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Abstract

We consider the solution of discounted optimal stopping problems using linear function
approximation methods. A @-learning algorithm for such problems, proposed by Tsitsiklis and
Van Roy, is based on the method of temporal differences and stochastic approximation. We
propose alternative algorithms, which are based on projected value iteration ideas and least
squares. We prove the convergence of some of these algorithms and discuss their properties.
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1 Introduction

Optimal stopping problems are a special case of Markovian decision problems where the system
evolves according to a discrete-time stochastic system equation, until an explicit stopping action is
taken. At each state, there are two choices: either to stop and incur a state-dependent stopping cost,
or to continue and move to a successor state according to some transition probabilities and incur a
state-dependent continuation cost. Once the stopping action is taken, no further costs are incurred.
The objective is to minimize the expected value of the total discounted cost. Examples are classical
problems, such as search, and sequential hypothesis testing, as well as recent applications in finance
and the pricing of derivative financial instruments (see Tsitsiklis and Van Roy [TV99], Barraquand
and Martineau [BM95], Longstaff and Schwartz [LS01]).

The problem can be solved in principle by dynamic programming (DP for short), but we are
interested in problems with large state spaces where the DP solution is practically infeasible. It
is then natural to consider approximate DP techniques where the optimal cost function or the Q-
factors of the problem are approximated with a function from a chosen parametric class. Generally,
cost function approximation methods are theoretically sound (i.e., are provably convergent) only for
the single-policy case, where the cost function of a fixed stationary policy is evaluated. However,
for the stopping problem of this paper, Tsitsiklis and Van Roy [TV99] introduced a linear function
approximation to the optimal Q-factors, which they prove to be the unique solution of a projected
form of Bellman’s equation. While in general this equation may not have a solution, this difficulty
does not occur in optimal stopping problems thanks to a critical fact: the mapping defining the
Q-factors is a contraction mapping with respect to the weighted Euclidean norm corresponding to
the steady-state distribution of the associated Markov chain. For textbook analyses, we refer to
Bertsekas and Tsitsiklis [BT96], Section 6.8, and Bertsekas [Ber07], Section 6.4.

The algorithm of Tsitsiklis and Van Roy is based on single trajectory simulation, and ideas re-
lated to the temporal differences method of Sutton [Sut88], and relies on the contraction property
just mentioned. We propose a new algorithm, which is also based on single trajectory simulation
and relies on the same contraction property, but uses different algorithmic ideas. It may be viewed
as a fixed point iteration for solving the projected Bellman equation, and it relates to the least
squares policy evaluation (LSPE) method first proposed by Bertsekas and Ioffe [BI96] and subse-
quently developed by Nedi¢ and Bertsekas [NB03], Bertsekas, Borkar, and Nedi¢ [NB03], and Yu
and Bertsekas [YBO0G6] (see also the books [BT96] and [Ber07]). We prove the convergence of our
method for finite-state models, and we discuss some variants.

The paper is organized as follows. In Section 2, we introduce the optimal stopping problem, and
we derive the associated contraction properties of the mapping that defines @Q-learning. In Section 3,
we describe our LSPE-like algorithm, and we prove its convergence. We also discuss the convergence
rate of the algorithm, and we provide a comparison with another algorithm that is related to the
least squares temporal differences (LSTD) method, proposed by Bradtke and Barto [BB96], and
further developed by Boyan [Boy99]. In Section 4, we describe some variants of the algorithm,
which involve a reduced computational overhead per iteration. In this section, we also discuss
the relation of our algorithms with the recent algorithm by Choi and Van Roy [CV06], which can
be used to solve the same optimal stopping problem. In Section 5, we prove the convergence of
some of the variants of Section 4. We give two alternative proofs, the first of which uses results
from the o.d.e. (ordinary differential equation) line of convergence analysis of stochastic iterative
algorithms, and the second of which is a “direct” proof reminiscent of the o.d.e. line of analysis. A
computational comparison of our methods with other algorithms for the optimal stopping problem
is beyond the scope of the present paper. However, our analysis and the available results using least
squares methods (Bradtke and Barto [BB96], Bertsckas and Ioffe [BI96], Boyan [Boy99], Bertsekas,
Borkar, and Nedié¢ [BBN03], Choi and Van Roy [CV06]) clearly suggest a superior performance to
the algorithm of Tsitsiklis and Van Roy [TV99], and likely an improved convergence rate over the



method of Choi and Van Roy [CV06], at the expense of some additional overhead per iteration.

2 (@-Learning for Optimal Stopping Problems

We are given a Markov chain with state space {1,...,n}, described by transition probabilities p;;.
We assume that the states form a single recurrent class, so the chain has a steady-state distribution
vector m = (71'(1), e ,ﬂ(n)) with 7(¢) > 0 for all states i. Given the current state i, we assume that
we have two options: to stop and incur a cost ¢(), or to continue and incur a cost g(z,]), where j is
the next state (there is no control to affect the corresponding transition probabilities). The problem
is to minimize the associated a-discounted infinite horizon cost, where « € (0, 1).

For a given state ¢, we associate a QQ-factor with each of the two possible decisions. The @Q-factor
for the decision to stop is equal to ¢(i). The Q-factor for the decision to continue is denoted by
Q7). The optimal Q-factor for the decision to continue, denoted by Q*, relates to the optimal cost
function J* of the stopping problem by

Zp” g(i,5) + aJ*(5)), i=1,...,n,

and

J*(i) = min {c(i), Q*(i) }, i=1,...,n
The value Q* (%) is equal to the cost of choosing to continue at the initial state ¢ and following an
optimal policy afterwards. The function Q* satisfies Bellman’s equation

Zp”( g(i,7) + amin {c(j *(])}), i=1,...,n. (1)

Once the Q-factors Q* (i) are calculated, an optimal policy can be implemented by stopping at state
¢ if and only if ¢(i) < Q*(4).

The Q-learning algorithm (Watkins [Wat89]) is
Q(i) == Q(i) +7(g(i, ) + amin {c(5), Q) } — Q())),

where ¢ is the state at which we update the Q-factor, j is a successor state, generated randomly
according to the transition probabilities p;;, and v is a small positive stepsize, which diminishes to
0 over time. The convergence of this algorithm is addressed by the general theory of Q-learning (see
Watkins and Dayan [WD92], and Tsitsiklis [Tsi94]). However, for problems where the number of
states n is large, this algorithm is impractical.

Let us now consider the approximate evaluation of Q*(i). We introduce the mapping F' : " —
R™ given by

Zp” 9(i,J +am1n{c Q(j)}), i=1,...,n.

We denote by F'Q or F(Q) the vector whose components are (FQ)(i), i = 1,...,n. By Eq. (1), the
optimal Q-factor for the choice to continue, Q*, is a fixed point of F, and it is the unique fixed point
because F' is a sup-norm contraction mapping.

For the approximation considered here, it turns out to be very important that F' is also a
Euclidean contraction. Let || - ||r be the weighted Euclidean norm associated with the steady-state

probability vector =, i.e.,
n

o)1 = 3 (@) (v(2)*.

=1



It has been shown by Tsitsiklis and Van Roy [TV99] (see also Bertsekas and Tsitsiklis [BT96], Section
6.8.4) that F is a contraction with respect to this norm. For purposes of easy reference, we include
the proof.

Lemma 1. The mapping F is a contraction with respect to || - ||», with modulus c.

