/ L

where for the inequality we have used the fact that
(2*(-), 0y=(.)) is a feasible solution to (16).

(Proof of J*(x¢) < J(x0)): Since we know that £(-,u) is
a convex function in u (based on Assumption 3), we can use
Jensen’s inequality to obtain

J2 (z0) //g

Now we invoke Assumption 3 which ensures that g(x,U)
is convex, so [ g(z(t),u)dw(ult) € g(z(t),U). There ex-
ists a measurable selection u(t) € U such that &(t) =

u ()dt> J (1’0)

u)dwo(ult) dt>/ L((t), u(t))dt.



g(x(t),u(t)) = [ g(x(t),u)dw(ult) [28, Theorem 8.1.3]. The
pair (x(-),u(-)) thus obtained is feasible for (2). So, we get

J¥(xo) / / L(x (ult)dt

_/0 L(x(t),u(t))dt > J*(z). O

The problem (16)—(17) above is still nonlinear in z(-), and
in the next subsection, we use occupation measures which
will lead us to a linear program in the space of non-negative
Borel measures. To establish this, we make a passage from
the Young measure to occupation measures by embedding the
Young measure in the space of linear functionals.

C. Occupation measures

Each triplet (x(t), n(:|t, z(t)),w(-|t)) for t € [0,T] which
satisfy (17) can be associated with a pair of measures (ji,§) €
(M(BxU), M(S(T))) where M (B x U) denotes the space
of Borel measures on B x U for

B = {(t,2,() | t€[0,T], € QCR", (€ Nsp(2)},
(18)

and © O Uy¢o,77 5(t). Let the pair (4, ) satisfy the following

relation
0%m+@ﬂ%=l(Ahﬁw@udMMWﬁ+ﬁﬂ$@D
(19)

forallh € C([0,T]xQxU)andg € C(S(T)). Let us define

(1,€) € ML (B x U) x M4 (S(T)) |(19) holds for
s, — J some w(:-[t) € P(U) and x(-),

with z(-) satisfying (17)for the samew(:|t)

for some 7(-|t,z(t)) € P(Ns(x(t))) Vt € [0,T]. .
The set R provides an embedding of the tri(plei
(x(t),n(-|t,z(t)),w(-|t)) for ¢ € [0,T] into the space

of measures M (B x U) x M(S(T)). A canonical embedding
is given by

d/l(t,]?, C7u) =dt 6z(t)(d'r) V(d<7du | tvx(t))a 5 = 6I(T)7

with v(- | ¢,z(t)) € P(Nsq)(2(t)) x U), whose conditional
marginals satisfy ¢ 4V =1 and m,»v = w. Specifically,
using (19), we derive the following bound on the norm of ji:

TR ’/ /hm

li = sup u)dw(ult)dt

T
S/IWMWHST
0

where ||w||, is the total variation norm of w(:|t) € P(U)
(see [23] for the definition of total variation norm). Similarly,
¢ satisfies the following bound:

€l = sup [(&,9)] = l9(T,2(T))| <1

llglloe <1

sup
lloll oo <1

€ fR satisfies:
€]l < 1

and thus any pair ({1, &)

4l <T;

f,§ 2> 0. ey

Because the pair (i, &) satisfy (9) and (19), and both rela-
tions depend nonlinearly on the state trajectory z(-), convex
combinations of admissible triplets need not be admissible;
hence the set R in (20) is not convex.

We observe that for every triplet (z(t), n(:|t, z(t)),w(-|t))
satisfying Young measure relaxed dynamics (17), the as-
sociated measure du(t,x,(,u) = dtd,dw(ult)dn(C|z(t))
satisfies the following equation for every ¢ € C*([0, 7] x Q):

/ / /[&qﬁ(t,x)du(t,x,@,u)
[0,T1xS(t) J Ns(y(z) JU

 0,0(1,%) - (=€ + £ (%, 0))dpu(t x, G, u)]
_ / S(T,x)dpr(x) — ¢(0,z0). (22)
S(T)

where p € M(B x U), ur € M(S(T)). Equation (22)
is called continuity equation or Liouville equation and the
equation obtained is linear in (u, pr).

Next, we characterize all possible solutions to (22). Fix a
constant C,, > 0 such that every admissible triplet (x(t),n(- |
t, x( ))s ( | t)) that satisfies the dynamics (17) also satisfies
fo st(t)(m(t))xU IC]dn(¢, ult,z(t))dt < C, (the constant
can be derived from the fact that &(-) has uniform norm bound
and the fact that we have [, f(z(t), u)dw(ult) is bounded
uniformly from Assumption 1). Consider the set of pairs of
measures (4, i) such that

9 1= {(, 1) € M4(B x U) x M4 (S(T)) |
pypr 20, [pl| T, [lprll <1,
(22) holds, [,/ [¢|dp < cn}. (23)

Since the measure du(t,z, (,u) = dtd,)dv (¢, ult, z(t)) with
TV =1 and 7,4V = w, satisfies the continuity equation
(22) and the uniform first order moment bound on 7, this
establishes the inclusion R C O. Subsequently, we show that
the set © is convex and weak-x compact. The convexity of
set O follows from the linearity of the governing equation in

(N?,LLT)'

Lemma 1. The set O defined in (23) is weak-* sequentially
compact.

The proof can be found in Appendix A.

D. Relaxation with occupation measures

In the following subsection, we present an occupation
measure-based reformulation of the problem (2). We note
that any occupation measure satisfying (22) can be dis-
integrated as du(t,z,¢,u) = dtdp(z|t)dv(¢, ult,x) with
v € P(Nsqu)(z) x U) has conditional marginals m¢ v =
7, TuxV = w. Using this occupation measure framework, the
problem in (2) can be reformulated as follows:

L(x, u) dp(t,x, C, u)
BxU

Jy(zo) = inf (24a)

My BT



subject to

Oep(t, %, ¢, u) + Vi - [(=C 4 f(x,u))u(t,x, ¢ u)] =

5T & KT — 60 & 61‘07 (24b)
peML(BxU), preMy(S(T)),

where V.- is the divergence operator, and the dynamics
constraint in (24), has to be interpreted in the weak form,
as in (22), i.e., when integrated against test functions ¢ €
CY([0,T] x Q). Note that the search for the minimizer (u, 1)
in the above program is over the set £, defined in (23),
which is weak-x compact. Further, the cost function is weak-x
continuous (which can be checked using the fact that £(-, )
is continuous), so the existence of a minimizer follows from
the direct method of calculus of variations. Before stating the
main no-relaxation-gap theorem, we record a lemma used in
the proof of Theorem 3.

