Systems & Control Letters 187 (2024) 105782

journal homepage: www.elsevier.com/locate/sysconle

Contents lists available at ScienceDirect

Systems & Control Letters

Check for

A Q-learning algorithm for Markov decision processes with continuous state =~ [

spaces”

Jiagiao Hu?, Xiangyu Yang ", Jian-Qiang Hu ¢, Yijie Peng ¢

2 Department of Applied Mathematics & Statistics, State University of New York, Stony Brook, NY 11794-3600, USA

b School of Management, Shandong University, Jinan 250100, China
¢ School of Management, Fudan University, Shanghai 200433, China
d Guanghua School of Management, Peking University, Beijing 100871, China

ARTICLE INFO ABSTRACT

Keywords:

Stochastic optimal control
Optimization algorithms
Markov processes
Statistical learning

illustrate its performance.

We propose an online algorithm for solving a class of continuous-state Markov decision processes. The
algorithm combines classical Q-learning with an asynchronous averaging procedure, which allows Q-function
estimates at sampled state-action pairs to be adaptively updated based on observations collected along a
single sample trajectory. These estimates are then used to iteratively construct an interpolation-based function
approximator of the Q-function. We prove the convergence of the algorithm and provide numerical results to

1. Introduction

Markov decision processes (MDPs) provide an important framework
to study sequential decision making problems arising in a variety of
disciplines. However, when modeled as MDPs, due to the size and
complexity of many practical problems, it is often not feasible to ex-
plicitly specify some of the model parameters (e.g., transition dynamics
and random rewards). This has led to the development of model-free
reinforcement learning (RL) techniques [1-5] that aim to approximate
optimal solutions by using knowledge gained from simulation samples
or system trajectories. Arguably one of the most popular and suc-
cessful RL techniques is Q-learning [6]. The method can be viewed
as a simulation-based approach for solving the well-known Bellman’s
equation and forms the foundation for many other algorithms in the
field; see, e.g., [1,7-9] and references therein. Since classical Q-learning
maintains a lookup table to store function estimates and requires all
state-action pairs to be visited infinitely often, the applications of the
method and its extensions are mostly centered around problems with
finite state spaces.

In this paper, we propose a generalization of Q-learning for solv-
ing a class of infinite-horizon discounted MDPs with continuous state

spaces but small (finite) action spaces. Such problems are sometimes
termed “discrete decision processes” and arise frequently in industrial
applications such as inventory control, optimal machine maintenance,
financial derivative pricing, and many others; see, e.g., [10]. Our
algorithm replaces the table-based representation of the Q-function
with an interpolation-based function approximator. In particular, to
achieve the desired transition from a (discrete) finite to an uncountable
state space setting (where the probability of revisiting a previously
encountered state is typically zero), the construction of the function
approximator is coupled with a technique adapted from the simulation
optimization literature called the shrinking ball method [11]. Such a
technique allows the algorithm to learn the Q-value at a generated
state-action pair by averaging estimates obtained at all other pairs
that are close to it, avoiding the need for expending a significant
amount of simulation effort at every visited state-action pair. These
Q-value estimates are then retained at each step and used online in
an interpolation-based strategy to update the function approximator.
Under appropriate conditions, we show that the sequence of function
approximators converges uniformly to the optimal Q-function with
probability one.
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Perhaps the most studied value function approaches for solving
continuous-state MDPs are the fitted value and Q-iterations [8,12-16].
These methods are typically off-line and use a pre-selected batch of
transition samples under a supervised learning framework to compute
an approximation to the value/Q-function. An online alternative is the
soft-state aggregation method of [17], which maps the state space into
a small number of clusters. The method generalizes the usual state
aggregation in the sense that each visited state can belong to multiple
clusters with certain clustering probabilities. Another online method is
the interpolation-based Q-learning proposed in [18], which considers
function approximators that locally interpolate Q-value estimates ob-
tained on a given set of basis points. Melo and Ribeiro [19] also study a
version of Q-learning based on linear function approximation and show
the (local) convergence of the algorithm under the geometric ergodicity
assumption on the underlying Markov chain. Of particular relevance
to our work is the nearest neighbor regression method of [20], which
estimates the Q-value at a given state-action pair using observations
that lie in its neighborhood, a strategy that is very similar to our
proposed shrinking ball method. Their approach uses a finite-state
discretization of the original MDP and updates the Q-values over the
discretized space all at once in a roughly synchronous manner.

We remark that with the exception of [19], all aforementioned
approaches resort to some forms of state space discretization, whereas
our algorithm is discretization-free and asynchronously approximates
the Q-function based on a single sample trajectory. In addition, the
convergence analysis of existing approaches are almost all based on
the non-expansiveness property of the function approximator. Our
approach, on the other hand, does not require the approximator to
be a non-expansion and thus allows the use of more flexible function
approximation tools.

The rest of this paper is structured as follows. We present the pro-
posed algorithm in Section 2 and analyze its convergence in Section 3.
A simple illustrative example is provided in Section 4. We conclude the
paper in Section 5.

2. Q-learning for continuous-state MDPs

We consider an infinite-horizon discounted MDP model (S, A4, p, R,
f), where the state space .S is a compact connected subset of R9, the
action space A is a finite set, p(s'|s,a), s,s’ € S,a € A is a Markov
transition density, R(-,-) : S X A - R* U {0} is a non-negative reward
function, and g € (0, 1) is the discount factor. For simplicity, we assume
that all actions a € A are admissible at all states s € .S.

