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Abstract

In the framework of Markov Decision Processes, off-policy learning, that is the prob-
lem of learning a linear approximation of the value function of some fixed policy from
one trajectory possibly generated by some other policy. We briefly review on-policy learn-
ing algorithms of the literature (gradient-based and least-squares-based), adopting a uni-
fied algorithmic view. Then, we highlight a systematic approach for adapting them to
off-policy learning with eligibility traces. This leads to some known algorithms — off-
policy LSTD(A), LSPE(A), TD(A), TDC/GQ(A) — and suggests new extensions — off-
policy FPKF(A), BRM(A), gBRM(A), GTD2()). We describe a comprehensive algorith-
mic derivation of all algorithms in a recursive and memory-efficent form, discuss their
known convergence properties and illustrate their relative empirical behavior on Garnet
problems. Our experiments suggest that the most standard algorithms on and off-policy
LSTD(A)/LSPE(A) — and TD(A) if the feature space dimension is too large for a least-
squares approach — perform the best.

Keywords: Reinforcement Learning, Value Function Estimation, Off-policy Learning,
Eligibility Traces

1. Introduction

We consider the problem of learning a linear approximation of the value function of some
fixed policy in a Markov Decision Process (MDP) framework, in the most general situation
where learning must be done from a single trajectory possibly generated by some other
policy, also known as off-policy learning. Given samples, well-known methods for estimating
a value function are temporal difference (TD) learning and Monte Carlo (Sutton and Barto),
1998)). TD learning with eligibility traces (Sutton and Barto, |1998), known as TD(A),
constitutes a nice bridge between both approaches, and by controlling the bias/variance
trade-off (Kearns and Singhl [2000), their use can significantly speed up learning. When the
value function is approximated through a linear architecture, the depth A\ of the eligibility
traces is also known to control the quality of approximation (Tsitsiklis and Van Royl, [1997).
Overall, the use of these traces often plays an important practical role.

There has been a significant amount of research on parametric linear approximation of
the value function, without eligibility traces (in the on- or off-policy case). We follow the
taxonomy proposed by Geist and Pietquin| (2013), briefly recalled in Table 1] and further
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H gradient-based ‘ least-squares-based
bootstrapping TD FPKF
(Sutton and Barto, [1998|) (Choi and Van Roy, [2006)
residual gBRM BRM
(Baird, |1995) (Engel, 2005; Geist and Pietquin, [2010b])
projected fixed point TDC/GTD2 | LSTD (Bradtke and Bartol [1996)
(Sutton et al., [2009)) LSPE (Nedi¢ and Bertsekas, 2003])

Table 1: Taxonomy of linearly parameterized estimators for value function approxima-
tion (Geist and Pietquin) 2013]).

developped in Section[2] Value function approximators can be categorized depending on the
cost function they minimize (based on bootstrapping, on a Bellman residual minimization
or on a projected fixed point approach) and on how it is minimized (gradient-descent-
based or linear least-squares). Most of these algorithms have been extended to take into
account eligibility traces, in the on-policy case. Works on extending these approaches
(based on eligibility traces) to off-policy learning are scarser. They are summarized in
Table [2| (algorithms in black). The first motivation of this article is to argue that it is
conceptually simple to extend all the algorithms of Table [I] so that they can be applied to
the off-policy setting and use eligibility traces. If this allows rederiving existing algorithms
(in black in Table [2)), it also leads to new candidate algorithms (in red in Table [2)). The
second motivation of this work is to discuss the subtle differences between these intimately-
related algorithms, and to provide some comparative insights on their empirical behavior (a
topic that has to our knowledge not been considered in the literature, even in the simplest
on-policy and no-trace situation).

H gradient-based ‘ least-squares-based
bootstrapping off-policy TD(X) off-policy FPKF ()
(Bertsekas and Yu, [2009al)
residual off-policy gBRM()\) off-policy BRM(\)
projected fixed point | GQ(N) (a.k.a. off-policy TDC())) | off-policy LSTD(\)
(Maei and Sutton, [2010) off-policy LSPE(\)
off-policy GTD2()\) ('Yu, 2010a)

Table 2: Surveyed off-policy and eligibility-traces-based approaches. Algorithms in black
have been published before (provided references), algorithms in red are new.

The rest of this article is organized as follows. Section [2] introduces the background of
Markov Decision Processes, describes the state-of-the-art algorithms for learning without
eligibility traces, and gives the fundamental idea to extend the methods to the off-policy
situation with eligibility traces. Section [3] details this extension for the least-squares based
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approaches: the resulting algorithms are formalized, and we derive recursive and memory-
efficient formula for their implementation (this allows online learning without loss of gener-
ality, all the more that half of these algorithms are recursive by their very definition), and
we discuss their convergence properties. Section [4 does the same job for stochastic gradient
based approaches, which offers a smaller computational cost (linear per update, instead of
quadratic). Last but not least, Section [5| describes an empirical comparison and Section |§|
concludes.

2. Background

We consider a Markov Decision Process (MDP), that is a tuple {S, A, P, R,~} in which S
is a finite state space identified with {1,2,..., N}, A a finite action space, P € P(S)SXA
the set of transition probabilities, R € R*4 the reward function and + the discount factor.
A mapping 7™ € P(A)S is called a policy. For any policy 7, let P™ be the corresponding
stochastic transition matrix, and R™ the vector of mean reward when following w, i.e.,
of components F, . ;[R(s,a)]. The value V™(s) of state s for a policy 7 is the expected
discounted cumulative reward starting in state s and then following the policy

V7(s) = E; lz vorilso = s] ,
i=0

where E, denotes the expectation induced by policy w. The value function satisfies the
(linear) Bellman equation:

Vs, VW(S) = Es’,a|s,7r[R(s> a) + 'YVTF(SI)]'

It can be rewritten as the fixed-point of the Bellman evaluation operator: V™ = T7VT™
where for all V, T7V = R™ +~P™V.

In this article, we are interested in learning an approximation of this value function V7
under some constraints. First, we assume our approximation to be linearly parameterized:

Vs, Va(s) = 6"6(s)

with 6 € RP being the parameter vector and ¢(s) € R? the feature vector in state s. Also,
we want to estimate the value function V™ (or equivalently the associated parameter 6)
from a single finite trajectory generated using a possibly different behavioral policy mg. Let
1o be the stationary distribution of the stochastic matrix Py = P™ of the behavior policy
mo (we assume it exists and is unique). Let Dy be the diagonal matrix of which the elements
are (£10(8i))1<i<n- Let @ be the matrix of feature vectors:

The projection Ily onto the hypothesis space spanned by ® with respect to the pg-quadratic
norm, which will be central for the understanding of the algorithms, has the following
closed-form:

Iy = ®(®T Dy®) 1T Dy.
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If 7 is different from 7, it is called an off-policy setting. Notice that all algorithms consid-
ered in this paper use this Iy projection operator, that is the projection according to the
observed datalll

Standard Algorithms for on-policy Learning without Traces. We now review ex-
isting on-policy linearly parameterized temporal difference learning algorithms (see Table.
In this case, the behavior and target policies are the same, so we omit the subscript 0 for the
policy () and the projection (II). We assume that a trajectory (s1,ai, 1,82, .., Si, @i, Ti,
Sitls -3 8n, Uy Ty, Spt1) sampled according to the policy 7 is available, and will explain
how to compute the i*" iterate for several algorithms. For all j < i, let us introduce the
empirical Bellman operator at step j:

A

T; : RS =R
Virg+ ’7V($j+1)

so that TjV is an unbiased estimate of T'V (s;).

Projected fixed point approaches aim at finding the fixed-point of the operator
being the composition of the projection onto the hypothe51s space and of the Bellman
operator. In other words, they search for the fixed-point Vo = TV, 11 being the just
introduced projection operator. Solving the following fixed-point problem:

A,

6; = argmin Z (T Vi, Vw(sj)>2
weRP j=1

with a least-squares approach, corresponds to the Least-Squares Temporal Differences (LSTD)
algorithm of Bradtke and Barto| (1996)). Recently, |Sutton et al.| (2009)) proposed two algo-
rithms reaching the same objective, Temporal Difference with gradient Correction (TDC)
and Gradient Temporal Difference 2 (GTD2), by performing a stochastic gradient descent
of the function 6 — ||Vy — IITVp||2 which is minimal (and equal to 0) when Vy = IIT'Vj.

A related approach consists in building a recursive algorithm that repeatedly mimicks
the iteration ‘A/gl. o~ HTXA/@FI. In practice, we aim at minimizing

W= i (Tj%i—l - Vw(sj))Q :
=1

Performing the minimization exactly through a least-squares method leads to the Least-
Squares Policy Evaluation (LSPE) algorithm of Bertsekas and Ioffe| (1996). If this minimiza-
tion is approximated by a stochastic gradient descent, this leads to the classical Temporal
Difference (TD) algorithm (Sutton and Bartol [1998).

1. It would certainly be interesting to consider the projection according to the stationary distribution of
m, the (unobserved) target policy: this would reduce off-policy learning to on-policy learning. However,
this would require reweighting samples according to the stationary distribution of the target policy ,
which is unknown and probably as difficult to estimate as the value function itself. As far as we know,
the only work to move in this direction is the off-policy approach of [Kolter| (2011): samples are weighted
such that the projection operator composed with the Bellman operator is non-expansive (so, weaker than
finding the projection of the stationary distribution, but offering some guarantees). In this article, we
consider only the Il projection.
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Bootstrapping approaches consist in treating value function approximation after
seeing the ¥ transition as a supervised learning problem, by replacing the unobserved
values V™ (s;) at states s; by some estimate computed from the trajectory until the transition
(54,55+1), the best such estimate being Tj%j_l. This amounts to minimizing the following
function:

LI N 2
wi STV, = Vilsy)) - (1)
j=1
Choi and Van Roy| (2006) proposed the Fixed-Point Kalman Filter (FPKF), a least-square
variation of TD that minmizes exactly the function of Equation (). If the minimization
is approximated by a stochastic gradient descent, this gives — again — the classical TD
algorithm (Sutton and Barto, [1998)).
Finally, residual approaches aim at minimizing the distance between the value func-
tion and its image through the Bellman operator, ||V — TVH,%O- Based on a trajectory, this
suggests the following function to minimize

which is a biased surrogate of the objective ||V — TVHiO (for instance, see Antos et al.
(2006))). This cost function has originally been proposed by Baird (1995) who minimized
it using a stochastic gradient approach (this algorithm being referred here as gBRM for
gradient-based Bellman Residual Minimization). Both the parametric Gaussian Process
Temporal Differences (GPTD) algorithm of |[Engel (2005]) and the linear Kalman Temporal
Differences (KTD) algorithm of |Geist and Pietquin| (2010b) can be shown to minimize the
above cost using a least-squares approach, and are thus the very same algorithmE], that we
will refer to as BRM (for Bellman Residual Minimization) in the remaining of this paper.

