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Abstract

We consider approximate policy evaluation for finite state and action Markov decision pro-
cesses (MDP) with the least squares temporal difference algorithm, LSTD()), in an exploration-
enhanced off-policy learning context. We establish for the discounted cost criterion that the
off-policy LSTD(A) converges almost surely under mild, minimal conditions. We also analyze
other convergence and boundedness properties of the iterates involved in the algorithm. Our
analysis draws on theories of both finite space Markov chains and weak Feller Markov chains
on topological spaces. Our results can be applied to other temporal difference algorithms and
MDP models. As examples, we give a convergence analysis of an off-policy TD(A) algorithm
and extensions to MDP with compact action and state spaces.
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1 Introduction

We consider approximate policy evaluation for Markov decision processes (MDP) in an exploration-
enhanced learning context, commonly referred to as “off-policy” learning in the terminology of
reinforcement learning. In this context, we employ a certain policy called the “behavior policy” to
adequately explore the state and action spaces, and using the observations of costs and transitions
generated under the behavior policy, we may approximately evaluate any suitable “target policy” of
interest. Off-policy learning differs from “on-policy” learning — the standard policy evaluation, where
the behavior policy always coincides with the policy to be evaluated. The dichotomy between the two
stems from the exploration-exploitation tradeoff in practical model-free/simulation-based methods
for policy search. With their flexibility, methods for off-policy learning form an important part
of the model-free reinforcement learning methodology (Sutton and Barto [SB98]). They have also
been suggested as an important class of importance-sampling based techniques (Glynn and Iglehart
[GI89]) in the broad context of simulation-based methods for large-scale dynamic programming. In
this context, any sampling mechanism may play the role of the behavior policy, inducing system
dynamics that may not be realizable under any policy, for the purpose of efficient policy evaluation.

We focus primarily on finite state and action MDP, and we consider discounted total cost prob-
lems with discount factor o < 1. When the MDP model is unavailable or when simulation is involved,
there are two common approaches to evaluating a stationary target policy: evaluating its costs, and
evaluating its so-called Q-factors, which are expected total discounted costs associated with initial
state-action pairs. In either case, the function to be evaluated can be viewed as the cost function of
the policy on a finite space Z = {1,2,...,n}, on which the policy induces a homogeneous Markov
chain, and the goal is to solve a corresponding Bellman equation on Z satisfied by the cost function.
The Bellman equation in matrix notation has the form

J=g+aQJ, JeR (1)

where g is the vector of expected one-stage costs and @ the transition matrix of the Markov chain
on 7 associated with the target policy. The cost vector J* of the target policy is the unique solution
of the Bellman equation.

Our focus will be on a particular algorithm for policy evaluation with function approximation
and exploration-enhancements, which will be referred to in this paper as the off-policy least squares
temporal difference (LSTD) algorithm. It is a counterpart of the on-policy LSTD algorithm for
policy evaluation (Bradtke and Barto [BB96], Boyan [Boy99]), and it was first given by Bertsekas
and Yu [BY09] in the general context of approximating solutions of linear systems of equations. It
belongs to the family of temporal difference (TD) methods (Sutton [Sut88]; see also the books by
Bertsekas and Tsitsiklis [BT96], Sutton and Barto [SB98], Bertsekas [Ber07], and Meyn [Mey07]).
Beyond the algorithmic level, TD methods share a common approximation framework which involves
multistep Bellman equations and projected equations. In this framework, we consider a projected
version of a multistep Bellman equation parametrized by A € [0, 1],

J=TTM(J), (2)

where T is a multistep Bellman operator associated with the target policy and parametrized by
A € [0,1], whose exact form will be given later, and II is the projection onto an approximation
subspace {®r | r € R?} C R™. The projection here is with respect to a weighted Euclidean norm.
The weights in the projection norm, in the off-policy case that we consider, are the only quantities
related to the behavior policy; they are the steady-state probabilities of the Markov chain induced by
the behavior policy. When the projected equation (2) is well defined, i.e., has a unique solution ®r*
in the approximation subspace, we use the solution to approximate the cost vector J* of the target
policy. There are general approximation error bounds (Yu and Bertsekas [YB10]) and geometric
interpretations of the approximation (Scherrer [Sch10]) in this case. Our interest in this paper,
however, will not be in whether the projected Bellman equation is well defined, but rather in the
approximation of the equation using sampling and the off-policy LSTD(\) algorithm.
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For any given A, the projected Bellman equation (2) is equivalent to a low dimensional linear
equation on R¢, which may be written as

Cr+b=0, reRd, (3)

where b is a d-dimensional vector and C' a d x d matrix. The precise definitions of b, C' will be given
later. The off-policy LSTD(\) algorithm that we will analyze constructs a sequence of equations

Ct’f’—f—bt:O, tZ].,

using observations generated under the behavior policy, with the goal of “approaching” in the limit
Eq. (3), the low dimensional representation of (2). The algorithm takes into account the discrep-
ancies between the behavior and the target policies by properly weighting the observations. The
technique is based on importance sampling, which is widely used in dynamic programming and re-
inforcement learning contexts; see e.g., Glynn and Iglehart [GI89], Sutton and Barto [SB98], Precup
et al. [PSDO01], (which is one of the first off-policy TD(A) algorithms), and Ahamed et al. [ABJ06].

The assumptions underlying the off-policy LSTD()) algorithm are that every state (in the case of
cost approximation) or state-action pair (in the case of Q-factor approximation) is visited infinitely
often under the behavior policy, and for every state, possible actions of the target policy are also
possible actions of the behavior policy. These are natural, minimal requirements for off-policy
learning. In terms of transition probabilities, the assumptions can be expressed as follows. Let
P = [p;;] be the transition matrix of the Markov chain on Z induced by the behavior policy. We
require that this Markov chain is irreducible, and that the transition matrix @ = [g¢;;] associated
with the target policy is absolutely continuous with respect to P in the sense that

Pij = 0 = qij = 0, i,j cT. (4)

We denote the latter condition by @ < P.

In this paper we analyze the convergence of the off-policy LSTD()) algorithm — the convergence
of {(bs, Cy)} to (b,C) — for all A € [0, 1] under the general conditions given above. Prior to our work,
the almost sure convergence of the algorithm (i.e., convergence with probability one) in special
cases has been studied. A proof under the additional assumption that Aamax; ;) Z%j_ <1 (with 0/0
treated as 0) is given in Bertsekas and Yu [BY09]. This additional condition is technically convenient
because it guarantees the boundedness of a key sequence in the algorithm (the sequence {Z;} defined
in Section 2 and to be mentioned below), but it is restrictive. It either requires the behavior policy
to be very similar to the target policy, or restricts A to be close to 0, while the case of a general
value of A is important in practice. Using a large value of A can not only improve the quality of
the cost approximation obtained from the projected Bellman equation, but can also avoid potential
pathologies regarding the existence of solution of the equation (as A approaches 1, IT™) becomes a
contraction mapping, ensuring the existence of a unique solution).

As the main results of this paper, we establish for all A € [0, 1], the almost sure convergence of
the sequences {b:}, {C:}, as well as their convergence in the first mean, under the assumptions of
the irreducibility of P and @ < P. These results imply in particular that the off-policy LSTD())
solution ®r; converges to the solution ®r* of the projected Bellman equation (2) almost surely,
whenever Eq. (2) has a unique solution, and if (2) has multiple solutions, any limit point of {®r;}
is one of them.

On the technical side, the line of our analysis is considerably different from those in the literature
for similar type TD algorithms. In an iterative form, the off-policy LSTD(A) looks very close to
the on-policy LSTD()) counterpart (Bradtke and Barto [BB96], Boyan [Boy99]), and also bears
similarities to the on-policy TD(A) (Sutton [Sut88], Tsitsiklis and Van Roy [TV97]) and the off-
policy TD()\) given in Precup et al. [PSD01]. When A > 0, to facilitate iterative computation,
all the algorithms calculate iteratively an auxiliary sequence of vectors Z;, (sometimes called the
“eligibility traces”), where each Z; is a function of the entire set of past observations up to the
time ¢. However, in the off-policy case, without restricting the value of X, the sequence {Z;} is
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not necessarily bounded, and neither does it necessarily have uniformly bounded variances. Indeed,
we will show in the paper that in fairly common situations, {Z;} is almost surely unbounded. It
is also not difficult to construct examples where {Z;} has unbounded variances or unbounded vth
order moments with v > 1. In the on-policy case, the bounded variance property of {Z;} has been
relied on by the convergence proofs for TD(A) (Tsitsiklis and Van Roy [TV97]) and LSTD()) (Nedié¢
and Bertsekas [NB03]). The analyses in [NB03, BY09] also use the boundedness of {Z;}, so does
[PSDO1], which calculates Z; only for state trajectories of a predetermined finite length. Therefore
for the convergence analysis in the off-policy case with a general value of A\, we do not follow the
approaches in these works, and instead we will relate the off-policy LSTD()\) iterates to particular
type of Markov chains and resort to the ergodic theory for these chains [MT09, Mey89].

Let us also mention a proof approach from stochastic approximation theory, the mean-o.d.e.
method (see e.g., Kushner and Yin [KYO03], Borkar [Bor06, Bor08]). It requires the verification of
conditions that in our case would be tantamount to the almost sure convergence conclusion we want
to establish.

As we will show, the convergence of {b;},{C;} in the first mean can be established using argu-
ments based on the ergodicity of the finite space Markov chain {i;} on Z induced by the behavior
policy. But for proving their almost sure convergence, we did not find such arguments to be suffi-
cient, in contrast with the on-policy LSTD case as analyzed by Meyn [Mey07, Chap. 11.5]. Instead,
we will study the Markov chain {(i¢, Z;)} on the topological space Z x R?. We will exploit the weak
Feller property of the chain {(i;, Z;)}, as well as its other properties, to establish two results: (i) the
Markov chain {(i, Z;)} has a unique invariant probability measure and is ergodic (in the sense of
weak convergence of occupation measures), and (ii) the sequences {b;}, {C;} converge almost surely
to b, C, respectively, (and hence the off-policy LSTD()) algorithm also converges almost surely).

