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Abstract. In stochastic control applications, typically only an ideal model (controlled transi-
tion kernel) is assumed and the control design is based on the given model, raising the problem of
performance loss due to the mismatch between the assumed model and the actual model. Toward
this end, we study continuity properties of discrete-time stochastic control problems with respect to
system models (i.e., controlled transition kernels) and robustness of optimal control policies designed
for incorrect models applied to the true system. We study both fully observed and partially observed
setups under an infinite horizon discounted expected cost criterion. We show that continuity can be
established under total variation convergence of the transition kernels under mild assumptions and
with further restrictions on the dynamics and observation model under weak and setwise convergence
of the transition kernels. Using these continuity properties, we establish convergence results and error
bounds due to mismatch that occurs by the application of a control policy which is designed for an
incorrectly estimated system model to a true model, thus establishing positive and negative results
on robustness. Compared to the existing literature, we obtain strictly refined robustness results
that are applicable even when the incorrect models can be investigated under weak convergence and
setwise convergence criteria (with respect to a true model), in addition to the total variation crite-
ria. These entail positive implications on empirical learning in (data-driven) stochastic control since
often system models are learned through empirical training data where typically a weak convergence
criterion applies but stronger convergence criteria do not.
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1. Introduction.

1.1. Preliminaries. In this paper, we study continuity properties of stochastic
control problems with respect to transition kernels and applications of these to ro-
bustness of optimal control policies applied to systems with incomplete or incorrect
probabilistic models.

We start with the probabilistic setup of the problem. Let X C R™ denote a Borel
set which is the state space of a partially observed controlled Markov process. Here
and throughout the paper Z, denotes the set of nonnegative integers and N denotes
the set of positive integers. Let Y C R™ be a Borel set denoting the observation
space of the model, and let the state be observed through an observation channel
Q. The observation channel, @, is defined as a stochastic kernel (regular conditional
probability) from X to Y, such that Q(-|z) is a probability measure on the (Borel)
o-algebra B(Y) of Y for every z € X, and Q(A|-) : X — [0,1] is a Borel measurable
function for every A € B(Y). A decision maker (DM) is located at the output of
the channel @, and hence it only sees the observations {Y;, t € Z,} and chooses its
actions from U, the action space which is a Borel subset of some Euclidean space.
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An admissible policy v is a sequence of control functions {v;, t € Z} such that v, is
measurable with respect to the o-algebra generated by the information variables

Iy ={Yjoq.Ups-1}, te€N,  Io={Yo},
where
(1.1) U =v(ly), teZs,
are the U-valued control actions and
Yo =1Ys, 0<s<t}, Upu-1={Us; 0<s <t~ 1}

We define T" to be the set of all such admissible policies.
The update rules of the system are determined by (1.1) and the following rela-
tionships:

Pr((Xo,Y0) € B) = /BP(da:O)Q(dyo\xo), B e B(X xY),

where P is the (prior) distribution of the initial state Xg, and

Pr((XhY;) €B ' (XaKU)[O,t—l] = (xayau)[o,t—l])
= / T (dag|xs—1,ui—1)Q(dyt|xs), B € B(X x Y),t € N,
B

where T is the transition kernel of the model which is a stochastic kernel from X x U
to X.

Using stochastic realization results (see Lemma 1.2 in [21] or Lemma 3.1 of [11]),
the process defined above can be represented in functional form as follows:

(1.2) X1 = f( X, Uy, Wy), Y, = 9(X, V)

for some measurable functions f,g with {W;} being an independent and identically
distributed (i.i.d.) system noise process and {V;} an i.i.d. disturbance process, which
are independent of X and each other. Here, the first equation represents the tran-
sition kernel 7 as it gives the relation of the most recent state and action variables
to the upcoming state. From this representation it can be seen that the probabilistic
nature of the kernel is determined by the function f and the probability model of the
noise W;. The second equation represents the measurement channel @, as it describes
the relation between the state and observation variables. We let the objective of the
agent (decision maker) be the minimization of the infinite horizon discounted cost,

oo

ZﬁtC(Xt,Ut)

t=0

Js(P, T, ) = Ep"

for some discount factor 8 € (0,1), over the set of admissible policies v € T', where
c¢: X x U — R is a Borel-measurable stagewise cost function and E;ﬂ denotes the
expectation with initial state probability measure P and transition kernel 7 under
policy v. Note that P € P(X), where we let P(X) denote the set of probability
measures on X.
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We define the optimal cost for the discounted infinite horizon setup as a function
of the priors and the transition kernels as

J5(P,T) = inf J5(P,T, 7).

The focus of the paper will be to address the following problems.

Problem P1: Continuity of J3(P, T) under the convergence of the tran-
sition kernels. Let {7,,n € N} be a sequence of transition kernels which converge
in some sense to another transition kernel 7. Does that imply that

J5(PTo) = J5(P,T)?

Problem P2: Robustness to incorrect models. A problem of major practical
importance is robustness of an optimal controller to modeling errors. Suppose that an
optimal policy is constructed according to a model which is incorrect: how does the
application of the control to the true model affect the system performance and does
the error decrease to zero as the models become closer to each other? In particular,
suppose that 7% is an optimal policy designed for 7,, an incorrect model for a true
model 7. Is it the case that if 7, — T, then Jg(P, T,v,) — J3(P,T)?

Problem P3: Empirical consistency of learned probabilistic models and
data-driven stochastic control. Let 7 (-|z,u) be a transition kernel given previous
state and action variables x € X,u € U, which is unknown to the decision maker.
Suppose the DM builds a model for the transition kernels, T, (-|x,u), for all possible
z € X,u € U by collecting training data (e.g., from the evolving system). Do we have
that the cost calculated under 7,, converges to the true cost (i.e., do we have that the
cost obtained from applying the optimal policy for the empirical model converges to
the true cost as the training length increases)?

1.2. Literature review. Robustness is a desired property for the optimal con-
trol of stochastic or deterministic systems when a given model does not reflect the
actual system perfectly, as is usually the case in practice.

A common approach in the literature has been to design controllers that work suf-
ficiently well for all possible uncertain systems under some structured constraints, such
as Ho norm bounded perturbations (see [3, 58]). The design for robust controllers has
often been developed through a game theoretic formulation where the minimizer is the
controller and the maximizer is the uncertainty. The connections of this formulation
to risk sensitive control were established in [30, 15]. Using Legendre-type transforms,
relative entropy constraints came in to the literature to probabilistically model the
uncertainties (see, e.g., [41, equation (4)] or [15, equations (2)—(3)]. Here, one selects
a nominal system which satisfies a relative entropy bound between the actual mea-
sure and the nominal measure and solves a risk sensitive optimal control problem,
and this solution value provides an upper bound for the original system performance.
As such, a common approach in robust stochastic control has been to consider all
models which satisfy certain bounds in terms of relative entropy pseudodistance (or
Kullback—Leibler divergence); see, e.g., [15, 41, 40, 10] among others.

Other metrics or criteria, different from the relative entropy pseudodistance, have
also been used to quantify the uncertainty in the system models. Reference [51]
has studied a min-max formulation for robust control where the one-stage transition
kernel belongs to a ball under the total variation metric for each state action pair.
For distributionally robust stochastic optimization problems, it is assumed that the
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underlying probability measure of the system lies within an ambiguity set and a
worst case single-stage optimization is made considering the probability measures in
the ambiguity set. To construct ambiguity sets, [9, 18] use the Wasserstein metric (see
section 1.3), [17] uses the Prokhorov metric which metrizes the weak topology, [50]
uses the total variation distance, and [34] works with relative entropy. [55, 29, 37] have
studied robust dynamic programming approaches through a min-max formulation for
fully observed finite state-action space models with uncertain transition probabilities.
Further related work with model uncertainty includes [38, 4, 56], with some further
work in the economics literature [26, 22]. In [33], an optimal filtering problem for a
control-free system with uncertainties in transition kernels and measurement channels
is considered.

Further related studies include [12], which studies the optimal control of systems
with unknown dynamics for a linear quadratic regulator setup and proposes an algo-
rithm to learn the system from observed data with quantitative convergence bounds.
[52] considers stochastic uncertainties while [47] considers deterministic structured
uncertainties in robust control; some connections between these and our paper can be
seen in the examples presented in section 1.3.2.

For fully observed models, [35, Theorem 5.1] establishes continuity results for
approximate models and gives a set convergence result for sets of optimal control
actions, but this set convergence result is inconclusive for robustness without further
assumptions on the true system model. Reference [36] is another related work which
studies continuity of the value function for fully observed models under a general met-
ric defined as the integral probability metric, which captures both the total variation
metric or the Kantorovich metric with different setups (which is not weaker than the
metrics leading to weak convergence). We also note that approximation methods for
stochastic control problems with standard Borel spaces through quantization, which
lead to finite models, can be viewed as approximations of transition kernels, but this
interpretation requires caution: indeed, [46, 1, 2], among many others, study approx-
imation methods for Markov decision processes (MDPs) where the convergence of
approximate models is satisfied in a particularly constructed fashion. In particular,
[46] presents a construction for the approximate models through quantizing the ac-
tual model with continuous spaces (leading to a finite space model), which allows for
continuity and robustness results with only a weak continuity assumption on the true
transition kernel which, in turn, leads to the weak convergence of the approximate
models. A detailed analysis of approximation methods for continuous state and ac-
tion spaces can be found in [44] for both fully observed and partially observed models.
However, these positive results on the weak convergence of approximate kernels to the
true one in such studies do not directly apply to the robustness of an arbitrary se-
quence of models which converges weakly to a true model, as our counterexamples in
this paper will demonstrate.

Related work also includes our recent studies [57, 32]. [57] considers various
topologies on the sets of observation channels and quantizers in partially observed
stochastic control and provides some supporting results. [32] presents robustness and
continuity properties for stochastic control problems with respect to the prior mea-
sures with fixed transition kernels; that is, the robustness only to initial priors is
studied in [32]. Different from these studies, here we study continuity in and robust-
ness to incorrect transition kernels, which requires significantly different analytical
tools due to the dynamic nature of the problems.

In section 1.4 we will present the contributions, which will also make the compar-
ison with the reviewed literature more explicit.
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1.3. Some examples and convergence criteria for transition kernels.

1.3.1. Convergence criteria for transition kernels. Before presenting con-
vergence criteria for controlled transition kernels, we first review the convergence of
probability measures. Three important notions of convergences for sets of probability
measures to be studied in the paper are weak convergence, setwise convergence, and
convergence under total variation. For N € N, a sequence {y,,,n € N} in P(RY) is
said to converge to u € P(RY) weakly if

[ @t - [ comtan)

RN RN

for every continuous and bounded ¢ : RN — R. {u,} is said to converge setwise to
pu € P(RYN) if the above holds for all measurable and bounded ¢ : RY — R. For
probability measures u,v € P(RY), the total variation metric is given by

lu-vlev =2 sup [u(B)-v(B)= sup | / f(@)ulde) - / f(@yw(da)),

BeB(RN) Fllflleo<1

where the supremum is taken over all measurable real f such that

[fllec = sup [f(z)] < 1.

z€RN

A sequence {y,,} is said to converge in total variation to u € P(RN) if ||, —p||7v — O.
Total variation defines a stringent metric for convergence; for example, a sequence of
discrete probability measures does not converge in total variation to a probability
measure which admits a density function. Setwise convergence, though, induces a
topology on the space of probability measures which is not metrizable [20, p. 59].
However, the space of probability measures on a complete, separable, metric (Polish)
space endowed with the topology of weak convergence is itself complete, separable, and
metric [39]. We also note here that relative entropy convergence, through Pinsker’s
inequality [23, Lemma 5.2.8], is stronger than even total variation convergence, which
has also been studied in robust stochastic control as reviewed earlier. Another met-
ric for probability measures is the Wasserstein distance: For compact spaces, the
Wasserstein distance of order 1, denoted by Wy, metrizes the weak topology (see [53,
Theorem 6.9]). For noncompact spaces convergence in the Wj metric implies weak
convergence (in particular this metric bounds from above the bounded-Lipschitz met-
ric [63, p. 109]). Considering these relations, our results in this paper can be directly
generalized to the relative entropy distance or the Wasserstein distance. Building on
the above, we introduce the following convergence notions for (controlled) transition
kernels.

