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Abstract

Policy evaluation (including multi-step off-policy
importance sampling) has the interpretation of
solving a generalized Bellman equation. In this
paper, we derive finite-sample bounds for any gen-
eral off-policy TD-like stochastic approximation
algorithm that solves for the fixed point of this
generalized Bellman operator. Our key step is to
show that the generalized Bellman operator is si-
multaneously a contraction mapping with respect
to a weighted £,,-norm for each p in [1, c0), with
a common contraction factor. Our results imme-
diately imply finite-sample bounds of variants of
off-policy TD-learning algorithms in the literature
(e.g. Q™ (), Tree-Backup, Retrace, and Q-trace).

1. Introduction

Reinforcement learning (RL) demonstrated its success in
learning effective policies for a variety of decision making
problems. In RL, there is an important sub-problem — called
the policy evaluation problem — of estimating the expected
long term reward of a given policy.

The policy evaluation problem is usually solved with the
TD-learning method (Sutton, 1988). A key ingredient in
TD-learning is the policy used to collect samples (called
the behavior policy). Ideally we want to generate samples
from the target policy whose value function we want to
estimate, and this is called on-policy sampling. However, in
many cases such on-policy sampling is not possible due to
practical reasons, and hence we need to work with historical
data that is generated by a possibly different policy (aka off-
policy sampling). For example, in high stake applications
such as clinic trials (Zhao et al., 2011), it is not practically
possible to re-collect data every time we need to evaluate
the performance of a given policy.
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Although off-policy sampling is more practical than on-
policy sampling, it is more challenging to analyze and is
known to have high variance (Glynn & Iglehart, 1989),
which is due to the presence of the product of the importance
sampling ratios, and is a fundamental difficulty in off-policy
learning. To overcome this difficulty, many variants of off-
policy TD-learning algorithms have been proposed in the
literature, such as the Q™(\) (Harutyunyan et al., 2016)
algorithm, the TB(\) algorithm (Precup et al., 2000), the
Retrace(A) algorithm (Munos et al., 2016), and the Q-trace
algorithm (Khodadadian et al., 2021), etc.

Main Contributions. In this work, we establish finite-
sample bounds of a general n-step off-policy TD-learning
algorithm that also subsumes several algorithms presented
in the literature. The key step is to show that such algorithm
can be modeled as a Markovian stochastic approximation
(SA) algorithm for solving a generalized Bellman equation.
We present sufficient conditions under which the generalized
Bellman operator is contractive with respect to a weighted
¢,-norm for every p € [1,00), with a uniform contraction
factor for all p. Our result shows that the sample complexity
scales as @(6_2), where € is the required accuracy. It also
involves a factor that depends on the problem parameters, in
particular, the generalized importance sampling ratios, and
explicitly demonstrates the bias-variance trade-off.

Our result immediately gives finite-sample guarantees for
variants of multi-step off-policy TD-learning algorithms
including Q™ (), TB(A), Retrace()\), and @Q-trace. For
Q7 (N\), TB(\), and Retrace(\), we establish the first-known
results in the literature, while for Q-trace, we improve the
best known results in (Khodadadian et al., 2021). In this
paper we only present the finite-sample bound for Q-trace.

1.1. Preliminaries

The RL problem is usually modeled as a Markov decision
process (MDP). In this work, we consider an MDP with
a finite set of states S, a finite set of actions A, a set of
unknown action dependent transition probability matrices
P = {P, € RISIXISI | ¢ € A}, an unknown reward
function R : & x A — [0,1], and a discount factor v €
(0,1). In order for an MDP to progress, we must specify
the policy of selecting actions based on the state of the
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environment. Specifically, a policy 7 is a mapping from
the state-space to probability distributions supported on
the action space, i.e., 7 : S — Al The state-action
value function Q™ associated with a policy 7 is defined by
Q™ (s,a) =E-[> 22, Y*R(Sk, Ar) | So = s, Ag = a] for
all (s,a). The goal in policy evaluation is to estimate the
state-action value function Q™ for a given policy .

Since the transition probabilities as well as the reward func-
tion are unknown, such state-action value function cannot be
directly computed. The TD-learning algorithm is designed
to estimate )™ using the SA method. Specifically, in TD-
learning, we first collect a sequence of samples {(Sk, Ax)}
from the model using some behavior policy 7. Then the
value function Q™ is iteratively estimated using the samples
{(Sk, Ax)}. When 7, = 7, the algorithm is called on-policy
TD-learning, otherwise it is called off-policy TD-learning.