We note that the study of the almost sure convergence of the off-policy LSTD(A) is not solely
of theoretic interest. Various TD algorithms other than LSTD(A) need the same approximations
b:, C; to build approximating models (e.g., preconditioned TD(A) in Yao and Liu [YLO8]) or fixed
point iterations (e.g., LSPE()), see Bertsekas and Yu [BY09]; and scaled versions of LSPE()\), see
Bertsekas [Ber09]). Therefore in the off-policy case, the asymptotic behavior of these algorithms on
a sample path depends on the mode of convergence of {b;},{C;}, and so does the interpretation of
the approximate solutions generated by these algorithms. For algorithms whose convergence relies
on the contraction property of mappings, (for instance, LSPE())), the almost sure convergence of
{b:},{C:} on every sample path is critical. Moreover, the mode of convergence of the off-policy
LSTD()) is also relevant for understanding the behavior of other off-policy TD algorithms which
use stochastic approximation type iterations to solve projected Bellman equations (3), for instance,
the on-line off-policy TD(A) algorithm of [BY09], and the off-policy TD(A) algorithm of [PSDO01]
in the case where it uses very long trajectories to update Z;. Although these algorithms do not
directly compute approximations b;, C, they implicitly depend on the convergence properties of
{b+},{C:}. Thus our results and our line of analysis are useful also for analyzing various off-policy
TD algorithms other than LSTD.

Besides the main results mentioned above, this paper contains some additional results. In par-
ticular, we will combine our convergence results with stochastic approximation theory to prove the
convergence of a constrained version of an on-line off-policy TD()) algorithm proposed in [BY09].
We will also extend our results to special cases of MDP with compact state and action spaces.

The paper is organized as follows. We specify notation and definitions in Section 2. We present
our main convergence results for the off-policy LSTD() algorithm in finite space MDP in Section 3.
We then give in Section 4 additional results on the convergence of a constrained off-policy TD())
algorithm and the extension of our analysis to MDP with compact spaces. Finally, we discuss other
applications of our results and future research in Section 5.



Analysis of LSTD(X) under General Conditions 6

2 Notation and Background

We consider stationary randomized target and behavior policies and the evaluation of a target policy
by using observations of transitions and costs generated under the behavior policy. For notational
simplicity, let Z = {1,...,n} denote a certain set of state and action pairs, on which it is assumed
that the behavior and the target policies induce Markov chains with transition matrices P and @,
respectively. Our discussion will be centered on these two chains. Their particular forms differ
slightly for Q-factor approximation and cost approximation (see Examples 2.1, 2.2), and will not
be central to our analysis. Throughout the paper, we use {i;} to denote the Markov chain with
transition matrix P, and use ¢ or ¢ to denote specific states. We assume the following condition on
P and @, as mentioned in the introduction.

Assumption 2.1. The Markov chain {i;} with transition matriz P is irreducible, and @ < P in
the sense of Eq. (4).

By the standard MDP theory (see Bertsekas [Ber05], Puterman [Put94]), the cost function J* of
the policy associated with transition matrix @) satisfies the Bellman equation

J=T(J), where T(J) =g+ aQJ, VJeR",

and g is the vector of expected one-stage costs under that policy. We define a multistep Bellman
operator parametrized by A € [0,1] by

oo
TN = (1 =) > AT, Xeo,1); TW(J) = lim TN(),  VYJeR".  (5)
m=0 -
(T®) = T in particular.) It appears in the projected Bellman equation (2), J = IIT™)(.J), associated
with the TD(A) methods.

We approximate J* by a vector in a subspace of ", which has a representation {®r|r € R4}
for some n x d matrix ® whose columns span the approximation subspace. While any of such
representations is mathematically equivalent, in practice, often some subspace-determining matrix
® is first chosen based on one’s understanding of the problem at hand. Typically ® need not be
stored because one has access to the function ¢ which maps i € Z to the ith row of ®. The vectors
@(i) are often referred to as “features” of states/actions and are treated here as d x 1 vectors, so
® can be expressed in terms of ¢(i) as ® = [@(1) ¢(2) --- ¢(n)], while the components of
the function ¢ span the approximation subspace. Choosing the “feature-mapping” ¢ is extremely
important in practice but is beyond the scope of this paper.

We define the projection II onto the approximation subspace to be with respect to a weighted
Euclidean norm. The weights in the norm are the steady-state probabilities of the Markov chain
with transition matrix P, and are well defined under our irreducibility assumption on P. To derive
a low-dimensional representation of the projected Bellman equation (2) in terms of r, let = denote
the diagonal matrix with the diagonal elements being these steady-state probabilities. Equation (2)
is equivalent to

YEPr = PETN(r) = 2 Y A" (@Q)™ (g + (1 - N)aQr),
m=0
and by rearranging terms, it can be written as
Cr+b=0, (6)
where b is a d x 1 vector and C' a d x d matrix, given by

b= A"(aQ)"g, C=VE) N"(aQ)"(aQ - 1)2. (7)
m=0

m=0
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The off-policy LSTD(\) algorithm [BY09, Sec. 5.2] computes iteratively vectors b; and matrices
C}, using observations generated under the policy associated with transition matrix P. The vec-
tor b; and matrix C; aim to approximate the quantities b and C' (respectively), which define the
projected Bellman equation (6), equivalently (2). To facilitate iterative computation, the algorithm
also computes a third sequence of d-dimensional vectors Z;. These iterates are defined as follows.
Let g(i, j) denote the one-stage cost function of transition from 7 to j, which relates to the expected
one-stage cost §(i) by g(i) = 37 ¢i;9(4, j). With (20, b, Co) being the initial condition, for ¢ > 1,

Zt =\ QH 1t Zt 1 4 ¢(Zt) (8)

by = (1 - ’Yt)bt—l + Vel - Ziﬁ ity it41), (9)
A li

Co= (1= 70)Comt + 712 (At - §lina) — 6(it) ) - (10)

Here {v;} is a stepsize sequence with ; € (0, 1], and typically v = 1/(t + 1) in practice. A solution
r; of the equation
Ct’l“ + bt =0

is used to give ®r; as an approximation of J* at time ¢.!

7t 1%t

In the standard on-policy case where P = @), all the ratlos ~ appearing above in Z; and C}
—1%t

become 1, and the algorithm with the typical stepsize v = 1/ (t —|— 1) reduces to the on-policy LSTD
algorithm as first given by Bradtke and Barto [BB96] for A = 0 and Boyan [Boy99] for A € [0, 1].

We are interested in whether {b;},{C;} converge to b, C' respectively, in some mode (in mean,
with probability one, or in probability). As the two sequences {b;} and {C}} have the same iterative
structure, we can consider just one sequence in a more general form to simplify notation:

Gi=(1=%)Gio1 + 720 (ig, i 41), (11)

with (29, Go) being the initial condition. The sequence {G;} specializes to {b;} or {C;} with partic-
ular choices of the (vector-valued) function (%, j):

a be if (i, 5) = 52 - g(i, 4),
TG i (i) = g:;'qb(j)w(z’).

(12)

We will consider stepsize sequences {v;} that satisfy the following condition. Such sequences include
v = t7",v € (0.5,1], for example. When conclusions hold for a specific sequence {7}, such as
v = 1/t, we will state them explicitly.

Assumption 2.2. The sequence of stepsizes v; is deterministic and eventually nonincreasing, and
satisfies 7 € (0,1], X7 = 00, Y12 < oo.

With this notation, the question of convergence of {b;}, {C}} amounts to that of the convergence
of {G:}, in any mode, to the constant vector/matrix

G* = @’E( Z 5QO) (13)
m—0
where 8 = Aa and the vector/matrix ¥ is given in terms of its rows by
U= [91) @) - d(n)]  with 9(i) = E[¢(io,i1) | io = i].
1In this paper we do not discuss the exceptional case where Cir + by = 0 does not have a solution. Our focus will

be on the asymptotic properties of the sequence of equations Cir + by = 0 themselves, in relation to the projected
Bellman equation, as mentioned in the introduction.
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Here and in what follows E denotes expectation with respect to the distribution of the Markov
chain {4;} with transition matrix P. As can be seen, corresponding to the two choices of ¢ in the
expression of Gy [Eq. (12)], ¥ =g or (a@ — I)®, and G* = b or C, respectively [cf. Eq. (7)].

Before proceeding to convergence analysis, we provide below specific details relating the above
framework to practical implementations of the algorithm for Q-factor and cost approximations in
the model-free learning context. These details will not be relied on in our analysis.

Example 2.1 (Q-factor approximation). Suppose in the MDP, transition from state s to state §
occurs according to the probability p(§ | s,u) when taking an action v that is admissible at s, and
the transition incurs cost c(s,u, §), where c is a function of the transition and action. The Q-factor
of a policy for each initial state and action pair (s,u) is the expected cost of first taking action u
at the state s and then following the policy. For approximating Q-factors of the target policy, we
let Z correspond to the set of state-action pairs, and let the chain {i;} correspond to the process
{(st,us)} of states and actions induced by the behavior policy, with i; ~ (s, us), where “~” indicates
association. For two state-action pairs i ~ (s,u), j ~ (8,4), the probability of transition from i to
j under a policy which takes action @ at state § with probability p(a | §) is naturally given by
p(8] s,u)u(@ | §). The transition matrices P and @ associated with the behavior and target policies
are defined in this way. We can set the one-stage transition costs g(i,7) and the corresponding
expected one-stage costs g(i) to be

g(i,j) = c(s,u,8),  gi)=>_p(3|s,u)e(s,u,8),  i,j €T with i~ (s,u), j~ (3,0).

By definition both ¢(i,j) and g(i) do not depend on policies, which is special to the Q-factor
evaluation scenario. Correspondingly, the updates for b; in the off-policy LSTD(A) algorithm can
be simplified to

be = (1 = ve)be—1 + 7 Z2g(it, ie41),
omitting the term % before g(i¢,ir41) [cf. Eq. (9)]. The resulting sequence {b;} is a special case
itipg

of the sequence {G;} given by Eq. (11) that we will analyze, with the function ¥(i,7) = g(i, j).
q”

In the model-free learning context, it is practically important that the ratios are functionally

independent of the state transition dynamics p($ | s,u) of the MDP; they are equal to the ratios
between the corresponding action probabilities of the target and the behavior policies, as can be seen
from the above model description. Thus the n? terms Z—; need not be stored and can be calculated
on-line in the off-policy LSTD(A) algorithm. This is a well-known fact and finds use in many existing
simulation-based algorithms for MDP. O

Example 2.2 (Cost approximation). Let the MDP be as in the preceding example, and let {(s¢, us)}
be the process of states and actions induced by the behavior policy. Suppose we want to approximate
the cost vector of the target policy in the MDP by a vector of the form (b( )'r, where (b maps states
s to d x 1 vectors. Then, given initial (zq, bo, Cp), the LSTD(\) iterates can be defined as

Zy = Mol 7, 4 (s), (14)

by = (L —v)bi—1 + 72 - % “c(8t,ut, St41), (15)
~ ~ !