Lemma 2. Consider the sets R and 9 given in (20) and (23),
respectively, and let (u,ur) € O be a feasible occupation
measure pair satisfying (22). Then there exists a probability
measure § € P(R) such that

/mU Lo, u)dp = /m UBU L(x,u) dﬂ} do (@)

Jor every L : R™ x U — R satisfying Assumption 3.
The proof of this lemma is given in the Appendix B.

Theorem 3. For a fixed initial condition xo, the optimal
value J} (o) of occupation measure relaxed optimal control
problem (24) and the optimal value J} (xo) of Young’s measure
relaxed optimal control problem (16) are equal, i.e., there is
no relaxation gap when relaxing to occupation measures.

Proof. One direction of the inequality, namely J)(zo) <
J*(x0), holds trivially since the admissible set SR for (16)
is a subset of O which is an admissible set of (24).

Next, we show that there exists i such that the objective
function value in both problems are equal. We consider an
optimal pair (u, ur) € O that solves (24). By applying the
superposition principle as stated in Lemma 2, we can represent
the objective value of (24) as

/%wﬁ(x’“) = /% U%wﬂ(maw dﬂ} do(p),  (25)

where (i, 6,(1y) € R and 0 € P(R) is a probability measure
over admissible relaxed trajectories.

If it were the case that [ L(z,u)dp > [ L(z,u)dp for
all i1 in the support of 6, then the right-hand side of (25)
would be strictly greater than the left-hand side, leading to a
contradiction. Therefore, there must exist some 1 € PR such

that
[ tewdi=[ e
BxU BxU

which implies that the optimal values of both problems are
equal. O

The generalization of problem (24) to account for an initial
measure other than a Dirac distribution concentrated at a point
x( is straightforward. Specifically, when the initial condition

is described by po € P(S(0)), the objective and the dynamics
in (24) are integrated with respect to pg. To generalize the
solution of (24), which depends on a fixed initial condition
T, we introduce average occupation measures by integrating
over an initial distribution pg. Let us define the set

¢ = {(t.C.ru) [t E[0,T]x € S(t),
(e /\/’S(t)(x),u S U}.

We then define the average occupation measure i € P(C) as

B = [ A 20) duooo), 26)
5(0)
for all measurable sets A C &, where pu(- | zg) € P(€) is the
occupation measure associated with the initial condition z.
Similarly, the averaged terminal measure fir is defined as
pr(B) = [ (B o) duofw). @D
5(0)
for all measurable sets B C S(T).

Since (24) corresponds to the special case of a Dirac initial
condition 9 = d,,, we will use the same notation, ;i and
wr, to denote the occupation and terminal measures averaged
over the initial distribution pg. With this notation, the optimal
control problem of a nonsmooth dynamical system becomes
the following linear program:

/ £ u) du(t, x, , u)
s BT

S.t. 8t,u(t,x, C, U) + va: : [(C + f(xv U))/J(t, X, C» U)]
=07 ® pr — 8o ® o
pEML(BxU), preMy(S(T))

Jolpo] = inf

(28)

where we recall B from (18).
The dual program to (28) is described as follows:

sup / v(0, z)dpo(x)
5(0)

v

D*[po] =

ov -

(T, ) € C4(S(T)).

0
e (FCH D€ C(B X )
1 7

(29)

Using the arguments in [29, Theorem 7.2, Chapter 4], it can
be shown that strong duality holds between (28) and (29), that

is, J3[po] = D*[po).

III. RELAXED DISCRETE-TIME OPTIMAL CONTROL

In this section, we relax the discrete-time optimal control
problem (5) with dynamics (4) to the space of measures. We
begin with the case where the constraint set varies with time.
For this setting, we formulate an equivalent linear program
over measures, given in (38), that captures the evolution of
the state distribution across time steps. We then specialize
our construction to the static-set case. Under the assumption
that S is time-independent, we derive in Lemma 3 a discrete-
time counterpart of the continuity equation in (43). Theorem 4
then establishes that for any solution of (43), there exists a
stochastic kernel whose propagation through (4) generates the



corresponding sequence of state distributions. Together, these
results enable a reformulation of the optimal control problem
with a static constraint set, see (45), as a linear program in
the space of measures in which the only unknowns are the
occupation measure 1" and the terminal measure p7 (with
7 > 0 the time step), in contrast to (38), which introduces a
distinct measure variable for each time instant.

We consider the uniform partition of the time interval [0, T']

{Ozto,tl,...,tN:T}, ty = kT, N:T/TEN.
(30)
We know from (4) that the states at successive time instants
k7 and (k + 1)7 are related as
x;c——i-l = PSk+1 ° (Tf(xﬁ,UZ) + xk) = GZ(Ik, uk) (31
where Pg, is as before the projection mapping on the compact
convex set Sy := S(t). To relax the problem in (5) to the
space of measures we will rely on probabilistic arguments
since we are modeling the initial condition and the control as
random variables [16]. For a fixed value of 7, we define the
measures {fi] }xen, such that 4] € P(Sy), at time instants ¢
which are a result of recursive evolution of measures through
dynamics (31). We introduce a time-varying stochastic kernel,
also called Markov control policy, wf (u|x) € P(U), which
is the probability measure on controls u at time instant k
conditioned over the state x. Using this stochastic kernel we
define a transition kernel which is the probability measure of

states at time k7 given the state was at 257 at time (k —1)7:

Qr(Alrpr b~ 1) 2 /U La(GE_y (ek—1, u))dw]_s (ulap_1)
(32)

where, 14 denotes the indicator function on set A C S.
Kernel Q7(-|-,-) captures the effect of feedback wj(-|-) at
each time step. Now, given /i) is the measure at time 0, we can
compute the measure at the next time step, £, as its successor.
This is given by:

AT (A) = /S /U L4(G (2, ) ol (ulz)dfig () (33)

where A C S;. We can recursively compute the measures at
time k using the following equation:

) = [ [ k(G ) ()i ).
Sk—1JU
(34)
Next, we identify a measure uj, € P(Sk,U)
(4, du) = wf (dulz) i (dz) (35)

at each time instant. We also note that fij, is the push-forward
of uj_, through G7. Therefore, the following relationships
hold:

Gar_
e (Tf_1,uf_y), (36)
~T szl# T
fir(dw) «—— pg_1(dz, du). (37

Let m, be a projection mapping such that 77, : R®" x U — R"™.
Using (37), we have the following linear program in the space
of Borel measures for (5):

(38)

st mopuf = [P, o (1f() +70)| 1, (39)
up € P(Sy xU), Vk=1,.,N.