2. Finite-sample analysis of general off-policy
TD-learning

In this section, we present finite-sample analysis of off-
policy TD-learning using generalized importance sampling
ratios and multi-step bootstrapping.

2.1. A generic model for n-step off-policy TD

Algorithm 1 presents our generic algorithm model. Due to
off-policy sampling, the two functions ¢, p : & x A +— R,
are introduced in Algorithm 1 to serve as generalized impor-
tance sampling ratios in order to account for the discrepancy
between 7 and m,. We denote cax = max, 4 ¢(s,a) and
Pmax = MaXs q p(s,a). We next show how Algorithm 1
captures variants of off-policy TD-learning algorithms in
the literature by using different c(-, -) and p(-, ).

Algorithm 1 General n-Step Off-Policy TD-Learning
I: Input: K, {ay}, Qo, m, T, generalized importance
sampling ratios ¢, p : § x A — R, and sample trajec-
tory {(Sk, Ak) Yo<k<k+n collected under the behavior
policy 7.
2: fork=0,1,--- ,K —1do

(077 (S, a) = ak]l{(s,a):(sk,Ak)} for all (8, a)

4 A(Si, A Sip1, Air1, Qi) = R(Si,A) +
Yo(Sit1, Aig1)Qr(Sit1, Aig1) —  Qr(Si, As)
foralli € {k,k+1,....k+n—1}.

5: Qk+1(5aa) = Qk’(sva)jL.
a5, @) ity T gy (S, Aj)x
A(S“ Ai7 Si+1, Ai+17 Qk) fOf all (S, a)

6: end for

7: Output: Qx

bl

Vanilla IS. When c(s,a) = p(s,a) = =L for all (s, a),

mp(als)

Algorithm 1 is the standard off-policy TD-learning with
importance sampling (Precup et al., 2000). We will refer to

this algorithm as Vanilla IS.

Q™()\). Whenc(s,a) = Aand p(s,a) = :b((aal% , Algorithm

1 is the Q™ (\) algorithm (Harutyunyan et al., 2016).

TB()\). When ¢(s,a) = Ar(als) and p(s,a) = m(als) o

7 (als)?
have the TB(\) algorithm (Precup et al., 2000).
Retrace(\).  When ¢(s,a) = Amin(1, ;;(((Z‘IZ))) and
w(als)

p(s,a) = To(alsy» We have the Retrace()) algorithm.
Q-trace. When c(s,a) = min(c, %) and p(s,a) =

— m(als)

min(p, (@) ), where p > ¢, Algorithm 1 is the Q-trace al-
gorithm (Khodadadian et al., 2021). The Q-trace algorithm
is an analog of the V -trace algorithm (Espeholt et al., 2018).

From now on, we focus on studying the generic algorithm
1. We make the following assumption about the behavior
policy 7, which is fairly standard in off-policy TD-learning.

Assumption 2.1. The behavior policy m, satisfies
mp(als) > 0 for all (s,a), and the Markov chain {Si}
induced by 7 is irreducible and aperiodic.

Irreducibility and aperiodicity together imply that the
Markov chain {S}} has a unique stationary distribution,
which we denote by kg € AlS|. Moreover, the Markov
chain {5} mixes geometrically fast in that there exist C' >
0and o € (0,1) such that max,es | P*(s,-) — ks (-)||rv <
Co* forall k > 0, where ||-||1v is the total variation distance
(Levin & Peres, 2017). Let kga € AISIMI be such that
ksA(s,a) = kg(s)mp(als) for all (s, a). Note that kg4 is
the stationary distribution of the Markov chain {(Sj, Ax)}-
Let Kg = diag(kg) € RISXISI and Koy = diag(kga) €
RISIAIX ‘3”“‘”, and denote the minimal diagonal entries of
Kgand Kga by Kg min and Kga min respectively.

2.2. Identifying the generalized Bellman operator

In this section, we identify the generalized Bellman equation
Algorithm 1 aims at solving, and also the corresponding
generalized Bellman operator and its asynchronous variant.
Let 7c, H, : RISIAL s RISIIAl be two operators defined by

[7:(Q)](s, a) 4

=100V By [Ty (85 A5)Q(Si, Ai) S0 =5, Ao =al
[(Hp(Q)](s,a) = R(s,a)+

VEr, [p(Sk+1, Akt1)Q(Sk+1, Akt1) | Sk = 5, A = al.

for all (s,a). Note that the operator 7.(-) depends on the
generalized importance sampling ratio c(-, -), while the op-
erator #,(-) depends on p(-, ).