To sum up, it thus appears that after the i*” transition has been observed, the above
mentioned algorithms behave according to the following pattern:

A 2
move from 6;_; to 6; towards the minimum of w — Z (Tij - Vw(sj)) , (2)
j=1

either through a least-squares approach or a stochastic gradient descent. Each of the algo-
rithms mentionned above is obtained by substituting 0;, 0,1, 6;,_1 or w for &.

Towards Off-policy Learning with Traces It is now easy to preview, at least at a high
level, how one may extend the previously described algorithms so that they can deal with
eligibility traces and off-policy learning. The idea of eligibility traces amounts to looking for
the fixed-point of the following variation of the Bellman operator (Bertsekas and Tsitsiklis|,
1996)

YV eRY, TV = (1-1) Y Arrly
k=0

2. This is only true in the linear case. GPTD and KTD were both introduced in a more general setting:
GPTD is nonparametric and KTD is motivated by the goal of handling nonlinearities.
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that makes a geometric average with parameter A € (0,1) of the powers of the original
Bellman operator T. Clearly, any fixed-point of T is a fixed-point of 7% and vice-versa.
After some simple algebra, one can see that:

TV = (I = \yP) YR+ (1= \yPV) (3)
=V + (- MP)"(R+~PV —-V).

This leads to the following well-known temporal difference-based expression in some state s

TV (s) = V(s) + Eyx li(v)\)k_i (rk + YV (sky1) — V(sk)) s; = s]
k=i

— V() + 3 (A an(s)
k=1

where we recall that F; means that the expectation is done according to the target policy

m, and where we d;(s) = Ei [rk + YV (sk+1) — V(sk)|si = s} is the expected temporal-
difference (Sutton and Barto|, |1998). With A = 0, we recover the Bellman evaluation
equation. With A = 1, this is the definition of the value function as the expected and
discounted cumulative reward: TV (s) = Er[>.22, Y iry|s; = s].

As before, we assume that we are given a trajectory (si1,a1,71,52,..., Sj,a5,7j,8j4+1 .-,
Snsy Gy, Ty Snt1), €xcept now that it may be generated from some behaviour policy possibly
different from the target policy m of which we want to estimate the value. We are going
to describe how to compute the i*" iterate for several algorithms. For any i < k, unbiased
estimates of the temporal difference terms d;;(s;) can be computed through importance

sampling (Ripley, [1987)). Indeed, for all s, a, let us introduce the following weight:

In our trajectory context, for any j and k, write

k

ph =T o with pr = p(s1, )
=)

with the convention that if k < j, p;? = 1. With these notations,
Ok = PkaV - P?_IV(Sk)

is an unbiased estimate of d;;(s), from which we may build an estimate Tj’\lV of TAV (s5)
(we will describe this very construction separately for the least-squares and the stochastic
gradient as they slightly differ). Then, by replacing the empirical operator 7j in Equation

by T])‘Z, we get the general pattern for off-policy trace-based algorithms:

i
A A 2
move from 6;_; to 6; towards the minimum of w — Z <TJ)‘ZV5 — Vw(sj)) , (4)
j=1
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either through a least-squares approach or a stochastic gradient descent after having instan-
tiated £ = 0;, 0;_1, 0,—1 or w. This process, including in particular the precise definition of
the empirical operator T])‘Z, will be further developped in the next two section Since they
are easier to derive, we begin by focusing on least-squares algorithms (right column of Ta-
ble[2)) in Section[3, Then, Section 4] focuses on stochastic gradient descent-based algorithms

(left column of Table [2)).

3. Least-squares-based extensions to eligibility traces and off-policy
learning

In this section, we first consider the case of least-squares solving of the pattern described
in Equation . At their i*" step, the algorithms that we are about to describe will compute
the parameter 0; by ezactly solving the following problem:

7
Ay A A 2
0; = argmin ) (T]’}ZV} — Vw(sj))
weRP ]:1

where we define the following empirical truncated approximation of T):

PA S
77, + R >R
i i
Vo Visy) + 20N o5 = Visy) + D (0N 7 (0 TV = o1V (s)).
k=j k=j
Though different definitions of this operator may lead to practical implementations, note
that Tf"l only uses samples seen before time i: this very feature — considered by all existing
works in the literature — will enable us to derive recursive and low-memory algorithms.
Recall that a linear parameterization is chosen here, V¢(s;) = ¢T¢(s;). We adopt the

following notations:

b = B(si), Adi = ¢ — Ypichir1 and pf 1 = (yA) I i
The generic cost function to be solved is therefore:
i i
0; = argmin J(w; &) with  J(w;€) =Y (656 + Y55 (owre — Adg ) — ¢jw)®. (5)
w€eRP ]:1 k?:]

Before deriving existing and new least-squares-based algorithms, as announced, some tech-
nical lemmata are required.

The first lemma allows computing directly the inverse of a rank-one perturbated matrix.

Lemma 1 (Sherman-Morrison) Assume that A is an invertible n X n matriz and that
u,v € R™ are two vectors satisfying 1 +vT A= u # 0. Then:

A ypT A1

T\—1 _ 4—-1 _
(A+w) = AT -

3. Note that we let the empirical operator T]AL depends on the index j of the sample (as before) but also
on the step i of the algorithm. This will be particularly useful for the derivation of the recursive and
memory-efficient least-squares based algorithms that we present in the next section.
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The next lemma is simply a rewriting of imbricated sums. However, it is quite important
here as it will allow stepping from the operator TJ)‘Z (operator which depends on future of
sj) — forward view of eligibility traces — to the recursion over parameters using eligibility
traces (dependence on only past samples) — backward view of eligibility traces — (see (Sutton
and Barto, 1998, Ch.7) for further discussion on backward/forward views).

Lemma 2 Let f € RNN gnd n € N. We have:
DD f) =22 100
i=1 j=i i=1j=1

We are now ready to mechanically derive the off-policy algorithms LSTD(A), LSPE()),
FPKF(X) and BRM(). This is what we do in the following subsections.

3.1 Off-policy LSTD(\)
The off-policy LSTD(\) algorithm corresponds to instantiating Problem with £ = 6;:

0; = argmmz 1 0; + ij (orre — AL 0;) — 6] w)>.
This can be solved by zeroing the gradient respectively to w:

= (Z¢]¢j 1Z¢] ¢]0 +Zp pkrk_A¢k ))

& Z Z ¢] Pkrk - A¢k i),

J=1lk=j
which, through Lemma [2] is equivalent to:
Z Zd’kpk (pjrs — A%Tgi)'
j=1 k=1

Introducing the (importance based) eligibility vector z;:

7j—1
quk”* Zcbk NI pm = YApj-12j-1 + &5, (6)
k=1 m=k
one obtains the following batch estimate:
0i=(Q_zA0)) Y zipjry = (Ai) i (7)
j=1 j=1
where , ,
A=Y "zA¢l and b= zp;r;. (8)
j=1 j=1
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Thanks to Lemma |1} the inverse M; = (A4;)~! can be computed recursively:

M;_12,A¢F M;—y
1+ A(ZﬁZTMi_lzz‘ ’

M= (3 2A¢;) " = Mi1 —
j=1

This can be used to derive a recursive estimate:

i 7 M, Z'Agf)TM-, i—1
T\— 1 1
0; = (;1: zjAd; ) 1;1: zjpiry = (Mi1 =~ Z+ AltbiTJ\z/Ii_fZi )(j§1zjrjpj + 2ipiri)

Mi_lzi

iri — AT 0;_1).

=0;_1+

Writing K; the gain %, this gives Algorithm

Algorithm 1: Off-policy LSTD(\)

Initialization;

Initialize vector 6y and matrix Mj ;
Set zg = 0;

for:=1,2,... do

Observe ¢, 7, Pit1 ;

Update traces ;

2i = YApi—12i-1 + Pi ;

Update parameters ;

L M;i_1zi
KZ - 1+A¢ZTMZ'_1Z1' ?

0; = 6,1 + K;(piri — ApT0;_1) ;
M; = My — Ki(M~ Ady)T;
end

This algorithm has been proposed and analyzed recently by Yu (2010al). The author
proves the following result: if the behavior policy my induces an irreducible Markov chain
and chooses with positive probability any action that may be chosen by the target policy
7, and if the compound (linear) operator IIyT* has a unique ﬁxed-poin then off-policy
LSTD(A) converges to it almost surely. Formally, it converges to the solution 6* of the
so-called projected fized-point equation:

Vi = T Ve (9)

Using the expression of the projection IIy and the form of the Bellman operator in Equa-
tion (3)), it can be seen that 6* satisfies (see [Yu| (2010a) for details)

0" =A""b

4. Tt is not always the case, see |Tsitsiklis and Van Roy| (1997) for a counter-example.



M. GEIST AND B. SCHERRER

where

A=dTDy(I —yP)(I —MP)1® and b= Dy(I — \yP)'R. (10)

The core of the analysis of [Yu (2010a)) consists in showing that %Ai and %bi defined in
Equation respectively converge to A and b almost surely. Through Equation , this
implies the convergence of 6; to 6*.

3.2 Off-policy LSPE()\)
The off-policy LSPE()) algorithm corresponds to the instantiation £ = #;_; in Problem :

Z —argmmz ¢ 0 1+Zp (prrre — Adf6i1) — ¢ w)>.

wERP ] 1

This can be solved by zeroing the gradient respectlvely to w:

Z¢3¢T Z¢g 7 0; 1+Zpk Yoerk — ApL ;1))

=0;,_1+ (Z ¢j¢] Z Z ¢],0] (prrr — A¢k i— 1)
j=1

Jj=lk=j
Lemma |2 can be used (recall the definition of the eligibility vector z; in Equation @)

0i =0i1+ (> djo) )" Z Z onpL (pjr — A¢T0;_1)
j=1

7j=1k=1
i i
=01+ 050;) 7 Y zi(pry — AT bi1).
j=1 J=1
Define the matrix IV; as follows:

Ni—16i¢I N;_y
Z%% = Nj—1 — m, (11)

where the second equality follows from Lemma[I] Let A; and b; be defined as in the LSTD
description in Equation . For clarity, we restate their definition along with their recursive
writing:

Ai =z A¢] = Ai1 + 2],
=1

1
bi =) zjpjrj = bi1 + zipiri.
=1

Then, it can be seen that the LSPE()\) update is:

0; = 6;—1 + N;i(b; — Aifi—1).