The dual problem to the above can be derived as follows:

7o) = max | Vo(a)dpo(z)
V( ) So

st. Vi <7L4 Vi1 (GL(z,u))
VN =0 on SN

fori=0,.,.,N — 1,

(40)
where, V; € Cp(R"™). Following the techniques used in [29,
Theorem 7.2, Chapter 4], it can be shown that, for a given
to € P(Sp), there is no duality gap between (38) and (40),
ie., J;T[Mo] = J*T[MO].

Next, we introduce a discrete-time continuity equation,
which has a similar structure to (22), but applies when the set
is static, i.e., S(t) = S. In this case, the update rule becomes

GT(xk,uk) = Ps o (Tf(xk,uk)—l—xk). 41
We will later highlight that considering this specific case
separately can be numerically advantageous, especially when
the set defining the normal cone constraint remains static. For
the following discussion, we define discrete-time occupation
measure u” € M, (S x U) satisfying the following relation-
ship

N-1

/A ol () = kZZO /A o)
(42)

for all ¢(x, u) bounded measurable function and A C S, B C
U. This measure captures the time spent by all possible
trajectories in some subset of state space and admissible
control values.

Lemma 3. Let w(:|-) € P(U) be a stochastic kernel and
Wi, p" be as defined in (35), (42). Let g, fi be such that
2o ~ i and xy ~ [ respectively. Then, (™, [f, fp satisfy
the discrete-time continuity equation,

/S @ @) + JECIAE

S

- /S (E ) @)+ / o) ()

S

(43)

Sor all v(-) : R® — R bounded, Borel-measurable functions
and G7 defined in (41).



Proof. Let v(x) be some bounded measurable function, then
using (42) and (35),

/SX v(z)dp"( zuNZOl/SXU x)dug(z,u)
:::/SXUU(x)d 7 (ula)d Z/
=3 [ o) A6 )

> [

=0

where in the third and fourth equality we have used the fact
that wj (-|z) € P(U) and (37) respectively. Now using the
change of variables formula for push-forward measures we
get,

Next, we prove that for any solution of (43), we have a
stochastic kernel such that if we propagate this stochastic
kernel through (31), we obtain a sequence of measures defining
the probability of state at each time instant.

Theorem 4. Let ff, 7, 1" be the measures which satisfy
discrete-time continuity equation (43). Then there exists a
stochastic kernel wi(-|x) € P(U) at each time kT which de-
fines the evolution of measure [if) through (34) to jif. € P(S)m
and 7 € My(S x U) is the corresponding discrete-time
occupation measure satisfying (42).

Proof. Let us consider nonnegative measurable functions p; €
L'(u™) such that

k=0

Vk=0,...,N—1.
Define pj, := ppp”. Then, for any measurable A C S and
BcCU,

/ Taxp(z,u)du’ (z,u) =
SxU

/ HA><B(1'7u)
SxU

N-1

pr(z,u)dp’ (z,u) =

- o

k—
N—
/ Taxp(z,u)dug(z, u)
k=0 Y SxXU

where in the last equality we have used the definition of
i The set of such {pi}) is nonempty as p, = =+ for
k =20,...,N —1 is a feasible point. Using [30, Corollary

N—-1
> e =1as), [ i (@) =1
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10.4.13], each pj, can be disintegrated as pf (de,du)
w] (dulx) ] (dz), then (43) becomes

| L@ )+ 7 (4)
SxU
N-1
-y / La(G7 (2, u))dw. (ul2)dii (x) + ig (A).  (44)
k=0 Y SXU
Using wj, as the time-varying stochastic kernel we can define

QT (A|zk, k) using (32). Thus (44) can be equivalently written
as,

N-1
WA + ) = Y [ QDA WA ) + 5 (A)
k=0

N-1 -,

k=0 M (A).

% O

U) = Yo fif(A) — if(A) =

Using Lemma 3 and Theorem 4, we define the following
linear program in the cone of non-negative Borel measures,

So, u™(A

J*[po] = inf

[y T

L(z,u)dp" (z,u)

St Mot + iy = [Ps o (7f(-) +m)}#m + i,

ureP(SxU), ppeP(S).

(45)
Here, the dynamics constraint in (45) is interpreted in weak
sense, as in (43). As we observe in the above program, we
only solve for 4™ and [i7., which are the aggregated occupation
measure and the terminal measure respectively. The derivation
in the proof of Lemma 3 requires the push-forward map G to
be time-invariant. For the case with time-varying set as (5), we
cannot derive an equation analogous to (43) rather we directly
use the relations defined in (36) to obtain (39).

IV. CONVERGENCE OF THE DISCRETE-TIME OPTIMAL
CONTROL PROBLEM TO THE CONTINUOUS TIME PROBLEM

Having defined the relaxation for the continuous-time prob-
lem in (28) and the discrete-time problem in (38), in this
section, we study the convergence J*7 =9, JZ , where J*7
and J} are defined in (38) and (28) respectively, and T is the
time step. There are three main ingredients of this convergence
problem: (1) Construction of suitable interpolations for the
admissible solutions to (38), (2) Limiting behavior of the
interpolated curves as 7 — 0, and (3) Convergence of the
optimal value J*7 of (38) towards the optimal value J; of
(28) as 7 — 0. Before addressing each of these steps, we
present some important technical definitions and tools that will
be used in the various parts of the proof.