DEFINITION 1. For a sequence of transition kernels {T,,n € N}, we say that

(i) Tn = T weakly if Tp(-|x,u) = T (-|z,u) weakly for all z € X and u € U,

(il) Tn — T setwise if Tp(-lx,u) — T (|, u) setwise for all x € X and u € U,

(iii) 7, — T wunder the total variation distance if Tp(-|x,u) — T(:|z,u) under

total variation for all x € X and u € U.

1.3.2. Examples. Let a controlled model be given as
Tip1 = Fwg, ug, wy),

where {w;} is an i.i.d. noise process. The uncertainty on the transition kernel for
such a system may arise from lack of information on F' or the i.i.d. noise process w;
or both:
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Let {F,} denote an approximating sequence for F, so that F,(x,u,w) —
F(z,u,w) pointwise. Assume that the probability measure of the noise is
known. Then, corresponding kernels 7, converge weakly to 7: If we denote
the probability measure of w with p, for any g € Cy(X) and for any (xg,ug) €
X x U using the dominated convergence theorem we have

lim [ g(z1)7Tn(d21|z0, u0) = nILH;O/9(F71($07U07w))ﬂ(dw)

- / 9(F (0, w0, w))u(dw) = / 9(e1) T (1|0, uo).

Much of the robust control literature deals with deterministic systems where
the nominal model is a deterministic perturbation of the actual model (see,
e.g., [47, 12]). The considered model is in the following form: F‘(mt,ut) =
F(x¢,us) + AF (x4, ut), where F represents the nominal model and AF is the
model uncertainty satisfying some norm bounds. For such deterministic sys-
tems, pointwise convergence of F to the nominal model Fie, AF(xy,up) —
0, can be viewed as weak convergence for deterministic systems by the discus-
sion in (i). It is evident, however, that total variation convergence would be
too strong for such a convergence criterion, since § Flaeuw) OF(s,u,) Weakly
but |67 ,, u,) = OF(ze,up) lTv = 2 for all AF(2y,u;) # 0 where 6 denotes the
Dirac measure.

Let F(xy,us,wy) = f(x¢,up) + wy be such that the function f is known and
wg ~ p is not known correctly and an incorrect model ., is assumed. If p,, —
u weakly, setwise, or in total variation, then the corresponding transition
kernels 7, converge in the same sense to 7. Observe the following:

/ 9(z1) T 20, o) — / 9(e2)T (des |0, uo)
(13) = / 9(wo + F(o, o)) in (dusg) — / 9(wo + f(o, uo))(du).

(a) Suppose p, — p weakly. If g is a continuous and bounded function, then
g(-+ f(z0,up)) is a continuous and bounded function for all (zg,ug) € X x U.
Thus, (1.3) goes to 0. Note that f does not need to be continuous. (b)
Suppose p, — p setwise. If g is a measurable and bounded function, then
9(-+ f(xo,up)) measurable and bounded for all (xg,ug) € X x U. Thus, (1.3)
goes to 0. (c) Finally, assume g, — g in total variation. If g is bounded, (1.3)
converges to 0, as in item (b). As a special case, assume that u, and p admit
densities h,, and h, respectively; then the pointwise convergence of h, to h
implies the convergence of i, to u in total variation by Scheffé’s theorem.
Suppose now neither F' nor the probability model of w; is known perfectly.
It is assumed that w; admits a measure p, and u, — p weakly. For the
function F' we again have an approximating sequence {F, }. If F,,(z,u,w,) —
F(z,u,w) for all (x,u) € X x U and for any w,, — w, then the transition
kernel 7, corresponding to the model F,, converges weakly to the one of F,
T: For any g € Cp(X),

n—roo

lim [ g(z1)Tn(dzy|2z0,up) = nlLII;O/g(Fn(xo,uo,w))un(dw)

- / 9(F (0, w0, w))u(dw) = / g0 T (da1 |0, wo).
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In the analysis above we used a generalized dominated convergence result,
Lemma A.1l, to be presented later building on [35, Theorem 3.5] and [49,
Theorem 3.5].

(v) Let again {F,} denote an approximating sequence for F' and suppose now
Fwo7uo,n(') = Fyp(xo,ug,") : W — X is invertible for all zp,ug € X x U

and F(aco o), 20 denotes the inverse for fixed (xg,ug). It is assumed that

F! (1) — F; ', (z1) pointwise for all (zo,up). Suppose further that

(z0,u0),n LOauo
the noise process w; admits a continuous density fy (w). The Jacobian ma-

trix, %, is the matrix whose components are the partial derivatives of z1,

ie., with 1 e X CR™ and w € W C R™, it is an m X m matrix with com-
ponents %, 1 <4,j5 <m . If the Jacobian matrix of derivatives %(w)
is continuous in w and nonsingular for all w, then by the inverse function
theorem of vector calculus (see [25, section 1.11]), we have that the density
of the state variables can be written as

-1

0
I i) @) = S (Fg g n (00))| 5o (Fr (1)

)

I (o) (1) = fw (Figiug (1)) | 5= (Fig g (1))

With the above, fx, n.(o,u0)(®1) = [x1,(z0,u0)(Z1) pointwise for all fixed
(zo,up).  Therefore, by Scheffé’s theorem, the corresponding kernels
Tn (|20, uo) = T (-|xo, up) in total variation for all (xq,ugp).

(vi) These studies will be used and analyzed in detail in section 5, where data-
driven stochastic control problems will be considered where estimated models
are obtained through empirical measurements of the state action variables.

1.4. Summary of results and contributions. We now introduce the main
assumptions that will be occasionally used for our technical results in the paper.

ASsuMPTION 1.1.

(a) The sequence of transition kernels T,, satisfies the following: {7, (:|zn, un),n €
N} converges weakly to T (:|z,u) for any sequence {x,,u,} C X x U and
z,u € X X U such that (xn,un) = (x,u).

(b) The stochastic kernels T (:|x,u) and {T,(-|z,u)}n are weakly continuous in
(z,u).

(¢) The stagewise cost function c(x,u) is nonnegative, bounded, and continuous
on X x U.

(d) U is compact.

ASSUMPTION 1.2. The observation channel Q(-|z) is continuous in total varia-
tion, i.e., if xx — x, then Q(-|zr) — Q(-|z) in total variation (only for partially
observed models).

ASSUMPTION 1.3.

(a) The sequence of transition kernels T, satisfies the following: {T,(:|x,u,),n €
N} converges setwise to T (-|z,u) for any sequence {u,} C U and z,u € XxU
such that u, — u.

(b) The stochastic kernels T (-|x,u) and {T,(-|x,u)}, are setwise continuous in
u.
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The stagewise cost function c(x,u) is nonnegative, bounded, and continuous
on U.
U s compact.

ASSUMPTION 1.4.

(a)

(b)
(c)
(d)

The sequence of transition kernels T, satisfies the following: || T (-|x,u,) —
T(|z,u)||lrvy — 0 for any sequence {un} C U and z,u € X x U such that
Up — U.

The stochastic kernels T (*|z,w) and {T,(-|x,u)}, are continuous in total vari-
ation in u.

The stagewise cost function c(x,u) is nonnegative, bounded, and continuous
on U.

U is compact.

In sections 2 and 3 we study continuity (Problem P1) and robustness (Problem
P2) for partially observed models. In particular we show the following:

Continuity and robustness do not hold in general under weak convergence of
kernels (Theorem 2.1).

Under Assumptions 1.1 and 1.2, continuity and robustness hold (Theorems
2.3, 3.3).

Continuity and robustness do not hold in general under setwise convergence
of the kernels (Theorem 2.4).

Continuity and robustness do not hold in general under total variation con-
vergence of the kernels (Example 4.1).

Under Assumption 1.4, continuity and robustness hold (Theorems 2.5, 3.2).

In section 4, we study continuity (Problem P1) and robustness (Problem P2) for
fully observed models. In particular we show the following:

Continuity and robustness do not hold in general under weak convergence of
kernels (Theorem 4.1, Example 4.1).

Under Assumption 1.1, continuity holds (Theorem 4.2), and under Assump-
tion 1.1, robustness holds if the optimal policies for every initial point are
identical (Theorem 4.4).

Continuity and robustness do not hold in general under setwise convergence
of the kernels (Theorems 4.5, 4.7).

Under Assumption 1.3, continuity holds (Theorem 4.6), and under Assump-
tion 1.3, robustness holds if the optimal policies for every initial point are
identical (Theorem 4.8).

Continuity and robustness do not hold in general under total variation con-
vergence of the kernels (Example 4.1).

Under Assumption 1.4, continuity and robustness hold (subsection 4.5).

Compared to the existing literature reviewed earlier, the above results use strictly
more relaxed and refined convergence criteria to study robustness. In section 5, these
results will be applied to arrive at positive and negative implications on empirical con-
sistency and data-driven learning in stochastic control since often system models are
learned through empirical training data where typically weak convergence criterion
applies (in an almost sure sense) but stronger convergence criteria do not.

2. Continuity of optimal cost with respect to convergence of transition
kernels (partially observed case). In this section, we will study continuity of
the optimal discounted cost under the convergence of transition kernels for partially
observed models.
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2.1. Weak convergence.

2.1.1. Absence of continuity under weak convergence. The following shows
that the optimal cost may not be continuous under weak convergence of transition
kernels.

THEOREM 2.1. Let T, — T weakly, then it is not necessarily true that J5(P, T,) —
Jj (P, T) even when the prior distributions are the same, the measurement channel Q
is continuous in total variation, and c(x,w) is continuous and bounded on X x U.

Proof. We prove the result with a counterexample. Letting X =U =Y = [-1,1]
and c(z,u) = (z — u)?, the observation channel is chosen to be uniformly distributed
over [-1,1], @ ~ U([—1,1]), the initial distributions of the state variable are chosen to
be same as P ~ 61, where 0, (A) := 1,y for Borel A, and the transition kernels are
1 1 1 1
Ttle) =510 | 3310) + 5310)] + 10| 3100+ 3610

+ (1 =d0-1(2))(1 = 61(x))do(-),

(1 1 1 1
Ton(-|z,u) = 0-1(x) 55(171/77,)(') + 25(1+1/n)(')] + 61() [25(11/n)(') + 55(—1+1/n)(')

+ (1 =0-1(2))(1 = b1(2))do ().
In other words, for T
if x; € {1,—1}, then z4; =1or —1
else z¢41 =0,

for 7T,

1 1
if ¢y € {1,—1}, then x4 =1——or —1+ —
n n

else x441 =0

independent of the control, where the events noted above with or are equally likely.
It can be seen that 7, — T weakly according to Definition 1(i). Since the cost
function is mean square error, control does not affect the dynamics and the channel
is noninformative, and the optimal policy is

0 ifk>0,

Vi (Yo, [X] {1 if k= 0.