10
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Algorithm 2: Off-policy LSPE()\)

Initialization,;

Initialize vector 6y and matrix N ;
Set zg =0, Ag = 0 and by = 0;
fori=1,2,... do

Observe ¢;, i, pit1;

Update traces ;

2i = YApi—1%i-1 + Pi ;

Update parameters ;

Ni—16ipT Ni_1
N; = N; 1 — —71—"=,
¢ -1 1+6I Ni—16;

Ai = Aoy + 2 AT

bi = bi—1 + piziri;

0; = 0;—1 + Ni(b; — Aif;_1) ;
end

The overall computation is provided in Algorithm [2]

This algorithm, (briefly) mentioned by [Yu (2010a), generalizes the LSPE()\) algorithm
of Bertsekas and Ioffe (1996]) to off-policy learning. With respect to LSTD(A), which com-
putes 6; = (4;)7'b; (¢f. Equation (7)) at each iteration, LSPE(])) is fundamentally recursive
(as it is based on an iterated fixed-point search). Along with the almost sure convergence
of %Ai and %bi to A and b (defined in Equation ([10])), it can be shown that iN; converges
to N = (T Dg®)~! (see for instance [Nedi¢ and Bertsekas| (2003))) so that, asymptotically,
LSPE(A) behaves as:

0;i=0,_1+N0b— A1) =Nb+ (I —-NA)b;_1
or using the defintion of Iy, 4, b (Equation (I0)) and T* (Equation (@)):
Vo, = ®0; = ONb+ O(I — NAYG; 1 = TyT 'V, ,. (12)

The behavior of this sequence depends on whether the spectral radius of IIgT? is smaller
than 1 or not. Thus, the analyses of Yu (2010a) and |[Nedi¢ and Bertsekas (2003]) (for the
convergence of N;) imply the following convergence result: under the assumptions required
for the convergence of off-policy LSTD(A), and the additional assumption that the operator
IoT> has a spectral radius smaller than 1 (so that it is contracting), LSPE()) also converges
almost surely to the fixed-point of the compound IIyT* operator.

There are two sufficient conditions that can ensure such a desired contraction property.
The first one is when one considers on-policy learning, as |Nedi¢ and Bertsekas (2003) did
when they derived the first convergence proof of (on-policy) LSPE(A). When the behavior
policy mq is different from the target policy 7, a sufficient condition for contraction is that
X be close enough to 1; indeed, when A tends to 1, the spectral radius of T tends to
zero and can potentially balance an expansion of the projection IIg. In the off-policy case,
when « is sufficiently big, a small value of A can make IIgT* expansive (see [Tsitsiklis and

11
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Van Roy| (1997) for an example in the case A = 0) and off-policy LSPE(A) will then diverge.
Eventually, Equations (9) and show that when A = 1, both LSTD(A) and LSPE()\)
asymptotically coincide (as 7'V does not depend on V).

3.3 Off-policy FPKF()\)

The off-policy FPKF () algorithm corresponds to the instantiation £ = 6;_; in Problem :

i
0; = argmin Z G101+ Y0 prrk — AL ;1) — ¢ w)>.
k=i

weRP j=1

This can be solved by zeroing the gradient respectively to w:

0; _Nzcﬁj (67— 1+Zp’“ Howry, — Adi05-1)),

where N; is the matrix introduced for LSPE(A) in Equation . For clarity, we restate its
definition here and its recursive writing;:

Ni—1¢i¢! Ni1
Z¢J¢J = Ni_1 - T 6 N1 (13)

Using Lemma [2] one obtains:

Z ¢]¢j -1+ Z Z ¢kpk p]TJ A(;S‘?Hk—l))'

1=1k=1

With respect to the previously described algorithms, the difficulty here is that on the
right side there is a dependence with all the previous terms 6,1 for 1 < k < 4. Using
the symmetry of the dot product A(;SJTGk_l = 0 |Ag;, it is possible to write a recursive
algorithm by introducing the trace matrix Z; that integrates the subsequent values of 0}, as
follows:

J
Z 7 1¢k9k 1= Zj—1+7Apj- 1¢J j—1-

With this notation we obtain:
i i
= Ni(>_ 005 051+ > (zipiri — ZjAdy))).
j=1 j=1
Using Equation and a few algebraic manipulations, we end up with:
0; = 01 + Ni(zipiri — Zi D).

This is the parameter update as provided in Algorithm [3]
It generalizes the FPKF algorithm of Choi and Van Roy| (2006) that was originally
only introduced without traces and in the on-policy case. As LSPE()), this algorithm is

12
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Algorithm 3: Off-policy FPKF(A)

Initialization,;
Initialize vector 6y and matrix N ;
Set zg = 0 and Zy = 0;

fori=1,2,... do
Observe ¢;, i, dit+1;

Update traces ;
2 = YAPi—1%i-1 + @i ;
Zi = yApic1Zi—1 + ¢ibL

Update parameters ;

a7 Ni—1¢i¢pl Ni1 |
Ni=Nior = 508
0; = 0i—1 + Ni(zipiri — ZiA;) ;

end

fundamentally recursive. However, its overall behavior is quite different. As we discussed
for LSPE()), iN; can be shown to tend asymptotically to N = (&7 Dy®)~! and FPKF())
iterates eventually resemble:

1
0; =0i—1+ gN(ZiPz"'"i — ZiAg;).

The term in brackets is a random component (that only depends on the last transition) and
% acts as a learning coefficient that asymptotically tends to 0. In other words, FPKF())
has a stochastic approrimation flavour. In particular, one can see FPKF(0) as a stochastic

approximation of LSPE(0). Indeed, asymptotically, FPKF(0) does the following update
1
0i = 0;—1+ gN(Pid%‘Ti — iG] 0;_1),

and one can notice that p;¢;r; and d)iAqb;fr are samples of A and b to which A; and b;
converge through LSPE(0). When A > 0, the situation is less clear — up to the fact that
since T'V does not depend on V, we expect FPKF to asymptotically behave like LSTD
and LSPE when A tends to 1.

Due to its much more involved form (notably the matrix trace Z; integrating the values
of all the values ), from the start), it does not seem easy to provide a guarantee for FPKF (),
even in the on-policy case. To our knowledge, there does not exist any proof of convergence
for stochastic approximation algorithms in the off-policy case with tracesﬂ and a related
result for FPKF()\) thus seems difficult. Based on the above-mentioned relation between
FPKF(0) and LSPE(0) and the experiments we have run (see Section|[5]), we conjecture that
off-policy FPKF()) has the same asymptotic behavior as LSPE(\). We leave the formal
study of this algorithm for future work.

5. An analysis of TD()), with a simplifying assumption that forces the algorithm to stay bounded is given
by [Yu| (2010a). An analysis of GQ()) is provided by Maei and Sutton| (2010, with an assumption on
the second moment of the traces, which does not hold in general (see Proposition 2 in (Yul [2010a))). A
full analysis of these algorithms thus remains to be done. See also Sections and

13
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3.4 Off-policy BRM()\)
The off-policy BRM()) algorithm corresponds to the instantiation £ = w in Problem ([5)):

0; —argmmz ¢ w+2p (prr—AdF w)—¢Tw)? —argmmz Zp (pere—AdEw))>.

w€eRP j=1 weR? j=1 k=j
Define .
i
~k—1 ~k—1
Yjsi = Z Pj A¢y and zj; = Z Pj  PETEk-
k=j

This yields the following batch estimate:

0; = argmlnz (2j—i — ijHiw)2 = (Ai)flgi (14)
weRP
7j=1

where

7 (2
A= "inabl o and b= ¥jLizj.
j=1 J=1

The transformation of this batch estimate into a recursive update rule is somewhat tedious
(it involves three “trace” variables), and the details are deferred to Appendix [A]for clarity.
The resulting BRM(\) method is provided in Algorithm . Note that at each step, this
algorithm involves the inversion of a 2 x 2 matrix (involving the 2 x 2 identity matrix I3), in-
version that admits a straightforward analytical solution. The computational complexity of
an iteration of BRM()) is thus O(p?) (as for the preceding least-squares-based algorithms).

GPTD and KTD, which are close to BRM, have also been extended with some trace
mechanism; however, GPTD()) (Engel, 2005)E|, KTD(A) (Geist and Pietquin) [2010al) and
the just described BRM(A) are different algorithms. Briefly, GPTD(A) is very close to
LSTD(A) and KTD()\) uses a different Bellman operatorﬂ As BRM(A) builds a linear
system whose solution is updated recursively, it resembles LSTD()). However, the system
it builds is different. The following theorem, proved in Appendix [B], partially characterizes
the behavior of BRM()) and its potential limitf]

Theorem 3 Assume that the stochastic matriz Py of the behavior policy is irreducible and
has stationary distribution pg. Further assume that there exists a coefficient 8 < 1 such
that

V(s,a), Ayp(s,a)<p, (15)

6. Technically, GPTD()\) is not exactly a generalization of GPTD as it does not reduce to it when A = 0.
It is rather a variation.

7. The corresponding loss is (T]OZ\A/( ) — Viu(sj) + AT S, V(W) — Viu(sj1)))? With X = 0 it gives TJ-O,Z-
and with A =1 it provides lel

8. Our proof is similar to that of Proposition 4 in |Bertsekas and Yu| (2009b). The overall arguments are
the following: Equation implies that the traces can be truncated at some depth I, whose influence
on the potential limit of the algorithm vanishes when [ tends to co. For all [, the I-truncated version of
the algorithm can easily be analyzed through the ergodic theorem for Markov chains. Making ! tend to
oo allows tying the convergence of the original arguments to that of the truncated version. Eventually,
the formula for the limit of the truncated algorithm is computed and one derives the limit.