Proof. For any two vectors Q and @, we have
[(FQ)(i) = (FQ)(i)| < @) pi| min {c(4), Q) } — min {e(5), A7) }|
j=1
<ad py|Q3) - Q)|
j=1
or, in vector notation, - -
IFQ - FQ| < aP|Q - Q)
where |z| denotes a vector whose components are the absolute values of the components of z. Hence,

IFQ — FQ|lx < o||[PIQ - Q| < a|Q - Q|

where the last inequality follows from the relation ||PJ|» < ||J||z, which holds for every vector J
(see Tsitsiklis and Van Roy [TV97] or Bertsekas and Tsitsiklis [BT96], Lemma 6.4). O

We consider @-factor approximations using a linear approximation architecture

Q(i’ r) = qﬁ(i)’r,

where ¢(i) is an s-dimensional feature vector associated with state ¢. (In our notation, all vectors
are viewed as column vectors, and prime denotes transposition.) We also write the vector

@ = (Qr),...,Qn,1))

in the compact form

Qr = or,
where @ is the n X s matrix whose rows are ¢(i)’, i = 1,...,n. We assume that ® has rank s, and
we denote by II the projection mapping with respect to || - || on the subspace

S = {®r|r e R},

i.e., for all J € &, R
IIJ = argmin ||J — J||~.
Jes

Because F' is a contraction with respect to || - || with modulus «, and II is nonexpansive, the
mapping IIF is a contraction with respect to || - || with modulus «. Therefore, the mapping IIF
has a unique fixed point within the subspace S, which (in view of the rank assumption on ®) can
be uniquely represented as ®r*. Thus r* is the unique solution of the equation

Or* = TIF(Pr™).
Tsitsiklis and Van Roy [TV99] show that the error of this @Q-factor approximation can be bounded
by

[@r" = Q%|lx < = Q|-

1 *
Vi—ale
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Figure 1: A conceptual view of projected value iteration and its simulation-based implementation.

Furthermore, if we implement a policy p that stops at state ¢ if and only if ¢(i) < ¢(4)'r*, then the
cost of this policy, denoted by J,,, satisfies

S 0) (i) — I ) €~ Q@
; I-a)Vl—-«

These bounds indicate that if Q* is close to the subspace S spanned by the basis functions, then the
approximate Q-factor and its associated policy will also be close to the optimal.

The contraction property of IIF suggests the fixed point iteration
q)’l"t+1 = HF(@Tt),

which in the related contexts of policy evaluation for discounted and average cost problems (see
[BBNO3, YBO06, Ber07]) is known as projected value iteration [to distinguish it from the value iteration
method, which is Q41 = F(Q4)]; see Fig. 1. This iteration converges to the unique fixed point ®r*
of ITF, but is not easily implemented because the dimension of the vector F(®r;) is potentially very
large. In the policy evaluation context, a simulation-based implementation of the iteration has been
proposed, which does not suffer from this difficulty, because it uses simulation samples of the cost
of various states in a least-squares type of parametric approximation of the value iteration method.
This algorithm is known as least squares policy evaluation (LSPE), and can be conceptually viewed
as taking the form
(I)Tt-i-l = HF(@’I}) + €,

where €; is simulation noise which diminishes to 0 with probability 1 (w.p.1) as t — oo (see Fig. 1).
The algorithm to be introduced in the next section admits a similar conceptual interpretation, and its
analysis has much in common with the analysis given in [BBN03, Ber07] for the case of single-policy
evaluation. In fact, if the stopping option was not available [or equivalently if ¢(i) is so high that
it is never optimal to stop], our @-learning algorithm would coincide with the LSPE algorithm for
approximate evaluation of the discounted cost function of a fixed stationary policy. Let us also note
that LSPE (like the temporal differences method) is actually a family of methods parameterized by
a scalar A € [0,1]. Our Q-learning algorithm of the next section corresponds to LSPE(0), the case
where A = 0; we do not have a convenient Q-learning algorithm that parallels LSPE(\) for A > 0.



3 A Least Squares ()-learning Algorithm

3.1 Algorithm

We generate a single! infinitely long simulation trajectory (xg, 1, ...) corresponding to an unstopped
system, i.e., using the transition probabilities p;;. Our algorithm starts with an initial guess ro, and
generates a parameter vector sequence {r}. Following the transition (z, z:4+1), we form the following
least squares problem at each time ¢,

t

min 3 (6(e0)'r — glar zisn) — amin {e(onsn), donsa)'ni}) 2
k=0

whose solution is

t -1y
Per1 = (Z ¢(l‘k)¢($k)'> Z d(zk) (9(%7 Zrt1) + amin {e(zpi), ¢(93k+1)/7“t})- (3)
k=0

k=0

Then we set
rep1 =1+ Y(Fep1 — 1e), (4)
where « is some fixed constant stepsize, whose range will be given later.?

This algorithm is related to the LSPE(0) algorithm, which is used for the approximate evaluation
of a single stationary policy of a discounted Markovian decision problem, and is analyzed by Bertsekas
and Joffe [BI96], Nedi¢ and Bertsekas [NB03], Bertsekas, Borkar, and Nedi¢ [BBNO03], and Yu and
Bertsekas [YBO06] (see also the recent book by Bertsekas [Ber07], Chapter 6). In particular, if
there were no stopping action (or equivalently if the stopping costs are so large that they are
inconsequential), then, for v = 1, the algorithm (3) becomes

i = (Z ¢<zk>¢<xk>'> > o) (9w wrsr) + adlwin)m). (5)
k=0 k=0

and is identical to the LSPE(0) algorithm for evaluating the policy that never stops. On the other
hand, we note that the least squares Q-learning algorithm (3) has much higher computation overhead
than the LSPE(0) algorithm (5) for evaluating this policy. In the process of updating r; via Eq. (3),

-1
we can compute the matrix (t% EZ:O ¢(xk)¢(xk)’> and the vector t% ZZ:O O(xp)g(xk, Trr1)
iteratively and efficiently as in Eq. (5). The terms min {¢(zg41), ¢(zx41)'r¢ }, however, need to be
recomputed for all the samples xx11, £ < t. Intuitively, this computation corresponds to reparti-
tioning the states into those at which to stop and those at which to continue, based on the current
approximate @Q-factors ®r;. In Section 4, we will discuss how to reduce this extra overhead.

We will prove that the sequence {®r;} generated by the least squares @-learning algorithm (3)
asymptotically converges to the unique fixed point of IIF'. The idea of the proof is to show that the
algorlthm can be written as the iteration ®ry;; = HtFt((I)rt) or its damped version, where Ht and
Ft approximate Il and F', respectively, within simulation error that asymptotically diminishes to 0
w.p.1l.

IMultiple independent infinitely long trajectories can also be used similarly.
2We ignore the issues associated with the invertibility of the matrix in Eq. (3). They can be handled, for example,
by adding a small positive multiple of the identity to the matrix if it is not invertible.



3.2 Convergence Proof
The iteration (3) can be written equivalently as

n -1 n n
mﬂ:(Zm(iw(iw(i)’) > m(@DeG) | 9u() +a ) i(jli) min{e(i), 6(5)'ri} | .

with 7:(¢) and 7:(j]7) being the empirical frequencies defined by
iy = Zh=0 0 =0 gy DOl = bt =)
t+1 7 Sheodl@r=14)
where §(-) is the indicator function, and g, is the empirical mean of the per-stage costs

S0 9wk mr1)3 (k= )

9¢(4) :

22:0 6y = 1)
[In the case where ZZ:O d(z, = 1) = 0, we define §:(¢) = 0,7(j|¢) = 0 by convention.] In a more
(6)

Ory g = ﬁtﬁt(q)rt)a

compact notation,
where the mappings ﬁt and ﬁt are simulation-based approximations to II and F', respectively:
FyJ = g +aP,min{c,J}, VJeR",

I, = ®(¢'D,®) "' D,

Dt = dlag ( .. 77?}(’6'), .. ) 5
With a stepsize ~, the least squares Q-learning iteration (4) is written as
@’I"t_;,_l = (1 - 7)@7‘,5 + ’YHtFt(‘I’Tt)~

(B),; = #ili).