Denote by IT the set of stationary deterministic Markovian policies,
where each = € II is a mapping from S to A with #(s) signifying
the action taken at state s. Let s, be the state of the system at time
t and a, be the action applied at s,. For an initial state s, = s,
the value function associated with a policy = is given by V7(s) :=
E[X2, B R(s;. n(s)|so = s|. The goal is to find an optimal policy
x* € I that attains the supremum of V7, i.e.,

V*(s) 1= V™ (s) = sup V*(s)
rell
for all initial states s € S.

It is well-known that under mild assumptions, the optimal value
function exists and is given by the unique solution to the Bellman’s
equation, which, when stated in terms of the Q-function Q*(s,a) :=
R(s,a) + ﬂ/s V*(s")p(s'|s,a)ds’, can be put in the following equivalent
form:

Q*(s,a) = R(s,a) + ﬁ/ max Q*(s", b)p(s'|s, a)ds’. (€))
s beA

In a model-free setting, the transition density p and/or the reward
R are unknown. RL algorithms such as Q-learning (when S is finite)
often work with a randomized (learning) policy ,(s,a), a € A and in-
crementally compute an approximate solution to (1) based on transition
samples generated from x,. Such a policy can be viewed as an action
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selection distribution that specifies the chance of taking an action a €
A at time ¢t when state s is encountered. Throughout the paper, we
consider the case where the reward takes the form of an expectation
R(s;,a,) = E[r(s;,a;,w,)], which cannot be evaluated exactly. Instead,
only the sample reward r(s,, q,,w,) is available, where w,’s are i.i.d.
random vectors taking values from some common set.

2.1. Algorithm description

Our algorithm aims at approximating the solution to (1) by using a
sequence of function approximators. In particular, for each a € A, we
let Q,(-, a) be the function approximator of Q*(-, a) constructed at time ¢
and Q,(s;, a,) be the (point) estimate of Q*(s,, 4,) at the state-action pair
(s;, a;) obtained at time 7. Denote by A, the collection of all state—action
pairs visited up to time 7. Let B(s,r) be an open ball centered at s with
radius r > 0 and {r,} be the radiuses of a sequence of shrinking balls.
For two state-action pairs (s;,q;) and (s,,q,) visited at distinct times
I <t, we use

1
1,(s),a;) = { 0

to indicate whether the pair (s;,q,) lies in the vicinity of (s;,q;). The
detailed algorithmic steps are then presented below.
Q-learning for Continuous-State MDPs

if s, € B(s;,r,) and a, = a;;
otherwise

Step 0: Select a policy {r,}, an initial state s, learning rates «,(s,a) €
(0,1) Vs € S,Va € A, and V1, shrinking ball radiuses {r,}, and a
sequence of positive indices {i,}. Set Qy(s,a) =0Vs € S,Va € A.
Set Ay = @ and the iteration counter ¢ = 0.

Step 1: Select an action a, ~ =,(s;,a), observe the next state s,,; ~
p(s|s;, a,), and obtain the random reward r(s;, a;, ®,). Set A, =
AU {(sp, a0}

Step 2: Compute an estimate of Q*(s,, a,) at (s;,a,) as
Q;(Sr’ax) = r(Snata a)x)+ﬂ121€a}@;(51+1»b); (2)

For each previously visited state-action pair (s;, a;) € A,, update
the point estimate as

O:(spya) = (1 = a(sp, ap (s, a))Q; 1 (51, ap)
+ a (s a)di(sp, apQ;(sy, ap). 3

Step 3: If a, = 4, then update Q,(-,a) to obtain a new approximator
Qy41(, a) that interpolates the data {((s',a),0,(s",a")) : (s'.a') €
Ay, d =a}.Setr=1+1and go to Step 1.

The algorithm requires a separate function approximator for every
action a € A. These are primarily used as predictors to predict the
Q-values at unsampled locations. At each iteration ¢, a point estimate
of O*(s;,a,) at the current state-action pair (s;,q,) is formed in (2)
based on the predicted value at the sampled next state. This step is
essentially a simulation-based version of (1) with the approximators
Q,(-, b) replacing Q*(-,b). To estimate the integral involved in (1),
in Eq. (3) of Step 2, we have used an improved version of the shrink ball
method proposed in [11] for solving noisy optimization problems. The
key idea is not to allocate a large amount of simulation replications to
each visited state-action pair, but to resort to a form of asynchronous
recursion, so that the estimate at a given pair can be continuously
updated by averaging the performance at all other pairs that lie within
a certain distance from it. In particular, for each (s;, ;) generated prior
to time ¢, if ¢, = g; and s, falls in the B(x,,r,) neighborhood of s,,
then the current estimate Q,_,(s;,q;) is adjusted in (3) by taking into
account the new information Q,(s,, ;). The hope is that the simulation
noises (due to the uncertainties in the random rewards and transitions)
will average out as the number of iterations increases, whereas the bias
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(due to the difference between the Q-values at two different pairs) can
be eliminated by gradually sending the radius r, to zero.

Since (3) is an asynchronous procedure, the Q-value estimates at
sampled pairs are updated at different frequencies. In particular, the
estimates at pairs generated in more recent iterations tend to be up-
dated less frequently, and hence are less reliable than those obtained
at pairs sampled in early iterations. Consequently, the construction of
the function approximator Q,,; at Step 3 is only based on data at
pairs collected prior to a certain time i, < t. In Section 3, we provide
sufficient conditions on the increasing rate of i, to ensure that estimates
at all pairs in A; are updated sufficiently often to yield reasonable
Q-value estimates.