14
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Algorithm 4: Off-policy BRM()\)

Initialization,;

Initialize vector 6y and matrix Cj ;

Set yg = 0, Do = 0 and zg = 0;

fori=1,2,... do

Observe ¢;, i, dit+1;

Pre-update traces ;

yi = (YApi—1)?yic1 + 1

Compute ;

U; = <\/@A¢>i + %Qi—l %@iq)T ;
Vi= (\/@A@ + Wﬁgifl *%@i—l)T ;

Wi = (@pﬁ' + 'y)\\/p;{lzi—l —%21—1)T;
Update parameters ;

0; = 0i_1 4+ Ci U (I + V;Cy 1 Uy) ™ (Wi — Vibi_1) ;
Ci = Ci_1— Ci1U; (Iy + V;Ci 1 Uy) ' ViCiy
Post-update traces ;

Di= (YApi-1)Di-1 + Adiyi ;

2 = (YApi—1)zi—1 + Tipi¥i ;
end

then %fll and %l;z respectively converge almost surely to
A=oT [D — yDP —yPTD + 42D’ + S(I —P) + (I — WPT)ST} i)

b=a [(1-yP")Q"D + S| K™

where we wrote:

D = diag ((I = (\)*P") " o) Q=(- P!
D' = diag (PT(I = (\)*PT) ™ o) S =M(DP —yD")Q
and where P is the matriz whose coordinates are pey = 3., (als)p(s,a)P(s'|s,a). Then,

the BRM(X) algorithm converges with probability 1 to A1,

The assumption given by Equation trivially holds in the on-policy case (in which
p(s,a) =1 for all (s,a)) and in the off-policy case when A~y is sufficiently small with respect
to the mismatch between policies. Note in particular that this result implies the almost sure
convergence of the GPTD/KTD algorithms in the on-policy and no-trace case, a question
that was still open in the literature (see for instance the conclusion of |[Engel| (2005)). The
matrix P, which is in general not a stochastic matrix, can have a spectral radius bigger
than 1; Equation ensures that (/\fy)Qp has a spectral radius smaller than S so that
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D and D’ are well defined. Removing assumption of Equation does not seem easy,
since by tuning Ay maliciously, one may force the spectral radius of (/\'y)QP to be as close
to 1 as one may want, which would make A and b diverge. Though the quantity A='b
may compensate for these divergences, our current proof technique cannot account for this
situation and a related analysis constitutes possible future work.

The fundamental idea behind the Bellman Residual approach is to address the compu-
tation of the fixed-point of T differently from the previous methods. Instead of computing
the projected fixed-point as in Equation @, one considers the following overdetermined
system

D0 ~ T 00
& 00~ (I - \yP) ' (R+ (1 - \)yPdh) (Equation (3))
& P~ QR+ (1 —N)yPQPEO
& U~ QR

with ¥ = & — (1 — \)yPQ®, and solves it in a least-squares sense, that is by computing
0* = A~'b with A = UTU and b = UTQR. One of the motivations for this approach is
that, as opposed to the matrix A of LSTD/LSPE/FPKF, A is invertible for all values of A,
and one can always guarantee a finite error bound with respect to the best projection (see
Schoknecht| (2002)); [Yu and Bertsekas| (2008); |Scherrer| (2010)). If the goal of BRM()) is
to compute A and b from samples, what it actually computes (fl and b as characterized in
Theorem [3) will in general be biased because the estimation is based on a single trajectoryﬂ
Such a bias adds an uncontrolled variance term to A and b (for instance, see |Antos et al.
(2006)); an interesting consequence is that A is always non—singula More precisely,
there are two sources of bias in the estimation: one results from the non Monte-carlo
evaluation (the fact that A < 1) and the other from the use of the correlated importance
sampling factors (as soon as one considers off-policy learning). The interested reader may
check that in the on-policy case, and when A tends to 1, A and b coincide with A and b.
However, in the strictly off-policy case, taking A = 1 does not prevent the bias due to the
correlated importance sampling factors. If we have argued that LSTD/LSPE/FPKF should
asymptotically coincide when A = 1, we see here that BRM should generally differ in an
off-policy situation.

4. Stochastic gradient based extensions to eligibility traces and off-policy
learning

We have just provided a systematic derivation of all least-squares-based algorithms for
learning with eligibility traces in an off-policy manner. When the number of features p is
very large, the O(p?) complexity involved by a least-squares approach may be prohibitive.
In such a situation, a natural alternative is to consider an approach based on a stochastic
gradient descent of the objective function of interest (Bottou and Bousquet) 2011} |Sutton
et al., [2009; [Maei and Sutton, [2010)).

9. It is possible to remove the bias when A = 0 by using double samples. However, in the case where A > 0,
the possibility to remove the bias seems much more difficult.
10. A is by construction positive definite, and A equals A plus a positive term (the variance term), and is
thus also positive definite.
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In this section, we will describe a systematic derivation of stochastic gradient based
algorithms for learning in an off-policy manner with eligibility traces. The principle followed
is the same as for the least-squares-based approaches: we shall instantiate the algorithmic
pattern of Equation by choosing the value of £ and update the parameter so as move
towards the minimum of J(6;,£) in Equation using a stochastic gradient descent. To
make the pattern of Equation precise, we need to define the empirical approximate
operator we use. We will consider the untruncated Tf‘n operators (written in the followings

T2, with a slight abuse of notation):

n

TV =V(si) + Y (N (pITV = pl 7'V (s))) (16)

j=i
where n is the total length of the trajectory.

It should be noted that algorithmic derivations will here be a little bit more involved
than in the least-squares case. First, with the instantiation £ = 6;, the pattern given in
Equation is actually a fixed-point problem onto which one cannot directly perform a
stochastic gradient descent (this issue will be addressed in Section through the intro-
duction of an auxiliary objective function, following the approach originally proposed by
Sutton et al. (2009)). A second difficulty is the following: the just introduced empirical
operator TZ)‘ depends on all the trajectory after step ¢ (on the future of the process), and
is for this reason usually coined a forward view estimate. Though it would be possible, in
principle, to implement a gradient descent based on this forward view, it would not be very
memory nor time efficient. Thus, we will follow a usual trick of the literature by deriving
recursive algorithms based on a backward view estimate that is equivalent to the forward
view in expectation. To do so, we will repeatedly use the following identity that highlights
the fact that the estimate TV can be written as a forward recursion:

Lemma 4 Let Ti)‘ be the operator defined in Equation and let V € R¥. We have
TV = pirs +7pi(1 = MV (si1) + 7 A0 TA, V.

Proof Using notably the identity p{ = pipf 41, we have:

TV =V (s:)+ 3 (N7 (A TV = pl 7'V (s))
Jj=t

=V(si) +piTiV = V(si) + v i Y. (pITjV — pl 'V (s))
j=it1

= pi T}V +vAp; (T{}HV - V(5i+1)) : "

To sum up, the “recipe” that we are about to use to derive off-policy gradient learning
algorithms based on eligibility traces will consist of the following steps:

1. write the empirical generic cost function with the untruncated Bellman operator

of Equation
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2. instantiate £ and derive the gradient-based update rule (with some additional work

for & = 0;, see Section {4.2));
3. turn the forward view into an equivalent (in expectation) backward view.

The next subsection details the precise derivation of the algorithms.

4.1 Off-policy TD(\)

Because it is the simplest, we begin by considering the bootstrap approach, that is the
instantiation £ = 6;_1. The cost function to be minimized is therefore:

S (1, — Vils) .

Minimized with a stochastic gradient descent, the related update rule is («; being a standard
learning rate and recalling that V,,(s;) = w”¢(s;) = w’¢;):

0= 0 5V (B9, o) |

w=0;_1
— 97,'71 + O‘qul (j::i)\%i_1 - ‘792'_1 (Sl)) . (17)

At this point, one could notice that the exact same update rule would have been obtained
with the instantiation £ = ;1. This was to be expected: as only the last term of the sum
is considered for the update, we have j = 4, therefore { = 6;,_1 = 0;_1.

Equation makes use of a A\-TD error defined as

oMw) = TV, — Viu(si).

For convenience, let also ¢; be the standard (off-policy) TD error defined as

A

5i(w) = 87°w) = piTiVi = V(i) = pi (ri + 7 Violsin) ) = Vils).
The A-TD error can be expressed as a forward recursion:
Lemma 5 Let 6} be the \-TD error and &; be the standard TD error. Then for all w,
S (w) = 6i(w) +Api6 ().
Proof This is a corollary of Lemma
TV = piri +7pi(1 = MVi(sin) + A0 T Vi
& TV —Vi(si) = piri +7piVio(si1) — Vio(s:) + 7205 (T4 Vo — Vio(8i41))
& W) = (W) +Api0k (W), .
Therefore, we get the following update rule
0; = 61 + ihi6; (0i-1)

with 5?‘(91_1) = 0;(0i—1) + 'y)\6;\+1(01~_1). The key idea here is to find some backward
recursion such that in expectation, when the Markov chain has reached its steady state, it
provides the same result as the forward recursion. Such a backward recursion is given by
the following lemma.
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Proposition 6 Let z; be the eligibility vector, defined by the following recursion:
zi = i +YAPi-1%Zi-1-

For all w, we have

B [$i07 (w)] = B [2i6:(w)]-

Proof For clarity, we omit the dependence with respect to w and write below §; (resp. 5;‘)
for &;(w) (resp. 62 (w)). The result relies on successive applications of Lemma [5| We have:

o [@65\] = B [0i(di + '7)\Pi51‘>\+1)]
= Ey [$i0] + E,, [(ﬁi’}’/\pi(S{\Jrl].

Moreover, we have that E,, [(bipiég\ﬂ} = E,o[0i—1 pi,lég\], as expectation is done according
to the stationary distribution, therefore:

Epy[6:67] = Euol¢idi] + YA Eyo[6i-1pi-167)]
Euy[6:0i] + YAE [di—1pi-1(8; + v Apidiy )]
Eo0i(di + YApi—16i—1 + (YA)*pic1pi—adi—z + . .. )]
Euo [5i

(
Zi] . [ ]

This suggests to replace Equation by the following update rule,
0i = 0;—1 + ;204(0i-1),

which is equivalent in expectation when the Markov chain has reached its steady state. This
is summarized in Algorithm [f

Algorithm 5: Off-policy TD(\)

Initialization;

Initialize vector 6y;

Set zg = 0;

fori=1,2,... do
Observe ¢;,7;, ¢ii1 ;
Update traces ;

2 = YApi—1%i—1 + @i ;
Update parameters ;

0; = 0;_1 + azi(piri — AdT0;1) ;
end

This algorithm has first been proposed in the tabular case by Precup et al. (2000). An
off-policy TD()) algorithm (with function approximation) has been proposed by Precup
et al.| (2001)), but it differs significantly from the algorithm just described (notably it differs
in the definition of the traces and the projected Bellman equation, and in the fact that it
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is constrained to episodic trajectories). Algorithm [5| has actually first been proposed much
more recently by Bertsekas and Yu (2009a)).

An important issue for the analysis of this algorithm is the fact that the trace z; may
have an infinite variance, due to importance sampling (see [Yu/ (2010b, Sec. 3.1)). As far as
we know, the only existing analysis of off-policy TD(A) (as provided in Algorithm [5) uses
an additional contraint which forces the parameters to be bounded: after each parameter
update, the resulting parameter vector is projected onto some predefined compact set. This
analysis is performed by [Yu| (2010b, Sec. 4.1). Under the standard assumptions of stochastic
approximations and most of the assumptions required for the on-policy TD(A) algorithm,
assuming moreover that ITg7T* is a contraction (which we recall to hold for a big enough
A) and that the predefined compact set used to project the parameter vector is a large
enough ball containing the fixed point of IIy7T*, the constrained version of off-policy TD())
converges to this fixed-point (therefore, the same solution as off-policy LSTD()), LSPE(\)
and FPKF()\)). We refer to [Yu (2010b, Sec. 4.1) for further details. An analysis of the
unconstrained version of off-policy TD(A) described in Algorithm [5[is an interesting topic
for future research.