With 7.(-) and H,(-) defined above, Algorithm 1 can
be viewed as an asynchronous SA algorithm for solving
the generalized Bellman equation B, ,(Q) = @, where
the generalized Bellman operator B, ,(-) is defined by
B.,(Q) = Te(H,(Q) — Q) + Q. Since Algorithm 1 per-
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forms asynchronous update, using the terminology in (Chen
et al., 2021a), we further define the asynchronous variant
Be,,(+) of the generalized Bellman operator B, ,(-) by

Bep(Q) :=KsaB,(Q) + (I —Ksa)Q. )]

Each component of the asynchronous generalized Bellman
operator l’;’c, o(+) can be thought of as a convex combination
with identity, where the weights are the stationary proba-
bilities of visiting state-action pairs (s,a) € S X A. This
captures the fact that when performing asynchronous up-
date, the corresponding component is updated only when
the state-action pair (s,a) is visited. It is clear from its
definition that .. ,(-) has the same fixed-points as B, ,(-)
(provided that they exist).

Under some mild conditions on the generalized importance
sampling ratios c(, -) and p(+, ), we will show in the next
section that both the asynchronous generalized Bellman op-
erator Bc’ o(+) and the operator 7{,(-) are contraction map-
pings. Therefore, since 7.(0) = 0, the operators H,(-),
Be.,(+), Be.,(-) all share the same unique fixed-point. Since
the fixed-point of the operator #,(-) depends only on the
generalized importance sampling ratio p(-, ), but not on
¢(-, ), we can flexibly choose ¢(+, -) to control the variance
while maintaining the fixed-point of the operator .., o(0)-

2.3. Establishing the contraction property

In this section, we study the fixed-point and the contrac-
tion property of the asynchronous generalized Bellman op-
erator lg’c,,,(-). We begin by introducing some notation.
Let D.,D, € RISIAXISIIAl be two diagonal matrices
such that D.((s,a), (s,a)) = > ,c4m(als)c(s,a) and
D,((s,a),(s,a)) = > ,cam(als)p(s,a) for all (s,a).
We denote D. min (Demax) and Dy min (Dp max) as the
minimal (maximal) diagonal entries of the matrices D, and
D, respectively. In view of the definition of B, ,(-) in Eq.
(1), the fixed-point of 7{,(-) must also be a fixed-point of
B..,(+). We first study the fixed point of H,(-) by establish-
ing its contraction property.

Proposition 2.1. Suppose that D, max < 1/7. Then the
operator H () is a contraction mapping with respect to the
l-norm, with contraction factor YD, max. In this case,
the unique fixed-point Q™" of H,(-) satisfies the following

inequality: ||Q™ — Q™00 < Wmax?ia_‘zgzlls_);gZFZLi))p(s’a)|.

Observe from Proposition 2.1 that when p(s, a) = :b((l;lfs)) ,

which is the case for Q™ (), TB()\), and Retrace()\), the
unique fixed-point Q™ * is exactly the target value function
Q™. This agrees with the definition of the operator H,(-)
in that it reduces to the regular Bellman operator H(-)

7::(((3\2)) for all (s,a). If p(s,a) # 7:1(&\‘2))
for some (s, a), then in general the fixed-point of H,(-) is
different from Q™. In that case, Proposition 2.1 provides an

error bound on the difference between the potentially biased

when p(s,a) =

limit @™* and Q™. Such error bound will be useful for us
to study the Q-trace algorithm.

To further guarantee the uniqueness of the fixed-point of
Be,(-), we establish the contraction property of B, ,(-). We
begin with the following definition.

Definition 2.1. Let {u;}1<;<q be positive weights. For
any r € RY, the weighted £,-norm (p € [1,00)) of = with
weights (i} s defined by [[z],.,, = (5, uilil?) /7.

We next establish the contraction property of the op-
erator B, ,(-) in the following theorem. Let w =
Ksaminf(¥Demin)(1 — 7Dy max), where the function
f : R — Ris defined by f(z) = n when z = 1, and

fl@) = 11__”3: when z # 1.

Theorem 2.1. Suppose that c(s,a) < p(s,a) for all (s,a)
and D, max < 1/v. Then for any 0 € (0,1), there ex-
ists a weight vector p € AISIAl satisfying p(s a) >

% for all (s,a) such that the operator B ,(-)

is a contraction mapping with respect to || - |, for any
p € [1, 00), with a common contraction factor 1 — Qw.