Note that the cost function is continuous, and the measurement channel is continuous
in total variation. The optimal discounted costs can be found as

BT =Y RN = Y60 =
k=1

k=1
J*(PT)—iETn[IBkXﬂfﬂ} 1,} 2+1 ,1+l ’
AR 71@:1 P El = 9 n 5 " .
Then we have J5(P,T,) = 8 # t25. O
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2.2. A sufficient condition for continuity under weak convergence. In
the following, we will establish and utilize some regularity properties for the optimal
cost with respect to the convergence of transition kernels.

ASSUMPTION 2.1.

(a) The stochastic kernel T (-|z,u) is weakly continuous in (x,u).

(b) The observation channel Q(-|x) is continuous in total variation, i.e., if v —
x, then Q(-|xk) — Q(- |x) in total variation.

(¢) The stagewise cost function c(x,u) is nonnegative, bounded, and continuous
on X xU

(d) U is compact.

It is a standard result that any partially observed Markov decision process can
be reduced to a (completely observable) MDP, whose states are the posterior state
distributions or beliefs of the observer; that is, the state at time t is Z;(-) := Pr{X; €
|Yo,..., Y, Uo, ..., Ui—1} € P(X). We call this equivalent MDP the belief-MDP, The
belief-MDP has state space Z = P(X) and action space U. Under the topology of
weak convergence, since X is a Borel space, Z is metrizable with the Prokhorov metric
which makes Z into a Borel space [39]. The transition probability n of the belief-MDP
can be constructed through nonlinear filtering equations [45, pp. 334-335]. The one-
stage cost function ¢ of the belief-MDP is given by é(z,u) := [; c(2,u)z(dx). By
[5, Proposition 7.30], the one stage cost function ¢ of the belief-MDP is continuous
and bounded, that is, in Cy(Z x U), under Assumption 2.1(c). By [19, Theorem 3.7,
Example 4.1] (see also [31]), under Assumption 2.1, the stochastic kernel n for belief-
MDP is weakly continuous in (z,u). For an MDP with weakly continuous transition
probabilities and compact action spaces, it follows that an optimal control policy
exists: This follows because the discounted cost optimality operator T : Cy(Z) — Cy(Z)
(see, e.g., [28, Chapter 8.5]),

(2.1) (T(f))(z) = min(&(z, ) + BE[f(21)[20 = 2,u0 = ),

is a contraction from Cy(Z) to itself under the supremum norm. As a result, there
exists a fixed point, the value function, and an optimal control policy exists. In view
of this existence result, in the following we will consider optimal policies. We note
though that for the results which do not use the assumption, one may use e-optimal
policies without affecting the results.

THEOREM 2.2. Under Assumptions 1.1 and 1.2,

sup [Jg(P, Tn,v) — Js(P, T, )| — 0.

yel
Proof.
sup ‘Jﬂ(P7 7;L77> - JB(P7 T7 ’7)‘
~yerl
=sup |y (EZ (XA (Vo) | = EF [e(X, v(Y[o,tp)D ‘
~eTl’ 0

t=

EL [C(Xt/Y(Y[o,t]))} — Elr {C(Xt,’Y(Y[o,t]))} ‘

oo
<> B'sup
t=0 7€l

Recall that an admissible policy «y is a sequence of control functions {y;, t € Z;}. At
the last step above, we make a slight abuse of notation; the sup at the first step is
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over all sequence of control functions {~;, t € Z, } whereas the sup at the last step is
over all sequence of control functions {7, ' < t}, but we will use the same notation,
v, in the rest of the proof. In Appendix A.1, we show the following for any ¢ > 0:

(2.2) sup ET |:C(Xt,’y(Yv[0’t])):| ~ BT [C(Xt,w(y[o,t]))“ 0.

For any € > 0, we choose a K < oo such that ;% ;| 82||c[lo < ¢/2. For the chosen
K, we choose an N < oo such that

sup
yel

BE [6(X1(¥ioa)] ~ B [e(Xi 9 (Vo)) | < /26

for all time stages t < K and for all n > N. Thus, we have that sup. |Jﬂ (P, Tnyy)—
Jg(P,T,v) — 0asn — occ. |

Now we give the main result of this section.

THEOREM 2.3. Suppose the conditions of Theorem 2.2 hold. Then

lim |J5(P,T,) — J5(P,T)| = 0.

n—oo

Proof. We start with the following bound:
|J5(P, Tn) = J3(P, T)|

(2.3) < max (JB(P, T ™) = Jg(P,T,v%), J3(P, T, ;) — Jﬂ(P,%,’VZ)),

where v* and ~; are the optimal policies, respectively, for 7 and 7,. Both terms go
to 0 by Theorem 2.2. 0

2.3. Absence of continuity under setwise convergence. We now show that
continuity of optimal costs may fail under the setwise convergence of transition kernels.
Theorem 4.5 in the next section establishes this result for fully observed models. As
we note later, a fully observed system can be viewed as a partially observed system
with the measurement being the state itself through (4.1), and therefore, in view of
space constraints, a separate proof will not be provided for the following result.

THEOREM 2.4. Let T, — T setwise. Then, it is not true in general that
JE(P,Tn) — J5(P,T), even when X,Y, and U are compact and c(x,u) is continu-
ous and bounded in X x U.

2.4. Continuity under total variation. We have the following results.

THEOREM 2.5. Under Assumption 1.4
J5(P,Tn) = J5(P,T).

Proof. We start with the following bound:

T3(T2) — J3(T)] < max (Jm,m (T, J5 (T — Jﬁm,v;)),

where v* and ;5 are the optimal policies, respectively, for 7 and 7.
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We now study the following:

Sup‘Jg(P,'];“’y) - JB(PaT7rY)‘

yel

=sup| Y4 (El (Xt v (Yiou)] = BF [e(Xe, v(Y[o,tp)]) ‘
~el =0

< Zﬁt 52113 E; {C(Xtﬁ(y[o,t]))} - EZ” [C(Xtﬁ(y[o,t}))} ‘
t=0 7

In Appendix A.2 we show that for all t < oo
(2.4) sup E; [C(Xtﬁ(y[o,t]))} - EJZ" [C(Xtﬁ(y[o,t]))} ‘ — 0.
yel

For any e > 0, we choose a K < oo such that },° ;.| 8°2]|c[loc < €/2. For the
chosen K, we choose an N < oo such that

sup
yel’

EBF [e(Xev(Yio)] = BF [e(Xe7(Viow)) | < /2K

for all time stages t < K and for all n > N. Therefore, we have that for any given
€>0,forn>N

(2.5) sup [J5(Tn,7) = Jo(T,7)| < e
~el’

Thus, the result follows. 0

We now present a result on the rate of convergence. For stochastic control prob-
lems, strategic measures are defined [48] as the set of probability measures induced
on the product spaces of the state and action pairs by admissible control policies:
Given an initial distribution on the state, and a policy, one can uniquely define a
probability measure on the infinite product space consistent with finite dimensional
distributions, by the Ionescu—Tulcea theorem [27, Proposition C.10]. Now, define a
strategic measure under a policy v = {7,977, ..., 74, .- -} as a probability measure
defined on B(X x Y x U)%+ by

P';/’n (d({EO, yO7U0)7d($17yhU1)7 .. )
= P(dzo)Q(dyolz0)L{yn (yo)eduo} T (dx1|mo, u0)Q(dy1|T1) 1 {yn (yo,y1)edur} - - - -

Next, with uniformity in the total variation convergence, Theorem 2.5 is enhanced.

THEOREM 2.6. If the cost function c is bounded,

[ J5(P, Tn) = J3(P, T)| < lelloo sup || (|2, w) = T(|z, u)l[zv.

(B —1)? zex,uev
Proof. We start with the following bound as before:

\T3(T2) — J3(T)] < max (Jﬁm,m (T ), Js(TA7) — ng,v;)),

where v* and ;5 are the optimal policies, respectively, for 7 and 7.
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Then, with P} and P} denoting the strategic measures for two chains with a
policy v and kernels 7, and T , we have

<> B /C(fﬂkﬁ(y[o,k]))P%l (dxk, dyjo,r) — /C(»’Ukﬁ(y[o,k]))P;(dxmdy[o,k])\
k

<> B¥llelloo |1 PF, (d(z, y, w)iosg) — PR(d(, y, o)l 7v-
k

In Appendix A.3 we establish the following relation:

(2.6)

I1P7, (d(z, y, w)jo,) — Pr(d(z,y, w)op)llov <k sup [T (|2, u) = T (|, u) |7y
zeX,ue

Using this bound, we will have

rzeX,ue

1T5(Ta) = J5(T) < >~ B llellock  sup Tl w) = Tal e, wllry
k

= ||c||°°mz§fem||ﬂ'|x’u) = To(lz,w)llrv- 0

3. Robustness to incorrect transition kernels (partially observed case).
Here, we consider the robustness problem P2: Suppose we design an optimal policy,
), for a transition kernel, 7,,, assuming it is the correct model and apply the policy
to the true model whose transition kernel is 7. We study the robustness of the
suboptimal policy ;..

3.1. Total variation.

THEOREM 3.1. Suppose the stagewise cost function c¢(x,u) is bounded in X x U,
then

[J8(P, T 75) = J3(P, T < 2elloo sup [T ([z,u) = Tul |z, u)llrv

_Bs
(6 - 1)2 zeX,uclU

for a fized prior distribution P € P(X), where v is the optimal policy designed for
the transition kernel T,,.

Proof. We begin with the following:
| a(T, 1) = J3(T) < 1Js(Tv) = J(Toy v )| + [T8(Toy 1) — T (T, 7).

The second term is bounded using Theorem 2.6. For the first term, we use the proof
of Theorem 2.6, where we showed that for any v € T’

1J6(T57) = Jp(Tns M| < llelloo sup_ 17 (e u) = T, w2

(6 - 1)2 zeX,ue

Thus, the result follows. 0

The next theorem gives an asymptotic robustness result.
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THEOREM 3.2. Under Assumption 1.4
[J8(P, T, 7,) = J5(P,T)| =0,

where 7y} is the optimal policy designed for the kernel T,,.
Proof. We write the following:

[T (P, T ) = Jo(B T < [Ja(PTov,) = J5(P T) | + | J5(P To) = J5(B, T

The second term goes to 0 by Theorem 2.5 and the first term goes to 0 using (2.5)
again from the proof of Theorem 2.5. 0

3.2. Setwise convergence. Theorem 4.7 in the next section establishes the
lack of robustness under the setwise convergence of kernels. As we note later, a fully
observed system can be viewed as a partially observed system with the measurement
being the state itself (see (4.1)).

3.3. Weak convergence.

THEOREM 3.3. Under Assumptions 1.1 and 1.2, |Jg(T,~,) — J5(T)| — 0, where
) is the optimal policy designed for the transition kernel T,,.

Proof. We write
| T8(T>7n) = T3 (T < (T ) = Ja(Tns v) | + [T8(Tns v) = Ja(T,77)|-

The first term goes to 0 by Theorem 2.2. For the second term we use Theorem
2.3. O

Remark 3.1. In this paper we study the case where the channel is known to
the controller; that is, the true channel model @ is available to the controller. For
the case where this is no longer true, the following analysis can be made. If the
transition kernel 7 and the channel () are not known, the controller would have
an approximating sequence T Qn(Ti41, Y41 € + X Jxe,ur) € P(X x Y) for the true
joint measure TQ(x441,Yt+1 € « X |z, u) € P(X xY) for all (a4, u). The question
then becomes analyzing the convergence of T,,Q, — T Q. Due to space constraints,
we do not present explicit results on this problem; however, we note that in [57], a
similar joint convergence is studied for convergence of measurement channels and fixed
model/prior distributions. The reader can refer to [57, Lemma 2.2] for an analysis
on the convergence of PQ,, — PQ for a single stage problem, and for a multistage
problem, the following can be considered: With

[ J5(TnQn) — J3(TQ)| < [J3(Tn@n) = J5(TQn)| + [T3(T Q) — J5(TQ)],

[57, Theorem 6.2] presents sufficient conditions to guarantee the convergence of the
second term above. For the first term, the total variation convergence results in
this paper provide an analysis on the uniform convergence over a class of channels,
thus establishing positive results on continuity under the joint convergence of both
transition kernels and measurement channels.