By ergodicity of the Markov chain, we have w.p.1,
T — m, ]5t—>P, gt — g, ast— o0,
where g denotes the expected per-stage cost vector with 2?21 pi;9(i,7) as the i-th component.

For each ¢, denote the invariant distribution of P, by #;. We now have three distributions,

m, 7, ¢, which define, respectively, three weighted Euclidean norms, || - ||+, - 4,1 - |- The
mappings we consider are non-expansive or contraction mappings with respect to one of these norms.

In particular:
e the mapping I, is non-expansive with respect to || |l#, (since I, is projection with respect to
| [l#.), and
e the mapping F,isa contraction, with modulus «, with respect to || - ||z, (the proof of Lemma 1

can be used to show this).
We have the following facts, each being a consequence of the ones preceding it:

(i) @y, 7 — ™ w.p.1, as t — oc.
(ii) For any € > 0 and a sample trajectory with converging sequences #;, 7y, there exists a time ¢

such that for all ¢ > ¢ and all states ¢
L & L m@ L m
1+e ™ 7(Q) 1+e ™ 7(4) 1+e = #(i)



(iii) Under the condition of (ii), for any J € R"™, we have
[Tl <X+l Tl Mz <@+ Tl7s Mz < @+,
for all ¢ sufficiently large.
Fact (iii) implies the contraction of II, F; with respect to |- ||x, as shown in the following lemma.

Lemma 2. Let & € (a,1). Then, w.p.1, ,F, is a | - ||=-contraction mapping with modulus & for
all t sufficiently large.

Proof. Consider a simulation trajectory from the set of probability 1 for which P, — P and 7y, 7y —
7. Fix an € > 0. For any functions J; and Js, using fact (iii) above and the non-expansiveness and
contraction properties of II; and F}, respectively, we have for ¢ sufficiently large,

1 +e ||HtFtJ1 HtFtJQHﬁt

1+€ ||FtJ1 FtJQHﬁ—t

[T FyJy — T Fy ol < ( )
(I+e)
(1 + )2||FJy — By o5,
< (1+¢)?
<(1+¢)?

<
<

IN

1 +e€ OL||J1 — :]2”77”
1+e€ Ot”Jl — J2||7r.

Thus, by letting € be such that (14 €)3a < & < 1, we see that IL,F} is a || - || ;-contraction mapping
with modulus & for all ¢ sufficiently large. O

Proposition 1. For any constant stepsize v € (0 r¢ converges to r* w.p.1, ast — 0.

 Tia):

Proof. We choose t such that for all £ > ¢, the contraction property of Lemma 2 applies. We have
for such t,

[®rep1 — OrF||, = H (1 =) (®ry — &) + (I, Fy(®r,) — TLF(@1*))

<1 =] | ®ry — ®r* || + 7y [T Fy (1) — T F (®1%) || + 7 | TL Fy (@) — TLF (1)«
< ([T =A[+78) [[Pre — r¥|lx + ver, (8)

where ¢, = |1 F,(®r*) — IIF(®r*)|,. Because ||IIF,(®r*) — IIF(®r*)|, — 0, we have ¢, — 0.
Thus, for v < 1, since

(I=v+94a) <1,
it follows that ®r, — ®r*, or equivalently, r; — r*, w.p.1. Similarly, based on Eq. (8), in order to
have [|®ry1 1 — ®r*||, converge to 0 under a stepsize v > 1, it is sufficient that v — 1+ v& < 1, or

equivalently,
2

1

Hence ®r; converges to ®r* for the stepsize v € (0,

+‘w Q>

=) O
Note that the range of stepsizes for which convergence was shown includes v = 1.

Remark 1. The convergence of r; implies that ®r, is bounded w.p.1. Using this fact, we can
interpret the iteration of the least squares Q-learning algorithm, with the unit stepsize, for instance,
as the deterministic fixed point iteration ITF(®r;) plus an asymptotically diminishing stochastic



disturbance (see Fig. 1). In particular, the difference between ILF(®r;) and the simulation-based
fixed point iteration ®ryy; = I Fy(Pry) is

ﬁtﬁt(q)'f't) —IIF(®ry) = (ﬁtﬁt —1Ig) + a(ﬁtpt — IIP) min{c, ®r},
and can be bounded by

)

[Ty (®ry) — TUE(@ry) || < ([T — T {|el + 1T {10 — gl + @|[TL, Py — TLP]| || min{c, ®r;}

where || - || is any norm. Since ®r; is bounded w.p.1, the bound on the right-hand side (r.h.s.) can
be seen to asymptotically diminish to 0.

Remark 2. A slightly different proof of the convergence of r;, reminiscent of the argument used
later in Section 5, is to interpret the iteration ®ryyq = I F;(Pr:) as ILF(Pry) plus a stochastic
disturbance whose magnitude is bounded by €;(1 + ||®r¢]|), with ¢; asymptotically diminishing to
0. (This can be seen from the discussion in the preceding remark.) The convergence of r; can then
be established using the contraction property of IIF. This will result in a shorter proof. However,
the line of proof based on Lemma 2 is more insightful and transparent. Furthermore, Lemma 2 is
of independent value, and in particular it will be used in the following convergence rate analysis.

3.3 Comparison to an LSTD Analogue

A natural alternative approach to finding r* that satisfies ®r* = IIF'(®r*) is to replace II and F with
asymptotically convergent approximations. In particular, let 7,1 be the solution of &r = II, F;(®Pr),
ie.,

@'Ft+1 == HtFt((b’Ft+1), t - 0,1,....

With probability 1 the solutions exist for ¢ sufficiently large by Lemma 2. The conceptual algorithm
that generates the sequence {7} may be viewed as the analogue of the LSTD method, proposed
by Bradtke and Barto [BB96], and further developed by Boyan [Boy99] (see also the text by Bert-
sekas [Ber07], Chapter 6). For the optimal stopping problem this is not a viable algorithm because
it involves solution of a nonlinear equation. It is introduced here as a vehicle for interpretation of
our least squares @-learning algorithm (2)-(4).

In particular, we note that 7,1 is the solution of the equation

t

2
Ter1 = arg glinz (¢($k)/7" — g(xk, Tr41) — @min {c(avkﬂ)7 ¢($k+1)’ft+1}) , (9)
refs k=0

so it is the fixed point of the “arg min” mapping in the r.h.s. of the above equation. On the other
hand, the least squares Q-learning algorithm (2)-(4), with stepsize v = 1, that generates r;11 can
be viewed as a single iteration of a fixed point algorithm that aims to find 7, starting from r;.
This relation can be quantified further. Using an argument similar to the one used in [YB06] for
evaluating the optimal asymptotic convergence rate of LSPE, we will show that with any stepsize in
the range (0, 1_%@), the LSPE-like update ®r; converges to the LSTD-like update ®7; asymptotically
at the rate of O(t) [while we expect both to converge to ®r* at a slower rate O(v/t)]. In particular,
t||®r; — ®7|| is bounded w.p.1, thus t3(®r; — ®7) converges to zero w.p.1 for any 3 < 1. First we
prove the following lemma.

Lemma 3. (i) 7 — 7" w.p.l, ast — oo.

(ii) t||Fex1 — 7¢|| is bounded w.p.1.