Ct = (1 - ’Yt)ct 1+ ’YtZt ( % : ¢(5t+1) - d’(st)) ’ (16)

where p(- | s) and p°(- | s) denote the conditional probabilities over actions at state s under the
target and behavior policies, respectively, and it is required that u(- | s) is absolutely continuous
with respect to p°(- | s), i.e., p°(u | s) =0 = p(u | s) = 0. The above iterates can be cast in the
form given by Egs. (8)-(10) as follows.

« kb

We consider the Markov chain {i;} with 4; ~ (u;—1, s¢) (where “~” indicates association and the
choice of u_; is immaterial). We assume that every state s can be visited infinitely often under the
behavior policy, and we let Z be the set of action-state pairs (v, s) such that s is accessible from some
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state § by taking action v under the behavior policy, i.e., u°(v | §)p(s | §,v) > 0. For any i, j € Z with
i~ (v,8),J~ (u,8),let ¢(i) = ¢(s), and let the cost of transition from i to j be g(i,j) = c(s, u, §).
For the above 4, j, the probability of transition from 4 to j under the target or behavior policy is

w(u | $)p(5 ] s,u) or u°(u | $)p(s | s,u), respectively. This defines the transition matrices P and Q.

In particular, it can be seen that ;1% = fo(a% for the above i, j, and f:”ﬁ*“ = ;Lo((qulft))’ (where we
©j ipigyq t|St

define 0/0 = 0). The off-policy LSTD(A) algorithm for cost approximation given by Eqgs. (14)-(16)

then takes exactly the same form as the algorithm given by Egs. (8)-(10). O

3 Main Results

We analyze the convergence of {G;} in mean and with probability one. For the former, we will use
properties of the finite space Markov chain {i;}, and for the latter, those of the topological space
Markov chain {(it, Z;)}. Along with the convergence results, we will establish an ergodic theorem
for {(i¢, Z¢)}. We start by listing several properties of the iterates {Z;}, which will be either related
to or needed in the subsequent analysis.

Throughout the paper, let || - || denote the norm ||V = max; ; |V;;| for a matrix V, and the

infinity norm ||V|| = max; |V;| for a vector V, in particular, ||[V|] = |V| for a scalar V. Let “a.s.”
stand for almost surely.

3.1 Some Properties of Iterates

We denote by L) the product of ratios of transition probabilities along a segment of the state
sequence, (g, ip41,-.-,0t):
t _ Qigigy1r  Tigp1ieq2 Qig_qit
Lj= il EEUeid . il (17)
Pigigy1  Pigyrigqa Piy_qiy

Define L! = 1. We have for £ < ¢ <t, LY L}, = L and since Q < P under Assumption 2.1,

E[L, | i =1. (18)

Let 8 = Aa. The iterates Z; can be expressed as

Zy = Breate gz 4 o(iy) = BLE_, - Ziy + (i), (19)

Piy_qig

and by unfolding the right-hand side,
t—1
Zy=B'Lizo+ > B"Li_ o (it—m). (20)
m=0

It is shown in Glynn and Iglehart [GI89, Prop. 5] that L can have infinite variance, where 7 is
the first entrance time of a certain state. It is also known in this setting that the estimator of the
total cost up to time 7, Lj 22;01 g(ie,70+1), can have infinite variance; this is shown by Randhawa
and Juneja [RJ04]. In the infinite-horizon case we consider, using the iterative form (19) of Z;, one
can easily construct examples of Z; having unbounded second moments, or unbounded vth order
moments with v > 1, as ¢ increases. Furthermore, as we show below (Prop. 3.1), under seemingly
fairly common situations, Z; is almost surely unbounded. Thus even for a finite space MDP, the
case P # @ sharply contrasts the standard case where P = @) and {Z,;} is bounded by definition.

On the other hand, the iterates Z; exhibit a number of “good” properties indicating that the
process {Z;} is well-behaved for all values of A\. The two properties below will be used in the
convergence analysis of the present and the next sections, where some additional properties of the
process {(is, Z;)} will be discussed.
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Lemma 3.1.

(i) The Markov chain {(iy, Zy)} satisfies the drift condition,
E[V (i, Zt) | is—1, Ze—1] < BV (is-1,Z4—1) + ¢
for the deterministic constant ¢ = max; ||¢(i)|| and non-negative function V (i, z) = ||z||.

(ii) For each initial condition zg, sup, E||Z;|| < max{]||zo||,c}/(1 — B).

Proof. The statement in (i) follows from Eqgs. (18) and (19). The statement in (ii) is a consequence
of (i). Alternatively, it can be derived from the expression of Z; in Eq. (20): with ¢ = max{||zo]|, ¢},

t—1 e’}
B\ <¢B|8'Lh+ > 8L, ] <& > 8" <e/(1-B). O
m=0 m=0

The function V is a stochastic Lyapunov function for the Markov process {(it, Z;)}, and has
powerful implications on its behavior (see [MT09, Mey89]), beyond the property (ii) above, which
will however be sufficient for most of our analysis. The next property will be used to establish,
among others, the uniqueness of the invariant probability measure of the process {(i;, Z;)}.

Lemma 3.2. Let {Z;} and {Z;} be defined by Eq. (19) with initial conditions Z and Z + A, respec-
tively, and for the same sample path of {iy}. Then Zy — Z; “5 0.

Proof. From Eq. (19) and equivalently, Eq. (20), we have Z; — Z; = BtLiA, independent of z for
all t. The sequence of nonnegative scalar random variables X; = S*Lf,t > 0 satisfies the recursion
Xy = BLE_ X;_1 with Xy =1, and by Eq. (18)

E[Xi | Fioa] = X1 < Xy, t>1,

where F;_; is the o-field generated by iy, £ <t —1. Hence {(X}, F;)} is a nonnegative supermartin-
gale with EXy = 1 < oco. By a martingale congergence theorem (see e.g., Breiman [Bre92, Theorem
5.14] and its proof), X; 3 X, a non-negative random variable with £X < liminf; .., FX;. Since
EX, =8 -0ast— 00, X =0 a.s. Hence X; ©3 0 and Z; — Z; ©3 0. O

We now demonstrate by construction that in seemingly fairly common situations, Z; is almost
surely unbounded. Our construction is based on a consequence of the extended Borel-Cantelli
lemma [Bre92, Problem 5.9, p. 97], given below, (in which “i.0.” stands for “infinitely often,” and
“a.s.” attached to a set-inclusion relation means that the relation holds after excluding a set of
probability zero from the sample space).

Lemma 3.3. Let S be a topological space. For any S-valued process {X;,t > 0} and Borel-
measurable subsets A, B of S, if for all t,

PE{>t,X,eB| X, X¢1,...,X0)=>6>0 on {X;€ A} as.,

then
{X, € Aio} Cc{X,€Bio} as.

We have the following result. Denote by Z;; and ¢j(it)7th67 jth elements of the vectors Z;
and ¢(i;), respectively. Consider a cycle of states {i1,%2,...,%m,1} C Z with the following three
properties:

(a) it occurs with positive probability: p; 7,957, - pi,7 > 0;

(b) it has an amplifying effect in the sense that ﬁmf%f% e Z’"—l > 1;
i170 Piais Em i1
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(c) for some j, the jth elements of ¢(i1), ..., ¢(i,;,) have the same sign and their sum is non-zero:
either (;5;(5;6) >0, Vk=1,...,m, with d)j(fk) > 0 for some k; (21)
or ¢;(ix) <0, Ve=1,...,m, with ¢;(ix) < 0 for some k. (22)

The next proposition shows that if such a cycle exists, then {Z;} is unbounded with probability 1, in
almost all natural problems. The latter qualification relates to a nonrestrictive technical condition in
the proposition and will be discussed after the proof. Simple examples with almost surely unbounded
{Z;} can be obtained by letting zo and ¢(i),i € Z, all be nonnegative and constructing a cycle as
above. The phenomenon of unbounded {Z;} can be better understood from the viewpoint of the
ergodic behavior of the Markov process {(i¢, Z:)}, to be discussed in Section 3.3 (Remark 3.3).

Proposition 3.1. Suppose the Markov chain {i;} is irreducible, there exists a cycle of states
{i1,42,...,im,i1} possessing properties (a)-(c) above, and j is as in (c). Then there exists a con-
stant v, which depends on the cycle and is negative (respectively, positive) if Eq. (21) (respectively,
Eq. (22)) holds in (c), and if for some neighborhood O(v) of v, P(iy = i1,Z,; € O(v) i.0.) = 1,
then P(sup, | Z¢]| = o0) = 1.

Proof. Denote by C the set of states {i1,2,...,%,} in the cycle. By symmetry, it is sufficient to
prove the statement for the case where the cycle satisfies properties (a), (b) and (c) with Eq. (21).

Suppose at time t, i; = i; and Z; = 2;. If the chain {i;} goes through the cycle of states during
the time interval [¢, t+m], then a direct calculation shows that the value z, +m,j of the jth component
of Z;1,, would be:

__ pmm _
Zt—i—’m,j = ﬁ lo . Zt,j + €, (23)
where
m—1
m—km m _ Bipiinys Tpgoinygs Dimiy
B l (bg 'LkJrl) + (bj (zl) ko= Pipyiikyo Piggoings o Dipiy 0<k<m-—1
k=1

By properties (b) and (c) with Eq. (21), we have € > 0 and f™I{* > 1. Consider the sequence {y,}
defined by the recursion

Yer1=Cye+e, £>0, where ¢ = 8™y > 1;

ye corresponds to the value z;, 4, 7 if during [¢, ¢4 ¢m] the chain {i;} would repeat the cycle ¢ times
[cf. Eq. (23)]. Since ¢ > 1 and € > 0, simple calculation shows that unless y, = —¢/(¢ — 1) for all
>0, |y — o0 as £ — .