4. Continuity and robustness in the fully observed case. In this sec-
tion, we consider the fully observed case where the controller has direct access to the
state variables. We present the results for this case separately, since here we cannot
utilize the regularity properties of measurement channels, which allows for stronger
continuity and robustness results. Similar to the discussions related to (2.1), that
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is, as the operator defined in (2.1) is a contraction and as it admits a fixed point
(value function), under measurable selection conditions due to weak or strong (set-
wise) continuity of transition kernels [27, section 3.3], for infinite horizon discounted
cost problems, optimal policies can be selected from those which are stationary and
deterministic. Therefore we will restrict the policies to be stationary and deterministic
so that U; = v(X}) for some measurable function v. Notice also that fully observed
models can be viewed as partially observed with the measurement channel thought
to be

(4.1) Q(|x) = d2(),
which is only weakly continuous, and thus it does not satisfy Assumption 1.2.

4.1. Weak convergence.

4.1.1. Absence of continuity under weak convergence.
We start with a negative result.

THEOREM 4.1. For T, — T weakly, it is not necessarily true that J3(T,) —

J5(T) even when the prior distributions are the same and c(x,u) is continuous and
bounded in X x U.

Proof. We prove the result with a counterexample, similar to the model used in
the proof of Theorem 2.1. Letting X = [~1,1], U = {—1,1}, and c(z,u) = (x — u)?,
the initial distributions are given by P ~ §;, that is, Xy = 1, and the transition
kernels are

T(le,u) = 6.1(2) [;51(.) + ;5_1(-)} +61(2) BM) + ;5_1(-)]
+ (1 =d-1(2))(1 = 61(x))do(-),
Tn(c|lz,u) = 0_1(x) [;5(1—1/@(') + ;5(—1+1/n)('):| + 01 (x) [;5(1—1/@(') + %5(—1“/”)(')

+ (1 =0-1(2))(1 = d1(2))do(-)-

It can be seen that 7, — T weakly according to Definition 1(i). Under this setup we
can calculate the optimal costs as follows:

* 1 = k 1 ﬁ2
Jﬁ(ﬁz): ﬁ‘FZﬁ = ﬁ—'_
k=2
and J5(7) = 0. Thus, continuity does not hold. 0

We now present another counterexample emphasizing the importance of contin-
uous convergence in the actions. The following counterexample shows that without
the continuous convergence and regularity assumptions on the kernel 7, continuity
fails even when T, (-|x,u) — T (-|z,u) pointwise (for x,u) in total variation (also set-
wise and weakly) and even when the cost function c(z, u) is continuous and bounded.
Notice that this example also holds for setwise and weak convergence.

EXAMPLE 4.1. Assume that the kernels are given by
7;l(|x7 u) ~ U([un’ 1+ un])v

U(o,1]) ifu#1,
Tl w) ~ {U([l,Z]) ifu=1,
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where U = [0, 1] and X = R. We note first that T, (-|z,u) — T (-]z,u) in total variation
for every fixed x and u.
The cost function is in the following form:

2 ife<l,

2- i iflagp<0a4l
c(z,u) =<1 if0l+L<z<14+1-01,

g Mt gl ogl<z<iql

2 fl+i<a

Notice that c¢(xz,u) is a continuous function.

With this setup, v*(x) = 0 is an optimal policy for T since on the [0,1] interval
the induced cost is less than the cost induced on the [1,2] interval. The cost under
this policy is

Zﬁt<2x1+03+092>1i6<105+1>

For Tp, ~vi(z) = e~ is an optimal policy for every n as emm XN = é and thus
the state is distributed between % <x<l+4+ é in which interval the cost is the least.
Hence, we can write

n—oo IB

hmJﬁm,vZ):Zﬁ(()SH—m) L7§ 16<105+1>: 5(T). O
t=0

4.1.2. A sufficient condition for continuity under weak convergence. We
will now establish that if the kernels and the model components have some further
regularity, continuity does hold.

The assumptions of the following result are the same as the assumptions for the
partially observed case (Theorem 2.3) except for the assumption on the measurement
channel Q.

THEOREM 4.2. Under Assumption 1.1, Jg(Tn,7v)) — Jp(T,~*) for any initial
state xg, as n — 00.

Proof. We build on the proof of [43, Proposition 3.10]. We will use the successive
approximations for an inductive argument.
Recall discounted cost optimality operator T : Cy(Z) — Cy(Z) from (2.1)

(T(v)(w) = inf(c(z, u) + BE[v(z1)|70 = 7,00 = u)),

which is a contraction from C3(X) to itself under the supremum norm and has a fixed
point, the value function.
For the kernel 7, we will denote the approximation functions by

v (@) = T(v* 1) ()

and for the kernel 7,, we will use v¥(x) to denote the approximation functions; notice
that the operator T" also depends on n for the model 7, but we will continue using
it as T" in what follows.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/17/20 to 130.15.241.167. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1160 ALI D. KARA AND SERDAR YUKSEL

We wish to show that the approximation functions for 7, continuously converge
to the ones for 7. Then, for the first step of the induction we have

vl (z) = ez, u*)  vp(2a) = c(@n,uy),
and thus we can write

' () = vy ()] < sup |e(z, u) — c(@n, u)|
u€lU

since ¢ € Cp(X x U) and the action space, U, is compact, and the first step of the
induction holds, i.e., lim,_« [v(z) — v} (z,)| = 0.
For the kth step we have

vF(z) = T Y (z) = mf[ c(z,u —1—6/ =L (YT (dat |, u)l,
oF (2,) = T(0EF Y (z,) = ir&f [c(xn,u) + 5/ vﬁ_l(xl)’ﬁb(dw”xn,u)].
X

Note that the assumptions of the theorem satisfy the measurable selection criteria and
hence we can choose minimizing selectors [27, section 3.3]. If we denote the selectors
by v* and w), we can write

[0*(2) — o) (x0)]
< max ({|c(w,u*) —c(zp,u")| + B /Xkal(xl)T(dxHx,u*)
- [ e T, *>|]
{|c(x,u*) c(Tp,u |+B|/ )T (dat o, ul) — /val_l(fcl)ﬁz(dx”xmu;)]).
Hence, we can write
(4.2)
[0* () = vp (xn)]

< sup {|c(x,u) c(Tn,u |+ﬂ|/ k- 1 dx |z, u) — /vﬁl(zl)ﬁl(daijn,u)@,
X

and the first term goes to 0 as ¢(z, u) is continuous in x uniformly over all u € U. For
the second term we write

sup| [ vF 7 (a))T (dat |z, u) — / P (@ T (dat 0, )|
X

uel JX
<sup| [ (0" (@) — ol (@) T, )
uel JX
+ sup | vk_l(ml)T(dx1|x,u)—/vk_l(ml)ﬁl(dx1|xn,u)|,
uel JX X

where, here for the first term, by the induction argument for any z}, — z*, [v*~!(2!)—

vE=1(2})| = 0 (i.e., we have continuous convergence). We also have that Ty, (+|,, u) —
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T (-|z,u) weakly uniformly over u € U as U is compact. Therefore, using Lemma A.1
the first term goes to 0. For the second term we again use that 7, (:|z,,u) converges
weakly to 7 (:|z,u) uniformly over u € U. With an almost identical induction argu-
ment it can also be shown that v*~!(z!) is continuous in z!, and thus the second
term also goes to 0.

So far, we have showed that for any k € N, lim,, o [0} (2,) — v*(2)| = 0 for any
z, — x, in particular it is also true that lim, . [v}(z) — v¥(2)| = 0 for any .

As we have stated earlier, it can be shown that the approximation operator T' is
a contractive operator under supremum norm with modulus 8 and it converges to a
fixed point which is the value function. Thus, we have

B* B*
(43)  [Js(T,y") =¥ (2)] < IICIImm7 | T5(Tas 1) = v (@)] < IICllmm~

Combining the results,

T8 (T vn) = |J(T5 ")
< Jp(Tas 1) = v (@) + g (2) = 0" (@) + [Js(T,7") = " (2)].

Note that the first and the last term can be made arbitrarily small since (4.3) holds
for all k£ € N; the second term goes to 0 with an inductive argument for all k € N. 0

4.1.3. Absence of robustness under weak convergence. The following re-
sult shows that the conditions that satisfy the continuity are not sufficient for robust-
ness in the fully observed models.

THEOREM 4.3. Supposing Tp,(*|xn, un) — T(-|x,u) weakly for every x € X and
u € U and (Tn,un) — (x,u), then it is not true in general that Jz3(T,~v) — Ja(T,7*),
even when X and U are compact and c(x,u) is continuous and bounded in X x U.

Proof. We prove the result with a counterexample. Take X = [0,2] and U =
{0,1,2}.
Suppose the kernels are given in the following form for n > 1:
Tz, u) =6141/m () L z>141/mu=1} + 01-1/n()La>141/n,u=0} +01() La>141/n,u=2}
+ 011/l e<i—1/nu=1} + 0141/n L {e<i—1/nu=0} + 011 {z<i—1/nu=2}
+ 0111 1/n<a<ivi/n}
T(|z,u) =01(:).

The cost function is given by

(.1‘ - 1)]1$>1 + O]lI<1 ifu= 0, 17
rw) =14 ) if =2

With this setup, an optimal policy for 7, when the initial state is = 0 is given by

1 ifz<1l-1/n,
o) =<0 ifx>1+1/n,
2 otherwise.

When the initial state is 0, the cost under this policy is Jg(7»,~,;) = 0; therefore the
policy ~; is indeed optimal for 7,. An optimal policy for T is given by v(z) = 1, Va.
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Thus, the discounted cost values can be calculated as

Js(T ) = Zﬂt (X0, 7 (X0))] Zﬂtlvn D) =3 A=
t=0

Js(T,v*) =0. 0

2. A sufficient condition for robustness under weak convergence. We
now present a result that establishes robustness if the optimal policies for every initial
point are identical. That is, for every n, «; is optimal for every zy € X (under the
model 7). Notice that in the counterexample used for Theorem 4.3, v is not optimal
if the initial point is between 1 — 1/n and 1+ 1/n. A sufficient condition for this
property is that 7 solves the discounted cost optimality equation (DCOE) for every
initial point.

A policy v* € T solves the discounted cost optimality equation and is optimal if
it satisfies

TH(T ) = e, ( +B/Jﬂ (T 20) T (das |2, 4" ().

Thus, a policy is optimal for every initial point if it satisfies the DCOE for all initial
points x € X.

THEOREM 4.4. Under Assumption 1.1, Jg(T,v}) — Jg(T,v*) for any initial
point xy if v is optimal for any initial point for the kernel T,.

Proof. Define the following operator for v;:, an optimal policy for 7,

(4.4) (To(v)) (o) = (0, 12 (0)) +ﬁ/v(xl)T(dwllxoﬁZ(%)%

which is a contraction from Cp(X) to itself under the supremum norm with modulus
[ and has a unique fixed point. One can show that the fixed point is Jz(7, 7).
In Appendix A.5 we show that

(4.5) Ty (J5(T))(xn) = J5(T, )

for any fixed k < 0o as n — oo for some x,, — x, where T denotes the operator T},
applied k consecutive times.