Proof. (i) Let & € («,1). Similar to the proof of Prop. 1, using Lemma 2, we have that w.p.1, for
all ¢ sufficiently large,

|®Fq — Or* ||, = |[ILFy(®Fry1) — L Fy(®r*) + IL Fy(r*) — ILF(®r*)||»
< @||®F g1 — Brt||x + T E () — ILE(®r*) | .
Thus, w.p.1,
|DF sy — BrF |, < %Hﬁtﬁt(@"*) —IF(®r)||. — 0,
as t — oo, implying that 7, is bounded and 7y — r* as t — oo.

(ii) By applying Lemma 2, we have that w.p.1, for all ¢ sufficiently large,

|®F 1 — OF || = |[TL Fy(®Fyy1) — L Fy(®F,) + T Fy(F,) — T, Fy_1 (BF)|| »
< &7y — PF|| + ||ﬁtﬁt(q)7:t) - ﬁtflﬁtfl((bft)‘LM

which implies, by the definition of ﬁt and ﬁt,l, that
- - 1 =~ s - . _
197 = @l < 7= (g = Tosgis e + 1Py = Toos Pro ]| min{e, @)

Evidently (as shown in [YB06]), ||ﬁtgt — ﬁt_lgt_le and ||ﬁtpt — ﬁt_lﬁt_lﬂ,r are bounded by C/t
for some constant C and all ¢ sufficiently large. By the first part of our proof, ®7; is bounded.
Hence, w.p.1, there exists some sample path-dependent constant C' such that for all ¢ sufficiently
large,

- - C
||q)’l“t+1 — q)’f‘t”ﬂ- S ? D

Proposition 2. For any constant stepsize v € (0, H%)’ t(®ry — 7)) is bounded w.p.1.

Proof. The proof is similar to that in [YB06]. With the chosen stepsize, by Lemma 2,

[®re1 — BFpiallr = ||(1 — ) (@ry — BFe1) + 7 (L By (Bry) — T Fy ($Fp41))
S C_Y”(b’l"t — éft-‘rln‘n'
< al|®ry — OF[x + al|PFi1 — PFY||x,

I

for some @ < 1 and all ¢ sufficiently large. Multiplying both sides by (¢ + 1), using Lemma 3 (ii),
and defining ¢; = t||®r, — ®7¢||,, we have that w.p.1 for some constant C’, < 1 and time ¢,

CGr1 <BG+C, Vix>t,

which implies that
Vit >t

Hence t||®r; — ®7¢||» is bounded w.p.1. O

4 Variants with Reduced Overhead per Iteration

At each iteration of the least squares Q-learning algorithm (3), (4), while updating r¢, it is necessary
to recompute the terms min {c¢(z41), ¢(xx41)'r:} for all the samples zj11, k < t. Intuitively, this
corresponds to repartitioning the sampled states into those at which to stop and those at which
to continue based on the most recent approximate Q-factors ®r;. In this section we discuss some
variants of the algorithm that aim to reduce this computation.

10



4.1 First Variant

A simple way to reduce the overhead in iteration (3) is to forgo the repartitioning just mentioned.
Thus, in this variant we replace the terms min {c(xk+1), ¢(xk+1)’rt} by G(xg+1,7:), given by

. ~Je(@ry) ifke K,
U@rr,m) = {¢(1‘k+1)'7“t itk ¢ K,

where K = {k | c¢(z11) < ¢(z41)'ri } is the set of states to stop based on the (earlier) approximate
Q-factors ®ry, rather than the (most recent) approximate Q-factors ®r;. In particular, we replace
the term

> (ax) min {c(wx11), (wri1) e}

k=0
in Eq. (3) with

Yo d@n)i(@ren,re) = Y dlapclrii) + Y dlan)d(@re) T

k=0 k<t k€K k<t k¢ K

which can be efficiently updated at each time ¢.

Some other similar variants are possible, which employ a limited form of repartitioning the states
into those to stop and those to continue. For example, one may repartition only the sampled states
within a time window of the m most recent time periods. In particular, in the preceding calculation,
instead of the set K, we may use at time t the set

Ki={k|ke K1, k<t—-m}U{k|t—m<k<t c(zit1) < d(zrt1)'re},

starting with Ky = {0}. Here m = oo corresponds to the algorithm of the preceding section, while
m = 1 corresponds to the algorithm of the preceding paragraph. Thus the overhead for repartitioning
per iteration is proportional to m, and remains bounded.

An important observation is that in the preceding variations, if r; converges, then asymptotically
the terms min {¢(@x41), ¢(zr41)'r¢ } and G(zp41,7¢) coincide, and it can be seen that the limit of ry
must satisfy the equation ®r = IIF(®r), so it must be equal to the unique solution r*. However, at
present we have no proof of convergence of r;.

4.2 Second Variant

Let us consider another variant, whereby we simply replace the terms min{c(xgy1), d(zr+1)'r:} in

the least squares problem (2) with min{c(zg41), d(zx+1)'rx}. The idea is that for large k and ¢,

these two terms may be close enough to each other, so that convergence may still be maintained.

Thus we consider the iteration

2
. (10)

t
e = argmin Y (9(ai)'r — gla, vian) — amin {e(ei), o) ri})
TR k=0

This is a special case of an algorithm due to Choi and Van Roy [CV06], as we will discuss shortly.
By carrying out the minimization over r, we can equivalently write Eq. (10) as

t
Tep1 = BtlﬁH% > o(n) (9(5% Thy1) + amin {e(zy ), ¢(xk+1)//rk}>v (11)
k=0
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where we denote

t—1
B, = 1;¢(1’k)¢(17k)/-

To gain some insight into this iteration, let us rewrite it as follows:

T4l = H%Btjrll ;Z_;Mxk) (g(x;w Tht1) + amin {c(zr41), ¢($k+1)'m}>
+ H%B{flcb(zt) (g(xt, e11) + amin { (@), ¢(xt+1)’n}>
= BB+ s Bihole) (gt i) + amin {elwig), dleeia)ni})
= t%Bt‘ﬁl (tBy + ¢(z1)p(xe)) e
- H%Bt_*l”b(xt) (g(xt’ Tee1) + amin {e(zi41), §(ze1) T} — ¢(a:t)’rt>,
and finally
o1 =Tp o+ mB;J:1¢($t) (g(a:t, Te41) + amin {e(zes1), G(Te41)Te ) — ¢(xt)/”)_ (12)

This iteration can be shown to converge to r*. However, we will show by example that its rate of
convergence can be inferior to the least squares Q-learning algorithm [cf. Eqgs. (3)-(4)].

Accordingly, we consider another variant that aims to improve the practical (if not the theoretical)
rate of convergence of iteration (10) [or equivalently (12)], and is new to our knowledge. In particular,
we introduce a time window of size m, and we replace the terms min {C(xk+1)7 ¢(xk+1)lrt} in the
least squares problem (2) with min {¢(zg41), d(2k11)'T1,, |, Where

Iy = min{k +m — 1,t}.

In other words, we consider the algorithm

¢

2

Pepl = argr;elinz ((b(xk)’r — gk, Thg1) — amin {c(zp41), d)(mkﬂ)’mk,t}) . (13)
reRT ko

Thus, at time ¢, the last m terms in the least squares sum are identical to the ones in the correspond-
ing sum for the least squares Q-learning algorithm [cf. Eq. (2)]. The terms min {c(2zx11), ¢(zp41)'r1, , }
remain constant after m updates (when Iy, ; reaches the value k 4+ m — 1), so they do not need to be
updated further.

