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ABSTRACT

We consider the problem of distributional off-policy evaluation which serves as
the foundation of many distributional reinforcement learning (DRL) algorithms.
In contrast to most existing works (that rely on supremum-extended statistical dis-
tances), we study the expectation-extended statistical distance for quantifying the
distributional Bellman residuals and provide the corresponding theoretical sup-
ports. Extending the framework of Bellman residual minimization to DRL, we
propose a method called Energy Bellman Residual Minimizer (EBRM) to estimate
the return distribution. We establish a finite-sample error bound for the EBRM es-
timator under the realizability assumption. Additionally, we introduce a variant of
our method based on a multi-step bootstrapping procedure to enable multi-step ex-
tension. By selecting an appropriate step level, we obtain a better error bound for
this variant of EBRM compared to a single-step EBRM, under non-realizability
settings. Finally, we demonstrate the superior performance of our method through
simulation studies, comparing with other existing methods.

1 INTRODUCTION

In reinforcement learning (RL), the cumulative (discounted) reward, also known as the return, is a
crucial quantity for evaluating the performance of a policy. Most existing RL methods focus on only
the expectation of the return distribution. In Bellemare et al.| (2017a), the focus has been extended
to the whole return distribution, and they introduce a distributional RL (DRL) algorithm (hereafter
called Categorical algorithm) that achieves a considerably better performance in Atari games than
expectation-oriented Deep-Q Networks (Mnih et al.l [2015). This has sparked significant interests
among the RL community, and was later followed by a series of quantile-based methods including
QRDQN, QRTD (Dabney et al., 2018b), IQN (Dabney et al., 2018a), FQF (Yang et al., |2019),
EDRL (Rowland et al.,[2019) and particle-based methods including MMDRL (Nguyen-Tang et al.,
2021), SinkhornDRL (Sun et al., 2022), MD3QN (Zhang et al., 2021). In this paper, we consider
the problem of off-policy evaluation in DRL, i.e., estimating the (conditional) return distribution of
a target policy based on offline data.

Despite their competitive performances, distributional RL methods are significantly underdeveloped
compared with the traditional expectation-based RL, especially in the theoretical development under
the offline setting. All aforementioned methods are motivated by supremum-extended distances due
to the contraction property (see @) below), but their algorithms essentially minimize an expectation-
extended distance (see (6)), as summarized in the column “Distance Mismatch” of Table[I] This
leads to a theory-practice gap. Also, most of these work does not provide any statistical guarantee
such as the convergence rate. We note thatRowland et al.| (2018) establishes the consistency of their
estimator, but no error bound analysis (and convergence rate) is provided. In terms of statistical
analysis, a very recent work FLE (Wu et al.}|2023)) only offers error bound analysis of their estimator
for the marginal distribution of return, which is hard to use for policy learning. In addition, their
analysis is based on a strong condition called completeness, which in general significantly restricts
model choices of return distributions and excludes the non-realizable scenario.

This paper proposes novel estimators, which we call Energy Bellman Residual Minimizer (EBRM),
based on the idea of Bellman residual minimization for the conditional distribution of the return.
In contrast to existing work, we provide solid theoretical ground for the application of expectation-
extended distance in measuring (distributional) Bellman residual. A multi-step extension of our
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estimator is proposed for non-realizability settings. Our method comes with statistical error bound
analyses in both realizable and non-realizable settings. Table |l| provides some key comparisons
between our method and some existing works. More details is given in Table [3]in the Appendix
Finally, we summarize our contributions as follows. (1) We provide theoretical foundation
of the application of expectation-extended distance for Bellman residual minimization in DRL. See
Section [2.3] (2) We develop a novel distributional off-policy evaluation method (EBRM), together
with its finite-sample error bound. See Section[3] (3) We develop a multi-step extension of EBRM
for non-realizabile settings in Section 4] We also provide corresponding finite-sample error bound
under non-realizable settings. (4) Our numerical experiments in Section [5| demonstrate the strong
performance of EBRM compared with some baseline methods.

Table 1: Comparison among DRL methods in off-policy evaluation.