4.2 Off-policy TDC()\) and off-policy GTD2()\)

In this section, the case & = 0; is considered. Following the general pattern, at step i,
we would like to come up with a new parameter 6; that moves (from 6;_1) closer to the
minimum of the function

A

A 2
w J(w,0;) = (Tj/\Vgi — Vw(sj)) )

This problem is tricky since the function to minimize contains what we want to compute
— 0; — as a parameter. For this reason we cannot directly perform a stochastic gradient
descent of the right hand side. Instead, we will consider an alternative (but equivalent)
formulation of the projected fixed-point minimization 6 = argmin, ||V,, — IloT*V,||?, and
will move from 6; 1 to 6; by making one step of gradient descent of an estimate of the
function

0 — ||Vp — I TA V.

With the following vectorial notations:

Vo= (ulsr) o Tulsn)
Y, = (R0, .. D)
&= [o(s1) ... o(s)]
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we consider the following objective function:
N = Ao |12
J(0) = ||V — T Ty

= (V- 19) 1y (V5 - 2295)

. T . —1 .
(Z 6}(%) (Z w?) (Z 5?(9)@-) :
j=1 j=1 j=1

This is the derivation followed by [Sutton et al|(2009) in the case A = 0 and by Maei and
Sutton (2010) in the case A > 0 (and off-policy learning). Let us introduce the following
notation:

g9; = VI V. (18)

Note that since we consider a linear approximation this quantity does not depend on 6.
Noticing that V(S;\(G) =¢; — g}, we can compute V.J(0):

~3VJI(0) = 3V (ié}(em) (iwﬁ?) (iéﬁ(%)

J=1

X T . —1 .
—(vzwwj) (mﬁ) (Z@(em)
j=1 Jj=1

j=1

, A 1,
= ( (¢5 — 9?)¢3'T) (Z ¢j¢>jT) (Z 5?(9)@) (19)
= j=1 j=1
. . . 1,
= (Z 5?(9)@) - (Z 9?<Z>JT) (Z ¢j¢f) (Z 5?(9)%) :
j=1 j=1 j=1 j=1

Let w;(0) be a quasi-stationary estimate of the last part, that can be recognized as the
solution of a least-squares problem (regression of \-TD errors 6;-‘ on features ¢;):

[y

. -1, . .
w;(0) ~ (Z quqﬁ;fp) (Z 53\(9)%-) = argmin Z (qﬁ;‘-ﬁw — 5])-‘(9))2 .
j=1 j=1 Y=l

The identification with the above least-squares solution suggests to use the following stochas-
tic gradient descent to form the quasi-stationary estimate:

w; = wi—1 + Bids (5{\(9171) - Cf)z‘Twiq) -

This update rule makes use of the A-TD error, defined through a forward view. As for the
previous algorithm, we can use Proposition [6] to obtain the following backward view update
rule that is equivalent (in expectation when the Markov chain reaches its steady state):

w; = wi—1 + B (Zi5i(9i—1) - ¢i(¢iTwz‘—1)) : (20)
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Using this quasi-stationary estimate, the gradient can be approximated as:

S VI0) ~ (Z 6}(9)@) - (Z g]wf) w;
i=1 j=1

Therefore, a stochastic gradient descent gives the following update rule for the parameter
vector 6:

0;, =0;_1+ oy (52)‘(91_1)(% — gZ)‘qfuh) . (21)

Once again the forward view term (5)‘( i—1)¢; can be turned into a backward view by using
Proposition @ There remains to work on the term g qﬁT
First, one can notice that the term gZ satisfies a forward recursion.

Lemma 7 We have

9 = vpi(1 — N dit1 + Y Apigia -
Proof This result is simply obtained by applying the gradient to the forward recursion of
TAVy provided in Lemma (according to ). [ |

Using this, the term g; ng can be worked out similarly to the term 5 (0i—1);.

Proposition 8 Let z; be the eligibility vector defined in Proposition |6, We have

Euolg? ol = Eulvpi(1 — N isr2] ).

Proof The proof is similar to that of Proposition @ Writing b; = vpi(1 — A)¢;4+1 and
7; = YAp;, we have

Euo[9707 ] = Epol(bi + mig1) 67 |
= Euo[bid7 ] + Epug[Mi-1(bi + 1197 1) d7-1]
- Euo [bZZzT] u

Using this result and Proposition @ it is natural to replace Equation by an update
based on a backward recursion:

0; =01+ a; (Zi5i —ypi(1 — >\)¢i+1(2‘;‘rw171)) . (22)

Last but not least, for the estimate w; to be indeed quasi-stationary, the learning rates

should satisfy the following condition (in addition to the classical conditions):

lim & = 0.

1—00 [;
Eqgs. and define the off-policy TDC(A) algorithm, summarized in Algorithm [6]
It was originally proposed by Maei and Sutton (2010) under the name GQ(X). We call
it off-policy TDC(A) to highlight the fact that it is the extension of the original TDC
algorithm of Sutton et al. (2009)) to off-policy learning with traces. One can observe — to
our knowledge, this was never mentionned in the literature before — that when A = 1, the
learning rule of TDC(1) reduces to that of TD(1).
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Maei and Sutton| (2010) show that the algorithm converges with probability 1 to the
same solution as the LSTD()) algorithm (that is, to #* = A~'b) under some technical
assumptions. Contrary to off-policy TD()), this algorithm does not requires IIpT? to be
a contraction in order to be convergent. Unfortunately, one of the assumptions made
in the analysis, requiring that the traces z; have uniformly bounded second moments, is
restrictive since in an off-policy setting the traces z; may easily have an infinite variance
(unless the behavior policy is really close to the target policy), as noted by [Yul (2010a)) (see
also Randhawa and Juneja| (2004))). A full proof of convergence thus still remains to be
done.

Algorithm 6: Off-policy TDC()), also known as GQ(\)

Initialization,;
Initialize vector 8y and wy;
Set zg = 0;

fori=1,2,... do

Observe ¢;,1;, Pit1 ;

Update traces ;

2 = YAPi-1Zi-1 + &i ;

Update parameters ;

0; =0;—1 + o (Zz‘(pi?“z' — AGf0i1) — ypi(1 — A)¢i+1(ziTwi—1)) ;
w; = wi—1 + f (Zi(pﬂ’z' — D¢l ;) - ¢z‘(¢¢T’wi—1)) ;

end

Using the same principle (that is, performing a stochastic gradient descent to minimize
J(0)), in the A = 0 case, an alternative to TDC, the GTD2 algorithm was derived by Sutton
et al. (2009). As far as we know, it has never been extended to off-policy learning with
traces; we do it now. Notice that, given the derivation of GQ()\), obtaining this algorithm
is pretty straightforward.

To do so, we can start back from Equation :

%

—%VJ(G) = (Z(¢j —Q?M%T) (ZZ:@‘%T) <i5?(9)¢j)

J=1

This suggests the following alternative update rule (based on forward recursion):
0; = 01 + s — g b} w.

Using Proposition [§] it is natural to use the following alternative update rule, based on a
backward recursion:

0i =0i—1+ i (¢z‘(¢;’ﬁwi—1) —pi(1 - /\)cbi+1(ZiTwz‘—1)) :
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The update of w; remains the same, and put together it gives off-policy GTD2()), summa-
rized in Algorithm [7] The analysis of this new algorithm constitutes a potential topic for
future research.

Algorithm 7: Off-policy GTD2(\)

Initialization;
Initialize vector 8y and wy;
Set zg = 0;

fori=1,2,... do

Observe ¢;,7;, Pii1 ;

Update traces ;

2 = YApi—1%i—1 + @i ;

Update parameters ;

0i =01+ (¢z’(¢iTwi—1) —pi(l — )‘)d)i“(ziTwi_l)) ;
w; = wij_1 + Bi (Zi(,oﬂ"i - A¢z‘T9i) - gbi(gb?wi*l)) ;

end

4.3 Off-policy gBRM())

The last considered approach is the residual approach, corresponding to the instantiation
& = w. The cost function to be minimized is then:

i (T2~ Vils)

J=1

Following the negative of the gradient of the last term leads to the following update rule:

0; =61 — oV, (Tz‘/\Vw - VW(si))Q ‘

w=0;_1

=0i-1— oV, (TiAVw - Vw(sz‘)) ’w_ - (Tﬁ%ifl - ‘791;1(81‘))

=01+ (¢i - gf) 5 (0i-1),

recalling the notation gi)‘ = VTZ-A\A/M first defined in Equation (|18)).

As usual, this update involves a forward view, which we are going to turn into a backward
view. The term ¢;0? can be worked thanks to Proposition @ The term g} is more
difficult to handle, as it is the product of two forward views (until now, we only considered
the product of a forward view with a non-recursive term). This can be done thanks to the

following original relation (the proof being somewhat tedious, it is deferred to Appendix|C)):
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Proposition 9 Write g} = VMTZ)‘ and define

¢ =1+ (YApi—1)?ciz1,
G =pi(1 = N)piv1¢i +yApi-1Gi—1
and d; = d;c; +yApi—1d;—1,

we have that
Euo[6297) = Epy[0iGi + divpi(1 — N i1 — ivpi(1 = N giracil.
This result (together with Proposition @ suggests to update parameters as follows:
0; = bi—1 + i (0i(zi + vpi(1 = A)digr¢i — G) — divpi(l — A)ditr) -

This gives the off-policy gBRM(A) algorithm, depicted in Algorithm One can observe
that gBRM(1) is equivalent to TD(1) (and thus also TDC(1), cf. the comment before the
description of Algorithm [6). The analysis of this new algorithm is left for future research.

Algorithm 8: Off-policy gBRM()\)

Initialization;

Initialize vector 6y;

Set z0=0,dp=0,co=0, (o =0;
fori=1,2,... do

Observe ¢;,7;, Pit1 ;

Update traces ;

zi = ¢i + YAPi-12i-1 ;

¢i =14+ (YApic1)?cioa ;

C’i = ’7;01(1 - )\)qbiJrlCi + '7)\[)1',1(@',1 ;

d; = (piri — Ay i-1)ci + Y Api1di1 ;

Update parameters ;

Oi = Oi1 + o ((pm — A¢]0i1)(zi + ypi(1 = N igrci — G) — diypi(1 — /\)¢i+1> ;
end

5. Empirical Study

This section aims at empirically comparing the surveyed algorithms. As they only address
the policy evaluation problem, we compare the algorithms in their ability to perform policy
evaluation (no control, no policy optimization); however, they may straightforwardly be
used in an approximate policy iteration approach (Bertsekas and Tsitsiklis, [1996; [Munos|,
2003))). In order to assess their quality, we consider finite problems where the exact value
function can be computed.