Note that in a finite state space setting, each ball B(s;,r,) will only
contain the state s, itself when the radius r, becomes sufficiently small.
Thus, if the approximator Q, is replaced with a full state-action table,
then the two Egs. (2) and (3), when combined, turn out to be identical
to the classical Q-learning method. From this viewpoint, the algorithm
can be regarded as a natural generalization of Q-learning for solving
continuous-state MDPs.

3. Convergence analysis

Define o-fields & = o{sg a9 @,...,5.a,0,} and & = o
{50, ap, wg, 1,4y, @1, ..., 5, a,}. For a state-action pair (s;,q;) visited at
iteration / < 1, we let N,(s;,q;) = Z;:m I;(s;, a)), indicating the number
of times the neighborhoods B(s;,r;) n {a; = a;} of (s;,q;) have been
visited between times / + 1 and 7. We also let A,(a) = {s' : (s',d') €
A,,d = a} be the set of states sampled up to 7 at which action a is taken.
For two states s, s’ € S, their Euclidean distance is denoted by d(s, s"),
and for a set of states C C .S, the distance between s and C is given by
d(s,C) := infycc d(s,s’). For two sequences of real numbers {u,} and
{v,}, we say that u, = Q(v,) if there exist constants ¢, K > 0 such that
u, > cv, for all # > K. Finally, to simplify the analysis, we assume that
the learning rate is a function of N,(s;, q)), i.e., a,(s;,a;) = f(N,(s;,a)))
for some function f. We impose the following regularity conditions on
the MDP model and algorithm parameters:

Assumptions:

Al. R, :=sup,,"(s,a,®) < co and there exists a constant Kp < oo

such that |R(s,a) — R(s',a)| < Kgd(s,s') Va € A.

A2. For each a € A, the transition density p(s'|s,a) is continuous in both
s’ and s, and p(s'|s,a) > 0 Vs,s’ € S, a € A. In addition,
Ip(s”|s,a) = p(s"|s',a)| < K,(s")d(s,s") Vs,5',s" € S, a € A, and
K, = [¢ K (s)ds < oo.

A3. For each a € A, Q,(s,a)’s are Lipschitz continuous with their Lipschitz
constants uniformly bounded by L(a) < oo w.p.1.

A4 f() e 0,1) Vi, X2, f(i) = oo, and X2, f2(i) < co.
A5. i, =[] for y, € (0, 1), where |-] is the rounding operator.

A6. The shrinking ball radius is non-increasing in ¢ and satisfies r, =
Q(t772) for some constant y, € (0, ﬁ).

A7. There exists a constant y; > 0 with y3 + y,d < % such that the action
selection probability satisfies inf .. g 7,(s,a) = Q(t™3)Va € Aw.p.1.

We briefly comment on these assumptions. A1 and A2 guarantee
that the Q-function is sufficiently smooth, which in turn justifies the use
of the shrinking ball method. A3 requires the function approximators
to be globally Lipschitz. Intuitively, this allows an easy quantification
of their prediction errors at unvisited state-action pairs. Note that this
condition does not require any prior knowledge about the Lipschitz
constants and is weaker than the typical non-expansiveness assumption
used in the existing literature. A4—A6 are conditions on the algorithm
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input parameters. A7 suggests the learning policy should be persistently
exploratory so that every action will be sampled with a strictly positive
probability at each visited state. The degree of exploration may decay
with time, which permits policies that are greedy in the limit [21]. In
fact, the condition, together with A2, ensures that the Markov chain
under the learning policy is Harris recurrent (e.g., [22]).

We begin by stating a number of preliminary results (Lemmas 1-4)
that will be used in our convergence analysis. The first result shows
that for an MDP characterized by Al and A2, the optimal Q-function
is Lipschitz continuous. In our subsequent analysis, we will denote its
associated Lipschitz constant by L.

Lemma 1. If Assumptions A1 and A2 hold, then for every fixed a € A, the

optimal Q—fur%ction Q*(s,a) is Lipschitz continuous with Lipschitz constant
K, Rmax

Ly :=Kgp+ {’T.

Proof. Fix an ¢ € A and write (1) as Q*(s,a) = R(s,a) +

B [s V*(sHp(s'|s.a)ds’. By Al, it is easy to see that V*(s) < %, Vs e

S. Consequently, for any two states s, s’ € S, it follows from Al and

A2 that

10" (s.0) - 0*(s'. @) < |R(s. @)~ R(s'. )|
+p /S V(s 5,0 = pls” |5 @)l ds”
s, S —
SR 1-4 Js

ﬂKpRmax ’
ﬁ )d(S, S ),

which shows the Lipschitz continuity of Q*(s, a).

Kp(s”)d(s, s"yds"

= (Ke+

The following result implies that as the number of iterations  — oo,
the shrinking ball neighborhoods of all state-action pairs sampled prior
to time i, will all be visited infinitely often (i.o).

Lemma 2. If A2, A5, A6, and A7 hold, then for any state—action pair
(s1.ap) € Ay, Pim;_ o, N(s;, ;) = 00) = L.