Distance Statistical Non- Multi-
Method match error bound realizable dimension
Categorical (Bellemare et al.,[2017a) X X NA v
QRTD (Dabney et al.|[2018b) X X NA X
IQN (Dabney et al., 2018a) X X NA X
FQF (Yang et al.} 2019) X X NA X
EDRL (Rowland et al.|[2019) X X NA X
MMDRL (Nguyen-Tang et al., 2021} X X NA v
SinkhornDRL (Sun et al.|[2022) X X NA v/
MD3QN (Zhang et al., 2021} X X NA v
FLE (Wu et al.[[2023) v v NA v
EBRM (our method) v v/ v v

2 OFF-POLICY EVALUATION BASED ON BELLMAN EQUATION

2.1 BACKGROUND

We consider an off-policy evaluation (OPE) problem under the framework of infinite-horizon
Markov Decision Process (MDP), which is characterized by a state space S, a discrete action space
A, and a transition probability p : S x A — P(R? x S) with P(X') denoting the class of probability
measures over a generic space X'. In other words, p defines a joint distribution of a d-dimensional
immediate reward and the next state conditioned on a state-action pair. At each time point, an action
is chosen by the agent based on a current state according to a (stochastic) policy, a mapping from S
to P(.A). With the initial state-action pair (S(?), A(®)), a trajectory generated by such an MDP can
be written as {S*), A®) R+, The return variable is defined as Z := Y ;= 7' ' R® with
v € [0,1) being a discount factor, based on which we can evaluate the performance of some target
policy 7.

Traditional OPE methods are mainly focused on estimating the expectation of return Z under the
target policy 7, whereas DRL aims to estimate the whole distribution of Z. Letting £(X) be the
probability measure of some random variable (or vector) X, our target is to estimate the collection
of return distributions conditioned on different initial state-action pairs (S(?), A(9)) = (s, a):

o

Tr(s,a) = ﬁ(Z W”R(”) (RUHD, SEHD) ~ p(5B, AW, ACHD (5D (1)
t=1

collectively written as Y, € P(Rd)s <A Tt is analogous to the Q-function in traditional RL, whose

evaluation at a state-action pair (s, a) is the expectation of the distribution Y, (s, a). Our goal in this

paper is to use the offline data generated by the behavior policy b to estimate Y.

Similar to most existing DRL methods, our proposal is based on the distributional Bellman equa-
tion (Bellemare et al., 2017a). Define the distributional Bellman operator by 7™ : P(R?)S*4 —
P(RT)SXA such that, for any T € P(R?)S*A,

(T )@= [ (0:)s Y@l dplr o ss0), (sa) €S XA @)
RIxSx.A
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where (g,.,)# : P(R?) — P(R?) maps the distribution of any random vector X to the distribution
of r + v X. One can show that T is the unique solution to the distributional Bellman equation:

T =17. 3)

Letting Z. (s, a) be the random vector that follows the distribution Y, (s, a), one can also express
the distributional Bellman equation (3) in a more intuitive way: for all (s,a) € S x A,

Ze(s,a) 2 R+~7Z:(S',A") where (R,S') ~ p(-|s,a), A" ~ (-|S"),

where 2 refers to the equivalence in terms of the underlying distributions. Due to the distributional
Bellman equation (3), a sensible approach to find Y, is based on minimizing the discrepancy be-
tween 7™ Y and Y with respect to T € P(R%)S*A, which will be called Bellman residual hereafter.
To proceed with this approach, two important issues need to be addressed. First, both 77 Y and T
are collections of distributions over R%, based on which Bellman residual shall be quantified. Sec-
ond, 7™ may not be available and therefore needs to be estimated through data. We will focus on
the quantification of Bellman residual first, and defer the proposed estimator of 7™ and the formal
description of our estimator for T to Section 3}