Let v = —¢/((—1) = —¢/(B™I§* —1) be the negative constant in the statement of the proposition.
Consider any 7 > 0 and two positive integers K1, Ky with K7 < Kj. Let £ be such that |y,| > K>
for all yg € [—K1, K1],90 € (v —n,v +1n). By property (a) of the cycle and the Markov property of
{it}, whenever i; = i1, conditionally on the history, there is some positive probability § independent
of t to repeat the cycle ¢ times. Therefore, applying Lemma 3.3 with X; = (¢, Z;), we have

{iv="rta, Z,5& (v—n,v+n), |Z]| < Kiio} C{|Z] > Kz io} as. (24)

We now prove P (sup, || Z;|| < co) = 0. Let us assume P (sup, || Z;]| < c0) > 6 > 0 to derive a
contradiction. Define

Ky = inf {K | P(sup|Zi] < K) > 5/2}, €= {swp |2 < K}, (25)
Then K; < oo and P(€) > §/2. Let n > 0 be such that (v —n,v +n) C O(v), where O(v) is

the neigihborhood of v in the statement of the proposition. By the assumption of the proposition,
P(iy =11, Z;; ¢ (v—n,v+n)i.0.) =1, and by the definition of £, this implies

Ec{iu=1t1, Zi; ¢ w—nv+n), [|[Z| <Ky io0} as.
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It then follows from Eq. (24) that for any Ky > K7,

E C {sup||Z:]| > K2} a.s.
t

Since P(£) > §/2, this contradicts the definition of £ in Eq. (25). Therefore P (sup; [|Z;|| < co) = 0.
This completes the proof. O

We remark that the extra technical condition P(iy = i1, Z, ; € O(v) i.0.) = 1 in Prop. 3.1 is not
restrictive. The opposite case — that on a set with non-negligible probability, Z, ; eventually always
lies arbitrarily close to v whenever i; = i; — seems unlikely to occur except in highly contrived
examples. Thus the proposition shows that in the case of a general value of A\, we cannot claim
directly the boundedness of {G:}, which is often the first step in convergence proofs, by assuming
the boundedness of {Z;} unrealistically.

On the other hand, although the unboundedness of Z; may sound disquieting, it is v.Z; “3 0
and not the boundedness of Z; that is necessary for the almost sure convergence of Gy; in other
words, {lim;_,o Gy exists} C {lim; o y:Z: = 0}. (This can be seen from Eq. (11) and the fact that
lim; o0 y¢ = 0.) That v 2, %% 0 when v, = 1/(t+1) will be implied by the almost sure convergence
of G; we later establish. For practical implementation, if || Z;|| becomes intolerably large, we can
equivalently iterate v;Z; via

Ve ly = 5L§71 i (e-1Zt-1) + ve9(it),

Yt—1

instead of iterating Z; directly. Similarly, we can also choose scalars a;,t > 1, dynamically to keep

a;Z; in a desirable range, iterate a;Z; instead of Z;, and use Z—:(atZt) in the update of Gy.

Remark 3.1. It can also be shown, using essentially a zero-one law for tail events of Markov chains
(see [Bre92, Theorem 7.43]), that under Assumptions 2.1 and 2.2, for each initial condition (zg, Go),

P(sup|Z|| < o) =1or 0, P(tlim Y¢Z; =0) =1 or 0.
t — 00

See [Yul0, Prop. 3.1] for details. O

3.2 Convergence in Mean

We show now that G; converges in mean to G*. This implies that G; converges in probability to G*,
and hence that the LSTD()) solution 7; converges in probability to the solution r* of Eq. (6) when
the latter exists and is unique. We state the result in a slightly more general context involving a
Lipschitz continuous function h(z,14, 7) in place of z1(%, j)’, to prepare also for the subsequent almost
sure convergence analysis in Sections 3.3 and 4.1.

Theorem 3.1. Let h(z,i,5) be a vector-valued function on R¢ x I? which is Lipschitz continuous
in z with Lipschitz constant My, i.e.,

1h(z,i,5) = h(%,4,5)|| < Myllz = 2|,  Vz,2€RY i, jel.
Let
Gy = (1= )Gy + wh(Zy, iy irsn).

Then under Assumptions 2.1 and 2.2, there exists a constant G"* such that for each initial condition
(20, Go),

lim E||Gh — G"*| = o.

t—o0
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Proof. For notational simplicity, we suppress the superscript h in the proof. First, we introduce
another process (Z; r, Gy r) on the same probabﬂlty space, and apply an LLN for a finite space

irreducible Markov chain to Gt 7. We then relate (Zt T, G, 1) to (Z;,Gy).
For a positive integer T', define Zt,T = Z; for t <T and GO,T = G, and define

Zt,T = @(ie) + BLL_1plir—1) + -+ BT L _pd(i—r), t>T; (26)
Gir =0 —-7)Gi 11 +’Yth(Zt,Ta7ftazt+1); t>1. (27)

Then for t < T, ét,T = G, because ZtT and Z; coincide. By construction {Z7T} and {étT}
are bounded. This is because max; [|¢(i)|| and Li*7,0 < 7 < T,£ > 0, can be bounded by some

deterministic constant, so sup, ||ZTH < ¢r for some deterministic constant ¢y depending on T.
Consequently, by the Lipschitz property of h and the assumption v € (0,1] (Assumption 2.2),
{h(Zt,T,it, it+1)} and {G; r} are also bounded.

The sequence {ét,T} converges almost surely to a constant G7. independent of the initial condi-

tion. This is because for t > T, h(Zj, it,9¢+1) can be viewed as a function of the T + 2 consecutive
states Xy = (i4—7,%—7+1,- - -, 9t+1), while under Assumption 2.1, {X;} is a finite space Markov chain
with a single recurrent class. Thus, an application of the result in stochastic approximation theory
given in Borkar [Bor08, Chap. 6, Theorem 7 and Cor. 8] shows that under the stepsize condition
in Assumption 2.2, with Ey denoting expectation under the stationary distribution of the Markov
chain {4},

Gor ™% G%,  where G = Eo[W(Zyri,iri1)], Yk >T. (28)

Clearly, G2 does not depend on (z9,Go). Since sup, |Gy.r|| < e for some deterministic constant
cr, we also have by the Lebesgue bounded convergence theorem

Jlim E[|Gr — G7|| = 0. (29)
The sequence {G%,T > 1} converges to some constant G*. To see this, consider any 77 < Tb.
Using the definition of Z; r and arguing similar to the proof for Lemma 3.1(ii), we have
Eol|Zkr, — Zimy|| < 6™, Vk > T,

where ¢ = max; ||¢(i)]|/(1 — 3). Therefore, using the definition of G in Eq. (28) and the Lipschitz
property of h, we have for any k > Ty,

1G53, — G1, || = || Eo [h(gk,Tlaikyik-i-l) - h(Zk,Tyik,ikJrl)] I
< My, Eo||Zuz, — Zim, || < eMyB™.

This shows that {G%} is a Cauchy sequence and therefore converges to some constant G*.
We now show lim; . F |Gy — G*|| = 0. Since for each T,

limsup E |Gy — G*|| < limsup B||G; — Gyr|| + Jim B|Gir — Gyl +||G* - G3l|,  (30)
t—o0 t—o00 — 00

=0 and lim7_, o HG* G|l = 0, it suffices to

show limp_, o lim sup,_, EHGt Gt T|| = 0. Using the definition of Zt 7 and arguing similar to the
proof of Lemma 3.1(ii), we have

and by the preceding proof, lim; .. EHGt v —G%

1Z = Zizl =0, t<T; E|Z—Zir|<cB”, t>T+1, (31)
where ¢ = max{| 20|, max; ||¢(i)||} /(1 — 3). By the definition of Gy and Gy r,

Gy —Gur =(1— Ye) (Gt — étfl,T) + 5 (M(Zy, i, ig1) — h(Zt,Tvit7it+1)>~
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Therefore, using the triangle inequality, the Lipschitz property of h and Eq. (31), we have

E||G: — Gzl <(1 = W)E|Gi-1 = Geor,rll + B Ze,iv, iei1) — M Zory e e |
(1 —v)E||Gi—1 — ét—l,T” + v MpE||Z; — Zt,TH

<
<1 =) E|Giq — ét—l,T” + My, B,

which implies under the stepsize condition in Assumption 2.2,
lim limsup E||G; — ét7T|| < lim eM,BT = 0.
T—o0 t—oo T—o00
This completes the proof. O

For the case h(z,i,7) = z¢(i,7), G'}’* given in Eq. (28) has an explicit expression:

T

¢hr = o=( Y pmQr)e,

m=0

from which it can be seen that the limit G"* of {Gl}*} is G* given by Eq. (13).

3.3 Almost Sure Convergence

To study the almost sure convergence of {G;} to G*, we consider the Markov chain {(is, Z;),t > 0}
on the topological space S = Z x R¢ with product topology (discrete topology on Z and usual
topology on R?). We view S also as a metric space (with the usual metric consistent with the
topology). We will establish an ergodic theorem for {(i;, Z;)} (Theorem 3.2) and the almost sure
convergence of {G;} when the stepsize is 7y = 1/(t+1) (Theorem 3.3). The latter will imply that the
sequence {®r;} computed by the off-policy LSTD(A) algorithm with the same stepsizes converges
almost surely to the solution ®r* of the projected Bellman equation (2) when the latter exists and
is unique.

First, we specify some notation and definitions for topological space Markov chains in general.
Let Ps denote the transition probability kernel of a Markov chain {X;} on the state space S, i.e.,
Pg = {Ps(.T,A),JZ € S7A € B(S)}a

where Pg(z,-) is the conditional probability of X; given Xy = x, and B(S) denotes the Borel o-field
on S. The k-step transition probability kernel is denoted by Pf;. As an operator, Pg maps any
bounded Borel-measurable function f :.S — R to another such function Pé? f, given by

P (x) = /S P (z,dy) f(y) = Ea [F(X0)].

where FE, denotes expectation with respect to P, the probability distribution of {X;} initialized
with X = z.

Let Cy(S) denote the set of bounded continuous functions on S. A Markov chain on S is a weak
Feller chain (or simply, a Feller chain) if for all f € Cy(S), Psf € Cp(S) [MT09, Prop. 6.1.1(1)]. A
Markov chain {X;} on S is said to be bounded in probability, if for each initial state « and each
e > 0, there exists a compact subset C' C S such that liminf; ., P,(X; € C) > 1 —e.

We now relate {(it, Z;)} to a Feller chain with desirable properties.?

Lemma 3.4. The Markov chain {(is, Z¢)} is weak Feller and bounded in probability, therefore has
at least one invariant probability measure.