Our next claim is that T (J5(T))(x) — Js(T,7;,x) as k — oc. This is true as
T, is a contraction with modulus 8 and Jg(7,~;) is its unique fixed point. Thus
Tff(JE(T))(z) — Jg(T,~k,x) as k — oo and this convergence is uniform over n as
the contraction rate 8 does not depend on n.

Now, we write

Te(T ) = J5(T) < |Js(T ) = T (J5(T)| + T3 (J5(T)) = J5(T).
We can make the first term arbitrarily small by choosing k large enough uniformly
over n. For the chosen &, the second term goes to 0 as n — oo by (4.5). |

Some remarks are in order.

Remark 4.1. For the partially observed case, the proof approach we use makes
use of policy exchange (e.g., (2.3)) and for this approach the total variation continuity
of channel Q(-|x) is a key step to deal with the uniform convergence over policies. As
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we stated before, the channel for fully observed models can be considered in the form
of (4.1), which is only weakly continuous and not continuous in total variation. Thus,
it may lead to negative results as in Theorem 4.3. However, for the fully observed
models we can reach continuity and robustness (Theorems 4.2, 4.4) using the value
iteration approach. With this approach, instead of exchanging policies and analyzing
uniform convergence over all policies, we can exchange control actions (e.g., (4.2)) and
analyze uniform convergence over the action space U by using the discounted optimal-
ity operator (2.1). Hence, we are only able to show convergence over optimal policies
for the fully observed case, i.e., J3(Tn,vs) — Ja(T,~*) or Ja(T,v%) — Ja(T,~*),
where v and v* are optimal policies, whereas, for partially observed models, the
regularity of the channel allows us to show convergence over any sequence of policies,
i~e-a Sup'yeF |Jﬂ(7;L7 Qv 7) - J,B(T7 Qa ’7)| — 0.

Remark 4.2. As we have discussed in subsection 2.2, a partially observed model
can be reduced to a fully observed process where the state process (beliefs) becomes
probability measure valued. Consider the partially observed models with transition
kernels 7, and T (with a channel @) and their corresponding fully observed tran-
sition kernels 7, and n: following the discussions and techniques in [16] and [31],
one can show that 7, and n satisfy the conditions of Theorems 4.4 and 4.2, that is,
M (+|2n, un) — n(-|z,u) for any (z,,u,) — (z,u) under the following set of assump-
tions:

b 7;L(|xnaun) - T(|IE,U) for any (‘Tnaun) - (‘Tau)a

e Q(:|z) is continuous on total variation in x.
We remark that these conditions also agree with the conditions presented for the
continuity and robustness of the partially observed models (Theorems 2.3 and 3.3).

Remark 4.3. Tt can be shown that if we restrict the set of policies to an equicon-
tinuous family of functions, robustness can also be achieved: Under the conditions of
Theorem 4.2, in this case, |Jg(T, ;) — J5(T)| = 0. A short proof for this result can
be found in Appendix A .4.

4.3. Setwise convergence.

4.3.1. Absence of continuity under setwise convergence. We give a neg-
ative result similar to Theorem 2.4.

THEOREM 4.5. Letting T, — T setwise, then it is not mecessarily true that
J5(Tn) — J5(T) even when c(x,u) is continuous and bounded in X x U.

Proof. See Example 4.1. O
4.3.2. A sufficient condition for continuity under setwise convergence.

THEOREM 4.6. Under Assumption 1.3 Jg(Tn,~:) — Jg(T,7*) for any initial
state xg, as n — 00.

Proof. We use the same value iteration technique that we used to prove Theorem
4.2.

We wish to show that the approximation functions for 7,, converge pointwise to
the ones for 7. Then, for the first step of the induction we have

vl (x) = infc(x,u), vl(x)=infc(z,u),
u u

and thus we can write
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For step k& we have
v*(x) = inf [c(x,u) + / Uk_l(l"l)T(dxHx,u)],
“ X
v¥(z) = inf [c(m,u) + / Ufl—l(xl)n(dmlwm)}
u X

Note that the assumptions of the theorem satisfy the measurable selection criteria and
hence we can choose minimizing selectors [27, section 3.3]. If we denote the selectors
by v* and u), we can write

0" (@) — v (2))]

§max<[c(z,u*) c(x, u* |+|/ F=L (YT (dat |z, u*) — /Xv,’fbl(xl)ﬁ,(d:rlm,u*)q,
[|c(a:,u*) (s \+|/ ()T (da |, ) — Avﬁ—l(xl)n(dxl|x,u;)|]>.

For the first term we use [42, Theorem 20], since T, (-|z, u*) — T (|2, u*) setwise and
vkE=1 — vk~ pointwise.

For the second term, we use a contradiction argument. Assume that there exists
an € > 0 and some subsequence (identified with ny) such that

(4.6) |/ k=1 T (dat |z, ul, L)~ /vfl_l(xl)ﬂk(dxﬂx,uzkﬂ > €.
X

Now, take a further subsequence u:‘% of this sequence, which converges to some u
whose existence follows from the compactness of U. Notice that along this subsequence
T(-|x,u;;) — T(:|z,u) and 7;;(.|x,u;"l;c) — T(:]x,u). Thus, using the induction step
and [42, Theorem 20] the above term converges to 0 along the subsequence indexed

by n},, which contradicts (4.6). The rest of the proof follows from the arguments in
Theorem 5.2. O

4.3.3. Absence of robustness under setwise convergence. Now, we give a
result showing that even if the continuity holds under the setwise convergence of the
kernels, the robustness may not be satisfied.

THEOREM 4.7. Supposing Tpn(-|Tn,un) — T (|2, u) setwise for every x € X and
u € U and (Tp,un) — (x,u), then it is not true in general that J3(T,~) — Ja(T,7*),
even when X and U are compact and c(x,u) is continuous and bounded in X x U.

Proof. We prove the result with a counterexample. Define

2k —2 2k—1 2k—1 k
Loy = _ LAY
n,k l: om o ) y Rn,k |: om TL)

Let L = {y € Up_ Ly} and R = {y € U}_; R, }. Next, define the square-wave
function by

hn(t) = 1ery — litery-

Define two sequences of probability density functions as

o) = A+ k() 5> 9n(t) = (1= ha(t) 1o} -
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Consider the kernels given in the following form for n > 1:

7;1(|x,u) N]]-{J;EL,uzl}fn(') + ]]-{JJEL,u:O}gn(')
+ ]l{xER,u:O}fn(') + ]l{:rER,uZI}gn(')
T (|, u) ~U([0,1]).

By the proof of the Riemann-Lebesgue lemma [54, Theorem 12.21]

i [ ha(t)g(t)dt = 0 Vg € Ly ([0,1],R),

n—oo 0

and therefore
1 1

i [ fulgde = [ o) Yo € Li (0.1} B).
0 0

n—oo

As a result, Tp, (|, u) — T(-|z,u) setwise for every z € X and u € U.
The cost function is given by

2 ifu=0
C({E’u):{ Iu )

v ifu=1.

Notice that if the system starts anywhere on L, it does not matter how we define ~;;
for x € R as the state always stays at L. Thus, with this setup, it can be seen that
an optimal policy for 7, is given by

“(z) 1 ifzel,
€Tr) =
n 0 ifzeR

when the initial state is x = 0, which belongs to L for any n > 1. The optimal policy
for T is given by v*(z) = 1. The discounted cost values can be calculated as follows:

TT) = S BB 1) = 328" [ e = st
t=0 0 0

Building on the calculations in [32], the cost under the policy v} is calculated as

Jo(T %) =26tEﬂc<X, ALC0)] = 1_15( [ ez [ c(x,om)

1 1 1 1 5
([ o) = 5 (s 0) s

which completes the proof. ]

4.4. A sufficient condition for robustness under setwise convergence.
We now present a similar result to Theorem 4.4, that is, we show that under the
conditions of Theorem 4.6, if further for every n, « is optimal for every zo € X
(under the model 7y,), then robustness holds under setwise convergence.

THEOREM 4.8. Supposing Assumption 1.3 holds, if further we have that for every
n, v, is optimal for every xo € X (under the model Ty,), then Ja(T 7)) — Ja(T,v%).
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Proof. We use the same proof technique as we used for Theorem 4.4. Define the
following operator for 75, an optimal policy for 7, as in the proof of Theorem 4.4,

(T (v))(x0) = c(w0, 7 (w0)) + ﬁ/v(fl)T(dxﬂxoﬁfL(fCo)),

which is a contraction from Cy(X) to itself under the supremum norm with modulus g8

and has a unique fixed point which is Jg(7T, ;). Hence, T,’f(JE(T))(m) — Ja(T, 7, x)

as k — oo uniformly over n, where T is the operator T}, applied k consecutive times.
Using the properties of setwise convergence we show in section A.6 that

(4.7) lim TF(J5(T))(x) = J5(T,x) Vk < oo.

n—oo

Then, we write
Ts(T ) = J5(T) < |Jp(T ) = TH(T5(T)| + TR (T5(T)) = J5(T)| = 0.

We can make the second term arbitrarily small by choosing k large enough uniformly
over all n since Tff(JE(T))(x) — Jg(T,7%, ) as k — oo uniformly over n. For the
fixed k, the first term can be made arbitrarily small by choosing n large enough using
(4.7). d

4.5. Total variation. The continuity result in Theorem 2.5 and the robustness
result in Theorem 3.1 apply to this case since the fully observed model may be viewed
as a partially observed model with the measurement channel @ given in (4.1).

Remark 4.4. We note that if the action and state spaces are finite, then total
variation convergence and weak convergence coincide and thus Theorems 2.5, 2.6, and
3.1 from the partially observed case directly apply to this case considering the channel
as a perfect channel. Thus, the only assumptions needed to establish continuity and
robustness are

o T.(:|z,u,) = T(-|z,u) in total variation for all z € X,
e 7T (:|z,u) is continuous in total variation in w for every given z € X|
e U is compact.
Since the spaces are finite, this set of assumptions reduces to
o T.(:|z,u) = T(-|z,u) in total variation for all z € X and u € U.

Remark 4.5. We note that all of the results we present in this paper also apply
to finite horizon problems. If we define a finite horizon problem by

T

J(P7 T, 7) = Z E]D—,Q[C(Xh Ut)]v
t=0

the continuity and robustness properties hold under the same conditions we have
presented for the infinite horizon discounted problem.

5. Implications for data-driven learning methods in stochastic control.
In practice, one might try to learn the kernel of a controlled Markov chain from
empirical data; see, e.g., [6, 55, 24] for some related literature in the control-free and
controlled contexts.

Let us briefly discuss the case where a random variable is repeatedly observed,
but its probability measure is not known a priori. Let {(X;), ¢ € N} be an X-valued
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i.i.d. random variable sequence generated according to some distribution g. Defining
for every (fixed) Borel B C X, and n € N, the empirical occupation measures

1 n
:U’n(B) = ﬁ Zl{XiGB}a
=1

and one has u,(B) — u(B) almost surely by the strong law of large numbers. Also,
tn — p weakly with probability one ([14, Theorem 11.4.1]). However, p, cannot
converge to u in total variation or setwise, in general. On the other hand, if we know
that p admits a density, we can find estimators to estimate y under total variation [13,
Chapter 3]. For a more detailed discussion on convergence of empirical occupation
measures see [32, pp. 1950-1951]. In the previous sections, we established robustness
results under the convergence of transition kernels in the topology of weak convergence
and total variation. We build on these observations next.