2.2  EXISTING MEASURES OF BELLMAN RESIDUALS

To quantify the discrepancy between the two sides of the distributional Bellman equation (3), one
can use a distance over P(R%)S*A. Fixing a state-action pair, one can solely compare two dis-
tributions from P(R?). Therefore, a common strategy is to start by selecting a statistical distance
n(--) : P(RY) x P(R?) — [0, oc], and then define an extended-distance over P(R%)S*4 through
combining the statistical distances over different state-action pairs. As shown in Table[3]in Appendix
most existing methods (e.g., Bellemare et al., 2017bja; Nguyen et al., 2020) are based on some
supremum-extended distance 7)o :

Moo(T1, T) = supn{n@, a), r2<s,a>}. @
Under various choices of 1 including Wasserstein-p metric with 1 < p < oo (Bellemare et al.}|2017a;
Dabney et al,|2018b) and maximum mean discrepancy (Nguyen-Tang et al., [2021)), it is shown that
T™ is a contraction with respect to 7... More specifically, 1700 (7" Y1, 7" Y2) < 750 - oo (T1, T2)
holds for any Y1, Ty € P(R?)S*A, where the value of 3y > 0 depends on the choice of 7. If 7, is
a metric, then the contractive property implies, for any T € P(R%)S*4,

= 1
M1, ) < D e { (T ML (T} < 5 - moe (T, 77T, 5)
k=1

As such, minimizing Bellman residual measured by 1., would be a sensible approach for finding
T .. However, as surveyed in Appendix [D.1] most existing methods in practice essentially minimize
an empirical (and approximated) version of the expectation-extended distance defined by

AT, Ts) E@,A)Nbun{n(& 4),T5(5, A)}, ©)

with (S, A) ~ b,,. Here b, = p x b refer to data distribution over S x A induced by the behavior
policy b. With a slight abuse of notation, we will overload the notation b,, with its density (with
respect to some appropriate base measure of S X A4, e.g., counting measure and Lebesgue measure).
We remark that (3)) does not hold under 77 because 71, and 7 are not necessarily equivalent for the
general state-action space, leading to a theory-practice gap in most methods (Column 1 of Table|[T).

2.3 EXPECTATION-EXTENDED DISTANCE

Despite the implicit use of expectation-extended distances in some prior works, the corresponding
theoretical foundations are not well established. Regarding Bellman residual minimization, a very
natural and crucial question is:

In terms of an expectation-extended distance, does small Bellman residual of T
lead to closeness between Y and Y . ?
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To proceed, we focus on settings such that the state-action pairs of interest can be well covered by
b, as formally stated in the following assumption. Let ¢™ (s, a|3, @) be the conditional probability
density of the next state-action pair at (s, a) conditional on the current state-action pair at (3, a),
defined by the transition probability p and the target policy .

Assumption 1. There exists pmin > 0 and pmax < 00 such that b, (s,a) > pmin for all s,a €
S x Aand q7(s,al5,a) < pmax for all (§,a),(5,a) € S x A.

Let ¢f*'(s,a) be the probability density (or mass) of (S®,A®) at (s,a), given (SO A) ~
b, and the target policy m. Assumption (I| implies uniformly bounded density ratio, that is
ql’;[it(s, a)/bu(s,a) < Coup(< 00) forall t € N, as proved in Appendix

In the following Theorem [I] (proved in Appendix [A.2)), we provide a solid ground for Bellman
residual minimization based on expectation-extended distances.

Theorem 1. Under Assumption[l} if the statistical distance 1 satisfies translation-invariance, scale-
sensitivity of order 3y > 0, convexity, and relaxed triangular inequality defined in Appendix[A.2.1]
then we can bound the inaccuracy:

T_’(Ta Tﬂ) < 2CSUPBl (75 50) -ﬁ(T,T’TT), @)

where B1(v; o) = 21%&0) Yoot 4k7(2k71_1)ﬂ° < oo is an increasing function of v € (0,1),
and Cqyp, is defined in .
Inequality (7) provides an analogy to Bound (3)) for expectation-based distances, answering our prior

question positively for some expectation-extended distances. Note that Theorem|[I]can be applied to
the settings with general state-action space, including continuous one.