Proof. By A2, since S is compact and p(s’|s, a) is continuous in both s’
and s, from the extreme value theorem, p(s’|s,a) attains its minimum
for each a € A. In addition, because p(s’|s,a) >0 Vs,s' € .5, a € A and
A is finite, we must have that § := min, inf, ;g p(s'|s, a) > 0. It thus
follows from A6 that P(s, € B(s;,r,)|s,_; = s,a) = fB(S[’rl)p(s’ls,a)ds/ >
Scpt™2¢ for some constant cz > 0 when ¢ is sufficiently large. On the
other hand, by A7, there exist constants ¢, > 0, K > 0 such that
inf 7,(s,a) > ;—’; for all r > K. Let p, > 0 satisfy p, < (t—i,)dcpc,t~729+13)
and /{-} be the indicator function. We have for a sufficiently large r that

P(N(s;,a) < py)
'
= P( Z I{s; € B(s;,r))Na; =a;} < p,)
i=I+1
'
< P( Z I{s; € B(s;.,r)Na; = a;} < p,)
i=ip+1
1
= P( 2 I{s; € B(s;,r)VUa; #a} >2t—1i —p,)

i=i+1

- P(ef125=,,+1 Hsi€B(sp.rp)a;#a;} > e/l(f—ix—ﬂr)) (D))
for any given constant A > 0, where the inequality above is due to the
fact that / < i,. Next, by applying Markov’s inequality and noticing that

the shrinking ball radius is non-increasing (A6), we obtain the following
bound on (4):

4 < e M—i—p) [e/l Z;:i,+l ](S,EB(S[,I‘,)UG[#H/)]

< e*i(f*i,*p,)E [e/1 Z;:'}*l I(S,EB(SI-’})U“:#”/)] . 5)
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Note that
E[e/ll(sieB(x,,r,)Ua,#a,)Ito;iil]
=(e* = D[1 = P(s; € B(s;,r)Na; = a,)|97_,] +1
=(* - D[l - P(a; = a;|s; € B(s;,r;), Fi_y)
X P(s; € B(s,,r,)lJi,l)] +1
< = D[l =bcpe,t724i73] +1, (6)

where the inequality follows because inf z;(s,a) > ;—’; and P(s; €

B(s;, )| F_;) = cpt™2¢. Thus, the expectation in (5) can be bounded
through a repeated application of (6) as follows:

E [e‘ Sici 1 Hsi#Blsiruaita }]
= E[E[euu,gswl,r»ua,#m)|¢t_1]

12, i1 TUsi#BsrVa; #al)]

< ((M = D[t = depe ] +1)
% E[el ;;i‘l“ I{s,-eB(s,,r,)uaﬁ&a,}]

t

i=i+1

t

i=i;+1

o

<exp((e* = D[r—i, - §CBcIt—y2d(t i)
eXP((e/l — (- [,)[1 - SCBCEI_(}@-H/Qd)] )’

I/\

A

where the second last inequality follows from the fact that In(1 +x) < x
for x > 0. Substituting the above into (5) and optimizing the bound
By (1= 41n 2

Ay
with respect to 4, we get P(N,(s;,q;) < p;) < e BB/ where

we have defined A, := (t —i))[1 — Scpe,="+29] and B, =t — i, — p,.

Since p, < (t — i,)dcge,t~24%13) it is clear that 0 < % < 1. Thus, by
T
applying the inequality Inx < (x—1)— %(x —1)? for x € (0, 1], we obtain

_B=A) _B=A)? .
P(N,(s;a;) < p) <e % . Next, settinge ** = - and solving

for p,, we get p, = (1 — i,)dcge, 724413 —21Int — 24/ A, Int + In? 7. This

shows that })°, | P(N,(x;,a)) < p) < X720, rlZ < oo, which indicates
that P({N,(x;,a;) < p,} i.0.) = 0 by applying Borel-Cantelli lemma.
Finally, from A5, A6, and A7, it is not hard to observe that p, - oo

as t — oo. This completes the proof of the lemma.

Next, we show that for each fixed a € A, the collection of states in
A, (a) visited up to time i, will become dense in S as 1 — co.

Lemma 3. If Assumptions A2, A5, and A7 hold, then for every action
a€ A, P(lim,_q, sup,cs d(s, A; (@) =0) = 1.

Proof. Let ¢ > 0 be a positive constant. The set U, ¢B(s, %) forms an
open cover of S. Since § is compact, there exists a finite collection
of states {v,,...,v,} such that § C U"ZIB(U,%). By A2 and A7, we
can find a finite K > 0 and constants ¢z > 0 and ¢, > 0 such that
P(s, € B(vj,€/2)ls,_y = 5,a) > ep(e/2)! and inf, z,(s,a) > £ for all
t > K, where § = min,,inf, scg p(s'|s,a). It follows that when ¢ is
large,

P(supd(s,A; (@) > ) = P(3s' €S, d(s', A; (@) > ¢)

P(3s' €S, B(s',e)n 4, (a) = B)
P(3j=1,...,n B(Uj,e/Z)nA,-l(a)=ﬂ)

IN
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(B(U e/2)N A (a) = ﬂ)
l

<y
zn: 50 & B(vj,€/2)Uay #a)N..N
_( ¢ B(v,, s/z)u%;ea)]
Z[ (s, € Bwj.e/2na;

= ‘1|Si,—1

g B(v.e/DVa,_ #a, )]
x P((S,—[_l ¢ B(v;.¢/2)Ua;_; #a)N..n

(30 & B(vj,£/2) Uag # a))
< 2[1 - 5c3c,,(e/2)”’i,‘“]
=1

x P((s,}_1 & B(v;.¢/2)Ua;_; #a)N..n

(30 & B(vj,£/2) Uay # a))

no

< [1 - 5c3c,,(e/2)di—73]
j=1i=K+1

= Z ( Z In(1 —5ch,,(6/2)di_V3))
j=1 i=K+1

i!
< Zexp(—&ch,,(e/Z)d Z i)
Jj=1 i=K+1
< nexp(=depe,(e/2)% iy —

Since i, = [#"1], y; € (0,1) (A5) and 0 < y3 < 1/2 (A7), it can be verified
that 3772, P(sup, d(s, A; (@) > €) < oo. It thus follows from Borel-
Cantelli lemma that P({sup, d(s, 4, @) > ¢} i.0.) = 0, and because &
is arbitrary, we must have P(lim,_, ., sup,cg d(s, A, (@) = 0)=1

K)i, ™).