Note that in the first m iterations, this iteration is identical to the least squares @-learning
algorithm of Section 3 with unit stepsize. An important issue is the size of m. For large m, the
algorithm approaches the least squares @Q-learning algorithm, while for m = 1, it is identical to the
earlier variant (10).

4.3 Comparison with Other Algorithms

Let us now consider an algorithm, due to Choi and Van Roy [CV06], and referred to as the fized point
Kalman filter. It applies to more general problems, but when specialized to the optimal stopping
problem, it takes the form

res1 =1y + 1B o) (9(9315, Zry1) + amin {e(ziy1), o)1} — ¢(9Ut)'7“t>7 (14)
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where v; is a diminishing stepsize. The algorithm is motivated by Kalman filtering ideas and the
recursive least squares method in particular. It can also be viewed as a scaled version (with scaling
matrix B; ) of the method by Tsitsiklis and Van Roy [TV99], which has the form

Ter1 = T+ (1) (9(%, Ti41) + amin{c(zig1), o(@ep1)'r} — ¢(~”Ct)/7”t)~ (15)

Scaling is believed to be instrumental for enhancing the rate of convergence.

It can be seen that when v, = 1/(¢ + 1), the iterations (12) and (14) coincide. However, the
iterations (13) and (14) are different for a window size m > 1. As far as we know, the convergence
proofs of [TV99] and [CV06] do not extend to iteration (13) or its modification that we will introduce
in the next section (in part because of the dependence of 7,1 on as many as t — m past iterates
through the time window). The following example provides some insight into the behavior of the
various algorithms discussed in this paper.

Example 1. This is a somewhat unusual example, which can be viewed as a simple DP model
to estimate the mean of a random variable using a sequence of independent samples. It involves a
Markov chain with a single state. At each time period, the cost produced at this state is a random
variable taking one of n possible values with equal probability.> Let gi be the cost generated at
the kth transition. The “stopping cost” is taken to be very high so that the stopping option does
not affect the algorithms. We assume that the costs g; are independent and have zero mean and
variance o2. The matrix ® is taken to be the scalar 1, so r* is equal to the true cost and r* = 0.

Then, the least squares Q-learning algorithm of Section 3 with unit stepsize [cf. Egs. (3) and (4)]
takes the form T
goT TGt
Ti] = —————— + ary. 16
t+1 P t (16)
The first variant (Section 4.1) also takes this form, regardless of the method used for repartitioning,
since the stopping cost is so high that it does not materially affect the calculations. Since itera-
tion (16) coincides with the LSPE(0) method for this example, the corresponding rate of convergence
results apply (see Yu and Bertsekas [YB06]). In particular, as t — oo, v/ 7; converges in distribution
to a Gaussian distribution with mean zero and variance 02/(1 — «)?, so that E{r?} converges to 0
at the rate 1/¢, i.e., there is a constant C such that

tE{ri} < C, Vt=0,1,....
The second variant [Section 4.2, with time window m = 1; cf. Eq. (12)], takes the form

gt t+a
t+1+t+1

’I"t+1 = T¢. (17)

The fixed point Kalman filter algorithm [cf. Eq. (14)], and the Tsitsiklis and Van Roy algorithm [cf.
Eq. (15)] are identical because the scaling matrix By is the scalar 1 in this example. They take
the form

Tey1 =1+ V(g +ary — 7).
For a stepsize y; = 1/(t + 1), they are identical to the second variant (17).

We claim that iteration (17) converges more slowly than iteration (16), and that tE{r?} — oo.
To this end, we write

2 2
t+ « o
E 7’2 = | — FE 7'2 + — .
{t+1} t+1 { t} (t—|—1)2
3 A more conventional but equivalent example can be obtained by introducing states 1,...,n, one for each possible
value of the cost per stage, and transition probabilities p;; = 1/n for all 4,5 =1,...,n.
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Let ¢; = tE{r?}. Then
 (t+a)? o?
Gt = t(t+1) “t i

From this equation (for a > 1/2), we have

> R
Ct+1_Ct+t+17

so (¢ tends to oco.

Finally, the variant of Section 4.2 with time window m > 1 [cf. Eq. (13)], for ¢ > m takes the
form

go+ -+ gt Tm—1+Tm + -+ 71 +mry
+«

= , t>m. 18
s P11 t+ 1 =m (18)
For t < m, it takes the form
+...+
/rtJrl:%—*’a’rt, t<m.
We may write iteration (18) as
gt t+ o (m—1)(ry — re—1)
— t>
= t+1+t+1t+a t+1 ’ ="

and it can be shown again that ¢t E{r?} — oo, similar to iteration (17). This suggests that the use
of m > 1 may affect the practical convegence rate of the algorithm, but is unlikely to affect the
theoretical convergence rate.

5 Convergence Analysis for Some Variants

In this section, we prove the convergence of the second variant, iteration (13), with a window-size
m > 1. To simplify notation, we define function A by

h(z,r) = min {c(sc), gi)(x)’r},

and we write iteration (13) equivalently as

T4l = t+1t+ . Z¢ Ty, ( (Thy Try1) +ah(ﬂfk+1,7’lk,t)>a (19)

where [,y = min{k +m — 1,t}.
Proposition 3. Let r; be defined by Eq. (19). Then w.p.1, ry — r* ast — oo.

In the remainder of this section we provide two alternative proofs. The first proof is based on the
o.d.e. (ordinary differential equation) techniques for analyzing stochastic approximation algorithms,
and makes use of theorems by Borkar [Bor06] and Borkar and Meyn [BMO00], which are also given in
the yet unpublished book by Borkar [Bor07] (Chapters 2, 3, and 6). We have adapted the theorems
in these sources for our purposes (the subsequent Prop. 4) with the assistance of V. Borkar. This
proof is relatively short, but requires familiarity with the intricate methodology of the o.d.e. line of
analysis. We have also provided a “direct,” somewhat longer proof, which does not rely on references
to o.d.e.-related sources, although it is in the same spirit as the o.d.e.-based proof. In an earlier
version of this report, we have used the line of argument of the “direct” proof to show the result
of Prop. 3 with an additional assumption that guaranteed boundedness of the iterates r;. We are
indebted to V. Borkar who gave us the idea and several suggestions regarding the first proof. These
suggestions in turn motivated our modification of the second proof to weaken our boundedness
assumption.

14



5.1 A Proof of Proposition 3 Based on O.D.E. Methods

First, we notice that Eq. (19) implies the following relation,

(t + I)Bt+17"t+1 = tBt’/‘t + QZ)(J?t) (g(.]?t, .’L‘t+1) —|— Oéh(.’l?t+1, ’I"t))
t—1
+ " ad(ar) (Mania, ) — W@k, )
k=0
= (tBy + ¢(@0)d(xs) )re + d(@0) (9(2e, Beg1) + ah(@igr,m1) — d(ay) 1)

t—1
+ Y ag(ar) W@k, ) — M,y ,))-
k=0

Thus iteration (19) is equivalent to

1 _
Tip1 =T + H_—lBtflng(mt)(g(mt, Ter1) + och(xtH, rt) — (b(xt)’rt)
1 t—1
+ m&ﬁh > ad(ar) (Mg, ,) = Mk, ). (20)
k=0

The idea is to reduce iteration (20) to the following form and study its convergence:

1

1 _
Tig1 =1+ ——DB 1¢(£vt)(g(xt,frt+1) + ah($t+1,7"t) - ¢($t)/7"t) + T

where B~! = lithOOB;I, and A; is a noise sequence. It is worth to point out that the effect of
window size m > 1 will be neglected in our convergence analysis, and this does not contradict our
favoring m > 1 to m = 1, because in general the asymptotic convergence rate of the iterations with
and without the noise term can differ from each other.