Theorem 2.1 is the key result for our finite-sample anal-
ysis, and we present its proof in the next section. The
weighted £,,-norm (especially the weighted ¢>-norm) con-
traction property we established for the operator l?c, () has
a far-reaching impact even beyond the finite-sample anal-
ysis of tabular RL in this paper. Specifically, recall that
the key property used for establishing the convergence and
finite-sample bound of on-policy TD-learning with linear
function approximation in the seminal work (Tsitsiklis &
Van Roy, 1997) is that the corresponding Bellman opera-
tor is a contraction mapping not only with respect to the
{~o-norm, but also with respect to a weighted /5-norm. We
establish the same property in the off-policy setting, and
hence lay down the foundation for extending our results to
the function approximation setting. This is an immediate
future research direction.

2.4. Proof of Theorem 2.1

We begin by explicitly computing the asynchronous gen-
eralized Bellman operator B, ,(-). Let 7, and 7, be two

policies defined by 7.(a|s) = % and 7, (als) =

% for all (s, a).

Proposition 2.2. The operator lg’cyp() is explicitly given
by B.,(Q) = AQ + b for any Q, where A =
I — KsaX g (WPr.D)(I — yPx,D,) and b =
Ksa Yty (P D.)'R.

In light of Proposition 2.2, to prove Theorem 2.1, it is

enough to work with the matrix A. To proceed, we require
the following definition.

Definition 2.2. Given 8 € [0, 1], a matrix M € R¥*? is
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called a substochastic matrix with modulus [ if and only if
M;; > 0 for all 4, j and Zj M;; <1— pforalli.

We next show in the following two propositions that (1) the
matrix A given in Proposition 2.2 is a sub-stochastic matrix
with modulus w, and (2) for any sub-stochastic matrix M
with a positive modulus, there exist weights {; } such that
the induced matrix norm ||M]|,, , is strictly less than 1.
These two results together imply Theorem 2.1.

Proposition 2.3. Suppose that c¢(s,a) < p(s,a) for all
(s,a) and Dy max < 1/7. Then the matrix A given in
Proposition 2.2 is a sub-stochastic matrix with modulus w,

where w = ’CSA,minf(’yDc,min)(l - ’YDp,max)'

The condition ¢(s,a) < p(s,a) ensures that the matrix A
is non-negative, and the condition D, pmax < 1 /~y ensures
that the each row of the matrix A sums up to at most 1 — w.
Together they imply the substochasticity of A. The modulus
w is an important parameter for our finite-sample analysis.
In view of Theorem 2.1, we see that large modulus gives
smaller (or better) contraction factor of B, ,(-).

Proposition 2.4. For any sub-stochastic matrix M € R?*¢
with a positive modulus § € (0,1), forany 6 € (0, 1), there
exists u € A satisfying ju; > % for all i such that
|M||p <1 =68 foranyp € [1,00). Furthermore, if M
is irreducible ', then we can choose § = 1.

Note that Proposition 2.4 introduces the tunable parameter
6. It is clear that large 6 gives better contraction factor of
BC, »(+) but worse lower bound on the entries of the weight
vector p. In general, when M is not irreducible, we can-
not hope to choose a weight vector 1 € A? with positive
components and obtain || M|, , < 1 — w. To see this, con-
sider the example where M = (1 — w)[0,0,- - - , 1], which
is clearly a substochastic matrix with modulus w, but is
not an irreducible matrix. For any weight vector y € A9,
we have | M|, = (1 — w)max,cra |z, =1 ¥ =
(1-w)/ /L(l/ P'> 1 — w. However, by choosing /4 close to
unity, we can get || M|, , arbitrarily close to 1 — w. This
is analogous to choosing 6 close to one in Proposition 2.4.
Since Proposition 2.4 is the major result for proving Theo-
rem 2.1, we provide its proof sketch in Section 3.

2.5. Finite-sample convergence guarantees

In light of Theorem 2.1, Algorithm 1 is a Markovian SA
algorithm for solving a fixed-point equation B, ,(Q) = Q,
where the fixed-point operator BC’ o(+) is a contraction map-
ping. Therefore, to establish the finite-sample bounds, we
use a Lyapunov drift argument where we choose W (Q) =
|Q — Q™*||% , as the Lyapunov function. This leads to a
finite- sample bound on E[[|Qr —Q™*|% ]. However, since
w1 is unknown, to make the finite-sample bound independent

' A non-negative matrix is irreducible if and only if its associ-
ated graph is strongly connected (Berman & Plemmons, 1994).

of p, we use the lower bound on p(s, a) provided in The-
orem 2.1 and also tune the parameters p and 6 to obtain a
finite-sample bound on E[||Q — Q™"||%,]. The fact that the
contraction factor 1 — 6w (cf. Theorem 2.1) is independent
of p plays an important role in such tuning process.