In order to take advantage of Theorem |l} we should select a statistical distance that satisfies all the
properties stated in Theorem [T} One example is energy distance (Székely & Rizzo, [2013)) as proved
in Appendix[A.3] which is in fact a squared maximum mean discrepancy (Gretton et al., 2012) with
kernel k(x,y) = [|x|| + [ly|| — |lx — y||. The energy distance is defined as

E{L(X), L(Y)} := 2E|X - Y| - E[| X - X'|| - E[[Y = Y|, ®)

where X’ and Y’ are independent copies of X and Y respectively, and X, X', Y, Y’ are indepen-
dent. In below, we will use energy distance to construct our estimator.

3 ENERGY BELLMAN RESIDUAL MINIMIZER

3.1 ESTIMATED BELLMAN RESIDUAL

Despite applicability of Theorem [I]to general state-action space, we will focus on tabular case with
finite cardinality |S x A| < oo for simpler construction of estimation, which enables an in-depth
theoretical study under both realizable and non-realizable settings in Sections and But the
reward can be continuous. Our target objective of Bellman residual minimization is

E(X,T™X) = bu(s,a)-E{Y(s,a),T"Y(s,a)}, where 9)

E{Y(s,a), T™Y(s,a)} = 2E||Za(s,a) — Z"(s,a)|| — El|Za(s,a) — Zs(s,a)|
—E|Z(s,a) = 2§ (s, 0)]
where Z,(s,a), Zg(s,a) ~ Y(s,a) and Z&l)(s,a), Zél)(s,a) ~ T7™Y(s,a) are all independent.

For the tabular case with offline data, we can estimate b,, and the transition p simply by empirical
distributions. That is, given observations D = {(s;, a;, s, s;)}¥_;, we consider

. N(s,a)

N

bu(s,a) = N where N(s,a) := Z 1{(si,a;) = (s,a)}, and (10)
i=1
15 5, o(E)  ifN(s,a)>1
p(E|s,a) := ¢ Ns:a) 2is(sia)=(s.) Oriss; (F) 1 (s,0) 2 1, for any measurable set F,
do,s(E) if N(s,a) =0
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where 0, . is the Dirac measure at (r,s’). Based on this, we can estimate 7™ for any T €
P(R?)S*4A by the estimated transition j and the target policy 7, by replacing p of (2) with p.

Denoting the conditional expectation by E(- - - ) := E(- - - |D), we can compute
E{Y(s,a), T"Y(s,a)} = 2E| Za(s,a) — Zél)(s,a)H —E||Zo(s,a) — Zs(s,a)||
~E)|2{(s,0) = 2" (s, 0)], (an

where Z,(s,a), Zg(s,a) ~ Yy(s,a) and ZA&I)(s,a),Zél)(s,a) ~ T™Y(s,a) are all independent
conditioned on the observed data D that determines ’f'”. With the above construction, we can
estimate the objective function by
é(T,j’”T) = ZZ;H(S,G) -E{T(s,a),'i'”'f(s,a)}. (12)
s,a
Now letting {Yy : 6 € ©} C P(R?)S*4 be the hypothesis class of Y, where each distribution

Ty is indexed by an element of candidate space O, a special case of which is the parametric case
© C RP. Then the proposed estimator of T is T5 where

XS argreré%lé‘(Tg,T o). (13)

We call our method the Energy Bellman Residual Minimizer (EBRM) and summarize it in Algorithm
[Il We will refer to the approach here as EBRM-single-step, as opposed to the multi-step extension
EBRM-multi-step in Section[4.2]

Algorithm 1 EBRM-single-step
Input: ©, D = {(s;,a;,74,5,)} N,

Output: 0
Estimate b,, and p. > Refer to Equation 1}
Compute 6 = arg mingeo E(Yy, T”Tg). > Refer to Equations and 1}

3.2 STATISTICAL ERROR BOUND

In this subsection, we will provide a statistical error bound for EBRM-single-step. As shown in
Table [T} most existing distributional OPE methods do not have a finite sample error bound for their
estimators. To the best of our knowledge, the only exception is the very recent work named FLE
(Wu et al.| [2023)), which is only able to analyze the marginal distribution of the return instead of
conditional distributions of the return on each state-action pair studied in this paper. In passing, we
also note thatRowland et al.|(2018)) also shows the consistency of their estimator, but no error bound
analysis (and so convergence rate) is provided. We will first focus on the realizability setting and
defer the analysis for the non-realizable case in Section ]

Assumption 2. There exists a unique 0 € © such that T (s,a) = Yy(s,a) forall s,a € S x A.