We need the following result from the o.d.e. analysis of stochastic approximation, which only
requires a rather weak assumption on the noise term.

A General Convergence Result

Consider the iteration
repr =1+ (H(ye, ) + A), (22)

where ~; is the stepsize (deterministic or random); {y;} is the state sequence of a Markov process;
H(y,r) is a function of (y,r); and A; is the noise sequence. Let the norm of R* be any norm. We
assume the following.

Assumption 1. The function H(y,r) is Lipschitz continuous in r for all y with the same Lipschitz
constant. The stepsize v satisfies w.p.1, Z?io Ve = oo,Zin v2 < oo, and vy < Y4_q for all t
sufficiently large. The noise A, satisfies

[A < e(1+ [rell), wop-1, (23)
where €; is a scalar sequence that converges to 0 w.p.1, as t — oo.

The convergence of iteration (22) under Assumption 1 can be analyzed based on the analysis in
Borkar [Bor06] on averaging of “Markov noise,” and the stability analysis in Borkar and Meyn [BM00)]
through the scaling limit o.d.e.

We assume that y; is the state of a finite-state Markov chain. (The analysis of [BMO00, Bor06,
Bor07] applies to a much more general setting.) For a function f(y), we denote by Eo{f(Y)} the
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expectation over Y with respect to the invariant distribution of the Markov chain y;. For a positive
scalar b, define
H(y,br . H(y,br

(b )7 Hoo(y’r):bli,rgo (b )7
where the existence of the limit defining Ho.(y,r) for every (y,r) will be part of our assumption.
We refer to

Hb(y’r) =

7= Eo{H(Y,r)} (24)

as our “basic” o.d.e. We consider also the scaled version of our basic o.d.e.,
7= EO{Hb(Y7 T)}7 (25)

and the scaling limit o.d.e.,
7= Eo{Hx(Y,r)}. (26)

Proposition 4. Suppose that H, exists, and the origin is an asymptotically stable equilibrium point
of the scaling limit o.d.e. (26), and the basic o.d.e. (24) has a unique globally asymptotically stable
equilibrium point r*. Suppose also that Assumption 1 holds. Then iteration (22) converges to r*
w.p.1.

Proof. Assume first that sup, ||r¢|| < co w.p.1. Then the noise sequence A; satisfies lim;_,o, At =0
w.p.1. Applying the averaging result in [Bor06] (Corollary 3.1 and its preceding remark on noise,
p. 144), we have that r; converges to r*, the unique stable equilibrium of the basic o.d.e. 7 =
Eo{H(Y,r)}.

To establish the boundedness of ||r:]|, we use the scaled o.d.e. (25) and the limit o.d.e. (26)
together with the averaging argument of [Bor06]. The proof proceeds in three steps.

(i) For any given positive number T', we define time intervals [t, k], where k; = min{k | k >
t, Z;?:t v; > T'}. For every such interval, we consider the scaled sequence

Aj(_t) — %7 je [t,kt]7 where b; = max{H?“tH, 1}-
¢
Then for j € [t, k),
(t A(t At At
A0 = 7 4 (o (9, 747) + BY)

~(t A . .
where AS. ) — b—: is the scaled noise and satisfies

N (t ~(t
1AV < (1 + |77

Using the Lipschitz continuity of H(y, -) and the discrete Gronwall inequality (Lemma 4.3 of [BM00]),

we have that f§t) is bounded on [t, k] with the bound independent of ¢. Also, as a consequence,

the noise satisfies ||£§t) || <€;Cpr with Cr being some constant independent of ¢. These allow us to

apply again the averaging analysis in [Bor06] to fg-t), J € [t, kt] and obtain our convergence result, as

we show next.

(i) Let (¥ (u) be the solution of the scaled o.d.e. 7 = FEo{Hy, (Y,r)} at time u with initial
condition x(0) = f,gt). (Note that 2(¥)(-) is a curve on R* whose argument is the natural continuous
time.) By applying the analysis in [Bor06] (the proof of Lemma 2.2, Lemma 2.3 itself, and the proof

of Lemma 3.1, p. 142-143), we have in particular that

Jim (7 — 2O (w)|| =0, wp., (27)
where u; = th:t 7v; and u; € [T, T + 1) for ¢ sufficiently large.
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(iii) Notice that z:(0) = 7" is within the unit ball. Hence, by Lemma 4.4 of [BM00], for suitably
chosen T, z(® (uy) would be close to the origin 0, had b; been sufficiently large, because the origin 0
is the globally asymptotically stable equilibrium point of the scaling limit o.d.e. (26). Thus, using
Eq. (27) and applying the analysis of [BMO00] (Theorem 2.1(i) and its proof in Section 4.1, with
Lemma 4.1-4.4 and Lemma 4.6, p. 460-464), we can establish that 7, is bounded w.p.1. O

Expressing the 2nd Variant as Iteration (22)

We will show that our iteration (19), equivalently (20), can be written in the form (21) with the
noise A; satisfying Eq. (23). Iteration (21) is a special case of iteration (22) with the following
identifications. Let y; be the pair of states (zy, 7:11). For y = (y',%?), let H(y,r) be the mapping
from R° to N* defined by

H(y,r) =B oy ) (9(y",v*) + ah(y®,7) — o(y")'r).

Clearly, H(y,r) is Lipschitz continuous in r uniformly for all y. Let the stepsize vy be 3.

We consider the associated o.d.e. and verify that they satisfy the corresponding assumptions
of Prop. 4. For a function f(y), Eo{f(Y)} = >, ; 7(1)pi; f((,4)). Consider our “basic” o.d.e.

7 = Eo{H(Y,r)} and the mapping associated with its r.h.s.,
B, (H(Y,r)} = [IF(®r) — Or-.

Since IIF(®r) is a contraction mapping, its fixed point r* is the globally asymptotically stable
equilibrium point of the basic o.d.e. Consider the scaled o.d.e. ¥ = Eo{Hy(Y,r)}, and the scaling
limit o.d.e., ¥ = Eg{Hx(Y,7)}. It is easy to see that H, exists, and

PEy{Hy(Y,r)} =11 (g/b+ aP min {c/b,®r}) — or,
PEy{Hoo(Y,7)} = oIIP min{0, ®r} — Pr,

where g denotes the vector of per-stage costs whose components are defined by g(é) = 3_; pi;g(4, j).
Since by Lemma 1, the mappings I1 (g/b + P min {c/b, @r}) and oIIP min{0, &r} are contractions
with modulus «, the scaled o.d.e. (25) and the scaling limit (26) have globally asymptotically stable
equilibrium points, which we denote by 7 and r°°, respectively. We have in particular, r® = r* for
b=1; r™ =0, the original of #°; and r® converges to r™ as b — o0o.