To present the results, we need to introduce more notation.
For any § > 0, define t5(MCg) as the mixing time of the
Markov chain {Sy} (induced by ;) with precision ¢, i.e.,
ts(MCgs) = min{k > 0 : max,es ||P*(s, ) —ks(-)||tv <
d}. Under Assumption 2.1, we can easily verify that
ts(MCgs) < L(log(1/6) + 1) for some constant L > 0.
Let 75, = t5(MCg) + n + 1. The parameters {¢; }1<i<3
used in the following theorem are numerical constants.

Theorem 2.2. Consider {Qy } of Algorithm 1. Suppose that
(1) Assumptions 2.1 is satisfied, (2) c(s,a) < p(s,a) for
all (s, a) and D, max < 1/'}/, and (3) o is chosen such that

OTan < TogISTAT ) [(emm ) (omm FIP L1€N We have
the following finite-sample convergence ound

wo

k—Ta.n
EflQx - Q™I <a (1)

f(’YCmaX) (’Ypmax+1)2 log(2|S||A]/w)
w

+ <2 AT, n, )

‘oo + ||QUHOO + 1)2’ and (2 =

where (1 = c2(||Qo — Q™"
e3(31Q™ oo + 1)

Theorem 2.2 enables one to design a wide class of off-
policy TD variants with provable finite-sample guarantees
by choosing appropriate generalized importance sampling
ratios ¢(-,-) and p(-,-), which, as we will see soon, are
closely related to the bias-variance trade-off in Algorithm
1. The first term on the RHS of Eq. (2) is usually called the
convergence bias in SA literature (Bottou et al., 2018), and
it goes to zero at a geometric rate. The second term on the
RHS of Eq. (2) stands for the variance in the iterates, and it
is a constant proportional to a7,,,. To see more explicitly
the bias-variance trade-off, we derive the sample complexity
of Algorithm 1 in the following.

Corollary 2.2.1. Foran accuracy € > 0, 1o obtain E[|| Q. —

Q™" o] < € the sample complexity is

O < n ) A ( f(rycmaX)Q(’Ypmax + 1)2 >
62(1_'7)2 ’C%Af(’yDc,min)Q(l_'YDp,max)2

T1 T2

From Corollary 2.2.1, we see that the dependency on the
accuracy is (5(6’2), and the dependency on the parameter
n and the effective horizon 1/(1 — ) is O(n/(1 — 7)?),
both of which are the same as TD-learning in the on-policy
setting (Chen et al., 2021a). The impact of performing off-
policy sampling is captured by the term 73, which depends
on the choice of the importance sampling ratios.

In the numerator of T3, we have f(Vcmax)?(Ypmax + 1)2,
which is from the second term on the RHS of Eq. (2),
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and represents the impact of the variance on the sample
complexity. It is clear that smaller cyax and pyax lead to
smaller variance. As we will see later, this is the reason
for the variance reduction of various off-policy TD-learning
algorithms in the literature. In the denominator of 75, we
have K%Ayminf(fyngin)Q(l — ¥Dp max)? = w?, which
represents the effect of the contraction factor. To see this,
recall from Theorem 2.1 that the contraction factor is 1 — fw.
In light of the previous analysis, the bias-variance trade-off
in general off-policy multi-step TD-learning algorithm 1 is
intuitively of the form O (

Variance
(1— Contraction factor)? /*

2.6. Finite-sample analysis of ()-Trace

In this section, we apply Theorem 2.2 to the ()-trace algo-
rithm and obtain an improved sample complexity compared
to (Khodadadian et al., 2021). Similarly, our results can
be used to obtain the first-known finite-sample bounds of
Vanilla IS, Q™ (), TB(A), and Retrace()).

Consider the @-trace algorithm, where c(s,a) =

min(e, ;(('IJ{’S))) and p(s,a) = min(p, :b((’gfs))) for all (s, a).
This implies that cphax = € and pmax = p. More-
over, we have D.(s,a) = ) min(¢m,(als), 7(a|s)) and

D,(s,a) =), min(pmy(als), w(als)) for all (s, a).