Note that realizability is a generally weaker assumption than the widely-assumed completeness as-
sumption (e.g., used in FLE (Wu et al., 2023)) which states that for all # € ©, there exist 8/ € ©
such that 7™ Yy = Y, in that it implies realizability due to T, = limr_, o (77™)? Yy under mild
conditions. In contrast with non-realizability settings (Sectiond)), the realizability assumption aligns
the minimizer of inaccuracy (Y, Y ) (best approximation) and the minimizer of Bellman residual,
leading to stronger arguments and results.

Additionally, we make several mild assumptions regarding the transition probability p and the candi-
date space O, including the subgaussian rewards. A random variable (vector) X being subgaussian
implies its tail probability decaying as fast as gaussian distribution (e.g., gaussian mixture, bounded
random variable), quantified with finite subgaussian norm [|X||,, < oo, as explained in Appendix
Ad

Assumption 3. For any 0 € ©, the random element Z (s, a;0), which follows Yy(s,a), has finite
expectation with respect to their norms, and the reward distribution are subgaussian, i.e.,

supsupE||Z(s,a;0)|| < oo and sup||R(s,a)lly, < oo.
0cO s,a s,a
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Assumption 4. The offline data D = {(si, a;, i, s,)}~., are iid draws from b, X p.

Assumption 5. There exists a metric 7 over P(R)S*A such that diam(©;7) :=
Supy, g,co 1(01,02) < 0o, where (61, 02) := 7( Yy, , Yo,). For arbitrary c € R, v1,72 € [0,1],
(s,a),(3,a) € S x A, letting Z;(s,a) ~ Yi(s,a) be such that (Z1(s,a), Z3(s,a)) € R? x R% and
(Z3(3,a), Z4(5,a)) € R? x R? are mutually independent, 7j should satisfy

IEHC_'_ 7121(57a) - 72Z2(§7a)” - E”C + ’71Z3(Sa (1) - 72Z4(§a a)” (14)
<y - i(T, T3) + 92 - 7( T2, Ty).

Supremum-extended Wasserstein-1 metric Wy o, which is shown to be a metric by Lemma 2 of
Bellemare et al| (20170), is an example that satisfies (I4), as proved in Appendix [A.5] Then we can
obtain the convergence rate O(/log(N/d)/N) as follows, with the exact finite-sample error bound
demonstrated in Appendix Its proof can be found in Appendix [A:6] and its special case for
© C R is covered in Corollary 3| of Appendix [A.7]

Theorem 2. (Inaccuracy for realizable scenario) Under Assumptions for any 6 € (0,1),

given large enough sample size N > N (0), our estimator 6 € © given by (|13) satisfies the following
bound with probability at least 1 — 6,

_ 1 S N
£ 1) 5 | o (AN, (15)

where N(8) depends on the complexity of © and < means bounded by the given bound (RHS)
multiplied by a positive number that does not depend on N, as defined in Appendix[A.6.5}

4 NON-REALIZABLE SETTINGS

4.1 COMBATING NON-REALIZABILITY WITH MULTI-STEP EXTENSIONS

In the tabular case, most traditional OPE/RL methods do not suffer from model mis-specification and
thus realizability always holds. In contrast, in DRL, as our target is to estimate the conditional distri-
bution of return given any state-action pair, which is an infinite-dimensional object, non-realizability
could still happen. Hence understanding and analyzing DRL methods for the tabular case under the
non-realizable scenario is both important and challenging.