A. Wasserstein space

We will denote P2(R™) as the space of measures with finite
second order moment. In such measure spaces, Wasserstein
metric is commonly used to evaluate the distance between
two measures. It is defined as

1/2
min (/ |lx — y|2d9(x7y)>

R xR™

Wa(u,v) = 0O (u,v)



where O(u, v) is the set of joint probability measures on R™ x
R™ with given marginals p and v, or in other words 6 €
O(p,v) satisfies (A, R™) = p(A) and (R™, A) = v(A),
for every measurable A C R™. We refer to (P2(R"™), W)
as the (2-)Wasserstein space; it is a geodesic metric space,
so for any pug, 1 € P2(R™), there exists a constant-speed
geodesic (f1¢)iefo,1) With Wo(pus, pe) = [t — s| Wa(po, p1)-
Every such geodesic is absolutely continuous and solves the
continuity equation Oypt; + V - (vgpsy) = 0 with [|vg||p2(,,) =
|w'[(t) = Wa(po, 1) ae. t, for a (minimal-norm) velocity
field v; € L?(pug; R™) (see [31, Theorem 8.3.1]).

B. Interpolated curves

Consider the partition of the time interval [0, T introduced
in (30). Recall from (37) and (34) that £, is the image measure

of p7_; under the push-forward map Ps, o (Tf(~, )+ idm)

Equivalently, for every Borel set A C R,

/AU [Psk o (Tf(%u) + m)}# Al (y, ).

Using the disintegration of pj,_, from (35), we obtain:

(v [ s

In the following, we denote:

i = [Ps, 0 u) i | br, ) 7o) oo

GI(z) = Ps, (T /U Fla,w) dd(u | kr, ) —l—x).

Thus, at each time k7 for k € {0,1, .., [£7}, we have:

ﬂ;c—Jrl = 7];#/7’71;7 (46)
GT

Given the discrete sequence {u;},rcz/oﬂ, we associate two

interpolations that will be crucial in the convergence analysis.
(1) McCann (constant speed) interpolation: Let us define a
constant speed geodesic interpolated curve i as

= (tr + (1 —t)y)gb(de,dy) for t € (k7, (k+ 1)7]

(48)

fi

such that ¢ is the optimal transport plan between jiz,, and
fi,. The velocity at time ¢ is defined as

Y(z) for t € (kr,(k + 1)7].

0 = 041 0 (GT)

One important characterization of these curves [32, Chapter
5] is that,

Wallles ) _y aryr i)

for all t € (k7, (k+ 1)7].

107 || L2(a7) =
(49)
This interpolated curve satisfies the continuity equation

Ofif +V - ( 1) =0

where (E]) := 0] [if .
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(2) Piecewise constant interpolation curves such that
fp = iy, forte (kr,(k+1)7]

and velocity o7 = v, fort e (k7,(k+1)7].
We also define the corresponding momentum vector E; :

AT A

Ut Mt

(50)

In what follows, we will use the following notation

9" (kt,x) = /Uf(:mu) dwT (ulkT, x). (51)

Remark 1. Two interpolations are used for distinct but com-
plementary purposes. The convergence of the curve p] ensures
convergence to the limit pu;, which solves the continuity
equation. On the other hand, the convergence of velocities of
the piecewise constant interpolated curve fif ensures that the
limiting velocity field of the continuity equation satisfies

vi(x) € =Ny (z /fzudw(u|tx)

C. Convergence of dynamics constraint

Next, we will show that for ¢ € [0,T], the interpolated
trajectories pf and ji] converge to p; which is the absolutely
continuous solution to the continuity equation

Ope + V- (vgp1) =0
R™ — R™ defined in (9).

(52)
with vector field vy :

Theorem 5. For system (1) and measure pg € P(S(0)), sup-
pose that Assumptions 1 and 3 hold. For t € [0,T), the curves
{7}, {[iT }+ defined in (48) and (50), respectively, converge
uniformly, with respect to the Wy metric, to {pu}+ € P(S(t))
which satisfies (52). The momentum vectors Ef = v} jif and
Ef = O also weak-* converge to iy = v where,

v(x) € =Nsy(x) + [, (2, u)dw(ult, z).

Proof. The proof is divided in four parts: (1) Proof of con-
vergence of if — p and i — pe; (2) Proof of convergence
of E~tT and E[ to Ey; (3) Proof of absolute continuity of F;
w.r.t. py such that Ey = v p4; (4) Proof of convergence of o]
to vy such that v; € =N (@) + [, f (2, u)dw(ult, ).

In order to prove the first part, we need the following
lemma; its proof can be found in [27, Lemma 2]. Let C\ax 1=
supgq ||zkl|- By [1, Section 5], Cpax < 00; it depends on the
system data and the initial state x(, and is independent of time
instants k.

Lemma 4. Consider the definitions of fi;, and fij, , as given
in (46). Then, the following inequality holds:

Wy ([Lza ﬁ2+1) < 7_(Lfctmaux + Ls)

where Ly is defined in Assumption 1, and L, is defined in
Assumption 2.

(53)

(1) Proof of convergence of jif — p+ and jif — p: Using
Lemma 4, we can derive the following bound (see [27] for
details),

Wa (g, i5) < (t — 8)Y3(LyCOmax + L) TY? Vs, t € [0,T).
(54)



The same estimate holds for the curve [i; specifically;
Wo(fi7, i7) has the same bound as (54). Thus, the curves ji],
and g are %—Hélder continuous. Using the Arzela-Ascoli
theorem, we conclude that there exists a subsequence {7;},
for which fi; — ji; uniformly in W5 space and the limit curve
[y 18 absolutely continuous. Same conclusion holds for curves

fif ie., fi = fir.

Moreover, observe that the curve f[] coincides
with ;] at times k7 and is constant on the interval
(kt,(k + 1)7]. Thus, we conclude from (54) that

Wo(il,if) < 7Y2(LyCpax + Ls)T'/2. So, both curves
converge to the same limit curve as 7 — 0, which we denote
by iz

(2) Convergence of EJ to E,: We define m™ € M™([0, T] x
R™) as
m’ = o] iy di (55)

which is a vector-valued measure. >

Lemma 5. An estimate on the norm of m” defined in (55) is
as follows:

17 |([0,T] x Q) < T2 (LsCrpaz + Ls). (56)

where Cuax represents the uniform bound on , Ly is
defined in Assumption 1, and L is defined in Assumption 2.