5.1. Application of robustness results to data-driven learning.

COROLLARY 5.1 (to Theorems 2.6 and 3.1). Suppose we are given the following
dynamics for finite state space, X, and finite action space, U,

Tiy1 = f(xtvuhwt)a Yt = g(xt7vt)7

where {w} and {v:} are i.i.d. noise processes and the noise models are unknown.
Suppose that there is an initial training period so that under some policy, every x,u
pair is visited infinitely often if training were to continue indefinitely, but that the
training ends at some finite time. Let us assume that, through this training, we
empirically learn the transition dynamics such that for every (fized) Borel B C X, for
every x € X, u € U, and n € N, the empirical occupation measures are

Z?:l 1{X7’,€B,X1‘_1:I7U7‘,—1:U}
Z?:l 1{X7‘,—1:277Ui—1:1t}
Then we have that J5(T,) — J3(T) and Jg(T,~;;) — J5(T), where 7, is the optimal

policy designed for T,. Since the channel model g has no restrictions, this result also
applies to the fully observed model setup by taking g(x¢,ve) = 4.

Tn(Blro = @,up = u) =

Proof. We have that T,(:|z,u) — T (:|x,u) weakly for every x € X, u € U al-
most surely by the law of large numbers. Since the spaces are finite, we also have
Tn(-|z,u) = T(-|z,u) under total variation. By Theorems 2.6 and 3.1, the results
follow. a0

The following holds for more general spaces.
COROLLARY 5.2 (to Theorems 3.3, 2.3, 4.2, and 4.4). Suppose we are given the
following dynamics with state space X and action space U,
Tiy1 = f@4, up, wy), Yy = g(x1,vt),

where {w¢} and {v;} are i.i.d. noise processes and the noise models are unknown.
Suppose that f(x,u,-) : W — X is invertible for all fired (x,u) and f(x,u,w) is
continuous and bounded on X x U x W. We construct the empirical measures for the
noise process wy such that for every (fized) Borel B C W, and for every n € N, the
empirical occupation measures are

1 n
(5.1) pin(B) = n Zl l{fzil,l,ui,l(wi)EB}’
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where fi' . (x;) denotes the inverse of f(xi—1,ui—1,w) : W — X for given
(xi—1,ui—1). Using the noise measurements, we construct the empirical transition
kernel estimates for any (xg,uo) and Borel B as

7;L(B|x07u0) = /Jn( Z_()];’U.() (B))

(i) If the measurement channel (represented by the function g) is continuous in
total variation, then J3(T,) — J5(T) and Jg(T, ;) — J5(T), where ~;; is
the optimal policy designed for T, for all initial points.

(ii) If the measurement channel is in the form g(x¢,ve) = ¢ (i.e., fully observed),
then J5(Tn) — J5(T), and if further for every n, vy, is optimal for every
zg € X (under the model Ty, ), then Jg(T, ;) — J5(T).

Proof. We have p,, — p weakly with probability one where p is the model. We
claim that the transition kernels are such that 7, (:|xn, u,) = T (-|z, u) weakly for any
(Tn,un) = (x,u). To see that observe the following for h € Cp(X):

/h(xl)'ﬁl(d:z:ﬂmn,un) —/h(azl)’T(dxl\x,u)
— [ Bt o) = [ B(F o)) >0,

where i, is the empirical measure for w; and p is the true measure again. For the
last step, we used that p, — u weakly and h(f(zn,un,w)) continuously converge to
h(f(z,u,w)), i.e., h(f(xn, un, wy)) = h(f(z,u,w) for some w, — w since f and g
are continuous functions. Similarly, it can be also shown that 7, (-|z,u) and T (-|z, u)
are weakly continuous on (z,u). Thus, for the case where the channel is continuous
in total variation by Theorems 3.3 and 2.3 if ¢(x, u) is bounded and U is compact, the
result follows.

For the fully observed case, J5(7,) — J5(T) by Theorem 4.2 and Js(T, ;) —
J5(T) by Theorem 4.4. |

Remark 5.1. We note here that the moment estimation method can also lead to
consistency. Suppose that the distribution of W is determined by its moments, such
that estimate models W,, have moments of all orders and lim,, = E[W}] = E[W"]
for all r € Zy. Then, we have that [8, Theorem 30.2] W,, — W weakly and thus
To(|Tn, un) — T(-|z,u) weakly for any (z,,u,) — (z,u) under the assumptions of
above corollary. Hence, we reach continuity and robustness using the same arguments
as in the previous result (Corollary 5.2).

Now, we give a similar result with the assumption that the noise process of the
dynamics admits a continuous probability density function.

COROLLARY 5.3 (to Theorems 2.6 and 3.1). Suppose we are given the following
dynamics for real vector state space X and action space U:

Tiy1 = f(xt,ut,wt)a Yt = g(ﬂftﬂ)t)a

where {w¢} and {v;} are i.i.d. noise processes and the noise models are unknown,
but it is known that the noise w; admits a continuous probability density function.
Suppose that f(x,u,-) : W — X is invertible for all (x,u). We collect i.i.d. samples
of {wt} asin (5.1) and use them to construct an estimator, fi, , as described in [13],
which consistently estimates p in total variation. Using these empirical estimates, we
construct the empirical transition kernel estimates for any (xo,up) and Borel B as

7;L(B|x03u0) = ﬂn( -”;o{uo (B))
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Then independent of the channel, J5(Ty) — JE(T) and Jg(T,vy) — J5(T), where v,
is the optimal policy designed for T,. Since the channel model g has no restrictions,
this result also applies to the fully observed model setup by taking g(xy,vi) = x4.

Proof. By [13] we can estimate p in total variation so that almost surely
lim, o0 ||fin — pll7v = 0. We claim that the convergence of fi, to p under the
total variation metric implies the convergence of 7, to T in total variation uniformly
over all z € X and u € U, i.e., limy, o0 sup, , |70 (|2, u) — T (|2, u)||rv = 0. Observe
the following:

sup ||7;l(|x7u) - T(|$, U)HTV

=sup sup ’/h(xl)ﬁl(dxﬂm,u)—/h(ml)T(dx1|x,u)|

U ||h]|oe <1

=sup sup I/h(f(fmu,w))/ln(dw) - /h(f(fc,u,w))u(dw)l < lfn = pllrv = 0.
20 ||hlloo <1

Thus, by Theorems 2.6 and 3.1, the result follows. O

The following example presents some system and channel models which satisfy
the requirements of the above corollaries.

EXAMPLE 5.1. Let X,Y, U be real vector spaces with

T = f@e,ue) + wy, yr = h(ws, vy)

for unknown i.i.d. noise processes {w;} and {v;}.

(i) Suppose the channel is in the following form: y, = h(xy,vy) = @y + vy, where
vy admits a density (e.g., Gaussian density). It can be shown by an appli-
cation of Scheffé’s theorem that the channels in this form are continuous in
total variation. If further f(xy,u;) is continuous and bounded, then the re-
quirements of Corollary 5.2 hold for partially observed models.

(ii) If the channel is in the form x; = h(xy,ve), then the system is fully observed.
If further f(xt,u) is continuous and bounded, then the requirements of Corol-
lary 5.2 hold for fully observed models.

(iii) Supposing the function f(x¢,us) is known, if the noise process wy admits a
continuous density, then one can estimate the noise model in total variation
in a consistent way (see [13]). Hence, the conditions of Corollary 5.3 hold
independent of the channel model. ]

6. Conclusion. We studied regularity properties of optimal stochastic control
on the space of transition kernels and applications to robustness of optimal control
policies designed for an incorrect model applied to an actual system.

Appendix A. Technical results.

A.1. Proof of (2.2) in Theorem 2.2. Before the proof we give a key lemma.
The lemma we present generalizes the following result from [35, Theorem 3.5] and
[49, Theorem 3.5].

LEMMA A.1. Suppose {un}n C P(X), where X is metric space, converges weakly
to some p € P(X). For a bounded real valued sequence of functions {fn}n such that
[fnlleo < C for allm > 0 with C < oo, if lim, o0 fu(xn) = f(x) for all z, — z, i.e.,
fn continuously converges to f, then limy,_o0 [y fr(2)pn(de) = [i f(z)p(dz).
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LEMMA A.2. Suppose we have a uniformly bounded family of functions {f) : X —
R,y € T',n > 0} such that || f)||cc < C for ally € T and for alln > 0 for some C < oo.

Further suppose we have another uniformly bounded family of functions {f7 :
X = R,y € T} such that ||f7|leo < C for all v € T for some C < co under the
following assumptions:

(i) For any x, — x

(A1) sup |f,’{(wn) - f’Y(a:)| =0,
yel

(A.2) sup |f”(mn) — f"*(x)| — 0.
yel’

(ii) Tn(:|zn, un) converges weakly to T (-|z,u) for any (xn,u,) — (x,u).
(iii) T(-|z,u) is weakly continuous in (z,u).
(iv) U is compact.

Then for fived observation realizations, yjo 4 := {Yo, - .,Y:} and for some xf — x;
(A.3)
sup | [ Toldsealat 2 woa) o) = [ Tdzesalee 1(va)) £ (1) 0.
vE

Proof. Using (A.2), we see that {f7} is a equicontinuous family of functions.
Thus, by the Arzela—Ascoli theorem, for any given compact set K C X and € > 0
there is a finite set of continuous functions F := {f!,..., fV'} so that for any 7 there
is fi € F with

sup |f7(z) — f'(z)| < e

reK
Now, we claim that for the same € > 0, the same f’ € F, and the chosen compact set
K, we can make sup ¢ | f7(z) — f'(z)| < 3¢/2 for large enough n and for any v € I
To see this, observe the following:

sup | f)(z) — f'(2)| < sup | (2) — f7(2)| + sup |f7(z) — f'(2)];
rzeK rzeK zeK

the second term is less than € with the argument we made in the first paragraph of
the proof. The first term can also be made arbitrarily small since f) — f7 uniformly
on compact sets by (A.1). Now we wish to show that we can find a compact subset
of X such that all probability measures (kernels) in the term (A.3) put their measure
mainly on this compact set. Consider the set of measures S := U,erS,, where

Sy = AT 2}, v(Wi0,9)) : Ta 12y, v (Wi0,9)) = T Clze, v(yo,k)) }-

Here, notice that the set S depends on the sequence {z}'} and the observation real-
izations gy 4. To cover all the kernels in (A.3) we take {x}'} and yjo4 as they are
given in the statement of the lemma.

For a sequence from the set S, say, Ty, (-|2£™, Ym (¥j0,47)), since U is a compact set
and the observations are fixed, there exists a subsequence in which 7y, (yj0,4) — ©*
for some u* € U. Now we focus on this subsequence Ty, (/™" ,Ym, (j0,)). By
the assumption (ii) in the lemma statement {7}, also satisfies the following: for any
(T, un) = (@,u), Tn(-|Tn, un) = T(:]z,u). Thus,

%mr('\l’?m”ﬁmr (Wi0,9)) = T(-|xe, u”).

Hence any sequence in the set S has a convergent subsequence, and thus S is a
precompact family. Therefore, it is a tight family of functions by the Prokhorov
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theorem [7, Theorem 5.2] (see also [14, Theorem 11.5.3]). Hence, for any ¢ > 0, there
exists a compact set K. such that for all n and uniformly for all v € T,

| Ttdnilat o) 21— e
K€

Now, we fix an ¢ > 0 and choose a compact set K. according to the above
discussion such that all 7, put almost all their measure (more than 1 —¢) on K.. We
also fix a finite family of continuous functions F := {f1,..., ¥} such that for any
7, we can find an f* € F with sup,, cx. |f7(2¢) — f*(21)| < e. Moreover, we choose a
large N such that sup,c . |f(x) — f*(z)| < 3¢/2 for all n > N.