In the previous section under realizability, Theorem [T] played a fundamental role in our analysis.
Indeed, Theorem 1 is valid regardless of realizability (Assumption 2)), and essentially implies

0 S rerélg g(TGv Tﬂ') S g(TO*vTﬂ') S QCsupBl('y;ﬂO) : g(T9*7TFT9*), (16)

where 0, := argmingeg £(Tg, T™Yp). Violation of Assumption (that is, non-realizability) im-
plies nonzero value of £(Yy,, 7™ p,) > 0, and so Theorem |1| no longer ensures that #, has the
smallest inaccuracy among 6 € ©. Thus non-realizability may lead to the following mismatch:

0:= argzrélélg(Tg,Tw) + arglerélélg(Tg,T To) =: 6.. 17)

Clearly, this mismatch is not due to sample variability, so it is unrealistic to hope that 6 defined by
(T3) would necessarily converge in probability to 6 as N — oc.

To solve this issue, we propose a new approach. Temporarily ignoring mathematical rigor, the
most important insight is that we can approximate (77™)™Y ~ Y, with sufficiently large step level
m € N. Thanks to the properties of energy distance, we have the following

sup |E( Yy, (T™)™Yy) — E(Tg, Yr)| < Cy™, for some constant C' > 0. (18)
0€6

(See Appendix [C.2.9] under assumptions of Theorem[3]) As m — oo, the RHS of (T8) shrinks to
zero, making m-step Bellman residual £(Yy, (7)™ Yy) approximate the inaccuracy £(Yg, T ).
This leads the two minimizers to be close, as illustrated schematically in Figure|[T}

o™ = arg (rgnig E(To, (T™)™Yy) ~ arg reniél E(Ty, ) =: 6 for large enough m. (19)
€ €



Under review as a conference paper at ICLR 2024

One can intuitively guess that larger step level m is required when the extent of non-realizability
is large. Although multi-step idea has been widely employed for the purpose of improving sample
efficiency particularly in traditional RL (e.g., (Chen et al.l 2021), ours is the first approach to use it
in DRL for the purpose of overcoming non-realizability, to the best of our knowledge.

Figure 1: Larger m makes (77)™ Yy =~ T, in Energy Distance, and thereby leads to 9£m) ~ 0.

4.2 BOOTSTRAP OPERATOR

Generalizing from definition of 7™ based on (I0), we consider Z(™ (s, a;0) ~ (T7)"Y4(s,a)
as the distribution of an m-lengthed trajectories of tuples (s, a,r, s’) that is generated under the
estimated transition p and the target policy 7:

Z(m)(s7a; 0) 2 Z’yt_lé(t) + 'ymZ(S’(m),A(m); ), where (20)
t=1
(R(t)’g(t)) ~p( - |A§(t*1)’121(t*1)) and A® ~ 7r(~|§(t)) vt > 1, (5*(0)7/“1(0)) = (s, a).
Now we can define the estimated and the population Bellman residual, as well as the inaccuracy
function, along with their minimizers as:

EL(0) = é(Tg, (T™)™Yq), Fu(0) :=E (Lo, (T™)"Ye), F(0):=E(Yo,Tr), (1)
jm) . A (m) o ). .
ot arg min Fo(0), 0.7 :=arg mmF (0), 0:=arg gél(r_)lF(H).

However, the estimation of m-step Bellman operator (@) generally requires computation of N™

trajectories (as discussed in Appendix [BI), which amounts to a heavy computational burden.

To alleviate such burden, we will instead bootstrap M < N™ many trajectories by first sampling

the initial state-action palrs (s; (O) (O)) (1 <i< M) from lA)H and then resampling the subsequent
QH),SEHI) pl--- s, E ) (1) (- |s(t+1)) for m steps. Let pio) (---]s,a) be the

empirical probability measure of (327, 411" s!™)) conditioning on (s!”, a{”) = (s,a). We

define the bootstrap operator as follows, with an abuse of notation B,,Z (s, a; 0) ~ B, Te(s, a),

\s ) and a;