Lemma 4 below states that both the point estimate Q, and the
function approximator QQ, constructed at Steps 2 and 3 of the algorithm
remain bounded at all time.

Lemma 4. If A1 and A3 hold, then maxge,,,, Q/(s,a) and
sup,cs max,e4 Q;(s, a) are bounded for all t w.p.1.

Proof. Define D, = max gc4,,, |Q:(s,a)|, and let D be the diameter of
S. It is clear from A3 that for any states s,s’ € S, w.p.1, |Q,(s,a)| <
|Q,(s',a)| + LD, where L := max,., L(a) < oo. In addition, since
Q,(s,a) interpolates {((s’ a), Q,_l(s’,a’)) (s',d") € A ,ad = a}
and max, wen; 10,1 (s,@)| < max(gey, |Q—i(s,a)| = D,_;, we have
SUp,eg Max, |Q,(s a)l < D,_; + LD. Therefore, the point estimate ob-
tained from (2) satisfies |Q,(s,, ;)| < R,qx +B(D,_, + LD), and from (3),
this further indicates that |Q,(s;, a;)| < max{D,_,, R, + B(D,_; + LD)}
for all (s;,a;) € A,. Taking together, we have

D, <max{D,_j, R, + B(D,_; + LD)}. )

=0forall s € .S and a € A. It is thus
< RuatBLD . . .
—zax———  and a simple inductive
Rmax +ﬂ LD
1—

Note that by construction, Q(s, a)
obvious from (2) that D, < R

max —
argument using (7) shows that D, < for all 7. Furthermore,
we also obtain sup, ¢ max, |Q,(s,a)| < D,_; + LD < Rm”ffnfw + LD =
Rygu+LD

T for all ¢.

Our main result is to show the uniform convergence of the se-
quence {Q,} to the optimal Q-function. Since Q, is constructed using
estimates Q,_; obtained for pairs in A; , we proceed by studying the
convergence properties of the iterates produced by (3). For notational

convenience, we define ¢,(s;, a;) = Q,(s;, a;)—0*(s;, a)) and let 5,(s;, a;) =
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a,(s;,a;)1,(s;, a;). Then, subtracting both sides of (3) by Q*(s;,q;), we
obtain the following recursion:

€(spyap) = (1= n,(sps ap))e_y (s, ap) + (s, ap)
X [r(sp, @, @) + fmax Qy(s,41,6) = O sy, ay)]
= (1 =n(sp, a))er_1 (s ap)

+ n,(sp @) (Bi(sp. ap) + Wilsia) + Hi(s141)), 8)
where B,(s;,a;) := O*(s;, a;) — Q*(s;, ;) is the bias caused by the use of
the shrinking ball strategy, W,(s,, a,) := r(s,, a,,®,)+ p max, Q*(s;; 1, b) —
Q*(s;,a,) is a noise term, and H,(s,;) = pmax,Q(s;y,b) —

pmax, O*(s,,, b) is the approximation error of Q,. An expansion of (8)
then yields

e(spa)=U(t : D+Up(t : D+ Uyt : D+ Ug(t : D, )
where we have defined
Uit 1) = [H(l nsia)|esr.a), 10)

i=l+1

Ug(t = ) := O [T = n(s-ap]micsi. ap)By(sy. ap), 1n
i=l+1 j=it]

U : D= Y [T 0 =nitsiap]nitsi, apWits;, ap, 12)
i=l+1 j=it+1

t t

U@ : 0= Y [ [T =nGnam)nds, apHisip. (13)

i=l+1 j=i+l

The convergence properties of terms (10)—(12) are given in Lemmas 5,
7, and 8, respectively.

As shown in the following lemma, the influence of the initial point
estimation error ¢(s;,a;)) = Q;(s;,a) — O*(s;,a;) at the state-action
pair (s;,q;) sampled at time / will become negligible as the number of
iterations increases.

Lemma 5. If conditions A1-A7 hold, then for any state—action pair
(s.a) € Ay, Uyt 1 ) = 0 as t — oo w.p.1.

Proof. From the proof of Lemma 4, it is obvious that |e/(s;,a;)| <

2RuaxtALD yare have
1-p :

U 0 = [ TT (= nsran] letsr,a)

i=l+1

t
=exp( Y, In(l = n,(sp, @) ey (s ap)]

i=l+1

max + ﬁLD
Z n‘(s,,a,) =5 .

i=I+1

< exp

By the definition of n,(s;.q), we obtain Y. n(s.a) =
T alspalspa) = Tis FNGpaspa) = 270 £()).
We know from Lemma 2 that N,(s;,q;) — o0 w.p.1. This, together with
the condition Z;’;l f(j) = o (A4), implies that |U.(t : [)] > 0ast — o
w.p.1.

The analysis of the terms (11) and (12) relies on the following in-
termediate result, whose proof follows from a straightforward inductive
argument and is hence omitted.

Lemma 6. For a given integer [ >0, ¥!_,. | [H;:M(l —n;(s,@)]|n(s,a) <
1 forallt> 1.

Next regarding term (11), we have the following result, indicating
that as the sequence of shrinking ball radiuses decreases, the cumu-
lative effect of the estimation bias at a sampled pair arising from
averaging points within its neighborhoods vanishes.
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Lemma 7. If conditions A1-A7 hold, then for any state—action pair
(s;,ap) € A,-’, Ugt:1)—=0ast— cowp.l.