Theorem 2.3. Consider Algorithm 1 with Q-trace update.
Under Assumption 2.1, suppose ¢ < p and « is chosen

such that ate, p, < log(2|3\|A|/5)1}J(75)2(7p+1)2' Then for all

k>Ta.n we have E[||Qr—Q™ |21 <G (1_%)k—m,n i
<2 f(76)2(A”_)+1)2wlOg(2|3\\A|/w) OZTa,n; where
Ksaminf (YDemin) (1 =YD p max)- This implies a sample

log? (1/)nf(v2)* (yp+1) )
€2K% 4 f(7De,min)2(1=vDp max)2(1—7)2 )

w =

complexity of @) (

To avoid an exponential large variance, in view of the term
f(¥€) in our bound, we need to choose & < 1/+. Due to the
truncation level p, the algorithm converges to a biased limit
Q™" instead of Q™. Such truncation bias can be controlled
using Proposition 2.1. These observations agree with the
results (Khodadadian et al., 2021), where the finite-sample
bounds of Q)-trace were first established.

Compared to (Khodadadian et al., 2021), we have an im-
proved sample complexity. Specifically, we have a sample
log®(1/e)nf(ve)?(vp+1)? :
EngAf('YDc,min)Q(177Dp,maLX)2 )’ while the
result in (Khodadadian et al., 2021) implies a sample com-

: A log?(1/e)nf(v&)* (vp+1)? :
plexity of 0(62K‘°§Af(ch,mi,.)3(177D,J,max)3 ), which has an

additional factor of (Ksaf(YDemin)(1 — YDpmax)) "t
Since g} i > [SI|Al, our result improves the depen-
dency on the size of the state-action space by a factor of at
least |S||.A| compared to (Khodadadian et al., 2021). Simi-
larly, since V'-trace is an analog of )-trace, we can improve
the sample complexity for V-trace in (Chen et al., 2021a).

complexity of O(

3. Proof sketch of Proposition 2.4

The idea is to construct a stochastic matrix M such that (1)
M" dominates M in the sense that M, > M;; for all 7, j,
and (2) the Markov chain associated with M"' is irreducible,
hence admits a unique stationary distribution  satisfying
w; > 0 for all 7. Using p as weights, we have the desired
result. The detailed analysis is presented in our online report
(Chen et al., 2021b). We here only present how to construct
such a stochastic matrix M".

First of all, consider the special case where M itself is irre-
ducible. Then we first scale up M by a factor of 1/(1—w) to
obtain M’ = %, which is clearly a substochastic matrix,
with modulus zero. Hence there exists a stochastic matrix
M that dominates M’ (and also dominates M ). Moreover,
since M" is also irreducible, its associated Markov chain
admits a unique stationary distribution p. This is equivalent
to choosing # = 1 in Proposition 2.4. In fact, the matrix
M being irreducible is only a sufficient condition for us to
choose # = 1. What we need is the existence of a strictly
positive stationary distribution of the stochastic matrix M,
which is guaranteed when M does not have transient states.

Now consider the general case where M is not necessarily
irreducible. We construct the intermediate matrix M’ by
performing a convex combination of the matrix % and
the uniform stochastic matrix %, where FE is the all one
matrix, with weight {-= . Specifically, for any 6 € (0, 1),
we define M’ = (11:(;;) % (1 — 11:9“;)
M’ is a non-negative matrix. In addition, since M'1 <

l—w 4 (1 - = ) 1 = 1, where 1 is the all one vector,

%. Note that

1—6w Ow

the matrix M’ is a substochatic matrix with modulus zero,
and is also irreducible because all its entries are strictly
positive. Therefore, there exists a stochastic matrix M
such that M > M’. In addition, since M" also has strictly
positive entries, the Markov chain associated with M" is
irreducible, hence admits a unique stationary distribution
u € A?. By our construction, we can show a lower bound
on the components of the stationary distribution .

4. Conclusion

In this work, we establish finite-sample guarantees of gen-
eral n-step off-policy TD-learning algorithms. The key in
our approach is to identify a generalized Bellman operator
and establishes its contraction property with respect to a
weighted £,,-norm for each p € [1, c0), with a uniform con-
traction factor. Our results are used to derive finite-sample
guarantees of variants of n-step off-policy TD-learning al-
gorithms in the literature. In particular, for @Q)-trace, we
improve the result in (Khodadadian et al., 2021). The finite-
sample bounds we establish also provide insights about the
trade-off between the convergence rate and the variance.
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