The proof of the estimate (56) can again be found in [27,
Lemma 3]. Using the same proof, one can obtain the same
bounds on |m”|. The sequences m” and /" are uniformly
bounded and therefore relatively compact in the weak-x topol-
ogy. As a result, we have (up to a subsequence) m" X,
mT = 1, E X FE, and ET XOE,. Flnally, by applying
[32, Lemma 8.9], we conclude that m = m =: m and thus
Et = Et = Et.

(3) Absolute continuity of Ey w.rt. ji;: To prove the absolute
continuity of E; we use the properties of Benamou-Brenier
functional B(udt, Edt) (for more details refer [32, Chapter
51). A key property of B(ji]dt, E[ dt) which is of importance
here is the followmg E~T < fiy such that E{ = v{ i, then
B(agdt, Efdt) = [ [, |ug|2du;dt Now the uniform bound

on |m7| also implies an uniform bound on fo Jo [o7|2diag dt)
from (56). Moreover, nonegativity, convexity and lower semi-
continuity of B(-,-) [32, Proposition 5.18] implies
B(udt,dm) < likrggf B(ag;dt,dm’™) < oo,
where p; and m are the weak-x limit of ji; and m”™ as 7 — 0.
The finiteness of B(u.dt, m) implies that Ey < u; and E; =
vy iy with v, € L?(ug). Applying the same argument to the
sequence (fi, ET) gives E, = o4 ji;. From the previous step
we already have [i; = u; and Et Et, hence U; = vy us-a.e.
(4) Proof that vy(z) € =N () + [, f(z,u)dw(ult, z):
To prove this statement, we consider the sequence of curves

3The space of vector-valued measures M™ () is dual to Co(2; R™) and
is endowed with weak-x convergence with respect to this duality.
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07 . Using (47) for g7 (k,z) (defined in (51)) and for every
r € Sy, we have

(y= P (rg" (kr,2) + ),
(Psy,y 0 (g7 (kT,-) +id)z — x)> -0
. >

which follows from the construction of the discrete-time
velocities ©7,. Then

T(kT,-) +id)z), vp g (2)

where the brackets denote the inner product between vectors
in R™. This is the condition for vj_ ,(z) — ¢g" (k7, ) to be in
the normal cone to set Siy1. In the integral form the above
condition is expressed as

<y - Psk+1 © (Tg - gT(kTa 'T)> Z 07

A<mmer4@Moﬁywnq+mmy

— g7 (k7 2))djif 1 (1)) 2 0, Yy € Spar (5T)

for any positive h(t,z).
g™ (kT,x) as

g’ (t,z)

Using the piecewise constant interpolations defined in (50),
we have

(UI:Jrl (z)

We define the interpolation of

= g7 (kt,x), for t € (kr, (k + 1)7]. (58)

dif = dif,
dET = 7] = of 1 dAf 4,

for t € (kr,(k + 1)7]. In order to study the convergence of
(57), we will need the following result.

Lemma 6. For any positive measurable function h(t,x) we

have
lim [ A(t, 2)(y = Psy(«))g" (¢, 2)dag (z) =
[ hito)w — gt 0)dp(o)
where g7 is defined in (58), [if defined in (50) and t €
(kt, (k+ 1)7].

The proof can be found in Appendix C.
_ Using Lemma 6 and the convergence results for fij — put,
E] — E,, for any h(t,z) positive function we have,

T
/ / <h(t, x) (y — x),dEt(x)dt>—
)
T
[ [ (bt (y=o).ot. 00dp()de) 0. vy e 560,
0o Ja
Since h(t,x) is an arbitrary positive function we get,
(y—=, v(t,x) —g(t,z)) >0, VyeS®).

Thus, v(t, z) fU (z,u)dw(ult, z) € =N
be re- expressed in terms of some selection 7 6 P(Ns
as,

“@”:_A@mfm““”+ﬁﬂ%mwmm”

y(z) which can

()



This completes the proof of Theorem 5. O

As a result of Theorem 5, we obtain the continuity equation
in the following form:

/ (T, 2)dper () — / (0, 2)do () =
S(T) S(0)

/{QT]XSU)/U<3t90(t,$)+3z§0(t7w)-{—/Ns(t)(w)gdn(qt’x)
+/Uf(a:,u)dw(u|t,x)Dd/1t(x)dt, (59)

for all test functions ¢ € C1([0,77],). Moreover, Lemma 2
shows that any solution p to the problem (24) admits a dis-
integration as du(t, z, {,u) = dv({, u|t, x)d i (x)dt such that
v € P(Ns()(z) x U) has marginals m¢ v =1, myuv = w
and the resulting continuity equation is (74) with the vector
being (75) which is equivalent to (59).

D. Convergence of value function

In the previous subsection, we proved that for any sequence
of feasible solutions p7, to the family of problems (38),
we obtain a feasible solution p of (28). We now establish
convergence of the optimal values as 7; — 0. For point-mass
initial data pg = 04, we write J7*(zg) = J7*[uo] and
Ji(x0) == JX[uo] for the optimal values of the discrete and
continuous problems, respectively.

Theorem 6. Let pg = 95, with xy € S(0) be fixed. The
optimal value of discrete-time LP (38) converges to the optimal
value of continuous-time LP (28) as 7; — 0, i.e., J7*(xg) —
JX¥(zo). In other words, J7i* converges pointwise to J for
fixed x.

Proof. The discrete-time objective function in (38) is

V™) ZTJ/

S;‘XU

L(x, u)dw™ (ulkT, x)dfi,? (x).

We first prove that the objective function value V74 for each
admissible solution w™ converges to the objective function
value of (28) obtained for w = lim,, ,ow™. We study this
convergence for pp = 0 ,. Using the convergence results
proved in Theorem 5 we have

Z / L(x, u)dw™ (ulkr;, x)djig’ (x)
SkXU

= Z/ L{x, u)dw™ (ulk7;, x)dji (x)7;
Sk xU

T
EmaN / / £(x, u)dw(ult,x) dji, (x)dt
0 S(t)yxU

T
= / / / L(x,u)dpu(t,x,,u)
0 S(t)xU Ng(t)(x)

where we have used the weak-x convergence results for
W™ = w and dig’ 7 X dji,dt. This establishes that for each
admissible sequence {(w™,/i;’)}jen. the objective function
value converges to objective function value of (24).