With this setup, we go back to the main statement:

[ Tatdsiale o) i) - [ Tldsenlen (o) (o)

sup
~yel

< sup | Ta(dwepr|zy, v(ypo,0)) fol (Teg1) — / T(dxig1lze, Y(Yjo,0) 7 (e41)]
vel JX\K. X\K.

+ sup| / To(dre |2 v (y0.0)) £ (Tes)
~el K.

—/K T(d$t+1|$t7’V(y[o,t]))f’y(xtJrl)‘

<2eC+ sup ’ /K To(dzealey s (o) (£ (@) = F1(2e41))
’y €

+ / Ta(dzea |27 4 (50.0) (@)
K.
- /K T(deeslze1(Wo) F (@)
+/ T(d$t+1|$t,’Y(Z/[o,t]))(fi(ftﬂ) _f’y(-TtJrl))‘
K.

§2€C+SUP’/ To(dzeia |2}, v(yo.0)) f (es1)
verl' JK.

- / T (dwepr|ze, Y(yo.0)) f (zeg1)| + 5e/2 < 4eC + Te /2,
K.

where C' is the uniform bound of f and f*(z4,1) is chosen according to the discussion
above such that f? is € close to f7(z441) and the same f* is 3¢/2 close to f)(z¢11)-

At the last step, we used the fact that T, (dz; 1]z}, v(yj0,¢)) converges weakly to
T (dzi 1], ¥(Yo,)) uniformly on U. Thus,

SUP|/K ﬁ(d$t+1|$?aV(y[o,t]))fi(ﬂitﬂ)*/K T(dmtﬂ\ﬁta’Y(y[o,t]))fi(xtﬂﬂ

~yel

SSHP‘/X X« ,rn(dirtJrl|1'?7’7(y[0,t]))fi(xt+1) —/ T(d$t+1|$t,W(y[o,t}))fi($t+1)|

yel X—Ke

+ sup| / To(dzesr el v W0.0)) F (2111
yeTl X

- / T(deealee v (o) £ (2es1)] < 26C + ¢
X

for large enough n. As € is arbitrary, the result follows. ]
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With this lemma, we go back to (2.2). For easiness of notation we will first study
the case where ¢t = 3.

sup ] {c(Xg,v(Y[o,z]))} - B {C(Xm%sl))] |

:Slellr)|/P(dxo)Q(dyo\xo)T(dxﬂxo,’V(yo))Q(dZA|$1)T(d$2|$1»7(y[0,1]))
il
X Q(dy2\$2)7—(d$3|$2,7(9[0,2]))Q(dy3|$3)0($3a7(9[0,3]))
— [ Plds) Qo) Ta s oo, 2 () @ldn 1) T (daaler, 1 v.)

x Q(dy2|w2) Tn(dxs|2, ¥(yj0,2))) Q(dys|@s) (23, v(yj0.3)) |-

Using the dominated convergence theorem, it suffices to show that

sup
el

/ To(d1 70, 7(90)) Qg [0 Ta(dz2l1, Y (o))
X Q(dya|r2) Tr(dxs|2ze, Y(yj0,2))) Q(dys|zs)c(x3,Y(Y0,3)))

= [ Tldsileo. w0 Qdlen) T Azl A (vo.)

x Q(dyz|z2)T (dz3|za, v(Yj0,2))) Q(dys|x3)e(xs, Y(Yjo,3))| — O

Then, using Lemma A.2, it suffices to show that for any z}' — z;

sup
yel’

/Q(dyl\x?)ﬁ(dxﬂx’f,w(y[o,l]))Q(dy2|x2)7;(dx3|x27v(y[w]))
X Q(dy3|x3)c(m3,'y(y[073]))

*/Q(dyl\xl)T(deﬂxla’Y(y[o,u))Q(dyz|$2)7-(d9€3|ﬂf2>7(9[0,2]))

(A.4) X Q(dys|zs)c(ws, v (ypo,3))| = 0

/ QUdy [22) T (deal e 7 (ypo.0)) Q (dyalr2) T (dza 2y (yj0.2)))

sup
~el

X Q(dy3\$3)0(ff3,’7(y[o,3]))
- / Qs |1) T (|1, (y10.11)) @ (Ao e2) T (sl 1 (0 21))

(A.5) x Q(dys|z3)c(z3,v(yj0,3)))| — 0.

We only focus on the term (A.4); the analysis for the term (A.5) follows from identical
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steps. For (A.4), we write the following:

/ Qs |7 Tr(dzaa?, 4 (v10.1)) Q (A 2) T (dslra 1 (40 21))

sup
~ver
x Q(dys|zs)c(zs, v(Yo,3)))
—/Q(dyl|$1)T(d$2|$1,’Y(y[o,l]))Q(dy2|$2)T(d$3\30277(3/[0,2]))
x Q(dys|zz)c(zs, v(Yo,31))
<sup| [ QUIIeTaldralat (0100 Qdielan) Tadaale, 1 (v02)
Y

x Q(dys|zs)c(xs, v(Yo,3))

- / QU |1) T (dala 4 (y10 1)) Qdyalara) T (s 102, 1 (y10.2))
x Q(dys|z3)c(xs, v(yp0,3)))

+sup\ [ QU Tatdealet (oo.0))Qdualin Tadsles, 1 )
x Q(dys|zs)c(zs, v(Yo,3)))

- / Qs |1) T (|1, (yj0.11)) QAo e2) T (sl 1 (40 21)

(A6) < Q). o) |

The first term goes to 0 since the channel is continuous in total variation. For the
second term, using Lemma A.2 and the total variation continuity of @ successively,
it reduces to show that

sup / QUdyslal) (@ A (wpo.5) — / Qdys|zs)e(es, 1 (yo)| — 0.

yel

To show this, we write the following:

/ QUdys|a)e(x, Y (vjo) — / Q(dys|zs)e(zs, 1 (ypo.5)

sup
el
< sup / Q(dysla?)e( A (vo.) — / Q(dysles) ez v (yo.5)
Yy
+ sulg/Q(dy3\x3)’0($§,7(y[0,3]) - 0(553,7(11[0,3])’-
YE

The first term goes to 0 since @ is continuous in total variation and the second term
goes to 0 since ¢ is continuous in z uniformly over U. Thus, (A.4) holds true. (A.5) also
holds true with identical arguments; we use the convergence of T (:|z,,u) to T (-|z,u)
uniformly over v € U whereas for (A.4), we use the convergence of T, (+|xn,u) to
T (*]z,u) uniformly over u € U at (A.6) with Lemma A.2. Therefore, (2.2) goes to 0
for the time step t = 3. For a general finite time stage ¢, we can again use the iterative
approach we used when ¢t = 3. Thus, we can generalize that for any 0 < ¢t < oo

sup
~el’

EL [C(Xtﬁ(y[o,t]))} — Elr {C(Xtﬁ(y[o,t]))} ‘ — 0.
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A.2. Proof of (2.4) in Theorem 2.5. Before the proof we give a key lemma.

LEMMA A.3. For a uniformly bounded family of functions {f) : X — Ryn >
0,y €T} and {7 : X = R,y € T} if we have sup.p | f7(z) — ()| = 0, then

sup
yerl’

/ﬁz(d$t+1|$t,V(y[o,t]))fl(l’tﬂ) */T(d$t+1\fvt,V(y[o,t]))fW(ItH) =0

for a fized observation realizations yjo 4 := {yo, ..., y:} and a fived state x;, under the
following assumptions:
(1) Tn is such that for any sequence {u,} C U converging to some u € U,
To( |z, un) = T(-|x,u) in total variation for all x € X,
(ii) T(-|x,u) is continuous in total variation in u for every given x € X.

Proof.

/ To(dzea 20,y (i0.) 1 (@) — / T (dzpan 20,7 (o) 7 (ren)

sup
yel’
< sup / To(daer 26,1 (Wp0.)) £ (1) — / T(daa |27 (W0.0)) £ (204
Y
+Slellg /T(d$t+1|l’t,V(y[o,t]))(fl(xtﬂ) — [ (@e41))
s
< S1€11F> H%(d$t+1|xt77(y[07t])) - T(dxt+1|xta7(?![0,1&]))”TV
Y
+sup [ Tsealenrwoa) (F(wesn) - £(aes)|
s

Above, the first term goes to 0 as T, (+|x, u,) — T (-|z,u) in total variation and U is
compact.

For the second term, first we use the assumption that 7 (-|z,«) is continuous in
u. For any € > 0, there exists a > 0 such that |v' — u| < § implies || T (:|z,u) —
T (-|z,u)||rv < €. Furthermore, by this assumption U is compact. Therefore, for the
given 0, there exists a finite set {uq,...,unx} such that for any v € T, we can find a
w; with Ju; —y(y,.4)| < 9.

Combining what we have; for any € > 0 and for any «v € I', we can find a u; such
that || 7(-|z,v(yj0,g)) — T (-|2, us)||7v < €. Now we focus on the second term again:

sup [ Tldrerlen o) () - f%mn)\

yel

< sup /T(d$t+1|$t7V(Q[O,t]))(f;/(fﬁtﬂ) - fﬂ{(xtﬂ))
yel’

_ /T(dxt+1|zt’ui)(f3(xt+1) - fw(x“rl))‘

+ SUP/T(dCCt+1|33t7Ui)‘fﬁ(%ﬂ) — [ (m141))

yel

< llelloo sup [ 7|2, ¥(g10,0)) = Tl wi) v
gl

b

+ sup / T(dwesa |20, u)| £ (@ern) — 7 (@gn)

el

where ||¢||oo is a uniform bound of f,, and w; is chosen according to the above dis-
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cussion. Thus, the first term is less than ||¢||o€¢ and the second term can be made
arbitrarily small for large enough n since sup,, ¢ | f(x)— f7 (x)| — 0 by assumption.
The result follows. d

Now we go back to (2.4). We will first study the case where ¢ = 3.

ilellg E} {C(X:sﬁ(y[o,s]))] - El [C(X&’Y(Y[o,s]))} ’
= sup /P(dxo)Q(dyo\xo)T(dzﬂzo’V(yo))Q(dyl|$1)T(dﬁﬁ2|$1,’7(y[o,1]))

X Q(dya|x2)T (dxs|xa, v(yj0,2)))Q(dys|x3)c(xs, Y(yo0,3]))
—/P(dﬂfo)Q(dyOWO)’ﬁz(dﬂfl\xo,V(yo))Q(dyl\xl)%(dﬂfﬂﬂCl,W(y[o,u))

‘ Q(dyzxz)%(dwslwz,v(y[o,a]))Q(dyslxg)C(wg,v(y[o,s]))’~

Using Lemma A.3 it suffices to show that

/(Q(dylxl)ﬁz(dfzmla’Y(Z/[o,1]))Q(dl/2|x2)7;z(d$355277(31[0,2}))

sup
yel’

~ Qdya o) T (daales, 7(y[0,1]))Q(dy2|~T2)7'(d333|932,7(?/[0,2])))
X Q(dy3|$3)c($3,7(%0,3]))’ — 0.

Following the same procedure and using Lemma A.3 successively, it reduces to show
that

sup
yer

[ Ta(daales, 2 (w100 Qo). 1 510)

- / T (dzalz2,1(510.2)Q(dyslz)elws, 7 (yo.s)

< [lefloe sup [ Tn(ds| w2, ¥ (y10,21)) — T (das|w2, ¥ (yo,20)) |l ov = 0,
YE

which holds true by the assumptions, i.e., since the action space U is compact and
T is such that for any sequence {u, } C U converging to some u € U, T,,(-|z, u,) —
T(-|z,u) in total variation for all € X. This argument can be applied to any time
step t < oo.