2A Feller chain is not necessarily 1-irreducible (for the latter notion, see [MT09]). A simple counterexample in our
case is given by setting ¢(i¢) = 0 for all .
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Proof. Since Z; = ﬂg’:o—fl <29 + ¢(i1), Z1 is a function of (zq,ig,41); denote this function by
01

Z1(20,1%0,%1). It is continuous in zg for given (ig,41). Since the space Z is discrete, for any f € Cp(S),

f (i, 2) is bounded and continuous in z for each 4. It can be seen that

(Psf)(i,z) = E[f(i1, Z1) | i0 =1, Zo = 2] = Zpijf(j7 Zy (2,1, 7))

JjET

is also bounded and continuous in z for each 4, so Psf € Cp(S) and the chain {(i;, Z;)} is weak Feller.
Lemma 3.1 together with Markov’s inequality implies that for each initial condition x = (i,z) and
some constant ¢, P,(]|Z¢|| < K) > 1 — ¢, /K for all ¢ > 0. Since Z is compact, this shows that
the chain {(i:, Z¢)} is bounded in probability. By [MT09, Prop. 12.1.3], a weak Feller chain that is
bounded in probability has at least one invariant probability measure. O

We now show that the invariant probability measure of {(i;, Z;)} is unique and the chain is
ergodic. Recall that the occupation probability measures u:,t > 1 of a Markov chain {X;} on S are

defined by
¢

>o1a(Xa),  VAEB(S),
k=1

| =

pe(A) =

where 14 denotes the indicator function for a Borel-measurable set A C S. For an initial condi-

tion x € S, we use {iz,} to denote the occupation measure sequence, and we note that for any

]f%orel—measurable function f on S, the expression %2221 f(Xk) is equivalent to [ f(y)ue,:(dy), or
fdpg.

Theorem 3.2. Under Assumption 2.1, the Markov chain {(it, Z:)} has a unique invariant probability
measure 7, and for each initial condition x = (i,z), almost surely, the sequence of occupation
measures {5 +} converges weakly to .

Proof. Since {(it, Z;)} has an invariant probability measure 7, it follows by a strong law of large
numbers for stationary Markov chains (see e.g., discussion preceding [Mey89, Prop. 4.1]) that for
each z = (4,2) from a set F C S with full m-measure, almost surely {, .} converges weakly to
some probability measure 7, on S that is a function of x. (Since {(i¢, Z;)} is weak Feller, these m,
must also be invariant probability measures [Mey89, Prop. 4.1]; but this fact will not be used in our
proof.)

We show first that corresponding to x = (i,2z) € F, for each & = (i,2), almost surely {uz,}
converges weakly to m,, so in particular, 7w, does not depend on z. To this end, consider the
processes {Z;} and {Z,} initialized with z and #, respectively, and for the same sample path of {i,}.
By Lemma 3.2, Z; — Z, “% 0. Therefore, almost surely, for all bounded and uniformly continuous
functions f on S, limy_oo (f(it, Z¢) — f(is, Z;)) = 0, and consequently,

Thj}m = (£, Ze) — fliv, Zv)) = 0.

™=

t=1

Since almost surely ji,; — 7, weakly, we have almost surely, lim7 .o 7 Ethl [, Zy) = [ fdm,
for all the above f. It then follows that almost surely,

T
o1 -
i 3 Y020 = [ g

for all bounded and uniformly continuous functions f, and hence, by [MT09, Prop. D.5.1], almost
surely pz ¢ — m, weakly.
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We now show that . is the same for all z € F. Suppose this is not true: there exist states
x = (i,2),2 = (1,%2) € F with m, # mz. Then, since S is a metric space, by [Dud03, Prop. 11.3.2]
there exists a bounded Lipschitz function kA on S such that

/hdwxyé/hdm.

For any z, by the weak convergence p; .y, — m, and I — Tz just proved, we have

i,2),t

tlirgo/hdu(;,z),t :/hdﬂx, P .-a.s; tlfgo/hdﬂ(%,z),t:/hdﬂi’ P y-as.

Therefore, with the initial distribution being g = %5(5’2) + %5(572), where J, denotes the Dirac
probability measure, { J hd,ut} converges P -almost surely to a non-degenerate random variable.
On the other hand, since h is Lipschitz, applying Theorem 3.1 with v, = 1/(¢t + 1) and Gy = 0, we
have that under P, { Ik hd,ut} converges in mean to a constant and therefore has a subsequence
converge almost surely to the same constant, a contradiction. Thus 7, must be the same for all
x € F; denote this probability measure by 7.

We now show m = 7. Consider any bounded and continuous function f on S. By the strong law
of large numbers for stationary processes (see e.g., [Doo53, Chap. X, Theorem 2.1}),

Eﬁ[tlir&/fdﬂxo,t} = Ex [f(XO)]a

while by the preceding proof we have for each z € F, a set with 7(F) = 1, limy—o [ f dpe = [ f dT,
P_-a.s. Therefore

[ i = e[ pi [ fdus,] = E:[r060] = [ £

This shows © = 7.

Finally, suppose there exists another invariant probability measure 7. Then, the preceding
conclusions apply also to 7 and some set F C S with 7?(13’) = 1. On the other hand, clearly the
marginals of 7 and © on Z must coincide with the unique invariant probability of the irreducible
chain {i;}, so using the fact 7(F) = #(F) = 1, we have that for any state 7, there exist Z, 2 such
that (7, %) € F and (7, %) € F. Then, by the preceding proof, with initial condition z = (7, z) for any
z, almost surely, p,+ — 7 and p5; — 7 weakly. Hence m = 7 and the chain has a unique invariant
probability measure. O

Remark 3.2. In the above proof, we used the conclusion of Theorem 3.1 to show that m, is the
same for all z € F. We may avoid this reliance by using alternative arguments at this step for the
finite space MDP case, but the above proof applies readily also to compact space MDP models that
we will consider later. Another entirely different proof based on the theory of e-chains [MT09] can
be found in [Yul0]; however, it is much longer than the one given here. O

Remark 3.3. The ergodicity of the chain {(it, Z;)} shown by the preceding theorem gives a clear
explanation to the unboundedness of {Z;} that we observed in Section 3.1, Prop. 3.1: If the total
mass of m does not concentrate on a bounded set of S, then because the sequence of occupation
measures converges weakly to m almost surely, {Z;} must be unbounded with probability 1. O
Remark 3.4. The preceding theorem also implies that we can obtain a good approximation of
G"* by using modified bounded iterates, such as G = (1 — )G | + vh(Zy, iy, is41), where
ve = 1/(t + 1) and h(Zy, i, i141) is h(Zs,is,i¢41) truncated component-wise to be within [—K, K]
for some sufficiently large K. O
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Let E, denote expectation with respect to P,. To establish the almost sure convergence of {G},
we need to show first that Ex[||Zot(io,41)’||]] < co. Here we prove it using the following two facts.
First, Theorem 3.2 implies

- ZPS )Y Ve e s (32)

Second, by Lemma 3.1, for some constant ¢ depending on the initial condition x,
EZ:]] <e¢, VE>0. (33)

As in the preceding subsection, we state the result in slightly more general terms for all functions
Lipschitz continuous in z, which will be useful later in analyzing the convergence of other TD())
algorithms.

Proposition 3.2. Under Assumption 2.1, for any (vector-valued) function h(z,i,7) on R x I? that
is Lipschitz continuous in z, Er[||h(Zo,i0,11)]|] < oc.

Proof. By the Lipschitz property of h, ||h(Z,i0,%1)| < Mpl|Zol| + ||R(0,40,%1)| for some constant
My, therefore, to prove the result, it is sufficient to show E.[||Zp||] < co. To this end, consider a
sequence of scalars ay, k > 0 with

ap=0, a3 €(0,1], agpr1=ar+1, k>1. (34)
Define a sequence of disjoint open sets {Oy, k > 0} on the space of z as
Or ={z]ar <|z]| < axs1} (35)
It is then sufficient to show that for any such {ax}, 77 ars1 - 7(Z x Op) < 00.3
Fix any initial condition z. Using Eq. (33), we have for all integers K > 0,¢ > 0,

K
Zakﬂ (Z €0K) <1+ Y ax-Po(Z € Ox) <1+ Eo[|Z)]]] <c+ 1.
k=0

Therefore for all K > 0,7 > 0,
T K K 1z
P.(Z, € Of) = | = P.(Z, €O < 1. 36
z::kzz: k1 + € Oy) kgo@kﬂ (T; «(Z1 € k)>_0+ (36)

Since by construction Oy and Z x Oy are open sets on R? and S, respectively, by Eq. (32) and
[MT09, Theorem D.5.4] we have for all k,

T
.1
1%102{?;1)1(& € Og) > 7T(Z X Ok).

3This is because we can choose two sequences {aL}, {a2} as in (34) with al = 1,a2 = 1/2, for instance, such that
the corresponding open sets Oi, Oi, k > 0 given by (35) together cover the space of z except for the origin. Then

oo o0
1Zoll < 1Zoll Y _ (101 (Z0) + 102 (Z0)) < D (aks1 Lo (Z0) +aiyy - 12 (Z0)),
k=0 k=0

so we can bound Ex[||Zo||] by

oo

oo oo
ExllZoll] < E"[Z (“k+1 ) 10,1c (Zo) +ai+1 ) 10% (ZO))] = Z “11c+1 (T x OF) + Z “i-ﬂ (T x OF).
k=0 k=0 k=0
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Combining this with Eq. (36), we have for all K > 0,
L T
Zakﬂ 7(Z x Oy) Z Qg1 - (thlioréf T ;Px(Zt € ok)>

k=0
1 T
gliTrrigékaOakH. <T2Pm(Zt eOk)> <c+1,

t=1

and therefore Z;’;O Qpt1 7r(I X Ok) < ¢+ 1. This completes the proof. O

Theorem 3.3. Assume the conditions and notation of Theorem 3.1 and let v = 1/(t + 1). Then,
for each initial condition (29, GR), GI “3 G'*, where Gh* = E, [h(Zo,io,il)] s the constant in
Theorem 3.1.

Proof. For each initial (2, GI'), by Theorem 3.1, G converges in mean to G"*, a constant indepen-
dent of the initial condition. This further implies the convergence of a subsequence G?k 3G so

in order to show G “% G"*, it is sufficient to show G converges alsmost surely. For simplicity, in
the rest of the proof we suppress the superscript h. With v, = 1/(1 4 ¢t),

Gy = Zh Zkalkylk+1)+GO)

t—l—l(

it is clear that on a sample path, the convergence of {G;} is equivalent to that of the sequence
{% 22:1 h(Zk’ if, ik+1)}'

By Prop. 3.2, E;||h(Zy,i0,%1)|| < co. Therefore, applying the strong law of large numbers (see
[Doob3, Theorem 2.1] or [MT09, Theorem 17.1.2]) to the stationary Markov process {(it, Zt,it+1)}
under P, we have % 22:1 h(Zy, ik, ikr1) converges P -almost surely for each initial = (7, 2) from
a set F' C S with m(F) = 1. So G; converges almost surely for each = € F.