To study the convergence of value function, we consider two
quantities: limsup_ _,o J*" and liminf, o J*"7. We aim to
prove the following inequality

liminf J*™ > J* > limsup J*7.
Tj_>0 Tj—)o

Proof of (liminf,, o J*™7 > J7): Let us consider a
sequence of problems, as defined in (38), indexed by 7; as
7; — 0, and let w™ be the sequence of optimal stochastic ker-
nels for each of the problems. As the sequence of w™ € P(U)
is bounded, the Banach Alaoglu theorem ensures the existence
of a subsequence (without relabelling) which converges to
some w € P(U), i.e., w™ — w. Furthermore from Theorem 5
we saw that the interpolated trajectories fi,’, associated with
each 7; in the convergent subsequence, converge to a feasible
trajectory of (24). Thus,

N
liminf J*7 := liminf Y 7; [ L£(x, u)dw™ (ulk7;,x)df;’ (x
;=0 ;=0 kZ J S(t)>(<U ) (ulkTj, )iy (x)

T
= / / L(x, u)dw(ult,x) dfy, (x)dt > J
0 S(t)yxU

where for the last inequality we have used the fact that dy =
dn(¢|x, t)dw(ult,x)dfi:(x)dt is a feasible solution to (24). So,
we obtain the desired inequality liminf, o0 J*™7 > J;.

Proof of (limsup, o J*™ < JJ): Let p be an optimal
solution of (24) which can be decomposed as

dp(t,x, ¢, u) = dn(¢|x, t)dw(ult,x)d i (x)dt.  (60)

Now, let us consider sequence of time steps 7; — 0 and
consider partitions of [0,7] for these time steps. We then
discretize the optimal feedback w in (60), with time steps 7;,
to obtain a sequence of stochastic kernels {w™ };. We have

/ /SWU (x, u)do(ult, x) dys, (x)dt

L(x, u)dw™ (ulkTj, x)dfi,? (x).

We note that w™, ™ are admissible for (38) with time step
Tj- SO,

Z / L(x, u)dw™ (ulkT,x)dfiy’ (x) > J7*.
S xU

Thus we have the desired inequality limsup,. o J*™ < J7.
J

So, lim, o J* exists, lim., o J*™ = J; for each initial

condition zg € S(0). O

Corollary 1. Let pg € P(S(0)). Then, as 7; — 0,

lim
Tj —0

|J*7 () —
5(0)

J5(@)|dpo(z) = 0,

with convergence in the L'-norm w.r.t. p.



V. COMPUTATIONAL ASPECTS

To provide a numerical approximation of the optimal control
problem (38) studied in this paper, which is the measure
relaxation of the discrete-time optimal control problem (5),
we consider a finite-dimensional relaxation of the problem.
This relaxation is obtained by reformulating the infinite-
dimensional problem over measures as a finite-dimensional
problem over their moments, truncated to a certain degree.
The resulting truncated moment problem can then be relaxed
into a family of semidefinite programs (SDP), which can be
solved using some off-the-shelf solvers.

Let Rz, u] be the ring of real polynomials in the variables
r € R", u € R™ where x and u are the state and the control
vectors, respectively. Let R[x,u]q C R[x,u] be the subset
of polynomials of degree up to d. We make the following
assumptions:

Assumption 4. Each set S; C R" in equation (39) is a basic
semialgebraic set, i.e.,

Sk = {xeR"

gg’“)(x)zo,i:l,...,e},

where each g(k)

;~ is a polynomial. For notational convenience,
let g(()k)(z) = 1, and that one of the inequalities is of the
form R — ||z||> > 0 for some sufficiently large constant
R > 0. Similarly, the control input set U C R™ is a basic

semialgebraic set defined as
U:={ueR"|hj(u)>0,j=1,...,7},

where each h; is a polynomial function, ho(u) =1, and one
of the constraints is R — |jul|> > 0. Furthermore, the cost
function £(z,u) in (38) is a polynomial function.

For integers n,m > 1 and a fixed degree d € N, let
Ag = {a=(a1,a2) € N"™ ¢ |ay| + |ag| < d}.
Define the vector of monomial basis functions

ba(z,u) = [xaluo‘z}aeAd € R™

where ng == |Aq = ("""*?). Given a moment se-
quence ¥ = {Yq faecnn+m, define the Riesz functional

ey: R[xau]d — R, gy(Z famalua2) = Z faya-
acAy acAq

The truncated moment matrix of order d associated with y is

defined by

Ma(y) :

Ey(bd(amu) bd(x,u)T) = {y,wg]

where a+ 3 := (a1 + 1, aa+32). Given a non-negative Borel
measure v € M (R"™), we can naturally associate its mo-
ment sequence y as y = [ 2* u*2dv(x, u); the corresponding
Riesz functional ¢, represents integration against v.

Now let us consider the program in (38)-(39) and let y; be
the moment sequence associated to 7 at time step k. Then,
the objective function in (38) can be written as

N
> [ £ wdiiew =Y d
k=1 k

a,BEA,

(61)
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where ¢; is the coefficient vector for the cost function ex-
pressed in monomial basis. For the dynamics constraint in
program (38) and any test function v(z), we observe that

wammezf

v(z)dw™ (du|z)di, (z)
S

k
=/ /J@M%#%qmm
Sk_1JU

_ / / o(G(a,u))duf_y (z, u)
Skp—1JU
©62)

where we have used (35) and (37) in the first and second
equality. When v(z) are monomials, we obtain

Yk — Cfyk—1 =0 (63)

where c; is coefficient of v(GT,(x,u)) in the RHS of (62). For
every h € R[x, u]q such that h is the vector of coefficients of
h we have

0, (h?) = /hbd(x,u)bd(x,u)Tthu;(az,u)
=h™ My(yp)h = /hz(x,u)dp}g(x,u) > 0.

Hence, for arbitrary h(z) we have h" My(y;) h > 0, and we
conclude that

Ma(yx) = 0, for each order d > 0, (64)

where the notation A > 0 denotes that the matrix A is
positive semidefinite. The localizing matrix associated with
the polynomial ggk) and the moment sequence yy is defined
as

k
deeg(gi’“))(gi( i) =

T (k) T
[ 80, gy M)y o0, 9 ) i),
where deg(gl(k)) denotes the degree of the polynomial gl(k)
introduced in Assumption 4. To enforce that the support of
the measure 4] is contained in S, we require the associated
localizing matrix to be positive semidefinite:

k 5

Mdfdeg(ggk))(gzg )yk) =0 ford> In?Xdeg(gl( )) )

- F - k 65
Md deg(h;k))(hg' )yk:) =0 for d > In]axdeg(hg ))

Furthermore, the following theorem provides necessary and
sufficient condition for the existence of representing measure
corresponding to an infinite moment sequence yj.