Proof. By Lemma 1, we have
I,-(S,, a,)|Bi(s,, a[)' = I,-(s,, a[)'Q*(S," a[) - Q*(Sl» a[)'
< Lod(s;spIi(sp,a) < Lor,
which tends to zero as i — oo by condition A5. Therefore, for any € > 0,

there exists some N > 0 such that I;(s;, a;)|B;(s;, ;)| <e/2foralli > N.
We thus obtain for a sufficiently large ¢ that w.p.1,

|Ug(t : D] = z [H (1 _”j(slsal))]rli(sl’a[)lBi(sl’al)l

i=l+1 j=i+

N t
X LT a = nitsiaplnisisapl Bicsy apl
i=l+1 j=i+l
t

t
D LTI = nyCspa]nisy a1 Bicsy apl

i=N+1 j=i+l

N t
< 2 LT @ =ny6s )iy apl Bty apl

i=l+1 j=i+l

t t
+5 2 [T a-neranlns.a)
i=N+1 j=i+1

< 2 []'[(1 (s @) n(si. )| By(sp. apl + 5

i=l+1 j=i+l
< 2 [H(1—n,(s,,a,))]|3(s,,a,>|+ 14

i=l+1 j=i+1

where the second inequality follows from Lemma 6 and the last step
follows because 0 < #;(s;, q;) < 1. Next, using the inequality H;=i+1(1 -
x;) < e Zimn1 ¥ for all x/ € [0,1) and noting that |B;(s;,a)| =

|O*(s;.a;) — O* (s, ap)| < Rinax , it can be seen that (14) is bounded by

a4 < 2 exp(— Z n;(s;.a))|Bi(s;,ap)l + =
i=l+1 Jj=i+l
<(N—1) R, ax —Z/ N+1'7/(Slﬂ/)

2.
Since Z;=N+lnj(s,,a,) = Z;.=N+1 a;(sp, ap)l;(s;,a) =
Z;:NH FN; (s a)(sp, ap), we know from Lemma 2 and condition A4
that Z;=N+l n;(s;,a) — oo as t — oco. This in turn implies that (N —
l)zf%ef Zjna 604 can be made smaller than /2 for t sufficiently
large. Finally, because ¢ is arbitrary, we have Ug(t : I) > 0 ast — oo

w.p.1.

On the other hand, because the shrinking ball neighborhoods of
each sample state-action pair are visited i.0. as r — oo (see Lemma 2),
the estimation noise will be averaged out over the course of the
iterations. This intuition is formalized in the result below.

Lemma 8.
Uy (t:

If Assumptions A1-A7 hold, then for every (s;,a;) € A;,
I)—>0ast— cowp.1.

Proof. Recall that W,(s,,q,) = r(s;, a,, w,) + p max, Q*(s,,b)— O*(s;, a,).
We consider the sequence M, := Z::Hl n;i(s;, apWi(s;, a;). Since n,(s;, a;)
is #,-measurable and E[W,(s,, a,)|%;] = 0, we have

-1
EIM|F) =Y, n(s,a)Wi(s;.a))

i=lI+1

+n,(sp, a) EIW,(s;, a)| F]
=M.,

In addition, E[M?] = E[(Y

i=l+1 ’h(slaal)W(sl’”)) | = E [Z‘;H'
n; (s ap W (s )]

because the cross terms E[n(s;, a)n;(s;, a)
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Wi(si,apWi(sj,a;)1 = Elni(s;.apn; (s, apWils, a) E[W; (s, ,)lg 1=0,
Vi < j. Under Al, we have |W(s @) < Ryax + B+ 1) L

1'";X It follows that E[M?] < (3fzex Y E[X gy 1 (s ap)] = ( )2

E[ZN’(S’ W £2(j)] < oo due to the condltlon TR A < o (A4).
Consequently, {M,} is an L?>-bounded martingale and converges to a
finite random variable M w.p.1. Next, we note that
t t
Uw(t D= Y [T] -nspam]nis;, apWits;,a)
i=l+1 j=i+l
t
= H(1
j=I+1
‘ 1
D ——

i=l+1 Hj=1+1(1 —n;(spap))

—n;(s,ap)
(s, ap)Wi(s;, a;)

1
1
= 2 binCsiaWils;. ).
T i=l+1
1

H’—H—l(l ﬂj(VI 01))
b, » o ast — oo w.p.l. Using the fact that M, - M_ w.p.1 and

applying Kronecker’s lemma (e.g., [23]) in a path-wise manner, we
finally obtain Uy, (¢t : I) - 0 w.p.1 as required.

where b; . Clearly, 0 < b; < b;;; and due to Lemma 2,

Finally, we arrive at the following main convergence theorem.

Theorem 1. Suppose all conditions A1-A7 are satisfied. Then

lim sup max |Q,(s,a) — O*(s,a)| =0 w.p.1.

=0 ses a

Proof. In the proof of Lemma 4, we have shown that sup,g
max, |Q,(s,a)] < w Thus, it is easy to see that sup g max,c

|Q;(s,a) — O*(s,a)| < ZR"’“H‘D for all t > 0.

Let ¢ € (0,1 - p) be a given constant. We proceed by using
an idea similar to that of [24]. In particular, suppose there exist a
constant G and time 7, > 0 (with 7, := 0) satisfying sup,g max,
|Q;(s,a) — Q*(s,a)| < G for all t > ;. Then we show there must be an-
other time 7, | > 7, such that sup . ¢ max, |Q,(s,a) — Q*(s,a)| < (f+E)G
forallt > 7. Since f+¢ < 1, this guarantees the convergence of sup,c ¢
max,e 4 |Q,(s,a) — O*(s, a)| to zero.