We now show that the the noise term A; satisfies Eq. (23), when we reduce iteration (20), i.e.,

1
rep1 =re + thﬁ@(xt)(g(xt, Tp1) + oh (T, 1) — d(2)'r)
1 t—1
+ m3f+11 > ad(ar) (h(@rir,m,,) — MEesr, T, ),
k=0

to iteration (21), i.e.,

1

A,
t+1

1
rep=rit B Yo(we) (9(2e, ws1) + ah(@igr, 1) — d(ae)'re) +
To simplify the notation, in the proofs and discussions we will use o(1) to denote a scalar sequence
that converges to 0 w.p.1; we can write Eq. (23), for instance, as [|A]| = o(1)(1 + ||r¢||) for short.
Since By}', — B~! w.p.1, as t — oo, replacing B;}"; by B~! in the third term of the r.h.s. of
Eq. (20) will only introduce a noise term of magnitude o(1)(1 + ||r¢]|). We aim to show that the
second term of the r.h.s. of Eq. (20) can also be treated as a noise term of magnitude o(1)(1+ ||r¢]]).
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Since 1y, , and 1y, ,_, differ for only the last m values of k, for which r;, , =ry and r, ,_, =141, it
can be seen that for all ¢ suﬂ"l(nently large,

—re = re-a ] (28)

1 _
| B h s H
t+1 H t+1 kZ:()a¢(xk)( (mlﬁ’l’ le,t) (l'k+1, Tl -1 =111

for some constant C;. Therefore it is sufficient to show that ||r; — ri—1] = o(1)(1 + ||r¢||). This is
indicated in the following.

Lemma 4. For all t sufficiently large and some (path-dependent) constant C,

C
[7e41 = 7ell < —= (L + [Irel]), ll7e+1 — —— (1 + Ireqal]), wp.l.

> | <
t+1 t+1
Proof. From Egs. (20) and (28), it can be seen that for all ¢t > to,

1
71 =7l < t+1(01||7“t—7“t 1+ Co(1 + Ire))) (29)

for some sufficiently large ¢ty and suitably chosen positive constants C; and C5. Define K7 = C1 +Cy

and a(t, K1) = —z—. Choose t > to such that for all ¢ > ¢, a(t, K1) are positive and
Tl
a(t, Ky) &% <1, a(t, K1) 5% < 5. (30)

This is possible, since a(t, K1) tends to 1 and the expressions of the 1.h.s. are decreasing to 0 as ¢
increases. For t, Eq. (29) can be written as, using |7z — rz_1|| < ||rzll + llre-1]]s

1
Iress = rell < g (allrall + Cullre-all + Ca)
< K K. 31
< Kl + K2) (31)

where K is defined, together with some scalar A, such that

Ky = Cifrial +C2 + A, £23

Note that in the following argument, K; and K5 are fixed scalars (do not depend on t).

We will show by induction that Eq. (31) holds with ¢ replaced by ¢ for all ¢ > ¢. This will imply
the first relation in the lemma with C' = max{K;, Ka}. It is sufficient to verify Eq. (31) for t =t +1,
which we now set to do. From Eq. (31) we have

751 — rell < &5 (lre — e | + llrea ) + A%
SUbE{aCti?g EI«% |lrg—7z41]| from both sides and multiplying by a(f, K1), we obtain using the definition
of a(t, K1),

reen = rell < alt, Ku) el + alt, Ku) % (32)

IN

e |l + %%

where the last inequality follows from relations in (30). Substituting into the r.h.s. of (29) for
t =1+ 1, we have

7542 — repal < ﬂ_ ( Ureer — rell + Co(1 4 [Iresall)

1

< ——(Cillrgsall + 3 K2 + C2(1 + |rea )

t+2

1

< 1o (K [riall + 5 K2 + C)
1

< ¥r3 5 (Kallrall + Ka),
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where the last inequality follows from %Kg 4+ Cy < A+ Cy < Ky by our definitions of Ky and A.
This completes our induction showing the first claim.

The second relation of the lemma follows from the same induction: we have that for all ¢ > ¢,
Eq. (32) holds with ¢ replaced by t, i.e.,

[rep1 = rell < alt, K0) Exlrell +alt, K0) £3, Ve > &
and since a(t, K1) — 1 as t — oo, the claim follows. O

This completes the proof of Prop. 3.

5.2 An Alternative “Direct” Proof of Proposition 3

The method of proof uses a device that is typical of the o.d.e. approach: we define a sequence of
times k;, where the length of the interval [k;, kj;1] is increasing with j at the rate of a geometric
progression. We then analyze the progress of the algorithm using a “different clock” under which
the interval [k;, k;q1] is treated as a unit time that is “long” enough for the contraction property
of the algorithm to manifest itself and to allow a convergence proof. In particular, we will argue,
roughly speaking, that r; changes slowly so that during a “considerable” amount of time after ¢,
namely [t,t + §¢t] for some small scalar §, the terms h(Ik-s-l,le,t) are close to h(xk_H,rt). This
will allow us to view ®ryys; as the result of a contracting fixed point iteration applied on ®r;, plus
stochastic noise. Based on this interpretation, we will first show that the subsequence rj; at times
k= (14 0)t,(1+ 6)t,... comes close to 7* (within a distance that is a decreasing function of §),
and we will then show the convergence of the entire sequence.

To be properly viewed as time indices, the real numbers §¢ and (1 + )¢ need to be rounded to
the closest integers, but to be concise we will skip this step and treat them as if they were integers
(The error introduced can be absorbed in the o(1) factor). Also, in various estimates we will simply
denote by || - || the Euclidean norm || - || on R™, except where noted. For convenience, we define the
norm on the space of r by ||r|| = ||®r||x. Thus ||r|| = ||®r| in our notation.

An Ergodicity Property

In our convergence proof, we will argue that for a sample trajectory, the empirical state frequencies
on the segments [t, t + dt) approach the steady-state probabilities, as ¢ increases to co. This is fairly
evident, but for completeness we include the proof.

Lemma 5. Let 6 be a positive number, let i and j be two states such that p;; > 0, and let ns (7, 7)
be the empirical frequency of a transition (i,7) in the time interval [t,t + 0t). For anyt > 0, let

te = (1 + ), k=0,1,...

Then
kli)nolo ns.t, (1, 5) = 7(i) pij, w.p.l.

Proof. Fix the transition (i, 7). By renewal theory and the central limit theorem, for some constant

Cla

. . Ch
E{|ns . (i, 5) — (i) pil*} < Sty
By Chebyshev’s inequality,
q
P ) — (i) pii| > e} < .
{|n57tk (Za.j) W(l)pﬂ et ek} — Gzétk
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Let ¢ = t,:ﬁ/Q for some 5 € (0,1). Thus

lim e, =0, erty=1t, ".
k—oo

Define the events Ay, by
Ap = {|n57tk(i?j) - W(i)pij| > Gk}.

Then for some constants Cy, Cs,
S P} <Y 60 =Y (1460 < oo,
k=1 k=1 k=1

so by the Borel-Cantelli Lemma, w.p.1, only finitely many events Ay occur, which proves our claim.
O

Note that although Lemma 5 is stated for one fixed § and one fixed ¢, the conclusion holds for a
countable number of § and  simultaneously. Thus it is valid to choose in the following proof any £,
and any ¢ arbitrarily small, say, from the sequence 277. For conciseness, we will not mention this
explicitly again.

Estimates Within Trajectory Segments of the Form [¢,¢ + § ]

Consider a sample trajectory from a set of probability 1 for which the assertions in Lemmas 4 and 5
(for a countable number of §) hold. We can thus omit the statement “w.p.1” in the following analysis.
Fix §, which can be an arbitrarily small positive scalar.

Lemma 6. Fort sufficiently large and k € [t,t + 1]

6(0) e = G() el < Os(L+ [Imell),  i=1,..., (33)

S

where 05 is a scalar independent of t, and 0s — 0 as § — 0.