More precisely, we consider Garnet problems (Archibald et al., 1995)), which are a class
of randomly constructed finite MDPs. They do not correspond to any specific application,
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but are totally abstract while remaining representative of the kind of MDP that might be
encountered in practice. In our experiments, a Garnet is parameterized by 4 parameters
and is written G(ng,n4,b,p): ng is the number of states, n4 is the number of actions,
b is a branching factor specifying how many possible next states are possible for each
state-action pair (b states are chosen uniformly at random and transition probabilities are
set by sampling uniform random b — 1 cut points between 0 and 1) and p is the number of
features (for function approximation). The reward is state-dependent: for a given randomly
generated Garnet problem, the reward for each state is uniformly sampled between 0 and
1. Features are chosen randomly: ® is a ng X p feature matrix of which each component
is randomly and uniformly sampled between 0 and 1, except the first row of which each
component is set to 1 (this corresponds to a constant feature). The discount factor v is set
to 0.95 in all experiments.

We consider two types of problems, “small” and “big”, respectively corresponding to
instances G(30,4,2,8) and G(100,10,3,20). We also consider two types of learning: on-
policy learning and off-policy learning. In the on-policy setting, for each Garnet a policy 7
to be evaluated is randomly generated (by sampling randomly n4 — 1 cut points between 0
and 1 for each state), and trajectories (to be used for learning) are sampled according to this
same policy. In the off-policy setting, the policy 7 to be evaluated is randomly generated
the same way, but trajectories are sampled according to a uniform policy 7y (that chooses
each action with equal probability, that is m(a|s) = ﬁ for any state-action couple).

For all algorithms, we choose 6y = 0. For least-squares-based algorithms (LSTD, LSPE,
FPKF and BRM), we set the initial matrices (Mo, No, Co) to 1031 (the higher this value,
the more negligible its effect on estimateﬂ. We run a first set of experiments in order to
set all other parameters (eligibility factor and learning rates). We use the following schedule

for the learning rates:
aC IBC
a; = ap and B; = Bo

ac+i B, +is

More precisely, we generate one problem (MDP and policy) for each possible combination
small/big on-policy /off-policy (leading to four problems). For each problem, we generate
10 trajectories of length 10* using the behaviorial policy (which is the randomly generated
target policy in the on-policy case and the uniform policy in the off-policy case), to be used
by all algorithms. For each meta-parameter, we consider the following ranges of values: \ €
{0,0.4,0.7,0.9,1}, ag € {1072,1071,10°}, . € {10%,10%,10%}, Bp € {1072,1071,10°} and
B € {101,102,103}. Then, we compute the parameter estimates considering all algorithms
instantiated with each possible combination of the meta-parameters. This gives for each
combination a family 6; ; with ¢ the number of transitions encountered in the d™ trajectory.
Finally, for each problem and each algorithm, we choose the combination of meta-parameters
which minimizes the average error on the second half of the learning curves (we do this to
reduce the sensitivity to the initialization and the transient behavior). Formally, we pick
the set of parameters that minimizes the following quantity:

1 10 1 104

= 5 > 96,0 — V2.
10 4= 510 i=5.103

err

11. We observed that this parameter did not play a crucial role in practice.
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We provide the empirical results of this first set of experiments in Table [3] to [6] As a
complement, we detail in Figure [I| the sensitivity of all algorithms with respect to the main
parameter A that controls the eligibility traces. We comment these results below.

| L Al oof ac| Bo| Be| err]
LSTD || 0.9 1.60
LSPE || 0.9 1.60
FPKF 1 1.60
BRM | 0.9 1.60
TD 01071 ] 10° 1.76
gBRM | 0.7 [ 107! | 102 1.68
TDC |09 ] 1071 ]10% | 1071 | 10° [ 2.11
GTD2 [ 0.7 [ 107' [ 10° | 107 | 10° || 1.69

Table 3: Small problem (G(30,4,2,8)), on-policy learning (m = ).

Table [3] shows the best meta-parameters for 10 trajectories of a single instance of a
small Garnet problem in an on-policy setting, as well as related efficiencies. Numerically,
all least-squares-based methods provide equivalent performance, with similar choices of the
eligibility factor (which is the only meta-parameter). TD gets its best results with a small
A (we believe this is the case because the MDP has few states). The new gBRM algorithm
and GTD2 algorithm work well, but picking a higher value of A. Eventually, TDC performs
slightly worse. Figure (1] (top, left) shows that the choice of A does not matter, except for
FPKF that requires A = 1 to be efficient; with this value FPKF is almost identical to
LSPE(1) and LSTD(1) (cf. the discussion at the end of Section [3.3).

| | Al oof ac| Bo| Be| emr]
LSTD || 0.4 2.75
LSPE | 0.7 2.75
FPKF 1 2.77
BRM | 0.9 2.77
TD 0.4 | 107t | 10° 3.95
gBRM || 0.9 [ 1071 | 103 4.45
TDC [[09]107t |10 107t |10% ] 6.31
GTD2 |09 [ 1072 [ 10% [ 107 | 10% || 11.90

Table 4: Big problem (G(100, 10, 3,20)), on-policy learning (7 = 7).

Table [4] shows the best meta-parameters for 10 trajectories of a single instance of a big
Garnet problem in an on-policy setting, as well as related performance. These results are
consistent with those of the small problem, in the on-policy setting (with slightly different
meta-parameters). The main difference are that GTD2 performs here the worse. Figure
(top, right) suggests that as the problem’s size grows, the role of the eligibity factor gets
more prominent: most algorithms need a relatively high value of A to perform the best.
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10° on-policy, small problem 10° on-policy, big problem

LSTD
LSPE
FPKF

LSTD
LSPE
FPKF
BRM
™
gBRM
TDC ||

Il GTD2|]

10°1

- =

" " " " 1 " " " "
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

off-policy, small problem 5 off-policy, big problem

LSTD
LSPE
FPKF
BRM
™
10°F gBRM
TDC
GTD2

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1: Sensitivity of performance of the algorithms (y-axis, in logarithmic scale) with
respect to the eligibility trace parameter A\ (z-axis). Left: Small problem
(G(30,4,2,8)), right: Big problem (G(100,10,3,20)). Top: on-policy learning
(m = mp), bottom: off-policy learning (7 # 7).

Table [5|reports the best meta-parameters in an off-policy setting for a small problem. In
terms of performance, Least-squares approaches are no longer equivalent. LSTD and LSPE
get the best results, with the smallest possible value A = 0: we believe that this choice
is due to the fact that higher eligibility factor increases the variance due to importance
sampling. FPKF and BRM need large values of A to work well, and suffer much more from
the off-policy aspect. Figure [I] (bottom, left) suggests that FPKF and BRM need a high
value of A (to “catch” the good performance of LSTD/LSPE) but then suffers from the vari-
ance due to importance sampling. Regarding gradient-based methods, TD’s performance is
good (it is close that of LSTD/LSPE), followed closely by GTD2 (both being better than
FPKF/BRM). TDC and gBRM lead to the worse results; as both methods choose A = 1,
they here turn out to be equivalent to TD(1) (cf. the discussions after Algorithms |§| and
H As for FPKF/BRM with respect to LSTD/LSPE, Figure |1] (bottom, left) further sug-

12. In particular, one can observe that the performance of gBRM(1) and TDC(1) in Table|5|are numerically
equal.
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| | Al oof ac| Bo| Be| ]
LSTD 0 4.99
LSPE 0 5.00
FPKF | 0.9 12.61
BRM 1 13.17
TD 0.4 ] 1071 | 10° 7.65
gBRM 11072107 24.04
TDC 111072 | 10% | 1072 | 10! || 24.04
GTD2 || 0.7 | 10t | 10° | 1072 | 10! | 11.51

Table 5: Small problem (G(30,4,2,8)), off-policy learning (m # m).

gests that TDC and gBRM need a high value of A in order to get a reasonable performance,
but then suffer from the variance of importance sampling. Eventually, Table [ shows the

| L Al oo ac| Bo| B[ err]
LSTD 0 12.60
LSPE 0 12.62
FPKF | 0.9 23.24
BRM 1 39.32
TD 0.4 | 107t | 10! 13.18
gBRM 01072 | 10! 110.74
TDC || 0.7]1072|10%| 1072 | 10" | 69.53
GTD2 111072]10' [ 10T ] 10% || 23.97

Table 6: Big problem (G(100, 10, 3,20)), off-policy learning (7 # mp).

meta-parameters and performance in the most difficult situation: the off-policy setting of
the big problem. These results are consistent with the off-policy results of the small prob-
lem, summarized in Table 5, LSTD and LSPE are the most efficient algorithms and choose
the smallest possible value A = 0. FPKF and BRM’s performance deteriorate (significantly
for the latter). TD behaves reasonably good (it is in particular much better than FPKF)
and GTD2 follows closely. The performance of TDC and gBRM are the worse, the latter’s
by a significant amount. Figure 1] (bottom, right) is similar to that of the small problem.
The main goal of the series of experiments we have just described was to choose rea-
sonable values for the meta-parameters. We have also used these experiments to quickly
comment the relative performance of the algorithms, but this is not statistically significant
as this was based on a single (random) problem. Though we will see that the general be-
havior of the algorithm is globally consistent with what we have seen so far, the series of
experiments that we are about to describe aims at providing such a statistically significant
performance comparison. For each situation (small and big problems, on- and off-policy),
we fix the meta-parameters to the previously reported values and we compare the algo-
rithms on several new instances of the problems. These results are reported on Figures.
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to For each of the 4 problems, we randomly generate 100 instances (MDP and policy
to be evaluated). For each such problem, we generate a trajectory of length 10%. Then, all
algorithms learn using this very trajectory. On each figure, we report the average perfor-
mance (left), measured as the difference between the true value function (computed from
the model) and the currently estimated one, ||[V™ — ®0||5, as well as the associated standard
deviation (right).

on-policy, small problem on-policy, small problem
LSTD
LSPE
FPKF

LSTD
LSPE
FPKF

gBRM gBRM
— TDC

— GTD2 — GTD2

10

Average error
Standard Deviation of the error

10 10

Iterations Iterations

Figure 2: Performance for small problems (G (30, 4,2,8)), on-policy learning (7 = mg) (left:
average error, right: standard deviation).

on-policy, big problem on-policy, big problem

Average error
Standard Deviation of the error

Iterations Iterations

Figure 3: Performance for big problems (G (100, 10, 3,20)), on-policy learning (7 = mp) (left:
average error, right: standard deviation).