Theorem 7. Under Assumption 4, let yi, be a moment se-
quence which satisfies (64) and (65), then yy has a represent-
ing measure with support Sy, x U.

Note, however, that for any fixed truncation order d, a
truncated vector y; that satisfies (64) and the localizing
conditions (65) is not guaranteed to admit a representing
measure. Consequently, the constraints (64) and (65) are
only necessary conditions; imposing them therefore yields a
truncated moment relaxation (an outer approximation) of the
original problem.



Under Assumption 3, an order d truncation of the program
in (38) is given by
N
Ji=min Y 'y
T kZ:l l
s.t. yp — c?yk_l =0 Vk=1,.,N
My(y) =0, M 00 (9" y) = 0,¥i = 1,4

d—deg(g;
Ma_geg(n;)(hjy) =0, Vj=1,...,r (67)

(66)

where ¢; and cy are defined in (61)-(63), and y,, is the
moment of the initial distribution up to degree d.

Theorem 8. Under Assumption 4, the sequence J) (60) is
a monotonically non-decreasing sequence and converges to
J7*(38) as d — oc.

For the proof of Theorem 7, and Theorem 8 and a systematic
treatment of such moment—-SOS relaxations, see [13], [33]. For
rate of convergence of the sequence, see [34].

VI. EXAMPLE
In this section, we illustrate the SDP relaxations introduced

in (66) using an academic example of a two dimensional
system. Consider the following example

x(t) € (1 + ug, uy) — Ns(x(t)) (68)

where, S := {(z,y) : 2> +y* < 1} and (uy, u,) is the control
vector. We have the following discretization of (68):

(Tha1, Y1) = Ps((@r, yr) + 7(1 4 wa, uy)). (69)

To be able to apply the techniques described in the previous
subsection and obtain moment relaxations of the form (66) for
the problem defined in (5), we need to obtain a polynomial
expression for the projection map onto the disc. This can be
achieved by first noting that the expression for the projection
map onto the set S in (69) is

if |Jw] < 1,
i ] > 1.
[[wll

Next, we introduce variable z 1/4/22 + y? to obtain an
equivalent definition of projection map:

Pg(z,y) = {

We decompose the measure p, in (62) into two measures,
u;S , supported on the interior of the disc and uzs , supported
on the exterior of the disc. Then,

supp(pi”) = {(z,y) | (& + 7(uz +1))* + (y + 7uy)> < 1}

Ps(w) = i

(z,9), a? +y? <1,
z>0
{(zz,2y) 20,2520 ) 22+ 92 > 1.

(70)
supp(pi”) = {(2,y) | (& + 7(ux +1))* + (y + 7uy)* > 1}
(71)
In this case, the dynamics constraint in (39) becomes

T8 T8 : 78

+ = |Pso (7f(,-)+id(- 2

ui +ui® = [Pso (rr() +1d0)) | uidy
(T () F1dC)gpidy. (72)

15

We consider cost function as L(z,u) = (z — o7)% + |ul?,
the initial distribution is o = d(0.7,0.5) and target distribution
w1 = d(0.7,0.1)- For this cost and dynamics (72), we obtain a
SDP relaxation of (38) as described in (66). The convergence
result of the values of the associated relaxations follow from
Theorem 8.

In this example, we consider the case where the initial
and the desired final distributions are Dirac measures. Con-
sequently, the distribution is expected to evolve as a Dirac
measure over time. In this setting, the first-order approximate
moments ¥, also called pseudo-moments, of the distribution
{47, serve as an approximation of the first-order moment of the
measure at each discrete time step k. These moments provide
directly information about the state and control trajectories
across different time instants, as [ zuf(z,u) = [ @07 ur) =
af, [upi(z,u) = [uder ury = uf.

For more general initial conditions, the extraction of state
and control trajectories boil down to evaluating the support of
the measure. This can be achieved using Christoffel-Darboux
kernels, as discussed in [35], or [26] for a more specific
exposition. Specifically, the method proposed in [35] employs
a semialgebraic approximant based on the Christoffel polyno-
mial, which is constructed using the moment information of
the measure at each degree d. For the uncontrolled case, [27]
proposed SDP relaxation to simulate the dynamical system
(68) in the continuous time. And similar approach can be
followed for the SDP relaxation optimal control problem in
the continuous time as well.

The simulation results are displayed in Figure 3, where we
plot the sum of first order moments of u7° and ul® over
the time horizon of the problem. The results are computed
for a fixed relaxation order using GloptiPoly and Mosek.
We observe that the program finds an optimal solution which
prefers to slide along the boundary of the set S before the
control kicks the particle back into the set in order to reach
the target configuration. Moreover, in Figure 4 we observe that
during the sliding motion zero controls are applied.

VII. CONCLUSION

We addressed the problem of optimal control for nonsmooth
dynamical systems by formulating it as a linear problem
in the cone of non-negative Borel measures. We showed
that relaxing the problem from finite dimensional space to
infinite dimensional does not produce any relaxation gap. We
further showed the convergence of the discrete-time problem
to continuous-time problem in the space of measures using
tools from optimal transport theory. We defined interpolated
curves and then showed that as the time step goes to zero, the
interpolated curves converge to the solutions of the continuity
equation where the corresponding velocity vector defines the
nonsmooth dynamical system. We further establish the conver-
gence of the value function of the discrete-time optimal control
problem to the value function of continuous-time problem as
the time step goes to zero. We observe that in comparison
to the continuous-time problem, the discrete-time case has
fewer variables as there is no extra variable corresponding to
the selection of the vector field from the normal cone, which
makes it computationally less demanding.
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APPENDIX A
PROOF OF LEMMA 1

Proof. By Markov’s inequality and the coercivity constraint
f%xU ICldp < Gy,

C
sup  u({[¢|>R}) < =L ——0,
(o) €D ( ) R R—oo
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so {u} is tight in the {—coordinate. Since [0,T] x Q x U is
compact, this implies tightness of {u} on B x U. Likewise,
the compactness of S(7') implies tightness of {u7}. With the
uniform mass bounds ||u|| < T and ||pr| < 1, Prokhorov’s
theorem [23, Thm. 5.1] yields relative weak-x sequential
compactness of O.