B Z(s,a;0) Zyt R +ymz (8™, AT 0), (22)

t=1

where (YR, 8™ ~ (- [s,a) and A~ m(|S5™).
t=1

Then we can compute our objective function and derive the bootstrap-based multi-step estimator.
EB)(9) = §(T9, B, Y¢) and 0P .= arg rgnigF,SLB)(G). (23)
€

We will refer to this method as EBRM-multi-step, whose procedure is summarized in Algorithm 2]

4.3  STATISTICAL ERROR BOUND

In this section, we develop a theoretical guarantee for g(r ( PR T; ) where T is the best one we can
achieve under the non-realizability. To proceed, we need to first deal with the parameter convergence

from 9,(71 to 6, which relies on the following assumptions regarding the inaccuracy function F()
(21), distance 7 (Assumpion [3), and candidate space ©.
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Algorithm 2 EBRM-multi-step
Input: ©, D = {(s;,a;,74,8,)} N1, m, M
Output: éff )

Estimate b, and p. > Refer to Equation li
Randomly generate M tuples of (3, y1r D My (1< i < M),
68) — arg mingeo £(Tg, Bm Yo). > Refer to Equations and .

Assumption 6. The inaccuracy function 1) F(-) : © C R? — R has a unique minimizer 6,
and lower bounded by a polynomial of degree ¢ > 1. That is, for all 0 € ©, we have F(6) >

F(0) + ¢4 - |0 — 0||% for some constant ¢, > 0.

Assumption 7. The candidate space © is compact (i.e., diam(0; || - ||) < oo). Furthermore, there
exists L > 0 such that

’f](91,92) < LH91 — 92” for V91,92 € 0.

Assumption 8. 7] satisfies contractive property, i.e., (T™ Y1, T™Ta) < v -7(L1, Ta), where T
(@) may correspond to an arbitrary transition p(- - - |s, a).

Assumption [f] is used in quantifying the convergence rate. Compactness in Assumption [7] is for
ensuring the existence of a minimizer of the estimated objective function (23)), which is proved to be
continuous in Appendix Compactness can be relaxed to “bounded” under mild conditions.
Assumption [§] makes (]%}ble, and thereby shrinks the disparity between Bellman minimizer
and the best approximation (I9). This is satisfied by W; . that also satisfies property (14), as

proved in Lemma 3 of Bellemare et al.| (2017b).

Due to space constraints, we only present a simplified result below (proof in Appendix [B.4), and a
more detailed version of the finite-sample error bound for a fixed m is given in Appendix [B.4.3]

Theorem 3. UnderAssumptions EH?I letting M = | Cy - N | and m = [ {10g; ,.,,(C2N/log N)]
for arbitrary constants C, Co > 0, we have the optimal convergence rate of the upper bound

_ - 1 N 2/q
&My Y5) < Op [Nwm | {logi (logN)} ]

where Op indicates the rate of convergence up to logarithmic order.

The convergence rate of Theorem [3]is the result of the (asymptotically) optimal choice of M and
m. In our analysis, we notice a form of bias-variance trade-off in the selection of m, as explained
in Appendix [B.4.4] Practically, we set M = N which works fine in the simulations of Section[5] A
practical rule of m will be discussed in Section[4.4]

Note that the finite-sample error bound in Appendix[B.4.3]is applicable to the setting with . = 1 and
realizability assumption. For instance, assuming that the inaccuracy function F'(6) is lower-bounded
by a quadratic polynomial ¢ = 2, it gives us the bound O[{log(N/§;)/N}'/8] under the ideal case
where we can ignore the last two sources of inaccuracy specified in Appendix[B:4.4] each associated
with bootstrap and non-realizability. We can see that it is much slower than the convergence rate
O(y/10g(N/6)/N) of Theorem implying that it does not degenerate into Theorem This is fun-
damentally due to a different proof structure that can be introduced via the application of Theorem
[ in the proof of Theorem [2} as intuitively explained in Appendix [C.3.1] As explained earlier in
Section Theorem can be used effectively to construct convergence of 6 under realizability.