Proof. For m > 1, using 741, = ¢ + Z;n:l(rtﬂ- — 744;—1) and using Lemma 4 to bound ||ryy; —
riyj—1l||, we can bound 744, — ¢ for t sufficiently large by
m
[rem —rel < Z w5 (L [lrej—al)
i=1

<
I

s (L el + 7o jmn = 7))

NE

1

m m
= (S a3 s -l
j=1 j=1

<.
Il

for some constant C', where the second inequality follows from the triangle inequality. By using the
version of the discrete Gronwall inequality given as Lemma 4.3(i) of [BMO00], we have for m < §¢,

e — el < ME(L 4 [lre])e™=2 T < 6CEC (L + ||

By the equivalence of norms, there exists C’ > 0 such that for all r, ||®r|e < C'||®r||, = C'||7]-
The claim then follows by choosing s = C’6Ce®C, which converges to 0 as § — 0. O
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Since lgt+50—1 € [t,t +t) for k € [t,t 4 dt), inequality (33) implies that for all k € [t,t + §¢),

|h(£€k+1,7”lk,t+5t,l) - h($k+1,7"t)| < O5(1+ [ ])- (34)
Using this, we now write ®r. 5 in terms of ®ry, IIF(Pr;), and residual terms.

Lemma 7. Fort sufficiently large,

(I)T‘t+

1
I[IF(® A
1 + 5 1+5 ( Tt) + 6;t7 (35)

‘I>7"t+5t =

where A+ satisfies

005
<
< ({25 +a) Wt lon.

where 05 is a scalar independent of t such that 05 — 0 as § — 0, and €; is a scalar sequence that
converges to 0 as t — 00.

&gt

Proof. Assume t is sufficiently large so that 6t > m. We have by definition

Dryse = ‘I’Bt_,_lgtt 15t Z ¢ CUk $k7$k+1) + ah($k+17{rk+mfl))
t+5t 1
+ (I)BtJth + 5t Z d) mk xk7$k+1) + ah($k+1’le,t+at—1))' (36)

We approximate separately the two terms on the r.h.s. Using an expression of r; similar to Eq. (19),
we write the first term as

1 1 1
1
OB s (Bire) + T A= T et o (37)

where A accounts for replacing 7, , .5, = Tk4m—1 With ry, ,_:

t—1
A= CI)Bt_A,_(;t a¢(xk)(h(xk+lv 7Ak+m—1) - h(xk-l-lv le,t—l))?
k=0
and )
= st Brabe =Dt
As t — oo, the differences ||7g+m—1 — 71|,k € [t — m + 1,t — 1] are bounded by a multiple of

(L4 ||7¢]]) that diminishes to 0 (by Lemma 4 and the proof of Lemma 6), hence ||A] < C(1+ ||r)),
for some constant C' and t sufficiently large. Also, B;5tBt — I, as t — oo (by Lemma 5). Hence,
we have

lles el = o) (1 + [I7el])- (38)
We write the second term of Eq. (36) as

5t t+ot—1
ET @BthB(StBét 6t Z P(r) (9(xr, Ths1) + @h(@ps1,74)) + €5, (39)
where
1 t+o6t—1
Bsy = 57 kz;t d(xk



and €3 , accounts for the residual in substituting r; for i, , ;,_, in h(xpi1, 71,5, ) for k € [t,1451).
Thus €3 , satisfies, by Eq. (34),

e3¢l < 3505 (1 + [, (40)

for some positive scalar 85 (independent of ¢) converges to 0 as § — 0.

We further approximate the first term of Eq. (39) as follows. Using Lemma 5, we have that as
t — oo, within the segment [¢,t + dt), the term

~ 1 t+ot—1
‘I’B;E Z ¢(xr) (9(xk, Thy1) + ah(zpir, )
k=t

converges to IIF(®r;). Using Lemma 5, we also have that B;}&B& — [ ast — oco. Thus we can

write the first term of Eq. (39) as

)
mﬂF(@’rt) + th, (41)

where €} , accounts for the residual in this approximation, and

les ]l = o(1)(1 + [[re]])- (42)

Putting Eqgs. (37)-(42) together, we can write ®r. 45 as

1 1)
Dry s = T 5(I>7"t + T 5HF(<I>7't) + (e};yt + eg’t + €§,t) (43)
where
lebo+ 2ot el < (<22 1o()) (1 + [@rel).
p it A={175
The claim thus follows. ]

A Contraction Argument

Fix a scalar @ € («a, 1). Let 65 and €; be as in the preceding lemma. Let ¢ be such that a + 05 < @,
and choose (s such that

1 )
<fBs < ——+

5 )
(@ +0s) 75 1+0  “14o

1406 "

Using the contraction property |[ILF(®r;) — ®r*|| < «|/®r; — &r*||, the preceding lemma, and the
triangle inequality ||®r.|| < ||®r, — &r*| + ||Pr*||, we have

1 ) )
d — or*|| < e — | || ®r — P — 1 P
oreas—orrl < (g + o ) Ion - o+ (B e ) (L4 o)

1 1 )
< [ —— 0s)—— bry — Or* Os—— 1 Dre|]).
< (1+5+(a+ 5)1+5+et) [®ry — @r¥|| + < 51+5+et>( + [|@r*))
(44)
For any arbitrarily small positive scalar €, we have e (||®r*|| + 1) < e and o+ 05 + & < @ for ¢

sufficiently large (since €; = o(1)). Hence, inequality (44) implies that for any ¢, and for some fixed
t independent of €, the sequence {®ry, |k; = (1 +6)7t} satisfies

)

-0
. * € 14579 *
limsup ||®r,. — Or*|| < —— + 1+ [|[®rF]]). 45
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Since 1 — 35 > (1 — 07)1%, we have
s

o1
1-06s " 1—a
and hence 0
tinsup |27y, — &7 < 5 = 5t rog 0Tl (46)
Since e is arbitrary, letting 65 = 10_5@, we have
limsup || ®ry, — Or¥|| < O5(1 + || @r*|). (47)
Jj—00

In other words, for all § sufficiently small, there exists a corresponding subsequence of ®r; “converg-
ing” to the 05(1 + ||®r*||)-sphere centered at ®r*.

We will now establish the convergence of the entire sequence ;. When j is sufficiently large,
for ¢t € [kj, kj41), the difference ||®ry — ®ry, || is at most O5(1 + ||ry,||) for some positive 5 that
diminishes to 0 as § — 0 (the proof of Lemma 6). Combining this with Eq. (47), we obtain

lillsnsup |[®ry — r¥[| < limsup O5(1+ || ®re, ||) + limsup || @ry,; — Cr*||
—00

J—00 J—00

IN

lim sup 05 (1 + || @ry, — 27| + || @r*]) + 05(1 + [|@r*]])

j—o0
< (05 + 0505 + 05) (1 + [|2r7])).

Since 0, and consequently 05 and 6%, can be chosen arbitrarily small, we conclude that the sequence
ry converges to r*. This completes the proof of Prop. 3.

6 Conclusions

In this paper, we have proposed new (-learning algorithms for the approximate cost evaluation
of optimal stopping problems, using least squares ideas that are central in the LSPE method for
policy cost evaluation with linear function approximation. We have aimed to provide alternative,
faster algorithms than those of Tsitsiklis and Van Roy [TV99], and Choi and Van Roy [CV06]. The
distinctive feature of optimal stopping problems is the underlying mapping F', which is a contraction
with respect to the projection norm || - || (cf. Lemma 1). Our convergence proofs made strong use
of this property.

It is possible to consider the extension of our algorithms to general finite-spaces discounted prob-
lems. An essential requirement for the validity of such extended algorithms is that the associated
mapping is a contraction with respect to some Euclidean norm. Under this quite restrictive assump-
tion, it is possible to show certain convergence results. In particular, Choi and Van Roy [CV06] have
shown the convergence of an algorithm that generalizes the second variant of Section 4 for the case
m = 1. It is also possible to extend this variant for the case where m > 1 and prove a corresponding
convergence result.
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