Now we show weak-x closedness. Let (ug, prx) € O and
(ks i) — (u, ) (along a subsequence given by the
relative weak-+ compactness of ©). Then: (i) positivity and
the mass bounds are preserved under weak-x limits; (ii) the
map v+ [, [¢] dv is weak-x lower semicontinuous, hence
J ¢l dp < Cy; (iii) the constraint (22) is stable under weak-*
limits. Indeed, for ¢ € C1([0,T] x Q) set g1(t,z,(,u) =
dp(t,x), golt,x,(,u) = Vap(t,z) - (= + f(z,u)). The
terms with ¢g; and with V¢ - f are bounded continuous on
B x U and therefore converge by narrow convergence. For the
-V - ( term, fix R > 0 and write

/Ww (—¢) duy, = /Vl«p- (=0 Lqjcj<ny dpr +

/VW' (=¢) 1q¢)>ry At

The first part converges to the corresponding expression with
1 because the truncated integrand is bounded and continuous;
the second part is uniformly small, since

sgp’/vmso-(—é“) Li¢i>ry dpw| <

IV atoll oo sup /
kE J|K|>

Let £ — oo and then R — oo to conclude. The terminal term
fS(T) o(T,z)dpry also converges to fS(T) o(T, z) dpr.
Hence (22) holds for (u, pir).

Therefore O is weak-x closed; combined with relative
compactness, this proves weak-x sequential compactness. [J

C
¢k < (IVaellso fn-
R

APPENDIX B
PROOF OF LEMMA 2

Proof. The occupation measure p satisfying (22) admits the
following disintegration:

dup(t, z, ¢ u) = dv(C,u | t,z) df(z) dt, (73)

where v(- | t,z) € P(Ngq(x) x U) and fi; is the marginal
of 1 at time ¢. Substituting the disintegration of p from (73)
in (22), we obtain

/ [000(t. 2)7i ()t 0,0(1, )-b(t, ) A )]
[0,T]xS(t)

= ¢(T,$)duT($) - gb(o,l‘o).
S(T)

(74)
where the averaged vector field b(t, ) is

b(t,z) := / (=C+ f(z,u)) dv(C u | t,x). (75)
Ns(t)(z)XU

Let TG 4V N, Tupl w (i.e. the marginals of
v € P(Nsw(x) x U)), then the vector field in (75)
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can be written as, b(t,z) = _fNS(t wo CAv(C ult, z) +

f/\/’sme f(377 u)du((, ult, ) - f/\/’sm Cdn(dtv z) +
Jiy f(z,u)dw(ult,z). Using Assumption 1, we have
f[O,T]xS(t) st(t) Jo [f (@, u)| dv(C, ult, z)dfg (z)dt < oo.
The uniform moment bound in ( direction (which
is part of the definition in set (23)) yields
f[O,T]XS(t) st(t) Jor 1€l dv (¢, ult, x)d g (x)dt < oco. Using tri-
angle’s inequality, we have fOT fs@) |b(t, z)| djig(x) dt < oo.
So, the integrability of b(t,x) allows the use of superposition
principle [31, Theorem 8.2.1]; there exists a probability
measure I € P(AC([0,T];R™)) such that for each ¢, the
marginal i, = (e;)xII, and IT-almost every path z(-) satisfies
the ODE z(t) = b(t, z(t)). We note that @(¢t) = b(t,x(t))
is the same as the Young measure relaxed dynamics in
(17) but driven by state dependent w. For each triple
(x(:),n(-|t, z), w(:|t, z)) satisfying (17), define the pair (i, )
as

da(t, =, ¢, u) = dt 8,y (dz) n(dC]t, x(t)) w(dult, z(t)),
§ = 0u()-

Then (i1,€) € R. Also, define the push-forward measure
0 := D411, where ®(z(+)) := ({1, &). For any admissible cost
function £(z,u), we compute:

/E(x,u) dp = /E(z,u)dﬂt(m)dn(ﬂt,x)dw(u\t,x)dt

— [ £l ) ) dn(Cle)dw(ult, z)de

_ /m [ / L(x,u) da] Ao (),

where 6 is the marginal of 6.

APPENDIX C
PROOF OF LEMMA 6

Proof. We already have shown that jif — p; uniformly in the
W5 metric when 7 — 0. The term

(Y = Psy(2)) g7 (t, ) —= (y — ) 9(t, @)

converges pointwise, and the integrand (y — Ps;)()) g7 (¢, x)
is uniformly bounded (because y — Pg(y)(z) lies in a compact
set, while g7 is bounded by Assumption 1). Hence, by the
dominated convergence theorem we get

lim
T—0

/ h(t, 2)(y — Ps(oy(@))g™ (t,2)di] (x)

= [ hit.)w - gt g )] -0

O

APPENDIX D
PROOF OF COROLLARY 1

Proof. We consider an initial condition uo € P(S(0)) in
(24) which are different from Dirac distribution 6., just
considered above. To prove L' convergence of J*7[uq] as
7 — 0 for notational convenience, we write 7 instead of



the sequence 7;), we first establish an uniform bound on
JT =7 Z;iv:o L(z},, uf,). Using Assumption 3, we know that
Lz}, uf) < U(z}) (1 + |uj]?) for I(-) € LS, (R™). Next, we
recall from [1] that the following bound holds for z, in the

discrete-time dynamics (31):
[zl < Cilwol + Ca,

where C; and C5 depend on the system data. Consequently,
we have

N N
TT(xo) =7y Llaf,uf) <7y Uap)(1+ [uf]?)
k=0 k=0
N
< Tzlb(01|$o\ + C2)Up < Thy(Cimax,e sy 2| + C2)Us
k=0

where, [, is the bound on [(-) and U, is the bound on the
controls. Thus we have uniform bounds on the J[1] for 1o €
P(S(0)). The uniform bounds and the pointwise convergence
of JZ(x0), established in the previous part of the proof, allows
us to use the dominated convergence theorem to obtain

lim / |J*T(x) — J)(x)|dpo(x) = 0. O

T—0
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