For any initial condition # = (i,2) ¢ F, let = (i,2) € F for some z € R¢. (Such Z exists
because the irreducibility of {i;} and m(F) = 1 imply «({i} x ®%) > 0.) Consider {(Z;,G;)} and
{(Z:,Gy)} corresponding to the two initial conditions Z ¢ F and & € F, respectively, with Gy = G,
and for the same path of {i;}. By the Lipschitz property of h,

t

Ht +1 ; (h(2k7ik’ik+1> - h’(ZkaZkalk+l ‘

|Gy — Gl =

Z
—t+1 kel

Since Z; — Z; 30 by Lemma 3.2, we have Gy — Gy &3 0; since G; converges almost surely, so is
Gy. Thus {G;} converges P,-almost surely for each initial condition z = (7, 2) and Gy, implying
G “% G* for each initial condition (29, Gp).

Finally, we prove the expression for G*. By the law of large numbers for stationary processes
(see [Doo53, Theorem 2.1] or [MT09, Theorem 17.1.2]), we have Ex[limy_.oo Gi] = Ex [h(Zo,70,11)].
Therefore, G* = Ex[G*] = Ex[h(Zo,i0,11)]- O

Remark 3.5. The conclusion of the above theorem also implies the convergence G} a—s> G for
a stepsize ; that is of order O(1/t) and satisfies ’Y’_V% = O(1/t), (such as v, = ;75 for some
constants ¢, ¢g). This can be shown using Theorems 3.1 and 3.3 together with stochastic approxi-
mation theory [KY03, Chap. 6, Theorem 1.2 and Example 1 of Sec. 6.2]. As yet we do not have a full
answer to the question of whether G? L3 GM* for a stepsize sequence that decreases at a rate slower
than 1/t. This question is closely connected to the rate of convergence of 1 EZ 1 h(Zk, ik, ig41) to

G'*. In particular, suppose it holds that Zk 1 ( (Zryig,ipyr) —GM *) “20 for some 7 € (0.5,1],
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then using stochastic approximation theory [KY03, Chap. 6], we can show that G “3 G"* for the
stepsizes v+ = (t + 1)7Y, v € [,1]. We also note that for a general stepsize sequence satisfying
Assumption 2.2, it can be shown that {G;} converges with probability zero or one [Yul0, Prop. 3.1]
(cf. Remark 3.1). O

4 Applications and Extensions

In this section we apply the results of Section 3 to analyze the convergence of an off-policy TD())
algorithm, and we also extend the convergence analysis of the off-policy LSTD()) algorithm for
finite space MDP to MDP with compact action and state spaces.

4.1 Convergence of an Off-Policy TD(\) Algorithm

We cousider an off-policy TD(A) algorithm which aims to solve the projected Bellman equation
(6) with stochastic approximation type iterations. It has the same form as the standard, on-policy
TD(A) algorithm, and it is given by

Ty =11 + Ve Zpdy,
where Z; is as in Eq. (19), and d; is the so-called temporal difference term given by
dy = Ly g, i) + oLy @livgr) re—1 — ¢(ie) 1.

This algorithm is proposed in [BY09, Sec. 5.3] in the context of approximate solutions of linear
equations with TD methods. It bears similarity to the off-policy TD(A) [PSDO01], but differs from
the latter in a considerable way. (In particular, it differs from the latter in the definitions of Z;
and the projected Bellman equation, as well as in using an infinitely long trajectory of observations
instead of a fixed-length trajectory to update Z;’s.) Convergence of the algorithm has not been fully
analyzed. We now apply the results of Section 3.3 and the o.d.e.-based stochastic approximation
theory [KY03, Chap. 6] to analyze a constrained version of the algorithm.

Introducing the function
h(Z,iJ%T):Zwl(iyj)lr+¢2(i,j) (37)
with 1 (i,7) = ag'—x¢(j) —¢(i) and 12 (4, j) = L2g(i, j), we may write the off-policy TD(\) algorithm

T pij
equivalently as ’
re = Te—1 + Vel (Zyy g, ip 1T 1)-
To avoid the technical difficulty regarding the boundedness of {r;} in the above unconstrained
algorithm, we consider its constrained version
re = g [re—1 +veh(Ze,ies g1 7e-1)] (38)

where ﬁH is the projection onto some compact convex set H C R

We apply [KY03, Theorem 6.1.1] to analyze the convergence of this algorithm. Since [KYO03] is
a standard reference on stochastic approximation, we do not repeat here the theorem and its long
list of conditions, nor do we verify the conditions one by one for the TD(A) algorithm, as some of
them obviously hold. We will point out only the key arguments in the analysis.

The “mean” function involved in the mean o.d.e. is the continuous function h(r) given by
h(r)y=Cr+b, reR?

with C,b defined as in Eq. (7). For any fixed r, by Theorem 3.3, for each initial 2o,

~+ | =

Z M Zy, iy ig1;r) =5 (). (39)
=1
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We can bound the function h(z,1,j;7) by

1h(z, 2,77 < (7]l + Dpi(z,4, ), where p1(z,1,j) =d szl(i,j)’H + H?ﬁg(i,j)“,

and bound the change in h(z,4,j;7) in terms of the change in r by
(=4, 7) = h(z,d, 3 )| S (17 = Fllpa(z,4,5),  where pa(z,d,) = d |21 (i, )|

The functions p; and ps are Lipschitz continuous in z, so by Theorem 3.3, for each initial zg,

t
1 . . a.s. . . .
t ij(Zkvlka'Lk+1) = Ex[pj(Zo,io, 1)), Jj=12. (40)
P

From Egs. (39) and (40) it follows that when v, = O(1/t) with *=** = O(1/t), the asymptotic rate
of change condition (the Kushner-Clark condition), which is the main condition in [KY03, Theorem
6.1.1], is satisfied by the various terms as required in the theorem (see [KY03, Example 6.1, p. 171]).

For the constrained algorithm (38), another condition in [KY03, Theorem 6.1.1] is

Sup E\h(Zs, it ieq15me-1)| < oo.

It is satisfied because with {r;} confined in the compact set H, E||h(Zy,it,i141;7—1)|| < 1 E|| Z¢||+c2
for some constants ¢y, ¢y, while by Lemma 3.1 sup, E||Z;|| < ¢ for some constant ¢ depending on
the initial zo. Hence, applying [KY03, Theorem 6.1.1], we have the convergence of the constrained
off-policy TD()) algorithm.

Proposition 4.1. Let the stepsize v satisfy v+ = O(1/t) and % = O(1/t). Then {r:} given
by Eq. (38) converges almost surely to some limil set of the o.d.e.:

= h(r)+ z for some z € —Ng(r),

where Ny (r) is the normal cone of H at the point r € H, and z is the boundary-reflecting term to
keep the o.d.e. solution in H.

As shown in [BY09, Props. 3 and 5], when ) is sufficiently close to 1, the mapping ITT) becomes
a contraction, and correspondingly, with ® having full rank, the matrix C in h(r) is negative definite.
In that case, if the unique solution r* of h(r) = 0 lies in H, and if H is a closed ball centered at the
origin with sufficiently large radius, then, using the negative definiteness of C, it can be shown that
no points r on the boundary of H can be stationary for the above o.d.e., so r; “3 r*.

Similar to the discussion in Remark 3.5, the question of whether the conclusion of Prop. 4.1 holds
for a stepsize sequence that decreases at a rate slower than 1/t is closely connected to the rate of
the convergence in Egs. (39) and (40). (See the discussion in [KY03, Example 6.1, p. 171].)

4.2 Extension to Compact Space MDP

We now extend the convergence analysis of the off-policy LSTD(\) algorithm in Section 3 for finite
space MDP models to MDP with a compact state and action space Z. In particular, we focus on
the case where 7 is a compact metric space, the per-stage cost function is continuous, and both the
behavior and the target policies induce weak Feller Markov chains on Z. The results of Section 3
then extend directly. The case of more general compact space MDP models is a subject for future
research.

Let @ and P denote the transition probability kernels of the Markov chains on Z induced by the
target and behavior policies, respectively, i.e.,

Q={Q(i,A),i€I,AcB(I)}, P={P(i,A),i€I,AcB(I)}.
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Abusing notation, we still let {i;} denote the compact space Markov chain with transition kernel P.
We will later use Pg to denote the transition probability kernel of the chain {(i;, Z;)}. We impose
the following conditions on P, @), the per-stage costs and the approximation subspace.

Assumption 4.1.

(i) The Markov chain {i;} is weak Feller and has a unique invariant probability measure &.

(ii) For eachi € I, the conditional probability Q(i,-) is absolutely continuous with respect to P(3,-),
with (i,-) being one version of the Radon-Nikodym derivative. The function ¢ is continuous
on I°.

Assumption 4.2.

(i) The per-stage transition cost g(i,j) is a continuous function on I2.

(i) The approximation subspace H is the linear span of {¢1,...,¢Pq}, where ¢ = (¢1,...,Pq) is an
R-valued continuous function on I.

4.2.1 The Approximation Framework and Algorithm

Assumption 4.1 implies that the transition probability kernel () must also have the weak Feller
property.* Then, with a continuous per-stage transition cost function under Assumption 4.2(i), the
cost function J* of the policy associated with @ is continuous. It satisfies the Bellman equation

J=T(J), where T'(J) =g+ aQJ,

and g is the expected one-stage cost function; and it also satisfies the multistep Bellman equation
J =TW™NJ X € [0,1] defined as in Eq. (5), all of which are now functional equations. (See e.g.,
Bertsekas and Shreve [BS78] for general space MDP theory.)