4.4 DATA-ADAPTIVE WAY OF SELECTING STEP LEVEL

We need to choose m in practice. We will apply Lepski’s rule [1991). Since multi-step
construction includes bootstrapping from the observed samples D = {(s;, a;, i, s,)}; (Section
[4.2)), this enables us to form a confidence interval. Starting from large enough m, we can decrease
it until the intersection of the confidence intervals becomes a null set. To elaborate, given the data

D, we first generate multiple estimates of 97(7? ) (say éf,f 3 for 1 < j < J), and calculate the disparity
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from the single-step estimation which has no randomness once D is given, that is £ (T, Té(m)
m,j

(1 < j £ J). Then we calculate their means and standard deviations, forming a (Mean £ SD)
interval for each m. Starting from a large enough value, we decrease m by one or more at a time,
and select the m that makes the intersection become a null set Ng>,, 1 () = &. If we did not obtain
the null set until Ng>27 (k) £ &, then we use EBRM-single-step without boostrap. Details are
explained in Algorithm 3]of Appendix [D.3.1]

5 EXPERIMENTS

We assume a state space S = {1,2,---,30} and an action space A = {—1, 1}, each action rep-
resenting left or right. With the details of the environment in Appendix [D.2.1] the initial state
distribution and behavior / target policies are

S ~Unif{1,2,---,30} and A~b(-|S), where bla|s)=1/2 for Vs,a€ S x A,
m(—1]s) =0 and w(l]s)=1 for VseS. (24)
We compare three methods: EBRM, FLE (Wu et al,|2023), and QRTD (Dabney et al.,|2018b). Here,
we assume realizability where the correct model is known (details in Appendix under two
settings (with small and large variances), and the step level m for EBRM is chosen in a data-adaptive
way in Section[d.4] With other tuning parameter selections explained in Appendix [D.3] we repeated
100 simulations with the given sample size for each case, whose mean and standard deviation (within
parenthesis) are recorded in Table[2] EBRM showed the lowest inaccuracy values measured by both
E(Ty,Tr) and W1 (T4, Tr), where W indicates expectation-extended (6) Wasserstein-1 metric.

We also performed simulations in non-realizable scenarios (Appendix with more variety of
sample sizes, and included Wasserstein-1 metric between marginal return distributions (Tables [BHI3]
of Appendix[D-4). In most cases, EBRM showed outstanding performance.

Table 2: Mean E-inaccuracy (top) and W -inaccuracy (bottom) (standard deviation in parenthesis)
over 100 simulations under realizability (7 = 0.99). Smallest inaccuracy values are in boldface.

Small variance Large variance
Sample size 2000 5000 10000 2000 5000 10000
EBRM (Ours)  0.046 0.019 0.008 0.728 0.301 0.128
(0.060)  (0.022)  (0.010) | (0.920) (0.354)  (0.167)

FLE 5.533 2.385 1.220 24.603 14.482 6.528
(6.448)  (2.883)  (1.618) | (25.768) (16.101) (7.814)
QRTD 48.679 46.032 49.402 | 105274  75.173 70.483

(34.323)  (30.909) (34.617) | (11.728) (21.515) (33.965)

Small variance Large variance
Sample size 2000 5000 10000 2000 5000 10000
EBRM (Ours) 1.339 0.985 0.782 21.221 15.532 12.371
(0.651)  (0.388)  (0.227) | (10.337) (6.117)  (3.595)

FLE 12.374 8.036 5.694 101.232  79.628 53.745
(7.843)  (5.091)  (3.773) | (58.586) (46.772) (33.948)
QRTD 56.739 54.397 57.145 | 274.405 236.383  223.537

(23.716)  (22.259) (24.314) | (11.003) (22.376) (38.935)

6 CONCLUSION

In this paper, we justify the use of expectation-extended distances for Bellman residual minimization
in DRL under general state-action space, based on which we propose a distributional OPE method
called EBRM. We establish finite sample error bounds of the proposed estimator for the tabular case
with or without realizability assumption. One interesting future direction is to extend EBRM to
non-tabular case via linear MDP (e.g.,Lazic et al.| 2020} Bradtke & Barto, [1996), as we will briefly

discuss in Appendix [C.3.2]
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