Let r = ZK%GLQ) and define ©, = {lim,_, sup, d(s. 4, (a)) = 0}, a €
A. For every @ € N,c482,, there exists some 7’ such that .S

Usen, @B(s.r) for all @ € A. Take r = max{z’,7,}. Clearly S
Usen, (G)B(s r) for all a € A.

For each state-action pair (s,a) € A; , we let ¢,(s,a) = Q,(s,a) —

Q*(s,a) and consider the recursion

<
c

€,(s,a) = (1 = n,(s,a))e,_;(s,a) +n,(s,a) [r(s,, a,;, ;)
+ ﬁmgx@,(s,ﬂ,b) -0*s,a)], V27 +1.

As in (9), this can be written as

e(s,a)=U,(t : 1)+ Up(t : )+ Uy (t : 1)+ Uyt : 7),

where U.(t : 1), Ug(t : 1), Uy(t : 1), and Uy(t : 7) are defined
respectively in the same way as in (10), (11), (12), and (13) with (s, a)
replacing (s, a;).

Note that by our hypothesis for all i > = > 7,
|H,-(sl-+1)| < ﬂml?x |Q,—(Sl-+1, b) —

< fsupmax |Q;(s, b) -
ses b

O (5141, b)|
0*(s,b)| < G.

In addition, since >_ ., [H;.=,.+1(1 n;(s.a)|n(s,a) < 1 for all 1 >

7+ 1 by Lemma 6, we have [Uy(r: 7)| = ¥i__, [H;zm(l - 1,(s, )]
(s, a)|H;(s;41)| < BG. Consequently, |¢,(s,a)| < |U.(t : ©)|+|Up(t : 7)|+
Uy (t : )| + BG, Vi > 7+ 1. We further let Q. := {U,(t : 7) — 0},

Qp = {Ug(t 7) — 0}, and @2y = {Uy( ) — 0}. Since
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the number of state-action pairs in A;_is finite, on each sample path
® € Ngeaf, N 2, N Qp N Qy, there exists a 7;,,; > 7 such that
le (s, a)] < §G + §G + §G +G =+ 35)0, V(s.a) €A, V214,

Next, for any s € S and a € A4, let s, = argminy, @A, s").
Because S C Uy, (a)B(s r), we have d(s, s ) < r. It thus follows that
for all t > 7,4,

1Qi(s, ) = Q" (s, @)| < |Qi(s,0) = Q(s4, @)

+1Qi(54,a) = Q% (54 @] + 1Q% (54, @) — Q% (5, a)]|
S(L+ Lp)d(s,s,) + Q-1 (54, a) — Q" (5,5 )
&G 3

<(L+Lp)——— 2

<L+ Q)4(L+LQ)+(13+4§)G

= +90G,
where in the second step above we have used the fact that
Q,(sgoa) = O, (s,.,a) because Q, is constructed by interpolating
{(s',d"),0,_,(s.d")) ('.d) € A, d = a}, which contains

((54,@),0,_1(54,@). In view of Lemmas 3, 5, 7, and 8, we have that
P(Neepf, N 2. N 2p N Q) = 1. This leads us to conclude that
SUPseg MaAX, |Qr(ss a) - Q*(S, a)l < (ﬂ + f)G for all r > Tht1> Wpl

4. An illustrative example

We consider a four-dimensional inventory control problem with lost
sales and zero order lead time. There are four types of commodities
stored separately in four warehouses with respective capacities £;,
i = 1,2,3,4. At each time + = 0,1,..., the four inventory levels
(s,,s s,,s,) are reviewed, a decision 4, € {0,1,2,3,4} is then made
whether to replenish inventory i (0 means “do nothing”), and the
demands d!, d?, d? and d} for the four commodities are realized. For
the ith commodity, let ¢; be the per unit order cost, i; be the per
period per unit inventory holding cost, and p; be the per period per unit
penalty cost for unsatisfied demands. The transition functions for the
inventory levels are given by s§+| = (st+(L;=sD)I{a, =i} —df)+, where

x* = max{x,0}. The goal is to minimize the expectation of the total
discounted costs, which comprise order, holding, and penalty costs,
Le, Y20 A (X, Ly — sHI{a, = i} + (sl + (L, = sHI{a, =i} —d!)"
pi(di=si—(L;—s)I{a, = i})+] for all initial inventory levels (s(l), s(z), sg, sé).
In our computational experiments, we set £, = £, = L3 = L, = 1,
¢, =05h =15p =15 =1,h=1,p, =2,¢c5 =02,h; =05,p; =
ley = 04,hy =0.1,p, = 0.5, = 0.9. The demands d!, d?, d> and d?
are assumed to be i.i.d. uniformly distributed between 0 and 1.

The proposed Q-learning (QL) algorithm is implemented with the
following parameter values: y; = 0.98, learning rate «,(s;) = N,(s;)~%°1,
shrinking ball radius r, = In(100)/ In(100+¢). The function approximator
is constructed using the stochastic kriging method with a Matérn kernel
(see, e.g., [25,26]), and the learning policy is taken to be an e-greedy
policy with € = 0.1 (i.e., choose the action that minimizes the current
Q; with probability 1 — ¢ and select a random action with probability
€). The initial state is taken to be (1,1,1,1).