A.3. Proof of (2.6) in Theorem 2.6. First, we provide the analysis for k£ = 2.
| PF (d(z,y,u)0,2) — PF(d(x,y, w)0,2)lITv

= sup /P(dﬂfo)Q(dyO|930)1{~/(yo)edu0}771(d131\ImUO)Q(dyl|I1)1{v(yo,y1)edu1}

I Flleo<1

X n(d‘r2‘x17 ul)Q(dy2|x2)1{7(yo,y1,y2)6du2}f($7 Y, u)[O,Q}

_/P(dxo)Q(dyO|$0)1{'y(yo)eduo}7—(d$1\3507UO)Q(dyl|$1)1{w(y0,y1)edu1}

X T (dxz|zr, 1) Q(dyal2) 1y (yo,yr,ys)edus } [ (T, ¥, 1) [0,2]
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< sup / P (d(z(o.1) o) u0.)))
[1flleo<1

X

/7;L(d$2|$1aul)Q(dyQ‘IQ)l{V(y[OQ])Eduz}f(xvyvu)[0,2]

- / T (dza|z1, u1)Q(dy2|T2) 1 (4 (y0 2 edus} F (T, Y, W0 2]

+ sup /P’;/’(d<x07 Yo, uO))
[1fllee<1

/ﬁl(dxﬂxo’UO)Q(dyl|$1)1{7(yo7y1)€du1}P'7’(d(x27y27UZ))f(xayvu)[O,z]

—/T(d$1|$o,UO)Q(dyl|171)1{7(yo,y1)edu1}P%(d(iE2,y27uQ))f(iE,y7U)[o,2]

<2 sup |[[Ta(lz,u) = T( |z, w)llrv.
rzeX,uecl

Now, we do the same analysis for a general time step k:

1P (d(@,y,u)o.x)) — PL(d(z,y,w)0.x) TV

/f T, Y, u Ok (d(x Y, u [Ok /f T, Y, u Ok]P (d(z,y, )[o,k])

= sup
[1fllo<1

< sup
£l <1

X [/T(d$1|$o7uo)/f(ﬂ%y’u)[o,k]P%Tn(dﬂf[z,k},dy[1,k],du[1,k])

/P';Y",Tn (dx()a dyOa dUO)

- [ Ttdarlan o) [ £ w07 7, (o doa. )|
+ ‘ /P%,Tn (dx[o,l]ady[o,l],du[o,l])
x [/T(dmﬂxl,m)/f(%yaU)[o,k]P%Tn(dI[?,,k},dy[z,k},du[:a,k])
_/ﬁl(dxﬂxlaul)/f('rayvu)[O,k]P;{’,ﬁl(dx[S,k]ady[Q,k]adu[2,k]):|‘
ot ‘ /P%T,,L(dm[o,kq]’dy[o,kq],du[o,kq]) [/T(dxk|$kla“kl)f(%%“)[o,k]
- /%(d$k|xk1,uk1)f(if7yau)[o,k]H
< /P%Tn(dl‘mdymdUO)HT('\xo,uo) = Tul:|zo, wo)||Tv
+/P%Tn(dx[ml]vdy[o,l]adu[o,l])HT('Wlaul) = Tn(lz1, ua)llrv
Jr/P%,Tn(dx[O,k—l]’dy[O,k—l]’du[O,k—l]))||T('|zk—1vuk—l) = Ta(-Jok—1, uk—1)llTv

<k sup |[T(|z,u)—Tul |z, u)|rv.
zeX,ucl
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In the argument above PT ., denotes a strategic measure that uses 7 or 7, at various
steps. The terms are arranged so that at every term the applied strategic measures
coincide.

A.4. Proof for Remark 4.3. We note that if the family where we search for
policies is restricted to an equicontinuous family of functions, robustness can also be
achieved. Let I'¢; be the family of equicontinuous policies so that for any given zp € X
and € > 0, there exists a ¢ > 0 such that |y(z) — y(zo)| < € for all v € T'¢, and for
every x such that |x — zg] < 4.

We show that for all ¢ < co

sup
Y€l eq

ET [C(XtaV(Xt)>:| —E™ [C(Xtﬁ(Xt))} ’ — 0.
For ease of notation we will first study the case where ¢t = 2.

sup ‘ET {C(X277(X2))] ~ B [C(XQ’V()Q))} ‘

— sup| / T (deey o, 7 (20)) T (s |y, 7(a0)) e (2))

yel’

- / To(da1 |0, (20)) T (dalzr, (1) ela v (22))

To show that the above term goes to 0, we use a lemma parallel to Lemma A.2 in the
paper.

LEMMA A.4. Suppose we have a uniformly bounded family of functions {f) : X —
R,y € T'eq,n > 0} such that ||f]lo < C for all v € T¢y and for all n > 0 for some
C < 0.

Further suppose we have another uniformly bounded family of functions {f7 :
X — R,y € Teq} such that || f¥]| < C for all v € Ty for some C < co under the
following assumptions:

(i) For any x, — x

(A7) sup |£(@a) — ()] =0
Y€l eq

(A.8) sup |7 (zn) = f7(2)| = 0
Y€l eq

(iii) T (:|z,u) is weakly continuous in (x,u).
(iv) U is compact.
Then for some x} — x4

(ii) Tn(:|Tn, un) converges weakly to T (-|z,u) for any (xn,u,) = (x,u).
i
i

(A.9) sup
RS

/ Ta(d e |20y (@)) ] (@) — / T(dwesslae, y(@)f (@e1)| = 0.

Proof. Using the same steps as in Lemma A.2 we can show that for any given
compact set K C X, and ¢ > 0 there is a finite set of continuous functions F :=
{f*, ..., fV} so that for any v, there is f* € F with

sup | f7(2) — f'(2)| < e

zeK
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For the same € > 0, the same f’ € F, and the chosen compact set K, we can also

make sup,cx | £ (z) — fi(z)| < 3¢/2 for large enough n and for any vy € T'e,.
We also have that the set of measures S := U,er,, S, is weakly compact where

Sy = ATl v(@f) s Ta (g, v () = T (e, v(we)}-

Hence, for any € > 0, there exists a compact set K. such that for all n and
uniformly for all v € T,

/ Toldzalaf,y(z2) > 1 —c.
K.

Using these, we again follow the same steps as in the proof of Lemma A.2:

/ Ta(dze | /(&) £ (e41) — / T(dress|aey(20)) 7 (@)

sup
YEleq
< sup | Toldzer|oy, y(xf) f (Te41) — T(dwysr|we, () [ (@)
veToq JX\K. X\ K.
T sup | / Tu(dars 2, A(2) £ (2en) — / T(deriilon Y(@) f (@)]
Y€ eq K. K.

<20+ sup | / Toldeor o v (@) (£ (@) — F(wee))
v€leq K.

+/Ke7?L(d93t+1|33?a7(37?))fi(33t+1)—/KE T (dpi1|@e, v(2e)) Fi(T141)
—|—/ T(dmt+1|$t,7($t))(fi(33t+1)—f7($t+1))’
K.

< 2eC + sup |/ To(dzepr |z, (@) f (2eg1)
K.

YET eq

- / T (dwypr|wy, y(e)) f* (eg1)| + 5e/2 < 4eC + Te /2,
K.

where C' is the uniform bound of f) and f*(z;,1) is chosen according to the discussion
above such that f? is € close to f7(z;41) and the same f* is 3¢/2 close to f)(z411)-
At the last step, we used the fact that 7, (dziq1|z?, v(2})) converges weakly to
T (dzys1|ze, y(x¢)) uniformly over Iy, as 'y is equicontinuous. As e is arbitrary, the
result follows. |

Now we go back to

sup ‘ET {C(XQ,V(XQ))] —ET |:C(X2;7(X2)):| ‘

:ilellg{/T(dx1|xo,7($0))T(d9€2|$1,W(xl))c(x%7(552))

—/E(dfﬂxo,7(950))771(d332|$1,7(%))0(35277(932))‘-

The previous lemma can be used to show that this term converges to 0.
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A.5. Proof for (4.5). We focus on the discounted optimality equation for T,
for some initial point xf/, where 2ff — zq:

(A10)  Tj(Taah) = clafvilai) + B [ J5(Taan) Ta(darlaf i (o).

Since the action space U is compact, we can find a subsequence ny, such that ;. (xp*) —

u* for some u* € U. Taking the limit ¥ — oo in (A.10) and using Theorem 4.2 (con-
tinuity) we get

(A].].) JE(T, ZL'()) = C(QL'(),'U/*) + B/JE(T,.’El)T(d"El‘(E(),u*)

Hence u* satisfies DCOE for T and is an optimal action for zy. In particular,
any convergent subsequence of v (zf) converges to an optimal action for zo. With
this observation, we claim that TF(J5(T))(z,) — J5(T,x)) for any fixed k < oo

as n — oo for some z,, — x, where T* denotes that the operator 7}, is applied k
consecutive times. To show this, we follow an inductive approach. For k = 1, we
write

Tn(JE(T))(xn) = c(Tn, Yy (T0)) + 6/JE(T>xl)T(dxﬂxm'Y;:(xn))-

Suppose lim T, (J5(T))(zn) # J5(T, x) so that there exists a subsequence n,, and an
€ > 0 for which |T,,, (J5(T))(n,,) — J5(T,x)| > € for all m. Since U is compact,
there exists a further subsequence n,,,» such that v,  (xn,,) — u for some u € U and
as we observed before u is an optimal action for x under the kernel 7. Hence

lim T, . (J5(T))(@n,,)

m’— 00

= lim c(z,, .7, (Tn,,)+8 / J5(T, 1) T (dz1|zn,, v, (Tn,,)

m/— oo

= c(z,u) + ﬁ/Jg(T,xl)T(dml\x,u) = J5(T,x),

where the last step follows from the observation that u is optimal for x under 7.
Thus, we reach a contradiction and can conclude that T,,(J5(T))(zn) — J5(T, ).

Now assume that it also holds for k — 1 so that T~ (J5(T))(xn) = J5(T,z). We
write

TETS(T)) (n) = c(zn 7 (@n)) + B / THL(T5(T)) () T (dar |, 77 ()

Following a similar contradiction argument with the fact that TF~1(J 5(T))(xn) —
J5(T,z) and using [35, Theorem 3.5] or [49, Theorem 3.5] (weak convergence with
varying functions), we can conclude that

(A.12) lim T (J5(T)) () = J5(T,x) Yk < cc.

n— oo

A.6. Proof for (4.7). We give a proof sketch building on section A.5. Define
the discounted optimality equation for 7, for some initial point xzg.

(A13) (T 20) = cl(ao, 72 (x0)) + B / (T 22) T (dea |0, (20)).
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Since the action space U is compact, we can find a subsequence ny, such that ~;; (zo) —
u* for some u* € U. Taking the limit & — oo in (A.13) and using Theorem 4.6
(continuity) we get

(A.14) T5(T  20) = e(zo, u”) —|—ﬁ/J§(T,x1)T(dx1\xo,u*).

Hence u* satisfies DCOE for 7 and is an optimal action for xy. In particular, any
convergent subsequence of v (zg) converges to an optimal action for zo. With this
observation, we claim that TTILC(JE(T))(CU) — J5(T, x)) for any fixed k < oo as n — 0o

for any z, where T* denotes the operator T}, applied k consecutive times. This can be
shown by the same technique we use in section A.5 using [42, Theorem 20] (setwise
convergence with varying functions).
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