In the TD approximation framework, we consider the set of continuous functions as a subset of
the larger space L2(Z,&) = {f | f: T — R, [ f?(2)&(dx) < oo} with semi-inner product (-,-) and
the associated seminorm || - [|2,¢ given, respectively, by

(0 = [ @@, 1Be=(h . FeLTe)

For £2(Z,€), denote by L?(Z, &) the factor space of equivalent classes (corresponding to the equiva-
lence relation ~ defined by f ~ f if and only if || f — f||2.¢ = 0). For any f € £L*(Z,¢), let f~ denote
its equivalent class in L%(Z,€), and let H™ denote the subspace of equivalent classes of f, f € H.
We consider the projected multistep Bellman equation

JY=TTN()), JeH, <&  J=argmin|TNJ-f|3,, (41)
feH

where I1 : L3(Z,€&) — L*(Z,€) is the projection onto H™ with respect to the | - ||2,¢-norm. Since
7 is compact, Assumption 4.2 implies the boundedness of the one-stage cost function g as well as
the boundedness of any function f € H, so for any J € H, TN (J) € £2(Z,£) and TITM(J) is
well defined. The projected equation (41) may not have a solution; however, this case will not be
discussed here, since our focus is on the approximation of the equation by samples. By a direct
calculation, a low-dimensional representation of (41) is now given by

Cr+b=0, reRd,

4By [MTO09, Prop. 6.1.1(i)], Q is weak Feller if Qf € Cy(Z) for all f € Cy(Z). We have (Qf)(z) =
J¢(z,y)f(y)P(z,dy). Using the continuity of ¢ and the weak Feller property of P under Assumption 4.1, and
using also the fact that a continuous function on a compact space is bounded and uniformly continuous, it can be
verified that for any continuous function f, @Qf is also continuous. So @ has the weak Feller property.
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where
(61, QN (aQ —D¢1) - (o1, QW (aQ — I)gq) (1, QMW7)
¢= | . 3 Cob=| |
($a, QN (aQ —D¢1) -+ (da, QW (aQ — I)¢a) (a, QWMg)
and Q™ in the above is defined by the weighted sum of m-step transition probability kernels Q™
QW =3 ()™
m=0

[cf. Eq. (7)], and it is an operator on the space of measurable functions on Z.

The off-policy LSTD(A) algorithm takes the same form as the one in the finite space case, but
has the Radon-Nikodym derivative ((i, j) in place of the ratios le [cf. Egs. (8)-(10)]:

Zy = BC(i—1,10¢) - Ze—1 + ¢(i¢), (42)
by = (1 —yt)be—1 + 7 Ze Clit, ie11) - 9(it, it11), (43)
Cy = (1 —)Co1 + Y Zi ((iryi141) - dlivt1) — (ir)), (44)

where 3 = Aa and ¢(i) = (¢1(7),...,¢a(i)) is viewed as a d x 1 vector. The goal is again to
use sample-based approximations (b, C}) to estimate (b,C), which define the projected Bellman
equation. As before, we will study the iterates Z; and

Gy = (1= 7)Gi—1 + 7 Z(ig,i141)

where 1) is a real-valued (corresponding to b;) or R%-valued (corresponding to C;) continuous function
on Z2. In particular, it can be seen from Eqs. (43)-(44) that depending on the choice of 1, {G;}
specializes to {b;} or {C}:

(i) = (i) - ali
Gt _ bt 1 w(laj) C(Zv.j) g(l,].), . (45)
Ct lfw(la.]) :OéC(Z,j) ¢(.7) _(b(l)'
We write 1 in terms of its components as (11, . .., ¥y, ), for m = 1 or d. The convergence of {b;}, {C:}
to b, C', respectively, in any mode, amounts to the convergence of {G;} to
(¢1, QM) o {1, QM)
G = : : : : (46)

(ba, QN1) -+ (ba, QW)
where @j is defined to be the mean of the jth component of ¢, as in the finite space case:

$;(i) = E[y;io,ir) | o =], ieT.

4.2.2 Convergence Analysis

We now show the convergence of {G}} to G* in mean and with probability one under Assumptions 4.1
and 4.2 and proper conditions on the stepsizes ;. First, we redefine L}, ¢ < ¢ appearing in the
analysis of Section 3 to be

Ly = iy ies1) - Cliesayier2) - Clir—1, ), (47)
and define Lt = 1. Under Assumption 4.1(ii), we have as in the finite space case,

E[L. i =1 a.s.
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The conclusions of Lemmas 3.1 and 3.2 continue to hold in the compact space case considered here.
In particular, for Lemma 3.1 to hold, it is sufficient that ||¢(¢)] is uniformly bounded on Z, which
is implied by Assumption 4.2(ii), while Lemma 3.2 holds by the definition of Z;, requiring no extra
conditions. We can now extend the convergence analysis of Sections 3.2 and 3.3 straightforwardly,
using most of the proofs given there.

Extending Theorem 3.1, we have the convergence of {G;} in mean stated in slightly more general
terms as follows.

Proposition 4.2. Let h(z,i,7) be a vector-valued continuous function on R x I? which is Lipschitz
continuous in z uniformly with respect to (i,j). Let

G} = (1= )G}y +vh(Z, iy, irs1)

with the stepsize sequence {7y} satisfying Assumption 2.2. Then under Assumptions 4.1 and 4.2(%i),
there exists a constant G"* such that for each initial condition (29, Gy),

Jim E|Gh —G"*| =0

Proof. The proof is almost the same as that of Theorem 3.1. Suppressing the superscript h for
simplicity, we first consider for a positive 1nteger T, the process {(Zt T,Gt 1)} as defined in the

proof of Theorem 3.1: Zt 1 =2y for t <T; GO 7 = Gop; and

Zt,T = @(ie) + BLL_1p(ir—1) + -+ BT L _pd(i—1), t>T; (48)
Gir =0 —-7)Gi 11 +'Yth(Zt,T,7ftazt+1); t>1. (49)

By Assumptions 4.1(ii) and 4.2(ii), ¢ and ¢ are uniformly bounded on their domains. Conse-
quently, {HZtTH} can be bounded by some deterministic constant depending on T, and so are
{||h(Zt 7,0, 541) |} and {IG¢.7||} because of the boundedness of h on compact sets and the as-
sumption 7, € (0, 1] (Assumption 2.2).

We then show that {étj} converges almost surely to a constant G7. independent of the initial
condition. To this end, we view h(Zg,T,it,itH) as a function of Xy = (it—7,4t—711,...,%t41) for
t > T, and we write it as B(Xt). Let YV, = (Y14, Y2,) = (Xt,fz(Xt)),t > T. We can write the
iteration for énT, t>1T as

ét,T = ét—l,T +v.f (Y2, ét—l,T)a
where the function f is given by f(y,G) = y2 — G for y = (y1,y2). Then we have the following facts:

(i) f is continuous in (y,G) and Lipschitz in G uniformly with respect to y.
(ii) {Ger} is bounded.

(iii) {Y;,t > T} is a Feller chain on a compact metric space which is independent of the initial
Gy, and moreover, it has a unique invariant probability measure. This follows from Assump-
tion 4.1(i) and the continuity of h: since {i;} is a Feller chain on a compact metric space, {X;}
is also a Feller chain, which together with h being continuous implies that {Y;, ¢ > T} is also
weak Feller. The unique invariant probability measure of the latter chain is clearly determined
by that of {i;}.

Using these facts, we can apply the result of Borkar [Bor08, Chap. 6, Lemma 6, Theorem 7 and
Cor. 8] to obtain that with Ey denoting expectation under the stationary distribution of the Markov
chain {i;},

Gir “5 G5, where G = Eo[hM(Zyryik,ike1)], Yk >T.

This is Eq. (28) in the proof of Theorem 3.1. We then apply the rest of the latter proof. O
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The sequence {G;} is a special case of the sequence {GI'} in the proposition, with the function
h given by h(z,i,j) = z¢(i,7)’. In this case, similar to the derivation given after the proof of
Theorem 3.1, it can be shown that G™* = G* given in Eq. (46).

We now proceed to show the ergodicity of {(it, Z;)} and the almost sure convergence of {G:},
extending Theorems 3.2 and 3.3. In what follows, we use Ps to denote the transition probability
kernel of the Markov chain {(i, Z;)} on the metric space S = Z x R%.

Since ¢ and ¢ are continuous functions under our assumptions, it can be verified directly that if
{i+} is weak Feller, then {(it, Z;)} is also weak Feller. We state this as a lemma, omitting the proof.

Lemma 4.1. Under Assumptions 4.1 and 4.2(ii), the Markov chain {(i¢, Z:)} is weak Feller.

As in the finite space case, this together with the boundedness in probability of { (i, Z;)} indicated
by Lemma 3.1(ii) implies that {(i¢, Z;)} has at least one invariant probability measure 7. But we will
now give an alternative way of reasoning for this, which is much more general and does not rely on
which type of chain {i;} is or whether ¢ is bounded. The argument is based on constructing directly
a stationary process {(i¢, Z:)}, and it was used by Tsitsiklis and Van Roy [TV97, Eq. (5), p. 682]
for analyzing the on-policy TD(A) algorithm. Here we follow the reasoning given in Meyn [Mey07,
Chap. 11.5, p. 520] for analyzing the on-policy LSTD algorithm, which is more general than the
argument given in the former work and suitable for our case.

Lemma 4.2. If {i;} has a unique invariant probability measure & and ¢ is Borel-measurable with
J l¢]ld¢ < oo, then the Markov chain {(i¢, Z;)} has at least one invariant probability measure T with
Ex[[1 Zoll] < oo.

Proof. Consider a double-ended stationary Markov chain {i;, —0o < t < oo} with transition prob-
ability kernel P and probability distribution P°. Let Y; = (4¢,4t—1,...). Due to stationarity, for
all ¢, the probability distributions of Y; are the same, which is a measure on (Ioo, B(IOO)) and will
be denoted by py. We will consider in particular Yy and Y;. For y € ZI°°, the space of Y;, we
write y in terms of its components as (yo, y—1,...). So corresponding to a realization of Yy given by

y = (i0,i—1,--.), Yo = G0,Y_1 =i_1,..., for example.
Denote by Ej expectation with respect to P°. We write L}",¢ < m given by Eq. (47) as
L(ig,i041,---,1m) to make the dependence on the i;’s explicit. We have
Y BRI Lk, - vi0) - (i-)[]] = D B*Eo[llé(i-i)ll] < oo,
k=0 k=0

which is equivalent to
S0 [ Ik 60 iy ) < .
k=0

Therefore by a theorem on integration [Rud66, Theorem 1.38, p. 28-29], we can define an R¢-valued
measurable function on (Z°°, B(Z>°)) by

fly) =

{Ozzio BEL(y k- o) - Sy—k) i y € A 50)

otherwise,

where A is a measurable subset of Z°° such that py (A) = 1 and for all y € A, the series appearing
in the first case of the above definition converges to a vector in R¢; and f satisfies

/ 1£) | duy (9) < 00 and / F ) diy () = Bo[F(Y0)] = S B Bo[L0 4oi_x)].  (51)
k=0
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Let Z§ = f(Yo), and define Z¢ by the recursion that defines Z; with zg = Z§:

78 =f100), 29 =F(V) Y BCliosin) - F(Yo) + i)

Then {(io, Z§), (i1, Z7)} is a Markov chain with transition probability kernel Ps. Consider the two
functions f and f. By the definition of f in Eq. (50) and the fact that L(ye,, ..., ye,) LYy, - -, Ye5) =
L(ye,,---,ye,) for €4 < £y < {5, we have

fy)=f), VyeAn(ZxA).