We begin by discussing the results in the on-policy setting. Figure 2] compares all
algorithms for 100 randomly generated small problems (that is, each run corresponds to
different dynamics, reward function, features and evaluated policy), the meta-parameters
being those provided in Table (3] All least-squares approaches provide the best results and
are bunched together; this was to be expected, as all algorithms use A close to 1. In these
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problems, gBRM works better than other gradient-based methods, followed by TD and
GTD2/TDC. Figure [3| compares the algorithms for 100 randomly generated big problems,
the meta-parameters being those provided in Table [d] These result are similar to those of
the small problem in an off-policy setting, except that TDC is now faster than GTD2, that
TD is slightly faster than gBRM.

off-policy, small problem off-policy, small problem

LSTD
LSPE
FPKF
BRM

LSTD
LSPE
FPKF
BRM

gBRM gBRM

— GTD2 10° — GTD2

Average error
¢
Standard Deviation of the error

\WQ‘HM

10 10 10 10

Iterations Iterations

Figure 4: Performance for small problems (G (30,4, 2,8)), off-policy learning (7w # mg) (left:
average error, right: standard deviation).

off-policy, big problem off-policy, big problem

Average error
Standard Deviation of the error

Iterations Iterations

Figure 5: Performance for big problems (G(100, 10, 3,20)), on-policy learning (7 # ) (left:
average error, right: standard deviation).

We now consider the off-policy setting. Figure [4] provides the average performance
and standard deviation of the algorithms (meta-parameters being those of Table [5) on 100
small problems. Once again, we can see that LSTD/LSPE provide the best results. The
two other least-squares methods (FPKF and BRM) are overtaken by the gradient-based
TD algorithm. GTD2 is quite slow (slower than TD) and TDC/gBRM (that are identical
to TD(1) since they both use A = 1) are the slowest algorithms. Figure [5 provides the
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same data for the big problems (with the meta-parameters of Table [6]). These results are
similar to those of the small problems in an off-policy setting. The main differences are 1)
that FPKF appears to converge faster than TD but with a bigger standard deviation, and
2) gBRM (that uses A = 0) does not work anymore (it is here equivalent to the standard
algorithm by (Baird, 1995) and probably suffers from the well-known associated bias issue).

Summary Overall, our experiments suggest that the two best algorithms are LSTD /LSPE,
since they converge much faster in all situations. The gradient-based TD algorithm glob-
ally diplays a good behavior and constitutes a good alternative when the number p of
features is too big for least-squares methods to be implemented. Though some new algo-
rithms/extensions show interesting results (FPKF()) is consistently better that the state-
of-the-art FPKF by |Choi and Van Roy (2006), gBRM works well in the on-policy set-
ting) most of the other algorithms do not seem to be empirically competitive with the
trio LSTD/LSPE/TD, especially in off-policy situations. In particular, the algorithm in-
troduced specifically for the off-policy setting (TDC/GTD2) are much slower than TD.
Moreover, the condition required for the good behavior of LSPE, FPKF and TD — the con-
traction of IIpT* — does not seem to be very restrictive in practice (at least for the Garnet
problems we considered): though it is possible to build specific pathological examples where
these algorithms diverge{j—_gl, this never happened in our experiments.

6. Conclusion and Future Work

We have considered least-squares and gradient-based algorithms for value estimation in an
MDP context. Starting from the on-policy case with no trace, we have recalled that several
algorithms (LSTD, LSPE, FPKF and BRM for least-squares approaches, TD, gBRM and
TDC/GTD2 for gradient-based approaches) fall in a common algorithmic pattern (Equa-
tion (2))). Substituting the original Bellman operator by an operator that deals with traces
and off-policy samples naturally leads to the state-of-the-art off-policy trace-based versions
of LSTD, LSPE, TD and TDC, and suggests natural extensions of FPKF, BRM, gBRM
and GTD2. This way, we surveyed many known and new off-policy eligibility traces-based
algorithms for policy evaluation.

We have explained how to derive recursive (memory and time-efficient) implementations
of all these algorithms and discussed their known convergence properties (including an
original analysis of BRM(\) for sufficiently small A, that implies the so far not known
convergence of GPTD/KTD). Interestingly, it appears that the analysis of off-policy traces-
based stochastic gradient algorithms under mild assumptions is still an open problem: the
only currently known analysis of TD (Yu, [2010a) only applies to a constrained version
of the algorithm, and that of TDC (Maei and Sutton, 2010) relies on an assumption on
the boundedness of the second moment traces that is restrictive (Yul, |2010a). Filling this
theoretical gap, as well as providing complete analyses for the other gradient algorithms
and FPFK(\) and BRM(A) constitute important future work.

13. A preliminary version of this article (Scherrer and Geist, 2011)) contains such examples, and also an
example where an adverserial choice of A leads to the divergence of LSTD(A).
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Finally, we have illustrated and compared the behavior of these algorithms; this con-
stitutes the first exhaustive empirical comparison of linear methodslﬂ Overall, our study
suggests that even if the use of eligibility traces generally improves the efficiency of all al-
gorithms, LSTD and LSPE consistently provide the best estimates; and in situations where
the computational cost is prohibitive for a least-squares approach (when the number p of
features is large), TD probably constitutes the best alternative.
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Appendix A. Derivation of the recursive formulae for BRM(\)

We here detail the derivation of off-policy BRM(A). We will need two technical lemmata.
The first one is the Woodbury matrix identity which generalizes the Sherman-Morrison
formula (given in Lemma [1)).

Lemma 10 (Woodbury) Let A, U, C and V' be matrices of correct sizes, then:
(A+UCV) =47 — A 'lU(Cct+vA~lu)"lva?
The second lemma is a rewriting of imbricated sums:

Lemma 11 Let f € RNVNN gndn € N. We have:

Xn:ii:fz j,k)zzn:izj:f(k,i 7) Z:;X;:i f(k, g,

i=1 j=1 k=1 i=1j=1k=1

As stated in Equation ([14)), we have the following batch estimate for BRM(\):

0; = argmmz Zj—i — %Z);"F—m'w)2 = (4i)~"b;
wERP j=1

where

i
VYjsi = Zﬁk "Agy and 2 = > oV ek
k=)

and ] )
A= inabl; and b= iz
=1 =1

To obtain a recursive formula, these two sums have to be reworked through Lemma
Let us first focus on the latter:

D isizini=3_ > > B A pmrm

Jj=1 Jj=lk=jm=j
i J k ‘ i j—1
=3 N> A A ek DY Z pEt A GRpl ;.
j=lk=1m=1 j=2k=1m=1
Writing
k
Z () + (YAPk=1)*Yr—1,

we have that:

~7—1
Zﬂ’mlpfnl Pl Yr-

Therefore:
7 i j—1
Z YjsiZj—i = Z Z Pk ykAgbypk?”k + Z Z Pk ykAd)k‘pjr]
j=1 j=1k=1 j=2k=1
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With the following notations:

j
~7—1
2= P YkPETE = YAPj-1Zj-1 + PiTiY;
k=1

i
and D; =) Ay Adr = YApj—1Dj-1 + A5,
k=1
and with the convention that zp = 0 and ®¢ = 0, one can write:
i i

D Visizisi = Y (Adipiriy; + YApj-1(Adjzj—1 + pjrDj-1))

j=1 J=1
Similarly, on can show that:

%

D s = (AG A y; + yApj—1(AGD] | +Dj_1A¢]))
j=1

j=1
Denoting
uj = VYiAP;,
Apj—
Vs — YAPj 193;1’

J
VYi
and Iy the 2 x 2 identity matrix, we have:

7 [
D o isith] i = Y () +v)(us + ;)" —vjof)
=1 j=1
i—1 T
= Zz/;j_}iq/;}’_)i + (uZ + v; vi) I <( z_sz) ) .
j=1

=Ui —

We can apply the Woodbury identity given in Lemma [10f

; i1
Ci= (Z wj—n'w]j';i) = (Z Vjmizji + Ui[zvi)
=1

=1
=Ci_1 — Ci_1U; (I + V;Ci_1U;) * ViCi_y.

The other sum can also be reworked:

bi =Y Vjsizimi = Y Adjriy; + YA (Djo1rj + Adjzi1)
=1 =

\/@Zifl
=W;

7 = yiri + ez
=bi—1 + Adiriyi + YA (Di—1ri + Adizi—1) = b1 + U; (\F A M ) :
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Finally, the recursive BRM(\) estimate can be computed as follows:
0; = Cibi = 0;1 + Ci1Ui (I + V;Ci 1 Ui) ™ (Wi — Vifi1) .

This gives BRM(\) as provided in Algorithm

Appendix B. Proof of Theorem |3| (Convergence of BRM()\))

The proof of Theorem [3| follows the general idea of that of Proposition 4 of Bertsekas and
Yu (2009b)). It is done in 2 steps. First we argue that the limit of the sequence is linked to
that of an alternative algorithm for which one cuts the traces at a certain depth [. Then, we
show that for all depth [, this alternative algorithm converges almost surely, we explicitely
compute its limit and make [ tend to infinity to obtain the limit of BRM(\).

We will only show that %/L- tends to A. The argument is similar for %bi — b. Consider
the following I-truncated version of the algorithm based on the following alternative traces
(we here limit the “memory” of the traces to a size 1):

k

Ykl = > ()

m=max(1,k—I+1)
J
~j—1
Dj1 = > Pr YkiAdy

k=max(1,j—1+1)

and update the following matrix:

Ay = A1)+ ApiAGT iy + ﬁz‘—l(Aqﬁi@iT_u + D 1A87).