In addition to QL, we have also applied four other methods: a
discretization-based value iteration (DVI) algorithm, a non-parametric
version of the fitted Q-iteration (FQI) algorithm presented in Chapter
3.4.3 of [8], the soft-state aggregation method of [17] (QL-SSA), and
the nearest-neighbor Q-learning method (QL-NN) proposed in [20]. DVI
is just the standard VI applied to a discrete version of the problem,
obtained by discretizing the state space using a grid size of 0.1 along
each dimension and then replacing the demand distributions with
discrete uniform distributions over {0.1k : k =0, 1,...,10}. This results
in a discrete-state MDP, whose transition probabilities can be computed
from the state transition functions. FQI requires transition samples to
be generated and stored beforehand. In our implementation, we have
used a set of 512 states, which are selected by using the Sobol sequence
on the four-dimensional state space (cf., e.g., Chapter 5 of [27]). Each
of the 512 states is repeatedly simulated 150 times (with 30 transition
samples per action) and the updated Q-value at each state-action pair
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Table 1
Weighted relative errors of comparison algorithms, means and standard errors (in
parentheses) based on 30 independent replications.

QL FQI QL-SSA
1.71% (7.8e—4) 4.93% (1.3e-3) 8.02% (5.1e—4)

QL-NN
3.80% (1.5e—3)

: —— QL
80 1. QL-SSA
| —=— QL-NN

ey
(=]

weighted average errors (%)
[\
[

(=

0 10000 20000 30000 40000 50000 60000 70000 80000
iteration steps

Fig. 1. Weighted Relative Errors of QL, QL-SSA, and QL-NN.

is obtained as the average of the 30 samples to reduce uncertainty.
These Q-values are then used in the stochastic kriging method with a
Matérn kernel to fit an approximation of the Q-function. The number of
iterations for FQI is set to 100. Unlike FQI, QL-SSA is an asynchronous
method that uses the transition samples generated from a learning pol-
icy to iteratively estimate the Q-function values at a given set of clusters
(aggregate states). In the experiments, those clusters are taken to be the
set of 512 states used in FQI, and each encountered state s belongs to
the ith cluster with probability Pgg,(i|s) = %. The Q-
function estimator is then constructed in the form of a weighted sum
Y, P alils)OG, a) for all (s,a), where O(i,a) is an estimate of the Q-
value at each cluster-action pair. The implementation of QL-NN is based
on the same set of 512 discretized states. QL-NN differs from QL-SSA
in that it updates the Q-values at the clusters in a roughly synchronous
manner (i.e., after all neighborhoods of the discretized states are vis-
ited). The Q-values at neighboring states are then estimated at each step

using a weighted sum, where the weighting function is taken to be a
exp(-lls=ill®/2h*) I lls=ill<h}
X exp(=lls—jlI?/2h) I {||s—jlI<h)
(see Appendix C in [20]) with the bandwidth parameter A set to h = 1.7

in our experiments. The learning policy and all other parameters in QL-
SSA and QL-NN are taken to be the same as in QL, and to allow for a
fair comparison with FQI, the numbers of iterations of QL, QL-SSA, and
QL-NN are all set to 512x150 = 76800, which corresponds to the number
of transition samples used by FQI.

Note that since a fine discretization is used, the solution returned by
DVI provides a close approximation to the optimal value function, and
hence can be used as a benchmark to gauge the performance of other
comparison algorithms. In particular, we use the performance measure

WV ()=V;s)I
Sesy K g
function V, where Sp, and V5 are the state space and the optimal
value function of the discrete-state MDP solved by DVI, and y* is the
steady state distribution of the chain under the optimal policy. Table 1
shows the weighted relative errors of the value function approximations
obtained by the four comparison algorithms upon termination. In Fig. 1,
we also plotted the weighted relative errors (averaged over 30 runs)
of all online methods (QL, QL-SSA, and QL-NN) as a function of the
number of algorithm iterations (note that FQI is a one-shot approach
that computes the value function estimate using the available samples
all at once).

(truncated) Gaussian-type kernel Py y(ils) =

to signify the weighted relative error of a value
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From the results, we see that QL yields the smallest weighted rela-
tive error and significantly outperforms QL-SSA and QL-NN. Compared
with QL and FQI, the benefits of QL-SSA and QL-NN lie in their
computation and memory efficiencies, as they work with a constant
number of aggregate states at each step and do not require storage of
the transition/historical data needed by QL and FQI. However, the use
of the weighted average in the Q-function approximator may entail a
large estimation bias, resulting in slow convergence. The performances
of QL-SSA and QL-NN may be improved by finding good clustering
probabilities tailored to the problem (e.g., using the adaptive proce-
dure outlined in [17]) and/or fine-tuning the value of the bandwidth
parameter h.

5. Conclusions

In this paper, we have proposed a Q-learning algorithm for solving
continuous-state MDPs in a model-free setting. The algorithm uses a
function approximator, in lieu of a tabular representation, to interpo-
late the historical data collected from a given learning policy. Unlike
existing methods, the algorithm does not require the approximator to
be a non-expansion and hence allows the use of more flexible function
approximation tools. Another feature of the algorithm is that it employs
an asynchronous averaging technique, which enables the construction
of Q-value estimates to be conducted along a single sample trajectory.
This further distinguishes the algorithm from many other approaches
studied in the literature, which often resort to some forms of state-space
discretization. We have analyzed the algorithm and shown the strong
uniform convergence of the sequence of function approximators to the
optimal Q-function. A simple inventory control example has also been
provided to numerically illustrate the algorithm. An important line of
future research will be to carry out a finite-time performance analysis,
e.g., developing probability bounds along the lines of [20], to gain some
insight into the computational complexity of the algorithm in relation
to the problem size.
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