Since P°(Yy € A) = py(A) = 1 implies puy (Z x A) = P°(Y; = (i1,Yy) € Z x A) = 1, we have
py (AN (Z x A)) = 1. So f and f can differ only on the set (AN (T x A))C, which has py-
measure zero. As they define Z¢ and Z§, respectively, this shows that (Yo, Z$) and (Y31, Z7) have
the same distribution, and hence that (ig, Z3) and (i, Z{) have the same distribution, which is an
invariant probability measure of the chain {(i;, Z¢)}. Denote the latter by . We have by Eq. (51),
EdllZoll] = Eoll Zg1) = [ 11wl duy () < oo. 0

The following proposition parallels Theorem 3.2 and shows that the chain {(it, Z¢)} has a unique
invariant probability measure and is ergodic.

Proposition 4.3. Under Assumptions 4.1 and 4.2(ii), the Markov chain {(i¢, Zt)} has a unique
invariant probability measure w, and for each initial condition x, almost surely, the sequence of
occupation measures {1} converges weakly to .

Proof. Let 7 be any invariant probability measure of {(i:, Z;)}, the existence of which follows from
Lemma 4.2. First, we argue exactly as in the proof of Theorem 3.2, using Prop. 4.2 in place of
Theorem 3.1, to establish that there exists a subset F' of S with w(F) = 1, and for each initial
condition x = (4, 2) such that (i,2) € F for some z, {y, ;} converges weakly to 7, P, -almost surely.

Next we show 7 is unique. Suppose 7 is another invariant probability measure. Then the
preceding conclusion holds for a set F with full #-measure. On the other hand, 7 and 7 must have
their marginals on Z coincide with £, the unique invariant probability measure of the chain {i;}.
Let Fr = {i| (i,2) € F for some z} and define Fr similarly as the projection of F on Z. The fact
m(F) = #(F) = 1 implies £(Fr) = £(Fr) = 1, so FrNEr # § and there exists a state 7 with (,2) € F
and (i,2) € F for some Z, 2. Then, by the preceding proof, for any initial condition = = (%, z) with
z € R, Mzt — mand py ¢ — 7 weakly, Pg-almost surely. This shows m = @ and 7 is the unique
invariant probability measure.

Finally, consider initial conditions z = (i,2) with i ¢ Fr. Because {(i;, Z;)} is weak Feller
(Lemma 3.4), has a unique invariant probability measure, and also satisfies the drift condition

given in Lemma 3.1(i) with the stochastic Lyapunov function V (i, z) = ||z||, which is nonnegative,
continuous and coercive on S, we have the almost sure weak convergence of {1} to 7 also for each
x & F by [Mey89, Props. 3.2, 4.2]. This completes the proof. O

Let us use E, to denote also the expectation with respect to the stationary distribution of
{(i+, Z)}. Similar to the proof of Prop. 3.2, it can be seen that the conclusion E.[||Z||] < oo
of Lemma 4.2 implies that E[||h(Zo,4%0,%1)]|] < oo for all functions h satisfying the conditions in
Prop. 4.2, that is, all vector-valued continuous functions h(z, 1, j) that are Lipschitz continuous in z
uniformly with respect to (¢, 7). Thus we can extend Theorem 3.3 as follows.

Proposition 4.4. Let h and {G}'} be as defined in Prop. 4.2. Let the stepsize in G be v, = 1/(t+1).
Then, under Assumptions 4.1 and 4.2(ii), there exists a set A C I with £(A) = 1, where £ is the
umque invariant probability measure of {i;}, such that for each initial condition (zo,zo,G ) with
io € A, G 3 G, where Gh* = [h(Zo,zo,zl)} 18 the constant in Prop. 4.2.
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Proof. We argue exactly as in the proof of Theorem 3.3, using Prop. 4.2 in place of Theorem 3.1, to
establish the convergence of {GJ'} to G"*, first for each initial condition G and = = (ig, 29) € F,
where F is a set of full m-measure, and then for each initial condition G and x = (ig, 29) where
io € A= {i| (i,2) € F for some z}. Since the marginal of m on Z coincides with £ and 7(F) = 1,
the set A, being the projection of F' on Z, has measure 1 under £. The proof of the expression of
G"* is the same as that in Theorem 3.3. O

Remark 4.1. The conclusions of Props. 4.4 and 4.3 are stronger than what we can obtain by just
applying the strong law of large numbers for the stationary process {(it, Z;)}, without using its
Feller property and the weak convergence result of Prop. 4.2. In the latter case, what we can claim
directly is only that {G?} converges almost surely for the stepsize 74 = 1/(t + 1) and each initial
condition as in Prop. 4.4.

Unlike in the finite space case, Prop. 4.4 asserts the almost sure convergence of {G?'} only for
the subset of initial conditions with ig € A. However, for the rest of the initial conditions, Prop. 4.3
implies that we can use modified bounded iterates to obtain a good approximation of G**, as noted
in Remark 3.4. Thus the conclusions we obtain in this compact space case are practically as strong
as those in the finite space case. O

The above theorems apply to the off-policy LSTD()) iterates {G;} with the function h being
h(z,i,7) = z(i, ). They can also be applied to analyzing an off-policy TD(A) algorithm for the
compact space MDP model, similar to that in Section 4.1.

5 Discussion

While we have focused on the discounted total cost problems, the off-policy LSTD(A) algorithm
and the analysis given in the paper can be applied to average cost problems if a reliable estimate of
the average cost of the target policy is available. For details we refer to the discussion at the end
of [Yul0]. Here we mention briefly the application of the results of Section 3 in a related, non-MDP
context of approximate solutions of linear fixed point equations. We then conclude the paper by
addressing some topics for future research.

Consider approximately solving a linear fixed point equation
x=T(x)=Ax + b,

where A = [a;;] is an n x n matrix and b an n-dimensional vector. We may apply the TD methods,
as discussed in Bertsekas and Yu [BY09]. Compared with policy evaluation in MDP, the main
difference is that the substochastic matrix a@) in the Bellman equation (1) is now replaced by an
arbitrary matrix A.

In particular, the TD(\) approximation framework and algorithms can be applied for A € [0, 1]
such that A "7, |a;;| < 1 for all 4. If we let |A| be the signless version of A, with the (4, j)th entry
being |a;;|, then the latter condition on A is equivalent to A|A| being a strictly substochastic matrix.
For the above A, analogous to the multistep Bellman equation, we can define the parametrized mul-
tistep fixed point mapping 7 involving the matrix Zl?;o A AR We can then find an approximate
solution of = T'(z) by solving x = T (x) using simulation-based algorithms. In particular,
we can treat the row/column indices of the matrix A as states, employ a Markovian row/column
sampling scheme described by a transition matrix P, and apply the off-policy LSTD()\) algorithm
with the coefficients ag;; replaced by a;;, as described in [BY09].

Similarly, the analysis given in Section 3 extends directly to this context, assuming the irre-
ducibility of P and |A| < P, in addition to A|A| being strictly substochastic. We only need a slight

modification in the analysis: when bounding various quantities of interest, we replace the ratios
a

L, = f““f , now possibly negative, by their absolute values, and we use the property

Diy_qiq

EL_| i) <v<i1
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for some constant v in place of Eq. (18). A slightly more general case where A, [a;;[ <1 for all 4
and with equality for some but not all ¢, may be analyzed using a similar approach.

There are many problems deserving further study. One is the almost sure convergence of the
unconstrained version of the on-line off-policy TD(A) algorithm [BY09] for a general value of A. (In
the case of A = 0, there are several convergent gradient-based off-policy TD variants; see Sutton et
al. [SMP09] and the references therein.) Another is the almost sure convergence of LSTD()) with
a general stepsize sequence, possibly random; such stepsizes are useful particularly in two-time-scale
policy iteration schemes, where LSTD()) is applied to policy evaluation at a faster time-scale, while
incremental policy improvement is carried out at a slower time-scale. Another subject for future
research is to extend the analysis in this paper to MDP models with a non-compact state-action
space and unbounded costs. Finally, while we have focused on analyzing the asymptotic properties
of the off-policy LSTD algorithm, its finite-sample properties such as those considered by Antos et
al. [ASMO8] and Lazaric et al. [LGM10] are also worth studying.
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Appendix: A Numerical Example

In this appendix, we use a simple 2-state example to illustrate the unboundedness of {Z;} and the
convergence behavior of the LSTD(A) algorithm for different stepsize sequences.

We let 8 = 0.98,
0.2 0.8 0.45 0.55
Q= [0.5 0.5] ’ P= [0.6 0.4] ’

P = [¢(1) ¢(2)] = [2 1]7 ¢(Zv.]) =1, 4,j¢€ {172}'

Thus Z;, G; are one-dimensional and

{q”} _10.44 1.45
pi; | 10.83 1.25|°
There are several simple cycles of states satisfying the conditions of Prop. 3.1. For example, {2, 2}

is such a cycle with ,6’% = 1.225 > 1, {1,2,1} is another one with 52% . % = 1.164 > 1, and

{1,2,2,1} is yet another with 63% . % . % = 1.426 > 1. So {Z;} is almost surely unbounded
(cf. Prop. 3.1 and the discussion preceding it). This phenomenon is demonstrated by a simulation
run shown in the figure below, where the maximal values of || Z;|| in intervals of length C' =5 x 106

are plotted.
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Figure 1: {Z;} from a simulation run. Y-axis: max;_1)c<i<kc || Z¢|| where C' = 5 x 10%; X-axis: k.

For this example, it can be verified also that the variance of Z; increases to infinity as ¢ increases.
In the next figure, we compare the behavior of G; for stepsizes 7, that decrease at different rates.
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We plotted the values of {G:} in a simulation run for ¢ in the time interval (k —1)C < t < kC with
k =200 and C =5 x 10° as in the previous figure. The horizontal axis shows ¢ — (k — 1)C.

For v; = O(1/t),0(1/t%9) and O(1/t°?), the corresponding {G}} is converging to G*, while for
v = O(1/t%%) and O(1/t%7), the corresponding {G;} seems to converge to G* not almost surely,
but only weakly, as demonstrated by its oscillation around G*. These simulation results seem to

confirm that almost sure convergence of {G;} may occur only for those stepsizes that decrease at a
rate much faster than +=%-5. (Compare with Theorem 3.3, Remark 3.5 and Theorem 3.1.)
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Figure 2: Behavior of {G:} for different stepsizes ;.