The assumption in Equation implies that ﬁg < (77, therefore it can be seen that
for all k,

max(0,k—1) i max(0,k—1) i /821
e —wl = >, (@< > pRE=m) < 5 e1(l)
m=1 m=1

where € (1) tends to 0 when [ tends to infinity. Similarly, using the fact that y; < ﬁ and
writing K = max, ¢ ||¢(s) — 7é(s’)|loo, one has for all j,

max(0,j—1) j

o1 -1
1950 = Djlloc < D 71 llunAdilloo + o ks — vl Adkllo
k=1 k=max(1,j—1+1)
max(0,5—1) 1 J ) ﬁQl

< Z ﬁi_11_52K+ Z ﬁgc_ll_ﬂ2K
k=1 k=max(1,j—1+1)
ﬂl 1 1 ,82l
< =
_1—51—52K+1_51_52K ea(l)
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where e5(1) also tends to 0. Then, it can be seen that:
1Ais = Ailloo = Hlei—l,l — A1 + AG A (g — i)
+ pic1(A(D1y = D) + (Dim1y = Dim)AG])|

<N Aic1s — Aictlloo + 1AGAG! ooy — yi| + 28/ Aol Di-11 — Dilloo
<NAim1g — Ai]loo + K261 (1) + 28K ex(1)

and, by a recurrence on ¢, one obtains
Aig A

? v

<e(l)

o0

where €(l) tends to 0 when [ tends to infinity. This implies that:

A | i
—¢(l) < liminf é < lim sup é < limsup —2 + €(1).

il

lim inf —
l—o0 1 l—oo 1 l—o0o 0 1—00 4

In other words, one can see that lim; ., % and limj_, oo lim; o0 % are equal if the latter
exists. In the remaing of the proof, we show that the latter limit indeed exists and we
compute it explicitely. )

Let us fix some [ and let us consider the sequence (%) At some index i, y;; depends
only on the last [ samples, while ©;; depends on the same samples and the last [ values of
yj,1, thus on the last 2/ samples. It is then natural to view the computation of fli,l, which is
based on y;;, ©;—1; and A¢; = ¢; — Ypipi+1, as being related to a Markov chain of which
the states are the 2141 consecutive states of the original chain (s;_9y, ..., Si, Si+1). Write Ey
the expectation with respect to its stationary distribution. By the Markov chain Ergodic
Theorem, we have with probability 1:

A
lim Z.’l = Ep [A¢21A¢%}y21,l + /\702171(A¢21@gl_1,l + 92171,1A¢%11)} - (23)

1—00

Let us now explicitely compute this expectation. Write z; the indicator vector (of which
the k" coordinate equals 1 when the state at time 7 is k and 0 otherwise). One has the
following relations: ¢; = ®'x;. Let us first look at the left part of the above limit:

Ey [A¢21A¢2le2z,z] = Fy [(Q‘)zz — Yp2192141) (P21 — 7P2l¢2l+1)Ty2z,z]

2
= Eo [éT($21 — Ypuzor1)(Ta — Ypuw2usi1) T @ ( Z ()\7)2(2lm)(0%1)2>‘|

m=Il+1

2
=o” { Z (M2 By [(op™)? (@ — vpaiwair) (@21 — Yp2uwar1)” ] } ®
m=Il+1

21
= o7 { Z (Ay)22=m) By [(Xm,Ql,Ql = ¥Xm 21,2041 — YXm,2041,21 + 72Xm,21+1,2l+1)] } ®
m=Il+1

where we used the definiton ﬁ;‘?_l = (A’y)k*jp?_l and the notation X, ;; = pi,jlnglxix;‘r.

To finish the computation, we will mainly rely on the following Lemma:
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Lemma 12 (Some identities) Let P be the matriz of which the coordinates are gy =
Yoam(s,a)p(s,a)T(s,a,s"), which is in general not a stochastic matriz. Let gy be the sta-

tionary distribution of the behavior policy my. Write D; = diag ((PT)iuo>. Then

Vm <1, Eo[Xm,i,i]
vm <i < j, Eo[Xm;] pit
Vm < j <i, Eo[Xm,ijl=(P"Y 'Di_m
Proof We first observe that:

Eo[Xm,ii = FEol(ph ') aix] ]
= Bol(pj,')” diag(;)]
= ding (Eol(p}y "))

i—1

To provide the identity, we will thus simply provide a proof by recurrence that Fo[(pi1)%z;] =
(PTY™=i 4. For i = m, we have Fg[z,,] = jo. Now suppose the relation holds for i and let
us prove it for ¢ 4+ 1.

Difm
Di—m

ol eia] = Bo [Eol(ph) x| Fil
= Eo|Eol(pin )2 (pi) wis | F
= Ey [(piﬁl)2E0[(Pi)2$i+1’E]} :

Write F; the realization of the process until time i. Recalling that s; is the state at time ¢
and z; is the indicator vector corresponding to s;, one has for all s':

Eol(p) e (s)IF] = 3 molsi a)p(si, a)*T(si,a, ')

= Y wlsa)p(si )T (s, )

As this is true for all s/, we deduce that Ey[(p;)?ziq1|Fi] = PT2; and
Eol(pm)?zir1] = Eol(p, )Pl
PTEy(pr, )2 P )
PT(P") g
G
which concludes the proof by recurrence.
Let us consider the next identity. For ¢ < j,

Eolpi ol twix) ] = EolEolpy,  ply twix] | F]]
= Eol(pi ) 2aiEolp] 2T | A
= Eol(phy, )il P77
= diag ((]NDT)m*iuo) Pi—t
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Eventually, the last identity is obtained by considering Y, ; ; = Xgmi.

Thus, coming back to our calculus,

21
Eo [A¢ouAdyar ] = @7 { Z (A7) =) (D, — ¥Dot—i P — YP" Doy + v* Dot 1-1m ) } @

m=Il+1
= &"(D, —yD,P —yPT Dy +4°D))® (24)
-1 o -1 .
with Dy => (M)¥Dj, and D;=Y (A)¥Dji1.
j=0 j=0

Similarly, the second term on the right side of Equation satisfies:

211
Eq [P217192171,1A¢2Tl] = Eo [P2l1 Z ﬁil_ka,zA¢kA¢§]
k=1

201 k
=Ep [Z(AW)Zl_l_kPill ( Z (ﬁfn_l)2> T (2 — voraht1) (T2 — Vp2z$21+1)T¢A¢§]

k=l m=k—Il+1

201—-1 k
= o Z(A’Y)m_l_k Z )2 E=m By (o2t ok @k — vorwri) (a1 — 7021$21+1)T]> @
p ——
201 k
=o” Z(/\V)m*l*k Z ON2E=M By [ X k2t = Y Xm k41,20 = YXmok2041 + V2 Xk p1,2041] | @
P m=k—l41
201 k
_ T (Ay)2i—1-k O)2E=m) Dy PF — By PHE1 By PRHLR L2 By L p2k) | g
k=L m=k—l+1

k
=0T [ NP YT )2 (D PR = yP) = Dy PH TR - vP))) @
k=l m=k—Il+1
20—-1 k
— 3T Z()"Y)zl_l_k (Ay)2(k=m) (Dkme _ ,ka+17m) pA—1=k( _ 7P)> &
k= m=k—Il+1

=97 (W) =17k (D P — yDy) le_l_k(I—q/P)> ®
k=l

DyP —yDj) QI — yP)®

with @ = X\ (A P)7.
Gathering this and Equation , we see that the limit of % expressed in Equation
equals:

=T

—~

o7 [ Dy — YD P — yPT Dy +42Dj + Xy ((DiP = yDPQi(I = vP) + (I = vPT)QT (P D, — 4 D)) ) | .

When [ tends to iI}ﬁnity, Q; tends to Q@ = (I — MyP)~!. The assumption of Equation
ensures that (Ay)P has spectral radius smaller than 1, and thus when [ tends to infinity,
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Dy tends to D = diag ((I - (/\P;/)QJE’T)AMO) and Dj to D' = diag (PT(I - ()\fy)QPT)*l,uo).
Aiy

In other words, lim;_ .o lim;_ .o exists with probability 1 and equals:

" [D —yDP = yPTD +42D' + 3y (DP = yD)Q(I = 4P) + (I - yPT)Q(PTD — 4D )] ®.

Eventually, this shows that lim; . % exists with probability 1 and shares the same value.

A similar reasoning allows to show that lim; s % exists and equals

o7 [(1 = 4PT)QTD + \(DP —yD)Q| K. ™

Appendix C. Proof of Proposition [9]

To prove Proposition [9] we need the following technical lemma.

Lemma 13 Forget the notations used so far. Let «; and [; be two forward recursions
defined as

Qi = ai + ;041
and Bi = b; + 0iBiv1-

Assume that for any function f we have thalﬁ

E[f(ai,bi,n:)] = E[f(ai—1,bi—1,7mi-1)].
Let also u;, v; and w; be the backward recursions defined as:

2
w; = 1 + Ni—1Wi—1
U; = QW5 + M 1Ui—1
vy = bjw; + Mi—1vi—1

Then, we have:
E[alﬁz] = E[aivi + biui — aibiwi]

Proof The proof looks like the one of Proposition [6] but is a little bit more complicated.
A key equality, to be applied repeatedly, is:

a; B = (a; + nicvip1)(bi + nifit1)
= a;03; + bicvi + i1 Biv1 — azb;.

Another equality to be used repeatedly makes use of the “stationarity” assumption. For

any k > 0 we have:
k+1

k
E[(H nzz—j)ai-i-lﬁi-i-l] = E[(H nzz—j)aiﬁi]-
Jj=0 Jj=1

15. This is typically true if the index ¢ refers to a state sampled according to some stationary distribution,
which is the case we are interested in.
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These two identities can be used to work the term of interest:

Elo; ;]

E[(az + nzaz-i-l)(b + nzﬁz-i-l)]

[a:B:] + E[bics] + E[nf ciq1Biv1] — Elasbs]
[

[

aiBi] + Elbjo;] — Elaibi] + E[n7 1 (a; + micis1) (bi + niBis1)]
ai(1+ 17 1)Bi] + Elbi(1 + 7)) ai] — Elaibi(1+ n;_1)] + E[(ni—1m:)* i1 Bi41]

E
E
E

This process can be repeated, giving
Elaifi] = E[(aifi + bici — aibs) (1 + 071 + (nim1imi—2)® +...)].

We have that
w; =1+ T]?,lwi_l =1+ 771'2,1 + (771'_1772'_2)2 + ...,

therefore:
Ela;f;] = Elajw;f;] + Ebjwia;] — Ela;bjw;]

We can work on the first term:

Elaywifi] = Elajw;(bi + nifi+1)]
= Elajwib;] + Elai—1wi—1ni—1(bi + niBi+1)]
= E[b (azwl + ni-1(ai-1wi-1) + Ni—1mi-2(ai—2wi—2) +...)]
= E[b;u;].

The work on the second term is symmetric:
E[biwiai] = E[aivi].
This finishes proving the result. ]

The proof of Proposition [g]is a simple application of the preceding technical lemma. By
lemma [5] we have that

(2

5 = 0 -i-’y)\pl 5y
~~ v

Zay =a; =n; —a1+1
By lemma [7, we have that
A ) )
gi =pi(1 = N)dir1+ v pi givq -
-~ Y =~
ilgi ibi =i 5,31'_#1

The result is then a direct application of lemma
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